


LECTURE NOTES ON

COASTAL ENGINEERING

(Prof. dr ir E. W. Bijker)



Coastal Engineerin~

Under this heading the physical phenomena occurring along a

coast and in estuaries will be discussed.

Informat~on on short waves can be found in the leotures on

this sUbject.Some information necessary for understanding

this subject will be given here.

The water motion in a progresaive wave takes place in

closed or ~lmost caosed orbits (orbital motion).

x

Near the surfaoe the orbits are circles and remain so _ ,

exponentially decreesing radii - at greater depths

when the depth is unlimited. For shallow wa~~r the cir
cular orbits change into ellipsea.

ri'hehorizontal (u) and vertical (v ) velocity of the water
partieles can be written as

cosh k(Y+hl
sinh k h sin (k x - w t)

sinh k(y+h2
sinh k h cos (k x - w t)

in which the phase velocity e= 2 tr /T, T = wave period
k ...wave number '"2 7f /L, L ::wave length
H == wave height, h ""depth, x and y are coordinates

of 'thepoint in the zero position.
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The axes of the ellipses or the radii of the eireles are

1!Hor.: ~<::
oosh k{y+h)
sinh kb

_
H •Vert.: 2 sinh k(y+hl

sinh kb

Between celerity (velocity) of wave propagation(c), wavelength (L)

and wave period the following relationships exist:

c ""L/T :::wik

Fram the basic wave theory it follows that

c .. V ~ · tgh kh

Por deep water this becomes

and for ahallow water

c = Vih
Por deep water the f'ollowing relationships can be written:

2w
"'-'"g

c '" 1.56 T

lihenthe depth is t L, kh '" TT ,and tgh 0.996.
In this case the deviation of c from the deep water value

is 0,2 ~ , which ean be ignored.
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When a wave train obliquely approaches a coaat with de

creasing depth,the wave crests will tand to turn to a

direction parallel to the depth contours due to the fact

that in shallower water the wavelength is shorter and the

celerity of propagation is smaller, This phenomenon is called

refraction. The principle of refraotion is that th.eenergy

of the waves is transported in a direction perpendioular

to the ~avè crests, along the so-called wave ?rthogonals.

Tue wave energy per unit of surface can be written as

E "" 1/8 2P g H , and

VbO/h1' is oalled the refraction coeffioiento

The subscript 0 indioates deep water, and the subscript 1
indicates the required depth.

When a wave approaches shallow water another phenomenon

alBo occurs.

Due to the continuity the energy flux has to remain oonstant t

SOf

E • 0 = E1,o 1 'o go g

whare c is the velocity of energy propagation in deep water.go .

og a m c - * [ 1 + ~i:2 kh]a.
./4
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So from this fol1ows

..
For deep water mo ct, and with this the following relation-
ship is Qbtained.

The total deorease of a wave approaching a coast oblique~
is therefore

Behind a breakwater or barrier an attenuation of the wave

height oceurs. This phenomena, in which energy flux parallel

to the wave orest ooours, is oalled diffraction.

./5
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Beach formation

Sinee the orbital motion is not completely cloaed, mess

transport results. Normal~ this mass transport is at the

bottom directed in the direction of propagation of the waves,

and this mey result in a transport of bottom material in

the direction of'wave propagation. (However, this is not

quite certain, si.ncein laboratory flumes bedload trans

port against the direetion of wave propagation als~ has

been observed. This Beems to be the oase ir the orbital

excursipn at the bottom is greater than the ripple length)

Due to the transport of the hottom material beaohea can
be built up.

With regard to the building up of the beaches,the permeab

ility of the beach is also rather important. When the beach

is permeable the return flow is smaller and leee material

will be moved back towards the sea. This may result in

mueh steeper beaehes (shingle and coarse sand). Also the

reflection will be 1ess in this case. In order of magnitude

the reflection of a shingle beach 1:6 will be equal to that
of a sand be ach 1: 20.

When the wave a.pproachesthe coast, it will beoome steeper,

and finally it will break or almost br-eaks As these phenom

ena result in an .a5Ymmetricn wave form. a mass

transport will occur in the upper la.yerso This is very

obvious for breaking waves. This water has to be brought

back to sea. This can occur via longshore currents and

r~p currents and also via an undertow over the battom.

Due to this undertow, which occurs sometimes and due

to gravitational effects a certain equilibrium steepness

wil1 be developed. The breaking waves can be classified

into four different types.
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"surging breaker"

"collapsing breaker"

"plunging breake r"

77/)))7) ;;/ //J)/;;);
/ /77)/)/)777

"spilling breaker"

Galvin (C.E.R.C.) has developed several empirical criteria

for the clasBification of the breakers.

(C'.J. Galvin: Breaker Type Classification on three laboratory

Beaohes. Journal Geophysioal Research, Vol.73,Nr.12,June 15, 1968,

'pp. 3651-3659) The various criteria as given by Galvin cao be

summarized as follows.
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1) Outside the refraction zone:

.. collapsing
I>

surging + plunging + spilling

ho-2 I I . . I
21

I0,3 10110-1 F'OO> 2,

H = waveheight in deep watero
Lo = wavelength in deep water
n c tangent of the slope

2) Inaide the l'efraotionzone:

collapaing

surging + plunging + spilling

·1 j -1
0,05 10 0,3a) , n

H ~ waveheight in deep watero
Lo ""\,J'avelengthin deep water

n . = t&,~~nt of the slope

T =: wave :ç·.-~iod

0/8
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Tha nomenclature of a beach profile is g1ven in the
following sketohl

Bluft or Esoarpment
--,.~

soarp

erest of berm_.....
-------------HW

ooast back shore
fore
shor inn shore off aho

beaoh

Dua to the wave motion hitting a eoast obliquely,

a longshore ourrent will be generated. The physical ex

planation of this.longshore ourrent can be threefold.

1) Due to Ibasstransport of the waves (,: v)

2) Due to momentum transport of the waves (:: m v ~ v2)

3) Due to e~ergy flux of the waves (II * mv2~ ·v3).
The three approaohes are identical in so far that there

exists sn obliquely directedtransport to the eoast that

resUlts in a longshore tr~nBport. This longshore transport

would tend to sn infinite value if there were not

./9



-9-

an escap~ to sea by rip currents or by an evenly dis

tributéd undertow. That the longshore current does not

increase to infinite values is caused by the bed friction.

Eagleson derived a formula for this current.

(P. Eagleson: Theoretical stuqy of longshore currents on

aplane beach, M.I.T.,Dept. of Civil Engineering, HYdr. Lab.,

Report N82, 1965). It gives the development of this

current with the distance along the coast.

Eagleson based his derivation on the mementum equations.

The ultimate ,value of this current, according to Eagleson is:

~in a. sin <P b sin 2 <Pb
f

in which vL

~=

~=

= value of longshore current velocity,

breakerheight, ~ = breakerdepth,

ratio of group velocity c to wave celerity =g

=t [1 + -s2_inh....kh.;;;.;...2-·-kh-] t a. : beach slope, <Pb = angle

of breaker crests and coast line,-'andf = furcy I'~eisbaoh

resistance coefficient = 8g/c2, where C = reslstanoe coef
ficient according to de6hezy.

Along .sandycoaStS this longshore eurrènt results in,

a littoral drift. The principle of this longshore movement

of material is that the bed:material is stirred up by the

waves and transported by the current. Several attempts have

been made to derive formulae to oompute this littoral drift.

The C.E.R.C. ' has put all available data together

and has come to the following (rough) formula: (CaldweIl) •

,

in which S = longehore transport in m3/s,

Hoe waveheight in deep water in m,

·/10
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coC wave celerity in deep water in mis,

~b= angle of breking waves with coaatline,

K = refraction coefficient.

This formula is based on the assumption of energy

flux towards the coaat which has'a component parallel to

the coaat which is held responsible for the littoral drifto

b/cOS~b 1>

------~------~4--~--~-----coast line

~E.b

.. CPb JE.bisin ~ b

energy flux
per unit of coastlength:

Ë.sinrpb· cosrpb"

is applied in a direct ion

para.llel to the coast

In ths G.b.R.C. formula no influence of grainsize

and beach slope is taken rrrtc account , Bijker made an attempt

to derive a formula where these factors ware taken into account

and in which it was al.se possi ble to LncIude the influence of

an extra tide.l or sea ourrent, not generated by waves.

(E.W. Bijker, Litt0ra1 Drift as function of waves and current,

Delft Hydr. Publ, Nr. 58, and Proc. Coaatal Eng. Conf.,

London 1968)
Bijker started from the nor-ma lIy applied farm of bedload t ranpeor-t

formulae:

in which: S = transport, D grainsize,

)l ... ripple coefficient ::::

o 3/2
:; ( ....L)

01;90
_/11
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00==bed res:: ..a.nce coefficient, 01>90:::resistance coef
ficit;':~, due to bed roughness of D90,

h .,.depth and I = energy gradient.

t'Tijlink suggested writing this formule. in the following
way:

)
t ; 5 exp (-0,27

D( llT/p

5 _._ll...;;D~P....S~_)
1·.1"[

in whieh r IC: bed shea.r .,. P g hl = Pg v2/C~.

The factor before the = can be namedthe transport factor, and
aftel" the=the stirring factor.

For r in the transport factor the bedshear of the norma.l
longshore current will be introduced. This assumption is

based upop the principle that the bed material, once stirred
up by the combinedaction of waves and current is movedby
the current.

}i'or r in the stirring factor, the bedshear resulting from

the combinedaction will be introduced ainee it maybe assumed
that this bedshear is a measure_f.or the turbulence. This
combinedbedshear ia indicated on the sketch below.

Fromcomputations in which an elliptical integral has to

be oomputednurnerioally, r ' can be expressed in the form
. 2 2
T • 'Pg v /0 and p u ,where u i EI the amplitude ofo . 0 0

the orbital motion at the bed.
./12
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The coef'fioientp indicates the value of the orbital

motion at a height af er/33 above the bed, whioh is a

oharacteristic height for the computation of the bed

shear of a uniform flow.

r..L
331

Vy'

_ ....... _ ....
ery'=-33

puo
uo

A.ocordingto a rigorous mathematical derivation

p '"r(t, r , H, r), With some simplifications p pr-oven

to be cone taut•.Prom tests in which the increased bed

shea.rhas been measured and aftar comparison with

the computed values of T', P lias been found cone tant

and equal to 0,45 within the limitations of the accuracy

of the testso lt'romthe approximate mathematioal approach

follows p = 0,4 s .which aeems to be in rather good agree
ment with the tests.

Ths resultant bedshear can now be written as

[
2

Lr'" 1 + t (~Uc/V)· ] T 0 '

in which ~ = p K c/'Vg .. 0,0575 o.
The formula for the bedload transport can now be

written as:

S ::: 5 DVorol Ç>

1

exp( - 0, 27 6. D p g/ IJ. Tr )
or:

S :: 5 V;D(v/a)exp ( -
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Th~s equation~iveBt however, only the bedload transport.

Especial~ in these cireumstances the transport of material in

Buspension will be rather important.

In order to eompute this, the method as suggested by Eînstein

in 1950 will be used with some modifieationa.

Einstein eomputed the Suspended load by integrating the pro

duct of velocity and concentration over the height:

h
Ss =I v(y) c(y).dy

a

The value "a" is a distance above the bed at whieh the oon

centration mUst be known. Then c(y) may be written as:

c(y) :e: C (h-X.a y h~)
z

in which z.,. 'W/,KV, 3IE ' W IC fall_velo;ity of the grains

and v3IE z: bedshear velocity = ~/p "'" v fg/ct

The orucial point in this derivation is the value of

c 0 ~nBtein determined this value by assuming that thea
bedload would be transported in a layer of a thieknèss of

some grain djameters just above the bed. From films

it beeame obviöus that the original'assumption of Einstein
did not hold good.

Another assumption has been made nc«, viz. that the bedload is

assumed to be transported in a layer t';,p.......ü to half the ripple

height with the virtual bot~om assumed half w~ between erest
.. ,

and trough of the ripples. \JIhenthe bed roughness is assumed

as half the height of the ripples the concentration c can, a
be ealculated with the assumption that the bedload is trans-

ported above the bed in a layer vith thickness r - the bed

rouglmess -"

The mean velocity in this layer can be computed to be

;o-r = 6.35 VA' BO the conoentration

0a • S~6.35VA ro

./14
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The formula for the su~pended load according to Einstein is

now:

in which
{a/h)z-1 ;111"" o.216 ...1o~_;..;..;..L _

(1-a/h)z

a/h

z
)d(Y/h)

1

f
a/h

( 1-Uh

Y/h

z
) ln(y/h) d(Y/h)

The integrale are computed by Binstein and eiven in graph

form in his original paper.

It is not certain that this procedure is the best.

The fact that a ver;{small bed roughnesB gives very high

values of the Buspended load due to the high ooncentration

of ca gives reason for suspicion. However, results from

model tests, and prototype could be computed with this

approach with a reaeonable degree of accuracy.
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When a littora.ldrift is interrupted by a.mole the bea.ch

updrift of thia obstruction will aocrete ...Due to the fact

that,the 1ittoral drift is in-'-errupted,+he coast down
drift of the mole will be er-oded,

This.erosion ia sometimes j:mt as dangerous as the accret

ion at the other side of the mole or moles.

The form of the beach ,1tboth sides can be computed in

an approximate way~ In order to do this the equations for

the movement of the beach have to be derived. To this end
two formulae can he used.

1) The O.E.R.C.-formula •
. -22_2

This formula, S = 104 10 Ho 0o~sin ~bcos~ b'

can for small values of ~b he written as

S '" f( cp b ).

So q :::dSjd<p=S/~ •

2) The more complicated formula of Bijker.
In this forrmilla,

v f 6. nc2 }S '" 5D-0 -vg exp, -0,27 -2~[~--U---=-2J
u v 1;iCl; vO )

S is for reaBonable great value ~f the transport about

proportional with the square of the current.

The longshore current vL' as generated by the waves
can be written as

•
sin rp b sin 2q>b

r

Also in this,case the transport aan be written for small
- .I"

values of <Pb as S:: f( cp b).
So with reaaonable approximation a180 in this case the

coastal constant q J:: dBjd cp equals s/q> 0

It is of course possible to compute the coastal constant q

exactly for any r~lationship between S and.~.

However, for the following procedure to be d.iscussed:

the coastal constant should be known as a relatively simple
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i' t i ...Ul1C- Ion 0 ... cp ..

'I'he littoral drift ,at a~! p.lace alone the coast can be
written as

s = S - q dyIdxx 0

in \'IIhich S .. li ttora.l drift at place x, S' .. li ttoralx 0
drift at the undi sturboo coas t , qe coastal constant and

dy/dx '"dir".:lctionof changed ooastline with the original

cOéLstline as ~eference.

F'or thc equilibrium in a direction perpendioular on the

coas t a compar'able formule. can be wri tten in the form

S I: q d ,
Y Y CL

in which S is the off or onahore transport, q .. dB/day y
is the coastal consta.nt for offshore or onshore transport

and a '" the angle 'between the actual and equi Lzbr-ium slope

of "Che innshore.

The approximate method diacussed here is of Peluard Oonsidêr-e

(R.Peluard-Considère: Essai de Thêorie de l'Evolution des

Pormes de Rivaees en Plages de sable et de galets:

Quatriême Journées de l'l~ydraulique, Paria 13-15 Juin 1954.
Les Enerp;ie de Is. Mer, (luE~stion Hl).

In this theory it is aS8umed that the coast moves forwards

with the equilibrium pr::>fileo Bakker gives a more sophistic

ated discussion of the problem in which it is not necessary

that the beach erows as an equilibrium profile.

(~".~l.,l.N.P. Bakker: 'I'he dynamica of a coast with a. groyne sys tem,

Ch. 31, Vol. 1; Proco 11th Coastal Engineering Conference,
London, 1968).

For the computation of t.he form of the accreting beach upcirift

of en obat r-uc t ion , two equa t i ona are required, v i z the equat ion
of motion (transport equat ion ) and the equat ion of coritInui ty ,
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~ ~
dx

-+'sx -!-.sx + asx dx
h

ax
- -- ----- t22J_.

at t:
1..

I
Ths equation of ooatinuity can be written as

as a
(s + __!. cix)dt- S dt = + ~t • h.d.x.odt.x êx x ot

as a
.-2f. _ Lr • h=;-Oa x at

The equation of motion is

Sx = So - q dy/d.x. = 80(1- ~ / cp),

since in this case it is assumed that q "" a sjoep = So/p

A combination of the equations of motion and continuity gives us

iz ...tl.ti 1
~ac2 5 at == - ,a

0

So • So/ q> h q/h •• a = ee

The coast moves forwards as indicated in the fOllowing sketch:
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-x o

This equation can be solved with the follow1nr, boundary
conditionào

S ",5x 0 for all valucs of x.

t)O x..O dy/eU. = + tg cp = + cp

S ",,0
X

x""_ 00 dy/dx ""°
s ",S "'~(\x 0 '..."

'I'he angle between the cr'esis of the breaking waves wi th
the undisturbed coastline (x::ooe ) is cp •
The solution of the differential equation is:

y ,., [ Y 4 at'
2

e-u + x -v;;-' e U J
for small values of cp 80 that tg cp = cp , and wi th
negative values for x.

In th is equation:

u :; / V 4 at'- Xi

oe
2EI 2 J -u du,u se r;r e

u
which is the probability intevral.
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[

CO 2
2 -u...rn Of e 'u du - of e

2-u du •

u 2-u dU} .
, 2

:1- V1t i"
uc> 2

The integral ,,4 f e -u du is tabulated.
o

This rather complicated equation becomes rather siaple

for x cO, where

OB = 2 qJ V at7n~

So OA' = 2 1/ atIn .. , and

Surface OA'B = 2 at qJ /1t.

The volume of sand deposited updrift of the mole ean

be written as:

From this follows:

surface 0A1B1

surface OA' 1B1

This relationship makes it possible to campute

from the length of the obstruction and the angle of

approach .of the waves t.ne quanti ty of material which

can be stored updrift of this obstruotion.

From the equation of the coastline follows the

approximation

OA '" 2.7 ~At.

with'this formulae it is posstble to say, when the

littoral drift along the undisturbed coast is known,

how long it will take befare the material will pass

around the mole.

When this point is reached the materi.al. will start to

move around the tip of the moleo
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For the movement of the beach the same equations hold true,

so the differential equation describing the form of the

ooastline ia again:

a

·__~==~~c~~~~~==~~Jo
.,_.. -x

D
+y,

IPhe boundary conditions in this case are:

x=o for all values of t : y = OD = constant

x=co S :0 S '"So q> ,
y=O for all values of x.

S is for t=O directed opposite to the direct ion of Sx~ 0

dUf!to thc ferm of thc beach with regard to the incoming

waves.
When f3 ., cp t the transport around thc tip, Sx..,o ' will be

zero, and later on it will increaso in tne aame direction

as S 0o

The solution of the equation :is with these boundary con

ditions:

y = OD e (u) = OD [ 1 - ~ ~t;

u 2
J -u d )e u

o

For the transport around the tip of the mole the following

equation can ba written •

s '" S '" S (1 - .& I cp ) := S (1 -13 lep ).x",0 ~ 0 dx 0

For ~ < cp ~ has the same direction as S
IJ~ 0

for ~ > cp S~ has a direction QPposite to S •
0
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'I'he accretion of beach material updrift of the male is:

increase of surf ace OCD.h s - S '"o x=O

Scp= So is a constant vaLue,

S~ = f(t) ai nee ~ '" f(t).

Accreti()n '" fC s - S )dt::o S
cp ~ cp f ~ / cp dt

']1hevaLue of ~ can be ca.Lcu La't.ed from the equa't ion of the

shereline.

-ei xirat)2, 2 1 ·v .,."
~ = d,y!dJ. c: Ti OD2V at' e

= ( OD/ V ~ at )exp - (} x1(ät)2 t>

Por x=ü ~ x=O "" ODIV nat'.

So Îrom this follows:

Accrelhion OD/ V·4 at' o dt

So surface ODC = accretion I h =

(So/ <p h ) 2 ODV tI n a I", 2 a OD V t7 rt a' = 2 ODV at/rr.

Surface ODC'. = t OD2/~ = t ODV n at

PTomthis follows

surface ODC
surface OD ct = 4/1t = 1/0.79.

In order to be able te tran~fer from one set of curves

(without transport around the tip of the mole) to the
other set (with transport aro~~d the mole) the two sur

faces OABand OeD must be equal.

So:

n /2 • OAtE = 411t. OC'D
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Surface DAtE 8
surface oe' D ""1t2 co ~ / <p ,

when OB c:: OD and with ~ '"on " ft at2' and

<p == ~ '" V ft!' t1 I

the following relationship between t1 and t2 is obtained.

8 OD 2, f a~1

1t2 :::r Z' • OB ft
,n a"2

1/ t17t~ '" 4/7tSo , and t2 ."0,62 t1•

So t1 > t2 ' which could be expeeted sinee the aocre1!ion

according to the second Bet of curves (t2) is achieved

with sand supply from both sides.

As lOl1¬ as the sand is not passing around the mole a

sand tranoport in a direction opposite to that of S
o

oecurs around the tip of the mole in the solution for the

second set of curveso

According to the two time scaLee t he t'oLlowing pat ter-n

is obtained:

Accretion
o

t (1 )8ca.le
13t set of curves

OB",OD
-----·-----------1

t1

Accretio~

t(2)scale2nd set of curves
p

L.<L_ 0 'l.8 t,_-- ,~ 1 0,62 t1

'iEt:{f----.:t (2) :~t (1) - 0,38 .1

From this f'oLl.owe tha.t in the second set of curves, des
cribing the rnovement of material around the mole,

t(2) c t(1) - 0,38t1 ' in which t1 is a value of the time

axis of the first aet of curves, that is of thc t(1)sCale,

for th(_"'time z-equär-edto reach the tip of t~le moLe,
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So the transport around the tip of the male according

to the second set of curIes can be written as:

St r:: S (1- e / m )
(1) 0 T

c: So

sa [ 1-OB/c:pV ft aCt (1)-0,38 t~) ] J:

80 [ 1-OB/ .N"á.t/~:l- 0-:-;8) ]

~oJith OB = 2 cp 0 V at1!1t' this becomes:

= S [1-o
2. ]."

1t1 t(1)/t1 - 0,38'

[ 1- 0.638 ]
.f t (1/t 1 - 0, 38'

I:: So

For t (1) = t1 the transport ar ound the tip of the moI e
is just zero.

Thiá is not in agreement with the above derived formula

since:

= so [ 1- O•.~ ] 1V0.62 >

This corresponds with the fact that at the moment when

the two surf'aces are equal t ~ < cp ,and therefore

sand ha.sto pass already ~round the tip of the mole ac

cording to the seoond set of curves.

'I'he f'ormu.Laehas to be corrected by an interpolation of the

surfaoes of b~ach accretion according to the two sets of

curves.

The results can be summarized as follows
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t/t1 s( ,Is corrected valuesxc:O) 0

1 0.189 0

1.25 0.315 0.298
1.5 0.397 0.394
2 0.498 0.500

3 0.605 0.607

L
4 0.665 0.667

5 0·703 0.704
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INTRODUCTION

In general , a harbour is a pl ac e whe re ships can load and unload their

cargo, and whe r e they ean safely enter under almost all conditions of

weather and sea.

An important point in the harbour design is tbe determination of entrance

de pth.

The de pth of the entrance IS determined by the following factors:

A) Waterle\'el

B) Draught of the ship

C) Movement of the ship

D) Safety margin } Under keel clearance

ad A) T'he waterlevel which is taken into cons id e r at ion is determined by

the frequency with which the ships enter. When the biggest s hip is

a 200 000 ton oil earrie r which enters only onc e in a few days, it

is acceptable that these ships need high water to enter. When it is

a ferry se r vi ceçhowe ve r , the ferry must be able to enter even at

low water spring t id e , Of course, a good estimate of th e required

depth eau be determined only af ter consideration of all factors,

inc l uding the loss of n10ney when a ship has to wait.

ad B) The draught of the ship is increased by the s qu at due to the speed

of the ship. Sorne time s the increase of the draught at the bow is

greater than at the stern (this is mostly the case with the carriers

which have a great bloek coefficient) and sometimes it is greatest

at the stern. The s quat is also determined by the available de pth

of the fairway. With velocities of four to fifteen knots the squat lays

in the orde r of magnitude of O. 1 to 1. 5 m. For the actual determi

nation, tests or recent information f'z-orn literature will be required.

ad C) Ship movement.

Under influence of the waves the ships win have the following



motions:

........ ~ 6_! __

z

heaving

pitching

rclling

swaying

surging

yawing

wave crest
direct ion of propagation of waves

These motions will increase the depth, depending on the ratio

between shipsize and wave motion, with a value up to several

meters.

Especially for large carriers with a great beam, the effect of

rolling can be very important.

When the depth is limited, the motion ai the ship is damped due

to the fact that the water between the ships bottom and the sea>

bed cannot escape. This is the ac -calted "cushion effect".

ad D) This safety margin must be small ior soft bottoms • medium

for sand, and rather large for rock bottoms. In general it varies

f r orn - O.1 or - 0.2 m for soft silt to 1 m ior uneven rock bottorns.
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For approach channels in shallow water with medium wave motion and

for big ships areasonabie gues s is that the required depth of the channel

is ten to twenty percent more than the draught of the ship.

WIDTH OF APPROACH_gy..~ELS AND HARBOUR ENTRANCES

The width of the approach channel is determined by the hydraulic con

ditions. Of course a channe l with a cross current of importance must be

wider than a channel in still wate.r. Also, the number of ships that are

expected to sai! at the same moment in the channel will determine the

width. 1t is difficult to give fixec\ data. As a genera! ruie one can state that

the path width required by a ship is about 1. 8 times the beam of the

vessel. Between two vessels meeting each othe r a distance of ahout one

beam should be kept between the two paths. In a channel with banks al

most up to the waterline, a distance of i. 5 beams should be kept between

the side of the bottom of the channe l and the path of the ship (see:

C. F. Wicker: Evaluation of present state of knowledge of factors effecting

tidal hydraulic s and related phenomena. Department of the Army,
Corps of Engineers, Chapter X, Design of channels for navigation.

The width of the harbour entrance itself should in principle have the

same width as the appr-oach channe l just in front of the entrance. However ,

in a long approach channel a meeting of two ships may be inevitable t

whereas this may be avoided in the entrance itself.

On the ether hand, touching of the breakwater ends will involve greater

damage to ships and pcaaibly give greater hindrance to navigatien than the

grounding of a vessel in the approach channel.

In order to prevent the ship !rom completely blocking the channel or the

entrance , a width slightly greater than the length of the ship may be used.

When a ship sails into a harbour and there is a current crossing the

approach channel , the ship will follow a course as indicated on the sketch.
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Due to the fact that on the moment of actual passing through the entrance ,

the bow will be in still water whereas the stern win be in the current, a

moment will be acting on the ship, forcing it to tu rrr, Sufficient space must

be available inside the entrance.

Moreover, as a general rule it can be stated that the approach line of the

bigger ships should be as straight as possible.

When a ship has passed the harbour entrance it needs a certain distance

to stop. In the case of sorne wave motion and currents in front of the har

bour the minimum velocity with which the ship can ente r wil! be in the

order of magnitude of six to ten km. In a harbour it is not possible to give

fuU astern since the ship will then sai! to starboard, (when the normal

revolution direction of the propeller is c.lockwi.sewhen looldng in forward

direction). It is therefore necessary that tugboats assist the ship in

keeping the right course.

In the following sketch a possible procedure is given for stopping a ship

of 100 000 tons in water of a depth of 1.4 * the draught, when sailing with
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speeds of ten and fourteen knots.

14
cc
~ 12
.§
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ti
ct> 2Pc
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0
0 2 3 4 5 6 7 8

Distanee trom entrance in km

A. Propeller turning free. No power.

B. Full astern. At a velocity of six knots this manoeuvre has to be stopped

due to the fact that the ship becomes unsteerable.

C. Propeller turning free. No power. Tugboats take over linea.

D. Half or slow astern with aid of tugboats for stee ring.

When a 130 000 ton oil carrier sailing at fourteen knots has to make an

emergency stop, giving continuous fuIl astern, the stopping length is some

3 or 4 km.

DESIGN CRITER!:ö:

For the design of a harbour project various design criteria have to be

adopted.

1. For the lay-out of the harbour w ith respect to geomorphological

developments (coastline, depths in the entrance, etc.) conditions which

occur more or less regularly are decisive. So in principle the average

conditions hold good in this case. How the value s describirig these con

ditions have to be chosen exactly is a difficuit question for the answering
of which a thorough knowledge of the physical phenomena of littoral

drift etc. ie required.
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2. For the Iay-sout of the harbour with respect to wave penetrations

and navigability of the entrance • conditions which occur once or a

few times a year are decisive. In this respect the economie 108s .

when ships cannot be loaded or unloaded has to be taken into account.

3. For the design of br eakwate r-s, etc. rarely occurring conditions have

to be taken into account, since for example severe darnage to a

breakwater every year is not acceptable. Such severe damage is

acceptable not more than once in ten to fifty years.

Howevez-, this can be zegarded only as an order of magnitude since

in this way na certainty at all is obtained that the most economical

solution is obtained. To this end. the metbod of optimal design should

be applied.

The prin.ciple of this method is that a more seldom occurring circum

stance as design criteria, 80 a higher design wave. results in a

stronger. and therefore more expens ive conatz-uctfon. However, this

construction will suffer less darnage and therefore require less main

te nance.
When the initial costs (I), the capitalîzed maintenance costs (M).and
the total casts are set. in a diagram against the design wave an optimal

can be obtained.

Costs

I

Design wave
H'

From this. it follows that the design wave should be Hl in this case.

When a lower wave is chosen, the "zeg ret " will be higher than when a

higher wave is chosen. When the data is not very accurate it is the re.

fore better to be a little bit on the safe sIde , that means that a design
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wave equal or somewhat higher than Hl should be chosen. This method

will be dealt with in detail aftel' the dts cue eIon of various types of

breakwaters.

Special attention should be given to the probability distribution of the

wave heighh. Two probabilities should be distinguished.

1. The wave height distribution in a certain period with a "constant"

wave height. Any wave motion. is a stochastic proceas and therefore
the wave height is never constant. This holde true even for a period
of for instanee three hours, during which the mean wave height neither
increases nor decreases. For almost all prototype conditions the wave
heights during a certain period are distributed by a Rayleigh distribution

In the cumulative farm

H
P (m3) =: 1 - exp

in which H is the wave height occurring with a probability of q, H is
q - p

the wave height which has a probability of exceedance of p, and H is

the mean wave height.

For H :: H500/0 any other value Ri %' sa al so Hs
applied.

= H can be
13. 50/0

However, the value H/4 in the exponent will have in this case another value.

f. i. for Hs the value Z.

The probability of exceedance is

H
p{g5) = exp I - "/4 (;t,z 1

This is indicated in graph form on the following page.

Accordingto this, a wave height which is "constant" during a certain

period may be expressed either by H H50%. H2% I or by the signifi-

cant wave height H being the mean of the highest one third, 80 H :::HA31M
S S -, "i-ra
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The percentage indicates the percentage of excee dance.

This could be caUed a micro distribution.

2. The various pez-iods with "c onstanr't wave height(characterized by

either HSO'o I Ha or Hi 0/0) are a180 dietributed.
According to some probability distribution this could be called the

macro distribution. This distribution is normally given in number of

oceurrences oHhis c onditdcn i~ times per year. During this occur rence ,

the wave heightwill still vary accordtng to the Rayleigh distribution.

The resultant probability of occu.r r'ence of individual wave heights can

be determined according to the following procedure (see akso A. Paape:

"Sorne aspects of the design procedure of maritime structures", SIl-5,

Int. Nav. Congz. Pa.r is , 1969).
.In a period of N successive waves let the frequency (probability) of

exceedance ofa wave height H • be p(H) (the micro distribution). Thep
probability that during a series of N waves the height H is indeedp
exceeded once or. more times is the encounter probability Ei'

Ei = 1 .. [. i - p(Hp) J

If the series of N successive waves and duration D is characterized

by the significant waveheightH with a probability of q{H ) times per
. S . 8
year and the structure has an as surned IUe time of L years, the en-

counter probability of occurrence of H during this life time is:s

E = 1 - [. 1 .. q(H .) ] L
2 .' s

The encounter probability of a wavè height >

wave condition H during the lifetime L is
8

H as a result of thep

In this procedure the history of the storm has not been taken into

account. Paape discusses in his above mentioned paper an example
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in which this history has been taken into account. The difference in

the final encounter probability is not very great. When no wave data

over a sufficiently long period is available, the waves ean be com

puted f r om wind data.

When wind blows over a water eur face over a certain lengtb (fetch)

the following history of the development of the waves wiU occur.

H

The wave height wiil increase with the distance irom the startpoint

of the wind, and for a certain point also with the time during which the

wind has been blowing.

Several formula and graphs have been developed by various investi

gators, starting with Sverdrup and Munk for deep water waves, and

Thysse for deep water and shallow water waves.

From a probability distribution of the wind, the distribution of the

waves can be calcul.ated. In this case the macro distribution of the

waves will be achieved. This ean be done according to the following

procedure which has been developed in cooperation with Nicks; a

participant in tbe course t67 - '68.

Cl - = probability of wind occur r ing from a certain direction

Sj. :::probability that a period with a certain wind direction is part

of a series of at least j consecutive periods irom the same

direction

y ::: probabiHty of a wind velocity with a given value.

For a wave height of H. it has to be calculated how this wave height. .. 1



10

can be generated, viz.

with velocity vii during one period and a certain fetch.

with velocity vi2 during two periode and a certain fetch.

with velocity vi3 during three periods and a certain fetch.

etc.

In this way, the various circumstances in which a wave height can be

generated under va r loua conditions of wind velocity , wind duration

and fetch are given. Only for the longer duration will the !etch limit

the wave height.

Now when the probabilities for the various circumstances of vii J "iz:
vB etc. are computed and added, the !ina! probability of the said

wave height H. is found. This can be done for vaz-ious wave heights
1

H.• and from this data a probability curve for the wave height is found.
1

In this procedure the wave period is not taken into account.

EXAMPLE

Say one hundred periods of wind data are available. For the direction

under consideration Cl :: O. 25 (25%), so for twenty -Hve pe r iods t.he

wind blows irom the considered direction.

These periods are assembied in the following groups:

6 periods as one single period :: 24 % :: Pi
6 periods in groups of two pe riods :: 24 % :: P2' so 3 groups
9 periode in groups of thre e periods :: 36 % :: p 3' 80 3 groups
4 periode in groups of 4 periode :: 16%=P4' so 1 group

25 periods

In order to obtain a maas distribution curve (accumulative curve) for

this probability. the following has to be taken into consideration.

The wave height Ri3 which is generated by a velocity vi3 during three

periode is occurring or exceeded during one period in every group of

three periods, so the probability is p3/3. This wave height is occurring



or exeeeded during two periods in every group of four periode, so the

probability is 2p4/4.

A waveheightHi2 oeeurring after a wind velocity vi2 during two

periods is oecurring during one period in every group of two periods,

60 the probability is pZ/Z. During two periods in every group of tbree

per-iods , the probability is 2p3/3 and during three periods in every group

of four periods the probability is 3p4/4.

From this the following table ean be drawn up

Probability that wave height Hi is reaehed or

exeeeded in groups of j periods

single pe riod

double period

triple period

quadruple period

Hi1 Bi2 Hi3 Hi4

Pi = 24
1

- - -
P -24 p2/2=1Z - -2-

12P3/3 = 24P = 36 I p3/3 = 12 -3
p =16 3p4/4 '"12 2p4/4 :: 8 p4/4 = 4 ,
:4 !

1000/0 48%

-J
20% 4%

ei 1 8i2 13i3 .8i4

The final probability of a wave height H. f rom a ce rt ain direction
1

r eached or exceeded is:

y •. is the probability of a wind velocity v .. required to gene r ate a
1J . _ 1J

'wave height Hi aftel' a, duration of j pe r iods . In thi s de r ivat ion it bas

been aa surned that the gr ouping of wind in various conseeutive periods. _.
is independent of the wind velocity.

One period is the interval between the various readings of the wind

velocities. Normally this is three hour s , In this case the number of
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periods during one year is 8 x 365 = 2920.

By this procedure it is possible to cornpute the probability by which

a given wave height H. ie reached or exceeded. By doing this for various
1

wave heights a probability distribution curve for the wave height from a

certain direction can be obtained.

BREAKWATERS OR HARBOUR MOLES

The function of breakwaters or harbour moles ean be the following:

1. Protection against waves

Z. Guidance of current

3. Protection against shoaling

(IJmuiden)

(Abidjan)

(IJmuiden, Abidjan, Maracaibo)

The lollowing possibilities exist for 1:

a) Pneumatic breakwater; an air bubbl.e curtain that forces the waves to

break.



b) Resonant breakwater.

In the harbour entrance bas ins acting as resonators decrease the

height of the wave penetrating into the harbour.

e) Hydraulic breakwater; a waterjet at sorne distance under the water

surface that forces the waves to break.

d) Floating br-eakwate r ; which consists of some floating and anehored

eons truction.
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e) Hoovering breakwater, which consists of a flexible construction of

sufficient aize which damps the wave by energy dissipation.

f) Real constructions like dams and walls.

Apart from band f , moet of the above exarnple s which wil! be discussed

later in fuU, are more or less temporary.

F'or 2 and 3 only rea1 constructions as mentioned under f can be applied.

These breakwaters or moles can be distinguished in three main forms.

a} Mound breakwater

b] Vertical breakwater

_-



c) Compos Ite breakwater

,... .,...,,.

The various. advantages and disadvantages will be discussed briefly.

ln deepwater the mound breakwater needs a great quantity of material.

The vertical breakwater is much more sensitive to movements of the

subsoil and damages to a vertical breakwater are more disastrous than

to a mound breakwater. Against a vertical breakwater very high, short-

.lasting, forces due te,waves breaking against the construction can occur

(wave impacts).

The composite breakwater has both tbe advantages and disadvantages of

the mound and vertical type. An extra disadvantage of the composite

breakwater is the fact that waves can be forced to break on the slope of

the mound and exert very high forces (impacts) on the veztdcaf.-walf of

the superstructure.

&QNSTRUCTION OF A MOUND BREAKWATER

A typical cross section of a mound breakwater is the following:

1. Cap construction

2. Armour units
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3. Second-class stones

4. Small stones or quarry run

5. Filter layer

(1) and (2) form the protection against the wave attack. The cap con

struction can 'Qeomitted and replaced by the normal armour units. A

cap construction is applied if' for one r-eason or another it is necessary

that equipment move over the 'c r est of the breakwater.

The armour units (rock blocks or concrete bloeks) should be sufficiently

heavy that they ca~ res,ist the wave motion. When the breakwater is

rather Iow, overtopping wiU occu.r and the inside wiU also be attacked.

This attack wiU he - above the water level - just as heavy. or even

heavier than at the seaside. The reason for this is the fact that the

stability of the inner slope is under attack of overtopping waves more

early lost that the stability of the outer slope which is artacke d by the

waves more perpendtcula.r on the slope. For this reason ten percent

damage of the inner slope is assumed to cause a tota! eollapse of the

breakwater, whereas the damage of the outer slope can be thirty percent

before a tota! collapse occurs. Only when the breakwater is so high that

no serious overtopping oceurs, ean the harbour side have lighter cove r

stones. Under the cover layer of heavy stones, smaller and lighter

stones can be applied. The only requirement is that these stones (3)

cannot be sueked through the cover Iaye r , and that they are sufficiently

stabie dur ing construction phases. Normally in the core of the break

water the waste of the quarry (4) will be applied. This has, moreover ,

the advantage of being almoat impermeable for sand. This can be important

when the breakwater has to stop a littoral drift.

When the breakwater is constructed on a sandbed, special precautions

have to be taken to prevent sand from being moved through the stones.

(This ean result from wave motion in the body of the breakwater).

To this end, a filter layer has to be plaeed between the rock bloeks and

the sand (5). 'I'hj s filter layer ean also be a fascine mattress if precautions

have been taken that this is sufficiently sandtight. Nowadays it seems also

pos sibl.e to use a woven cfoth of synthetic material as a means to prevent

the sand irom being sucked through the stones. It has to be eertain in this
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case that the stones cannot pin holes in this cloth. With breakwater.

in deep water more layers than indicated can and sometimes have to
be applied.
I

The filter layer is normally extended outside the toe of the breakwater

at the seaside, to avoid scouring. In order to prevent the filter layer

itself (which acts here as a bottom protection layer or revetment) fr om

being attacku too much by the wave motion in the case of a small

waterdepth in front of the breakwater, a layer of heavier stone s has to

he plaeed on this filter layer outside the toe of the breakwater.

For the eomputation of the s ize of the armour units several formulae

have been developed. One of the most well-known is that of Irribarren

which has been modified and improved by Hudson to the following form.

in whieh

W = stone weight in ton

H = wave height in meter

p = density of armour stones in ton/m3

A = relative density of stone under water = ( p - p )/ pw w
IC = coefficient ranging from three for rock to fifteen for artiffcial

units of special form.

a = angle of slope of breakwater.

This formula can be used to get a first eattmate , but never for a

definitive design. For a definitive design model tests always have to

be employed. In these tests the construction phases can a1so be studied.

In Tech. Rep. 4 of C. E. R. C. data about Kvalues for different circum
stances are given.

1t has been stated already that the armour units can be rock blocks or

concrete blocks. Concrete bloeks are used instead of rock bloeks when
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the quarry cannot deliver blocks of sufficient s iz e , or when no rock

at all is av ai.labl.e at reasonable prices. Bloeks of special form are

used when, as result of the equipment av ai.lable , the bloekweight is

limited. Due to the ir special form the interlocking of these artificial

armour units is greater, and therefore the K value can be assumed

higher. Another advantage is the greater porousity which results in a

smaller reflection and uprush. So in total a' smaller quantity of con

crete is used, however, at a .higher price per m3. Various types of

artificial armour units. are akrnos , tetrapods, tribars , modified cubes.

Of very great Irnpoz-tance..fo r the design of a breakwater constructed

of natural rock, is the quantity and s ize of stones that the quarry can
supply.

50 before the actual design of a breakwater starts sorne trial blasts in

. the quarry must take place.

Following, is an example of an optimal breakwater design' based on

the paper of V. d. Kreeke and Paape. For this procedure it is essential

that a breakwater which is designed to resist a certain design wave H ,. so
is tested with various wave heights in order to determine the damage

which occurs with va.r ious wave height > H . From these tests itso
becomes clear that one coefficient K eannot always cOz::l1.pletelycharae-
te rize a bloek.

This can be elucidated by the following example. On the graph, the

wave height is given on the ordinate, and the damage whieh results when

. the breakwater is exposed to this waveheight, at certain periods, is given

on the abscis. The damage is given as a percentage of the stones which

are removed.

H

8

10

6

4

2
1

1 2 3 4 5
% damage
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For a wave hedght of foux meters both blocks A and B have an equal

damage percentage and from that an equal coefficient K. When the

waves increase, the damage for block B is greater than for block A,

so A should be appl i.ed. When the breakwater is tested only for waves

smaller. than four meters, block B should be chosen since the damage

percentage in this case is smaller. From this very simple example

tbe conclusion must be drawn that Kvalues only , cannot be decisive

as a design criterium. The increase of damage with increasing wave

beight has to be the decisive factor.

The following two breakwater cross sections will he discussed now.

B
A tons

tons

~s secUon A

In this cross section considerable overtopping will take place. Damage

at inner and outer slopes wiU be almost equal. From tests it has to be

'determine how many stones (for instance expr es aéd as a percentage of

the total number of stone.s) may 'be rnoved before a total col Iaps e occurs .

.For the outer slope this wiU be in the. order of magnitude of thirty

percent and for the inner slope in the order of magnitude of ten percent.

fl"oss section B

The monolite construction will give suppor:t to the armour units of the

outer slope.

The failure criterium for the outer slope is thirty percent damage. When

there is considerable overtopping the construction will collaps since the

inner slope is barely pz-otected. For overtopping the wave run-up
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criterium of Hudson is used, as given in the figure below.

R-H
1,2 H
1,0 L
0,8 0,01
0,6 O,Ö5
0,5 0,07
0,4 0,09

Ot3~ __~ ~ __~ __~O~,1~1~~
1,0 2,0 3,0 4,0.5,0 6,0

cotg a

The' two cross sections have been designed for a design wave Hso = 6 m ,
which has a certain probability of occurrence. This states that the storm

which is characterized by a significant wave of this height has this proba

bility of occurrence •.
In th.e model test the damage is determined fol;' the following wave inter

vals.

H
1

s,<- <Hso
1.3

H
1, 3 < ___!_ < 1, 45 ~,H

so

H
1,45 ~ HS'

so

Ha in this case ,'is the signüicant wave height of the condition which is

adjusted in the wave flume. 1t is essential in this case that the wave height

spèctrum in the flume is equal to that in pz otctype,. .

For the various wave intervals the damage expressed in repairing costs

(~ W)will be determined and multiplied with the corresponding proba

bility (~p) of the wave interva!s. This is in principle equal to the average

yearly repairi~g costs over an infinite life time of the breakwater.

, The tota! repairing coats. when all damage is repaired immediately after

the occurrence, are t ~ p. ~W = s., When the damage is not repaired

immediately the damage is:

AW 'tota! collapse . pcollapse
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In some cases the latter procedure wil! give lower total maintenance

coats. This eau be , however, only the case wben damage at a second

event is independent of damage that has occurred earlier. This may

be 80 in tbe case of a rubble mound breakwater. It is almost never so

in the case of a breakwater with a more or less clos ed surface , for

instanee a breakwater protected with rock asphalt.

When total collapse occurs it is assumed that repairing costs are equal

to the original construction costs. This is probably a rather conserva

tive assumption.

In order to be able to compare the expected dainage per year s with the

construction costs , the damage costs per year will be capitalized. If

interest is added continuously the capitalized value (present value) of

a sum s to be paid after t years is: s. expo (- cS t/100).

Consequently. the capitalized value of the sum of the expected damage

.coats a to be. paid for the life time T of the construction (sum of all

present values) is found to be:

T
8 = s f exp (- s ti100) dt

o

in which cS is the rate of interest in percent per year.

For one hundred years

100 I8=-0 s(1-exp(~ó»=100S/ê

. For ten years and IS= 3. 5 0/0:

100 I I8 ::T 8 (1 - exp (- IS10»)~ O.3 100 s s

It is normal that for a shorter life time the capitalized maintenance

costs are lower. The expected damage repairing costs have to be

paid during a shorte r time.

In the following tables the various values have been listed.



· ;;~ :.. ..'



22

Table 1.

H 1<2 IH: <1.3.n=40/0 1. 3<H IH <1. 45 IH IH >1.45;
80 I 80· 8 80 8 &0

(pl) I Iel n=8% collaps

/lp AW lpAW Ap AW 4.p6WJ Ap AW ApAW

4 13900 5280 1.01 420 430
~2

860 40 -2 13900 5305.2.10 3.8.10

5 15220 6600 -1 530 80 -3 1060 -3 15220 401.6.10 4.7.10 5 2.8.10

5.S' 15900 7280 -2 580 40 -3 1160 7.10-4 159006.3.10 1.6.10 - 10

6 16540 7920
..2 630 15 -4 1260 -4 16540 32.5.10 5.2.10 - 1.8.1 0

Table 2.

H With repairing partial Without repairing partial
80 damage damage(m)

8= tAp. AW S.= 1~o 8 8 S

4 1000 30000 530 15900

5 125 3750 40 ..20'0

5.5 50 1500 10 300

6 18 540 3 90

Table 3.

H With repairing partial damage Without repairing partial damage
80

(m) I S K S I K

4 13900 30000 43900 I 15900 29800

5 15220 3750 18970 1200 1642.0

5.5 15900 1500 17400 300 162.00

6 16540 540 17080 90 16630

6.5 17200 100 17300 2.0 17220
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n = percentage of damage.

All costs are given in Dutch gUilders/m1

I = cost of construction

Iel = cost of cover layer

H = design waveso
IJ.W = repairing costs

S = capitalized repairing cost

K = total costs = I + S

With this metbod, a breakwater bas been obtained wbich has the minimum

tota! cost for the chosen type of cross section.

A most optimal design is, however, also possible in another aspect. viz.

a cross section of such a shape that severe damage occurs at various

critical places at the same moment. For instance, a breakwater of such

. a height and shape that collapse of the breakwater is due to complete fail

ure of the outer slope and the inner slope simultaneously.

When overtopping of the breakwater is allowed, the form of the break

water should be such that the waves wili cause ten percent damage at the

inner slope wbile at the outer slope thirty percent damage occurs.

Another approach is to choos e the height of the crest so that no over

topping occurs. In that case the inner slope can be covered with much

lighter stones. Appreciabie overtopping will·then result in collapse of

the breakwater. This collapse can then be compared with a collapse which

results irom severe damage (30%)of the outer slope.

In order to determine the failuré of the breakwater due to ove:ttopping the

information as given by Hudaon can be used (see figure on page 20).

For a value of H /L = o. 06. the run-up of the wave wilI beo 0

R = 1. 35 Hl -Vcotg ex~ in which H is the significant wave height

which is in this aspect the design wave height.

For the determination of the damage of the outer slope tests have to be

conducted which give the damage in percentages for a certain cross section

as a function of the wave height. This wave height will be 1.45 Hso, fÇ)ran
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armour layer of rock bl.ocks, H is the design waveheight;.that is theso . .
waveheight for which no damage occurs.

When both criteria are equal, the values of H for the two cases have
8

to be .equal. A wave run-up value equal to the height of the crest, h ,
above the water level, leads to:

h V..s...otg(1 i =
1.35 1.45 Hso

For a slope of 1 : 1"Î

h=·1.35.1.4'S H =1.6H·
'"\r:-::-t so soV 1.5

Another importan.t aspect of the breakwater design is the sequence of

the various layers with respect to the possibility oi construction. )This

. has to be studied then with knowledge of the quantities of stone of differ

ent sizes which can be delivered by the quarry. To this end a trial blast

at the proposed quarry site has to be made before the actual design can
start.

In the following exarnple the development - in history - of the design of

the breakwater of IJmuiden will be described. The various cross sections
are given on 'figures 1 t~rough 9 at the end of the lecture notes.

r

1. Original Cross section. Failure occurs due to damage at the harbour

side of the crest '(inner slópe).

~. In order to avoid this, these armour units have been removed.· In

order to proteet the much lighter rock blocks olone to five tons under

the first cover layer, these rock blocks. have been penetrated with

asphalt. DUé to the typ ic al Iay -out of the mole s , waves wiU reach the

inner &lope of the mole with crests almost perpendicular on the break

water ("strijkgolven" in Duteh) , resulting in the armour units in the

inner slope just below the water surface being attacked.

3. In order to avoid the necessity of penetration. the cap construction of

rock asphalt has been continued to a level below water level. When the

armour units at the inner slope move (due to the oblique waves) the

atability is endangered.
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4. In order to overcome these difficulties the inner slope is made

completely of rock asphalt. The disadvantage of this solution is,

however, that due to pressure differences at both sides of this

layer, it can be lifted. This layer the r efore has to be of sufficient

thickness and weight.

5. For this reason the inner slope is not covered completely with rock

asphalt, but only in spots. These spots incre as e the stability suffi

ciently without the danger of uplifting.

6. In order to avoid or to decrease the uplift forces the cover of rock

asphalt has been extended to the inner and outer slope of the break

water.

7. Since this breakwater does not suffer from overtopping it can be

lowered also.
8. In a later stage of this design development, the crest ha s again been

made higher in order to enable the transport of construction materi

als over this crest to the cranes standing at the construction area

at both sides of the breakwater.
9. This figure shows the savings in material (by the double hatching).

YJ1:RTICAL BREAKWATER

For the design of a vertical breakwater the ph.enomenon of wave ~mpact

is of great importance. This impact occurs when a wave crest moves

towards the breakwater with a velocity which is almost equal to the wave

celerity.
The fundamental difference with a normal- standing wave is demonstrated

by the following figure
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The wave impact force which lasts only a very short time is super

imposed on the normal, slowly-varying, pressure of the wave,

p
1/10 sec.

The value óf this impact force can be computed in order of magnitude

by the following method.

The hatched volurne of water hits the breakwater with the wave celer-

ity, c.
This mass is for a wave of 10 sec period and' 4 m height about 1O(length)

x 1.S(height) x 1000(density) = 15 103 kg/mi.

When it is assumed that the form of the impact force per m of break

water length is

1 . 3, K dt = ï P dt = d(mv) = 15. 10 . iON. s

From this follows if dt is 1/10 sec.

These extremely high values have never been rne.asuzed. This is

probably due to the tact that water escapes in all directions and the

value of the' mass that is stopped is about one.-third of the value assumed

here.
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When air is enclosed the decele r-atron goes 'more slowly, the value of

~t is appreciably higher and .therefore the value of P is smaller.

The two possibilities are shown Onthe sketch bel ow

In most cases the wave A is much more impressive since a great

spoute r occurs w?en the enclosed air escapes.

To compute the effect of the wave impact forces, the total breakwater .

and bottomhas to' be regarded as a rnaas vspr ing system. Only the ., , .. .

value of the dynamic prea~ure P will be taken into account. The prin-

Ciple of this computation will be demonstrated ior the verticalload and

movement. ';rhe load will be achematized as a block function.

For the various blocks with value p- the move - .

ment of the mass-spring aystem will be anal

yzed. P is the vertical component of the actual

load on the construction.

load the vertical movement of the breakwater is z. When c

is the elasticity constant of the soil the pressure which is .exerted by

the soil on the constructfon is a. c. In reality the s'oil does not behave



, .. -,
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as an elastic medium. The force displacement diagram is as shown

in the sketch.

Load P

1-J,..,.,_---1~~ 2
34

1t is possible that after some time the curves for loading and unloading

wiU be almost identical.

For astatic load the equation of motion of the breakwater in a vertical

direction is

P + (mb -p b.h.)g - C.z. = 0,r w

in which mbr = maas of brea,.kwater, Pw = density of the water. b =width

of breakwater, h = depth of water, z = vertical displacement of break

water, c = elasticity constant of soH.

For a dynamic load the mass -acceleration of the breakwater and the

soH moving with the breakwater (ms) have to be taken into account.

The movement of the soil decreases as its distance irom the. foundation

of the breakwater increases. For m an equivalent mass is introduceds
which moves as one rigid volume with the displacement of the breakwater.

The energy in this virtual equivalent mass should be equal to the energy

of the real mass of the soH.
Wb.enonly the forces due to the dynamic load are taken into cons ide xarion,

the. equation of motion of the breakwater becomes:

..
P - (mb + m ) z- c z = 0r s



The solution of this equation is

z = P (1 - cos w t), in which
c

,
In this solution the Îorces' in the ground vary irom pos rtive to ne gatrve.

O! course in: nor~al soil thi s ~s not possible, due to the statie l.oad ei

the slowly vaz-ymg wave fo r cee ànd the rnas s of the bre akwate r.

The force whäch is exe r-tedby the breakwater on the subsoil is:

K = P - mor ~ = P .r
l

mbr
1 - --:::;.::._

m +m.. br s

1
cos (I) t I. ~ J

J

The maximum force which is exe rt ed 'oy the br eakwate r on the bottem

is:

P (1 ~r
-r )m +zn.' br s

m
.The value 1 + - br = X = enlargement factor.l'nb +mr s

Ii it is assurned that the dur atáon of the block i'unction ? is iniinitely.lon~,

the fofl owing extreme values of.t X aré pos s fble ..

x = 2., for a great rna s s of the breakwater as compared with the virtual

mass of the soil. This will be the case for rock bott orns .

X = 1. for a light breakwater • on soft soil , so with a great equivalent rna ss

.ai the soil as compar éd with the mass of the br eakwate r.

The variation in val ues of w wiU be as follows.

lar ge w for hard soil; gre at value of c and small value of ms

srnal l w ioz soit soil, small value of c and rather great value óf ms
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____ : Registrated wave impact laad
___ : Sch.atised waveimpa.ctload

~~--~~~----~~~---- t
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For a breakwater the following values for T = 2 'Ir/w have been com

puted.

hard soil: T = O.04 sec.

soft soil: T = 0.4 sec.

For a real wave impact the following procedure would be followed.

In the first figure the wave impact load as it acts on the construction

and as it is schemat ized is indicated. The second through the fourth

figures give the force as exerted by the breakwater on the soil when the

factor X= 1. 5.
The last figure gives the total force exerted by the breakwater on the

s ofl •

.~UMATIC BREAKWATE~

The principle of the pneumatic breakwater is the generation of a current

against the direction of wave propagation.
Through this current the waves are forced to break and 50 they will lose

the ir energy. When they are not forced to break, the waveheight wi11

become greater in the region with counter current, but this height will

again decrease in the region with a current in the direction of propagation

of the waves.



In order to calculate this phenomenon, a wave tr~vel1ing from an

area with n.ocurrent irito an area w~th a current aga:inst the dire ction

·of wave propag~tion. will be fol lcwed.

11) = ck 11)1 I: ctk' .

It is necessary ior both systems that the period related to a iïxed coor «.

ciinate system is equal.

The relationship between e , c , k and hare physical and related to t:-.(!
.medium.

In the case oi counter current v, this relationship holde for a cooz-dtnate

system moving' with v. For transfol'mation to a coordinate system which
, ., - ~.." . '. . "

is identical to that oi the approaching waves, the relationship X,I:: X t vt
holds.

When this Îi introduced in the cosine funct.ion:

x ,cos (k'x". w't) mis Ïunctien will be

XCOS {k'(xi-vt).w1t} = x ces [k1x (wl-k:V)t)'

So the new Cü, with respect te tbe coordinate system fixed to that of the

approaching waves I is w' - k'x and must be equal to W',

We can rrowwrite:

2 Z '
w' =( w+k'x) = g k' tghk'h



Flor deep water, k'h::: 1, 80:

('á!' + k 'v)2 :::gk ", from which follows:

k ' ::: - ,2 w v + S ±
2- 4 v

2'
(IJ

The value of k' can only exist if

222(2 w v - g) :> 4 v w •

or if:

v !.g/4 (I) :::: C /4. with c :: wave celerity in undisturbed deep water.
o 0

50 when the current ia equal or greater than c /4 the waves cannot exist,
. 0

that is. they will be forced to break. In that case. a considerable energy

diBsipation will take plac e and the pneumatic breakwater win be effective ..

In the case v <{ c /4. the waves will not break and no energy dissipation
o

and consequently no wave attenuation will occur. This will al s o occur in

the case the waves are longer then expected.

In the case of shallow water the relationship between (I) and k ' is not so

simple and has to be solved by Ite r at ion.

The relationship in this case is

2
(1)' ::: (w + k'v) = gk' tgh k'h::: g'k'.

In order to be able to follow -the same procedure as for deep water waves

I tgb k'h ia writteB'a" s'. So in this case the requbement for tb. current

velocity v , with respect to e" is

. v ~ gl/4 W ::: (g tgh k'h)/4w
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From this equatron, v cannot be eolved in a simple way since k' is

a180 a function of v.

This relationship ia

2( w + k 'v) = gk' tgh k 'h.

For very shallow water. that is for values of tgh k'h = k'h the equations

become

v .!.gk'h/4w and

Z 2( w + k 'v) = gk' h

This can be written as:

2 2(gh - 4v) = O.

The. equations cannot be solved when v ~ t ~ = t co' where Co is

in this case the celerity of wave propagation in shallow water without

counter current.

When the equation8 cannot be solved, the wave in the area with counter

current is non-existent. The physical meaning of this is that the wave is

forced to brea.k.

For circumstances between deep and very sha.llow water the two equations

a( w + k 'v) = g k' tgh k' h

v = (g tgh k'h)/4 w

have to be aolved by iteration.
Thi. iteration wil! now be executed for a specific example



h=1'Om H=3m T:;:8sec (1)=0.79

(1): (2) (3) ,(4) (5) (6) (7) (8)

L' h klh tgh k'h gk'tgh k 'h klv 2
LI

V (w +h'v)

70 . 143 .90 •72 ~~6~ 2.2 .20 .98

60 .67 1. 05 ,. : 78 • BZ 'Z.4 .25 1,.08

50 ~20 1.26 .85 • 99: 2.6 " .33 1.25

40 .25 1.57 .92 '1.44 2. 8 . 4"'- 1. 52. .
30 .33 2.07 :97 Z.03 3. 0 .62 1.,98

L' ,is estimated; via a rough computati on for deep water L ~ 1. 56 T2,o
.and this wave length must be considerably shorter s ince the water is

shal19w and :here is 'a counter cur,rent. From LI, the values of hiL','

k'h. tgh klh and gk'tgh k'h are calculated. These values are also tabu-
, "

.Iated in T. R. No. 4. With the second of the two equations, v is now

computed, and from this value ( (ll + k~v)2 is d~termined.

Accorèling to the first equation this should be equal to gk'tgh kh, ,

Fro~ comparison between the col.umns (5) and (8) It fol.lows that

v :;:2. 9i mis meets both equations.

, In, the foregoing the wave height is 1'...ot taken int o consideration. When
, '

this is done, there may occur a situation in which the oncornmg wave
" " . 4· .

is already S9 steep that .sorne shortening oi the waves (due -to the counte r. ,. . .
, "

current) wiU inc reas e the s te epne ss beyond the limit of stability and sa

the waves wil! break. E:or this computation the transport of the energy

has to be regarded s ince the wave heightis'also changing when the wave

cornea into the area with a counter current.

The energy transport equation is

C E=C'I EI-vE'.
gr gr

where c • and E I are the values for 'the group velocity and the energy
, gr

per unit of. suriace in the area with counter current.
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. For deep water the equation becomes:

t c E = (t c ' - v)E', w"here the index 0 indicates the undisturbed wave.
00·

So: E 'IE = 1.c /(1. c ' - v)o .2 0 .2

Since E = 1/8 p ghZ,

E '/E = HZ/H .2.
o 0

From this follows:

H'/H = -v 1/(c'/c - Zv/c ) 1 •o 0 0

cic = i' k /k", as can be found bom the basic formulae ior the celerity.o V 0

From the relationship between w an k ' the iollowing equation can be

derfved, ueing the relationship for deep water: c = g/w.
-zwv+g.±~ (Zwv_g)Z_4vZw Zl

~ =~ .'
k (AlZo

From this the increase in wave steepness. that is

8 'Is = CH'/HHL /L') = (H'/H )(k'/k ) can be computed as a functiono 0 0 0 0 .

of v/c .o

This is a rather Iengthy computation which gives only a considerable

decrease in the required velocity v.for rather high initia! ate epnee s,

For normal use it is therefore sufficient to use the first described pro

cedure which is based on the possible .exiatence of a wave when it is

met by the counter current.

In order to design a pneumatic breakwater, it is necessary to determine

the air dis charge required to generate the current, which can give the

required horizontal velocity. In an empirica! way the following formula

is obtained:

v = 1.46 (gq )1/3 (1 + h/h )-1/3. in which
o a
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v = horizontal velocity of the water at the surface in mis, h = depth

under the surface of the air discharge pipe,. ha =: atmospheric pressure

in meters water column, q = air discharge in m3/m/s at atmospherico
pressure and g = acceleration of earth gravity = 9.81 m/s2.

In this case the _current generated by the air bubbles can flow out ip. two
directions.

This velocity cannot be dete rmiried without iU:rther precautions !rom

models, since the air bubbles need two meters to zeach their equilibrium

speed.

This is the reason that the original models in which the air dis charge

was scaled down according the Fronde scale, gave pessimistic results.

The above mentioned formu_la can be s.implified to:

qo = (v/2. 6)3 for dubbl.e out flow

/
3 .

and q = (v 3~2) for single out flowo

In order to compute the required power for the air plant, the following

procedure has to be followed.

For the supply of the air at a depth of h m tbe air has to be compressed

from h to h meters water column. When the temperature of the air is• a_
assumed to remain constant (whrch is certainiy allowed due to the sur-

rOl,lndingwater) the product oi volume and pressure -ofthe water remains

constant.

50: q h = q. (h + h.), in which q is the air dis charge at atmospherico a 1 alO
pressure h • and q. = the discharge at a depth of h. below the surface.al_ _ 1
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50. q .. =
1

The required power is

h

P = pg J
ha.

h
q. dh. = p g (1. )

o

I
hh

P = P g h q 1n (h + h.)a. 0 a 1

a

Whenh. % t ü m,a

p = P g 10 qo 2,3 {log (10 +h) - log 101

P = 2.3 o g qo t log (10 +h) - 11 watt

Example

A wave' of 8 sec (c = 12,5 mis in deep water) has to be stopped by a

pneumatic breakwater which has an air dis charge pipe at a depth of ten

meters below the water suriace. The required horizontal veloèity 'is

v = 3.1 mis.

For an out flow in two directions the required air discha~ge is

q = (v/2,6)3 = 1.7 ro2/s.

When the pneumatic br eakwate e has a length of 500 m ,

Q = 500 x 1,7 = 850 m3/s.

The required power is P :::850.23 104 (log 20-1) :::59000 kw. When this

breakwater has to work during 400 hours per year and the price of the

electricity is f, 0, 07/kwh. the exploitation costs of this b'reakwater will

be with an efficiency coefficient oi tbe plant of 0,7;

59000 . 400. 0,07/0,7 = i. 2380,000/year.

This surn is so high that ior normal use these breakwaters are not a

feasible proposition.

Asolid breakwater of this length will cost about 500x40 ..000 = t. 20, 000. 000.
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With an interest and attenuation pe r ce ntage of ten percent the yearly cost

of this breakwater wiU be f. 2. 000. 000. -. which is in the same order of

magnitude.·

More information can be found in D. H. L. pubi. 42, "Increase of effeetive

working time during,operations at sea by means of movabie struetures ",

by J. J.: ViJ.ljé. In this publication more references are given.

Other temporary means to decrease wave heights are flóatbig breakwaters.

A p08si?le 8oIution is the following construction.

z
h

Two f108.ts (cylinder8) are connected by a construction which supports

a vertical screen or bulkhead. When the distance of the cylinders is

rather great there will hardly be any move me nt of the vertical bulkhead

and the construction will have its greatest obtainable effect. 1t is,

however, a180 possible to decrease the distance of the float s to such

an extent that, a1though the screen is moving, it has a sufficient wave

damping effect. To this end. the own frequency (period of oscillation)

must be appreciably greater than the wave period.

The decrease of the waves ean be described for a non-moving screen by

2k(h-z) + sinh 2k(h-z)
2kh + sinh 2kh

in which Ht = transmitted wave height and Hi = incident wave height.

~his sort of floating construction is named "smalt width platform".

Their damping' effect results fr om the depth of the construction.
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Other possibilities are "large widrh " platforms. In that case the damping

effect results hom the length of the construction.

There are three different types of this construction:

a) completely flexible, for instance a synthet ic folie. pack Ice (!). th in
oil Iaye r ;

b) partly flexible, like a fascine mattress;

c) r igid , for Ins tanc e a cais son.

ad a) The attenuation of the wave h7ight is most probably the result of

friction between the 'rooving water and the folie.

ad b) In this case the damping effe~t resUlts f r orn a combination of friction

and vertical pressure. For a completely fixed plate the following r e.lat.ion-
1 .

ship holds Ht/H. = À I( À 2.+ 1T 2. w2.fä. in which À = waveIe ngth and w =
1 .

width of the construction.

ad c) Also in this case the own oscillation period of the caisson determines

the damping effect of the construction.

The iollowing two formulae give the wave height attenuation for bulkheads

emerging irom the bed or [rom the surface.

For a bottom screen.

Ht =
H.
1

1 _ 2.k(h-z) + sinh 2.k(h-z)
sinh 2.k(h-z) sinh 2k

1 + 2. kh
sinh 2. kh

For a surface screen.

Ht = y 2.k(h-z) + sinh 2.k(h-z)
H. Zkh + sinh 2.kh
1
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From a specific example the following results are obtained.

-1k = O.08 m 'L :: 80 m h = 10 m.

2kh'= 1.6' sinh O.08 = O.08 sinh 1.6 :: '2.4.

For a bottom screen this gives rit/Hi = 0.6; so forty percent damping.

For a surface screen this gives

So eighty percent damping.

In D.H. L. Publication 42 the following information on damping of waves

by slabs is given:

length slab
wave length

2

5

10

0.8

O. 5
, 0.2

Another type of flexible breakwater is the .hoover ing breakwater. These
are bags filled with water. The damping ~ffect is probably caus ed by a
wave which is generate.d in the bags and which is not in pha.sewith the

incoming 8urface wave.

Fixed construetions. other than normal breakwaters , are arrays or rows
of pile8, ánd movable, partly submerged constructions.
Pile rows are not very effective since the energy that is transmitted is
proportional with the relative opening between the- piles. So when the dis-. .
tances between the piles is equal to their diamet'er, the transmitted
energy is !üty percent. Since the wave energy is proportional with HZ•

the wave áttenuation is only O.7.

Nfovableconstructions which are placed on the bed can have the following

form



zsteel steel frame

increase th~ resistance against sliäi~g

In D. H. L. Publication 42. results are given about the effect of these

constructions.
Only when the top of the construction almost reoaches the surface is the

effect appreciabie; that is, about fifty percent.
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