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--\ secoirci , 'xler solutioir of u-,lr'e cliiL:actir-rri is clerilecl ancl usecl to
er-rr1u:rte tlie for,;es ererteri bv u.,rr-es on lirrge r.erticrrl square-section
crtissotls. The recent tronline;tr tTrecrv of llalm-rirn arid ileirps (i0) appli-
callle to lrrrge circular cylintlers htrs been ertenclecl to preclict the g,irve
forces on lrtrue srlttare caissons. The theclreLicirl preclictions are courparecl
iYith the availtrble erperimental dat:r. TIre conrpirrison shol,s i-xcellelt
agreemeut.

Itiroductiotr

In recent years, consiclerable atteniior., hits l'rctn paid in the reselrcfi
of estjmating \Yave loacls on r,l.trious sh:rpes of monoiithic offs]rore stlrc-
trtres ; ltotl'cver, r'ery litile kroq,le<lge is avuiiable concc'rninq wiivc loa(l-
illgs on ltlr:ge vertical sqrLirrc-sec:tirln rri-lissoits restir,g orr the ocean itottom
rtnd erteuding tlirough the rvaier surface. Nurnerical methocls for the
soltttion of rvave loacls txr llrrge boclics incltiriilrq sqilarc cais,sons haye beel
describecl b1. mart,v arithors includilg l{ogbeir :urd Sttrr-rcling (1975) apri
Giirrison atid Chorv (1972). E{ogbcn arid sianding (1g75) presentecl sornc
results of \1,i1ve loacls rneir-surl,d oi-r a rnocierl of a square ctlisson, ancl coin-
parecl their tneasrirccl vniues nith the irpprorim;tte solutiol basecl orr thc
c.liffractioir theorl, oI N{ltcCamy,' ancl Fucirs (195,1).

hl this ptU)er we llirve itssr-rmecl that ihe ryaye forces o1 a solilr€)
ciiissori or cr'lin..ier occur in lr simil:rr manner to the rvrrve forces on a
circular cvhlrcler. Thitt is, if the size of the square cl,lincler is small corn-
piu'ed to the irrciclt'nt rvave leirgth, tlre cr.iiniler does not clcforrn the inciclent
w:lve',:ucl the rvave forces c:rrr be ca]culittcd irsirrg tire h{orrisgn eclultiorr,
i.e. the tl'ave force consists of the srrm of thc iircrtial ancl viscoris drag
f,rrccs. IlLrt if thcr si;,:e o[ tlie sqtliuc, cvliirder is large comptreel to the
riitle lerrgih, it cartses rc{lectiorr iur-i di{frru'ii.ori of the inc:ident wal,es ancl
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thc viscotrs clrrtg lorces rnay llc rri:gle<'tcil iir r()ltlpilrisoti rt'itir the irrertiitl

forces,

It hirs lteer, forrrrcl c.rpe.rirncirtally that ther iirteirr clifrraction tlteory

of NlacCarny and F-rrclis (1ii5,1) for srnall arnplitritle \\'ilves is inacier'lrrate

for the preclictioll of $,ave forcc's on a verticitl circular cy''liuclerr llncleI crx-

trerne rval.e cr,nclitiorrs. hi rc'rrl situations, the ci'urrttcter of occiui \\'iiYes is

generirlll' a trortlitrt:ar ftrtictiorr of tht: clisturbance"

Tlie rrorilinear theorv of u,itl'c cliilractiou has been attempte'.I by

mri11, prc'r'iot,,; re,sc,rrc[ers ilcluding Chtrkrabarti (1975), Ytrmaguchi uncl
'fsucirira L-lii,1l, airci llrrmriri rurcl Venkrrtalrilrilsairtlt (i976). N{olin (1979)

folnllirtcil ri lrorllilre.lr ciifirectiorr theoil' rrsirg tite Ftrrtskirid n:ciprocal reltr-

tiols 1s 6rrllir,t-cr, br t.ielrtitill (19;9), I-Iorr-er.er, irll these theories aplleitr

to be incrtrrect otie \\ J\' ()r tlrt' iltl'rtlr.
Htrnt irLd \f illianrs '|$!1 , proliclecl :i rioi'litrcrlr tileor-u to citlctilate

wave loacls r:rri tr cirr-,rrlrir cr liriilcr rrsiirq perirtrbatiorL techniquc'. Tlrey

have cleriveil a seconcl order sr.,lrrtiorL lor tlrc' ciiit'.ritctiolr of il itonlllrear,

progressive wAVe in shailori'u'ater. ir;cicitrrt (rri ii \t'rticrr1. srirlace-pit:rcing,

circular clrlirrcler, Receiitlr', rl \-c'rv e'leqrirrt sec''trll-otcler tiretlr,v of lvave

di{Irnctiorr basccl on r,r direct pc'rtrrlb:Ltirirr tt'cirrirlre rrtilizirtg c()lnplcx

varilble ilnirlvsis liirs been clevelopecl bv Rallrtturr ilrr(1 IIclips {1983). The

thegry has lteen applied to preclict tlte..r'rr,.t'foLc,-'s,rli larqr: cit'culirr c,vlin-

clers iurcl tlrcorctrlcal predictions hilr,e bccr, cot'trpitrcrl riiilt ttr;ittt' tlvnilablc:

experimerrti,rl clrrta. The comparisorr shcltr,s verv qooci c'orrelirtiou 
.ltetrt'een

the preclictiorl ancl t.he experirrrentai dtrta.

Tliis prrper is n-railrl1,coricc'-niecl u,itli tlie e'stinrrtiorr of rvave fcrtces

clrr lrrrge vertictrl sqlii)re ctlissorrs. 'l'hc tlieory of Rahr-nirri rrnd lleaps 11983)

{or the circular cy'iirrders h:rs l;et:rt cttctrcie:d ttl prt'tiici the r','irve forces ort

Irrrge squrrre c,trissons" T'he thr:orcticrrl prctlicti.llrs rlr,:r crtrt'tpirrccl n'ith tllc
experiurcntirl clattr collccttc[ bv thc' N:rtionai lLr:'si'iirr,'].r Couricil of Clanadrr.

The cornl.rirrisrtn shou's erce'lietit agrcr:nti'lit.

h'l ntlrcm ut i r:ol b' o r rnulti io t r

Consiclcr a rigicl r,crtic,irl srirftrce pie,rciug Sqluare caissolt of sicle

le1gth D acic<l orr ltv a rt'stil:tt srulace u'rlver of height H that progre"qses

irr tlie clirectioit of tlie positivc .I-i,\iS. In t'ne absence of the rvave ther

u,atcr cleptli is /r aricl in the prt'scrrr-,r: ol tlit'u'ru.'e the free stirftrce ileight is

r1 above t]rc rneirrr srrrfilce le..,t'1. We intiticltrce i:i reciiulgular co-orciirlate

system u,ith tl.rc origln irt the still u,irtcr -srrrfitcc, ,t iu the iiir:ectiort of ])ro-
pilgiltior of \\iiives, 17 perncnriicrrlirr to thjs jn titr: platic of tlre strlll rvater

Icyerl, aircl z ri:rticallv rrprvrlrrls, 'fhc incitlt'irt rvrit't'tririrr hrrs atrrl>litutlr:

H,i2, rvar-c-lc'ng11r L, tvave ttrtrttbcr k:2:;.iL. lulil \\'itvc frecptetrcv o-2r/
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I. rvlreic 7'is the pei'i()d, Assrimirrg irrotatioual ircorlpressiblc {lou,

theorr'. tl're lluid tc.krc,ity is giverr ltv 17:[o, iu rvhich tho vclocitv l]otelt-
ti:rl nrrist satisfv Laplace's cquatioll. T-ilc borriiclilr,v colrditions are sillrre ets

tho5i',lf Ralimiu'r irncl lleaps (1988). Follou,irrg tlrcir u,ork, \\rc use Tit;-lor's
cryra:rsion altout ,i:0 togetlter x,ith perttrrbiltiolr tedlritltre for e-tprtrrsiorr

of o ruitl r1 in porvers of e [:Q (kHiz)], aritl cqirate likc pou'ers of e. Cotr-

sjilr,rirrg upto s{rci)rld orcler term. 11,e g€rt con(litiolls for C, and d,. Benlrlrrlli's
erlrration qives prc'ssrlre P(.r, U,7, t) u'hich, rtsing the perturbation expall-

siou cif d irpto secoud orcler tertn, vieltls

p: - p3z -up}!' -,, n[06 , aLrv^.1, ]+01'ry. (l)

,,," ,,,-., 
".,,,,,1,1,rr,,,, 

.,: :,",;,:,:,'..,,rru, h.s been clt:sr:ribecl in thc:

[ollorvir rg sr,'r'tl'on :

Frtrc,': {-lulr:rtIutitttr,s otr S11uore Cni.ssrrrts ;

It is itssrrme,cl that the u.ave force ou a large rigid sqrrare-sr:ction
c1'liuiler or cilisson bc expresscrl as iur inertial force if the coe{ficient of
muss rrs,,'cl inclLrcles the c-fIects of s'rrve refectiorr ancl cliffraction. Thus
the forct'orr tlre o{Ishore structures birseci on the u-ork of Nlorison s/. al.
(1950) mar'be r:x1-',rc'ssecl after neglectiug tlie clriig force as (justified if the
rlirncrsion of thc stnicture is large relative to u'al,e ]cngth)

D--t/ 7 dur:pv Cu'ff Q)

n'lrr,Lc ?r is the fluicl r:lensity, V is the volnnrctric <lisplaccmenl of the bocly,

* is fluicl aricelcration along the horizontal clirection, ancl C, is the
dt
c'oc{ficient of nrass of the body.

Then thr: horizorrti,rl force per ruiit lclrgth on the r:aisson iu the :r-

directrlon is erltressecl as

.frr:p U, Corr# (3)

u.herc'Crr, ir tlir: coerificient of mass for sclrrare-sectiou caisson, ancl L, is

tlic sitle lcngtlr of the clisson.

Sirnilrrrl.. if tire sqrr:tr,' (';riss,rr is rcplacecl bt a circular cvliriclcr,
thcri i1-.e lrort;orrttl forr-'c l.rc'r rrnit lerigth on the circultrr cyliricler rvith
errri',li ti it'srrile (()ri(1iiiot]s u:; fol'ther sqrrare c.,rlirrclcr, iD the.r-directioil
is : t I

" Dnz n dutt:Pi 4.rrdt (4)

I
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g,here D, is tl,e cli4rnctt'r rrf t[c c'r,1iliier alr(1 C* is the coe{ficic-r}t L}f luiiss
of the circrrlrr cylinclcr.

Iiol c[<::,ig:r l)r-li'poses, \1/ci nir]y aipproxirnitt(:) tho cflr:cts r)f wa\re
scattcrilg bl'ILc s{li1:ire c;ii:is{)}t l;rtd its i.rssocjuted.,vayc lo:rcling bv that
of rr c;lrcrilirr c',,li'r<[er i]f "er111i-,,aleut cliameter". Nou. if the irrertial force,s
exertecl oa };otli tiie strrrr:trircs are thc s*inc, tltell 1-.y eclti:rting these forcers,
\\'c hi1l,e

pb'Cn1,lA-pn(D,'z1\Cafi (5)

T'lris concc't.rt, tltcrr, clillrles r,rs io fiiicl tlre ciirimr'-tt'r of lur etluivir-lenl circrrilar
cylinrler

Du*2b(Ca,lrC*)l (6)

We kr.u,r-i thlL the clr:i:::rr,:ic"rislics of tiit, slirtterecl u.ave firkls nre
funclirnierrtliilr iliflc,'reri rn <'rlr:h crrsi:; hr:n,ever, irr tliis paper, \-,.e afe rnrlinly
concei'ired rl,itli the ;rpproxiiuatr: estin'ration of serconci orcler u'rrve force:r;

on the sqniiro caissoirs for engr'rreerir-rg1 clesigrr i)un)oses. It lras bteu re-
ported in tlle ofislurrr r:ngiliccririf litera'Lrrres tirat Cru:2.19 ar-](1 C*-2
approximately, aird therefore, as :r first approrin'i:rtioir -!\'c hrrr-e used irr this
strrdy, C us=Ctr sttch that eqii;rtion (19) can be recl,rcecl to a -,'ety sirnule
erpressiorr

1

D"-2blGr)z

TJ-rtrs u,ith thi, krrow,loilg,-' oI tliis orlrrivl:lerrt cliameter concept, u,e
get the expression for the horizoritiil force ererted on the square cilissorl
samc irs (28)- (30) of Ri:lmrair iurd Herrps (1983).

lle,sultunt Horizontul liorces on Srlrutre Crl.,'t,1ol,l

We are rtou, iri ir position io reu,rite tht tl.rr-'ort'tical erpressions to
prcdict the ttave fr;rcr.'s or, srluitie t'rLr'ss,rr'. The first ordr:r ]rorizoirtal force
on rtn equivalent cliiimetcr cir:crrlar cl.lincler rvith cliameter D, can be
rvritten as (53) of }trahman ancl Helurs (1983). Nou. replaci*g D n and oc

by the clian-.etr,:r of thc squrre crrissorr i,c. Du:(,2b/ y';) atcl uu:llt/ t/n),
\:ve can u,riie tlre iion-c.[imr:tisionlll expression for €Fr1 as :

(7)

,# :* " -EJtanh kh cos (o, - n, ) (8)
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arlcl

Cu-(kil,lri'(#)l (e)

lr,hcre Cl, is thc coeHicient of atiilerl rnuss rhrc to lilicar tlieory.
Thc st'c'r-rrrcl orclcr forcc's muv he t'rprcssed as thc sum of stencly ancl oscilla-
tilg ltarts :

F -Fss +Fosxz xz xa

in u,ltich

i:,* *'P:;:([il"!, 
{[' -wt(+-$*) o,\ (1,)

nis:lls1g;y17 u*2io, 
k"T:oc(tc,) 

etk,+ c.c t

-? tY: 
( 
r1, )', I, ( - I ), 

{ 
(3 - ;:*{*n) n (' * ;t#, rn) #*

where

(12)

(r 3)

(t4)

( 15)

(10)

x (C, cos 2ot-5, sin 2ot)

r - 
J',Y',rt-J't+rY',

", - (J,:, y,i)(ry;.r4. y,: r,)

r- * Y',J', r.t1-Y'tnrJ',
+ Y^,,ltl,i-_r+ v,fil

e - Y', Y' , *r-J' ,, J' , *,-' u,?+Yt?)u,1 *r*Y'?*r)
the Bessel functions argument being kau, and

G{kra):
f ,l r1tr rr1 B,(kr) (kr) d(kr)

kd

and

(k, a,)lqk, a,) - ^ \:?fiY'l a 7,' {r,, o,)

which

B,(kr):8 ,t, ,- l),*, I 
A,rrn+t n?-T**'4,n(m+t)A,,,A,,,*,f Q7)

A,,,^:(3 tanh kh - coth kh) A,,,A,, +2A,,rAn coth kh (18)

A,,,(kr) : r,,, & n - {im;H,i,l' (kr)

(t 6)

(1 e)

D
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t'r(kror\ il 1,(k.r).
A r(k rr) :J Jk,r) - ii,, qk rr"1

(20)

No*, rcPlricirig / , unrl ,.. o b1' thc' dinrcrrsiort of t.lrc stlllare (rlissoll,

*,e 9btail thr: l.ollou,irig 
"ti',.,'ssi,,,r 

tol tlrc sccroiitl rlrcl<'r cotnporrc'itt o{ tite

total horizrtntal lorcc its

*,.:{':! !li L'-2i"t ranh A./r J GG 
'\d/.' 

+ c c 
}pgbs | zlb; L\ o

(HILY

' Jlfgpt'*,r#l,J){c1 
cos 2ot*s' s'ln2or}

#ffi,; l[' lli;j't(r+J4')r' ] (21)

5
I =0

r-rr'{(:-#!";

'l-]re totul horizoltal f6rce 11ltrl Secorrcl Orcler ternr oil a S(ltlitlt' ctlissrrtl

in noncltlnerrsiortal form mill' l;c erllressed as

(22)eF-. er F-
D- o7-J- n2'

pgb' pgb"

D i.sr.:rt.s.riott of lir:st tlt s

Tliis papr:r <lcscrilrcs arr lqtpliclitiorr to the rtottliltcirr tltcorV tlf \','ttvtr

r'lifiractio, ,i",:"1,,1r.,.1 b,v Ilahr,a. ar.r<l l{e.ps (l98S)' The *'aye force

estimatiorr o1 il large sqlare ctisso* llrls lleerr preserrtcd 1rlcl the resrrlts

ilre contl)rlrccl u,ith lLvailnlllc cxpt'rirnclttril tlatri. It hlis lleerl reported lly

mau1, preyiols rcserarchers that Iirrg<t n.ronoliLhic strrrctlres sulljectecl to the

ertrcrne oceilrl wrtves post' Illarl)' clifficultics ir-r estirnlrtirlg the lvar,'e loa<ls ll,v

Iinear rviu,e cliflrtiction thcorl' tler-elopetl ]r1' \lircCrrm.V trncl Fuchs (1954)'

Especialiy J\'logrirlge lrrcl Tarniescxr (197ii) reportt'tl that the liriear rvave

cliffraction tlteorv carr lle usetl n'itl'r rlll accurit(\: o[ 6?1, for the pi]rtlmet(]rs

t! 
una 

b7 
sr"ut", than 0.09. However, for f "no I less r'han 0.09, rhe

pcrcentilge rli([ere:rrCcs llre gIt'ittt'r thlirl 6'],, :lticl vcn' large t'rrOrS OCctrr

pirrticuiarll, for iitrgc u.ave sIet'lltl('ss(]s.

f1i this stuc11, tire yariaiiorr of u'ave lirrccs riith u,rn'c steellticss itr lloLr

climensionirl fonl h:rs hecrr piotterl iri F-igrrres 1-'1. I.,iui'ar tttlcl trori-litrea'r

forcers in rrorrdimersiorial I'onns hr*,er bectr cromp,rretl t'ith the erperinierLtlrl
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dtrtir of Nlogriclge and Jrrmiesol (1976) for r.arious climensionless para-

meters. The experimental results for'- ana ! greate, than 0,09werefoundL - L"
to egree r,r'ei] rvith tlie lirieiir di{Iractiou theorl, for rvave steepness up to

0.09. However, if either b- o, 4 is less than 0.09, linear theory appears
LtL

to be initpplicable becit',rse of the large ciillerences between the theory and

the experimeut rrs reDortcd by liogrirlge aird Jarnieson (1976). It is believed
thilt these difierences may be partiy tltre to noirliuerirritl, of the wrryes rlear
the strriciures anci p:rrtiy ciue to the eflccts of viscosity introdrrcirrg ,lrag
forces of corisirlerablc lnrlgniilltlc.

The seconcl orclcr solution presc:ntetl iir this paper are crxripared rvith
force measurenreuts obttrinecl bv \{ogriclge irrrcl J:irnieson (1976) in Figr-rres
1-4 lor varioiis parrrmeter riulges. The ci:rta for u.ave forces is gener:iily
seen to agreer ll,cll rvith tlrc sercorrcl orcit-'r 1;rer-liciions tliarr tlie Erst orcler'.

Conclusiotr,y

S,econcl orclcr cli{Ii'irctiorr ellects have Lreeri inchrcled il the calcu]liion
of the maximrrm horizontal force oi'r a verlicai snrftrce piercirrg square
ci.tisson, The automatic computer gerrerated vahies of the mtrrimurn forces
hil,c been clisplayed in grtiphic:rl forms iir Figures 1-.:{ shor,virrg corsicler-
abie correlatiori bctr-,.eerr Lhe experirnc'rri rurcl seconcl orrlcr theorv.
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