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ABSTRACT

Thls report deecrlbes the developnent of a natheoatlcal nodel of save

dtffractlon and overtoppl.rry by a eerles of offahore breaksaters. The nethod

used conblaes the solutions of a nunber of lngular breakrater and breaknater

gap probleus. For the case of a slqgLe lneular breaLsater or breakrater gap

the results froE thLe nodel are compared rith publlehed regults. For a

number of offghore breakwatera a prellnl.nary conparlson le nade rlth the

resulta from a physlcal model. The nodel le subsequeotly uaed to test the

sengltlvl.ty of vave hel.ght ln the lee of the breakwaters to changes ln

lncl.dent perlod and dlrectlon, and adJuetnents La breaksater leagth: gap

wldth ratl.o.





NOTATION

a llalf gap width or half breakwater length, see Figure 2

5 Incident wave amplltude

g Gravitat ional accelerat lon
r l  \

Hl- '  I lankel funct lon of the f l rst  k ind, zeroth ordero
h Water depth

1 Conplex unlt ,  {- I

k Wave number, Tfi/L

"o 
Overtopplng coeff leient

L Wave length

q Veloci ty f le ld

t Tlne

T I^Iave perlod

x CartesLan co-ordinate

y Cartesian co-ordinate

z Catteslan co-ordinate, measured vert lcal ly upwards

B Incldent wave angle, see Figure 2

11 Fluld elevat ion, Equat lon 2

\ 
Fluid elevat lon in the lee of a ser ies of breakwaters, Equat ion 14

n^ Fluid elevatLon ln the lee of a ser ies of breakwater gaps, Equat ion 16
E

Tc 3  .  1415

6 Angular frequency, ZxlT

Q Velocl ty potent ial ,  Equat l ,on 2

% 
Dif fracted wave potent ial

0i  Incident wave potent ial ,  Equat ion 3

0r Ref lected nave potent lal

1

0l Dif f racted pot,ent ial  due to Jrh breakwarer,  Equat lon 12

0l Dif f racted potent ial  due ro Jrh gap, Equat ion 16
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1 INTRODUCTIOI{
In recent years there has been an increase ln lnterest
ln the use of offehore breakwaters Ln coa6t
protect ion. A recent revlew of shore protect lon
breakwaters (Ref 1) has lndlcated thar whllst
nathematlcal models are available to predict the
shoreline response due tb changes Ln wave clluate
there are few uodele which deternlne the effect of
offshore structures on the nearshore wave cl lmate.
This report describes the development of a
mathematical nodel of wave dlffractlon and overtopplng
by a ser les of of fshore breakwaters. The nodel ls
lntended to give a first estimate of the perfornance
of such structures and does not include refractLon
e f f e c t s .

The technlque used for the nodel ls based on the ldea
of conbining the solutions from a series of lndlvldual
Lnsular breakwater and breakwater gap problems. A
detai led descrlpt ion of the nathematical  nodeL is
given Ln sect ion 2. In sect l ,on 3 we give results fron
the indivldual breakwater and gap calculatlons using
the nethod described in sectlon 2, an'd compare these
with results from exist lng uodels.  In addit ion a
number of results are presented for combinatLons of a
series of breakwatera wlth dl f ferent overtopping
character l ,st ics.  In the f lnal  sect ion we give our
conclusions and suggest ions for further research.

2 DBSCB.IPTIOtr
OF THE
H^ATUEMATICAL
I,iODEL

2.L  Out l lne  o f
nethod

In constructing the nathenatical nodel we requl.re tno
different mechanLsms to be included, nameLy, wave
diffractlon by Lhe breakwaters and the effect of waves
overtopplng the structures.

To nodel wave dlffraction around a number (say n) of
insular breakwaters the falrly stralghtforward
approach of conblnlng the solutLons of n slngle
breakwater problems was used. Thls can be expected to
provide a reasonable approxinatlon t,o the diffracted
f leld for most pract ical  purposes, al though, i t  does
not allow for interaction between the dlffracted waves
emanating fron adJacent breakwater t ips. Clearly thls
wtll lead to an approximatlon which becomes Less
accurate as the spacing between the breakwaters
decreases. However provlded the breakwaters are of
the order of two wavelengths apart this nethod should
not produce slgni f icant errors.



2.2 l lathematical
considerat ions
for  the
indivldual
breakwater and
gap problens

2 . 2 . L  G e n e r a l
requl,rements

In order to include overtopping of the structures a
less obvlous approach was enployed. As overtopptng
rdaves by def lnt t lon can only enter the sheltered side
of the breakwaters over the structures themselves the
complementary problem was considered. This conslsted
of a single lnfinlte length breakwater wlth n gaps ln
the same posit ions as the insular breakwaters.
Overtopping was rnodelled by dtffractLon of waves
fhrough the breakwater gaps, the wave heights on the
sheltered side of the breakwaters being reduced by a
factor to account for the proport ion of waves
overtopplng the structure. The overtopping
coefflcient is dependant on the incldent wave height
and the depth of submergence/emergence of the
breakwater crest relat ive to the mean Irater level.  In
the exarnples presented here a range of values for the
overtopping coeff ic ient were determlned frorn physical
model tests,  but the nodel may be used for any
overtopping coeff lc ient.  The wave f ield due to the
breakwater with n gaps was calculated by conbining the
solut ions for n individual breakwater gap problems.
Sinllar comments to those made for the insular
breakwater apply to the accuracy of the combination of
breakwater gap solutions. The nethod used in t,he
mathematical model is shown schematically in figure 1.
In the next sectlon we outline the technique used to
calculate the di f f racted f ie ld for a single lnsular
breakwater and a breakwater gap. The nethod used to
combine solut ions for the n breakwater case is
descr ibed ln  sec t lo r  2 .3 .

To sinpllfy the construction of a mathematical model
of wave diffraction by an insular breakwater or a
breakwater gap certain assumptions about the flow
field and breakwaters are made. These are as
fo l lows:

1. The water is assumed to be of uniforn undlsturbed
depth, h,  and in i rrotat lonal motion to whlch
linear theory may be applied.

2. The fluid motLon Ls induced by a traLn of small
amplltude mono-frequency plane waves. (The case
of random waves may be obtalned from the slngle
frequency calculat ions using l lnear
superpos l t ton .  )



3. The breakwaters are taken to be lnfinltesinally
thin wlth vert lcal  faces which are perfect ly
ref lect lng. This assumptlon ls nade to slnpl l fy
the equations and boundary condLtions. It,s
consequences wi l l  be dlscussed later in sect ion
3 . 2 .

These hypotheses aLlow the veloctty field to be
enpressed in terms of a potent ial  funct ion O (x,y rzrt)
by q = - i@. Here (xr;urz) are Carteslan co-ordinates
with z measured vertically upwards, the plane z=q
colncides with the undlsturbed free surface. I t  is
assumed that O is periodic ln tlme with angular
frequency 6. Since the breakwaters are supposed
vert ical  s ided and the nater depthrh, is constant the
vertlcal and tine dependence of the fluid motLon can
be ant ic lpated and subsequent calculat lons simpl i f led
by  se t t ing .

(D = Re [E_ 
coshk(z+h) 0(x,y)e- i  d 

]
i 6 coshkh

The wave number k is given by the dispersion
relatLon

o2 = gk ranh (kh) ,

where g ls the gravl tat lonal accelerat ion. The
vert ical  displacenent of the free surface from i ts
equi l ibr ium posit lon ls

n ( x , y , t )  =  R e  [ O ( * , y ) " - 1 d ]  , ( r )

where 0(xry) is a reduced potent ial  sat lsfylng the
Helnholtz equat ion

S. "  +  bv  +k20= (v2+k2)O= o , ( 2 )

at al l  poLnts (xry) corresponding to the f lu id
donaln.

It should be not,ed that the equatlons to be solved are
in two dimensions only. This means that the
breakwaters are represented ln two dimensions by their
intersect ion with the plane z=0. An lnsular
breakwater is taken to lie along the x axls and is
Iocated between x=-a and x=*a. An inflnlte breakwater
wi l l  be represented by the x axis wlth a gap located
between x=-a and x=*a. A plan vlew of both breakwater
conf lgurat ions as gLven in FLgure 2. In both cases l t
is assuned that waves are incLdent on the structure
from y=-- on a line naklng an angle B with the y axls.
The lncident rf,ave potentlal is given by,

01(x ,y )  =  6  exp  ( r t  (xs rnB +  ycos  B)  )  ,  (3 )



where 3 ls a prescr ibed wave ampl l tude. In the
subsequent analysis we w111 also have a di f f racted
wave potent ial  06(xry) which is required to sat isfy
the Sornmerfeld radiat ion condlt ion,

t i n r l  [L - i t>  0  =o  ,
r+O 

-0r 
d

w h e r e  r  =  ( x z a r z l |

( 4 )

2 . 2 . 2  I n s u l a r
breakwater
problern

['le now proceed to outline the equatlons whleh are to
be solved in order to determine the f low f ield around
an insular breakwater and breakwater gap. In both
cases the method used is due to Gilbert and Brampton
and a more detai led derivat ion of the equaEions is
given ln Ref 2.

For the insular breakwater problem the potent lal
0(x,y) sat lsfylng equat ion (2) wi l l  have the forn

Q ( x , y )  =  0 1 ( x , y )  +  Q a ( x , y )  ( 5 )

aL al l  potnts ln the f lu id domain. The incldent
potent ial  01 is given by (3) and the dl f f racted
poten t ia l  06  nus t  sa t is fy  (4 ) .  The d i f f rac ted
potent ial  06(x,y) is given by the fol lowing
express ions ,

I  . a  . N o ( l )  ( t n t a  -
0 6 ( x , l )  =  

;  I  c ( x o )  L ; -  
t " " '  

J r o = g  d * o ,  !  >  o
-a 

- oYo
( 6 )

0 4 ( x , l ) = - 0 4 ( x , - y )  ,  y  < o

where

p 2 =  ( x r r o ) 2 *  ( y - y o ) 2

r / l  \
and Ho\ ' /  is  the Hankel-  funct lon of  the f i rs t  k ind,
ze ro th  o rde r .  The  func t i on  g (xo ) ,  - a$o€ ,  i s  a
solutLon of  the in tegra l  equat ion '

4  / l  \
I  s (xo )  Ho( r )  ( k l x r<o l )  a "o
-a

= G(x) + Ae-lk * 3"1kxr -€S(r(a ,  (7)

where G(x) is a part lcular lntegral  of  the
dif ferent ial  equat ion

3&.
6 " 2

+ kt  = 2kScosg exp ( ikxs in9)



2.2 .3  Breakwater
gap problen

and A and B are chosen to satlsfy the boundary
condit ion

g ( x o ) = 0  a t  X o = * a

Once (7) has been solved for g(xo)r-d r(  xo .(  a the
dif f racted potent ial  in the f lon f ie ld may be
calculated uslng (6) and the total  potent ial  recovered
fron (5) and (3).  The nethod used to f lnd a numerlcal
solut ion to equat ion (7) is given ln Ref 2. Further
dlscussLon of the results obtained fron thls nethod of
solut ion and a comparison wlth exist ing resulte le
g iven ln  sec t ion  3 .1 .

In the breakwater gap case the potentlal uay be
decomposed as

(  Or t * ,y )  +  Or (x , l )  *  06(x , r ) ,  y<  o
O(x 'v )  =  J  (8 )

(  06 (x , r )  ,  y> .o

where Qiand 06, are the lncident and diffracted
potent ials.  The potent ial  of  the waves ref lected fron
the barr ier as given by,

01 = 6 exp (rk(xsrnB - ycos B) )  (9)

Gllbert and Brampton (Ref 2) have shown that 06 ts
given by the fol lowing expressions,

06(x,  y)  = ,  Y  )  0 '

( 10 )
06(x , r )  =  -06(x , - r ) ,  r<  o  .

The unknown funct ion, f (xo),  -B( xo( a, is a solut ion
of the lntegral  equat ion

4  / 1 \

I  f (xo)  I Io( r )  (k lx- ro l> *o = 2L6 exp( t lors tnB) ,
- a (  x r (  a  . ( 1 1 )

The method used to calculate f(xo) ls s inLlar to that
used to calculate g(xo) for the insular breakwater
case, and Ls gLven in detai l  in Ref 2. Once f(xo) has
been calculated the diffracted field may be evaluated
fron (10) and thence the total  wave f leld from (8),
( 9 )  a n d  ( 3 ) .

i i^r(xo) [no(l)(kR) ]yo=o &o



2 .3 Conblnation of
solut lons for
l-nsular
breakwaters and
breakwaters
gaPs

i )

The nathematLcal nodel of  wave di f f ract ion and
overtopping by a series of insular breakwaters may be
sinpl i f ied by naking the fol lowing assunpt ions.

The breakwaters l le along a single stralght l ine
( in thts case the x-axls).

i f) The breakwaters are all of the same length and
are separated by gaps of  uni form length.

As  i nd i ca ted  i n  sec t i on  2 .1  node l l i ng  o f  d i f f r ac t i on
and overtopping by a series of lnsular breakwater may
be broken down lnto two separate par ts .  For
d i f f ract ion we conblne the solut ions of  a number of
indlvldual insular breakwater problems and for
overtopping the same number of breakwater gap
solut ions are combined.  To conplete the nodel  the
resul ts  of  the over topping and d i f f ract ion
calculat lons are put  together  wi th due account  belng
taken of  an over topping coef f lc ient .  The technique
used to combine indlv idual  so lut ions for  the
dl f f ract lon and over topplng problems are s imi lar .
Therefore we wi l l  g lve deta l ls  of  the method used for
the d i f f ract ion problen and s inply  s tate the resul ts
for  the over topplng problen.

To thls end we consider n insular breakwaters which
sat is fy  both the assumpt ions g iven above and those in
sec t l on  2 .2 .L .  A  t yp i ca l  b reakwa te r  l ayou t  i s
i l lust rated ln  F igure 3.  For  each breakwater  the
di f f racted potent ia l  due a speci f ied inc ident  wave may
be  ca l cu la ted  us lng  the  me thod  g i ven  Ln  sec t i o r  2 .2 .1 .
W e  d e n o t e  b y  0 6 ( x i r y i ) ,  j  =  1 r . . r r r  t h e  d i f f r a c t e d
potent la l  o f  waveS a5sociated wi th the j  th  breakwater
a t  a  posL t i on  ( x i , y i )  r e l a t i ve  t o  an  o r i g l n  a t  t he
centre of  the j  Eh 6reakwater .  I f  we int roduce the
global  co-ord inate system (XrY),  such that  the
breakwaters l ie  a long the X axis  wi th thei r  centres at
( X i , O ) ,  j  =  1 r . . o ,  t h e  d i f f r a c t e d  p o t e n ( i a l  a t  a  p o i n t
(X;Y)  due the j  th  breakwater  wi l l  be QJ(X,Y) where

d

d(x ,Y)  =  + ;  (x r+x j ,y j )  =  od(x j ,y j )

Sone al lowances uust  a lso be made for  the d i f f racted
f ie ld belng due to inc ident  waves arr iv ing at  Ehe
structures at  d i f ferent  t imes.  Clear ly ,  for  l raves
which are not  normal ly  inc ident  there wi l l  be a delay
between the arr iva l  tLne at  the f i rs t  and subsequent
breakwaters.  I f  the t ine of  arr iva l  of  the lnc ident
wave at  the j  th  breakwater  is  t i ,  then at  t lne t  the



f lu id elevat lon, f rom (2),  aE any point ln the f ie ld
w111 be given by,

nb(x,y , r )  =  Re {0r {x ,v) . - io t  +  
l ,  

*J , r ,y )e- t  o( t - t i )  } .

I lere o ls the radian frequency (o = 2n/T)
f l rst  term represents the global incldent
1o the notat lon of f igure 3 is,

01(x,Y) = 6 exp (r lxsrnB + Ycos B) )

where 6 ls a prescr ibed arnpl i tude.

( 12 )

and the
wave whlch

( 13 )

E:rpression (12) nay be further sinpl i f ied by
conslderlng the f ie ld at t ime t=0. Thls leads to Lhe
f luid elevat ion being glven by,

r [ (x ,y)  =  Re {or {x ,v)  .  t l  o j tx ,v)  exp ( id j )  }  (14)
J = I

The tines of arrival at the incident ltaves nay be
shown to be,

j  =  1 r . . o r 1 o ( ls )
x i

t i  = -  
tJ  c s i n P

where c is the wave speed. E:cpresslons (13) and (14)
al low the f lu id elevat l .on at al l  points ln the f le ld
due to a series of insular breakwaters to be
calculated. A sini lar nethod may be used to f lnd the
f luid elevat ion due to a number of gaps Ln an lnf lnLte
breakwater.  The f luld elevat ion in the 1ee of such an
arrangement is,

. - n  2
n*(x ,Y)  =  Re { i_ , . l t i  ( x ,Y)  exp  ( to  t5 )  } ,  Y> o  ,  (16)
6 -.'=r 

"
{

where qC (X,Y) is the dl f f racted potent ial-  at  a point
( X , Y )  d u e  t o  t h e  j  t h  g a p  J = l r  . . . , n .  T h e  c e n t r e  o f
t h e  j  t h  g a p  w i l l  b e  a t  ( X 5 , 0 ) ,  j = 1 , . . . . n  a n d  t 5  w i l l
b e  g i v e n  b y  ( 1 5 ) .

The t ,otal  f lu id elevat ion in the lee of the
breakwaters, r l (XrY) where Y> 0, due to both
dif f ract ion and overtopplng nay be calculated from
(14) and (16) by using the expresslon,

n(x ,y )  =  [ (no{x ,y ) )2  +  (Kotg(x ,y ) )2 ]L ,  y  > '  0 ,  (17)

where Ko is the overtopping coeff tc lent,  0( KoS 1. The
value of Ko wi l l  be a funct ion of the crest helght of
the breaknater relative to mean water depth and the
lncident wave height.  A range of values for Ko,



determined frorn physical  nodel te6ts,  w111 be
discussed ln the results sect lon.

Therefore, from indlvidual insular breakwater and
breakwater gap solut ions, a model of  wave di f f ract ion
and overtopplng by a ser ies of insular breakwaters,
has been constructed.

3 nEsuLTs

3 . 1  R e s u l t s  f o r
individual
insular
breakwater and
breakwater gap
calculat ions

Before considering dl f f ract ion and overtopping by a
series of of fshore breakwaters we f i rst  present some
results for wave di f f ract ion by a single insular
breakwater and a breakwater gap. The numerlcal nethod
used to f ind a solut ion to the lntegral  equat ions
describlng dl f f ract ion for both of the breakwater
ar rangements  i s  g lven  in  sec t ion  2 .2 .

For  bo th  o f  the  prob lems d iscussed in  sec t ion  2 .2  an
analyt lc sect ion of the governing equat ions nay be
derived, the result ing expression for the di f f racted
potent ial  for both problems is in terms of an inf ini te
series of l " Iathieu funct lons (see, for example,
Abramowitz and Stegun (Ref 3)).  There are certaln
di f f icul t ies associated with the evaluat lon of Mathieu
funct lons and an accurate computat ion of analyt ic
solut l ,ons is not easi ly achLeved. Therefore, f rom a
pract ical  point of  v iew, calculat ion of the
approxlmate numerical  sect ion to both problems as
given here is preferable to attempting to evaluate the
exact.  solut lon involving an inf inl te serLes. However,
we can eoupare the results from the present nethod
with publ lshed results from a method based on the
analyt ic solut l ,ons to both di f f ract lon problems.

Detai ls of the derivat ion of the analyt ic solut lon for
both the Lnsular breakwater and breakwater gap
dif f ract lon problems are given by Montefusco (Refs
4 and 5).  I lavlng obtained an expresslon for the exact
solut ion he derives a numerical  approximation for the
dif f racted potent ial .  The approximation for both
problems uses the ldea of relat ive contr ibut lon to the
total energy fh:x as ls measure of the inportance of
the terns in the lnf ini te ser ies. For both problens
the approxlmation gives a fair ly accurate
representat ion of the dl f f racted f le ld al though ln the
case of the breakwater gap the approximation seems to
become less accurate as the gap width lncreases
relat ive to the incident wave length (see Ref 5).



3 .2

The results from the present nethod were compared with
those of Montefusco for both the lnsular breakwater
and the breakwater gap for several  dl f ferent cases.
We present here only a select ion of the results in
order to demonstrate the aecuracy of the calculat lon
nethod.

For an Lnsular breakwater of length 0.9 wavelengths
with waves incident ac 0u (normal) and 45" both sets
of results are dlsplayed ln Flgures 4 and 5. The
llnes ehown Ln these flgures are contours of equal
wave helght coefficient (wave height at a partlcuLar
point/ incident wave helght).  I t  can be seen from
Figures 4 and 5 that the agreement between the results
from t,he present nethod and that of Montefusco is very
good.

In the case of the breakwater gap agreement between
the two sets of results was found to be fair ly good.
However,  as the gap width lncreased dlscrepancLes
between t,he results became apparent. These
dlf ferences were thought to be due in part  to the
accuracy of the Flontefusco approxLmation whlch was
dlscussed above. A comparLson of the results for the
wides t  gap wtd th  (L .75  wave lengths)  tes ted  by
Montefusco, and therefore in some sense the worst
case, for 00 and 450 incidence is given ln Figures 6
anrd 7. It can be shown from these results that the
maximum dlscrepancy between the two methods is of the
order of L5%, but ln nost cases t ,he discrepancy is
less than 102.

In surnmary, the results for the Lnsular breakwater and
the breakwater gap probJ-ens, obtained using an
integral equation method, have been shown to be ln
good agreement with exlst ing results at points near
the breakwater gap. For positLons further away from
the breakwater or gap the accuracy of the method has
been demonstrated by Gi lbert  and Brampton, see Ref 2.
Havlng establlshed that the method provides a good
approxLmatl ,on to the di f f racted f ie ld for an insular
breakwafer or a breakwater gap we proceed t,o give some
results fron the nodel of  di f f ract ion and overtopping
by a ser ies of of fshore breakwaters.

Resu l ts  fo r
the nodel of
wave dl f f ract ion
and over-
topping by a
ser ies  o f
offshore
breakwaters

Before discusslng the results from the mathematical
nodel lt is vorth commentlng on the sinplifying
assumptions which have been made, and the ways ln



which these assumptions wl l l  ef fect the interpretat ion
of che results. One of the assumptions that ls made
ls that the breakwaters are vert ical  s lded Btructures
which are lnfLniteslnal ly thln and perfect ly
ref lect lng. In this ldeal ised si tuat ion the
breakwaters act to redlstribute the lncl-dent rtave
energy through the processes of ref lect ion and
dif f ract ion. In practLce the breakwaters wi l l
probably be either rubble mound or surrounded by rock
armour. The structures themselves w111 then dlssipate
wave energy due to fr lct lonal ef fects,  and by eauslng
the waves t,o break. In additton the prototype
breakwaters nay have rounded ends which wlll scatter
and disslpate the lncoming waves and thus reduce the
total amount of energy travelling landward of the llne
of the breakwaters. Therefore, l t  nay be expected
that the mathematical model will provlde a
conservalive approximation of wave heights on the
sheltered side of the breakwaters.

The resulLs from the mathematieal nodel have so far
only been compared with theoret ical  results for a
single lnsular breakwater and a breakwater gap.
Before proceeding further some evidence of the
validity of the model when conpared wlth the physical
si tuat ion is requlred. The mathematical  nodel
described here was fLrst  used in a study to examine
the  poss lb l l t t y  o f  s i t ing  a  ser ies  o f  o f fshore
breakwaters on the South Coast of England (See Ref 6)
as part  of  a coast protect ion scheme. The
mathematical nodel was further used in that study to
opt inlse the layout of of fshore breakwaters so that
the amount of testing required Ln a mobile bed
physical  model could be minimised. From the
matheuatLcal and physical  model tests i t  was possible
to make an ini t la l  conparlson of results as a check on
the accuracy of the mathematical  mode1. Thls
comparison betrteen the results showed that the
mathematical  nodel of  dl f f ract ion and overtopping
provided a good f l rst  est lmate of the behavLour of
Iraves ln the physical model.

Several tests were run ln the mathematical nodel to
lnvest igate the effect of  factors, such as wave
height, wave perlod and breakwacer spacings on wave
helghts in the lee of the breakwaters. A11 of the
tests included here were for a ser ies of f ive offshore
breakwater lytng paral lel  to the shorel lne si tuated in
water of depth 8n. Although any number of breakwaters
can be used in the nodel, lt was thought that five
breakwaters ltould al1ow the effects well lnto the lee
of the structures to be properly examined. Results
from the nodel were in the forn of wave height
coeff ic ients which l tere output on a l tne 20Om
landward of the breakwater at 10m intervals.

10



The f i rst  ser l .es of tests that were run in the
mathematical rnodel concentrated on investlgatlng the
effects of di f f ract ion by a ser les of breakwaters. At
thls stage the overtopping eoeff lc ient (Ko) was set to
zero, results showing the effects of overtopplng wi l l
be exanined later ln thls sect ion.

The effect of change ln lncldent dlrection on wave
hetght coeff ic l .ents are l l lustrated ln Flgure 8 for
breakwaters of length 200m wtth 200n gaps. (For 8s
Itaves ln 8n of water a wavelength ts approxlnately
65n). For nonnally lncident naves the graph of wave
hetght coeff lc ient is symmetr ic abouE a l lne through
the centre of the third breakwater and Lhere is also
local symmetry about centre l ines of the second, thtrd
and fourth breakwaters. It can also be seen that at
normal lncidence the nininum wave helght coefflclent
occurs at tno posit ions ln the lee of each breakwater
with a slight lncrease ln wave height beLween the two
minimum values. This is character lst lc of  the t lobet
patterns which are observed in the lnsular breakwauer
results,  see Flgure 4. As the incident wave angle
lncreases the minlmum value of the wave height
coeff ic lent remains direct ly in the lee of the
breakwaters but the prof i le is,  as expected, no longer
symnetr ic.  Slmi lar behaviour ls observed for the
maxtmum wave height coefficLents in the breakwater
gaps. The range covered by the wave helght
coeff ic ients increases sl ight ly as the incldent angle
increases .

Next we examine the variations in wave height
coefflclent which are due to changes Ln lncldent wave
period. For a ser ies of breakwaters of length 200m
wtth 200n gaps runs of the mathenatLcal model were
nade wlth incident waves perlods 8s, 9s and 10s, the
results are shown in Figure 9. I t  should be noted
that as these waves are normally incident, the graph
of wave height coeff ic ients is symmetr ie about the
centre of the niddle breakwater and therefore only
half  of  the f le ld needs to be displayed. The effect
of changing the wave period ln constant depth is
equivalent to changing the length of the breakwater
relatLve to the incoming wavelength. The breakwater
lengths relative to the lncident wavelength for each
perlod tested are also shown in Figure 9. For al l  of
the perlods tesEed the uinlmum wave helght coeff ic ient
oecurs as expected ln the 1ee of the breakwater and
the maximum ln the breakwater gap. A fairly clear
trend emerges for the maxLmum wave helght
coef f i c ien ts ,  ie .  as  the  per iod  Lncreases  these
Lncrease ln value. For the maxinum perLod tested
there ls evidence of subsidlary tpeakst in the graph
near the breakwater ends. There ls no such clear
trend for the miniuum values wave height coeff ic ient.
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For both 8s and 10s the curves show a sirnllar shape
behind the breakwaters there are two identical minimum
values wi th a peak ln  between,  whereas for  9s there is
some s ign of  s in l lar  behavlour  but  the 'peakr  ls  not
as marked.

For  f ixed lnc ident  wave condi t ions i t  is  possib le to
invest lgate the ef fects of  breakwater  spacing and
breakwater  length on the d l f f racted f le ld.  The
maximurn, mininum and average wave height eoeffl.clents
for  breakwaters of  f ixed length l t i th  d i f ferent  gap

spacings are given in Table 1. I lere the average wave
helght coefflcient is an average of the values between
the centres of  the f i rs t  and f i f th  Baps,  and th is  wl l l -
gLve an indlcatlon of the wave height, lrell into the
shel ter  of  the l ine of  breakwaters.  Frou Table 1 i t
can be seen that  there is  no st rong t rend in e i ther
the minlmum or maximum wave helght coefflcients.
Ilowever, the average wave height coefficient lncreases
steadl ly  as the rat lo  of  breakwater  length:  gap width
decreases.  This is  a resul t  o f  the Lncreased
proport ion of  gap wldth to tota l  length through which
wave energy permeates.

The wave hetght  coef f ic lents for  a f ixed breakwater
length:  gap wtdth rat io  are shown in Table 2.  I t  can
be seen that for this fixed ratio the average wave
height  coef f lc lent  remains the same for  a l l  breakwater
lengths tested.  This bears out  the cornments Bade
above concerning Ehe amount of energy transmltted
through the gaps.

Final ly  we consider  the ef fect  of  inc luding
overtopping on the wave height  coef f lc ients.  In
Figure 10 we l l lust rate the wave height  coef f lcLents
for  a breakwater  system wi th zero over topping and wi th

an over topping coef f lc lent  of  0.5.  I t  can be seen
that  lnc ludlng over topping leads to a general  increase
in wave helght  coef f ic ient  at  a l l  po ints a long the
curve.  This is  as expected because the anount  of
energy transmitted into the lee of the breakwater has
increased.  Also as expected the increase ln wave
height  coef f ic ients is  greatest  behind the breakwater
gaps.  On lnc luding over topplng in  th is  model  the
general  shape of  the curves,  compared wi th that  for
zero over topping,  is  mainta ined.

Figure 11 shows the average l tave height  coef f ic lents
as a funct ion of  the over topplng coef f ic ients for  four

of fshore breakwater  layouts.  In  pract ica l  s i tuat lons
such a graph would be used to compare the performance

of  a number of  d l f ferent  schenes.  In  pract ise the

overtopping coef f ic ient  can be determlned f ron f lume

tests for  d i f ferent  breakwater  crest  helghts.  This

would a l low not  only  the layout  to  be var ied but  a lso

the crest elevation of the breakwaters, maklng the
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mat,hematlcal  model descr ibed here a very useful  tool
ln prel ininary studies of of fshore breakwater
schemes.

4 CONCLUSIONS AND
RECOUUENDATIONS

The conclusions and reeommendations arising fron this
report  are as fol lows:

l .  Using the integral  equat lon method to f ind a
solut lon for wave di f f ract lon by an insular
breakwater,  or a gap in an lnf lni te breakwater,
has been found to give results which are in good
agreement with those from the analyt lc solut ions
to the same problems.

2. A matheuat ical  nodel of  wave dl f f ract lon and
overt,opping has been developed to a1low a
prellninary assessment of the perfornance of a
serLes of of fshore breakwaters to be made.

3. The nodel has been found to give reasonable
quant i tat ive agreement with results avai lable
from physical  model tests.  Clearly a more
conplete comparison of results would be desirable
for any future development of Lhe nodel.

4.  A number of aspects of the behaviour of a ser les
of offshore breakwaters have been examined. In
part icular,  the effects of change in wave
direct ion and period and also var lat ion of
breakwater length and gap width on ltave
d i f f rac t ion  have been assessed.  Deta i led  resu l ts
for al l  of  these cases are glven in Chapter 3.

5. On including wave overtopping ln the model a
general  increase in wave height coeff ic lent over
the case with zero overtopplng was noted.
'Although, the shape of the curve of wave height
coeff ic ient against distance lras slni lar wlth and
without overtopping.

6. Figures i l lustrat ing the average wave helght
coeff ic ient for several  breakwater arrangements
and a range of overtopptng coeff ic ients were
presented. Such i l lustrat ions were shown to be
useful  in select. ing the most effect ive breakwater
configuraLion taking lnto account breakwater
length, gap wtdth and crest height.

7.  Clearly this nodel ls capable of further
development,  for example lncluding the effects of
retract l ,on would be deslrable. In addtt ion sone
modif icat ion could also be made to al low
breakwat,ers which were not shore paralJ-el or
co- l inear in plan to be represented. Once a more
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complete rnodel of the effects of the breakwaters
and water depth on the wave field has been
achieved attent ion coul-d be focussed on nodel l lng
changes ln beach plan shape due to the
introduct ion of of fshore breakwaters. Whi lst
these developments are not stralghtforward i t
seems probable that in future more real ist , ic
nodel l ing of the effects of of fshore breakwaters
wi l l  be achieved.
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TABLE I Uave belght coefflclents for fl":ed length breakrater,

varlable gap vldth

Breakwater

length (n)

L20

L20

L20

Gap

width (n)

120

180

280

Rat io

breakwater :gap

Wave helght coeff ic lents

Min l"lax Average

0 .24

0 .45

0 .38

L .22  0 .68

L .26  0 .7  4

1  .  18  0 .81

TABLE 2 Uave height coefficlenta for flxed (breaLvater Length :

gap wldth) ratlo

Breakwater

length (n)

90

L20

150

Gap

width (n)

210

280

350

Ratlo

breakwater:gap

3 : 7

3 : 7

Wave height  coef f leLents

Mln Max Average

0 . 3 6  1 . 1 8  0 . 8 1

0 .38

o .26

1  .  1 8  0 . 8 1

L . 2 4  0 . 8 1
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