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ABSTRACT

The  bounda ry  va lue  p rob lem w i t h  t he  app rop r i a te

bounda ry  cond i t i ons  f o r  t he  t h ree  d imens iona l  nonL inea r

random wave  f i e l d  i s  r ev i ewed .  Us inq  pe r t u rba t i on

techn iques ,  t he  non l i nea r  p rob lem i s  conve rEed  i n to  a

se r i es  o f  l i nea r  ( i n  t he  unknowns  o f  t ha t  o roe r )  bounda ry

va lue  p rob lems .  These  a re  soLved  t o  t ne  second  o rde r  f o r

t he  f  i n i t . e  dep th  case  i n  t e rms  o f  f  i n i t e  Fou r i e r  su iT r s ,

i nc l ud ing  re l a t i onsh ips  f o r  t he  secono  o rde r  i n t e rac t i on

comPonen ts .  The  resuL t s  ob ta i ned  a re  ve r i f i ed  w i t h

ava i l ab le  so lu t i ons  f o r  mo re  spec ia l  cases .

Fo rmu las  a re  deve loped  f o r :

(  i )  t he  co r re l a t i ons  anC  p robab i l  i t y  dens i t y  f o r  che

v ra te r  pa r t i c l e  k rnema t i cs ,  anc l  d i s t r i bu t i on  o f  f o r ce

pe r  un i t  l enE th  o f  a  _c i r e

(  i  i  )  a  c l oseo  f o rm  so1  u t  i on

cens i cy  o f  t he  i n l i ne  ano

d rag  oom inan t  case  and  a

F a r  F h . ^ "  i n i n F  n - n h : l r i  i ' i - r r! v r  ! r l g  J v I l t L  l J - v v ; u t a I L _ /

t he  c ross  f o r ces  f c r  t he

th ree  d i - r nens iona l  r anoo rn

sea ,  and

( i i i )  t he  e f f ec t s  o f  f i n i t e  t ime  s imu la t i on  on  t he  mean



2

squa re  va lue  o f  a  r anoom rea l i za t i on ,  anc t  on  t he

co r re l a t i ons  amongs t  t he  s imu la ted  va r i ab les .

Wave  f o r ces  due  t o  a  d i r ec t i ona l  non l i nea r  r anc lom

sea  a re  s imu la ted  v i a  t he  f o l l ow ing  s teps :

( i )  a  l i nea r  sho r t - c res ted  sea  i s  r ep resen ted  by  a

nu rnbe r  o f  Fou r i e r  componen ts  p ropaga t i nq  i n :nany

d i rec t i ons ;

( i i )  seconc i  o rde r  co r rec t i on  componen ts  a re  compu teo  Dy

the  f o rmu las  deve loped ;

( i i i )  wa te r  pa r t i c l e  k i nema t i cs  ano  sea  su r f ace

I  . :  ̂ - r  -  -  ^ -o l sp lacenen t  a re  compu ted  by  t he  supe rpos i t i on  o f  t ne

I  i nea r  and  non l  i nea r  componen t . s ;

(  i v )  wave  f o r ces  a re  co lnpu ted  by  t he  Mor  i  son  f  o rmu la ;

and

(v )  t o ta l  f o r ces  on  a  p i l e  a re  compu teo  up  t o  t he  f r ee

su r  f ace .

Some  o f  t he  more  no tab ]e  f eaLu res  o f  t he  p resen t

me thod  a re  t ha t  i t  :

( i )  co r rec t l y  mode l s  t he  i n te r co r re l a t i ons  and

skewnesses  o f  t he  va r i ab les  i n  t he  wave  f i e l d ;

( i i )  i n c l udes  non l i nea r i t y  co r rec t  up  t o  second  o rde r ;

( i i i )  p rese rves  t he  phases  o f  t he  non l i nea r  co r rec t . i ons ;

( i v )  p rov ides  [ he  capab i l i t y  t o  mode l  any  d i r ec t i ona l

ene rgy  spec t rum;  and



(v) conrputes total" force up to the actual free surface.

The above methoo j.s applied to simuLate linear and

nonlinear randqn realizations of the sea surface for the

Bretschneider spectrum ano four different i irectionaL

si:reeds. The nonlinearity representa3 ry Lne s<e"ness is

ccmputed in each case and it is found that the skewness is

greatest for a narrow directional spred because for any

given tvo wave nurnbers thu. skewness kernel is largest for

snall  incluoed en3les. Thc reasons for this phenomeno;r

ard the possi-ble occurrence of negative skewness in Ere

fielcl are Ciscussed.

the srmulation methoo is furcner applicd to

cqnpute total wave forces on a sLrgle piJ.e ano a mulEiple

pile group. The total force on a pile reduces by a facF-or

of I to U.61 with increase in the directional spread of

the energy spectrum from wrioirectional- to

cmnidirectional. For the four pi le group with ou feet

separaEion the reduction factors are similar to those for

the single pi le case. These results are the same as tnose

obtained by a so-called hybrio method (Dean L91'1) for a

drq dcrninant case. For a four pile group with one piLe

at each corner of a 300 feet sguare the reouction factor

varies frcrn 0.79 to 0.39 for the Cirectional spectrum



valying from unidirectionaL to

Ttrese results suggest

can be realized in the design

lncorporatirg the directional-

omnidirectronal-.

that considerable eccnorny

of large sEructures by

effects of a reaL sea.



CHAPIER I

N.ITRCDLCTICN

The storm characterist ics to be considered :.n

developirg iesign wave forces for offshore structures

differ substantially Cependirrg on the area in which the

structure is to be instal leo. Some design storms nay be

fair ly distant from the site of interest, in whrch case

the effects of dispersion result in a fair ly periodic ano

iorq-crested design \,vave. A rnore comncn situation in many

cases is that in which the structure is locaeed near to

or in the storm generating area. In this case reaListic

design waves, part icularLy those due to hurricanes,

snould include the follovrrnq three inFortanc

character is E ics:

(I) Nonlinearity:- waves with peakeo crests . ' ' - lo

shaLlow troughs;

(2) Ranciomness:- Lack of order or regularity in

the wave motion; and

(3) Directionality:- waves approachi.ng frorn many

directions result inq in

shor t-crestedness.



Non l i nea r  and  random aspec t s  o f  t he  ocean  waves

have  rec i eved  cons ioe rab le  a t t en t i on  ( see  i l uospe th ,  I g i 4

fo r  b i b l i og raphy ) .  The  me thodo log ies  p resen t l y  i n  use

fo r  ca l cuLa t i ng  wave  f o r ces  on  o f f sho re  s t r uc tu res  depend

heav i l y  on  t he  s t r eam func t i on  me thod  (Dean ,  L965 ,

Da l r ymp le ,  1974 )  f o r  ex t reme  non l i nea r  wave  ana l ys i s  and

l i nea r  spec t ra l  me thods  f o r  comp l i an t  s t r uc tu res

(Bo rgman  ,  195 '1 i  i ' l a l ho t ra  and  Penz ien ,  I 97C)  .

1 .1  D i rec t i ona l  E f f ec t s

In  t he  absence  o f  de f i n i t i ve  measu reo  d i r ecE iona f

spec t ra  and  economica l  ca l cu la t i on  p rocedu res ,  t he

d i rec t i ona l  cha rac te r i s t i c s  o f  ocean  waves  i r ave  been

igno red  i n  t he  i n l i ne  f o r ce  me thods  o f  des ign  and

ana l ys i s  o f  ocean  s t r uc tu res .  The  i n l i ne  f o r ce  me thods

seem to  y i e l d  r easonab l y  good  resu l t s .  Howeve r ,  t he

cons ide ra t i on  o f  mu l t i d  i r ec t i ona l  seas  can  subs tan t i aJ -1 t '

a f f ec t  t he  wave  f o r ces  as  d i scussed  be l - ow :

(1 )  Dean  ( I 977  )  showed  t ha t  t he  f o r ces  on  f ou r  p i l es

cou lo  be  reduced  s i gn i . f i can t l y  ( up to  232 )  f o r  a

d i r ec t i . ona l  sea  s t , a te  compared  t o  a  ' i n i d i r ec t i one l

sea  cond i t i on .
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( 2 )  I n  and  nea r  hu r r i canes ,  waves  t r ave l  i n  many

d i rec t i ons  resu l t i ng  i n  a  sho r t - c res ted  cond i t i on .

Pa r t i a l  i n s tan taneous  s tand ing  waves  rnay  f o rm

resuL t i ng  i n  h i gh  pa r t i c l e  ve loc i t i es  be low

re la t i ve l y  1ow  wa te r  e l eva t i ons  and  I ow  pa r t i c l e

ve loc i t i es  be low  h igh  sea  su r  f ace  C i sp lacemen t . s .

( 3 )  The  d rag  componen t  o f  t he  t o ta l  wave  f o r ce  i s  a

quad ra t i c  f  unc t i on  o f  t . he  wa te r  pa r t i c l e  ve loc i t y .

I n  a  r andom sea  s ta te  assoc ia ted  w i t h  s t r ong

hu r r i cane  w inds  t he re  may  be  l a rge  ve loc i t y

componen ts  no rma l  t o  t he  i n l r ne  (p redom lnan t )  f o r ce

d i rec t i on .  Thus  t he  resu l t an t  ve loc i t y  ano  t he  wave

fo r ces  d i f f e r  cons ide rab l y  f o r  a  d i r ec t i ona l  sea .

(4 )  Non l i nea r  e f f ec t s  gene ra te  sums  and  d i f f e rences  o f

t he  f r equenc ies  assoc ia ted  w i t h  t he  l i nea r  spec t rum.

Conce i vab l y  t hese  f r equenc ies  cou ld  co inc iCe  w i t h

the  na tu ra i  pe r i od  o f  a  s t r uc tu re  caus ing  a

re l a t i ve l y  l a rge  response .

(5 )  To ta l  second  o roe r  componen ts  a re  l ess  i n  t he

d i rec t i ona l  sea  s ta te  compar :eC  to  t he  un id i r ec t i ona l

sea  cond i t i on .  Fo r  examp le  a  wave  o f  amp l i t u i e  a ,

f r equencyd  and  wave  number  k  t r ave l l i ng  i n  wa te r  o f
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d e p t h  h  h a s  a  s e c o n d  o r d e r  S t o k e s  a m p L i t u d e

g ul- !^,11 
,  (cornzrh+z) (r-r)

+ S;nh 'kh  \

N o w  i n s t e a d  o f  o n e  w a v e  a t  9 C  d e g r e e s ,  c o n s i o e r  3

w a v e s  o f  a m p l i t u d e  s  a /  f 3  c o m i n g  f r o m  C i r e c t i o n s  3 C ,

9 0  a n d  I 5 0  o e g r e e s  w i t ; r  r e s p e c t  t o  x  a x i s .  I n  t : r i - s

c a s e  E h e  a m p l i t u o e  o f  t h e  s e c o n d  o r d e r  S t o k e s

c o m p o n e n t  i s

t + #nn(c,sr',zvr',+z) ( r -2)

I n  a d o i t i o n  t h e r e  w i l l  b e  t h r e e  m o r e  s e c o n c  o r i e r

c o m p o n e n t s ,  w i t h  a m p l i t u d e s  l e s s  t h a n  a / I e A ,  i n

q i r e c t i o n s  6 0 ,  9 0  a n d  1 2 0  o e g r e e s  w i t h  r e s p e c t  t o

t h e  x  a x i s .

T h u s  t h e  d i r e c t i o n a l  a s p e c t s  o f  o c e a n  ! v ' a v e s  m a v

b e  a s  i m p o r t a n t  a s  t . h e  n o n L i n e a r  a n d  r a n d o m  a s p e c t s ,

w h i c h  h a v e  r e c e i v e d  c o n s i d e r a b l e  a t t e n I i o n  i n  t h e  p a s t .

1 . 2  O b j e c t i v e s

I n  t he  p resen t  s t udy  t he  non l i nea r i . t y ,  r andomness

and  d i r ec t i ona l i t y ,  a l l  impo r ta i r t  e l emen ts  o f  ocean

waves ,  have  been  re ta i ned .  The  two fo l o  non f i nea r i t y ,  one



due  t ' o  t he  non l i nea r  boundary  cond i t i on  a t  t h€  su r face

and  the  second  due  to  the  d rag  fo rce  re la t i . onsh ip r

p reven t  a  c losed  fo r tn  so lu t i on  fo r  t he  wave  fo rces  f rom

be ing  ob ta i ned .  The re fo re ,  i n  t he  p resen t  s t udy ,  t he

wave  fo rces  due  to  a  non l i nea r  < i i r ec t i ona l  random sea

have  been  s lmu la ted  v i a  t he  f o l l ow ing  s tePs :

( i )  A  l i nea r  d i r ec t i ona l  sea  has  been  rep res€n ted  by  a

number  o f  d i sc re te  f r equenc ies  and  a t  each  f r equency

the re  a re  seve ra l  $ave  componen ts  w i th  i ndependen t

phases  p ropagaL ing  i n  seve ra l  d i r ecE ions ;

( i i )  Seco r rd  o rde r  pe rEu rba t i on  componen ts  i nc l ud ing  a l I

f undamen ta l  i n te rac t i ons  have  been  comPuted

acco rd ing  to  the  ana ly t i ca l  f o rnu la t i on  deve loped

fo r  t he  f i n i t e  dep th  case t

( i i i )  wa te r  pa r t i c l e  k inemat i cs  have  been  comPuted  f rom

the  l i nea r  and  the  non l i nea r  second  o rde r

pe r  t u rba t  i on  componen ts  i

( i v )  The  wave  fo rces  have  been  compu te< i  f rom the  wa te r

pa r t i c l e  k inemat i cs  and  the  ! ' l o r i son  fo rmu la  us ing

su i cab le  d rag  and  i ne r t i a  coe f f i c i en t s  sugges ted  by

Dean  and  Aagaard  (197o  )  .

The  above  s i rnu la t i on  me thod  has  been  i t np lemen ted

fo r  seve ra l  d i rec t i ona l  sp reads  and  comPared  w i th  the

resu l t s  o f  t he  hyb r i d  ne thod  p roposed  by  Dean  ( f 977 ) .
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The  p resen t  s tudy  a l so  i nc ludes  the  fo l l ow ing

theo re t i ca l  i nves t i ga t i ons  :

( i )  Fo rmu las  fo r  t he  second  o rde r  pe r tu rba t i on

componen ts  o f  a  d i rec t i ona l  random sea  i n  f i n i t e

dep th  have  been  deve loped .

( i i )  S i nce  t he  mos t  impo r tan t  s i ng le  measu re  o f

nonL inea r i t y  i s  t he  skewness ,  t he  re l a ted  ke rne l s

fo r  t he  f i n i t e  dep th  case  have  been  s tud ied  i n

de ta i l  .  Ke rne l s  f o r  t he  f i n i t e  dep th  case  have  been

conpa red  w i t h  t hose  g i ven  by  Longue t -H igg ins  (1963 )

fo r  i n f i n i t e  dep th .

( i i i )  A  poss ib le  mechan ism has  been  sugges t ,ed  to

exp la in  sone  o f  t he  obse rved  nega t i ve  skewnesses .

( i e )  Fo rnu las  fo r  i n te rco r reLa t , i ons  and  p robab i l i t y

dens i t i es  o f  t he  wa te r  pa r t i c l e  k i nema t i cs  i n  a

l i nea r  r andom wave  f i e l d  have  been  de r i ved .

( v )  The  j o i n t  d i s t r i bu t i on  f o r  t he  componen ts  o f  d rag

fo r ce  has  been  de r i ved  f r om the  g i ven  j o i n t  Gauss ian

d is t r  i bu t i on  fo r  t he  componen ts  o f  rda te r  pa r t i c l e

k inemat i cs  fo r  t he  d i , rec ! i ona l  sea ,

( v i )  Fo rmu las  have  been  p resen ted  eo  exp la in  Lhe

e f fec ts  o f  f i n i t e  t ime  s imu la t i on  on  the  mean  square

va lue  o f  a  random rea l i za t i on  and  on  the

cor reLat ions  amongst  the  s imu la ted  va . r iab les .
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The  p resen t  d i sse r t a t i on  has  been  o rgan i zed  as

fol  lows :

( i )  A  b r i e f  r ev i e l r  o f  t he  pe r t i nen t  p rev ious  s tud ies  i s

p resen ted  i n  Chap te r  2 .

( i i )  I n  Chap te r  3  t he  t heo re t i ca l -  r e l a t i ons  f o r  t he

second  o rde r  pe r t u rbaL ion  so lu t i ons  f o r  f i n i t e  depch

have  been  de r i ved .  Fo rnu las  fo r  t he  th ree

d imens iona l  s inu la t i on  o f  t he  non l , i nea r  random sea

su r face  and  assoc ia ted  wa te r  pa r t i c l e  k i nema t i cs

have  been  d  eve loped .

( i i i )  S ta t i s t i ca l  r e l a t i ons  f o r  l i nea r  r ando in

d i r ec t i ona l  sea  have  been  de r i ved  i n  Chap te r  4 .

( i v )  Chap te r  5  con ta ins  the  me thodo logy  o f  s imu la r i on

used  in  th i s  s tudy .

( v )  The  s imu la t i on  ne thod  has  been  imp lenen ted  and

exanp le  resu l t s  p resen ted  i n  Chap te r  E .

( v i )  The  sumnary  o f  r esu l t s  and  conc lus i ons  a re

con ta ined  i n  the  seven lh  chap te r .



CHAPTER 2

BACKGROUND AND REVIEI i  OF RELATED LITERATUI1E

As  d i scussed  i n  t he  p rev ious  chap -Le r ,  t he  p rob lem

of  compu t ing  des ign  wave  fo rces  i s  comp l i ca ted  due  to  the

non l i nea r i t y  o f  t he  waves  and  the  comp lex i t i es  o f  t , he

random and  d i . r ec t i ona l  sea  su r f ace .  Two  essen t i a l l y

d i f f e ren t  bu t  comp lemen ta ry  app roaches  have  deve l cped  i r l

an  a t t emp t  E .o  es tab l i sh  rea l i s t i c  des ign  wave  l oaC ings .

2 .1  Ex t reme  Non l i nea r  Wave  Mode l s

One  app roach  j . s  t o  r ep resen t  non l i nea r i t i e s  c f

l he  mo t i on  f o r  a  s i ng le  wave  composed  o f  a  cha rac te r i s t i c

fundamen ta l  pe r iod  and  i t s  h ighe r  ha rmon ics .  A  number  o f

such  t heo r i es  have  been  deve lopec i  (Sk je l b re i a  ano

I l end r i ckson ,  1961 ;  Chappe lea r ,  1961 ;  Dean ,  1965 ;  Von

Schw ind  and  Re id ,  1972 ;  La i t one ,  l 960 ) .  Da l r ynp le  ( I 974 )

ex tended  the  s t ream func t i on  app roach  o f  Dean  to  Ehe

r i vaves  on  a  shear  cu r ren t .  Some o f  t hese  theo r ies  can  be

shown  to  accoun t .  f o r  t he  non l - i nea r i t i es  adequa te l y i

however ,  t hey  avo id  the  randon  and  d i rec t i ona l

cha racEe r i s t i c s  o f  t he  sea  su r f ace .

I2
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2 .2  LLnear  Random Mode ls

The  second  app roach  exp lo i t s  t he  p r i nc ip le  o f

l i nea r  superpos i t i on  o f  i n f i n i t eJ . y  many  naves  hav ing

g i ven  f r equenc ies ,  amp l i t udes  and  d i r ec t i ons  o f

p ropaga t ion ,  bu t  i ndependen t  phases .  The  to ta .L  ene rgy  i s

d i s t r i bu ted  ove r  a  con t i nuum o f  f requenc ies  and

d i rec t i ons .  I n  t h i s  manner ,  a  th ree  d imens iona l  random

Gauss ian  sea  can  be  rep resen ted  fu l l y .  Hc twever ,  i gno r ing

the  non l i nea r i t i e s  makes  t he  random Gauss ian  mode l

un rea l i s t i c ,  espec ia l l y  f o r  l a rge  waves .

Fo l l ow ing  R i ce  (1944 ) ,  bo th  Rudn i ck  (195 I )  and

B i r kho f f  and  Ko t j . k  (1951)  sugges ted  tha t  t he  random sea

can  be  mode l l ed  as  a  Gauss ian  p rocess .  B i r kho f f  and  Ko t i k

(195 I )  e labo ra ted  on  the  p r i nc ip le  o f  random phases  as

app l i cab le  t o  ocean  wave  p rob lems .  P ie r son  (1955 )

deve loped  the  causs ian  mode l  f u r the r ,  app ly ing  i t  t o

seve ra l  oceanograph ic  p rob lems .  I n  th i s  mode l  t he  sea

su r face  i s  rep resen ted  by  Lhe  fo I l - ow ing  pseudo- in teg ra l

(2 -1 )ca7 v- 6t+ ece)J

ln wh i ch

6 j . s  angu la r  f requency
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s(40)

i s  wave  nu rnber  re la ted

r  e1  a t  i on

and the  eo ta l  energy  E is

r* rtr
f  = |  I  sF,a)d,edd

-o J-tl

€tqO) is the random Phase lying

and indePendent  o f  a l l  the

6'= tk t",*h t<L

i s  dep th  o f  wa te r

i s  acce le ra t i on  due  t o  g rav i t . y

i s  d i rec t . i on  o f  p ropaga t ion

i s  t . he  ene rgy  dens i t y  assoc ia ted  ! v i t h

f requency  d  and  h ,ave  d i rec t i on  A  such

the  un id i rec t i ona l  spec t r  u rn  i s

nfr
5(a)= |  S(d,s)ae

-fl

to  d  by  the  d ispers ion

(2-2) -

t he

l - h . l .

(2-3',)

12-41

bet 'Yfeen ( - l t  , l l  )

| . ,  g t a g !  P r r a > g - .

Pie rson  (1955)  has  g iven  a  Proo f  tha t  Equa t ion  (2 -1 )

represents  a  th ree  d imens iona l  sLa t ionary  Gauss ian

Drocess .

tongue t -H igg ins  in  a  se r ies  o f  a r t i c les

(  I  9  5  6  ,  I  9  5  7  ,  I  9  6  1  )  p resented  a  comprehens ive  eccount  o f

ran i r :m mcv ing  sur face ,  inc lud ing  der iva t ions  o f  the
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f o l l ow ing  s ta t i s t  i ca l  p r  ope  r  t .  i es  :

( i )  t he  p robab i l i t y  d i s t r i bu t i on  o f  t he  su r f ace

e leva t , i on  and  the  maqn i tude  and  o r i en ta t i on  o f  t he

g rad  i en t ;

( i i )  t he  ave rage  nunbe r  o f  ze ro  c ross ings  pe r  un i t ,

d i s t ance  a l ong  a  l i ne  i n  an  a rb i t r a r y  d i r ec t i on t

( i i i )  t , he  ave rage  l eng th  o f  t he  con tou rs  pe r  un i t  a rea ,

1nd  t he  d i s t r i bu t i on  o f  t he i r  d i r ec t i ons ;

( i v )  t he  ave rage  dens i t y  o f  max ima  and  m in ima  pe r  un i t

a rea  o f  t he  su r f ace ,  and  t he  ave rage  dens i t y  o f

specu la r  po in t s  ( i . e .  po in t s  whe re  t he  twc

conponen ts  o f ' g rad ien t  t ake  g i ven  va lues )  i

' ( v )  t he  p robab i l i t y  d i s t r i bu t i on  o f  t he  ve loc  j . t i e s  o f

ze ro -c ross ing  a long  a  l  i ne ;

( v i )  t he  p robab i l i t y  d i s t r i bu t i on  o f  t he  ve loc i t i es  o f

con tou rs  and  o f  specu la r  po in t s ;

( v i i )  t he  p robab i l i t y  d i s t r i bu t i on  o f  ehe  enve lope  and

phase  ang le  i  and

(v i i i )  when  the  spec t rum i s  na r row ,  t . he  p robab i l i t y

d i s t r i bu t i on  o f  t he  he igh t s  o f  nax ima  and  n i n ima  and

the  d i s t r i bu t i on  o f  t he  i n te r va l s  be tween  success i ve

ze ro -c ross ings  a l ong  an  a rb i t r a r y  l i ne .

A l l  t he  resu l t s  a re  exp ressed  i n  te rms  o f  t he

two-d inens iona l  ene rgy  spec t ru tn  f J f  t he  su r face ,  and  have

been  found  to  i nvo l ve  the  momen ts  o f  t he  spec l run  up  to  a
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f i n i t e  o rde r  an l y .  P rope r t i es  ( i )  and  ( i i i )  t o  ( v i )  have

been  d i scussed  i n  de ta i l  f o r  t he  spec ia l  case  o f  a  na r row

band  spec t rum.  The  conve rse  p rob leEr ,  g i ven  ce r ta in

s ta t i s t i ca l  p rope r t i es  o f  Che  su r f ace ,  t o  f i nd  a

conve rgen t  sequence  o f  app rox ima t ion  to  the  ene rgy

spec t rum,  has  a l so  been  s tud ied  and  so l . ved

(Longue t - l t i gg i ns ,  1957 ,  19  61 )

Bo rgman  (1969 )  has  g i ven  re l a t i ons  be tween  t he

va r i ab les  o f  i nee res t s  such  as  wa te r  pa r t i c l e  ve loc i t y ,

wa te r  su r f ace  e l eva t i on  e t c .  i n  a  d  i r ec t i ona l .  spec t ra

mode l  f o r  des ign  use .

2 .3  wave  Fo rce  P robab i l i t y  and  Spec t ra l  Dens i t y

P ie rson  and  Eo lmes  (1955)  and  Borgman  (1967)  have

apP l ied  a  l i nea r  un id i rec l i ona l  Gauss ian  mode l  t o  de r i ve

the  p robab i l  i t y  dens i t y  o f  wave  fo rces  ob ta ined  f rom the

Mor i son  f o rnu la .  F rom the  j o i n t  Gauss ian  d i s t r i bu t i on  o f

ve loc i t y  and  acce le ra t i on ,  p ie rson  and  Ho lmes  have

de r i ved  t he  p robab i l i t y  dens i t y  o f  f o r ce  as  an  i n teg ra l

t o  be  eva lua ted  nu ine r  j . ca l I y .  Fo r  ze ro  mean  ve loc i ! y

Borgman  (1967)  has  exp ressed  the  i n teg ra l  i n  t e rms  o f

pa rabo l i c  cy l  i nd r  i ca l  f unc t i ons .

Borgnan  (1957)  has  a l so  deve loped  the  I i nea r i zed
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spec t raL  dens i t y  o f  wave  fo rces  on  a  p i l e  due  to  a  random

Gauss ian  sea .  The  d rag  fo rce  componen t  has  been

approx ina ted  i n  t he  s imp les t  f o rm by  a  l i nea r  re ]a l i on .

He  has  a l so  p resen ted  re la t i onsh ips  fo r  cub j . c  and  qu in t i c

app rox ima t ions .  These  and  o the r  s ta t i s t j . ca l  mode ls  fo r

waves  and  wave  fo rces  have  been  summar i zed  by  Borgman

(1973 ) .

The  i n f l uence  o f  cu r ren t  on  randorn  wave  fo rces

has  been  s tud ied  by  Tung  and  Huang  (L972 ,L973r .  They

ex tended  the  resu l t s  o f  Bo rgman  (1957)  t . r  i nc lude  t , he

p resence  o f  s teady  cu r ren t  and  the  e f fec ts  o f

v rave -cu r ren t  i n te rac t i ons .  They  have  repo r ted  tha t  f o r

fo rces  on  members  nea r  the  su r  f ace  the  i n te rac t i ons  a re

more  impor tan t  t han  fo r  f o rces  on  members  nea r  the

bo t l on .  The  wave-cu r ren t  i n te racC ions  have  m i ld  e f fec ts

on  t , he  s ta t i s t i ca l  d i s t r i bu t i on  o f  t he  max ima  o f  sea

su r  f ace  e feva t i on .  The  va r i ous  aspec t s  o f  wave -cu r ren t

i n t , e rac t i ons  have  been  rev i ewed  by  Pe reg r i ne  (1976 ) .

2 .4  L i nea r  F i l t , e r  Mode Is

Re id  (1958 )  deve loped  a  me thod  f o r  I i nea r

f i J , t e r i ng  o f  a  sea  su r face  reco rd  to  ob ta in  the

k inemat . i cs  regu i red  to  compu te  fo rces  on  a  p i l e  by  the

Mor i son  fo rmu la .  Whee le r  (1969)  used  th i s  t echn ique  to
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compu te  f o r ce  coe f f i c i en t s  f r om measu rec j  hu r r i cane  l r ave

reco rds  and  repo r ted  vs r y  l i t t l e  d i f f e rence  be tHeen  l he

neasu red  and  t he  p red i c teC  peak  f o r ces  a t  d i f f e renc

e leva t i ons  o f  an  i ns t r unen ted  p i l i ng .  Hudspe t . h  e t . e I .

( 1974 )  app l i ed  t h i s  t echn ique  us ing  hu r r i cane  reco rds  and

repo r ted  mean  squa re  e r ro r s  f o r  f o r ces  co r . r pu ted  ove r  t he

c res t  po r t i on  o f  t he  reco rds  v rh i ch  comparec i  f avo rab l y

w i t , h  mean  square  e r ro rs  f rom p ressu re  fo rces  compu t .ec

us ing  Dean ' s  s t . r ean  f unc t i on  me thod  (1965 ) .  I n  anoEhe r

app l i ca t i on  Hudspe th  (1974 ,19 i5 )  used  t he  l i nea r

f i l - t e r i ng  me thod  to  ob ta in  t . he  wa te r  pa r t i c l e  k inemt i cs

f rom the  non l i nea r  random sea  s i r . ru la t i on .

2 .  5 Nonl inear Random i ' lodel  s

S tokes r  pe r tu rba t i on  me thod  has  been  ex tended  to

random v raves  by  T i ck  ( 1959 ,1961 ) ,  Pb i l l i p s  ( 1950 ,1951 )  ,

I l a sseLnan  (1962 ,1963 )  and  Longue t -H i . 99 ins  (1952 ,1963 ) .

The  f i r s t  t h ree  au tho rs  have  assumed  a  f i r s t  o l oe r

s ta t i ona ry  Gauss ian  so lu t i on  i n  t e rms  o f  t he

Fou r i e r -S t i e l t j e r s  i n t eg ra l .  T i ck ' s  < j e r i va t i on  ex tendeo

to  t he  second  o rde r ,  and  was  i l l u s t r a ted  by  an  examp le  o f

a  non l i nea r  r eaL i za t i on  i n  deep  wa te r  ( 19 r i 3 ) .  The  sane

pa ie r  i nc luded  the  non l i nea r  i n te rac t i on  ke rne l .  f o r  E i te

f i n i t e  dep th  case .  Ph iJ . l i ps ,  Hasse lman  and

Longue t -H igg ins  have  ca r r i ed  ou t  t he  pe r t u rba t i on  scheme
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f ^  h i ^ h d ,  ^ r ; a ,  : n . . i  . r r ^ . , ^  -  r r i - l ^ - r  ^ r , l o r c  . 4 r t , : i nr r J  r r r Y ' r c -  s  o L  r r r - J ' r c r

comb ina t i ons  o f  wave  numbers  i n te rac t  r esonan tLy  and

the re  i s  cons ide rab le  ene rgy  t r ans fe r  f r om one  wave

number  t o  ano the r .  Hnweve r ,  such  resonan !  i n t e rac ! i ons

and  t r ans fe r  o f  ene rgy  Lake  p l ace  ra the r  s l ow l y  an l  a re

o f  p r ima ry  i r oo r t ance  i n  che  scudy  o f  wave  gene raL ion ,

wave  t r ansm iss ion  and  swe lL  p ropaga t i on  ove r  l ong

d i s tances .

T i ck  r es t r i c t ed  h i s  pe r t u rba t i on  de r i va t i on  t o

the  second  o rde r  f o r  u : r  j . d  i r ecL  j . ona l  spec t ra .  I n  sea rch

fo r  a  nechan i s ;n  o f  wave  gene rag lon ,  p ropaga t i o r .  a ; rC

in te rac t i ons ,  Ph i I I i p s  ( 1961 )  and  Longuec - i l i gE ins  (1952 )

ca r r i ed  ou t  l he  pe r t u rba t i on  t o  Lhe  t h i r d  o rde r  and

Hasse lman  (1962 -63 )  t o  t he  s i x t h  o rde r  i n  ene rgy

spec t rum,  bu t  r es t r i c t ed  t he i r  de r  j . vaL ion  t . o  t he  l eep

. t " s  l - . r  r h a  F : . r  t ^ > r .  I  I  )  r h o  r o l . a r  i . r . r eP a r  L r - y  r . u L  r v

F ^ ,  t s l r ^  A ^ ^ ^  , , -  - - ^  ^ i - ^ l ^ -  - ^ , 4  ^ F i 1 1  i - - i - ^  ^ , , ru E e = t ,  w d  d r . r  r  r r r l r - € r  l . r r  ! !  r r ' Y  i , u L

t he  unde r l y i ng  t heo ry  w i t houL  t he  comp lex i t i es  o f  t he

€ i n j r o  r i o n f  h  o n , r : r i n ^ ^  - - . r  t . \  r l . . ^  ^ ^ ! , - i n : l  n r ^ n o c c s e  n Fv c p L L ,  c v . J q L a \ . ' l r - ,  a L r ( ]  \ 2 . /  L I E  _ v r r y J r u q f

wave  gene ra t i on ,  p ropagac ion  and  i n te rac t i on  
"h r cn  

t hev

nad  i n  m ind  co  mode l .  a re  p r ima r i l y  deep  wa te r  pnenomena .

Un I i ke  T i ck  t he i r  de r i va t i on  i s  f o r  d i . r ec t i ona l  seas ,

because  un id i r ec t i ona l  spec ! ra l  mode l s  do  no t .  p resen t

i n te res t i ng  so lu t i ons  even  a t  h i ghe r  pe rcu rbaL ion  ! han
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second  o r i e r .  A f so  wave  gcne ra t l on ,  p ropaga t ron  anc i

i n t e rac ! - i on  t ake  c1  ace  i n  a l l  c i r ec t i ons  on  an  ccean

Longue t -H igg ins  (1953 )  i eve loped  I  pe r t u rbac ion

- ^ 1 , , r i  i ^ ^  F ! . a  f  i r S . "  O r d e r  s o l u : i o n  a S : h e  s u m  O io - r q i " r I Y  L I r

^ - , , i - -  a :  a F -  - ^ ^ r  r .
t a r g e  n U m O e r  O t  w a V e S  a c v r r . . J  J t r L t r ! q ; L L  - ! € q u ' i n C : e S  l n C

wave  numbers  bu t  i ndepenc ien t  phases .  He  useC  h i s  so l - u i i on

Eo  compu te  skewness  coe f f i c i en t s  f o r  su r f 3ce  e l eva t  j . on

ano  ccmpare r  w i t h  t ne  skewness  conpu ted  by  K ins r , an  ( l . v6O)

f rom f i e l d  daca .  The  Jg reem<nL  bcc r "een  t i ) "  5kL 'wnsssss

- - ^ . i i ^ - ^ . r  r , \ i ,  ! ^ ^ ^ - . ,  = - i  F h 1 : a  1 6 n 6 1 , ; a , r  F r O m  t n C -  f  i . l f  C )P !  c u  r r  L c g  J j  r r ' € v !  J

r i . i r a  i s  r c r a r k ; b l €  C r l ' ! i  - r . ' - . - l v  r n  l  i J ^ r  O f  : : t :  i e c t  : C : l

r - . a  i - . a n r w  . i 1 1 e <  n n r -  t a K e  i n t . o  a c C O u n c  E : e  r . l n a o n

f  i . uc tuaE ing  p ressu re  due  Eo  t he  w ind  b l - cw rng  ove r  Ene

wa te r  su r  f ace .

2 .6  Non l i nea r  Random Mcde l  i n  Deep  ' r i a t e r

The  t heo re t i ca l  de r i va t i on  o f  Longue ! -H r .gg ins

(1963 )  i s  r ev  i ewed  he  re  because  i he  t heo re t i ca l

ce r i va t i cns  o f  Eh i s  s tudy  f o l l ov ;  i he  f unc i i ona i

app rcx i .maC ion  app roach  o f  Longue t -H igg ins  and  no t  t he

measu re  t heo ry  app roach  o f  T i ck  and  o the rs .
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: ^ - ^  - ^ -  5 a l , q  c , r r t i a ^  i i q r . l ^ - c r r : n -  O nr r v : r \ , 3 i ' L r J U J

. : - 6 ! ^  1 i s  h 6 c n  r a o r ( ' c r , r f . r i  r o  c : r e  f i r s :q c P s r r  . , J J  ! , v t t  -  - Y ! ! J L ' .

c P P ! ( J ^ I j r d L r u r r  u y

( t )

7 = '?  (2-5)

hi'r€ r --

N
.')

t l  =  /  Q r r  L o s  Y r r  ,  V ' ' =  h r , . X  - { \ t +  e \ h n )  t . - o rL e

in which

z

+

t-

rs tune

is a hor izonia] vector ',rave nLll,ber

6-, is ar.gu-:r frcguency reiated to{, by c:.e

r :  ^^^ -^ :  ^- t  re I ; i io : . r!urrvw!r  ry ! ,J . r t r<r  - r \ r '

(2 -1  )

"  
l - c i m  r r r  : r - o l a r - - l -  i ^ n  r l l >  r n  : r - r ' i r ' ;

*  **" :

4,, and 61-1a ) are --tnpl i tLces enc r;nccn pni:es

so tn3c a.,.cos € ani +sin€ are jci;-.c-J.y :.o ri,ra]

hir.: € ,..in i fcrmly lis:rrbutc-l a1d

\  r  a  -  t - . ,  \  . ' f
/  tan=E(h)dh  \z -c )

4'.,, J dR

{: = A.16'l
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Cor respond ing  ro  t ne  f r ee  su r f a ;e  e l eva t i on  y ' ' t hu . "  i s  u

, , ^ t  ^ ^ i
L ) '  P \ r L l : l l L ! d l

+t'': i- b, J'7 s'nv,j b-= a-,:''
(2 -9 )

'- lt) \'t
Honeve r ,  ? -and  +  a re  on l - y  i he  : r r s !

app rox ima t i on  t o . . he  soLuc ion  o f  Lap lace  equa : i on .  To

sa t i s f y  t he  non l i nea r  bounc ia r y  con< j i t i on  a t  t he  f r ee

su r face ,  t e rms  o f  h i ghe r  o rde r  a re  ccns id3 red  : . n  ! h :

se r  l es  expans  i on

, l= i"*i. ' t , , lo'*. '-
( ') (r) . (3)

+--4 '+  A '+  C--+  "  (2-11)

( : )  . ( 2 )
i n  wh i ch  ' l ' an4  A  conca in  t e rms  . 3 ropo r t i ona l  E .o  . r ;

h r ^ ; , r ^ t  ^ €  F l - ' ^  1  i  ^ ^ ^ -  - - - r  I  ! . . - : ^ ^  - g J  - -  '  ' ( a )p ! u L u L L  u !  L  e  - L r n e a r  a n p l l t u o e S ,  1 -  a n . )  @  c o n r a i -

t e rms  o ropo rc i  >na I  ; o  t . he  t h i r i  c rCe r  p rocu : r s  c f  t a . e

amp l  i : ude  s ,  : nd  so  on .  : nc  ecu3 :  i ons  f o  r  eQ)  = . . d  7 t '

v'QG)=c i :  - t  I  \

7  d ;  
' . . -  

1 1  *  - >  -  &  ( 2 - 1 3 )
' l
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A f te r  I : y l o r  Se r i es  expans ion  abou t  z= j ,

t*,*t?) +o'= - * F $")"- z' f,(*,. t *,\ l',, = o (2-r4)

i" = -f t#'* t1e 4")',1' '  $r: i  z =o (2-i5)

I t  i s  assumed  !h3 t  t he  mean  ) , e ' , t e I  f  i . s  ze ro .
l t )

Subs i i t uc . i ng  f  i n  Equac ! cn  12 - I 4 )  : nc : f : e I  s cn :

r  educ  t i on  we  ob ta i n

(*** t h) +
N N - --+ -,,

i z l  t - '

'  . - +  - : >
+( t i +  a ; \  ( h t  h ; - h th )  s i n  t v r+u )  J  ( 2 - l o )

To  sa t r s t y  Lne  above  and  Equa t i on  (2 - i 3 )  ,  d ' ) i .  o f  . h .

f o rm
^ ,  N t - ' t  '+' -  l  h ;  'h , ' l  z

J,)- 7 7 f r- i ' ' '  
' ' ' '  -  

sir, (v;-rzr)q=+-  L  r . l
L ? ,  I ' - t

* lT - t ,  lz
+e e 

,  s in1,y, ,V1) (z_r1)



l -r .  a?
l h t  -  h ,

c ' r h c i -  !  F ' , F  i 6

NN
12)

Q=LL
i . l  l ' l

54.4, s,nLv,nusf

z . a

I 2 )
g  rn  t he  aoove ,  I  i s  f oun l  ; s

4 " t

b, b,. [ 
(ai- r) ( ai hi + d' nr)

g  f -  ( t i - a , \ ' -  q l +  - ? '  '
t '  4 tR ; 'h  l

(rt+e;) ft,\ -a,a)
-- --:----------- -=

1r.+di)--  f . lh;+h;!z

lz
siaLv.-Vi)

( 2 - i c )

T n e 6 r  I  i  h d  f h i c  i h

NN
{z) <- S-

T'= /  /  a- ;41
r F e -

L-'t i ' t

i n  wh i ch

_ t  i l? i
)  i ,nu sinu;r(

L1

+{

, \  ,+  - ,

('l{, 'F;)- G., ii i- iti ft1)

I r=- n- \2 l'i, '? |
\Vn i  

-  lR i  /  -  lR i -  r r j  I

ldirn)J c,tv,6svJ

" r I

.t-
L -+ ---+

(t.r, *J-ln; f (ti; n:; +hrki)
= \  -  -

/ -  r L  l - +  ? l
( r /h i  +q) -  lh;+\ !

l 2 -  2A  J

(2-2r )

(2-1s)
t
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The kerne l  i n  the  skewness  fo rmu la

|  (  f  f  t )  ,  -k, -- 6 )JJ J K ((,,4) r(t) r(i,) ai, aF; \2 -22)

K(i,,4) bi; * Bip- a, n; +,[6ll lrt.+t1)
( 2 -23 )

Th i s  skewness  ke rne l  hes  ceen  f  u r  t he r :  exan ined  bv

I ^ h ^ , , 6 r - - q i  r -  i . c  r F F  a  L s r ^ 6 1

^ €  a  L ! . ^  - - ^ r ^  L ^ - ,  7. ) f  7  r  r ne  anEre  oeEween  E : t e  i vave  : 1unoe r  veJc . r s  R i

and  h ,  ,  ano  a  d imens ion l . ess  pa rameLe r  I

t -

such  t ha t

11 (h,
l !  \

i n  wh i ch

h i * h i  >  I' - L

e (h, h;):

h,) :
. L

(h.  k) '  f l { t e)

( 2 -24 )

t2 -?5)

t(z'c)=glJP (L+ , )  ( r - c )
(t-,) - ('- +-. \ l

(Li ls -(t ' - t+11', .

and

c =_ c-as e

+(tc-c)



I t  has  been  f u r t he r  shcwn  tha t  f  ( e ,0 )  >  O .  F rom

f h i q  i f  i r n m o . ' l i  e f  e l w  f o l .  l o w s  t h a t  t h e  s k e w n e s s  c o e f  f  j . c i . e n t

i s  pos i t i ve .  The  f unc r i on  f  ( t , 0  )  as  g i ven  by

Longue t -H igg ins  nas  been  rep roduced  as  F igu re  (2 .1 t  .  t n

Chap te r  6  Eh i s  w i l l  be  conpa reC  wr :h :  s im i l : r

F - ^  ; i n i i o  i o h r h  - - - : a
u w r " F q L s r ! u ' r

2 .7  Non l i nea r  Random Sea  S imu la t i on

Hudspe th  (19?4 ,1975 )  has  so l ved  t he  nonL inea r

bounCary  va l - ue  p rob len  : o r  t ce  - : r opa3 : t i on  o f  r a : r co . : i

' ' ^ ' - ;  i n  a n  c c e a n  O f  f  i n l r 5  a - - - L  q .  h " - :9 L c v r L y

i n t r oduced  a  non l i nea r  i n t e rac t i on  na t r i x  f ac i l  r t a t i nq

the  use  o f  t he  Fas t  Fou r i e r  T rans fo rn  i n  d i q i . t a l -

s imu la t i on  o f  t he  non l i nea r  r andon  sea  co r rec t  t o  t he

second  o roe r .  The  second  o rde r  co r rec t i on  t o  t he  l i nea r

r , , E  h : c  F . a o .  . ^ _ - . _ 9 o  : r C  e i i e C  r oW C V E  J P E L

t ne  L i nea r  spec t ra l  componen ts .  The  i im .e  seguence  o f  t ne

ranoom non l i ne3 r  wa , res  i s  e f f i c i en I I y  ob t : i neo  by : :+

i nve rse  Fas t  Fou r i e r  T rans fo rm ,  Th i s  t ime  secuense  o f  t he

non l i nea r  r andom sea  su r f ace  , r as  f  i l - t e r cc  bv  a  i i nea r

C  i J  i ca l  f i l r e r  mod i f i ed  by  a  ve r r : i c : I  coo ro ina te

s t . r e t ch ing  f unc t i on .  The  wa te r  pa rE i c l e  k i nema t i cs  t hus

compu ted  have  been  used  i n  t he  i ' l o r i son  f o rmu la  t . o  compuEe

the  wave  f o r ces .  Fo rce  spec t ra  and  no rna l . i zed  cumu la t i ve



a

<b 0.1
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a
Figure 2-1. Grapi ' r  of  f \  t ,g J c iei ineo by EqJat i .on 2-26,

for Various VaLues of 8. (After
Ionguet.-HiEg ins 19oi ) .
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prob;biLr: . /  j is :r ibuc:ons ,rEre ;c inpuced fron L.re pressJre

force reel- izatrons obcaineo by fr l ter ing sirrrulated

nonLinear r andcxn sea sw.'ace reali.zati,ons. These

srmulatel results were cornpare<i wich the spectra and

r r .  r r n : 1  i z o d  n  - , r l  . - i ' r :  r r n ; . ^ i  I  i  ! , .  r ! - - r , - . . - i ^ - F  1 €  - h .

f ^ f  . . - c  , 3 ( - ^ f  l a . i  j r r r i r r r  : . : , . r : i ^ - _ - a  ^ . / ' r  ^ u  . ; r \ / 4  r - c .  , e

Projecl Ii dlmamom€ter ai a distanee of 55.3 fee'u .ibcve

Lhe ocean floor on an i:rstrLmented pl.:rform in l "a:er

depth of approx:.mately 100 feet in '-he GuIf cf llexica.

Hudsp€tl1' s s i,nul- at rcn !./as r e st.r ic r,e.l ',o un ii irec ! ionel

-  - -  1 : ' r : ' : - 'd- : ,Er  L r ,  e  r \ - r . ' r - la !  r - {J ' l

!o Che neasured i.nline forces.

) i: rirrl-\r i /l Vat_h^;

D 6 : ^  /  I  . i - , ;  I  -  ^ , i - ' : - l/ , /  I / r v 4 r g u  c  r r y l r - e

ccrnpucinj 3esign wavr fcrc-- :nd .rcrren t fo;ji;i] an 3n

o f  f s . ' . o r a  s : r u : : J : .  T n e  n y : r : c ; n r c n o c  r s  :  c o . i b ! r . : : : a n

of  l inear  ano ncnl inear  wa' ie  tneorres incorporac ing ure

n n c r  c i n n i  5 i  - a n r .  € c : r r r r a .  ^ 4  t : ^ ^  - - - r  ^ - -  ;  -
r "vJ r  r  rY  ,  r r  r  r !  u

nonrinear i t ies ani  --ne oireccion:L sp:c:rLrn.  , .1:ut  Io. :o:ng

iue io nonl inef,r wa'./es \./itn :nergy presenE ov-5r 3

conEinuuir of lreguencies arKl directrcns rs represenEeo by

".j1e produc! of a nonlinear wave force and a Iinearizei

force transfer coeff ic ient,  L ' re Iar:er represent ing the

effect of the directiona-L sp€ctrun. The force, Fn,"ry
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due  t o  a  non l i - nea r  d i r ec t i ona l  sea  i s  p resen ted  3s

Fn.  D5  =  Fnr  .T .os

i n  w h r c h

F ^ . .  i s  t h e  w a v e  f o r c e  c o r i r ? u t e J  b y  a

w a v e  t h e o r y  a p p l t c a b l e  f o r  n o n l . i n e a r  w a v e s

o f  a  s i n g l e  f u n d a n e n t a l  p e r  i n d

p r o p a g a t i n g  i n  a  s i n g l e  d i r e c L i o n

f i o ,  i s  a  p s e u d n - c r a n s f e r  c o e f f i c i e n c  b a s e d  o n

I  i n e a r  w a v e  i h e o r y .

T h e  f o l l o w i n g  d i r e c t i o n a l  s g r e a d i n g  f u n c t i o n  w a s  u s e d

Dy(o) = cy co{'(9.0") , le- 0.1 z- u,

,10- s,l , +

r n  wh  i ch

0 "  i s  t he  p r i nc i pa l  d i r ec t  j . o : r

,  i s  a  pos i t i ve  reaL  number

Cy  i s  a  coe f f i c i en t  such  t ha t
t

f
I n  / A ' l  A A - - !

J  
Y Y \ v ' /  6 v  -

For  a  h rave  o f  s i ng le  f r equency  ac t i

i t  has  been  shown  tha t

(2 -28)

( 2 -29 )

^  i  - -  r  ^
" Y  

\ " r  q  r . , . , r Y  1 e  g r r r r r 9 ,
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17-
I t  a .  =  l -J2-' L r r )  

\ l t  ( l - j w )
v  -Y t t

i.n an iner tia-domir:anc case and

-,- c),
' L D  S  -  ?  \ z - ) ! )

2+t

j-n a dragicnrnant case.

C - r  -  - ^ ' ^ 1  ^ r ^ ; ; -  ^ ! i ^ ^ - 1
r e !  q  r e i l l r r s r e  u r . ! E L L r \ , l r c l l  > ! , < s L r . . r l l  u !  L r l c  ! L / t . r l

S,n (d,0\ -- Sz"ld) .  Dv(e)
t L '  '  L L '

(2 -32)

tne spectrun of  the to:a. l  l inearrzed for ;e in  t :e

d i rect ion 0t  i t

s :-sg, ,) = 
l'\p sTrG) cz .
- n

cos'Y(y-A) cosLp.h) d0 (2- l )

in wiricn

Tr, -- (+ t  , i* r :  6\ 6'  ", !h: l l  ,2---,\ t t  / -  S i v , h ' k S

5 r.s elevation above EoEc.cr

,  i  ^  r ^ ^ - L
r L  r -  u \ : ! r r r  \ J r  w o L s !

, , -- tD Q-"t



3 l

.  ^ n ^ /
l -m 7 t l  Lr

/ -
IL

I

, r .  i n  F h .  r h ^ t r o  . i c 5  ; - -  ! - - - -  : a r i , , - J  - -- LD'

t ) - - , 4 \

f  r tr

) ) srr((, o,) dd d o*
T"ps = --_--;--

I srr(i l  T77u) ar
r ; - i - i l

o

Exarnpies of sirqle and mulciple p.ile presented show force

.  , -  - L . . r - j -  r r  -  r . 1 6  r e c : , ]  r c  r i  r - | eq P r u  4 J D t  r r r  s r q ! , L q L

- _ - . . , _ ^  t f  t : t ei l Y l r  r u  r l E L - - v J  v u r f c r s -

r o r h ^ ; c  r r c a t  i n  ! . 6  - r . < . r -  . - . d - ,- . c  r / L  L J c '  I  e  - r a _ / .



CHAPTER 3

THEORY OF D IRECTIONAL NONL I  NEAR

RANDOI' I  i iAVE I  NTE RACT IONS

Random func t i ons  can  be  rep res€n ted  by  e r t he r

F . l r ! 7 i a r - q f  i 6 l r i a c  i n r o n r e l c  ^ r  t r . ! , , r i 6 r  i . L ^ ^ ' r r ^J L r s f  L l  q r  ! r r  r s Y

A l  r h ^ ' r . r h  r h ' 5  F ^ , r r r  a r - q r i o l  r i o c  i n r o n r : l  r  a  - \ .  , 3  c  o  n  r  >  r  i  ^  n

d o e s  n o r  r e o u i r e  a n  1  p r  i o r r  a s s u m p c i . l - , n  r e l l r d i n g  t h e

e x i s t e n c e  o f  a  d e n s i t y  f u n c t i o n  a n C  i s  t h e r e f o r e  a  n u c h

F ^ r 6  - ^ . . , ^ F F , , l  r a a l  i - h a  t r ^ , t / r 6 r  i n - 6 d r : l  . . - .' r , r r  s  P , . i w l : l  r , ,  e q Y  !  q r  !  e P !

- i . . ^ -  : A ^ - L : ^ - I  ^ ^ I  ^ l ! . . - - l ^ - -
Y r v r r  r J E ' r L  L J  r , . ' r  ' r ' o ' r j  P !  o u L r L a r

more  eas i l y  unde rs tood ,  and  i s  r ead  i l . y  comgu ted .  Fo r

t hese  reasons ,  t he  f i n i t e  Fou r i e r  a ;op rox ina t . i ons  o f  t . he

F n r r r i c r  i n j - o d r : l  h r r r o  h o a n  r r c : d  i n  l - . a  n r i c 6 ^ r  c r i , . t ' r
J  ! e e  j .

T h e  h n r r n r i : r v  ! ' . 1  ' . ^  ^ / ^ h 1 a n  ' . . i  . ;  F - l o  : n n r ^ - r  i  > r or i . q  ! r , q t , u q r ) ,  v o r q s  l , r  
' r v p l ,  v r  r r  - u

bounda ry  cond i . t i ons  f o r  i he  t h ree  d imens  j - ona l  non l i nea r

random wave  f  j . e l d  i s  de f i ned  and  us ing  pe r t u rba t i on

l - a . h n i . 1 ' l F c  l .  h o  n ^ n l  i n 6 r r  . r n h l a m  i <  n n n r T g f  C e C  i . n E o

l i nea r  ( i n  t he  unknowns  o f  t ha t  n rde r )  bounda ry  va lue

p rob lems .  These  a re  soLved  f o r  t he  f i n i t e  dep th  case  i n

te rms  o f  f i n i t e  Fou r i e r  sums .  Re laL ionsh i . ps  f o r  t he

3?
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S e C o n d  o r d e r  i n t e r a c t i - n  . ^ m n . r n o n r - <  r r 6  l e r i v - ^ d  a n . l  t h e

r esu l t s  ob ta i ned  he re  compared  w i t h  so lu t  j . ons  due  ro

Longue t -H igg  i ns  ( 1963 )  and  Chappe lea r  ( 1951 - )  f o r  mo re

spec  i a l  i  zed  cond iC ions .

3 .1  Fundamen ta l s  o f  Bounda ry  Va l , ue  p rob .Lem

I f  v i s cous  and  t u rbuLence  e f f ec t s  can  be  rega rCed

as  sma l l  (mo re  p rec i seJ . y ,  i f  t he  mo t i on  i s  i r r o ta t i ona l ) ,

r ncompress  j - b l e  f l ows  can  be  we l I  desc r i bed  by  a  po tenL iaL

func t i on  o r  s t r e fm  func t i on .  l ne  v : l nc i cy  pocen t i a l  e

can  be  d : f i ned  i n  ce rns  o f  t he  g rad ieo t s  o f  t ne  ve l . c i t y

componen ts  t

20
l t  -  

-
n  -  Zx -

a+'t? - --.-".:-"-  aY
)6

W = -!!":-
d t

T h e  m a s s  c o n s e r v a t i o n  e q u a t i n n  f o r  a n

i n compr  e  ss  i b  1e  f l  u i d  i s

2y- _ av .-  2* ="
a7 2V az (3-2)

w h i c h  y i e l d s

az+ ,- ) '& * ?" b, = o
ax-, Al-  az'

o:zgh+\ t -e<7r74*

t ? - t  I



I he  3pp rop r  i ace  ooun la r y  cono i t  i ons  (F r  l u re  - 1  . l )

f  n : '  t h a  n r . h l  a r n  r r 6  n r e s e n E e d  b e l O w :

( l )  Bo t t om Bounda ry  Cond i t i on  (BBC)

A t  t he  bo t t om bounda ry ,  t . he  ve loc i t y  no rna l  t o  t he

bounda ry  i s  equa l  t o  ze ro  i , e . 7 .4= ) .  Fo r  t hc  p r cs .nc

case  o f  a  ho r i zon ta l  bounda rv  3 i  oep th  h

#=o ,  z=-L,-e!vr \ ! * ( 3 -4 )

(2 )  K inema t i c  F ree  Su r face  Bounda rv  Cond l t i on  (KFS tsC)

T h e  w a t e r  p a r t i c L e  o n  t h e  f r e e  s u r f a c e  r e m a  j . n s  o n

L h e  f r e e  s u r f a c e  i . e .  t . h e  v e r i i c a l  v e L o c i t . r  a t  t i r e

F r o c  q r r r F > c o  i c : a r r : l  - n  f - ^ a  ! - ^ l - : l  r : : - o  ^ ;  ^ . - F ^ 6  ^ F
u Y q e  r  ! v

wate r  e l eva t i on .

' \ "  2n a,
9-!- ar12--, f 

'B<; = (,t) ,
at  dx  o t

/ ? l  n w r r m i .  F r . .  q r r r F : ^ a  a . , r n , - l i r ' ,  a . ^ A  i f i ^ ^  / n t r i - r a r
J  ! v  l v

At  t he  f r ee  su r  f ace  t he  p ressu re  i s  equa  I  ! o  : he

a tmosphe r i c  F ressu re .  I n  t he  p resen t  case ,  t he

un i f o rm  su r f ace  p ressu re  i s  t aken  as  ze ro  w i t hou t

' l a c c  
n f  n o n a r r l  i f r r

z = 1(xty , t )

l \* l(u'+v-+,^t ')  +# =- a(L) '  z- ' ' ] t 'x,1' t)  (3-6)
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Figure 3-J,. Defini.tion of Eounoary V'aL ue Prooler.
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' ^  - m  o f  c h el . E u w L j ' r r z g u  r u ]  r v !

R a r n . l r l l  I  i  a c r u : t i n n  y i g I  t h e  S O - c a 1 1 e d  B e r n O U ] - I i

t e rm ,  Q ( t )  .

( 4 )  Comb ined  F ree  Su r face  Bounda ry  Cond i t i on  (CFSBC)

Th i s  i s  an  a l t e rna i i ve  f o rm  o f  \ 2 )  anc i  ( 3 )  acove  i n

1 . , ,  - ' i  A  a n c i  i : s! I q a ! . 1 ' a ' l a L L ) | Y I L ' L l I y 9 L

c ie r i va t i ves .  The  t oEa l  de r i va t i ve  o f  t he  Be rnou l i i

a o n F t - i o n  r f f F r  s o m F  r e d u c t i o n  i s

)26 ^  Z+ aA

t 2 t \ r + , 2-  t  -+ :  +  +  v  6  '  V  )  l v  q l  =  o'  
6 X  '  I

z'-  I(L,T'L)

3 .2  Me thod  o f  so lu t i on

The  pe r t u rba t i on  me t l ) od  i s  adop teo  hc re  f o r

so lu : i on  o f  t he  bounda ry  va lue  p rob lem fo rnu fa ted  i n  i - he

n r o - a - l i n . 1  c , 3 - f : . .  T h i S  m e t h O d  a S S u m e S  r h a L :

( i )  a l l  va r i abLes  can  be  expanded  as  a  conve rgen !  pov re r

se r  j - es  o f  a  sma l  1  pa rame te r  such  as  weLe r  su r f ace

s lope ,  and

( i i )  t he  non l i nea r  CFSBC can  a i so  be  expanded  L r ,  a

. d n v F r . t e n i -  M ^ . 1 a u r i n  s e r i e S  a b o U t  t h e  S t . i l I  ! r a t e f

Leve I  z=O w i t h  some  pa rame te r .

The  ranoom ve loc i t y  po ten t i a l .  Q .  r andom sea  su r f a :e  ?  and
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l - n o  p a r n ^ r r ' l  l i  r a - r n  , l r t - i  h : \ /  r -  r c r r . c o F r r y t  i n  ! - . .

following man;1er with the pertu!bation paremeter absorbed

into r.he fL:nccion:

419, , l , t , t1  =$ '6,1,?, r )  + 6"e,7,2, t )+ (3-d)

( ' )  .  
( z )  ,  t ,  t - 9  I

,L&,y,  t ;  =  i '@,1,  t )  + 'L  '@'7 
, t  )  r  "

a&) = d" t  + a@(t)  +. - - -  
(3- Iu)

SubstituEirg into Laplace's ec_uat ion we find

2 (1\

V,6"e, l ,z , t \=o ;  r '  4  @'7,2 ' t ) - -a ' '  (3 - l -11

The boltom boundary condlticn becomes

) (a)'1 ,+r
oq  -_o  ;  _a -Z -  =o  i  

'  '

7 z  d  e

z  =  - l L  ( 3 -12 )

Since the CFSBC is satisfiee at the unkno\^/n free

surfac.,  i l  prsscnts an adi i t ioni i  i i f5 iculcy.  I - iov,=./er,

.  r . ^  ^cc>,_  __n LeI G r  L 4 ! o L ! e ' r  ! 4 !  @ " q L s !  -

exparKjed in a Maclau-rin series about lhe mean ,q:cer leveL

z=! to Eive

Y," rl f -tL+c4*29-*
L L  iz "L-222 {  72 a t

11" o 
7.1

t? -Li  a i l l i+l  !=o;z=o 
(t-r3)

t - : t - ;
\ A T ' L  J
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Subs t r t u t i ng  t he  pe r t u rbaL ion  expans ions  f o r  +  ,  1 ,  
and

Q we  f i nd  a f t e r  some  reducE ion
r L  . . ,  -  { ,  )

o -- #.(d; d-" d;"^) * & fr ( +-'+ Q-'* )

*(d'- aa,) > -r rt {lit+'"." )/++-
a t

'r. )l J

, .^ 7 (d'" d')' " "s '; { l; d'', d? )l'J

n(r"'..,tt% --. )L*.(J"* 4t? . ' ) +, $,(ru'. d"" )l

Z=o

T e r m s  o f  t h e  S a m e  o f d e r  a r p  q p . a r a f c d  F ^ r  i a l e r

conven ience .

,  ) ' ; ' ' .^a6" de"o--ZF.i-TT - -AT

- e-ero> . - e4^) S qr,,
--e-t- -(-67- = -67-

+ z- 1 fil'l'+ ,at 1 Ei) '' o 2'E\
a*' ,TeZ-t-r; t)

( 3 -14 )

a tz'rms o+ lhird at4 AiSne,f atder t Z = O (3-15)
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?he  dynam ic  f r ee  su r f ace  bounda r . y  cond i t i on  i s

a l so  expanded  i n  a  l l a cLau r i n  se r i es  abou !  t he  mean  wa te r

l eve l  t o  y i e l d

= ', )h r

>'i + {f'?*Lu*o-*q*3f a Q(DJ -- a, z --o (3-16)
d .  ( v

+ 1 -  ^

SubsE i t u t i ng  pe r  ! u rba t . i - on  expansJ .ons  f o r  p ,  
? ,  

ano  e ,

and  sepa ra t i ng  t e rms  o f  t he  same  o rde r  we  ob ta i n
.  t t )  I  ^ (2 )  / t )

n -  on' ' )o 24 ,  F" '  *  an"t  - : !9- *  d ' ' ( tS
" -d t  i r  I L  7x

, . ,  ^ L  .  ( "

-  r  l d , + , v ' / ' - r t -  d  Q.z lnvt -L5z2T

1- 7,L.r'rs o! tii.rd a*'t, lujAc,. otAe.+ / ? - 1 7 )

The  non l - i nea r  bounda ry  va lue  p rob le rn  posed

ea r l i e r  r educes  t . o  t he  f o l l ow ing  se t s  o f  l i nea r  ( i n  t he

unknown  o f  t ha t  o rde r )  bounda ty  va lue  p rob lems  :
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r ' l  I  F i r < r '  O r d e r  F r . r r r ' " 1 6 6 5

-  a ' )
v-Q'-- "

(r)

* - - o  ,
d c

L = 'h

z=o

Z  =o

(3 -1E )

/  l - l  G \

( l -2c )

( 3 -2 i )

#.t$*gi=",

"t'= -te#'* a.Ix;)

( 2 )  Second  o rde r  Equa t i ons

v'$)= o

- ,*(")
-ry- -- o

d c

( 3 -22 )

z=-4t ( 3 -23 )

#J"tr4 +o'* 2-f

=-*l7#''f-i"z(#v#) , z =o ( 3 -24 )

f '=-f(# tll i $"1'* F'. t 'U) , ,=o (3-25)



i '=7 u-.,^ o, ' !ult) , ; ' ( l -".  a-r^t,e) r l-26,
L1 C_"s h k" h

A 1

J.J F i rs t  Croer  Soluc ion in  F inrEe D3pth

Assuming a velocit'-y potentiaf of :he form

-  { l )

v. + -_o
2d"

- J - - )=s  ,  7= -h
az

we obta in for  ' .he f ree sur face

T' ' t= * f  bn t- e's (7- /  -  6- t  + e-\ ( i-2i j)

0

d

= f a- cos vn
I_
h : l

in r"trich

b_ 6t
l)-4. ' --

d

l 1 - 1 ]  r

As shown by Birkhoff ard Kocj-k (1951) anC Pierson

(1955) the above represents a Gaussian r andon sea surface

if the phas€s are irdependent.



J.{  Second order  Soluc ion in  F in i te  D€pch

Nok/ assune Ehe second order velocity potenciaL to

F6 rEnraer 'n fa r l  .5c

,.) F € Lz) .,,shlf:,] ,r'*' ,- ,3 = -,,'. (1)\
e= > ) a, i#s-[h * '6 t ' (  )  r ]- , : t

t---- l- a -'.^ ,:, ^ 
' 'r 'i -t /

L = t  
i = l

'  o )  
I  f  - ^  F h f  r ^ h  l . $ ! , h , o : r r ,  ^ ^ - '  , t , ^ ^ .  i {saCisfying V'0 ' '=o and the bottom boundary cor\--- , - . . ,  . , ]

It)
and d,.:' are qiven bv slrns ano differences of the-t

fi.ndamental vector wave nulbers and freguencies. In oro€r

'  / z \  1 1 1  =  z G )  . t , -  c . - ^ 6 ;  a r . ' -  - r  : h - r l! O  e ' J a I U 3 t e  b 1  '  ' ? . r ,  2 r , c  d . J  I  L r r c  a , u u r r u  J r e  - :  * L s . . - - L -

. a . r F c 6 n r F ? :  1 w  F . i r i t - i . r  t 1 - r ? \  i c  c r r l ' c r i r . , - . - i  i n  t h C  ^ a f ir l ! , L g J g | | l g v v J | . 1 q q 9 r v l I

hai'rd nand side of Equation (l-24) alrd ile firsL order

velocity potential {" and water elevation n",

representd by Equat ions ( i -26),  and (J-2o) are

subst i tuteC in che r ighc nanc srde of Equat ion (3-;- i i  .

The f i rst  Eern cn the r ignt hanJ side of  Eguat ion i j -24)

is found eo be

,  |  - ,  t t t t A_ 4lv € ' t

( -  ( -  r , i  - +
=  )  )  b . ! "  d  I  ( h , . h , + R ; , Q , )  5 r r " ( q . - . , y . 1

L -  / _  
-  r  l  "  t  -  l t  ' .  , t /

. - - t  i = l

' : ,  : ,-  (a i  h j  -  e ;g ;  s ;n(v ;+ \ ,  )  ( j_ r3)

in ,,hich Ri = h; +u.*,A h^A -- C
I
t/



P s r r a r c i  r r  F h a  r ^ l a <  ^ F- - l e n o J

^  , . +  { , r l L-1- lV€l
ax.

oO s€

= > t a; h1c,ft/tr lr*^re) sih(t/i-vi)
11-
c :  I  t = ,

. -.r. 
.-t, . t. ,. \-(at.hl - e.et) s",..y)trt) (.)- i , l)

Ad<i ing and dividing by t'^o we obtau

r  - >  f i l ' L-*l v +'l
?€ r '

= 
L )_* 

dioiUe;-g)(& 
$*e;*,) 

sin(vi-\)
i t z t  i ' r

, , + - + ' , 1
+- (6;+6)(4 *i-Ri.e1) stl-(YirV)J (j_r5)

The secorrl term on the rigilt hano side of Eguation (3-24)

{ ( t ) l  o o  s

-t'#.u,!;:,Llortiaici{s,"lv''t',)-stt''V'urt}r'-s"t
12 t  

7 - -  
r

- - ' -  , i r .  r n e  r i o h f  h ; n d  s i l e  o fJ I l l l I I d - l  . | Y  L r r c  r - d s L  u r q  !  - Y . J L

Equation (l-24) i.s

.  t , l  I( , )  ) -& ' l-"1 
&a;r l7-.

\  f  . )-- -+ ) ) o.o; J sia Lv;+v/ - sth(vi'v )J (r-ri )
I ' L

L r t  
i ? l
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r i ^ ^ -  . . ^  ^ ^ F - i h
L U l t u J  r l  l  l . l  1 9  L i r g  r d s L  t w ( , , = u u a L r v r r J

, , . 1-t'h(*..&h) d'1,."
C'O €

.  i \  a  t  . ' )=-.r-L 
7 t"( aj- ei )ls;n("+v,)-s'r|.tv-r'i)f r.:_ro)

i . ,  1.,

a a r r o r e i n a  r n :  r a t o e  r f  r- , ^ a n o J

-Tu'* (#- "t 4) +''l,,,"

6 &
|  ( -  ( - .  |  L  \ , .  '  . ' i-', 

L Lb. bl ei(a:. - Ri ) I 
l"L., +1 ) - s'n V;''r, ) j t.- : t t

. . t  i . t

Mding and oivioi:rg by telo t"e obtain frria.Lly

( t )  . \  /  - a  t r l l-"1"h(?r:+t*,){!r."

=-[ > a.,f4tni, e, hi) - U, Bi, era)J s;a1+1*y)

. 9 6
r f  f  l t ,  . ' L

" 1 L +. " 
i b t L@- a7 r, {) - @ nf - g ci Sl s tx (vt- u) \ t-tc t

c=l !=l



Equa t i on  (3 -21 )  r eCuces  t o  Ehe  f o l l ow ing

ZZ1- telif. 2+l?it"*tinl ii; ''n v')"
i= .
--- +-cz, t--l

+ | t ;+t  )( f i ; { ; -atn) sin(vi*u1)J

* e

- i>) u, u, lr t $" citi) - F'$ " {i R: )l si n (ut +u;)
. i=r i-zt
s- s-,

+- )  >D i
/ / _
L=t  i r

uifr ,.ai - crtT-Frei- ricil i,n(v;-u;) tz-eu

sirlUrrU)J

From i nspec t i on  Q( ' ) ha ,  a  so lu t i on  o f  t he  f o rm  s i n  t  U t -V i  )

and  s i n  (  Y i+ f r '  1 .  Based  on  Ehe  o recec i  i ng  equa t i an  ' . ne

so lu t i on  o f  OLA  i s  ob ta i ned  as
O'O €

fLrZZo4 ^^y}T_? ei-o'il=(i, 4*Bin) sin(u;y)' - 
Ln l; 

cDsh t<. i rL 
1ri- c)'- S hii t",nti.rtt 

' \ t t

r \ -- - ^  /
L-- |

.  r \+= /

i=r

s,
L"i DJ

t-,
cos  d  h i ; (h+z)

eosh h;; lt
(era'i -!ai) -cipi-a$) sh@;.tp1
1<. - o'i)t- 2 h, t^" n iil h

o a + .
=S * . .  qshhr ; (h+z)

/ -L uL -------'-i---=--

L_ o  COSrLt? ; , . tL
) - ,  

- a W###.5ia(ui+r)

-tA+l ( 3 -42 )



i  n  wh:-c  h

L . .

" ' d  -

+
h,, =' {

) '  - . \ h - r  ^  |  € ^

k;-R,.I'  c l

1r; + R,''l'  t l

r r n  o f  Equa t i on  (3 -42 )  i s

(3 -43 )

(3 -44 )

(3 -46 )

d"\ i|f^r,', ffi &r, 5i.', (u.-u )

- +|_|o"tiffi & 
5in(vi+v5) (3-45)

i n  wh i ch

nT, - ('t1 -l4 ) {,t-+ tai -n?) -'rr,r r.i - nil

z(rai -'fn;)-( h;' hi + Ri R; )
r f f i l

' (

Tn - lE f- fr, t".*t" t{,rt"

o* _2.Ft rt'o;)' (fi .ii - Brni)-.e_w

,(n ",rd $il (ii-nil " {et t *- ei t}
(fi "4)' h!, ta,h k*,; h

( 3 -47 )



A 1

qv  < , rhc i .  i t -  , r i 1n^  F . \ r  l - ha  € i  r q r  ^ - ra r  - r r r r en t i a l  
+ ( J! J  r w e  r  r  s u  g r r  r : ,  r v a  q , v

n)
and water elevation f', ancj tire second order potential

lzt
{Y representec by Equat ions (3-26),  (3-28) and (3-49)

respectively. in Eguation (J-25)' tde obEain the secono

order corrections for waler surface elevaLion :

e , *

qo)=* \  \ . ,  o - ;  I  t ! ;  
- l+ ' . i ' t r ' i+K 'K t )  .  ta  .o - ) \as@,-q)L  , t  |  /  

' "  
l l  l - - - - f f i - r ( . ' * l . J  . .  t

- +- \ f<. Fi
. ' - t  

l=t 
f  .

+ , ? - : + ^ n ,

, 
{e#L 

* g i * a r} co s Pi * q7 )J
f - 

t

An al.ternalive form cf tiis is

( l - 4 6 )

+ +z( ! ;+  e r ) ]  Los  4) .cosq.  ( l -4e)

The skewness kernel as oefj.nect in Equatlon (2-22) E

( i i , t t) -  oz i  +t i '  z t i '4  . . -L tD. . -p: \  ( r - ru)
+t /e4 '2r '4  7/
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For  i n f i n i t e  dep th  t he  qene ra l  i . zed  de r i va t i - on

read i l y  r educes  co  Ehe  equa t i ons  Je r i ved  by

Longue t -H igg ins  (1953 )  f o r  deep  wa te r .  t o r  i ,  = t ,  and  N= ] ,' t

t he  f o rmu las  f o r  po ten t i a l  f unc t i on  and  wa te r  su r f ace

p ro f i l e  r educe  t o  t he  f am i l i a r  S tokes  second  o rde r

equaE ions .  Ano the r  check  nn  Ehe  equac ions  has  been

p rov ided  by  de r i v i ng  equau ions  f o r  ve loc i t y  pocenE ia l  1nd

wa te r  su r f ace  e l eva t i on  f o r  t he  sho r l . - c resEed  wave  sys tem

cons ide red  by  Chappe lea r  ( 1961 )



a

C H A P T E R  4

S T A T I S T I C A L  R E L A T I O I i S  F O R  A  L I N E A R  D I R E C T I O I I A L  S E A .

A N D  A S S O C I A T E D  \ . J A V E  F C R C  E S

Some o f  t he  s taL i s t i ca l  r e l a t i ons  f o r  t he  l i nea r

d i r ec t i ona l  sea  have  been  de r i ved  and  w i -11  be  p resen te i

and  C i scussed  i n  t n i s  chap te r .  : n  pa r t i cu l a r '  f o rmu las

w i l l ,  be  p resen ted  f o r  t he  co r re l a t i ons  and  p robab i l  l t y

r ^ F ^ i L ! '  F i . 1 o  L i n o m : t - i . e  r r . . : l - i l  i  i - "J s ' r J r L t

o i s t r i bu t i on  o f  f o r ce  pe r  un i t  I engcn  o f  a  p i I e ,  an , . i  f o r

t he  d rag  dom inan t  case  a  c l osed  f o rm  so lu i i on  f o r  t he

jo  j - n t  p robab i l i t y  oens i t y  o f  x  and  y  f o r ce  componen ts  f o r

a  t n ree  d imens iona l  r anc iom sea .

I n  d i r ec t i ona l  sea  s i .mu la t i on ,  ce r t a i n

d j - f f i cu l t i es  can  be  encoun te red  c j ue  t o  add ing  t he  same

f requency  co rT lponen ts  w i t h  r andom i ndependen t  phases .  A

l i ^ ^ , , - ^ i ^ -  ^ 6  r t  i -  ^ - ^ t i 1 ^ -  i ^  c ^ t  I  ^ . , ^ , 1  t , ,c l ! s U u . s I U n  U L  L I l ! s  ! , r O O I e m  I S  E U T I O ! t ? a  U y  a n

i n?es t j . qa t i on  i n to  t he  e f f ec t s  o f  f i n i t e  E i rT re  s i nu la t i on

on  l he  mean  squa re  va lue  o f  a  r andom rea l i zac ion '  anc i  on

the  co r re l a t i ons  amongsE  the  s imu la ted  ' Ja r i ab les .

49
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4 .1  P robab i l i t v  D i s l r i . bu t i on  o f  wa te r  Pa r t i c l e  i ( i ne r , r a t i c s

A  l i nea r  r andom sea  i s  assumed  to  be  rep resen ted

- t J  t \ -' L \ - r L / -

M N

nni ! 'l-- |

V-,, =

o<4

'L,  z  o,

s(dn) ad* ^0-cyLz crslo; +) cos von ,

Rnz-6.* . t+

<dL<

€. , -  (d ' -  ,0- )

.  zd ,  z_*

.  z0"at

1 4 - 1 )

( 4 -2 )

wh i ch  i s  a  f  : . n i ce  su rn  ana logue  o f  t ne  pseudc - i n reg  r : l  i n

Equa t i on  (2 - l )  w i t h  a  d i r ec t i ona l  d i s t r  j . bu : i on  g i ven  as

Equa t i on  (2 -28 ) .  I n  t he  a t rove  t he  y  o i r ec t i on  i s  t he

o reCominan i  d  j . r ec t i on  and  0a  i s  r he  d i r ec t i on  i n  wh i ch

each  componen t  p ropagaLes  i r i t h  r espe i r t  t o  ! he  x -ax i s .  As

men t j . oned  i n  Chap te r  2 ,  P ie r son  (1955 )  has  g i ven  a  p roo f

Eha t  Equa t i on  (4 -1 )  i n  t he  l im i t  r ep res€n ts  a  t h ree

d  j -men  s  i  ona l  Gauss i - an  p rocess .

The  ve loc i t y  f i e l d  co r respond ing  t o  t he  above  i s

g  i ven  by

< 0. 1

,7 ,L)  - (A rz,t)
12 , -'t
I L  L Z v+
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, ,  _ . t  . ^ . i  _ r .  i  -  F ^ . \  - _ , r  : e C t i O n

M N

T n  n i r ! - i a r r l : r  r h s

. - >  26
v lx- tz t t )  =  

7 i  
=

< - < - -

L Zrl ' r  s(6-,)  a6'n,aon

hsh k',"(hrz)*K^cts V_.*T
( 4 - r )

l r l
Yt rr -

T h c  : r r a r r a a

tr

zc -  dn 1 4  - 6  )

( 4 - ; )

cosv(0; g )

cash Ktah
cos 0n

Th i s  can  be  rep resen ted  i . n  abb rev ia ted  f o rn  as

MN

Z f u &.),/@d ro?1e,- X)(".(0r1,))usl-tt-u',n.;1 n"l

i . n  w h  i c h

0(t-) =

ft* t+€--

r r o  l  n c  i  1 - r r  i  c

o

kt- cash k-,(h+z)



T h e  m
- .M
5 ('
L \ rtt, t
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yA

L n

Vz=-E

M
/s
t - -

I n  t h e  l i m i t  N - r . o a n d  a e  - r O

M
- l

F : Lz $'{k- ')  Ad-(t
.tri ? |

x -d i r ec t . i on i , s

B E-) ,l cy b 6n' 4 6"'

c
N

z B(K-)
ln: I

cosY(e.-E-) (- si"" (t* l ,D.3Y^,) '
N

7
7t:  I

6'r, Lgn

S ince  t he  I i nea r  sysEem rep resen teo  by  EquaCr .on  (4 -L )  i s

^ - , . - - ; - ^  ^ ^ 1 . ,  i c  L ! . ^  - - ^  i - r ^ ^ ^ - . : ^( l a u s s L a n  o n - t y  I I  i n e  p r l d s e s  d r e  - n o e p e n u " : l c ,  t n e  a v e r a . j e

o f  t he  c ross  p roouc t . s  i s  ze rc  anc l  t . he  con t r i bu t . i on  t o  t r e

sum i . s  f rom the  te rns  con ta in inq  cos t r /  and  tne  above" v -  I h r

eo!6dr.u,S7-,;n (tn'tt 1) as u-;)J / . 1  - ;  \

r educes  t o

MN

F: LZ a?r'.t cy a6n, Agn
.rn, Ll:l

cos'v(g,- q) s;?,L0,- n ) cosL V,,n l 4 -9 )

-Cy
Cy,,

(4- ro)
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f i - r i l : r 1 w  F n r  l - h a  l r a l r c i r r r  r r  ; n  i t  a  w - d i r g C E I O nr t  ! v !  r L )  Y  r ' '

1t

Thus

= Lt air-; a d- ?
.nzt  ! /+r

M

fr +;' -- L+ B'((-.) ad-,
7n-- |

N

Z tk-l cy ad-a0,,
-|-- |

n  be tween  u

|  : -
t/Cy L6^ A0- c o f1a,- gy-, i,1*. i 1) u s v^ 

l

B$^')

*sv(,a,. - I) ,os@,- {) cot V-;Jf

(4 -1 r )

(4 -12)

( 4 - I 3 )

(
u1t  = L

/
' '^.l

The  co r r
, M N

lirt

M N
.r5 5

I L -L -

q i h ^ a  l - n .  n h : e n < : r o  i  6 . 1 ^ h . . F n ^ - F  ^ h l "  F ; a  d  i : . r , , r n : l  F - r m <p r , e J g J  e r !  r r t \ r s } , s r r s s I r ,  u r t f  ) l  L r . c  q ! q Y v r r q 4  L - ! r " J

su rv i ve  and

. coit*'1 o,- !)(-s.,,1,-rt1) cos'V-, (4- r5)
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Lo, 'V i , , - -  i  ,  * .  obta in for

tv1

( 4 - I b )

trTF= f io-{+.-) Cyar,-.

N
\- 'r.t+l

'  
Lcos (0,- f)(-s i" t*^-+, o6"

h the Limit N -r€ r ano 60--to the suTn'iatron of Ene

terms involving B is equal. co zero. Therefore,

U1t  - -  O (4-r,7)

Similariy ffi, il. 6, Fu *. F are fcunu Eo be eouaj rc

zere. Tirus the marginal <jistributions for the veLccj-ties

u ano v, and Lhe accelerations u and ',i are

rr ^- N (o, d,.t) {i ^- N Q,6,;,')
/ . 1 - l  h  I

r t  t ^  / L \u ^-  N e ,d ; )  f  ^ -N (o ,6 i )

and the corre.l.ations are

A ^(,,.r.: = 9*; = €*o = e..*= Q., += ?.+= 6 ir-i>,

and tne jo inc probabi l i ty densiEy funct ic,n is

\4 -2u )
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4 .2  P robab i l i t y  D i s t r i bu t i on  o f  Fo rce  Componen ts

The  no r i 2on ta l  f o r ce  pe r  un : . t  I eng th  o f  p i l e  r n

comp lex  no  t a t  i on  i s :

F^ , t Fy -- c' Lur iv) | *+1rf + c'(ti + i u) ( 4 -2 I )

i n  w h i c h  C ,  a n d  C 2  a r e  g i v e n  b y  E q u a t i o n s  ( 2 - 3 5 )  a n d

( 2 -35 )  and  j = ,8 .  The  x  and  y  comPonen ts  o f  t he  f o r ces

Ft -- ,,u ( rr'+ul){ t c.zi \ 4 -22 )

The  d rag  f o r ce  comPonen ts  a re

P. : cr t(u'+rr)l
(4 -2 r )

DI --  r ,v(u '+v )L

ano  t he  i ne r t i a  f o r ce  componen ts  ; r e

!1 = €1 l,/-

( 4 - 2 4 )

l ' v =  L t  L ,

From the  known  j o i n t  d i s t r i bu t i on  o f  u ,  t l  ,  v  and  r i  g i ven

by  Equa t i on  (4 -2aL  i t  i s  p roPosed  co  f i nd  Lhe  j o i n t

r i ^ F , i r . , . r i ^ h  F ^ r  n  n  r  a n d  T .  T h a  i . n v e r S e  r e l a t i O n Su I r L !  i , u u e  r v t t  r v !  s r  ,  ,  ,  - r
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fo r  Che  t r ans fo rma t i on  a re

. ,  I .
, . =  - -

o= Lr.
(4-2s)

I  A - )  6 l

u'= E*ry)T-

r f = \_ J6.lEr$r-

?he  Jacob ran  o f  t he  L rans fo rma t i . on  i , s

t -

r /  u , r r ,  t r , r r \  :  I
v \ D^ ,Dy ,r,,lJ I z c, c,'(piagj)Lz l 4  - 21  )

T h F r l . F ^ r o  ! .  h a  i n i n F  n r ^ h r h i  I  i  F r r  , l 6 h c i  F r r  F ' t h ^ r i ^ ^  F ^ '  n
y ! v v q v r 4 r l l q g l t 9 a t j l q . l L

? '  r r  a  v  r t  r r

( 4 - 2 t r )



Sepa ra t l ng F a F m c  i h t , ^ i , ' i n a  A t a a . n ^  i n r r F i >  ^ ^ n r n . ) n , . r - ^v !  /  r  y  u ! o j  3 . . e  - - . . . F - . . - . 1 L 5

f(q,ry) f(r.,ry) = qn c, (o|+$; \ d. dn

r ]

e- aC et -TE;T
( 4 -2e )

zn ct ai d&

I t  may  be  no ted  t 5a t  t he  marg ins l  i o i n t

n r ^ h : h i  I  r 1 '  . r a n = i  r w  n f  t h e  r n e r C i a  f o r c e  c o m p o n e n t s  i s! J  v ! " v 4 e . t  v r

b i va r i a te  Gauss ian  dens i t y  w i t h  ze ro  mean  and  va r i ance

and  c i ( i  The  marg : . na l  aens iEy  o f  cne  d rag  f c r ce

componen ts  i s  g i ven  by  f ( q  ,  Dy  )  and  nas  been  P IoEced  i n

F igu re  (4 - l ) .  I t  i s  no ted  t ha t  ehe  dens i . t y  f unc t i on  nas  a

s ingu la r i t y  a t  Ene  po inc  (O .O) .

4 .3  Va r i a t i on  i n  t he  Mean  Squa re  o f  a  Randon  Rea j i za t i on

1n  t he  s i .mu l , a t i on  o f  l  i nea r  d i r ec t i ona l  seas ,

componen ts  w i . t h  t he  same  f r equency  bu t  w i i h  d i f f e ren t

amp l  i Ludes  and  p i r ases  occu r .  The  f o1 low  j . ng  de r  i va t i on

w i l I  be  he lp fu l  i n  unde rs tand ing  some  fea tu res  o f  Ehe

s imu la t i on  me thod .

- L
L '
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Flgure 4-I. t ' larginal. JoinE FrobabiL icy
F^.^o  a^n | t^an l -  c

D€nsity of Drag
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L€t the Hater el-evatron be rePresentea by

tf= a-,  t -o S Gt+e,)1a.rcos(ct+e)+..-r  a, , .as(d/ +6") (4-: , t )

Expanci ing cne cosir.e anci si-mp} ifying yielos

1= cos ct (Laaase)+s;nct( l  a ; ' ine; )  (q-3 i )
L; r  L= l

The mean va-I ue estimateo from a recorci cf }errgth 6 is
, - r

n=-= I  ndt- q J

'r1 - >1

= s 'LS3-  /  t  , ,  cos€; )+ ' -?ot lTo i t inq \  6- , " ;6T \ + 
*. -" ' t  / 6z- \1- -

a--l

wirich has an expected va.Lue equaf to zero 3nd tenus to

7 . rn  , 1q  f ha  l pn . l i - h  nF  ro49g6 l  i nC feaSeS .

The mean square vaLue estirnateq frcm a recoro of

Ieng$ f is

l -  ,  (T .
v r -_ -  l  r -  d t
L 7 J '

On substituting for ?

1  t !  \L  t. l -=  
|  )  a ;cosL i )  * (

(=,

f rom Equat ion (4-ru) ,  we

)  a i  s '1 .1 €.  1
a'-t

. ? r
\ r / r  \

Cosei l  |  )  a ;s tz  € . ' )
/  \ t  /

a = l

_  co ,  z  t r z  - l
zdc

' 1 1
I < -
I  )a i

i= t

( q - 3 1 )

obta in

/  4 -  1 4  r



50

, 1 -  ^ i - ^ 1 i € , , i - ^  F ' ' . ^  - ' ^ ^ ^ , . 1  i ^ ^  
" i - l , i -v ' r  r r r " H r r r I I ' r y  L  e  P r s u E u a i ' Y  j l s r u -

^ ?! 'n 
L-l

;r_ < ^1 v \-
7-=  )  

a i+
a_ a-

. = l  . ' z  l . l
t 7L  r .  r  7 l

Cos2f ' r - l  l <  -  \ / s -  \
'6 "E /

r  r l c  E ^ l . E u L v ( J  v d r u s  r s

/ 4 - i ; l

- E { .Li; ., a") c o s (e. - e } f!# ti7' " ") (i;,' s';' e'\
t c-z izt

- o I usze .- '  1lo "L '  ] '
-  

t  26 z \ ;  
cos ei)( lat  s i ' '  t^)  

J 
(4-38)

( 4 -37 )

.  1r .  1L
ei)( f "i 

s'n €;) t,
1 = t  J

) 1
os G. - e.i.\ f

" J

.ll
A -.'

-  l - - \  r  \  L
F  (n ' l  = ) i  /  L i- \  ' '  /  .  I - -

a a l

T h e  v a r i a n c e  o f  t h e  e s L i m a
A . ' L

r  5-n ' -  r  i r l-  t  o  - . J

- ? !  g= E i  Z lzat  arco5 (e, '  e i )
_  L , z  l z l

_  eos  zaz - r  1 !-  
za t  (  La ' cos

( - l

n  -  - :  - ^ 1  i  r , , i  - -v r r  J  r r R P r  r  ! I  r r i Y

. > 1  i - t
.^ f+ +-

va-r(T\= l)  )  aa,aic\ L  t  I  + -  1 _'  L - /  l = l
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J F ' f -  \ c  . h l ! '  1 - . , , ^  i ^  + ; -  -!  s q J l J r r q ! J r ) '  l , d ! q g  r l l  L r r c  5

l a s t  t e rm  i s  o f  t he  o rde r  - L -  an r j

case ,  l he  second  ce rm  i s  egua l  t o

i nuL  a !eo  r

i ^  ^ ^ ^ t  i ^
! -  r , s Y a f Y

ze ro  and

. : ^ ^ / . 1  c  t - h a

i b l e .  Fo r  t . h i s

t he  f i r s t  t e  rm

7  c ' l

t t  a1 o' ;
t - L_z
L=z S=t

The re fo re ,  t he  : / a r i ance  o f  t he  mean  squa re

s  imu la ted  r  eco rd  i s

va lue  o f  t he

( 4 - 3 9 )

^J1/ -  \  \
Va.r[n " ) = /

i=L

) "!r 
4;

/ -:-
? . L
1 = l

4 . 4  E f f e c t  o f  F i n i t e  L e n g  t h  S i m u l a t i o n  o n  C o t r e l a t i o i . l s

The  co r re l a t i ons  compu ted  i n  t he  f  j - r s t  sec t i on  o f

t h i s  chap re r  a re  t r ue  on l y  f o r  a  r eco ro  o f  i n f i n i ce

Ieng th .  S imu ia t i on  i s  usua l l y  o f  f i n i t e  l - eng rh ,

pa r t j . cu l a ! l y  i n  t h i s  case ,  r eco rds  o f  2OO seconds  have

been  s imu laEed .  The  ren ia i . nde r  o f  t h  j . s  chap te r  i :  . j e vo teC

to  exp lo r i ng  t he  e f f ec t s  o f  t he  f  j . n i t e  Leng th  reco rd  on

the  co r re l a t i ons  amonqs !  t he  s imu la ted  va r i ab les .
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a n n c i A o r i h -  | ' ^  
" - . i - ! .  

1 ^ -  . n  . - r  ? ,  r . : ^ 1
r t t Y  L T v ( J

F 6 ^ i a c a ^ F a ^  h \ r

lr = 4, Los (t, t + e,)

l , - -  
4 t -  cos  Ld l t+  eL)

( 4 - 4 O )

( 1 - ^ l I )

The  es t imaEed  co r re l a t i on  be tween  t he  two  va r i ab ies  i - s

Z
^ , (

I  |  ' t  1 1  a ,'L' '1, = ( ) '
o

T

=+ [  4 ,41 cos ( t ' t  +e ' )  Los@'3+e ' )d t  
\4 -42)' t  )

o

- - 1  . :  c . . : - -  , . ^  o b t a i n1 1 !  L E  !  r r r t P r ! ! j I r Y  w c

-  o '  o l  .  I  c ,  i ' : "  (c ,z  -  e , )  cos ( t  z  + e, )
' 7  f  ? t  z - L \ --  

L w ,  
- v ' l

' n  ,7 .

\ < irr a'^ '  c o t  1 6 A l E r )  -  - v

-  6 s iu 2,  co3 e,  r  4osersin 
r l  tn-nr l
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T I l e  e x p e c t e c  v a l u e  o f  L h e  e s t i m a t e C  c o r r e l a t j - o n  i s  z e r o .

I o . d l - h  i n a r a : c : c  l - h o  6 < f  i n > r : . i  r r : 1  r or  s , '  J  L r ,

t ends  t o  ze ro .  The  va r i ance  o f  t he  es t i na ted  co r reLa t i on

: -

.  A  f  o t o L  I
Vr* (TT-\ = E l;]f,--a | 6, sin(c z,e,) La5 ('7,7 * 6.5r. I r"/ - 

L:c Lq-_d:) /

Car ry i ng  ou t .  t he  va r i ance  de te rm inac ion  requ i res

ca l cu la t i on  o f  t he  f o l l ow inq  expec ta t i ons :

( 4 - 1 5 )

( 4 - 4 b )

\ 4 - 1 7  )

-  dy  cos (qz+e t )  5 th (C rZ+e , )

- ( ,  l in  e tc ts  er+  dz  Lose,  r , re ,J t  7 ,n-nn,JJ

E{s i r (Cz+e, ;  s i r r  er ]  =  !  oos67

t 
{ 

s," (dz' e,S Las €,J = L, sit, 6 z

E 
{cos(a. 

+e,) s in t , l  = -  !  s;n 4c

E 
{ 

," (, z + e,) Las e,J -- Lz_ Lus a, z ( 4 -4U)
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^  - - - "  f  n s  l n t o5  U !  L l l < > 3  C . \ P € t  L o  !  r . \

d

r , .
J L ld 

-+ 
6.'+- <,'+6.' \

L ' l  r

t he  va lue

n , !  \  , , ^  t i  F
: a /  w s  r r r r

@,L 4l

q I h e f  i  I  1 1 1 -  i  n i ' t

Equa t  i on  (4 -

r-i- r
Vo.r \,1,11") 

= .?1n).

-  q !  t  
.osqz  LrLos  d ,z  +  6 ,d , .  t - ,  s i " t  4 .  ( - ts iz t  6 .c )

+ 4 ( tG. t  s ; r  qe)  {s t r rc ,z  -  € . ,  i cosqzLr - ta ; .  |  (4_. l i )

^ -  ^ i - ^ t  i  t . , i  ^ ^
e r r  - f ) r ' P r t ! ) ' r r . Y

v*" (Td.) ---v$ff1n*,r. 
{ c'.. o".

' l, 
1a+ ":S 

cos q z Los 6Lx

-  6 €zsln ( , t  st : ' l  6LL (4 -50 )

f r om wh i ch  i t  can  be  seen  t ha t  t he  va r i ance  app ro l ches

ze ro  as  t he  i nve rse  squa re  o f  t he  s i nu la ted  reco rd

i  eng  Lh .



CTiAPTER 5

SI]4UIATICN IIETT]OD

The secorxi order perturbation solution oeveloped

rn (trapter 3 should characterize a reai wave fiel,d

inclui ing nonLj.near ities reasonabj,y accurate.ly. From r-he

secorxl order potential. solution obtained 5y adding

Eguat. lons (3-26) anc (3-45) ,  waLer part ic. l . :  k inematics ac

every point (x,y,z) in the rave fle.Ld can ce ca],culated.

Using these 'rave field klnematics in an anal"rt icaL wave

force computation resul.ts in a cunbersome solution. Tb

gain an insight inlo the behavior of the exact soluiion,

the potential- solution correct to the second order has

been sinula:ed and 'rave forces corputed for furthcr

stujy.

5. I  Procedure for Simulacion

The proce<iure 5or s imulatrng a ranJorn direct icnal

second order sea sur face erd asscciatec wave forces is

(I) fte linear Gaussian approximation co a r andcrn sea

surface is represencal by the Ciscrete counterpart

o 5
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M N

T (*,t)= L LJs€-,, r") ad- a a"
rr: l  7l : l

t ' 2  -
cog(h,^ ' *  -  d t+  e^- )  (s - l )

T h | l s  i f  M  f r F . f i r o n . i e s  a n d  N  d i . r e C t i o n S  a r e

se l  ec t  ed  (noE .  necessa r i l y  a t  equa  l  i n t e r va l s ) ,

t hen  t he  l i nea r  app rox ima t i on  t o  t he  wave  f  i e l - o

has  i 4N  componen ts .  P ie r son  (1955 )  nas  g i ven  p roo f

t ha l  t he  above  f  i n i . t e  sum tends  t o  t he

n  q  a  r  r  . i  o  -  i  r  r -  o  '  r l  r  , -  I  i n  F . l t i f  i  n n  t 2 - l t  : s  Y  a n d  \  C e n d

r n  i n f  i n i t - v  a n , . i  i t -  . ^ - ' a 4 \ ^ F F  a  F h - d a  C i n e n S i O n a I

sEaE  rona ry  uauss  l an  p rocess .

(2 )  Us ing  Equa t i ons  ( l - 45 )  and  (3 -48 ) ,  second  o rCe r

co r rec t i ons  a re  ca l cu la ted .  The re  a re  (MN) r *2

second  o r c i e r  co r recL ion  componenEs .  l he  ghases  o f

! hese  non l i nea r  componcnEs  3 re  re l a ted  t o  t he

n h . c a c  a €  r h o  I  i n o - -  - k . ' ^  r h op r r q J e a  \ - v r ' r l / U l t E r r L J  - " L  F r v e L J e

r e n r o < o n ! . c d  h \ ,  I - h F  S u m  O f  t h e  l i n e a r  a n d  t h e

n o n l  i  n e a r  c o m n o n c n l - q  i .  n n  I  n n . J r r  G F r r c S i a n .

Depar  t u re  f r om Gauss ian  p rocess  i s  app rop r  i a t e l ?

i no  i ca ted  by  Lhe  skewness .

o f  wa te r  e l eva t i on  ?  i s  ob "a ined\ J /  r r r e  L r n ' E  r r r - L v r I

by  summing  a I I  t he  componen ts  and  t ak i ng  t he
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lnve !  se  Fas t  Fou r i e r  T rans fo rm .

(4 )  Ve loc iE ies  anc j  acce le ra t i ons  a t  any  po in t .  a re

^ ^ h - . . ! ^ , . l  - -  c ^ 1 r  ^ , . ^
e  v r r P  q  L c v

( a )  Ve loc i t i es  and  acce le ra t i ons  due  t o  each

. . \ m n . r h o h l -  ^ . a  r a c ^ l  r r a A  r ' le v u r P v r r s i r L  u  q r v r r Y  ) '  c l A c > .

{ b )  The  conEr i bu t i on  f r on  each  cc .Tponen :  i s  aCCec i

t o  ob ta i n  t he  Fou r i e r  coe f f i c l en t s  a i  an i  b - .

( c )  Us ing  t he  i nve rse  Fas t  Fou r i e r  I r ans fo rm ,  che

t ime  doma in  rea l  i za t i ons  f o r  ve loc i t i es  and

acce le ra t i ons  i n  t he  x  and  y  d i r ec t i ons  a re

ob ta  i nec l  .

( 5 )  These  ve loc i t i es  and  acce le ra t i ons  a re  used  i n

the  Mor i son  f o rmu la  t o  compuEe  wave  f o r ces  pe r

n n i l -  :  p F . ' ! - h  n n  :  a i l g .

t 6 \  T h e  l ' . r i . a l  € ^ r . a  . \ h  F h a  r \ i  1 6  i  c  ^ h i - r i ^ c . {  h r r

nune r  i ca l l y  i n t eg ra t . i ng  t he  f o r ce  up  ' ! o  t he  f r ee

wa te r  su r f ace  ob ta i ned  i n  S tep  3 .

(7 )  S im i l a r  f o r ce  h i s t o r i es  can  be  ob ta l ne i  f o r  t he

p i l e  a t  any  o the r  des i r ed  po in t .  Thus  f o r ces  on  a

g roup  o f  p i l es  can  be  s tud iec i .
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6  ?  l l  r r r  i  f h n  F n r  s i ' n u I a c i O n

The  above  s i r nu la t i on  me thod  has  been  rmp lemen ted

i . n to  a  se l  o f  Fo r t r an  p roq rams .  ?he  essen t i a l  f ea tu res  o f

t he  compu ta t i on  scheme  a re  dep i cced  i n  Ehe  f l ow  cha r t  i n

F iqu re  5 - I  and  a re  summar  i zed  be low :

( l - )  The  g i . ' r ' en  o r  assumed  d i r ?c t r cnJ I  s -oe . t r u rn  S  (6 , t )

i s  d  i s c re t i zed  so  t ha t  t he  sea  su r  f ace  i s

. 6 h r 6 c 6 ^ F e ;  h U

/ ; - r l

',inere a,i --,lTZ Lc;-:E j-{7-{{ (5 - r )

{ 2 )  S a c o n . i  o r r i e r  i n t r - r r ^ - i n n  ^ n m n n n n . F s  : r :  c O m p u c e , l

by  Equa t  j . ons  (3 -45 )  and  (3 -4E ) ,

/ ' l )  T h o  n n < i f i n n  ^ f  i h . 5  n i l p  i h  F h a  ) . - v  : r I a n e  i S

se lec ted .  Th i s  s t ep  i s  essenc ia l  f o r  s i nu laE ing

the  t o t3 l  f o r ce  on  a  g roup  o f  : - - i I es .

( 4 )  A  scc  o f  un i f o rm  ran ion  phases  I y i ng  be tween

(o ,2 l l )  i s  se lec ted  f o r  t ne  I i nea r  componen ts .  The

r : i ^ : q a <  n F  i i d  n n n l i r o r r  . . i n n ^ n p n t c  : r =  i e f  i V e d

f r om ' . hese  phascs  (Equa t i on  3 -43 ) .

( 5 )  Fou r i e r  coe f f i c i enEs  f o r  wa te r  e l eva t i on  a re

' - - r  Fou r i e r  coe f f i c  i en t s  f o r  each\ J y  q e q  r r 1 9

o f  t he  I i nea r  and  non l i nea r  componen ts .

r,l N

n@,t) = Z Z r^i i  cos (F, y'  -4t + t ,  )
i = ,  ; , t
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Frgur€ 5-1. F.l-ow Char! for Computer Programs for
SimuJ.ating Secono Order Directionaf Sea ar,i
Assoc iated Siave Forces.

D r s . r e t r s e  P !  e s . r  r b e d

C c f t 9 !  r e  3 e  c o i o  O r d e r
I n t e r . c t r o n  C o s p o  n e n  r  s

5 € I e c r  t n e  P o s r r r o n  o f
t h €  P r l €  f o r  S r h o l a r r o n

e a r  C o i p o n e p r s

P n a s e s  f o .

O b t a  r  n  F o u r r e .  C o e f f r c r e n r s
f o !  l i a t e r  S u r f . c e  E l e ! a t l o n  . n d
v e l o c r r r e s  a n d  a c c e l e r a t r o n s  r n

r . n d  y  0 r r e c r r o n s  6 r  r a n y  e i e J a r L o n s

I n v . . 3 c  F a s t  a o u . r € .  T r a n s f o r o  r o  9 e r
N o r l r n e a r  , 6 n d o E  n e a l  i s a t i o n s  : o !

H . t e r  S u r  f a c e  e l e v . r r o n  a n < i
v . . l , o c  r  r  ! e s  a n d  A c c e l e r a r t o n s  r n

t  a n d  y  D r ! e c t i o n s  a t  H a n y  E l e v a t r o n s

Cohput.  r iave Fc
a t  S e v e r .

l c o n p u t e  r o r a
I  UPto Fr ee | {a

_x
-^6:^{{<:.

r-,
r e r  s u r  f a c e  l
' - -

:"r:.,-----:>.-

.,l,.l"---t.-t'-..-

r o n  ?
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(6 )  S im i -La r l y  Fou r i e r  coe f f i c i en t s  a re  ob ta i ned  f o r

ve loc i t i es  and  acce l , e ra t i ons  i n  ! ne  x  and  y

d i r ec t i ons  aE  seve r  a I  dep ths .

(7 )  Us ing  t he  i nve rse  Fas t  Fou r i e r  ? rans fo rm ,

non l i nea r  r andom rea l - i za t i ons  f o r  we te r  su r f ace

e leva t i on  and  ve l - oc i L i es  and  acce l -e rac ions  i n  t he

x  and  y  d i r ec t i ons  a t  seve raL  c i epLhs  a re  ob ta i ned .

(E )  t l ave  f o r ces  aE  seve ra l ,  c i ep ths  a re  compu :ed  by  t he

Mor i son  f o rmuLa .

(9 )  The  t oEa l  f o r ce  on  t i r e  p i l e  up  Eo  t he  f r ee

su r  f ace  i s  f  i na l l - y  compu te< i .

5 .3  Compar  i son  w i t h  O the r  ,Ue thoJs

The  non l i nea r  r andom sea  s imu la l i on  ne thod

imp lemen ted  by  Hudspe th  ( I 914 ,L975 )  f i r s r  de te rn i nes  ! he

un id i r ec t i ona l  second  o rde r  sea  su r f ace  rea l i za t i on ,  bu t

t he  h i a te r  pa r t i c l e  k i nema t i cs  a re  compu ted  by  t ne  l i nea r

f i l t e r i ng  me ihod  due  t o  Re i . d  ( 195d ) .  A  s t r e t ched

ve r t i ca l -  coo rd ina te  was  used  t o  t ake  i n to  accoun !  Lhe

d i sp lacemen t .  o f  t he  f r ee  su r  f ace .  I n  E .he  p resen r  mecnoc i  ,

second  o r c i e r  d i r ece j - ona l  sea  su r f ace  and  assoc ia teC

k j . nema t i cs  a re  s imu la ted  re ta i n i ng  t he  l i nea r  phases  anJ

t . he  re l a ted  non l i nea r  phases .  A l so  t he  f o r ce  i s  compuced

up  t o  t he  f r ee  su r f ace  v r i t hou t  t he  use  o f  t he  s t r e t ched
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coo rd ina tes .

T h e  n r c q F n t -  m F i - h . \ . i  1 . / i a l , 4 :  r a c r r l  f c  i f , i  l : r  F ^v s ! _ !  J r , , r r r q !  s v

Dean ' s  more  i n tu i t i ve  hyb r i d  me thod  ( I 911 ) ,  pa r t i cuLa r l y

up  t o  t . he  second  o rde r .  As  w i l l "  be  ev idenced  i n  t he  nex t

. F . > h ! a '  h , , m 6 r i ^ r r  ' ^ S U 1  t S  f r O m  t i : e  t u O  n E f . ^ n c  ; - o  r I i  * eL  Y v r  r c

- i - ;  l  - ,

S o m e  o f  t h e  i T l o r e  n o t a b l e  f e a t u r e s  o f  t h e  p r e s e n t

m e t h o d  m a y  b e  s u m m a r i z e d  a s  f o l l o w s :

{ l I  R a n d n m n a q q  d o n i a - a r l  L ' r  _ '  d 5 n c i i .  i a <\ r /  a \ a , , u v , r I q J o  q s I / ! e r s e  v I  e r t c  J p e u u L

p robab i l t y  d - . ns  j . ' - i e s  and  i  n  t  e  r  c  o  r  r  e  1  a  t  i  c  n  s  amo  n_a  s  L

va r  i - ous  va r i ab les  l i ke  \ . / a t e r  su r f ace  e l eva t i on  and

ve loc i t i es  and  acce le ra t i ons  i n  t he  x  and  y

d i r ec t i ons  a t  seve ra l  po in t s  have  been  f u l l y

r o n r a c a h f a ;

( 2 )  Non l i nea r i t i e s  co r rec t  up  t . o  second  o rde r  have

been  i nc l uded .

(3 )  Pnases  o f  t he  non l  i nea r  con t r  i bu t i . ons  nav€  b€en

reea ined .

(4 )  Any  reasonab le  d i s t r i bu t i on  o f  t he  d i r ec t i onaL

^€  a  rea l - i s c i c  sea  can  oe

s imu la l eC .

(5 )  The  skewness  o f  t he  s imu la t . ed  wa te r  su r f ace

d  j . sp l acemen t  i s  r ea l  i s t i ca l l y  r ep resen teC  w i t houc

any  a r  t i  f i c i a l  means .  The  skewnesses  o f  o t . he r
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va r i ab les  o f  i n t e res t  a re  a l so  ma in ta i nec .

/ , : \  r n L ^  5 ^ ! - 1  . , r . i ^  € a r n a  h : e  h 6 6 h  - ^ h . r 1 J -  a ,  l - \ ,
\ u /  r r r e  v : c r ,  e v L " F u g s e  ! l '

. ^ n c i d F r  i  n d  - h o  i  - r -  ;  i  - F :  = ^ 6 m e n E  O f  t h e

f  r ee  su r  f  ace .

i  c a f  . \  r =  i i i r - i c n r  F . r f  r , i n  . r o . t r : r h q  5 >  r .

F \ . r s .  . - r 6 ! ' 5 r  ̂ ^ ^ ^  F ^  i  - D l e m e n t  t h e  a b o v e  s i r i u l a : i o n  n e t h c c t .

T n  f  h F  n F v F  . i : n F A  - - - "  r - - ' ) r t f , n C  r e S U I t S
" c A  

L  u . , q P L c  j " o r r l  r , " P !

de r i ved  f r om the  s imu la t i on  me thod  a re  p resenLed  anC

d  i  sc  us  sed  .
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the  merhods  o f  Ene  I as t  chsp re r  nave  3cen  apD ILe i

t o  s imu la te  l i nea r  and  non l i nea r  r ea l - i za t i ons  o f  t he

random sea  su r f ace  f o r  t he  B re t schne i c i e r  spec r rum and

fou r  d i f f e ren t  d i r ec t i ona l  sp reads .  ' L ' : e  non l j nea r i cy  as

rep resen te i  by  t he  skewness  has  been  compu tec i  i n  each

case .  f t  has  been  f ound  t ha t .  l he  skeh /ness  i s  g re6 tes t  f o r

a  na r row  d i r ec : i ona1  sp read  because  f o r  t . he  g i ven  t \ , o

wave  numbers  Lhe  skewness  ke rne l  i s  l a rges t  f o r  t he  smaL l

i nc l uded  ang les .  The  reasons  f o r  t h i s  phenomenon  and  t ne

poss ib l e  occu r rence  o f  nega t i ve  skewness  i n  t he  f i e l d

have  been  d i scussed .

The  s imu la t i - on  me t i l od  has  been  f u r  t ne r  app l  i ed  Lo

: n , i  >  m r r l r i n l au q l ' ' r , u L E L v L o I w a v g ! ! J l L e 5 U r r d > I l l 9 J . e P l r L 9 | l U

o i  l e  o r n r r n  T h o  l - ^ t - 2 1  F n r r o  n r  :  : - ' r i  l  a  r o , - l r r n a c  h r '  .  F . - t - ^ -
l / r f L  !  r ) '  c  l q e r v r

o f  l  t o  O .61  w i t h  t he  i nc rease  i . n  t he  d i r ec t i ona l  sc read

o f  Lhe  ene rgy  spec t rum f r om un id i r ec t i ona l  t o

omn id j . r ec i i ona l  .  Fo r  l he  f ou r  p i l e  g roup  w i t h  60  f ee t

sepa ra t i on  t he  reduc t i on  f ac to r s  a re  s im i l a r  t o  t hose  f o r

/ J



r h A  c i h ^ 1 o  h i l o  . r c o  q ^ , d " ^ i  c ^ '  r v  r  F ^ ' , '  _ i ' .  - F ^ i , _
e - . c  c 4 , r Y f  e  l / r r q  v o r e  ! v J !  l , r r c  Y  L v e y

wi tn  one  p i l e  a t  eacn  co rne r  o f  a  3OC fee t  squa re  t he

reduc t i on  f ac to r  va r i es  f r om o .79  t o  c .39  f o r  t . i r e

d i r ec t i ona l  spec t ru rn  va ry i ng  f r om un id i r ec t i ona l  t c

omn  i d  i r ec t i ona l .

6 .1  D i - sc r  e te  D i rec t i ona l  Spec t ra

T n  t h i q  s i | l . l v  - q o  r i i  - p r - r i 1 1 n . = l  c r : F C t f  u n  i ' ] a S  b e e n

: e c r r m a . , l  t a  h o  n i r : a n  I^ . , . .  r y

( 6 - I )

e-a6.)*

Fr .  i s  t oca l  ene rgy  g i ven  byb T  ' -  - -

co
I
I  S (6 )d6  16_3 )

J -

6  i .  an .  an ju l a r  f r equency  o f

t he  peak  o f  spec t rum

and  t he  d i r ec t i ona l  sp read ing  f unc t i on  D  (B )  was  assumed

!o  be  g i ven  by  Equa t i on  (2 -2eJ .

c n a . i  r i . . . 1  , 4 . . , r c : n  i :  r -  I o n  n a s

1 .

39,0)= s@)'D

i n  wh i ch  che  t s recschne i c i

been  u t i l i zed  f o r  S  (d )  ,

z,z\-  s + /e l -s
"I  

6.1 =n- ,  _  
6o  lc " /

in erh i  ch



/ 2

S imu la t  i on  was  ca r r  i ed  ou t  f  o r  tHe l ' , / e  < i i f  f  e renL

, . i i  r p . f - i n n e l  q n p r - r r F  F ^ - - -  - - ' . - i - ^  . . h r e e  j i - f  f e f  e n t

t o t a l .  ene rg  j . es  w i t h  f ou r  d i f f e rene  d i r ec t i ona l  sp reads

co r respond ing  t o  t he  va lues  o f  t he  d i r ec t i ona l  sp reao ing

n i r : i 6 f  6 r  .  )  6 ^ , , r ' l  ! ^  ^  I  q  . h . n  q a a a  r h a  c h : n n <  . \ F
Y q - q r . . e L s !  / . . '  c \ c r ' L  r . r c  J l . c y E r  v r

r he  d i r ec t i cna l  sp reac i i ng  f unc t i on  D (d )  f o r  t h ree

d i f f e ren t  va lues  o f  sp read ing  pa rame te r  Y  a re  p resen te i

i n  E i a r r r o  i - i  A  t ' r ] , , ^  ^ €  ^ r  ^ ^ , t r r  r ^  ' a r .
r ' f  r r y u l q  v  r .  v L  t /  = \ { q a l  g v r L L r t , v . , u J

t o  t he  case  when  Ehe  ene rgy  i s  egua l l y  d i s t r i bu ted  i n

a t l  i i r ec t i ons  (  o  r n  n  i  d  i  r  e  c  t  i  o  n  a  1  )  .  A  
"a l - ue  

o f  y '  equa l  Eo

5ooo  app rox imaEes  a  un id i r ec t i ona l  sea .  Va iues  o f  ) )

equa l -  t o  L  and  5  rep resen t  i n t e rmed ia i e  d i r ec t i ona l

sp reads  wh i ch  poss ib l y  co r respond  t o  r ea l i s t i c  seas .  Fo r

a  va lue  o f  ) , ,  equa l  t o  5 ,  9 I . 8  t  o f  t he  t oEa I  ene rgy  i s

concen t ra ted  w i t h i n  an  ang le  o f  60  deg rees .

The  con t i nuo . r s  d i r ecc iona l  sp reac ing  Eunc t i on  5as

- . . -  - l  t -  w  : o  i . l i < r  i n F  , l  i  c . r e : e  d i f e C t i C n s< P r  o L : u  u ) |  L w E " r J  c Y q r v

i n  f  l r e  r a n o o  C  r o  l 8 O  r 1 a r  r e c c  ( i m i l : r ' w  i n e  I i n e a f

con t i nuous  spec r ra l  dens i t y  S  (6J  has  been  rep resen tec  by

60  cos ine  componenEs  w i t h  Ehe  < i i s c re re  f r equenc ies

rang ing  f r om .OO5  He r t z  t o  O .3C  He r t z  a t  an  equa l

i n te r va l  o f  O .  OO5  He r t z .



c
I

_ - c

--
-

l:a

=

-

ts

- \ - -  - < -  \  - .  - : - : - : : :

Figure 6-I. Directional. Energy Spreading Factors for
Directional. Parameter , Eqral to u, l-, anci 5
in Equafion 2-26.
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Eac i :  o f  E ie  l . 2CO cos  j . ne  componen ts ,  oo ra ineo  by

pe rmu f i ng  60  d i sc re te  f r equenc ies  and  20  c i i s c re te

, i ' ^ ^ ! i ^ - - r  e ! c  a 5 s r - g n e d  o n e  r a n d o m  p h a s e  d r a w n

i n d e p e n d e n t l y  f r o m  a n  i d e n t i c a l l y  u n i f o r m  d i s t r i b u t i o n

b e t w e e n  C  a n d  J 6 O  d e g r e e s .  B e f o r e  u s i n g  r n e  p h a s e s ,  * - : l c

s e t  o f  I 2 O C  p h a s e s  l a v e  b e e n  c e s c c d  f o r  s u r t a b i i  i c y  i :

t h e  s i . m u l a t i o n .

6 . 2  T h e  R a n d o m  P n a s e g

T h e  s e c  o f  I 2 0 C  r a n d c n  p h a s e 3  h r s  b e e n  g : n e r r : : c

b y  u s i n g  t h e  r a n c i o m  n u m b e r  g e n e r d i o r  : v a i I a b l e  a :  E h l

r r F i , ? 6 - - i  f . r '  ^ F  n ^ l  r t , ^ r a  a - . r m . ! r ! ! -  i  n d  a 5 n t - a r  - h -  F t : a t t , . a r vr r L ) ,  v !  !  l v r r , r / u L  r " J  ! e . , - e !  q y u g " e _ r

d i s t r i bu t i on  o f  t he  l 2OO random numbers  used  i n  t he

s imu la t i on  i s  p resen t . ed  i n  Tab ] , e  6 -1 .

The  pe rcen iage  va r i es  f r om 3 .17 t  t o  11 .75 t

^ ^ i n r - 6 ;  ! ^  ! r . . 5  F L ^ ^ r F f  i  c a l  o o r r - o n t ; o e  n f  j . C o .  I h :

compuced  va lue  o f  cn i - sque re  i s  O . I j d5  rn : : n  i s

accep tab le  ac  conmon l y  useo  s i gn i f i cance  I eve I s .

The re fo re ,  i c  i s  r easonab le  t o  be l i eve  t ha t  t he  12CQ

random phases  be long  t o  a  un i f o rm  d i s t r i buc ion .

Fo r  de tec t . i ng  any  pe r i od i c i t y  i n  t he  se t ,  t he

fas t  Fou r i e r  t r ans fo rm  has  been  used  t o  compu te  t he

pe r i odog ram o f  t he  12OO random numbers .  A  cumu la t i ve
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The  F requency  D i s t r  i bu t i on  o f

t he  Sanp le  Random phases

In te r va l

No . I n te r va l

1n  Deg rees

N o .  o f

O c c u r r e n c e s

?  o f

T o  ! a L

I

2

3

4

5

6

7

,1

10

o -36

36 -12

108 -L44

I44 -180

r  80 -216

252 -264

z o 6 - J z t l

324-360

10 .  17

9 .5

' . I I

6 . 1 /

1 i . 5 6

5 . 5 E

t ]  t l

9  . 42

141

L22

114

I2o

110

9d

139

103

r34

113

360 1200



n ^  -  i  ^ l  ^ ^
: r s r  r v u e Y  w € E r r  u v , " P u L  L . = u  w y

t he  va r i ance  o f  t he  random numbers .  No rma l i zed

f requenc ies  have  been  f o rmed  by  d i v i d i ng  f r equenc ies  by

the  Nyqu i s t  f r eguency .  The  no rma l i zed  cumuLa t i ve

pe r i odog ran  has  been  p l o t t ed  i n  F i gu re  6 -2  aga ins t  t he

n n r r : l  i z o n  F r a a r r a n a r r  - - ^  ^ ^ ' , F r i ^ -  ' i - ^ -
.  :  l J  U U U n U r n g  - r n e 5 ,  c o r r e s p o n J l r . g

t o  t h e  c o n f i d e n c e  l - i m i t s  f o r  5 t  s j - g n i f  i c a n c e  l - e v e l  i n  t h e

K o l m o g o r o v - S m i r n o v  t e s t  o f  t h e  h y p o t h e s i s  t h a t  t h e

o b s e r v a t i o n s  a r e  d r a w n  f r o m  w h i t e  n o i s e ,  h a v e  a . l " s o  b e e n

s n o w n  o n  t n e  f i g u r e .  A t .  a  r i  s i g n i f i c a n c e  I e v e I  i :  i s

r a r q . n F h l  o  : - ^  F . - 4 n r  t h a C  t h e  r a r c l O m  n U n b e r S  a r e

u n c o r r e l , a t e d  a n d  , r j - t h o u t  a n y  h i d o e n  p e r i o d i c i t y .

t i . 3  L i n e a r  a n d  N o n l i n e a r  R a n d o m  S e a  S u ! f a c e s

The  12CO cos ine  componen t  waves ,  cons i s t i ng  o f  60

r l  i  < . r a F a  f  r a n r r a n , ^  i  a c  . ^ ;  - r ^ - a ^  = r ' ;  - -  i  ^  2 0  d i S C f e t e

d i recc ions  i n  IOO 5eec  o f  ' * a te r  I  and  hev ing  i nocpen : : nc

random pnases ,  ha , . r e  b€en  conb ined  ! o  ob ta i n  I i r r ea r

reaL i - za t i ons  o f  2OQ seconds  du ra t i on  f o r  t . he  sea  su r f ace

e leva t i on  and  wa te r  pa r t i c l e  k i nema t i cs  a t  seve ra l -

T . i n a : r  l r i F h  r i a n i f  i a : ^ i -  a 6 a / ^ i ,  ^ ^ l v! v r " } / v r r c ' r  r r Y ' r r r r r a r r L  q , r e r y _ r  v ' r r J

have  been  useC  i n  ca l cu la t i ng  t he  non l i nea r  componen ts .

2C  f r eguenc ies  f r om O .05  He r t z  t o  O ,15  He r t z  and  20
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d r rec t i ons  have  been  comb ined  t o  y i e i d  I 60 ,OOO non l i ne3 r

componen ts .  Add  j . ng  t hese  i o  t he  l i nea r  componenEs ,  t " e

ob ta i n  t he  non l i . nea r  r andom rea l i za t i ons  f o r  t he  sea

su r  f ace  and  rhe  waE .e r  pa r t i c l e  k i nema t i cs  a r  t he  dep ths

o f  i n t e res t .

The  l - i nea r  and  t he  non l i nea r  r ando r . r  sea  su r f ace

rea l i za t i ons  have  been  compu ted  f o r  f ou r  d i f f e ren t

d i r ec t i ona l  spec t ra  H i t h  t he  same  to ta l  ene rgy .  F i gu res

6 -3  t o  6 -6  show  t yp i ca l  l i nea r  and  non l i nea r  sea  su r f ace

rea l  i za t i ons  f o r  va lues  o f  t he  d i r ec t i ona l  d i se r i bu t i on

pa rame te r  , ,  equa l  co  O ,  l - ,  5 .  and  5 jCO.  The  1o ' *e r  r a r t s

o f  t he  f i gu res  show  the  I  i ne r r  ( so1  i d  l i ne )  and  t he

n ^ n l  i n a F r  / r i > c h a r {  I  i ^ d \  r d i l  i z r r i a n e  F ^ /  F r . -  ^ ^ -  ^ , , - F - ^ ^

e leva t i ons .  As  expec ted  t he  non .L i nea r  con t r i bu i i ons ,

shown  fo r  cLa r i t y  i n  t he  uppe r  pa rc  o f  t he  f i gu res ,

f l a t t en  t he  t r ouohs  and  cause  t he  c res t s  Lo  be  more

peaked .  The  wave  he igh t  and  pe r i od  o f  Lhe  i n i i v i oua l

waves  a re  p rac t i c3 l l y  t he  same  fo r  t he  l i nea r  and  t he

non l i nea r  r ea l i zaE ions .  Buc  t he  more  peaked  c res t s ,

causeC  by  nonL  i nea  r  co r  r ec r i ons ,  i n  gene r : I  r esu l r  i n

i nc reased  ve loc i t i es  be loe r  t . he  c resLs  and  hence ,

i nc reased  max  imum d rag  f o r ces .
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6 .4  L i nea r  and  Non l i nea r  Random Sea  Su r face  Spec t ra

T h p  q n e . f  r : l  j s n g i ! i s S  o f  t h e  I  i . n e a r  a n d

non l  i nea r  sea  su r  f ace  rea l  i za t i ons  f o r  ghe  f ou r  va l - ues  o f

r h o  A i r A . f  i ^ h r l  < n r o a d i F . r  n : r : m o l - a r  \ )  F r o  n r o q p n t - o . l  i n

E  i n r r r e c  n - l  - n  6 - l . r  T h -  1  i  n F F r  s . c , . J - r F l  C e n S i : i e S  : r e

p resen ted  as  so l i d  l i nes .  On  t he  same  f i gu res  t he

se lecEed  B re t schne ide r  spec t ra  have  been  p l o t t ed .  The

assumed  and  s imu la t . ed  l i nea r  sPec t ra  a re  rep resenced  by

the  same  so l - i d  l i nes .  Th i s  has  been  ach ieved  by  se lec t i ng

F h o  n h : c , : q  n e r p f . ' 1 l w  - -  -  - :  . ^ : i v a C i o n s  i : rL U c  ! " q o € o  r J  d 5  v u ! u = u  e ]

Sec t i on  4 -3  and  Ees t i ng  t hem fo r  su i cab r l i t y  (Sec t i on

5 -2 )  be fo re  us i ng  t hem.

The  b roken  cu rves  on  t hese  f i gu res  rep resen t  : he

spec t ra l  dens i t i es  o f  l he  nonL inea r  r ea l i za t i ons .  A  sma l l

peak  i n  che  v i c i n i cy  o f  tw i ce  i he  f r equency  o f  peak

r ^ - - :  ! "  ^ - -  Le  no t . i ced  i n  t he  non l i nea r  soec t ra .: r r s r 9 ) '  u c r ' - r  L I

c i n i l a .  n o : l z <  h > r r o  h 6 a h  r o r i ^ r j -  o . l  i n  l - L a  ^ ^ ^ ^ t ' 1 r
Y q o ^ J  . . -  ) y c \ ' t r q r

dens i t i es  o f  r andom rdaves  measu red  i n  t he  f i e l d  and

r a ! u r q L v r I

The  non l i nea r  spec i r a  h ; ve  sma l l  ene rgy  rn  t ne

subha rmon i c  f r equency  bands  i n  wh i ch  t he  co r respond ing

l i nea r  spec t ra  have  no  ene rgy  a t  a I1 .  The  ene rgy  i n  t he

ve rv  l o t ,  f r eguenc ies  has  been  obse rved  i n  t he  f i e l d  as
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surf beaLs and the secorxl order interaction theory has

been used to explain Ehe occurrence of surf beats in the

nearsirore zone (Gal lagher,  1971).  Thus the presEnt

metilod has been able to model- trc of the obserzer

feecures of  nonf in ler ' . r3 /es.

T h  F h 6  . r e - t r l i  - ^ - .  ^ F  f h . .  i-. ,  fr- l !  cj9 !  dPos sul.re UL L:le rmpofC:nE

featules of the tirie oomain realizations of the sea

surface have been discussed. I t  is evident c i rat  di f ferent

. l i rar - t - inn;1 enro. - r ic  in  not  Cause lden. . ic :_I  nonr in :ar

effects. Ske!'ness has been Kno,,rn Lo be a sensi-tive ar,o

re i l resencai ive FararcEer iep i .cc ing ronl rnear icy.  in  che

following secrion Lhe skewness and its kernel are

liscusseC.

6.5 Sker,a'ress and lts (erneL

The c lmensicn i "ess skewn?ss coef f ic ients,  ie f ine. j

as che nean :ube divideC by the cube of the stanj:ro

deviation, have been computed for il values of the

- -  
"  

, n r i  . : r . .  n r I qpn rp< i  i n  T , ^ i - l e  O -2 .y 6 r c r i r u L c !  J . '  4 t v  e L  i  t / ! q J , - r r L w  r r '  r c v

FiEure 6- l -1 shows l i ,e sane dala grephicaLly.  For the

directionaL spreaCing function usei in this study, iE can

be seen that an intermediate spread ing of energy causes

max inLtrn sKewness. The unidirectionaf waves represented by

I  Ur r  hd  ^F  r - ,  oA, : r  F^  c , l i l \ ]  tave  the  leas t  skewness .  y i i th
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the  wave  d i r ec t i ons  sp read  un i f o rm ly  o ' Je r  a  180  deg rees

secEo r ,  t he  skewness  i s  I ess  t han  t he  max i .mum bu !  g reaEe r

than  f o r  t he  case  o f  un id i r ec t i ona l  waves .  Tab le  6 -2  and

F i . gu re  5 - I l  r ep resen t  cases  o f  r andom waves '  each  w i t h

F ^ F : l  o ^ 6 r ^ r r  o a r r : l  r ^  ) )  1  F a a t  < n r r : r c  i  n  -
L v l q a  € r ' e -  - v J  = Y q a r  r v  w a L s l .  u s ! ' . r

o f  l 0O  fee t .  l n  l esse r  wa te r  dep th  and  f o r  g rea te r  wave

ene rgy  i he  skewness  b rou ld  be  g rea te r .

I t  i s  o f  i n t e res t  Eo  cons ide r  t he  na tu re  ano

cause  o f  t he  max imum skewness  ca l cu faCeC fo r  ! he  na r row

: : - ^ ^ L  i ^ ^ - t  ^ ^ - ^ ^ J  f - l ^  i  l - , . ' - - 1 . '  - i - - i c i . - - -q ! ! e c L - L U i i d . l  s L J l ( j d ( l .  r r l l s  r 5  P a !  L  j . L u r . o i r y  : L Y l l

because  t he  l  im i t ed  d  j . r ec t i ona l  3PecErum es t i i T l a tes  c f  a

number  o f  r ea l  wave  sys tems  i nd l ca te  t ha t  t he  va .Lue  o f

t he  sp read ing  pa rameee r  , /  I i e s  be tween  1  and  2 .  I n  t he

ex t reme  case ,  i f  we  mode l  a  sea  hav ing  a  d i r ec t i ona l

sp read  co r respond ing  t o  a  ' / a l ue  o f  y '  equa l  t o  5  by  a

un iC i rec t i ona l  sea ,  t . he  skewness  i s  r educed  by  23 i .

S im i l a r  r educ t i ons  a re  rea l  i zed  i n  t he  skeHnesses  o f  t he

wa te r  pa r t i c l e  k i nemeL i cs  l t  seve raL  dep ths .  As  t ne  i r ag

fo r ce  i s  p ropo r t i ona l  t o  t he  squa re  o f  t he  ve loc i t i es ,

t ne  skewness  o f  f o r ce  i s  r eCuced  by  a  g  r eaEe r  pe rcenEage

than  f o r  t he  sea  su r f ace .

I n  o rde r  t o  app rec ia te  t he  manne r  i n  v t h i ch  t he

skewness  i s  a f f ec ted  by  t he  d i r ec t i ona l  sp read ing  i n  wave



> )

ene rgy ,  i t  i s  he lp fu l  ! o  exam ine  t he  skev r ' ness  ke rne l .

ca re fuLLy .  The  skewness  ke rne l  f o r  t he  i n f i n iEe  depEh

case  has  been  p resen ted  by  Longue t - ! i i gg i ns  (1953 )  and  has

been  rep roduced  as  Egua t i on  2 -23 .  The  co r  r espond ing

re la t i on  f o r  t he  f i n i t e  dep tn  case  has  been  Ce r i vec  i . n

Chap te r  3  (Equa t i on  3 -50 ) .  Ana l y t i ca l I y  i " ,  nas  no t  been

poss  j . b l e  t o  show  i ha !  t ne  skewness  ke rn i l  j . s  a l l vays

n ^ c i t i r r o  f a r  r h a  F i - i F -  A ^ ^ F h  ^  ' . - -  ^ . . - ^  - ^ ^ ! , ^  ! - , ,

Longue t -H igg ins  (1963 )  f o r  t he  i n f i n i t e  Cep t . h  case .

Howeve r  t he  numer i ca l  compu ta t i ons  have  sho . rn  t ha t t ' he

skewness  ke rne l  f o r  Ehe  f i n i t e  . j ep t : t  case  t  s  pos  i t  i ve  f o i

Lhe  f r equency  range  O .05  t o  0 .15  He r l z  and  wa te r  deochs

o f  I ,  lO ,  and  l 0O  fee t .  The  ca l cuLa t i ons  a l so  i nd i ca te

tha t  t he  skeh ,ness  i nc reases  as  Ehe  waLe r  dep th  dec reases .

Tab l . e  6 -3  p resen t s  va lues  o f  ! he  skewness  ke rne l  f o r

t h ree  dep ths  and  t l r o  co l l i nea r  naves  o f  f r equenc ies  C .O75

and  O .060  He r t z .

These  f i nd ings  con fo rn  t o  t he  resu l t . s  and

obse rva t i ons  o f  o the r  i nves t i qa to r s .  The  waves  become

s teepe r  anC  no re  asymmet . r i 3  as  Ehey  p ropaga te  i n i o

sha l I oe /e r  wa te r .  The  ac tua l  waves ,  ho ' r e ' , / e r ,  a re  l im i t ed

in  amp l i t ude  and  s teepness  because  o f  oche r  phys i ca l

cons ide raC ions .  The re fo re ,  i n  compu i i ng  ac tuaL  skewness

coe f f i c i en t s ,  onLy  phys i ca t t y  r ea l i zab le  waves  f o r  t he
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, . i . . n t - .  ) n r r t r r  - o . r s i d o r a : i o n  S h o u l d  b e  u s e l .

T A B L E  6 - 3

S k e w n e s s  K e r n e l  V a l u e s  f o r  T w o  C o I l - i n e a r  i i a v e s

n f  F r c o r p n r - i o s  4  O ? 5  a n d  O . O 6  i . l e r  C Z

n 6 r ' : r h  i  n  F o A ' t - Skewness  Ke rne l -

l

IO

100

o.25r

o.o26

c .0039

The  va r i a t i on  i n  t he  ske , rness  ke rne l  w i t h

f r equency  and  d i r ec t i on  i s  much  more  i nce res t i ng .  The

r 5 c , r 1  r -  ^ €  T . ^ n d , , a 1 -  - H i r d i r t c  r l  q 6 1 l  F ^ r  l - h a  i n f  i n i r a  d o n r hv !  ! v r r Y  u L  g  r r r Y Y

case  was  d i scussed  i n  Chapce r  2 .  The  s imu l : . t i on  me ihod

has  been  used  t o  r eca l cuLa te  Ehe  ke rne . l -  va .Lues  f o r  t he

' - uc  f o r  cL :  hJ te ru s s P  w o  u Y  u 5 r " 9  a  v s r y  r . a i . ' j =  v a f

s s y L r i .  r l , l r . L c r

i n  F i . : . r r :  6 - 1 2 : c  - r . O t t e d  S U f f a c er r ,  !  r  j  l a L c  y r . v L .  r L r =  ! r

p e r  c a i n s  c o  E h e  v a l , u e s  o f  E h e  s  k e \ r n e  s s  k e r  n e I  f o r  a

f r e . ' [ c n r r r  . \ F  a  n 7 q  H ^ , L '  i  i - ^  - ' i F h  ? ]  F r a n r r ; n , - i o c! ! E v q E r , e I

r : n a i n n  F r n m  n  a q  f ^  a l  I  (  l l o r F z  r n r i  n r n n r n : r i n a  F r n m  1 6
! r  v F e Y  q  E f  . r :

d i rec t i ons  rang ing  f r om O  to  I 75  deg rees .  I t  can  be

h ^ f i ^ d ^  i - n 6 . l i r F ^ 1 ' ,  i h r l -  l - h a  n , . \  i  n r  n n r r o . - ^ ^ ^ i - -  ! ^  - - d
r n " " E \ r  r c  L E r  I  !  e J Y v r r u - r ' Y
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se I  f - i n t € rac t i on  i s  t he  mos t  D rom inen t  f ea tu re  on  Ehe

ke rne l  su r f ace .  Fo r  t . he  q i ven  two  f  r eguenc i -es  t he  ke rne l

va lue  f o r  t he  co l l i nea r  case  i s  q rea te r  t han  Chose  f o r

a l .mos t  a I l  o t he r  i nc l uded  ang les .  1 t  w i l l  be  seen  I aLe r

thac  t he re  i s  a  r , eak  peak  f o r  an  i nc l uded  ang le  o f : bou :

:  deg rees .  Fo r  a  g i ven  pa i r  o f  waves  cnc  i n te r : cc r cn  i s

t he  l eas t  f o r  t he  nea r l v  o r t hoqona i  d i . r ec t i ons .  These

fea tu res  a re  s im i l a r  t o  t hose  d i scussed  bv

Long  ue t -H  i gg  i ns  ( 19o3 ) .

S im i l a r  ca l cu la t i ons  have  been  ca r r i ed  ou t  f o r

Ehe  f i n i t e  depEh  case .  ?he  skewness  ke rne l  f o r  I . lO  : eec

dep th  has  been  p l o t t ed  t o  e "a l ua te  any  spec iaJ .  f ea tu res .

F  j - gu re  6 -13  shows  t he  su r f ace  p l o t  o f  skewness  ke rne l  f o r

a  wave  o f  O .075  He r t z  f r equency  j . n t e rac t i ng  w i t h  waves  o f

21  f r equenc i cs  r l ng ing  f r om O ,C5  t o  O . l 5  He rcz  and

n r ^ n F l . ' t l - i n . t  = f  i ;  r n d : o q  r . r n -  i  n c r  i r n m  O  r a  I i ;  A a d  r : a c  i -

a  wa te r  depch  o f  IOO f  ee t . .  S  e  1  f  -  i .  n  t  e  r  a  c  r  i  o  n  i s  t he  mos t

p rom j - nen t  f eaEu re  even  i n  t . he  case  o j  f i n i ce  c i ep : i - . .  Fo :

i nc l . uded  ang les  be tween  O  and  60  deg rees ,  t he  i n te racL ion

in  shaL low  wa te r  i s  much  sL ronge r  Enan  i n  t : t e  deep  wa te : .

Fo r  i nc l udec i  ang les  be tween  60  and  175  deg rees ,

i n te rac t i ons  i n  t he  two  cases  a re  ve ry  s im i l a r .  I n  Eh i s

range  o f  i nc l uded  ang les  t he  i n te rac t i on  f o r  t he  sha l l ow

wa te r  r s  ma rg ina l l y  g rea te r  t han  t na t  f o r  t hc  c i eep  waEer
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F ^ r  f  r 6 ^ , 1 6 h ^ i 6 c  - ' - '  a  O t i  q a r r T  r . n - .

q f r . n . r F q f  i  n f F r E . f  i  o n  O c c u f  S  w h e n  t h e  h a V e S  a f e

co l l i nea r .  Th i s  f ea tu re  i s  s im i l a r  t o  t he  i n f i n i t e  depch

case .  Bu t  i n  t he  ne ighbo rhood  o f  O .075  He r t z ,  i nEe rac t i on

in  a  d  r r ec t  i on  o the r  t han  i he  co l  l  i nea r  one  has  t he

max  imum va l , ue .

The  skewness  ke rne l  va lues  f o r  a  O .C75  He rLz  wave

in te racE ing  w i rh  a  O .Od  i l e r cz  wave  p ro -oa3 : t r . n l  ove r  a

r l i  r o . f  i n n - . ]  r : n n  F d  F r . a  a  r ^  :  - '  :- n g  r e C g  : l : - . / a  C J  j i i

- . - n . r t s - / l  . n d  r l n - - r  j  i r  F . r . r r r -  , i - l - 1  .  " . -  s , l l i d  - : r : =  : :

f  o r  cne  l eep  r , ; t e r  c : s - : .  : he  Ju rva  i s  r -=e r I y  3y rn+ : r  i : : -

: h n r r i  i 5  . i , . . r r , = ; r q  T h e r e  i S  a  ' v r e a k  m a x i n u l i  a r o u n d  a n

i n r - l r r d a d  ^ n d l o . r F  e  ^ F . r r F p  F . \ r  . . r m n r r i  n l :  C h i S  C U f V e  h l i h

t haE  o f  Longue t -H igE ins  f o r  t he  deep  wa te r  case '  t i l e

d imens ion less  pa rame te r  oe f rnec  i n  Equa r - i on  2 -24  has  been

. n m n  . n r r  T - c  r / : " o  i  n  r h a  a r d s F n t  . - . i s t r  i  S  C q U a I  : C

1 .OOOE5 .  The  cu rve  co r respond ing  t o :h r s  va iue  i n  F  j . 9u re

2 - I  i s  t he  s3me  as  t he  so l i d  I i ne  i n  F i gu :e  6 - I 4  exce ; t

f o r  a  f ac to r .

The  b roken  l r ne  i n  F i gu re  6 - i 4  shows  t he

va r i aL ion  i n  l he  skewness  ke rne l  f o r  t he  same  f r eauenc ies

and  d i r ec t i ons  bu t  i n  lOO fee t  wa te r  dep th .  Fo r  sma l l

i nc l uded  ang les  Ehe  ke rne l  va lue  i s  I ow .  Th i s  sha rp l y
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r i ses  t o  3  max imum a round  I 3  j eg rees .  I :  g radu . j l l y

descends  t o  a  m in imum va lue  a round  lOO oeg rees ,  t hen

s low l y  i nc reases  t o  a  max imum a t  I 80  deg rees .  The  va lue

: f  l g O  d o c r r c a e  i c  h  i n h p r  t h 2 n  r h . F  : t  . - l  r i o a r o a e  E ^ .  F h 6

app rox imaEe  range  O  to  60  deg rees  t he  ke rne l  va lues  f o r

r h A  l f J  f - ^ - . i . . t h . : c o  F r a  - r ' - r . .  h i c \ r - r  - . r . ; n  E h O S e : o r

F h ^  ^ r ^ 5  F n r  : h ^ r r l -  . i , 1  , , t c n  I  ; O  , i o c ,  _ a <e ' r E  u s s v  v v  u L 9 4

t he  ke rne l  va lues  f o r  t he  I oC  fee t  depLh  case  a re  g rea te r

t han ,  bu t  much  c l ose r  t o  t hose  f o r  t he  i n f i n i t e  depEn

:he  second  o rde r  co r rec t i on  i s  pa rE l , y  : he  resu . l :

^ €  f  h ' 5  . : | l : d r > i i n  . , a ] n ^ i  - ! ,  1 F t 5 ^ r -  i -  ' ^ ^  a r r n > r i  -  F r - ^

su r face  bounda ry  cond iC ion .  I t  can  be  shoHn  eas i l y  t ha t

i n  t he  case  o f  two  waves  i nEe rsecc ing  a t  an  ang Ie ,  r he

quad ra t i c  ve loc i t y  co r rec t i on  i s  max imum when  t he  two

waves  a re  coL l i nea r .  When  t he  two  l r aves  hav?  nea r l y  t . ne

same  f r equency  and  E rave I  a :  a  sna l i  ang l : ,  E :e i r  c rescs

Propag3 te  nea r l y  i n  phase .  ' L i l i s  causes  sL rong

in te rac t i on  s im i l a r  go  t he  s  e  I  f  -  i .  n  t  e  r  a  c  t  i  o  n  e f  f ec t - s .  Thus

fo r  two  waves  o f  nea r l y  equa l  f r equenc ies r  g rea te r

rn te rac t i on  occu rs  a t  a  sma l l  i n t e r sec t i ng  ang Ie  ra tne r

r - h : n  - a  l '  t ^ r  ^  2 ^ d 1 6

The  p rev ious  d i scuss i . on  o f  t he  skewness  ke rne l  i s

no rd  used  t o  exp la i n  t he  s imu la ted  resu l t  t ha t  t he
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^ ^ ^  i ) r r  F a r - c  i s . t r p ^ . e s t  i O f  a  n a f  f  o r t
Y  I  ! q  - v J L  I

r i i r o o r i o n : l  c . n r e : . i  c l f  a  f a n d o m  s e a .  A S  o i S c u S s e c l  i n  t h e

p rev ious  pa rag raphs ,  f o r  t he  lCO f  ee ' .  depLn  t he  skcwness

L a r r i A l  h > c  n r r c i r  h i n h , : r  r r : l r r p q  f n r  - r n . t l e <  r : ^ o i r r r  F r n r r  i lr r  r Y  t : s  r

- ^  (  \  ^ ^ - , ^ ^ ^  f h . F  F h ^ c 6  F ^ r  r n d l a c  o n c n r - ' - ' ; ? d  : '  - ^
L U  ( ) v  U = 9 l c c o  L l l a l l  L : r e o c  ! J -  o r r J ^ L J  s  '  |  !  v t ' t l /  c  :  -  !  t  ' Y  e v  u v

I  R O  d e o . - o =  T n  f  h 5  a  - . 1  i a  ' l > . r r , ' p  - , - r ' r -  t L .  k e r n e l  V a l u e

h a q  :  q h a r n  6 p z l a  1 1 6 1 r n , - l  1 r  , 4 a n r o a c  ' | r h , r c  
i f  a I L  t h Cr r q J  q  J r r q r P  v e l - v r !

o n a r . r t e q  a r a  . . . ) n . c n l - r a E e d  i n  o n e  d i f e c L i o n ,  t h e  S k e w n . S S

i s  sma l1 .  As  t he  d i r ec t i ona l  sp read  i nc reases ,  I no re  wave

i n r : r > n r i ^ h c  ! - r k o  r , l ;  - ^  - r  I  I  l - . r r = a c  - ;  :- : / - - s c  o L  d l l 9 r - ' = D  I J  u c Y

rFsu l  t i no  i n  h i ohe r  skewness .  Fu rChe r  i nc rease  i n  t he

d i rec t i ona l  sp read  resu l t s  i n  no re  waves  i n te rac r - *1ng  a t

: n a  l  a c  ^ r - h a r  r h ^ n  I  1  d o n r o o c  : n d  : l  q . )  ^ r -  r n / t  l a <  : t r o : f  p -q , , Y r E e  r J  v q Y

f h : n  6 c )  d , c o r o c q  F n r  q h i g f t  S k e w n e S S  k e r n e l  V a I u e S  a r e

l owe r  t han  t hose  f o r  ang les  O  to  60  deg rees .  Tn i s  means

lowe r  skewness  f o r  g rea te r  t han  an  op t imum d i r ec t i ona i

q n r o > ' i .  F . ) r  f  h e  . i i  - 6 - -  - - ' : :  - -  - ^ i e . L  U S - . i  i n  f  : l i Sr Y !  L e -  l - v t r c a  > ! , r s q q f  ' t y  . " v !

s tudy  t he  max imum skewness  occu rs  f o r  a  na r row

r i i r o n f i n n a l  s n r a a r i  r - o r r e q n n r r i i n d  f o  F L t r  . i i r e C t i O n a fe F r  ! q e  v v a ! e v F v r r v ^

c n r a : A i n n  n >  - ,  ^ ^ , , - i  F ^  i

Any  d i scuss ion  o f  skewnesses  wou ld  be  i ncomp le te

w i t hou t  r e fe r r i ng  t o  t he  nega t i ve  skewnesses  measu re l  i n

t he  f i e l d  and  t he  I abo ra to r v .
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6 .6  Obse rved  Neqa t r . ve  Skewnesses

The  non l i nea r  wave  t heo r i es  and  a lmos t  aL l  t he

obse rva t i ons  i n  t he  f i e l d  anc i  l abo ra to r y  i nd i ca te  t ha t

wa te r  waves  have  pos i t i ve  skewnesses .  Howeve r ,  some  o f

Che  obse rva t i ons  c f  K insman  (1950 )  ha  re  nega " - i ve

skewnesses .  These  obse rved  neqac i . ve  skewnesses  a re

a a n o r : l  l  r r  e e a r  i h 6 , - l  F ^  i  h  i r t - >  n  r - h a r  i  n n  r n J  i  n

numer i ca l  compu ta t i on ,  pa rc i cu la r l y  oue  co  t he  f i n i t e

I  e n r : r h  t - .  €  r a r - a r A  n t r r i  h d  F ; d  . ^ r r r c a  a F  r ' r  i  ^  - - , ! . : . 'f  s , r Y L r ,  .  p q r a r L Y  > L u u / ,  e

Poss ib l e  mechan i sm fo r  t he  occu r rence  c f  nega : i ve

skewnesses  has  been  deve looed .

As  f ound  i n  Ch . rp te r  3 .  t he  second  o rde r

componen ts  have  f r equenc ies  equa l  t o  t he  sums  and  Lhe

d i f f e rences  o f  t he  l i nea r  conponen t  f r eouenc ies .  The

componen ts  ob ta i neC  by  summing  t he  f r egucnc ies  cause

aos r t l ve  skewness ,  because  t hey  sha rpen  t ne  c res t ' s  a i i d

F ]  - - ! ^ h  ! ; -  F - ^ ! t ^ \ -  - ; n c i  h r r  . . t  r 6 dL L i \ :  L r w u 9 l r r .  1 . 1 c  L U | l l P U l t E l t L 5  U r J L o r , r e v  ! J  L a ^ a . r J

d i f f e rences  o f  t he  I i nea r  f r equenc ies  a re  beL te r  known  es

n b o a f  
"  F r p o . : e n r - i  p q .  T h a c a  h ^ : !  F r 6 d , . 6 n ^ i  a g  ; g g  f  e . - . 1

- L _ - _  , , i ! l - ,  r l - , ^  - ^ , , ^  o n r r o l n r o  T h 6u c y ! s = : r  p l t d > c  w t  r l r  L l l e  w c v c  g t Q u [ .  _ . .

bea t  p ro f i i e  has  e  m in imum co r responc ing  t o  r he  peak  i n

the  wave  enve l . ope  and  v i ce -ve rsa ,  t he reby  reduc ing  Lhe

mean  
' cube  

vaLue  and  t he  skewness  o f  t he  sea  su r f ace
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; i  _ - 1 ^  1 ^  ! r . -  _  -  , - ] t o  s h a l l o h c ru ! 5 ! . r J - d l c l l l c t r  L .  t 1 5  L l l g  . r a l c  9  L ! J u : ,  l l r r v v = -  . i .  I

r -  - - !  6 -  ^ ^ . , ^
w d L c L ,  L i l e  e t l e l 9 y  r I l  L r r c  ( . ) g d L  r ! e Y u u r l \ . y  u a n L r r  r r t L !

t -  h r l q  d e . r e ^ < i  n . r  l - h a  S k e w n e S S .  T h e  i n d i v i C u a l .  ! t a v e S  a L

t he  same  t ime  s teepen  and  i nc rease  skewness .  Bu t .  t hey

soon  become  uns tab le  pa r t i cu l a r l y  i n  E .he  p resence  o f  an

ove r l y i ng  w ind  ano  b reak  i n :o  smaL le r  wa ' . / es .  Tnus  J  r o ; t i . i

^ r  - ^ ^ i r i , , ^  ^ 1 . ^ . , - ^ ^  1 i - i F ^ - i  h ! '  r F . ^  - ; r ' ^ i - - l
u L  P t . , 5 r L r r C  5 A C w l l s 5 s  ' u c y  u =  e f  L L r <  y r r l r r v q r

cons ide ra t i ons .

F rom che  above  d i scuss ion  i t  can  be  conc luded

thaE  the  p resence  o f  p ropo r : i onaEe l y  i ' . i f  h  ene rgy  1n : : 1 .

h 6 : F  € r 6 ^ ' ! a h r r r  h : n r i c  u h i c n : r e  l ^ C  d , . , r r c  -
e \ l J s r r L _ 1  c  r v v  e s Y ! c = >  \ J u L  \ , !  : - . r c . J s .

: ^ A i ^ - L ^ F  i r - . i ' t  i F r r  ^ c  r h o  ^ € . , - f . ,  l ^ . .  ^ '
I l l U t g d L e S  L l l e  i i 9 5 s I U r r ^ - J  J !

nega t i ve  skewnesses .  The  da ta  o f  K j . nsman  (1950 )  have  been

exam ined  i n  t h i s  l i gh t . .  The  spec t ra l  oens i t i es  o f  l b  da ta

^ ^ L -  L - . . ^  - ^ 1 - L i . . - 1 . ,  - - - 1 1  ^ - ^ ' ^ ! '  i ^  F ' l ^  . ' ^ r r ,  l  ^ 1 . ,s E L J  r r c l v s  ! c r . l L r v E r ) '  r r u c r - r  E r r E r 9 I  v s ! 1 ,  r v w

f r equency  bands .  These  reco rCs  have  ske ! ' nesses  va ry i ng

f rom o .133  t o  o .43E .  Bu t .  9  ca ta  se t s  have  va ry i nE

: F r . \ n : r r q  . r F  o n e r . r w  i -  - - -  1 a n O S .  : h ev -  s r r s ! y , '  r , .  L r r e  u \ : c L  ! r e Y U E t i r I  L

conpu ted  skewnesses  f o r  t hese  reco rCs  a re  a I l  ve r y  I ow ,

becween  -C .092  and  O .088 ,  t h ree  o f  ch?m be ing  ncaac i ve .

Reco r i  No .  O83  has  skewness  equa l  t o  -O ,OO4 .  The  spec t ra l

. i ^ ^ - i f r '  ^ F  F h i -  r ^ - ^ r A  h a e  h A A h  r a n r n , , l r r n o d  i n  F j n r r r ou s r ' - I L I  r s l J r v u v e c v  ! r  !  r Y u l s

6 -15 .  I t  can  be  seen  t ha t  a  I a rge  f r ac t i on  o f  t he  t o ta l

ene rgy  i s  i n  t he  I ow  f r eguency  bands  f o r  t h i s  case .
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(Reproduced

Eensity of wave Record i\b. b3
from Kinsnan l96u ) .
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The  p rev ious  b r i e f  C i scuss ion  abou t  ske ' r ness  has

^ ^ r  ^ ^ 1 t ,  + h d ^ ' ^ 5  i  ^  - )  i F ^ ^ - i - - ^ ^  L , , r  ! - - ^  -! r  L  , . r  r  y  L n e o t e E r c a l  - c f  3 c t - i c a l

s ign i f i cance  i n  wave  f o r ce  compu ta t i ons  because  t he

skewness  o f  t he  wave  f o r ces  i s  h i qhe r  t han  t ha t  o f  t he

sea  su r f ace  and  an  i nc rease  i n  t he  skewness  o f  f o r ce

aL te r s  t he  d i s t r i bu t i on  o f  t . l t e  ex t reme  fo r ces .  Th rs  anC

o the r  aspec t s  o f  wave  f o r ce  s imu la t i on  ha "e  been

d i . scussed  i n  t he  res t  o f  t h i s  chap te r .

6 . 7  i ' l a v e  F o r c e  S i m u l a t i o n

For  t he  f ou r  d i r ec t i ona l -  sD rea l s ,  ! vave  f o r ces  ce r

un r t  I engch  o f  p i l e  i t  f  i ' Je  I eze l s  : r aze  been  conFu te j

us i ng  t he  Mor  j . son  f o rmu la  w i t . h  d rag  and  i ne r t i - a

coe f f i c i en t s  sugges !ec i  by  Dean  and  Aagaa rd  (1970 ) .  Fo r

even  a  sma l I  d i r ec t i one l  sp read ,  I a rge  f o r ces  i n  t he

d i rec t i on  no rma l  t o  t he  dom inan t  d i r ec t i on  have  occu r red

!n  t he  s imu la t i on .  To ta l  f o r ces  on  t he  l enq th  o f  t he  p i l e

be low  l r a te r  have  been  compuLed .  The  max imum fo r ce  i n  a

s imu la ted  wave  has  been  compared  w i t h  t he  max imum fo r ce

compu ted  by  t he  S tokes  second  o roe r  t heo ry  f o r  a  , vave  o f

Ehe  same  pe r i od  and  wave  he igh t .  The  ave rage  ra t i os  o f

t he  f o r ces  compu ted .  by  t he  S tokes  second  o rde r  t heo ry  and

the  s imuLa t i on  ne t . hod  va ry  f r om O .95  t o  - ] . . 52  f o r

un i . d i r ec t i ona l  and  omn id i r ec r i ona l  ene rqv  d i s t . r i bu t i ons
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respec t i ve l y .  S im i l a r  r a t i os  a re  i nd i ca teo  5y  i h .  hyb r i d

' n a F . . ^  1 n p  j - r  I  q f  i  l  f n r  :  ' 1  r . . 1  r i . \ m i  n r . F  . a S e .e  s ! e t

B y  s L r  i c t  s u p e r p o s i t i o n  o f  c h e  k i n e m a t i c s  d u e  t o

e a c h  l i n e a r  a n d  s e c o n d  o r d e r  n o n l - i n e a r  c o m p o n e n t s ,  L i ' i e

a c c e i - e r a t i o n s  a n o  t h e  v e l o c i t i e s  i n  ! h e  x  a n u  7

d i r e c t i . o n s  h a v e  b e e n  c o m p u t e C  a t  f i v e  i e v e L s  i n  a  w a t e r

'  : o  t h e  w a c e rq e , L r L l r  u !  r \ r \ J  r c E L  w l r r s r r  r J  e = Y u d r  r

d e p u h  o f  9 8 . 8  f e e t  a s s o c i a t e d  w i t h  i i a v e  F o r c e  P r o l e c E  I I

m e a s u r e m e n t s .  T h e  r e s u l t a n t  h o r i z o n t a l -  f o r c e  p e ;  u n i t

1 - ^ a r h  ^ . i  h r ;  F h c  M ^ r i  c . \ r j  F ^ r T r r l  -
l e n g ! : l  w . i 5  c u l i l P u a e u  - . :  - . . ,  u J r r r . ,  v  r L :

c o r : l p u t e d  k i n e m a t i c s  a n d  t . h e  m o d i f i e d  D e a n  a r . d  . \ a i i . j r l

l l  q 7 c ) \  r F s n l . r n i  F n r - a  r - n , . f  f  i . i o n f  c  r - n . o d u c e d  i r .  I a b I e

6 -4 .  The  Reyno lds  number  was  de te rm ined  us ing  a  ' / a l ue  f o r

k i nema t i c  v i scos i t y  equaL  t o  O .COOOI4  f eec

/ " - ^ ^ )  -  - ' I e  d i ameLe r  o f  3 '  71  f  eeE ,  ( v , n : . cn  i sr \ ] u a r c u /  r  c  Y L .

equa l  t o  che  d i ame te r  o f  t ne  i ns i r umen ted  p i l e  i n  t he

wave  Fo rce  P ro jec i  I I )  and  a  dens i t y  c f  sea  v ra r -e r  o f  2 .C

c l , r n c l n , r h i  r  F  a a t



r09

TABLE 6 -4

Mod i f i ed  D rag  and  I ne r t i a  Coe f f i c i en t s  f o r

t he  Resu l t an t  P ressu re  Fo rces  pe r  Un i t  Leng th

( D e a n  a n d  A a g a a r d ,  I y I C J

Reyno ]os  No

(x  Io  )

C o e f f i c i e n t  o f

v !  4 9 ,  I

o f

c

1 .

t .

1a

16

i-6

1 .34

o .98

a . v l

Re(3

3<Re< lO

Re>10

b ,8  L i nea r  and  Non l i nea r  Random Pressu re  Fo rces

The  f o r ce  pe r  un i t .  I engch  has  ceen  compuced  f o r

f i ve  I eve I s  i n  a  wa t . e r  dep th  o f  lOC  fee t .  T ; t :  f o rae  pe r

un i t  I eng th  i n  t he  p redom inan t  d i . r ec : i on  (  j . n l - i ne )  end  a

d i r ec t i on  no rma l  t o  i t .  ( t r ansve rse  d i r ec t i on )  f o r  a  l eve l

75  f ee t  above  bo t t om we re  compu ted  and  p l o t t ed  f c r  che

fou r  d i r ec t i ona l  d i s t r i bu i i ons  used  i n  t h i s  s t udy .  F i gu re

5 -16  p resen t . s  compu ted  wave  f o r ceS  fo r  t he  un id i r ec t i ona l

waves  f o r  wh i ch  t he  t ! ansve rse  d i r ec t i on  f o r ces  a re

i den t i ca l l y  egua l  t o  ?e ro .  F i gu re  6 - I 7  shows  t he  f o r ces
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Figure 6-16. Simul.ated Variat ion of  Force F€r Unit
Leng th on a 3.7 Feet Dianeter pi le at  a Lcvel
75 Feet from Base in a tfater Depth of J.uu
Feet for Unidirect ional  Waves.
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I€ng th on a 3.7 Fee! Dianeter Pile at a k-'veL
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Feet for a Directional. Distribution of 9iave
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fo r  a  na r row  d  j - r ec t i onaL  d i s t r  j - bu t i on  o f  ene rgy

co r respond ing  t o  a  va lue  o f  , ] /  equa l  t o  5 .  The  so l i o  l i ne

sho ! " s  t he  i ns tan taneous  f o r ce  pe r  un iE  l engch  i n  t ne

p reoom inan t  d i r ec t i on .  The  dashed  L ine  shows  t he

i  n  s  t  a  r  I  . -  n  ' .  a  l  I  s  f o r r - c  r o r  , ! n i i -  l - - a F h  r -  r h e  t r a n s ' J e f  S e!  f  ! r r Y

d r rec t i on .  I t  can  be  seen  t hac  t he  f o r ces  i n  t he

t ransve rse  d i r ec t i on  e re  o f  t he  same  o rde r  o f  nagn i t uCe

a s  i n  f h a  r : r c d n m i n F . f  . t i r ^ r r i a n  r - : ^ r 6 = f S : h a t  E h e

i n s tan taneous  resu l t an t  f o r ce  occu rs  f r om a l I  < i i . r ec t i ons .

I n  E .he  case  o f  y '  equa l  t o  1  rF i 3u re  b - I o )  a r . o  t : r e

homogencous  rave  f  i e l c i  case  (  y '  equa l  co  c ,  F i gu rc  6 - I y l ,

che  f o r ces  i n  t he  t r ansve rse  d i r ec t i o r r  a re  as  I a rge ; s

fh . ) qa  i n  f h ^  n rp . l n ' n i  nanE  d i f ecC iOn .

The  Wave  Fo rce  P ro jec t  I I  f i e l d  oa ' - a  f o r  t he  wave

fo r ces  show  ve ry  l a rge  f o r ces  i n  t he  t r ansve rse

d i rec t i on .  I t  has  been  sugges tec i  t ha t  t . hese  l a rge

t ransve rse  f o r ces  a re  due  t o  t he  vo r t ex  she id i ng  : f f ec t s ,

I n  t h?  p rese r i t  s i udy  vo r t ex  shedd ing  e f f ec t s  he re  no t

cons ide red  ye t  l a rge  t r ansve rse  f o r ces  have  occu r red  i n

the  s imu la t i on  o f  d i r ec t i onaL  seas .  The  resu lCs  o f  Lh rs

s tudy  snow  tha t .  l he  I a rge  t r ansve rse  f o r ces  can  be  caused

by  a  d i r ec t i ona l  d i s t r i bu t . i on  o f  wave  ene rgy .
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5 .9  Spec t ra l  Dens i r . i es  o f  t he  S imu la ted  p ressu re  Fo rces

The  spec t ra i -  dens i t i es  o f  t . he  f o r ce  pe r  un  j . t

l eng th  i n  t he  p redom inan t  d i r ecC ion  and  a  d i r ec t i on

no rmaL  t o  i t  f o r  a  l eve l  75  f ee t  above  rhe  bo tEon  hav3

been  compu ted  . : nd  pLo r " t eo  f o r  t he  f ou r  C i rec t i ona i

d i sL r i bu t i ons  used  i n  t h i s  s t uCy .  F i gu re  i - 2C  shows  t he

S n F a f  r ^ l  . i a n < j L w  ^ €  f h a  F r . , r r a  : . a r  r r ^ i F  t . F - t s r  . i -  r l - . ^  - - - -r v r  e s  t / e r  s r r f  L  ! c t r Y  L i r  r r t  L l r c  u d > s

o f  un id i r ec t i ona l  r . r aves .  The  i r i ghese  peak  i n :he  f i gu re

- - - r r : l  . i : h < i - \ '

(F i g  u re  6 -16 ) ,  The re  a re  t t r o  o the r  s rnaJ -1e r  peaks

co r responC ing  t o  t he  f  r equc -nc ies  equa l  t o  l - .  5  and  2  t  j -mes

the  f r equency  co r respond ing  t o  t he  p r : , nc i pa1  peak .

F igu re  5 -21  shows  t he  spec t . r a l  dens i t i es  o f  t he

inL ine  and  t he  i r ansve rse  f o r ces  a " , 75  f ee i  abcve  t he

boE tom fo r  a  C i rec t i ona l  d i s t r i bu t i cn  g i ven  b7  cos26

The  spec  j "  r a l -  i ens i t y  f o r  t he  i n I i ne  f o r ce  i s  s i n i . l , a r  : o

Che  un  j . d  i r €c t i . onaL  case ,  excep t  t ha t  r t  i l a s  a  s r : l a l l  peak

a t  abou i  t he  t h i rC  subha rmon i c  o f  t he  f r equency

^ ^ r r 6 c ^ ^ ^ , - l  i  ^ ^  r ^  ! ! . ^  F -  i - ^ l - -, e  r v  L . ,E  F r  r nc  rpa r  peaK .  - ne  b roken  i  i : r e

shows  t he  spec r ra l  dens l t y  o f  t he  f o r ces  i n  t i r e

t r ansve rse  d i r ec t i dn .  Th j - s  does  no t  have  a  peak  a t  t he

f requency  f o r  wh i ch  che re  a re  peaks  i n  Lhe  spcc t ra l -

Cens i t i es  o f  t he  sea  e l eva t i on  and  t he  i n l i ne  f o r ces .  The
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- 1  r ^ - ^ : ' "  ^ t  ' - h e  t r a n s v e r s e  f o r c e s  i s  r a i h e r  b r c e dJ P E L L !  g ) '  U I  t

r . - - - r  i ^  r r . . ^  / - - - -  . .  1  f ^ , 1  x  r  >  r i  i  :  n  c  /  c  e  r -  n  n  O  .  T h e  m e . i n! q r r u  I l r  L r r s  r  o r r Y e

" - 1  ' ^  ^ €  ! k ^  ' . r a n s v e r s e  f o r c e s  i s  s m a L l - e r  t h a n5 V u a r E

t ha t  o f  t he  i n l i ne  f o r ce .

The  sDec t ra l  dens i t i es  c f  t he  i n l .  i ne  eno  t he

e ransve rse  f o r ces  f o r  t he  C i rec t i ona l  d i s t r  i ! u i i on  E i ' l - n

h r , ,  
" r r q ' ' ,  

l F i o r r r -  i t - ? ? \  ^ t e  s i n i l ; r  f o  f h o s e  f o r  c n c9  \ .  | Y

d i r e c t i o n a l  d i s e r i b u t i o n  g i v e n  b y  c o s ' 4  ,  e x c e g e  E h a c

t h e  s m a l l  p e a k  a t .  t h e  t h i r d  s u b h a r i n o n i c  1 s  n o l  p r ? s e n t .

" - r " r  o !  t h e  L n l i n e  f o  r c e  i s> t { u q  r  €  v  c f u s

:  - 1 1 "  ^ / ^ - ! ^ :  t h a n  t h a t  o f  t h e  t r a n s i / e r s e  f o r c e .L r o f  r ) '  j r s . L s r

I n  t he  case  o f  t he  comP le te l y  homogeneous  sea ,

' - - '  " : s  o f  t he  i n l i ne  and  t he  E rans " /e r seL r r  =  l u E a l l  s Y u ' : r ! ' v a r u !

f ^ r - c q  A r F  ^ a z  r l  w  o r r r ' : l  / F i ^ ' t r r  t i - ? ? 1  T ^  O t h e f  W O f d S ,

f h e r e  i  q  n o  n r o d o m i  n a n t  f o r c e  d i r e c t i o n .  T h e  " . r a n S V e f  S e

F r r r o c  i d ^ i  F i - r n F  i n  t n . -  h a : r  F r e r -  r o n - r, r q v  s  - ! Y r r r r ! r q , r L  E ' t s ! Y ) '

bands .  wh i l e  i ne  i n l i ne  f o r ces  l o  no t .

Seve ra l  i n t e res t i ng  f ea tu res  h : ve  been  no t i ced  1n

f h F  F n r . c  c n p . t r F  ' f h 6  n r t r c p n c e  o f  o r . a k s  i n  r h e  i n I  i n e

f . \ r . o  q n o . r - r :  r l -  l - h a  f  r o o r r , ' n r - i  F s  a o l : a :  f o  E h a C

co r responc ing  t o  t he  peaks  i n  Ene  sea  e l eva t i on  spec t ra

a re  expec ted  resu l t s .  I n  add iC ion  peaks  have  occu r red  a t

t he  t h i r d  subha rmon i c  f r eguency  and  a t  1 .5  t . imes  t he
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fundamen ta l  f r equency .  These  seem to  have  been  gene raced

th rough  t he  non l : . nea r i t y  assoc ia . . ed  w i t h  t ne  *ave  f o r ce

(d rag  componen t ) .  The  t r ansve rse  f o r ce  spec t ra  a re  b road

band  f o r  t he  two  na r row  d i r ec t i ona l "  d i s t r i bu t i ons  used  i n

f h i q  s f  r l d w .  F ^ r  F h a . ^ h - ' a F - l U  r . ' ^ 6 ^ ^ ^ F ^ ^ ' l S  S e a  t : t e

t - r a n q ' / ^ r c >  f n  r - a  q . o ^  f  r :  l  . - l 5 n c i r v  r q  c i - n i I a f  t O  : h e

i - l i - ^  ^ ^ - ^ t - r l  l ^ - - ; t . ,  c ^ -  ^ i - - ; E i ^ - ^ - 1 , ,  ^ - ^ - - ^ -

i F  r l . ^  t . ^ - !  6 - ^ ^ . , ^ - ^ , ,  l . - ^ r ^c r r e r Y l  E Y u c r r L y

6  1 ^  . ^ n F - ,  i  - a ^  , , i  - r ^  H v h r i r t  V o r n n r i  F . r  C i  h d t  o  p i  1 oe .  f v  \ r \ r r r ! r a !  L r r  r r t v !  ! e !  l l r r y r L  !  ! - L

T h e  c . o t a l -  f o r c e  o n  a  p i l r n ?  r t s  b c e n  c o n p u i e i  . y

h , , h ^ . i ^ . 1 l t '  i  i . d  F h o  F a r n o  n r r  , , r i -  l - ^ ^ F \a t L r t r Y ! c L ! r r y  L r . g  ! v r e s  ! / e !  e . r r r  J , e l r  - u  L , r  u P  - u

t he  f r ee  wa te r  su r f ace .  F rom the  reco rd  o f  t he  wa te r

su r  f ace  e l eva t i on ,  17  t . o  23  waves  w i t h  s i ng le  peaks  3ave

been  se lec ted  {F igu re  6 -24 l |  .  Fo r  each  o f  t . hese  w3ves ,  r ne

fo l l ow ing  we re  t abu la ted :

( r )  t h e  w a v e  h e i g h t .  c i e f  i n e < i  a s  L h e  d i f f : r e n c e

b e c w e e n  t h e  c r e s E  I e v e l  a n o  t n e  a J e r a g e  o f  c h e

a d j o i n i n g  c r o u g : t  e l e v a t i o n s ;

( i i )  wave  pe r  i od ,  Ce f  i nec j  by  Ehe  : ime  be tween  : r vo

consecu t  i ve  upward  ze ro  c ross ings ;  ano

( i i i )  t he  max imum s i r nu la ted  f o r ce  occu r r i ng  du r i ng

each  o f  t he  se lec ted  v raves .

Fo r  each  o f  t l r ese  i r aves ,  Che  t o ta l  f o r ce  on  t he  p i l e  has

a l so  been  compu ted  us ing  t he  S tokes  second  o rde r  wave
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Figure 6-24. Definition Sketch for cbtaini.ng rlave
Height ard !^lave Period from a Rardom Sea
ELevacion Recoro,
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rheo ry .  An  app rop r i a t c  r educE ion  f acEo r  f r o :1  Ehe  Hyo : i d

me thod  has  been  app l i ed  t o  ob ta i n  Lhe  co :npu - -ed  max imun

to ta l  f o r ce  on  bhe  p i l e .  Fo r  a  d i r ec t i ona l  sp read

co r respond ing  t o  a  va lue  o f  2  equa l  t o  l .  t he  i oEa l

f o r ces  ob ta i ned  i n  ch i s  manne r  a re  P lo t t e i  3q : : ns ' -  t 5os :

ob ta i ned  d i r ec t l y  f r om the  s imu la t i on  me thod  i n  F j - gu re

6 -25 .  The re  i . s  r easonab le  ag reemen t  w i t h  t he  i i ne  c f

eo r r i va l  ence -  s i nee  t he  s imu la ted  ! i aves  a re  no t

symmet r  i ca l  abou !  t he  c res t  as  a re  t he  S tokes  waves f  t he

fo r ces  compu ted  by  i he  i r ' o  meEhods  ao  no t  ag ree  on  a

one - to -one  bas  i ,  s .

S im i l a r  compu ta t i ons  have  been  ca r r i ed  ou t  f o r

t he  f ou r  d i r ec t i ona l  d i sL r i bu t i ons .  A  ra t i o  has  been

compu ted  f o r  each  wave  by  d i r i d i ng  t . he  f o r ce  obca ined  3y

s imuLa t i on  i n to  t . he  Eo rce  caLcu la ted  by  Lhe  S tokes  second

^ F . . r a .  r - r . a ^ r r ,  ' h -  r - . a r a o a  r e r i o  F o r  r h .  f o u r  c i i r e c t  i o r : l -

sp reads  has  been  p resen ted  i n  Tab le  6 -5 .  I n  t he  same

l - a h l e  / . r f  i n c  r 6 . n r r r  r "  n e t h o d  f O r  C h ee ) '  t " c  r r ) ' v r  r u  r l

i ne rE ia  dom inan t  and  t he  d rag  do rn inan t  ca . ses  nave  been

o  i  u p n  f o r  . o m D  r  i  s . 1 n .  I t  i s  s e e n  t h a t  t h e  r a t  j - o S

. r 1 ^ , , 1 : i o . r  h ' /  - h o  c i m u l a t i o n  m e t h o d  a r e  
" e r y  

c l o s e  E o  t n e

r a t i o s  s u g g e s t e d  b y  t h e  H y b r i d  r n e t h o d  f o r  t h e  d r a g

d o m i n a n t  c a s e .  T h e  f o r c e  r a t i o s  v a r y  f r o m  o . 9 5  t o  1 . 6 2

f o r  t h e  d i r e c t i o n a l  d i s t r i b u E i o n  c h a n g i n g  f r o m  t h e
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un id i r ec t i ona i  t o  Lhe  omn i ( r i r ec t i ona l  case .  Thus  i . n  t ne

ex t reme  case  o f  a  comp le t . e l y  con fuseo  sea ,  t he  second

o rde r  S tokes  t heo ry  p red i c t s  wave  f o r ces  wh i . ch  a re

app rox  j .mabe l y  oO  pe rcenL  g rea t . e r  L l t an  t hose  obEa ineo  by

the  s imu la t i on  o f  a  seconc i  o rde r  d i r ec t i . ona l  sea .

o . I 1  Compar  i son  o f  l o t a l  Fo rces  on  a  Fou r  P i l e  G roup

The  t oEa I  f o r ces  on  a  f ou r  p i l e  g roup  w i t h  one

3 .7  f ee t  d i a r l t e t e r  p i J -e  ac  each  co rne r  o f  a  soua re  ( i i gu re

6 -26  )  we re  compu ted  by  t he  s imu la t i on  i r , e ' - hoc i  f  o r  t ne  f  ou r

d i r ec t i ona ] -  d i s t r i bu t i ons  o f  ene rqv .  The  max imum fo r ce  i t i

a  number  o f  waves  has  been  compared  w i t h  t he  max imum

fo rce  compu ted  by  t he  second  o rde r  S tokes  t heo ry  us  j . n9

the  wave  he igh t  and  pe r i od  o f  t he  co r respond ing  s lmu l -a ted

v raves .  The  ave rage  ra t i os  o f  f o r ces  compu tec i  by  t ne

S tokes  second  o rde r  t heo rv  and  t he  s imu la t i on  i ne thod  have

been  compu ted  f o r  t he  each  o f  t he  f ou r  o i r ec t i ona l

d i se r i buc ions .  TaD Ie  b -b  p resenEs  Ene  ave rage  ra t i os  f o r

Lwo  cases :  one  f o r  a  p i l e  sepa ra t i on  c f  60  f ee t  and  t he

s a . o n d  F n r  a  n i l F  q F - . : r ! j ^ h  ^ €  l n a  F a a F .  I t  i S  S e e n  L n a t- v !  s  t / ^ 4 r  r s F e r  q ! ^ v r l

f o r  t he  60  f ee t  case  t he  raE ios  a re  t he  same  as  t he  ones

f n r  t h F  s i n d l a  o i ' l c  r - : c o  R r l i  f n r  n i l  i n n  t n a t  a r e  3 O O

f ee t  apa rL ,  t he  ave rage  ra t i os  r ange  f r om L .26  Eo  2 .54 .

- : 1 c q  1 O O  f e a t  a n ^ r l '  f h e  S e C O n d  O f d e !- e r f  s r  J v v  ! r L L  s H q r u  E '
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S  rmu la t  i on  ue  t hod

Sepa rac ion  i n  f  ee t Sampl .  e

S  i  z eo u 300

5000

5

1

a]

t  .  02

1 .  13

l - . 5 u

I . 63

L .26

2 .54

2 .46

I 1

t9

2 I

28
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S tokes  t heo ry  y i e l ds  f o r ces  wn i ch  a re  26  pe rcen t  t o  154

pe rcen t  g rea te r  t han  t hose  ob ta i ned  by  a  s imu la t i on  o f

t he  second  o r< ie r  d i - r ec t i ona l  r anc iom sea .

The  f ou r  p i l e  g roup  w i t h  60  f ee t  sepa ra t i on  i s

no t  ve ry  d i f f e ren t  f r om the  s i ng le  p i Le  case ,  oecause  Lne

Have  l - eng ths  assoc ia l ed  w i t h  t he  p reoom inan t  wave  ene rgy ,

a re  nea r l y  Len  t imes  t he  sepa raL ion  d i s t ance .  ?he re fo re ,

t he  c res t s  o f  h i gh  waves  occu r  nea r l y  s imu l t aneous l y  a t

! he  f ou r  p i J -es .  Hence ,  t he  max inum to t . a l -  f o r ce  on  t he

p i l e  g roup  i s  app rox ima te l y  equa l  t o  f ou r  t imes  t he

max lmum to ta l  f o r ce  on  a  s i nq le  p i Le .

The  sepa ra t i on  d i s t ance  o f  3OA fee t  i s  mo re

in te res t i ng  because  i t  i s  app rox ima te l y  equa r  t o  ha l f  t ne

v rave  l eng th  o f  t he  waves  assoc ia ted  w i t h  t he  p redom inanL

wave  ene rgy  p ropaga t i ng  i n  y  d i r ec t i on .  Hence ,  t he

s imu l t aneous  occu r rence  o f  t he  c res t s  o f  h i gh  waves  a i

t he  f ou r  p i l es  i s  ve ry  r a re .  The  co r re l . a t i on  amongs t  t he

sea  su r  f ace  e l evac ions  a t  t . he  f ou r  p i l es  i s  e i t he r  ve ry

sma1 i .  o r  nega ! i ve .  Tab le  6 -7  dep i c t s  t he  co r re l a t i on

ma t r i x  f o r  Che  wa te r  su r f ace  e l eva t i on  a t  t he  f ou r  p i l es

fo r  t he  d i r ec t i ona ]  d i sL r i bu t i on  o f  ene rgy  g i ven  by  cos lg
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TABLE 6 -7

Cor re l a t i on  Ma t r i x  f o r  che  Sea  su r f ace  E leva t i on

ac  Lhe  Fou r  P i l es  f o r  t he  D i rec t i ona l

D i s t r i buE ion  G i ven  by  Cosz  I

P i I e  No .  I

1  l . o  - 0 .323  o .O l3  -C . l dv

2 -0 .323  r .C - u .  J90  0 .  o55

3  O .O3r  -O .39O l . c  -O .2 r3

4  -0 .3E9  0 .055  -0 .233  1 .OOO

Sim i . l . a r  co r re l a t i ons  ex i s t  f o r  t he  f o r ces .  The re fo re ,  t he

fo r ces  on  che  p i l es  cance l  one  ano the r  r esu l t i ng  i n  a

sma l l e r  t oEa I  f o r ce  on  Ehe  p i l e  g roup .

Th€se  resu l t s  sugges t .  t i ) a t  cons ide rab ie  economT

can  be  rea l  i zed  i n  che  des ign  o f  l a rge  s t r uc tu res  by

inco rpo ra t i nq  ! he  c i i r ec t i ona l  e f f ec t s  o f  a  r ea l  sea .



CHAPTER 7

SUI4MARY AND CONCLUS IONS

In  Ehe  p resen t  s t udy  t . he  r t  o  n  I  i  n  e  a  r  i  t  i  e  s  ,

r andomness  and  d i r ec t i ona l i t y  ( a11  impo r tan t  e l emen ts  o f

ocean  waves )  have  been  re ta i ned .  The  two fo l d

non l i nea r i t y ,  one  due  t o  t he  non l i nea r  bounda ry

cond i t i ons  a t  t he  su r f ace  and  t he  second  Cue  t o  t he  o raq

fo r ce  re l a t i onsn ip ,  p reven t  a  c i osed  f o rm  so lu t i on  f o r

t ne  wave  f o r ces  f r om be ing  ob ta i nec i .  I n  o rde r  t o  s tuc i y

t he  e f f ec t  o f  t he  d i r ec t i ona l  sp reac i  o f  wave  ene rgy  ano

the  d i s t ance  be tween  p i l es  i n  a  p i l e  g roup  on  t he  ex t ! e1ne

wave  f o r ces  on  a  p i l e ,  a  me thodo logy  has  been  deve loped

to  s imu la te  t h ree  d imens iona l  non l i nea r  r andom seas  and

the  assoc i . aEed  wave  f o r ces .

r F l r  ̂  l r ^ , r n l - ' ! ,  , , - t , , ^  ^ - ^ | . l  ^ -  . , 1 i ! .  ! L ^  - ^ ^ - ^ - - l  ^ L ^
r r r c  e v q r l | r l a r ) '  v ( l r u E  P !  L r l  L r l c  c r P P t u 9 t  r d L c

bounda ry  cond i t . i ons  f o r  a  t h ree  d imens iona l  nonL  i - nea r

random wave  f  i e l , d  i s  p resen teo  i n  Chap te r  3 .  Us ing

Pe r tu rba t i on  t echn iques ,  t he  non l i nea r  p rob j . em j . s

conve r ted  i n to  I i nea r  ( i n  t he  unknowns  o f  t i 1a t .  o rde r )

bounda ry  va lue  p rob lems .  These  a re  so l ved  f o r  t he  f i n i t e
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r i F n t h  ( . e c F  i n  F e r m q  O f  f i n i t e  F O U f i e r  S U m c  a 5 l : r i n n c n i r , q

f o r  t he  second  o rde r  j . nLe rac t i on  componen ts  a re  de r i ved

in  Sec t i on  3 -4 .  I ' he  resuJ .Es  ob ta i ned  we re  ve r i f i ed  w i t h

p r i o r  so lu t i ons  due  t . o  Longue t -H igg ins  ( J . 963 )  and

a h : ^ ^ d t ^ - ,  r ' l o a 1 \  F ^ ,  m o r F  s n F a i a l  i z o n  c - r S € S .

Some o f  t he  s ta t i s t i ca l  r e l a r - - i cns  f o r  t i ' l e  i i nea r

d i r ecc iona l  sea  a re  p resen teo  and  o i scussec i  i n  Chapce r  4 .

I n  pa r t i cuLa r  f o rmu las  a re  p resenLed  f o r  Ehe  co r re l a t i ons

and  p robab i l  i t y  dens i t y  f o r  t he  wa te r  pa r t j - c I e

k i nema t i cs ,  d i s t . r i bu t i on  o f  f o r ce  pe r  dn i t .  l eng tn  o f  i

g i I e .  and ,  f o r  t he  d rag  Jom inanE  case ,  a  c l ose j  f o rn

. t l  l r f  j n n  F n r  l - h o  i n i ^ F  ^ - ^ ^ - ^ i l  i t "  , 6 ^ -  j t - '  ^ c
J v r r r L  y ! v . J c ! J r r -  r  L y  u e r r r r L y  \ r L  ^ |  q r r u  v

f o r ce  componen ts  f o r  t h ree  d i r , l ens iona l  r andom seas .

I n  d i r ec t i ona l -  sea  s imuLa t i on ,  ce rEa in

c i i f f i cu l t i es  may  be  encoun te reo  oecause  o f  add ing  che

same  f  r equency  componen ts  i , r i t i t  r anoom i noependen t  p i t ases .

A  d i scuss ion  o f  Ch i s  p rob lem i s  f o l l a ! , r eo  by  an

inves l i gaE ion  i n to  t . ne  e f f ec t s  o f  f  i n i . t e  t ime  s imuLa t i on

on  t he  mean  squa re  va lue  o f  a  r andom rea l i sa t i on ,  ano  on

the  co r re l a t i ons  amonqs t  t he  s imu ia ted  va r i ab les .
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The  me thod  f o r  s imu la t i ng  a  rh ree  d imens iona l

non l i . nea r  r andom wave  f i e l d  i s  desc r i beo  i n  Chap te r  5 .

l l a ve  f o ! ces  due  t o  a  d i r ec t i ona l  non l  i . nea r  r andom sea  a re

s imu la ted  v i a  t he  f o l l ow ing  sceps :

/ i l  :  l i n , a : r  d i r o a | - i n n : l  < o :  i !  s | , !  q r c i r  L c u  r J y  ! r  r r u f i r u u (

o f  d  i s c re te  f  r equcnc  i es  and  ac  each  : r equency  : r : e ra

a re  seve raL  wave  conponen ts  w i t h  i ndepenoenL  phases

p r  opag  a t  r  ng  i n  seve ra l  d i r ec t i ons ;

( i i )  secono  o rd€ r  pe r t u rba t i on  comF,onen ts  r nc l ud ing  a l I

f  unda ;nen ta l  i n : e rac t i ons  a re  compu ied  : cco rd ing  co

t . he  ana l . y t i ca . l -  f o rmu la t i on  l eve lopeu  f o r  t ne  f i n i ce

dep th  case ;

( i i . i )  wa te r  pa r t i c l e  (  j . nema t i cs  a re  conE lu teo  f r on  t ne

l i nea r  an t  : r on l i nea r  second  o rde r  pe r t u rba t . i on

componen t .  s i  and

( i v )  t he  wave  f o r ces  a re  compucec i  f r om the  ! va te r

pa rc i c l e  k i nema t i cs  i nd  che  l l o r i son  f c rmu la  us i ng

c i ' i  i - > h 1 a  A / t a  . e d  i n e f  t i a  C O e f  f  i C i e n - q  q  , - r . , F < f  o / r  h , , ,L s u  !  ! r

Dean  and  Aagaa rd  (197J ) .

Some  o f  t he  more  no tab le  f ea !u res  o f  t he  p resenE

method  may  be  summar  i zed  as  f o l l ows :

(1 )  Randomness  dep i c ted  by  t he  spec t ra l  dens i t i es ,

p robab i l t y  dens i t i es  and  i n te r co r re l a t i ons  amongs t

va r i ous  va r i ab les  such  as  wa te r  su r f ace  e l eve t i on



134

and  ve loc i t i es  anc i  acce le ra t i ons  i n  x  and  y

d i r ec t i ons  a t  seve ra l ,  po in t s  have  been  f  uJ - l y

r a n r 6 c 6 ^ f 6 , - i

( 2 )  NonL inea r i t i es  co r rec t  up  t o  seconC o rd " ,  u r .

i nc l uded .

(3 )  Phases  o f  t he  non l i . nea r  con t r i bu t l . ons  a re

re ta i ned .

(4 )  Any  reasonab le  f o rm  o f  t he  d i r ec t i ona l  ene rgy

spec t run  f o r  a  r ea l i s t i c  sea  can  be  s lmu IaLed ,

(5 )  The  ske leness  o f  t he  s imuL3 ted  wa te r  su r f ace

d i sp lacemenr  i s  r ea l  i sC i ca I I y  r ep resen ted  w iEnou t

any  a r t i f i c i a l  means .  The  skewnesses  o f  o the r

va r i ab les  o f  i n t e resc  a re  a l so  ma in ra i nec i .

( 5 )  The  ! o ta l  wave  f o r ce  i s  compu ted  by  cons ioe r i ng

Lhe  app rop r i a te  d i sp lacenen t  o f  t i l e  f r ee  su r f ace .

A  sec .  o f  ve r y  e f  f  i c  i en t  Fo r t r an  p rog rams  h : ' . f  e

been  deve lcped  to  i .mp le rnen t .  t he  above  s imu l .a t i on  ne thod .

I n  l he  l as t  chap te r  some  o f  t he  many  impo r tan t  r esu l i s

de r i ved  f r om the  s imu la t i on  me thod  i . r e re  p resenced  and

d i scussed .  Tne  me thods  o f  Chapce r  5  nave  been  app i i ed  ro

s imu la te  t he  l i nea r  and  non l i nea r  r ea l i za t i ons  o f  t he  sea

su r face  f o r  t he  B re t schne i i e r  spec t rum and  f ou r  d i f f e ren t

d i r ec t i ona l  sp reads .  The  non l i uea r j . t y  r ep resen ted  by  t he

skewness  has  been  compu ted  i n  each  case .  I !  was  f ound
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'-  --^ l test  for a narrow d i rectr .ona-Lr . r l u L , _ r r c  > r r g w l  L E 5 J  r J  9 r < .

spreaC Sccausa for ch.; given two "avE nLmbers t.he

ske*ress kernel is lergest for sna]l inchded angles.

The reasons for this phenomenon and Lhe possibile

o. . r r r r , -n .p . f  n ;d; f  iup qkewness in  L |e f ie ld  neve been

The si-inuration nethod :las been furrncr appi iLi: to

cornpute bocaL wave forces on a single pile and i multipie

:  f :c :o rP r r ( '  Y ! \ J ! P .  :  P r r =  l w q s s .  J j

of  1 to  0.51 wi th t i le  increase in  tne < i i rec ' . iona]  spre=n

' :cn - :n  i l  i r  ec r :anai  tou r  c r ' =  s " = L Y _ 1 ,  - t z s r r q r '  ! r

cmnidircct j-ona-l-. For cile four prle group ,niEh ov f':e'-

saoEr. f ion l -he r t1 i r rc t ion factors are s i l l i iar  to  t io3€ for

f  h .1  c i  n r l  o  n i  l r .  r : c ; , .  T ' 1 .+  Se  f  eSu l -CS  3 re  naa r l ,V  : : t | :  Sc .T , c

r c  r h a e a  ^ F \ t - .  i h a l  ^ t r  F . 6  t h , h r i ^  n . r : h ^ , i  / ; ' 6 : h  l v ? 7 \  F ^ -  _
u j  s . t q  L r ) , r !  r u  . , , u r r . v u  \ L c q r .

A r , - d  , . l r m i ^ ^ ^ F  ^ : e 5  t r ^ r  r x  ; ^ ' r .  - ; l z  r r ^ i l - ,  r - ,. , -  L J l q  I U U L  ! , l r c  J r U U p  \ i ! L i l  O I I ' J

. : i l  n  ; - .  -  , 1 : - h  - n r n c ' r  . \ €  I  i t , t r  f - c r  : r n r > r :  : r . -  . q t  : C C i . O n

factor var ies from 0.79 Eo \ .1.J19 for the direcE. ional

spectrlsn varyirq frcfln unidirectional tc orrn id ir:ct ional

r c > ! E L L r v u r I .

These resuLts suggest that considerable economy

can be real ized in the design of  large structures by

incorporating the dj.rectional- effects of a real sea.
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