CHAPTER 39

WAVE HEIGHT DISTRIBUTION AROUND PERMEABLE BREAKWATERS

by

Shintaro Hotta*

ABSTRACT

By superimposing solutions due to Sommerfeld, a calculation was
made to obtain the wave height distribution around permeable breakwaters
in a constant water depth. The cases dealt with were a semi-infinite
breakwater, a single relatively large gap in a long breakwater and a
single detached breakwater all with incident waves normal to the break-
water. Some cases were verified through experiments in a shallow water
basin.

INTRODUCTION

There are many kinds of permeable breakwater systems. In particular,
as a countermeasure against beach erosion, the construction of permeable
detached breakwater systems has become widely popular. However, the
functioning of such breakwater systems has not yet been fully understood.

Even the wave height distribution around a permeable breakwater,
which should be first considered in its construction, has received little
effort not in comparison with that made for impermeable breakwater sys-—
tems, because of the complicated phanomena associated with the former.

Up to data, interest in connection with permeable breakwaters has
mainly concentrated on wave reflection and transmission phenomena. Only
for some psecial cases in three dimensions has the study of the wave
height distribution and related problems already been carried out. For
instance, Ijima, Chou and Yumula(l1974) studied the scattering of waves
around arbitary shape permeable bodies and gave figures for the wave
height distributions around circular, ellipsoid and rectangular cells.
Their methods are applicable to arbitary shape breakwaters, but it seems
that the method requires complicated numerical calculations. The studies
above may not give satisfaction to engineers who are faced with problems
in practice. .
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696 COASTAL ENGINEERING—1978

The purpose of this study is to attempt to clarify the wave height
distribution around permeable breakwater systems. However the phenomena
are so complicated that applying Sommerfeld's solution for widely de-
ployed breakwater systems was considered as a first stage in the study.

An advantage of the method used in this study, superposition of
Sommerfeld's solution, is that wave heights can be calculated very
easily by addition and subtraction, if we have the Fresnel Integrals.

At present, even on small computers, Fresnel Integrals are prepared as

a subroutine or as a function. A few second calculation gives the wave
height distribution. Another advantage is that the time lag of waves
transmitted through the breakwater can be easily considered in equations,
although this was not done here.

Disadvantages of this method are that the boundary conditions are
not satisfied and the wave height becomes discontinous on the x and y
axis and on the lines which divide the regions considered. Calculated
results, however, show that the discontinuity in wave height on the x
and y axis and the otehr lines was small. So, we may close our eyes to
this discontinuity. Experimental or field verification of the calculated
results are not yet sufficient, but this method may be acceptable for
engineering use to predict the wave height roughly, although further
laboratory and field verification under various conditions must still
be made.

Brief Summary of Sommerfeld's Solution:

For the case of an infinitely thin, vertical, rigid, impermeable,
semi-~infinite breakwater as drawn in Fig. 1, Penny and Price have shown
that Sommerfeld's solution of the optical diffraction problem is also
a solution of water wave diffraction.

(+,-) (+,+)

Fig. 2. Signs of u, and u,

F*pm%gb‘ v c
(Y*"") (Incidert and Reflection Wave Region)

Fig. 1. Nomenclature for wave diffraction
analysis at semi-infinite break-
water end.
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The following is a brief summary of the solution by Penny and Price{1952).

$=Ae™casnk(hez) F(x,y)
V:Agke"'coshkh-F(x,y)

gfg.%i;.ﬁ:o

where
i =T
L =wave length
h =water depth

k=2mn/L
C =phase velocity

g =gravity acceleration

F(x,y) = J,l.eim th-ky) gu_;e""""" dw
. J%e/m fioky) 5‘* 2w
=e""Vf(u,),eﬂVg(u) ....................... (4)

r= szo yz

= HI

~(5)

f(w) =#ein/4 ’e—iuﬁlzdw ....................... (6)
olw) = #e]""gie”""’dw ....................... (7)

Hu) =g =pe{” e aw
{01+ Clw+ S} + i{Cw -SWY) - (8)

f(-u) =g(-u) = Ji-gu/4y:94nwt/zdw
=%[(I -C(u)-S(u) )+ i{S(u) -Clu)})
=S+iW

s=>{1-Cw-sm}

1
7
w=1 {sw - cw)

The diffraction coefficient, K, is defined as the ratio of wave height
in the area affected by diffraction to the wave height in the area un-
affected by diffraction, and given by the modulus of F(x, y) for the

diffracted wave: taht is

K= [F(x, vy)| = VR>¥ 1%

(12)

R: Real component of F(x, y)

I: Imaginary component of F{x, y)
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The final forms of F(x, y) for numerical calculation for a break-
water located on the + x axis as shown in Fig. 1 are:

Region 4, x >0,y > 0

F,’,‘(x,y)-—- e’i’“H (-4,) +e"é«‘75(—uz)
=(S)152) cosky t (Wi =W, ) sinky
+ L LW, + Wy ) cosky +(=8,+5;) sinky] ~ -~ - -~ (13

Region B, x < 0,
Feay)= € “f(u)+ e g(-u,)
=(1-5,+5,) coskj + (=W, -W, )sitzk;
+i[(—W,+M/;)coskg+ (—/+S,+52)sin/e;] ——————— (14)

Region C, x > 0,\y <0
Fixg)= €% fu) +e™ geuy)
= (2-8, -5, ) cosky + (-, +Wa)sinky
-I-z'[(-W*Wz)coskg +(S, - 52 ) sin /?;] ——————— (/%)

As a matter of convenience later, we shall give the final forms of
F(x,y) for numerical calculation for a breakwater located on the - x
axis as shown in Fig. 3.

Region Bt Region A

Regim B2 Rogion B

Fig. 3. Nomenclature for wave diffraction analysis at breakwater when
located on -x axis.
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have passed through a single gap
small compared with the wave length
of a long impermeable breakwater
have been already given by Lamb
(1945).
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Region A and C
Fr gy = ™)+ ek 9(-u,)
= (I-5,+S;) cos ky + (=W, -Wa) sinky
LW +W,) cof/e; +(=1+S,+S,) s/;;/e;] ------ (16)

Region Bl

Foog) = e M5 -up) +e"kﬁj(—u,)
= (S',*Sz)ws/e;Jr (W, ~Wa ) sinky
+L[(W, + W) cosky + (=S, +5,) sinky] == =====(/7)

Region B2

F,Bz(x/g) =e~[é37((ul)+ e [kyﬁ(“z)
=(2-5,-S,) cosky + (~W, + W) s/n ky
+L[(-W, ~Wa ) cosky +(S5,=S,) sin ky] -~ -~ -- (/8)

NUMERICAL CALCULATIONS OF WAVE HEIGHT DISTRIBUTTON
FOR PERMEABLE BREAKWATER

A single small gap in a long permeable breakwater as shown in
Fig. 4.

The heights of waves which

Fig. 4. Diffraction at small gap
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The solution is:
ﬁ(x‘ ) = _@_ e-il-}m)
y (log yA + 4 o'g'l )
¥': Constant of Euler (19)
Fa ztxe®

This equation shows a wave which concentrically spreads from a gap.
When the breakwater is permeable we assume that the wave heights inside
the breakwater can be express of by superimposing Equations (19) and (20).

That is:
FzFR«P

=o' . e-i(-}1 vhe)

(log 0[0‘?4)

The superimposed result is:

F =Gcosky%'m?- cos( fmokr-e)
-i {_asinky%"lewc; sin(%wkr-e)}

............. (21)
where

|og§o’o'

r=(log7"'¢‘ )20%:‘,

_-%
C'-(@EEL . U)’.?

0 =tan’ ‘Et

The wave heights are given by:

R =(Xcoskyﬁg%m cos(%*kr-e )

1 =- {Nsinky o% T T sin{ I[If' +kr -6 )}
K =ARAF

Diagrams for a gap width b, b/L ratios of 0.1 and 0.2 and transmis-
sion coefficients, o, from 0.1 to 0.5 are given in Appendix 1.
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(2) A semi-infinite permeable breakwater

For the waves on the shore side of the breakwater, regions A and Bl
(v > 0) as shown Fig 5-(3), superposition of waves as shown in Fig 5-(1)
and the waves as shown in Fig 5-(2) is assumed.

On the other hand, for the waves on the offshore side of the perme-
able breakwater, regions BZand C (y < 0), it is assumed that the waves

can be expressed by where the reflection coefficient, B, multiplies a
free wave propagating in the - y direction, elky,

-ik ik
e™ yf(ul) + Be yg(uz) ---------------- (22)
Egations based on those assumptions in their final forms are:

Region A x>0, y>0
Fo(x,y) =e™f(-u) « e¥g(-w)
Fi(x,y) =e®f(w)+e™g(-u,)

F =R+ab

F2={ote (1= 0)Sre (10 ) S} cosky {(1-00 )W - (1+ o)Wasin ky
+ i {(O0- 00Wh+ (e 0)W2 Y cosky = (e (1-00S1 = (16 %)S2sinky)  —m—mcmmeome e

-eM i elgiue) et f-uevgi-uz)
(1)

afetrft-uds evgluz)fl o fe flunkedvgl-uz)}

(2)

e flunkelvgbuz) | evftusekvgtuz)
+ o fE ¥ ¥ ebvgl-uz)l|+ ocfe ™ f (un+ ebvgleuz)}

(3) —4mM — ,
e hrfun)+peivi-uz)] erhvfud+peivg(uz)

Fig. 5. sSuperposition of waves for semiinfinite permeable breakwater.
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Region B: x<0, y>0

Fo(x,y) =e™f(u)+ e¥gl-uz)
F(x,y) =ef(-us) +e*g(-w)

F =F00ﬂF7

2 {1 =(1-)5r+ (14 ) S Yoosky +{—(1- 0 )0W; —(1eox Wy)sinky
i {{(=(1- oW e (1 W Jeosky - {1-(1-)S - (1o )Se}sinky] -

Region B2 x<0 , y<0

F =ef(w) + pegl-uz)

F2 (1-Sr4pS2) cosky « (-Wi= W2 ) sinky

(25)

] [(-Wu 'w: )CKB ky + (—1 +Se fs2)5i" ky)

Region C x>0 , y<0
F =e™f(w) « pe?gluz)

F5=(14p-Sr-#S2)cosky - (Wi- pWa)sin ky
=1 ((1-p=51 + pSz)sinky 4 (Wi + pWo)cos ky)

o ' =1
S =1-Clw) - S(w) , W =C{w) - S{w)
S2=1-C(w) -S(w) W, = C{uz) - S{w)
where

cw=fosFwaw . Stu)={ snFwedw

(26)

If we ignore the energy loss when waves pass the breakwater, o the
transmission coefficient plus B, the reflection coefficient equal unity.
Taking o equal to zero, the final equations agree with the solution of
a impermeable breakwater. However, if o, is not zero, the waves becomes
discontinuous on the x-axis. Calculated results with o.= 0.0 through

o = 0.5 are given in Appendix 2.
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(3) A single relatively large gap in a long permeable breakwater.
For the case of an impermeable breakwater, Penny and Price(1952)
have laready given the solution by superimposing Egs. (13), (14) and
(15) and Egs. (16), (17) and (18). Johnson(1952; 1953), Morihira and

Okuyama (1966) and others have given detailed diagrams for engineering
practice.

We shall write again here the final forms of the solution for
numerical calculation because they will be needed the in succeeding
sections. Suffxs r and £, indicating the cases when the breakwater is
located at the + x and — x regions(Fig. 1 and Fig. 2), will be added.

The final forms are:

Region Al, 0 < x < b/2, y > 0

"y ; ik . L

Flx9) = lb’fr(b'/)w‘e‘k’jr(-u,) + € ) + e'k’gz(—uz)-e tky

=(1=Spi _SII+S’1+5}:.) cos 'éa‘f + (- Wy = Wey = Wia—Wo2 ) sin kg
+ l[("er _VVII +M7r1+ Wn_) COSAJ

+ (<1 +Sp*+Set Syt Spa) St kY] - === === 27)

Region A2, b/2 < x, y > 0

Txy) = &K, cu+ e""’r?g, () * e“""’;;‘( U+ 2, (~ty)- e
= (Sp=Sp1*Sp2 5y ) COS k; + (W Wiy ~Wrz ~Wha ) sinky
L Woy =~ Was + Wra t Wea )COSk;
+(= Syt Sert Spat S, ) sin ij ————————— (28)
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Region C2, x > b/2, vy < 0

Ry = ey ey + e fyuy + €M, (10~ 074
=(2~8p =Sy =SratSe) cos kJ + (~Wp =-Wo, + Wiy~ sz)sf'nké(
+LL(Whi - W Wyt Wea ) Cos by
1 (Sp+ S~ Sra*tSp ) sin bg} = === (29)

In the case of a permeable breakwater, the same idea described in
the preceding section (2) is assumed. To express the waves on the shore
side as show in Fig. 6-(4), the waves in Figs. 6-(2) and 6-(3) are super-
imposed on the waves as shown Fig. 6-(l). On the offshore side of the
breakwater, a reflection coefficient, B, multiplies all terms, eiky,

emfe( U EERR (1) kg, W)+ ERR (1) ko (o) + eikrg (1)

e CuDreMREU) 4 eif,( el e )+ et
—geity — iy eier
b
(1)
a e v fit-in) +elvg(-u2)) e, ( m)+elvgi(-ue)]
(2) ; e
: {
Qe Erfe( )+ eilogy (-11)] i Al () +etng (-ug)]
| i
(3) e
! i
ek u)+ehoge(-us) e-krfe(-u) +-e gy (-uz)
ewfi( wyrelgtw) e m)+etrgi-u)
‘e-i.ky.. -.e-iky

K e’.“"f«(-ul)+e’i"g| -y | ole i wm)+etrm-te)]
ol Ge o f(-u) +elge (-ua)Y | xCer™fe(-un) +eloge(-us)]

@)

b
2

Fig. 6. Superposition of waves for a relatively large gap in permeable
breakwater.
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According to this assumpticn. The F(x,y) which should be added to
Fg(x, y) because the breakwater is permeable are:

Region Al, 0 < x < b/2, y >0

Fxy)= o [€ 44, U+ e“"ﬁgz (U)]+ o([e"'l'if,(—u,)+e"/"’j,(-uz)]
=X[F ) +FA, )] - (30)

Region A2, b/2 < x, vy >0

Fx,g) =of [e %94, u)+ e*9gy (uz)] + o [ 45, (-u,)+ 2™ 97 (-4
=l [FH X, g)+FA(x,4)] —m—m == == === == (31)

. . A . . s
We shall rewrite the function F%, F,, and F}lal, adding the suffixes,
r, L.

F2x,Y) = (S +Sp )coskoq + (W, —Mz)SI'M/QJ
“flf(Wr:*V\Qz)C"Sk;-f("Sr, +Srz)5/l”/?JJ ———— (14)

FHY) = (1=S,+S,) cosky + (~Wp~Wpa) sinky
+i[(‘MZl/ 'fm:.)cwk; + (—I+S:g, +S}z)$/'nk’0‘r]—- - -(/6)/
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FPIX,4) = (Sy +8p2) cos ey +Woy —~Wez ) sin by
+U[(Way +Waa )cos by + (=Spy + Sy, sinky ==~~~ any’

Now, we shall consider the coordinate system.
For Eq. (28), (29) and (27)

Vix - b/2) %+ y

V{x + b/2) 7+ y°

r
r

£y

On the other hand, for Egq. ()", (16)' and (17)°

ry Vix - b/2)z+ y2
ry = /(x + b/2) %+ y°

If we exchange the suffixes r and £ in Egs. (/4 ', (16)' and (17)°
we can use the same coordinate system in Egs. (28), (29), (x7), (14)"',

(16)' and (17)'.

Finally, we have:

Region Al, 0 < x < Db/2, y >0

Bty = FM e+ [F(x,9) + FA(,9))

= {1=(1=o) Sy = (|-&) Sy, +(1+&) Sy, #(1+X) S, ] coS ky
A== X)Wy = (1=0) Woy ~(1+ )Wy = (1+6X )Wy f sin kY
LU0 Wry = (1= )W+ (1+ ) Wos # (148 ) Wha feos by
=1+ (1= Sy, +(1-0) Sy, +(1+%) Sy, + (/+O()szfslhkjj
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Region A2, x > b/2, y > 0
Fom=F% 4 [ F* +F1]
= { (1-0)Spy = (1=0) Sy + 1+ Sy + (146 Sy, § Cos Ry
H U =)W= (1 =00W, = (14 Wyy = (1K W, } s ky
+ L[ G=0OWy = (1= )Wy + (1+ 60 Wy + (1 + X)Wy, } cosky

t{ ~h=( =) Sy + (1) Sy + (/+o().5,2+(l+0()522} Sin kg]

Region C2, x > b/2, v < 0

(&%

Fap = ey wp +Be i/"igr(u;) + e"'kﬂ{l(u,)+ﬁeibidof(-uz)— P
=1 1+p -5y =8, +BCSa+ S0} cos/é;

T Wy, Wy t B (Wya— Wyy ) § sin /ej
.-f(:[{_Wn—Ml—l-/é(—T/\/}l-fml)} cos/ej

+ {148 +5, +S), + (=S + S} sin/eﬂ —————— (34.)
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(4) A single impermeable detached breakwater.

For a single detached breakwater or an insular breakwater that allows
waves to diffract around both ends as shown in Fig. 7, Morse and Rubenstein
(1938) and Goda, Yoshimura, Ito(l971) developed an exact theory. Numerical
calculations for the theory can be done in terms of Mathieu functions.
Detailed figures for this have been prepared by Goda et al.(1971). However,
if the length of the breakwater is relatively large compared with the wave
length, it could be considered that the each end of the breakwater is the
end of a semi~infinite breakwater.

The following are the final forms arrived at from this assumption.

Detailed diagrams are not given here because of limited space. However,
such diagrams may easily be reproduced from the equations.

Region Al, 0 < x < b/2, y >0
[
F: = (‘5}4 +SI,+Srl* SIZ)CO‘S/Qj‘lL (vl];,l 'f'ml —er_le) 5/’”&}
+L'[(Wr/ t Wy, t Wr)."'WtZ)COS/(’J‘*("S“"Sg/*Srz "sz) sm /eg]
e (39)

Region A2, x > b/2, vy > 0

A2 ,
F4 = (/*Sr[—Sg[+Srz TS};) COS/?J 'f‘(er/ 'M/ _MZ —sz ) Slﬂ/eg .
LWy ~Woy + Wya t W, ) cosk; + (=1~ SrtSytSp*Sh,) st'n/ej]
S R L))
Region Cl, 0 < x < b/2, y < 0
F4q= (Z_Sm - 'S:U "Sr)_"S,ez)COSk;‘f' (—Wr/ _We/'fWrz'f'M;_) Sl'nkj
L[ W=~ Weo~Wpa) cosky + (Spy+ S~ Spy =Sy ) sim ky]
Region C2, x > b/2, vy < 0

Ff: (1-Sp ‘&/'Srzfsn)coskg + (~Wp =Wy, +Wr2’“&z)sl'n/€j

+ 1 [ (W~ Wy =Wra# Wy ) cosky +(=1+548,,-5,, 1,3, s/n/eg]
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When the breakwater is permeable. We assume that the wave in re-
gions A and Bl(y > 0) are the superimposed waves arising from an imper-~
meable breakwater as discribed above, and the waves multiplied by & pass-
ing through a gap as described in (3) [Fig. 8].

In region y < 0, the idea is the same in the proceeding sections.

Fig. 7. Diffraction around detached
breakwater.

L
i

e ofr(-u) ~eilrgr(-ug)

e kv fi( ) e ()

ekvfe( i) telkvg, (-uz) ;e kv fr(-w) +ekvgr (-u2)
e yf (-un) +elrgi(-ur) | e-kvfi(-u) +elvgi(-u2)

d
"

oFs

/e"‘wfr(*m)+eikvgr(4uz)' e-ikyfr(-u1) -+ efkvg, (-uy)
e-kef (-u) +elvgi(-u) | e i u)+etgi-u)
oFf' =3

eirfe( ur) +pekrge( )} e u)+p etoge( u2)

eiof ( m)+pelrg( u) e fi( m)+ g elvgi(-ue)
— giky —@iky —eiky  —eiky

Fig. 8. Superposition of waves for permeable detached breakwater.
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We again review the coé?inate system.

In Eqgs. (36), (37), (38) and (33) )
Vix + b/2)°+ y

r, = Y(x - b/2)°+ y r, =
In Egs. (27), (28) and (29)
= /ix + o/ 5 F VT = Jix — /) % 2
T, (x + b/2)°+ y rr (x b/2)+ y

To use the same cod@inate system, we must exchange the suffixes r
and £ in Egs. (27), (28) and (29). Exchanging suffixes r and & in Egs.
(27) and (28) and adding Eq. (36) and Eq. (28) to Egq. (37).

We have finally:

= Fila BN
= cos/ej {of + (1=%) Sy + (1=K ) Sgy + (14A) Sy + (1+6) Sy, §
+sin /e(;{(/—oo Wiy + (1= ) Wy, = 1+ 8 ) Wiy = (1+6) W, ]
+ UL cosky {(1=4) Wy (1= 00Uy + (1490 Wiy # (1+8) Wy }

+Sinky{-ol~ (1-%).S,, —(/—o()S,, t(1#6) Spyt (1+4) Sy, 11

Fi= Fl e o Y
= cosk! {14 (=KD Sy = (1= ) Sgy + (14 6)Spy +(1424).5y, ]
tsinky {(1=0) Wy = (1=X) Wy, =( 1+ ) Wry — (1 +) Wy §
+ l[os/e;{(/_o()wr, (=) Wy, + (1) Wiy + (| +4) W, |
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. . _r . -0k .
R &M S qu)+peg (4 e ‘kff,z(u,)arpe’kiq,(u;) - pes

= (08 /@g {148k =Sp=p(Srat Sga)f + Sin /?y‘{ Wy~ Wey+p (Wyp+Wpo)f
+ l.[CDSkg{"T/V;, _W/ '/3(Wr1+W(z)} +Sin /eg[—/+5r, *5}/""/@(/ "S}Q"Sjg;_)}}

Preliminary experiments

Preliminary experiments were carried out in a small water basin
0.5 m deep, 1.0 m wide and 11 m long. Vertical homogeneous crib-
style walls of 8 cm thickness filled with glass ball in diameter
were used as the model breakwater.

Because of the limited basin width, standing waves appeared on the
shore side of the breakwater and the results were not considered adequate for
examining the theoretical development. The following are some general
experimental results. )

(1) Eq. (21) is acceptable for situations where the ratio between the
gap width and wave length is less than 0.2.

(2) After the distance of one wave length, calculated diffraction patterns
by Egs. (23) and (24) were similar to the experimental patterns.

(3) Wave heights at the gaps were not constant when the widths of gaps
were less than one wave length.

(4) Energy transmitted to the shore side region of the breakwater was
proportional to the ratio of the gap width, to the wave length, within
the range less than a ratio of 0.5.
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APPENDIX 1
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