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PREFACE

T*iis paper presents the results of tw»> closely related investiga­
tions whici. have been actively carried on by the 1*. S. Waterways 
Kxperinient Siaiitm since the summer «»f 1932. In August of that 
year, the Chief of Kngineers, U. S. Army, directed that studies be un- 
<lerlaken l«» <letermine the force of flowing water required t<» move 
materials compo.Hng the l>ed of the I.rf>wer Mississippi River. In 
complying with this directive it was realized that much inbirmation 
was needed, not only concerning the tractive force required to move 
particles «»f <lifferent .>jizes and physical characteristics, but also con- 
cernifig the actual conqio.sition <»f the Ijed of the .Missi.ssippi River 
fnim (’airo, Illiimis to the Gulf of .Mexico. Without accurate knowl­
edge of the nature of the material composing the bed, it would be 
impossible to evaluate the forces required t<» m«»ve it. Consequently, 
the problem divided naturally into two pha.ses.

Part I of this report contains a resume' of results obtained from 
flume tests of materials moved by hydraulic traction. This work 
was begun under the immediate supervision of Lieutenant P. W. 
Thornp.^on, C\ K., de.signer of the sj>ecial flume used throughout the 
investigation. .\t a later date this w«>rk was taken over by J. B. 
Tiffany, Jr., Junior Kngineer, upon wluuii fell the task of correlating 
data, analyzing the re.sults, and preparing the subsequent report. 
('. K. Bentzel, Junior Kngineer, wh«» perfortned most of the actual 
tests and wh«) a.ssisted in the .study of the data, performed a great 
service to the Station through the development «»f the velocity meter 
which bears his name. The Bentzel Velocity Tube, which is de- 
.scrilml in the main body <»f this report, has largely supplanted other 
tyi>es «>f velocity-mea.suring devices in the hydraulic model studies 
at the r. S. Waterways Kxi>eriment Station.

Part II of this report c«»nsi.sts «>f a tabulaticm and discus.sion of 
data relative to the characteristics of the materials composing the 
bed of the Lower .Mi.ssi.ssippi River. .Mr. Charles W. Schweizer, 
Kngineer, of the Mississippi River ('oinmi.ssion, i;* 1932 made a trip 
over the Lower .Mi.ssi.ssippi and several of its tributaries and pro­
cured about 7.'>0 small samples of l>ed material, which were analyzed 
in the .soil mechanics lab<iratory at this Station, under the direction 
<»f S|>encer J. Buchanan, Soils Kngineer.

Special credit is due to Lieutenant Herbert D. Vogel, C. E., 
former Director of the U. S. Waterways Kxf>eriment Station, who 
planned the scope of these investigations, and under whose direction 
m«>st <>f the actual work was performed. Lieutenant K. I). Nichols,

. K., rendered valuable service in interpretint' data end checking 
results.

Acknowledgment is here made of the .service and suggestions 
of C apt. Hans Kramer, C. whose work in Germany proved help­
ful as a basis for undertaking the study. Gratitude is akso expressed 
to Pnif. K. ( . Reynolds and .Mr. C. H. MacDougall of the .Mas.sa- 
chusetts Institute of Technology for their helpful cooperation, and 
to Profs. Henry V. ILiwe and R. Dana Russell of the Department of 
Geology of the D>uisiana State University for their work in the 
petrographic analysis of the samples of bed materials.

4
i



-/) 7
W 3 t"' in

9 !

2- It is desired to emphasize that ihe investifrations conducted 
' thus far by the U. S. Waterways Kxperiment Station cover a very 

limited field in the research on critical tractive force and rates i»f 
river l)ed materials. However, it is l)elieved that this rep«irt will add 
much to the general fund of kn«»wledpe. For a complete biblio­
graphy on this subject, the reader is referred to “Sand Mixtures and 
Sand Nlovem<*nt in Fluvial M(»dels", by Hans Kramer, Proceedings, 
.\m. Soc. V. F., April, 1934, or to “Bibliography fin the Subject of 
Transportation of S<»lids by Flowing Water in Open (*hannels”, 
published by the United States Department of the Interior, Bureau 
of Keclamation, Denver, ('olorado. .\(iditional references are given 
throughout this report.

FuAXt is H. F.\lk.\kr

Jst Lieut., Corps of Engineers 
Director, S. Waterwnys 

Experiment Station
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STUDIES OF RIVER BED MATERIALS AND THEIR MOVE- 
MENT, WITH SPECIAL REFERENCE TO 

THE LOWER MISSISSIPPI RIVER 

PART I
FLUME STUDIES OF MOVEMENT OF RIVER BED

MATERIALS
PRKLIMIXARY ('OXSIOKRATIOXS. APPARATI S, AND

PR()('KDrRK

The ultimate purp<»se of the flume studies of hed-htad move­
ment deseril>ed herein was to discover and evaluate laws to the «*nd 
that the river hydraulician mipht he able to calculate the action of a 
jliven bed material under piven conditions. Inasmuch as this has 
been the subject of a preat amount of research by both American ami 
l':ur<MM*J»n experimenters durinp the pa.><t peneration, the purpose as 
conceived is both far-reachinp and ambitious. It was thoupht, how­
ever, that advances rnipht be made on the problem, an«l that even 
failinp to attain a complete answer to the bafflinp problem of bed­
load movement, many data contributinp toward the final .>j<tlution
rnipht l>e observed and reci»rded. r • i-

The oripinal expectation was that, from the study of the dis­
tribution of materials in the river samples, in combinathm with the 
knowleilpe pained from the tests in the tiltinp flume, an accurate de- 
terminaiimi cmdd be made of the tractive force recpiired to move the 
material at any point in the lower Missi.s.sippi River. From this it 
was hoped to ascertain the stape nece.s.*<ary to produce the critical 
force in any reach «if the river. It now seems cciiain, however, 
that the present state of knowledpe precludes the immediate possi­
bility of makinp any such sweepinp conclusMuis. Much more research 
will be necessary before any satisfactory equations can be .set up, 
to express the movement of* Mississippi River bed material throiiph- 
out an entire ranpe of depth, .slope, sizes of material, curvatun* oi 
bemis, bed confipuration, etc.

The more immeiliate purpose of the flume tests, which was sat­
isfactorily achieved, was the di.scovery of many of the basic laws un- 
derlyinp the subject of bed-load movement. In particular, empha.sis 
was'piven to the study of the rates of movement of ImmI materials of 
various sizes, and of the tractive forces necessary f«»r the commenw- 
ment of their movement. Information was also obtained on riffle 
formations, values of bed rouphness, turbulence, veh.city variations, 
etc. All the data are presented for reference in tabular form at the 
end of Part I of this report.

Authority for the Bed-Load Studies
Authority to undertake a study of the licd-load of the I/iwer 

Mis.sissippi River was contained in a letter from the ( hief of Knpi- 
iieers, dated Aupust 13, 1932, addre.ssed to the PresidentMjs.sis.sippi 
River ('ommis.sion. This authority was transmitted to the Director, 
U. S. Waterways Kxperiment Station, in Aupust, 1932.

■■s
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Program of Experiments
Trn series <»f experimenls were c<»nducted in the tilting flume 

in the laboratory building, nine of them with sand or gravel mixtures, 
and «*ne with a neat cement surface on both bottom and sides <»f the 
flume. Kach material was tested at three slopes; viz, O.(M)K), O.OOlo, 
and 0.0020, except in t he ca.se of a small gravel, where slopes of O.tMKitI 
t).0i)40, and 0.0045 were employed. During the c«»urse of the in­
dividual tesi.s the depth <»f water flowing was varied by small incre­
ments to a maximum of about 0.55 foot. The three main variables, 
then, of the study were:

(1) Sand «>r gravel mixture.
(2) Slo|M* ttf the bed and water surface.
(8) Depth of the water in the flume.

Description of Materials Tested
All of the materials tested during the course of this study were 

nattiral mixtures (see Plates 1 and 2) found either in the bed of the 
Mis.si.s.sippi Kiver, or in deposits near Vicksburg, .Mis.sis.sippi. The 
mean grain diameter (see page 5) of the mixtures ranged fn»m a 
minimum of 0.2053 mm in the case of Sand No. 8, to 4.0769 mm in 
the case of the gravel mixture. The uniformity modulus (see page 
5)*, expressing the distribution of sizes within the samples, ranged 
from 0.2796 to 0.6428, and the specific gravity of each of the materials 
was very ch».se to 2.65. .^11 the materials were composed of (|uartz
ami feldspar particles, with minute <]uantities of other minerals, 
the sha|>e of t te particles ranging m<»stly from sub-angular to .sul>- 
roiinde<l, with s<»me angular and .some nninded particles. The fol­
lowing table summarizes the physical characteristics of the mixtures:

TAHI.K I
l*Hrni<'AL *'HAKA«TKHiirnr» or .MixTrHK»

Sand
No.

t

i

3

4 

« 

6

7

8 

8

•Mmii Ontiii 
Sitr fi,

■nni in.

O..S246

OJUl.Vl

0.48-.>8

0..1470

0..1I04

0.»).Vt

4.«7«8

0.0£«)

0.02t.*t

0.0-J07

O.OI'.m

o.nitKi

0.01.17

0.0J22

O.INMI

0.1605

rnifoT*>iiiy 
Mud 111 UA 

.M

O.L'7‘16 

0.4.188 

0..5.185 

0.406.1 

0.4. 184 

0.6428

Shnpp o( 
Ominii

Sub-aiKiilar lo 
Aut>-rounded

rotor ScKirre of Material

Brown

Sub-aiixular to ; White 
Kub-rouiided

Sub-rounded to 
ruundeii

.Anaular to 
Kub-rou tided

Sub-anaular to 
.niaulnr

Sub-rounded to 
eub-aiiKular

0.5246 Sub-rounded to 
.Aub-anicuhtr

0.5.VI7

0.5661

Siib-ancular to 
aiieular

Sub-rounded lo 
aub-anaular

Ij«bt
Brown

White

White

Bmnn

liaht
Brown

While

Brown

• OeA-etoped by f'apl. Hanc Knuner, f'ortM of Knitineere, 1". S. .5nny. ' 
Srhieppkraft". Preuaeiwlie VerAUrhiwiuitall fur Waxaerbau und .shiffbau. Berlin. 
•■eroreedineA". .5ni. S««- r K.. April. I‘i.14.

'Mi'MiMippi Kiver. 
.Mile H8l.

rreek bed near 
Virkebuni. Mia».

Mimaeippi RiA-er. 
.Mile 467>i.

f'reek bed near 
.Mylex. Miee.

I’earl Kiver. near 
Jnrkxon. Miaa.

Miaeinxippi Kiver, 
Mile ;<o»H.

Ililla adjarent lo 
Okay rreek. near 
Vlrkabunt. Miae. 

NhIioiuiI Military 
Park. 5'ickabura. 
Miaxiaaippi. 

f'reek lied near 
Virkabura. .Miaa.

'Mialellieearhiebe und 
Cerinany. I?*12: alao.
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The mean prain diameter, dg, is a value «»ften used by Krey in his 
experiments coneerninn bed-load movement,and was adopted later 
by Kranirr, in his Stu(iy of crif ical tradivc force. Koforrin^ to Plato 
d, which shows the prain sizes plotted as abscissa and the cumulative 
percent passinp as ordinates, is simply the mean absciss:; ,»f the 

represents a weighted averape size of particle.
I he uniformity modulus, .M, h:is been prop»»sed by Knmier as a 

convenient expressmn f«ir the distribution of sizes of the particles in 
a sand mixture. Kxpan<linp uiM»n a scheme devi.sed by Hummel to 
expre.ss the strenplh <»f concrete from the pnidation curve of the 
apprep:ite, Knimer dividetl the area between the pradation curve

Omin Dinniriw 
Plate 3

HTPomenrAL Sakd .\naltmh CrEVK

(see Plate 3) and the vertical axis into tw«» parts, above and below 
the 50-per cent line. The uniformity iikkIuIus, M, is the rati«» of the 
area below this line to the area above the line. This value, which 
has been found convenient when it is necessary to evaluate the di.«- 
tribution of particles within a mixture, has the followinp character­
istics:

(1) For a uniform prain size, its value is 1.0.
(2) For a uniform distribution, its value Is 1 3.
(3) The addition of fine or coarse materials to a piven mixture 

tends t«i reduce its value.
(4) It therefore is a me;».sure of the voids rati»». For a unitorm 

material, which h:is the larpe.st possible ix*rcentape of voids, 
its value is the maximum of 1.0. With the addition of 
finer or coarser materials, the voids rati«) decre:i.ses, as d«»es 
the value of M.

The value of M can be determined fnun the plotted sieve analysis 
curve, or it can be computed directly from the sieve analysis d;ita.

The sha|)e8 of pniins are classified :iccordinp to a chart preparecl 
by Dr. R. Dana Rus.sell, Assi.stant Profe.ssorof Geolopy at the Diuis- 
iana State University. This chart, composed <if micro-photopraphs 
of sand grains of various shapes, with the desipnation assigned to 
these shapes by Dr. Russell, is reproduced in Plate 4. It should

f



understood that the desifcnations “angular, sub-angular”, etc., are 
entirely arbitrary. The u.se <»f these terms has been extremely loose, 
with nt) very definite agreement among experimenters as to their ex­
act limits. Dr. Rus.seH's chart makes it po.ssible, however, by means 
of a comparison between the microscopic view of sand grain.s and the 
chart, to give a definite cla.ssification f<ir all grains, with m<»st of the 
element of personal opinion removed. Dr. Ru.ssell's descriptions of 
the shape classification follows:

(1) Angular (A)—showing very little or no evidence of wear. 
Kdges an<l corners are sharp.

(2) Sul^angular (SA)—showing definite effect of wear. The 
grains still have their «>riginal form and the faces are prac- 
ticallj’ untouched, but the edges and the corners have l>een 
rounded off somewhat, though the angles between faces 
may still be sharp.

(3) Sub-rounded (SR)—showing considerable wear. The edges 
and c«»rners are rounded off to sm«»oth curves and the area 
of the original faces is considerably reduced. The original 
shape «tf the grain is still distinct, however.

(4) Rounded (R)—original faces almost completely destroyed 
but some comparatively flat surfaces may be present. 
There may l]^ broad reentrant angles between remnant 
faces. All <iriginal edges and corners have l>een smoot hed 
off t<i rather broad curves.

(5) ell-rounded (\VR)—No original faces, edges or corners 
left, 'rhe entire surface consists of broad curves; flat areas 
are ab.sent. The original shape of the grain may Im* .sug- 
ge.sted by its present form, however.

('oHerliuu of Sampler:

The three samples from the l>ed of the Mississippi River were 
collected by field parties of the U. S. hmgineer Department, placed 
in .sacks or drum.s, and transported to the Kxperiment Station. Most 
of the other samples, fmm creek beds and hill dep<»sits, were »»btained 
from commercial sand pits within 50 miles cif Vicksburg.

AualyttiH of Sampler:

Before being tested in the flume, small representative samples 
of the materials were submitted to the soils laboratory at the Kxperi­
ment Station f«)r analy.sis. In addition to a complete mechanical 
analy.sis, conducted in the Ro-Tap testing sieve shaker, each sample 
was subjected to a specific gravity test and to a close microscopic 
examination, to determine the shape of grain and mineralogic coni- 
imsition of the material. In addition to this original analysis of the 
materials, made in each case l>efore the testing was liegun, other anal­
yses were made periodically of the grains entrapped at the lower end 
of the flume, and a comparison was made l>etween the original ma­
terial and that which had been moved by the flowing water in the 
flume.
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Set-up for Experiments, and Measuring Devices
All the bed-load tests were conducted in a tilting flume, which is 

located on the main flo«»r <*f the laboratory building. The water was 
supplied fnmi a circulating system, composed of an underground 
storage sump*,two centrifugal pumpsfor elevating the water to a con- 
staiit-hr:.-; tank on the second flo(»r of the building, piping c<»nnec- 
ti«»ns to the entrance of the weir box, weir box with measuring weir, 
stilling ciianil>er, the flume itself, and the return channel.
The Tilting Flume:

The flume itself, illustrated pictorially in the frontispiece, and 
diagrammatically in Plate 5, is a w<n»den structure, lined with c«>n- 
crete trowelled to a smooth surface, and .supported by two 12-inch 
I-beams. Hectangular in cro.s.s-.section, its approximate inside <li- 
mensions are: length, 48 feet; width, 2.3 feet; (lepth, 1.3 feet. The
I-beams are supported at the upper end on horiz«>ntal pins, and at 
the mid-point and lower end on jack screws, through the pmper man­
ipulation of which it is possible to set the flume to any dc.sired slojje, 
up to a maximum of 0.015. At the top of the flume, as shown in 
Plate 6, are two adjustable wooden straight edges, one on each side, 
which can be set to any slope desired. In actual operation, the.se 
rails have the .same slope as the w’ater surface and the bottom of the 
flume, and are u.sed as a base for the various sli<ling mea.suring d<*- 
vices.
The Weir Bor and ireir Plate:

The water was admitted through an 8-inch pipe, control.'d by 
a valve, from the constant-head tank into the weir l>ox; the latter is 
a wooden structure 10 feet long, 4 feet wide, and deep (see
frontispiece). This box is equipped with baffles w’hich effectively 
stilled the flow before *he water < ischargfd over the weir plate, and 
with a stilling well and hook gage, which were used to mea.sure the 
head «>ver t he weir. The weir itself, of t he 90“ V-notch type, is made 
of a ^.-s-inch steel plate, with a 60“ bevel on the downstream face 
and a 1 16-inch flat edge; it was carefully calibrated for all heads 
by means of a volumetric mea.suring tank. The rating curve for 
the plate was found to check very clo.sely the curve of King’s equation 
Q = 2.52 H all discharge quantities, how’ever, were taken from 
the experimental rating curve.
The Stilling Chamber:

From the weir box, the water wjis discharged into a stilling 
chamber (also shown in frontispiece), 4 feet wide, 6 feet long, and 
about 1 ^ feet dee|>er than the f ume. This chaml>er contains a sys­
tem of baffles of various types, which served to quiet the water and 
alh)wed it t<» enter the flume in a smooth flow, free from weaves and 
surges.
The Approach Flume:

The approach flume is simply a wooden trough w'hich connects 
the stilling chanilier with th upper end of the flume pmper. It is 
supported on stationary foundations, and cannot be tilted with the 
flume.

• The fin.t three >«riee uf net... with Sanin N«i«. 2.6. and 7. were mndurted with water from the 
lake whirh eiippliee tite outdoor modeli* at the .'‘talioti. Thia water waa waated into the rreek bed after 
lea\-inK the flume.
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The Sntidlrau:
The measureinent of the rate of ni**veinent of the sand under test 

was made p<*ssible by the sandtrap at the downstream end of the 
flume. This trap, shown in Plate tt, c«>nsists of a suddenly enlarged 
sectum al>out 1 Y2 feet deeper than the flume itself. The sudden de­
crease in the velocity of thefh»wing water caused the .sand in trans­
portation to drop int<» this trap. To facilitate the removal and 
measurement of the sand, a w<K>den l>ox lined with sheet metal was 
de.signed to Ht clo.sely into the trap. This box, equipped with handles, 
has rubl)er gaskets on all si»les to insure that all the sand is caught.

This trap was found to be too small to catch the fine materials 
in sand No. 8. Hence, a supplementary trap with a much more en­
larged section was installed for temporary use while this sand w.as 
l)eing tested. In addition, water samples were taken from the over­
flow l)elow the .second trap, and the rate of suspended load movement 
was calculated fnuii their turbidity measurements.
The Tailgate:

The elevati«>n of the water surface at the low’er end «if the flume 
was c«»ntrolled by the manipulation of a vertical, sliding tailgate. 
This gate, illustrated in .he frontispiece, consists of a vertical, 
inch steel plate, which can be rai.sed or lowered by tw(» Ixdts which 
are turned by a sprocket-and-chain arrangement. Ix>akage around 
the plate was prevented by rubb<*r seals.
Pumps, Canstani-head Tank, Pet uni Channel:

After being discharge*! over the tailgate, the water pas.sed into 
a return channel under the floor of the lal>oratory building. This 
channel carried it to an underground, concrete-lined sump, from 
which it was lifted by means of centrifugal pumps to the constant- 
head tank. The latter .•served to pmvide a non-changing head on the 
measuring weir, and made it p<*ssible to secure uniform flow. The 
maximum capacity «»f the .system, controlled by the pi|>e c«mnecting 
the overhead tank with the W’eir box, is approximate y 2\4 c. f. s.
Cages:

The elevation of the water surface, as well as the profile of the 
l>ed, was determined by means »»f a needle-gage (illu.strated in Plate 
6), which was so mounted as to slide along the rails on the side of the 
flume. Since the rails themselves were made parallel to the bottom 
of the molded bed and to the w'ater surface, the datum plane of the 
gage w’as also parallel t<* the l)ed; consecpiently, readings of the gage 
could immediately be converted to depths regardless of the htcation 
of the gage along the flume.
Flow Indicator:

The existence of laminar or turbulent flow in the flume was de­
termined by means <if the injecthm of a stream of potas.siurn per­
manganate solution into the water, and observation <»f the course 
taken by the coh»red stream. The solution was inserted int<» the 
water from an injector which worked as a syph<»n; this apparatus 
consisted of a glass tube drawn to a fine point at one end, a .3-foot 
length of nibl)er tubing, and a Ijottle containing the solution. The 
phot(»graph at the left in Plate 7 shows this apparatus in use, and 
that at the right shows the typical straight, parallel stream lines ex­
isting in laminar flow. (These colored lines have their origin jn small
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rryntalft of potaiwium permanKanatp which were placed on the bed of 
the fiiime; the injector waa not iiaed for thia photoftraph.)

The rate <*f diachance «»f the aoliition waa contr<ille<l by chanirea 
in the elevation of the bottle c«mtaininK the li<|iii<l. It waa neceaaary 
to regulate the flow aii aa to obtain the aame velocity aa that of the 
flowiiiK water. With thia aet-up, thread-like linea of dye aa Ionic Jw 
10 feet were frequently obtained.

A nt«»matir Snmi/red:

One of the neceaaary conditiona in an experiment involving the 
movement of bed-load ia that there lie no pmicreaMive change in the 
elevatif.n or alope of the bed durinfc the coiirae of a teat. In onler to 
inaure that thia condition exiata, it ia neceaaary to aecure a balance

I * ■»
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between the amount of aand which ia in movement, and which ia cou- 
ae<|uently being carried out at the hiwer end of the flume, and the 
amount which ia being : (hied at the upper end. Any attempt to at­
tain thia balance by the occaainnal manual addition t»f material ia 
likely to reault in a diaturbed condition at the head of the flume which 
will create a progreaaive riffle formation and may render the teat 
valin leaa. Conae(|uently, it ia desirable to inalall aomc kind of autr»- 
matic aandfeed which can be adjusted to discharge aand into the 
flume at approximately the aame rate at which it ia being extruded 
at the low’er end.

It waa first attempte<i to deviae a machine following the prin­
ciples augg(‘si((l by (Jilliert*, and later used with succeaa by Mac- 
Doiigall**. It waa found after some experimentation with various 
designs, however, that the machine illustrated in Plate 8 gave accept­
able results, and was much simpler in its operation and acljiistmi nt 
than the rotating-drum arrangement of Oilliert’s. This device «in- 
aiste<l fundamentally of a a<|uare liox, 6 inches deep, divided into two

• Cilhrrt. "Tke TramptirlatHio tVhn« by Kunnins 1’ S « S PmfnMimal

MarntHioN. ' An PipanmMtal lnvr.imti»ci nf H«il Tniupnrlaitnn". •
M. 1914
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compartments which were separated by a vertical sliding partition. 
The box was pivoted about the center of the smaller compartment, 
which was used for the storage of sand, and was shaken at the o|>en 
end by means of a pair of cams operating against a pair of rollers at 
approximately 165 r. p. m. The cams had an eccentricity of inch: 
a bumper was constructed <»n a solid block under the open end of the 
b«»x, and caused a sharp blow t«» 1m* delivered to the lx*x. In opera­
tion, the box was set at a predetermined angle, dry sand was placed in 
the small compartment, and the sliding partition was set to an o|x*n- 
ing corresponding to the large.st grain size existing in the .sand under 
tes*; the rapid shaking of the box caused the .sand to rm»ve in an 
evenly distributed layer down the sh»pe and to drop through the 
slot in the base into the flume bel<»w. A piece of smcMith plate gla.ss 
on the bottom of the b<»x insured a plane surface at all times.

StNOtKCD r«-HVK>»

1'he rate of feeding was varied by an adjustment of the slope of 
the bottom of the l)ox. As can be seen in Plate 8, the shaft which 
the box was piv<»ted had a vertical range of movement of about 6 
inches. A scale wjis installed on the vertical adjustment t<» facilitate 
the duplication of setting. In cirder to kwp the rollers directly over 
the cams on which they ran, a horizontal movement of the entire Ixix 
was provided.

The sandfeed was calibrated for each .sand mixture for which it 
was used (see page 22) before the mixture was tested, and a curve 
was drawn showing the variation of the rate of feed with the vertical 
scale setting. Three of these curves are shown in Plate 9. During 
the course of the test, the machine was set after each run to the posi­
tion corresponding to the rate of movement found fi»r that run. Hence 
there w’as a lag of one run in the adjustment <»f the quantities. Since 
the water discharge through the flume was increa.sed in very small 
increments, however, and .since the upper 22 feet of the flume w’ere 
used as an entrance channel, with observations confined t<i the lower 
p<»rtion, this lag was considered to be of n(» importance. Further­
more, bed profiles were taken periodically, to insure that no pn>- 
gressive alterations were occurring in the .slope of the bed.



m

im 1

Bentzel Velocity Tube*:
One «»f the most valuable incidental results of this bed-load in­

vestigation was the deveh)pment of a suitable instrument for meas­
uring h»w velocities «»f flowing water. This instrument has been 
constructed to mea.surea range in velocities from about 0.10 feet per 
second to as much as 4 <>r 5 feet per sec<md. It has been found to be 
ideally suited for velocity measurements at the Station, where it has 
entirely sup<*rseded the use of the Pitot tube and other current-meas­
uring devices. The principle on which the meter works is as follows 
(see Plate 10):

The water flowing into the upstream leg of the tube cau.ses a 
velocity head to be created; the velocity head on the downstream 
leg, on the other hand, is negative. This difference in head causes 
the circulation through the tube of a small quantity of water, the 
amount depending upon the velocity (»f the water flowing through 
the flume. In the downstream leg of the tube, which has an even 
taper inside, is a small fl«)at, made of a piece »>f capillary glass tubing, 
ch).sed at b«ith ends, and s«) constructed that it has a very slight 
hiu»yancy.

When there is no fh»w through the tube, this float rises until it 
rests against a wire .st*»p in the top of the tapered tube. When water 
is flowing through the tul>e, however, the impact of the flowing water 
cau.ses the float to be pu.shed down the tapered tube. At .some point 
within the length of the tapered section, the unit impact force of the 
water, reduced bj' the enlarged section, exactly balances the buoy­
ancy force of the float, which then comes to rest. It has been found 
that this instrument can be calibrated very clo.sely by towing it 
through still water, and that for every velocity of flow, within the 
range of the instrument, there is a corresponding position of the float 
within the tapered .section, which will not vary in successive trials 
by more than 1 or 2 per cent. By the use of floats of various specific 
gravities, and tapered tubes of varying inside dimensions, almost any 
velocity can be measured with the tube. Necessarily (he effect of 
temperature on (he viscosity and the density of the water must be 
considered, although a variation in temperature of only a few degrees 
has only a small effect. In Plate 11 are shown the calibrations for 
tw«i «»f the floats ii.'«ed in the conduct of the bed-load tests.

Definitions and Symbols

Clnsfsificatinn of Materiah in Trantiport/Uion:
There exists no universally accepted set of nomenclature for the 

materials involved in the transportation of debris by floating water. 
The billowing definitions have been adopted for use at the U. S. 
Waterways Kxperiment Station, and will be followed throughout 
this paper:

Stream hiad: All material, either mineral or organic, which is
being transpf>rted by the stream, whether in so­
lution or by hydraulic traction, hydraulic sus­
pension, colloidal suspension, or flotation.

• hy C»ri E. RmtMl. KcpMrrh AwoffUnt. U, S. Wat«rwmyf ExpMiniMit 8uUaii.rmtmnt pmdiDc.
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Stream bed:

SediiiMMit

Floating l«»ad: That portion of the stream load which is t>eing
transported by flotation (e. g., trees and drift). 

Qua.si-sedimentary load: That portion <»f the stream h»ad which
is being transp«»rted by colloidal suspension <»r in 
.solution.

Sedimentary load: That portion of the stream load which is be­
ing transporte<l by hydraulic traction «»r hy­
draulic susi>ension (e. g., clay n«it in c<»lloid'al 
susi>ension, silt, sand, gravel, Ixmlders, organic 
material).

Susp«*nded l**ad: That |)ortion of the sedimentary load which
is not in contact with the bed «»f the stream. 

Bed-loa<l: That porti«m of the .sedimentary load which is in
c«»ntact with the l>ed <»f the stream.

Saltation: Movement by “jumping”; particles in .saltation or
^articles moving intermittently as suspended 
oad and as bed-load. (Xo sharp dividing line 

IS intended for this type of movement).
The non-moving (not neces.sarily non-movable) 
material underlying the stream!

Fragmental material deposited by water. In gen­
eral, both that which has been depo.sited and 
that which is still being transported. Specific­
ally, that which has l>een dep<»sited. 

CVinsi.lidaied material: Material which cann«>t be transp<»rted
withtiiit first being di.sintegrated (e. g., ma.sonry 
linings, beds of r«»ck).

lieii-Umd Movement:

The definitnms suggested by Kramer were tentatively adopted 
for use at the K,\periment .Statiim, and throughout the experiments 
each .stage <»f nmvement was cla.s.sified according to his definitions.
I he ilifficulties encountered by Kramer and other investigators in 

attempting an accurate classification of movement by visual 
<»bservation. however, were found to be so pronounced in the early 
tests that additional definitions were essential. The use of actual 
mea.sured ({uantities of material moved was fmind practicable, since 
the tilting flume was equipped with a sandtrap which efficiently 
caught all the material extruded at the lower end of the flume. 
.All the rates of movement, therefore, have been computed in terms 
of fjounds |ier fo«)t width of flume per hour, dry weight, and this 
unit i.s use< throughout ail the te.st.s.

For purpj.ses of reference, Kramer’s definitions rates of bed­
load movement are quoted below:

“1. ‘None’ refers to that condition in which absolutely no 
ge.schiebe* particles are in motion.

“2. Weak’ movement indicates that a few or .several of the 
smallest sand particles are in motion, in isolated spots, and in 
countable numbers. By countable is meant that bv confining 
the field of ob.servation to, say 1 cmS the particles in motion can 
be counted by the observer.

* ......... «
'•lh.1 ««rd r.«r«.p..i.dit,« to • b«|.|.»dlil«:ai.v.
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“3. ‘Modium’ niovpinoni is used f»»r that condition in 
which grains of medium size are in motion in numbers too large 
to be countable. Such movement is no longer local in character.

. It is not yet stnmg enough t<» affect l>ed c«»nfiguration and d«»es 
not result in transportation «»f an appreciable amount of ge- 
schieln*.

“4. ‘General’ means that c«>ndition in which sand grains 
up to and including the largest are in motion. Since in the.«ie 
experiments, as in general lalx»ratory practice, .sand grains above 
a certain size have l>een sifted out, this designation has a «lefinite 
significance. This movement is als*» n«»t local but general. It 
is sufficiently vigorous t«» change the bed configuration, al­
though at hiwer stages this action takes place onlv slowly. 
There is an appreciable anumnt of material transiairted with 
this condithm of nmvement. This condition is termed in this 
pa|>er the lower limit of usefulne.ss *»f the sand.
“Xo higher stages of movement are de.signated, although in­

creasing intensity might b<‘ ba.sed upon the cpiantity of ge.schiel>e 
movement. Intermediate stages are denoted by ( ) plus or(—)
minus signs.”
Critical Tractive Force:

Critical tractive force is that tractive force which brings ala»ut 
general movement «>f the lied-huul mixture.
Riffles:

Ixjcal riffles are those riffles wdiich appear first in isolated sec- 
ti«ms.

General riffles are appnjximately uniform in height an<l length, 
and are distributed throughout the entire area nf the flume.

No attempt will be made to designate riffle stages by .size. 
Kramer bases his riffle chissification on the height of riffle as com­
pared with the depth of w-ater which f«»rms it, and cla.ssifies as ex­
cessive any riffle which is more than 8 per cent of the depth of the 
water. It has been found at the Experiment Station, however, that 
all sands of mean grain diameter about 0.5 mm or less have a strong 
tendency to riffle greatly in excess of this 8-per cent limit. In fact, 
for .some of the finer sands, very little downstream movement of the 
particles was obtained until the formation of riffles w’as as high as 20 
to 25 percent of the water depth.

It .should be noted, how’ever, that fretjuent profik‘s of the bed 
were taken throughout these experiments, and are shown in Plates 
39 to 44. From these plates the size of riffles at any time can be 
found.
Sytnhols and I'nits:

With the exception of the size of sand grain, W’hich is expressed 
in millimeters, the English sy.stem of units w^as used throughout these 
t xperiments. The use of millimeters for the grain size resulted fnuii 
the fact that the openings in the sieves used in the analyses of the 
sands are commonly expressed in these units at the Laboratory. 
E<|uivalent sizes, in inches, are given throughout this report, how­
ever.

..mL^__ _ ..
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The poleclUm of a suitable system of notation for a study of this 
type was extremely difficult. Kach experimenter who has worked 
on the subject <»f l>ed-load m<»vement has developed his own set of 
nomenclature, and difficulties natuntlly arise when an effort is made 
t<» c«»rrelate the results fmm several investigators, because of a lack 
of uniformity in their systems. The system of nomenclature in 
Table 2 has been used in these experiments. Occasional deviations 
will be necessary, when reference is made to previous invest it;at ions 
and will be noted.

TAIiLE 2
XoMENCLATVRE .AND UNITS

A
\'

V.s
R
T
T.
Dk

Dc

D„

t
R

C
n.

K
W
PI
p

Symbol j General Meaning Units

Q 1 Discharge.. .......... ............. C. f. 8.
q : Unit discharge c. f. 8. per ft. width
1) Depth ______ - Ft.

Oos.s-.sectional area
Velocity . ______
Mean velocity..........
Surface velocity. .
Slope . . ____ ..
Hydraulic radius 
Tractive force . .
C'ritical tractive force 
Depth at general movement, 

visual criterion 
Depth at general movement, 

“model” criterion 
Depth corresponding to trac­

tive force at zero movement 
as taken from rate-of-move- 
ment curves

Time.........  .. ____
Reynolds’ number for open

channels. . _________
Coefficient of kinematic vis­

cosity ____ ___________
C'oefficient in Chezy formula 
Roughness coefficient in 

Manning formula 
Roughness coefficient 
Acceleration of gravity 
Rate of Ijed-load movement 
Absolute unit weight of sand 
Unit weight of water .

Ft. per sec.
4i

a

Non-dimensional
Ft.
Lb. per sq. ft. 
Lb. per sq. ft.

Ft.

Ft.

Ft.
Sec.

Non-<limensional

Sq. ft. per .sec.
Ft.'s sec.

Ft.
Non-dimensional 
Ft. per sec. per sec.
Lb. per ft. width per hr. 
Lb. per cu. ft.

.Mean grain size
, llflll. \FI III.

u

Z Grain volume ................ cu. mm. or cu. in.
M Uniformity modulus, grain

distribution . , .. Non-dimensional
k, ki — Constants . , ..........

o (sub­
script) Critical or initial value.........
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Procedure of Experimentation

Before placement in the flume, each of the materials (with the 
^exception of Sand Xo. 1, which was us«m1 in its natural state) was 
’th«»nmghly washed, to remove all traces of silt, clay, and other ex­
traneous material, and screened through a 4-mesh sieve, to rein(*ve 
the particles larger than 4.699 mm in .size. In the case of the tests 

the small gravel, the particles range<l in size from 0.20S nun to 
6.680 mm, with ab<»ut 98 per cent larger than 1.168 mm.
Settitig the Slope of the Flume:

The flume was adjusted to the desired slope by regidathm of the 
jack screws on which it is supported. After the main structure itself 
had been set to the proper .slope, the adjustable rails on the .sides of 
t he flume were .set very accurately to t his same slope. In t his opera- 
tion, shots were taken with a level at 2-fo«>t intervals ahmg the rails, 
to insure that no humps <ir htdlows existed: an accuracy of about 
0.002 foot was obtained.
Molding the Bed:

The sand or gravel surface was molded t<> the exact slope by 
means of a vertical template .so constructed as to slide along the ad­
justable rails. The material was first thoroughly mixed, to insure a 
uniform distribution of the particles, then was placed in the flume to 
a depth of about 2 inches. At the upper and lower end of the flume 
cement sills had previously been constructed to this same depth, the 
upper one arranged to provide a smooth transition section from the 
approach flume. These sills are shown in the longitudinal section 
«»f the flume, Plate 5.

The bottom edge of the sliding template was adjusted to the ele­
vation of the cement sills, and then was worked back and forth over 
tbe material (all molding was done under water) until a smooth sur­
face of uniform slope was obtained. Care was taken that no ridges 
or furrows, or isolated large particles, remained c)n the surface, since 
they would start the formation of riffles at an unnaturally early 
stage in the test. A series «>f photographs showing .such unnatural 
development is presented in Plate 12. The pn»ce.ss of m«»Iding is 
illu.strated pictorially in Plate 6.
Other Preliminary Steps:

At this stage in the procedure, small samples of material were 
taken from three locations in the flume, and submitted to the soil 
mechanics laboratory for mechanical and microscopic analysis , and 
for a specific gravity test. The average of these analyses was used 
as the original on which all tractive force and rate-of-movement cal­
culations were based.

After the holes from which these samples had been taken were 
filled in and the surface again made smooth, a longitudinal pr<>f"P 
the bed was taken, to provide a check on the molding of the bed and 
to measure the bottom elevation. These original profiles are shown 
in Plates 39 to 44, along with the profiles taken later after the forma­
tion of riffles. It should be noted that in these plates the original 
sh»pe of the bed is plotted as a straight, horizcmtal line.

• l h«> mrllindr <if nniilyiinit the malarialc dwcribed in detail in Part II. pa«e 122.

J
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The Tent Proper:
T«» start the test, the flume was flooded slowly from the lower 

en<l, after which the inlet valve above the w’eir box was opened 
slightly, and a small cjuantity of water began to fl»iw thnuigh the 
stilling chamber and into the flume. The tailgate w:is then'manip­
ulated until it was found that uniform fi«iw prevailed throughout the 
length of the flume. This condition was attained when the needle 
gage readings (»n the water surface were the same at all points. After 
e(|uilibrium <»f flow conditions had been reached and held for several 
minutes, a complete .s<‘t of ob.servations was made and rec<»rded. A 
discus.<ion of the.se observations wall follow,under the heading“()1>- 
s«*rvations”.

At the conclusion of the first run, after all neces.sary data had 
lieen n*c**rded, the discharge was increa.sed slightly by an adjustment 
of the inlet valve, the tailgate was again manipulated until uniform 
flow was obtained, as evidenced by like readings of the sliding needle 
gage at all p«»ints, and another c«>mplete set of data w’as recorded. 
This piocedure was repeated, the discharge being increa.sed in suc- 
ce.ssive small increments, until the maximum capacity »>f thesu|>- 
ply pipe was reached. After the conclusion of the test, the flume 
was .set to another .slope, the bed was remolded t<» that same sh»pe, 
and another independent test w’as made in a similar manner.

The first run in each test, and several subsequent runs, were 
with laminar flow in the flume. During this period in which laminar 
fl<»w W’as obtained, the discharge in the flume wjis increa.sed in very 
small increments, in order to provide complete data on the transition 
stage l)et ween laminar and turbulent flow. The type of fl«»w’, w’hether 
laminar or turbulent, w’as determined by ob.servation of the course 
taken by the solution of potassium permanganate w’hich W'as in­
jected into the water w’ith the instrument de.scribed on page 10. 
After the flow had pa.s.sed well into the turbulent range, no further 
observations were made with the permanganate solution. Typical 
stream lines indicating laminar flow’ are show’n in Plate 7.

During the first several runs of each lest, the sand bed remained 
smcMith, practically as it had been molded at the commencement of 
the test. After the first ten or .s«) runs, how’ever, the number de­
pending upon the type of sand, .slope of bed, etc., small riffles in­
variably l)egan to appear at isolated points in the flume, and grad­
ually spread over the entire sand bed. It was preferred to have 
these riffles start at the upper end of the flume and work themselves 
downstream. The riffles frequently appeared simultaneou.sly at 
several p<Mnis, however, and developed in all directions. The gen­
eral practice was not t<» interfere w’ith or attempt to control their 
devehipment, but to let the riffles deveh»p themselves. It was im­
possible to secure uniform c<»nditions of flow’ w’hile these riffles w’ere 
developing, for the reason that the gradually increasing roughness 
of the bed cau.sed the same discharge to be carried at gradually in- 
creu.sing depths. Hence, no attempts were made to record simul­
taneous rea<lings of depth, velocity, etc., until this riffling period had 
been finished. In most of the tests this development required from 
two to four hours, during which the discharge was kept constant and 
the tailgate was manipulated as often as was necessary to maintain » 
the .slope of the water surface parallel to the original slope.
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Afipr the rifflos had spread unif»>nnly over the Hume, and had 
leac lu 'I .• heiirht where iJiey naint:!ined an eqnilibjluin of flow eon- 
dilions. a.v e\ »<!• need by a constant depth of fl-.w a’ the oripinal slope, 
another complete set of obst rvations was taken and recorded, after 
which the flow was apain increased sliphtly. More time was re­
quired to reach an ecpiilibrium for each run after the formation of the 
riffles, because «»f the constant chanpe in their size and the resulting 
slowness of the depth in reaching a constant value. In general, no 
data were recorded for a run until an abs<»lute equilibrium had been 
reached.

A check was maintained on the riffle development by the fre­
quent taking of longitudinal profiles »»f the bed formation. In gen­
eral, a profile was always taken after the first run following the riffle- 
developing peri»»d, after every third or fourth run thereafter, and 
again after the last run «»f the test. These profiles were plotted over 
the <»riginal profile, to pn»vide a check on whether there was any 
progres.sive change in the slope of the sand bed. Plates 39 to 44 
c<»ntain all of these plotted profiles for all the tests except those of 
Sand Xo. 6, during which no observations of this nature were made. 
It should be noted that the data from several runs were rejected be­
cause of the fact that the sand bed showed a progressive change of 
slope, usually a flattening, induced by a scemr at the upfier end of the 
flume and a fill at the lower end.

Shortly before the commencement of riffle formation, isolated 
sand grains were noticed to l>e moving, and as the depth of water was 
increased, this movement increa.sed in intensity. When this move­
ment became appreciable, the sandtrap b(jx, described on page 10, 
was lowered int«> the sandtrap, and the sand discharge was deter­
mined during a me.asured time interv.nl. The length of time of collec­
tion of the sand varied from about 10 minutes to 1 hour, depending 
upon the intensity of m<»vement. In general, the longer time inter­
vals were devoted to the le.s.ser movements.

At the end of the run, the sand box was lifted from the trap (see 
photograph, Plate 6), the water drained off, and the wet sand 
weighed. A repre.sentative sample <»f the wet material was then 
placed in an air-tight bottle, and .sent to the soil mechanics laboratory 
for a c<iinpUte mechanical analysis*. Before the analysis w.as begun, 
the weight of the wet sample was obtained, after which the sand was 
thoroughly dried, then weighed again. The rati<i between the dry 
weight and the wet weight was used in computing the total dry 
weight of the material caught in the trap.

Sands Xos. I, 2, 6, and 7 were tested Ijefore the construction of 
the sandfeed machine. Hence it was impossible in these tests to 
feed sand at a unif(»rm rate at the upper end of the flume; sand was 
added manually, however, whenever a .scour was started at the upper 
end. In the tests on the other sands the sandfeed was in operation, 
and it was endeavored to maintain the rate of feetling the same ;is the 
rate at which the .sand w.as being caught in the trap. At the higher 
flows the rate of sand movement was sometimes greater than the 
maximum capacity of the s.*»nd feed; the practice ^as then to keep a

• Ni) niK-haniral aniil>>«- made of thr trapped malerinl in the leeir on Sand Ko. 6. the 
firm that war terted In the ia.«e irf Ssndr Ni*. I. and 7. aauipin- »w analysed <inly alter every 
third or fourth run With Suudr Nca. :i. 4. .^. 8. and 9. however (the last to be ^ted). a »am|ilea»a» 
aiuilyied after earh run durtne whirh there wa» apprenable movement. The in«th<id of nualtta* wae 
the Mime aa that dem ribed in Part 11. pace 12:1



y 23

constant check on the bed development by means of the profiles, and 
to end the test whenever it was seen that any appreciable chance had 
taken place.

Observations

//crtd on IVeir:

The hea<l on the weir was derived from a hook-cace rea<line on 
the water surface in a manometer cup. which was attached to an 
<jpeninc in the weir box by rublier tubinc. The corresjxmdinc dis- 
charce for this head was determined fr.uii the weir ratine curve.

Wnter-Surfare Elevation:

The elevati*»n of the water surface was read with the slidine p«>int 
cace previously described. Before the readine was taken, the tail- 
eate wjis manipulated to a position where the slope «»f the water sur­
face was the same :is that of the Ited; hence, the cac<* r.-adinc of the 
water-surface elevation wasthesameat all p«»intsin the flume. From 
the water-surface elevation, the mean elevation of the last was sul>- 
tracted to determine the depth of flow.

Temperature of Water:
In the la.st five series of le.*its, the tentfwrature of the water was 

read for each run, fnun a ( enticrade thermometer suspended in the 
water just above the approach flume. The temperatures in the other 
tests, tho.se on Sands Xos. 1, 2, 6, and 7. were estimated later from a 
study of air temperature records of the V. S. Weather Bureau at 
Vicksburg, and a few temperature records of the re.servoir at the Kx- 
perimenl Station. Inasmuch as lhe.se sands were tested during the 
.summerof 1933, when the air temperature remained fairly consist­
ently between 80° and 9.5° F, no serious err«)rs entered the results 
from the a.ssumption that the air and water temperatures were the 
same.

VelorHies:
The water-surface velocity was obtained from the measurement 

of the time necessary for a small float to travel a distance of 20 feet 
in the flume. In every ca.se, this velocity was taken as the average 
of about five trials. It mu.st be noted that surface velocities were 
not observed in the tests on Sands Nos. 1, 2, 6 and 7.

Mean velocities were computed from the di.scharge and cros.s- 
secticmal area.

In the test <»n Sands Ncks. 3,4, 5, 8, and 9, a complete .set of veloc­
ity observations was made with the Bentzel tube. Most of these 
«»bservatmns were made with the tube directly <»ver the downstream 
cement sill, an inch or two beh»w the end of the .sand .section. The 
u.se of the tube over the .sand itself was found to be impracticalile be­
cause of the scour which immediately resulted when the tube ap- 
pn>ached the sand bottom. Velocity mea.surements were made at 
the bottom, and at one to thret* other depth.s, depending upon the 
total depth ttf flow.



Character of Flatt^Lamhiar ar Turbulent:

The type of How, whether laminar, turbulent, or in the transition 
sta^e between these general classifieations was determined from the 
eourse taken by lines of rKitassium permanKanate dye injected into the

Sand \fnrement:

In aijdition to an attempt to classify the intensity of sand 
moxement accrdinp to the visual meth.Ml, samples of the saml in 
movement were actually trapfieil at the lower end of the fhirne ami 
the cpiantity caueht duririR measure<l time interval was weighed 
In the tests on Sand No. 8, several samples of water were taken from
deu'rmh[e7 Thll T =‘"<1 »heir parts-per-million content«let« nil ned 1 hese data were used in a computation <.f the rate of 
suspendeil load im.venient.
Rif flex:

on,. ola.ssified as local or general, with occasional refer­
ence's to large riffles or “sjind waves”, whose exact meanings would 
lie extremely difficult to elefine. The principal source of data on the
nnS "f <»f plates. Nos. 39 to 44, which show t heprofiles of the l>ed at frequent intervals in each test.
Prof ilex:

>'»nKitudinal profiles of the bed were 
i.iken after the first run following the development of the riffles and

^heronfter. The procedure was to rn?a.sure 
with the sliding ^,int gage the elevation of the crest and trough of 
e:^h riffle along the center line of the flume, and to record each mea.i 
urenient with the corresponding longitudinal location.

Presentation of Data from Experiments

A complete tabulation of the observed data in all these experi-
ron^hA.yi certain corresponding calculated data, such^as
roughness WH^fficients, values of Reynolds’ number, rate^ of sai^d 
movement etc., is presented in Tables 8 to .37, pages o7 to W In ad-
II rH’ T *^’‘‘*’****24 ‘o .38 will be found a complete graphical presen- 
t. mn ,.f s<)me of these same data, with such informati.m as vSocity 

niovement,roughness value,grain sise,etc.,plotted simub 
tan^msly apinst the depth. A di.scussion of the int?rrelati,3n 
of these \ a nous factors wnll Ije found below under “Results” It is 
Mieved that the care with which these data were obtained justifies

^ confidence
or s!!nd"“I;'err„!" i"'"lvinir Hther open.,hannel n..w
Explanaiian of Tablex:

Several of the colums in the tables need some explanation ^al­
though most of the headings are self-explanatory. t£ water t^em
Nor3"4 5 ?^nd <»bserved il the tests on Sands>08. o, 4, o, 8, and 9, and for the tests on S*in<is V<i<> i *> a „„j .»
was estimated from weather bureau records. The mean velocitjl! in
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r*»lumn (7), was c«miputod from the <lischar^e and the area «if cniss- 
seoiion; the surface velocity, in ( oluinn (S), was coinpin d from the 
measure<l time interval re(juired for a small float t«. traverse a 20-foot 
course: and the lH)ttom velocity, in v^l, was read from the
rating curve for the velocity tube, the argument being the scale read- 
me of thp tubo whon in its lowest position. I'ho velocity ineasuttMi 
:«t thish»west p<»int was.-ictually that at a distance of 0.02 foot .dxtve 
the biittom, this <listance being half the diameter c»f the glass tubing 
of which the instrument was const meted.

1 he value of Manning s n, in ('olumn (10), was computed fr«»m

the formula \ = V and R being taken fmm Columns
(7) and (5), and S being the slope u.sed throughout the test. Rey- 
”vR channels, in ('olumn (12), is e«|ual t«i

, where x is the coefficient of kinematic vi.scosity. The value
of V w’as taken fmm a visc«i.«ity curve, the water temperature l>eing 
u.sed as argument. It must l>e m»ted again that the.se values b.r 
Reymdds’number are accurate f»)r the tests <in Sands Nos. 3, 4, ,5, 
S, and 9, in which the water temperature was measured, but that 
the values for the other tests are accurate only .so far as the estimate 
of water temperature was c<»rrect.

1 he wave velocity, in ('olumn (13), corresponding to the veh»city 
at which flow changes from streaming to sh«ioting, was computed 
from the acceleration of gravity and the depth. In the tabulations 
for Sand No. 8, the rates of sus|)ended load movement, as determined 
from the turbidity analyses, are listed, in addition to the u.sual 
bed-load rates. The mean size of the trapped sand, and the uni­
formity modulus, in ('olumns (16) and (17), were c«»mputed in 
the manner described on page 5. The tractive force, in Column 
(18), is the product of the depth, slope, and unit weight of w’ater. 
The nature of flow, in Column (19), was ba.sed on observati«m <if the 
behavior e»f the dye injected into the water, and the nature of sand 
movement, in Column (20), is the visual de.«cription of the move­
ment, in conformity with Kramer’s rate clas.sification.

It will be noted that in Tables 8 to 10, pre.senting the results of 
the flow experiments conducted on the cement bott«»m, all of the 
columns c«.ncerning the movement of sand have been omitted, but 
that the column numbers have been made con.si.stenl with those in 
the other tables.

Explanation of Curves Showing Baftir Data:

The complete history of developments of the tests i.s presented 
in the curves on Plates 24 to 38. On these plates are showm the cal­
culated values *if mean velocity, the roughness coefficient n from 
Manning’s formula, the mean size of the grains in mot ion, and the rate 
nf movement of the sand particles, all plotted against .simultaneous 
values of the dept h. (In Plates 35 and 36, the rate <»f suspended load 
movement is also .shown.) At the top of each plate is the vi.sual his­
tory of the test, sh<»wing the developmewi of the riffles, and the points 
at which the flow changed from laminar to turbulent, through the 
transition stage in which the flowr was partly laminar and partly tur­
bulent. The depths at which general movement w'as ob^r\ed, ac-

56176



The devel<*pmpn« of the riffles is further illustrated in Plates 
\.is 30 to 44. in whieh are sh<*wn the plotted h)nRitudma. 
profiles taken at intervals throuphout the tests 
siiperimposed upon the line representinp the original elevation of ih 
sand bed, and the elevation of the water surface is shown jn order 
that a comparison can lie made between riffle heiph 
flow. The slope of l>ed and water surface is indicated in the dimen­
sion at the ripht, as is the numlier of the sand in the case of two plates 
in which the profiles for two sands have been cimibined.

The results of the aiialy.^jes of the sand caupht «n the trap at the 
h*wer end of l he flume are shown in Plates 45 to o2. 1 he analy.sis of
the material in nn.vement l>ef..re the development of riffles is indi­
cated bv the short da.shed lines, while the dash-dot symbol is used 
for the analysis of the material caupht after the development «f the 
riffles The heavy solid line represents the oripinal material which 
was piaced in the flume, and the table at the top of each diyision of 
the plate summarizes the variati.m of the mean pram size and uni­
formity humIuIus.

nu BOYS’ KXPRKSSIOX FOR TRACTIVE FORCE

The Waterways Experiment Station has adopted as the ba.sis 
for the.se studies imolvinp .sand im.venient the conyenient du ^ys 
oxpre.ssi<*n inycdvinp the slope and depth of flow. This procedure 
is in close coi/tirmity with the methods used by mo.st Kuropean in- 
ve.stipat<»rs, ar. * has also l)een widely used in this country durinp the

last formulation of sand moyement in-
yohe such hydraulic factors as me.m velocity, hottoniyelocity, dis- 
charpe, discharpe per unit width, turbulence, etc. Gilbert, in his 
extensive investipations of this .subject, attempted t<) correlate 
sand movement with velocity, and until recently his lead has been 
followed quite penerally in this country. Althouph the use of veloc­
ity as the basis for studies of traction has a sound theoretical founda­
tion, inasmuch as the scjuare of yclocity is a parameter of the enerpy 
of the flowinp water,the m«a.«urement of either meaner bottom yeloc- 
ity entails certain practical difficulties which lc.s.sen their value as 
criteria for the nmvement of Imttom materials. In the first place, 
it has been found that the placinp of any velocity-measurinp device 
near the Ixittom of the flowinp stream immediately creates a scour 
hide in the l>ed, which in turn chanpes the velocity and may result in 
a premature riffle pn)pre.ssion throuphout the entire lenpth of 
the flume. Further, while most investipators believe that the 
bottom velocity is the real controllinp factor in the subjec* of^d 
movement, no unanimity of opinion has prevailed fls to ;ost w’here 
this velocity is to be measured. While the actual vc-iooity di the 
water at the bottom is chise to zero, its rate of chanpe i^th distatije 
from the bottom is very rapid; consequently, any sliphf error in]*the 
vertical locaticm of a measured bottom velocity mipht result in n

i



quitp appreciable error in its value. The use of mean velocity is sub­
ject to these sjime limitations, except in the ca.se of uniform flow 
through a flume of known cross-secti«»n, where it can l>e computed 
from the di.scharge and area «»f cross-section. .\n additional limita- 
ti«»n is that the mean veh»city does not l>ear a constant relatii.n-^hip to 
the bottom velocity, the probable controlling fact«»r in bed-h»ad trans- 
p»irt aiion.

MacDougall* has adopted the unit discharge as the ba.sis for his 
work. The use of this hydraulic factor results from the devel..p- 
nient of an expression f«»r tractive power, which can easily l>e shown 
to l>e consi.stent with dii Boys’ expression for tractive force.

Inasmuch :is it has lM>en foun«l at this Station that the du Boys 
«'xpres.si«>n is consistent with experimental results, and since the slope 
and depth are the hydraulic elements m«»st ea.sily measured in the 
laboratory, this expre.s.sion has been adopted. It can be developed 
in the following manner:

C'onsider a uniform flow of water »*f depth H down an incline of 
.shtpe S. If no resistance were offered to its flow, the increase in 
kinetic energy of a prism of water 1 foot sfpiare and I) feet deep, in a 
short timedt (neglecting differentials of a higher order), would l>e

dK = |,(v dv)- — \-2 = mvdv

Since ™ =gS,

dE = mgSvdt, •
where m is the mass of the prism of water.

(1)

Since it is pre.«umed that uniform flow prevails, hence that there is no 
increa.se in the kinetic energy, this increase niust be prevented by the 
action of a force T, acting through the distance v dt. Dividing (1) 
by V dt, the force is

T= mgS

Substituting p — for m, this force is seen to be 
K
T = pDS (2)

Equation (2), is the familiar du Boys expre.ssion for trstetive force, 
expanded by du Boys after observations on the Rhone River, follow­
ing the theory advocated earlier by du Buat.

The use of this expression a.s a basis for the forinulation of th? 
movement of bed materials has frequently l>een criticized on the 
basis that the users of the expression a.ssign the entire value T to the 
movement of the bed-load. It is fully realized on the contrary that 
the energy dissipated by a flowing stream, is utilized in the following 
manners:

1. Internal friction and turbulence.
2. f'riction of the bed.
3. Friction of the air.
4. Movement of the bed-load.
•".An F.iiM'rimrniBl Invr»<iiwii»n of B«i S*dimen» Tran»porUtioli”. by C. H. MacDouBmll.



While it does not appear reasonable to assign the entire value 
«if the traetive force to the last of these f<»ur, it does seem reasonable 
to assume that with a given bed material, its movement will be in 
some manner prop«»rtional to the value «»f the traetive force, which 
then can be* use<i as a measure <»f the bed movement. As will be 
IMiinted out later in this rejwirt, it has l)cen dennmstrated in these 
exj)eriments that there is a definite relationship l>etween the traetive 
force and the lied movement. Furthermore, the as.sumption of this 
relatif»nship is as rea.sonable as any at»empt to correlate bed move­
ment with velocity <»r unit di.scharge, where it must also Ik* assumed 
that the movement is in some wa\ proiK)rti«»nal to the value ..f the.se 
hyilraulic elements.

RFSI LTS OK FXPKRIMFNTS 

General
The primary purpc)se of these experiments, as originally out­

lined, was to discover and evaluate, if iK)s.sible, the laws controlling 
the movement of lK*d materials in Rowing streams. The two prin­
cipal problems which grew out of this original purpose w’ere:

1. Determination «>f the value of the tractive force at which 
movement of a given bed material starts—i. e., “critical 
tractive force”.

2. Determination of the rate of nmvement of a given material 
at all values i»f tractive f»»rce witl.in the range of values 
which can 1m* reached in the exiM*riment flume.

Obviously, the.se tw«» pmblems are cjuite intimately related, and 
in all studies pertaining to either, it was necessary t(j keep constantly 
in mind the imp(»rtance of the other. Also, the a.ssumption was 
neces.sarily made that the existing tractive force value was the fact<»r 
controlling the movement <if the lM*d—that i.s, that f<»r a given value of 
tractive force acting on a given bed material, there was a resultant 
type and intensity of movement, which, after the completion of the 
studies, could then be predicted with fair accuracy from the value of 
the tractive force. It will be shown 1k*1ow that this assumption 
was verified, at least within the range of the values of slope, depth, 
and width-depth ratios which were used in these experiments. At 
the present time, however, no attempt will be made to extrapolate 
these restdts l>eyond this range, and it must remain for further 
studies to determine whether the same verifications can be made for 
tractive forces etjuivalent to tho.se found in full-scale rivers and for 
flumes t>f different width-<lepth ratios. More«iver, it must be kept 
constantly in mind that these experiments were conducted under 
nearly ideal conditions <»f uniform flow in a straight channel, and 
that their results are not nece.ssarily directly applicable to curved 
channels of varjdng cros.s-.section.

The discussion of the re.sults will be divided int<» three general 
sections: (1) ('ritical tractive f<»rce; (2) rate of movement; (3) mis­
cellaneous incidental results. Included in the latter disctis.sion, 
will 1m*:

1. Variati<in <»f Manning's roughness c<M*fficient>tw). *
2. Riffle development.
3. Velocities.
4. Turbulence criteria.
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Critical Tractive Force

Deft nit inn:

('ritical tractive force is that tractive force which brings about 
general move?uent of the l>e(i-loa(l mixture; general m«»veinent is that 
condition in which sand grains up to and including the largest are in 
moti«>n.

Resume' of Prerinus InresUgatinns:

Since MacDougall* has presented a thomugh sumn»arv of the 
w<»rk done by earlier investigators on the subject of santl iiiovement, 
it is ntit deemed neeessary to include here a duplication «»f his tlisi us- 
sion. It will be sufficient t«» say that, while investigations of critieal 
traetive force have l)een made by Krey, .Schoklitsch, Kisner, Sch.affer- 
nak, Kramer, and tithers, only the latter has tlevehtped a practical 
formula f<»r critical conditions in terms of the sand size and distribu­
tion. Most of the formulas deveh»i>etl by the other experimenters 
contain certain constants, whose determination is almost impossible 
without first ctinducting a test on the individual .san«l in question.

Kramer’s exiM*riments, made in Berlin in I9.11-:i2, included tests 
on three sand mixtures, his general pn»eedure being closely similar to 
that u.sed at this Station, .\fter analyzing the re.sults «if his ex|M*ri- 
nients t<» determine the general behavior of the mixtures, and verify­
ing the “law of constant critical force” (acc(»rding t«» this law, the 
critierd tractive force for a givon sand mixture is a constant, not a 
function alone of either depth or .sIoim*), he developed the following 
formula f«»r critical tractive force in terms of the physical ch.nr.-icter- 
ist ics of t he .sand:

- g yj (pi—p), (.1)

in which Tr is in grams per square meter, dg in millimeters, and pi 
and p are in grams per cubic centimeter. In Kngli.>;h units this equa­
tion reduces «o the form,

T. - o.OOlSS^'jfpi-p) (4)

in which Tr is in pounds per square foot, d* is in inches, and pi and p 
are in pounds per cubic foot. His method <»f evaluating d* and .M is 
explainecl on page .5, this paper.

Criliral Tractive Force Curve:

On Plate 13 are shown the values of the critical tractive forces 
of Sands Nos. 1 to 8, plotted again.st the computed values of the ex­

pression ~ (pi — p). On the same plate are shown Kramer’s

curve for critical tractive force .md the plotted data from which his 
curve was drawn. In order to billow more clo.seIy the plotted pointst, 
the parabolic curve marko«I “Modified Curve” has b<H*n drawn, ami

* "An Rxpmnienial Invivtiimlion of lied Sediineni TraiiKporialinn". by H. Marlloug.nll 
t Kmnier ronniden.imly A. M. N. I*. Q. a* nimpanihle «ilh Iiih <mn vnluen.



it is supR«*stfHl in prpforoncc* to the straight-line expressi«»n for the 
variation of critical tractive force with the characteristics of the sand 
niixtim*. The e<|uation for this curve, in Knplish units, is

or, in metric units.

Tr - 0.0(i;?S
d, (pi — p)

X M

T.. - 29 de (pi — p)
X M

(6)

X alur «f
Idc m mm. I 

in

Value irilw ru fl 1
Plate 13

rniTicAL TKAf-nvE Fom E ik Kelatiok to Sard <'iiABA«TEBiATir*. I’aiko VmrAL C'biteiuok

This equation was derix-ed from the logarithmic plotting of the values 
f«ir critical tractive hirce, which is sluiwn (in English units) in Plate 
14. It should l)e noted that b«»th the English and metric units are 
shown on Plate 13.

Some ilifficulty was experienced at thisStati<»n in determining 
the values of critical tractive force by the use of the visual method 
of spotting general iimvement. This difficulty was especially ser­
ious in the tests of Sands Nos. 2, 6, and 7, during which it was neces- 
.sary to use somewhat turbid lake water. Even after the flume had 
been connected with the clear water circulating system, however, 
consistent results were not obtained by the Various as.sistants in 
charge of the tests. In determining the values of critical tractive 
force which are plotted on Plate 13, therefore, tli|; tabulafed data 
were studied carefully, and due weight was giv-en to the'^'alue of 
Manning's «, the o'casured rate of bed-load movement, the desig­
nation of the intensity of movement according to Kramer’s classifi- 
catiim, and the stage of riffle development. A careful analysis of 
Kramer’s data revealed the fact that his tractive force values were

i



all close to the iv)int at which the first riffles apix'ared on the san«l 
bed (of his twelve p«>ints, one was selected after weak riffles ha«l 
formed, four were selecti^il between the last smo<»th-l)ed nin an<l the 
first nin with riffles, and the remaining seven wen* s«*lecte«l within 
.he last two or thre<* runs with snnM»th brdi: this fact was used as a 
jriide to the selection of the p<(int general movement in tests when* 
a visual determination pnaluct-d unusually inc<»nsistenl results.

The |x»int at which the critical tractive font* was choM*n, ac­
cording to this method of sp<itling general moxement, is noted in 
each of the tabulations of observe«l and computed data. Tables II 
to 37. The c*orresp,,tiding depth 1)^ is noted on the comixisite 
graphs. Plates 24 to 3H, and the critical tractive force values an* 
summarized in Table 3.

Value of
, Ida in Irda in inrho

p,, p in Ihs 'ru f.l
Plate 14

CEmrAL Tkactive Fob<-e IK Relatiok to Sakd rBAKArTr-Biimr*. fmK.i \ im al < rit».biok -
IxMiABiTHMir Plot

Seed for Sew DefinUinn for General Movement, for Vw in Modeh:

In attempting to apnly to mo<lel ilesign the critical tnictive 
force values for fine sands found in the study described above, sev­
eral obstacles were encountered which made it apparent that a lower 
limit should be placed on the sand sizes to which the visual method 
of general movement determination should apply. Studies of the 
data available from these experiments indicate that this lower limit 
may tentatively be placed at a mean grain size of alxmt 0.6 mm. 
The following data tend t<i support this l>elief, and lead to the conclu­
sion that a new criterion for general movement may l>e advi.sable for 
finer materials, if they are to be used in movable bed hydraulic 
models:

1. With samis of grain size less than this limiting value, the 
rate of moAement at the point of “general movement” is too sm.ill 
to be appreciable.

I ■
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2. With sonu* fine s;jn<ls, even ihnuirh the rale of movement 
at the jxiiiit <if “general movement” is appreciable, riffle formations 
at tractive forces greater than this “critical” value s«» increase the 
roughness of the Ixutom an«l retard the velocity that there is a sud­
den decrease in t he rale nf movement. In t he cast* «.f the finest sands 
tested, the rate of movement fretpienlly became zero at tractive 
forces aiM.ve "critical”. This |x.int. a.s well as the first i»ne, is 
bmught «iut in Table .1. column (20), and on the graphs on Pl.ates 
24 to .IS. where it can lx* s<h*ii that the rate-of-niovement curve drops 
suddenly when the riffles lx*gin to f»»rm.

1. In the ca.*je of all the sands except Nos. 1 and 9, the santl 
mixture in movement at the p«.inl of “general movement” was 
not repn*sentaii\e of the inaterial of which the bed was molded.
1 he ine.an size of the sand in motion was much larger than that <if 
the original san<l. I'he exception in the ca.se of Sand Xo. 1 may be 
explained by t he clay c«.ntent in the mixture; Sand X«». 9, the .small 
gravel, is probably above the range where this conditi«»n obtains, 
lilts fact is evidenced by the curves showing the analyses <»f the 
trapjieil materials. Plates 4."> to H2, where it can l>e seen that it was 
not until after a uniform riffling c«mdition had lx*en reached that the 
analysis of the trapped sand approached that of the original. The 
progressive change in the mean grain size, ami its relation to the rif­
fling stage, are slmwn on the graphs on Plates 24 to IS. In other 
wonls.it w«.uld apiiear that at the point at which, according to the 
vi.sual method, general movement of the be<l material was obtaineil, 
actu:ill\ tho matpria! in luotion was not rpprosontativp of tho mixture 
of which the be<l was originally molded.

I his somewhat paratloxical condition, in which the material 
first moved by the flowing water was larger in size than the original 
material, was confirmeil in every test of Sands Xos. 2 to S by vi.sual 
observatnm of the individual particles in motion. In every instance 
it was noticed that the first partich*s to l>egin moving were the larger 
ones, ami that as the depth was increa.sed, more of the smaller Ijegan 
to lx* moved It is lx*lieve<l that the explanation for this phenome­
non lies III the fact that the larger particle.-., which protrude a small 
distance alxive the genend level of the bed, are acted upon bv grt*ater 
velocities than are the finer iiarticles, which fill the interstices be­
tween the larger p.ipicles. Vhile this vertical distance is verv small 
the in velocity at the Ixittom of the flume is very rapid, an<l a
small difference in vertical location causes a relatively great differ­
ence in vehicity. At greater ilepths, however, the increased velocity 
at the Ixittom, aided by the increased condition of turbulence is 
sufficient to reach and remove the finer panicles. Hence, it may be 
concluded that movement of a fine sand on a smooth l>ed is a .si.rting 
proce;^, and that only after the formation of riffles does the move­
ment li^ome general in the sen.se that all the particles are moved in 
alxuit the proportion of their occurence in the mitrture.
• u ^ ” n pated alxive, was not observed in the te.sts on
the small gra\eh in which at the very eommencemento>f movement 
the mean size of (he material in motion was approximhtely eriuhl to 
the mean size of the original material. The rea.son for this probably 
liw in the fact that a particle’s resistance to niothin varies as the cube 
1! while the distance the particle protnides above the
tx*d, and the velocity acting on the particle, vary as a much smaller



power, probably less than unity. Hence, there must be some limiting 
si*e of particle at which the larffcr sizes no longer move first, an«l 
al^ive which the finer materials are the first to be placed in motion. 
N\ hile no data were recorded in these ex«>eriments which would ten<l 
to locate this limiting size, it is believed that its value is in the vicinity 
of O.H mm.

Sttggcstefl \eir Definition for (ieueral Morement :

To answer the nee<i for an evaluation of critical tractive force 
which can b<' used in model design, and which has a real meaning 
through the nmge of sand sizes smaller than 0.6 mm, the b‘!!,twing 
tentative new definition f«ir general in<*vement has been worke<l 
out at this Station.

(Jenentl movement is obtaine<l when both the following con­
ditions are attained:

1. The material in transi>ortation is reas<mably simil.-ir in coin- 
p<»sition to the material c<»ni|)o.sing the original Ik»<1.

2. The rate of movement is e«|ual to <»r exce<*ds »>ne fxiun<i (dry 
weight) per foot width «»f channel jjer hour.

The critical tractive force is still defined as that value of 
tractive fi>rce existing at the time of the ct»mmencement of general 
niovemen*.

It in desired to etnphnaize the fart that this definition of general 
morement is intended solely for use in connect ion irith hydraulic mmlels, 
irhere sands of mean grain size less than about UJi mm are used. 
In no case is it meant to be extended to include bed-load morement in 
full-scale streams, or sands larger than the limit stated. It is fully 
realized that the tiro specifif'ations do not define a condition of more­
ment trhich is exactly the same for a sand of mean grain size of, say 
tf.S mm, as for another of mean grain size of, say O.d mm. It is he- 
liered, hotrerer, that irithin the assigned limitations it defines a condi­
tion which is nearly uniform, and which will prove useful in hydraulic 
model design. Further studies will be made of this subject, and it is 
hoped that a better definition for general morement, which will satisfy 
strict theoretical as well as practical considerations, ran be derelojted.

It is understood that this definition can n«it be applied to a gravel 
<»r small stone mixture l)ccause of the fact that the iinivement of 
only a few isolated large particles might be sufficient to satisfy the 
l-IM»und requirement, even though the movement was not at all 
general. Through the range of sizes with which this Station is usu­
ally concerned, however, it is believed that this condition leads to a 
usable definition for critical tractive force. The value t.f 1 |x>und 
was derived from experience records at the Laboratorj’, where it 
has been found that in a 12-hour cycle of operation of a nimiel of the 
.Mississippi River, which averages alxuit 4 feet w'ide, a minimum of 
alxtut -50 pounds of sand must l>e moved t<i .secure satisfactory devel­
opment of t he model bed.

The fulhllment «*f the ,'irst con<lition—that the moving material 
must be similar to the material composing the bed—insures that the 
vaiue chosen for the critical tractive force is greater than that neces­
sary to produce riffles, and consequentlj% that there is no retardation 
in the rate of movement at tractive forces greater than critical. This 
point »s evident from an inspection of the upper curve on the com-



p«»siio <lr;iwines, Plaios 24 to 3S, whore it c.*jn be seen that the curve 
for mean grain size of the material in motion appr«»aches that of the 
original grain size at the |>»»inl of full tievelopment of the riffles.
Evaluatiott of CriUral Trartire Force:

With this definition tor general movement (designated (he 
“model" criterion") as a basis, a studv was made «if the data tabula* 
ti«in in Tables 11 t«i 37,and the point a: which movement l>ecamc gen­
era! was selected. The htcalions fif these points are indicated in the 
tables. an«l als«» on the graphs, Plates 24 to 3S, by the designation 
“Dr”. 3'he corresponding valm*s of tractive f« tree were then com­
puted and rt'corded in Table 3, columns (7) to (9),averaged in column
(10) . ami the rates of movement at critical tractive f<»rce and the 
lea.st rate at tractive forces above critical were recorded in columns
(11) and (12). The average values from column (10) were then ph»t-
te«l against the eorresi>onding values of — p), and the result
is shown in Plate lo. on which are also .shown the curve repre.senting 
Kramer's ecpiation ami the n*vise«l curve suggested by this Stati<»n, 
using Kramer’s criterion for general im»vement.

Again it is apparent that the product of depth and sh»iie is a 
usable measure for critical conditions, ina.smuch as the values de­
termined from the three sloj>es were nearly the .same for every 
stintl.

The data from which the curve is drawn, representing the ap­
parent trend of these points, are to<i few to locate the line closely,
es|M*cially for valuf*s of P* niore than o. The evidence

seems to point out, liowevtT, that there is a minimum value (»f critical 
tractive force near this value, corresponding to a mean grain size of 
about 0.6 mm, and that both alM)ve and below this size, there is an 
incica.se in critical tractive force. This optimum .size of particle 
corres|M»mls very closely to that size Im‘1ow which riffles l>ecome ap­
preciable in height.

It will lie noticed that the rate of sand movement at the time of 
c(»mmencement of general mo\ement of Sand Xo. 2 was alxmt 6.0 
pountls ix*r f«M.t width per hour, while that of the other sands was 
alsiut 1 pound. The explanation of this is that the .size-of-moving- 
grains s|>ecification was the controlling factor in the determination of 
general movement of this sand, while in all the (»thers the 1-pound 
limit controlled its location. In general,the finer the sand,the smaller 
was the tractive birce at the lime of riffling, hence at the time w’hen 
the particles in motion lK*came similar in composition to the molded 
lM‘d. For the finer samls, then, the 1-pound specification was the last 
t»» l»e satisfied ami lK*came the controlling fact<ir in tlig determination 
of the Value «»f critical tractive force. With increa.sing sand size, the 
apiK‘aranc<" of rifflc*s was delaye«l to higher values of tractive for^e, 
and the l-|M.un<l limit was the first to lie met. In the Aise of 8iifnl 
No. 1, this limit again lM*came the controlling factor, in spite of the 
general trend just de.scrilK*d; it is lielieved, however, that the clay 
content of this material si*rved as a bin<ler which held back the 
larger particles, thereby causing the mean size of the nmving par- 
tides tc» approach the size of the original material l>efore the ap- 
|K*araiice of riffles.



Tlie incmiso in the critical tntctivc force valuer: for the finer 
sand^, according to this criterion for general movement, is the exact 
reverse <»f the trend indicate<l by the Kramer formula, which was 
derived fr«*m tests f»f sands larger than those tested at this Sta- 
ti<m. It is l)clieve«l that the explanation for this phenomenon 
lies in the matter of the riffle development. As can be seen from the 
profiles. Plates :i9 to 44, the finer the s;.nd. the greater W's the hei: ht 
of riffles in coP'.paristm with the tiepih of water forming them, anel, 
consetjuently, the greater the roughness tif the l>e<l. .\t a given depth, 
the velocity of the water, then, was less f«»r the fine materials than 
f«>r the c«*arse, and the m«»vement of the particles was correspomlingly 
less binsk. The value «»f tractive force at which the l-|>ouinl limit 
was sjitisfied increased therefore with decreasing grain size, ami since 
the 1-pound limit was the contmlling facti*r locating the value of crit­
ical tractive f«»rce f«ir the finer .sands, the critical value also increaseeil 
in this manner.

Plat® 15
fiuncAL Tbactive Fobtv im Rclatiok to Sand C'HABArntBiATicA. Umxo Viacal

AKO "MoDEI." ('BmOUA

The scattering of the points oa the curve of Phite 15 is not con­
sidered to decrease the usefulness of this evaluation, for these rea­
sons: Sands Xos. 4 and 5, which have higher critical values than
.seem consistent with the curve, were composed of grains which were 
much nif»re angular than those compo.sing the «»ther .sands, and it is 
l)elieved that the interlocking effect of theangular grains caused a re­
tardation in their movement. The low value of Sand No. 8, which 
was als<» angular, <ir rather, the high values of Sands Xos. 6 and 7, can 
be attributed to the probability that some of the moving material in 
the tests on the latter sands was lost over the tailgate, and that the 
tractive force corresp«»nding i . a 1-pouml rate w;us higher than its 
true value. This argument is b«*meout by the fact that the enlarged 
sandtrap used in the tests on Sand No. 8 caught, at all .stages of iiiovc*- 
ment, an appreciable quantity of the sand, which passed over the 
trap used in the other tests. The pos.sibility is suggested that this 
portion of the critical tractive force relationship should be repre­
sented by two or three nearly parallel curves, each curve joining the



rr

E

•

ii

%

|«JI|U )

0AUA tJJ IK 1*>'«I0’|
«:S«»HcSe 2

|!
AJJMJ

0AIURJX
IV

1 1

£
i <Ajn.)

V -a A\ >j -.1 
mo; -np:A

gzKXXXXX
s
5 ill

= 55
0AJfl^)

Miacj^ =**£5555
I
5 2*5== 5 =

c!

OKU} C SCO*

If

p
1 flliili': 1

5£555£55 | iH
II ‘=Sii^i§Triis:xK**«**^*»75 rrrrrirr7.gr

11 pSitiSHfl
£££££*£*^5=

7.- = = = = = = = = '• = =•

if |isiii§si|p
^5 £****555—5=

SccESScc’^sS

I
fi
f-
i

i

'iy>:=rl;
|t!.»ijU.>

AAoqV
SAlijr^X »“ »*^*^!

0AIIAIUX 
fluiiu. > IV

cccecccc

I
S!

tsfe
£_

h
16

I
A

t*.e —<!'.5 r. — r: r;grrz-gggg

II
ti

fl
(-JJ -lu Md -q| ui « •'< ••□! ui *p)

<<»-•*) ^ J" »"r»A

•OK po*«

iilsiiiilil
= E = = = 5E5‘''- = 5

iimiii
'iiliiii'ilis
ccccsccc'‘Cc

I Sii
•"PUJJ l«* «*«IB

cr^s « <*.r.ssx<7.x< X
CSCCCCCC £

<<r<<2:2:< s
' XX*X 7.7.7.x /.

i illliiil ! ill
OTsjt) u«a(v

S='=§?*r:5* ,g £; S5*t*====g s tss
= = = = = = = = d =■=• =

|| g fM
E 1 = = = = = = = = • ==•=■

l-==E =
ifi

a.• c
si
= £? ' *
•is**
‘21i
♦ I ^



points coiTtHsponding to sancis ot the same angularity of grains. Al­
though the (lata from these experiments are not numerous enough to 
establish this the«»rv. futtire sttidies may serve to prove or dispmve 
its merits.

Rate of Bed-Load Transportation
A knowledge of the rate of transportation «»f bed-load is as im­

portant in calculations concerning changes in the configuration «»f 
stream be<ls a.s is the knowledge of the stage at which l>ed movement 
Itegins. In the operation of hydraulic mo«lels with movable l)etls, for 
instance, it is essential that the material c«»mp«ising the bed of the 
model be moved at all stages corrt*sponding t«» tho.se during which 
there is movement in nature, an<l it is likewise ini|v>rtant that the 
movement in the model l>e (piantitatively in some known projxirtion 
<o the rate of movement in the full-scale stream. Hence, s«»me 
kmiwledge of the laws governing the rates of movement of la»th the 
model .stream l>ed and the natural stream l>e<l is es.sential to the profi- 
er interpretation of model results. Likewise, in the design of regula­
tory w’orks for rivers, the subject of sedimentary hiad trans|M»rtati<*n 
sometimes is as important as the hydraulics of the problem.
Resume' of Prerious Iuvestigatious:

Several investigat«»rs, including du B<>ys, Schoklitsch, Gill>ert, 
Kisner, and MacDougall have contributed t«i the knowledge of the 
subject of the rate of bed-load nmvement, but none has as yet suc­
ceeded in s<» f(»rmulating the movement of sand that a mechanical 
and physical analysis »»f the material is sufficient to predict accu­
rately Its behavior when acted upon by a fl<»wing stream.

MacDougall* has contributed the latest inf«>rmation on the su*»- 
ject, as a result <»f his experiments at the Ma.s.sachusetts Institute of 
Techn<dogy, and has arrived at an appmxitnate method for pre­
dicting the nioveinent of lx*d-l<md from an analysis of the material. 
His conclusions are based on observations of <»nly three sand mix­
tures, however, and his final curves are drawn from only three |H>ints.

Rasis for Formulation of Rate of Movement:

There is a noticeable similarity in the general form of the e<pta- 
tions derived by various experimenters to express the rate of movement 
<if bed-load in terms of the hydraulic elements. Almost all «>f them 
attempt to relate the rate t«> some function <>f slope and excess dis­
charge or excess depth, with an experimental constant l«» take care of 
the variation in the sand mixtures. Gilbert has attempted to show 
the individual effect of each of the factors, velocity, shjpe, and dis­
charge, by keeping the other factors constant, and has pre.sented sev­
eral expressions which show these relationships. Kisner has included 
in his formula a factor to express the friction <>n the lied. MacDougall 
has derived three similar equations in terms of discharge, one for each 
of his sands, and has then attempted to evaluate his c<mstants in 
terms of the physical characteristics <if the materials.
U. S. Waterways Exj)eriment Station Formulatwn of Rate Movement:

After a thorough study of the rate-of-mj)vement data accu­
mulated in the experiments, it was f«»und that the following empirical

• “An Kscprnmenial IiiveetijEiition of Brd S«lmirnt TrunsiiMirtiition by i\ H. MnrDousnll.
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oc|ii:ition oxprosso«i iho relatiimship existing between the hydraulic 
factors an<l the rate of lM>d-load movement after the f»»rmation of 
riffles;

1 ns—D..S.. (7)
V l- />\ -

k,
In equation (7), \V is the rate of l>ed-load movement for a given sand 
mixture resulting fr«»m a given set of hydraulic conditions, 1)S is the 
corresponding product of depth and slope, « is Manning’s roughness 
value as computed for the given conditions, and k, and m are para­
meters whose values are «lependent upon the physical characteristics 
of the bed-load material (see Table 2, page IS, for explanation t>f 
units). n,.S„ is the value of the depth-slope product for the given 
sand mixture at the time of commencement <if movement, as deter­
mined fr<*m the linear plot of W« against I)S (see Plate 16).

Plate 16
KrrETT or iNmoorriKG Makniko k n is RATE-or-MovEHEST Kvali'atios

Sand No, S
As Stated above, etpiation (7) is an empirical expression derived 

from the study of over 275 sets of observations of bed-load move­
ment rates made after the formation of riffles, in addition to about 
500 observations made before and during their formation. While 
the empirical nature of the derivation of the equation makes it 
necessarx' to limit its application to the range of values of slope, 
depth, and bed-load characteristics used in these experiments, the 
ma.^s ()f data and the consistency <»f the results seem to verify the 
validity of the expres.sion within the proper limitations.

The general form of the equation is seen to conform with the 
du Boys theory of tractive force, in which the bed^oad movement 
is shown to l>e dependent upon the product of depth, slope, and the 
density of the water. The inclusion of the roughness viUue n serVA? 
to relate the tractive force value with the velocity. This factor^as 
nwes.siiry because of the greater relative bed-load movements at the 
higher values of slo|>e x depth, where the riffles became smoothed 
out and the movement of the sand particles became uniformly dis­
tributed over the lied. 1 his factor serves to bridge the gap between 
movement in dunes and the next stage of transportation, that of 
uniformly distributed movement.



will he >«hown Im*1ow, the value of the parameter m w very 
nearly e»»nj»tant. The parameter k| which varie?* within narrow 
limits, is «»f extremely complex dimensions, emb«MiytnK the comp«»site 
effects f>n bed-load rate of such factors as mean i;rain ^iie. distrdni- 
tion «»f itrain sixes, \oids ratio, anitularity of erains. specific gravity 
of material, density of li«|uid, viscosity of li<|uid, degree of t urhiilence, 
withh-«lepth ratio <»f flume, etc.

The nine logarithmic plottings of \\n against ( I>S - 1).,S„ 
from nhich e<|uation (7l was derive*!, are repro«luce<l in Plates 17a 
t«» I9c, and the range of values of parameters k, an«l in, as well as 
th«ise of n and 1)..S,,, are summarixee«| in Table 4. The nine cur\ es 
are shown together for comparison on Plate 20.

TAHI.E 4

V.VLI'E or f'oXST.^NTS IX Kxpmks.sion W

Sand
X.».

<U M Slope Range of values I)„S. 
mm of a

k, m

0.0010 .0112 to tniH
O.SHft 0.2><0 O.tMU.i tint) to .0124 O tNNMtNl 0 (NNm3 1.5 

tMMl20 (HIH to .012H

2 0.541
IMHUO IU20 to .0|:12

0.439 0.(HM5 .m24 to .0143 0.0<KM>95 O.tKMW.l 1.6 
0.0020 .0132 to .0144

O.tMUO .0146 to .0193
0.525 0.539 O.tHMo .0Ui.'» to .0232 0 (H)0270 0.00046 1.6 

0.0020 .0132 to .0188

(MMMO .0152 to .0188
0.506 0 406 0 (Htl5 .0184 to .0248 0.000300 0.00019 1.7 

0.tM)20 .0140 to .0*260

I O.INMO .0166 to .0194
0.4S3 0.438 0.0015 .0170 to 0260 0.fMm3.»0 0rKM>.',8 1.5

0.fN)*20 .0178 to .0*260

O.tNMO .0195 to .0212 ,
0.347 0.613 (MMH5 .0190 to 11242 (Mkmii'sO O.CKJIOO j 1.8 

0.00*20 .0184 to .0*250

0.310

-I-

O.INIIO .0214 to 
0.625 0 tM)15 .0218 to 

0.00*20 (1*206 to

8
I 0.0010 .0176 to 

0.206,0.660,0.0015 .02:{6 to
i0.(N)20 .0180 to

.0238 I

.0*252 0.000250, 
0*272

0*296

.0*276 0.000260 

.0*292

0.00110 1 1.7

0.00066 1.6

0 0030 .0164 to 
9 4.077 0.666 i 0.0040 .0162 to

I I i 0.0045 .0164 t*.

0172
.0165 0.000940 
.0193 I

0.00060 1.6



a. Sand \». I

b. Sand No. 2

r. Sand No. 3 
Plate 17

Kru.tTioN or rate or Sard Movement to Demi. Slope, and Ropohneiu.
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Sand Nf>. 4

b. Sand No. 5
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Critiifuc of Etjunlioii (7):

II will In* noticed from Table I that the values of the ex)>onent 
m are confinecl to a narrow ran>ie, from 1.5 to l.S, ami this same fact 
is evidenced in the composite logarithmic plot (Plate 20). where it 
can be .seen that all nine «»f the lines are very nearly parallel. Fur­
thermore, the values of k, fall within the small ranjre from (t.(M)04(» 
to O.OOi 10, and wit li ihf omission of Sands X«»s. (> and 7, fall bet ween 
0.0(M)4() and 0.00000. It is believed possible that the .same expla­
nation may be (»ff«*red f<»r the.se hifili v.alues of k, for the two .sands 
that was offered for the Inch vahtes of critical iractive force for the 
.same .satuls— i. e., that not all »>f the .saml w.as caunht in the trap, and 
that actual values of W should be s*»mewhat larger than their rec­
orded values. It will b<* seen that an increa.se in each \V-v:due. 
with itscorrespondinR effect on \V/<, w«»uld serve t<» move thelop:arith- 
mic curve down an(l to the rinht, and would reduce the value of k,.

Cb/tTr JO
< OP ItATr.K op XtoVEHKKT OP S,»NI». TchTPID I.OiHHITH»l|r PwPT

Whether the effect <»n k, would be larpe enoutrh to briiifi the values 
for Sands Nos. 6 and 7 into the range «»f values for the other sands 
cannot be said, but it can Im‘ .said that the effect would be in the 
proper direction. Hence, it may Im‘ found pos.sible, with further 
study, tf) express the rate of m«»vement for all sands by an ecpiation 
similar to (7), in which the values »»f m and k, will 1m‘ constant, and 
the <»nly variables will be the values of n„S„ and n.

Little consistency has l)cen found in the m.anner of variation of 
the I)„S ..-values. An attempt was made to plot the values against
corresponding values of procedure parallel to that
used in the study of critic.-l tractive force, but m> more than a general 
(rend could be discovered from the somewhat .scattered p(»sitions of 
tlie ploltPil points. It must be realized, however, that these values 
have little real meaning, and are only the points <letermined from the 
extension of the rate curves to the horizontal axis. Their primary 
use is in (he etjuathm, and it is not intended to mean that (heir values 
c«»rresp(»nd to the actual commencement of movement of the be«l- 
h>ad. Actually there is a rather wide scattering <»f the plotted points



at the l«»\v valuos of rate of iiioveiiient, and the value of D.,S„ ean 
he ehosen from a rainie havinn a variati«in of as mueh as 15 per cent.

It is l>elieved, however, that there is a definite relationship l>e- 
tween the values of 1)„S„ and the physical properties of the sand 
mixture, and that later studies will disclose it. The preliminary 
plot discussed in the preceding paragraph showed a close similarity 
in its general fornt to iho r*ur\'e {I’lat^ lo' for critietd tracti^'e force 
accordiiiK to the “model” criterion for jicnend movement. It seems 
reas«»nahle that there should he such a similarity, since there is a close 
relation l)etwe<*n the l-j>ound limit for peneral movement and the 
value of 1)„S„. Prohahly the main reason for the discrepancy l>e- 
tween these two curves is that the critical tractive force values were 
chosen from the tahulated rate values, which tend to «lisperse at the 
l)ottom «»f the curves, while the 1),.S„ values were taken from the 
curves t liemselves.

l‘^|iiation (7) can he expre.ssed in the followinji h»rm, which in­
cludes the results from the eiKht sands and the small pravel:

W 1 1)S ~ (O.OOOttOo to 0.0009401. 
,1 ^ |o.ddo4(> t.» 0.00110] '

With the omission «»f the results from the small Rr.avel, equation (8) 
hecomes:

. 1 — |0.00009'MoJ).000:i50K
" n ^ [0.00046 to 0.001101 '

(9)

The rate-of-m»»vement curves on the conipo.site Rraphs, Plates 
24 to .'IS, have l)cen drawn to conform with the logarithmic plots on 
Plates 17a to 19c. The value of \\n correspondinji to esich selecteil 
value of DS, as read from the logarithmic curve, was divided by the 
«-vahte c«)rresp»»ndinfi to that value (»f I)S, as read from the com- 
pjisite praph, ami the resulting \ .ilue of W was use<l in determininn 
the location of the curve on the latter slu^et. From an inspection «»f 
the.«<* curves, it will he .seen that they follow the points very cht.sely. 
The test of Sami No. 2 at shqM* 0.002 pre.sents the only inconsistent 
results in the entire series, in that the value of Dr is less than that «»f 
Do, and the curve does not closely follow the plotted p(»ints. The 
first discrepancy is explained hy the fact that Dr W'as chosen fmm
the individual rate 
ace curve f<»r all t

mints, while D„ was determined from the aver- 
iree slopes. The probable explanation for the 

sec<md inconsistency is that the experiment w.as c(»nducted t<H> rapid­
ly, and that a real ecpiilihrium between riffle conditions and dis- 
char>ie was n«*t reached.

Method of I'sing Equation (7):
1

In order to demonstrate the method .sunfjested for usinn the 
equation for the rate of im»vement, a hypothetical exanqill* will 
Im* worked out. Supp<»se that it is desired t<» determine the rate of 
movement <»f Sand No. 4 at a slope of 0.(M)12 and a depth of 0.417 
feet. The product 1) and S is thus 0.0005. From Plate 29, the 
nmphness value of 0.5 depth, corresponding at slope 0.001 to a DS- 
product of 0.0005 is 0.0155. From Table 4, m is seen to be 1.7, 
D„S„ is 0.0003, and k, is 0.0(M)49. Substituting these values in 
the general form of equation (7b
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fivoly. Thus it is ovidonf that the formula gives results which are 
accurate to within ab<»ut 25% for all three slo|)es. The w values for 
(he two higher slopes were 0.01 S6 ami 0.0210, respecC^ely, and had 
they l>een used in the computation instead of the h.wcr value for 
the sloiM* of 0.001, the computed rate would have been closer to the 
lower experimental value.

If it is desired to <letermine the rate of movement of a siind <lif- 
ferent from tho.se tested, the residts will depend on the accuracy wi»h 
which the values for m, w, k,, and I)..S„ are esiimaled. It is be­
lieved, however, that if the .sand is within the range covered by these 
experiments, these constants can be evaluated from :i stmly of 1 able 
4, and the results will be reasonably accurate.

LiniUntiims of h^/iiofion (7):

It is not intended to .submit e<|uation (7) as the final solution to 
the problem of bed-load m«»vement, and it is suggested that it be 
used with caution. Its use must be limited, of course, to sand mix­
tures which are within the range of sizes covered by the materials 
use«l in these experiments, and t<» sh»pes not greatly different from 
the range between 0.001 and 0.002. Further, the highest values of 
slope-times-depth which were obtained were ab«»ut O.OOOS, and it is 
not recommended that the results be extrapolated beyond tliat value.

The use «»f this ecpiation, then, f<»r computations involving full- 
scale river flows, is hardly possible. In a river like the Mississippi, 
the sh»pe is much flatter t lan the lowest slope used in the experi­
ments, but the average ilepth is sufficiently great to produce a depth- 
.slope product of a least double the value of O.OOOS. Further, while 
this product served as a go(»d mea.sure of bed-load m<»vement through 
the narntw range of slopes use<l in the experiments, it remains to be 
proved that its use with extremely flat or extremely steep slopes is 
also possible. Lastly, it must l>e remembere<I that these results 
were obtained with uniform fh»w in a straight flume, and that the 
relationship between bed-load movement under the.se ideal condi­
tions and that under the usual c»unlitions of curved channels »»f vary­
ing cross-.sections has not yet been estjddished.

Variation of Hate with drain Size:

('omparative curves slmwing the rates of movement of all the 
sands after the development of riffles are shown in Plate 21. It wdl 
be noticed that the rate «»f movement is greater with the larger 
sands, except in the case of Sand No. 9, the small gravel.

The expl.-ination f«>r this condition again lies in the riffle de­
velopment. The fine .sands, through the range of tractive force 
values when the riffles were of appreciable height, were retarded in 
their movement, while the coarser materials, retarded to a les.ser ex­
tent, were moved at greater rates.

After the smoothing out of the riffles, lu)wever, the increji.se in 
the rates of the fine sands was much more rapid, and at high values 
of tnictive force the curves for the fine materijds tended to cross 
thos<‘ for the coar.se mixtures, showing greater rates oLinovement at 
given v.alues j>f tractive force.



Variation of Manning’s Roughness Coefficient (n)

Tho value of Manninc's rounhnoss ooc‘ffici<*n» n, as oompul(*(l 
from the Manning!: formula for open channel flow, has h(H*n recorded 
for each run in Tables 8 to 37, and all the values have been plot­
ted against depth on the composite graphs. Plates 24 to 38.

Applicability of (he Manning Fnnnuln:

The fact that the Manning formula can be used to a<ivantage in 
these studies is well demonstrated from the shape «»f the Manning's 
n curves on Plates 24 to 38, and e?«pecially those on Plate 24. wherein 
are presented data from the flume both with sand bottom and with 
cement bott«>ni. On the latter plates it can be .seen that the c«im- 
puted value of n remains at a nearly constant value very close to 
0.01, throughout the complete range of clepths which were used. For 
the sand b«itt<.m, on the other hand, n remained nearly constant s«» 
long as the bottom remained smooth, at a slightly higher value than 
the 0.01 found for the cement bottom.

Si»me caution must be applied to the use of the actual values of n 
computed in these experiments, for the reason that the side r<»ugh- 
ness was not the same as the bottom roughness. The sides of the 
flume had a smooth surface of neat cement, exactly like the bottom 
in the tests made without sand in the flume, and it was n«tt believed 
practicable to nmghen the sides to c*uiform to the roughness of the 
sand bed. This e(pt;>l roughness would have been especially hard to 
achieve after the formation of riffles. While the usual c«»nception 
of Manning’s n is that it repre.sents the roughness of the bed, actually 
it is a resistance factor which must include such other factors in ad­
dition to roughness as curvatures, eddies, ami changes in bed config­
uration. In these computations; therefore, it must be considered 
that the n-values represent the re.sistance t»» flow «»f a channel with 
a smooth side surface and a bottom of variable nuighness.

It must also be noted that the Manning formula applies only t«i 
turbulent flow. The values of n have been c«unpute<l for the laminar 
flow range, and have been plotte«l, to illustrate the point that they 
are meaningle.ss in this range. A (lashed line is drawn thioiigh these 
points, to distinguish them fn»m the points computed from turbuhuit 
conditi(»ns.

Variation in Valaex of n:

The range of n-valu(*s encountered in these experiments is sum­
marized in Table 5. The av(‘rage value for the cement bottom, 
0.0097, checks very closely the value of 0.010 given by King* for a 
neat cement surface under best conditions. The average value b»r 
all the sands for a smooth bottom is 0.0107, ch»se to the valiie of 
0.011 given by King fora neat cement .surface under good conditions. 
The value of 0.016 b»r the small gravel is nearly the same as the v.ilue 
King gives for a cement-rubble surface.

With a riffled b(»ttom, the H-values show a great variation, from 
a minimum of 0.0112 in the ca.se of Sand No. 1 to a maximum of 
0.0287 for Sand N(». 8. It is evident, however, that the a-values

• Kin(. ■’Handbi,'»k <4 Hydmulif*-".



have iho saiiip m*n(*ral frond ftilluwod l)v tlio riffle sizes--i. o., llie 
finer the sand, nr the larner the pereentane (»f fines in the sand, the 
laruer will he the w-values. In the ease of Sands Nos. 1 and 2, where 
tlie riffles were \ ery small, the a-values on the riffled bed were «»nly 
about O.OOI higher than on the smooth bed. With the finer mater­
ials, however, the a-vahte for the riffle*! I»ed fre*|uently was m*»n* 
than double its ma^Miitmle for the smooth bed.

f{t‘ln(inn of Man’iinq's n and Hate of Sand Movetnrnl:

The rate of m*»vement *»f the sand is very elosely related to tl)o 
value *»f Manning’s n, whieh is determined principally by the size ami 
shape *tf the riffles. 1'his fact was brought out in the <li.xeussion *»f 
Hate of He«l-ioa*i Transportati*m, where it was shown that the in-

5

SrwMARV OK Comittkh V.\m ks ok Manning’s n

I .Manninc's n
San*l
N*».

d„ '
mm i

1

Averatie for 
Simatth B*itt*)in

.Maximum for i 
Hiffled B*itt*tm |

Maximum 
('han^e in n

I 0.5K6 ().01t)2 0.0112 0.0010
2 O.o41 O.tUI") 0.012t) O.tHHlo
:i t).r)2"» 0.0117 0.tt2t»7 0.009t)
4 O.oUti tt.OIlt) 0.027t) 0.0170
o t).4s:i O.tllltl 0.t)’24:i 0.0
() ().:i47 O.tiOOO o.t)‘2:i:i o.oi:i4*
4 o.dio 0.0100 0.02r>4 0.01’)4
s ().20o o.t)io:i 0.02S7 0.01S4
9 4.077 0.0100 o.tU7:i 0.0013

Cement b*»ttom 0.0097

elusion of n in the rate formulation tended to reconcile the rates at 
hinh diseharnes t*» those at htwer *iiseharfies. In general, the rate *»f 
movement varies invers<‘Iy with the value of n. Lacking enoiu;h 
information to determine what power *>f n should be used, it was 
assume*! that the first p*»wer sufficiently covered the effect *»f the 
r*>U}shness *if the flume.

Riffle Development

The several manners in which sand is transported by traction 
have lieen descrilM‘*l in detail by CJilliert *, wh*» has c*»n*lucte*i the iimst 
e*»mprehensive investi^ati*>n *»f the .subject, and by .MaclbuiKall**. 
Briefly summarized, these imules *if transp*trtati*»n are:

(1) .\l*ivement *»n a simatth bed. This m*)venient liepins 
at a definite .staue when the tractive f*irce reaches a certain value, de- 
Iiendent *»n the characteristics of the lied material.
. • Traii-p<irti.*irm of DcbHh by HunniiiK Waier . by Oruw Kiiri (iilberl. T. .S. O. S.^*ro-
fcmotuil I‘a|>rTMi. I!«U

•• All KxiKTiiiiMiial Iiivn-iinitiiMi of B«i Sediment Tniuportalinn", by C. MarDoucatf.
•*



(2) Movpinfnt in or rifflpj* which pro»irp?*f« liown-
strpam. With thix type of inovenienl. the in«li\idiial particle?* an* 
iiiove<l up the ii|)?«treani face of the «lune, are ro||e«| over its cre?«t, an<i 
are <lepo?<ite<| at the f»N»t of the slope, resiiltinie in the typical ilown- 
str»‘am movement of the riffle With increasitiK <lepth, these riffles 
increase in siie, until the lieKinniniE «*f the next stnue of movement.

(3) I'niformly distrihute*! movement, in which the riffh‘s 
formed in the precedinK state are sm«N»thed out, and the bed he-

Pl«tb 22
T?n< *L HirrLK rnaKtTiona 

rpatrMin Vma
Mf Sand N<> 2. aritv run 7. IMMUO 

T<ip. rudii Sand Nn. I. aftn run 17. »l<iw O.urjII 
HoOnm. Wt: Sand No :i. aftOT run .TO OIMrj.%
Hoitoni nnhi Sand N<i 4. afiar run .12 •lo|ia O inrjl)

comes approximately plane, alt houirh somewhat irreKular in ap|s*ar- 
ance. This staKe is reached at a js?int chise to that at which the flow 
chanKes from streaming to shisitinK.

(4) Movement in “anti-dunes”, in which, as the term im­
plies, there in an upstream pi-oftression of riffles. In this staiee of 
movement, there is a scoiirinK on the gentle downstream slop** of the 
riffle, and a <ieposit on the steeper iifistream face of the next riffle. 
'Khis anti-dune sta^e occurs i»nly with shisitiiiK fl«»w. an<l is s4>ldom 
observe*! in nature.

.M*>st *)f the m*»vement in these exp**riments fell in the first two 
classifications, with a ten*lency at the highest staftes tow’ard the thinl 
clas.sification, (see Plate 43, Sand No. S). None *>f the t«*sts e.xtcnd**d 
into the anti-dune staite of transjs»rtation.

I'aria/ton in Hiffle Size with Type of bed Material:

In general, i! was f*uind tba« the site of the riffles increased as 
the percentage *if fine material in the mixture increased. Sarnia Nos.
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1 an«l 2, for insi;«nce, fhe two coarM*^*! sand niixfurrs tesfed, devH- 
ope«J ver>’ low riffles, and their effect on the roiiKhness of the bed 
was hardly notie«*ahle. This fact can Ik* \ erified from an ins|M*ction 
of Plates 2o t«» 27, when* the values of Manning's « increase very little 
as the riffles dexelop. The actual size of the riffles can Ik* measured 
from the profiles pl«itlc*d on Plates .'19 anti 40. Samis N»»s. 6, 7, anti 
H (the fiin*sl mixlun*sl, t»n the tither hanti, tieveltiped riffles which 
were sttmetimes as high as 30 per cent t»f the tiepth tif water ftirming 
them, anti which mt»re than titiubletl the rtiughness value t>f the bed.

Typical riffle ft»rmatit>ns fttr ftuir t»f the mixtures are pictured in 
Plate 22, anti the exact profiles ft»r all the mixtures are pltuied tin 
Plates 39 tt> 44.

Trnrtire Force Value at A ppeornnre of Hifflei*:

In Table 6 the average tractive ftirce value existing tin the last 
smiMiih betl run, immetliately before the apfiearance of riffles, has 
been listetl for each of the santls. Kach of these values is the average 
for the three sIo|k*s, but it w.as foiintl that the intlivitlual values were 
never greatly different from the average. Acctirtling tti the table, the 
coarsest saml, Nt» | (exclutling the small gravel), was the shiwest to 
riffle, the finest sand, Nti. H, was the rpiickest, and between these ex­
tremes the general tendency was for a nion* rapiil riffle development 
as the grain size ilecrea.sed. This fact was verifieil in every case by 
visual oliservalions, from which the conclusion wjrs made, by the 
laboratory a.ssistants in charge of tests, that the fine sands riffle more 
easily then the c«mrse.

TKHI.K «

V*LrB or Ta*<-nvB Fcnhb »t ArrK«B«Mt-BB or Rirn.BH 
Arrrmmr VbIwb Utr Ttinw Slnpaa

Sand No. 1 ' 2 3 . * I s 1 0 I 7
1 . —

0 •

Mbbb (inia Siaa. bub. 1 O.MS ' 0 541 0.523 \ 0.506
1

0«n 0.347 1 0.310 0.300 4.077
Tiarinr* »l IabI

Sa-oi>«h Hcd Kaa 
(IJ» p*T Sq. Ft.)

1 0.0104 I 0.0106 ; 0.0005
! ! , 1
. 0.0006 1 0.0004,0.0060 : 0.0000
1 i ' 1

a0047 aozTo

Velocities

A very comprehensive series of velocity oliservalions, incliuling 
mean, surface, and Isittom valuf*s, and velocities at various depths, 
was taken during the cours4* of thes«* exp<‘rimenls, and the ilata are 
presented in tabular form in Tabh*s 8 to 37. The mean velocities 
have lieen plotted against the l■orr(*sponding depths on Plates 24 to 
38, and a number of the vertical velocity distributions are shown in 
Plate 23.

Mean Velttriliex:

The variations in mean velocities are K»st illustrated in the 
curves on the cotii|>osile graphs. Plates 24 lo 38, in khich they have 
been plotted against depths. On each one of these curves it will Iki 
oliserved that a straight-Uue relationship CAists liet ween velocity anti

•*

illJ



Plate 23
VeHTH-AL VeLOTITV ClTEVEM 

(Sniid No. 3 in flumr)
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depth thrmiph the laminar fhiw ranpe, while at the liecinninK of lur- 
hiilent flow the curve assumes a parab<»Iic shape, which it retains un­
til the commencement of riffle formations. This break in the curve 
bet w<H*n the straight line and the parabolic section very ch»sely checks 
the observed transiti«»n Ijetwwn laminar and turbulent fhiw.

The next break in the vehicity curve occurs at the point where 
the riffles cctmmenced to form. At this time the roughne.ss of the bed 
was very suddenly increased, the velocity retanled, and the depth 
increased f«»r the same discharge through the flume. In most of the 
tests, including those on the finer materials, the velocity was actually 
<lecrea.sed at this p<iint, owing to the .size «»f the riffles w’hich were 
formed. In the tests on Sands Xos. 1, 2, and 9, however, there was 
no actual decrea.se in the velocity, «»nly a retardation in the rate of in­
crease of the velocity with depth. The severity <»f the break at thif 
point nece.s.sarily c<»nf«»rms clo.sely to the change which occurs in (h^^ 
curve of .Manning's w values, and is a function of the size of the graii.s 
in the .sand mixture.

\ third change in the shape of the velocity curve occurs at the 
point when the riffles liecome smoothed out, at high flows nearing 
the shooting flow range. .\t this p«»int the velocity Ijegins t<- in­
crease at a greater rate, owing t<» the reduced nuighness of the Iv-d.

Hnifnm 1 'eUtrUies:

oad moven'ent. Sev- 
lile it is beheved that

In the te.sts on Sands Xos. 3, 4, 5, 8, and 9, the last t<» be per­
formed, it was attempted to secure measurements of botto’ii veloc­
ities (using the Bentzel velocity tul>e), f«ir the purpose of a rrelating 
if possible, the.se readings with the rate «>f bed- 
eral practical difficulties arose, however, and w 
the values of the readings them.selves are nearly ciirrect, it is not 
certain that they are repre.sentative or consistent readings which 
c<»uld Ik* duplicated in repeat tests.

In the first place, as |K>inted out earlier in the report, the placing 
of a measuring device close to a sand bed which is moving or on the 
verge of moving invariably results in a .sc(»uring below the instru­
ment. This scouring may result in the development of a progressive 
riffle formation, and is certain t<i change the velocity distributions 
at the bottom; thereby making the reading it.self no longer represen­
tative of normal conditions.

Secondly, if riffles have already formed, the \elocity at the bot- 
totn is extremely variable, due to the exi.stence rollers and eddies. 
If the mea.siirement is made at the crest of the ri'fle, the velocity will 
have a maximum value, but if the instrument if- placed in one of the 
tniughs, the reading will be much less, and nay even be negative. 
In order t«» reduce this effect, and to elimina'e the forming of scour 
holes, the veh>city tube was usually placed * ver the concrete sil! at 
the lower end of the flume, about an inch d<fwnstream from the sand 
l)ed, and an average of .several readings ac-t»ss the flume was taken 
as the most practical value for the Ixilton velocity'.

As previously indicated, there was li.tle success in the attempt 
to correlate bottom velocity and sand im-vement. The values which 
were obtained from the experiments an recorded in fufl in Tables.8 
to 37, however, where they are availabie for reference.
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Mpasuronionts wcro made of surface volocilios. in ad«Jifion to 
»M.!l«*in vohicitios. in the tests on SancJs X<»s. 3, A, o. S, and 9. These 
values were all plotte«l against simultaneous values «*f mean veh»eitv 
and it was discovered that a straijrhf line could 1m> drawn through 
the points, for all the tests on smooth sand l>eds or cement bottom. 
I he e(|uation of this line was approximately V,„ - tt.OttV,. After 
the formation of riffles, the relationship was not so definite. althou$rh 
an e(|uation of the form V,„ - O.S.'iW w«.uld sati.sfv most of the 
points, within a reasonable jMTceniajie of error.
Vertiral Distribution of Vrloritirs:

In Plate 23, a .serie.s <»f vertical velocity distribution curves is 
for Nind Xo. with points s(‘locto<l from sovoral runs hotli 

before and after the formation of riffles. The general shape of all the 
curves is the same, with a nearly uniform increa.se in the velocity 
from bottom to top. At the time of riffle formation, the same |)he- 
nomenon is observed for the velocities at all depths—a marked ih*- 
crea.se occurs, followed by a gradual increase as the depth becomes 
increa.sed.

Turbulence Criteria

In each of the tests except tho.se with Sands Nos. 1 and 0, obser­
vations were made of the type of flow, whether laminar or turbulent, 
and si>ecial attention was paid to the transition stage between the.se 
two types. As explained in detail under Proce<lure of Kxperimen- 
tation, these determinations were made from observations of the 
path taken by a .stream of pota.ssium permanganate .solution which 
was injected into the water.

The values «»f Reynolds’ number for open ch.innel flow and of 
the VH-criterion for turbulence (the latter value is similar to the 
Reynolds’ number, lacking only the factor for change of vi.sco.sity 
with temperature, and is convenientlj' used when th« temperature 
is nearly constant), defining the tran.sition from laminar to turbulent 
flow, are given in Table 7. The values given in the table were taken 
from the la.st run in which the flow was partly laminar. It was found 
impracticable to use the values for the first turbulent run, since they 
.sometimes were too far into the turbulent range to «lefine its lower 
limit.

The maximum value of Reynold’s number for open channels at 
which some laminar flow was observed was 1970, and the correspond­
ing value of VR was 0.024. From these observations it may tenta­
tively lx* concluded that turbulence will exist in a flume if the value 
of Reynolds’ numlx*r is about 2500 or more, or if the corresponiling 
\ R-value is about 0.030 (assuming the coefficient of kinematic vi.s- 
cosity at an average value of 1.2 x 10 •’’).

A.S previously .stated by this Station, turbulence in a hydraulic 
model is insured if the product of depth and velocity is greater than 
0.02. The criterion iif depth and velocity is very similar to that of 
hydraulic radius and velocity, inasmuch as the hydraulic radius is 
almo.st ecjual to the depth. Tl..- two values, 0.02* for the VD-pro- 
duct in a model, and 0.03 for the VR-product in a flume, are not



inconsistent, however, since the model, with its bends, irregular cross- 
section, ami greater roughness, will produce turbulence at low'er 
values than will the comparatively smo«ith flume. The fact that 
the roughness, or resistance to fh»w, tends to hasten the turbulent 
condition is indicated by the results on Sand No. 9, the small gravel. 
.\cc»»rding to the table, the VH-product at the last run in these tests 
which was partly laminar was 0.003, only one-tenth the value sug- 
ge.sted in the preceding paragraph as a safe value to in.sure turbvdence. 
This material had a Manning's « value of about 0.016 before the ap­
pearance of riffles, as compared with the usual values of about O.oil 
for the other s.amis.

TAIU.K 7

V aU'CH OI l{i;TNOLtM>' \l-MIIKK AND V l{-TrKIUXEN<T. CkITERION AT CH AKCiK 
THOM I.AMINAK TO TfKBfLEKT FlOW

IlmioltlA' Number at lju>t 
Flow Partly l.amiiuir*

VR - Value at Utat 
Flow Partly Ijiniinar*

Sa.»d ;
No. Slop* 1 

0.0015 1
1
i 0% 1 Maximum .ruro o'ife 0.0020 Maximum

I t
1 , , .

I - -.............. - • 1 t.................................. ■

2 1 - 1 USD 860 1 1180 0.011 0.008 0.011

3 ( <I90 1 9601
880 990 0.012 0.011 0.010 0.012

4 j i;wo ’ i:t80 1970 1970 0.016 0.016 0.024 0 024

S i;«M) i 9401
K.KI 1300 0.016 0.011 0.010 0.016

6 it......... ........... [ . . - . . . _ . ....... .. ..............
7 1880 1610 1000 1880 0.017 P 015 0.009 0.017

8 1810 1160 1 laoo 1810 0.021 0.014 0.014 0.021

9
{A Slop* 1 

o.o;mi 1 
atio i

; Slop* 1

"'S' 310

111

O.OItt

f>-
mmi

H«d

■£SSk-.
1080

Sltiji*
0.0010

1050 1170 1170 0.012 0.012

o!'®;
0.013 0.013

• Valuea taken from Inal run in wliirli flow waa partly laminar. Tlie neat run in earli raae waa 
entirely lurhuteni.

t No obaerrntiona.

PROBABLK FUTUHK STUDIKS OF BFD-LOAD
MOVFMF.NT

lanphasis must l)e placed on the fact that the.se studies are not 
intended to be the final answer to the problem of bed-load movement. 
.\ccordingly, plans are being made at the Waterw’ays Experiment 
Station for a continuation of these experiments, with the ho|>e that 
more information will lx* obtained and made available to hydraulic 
engineers who are concernetl with this subject.

The staff memlx*rs at the Station are of the opinion that the rate 
of movement of Ixd-load is as important a factor in these studies as
the critical tractive force, especia 
and tiperation of hydraulic mode

ly so far as it concerns the design 
s, and the interpretation or their

results. In most rivers, such as the Mis.sis.sippi, there is movement 
of the bed at all stages, including the lowest; hence, the deteriifH
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nation of the critical tractive force <»f the material composinp the 
l>ed is n<»t so important as a kn<)\vlodpe of its rate of movement at 
all stapes. An exception to this condition may occur in some in­
stances, hf)\vever, and the critical tractive force may become the 
important factor. An example of this is found in certain upper 
reaches «*f the Savannah Kiver, in which there is little or no m«)ve- 
rtient «if the bed at low stapes. At hipher stapes, however, the move­
ment is appreciable, and the determination of the stape at which the 
movement bepins is essential.

One of the aims of the future studies will be the elimination, or 
partial elimination, of riffles in movable bed models. While the for­
mation of riffle.® in the .sands in use in models at the Station has been 
trouble.s<»me at times, it is not believed that they have l>een so severe 
as to vitiate the results of the studies. Nevert hele.‘-s, the elimination 
of larpe riffles will make for easier oi>eration of the models, .and will 
to s<»me extent reduce the element of judpment neeessary in the in­
terpretation of the results. The pre.sent studies have indicated th.at 
there is little riffle formation with sands of about 0.6 mm mean prain 
size, and that the critical tractive force, usinp the “model” criterion 
f«ir general movement, is a minimum at about this .same prain size. 
Hence, the first efbirts will be be t(» mix a sand of about this size, 
having a very small percentage of fine grains.

An<»ther step that must lie taken is the study of the relation be­
tween the flume re.sults and the results under corresponding c«»ndi- 
tions in a model having the complicating factors of l>ends, changing 
cros8-.sectU)ns, etc. Until such a time as this step is taken, flume 
re.sults must be taken as indicati<»ns only, comparable only within 
themselves, and applicable only with careful judpment to hydraulic 
models.

The final logical problem to be faced is that of the determination 
of rates of movement and critical tractive forces for materials com­
posing the beds of full-scale rivers, and the relation lietween these 
full-scale phenomena and the results of flume «»bservations. Some 
work has been done on this subject, by the Missi.ssippi Kiver Com- 
mis.sion and various others in thi« country, and by several observers 
in Kurope, but mea.suring devices have yet been perfected with 
which quantitative re.sults can be obtained. A strong impetus will 
be given to the study of bed-load movement whenever a satisfactory 
method is devised for mea.suring its rate and determining its crit­
ical tractive force in natural rivers.

SUMMARY- OF RESULTS

Nine sand mixtures, ranging in mean prain size from 0.20.5 mm 
(0.008 in.) to 4.077 mm (0.161 in.) were tested in a tilting flume at 
the U. S. Waterways Experiment Station, to determine their critical 
tractive forces and their rates of movement corresponding to all 
values of tractive force within the range obtainable in the flume. 
Each .sand was te.sted at three different sloi>es, 0.0010, 0.001.5, and 
0.0020, with the exception (»f the coarse.st mixture, which was tested 
at slopes of 0.00.30, 0.0040, and 0.004,5.

The ba.sic data derived from the r>periment.s, along with cor­
responding calculated data, are tabulated in Tables 8 to 37, and are 
shown graphically on Plates 24 to 38. The du Boys expre.ssion for
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tractive f»»rcc, iinatlving the sloijo, depth, and unit weinht of water, 
was a<h»pted as the basis for the sttuly of the results.

Oitieal tractive btree data were <d)tained wliich checked Kra­
mer's formula within a rea.sonable itercetttape of error. A .>ilitiht 
modification of his curve was siijmested, in onler that the plotted 
points tnitiht be followed somewhat iimre closely, and it was sufi- 
trested that a h*wer limit t»f applicability (f«»r model use) be placed 
on his formula, c«irrespondinfi t«i a mean urain size of sand mixture 
of about 0.6 mm. Kor sands of mean {jrain size smaller than 0.6, a 
new criterion for neneral movement (the “model" criteri«»n) was 
pniposed: i. e., that peneral movement be said to «ibt.-dn when, (1) 
the sand in motion as l>ed-load is reasonably similar in compositmn 
to the (tripinal material of which the lM‘d was f«»rmed, and when, (2) 
the rate of nmvemenl eipials or exceeds 1 pound per foot width per 
hour, «lry weight.

The bdlowinp e<piation w.as derived empirically for the rate of 
sand movement <»f the nine mixtures.

u k|

in which W is the rate of nmvenient in pounds per fo«»t width per 
hour (dry weight), u is the Manning rougitness coefficient, I)S is the 
product of the depth in feel and the slope, I)„ S„ is the depth-slope 
product at which the linear ph»t «»f W against I)S meets the l)S-ax's, 
and III and k, are dimensional constants obtained from a logarithmic 
plot of the data. The range of values of each of the.se factors is 
summarized in Table 4.

\ simly was made of the values of Manning's « encountered in 
the ex|x*riments. and it was found that for flow on a smooth sand 
bed, before the formation of riffles, the values differed very little 
from an average of 0.0107. After the formation of riffles, however, 
there was a great variation in the values, the maximum l>eing 0.0287. 
In general, the finer the sand mixture, the larger was the riffle size, 
and consequently the higher the value of «.

It was also discovered that the finer sands commenced to riffle 
at smaller values of tractive force than the value at which the coarser 
materials riffled. The tractive force values at which riffles ap­
peared are summarized in Table 6, and actual l)ed profiles are shown 
on Plates 89 to 44.

■Mean, bottom, and surface velocities were observed, and are 
recorded in Tables 8 to 87. While they were not used as a basis f<ir 
the studies of bed movement, significant changes in their variation 
with depth were found at points corresponding to the change from 
laminar to turbulent flow conditions and the change from smooth 
to riffled sand bed.

Trom a study of the turbulence conditions in the experiments, 
it was concluded that turbulent flow in a straight flume was a.^sureil 
if the value of Reynolds’ number for open channels was 2500 or 
more.

Kmphasis is placed on the fact that only a limited field wfts cot*- 
ereil in the re.search reported in this pap<*r. An extension of the 
original series of experiments is now under way at the Kxperiment 
Station.
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Plate 28
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Plate 34
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PART II

STUDIES OF COMPOSITION OF BED MATERIALS IN 

MISSISSIPPI RIVER SYSTEM

Sro’iM-: AND PlUX'KDrUK

For many years eiifiineers workinn <»n the Mississippi River 
have he<m restrict eel by a paucity of data repardinp the type of ma­
terial makiim up the bed of the stream. In spite of the fact that 
scattered observations had lieen made from time t«» time, m» thor- 
«iuph, comprehensive survey had ever been umlertaken t«» <Ietermine 
the distribution «if the various materials throutllnnit the length of the 
laiwer .Missis-sippi. 1'hus, although the tlie»»ry has l>een held by 
nmsi river hy«lraulicians that there is a pmgressive downstream (le- 
crease in the size of t he part ides composing the bed of the lower Mis- 
sissi|>pi, there have not been sufficient data to prove or disprove this

****' *?)iiring the fall of 1932, a survey of bed materials of the Missis^ 
sippi River was conducte<l, under the supervi.sion ol .Mr. (Miarles \\ . 
Schweizer, Kngineer, of the Mississippi River ('ommissi<»n. Between 
Cairo. Illinois, and New Orleans, Louisiana, 531 samples were taken 
from the taiweg of the Missis.sippi. In addition 143 samples were 
taken from the beds of the Ohio, Atchafalaya, Old, Black, ami Red 
Rivers In May, 1931, further information l>eing de.dred as to the 
material in the river bed below New Orleans, another series of taiweg 
samides was taken l>etween that p«)int and the Gulf of Mexic<». 
Kighty-blur .samples were obtained fnun the Mis.sissippi, including 
material from all the principal pa.sses and several of the minor out- 
h»ts to the Gull.

'I'he samples were sent to the U. S. Waterways hxpenment Sta­
tion, where they wen* split into two parts; one was retained at the 
Station and the other was .sent to the Geology Department (if the 
Louisiana State University. Kach portion retained at this Station 
was subjected to a close analysis to determine its physical proiierties 
ami, f.*om the.si*, the factors influencing its rate of movement. That 
sent to the University is Ijeing used in a comprehensive petrographic 
study of the Mississippi River system.

After the completion of the analyses, a small iptantity of mater­
ial from each sample was sealed in a thin cardboard box with celo- 
phane face. Such pertinent data as location, mile number, mean 
grain size, uniformity modulus, etc., appear on the face, in the man­
ner shown in Plate 55, which pictures one of tne boxes. These w’ill 
be kep; in a permanent file at the office of the Mississippi River 
('ommission at Vicksburg.

The results of the physical and mechanical analyses are pre­
sented in Tables 39 to 42, herein, followed by such conclusions as 
have biH-n made to date. The petrographic survey has l>een started 
oidv recently; conseipiently, no results have l>een included ia,this 
report. The rea<Ier is referred to “'Fhe Improvement of the I^ower 
Mis.sissippi River for Flood ('(•ntrol and Navigati<»n”, printed in 
1932, by the U. S. Waterways Kxperment Station, for a coniplet«* 
rep<»rt on the history of the .Mississippi River and its tributaries, its
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physical characteristics, hydraulics, met hods «»f traiispo-tinu setli- 
iiicnt, etc.; and to “Sedimentation in the Mississippi Kiver Between 
navenp<»rt, Iowa, and ('airo, Illinois”, hy Alvin L. Lu}:n. published 
in 1927 by the Aupustana ('ollepe and Theolofiical Seminary. Rock 
I.^land, Illinois. This latter publication presents the results of the 
investigation «if sediment and bed material made by .Mr. Lupn in 
1925. Reference is also made to Papers H and I of the Station, 
in which are pre.'iented the results of studies made prior to 19.’12 to 
determine the quantity and distribution of sediment in sus|M*n.«ion in 
the Missis.«iippi and several tributaries. The results of a similar 
sediment investipation, made during the Spring high water of 1952, 
will Ije printed in a later paj>er of the Waterways Kxperiment Station.

L0C.\T10X: Mi. 7650 MlSi^lSSIPPI 
8TATIOX: T.lurj drpih |7f«»t 
G.^Gt: .\T NEW' MvnRID KradingTKfl. 
How obUinrd: With buck«l Mmplcr

This mmple np- 
raento: Coanto aand 
and small gravel

. ' ■ 'v r;. M ! »I . “. 1. «'■

rivi:r »-ies2
(C-.)

- n.j65Tort M G I.

Gnvrl prearat: Vea 
Sties: 1.17 to SSS”*"*-

Avenge Cnin Diimeter ot 29 millimeters

FoieicB Matter: Coneiderable coal.
(0-.)

PI.ATH 55

Pi:KMANC!(T t 'oNTAIKES roB RiVEH HeD SaMCIX

Purpose

As .staled in Pari I, the purptise <if the entire series of investiga­
tions t)f river bed materials was “to di.*JCover and evaluate laws to 
the end that the river hydraulician might be able to calculate the 
action of a given bed material under given c«»nditions.” The more 
immediate purp«).se t>f this portion of the investigation, however, 
W.H.S tt» determine the composition «»f the material in the bed of the 
Iv<iw’er Mi.ssissippi, and its progressive variati<»n throughout the 
course of the river. The information pre.sented in the tables and 
curves in this part of the re|R>rl may be considered as one step toward 
the realization of this goal. It .should l>e noted here that authority 
has recently been given for further investigation of the oed mate­
rial of the Mis.sissippi River and its tributaries, which is planned to 
include such streams as the Mi.s.'jouri, Illinois, Ohio, .\rkansas.White, 
Red, and *»»her rivers.
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Procuring the Samples

'riif bed samplps were taken by a field party on specially sched­
uled trips of Kiifjineer Department t<*\vboats. In general, each 
District was responsible for supplying the floating eo,uipnient neces­
sary to procure the samples within the part of the river in its juris­
diction. Table 38 shows the dates when the vari«tus porti«.ns <»f the 
river were traversed, along with the iiuml>er of saniples secured in 
the various Districts, and Plate 54, a map of the I^>wer .Mississippi 
Valley, shows the mileages, to which the samples are referred. Plate 
53, showing the watershed of the .Mississippi, is included for general 
reference.

l Ahl.K :;.s

Samclks ofBkd Matkiualof Mississippi Hivkh and Tkibi tahiks

River Kngineer
District

Mile
Number

1 of
i Samples

j
Date

■

Missi.ssippi Memphis ! 0-40U
behiiv Cairo

i
i 2(»9
I

i Sept. 10-17, 1932

Mississippi Vicksburg 400-610 
' Ijelow’ ('airo

! 217 1 Oct. 20-25, 1932

Mis.sissippi 2nd
i New Orleans

610-977 
, below Cairo

105 1 Aug. 23-30, 1932
1

Mississippi 1 1st
iNew Orleans*

! 977-Gulf
j

84 May 1-5, 1934

Ohio Diuisville 1 0-1 
! above (’airo

2 Sept. 10, 1932
i

.\tchafa-
lava

I 2nd
New Orleans

0-148
: below head

110 Nov. 9-17, 1932

Old VicKsbur,; 0-7
ab«»ve .Miss. 

River

12 Nov. 9-17, 1932

Black Vicksburg 0-4
above mouth

5 Nov. 9-17, 1932

Red Vicksburg 7-37
abiive .Miss. 

River

Total_____

14

758

Nov. 9-17, 1932

* Sampie> r illcried by 2nd NV« Orlmii* DSiiirt.

The Sntnpler:
.\fter several years of experimentation with various ty|M*s of 

samplers, the device pictured in Plate 56 has been devehiped, and has 
proved quite successful. It is de.signe<l to pick up samples of mate­
rial from the bed of the river,and is expected to produce only qualita­
tive (not <|uantitative) results. The sampler consists simply of a 
steel pipe 4 inches in inside diameter and 4 feet long, closed at one 
end, and flaring at the other end to a diameter of almut 8 inches. 
The device is attached by means of a bail to a l*4-inch rope, wnth 
which it is controlled from the Ixjat.



I >te uf the Sampler:

I racticf* has ahown lhal fhf* !*aiii|il(*r o|a»raf»*?* wh<*ii ii i.x 
<lr:iKK<M| aloriK thi* iMittom in a <lownHin‘ain <iircrtinn, an in«lical«‘<i 
III fhe ^kiMrh of Plali* "»7. 'I”h«* rra^on fur this is that whrii it is
ilraKKial ii|>stream, the force of ih<‘ ciim*nt ten«ls to Im‘||\ the ro|a> m

1*1. *T» V

s«arL»ii I'aKo Fim PMx rman Kivbm .\|«tkbi%i.

such a inarincr as to pull the mouth «.f the santpler off the liotiorii of 
the stream When it is ilraKK<‘«l «lownslreaiii, on the other haml. 
the suK of the ro|»e keeps the mouth in contact with the l»e«|. W hen 
n Haniplf* Ihmiiic taken, the h|khmI of the Ixiat in re<ltie<M| until tht*re 
is practically no motion with respect to the current. The sampler 
IS then <lrop|>e.l overls.anl. ami s«*veral hiimlreil fi*et of line are paiil

• Hit, to allow the <le\ in* to remain on the Isutom, after which it is 
piilleil alonf at the appnixiniate speeil of the current hy the driftina 
ls»at, until a sufficient <|uaiitity «»f material has lM*en obtained. I'he 
pipe is then pulled in, the contents emptied by ilroppina the o|n‘ii end 
«»f the pi|M* on a Istard, and a sumpU* of the material is placed in a 
properly marked can.

IiIL
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Analysis of Samples

The samples of the he<l material retained at the I’. S, Waterways 
Kxperiment Stati<jii were analyzed in the soil mechanics Iabr)ratory, 
to determine the percenla>res of the various sized grains, the absolute 
specific gravity, the shape of the grains, and the presence of such 
material as mica, lignite, and iron oxide.

Mrchnnirol .1 tinhf.sis:

The mechanical analysis has yielded most of the basic informa­
tion on the physical prope»‘ties of the soils, when studied as a 1k»<1- 
h»ad material. The samples were all prepared for testing by being 
dried for 5 Inuirs in an electric oven, which maintcined a constant 
temperature of 10,5° ('. 1'hey were then allowed to cord to n>om 
temperature, and were reduced with a sample splitter until a repre­
sentative sample of apprc»ximately 200 grams was <d>taineri. The 
samplr*s of crdiesionle.ss material (grain size larger than 0.074 mm) 
were subjecterl to .a sieve analysis. A set of standard Tyler sieves 
ami a Ho-Tap machine were user!, the latter erpiipped with a Stop- 
Hite time switch to insure uniform shaking of all samples for the 
same periorl of time (20 minutr*s). The remaining details of this 
analysis are standardized and usr*d universally: hence no further 
descripti«»n is deemed nece.ssary. The samples t»f cohesive material 
were analyzed by the hydrometer method. For this test a density 
hydnuneter was used, having a range of 0.99,5 t<i 1.040, and reading 
t«» ().002±. The proce«iure and details of this test as descrilMMl in 
“The Hydrometer Method «»f .Mechanical Analysis of Soils and other 
Granular Materi.als"* wen* followed.

Absithite Specifir (iravity:

The pycnometer meth<id «)f determining the specific gravity of 
soil was used because of its reliability and .simplicity. The values 
determined for the sand samples were found to be fairly constant, 
about 2.0,5, but those for the clay and silt varied fmm this t«» a maxi­
mum «tf about 2.80. The air in the voids of the s»>il was releas«*d bj' 
boiling the mixture of soil and water in the pycnometer b«ittle.

Petrographic Analysin**:

The purpose of the {>etrographic study of l>ed samples from the 
Mississippi Hiver is the determination of the mineralogical composi­
tion <»f the material and of changes in the material effected by trans­
portation by the river. The procedure which is being followed in 
the investigatum is as follows:

First, samples differing in grain size, but c(dlected from closely 
adjacent points where there is no possibility of addition of new ma­
terial between the samples, are being studied in detail to determine 
the distribution of minerals and of rounded grains in different grade 
.sizes. In addition, detailed studies are lM*ing made of several repre-

• PreiJHwl by Mr ,\nhur f'a^^rmride f*»r the I'. S. Bureau of SoiU at the MaKNarhu*ell^ Insti­
tute of Te4’hii<*l«ifc\-. (*Htnbhd«e, MuM<at‘hiif«ett^.

•• Untten bv Dr U Dana Huw<eli. AmoMant Pr»*ff*wMir **f fieoloKy at the l^miHinna State rni- 
ver»»ity. «h«» f'oiMluriine the fietnierapiiH' »tudy.
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spntativp snrnplps takpn fr«»in flip ri.pr I>pI\vppii ('aim and \pw 
()rlpans. 1 his pha.sp of thp study includps pprppiuagp dptprniination 
of minprals, and of roumling in pvpry piadp sizp, as far as possihlp, 
with thp pxppctation that a Ippitiinatp basis of roniparison for all thp 
samplps will l>p discovprpd. Tlip proppdurp uspd in this dptailpd 
study consists of thp spparation of thp wholp sample into gra<lp sizes, 
the further separation «»f each graile into a light and heavy fraction 
by means of bromoform, and a percentagp determination, by count, 
of the minerals in both the light and heavy fractions of each grade 
size. The percentage of well-rounded, rminded, sul>-roundpd, sub- 
angular, and angular (piartz grains in each grade size is also deter­
mined 1)3' count, using photographs of tvpe grains for comparison (see 
Plate 4, page 7).

Second, with a legitimate basis of comparison e.stablished by the 
ciolailod Work outliiual fho majority of the* sampl(*s will then
b<‘ studied in a similar fashion, with the exception that only one or 
two representative grade sizes will be separated from each sample for 
compari.son.

KKSl’LTS OF AXALYSKS

Presentation of Data

The data fn»m all these samples are summarized in Tables 39 to 
42. In Tables 39 and 40 is given the complete size distribution of 
each sample of material. 1 he samples are designated bj' mile num- 
l^r in the first column (see Plate '>4), and each of the succe.ssive 
figures in the rows across the page represents the percentage of the 
sample which is finer than the arbitrary size heading the column, it 
will 1)P noted (hat the L. S. Bureau of Soils cla.ssification of materials 
has been bracketed aliove the sieve sizes, in such a manner that the 
percentage of the samples falling within the clay, .silt, sand, or gravel 
range can easily be calculated. It must lie understood that the ex­
act points of division between the Bureau of Soils de.signations are 
not obtainable from this table, owing to the fact that the sizes head­
ing the columns correspond to the .sizes of the openings in the sieves 
which were used in the analyses. The Bureau of Soils classification 
follows: ('lay—up to O.OO.’i mm; silt—0.00,5 to 0.0.5 mm; very fine 
saml—0.05 to 0.1 mm; fine sand—0.1 to 0.25 mm; medium sand— 
0.25 to 0.50 mm; coarse sand—0.50 to 1.0 mm; fine gravel—1.0 to
2.0 mm; medium gravel—2.0 to 10.0 mm; large gravel—10.0 to
100.0 mm.

It should be noted that the values in the silt and clay range are 
interpolated; the arbitrary sizes heading the columns in these ranges 
were chosen close to (he sizes dividing the cla.s.ses. This inter|x>la- 
tion was made necessary by the fact that the hydrometer method iif 
analysis does not lead to the sorting of the particles into definite size 
classifications, as does the sieve analysis. Rather, the tabulation of a 
hydrometer analysis leads to a series of simultaneous values, size, and 
percentage finer than that size, with no regularitj' between any two 
samples as to the sizes shown. Hence, in order to simplify the tabu­
lation of a large number of samples, it became necessur\' to 
interpolate each sample into the percentages finer thar the cliosen 
sizes.
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an<| 42 contain the physical <lafa f».r the same samples
met . r ""T »»H* distinKuishinu tIesiKnation. 'll,e
im hod used ji, computiiiK the mean srain size, metlian srain size

..............................................

, ’ - »d 60 are included. sh..uine the results ».f the
s miles which have l>een rnatle to dale of the systematic variation in 
the c.mip<.sition «.f the materials in the Mississippi Kiver The

rX-^;"r,«",pU............... f"l-
yV/i/e ...V:

T his illustratitin shows the steady decrease in the percent ace t.f 
f r‘" ’ ’** *";‘t>»Plcs, and the corresp<.ndinc increase in the 

percentace of fine sands and silts. In calciilatinc the tlata for this 
diacram, the .sieve .sizes nearest to th«.se dividinc the 1’. S Hure .u of 
.Soils cla.s.ses were selected for st tidy. For t he values plot ted at M ile 

‘dl the .samples between .Miles 0 .ami 2.j were in- 
cliided in the computation, and the averace r>orcentace passing e.ach 
of I he arl.it rary sizes w.as determine.!. The .same av.Taces w.^e .h*- 
l.*rmined t»i.‘ sanipl.^ between .Miles 25 and 50, .and the valm-s 
plot ed at .Mile this proce.lure was billowed for each 25-miIe
Hea.l .^.f Pa..^(t^^ * * * Southwest Pass lielow the

r.» interpret the curve, the vertical distance between adjacent 
jaCK***! lines represents the jK-rcentace of the material fallinc in the 
class noted Iw^tween the lines. At .Mile 500, for example, the per- 
centaco of c.ar.se sand is alxait 76 minus 29, .,r 47 per cent, that „f 
.me sand IS 29 minus 3, ..r 26 |>er cent, etc. At (’airo it is evi.lent 
hat nearly ,a0 i^r cent ..f the material is coarse sand or cravel, and 
flat there IS only a small percentace of silt and clay. At New Or­

leans, ..n 1.10 other hand, the material is almost all fine .sami, silt, or 
clay. Between the.se points there is a steady, thoiich im*cular in­
crease in the proportion of fine particl«^s, while Im-Iow New ()rl.*ans 
tliere is a rapid increase in the percentace of silt and clay.

.7.9;

The inean grain diameters have been averaged bv 25-mile 
reaches and plotted on this diagram. The extnuiiely high peaks in 
the (lashed line an* due t.» the occasional occurrence Of large grav.*! 
samples, and their influence is seen in the solid line, pre.sentinc‘the 
average for all the .samples. The dash-dot line was drawn to sIk.w 
the general variation of the materials other than the extremelv large 
gravels, and fits in consistently with the trend noticed in Plate 5S 
showing a definite downstream decrease in the size of the materials. '
Ph/e h‘0:

It was desired to determine the variation in the .size ..f the .sand 
portion of the samples, eliminating from consideration the portion of 
each sample outside this classification. Accordingly, the average 
size of the sand portion of each of the samples w’as computed in the
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manner described in Part I, pafte5, and these means were averaged 
by 25-and 10-mile reaches. The same downward trend in size is 
evident from the curves, with fewor and less vhdent irregularities 
appearing in the 25-mile averages.

nisrrssTON
The principal geographic h»cations have been noted on each of 

the.se plates iji their proper positions. Care should 1m* taken that no 
hasty conclusions are drawn from the coincidence of certain of these 
locations with irregularities in the curves. In Plate 59, for instance, 
a peak in the mean grain size appears at alsmt .Mile 410, just Ik*1ow 
the mouths «»f the Arkan.sas and White Rivers. The hasty conclus­
ion might be made that this sudden increa.se in size is caused by the

influx of large materials from these tributary rivers. Actually, this 
peak is caused by the appearance of three large samples, one from a 
gravel bar alrout 4 miles 1h*1ow the mouth of White River, and two 
from a gravel bar ab<»ut 3 miles below the mouth of the Arkansas. 
Whether these bars were built up fnun materials discharged by the 
tributary rivers is a question that cannot be determined fnim this 
study.

Since the peak near the mouth of the St. Francis River is cau^ 
by <ine sample alxiut 5 miles alxive the mouth, the possible conclusion 
that it is caused from the discharge of large material by the St. 
Francis is clearly fallacious. Similarly, care should be taken, in inter­
preting all the.se curves, to study the data in the tables beftire draw­
ing any conclusions as to the cause «»f the irregularities.

It should also be remembered that these samples were all taken 
from the talweg of the river, and do not necessarily repre.sent the 
material which was in transiM)rtation, since they were sc<M>ped off the 
^ittom itself. Further, they were all taken at low stages of the



Variatiok is Meas <;hais Siie of Sasd Oslt 
«0.074-l 168 mini

Avemcni by Rearhftt
Other Matrhnl> in Snnifile^ Kliminnted fr*»m C'alruUlion« 

I.KflEND
10-Milr Kearh AvtMiqccp . 
25-Milp Reach AvcraireM

river, and the malerial found may be different from that which would 
w taken at other stapes.

These studies, then, while they represent a long step forward in 
the accumulation of knowledge of the materials composing the lx*ds 
of streams, can be considered only preliminary in nature. The scope 
of the investigation should eventually l>e enlarged to include the 
taking of samples from all points in many repre.sentative transverse 
.sections of the river, at stages varying from the extremely h>w to the 
extremely high. Also, instruments must be perfected with which 
samples (»f the moving materials can be taken, from which quantita­
tive as well as qualitative results can be obtained.
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TABLE 41
PuTwrAi. Data awd VAHiom i'omrr*KTi‘ or Matcbial mou Bed or Mimumupm Rivek*

t

1

Mitn- 
BHo» 
( niro

2
6
m

10
12
i:«
i:iA
H
1«4
I’.i'a
l«i»

21
224
2:«4
25
27
2i»4
:<i
32
:i5
374
3K4
41
43
44 
44 4
484
A1
554
56
564
60
61
65
70
71
724
764
4 K
«t
81
87
884
01
02
04
08
1004 
102 
106 
1064 
108 
113 
1154 
124 
128 
131 4
137
138 
1414 
142 
144 
146 
1504 
1554 
150 4 
H«»4 
1614 
I6;i4 
1704
1724
176

lAMTilily

f'atm PiMnt 
Pon Jrf(pr»«in 
\<irfi>lk l.■lll(llllE
F'Mit Tiiw Nil. 1
< amiilirUV l^iiidiiiE 
lima Ilf l^lulld.'• Ni». 3 and 4 
(■Imu- li-lanii- No». 3 and 4 
Bryan l^indmc 
(’rir'tm. Mo.
KiMit of Klundi* Nok. 3 and 4 
f'liuip of Kland> Nii«. 3 and 4 below dredEe

lUI
f'olumbu^. Ky.
Ilmd of Wolf Mand No. 5 
Chalk Bluff
1 noli- bcloa Ctuilk Bluff 
3 iiiiIr- Im-Iow Chalk Bluff 

■ Mwllry Uindine 
Mfdloy Crinvi-inE 
Ixiwcr end of Medley Cro~-inE 
1 mile above llifkinaii. Ky 
1 mile lielow liirkiiian. Ky.
3 inile> l>elo» lln-kmaii. Ky. 
llender»on i’l'im l.andmB 
Head of Miind No 8 
Jallle^ Bayou Cro«.»mB 
Three .<laie» laindinE 

; I 4 nllle^ almve fiail of Ielalid_ No. 8 
^ 4 niile lieloa fiMit of liiland No. 8 
' l.c~>ter laindinE 

IloluldMin CriewiiiE 
DonaldMiii Point 
Slourh laitidiiiE 
Calei.. Tennewee 
|ji Fonse l.andinE 
Morri.»on Tow llrad 
1 mile altovf Nea Madrid. Mo.
I mile beloa Nea Madrid. Mu.

I lirad of Klaiid No. II 
' Toiie>> Toa Head 
. Fiaii of Tone>> Toa Head 
' Point Pleaaant CrtMutiE 
i Foot of Bivby Toa- Hmd 

I imie below Buirin- laindinE 
Cherokee I.niiditiE 

I Sieaart Par CnnuutiE 
i Head of Joe Krkle> I’ow Head 
! Ilead of leland No. 14 
, Heelfiaii. Tennei.'ee

1 iiiile above Fritz laindinE 
! Sandy Hiaik Cne.-»inE 
; Sandy Hiaik CneeinE 
I I mile below GayoMi. Mo.
I Carulhei>ville. Mo.
; 2 mile' Iteloa Caruiheraville. Mo.
I CottonaiMid Point 
' 2 niilea altove head of I'latid No. 21 
i Huffman. .\rk.

Halee Point Ijindiiir 
' Tamm Ijindiiut 
' Barr laindiiiE
- Barfield CrtewiiiE

2 mile' above Barfield Pfaiil. Ark 
Barfield Ptant. .\rk.
Head of Forked Deer Inland No. 26
.A'iiport. Tetin. . ........................
Gold Du'i Ijindins 
I mile alaive Keyea Pianl laindinE 
Keye. Point taindinz

I Head of I'latid No. fK 
I Head of S'ankee Bar 
; Flour Uland Bar
- 1 mile below Fulton. Tenn.

; Speeiftr |

IJ1

Meaian , 
Grain {

Gravity Diameter Diameter i .M.abilu'
mill** 111111“

1 2 66 2.:i84 ' :.218 0.1470
: 2.66 t i t

2.73 0.358 0..340 0.6164
2.6:f 1. i:i6 o..5:i:i 0.*688
2.60 11.845 ! 1 277 03.224
2.63 i.7ai 0 .5.52 O.l.ltkl
2.6:1 8 7‘.i:i 0 818 0.02*14
2.73 0.20-.* 0 2(KI 0*1679
2.65 7.765 0.965 0.*10.54
2.66 2.0ii8 0.769 0.1310

2.63 1.776 0 .515 0.1016
2.65 ! O..T.I3 0 278 0.27*16
2.47tf 12.7.12 9 8!I7 0.12*12
2.62 3.5:il» i 0 6.55 0*168.5
2.66 2.013 : 0 .580 f». 07.35

i 2.62 ; 3.5.52 I 1..V.I1 0.1316
i k>.65 i 0.712 i 0.647 0..V171

2.6:1 1.0;i3 j 0 776 i 0.:i6fM
2 65 0.804 0.490 0.2829
2.65 0..576 0 .170 o.24:to
2.62 6.484 1..5.11 0. *1.592
2.58tt 2:1.16 22.49 0. .18.57
2.6.1 1.2.16 0.59 0.2*196

: 2.65 0.ii21 0.540 0,2.528
i 2.65 0..356 0..149 0.654.5

2.C5 0.428 0..165 0.5.5*17
2.65 0.44ti 0.:i60 0..3i8l6
2.65 0 726 0.561 0. .16*15
2.65 0.785 0.492 0 :1008
2.65 0.:i8‘J 0.277 i 0.3487

' 2.65 0.:i88 0.:i45 j 04795
2.66 2.6H7 0.818 ! OOttU
2.65 0.586 0.263 , 0.2193

. 2.60 4.l:i7 2.246 1 0.1175
. 2.65 0.‘.i:i3 1 0.581 0.2*.I8*I
: 2.58 5.878 1.616 0. *1.569
i 2.63 1.691 0.644 0.14:i8
; 2.6.1 1.286 0.902 0..3226
! 2.65 0.960 0.598 0.3184
! 2.63 1.406 0.886 0.2.594

2.65 0.802 0.5.34 0. .1.340
2.65 0.579 0.471 0.44:16
2.65* 0.805 0.588 0.34.18
2.58 5.693 1 .:i:i2 0.6586
2.65 0.829 0 68.3 0.447
2.65 0.884 0.679 0.;19.16
2.66 20.027 22.68:1 0.2741
2.65 o.:i28 0.318 0.62.34

1 *60 4.1.12 l.(M)8 0.07*10
.63 1.628 0.669 0.1696

: 2.63 1.469 0.695 0.1611
1 2.63 1.041 0.687 0 .3192
1 2.66 2.146 0.9.56 0.1827

2.64 8.705 4.0!« 0*1477
2.65 0.785 0..52.3 0.2685
2.65 0.548 0.474 0.4.560
2.65 0.651 0.519 0.4441
2.62 6.047 1.68:1 0*1.575
2.65 0.781 0 565 0..3832
2.62 3.1.56 1.019 *1.1110
2.63 1.606 0.728 *1.19.1.1
2.62 3.:i06 1.858 0.1266
2.65 0.601 0.544 0..V131
2.65 0.936 0.654 0.3107
2.70 3.212 0 768 (1.0782

' 2.63 1.115 0.72.1 *1.2.594
2.63 1.005 0.628 0.2944
2 65 0.946 0.572 0.2817
2.63 1.142 0..555 0.2272
2.65 0.919 0.546 0.2813
2.65 0.890 0.652 o.:i:i84
2.65 i a.:i43 o.:i:i5 0.6164

*Thcae data roiiiem the Kaine aampita of bed material li'ted in Table 3fl. 
•*See paEe 5 for diwunaion of tlieae valum.
fNtit rompuled for eill and elay 'ainp<ea. See Table .3'.i for 'ize di'tribution. 

■HSritid'loiie iMirou' rhert. and piair 'hale.



i:.i

TAFlI.E 41 —OmtinurtJ
PHVHirAt Data akd \ AMorn ('onmtaktk or Matkrial rHO¥ Hkd or Miiutimim Rivkr*

MiIm 
Mow 
<'airo

I^>rality

I7K4
ISI*4
1HJ»4

l<>4 
|•tS 
iHMI 
J«l ‘i 
.Itt

2IO«« 
J1S4 
i’i;<‘4 
;.'Jl '*
-•LX.t

^:i

241
J4.J
J44
-•474
J4*.IH
j.v>4
J5I
i*.M4
2W4
->.W4
-'.W4
-•M
-•54 >>
->54>4
-'54 4 
-’544A 
-•54 »4 B 
J55 
1'554

2554 A
2554 B 
2564 
2564 
258 
25!l 
2604 
2614 
2634 
264 4 
266 
266 4 
267 
2694

2704 
271 4
2724
2724
273
273-A
2734
2774
2K0*<
2814 
28;«4 
286*4 
287 4 
28«.»4 
2<.*2.4
2t«
2*.»34
2<.t6
2984
»00
3004

I.onjcou< tjindine 
l(alKl>>lt>li IjiiKlitis
Uniidolpli. 1>nti.
ilRifl of I-lniid Xo. 35
2 mile' nleivr Fool of t'lniid No 35
1 mile above Foot of UlniHl N'o. .'{5 
Dean Nlatid I.-tiiditis
Wall' l^iidins 
Happy Valley ('rie.>>itic 
Mouili of Old Kiver l^ndma 
I'laiid 39 1-aiidini!
I'laiid 40 I-nidiiiE
Head of Ketiiiiaii Poini Bar
54 mile' alaive Meiiiplii'. Tenn.
2 mile' alaive Metiiplu.'. Tenn.
I mile below bridxr ai .Memplite. Tenn.
He.'d of PreMdeiit ■. Ii-laiid
Head of Bauxippi Kevelmeiit
Foot of President ' Island
JoBie Harry Tow Head <‘n>»«init
AriiisironK f'r««v.ine
Head of Island No 4K
96 latndins
Pinrkiiey. Ark.
Pim-ktiey laiiidinc 
hiM'k Point l^mdiiie 
OpjMisite bead of ('at Island 
Harklenidee lamdini:
Head of fat Island Tow Head 
Below head of ("at Island Tow Head 
Opposite renter of f'al Island Ton Head 
OpiKieite renter of (’at Island Tow Head 

! Oppiwile fiHrt of Cal Island 
I Sjar laindinc .
I New Cliannel. opiatsiie fiMii of Cat Island 
I oppteile f«K>t of Cal Island Tow Head 
I Just Itelow Star laindine 
! New Channel, just below fiail of Cal Islaitd 
i Tow Head

New Chanitel. 4 below fiart of Cal I.s- 
laiid Tow Head

4 tilde below f<M»t of Cal Island Tow Head 
i New Cliannel. opposite Finley Tow Head 
I I 4 miles above Seyppel laindins 
! Seyppel laiiidinjc 
i Bruins laindmic 
I Biuiiis. .\rk.
I 2 miles below Bruins laindinic 
j 1 mile above Coiiiinene laindinc 
i Commerre. Miss, 
i 2 miles below Commerre. Miss.

Mar Tow Head Crossinit
Mar Tow He..., . .
Head of Peter's -w Head . .
Peters Tow Head .........
4 mile below laniy I.ee Ijindfnic 
•Ashley Point l.aiidinK . .
4 mile above Mboon Ijindinx
MhiNin laindinc
MIiimiii I.andinic
I mile below Mlimin Ijinditie
Wliilehall I.andins
1 mile above Walnut lieiid l.andinc
Walnut Bend laitidinc
3 miles above llaniin Piunt laiiidmc 
Hardin Piant Ijindine
I mile below Hardin Point Ijindiiii:
O. K Bend Crossins
1 mile below Harbert Ijindilut 
St. Franris Island I^ndini:
Shoo Fly Bar
Tate lamdiiiK 
Mouth of St. Franris River
2 milew lielow mouth of St. Franris River
Praine Piani.............................................

.)

Mean Median
spei-ifir Grain Grain ^’mf'fmiiy
Gravity I>ianieier liialiieler .M.sliilus

mm** mm** .M*»

2 a3 1.483 0.699 i 02101
2 ai i I tV47 0 84.3 0 2tl33
2 6.A 0 .V58 0 452 0 1.59.3
2 64 S OMi 0 .537 0 024.5
2.6:t I 312 0 698 0 -'.542
2.65 0 880 0.595 0 326«;
2 65 0 .VVI 0.134 j 0 3864
2 62 ; 2 779 0.7.54 ! 0 IOK5
2.65 0 '.M.i 0 1182 0 3767
2.62 .3.207 ! OKU 0 tM'ri
2.tW 0 .594 0.5(9 0 .VU .O
2.tW 1 0.7.-U 0.562 0 400.5
2.65 0 373 0 ;(62 0 tl.3.58
2 65 , 0 805 0 ;«I2 0 1391
2.65 1 0 497 0 467 0.5473
2.65 ; 0 426 ' 0 406 0 fl;l29
2.62 3 325 0 .541 0 11669
2.fi5 0 488 0 471 ; 0 62.58
2.65 i 0 376 0 .365 i 0 673
2.fl5 1 0.54.3 0 482 0.5379
2.65 ; 0 723 0.502 0 ;t;u5
2.65 1 0 662 i 0 .5« i ft. 4.367
2 65 1 0 .VI8 ' 0.473 ! 0.5701
2 65 0 3;e.l 0.395 i 0.61.U
2 65 0 371 0.3.54 0 60 >0
2 6.'. 0 .578 0 4.52 0.3711
2 61 12.964 10 416 0 (N'.:MI
2.fst 1 t»62 0.613 1 0 281*1
2.6.3 1 192 0.646 0 2.515
2.65 0 406 0.376 0 .5782
2.6.% 0 .t.Vi 0.347 0 6226
2.65 0 814 0.571 ‘ 0 29!61
2.63 2 675 0 823 0 09.38
2.62 2.205 1 0 521 0.0697
2.62 1.36.3 0 940 0 .3177
2.65 . 0.689 0 446 0 2805
2.6.3 ; 14-81 0.584 0 1811

2.65 0.685 0.522 0 .316*4

2.65 0.5.30 ! 0.490 0 5440
2.6.3 1 1.875 0.718 0 1618
2.63 1.3.54 ! 0.51.3 0.1.597
2.65 0.8.38 0.775 0 4.558
2.65 0 649 0 51.3 0.4096
2.65 0.8<I6 : 9.4181 0 2.'tK3
2.65 j 0.577 1 0.519 0.4522
2.65 0.482 0..375 0.31HI2
2.65 0.74.3 1 0 655 0.4014
2.65 0.775 i 0 4!»9 0.2714
2.67 2.5.35 0.561 0.0875
2.6;{ 1 085 1 0 630 0.2635
2.6.3 1.725 i 0 49.3 0.04 49
2.65 0.40;* ' 0 :i69 0 .Vtll
2.65 0.5.52 0.511 0 .5167
2.66 1.008 i 0.544 0 2.569
2.65 0.422 1 0.351 0 4774
2.64 1.247 : 0 .52<l 0.2037
2.65 0.242 0.2.30 0.;itt38
2.65 0 'WI 0.5.50 0.2616
2.6.3 1.916 0.441 0 0218
2.65 0.451 0 .397 0 4706
2.65 0.893 0.640 0.316
2.65 0.915 0.519 0 2816
2.65 0.602 0 526 0 4682
2.65 O.ftOO , 0 807 0 .5499
2.65 ; 0.523 1 0.476 0..5425
2.65 : 0..VI7 0.4.58 0.5315
2 65 1 0.655 0..565 0..5U8
2.65 21.662 23.4K3 0 2.175
2 62 2.790 0.674 0.0919
2.6:{ 0.444 0.3.59 0..1.314
2.6:j 0.705 0.511 0 .1.592
2.65 0.785 1 , 0.670 0.4K55
2.65 ' 0.810 ' > 0.546 0.1527

*T'hese data roneem the same aampliw of bed material listed in Table 39. 
paite 5 for duwuasion of them values.
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Phtbh *1. Data and Varioi-» •'osatakth or Matkkiu. ihom Hkd or Mikkimippi Kivem*

Miln. 
Ilp|<>« 
<'airo

I>rrality

301 >T:««**
WH >4
3(H*j
30.1 *4
3(M
306*<
310
310*4
313*4
3U<4
316 >4 
317*-, 
3.M 4 
3;.M‘i

3.30
3.31
3.32 
s;i.3!» 
3.37 
3.38*4 
33!»'4 
33.'*4 
344 
348 
340 
3.V1 
.3.11 
.3.12 U 
.3.124 
.3.V3 
.3.16 
.3.174 
.3.10 
.360*4' 
.3624
.36.3 <4
.3664
.371*4
.372
.372*4
.37.1
.376*4
3784
.381
.382
3!«4
3!»1 4
.30.3
.304
30.1
.3<*6
.3;i6‘4
.307
.307*4
.3074
.3074*
308
308*4
3084
3!»<*
S'.ri**'
401 
4<tl4
402 
40.3 
404 
4044 
406 
4074 
410 
4114 
4124 
41.34

Hpad of I’rnirir I’oitii Tim llp:id 
Na*li l.aiidiii|!
1 milp .ilMivr Trottpr I.aiiditii2 
4 nide alK.rr Troitpr l-itidiiie 
4 0"l«' aboA'P Trotlrr I.atidiiiE 
Trotlrr I.Aiidine 
ilrlpiia. .Irk.
llnid of MoiilPiuma liar 
1Villia.ia.on l.:indinc 
I iiiilr alaivp .'^tokm ijtndins 
."tokr«
Drlia l.:inaiiiE
■j milp alwivr Knar I'oinl. Mim.
KnnEariM) I'onil I.andin2 
Miller 1*01111 
Head of Maud No 63 
l>l:tiid 6i f'rovHiui!
OpIMxiie middle Klatid No 61 
FiMit of Nlund No. 61 
ModiH' lamdiiic 
1 mile Im-Iow Fair I-indinc 
4 Diile l>eto« lle-rue l.anaine 
1 *^ milr>. Iielow Keerue laindinK 
Daw.Min laiiiditiE 
1 mile Im'Iok Da«>oii laindmE 

mile lielim OffutI laiiidiiiE 
1*1 mile> la>lo« Offuli I.aiidiiiE 
f'heek I.:indinE 
Head of lelalid No 66 
1*4 iiiilp> above .''unflower laitidinE 
1 *4 miln. alMive Sunflower l^andinE 
1 mile alaive Sunflower laitidiiiE 
•Malone laiiidine 
.\nder>on l.aiidiiiE 
1 mile lielow laike Charle* laindins 
I.udlow laindms 
FiMit of Zenor Tow Head 
Maud No 68 
Heiili lamdiiiE 
lelaiid No 6'.(
1 mile alaive MaMin laindiiiE 
SlxMiii latndins 
laironia latndinE 
1 *4 milee below lateoma laindinE 
■eland No 70 I.andiiiE 
Op|ae.iie Henneo, .Irk 
*4 mile alwive SerulJEraei. Tow Head 
I mile above inouili of White Kiver .

, Mouth of White Htver 
j 4 "'de lielow Mouth of While Rrver LandinEj 
14 milee Itelow While Kiver Ease 
1'4 milfe alaive Koaedale IjindinE 
Kieedale l.aiidine 
Itoeedale l.ai>dinE .
1 mile lielow K<»edalp. .Mine 
1 mile below Hoeedale laiiidiiiE 
Head of leland No. 73 
Head of lelatid No. 73 
Foot of leland No. 73
Frail of leland No. 7.3..........................
Frail of Irlalld No. 7.3 .
4 mile above nioulh of .Vrluinaaa River 
.Mouth of .\rkaneaa Kiver 
Freni lee l-aiidinE 
*4 mile below Frentiee I.aiiKlinE 
Oaark l.aiidinE 
*4 mile below Oanrk laindin?
1 mile alaive Indian Foini laiiidins 
*4 mile alaive Indian Foint lamdinx 
Monlerey lauiditiE
fiiulk Nerk ..........
I mile below Holly Kidse laindinE 
'4 mile above Niblell l.andinE.
Head rrf leland No. 76 ........................
leland No. 76 ...............

Mean Meiiian ,
Speed le Grain Grain j l-nifnnnity
Gravity Diameter i Diameter Mudulue

mm** mm** M**
1................. ....

2.61 0 •<;{« 0.616 0.2.636
i 2.6.1 0 .10.3 0.480 0..V8I6
I 2.61 0 .361 0..-162 0.6149
' 2.61 0..347 o.:i:i7 0.6428

2.61 0 •».16 0.159 0 2’.*!*4
2.61 0.20;i 0.108 0 64.12

! 2 61 0 .Val 0.612 0 6610
2 b.- 0 .371 0 271 0.41.61

I 2.61 0 11.10 0.140 0.2792
1 2.61 0 448 0..305 0 .10.3.1

2-61 0 3.10 ! 0 341 0.6444
2 61 i 0.681 0.663 j 0 4763
2.61 0..141 o.:i66 0..16I8
2.61 0 .175 0.519 'J.4‘.8)8
2.61 1 0.770 0.100 0 2816
2.62 6.U48 i 6 112 0.20'i4
2.61 1 0.177 ■ 0.148 1 0 6612
2.61 1 0.476 0.469 ! 0.6661
2 61 I 0..341 0.2f)3 1 0.63!«
2.61 0.1.1:1 0.489 0.3.663
2.62 1.005 0.707 0 .1697
2.61 0 282 1 0.251 0.0113
2.61 0.:i4l 0..108 0.1821
2.61 0:1.14 0.312 0 .6614
2.61 O.2.V.* 0.2.10 0.69;i4
2.61 1.617 : l.OIM 0.1791
2 61 0.488 0.3.17 0..3761
2.62 6.71.3 ! 6.789 0.1614
2.61 0.411 1 0..388 0.646
2.61 0.621 0.120 0 5.-137
2.61 0-.322 ; 0.308 0.6180
2.61 0..KI2 ! 0.422 0.4m9
2 61 0.027 0 631 0..1478
2.63 1.041 0 639 0.|;i64
2.61 0.4.32 1 0.282 0 ;!ti71
2.66 2.076 ’ 0 861 0.0809
2.61 0.510 0.4.63 0.4763
2.61 0:101 0.267 0.6170
2 61 0.:i86 0.356 0 .1761
2.61 0..VI8 0 4.11 0.4499
2.61 0.277 0.2.10 0.4414
2.61 0..168 ; 0 ;i.63 0.1600
2.63 1.721 0.446 0.0889
2.61 1.200 ; 0.545 0.1.314
2.65 0.200 0 271 0..1650
2.61 0.618 0.4<«6 0.2.-184
2.61 0.268 i 0.242 0 .1005
2.65 0.201 0.200 0.;i636
2 61 0.247 0 205 0 4<.i<H
2.65 0.264 0.248 0.5127
2.66 2.141 1.612 0.1370
2.65 0.409 0.471 0.5208
2.61 0.40.3 0.475 0.522**
2.61 1.0.18 0.7.17 0.1.616
2.61 21.415 27.612 0.31.12
2.61 0.219 0.163 0.5401
2.61 0.:i07 0.291 0.6104
2.61 0.647 0.414 0. .14.14
2.61 0.603 0.561 0.5170
2.61 0.2.16 0.2-28 0..1.313
2.61 0.422 0..398 0.6279
2.61 0.2.17 0.2.19 0.60.19
2.65 0.232 0.2-25 0.6160
2.65 0.:i06 0.2:19 0 2617
2.60 16.668 16 795 0.21.10
2.62 8.420 6.209 0.1676
2.61* 2:1.77:1 27.16I 0 4585
2.61 l.(M9 0.481 0.2122
2.65 o.;i2:i 0:124 0.6887
2 65 0.2.16 0.244 0.5867
2.62 1 t i
2.65 0.289 0.28«) 0 6330
2.61 7.858 1.541 0.612
2.62 6.616 1.573 0.6189
2.65 0.748 1 0.4:18 0.2469

*Theae data eonrem ihe eame eamplea of bed material hated in Table 31). 
**See imee .1 lor dieeueeion of theae valuea.
♦ Not laimpuied for eili and elay eamplea. See Table .36 for aiie dialribution.

3
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PatnrAL Data ajib VAMorn C’osfrrAvn. or Mateki ai. i rom Bed oi Mia.iahipi-i Bivkr*

Mile* 
<’airo

liorality

416
41<l
4J0
4J.{
4J4 4
4L*5‘j
426 S
42H
421t'»
42V**
4.«t'i
4.U 'i
4.«A
4:t:<H
4.«‘»
4.{5's
4;{6»*

4.1V
441
4414
4424
44:14
4474
44V 
451 4 
4.524 
4.54
4.544
4.554
4.504
4.574
45V 
4.5V 4 
46114
461 4
462 
464 
464 4 
4651) 
466 
466 4 
46K 
46 V 4
4704
4724
474
475
4754
4764
4774
47V4
4K1
4H1 4
4K1»*
4H2
4K.1
4K4
4H4 4
4M4
4K.54 A
4K54B
4S6
487
488 4 A 
488 4 H 
48V 
a8<»4 
48V 4 
48<IH 
4VU
4VU4A
4V04H
4V1
4UI4

Kmturky Ijindmc 
• ’a fi-.li Tf.w Hpad 
Koot ol < .aifikli T<iw llnid 
I.»]:iik1 No. 77 
l.urm l.andins 
IV l.aiidine 
Cliirfira I.:iiidmK
1 milr brIiiH Onroni I.:indiiie 
Cliinit l.niidiiic
l^tllrail l.alidlliz 
Kutaw l..aiidine 
llrad of rii.M-taw Bar 
.Mound <‘rt*va>M>
Moimd I^indiiiK 
4 nnip hflow .Mound frpA-RAiM*
2 n:iU-r. alpivp .\rkaia.a> f'liy 
.\rkaiiA!i'I'liy. .\rt.
1 4 niilp. brlo« .\rkiin><a> 4'ity. ,\rk.
24 miln- Ivl.i* .Arkanw Cuy. .Ark. 
Kunn-r lamdinr
*<t iiule bp|o« I'.unirp IjindmK 
Gporsplamn <’ri>..ouc 
G«ainr«-to»n Tam Head 
.Af.|il>ra>a>k Panni laindinE 
Gainc' Ijindins 
Panilicr Fain>i laindins 
I.in«aMid Npa'k 
Poioi Caainraari Ijindinz

milr liplaaw Paunt C'amifa.rt laindins 
14 inilp« bflaiw Paiini C’aimfairt laindins 
Mar.' I.-ikp I--indinz 
Sluidyndr laindine 
:i mile' aliaive Tarpley Ijindinc
2 mile' iibaivr Tarpley l.atidinc
1 4 mile' aboA-e Tarpley Ijindinz 

mile almve Tarjiley lamdins 
Tarpley latndmz
4 mile abaive f'aner I’oinl lamdins 
Carter Poiiii laindinit 
|jn«'<Mid Ijiiidinic 
1 4 mileA above I.una laiiidine 
I mile alMiA'e I.nna latndiiu!
1 mile belam I.una. .\rk 
1 mile alMive I'pfier Iceland laindinz 
I'piier laeland Ijiiidinc 
lariand Nei'k Cul-off 
Point Cliia-oi laindiiui
1 mile Itelow Point Cliiroi Ijindinic 
lamer ride of Tarpley .N’ei-k 
Cp|>er Side Point Clin-oi
24 mile* above Greenville. Mua>. 
Greenv'lla.. Mi»», 
lamer end of Greenville. Miw. 
lamer end of Greenville. 5Ii>a». 
laiwer end of Greenville. Mi».
2 mile» beUm Greenville. Mu". .
4 mile above ladand Seek ('ul-off 
l.eland Neek CutKiff
FaKit aif laizranse Tow Head 
Cliute. iKiek of Warfield Tow Head
Warfield Tow Head ...................................
Cliute. lamer end of Warfield Tow Bead. 
Warfield Point . .
I.elaiid Bar
iVnd. I'pper end of Vaurlure Bar
I'pper end of A'auelure Bar
Head of Vaurluee Bar
Vaurluiae laindins
Vaurluiae lailiditiz
Vaueluiae Bar
Bark of Vnurlii>e Bar
Foot of VaurluA.' Bar
Foot of Vaurluae Bar
Sunnyeide laindins
.Sunnyaide lamdinz .

Mean
Spea-ifie ' Griiin Grnili

I'mfiarmitv
.MmluluaGra\i*y Diameter Diameter

mm** nim»*

2 65 0.480 0 4.V.1 0 60052 65 0 45V 0 .148 0 4122 6.5 0.407 0 .187 I 0 61202 65 0 :i84 0 ;i4KI 0 4141
2 64 t j i t
2 66 4.204 ! 0 655 0.(k5.55
2 76 f t : t

0 428 i 0 420 0 .5801
2 65 0 .VI I 0 481 0 .5IV22 65 0 :i71 0 :iiv 0 4‘1072 65 12 IVO : 12 2.17 0 16V22 65 0 80V 1 0.587 0 :1V47.65 0 2V1 0 28V 0 .5410
2.62 :i 282 ! 0.500 0 iai20
2.6A 1.2V2 0.486 0 1.544
2 65 0 :m i 0 :i2- 0 .5080
2,6.5 0 2.50 1 02:17 j 0 52.1
- S-r O.TIV 1 0.2W 1 0 4.510

1 2 65 0.288 0 284 0.:i.5O4
2 65 0 7V0 ‘ 0.212 0 0.582
2 65 0 .WV 0 467 0 4688
2 6.5 0 410 0 .188 0 6824
2 65 0..122 0 :i2a» 0.665V
2 66 2 47V 0 805 0 1140
2 65 0 402 0 :i24 0 4202
2.6V 1 f t ! f
2 65 0 447 0 44:1 0 6742
2 78 t t t
2 62 6 622 5.,508 0 17.55
2.65 0 4;ii 0 4(KI 0 6465
2.65 0.4tl5 0 .Mi5 0 .5.520
2.65 ! 0 84.5 0 .540 0 .KKO
2 60 10 247 5 l»V7 0 (mv
2 65 , 0 6V7 0 42.1 0 2201
2 65 0 70:1 0.565 0 32.57
2.65 0 47V 0 480 0 5VV2
2 62 , 6 :i.56 1..52f) < 0.04.55
2 65 1 0 650 0.4V7 0 4:15
2 65 1 0 4tH 0..1.55 0 .VlVl
2 65 0 6)1 0..«14 0.216HI
2.65 . 0..10.5 0.28V 0 648

i 2 65 i 0 :«»6 i 0.265 0.5:171
•2.65 0 .5i;i 0.400 1 02751
2.61 I 101 0.772 1 0 1.182
2.65 0 742 0 510 0.40.5:11 2.65 0 •.ttr.- , 0 772 0.5(1.10
2.6.5 0.506 0.48V 0 6417
2.65 0 44.5 1 0 441 0 647V

, 2.66 2 28:1 0..168 0.0721
; 2.65 0..V.-1 1 o.:i7i 0.661

2.65 0.4U.1 0.284 0.3.5V1
1 2.65 O..V6» 0 :i8V 0 :i:i48
, 2.65 0.277 0.26V 0.6182

2.66 8.782 5.083 0 0.526
2.61 5.547 1 0..563 0 61.5:1
2.65 0.2V5 i 0.282 0 672V
2.65 o.m ; 0.:i67 0.6110
2.65 0 412 ! o,:m 0 .5V65
2.66 10.7!H ; 10720 0..5613
2.66 2 642 ! 1575 0.214
2.6.5 0 .5.52 0.511 0.5867

! 2.64 8.42V 8.850 0.27.121 2.6.5 0.461 0.4.59 0..544V
2.6.5 0.6IM 0.5IV 0..1.5V6
2.65 , 0 :«H 0.2V5 0 6.V1
2.6.5 0 656 0.507 0.5470
2.65 0.42V 0 369 0 5113
2.*18 ! t t f
2.65 : 0..I1V 0.265 0..5;«I5
2.61 ; l.vitl 0.482 0 ion
2.6.5 0.285 0.271 0 6747
2.65 0:147 o.-m 0.6081
2.65 0.V71 0.4:10 0 2t»V8
2.65 O.-fM 0.310 0.6618
2.65 o.:i2:i 0..308 0.6154

•Tliejie data roneem tlie name aanipleH of bed nuitenal liKted in Table .’IV. 
••JVe pace .5 for diNeuaaaaion of three valute.
tNot romp'ited for ailt and elay laaiiiplee. See Table .IV for Mie dotribution.
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TABLE 41—Omtinued

Phv«. At Data Aim Vawoc* roK-TAXn. or Matkwal rROM Bed or Mihaiamepi Kivek*

I , :<

Milcp 
Itpliiw 
«’air<i

4'.C>4
rxt 4
4'.M 
4'*4 4
4'H>
4'.t7
4'*S»»
MK)
.•Mtl 4
at.'
»K4
50.S4
■ai:
.MISS
SI04

.M4
514 4
515 
517
51H :
51'*4 i
5 JO 4
5J14
5JJ4
5j;i4
5J6
5J«4
5J7 4
5JK
5;«t
5:ui4
5-lJ
5.U4
5:oi
5;i7
5:»74
5.W4
s;i84
5.1'JA
5.1HB

531*4
5.31*4
540 
540 4 
5404 A
5414

5414 
543 4
546',
548
548'.4
541*
541*4
651
554
555
556 
5.584 
560 
5604 
.5ai4 
.565 
.5664 
.568 
.561*4
.5704
57 J*^
.5734
.575
.5754

l8>rality

4 milf abovp Bpfucp Ijindinc
4 iiiilr bplo» l.nidiiiB
1 milr Hrluar IjuidiiiB
1'.* niilr* lipl.>» UrfUBB l-ilidiiiB 
J iiii1p> alp'Vf. I_akp|A>rl UiiMlinT 
1'^ iiiilpA aUive UikciATI I.aliOitiE 
liikppor* l.andinB 
1 niiU- IipImw Spvpm ttak* I.aiidiiiE 
I'j iiiiIpa abovr lAiiiB»iA>d laiiidinc 

miU- aimvc lA>n8»‘»<>d laindiii*
Siplla l^aiiditiK 
Fai.iiy Bulliti T..« Brad 
I*omI Mimitp I^aiidiHE 
MoKAKiHid l.aiidiiiR
WorthiiiBton Point 
1 iiiiIp *«1o» Grand latke Undins 
1 milr above Head of Craerafl Tow Head 
Head of Craerafl Tow Head 
laaita IjilidinE 
Prinretoii I^inditiE 
Fiail of Craerafl Tow Head 
Carolina l.andinB 
1' j milcA below Cartiliiia I.andins 
J niilfA. above Pileher IjindiiiE 
Fiait of Aelitoii Bar 
Fool *4 AaIiIoII Tow Head 
Pilliiiaii 1-lnnd l.aiidiiiE 
FihiI of Pitimali Uland 
Ctiule of I)une..in>by Tow Head 
He:id of DuinaiiAby Tow Head 
\alewiK»d IjndiliE 
F.h.i of Duneaii'by Tow Head 
Wild Cal Tow Head 
Wibon Point I_HndiiiB 

i He:id of Maud No 1*3 
' 1 mill* wbovf* 1 Hisid
; Head of BiileAhed Tow Head 
; I, mile below BaleAlied Tov Head _
: Old Channel, baek of BaleAlied 1 ow Head 
! Old Channel, bark of B!lle^hed Tow Head 
; Baleehed ImndillE , i
; Old Channel, opiawile fool of Balealied low

I Old fliannel. foot of Baleahed Tow Head 
! Old Channel, head of Stark I»land 
; Old Channel 
^ Head of Slaek Inland 

Old Channel, l-i mile above Ben laimond 
l.undinB . -

Old Channel. 4 mile above Ben Uimond 
l.aiidinB

Ben I.omond lamdine 
! J mile!, below Ijike Providenee. Iji.
I Hi^id of -Aja* Bar
■ F 'It of .Ajax Bar .................

Fool of .Ajax Bar........................
Filler Bend CmewnE- . j •
OtnioMte Point I>ooknut IJindin*
Fitler. Min. . - 
Hay Ijindinic

I Head of Cottonwood Bar 
Shiloh f.andinE 

I Cotionwmid laii.dinE^ 
i 14 milen above Giaaliieh laindins 
! 1 mile above Goodneh laiuditis 

Dortail latiidinE 
Salem laindinK 
I'nper nide of AA'illow Point 
AAillow Point laindinE 
1 mile almve Chotard Ijindina 
Chotard lamdiiMC 
Bellevue. .Miw,
1 mile abovr BrunAwirk lamdiDE 
Brunnw'irk laindinE -
4 mile tielow Brunnwirk Ijindinii

1 Mean M<tdian I'niforinity
Speeifie ’ Grain Grain MiidulUA
Gravity ; Diameter Diameter .M«1 mm“ nim“

2.65 0 287 0.265 1 0.4111*
2.62 6 472 ! 3.174 0.»P*.57
2 62 6.816 .3.632 0.060*1
2 65 1 0 8.30 0.4.39 0.26S2
2.65 1 0 :«i* 0 :i35 0.6423
2.65 0.577 , 0 . 382 0.3IH4
2 65 0 268 0.241 0.4845
2.65 0 8u:< 0 .V39 0.3.VU
2.60 8.71*7 .3 652 0.1*41*2
2.65 0 511 0 475 0..5.5.54
J 65 0.463 0 31*1 0.46.54
2 65 0 441) 0 :361 0 3784
2.65 0.;i.37 0.311* 0 .5731*
2.65 ; 0.566 0 494 0.4727
2.65 0.455 0.397 0..5.V3.3
■' 65 
2.65

0.271 
0 263

0..5063 
0.62**5

2.61 27.601 27 806 0.6752
2.66 7.1lr2 0.405 0.0222
2.65 0.476 0 .362 0.431*5
2.6.1 1 018 0 287 0.1142
2.63 1.181 0.565 0.2068
2.63 1.763 0.568 0.1307
2.65 0.3611 0.356 0.6161
2.65 0..3;31 0.282 0..5600
2 65 0.4<M 0.377 O..V544
2.65 0.246 0.17.3 0.3128
2.65 0.429 0.3.57 0.4212
2 65 0.-278 0.2.52 0.6212
2.65 0.2.55 0.249 0.701W
2 65 0.281 0.2.58 0.6525
2.65 0.312 0.296 0.6477
2 65 0 280 0.251* 0.51*4
2.65 0.245 0.241 0.6870
2.65 0.:380 0.21*6 0.4440
2.65 0.5;il 0.461 0.4681
2.67 5.635 0.610 0.0:3.54
2 65 0.484 0 463 0.5786
2 65 0.564 0.451 0.42:30
2.63 1.616 0.486 0.1297
2.65 0.705 0.482 o.:354I

1

2.65 0.287 0.268 0.6052
2.65 0.292 0.276 0.6043
2.65 0.212 0.180 0..54:33

i 2.65 0.465 0.4.32 0.5711
2.63 1.7.33 0.501 O.P245

2.65 0.853 0.551 0.3410

! 2.65 0.2.52 0.247 0.6*36
2.65 0.238 0.241 0.5276
2.65 0.403 0.31*0 0.6320

0.406 0..392 0.6620
2.65 0.768 0.364 0.2639
2.65 17.253 20.465 0.:3041
2.6.3 1.473 0.478 0.1:3:36
2.65 0..338 0.3.37 0.6419
2.63 I.589 0.638 0.1676
2.65 0.614 0.512 0.6092
2.60 4.979 0.680 0.05:38
2.65 0..341 0.273 0 4:376
2.65 0.408 0.356 0 4.321

i 2.65 0.376 0.303 0.4728
2.65 0.429 0.3.35 0.4.346
2.65 0.524 0.480 0.4907
2.63 1.400 0.559 0.1841*
2.65 0.441 0.390 0.5645
2.63 1 066 0.582 0.2401
2 65 0.600 0.;3.37 0.21*45
2.71 3 t t
2.65 0.40b 0.403 0.56V5
2.62 2.300 C.5.54 0.1021
2.61I 22.5.33 •22.639 0.7264
2.66 17 832 20.484 0.2632

“See pase 5 for dineuMtioii of iheee valuer. _ .. _ , .. ....
INoi i-ompuK^ for nili and elay Mimpice. See Table 39 for mae dialnbulum.
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TAMI.E 41—C«intinn«l

PiiTwrAL Data ai»» VAiaor* PoswTAsm* or Mattioai. moM Rkd or Mimiwmpm Ria-er«

Milf»
IMo»'
Cairo

577
57S
67'J
5fi0
5SI
58IH

5S.14
5K6>4

5KS
.Vi*.!
.ViO
S'.il
.V.1.1
6!i5
5!i5'.
•Vi5' i
5'15'i.-
fr.i.'i**
.V<5»4A
5'.i«>4
6;i6<»
S’.WSA
5'.i6«i
5'*7
S‘.i7A
SH7?i
5'i7 4A
5‘J8
fills I4
fins 4
fins 4 A
film
filUlA
fi'.n*4film 4 A
fiim*4
6U0
fiOOA
fi(i04
«01* 1
fioi4
•Hh!4
6u:<
fio«H
«H)54
«U)6A
6(16
6U64
6«6»<
607 4
608 
6084 
6084 
600 
6(KI4 
610 
611 
612 
6124 
6i:i
614 
614A

615 
617 
610 
620 
625 
628

630
631 
63IA 
633

Imrahiy

2 milrii brinw Brun»«-irk Ijuxlins 
1 ni.lr nbovr <iinrtoi.
(Immia. 1-1.
KiHit of Uland No. 102 
Oiiirca l^tiditis 
Moram-y l^ndiiic 
Mtllilriu- IfA'iid I^ndinr 
(4 niilp Im*Ios Millikriu* ttriid l-aiidiiie 
(4 niilr alMiA'F Cabin TrFir l^iiidini:
(’abiii TffIf I.aiidilic 
Flail of FotT'l Homr To» Hrad
1 iiiilr alaiAC- Halpino l^iiidlliE 
Halpiiio l^iidins 
l*a» I’a« l^ndiiic 
KroH'u.« I’oiiii I^ndinc 
Ncbraaka laiiidins 
lamer Aide of llnmna Hiant 
VouiiCA I’oii.i laiiidinc 
(>p|Meiie YouncA I’laiit laindins 
Youiira Point l-'indinc 
(~>ppieite Vouiiea Point fjindinc 
4 niile Mow YoumCA Point lamdiiiK 
§4 milee Mow YouneA Piant laindinc
2 milte aboA-e Kiiiia Point laindiiiK 
14 niilcA aboA’e KiiiUa Piuiit laiiidiiie 
1 (<i niileA lielim Yr.un.tA Point lainditie
1 4 inileA aboA'e KingA Point l-andiiiE
2 inile> Mow Youiica Point lamdiiiE
1 mile al>o\-e Kiiiea Point lainding 
4 milr .aboA'e Kinip. Point laiiidiiiE
2 niileA aboA'e Delta Uiiidiiut 
14 niileA alxiA-e Delta laindiiuc 
KincA Point lamding 
I mile above Delta lainding 
4 below KingA Point laiiidiiuc 
4 mile aboA-e Della lamding . .
I mile Mow KingA Point lainding 
1 4 milea Mow KingA Point lainding 
Della l.anding 
OppoAite Delta laitidiiig 
4 mile Mow Delta lainding 
4 mile aboA-e mouth of YaXHi HiA-er 
\irkAburg. Mi.aa.............

mile above Viekeburg bridge 
\ iekAburg bridge 
1 4 itiileA lielow Virkaburg bndge 
4 imie abtiA-e head of Uarelrark Tow Head
Head of liatelrark Tow Head ............
Head of Kaietrark Tow Head ..
Head of Reid-Bedfiwd Bend................
Uarelrark Tow Head Chute 
Middle of Keid-Bedford Bend 
Uarelrark Tow Head f*hule 
Uarelrark Tow Head Chute 
Fixit iT Ueid-Bedford Bend 
Bark of fiMil <if Uarelrark Tow Head 
Foot of Uarelrark Tow Head 
4 mile Mow fiMii ol Uaretrark Tow Head 
Taylor landing 
1 mile Mow Taylor landing 
1 4 iiiileiA aboA-e Diamond Point Cut-off 
Oak Bend lainding 
Dredge-Cut. Diamond Point Cut-off 
Upper Aide of DredueCut. Diamond Ptunl

(Vit-off
4 mile Mow head of Diamond Point Cut-«iff 
14 milee aboA-e Hodge landing 
Upper Aide tif Diamond Point 
Diamond Ptanl 
Palmyra Ijike .
Newtown Bend 
Togo I-atidiug-
Uraino l.anding-----. .. ......................... - -
I mile above Buma lainding. Palmyra I>ake 
Point Pleasant ...

Speitfir j f- S S •Median
tirain Unifiirmit)

NIimIqIii)*Oraviiy Diameter Diameter ssa * let

■M**mm** mm**

2 63 i 1.230 0.171 I 0 2182
2 6.1 ' 0.402 0.371* 1 0 .V>23
2.6.1 0.444 0.3.17 0 4.387
2 6.1 0.41*3 0.4.18 0 .1023
2 61 : 12 406 II tl8l 0 127.3
2 65 i 0.1111 0..VI8 0 .142.1
2 62 I 6.685 0 767 0 mill

3.164 0.11*0 0 (1784
2.63 1.1411 0 443 0 1714
2 61 , 0 7.12 1 0 .VM 0 .2314
2 62 1 7.614 0 810 : 0 (13.10
2 61 ! 0.414 0 318) O.t'81'81
2 60 j ■t i f
2 61 ! 0 470 0.374 0 4467

i 2 61 ; 0.388 j 0.331 ; 0 4718
2 61 0 641* 0.40.3 (1 3760
2.6t 1 27.3 0.:i07 1 0 ir.i84
2.6( 8 612 0.8181 ; 0 032.1
2.66 2.072 0.2*181 1 0 IH'II
2.64 2*0.14(« 23 011 i 0 .3363
2.6.1 0 1711 0 173 0 (12*61
2 62 6.2ml , 0 62.1 1 0 6344
2.62 ! 18.4113 i 18 010 ! 0 6722
2 61 0.616 ! 0.122 j 0 4714
2.61 0..348 : 0.13.1 ' 0 62*'.i4
2.62 6 12*7 0 472 0.02.23
2,61 0.186 0.181 0 (1887

; 2 61 1.168 *J 748 0 .Id'll
: 2.61 0.3.V.I j 0.343 II 61(21

2 61 0.2.'<0 ! 0 2.35 : 0 61156
2 62 3.6111 0 72*1 0 07.15

, 2.63 1.4.12 i 0.508 0 1610
2.61 0.2.111 ! 0 2*10 (I.1664
2.63 1 478 i 0 422 0 1215
2.61 0.211 0 im 1 (16188
2.65 0.81« 0.581 1 i 0 ;1361
2.65 0.402 0.386 ! 0.1622
2.65 0.168 0.328 ! 0 2mo3
2 61 0.438 0.31*8 0.174.3
2.61 0.4.16 0 4(81 i 0 .1683
2.61 0.2*77 0.2*61 II 6460
2.65 0.2*63 0 2.12 (1 6710

i 2 61 0.2*1*11 0.2*60 0.11817
2.65 0.11*0 0.173 0.1841
2.62 10.060 0 466 (K0108
2.61 0.161 0.505 0.5113
2.61 0.2.18 0.2*51 0 6807
2,61 0.2*33 0.2:15 0.7116
2.63 0 .124 0.500 0.6486
2.61 0.2*48 0 2*46 (1.711

1 2.65 0.3711 0.361 0 642*0
2.65 0.2*13 0 108 0.6138
2.6.1 0.414 0.:i45 0.4705
2.65 0.440 0.:i76 o.4im7

i 2.61 0.324 0.3117 0.4674
2.65 0.2*68 0.2*58 (1.6482*
2.66 2.062 0.467 0.0866
2.65 0.423 0..3.111 (1.4880
2.65 0.377 0.3.18 0.6161
2.63 1.0.WI 0.543 0.23.12
2.65 0..361 0.333 0.1261
2.61 0.422 0.400 0.6011
2.61 0.2*2*6 0.2.35 0.672*8

2.65 0.i:«* 0.061 0 1587
I 2.61 0.401 0.384 1 0.56121
; 2.61 0.432 0.30.3 0.4077

2.67 5..30W 0.581 0.(2108
2.611 t i t
2.63 1.5.37 0.605 0.1870
2.61 0 164 0.152 0.5628
2.65 0.687 0.47.3 0.:237.3
2.61 0..318 0.295 0.602*2*
2.61 0.416 9.300 0 6171
2.65 02*1*0 o.im 0.3218

•These data eonrem the same samples of bed material listed in Table 30. 
••fSee page 5 Itir diseussion of tlie<e A-alues. _ .. _ , .. ...
tNoi rompuird for sill and rlay saiiiples. See Table 39 for site disrnbatinn.
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TARI.E 41—Contimiwl
I’nvwi Ai. Data akd VARiort* foNKTAKTi* or M ATtHiAi. trom Bed or Mnwriwum Ria-eii*

•c

B«H<>w Ix*rali»y

i
6.i;{A

6;w
•wu*
t>40
•i4-'
«>4:<
«47
«>4^
rt.VI

»i.VtA
fi6L'

«T0
«T1
«T6
AK-'i
BHT
«WI

«•«
701
7<IK4
70!»
710 
7I0«4
711 
71J'4 
7i;i 
7i:tA 
715*4 
716*4 
7IS‘, 
7 JO 
7JJ 
7J.14 
7J5'^ 
7J8'i 
7;w 
7M 
740 
74J 
745 
740 
75J 
7564 
757 
7584 
75-.t4 
760 
7601* 
7601-4 
7«)f» 
7614 
763
766
767 
7674
768
770 
7704
771 
7714 
773 4 
777 
78544 
78644 
787 
800 
807 
814 
8J64 
ai54
838

I’oinl I*:ilrnyr:i I^kr
Burkndsr laindins 
Mouili .rf Hi* Bl.trk River 
Yui’alaii Iteiid 
S'ui-ntaii I-andmc 
>liip Bayou laiiiflme 
I mile belo« Stop Bayou laindinx 
I iiiilc tiploK Hard Time' laindiriE 
Ia>«er end of Vu<-atan Cut-off 
Grand Gulf laiiiuitiE 
Head of Boiiduraiil To» Head 
ItruiU'hurs laiiidine 
Bonduraiil Chute 
St. Jineph I'pper laimiinr 
Rodiity I'Iniid 
I'pper end of Gilliam Chute 
Biraler laindins
A'hlaiid l-atidine -
I mile' lielou l.'Anrent lamdins 
I mile lieioiA laike St John laindinc 
4 mile almve Gile' Bend Cut-<iff 
Co»|>en I’oiiit laiiidiue 
Bark of Gile' Middle Ground lelaod 
lamer ode of Co»|iefi I oint
3 mile' (leloiA Naiehe* Mi".
Whitehall laindins 
< art huse Point
Head of Natrhex Nlaiid l ow Head 
Natehei I'land Tow Head Chute 
N'atehez I'land Tow Head 
F<M>t of Xatrhei I'land Chute 
Xatrhe* I'land Chute 
Wamirott latndinc 
Wamirott laindinc 
D«r>trurtioii l.atidinK 
F>|»eranie laiiidinE 
Hutrhin.' I.andine 
*1, mile Irelow upper end of Glawetjek Cut-off;
4 mile lielow Briar I-andiiuc 
IJeerpark, la».
J milee above Fanriew latndinE 
Corena laindins 
1 mile Irelow Game' I^ndiUE 
Eureka laindins 
Bousere laiiidiiu!
I'nion Point I-andinE
Aitoui'h latndins ...............
14 mile' Iielow Black Hawk I.andinE 
J mile' below Black Hawk l-andiUE 
14 milee above Stamp' Emdinc 
1 mile alaive Stamiie lailidmE 
Slani|>' lamdiiiK 
Slani|e I-andius 
Knox laiidins 
Kno\ laitidinc 
1 mile above Point Breexe 
F.irt Adatii' Iztndins 
1 n.ile abme Tarben laindiUE 
Tarbert ijsiidins 
Tnrliert l-andins
1 mile below Tarbert lamdins - - 
14 niile- alto.e n:»uth of Old Itn’er 
1 mile aboA'e nn>uth «tf Old Rix er 
4 mile above mouth of Old River 
Aiifcola lamdiiut
J mile- lielow mouth of Old River 
Tucker laindiiiE 
Head «»f Tunica I'land ....
I mile lielow head of Tunica IiJatid 
14 mile' below head of Tunica I'land 
Bote' Plant 
Bayou Sara. lai
1 mile above Grand Bav lamdiDE 
Foot of Profit I'land Chute 
Mulatto Bend lamdins 
I mile below Scott Bluff, lai.

Speeifie '
Mean
tirain

.Median ; 
Grain Uniformity

Moduli^Gravity : Dianieter Diameter |
mm** mm** i1

J.65 1 0 6.58 0..5»I8 ■ 0.44Oii
J 65 ; 0 41!i 0.4trj 0.6361
J 71 ; t t 1
J.65 0..3.38 0 IJJ ; 0.4848
J.68 O.OflJ ! 0.080 0.4408
J.65 0 1J.3 0.118 i 0 501S
J.70 t i
J 68 1 j f t
J 65 1 0 417 0..3lrj : 0.5801
J 65 0 J68 0.J4I 0.50*18
J.66 7.<166 1.800 o.o;i8j
J a5 0 .3JJ O.J7.3 0 .5510
J 65 0 4<« ; 0.378 0 .5.568
J 65 0 644 0.417 0 J.V15
J.tW 0 64J 0.471 0 .3844
J.65 ; 8.48.3 0.768 0 0J6' I
J 65 i 0 .3.5J 0.3J3 0.58-I.5
J.64 1 5 5.56 0.580 0.617J
J.65 II 7J-.I 0.488 o..3o:<8
J.6.5 0 .367 0..345 0.57J8
J 65 i 0 J40 ' 0.JO6 0..5J68
J.6,5 0 ;Ui5 0 .3J3 0.4ti4;i
J 65 , 0 .3J7 0.318 0 6488
J.65 0.8t)8 i 0.564 0.4l8iJ
J.65 0 831 0..VII 0 J868
J.65 0 J70 0.J58 0 6777
J 65 O.JJtl O.JJl 0 61.3.5
J.66 J.W7 0 .580 f (1808
J.65 0 J48 : 0.J.38 0 «I74
J.66 , J 4.38 1 0 465 0.(l7'.ai
J.66 0 .3.38 1 0.3J5 0 6174
J.66 ! 0 JJ5 0.JJ7 0.6485
J.65 0 J84 0.J54 0..5J77
J.66 J 836 0.4.38 0 <l.5*.i
J.6.5 0..3J8 i 0.300 0.5863
J 65 0 .500 ; 0.373 0.4045
J.65 0 .36J i 0.345 0 5I M.5

; J.65 0 1«.I8 ! 0.160 0 43.38
J.65 0.586 0.48J 0.4.587
J.65 0 148 0.141 0.6148
J.65 0 48J 1 0.34;i 0.;i465
J6.S 0 .30J 0.J8.3 0 6186
J.65 0 .38J 1 0..3J3 0.4784
J.65 0 786 : 0 .56J 0.:'7(M
J.65 0 :«J8 0.;t05 0.6J80
J.65 0.784 0.5.5J 0.180*1
J 65 0.184 0.178 0 7JJ4
J.65 0.15J 0.066 O.IJ18
J.68 t f t
J.6.5 n .VI5 0.488 0.5076
J.65 0 J68 ' O.J.V.l 0 6877
J.65 o.;«6 0.3:17 0 6815
J.65 j 0 JOO i 0.181 0 67.57
J.65 0411 1 0.384 0.5880
J.6J 1 I 44J 1 0 548 ' 0.1763
J.65 0 18J 1 0.17.3 0 65J8
J.65 0 144 0.134 0.578J
J.65 0.818 j 0..508 O.J704
J.65 0.3 JO 0..305 0 61J8
J 65 5 884 i 0..56J 0.63.54
J.65 ij 0 148 1 0.1.54 0.5*,8i:i
J.65 0 881 0.36SI 0.1.516
J 6.5 0.675 0.451 ; o.:i;i7o
J.65 0.516 I 0.4.38 0.47JO
J.63 1 107 0.458 0.1.575
J.65 j 0 181 1 0 144 0.4.540
J.66 ! J.8M ! 0.507 0.0684
J 65 0 4.37 ! 0.:i51 ; 0.38.54
J.€5 i 0.378 0.J60 0.3671
J.65 0 66J I 0..374 : 0.J687
J.65 1! 0.JJ6 1 0.JJ8 0.7016
J.65 i 0 4;i3 0.406 0.4871
J 65 1i 0 J.57 O.J48 0.7077
J.65 1 0.J.30 0.J34 0.7081
2.6.5 ! 0 3.3 0..3.58 0.5J71
J.6!» ' t t t

•Thew data rom-ern the eame eamplcw of bed material Iwted in TaMe 38. 
••See |MiEe 5 for di-euwiion of thewe A'aliww.
f Not c<anpuied for 'ill and clay 'ample' .'*ee Table .38 for 'ixe di'tribution.



TAHI.E 41-C«»ntinuwl
Dat* aici> VAKiorAroN-ATANT^ or Matkhiu. rHOM Hep oi Mi-.m-m.ippi Kh eb*

MilPp ; 
iWo* ! 
f»irw I

l»ra]ity

MOI4
HC*
MT4
MO
Ml
M7 4
Ml* 4
Wifi
•MI
017
!<1>4
0.17
't«7>a
•i««4
••7J*4
077
0704
•IH.1
■■MH'
0<«1l»
-P.J4
•104 4 
0<.i7««
•.i^p.i'a

KKM4 
KKM4 
KK)7 
lOin 
KM4>i 
HM7 4 
1010 
lOJl 4 
1(K>.{4 
10.*74 
I0.«) 
laxi 
ItWT 
I(M(»4 
KH4 
HM74 
lOVI 
H«l*4 
10S7 
lOSSii 
lOfiO 
10BJ4 
I0fi4 
I0B54 
lOfifi 
lofifiH 
10«7*i 
1060 
iofio4

10704
1071
1072 
10724
10754
1077
1079
IOKO4
1082
108.J4
1084 4
1085

10834
108->4

I 2 tniln. a bo VP Haton Koiun-. lai 
; Hal-iti KoucP. lai- 

Hru«lily laitidinc 
.1 milp- above i'l.i<|UPmitip. Ij>.
2 tiiiliM. ab-ivp l’I.i<|iu-nimp. lai.
Graiui-ia latndiiiE 
I'lailMir.ip laitMiins
Donaldxii.villp. lai.
2 milp» above ('ollpcp Pomi 
2 milp« belom 1 •oMpip Point 
Gramerry. In.
Ibiiiiipt f'arrp' Point 
Np» Orleaip. In.
Opp<iMtp \\p>i«pso. In.
N‘p« Or|paii> i-ppo-itp HaPA'py.
Ju-t above liidip-tnal I'aii-al 
Ju.'t above Quarantine Stal.on 
•Meraux. lai. ,
Ju-t beloH Inke Kurxne Ganal . 
Hraitliwaile. In.
J^hin^lr P..ii.i 
Helle f'ha—e. In.
1 4 niilee belom Conre-.-i >11. In. 
Henrandville, In.
Lower end. Je-uii- Hend 
lielair. In.
2 mile- below Kelair. In.
Poverty Point ...................
Deer Itanae. In. .....
Pointe Gele-te
Woodland. In..................
Pointe a la llarhe. In. ___ _
Holieinia. In...................................
Happy Jai-k. In......................................
Freeitort Sulphur Company dork
I mile below Home Pla«-e. In.___
Hayou Inni(M|ue ....
Kmpire. In. . .
Hura«. In. .....
1'riumph. In. ..... ..................
Fort Jark-:>n. In. .......... .
K<H>thvillp. In. .
14 mile- above Venire, In...............
Venire. In. ................... ................
Ju-t below- The Jump . .
.14 mile- above 4'ubit- flap .
24 'nil**-shove Cubit-Gap ..........
1 mile alxive Cubit-tiap.................
I'piter .-ide Cubit-Gap... 
laiwer-ide Cubit-flap ...
Pilot town. In ................... ....
4 mile above Head of Pawe-.
Ifead of Pa—e- . . .

Sperifir

2 6.S

I1 ri
II
if
if
IS
2 6‘*

2 62

5il
2 70
555
iZ
IS
i.Z
2 66 
2 «6

South Pawa

1 mile Itelow Head of Pa—e- 2.6.3
14 mile- below Head of Pa—e* 2.72
24 mile- lielow Head of I’h—e- 2.66
3 mile- below Head of Pa—e- 2.69
54 mile- above Port Had-. In. i 2.66
4 mile- above Port Had-. In. .................1 2 72
2 mill--above Port Had-. La. 2.66
4 mile above Port KaiU. In. . .1 2.65
1 mile below Port Kade. In. . | 2.67
fiulf -if Mexiro. 4 "“If from iettie- 2.69
Gulf of Mexiro. I mile from jetlie- 2.76
fiulf of Mexiro, at whi-tle buo.v. 14 mile*

from jettie-............................ 2.68

South Puma Bar
In Gulf on bar, 4 mile -outhwe-t of jettie- 
In Gulf on bar. 4 mile we-i of jettie-

2.157
2.67

Mean 
Gram 

Di.x meter

.Median 
Gram 

; Dianieter
rmfonnity

.Mirfulu.
mm*» mm"

0 .Mrj 0 285 0 0430
0 422 0 3*81 0 .56.55
0 314 0 312 0 6.V56
0 222 0 220 0 67.52
0 2ti5 0 2.57 0 7064
0 211*1 0 199 0 6441
0 .322 0 312 0 6271
0.2‘i‘i 0.288 1*6.546
H.184 0 192 0 4'*4I
II 215 0 211 OOli67
0 213 0 2(M 0 0665
0 194 0 1*1.5 (1 .5861
0 219 0 210 0 66.51
0 1«9 0 17! 0 7273
H 3|8 0 328 0 6872
0 lar.i 0 (MM t
0.241 0 23.-- 0.6.394
fl 234 0 237 0 71.53
0 168 0 188 1
0 271 It 265 0 61.56
0 »M9 0 (MM t
ft 220 0 220 (I 6645
11 022 0 (MI4 t
0.179 0 174 0.6.56;i
0.0115 0 (MM t
0.211 0 204 0.672*1
0.188 0 179 i 0.6576
Olio 0.11.5 0.466.5
0 182 0 178 : 0 0888
0 173 . 0 171 0.6938
0 155 0 L5fi 0.6939
0.206 0 202 0 (5(28
0 19.3 0 1.85 0.6.5.51
0.164 0 171 0.5187
0.182 0 176 0.6741
0 228 1 0 234 i 00752
0 (170 0 IM)4 ' t
0 182 0 179 0.70.38
0 196 0 187 0.6813
0. PJO 0 177 0.6017
0.L56 0 1.52 0 6.541
0.1.58 0.1.58 0 66811
0 08fl 0 (r.i3 i t
0.008 0 (MI2 ! t
(I.OIH 0 001 i t
0.179 i 0 173 0.6439
0.1J47 0 (MIfi ; t
o.ino 0.161 * 0.6860
O.lfil { 0 1«5 0.7182
0.0.52 ! 0021 t
O.tM.3 , 0 (M15 t
0 003 1 0 (MM t
0 182 ' 0 160 0 4995

0 oa i 0 001 t
0.020 0 (MM t
0 137 0 134 0.S900
0.II2 0 117 t
0.1«2 0.162 0.670.3
0.018 i 0.0tr2 t
0 128 ; 0.126 0.6986
0 135 : 0.129 0 6683
0.027 i 0 (MI6 t
0 030 1 0.fr24 t
0 054 j 0.(MI7 1 t
o .frjo ■ o.orei t

0.1.33 1 0.131 1 0.599
0.119 ! 0.121 1 0.715

•Tbewe data ronrern the name ramplea of bed material li-ted in Table 39. 
••See pare 5 for di-ru—ion ««f the-e value-.
tN’ot rompuied for -ill and rlay -ample- See Table ,'5'l f< ■ -iae di-iribution.
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TABLE 41-0.nfinu«l
PHTHirAL Data awb VAMor* «'osAT\KTf» or Matehiai. ikom Bed or Miwxwppi Rive**

Mil«»
iMow
< 'Airti

lAirality
Mran

Spwifir ; (irain 
(imviiy i Diamrtn' 

i mm ••
Diamrtw ;

*nn\ ••

lowt«4
loTo'i
I07IIH
107.J
I07«4
ins.*
liisMi
HIH5
KIH.SHlos«>i
UMJ
lo-ll
Hf'lH

1090H

106f*H

I(W!>4

lOfifil*'

I0f>64
KMM^

l»l66«i
lOIiliH
KI6fl.4

Souibweat Pm»

Hrad of Pa-»«. . . 2.«, 1
4 niilr brio* Hrnd of Pai>«e« 2.IKI
i niilr bell■« He;iii of Pae><*i .. ,2.68
3 niile« lieloa Head of Pa.i.«e* 2.78 I
24 •'>•*«> lieli.a Jie-eph Bayou 2 67 '
3 mile> above Burrwood. Iji . 2.66
14 >“dee above Burrsuod, I.A.. . . 2.68
BurrmiHid. !^. 2.71 ■
*4 mile belo« Burrmieid. Ia>. 2.72
I 4 milee above end of jetiie*. 2.74
Mouih of nver al end of jetliee 2.60 !
In <iulf of Mexieo. 1 mile from jetliee .. 2.73 j
III fiulf, nrar ahUile buoy. 14 milee from i

jeiiie. . ! 2.64 I

ftoatbwMl Pu« Bar
I In Ciulf on bar. 4 niile eoulhweM of jeltieaJ 2.68

PaM a L*OuU«

0.166 
0 (140 
O 122 
0 (Ml 
O 0(M 
0 17! 
0.1.67 
0.0!I3 
O (E62 
O 04.6 
0.120 
0.0:{8

0.0S7

0.160 
U (MK 
O 124 
0.002 
0(101 
O. 172 
O 16;{ 
O.KM 
0.(KM 
(MMM 
O 117 
0.(MI

0.024

0.604
t

0..666
t
t

0.721

t
to.sos
t

0.086 I 0.068 I

,'i ..lile brio*- head 
1 mile below head 
14 mile- below head

2.64 
2.67
2.65

C^Mta Gap

4 mile eael of eael bank. Miaeiaeippi River ] 
Head of Main Paaa
Hmd of Ortave Paaa j
From head of laland between Ortave dc Brant j 

Paaeea ...
Head of Brant Paae !
Head of Raphael Paaa 
4 mile eaat of linlit (lower aide of rap)
4 mile eaat of eaat bn.vk. Miaaiaaippi River , 

Irenter of rap)

2.59
2.67
2.67

2.64
2.65 
2 64 
2.62

2.66

ri. 10594
10594

t'ai * S ia684- k 10M4
■ ^ S

Tbc Jump
2.65 

; 2.71
Baptiste CaDettc Caaal

0.1.35
0.168
0.188

0.022
0.010
0.048

0.038
0.134
0.1.30
o.a»:{

0.141

0.317
0.049

0 130 
O 160 
0.I8U

0.001
0.002
0.014

0.024
0.131
0.134
0.004

0.142

0.025
0.004

0.6.35
0.647
0..617

t
t
t
♦

0.586
O.S.%3

t

0.556

At bead . .............................................................. i 2.62 0.028 ! 0.010
4 mile f9ut of head .............................................. i 2.48 0.009 I 0.001
•Theae data eonrern the aame aamplew of bed material bated in Table .39. 

**See pase 5 for diai-uaaion of theae valuew.
tNot romputed fur ailt and elay aampiea. Bee Table 39 for aise diatribution.

.W.
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TAKI.E 42
Phtmical Data akd VAunr« Tokatast* or Material trom Hr.o or Trirttart 

ARD OrTLET KivERa*

Mile*
from

<’»iro
LnrRiitjr SpATtfir

Gravity

Mrati
Gram

I)ianiri«r

Mrdian : I'niformity 
Gram i 

Diamet^ > 
mnj” j

Ohio Bivrr.
AboA'e f'airo. 
Belua ('airo vSs IJ..TJ8

4 A84
II 788 

.1 ;»S7

Milf«
aboA-E 
Mouth 

of Blark 
Kia-at

locality I 8i»cifir 
Gravity

Mran
Gram

DianiAtcr
iiini**

Medtan
Grain

DianiAtar
mni**

I'nifomiity
MiaIuIu*

M~

Blark Blvrr.

1
2
3
4

DrlhoAtr fjindinic
Armr. Iji
At-mr IjindmE
I milr nboA’F Armr IjindiiiE
I mtlr brIoH Palmrtto IjtidmE

2.89 
2 67 
2 72 
2.68 
2.69

t
t
t

0.102
t

t
t
t

0.06S
t

t
t
t

0.1918 
t

Milca I 
abuA'e I 
June, 
lion of I 

Old and 
Miaa. 

KiA-rr*

I.«A-a'ity

i I
j .Mran Mrdian

Sprrifir , Gram Gram
GraA-iiy; Diamrtrr Diamrtrr 

mtn*» nini*«

Uniformity
MiaIuIua

M~

!
Brd Kivrr.

i
2.fA

36H

I Naplrr. Iji........................................
! Mouth Upprr Old Rivtr 
i 2 mile, abovr Upprr Old Rivrr 

3 niilrr brIoK Nalrhitornrr Hayou 
I milr aboA'r NatrlutiK'l r» Bayou 
Bayou forodnr (Kart Bank IM RjA*er> 
Bayou Corodrir ..
2'a inileA aboA*r Bayou f’ortidnr 
I milr brio* FiA-r Milr Bayou 
K milr aboA-r FiA-r Milr Bayou 
Two .Milr Bayou
I milr briow mouth of Blarn Rivrr . .
H milr brIow’ mouth tif Bla'k RiA-rr 
Mouth of Blark RiA'rr . .

milr aboA-r mouth of Blark Rn-rr 
1 milr aboA-r mouth of Blark Rivrr___

2.77
2.69
2.69
2.70 
2.68
2.69
2.70 
2.66 
2.69 
2.6.5 
2.66 
2.66 
2.6.5 
2.6.5 
2.6.5 
2.6.5

t
t
t
t
t
t
t

0.059
t

0 1.54 
0 061 
0 107 
0 174 
0.120 
0.284 
o.tm

t
t
t
t
t
t
t

0.048

t
0.192 
0.065 
0.109 
0.168 
0 107 
0.2.54 
0.102

t
t
t
t
t
t
t

0.2404
t

0.1875 
O .{727 
0 58.58 
0.5836 
0 4913 
0.51*16 
0 4708

Sprrifir
GraA'ity

Mran : Median 
Gram | Grain 

Diamrtrr | Diamrter 
mm" mm"

Utiifomiity
MimIuIua

M"

OM Blvrr.

H OppoAite .Animla Ijindimt...... ...................... 2.8.5 0.7.57 0.387 0.2571Opporitr .Amcola Ijindinx ........................... 2.6.5 0.4.56 0.449 0 6525I H mile east of 8ucar iioUAT Chute ___ 2.78 t t t
H mile eaet of Suear Hmiee Chur, 2.6;i 0.374 0..362 0.6717H milr ewAt of r^iucar Houne Chutr . ___ 2.65 0..3;i2 0.2*15 0.5781Su*-»r Hoiue Chute ... 2.65 0.266 0.250 0.60013 Vi milr wBAt of T. * P. Railnaid bndice . .. 2.65 0.482 0.351 o.:il'.»84 I}j miler wmt of T. 4 P. Railroad bnditr___ 2.85 0..5.30 0.490 0.46005 2Vi milca eaat of Barbrr Ijindiiuc . . 2.85 0.159 0.184 0. :i4:a8 I Vi milea cant of Barbrr Ijmdinc................... 2.85 0.218 0.199 0 56557 Vi milr eaat of Barbrr Ijindiiuc ____ 2.70 t t t
Barbrr Ijindinji and Junnion with .Atrhafa* 

laya River.......................................... 2.85 0.232 0.2.39 0.7014
^liear daU ronrem the aamr eamptai of bed material bated in Tabie 40. 
**Sm paar 5 for dieruiMun of theae Aaluea.
INot romputrd for eilt and rlay aample*. Bee Table 40 lor aiae diambution.

■'.I,
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TABLE 42—Gmtimied
l*nmtrAi. Data asd Vamoha f'oNitrAKm or M atchial fmom Bed or TamrrAiir

Avo OrruET Kiverh*

Milr» 
brlow I 

iirnd nf!
Ali-hn- 
fala>» : 
Kiv«- :

4
■J
3
34
54
64
8
‘•4

rj
li'H
!3
I5S
I«S
ITS
I^‘»
-•<•*4

.'3

.•4>, 

.'4‘a
-■T4

;«
;«4
:t6‘i
37
3<t
3'J4
41
4.’**
45
4S‘i
«.4 
At 4 
56 
5«4 
60H
63 >4
64 4
65 
664 
67'i

68
6U
704

684
6'J4

72
73 
73H 
764 
7U 
82 
85 
884 
1»1
«34
1*4

Atrbafalajra Kircr.

Mran ; Mrdi.ui ,
Spmtir ■ GrAin I GrAin ‘ ^ mforniity 
Gravity I>ianirtrr , Diamrtrr ■ 

mill** niiii**

4 tnilr brUm Harbrr I.andins 
2 iiiilr> lirluiA Harbrr I_andinK. - 
2 niilr» :ibovr Simnir»p<>rt. lai. 

j I 4 niilo alaivr >ininirrp»rt. I.A.
Siinmrj-pori. Ij>. . .

; 1 nuir brlua Simiiirrport. lai.
14 niilrr ab<ivr Odrnburr. Iji 
OdrriburK. Iji
4 tn.lr lirlow fhIrnburE. la.
.Mrt'rra IjiIkIiiie.
M>4‘rr:i Ijindins .
W».al..dr. Iji 
Iturloiie IjindiiK 
1 niilr above Hirk* Ijindinc 
Hirk' Ijindins .
Hayou ('urrrnl
I 4 niiirx abtfvr Habrttoii Ijindinc 
14 miira above Baberton Ijitidiiic 
Haberton Ijindinc 
Habmon Ijiiidmc .
I 4 tixlr^ beloK Klb:i, la
1 mile above Melville, la.
2 Iiiilrr lielr.a .Melville. la.
2 mile* lielow Melville. la 
24 mile' lielow .Melville. la.

; 3 iiiilee below Melville. la.
.54 miler above Kroii Sprinie>. la.
5 niilee above Kroti Sprinre. la. .
3 milf~. above Krola Spriiirr. la.
24 milea alxive Krol* SpiiiiE>. la.
4 mile above hisliway bnd«e 
4 mile lielow Kroti .<priiia». la 
3 milre below Kroti .*>pnnE>. la.
1 mile alxive liayou Courtableau............
liayou ('ourtableau . .......... .
3 miler below Hayou 4'ounableau
1 mile above .Alabama Hayou ..
3 miles above .Aiehafaiaya. la..
4 mile above .Atrhafalaya. la.
2 milee below .Atrhafalaya. la.

mile below head Hutte la Rnxe 4'ul 
2 mile> alxrt’F Hutte la H<e>e. la 

; 1 mile above Hutte la K<a>e. la.
4 mtlr lielow Butte la Koee. la. .

! Ai mile below; head little .Atrhafalaya Hi\-er.; 
' 1 mile below head laltle .Atrhafalaya Miver. *
4 mile above lower end Ijtlle .Atrhafulayaj 

Kiver.

I'pper Uraod BItcr.
4 mile above lower end Butte la R<«.e Cut j 
■j mile above lower end of Butte la Kix«j 

f'ut . .
4 mile below lower end of Butte la Itoie 

Gut
■i mile below Hayou la Hompe .
14 miles below Bayou la Hompe 
2 miles below Bayou la Hompe .
4 niile above Bi* Te*i.'as Hayou .................
•4 mile above l.itlle Tefu.a« Hayou .
24 noles below l.iitle Tenaa.' 'tayou 
I mile above Hayou Manncouin 
24 mile* below Bayou MuriiiEouiii 
34 miles above Bayou 1‘laguemiiu- 
1 mile above Bayou Plaquemine 
4 mile above Bayou Plaqueiiune

2.65 0.576 0.374 0.3215
2.77 1 1 t t
2.71 t t t
2 65 1 0.232 o.2:ts 1 0..321
2.65 1 0 685 0.181 I 0 0.545
2 65 0 201 0.1'.*6 ' 0.3287
2 65 , 0 2V8 1 0 280 0 4.V8I
2.65 0.3V5 0..350 ' 0 31.16
2.65 , 0 174 0.380 0 4!»77
2.6!I ! 1 t ' t
2.65 j 0.2VV 0.2V7 0 5645
2.65 1 0..364 : 0..358 1 0.2!W1
2.68 t 1 t i-2 6'.* t t ■ i
2.65 O.-MM 0.298 ! 0.558!*
2.72 t t
2.6;* t t t
2.78 t t 1 t
2 65 7.773 ; 6.072 0.0824
2.65 0 486 1 0.4.50 0.520;i
2.65 0.1 IV 0.3‘«0 0.3170
2.76 t t 1 t
2.6'.i ; t 1 t t
2.65 ; 0.T18 0.221 0.1255
2.6'* t ' i t
2.65 , 1 15!* 0.868 0.IV14
2.65 0..348 0.30V i 0.26.54
2.72 t t t
2..55 0 247 0.268 0.1.315
2.72 t t t
2.61* t t t
2.711 t t ! t
2.71 i t t t
2.71 : t t t
2.65 ; 0.251 0.267 0.2506
2.6V t t t
2.65 0..30I 0.287 0.5522
2.70 t t t
2.71 t t j t
2.65 0.525 0.483 0.2!*44
2.65 0 484 0.511 i 0. .1.546
2.65 0 4H.5 0.476 0 63V4
2.6 V : t t 1
2.70 t t ! 4

1 M?er.

2.70 1 t t t2.68 1, t t t
2.65 11 0.467 0.472 0.5729

liter.
2.6V t 1 t t
2 65 0.27J 0 2.VJ 0 6140

2.65 1.519 0.552 o.ir/*4
2.70 J t t t
2.65 1 0.2V7 0.285 0.6.197
2.65 1 0.302 0..300 0 6100
2 65 ' 0 230 0 21.1 0 6813
2 6.5 0.1 V2 0.185 0 64'I8
2 1x5 i 0.155 0 158 O.tidl.x
2 65 0.127 0.127 0.3470
2.66 0.155 0.156 0.6816
2.67 t t t
2.67 t t t
2.70 t t t

•Tliewe data ronrem the 'ame aaniplex of bed material liated in Table 40. 
**See pace 5 for dixruaaion of values.
IXot romputed for mil and elay aampiew. See Table 40 for aiie diatributioa.
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1AHLE 42- C.->ntinue<i
PBTWr*L D»T» »XD VaBIOI - roM.T»XT* o» M tTBKItl. FNOM BtO OF TuBrXABT

AND Orn-ET Kiverk*

Milo : 
Mo« i 

tlRld of 
Atrha- 
fnla>'a 
Kiver

I.orality .••ponfir
Graviiy

Mran
Grain

Oianirtrr

Mrdian
Gram

OL’.nirio
mm*»

‘.•8 J niilo abovr Hayou S<»rrrt
IlM 4 milo t>rlo« Hayou Som*)

L4>»rr Grand Kim.
’ «5

J ii»

AtrliafaUya Biter.
Grand Hit-w i(nute)

0.143
♦

0 I.M 
t

111
118
i:iJ4
i:«i*i
Ul
143
1474

71
73
7-* 4 
7-3»*
74 4
76
7B4
78
7»4
71*4

83
8«
88
m
■••OH';*34
<J3
!*8
w4

1074
1104
114
110

<'hoiiin t’huie 
i Bay Sa'iliM 
I BWle R.vrr 
^ Bayou lAinr . 
i Bayou I^onc 

Hat Uke 
1 Bcnairk Bay

(Bayou Iji Kunipe. Ijikr Cl.irot.
1 '4 mile belom head <•! Bayou l.a Rimipe 
: Bayou lai Rompe. 4 mile aboi'e Rymde 

R>iade
Bayou I a Rompe. 1 mile above Ijike I.on*
Bayou l_a Roiu|>e. 4 mile above l.'Kmbarra>
Bayou lai Rompe. I mile lieloa l.’KnilairTaa 
Hayou Iji Romi>e. 4 mile above Big Temutr 

Bayou .
Bayou I.a Rompe at l»c:in Chute .
Bayou I.a Rompe. foot of N'lExer chute..
Bayi.'U I.a Rompe. fiait of Sphi-e Gland Cut­

off Chute
laike MoiieouIih*. 1 mile above B.ayou Chene 
Big Bayou Chene .
I'pper end of laike Chirut.................
Middle of laike Chirol..............................
I^ke Chn-ot, 1 mile above Hog laland 

li«»nl Pa>w8. -
< irand I.ake. 1 4 milee below Keel Btial Paee 
Grand l-ake al Pigeon Point . *
Grand I.ake. 14 milee above Big Pigeon!

Bayou ;
Grand laike. 3 mile» below Big Pigeon

Bayou 3.64
(irand laike. oppiMte Blue Point . 3.571t
Grand luike. 4 mile above Cypreai. Gland 3.6'.»
Six .Mile l.ake.   0.68
t»ix Mile l.ake at lower end Riveraide Paaa 3.71

754

76

83
H.3
844
86

874
HO

034
M4

98
99 

103 
10S4 
107

(Bayou l.'Kmbarraa. luike Faunae Point, and Grand Ijike Route)
Bayou l.'Kmbairaa. 4 mile below Bayou I-a.Rc----Rom|>a . ,
Bayou I. Kmbarme. 1 mile below Bayou luii

Rompe __ _
I-ake Rond at Bayou Crtx-odile ...................
Ijike Rond at Bayou Grand Gueule 
I_ake Rond. 3 milea above luike Faunae Point I 
Grand Bayou. 4 mile above I.ake Fauaael

Point ................. I
Ijike Faua«e Point at Head 

1 l_ake Faunae Point at Head of Bird Gland 
I Chute
I I.ake Faunae Point. 4 mile below foot of Bird 
‘ Gland Chute |

I.ake Faunae Point. 34 iiiilen aGive Fiaher! 
Gland

Lake Fauaae Point. 1 mileaGive Ijtlle P
In IJttle Pan* ............................
Grand laike. oppoaite Taylor Point 
Grand luike. 1 mile aGive Myette Point . 
Grand luike. 1 mile eaat of NIyette Point..

3.65 ; 0.4;{5

i!:S I 
i

5:S!l
3.66 ; 
3.65 '

|i

0 401 
0.303 

t
0.353

t
t

0.131
0.1.58

t 
t 
f 
1 
t 
t

0 4 -39

0 385 
0.397

0.243

I

t
♦

1.153

1.166

t
t
t
t
t
t

•Theae data roniem the name namplea of bed materi;;! liated in Table 40. 
**.**ee page 5 for diwuanion of valuea.
tXo* romputed for ailt and rlay aatiiplen. See Table 40 for nixe diatributum. 

t4Con»iderable organii' eontent.

Tmfomiity
Midulua

.\1~

O 3167 
t

3.71 t 1 ♦ t
3 67 t t ♦
3 73 t t t
3.43f1 t t t
3.65 t t ♦
3.60 t t t
3.68 . t ♦ !

«nd Grand luike Rou'ei
t

3.65 0.3.54 0 335 0 4651
3 65 0..X5I 0 X17 0.56(3
3 65 1.08.3 i 0 41.3 ; 0. 16X0
3 6-' 0 413 • 0 .3K3 0 .5771
3.65 0 397 0.380 0 6088
3 65 0.183 0 .368 ; 0 6(6(

3 65 0..389 0..376 0.6073
3 65 0 3.58 0 349 ! 0 649.3
3 65 0.383 0.373 0.6604

3 65 0.3.56 0.348 0 61.57
3 65 0 363 0 357 0 (>489
3 65 0.317 0 315 0 67.39
3 71 t + t
3 44t1 t 1 t ! t
3 6m t t j t
3.634 i ' t t
3 70 t ! t I t
3.69 1 t t t
3.70 1 t t ! t

0.6378

0.65IM 
O 64.37 

t
0.6538 

t
^ t
I 0.3647

0.5413

t 
t 
t 
t 
t 
t

i
/

I '




