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PARTIAL LIST OF SYMBOLS 

Description 
Chezy coefficien t of discharge m 

dimensionless form which 1s 
equivalent to V/V*. 

Concentration of fine sediment dis
charge. 

Concentration of fine sediment and 
bed material discharge. 

Concentration of total bed mate-
r ial discharge. 

Dimen
sions 

ppm __ 

ppm_ -

ppm __ 

Units 

d Median fall diameter of bed mate- L_ __ __ ft 
rial. 

dn Nominal diameter. The diam eter L_____ ft 
of a sphere that has the same 
volume as the particle. 

d, Median fall diameter of bed mate- L_ ____ ft 

D 
F 
IF 
h 
l 
L 
Q 

s 

t 
T 
V 

v. 

rial ischarge. 
Average depth of flow _________ _ _ 
Force ________________________ _ 
Froude number ____ ___________ _ 
Average heigh t of bed roughness __ 
Average spacing of bed roughness_ 
Length _______________________ _ 

D ischarge of water-sediment mix-
ture. 

Rate of bed-load transport _____ _ 
R1.1,te of total sediment transpor t __ 
Reynolds number; for a sediment 

particle, IR is wdn/v. 
Surface slope rn steady uniform 

flow. 
Time _________________ _______ _ 
Temperature ___ _____________ __ _ 

Average velocity based on contin-
uity principal. 

Average velocity of sand waves in 
the lower flow regime. 

Shear velocity which is ✓gDS, or 

✓r./p . 

L_ __ _ _ 

F_ - - - -

L_ - - - -
L_ - - - -
L_ ___ _ 

L3/T __ 

F/tL __ 
F/tL __ 

t_ ___ _ 

L/T __ _ 

L/T __ _ 

L/T __ _ 

ft 
lb 

ft 
ft 
ft 
cu ft per sec 

lb per ft-sec 
lb per ft-sec 

sec 
oc 
ft per sec 

ft per min 

ft per sec 

V 
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Symbol Description 
w Fall velocity of sediment particles _ 
w' Fa,ll velocity of sed imen t rn an 

aqueous dispersion of fine sedi
ment. 

-y Specific weight of an aqueous dis-
persion of sediment. 

'Yw Specific weight of water_ _______ _ 
-y, Specific weight of sediment _____ _ 
6.-y Difference between specific weights 

of ai r and wn,ter. 
6.-y, Difference between specific weights 

of sediment and wn,ter. 
o' Th ickness of lami nar sublayer_ __ _ 
v Kinem atic viscosity ____________ _ 
v' Apparent kinematic viscosity of 

the aqueo us dispersion of fine 
sediment. 

µ Dynamic viscosity _________ ____ _ 
p 1 ass density of water_ __ ___ ____ _ 
p, Muss density of sediment __ _____ _ 
u, A meusme of the gradation of the 

sediment. 
T. Tracti,,e or shear force developed 

on the bed, -yDS. 
T, Critical tractive force associated 

with beginning of bed move
ment. 

Dimen
sions 

L/T __ _ 
L /T __ _ 

F/L3 __ 

F/L3 __ 
F/L3 __ 

F/L3 __ 

F/L3 __ 

L_ ___ _ 

L2/T __ 
L 2/T __ 

Ft/L2 __ 
Ft2/D_ 
Ft2/D _ 

F/L2 __ 

F/L2 __ 

GLOSSARY OF TERMS 

Units 
ft per sec 
ft per sec 

lb per cu ft 

lb per cu ft 
lb per cu ft 
lb per cu ft 

lb per cu ft 

ft 
sq ft per sec 
sq ft per sec 

lb-sec per sq ft 
Slug per cu ft 
Slug per cu ft 

lb per sq ft 

lb per sq ft 

Alluvial channel. A channel whose bed is composed of appreciable 
quanti t ies of the sediments transported by the flow at a g i rnn 
or greater discharge. 

Antidunes. Symmetrical sand and ,rnter surface warns which are 
in phase a,nd " ·hich move upstream. The surface waves build up 
with time and become gmdua.lly steeper on their upstream sides 
until they break like surf and disa.ppear. These waves generally 
form, break, and reform in group of t,Yo or more. 

Bed material. Tlrn material of which a slream be.cl is composed. 

Dune. A sand wave of approximately t r iangnbr cross section in a 
-,ertical plane in the direction of flow with gentle upstream slope 
:md steep downstream slope. It travels downstream as a result 
of the movement of the sediment up the upstream slope a,nd the 
deposition oi part of this material on the downstream slope. 
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Fine sediment. The part of the total load that is composed of par 
ticles of smaller sizes than those found in appreciable quantities 
in the bed material (referred to by some writers as wash load). 

Flow regime. A range of flows with similar bed forms, resistance 
to flow, and mode of sediment t ransport. 

Lower flow regime. Flow with bed forms of ripples, ripples on 
dunes, and dimes. 

Median diameter. The midpoint in the size dist ribution of a sedi
ment such that one-half of the weight of the materi al is composed 
of particles larger than the median diameter, and the other one
half is composed of particles smaller than the median diameter. 

Plane bed. A bed without elevations or depressions larger than the 
maximum size of the bed material. 

Ripple. Small t riangular-shaped san waves, similar to dunes in 
shape but smaller in magnitude, which have rather small width 
normal o the direction of flow. 

Sand waves. Crests and troughs (such as ripples, dunes, or sym
metrica undulations) on the bed of an alluvial channel formed 
by the movement of the bed material. 

.Sediment. Fragmenta l material that riginates from weather ing of 
rocks and is transported by, suspended in, or deposited by water. 

Sediment concentration. The ratio of dry " ·eight of sediment to 
total weight of the water-sediment mixture, expressed in parts per 
million. 

Standard fall diameter or fall diameter. The diameter of a sphere 
that has a specific gravity of 2.65 and the same terminal uniform 
settling velocity as the particle (any specific gravity) when each 
is allowed to settle alone in quiescent distilled water of infinite 
extent and at a temperature of 24° C. 

'"'tanding waves. Symmetrical sand and water waves which are in 
phase and which gradually build up and die clo.vn. ·w aves of 
this type are virtually stationary and generally develop in series 
and often reform, some"·hat periodically, after disappeari ng. 

Suspended load. The sediment moving in suspension in a fluid as 
a result of turbulent currents and (or) by colloidal suspension. 

Total load. The total amount of sediment that is tr ansported by 
,vater past a section in a given length of time. 

Upper flow regime. Flow ,\·ith bed forms of plane bed with move
ment, standing waves, and antidunes. 
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SOME EFFECTS OF FINE SEDIMENT ON FLOW 
PHENOMENA 

By D. B. SurnNs, E. V. R ICHARDSON, and ,V. L. HAuSHILD 

ABSTRACT 

Fine material (bentoni te and kaolin clar,s) dispersed in water has a Yery 
definite effect on the viscosity and specifio " ·eight of the fluid. Te,-ts at 24° C. 
wi th a Stormer viscosimeter showed thn t the apparent kiu ematic ,·iscosity of 
a n aqueous dispers ion consisting of 10 pcrce11t by weight benton ite was 8.7::i 
times g reater th a n that. of pure water, and a dispers ion con:- isting of ka olin was 
1.-!0 t imes greater . The change is Yiscosity and dens ity of the fl uid changes th e 
fall veloci ty of the bell ma te rial. The effect of fi11e material on the fall ,·elocity 
of the bed materia l can be determined, a,- a tfrs t npproxi111atio11, with the ,·isna l 
a c·cnmulntion t nbe by using a(]neous di !--persions o( clay as the sed imentatio n 
li f] uid . The results froU1 visual accumnl ation nna l~·ses .are comparable to t110se 
obta ined by com putation us ing the Reynolds number, drng r elation, and· the 
,·iscosity of tlie a(]ueous di !--persion of clay as obta ined from ibe Stormer visco· 
s im ete1·. 

Experiments conducted in flumes at Colorndo State Uu ivers it~· demon ·trated 
that when cha nges in fall ,·elocity ca used by the changes in fl uid properti e!'
occurred, th form of bed roughness was altered. R esistnnce to fl ow and 
sedime t transport, because they a re dependent on the for m of bed roughness, 
were appreciably affected. ' 

INTRODUCTION 

M any controvers inl s tntem en ts regnrrling the influence nnd efTect 
f very fin e sediment . (clay and silt) on the lllechani cs of flo ,'" in a l

luvial channels are p re rnl cnt. Fine mnterinl is most commo nly re
fe rred to as wash load; \l"nsh load has been defined by Einstei n (1D50) 
as "t.hat part of the sedim ent· load " ·hich consists of grain s izes finP r 
than those in the bed." Ewn th e term "rrnsh lond" is con troversial 
i:l,l1d for the most part. is r eferred to as fi ne-material load in th is 
1eport. E in stein (1D50) pointed out that the fin e-material load does 
r.ot nppen. r to be a funcl io11 of the flow , bu t that it is usually rel ated 
t supply and t lmt the sLream's capacity to transport it is ahYa:·s 
vastly in excess of the available supply. He did not ind ica te that 
its presence is apt to influence the mechanics of flow in any way. 
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Similarly, Brown, in "Engineering Hydraulics" (Rouse, 1950), stated 
that tl ie fine-sed iment load plays a negligible role in normal stream 
behavi,Jr. 

In c::mtrast, Langbein ( 1942) reported changes in bed form and 
increaEed an! innne acti,·ity as the concentrr lion of fine ediment 
i1Lcrearnd. Blellch (1957) also implied that. fine-sediment load exerts 
a measurable effect on flo,Y in alluvial channels. He stnted that the 
vclocit r distribution and the resista nce to fl,rn· are nfl'ected by the 
concen trntion and the charncteristics of the suspended-sediment load. 
In addition Bingham (l!l22) showed that flui dity, the reciprocal of 
viscosi ty, of aqueous suspensions of clay varied markedly with the 
,·olume percentnge of clay. 

As n part of the U.S. Geological Survey's st udy of fluvia] mechanics 
at Colorado C::tate U niversity an investigation was made of the effects 
of fine-sediment load on flow phenomena in a large 8-foot flume 
and a small 2-foot flume. Also, the properties of nqueous dis-

. persions " ·ere stud ied in the sed iment laboratory. This investigation, 
the results of which are reported here, cornred the effect of oncentm
tions c,f fine ·sed iment. on (1) the physical properties of the liquid 
and the hydrauli c properties of the bed material, (2) the forms of 
bed roughness, (3) the resistan ce to flow , and (4) the bed-materi1d 
transport. 

EQUIPMENT, PROCEDUTIE, D DATA 

In the 8-foot flume a ser ies of fi-J. equi libriu m runs were completed 
in which slope was rnriecl from 0.00046 to O.OO!Hi foot per foot , the 
discharge ,ms rnr iecl frc,m o.!1 to 21.4 cfs (cub'.c feet per econd), and 
the concentration of fine sediment was rnried from O to 42,000 ppm 
(parts per milli on) . Flo,, conditions range 1 from the lower flow 
reg-im, with ripples to the upper flow re:ri me , ·it h :rntidnnes. 

In 1he 2-foot Anme :rn eq11ilihri11m run s were completed '"hich 
co,·e1n l the ra n:rr of forms of bed roughnes.c:; from pl ane bed prior 
to monment of ~diment to ant id1111es. The ranges in the basi c vari
ables ·,,·rre: slope from o.ooorn to 0.01H foot per foot, discharge from 
1.1 to i.!1 cf!-, drp th from 0.:i!1 to 0.!11 feet, and concentrations of fine 
sedi ment from O to G±,000 ppm. The basic data are presented in 
tahle 1. 

FLUMES 

The lnrger flume mis a tilting recirculating flume 150 feet long, 8 
feet wide, and 2 feet deep. The flume "·as Lite same as that described 
by Simons nnd others (1961) except that a plastic window was in
stalle · in the flume wall between stl'tions 90 itnd 06 so that bed con
figura: ion, dune velocity, sediment transport, and flow could be di
rectly observed. 
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A -schemat ic dniwing of the smaller flum e is shown in F igure 1. 
The flume was 60 feet long, 2 feet \\'ide, and 2½ feet deep with ½ -inch 
clear-pln,stic sidewall s :md a fl oor of ¼-inch stainl ess-steel plate. The 
flume was r dj nstable to any slope from horizontal to 0.1 foot per foot, 
and it recircula ted the mixture of water and sediment. 

FIGURE l.- Scltemntic dtngra m of the Hume. Expl a nn t lo11: a, pumpin g u ni t; b, motor; c, 
cen ter support ; d, o ri fice; e, fl exi bl e co nn ection : / , jncks : g , mnnifolcl di ffu se r : h, hend 
box ; i , ba fll e3 nnd sc ree ns; ;, mils; k·, ins tru ment ca rrl nge; I, flum e (2 X 2.5 X 60 ft ) ; 
ni , tn tl.gntc; .,, to ta l-load sampler; o, ta il box. 

BED MATERIALS 

The sand used as bed material for the flu me runs was the same as 
that rn,ed in the study by S imons and others (1061). H o"·ernr, the 
~haracteristics of the sand had changed lightly. (See figu re 2.) In 
the st udy using the 8-foo t flume, the median fall di ameter d increased 
-lightly, 0.47 versus 0.45 mm, and the measure of gradation a ,. de-

2.0 

"' 1.0 
a: 
"' .... 
"' ~ 
:ii 
;:; 0 .5 

a: 
UJ .... 
uJ 
::, ., 
0 
-J 
-J 

~ 

).1 

V 

/ 
/ 

~ / ./' 

p ,,A y 
/ 

/ 

' I I v" _..o -I I 
/~ 

V 

' ../ ./ 

I I ~ / 
I ../' / 

2- ft flume ' / ~ 

k')I/ _;.,,/ 
_,,,,V -:;::,;,.----

-- ~ -V,x 8-ft flume ~ 1 l's ' Runs 1- 45 
Runs 46- 10 0 

0.1 0.2 0.5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 99 99.5 99.8 
PERCENT OF PARTICLES FINER TMAN INOICATED SIZE 

FI00 RE 2.- Pnrtlcle-slze dl s trlbutlons of the bed mnterlnls, 
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Cl'eased sli ghtly, 1.54 versus 1.60. Also, in the study using the 2-foot 
flume the median fall diameter "·as 0.54 mm, and the measure of 
gradation was 1.50. These changes are attributed to the continued 
" ·astage of a small quantity of water in troduced through Lhe bearings 
of the pumps Lo protect them from sediment; this water carried away 
some of the fine sand during preceding periods of flum e operation. 

FINE MATERIALS 

A bentoni te cla,y was used in the flume studies to determine the 
effect. of fine s~diment on resistance to flow, transport of bed material, 
and flow phenomena. DenLonite was selected because it was com
mercially available in large quantities and is typica l of much of the 
fine material found in st reams in the semiarid \\'est. In addition, 
the effect of the be11 ton i te and a ka,ol in c1ay on the properties of the 
fluid and on the hydrauli c properties of the bed material was studied 
in the sediment laboratory. 

The size distributions of the bentoni te and the kaolin are given in 
H1rure 3. The size d ist ribu tions of lhe bentonite and the kaolin were 
determined by standard U.S. Geological Survey sie\'e-pipette analyses 
with the sam les chemi cally and mechanically dispersed in water. 

GENERAL PROCEDURE 

In conducting the experiments to determine the effect of fine sedi
ment on resistance to flo w and on bed material transport, specific dis
charges and slopes were selected, and runs were made with varying 
concentration of fine material. The mixture of water and sediment 
m,s recirculnted at a gi,·en slope and discharge until equ ilibrium was 
achieved. Equilibr ium was considered established when: (1) the bed 
configumlion was compl etely de1·eloped fol' the full length of the 
flu me, excluding the sections influenced by entrance and exit condi-
1-ions; and (2) the anrage water-snrface slope remained essentially 
constant " ·ith respect to time. 

In the 8-foot flume the fit-st run of a seri es " ·as st arted using clear 
water, and a,fter equilibrium was established, the data that described 
the run were collected. Then, without stopping the pumps, altering 
tho bed con:iguration, or changi ng the external controls ( such as tail 
gato and valves), a measured portion of fine m:tterial was added at a 
time. After the addition of each portion of tine material, the run ,,as 
continued l :mg enough, at least 24 hours in the lower flow regime, to 
insure equilibrium, and then the data for the run were collected. 
"When the maximum concentration of fine sediment. was reached for a 
particular series of runs, the process was usuaJly reversed. The slope 
or discharge or both "·ere changed before sta,rting another maxi1num
concentration run. Ot er new runs were then ·made with the concen
tration of fine sediment reduced in measured :portions between runs 
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FmunE 3.-Pnrtlcle-size di s tribution of the fin e se,liments . 

by adding water and washing fine material and water through the 
tail-box overflow. 

I n the 2-foot flume 15 water-sand runs were made prior to the 
bentonite nrn~ to defi e the regimes of flow and the forms of bed rough
ness for the flume. After the 15 water-sand runs were completed, six 
seri es of run were m:1de to determine the effect of fine sediment. 
These seri es of runs co ,·ered the range of bed form s from dunes to 
:111tidunes, ar.d each series consisted of a ,Yater-sand run "-ithout 
bentonite plus three to five nms at different concentrations of fine sedi
ment. , Vhen a series of runs were completed, excluding series 15, the 
1queous di spersion of bentonite was discarded, and the system and the 
bed material were washed free of bentonite in preparation for the qext 
eries of rum-. 



Q D 
Run •X IO' (cfs) (ft) 

46 0. 084 14. 54 l. 11 
47 . 042 9. 59 . 75 
48 .0~2 15. 26 1. 23 
49 . 173 21. 32 1. 33 
85 .047 7. II . 78 

86 . 046 6. 92 . 76 
87 . 046 6.96 . 75 
88 .049 7. 10 . 74 
90 . 053 6. 97 .60 
89 . 065 7.08 . 60 

93 .072 7. 20 . 62 
92 .' 090 7. 14 .63 
91 . 117 7. 12 . 58 
82 . 248 8. 16 .&I 
51 . 236 8. II . 62 

52 .m 8.0 1 . 55 
73 .m 8. 20 .61 
74 . 215" 8. 18 . 65 
76 . 203 8. 49 . 63 
75 . 204 8. 24 . 64 

53 . 235 8.01 . 57 
77 . 199 8. 76 .65 
96 . 20 1 8.31 . 53 
94 . 237 11 . 30 . 81 
83 . 200 15. 58 .91 

54 . 240 15. 36 . 92 
56 . 242 15. 36 . 90 
M . 231 Hi. aG . 71 
57 . 259 15. 39 . 87 
58 . 233 15. 28 . 90 

95 . 180 15.38 . 80 
78 .320 11. 52 • 72 
59 . 326 15. 36 . 65 

TABLE 1.- Summary of data f or run s i n ftwncs 

,Xl().I I • X l ().I Scdlm~nt d ischarge 
V T 

(Ct/sec) (• CJ 

I I Sq ft pe r sec c, C, Cr-, I d ,Xl().I I (pprr1) ( pi;;m) (ppm) ( ft) 

0.47 mm sand in the 8-foot flume 

1. 64 1. 30 --------- - 13. 1 ---------- 181 181 
1. 60 I. Jo ------ ---- 11. ' ------ ---- 2:J Zl 1.111 
1. 55 1 ~" - ----- -- 11. 5 ---------- 60 60 1. 148 
2. 00 1. 38 11. 0 ---------- 588 588 .823 
I. 13 1. 31 ---- ---- -- 12. 7 ----- ----- 12 12 1. 364 

1. 14 I. 77 1. 32 17. 0 4,800 I. 6 4,800 . 249 
I. 16 1. 11 1. 37 19. 1 8,400 2. 3 8,400 . 210 
I. 20 1.13 1. 50 18. 3 11, 400 2. 5 11, 400 . 417 
I. 45 I. 17 1. 39 17. l 6, 950 37 6,990 1.345 
I. 47 1. 12 I. 42 18. 5 9,000 31 9,030 1. 361 

I. 45 I. 24 -------- -- 14. 7 1 99 100 I. 482 
I. 43 I. 12 I. 33 18. 5 6, 070 106 6. 180 1. 509 
I. 53 I. 14 I. 42 18.0 8,400 195 8,600 1.443 
1. 60 1. 00 ---------- 23. 2 133 42'J 562 1.463 
I. 62 I. 28 ---------- 13.1 584 545 1, 130 I. 351 

1. 81 1. 20 I. 26. 16. 0 1,620 578 2,200 I. 456 
1. 67 1. 06 1. 24 20. 7 5. 670 662 6,330 1. 509 
1.58 1. 05 I. 31 21. 0 7,970 534 8,500 I. 420 
1. 69 1. 08 1. 38 20.0 0, 330 463 0, 790 1. 387 
1. 60 1. 0:i 1. 36 21. 2 9,460 625 10, 100 1. 574 

1. 77 1.16 I. 52 17. 2 10. 700 571 11,200 1. 361 
1. 68 1. II I. 52 19. 1 12, 500 639 13, 100 I. 246 
1. 94 I. 12 1. 93 18. 6 25,000 761 25,800 1. 066 
1.74 1. 2S ------ --- - 13. 5 7 4M 487 I. 404 
2. 14 1. 19 ---------- 16. 2 ---------- 588 588 I. 151 

2.08 1. 18 I. 25 16. 6 1, 940 657 2, 600 I. 253 
2. 14 1. 03 I. 11 22. 1 2, 860 1, 100 3,960 I. 148 
7. 04 I. l? 1 2fi 18. 5 4. Of>O 765 4,820 1.164 
2. 20 1.05 I. 19 21. 3 4, 320 761 5,Llm l ,J2o 
2. 11 1. 08 1. 25 20. 1 5,270 807 6,080 1. 210 

2. 39 I. 12 2. 03 18. 7 1 28, 300 1, f>40 29,900 1.099 
2. 00 1. 07 I. 41 20. 3 12,000 I. 510 13,500 1. 089 
2. 96 1.04 I. 20 21. 7 4. 570 2. 920 7 490 1 ~1 ?. 

"' 

5 
5 

90 
66 

9 
a7 
04 
70 
50 

5 
13 

90 
64 
66 

63 
83 
08 
00 
84 

0 
0) 

C/1 
>-3 
d 
t:, .... 
t'l 
m 

0 
>tj 

>tj 
t< 
0 
~ 

z 
> 
t< s 
< .... 
> 
t< 

~ 
~ 
t< 
C/1 



60 . 342 21. 35 .62 4. 28 1. OG I. 18 21. I 3,600 
61 I .355 21. 32 . 61 4.36 1. 00 1.20 23. 2 6, 170 

71 . 531 8. 22 .32 3. 21 1. 04 I. 18 21. 4 3, 600 
72 . 550 8. 26 . 32 3. 26 1. 08 1. 3 1 20. 2 7.100 
70 1-640 8. 14 .30 3. 41 1. 08 I. 20 20. 2 3, 910 
f\.1 . 570 15. 50 . 43 4. 48 1. 05 i.16 21. 2 3,020 
64 . 578 Jb.01 . 41 1. 76 IM 1. 26 21. 2 6,440 

65 . 571 15. 60 . 42 4. 63 1. 04 1. 34 21. 6 · 9,000 
66 . 575 15. 52 . 45 4. 34 1. 0 1 I. 38 23. 0 12. 300 
80 . 643 15. 27 . 39 4. 91 1. 04 I. 43 21. 8 12, 100 
81 .634 21. 35 . 66 4. 85 1. 38 -- -------- 10. 7 7 
62 .622 21. 23 . 54 4. 89 . 98 I. Ii 2-1. 5 4, 700 

67 . 646 20. 87 . 53 4. 91 I. 02 I. 3r, 22. 7 11. 200 
79 .651 21. 31 . 55 1. 82 l Oil I. 46 21.0 12, 400 
84 . 740 15. 36 . 41 4. 67 1. ?J ---------- 15.0 7 
69 . 734 15. 54 .43 4. 48 1. 02 I. 24 22. 4 7,020 
68 . 740 20. 91 . 53 4. 95 1. 00 I. 23 23. 5 7,620 

98 . 821 15. 80 . 44 4. 51 I.II 2. 46 19.0 42,000 
JOO . 790 21. 42 . 51 5. 28 I. 29 ------ ---- 13.3 106 
99 .806 21. 27 .50 5.32 1.00 1. 06 19. 6 26,900 
97 . 960 12. 01 . 37 4. 07 I. 10 I. 29 19. 5 5,800 

0. 54 mm sa nd in the 2-(oot flume 

1 0. 016 1. 06 0.fi l a.so I. 20 ---------- 15. 9 -- --------
2 .019 I. 12 . 60 . 96 1.16 ---------- 17. 4 -- --------
3 . 026 I. 21 . 62 I. 00 I. 17 -- --- ----- 16. 9 ----------
-l . 038 I. 50 . 59 I. 37 I. 14 --- ---- --- 18. 0 ----------
6 .liO 2. 45 . 72 I. 74 1.12 ------- --- 18.6 ----- -----
5 . 201 3. 12 .81 1. 95 1. 10 -- -- ------ 19. 2 ----------
0 . 3:10 4. 28 .91 2. 30 I. 24 -- -------- 14. 7 --- -------

20 . 3.?-8 4. i4 . 72 3. :!G 1. 08 --------- - '.l(), . ------ --- -
8 . 351 3.82 . 78 2. !i i I.II IS. 9 ----- --- --
SA .331 3. 82 . 84 2. J:! I. I ~ I. 3 1 18. 7 5, HO 

BE . 248 3. GO . Bl! 2. 15 1. 00 I. 4fi 23. 3 14, !\00 
88 . 293 3. 84 .85 2. 30 1.01 I. i U 2 1. 5 20,,;oo 
BC . 294 3. 8.1 . SG 2. ~ 1. 0~ 1. 1n ?2. 4 24,300 
8D .198 3. 77 . 72 2. {j,'.", .9H 3. 20 2.'i. 0 ti3, iOO 
7 .JSS 3. 42 . i2 2. H I. OU ---- -- ---- 20. G -- ------ --

14 . 3!J<J 4. 77 .80 2. 74 1.10 ----- ----- 19. 3 --------- -
14A . 300 4. 78 . 82 :l. 05 . 98 I, 27 ~4 . 3 9, 580 
14C . 377 4. 80 . 87 2. R'.? 1.03 I. i4 ?l. 2 ?2,400 
148 .339 4. 84 . 70 a. r, 1 1.02 2. 41 2'Z. a 44,100 
19 . 408 3. 82 . 7fi 2. 58 1. 0-I ---------- 21. 5 --------- -

3,290 6,800 
3,300 9, 560 

5,250 8, 850 
5, 6&) 12,800 
6,310 10,200 
5,360 8. 380 
5,480 12,000 

5, 160 14,200 
5, 130 17. 400 
7, 140 19,100 
4,480 4,400 
4,100 9,280 

4,390 l!i,600 
5, 760 18,200 
7, 100 7, 110 
s.~o 15,300 
6,760 14,400 

17. 700 59, 700 
8,410 8,550 

lfi, 100 43,000 
8, 960 14, 800 

---- ---- ---- --------- ---
-------- ---- ------------

0. 6 0 . 6 
14 14 

333 333 

346 346 

------------ - -----------
2.1,'j() 2, 4.'iO 
l. O~'il 1,0~>() 
1,050 6. 700 

WO l.'i, 200 
84~ 21,400 

1. 040 2:-,, 300 
521 6-1, 200 

1, 000 ! ,()(JO 

1. 700 I , 700 
1, 7W 11 ,300 
l ,S IO 24, 2'111 
2,0W 47,100 
1,300 I , 300 

1. 427 
1.410 

1. 525 
I. 505 
1.476 
1. 633 
I. 630 

I. 584 
1. 6-17 
1. 624 
2.076 
2. 030 

1. 994 
2. 204 
I. 410 
1. 601 
2, 181 

I. 237 
2. 322 
I. 361 
2. 165 

----------
--- -- -- -- -
------ --- -

I. 647 
1. 539 

I. 499 
----------

I. 621 
I. 585 
I. 417 

I. 673 
I. 483 
I. 504 

. 787 
2. 224 

I. 667 
I. !i32 
I. 739 
I. 29G 
I. 4ti3 

1. 64 
1. 68 

I. 68 
I. 55 
1. 60 
1. 60 
1. 60 

I. 64 
I. 76 
I. 76 
I. 61 
1. 54 

I. 57 
1. 82 
I. 39 
I. 71 
I. 55 

1. 00 
1. 40 
I. 93 
1. 50 

-------- --
------ ----
-------- --

l.~4 
1. 66 

I. 60 
----------

1. 52 
I. 55 
I. 58 

I. 47 
l. li7 
1. 75 
2. 92 
1. 5-J 

1. 45 
1. 6-1 
1. 6-1 
2. 91 
I. 56 

t.:l 
',j 
',j 
111 
0 
'"3 
r:/J 

0 
',j 

',j 

z 
t.:l 

r:/J 
t.:l 
t:! 
H 

~ 
t.:l 
z 
'"3 

0 
z 
~ 
0 

~ 
'd 

~ 
z 
0 
~ 
t.:l 
z 
> 

0 
--1 



Q D 
Run aX!O' (els) (ft) 

9 o. 433 4. 16 o. 72 
10 . 486 5. 33 . 64 
18 . 520 7. 62 . 71 
IS A . 508 7. 57 . 76 
18 8 . 790 7. 59 .69 

18C .900 7. 50 . 70 
15 . 551 6.94 . 74 
15A . 550 6. 99 . 75 
158 . 537 6. 96 . 75 
15C . 62S 6.99 . 73 

13 . 565 6. 37 . 72 
II . 768 7. 48 .66 
16A .980 7. 82 . 67 
168 1. 075 7.84 . 66 
16C 1. 305 7. 86 . 65 

17 I. 175 7. 89 . 65 
17A I. 365 7. 83 . 65 
17 8 1. 928 7.86 .68 
12 I. 438 7. 84 . 64 

111 1' ·/'11 ·11., 1.n µ11111c.'I - Continucd 

, X l O> I •'X IO> Sediment discharge 
V T 

(ft /sec) (° C) 

I S<J. ft per sec c, I c, Cr-, I d, X IO> I (ppm) ( ppm} ( ppm} (ft) 

0.54 mm snnd in the 2-foot flume-Continued 

2. 03 I. 15 ---------- 17. 7 ---------- I, 520 1. 520 I. 421 
4.30 1. 07 ----- ----- 20. 3 --- ---- -- - 2. &.lO 2. 690 I. 706 
5. 44 l. U'l --- -- ----- :l'l. ti -------- -- 3, 330 3,330 I. 870 
5. II 1. 02 I. 44 22.5 13. 200 3, 400 16,600 1. 804 
/;, 62 1. 00 I. 70 '.!:l.3 37, 900 9. 7:lO 47, 600 I. 558 

5. 54 . 90 3. 00 23. 7 58,700 2'2.300 81,000 I. 421 
4. 75 1.04 ----- ----- 21. 7 ----- --- -- 3, 330 3,330 1. 821 
4. 76 1.02 I. 47 22. 5 14,200 4. 350 18,600 1.519 
\. 73 . 99 2. 27 23. 7 40,900 4, 710 45. 600 1. 476 
4. 85 , 9'.) 2. 98 24. 0 58,600 7. 640 66,200 I. 247 

4. 52 I. 14 ----- --- -- 18. 1 ----- ----- 3,350 3. 350 1. 847 
5.80 1. 08 ----- --- -- 19. 9 ----- --- -- 5. ti90 5,690 2.067 
;;, 92 1.00 1.35 23. 5 I I, 200 .5, 600 16,800 2. 198 
6. 03 .96 I. 93 25. 0 31,500 10, 300 41.ROO 1.496 
6. 14 . 96 2. 32 25. I 44,f.OO 15,800 60,300 1.132 

6. 21 1. 02 ----- ----- 22.5 -- --- --- -- 9, 180 9, 180 L. 460 
6. 17 1. 02 2. 27 22. 3 39, r,oo 2:l,800 63,400 I. 214 
5.87 .99 2.60 24. 0 51, 900 50,000 102,000 I. 460 
6. 27 I. 17 --- ------ - 16. 9 --- -- ----- '.!6,000 26,000 I. 486 

er, 

I. 58 
I. 47 
1. 61 
I. 62 
1. 61 

I. 40 
I. 53 
I. &~ 
3. 17 
2. 69 

1. 00 
I. 46 
1. 33 
I. i3 
2. 2'2 

I. 74 
I. 63 
1. 30 
I. 74 

) 
co 

~ 
0 .... 
t'J en 
0 
>tj 

"'J 
t< 
0 
~ 

z 
> 
t< 

~ 
< .... 
> 
t< 
(") 

i 
t'J 
t< en 



f 
a, 

I 

Bed material I Sand wnvcs 

Run 

I 
I 

I I I I 
Bed form Remarks 

1 dXl03 
"' I 

w w' I h v. 
( rt) (rt) ([t) (fpm) \ 

0.1'.17 mm 111.nd in the -foot fl nmP 

[w com puled on the basis or average mediun fall diameter (0.47 rnr,,) and water tcmpt•raturc for runs. w' computed on the basis or average 
median fall diameter (0 .47 mm) taking in to accoun t the c !Tcct or fine sediment anci temperature on fluid properties! 

46 
47 
48 
40 
85 

86 
87 
88 
90 
89 

93 
92 
91 
82 
51 

52 
73 
74 
76 
75 

53 
77 
06 
94 
83 

54 
So 
55 
57 
58 

95 
78 

I. 502 

I. 437 
1. 521 
l. 640 
I. 3,'\5 
1. 500 

I. 742 
1.619 
I. 610 
I. 6i9 

1. 417 
1. 56.5 
1. 627 
I. 456 
1. 443 

I. SM 
I. 58 1 
I. 58~ 
I. 624 
I. 633 

I. 469 

1. 692 
1. 5 18 
I. 535 

1. iil 
l. 453 

1. 52 

I. 5G 
l. 56 
1. 51 
I. S4 
I. 4 

I. 50 
1. 55 
I. 58 
1. 55 

I. 47 
1. 52 
1. 5S 
1. 5 1 
1. 47 

I. 59 
1. 53 
1. 52 
1. '54 
I. 54 

1. 51 

1..53 
1.311 
I. 4 

I. GO 
I. 49 

0. 2 17 
. 214 
. 214 
. 2 t2 
.216 

. 227 

. 232 

. 230 

. 2'11 

. 230 

. 221 

. 230 

.229 

. 240 

. 217 

. 224 

.2:1.'> 

. 236 

. 2:14 

. 236 

. 227 

. 232 

.2:H 

. 21~ 

. 2'25 

. 22fi 

. 238 

. 2:JO 

.2:!7 

.2:1-1 

. 231 

. 235 

o. 2'n 
. 2'14 
. 2'20 
. 221 
. 223 

. Z".5 

. 22'2 

. 223 

. 2.1 1 

. 229 

. 226 

. 228 

. 217 

. 2~>0 

. 205 

. 2'14 

. W!i 

. 2'l7 

. 2:J2 

. 230 

. 203 

. 2'.?3 

5. 98 
8. 20 
r,, 24 
7. 28 
I. 20 

. 96 

.91 
1. 00 
1. 63 
I. 62 

5. 98 
4. 56 
4. 33 
4. 12 
5. 55 

5. 33 
5. 4.5 
5. 50 
5. 71 
4. 37 

,'\. Rt 
5. 12 
4. 31 
5. 21 
5. 78 

6. 54 
LJ , ;Jf) 
5. Si 
5. 12 
s.3u 

7. 36 

0 . 41 __________ Dunrs _ _ ______ ___ _ 
.22 0.03a _____ do ___________ _ 
.32 .030 _____ d o _______ __ __ _ 
. 35 . ORO _____ c!o _______ ____ _ 
. 07 . 0074 R ipples. __ _______ _ 

.06 

.06 

. 07 

. 06 

.06 

. 17 

. 2.'> 

. 25 

. 28 

. 20 

.2G 

. 29 

. 3-1 

.30 

. 28 

. 34 

. 29 

. 2·1 

. 32 

. 43 

. 41 

. 29 

. 27 

. 29 

.2H 

. 33 

. 39 

. 0033 

.0055 

. 0015 

. 027 

. 030 

. 039 

. 0.50 

.OR I 

. 17 

.19 

. 18 

.2ti 

. 17 

. 16 

. 15 

. II 

.001 
• 21) 

-~ 
. LG 

.3:1 

. 20 

. 23 

. 2<J 

. 21 

_____ (lo ___________ _ 

_____ c!n _ - -- --------_____ do ___________ _ 
_____ c!o ___________ _ 
___ __ do ___________ _ 

nunrs ____ ___ ____ _ 
___ __ do ___________ _ 
_____ t\o ___________ _ 
____ _ c!o ______ _____ _ 
___ __ c!o ______ _____ _ 

____ _ do ______ __ ___ _ 
_____ do ____ _______ _ 
___ __ do ___________ _ 
_____ do __ ___ ______ _ 
_____ do ____ __ _____ _ 

_____ do ________ ___ _ 
_____ do ___________ _ 
_____ do. ____ __ ____ _ 
_____ do ___________ _ 
_____ do. __________ _ 

_____ do __ ___ __ ____ _ 
_____ do ___________ _ 
__ __ _ do ___________ _ 
_____ c!o _____ ______ _ 
__ ___ do ____ _______ _ 

. 31 _____ do ___________ _ 

. 31 _____ d o __ _________ _ 



Run 

I 
dXIO' 

(ft) 

59 I. 535 
60 I. RIX! 
61 I. 722 

71 I. 673 
72 1. 588 
70 I . 515 
63 I. 535 
6-1 1. 601 

65 I. 506 
66 1. 526 
80 I. 594 
81 I. 584 
62 I. 647 

67 1.620 
79 1. 355 
84 1. 640 
69 I. 430 
68 I. 738 

98 l. 440 
100 !. 561 
99 1. 402 
97 I. 59; 

TAnLE 1.-S1'mmMy of data fo r r uns in flumes- Continued 

Bed material Sand waves 

I I I I 
Bed form 

"' w w' l h v. 
l ltJ (ft) (rpm) 

0.47 mm sand in the S•foot flum e-Continued 

1.50 0. 237 
I. 48 . 2:16 
I. 55 . 240 

I. 61 . 237 
I. 56 . 234 
1. 63 . 234 
I. ~4 . 236 
I. 56 . 236 

I. 49 . 237 
I. 56 . 240 
I. 46 . 238 
1. 66 . 21 1 
I. 48 . 243 

I. 55 . 239 
I. 48 . 236 
l. ,;3 .2'./'l 
1. 58 . 239 
1. 58 . 241 

l. 57 . 232 
1. ~I . 218 
I. 60 . 233 
1. 66 . 233 

0. 234 
. 233 
. 234 

..... '.~~·I· ..... ~~:.J ... ~~'.~···I. ~l~~f;·.·. :: :::::::: 
-~ ······· · · · · · · · ··· · · · ·········· I· · · · ·~~· ·· ········ · 
.231 2.43 . 12 .. .... . ... . .... do • .. . .. . . .. . • 
. 2:33 3. 43 . 23 . . ...•.•..• \n tidunes .. .. . ..• 
. 230 3. 43 . 20 . . . •.. ........ . do . .. •... ... . . 

. 230 3. 44 . 20 ... ..... . . . .. . . do . 

. 2'28 3. 34 . 20 .... . • .. . . .. . . . do ... . .. .... . . 

. 227 3. 3fi . 26 ... . . . •. ....... do • . .. . . . . ..•. 
. • ..• 4. 40 . 04 . ..... . . .. Standing wa ,·e ... . 
. 239 .. . ... . .. • .•. . . . ..... . ......•.... . . do .. • . . ... . . .. 

. 229 

. 224 

. 232 

. 234 

4. 00 
3. 90 
3. 60 
3. 73 
4.00 

. 10 1··········1··· ··clo. . OS .. ... . . . . . . .. .. do . . . . .. . .. . . . 

. 21 ... . . ...•. Anttdune ... ... .. . 

. 26 .... . • . . ... . . .. do .. . . .. . . . . . . 

. 05 . . .. . . . . .. Standing wave •• • . 

· 
1~~ ·I· .... ~~ '.~·I······~ :~.1::::::: :::I ~hi~:~~.~~~·.~====:= . 207 4. U4 . 31 .• .•• • Ant1duncs . ..... . . 

.2'28 3. 38 . 16 . ... .. . . .. .. ... do . . ..... ... . . 

0.54 mm snnd in the 2•foot flum e 

Remarks 

-

[w computed on the bssis or a verage medh n fall diameter (0.54 mm) and water tempcratur,, for run s. w' computed on the basis of a\"erage 
median fall diameter (U.54 mm) ta king into accoun t the etTcct or fine sedi ment and temperature on fluid properties) 

I 
2 
3 
4 
5 
6 

I. 585 
I. 526 
1. 640 

1.53 
I. 55 
I. 67 

0. 258 
. 262 
. 261 
.2fH 
. 26t) 

.......... 
1 
. . . . . . . . .. 

1 

..... . . . .. 

1 

. . . . .. . . . . 

1 

Plane . 
..... . .... •. ....... . ......... . . . .... . . . ... . . . do 

0. 47 0. 03 0. 0001 Ripples . .•... ..... 
. . ... . .... ,. . . . ... ... . 10 . 000-l Plane. 

4.6 .35 . 0017 Dunes . . • ....... . • 

Some movement 
Do. 

Ar tificially induced. 
One dune fron t. 

Cl 
I--' 
0 

~ q 
0 .... 
l:'l 
u, 

0 
"'J 

~ 
0 
~ 

z 
> 
t"' 
t"' q 
<! .... 
> 
t"' 

(") 

~ 
§ 
l:'l 
t"' 
u, 



5 1. 575 1. 57 
0 1. 565 I. 56 

20 I. 716 I. 51 
8 I. 903 I. 48 

SA I. 690 1. 45 

SE l , 968 I. 45 
8B !. 949 1. 49 

C 1. 7i2 I. 47 
8D 1. 706 1. 51 

1. 804 1. 53 

14 !. 903 1. 50 
14A 1. 837 1. 50 
11C I. 837 1. 53 
14B 1. 837 I. 48 

19 1. 788 I. 54 

9 1. 549 i. . 50 
10 1. 824 1. &I 
18 1. 870 I. 49 

18A I. 837 1.48 
l B I. 837 I. 45 

18C 1.919 1.41 
15 l. 732 I. 48 

15A 1. 85'1 l. 52 
15B 1,837 I. 40 
15C l. 722 1. 44 

13 I. 713 i. r,o 
11 I. 509 I. 62 

16A ------ ---- ---- ------
1613 I. 713 I. ·1.5 
16C 1. 837 l. 3S 

17 I. 690 I. 46 
17A 1. 37 I. 42 
171.1 2. 100 1.40 

12 I. 847 I. 58 

5.0 . 26 . 0080 _____ do __ __________ _ 

4. 0 . 30 . 0054 _____ do ______ ___ __ _ _ . 268 
. 254 
. 271 
. 267 
. 265 

4. 3 . 17 . 036 _____ do__ ___ ______ __ Transition . 

. 'I/8 

. 274 

. 276 

. 282 

. 272 

. 2fi8 

. 280 

. 275 

. 276 

. 274 

. 263 

. 27 l 

. 275 

. 27ti 

. 278 

. 279 

. 274 

. 27ti 

. 279 

. 280 

3.6 . 23 
. 258 3. 8 . 20 

. 2tl~ 3. 0 . 10 

. 252 3. 6 . 20 

. 248 4. 4 . 24 

. 208 . 7 . 08 
3. 3 . 17 

4.0 . 20 
. 270 5. 8 . 20 
. 2.50 5. 8 . 19 
. 228 ----- ----- --------- -

4. 2 .16 

.012 __ ___ do ____ ________ _ 

. 01 2 ___ __ do ______ ______ _ 

no;~ 
.0 10 
. Oil 
.0062 
. 012 

___ ( \0 _____ __ __ ___ _ 
_____ do ____________ _ 
_____ do ____________ _ 
Sand waves __ ____ _ 
Dunes . ____ ______ _ 

.021 _____ do ____________ _ 

. 030 ___ __ do _________ __ _ 

. 034 _____ do _____ ____ ___ _ 
___ ___ ___ f>lanc ____________ _ 

. 01 8 Dunes ____ _______ _ 

_____ _____ 4. 2 . 18 . o~~ _____ do ________ ____ _ 
______ ___ ____ _____ __ ________ ____________ l ' lanr ____________ _ 
_____________ ___ _____ ___________________ Sta11t..ling waves __ _ 

. 2ti2 ___ ________ ___ ______ -- -- ----- - _____ (lo __________ __ _ 

. 237 ____ ____ __ ____ ______ - -- - -- ---- _____ do ___ _____ ____ _ 

. 208 ______________ __ ____ - - ------ -- An'i<lum•s _______ _ 
_____________ ___ _____ ____ __ _____________ Standing waves __ _ 

. 261 ____ ________ _____ ___ ---------- _____ do ____________ _ 

. 232 __________________ __ - -- ····--- _____ d o ___ _________ _ 

. 213 ___ __ _______ ___ _____ ---------- _____ do ____________ _ 

. 2fi5 _____ ______ _______________ __ ___ ____ _____ __ ___ d o ______ . __ ___ _ 

. 270 _______________ _____ __________ ---------- _____ !lo ___ __ __ __ ___ _ 

. 278 .1tiiJ ---------- -- -- - --- -- ---- --- - - - _____ , 10 __ __________ _ 

. 2S:! .148 ______ ________ ______ ---- - -- - -- An lidunc:- __ _____ _ _ 

. 2S2 . 232 ___ __ ______ _________ -- - --- ---- _____ do _____ _______ _ 

. 271j ______ ____ ____ ____ _ _ ___________________ _____ do _____ ____ ___ _ 

. 2, ti . 2:l:1 ____________ _______ _ ---------- ____ _ do _______ _____ _ 

. '2;,,:o . :t2l ________________ ___ _ - ---- - -- -- __ ___ do __________ __ _ 

. ~'ti l __ ____ _____ ___________________ ------- - -- ____ _ do ______ ______ _ 

T ra11sition . 
Do. 
Do. 
Do. 
Do. 

Do. 
Do. 



G 12 S'l'UDIES OF FLOW IN ALLUVIAL CHANNELS 

For a ser ::.es, dafa were fi rst obtained for the water-sand run, nncl 
tho run was continued with no chnng-es mnde to the flow or system 
c011trols except t.hat bt:ntonite wns added at the tail box nntil the 
desi red concentrnt ion of furn sediment was n,Un,ined. The desired 
concentration of fine sediment wns maintained during t he collection 
of da.tn, by r,dding more bentonite when necessary. The concentration 
of the fin e sediment decreased wit.h time owing to deposition of ben
tonit·e at tl e contn,ct plane of the sand bed and the flnme floor and 
to loss of some of the bentonite with the overflow from the tail box; 
because n, constant concentration of fine material was able to be sus
tained only over a short period of time, data of the runs with bentonite 
were collected in a relnt.ively short interval of time as compared with 
the nrns withou t bentonite . 

• \ fter completion of ru11 se 1·i es 1:i. run Hi.\ 1rns made by reYersinp: 
run 15C. (See table 1.) Alt.hough some bentoni.te was conserved by 
this methorl, an undesirable bed condition resulted. The sand bed be
came partly stabi lized " ·ith bentonite and difficul t to move. Runs 16A, 
B, n.nd C were completed with this anomalous bed condition and 
probably ,voulcl. ham been similar to run series 17, 17A, and 17B 
had t.he norm al procedure of sta rting with clear water been followed . 

BASIC DATA 

The dat a obtained for each equilibrium rnn inc· udcd wat er-surface 
slope, S; discharge, Q; wa ter temperature, T; depth, D; average 
rnlocity, Y; Yelocity profiles; concentrntion of bed material transport, 
Or; conce~1tration of the fi ne sedi men t (bentonite ) transport, Or; con
centration of s11spe11ded sediment; cha.rncteristics of the bed materi al; 
bed configuration; and photographs of the water surface and cor
responding bed configurat ion. The ha ic data nre giYen in table 1. 

The "·r.ter-sudace slope " ·as determined by measuring the wa ter
surface elerntion " ·ith a mecha ni cal point. gage and nlso, in the 8-foot 
flume, with n. different ial bubble gage; both 111 thods were in close 
agreement. The bubble gage continuously recorded the difference 
in elernt on of the water surface, to within 0.001 foot, bet"een two 
po ints or, th e flume at different cross sect ions. From the difference 
in the height of the ,Yater surface and the distance between the two 
cross secrions, ,rnter-surfa 'e slope could be computed. The contin
uous bubble-ga 0 ·e re ord of the slope can be use to determine when 
equ ilibrium conditions are established, as equilibri•i1m exists when the 
nxerage slope does not change ,ri th time. 

Typical records of the slope measured by the ubble gage for vari
ous forms of bed roughness are illustrated in figure 4. A study of 
figure 4 shows that the pn,ttern of variation of sfope with time is 
directly related to the form of bed roughness. 



(l) 

a.. 
0 

(/) 

EF1'"'ECTS OF FI~E SEDIMENT ON F LOW PHEN OMENA G13 

0,000475 

0.000450 

0,0C0425 

0.00275 

0.00250 
(l) 

a. 
0 

Ripples 

Pen 

4 5 

Dunes 

Measured 7 
I 

6 7 8 9 10 

Time, in hours 

I 

I 
i I I Ji j1 

_!ii II 
I II' 

\ I , 
(I) 0.00225 

I I~ I Ii I I\ I , 

1l l 1 I \1 \ I I 

0.00200 u ! i 

Pen trar- Ii 
9 0 I I 12 I 2 3 4 

Time, in hours 

0.00077 5..-----r--i----r---.---.--!1,---H' 1....,....---....;....-

Ant idune! I. , ,ti I i II' , 1,1 ( 
0.0 00750 ~---.;....---iiil.H,I I,...,~, 11,"•,.llJ, .~ 1!--.-1-4.>-U--IJ.li ......... .:wl;..:\.JWll;\..-11 -1---...,j 

Measured I]__ ', I ·i 1·, j I !l,1 I \I 1 ! I 
~ :1 11 1 ,'-';w~1 i',~1~,l,ll,-;11i,..1ii,i.:111--w:~,-1,-4-
i 0.0007251-----+-4iilHHI -++,-Hi,,itt+il -H'll,HH\I HI +'.l . .,l,l-11~:-,\--'l.!+-11 l-!I-M!~!f..-4-----1 

~000100----_,__--------~•-~r

1

---

Pen troceJ 

O.OOO 6 7 5.._ ___ _.4.___..5 _ __.,6 _ __._7 __ 8..____.9....___._I0---'-11 _ __. 

Time, in hours 
l!'W OR Fl 4.-lllea &ured and reco rd ed water-s urface s lo pes . 

The discharg s of the mixture of ,rater an sediment. \\'ere meas
nred with calibrated orifice meters and water-air manometers. 

The ·.rnter temperature was measured in degrees cen t igrade to t he 
n arest 0.1 ° wtlt a mercury thermometer. vYater temperature was 
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virtually constant for a particular run but ranged from 10.7°0 to 
25.1 °0 during the study. 

The average depth of flow was determined by measuring the differ
ence in height between the water surface and the sand bed. Measure
ments were made every foot over a 100-foot length of the 8-foot flume 
and orer a 3:'5-foot lc11gth of the 2-foot flume. In the 8-foot flume the 
average depth ranged from 0.53 to 1.33 feet in the lower flow regime 
and from 0.30 to 0.89 feet in the upper flow regime. In the 2-foot 
flume the depths ranged from 0.59 to 0.82 feet. The measurements 
of averagE. depth were accurate to within 0.02 feet. 

The mean velocity was calculated by dividing the measured dis- ' 
charge by the area of the cross section of the water in the flume. 
Therefore, measurement of mean velocity accumulated the errors in
herent in the depth and discharge measurements. In the study, mean 
velocity rnngecl from 0. 9 to 2.96 feet per second in the lower flow 
regime and from 2.58 to 6.21 feet per second in the upper flow regime. 

Velocity profiles for each run. " ·ere obtained wi th a calibrated pitot 
tube and a tilting water-air manometer. They were obtained in three 
verticals in cross sections of the 8-foot flume and in one vertical in the 
2- foot flume. 

The tot .1.l sediment load was sarn pled with a width-depth in tegrating 
tot.al-load sampler ,rhere the water discharged from the flume into the 
tail box. In the lower flow regime eight samples ,rnre collected over 
a 2-hour period, and in the upper How regim e four to six samples were 
collected over a 1-hour period. Each sample consisted of 70 to 1)0 
pounds of the mixture of " ·nter and sediment. 

The total-load samples ,Yere separated into a fine-materi al fraction 
nnd a becl-ma.terinl fraction. The fine-material concentration was 
measured by tak ing a sample of the mixture of water and sediment 
after it lad been allowed to settle 1 minute. The bed material was 
t.he material retained after washing samples of the total load on a 270 
sieve for the 8-foot fl 11ne study and on a 200 sieve for the 2-foot flume 
study. The concentration of both fractions, which make up the total 
load, are gi r en in table 1. 

Part of the bed-material discharfre for the bentonite runs could have 
been bentonite became 0.5 percent of the bentonite was coru·ser than 
the. number 20 sieve (0.074 111111 opening) and 2.0 percent " ·as 
coarser :,ban the number 270 sieve (0.053 mm opening). (See 
figure 3.:1 For example, in run SD the concentration of the bed
nmterial discharge contributed by the bentonite could be 318 ppm (0.5 
percent of 63,700 ppm, which is 61 percent of the concentration of bed 
material Ci). In run 17B the possible 230 ppm contributed by the 
bentonite is only 0.46 percent of the concentration of the bed material. 

For a run series, the median fall diameter of the bed-material dis-
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charge generally de reased with increasing concentration of benton
ite. (SEe table.. I.) The decrease in median fall diameter v,as at
tributed to the finer particles colltributed by the coarser portion of the 
bentoni t3, which was retained upon the sieves u ed for separating the 
bentonite from the bed-material loa.d before analyzing for particle 
size distribution. The small median fall diameter 0£ the total dis
charge c£ bed material for run SD is certainly due to the relati,-ely 
finer sediments contributed by the bentonite. 

Suspended sed iment was sampled near the midpoint of the 8-fooL 
flume "ith a specially des igned depth-integrating sampler. The 
sampler consisted of a brass nozzle, 3 by ¾ inches, attached to a wad
ing rod. The nozzle was connected to a flexible tube. The sample 
was clrn. ,rn lhrough the tube to a container by a vacuum pump, ."hich 
was aclj ,1sted to draw '"ater nt a ,-elociLy approximately equal to the 
Yelocity of the flow . To determine the suspended-sediment concen
tration, one 5-8 p und sam ple was collected from the flow along 
equally spaced Yerlicals in Lhe cross section. The tran it rate for the 
sample!' was ap proximat ely 11nifor111 throughout the collection period 
(no varia.tion :n transit rate between urrn-ard and dowmrnrd trips at 
a. vertical or between verticals) . Snspended sediment was not sam
pled in the 2-f ot-fl me study. 

Concentration of suspended material, "-hich included the clay frac
t ion, ra:-iged from O to 43,500 ppm in the lo,Yer flow regime ancl from 
3,0-:1:6 to 57,700 ppm in the upper flow regime. Some concentrations 
of suspended bed material discharge were larger than corre -ponding 
concentrations of total ·bed-material discharge. This difference in 
concentration " ·as due, in par t, to the inaclequ te nnrnber of samples 
of snspmded sc liment and to the possibility that sampling was in a 
region of flow where local bed shear stress and turbulence were much 
larger tha.n aYerage and therefore local suspended loads were abnor
mally large. 

The samples of the bed material were ,Yashecl to remoYe a 1l bentonite, 
dried, split, and an:tlyzed in the Yisua] accumulation tube (Colby and 
Christensen, 1956) to determine median £all diameter and grada
tion . The gradation of the material is indicated by fJ'r which can be 

· computed from the equation : 

in which 

1 ( d da4). 
cr,=2 dis +d 1 

d =the median foll diameter, 
d16 =the size, by weight, for which 16 percent is finer, and 
d84 =the size for which 84 percent is finer. 

In a,ldition to the median fall diameter and the gradation coeffi
cient, the fall velocity w 0£ the median £all diameter at the tempera-
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t nre of the run is given in table 1. Also ,Yhen fine material was in 
t he flow the fall velocity w ' is girnn that takes into account the effect 
oft he concent ration of fine sediment fo r that run . 

The amplitude h, length Z, and rn]oc ity V,, of the vari ous bed con
figurati ons "·ere evaluated by (1) d irect measurt>mellt at the obser 
rntion ,,indo"·, (2) direct measurement. with a poinl" gage and foot 
attaclunent, and (3) utilization of a soni c dep tii sounder (Richard
son and others, 1961), a method ,Yhich was only applicable ,Yhen the 
form of bed roughnesss was rippl es, dun es, or transition. 

A compar ison of the bed config ura tions as determined by the sonio 
depth soun de r and the point gage is g irnn in fig-ure 5. The sonic 
depth sounder ,rns in the de,·elopmental stage whil e collecting most of 
these dai:a. and was not available to measure the bed configurat ion of 
all the ripple and dnue runs. 
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The kincmaJic ,-i~cosity II for t.he " ·n.ter-sand nms " ·as determmecl 
li_y usi ng the viscosity of di still ed water at. the a1·entge water tern
pend ur for each nm. For the wal er-sand runs 1Yi th bentonite, the 
ap pa ren t viscosity 11' of t·he arp1eous di spersion of sediment was used. 

EFFECT OF FINE SEDIMENT ON FLUID PROPERTIES 

VISCOSITY 

.Afpieous dispers ions of kaolin or bentonite are non-:K c,Ytonian; that 
is, the sl,e:u-i ng stres.s is not clirec!ly proportional to the rate of shear. 
Therefore, the rnrflicien( rrlat ing i he shearing- stress to t·he ra te of 
shear n \ >l'l'Se1ll s :111 apparent . ,·iscos ity and is :t fun ction of Ll,e rate of 
slwnr. '~'he rnoclirier "appa rent" is used to indicate lhnt aqueous di s
pl·rsio11s of liP 11lo11il<• or kaolin arc 11011 -Xr11·1011ian liqui<ls. The ap
parent vi scosi ties of aq 11 •011s di spersions of lrnob1 and uentonite were 
experimentally clcterrninerl by using n, Storn er vi scosimeter and 
sod ium h exnmehtphosphnte. as rt di spersing ngent . Viscos it ies of di -
persi ons hrl\·inb 0.5, 1, 2, 3, 5, and 10 percent bentonite and 3, 5, and 10 
percent · aolin by w ight. in distilled water were measured at tempera
tures ranging from 5 to 45° C. The dispersions tested after mixing 
at settli r:g times of 0.10, and 60 minutes showed no ch anges in vi cosity 
d 1te to settling out of the coarser particles or to the formation of a 
gel. The apparent kinematic viscosity of the a11ueous di spersions of 
bentonitB is shown in figure 6, and the viscosity of the aqueous <lisper-
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s ions of lrnolin is shown in figu re 7. For cornrnrison, the kinenmtic 
Yiscosity of disti ll ed water is n,Jso given in each fig ure. 

T h ese r elations of n,pparenL viscosity t.o eoncentrntion of clrty are 
,·c ry s im ilnr to several that 13inghnm (1D22) in rns tigat·ecl by reln,ting 
tempemture n,nd Yolume concentration of ea r th, china, clay, and 
grnphi te to fluid ity, the rec iprocal of v iscosity. On the bn,sis of his 
stud ies, h e concluded that aL eac h tempera,ture rlui dity decreases ra p
idly a,nd li nea rl y wit h increasi ng concentrat ion of solids. 
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Street (1!)58 ) reln,ted th e viscos ity of :HJ urous d ispers ion s of clay to 
their beha,·ior n,t d ifferent stages of neutrali zat ion. He showed ex
pe rimentally thn t the Yi scosity in creases with an increase of neutraliz
ing agent ton, max imum tha.t oe(u rs at the isoelectric poi n t, (npproxi
urntely n, pH of 7.f'i for kaol in and nbout a pH o:f 4.5 fo r mont.inoril
lon ite) . • fter th is maximum fo r the deflocculnted s tnte, the viscosity 
decrenses rn pidly " ·ith further add ition of th e n eut ral iz in g agent. He 
reason rcl t hat t he n,pparent viscosity nt nny st:ige of Jleutra li,mtion 
clepeJ1Cls gren,tly on the type of flocculntion present at that stnge. He 
st.udied the effect of the zeta. potential and hydrntion potentin,l of t he 
Ba, Cn,, K, Tn, n.n d Li cations used for neutra li za tion on the viscosity. 

A study of the viscosity of di lute clay-mi n eral suspensions by ·w ood 
and others (1955 ) indicated t.hnt n,queous · d is persions of bentonite 
from 1.Yyoming, hector ite, and a.tta.pulgite ex h ibited non -Ne" ·tonian 
belrn ,·ior . t 0.5, l, 2, 3, 4, and 5 percent concentra t ions. Their re ults 
shmv that the rat io of n,pparent Yiscosity of the Ii uids to the viscosity 

I' 
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of ,rn lr1· at tl 1e same te111pPrnturr is i11clepr11ci. r11t of th e tcrnperaturc-. 
From thi s, they reasoned that the Yi scos ity of dilute aqneous clay 
s11 s pc11 sions ( L :i percent con cent ration) is g rnrned hy the geometry 
of' the particles rather than by the specific in teractions between parti
cle an ,1 suspenclin~ medi:t or bet"·een particle aml parti cle. Inspection 
of figRes 6 a11d 7 indicates that. at n specifi ,:: temperature the rat io 
oft.he Yi scosity of the aqueous dispersions of kaoliu nnd bentonite, for 
conce1 t!rnt ions L .5 percent, to the ,·iscos ity of wa t~r is relatiYely inde
pentle:1t of ten1pernJ me, which conforms '"ith the findings of ,,rood 
and others ( Hl55). 

The ratio of the weight of d ispersi 11 g agent (sodium hexametaphos
phnf·e ) to ,m igh t o{ fin e sedim ent ,Yas kept constant at 1/ 100 for 
the fir.me experim e11 ts. the ,:iscosity c1 ete rminntions, and the fall Ye

locity studies. Thi s r atio resul ted in a. di spersion of approximately 
deflocculated l1e1lf n11i tP in wat·cr but " ·as probably too great to yield 
:i dispe rs ion of max ima ll y defiocculnLed knolii1 in " ·ater. The constant 
ra tio Y, as suffie ient. to allow study of t·he effect ,Jf change in fluid prop
erti es caused by addi t ion of clays to water on flow phenomena and 
hydrauli c properti es of the bed mnterial; ho,rnvei-, a. full study ,Yould 
necessa. ril y inchi(le th e e ffect of the nmount r.ncl nature of ad sorbed 
cations on the proper ties of the aqu eous dispersions of clay. Figure 8 
was prepared from the liternture and indicates in a general ,Yay that 
the vi fcosity of clay-water systems varies wi th n,mount and na ture of 
adsorbed cations. Figure 8 is only the general shape of the relation 
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of vi scos ity to added ase, and the. relation rnri es wi th 1·l1 e type of 
clay and the amo mt of add ed hase, (Rn-er , rn.1!); St rC'et, 10:iS) . The 
many inn!:51 igalo rs of ,·iscosif-y of a(Jueous clay di spers ions nt ( rihu te 
t lrn rnriation in Yi scosity ,,·it h t li e amount of added base to tli e elect r ic 
charge, the degree of ioni zati on, the hydra! ion of the ion s, a nd the 
cleg ree of Aocc ulation . Apparentl y, t he rela t ion is more properly a 
fu nct ion of all the foregoing physiochemi cal properties. The effec t 
of fin e sed iments in a stream wonl d depend upon the concentration, 
~he size a.nd type of the fine sed im ent, the amo1111 t and nature of the 
adsorbed ions, and the relati ,·ely nninrnst ig-ated role of turbulence in 
suslaini11~ ad ispers ion of fin e sediment. 

SPECIFIC WEIGHT 

The specific weight of an a(Jueous di spH ion of fine sediment de
pends on the concentration and specific /!ravity o-f t he sediment. The 
speeific T\'eight. of the aqueo us d ispersion of sediment is g iven by 

'Y ,c'Y, -y = . 
-y,-CtC-y,- -y,.) 

Assum e tha t 

-y ,,,= 62.4 lb per cu fL , a nd 
'Y, = 165 .4 lb p er cu f t-, 

t. li cn th equation b ecom es 

'Y 

(1 ) 

The irnport :rnce of the increased specific " . ight of the fluid with 
increased conce nt l"at ion of fin e sec1iment is sho\\·11 wh en the specific 
weigh . of th Aui d is related to the specific weight of the bed materi al 
pa.rt.ic1es. T 1e un it weight of these part icles su l11ner ged in the flnid 
is thei r specific weight y , minus the spec ific weight of the fluid y. 

The y ,- y represents t he dr iv ing fo rce causin g do\\'lnrnrrl motion, and 
in fall velocity studies the s ig nifica nce of t hi s force is obvious. 

EFFECT OF FINE SEDIMENT ON FA T,L VELOCITY 

In ii study of Ao\\· in all1l\·ia l chann els, tie proper t ies of the bed 
mater ial are sig nificant. The mineral identi ficat ion, densit.y, sha.pe, 
Rllrfr.ce area , and volum~ of in cliYidnal pa r li cles, and the size d istri
bnt ion of all the particles are usually used to descri be t he bed ma
terial. The fall velocity of the indiYidu n,1 particles and the particle
si:t.e d istribut.ion bnsed on fnll velocity combine the properti of the 
I.Jed mnterin1 into one funclamrn tal hydraulic principle. Because foll 

l 
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n~lol'ity nu·ics with changes in the fluid characteristi cs, it is also a 
means of diredly rela ting- lh e bcd-nrnt erial properties to the flui d 
charactcFistirs. The effect of cha nges in the Yi scosity and specific 
''"r.ig-ht of the flu icl on the fa 11 ,·eloci ty of sand particles has been gen
era 11 y ignored in allu 1·ia l-cha1111el research (Langbein, 1D42). On 
pages Gland G2 the apprecin.ule effect of bentonite and kaolin on fluid 
prorert ies ''"n.s discussed. In this section the effect of the two fine 
sed iments 011 fol 1·eloC"ity arc disc ussed. 

Tie partir.le-s ize di st ributions of samples of three different natural 
sands in aqueous di spersions of fine sed iments " ·ere determined by the 
,·isual :1<Tnmul ation n1ethod. This method is described in detail in 
Inter-Agency Report 11, b11t, brieny, it is a calibrated system for de
termining the fall-diameter dist ribn tion of sand samples in distilled 
" ·at e 1·. Xat II I':\ lly " ·o rn sa nrl p:ut iclcs having speci fie graYities of 
aho11t 2.11:"'i \\"Pre usrd in the ca I ihra t ion oft he ,·isun.l accumulation tube. 

The settl in g- 1·pJoritirs of pn.rtir·les in a sa mple of a mixture of 
" ·ater and scclimcnt <lepcnd on tll<' characteri stics of the particles, the 
rnlume of the sa mple, the characte ri stics of the liquid, and the meas
uring apparatus. Test <'Onditions were a rranged so that the only 
,·:triable i.n the pa 1·t icle-size analyses was Lhe sedimentation media . 
. \. hasic ass11111 pl ion ,ms that I he ca l ilmli ion oft he Yi sna I accumulation 
t 11 be 11·a,s Yal id for the secl iment at ion media of fine sed irnents in water . 

. ~ampl s of the t hrec sands \Ycre analyzed in the vi sual accumula
ti 11 tube fo r particle-size distribution in di st ill ed water, in aqueous 
dispersions of ::i, \ and 10 percent kaolin and of 1, i5, and 10 percent 
bcntonite. A grnph of typi ca l size distribution is shown in figure 9. 
The cha nge in the fall rnlocities of the median fall diameters with 
ti){) percentage of bentonite in ,,.-ater is shown in figure 10 and " ·ith 
the percentage of kaolin in water in figure 11. The fall rnlocities 
wJe com put ed from the rclrrtion of the fall din.meter of naturally 
worn quart,1 parti cles to foll rnlocity given in Inter-Agency Repor t 12. 

The rnri,~tion of the gradation coefficient u,., ,Yi th concentration of 
IJ,mtonit is s111111narized in table 2. The gradation coefficient rnries 
lL cause the r effic ient ·of drag for any specific sand particle changes 
"·ith ,·iscosity, but the change is less for a large par t icle than a small 
p:uticle. 

A check was made on the accuracy of particle-size analyses in the 
Yi sual accumulation tube ,,·hen aqueous di persions of fin e sed iment 
1·:ere used. The change in Lhe fall velocity of a particl e representing 
a single s ize: the median fall din.meter of the sand sample, ,ms com
puted for each of the fine-sediment media used in the visual aecnmula
tion tube. In the comp utnLions, the median fall diameter (connrted 
to a nominal diameter), the apparent viscosity of the medium, the 
mass density of the medium and of the parLicle, and a particle shape 
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AB LE 2.- Variation of the measure of yradation with percentage of bentonite in water 

Ferccnt Bentouil c 

Measure of Orndalion a, 

Sand 
1-----~-----iLooscly ccmcntc,I 

sandstonr 
Poudre Rivrr, Elkhorn River, Denver, Colo . 

Colo. Nebr . 

1. 52 
J. 53 
I. GO 

) _______ __ ______ __ ___ ___ ________ _ 
J. 83 

l. 61 
l. 5!) 
1. 64 
l. 78 

l. 32 
J. 32 
1. 37 
J. 3!) 

actor of 0.7 were use . The empiri cally establi shed relation bet.ween 
llCl drag c.oefficient Cn for a pn.r t icle fa llillg at. terminal velocity nncl 

1e Reyno.Jcls number IR " ·as then delerminable n.ncl from t hcse the fall 
·elorit.y ,ms comput ed . The O O versus IR rela.tion for nnt.urally worn 
iediment, particles is g iven in figu re 1 of Intcr -.\ g-cncy Report 12. 

The ag._eement between t.he computed fall velocities n.nd those de
ermined from the visual accumulation tube an a.lyses is surprisingly 
ood. (See figures 10 a.nd 11.) Several of the many factors that 

1t1ight contribute to disagreement are: (1) the lack of a good definition 
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~I I I I I / I/ 
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'rnonE 0.-The particl e-s i ze tll strlbution of n Mml sa mpl e from the Elkhorn River, Nchr. , 
based on Its fall vel ocity In various concentraUonM or hentonlte di sper ~e(I In dlstlllecl 
water •. nnnlyzed In the visual nccuwulntion t ube). 
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FIGU nFl 10.- Variatio o of fnll ,·elocit)' with rnr.,· i11i; pr r centni;e of bentonite in w n ter . 

of the rn versus IR r elahon fo r sediment. part ides ; (2) errors in 
measuring t.he a,pparen t viscosity of the fin e sediment in ,,.- ater dis
per ions; (R ) the shape fa ctor of f·.he sand p ruticles that nny differ 
ap preC' ia,bly from 0.7; :tnd (4) the presence-of the fin e sediment parti
cles in f·h vislial accumula t ion Lube t hat probably a,ffects the fall 
Yelac it.y of the ~and parti cles through in terference, the currents and 
eddi es genera ted by the falling fine sediment particles, and the pos i
bili:.y Llrn.t the fine sediment was not uniformly distributed in the sedi
mei·, tation colUJ n. 

The variation of fall velocity of Uie three sa,nds wi th water tempera
I nre is gi ,·en in figure 12. As the chang in the specific weight of 
distill ed ,rnt·er " ·ith temperature is relatively sligh t when compared 
with the change in the viscosity, the variation shown in figure 11 em-
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FIGURE 11.- Yariatlon of fnll velocity with vary ing percentage of knolln In water. 

phasizus the part that viscosity of the liquid has on the fall velocity 
witho ·t the complications introduced when considering a fine sedi
ment dispersed in water. 

Considering the determination of the actual fall velocity of bed 
materials in streams, two procedures can be used. 
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1. Direct comput-ati on of using the C'v Yersus lR reln t.ion. T his en
tails de termining or knov,ing the Yar iat ion of the properties of 
the particles and of the characterist ics of the stream liquid with 



G26 STUDIES OF FLOW IN ALLUVIAL CHANNELS 

t1me and tempernture. However, a more exact definition of the 
On rnrsus IR relation for irregular shaped sed imenL particles is 
needed. 

2. Determine the size distribution of the bad material in the stream 
liquid by dropping a representLtive sample in the visual accu
mulation tube using the stream liquid as the sed imentation 
medium. The size distribution can then be c01werted to a fall 
velocity. However, the visual accumulation tube was calibrated 
for the range of temperatures from 20° centigrade to 30° C.; 
therefore, outside this range, the procudure reverts back to the 
method of direct computation. Extending the calibration of the 
·,isual accumulation tube to inc Jule temperatures normally found 
:n streams appears to be desimble, and the reliability of particle
size distributions obtained from the visual accumulation tube 
analyses needs to be checked for sedimentation media other than 
distilled water. 

OBSERVED FLOW PHENOMENA 

REGIMES OF FLOW A ND F ORMS OF BED R OUGHNESS 

The form of the bed roughness in allm·ial channels is a function of 
the l:ed material, the fluid, and the s:rn pe, size, and slope of the clrnn
nel. The bed configura tion can be chan ged by changing discharge, 
slopr-, the median fall diameter of the bed material, the size distribution 
of tl:e bed material, or the fall velocity of the bed-material particles. 

The observed regimes of flow and the bed configurations and flow 
pher..omena associated with them were described in detail by Simons 
and Richnl'dson (1061). The clu.ssific11tion resulted from combining 
laboratory results wi th information from fie ld investigations by Colby 
(1960) and by Da,,dy (1961). The regimes of flow a,nd forms of 
bed roughness are as follows. 

Lower flow regime : (1) plan"\ bed without movement, (2) ripples, 
(3) dunes "ith ri pples superposed, a:1d ( 4) Dunes; 

T ransition: transition from dunfs to upper flow regime; 
· Upper flow regime: (1) Plane bed and water surfa ce, (2) Standing 
sand and ,nter waYes "·hich are in phase, and (3) Antidunes. 

In this study these same major forms of bed roughness were observed 
in the 8-foot flume. ~-Io,Yever, in the 2-foot flume there were some 
differences. The major difference was that the ripple form of bed 
roughness did not occur in the smaller flume. After the beginning 
of motion, ripples formed in the 8-foot flume (Simons and Richard
son: 1960), but in the 2-foot flume the bed remained plane except for 
a few oblong shaped bed irregul::irities which occasionally formed 
and were randomly spaced in the flume. 
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The absence of ripples " ·as invest igated at depths n1rying from 0.2 
t·o 2.0 feet and at Yarious ,rnte r -surface slopes. Each innstigation 
" ·as sta rted at the beginning of sed im enr motion. F or each i1westiga
tio11, the depth wa s he ld constant. an11 tl1e discharge nnd (or) the slope 
wa increa sed 1111t il the shear 011 the bed nnd th e bell mat erial in trans
port increased sufficie n tly so that dunes denloped. . \. rtificially in
duced r ippl es were slowly erased back to a p lane bed by the f-lo"·· Run 
3, where r ipples were a r tificia liy prod nced that persis ted throughout 
the run, wns not considered representative of normal con lit ions. Dur
ing ru n ~, i11suflicient time wa s nl lo"·ed p rior to collecting data for tl1e 
flow to convert the artificially formed ripple bed back to n plane bed 
at the lo "· tran sport rate of bed material, which was 0.6 ppm. 

Ripples superposed 011 dunes " ·ere obsernd in th e 8-foot Anrne but 
were not obserYed in the 2-foot flun1e. O " ·ing to the narrower " ·idth, 
the flow aJ1d fo rms of betl roughness , ·ere more two dimensional in 
the smaller flu me than in the larger nume. The dune fronts aero s the 
2-foot fiume " ·ere cont inuous a1 cl Yirtu ally perpendicular to the flo,...-, 
wh ereas in the 8-foot flum e tlH'Y were not. (See figures 1!3 and 14.) 
Also, in the 2-foot flume the standing ,rnrns and nnticlunes formed 
across the entire flume " ·idth . (See figures 15 and 16.) 

, vith large concentrations of fine edi ment, the spacing and shape of 
the ri p ples and dunes and the nnticlun actiYity ,rnre modified. For 
example, in rnn series 14, where flo,y conditions were not changed, the 

' l 
-.! 

/ 

--, 
t -

, -'l ..... 

FIGURE 13.-Dune bed c n figurntlon ln the 8-foot flume. 
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FIGURE 15.-Autldune in the 8-foot flum e. Note the three-d imensio.n:1 1 a spect of the two 
lines of waves. 

dunes increased in length from 4 fee l·. to 5.8 feet and eventuall y the bed 
became plane with increasi11g concent.rntio ll of f-iJ1e sediment. The 
changes that occurred in the bed form, the resistance to flow, and the 
sediment transport are elaborated on in subsequent paragraphs. 
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l ? toURE 16.-An tidunes In the 2-foot nuroe . Note the two-<l.iroensional ns9ect of the waves. 

LOWER FLOW REGIME 

RIP PLES 

Runs .35-D0, in the 8-fooL flume, ,rnre made "·i th ri pple-bed config
uration, holding Q and S constant and ntrying the concentration of 
fine materia l. ( ee table 1.) This seq uence of runs was made with
out stopping the now. The fine material load " ·as increased from Oto 
11,400 ppm by portions a<1dec1 bebYeen run . The addition of fine ma
t rial that was in as small a concentration a 4, 00 ppm affected sedi
ment transport. and t esistnnce to flo" ·· This amount of fine material 
"-as more than the turb ulence of the fl ow coul d effecti \·ely keep in su -
pen ion. Consequently, the fine material -irns depo ited on, and in, the 
bed. The fine material partly fi lled the ,'oids in the bed and adhered 
t the sand particles ca using a cohesive sta· le bou ndary to form . 1Yith 
the smaller concentrations of the fine material in nm 6 and 8i , the 
stabilized pat ,Jies of the bed " ·ere not as extensiYe in area as " ·ith the 
higher concentrations in runs 88 and SD, and the flow " ·as able to break 
up the cohesiYe patches. Ho"-enr, new patches formed elsewhere on 
the sand bed. 1Yith the large t concentration (11,400 ppm), a major 
percenta~e of the surface of the r i t ple bed ,ms stabilized, as a result of 
the pres nee of the clay binder, and the turbulence of the mixture of 
,nter and sediment was mu ch g eater lhan with the normal ripple 
bed. Run 90 had n la rger percentage of the bed stabilized ,, ith the 
fine sediment than run 87, even though til e concentration of fine ma
terial was less. This resul ted from the residual effects of run 8. 
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"\¥here the bed m1s not bound by the fine aterial and the ripples 
were advancing, fine material was deposited in the ripple troughs. 
"When the ripples moved over former troughs, lenses of fine material 
were trapped in the bed. (See figure 17.) 

----..:.: ______ ._ ___________ ;_.._;., _____ , _ _ ;.J 

----- ~ : 
l' 

FIGURE 11.-Lcnses ot fi ne mntcrJnl trapped in t he bNl . Note round ed cres ts. 

The fine material decreased bed-material trn nsport from 12 ppm 
to 2 ppm and in reased C /yg from 10.4 to 14-.4. The decreased 
transport resulted from the cohering f the sand particles, which re
duced the amount of bed malerinl availabl e to be transported. The 
depositing of fine material and the cohering of t.he sand particles 
cluing d th form of the rippl s o th t . they wer no longer nngnlur 
but had rounded crests. The resultant ch w ge in form reduced 
the resistance to flow. The chan ge in the shape of ripples is illustrated 
by comparing the ripples that are aff d ed b - the fine sediment (fig. 
17), with moving ripples ( no fine sediment) ( fi g. 1 ) . 

In the last two runs of the sequence, 89 and 90, slope " ·as increased 
to change the bed form to dunes, but the cohesiYe deposit of fine ma
terial ·on, and in, the bed resisted the change. Ho,,ever, the increase 
in slope did break up some of the areas stabilized by the fi_n e sediment 
and increased total bed material transport from 2 to 37 ppm. 

Although there was enough fine material deposited on the bed to 
stabilize large are.as for a given condition of flow, the bed material 
sn,mpled never contained more than 2 percent of material finer than 
53microns. 
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FIGURE 18.-Ripples dur ing clea.r,wnter run. l\ote nngulnr crests. 

DUNES, S•FOOT FLUME 

As stated on pages G2D and G3O, the change from the ripples t o dunes 
was resisted by the somewhat cohes ive nature of the bed re ulting from 
the 1fresence of th e fine material deposit ed during the ripple nrns. 
,rith discharge constant, the slope ,,·as double that measmed for 
ripples before the flo,,· was able to break up the stabi lized area s and 
f rm a typical dune bed (nrn Dl). There was a noticeable clitt'erence 
in the a11pear::rnce of the ,rater sudaeed before the flow was ahle to 
lneak up lh e st abilized areas a nd form dunes. The water surface 
O\"er the ··tabi]izecl areas was choppy, as if the flo ,r were ornr cobbles. 
A ,rnter surface typical of sand-b cl trenm with dunes " ·as restored 
atll't' the tlune-Letl collfigur11tio11 Ji , ll fo1 ·111ecl. 

" ' ith the dune-bed configuration, the t urb11lence of the tlo" · was 
larp:e enough to suspend the fine material eYen at the maximum con
centration introduced into the flow, 28,:rno ppm. This does not mPnn 
tlrnt. fine material " ·as not in the bed mat erial. The turbulence ex
change theory for sediment tran sport " ·otild pred ict thnt fine material 
,rnuld be in tl;e bed, and direct measurement pro,·ed that some fine 
mater ial wns int he bed. 

However, the fine material did not sett le nncl coat th e heel, never 
to go into suspension ngn,in, ns wi th the r ipples; in stead, there " ·ns a 
constant exch:wge between the fin material in suspension and in the 
bed. 

The maximum amount of li ne nia tc rial in the brd ,ms about 2 per
ce:1t, as determined from the size analysis of bed material samples. 
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Thi s fine ma teri al was fai rl y " -ell d istr iuuted throughout·. the bed ma
terial. The presence of the fin e m.aterial in the bed t1 id not appear 
to rEduce the mobility of the bed material, and the bed " ·as as soft 
and mobile as " -hen the fine rnaterinJ was not present. The flo w of 
clear water removed the fin e material from the bed in a few hou rs. 

The presence of fine material in the How in concentra tions greater 
than 5,000 ppm (0.5 percenL) decreased res istance to flmL The in
cream in 0 ;\/g ,..,.as as large as 40 percent ( run DG) when the concen
trnti :m ,ms 25,000 ppm. There may have been it decrease in resist
ance at concentrations lo ,Yer th an 5,000 ppm, but if so, it \\'as nor larp:e 
enough to d isringuish from th e natural fluctuations in resi ·tance. The 
decrease in resistance to flo w as the tine sediment concentration was 
increased r esulted from the r eduction in the fall velocity of the bed 
mate:rial and the change in the shape of the dunes. 

T l:e data indi cate that transport of bed material iI1c rensed slightl y 
with the addition of fine rnnterial. IToweYer, part of the increase in 
bed-material load transport ed may h ave resulted from bentonite re
tained on the 270 sieve (0.053 rnm), on " ·hich the fine-materia l dis
char ge was sepa.rated from the bed -materi al disch arge. Abont 2 
percent of the bentonite wns retai ned on the sieve (fig. 3); this ben
tonite, which bec..1.me added to the fl o" · as fine materi al, could acco1111 t 
for some of the increase in bed-materia l transport. 

DUNES, 2-F OOT FLUME 

"'\V~ien bentonite v-·ns being added to t.he flow, it entered the bed 
with the pore. water, and the accumulations in the bed " ·ere visible 
through the plas ic sides. , Vhile the bcntonite ,ms being added, the 
dtme3 increased in length and decreased in amplitude until, in the 
extreme case, a plane bed fo rmed throughout most of the flrnn e. The 
initid bed configuration was quickly broken up by the Ho"" after the 
desired concentration of fine sediment was reached and the addition 
of bentonite ,Yas stopped. Except for the buildup of a bentonite 
layer near the flume floor, the accumulations of bentonite in the bed 
were added to tbe material in suspension when exposed by a dune 
front moving through the fl ume. O nl y the normal exchange bet\,·een 
bent·on ite in suspension and bentonite in the heel occurred after equi-

. librium was established. 
Concentrations of less than 25,000 ppm of fine sed iment had littl e 

or n effect on the resistance to flow or bed-mate rial transport. 
The form of bed r oughness, and therefore the resistance to fl o ,Y 

and he bed-material trnnspo rt., was consid erab ly modifi ed ,Yh en the 
concentration of fine sediment \Y ns increasecl over 25 ,000 ppm. A s 
additional bentonite was added to the flow, the dun es increased in 
length and decreased in height unti l the bed configuration became 
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roun ded sa n l waves of small a.rnpli tu le at a. concent ration of 63,700 
ppm of fine sediment (nm 8B) . This amount. of fine sediment " ·ns 
more than the turbulence of the flo"" " ·as a.ble to keep in suspension, 
and fine sediment ,Yas deposited on the bed in the dune troughs. The 

nnes moYed over the deposited sediment and trapped it in the bed 
in lenses and layers, whi ch ''"ere v isibl e through the plastic flume 
walls; however, no stab ilizing of the bed was discernible, a.nd it re
mained soft a.nd mobi le. The resistan ce to flow decreased, and the 

eel-material transport " ·as reduced. 
After the completion of data collection for nm D, the conceutra

tion of fine sediment in the flon· ,ms decreased ,Yith time by losses dne 
to ~ome bentonite entering the bed and to some being ,rnsl1ecl away 
with the over flo,y ,rnter. Fi,·e hours after the end of nm D, the bed 
configuration was partly long dune of nry small amplitudes and 
partly plane bed. Sixteen hours a ft-er run SD, the concentra1 ion of 
fine seclimem had decreased from G:-~,7OO to 14,500 ppm, and data fo r 
rw1. SE " ·ere collected. The bed co11figma1 ion was dunes of the same 
length but of sma ll er height and slower velocity than the dunes for the 
wa.ter-sand run 8. 11esista11ce to flm,· ,ms the same ns that of ru n 8, 
SA, SB, and · C, but the concentration of eel- material in the discharge 
was less. T he decrea. e in bed-material transport may have resulted 
from either stabilization of the bed by the bentonile or a change in 
the shear-transpo11t relation by the addiLion of the bentonite. 

TRANSITION 

SHEARED-OUT DU.!\'ES, 2 -FOOT FLUl\IE 

Fine sediment 1Ya s ncld ed in amounts from 0,5 0 to 44,100 ppm 
in the sequence of runs number 14 through 14C, and thr. e run repre
sented the effect of adding fine sediments o the sheared-out-dune form 
of bed roughness. Bentonite entered the bed, and n layer of sa.nd ad
ja ·ent to the flume floor became saturated ,Yith bentonite. Fine sedi
ment did not coat the bed nnd accnrnu ln,t . in the t.roug hs of the transi
tion type dunes but r emained in suspension once the dune action 
removed the bentonite that had entered the bed during. the initial ad
dition of bent nite. 

The bed-material transport .increased, and resi stance to flow de
creased for concentrations ns small as D,580 ppm of fine sedi ment. The 
amplitude of the sand " ·aves remained nearly constant, but thei r lengt h 
and Yelocity of movement, increased. A the concentration of fine edi
ment was increased to am01mts greater than 22,000 ppm the lengths 
or transition dunes increased to 10 to 20 feet, com pared ,rith transition 
tlnnes 4 to 6. feet long at concentrat ions less than 22,000 ppm. The 
form of bed roughness changed from the long sheared-out dunes to a 
plane bed at a out 30,000 ppm bentonite , rhen the concentration of fine 
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5ediment ,n:1.s being increased·; bed roughness changed from a plane 
ack to transition dunes at approximately the same concentration of 
ne sediment: 30,000 ppm, when the concentration of bentonite· was 
eing -ecreased. 

UPPER FLOW REGIME 

STANDING WAVES, 2•FOOT FLUME 

Sand beds are firm and consoli dated for the standing- ,nwe form of 
bed roughness. ·w hen bentonite mts added to the flow, the bed surface 
became very firm and felt sli ght ly crusty ; however, whell the bed was 
thoroughly distu rbed by raking severa,1 times during the sequence of 
runs, no differences in flow were observed or were detected in the 
measurements. 

The form of bed roughness did not .lrnnge for the sequence of runs 
15, 15A, 15B, and 15C. The length of the standing sand waves, meas
ured f_om crest to crest, changed very littl e, but their height decreased 
as the concentration of fine sediment was increased. The r esistance to 
flow w:1s unchanged for concentrations of fine sediment le s tha n 41,000 

·ppm, but increased slightly at the largest concent rations of fine ma
teri al. The data in table 1 show that for each fine sediment run the 
amount of be material in transport increased over the amount of bed 
material transported by the ,,ater -sand fl ow , 1it hout bentoni te. 

There was a more noticeable effect as fine se · iment "·as added to the 
standing-wave runs in the seri es 16, lGA, and 16B, and 18, 18A, 18B, 
and 18C. 1Vhen the fine materi al concentration ,ras increased, anti
dunes developed. The la rger the concentration of fine material the 
greater the antidu e activity. This activity m1.s reversible. ·with the 
increase in concentration of fine material, there ,ms an increase in re
sistance to flow and tra,nsport of bed material. The increase in resist
ance to flow and to the transport of bed material was due primarily to 
the change of the standing wr1. ,·es to the antidunes that resulted from 
the increase in concentration of fine sediment. The resistance to flow 
and the amount of bed material in t ransport are both greater with 
antidw1es than with standing " ·aves. 

ANTIDUNES, S·FOOT FLUME 

The most obvious effects of the fine-ma terial load on flow phenomena 
in the upper flow regime was t he increase in anlidune activity with the 
increase in concentration of fine material. " 7ith the increase in an ti
dune activity, the t ransport of bed material and the resi tance to flow 
increased. 1Vith fine m::iterial present, antid nes occurred, at smaller 
Froude numbers than without the presence of fine materi al. In one 
set of runs, the concentration of fine sediment was reduced from 
26,90(1 (run 99) to 106 ppm (run 100) by adding clear water and dis-
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carding the excess mixture of wa (er a11 d sedime11t. "\\' hen concentra
tion of fin e material was large, antidune act i ,·ity was intense, and the 
concentration of bed mater ial in transport was lG,lU0 ppm. An tidune 
activity decreased " ·ith the decrease in concentration of fi ne materia l 
until, during run 100, the ,rnter surface and bed " ·ere plane, and the 
bed-materi al concentration was 8,440 ppm. The on ly other changes 
i n flo w condition during runs DD and 100 " ·ere a sli ght decrease in 
water temperature and possibly a light coarsening of the bed ma
t erial, \Yh ich r esulted from the wastage of the mixture of ,rnter and 
fine sediment. The increase in antidune act ivity " ·ith increasing con
centrat ion of fi11e sed imen t " ·as t he result of the reduction of the fall 
vel ocity of the bed mate ri al a11d, hence, the increase in the mobil ity of 
the bed material. 

In the upper flo" · regim e, Jin sediment was not deposited on the 
necl, ho we,·er, the fine material built up with t ime on th e r ig id floo r 
of the fl ume under the sand bed, as " ·if 1 lhe dunes. The rate of in -
a ea.se or dec rease of co ncentration of fine ma terial in the bed was 
smaller than for dunes owing to th e increased compaction and reduced 

orosity of the bed. Al so, on ly about 0.05 feet of th e top surface of 
the bed material was moving, " ·hereas large dunes turn oYer the full 
dep th of t he alluvial bed. 

In runs in the 8-foot flume, the antidune water- urface pat terns 
genemlly formed in t "·o parallel lines of " ·ayes (fig. 15) . This 
pattern is ditferent. from the antidune ,rnter-surface patterns observed 
during the first 4:;:5 runs (Simons and others, 1961), when only a single 
tra in of a.nti dune ,rnrns genern ll y form ed. 

ANTID UNES, 2 -FOOT FLUME 

Antid une aet ivity in creased with i11 creasi11g concentration of fine 
sed iment. The a11ti du nes occupied more of the flume. length; the sand 
:rncl wa ter ,rnves broke more frequently; and th e breaking lnste<l 
longer and " ·as more violent wi th the larg-er conceiitration of fine 
s~diment. Consequently, the res istance to flow and concentration of 
be total discharge of bed material increased with increa ing concen
tration of fin e sediment. 

The decrease in fall Yelocity of th e bed materi al " ·as evident by 
observi1,g the sa.nd suspended du ring- the an t iclune run s wi th bentonite. 
The suspended bed-mater ial load was composed of dark-colored 
particles which contrasted sharply " ·ilh the " ·hite aqueous dispersion 
of benton ite. The particles of bed ma.terial suspended in the aqueous 
dispersions of bentonite stayed in suspension rnnch longer and were 
carried a greater di tance by the flow than were the par ticles suspended 
iL the flow conta ining only sand. This could account for a substantial 
pa.rt of the increase in the total bed material in transport. 
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EFFECT OF FINE SEDIMENT ON RESISTANCE TO FLOW 

The influence of fine sedimenL on resistan ce to flow is illustrated in 
figures 19 and 20. The magniLude o-f the change in C /yg depends on 
the concentration of fine sediment, the form of bed roughness, and 
whether the addition of the fine sediment causes only a modificaJion 
of the existing roughness or causes a compl te change in form of bed 
roughness, as from dunes to plane bed. 

'With a dune-bed form, an increase in the concentration of fine sedi
meu t decre sed resistance to flow. The docrease resulted from the 
increase in length of the dunes. In the extreme, the bed changed 
from dunes in the low flow regime to plane bed in the upper flow 
regime. '\iVith standing " ·aves and antidunes, an increase in fine 
sediment concentration increa sed resi stance to· flow. The increase 
resu~ted from the increase in size of the standing waves and from the 
viol nee of the antidune activity. In some runs the addition of fine 
sediment changed standing waves to antidunes. 

EFFECT OF FINE SEDIMENT ON BED-MATERIAL 
TR.AN SPOUT 

The effect of fi:i:ie sediment on bed material transport is difficult to 
determine by analysis of the flume data be ause the coarser fraction 
of the fine-material load may have been included in the bed-material 
load owing to the method used to separate the t\,o loads. Howernr, 
if it is remembered that the concentration of bed material in the dis
charge, given in table 1, may be greater I han the true value by some 
percentage of the concentration of fine material (2 percent for the 
8-foot flume data and 0.5 percent for t.he 2-foot flume data approx
imately) , some 0 eneralizations can be made. 

With rela,tively low concentrations of fine material and with a 
ripple-bed form, the bed was partly sta,bilized, and bed-material 
transport was r duced. ·with larger conceutrations of fine material, 
larger areas of the bed ·were stabilized. 

The effect of concentrations of less than 1 ,000 ppm of fine material 
was r elatively small on bed-material transport in flows with a dune 
bed configuTation. ·with concentrations g reater than 10,000 ppm o-f 
fine sediment bed-material transport in the 2-foot Hume decreased 
(fig. 21). The decrease ma,y ha Ye been greater because the concen
tration of bed material in transport. may have contained some fin e
material load. Data for the 8-foot flume show either no change or an 
increase in bed-material transport wi th an 1ncrea,se in fine material 
load. However, the increase could have resulted from fine sediment 
in the bed-material transport. The decrease in the transport of bed 
material when the concentration of fine sediment was increased prob
ably resulted from the deQrease in resistance to flow that occurred and 
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from the decrease in the she::ir that resulted when dept h and slope 
adj usted to the smaller resistance to How. In some dune runs in the 
2-foo~ flume the bed was partly stabilized, and bed material transpor t 
decreised; however, the decrease in bed-material transport also oc
curred "·hen the bed was known to be not stabilized. 

1Vi~h the bed forms of the upper How reg ime, a large concen t ration 
of fma sediment increased bed-material transport (fig. 21) . This in
crease existed even if the values for the amount of bed-nuterial load 
were adjusted for the possibili ty that some of the load ,ms fine sedi
ment. The increase in bed-material load o curred because the fine 
sediment·increased the viscosity and the specific weight of the fluid, 
decreased the _fall velocity of the bed material , and increased the re
sistance to How and fl uid shear . 1Vith shear co11sta11 t, bed-mater ial 
transport increased with a decrease in sand size or a decrease in fall 
velocity. ·when fine sediment was added to the flow, shea r increased 
in the upper flow regime. 

The total d ischarge of sedim ent by a st ream " ·hen fine sediment is 
in the flow cannot be predicted from kno"·leclg-e of fl uid, sediment, an d 
clmnnel characteristics, unless the concentration of fine sediment is 
measured and the effects of the concentrntion on the f1uid properties 
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of the stream and, in turn, the effect of the flui d properties on the fall 
vdoc~ty of the bed-material particles are considered-that is, equations, 
such as Einstein's (1950) and Bagnold's (1D56), cannot predict tota,l 
transport when fine sediment is included in the load. It has long 
been known that total load cannot be predicted when fine sediment is 
in the flow (Einstein and Chien, 1!)53a, b). To illustrate this, 
Bagnold's equations are used. His dimensionless transport and shear 
parameters are defined respectively as: 

ct, ct,' ,1([ 

B Bp,d✓t).p;gd cos f3 
(2) 

and 
(3) 

in which 

Ji,{= the mass of sediment transport passing a fixed plane per unit 
width of channel per unit time. 

{:'= the angle the channel bed makes with the horizontal. 
B=a constant for a given bed rr_atenal which can be related to 

the grai diameter of the bed material. 
d= the median diameter of the bed material. 
60 = the dimensio11less shear stress, r 0 /t;"fd. 
0,=the critical shear stress, r ,/t;-yd, at beginning of motion. 
r- = the mass density of the water. 
L.p,=the difference in mass density of the water and the sediment. 

Th_e two groups of values shown on figure 2~ " ·ere computed using 
equations 2 and 3. In the group of Yalues on the righ t, only bed-ma
terial transport has been considered in computing ct,. In the group of 
values on the left, total load (including fine sediment) ,nis used to 
compute the respective values of ct, for each n m. In the group of 
values using total load, the scatter is so great when fine sediment trans
port is included that the relation between cJ, and 0* has no significance. 
In fact, an infinite number of possible values for cp exist for the 0.47 
millimeter bed m< terial when fine sedi ment is incl uded in the compu
tation. Th is illustrates that the transport parameter should not in
clude the concentration of fine sed iment. Although total load cannot 
be predicted from a knowledge of hydraulic and bed-materi.al char-

. acterist.ics unless the concentration of fine sed iment and its effects are 
know11, approximate methods ltave been form.u lnted that estimate total 
load including fine ~sediment ( Colby and Hembree, 1Dfi5), but these• 
methods do not account for the effects of fine sediment on the flow 
phenomena. 

A change exists in the sediment-transport relation of Bagnold at the 
point where the form of bed roughness changes from dunes through 
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transition to standing waves. This chan ge in relation, " ·hich can be a 
disc,Jntinui ty that al so ex ists \\'hen rhe equations o-f E instein (1!)50) 
are used, is a.used by the la rµ;e.retlu ct ion in resistance to fl o\\' that takes 
place as the form of bed roughn ess cha nges. Because o-f this cha nge in 
the rela t ion, iL u lti rnately may be desirable to break the theory of flow 
in alluviaJ hannels in to t \\'O parts : one " ·hi ch treats the ripple, dune, 
and transiti.oi1 forms of bed roughness rrnd another which treats the 
plane bed, standing wave, and antidune form s of bed roughness. 
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FINE SEDIMENT TRANSPORT 

Fine material as defined in this report is that part of the total load 
composed of sediment sizes not found in appreciable quantities in the 
bed material. From a practical viewpoint fine sediment includes all 
material finer than 0.062 mm " ·hen investigating sand channel streams. 

nother comparable definition of fi11e-maJerinl load used by others 
is wash load. This definition has the connotation that the fine material 
is not present in the bed, but logic indicates and experimental evidence 
proves that the fine material is present in the bed. Einstein and 
Chien (1953a,b) also concluded that fine sediment (,Yash load) would 
be present in the bed; however, they found that. the fine material al
ways managed to stay at the top of the bed whereas the fine materia 1 
in 0LJr experiments was distributed throughout the bed material. The 
different observations probably resulted from the fact that the fine 
material used by Einstein and Chien ,ms much coarser than the fine 
material used in our experiments. 

In our series of runs, the concentration of fine material in the inter
stitial " ·ater in the bed i11creascd rapidly ,Yi th t.ime until it was equal 
to the concentration of fine material in the stream. This amount of 
fine material changed the size-distribution curve of the finer bed ma
terial, but this change had very little efi'e t on the median fall diameter. 
·whether or not this small amount of fine material in the bed affects 
th relation bebrnen sand properties, fluid properti es, resistance to 
flow, or total load depends largely on the form of bed roughness. 

urprisingly enough, when clear water was added to the flow and the 
excess mixture of water and sediment \\·as disca rded, the fine material 
in the bed was removed along with that in the \Yater in a relatively 
short time. 

In both flum e studies, the concentration of fine material in the flow 
for each run decreased with time logarithmically from its peak value. 
The rate of decrease was determined by period ic measurements of 
concentration with a hydrometer. The cl crease in concentration of 
fine materia,l in the flow resulted from the increase in co11ce11tration 
of fine material in the bed and from the deposition of some of the fine 
mr.terial t the contact plane between the sand bed and flume floor. 
This deposition, over a period of several runs, built up a layer o-f clay
impregnated sand about 0.1 foot thick ( fig. 23) . 

In a natural stream what may happen to the tine material in trans
port will depend to some extent on the position of the ,rnter table. A 
high water table, whfoh contributes water to the flow in the stream, 
would probably help keep the bed material free of the fine material. 
With a low water table, the concentration of fine material in the in
terstitial water in tho bed would vary with time depending on the 
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concentration of fine sediment in the stream and on the concentration 
grndieJ1t.. The concentration in the bed ,r ill increase if it is smaller 
than th stream concentra tion or will cl crease if it is larger. This 
f ct may account for a small part of the lag of the sediment hydro
grn.ph behi11d the " ·ater hydrograph as a flood peak travels do,Ynstream 
(Heidel, 1956). A layer of fine material such as observed on the floor 
o:.:: the flume (fig. 21), may build up in a natural stream bed if : 

1. The ground water is not flowing into the st ream. 

2. The ground water is considerably lo"·er tha n the stre::unbed, and 
a filter ]ayer or hard pan exists wi thin a foot or so of the channel 
bed. 

3. The ground ,rn ter is slightly lower than the streambed. In this 
example, the ]ayer of fine material 1:1ay form at the contact be
tween the static ground water and the " ·ater flo ,Yi ng in the 
streambed or at some higher elevation where a layer of material 
has a smal ler coefficient of permeability. This zone of deposition 
would probably be slightly loYrnr than the deepest pothole \Yhich 
developed_ with the dune form of bed r ughness. 
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CONCLUSIONS AND RECOMMENDATIONS 

The specific weight and apparent viscosity of aqueous dispersions of 
fine s~diment are different than those of pure " ·ater. The apparent 
viscosity of an aqueous di spersion of fi ne sediment depends on the con
centrntion of the fine sediment, the chemical and physical properties 
of the fine sediment, the amount and type of any base added as a dis
persing agent, and, with some fine sediments at certain concentrations, 
the temperature of the fluid. 

The ratio of the apparent viscosity of aqueous dispersions of ben
tonite, as measured with a Stormer viscosimeter, to the viscos ity of 
water ,Yas independent of the temperature at concentrations of less 
than about 5 percent by weight but " ·as dependent on the temperature 
at concentrations greater than about 5 percent. The ratio of the ap
parent viscosity of aqueo 11s dispersions of kaolin to the Yi scosity of 
water, ho,Yever, ,vas independent of the temperature at concentra tions 
less b an 10 percent. The a,pparent Yi scositi es of n,queo11s dispersions 
of bc::itonite ,rnre much g reater t hn,n those o E aqueous dispersions of 
kaolin. At 40°C the difference between l he viscosity of ,rnter nnd t.he 
appa·rent viscosity of an aqueous dispersion of l>entonite, 10 percent 
by " ·eight, ,.:i s 1,100 percent, a,nd the difference with an aqueous dis
persion of kaolin under the same conditions was 4!5 percent,. 

The3 specific weight of the aqueous di spersions of fine sediment in
creased in accordance with the amount and density of the fine material 
that was added. 

The change in fluid properties that results from the presence of fine 
sediment has a, definite effect on the fall velocity of the bed material. 
For example, at 24°C the fall velocity of a 0.47-mm median fall 
diameter sand in aqueous dispersions of bentonite and of knol in, 10 
percent by " ·eight, is decreased by 65 a,nd 20 percent, respectively. 
This decrease of fall velocity i11 aqueous dispersions of bentonite is 
equivalent to the difference between th e fall velocities of a 0.47-mm 
and of a 0.24-mm sand particle in water of 24°C. 

The resistance to flow and bed-material transport a.re decreased in 
the lower flow regime and increased in the upper flow regime when 
fine sediment is added to the flow. When there are ripples, fine sedi
ment, even in moderate concentra tions, stabili zes the bed, st reamlines 
bed forms, reduces resistance to flo"·, and reduces bed-material trans
port. 1Vhen there are du nes, fine sediment, in relatively large con
centrt1tions, may stabilize the bed, reduce resistance to flow, and 
reduce bed-material trn.nsport; however, resist ance to flow and bed
mater·i al transport are reduced even ,\"hen the bed is not stabilized. 
The reduction in resistance to flow when the bed is not stabilized 
results from increases in dune length and from the changes in dune 
shape that occur when the fall velocity of the bed mn,terial decreases, 
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1 ith very large concentrn,tions of fine materia l, the dune bed may 
become p lane. T he reduction in the transport of bed materi al re
sults from a decrease in shear that occurs when the resistance to flow 
d ;,creases. 

In the, upper flow r egim e, the reduction in foll Yelocity that r esults 
f om t he addition of fine sediment may change a plane-bed flo"· to a 
standing " ·aye or antidune flow, change a st anding " ·aye flow to an 
ant.idune flow, or increase the activity and turbulence of an antichrne 
flow. These changes increase resistance to flow and increase bed
material transport. 

Total sedimen t transport can Le predicted if, where fine sed iment 
is involved, the concentration of fine sed iment is determined by 
s1,mpling and the effects of the fine sed iment on the properties of the 
st ream liqui d are takell into account. 

.1 s fl1, ic properties are affected differently by fine sediment haYing 
different physical and chemical properties, further study of the rheol
ogy of dispersions of fine sedimell t in ,rnter is needed. Also, the 
effects that different kinds of fine sediment have on the fall velocity 
cf sand particles need to be studied. Furthermore, addi tio)rnl flume 
studies should be made with coarse bed materials and various concen
trations and types of fine sediment. 
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