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Surge

1. In order to design o chaunel in noncohesive uaterial which
will be stable, it is necessary to know the nature and iuegnitude of
forces causing scour and silting.

2. This investization was made of all aveiilable literzture on
trective force studies of models and natural channels in an attempt
to find a roelcotion between particle size of grarmlar sediment and
the critical tractive force which will start movement of the material.

3. The analysis of experimentul data reviewed did net result
in a usable solution to the problem, because traction {lume data
apparertly cannot Le correlated to prototype conditions,

Introduction

L. feference is made to "Frinciples of Stable Channels in
Erodible laterial” by E. W. Lane, February 10, 1950, In this report
it was suggested that a study be made of available literature in an
atteupt to detormine a general relstion botween sccaring forces and
particle siza,

5. In the design of a stable channel in erodible material the
fiow characteristics mist be such that scour of the banks and bed and
deposit of sediment does not ooccur. The velocities at every point on
the wetted perimeter should be sufficient to convey bed load and sus-
pended material entering the system to the lower end without Loving
the material composing the banks, Particles resting on the level
botton of a channel are acted upon by forces due to the fluid in
motion. If secour is to be prevented, these forces rmst be less in
magnitude than the critical forces which will cause the particles to
start to move, :

6., Unfortunately, very little usable datz on the forces due to
velocity causing parbvicle wmovement are available because of the dif-
ficulty in measuring velocities near the bed. However, many studies
have showvm that the movement of particles by f{lowing water is releted




to tractive force. Tractive force 1s the component of weight of a
volume of water acting in the direction of flow or the force due to
velocity causing this volume of water tc [low and is balanced by the
resistance exerted by the wetted perimeter. This principle was
discovered by M. P. du Boyst/ in 1£79.

7. All available work on critical traction was assembled and
classified into three parts for the purposes of comparison:

I. Experimental results of flume tructlon studies
including tractive force and guantity of bed load movement for
various slzed particles.

IX. Observed critical tractive force--Farticle size
relations besed on flume and natural stream studies,

ITI. Xouations expressing the critical tractive force—-
Particle size relation based on experimental results of traction
flume studies.

An analysis of the experimental data in Parts I and II was then made
in order to evaluate the proposed eguations in Part III. This inves-
tigation should indicate which, if any, of these eguations might be
used in stable channel design to express the general relation between
critical tractive force and particle size.

Procedure
Part I--Tractive Force Experiments

8. An analysis was made of a compilation of published and
unpublished data on bed load trunspertation by J. W, Johnson.%? This
report summarized the basic hydraulic and sedimentery data from flume
experiments in 10 laboratories in a consistent system of units. In
addition, observations were corrected for side wall effect using the
Einstein&/ method where thkis had not been done by the experimenter.
Another source of data reviewecd was the National Bureau of Standards'll/
report on scour of a sandy riverbed by clear and muddy water which was
requested by the Bureau of Reclamation November 1, 1932.

1/7/13/ References refer to bibliography.




%. The procecdure followed using the Johnson data was to plot

alues of friction velocity (V; ={-S), which is a function of troc—

tive force, against guantity of bea load movement for each size of
sand or average size of sand mixture tested. The expression for
tructive force may be expressed:

T = wiiS
tractive force--1lb/ft2
unit weight of water—62.4 1b/rt3
R = hydraulic radius—ft
S = energy gradient

Representative curves were then drawn through the plotted points and
extended to zero discharge to obtain critical values of friction
velocity. In addition, envelcpe curves were drawn above and below
all of the plottecd points to indicate the range of possible valuus
of critical Iriction velocity. The point and range of values of
friction velocity for zero sediment discharge were then converted to
critical tructive force and plotted against mean particie diameter
logarithmically. For clarity, points in the same experiment were
connected. See Figure 1 for plotted values and Table 1 for tabulated
values.

10. Thne procedure followed in analyzing the itlational Bureau of
Standards' data was essentially the same, except that quantities of
sediment transported were plotted directly against tractive force,
Envelope curves were then drawn and extended to zero sediment dis~
charpge to obtain the range of critical tractive force for each grain
diameter. These values were listed in Table 2 and also plotted
against psrtiele diasmeter logarithmicelly ir Figure 1. The minimum
value of each range of tractive force in the same experiment was
connected. Indri's ecuatlons were plotted in Figure 1 for the purpose
of comparison with other data.

Part Il--Tractive Force Observations

11. A number of investigators found critical tractive forces for
various sizes of sediment by visuul methods. In general, two criterions
of critical conditions were used: (1) initial movement of grains in the
beé and (2) general movement of the bed. Observed critical tractive
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Table 1

CRITICAL TRACTIVE FORCES EXTRAPOLATEDR FHOM JOHNSON DATA

¥

Critical

T H
Mean Friction  tractive

diameter® velocity ' Range of
mn Vg cm/sec:V# cm/sec

Type of

Bxperiment material ;

- ‘Range o
force, Tc =, ‘
p(i)? g, &/

[

an Joe v on s

.
B .

Gilbert sand A sRiver sand:
Gilbert sand B tRdver sand:
Gilvert send C sRiver sand:
Gilbert sand D :River sand:
Gllvert sand & :River sand:
Gilvert sand F :River sand:
Gilvert sand G tRlver sand:
Gilbert sand H River sand:
tilbert sand C! iBeach sand:
Maclhougell sand I 1Heach sand:
MacDougall sand II :Beach sand:
MacDougall sand III tBeach sand:
Chyn sand 3 1Beach sand:
Chyn sand 2 tBeach sand:
Chyn sand 1 :Buuch sand:
Jorrison sand 1 s:Beach sand:
Jorrison sand Il :Beach sand:
U.5%.E.S. sand 1 :River sand:
U.S.W.E.S., sand 2 :River sand:
U.S.4.E.S5. sand 3 :River sand:
U.8W.E.5. sand 4 tRiver sand:
J.E.8. sand 5 sRiver sand:
sand 6 tRiver sand:
sand 7 :River gand:
. sand 8 tRiver sand:
sand 9 ;:River sand:
. sand 10 . sAiver sand:
U0.589 (sand) 1Synthetic
U0.833 (sand) 1Synthetice
U0.293 (sand) :Synthetic
5. sand A :Synthetlc :
. sand B :Synthetic :
sand C :Synthetic :
sand D iSynthetic
sand B tSynthetic
. sand F iSynthetic :
DuW.E L8, sand G :Synthetic
> W.E.S, sand H tSynthetic :

v
[3
.
.
H

W
.

137 118 -171.5
132 ; 88.8-207
120 1108 ~308
%1..9 + Th.5-287
125 111 -255
286 1255 =309
392 1379 =500
s5el 1573 =772
212 1167 =260
L9 .4 + 4L5.0- .92
54,..0 : 51.6- 5¢.8
3.8 : 77.1- 98,0
63.8 : 56.3- 66.3
58.8 56.3- 63.8
6& .3 : 62,8- 67,3
67.9 L5.0- 71.7
67.9 63.8- 6€.9
28.5 27.1- L3.7
31.3 31.3- 55.0
29.5 26,2~ 98,0
2%.5 26.2-104
31.3 - 29.5-128
63.7 s 63.7-104
2.5 23.8-10€
80.0 77.2-13¢
202 1202 =297
l&9-3 H u+t2" 77
49.3 t 40.8- 49.3
L9.3- T7%.2
56.3- 82.9
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Tablq_;-—Continued

CRITICAL TRACTIVE FORCES EXTRAPOLATED FROM JOHNSON DATA

E

Experiment

Type of

material

*e o er ue

Mean ' Friction
diameter velocity
o

V* cu/sec

vs e ve ss

H
Range of ¢
Vi cm/secx

Critical
tractlve

iorce =
P (V) g?mz

IwIE .S
W.E.S.
'IEIS.

R R R

sand I
sand Uo. 1&17
sand J
sand XK

3 WK WS
> W.ES.
W.E.S.
W.E.S.
SW.ELS.
U.5.%.E.5, filter sand
Jy.5.4.E.5. sand Hp

sand L
sand M
sand Jg
sand Ep

¢ o o
O v oW

}

cCccaooCcaa
.

[

&

1Synthetic
s3ynthetic
1Synthetic
1Synthetic
tSynthetic
1Synthetic
tSynthetic
:Synthetic
:Synthetic
:Synthetle

4 o8 es Se ©8 e &8 8

we ee e

1.052
498
1.066
732
.738
759
1.066
1.162

wn

.

H O N W
1

W

e & & e

e ®® 8% se e

e we s se we

No range
No range
2.15-2.25:
No range
No range
No range
No range
0 range

*% we % a8 se we ®°0 we e oo

56.3
33.0
51.7
10.8
7.2
49.3
53.9
49.3
40.8
53.9

. 47.2- 51.7

L7.1- 56.3

Liu material I
Iiu material II
Iiu material I1II
Iiu material IV
Liu material V
Liu material VI

tAlver sand:
:River sand:
:River sand:
tRiver sand:
iRiver sand:
:River:

ey oo lee o0 ee ®2 er s 08 ®= es e e

4
3
2
1
3

¢ e 9 » o

oSOV OAMOoOBJBWN

.
'\

o Jeo

163
85.8
98.0
55.8

180

101

155 -316
23.0-235
98 . 0“'1 63

: 58.8- 98.0

155 =276 -

Bogardi and
Yen material I
Yen material IIL
Yen material III

:Gravel.
1Gravel
:Graval

S0 Loﬁ“h)baA)C‘A}AJAJAJABRJAJAJFJAJ
[ ]

]
O i+

1.
L ]
™

ae o8 oo e les we we e

ce fan ee co es e »e

: Ho range :

7n9 "8 -6

900
685

80 -139

637 -753

Q'Erien Columbia River sand

:River sand:

Nel
A
hon
-2

Lo.8

: }8-8" 33‘1

Casey sand h
Casey sand I1I A

:Sand
:32nd

* . -
t
N O

]
-
N

!
N
o

125
233.0

+118 =180
: 33,0~ 68,0

Pang~Yung mixture
Pang-Yung mixture
Pang~Yung mixture
Pang~Yung mixture
Pang~Yung mixture
Pang~Yung mixture

:Gravel
sGravel
:Gravel
iGravel
:Gravel
t3and

[ AC N SRV g W1 RN . 8)
. [] « o @ * e %

W B W OO

o o8 oo we se se o0 loe. se |

H WD Wb Wk o

—L'B :
~4.7

"‘6-1‘# :
—30h5:

L] - L] [ 2 -
~Y\wv oo o

132
207
276

80

;132 -188
1207 -225
1276 <417
1 ‘80 ~121
1308  -430
t 29.5- L4.5




Tavle 2

CRITICAL TRACTIVE FORCES EXTRAPOLATED FROMN
UATTCUAL HUFEAU CF STAIDARDS DAT ALY/

: H ) 2
Tyoe of moberial : . To Ib/ftt . e ofu”

Asvhalt sand : ¢ JOL2-,016 ¢ 68,3 - T8,

Auphelt sand : 1 LOROE-, 0108 : LT7.8 ~ 52,7

Asphalt sand passging 70 mesh : : J0094-.0212 & 45,9 ~103.5

Coarse asphalt sand—clesr wabter P : L0062-,0089 ¢ 3C.25-

Asvhalt sand with kaolin undispersed: : 0087~,0125 ¢ 12,5 -

Coarsc acphealt sand with kaolin : : 400G8=,020 LT.6 -
dispersed : :

Lolorado sund--clear water : v JO0L=-, 0076 ¢ 21,0 -
Colorado s»nd with dispersed kzolin ¢ 0064~-.0088 & 31,2 -
and Virginia cley : :




force data from 1l studies were teken [rom various sources and
converted to consistent units. No correction for side wall effect

was nade Lecause of a lack of sufficient information. Vhenever
reported, the criterion used by the observer was indicated in this
review, The tabulsted data with bibliography references appear in
Tables 3 to 8, The data were plotted to logarithmic scule in Figure 2.
Indri's ecuations were also plotted in Figure 2 to serve as & basis
for compurison with other cata.

12. Change/ and O'Brienii/ listed & number of observations of
critical tractive forces for different sediments which were apparently
defined by a zero rate of sediment transportation, although this infor-
mation was not clearly indicated, Rather than include these results
in Part I or the obscrved critical tractive forces abtove, they were
presented separately in Tables ¢ and 10 with bibliography references
and plotted in Fijure 3. Indri's equations were also shown in
Figure 3, ’

Part IIl--Tractive Force Zquations

13. In most instances, the investigations of sediment trans-
portation led to an equation which related criticsl tractive force
to grain size, In fact, &3 many eQuations were derived to {it
expoerizental results as there were investigators. In order to meke &
comparison with basic data and evaluate the results, 13 suggested
formulas were selected and converted to consistent units. Certadn
assurptions were necessary regarding some ol the terms involved.
Thest were mude to agree with usual practice and kept the saue in each
case, Zach equation was reduced to the form:

Tc = C1a8m + Cp

Te = critical irective force

CiCy = empirical constonts
(dimensional)

d? = mean diameter of sediment
tC some power

‘ne calculations with references are presented in Appendix I, end a
summary of all equatiens used is given in Table 11, The relations
are shown graphically in iigure 4.




OBSERVED CRITICAL TRACTIVE FORCES -FROM LABORATORY
FLUME AND [ATURAL CHAZMEL STUDIHES

CObserver

Huernbery Kulturamt
Straub
U L] S C’r; ® E. S L]
Chang Surmaary
Chang
Krey
P [ ] E ] I [ ]
Engels

O'Brien Summary
Chitty Ho
Kramer

National Bureau of Standards
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Table 3

HUERIBERG KULTURALD OUSERVED CRITICAL TRACTIVE
FORCE DAT_.LL'/ ~—CRITEHICH ULITIOHH
Liniting transporting forces T, for various xinds of detritus in its natural
state in rivers, as measured by Covernment enrineers in iiuernberg:
Kind of detritus "¢ Uianmcter s Vg i/id R .

-

Crdinaery (uartz sand : S bo lom o 0.25 45 0,20 250 to 300

’ Ordinery quartz sand Ge 1o ol 1m 0.18 Yo 0420 180 1o 200

. Ordinary csuartz sand 1.0 to 2 tm 0.0 LOO
Rowndish auartz gravel : 0.5 t6 1.5 ca P 1.25 . 1,250
Clayey soil 1.0 1o 1.2 1,000 Yo 1,200
Coarse cuartz stones L toScm L.& 4,,6C0




Table 4

~

R Nt opre ey e . s Ay
SCHAFVERN 4K, GILDERT, AD STRAUBZY —

CRITELTON UTKIOHN

1'3 OBSERVED CRITICAL TRACTIVE FORCES CF VARIOUS GRADES
OF SEDL:UCIT BASED Of RECEARCH WORK OF SCHOKLITSCH,

Jenaral classification

Tadue of Tg

Yulue
/o

Nie sand
Mediwa sand
Coarge sand
Very coarse sand

Gramule gravel

.
v
1
.
.
.
[3
B
.
.
»
.
.
.
.
.
.
.
-
.
.
.
[
.
-
H
.
.
.
.

1b/sc £t
0.0162
.0172’
L0215
033
.0513
069

oe Joo e

20 ®p 3 s 3 B8 Be ev &z = wv we
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Table 5

V.5, .E.5, OBSERVED CRIVICAL TRACTIVE FORCE D!{E‘Avg-g/

Sand : orain dian ot Te Mocdel criterion® : T Visunl eriterion® : Average ¢
o, s : 1L/ e /102 1b/f6< 7 /me /m2
1 LB o 0077 ¢ 36.3 s L008L 1 39.6 45.9
: : L0072 ¢ 33,93 0+ J0092 L34
: L CO8L 3 gl 0107 : 5045
: LLSEOY s L0130 ¢ 6l.3 : LO0BU v 377
: : L0180 8L.9 : 0090 : L2,
: : LOL70 30,2 : L0085 JNAR S
3 o520 H 192 9L : .0085 : LO.1
H : 06215 H 10103 H gOO9U H AZQh
: : GOL6C + 0L L0090 ¢ L2.4
L G056 ¢ L0213 ¢ 100, : 080 ¢ 37.7
: : 20219 + 103.2 : L0023 : 39.1
: : JO222 1 10LeT : . 0090 : L2, b
5338 : L0234 ¢ 1103 : +O0L0 : 377
: L0230 +  108.4 : 007 35435
: s JO2LE 2 116.9 s L85 1 L0W1
B L7C ¢ L0238 ¢ 111.3 - @ L0000 2843
: : L0252 ¢ 11€.3 : 0060 : 28.3
: : L2231 105,20 : L0060 28.3
T «31.0L : L2208 ¢ 1LT.D : LLUU : 33.0 : 3242
: : 20227 ¢ 107.0 : . 0058 H 27,35 s
: : LOoL6 2 116,00 : L0070 0 33.0 :
£ L2053 ¢+ L0210 ¢ 99 v L0051 3 24603 : 22,9
: : L0210 ¢ 99 : L0L8 o 22,63 : ‘
: . ,02Ll 115 s 00K r 19,8

o
[

..
e

P

L2e9

L2e9

41,0

A%
e

3520

-

29.3‘

ve
as 86 o Jee 22 se foe os. 0e Joc we o0 foe ss we loe oo oo

G 3 L0708 57 s 208,58 : LU57 v 208.8 H 28.3
: : 057 : 26E.8 : 057 . 268.8 :
: : L0600 1 28 : L00U e :

- 283
*Model criterion: v , '
(1) ‘tiaterizl in transportation is reasonably sinilar in composition
o to the ietericl composing the original bed.
N (#) The rate of movement is equal to or excesds one pound (dry
S weizht ) per foot width of channel per hour,
#Visunl ceriterion: General novernartd,




Table 6

OBGERVED  CRITICAL TRACTIVE FCG)E?C/E DATA
COPILED BY Y. L. CEall

Y. L. Chan,—Genersl. Fovenent Criterion
: Diam web 2w, 1 weD 5 : Te
: 16/00%: /e 1 g/mc s 1b/8t2
£.090 L3020 ¢+ 1766 : 8983 : W185 :
¢ 6.5L0 1 2780 @ 1356 : 678 T «139
5,290 @ 2220 ¢« 10€3 5h2 A1l
3,770 ¢ L1830 : 893" ¢ W46 Rl
2,540 1 W0970 ¢ K73 2 236 1 oOLES
: 1,760 : L0699 : 3L : 170 «O3LY
H t'CKr.;é) : .0327 H 15906 . 79.3 .0166 H
G396 ¢ QL3+ 09,0 1 3409 1 JWOTOT
T G226 011k s 3, 27.8 00635
wiice @0 W269 ¢ JOUYE Ta 3 23,9 00510 &
Buery @0 W210 @ JCLh2 36 1 JOOTT
Sand ™ o134 1 JOOT75 & H,0 ¢ 1563 00295 .

#s @6 84 we e 82 s e ee o

___H, Krey—Criterion Unlmown
Swaple 3 Dian s T i Te
o, ¢ mm Il.b/i‘t;2 : j;/m’?

G 1 o376 @ JU0492 ¢ ZL.O
Foo: .526 ¢+ J0057L & 28,C

: LU00 ¢+ L00656 : 37,0

Prussisn Foowerinent Institute—Criterion Unimown
Sartile .o. ¢ Disa iz & Te 1b/ft< : T¢ g/m*
L : 1J154 @ W0LOLG i 51
L : 84,6 @ L0086 s L2
H : .£36 s ,01190 s 56
il S+ JOL1LB : 56
¢ .2[;1; 0001‘92 H 2!}

P : 806 ¢ LOLLLE : 56
Y : OL6 ;01025 : 50

li. Enpels-—~-Criterion Unknown
Sample: Dian : Lg , ¢ 1g
o, I ::Lb/ﬁ:.2 : 5/3‘2
R :LQIQIL:L& H 00205 H 720Li




Table 7

OESERVEL CRITICAIL TRACTIVE FORCE DAT
COMPLIED BY C'BRILN AcT: RINDLA

Chitiy Ho-=-Initial Movement Criterion

. H . N L8 . ..t Computed 1
Sand Median diam hedian didm’Coeflicient critical shear: Critical

.
:
No.

feet mm ) nit 1b/ct2 ,shear g/m

*
.

254
234
137
97.6
04,9
3900
16.6
12.2
6.83
254
lel

.0202
.0189
0179
.0168
0159
0150

.052
.0L8

.028

.020
.0133
.0080
0034
.0025

0132
L0043
0066
0047
.0033
.0023 L0141
.0016 : 0134
.0012 . : L0126 0014
1€l : 0202 2052

01732 : : .0189 : 033

3 [
. .

; .0188

oCroO®O
AR EWE AW

NN

%
o

s o8 ¢ wa we sa b ea

.
o
(¥

A
B
c
;
B
2
G
H
b

Pa v @0 ®* % S e s e ov sa je»

b2

93]

®e 4% 00 90 e .0 €0 4 se . es 4o en

sStrickler's n = 0.039 d® (4 = 1t)

Hans Kramer--General Movement Criterion
band : Diameter : Diameter : Ser2 ¢
No. : feet : me : Te 1b/1t :

I: L0017 .53 1 .00973
IT @ 00168 :  .512 i .0G7LS
III : .00180 : .5LS i .00Y17

.
»




Table 8

NATIONAL BUREAU OF STANDARDS:/CRITICAL TRACTIVE
FORCE DATA--GERERAL MOVEMENT CRITERION

Material Avg diem : [iam : g 1y /002
sang am mn 3 :

tAsphalt sand : 336
tAsphalt sand < 70 204
tAsphalt sand > 70 ¢ 384
tAsphalt sand + keoldin : 342
:

0.336 : 0100
204 .008
384 0088
342 0125
.358 0125
107 0077
109 .0087

:Asphslt sand + kaolin 398
:Colorado sand 107
106

s ®B 64 S e 8 as e e

:Colorado sand + kaolin




Table 8a

2
INDRI=£/OBSERVED CRITICAIL TRACTIVE FCRCE DATA
GENFSRAL MOVEMENT CRITERION

: Diameter

Meterial Te g/m2

%e oe e se se S8 fee oa

H

-

1
2
3
4
5
6
I
1
a
b

oe
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Table ©
BYTPAFCIATED CHITICAL TRACTIVE FORIE
DATA COMPIIFD BY Y. L. CHAICS

Schaffernsak

: Dieneter : 7
: nan : : c

Sand No.

.
.

A : 1.536

G, K. Gilbert

Send No. | DI&MOLer iy p/pe2

576 008
1.9506 .01251
3.710 0605
5.296 .1005




Table 10

EXTRAPOLATED CRITICAL TRACTIVE FORCE DATA
COMPIIED BY C!'ERIEN AND RINDLAUBL

. Gilbertd/

No :Diameterileast T; _used:Least T, used:Estimated:Estimated

“+omm ¢ Io/rt? g/ Te 1b/ftiT.  g/md

t

0247 120.5 : 021t 102.5
0195 952 : 016 ¢ 78.1
.0230 : 112.3 :- 020 ¢+ 97.6
c0212 H 13[& 0 .0116 H 56 06
0224 109.3 020 : 97.6
0640 312.3 OL7 229.3.
0750 366 .062 302.5
.0920 LL9 : .068 331.8

¢ .304L8
375
: 509
: 0780
: 1,706
: 2,17

t L9

4 7001

TOTXMEHOOw >

¥acDougal
Sand No,

tDiameter:

s 3Te 1b/re2ing g/m?

: :
: 1,006 58,6

Schaffernak
Sand No tDiameter:
* mm

Tc

88

e 90 B 90 v v S0 90 Y *¢ s e

EeEEEBww
“r8888

b
oo~

(T3 (1] >y - ”0 o >0 e >w [ ) -a (Y] ”*»
e

s %0 o 0 @ se WO eV




Table 10--Ceontinued

EXTRAPOLATED CRITICAL TRACTIVE FORCE DATA
COMPILED BY O'BRIEN AND RINDLAUBL

U.S.W.E.5.2 (iiichols)
: : sstated Tos 'wDS ¢ wDS
Sand:Size feet:Size mmé g/m2 :lb/ftzz g/hz
o H 3 H t
0089 ¢ L2712 o+ 11.91  :.00244: 11.9
001105 :+ .337 14.84 ¢.00342: 16,69

001305 : .398 46.80 1.00960: 46.85
00143 ¢ 436 193.19 1.03960:193.2

[ .
b »

O Q>

Chipps Island

tDiameter:Diameter: 2t 2
Boat pos T gm T 1b/TtS T g/m
: 4 $ - :
3 : 00167 ¢ 509 : 0072 1 35,12
: .38l : .0055 : 26.83
: 2 ¢

6 : 00125

Schoklitschil/

Materialf Form

Diameter:Dliameter: 23 2
feet 1 mm 3. 1b/1t :Tc g/m

o o

wE o O [ e

:Quartz sand: Q030 : .915 : .00575 ¢ 28.07
t(uartz sand: 0041 : 1.25 s .00905 ¢ L4.17
$ Slate H 3 : 3

tThin flakes: .0041 1 1.25 : .018 t 87.8
: Ore s H H H

1Sharp frag : 0047 : 1.432 : .0274 ¢ 133.7
tPorc sphere: .00553 : 1.685 : .010L : 49.3
tQuartz sands Q074 : 2.255 ¢ .0231 : 112.7
: Slate t ' : 1 H

:Thin flakes: 010 : 3.048 : .0695 : 339
tQuartz sand: .0133 : 4,055 1+ .054  : 263.5
tPorc sphere: 0139 : L.24 : 0204 : 99.6
tPorc spheres ,0139 : L.24, : .OLO6 : 198
tQuartz sands 0214 ¢ 6.525 1 111 t 542

3 d 3 5




Table 10-~Continued

EXTRAPOLATED CRITICAL TRACTIVE FORCE DATA
COMPIIED BY O'BRIEN AND RINDLAUBLY/

Stricklergé/

Sand

tDiameter:Diameter:

feet

To 1b/ft2'T, g/m?
1

$

: : t :
Rhine, Waldhut : 093 ¢ 28.33 .376  : 1835
Rhine, Base 1 : 168 1 51,2 3 652 3 3182
Rhine, No. 1 : 043 : 13.1 104 s 508
Fhine, St. Margrethen : 101 s 30.8 3 213 1 1040
Rhine, Holland : 027% ¢ B.23 055 : 268.5
Rhine, Neastrils t JA83 @ 55,8 ¢ 1.31 : 64,00
Aare, Aaran : J063 1 19.2 ¢+ L2543 1240
Rhone, Porte du Seine : .060% : 18.3 : .640 : 3123

‘Miss., Vicksburg : JO19% 3 5,79 039 ¢ 190.4

Danube, Vienna 3 W039% 1 11.88 .228 31113
lutschine, Gstelg :1.63% 5 497 ¢ L1340 s 654
Reuss, Seedorf t J0252% ¢ 7,68 ¢ 561 2738
Seine, Poissy : J0035% 3 1,067: L0401 195.3
Saone, Racoanay s J00L78%:  1.456: .033  : 161.0
Aare, brienzwiler 1 W830% : 253 T .292 1 1425
Aare, Brienzwiler 16.95% ;2118 i 361 ;1762

: - : :

(Ass ony Criticsl point occurs where break
apprears in V'-uggﬁé 51/2 curve) 6 a3
*Computed from d = (3892)6 R4s (5trickler)
Vv

Rindlaub L
sDiameter:Diameter:, - 28 4D X

Sand No. "o T T Te 1b/ft . Te g/m o]
: : : ) 5

A s 00055 ¢+ 1675 ¢+ 0025 9.7 -

B s 00133 ¢ L4055 ¢ .006 i 27.3

c : 00846 : 2.578 : .O10 s L2.8 B

D : 00693 1 2.11 t 010 : 4L8.8 .
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Table 11

SUMMAFY OF CRITICAL TRACTIVE FORCE'EQUATIONS
PROPOSED BY INVESTIGATORS :

-

Investigator Proposed equation

Schoklitsch Te

1.048 x 106 p,3/2

Krey Te = 994

P.E.L. Tc.usd ¢ e ® ® o e » e -0 e o (1)
TQ'J—26~9d..--..-..... (2)

Kramer Tec = 27.5d

U.S.W.E.S. To = 37.2541/2

Indri : for dg < l.Omm
Te = 21.94d + 12.16

for dg > 1.0mm
Tc d 90.6d et 7.80148

Liu for dg = 1l to L.km, ¥ = 2.66
Te = 45.7d

for dg = 0.2 to 6,5m, ¥ = 2.57 to 2.70
Te = 12. 92d3/ + 21.3

Kalinske Critical tractive'force
Te = 192.3d

mean critical tractive force
Te = 64..1d

Chang for (°’ = £ ﬁ') > 2.0
= 36.22d

for (...c_...(;'..lg_ g) < 2,0
Te = 39.8d

O'Brien and Rindlaub Te = 56d




. Table 11-~Continued

SUMMARY OF GRITICAL TRACTIVE FORCE EQUATIONS
PROPOSED RY INVE3TIGATORS

Investipator ' Proposed equation
Veyer-Peter for A = 0,047 (upper limit)
Te = 77.6d
for A = 0,03 (absolute rest)
Tc - 1#9.5(1 :
Shields laminar layer
Tc - b()csd
quadratic flow
Te = 99.0d
White Te = TL.25d
Casey To = 63.605/b « 15

liote: Calculations shown in the Appendix. Units of
Te in g/m?, d. in mm except Schoklitsch D in m.
Assumptlons: Uniformlty modulus, M = 1.0.
Density of submerged material = 1.65.

9.
o




Table 1ll--Continued

SUMMARY COF GRITICAL TRACTIVE FORCE BQUATIONS
PROPOSED BY INVESTIGATORS

Investipgator - Proposed equation
Meyer-Peter for A = 0.047 (upper limit)
Te = 77.6d
for A = 0.03 (absolute rest)
Tc d 14905(1
Shields daminar layer
Tc = 14905d
quadratic {low
White ‘ Te = 74.25d
Casey Te = 63.645/4 « 15

fiote: Calculations shown in the Appendix. Units of
Te in g/m?, d. in mm except Schoklitsch D in m.
Assumptions: Uniformity modulus, ¥ « 1.0.
Density of submerged material = 1.65.
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Results

1. When plotted against sediment size, the critical tractive
force data in Parts I and II (Figures 1 to 35 showed a certain pat-
tern, though scattered within fairly wide limits. This variation
might be accounted for by incomplete knowledge of all the variables
involved in sediment transportation and their complex relations,
differences in laboratory technique, and errors in observation.

15. Vhen plotted in Figure 4, the critical tractive force
forrmlas which were reviewed also showed a fairly wide range of
possible values. The lack of agreement might be accounted for by the
fact that each investigator derived a forrmla from different concepts
of the variables involved and then imtroduced empirical constants to
obtain agreement with exverimental results, The laboratory work was
of coursc subject to the limitations set forth in Parapgraph 1.

16. Comparison of curves representing proposed expressions .of
the critical tractive force—varticle slze relation with plotted
experimentel results seemed to indicate that the equations of Chang
and Liu defined the lower limit of critical traction in laboratory
flumes somewhat better than the others.. Verification of this conclu-
sion would undoubtedly depend on additional work in the Bureeu of
Reclamation Hydraulic Leboratory. '

17, A comparison of critical traction in laboratory flumes and
the tractive forces existing in canals designed by currently accepted
methods indicates a lack of correlation betwsen model end prototype
especially in the range of smaller sized sediments. The critical
trective forces in a netural channel which were observed by the
Governnent engineers at luernberg, for example, were approximalely
10 times greater than those obszerved in traction flumes by rmmerous
investipgators for the same sizes of sediment. Figure 2 shows the
lack of agreement clearly.

18. The discrepancy between critical conditions of sediment
transportation in models and prototypes may be accounted for by the
difference in effect of a mumber of variables. The slopes used in
laboratory experiments, for instance, were usually mch greater than
those found in larger channels. Also, the stability of natural
channels was nrobebly greater due to better compaction and cementa~
tion of the gramlar maberinal composing the bottom and sides. This
effect might be referred to as the aging of canals.




o

19. In order Eo determine the relation between critical tractive
force and particle size for use in stable chamnel design, it will |

probably be necessary to conduct extensive field studies of edisting
canals und natural channels, ’
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Criticel tractive force etuations proposed by 13 investigators
are presented in tids appendix with calculations necesgsary for
convercion to consistent units.

Scholditsch :—1-9/

T, = WRS = \[0.20L wy (wy =w) A DI

w = unit wb water Ig/md

R = hydr rad m

5 = energy sradiemt

w] = unit vt material kg/m0

A = form factor = 1.25
D = diam prain n

wRS = |/ 0,201 (2650) (1650) (1.25) D3 x 1000
- 1046 D22 £ 1000 = 1.048 x 10° 0,72 g/

krey:
T_ = WS = (0,045 £5 0.07) (b, - w) DAY/

v = unit wt water lg/ud
wq ~ unit wt moterial g/

C = constant; asswsed = 0,06
D= dian grain n

Wes = 0,06 (1650) {1000) %ﬁﬁ = 99 D, &/




i
Yrussion Eqerinental Institute:
d“&DS,T"JS»J;Q/.......o-.--o..oonu,o(l)
d = diam of particle
D = depth
S = s5lope
-w = unit wt of water
o o W
TC = —5
o G 6 <
TC‘OQW7(Wi-W)Ma.0-ooooo-obao.;o(z)
ALl units in 1b, £t 4 : -
: = 0,077 (1.65) (62.4) (4880) —== '-"
| 3048

126.9 d, &/m?

?Lramer:g/
(nartz sand up to 5 mm in dien
T, = WS = -]-'%Q (g.) '(wl - W)
| 1 = uniformity modulus; assumed = 1,0

w = unit wt water kg/)
w; = unit wt material ki/nP

D = diam grain n
T = tractive force on/m?

1 -
. T, = 202 (1650) 2 = 27.5 Dy,




Uos etelieSo !2—2/

dg = 0,04 to 94y tm

d
Te = 29 V'ﬁ(”l-”)

To = tractive force mn/m’
d.g = diam grain rmm

p° = density water gm/cc

P, = density material gn/cc
M = uniformity modulus 1.0

Te = 29 (165 Oy = 37425 0’

Indri:é/ '—?'-L"/

dg < loO xm

. - X
To = 13.3 dg (LX) + 12,26

T = tractive force g/m?
dg = diem grain mm

¥ = unit wt water g/cc
¥, = upit wt material g/cc
M = uniformity modulus 1.0

T = 13,3 (1065) dpgy + 12016 = 2194 4y + 12416 . . o . I

dg” 14O mm to 150 mm
- - ¥ -
T = 5he85 dg (But) - 78448
- 5‘&.85 (1365) dmn Lod 78.“8 L 90.6 dun - 7801;8 » o o .II




Te-Yun Liu:—ly
(L) for dg = Lok to haly ma, ¥= 2,66
D¢ S, = competont slope depth It x 10>

d = nean diam m 3
w= ap wt water 62,4 1b/ft

= WD, Sg = 0,15 wd = (15 (62.4) (LeB8) d .
= 45,7 dgn g/
d

= 0,2 to 6,5 m, ¥= 2,57 to 2,70

1.5 -
D, 8, = 0.02 EQ (s - 1)3 + 0,07 £t x 10

z

= Whg Sg = 0402 (62.4) (La88) (L.65) 2 &3/2 & o7 (62.1) (4.88)
-12.92 % + 213

U'Z2rien and Rindlaub :;L—O/

Tc" whS = 3,5 d

T, = lo/ft?

w= unit wt 1b/ft>
E = hydr rad £t
d = ped diam £t

o 2
n o .r 80 T - 56 d. 7
‘LC 3 P (1#8 ) 300, 8 i1} {_n/x




Kalinske:&/

T, = «ppgdtan P

" a (pg- p) effective particle density ;
g- o afxg.glepoi' repose of sand grain
p = factor which indicates the proportion of
the bed taking fluid shear
o = constant = 2/3
g = accel grav
d = grain dianm

when tan § = 1.0

op = 1/2 x 2/3 x 0,35 7

o (2:65 = 1,0) . L.65 (62.L)
e 32.2/62.4 32.2

T =12d Il.b/i‘(:.2 (critical tractive force) « « « « o o o (1)

o= 19234, g/

3
u

L & (mean eritical tractive £force) « + « « o o o o o (2)

o= bheld &

3
]

=3
L)




Y. L. Chang, Esq.sﬁ/»
for (_°_;.£. D) > 2.0
D = 0.134 to 1.212 mm

, _ ‘ 2
Te = 0'0055_(‘2'5‘9’ g-) = 0.0045 (4880) (1.65) dyp = 36.22 d_ &/m
Te = 1b/ft2

Gp = 8p gr
D = mean diam mm

for (.9..5_6’__ RQ) < 2.0

D= 1.212 to 8.09 mm

~

- 1/2
To = 0.00635 (228" - 0.00635 (4280) \[1.65 a*/2 = 39.84Y/2 g/ul

J. Caseye.‘y

for diam up to 3,0 mm

S = [30 -6 (/3 -] [¢g (% - ,«)]5/1» + 15
Sg = critical tractive force g/m?
dg = mean particle dia.m" mm *

¥y ¥ = sp wt of material and water g/cm’

Te = [30 - 6 (1/3 - 1.0)] | ¢ .65 + 15
- 63.6 4% + 15 g/u?




Evicyer-Peter:—lg/

dm = 0.5 to 30 m

Te = (Gwhi) TA ¥ dy

To = limiting shearing stress tons/m*

sg of water t.cms/m3 |
sg of sediment under water (¥, -)’w) =¥, - 1.0
water depch m
slope

constant = 0,047 for upper limit (beginning of
bed load transport) = 0.03 for abs rest

Tw

=
LI O I

d, = effective diam = z-:-‘-j]-_b%-‘?- where d = avg size of
particles in a fraction m

| for 4 = 0,047 (beginning of bed load transport)
. Ty = 0,047 (1.65) (10°) -ldi‘.%a - 7764y g ... (1)
for A = 0,03 (Absolute rest)
To= 195 Qo BT ¢ v o v o v e v o v oo o (2)

13




snields:2/  (d = 0.25 to 5.0 rm)
TC = oy (J_U- T) ad

= ¥Ryd = shecr stress g/m
Rm = mean hydraulic radius cm
= slope
°‘l = porosity ratio dependent on particle shape
and thickness of layer

¥1 = op wt of particles g/em

¥ = gp wb of ﬂ.uid

d = moan particle dlam cm

$ = thiclmees of laminar layer cm

Ry, = .‘%‘1 = Reynolds lumber

V) = ldnematic viscosity cm 2/ sec

Vs =VERJT = friction veloclity cm/sec
g = accel grav 980 cm/scc

Range 1: § > 4. Bed behaves as smooth bed, Good for i, up to 2400
] = 0,6 for uniform angular particles.

T, = 0.6 (¥3 - ¥) d = 0.6 (1.65) (10°) ap -
= 990 4y g/mz

Range 2: § ~d, Thickness of laminar layer same order as
pecticle diamster. Ry~ 10. ©ep = 0.03.

o = 0403 (¥) = ¥) &= 195 &y a/m?

Range 3: § >d. oﬁéuadratic resistance of f{low nreva.':.ls. Rn > 10°.
u-l = 0.

T, = 0.06 (¥ - ¥) d = 99.0 d g/




C. M. White: 2%

k= 0,21 to O.%m
’rc'"o.l8 p gktanﬂ

T, = mean shearing stress on bed dynes/em®
©'= effective density of sand in fluid g/em?
g = accel gravity 980 cm/sec?
k = diom of sand grains com
$ = angle of repose of materiel tan # = 1.0

¢c ' '

To = —¢ = 0.18 p k tan §
= 0,18 (1.65) (10%) km = 297

168 (L.65) (10%) £ = 297 iy g/n*

Using & turbulence factor of 4 for parallel flow,
this equation becomes

Te = The25 ky,  g/m?

15
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