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AtsSTRACT

' thie invesülgation tsas undertaken to detennine design

eharLs for wave run-up on dykes or earth denos when the r¡ave heighü ia

in the såJne dimensiorsl range as the rnedian clia¡ueter of the rl-prap

materi-aI. The teste perforrae-d to develop these charts involved festing

several co¡nLrinations of slope and riprap material wer a rside range of

ü.aves"

Several conclusíons can be ¡nade fron this investigat,iong

(I) ?he results of so¡ne of the tests conducted in the presen! study

give very sfurÉlår results as previous tests performed by R, l'. Savagerl

thus vertfying the rnodel data and test,.procedures"

(2) l"trave run-up on ripnap where the median diapeter is in ühe saee

dlmensíonal range ae the lnpinging wave height ls less than run-up

on material of a smaller d lameter, aLL the dlmenslonless paraueters

being the same.

(3) The design charts pnesented for smooth and rough alopes on

pages ó1 to ó5 arrd fl to ?6 are supported by sr:fficient evidence that

the designer ehould have confidence i¡ the resulta so J.ong as the

di¡ensionless parasrcters i¡rvolved are withÍn the range of the

djmensionless parameters that are given i n the graphs"

(lr) The reversed sr¿ooth slopes give consftìerabJ.y less run-up than

ordinary snooth slopee"

1" Savageu R" P., rrl{ave Run-up on S'nooth and Roughened SlopesÌru
Journal of the l{aterways and Harboure Divisíon, Froc" Paper
1640" Page 10.
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CHAPTER I

Ir'¡TRop!¡_crIoN

Freeboardl i" dufir,ed as the diff,erenee fn elevation betrræen

the top of the darn and the naxi¡num reservoir level that would be

aütained during the spillway deoign flood leve}" The portion of

the dam above the nanimu¡n reselfuoir level is provided to protect

the dry side of ùhe structure fron danage, This damege nêy refer

io tfre structure iùself, but in moet cases the greatest Portion of,

the demage involves private property ard hruan ljfe" Often a

failing structure offere no uarning, and within nlnuùes total

co¡nnrunitj.es can be desïroyed causing nri.llions of dollars of damagen

not to mention the hr¡man sufferÍng involved"

Tþe beginning of a sequence of events causin8 a failure of

a dam in which freeboard is involved usua$r is due to th:ree mafn

reasoits. These reasons are that inadequate freeboard lúas provÍded

for ühe design conditions due to lack of knowledge of the conponents

of freeboard at the tine of the design; ore that the design flood røas

exceeded by nature! ors that the design r^¡ind velocit'y and resultlng

waves exceeded expeeted magnitudes" rtrgr combÍ-nAtion of the above

three conditions to a lesser degree may be €quallir aB disastrougb

The eonsequent event,s in the faj.lure is that the wave

run-up is increased in elevation due to the increae5,ng water leve1s

and r+ave heights until overtoppi"ng of the strueture occurs" The water

then gains velocity as it flot¡s down the dry slde of' the dan causÍng

1o TechnÍcal Terrne can be found in Appendix n, page t33"
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erosio¡? at the toe of bhe styuc&ure end loss of eoil strength due to

saturation of the soil untåI a major sl.åde and faih¡re of the

structure oecursô The Elide uaually lowers the structure *n height

so ühat free flow begf.ne oner bhe dam failures bhus ånereasfng erosionu

which in turn åncreaeee the flow, Thås vlcloue eyele eonÈÍnues

un'bil a portion <¡f the Etructure åe corapletely breached" Onee &hfs

conditLcn exisèa the situation 1e out of hand and the oonsequenc€a

¡ausÈ l¡e suffered.

turing åhe past ffve ¡rears ån the Frovi:ree of Manitoba alone,

appnoxåmatel¡r a nil]i@r¡ dollars annuaQr hae been spent on riprap

to protecb dykes and danTa fronn faåtrure" Th5.s fågrre doee not

ånclude rûoney epent on fncreasùng ühe height and naes of, the

sÈrucùure required t,o cor¡tafn the waves and increaaed ro'ater level due

to the aetlon of the wånd.

In '¿!re y@ars prlor to l-95O very lå',,tLe reeeareh had been

usder.bakem ån Norbh Aneniea with regard to freebosrd" Deaågn of

fz'eeboard +ras by a rather hapiaazard method untll the Zuider T.ee

Co¡nnissi-on i,n llo}land presented a fornula based on observatåons ar¡d

theory Èo calcu-Labe t'he eff,eet of, vrind eausing inereased water levels

knowzr ae wisld eeb-up" titerature as late ae 195O reco¡nner¡.ded, thaù

"Ehe wave run*up o¡l a strucLure ean be taken as 1"5 tl¡es the design

a-ave heåght above the st,iLl water level"

?eeÈs for the amou:at of wave run:ttp on a struetr.¡re made

recently ån the United StaÈes lsiclude tests on emooth slopes, teste

on emal"L dleneter mai;eråal as roughened slopes wåÈh an 5epei.ríous eore



o"o3

and tests on relativery large dia¡neter materiar as a rubble mound

breakwaùer. The need for tests on relat,ively large diameter

materj-al on fmpruious layers has been suggested ån .AnerLean LÍterature"

Howevero bhe tests undertaken at the Unlversity of Manit,oba

are beLieved to be t'he firsö to sÍmulåte the above conditionsg that
i"su to test riprap on slopfng shore structures when Èhe medÍar¡

diameter of the material approaches the fnpinging yærve heÍghts"

Aa mentíoned aboveu Unlted States engineers have done consi.derabLe

recent researeh ån the fleld of freeboardu but a suflrey c¡f the

LtLerat'ure indícates that Èhe present sorady ås the fi¡st general

resear*dh done en this aubJect Ín canada. Art"hough this study fs
predominately a study on wave run-upe there i.s anoÈher å¡rvestieation

unrlenway at the unj.veroity of Manitoba on w$-nd set-up" The resuLùs

clf these Lests by M:r" R" t,I" Nerøbury wiltr lre evailable durÍng ilre

earJ"y part of L96h"

The caLcuLation of a reasonabtre amor¿nt of freeboard for
a gÍven sèrueture location depnds upon manJr factong. A dfscusEÍon

ef th¿ese variables has bee¡r gíven in chapter rr" chap.ber" rr also

eontains a review of the dependency of r*lnd set-up on the variabLee

ånvolved, wåth chapter rrr being abstraeüs from the literatwe on the

subJeet of *rave ru.n.-upo The renaånlng chapters deaL exelusively wåth

wave run-up and the üests performd on shore structures. Chapter IV

deal,s srl'bh the ïrËrve generatång mechanls¡o, and the üest proeedwes" The

rasults of the tests are given fn clrapter v, wLth ¿r dåecuesion of

resul"ts acÌd conclusic¡ns gi-ven in Chapter Vl.,
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CHAPTFfi TT

yAR.ïAtslEq rìB"IAltU Lo" rFffiFo4F,g

Freeboard, as defined previously, i-s the difference 1n

elevation between the t,op of the dara and ilre ¡raximr¡m r:eservoir

leve1 that would be attained during the spillway design flood leve1"

The conponents of frebaard shown in Figure I must be of such a nag,=,

nitude that the combined actåon of wind set-up and wave run-up does

not exceed the to¡r of the dam"

å

Gross Freeboard
$

Neb Freeboard
**S;::Ëe*d

Maxjmrm $eil¿ trüater

f;lgure_J

Engineers someüimes refer to freebcard as rgroso free:
board,t¡ or ¡rnet freeb,sardtt" Gross freeboard refers to the difference

ín elevation betrseen the spíIlway erest of a cla¡n and the top of the

dam" i$et freeboard refers Èo the dijferenee in elevatian b,etween



the naxi¡nr:m elevation of the spillway design flood and the top of

the darn" The urord freeboard Ín this study wll[ refer to net freeboard

unless otherwise speclfiedo

The remainder of this chapter deals with the variableg related

to freeboard" Freeboard can be conposed of as nar{f aB four independent

variabl-esg rømeþ, ?rave run*up, wind set-up, tides ar¡d seiches.

Freeboard for inland reservolrs usua$r is composed of only wave run-up

and v¡'lnd set-up since Lides and seichee are relatÍvely minute for zuch

bodl-ee of r,¿aber" A s¡nalJ- nergin of safety is usualþ provided by

an additíonal height of dan beyond the esùj-nated required freeboard.

Wfnd set-up depends on varlables such as v¡'ind velocity,

r¡ånd di-rection, fetch length, depth of reservolro and shape of

reservoir" '',{ave run-up depends on the wave height, wave period, sJ-ope

of the shore structure, roughness on the slope, and direcLion of the

ineoning waves" The v¡ave heighb and uave period are variables which

depend on the v¡i-nd velocity, fetch length, fetch width and dept,h of

reser"voir" The purpose of this thesis is t o study wave trun-upe and

therefcre, an]¡ variables related to this subject, ara díscr¡ssed to some

length in the fcllouring pages of this chapÈer"

.û methocl of procedure to calcul¿'Le ¡çind set-up is given

after the discussion of varlables, wlth a smal1 dlsaussion on subJect

of tcrind set*uF. Tldes and geÍches êre discussed Just to the exLent

of their respective causes.

!{ïND AND 1¡ÍIND VEIÐCITT

Wånd has been referred to as air on a ilissåon : Èo
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re*establlsh the equi-librium of ihe atmospheru.r The force

inclucing raotion is caused by a horizontal pressure gradient that acüs

on a unit eube of air" The pr.easure diJf,erence acting on opposüe

sides of Lhe cube of alr is always urderetod to be directed from hÍgh

to }or* pressure o

,{ir flol"ring ncarly horizontally is known as r+.ind" A streå$r

of air flotøing in argr other direction is known as air current" Wincls

are mainry c aused by horizontal differences in pressure¡ and therefore

ühe raotfo¡¡ induced could be ex¡pected to move directry fron a high

presËure to a l-cø¡¡ pressure regi-on. Howevero observ¿rtions sho,w that
the direction of t'he wínd is along åsobarsu wfüh a stight dråft tor+ards

Èhe Lol+ pressure area" The relatfonship betv¡een wi¡rd dÍrection and

pressure centre is expressed by Brry Ballo'b îs law: If an observer

stands with tris Ì:¡aek t,o the wi"ndu the lower pressure ie on håe left
in the ltorthern l{emiephere anci on his right, j:r the Souùhern Hemisphere.z

The forces that cau,se the deflectíon of, horiøonta1

movement of air which urakes the l-ow pressure area appear- to the

l"eft in Èhe lrlorthern Hentisphere are an apparent deflec'bi.ng forceu the

cyclostatrophie force ard friction. The effect of, the appa.rent

deflecting force can t¡e reariøed by coneidering a circu-t-ar planeo

rotabing ¿rL¡out íts cen'Lr€o 0, with the arnguJar velocity of the earthos

rotatlo¡l.

l-o Lonetreth, L', M", urdsguleryLing- !h-e_ I'isgthp4o rst edi-tion"

2" Lj-nsley, KohJ.er, and pauluse 4ppfåçg H.ï$qe!o.w, fífth edition, ]ghg.
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Apparent Deflecting Forceqisw a

If a perticle is proJected through the aír from O to Au

A being a poinl, on bhe circurnference of the eireutrar plane, an

obBerver ån space would see the partieS-e ¡nove fronr 0 to ,r in a

straight Jine" Hûr*er¡ers in the tfune, to reguirecl for the partiele

t,o bra"¡e} the cli-stance 04, ri noves from,r to,À*o Àn obeerver

n'L,anding at O and oråginally facing À fs f acing AU at, Èhe end of

ùime ü eo from his standpoi.nt the parth of the particle appears to

have mlssed A¿o the fiml position of A, but has hit the original

poín'b t{" Therefore, to an observer in the }üorthern llernisphere, lhe

particle seems to bre defleeted t,o the rÍght.

The fricti.onal resistance to w'Ind always asts in the

opoosi'ce drree'bion to the notion of the wind" The net effec'b of'

frict,:Lon is to cause an outward drift of wind in the directÍon of

the pressure gradient. The frl-ctional force diminishes wftÌì height,

a¡:d usual}-y becones negllgibLe about 2r0O0 feet above the ground"

The q'ariaiions in the velocity of wj.nd over land ard ræter ie due to

the dffference 1n fråctåonal resisùance proviried by each srLrfaeeo

The velociÈy of the núrd i¡rcreases over çraten to a considerable extent

ln some igtebanceso



o

The cyclostroph$-c force is caused by ùhe particles of al-r

beÍng subjeeted 'bo the eentrifugar force due to the rotatåon of the

earth" Thls force tende to drive the air acrosg the isobarsr'thus

s)-åght,ìy ehanging the d frection of the wlnd.

þfi-nd velociby depencls upon the forces aeting at the tlme

of consideration" llence, riiJf,erent coinbinationsof these forces ean

be i.n ef,fect Lo give different winds" ln the nexb f ew lines the

sinplest of a}l wåndsu the gæstr"ophie wÍnd, caused bytwo forcee

"¿åi"L. be considered"

The geætrophåc wind ls a steady horåzon1"aI fl"ow of aår

wiråch results v¿hen the pressure gradåent forceu FU and the defleeüång

fonco Fd, beLance oaeh other. The veloeåty of thÍe ns"¡rd i-n gåverr

iry the e:qpresslon

..r * -.--J=-..--* 
g"e"G 2w P* sin @ J'1

' uhe::e w ie the angular ve3-oc:ity ef, the eanch rs rot,at,fonu

P* ås Èhe ai"n density,

@ ts tfre J.atåturte,

d$ is t,tre Ìrorizental pressure gradåenÈu
'f I 

**

ancl vOi.s the velccååy of, the wånd"

Fcrrnula suish as thaü gåven above are given for the other

eenbåglatÍons of, foree"e" Flcweveru ån practfce åi haç becone the

cust'om of engåneers to base alldesígns affeated by wånd on the

banj-s æ.f the froqueney and nægnitudes recorded å"n the past," Thåe

sc--æelied ¡rltind-castingre ås eoreþ dependent on past recordg and.bhereforen
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vfieather reeords t¡econe eri,remely important" Weather st¿rtions

bhroughout" tÞ¡e r.¡orld have been eol3eetl"ng data f,or many J¡earg"

i{oweveru engi-neers confront,ed with the prob}em of a design w"ind

"reloelty ofêen find that the project ie hundreds of miles f,rom the

nearesL weathec' st,ation" Therefore, åt 'becomeß very jøportant Èo

estahlåsh a weather stat"ioTr whenever a ¡:r"oJeeÈ. ås ant.ieiÞabød"

$hcri tærni wea'bher sLattovls are of }åttle iraporLance uy trreæselvesu

bu.t aonbined v¡-åth su.rrounding stati.ons fuerlfcations or t,rends ean be

predfcted fron the ehorè ter¡n etat,åonso

Tlxs anemomeÈer ås ueed for the meastmemer¡t of ;sånd toelocåüy"

0up aneinomeüers are ;nost croramonS.y used for off icåal meteoroLogicaS-

observahåcns. inlÍird speed varies as height and åt, hae beeome eoin&oyl

ån t,he pasü few Jreårs to bake velociÈy readjrrgs at ,¿he Z5ft l-evel,3

hÏånd vel.o*ítÍes at dåfferent level-s ar6 ec'mrilonlSr ao:,r,*eted to the

25 ft" -'Ì"eveL" Thts is cÅone by a sùat.istical- formula,

1la
v,"

rÍ
w

{¡

tr

xhtgt'e 'Ë'u" = r'e1scåty in ni.l"es per hour aÈ a fietåf*i¡:r¡s heåghtu
vt

Fl fee'b abcr¡ø the pound.

1Í o veåoeifly fur ¡r¿i-3.es per hou:' at tire ac'bua.l" st;atir:n aneroomeLer',

h feet, above Èhe ground.,

fi o cÕnsLant, for ccnditåcn of sÈud,y"

3" ü"s" Anay, corps of Eqgåneere, Gcncept,s of fir¡rfaecr r.i:i.nd ,,\¡ra]-:yele
sng. ¡Èesglg- ger"-gfi g"}ieg, Fro jecú ffiïffiîreãhîffiffióil¡lî-rfrq:îTîffiFç 

"



The t,e:rr- rånri ås a¿*b ***aits"nÈ f*r aLL pæ*såbl"e r:r¡szdåååønså åfl r'aråes

n*'rlewha'L" eå"th heågh*u groeretd e*værn üe¡"ral..ea r**glaneæe argcå aås' mass

ùe:r':rp*:'ature gre.dåei:'c. ln 6enera-I ;t '¿ar,åeæ as heåg?zh fe¡r g¿håch

.,r :it, i.- T i^i,Íl i* 6 eo !: :ler åreågi¡ès beLæ'.': ó f *æ'?;, en{ ;i :f.s fr for g;:+ater

ht¿L-#h.Es t;h*,n & f*eÈ. ün lhe ¿åîierë:rge, $ equaLs å g** lrl,6h ?flic¿døn and,

.åÌ31i.*ä.2"s è* bs t{rråsetr\"atår'æ fer eel"ec'b$.æ9¡ of dæsåffi t¡ìn¡is.

T,-"¡: ! ,+ h

f*r as.e.a of l,yaèer ec\fler Þrhåeh the wå¡r¿å åe bloi+ång aet*t

g#r'¿ßr&'¿.5.ltg Þre.deË' ås h:nçtm ae {:!'¡æ feåch i.engå}i or f etch &3"Ë&o &

sgean ûlrÊåñr t,h¡l eåeàe¿'cina'LåCIr¡ *f tltc f *fl*lt area år r: c-*mpJex

problenco as 'r.¡eiå as ths eiæte¡:roåna{;:Lon çf Èi"re vni"¡:.d veÏ.ceÈ-hy. TÌrereforer,

'bhf.m ::a¡.*ri'¡*üIå rieel. vri.Èb¡ Jsl"¿¡ed reeerv¡å.rs w!'iæ;.e È,he fetcl'! íi3

l-i.-la:î.'bæd '*y "*hæ 'phyaå*ei1 ¿i*nænr*åçs:ts o:f +.he rçser"tooårn anü thr,ii t¡lnd

t*å**Èt;¡ ås *}:taåciafråe b;r' ¿*.'c.rect" mêô,ßLtï1Æúr,en'L o

B** i* tÏrac fe.;È 'bhe;b, åd)-.ti:d ã'çæøs",¿*årÊ &s€ e¡raåL ** areen

"h.** ra-ça;¿-ney d:l*Èma-hsne"fl út¡.*, h€; e*:sstd*r€¿j bç *ol'sr Èhe s¡sh*3-æ ayæao

'ffiiås *l-:i"inånaLE¡e ül'r* d.ecay .dås-b¿wæe ieitctæc å:r¡ n*esyt atrË&.Ês and .bhe

fet*h oË å¡t3and reçes'voj;"a; ås r¿e¡¡,4-1-å¡r' å*kæn aæ È Ìræ d.ånåance fr,CIru

shçtæ Èç sher'* *r*esa¿r'ed ån L.he *-:ire*'¡;å*zl çf 'bi"¡.e r.d"sd" ,Så;tee r.¡-¿nd

i:ir..e*.ÈiærìL'r &T'* eÅeter'¡:i:inæd fx.tx¡¡ r'¡eeèirei' r¡Laèåæn J.ep*rbsr, tlie v¿$-ctd

d:x'es:i:i.*r: hefueg 6åve:r. Çtl åT? S *ard.'lnaã pc$.n'c sjis'¿e* er$t rsa*åatåe¡1

ån dår'ea'l,å*n of, w&,çse frev"'eå.:åi^qc i:* i=efa.ac'uåen i,s eoffirneri, ÈÈ åe

rlecesså3";r tm æsæ Efuæ 3üø *eroå a*:si;æn fi:.åe t-e"¡.I5rci'b th.e ¡:csmtble

fs'L*h. li;l'l¿t: åæ, rrärres may be e.gs'¿¡:¡eqã ''tæ waz.y å::. clåre*tion b¡r as

i¡uci: e* 3#" ",*:!"ith då¡.s{:i.*r"en end eiåLl" hç ¡¿¡"zd3-cnj.n-'ls}rçd Lri *:3-r,ø^
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and to the depth and J"ength by

ca*#ta"r.,ffi G)

ro¡here g åe t,he aceel-eration of, gravåty and tanh ås lhe

hyperbolic functíon cf, .bhe tangent.,

As the reaöer ci epth becomes 1arge relative ,r1o i;he wa.ve

Iength, the hf,perl¡olåc tangent (ùanh ffiSl apprcaehea urity, the

ç¡av'e rreLoeÍ"ty becomes independenb of depilru ar¡d

f)

C'' *

Thl"s condåtion, v¿here the d epth ia great enough eo t hat flhe v¡ave

ch¿tracíer:tstic åe i"ndependenÈ of depth, ls teflned ttdeep *¡aterr! and

ie generaS-Iy noted by the subscråpt tr$tîe ès l, elncl fi*r" For deep

vraher eçndj"f;Lons, si-nee L* - C*T, åhen

ñryn *' iáå-o 2Ti' (&)

Æ&
¿èe (3)

subståNuüi-reg numerÍce1 valu.es for g and 2 F , equation { beeomea

C* * 5")"27 (¡ule

"where T is in second,e and 0. :ls i-n feet per eecor;d and

agai-n sånce Lu * C*?

tto * 5"1,2T* {i*)b



'tÊ

iþuat,åon l+b åe imporbant ån thaè r¿tter chaptersu Tau

vrål1 appear in dj"¡nensionLees numbers as havfurg the ur¡åts of feet,
Thís is due to the fect that ùhe units of g rure included in the Èenm T2"

Deep water aetuarþ occurs onþ at an Ínf,fnr.te depthu

bz¿t' tant¿ ry approaehoa unity crosely at mueh smaller ratåoe of
deptTr to v¡ave length" A ratÍo of ¡¡relati:¡e depåhrr, that ås depbh

bo -u'¡asoe J-engêh, of O.5 gives a value of tenh æ of 0.9g63, and

thi-e r"elative depth by generaJ- usage has been accept,ed as redeep

waterrt,

Fågure I shows the díagr*n thab ås present,ry useci f,or

x:redlcÈing deep w:ater r+awe heåghte and peråode. Thie nethod o.f.

deep water wave forecastång is krolsn as the Breteehneåden reuåeedo

Svei'druÞ'.i¡iunk neÈhod" Thi.æ d.lagra¡r aÏl"aws the determånatlon cf &he

signåfåeant i+ave hefght, and. eignåfi-cant wave peråod; wiiåch by defånitj"on

ez'e deee¡'Lbed ae a sÈ,atistica1' term denotång wa.Ì,Fes ud.th bhe &verage

heågirt arid perf.od of one.=Èh:ird h:l.ghes,ç waves of, a gí-,reffi Brarre groupo

Ïn usång thie diagra.n, bhe actual v¿l-r¡d veloeity lI, the fei:c5

-Len6bh il" and that esÌri-ffa'bed ciuratåon t, of a w-jnd ¡nust be kr:o+rn"

The d å-e.g::enn åa È hen enåered wåüh -L,he kncwr value of ü on i:he risht
åf, Lhe ve-locíty is Ín statuf,e nil-es per hour" The rîje! fLae j,s

f,hen fel]"owed ac::oss bo åts intersection wåÈÌr üire febeh J_ine F, o:.

the cluvatiçn 1È¡æ í^ whacheuer cores fårst from ühe left sicie of

i;he ¿Ez'aph,

â.s aEl exampJ-e eonsåder a wlnd of 5o r-¡-iLes per hcuru duretion

cf B hoursu aird a fe'beh length of 150 måIes" FolLow-ång the method

går,ren above åt ås found that the dur.ation of the i,¡ind inberseeÈs the

U = 5û ¡:-i.l-ee per hou:: line ffrsÈ and ttrerefore dr.lratíon governs o
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OF WIND SPBED, FETCI{ LENGTH, AND WIND DURATION

Fetch Length in Nautical I'liles
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The sågnåficani vrave heåght is found to be 18 feeË ¿¿nd the

sígnifíeant peråod ie 10 secondao It can be noted frcm the diagram

that for bhe sa¡ne vcird speed ar¡d feùch length as aboven a r+ånd

durafion of greater than 1l houns ås required before the fetch Length

would govern the rsave chêracterisèics,

(b) Shal-Iow ldater \rlaves.

Shallo*s r¡ater ås defind ¡¿s rÉter v¡hose depèh ås lese

t'l'!en tr/z5t'h of the rreve length. wanes generated Ín such areas are

known as *hall-ow water,?raveßo WaÈer havi.ng a depÈh bet"wæen Lfï

and ],/25bh of the rvave length is know¡r as tttransitÍonaLil 
"

The equaflions refatÍng the wave characterfs*ies gåven

mder the headlng lrDeep l{ater I{aves'¡ applJ-es also bo sha.Llovr waÈer

waves" Hor¿ever, t'he equatíon relatÍng depth and leng'ch, equat,ì-on (2)

j
fi'" e aI"

¿l
4.

?FrdEann *T*

heecmes vepy dependent on deptlr ån sha,l"lor.+ watero

b'eccroes quÍ'Le shafå*1.¡ 'ilre hyperboli¡: fr¡nction tanh
¿{é 6 and 'bhe r*"av'e velöeåty beeomes

Ae the water depÈh

Zïtrà--t - âpitroaehes

cä * sd (5)

The formula gi.ven above wi.lI 'ne recognÍzed ae i,he same

exp::esoåon givi,::g bhe erftical velocå'L"y of fLow j.re a si;ream or

channel. This means that å vüave produced in a sÈrsam f1o-*ång at

crÍtåaal depüh ',rråf} noà Èrave1 upstrean nor dov¡nstrearou but wot¿Id
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tremaÍn r'ætandinglr; the wave produced bef.ng called a etanding *gv@o

A s&anding mve has no aågnfficance rråbh regard to freeboard, but åt

ås ånteresbing to note thle relationshåp"

A method of forecasting shallow water kraves ls given by

Thyæse and SchiJf.5 The empåri.ca1J,y detemåned relationshlps between

forecasÈiJ¡g paranet@rs are presented in two sheaves of curveso both

ín Fågure 6. To r¡tilize the curvese the wind direction and the speed U,

nust be deternr-ined Ìry axw means availabl"e, usualìy urlnd reeords; ando

the f etct¡ Ìength, Fn ån the wind d$rectfon ¡ueasr¡redo The rel¿tfonshÍ.ps

4 *o 4 are then earcuLatedu rtrere g J.s the aceer-eratÍon due toÞ&UU
gravity and d i"s the mean d epth over tho feteh, and ttre w:Lnd veLoeåty

Uu in feeü per seeond. Fågure 6 is then entered erith gË ¿rs abeeissa
.U

end foLloq'ed bo Lts fntersection v¡fth the compuÈed S *,r*o*"" eit,her

plotted or lärterpola{ed" Fatr¡¡es "f 4 "r,A @ Tln ***O "r, uu
f 27î lx

ordinates" Onee bhese have been detenninecì, sfnpJ.e nuÀtipJ-featior¡

enables detevrnånation of the f etch ¡savo heåghtu Í{u and th€} wa\re J"engtlr

to fhe t¡ave perfod inay be deterrnined f,rom eor,bånlng equqt;lona ì" end 2;

i,hat ie

t*CT

62 * ffi turrL

Sqr*aring equaÈf.on (i.) and subetitutÍrrg C2 j-nto equation (2.) rve

fi^nd Èhat

(1)

2wd-r (2)

5. Thysae anci SchåJf , eggan Eegisuri*g cew¿ge!¿gq Tve XVJÏ
Tnt,ernaÈåonal Na¡ågatiern Congrees Sectiõ¡l II"
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The nomograph on the folloi*ing Fger Figure ?, nay be

used to deterrnine the size and thÍclsress of ríprap to be used for a

given slope and wave height so that the niprap will_ be etable for
design conditions"

Given the slope of the embanlment, cotangent € (l) and

the specific gravÍtyo s (2)o iocate point (3) on the left side. wlth

the given desígn wave heigh¿ (l*)u ioint this to polnt (J), whfch

locates point (J), the r*eÍght of the avera€e size of rock" The

maxl¡num and mír¡-i¡nr¡n wefght of rock may be conrputed fro¡q the

e<1ua{:åcns appearing in the lower lefL corner of the nomographo

Reasonable toleramees of al¡out ro percent should be estal¡líshed

for Êhese limits in specS-fi-eations"

The r.iprap thickness nay t¡e determl_ned by drawi.ng a

line frør point (5) t,o the specific gravlty scare on the e¡rtre¡ne

Lef'b and whese iÈ crosses t,he thtckness saaSe (z) ¿rre reqirårad

thicltnese fs read.

The neêhod of obtai-ning thre size and thickness o.f, r.iprap

nateri-al as 6iven a-bove has been derived frorc observa'Lio¡re of rJ.prap

moçernent, of a given eíse .f'or waves of a given heÍght" The resulèant

nomograph and fornrul¿e are. of empirical nature and researeh on thie

snbjecè could procluce fmporba.nb data for the de.ç{gn såze of råprap

naterial.
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MlsceLianeous Varj"abLes.

The two most irnportant varfables; nameþu wind and Haveg

arere discussed Ln the pnecedång pages" rt is the rrurpose of the

nerL, few paragraphs èo dÍscuss a few more varåables and thei-r rel¿tion

to freeboard.

Reeefl¡oir depth has been mentioned to the e:denÈ that, iü

distinguåshes 'Þe","ween d eep vrater w¿rveg and shallow vra'ber walres.

Ðepth plays another 5-raportant role j-n lhaù L1: affects wind set,+rp to

a grea'b ext,ento In f'act, depth is sr¡ crftleal at tjmes fn shallow

v¡aÈer that f,ire lake botto¡n becomee exÞoeed, and speclal eonsåderatÍon

of the probì.em is neeeseary"

The slope of a strueture and tJre råprap eåre has no

effec'i, on v¡Lnd set,*upo b ult ít does control wêve run-.up to a large

e:rtenl"" ft has beera. proq'en thrab sXope may var)r rel"a'bive wave

nrn-uÞ n/n¿ Ay a fae'bor of J+"O on snrooth slopeso6 and tha& .for a

gåwen slope I on 3 that material såae lns varåed war¡e r"uen*urp by a

faetor ef I"85"

Tt has been common:i.-n the past to take She ef,feú:t of the

angle bet"øeen 'bhe axi-s of ùhe strueÈure and a Ïfne perpendlcular to

t!-¡e c rest"s of t?'e ineomån8 r'raveø b"r redueång tlre v¡ave run-r¡p by the

sine of 'Lhe angler 
"

The shape ef a rese¡'voir h¿ra an ieopoi'tant effect on -øånd

f,

sei-.u.p. t Ttr¡i"s :Le ilt¡¡st"rated by co:rs:lderång a reeùangular reserv<¡år

Sa.uage, Rlrclotrph P" rrkar¡e Run-up on lùoughened and per¡reable
-SJ-opentro iournal of l'Jaterçrays and Harbours¡ Ðivåaåonu
P:Ð0o ljapea" l-ó¿r0.

$uåper, Prof" E.u lti¡Iood Contr$LDr, llnåvensåt¡" *¡ Ì{aníbobau
{u;r¡rubllohed) Page F1?"

ó"

F¡l
to



and a 'criarrgulan reseruoir of t,he same f eLch

i-s blorøing torvards the apex of t.he triangle"

t65æ.d

Ïength v¿tren the rair¿d

Fågau'e I

EFF'EOT TÐ STTAPE OI{ }'JÂïIl SET:I.IT)

Si¡¡ce fuhe nJ"cpe of t!¡e vraten surface ås clnl3r a f¡-lnciåacr cf

bhø v¡i.ncì "reì-oei'ty ancl t.he d epi;h, å'L i.s true that, the ehape slf Lhe

r'tåh€T: st¡.v'faelø ís t"hr* aa¡æs J:l l¡ot"h *asee." Alsero blre v*lurie of, wa'ber

s'Ðü{re at¿d bo}o¡* ehå-LL r¿ater lerrsi isus'b be the p¿¡ne i:r both cêsas"

Ëie¡teø" 'c'he v¿-d-irrå se'L,.-r¡,r¡ rû{iÊt be groater in ihe i:råangui.er secti-on lry

a fat:tor cf 1.,,3 i.n orcler Lhat, i;he shepe of thø wterr surface arrcl the

'rç¡i-uu*e c¡f wa'e*er i":: ereetions,4. anel B re"maÍn consüant i-n h,nth eases.

"tl.i¡:d :1*k*a'.

A vind p.eaoírig $ver atry 'tsater surface v¡i}1" i-nduc$ a su.rface

r:¡-¡u+"extt åy: tlie genera;¡" diree'båon of .ghe bdri<ì noverqent.. The euryent

o-:i "s',at"er" ie e;q¡.Beei rna:-nly by ehe tangent,ial streeses k¡etl+e,en the

'¡råi'¡d a:rid 'u¡a{er a.'t f,he r{aüer surf,a*e, ar¡d tc e Sess€r degree by 'i;ile

".. "'¿t+



di-fference in atmoepheråc Fressure over the lEater surfaceu whlch at

the eame tlme ie causfng the td-¡rd" Thås sr¡rface eurrenb produeee a

pilång up of water at the }eeward side and a lowerång of water leneX

at the w'åndward slde krlth a reùurn flow along the bottom. The

d-S3ference Ín water trevel from leeward bo wirdward såde eaueed by

wfnd-v'raüer tangential sÈreesu e*d atmospheric p*'esstme gradient ls
knowr ae w'ånd set-up"

T{1nd set-up tas been meaaured ån the f,feJ.d, a¡:¡d resutrts show

t,he sæporba$ee of set-up ín relaùj-on to f reeboard" Obseffia&lons on

Tæke Eråe, havin¡g an average depflh of 58 feebu showed Lhat, 12.2 fee€

of set*up occurred å¡r t, he year l90go ftì Lg57 þ a simj-l"ar seê-up

oecumed where ttre disference 1n eresatfon fron end to end was

¡aeasured aa Lj"? feeb" Calcul¿tåons a¡d ¿rctual_ reeorded water

swface elevatfons along the iske have been conrpared, and results are

shown ån Fi"gure 3-0u page pf ,

The bheory for the detern-lnation of wj-nd sei:,*up reeul&s

f,ræ the forces actång rn an elemerrc of water in the eross sectÍon

c¡f an Ín1and reservol"r shor,¡n beLop¡:
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consicierS-ng the f orces such as v¡ind stresses to ùhe ríght,
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slope of lhe r'{-at@r surface,

pg ås t,he unib weíght" of wateru

h ås the depth of i'¡aüer"and
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Fon simple cases in nature where the depth of vrater is consüantu the

reservoir is approxinateþ rectangular in ohapeu and the wfnd velociÈy

:ts ec¡nstantn a formula for total w'ånd seL-up can be dete¡"rnåned" IÈ

has been determined that the u¡:ind etress 1s proportfonal to Èhe

vel.ocity of the wJ-nd s<¡uaredu and thaÈ the botto¡n stress is onJ.y

a frar:tåon of the v¿'ind etress" Thereforeu åt can be wrltten that

where

D

^ V*F
.Ç æ .;e__å (14)-cD

S l-s the set:up above stiLtrlsaüer J"evetrn

V ås the veloclty of Èhe wånd in mf.Ies per houru

F ås the f'eteh length fn ueåles,

D le t"he average depth in feet,

C is a eoefficíent that has bee¡r deterrfned to be 1&0

on the ßuui-derzeeu trake Erie, and l*ake 0ntaråc" It, ig

sonüon to find values of C eqr.lal to [3OO, but ffor sueh

eaaes the wånd set-rap is defi-ned as fron ieeward to

windward sLdes"

It is intereetång to note i;he cli.fference in the uater

surface profilee of a body of water wÍùha rectanguSar botto¡l profile and

a hott^c¡a profile that, is concave upward" The effeet of depth on the

ehape of the water surfaee profile ean be seen by conparing Figure B

a:rd 10" Sinee the onþ change irr depth in Figur.e I is due to the

vrånd seü*up lÈselfu r""ory littIe change rn the slope of the ç¡aÈer

surfaee ås obs*rved, Hov¡ever +yhen the bottom profile ås concave

upward the depth become$ very small lowards the shore and a



eonsiderable ehange in sJ-op,e of the water surface takes plaee at

both the w:ïndward and leeward sfdes as ehown fn Figure 10.

Sítuatlons ín nature are conrüon where the reservoir, or

inland lake varíes in :depth and rridthe and v¡here Èhe r,u'ind veloeåty ie

noð constant over the fuJ-[ length or feteh" In such caseso it.

ås convenåent t¡o dlvíde i;he reservoir ånto sectÍons and to apply

the wånd set-up formula L¡r terros of elope, startÍng at the nodal

point" The nodatr poinb is defåned as thaü point on the stílI

wa'Ler su:-f,ace Èhat rernains at the same elevat"j.on rqhen the design

w"i:ld is blovrång" Mehhöds of det,ermining the nodal poåntu a¡rd of

applying ùhe elepe equafli-ons to secLåons of a r esen/oi-r are given in

"Shore Protecüion Plannång and ûesignlro lìeach ErosLon Bcard, Technical

Report, No. l+e 19ó1"

{ suggested rneÈhod of calculating wånd set-up fs giv.en
âõ

beJ.ow:

(J.) Select tl're area to be lnvestågaÈed"

(2i Obii;aån a,11 wind and water level data avaål"abXe from past

stotEgo

(3) InvestS.gate the ptrysj-ea}- factors whåch nfght affedÈ vrånd

set-rrp elevaí:lons or computaÈåons"

{¿) røith the Þ"nowledge of, avaiLab}e wånd data and physical featuresu
' determri¡re bhe most srtitable approach to the lnvestigaíÍon"

(5) ûuttÍne for.znulae and procedures for computationu and perform

coriputatÍ.ons alrd comlÉre wåt,h observationa"

E" Gorps of Engineera, IJ" s" A:xry, slgg pqgL.rEoå ruarrgr'g. a¡d D_gqj.gq,
ßeaeh Erçsåon Board, Technåeal Report Nô;-4;-1t6il
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(6) study the dlscrepencies bebween computatíons and, observatj-ons,

and attenpt bo reconsile these discrepencies. Make the necessary

logical and justífied ehanges in the procedures,

(7) Repeat the above pnocedures until satisfactory agreement is
reached"

(8) Apply the design storrn to the area using the calibrated method.

(9) Study the results and <letermine if Èhe results are reasonat¡le"

Tides and Seiches"

Tides are the periodicai movernents in the Level of a water

surface due to periodical ef,fect of natural forces. These forces are

the rcass ¿¡ttraction of t,he water towards the moon and sun. Tides are

of r.rerI¡ significant height' wj.th regard to freeboard of sea and ocean

shore strucèr¡res, However, tides on inland lakes and reoervoirs

are of liùt1e importance and the effect is alr+ays neglected"

SeÍehes are standing rcves of reLatj.vefy J_ong period

which occur in lakes, canals, and reservoirs" The mechanj-cs of such

generation is not completely urderstood, although aL1 availat¡Le

evådence proves rather conclusively that lake seiches are the result

of sudden change, or a series of ånte::nittent periodic changes in
atnospheric pressure and corresponding changes in r.¡'ind velocity"

seiches, along r¡ith inland tides, ar"e of iittle significance v,'hen

Cesigrring freeboard and their effect is usally neg]ected.
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CHAFTER TlT

ÁBSTRACTS FROT,Í THE LITERA?LIRE ON }JÅUB UPftUSII

In the pasfl 'L.en ye¿lrÊ a large col-lectlon of jnforuation

on fy"eeboard has ì¡een made b¡r the Beaeh llrosion Board, Corps of

Engineers, Departines¡t; of, ühe Á,rny" uniLed states GovernmenÌ;, whi-ch

Ì'¡es been coinpååed int,o a bosk eall.ed "shore proLectåon plarrning

and Ðeeigntr" This booþ; is ínvaLuable to ¿rFJür-¿e t,hat, j-s sèuclyång

shore problens as '.{ell as freeboaid"

'llhe pr"esent au'¿,lrcr has ai:t,enpt,ed l,o r"eviev¡ ùhe Líterature

tq: i;he e>;tenL bha'r, an E:st,i¡uat"ion of wa.w€ i'un-up ean be made frc,:r

Lhe presented me'üeria"l-.

The f*l.1ow:i.li¿5 pages iqil-L be e re.¡'j-ew of ühe rit,era'Lur"e ap

gi'uen by i,he main eontrlhu'bors. There are ir¡eny ¡nerj.ts oI. pr.esentf.ng

'rdaïre ruïl*,trp data in èer¡ls of deep .6rater wave È!reor.y" The fi¡*t
seetåc¡i of ',l"his chapter* ¡u:Ll.l. d.ea-L wrth a. ¡neühod of ccnver.'r;5rrg iøave

3'rui-ü.p cl¿rt"a in shal".i.c¡i¡¿ water t,o eqr:åval-ent vrave ri¿ïr.-=\tp irt cleep ksa¿er.

Th.e reniajåder of t'hrs chap'';er" vø'ítl deal v¡:i-i;h tÏ¿e material

t'lie a:¿tl"¡ors ciealåil.9 wi-ih t,l'¡e research aompleteci cn bhe nub;iect

viåYe run==uFc,

Hg-Ll*,H5k BetrEeen Sha-tlor¡¡ daf:ei"-a,no lleep tJaLer Theory ,=. Enengy.å

of'

?he tot,ai eñËp€y per unåt cr*est S.ength in one oeeåIS.atoiry

rça',"@ is g5.ven by

"r." üorps of llr:gineers,, U. S" Army, ÞIgfg" Igþgi¿e¡ EÞfu+-ryg e4d
.Ðg*kg", Beach nyosj^on Bearrio teefräffir*ffiTffi,8.8ði.*'
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Q)

v¡here p * E and fs the mass densfty of wateru p = I.96 uu.,z¡fr,"h'g
for fresh water and M is an energy c oefficÍent defined as

*2
l¡ = --;P---2 Lanhí (2W d )

(8)

t

It strould be necognized tllat the total energ¡ ln the wave ls not,

fonøard nrovtng enerêy" Part of the enerry represented by the

e¡sciU-atory mo"Låon of t,he water i¡r the v¡ave form Ís referred t o as

lhe kineüie energ'y E*; this kineLfc er¡erg¡ in effeet remains on

location without, advancing uith the wave train" The renrainíng

enerry ie represented by the fact that water has been ¡noved out

of the wanre trough and a ppears above the rnean leve1 as the r¿ave

crest" The latter eners¡ is referred t,o as potentS.a.L energyu

E__, tn the wave f,ornT; thls energr, in effcictu moves forrrard wiÈhp'
the wave form and generally expends itsetr-f on the shore. The

relaüíonship holds thaù

h*åpsHaL (t-

E*=En+E*

The value of the

mowång foru-¿rrd to the shore

Eaþ
P

potentiaJ- energr, EOo

can be computed from

(e)

which is continuaLly

the relaLionahtpu

*ft8,.
t

(10)
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-.1^----t ñ r+wd/L l?fheIren=* ß-*-r-*":!¿ 
t "inh (sËs) 

J

ïn deep r*ater, ttnt is d/t equala O"5u sfnh ryS
becones very large a¡d n k¡econes approxi.mat*Iy å. Thus ln deep

water one*half the Lot,a1 energy of a rrrave eppears aa klnet,íc

energy and one-haff as poterÉia1 energy,,

In shallow vrater, $ Uu"or*u small and a very close epprox-

lnatfon for toÈal energy in a sheXlorc wave deråved from equatlan I ise

(I})

If, ilr åe assuned that whe¡r a tsave is trav"eLllng tovaard shore

'Lhat, no energy fåæ¡s lateralì'y aJ-ong a waÌr€, erest, th.en the tna¡re-

uå'bted enerær remafuie cone0ant between &o linee drawn perpendåcule,r

to the r*ave ereet. I*ines drawn parpendieuì¿r t<¡ a Ì{a'we erest are

kr¡o"øn as orthogonêtre" Conslderång eleep rsaÈer condåti,ons, the

r-.ra¡lsmåt'bed energy betçseen t wo or*thognals ås

.¡5.,
1L

v¡here !to$ refera to deep ¡*ater condj.tåons and b* åa f;he s p,cfng

between orthogonalo"

Sånce & wave t"ravels from deep v¡at,er to s hallold ¡øater

bhe potential enerry, or that @nergy represented by wave heÍght n

remaj¡¡s the same but the tobal energy decreases progressively as the

kåneüj.e @nergy of tÌæ nave Ln t he shallo&* weter ney be exp,r'essed as a

Eu,*åb*



E*nbEO

where b ås th,: spacfng between orthrgonals fn shallow water

and n ås the sane as in equatåon 1"L"

Tf 'bhe poten'fíar enerry in deep and shaLlow water is equated between

thc eaee t'¡o orthognale r¡'e find that

E. --bt' ¿-L O
üÉE&@E, 2r¡b

EO

bh
o'

åoou*o=nbE*

A¡.d

and from EquaÈ5.on }CI

end equaÈåon l2 can be "øritten ae

s*=åå-tt
H" 2nL

--L
The term å * # ås knowr as the shoatfng coe:ffieÍentn

i{/H "'e

The teim bo/b te know¡r as the refractfon eoeffleåent.

Ht:wever, there is no spreaclång of orthogonale ln the tests perforrued

so tha'b this coeffåcLenÈ fs of ]:ltèle intereet in åhe present study"

"""34
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tr{¿lve Ru¡L:qp_"

ll¡¡ve run.-up is known as the vertícal height to whåch v¡ater

from a breakÍng wave wiJ.l rise or run up on a given shore stn:eture.

This factor deternines Èhe top elevation to whåch the ati:uetu:"e

mus'L b.e built t"o prevenb l¿ave overtopping and damage by erosion.

The variables upon r¿irich wave run-rrp depends &æs6 been dlseussed in

Chapter I" It ås tire purpose of thfs sectåon t,o review cleslgn

ruelhods r¡#ed to date for deter¡ni¡ríng wave run-upo

Ltterature a.s l¿te as l-950 staÈes that wave run.*-up on srnooth

shiare strucf,ures has been laken as 1"5 tj-res bhe wave hej-ght"2 Sj.nce

t|¡¿j; 'cå$e ut¡,el¡ research Ì:as beern d.o¡re on this subJect, and result,s of

-t!¡e iests har¡e siro'*r¡ ra'bher conclusår¡eþ i;hat bhe ¿ìetermi-nation c¡f

r'åårye rurr--Ltp ås a conplex probleru ånvoJsing seseral v aråables hesådes

weüe heÍgkrt" R.alsuli;o of tesbs indicate tlat run-u.p eorrtrcl be as

htr-g!"1 as four (J+,o) ¿tsee the waue heigh'L.3

Savage ¿r1s+ flest,ed the effæet of roughnese and ;ærmeabllÏ-Lp'

c,f rj.prap ¡na'Lerial Gn .setrere.l nleipes" These resuLi;e are only valfcÌ-

.Í'or eondítiar¡s røhere the depth of v¡ater a'b the toe of t"he sÈrucùure

ås greater than thr-,ee (3"O¡ times ùho deep waLer wave heLght. I'i;

i:as 'ueen shos¿¡: bl.. SaviL}*4 th*È varyång i;he uater depth at, ühe toe

of a structure has negllg:Lb)"e ef,feet on bhe relat,ive run*trp *rhen

tlte water oepth aÈ t';he ¿6s rif üi¡e strucliu'e is in t,l'le ortler of thræe (3)

? Creager & Jusùinu rîH¡dro
pa6e 329"

Sevage" lì,urÌoi-ph P, r¡Ì{ave

Jcur¡raå of the 'trlaterweys

Fage l-6/+0 - 10"

Savr]*le, T" JPo,, Jourrw.l
1¡'6!" S2, .Apråå :t95é.

Eiectric Flandbcok't u 2rñ Fldi-'i;ion,

Rr:n-up on SmaoÈh and Rourghe¡red Sl-opestr,
and Harbou.r's Ðåvåeion, Froe,, Pap€r 1640,

c¡f lda.t,e¡w-a¡ie Dåuision of the A.,S"C"E"ut
d.$ o
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times the deep water wave heS.ght or greater" Hudson5 teeted large

dia¡rreter material¡ but for rubble morrnd breakwatere where no Ímpervfoue

layer or cor@ u.¡as tnvotrved"

The nexb few pages ¡ciLL deal v¿lbh the maüeråa1 given þ
Èhe three rnentÍoned authors on t he subJect of q¡ave Futr-up"

RoberL l{_. Hudson - ldave 3un-up, u-å Airy Engineel" tüa!_e_Fø?Jrs &periraentq}

S_t_ag}.qgs. VåckFburgu_ Mle elgelpÉ..

The tesbs conducted at Èhis Flxperfuoental Station for Èhe

effecb c¡f wave run-up on rubbleniound breakwaters were condusted frce

19d'2 {:o }95o inclusfve" The prS.mary function of a breakwater ås to

provide adequate pnotecÈJ"on from wane action in seleeLed harbour

areas" There is considerable exper5mental data i¡ the 1íterabure

eov¡cerning weve run:up on paved slopes, beach slopes and shore llne

s'sructures, and a few theoretical methods of computing rærve run*up

eln smc{rÈh slopea;

Although li-nited fn scope, Èhe small eca1e tests of wave

¡'un*up on sloping sbnrctures conducted by Granthea6 Þrovide eome

ånfornatfon on this subJeet" Granthemûe tests were cond.ueted ån a

nanneF thåt appræcåmated ühe aetÍon of waves on a rubbl,e*aound break-

l*aüer" :{lêhough denåvation of a theoretical basis for ånterpretat,ion

and correration of the test aata was not attenrpted åt was believed

5" Fludsonu R" T"u "Ã4lb_sËetgIu Inv'esti;gatislls o{ RqLb:þ HounÈ
Breekwaterst¡u Ptroc" of' waterways and Harbors of -Â,s"c"E. voJ.. Bs,Pffi:iå, i95e"

6, s'rant,hem, KoNoe ¡! t{@el study of trfave Rr¡n-up on s.Looånp stnr
uni*ensitv"i"ð*nffi ãi*Ëk,Tãurtañrç'Rs:r*ryF*ffi Fss'Berkeley, Calffornåa, L953"
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that t,he ìmporf,ant pararneters suggested by Granthemes tests could

be used to correlate data obtaÍned in the tests by Ìludeon. Granthem

concluded frcn the results of hÍs tests that the prirnary varÍableo

affecting h¡ave rul-up ares the r"¡ave steepness (U/t)r? thu relative

depth (d/L), the angle of the seaside slop (ê), and the porosity

of the strueture (P)" t{ydraulic roughress of the slope, r, thÍckness

(t)u and the obliquity of v¡ave attack ß, are also heli-eved to affect

Þrave rutr*upq Thr¡s correl¿üic¡n of the run*up data for rubble mound

breal<v,raters may tre accomplished by Lhe functional rel¿t,ionshÍp

Rfii = s(e, n/lu P, *, ro f3 u t)

Since in Fludsonîs t ests Èhe porosity was constant and the wave

obllqufty was O degrees Èhe functir¡nal relati-onship reduces to

R/H - r(e, H/L, ff, *, t)

The tests were perform.ed in a fI¡¡me LL9 feet Iong" 5 feet

wi.de and 4, feet deep" The breaksraters were hand plaeed in the fJ-r¡¡ne

and. the braveÐ merehanÍca3ly generated to deterroine the wave ruTl-uÞ.

The run:up rúäs measured by v5.sual observation" The average of five

individual readings was recorded for each side vave u.sed in the

tesi,i-ng of each sectlon" Eaeh of the five individual readings

repi'esented the âverage run-up for a wave train consísting fronr

I0 to 1l waves.

7. See Notation i-r¡ Appendi-:c Au page 84.
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Results of the rrrn*up observaüions are presented graphically

ín Figure 1I" These data show that the uave run-up facbor (nÆ) å"

a funetion of the breakwater slope, wave steepness and, to eome extent,

the hydraulíc roughneEs of tlæ breakwater surface. The effects of

relatåve depth are obscured by the v¡:lde range of seatter ln the

obsei:o¡ed valu.es of run-up, whåch is ¿¿ttributed to diff,åcultles i¡r

defining and observCng the e:rLent of run-up on a rough, porousn slopång

surfaee, and the connplexity of the phenomenon of wave notfon on rubble

mound elopes. The range of scatter should be even largen for wave

run-up ü.easurements on f,ulJ- scale atruct,ures" Theref,oreo lt åa

belåeved that èhe upper Lirnits of bhe envelopes of daba poåntsu

Ínclicated by the solid lfnes i-n Figure 1l should be used in s electfng

desÍgn crown eLevabions r¿hen overÈoppång of a proposed rubble ¡nound

break"s¡ater cannot be toLerated.

The Èest data show thaü breaku¡ater slop€ and ruave steepneos

are pr-tunary varS.able affectfng veave rrrn-up on poroìls rubble mor¡nd

breakwaters of the type tested" l{ftþ¡ån bire range of 'best conditfons

¡¡sed to dateu R/t{ cÅeereases when eåther cot ê or d/f, Ís åncreased^"

The üests were not desígned to study the effects of t,he

liydrauSrc ror.aghness of bhe breakw.at,er surfaee on Have ru¡ì*-r¡p. The

results of, the tesoøs o¡r the I on 2 slope are on onþ one size stone,

+¡hieh was appronìtateþ O"10 pound såze stone" The tests on the

]- on 4 slope used 0"10 and O"3O potmd size stone, but the resutrta are

noi notieeabþ affected by the stone size.
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The results of f,ests on a slope of I on 5 on r¡hich both

såzesof stone ws used di.d show that, the size of stone does affect

wave run-uÞô

Hudson concluded fron the tests conducted that, for the

eonditÍons Nested, in v¿tråeh Lhe H/d ratio was comprabfveþ snall, the

stabil-åty of rubble mourd b reakwaters j-s not appreeiably affected by

variations in the d/t and tt/L" The tests indåcaÈed that, the break-

+¡aLer otrope (cot ê) and ç'ave steepnøss H/L are the prirnary varíabåes

affeetång !dêr.r@ nrÍr*r.rp on rubble rnound breakwaters v*rere the H/d ratio

ía suffåcientLy large eo that breakS-ng ?raves do not orscur on or s€å-

*sard of the breakv¡ater slope; and thatu wave run-up decreases when

.¿alues of eiåhec' l/L or cot 6 are ínereased"

QevÅ&rs¿ äeäEgå&g" Jå*s Eê-E F!¡¡l:r¡p -on sbsre ffi-t'gree¿

HÊþgrElB @ HesÞq#. D*ågleêses H'-c"E*"- 19åE-

Å need fov' m.ore adequate desågn data on the heåghë of r¡a",ne

run-up on shore struetures had Ïong been errådentu vråth many protectJ-ve

st¡"uctures along tire shores of råvere, Iakes, resera'oirs and the

Geeans having T¡ee¡t desågned to neet rr¡n..up requiremen{:su that is

freebce.rcl, by essential-!-y n¡Ie of thumb met,had.s rethei" than on a

sr>unc!. feebuatr basJ-s. Such ¡oeüho'ds a.e mulùfp}yång 'bhe ma:$su¡r

expecùed wave heíghÈ by ar¿ arbíbraryf'acÈor of 1"5 to obt,aån a. value

of the Ìdårle FUå-üp has been eou¡con ån the past.

Reeogn5-zing the lack of besic datau the tseaeh l{rosion l3o*,rd,

as a part of j-ts general reseal:ch FsgraTrÀ o¡r factors bas*e ùo shore

pro'beetion and the desågn of shore sÈrucüures, initåated ån 1952 a
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cciripre¡rensive besi p3'Gg¡'arn ûf å generaiåZ,êd lrâ¿ui."e cô iretr?e r'¿n.-up

and iÈs åüfi{ir:ì.æ.ã??j¡fu:g l"eic'Lcï' ìda-r-e overtapS:ízrg" The tests ibrsÌ'e carråed

o'.r-t at 'bhe Eea.ch llt'osí*n Ec¿lrd :Ln a steel r*ave fiv;roe 96 feet 3-ong,

l-.5 feei w-åd.e, and 2 f"eet deep" "¡Iaves were genera'bed by a pusher tyue

wa"¡e generatoi- rn r,rhi-ch the v¡e¡¡e pericd could be :,egula"ced by vary5-ng tþe

sl:eed cf 'c!¡e ¡r.cíc::* enr¿ the r'n'i.re heighi: b¡r r''a::;aii:g 'i;he eeeentz'i*å'Í;y

*i '*æ phmgei' a*ri:."

The purpose of ühe 'i;esbs r,,'as to deierrci-ne 1dãv€ yråit*u.p cn

shore s'i;nrcturr:s due to r¡sar¡e ac'bion, a¡""d 'co sh<¡w Lhe effee't, of r¡a¡¡e

steepness, H/L, i:he strueture depÈh d, ard. the 'by¡re of strueture"

Sånee the 'bype of sf;ruetwe ti¡riös the resu3-ts to a g-reat extentu

the present auöhor ¡'.i11 e.lininate any Cata given by SavíIle t,hat is

not ¡:elated to rur¡-uË on emooth and rough slopeo"

Tlre tesös we¡'e eondueted ín the sam€ m&nner aa those ûests

¡rerfo¡:ned by Hudsotr, The dåfference in Èhe teste vas that Sar¡ílle

va.ried the degr'ch sf rrial,er a'L the boe of the strrrcture for errery'cesÈ

siope, and I'lence i,rut,ir the four díff,erent dep1;hs of wa{:er they'e v¡@s"e

four coivospordång sets of data for each slope thaÈ -vra.s tested.

The da'i;a ?ras py'esÉnted i-n graphåca1 form using the clårnen-

såonless paramei;e:r relaÈåve rLui*up P./l't¿ as the ordÍna'be and Èhe di,:sem-

siÐniess p*z'a;ri*'ber ;rrropcrrLio::a1 to the vtave ateepir.ess ft:/t2 as Èlre
Õ'

abse.:åssa. The Cata l*as pregented. in'ber-æs ef isolints of structu.re

de¡:th d.Æ{å. Fro¡i these graphs åt was concl-uded tha'b run*up oi't å

s'Lruc'h,ure depend-s on Lhe uave steepriess n1/f2, and, on the dep'oh of'o'
i,ra'ter: aÈ'she Èoe of 'Lhe strr¡eture u¡ziess the dept,h is gre"tter then 3 ti:nes

'i;he pr¿ve lieågh'i; in l"¡hich €ese no effee'Í; on wave run*uÐ ¡-.¿s reeorded"



The report giverr by savi)"le wÉIS concluded by stating that

t,he cunres preserrt ed shoul¡i enabLe more adequate designs of necessary

walI crest elevabi-ons, although additional work rernains Lo be done to
provi-de conpTe-be data for t,he fuII range of pertínenb desfgn problems.

S-eÏeeqå .M}* Es-s @ve &s::u sq 4gsgheqqq ed Eqrqecbk ÞÅsJæg"

The tests eonduc't,ed by Savage were w-ith the Research

Divfsåon of Beach Erosion ilærd ard were coup]eted ln 1958" The

l-i.berature presented is the mosù recenb published materi.al on t he

subject of war¡e n¡y¡*-ì¡po

These tests were performed to .find t,he effecf, o-{ roughened

and peraeable sl.opes onÌ wave run-up on a rerativeþ gentle sJ"ope of

one on thírty 'ec a vertical r¡all"

The tests were eonducted in a øave tank 96 feet long,

2 feeü cleep, and 1$ feet long" The waves were generated by a vertieal

brrtkhead push--prrLl" type gener:rbor dnåven through a varådrive unit by

a 2| fr"p" electríc moi;o:'"

The effect cf roughness r+as tesÈed by cover5-ng i;he smoor,i¡

slones with a slngle Ìayer of maÈeråal glued te¡ the slope; the effeet of
permeabiJ-iLÏ, Ks vras bested cn slopes corirposed entÍ.nely of the naterla&

Lo be Èested" The diameter of materials tested ranged fron4 Q"!Q y¡sl

to.t0 mm, andthe pe:rueabllity ranged from 0"OJ3 x lO-B to 14.1. x tr0-8

feet*.

The rcrve characteråståcs uere deüemrå¡red by cali.brat,ing üho

?xå!.re genørator for the L"25 foot water depth" The wave generator "*ras

cari.brated by placing a vrave absorbør in t he beachend of t,he rsave
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tank and generat'j:rg a wave of known and repreducåble settings on the

generator eecentrÍc and varidrive. The v¡ave heåght and wave perÍod

lssmeasured, and ühe procedure repeated for each conbínation of r.rave

heights and wave periods used j:r the Lests" l.'Itth the measured v¡ave

height,ee wave periods and water depths Lhe deep ¡sater w¿rve characteniståce

were calculated usfng shaLlornr water uave theory.

The dåfferent rough¡:ess naterla-l.s were gJ.ued to t,he range

of sJ"opes testedu a¡d the differenL m¿rterials used to buiid dåfferent

slopes f,or the tests to det,erm:ine &he e ffeet of pertireabi}-ii;y con wê.ve

nul-upo The recorded and ealculat,ed data -sfas then piotfed in tezrns

of dimensj-onfess nr¡¡rbere on lqer'{*måc pef:er. The s¡rooth ptrp*ood

slopes were tesåed by plaefng the sl"ope in ùhe wave tank and

rneasurång the wave run_ttp for r+aves of gåven charaeteristics " Th€

sruooth slope data was ploùted in the form show'n in Figure X5 of Èhe

claba rlf the presenb study" the rela'l;ive run-up R/Hå r*as pS.otted agai.ns't,

the d,eep waten war"e steepnesse Hå/T? for eaeh elope" Fraro these

curvea a s¡aooth composS.te graph simlþr to Figure trg was clrawn whåch

shorue the effeeù of slope on rel¡tive run-up.

The data from wave run-ìrp tests on roughened sJ-ope6 were shown

in the same f,or:o as that irr FÍgure 2L of the present s ðucly". These are

dj¡nensionless plots of R/d where R 1s the wave run-up ancl d is t,he

¡redÍari diameter of tÏ¡e maÈeriaI t,es'bedu vereue Håf /ðA frmctions as

Èhe reciprocal of a dimensíonless roughrress coeffåcåent,

Fågure 1"2 shows the fora fn r*hich ühe effeet of eJ-ope

pe::neabillty on wave pürl-llp was represented for various slopes. Thi.e

;figure is of only one slopen I on /+¡ l¡ut it showe the charaet,eriståes
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of the effec* of perneabÍIfty,

Savage concluded from the tests performed that the dimension-

l.ess p]-ot,s of, wave eharaeteristics and wave run-up as shown throughout

the results are very satlsfactory and Ít is reconmended ühat all data

on lü¿\ve run:u-p be ploLted using these saüe paranet,ers in order to allow

ccmparíson of results" 0'bher gen€ral conclusions were that for a

pari:ieu]ar slope Èhe wave run:up increases ae the wav@ sÈeepness

deereases; the effecü of roughened alopes on wave run-up ínereases as

Lhe parameter m¿fa/a? du**u*"es; and that the effect of slope rough-

n{?ss sn ld&$'e rurx-up fncreases as the wave steepneas ll¿/fz deereases.

Aleer, f,or ¡¡ eonstant, wå/TA ano H¿d/42, thu effect of sXope roughness

û¡t Tif,&''lre run-up decreases as Èhe sLope Èeepens"

The conelusions draw¡r fronn the t,esta on permsêb1e slcpes

we¡:e Èfiaü the ara.rce r"un-up squared is rel¿ted 'Lo the i¡tzerbed pemeabållty
*o *2 e

cacffi-ei-on* 'i. L for isolines of l{o/T*z anci thaà the effeat of*ff o'

permeabi.liby appears ga'eater t'han the effect of, rougtrness but åt nust, be

remembered thaÈ the Êesbs on penneåbål1ty lneorponate t,he effecà of

rou6lxr*ss ln èhe results" ln bo'¿Ii the roughneee and permeabilfÈy tes8su

i;h.e effeet, of èire strope roughneas or penneability on wave run-up

" Ftre?- 2
i.nci:'çases aa '"o"_ or HIT- dæcreases and as the slope beeçm.es fl¿tter".<:s od4 *r*

In Èhe ço¡reLusion" *âd* by Savage åt is aÈabed;

elïhe results of n¿n-up tests on smooth and roughened sl-ope
sl¡ould be appJ-leable to prototype condítÍons when the dimerefonlese
pa:'ameters lnvohred are m¡"thån the range of the di-nensåonlese para:
meÈers gåven i"n *,he graphsu wåth the possible exceptåon of eondlÈlona
s¡he;:e the diameru,er of the roughiless maLeråa1 equals or exceeds the
i-unpingång lcave hei-ghts.re
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Therefore, Ít is the purpose of the present study to confårm

the tests performed by savage; and, furtherrnoreu ëo províde design

eharts for v¡ave run-up when the nedian clianeter of the roughnesa

materiar ís in the eaxÂe dimensionar range as the inpíngi-ng wave

heíghtso
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CIIAP1ER ÏV

rHE MoÐnt, u4vE GESE&43_03_, AI{p TEST IgQ_cEÐraEÞ,

Most models are built for one specific proüet;rpe" Itl

such cases data obserqed from the nde]- is jrÍmediately Èransforþed

ånùo the corresponding <iata in terms of the prototype. Thåe

t¡'ansfor¡natåon of data is done in aceord,arwe ôo the }a-r*e of, rncdele,

dependlng on whab faetore govern the parüåcul¿r phenoinena" Each

predonrinant force gives a corresporrdlng seÈ of ¡aodel- l-awso It ås

possible that one iadei nay lrarre more t?¡an one pr"edo¡qÈnant or 
-

governing fo;rce, r*hereby åt ie celnmon to deråve rel¿tionships to

€:ep¡:ess Èhe model clata l"n t,e¡'¡rs of lhe probotype conbåning both forces"

Fsrees governing hyCrauli-ce have iiad dåmenslonless numbers 'lete:rsfned

fçr eaeh force" So¡ne çf tÌ¡e då¡¿ens:!.oxÌless nl¡übens h¿ave parbÍcu3-ar

names" For Ínstaneeu the Froude numl¡er is used when gravåty forces

dor:.ånaÈeg Èhe 'Tdeber lluober åe useet when surfeee ùensiurn clomi.natee"

A diw.ensie¡nless nulber is a. nurabe:: that 1s made up of

q"*ant:itåes havång the phyuleal" eii;sensfons and eomblned ln euch a

ri]åÌ1ner thaf the d:.mensj-ans caneel and lhe resulting nL¡r,ber ås pr:ne

or ítdi¡aensåôn1esg.tI Tlie concepi; of models Ls derived fræa

clå¡rensíonlese nr¡¡ßbers" A di-ue¡rsåonLess numheru ngde u=.p of nagnåtudes

æbser*¿ed ln o¡re oecur.renceu wil} be exactþ Lhe seee as t,he

di¡'¡ensåoitlees nur¡ber rcade up of homcJ"ogous rnagrråùtides Ln a sirql.Lår

cleeÌ¡ffence" Frona thj.s s''latemen'r, it follows bhat $-f e phenomena taTl

be sei; up tn ti:e laboratory sÐ Èhat tÏ¡e oeeurreneea resuS-t*ng are the
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sa¡ne ês those happenings occurfng

numbers can be derived to express

and prototype.

1n naÈure bhaå di-r¡ens*onlese

both phenonenat that is, model-

k l"fcdel"

The modeL co¡lsåsted of waves of known characterLstice

produced by a wave generator, ae deacribed below, breaklng and

runn5-ng ìrp on beaches of di-ffenent slopes and surface m¿.teria}"
I

idaves* are produced by graviùy forees and t'herefore they

r^iust be moCeLled in acco¡'rCance to the Froude Iåwo ïn derÈerrninS.ng

the siae of 'wavee to be tested iL was nec€saary to Li-nlt Èhe waves

'oo sueh a size t,hat no capillary i.raves were produced. The ssÊa}Iest

wave Èested was ån the order of 100 ti-nee iarger than a capiltrary

nave and the effect of surfaeev tenslon would be negl',9åble" The

largesÈ þIave produced wao 0.580 feeÈ Ín hei.ght, larger weves belng

¿å¡råüed by the height of the flu¡re.

The beach rvas modelled by placåag any given sJ.ope in

'bhe f,l¡.u¡e, and then this plyrcood slope wâs covered rd,th a l¡!¡ Jayer

of i;he maÈeriaL t'o Lre teeted" The materÍals were of such a e5.se

'¿!'lat, tl:e Halres tested eouLd nob produce any notieeable ¡r.or¡emenÈ

ån t.he r¡ates'iaI" The wave run-Llp was the di¡tensåon t o be ¡aeasured

rn thre J-aboratoryu and Ít r'¿as not, necessaryüo nodel öhe ríprap

rnateriaL w'ith respect to epecåfåc gravfty ër eny other physicatr

quantity elnee the etabilåt3r crf :eiprap materåaL with respeet, to

vave eharaci;ez'isååes wss noe" e*nsidered fn thls partå,eular study.

f-" Tlre Cor¡oitùee of frhe Hydraultcs Ðiv:såon on Flydra.ulSes â,esearehu
tl¡fÅreg¿ie ls!gåå, /I"S"G"E", å94â,
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I¡{ave Generator"

The mechanåsm was designed to produce wave of varÍous

heights and periods, ar¡d was fitted to one erd of an existing fltme

which had the dåmensLone of 44 feet long, 3 teet' wide and 2t4tt

high. the f1u¡ne was of conven-i.ent size for wane run:up tests sÍnee

the sides of t,he f,Ir¡ne were glass at the end in which the alopee

røere placed, allowing observations to be taken very eas5.ly" A

sche¡uatic diagran is given showing the generator in Figure $ and

Pi.eture No" 1o The slope I on X shown 1n Figure 13 has been

expressed ae a function of cot ê as shown i¡ Tabtre 5n eppendix B.

Tho paddle inducÍng the energr and produclng the Btaves

r*as made of plywood and fitted to the crosg seetional area of ühe

f}¡me allowing à inctr clearance at all sides" The paddle was

driven by an a¡sn of adjustable length. This arnT, as shor¡¡¡t in FJgure

$, was connected to an eccentric arm which v¡as soJ-idly attached

to a J.rt dia¡neter shaft, driven by bicycle accessories from. another

shaf,t of the same di¡nensions, but of tnice the length. This second

shaft had only one function; that 1s it allos¡ed a speed ratio change

of 9:1 sirnply by substituting puJ-leys utth different numbers of teeth"

The input power rnas supplied by ^ 5/8" air driU-, rr'hich

has several advantages over other nethods of producing waves w'ittl

variable period" Due to the fact that variable speed alternating

curyent motors are not manr¡factured and to the fact that direct

current is dangerous around water, even though variabLe speed may

be achievedn electric niotors were considered not satlsfactory"

The drill was supplied by'a ltt air Ii¡re running from
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compressor r¿aintains the tank pressure beLween 80 and 100 psi.

(Þounds per square inch) autonatically. A reducer valve in the

J.ine al"lor*ed complet,e conbrol of the frressure enterång the air

dril}o sirnply by turning :r ciÍaI. The losses in the li"ne allowed a

maxï-rm¡¡¡i pressure at lhe dnill of 65 psi, but the m¿u¡clmu¡¡r pressure

duri-ng +-esta veae regulated to 44 psí" The dial could i.¡e closed eo

that no pressure was obbaj¡xed on the output side of the valveo

The variation in pressure from zoro üo l+4 psl allovred a

cor-uplete and contínr¡ous series of r.ravee ranging ån per.iod froør

r,ero Èo À"O seeonds" Ca]Íbratlon of the gauge al-loweti the 6

cirosenr{ave ¡æriods üo be set wfthin aÈ least, b"} 
"u*oncl 

aceusacy"

The r,r¿ve heÍght was changed by varyång the eer,sntråeity

of the dråv5-ng ar=n on the drfvlng shaft" l,iaves rangíng i-n he5-ght

fre,m 0¿û1 to L fooè eoulrl be attained" Ilowever, in ar:tueil testång

ûìra'ires rro smaäler ì;!ran O.A?5 feet nor larger bhan O"l8{-l felet were

teoted." FÍeight,s c:f these wax'es were ne€lsured to the nearest

iç.*05 feet" Lr,tator dr:pt,hs were measured r¡tth a poånt gauge and

ve:'nier v¡hish eoulc{ be read to the nearest b"Oe.lf feeü.

The wave heåghts and rt¡n-up were measured by È ?re two-elay

pc,:int gð.uge ehoun :!.n Pieöure 2" This gauge can move 1on65i-tudinaJ-Iy'

or' l¿f:eralþ on the flu¡ne. The wave hetghts were neasured by

iuarkång Lhe crest and trough of the vrdve on the glass panel of

'hhe fLu¡ne wåth a vrax peneil. The laieral ¡aovemeni: of the poLnt gauge

a}lcryecl ùhe meast¡rement, of the wave lnsight" The +¡ave rrur-!;.p was

¡rieasureC dlrectLy si:rce the still water level was const,anÌ; for eaclr

)Þ ^,-¿-l¡5Þt¡n



PICTUNS }
WAVF: GEI\¡FìRATING iÀPPARATUS

q2

PTCTUNE 2

TWO_}üAY POTNT
GAUGE

PTCÎtmE 3

RJILATTUE STSE
TESTED MAÍERTAT



Ëâ.

The two-way point gauÍle moves longitudi-naIly on bwo

rails fjxed secure$ to the top of the f1une" The elevatlon of'

the rail-s rsas checked by fiJ-ling the fh¡roe partly full anci

measuring dor'¡n to the hori-zontar r¿ater surfaceo The rails were

found Èa be paralì.e1 to the r,ater surfaceo

H. Pæcsggåe."

The theory gi"ven in Chapter II and III gíves indfcation

that åf wave rürì-r.lp tests are perfo¡med in deep+uater then the

results eanke used for any deep or shal-low water condibion in nature.

In ord.er to maint¿rin deep rçater corditions¡ that ís, relabive depth,

cÌ,/LugneaterLhan 0"5 and to test waves of 4"0 seeond period, it
2

canke seen fro¡n equaLion 4b ån Chapber IIe Lo = 5"J2 T-, that a

depth of 4O"S feet is required" This dj¡nension of depbh is impossÍble

'l;o obt,aån in ¡nost laboratories. Therefore, it has become the

pr"actice to 'best shallo¡+ water tËvee vrith a depth of water greaten

't"han three tjmes the deep-rrater war¡e height or greater, since
9

savíl-.ì-,a- proved ttæt if the above condition ex.ists in shallow water

i:hat bhe ,r,rave rìIn-up is affeeted negligibly. Since the wave n¡n-irp

*oz'responds to d.eep water condiÈiansu the equivalenÈ deep waùer ldavs

heigh'i; can be ob'¿ained frc¡r the measure€i wave hefght by use of the

shoaltng eoefficl-eni:,

The teets were amanged so thaÈ waves to a height of 0o5O

f,ee'L e,:¡rLd be i;ested" Therefore" a depth of water of 1"50 feet was

requíred so t,ha'b wêv€ l"tril-rJp would be unaf,fected by depth"

SavilJ.e, T.n Jr"r H 4ggl*p on Shore Sb¡=ucturesu Jorernal of
l"Jei;errøays givtei"on:ffi.A5m" T2ffi6" 

-
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The ffiuae was filled to a depth of 1.50 feet and a wave

absorber placed in the opposite errd t'o the wave generabor" The wave

height was varåed by changing the eecentricity of the driving arme

and the wave period was varied by changing the input pressrrre into

the air driI}. In thie Elanner varíatÍons lûere made ¡¿ntil a

convenient wave period wis obùained and a conplete range of wave

heights v¡ere obtained for each given lrave peråod" Âft'er several

trials and variatlone a oonplete test pattern was arrenged" The

rrave absorber all-c*¡ed several wavee to be calibrated bef,ore the

interferenee of túaves became promi"nant" The l¿¿rve absorber eonsåsüed

of a frame arou¡d the inslde perineter of the fhee" HorízontaL

venes were connecLed by hinges to the frame and allowed to 1ap

over one another, Thfs frame was p)aced at appro:cimat,eþ l+ f eet

fron tt¡e end of 'Lhe flume, allcn*fng a wave to oass through the

.fra¡ae by openÍng the vanes, buÈ the rebounding wave off the end of,

'Lhe flume automa'ii;i.ealtry closed the van€ls t'hus e'lipqìnat'ing

r"eboundlng t{i¡'r¡es ln the :¡rea of unve charaeteråsti-c measuremet:ts o

Bef,ore eaeh slope war teebedu t,he t est patt,ern lrras run to check the

vari-ation of wave height with elope" It uras found that the steep

sl-opes did aff,eet wave height. Thereforeu it became necessary to

nÐasure tìre xave treigltts on di-fferent slops, which exp3ai-ns the

cli.ff,erent vrave heighte sho'ern ín TabXe 3u Appendåx C"

ït, r+as observed that the steep slopes ¡ein'i,ained a

consÈant wave heigk¡t f or any gåven slope if the thircl èe sixtÌ¡

wave h'as measured after the ¡rave generator r*as st,anted" Flencen f,È

beeame standard procedure to measure wa.ve run-up caused by the 3rriu



hthe 51-hþ and 6th warteo The s¡uce wave condftions were run turåce in

eaeh test"u and the results of the vi¡åve rÈn:up were averaged for

each fest"

The smooth slopes were tested by securin¿¡ the pþwood

sSoge fn the flt¡me. The cl-earance needed to nake the slope

moveable Has filled v¡ith polyethelyne etripping so that flov¡

through Èhe slope would not interfere v¡:lth wave run-up" The test

pat&ern was then run over each srope and the resultant ürave run-up

reeorded. The smooth slopes tesüed are as given in Table Lu

Appendix B.

The reversed snooLh slopes arre b€Lieved to be the first
of this ki¡d tested" They were tested for purely theoretÍcal

çonsideration, although practicaJ- appJ-ication couLd arise rvhere the

data could be used espcially in steel plate or reinforced concrete

piers or retaíning walls. t'he tests on the reversed smooüh slopes

we.re the same as on the e¡nooth slopes"

Pictures of a wave breaking on a õmooth slope, a reversed

slope prior to t estingu and a Þrãlve breakfng on a amooth srope can be :

eeen 1n Pictures l*n 5u and 6 res¡æctively" The nunber of reversed

smooth slops can be seen Ín Table J-, Appendåx B"

The roughened sÌ_opes vrere tested by pl.tcihg the five
d:¿fferent material eizes ehown i¡r picture 3 onto the different

sx-opes given í,n Table I in 4tt layers" The test pattern as glven

for the s¡nooi;h sJ.o¡:es Has used for rougtlened slopes as welr" The

ura'Leriels were handled the least nrwbor of times to eli¡¡i.nate as

nuah manual work as possible, and 1[o prevenÈ breakage of the

ma'benial. $light Lrreakage of the rnaterial could not be avoided.
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The ¡naterial used for testing ranged ln aize from |rt to

6rto The lisesbone ruaterial vras donated by the !üinnipeg Suppþ ard

Fuel Conpany from its StonemÐ, Manitoba guarry" Thio r¡aterial

was used not only for åts avaíl¿bilÍtyo but also to simul¿ûe

linesüone urhich has been used as riprap on the Grarul fl,apids Powen

ProJecL undertaken by l{anítoba ftydro" and other limestone riprap

which is gaining popularity for rnany sma}l reeer"voir proJecbs

throughout the provinceo

The :range of sfue e¿ich m¿¡terial is given Ln Table 1" Append$( B"

llach material was teated on e\rery slope, but if the sroaller diameters

were foud to be unsi;able on the steeper slo¡es that range of

naterial- l¡as removed, and resulLs noted. Readings of wave run-up

and r¡¡ave height were measureti anrl recorded as in the previous tests.

The pÍctrereson page 5ß shov¿ v¡aves breakíng on roughened

slopes in Pictures ? ancl 8u and a roughened slope prior üo t,esting

j"n Påcture 9.

The test apparatue vrrrked favourably under alL test

eonditåons, and the test patteln gave results over t,he fuI} range

requSsed Ín order bo d erive derign charts"
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CHAPTEB V

IìESULT$ OF ÎITE TESTS

ït was standard practiee throughout aIÏ tests to ¡reasr¡re

the wave run-up and the wave heights. Other variabXes that r¿ere

hlou¡r¡ at the encl of each test was the ¡eri.od for each wave, the

equivalent deep water wave length, Lo, and the depth of wateru du

orrer whích the waves were Èravellilg" The l¿tter tv¡o variables

al3ø+ed the calcul¿ition of d/L, and tÌre comesporeling functfon of

l'l/Hå" the shoali.rlg coefficientlto be read frorn Figure 1À. ïn this

uanner the eqrrtvalent deep water wave heightu Hju às d,erived.

S$o_o_þb SþpsS-.

Figures 15 lio 18 inclusive shows the rneihod of plotting

the smooth slope data as gi-ven in Tab1e 3o h Appendix C" Thís is
a dlæenslonless plot of th¡e reLative rr.rn-up, R/Hå, versus a funetio¡l

of the deep water wave sÈeepnese o tt¿/Vz"

5"12 FIå/to èhe deep water wav€ length"
2

eq-irais 5"1â T*" Al"t the dinensior¡J.ess parameters used in the

present, study have appeared previousiy ln the Literature a.nd ttrei*

trsage to exple*n wave run-up d,ata is generatrtry aecepted.

Aibliough the seatter of pofnts in Figuree 15 te tr8 remafr¡

ùhe same throughout, 5"t was observed that t,he wêv€ rur-r-up was more

eryatie on Èhe reJ.aüively eteep s.1-opes" Thj"s can possibty be

åo See GLaasary of Terms, Appendix A"

AcÈuaJ-ty \Iå/TA equaJ.s

However, L* eeua3"'s gfla¡eW
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CHÂPTER V

RF.SULTS OF TIIE 1ESTS

Iü lvas standard practice throughout all tests to rneasure

the wave run-up and the wave heights" oùher variables that v¡ere

known at the end of each test rære ühe period for eaeh waveo the

equivalent deep water vrave length, Loo ard t,he depth of wateru d,,

e¡ver which the ïraves utere t rave'tling" The latter t,wo variables

alrowed the calcuration of d/Lo and the correspondJng functj-on of
H/Hå" the shoali:rg eoefficientl üo be read from Figure 1l¡. ïn this
manner the equivarent deep water wave heighto Hþ ie derived"

S¡rooth Slones^æ
FÍg,res 15 to 18 inclusive show the method of plotting

the smooth slope data as given in Table 3o ín AppendÌx C" This is
a dimensionress plot of the rel-ative run-up, R/m,å, versus a functíon

of Èhe deep r,reter rrras'e steepness , ll¿/tz " ActualJy, ll;/Ta equals

5"w H|/Lo" L" being the deep vrater wave lengthn since Lo equals

grz¡zw equals 5"J2 T2" All dimensfonress parameters used in the

present study have appeared previously i.n Èhe literatr¡re and their
usage to expJain trave n¡n-up data is generally accepted"

Although the scatt,er of points in Figures f5 to Ig rer¡ain

the sa¡ne ttroughout" it was c*.rseryed thaü the Ìrave run-up Ìras more

erratic on the rerativeþ steep sropes" This can poasibry be

1" See Glossary of Terrns, llppendix À,
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expSaåned by the f act that on m1Id slopes Lhe wa.,¡e breaks furûher

away from whene the ¿lctual run-"up measuremeni i.s taken than on steep

slopes" That is to say that for steep slopes the plunge point is
r''er*r cJ.ose to Èhe l:r+-up measurÍng poi¡tu and the splash from the

plung5-ng r¡eve interferee '*ith the run-up measurenent. Thíe waul.d

account, for irregular meqsurements of wave run--up.

After the smooth slope data had been plotted i¡r the form

already mentionedu a smooth curøe uras drawn try eye ùhrough the

points fos" each slope. Fro¡r Èheee curves a conposite graph
-Fi6ure 19 was d¡'awn which shorøs the effecÈ of slepe on the ¡:elative

run-up for lsol.inee of n¿/VA 
"

Figure 19 can be interpreted by considerÍng the two

exb¡'ene slopesu the verticai sJ"ope as a sf,eep slope and a I on .,1Ð

mlope as a miLd s1ope" the theo4r expl"ains the f'act t,haü the r.elatåve
*¡--.

r'rtu-r-.up R/H¿ Ís 1"o for a w¿rve breaking on a vert:åcaL srope. Thi.e

r'¡c¡ul"d be expec'l"ed sànee the kinetic energr ís equal to the potent3,a)i

ener"ffre the potentiaì. enerry bei.ng one-hal=f the t¡ave ÌreiE;h.b above

st:t"il- wator Xevel" Therefore, when the kinetir enerry isl transferred

irrto potenbial- enerry the r,+ater rises the fuLl wave hefght above the

st:Ll.l.r¡'a.ter leveJ,u the r-¿n-up being equaÌ bo the r+ave heåght or

R/FII = 1^O"

The effect of a very r+íId slope may be considered by

assu:uing thet a wave tranrel-s from deep water onto a horÍøontaL

lecige pJa'ced ab one:half the r+ave heighb below the stiLl water leve]."

Arr t,he wa\re paËses over the ledge {;he r,Bve w'år1 l¡reak,. and both the

kine'bfe and pole¡rtia} e¡rergr wrl} dissipaÈe anci the rdave rur:r-up
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sot¡Id be consíderably less than the v¿ave hej-ght, thus gåvÍng sna}I

ratio for the R/Hj values on mitd slopes"

The i¡termediate slopes from I on 1 to l- on .6 give

relative run*up R,/}lj values as high as 4.O and as low ae l.t
depending on t,he i*ave steepness and the slope. The r*ave steepness

indicates not only the ratio of the wave height to wavo rengthu

but so¡ae lnsight fs given into the Tda\re period and íte eff,ect.

Arso, i-f the wave heÍ6ht åe consådered constant for two nj/Ta

vaJ-ueou the wave steepnees gives an irdication of the voLr¡w of

i,¡aÈer per unit Þf,idÈh cçntaineq, td-åhån a w&veo

lf .a wa*¡e of lowsteepness breaks on an intenmedj.ate

alope for a given wave hei.ght ar¡d velocÍty åù w:tl-L have considerab$r

rnore rn$ûenturn than a wave of, the sane height and velocåty but of

nela.tåvel¡r high steepness va3-u,eu and t,lærefore rm¡uLd be expected ùo

trar¡etr fuc¿her up a Ðmff)th sJ-ope than a røave of hÍgh steepnesso

sånce'i:'her¿ave heíght was consider"ed the saJne Ín both caaesu othe

f;./ï{j va}ue 'o¡ould be hågher for the ræve of low steepness as üreLL

as Èhs r{ave run;+u.p, Ro

The rvave perLod eor¿Id be expcted to vary wave run:t¡p

to a lar6e degree efnplr by tlae tj-ming of, the bacl<wash from the

previorrs wave :interferlng wåth an approaehing traveo Depending on

the perS.od aloneo two waves could reir¡force or j.nterfere and thus

T¡&vy weve run-up to a Sarge exbenf,. Although t,his argrament

iø used ccnsiderably å,n wawe run-up literaturen it ås aÌmoet

i-crposolb].e to eNpåaån the phenomena ån q.rantitaùíve foxmo



" " "ó8

Reveqsed S¡no-oth 9þEå,
ThedaLa for the reversed smooth slopes was ploLted fn the

sane rnan¡rer 8B for smooth slopes. The vertical surooth plate tested

w'ith smooth slopee, Figure llu can be used for referencee

neversed smooth slope. It ean be ncÈed that the slope of the line

drawn by eye through the poinùs for the reversed snqooth slops in
ùhe plot of relatlve run-up to wave steepnese in Ffgure 20 is of a

negati\re or reversed slope as compred to the eroooth eJ.ope 'l1nes.

Thfs reverse ån the slope of the lines in the graph could be expected

since the tes'r,ed slope was reversed" Howeveru f t¡rther discussioxl

will. be given in Chapter Vtr"

The results of the reversed slops were noil plotüed Ì.n

terms of slope a¡d relative rt¡n-up with isollne of Hj,/C,. Thi-s íe

due üo ttre f'acü thaü bhe author feels that run-up on.îaversed sJ-ops

ma¡r¿epend to a large extent o¡rr the depüh of water at, l;he toe of

'bhe etructure. However, f ield condi,ti-ons with the sa¡tEr rel¿tirre

depth as t,hat tested ehou-kl have sim:i3ar wa'¡e run-up" The effect of

depth. on wave run-Ìrp could not b'e test.ed wfth the available facilitles"

iiç*sÈsngå .ålqeg"

The d,ata for roughened sJ-opes aåì given Ín Table Vp

Àppendix C, i-s plotted fn Figures 21 to 26o These grapssi are

dånensionless plots of R/cl where R is the Þrave run-up en<l d is the
2.2

median d.iameter c¡f i;he roughness material, rersus HåT*/d"- where

H$ åe the deep water vrave height and T J.s the wave p€r'r.od" The

parameÈer R/d gives t, he w ave run-up in t emoe ,rf the neclia¡r
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clÍamet,er of ühe roughness material and p' functj-ons as the

reciprocal of a dinensionless roughnees eoefficient"

The long dashect lines shown in Figures 2I ts 26 were taken

fro¡n the smooth slope data in Figure 19" Theår posibion and slope

rsere obtaíned by assuming that for some large vafue "f T¿:: o the
.2

roughness of the slope would no longer have measurable effect on

Ìrave run*up. This assr.mption is aupported by the faet thaü Sarraguz

Èested O"2 rsa eand and observed no sÍgnificant reducÈj-c¡n ån wave

run..up for the slopes tested" The 0"2 nm dianeter Gr ar¡y smaller

dÍameter could be used ín comt¡inations of Hi and T to compute the

roughness coefficient which r+ou1d be essentiatr..ly equivalent to

snooth sJ-ope condi.tions., The values of H$ and T used in these

computatiofrs r¡ere chosen euch t,hat {lh,e3r r.epfes€Dted the partlculae

n¿/fz \ralues represenbed jn the figures" The particular o*i.ru of
.)

HjlT* H'ith aqy ¿¡årren slcpe would give a ccrrespordingvaf,ue of R

from Fågure 1.9" This R and the assu¡red value of, d then gives the

R/cr parameter f or the roughness coefficient" Thusu each of t,he

smooth slope lines was deüerrnirred by obtaining two poånts by the

above method, and proJec*fng t he¡ ínto the ranße of the test resulte"

of

not

the

bhe

2"

The shor.t dashed lines represent Savage0s resuits" Some

Èher fines drawn have been placed by 5-nterpolationo sinee savage did

test aii. slopes included in'bhe present study. The results of

tests compare favourably" and in aIl" cases, the resuJ$s give

se¡ße ùendencies and ¡nttern aa the results given by Savage"

Savage, R: P", ',U3lg Sfu}3¡g qnoqlheg and 4oueiren{ *!gg"u
Jonrnal of ühe i{aùerways Divisi"on of the ASCE; i"'4-E¡5"
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CHAPTNR VI

DÏSCUSSTON AND CONCLUSTONS

The tests conducted at the University of Manitoba on

r&rv'e run:up have been presented in Chapter V in graphical form" It
ås the purpose of the present chapter to discuss specific poi.nts abouü

thedata, and todraw the conclusions that the tests support by the

data and graphs pneoented previously"

Discussion"

The tests perfor-med on smooth slopes rrere two-fold in
purpose and result. These tests were used bo verify the model, ad

fwthermore, to verify the data presented by R, P" Savage on

smnoth slopes. Savage fourd that the maximurl relative run-up,

IVH/ - /+"10 occured on a slope of 1 on 5 'r¡.1th relatively small

values of wave steepness , U¿/fZ * 0"005. It w¿s found frcmr Savagens

data that the maximr¡¡n relative brave run-up for waves of reJ.atively

high steepnesse Håß2 = 0"40O¡ to occu.r on a slop of I on 2.!" The

relative n¡n-up, R/Hå = 1"5 :in this case.

It can be seen f rr¡n Figure 19 that, the naxi¡rr& run-up

in the present study was fourd to be 3.90 ti¡¡es the deep water wave

heåght, and it occured on a slope of 1 on 4, for a wave steepnessu

l4¿/f2.* 0"005" Figure 19 a.-so i¡¡dicates that the na:cimr¡n run-ì¡p

for a v¡ave sèeepnesa of O.drþ ocqured on a slope of I on 2"5 and

that bhe n¡n-up was 1"5 tinr¡s the wave height,
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the very crose agreenrent of t,he results given by savage

and the present study indicates thaü the apparatus and facirities
used in the present invesùigation is very sinilar to that used by

savage" Horevero to*u {rnpoftant, the close agreement gives

confidence ühat' measuring techniquesu test ¡ntterns ard ra¡rge of u,3ves

üested are aderluate for the present test,
A wave on a verticar face cotrrerts its kinetic energSr into

potentiar enerry and the resulting wave is lanov¡n as a standing wave"

The nnaxj¡um height that, the wave rises on ühe face of ühe structure
ls *¡ave heighüu H, above the still water leve]. Therefore, the

relative run*up, R/H¿ * 1"o" The tests ¡rerfor:rred by savage indÍcate
that the rnaximum relative run-u:p on avertÍcar srope fs R/Hj * L"ju
v¿hereas the present study indicates the maximr.ur rel¿ti.ve run-upe

n/H[ = 1"o5 which comespond.s nore closery t o ühe theoretical value"

The tests on reversed smooth slopes h¿¡ve rittle practical
interesto but the resurts i.ndlcate thaü the mximum r€ve run_up

on a reversed smooth sl0pNr is 1"? tines the v¡ave helglrtu and oecurs

on a slope of L on 2" It is bhe opinion of the author that wave

!'un-up on reversed snooth sl0pes nay depencl on wave ciepth to a larger
degree than on ordinary slrooth slo¡res. since the effect of depth on

reversed slope wêv€ rü[-uF was not, tested, the data contained Ín
Figure 2o should be used r¿th caubi-on i-f the problern of a design of
a reversed slope should arilieo

The roughened slopts tested, vrhere the dia¡neter of the riprap
¡lat'erial was in the saroe dimensional range as the r.eve helght, shows

close agreement, with the exLension of Savagets results and the 1Ímits
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as g.iven by t,he smooth slope data" In no case díd the ç"ave uprush

on roughened slopes exceed ihe wave uprush for smoo+-h slepes as

woutrd be expected., Álsou in no case dirì the wave n¡n:up orr +-he

roughened slopes exeeed t,he nm-up cn smaJ"l d iaæet"er m¿rLeriar aa

åcrdåeated by Savage0s results in Þ'igures 2L't"a 26, In generalr.

the results of the tesÈs on rougherred slopes B¿le resurts ci-ose t,q

the resul-ts expected"

Figures 2? and 28 are plot s of the dimensÍonleos pa.rarneters
-)/

R/d and HåT*/d* for ísolines of slope" Figwe 2? índieates thaÈ

wËìves of Low steepness give naximrara h¡a'\re run.=up on sl.ops of l. on l+

or ]. on 6" . Figure 2E i¡dicates that ìrave$ eif high steepness gíves

maxÍnum krave run---up on the steepen olopes such as l- on .L or I on 2"

In general, both diagraras giv,: the same tendsncies as s¡rooth slopes"

The roughened sJ-ope data present,ed in Figures 2l- to 26

ínclusive show t,hat. the e ffect of slope roughness on '.,,'Etve î.üt--up

íncreases as the t¡a\re 6teepness, n¿ft? d,eereases; that, for a constant

u:/f? and H:T2/dA the ¿f-fect oi slope roughness iftcreases asG'O

the sl.ope decreaaes; a*J that the e ffect of slope rou8hness on vrave

rÌrn--up increases as the parameter HåTz/dz decreases.

Ib is sugøested b..¡ Lhe author that if Èhe riprap ditrne.,ler

should exceed the v¡a,¡e height by a factor of rç"ou for exarnpreu thaf,

a porbion of a wave may approach a particular stone and Lhe resultanä

run-up could be clcser to s¡rooth slope design criteria than for very

rough slopes" Thjs ís due to the fact that the one süone may

eonsÍtitute ä. sr:to)th s).ope for a portion of the waveo AS.though thås

argurent 5-s logir;aI, it has no practical interest since the
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approaching wave in such a case would be a fraction of the design

ÞraveÞ ¿rnd the resulting uprush even on a smooth slope rr¡ou.Id not

reach the design Ìùave heightu and-therefore wourcl be contained'

easiJy w'Ít,hin the reservoir by the ertsting freeboard,"

Conclusions.

From the above diecussion several conclusåons can be nrade

fro¡¡ the data presented:

(1) The results of so¡ne of the tests conducted in the presenL study

give very sirqilér results as previous tests perfor:ned by R. P" Savage,

thus verifying the model data and test procedureso

{2) I{ave run-up on riprap, n}rere the redian diameter is in the sane

dimensåonal range as ùhe impingÍng wave height, is Lees than run-up

on xeterial of a smaller diameter, alJ. the dirensionless parametera

being the sarme"

(3) The design charts presenbed for smooth and ::ough slopes on

påges ó1 to 65 and 71 to 76 are supported by sufficient evidence that

èhe designer should have confidence j-n the results so long as the

djmensionress paraneters are in the sane range as those given Ln

the graph"

(¿r) The reversed. s¡rooth slopes give consicierahry resu run-up than

crdinary smooth sJ"opes"
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Subscript t¡brr refers to breaking wave
conditions "

l,lave velocity

Deep water Ìeave velocity

Decay dietance

Shoaling coefficienbr H/Hå

Depth of reter, measured from the
still water level"

l,fedian diameter of the r5-prap material

Mean potential energy of one wave per
unit lengtll of crest

Mean kinetl-c enerry of one wave per
writ length of crest

Minimun fetch )engttr"

Aeeel€ration of gravity"

!üave height"

A'¡erage of wave heíghts for a specified
period of time"

Deep watel' wave height.

Units in
F, L, T Systen

L

L

t /t?

L/T

L/T

t

*

1l

b

Ë

d

Ep

t
t
tF-ï

Lr'T
L

.)
Lf't!-

t

H0

ï,

t



"""85

qyabgå

Hfr
o

He
o:

T*

HUT*
o-z'
d

L

L
G

Ls

()

R

Sl^i],

T

1:

U

v

vgo

&t

Deep water

De:lin.itioq

Þrave sÈeepness

5"\2 Hn lL-c'o

Inverted roughness coefficient"

i{ave length.

Ðeep water vlave J"ength,,

Shal.low waüer vave length"
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conditions.
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Grrss4qy oF T_Erì$Þ

Arnplitttde, lø;èlÍe ". the wave height frm trough to crest,

Backwash - the ret¡¡rn of the waber follorring the uprush

of the hraves"

Bael¡nsash - (1) see Baekwashu

(2) water or waves throv¡n back by a brea!<water

or cliff"

Feach Bern - A neanly horåzontal portÌon of the beaeh or baekshore

for:ired by the depoeit of rnaterial- by rrave actJ.on"

Benre, Artificial - (1) forned for bank stabilløatlon,

(2) fÐrned to make a hrave b reak preraaturely.

Bcti;om - the ground or bed under any body of v¿atero

Boul.der -. a ror.mded r ock more than l2tr in díarneterg larger

than a cot¡bleetone"

Breaker * a wave breaking on the shore, o\¡er a reef, etc"

Breakers may be roughly classified into three

kÍnds although there is much overlapping:

(1) spilling breakers - break gradualJ.y over quite

a distance.

(2) plunging breakers tend to v¡onk over and

break with a craaho

(3) surging breakers peak upn bub t,hen ínstead

of spilJting or plunging they surge up Èhe

beach face"



Breakwater * a structure prcrtectíng a shore area, harbour

or l¡agin from r¡aveg o

Gapillary wave - a wave r¿hose velocity of propagation depende on

the surfAce tension of the liquid in r+hich t,he

wave is LraveJ-ling"

Crest Leng'cho l{ave - the lengbh of a wave along its crest"

Crest of l¡Iave : the hi¿¡hest ¡rarü of a ü¡aveo

Deeay of l^Iaves : the change waves. undergo after they leave a

genera'i:ing or f eteh area and enter an area of,

ea1m.

ÐeeP rvat'er -," 
ï.':"ï:: ï:',:'::=::ilî: ;"ï:.':;::"'

deeper than one*half the srufaceÞrave length as

deep water"

' Depth tþre '¿erùfeal d.isbance from the ståUL ræ-Ler l-eve1

to the bobtom"

Dyke .- a wa}l-u mound or st,ruc'bure buj-1t arorulcl a 
,

low*lyíng area to prevent fiooding.

Duratiqn the length of båine 'bhe *rind Ì:lows in e ssential.ly

'che same direction over. the f et,ch areao

Diu'aíi-on, l[injm'¡¡a - the tl-me neceaså.r¡r for s t,eady sta'be wave

conditions to develop for a given winci veloeity

over a given fefch a rea"

Fe'i;ch - the continuous area of water over which the

wjnd blows in esseritåa]-]-y the same rÈirecÈion.

Feteh l,ength - the ho:etzontal distance orrer whlch 'bhe wind blor*s"
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FoJ-lowing vrind : a wånd blowing in the same d.i-reetion thai;

the r,¡aves are t raveJ-ìíng"

Freeboard - the addit,ional heÍghfl of a sfruct¡-lre above design

high water leveJ- to prevenÈ o'¡erflow;

Front of t'he Fetch - it is that end of the gener.atlng areé\ ùor.¡ard

whief¿ tlie wlnd blov¡s.

Generating rlree : tsee feÈeh are&"

GeneratÍon of waves * the creation of um.ves by natr-ral or

mechanicaL ¡neanoo

Gradient - r-rit,h refenence to wfnd it, fs the diffe::ence 1n

pressure between isobars divided by i:hæ dis,cance

betweer¡ iscbars.,

Gravf.t'y wal¡es * a wave whose velocÍ.ty of, propagation is eontroLlecl
":. pnfnrarily by gravfty.

Í{eight' of i+ave * the verÈícaï distance between a crest and the

preceding trough"

Isobars - lines of equal barometric pr€ssttreo

Kinetic energr - in an oscilla$ory &rave, s srmrmation of the

energy of notion of the particJ-es wíthin the weveo

ThÍs energy does not advanee wåth the n¡ave forro"

Iir¡ol * a r¡nit of apeed used fn navÍgation" It is equaL

to one nautical mÍ}e, 6uO&).20 ft" per houro

ï,ength - Èhe horizontal dielance betrueen simj!trar points

on b¡¿o successive waves measured perpndÍceilarly

to the cregto
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Median Diar¿eter - the clia¡aeter lrhich marks the division of a

given sarnple ånto two equql pai"Ès by r,reight"

l4onolithie - a type of eonstruction in r,¡hich the structure r s

eomponent parbs are bor¡nd tcgeiher to act a s oneo

NauLical l,file : the length of a nj-nute of, arc, of L/J7.r600 of er¡

average great circle of the earth.

Orbit in lsater waves the path of a ''n¡ater parLi-cle

affected by the v#¿ve motion.

Oscillation - a periodic motion t,o and fro, or up and d çl'¡no

OseåilLatory wave - a wave ln which each índivíduaL partic]-e

oecil-trates abou.t a point tei-.lrh Lj-bttre or no

permanenb cha¡gs in positfon"

Overtoppfng * the arnount of rvaLer passing over the top of a

aLructure aã a resutrt of wave n¡n-up or surge

actiono

Plunge Poånù * (1) for a plun$-ng wavee the poìnt at whieh l:he

wave curls over and falls.
(2) the final breaklng pofnt of the wave just before

they rush up on the beach"

PotentJ.al Energy of Waves - in a progreosive osqiLX,atory waven

the energr resulting frm the elevation or

depresslon of the water surface fron t he undis-

üurbed leve}" Thie enersr advances y¡fth the uave

fotr"
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Progresslve blave - & eÍave which is ¡nanifested by the progressive

nove¡nent of the uave fom"

Fropagatåon of waveg *- the transmiseÍon of waves through v¡ater.

Proboüype * fn ]aboratory usagee the original structureu

conceptn or phenomenon used as a basís for

construcfing a scale raodel or copyô

Reflected lltrave - the wave that is returned from shore when a

wave fuapinges upon a very steep beach, barrler,

or other refl-ecting surfaces"

Refraction of iriaves - ühe process by which the direction of, a wave

moving in shallow water at an angl"e to the con¿ours

is changed" The ¡rart, of the v¡ave advancíng J.n

shallower water mo\¡es more slowJ-y than that, part

still advancing i-n deeper wateru causing.Che sa¡re

crest to bend Loward alÍgnment, with the under-

water contourË"

Ri"de-up - E€€ run-up"

Riprap - â 1êy¡*,ð, faeing or p::otecti-ve mound of stones

randonJgr placed to prevent erosLon, scour, or

sloughing of a structure or enbánkment, alsoe .

the stone so used"

Rubble - loose anguJ-ar v¡ater-v¡orn stones arong a beaeh"

Rubble mourd structure * a mound of randon-shaped and random-

placecl atones protected with a cover Sayer of

selected stones or specialJ¡r shaped concrete

arnour units"
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Run-up * the rush of r'¡¿r'.,er u.p a struc-bu¡.e on L he breakirç

ef a v¡ave" ;rlso uprush" The a¡¡oun.b of :"r:n-up

j-s the vertical height, above s&"i1t trater le,¡e1

ôha'b ü]re rush of water r-eaches"

- a periodic osci ll-ation of ;i bedy oll w¿¿tei" r+-hose

period is deterrnineri by '¿he i-esonant eharec.i,er--

istice of the containing basj"n as eontrolled

b:' fts physicaJ- di¡lensions. The pericds rang@

fron a f,cw minr¡Les to an hour or moreo

- (1) th¿e vertícalrise in the stíll water j-evel_

on the leeward såde of a body erf wat,er car¡sed.

by r+:!:rd stressers on the surface of Ntre watero

(2) the differenoe -i.n st.Íl-ì- rç'ater leve3 between

Èkre r,rindrrard and leer*ard sides of, a body of

water caused by l*ind stresses on Èhe s urface

Seiche

Set-up, vrínd

of ùhe u¡atero

shallow 'l{ater - Þdater of auch a depth thet surfaee r,laves ar-e

noticabÏy aff,ected by the bottonr t,opography"

ït is customaryto call v¡ater shallow whenthe

depth is l-ess tha¡ e¡s-twenty-fifth of' 'che i¿ave

length"

shoaling coefflcienü - the ratio of the height of a wave ìn water

of ar6r depth to it,s height 1n deep r,¡ater with

the effeel of retraction el{m{¡¡¿{,sd"
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Sign:ificant, wave

Slope

SbiLL trlater

Swash

Tíde

Transitional

* a statistical terra denoting r,m,ves with the

alrerage height and peri_od of the one thírd

highest, waves of a Siven vrave groupo

- fhe degree of, inelination bo the horizontal-.

Iævel - the elevation of the water surface åf all r¡ave

action were to ceaseo

see uprush, run-up

the periodic rising and fal-Iing of the water

that results frcrn gravitational aùtraction of

the ¡ooon ard sun actÍng upon Èhe rotating eartbh"

in regand to progressíve gravíty þ,aves, water

whose depth is Ìess t,han $ but more t"ywn )./Zg

the r,¡ave length"

Uprush - the rush of water rrp onto a beach follow5_ng the

breaking of a w¿¡veo

Velocity of lrlaves - bhe speed with which an individual wave

advanceso

Inlave - a ridge, deforrnationo or undulati-on of the

surface of a liquid"

hfave Fonecasting - ühe theoretical deternination of futru.e wave

characteristics, usua1J"¡r from obserwed on

predicted met"eorologÍcaI phenomena.
ll rr

r,{ave steepness - the retiro of a wavers heigh.L to its lengthn -9
-il1

wind Ìdave - a wave that has been f orrned and built up by w"ind.

Wind :- the horÍzontal natr¡ral msr¡ement of air^



o?

APPEhIDTX E



rßa* r/8 L/6 ïli r/t, V3 Î.iå5 t/z t.1L"5 tft 1./2 verrieal-

lcxxs[,
:tx,)lxi(åi
Itxx)e,
tcx:tx
x:(1{.R
]rxidx
xxxx

TABT,E .E

sI,OPF-s' AND }{A1'ERTAJ,S TESTEU

ó
o
r$

:t

}(

+ç Tes'oed by Savage, but used in these restrlts"

aÎ

:{

K

':f

Riprap Material
Size (inches)

Reversed Surooth

Smooth

t" * 3/su
"L¡r - F-rt2-tþ

;:rtr * 1{rt

$n - 3't

3il _ órt



"""95

TABI,E â

SI,OPES F,XPRESSED AS

FUI{CTÏONS OF COT E,
Ä
J

Slope

lonl"
1on2

1on3

lon*

1on5

1on6

1on7

1on8

l-on9

IonL0
1on30

gsg-"e

:r

2

3

,

5

6

7

ó
Õ

I
t0

30

4¡eip

/'5Ó clCItr

26" 3¡t

L80 26n

34" 02 0

i-tr" X9 o

9" 28t'

80 080

7" OBi

Ér0 30 o

5" l+3î

1" 5i+ t



"""96

APPENÐ]I C



e.7

S]'{OOTH Sil}PqS .: L&BOR,ATORY DATA

Períoú

T

Fiecor¡åo
i{r

o
F{!

,}
'T

14 "'r)l+.t
l+.O
&"c
3"o
J o\,f

3"Ð
3"û
do?
2"5
4 "i)á"7
4"0
2"o
2.0
2"a
1"5
1.5
L"5
L"5
1.0
x.0
1.0
l"o

"23ø
" -l-/+0

"r_180

"ag5
"21+0
"2?ü
"1ó0
"¿3CI

"58o
"350
.3CI0

"2?;û
"l+l+ú
"¿s40
"3La
"2n0
"fiQr â¡.\
o ¿+Jr,

"&oo
"zgJ
"56Ð
.500

"300
.190

"18

"ûó
.oE
2,

,20
" 

¿/+

"ld
"56
"-,42ø

1l
o 4J-

"e.6
.&.Õ

"32
cAA

"58
.4?

II
o álÁü

.3ø
"59Eâ

"J4
.20

"ol"i.
" 

L¡{/ I

"OO¿e
.0û5
"a25
"a22
"016
"oL3
"t90
"o55
"01+7
"a3!+l't 4
'tf,ri

"08CI
.055
"?-5s
"?t9
"195
"J33
.590
" 530
.3.2A

"200

.LÐ/+

"O01+

"ûc5
.005
.010
.012
.c)Ï"2
.OlL
"028
.020
,01"8
.a?"e
.0gr
,Ð77

"\)( f
.CI80
,209
"209
"2Ag
"209

:530
.53Q

" 
530

T?1

J" öë
lqq

¿o¿rS
¿ o Â!L¿

L"?5
¿"]/
3-"55
1 '¡Fù

1"45
å"J(}
l..a?
Ì"08
l-.:16
L"23
t"" t7
-l drÃ

¿. tLrJ

1"0r
"!""06

TABT.E 3

t?4

0"90
0u90
0.95
L.01
1"00
1.0?
l-.02
Ì lc)

l-"o1"

i."15
1"03
r"0&
1""CI?

r"0É
0.8i.
1 'reÀo ÁJ

CI"9?
0"98
t"8tr+
li,"o&
}.IL
I"O&

"095 [ "086



o.É

SMOTT}å SIÆ'PES '=' IABORAT"C'I¿-T ÐATA

$rone

I on 1,5

d

$'
0

¡{!

2
'1*

t? rì
!:"

i)
T¿

,ì

l-1 '

J+"0

À"û
,. ll

3"o
"3 

"ö
'j.,u
5"W
2"5
'E
2,,5
4")
2"0
2"O
?.0
2,0
Ào)

1"5

1.5
Ï.0
1"0
't /l

l""o

"a&
"0?5
"t6'",
.Ðßo

ì ?ri

.LÐ5

.3,25

"1?{)
. l-m
"L65
"3i"û
.300
.3tro
.3La
"x90
"i,90
.l-gc
.eç0
"5Ûû

,. c{1

" 
J+85

.490

.05t
"0ú{}
"U2?
.065

"o99T?2

"0ç5ì't?

"r"5s
" 
tb5
1ryñ

,L60
.3e0
.3-[O
??ft
i"t tt

" 
Arì"0

"2ï0
"2L0
"2ff)
"53çr
"?au

\tft

.52CI

"0s3
o \l\,.t

.0ü{'
- C'¡i'l

"r13
"01_i.
"ûw
"t?.la
"0Ë?
"0e8
"Q'¿6
"06{
"t7"1
nt"ç't

ÕcJ ú f

.093
"$93
"UY)
"0?3
"53t
"52A
" 51,0
.5eo

) l-n
2,.¿',2
2"ht)
¿.4S
åoj+)
3-"67

L,55
L"6-l
lq?
1" ó¿'

1:6Ð
L"l+T
l"å-¡-
t .l+V
1 ,V]
r"3e
.L,,/-\)
'1 Tf9¿ " -!.()

-r"¿4
L"L5
1.10
1 ?r:

l-"¿u

"965
"06Õ
"a65
.0?0
"080
.085

| !H.r

"08Ð
"4)\j
"235
"235
.2/+t

"Al^r
"36e
"31+c)
.3.30
.l+j+t

" 4l+0
.l+å0

"l+?0
./¿0ü

"l+0O
"l+00
.430

.Ð5i"
AI.Q

"Ð52
.056
.û7æ
cLl/û

"07ú
"u ir'-

"¿¿4
"2?"7
"/-e !

"372
") Í4
-¡E:'

"3Å+2
"l¿80
.l¿tji./

"/+ffiã1r)
'J.t,,..

"ü23).)À

-00:
l-,1*,'ì

"003
, (Jii¿{.

o \Jr-rO

"ûcË
.tr)$
.(XJ8

"û35rì?')i
rl2ry

t\{1?

"t93
",088n'lE

.2L3

??ry

"l+23
"&43
"¿+23

"¿+55

j tl(i

á 
" 

()-þ

4o l2
É 

" -i-i
7: "t{!,

åo y'tj

1.,83

-Ë, o Ç]?

1.5*
å.5û
'1 ËJ
J. a .r¿+
I tb!

l-" 5ir
Ï".hÉ
Ï.65
-¡- o ¿+\.j

i 2;.

J-., O.,,-

TÂBIE 3 (co¡rLfnreød)

Secc:rd8



{ìq

sMC0Tlt Í]LOFE"1 .- I/.Ê0R,{TORT t,,¿rTÁ,

Slcre

Ionl+

4.0
4"0
&"0
4.O
1A

'tñ

3.0
3"$
?1

4"iJ

2,.A
2"0
2.0
tÀ

iLo )

1""5

å.0
'L"U
1,,0
¿"0

.065

"070
"0æ
.065
i2q

.Ð0
,,l-25

".;.:t
.aLO

"200
"1¿24
"210
" )Jtu
.JJ\l
.300
.130
"55*
"/+90
" 

/"¿.o
Eryì

.J.å40

"¡Ll+O

"À40
o ¿4¿.t u

"Lì6O
"Ð6û
"050
.060
.l"i2

l'tf¡

.Jl.g
" 112
)ñ)

)\)
?^2
1.2f\

,,3t+2'
<::}

.320

. óo0

.¿[$o
E' A

"¿+65
o 4Ol
,, &ô,
" 

¿+ó5

Þ!

I

o trll4

"æ4
"rû3
.æl+

"ûlt3
.o3"3
.,0å3

"o33

"031"
"03å
.032

"t80
. rldS)

"478
.ûsü
"¿b'¡
"¿)ö
"2iJ+
o /-l,t )

"&'ÐÞ
.4t])
c¿¿(})

"l}65'

? 2r-\

J "23
3.eJ+
?-.tr&
2"ffi
4,,¿-L

2,55
4"08
') 2{\
) 1,)

2"2àç
2.08
¿ 

" Jr_)

e"eÕ
2.,I0
7.,57
i-. fl
"i-. ! "t
L"É'9
'Ì ßitì

1.. b7
\.5ú
.l..,rW

.08{r

"0s5
"CI,Ê{}

" L¿"J

"Ç)9t
" J-<au

"lir)2?n

"2?{}
"¿.ítJ
"22-t
"305
"31"t
"3a5
"3$5
"&jFÐ

" 
i+J+O

" 
/+/+0

" &/+0
q?rr

"))v! r^
n ¿*6T,v

"ü?0
.fl6û
.u-/U
.Ðói)

'l rì,?

¿ tq'I

1ÉlF

"09??)9

21)

"3?-O'ì1 rl

"315
"lr@
"l¿80
.J¿8û

,. Êr-r

"35a
"350
..?50

"!+65

i-¡ ;l¡i "
a

t

"üÐ5
"0Ð4

"ÐÐh
ttt/

,,co9
.0i2

o U^trÐ
í1? r.

.03j+
t-ii ,

"v-rq
nryo

"08û
.ü-í(p
n¡iro

.'¿"J-i+

,211,t

"?Li+
"zlJ+
" J?\j

"35Ð
"35{")
" 
c+ù'

i,,úû
3.6É
2 !,2.

),.i'
"/ tJ i
.) 4r¿" fjl
4"., Ò-1.

2 l,i"
) rl'í\

? !:,,

: rfrJ-cl1,f

.1",,4-:¡
Lr.:i
1 ".ìÕ

1 J.'rl

L.OE

Þ

ö

r>

n's

l-f 0

o

TABJÆ 3 (contÍnued)



" " "100

Si,lTJOTi{ SIÐPÏIS ., TÁBCRÂTORT ÐATA

TABï,8 3 (contj.nued)

..=:!

S.lopePeriod Ii
+@1-ææ-a
!lr li . .:-=*"LÎÎ" l"rr¡t

Seeoirdsfl 
", ! ur I

åfi "["iË
H! i -oiti
^3. I Ftu'-r[o

l.on8

-ru;jï*"*-?r,rf;i.fl*8r-""c l ^2 [ rgt[1[ 4 (]r_- r_- -

40U
å"0
l+.O
&.0
3"O
3"0
l"o
3"O
2"5
2"5
2"5
2,5
2.0
2.0
2"0
2"O
r.5
3"5
L"5
L.5
1.O
l_"0

"o80

"o70
"070
"o95
"Q95
"}}0
"ã00?rt(

"225
.?0{J

"210
.:.1U

"3r0
"345
"320
.&50

"/+55
"/+5O
.h'fa
"h50
"t¡50
"/+50
"&50

tg

nI
f,li

lt
m
il

rl
I!

rI
ál!!

rltl

tI
tt
tt

[[il
tü
tÍ
il
åt

tl

tl
fit

IN

u
tI

!l
1.0

.oáo

"oó0
"0óo
.06i)
"o85
.095
"099î\(:{\

't ç)tt
D1v7

'? a?

"¿\J¿
"31+22rt\
fiÃ

2'42

"l+9û
" 

t+95

"490
"ãLt
"¿t'f6
,,1t76

"¿t76
"h76

.,0ÐJ+

.0c4
"0Sl+
"00/+
"oCIg
.û09
nl'l

"ü1..t
.c3ä
"a35
"031
.Q32-
.095
.oÉo
.ü?9
"0143

"219
"23Ð
"21819ft

"l+76
.4?6
"lç76
"ü76

)nE
)"U{

¿"95
2 

"rjtua2x

) l-r\

¿ "y¿
,¿"7A
¿ c È)È1

¿.o(lu
2"L6
2"{}¿+

é"\)¿
? fr*.
't )"1
'l ,.î
1"25
1"49
1.. i,ó
1" 13
1.01+
1"09

"080
.r)75

"og0
.o70
" 
330

"]35
.130
" 
13ü
-t?ô

"}e.CI
.,LeÐ

" 
t?5

"3Ï0
"330
"3ï0.3io

/, ?rl

"t43ü
"l+30
. l+l¿O

"350
"35(.)
"330
.350

CI60 i.co;+ å l"i.rroóot"or4li"2+
oóo å "ffi¡-,t 3"2ú
06{i Ë ^oc;.¡, I l. elei

r.r?å.or:åã.*r,
i.aÌ"8.013ü?"i"2
i:q"? l"oi3 12""1;
11? l.oti t a"ró
r.6¿+ Ë.c26[1"j+çtÏt+i;:8t1,"Å.'¡
Hd, fr.02s Ì l-"1+-3

1?gü"029 ll-"J+.]
3eOl"o8rÍi."ró
320 l"O8O I .r"üg
32Ð l"o8{"t fi i-"ûr'
32o 1"06í] Ë r-"r.:i.
4?s i"209i0"9â
J+?o ["2fi9iÐ"9á
å?0 l"areIo"eÉ
irBû f, "23L4iA"97
3?o ü.320[0"?]-
3'io I;37aia"73
35o fr"350Ëci"Ti
37a 8.3'lÛ å o"?É



" " " I0-1-

P*illTERSEÐ SI.IÜÛTH SIÆFNS : J.ABOP-ÂTORT ÐATA

Sï*pe

lsnP
tî I

o

1'

¿.0Ð5
l'rnC
nle

ô LJ¿.i

.il4$
"t5Ð

o u0-1

" )Jl-r

" 
¿+\JU

l-"01+
{-¡" öJ

\t o -jLI

J-"13
4"\.1¿
104
", rr$
-,o.¡!(}
1 AF-

.!-"3¿+

:1" 25
¿oåt)
l_"t6
i.0:L
i.00
l-.09
J-o.lj+
l - 't'!

T'?
1"¿!e
L")4

" 
()ljL¿

,G'5
u ".!j;
"OJlt
"û31+
"fr33
"t?g?i r¡

"2LA,53t
¡: ?a\

Túì!ÌriþE:!- Ë

tr ¡tr I
{4É

.t.*_:-*:i
!F3n *' i
lU o-.:r'l I

u0"çËì f

$ i"a5 
fi

I .1"oii 
fi

il."3a i

4oU
¿r"0
;1 .O
3"0
2"5
9E
á otj

'1 t

ll-ì

l+"0
¿t.0
-) "u
3"Q
?t<
o1 "2
2"Ç¡
4,0
r"5
1"5
1"0
1ñ

'i tìf,

" 
Å75

. å95

.105
"26fr
" 
1/"r.ì

..Ð7
"2tri3
".J^)tJcnrl

o Jtll/

"084
"1.¿0
"1óg
"195
"Rãr¡
?t il
?rf'r

o JJùU

"23a"8t,2

.530

.l+0o

nfi¡¡
noñ
d-i9i

"r25
"eat2"i E
?rìñ

.1,'3O

.&3CI

"5W
" 500

t\/- r
O \J(JÍ¿

{\Y7,

. l-l_É

"J-{d)i,9

"2t7

" 
j+?ü
!."1n
qîn

"53Q

-¡ _!f

".Ë-. o *|'l.+

L.4V
å"J¡i)

N tt
'i'ÌÃ

..!-".t.b

1." Çl+

o.g8
.L u Lr?

r"99
a a,

S1<lpe

Ion3 l"en5

"07û
.o8t
"12{3
"14ü)aE

"?l+5
"32iø

"I+3o
"43t
.50t
"500

"056
"06/+
"i"08
"i/'7))"?

"?36
.330
.325
.l+ZG

"l+?t
"530
"530

"Q0&
"Û0,q
"vír-
. OIJ+

"03ó
"o3&
.o82
.OET

.21û

" 530

"u)\)

"080
.080
" l*tu
"r-30
"2å:A
. ¿/-\-ì

"3L0
"3å0
"430t,:Õ
"+Jw
"500
" 500

.Oó¿',

"06¡s
"116
"LLU
.¿J-4

t"N j

"320
"3?;t
"J+70
o4/U

"53o
"53Ø

.OOi+

"CCI¿i

"CIL3

"013
.03&

"(8t+
"080
"060

2"Xfi

.210
"53csq?n

TABI,E /+

t! 0¡r'
IL

1{1
Ci



ROIJGFiE}åEÐ SIÆPËS -
Si*pe J-

Såae e¡:î .Slcpe T.{ateni¿L

I'ú

-1ùt

À¡ç

if,
Õ :ï:fi

"*:à== li + ¡*L.-' lí ,ä i--ü*.
uia ffo lot li u i,f

Ëlr
c)

L,Â.80':t.,lTûRY DÂTA

c " . -Lt/4

**-.*L**.*:

Å."ü
lr. o0
4.0CI
J+. r3

:j "o

3.0
.¡o\J

2"5
4"?
2"5
2"5
2.5
)ñ
2"a
2"0
c"{-/
â"c)
2.0
¡\
1.5
L"5
1."5
1"5
L.5
1.O
L"o
1"0
1""0
1ô
¿"t
1fl

1"O

"09snr)ft

1?n
'Ì ?rr

"CI?O
.0?t
" 

2J"G
?1n

.1i0
".l¿U
"3?.t,32t
"l+eü
"l+gÐa2î\

J3a
"24r
"e401âln

.130

"23Ð
"23A
"¿ï3Ð
. ¿T3O

"21+
"21+

") {

")'f

o\) { {-

"ú72
..¡"08
.l_t$
1iâ

o -c..L4>

.t63
"t63
.2ö2,
.â02

"106
" 

l"{:J6

"3û*
,3ÐE

"¿,96,.OÁ

.3&1"

" 
,) ¿tå.

.21+8

.?-¿08
't J.ì

.11+11

.250

.250
"tv69
"t+69
"253
"253?alì

oUu1+

"tÐ!+
"û47( ,'!''ri

"QJ-3
.01,3

"úÐ7
"üü7rì??

,tj32
"c)37
"UÅ I

"o.{ß
"CIJ+S
. Jjalç

12 t.

.t85
"0É5

"06ä
FtÁ2

"Q6etla
o ¿¿,L

._liL

.209
"2r8

"253
.39ü
"39Ð

't Ái,

ao )¡d;
õ aÎ

fi ¿lr\

)..i-)

"390

T

E

q

T

tl

U

¿ii

t

?

I

t",
i)

ffi
(:)

¡"J

â.

6

| -LJi_i.!
i'ttn n

il.ç¿"ui
-il ltl a\

:-2û"t
l-?,*,0

{.}.1 ., 15

fr-f ";:i
LLj ^r)
Llr,3.tl

7Lt,,9

A:L$.i,i
¿¿r:,,.\/
4,..1 "A
273 "0153.0
l-53 

"c¡
å-$-Ê"0
Tì? 11

-jþ, ?
âEA
't-') ñ

1"2ü"û
i.20.,ü
eg"6
28"6
,l¡l-¡ 

" 
ì1.

irls 
" "tl,

¡i
{i
,tl

il :..,?'-1
'!i -. ,"..-
¡¡ .¡.,r_;c
iì
ii :i-^ ¿1'F,; -
li ?.[rå
1T

ll3"¡,n
ll 3 it
!i c fi5

il r çt;
',\ j 'ì'r;l'*i ¡ f

ll .l.r'c
ii e. s?
ll ) /-,:r¡ {úkí

ii e"t¿i
il 3. ¿uc

ll t"tiL
lu"ç:.
I j a ú";

I 3. ç'5t-
I å"::
l'r ¿q
I '-o ''¡
¡1.ç.?
[r ffit .r_.- c. /Í-
ß2"86
Ii"c*
i+"e';
f 4.$iJlr rc
I 4^tr,"j

i 5 "3'ilq tA

i¿izc)"ü
i¿r:?û.t
63r"t
63å.ü
-}i)r'c.J
3€*'7åt
àu { 4\J

207.ç
l+ó1"r.'¡

4ór"û
24.1". fl
2¡+.L.t
?o2.CI
?02."t
72¡*"ç
I /-fr, " ",)
l+96.0
l*98"ö
362.rJ
Jba 

"t'-¡
116"0
l,'rÁ n
2t5 'Ð
295 

"rJ
3$5 "S
385"0
û2 ',4,

Qtt
ue"o
tr4?"0

235 "8?;5,,a
5"88
q ofâ

72-"9
l"€"C}

TABT,E 5



.. "103

nOUGI'ållMIÐ SLOPES - L,EBûRÂTORY IIAT¡"

Slopæ i. on i.

Size of *1j-ope l.late:.:ial

nå

Ii nrn
l ouiÇ

l1
tt

{J

lr," ü
l'\¿ío\.,

4"t
,.. n

3"0
3,,Ð
*. - r'l

3.0

4"2
1"?
2¿5
,4 "31T

2.O
2^
2"t
2"0
')^
2"a
lÃ

ìs.
J,.5
1"5
r"5
1.O
1.0
1"O
x.0
1.O
1"O

,1"G
r"o

60ç0

"i35
"Ì35ì {r/\
b -LJÈ-,

.33û

.o70
"0?0
"AI,s. ,)"r fì

.åto
"liü
¿3âQ
.3eù
"Ci8Ð
"4st
. )-3t"ì
.330
;Zc+t

"2¡uø
"13û
.l-30
"23Q.)2.{\

"l+3Q
.À30

"2J+0
.zJnO

.37Q

"37a

"o??fl.rî.)

" 
l"oÊ3

.10#
" l_3.8
'l't Éì

"0ó3
^l^'j
2d)2

'l^-)

.å06

" 
1"06

.308

.3üE

"Lþ 
{J

",À9ó
.31*l
ãrì

" )!-r)-

"2üE
"ahs
"L4l"
. lJ+l-

"25ç
"25(]
"l+69
"106994"t

"253
"3gQ
.3go

oû#.h

" 
f¡u1l-;

o \J'lJ f

"ûCI?n] ?

"c-1,3

o Lit, ,r

" 
o.j-¡a &
¡'ì'ì?

" 
0l-'r

' 01"?

"048
.ahË,

").2.!.¡t¡¡,
o.l-É4
.0É5
.uijÞ
" 
Ll*4

,, u$¿
¡tÄ2

"o6a
" 
l1l"

"lit
.20ð
"208
"253
"253
"39CI
.39{)

to6t)
íb.,úà+
r}Éfr
r]"86
I "tfî

ü;i+?
ûo¿!8
2"a"î'
æ"ûû

36"1+

36"&
gJ- ¡:

2¿+"2

)-) "QÏ7.ç
l'/ - q

39"8
?öll

3.Q.9
âo"g
/-rl. n1

ó0.7
62"5
A) Ë.

l+2"9
l*2"9
?ì t
?l)

10"0
1"0"0'Ì" r¡

17.8
33 o3
)i ")
7"9
?o

T2 ?

f.2"3

2Q"2
2ñ?

U or.!j
f\ .TÊ

0"&5
o"Jst
ft c7F.

0.70
{\ )'t
Ð"2ê+
i"¿]
1""i8
CI.90
n aJ,a\) â <)]
ì1ê

'¡ "r F?
-Lo-!-j

2"0?
t"73
a"77
o"3?
0"1s3
0"1+3
a 

"¿+7
Ð" /_t
0"80
1.25
1" Í8
0"88
0;89
1./+0
"t 

.¿+T

2"a'l
e"00

r)

a, (,
.!.F- Ð L,

a3 d
-L.{"ô Õ
-lì (t

o "-l
1¡ 5

?0"6
2n É"

)?1
?))

?'r 1

lr I
l-"6
l. Í^,

2"S
?"&

) "-52l¿
?"&
/+. J4

4 "¿t.

7"4.7)

#

#
ffi

#
ÉJ

rl

ëJ

A
gt

db

å

&

ai

"ÉE
l-; ¿+4.

.L" /{-'
2 r"4

"5ü?¡;

}U
I l.j

L"J.1
1" 55

6r

.L2

"3Q
"5ú)a
o -1X

"56
"70

å

þ
t9

S;æ.kr*

tlÌrBl,E 5 (continued)



HOUGIEIIED ST*PES .=- ]#ßORATO}IY DP'Ti\

S3-ope I cn 2

.""L0Å|

-ì., - T ",À' -- 'r'2
r.-"ry:
j')!
| 

"--óõ¡:dåiir'I i*
cl

"-:-:" ^rr*. - *,*,,*-=-¡

j-.5ç tzl-é.* i

2"¿,,{r i 3,7L"i}
,, n't: ; ^,ñ t -^,{-o)Ll l.llí',cU
3 

" 
iii i ?.:L7 "ü

'1 / t I 4! ñ .\
r'a c tJ¿l, i' !.¿+ ! oL)
, at. ,'¡ LÉ'r ..reo4..¡ I,¿.ur.rou

2"3i i:t"ó+,,i
?."35 !,i${J.i.)
ñtltl/."!.tü \ L?iloU
/^ ?.7 ¡ ir,'l nqoe,f í.-'¡$-'os

S:Lr,e *f ,S"1"ope ll¿ter"i.al.. .Lu _ .ãli

i.--ærÊ:érJ#;

I

t.cr,ç

l{0û

Fie
{}

f*

I

P)

t"
i."
t

?

I

t
u-t 

"
I,
t

1.1 o
¡
Àl.o
I
(}c

{t
d5"
a)()ó
,i

Õ"

.)"
-)"
QO

6"
9"
ú

lro
l+"
6"
6,
R

g"

i n'"g*
is

/r"û
jr"0
¿i o 1-,

3"c
'ì ¡r

3"*

aE,
?1
3"5
2Ê,
2"t
2"O
?.,0
4"u
?c*r

á' "\J1Ë

r.5
1"5

ìÃ
1"O
1"t
1"t
1"O
I"0
L"o
1.0
1""0

, r-50 I " 
lår

" J-¿\J
?fi.*

c &iJ{l

"êLLr
o <,¿¿.Ll

.1"58

o4)-4

"al-â
"et22í\)

ìo?

" 
l$t3

.l+03

" -tér,:]-

o J¿"{,.s

.L35
'frg

o -t-4.1

"13CI
. Ï30
)>û
2)a

#94
)2.2

"á.j4
oiJl

"3W
"4'51+

"híl+
"¿ï'Í5
.l+85

.trÃn

,4Q\J

"e6û

,l¿7Ð
¡ -I:f :)

,I75
??r1
açñ
9lfl

"zls2nn
,tnn

"3W
.3ç0
.i30
.330
"130.:40
,1"20

"1"20
.e10

"21"0
.3m
.3(fr
"22Ð
.2e0
"3ût
"300
" 
j+30

.å3ü
"¿!)u
"l+@

"008.0u
"t"¡"3{\}n

"Q2?f\r: ê

"0"i.,ß
" 

Çr;r{S

cUJl"i
.Q32
.\Jj.4

"Ð32
.û34

"}(ì()Ì rv')
fì44.

"a&5
.A3i+
.$36
"o58
"059
"102
.IO2'tv!,

.l-74
?'¿,?

"432?try

"3i"7
" 

!+5Ã+

"¿+5t+

"l+75

"l+S5

l.{'ls#.

}UU.
588"
¿.1ç8"

&98,
1 n'r
21i-"
î06"
å06"
å88.
tr88"
1?1

)4J-Õ
84."
êt
Qdi o

116"
L16,
t-bb"
¿66"
ì rTâÅ-ÍJo
1??"

t¡

;
rl!

ü
ft

;
t'l

r?

ri
4,

å.

Í.

Ê,

qr

v
Ct

'Ít

T31Ì

;f

ß

E

Ð

}E

1fl
.Ll

4{ ¡

10
eq

r? ìì

{"}

Ës

7t
6l'1

xrì

3ç
1ç

"1¿.
2S
l+T
?.8.

t)
qq

8ü
53
63
)2
TE

30
70
20
m/

It

ñ

4"5S ;i¿J.ü
å"5S ll-36"'3
¿.".$r I -i.3ó"0
5 "','l'l I l-81-"û
5"Ë'i- I l-81¡."ü
2 ".iir i i..53 "fl) )t. ¡ lc-4 r-Ìeok4. I ,ÈrJ^/ ov

l-.50 Ë 60.'l
:Ì,.60 I 6'-i.p.
r"gã i 33"3

?,"2C ¡ 5û.4
3 "3i [ 5S.i+
5 "?? Í l-0Ð"ü
5"ú? ¡l-oc.o
¡\ Pt I 

^/ 
ñdo?rJ t ¿Dcé

2"6? å 2.6"A
3"É5 å 35.8
3"9tu E 35"8
Å," lo E 5i.]
, '!¿; ¡ q? ?
+O-1/' â ¿¡¿o.l

5"33 i 53"7
5"55 | 5&"6

TABIfi 5 (continued)
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BOUGITT4I{EÐ SU)PIÌS

Slrtpe ì¿

LABTJIìATORY DAT.ii

onä

Såae of Slope l{aüeria3- i å-r: ?¡r¿r'"J Jtl __ 61t

'? î-ï !I
Fi!

û
^/J
å

S;':aìi:oI.!
tt

2
H 1r1l*

o':õ-
{1

Í;
-tt"l

2
H gT*

d

l+.t
¡. rt
&."t
l+ 

"C.l
3"o
1^
?n
3"o
.j t-i

2.5
4î:éi 

")2E
,4")
2"û
2(\
2"Ð
4 "rJ
2"$
¿ "L,?4
1"5
1.5
1"5
1",5
J. "5ln
l-"0
1.O
3"0

1"O
1.0
1"i)

.1"5û

., ¿)rJ

".liftJ,
'>Lr-t
t'Ìrl

,, Lí'3

"3-'r5
eÉ,¿riì

",(.¿\J
.2:t"G

"2t0
"200
.eofi
.39o

" ):/v
"33t
"fia
.33û
1l,ft

. L4L)

"2]O
"2}CI
"2to
"3&
"360
"2?;e?2^
.3ÛÛ

2fìfr

"l+3t
"¿#a
"450
"Jsæ

"120
"1-2û
"209
õ4r.lø

"ãl+&-

"2lrù,
"159
o å?d)

"2L2
"zi?.)fì1j

"4V4'r a?

.193

"L¿03

" 
¿it¡J

"34L
.31+l-

"135
"1å5
" 13CI

"",.J0
"'¿,p.922è

"392

o4)d

"37:l
"3)-f
" 

¿+51+

"l+51+
.l+75

"/*85

"0fl8ffrñ

-ûl?
" 

ì-,JJi,?

"a?7
.a27
"CIi,.8
.01"8

"rl34.
"03å
.03å
.\t_)1

"n3'¿
"a3a
.108
.L{)#
.o85
.0$5
.03ls
.o36
"r)58
"058
"I02

T r-t,

" 
17&
"l "iJ.
,2.j
?2')

"31,??",ç
/, Er,

" 
145¡+

"¿+75

"l+85

E3

F'

1¡

rá

r1

rr

L¡

G

q

E
,J'

È

@

é

fl .ãe

0oó1,
r-o j"+
L./+9
1"39
3-"33
ll o'?

]..06
ì lF?

i"06
.r"?s
-L " 

CrtJ

L"l+3
-!o¿"tu

3"35
3 "r:,
1..17
1"CIó
a"69
p"75
ic¡" çl
o"85
h"¿e
ir" 60

i3 " 
3/r

i3"zo
i1" 8:Ill cr
12.1..8

lz"eg
lz.5Q
le.¡no
12 n3

12"gl

60"ú
,4n ,4

1ü5"û
i-c¡5 

" 
o

69 ":;
69"5
r+5.0
l}5"O
1,'i É

¿$1."S

39.8

38"0
38.ü
5Ð"8
50"8
¿e3'0
j+3 

"CII?"O
l-9.3
o2
9"4

t-L, o -}
]_6"3
?'l "8ài"6
7"3

I F'Q
I I oJ

i10,CI
I :.o^ot-
I 1¿,.3

I 14"3
ll-4.9
1L5"3

n ?e7

t-, ?E

c" 6?
Q"6g
.:- 

" 
\-hJ

Lr"97
Q"53
Ð"5û
û ft?

o.?6
o"çÕ
r^l ct?

ú."2',3
'i -?q
i"T7
-t- " 

{J-}

o.77
û"?3
Q"l+3
O.l+0
0" 50
0.53
1 1|r

L"?_3
1,93
l_.90
0.8?
0"93
o"7v
0.æ
i""40
1 4Ð
J-o )-lr
2.06
?n

2.1-" dr

) { "ê:

4.Lt-, o L2,

2!+"!4
a t? r'\
-!-J oö

35 "En, t+.
.¡_t! c (]'

l'¿t" É
'¡r 15& o.L

J-è.t, a J-
't? Ê

..!_0.r \J

38"0

(J o .,-
/" ti

hH

5,,ts
Iil"û
ÅUÔLJ

,doù
3.ô
Jo$

uo ooÞ

2 oà"

TABÏÆ 5 (cbntinued)



" . _iùó

ROUG}IEHRÐ SIOPES

Size of SJ-ope ila+-erial

: LABOI¿ÅTORT Ð.{TJ

lcn3.Si-cpe

êrr -- 1$re

R
!'i

Fll

-¿,
11

&"o
¿'.0
/.n
4"0
) "\,1
3"0
3.0

2,"5
4"2
1")
2"5
2"ü
2.0
2.f)
t..ù

2"0

r.5
L"5
L"5
ì4
L"5
l-.5
1.0
1"0
r"0
r"0
I"0
1_"0
¿.0
l_"0

't t\ã

. i"05
106
lcÃ

.16Ð

.LJ
l-rüÃ

"a95

"?35
" 

É+}t.,

.i,.5û
??rì

"J4U
._1ðU

"3gfr
.2eû
o,aRi

. tr50

"i"50
"205
"4V,
"350
"35t
"2&5
"2h5.3e
"3æ
"46S
"Ä'60
"490
"1+90

"CI6&.
.üS41

" 
Å)þ

"r56

.Lt+5

" 
íJUri

.086
2,Fl
322
J,?J.

. JrSf$

"30s
"308?e?

"393
12W
"?w
"160
"3.íS
.L63
"¿oJ
"?'432i2

"38X
.3EL
"258
.258
"i+CI$

"4+m
"l+85
"J+Ss
"5L7
.517

"005
"0CI5
"0iü
"tl"t
"01ó
,û1"6

"rlcg
"cltv
"036
oú*'J6
r..Át

.r6g

.CI¿}?

" 
\r'd+7

.0gg
"099
"ov'2
"aw.
.CI40
.û,io
.o?2
"072-no()

"099
. xá9

"169
"259
"1;-58
.J+OO

"400
" 

¿rS5

"h8511ry
o )¿L{

" 51?

I F,'â

a ritir oL!

.?"û8
'r 3tl

i, *tì
tfi

5..95
ó. i5

"50
7 "85ú[

?n

"ffig.ä0
5 "95
6" 15

"50.
2"&o

")(
3"L7
o")2
6.73
8"r0
8"27
h"ah
l+"23

"57
"77
"14

"50

/+91-.t
49L.Û
gLL"t
gå1"t
&76"ç
/+?6"S
282"0
282.rJ

51Ë"ü
990.ü
990.{,}
7A2"Ð
702.0
5?,{r.0
57i+"Ö
l+23"û
À23.ü
237 

"Q
23V."fi
tr33.0
133"0
183 "O
r"83.0
3L2.0
31""A

9t+¿2:

9¿r"7-
l¿6"0
1/+6"0
17?"û
l_77.O
189"0
L89.0

.t-"¿-Y

L"23
1 Érry
¿o ! ü

.!o öd-
a, j.?

3"àE
3- 

" 
jl+

'r ?ç
2 ""iíii2.89
? L.Á
: Ò11
-] o ¡J.¿

J"¿l
_x " -LU
i. /-.!:.

t r:r:u¡o2)
2qry
¿"e'{
1 fJ?
¿-c I J-

J-" Õ$
t 

"?,1
¿" ëjd
2EA
2"67
2" 89
2"9/.+
2"8,,9
i¿"7s
3 "l+a12/}J o)r-
) " 

Li<'

/+.Ï7
t+"28

15X"0
å5r.0
4 ÕL,' o L/

¿ùxu 
" 

Ll

],i,6"t
ååó"0

of o-':-

s"/"i
3.6Ð,û
360"0
3rJ?"t
30? "rj1ì,4 ,^l

2tr.8.C'
1 e'rrs f\¿l í,:v
lñry !5lrf f "L¡
13i..ü
131.,C)
72"A
7A"t
LtJ.o Q

Å11" 6
56"ç
56"9
arl ,
a.'ì I
29"?.
29 

"p.
h5 "3,
l+5 

"2.
5l+" ß
)4"ë
58"å
qÊ !.

0
t
l-J

!J
¡¿

(}
f)
LJ

LA

dL

Ci

À

Â
ä
&
E
A

ê

A
Â
t?

ê
I

J.rs .3:a2 "+h$ -- j/g¿l

r? 0ft"
U srmu"i 

f;lä i 

":"

TABI,E 5 (eonbi¡rued)
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ROUGffiI{ED SÏÆPES .. LABCRÂTO}IY DATA

SÌ-ope L or¡ 3

Siae of Siopæ Haterial

f't '

L

fi:-:*: - "':::Ìl--:-:--* :l
S¡rnbo

f¡'¿
o

:i
Lå

&
d

R;(¡

"toJ5
"(F5
"O¿t
"o]_s
"or-ó
.û36
"orig
.0119

ll{h

"03ó
"UOY

"069
"01+9
.r_l¿_g

.r9g
¿r00

"o72
"a72
"r&CI
.040

"ry-r2
,aTa
.o99
"û99
.169
"f6g
"259
"4þ95
"40c
"J+æ
"h.85
.¿+85

"5X?
"5L7

0"85
fie?
0.98
L.ol-

¡ 491

CI.7?
0.??
:L"25

ì Ëlt
¿-a.,) y

L"65
1 c:')

1".5/+

î'rd4c¿tJ

-i-"ttb
i. 

" 
l+1

0" 85

3"01,.
0.96
L?5
1"30
L"33
I"36
1"4X
L"t+l+
r.?E
tr.?3

!+2 "!r
Å+2 

"L,
78"?
78"?
4r"3
,.'l t
,¡_ Ë

2!1..5
t+L,"7
t9 r3

B5 "l+
85 "4"
ó0"?
60"7
!+9 "5
49.5
jlÐo ?
)a o2)n)
2Q"3
11"6
11" 6
15.8
tr5.9
27 "a
?7 "a

öo J-
.$î
O. JL

7"2"6
7"2"6
15"2
L5"2
L6"3
L6"3

Q,33
0"34
o.60
4"57
a"63
U" tli;
0"4Ê
0" ¿r?

t"66
r"70
3,"33
ï tfì
.L o -JLt

o'96
1.00
ì Ãfi
ì c?
L6 ))

CI"?o
o"63
o"l+6
0"À3
a"53
o"57
0"83
o"60
I 1q

i"15
8"?6
a"73
ì l-r
J- ô -L.t

å"1,2
'Ì li.

1"14
x.i3

15.C)
15 "ü,r7 ü
2"1 \2

1l^ r,

3.i+'5
GoU

t1., c,

l{ F,

t6 !l

t/\ -:t
Jt¡ r, -'

'¿.L"tt

21 f"

-ct o\.

17"6
T'¡ {n

'r? rì
fr.\I oa-
,.' ,}

4.. i.

jo I

2"f
ûf1
{ì sF
7t I

20
9A
l+' 5
4..5

5 ,,1+

5"8
5"S

Õ

Õ
o
E
,J

e
Ð
u

et

dÅ

.A

A
TJ

Á

3

¡\
&
A

êit

@

&
þ

2.-Jå,
1 æ,1

2"55

"66

J¿"0 1"105¡"tE&
Á+.o1.105!"0S4
4.oi"x95ff"156
l}"01.1951"156
3.0 1"16û[.tJ,.5
3.CI1"1-óoå.LÈ"5
3"O1.095 l"0S6
3"0 1"095fi"08ó
2"5t"235N.227
2"5 1"235 1"227
^ 

P I ¡ F^ * t 4t4"2 i.¿+)\J I .4t¿+
2"5 I "ô5O å.i{3&
2"5 1.320 fr "3082"5 Á.32CI I "3082.ONJæ1.393
2.0 l3Wl"3g3
z.CI1"280å"2ç0
e"0 1"28o I .29û
2"0n.155$"1"60
2"t9"155!"1@
1"51"150[.]63
r.5 ["150å.¿63
1"5 ü"2Ç5ä"?23

1"5 1.35O å ,3Er
1"5 H.35Oå"381
1.O [ "21,+5 l, "2581.0 1"2¿+5r"258
l-"0 ["3æ ü "l+æ
1.,0 l.3m E .400
l-.0 1.4@ t "4851"0 N.&@ Í "tr85l-"0 l"J+F fl "51?1"O Í"¿'9O 1.5tr?

TABIE 5 (eontinued)
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ROUGHN}'T]IÐ 5IÐF8"5

Si-ope

,=. LAJJCH,ATORT DAT.Ê.

.b o¡r Cç

Þ

$
R
d

H!
U

Hfo
a*('

L

?
ri"t

o

rl

F!', .1

.)
L{

¿+ov

&"0
&"0
1+.0

3.0
3"0
3"A
3"0
?E

2,5
}E
)c
2"0
2"CI
2"Q
2"0
2"Q
2a8
L"5
1.5
1q

f")
1"5
1"5
1"0
r"0
1"O
r"0
1.0
1"O
1"0
1"0

" 
TCI5

.1C]5

. i5t
t ¿r( I

, L55

"255
"ü?5
"t75
"200
"200
"25Ð
"25a
.2&o

" 
2¿ot

nJ l2
.375
"4))
"255.l¿o
"140I ?ri

.tr35

"21ü
"210
"3oo
.3r.iO

"¿Ð)
"¿tJ>
"280
"?80
"3ffi
"36Ð
.l+25
oL&7

"O8/+
.0s&
" 
låt

" I20
,14,0
.:b+0
.0ó8
.t6É
10?

. r93
"?åx
.24r
"23L
"23L
.388
.388
"26t+
"?6¿+
" 
1À5
l¡ c

o Å4)
.1Ä',I

"L47t)Õ

"'¿29
"3?7
"31¿7têf\

.a&3
2OE

"?95
"&cû
"J+m
.¿t48

"&&8

"t05
.005
,v\Jf
.oO'tr

"o1"5
"o15
"008
"-om8r.\ã 1ôV) ¿-

"03:l
.039
.039

"a37
"v) (

.09?

.09?
,û68
.0óE

"036
"A3fJ
"rJó5
.065
^ 10i,

l nqì

"),1+5
" 1¿.5

"2e0
".,éðuto(
?cç

"lrOO
.40û
" 

¿+/sB

.4&8

S¡rribo

(}

t*d

r*

t6

t-l
r-?

Ët

U

A
¿.

B

{3

t;l

{,

å
a
s
v

2"63
/-"?v
6"?il
6.çr

fJ.75
r"73'r [â

.1Ë.

"J"ëtn

"s5
"85
.25

9"20
g 

"95

19ó6
1966
4ÕlJ()

281)E

lgi+5
18¿+5

896
896

lTlró
]tv66
ä2G5
22:Ð5
2llJl
¿,.¿-ÅJ+

|¿21ç
?27ø
154.4,
15/+J+

B&8
rll tÈ
Õ41ç¡

lL85
l+95

756
756

l_o7g
10?g

t+10
JrfO
t+32
i+j4
586
5e6
e56
olo

"û2

/'1rr

nÉ

,so
"Þ¿

'¡ rs

L"çCI
5.00

"&Å.
ú"'¿5

,{"'91

¿oç:L
f/t|lì

7tü
e59
i. q(J

,1¿J
1+,ùt

tr{0
5l+9
5,1+9

5?-',r

5'ì.7'
}bi)
)bõ
is5
385
272.
2.1.2

1å0
1,,ti
r.E8
188
26{3
?68

10e
IOE
108
1/+ó
14ó
16J+

16&

J. o l-/:.
t-!.r

Jo(fl

2"35

lo.?7

ð..¡tJ
2"çg
?. EÉ
2"qE
? ncì

l+"1+2
J. q-:{

2 '?ft

2"3.+

it" j:t
1"28
'l "l'7

/+"0û
r 1¿.t+ o )i\J

3"5r
3"6#
1C'
2"C3
¿^Þb
4 ")0
3 "0¿i)e?
2"92
) o¡,

1 Ê-'i fr
f iA f\
1HÉl i,

3J+2"0
:142.¿]

t¡kì. ùi

6t"ü
L36"a
åJb.U
.¡-¡L.ro\,'
'T e'r'n f!
.¡-tÐ.{J
163 "0'?4È t\.!-l ) aV

1:!5 "t'ì 1G a)

,.ñ-l-Y . ¡'l

a, "¿
6r.2
3T "5

58.3
5Ë"3
råî ?
d,'l ?

?l {¿

31"8
)J,.lir,
33 "1,
4) "e
l+5 "4
50.?
5CI.?

"00?q
l+"6CI
1i,"60
4oot,
le"æ

!Â

lr.5s
4"åCI

14"20
7"10
7 "50
8" 83
8"65
g 

"2ag.&
1I"10
w"75

"4é:
" ,'¡2,
í\"2

2??

o-1{J

.?{J
ÐoÀ)

"1,16)îlo'" I

"?tl
.3ú

5.0Ð
) o "!t3

5.96

S:ize of S3-ope M¿rteriaf fi {æ .-'- 3/S'u

TABIE 5 (conLinued)
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HOtFlEi,tF,D SLOP]I.S -- iABCltLi'llOE.f ÐÀTA

*'ilo'',Je i og¡ 4

Size of' Slcpe J{af,eråaL r.l.ll 2r¡t?

&"0
J+"0

Å'. i)
å.o
'l 1-\

j. tl

?rì
3 "e:

2"5
4'"Þ
2"5
2"5
4"2

2"a
2"Q
2"o
2.0
2"0
1-6
I"5
1.5

-l-,: y'

1q
I.O
1.û
1.O
1.0
1"0
1"û
1"o
¿.0

" å05
. I05
.150
.150
"1-55
"L55
"875
.0?5

"2üÐ
"200
"25A
"25a
"?l*CI
.2in0

") {>
"375
"255
.255
"L40
" 

fJ+0

"L351?q

"21CI
"2IO
"30û
.30û
"?.65
":¿65
"280
"29o
.380
.380
"l+25
"l+25

.o84
"tg&
"3-2A2ir¡"

.140
"1år
"0ó8
.CI69
.193
.193
-,41+-t'

"23L221
.388
.3SS

"?6ü
"2{l+
"1't"5
"f.ì+5
.1¿r?

" 
1/+?

2?A

"32'.r
"32'*f
"280
"2m
"295
.?95
.400
"¿$OCI
.l+48

"14L8

Fir
c,
¡t

T*

"çÐ5
flf ì¡:

¡.t¡-rr?

nna?

n] {

.L{}6
añ(s

o \r(jËf
r\2'Ì

e \JJ "I"
nî.e

. {J-} y
n?rt

"CI3?
"097
"0ç?
,0óg
.069
"CI3ó
" 
Li-]0

.o65
"0ó5
"]û:¡"
" 
lOi,

" 
1å5

"-U+5
" 

4t1\,,

"2m?()4
)aE

"&0û
.À0Ð
.448
"l+t48
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