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STABILITY OF CHANNELS BY ARI\,:ORPL_ TJNG 

ABSTRACT 

This paper presents the r esults of experimental inves tigations 

of certa in sediment characteristics found pertinent to the control of 

l o alize<l scour in alluvinl channel s . A r e lationship between fall velo

city of the sediment particle. vel ocity at the be rinning of sediment 

motion, and bed shear ve ocity is then developed in terms of the nom 

inal diameter. All r esults are presented in the form of graphs . 

-----------.. ------- . 
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STABILITY OF CHANNELS BY ARMORPLA TING a 
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/ 1 . 2 

By Dal";,el E . Hallmark • . SCE, and Geor ·,c L . Sm1th ~ 1. ASCE 
I 

SYNOPSIS 

In t he desi rrn of stable alluvial channels t he engineer must consider 

both the t ypes of flow and their characteristi.....s which cause erosion an . . 
t he characteristics of the alluvial ma.teri which is 0 cou.red . Localized 

scour, an aspect of the erosion phenomena, i s a result of t he action of 

eddies, ,aves, jets and accelera ted fl.o,, which are c aused either by 

obstructions such as hy r aulic structures in the cham el or by changes ia 

the channel boundary geometry. For control of loca ized scour for the ' 

case of non-cohesive materi , exnerimental and t1 eoretical studies were 

made of sedimentary materi s consisting of uniform sand, uniform gravel , 

an graded sand-gravel mixture . The sediment characteristics fotm<l 

pertinent to the co 1trol of l ocalized scour were : (a) particle size gra a

t ion, { b) shape of t he se' in:.ent p2.rticlc, ( c) foll velocit of the sediment 

particle whose diameter is r epresentative of the mean size of the mo.teri 

being scoured, and ( d) size of the particle t hat will resist motion. 

------~ 
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l.J."'i'THOL;UCTlON 

n or·"1. r cgi rne flo :•1 p.ittcrns . T his d i s ru)tio!1 is c~,, '<!cnced in th~ flow 

as ~-<ld ie · , ,~nve5: , j _ts 2.nr .. ~ccek ... ~ to<l f1 01;1 cithc .. upst r c :-un or <.1~,vru~ 

str.:;; un of t i1~ structur·-- . At t hQ st.r-ucture , t h.f..; efacct of t lw i ::rupte<l 

fl w is to c ut ~c r . ~)i· · ::ind !:: •::.vcre ,~ro:;i on of t he ::.: .. luvl ::,.l bed :md b::-.n~s-

l uc .... lized :tcour.. !n t h:? cl c.::;i .gn of s t J.ole dluvi::ll ch.1.ru1ds nc .u" s t:r.ucturs;::; 

<.!ffoct a. c ont.r·..,1 o" t.1c loc .tlizccl s cou • Flow ch'!r · ctcrhtic.:..: l 1rg ·:ly 

ch~.: ch.:rbtic:J v1:rl.cl1 a.. c ,~.ffoctiv0 in contl·ollin.:~ l vc~ li·1.{; :;cour i rtcludc 

{a) p~rticlc d zc ~~;: :.1d.?.tion , (b) fall velocity of t h~ s o ~i rnent:u·y p.\r .. ick , 

(c ) s.:1 .. pe of t he S-" 1i;n °nt:.u-y p · r-ticle cldiu~d in t E;rrns of .,. sh;\. ~ factor . 

C?J d (d ) ::i ze o_ :21. .. :"'fo that v:ill rt::c:bt n1uhon9 

B3.:~i c ·,1 y ~ c onh ol of l:::ci li:.:~· r.;cour m~~m:_; c o1.tr01linff tho'=e forc,:~:3 

wllic;1 -iroducc sect.a.· . T1.1~.sc force:::; r.tr(: iJc itifi(!J. s.:-:; t he h ·urody.1 ·:n:rdc 

lift 'ind t he bhc~r dl•,1_::; or· t r· .. tctiv<; force . T he e n t' .1.i n.mcnt r.1cdnni;:nn 

<·t e .1-.ns ! um t hc::.c :i:orces .'.\ctb.; on t he e:~)oscd b .y ::,rt; of !3cd1n1cat p~~rticl ·~:::; 

and i :£ ::\ function of t.hz flu "'tu::i.tion .:utd suri in::; 0r pressures resu .. :tinJ fr ,1n 

\>-. .:1.rb.tio:l i.:1 the 1fov1 ch 1r.1.ctel'i st ics . Thi ·3 fh:..::tu .... ion ~nd su1·gini of 

4)rC.s.3urct: , w hie', c ~~1.1scs ::>U~c!::.::n C·1ViH~ or s J.~11...:/1.ing of b .r ';'.:. rrt':)S~es of 

n .~t e ri::l.1, n ot onl r i1c.i'c . .1.se:~ t he :.:.dzc of t h :.;c'-.- rb:z b:t3in but abo ,.irovick:.:J 

3. cour,t ·.1nt s~ i1P y of :c ·1. v ,1:."..te:rbl . Tnh; m:tr:,S c cn,.:J ::; t in:~ b rJ~ly of iiw1 

mat~rbl i s t.1en ,,.c c·r.; ,?:)on by t he: .. 1..-~i ilo·~·, r e.sulti.n;J in a sortfo.g proccBs 

and C-3.I'.tyin,J n.w.1.J oi th·~ scdirne t p :1rtict:~t... . .l' lrr:; ,. t~lc c.:.:tirrution ..,f 

V (! ocit · ,£t t i1c puL'lt ot .s our is :.m ns .j ilth s t c•} h the d~s (:n for c unt.1. ol 

of l c)c 'l.liz,cd scu··!' "/hi •.:·1 mJ.y occu . ..- :tt t; ,;'.n 's in c i.::111nds; :i;:i1.·u~Jt cln.n~c.::; c,.f 

cir1: i..1cl cr o:3:J · c c .. 1,J:i.s ; .:,.s 1.•1ell ;.,.9 3.1"0u:1,,' hytlr .mlic struchirE!s . Ia 1-:1.:.i.n 

c .... ;.;;:S , t hi:.:; d ocity c .. tn be .J.s~u 1r.cd cqu .11 t u E,i:; ~H~I::i ic. t v .l o city . 
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In t !1 ' c ont.cul c;f l c..c .ali~ed oc our thi:3 p:-9•:; r ,,ill c c:;,.sh:"r c~rt ·:lin 

c cr.clitio .. s c )c .ud:1$ l 0c :.lli t. ci.l ::..com~ f the m::i.tD Lt.1~1 . 1r.i1c t ur "J.:::,se of t ile.: :: 

i nve.:.ti[.; ,~.ivn::} 'ias tv:o- iold : {..:1) t o '- tern i nc t h(~s:; c~L ra.ctcri~t ic ~; o.f 'i:l:!.e 

G :dimcnt which vould "'C3is i :)COL.~ h1:; , ~nd {b) t ' dcrminc t he. suit:-..bility 

Or ~ ,...,.,_ .•. ,, , i ..,,u· "' "nd- . ..,. , .. ~~, "' l ,.,..... • ·-·t, !I' -., ~, · ·:1n ... T'-n·i.r•ri' l : t ,., ._... ~ .,:.1,.,.,.:. .;:)' ..., l,, 4 ,t.; • '-1.lr V .. ... ... s..,~ .. - , .....,.J , . ..... a. V ... { -.\ Y 4 ( .J.:-0:T '°' -,..·'' l• ·1,;,ft,·,•~ t '1" f , .. .,, ,.,,, ..L r..... • ~ i.. '<\. ......... .... .. _ .... - .Ao J...S~ 

T h'·' r0ffult :; c,f thc~,c bvr.: .. ·tiJ :.thins i:iuk :,t.c : 

( 1) ,'.\ ..,, .. , -~ } l ·). 1 ·n ,·,u•d Of " ¥Y ! ;·,r ,·, , to n m.rt· -q·•·1· J.1 1' ' '· ll t ;::. l' t• s.'\. r0J . .):ti rel r """• •::t . .,, J.J..._ , ...... .... ... "-. ,-.,.to ,1.. ,. .,_. .._. ... p -'"""''- 1. · -• ._ -. .. ,.,,, - '-

- --------.....-------·...-.·- ·-·---- ~--------~------.. --_,,., ·--· _._, ....... ___ , _______ _ 
l . ' 1:Sc our Dl i:l. Gr,:i.vd .i3·~ti I II by l"t e K . 'Ih·;)l!t:1s I t lk·3 i.S prcs,.::1L1d t o 

t !H; C 0lor3.<l0 .\:_;ri.::ultur .l ;-,.nJ ~.fr, 1nnic -:,J Collcr·c i. :F r t Cc;liin-3 . cu1~ .. 1·:1du , 
1. ,..., t: 3 1, " r""- · 1 1".,1 r- •'\ --: , .. \.r"'.Y'lt .. t +" .... , ::--.. . ' u.,.... , ..-v,, .- , t- n 1'·.-- .. £ !,' ~[ r,.r}·r':'t.•, • r- .. ""' ~· , J.. ., ... ,. ~ ,Ju • L p., i.l ~ • .1.u.~J.ll .1.t: ... ,.,... u ... , .. '., j( (•1:i ~ ... •..: , Li1.:.1.,.... -..,J;. t. .tlC: .... '-' ~ \.;.<., or. ~1.l.. .... ., ~c,. 
u Sc knct.:' . 

2. 1'lnfluc ~1c;) of P ,1stick :: i7.c: Gr:.::i.tLtio:1 on Scour at B:::. :::::e of i?r ,:-~c r·~1cr-
f "' ll 11 'oy u,...··\"' ···l 1 -' ;.:r ... 11,~1·t-.. 1• t l•·· i;: -i ,~ .,·r r • . ,, ,r1~ .,...,-, t ,, t i 1c· C1Jlo1",r ,c} -\.n·r-· i c· 1 ·1tt:~,,~1 '-.~ j r.. "'-•~ Jt. .~ . ,-,.J..t.- .. .A. ... .,.,-~.,. :t .,.r,. . .,,1 . l,,), ...._~ L· - ~-'II;" V J...,. '.•"-"' •- """ - • '- ••4·-

~t_ :.. 1'.1--- clnn..ic ~ti C u fr·.:;,, 'i.n. Fud Cc; lin.s ~ Co l0r·1<.\;, ~ i n 18Gv , i u p:1.rti.1.l iulfill 
rtttc.:1.t of tile: I'l~ 1ufrc'.!·.w~nt::;; fi..1r t_\1;_! c:c.:;rce of r)iadcr Df S fo i1cc . 

3 11'Scour ·"1· . . c c· tr- Cu t.t'd "P ,·lo"/ C n 1ti1·aw , ·c ; 0 ly-, .,..t )·t l ··t ·c i : 'V • ' '-'•• \,. .;\, .. "' ~,.. ' -· .... ~. , ~ - _, ... .... 4 I. _.. <._. - · , ., 

G ,.::ort~c ., . S rr1 iti1 1 :1cci:) trecl fu:c B:..u.,c::rn f P"Llic 1;;:. d::.~ 1 Cc;lor~ (:o :::Lit ·-·: 
Uaiv,.:!rs ity f:8t,c.1.rch l:'0u~1J::.ti un ~ Fort Con ·n..:.; 1 Color,tc.1.. , C:.:=HG lG:. ;:3 1~ , 
,·; :iy l , l Jo l . 

---....----.- . ........,..,_..--... --~--~------~~---
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t hm t h" ht- r:,;:..~t i--n rtick d::. e of t he b...:J n1.:.te .. .: l. l r (~duces t he s c o:2r 

( 2) Th-.. •1icr:ae ·• o.f t he ::irmorpLtc: 1 · .. y .... ~4 i :..i n;)v~· :d r.:1atcly t :..U-ci:: 

tirnc.s t t1.e- m ,i::i.n:u ~1 ca ·J.m.et e r- of th..; J .. !'!uO.i :}1 i~c m ~t cri :.i.l. o.r 6 foe, • .,:.;.:, 

for :a m1.td'L· l uni£ r.nly gr:tC:t::<.i t o Z-i1}c:1 rn:i.:.1 1u.m di.,.mdcr .. 

(3) A gr1cl-c ... .:1. ... 1...urpl.lt e ·F:t eri-.l.l ,.ccre:.1.~cs t ht: r ..tk of s cc:u . .. -r.>r0 

d foctiv ·ly L u .. :i a unifor~ s i ~~e m .1tc.:- h l. 

Gra ·led ~r ... nor_r.,1:1.t .:.~ i s n ,orn cff'cctive in t l..e coatrcl ·· f l vcJ.li..,-;ed t3com 

ir.,,,.;·,, ·r ;~1-,t .. •n,, 11 .r-e. f .1.·',. 0 + t i1...,t ' "'> t '···· f1'll.;1, . c,-l·· t 1'1.,, -L' ,1-!- r-,·, •, .-+ l c,, ,.:: r.·.,.,,,.1' u',·,r:i ·~"' 1· t-·» · -
u..A. ... ,.... 1- " ""'° ' V \,.:- '\. .- - "',. ). .. .\, ~ ... ...,1.,,.. 4 t.. ~"'".., ' •• _,. ... ~ ... - - ~ -- ...... _ , ... .:. VY ....._ - 4...:.'-..J. 1..,. w-, .... 4, 

si~t~ ..... rticlc;~ c nusc t h;;:: .s~ ... ::ll0r- j ets to d ·iL:c into ,-uu .3~1 · llcr j ets . With 
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in accor d·· cc- -prc-s cu.rc-vclccity r c l ."rtions hi?:.: v .. ryLg in t ll~ energy cqu~'.ti0:1- .. 

· a.ss och t c<l with. thir; turbulcat diifu ~-; i on t endB t o d1' ,n.:1 t l1=~ smJ.lkr [ l i ~ 0 m r-tkri:.11 

up i nto the high vde;ci.ty flov, . 

T hf, trac.L:i.ti :~n 1: armorpLtc provi-les t vrn G.scnt:bl clc;n~nts for u m

trDl of 'locallz-r:J. c c vt•r ; (.1) it <lissi Htl;o ercis ivc cncr;,y by cr,1. Ua:_; :i hrrrc 

<leg .. ee of sr.1:111 .sc.1h:: tm:bufo_ cc renu tinz in ..: n:... r c :,. los s t hrough vi···c ous 

sneJ.r ~ ~ '1' (b) it p:.. ~v e!'.Its Or 6 '- e ,1tly rd U'dS t .1.10 "'.10 CI.r!C!l.t of fi.t1cr f~i:L.C 'A.!U 

m ~1teri .1.l u9 into t h0 high. velecity !lov, . 

In t h~ -m -1ly .:., is f t he :scou!' p.hc:ic.Hn '·' c10n it lu.s become cvi ctont t h:;.t t h:.; 

l ti t • ' t •• • t ' l 1 , • I • fl • • • re.: . ,.vc m.o 10n o-;:; \7C{!r! s 0 01w(: nt > "'r 1c os ~:..."1.t t lle cu!~r0uau1nJ · tac umJcr 

· ~c ,:icn.cl uoon es3t'.mti :.tl1y the s :m .c Lctor.s _1.s ti' osc \0:hich govern th!:! velocity 

Thut.. , it -.·,oul<l .5"'C·.m th:.1t t h2 t i::r m fa;-1. l f .1.ll vd ocity of s ,c.!imcnt p,,rticl ~s 

,,,, "' l'.~11., ~·1~ ,,..,. ,,, , 1·?-1 '- :·, rn·~' r,; t ·i,c·, " 0 1 0 C.1.! ty c ·1" , 'ln r: "'he 'o ~sc11'11•11· •1)· .... ~, . • ,,1....; r~, .. c.,~t b '""" ._ :I. ,/ ....t.. ._ ·- _,,'-4 ~ '-.._ 4-.., .\,~ U 4 • • • \.. .A. ... ... \..1. , ..J \ ~..;,,:, ~ . .... \... .Q - 1-b VJ. \.'.:)~ .. LLJ .l. .a. . · L.l 

Gd.i!'l , t h ">SC f 1.ctor~: \'ill ic:h :Jovcrn. t he krmirnl f :11 vd0city of a s ecih ~1{;nt 

/ 
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partkk ..-~ c onside r ed fir~t ctnd. , .:is ;::.i. b . ;;Ls f ... t hs c11n.ly s is use will i.)c 

made of t h-:: r e.:;u l t::, of studie~ m :id.e t o cl:it c- on t hc;;;c f ':1.ctors . 

'l'hest.:! stud i es inl:.!lu<le t l1 se f fi. ol.l.;e {<), whn de fined quit e mlequ .1.t el.y 

t : c f all v01ocity vr of s Jll."; rea in t-::rins .; f non~in ;__tl 'i i met e r d : those 
v . U 

of Kru,ni-~ in ( 5) v:ho r e it ·i~ t he is:u >e f :1ct · r , s J . > t :.t sphericity p, ... lme-

t•.::r ; t hose f C or ey {G},. ::ie.n~ (7), 11c ~1.; 'ln l :nd l\fabik::i. (8) w'-iu Etu ~frd 

t h~ ,!feet oi .J:J.rticle sa1i_:-e o:i t he t ·=.r r:n i n:'.1.l f t!ll v d•.:>city of t he scdh:r1ent i.ry 

particle . Alt.crLu;:1 (9} .uY1 r.l.:! a mor e g ne1"1lizc,l study b ~~ed on t .1-- cqu,_

t ion 

( 1) 

in which C ~, i s t h.: t:r-3._; c oE:ffici .:::nt , Re is tl12 n0yr.wlds nur·aber :....._'}d s . f. 
LJ 

is t he sh t c f a .. cto .. · • .1.. o~ iunct i on1. l rd ttw. i;ll p u ... e:;qu .1tio11 1 i s illuGtr,1tcd 

on fi~,u1~ ._ .?. , ( 10) 

.. ·- 1, ---- --- ________ _._ . .. _ ... ---·---·- -------·-·-------

~ . ' \ omoJTJ,:rlJ. fvr t ho ::> ·ttli ·1g vdvcHy vf sr:r1;2,. (:~ " : N-1tio:1~l 
.fi.;..,se .:1.rch Coun.:::il , Hq-.~or t of t h0 C orim:itt (: c ori .Sc<lL -;.c-mt:1tion , by Hi.mtei' 
:\.ous c t l\'~:1y 1, U)37 , _: ·11ibit lJ , p . 57-G~: . 

r: 11 ' tt l ' 't ' l · t 1 T ' · ' • • ~ r · i 1 v) .j. • 1 11 o. ~c 1~1;., -v c vCl y ri.nc., >..• nn.1c - 1.,,:11 ·,v1or 01 ,)n- .:.;· ne: r c .t- .1. .~r1.~c c;.; ; 
b Vi . C . Krur!~beirt > l'f.J.tiun~ll tc~·, _:i..rd1 Council , .\n,cdc ~rn Ge i)hysic1l 
Un.bu r .:.H1E;.iction~; or HHZ. 

o . "InHucnc(: cf s lnpe 011 t bi:: f;, 11 vd )City , f r:.and gr >ins , ' ' oy A . T . 
Cor-"y , L tc;; i .s ::ircs1;.;,1'f.e.:. t c, t~ <~ Colc•rJ.tio A~rk ulcur.i.l .tnd ;.. ::ec: .wic .ti ColkJ'' 
in F· rt Colli11s , C<..ilor jo . i n 1D~rn , h1 p .u·~i ,11 ful~illr:-.1tmt of t i1e r ,,;q uu· t::rn~: ilts 
"or t Lc degr._e of Z/; i~~tr, vf ~cie11c0 . 

7. 11/1. c onp .1rL :J!l u.f t h;:; s ctl imcnt:1tto c; Lun....tcr -1nd t h<~ s i eve d i t:tH.: t e r 
·or •<-< 1"1' 0 11 s t u- .. ,,., , ·, 'r' n ~-t 1· •l i:;: J.n•L.-, 11 ·oy· r 17 i:\,r·-.· t !1··,-~ ; " "'r •"'s··"*' ··I t l t h.-. ,_ ~-4 W, J i.J'-"- \.,,f'.A. - .. -~ '-.- ""'-13 I .l.... • - • ,_, .._, • J • ... v - ~, fJ '- , . .. ~ . .. r \...: # "·-

Culor::i.do ,\-:;ri--ultL.l' 1,l ..!:ld i \1lech .1:iic ~· l C 0llc;,.:; i :1. Fort Cullias ,. Cobr.r!o, n 
19 ~c in p ·.ir ·bl ful fi ll::,cnt )f th,: r ,: (]_uirc mt-nts for t h(: c1egrc-e of i>1..-.. st 1;:1 0f 
'cienct:; . 

3 . 11I:.ffecb-; 0f .P :.rticle .Sln.pc oa s~~tt i11;;~ Vd0city i t Low fo.7nol d~i 
~\1n.l:1~rs , 11 iJy J oiin S. J,kNown ,.md J in~il !',( lLik 1. T r lU;").lCtiu:1::1 , Amc:dc:..i.n 

G,:-t>phydc .1. . Un.i0.i, Vcl. 31 , No . 1, f.'c nr u try 1DJ0 . 
• 

11.L:ffc c;t 0f ~h- p,~ ot1 tli (;' F · 11 V d-:.,city cf C1· .\vcl P ,n• tic c.3 , 11 by 
id.lurice L • . \bc-r ~~0:1 1 Proc·~cdi nJ::.; of t 1,~ FHtl1 H ,:r ·rnlics Conforcncc , 
St.ltc: Uaiv:.:r .s ity o IL.,-.·; .t , l vw t City , l o\! , J ~t.~;,; 9-1 1 , U).;2 . 

! U. nI;k tsur~'."C,C' t .md A:ulyt,L"J of :.--. "ta11 ·: nt Lu,-.c.ls i n ,:..:;trc .1.n..s , ::or.H'! 

J:.'"'\1:°4d..lt7ic t1t .,ls v .P.:.rtic c! ::;L.e ~\ n,ly.:-; is , ' 1 l AC\'t~·t g 1.: por 4 u . 12 , U. ;·, . 
Govvrn1t: e: ,1t P rintin_; C'ii ce , •; 1s hin.;t0 ,!C, , D . C . , Hl57 . 
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It ·i.s si nifr~ant that ·cdimentary mo.terials found in streams and 
' s tream depooits vhich c ould be used as armorplate, have o. shape factor 

of approximatel y O. 7. Crusted stones or ynthetic ri mp also have a sh2..ne 

,· factor approximating O. 7 . In or e r to extcnr t he fall velocity d.:i.ta for par

ticles into t he full ran6e of ar _orplate usage, it will be necessary to analyze 

the relationship between foll vc ocity anc.l particle size a.n shape for dif

ferent conditio s of flow . ! nd then, by t s ing t 1e re~ ults of this analysis, . 

e stablish a relationship between fall ve odty and those forces caus ing scour. 

Consic er a f ling sphBric particle v:ith din.mete r d and density p n s 
. falline for a given im.e t in an infin ·te pool of \V' ter of eusity p ., , dynamic 

i s cosity µ and kinematic viscosity v . If th0 fall ve ocity V/ i s in the 

r aJ1ge of s mall Re 111olds num er ne wher ~ Stokes l aw is v. lid, t he motion 

of t he fallin; pn.rtkle~ can bP. ex re·sse· b 

(-. l'.1 
dW 

1/2 m) dt = ( :Ol - ) . ( 2) 

in v1hich 

Ji.'.: "' 1T dl p 
6 n s 

In equation 2, the terms on the left side of t,~e cquaLon relate to the 

inertia forces . Inc fir~ t term on t he rbht ci c of the equation is an expres 

sion of the gra~ity an buo anc , for .es . The secon term on the right side i 

the resi~t:::mce due to viscosity. 

Integrating e uation 2 with tl1e initial condition that \ = 0 w _en 

t = 0 o tain 

\ \' 
\ V 

0 

-- 1 - J;;t -e ( 3) 

_ / E :uation 2 was dcri.vec frorn 11H· drodyn~mics 11 by Sir Horace Lamb, 
>Ji ::,,,1:h / 3 ition. F . Y. 



in which 
l ( i: -1) r dz ,.-, :: .. _. 

0 18 V ? 

3iJ V -c.:i' and 
n = 

(z ~ + 1) 
rw 

V ia t he termir ,:11 dl velocity and i s zc·:, c!'~1lly r ··f 0rrcd t o as t h;:; fJ.11 
0 

v....Jocity of the S!:db:,:nt p:..rticlc . 

7 

(4) 

{5) 

t ion t hd t h~ fkr1 ri;:; oi st:mcc is prO/h.Wtiu ~ll t o th ::: cc•tvtre 0! t h:} vdocity i s 

civen by 

'fl" d W (1\.. .· ) 1 ' 1\V l ., "' C • r r2. 
Jvl -t = l l - _:, ,'!. - "':; • ";, - - -

8
~ p a"u.. D \', ..., .. ' t w n 

in which CD i:3 t ho co-c"llh:d dr ::.tg c:oef.. icic 11t. 

Inte;;r--1.tio[! cqu,. tic. G for t L1c- faiti:.11 c 0njiti :;,u'.:; tlut \/ = O v1,1en 

i a which 

\V 
1.v 

0 

~, 
• 

0 

. = t .J.ll h ( ~ t) 

r PB ) - ~ l 
w 

(G) 

(7) 

(G) 

(D) 

As sho·.va by equ 1tion 3 ,;ln ·1 cqu:~tion 7. the tiz;.,u r.:]c uircd t o .1, eJ.c h t1v:: 

t crmin: 1 L.11 vdocity is t iwor ··ti..:: .:1lly infinite: , but frum a pr,· ctic~-..l vfowpdnt 



I 8 
I 

it is sufficieat t o c oa~i ·'er t e time re uirc<l for t he v :1l uc of \'// W t o 
I 0 

bccornc .:lppro:drn.1t ely one . If \V is b.rJ~ # t l:nt L, to zJ.y , if ~ and ~ 
I 0 

a r e sm:;1.'ll, t h en t ll~ ti.n1e i s larJc .. 

· Equ:i.tion 8 , J.. gc-1er = l equ .. tioa Lr t c:r .,i :1::u f.:ul velocity shov12 t hat 

c
0 

is varhble , t h'..\t i s , W
O 

i s determiaeu fc_ di.tfcret:1t v-:aluc;:; of CD 

only . Furtiwrmore . since C ,., i s a functtr·n of ~c = ' -if d Iv , it i ~ not 
iJ o n 

possible t o dr.:tcra: ic.c -...-, for a given v · lue of cl or t o detcrmfac d o ::1 n 
from a given value o V • 

0 

In order t o cbL in a ~;bile v ~~lu1,;d r chtio-:1:;hi between d an.cl V.f n o 
for -.rmorph.te sel0ction of sediment .. :i.rticks h:::wbg a sh: c factor ::i. .• pro.d 

mating o. 7, rewrite cqu;2tioi1 8 a::; 

4r~ - ) g dn 
= 1 -z-3 p . 

w D 

and let l/l 

/ P
8 

J 
1/2 ,3/ 2. 

- -1 g Q. 

PW a 
= -....... 

~ 
V 

S bstituting eqtLttion IO ·nto t he Hey olds numbdr t">bLin 

""h r.Har ly 1 ·t 

R* 
w 

= ( ·1 Jl/2 ( 1 11 /l f'* 
"3 c; 

W 3/ 2, 
0 

= 
____ ..... __ .... ____ ,...,, -· _ ... 

· P 
. s - l , ~ 

b 

.. 1/2 
v · 

anJ by substitu~i-n.:;; i rrto t he Hc:y.:10 ds numb-!;r obt :d 

He = 3 
C . ( H-·1 f' 

4 D w 

,-,-----.~---_,.....~,.,..._~-----..,.-,.------- ------------- -

( l 0) 

{!l) 

( l Z) 

(13) 



. ' 

s 

T he effect of vis cosity d1.;; crc..1s ,~s wit 1 J.n incr,>1se in R e 1nold3 

number t t her do.i.. c , fer c onditions of. scour which occur ~t L1.rge Rcynvkb 

om:nber5 Re > 2 ;{ 1 ·~ l o ··bin t he: rd i ti , a hi.;:> 

-
·" 3/4 ( l )3/•':: 1/"' fl::< ( ~ J { " ... ) c. w - 3_ CD 1..· .. ... 

bcc ornc s 

fl,..: ~ l · H (' ),'• ) l /Z for r .. • f • i:, 0 .7 ~md CD = 1. 0 ( l ~ld.) • t... •:;. .L "'"' 

w 

R* J,f 0 ''O (' "·'·)1/2 for s. f . 0.5 :lid CD = 1. 8 (15b) • 0 l \.,. 
w 

R~ = 2. . 3:J {it-'"}1/2 for s . f . = l . o (s:)lh.::rcs) J. ild CD = o. ~2 
\ I/ 

( l Sc) 

Equ.:1tic,n 1·1 plotted o 1 figure _3_!- SfWV/!:'i P1 ct Ltll v -· locity is tHr ectly ~) ~o

portiorHl t o the squ::i.r root of dn 2.s CD :t'>)roacll".3 .... some ous t - ut v ~tlu-2 

f or Re > l 03 .. T hi:: c.L,.Lt points n. fi.'.IU<" t.= 3 wer e c omputed fr om the; mc.:t!1 

CU!'V: of fiJtll" -~ 2 for t ~s:::: r es i);..ctivt' !) ".l.rtick sh:-:i.De i .:1.ctors . The fit of t :11: 

t1t 1 for .H. '-' > 1 o' to e u ttic:1s 15 v crificB t l1·1.t f.:i.11 velocit r i '· proportiod-11 

t o squ .ire rod of • 
n. 

Su' ::;titutinJ c 1u 1.ti::;;1r.-i lo an'· L! i t o ~:qU~"!.tioa 11 , ... rnd by ILw.1ns of 

cqu tion 15:l , obt-'i.in t h ,.: r<;::l,.ition 

\V 
0 

l/Z d l/2 e n 

the c 0nditi,.i!l!J ("J = 98 0 c m .oer :Hh.;4 an<l f p /n - ! } = 1 .• GS 
~ ' r • I 'I 

1·ct.luc C-8 t o 

w 
0 

= l · • 7 <l l/2 
11 

f or .s . f. = 0 . 7 

( J ti) 

(17) 
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bt ::un t hG r "' l .1.tion!;: 

I ::- 10. 9 \ 1/2 
C, n 

f o_ s . I . :c 0 . 5 (lU) 

•. _nd 

V• 'E.2 .. 7 cl 
1/2 

= 
0 n 

(1 9) 

T he ,:>.t ~ of ~·· \"'I c} _ and sh-1.n~ f tct o:::- t 
i l 

r; .f. ::: 0 . 65<0.7< 0.73 
0 

is pl ott t:!d. on fi~~re •1 . 

th. (b .t t o th ...... cu.:.vcs f or 

t he bouri(l.n·y L yer "2d t r t': l i..-ic :i.r c u ..:.tiu.1 i~ n o lo:iJer v .::i l ic . On t he oth ,,.. 

h:mc • mc .. st 11· t u .. ~11 ~ .lrtic le2 antl br oken ~t on:J uued f ol'.' arrnornl .ttc '.l!'(: riot 

_,t · oility prut e cti\.·c \vc,r~:G , ,l s tud \i;J. r.a:t< 0 first of corn:)ct c :i.t docity , 

t l1.1t 1s , v c locit ~t b~Ji::lni.1-.; uf Be ·lime 1t notLL... . D.~b \ .. -tcr:::. 1 • .1bt ·:ti. cd from 

~~Vc'ral so·.trct:s ( ll , 12. 1.3) i 11 vl1ic :1 unc of t !.ic O;)jcctive;:; of ti1e stu"'.ic:.:: 

-..•,• ..1s t o oi.:ib.in n. c o1·r:.::L: ion bet·,, ,c, c ornrdent ve:h:city and scc.L."1e:nt c i :::::: . 

•'rom an n.n:ilys i s of t h~s,. d.at ~1 , a c 0rr 1 11tio:1 o-~:t wc,.:rl fall velocity :.1ncl 

____ ... _,. _________ ----·--- ----~~-"-· - ........ _ ---- - --·---------~---
11. "1'hc.· .. n:~L'"lr·po.i:·b .. ivn of lY.: t !'i.tu ' · b · J?le:·::iaJ Vi.'.:'tt ·r - I, 11 by 

;- • T he:01..,i.) e; ?-.'::iviz , ~hitty I-fo , J.n(l Yun-Ci.le, J Tu , U,li •,;rsity oi k,:: '"l 
:.:t tdi cs , I W}. City . fo1;1,-t , B~llctL1 r; , Si:u·ch 1, l J}(, . 

12 11 '. r., t 1 ~ . · • t ' . ...,1 . '. ' t II 11 ~ • n.e 1 ! ' ;.H;Jr;.i>r t ::i ~ ··11 ()i: >J l 0tl' l. U!J ,.>" J.· 0 \H:.l i' Va . (!:t' - . , ,;; · 

1" . T . ,I vL , 'J'c -:,"'Lm Liu # ::md Ldw:1rd ~;uuc ·:k , U,1i .,. r r.; ity · f I ,rn· .:t . .::t udi.:!;::,, 
L ·,.,City # fo w,~. D.llktin 11 , :;cpt e::.-:.i l;cr l, ID3'7. 

13. 1'17'or1r~ub.s fv,. B.:!d T r .1n~·;-,t;l't , n tJy 1,-r~,y .::r - Petcr r :1d .r.1 tlkr , 
I: ~; H1l 2:1.d 1o•<>t1· ,'} · : ._·,t ·· c ',·h· 1,-,1 ,:,,·\'/ ' ' ''····1 1or.....,·} - ,} _1 .. ·> .• · 

.. -- - " -..., J - J ~ ..., .... .... .. ... -\-4 ....... , ,.,, .,, ~ .. 
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Beginnill,g uf l\lotiun of ~ · ~.: c: i '.11 <.'.!lt Particle 

IFCIPll. N'T' scoua 

The furcc n-:::c \:.S..,.J.ry f e,.r incipient scour o~ t h{! t~d m :tte:rLu c :1n b-a 

ezpresscd by 

lc"'-:,d ::.: CD (20) 

• I • b. C d I 10. w ... u c~ D ~ , anc. p 
• n "' 

are as previously d e:.fi.:i~d ~ 1C:. V i s t ilt: 

vdvcit · of flo w C"...!.USi .... 3 the :..c2;irming or L otion of t he S-"'i.:iil:n£-nt o:1rtkk . 

{Z! ) 

in vhlch Ci nJt p1·c~riouz ly dcflar;d s .l functiun rd .. 1.t ed tu g r.ad .J.tio.:1 1 

c omp:.;.ction ::.:.ad p ::i.rtick: ::sh::i ·><: . ~rhcn c.::nt,i<.kr inJ t ~ c t vL!.l rnr-ticlc r:-1 :\SG 

b s te: J.d ,)f t he indh·it1u.. tl ::.i edi rcicnt p :1.rtid~~..1 c
1 

i s -- l s o .t m.e s ur-::.. of: t h !.' 

·nt orlockb;_:r cf t h!: µ ·.trticks ., 

By a5BU!.!li n_-:r for tLtc c onuiti ou of i.adpk::-tt z, c vt~:e t hat kinetic v i :;-

c os ity is ~ccountcd for iu c
1 

• C .0 aml 

er 

t· . = .F' 
lVi: H 

J n 
C _if_ 

l .: 

\ ' / J- it fa 
o · 

?. 

w 
0 

2 
( 22) 



I 
I 

/ 
in which 

l /2. 
d 

l Z 

(2.3) 

In equ::1tion 23 . V i 3 t hi.! vd0city c :u15ing t be p:irticle t o mov~. Abo , C 
2 

11-'::\.s t he sam€: 1i n itdior.rn t ·nt arc foher~nt i n e,e:fining c 1 ackq~ i tdy. How 

ever by ~ ... ssumi ng t;1,2 ~n.n-:. fluid tr ,m:11)01·t sys t em t h~! vE:locity f or .GJ.0tion 

becomes .. l iunctic....'l o.f t h(; sqU:U'c 1•00t of t iE: s.;:;c i :ment s i ze ::mr.i i s inversely 

pr'opoi-tional t v the •1r:1.g c ocf.fici~nt , wiuch in ·cm.'n involves sume of t h-~ 

Cl1~!'.;l.Cteri tic s c!.SS i.:,"nCd to the functi on Cl . 

T he equ tions for f -,i.11 veloc1ty wcr ) Sll~)c.r'im')o.sed on t he b,..gir .. ning 

of motion d.:it :.i in figur~ 5 . T he equ.l.tion for Gp her ··s r c:.:-ults in a v~ry g00<l 

fit for t he bcginnL~J of motfo:i \ it ·1; whc r0 ,1s ..,. t ho:l cqu...1ti0n of fa ll vdocity 

c.l less t h .-.n 10 rn.m , but t end t o fit for ·).trtic!E.'3 ·w:th d g ' e .:i.tcr t h:. n 
u l 

10 mm . 'I'he v:irbtloa b E. h'l~ Ci'l t l1:::: .f..111 velocity cq_u ::ttf o:1s :aud c on1 '; '·:t c:.1t 

velocity C..l!l be ..1.ttribat ed t o t:-1.:.i fancti o C 
2 

~ Howe v~r , curves for \V 
0 

for v .LriOU:J sh . ;.,c f:wtor .13 ii'rlic :it cd o._ t h,_ gr:.,.r1h dc.n .. onstr;itc tlut t h~:s·;.: 

r esi s t .r,:cour . 

v0l 0city use i s m :id..::· of the r esult!:; of t 1~ st~dy by Litt ( 1~1}. fa t hb ::~t u:Jy. 

fo r v.:i lucs of u~ d Iv > 100 1 it w.:.1s f m.rnd t h:1.1. bed 1.; he -'U' velocity (U01
) v::i.s 

l 

cm:i.sb.at o.nd e:;.:pr c:~scd as 

U* = o. 13 

..-... .-- ~----------· .... .. - ·-------·-,-.. -. · .... --........... - --··- ............. ... __ .... ,.._. __ ,_,,_ . ___ _ 
1 • ··~ ~ · . " .. , l . .. .. ' 1 .. .., .. '-' 11 • H l I . 

' .: . ..~
1~·ec .n:1.~uc~ i:.i .. . .:.i:: t.irnc!h Hl ')"1 c 1• ur:n~:i.01. , uy ;.. J • • jiu ~ 

I- :1pt:r 1187 , A3C I:: Jut~rn-:i l .HY 2 i Cul. S3 , Atiril 1D5 7 . 



. ' 

I 
I . 1/2 From !i,gurt: 4 , W = 22 . 7 c , and 

; o n 
by s ubstitution iLto equ tion 2•1 , 

u,~, = 0 • 13 ~~ 2 2 • 7 c/ ti = Z. 9 ·1 ,.· l / '?. 
n n 

By a:ssu m ing t hat con:pdent be l VC; l ocity if.1 3. .. •:iction of the bed £he r 

· velocity» c orrcbtion tv· twee,1 force ~ • p:i.rti.cl ~ ::i:.c l s po;.;si ble for 

u ,;i /vr .:: 0 . 13 d!l C. U* d / v > l 00 , 81:l<.! .:' 
o n 

U* 
VI 

0 

= 0.1" 

13 

(25) 

Def in in.; ti·o.cti ve for "C a s 7 ~ . -y D .. , i n. ·wi.lic ·, 'Y h -; iinit wdght of vntc r , 

force r esults iu 

0. 016D p \:(iZ 
w 'u 

(ZC} 

or 

'f' = f.1.. (i ., n 

o.nJ f or 
/ p~ \ 

1. = l . G5 

or 

I 

I 

d 
n 

7 = Z .. ?.1 - (27) 
CD 

Suhs titUti!1:;t c<J.U::tt.L1.m 1 7. uaits c onve:rt c<l t o f ed I i~to cq:.ia tion ZG wrc::; 

7 ~ O.Ol GJ " ' .- ! l p o.·.c·.: u \'/ n 

T = 2 3 2. d (l b.::- e r ftl-) 
• ll 

(2n) 
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.. c.quJ.tio!l v,2ry s in~ilgr to e\ u.1tion Z? v:hc:1 C .. , «= 1 . O. It nu1:3t be ofated 
J..j 

o~t th1.t t his c o, .:.l ition c.d.sh fo (1) lrig!1 p::1.rti.clt: {wy no d.1 numb,~r 

r .,.~ultiae in n.;;ar conr-t.. ... !1t 1rag co- f.flci • .... t aati~ . (.2) hig_1 bed '-tey11olds 

number ri~;:;ul tinJ i n nc:i.r c o:-isb.rtt rehtiu:1 of bed s!10ar velocity to f:tll 

,.-nlocity. Also . C . :nus t be a function of bc,,..l reoi J hu.1c t o flow~ 1d ~- . 

u c c ..:ssrtrily v ark:::: ~·,ith p3. 'ticlc sh:.._ .1.."1d cth,:::;· bG" dary proj)ertL:s 0f t l 1.::i_ 

flo ,, • 

s t -\bility . In .1n:tly::.:i. s cf t !1c .:·c ·1 :'..lt:i b~s2d on tr·;:3..cti· .:, fore-; c 1.h1c-c:Jt > L :.11;:: 

( 1 !:'>) u 0eJ n~c p::i.rth.:k i.rb·:e .~t whicll 2'.J~'., N.:tO 11.ri;:;r . Oa fi.::;'Ure 6 t hi!' ;,;ize 

t hD eros i c-;.1 r c3L ·1ncc of th~ bed m :1.te!'i:tl . Dat~ h ::'!.~.:icd on L·:.:J.e I s t ra~tive 

be 1 st.:..bility . 

0n f i;ur' 6 (10) ar-· plotLd ,· .:\b. f >l' ~-,1.riou::. r ,.=mics of hy:tr.m ic 

nGitl ~r e:-.:ccssivc sco dnz :ior i:.ilti. 'J" c .... n be ddcctctl in t h(: c ,l,1.1.l r c .:.c!1l."::... . 

~--·-.. --.. ~ .... ---------~-----------~-... ---~-... -· ...... ____ .. ---· .. ·-------·........---
15 . 110 ~.., i ;:p C:i :~t .t:.Jlc C ·ua11ds , " r,y !.~ ;.nory \\ . L :me , A::;c:r: Trins -

"' ctiuns , Vcl. 120 , l O~iS , ·.)..,1;1:::c 1J ... ,. 2770, p. 1 234 . 
16 . n'l'heo~·y a:1d D2..:izn d '::ib.blc Ch.:.u1~1 .:: l c i:a Alluviu.l I\:fat erLl::; ~ 1 

wy D . B • . : im 0:1:: , Color,1do ::=:t fo Ui1i -·cr:..i.ty , v'urt Cc,lJ.i t1-· , C0lor.;;,J o , 
I\by 1D5 7, c r.f' i"iO . G7 , !)ff~, 17. 
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incluc.!ini c<li mcnt tr ~~ll!'.i!,or t. Ti.i~ muct i mport.:1 .t .L:.ctor of t!lio; <leydoi:,

m.c:it is- t h,"? c 1.md.st .:::ucy of all ap )r oach.e:s f or d > 10 mm . Beca.u.;c of th e 
n 

con::; is t ~n y in t he t hr ee ,:l pro.::~chcs iu <letc r.1i.ain3 setlin,cnt size t o ro...:lct 

di .:llnetc1.· f or :u· ~ orr,Lt~ s dectiou . 

::trrncrpbte 1 t:r .c:ts thown on fizure l. Ti1c~ gr:u...! ~ tion cffLct on t he bc· .... in

ning of motion sttdics ib ,' iffic lt to d eterrninc in t ;1;it t h~ fir s t ') ,~ticics 

arrnor ~ btc c:cul h::vc sorr,e xu·ticle ..; cvcmcnt tt~i.(..; r cm-11.a s t a l e fo1· 

-c •12n hi.i:;:v.:1• vcl cities t l ,,n r ecorded . 

lclc 

concc~t it i s fc .::u::iblc to ;.; t ~n ·1 ti ,,2 r htion.. e,f 1.JJl velocity c.n<l scclirH.:n.t 

t hc:re m ..:i.y be an Ul).:JCI' lirnit on ::i..ctklc oizc in ·1hich t he res is t :int f ·..,1·cc::; 

arc consir cr:1..l·ly r..10di..fi0d a1 d n o longc .. n.ct ~::: L-1~t.·.t'locl;L g parti ... le::: 011~ j,f.; 

intorlocki,i~ t:1t ruct ur:'.1.l .. ,·lcml.J8r s of a w~1.ll . T ~is · j-pothc~;i:J i s partL:tlJy 

v erified Ly ti e or. :s.:::nt ;;n::;i. C(; ,. i n.:.; pr.1cticc fo~' l .u'Je s i ze h :md l.1.ccd 

o.r rziorpl<1tc (ripr2p) . T h.:: pr;.:i.ctic{;; b t o r0(2uco "11.:.: r:izc at o,1£;: o.nci th.ic .;:nc~,;..; e;f 

u151,;. he r e inste.:d of .:. rn orpl .1.t12 m~t eria l bec2.u;:t~ f t ht":! definite <lif.,ti.ncticn 

f . ' t· ,: 1 . ' t . . ' t . 1 
• ' o size gr:t:'.1' ion LU!' ar .mo:q) ,1te co2np.,.r .::!J o 10:::·rn:u r nr.:ip cri cr1:i v,n1c.1 

u ::::u:illy g i •c::1 t he cut.:: .s-lze r ock nnd son:c filt-":!l' cd.teri:=i. £or 1.> ,-,ddin ·1. 
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near hydraulic struc~rcs t he sdcctiun of proper ncrmorpht:;; and it·· 1)b.cc

mcnt will involve sto:u-;:3 of lcsr; t lun t wo foot cJn..1nct er ~ml net con:3iderccl 

as being ru.nd pl:iccd . 

For eimplicity cf ~ m or- l '.'l.te .::election fiJ tr ; 4 or fi~rm·e 6 p1 ovi<lcg 

a!l enginecrin~ b .;is . Roc:~s of .:iss (.cns i1.y (X!U~ to 2. 65 c_n· be ~ckcted 

dfrcctly fr om t he fall vdocit., curve for s 1ht:r e6 . Under dcs i[;1l conJ ition::; 

th .. :it require t h(! uhi?:cute in p.rot12.ctio 1 , t h f~ f _ l velodt cu ~vo for n:1tur:.1.l 

'par'dclC's of s .f. = 0 .. 7 shuul 1 be uscJ . In c -::isc;:; v1here t lle r elation of rr .. 1. sa 

acn,;;ity is other tiuu {p /p - 1) ;. 1. 65. T he u•~-e of cqu1tion 16 pruvidcs ::.1. 
s "fi 

r eady solution . Fol."" i;X mplc ) :l c i·1 n,g~ of ( p <'" h\7 - 1) to unity w0uld. ch~\.n~G 

t i ! 11 1 · ~ t · ! ' t ~ .~ _ .... l r: , l/Z .10 a v cJ. oc1t.· {;qUs- ion or ~·p l.erc.:. o h - 1 • v Cl 
o n 

T he effect O.I a dung~ in dens ity ~ls o r e ;.itcs t o kLcn:atic viscosity . 

Since kin -nn.tic v.bce:.::;ity c b:1nie~ w-ith de::,1Sity, 3. d1~m1e i 11 t he flLti ·l d ct1-

visco~dty U:.0rc .. orc -._r,:)ul i c h~!1gc t he f~ll v ol ocity f.: fn;.U :irly to t 1.::: m:1.ss 

vbcosit 7 l s n0t all ,.!;tri.bu.t ble t o de s ity. "\\'lien a cLly o:r Gcc.;imcmt i..s in 

<;o ~ the possi bility of ".I c h.cr.nic.-::i..l C ;....l.f!~ -~ which eff .ci.s 

t he kin.em:1tic vfac oGit:, ~s r, cll. T ilB c hcr-:d.c .1.l efkcts ca;.1 uccoum fur 

t re1nendous difier cnccs in kinc:rr!;:.. tic vis co:., ity . 

Another f....ctor n· t pre scn ed hc-r~ is t htJ E:f.fcct c-f s ide s lo:H1. lt is 

a s~~umcd t h).t ~i Ji:! s l ~-c ~fo cta will be ho...'1.rlkd in a m;.umer s im ibr to 

1'ho armo1\}l:.t~ pl-1.ccmcnt CJ11 u ~:;u;i y !;e a ccom )lis hcd by tit.!.i:1pir1J 

from a. true .:. ands :u.1 , forrr of f>O.ver ccuipmeut for ::Lr "'~(:ing . T L{.;rc 3.r(; 

t · :o poin.tr; of c autio•1 in pbcin:_; t r morpl lie . Ot1c , 1:nakc cc ·tuin t !1.'1. t ho 
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aggr egat e r cr!:nins w 11 mixc·· while dumping and spr c~~-ling an a. t ·-·o , make 

cert in t he ai·rnur)l:.tt ·~ e;::te:nds bcyor1d t.11.c l oc " l ~; cour re ., to pr V,:!ut under 

. mbing of t L'2: s tructm o. 

L oo~c urmor •. l :~tc: knds t o self h":)l Y/~len on )a.rt i · c.b .magcc.: .. 'l'ht) 

Hall m'.lrk Vsl.ry i ng di ;cln.rge .s hifted t :..e .armi:n~:)b;t(~ s o th~t t 'ic t o') 1~yc1. 

of hrgcr --urtick;:; a lw .:1vr3 deve lop "U under t he~- c·.1.test j c t for c 1~ . T l'!.i.s 

. i ~t ' t · . . . t · t · t ., . f; t' . t an .1. 1.n.g ·~o .s 1~1 n2r r ap1cj. a n ... v,i1er e .::le cnvir e s r1i :.1nJ z r ne 01 n..::· Je was 

not p1.·ot ccted sli~ 1t acditio:nl er osi on exi ~tcd bi::for-(.:. t h.;.! bed :igai11 bt!C.9.i:1 e 

p otectet,. 'I' 1c 1::l"l.:,Jmur.n t hicl-:.aes~3 of armor .1bt-c t en".lecl t o be t hree tir:ws 

the 1- rgcr p :..i.rticlc 

mc·nt . 

1-.1.t e r ial of t he arn!or pL1to :..tt t he 

A PPLit,A·.rIOi OF RESULTS 

oi 1t of j et h:npin6-.: -

t he s tD.biliz:::i.t ic,n of ""'1c clnr.nel b i::d ju s . downs1.. cl.~;, of th·~ '1H1 sill cf Gd ·o;; 

c ::i.n:tl . .A:3cun1e for t'tln ex:- mo 0 t i10 C't.,::> ..is c1 csi3nr:d \ -J ill withst:1.n: 

· .::locit( ·.• of l. 5 L:: c:t per second bn .. ti1-.t the mca.n outflow docity ..:,t t .. ~e 

end s i ll i s ;).bOL t G feet per seco.1d . :\.t ti.tis vd0ci"y t l :. c J.11 ;:11 bed could be 

anout 3 inchr·s for n1 ,:th::1· i J.l of (p 
6 

/1\ v .., 1) o: 1. 6f.i fr rn t h c u.rv e 
. 11 = 2? 7 ~l/2 

'i '"'" • 0 • 
0 n. 

T :1 - n c-:d Gk') i s to !d "l'n::inc an ;;-:,ppro;Jm 1.t,"J gr .-ir1 it i o,1 .:-i.ntl th.ickacG;-; 
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t ut t he ma.:dmu,....1 ..lrticlt: s :lze nee · s:n7 io .::ibout twice t he m.e: .. m sb.c 

about 6 i. c}1cs .. Ti.1.., m~1-imum size r.'1 .3e shu ... tlJ be ne:i.rly equ2.l t o t he 

m axi mum size of t l ~ a llt1vbl be<l m . t cri 1.l. 1-"'or ot e r th'3.n a luvL,l be t 

m :1t rial t he s:ffi:illc~t size ar:rr.or )L tc r::.,..aterhl shoulu conform t o the 

T crz .,_ ghi-Vic {::;our .fLt .r rcqui.:rements en rn ·nimm:n .sb.e to p-cveat uµ 

w:1rd movement of t!-le !-i11e n. ~tcrial :ind ·ir3.deu t o t he l .rg;:;r size pr~vi0u:::ly 

det er mi.ace . Aftcmio:1 to th0 sm;lller sfae select.ion al " 0 i s nced:;d when 

materLu ~ t he thic::r1c3..:; of t he- a r mor l · te , a ~ c2der:::nined fr om b .bo- :=dory 

0 1scr--v-atio s , s ·1oi1 d be about 3 times then '.!.1d:11m'l:i «- ize r.n terfal. Fer 

t his E:xa1T1plc t ile: n:1.dn::.un1 m. .1tcrbl i s a ~out 6 i nch13LJ , t herci'orc , t h 

materi-.. ~l E>hou , be :.-mfficic ... t to c over he: x •. ectcd scour zo~1c t o a depth o_ 

18 inches . 

CONCLU~lO.!.JS 

1 'o pr1 t0ct hyd..t':1ulic bt r ·cturc .. built ;l.n alluvbl clnnncls f..t·c;m 

lc,c~uizcd s cour :t it is i r .porb . .nt to coasidcr both tJ :.) type of fk,w '1.acl thd ... 

c h:lractcrbtic e; :aiu.: cc.rt.~in .sedin1 ··nt Ct1a..r· . c.:tcristics . Sediment ch ... '..T.:i~ 

t0dstic s -.. ·hlch 3.1·c p~.cti.:--ic.t to tl.e de ·ign O .L t h;; c o :1.trol of l ocal.bed zco,u· 

inclttde : 

b . i.·au V B a.::it · o.f t 1w s dim.:!nt 1rtidc .::).t lar 0 Rcyn,}l d!J 

c. 'I'h,:> s i;:;c of :-;.u'i:ick t b.1t vi 1 rcc::bt i.ncirii · 1t cou::- . 

Frorn an an~. y sfa of the !:.tuJks of t he~c c.h'.l.t' ckrit;;tic s it i ::; e idc, t t hai: : 

L P~ticlc grucbti.on p~ovici·:::.s t wo :: i,_;aificant functhm .3 in 

loc l c ou C ,,r't~•)l 0,·)·y "?" ~t_·QI' ;',1 ·.i.t:· . ( ·•) 11- ~1 1· • 1· 0 -~./-.- , . cx~o··iv -vu.~~ , ,..._ •• ; - , .. V .;:, .. , .: , .. ,~1...'.:., .~ V 
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t hrough vis cous she-I~ . · (b) Gradation prevent s movement of fine r..J. :;.kria ls 

throulh the o.r mor·1,.,3.to2 a::d. t hin i n. t ur 1 prevc.1:1b s loughi:1.g and un::hrmbin[:: 

of ch.:i.nnel banks . 

2. F all velocity is a 1 (; . u :itc mc:1.s u.r ,~ t o use in selcctinz t ho 

m a:<l111um s ize m ·-- t e.,. i::il for l oc -1 s cour control. T lv~ ' igh ocgrcc of 

" im ilarity of p1rticlc f::i.11 velocity , v · locity at t he bcgin1ung ~ f s~Diment 

rnc,tion and cr itical b d shear vel ocity pro·· kt ·.s . ..:..et. od of det er -,.;,_i;1i• g 

' he ma: ·i:mum ..: ize of p::trtick Un t will r esi s t e r v.:; ons . 

3. 'l'he m '.1.n s ize 12r ticl e t h::1t ·will r esist motion i s given by 

cqu;:i.tion 19 for a :;h:ipe fo.ctur o.a. 0 . 7 . 
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T he authvr.s v1i.:,h t o exp1·ess their t 11..."ln.·s :.1.nd ap r eci.,tion for the 
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APPENDLX - NOTATION 

The followin g symbols are ad )Oted for 

c
0 

- Particle drag coefficient defined as 

f~(': in t :iis p aper. 
F / d 2 

n 

C 
1 

- Constant 

C 2 - Constant 

\/ -:s-rz Pw o 

d - The diameter of a sphere that has the same volume as the particle ( mm) 
n 

D - Depth of flow (ft) 

F - F orce nece.ssa ry for incipient scour (gm) 
M 

F' - Res istance force of be d m a te rial to scour (gm) 
R 

g - Acceleration due to gravity { 980 c m pe r sec 2} 

rn 1T - Mas s dens ity of U e dis . l a ce d liquid de fined as 
6 

r I - Mass density of the shrere ,.. .fine d as ; d~ p s 

w d 
Re - Reynolds num e r defined "' S 

fl* - Dim ens ion css parameter 

R* - Dimensionless pa r ameter 
w 

S - Slope of e ne rgy gra dient (ft / ft) 

o n 
\I 

C 

d 3 p 
n w 

s. f. - Shape facto r of a. pa rticle de fined by ~ b in 1hich a is l ongest axis , 

b is interm e diate a xis and c is shor test of the three mutually per en

dicula r a xes of the p a rticle . 

t - Ti~ e (s ec) 

U* - Bed shear velocity (cm e r sec) 

V "". 1-fo an velocity of flo w (c m per sec) 

W - Fall velocity of a p a rticle at any time {cm pe r sec) 

\V - Term inal fall veloci.ty of u particle ( cm pe r £ec} 
0 

21 
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,, 

" - Gamma. unit weight of W.lte r {l us / ft~ 

t - Zet~ . cons tant 

µ - 1V u. d amic vis cosity of t he fluid (cm 2 pez· sec) 

V - Nu, kinematic viscos ity of the fluid (c m a .per sec) 

E - Xi, constant 

PS 

PW 

. ~ 

- Rho, mass density of the sediment p a rticle (gm-sec 2 pei· c m j 
2 A 

- Rho, ass density of the fluid (gm- sec per en. 1 
..,. - Tau, t ractive force (lbs /ft 2) 
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