


W -2.8 12.5 
li,illliiilii 

~W W.2 ~ 

Iiollii 
: Ia£ 12.0 
.. ........ 

~~J£ IU£ 
r'IIIII~ I~II 1.4 ~II~ 111111.25 '""1.4. ~1I11.6 

MICROCOPV. RESOLUTION TEST CHART MICROCOPY RESOLUTION TEST CHART 
NATIONAL BUREAU OF STANOAADS·l963-A NATIONAl BUREAU OF STANDAADS·1963-A 

http:111111.25


Technical Bulletin Nfl, .1026, September .1950 

.The Bed.Load Function for Sediment 
Transportation iu Open Chauuel Flows 1 

By HANS AI,Rlm1' li)INS'I'EIN, hydra.Ili'I:c /.!1I.f/inecr, Soil Conservation Service 2 

CONTENTS 

Introduction____________________ 
Appron~h to the problell1_ _______ 
LlIIllt.ntlOn of the bcd-load fUllc­

tion_______________________ 
The unde~erll1ined fullctioll_____ 
The'&U~vml stre:tm____________ 
The Hednllent Illlxhm:__________ 

Hydraulics of the alluvial chnnlleL 
1;he fr!nt!on formula___________ 

he1 , frwiIon :~Ito~-------------
. eSls :ance 0 ; 1e )urs__________ 

The t.ransit ion betweell In'el rau­
lically rough and sll100Ui beds_ 

The vclocity fluctuations_______ 
Suspension_ ____________________ 

The t,ranspori;ation rate of sus­
pendQd load__ ______ _______ 

Integration of the silspended load__ 
Numerical integration of sus­

pcnded loud________________
Limit; of suspellsion______________ 

The bed luyer_________________ 
Practical calculation of suspended

load _______________________ 
Numerical example ___________ 

l"lu}'!c Page11 Bed-Iond concept,____________ ___ 2H 
3 Sume constallts en.lcrillg Iho laws 

of bcd-load motlOlI__________ 31 
4. The bcd-load equatioll ___________ 32 
,1 The exchange time ____________ 88 
5 ThQ exchallge probnbilil,\'_ __ 84 
(j Determinatioll of the prolmbili!.l­
7 71-------------------------'~ 35 
7 Tmnsitioll bel-ween bed load and 
8 

1.OH 
suspended lond________________ 

The IIl'CCRSaIT O"l"tl)h8
' 

38 
40 

The laminar sublttyer._________·, .'" " . .' ---.---,-----­
1\ lump t.ORtS \\".1 th se(lImellt ll11xt\ll'eS_ 42 

] 2 
13 
14 

Sample calculation of it rh'el' reach_ 
Choice of a rh'er reach__________ 
Description of a rh'('T reach_____ 

44 
4.5 
4fi 

J7 
Application of proccdure to Big

Sand Orcek, Miss __ ,_________ 4(i 
] 7 Di:;cuSHion of calculations__ ____ 60 

Limitations of themethocl________ G5 
]!)
24 

S 
U1l1lllury______________________ 

"7 
v 

24. Literature cited_________________ 68 

25 
App('ndix.______________________ 

Li~t of syrnbol~ ____________ ., __ 
69on 

26 Work charts___ _ ______ 71 

INTRODUCTION 

Rivcr-basin development; has become one or the' lar'ge'st, classes of 
public enterpr:sc in the' UniL~d Stnies, Multiple-purpose river-basin 
programs may involve power', il'rigation,flood control, pollution 
control, navigation, municipal and indusLril1l water supply, recren­
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tion, fish and wildlife, and the t;:onsel'vtLtion of soil and water on 
watershed lands, 

Almost every kind of river and watel'slwd.;improvement program 
requires some degree of alteration in the existing regimen of streams, 
The prevailing but gcnel'ally erratic pl'Ogression of floods and low­
wR,ter flows may be changed by the building oJ impounding reservoirs, 
by diversions of water for beneficial uses, by soil-conservation measures 
and in other ways, The qm1ntity of sediment transported by the 
stream may be changed as a result ofdeposi tion in reserYoirs, by 
erosion-control measures on the wat,ershed, or by reyetment of the 
stream banks, The shape find slope of the stream may be changed 
by straightening, cut-ofl's, and jetties, Entirely new walicn:ourscs 
may be constructed to carry water divcrted fOl'in'igation, to provide 
drainage, or to create new navigable c1u1nnc'}s, 

If a stream is flowing in an alluvit11 vfiney over a bed composed 
mainly of unconsolidated sand 01' gravel, it is probable thiLI the stream 
and J(S channel are essentill.lly in equilibrium, The size and shape 
and slope are adjusted to the· amount and variation of dischnrgc and 
the supply of sediment; of those sizes that make;· up its bed, If, then, 
some artificit"tl change is made in the How chal'ncteristics, sediment ..{... 
supply or shnpe nnd slope of the ch:1nnel, the strenll1 "iill tend to ma;ke ~ 
adjustments to achieve :t new equilibrium, It will do so by scour:ing 
or filling its bed, widening 01' IIm'rowing i Is clmnnel, incl'e!tsing 01' 

decreasing its slope, 
One of the most diffieult pl'Oblems enconntel'NI in open-ehannel 

hydraulics is the detc'l'lI1ination of the tate of mow'ment, of bed 
mat.erial by a stl:eo.m, The movement, of he(1 mntel'inl is a complex 
function of flow duration, sed iment. supply, imel channel chal'l1cter­
ist.ics, If a met.hod is available for determining with reasonable 
accuracy the bed material movement under existing conditions, it 
would then be possible also to determine whitt the movement, should 
be with aJf of these conditiions nltl'l'ed, This would provide a 
reasonable basis for pl'edicting what; ('\uUlges ell,n be expected in a 
channel under a new set of conditions, 

Pl:ec\iction of future channel changes has a vel'y gl'cat eeonomic 
importance in river-basin planning 11nd de 'e\opment and in the 
operation and maintenance of river-basin projects. For example', if 
a large dam is constructed on an. alluvial-bed 1'i ,Tel', all of the bed 
sediment normally t;r:tnspOl't:ed will bl' tl'npped, Th(· clear water 
released will tend to erode the channel bed downstl'('am from the dam 
until a new equilihrium is establish(.'C1. Spy('t'c bed el'osion mi1)' 
undermine costly instnllations such as bJ'idgc pi('l's, divel'sion struc­
tures, sewer outlets, and bank-protection works, 

Advance knowledge of the scour ,ixpected may influenc(' the eleva­
tion of tailwatcr outlets in power dn,ms, influencing the power caplteiLy 
of the dam to a very significant degree, On the other hand, regulation 
of the flow effected by the dam, pal,ticull1l'ly .l'l'(luctiQn in peak dis­
charges, may make it impossible for thetlow furt;hcr downst.ream to 
transport all of the bed sediment delivered to the chllllncl by tributary 
streams, Such 11 condi Lion would result, in aggl'll.dntion of the main 
stem, reducing its flood-elllTying capl1eity iLnd adversely affecting 
other developments 011 tLud along the stream, 
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Differential reduction of peak flows and bed !,iediment supply by 
watershed treatment measures--say 20-percent reduction in the fOl'mer 
and 70-percent reduction in the latter-might initiate a cycle of 
damaging channel erosion in headwater t,ributaries and even down into 
ma.in streams. If a channel is now aggl'ading, reduct,ion in bed­
sediment supply without proportional reduction in stream flow may 
be beneficial. If the channel js degrnding, J'ed uetion in pnu,k 'flows 
with less control of the sediment supply may be hclpfl!l. Except in 
areas where streams genel'l1llyflow in rock-bound channels, the 
problems of bed-load movement and channel stability are almost 
universally present. Often they nre cdtieal if noL deciding fa(,tors 
in not only the design and mu.intennIlce of \vOI·ks of improvement, but 
even of their feasibility. 

This publication does not attempt to give the specific solutions for 
all sediment pl'Oblems in alluvial channels. It attempt.s only to 
provide a tool which the writel' hopes is sufficiently geneml to apply 
to a large number of such pl'Oblems. This tool is the bed-load fun(~­
tion. The equation for the bed-load function of an nlluvinl channel 
permits calculation of the rates of trnnspol·t for variolls sediment sizes 
found in the bed of n chnnncl which is in equilil)l·ium. These equi­
librium rates will be shown to he funeliions of the flow disdurrge. 

The significnncc of these equilibrium mtes becomes n.pPtU'ent when 
onerecognizes thnt they must have prevnilcd £01: a long time in ordel' 
to develop UlC existing chaIUle1s. By application of the bed-load 
function to nn existing chalUlel, it is possible to estimate the rate 
of bed,-sediment supply~ On the other hand, the same method mny 
be used to detet:minc. the inlcl'dependent; eft'eds of changes of the 
channel shape, of the sCflil: l,Ut supply, and of the flows in the channel. 

With the bed-sediment tmnspol'tation rate fi. function of the dis­
charge, it is clear Ulfi.t, the long-term transport, thnt is, the avemge 
nnnual trnnsport, cnn be predicted only if the lqng-tcrm flow mles 
can be predicted. It will be shown that most sediment problems cnn 
be solved satisfaetorily if at least the flow-duration curv'c is known, 
This fact emphasizes the, w'gent need for more knowledge about 
flow-duration CUI'Yes fOt'dver sections of various sizes, for vfi.rious 
climates, and fOl' \ral'ious watershed. conditions. Todny, accumte 
sediment-transport detel'lninations are hampered mOTe by a lack of 
necessary hydrologic dnln t,!lIln by any other single factor. 

APPROACH TO THEPROllLEM 

The term "bed-load function" lias proved to be lIseful in the descrip­
tion of the sediment movement in stream chnnneis. It .is defined as 
follows: The bed-load fUllction gives the mtes at which flows of any 
magnitUde in a given channel will tml1sport the. individual sediment 
sizes of which the channel bed is composed. 

This publication describes a metho(l which ma~r be used to deter­
mine the bed-load function. for many but not all types of stream 
channels, It is based on a, large amount of e".'perimental evidence, 
on the existing theory of turbuleut flow, and beyond the limits of 

• 
existing theory, on reasonable speculation, First, the physical char­
acteristics of the sediment trnnsportation process will be described . 
Next, sediment movement will be considered in the light of flume 
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expedments which allowed the detel'lllina,tion of some universnl con­
stnnh; of tll(' vUl'ious tmnsportntion equntions, Finnlly, t,}1(' enlculn­
tion of the bed-load function fOl' n stl'('am dll10nel will be outlined to 
demonstmte the pl'adical n,pplicn,tion of the method to dd,(,I'mine 
I'utes of bed-loud tl'tUlspol'tntion, In its present; stnte, the rllethod 
uppenrs to be husienlly ('OITect, Althollgh in vurious respeds it i" 
still incompll'je, it UPPC'IlI'S to be usefu I fOl' the solu tion of n considembl(' 
rnuge of highly impol'tn,nt pl'Obl(,llls, A speeial effm't is made, 
howevCl', to point out the unsolved phas{~s of theprohlem, 

Some terms which recur frequently in tllis j)ublicntion are defined 
as follows: 

Bed load: Bed pnrtieies moving in the bed. layer, This motion 
occurs by rolling, slidin¥, and, sometinH's, by jumping, 

Suspended load: Plll'ticles moving outside the bed In~r('r', TII(, 
weight of I'ntspendl.'d pnl'tic\('s is eOllt,inuousl,\T supported by t,ll(' Auid, 

Bed layer: A flow In;y('1', Z grnin dinmetel's thick, imm('dintely 
above the bed, The t,hickness of the bed 1nyer varies with the 
pal'tieio size, 

Bed material: The sediment mhtUl'e of which the moving bed is 
composed, 

Wash load: ~I.'hu,t P,l!'t. of the sedinH'IIt: lond wllieh ('onsists of gl'uin 
sizes finet' thnn those. of th(' h('(l. 

Bed-materiill load: 'rhnt pH!'I, of the sediment; loud whi('h ('ollsists 
of gTHill sizes ]'('pr'es(,l1t('(\ in the h('d, 

Bed-load function: 'rhe J'nt('s a,t whkh \rUl'iOIlS disehurg('s will fl'll ns­
port the difl'cl'('nt grHin sizes of the hed mn,tt-I'ial in n. given ('hn:nnd, 

Bed-load equation: '1'11(' gf'nel'ul J'plntionship between bed-load rare, 
flow condition, und composition of the bed mntel'ial. 

LIMITATION OF TilE HED-LOAD 'FUNCTION 

THE UNDETEIOIINED ,FUNCTION 

Funct.ions often hccol1H' eonstnnli 01' even eqllnl to zero under a wide 
rang(' of ('cHlditions, 'Phn,t functii)lls mil"Y neil Imvefl.ny ntiu(' in ('('1'­

tain l'lmges of conditions is mnt\Wlllnli('U.lly (!t'rnonslr'iLINI WIIl'I'('W'I' 
tIl(' solution of the eqllfttion whidl defines tIll' fllndion bct'omes inHLgi­
nnl',Y, 13uL fUIH'tiolls (\wJ \.l('(:om('ind('i;Cl.'miIHtt.p IIndpl,' n. widcl'n.ngi' of 
conditions S(,('1\1 to berathcl: IIIUlsllnl. Unfol'lullltlely, the bed-Iond 
{ulle-tion has this ('\U)'I'IIC'1:('I', 

In order to bNtel' un(\(,l'sinnd this ('ondition consid('rall ('xlUnple 
from the gnnw of billin,l'ds, A plilye,,' shoots th(' cuc bl111 with thc 
intention of hi Uing tlw red bill! which is Itt I'cst, In whnt dil'l~etion 
will ,the red bIll! mo,'c nflC'r' the collision? M,I1t:hc'mll,t:iel111y, thc 
problem mn;y be d('s.('I'lbed in tILl' foll()will<r WILy: The independent: 
variables arc t.he nng\{- IX \\'i t.1t ",hiell til(' ('ue bllll,'olls, iLnd the ol'iginid 
distance l bcl.w'('('11 th(\ two blllls, The itnglc a, however, cmmol be 
predicted with IllntlH:ll1ai.iclll 1l,('C'ul'itey, bu!; is endowNI with an ClTOI' , 

The a('tuill yulue of IX for imy a.dunl shot is ddined hy the iUlgle ao 
which the plnycl' intends to lIS(' and by It smitH but n.bsollltcly random 
unccrtninty a' whid.. is only sl iI,tisli(~Il11y dd('l'Inin('d by t.he Ilc('um(~'y of 
the plllyel' , 1'11(' angle, y H,t. wiri('h I.h(1 ('cd \In,1I IJpgins to move idtel' 
the impact dcpellcis upon thcdil'cction of the common plane of tangency 

• 

# 

• 

• 
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• for the two balls at the moment of collision. ASSlim ing no friction 
between the balls with a diameter D, t,he angle 'Y may be ('Illculated 
in terms of 01', for instance, fo,· an intended head-on collision if a and 'Y 
are measured from the original common centroid of the balls by the 
equation: 

As long as l is of the same order of magnit;ude as D, 'Y will be of the 
same order as a' and it. may be p,·edicted wit:h about the same ac­
curacy as u. As soon as l becomes large compa,·cd to D, howeve'~J sin 
'Y will be rather large and 'Y may not be pred icted wi th !lny dcg,·ee of 

accuracy. With l larger than a given limit ~ may even become 

larger than unity and the player may miss the ball completely. In 
this case the prediction of 'Y from the intended average vl:;.ine Q{j 

becomes meaningless because the possible Jiuduutions arc mu(!o larger 
than this value itself. We may thus conclude thut beyond Ii, cOl·tain 
distance l the player, charadct·ized by an uncertainty a', has no 
chance at all of predicting 'Y although he IS able to do so with reasonable 
accuracy for small distances t. 

This example may show in a general way that physical problems 
exist which are detenllinate in pa,·t of the range of thcit· parameters 
but are indeterminut:e in some othermnges. The tmnsi(;ion between 
the two 1S u8U1tlly gradual. The relutionship between flow !lnd sedi­
ment trnnspol"t in a st'·NUll dlttnncl is b!lsienlly of this chnmet.er. 
The critical pammete.· deciding the sib'1lifiennee of the function in It 

given flow is the grnin dinmelcl" of the sediment. 

TilE ALLUVIAL STIlEA1\1 

To introduce in simplified form the gelleml case of sediment movl~­
ment, ILssume It uniform, concrete-li.wd ehllnnei t.itl"Oligh wbieh a 
constant disclul.l·ge .flows uniformly. Sediment, is added to the tlow 
at the ehannel entmnce. .Expel·ience shows thnt sediment up to 11 
certain particle size may be fed into such It flow I1t 1m)' rate up to 11. 
certain _limit without causing any deposits in the c1ulllllel. For Il;ll 
rates up to this limit" the dumnel is swept denn. An observer whe> 
examines the clumnel after the flow hILS pilssed cnll state only t1mt 
the rate of sediment flow must luwe been below this limiting rn.t.c; 
that is, below the ;Isedimcnt transpoding cupacitiY" of the concrete 
channel. The sediment Ims not left any traee in the chn.nnel. Its 
rate of t.ransport need not be related in any way to Ute flow ,·ate. 
This kind of sediment IOlLd has been called "wash 1000" because it is 
just washed through the channel. 

If the rate of sediment supply is la'"ger than the capacity of the 
channel to move it, the sUl~plus sediment, dmps out, and begins to COVet· 

the channel bottom. ~fOJ·e and nlOJ·e sediment is dmpped if the supply 
continues to exceed. the capn.ciLy unt,il the channel profile is sufficiently 
changed to reach an equilib,;umwhereby at every section the transport 

• is just reduced to the capacity value. Now, an obse.·,'er is able \'0 
predict that during the .flow, sediment was tmnsport.ed ttt, each section 
at a rate equal to the capacity load; because if it hat! been more the 

http:tmnsport.ed
http:concrete-li.wd
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surplus would have settled. out;, and hild it b('('n lC'ss, the difTcrcn(:c 
would I1ltve been scoured from the avnilfl.hle deposit. Such It I'ivcl' • 
section which possesses a sediment bed eomposed of the some t~Tpe of 
sediment 1t.'S that, moving' in the sLl'eiun is called an "alhwial 
reach" (13).3 It< is the main PlIl'pose of this papel' to show how the 
capacity load in sllch ItII nlluvinJ I'cltch may be ciLlculated. 

TUE S'-:IlUIENT :MIXTURE 

This pl'obkrnis hig-lIly ('omplicfl.Led by thc fact that the sediment, 
entering any IIntlll'nJ rin'I' I'(':lc·his lIevel' unifOl'm in size, shnp(', nnd 
specific grn.vity but, "'('presents ahnlYs n. rnther complcxrnixtul.·e of 
difl'('I'C'IIL ~I'nill typcs. ILhns been fOllnd experimentn,l\:r IhnL the shnpe 
of the diffel'cn!, sediment pn,l'ticles with few ('xceptions is Illueh les!'; 
impor!;anti thn.n fhe pnl'tidc size. The specific gTilviLy of the bulk of 
mosL sediment,s is nlso COlIstiLnl, within niLITOW limit.s. IL is, thcl'efol'{', 
geJlel'lllly possible to descl'ilw the hclel'ogcneit,y of Illc. sedinH:>nli mix­
ture in a natuml Sll'ennl by its sille annlysis. itt; lel1st when the mixl.tll'c 
eOllsists of pn.l'ticles pl'cdomilULntly in the sn.n(\ sizes n.nd COfLI'Ser. As 
the delivations which follo\," do Jlot introdu('fl nny molceuhll' for('cs 
bcl,ween s('(limenti pn,rtides, Lhey tlrc autQmati(:il.ll:r restrictcd to tire 
Illl'gcr pnrlides, ill geIH.·I'n.! to t.hose eOIl,I'Sel.' Wnn II. 250-"mcsh siPH' 
(Tyler scnle) 1.11' 0.061 millimeters in difUl1l'ier. This resLl'iction does 
not seem to he Sl)riOllS, however, asmosL f1lluvinJ stream beds in th(· 
sense Qf the above d('finition do not contain nn n.pprec:inble peJ'centnge 
of particles below 0.061 millimeJcl's in din.metel'. 

Consider 1I0wltQW it llmy be necessnr,Y lio modify the previous 
definition of the nllllviI111'e:l,eh, of the sediment cn.pn,city, and of the 
bed-load funcLion ill v'iew of the fn.ct t.hn,!; nlllln.turnl sediment supplies 
are vCl'y heterogeneous mixtures. Agn.in, begin with the nssumption 
of n flow in 11 con{,!·(·t;e chn.l1nel. Assume n sedil11C.nt supply at the 
Uppl'l~ end of the channel, rJonsisting of :\11 different siu!s from a maxi­
mum size dowll. throngh LIre silt n.nel c1n.y l'l1nge. If the mnximulll 
gruin is not too In.rge tQ bc moved by the flow, the clumnc1 will again 
stllY dellI' nti low rates of sedim.ent J>\Ippl}T. But nn increl1se of the 
supply rl1te will evcntnnlly cnllse sedjmenl, deposition. 

Undel' most conditions Qnly the eOlll'se sizes 1.11' sediment will be 
deposited, It is true tlw.t il small pCJ'(:cntfLge of the fine scdiment;s 
may be found. between the In.l'ger pn.ltides whe·n the flow is pnsL, bll! 
this amount is gCllel'l111y so smnll thaI, one is tcmpted to conel lIde thut. 
these small paJ'ticles m'(t clLugllt lIecident:ll1y between the In:r'geI' ones 
rathel> than pl'imnl:ily deposited by thc flow itself. This is nlso sug­
gested by the fllCt, thut Ll:e vol lime of ('ntil'c deposit does not; e1ulIlgc 
if the fine partides al'c eliminnticd fl'om it: they mel'ely occupy the 
voids bef,ween the Inrgcr: gl'nins. 

A direct pl'oQf of LheinsignifklLllce of t,hese fineplll'Licles in the 
deposit call be found expel'imcntnlly. The mte of dc·posit. of the COIlI:se 
particles is a distinct JUilt:liQllof the rate of supply. If mOl'e COll.l'se 
sediment is supplied Ilt the sn.ll1e flow, nil thisndditional supply is 
seU,led out, leaving constl1l1t 1,11l! mie which the flow tI'lLIlSPOI'('S t.hrough 
the chl1nncL If only the rnt.e of lire fille pl1rtides is incrensed, how­
eveJ', themtc of depQsit of these pnl'ticlcs is not influenced at all. 

a ltalic llumbersill parentheses refer to Literature Cited, p. 68. • 
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• This basically diffeJ'cnt hehavior of the fine and the coarse partidos 
in tho same chl1lUlel has led the nu IhOI' I..nd colhthomLol's (5) to IIssume 
Hlltt the fine plll'ticlcs in tIw flow still bclllwe like mnt('I'inl cnllcd tiwllsh 
load" in the concrete eillllUlel, whm'clls the conl'se pnl'lidos neli like the 
sedimcnt in a sill'idJy alluvial clUUUlCI. These investigntol's gin.'. the 
limiting gmin size lwLwccn wush lond. nnd nlluvinl 01' bed lond in tCl'ms 
o.f Uw eomposition of the sediltHlnii deposit in the bed, They stnte 
Iha.I, IIIl pltl'tide siz('s that; (U'C nob significnntly rC'pl'csenf,cd in the 
deposit lUust, be considered ns wltsh lond, \fol'l) spccifienlly, the 
limiting size mny he 1I1'iJitl'UJ'ily chosen f!'Om the mcduUlicnl nnlllysis 
of the dcposit us Ihn.t gm.in d in.lIw tel' of which 10 percent of the bcd 
mixture is fincl', This I'ule seems to hemtlll'L' g('llel'lIlLy npplica.ble ItS 
long ns low-witter nnd dend-wltl;et' deposits nl:e exdudccl from the bed 
sediment;. 

Needless to suy, the nSsulllption of n shnrp limit. bet;ween bed lond 
nnd wush lond must be undel'stood ns n. eOlwPllient: simplificntion of u 
basi('nlly complex grndllnl t.rnnsition, Virtuilll.Y' nothing is known 
nbout; this tl'nnsition todny. This fnct he('ollles nppn,l'ent when the 
question is nsked: whnt. bed composit.ion elm be ('XI>f'et.ed to I'esult fwm 
n known sediment lond in n known flow'? No positive nHswel' cnn be 
givcn 1.0 this quest.ioll todll.Y. 

Anot.h<!I.' fuetol' influencing the h('d-Iond fllndiOIl is tho shupe of the 
chnnllcl <;1'088 s(\dion. If this sedion is not inflllenel.'d either stl'llC­
tlll'l1Uy or b,Y' veget.lI.tionitisonly It funetion of the srdinwnt nnd of the 
flow. 'We have \()(in;y no d(\nl' COllCl'pt of how to n.rudyze these rellt­
liollships "J'll.tionnlly (wC'u though we sec'lll to hll ve some worknble rules 
for expressing the influ('ll('O of the shnpe of the known (.'I'OSS section on 
the I'n.te of lil'll.nSDol't. 

Aft('r this gPIl(\L'ld dis(,ussion it heeollH's possible til d.efinc the pur­
POSI' of tllis publit'itlioll mol'(' spl'('i/i(~Il11y IlS the d('s('ri ptiOll of n. method 
by which the (·upu('il.y oJ n· knowJl lIJ1uvinl dlll,IlIH'1 (,0 tl'llllsport the 
diffNNlt, gl'llin sizes of ii:; i1lhl\cilll bed. nt, \rUl'iousflows may be 
deh·l'Ininl~a. 

IIYDHAULICS OIi' THE ALLUVIAl. CHANNEL 

Fl'om til(' df'finitiOIl of the nlluvinl renell it; wus ('onduded thnt !:Iw 
1I'II11Spo.l'I; of btl! sediment ill such It• .I'(>lleh nlwn;ys (~quills ils enpneit,Y 
1.0 Lt'nnspol't sueh sNlilllenL :n is ensy to ('onclude fl'om Ulis t,hnti the 
flow is unifol'lll 01.' nt 1(,usC J1Nldy so. The,open-chaIUlcl hytll'llulics of 
nonuniform .flow 01' the enleuln.Lion of bnekwH.i('1' curves is Hot, pa,r­
ti(:ulurly imporfllnt, in this (·ollllf'etiOIl.WIII'I·(" su('h <:n.kulntions nl'o 
lu~e{'Sf>lll'y for ('hnmu:~ls thnJ HI'(' vOl'y ndivdy uggl'nding 01' d('gmding, 
t lIP)' nl'C bnsl·d on the usC' of the B(!I'noulli Equation Hf>it is nppliod to 
dlluuwls with solid Iwels. 

THE l;'.IICl'ION .1i'OR~IUL.-\ 

• 
The hydraulics of unifonnflow inelude bllsienll)T the descl'iption of 

the veloeitv distl'ibut.ions Ilnd of the fl'iei.iollill loss fol' tUl'bulent, flow, 
Thewl'itel~Vhas found thn.t, ill describing s(~dil1lent, tl'unsporti the veioeity 
distl'ibution in open-ehll:rUlC'1 flow on'l: n, sediment bed is bl.'st. described 
by the logarithmic fOl'll1Ullls bllsed on \T. KIlI:l1Inn's similul'ity theOl:cm 

http:XI>f'et.ed
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with tho constants as proposed by Keulcgan (11). He gives the 
vertical velocity distribution as: 

uU=5.50+5.75Iog lO (1/
U 

*)=5.75 log10 (9,05 ?lu.) (1)
U. v v 

for smooth boundaries and: 

'It
-'i=8.50+5.751og lO (ylk s)=5.75 loglO(30.2 ylk.) (2)
'It. 

for hydra.ulienlly rough hOllndn,ries, Tlw transition hetween the two, 
including the rough and ~mooth conditions, mny all be combined in 
the form: 

wherebY:I: is given infigtH'e 1 as a function of kslo. 
Hct'ein 1),l'e: 

Uu til(' av('mge point, ve1ocit,y at distnnce y from the bed 
1,l,.= ,1;~7s! ,{S~llfl the sheer velocity (4) 
Sf the densit,y of tIw witteI' 
s. the slope of the eltel'gy grn.tie line 

R the hyd I'll.III ie rad iliS . 


g the acceierittion dlle to gmvit.y 

Y the distnnc(', from nl(~ bed 

v the, kinclIltLtic \ris('osity of the wn.ter 

k. the. roughness of the I)('d 

x a eot'l'e(·li VI.' ptu'ametc·1' 

~= k"IJ' the nppnl'('nt l'Ollglllll'SS of th~'" slII'fn.ce 

o the thicklt()ss of the huuiulu' suIJIn.yer oC a smoot;h wall: 

(5) 

THE FRICTION FACTOR 

Next;, a definition mllst be given fol' the ,'oHghrH'ss, ks, in the case 
of a sediment sUdlltC, 11"'01' tmifol'l1l sediment, k" ('qlln.ls. the grll.in 
Jiameter as dcl;('/'mined by sieving, Oompamtive flume expel'imcnts 
have shown dut!, the l'epl'es1m(;ntive gmin dinmet~r of, a sediment 
mixtUl'e .is given by that sic\Te size of whie/J 65 percent of the mixture 
(by wcight) is finer. 

A sediment bed .1n motion llslinHy does not; l'el1lllin tlnt and J'cgulnr 
but shows riflles 01' hiLI'S of vll.l'iollS slmpes Ilnd sizes, These il'l'Cgll­
larities Mve some efJ'ed on the roughness of the beel Both flume 
meas.:;rements (6) and river observll.tions (7) lutve shown that this 
effed is liLthcl'considemblc lwd c/).nnot be neglected. An analysis of 
a lnrge munbel' of strelllH-gll.ging data in various rivers (7) hns led to 
the following inLerpret1l.tjon. 

• 


• 


• 
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RESISTANCE OF '1.'HE BARS 

The writ.er (3) has described a mothod by which the influence of 
side-wall friction on the results of bf:d-lolld experiment;s may be esti­
mated. The assumption was made that, the cross-sectionnl area may 
be distributed among t,he vnrious frictional boundaries in such a 
fashion that each unit will satisfy the snme friction formuln with the 
same coefficients that would npply if the entire cross section had the 
same characteristics. A similar upproach can be used to describe the 
friction along an irregular sediment bed, It is nssumed that on such 
a bed friction develops in two distinctly differ~nt ways: (1) along the 
sediment grains of the sudace as n rough wall with the representative 
grain diameter equnl to k.; and, in nddition, (2) by separntion of the 
flow from the surface at chamctel"istic points of the ripples or bill'S, 
This sepamtion causes wakes to develop 011 the lee side of the bars, 
chnracterized by rollers or permanent eddies of bn.sically stagnant 
water such as those observed behind most submcrg-ed bodics of suffi­
cient size. This flow patJel"ll CIWSCS n Im:ssul"C difrer~ence to develop 
between the front and r'(,ILr sides of ('[teh I>n,I' so tha! pnrt of the flow 
resistance is transrniUed to the wI,1l by this r,hit (l(\ Tesistllll('e, i. c. by 
normal pressures. 

Again we may be justified in diyiding the cross-sectiollal area into 
t\\TO parts. One will contributle the shear which is transmitted to the 
boundary along the rouglmess of the ~miny sand surface. The other 
part will contribute the shear transmltted to the wall in the form of 
normal pressures at the different sides of the bars. These may be 
designated A' and A" respectively. Both t.ypes of shear action Ilre 
more or less evenly distributee! over the entire bed sW'faec and act, 
therefore, along the same perimeter. Two hydl'llulie mdii may be 
defined as R'=A'/Pb and R"=A"!Pb wher~e natumlly R'+R"=Rb1 
the total hydl'llulic radius of the. bed. 

Thisentil'e procedure of division mlly appear to be rather artificial 
since both act:ions occur along the sllmeperimeter. The significance 
of this division becomes applll"ent, however, when one l'ecalls that the 
transInission of shear to the boundary is accompanied by a trnnsfor­
mation of 6(1\\' energy into en(ir~gy of turbulence. This energy trans­
formation caused by the rough wall oCCW'S at the grains themselves. 
This newly created turbulence stays at least for a short time in the 
immediate vicinity of the ~mins and, as will be shown later, has a 
great. effect on the bed-lOUd motion. The part of the energy which 
corresponds to the shape resistance is tl'l1nsformed into tW'bulence Ilt 
the interface between wake and free stream flow, or at a considemble 
distance away from the O'rllins. This energy does not contribute to 
the bed':load motion of the particlcs, therefore, and may be lnrgely 
neglecte~ in the. entir'c sediment pictul·e. This rnlly c..wlain why the 
division of the sheilI' into the t;wo pacts u: and u'! is of fil'stimportance. 
We define: 

u: =,tSeR'gt 


u': = ~Ii;-H"gS 
(6) 


8933j9"-ril-!! 
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From this it is understandable that the velocity distribution near 8 

sediment grain in the bed surfuee is described by equations 1 to 3 
whereby U'. assumes the value of 1£:. The average vclocity in the • 
vertical may be determined according to Keulcgan as: 

.: =3.25+5.75 10glO (R»=5.15 10glO (3.61 R~'U:) (7) 

for a hydraulically smooth bed, and: 

:'=6.25+5.75IogIQ(~)=5.75 loglo(12.27 f') (8) 

for a hydraulically rough bed. Again, the entire f,ransition brtween 
the two f;ases indusive of the extrernes may be expressrd by: 

- . RI') (R')::=5.75 10glO(12.27k~t;: =5.75 10glO ,12.27 ~ (9) 

Where x is tIte same function of h:./O' n,s given in figure 4 (ill Ilocket., 
inside back cover), and 

~I_ll.6" 
(1- I (10)

1/,. 

A corresponding exprrssion u/,u. ': may be calculated, and this 
expression must be expede<! to be a function of the ripple or bar pat- • 
tern, basically ('ol'l'esponding to equation (9). The ripples and bUJ's 
.change considerably and consistent1y with diffel'ent rMes of s('(]iment 
motion on the bed. ·We will see later that the sediment moLion is a 
function of a flow function of the type: 

'l',_S,,-Sf Das 
(11)

- Sf R'S. 

wherein s, and Sf are t,he densities of til(' solids nnd of the fluid, 
respectively, Das tll(~ Sh,>'Tc size ill t.he bed mal;l:'ritll of whi<-h 35 !>e/'(~ent 
are finer, lI.ud R' nnd So arc ns defined pJ·eviously. The expression
u/u.':, mny thus be expcetcd to be n function of 'ii'. IIi was found that 
sllch a relat.ionship aet:lIitlly exists fo/' nlltuml, lu.tcmllYllTll'cstl'ieted 
stl'enIi1 channels as given in figm'e 5 (in pocket, inside bilCk cover). 
Any. fLdditional ericI ion, such ns fJ;om bnn lis, vcgetll.tion, 01' other 
obstructions.must, rmtul'lliJy, be eonsidcl'cd separately. 

THE ,L,oUIINAR SU8LAYER 

The presence of a laminar sublny(\[· along a smooth bQundary has 
already been m(mtioned. The th.ickness 0 of this layer hits been given 
as: 

~5) 

• 

http:loglo(12.27
http:6.25+5.75IogIQ(~)=5.75
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in which II is the kinematic viscosity and u. the shear volocity along 
the boundary, 

Within the laminar subl~yer the velocity increases proportionally 
to the distance from the wall: 

(12) 

a.nd at the edge of the layer where y=6, the velocity is: 

(13) 

From this point on out, the velocity follows the turbulent velocity dis­
tribution of equa.tion (1) which has the same value as equation (13) 
at Y= 0 as is. shown in equation (14): 

(14) 

The entire distribution is shown in figurc 3. FOl' Itn explanat,ion of 
this distribution the reader is referred. to any standard textbook of 

I· 	 YU, =u.· 5.75 log (30. 2 T ) 

T' 
I 
I r 
I 

,~~
t 
I 
II

S.11.6" I 	 Ii 
U. 	 I I 

I I 

• FtGUBIil a.-Assumed velocity distribution Ilear the laminar sublayer along 8 
bydrDulically smooth wall. 
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fluid dvnamics where the viscous forces al"eshow11 to be stl'ong enough 
in the lamina I' layer to prevent the OCCtHTenCe of turbulence, wherens • 
outside of the layCl' 0 the turbulent action is so stl"Ong that, viscosity 
effects may be neglected. The tmnsit,jon between the two phases is 
nat.umlly gradual and not as abrupt as shown in figme 3, but since 
nothing is known about the chal~acter of this transition the sudden 
change from one regime to the other mlly be used. 

THE TR,\NSITION BETWEEN HVDIlAUJ.JCAI,J,V HOUGH AND SMOOTH BEDS 

Along It roug-h wall the distribuI;ion of velocities is basically different. 
Einstein and .lDI-Samni (8) haye shown expedmentally that the theo­
retical boundary fl'om which the distance y of cquation (3) must be 
measured lies 0.2~:8 below the plane which connects t,he most prominent 
points of the roughness protl'tlsions. The roughness k. IS thereby 
given by the gmin diameter of which about 65 percent by weight of a 
sediment mixt,ure is finer. It is generally known, and may be seen 
from figure 4, that the wallaets hydr'aulically rough if k./o>5. The 
laminar subhtyer as calculated fOl' It smooth WitH has, then, a thickness 

. of o<k./5. Wi th the I.·oughness protl'Usions 0.2ks high, this laminar 
sublayer would be stl'Ongly dissected by the PI'otl'Usions if it existed 
at all. In realit;y it does not, seem to exis.t in these flows because the 
shea l' is transmitted to the boundnl'y diffet'ent,]y. In order to under­
stand this mechltnism one m.ust inter'pret the boundary as a sequence 
of bodies submel'ged in the fluid. For sufficiently large Reynolds 
numbers (~:sm of the flow nround the individual gmins, sepamtion of 
the flow will occur and a 10w-pl'essUl'e wake of still watet' develops on • 
the downstreltm side of the gmins. The resultant of the nOl'1nal prcs­
smes hns It significant component in t,he di"ecl;ion of the flow which 
very soon (wit,h incrensin~ k./o) becomes so large that all viscous shear 
cltn be neglected. This IS the reason why f"iction formulas fOl' flow 
along hydraulically rough walls (k./o>5) do not contain the Reynolds 
number in any form. 

The local velocity distribution at the rough wall follows according 
to EI-Samni's measurements, equation (3), as dosc as 0.1 k. from the 
theoretical wall; 1. e. even between the roughness protrusions. No 
measurements closcr to the wall exist, but the assumption that the 
tUl'bulent velocity distribution exists all the way down to zero velocity 
seems 1;0 he as vnlid as nny othel'. This point is at a dis\.ance 110 CrOnl 
the wall which may be determined fl'om equation (3), such as: 

::=0=5.75 logIC (30.2 'r~~o) (15) 


to be: 

k .• (16)110=aO.2x 

which becomes: 
k .. (17)YO=30.2 

for hydraulically rough wnIls. • 

http:110=aO.2x
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THE VELOCITY F'LUCTUATIONS 

All velocities introduced so far are time averages. The different 
types of sediment motion cannot be desCl'ibed by fhese time avemges 
only. Movement in both suspension nnd nlong the bed can be ex­
plamed only if turbulence is introduced. TUI'hulence is nn entil'ely 
random velocity fluctuation which is supOl'imposed o Vel' the avemge 
flow and which can be described today only stl1tisticnlly. 

The. turbulence velocity at any point of the flow has the following 
qualities: (1) It usually has thJ'(~e finite components, Qneh of whieh has 
It zero time average. (2) 'rhe velocity fluctuntions nrc mndorn nnd 
follow in geneml the normal errOl' law. Its intensi ty may be mcnsll/'ed 
by thcstandat'd deviation of tihe instantaneous value. (:3) vVhct'ev()l' 
shear is tmnsmitted by the fluid, a certain cOiTelntion exists between 
the instantaneous velocity components in dit'ection of the shetH' nnd 
in the dit'ection in which the shelu' is tmllsmitted. (4) As shown in 
recent measurements by Einstein and EI-Samni (8), in the imll1edin,te 
proximity of a rough WitH the statistical distribution of velocity inten­
sities must be skewed since the pressure variations are following the 
normal errol' law there. 

The chamctct'istics indicated in the fow' previous statements may 
need some explanation. The first statement is the easiest to under­
stand. One may visualize turbulence as a complicnted pnttern of 
long eddies similar to the twistm's and cyclones in the Itir, but smaHet', 
more twisted and intricately interwoven so that they flow in llUl.ny 
different direcLions. If wnter moves past a refet'once point with an 
average velocity, the eddy velocities assume all dit'(lctions aecording 
tQ the various directions of t,he eddy axes. The only exception to 
this rule of three-dimeasionnlity are the points very close to a solid 
boundary. There the velocities itl direction normnl to the bOWldal'Y 
for obvious rea.sons are smaller than the two others. 

In statement 2 the expression "l'undom" needs some explanat.ion. 
If the intensity of the velocity component in one direction is reeorded, 
the resulting curve resembles the surfnce of a very choppy sea. One 
may coneeive of a pcriodic pattern like the waves, If one tries, how­
ever, to find the amplitude and wave length of this eurve it:is appnrcnt 
that both charnctm'istics change constantly in an a.bsolutely irrcgulur 
pattern. It can only be concluded that the curve is continuous: that 
no discontinuit.ies exist in the velocity itself. The standard devintiolls 
of the velocity components have been measw'ed, mainly in wind. 
tunnels, by the use of hot-wire unemometers, whOl'e t.he standard 
deviation values may be determined directly. To the writet"s knowl­
edge, no measurements hnve been made sufficiently close to the wall 
to .show the deviations mentioned in statement 4. 

Statement 3 is the basis of the so-ealled "exchange-theory" of 
tW'bulence which is today the most important tool fOl' the study of 
quantitative effects of turbulenee. Let us assume that a shear st,l~ess 
exists in the flow under considerntion and that cOl'l'espondingly a 
velocity gradient exists in the same direction. If, fOl' instancc, this 
shear is the cone.equence of the bed friction in a flow channel, the 
average velocities are essentia.lly hol'izontal, but increase in magnitude 
with increasing distnnce from the bed. This incr'cuse is the velocity 
gradient previously mentioned. If an exdlange of fluid masses is 
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visualized in this flow h(!Lwnen two horizont.al layers of difl'crent 
elevation, this exchange llU1Y he descrihed by the flow velocities at 11 • 
horizontal plillle betweell HIC two. In this plane the amollnt of flow 
going up will equa1 t,he omount going down for reasons of continuity, 

All water pttJ,tieIes going up have a positive instantaneous vel'tico.\ 
velocity whel.'cas the. vnlocity ih the dOWJ1Ward dil'e('.tion is termed 
negative, All these Huid masses which move vertically through the 
hOl'izontlll plane have a 1Io]'izonto.\ velocity at the some time, J.1et us 
call the hOl'izf)ntal velocity fiuctuu,tion positive if the velocity is higher 
tha11 the average at thati elevation, ncgl1tive if it is 10weI', The 
important point is thu,t all water particles moving down through the 
plane from. above originate from a region of higher average hol'i7.ontal 
vcloeity, Thcl'e exists n tendency, thCl'efore, for the hOl'i7.0ntnl 
veloeit,y fluetuntion to be positive whenevCl' the vertical velocit.y is 
nega!;ive, Similu,riy, the tendency is fOI~ the hOl'i7.0ntal velocity 
fluctuntion to be negative when the vertical component is posit,ive, 
The corl'elation coefficient, whieh is the integru.l of the produet of the 
two instl1nt,aneOlls veloeities ovm' a given time divided by the product 
of the standnrd devilLtiion of the two, thus has n tencLeney to be negn,tive, 
Its value gives a, mensure of the vertii.eal movement of hori7.0utnl 
momentum tlu'ough the pla.ne, which repl'esents a sheaI' st;l'ess. 

This exchange motion transports not only mass and momentum 
through the reference plane, but also heat and dissolved and sus­
pended mat.tel', as explniued uudel' "Suspcnsion," 

Statement 4, pCl'taining to the stntistieal distribution of st.lttic pres­
SUI'C near the bcd, is blts(~d on empirical findings, the significance of 
which is so far neither fully undel'stood by itself nor in connection 
wi th the Cl'ention of tmbulence in the boundltl'Y region, In this study • 
t.he result hns been used to groat advantaw', however, despite the lack 
of a full understnnding of its geneml significance, 

SUSPENSIO!~' 

The finer pal'tieles of the sedimcnti lond of stl'cams move pl'edom­
innntly ns suspended lond, Suspension as IL mode of tmnsport is 
opposite to what Bagnold cnlled "surface m'el'p" and to what he 
defines as the hcu.vy concent,ration of motion immediately at the 
hed, In populat, parlance this hn,s been called bed load, nlthough as 
defined in this publication bed 10ndine1udes only those gl'nin sizes of 
thc surfnce creep which occur in sibl'Jlificnnt amounts in the hed, 

The chiLI'actcl'istic definition of It suspcnded solid pal,ticle is that 
its wcightis supportied lJy the sUlTOtmding fluid dUl'ing its entire 
motion, 'W11ilc being moved by the Huid, the solid pnrticle, which is 
heayier th:m the fluid, tends to settle in the surrounding fluid,· If the 
fluidfiow has only horizontal Yelocities, it is impossible to explnin 
how nny sediment partide ClLn be pCl'lnanent,]y suspended, Only if 
the irl'cgulnl' motion of the fluid pn,l'tieles, enlled tmbulence, is intl'O­
dueed cnn one show thnt sediment ma.y be perma.nently suspended, 

The ell'('C't of the turbulence velocities on the tnniu flow WitS de­
scribed in the discussion on hydraulics by reference to the fluid ex­

• 
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change. This same concept, is used to describe suspension. Since the 
vertical settling of pm·ticles .is counteracted by the flow, the vertical 
component of tmbulence as descl~ibed by the verticllI fluid exchllnge is 
effective. Assume a turbulent open-duLnnel flow. The section mll,y be 
wide, the slope small. Consider a vel·tical suIHeiently far' from the 
banks to have two-dimensionlll flow conditions. On this verLiea] 
choose a horizontal refet'enee sect;ioll of unit arelL Ilt ,a disttLllce 11 
from the bed. While the mellll diredion of flow is pllmllcl to this 
area, the vertieIL] velocity fluctuations cause fluid to move up and 
do\\rn thr'ough the sect,ion. SLatist:i(~ally, the same amount of fluid 
must flow thwugh the Mea in both di.rc!etiolls. To sirllplify the pic­
ture, assume an upward flow of veloC'ity ('V) in huH the area and a 
downward flow of t.he same vdodty (-'u) in the other hn,]f. The 

exelHLl1gc di~du'Ll'ge through the unit areiL is qu=~v. 1£ the exclutIlge 

takes plnee ovel' an iLver'ltg(~ dist:n.n('e of lo at elevation 11 it can be 
assumed that the dowllwf\.nl-Ill(lving fluid ol'igiruttes, asnn average, 

from an clevntioll (lI-1-~la) while the upwnrd-rnovingfluid ol'iginates 

from (lI-~lc). The impoltant assumption is mnde thltL tlw fluid 

preserves during its exehiLllgc t.he qun.lities of the fluid at Ihe point of 
origin. Only after compleLion of the exchn;nge tnLvel over the d is­
tnnce le will jt mix with the sUlToundiug fluid. From I,his it.is possi ble 
t,o cnlculate the transport of a given size of suspended piLrticles with 
a knowll settling yelocity 'U", if I;he COll('cntmt:ion of t;hese pnrt;icles nt 
11 is Cy. The upwltl~d motion or pnl'tides per unit area nnd per unit 
time is: 

and the ml;e of downward motion .is: 

1
c ( ! ) . ...:.. ('V -I- 'V s)

.+2 1• 2 

The llet upward motion is thcrefol'(': 

(19) 

Neglecting all higher tenns, the coneentl'lLtiollS mny be expressed as: 

(20) 
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Introducing these expressions (20) in equation (19) the net upward • 
motion is: 

4 [(cu-4 le ~~)(V-v.,)-(cu+4le ~~)(V+VB)J= 
1 l dey

-c"v.,-,? I) '. '-l­.. (,y 

Most interesting is the equilil)l'illm stat,lIs at which t11cl'e exists no 
net flow in ei ther direction: 

+ 1 l dc" ' cuV, '?V"- =0 (21) 
OJ (yf 

In equation (21) both 'v und te are IInkno\m. It is customary to 
assume that these two values are equal to the COITI)sponding values 
in a similar equation for the exchange of momentum through the same 
area. Assuming that the sheaI' dlle to viscosit,y may be neglected 
compare<l with that due to momentum transport, the depth d may be 
introduced: 

d-y 1 [ ]Tu=TO -d-~'? VSr u( _!/ )-U(, 1./)
.;J 11 2 f! II r 2 t: 

=~ VSr [(uu-4lc ~;)-(Uy+~ le ~;)] •1 d1t 
=-- vsrl ­2 e dy 

From this we calculate: 

.! vl = _ TO d-y _1_,_= _u2 d-y _1_ (22) 
e2 Sr d du/dy * d du/dy 

Using equation (3) for the velocity distribution we may caleulate 
du/ely: 

duu 5.75 u. 
(23)dy =2.303Y 

Introducing this value into equation (22): 

1 d-y
2' vl.=-0.40y'u·d - (24) 

This value may be used in equation (21): 

o d-1/ dc" (25)c~v.=O.4 YU.-a,-:- dy • 
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• Separating the variables: 

dc lI= v. d dy (26)
CII 0.40u* 11 (d-y) 

and introducing the abbreviation: 

v. 
(27)

0.40u* 

we can integrate this equation from a to y 

This may be rewritten in the form: 

(29) 

and may be used to caleulate the eoncentrntioJl of a givell grain 
size with the settling velocity v. at the disLnllce y from the bed, if the 
concentration Ca of the same pat· tides at distl1l1ce a is known . 

• THE TRANSPOHTATION llATE OF SUSPENI>EI> LOAD 

This entire derivation is based in purt on the IlSSUlllption that the 
instantanl.'Ous velocity of any suspended particle is that of the SUl'­
rounding water plus its own settling velocity in this fluid, the two 
velocities being addl.,(\ vectorially. This makes the horizontal velocity 
component of the particle equal to that of the surrounding water. 
This allows us to cnlculate t.he flow rate of sediment particles at 
elevation y pel' unit arl:a n.nd time: cliv. In order to sec how this 
rate changes over the vertical we mlLy assume UI/ to be ILbout constant 
as the logarithm changes very slowly complLred to the power function 
of Cu, which equals zero at y=d and becomes infinite at y=o. An 
infinite. concentration is an impossibility. None of the distributions 
can, therefore, follow equation (29) down to the bed, but there is no 
reason why they should not do so up to the surfn.ce. If the tran8port 
by suspension is integrated over thevertiCIlJ it is very reasonable to 
begin the integration at the water surfn.cc nnd to integrate down to 
the depth y. We will see later how fur down the suspension actually 
determines the transport. 

INTEGRATION OF TilE SUSPENDED LOAD 

The integral of suspen(lL·d load moving through the unit width of a 
cross section lllay be obtained by cOlllbining equations (29) and (3). 

• ~ . j'd (d-V a )'cllulldy= Cu ---d. 5.75u.loglo (30.2y/A)dy (30)
u . u y-ai
89337DO-Gl~ 

http:surfn.cc
http:surfn.ce
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This long expression mn.y be slightly shodened by tnking some of the 
constn.nt fltetOI'S out; of the in tcgml , and it may b(~ simplified by • 
refelTing the concentmtion t.o Ihn!. nl: the 100n~r limit of integration a.. 
By replacing a. by its dimensionless vulue A=a/d, l\lld using d as the 
unit for y, we obl:ai,n 

q.= fd cyfJ,tly= fl dc/ii~clyJa J4 


( A)' _ i' (l-Y): (30.2Y)
=du.cu 1-A 5.,5 A Y 10glO ll/(l. <l.y 

A )Z { ('30 ? ')j" (1.- "z=5.75cad'll.• ( 1-A' loglo' ~-(.A y11)dy + 

fl (1 y): }JA y 10glOydy 	 (31) 

In order to reduc:e the two intcgrnls in e(\uation (31) into a basic 
form, t.he log 1/ is chilllged from buse 10 to )use e of the nat:u1'll1 log­
arithms using the relationsh.ip 

10glO (y) =log. (y) 10glO (e) 	 (32) 

As log,o (e) has the value of 0.43429 W'e may w!'ite equation (31) in t,he 
form 

- 75 d .( A )={loglo (:30.2--ll-d) 	 •q.=o. U., Ca I-A 

j"(1-1/)'il(1-1/)'--'- dy+0.4:34 --' log. y dy} (:33) 
A YAY 

with 
v. 

Z· 
0.40 'M. 


Y measured with d as unit 

A=a.fd 

U.= .JTo/sr=.JS.R g 


Herein are: 
q. 	 the sediment load in suspension pel' ulli.t of wid th, measured 

in weight, moving per unit of time between the wnt.ersllrfllce 
and the refcl'cnee level y=n 

'/1.. the shelll' veloeity 
Ca the reference eonCCllt.l'IItion nt, the levd 'y=n. (eu is measured 

in weight per unit \'oltllllc of mixtul·c).
A the dimensionless .distance of this lowcl' limit. of intcgration 

a
from til(' bed. L:l =(j 

• 


http:JTo/sr=.JS
http:relationsh.ip
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z defined in e~uat.ion (27) ns the srI. tling vdoeit.v v, of the 
pnrt.icles dIvided by the Kltl'llIlln ("011$111111: 0:40 ~tI1d the 
shelu'velocity u* 

y thr vaI"iablc ofintegmt.ion, t.hr dinH'lIsionless distnnce of any 
point in the vel'lienJ from the I) (>(lJ measured in water 
depths d, 

Equations (33) and (34) arc true to dinH.'llsions, Any consist.ent 
system of 1I1li ts will, thel'l~fore, giw' COITN:t I'('sul ts, The two i nt(lgrals 
in equltt ion (33) eaniloi: be intl'grnted in dosed form for most values of 
z, The numerienl integmtion of the two integmls for 11, number of 
values of A. and Z WitS t.hus th,: olllypossihie solution of the pmblNl1, 
After a survey of the avnilnble m.ethods of IIppronch it wns decided 
to usc the Simpson formllln, int(lgmting the two {'xpn'ssions in steps, 
whereby ench series ofintegmtiollsfor n eOllstlLllt z yttluc wOllld PI"O­
duel' nn entire CUlTe of intllgmt vnluf's in fUllcl ion of .1:1. Eneh stwh 
intcgl'ntion WitS started fmm 1/=1 iLlld proceeded towltrd smnllN' 
vnlues of y, Table 1 gives a sample sh(·(·t for slIch It en\eulution, The 
values Itre calcullLted thel:e for z=O.(i and for l>?!>O,l. By this 
snIJw method the entil'" l'IWg(' 1>11>10-" Wlls eon'red for: the values 
;::=0,2, 0.4, 0.6, 0.8, ] .0, 1.2, 1.5, and 2,0. .In nddit ion, z=1.0 was 
inl.cgmted ill dos"d form, as were SOIll(' yulw·s for z=O, 1.5, 2.0, :3,0, 
4,0, 1L1lt! 5,0. Vulu('s of Z !lbo\'(' 5,0, wel:(\ eonsidpl'pd IIl1importnnt for 
t.he problt'lII in qlH'stiQn, h('(,ILIIS(' (llIlypnrtid('s with Y(,l'y high s('Uling 
veloeities \\'ollld lilt\'(. z>f.,O, lIlId thest' pfLl'liei(-s IIlI)n' allllost cx.­
clllsi n~ly as slIl'fitee el'ct·p, 

The. ('lIkulnt ions \\'(,I'e t IH'II spol.-('\u·(,kl:d hy InNlns of It mel hod 
bused on the (/('vdopm('nl of the flllldions int.o hinomiul n.nd poly­
Hominl sel'i('s, with the CJl'iginnl (~ukul/l.h(ln carried through to I) signi­
fienllt Ii glll'(!S, It WitS fOlllld thut I hI' derived int('gl'lll \,i~III('S wel:c 
Illwu.ys (~OIT('l'i t.o within 3\; lenst O,\. pf'I'('rnt; i, e, 10 slid('-nlle IlC­
(;lIme.,y. Most of th" v!llues gin'lI ill 1.111..1(' 2 nrc more /l.('I,'ul'nie 1hall 
can be obtnillcd on 11 slide rule. 

Table 2 gins 11, list, of nil I:h(' ,r,dIlN, for the t.wn illt (·gl'ills, .JI 1\111.1. ,l~ 
(lnieulntNl by 1lll'IlI1S of the Simpson formuln. 

TI11>1('. :3 gi ves il~ udd iI.ion Ihe eoIII pfIJ'isol1 of sonll' "ILl lies ns enleulllled 
by the Simpson 1'111(\ with thosi' dctN~lI1ill('(1 by closed integl'lltion for 
the exponent Z= 1.0. The other int('gl'nl:ions chcelu'd in similnl' 
Cnshion wit,h the Iru'gest devilllion ll('IH ...1 = 1. for SlIlilU "alues of z, 

Tnble 4 gives the-int.l·gl'i1ls IlS solH'd in dosed form for expollents 
Z=O, 3.0, 4.0, ilnd 5,0, 

For pmdicrtl use one IlN·ds muny more v!lllles for the integrals t.hlln 
those cllkulnl;cd so far, e"cnif t.he values of tables 2 nnd 4 cover tht) 
entire range ofpmeticully impol'tant: A I1.nd Z Villucs. The full 
COYCl'Ilge of the entire field is Iw('()mplishcd more C'llsily by graphic 
interpolation than. by cn.1culnting ndditional int.egral values, For 

• 
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. . flCl ~?/)' fl(l-?/)' , ~ TABLE I.-Sample calculatwnoftlHJ 'l,ntegralsJx ':1/' rlx anrlJr -?;~ Log" (y) dx jcn z=O.6 wnd l.O~x~O.l, 
~ 

u,sin!l t.he Siml)SOn form,ula c 
;... 
to''---~-

tl) I (2) (3) (4) eM (6) (il (8) (II) (10) (II) (12) tl:j 

t.{)~. : ..Log. ?),I)"I(U)= t(ll)=~. tlr-C-V)' (4)._1+4(4).+(4).t/ f.'C-V)~~ LoglO (10) 0_1+4 (\0).+(J0).t/ t"' 
(I~~) fJ/:;v ' V ILog;(Vlj (3)+(8) ,I (I-V)' t:1'-~--6iKii----C~V) u 6/tJ.U C-IY Log. (v) ...,-V­.~ «i) Log. (v) tiL--- Z 

1.1.1 -OX> -OX> 0 0 0 0 o-OX> -OX> .ur. -1. 27875 -0. jf~725 • 17(1'.10 (\() O. OJ[IS!i -1.2!l\I$.S -2,OSi\ao .0087(i73 0.0010.544 ~ 

.110 -0.05-12:1 -~6i2Ml .. 2tii58 ,OI.'i85 -.Q77:!8 -"1.5.J\ls::1tl .02StUft2 • ()f)t(!!lH 
00 

• $.1 -~ 75;4aa - ••1.5~~Nl •;1f,:US roo .03526 -.1S\IIMl -I. 2·1 HISS .057:mSG .1.~'i!H.'i2.so -.lUI2IlIi -. :16I2~ .-1:1527 · o.~1lI -"ti.r;1:2 -J~()I!..'fi.'ifi ./1.1712,1 .. ()f1j!if,!lfj
.75 -,,47ila -. ~'StI28 i .5172; 60 · ()5170 -.5110S -"S!!7:t5H , J.lS~J.I .015115 

!=l 
_ in -.:l071IS -.221).1/ • nOHfl .1028i -.-IH73 -.(,,8[015 .214.128 • O:?'_~l!ll (It 
~ (i\~ -.~;&~5 -,'11H:1I • H8\1i.1 101"1 • (Mi\108 -.:m.17i -~fj2iO~ • ~~17\ 1.1 ,0:100.1\1.W -,liliO'J -.IO!.fi5 • 1S~(hi . Inn!. -.~"'172 -,:1\1.:17,1 .'I\I().'>~~1 .0r,2144 o,M -,I/8iI5 -.052'.'11 ~sSl.;;m flO • 0S8S4 -.:!');H2 -.27,siHJ .1i:)(~)21) ~ o.'i:~fIf':1 t'l• of) 0 0 I. O!MMIQ .2fmo -.If>llJ.~ -.IWI80 .. fi1t\l45 • I {lS701 "d
,4., ,()SiH .0.12'18 1.127U GO • 11:\12 -.(Mml -.1)45-1:",.. • t~ultl1i • ('.HO';! 
,40 .1iW!l .1(.,10.) I.. 2754 •:1i:1I11 -.{l:liUS +,(Pi7l174 I.WS" .. .IVfii,5() !" 

~ :J5 • ~~ISiH •.1!l1:lO 1,,1.1118 f>O ,H.1fi2 +.02111 I. 5:?,.~) ,1!jt:IJ• IS241~ o.30 .:lijilli .miS 1.,..26 .51!I,~1 "DSOfi2 .:I()].I02 2.1))/i .:l5I(XI ..,
.2.1 .4ii12 ~ 2S62i 1.\1:~12 W • 1\I~8S • l·uSli .4:!~1:{2 2.680!) • Zi';Jti5
.211 .fl0~~)fo .;iflI2·1 2. :'~)i-l .ilHI .. ~J()I:~ii • Mi1!lW ~t fiil75 .ti24T,1
.18 • (\;,~51 .:1!1;'12 2~,'S:JS 150 .OIXl.18 .ZH:!l • O:!,J:~!I '1.2.19:1 .lil!?i g; 
.10 • 7~'Il1(; .4:!210 2. j(H(i .8Iati\l .2fJ:lOO .. tiH:,I.5(j ,I. !lor•.! .11/(001 ::0 
.14 .4;:\1)2 '2. HilS 150 _III~IJ• iSS:Ji • ~'\I:!I)I • ititif;:'\2 5.84:10 • Z\.'>S7 C.12 ~Sn5ao ..lUllS :i.:lO.1) • !l.1:!:\1) · :121\:19 7.00i6 1.0:1158• iH55iO ! c:.11 • O!I!llMI ••)·1480 :\ • .'l()!iU a(~) .07022 .:!~a~, .&t.<;i'6U 7. 7a~ti .15522 t"',10 ~ 9[1424 .5i254 ~J. ;371 1.()(~11i2 +:\O2'.!2 .11.1471>1 8.";05:1 1.181'080 ... 

i d 
~ 
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TABLE 2.-ValuesJortheintegrals Jl-fl(~1')ZdYIl'lldJ2=- rl(L, 1')Z log.(y)dyasdeterm{lledbytheSimpsonjormula 

A y . A Y 

-1--Z-=~6 . :=0.8 :=1.0 I :=1.2 -- _._--:-;:--- ~ 
:=0.2 :-0.4 Z=!?Ol ~ 

t:C" ! '1-- - ­ t'l 
I:) 
I

__' __ ,~,-j .1, ~ .I. I .1, J_ .I, -l-~~.-'- :~ __~_.-:_ ~_-'~:'~'_I__'_/'____.1_'__'.1, .I, .I, 

1./WW) 10 _!O " 10 .,.,'0 .]0 .10 10 . 0 ... () ., 0 . J () . .' (] ..,. 0 •• , I 0 o. 0 ~ 
.I~) I .0411.16., ,(W~III.!\1 .O•• ~.,I .OOI.8'l4 .OI~S.o;;l .01ll05H! .00919r.lj .(JO(ltold .Oo.'o:1l,1 .(K~~I.", .oml~Oo .oro••Sl. • 001l4._1, .(MMJIOfi:l .000.1.1 .00)(Jo.1. ~ 
,8tl ! .IIS2:I! .014ti:lU .Oii:!.'i4 .IlIfiOIH .l~ml~ .OOfo!JtIIlS .0:14211 I .(W)~8!1li .OZIIH1 .(M~UI2' .01$08 .Wl40i4 .OOIllI(;''j .00iI-I:I04 .M1i2 .Onofl2'l I:) 
.~n 1·.J9!i!~; .(t!iSi2 'i,41~~ .()~~\I! .• 1!!-l8i .()~;)8~ .O?~S.~2; .0I!~7~ .O.~Ii6!61 .O.I:~2!!2i .04:ZS;!2 .n.HtI94 .O~.!-)4 .(~2628 .0\5Z! '(IO!0~1i 'oj.(~) ,,2lI6.~ .• ().6114 •• 111 •••• (l6..!f~~1 .ltl95 .O.'i.I~_ • .I.!I~19 .(l~.1.4.1 .1111$1 .U:llijjliS•• ()lln8.~ .0<11440 .Ot.~.H .n.411J1 .0-1501 ,0\.2• 
• 50 •• as:!S!1 I. 1:I:I8() • :11211 .1IS'lfo .2ftlill • I(~';il • 22'l49 .Ollf':lIli • 1\1:11.) • (1SfJ81)(1 • 17014 .0;115.';1 • 14:IS2 • O'tl"I~1 . lI:liO . (k~92' ~ 
.40 .--I8'(M) .2Ii:l~ .4~~l62 .~~1f>l5 ,;mlll .IUlliS .:1(1)48 .1I~)!;8 .:lH~lO .18I~I:J .~~187:.1 .1!i:167 .~'S1I8 ,181511 .~'l1i42 .18462 ~ 
.30 .1'0(_'27 ,:I:JfJ!::8 ..~IIH .:HI2'l ..111~~:t ,af.108 .W5i~ .:lt~~·ljj .f.o:II~1 .:JSI~tJ .51~~).I ,~II08 • [J:JUUZ .~.';8~'Il .62.<;'17 .5I;91i 
.2" .i2.1()5 ,.11118 .i!HS7 .[l59f>O .71HI: .02474 ••4110:1 .i(~Hi .81I1IM .81741 ,8!l52'l .95:151 1.0i!1I 1.2'lI6 1.5811 1.9:150 ~ 
• 16 • ii\12.~ ,fJlH2!1 .778:1:.1 • 68f,'6 .81:1\l\l! ••111\1)1 • SS~I'06 • !I~IS.' • !~)~~I\I 1,1:128 I. H:1i I. :lSW I. HI9 I. 1M):!!) 2. ~248 3. :1921 
.12 .$lfo8l .iln.S .86118 .84lm .1I:~'l:1O 1.(~1I1i I. (l5(\.1 1.'2815 J.2~n~ 1.1122ti 1.5t1QS 2.(lAAl 2.0lI05 :1.1279 :1.11728 6.4f,)fl 8z.I(MI .86i~~) .7StI~1 .11117:.1. ,II"I~'II I. (wtl5 J.Jgr>8 1.lf'l:I l.l,GS 1.~027 1.!lSI7 1.7476 2."146 2.55:15 ~.I.i28 fl.~~H8 9. 39:li 
.!t1l0 • 8S~'IJIJ .821M .9:121)1 I. '.19:1 I. (14~'2 I. 27.0 1.2'l41l I. t~~)ti 1.-.J081 2. ~~I"1 1.8!1'4 2.987:1 2. 8481 ~. 841i!l Ii. ~~152 11.5;19 'oj 
.IISO ,S98IlS • 86lf,1 .11."Si 1,0;:11 1.08:18 1.:18(111 1,~'IlJO 1.82:>8 l.f"'511 2.4i2'2 12.fl.OS ;1.~152 :1.2022 5. no.'; i.:lliSS 14.410 o 
.0.0 .9If.51 .1114:18 .llS5~~) I.JHtl 1,121.) I.W;; 1.:IIi5i 2.017i I. '~~H 2.71125 2.2751 :1.04~8 :1.11:161; tI.84/J s.SlIn 18.:17f.1 ::0 
· (1I1!t .9:12.')1). IIW., I. ()I~:I 1.2'.!35 I. 178/\ 1.0:1;1:1 1.4502 2, 2~11) 1.87:16 :1. 181l\l 2 ••';2W --I. t;178 ~. ISt~ s. :J4r~1 10.1180 24.0SO w• !tOO .9fJfl2:1 I. ("12:1 I. ()~M I. ;1141 1.2:1:IS I 71~I';' I. M77 2.. :':121 2. ().Iff.) :I. tlSi;, 2. 82MI 5. ,.)28 4. IlW6 10. ~28 1:1. !l.~!1 32. i4J 

t'l 
,!tin .9WJlI 1.1241 1.1172 1.;,1&4 l.:tlillS 2.2:Hi I.SI~~) :\,!\71O 2.[':16. .1.28:18 :1.7502 8 • .143;1 •• :15:18 18.4:15 26.2\10 7:1.121 :::.()40 .\I!l8l~1 I Of~I'; I.U'!I.' 1.411'6 1.29tH jl.11881 I. Hr,I:1 2.SIII1 2.2511\1 ~.:H\l!1 H.2ISS 11.7252 S.8Sm 1:1.494 18.522 46.1142 

• (y.>() J.(M18113 1.~~)J8 1.lfoIli 1.707:1 1.4f(I"12,.170i 1.11\1.14 ~.()'2!) 2.1'12:1 fo.7fll~ ~.58!\O lI.tll4 P.S!;S6 Z7.ns 42.156 1:12.20 ~.... 016 1.llIi8 1.2:176 I.IS/l.\ 1.7870 1..~047 2.748:1 2.(~1:l7 4.4(\81; :1.1514 7.1,1:12 5.0HI I:USO 1I.~8IJ :1~.271i M.214 ISO. 77 t'l.012 1.(1272 1,,2777 1¥~Jfrl.l 1.8810 J.[,S62 ,2.tlfiSi :!.2I4fJ 4~OS.)8 :L't~.11 8,8472 fi.7.JO!? Ht·I!..'1} l:iaS7ti ..... 5:J7 74.47(; ~Jt;7.61 ~ .0llKIO 1.0:121 1.~~1\l\1 1,2146 1.1~lfof, II.ssm 3.I(tJI 2.28711 (1.:1 I f,i ;1.fil55 11.1~i12 G.ISUl IS.·I:I:I 1.,.5(10 !;2.2.tj 1I1l.7S0 :141.25 " ....,
• 1M"", 1.«(147 1.:1I1i 1.2'lIO 1.11(".5 .1.tII)2'l 1:l.IiSS 2.:l2\lJ 5.•l(lSi :1.711.8 1O.1~7 r..4~8~ JlJ.{~H IG.t;,,, "',;.244 IOI.r18 3U2.04 

.WSO 1.0:172 1.:1240 I.Zlii 1.11975 ll.(lJI.1i1 a.2tl1B 2.:1742 fl. 72:1:1 a..~It~; lO.iO~ n.iSlI 21.WS Ii. 11111 {,102tli 115.:14 4....7.18 
 >-3
• (M170 I.(llllll I.:~m) 1.2:1482.0:121) 11,1>184 ;1.:lf':l(\ 2.4240 5.11117·1 3.!1fo!1I 1I.:lf.1 7.J(t~1 2'l.8:12 HI. 416 70.741 1:12.1'1 54:1.:12 :::: 
.u(Jm 1.(H~'6 11.:'....08 1.242:1 2.tltol7 1.1.1.\811 :t.~"'>l\7 2.4800 (,.2·11).1 .1.12'2.1 12.12.\ i.[l2'l4 2~.11I4 21.:14:1 81.taol 15(1.43 I~ll. 79 ;.. 
• O!lf~) I. (14M I. :I"').~ I. 2f(~1 2.111~ I. !lSI.~ :I..Si~(I 2. M41 ti.~8:10 ·1.:.IO:Jl\ 1:1. Uti!) 8. (tlf.' 27.617 2:1. i87 !(1. 0:12 1811.40 8:J:1. rJ6 Z
.(K~(J 1.(1484 1.3814 1,2f.~11 2.W8:1 l.iU71 :J.71~~j UIIIH O.If.~Ji 4..';2-'8 14.271 8.ml).1 :1I.ItW\ 27.10:1 110.98 ZIIl.1l5 IItl1.9 W 
.OI~~I 1.0515 1.:\Il\10 1.2t186 2.2127 1.7:lm a.sslt; 2.7118 7.foW ~.8125 1.1.89.1 g.5Str~ :ltl.~'irl :11. !ill 1:18.57 :12I.il I.m.3 ." 
• (MI~~I I.OS4S I. ~1~9 I. 27\lti 2.2.8$ 1.77:1.1 4.1014 2.8:1:1.'1 8. 2~51 ro.217O IS.:m 10. !rltl H. :1/)0 4tl.Ir.1 lSi. 82 --I8'..~i 2.171). 7 o 

:;:,.1M!16 1.051;2 1.~2'9 1.~'8-I(1 2.:1If)5 1.7912 4.21:1i 2.8\1114 8.f"28 5.--1:198 l!I.i:J(j 1I.71r. -Ifl.~~tl 4.1.416 2'll.!3 612.12 :1:1.111.1 
• (MII2 1.0577 1.4:177 1.~'IJIlJ 2.:147:1 1.81111 4.:149. 2.!ii'J~ 9.IWll (1••271 2I.f">7 12.78i f>!i.:m 5:1.I:J(l 271.!18 819.88 4i2S.0 

.(101110 1.(lf.s.' 1.44:10 I.~~W 2.:11;.8 1.82:.18 4.~:1I1) a.O~~MI 11.4m.1 ;'.IMI2 2'2.81l\l 1J!1.49\1 m.l9\1 58.mB :1011.49 !lSIUS .18112.0 
 ~ 
• IMJO\k) 1.0.';89 I. H58 1.2!H8 2. :1791 1.8:II.tl 4. Hf':l :1.04112 Il.IHlli G.0I45 2:1. (;01 jJ:I.Il2'l {14.l4i \\2.1).14 :1:12. It I 1001i. I f.m~. I 

· (MKI~ I. O.5!tl I. HS! I. ~~;.\ :;. ;1\1." I. !l:17:1 4.5:.", j:J. 07~8 lI'S!":!!J I!••~~2'~ ~!. ~:J4 H. t~f> F..'?,O !."'. (~I :1111:::.0 !2:15.7 71,,14. S "'" 
8.OIM)'!I I.OMI7 1.~.\11 1.../8.1 •• ~t~1S ,1.St48 4.5.91 ./.10(.1 ,10.lI8I1 h••I,';I, .....1114 j14.lltlll I d,r",1 .n.li.O ,11'h.I~) '.414.0 88.18.4 
.()nm~) I.O.fItI2 1.4fJ49 1.:1(10.2 2.~.l7i !.1.8.1:1O d.r.lli·1 1:1. J.l1.\l 110.:140 1I.41!lfo j2t1.525 115.!1:I8 ,76.5:10 i7.(m HI.O:l l6.jl.S JlM>l5.0 " 
• (M.WI I.Oflt16 I. 45!l:1 1.;J022 2.4:128 il.StI2() 1t70i3 :1.182.1 il().I145 {I. mill 27. Sil:l 116.~St' I'S2.675 84.8118 ~9\i.4:1 1984.8 1~1I46.0 
.IMMwn 11,0611 1.4~HI I,~,.~~ *.~~ur. il.872'! 1.1.781112 ;1. ;I(t! 1".01:1 ~.S2~~ 1~'1Uil4 17.4\l!J \II~, 721 95.:~~1l ~80J.8:! ~~!i!.4 171MI!.O t-:l 
.lMtO:lO 1.(JtlI6 1.41.,8 1 •• llItlIl .. ~II811 '1.8841 ·t.8St). .>••88, lI.ns •• 11 ..1 1.1I.IIfIS 18.!1I,\ Ilr.. uO 1I11.S2 .\~.It. .1.11>.1 2:11H2.0 i-' 
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TABLE a.-Cluck of tile Simpson met/,odfor z=I.0

."--:l 	 ~1 1-1 =I 
I I(1-1')= -1. log. t!l)(~) dy--' dl' 	 tzI•• II . 

I:tJA t"ll~-'--I----'--1 	

I::Closed . S· ClosedSimpson 	 I 
integration ' Impson illtegration S 

>
I::o _ O. ,1_.'~-.1-0 	
'-ri1.0 
C.1 1. ~02/~ 1. ~0~:J9 . 1. ~~16? I I. 98.121 

.0.1 ~. 61546 ~. 1>1.)18 ! ? 6611::1: 9.65989 	
:..: 

.00.1 ;J.9092 OJ.9088 j 22.869 . 22.867 ~ 

.0001 i 8.211.1 8.2.105 1 41. 420 41. 416 
10. 5130 10. 5130 I 65. 279 65. 274 	 ~ 

~_'_OO_O~L '"'l 
-"~ ---~.-..,..... -',""",..,..---- ­ o 

:= 
{fl 
t:lTABL.~ 4.-Additional infe.gralvalu.es calt~/Jlated in closed form 	 I:: 

'~~--rr-II-	 ~ 
t"l 
Zr--	 II (I ~1j)'d.ll 11 flOg. (y) C-;?) dll -.., 

A \ .II 	 I.
A 	 "3:=i ~ 3.0 4.0 	 3.0 4,0 5.0z=o 	 ~ 

5.0 If 0 	 {fl 

r 'I:l 
j o o j 01.0 0 I 0 0 o 1,0 	 0 

. I . !IOOOO ! .2851 .10 2 . 1758.10 3 . 1237· 10'· . H6974 . 55(\0 . 10 2 I . 3(;32 . Uji .2602·10' ~ 
.2338 .lO iI I. . !H395 I. 948 ·10' I. 343 .\0 11 1. 0198 ·10".01 .99000 I .4115·10' .3136.10 6 I 	 "" 1. 6535 . 10 12.001 .99900 .4970·.10" . 3313.10 9 ~ . 2483 ·JO 1211 . !l9209 3. 187 ·10 ,; 12. 177 ·10 pj 	

.10 12.2498.10 1• .99898 4.353 .IO~ 2,955 2.239 ·)OlftI . 	 ~ 
.0001 . 99990 4997 ·10~ .3331.10 12 

\ 
.00001 .99999 .5000.10 10 .3333.10 15 .2500.10 20 .99987 5.508 .10 10 3.723 .10:5 2.816 .10 20 

ts 
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t,his purpose it is comrellienL 1,0 {1'!lnsCoI'rn ('(!'mUon (:3:3) into (h() 
following form. 

Page 2-4: ,-\t ell(1 (If line 3, "(3-4)" should he IIl~rt,,::d to de8igI1l~n~ the t!(ll1l1 ti()1\ •
number. 
with 

• .4.:-\ [1 (1 -'11): }11=0.216 -(1::\.).-;.......-...-'.. fly 

. • • A . 1/ 

(35)
.l1;-J '\ .I-V;

10=0.216 --.... f (_. ,.) log (1/)(/1/
- (l-AY ....,?/ .c.. 

Herein (ll.6 u,) is !h(' flow ydod!y III Ihc' Ollt(·1' ed~e of the laminlll' 
sublllyer in CtlSC of h.vdl·ltuliclllly smoot It b('(I, or the v'f'loeity in il 
distance of 3.68 I'ouglmess diameticl'sfroI11 the wall in case of a rough 
wall. It is a good measure for tho ol'del' of I11ngnitude of the sediment 
velodr,y neal' the bed. The symbol en stllnds fOI~ the sediment con­
cent mHon at a distance a from the bed. The integl~al values I, and 
I~ 111'(' plotted in figUl'es 1 and 2, rcspect.ivdy (see charts in pocket, 
inside buck co\'er). 

LI.,MIT OF SCSPENSION 

Equation (29) shows (hiLt ill. t1l(' bed and in a IfI.yel' ncar the bed 
theeon('entl'lltion be('oIlH.'S \'('IT high, infinite in the limit. Obviously, 
not more sediment pnl'!ie!('s (:Iln be present in any cubi(: foot, than 
t,h('re is room for. The IHtlxirnum is about; 100 pounds per cubic foot. • 
If, on the othCl' lumd, this eoncent:l'ntion were assumed to exist 
at the wnIl, a.t y-O, then the rcst of the section would have zero 
concentration. This further d('monstrates that t,he suspended.load 
formula (2~) eunnot be ll,ppJied at the bed. 

The IlJixing length to has beNl dC'fined as the dist,ance which a water 
pm·tiele, tnwds in 11 v('dieJll dil'N'j ion b('fol'C it mixes nguin with the 
surrounding fluid. The aetuill size of l" and of the fluid muss('s 
which as aUlliL (~(Ilnpl'ise this ex('Jumgc motion was not considered. 
Jt, was pointed Qui, JI()We\rel', Illllllc is not a diffe!'f.'nlial 01' a dimension 
of infinitely smlLH mll.gni tude, By ('o/'l'dat.ion lllNLslIl'cmt'nt, espeeinlly 
bf.,tween velodti(ls i,l wind-tunnel .flows,it hILS been found thll.t the 
order ofmllgnii.ude of lc .is Ihe same as that, of 1Juid masses whieh 
ns n unit:, milk(' the exeitnngt'rnotion. It was found, furthermore, 
that both dccrelLSe proportiollnlly wi th the distlLncc from the WILlI. 

What IUlPPN1S t.O the suspended pllrtiele as it; mon.'S neul' the bed? 
Suspension, ilS dt:-fille(/ hel'ein, is obviousIYIlI('Il.nt to desel'ihe t.he 
motion of a smull pu,.t;idcmovillg around in It lIuid with a I.·athel' small 
vel.ocity gradient: <;lnly UWIl docs the tlYelocit,y o.f tilt.) slll:l'Qunding 
flUId" have Il. metllllug.. By mell.I1S of the PILl'tLllH~f;cr le tlus normal 
case oJ sllspension mn.y be en.siJy (·xpressed Whl'I'C the grain diumeter 
Dis. V('I'Y small eompn.l'cd to the mixing length if,' It hns been shown 
that t.e bC(}OIllCS smaller ILlld smaller its the bed 01' any wall is up- • 
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• pl'on.ched, Th(,I'e, the veloeit.y of the Sll1'I'(HIIHlilll; fluid ItS sU/,'h hILs 
little meaning, Iwenusc on one side of the gl.'fLill the instillltltn('ous 
velocity fiuctunt:ion mny hnve Oll(.~ sizl} nnd dil'cdion, f1nd on the 
othel' side it mny be entirely dW'(>I'('llt. The re::;ulting oft'cct on the 
pal'ticle mll'y bc str.'esscs in nU dil:ections, but; the I'esulting force 
becomes negligible. One might SIlY thttt the wntiCI' only tickles 
the gl'llin; it; (~ltnnot; push it The vlllue ta cnnnot be uscd thel'l} 
to cxpl'ess the pttl'l;icle motion Il('('ol'ding to equation (21). In the 
extreme cnse· of \TeT)' smnll lr vftlUt'S t.he PfLl:t:ie\(' is IIe\TCI' sUPPol'l(·d 
by the flow IUld settI(,'s out:. 

• 

The flow lu),cl' nt the b('d ill which thp mixing leng-t.h is so slnnll 
that suspension bccoIIH's impossibl{' hns bN'n found. to be [I,hout 2 gl'nin 
clinmet('l's thicle 'l'his mn.,y be d('sigllil,tNt ItS the" bcd In;yel'," III 
I'Ntlity the l'l'g-ioll ill whieh susl}('nsion c\t.'g('IIC'I'at.es is not. shltl'ply 
detineci. 'I:hel'l' t'xists I'ltthC'/' n. ~I'll(tunt il'ansitioll to the rest; of the 
flow, It is ft,'ftsible, lIevcl'tIl('lpss, to id,'Hlillll the conditioll byilltl'O­
ducing tt shit,l'p divisioll betw('('11 the bl~d Inyt'I' n.nd the bulk of the 
flow, n.s is (.'IIStOIllIl,I'y in the Cltse of the InllliIHl,L' suhhLYCI'. 'l'heso two 
Inyel'S, how('vcl', fll'(.· ent.il·(·ly iJ)d"Pl'lId('lIt, ns indicated by tIH' t'ltet, I;lrl1t 
the Ulickll('SS of tile Iwd InY('I' i::; delilled in tN'lIlS of the g:'nill dinlllC'ter, 
which does 1I0li illflllC'nce the l'ublnyer, (~ec equntioll (.5)), Sillce 
most, st~din\(,lIt, bed::; {U'O mixtures of vndous gm,in sillcs it is ncccssltry 
to intl'Odll(.'e It sepn,l'nte bcd-InYeI' thicklless for ench gl'n.ill size, while 
the Inminll.l' sublu.yel' is nntumily the slLme fol' every gl'itin in the lI1ix­
tUl'e, Certain diHicuIties iU'jSC whell the two InY('I's hiLye nbout. tho 
same thickness, These diflieliities will b(l c(lw~I'ed III,tel' in discussing 
the bed-Iond .motion 01' sll/'fnce CI'(~Cp which is the mode of motion 
inside the bed IILyel'. 

PRACTICAL CALGUTJATION OF SUSPENDED LOAD 

The following equn.tions n.1·C used for the cn.lcuhltiQu of suspended 
101ld: 

Equn.tion (3) for velocity distributions. 

Equlttion (9) fol' the fricliollnlloss n.long the bed SUI,enC(l. 

Figure .5 for additiollnl shnpe l'eSistllllce of sediment beds ill llatul'Ul 


rivel'S. 
Equation (29) fOI' enkulntillg the sNliment <.:onc('ntrll.t.ioll. 
Equn,t;ion (34) fol.' tire toud suspended sedin1C'nt, lond, 'l'h('se NIUI1­

tions include a number of \Tnl'inbles n.nc! pn.I·ltmt'tel'S whieh need some 
explanation, Fil'St, eqlltltion (3) gi\Tes the velocity distribution IWItI' 
an even bed of the roughness ks (mensurec\ ns It I'epr~sentative gl'uin 
size). It may be npplied, thel'cfore, nCfU' the httck of a bar, The 
vulue u.n.ssumes then the ynlne u~, The pill'allleter x is to be rcnd 
from figure 4, ~Phe roughness k., forn nntul'll.I sediment mixtm'e mny 
be determincd from the ll1ee1lfl,lIical nnillysis of the bed IlIlLl.c'l'inl IlS 
thut size of which nbouL 6,5 pel'('ellt (by weight;) is finyl'. This rule of 
thumb hn.s becn checked vel'v often n.nd lul.S nevel' fUlled. 

Equation (9) and figm'e. 5 'Ileed no Itdditiollnl cxplnnil,tion, 

• 
In cquntion (29) the rclntive position of 11 Itlld a is imllll1it·l'inl. 

Neither of them mny be inside. the bed InyCl', howovel', so IhllL 2D is 
the minimulll ynlue for both. The 1'e1f1tion (l.=2D mll,y be used IlS It 
l'llill of thumb, 111 the pnrnllleter z the settling velocity v. for sUlld 

81)a:1700-a1-1 

http:c\t.'g('IIC'I'at.es


26 'l'ECffi'\'1CAL BULLE~l'lN' 1020. U. S. DKP'l'. OF AGHICUL'l'UHE 

and gl:avel 1l1l1Y be ],NI,d fl'otH fi~ul'(' (j (in pocket inside hi\.Ck coyel') , 
which 1'~lpl'('s(>nts II, replot; of H,ubt'Y's eqllation (11) and which seems 
to be f/tidy rcliu.blc, 11101'('· so t:llll.ll thcoI,et.icnl ClIl'V0S bllSNI on tIlt:' 
settling of sphel'es. Agnill, the vit.lue '1b~mny be lIsed fol' 'M*. 

It is c!el\.l.' from the l}I'eceding expln,nn,tions tlut.i; tlw difl'ol"ent sedi­
ment sizes mllst be CIlIClllli,ted individuiflly. In this cOllllection 1,1'0 
question nrises as to how large Uw illClividl([t.1 si~e mngcs CH.n be mnde 
without; impnil'ing Ih(.~ !l,CCUI'itCY of the I'e:,;ults.. No systematic study 
hils been mndc jn O,is respect, but; H, was fOlllld iJw,t the convenient 
mnge of {2 itS suggested by the sb1.llclnrd sieye-setis is yel'y satisfnc­
tOI,),. Severnl times, WhCll the l'Il,nge of sediment si~es in ifrivol' wus 
l'nlhN' hl.l'ge, the l'ifnge n.ccol'ding to sieves nt a Cltctor 2 wns tried [UlIl 
no deviatiolls In,rg(!I' t.han 10 pel'lx'nt WCl'e found. As It I"Ille iL will Iw 
suflicient to covet' I;l1e bed sedimellt of It stream by six to eight si~c 
classes, 

All these 1'01u,tionships, gm.phs (md rules lIlily best he explained hy 
ILl) exn,lllplp. In n, widel stl:en,m wilh it wnl.l·I' depth of 1.5 feet illId it 

slope of 2 feet to the mile n, suslwllded lOil.d sample was i:nken 1 foot 
nbovc the bl'c!, 'ellC' snmple contained 1,000 pnrts pel' millioll of 
sedimcnt of which 10 pel'cellt WIIS COo.l'Sel' tlin,J) sieve No. 60 (0.246 
millimeter) !Lnd finet' LhitH sieve No. 42 (0.851 millimeter). 'I'he 
reprcsentn.Livc I'oll~hness of' the' b(>dis 1.0 millimetcl' nnd Da5 =O,5 
millimeter. 'Villi Illesl' figllres ill mind th"0e qUl'stiOllS Il1ILY be 
l\sked: 

(.I) HO\\T rl1ueh sediment isrnoving ill slIspellsioll n,bove the smll­
piing point pCI' fool; of width? 

(2)Whn,ti is the concenLmtioll lit the edge of the bed III,yer? 

W)"1mtis the toUd suspended loud PCI' foot; of width? 

'I'hc sol u tions to t;1\CSl' questiolls are foulld ns follows: 

1. In solvillg the problem SOllie preiiminn.ry vnlues must fil'st he 

cnlculn.led. 
If U' is assumed to (Iqunl R=d=.l5 feet, (;1\0 v!Llue of '1" mny be 
calculnted using eq uaLion ell): 

.T.I (2.68-1) 0.5 5280 0484 . f d I 
'K =-:fF- 805 :1"'5':2'= .:,,: uSlUg eet, secon s, all( 

pounds ns the units. 

The following lIuIIlCl'i(:n,l VII.! ues (u'e used: S8=2,68; 1 mile= 
5,280 feet; and 1 l'ooL=.305 millimot;ers. 

· ~. h '/(, 10F. Igure 0 grves t en -;;= 1 .
u* 

. . _ I ~ 2 ,., _ '"'~ ( _ 15.805) 
EquatIOn (8) gives 'lJ,=-y 10 5280 02 .2'0.10 log,o ]2.21 "lJ) = 

n.7 It./soc. \\"ith the u.cceleritLion of g1"l1vity assumed to be 
g=32.2 ft./scc. 2 

• 

• 

• 
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• Now'll,: maybecalculat,ed u: = ~-~'~ = 0.1 06 foot; persecond. From 

'h' 1~"= "2 1 0.106
2
5280=0920£·t 

IJ IS .l' U. Seg 2.32.2 '. 00 • 

This gives a first correction for R' 

R'=15.0-R"=14.08 feet. 

Now a sccond. appl'oximation is obtaincd: 

-- 1\4 \ ~ 'J? 2 5 75 I (1? ?7 :!.,!.J :J()r;)'I.~-'V .. 5280 ,}OJ. • OglO .... OJ 1.0} u 


= 1. 1.3 fcct pCI' sccond 


/I 11.3 011r:f t du. =-98- = . ,,i) 'CC' pel' secon 


I,., 0 11 r:? 5?8? 

R,,=1L.-=~ """::-==1 OOf· t 

3? ? ? .... ee.SaU OJ. "" OJ 

Straight line ~\xtl'l1,polation pel'mits liS to try: 

R"=1.13 feet 

R'= \:3.87 feet 

'_\ t'8 0.5 5280 _1__0 5'>4 
'I' -, .. ) 305 2 13.87-' oJ 

:;;'=~~~.87 52
2
80 32.2 5.75Iog l o (12.27 1~:~7 305) 

= 1. 1.2 feet per second 
" 11.2 0 l'19 f t du. =94""= ... ee per secon 

R"=°3;~:2 52
2
80 = 1.16 feet, which is sufficiently close 

R'=15.0-1.16=13.84.feet 


2
U~=~13.84 5280 3~.2=0.411 .feet pel' second. 

http:R'=15.0-R"=14.08
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The average grain size D for the range is given by the geometric 
mean of the range limits • 

D-: ",,0.351 ·0.246=0.294 mm.=0.000964 feet.. 

At the point of sampling A= 115~0 =0.0667 

k.=1 millimeter=0.00328 feet 


k8'U~ 0.00328 0.411 

11.6 0.000012 9.7011.6 " 


x=1.00 (from figure 1) 


ca=0.10 1 ~o~ogoo 62.4=0.00624 pounds per cubic foot. , , 

The exponent z is calculated from the settling velocity 


v.=0.125 feet per second 


v. 0.125 0.760 z 0.40 'U~ 0.40. 0.411 

-qsing equation (35) and the graphs for II and /2, figures 1 and 2, 
respectively 

11=0.59 

12=-0.87 

q.= 11.6 ·0.411·0.00624 '1.0{0.~34IoglO(0.~~:2815)<0.59)-O.87} 

=0.0298{6.99-0.87} =0.183 pounds per second-foot 

which is the sediment transport per foot of width above the 
sampling station. 

2. The sediment concentration at the edge. of the laminar sublayer 
for sediment between 0.246 and 0.351 millimeters is calculated from 
equation (29) directly. 

y =2D=2·0.000964=0.001928 feet 


a =1.0 foot 


ca-0.00624 pounds per cubic foot 


z =0.760 

d =15.0 feet 
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• d- y a )" ~ 15.0 1.0 )0.760
ell Co ( -y- d-a =0.00624\0.001928 14.0 

=0.00624 (555)0.760 

=0.764 pounds per cubic foot 

3. The total suspended load of particles between 0.246 and 0.351 
millimeters is calculated from equation (34) for the reference level 
A at a=2D. 

A 0.001928 0.000129 

15 


co=0.764 pounds per cubic foot 

z =0.760 

t- 5.6~9.7 }from graphs, figures 4 and 5, respectively 

(n 4~4 / ,>1\.., '. _ • ,,' 
~ ~ 11 () f\ ••• " >on' ~ - - c "-62" h uld be chan~ed to "<1.62.-

Page 29: In line 12 giving thl! solution ~fl~464' . ~-.\t.UU328-- / ~V._ ~v") 

=0.00702[66.5-19.7]=0.329 pounds per second-foot of which 
0.329-0.183=0.146 pounds per second-foot move within a foot 
from the bottom. 

This provides the full solution of the problem. The only pltrt which 
cannot be calculated directly is the divisio.n of R into R' and R". 
Trial-and-error methods must be used. It is possible, however, to 
calculate the entire curve at R f!.gainst R' by first assuming values of 
R', then calculating R" and R 11nd plotting the results as a curve. 
The value of R' may then be read from the curve for any R value. 

BED.LOADCONCEPT 

It has been demonstrated that the motion of sediment particles in 
the bed layer caunotc be described by the theory of suspension. The 
reason is that the particles there are not "suspended" by the fluid. 
They settle out, down to the bed. 'fhis does not imply; however, 
that they do not move any more. c. It only means that, while moving, 
their WeIght is supported by the nonmoving bed and not by the fluid. 
Accordingly, they move by rolling and sliding on the bed or by making 
short hops (of a few grain diameters in distance), more or less con­
tinuously remaining in the bed layer while moving as bedload or 
surface creep. The expression "surface creep" is more frequently 
used for particles that move at times in suspension. For the large 
particles which never go into suspension in the flow the more familiar 
expression" bed load" may be used without any danger of misunder­

• standing. 
Bed-load motion has been studied principally in laboratory flumes 

under conditions where suspension may be neglected. An: exception 



30 TECHXICAL I3ULLETn..- 1026, lJ. S. DEPT. OF AGIUClJLTUHE 

is the classic seri('s of ('Xp('I:inH'nts hy Gilhel't U}J ~whid\ indud~ld sizes 
down 1:0 0.3 of ii, millimdel'. A, 1:11'12:(' .l\Umhl'I' of fluthol's hlu"c tricd 
to find it single' bed-Iond equfI~tion, wltidl would <f1.'scl'ihc the (o(nl 
trnnspol't. in nil these ('xl)(,l'illlents. Th.e writf'l' l)('lieves thnt. this is 
bnsically impossible ns mow~rn('n[, in $((sf)(:onsion follows pl'inciples 
which nre entirely difl'pn'll! from those wllidl gOn-l'Il bed-lond tl'llllS­
port. Evcn if n geJwrnl formliin. could be dC\'i8cd to d('sel'ibc nIl of 
Gilbert's cxperiments it. is almosL (,f'r/nill thn.t tbis fOl'l11l.1ln. would not 
be applicable to tlw gn'n! \,'Il.tCI' (/PptiiS of 11 nalul'nl ";1'('1'. 

FOT the pl'('S('nJ purposc, l)('d lontl 1I1o\'illg liS sul't'iI('C ('r('ep is defincd 
stTictly fiS: the motion of ],NI plll'ti('\c-s ill UIC' bed lnycr by rolling, 
sliding, OJ' hoppiJlg. This ddinition pUl'posr.1y cx('ludes from bed lond 
nil pn.l'ticks finel"llril.n 1II08P of thC' bNI. 'FOI' pl'llctienl plII'poses one 
ma,y even exclude the' finest 10 PI'I'('(\Jlt: (by II-eight:) of thl' bed mn,t:f'I'inl 
sineI' these pnrtjd(,s do not lIslliIlly ]'('PI'(,S('llt fl. stnu'iul'ul pnl't of the 
bed but only loosdy fill Ihe POI'('S IH'l\n,'('1l till' inrg(lr pnrlideR, 

The qunlitn.tive results of twoflumt~ ('xlwl'inwnts whie" ('fin bl! 
ensily l'epentod mily 1)(· h(,lpflll in IIncil'l'Rl:imding the m,eellllllies of 
bed-load motion. In til(' first ('XIWl'illl('ltt ii, flow is dis('hnl'gpd con­
tinuously OVCI' n, sedinH'nl: bf'd find sNlinH'nt is n,ddl'd fit. the upper 
end until deposition en,USi'S 0quililll'illJrl. to bl:' est n.hli;:;h Nl thl'oughout 
tlH' ll,ng!h of t.hf' b~·tl TllI'n (:cl'tnin pnl'li(,\l:'s, markNI so thcy enn 
be identified, al'(' ildd(,d nt. UII' lIPP('1' I'nd. 

Visual observn.tion shows 1 hn.t 1I\t~ bed-Iofld pn~l't ides move \\"i t:\1 
n velocity tbn,Lis ('ompnm,hlc with tilt' wn,h'J' n'lo/'iiy nl'l1I,' the bed 
mn.de yisiblc by injl'diHg dyl', By nsslIll1ing tllitl. tll(' Iwel pal'tides 
move n.t !h(' sume Y('llwity flS tht' flow ill the lwt!.ln)'fll', the tilllC' iLfler 
",hiell the I1l11l'k('(( pfll'tidl's should hn,\'e I'('il('h('d lilt' dO\\"J\siTNIIll end 
of (ho f1l1me cu:n be enieulnJl'd, HIOO pC I't:I'll t is nddNI to this time 
for n, snfely nllownlu'c, one mig-II! ('xIW(~'t to find nil. 1.11(' ml1l'ked. sNli­
ml'ntJ padid('s snl\,\y in the dl'posi t n.i t h(> downstl'pillll (,lid of t 11(' flunH', 
On the ('Old l'fll.'Y, hO\\T'V('f', if t hp flow is iIli ('I'I'U pi ('(I :),t l IIn.tins!n nl 
and the deposit; insp('('[('(\ 01H: limy find ollly olle 01' two of Ih(, IIlllrked 
pnrt ides !lII'.I'e. ,\10;;( of j hNll lr:l,vl.' b'nn,li,t! ollly n, sllInll fl'!l('!ion 
of !lIe distnn('(', nnd 1\.1'(\ found. in the' st 1'(,11111 bed nN}1' the upper ('nd 
of tltl' UtiliI(', 'rhis. I'('slrltis I\ot compil.tibk with the assumption of 
nil equilibrinm t;olldi.l.ion IInl('s81\1I eqllnl JllIlIlbcl' of bed pnrtidcs 
hnYe beNI scoured from t/H', bed during tilt} snllll' IWl'iod, This possi­
hili j,y nmy bC' {('st (1(1 by n s('('ond exp('rill1cnL Bf'i'on' the ('xlwl'imell! 
is beglin till.' ,,"(deris drained from tll(' (lulIl{! nwl tltI' bed allowC'd to 
dl'}r, Dye i;:; spl.'nyed on fI, pl'Nleh'lTnilled pnd of Iht' 1,ed nl'en !lilt:! 
tehlls nil the s(,d inwnli pm'iil.'lcs of that ttl'en IU'C' mnl'k('(I, () pon ('('sump­
tion of the ('xp('l'irncnt, Olle obscl'ves tllltl, gl'ild unlly, allllli\.L'kcd pnl.'licl('f; 
m'e cl'uded and I'cpll1CNj by othel's of the SIlIne t:,nw , 

'rho two cxpcl'imellts prove definitely tlmti an intinmtc relationship 
exists between the bed~loadmot.ion and the bcd, Act:llnlly, bed-load 
motion is motion. of the bed. particles. In ~'xp(,I'imenis similar 1:0 the 
one doscl'jbcd .fil'st, tll(l n:u thor (2) JIfIS shown Ow.! ~ the motion of the 
bed. pal'ticles is fully govcl'I1cd by sta.tisLicnlln.w;:; which enn be stn.tcd 
as follows: 

1. The pl'obn.iJility of n. giWll scdinwnt: pfll'ticit' Iwing 1l10\red by 
the flow II'om the bed sUl'l'nce depends on thepll.rticlc's size, sJJape, 

• 


• 


• 
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and weight and on the flow pnUel'n neal' the bed bll.t not on its 
previous history, 

2, The pal,ticle moves if the, instantaneous hydl'odymlmi(' lift 
force overcomes the pndicl(} weight. 

3, Once in motion, the probability of the pnl'ticle's I.)('ing rede­
posited is equal in all points of Uw bed ",hrl'e the 10Citl flow would 
not immediately remove the particle ngnin, 

4, The average distance lTavcled hy any brd-Iond pnrticlc be­
tween consecutive points of deposition in til(' bed is fI. eOllst.unt 
for any particle and is independent of the flow conditioll, t.he 
rate 01 transport, and thr bt'd composition, ]1'01' Ihr sl'flill1ent: 
grain of average sphericity Ihis distancp mn,y be fl.ssumed t.o be 
100 grain-diametel's, 

5, The motion of hed pnl'tides by snltntion fl.S dt'SCl'ilwd by 
Bagnolcl (I) may b(' l\I,.gJt\('I(·cl in wll.l(II', ns pl'o\'(·d by KnJinske 
(10), 

6. The distl,II'bnnee ()f the bed SIII'I'II.('(1 hy llIoving sediment­
plll,tieh~s (1) rnny he IIl·gl(·cted in willeI', 

,. 
}j"'rom tJH~se findings it follows that tlw vnrinbleR whieh nL allY spot; 

in the bed detel'mine t.he bed loud Iwe (1) the eOllll'osition of the bed 
within an area 100 gl'uill-dio.ll1etl'I'S fl'om th(' spot, and (2) the flow 
cO.udit,ions nenr the bcd in this SlIlI1e nL'Cll. Oonversely, the bed-lORd 
rnte is not in/lucneed by Il; slow c1l1t11ge of the b('d location o.s long ns 
the composition of the bed dOl'S not; ehnnge. The Inws of the cqui­
libl'ium tmnsport lIlo.y be, used, thercrore, to dL'scl'ibe the' bed':lond 
knnsport 011 1\, chn.nging bt·d, itS long us i Ii is possi blc to deseri be IillC 
bt.'d Rnd the flow Joenlly dm'ing the trnnsition, 

SO~IE CONSTANTS :ENTEHING THE .LAWS OJ" UEU-l.OAJ) MOTION 

The following derivnl:ion of II, Iwd-IoII,d equation is busi.'d on n large 
IImounli of datnobtnim·d from flume st.udies nnd from field mensure­
ment.s nnd ObSCI'YIl,(ions, On(' set' of Pxp('I'ill1ents determining the 
forces nding on hed pllI'ti('\es (8) conll'ibutNI the following infol~ll1n­
Hon: 

1. The rOllgllll('ss d iUll1elel.' k. is SOIlH'wllll,t JIll'geI' I1mu the 
avemge grnin diumet;er, It I1my be ass II. med to equIII the (liam­
del' D6f• whkh is the sieve dimndel' of the gmin of which 65 
pcreent of the mixtUl'e (by weight) is fiIwr, 

2,Fl'ietion ulong 11 sediment; bed without; r.ipples, bILl'S or othet, 
irreglllall'ities is well described by equntiolls (3) und(8). 

3. An nvemge dyno.mic lift. foree ncting on the surfnce pat,tides 
of the bed may be expressed us nn ILverage lift pressure PL by the 
equntion 

(36) 

where cL=O,178, Sf the density of the fluid, 1/, the flow velocity at 
a,distnnci,l 0,35 DaD from the theoretical bcd, and D35 is the sieve 
size of the grains of which :35 percent al'e finer. 

• 
-t, The pressure flllctUl1t:ions due to turbul(!ncc follow in their 

duration the normal error law, the standard deviation being O,3M 
of the average lift, 
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Besides tlH~se exppriments I.hprp are the I'esults from n, In.rgrlllllllhrr 
of Iwd-Ion,d experiments whidl dctt:'rlllined the sedimellt tmnsport for • 
a giv(\1\ flow over' It giwm bed, 

The ICllst complicltt:ed CIlSC of bed-Iond monrnent: O(,(,1.II:S whell It 

bed conl'ists only of uniform s('diment, 11el'c, thc t.I'IUISPOI'i: is fully 
defincd bv n. I'n.t.e, "11('11(,\,('1' Oil' hed consists of H. mixt.lll'(· the 1I'Il.HS­
port must. bc' given by II, rll,Ie !tnd fL IllPchnuicnl H.llir.Iysis 01' hy an 
ent.in' CIllT(' of tl'l1nsport ngll,inst; s{'dimen!:. sizt', For mn,ny YPIU,'S this 
fad wns Iwgl('ciNI nnd the' IIssumption WtlS mndp t.hat t.he' 1llC'e\lIl.nicn.l 
analysis of t:1'II.nsport is idellt.iclIl with that of t.he b(,d, This i1ssump­
tion was bn,;(,d on obs(~I'\Tlltion of ('nS('S ",h('I'C' nC'iun.llvth(' ('ntil'C' bed 
mixi:ur'c mov('(1 ItS It unit 'Vith n, IH,rgcl' I'n.ngl' of groin dill,meters in 
the hcd, 1U)W('VPI', I\,nd espN:il1Jly WllNI palt of the' IIlll.iJ:l'in.1 eompnsing 
the lwd is of n, siz(' thnl: gOt's inlo SlISpNlsion, t.his ils:nnnplion becomes 
untenable, Somc cXfLmp\('s of su('h 1\, il'l\.nspOl't 111'(' gin'llin the flume 
experiments described on png('s 4,2 to 44 of t.his plIhli(,Htion, 

'I.'helllechl1nienl i1l\111~'sis of the .Il1i1.tel'inl in t l'Il.nspOl't is hnsicl\,lIy 
difl'(,l'ent fl'om tIm!, of 11.(' bNt ill I:h('$e ('xpel'il11('nts, 'I'his vlll'iu.tion 
of the meduIlIiciI.I. nlllllysis will he described by simply expressing in 
mn.lheml\,lienJ form the fact thnt the motion of 11, bed plI,ltide d('IlC'nds 
onl,r on th(\ flow n.ne! its own I1.hility to move, nnd not (Ill thc motion 
of nny other pl1.l'Iicles, 

TIlE 'BED-LOAD EQLJATI.ON 

'rhe bed-lolHI equat.ion hy definition is the e'qUl1.tioll whi('hn'ln.t('s 
the motion of lwei mn,tt'I'inl IWI' unit; width of I)('d In.yel' to the locnl 
flow, After the dN,cl'iption of motion in the pl'('ceding chaptel' it may 
be cnsily lI1u\('l'sl:ood thl1.t this equation must expl'CSS the equilibrium •condition of Ihe exchnngp of l,('d pl1.rtieks bdw('('11 !he bNJ In,),er: and 
the bed, :F'OI' cn.ehllni t. of tin\(' l1,nd of bed I1r('n, the same Hunrl)el' of 
a gi\rcn type and size of pl1,l'tides must; b~' deposikdin the bed liS IH'c 
seo UI'Nt. fro 111 iL. 

'('0 expl'C'SS the !'lIte ai: which n, ~i\'t'n size' of s('(linwnt; pn.r:tidcsis 
deposited in the ulli!, bed n,l'el1. IWI' unit, of time, Ie'l qll cqunJ the r:ate 
at whieh bed 10lld mO\T('s t.hl'ough t.he unit width of ('I'OSS srdion n.nd 
I(~t ill eqllal the (radiOIl of (lB in n given grain size or size' range. Thus 
qlliu is the r:n,te n.t whi('h the gi\T('l1 size move's through thp ullit width 
pel' unit of time. All the pll,rtie\es with it. pnl'lieulnl' di:\.Il1etel' D l\.l'e 
just, perfol'millg Itn individllitl st('P of 100 Dol', mol'(' gf'IH'I'I1.lIy, of 
A!)9 .length, W11('1I they pnss through t.he pl1,l'ticuln,1' cross sC'ction 
whel'c 'luis mCilsllred,howevel', it is not kllown whaL pnrt, of A,}J the 
individlllll palticles hn,"e already !Tn.y('II('d, 'l'hC'y IIlliSt be Ilssumed 
to be dcposited 1\,II),whel'e from )(el'O 1.0 tlL D dowlIstr'('i\.ln of the section, 
'I'hc n.r('lt of depositioll is AJ) long and hl1S unit width, If liB is 
1IlC'fl.sul'C'd :in dry wei!!1lt UCl'unit timn (.".-1 ,."'i;il \, o~.J ~£., ~ 'r'~?'d' ,:i: ',.~,:.

'p' 3'" In t'(II"'rh 1illc frolll 1)()t:tI,I111 Il,' should be ~ I\.lll"l.. ,J 
ag~ '. - . , '~; ; ..., ",~ "~'.',,,, "" lei !I' LUt; at:l:I::It:nl,UIJII 01 gl'II,\'1 t.y, 

the numbel' of slleh part.icles deposited pel' unit time in the unit of 
hed Ilrca may bc cxpl'essed 11S: 

, , 
qu1n 1·nqll 

AL1JA-;JJ\vf! = A2A1J!jS)JI • 
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The rate at which sedinwnt, pllI'tiel('s of this siz(' 11.1'(' (·I'odc·d fl'om til{' 
bed per unit of t.ime is propol'l.ionni to the lIulIIl.H'1' of Pfll't:i(,\PS expos(ld 
at the bed sudltee pel' unit, of nrc·1t IIl1d to the pmlw,biiily p. of sueh fl, 
partide being eroded during It second, If ib is the fl'iI('fioll of the bed 
sediment~ in the given size I'nngeit IlIfl,Y be HssulI1cd thnt this repl'e­
sents also the fractioll of the surface ccwPI'Ni by pn,l't id('s in the Silll)(' 

size, The number of pltl'iieics D ill il unit ILI'ea of hed sllrf'H'(' is thus: 

and the numher, of purtieies erodNi pel' unit neeu unci time is: 

ibP, 
Aliy 

If thr time, t l , IH!CI.~ssnl'y 1:0 I't'pillce II Iwd pu.rtidc by II, simiiH,1' one 
W('I'e known, the prolmbility of 1'(,lI1onli ZJ" per S('COII(\ ('ould 1)(, I'e­
plnced by the nbsolute pl'Obn,biiity p to be ('xthn,lIg(·d ns p,t l =p, Thus 
it follows that P, is th(' lIlllnb('1' of ('xchnllges pCI' setond, Ii. the linw 
('ollsUIlwd by ellch exchlLlIge, Ilnd lJ,,11 Ihe to litI CXdlllllg(' time IH'I' 
8(,(,0Ild, 01' the frlLction of the t:oinJ titne dUl'ing which 1111 exdHlllgc 
O(,('UI'S, which is t1w definition of p, The nllnti)('1' of pnl'tici('s ('I'oded 
1)('(' unit tU'Clt 1I,lId time is t1)(,11: 

1'bP 

itlDif'£; 

No l11('thod exists todllY of dett:l'milling eXIH'l'iment ally the eXI'llIinge 
time tl , BuL experimellts inc:! ieut;(' thuli tl is Ullol hel' chal'lldc'l'ist it 
constllnt of the particle like the lllliJ-distllncc of tnwd. As such it, 
must be possible to descl'ibe it without intl'oductie)ll of the flow, TIll' 
time tl Ilut,)' th(,1l be ussull1ed to bc' pl'o(>ol'i ionlll 10 t:h~' t ill1(, nN'c'ssal'Y 
fol' it to seUIf'in the: fluid i hl'ougll It disUlli('P eqUill to its own size': 

tl=A3 J)=,11:
1 
C7j~(_

r" "V g(s$-sr) 

and the numher of pluticies e'l'oclNI pCI' unitof area. and time is: 

i&l) /!I (~:= sr) 
Allf.d:l"V·· l)s! 

and the bed-loud cqul1t.ion (38) shows t.hnt this I'llte of SCOUI' (·qulIls 
the corresponding rate of deposit: 

iBqB i&p Ifl(~~-sr) C:38)s,AzALyY=AaL1IDz"V ... IJsr­
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'I'lw pl'Ohll,bilit:y, p, of being eroded hils 1.>('('11 d('filll'd liS til(' fl'l1<'1 jfjll 
of the lollli linll! dUl'ing' which nl: lilly 011(' spot fhe 10('111 flow ('ollditioll!-'. • 
cUllse n sllflicicntly IlLl'ge lift. on the part.icle to .1'('1111)\'(' it-With :1.11 
points of the bed st;n,tisticully (·quivnlent, 1) IIlHy n.ifi\) beilll('l'pl'dNI 
as t,hefmction of the, bed on which nt; Itny tin\(' tht, lift on it plll't. ide 
of It~~iven ,dil!lIletcl' D i~ suflh:il'nt, to cnusc motion, . 

\\'Ith thiS rnl:cl'pl'e(;nbon, Jl nuty be used to Cnll'lIlil.11' t1lf' dlsbi.n('(' 
.1hZ) thn.!: It pllJ'ticle Im.nls between consl'C.:lllin' plllt('s of n's!. It 
hns been shown Ihllt this disiltllce LhZ) WItS fOlllld empil'i\:n.lIy to hI,' n. 
conslant fOl' elicit size particle, As long liS 1) is sllIitH, dt'posit.ion of th(, 
pn..t:idc is prtwtically everywhcl'c possible und Ih eqlltlls n gew'l'Ill 
COlIst.nnt, X, whieh hits Itbout the vulue 100, If J> is no\; Slllit II , how(·\'('1', 
it IlIIISt be r('cognized t.hnt deposition Clt1\l10t OCelli' OJ) that. pitl't 
(p) of t.he bed whel'e the lift force cxc('eds the' P/tl'tiei(' weight. By 
ayerit~ing Lhl' disluIIG/'s tr'u\'t·I(·d by t.he indi\'idllill pit.didl's until til(:'.Y 
are lI.ble to s('IJI(' out, til(' \'-uille 1hZ) clln be ('xPI'('ssNI ns: 

(1-1)) pnl't.it:ies nl'C (\('posi led nHel' tl'll v('ling xD 
J> pn.I,ticies III'C 1IOli deposited n.fLel' tr'II\'eling xD, Of t.hes(', 

1) (1-1)) pltl'tidcs 111'(' d('posited nftcl' !r'lIvpling '!.xD 
1)~ plIl'ticies nl'l~ not {It-posited nfter \/'Il\'('ling 2xD, Of thes(', 

p2 (J -11) Pl1l'tiei('S 11.I'C d('po:;ited 11,(1('1' tl'llvplillg axD nnd so on, 
The loUt! (and avol'l1.ge) distn.n('e lJ'u.\"eINi by the unit is obtl1ined by 
addition: 

'" , " " }.D
AI})''":E(1-71)jJl1(/~+I)>..f)=(1 .) (:H))

1',q) -]I 

liS mlly be found l·usily. If litis \'u.III(' is inil'(.ciul;('t1ill t,h(· n.bo\"(' I,f'd­ • 
lond equntion il; InllY be rcwl'iUen: 

(4.0) 

01', St.'PIU'111 ing 1) On One side of the equation: 

.....11 
, ",[:ll,I:1J(i.IJ ).! '1 IJ, (.".,~_)4 (~)l}

1- P il2X 1 b l5,tf/ S~-Sl f/ If, 

1) i
-I'" "-,,[A*l-!!{<I,}=A.cJ>. (41) 
-p "I·b 

Th('I'pJ(II'(', 1) is the PJ'obability of a particle being (,I'oded from the bed 
und cJ> is deHnNi II..'>: 

(4.2) 

Thus cJ> is II. dimensionless m(~,ILSUre, of the b(·d-lolld Il:I1nspol'(;; iii 
Hilty be called the int(~nsity of bed-Iond tl'llllSport, Being It dilll('nsion­
IcsspnrnmctcL' it docs not cliltuge with the senle nnd i$, therefore• • 
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• 
invarian(; bet.wl'ell model and Pl'ototypc, 'rhis J'(.Iu.tion ml1.,\' fI,lso) bi.' 
expJ'essed as f()lIows: If il> is ('quill in t.wo difl'pJ'('nt flows, the two rlltes 
of bcd-loud tmnspoJ'i: nm dYllIuniclLlly silJli~nr, 

DETt-:1I111~"\TIO~ 0.' TilE l'II01UllIJ.Jn'p 

As u.ll'endy Iloil'd, p is the pJ'obn,hility of n, pilrtil'l(' beillg t'I'(lIh'd 
fJ'olll (iH' b('(l, whieh 1I1('III1S thn(; the pl'olJnbiliiy of tI)(' d,vnfl,lllit- lift D 
on Ihe pnTti('\(' is Iurge I' thalli its weight (uudel' Wll.tl' 1') , 'I'h(' wpight of 
t.he pl'l,l'ticie lIndl'l' w;;tC'J' is 

(4:3) 

while t h('lift fol'('(' HIll,y be l!xpn'ss('d ns 

£'\ <" I)" (44)=('/.5, 2 '/1,"./ I ," 

In tl\('/'lf' two ('spl'('ssion;; nil YH.l'inhl(,s ha,q' hN'1I ddilwd pn'\'it)\lsl,\T 
('Xt'(',)\ illt,' lift eodli('i"lIt ('/. which EinSI('ill IIl1d EI Slllllni (,\) fOllnd h~\­
IIWflSlII·l'.IIIelli to 1)(' c/.=O.178, lind HI(' n,lo('iiy 'M JI('1l1' II\(' IH·d which 
EI ;';11 JII ni found must Iw 11I(,ILS,II'('d n.t. II, disin.IH:e of O.:)5/) fl'onl lIle 
thc'ol'Ni('ld h('d for unifol'lII sedilll('llt. 

• 
Thc' fol'(,(,s ucting 011 indh-iduul pfI,J'ti('ks of it lin 1.111'/1.1 sl'dinwn! lIlix­

lut'(' in 11 1.,I('d ("I,lInot ,reI'\' wdl 1)1' nrp:lsun·d. Tlll'V IllUS[ 1)(, (\('[c'l'­
IlIilwd fl'olll their I'fl'('el oj'l [h(, 1II(1"('IlH'1l1 t)f pn.l'tidi·s. JII nnnl,n~illg 
th(· t'xIWl'illl(',lItS d('sc,'l'ib(',,1 on png";; 42 to 44, the followIllg W'II(,l'id 
I'('sld is WCI'(' toulld: 

'I. 'I'h(,\'(·lo('ity actillg on ;tli pn,l'tidcs of II, mixllII'P IflU;;! hl'rnells­
\/n'(\ :\,t: n distallce O.85.\' from the Uwol'(\(knl Iwd, wIH·reby: 

.\'=O,i7u if ~i(>l.SO} 
(45) 

.\'=L~!)cl if ~io<l.RO 

2. The PIIl'lidt'R smillieI' lIw,1I X, (){>D) seelll to hide Iwtw(,(,'11 the 
olh('1' pn.l'i.id(~s 01' ill the IiI:rnLlln,I' sublll,YCI', I'cspcelin'ly, lind UI('II' lift 
must thus be ('olTeetcd by diyisioJl with II, pal'iun('(('1' ~ which it.self is 
n, hlJldioJl of VIX (fig. 7, in pocke(;, inside Lmck cover). 

3. All atdditional cOl'l'ection factol' Y WIIS found to d(';;;('6\;(' Ihe 
chu,lIge of the lift coefficient in mixt.lll'es wiih Vl1l'iOIlS l'ougllll('sS ('011­
ditions. Figlll'(' 8 (in pocket, inside \)il(,k cov('l') gi n's I he cO 1'1'('('1. 1011 
Y.l1I t.el'ms of k./o, ,F' bl'ing unity for u1lifol'III sediment. 

esing these nsstlmpLiolls the velocity ill till' expression COl' the 
inremgc lifL.L 11m)' be \\Titten n,!,: 

., I>' S - _." I ," (10 6X)U"=, 'II .,,9;:'· (;:'" Ogjo • ~ 

• 
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At any .instant the lift force nl/loY he descri!)ed by: 

(46) • 
",hcl'(' '1 is Il pnrllm(.'tcl· vll,ryillg with time, 

Now 1} may be expressl.·d us tbe prohllbility of W'lL t.o be smaller 
than unity: 

The value of '1 in this incqull.lity may he either posit.ive or negll.tiV(', 
In both CIl.SCS the lift is nctllll,lIy positive nnd must, therefore, be 
undcl-st.ood on IlIl nbsolute bl1sis. ~rhe incqul1iity mny be written 
in absolute vnllles: 

' 1:> / .... 1III.• 71 . h' fJ~- (48) 

Introd ueing t:he IIbbrcvintiolls: 

2.110 (4H)B=---:..··--­ •0.178 A, 5.i5~ 

fJx=loglO (10.6 X!:l) 

Introducing the two cOJ'l'cction flicLors ~ n.nd. Y ucconling t.o the pre­
viollsly quoted assumptions, the inequulit.y (48) mlly be genel'lllizcd: 

t'}T11-'''.~. fJ2'II-hi (50)~ ... .J T, -fJ~. 
x 

where 

~ is a fundion of 1)/)( (figUJ'e i) } 

Y is tl function of k.lo (figure 8) 
(51 )

B'=J1lfJ 2 

fj=loglo (10.6) 

and 

fJ2/fji-=1 for uniform grain und :.1:= I 

:1"'=1 for unifo"'l1 gl'llin and :1;=1 (52) 

t=1 for uniform gmin I1nd. :c= 1 • 



•• 
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Inequulit,y (48) muy be written more conveniently by squaring and 
division by 11o, t.he stn.ndard deviation of 11, Introducing '1='10'1• 

[1/'IQ+'1.]2 >eP1f~ iJi2 (j32/fj}):I=B~ q;~ 

if B.=B'/'10 } 
(54)

and iJi. = t Y (fj 2 / fj~\, ') '" 

Using these symbols, Lhe limiting cases of motion may be written as: 

[1/110+11.)2= lB.'" .]2 

or 

(55) 

As the pl'Obltbility for 11. VILliit'S is distributed according to n01'l1l1l1 
error In\\', the pl'Obltbility 1) for motion is: 

1 fB.....-I/~, 
p= l-"-:,::=. e-12 cit (56)
" ,'1T -B."'.-I/~. 

where t is only It vltrilthlc of illtegmtioll. 
By combillution with equlltion (41) the fillnl bed-Iond equation IS 

obtnin(·d: 

Lt..... 
(57)

I-A."'. 

This equation lippelirs to be very complicltted Itnd difficult to use, but 
iii is .mthel' easy to Ilpply. 11o, A. and B. are univel'Sal constants such 
HlIlt, the equutioll IIlIlY be represt~nted by a single CUI'VO between the 
flow intensity"'. und the intensity of bed-load trunsport ..... This 
relntionship IIlILy be cllit::ulnied from tubles of thepl'obubility integral 
for the vfllue 1/110=2.0 as determined by EI Sllmni. The constants A. 
mill B. were dcternlined from bed-loud experiments with uniform 
gl'llin for which iI'.='" and q;.=",. FiguI'e 9, appendix, shows a 
plot (I( some expel'imentalpoints with the curve using A.=27.0 and 
B.=0.156, As experiments two series were used: the low intensities 
ure flume sludies mude by the writer in 1932-35 .at Zurich, Switzerlllnd, 
using gmvel of about 27 millimeters average size in a7X7 foot channel; 
th(~ higher intensities are the Gilbert. e.~eriments with 0,785 millimeters 
avcrnge grn.in size. No measurements wcre left out from either set, 

:j1"ield expel'ience with the npplict~bility of tbese formulas is still 
limited. The formuln clln unqucstionably be applied to coarse sedi­
ment itS iti is almost idcntictll with most other bed-load formulas for 
low intensities, j1"01' the higher intensities which occur only with small 
particle sizes l some npplications to actual rivers have given encourag­
ing results, while more Ilpplications under a wider range of conditions 
are still necessllry loprove its universal applicability, No failure bas. 
been encountered to date, however, 
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Although th(' ('o/T('('tion Y flS fI, function of k/8 dO(>5 no! 1'('([11i/'[' :lily 
(·xplnl1n.tion, (h(' ('orrN,tion fn('(ol' ~, \\"lIi"h gi\'p:-; (hI' ('(}'('(I( 011 !h(· 
trn.nsport wlll'11 !h(' smoll pn,l'licips of nl(' lwd hid!' (,j(]l('/' hdlind find 
I)(,l"'('('n II1,rg('r pnr! icl('s (1/' hi tI\(· In.lninfU' slJblfl~\'('r. \1(I('(ls SOJ1j(' 

eomn)(lTIt. 111 C'l1kulnting fl'nnspoJ'illtion rn(!'s £01' pnl'ti('lpq nll'('(,(l'd 
by ~, ont? finds Owl [lIC I'n(' ('nkuJfI.t{'d on thp IJIl"is of lhC' C'UITC' of 
~igure 7,l'n,pid I~: bP(,OIJ1(,SIH'fdigihlr flS 11 ighpl' \'ill }H'S !~f g111'(1 n.ppl'on.C'i1!'d : 
I. P. ns thr grHm b('('omes sll1nll ('ompnr('(\ to _\. '1 hIs. I'r:,ult .:;rpm:" to 
eon t metiet 1ht' !!pnpml oils(' I'Y n,( ions iu l'iY('I'-s('(]inwn I I1WnSlI J'('J1lPI1 t..: 
to the d1'£'cl th'fit 111(Ise fi/w pnrlieles n('11111Ih- rt?pl'es{'nl the bulk'!lf 
the fotnllofld. :But this only S('('IIlS tolw fi, ('ontJ'ndi('(ioll. In [hl' 
enl'li(,J'pilrt of this pu hli('n.tioll , .it wns explnin('d (hnt tlw pntil'p :;pdi­
llH'nllofld of I), SiJ'('illll ('11·11 he di\TidNlinto two pnJ'ts: nl1.!l1r,Iy [hl' hC'd­
11111 trl'il1 I lond, fo!' which t\w hrel-Iolld hll1ct.ion mny be {~stllhlish{'d. 
lind th(' wn::.h 1011(1 for which lIO ;;;u('h J'(,lntion"hip ('xi,,(;:;. 

The diyi::.ion b£,[,\\T{,C'1l til!' {wo pnl'ls of [hplol1d wn;; IIlfl(l(' fnth!'l' 
nrbitrill'il~- nl II, "'pN'in.l gmin sizt, del('rrnin{'(1 from lllt' gl'uil1 ('OIl1P() ..;j ­
!.ion of ih£' b(leI, 1n rl'nlit~·, l!o\\'('V('r, (his shnrp didsion 11('[\\'(\('11 till' 
two dOt'S not ('xi:;t nnd (llPn' i::;inslNld n, gJ'iI.dunl tr;ln:;ition, .\,:; n, 
r(':::ult. in this 1':1 ng(' of ;:.;jzl's pn,rt of tlH' load' i1': b('d-rnnl {'rinl lond, pllrt 
is; wnsh lond. Or put nl1olh('I' \l'n.\', the' 1':1.(e nt whidl "':ti('ho, hOt,tlp!, 
pnrtide si~erno\'f';:; (:n.nnn{ll(' I('s,; thnn thp b{'d-Iond !'Htt' if tlw b('d is 
Hot to bc e1mngpd, Additionnl wfI,sh lond mlw 0/' mlw not moyl' 
wit hOll t an~' npp'j'l'('ill hlp pll't·(,( on {he bed. n nil, U j('I'do!'(" t iH' Jll:1xin11lln 
possib1£' I(H'.d whidl 1J1:1:ymon' \I'.il hout {'Ilusing iI. chn;ng(' oJ t11(1 1J(·d In­
d('lh)sit ion cn.n be ('onsi'd('I'il.bl:\' II ig-h l' 1'. ' • 

I.n [hi::; connection 011(' qUl'stio!l of ini('J'(';;i j,:; wh,\' Jl1lHl flUIlI!' 

pxp(,l'inH'nts 111\:\'e gi\'('H tIl(' minimum trn.nspol'l withollt ilJl~' wil;'ih 
lond, The 1'('I1S011 ~ flppal'en t I~' must be fOll ndi n till' ('xlwl'i f1wn tnl 
pl'ocedurc appliNI in thp eXI)('r1rnents. [.I'h(' bpd 1"11':; fir;;[ lill('(\ into 
thl' (Imne :1nc! the IOild 01' tl'lln;:;pOl't 1'(' pr'eSl'n {('(I el'otledlwd pllrtid{'::. 
Ae('oJ'ding to the pr£'(,e'ding expln.nntioll, 01[11 is m(lrd~' th(' mininlH.rH 
lond C'ond.ition. ~\n n:Jluyinl l'i\'('J', on the other hnnd, often OIH'I'IUC';; 
und('/' (lntil'C'lv difl'rJ'('.II[ conditions. Its he'd is l)('ingmfl,iut:1.i/H'd by 
depo:,:;ition wlii{'h ('(lunI" 01' ('x{'('p(is the seoul'. 'Cnd('J' (his conditio,l. 
wflsh loud InilY be .{,Xlwct£'d til OCClIl', Ae(lInlk this ('oll(1i!ionhils not 
so fn.1' \)(,('n tr:H('d in lIunw sWdips, but tlwrr i" no I.'pfison ",Iw (hill 
could not b(' dOIl(', ' 

TnA~SITION HE'nn':K\ HEI) LOAD :\\1) SCSPE\DI':I) LOAD 

lTp (0 this point, StlSlH'l1sion hll':; heell dps('l'ihrd 1)\' th!' ('x('hnng(\ 
lh('olT bC'tW('('1l difl'l'l'elll InNt'!';; of n. t.Ul'IHllt'llt flow. Th(' :wdinl(>Jll 
londi's (\('s('l'ibedill tlw l.'C'sllhing fOl'nlulns in OH~ fonn of (,0/\('(,1111'1'1.­

tions, or, 1:0 b(' more eXflct. h~' rn lios of eOIH'('l1t I'l1 dons, SIWl'iid 
(\Jllphnsis wns put on fht' fne! ihnt thl' susp('nd('d lond theory P('rll1iUl 
detcrrninn,tion only of the locnl distribution of the spdimenL but not 
of th(' fI.bsolllte n:B1ount or rfiLe of Lrl1.nspori. Experien('~'in riwr 
J)1cnS\IrNI1{'nts, on the other hn;nd, shows {hnt ('('r(nin pnl'ts of the 
suspended load follow fl, flll1(,(jO/l oft he (10\\< lind I'('J)I'('$('II t, Jlwl'('foJ'(" 
pill't of the' Iwd-lond function, ns pl'('viously dt'fillt'i1. Thin flld 
(;nnuo( be {'xpln.ined by i he theory of suspC'l1sion. AnotllC'l' 1'('111 t iOJl­

• 
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ship Illllst (h'jl'I'minl' the st·diIllPu(; c(ln('('ntl'Mion n.t some l'ef('I'ence 
pl('\'II.tion iu till' \'NI ieu.!. 

Tn l\, sNM'ch 1'(11' this 1'(,In.tioll::;hip iLis hdpflll t.o n'III('IIII>(,1' Ihll.! it 
('xists onl~T fOl' pil.l,tido size's which IIl'cn'I)I'('sent.ed in the IH'd of thl' 
Sll'('fl,1ll (:j), This fucti Sll!;gpsts t:hn.L t.he coneent.I'nt.iOIlS IIIUS! be gl)\' ­

l'l'lled from the bed up ill sOllie fnsllion, It: hns \)('('11 showlI how tho 
flow together wit h I he st'd illH'lIt corn posi t ion of the' bPll (IPtC'l'Jllines t.he 
tl'tUlSPl)I't of sc'dirrU'lItill theIH'dlnyt'I', ~I'IIC' 1'l,ln,tiollship WfiS fOlllld 
10 hI:' gov(,l'lled by IIII' C'x('lin,ngc' of sed ill1l:'nt plll't:id('s i)plwN'1l Hie 
hrdln,,YC'r nnd UI(' IH'd, It is, lhc'l'ei'ol't', \'(,I'Y probable lhll,l; the 1'('lil­
liom;hip !;o\'cl'ning' the eOIl('('lItI'IIJion nt Uw 10w('1' edge of the SUSP('Ii­
sioll eould he fouml by seLLing up nn expl'l'ssion 1'0/' the exchnnge of 
s(,dillwn!; pnl'tidps hl'liween fbI' stlsp(,lIsionnnd the bed In,yel', 

Such nn equilibrium eOll(lilioll lIlusl 1111.\'(1 exuetiythe silmo citn,l'­
Il!'! ('I' I)S lH)nnul suspension, Adunlly, lhe nOI'IIIH.!. suspended-Iond 
('iti('uln,tion Cil.n 1.)(1 C'xt:('lI(kd dowll to I he Iw(i Iny!,'I', Only t.Ite COll­

('t'lltl'f1,tiOI1 ati th('l1l'I)(,I' boumJu.l'Y of the \)pd 1:1..\'l'1' :;nust: be· ff(·tel'lIIined, 
Tit!' ('011(1 it. ion of ('Xdlllllg(' cu.ll tll(11l be rxpl'('ss('(lby equnl ing the eon­
{'('nil'il,tion iI.l LlI(' UPPI.'I' boulldn,l')' of till' hed In:ycl' with the boltom 
t'OIl('('ntrj),t ion of llH' Sllsp('llsioll lI,hoYe, 

Th(' pl'olJlerll is now I'NI uCNI 10 tho deh'I'rninu.t;ion of Ihe COllcell­
tl'iltioll 11.1 tile lIppC'1' bOlilldn,IT of tlw hed In:,\'('I', No ILVII.ilitblc expe/'i­
rnenf.n.1 dlll:1I eilh('1' support 01' cOlltl'udiet dil'l.:dly n.ny nssulllPtious in 
this p]lilse of the sediment: pl'obh'/II, 'rile 10111,1 I'lLlr of t/'U,llsport, 
'II/il/, of It gin'll gl'n.ill siz(' in Ihe bed n,nel. t111~ thickness of the Iny('I' 
of 2 V \\'ithin whidl this 11'n.J1:'lport o('ClII'S hu,ve beclI dt~lc'ltllined jl,nd 
n';;sUll1pd,I'psIWtli,'l'Iy, :It'I'OBl tlH'St' vit.llH:S tIle ItV(ll'ngl' eOIlC('rli,/'nJion 
ill the 1)(.'(\ lu,yel' nmy be found, 'rite eoncenlru.tioll is defilled ns the 
w(light of solids pel' unit volume of Wu.tcl'-sedimeIlL rnixtu/'c, Fi/'st, 
the \\'('igh t of bed-Io!ldmnterin.lin motion milo)' be cn.leulfLled for I he 
unit of Iwd /1.1'(111.. Let 111/ be the uY(I/'Uge velocity with which Iwd-Iond 
IIIl1,tel'i:1i 1I10\'('S in the lwei In,yel' whil(' in motion, not including the 
I'I:Bt period:;, 'l'h('11 tlt(' \\'('ighl of particles of it. given sizc per ullit 
nl'NI. is: ~ . 

in fill 
'l/.)/ 

'I'hi' volume of thc 'unit 111'('1\, of b('(1 In,y('1' is 2 1) Itlld flli' nNcl'ng(' COI1­

centl'it.tion in the Illyer is: 

1'1/''111 
111J'2]) 

lL is pl'obn,bly not much in el'J'or lio Itssumc I hnl; the eon('enll'ntion in 
tht:' entire bed In.y(·/' is constnnti, sin<.:e the In.yer is only two dinml't.e/~ 
Ulick, In order to 1(,11.\,(' OPCIlI1,. possibility for COIT('dioll, the following 
eqllltf.ion mu.y be sci; up: 

(58) 

http:IIl'cn'I)I'('sent.ed


40 TECHNICAL BULLETIN 1026, U. S. DEPT. OF AGRICUVfURE 

The velocity UB is not known. Both the flow velocit.y and the trans­
port near the bed are funct.ions of u~. The two must determine 11'8' 
This makes it very probable that 1t8 is proportional to u~ because it 
has the dimension of a velocity, too. Therefore, CIl may be expressed 
in the form: 

iB([BA (59)cll = 6~D' .. U. 

The value Au must be determined experimentally. It includes 
both the distribution of concentrations in the bed layer and the 
velocity of the bed load. It can, therefore, best be detm'mined from 
flume experiments which compare the suspended load with the. hydrau­
lics of the flow. The set of experiments described further on under 

1
"Flume Tests With Sediment Mixtures" suggests that Ae=U .6 

is an average value. Equation (59) may thus be written as: 

(60) 

and the total suspended load per unit width, iRq., may be calculated 
from equations (34) and (60) 

i.Q,=i"oJ~!. . 10"'.0(30.2x\ ·'i...L1(_'; ,. rUT IT: 1''',;'\ 
Page 40: In equation 61. the fraction" O.4:H" should be changed to ''(f.43:i 

Wll11l'lluy 

1 (30.2 X) (62)P=0.43410glo k./d 

has the same value for all different grain sizes of a section. This 
relationship relates transportation as bed load to that in suspension 
of all particle sizes for which a bed-load fun~tion exists. 

The total load q7' may now be calculated 

(63) 

in which, as shown earlier, 12 is always negative. This completes the 
presentation of the theory on the basis of which the bed-load function 
of a reach may be calculated. 

THE NECESSARY GRAPHS' 

The following comments further explain the use of the working 
graphs (figs. 1,2, and 4 to 9, inclusive) referred to in the course of the 
preceding explanation of the theory, and figure 10, work graph, 
referred to below. 

1. Figures 1 and 2 give the two integrals II and 12 in terms of the 
exponent z and the limit A. Of these, II is always positive aud I~ is 
always negative. For values of z>5 the exp('ession PII +I2 usually 
becomes smaller than 0.2 and may be estimated directly as it may be 
practically neglected against the additional 1 in equation (63). This 

• 
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means Umt the pnrticlcs do not go into sllspc'nsioll but stuy perma­
nently in the bed loyer . 

2, 'l'he curve of x against k.lo of figure 4 is de/·.ived from NikW'adse's 
experiments (16, 16), which used SitlH] grains glued to steel pipes as 
roughness. ~rhe curve hils olways been found to desc.-ibe rclin.bly 
the roughness of plain sond beds. Some deviations may be expected 
if the range of grain sizes in the deposit is very IIlI·g(l. Espeein.Ily, 
the ratllCr crude rule of k.= De5 mlly not he too reliable if the sediment 
contains apprccinble amounts of sift and cln.y. DM is the grnill diam­
etel' of which 65 pC/'cent by weight is filler. ~'he eurve cnllllot be 
used fOI' most, fnbl'ieaLed surfaces sllch as steel, galvanized pipe, Etlld 
pilited cOllcrde. . 
. 3. 'Phe Clll'ye of 11,/n: a.gn.inst 'iiI is less reliuble t.hnn the:1' Curve. 
n attempts to desCl'ibe from exist.ing river.' lIlellSlIr'elnen!;s tile (·fl'ect 
of the irregulnl'ities of n nn.tul'I11 sl;ren.m channel on challnel!'oll!!llIH·SS. 
Considering the wide vnl'iet,y of nntllrn.l chn,nnels jt is l'el1dil~r recog­
nized that no accumte apPl'l1.isEtI of t,ids ;~fl'ect cltn be givclI. ~I'he 
curve given infigmc 5 seems, however, to describe rathcr closely the 
behavior of natuml channels not constl'icted by lLI:tificird bltnks, 
vegetation, or other obstructiQns, Ol\ll.nnels dissected by Ll'ces, by 
slnble vegetated islltllds, 01' by rock islands may show It ~"/'lt: value 
which is only about 0.7 oC the cmvc value. Some l'en,ehes with ex­
tremely heavy tl'ce gl'owthhave sl)()\ved only O.:j of thc CUl'VC value. 
~l'he CUl'VO does not dt'scribe friction conditions in Humes. Flume 
measurements may come down to the ctll've, especially n,t high rn,tes 
of tmllSpOl't, but they n.\"'tl,ys seem to be much higher nt low l'ntes of 
tmnspOl't. The sidc wnIls seem to stru.ight;en the flow so much that 
they prevent much of the ehttnncl iL'L'cgulnl'it..y from OccuLTing. 'l'ILis 
is one of the most important l'CILSOns for the uncel'tn.inty of the curve: 
it enn be developed only fl'om rivet' menSlll'cments which nre very 
difficult to make ItccUl'ntcly. 

4. The cUI've of settling velocity 'V" fOI' qunrt;z gmins ngninst their 
sieve dinllleter (fig. 6) is tnken from Hubey (17) for n tempcmtul'e of 
68° Jj-' 1111d wns foulld to give l'el1sonnbly good ynilles. Diffel'cnt inves­
Ligntiolls difl'er widely in the vltlues for the sett1in~ velocity depending 
on the shnpe of the gl'll.ills, If sediment of specifIc gravities di!rerent 
from t;}II1I, of qultrtz 01' at difl'erent tcmpcmtUl'esis to be studied, the 
rende!' should 1'efel' to H.lI~ey's o!'i~iJ1~1 paper. , , 

5. The curve of ~ ngnmst DjX (fig. 7) has been del'1ycd entIrely 
from flume expcl'imenl;s with mixtures. 'l'hese exp~riments covered 
six dill'ol'ent mixtures but obviously did not covel' nll possible combi­
11111;ions of grain sizes. Especinlly, no tests we!'e made of unsorted 
mixtures such as those found in mountain rivel's nenr the upper end 
of alluvial strenm systems whm'e slopes nre steep. This curve is 
roughly constnut itt ~=1 fOl' all gmins with D>X, wher<.'as the CUl've 
for D<X has a slope of nbout 2. This menns thnt the lift force 
decrenses about with D2, The same result is obtninecl if the effective 
velocity is assumed to decrease linearly with .the size .. 'l'his effcct 
could be expected to occur in the 1amina!' flow of a sublaye!'. Why 
the same curve seems to describe the 1'cducLion of the fOI'ce in turbu­
lent flow (X= .77 /l) is not clenr. It may be nnticipnted that the 
cUl've for D<X nppcnrs to give fL minimum vn.lllo of trn.nspol't for 
the bed under cOllsideration; no maximum curve is known today, 
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6. The curve of Y against k.la (fig. 8) seems to be well defined hy 
flume experiments. The scatter of the points is nnwh smaller· than 
that of the ~ curve. H shows the effect on the lift force as exp,·essed 
by equation (46) if the bed as such is not hydm,ulically fully rough. 
The relationship, although entirely empi,·ical, may be interpreted as 
a correction of the lift coefficient. 

7. The <I>*-\Jf* curves (figs. 9 and 10, in pocket, inside back cove,·) 
arc entirely theoretical, and represent equation (57). The three 
constants A*, B*, and 'I/o arc obtained, yet fully supported by reliahle 
experiments. For practical purposes tihe usc of the curve in figul"C 
10 instead of equation (57) is satisfactory. The curve pro.ctically 
levels off at \Jf*=25 even if, theoretically, <1>* becomes zero only at 
\Jf* = <Xl. ]'or practical purposes <I>* mny be assumed to become ze,·o 
at \Jf*=2.5. The curves in figlll·es 9 nnd 10 arc identical. :Figurc!) 
shows the comparison of the theo,·et;icnl curve wit,h flume menSllr('­
ments, while figure 10 is added as a WOl·k sheet with lnrger scnles fol' 
easier reading. 

FLUME TESTS WITH SEDIMENT M1XTUUES 

The formulns fOl" the determination of t,he bed-loud fllllctiion, 
which cover both the bed mntier-iltl in suspension and that moving as 
surface creep, ma,y be tested agninst flume experiments. Bed mate­
rial goes into suspension only when it moves at very high rates a,nd 
when its settling velocity is moderate. ~'he experiments for checking 
the general formulas thus must be made with high-intensity flows 
over bed materia:! of fine sand. Reports on experiments of this type, 
which incorporate all the necessll,ry measurements, could not be 
found in the litemture. As a result, the writer m,n a special set of 
26 such' experiments during the yenrs 1944-46 nt the Coopemtive 
Laboratory of the Soil Cons('l·vn,tioll Service and the Californin, 
Institute of Technology in Pnsadel1n" Calif. Six different snnd 
mixtures were used witih various flows. 

Bed.;.load experiments usually arc performed in a flume equipped 
with a sediment feeder at the upper end and a settling box at, the 
downstream end. Sediment is added to the flow at the upstream 
end according to a predetermined rate until it is deposited at an equal 
rate downstream.. In this way, un equililwium rate is established 
for tho. prcvailing flow conditions. In planning test experiments which 
were supposed to cover highsediment-disehnrge rates, such as [) percent 
of the flow or up to about 15,000 pounds per hour, it became imme­
diately apparent that the task of weighing, fceding, and separating 
such quantities would be far out of proportion to the scale of operations 
in a flume 10 inches wide and 30 feet, long. It was concluded that 
such experiments could not be conducted feasibly unless an entirely 
different method of operation were employed. This new method 
was actually suggested by the flume itself. 

The flume was one of the so-called cieculating types; i. e. the water 
was driven by a propeller pump after leaving the downstream end 
of the flume. From there the water was passed through a Teturn 
pipe directly back to the upstream end of the flume without losing 
its velocity. It was easy to operate the instnllation in such a way 
that the flow velocity in the entire return .system could be kept higher 
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than III the flume, '!'Itis gltve the l'cLum system a higher caplLeity 
to move sediment, Actually, this enpltcity was so high thnt the 
entire load moving in the flume could be tmnsported through the 
retum channel as wl1sh load in suspension: By this method the 
same pump I1ctul1lly recircull1t,ed continuously both water and 
sediment, 'rhe sediment load was measUl'ed by sampling in a vertical 
branch of the retm'n pipe, A speciltl study showed thltt the entire 
loltd in the return pipe WitS in suspension Itnd very well distributed 
OVer the cross section, 

In this system, the following vnrin.bles were meltsured: 
(1) During the rUII, the dischnrge WilS meltsUl'cd in a cOl1tmction 

of Ule retul'll pipe, the slope of the wnt;el' surface wns measured with 
stnge reeordm's in special pl'CSSUl'e wells ILt four locations and the IOlLd 
was determined by sampling ill the l'etUl'n pipe, 

(2) AHer the !'Ull, the locntioll nnd slope of UH' bed wm'e meltsul'ed 
with It point gILugc It,nd Uw bed compositioll wus obtailled by sltlllpling 
and nllldysis, 'rhis gll,vc directly '1'1' iT, SII, ill, SrD nlld Q. 'rhus the 
wutel' dept;h cl, the !l.vcrngc ve\of'iLy 1i, iLnc! the slope of the energy 
gm,dc line Se could be enlculatcd, With t;he l'Oughness of the side 
walls known, U'I WIIS ea.leulnted, Il.nd from u n.nd D s" of the bed the 
values of 'II,~ and H' wore deterlllined by t;rial nnc! 01'1'01'. From these 
vn.luf!s '1f* i1nd <1,* for the individunJ grnin-size mnges wel.'c computed 
sepnJ'fl,tcly with the vn,dolls fOl'l11l1las nBd. gl'nphs given in the pre­
ci.'ding clinptcl's, 

The results, w!richmny give the I'cadet' n conception of the l'eliid,ility 
of the method, ItrC' shown in tho if'*-'li* gmph of JiglH'e 11. 'Jlhe curve 
of thM, gl'aph is the sn.nw liS t110SC in figlll'(~s ~) n.nd 10, which at'!' given 
1'01' cOlnpiLl'isOll, A IiLl'ge nUlnbcl' of points 1l.I'(! corlCcntl'ntN\ neal' the 
Clll've Whl'I'NI,s others seld.U'I' rfl,tJIl'r wid(~ly. III judging t.his SO/LUCI' 
one Blust l'cmentl)CI' thn.t, endl point I'epresellts only one sieve-size of 
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one experiment. Many such grain sizes are scarCI~j either i B1 ib or iT 
may be only a few percent. As a considerable sampling el"l'o/' cnnnot • 
be avoided in the determination of the ·i-values, all points ,vere omitted 
where one of the i-values was 1 pel'cent or less. 

As the <fl*-'lt* curve of equation 57, as given in figures 9, 10 and 11, 
is not used for the cnlculation of the individual <1>* and q;* vltlues, this 
graph provides addit,ional proof that the npproach which leads to 
equation 57 is basiclllly correct. 

SAMPLE CALCULATION OF A RIVER HEACH 

The gl~eatesti difficulty in 11pplyillg the di/fc/'CIII, equations and 
graphs to a naturall'iver elllu1Iwi is U,e basically irreguln/' flow in such 
a channel. Each cross section is difl'erellt; f/'omllll other cross sections. 
Every vert,ical in a Cl'OSS sect.ion is difre/'ent from every other vedicnl. 
To the writer's knowledge no usable theory exists thnt will pel'mit the 
prediction of the 'flow pattcl1ls in the individual vcrticals, But these 
local flow distributions detel'mine the local sediment motion. 1~he 
next best approach would be a stntisticlli description of the difl'crcnt 
local Bow patterns, but not even that is possible with our pl'esent state 
of knowledge. We may be able to detcrmine the statistical distribu­
tion of the water depths, Ilt least for existing river j'eac1lCs, but the 
statistical distribution of the shear, the ·u~..;vltlues, which enter both 
the bed-load and the suspended-load equations, are still unknown. 

Several authol'S (12, 14, 18) have proposed that U~2 should be con­
sidered to be proportionnl to the depth d. '('his is equivalent to 
assuming that the local slope of the enel'gy gradient is the same fOI' all 
points of a channel. Even though the energy slope mny have n 
tendency under certain conditions to be more constant 'thnn, for • 
instance, the depth or the velocity, this nssumption lends to results 
which are not at all substnntiated by obserYnt,ion. If S. were assUlIll·d 
to be constant, it would be immedintely npparent from equntion (6) 
that U~2 must be proportional to the local R'. Since the transpOl't of 
bed load is incrensing with incl'ellsing 'lI,~, the deepest points of the 
channel should alwnys hnve a maximum transpOl't. But observntions 
of both Burne flows and rivet~ models show distinctly thnt the trnnsport 
in the points of deepest scour is usunlly very small 01' eyen zel"O and 
that the most intense transport OCClll'S in the medium depths and on 
the top of sediment bars. 'rhis may seem to contrndict a previous 
statement thnt the energy slope has been found to be vcry constant 
along bed-lond-:-moyingflume-Bows. Actually. there is no con­
tradiction. 

Although the distribution of the transport cnn be descl'ibed at the 
different pnrts of a sand bar, it seems to be impossible to measure the 
energy slope locally nt the different parts of any individultl bar. A 
sig':lificant change of the energy .leyei is .found ollly between sections 
whwh are nt least one or several bnrs apn!'t. The two observations 
thus pertain to val'intions of n different order of magnitude. 

River observntions, on the other hnnd, revenl that in nlluvial chan­
nels with menndering thnlweg, t,he bnrs with shnllow wnter depth 
often show a much larger transport thnn the deepest pnrts of the chan­
nel. This can be explained onlJT by nn irre~ulnl' distribution of the 
energy slope, both. in the cross section and nlOng the flow lines, For • 
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want of hctter infol'mation about the distl'ibution of t:IU} shein' stress 
ovm' the entire bed al'(~a, Uwrdorc, it is proposed to uS(~ the aV('rnge 
flow conditions in the description of the dlllnncl behnvior. '1<Jxcept 
in cxtrcnwly wir\t, nnd flat ehunn('\s, suel, us on dcbl~is COlles, t;his 
method seems to give r(Jnsonllbly good r('sllits. 

CHOICE OF A UI\,lm !lEACH 

In prllctical cnlculai:iollS of I he bcd-load function fOl' u pUlti('ular' 
river renc~I,. t,he length of the I'eneh must; be sllflkiellL \.0 Iwrnlit nde­
qunte defirutlOn of the ovel'-Itll slope of Ute e11111l1\('1. The ehnnllel 
itself should be suflidently unifol'Ill in shn.pe, sediment composition, 
slope Itlld outside efl'cds such as vt·getntioll on lhe bnnks nnd ovel~­
bn.nks, thnt it ean he treated as auuifol'm ('hnlllwi e1l1u'ud:erized hy nil 
o\'el'-nll slope Illld b,V nn /LV('.I'i1ge rcpl'('selll 11.\ iV(' ('1'058 RPdion. Such 
a section cnn be «est'l'ihed bv two ('III'V(,S ill whidt I he ('ross-sectional 
IIl'ea and the hydrnulic J'lIdil;S fll't' ploU('d IIgninsl: the singe. 

DESCIUI'1'JON (W A UI\,EII HEACU 

One problem is that of determining how It number of ('.ross sections 
can best be .avcrnged. As the river !'(,l1th is t.o be tl'('n.t.ed liS It IIniform 
chnnnci with constant cross section and slope, in which only uniform 
flows am studied, a rcpl'('sentati ve or IWCl'I1ge slope must be found, 
togethcr with the Iwt'rngc seetion. If It sufticientiy long and Tcgulal' 
profile exists fOl' the rive!' ullder consideration, the genel'al slope of the 
reach should be taken (!'Om it, III the ll,bSellec of such a profile the 
slope must b(} derived f!'OlIl the cross sct:tions themselves. Under' all 
conditions, the cross sections mllst be tiNl together by a tmvl\rse 
which gives their reln,t;ive elevlttiolls and the distalH.:e between Utem 
along the stl'cnm a,xis. Then the WCt\N\ perimeter and Lhe wetted 
area 11re calculated for vnrious wnter surfnee ele\'ntiolls. These are 
plotted in terms of the water surfnce ele\'ntion for each C1'OSS seetion, 

It is fnidy common lIsnge to constJ'llCi; the stl'ellm profile f!'Om the 
lowest points of the sediOlls. This pl'ocedure is sn.tisfnctory fOl' a 
long profile. If the reltch is short, howevel', the use of It low-witter 
surfaee is more satisfnci:OJ'Y ItS tLe influence of insignificnnl; local scour­
holes is excluded, If such a low-witteI' p!'Ofile is not ret;ol'ded whell the 
sections are surveyed, a profile found from the Itl'ea-curves may be 
substituted, A chal'llcteristic low-watm' discharge mlty be selected 
for the streams, The avemge velocity for sllch It flow can be estimnted 
roughly, By division of the two one may find the corresponding 
low-water area of the cross sections. If the wnt()l'-surfncepoints 
which give this Itrea at the diffel'en!; sections lu'e connected, an appJ'Oxi­
mate low-water surface is defined which Tepl'eSents a profile that is 
more regular and more representative than the profile of the low points 
of the bed, 

After the representative slope is selected by fitting a straight line 
through the profile points, this slope may be used ill averaging the 
cross sections, This can be done by sliding all the sections along this 
average slope line together into, for instunce, the lowest section, 
With the sections described as two curves, namely (1) of the area, and 
(2) of the wetted perimeter, both in terms of water-surface elevation 
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and 1111 r(HIII(:NI into one plnlHi, 1,/11.' nrcns Hnd the wetted p('I·imC't.C'I·S 
fOl' each elevation may then be nyel'uged direct.ly. By this means, 
averages afe obtaincdfor I1l'el1S I1nd weUied pcrimeters which COITt'­
spond'to a water-sllrfl1(~c line inclincd 11('('ol'(ling to the 1'('pl'pscn tuti \'C' 
slope, This ml1kes the procedure consistC'nt \\-ilh the ilssurnplion of 
uniform flow. 

The averagcd 111'00 und J)('rimotel' CUI'W'S nllow t~lrc dil'C'ct ('Ilh:uln tioll 
of the hydraulic rutiius R in tel'lllS of th(· stng(l. The aV(,l'ng(' flow 
,relocity is then calculnLed for (ihesc R vnlu('s I1nd the disehlll'gt, is 
obt.llined by muWplieution with the IlTcn,. IDnch R vnlue is thus 
assumed to be l'epI'csenl.u\;i\"e fOl' n disehllrge over the entil.'c reuGh. 

ApPI.ICATION OF PnOClmUltl:; TO UIG S'\~II CHEEK, M H,S. 

The proel'dllre us ouUillf'd so fnr hus l)e(,11 npplird to n. I'(~n('h of 
Big Sl1l1d Ol't,('k, a notorious sedillH'lIt (,luTipl' IWIlI' GI'(·pI.l\\-ood, .~liss. 
This strOll1ll hus 11, chul"Ilei:erist:ie filH'-snnd nil 11 vin!. bed IllUlo\lgh it. 
drnins only nbou ti 100 sq 1111 1'(\ HI ih's. 

Hy(//'(wlic calculations jor dwnnels in [Jelleral 
Stell 1: Tile lo('u,t.ion of Lhp I'(~n('h wns drtel'rnillNI by til(' IO(,llt,ioll 

of t.he only (~xistillg gnging stfltioll on Big Snml el'r'pk. Thn \PlIgth 
selrded, aboll ti :3 miks, wns bnsed upon the following eonsidern lions: 
The. ronch must, be j,n'nt;pd ns 1I,lIlIifol'm ehnnn('1 with unifol'm f10\\-i 
it mllst be possible, Ih (. I'('fo1'(' , t,o nt'gl('ct uny ehnllges of the vnltwit)' 
helld 11,2/2[/ affe('!;ed by tire tiotlll rlwl'gy dr'op in tire I.'('n('h. At; high 
wn,t,or, the. flow \rploeiLy is 10 to 11 f(,(,.t; p/.w s('('ond, for whieh \rulup 
the veloei!;,Y l!l'ud is I1hout 2 (p(d·. A :30-J}('I'epnt nll'int i.on of till' 
ve.loeity Iwnd, or' nhollt 0.6 f(,(·ti, nm)' 1)(' PxpPI:ted to 0('.('·111' within tIll' 
ff}lIeh. The tot.nl ('11('1'1;)' drop in fhe I'('nch wit.h n.lellgth of :3 mill'S 
and a slope of 0,001 is 15 fl'd·. '1'1\(·. IIneertnillt.y of the efl'(\eti\'o slopp 
is t.hus 0.{j/J.5=0.04 01.' 4 JWI'('('llt, tiN-melt II) he t,ol{'l.'lIhle. 

Step 2: OI'OSS sedions, wdl distribub-d 0\"('1' the :3-mile reuch, \\'(,.1"(' 

survp)'(,d lind p!ott,od (fig. 12) . Th(, distill\t'PS Iwl;ween s('dions nl'(' 
shown in the profile (fig. 1:3), The dpvntiolls plol,t;pd nt; nil s(,(,t,ions 
of figure 1:3 1'('(('1' to the 10w-w111N lev(,1 with n ,\r('/:t;ed 111'('11. of .50 squnn' 
feet, The vnllle 50 WIlS thosell flS it. is 1'('PI'(\s('nht.li\'p of n, 10w-wl1tpr 
flow in this strellm. ~rhe ele\-ntiOIlS tlwmsphr(,s lire IlIkoll from figure 
14, whkh gives for nil ('ross sl'{,tions Uw w(,tt('d 111'('/1. in 1'(~I.'II1S of \\'11.1('1'­

surfnee elevntion. These vlllu('s mu)' be deri\Ted from the cross sec­
tions of figllre 12. Similill'ly, from the SII.Jn{' ('I'OSS scet;ions, a grnph 
ma:,Y be derived whieh giv('s the wcUed perimetcl' in terms of wat('r­
surfnce clcvntion, In the cnse of this wide nncl shllllo\\C ehnnnel, the 
weUed perimeter wns nssumed to equnl the slIl'fllce width, 

Step 3: The mostpl'obnble strnight line wns thl'n Inid t.hrough the 
50-square-foot points of the profile shown in figure 13 by the method 
of least squares. '('he slope of this linc wus detel'mined to be 5.54 
feet per mile or 0.00105.. This I'epresents the slopc of the uniJOI.'m 
channel which will bc used in the detel'lllilln.lion of the bed-loud 
function. 

Step 4: The average or representn,tive cross section wns determined 
by sliding all cross sections down the channel along the slope 
$=0.00105 into the plane of the section at the lower end of the .reach 
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surface al cross sections 40. to 51 fOr which the wetted area is 50. square feet, 
Strlli!:\ht-line protile obtained by method of least squares. 
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FIGURE l4,-Area stage cun'cs for SC(ltions 40 /051 of Big Sal\d Creck, Miss., 

ill their actual position, 


(fig. 15), This was accomplished by lower'iug each curye, of figure 14 
by the distance 0.00105 Lx in which Lx is the distance of tlw cross 
section from the downstream end of the l'el1.ch measUl'ed along the •
stl'el1m axis, ~Figul'e 15 gives these Imnsposed sections and the It\'cr~ 
age section for all stnges. The heavy curve connects the avel'llges 
Ilnd represents the l).J'ell curve of the ltvcl'Il.ge or represclItltti\'c cross 
sectioll. In i~ similiu' wily the cUl've of the n.vCl'llge wetted perimeter 
in tel'IllS of stnge wns d(!tcJ'Jniued ltlld combined with the IlI'CIt curve 
(fig. 16), Div ision of corresponding yulues from the two cUl'ves 
makes it possible to deterll1ine, point by point, the cun'e of the, 
hydraulicmdius ngaillst the stnge (fig. 16). 

His usultlly impossi ble to construct it cross sl'ction which Sll tisfics 
both the curves of nl:elt n~uinst stage Itnd of hydl'lQllic mdius ngainst 
stage, 1'he procedurc illustrat.ed in figul'e 16 is fully saijsfnct.oJ'Y, 
howcyer ns it dcvelops the, most l'epl'esenLntive nVtwngc section with 
respect 'to its hydm.nlic belinvioJ', 'Vhere no outside, roughness 
such ItS islltnds, submerged Tocks, 01' l'Ough bnnks exist in the ChlHlllel, 
these two curves m'e sufficient to define the shnpe and slope, cl1l1l'tlctel'~ 
istics of the chnnnei. 

Step 5: The, gmin-size composition of I:he hed is determined by 
sampling, A bed which Itppeltl'S to be Ycry uniform, su<:h I\S .thnt of 
Big Sand Creek, mll·Y be, descl'ibed by three to five sltmples, ~~l1ch 
of the four snmples .listed in tltblc 5 was n composite of three or four 
cores, taken in the same cross section Itt evenly spltced points over t.l}(~ 
total width of (he chnllnel. The individultl stl1nples were obtltined 
by ll1enus of 1t11 auger 01' a pipe-sltlUplel' uud WCI:e taken down t,Q 
a depth of about 2 feeL, the estimated depth of scour or active bed • 
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• mO\'('II1('II(. TIll' fOlll' sn.rnplt'K rpfl'I'I'('d to il\ (nbI!' ;j lllll::; ('I'PI'('S\,II( 
t 110 i1,n'l'llg<' gl'iI,i 11-::.izp {'(till posit ion nl rOlll' (,I'OS" SC'l't ion>; \1'11 ie'll thplIl­

spIn's nn' wpIi distl'ihllll·d (l\'N'(lll' IPllglll oj' [ill' I'PUt'IlUlldl'l' ('Ollsidl'l' ­
i\.lion. Fl'om figul'(' 17, \I'll jell is n. lngnl'i [11 llliC-'IH'O!>:t.bilily plot of 
lilt' ()nll.ly;;(·:', of i Ill' lin,ttl shown i.l1 tnJliP 5, th,l' elmrneLt'l'islic: gl'f\,in 
sb'''' of ill(' iJ('d 111:1,;1' IH' ('Pfld. 'l'h(1 si7.(, which ('I\lPI'S tllp ('qutl\ions 
of 11'j(,nS!)()I'l it:; Da:.""'O.20 millil!lp[('l's=O,{l()()U4 f('l,t (;j;; IWt'C'(,llt of tl\(' 
Inix-tul'l' is liMI"); lllHl [ht' size' ('ltn,t'o,(,[PI'isUe for.' fril'[iol1 D6S:~' O.;~5 
IIJillim('[pl's=O.OOI15 fpc'[ ((l5 1H'l'('PJ1t or til(' mix-til.!'!' is tim'e), 

Fol' till' {\c>:;(,l'iptiol1 of 11101'(' IIp[PI'O!2:(,I1C'(llIS hl'tIs, 11l0l'P nnd Inl'gPI'­
sized snnrpll's 11,('(' l'l'qnif'(·d. "',Uf' !2:J'ilypl-('[H'I',dng Il('ds it mll..\: be 
n('('PS:Hlr,V to :1Ilil.L,I'ZI' "urnp!tl-l 01 ::wI'PI'nl hUlldl'cd pmllHls, (,SPl'('lidly 
if (Ill' spl'(':l.d of gt':lill SiZI'S is In,I'l,;l'. 

rl',IHLE i).' l)i.'!iJ'ib1(tilJll (!{ {/rl/in Si;;N~ in .~ bed s(ulIl)les, Hi[! Sa.nd 
Cr(( k. J {iss, 

Crain siz(' in ; ;-;tlLllple ~al1lpl(· , ~ltIl1PI('1 ;-;ti.lllp!(' 
rnillillWIPrs 1 '2 ,8 

! 
-I. f 

, 
-j

I ! ,
I , Jrmr- : 

",I'I'(ul PII'I'I,ltl I 1',1'('( '11£ I 1','/'('1'111 , /"(/"('( nl, 711ch'/'Ri 


D ,D.IlS\) i I. :3 
I 

I. ·1 . tI .. 7 1,1 ::! ••J • --II 

! Q- ... IO.foSO;·]) ,117 IS, n lUi -:f .. ,) l.i,1 17 XI O,I\J.j 

..I17~'>1) ,20,-, ·17.7 30. I ali. IJ ·10. Il .HI. '2 • ;3,;1 1 

• 
.29ri>D, ,20:-; 2.'>, '2 ; ,10. -, '23. 7 3.;, li ,,'3')-. (I . 'J-'"I'" I
.'l0s"·n::· .Hi 2. (j \1. a il,. 7 ! 3. 7 i ii. S ,Iiii 
,1,\7 .1) 1.0 a. () 1.5 I 1.0 I I. S ! 

Slc'll {J: ~\,s II\(l:wtlill1('nl ll'fl.IISPOI't will bl' C'nieuln[pc\ 1'01' {itl' gl'ilin 
siz(ls 1,lC'(II'PI'II OJ,S!! IIlillil11l'il'I'''\ lIod 0.].17 l11illillH'{l'!'''. whicit ('0\'('1' 
%.8 IH'l'('(ln[ 01: tlH' Iwd Jllatprini, llll' ('nir'lIhlioll will Ill' IIlUdl' 1'01' illdi­
'I'idunl si("\'{' i'J'fI('liolls Ilsiug' ilS j'('!lI'psPI1[n.tin' llw il.l'(I.I"I.!.;t' gl'll.in siz(',; 
of OA\lfj, O.:3fjl, O.::!,18 and O.liij lllilliIlH,'[('!''; 01' O.O()ln~, 0.0011:-., 
0.00080 (Hid 0.00057 J't'('{, 1'('~Jll'el i \'{'I.I~. 
l:Ij;dl'(l.l(lic ('((lclllations fot' cluullul ll,iliw7li bailie /ri!'l;oll 

Step 7: ,,\ n n IlfllYHiH of till' l"/lln 11011;; "hOlI'::; (h,d [hC' mo,;!, di I'PC'L 

fI.pprOi\('\l i:; ohtniJl(ld if \'nhlPs or (Ill' Itvtil'Huli(,I'ndill-; "ilh 1'l")'qH'('L 
to the gl'lliJl, No', [t.J'(' il:l:lul11pd (colulllll (, l:lblt' Ill. 

Step 8: Fl'om Hb' till' l'OI'I'\',;poJ1ding f,.il'! ion I·('locil.lr 11*' j::; ('al­
ell InlNI lJ:-1i ng Nt tHl.ti Oil (ll), pngp U.{ 

Slep 9: 'rite lil i('\(II('",; 01' tht' lami nil!' :lll hln,\rpl' 0 iq ohtained, in fect, 
f't'om equation CDL pngp S. IJ'hl' kiJ1I'mn.tie \'i;;co,;i!y vi,; ilR';lIm('d to 
Imnl the vnlllP .lfr~ fL 2/R('C., Il'itic'll is t',OITl'Ct. at n, t(,l11l)('rn,LlIl'{' of 7;jO 
F. The fr.iction \'('Ioeily 1l~,'i;; lnkC'1l J't'orn ('olul,nn ~, [nlJll' n. 

Step 10: With h:$=1Jo5 =O.OOllD 1'('('[, the "allies of kMo (,(!OIUlIlJl 4, 
fnble ()) 1I.I'l' en.ttlll:lted. 

I ECl1laliol1 WI HS 11'('11 as all O(\l('r ('qnations in thi;; p1lblit:a.lion nr£' (\inten­

• 
sionalh' COIT('et so ilmt 1111 \' cOtl;,if([£'nl Sl't (Jf uuH:; ll1/l1" Il(' 11;;('(.1. In [:11>1(' li :lnd, 
nil foliowinp: tnbl!'s, Ow cilgiuC'prln.l( sy;;lcrn of f()Oi-!'!~concl-po\llHl 11l1il1' j" lIi'pcI. 
'flte \'alllC' Of'li,* lIl1I:; i5 oblllined ill (('(It pl'r second (rl.'s('(~J,.if S. is in[roduced a'S 
n tungent, (8.=0.00105), NI",I ill .feet, and 11-"'32.2 rt../scc.2• 
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TABLE 6.-Hydraulic calculationjor Big Sand Creek, Jl.fis8.1 	 t' 
t' 
t"l..,

,I.
R~ U. • t.I' r 4 "'. ..... u. 

. R; R, Sf,l1gt~ Ar Pb Q R. Stage p. Ar Q Rr X Y flJr (JJ/8.)1 P Z" U. --------------------------------------------- ----------------- -C>
I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 IS 19 20 21 22 23 24 25 26 27 	 tI:I 

0>--------- Cllbie ---------- Cubic 1-------~------
Fut Fttt Fut 
ptr ptr ptr Square Ittt per Squar. rttt ptT I ~ 

Fut attond Fttt Fett .ttund lutmd Fttt Fttl Fett Jttt Ftd .<tond Fttl Ftd Fttt Jut .t<ond, r',,1 Ftd 
0.5 O. 129 O. 00095 I. 21 1.59 0.00072 2.92 2.98 16.8 0.17 0.86 1.:16 150.2 140 1(1.1 409 5.26 150.2 108 140 4OI1J 1. :U) O. 00132 0.84 1. 2S8 0.63 10.97 '!' 
I.(l .184 .00067 1.72 1.46 .00079 4.4-1 1.49 27.0 .16 .76 1. 76 150.9 240 136 I.()f,~ g.SO 151.0 130 2.'iO 1.110! 1.92 .0009:1 ,(08 1. Jl8 .85111.10: 
2.0 .259 .011047 2.44 1.27 .000\)0 6.f.l .75 51.0 .13 .50 2.50 152.1 425 170 2.82018.0 152.9 lS:I 5f~) 3.71013.0;; .(XIOI;9 .51; .91 1.27,11.30, o 
3.U .31S .(lOO39 2.95 ,1.18 .()()(m 8.40 .[1(1 8i.0 . \0 .30 3.30 I.'>:l.:l 640 194 5. :ISO 25. f, 1M.", 248 I. (M) 9. ltiOl 4. -til •(lOOi5 .50; .91 1. 2i; 11.50 . t"l 
4.0 .3fo8. 0003.1 3.51) 1. 14 • (10102 9.92 .:li 150.0 .07 .14 4. H 1M. II 9~O 234 ~,(i201:l:l.n 1~1ii.4 34\1 ~.(M~) "!l.~fl(). ~.i:l .()()(lill .M .91 1.27[ IUO, 
5.0 .412 .OIM~~13.S4 I.I~ .OOIO!IIt.:l01 '~i ~!O.O .05 .07 5.0i 15ti. n 1,4(,~ 289 Ib.5.;0,40.0 1(,1.0 441l 3, ltiO, .1.;,.00, ,.04 .OtXISI.l .54 .91 1.27 11.00· ~ j6.0 .450.000"1 4.26 1. 08 .0010'112.58 .2o .1.0.0 .03 .03 6.03 15\).5 2,4tX1 3\lS 3tl, 221,(.0 .-•••••••-••__ ._._,_ •••_.t-_.- .(Xkl82 .54 .91 1.2i! 12.04 
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;lo 
o 

5 
~ 

~ 

~ 
~ 

t"j== 

http:1.2711.00
http:1.27,11.30


• 


• 


• 

THE BE'D-LOAD FUN"CTION .FOH SEDl~IKN/l' THANSPOR'l'ATION 53 

Step 11: 'I'he corredion x for the tl'ausition from smoot;h to l'Ough 
boundaries ma,Y be I'ClHI fl'OlIl Ute graph of figme 4 (column 5, tnhlc 6), 

Step 12: 'I'hc. vnlues of the ItPPIU'(JIlt I'oughuess ~=k.lx al'c cui cu·, 
luted in fC(lt (column 6, tltble 6), 

Step 13: Now, th() ItvCl'IIge flow vclocitiY U; is culculntcd fl'Om 
cqulttion (9), pnge 10 in feet per: second (column 7, tllbl.e 6), 

Sfep 14: Next, for t.he dctcl'lninlLtion of t;he fricLionltl contribution 
of the chnnnd il'l'cgllllll'ities, the pn.r'nmetcI' ""is cnlculnted according 
to equlttion (ll), pnge 10 (column 8, tnble 6). 'I,'he pn.I'nnlCter ""is 
dimensionless, itS is the ratio of Lhe densities, which IlUi:y be determined 
ItS follows fOl' Big ~nnd Creck: 

!!.=.51=5.,/5[1__.,1 = 8,~] =2.H5 -1 = I.Ms, . 
in which S. is t,he specific gravity of t;(\(\ solids and hits a vnlue between 
2.65 and 2.68 fOl' most nntul'lll sediments, D35 Itnd Ub' must be 
entel'cd in the slune units, for instnnce in feet. (Da.,=0.000!)4 feet), a,nd 
the slope S. of Ute enel'b'Y gmdient ItS an Il,bsolute figul'e (8.=0.00105 
for Big Sand ('I'('ck). 

(", , .~·n ,. . ". . - " I I ")
Pflge u:3: III step 3.5, "liglln' 2" sliOI1I(llIe ('hIlIl,:!I~d to "lIglll't' to. clL) e v are 

n:Ull ,IUr vn<:",~\~" "'!tlllCS, 
Sup 16: 1"." is Clllclllilted in f('ei: pel' second (column 10, table 6), 
Stell 17: Equntion (6), pn.g(' 9, in the forlll 

( ")2Rb"= u'*_
8t g 

allows th~ calculation of R/' (column 11, tnble 6) in feet froll1 u/' 
(colulI1n 10, Utble 6),8.=0.00105 nnd g=32.2 ft./sec,2. 

8tep 18: The two components Rb' and R/' are USlllllly the only 
components of the hydl'llulicmdius Nb pertnining to the bed nnd may 
be added dil'cctly 

(64) 

ns is done in (~olumn 12, table. 6. All R vnlues are mensllred in feet. 
Step 19:Wher~ no additionnl friction such Its thnt froll1 bn.nks or 

vegetnLion must be introduccd, Rb !'cpl:csenls the total R of the 
section, In this case, UlC total cross-sectional nren AT in squar~ fc~t 
(column 14, tl1ble 6) nnd. the channel width (wetted pcl'imeter) lib in 
feet (column 15, tl1ble 6) nrc read directly fl'OlI1 figul'e 16 fOI: elwh 
R value. 

Step 20: The flow discharge Q ill cubic feet PCI' second (column 16, 
tnhle 6) is cnlculated Its 

(65) 

St.ep 21,' The I'Ilting curve of figure 18 for the Iwcmge sectiou, as 
shown in figure 16, is obtnincd by plott.ing the dischnl'ge Q (column 16, 
table 6) n.gltiust the stage (column 1:3, tinble 6), which itself is read 
directly from figure 16 as a function of R, As the entire discharge 
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rating CUr\'C is needed, it is no(, too impol'l;[L11t \vhich points fl,"C 
Il,CtuH.lly cnJculn,ted. The choice of the points InILy be I11fl,de, therefore, 
according to tho gl'CILtcSt; elise of ciLlculiLtion. • 

I 

160 
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"FlGurn} IS.--H,alillg ClIn'C of thc :wcmgc eros,; SCClil)ll, Big Hand Crtlck, Miss. • 
l:lydra1/,lic ca.lel/lotion.s for channel "with ba,nlc fricNon 

,"Vbenc'vPI' ft dlll,IITl('" lins w(,{tNI bOllndalY fI,f'{'IIS \V.hid, eonsi"l.. of 
IIlH,i:ednJ difl'crC'nt [tom t.heIHov:\,hl(, bed llui,Lcrinl, 01.' if some wet,l,pd 
bOllndftry nrcfl.l'; n.rc (;(wcrcd wibll PCI·ll1fl.llenL vcgetat.ion, tlJ(lse arcas 
reprcsent whn.L hil,ve been cnJled 1(1):),nk RlIl'fn,(:(,R" n,nd ll11lRt. be intro­
duced sepnrntely in Ow cnkulntion.Wllf'L1wl' fI, gi.vNI snm,1I pl'.I'C'cnL­
nge of I( bank surface" has n,n n,ppl'eein.hle inn U('1\(,(', 01' not, Cfl,n be 
determined onl)1 by fl, L,.ill.). cn:JclIlll,tion. 

l'he cnlculntion with bank fridion is llSlln.lly sOIll{'whn,L complienled 
by the fuct OU),li this ndditionnJ bnuk friction mllst be considered in 
t;erros of the stage nnd 1I0t in terms of the bed friction Rb' or R b• A 
trinl-nnd-el'rol' meUlOd In liS t, t.herefore be llsed f01' its solution. Up 
to and includingthe dclcl'lninn.tion of Bh by equation (64) (step 18), 
this cnIculiltion is identicnJ to thn.fI wjt;JlOuli bnnkfrictiol1jbut with 
bnnk friction, Rb is noL equnl to the tolnl hydmulic 1'I1dius R of the 
section. Instend of this simple equn.lity, the procedure previously 
outlined by the author (3) must be used. The banks nre assigned a 
seporate pnrt AID of the totn,l CI'OSS section ATI 0, wetted pC:l'bnetel' PID 
of the bank surface and a hydraulic mdius RID defined by equation (66). 

(66) 

• 




THE BE'D-IJOAD :!fUN'C'I'ION FOH SEDIMENT 'l'HAN'SPOHT'ATlON ,5.5 

• If Ab is that Pl1l't of the Cl'oss-se(}tiollnlal'cn pel'taiuillg lio the bed nnd 
if no friction /tcts on the flow except thnt on the bed 11nd thnt on the 
banks.. the following equn,tioll holds: 

in which A 7, is the totnl 111'ca of the C1'OSS seeLion, 'l'h(\ pn.l'tiu.l nl'('jLS 
may be expl'essed by the hydmulic mdii 

A 7'=Pb Rb-I-pw R'D (68) 

The hydrn.ulic I'II.dius of the hed Rb is calculated in tel'lI1S of Rh' (column 
12, tltble 6) while Rill mn.y be cnlculnted 1'01' each H,,' v/tluc {HId the 
cOI'l'esponding u.vet'nge \'clod tJy ~/. from equMion (69) 

. ( U· n 'D )3/2 
(69)Rw= 1.486, 8.1/2 

for u.ny chosen I'ouglmess of UJ(' bn,nks 'Ilo lll • 'l'his iLSSUIllCS Ulnt IilIC 
u.vcrnge flow velocity in nIl parts of the cross section is the smne as 
that of thc total sedion nnd thitt the propel' ft:i.cUon fOl'IlluilL mny be 
applied to ench. pit!'!; of !;lie cross section n.ccord ing to its fridiollltl 
surface independent of t,i1e fl'iction conditions in the I'enminder of the 
cross section, Ohoosiug, i'ol'instnnce, fL valne of n,o=O,050 for the 
banks and using the Itvel'ltge euel'gy slope 8=0,001.05 and the avcmge 
velocities of column 7, tnble 6, the R'D vnlues of colulnn 17 I'esult, ItIso 
ill funcliion of R/, 

'1'he p vnInes of cqun,Lion (68) nl'C noli del;ul'mil)(,'d ill function of Rb', 

howeveI', but in terllls of the stil,ge of Hglll'e 16, ~I.'he cllrve of Z}IJ Ims 
been ndequnt;ely descl.'ibcd, '1'he CUITe for .7)" is nssulUcd nrbitmrily 
as It stmighti line defining pw ns twico the h(~ight of the Wittier surf/wo 
above elevn.tion 150,0 feet. 'l'he Big Slmd Oreek cross sc(;tions do not 
give iufol'lllation on the bauk roughness, but photogrltphs nud some 
notes IUltde by It field inspection gnve n. basis 1'01' developing this CUI'VC, 
as well n.s the assumed value for nw=O,050, 

Alterna.te step 18: V"iUl PIJ and lJID functions of the stl1ge, which 
itself is l'elnted in figm'e Hi to the totnl nl'ea A 1" with Rb Itud RIO a func­
tion of Rb' as the flow vriocity, Itnd wi.tlt equntion (68) tying them to 
AT I1nd the p vnlues, only It tl'inl-nnd-cI'I'or Illethod Jlln.y be used to 
find solut/ions, l~iglll'e 19 shows how this is douo, The AT stage-cul've 
of figure 16 is int~rsected by short em'Yes, the points of which ILre 
obtainQd by cnleulntiiug L17' vu.lues accol:ding to equation (68), nssuming 
for el1ch such curve the RIJ I1Bc! HID yullles nccol'ding to one of t.he c111­
cull1ted Rb' yulues, with Pb nnd 1)10 Vltt-yitw nccol'ding to the stage, 
Plotting the cl1lcull1tcd (ZJb R b+l}'D HID) vnlnes ngninsti the assumed 
stages, it is cleM' thl1t the lictunI AT points nrc found for the cnlculat,ed 
Rb' vn.lues at the intel'SecLion points with the AT ctu'Ve, 

Alternq,te step 19: '1'he elevnt,ions of iutm'sectiou are ~iven in figul'(~ 
19 and used in column 18 of tn,ble 6 to dl)Lel'mille Pb (column 19, tnble 
6) and AT (column 20,. tnble 6). '. . 

Alternate 8WP 20: The disclutl'ge Q (column 21, table 6) is cnlculated, 
• using equation (65), page 53. 

http:Alterna.te
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FIGURE 19.-Trial-and-error determinatioll of the rating curve with bank friction 

Big Sand Creek, Miss. 

Alternate step 21: The result is plotted in figure 18 together with the 
curve for the same section neglecting bank friction. It is interesting 
to note that the discharge for a given Rb' changes very distinctly with 
the introduction of bank friction, but that the rating curve is not 
greatly affected. The values of Rr , which must be used as the average 
depth in the calculation of A for the suspension-integrals, are defined 
arbitrarily by • 

(70) 

and are given in column 22, table 6. This completes the purely 
hydraulic calculations of the river reach with bank friction. 

Sediment-rate caleulation 

The sediment transpor~ is calculated for the individual grain-size 
fractions of the bed and for the entire range of discharges. In this 
connection, it is advantageous to distinguish in a separate table the 
steps which are common to all grain sizes from those which must be 
performed separately for each grain size. As the calculation of trans­
port rates is performed for the flow rates given in table 6, these calcu­
lations are added to that table as columns 23 to 27. The transport 
calculations for the channel without bank friction are shown in table 
7, and those with bank friction appear in table 8. 

These two calculations are not significantly different; e. g., for the 
determination of A without bank friction the hydraulic radius [4 is 
used (table 7), whereas 	Rp is used. when bank friction is a fact.or 
(table 8). As comparison of the two tables will show, the only 
important differences between the two calculations are in the strictly 
hydraulic relationships, as in the variation of Pb and of Q for equal 
Rb'values. • 



• • 

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

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

TABLE 7.-Sediment transportation calculated for Big Sand Creek, "A/iss . No bank friction con.ndered 1 i 
-1, i7</r i7</T irqr :EirC/rIO',l z I. PI,+I.+I4>. isqs 'illIO'D HJ21. R.' DIX ~ "'. h'" --- ------------------ ~ 

14 15 16 17 18 •8 9 10 II 12 134 5 6 7I 2 3 

------------ ~ Pol/nd. Pound.• ~POIl.1Id.~ per sec- 1Jer sec- Ton'per Tonspel'
-per ~f.C- ...,ond·foot olld·foot day day
ol/l/·footFeet f'e't 3.78 0.078 0.44 1.42 0.0380 0.213 168 670 

2.90 1.9 O.02fli 2.~8 

I 2.54 1.i4 1.00 1.i3 4.0 .0·>01 1.84 
140 1.27 2.44 ..281 1. 57 2,0.>0 30,500 d 

1.62 17.8 O. Ii 5.08 1.23 1.08 2.M .1&1 .74 1. 71 .0958 .539 561 3,9.'l8 ~ 
I. 27 2.:15 1.00 .!l0 8.2 · liS I. :10 1.882 3.47 5, lill 113.000 >--32.01 3.44 .617 

a .85 2.16 1.00 .110 12.8 .180 .98 1.5:1 .38S 
4.75 1.20 6.74 12,100 32{ 000 

4 . r.1 2.05 1.00 .4:1 15.0 .2.';:1 .7S l.a:1 .5(.0 2.80 
2.13 12.0 26,500 SOO,OOO (5 

.m 1. 18 .81 3.85 6.78;; .51 2.m 1. Oil .~\:) 22.5 · :l1ti 19.6 59.800 1,940.000 Z 
6 .42 1.98 1.00 .29 21.n .:I8O .54 1.08 1.09 4.90 9.20 3.48 

"1 
.82 1.36 2.44 2.45 .047l 1.69 2.88 .117 .68 1.60 .0154 .181 335 --------- o

1.15 40.2 .5 3.38 1.31 2.02 .210 1.19 2.14 .221 .56.3 1,3.30 --------- ::0
1 1.69 1.16 1.10 ,1. 27 5.50 .H~i 

3.76 .910 2.26 6. r,flO1.44 .4.> 2.3.1 --------­12.r.o ,242 .922 .85 I. 57 1.01 .01 .8.1 :1.8S 6.73 2.14 6.06 20.400 --------- U1 
:1 'lr;n 1.44 1.04 .41 lD.n · a!\4 .70 1.17 

14.0 57.100 t;l
.56 1.01 1.:!i 5.7 11. :1 5.65 ---------1.0S .. 30 :W.O .5004 .42 l.a7 129.000 ~.90 2.12 8.1 11.2 10.4 25.8 --------­

5 .34 l.a5 1.05 .25 al. .5 • !~J4 .45 
19.6 48.6 335,0002.95 10.5 26.0 --------­

6 .28 1.32 1.05 .29 a9.0 · i49 .38 .83 ~ 
t;l2.23 .0345 .107 153 --------­

.S 2.M .61 2.2.'; 3.03 1. 75 •OJ.11i 1.19 1.94 .23 1.29 
! Z.81 32.0 .52 2.6 4.16 .2.>0 .791 1. 4r.o --------­

1. 27 .87 1.2!i 1.09 6. SO • Qt;(JO .92 l.a61 
.1:19 .6.1 .97 1.5:3 6.1 12.2 1.10 5~ 30 12,MO --------- I >--3 

2 .1i:1 t.t7 1.10 .49 15.8 4U.100.49 .79 ;3. :!.> 11.0 28. i n.9.1 18. r. -.------­:1 .42 1.08 1.12 .:la Zt5 .207 
. liS ti.2 17.•1 .16.0 IS.t; 48.8 l.5i,tKIO -.------­.;32 1.04 1.1.1 .2.5 :11.5 .279 .39 ~ 4 25. .1 92.0 :l2.0 100 :19i,OOO --------­.2.1 1.01 1.11 .20 :1\1.5 .349 .32 .61 !I.S.1 .55 15.0 36.0 146 59.5 186 1,020,000 --------­

6 .21 .Il\} 1.19 .17 46.0 .406 .27 

3.35 5.55 .00312 .0538 14 -.------- ~ 
5.8 .5 1.80 .43 .1.40 5.15 .58 .00056 .85 1. 21 .72 

581.51 .86 2.44 8.1 20.0 .100 1. 72 --------­.61 2.28 1.39 .>. JO .00500 . r"1 .90 
.61 8.4 2\..5 i4.4 1.26 21.9 9,350 --------­

2 .45 .8:1 I.ai .44 17.•1 . o iii .4!i 
.30 . iii 1. .52 .:.32 2.;. () .0246 .35 .411 111.:1 41 183 4.50 77.5 :17. rlOO --------­

3 
4 .22 .12 I.liO .25 31. 5 .ltllO .28 .4:! :12.0 r.a 312 II. tiS 166 97;8IX) -.------- ~ 

.18 .71 1.65 .20 a9.5 .mS7 .2:.1 .38 .11. 0 91 516 20.0 345 248,1100 --------- >--3 
5 12'l 722 30.8 531 526,000 -.------­.19 .35 70 


I 

6 .15 .70 1.70 .18 4.3.5 .0426 ~ 

I Explanation of symbols In Appendix, p. 69. 
Cl 
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TAllLE 8.-Sediment transportation calculated for Bl:!! Sand Greek, J1Ji/,s. Bank friction considered I ~ 

10'1) lO'h ,DIX E "'. <t>. ;"qn lOlA z Ii -I, 1>/,+/,+1 ;7</r irfJr irQr l:irQr ~ 
~-------~I-'"

1 2 :1 -I 6 8 9 10 If 12 1:1 H 15 ~ 16 Ii 18--------------------------- --------- -,-"--------- t1:l 
I~lll.l/rl8 Poulld" P01l1ldt, 8 per :'f'CMFee/, Fect prrur- prr:wc.. 7'011,' per To". fler t" 

1,62 
()Ild·/uut oM·fuo! olld·/o,,( till II dllY t:'117.S 0,5 5.llS 1.23 I. !J8 2.9\) 1.9 O.02li7 2.49 3. i8 0.Oi8 0.410 1.42 O.O:li9 U.213 lili 700 8J 2.5-1 I.H 1.00 1.7a 4.0 ,('561 J. (;9 2.65 .132 .750 1. 72 , (j\JIj'j .513 51iO 3,190 

...... 
2 1.27 2.a5 1~1~1 .90 8.2 • 110 I.on 1.88 .245 1,10 ~. :37 .273 1.5:1 2,1[.0 :13.WO Z 
3 .85 2.1(; .I.I~J .m .12.8 •.IS0 .7:1{; I.. r~4 .iIl35 2.15 3 • .15 .rJ67 3.18 6.0iO 156.0004 · lei 2,()5 1.110 .43 18.0 .. 2S~ .51~j I.:l.~ .57 :1.00 ·/.{i6 1.18 6.62 17,8011 538, (n){) o5 .51 2.m I.W .35 ­22.5 ~:Uti .41iO 1.18 .S:.I 4. I 6.77 2, H .12.0 -11,500 1.4:~1.1JIlO ~ 

J.J5 40.2 .., a.as .82 I.af> 2,41 2..15 .out. OlL 77 2.88 .110 • fl7 J.l~) .0755 • ISS 352J 1.\19 .1.16 1.10 1.27 5.50 .106 L ~~I 2.02 .208 1. ~'O 2.11 .2',/;1 .555 .1,2502 .85 I. ;;i I.or .61 12.liQ ."2·12 .. 752 1.• 44 .41i 2.4.1 :l.(H .880 2.1H G,IHO s:r • .';G 1.'1,1 1.01 .,11 1\1,0 .3tH .5~l 1.17 _85 ,1.1 O,ti/J 2.·13 6.01 26.000~ ~ .. ~ .. >--- .. ­~.f2 1.:iT 1.05 .30 ~~i.Q ·[,(~) AOI. 1.01 L45 lI.!? ll.S .5.9tJ I~. i SS.8(11) rn
Ii .34 1.35 1.05 " 25 31.5 .()I}I .327 ,Il{) 2.28 S.U 19.2 11.6 28.8 225.0(10 


.81 32,0 .5 
 t::l2.M .61 2.25 3.03 J. iE .0155 J~·25 J. 9~ .225 1.2S 2..1\1 .m~o .JOU \58 t:'1I I~ 27 .87 I.W 1.00 6 .. ';0 .0C~l{) .844 I.:U .5.1 2.75 ".Ut} • ~'61 .8lti 1.4tiO 't1.63 I. Ii 1.10 .49 15,8 ,'I,HI ••;211 • IIi I..f~) 6.·1 12.7 J. ill D.SI 13.lluu3 4') ~ I.OS 1.12 .:13 2:1.5 • ~,!O7 .308 .70 a.{i5 ,12.2 30.7 U.36 1\1.9 r,~. 11M!4 .:12 1.04 I, \., .25 31. I; .279 ,28:1 6.0 ~,.O.IlS til.ti l7.2 flJ.7 2511. 000 o5 .25 1.01 1.li .20 HtJ.5 .3,111 • ZIO .61 11.1 2U.5 102 35.6 III 6V(I.OIlU ":l 

.5i !i.S .5 I.SO ,4:) 5.-W 5•.15 .[>8 • 0(~)5f> .S7ti L2l • il. 3.;l() 5.-IS .IJO:JfJi .05:JO u >­.90 .or 2.28 1.3U 5.10 ~5tH C)•o()r~1O .86 2.·an 8.,IU 18.7 .Ul!;H 1. Iii 52:1.45 .8:J I.Hi .,H l7J. 52 .orn .:H2 ,.fiJ 11.0 2:). 5 ill. I L35 ZI.3 III. fi5iJ a3 · ao .iti .1.52 ~ a~ :!5.0 .1l2Hi .2.j!I .-1\1 22.•1 48 211 5,20 ~\l.5 iif, (~KI o4 .22 ... 72 1.00 .25 :11. 5 ,0:110 .1119 ,,1:1 ll8 itl :IiO II. 5 \OS li:I.1K1U,i .IS ,71 J.U5 .20 au. 5 .OaB7 " If,i2 .:18 H:l 11-\ 0:30 :l,t 6 "~5 ,IIIJ.IIIJ(I 8 
~---------,-.~. ~~ -.~- ---,~~~-~ ;-. H 

, ---- ---- -.......~~ ~ q
'Explanntion or srllllJols ill Appendix, p, lill. 
~ 
M 
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• 
The sequence of operations and the applicut.ioll of forlllulus for the 

calculation of tables 7 and 8 um as follows: 
Step 22: 'rhe represcntl1tive gmin sizes am chosen at the geometric 

mean of the tW0 size limits of euch sieve fmction (column .1, Llthles 
7 and 8). . 

Step 23: 'rhe fraction i h of the hed muterial fOJ" the same sieve 
fmction is determined ns an avemge of 1111 bed samples available fOI' 
the rivel' reach in question (column 2, tables i and 8). 

Step 24: The same Rb' vulues Itm used a.c; in t.ahll~ 6 (eolumn 3, 
tables i and 8). 

Step 25: NexL, \Ii is ealculat~ld usiug equation (4f1) puge ;l6 nnd 

S,-Sr=8.-1, as demonst.rated previously (column 4, tubles 7 and 8). 

STep 26: ~I'he charueL('ristic distance X .is df'l'ivecl uccording to the 
relationships (45), pnge 35, .in fect, wilill ~ und 0 given in colllnllls 6 
I1nd 3 of table 6, Tcspectiveiy (colullm 23, tuhlc 6). 

Step 27: The rn.tio DJX is calcullttcd from D in column 1 and X ill 
column 23, both from table 6 (COIUIllII .), Lilliles 7 I1nd 8). 

Step 28: The ~ vnlues lire I'cad from fig-uri) 7in terms oLD/X (I;OIUIIIJI 

6, tablcs 7 unci 8). 
Step 29: '['he Y vn.\ues n,r(' rend from figmc 8 in t.l'rms of k./o, whieh 

is found in columu 4 of til hie 6 (column 24" tn,ble 6). 
Step 30: 13x is cnlclllated fmlll equittion (49), pnge 36, with X given 

in column 23 nnd ~.ill cohunn 6, bot.h from tlthle 6 (column 25, t.nblt· 6). 
Step 31.' ~=;=loglO(lO.6) = 1.025 is divided by 13x of column 25 nnd 

Ulfl 1'(,,,111 t. i" :;:(01 ""'orl ((·.. 1 JIm 11 2fL ttl blp f)l 

.Pill:e 5I): .1n step 3:t, '.'COIUIllI1 4, (nble (i" should he c:hllnged to "column 4, °8~ 
tables 7 and 8"; 8.nd "cf)llIIun :!,l, 1111)1(-87 lind 8" "hou") be ('hunged to "column 6' 
24. table 6". 

Step 33: :Fl'om figlU'C 10, <1>* is rend in function of 'Jt* (column 8, 
tables 7 und 8). 

Step 34: ~rhe bed-load riLte, ill'lll, is cnlculnted fmlll '1'*, using 
equlttion (41) und (42), page 34, in the form 

18'18=<1>* ibS.g3/2])3/2 (Ss-l)~ 
where: 

<1>* is given in column 8, tnblcs i nnd .8; 
ib in column 2, Lnbles 7 and 8; 
s, is fl:om the mechltuicltl nllulysis, but may usually be Itssumed 

to be 2.67-1.93=5.17 slugs/ft.3 
; 

g=32.2 ft./sec. 2 
; 

D is from column 1, tlthles i 'and 8; and 
(S.-I);> is 1.29 (column 9, tables 7 and 8). 

Step 35: A is culculated I1S A=2D/llb in table 7 Itnd as A=2D/RT 

in table 8 (column 10, tublcs i fmd 8). 
Step 36: 'rhe exponent z is cnlculatcd according to equation (27), 

page 17, where v. may be read f!'Om figUl'e 6 for vurious gmin sizes. 
1'hese curves upply to nvemgc-shuped quurtz gri}.in,s at a temperature 
of 20°0. }1~or other materials und tempemturcs the settling velocities 
may be meusured 01.' culcultttcd from Rubey's formula (17). The 
COllstnut 0.40 seems 1.0 be It usnble Itvel'llge (19), while u*' is given in 

• column 2, tnble6 (column 11, tltbles 7 Itud 8). 

http:2.67-1.93=5.17
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Step 37: The integral II is rend fl'om the dil1gl'l\lIl in figure I for 
the various values of A and z (column 12, tables 7 Ilnd 8). 

Step 38: The integml 12 is read. fl'om the dingmm ill figurc 2 for 
val'ious values of A iUld z (columnl:3, tables 7 11nd 8). 

Step 39: 'rlw coefficient P of II is calculilted according to equatioll 
(62), page 40, whm'e: 

, x is from column .5, table 6; 
k.=D6.1=0.OOl15 feet; and 
d equals Rb in tnble 7 nnd RT in table 8 (column 27, table. (\). 

Step 40: The expression (P1 I +I2-!-l) is cnlcull1tcd according to 
equation 63, page 40, (column 14, tables 7 I1nd 8). 

Step 41: The totnl tl'l1nspol~t mte pOL' unit width nnd timc for the 
individual size fl'l\.ction iTqT is cnieulnted Ilcconling to equation G:3, 
page 40, in lbs./ft.· sec., (column 15, b1blcs 7 and 8). 

Step 42: The same total t;mnsporii mt.e reduced to 1:b=1, which is 
helpful in judging t;he bchnviol' of the different, gmin sizes of n bed 
mixture iTqT/ib, is cnlculnted in column Hi, tnbles 7 nl1d 8. 

Step 43: '1'he totnl sediment tmnsport. rn.te fOl' the entil'(~ section 
is cnlculated for individunl size {mctions in tOllS per day f!'Om the 
equntion 

where iTqT appenrs in column 15, tnbles 7 and 8; nnd Pb in column 15 
of tnble 6 if bank friction is neglceted, nnll. in column 19, tl1ble 6 if 
bank friction is int!'Oduced (column 17, tables 7 and 8). 

Step 4ft: 'Finally, Uw total t.mnsport L'ates al'C IHlded fOL' all sed i.­
ment sizes coal'SeI' thnn IlUY size D, in tons p(,l~ day (eoluml1 18, tables 
7 and 8), This I'epresents the final form in which the bcd-load fllnc­
tion is presented (see figs. 22 aud 2:3), 

DISCUSSION OF CALCULATIONS 

The behavior of the individual gl'llin sizes within the sediment 
mixtUl'e is best charn.cterized by the euryes of figure 20 for Big Sn.nd 

'rh . ·tl I . iT ' qT' ,. f .Cree,k .. ey give . Ie \'It ues --.- agnlnst gl'lllll size 01' Vill'lOUS 
~b 

stages. Each cUl've thus refers to one discharge illld gives the l'Il.te 
at which the individual gmin sizes would move if they covered in(li­
vidually the entil'e bed ~rea, The ~ize mnge~\as I:~cm~ extended fl~L' 
beyond the Tunge thnt IS uctually Importn:nt III Big Sand Creek 1Il 

order to show the chlll'itcl;erisLic PilrtS of these cllrves. 
Figure 21 gives compal'llti\rn CUI.·\TeS (01' the )'fissollri River. The 

graphs for both stl'enms ilre calculated wi thout bank friction, It is 
appurent tlmt both sets of curves have a velT similal' chnracl:er 
although the curves themselves am distinclly different; viz, they 
both show olle well-defined milximllm nnd a tendency toward a second. 
Becnuse of. theil~ L'nthel' chnL'nctm'istic shape such CUl'VeS hnve been 
called camel-bnck curves (c. b. c.). 

It appeal'S thnt only few gl'llill sizes, V, II1I1St be calculated to define 
these entire curves, fmm which interlUedinte points may then be 
interpolated, 

• 


• 

• 
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FIGURE 20.-Curvcs of iT, qTagainst D for various stages, Big Sand Creck, Miss. 
'b 

Regardless of whether or not; the entire runge of sizes has prncticnl 
importance, it is useful to evnhmte the sign ili<;ullcc 01" the different 
pnrts of the cUI·ves. At thu maximum vnlucs (abou!. 0.1 millimeter) 
the material moves almost exclusi \rcly in suspcllsion. rL'hc values of 
iT qT/iB qB are far above 1,000 for the hight·r st,ilges for which this 
mnximum is especially pl"Onounced. 1'he drop 1.0 the left of this ml1xi­
mum becomes very steep and is caused by the reluti \rely fnst increase 
of ~ and with it of iI'* with decreasing D. This sudden dmp of the 
tmnsport occurs nfter iI'* increnses nbuve20 ItS showlI in figure 10. 
A similnrly steep drop occurs nt the ,right end of the cUl"ves: above 
D=10 millimeters for Big ~and Creek nnd nl"Ound 100 millimeters 

• .cor the Missouri River Itt tlood stllges, 
The reason (or this drop is theincrense of iI'* abo\Te 20 due to growing 

D 	values. The trltllSport cunce thlts is limited at both ends of the 

100 
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FIGURE 21.-Curves of iT, qT against D for various Missouri River stages. •
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D l'unge by irwI'Pfl."pd "'* vltiUPS, But th(' I'('f\'son fOl' this inel'('I\'s(' 
at the two ends ,is diffl'I'('nli. At In,l'gn dilunpt{,I'~, [he w('ighL of lIH' 
pill'!;icles beeornes too gr(·n.t fol' the lift 1'01'<:(';;, \\'hrl'(':\s I),L :-;rnall difl.lIW­
tCI'S the (lCf(l('.(.in' \'plocitips of ,flow nnd tlll'bul('nct' lin: l'C.·dll('('d II.S Ihe 
grnins begin to hid.c-Ihn.t is" conI(', to J'('st b~Tond lIl(' influence of 
tlll'bulence belw('cn In.l'gel' gl'lLUlS 01' I.n lhe IiWIIIHlI' subln.y('l', 

'L'he uSlIlllly Yl'ry SlN'P' ill('l'('IlS(' of iT(h.jib .fl'om D= I. lilillillletel' 
down fo 0,1 nlillinw[('r, l'sl)('cin.lly nt lliL;'h('I' slng:ps,is f'itused by Ull 
irnpol'in,nL sllifl from sUl'fil('(~ ('1'('('P to RllSpolision. 'firis tmnsil ion 
occurs with II. ('iln,lIg!'. of til(' ('xporwnt z frOll1 nhout 2 to 0.2, 'l'hpl'c 
1'('!lInins only' to ('xplnin tirp d('('I'(,flS(' Of iT(h,tib b('tw(,C'1l u size of nbC/lit 
10 miJlirl1ric'l'i'l (s('e )rissolll'i H,i\'t'1' (,UITP, figllre 21) dO\\'n to about 
1 millillH'tel'. Tltl' l(,l1d('rlf',\T 1:0 d(lcl'e:1.~(' in this l'f1,ng'(' is ngn,in ('Sl)(' ­
('in,lIy I>I'onoul1('('(1 fI,t flood stngl's,This 1'('(1 tltt ion is ;:,[ ill ill I he 1'1I,1Ig'(' 
WhPI'l' RlIsp('nsioll is unilll pori n:n t. It lIHiRI be ('Xpl:l,im'd by I)(.((-Ioad 
motion on 1,\', It r('stilts fl'OJll ll.l(' cOlldition \\'1)('1'(' til(' fl'pqllPII(T ,', 
of indiyidufli motiOlls of pn,I,tid('s ill{'J'{'ns('s mol'(' slowl,\T willi d('(,J't.'HS­

ing D tiUUl ill(' YolulIlt, of th!' ind.h'idlli11 j)lll'ildl's nml lh!, Il'ngth of 
their j um pis l'('d lI(,pd, .tn oti1C'1.' \\'ol'(b, i:ti'g'('l'lHlln bel'S of the snlllll(.,' 
pi\,rticiPs 1110\'(' b11[. i hc' I'al(' of tiwi 1'11'10\"('111('11 t by \\"cigh t rCIlIlli ns 
sll1nllt'r bC('i\.llSp I hl' illdi\'idtl:il pn,rlieie wpiglll de('l'('nses \'(1I'Y rapidl,\' 
\,'iUI. D, ('0n11'11 011 1,\', for ,in::tfl,ll('(" JOI' nil ('UIT('S of Big :-lund CI'('pk 
fl,nd for flll' 10\\' sing:('s of LlI(' ~\nssoul'i Hi \'('1', this illl(,l'lI1('dill,l~1 rnilli­
mum 01,' dip ill lhl" ('fl.IIlPl-bnck Cl.llTl' is not PI'OlloulI('C'd Iw('n,us(' the 
Ill'gillning of iIlCI'('fl$ing sllspef);:;ion oy('dnps with tire dpCI'('nse of b('d­
lon,(/ n1.I(';:; du(' to d('('I'('f'Sillg pHl'ti('ip si%(', 'J'II11S, thp d(,tnii shnpe of 
the cunWl-i>n('k ('tll'l'<'S vnri('S consic.iC'ru.bly ns \\,(,11 liS the .location of 
InILxinll),. 

Ho\\' Jnil;." th(' rn,thl'r l/l,rg(' I'n,t(l;'; of Il'll,ll!';port ill till' silt liud l'in,y 
sizes of mn'll)'" stl'('flrns be (·xpln.ilwd in tlrc' liglrt of this il.lHd,ysis'? 'J'he 
('fl,IHC'I-hflC'k tlll'n'S for nlfUly ;.>tn'iuns ((C'clillC jusl ns shHl'ply IIt'ILr 0,01 
rnillill1(,t(,1' n" do til(' l\"O ('xil,rnpll'fL 'J'his I)('tolnesrnore lllHicl'Slllnil­
nbl!} ns one 1'('(':llls thnt tIl(' Irtetilod of cHIt'lllnJing s('(lirnellt loads 
pI'cselllNI III tlris pllblieu.tion teuds (.ogi\'(' minimulll ri\.t(·s, :15, did 
tlt(1 t.'xlwrinwnts frollt wl!it'li tIle nwtltod is d('l'ived, '('his is refl(,etNI 
in tht' ~,('UIT!', 'wlriC'hillustril.tl'S lh{' I'IWt thnt Lhe 8U1l)1I b('(i-PHl'fiek8 
itlWfLYS do theil.' utmost 1;0 hid(' bC'hind lu,l'gel' gr.'il.ins 01,' in tire Inrniluu' 
subllWl'l', '(,lUIS, it is C'HS,r to yistlfl,lizC' Ihn,t n .l'1l,f:ilPI' snudl l),l11ounL of 
similill' piutielc·s in mOrC' prornilH'llt positions of the bC'd could support 
11, \'C'r"T In,l'gl' n,ddition:d tl'iU1:'lport of t!.resa pm'tides without inCl'('Ilsing 
efr('eti,n~I'y their oYeI'-uH (,Ol1cPlltl'Mion ib in the bed fiS a whole. 
'('hi;:; might explain the exisi:t'lwe of wl1sb. load on til(' Slime I)(,d which 
sllstn.ins it b('d-l0IHI fun('tiou. 'SQ qlln.ntitative infol'lu:ltion is yet
IWil.ililble on this condition, howevcl', 

From the cILl11C'l-bnck Clll'\'('S, 01', dil'ectI,\~ from the sedilllPnt lond 
cil.lcuIILtions, the t1ci.uitl trn:nsportfl.tion I'ntl'S i"O'l' of the entire cross 
sections ,mn,r be de(;('rlllilH'd. for UI(' tnlculntt'd flows, 'rhes(' vnlues 
i 7, (iT Ill'e tnlcllln.f cd for illdivid lInl sizefl'ilctiol\S w1l ieh thC'msclvcs I1rc 
('hosen Ill'bitl'nl'i1,Y, As in the CI1S(, of JI1('('lrnnienl iUl ItiYHl'S, the lise of 
cumuifitive ('urvcs is morc g'('l1C'ml than tlm(; of di:;tl'iblltioll CllI'Y(,S, 
'rhe infonnntion shown ill col.urnns 17 IUld JS, lhel'efol'(~, is g'iVNl in 
figures 22 und 2:3 as the sum of the tl'll,nspol't of all grain sizes COIlI'Scr 
than a given limit in terms of Uw dischnrge Q, Each curve cone­
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FIGURE .23.-The bcd-lood fUllction for flow with bank friction in terms of the 
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• sponds, therefore, to an individual point of a cumulatin} curve. The 
grou~ of curves gives, then, the full description of the bcd-load 
functIOn. 

The fact that the curves, especially the curves for the total trans­
port of all parUcles coat'S(\r than 0.147 millinwt.C1·s, are much flatter 
than 45° indicntes that the sediment cOllcclltmtion increases with 
rising stage. Cnlculoting t,he lond in parts pCI' million (p. p. m.), the 
channel wit,hout bank fl'iction gives, for installcc, at 400 cubic feet 
per second, n cOllcenti'lLtioll c of 

c 

The corl'espollding COIlCClItl'l1tiolll1,t n, flood st;nw' of :30,000 cubi(.: .feet 
pel' second. is 2:3,900 parts pel.' million.~Jjl('h ('uhic footi of wnter at 
highest flood stnge·is, therefol'e, .nbollt40 times ns effective in moving 
sediment, as it is nt a I'Il.thel' low st.llge of 400 cubic feet; pet' second, 
In order to pI'edict the load thnt will be moved by a stl'eam, it is thus 
necessary to know not only how much flow will OCCUI' but the durn.tion 
of each rate of flow. Fol'iiunatcly, t;hc sequcnce in which the vnrious 
flows occur is. not importllnt ns long ItS illl (·quilibl'ium condition is 
assumed fOl' all flows, The most; n<i.vnntngeous description of the 
flow-conditions is in this cn.se the well known f1ow-durn.tion curve, 

More work needs to be done in the deve\opmC'llt nnd publiention of 
flow-durntion CUl'ves for both iluge(' and smnller rivers. Little .is 
kno\vn, in particular, about the I'clntionship between the flow-<iul'lttion 
cunresfOl: tributtuies of different size in tihe sume wutel'Shed, between 
those of different sections of the same river and si.'ctions with different­
sized contributing wn1e('shed areas: nor about, the chltracteristics of 
the curves in different pn,ris of t.he country. There is a great need for 
further d('vdopment in this nlmost untouched aspect of hydrdlogy (4), 

Becuuse most existing flow ('ecol'ds U('(' given ns daily averages, 
tons per du.y wus chose ... us the unit in columns 17 und 18 of tables 
i und 8. New und. pel'iltlpS better methods of integl'llting the bed­
loud function with flow duta fOl' uppli('tttion to diffel'ent types of 
chul1lwls mny be uppurent to the pl'l1eti('ing engin('er afU·r he has 
acquuintcd himself with the busic concept,s presentcd in this publicat,jon. 

LIMTI'ATIONS OF TilE MI\;THQD 

Not only the possibilities {Ol' upplicu.tion, but nlso the limitations 
and cautions to be obser'ved in applying nny newly developed engineer­
ing method should. be presented IlS objectively as possible by the 
nuthor of that method. Computation of the bcd-load function, as 
presented in this publication, undoubtedly Cllll be und \vill be improved 
and its application ext.ended .u.s the ('esults of additional basic research 
become avuilnble und as the meUlOd is upplied to ag('eatet' range 
of practicnl .field problems. It seems desirnble here, however, to 
point out certain limitlttions thnt eUll now be recognized and which. 
may serve as a stimulus Lo further research nnd field trials needed 

• to remove these limitutions. 
In an effort to devise it unified method of calcuillting the transport 

of bed sediment for iuunedinte pl'ncticitl applicution, .it was necessary 



to ell'n'lop S('\>('I'n.l stl'i('fI~T (,Inpi I'irlll 1'('ln t ionsli i ps Rudl as t h(' ('un'('s 
of figul'es 5, G, 7, Hilt! 8, for \\'Ilidl only it \'1'1',\· limit('d nrnOllnt? of 
suilslllntiliJillg (hJlfl. now esi;.;I, Oill!'I', sOl'lI{'II"IIfI.! di£I'I'/'('nt hut 
pJ'Ildicllily ('qllivu.I(·nt SYstf'mR could IJ(' u;.;('11 in d('\'cloping II 1(,R(' 
CUlT(,S I1nt! in dC'filling "X, Pl'riilllilln.I'\' ('Ilieulnliom; intiicHi(' thnt 
such alt.el'lln/.0 syst(,llI:~ giv(' ('SRNlfinJJy'simiJrl!' I'{'sults wlle'n nppli(\d 
to ltll'ge l'in'l' condit.iOllR, Tire il.uthol' hn;.; dlOSNI tlip pn.l'tieulfll' 
syst(,1ll of ('III'\'('S find IHlI'fl.lllel:C'l's IIs('d hl'l'l'in h('('flIIS(\ [Ir!'," R('('1ll to 
lill\'(' n. gl'(·:1,l('I' Rigllificflllt'(' wililin ill(' i'I'arn('work of iluil! dynillnip;.; 
IIr(>OI'Y, It is I'e('ognill('d, It OW(' \-('1', llillt n. h('tl('I' s('I of (,III'\'('S ll1ily 
bl.', nnd pl'ohnblywili h(' d('vl!lopNI :1S U10I'(' illfol'll1fl.lion 1.)(1('oIl1('s Ilynil­
nble. Inusmllcli ilR ill('s(' ('urn's gi\'{l n'sulls lltnl npP(,fll' to bp ('OJ)­

fil'll)('d by nil lire field (:1r('('1;:8 thuf' fill' nHl.d(', lIl("- do noL ,,;{I('m to Iw 
(1)('11 to '(:l'itieislll ,,0 !llud, from tll(' Rtnndpoint of 1l('('ul'ney ns from 
lilek of /I solid t heol'f'ti('n[ foundn tiOIl, Rut'h as ('xists for the ill tef!l'ill:; 
of StlSP(,IlSiOIl, the (I'*-'!i", curve, amI (he' hydl'llulic CUIT(' of figu'I:(' 4., 

Th(1 jUl-ltifi('ntioll for lhis puhliciltion, olh('1' thn,1l th(' uI'gc'nt n('('d 
for fI llsn.bl(, llH't hod of ('om pu t i IIg be'd-Iond t I'flllSPOl't, r('sts, in tlH' 
lIu thor's opi nion, on t h(' bilsie sou nd nes" o( tll(' [\\'0 mnjol' Iwinei pIes. 
These' fll'C (I) Ol('l'c'stri('tiOIl of Il('d-Ioud 1'(·1111ioI1s11 ip5 to the bNJ Inypr, 
n.nd. (2) tb(' nl('(hod of 1'('lllting tire mon'ment of bpj[ rnn.jerinl in 
suspension (0 the cOI\(,PIHI'il.(ion in the bed lil.Yel'. Jiln:m though SOI11(' 
of the C'onslil:n!.s and llppl'o~imlltions used in ddining lhesel'C'lntiOll­
sllipsllIn,y bC' subject to In,lel' impl'ovcnwnt. nnd. 1'(lnnemonl" the 
unified method ns PI'C'SNltNi npJ)(,llr':; to be bIlSi('nll,\r eon'eeL t:t; 
hns. bc('n confil'lllNlin nil c:nse~ wh('I'(' iL hnsl}(,C'll dl('('I.;:(,(\ ngu,inst 
the loud tl'nnspor/ed through fl. I'Ivel' "eilell IHld subseqllcnll,r doposltl'el 
in n plllGC \\'lIC'l'cits volllln(' eould be IlieiISUI'C(/. 

II must be clC'nrly un<i('/'slood lhil.t litis method does noL pC'l'mi!' 
Ow cnlC'ullltion of tht- Loud scdiJn~'nl 10lld of n stl'{'lltn, hut: ollh" tht. 
tolnlt rllllSpol'l. in susp('/lsio/l and ill tll(' he'd. InYN' of bc.d-mn:/t'l'ial 
loud throllgh nil nllln-inJ 1)('(1 d11ll11\(11. 'rhnl PIIT/ of Ih(' loUd load 
\Vhidl is lIotiueiut\.!'d in llw hed-Iond furwlion. cnnnoL hr dl.'tt'I'rnill('(\ 
by fHIY llnnhriiclll llJ('I.hod now known, It /Ill/st be 1lH'IISlII'Cc/ II" 
siisp(·,ided-Io;id Rlimpling t('('hniqu('s, wllidl SilllUitn.lH'olisly nl('nsul:t~ 
Ihnt IHllt of til(' bed rnnlpl'inl load Ulnl is moving in sllslwnsion i\.L 
Lhe time' of RUJllplillg. TJ)(, 1\\-0 PlIl'ts oJ 111(' 10lld Ill,wingin susPC'It­
sion ('un hr. ('akuln ('d S('PIU'il.t('ly,howe\'el', if sill(' 11,l1ll1.,YS('S of the 
s\lsp('nded-IoiHI Sflillpics 11.1'(1 IlInde. The finc!' frllctiOIiS or til(l lolnl 
sedimCIlt. Jond IIlO\'illg ill sus!H'llsioJJ-iht> wllsh 10lld ··do not nppCllr 
to he II functioll of I Iw .flow, (Ix('epl:. in II. Y(,I',Y \'nglH' form. 'l'll(lil' nde 
of ll'illlspOl'I is 1'('IIl/c·d pl'inlft.l'ily to the Sllppl", available from. waU'I'­
shed Innds, stl'('nm hllnks, c'if', 'rh(' sll'eiHn's ('llPlll'il.y for tTnnsporl.illg 
tJl(' finc'I' fl'll('·tiOllS of tile totnl lontl is lll'lI.l'h- flhnl\,:'; YIISt.'" in excc'ss 
of t.h(' supply n.Yllilnblc to il nnd ihpr('!'OI'c 'the l\\;0 Cnllll()t, be fune­
tionnlly 1.'('1n.led fl'onl ii, pl.'f1cli('111 standpoint, 
It might H,ppeflr that; t.hl' llH'lhod presellted hel'dn is 1:00 eOlllplicnted 

lind time-consurning fol' prlH'ticlll usc. 11, is q)Il{:('d('(\ Ulati the cHlel!­
lat.ions tnk(' more timC' und UlIdcl'slnnding t hllil UIOS(' requircd fol' 
exnrnpJe, to eOlnpute tIre wfl.t.el' disdllll'ge of the SU'C'IIllL On J the 
olhel.' hnnd thl',\' fU'(' no mOl'c ('xlrnsiv(' ill/Ill tile ('nieu.lnLiOllS gC'llC'mlly 
l'equil'cd fol' II single hl'idge spanning n, l'in'l', 1111d nrc genernIJ'y less 
costly than sampling the suspended load of a river at a single cross 

• 

• 

• 
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section for' a year, Mor'eover', the complete seqlwncc of culcull1tions, 
designed fOl' applieu.t:ion to nil sizes, of stl'cams lIud 1;0 thl:' complete 
mnge of sed,iment si;r,es from gl'llvel U\l'oll~h fine sund, Inlt,Y b(\ simpli­
fied considcl:nbly fOl' uny gi\TNI st;r'eum IlfU~I' it becomes npplu'enL thnt 
somc aspects of t.he problem do ,not apply, 

Lilstly, it must he I'ceognized thnt n certuin amount of pm,eticnl 
experience with, 01: lIudCl'slundilig of, rivel' beillwiol' is highly valllilble 
in the eOITeet u.ppliclttion of this 01' any othcl' method of sediment,­
loud detel'minllt.ioll, Sediment movement and I'ivel' beiluyiol' I1l'e 
iullel'elltly eomplex lIatul'lll phl'nOlllellU ilH'olving It gl'eat muuy 
\ruriltbles. '1'he solutioll of pl"neticnl pl'Oblems eannot be simplified 
beyond 11 cel'hLin point. li'or exu;mple, jlldgment bused on expel'ience 
mllst be applied in choosing rivel' !'cuches to be cllieulnl;ed; in deciding 
wheUlel' U givcn !'oneh is nctunlly i1l1uv,inl in c1I1U'IH.:tel.' nnd thus hns 
a well defined bed-loud function i in deeiding whether 11.11 npPlu'ently 
ulluvi:tl strenm beeomes JlonnllllviiLl in ehlll'ueter nt; flood stnge such 
t.hllt nil of the bed mu,terinl lIloves in suspension lenving It dean l'Oek 
bed ;in the choice of some Gonst;unts i etc. 

Much of the prnetil'ul experi('nce needed in nny study of river be­
hn,viol' can eome only from prolonged nnd enl'eflll study of rivel's and 
of the dlttu, obtnined from. thelll in the field. ])refel'u.bly sllch study 
shollid be undel' the gllidn.nce of one of the I'elnt.ively few experienced 
engineers now engnged in tlris field of u.ctivity. It seems likely thnt 
as more expcr'ienee is gnined by 1I10l'C engineer's in the npplicntion of 
this 01' othel' methods, the experience Cltll be systernntizcd. into fOl'rns 
t,hnt will fncilitnte tl'llining and undel'stnnding, POI' the next few 
yell/'s, at lenst, rivel' problems will eontinuc to tax the ing(lIlllity of 
cven the most highly veI'sed specialists in this .field, 

SUMMAUY 

(1) A IInified method of cnicliluting the pnr-t of the sediment load in 
UIl nllllv.iul sLI'enlll 1I1t1l is responsible fol' mnintaining the channel in 
equilibrium, runHely, the bed-motorial lond, is scI, forth. 

(2) The relationship between the mlc of transpol't of bed-material 
load, its size composit.ion, itlld t.he flow dischlu'ge is culled the bed-Iond 
funct.ion and is explained for the cnse of It ehurmel in equilibrium, 

(3) The first pnl't of t.he cnlculation covers the hydl'Rulic description 
of the flow for each dischnl'ge. 

(4) The resulting equilibrium tmnspOl:t is divided into two parts: 
(a) the suspended lond which includes nll plll,ticles thc weight of which 
is supported by the fluid flow, nnd which hitS been found to include nIl 
pltrticles moving two dinmeters above the bed or higher; nnd (b) the 
bed loaclwhich includes all padicles moving in the bed layer, a lnyer 
two dinmeters thick nlong the bed, l'he weight of all pltltides moving 
in the bed laycr is supported by the bed. as they arc Tolling or sliding 
along, On the basis of this definition, the thickness of the bed laym' 
is differ'ent for I;/w various grain sizes of !L sediment mixture, 

(5) The motion of bcd-material lond in suspension is described by 
the. commonly accepted method based on the exchnnge UlCQry of 
turbulent flow, The transport is integrated over' a verticu1. 

(6) The description of the bcd-load motion in the hed lnyer' is the 
same for fine sand as for coarse particles which never go into suspen­
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sion. The effect of varying mtios between the gl'l1in size and UlC lami­
nar sublayer thickness must be allowed for and evnluated, however. 

(7) A complete sample calculation for a J'each of Big Sand Creek, 
Miss., demonst,rates the practical application of the method and of its 
formulas and graphs. 
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APPENDIX 

LIST OF SYMBOLS 

The symbols used in this publicatiion, tog-cthel' with the page on 
which each symbol is definecl and tihe cilllLt;ion in whieh the symbol 
is of major importance, arc given in the ollowing list. . 

"qunUon
l'nge No. 

a Thickness of bed IlLyer ____________________________ 17 (28)
A=a/d Ratio of bed-layer thiekness to water depth (dimen­

sionless integration limit of suspellsion) ___________ 18 (33)
Constant of grain area __ ... . .• AI 	 ... --_ ...... _----- ...... - 33
ConstlLnt of graill volullle_ •..• , ...• ____________ • ___112 	 32
Constunt of timc scale. ______ ••... _.• __ ~ ___________.!h 	 33 (37) 

A5 	 Constant of bcd-layer eoncentration __ "._____ •• _. ___ 30 ~li8)Constullt of bed-Iuyer cOllc(.mtrntion __ .• ____________A6 	 40 59)
A/, 	 Cross-scct,ionalarea pert;ainin!-l to bed _______________ 5.'> 
Ae Cross-sectional arCIL, synonymous with AT___________ 55 (67)

Constant of the bed-load 1IIlit-st,ep __________________ A/, 	 33 (38)'1'otal area of a cross scctioll _______________________ 5:,AT 	 (67) 
A .. 	 ]'nrt of the crO;:;5 sedioll pertai1lillg to the banks______ 54 «(iO)

COllstlLllt, scale of ,". ____________: ________ •. _••• ___A. 	 34 (41)
A' Cross-seetiollal urea pertailling to the grnill_ .. _______ 9 
rl" Cross-seetiOlltll area pertainill!-l to irregularities_______ !) 
B 	 Constant, scale of 'I! __ .... _._ _ •. _ ..... _. _______ 36 (49)
B' 	 Com;tallt" scale of 'Ii _____ • ____ •• _....... .... _- _______ 36 
 (51)COllstallt;, seale of 'Ii. _____________________________B. 	 37 (54) 
C 	 COlleClli;mt,ion in dry weight p()r unit of vol\lIne~ _____ 15 

Coneelltration at distallee (I, fro III bed __ ____ .~ ____ 17Co Lift eoeflieient, __________________ .. _ ~29)
CL 31 36) 
Cu Concentratioll\Vater depth _____________ itt distancc 11 frolll _____________________ bed __ :~==:=====::= 17 (29) __. .d 	 Hi

Grain size; diallleter of bnlls ___________ ~ _________ ~_ 
D36 Grain size of which 35 percent is fineT. ______________ 10 (11)
DM Grain size of which 65 percent is filler __._____________ 8 

D 	 5 

Acceleration due to !,'1'lwity________________________g 8 
i h Fraction of bed material in a .tdvcn grail I sizc ________ 33 
ill 32Fraet.ion of bed load in a !-liven grain size____________ 
i. 	 ·Fraction of SlIspcnsionill it givell grnin size __________ 40 (61)

I"rnct,ion of totnlloud ill n given !-Irnill size___________iT 	 40 (63)Integrnl value_______ ... -_ .. _____________ • _______II 	 24 (35)Integrnl \'uhlC__ • ___ • _______ • ___ .. __ . __ • ___________
I~ 	 24 (35)

nou~hlless diallleter _• ____________________________ k. 	 8 (2)A distallce _____ .. _________ • _______________________1 	 4
Lift force Oil bed pnrticle___________________ • ______L 	 35 (44) 

l. 	 Distance of eXCIUUI!-le, Illixing length _ • _____ ...... __'" .. _ 15
A dist.anee in direction of the flo"-. _____ .______ • ____I" 	 48 

n.. 	 Friction fuct.or Cl\[annillg) of the banks..____________ ii5 (6H)
])robubility of a grain to be eroded. _________________P 	 33 

P 	 Parameter of t.otal t.rlllu':iport_ .. __ .. __ 40 (62)--------_ ... _-- .. -Wetted perilllet.er of t.he bed __... ____ ." _____________Pb 	 9
A lift pressure_______________ .... _______ •• __ "_''' ___PI, 	 3t (36)
]}robability of a graill to be eroded pCI' secolld ________ 33 

p.. 54 (H6) 
p. 

Wetted perimeter of t;he banks. ______ • ___ .... __ • ___
Flow dischargc_______________________ .. ___ .. _. ___(j 53 6.'» 

qB Hed-Ioad rate in weight per unit of time and w.iclth ___ 32 
q. 	 Correspollding suspended load Tatc~ ~ __ ,... ____ • _____ 18 (31)

Corresponding total load ratc. _____ ... _______ ••. ___ 40 (63)'IT 
~l'oj;al sediment load in cross section ____ • ____________(jT 	 60 

q • Vertical exchange discharge per unit area________ ---- 15 
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"Equation
l'age No,

Hydraulic radius ________________________________ _R 8 
R' Hydraulic radius with respect to the grain__________ _ 9 (6)
R" Hydraulic radius for channel irregularities __________ _ 9 (6) • 
Rb Hydraulic radius with respect to the bcd ___________ _ 53 (64)
R7' 56 (70)Hydraulic radius of the total scction _______________ _ 
R.. Hydraulic radius with respect to the bank __________ _ 54 (66)Slope_____________________________ ____________ _~

S 46Bed slope__________ • ____________________ , _______ _SIJ 43Energy slope____________________ ' _____ • _. _______ _S. 8Slope of the water surface ________________________ _S. 43
The specific gravity of solids ______________________ _S. 53
Variable of ir:tegration ___________________________ _t 37 (56) 

t/ Exchange time of bed-load particles ________________ _ 33 (37) 
U Velocity in direction of the main flow ______________ _ 9 
tl Time average of 1/., averaged over the verticaL ______ _ 10 
UIJ Velocity with which bed load moves. ______________ _ 39 
UII Time average of the velocit,y 'U at 11 above the bed___ _ 17 (30)Shear velocity ___________________________________ _U. 8 (4)
u'. Shear velocity with respect to the grail!. ___________ _ 9 (6)
u" • Shear veiocityfor channel irregularities ____________ _ 9 (6)

Velocity at the edge of the laminar sublayer. _______ _ 11 (14)A vertical velocity _______________________________ _ 15" Settling velocity of a sediment partiele_____________ _v. 15 
IV' Weight of sediment particle under water ___________ _ 35 (43) 
x Parameter for transition smooth-rough_____________ _ 8 (3)
X Characteristic grain size of mixture ________________ _ 35 (45)Distance above the bed __________________________ _ 8 
~ Pressure correction in transition smooth-rough______ _ 36 (51) 
Yo Theoretical zero-point of turbulent velocity distribu­tion____________________________ ------ ________ _ 12 (16) 
Z Exponent of suspended distribution ________________ _ 17 (27)

Ang~s____________________________--________ -- __ 
a, ao & a' 4

A logarithmic function ___________________________ _{i 36 (51)A logarithmic function ___________________________ _{ix 36 (49)An angle __________ • ____________________________ _ •
'Y 5 
& The thickness of the laminar sublayer______________ _ 8 (5)

The apparent roughness diameter__________________ _A 8 (3) 
&' The laminar sublayer t,hickness for u; ______________ _ 10 (10)Variability factor of lift. ______ • __________________ _'1 36 (46) 
'10 Root.mean-square value of '1----------------------- 37

'1. measures in '10 values___________________________ _'1. 37 
l\ Si!1gle su:p o,C bc(!load measured in diameters_________ ' 34

KInematic vIscosIty____________ - _- _______________ _ 8" e "Hiding factor" of grains in a mixturc _____________ _ 36 (51) 
Den~ity of the fluid______________________________ _

Sf 10 
S. Density of the solids___________________ • _________ _ 10A shear stress___________________________________ _
T 16 

The Rhear stress at the wall or bed__________________TO 8 (4) 
Tu Shear stress at a dist.ance y from the wall or bed ____ _ 16

Intensity of transport____________________________ _<I> 34 (42) 
<1>. Intensity of transport for individual grain size_______ _ 34 (41) 
\fI Intensity of shear on particle_____________________ _ 36 (49) 
'If' Intensity of shear on representative particle. _______ _ 10 (11) 
\fI'" Intensity of shear for individual grain size__________ _ 37 (54) 

• 




WORK CHARTS 

• . A,-I Il(l-Y)Z
FIGURE I.-Function 11=0.216 (I-A)' A y dY in terms of A 

for various values of z =O.~~* 

A,-I II (1-1)'FIGURE 2.-Function 12=0.216 (1- A)' A loge (Y) .. Y J dy in terms 

of A for various values of z 
0.40u* 

FIGURE 4.-Correction x in the logarithmic fI"ictionformula in terms 
of k.la. 

FIGURE 5.-FI"iction uZ due to challllel ilTegularities. 

FIGURE 6.-Settling velocity V. for various sizes of quartz grains 
accol'ding to Rubey. 

FIGURE 7.-Pressure reduction in sublayer. 

FIGURE 8.-Pressur.e cOlTection in the tmnsition to a smooth bed. 

FIGURE 9.-<1>...-'11* curve comparcll with measured points for uniform 
sediment. 

FIGURE 10.-<1>...-'11... curve. 
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