
, 

1 • ' 

FLU STUDIE . OF T HE TRANSPORT 

OF PEBBLE AND COBB L ES ON A SAND BED 

By 

a. K. Fahn stock. Oeoloaiat 

and 

W. L. Haushild, Hydraulic imgineer 

U. S. Ge-ol.)gical S11rvey 

c/o Civil Engine ring D"p~tment 

Colorado 1ty 

Fort Collma. Colorado 

Submitted to 
Th• B\llldin ol Geological ::society ot .America 

For Publlcatioa 

December t 961 , 8tP 1!"80 
Qe.e... bl R.Ki=- go 



FLUME STUDIES OF TP! TRAN PORT 

OF PEBBLES AND COBBLE~ ON A SAND BED 

By 

R. K. Fabn atocke G"logiat 

And 

W. L. Hauahild. Hydraulic --~•r 

u. s. Coological rvey 
e/o Civil En::tnoer1ng Departmeat 

Colorado :3t te Un1vors1ty 

Fort Collina • Colorado 



FL M~ STUDJE, OF T Hr; TRAN. PORT 

01? PEBBLE. ~'1) C OBBL E . ON A ~AND BED 

y 

R. K. Fahnestock. Oeol<>f!lst, and ~ . 1 ... HaW3ti ld. Hydraulic E°'in er 

U. 3. Geological Survey 
c:/o Civil Engi cerlng Department 

Colorado S ate Univer ity 
Forl ollins, Colorado 

BSTR CT 

During experi ments on sf:d mcnt trnn.sport and real tanca to now 
with a un.Uorm o. 33 m.r.a sand, data w r t aken on Ute movement ot indh'i• 

dual rocks having lntermodiato diameters from about O. t to o. 5 foot. Th 

experiments were conducted in flumo z-toot wide by 60-foet long and for 

most runs, depth. WM held constant at o. 5 f'eet. 

The exp r:l menta showed t at rocks on U1e &and bed inov d down tren 

consistently only it the flow wa.s la the uppor regimci that la, only if 1be ed 

formi, were plmio boo, standii\i w :vcs , or snUdunes. The rocka moved at 

velocities th.at ere appro.dmately one• halt or tho averase ve-loc1ty Q.f the 

water. With all bed form3 in the low<?r flow regime (ripples, ripples 

.superimposed upon dt111&s, and dw1\? ), the ro-eks always moved upstream 

and down into the bed. That ts, tho rocks moved Into a scour pocket thu 

formed at the upstream de ot th rock. The moyem.~nt upatream d 

down into thG bed b limited by nnd :ipproxim tely equal to the di to.nee 

below tho origin.al rock po ition or the rninumum b~d elevaUon plus 

approximately one-hall the rock diarnet r . 

Th data ind1cat<t that er · • bedded sand depoait• for~ d y t 

ripple or dun phaaoa of tran port would conudn few, U any, pebbles or 

cobbles. B~aua• tb now, in at leut the downstream rettc • or P"J()9t 



riven 14 lD thct lower regim.c, the upgtreaxn movement and acour into tho 

bed demonstrated la thu• experimenta is an lmportant factor 111 the 

aorttag prooeaa. 



INTR oucnoN 

During perioda of low flow or no no ,. • p bbl sa • co bl e. aiid boulder 

ax-. found acatt red on and 1n the b(~ ot sand channel stre .-. e11pecl.ally, 

on the beds or the dry waah s and arroyos cf the Wcatern United states. 

(Leopold :md ,1ller, U)5G). Beca\.\$C the mowm nt ot th s e lt&rlfe 

particles has long tnlrigucd tnvetltiflators of setlimcmt transport, the 

tr4lt.Sporl of lndividu:ll rock ~nu studied coincidentalq with a flume nporlm t 

on tho mechanics ot f1o 1n alluvial chann l 1/. 
li'l the .early phuff of the perim~nt, it became apparent that th 

type and dlrec.tion of rock movement wu directly related t o the form of 

bed roughneu. As a result. rock movement with all flow reif mea and 

tonna of bed ro~ss trom beiinrd.ng of a.und ino:Uon to antidunea wei-e 

Investigated. The regimes ot no .d th.e forms of Nd ro-aghncaa are 

ah.own in ~tUre I, which w presented firat b7 Simona and R1cb.aJ"ds011 

~~ t. Forms ot Bed Roughness 1l'1 So.nd Ch-azmela ______________________________ ,.. ____ __ 

( S9Gt) who ystematlcally outlin d the regim a of now and the forms of 

bed roughneas that occur in natural eb~la. other detailed illustrations 

and disCU$sions ot ediment transport. flow resiatance. and usod ted 

phenomeDa tor wa.ter-eu.md now ara given iu rnona. RlchardaOD. Md 

Alb rtoon (t9St) and Simona and Richardson (1951). 

JJ Dar~ana. Nlwat, 19 2.. The c!t ct of ,r-adaUon of bed mnterl:u 

on now phenomena in alluvial channels. Colorado State Umveraity Ph.D. 

Tbesifl (in preparation). 



.APPARATUS A D P OCEOUI E 

The flume, which. i l.• f et nde. 2.. :,-feet deep 411d OO•feot lon,z, 

has a dischar:e cap city of from O to 7. 5 cl and can btt adJustcd to 

slopos ot from Oto o. 025 foot per foot . or more information on the 

flume see Simons, nichardaon, and Hauahild (in prcpn.ratlon). 

:Sufficient sand wu placed iu the aystcm to maintain an ave1· e 

depth of .sand ia tbe nw:ne of o. 5 foot . 'fhe source of tho suuid • ls a 

anndstonc in the Deadwood tormaUon near Hill c·ty, South OAkota. 

The sandstone was crushed to dfaci:-o-te particles , dried to A moisture 

content or about one per cent, and the11 scr E:ned into tbe desir~ size 

trac:Uona. The sand was c~araer than tne u . . • standard No. 60 acre-en 

(. 246 mm), and ftnwr than the No. ~O acrcen (. 4t1 mm). The median 

fall diameter. d • . was o. 33 mm ru.ad the gradation coefficient, " r • 

wast. Z.7. Th~ &tl"adaUon coefficient was comptt d ualniJ: 

t "' . -r 2 

where d 
16 

1s the tall diam et 

mc.terl:al itJ finer, and d
34 

ls finer. 

r to which ta per cent by weight ot the 

the ran diQmet r for which 6-4 per cent 

The rocks used in thi experiment were ell rounded and nearly 

equidimensional. Thoy r~cd in int~rm d.ut& diameter from o. 1 lo 

o. S foot. The aizes and characteristics ot the e rocks ar given 1n 

Tablet. 

Throu_;hout th sh~ady dischm-ge ru • tho aver14e depth of ater 

wu held constant at o. 50 + • OZ foot , the wat rt z:nperature WA$ main• -



tained at 20° + • 02° c. mid the fiur!le and wat - surface lope-s wer -
nudntain d nearly parallel. For ea.c 1 run ivca water•aand di chari e 

u recirculateed until th :vertl.ie slope ot the water surfacer aincd 

conatant; the form of bed rouahnesi, was fully developed; and the impo$ed 

r tr1ctions ou temper ture. slope, and depth were fulfilled. Th n, 

configuraUon and movement of the ed form • flow variables, and mount 

ot .a dtment transport wer mcum-E"d. Mer these meuurements, the­

cobbles and pebbles were placed on A tim upon the aand bed it er 

by :rently laying them la place or by dropping them from the wiiter au face 

and th d'1ta on the movem~nt of the; rocks were obtained. The mean 

downstream velocity of tho rocks ('r:ablc n) \o\f:uJ based on the averago of 

all trio.la where rock moved c:ontinuoualy, or only stopped momentarily, 

through the down.stream 40 feet of the fiume. The average time required 

for each rock to move the 40 {cet as b&.se-d on thr~e measurements. The 

two fat!teat velociti<rs for each rock w re vern~t:-d to get tbe average vmax. 

(Table II). These were thouaht to be the velocitie·s which could be rcpro• 

du«d most euily bocaus thG!y represented tbe most maarly continua 

pus·ea thro~gh tho tlum~. These vclcx:itietJ vnr• used with the mean 

nlodty of the water to compute th rela.ttve v~loc11y ot tho rocks (Tabl ll). 

A SCXWi en was placed at the end or the nurne to catch tho rock.a aa they 

arrived. 

To aupplement the stcady•cUaebarge dt1ta shown in Tablo n. 
observation.a wer-~ made during a f w runs 1n which discharge was varied with 

time. ln thctse r\U&S• the rate or change or disc-ha.rge with time, the flume 

elope, the !orm of bad roughness, :.md depth cf flow were varted over a 

largfe range to obtain quelltativ nlua.tio of th eflacl ot the 

on the rock mov m4mt. 



ANALYSt OF DATA 

Steady Di charI:e 

In the atcw:ly cilscharge runs• the mov mem ot the rocka 1n the 

upper flow regime wa almost al~s in th" downstream direction but 

waa continuous only with a plane bed. The data from these "2DS ia 

aw:mnari'&ed 1a Table II. 

The rocka moved downstream by prlrnarily ron.tn,. 'When a rock 

land~ on a partkulurly fiat face or perhap hit a soft apot in th b d, th 

rock might slid or both roll and allde ct the aame time. The rocks 

appeared to be in contact with the bed at all times. 

The nature of the do~.m:1 motion wu determined b7 th flow 

ch&ractttl&Uca and the n:Lture or the bed. F-or given now and b-ed 

situation. Qch rock moved do\'i.~tream in a way and with a velocity 

similar to all other rocks; th r f. r , the ®\Yn.Stl"eam motion w 

· lndcpendcmt ol rock s:i.ze. motimcs, ith pl:me b&?4. upper ret!ime 

flow• th-e rock.a rolk·d for a ort dbtances wld stopped. but again th y 

might :move downstream through the complete flume length without 

stoppin.z. As the slope or diacbar e or both increased the rocks rolled 

without stopping for longu distances. Once tho rocks stopped on a plane 

bed they were ziot Ukcly to again i:nove downstream u upstrGam seour 

5tal1ed immedt.at.el7 and the rock rolled upstream and down. mto tho bed. 

The original motiOn of the roe wns probably due to it.a exposed position 

on the bed surf ace and t<> the force acting <m 1t at the mom At or rele-:ise. 

~'ith ant1dunea , lrl the upper flow regime. the force• or the water 

imd the h«i condition ar both i mportant b cnu.10 of tboi..r • · • 

IQ F~o I it ls ppare'llt ttw th do natr fore compon-cnt ot tha 

7 



w:rter acting on the rock 1 much 1 s in the deeper Oow o! the breakin,., 

wave than in the aballow-er fiow bet ·1 en the w~•~s. The bed h.11 aleo quite 

soft wider the wave crest and quite fil•m under the wave trou~h. Tb.er •tore. 

the rocka rolled readily where the bed was firm a.nd the rorcea were the 

greatcat, 1n trough areas • . lmd often, but not alwaytJ. stopped wwcr th 

wave crest where the bed was. soft~st and forces least. Rocks b.avin 

sufficient momentum were slowed but did i10t .atop 1n. tho brewdng w ves. 

JU.most alway&, rocks which ,rtopped and ,,ere partly scoured into th 

mane! bed in the breaking vtavo area were again set 1n motion downi trea."U 

when exp<>Bed to the greater forcea or thn water in an anti.dune trough. 

Tho v-elodty wit. which tho rockn tranlcd vas appro:dn:urtely one- h.ali' that 

ot the mee velocity <xt th~ water. The r ~e bl averegc., c.axlmum vel0<:ity 

indicates t.~at the velocity was not a function er the tdze o1 the rock. 

At a. mean veloclty or 2. 6 r th rlow l~ked sutficlent !orce to 

roll the rocks do-wnstream and up£Jtream mQ'Vem.eut ~nauttd. At A me3ll 

v-clod.ty ot 4. O fps all of the rocks were mov~,d down.ztrea.m. A com­

parbon or this data wlth that from a gravel bedded glacial otrerun 

(Fahnestock. 1031) s~~e1,1ts that t.'le rocks mond u 4HUily on the 

plane sand bed as on the gravel. 

In the upper regime when the force of the water ciUd not move e 

r0Ck9 downstream, the major scour occurred upstream from the rocks 

and they mov~ upstream; howwe-r, mioor scow also <>cc\U"l"t?d on the 

downstream aide. 

In all in.stances with rippl~ tUld dunes. lower regime now, the 

force of the water was insufficient to move the rocks dowmitroam. tho 

&and bed scoured at the upstream de ot t~10 ro<!k and/ witbtn r~w 
minutca. the roclta started to roll upstream and down into the acour 



pocket. Figur Z and 3 :u-e Ulu t ations ot rock moUcm. Th .roe 

:m.ovcd abo\lt onc•halt diameter upstream and one-fourth to one•halt 

diamctQr down into the bed hen the bed elevation w» fixed. \' a n the 

Fiiurt: l. Excavation of t e sand bed to show the upstream move 1eot 

and burlGl of rocks. The bed torm is dunea in th tra:not on 

~tw ~n the uppe:r and lower tlo tt~mo. Tho stab mar 

tho before and arter positioli$ of th roe • 

..... .. . ___ _.... __ 

FigUl'o 3. Upstream dis-placement or boulcfor AA. The thfl'rmometer 

shows th originAl pos ition. or th~ center line ot tb bould _r. 

The bed rorm ia ripple~ in the low r flow regime. 

-------------~--~----------
h -d eleva.tion varied as with dune the mnrl um d ptb (which th rocks 

wore scoured) wo.s approxil'n-ately one-fourth to one•halt diameter below 

the deepe t df.'pth in tho dune tro s . 

V.'ben the height ot the dune.i er rippfo was about tho same u th 

rock diameter, the ~and wava~ ad anc d ovet" the rock U 1t er<t not 

the~e. With rock$ larger Uum t."tc h igbt o! the bed rou,:bncss, a ocour 

pocket was usudly maintained as t c dun passed the rock' pov1Uon. 

The toW distance l1lt)Vi d apparently depended both en the a of the 

cour hole, which was a function o rock sizo, nd on the hciah,i e;,C 

bed r~~eas. The upatr~uu:n movem nt of tho rocks was prlmarlly by 

rollln with a minor :.ount of all in u the underlyinr aand .tu d .. 



into tbe. acour hole; tho rocks r1>tafod one•lourth to three•fourlt 'l o1 a 

turn. At a constant depth. the rat which the rocks moved u: strc m 

a function of the s d transport within the flume; that b, th gre~t r 

th transport and scour• the moro rapidly t rocka moved. Alao. tho 

scour that occurred at tho upstrea.:n. bee cs aecor:o.pam.ed b7 the 

deposition or ridge of sand do\Vt'lS:tr am fro the rock. 

In the e:q>eriments. ob er~·ation.s wore made only durini? cquill• 

brium conditions when the b d elevation remained essentially c:onst~. 

In a depositionQ.l environment. up!.trcam mov~mem probably would be 

similar. but. with ~adation the up trcam movement prob:lhly would 

w far greater. For example, wit 5 feet ot cd scour, rocks would 

m0Vfi from 5 to to feet upGtream. The 1-esult would be the aame \\-iletb~ 

the total scour occurred as local s -o~ dui• "' the pass o of a inglo 

nood cm a m~or tream or as deg adatlon over a pel"1od of years. u 
lo.ni the ttow ata;yed in the lowe Ngime. 

Variable Dischar e 

When the discharge and depth of water were varied with time, 

dirler~uccs in rock movem.e:tt w ro observed compared to t.1le move 

·tn tM foregoing stct;dy dischar cs and constant £low depth. Depths in 

fn£cess or o. 5 foot were not used in thc,;e cxperimants. Even in the upper 

flow regime, the rocks did not mo down.strum unle?ss the flow depth 

was greater than o·r equal to the diameter of the ~ock. At Q1l flow 

depths le$8 trum the r~k diameter. regardlc s of r {lime, 1i1pstream 

scoui- Gd movemcmt ot a rock o~curred. Leopold andMJllol" (t958}, 

p.. 6 h ve reported dow.nstretun movcr.aent or boulders 1n nowa hallo er 

than th boulder diameter. In 1h1Ji cue it is posatbl that the bed w 



composed of much coarser materi.nb. th the? st.and used int! 1 

consequently th~ slope might have b~<m stc per. The relativ 

which the experbnental sand was scoured a}s() ~BY bnve- b en a f~ctor in 

tho rock movement. 

t 

Slug flow imposed a wntcr• v:ve front or fronts upon ro-e .. ed on the 

sand b d in tht?- flume but tnsu!t'ide.:it forcc_u were er rte<! on t e rocl by 

the fronts to c:wae rock mowment. The rock would move upstream or 

d.oWDStream after the fl."ont p:1.Ssed depeucIJ.ng upon th :regime and the 

depth or the following flow. 
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.Individual rocks on a sand bed moved clown.otream only when the 

bed form wu plane, ato.nding Ml.Ve • or antidu.'1.e$. Rock velocities were 

approximately one-halt the uver:ige velocity of the :flow. A pebble or 

cobble observ0d rolling on the be.cl i:n t.i sand channel stream, would bo 

a clear indica.Uon that tho flow w-a;1 in the upper regime. The prcae ce 

. ot such materials scattered -over the bed surface ot a dry s.acd chmm l 

would indicate that upper reg:lme flow& bad occurred. , \Vhere th~ forces 

were tnaufiicient to set the rock 1n motion d<HVttitream even though the 

&\Y was in tho uppe,-r regime, upstream. scour occurred aDd the rock 

.movement 'Ut'U upstream. 

When tiu, bed form was ripples, rip~s $llp(arposed upon dunes 

ov dunes, t.1le rocks: moved upmtr-e3m and down into th.: ~ The move-m - · t 

vpstrcam and down into the bed is limited by and approxirAately 4'q\k"\l to 

the diatance below the original rock position or the m1D1mlnn bed elevation 

p1wJ approximately one-halt' the rock diam .~r. 

Beea.us-e the now in. at lea.at the downstre4m reach~s, ot moat 

rlvera hi in the lower regime. the upstream movement end acour into 

the bed demonstrated in the-se exp 1 .. ilnema i~ an important f.actm- 1a. 

tb~ sorti.itg process. 'll\tarials coo.rs.er than sand would not be trmu• 

ported tllrou&rh a sand bcdd«l reach 1n lower rogtme tlow and therefore. 

downstream d posits ot ouch a stream would contaht lltUe ov no coarse 

materials. 
In addition, the e~pedm~n ,; lndtca~ that p~bble.a and cobbles 

would be founcl 1n a sand daposit only it tbc bedding within that d-epo$11 

were planar. JD support ot thi.s o . ervatton, tt has, been tho ·wrUev ' 

ftl)erience thtlt ~n aco.tter id pebbl,e., 3nd oobblea are ~ed iD a 



cut bank of • aand depoalt, they ar· found .ht th& atringea:-o charQCterc1sttc 

ot 'QPPe1" regime transport rather than in crosa--beda which aro cha.rac• 

teriatic of lower re~mo transport. 

t :> . 
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