&)

This method is an application of the S-M-B method to the m'oving wind field. Using
the H1/3 —t-F—Tl/B diagram, the progress of wave is followed in F-t plain and the
growth of wave height and period of significant wave are represented in H1/3 -F plane
and T1/3 -t plane, respectively. Figure 4-1-2 depicts the Wilson diagram, applying for
Cyclone "Val" with the observed data which is 970 HPA for the central air pressure,

75 km for the radius of maximum wind, 34.17 m/sec for the maximum surface wind,

and 7.0 m/sec for the forward speed. Cyclone "Val" is assumed to attack Rarotonga
from N20W. As shown in the figure, the sig'nificant wave height is H1/3 =97 m,
and the corrcspohding wave period is T1/3 = 13.5 sec. Noteworthy to say that
another calculation by Kirk (1992) using CERC model with the same condition gives
Hi/3=1121m and_Ti/?; =12.97 sec at the radius of maximum wave within the
cyclone. From thesé results of two different analyses, it is very difficult to conclude
how the value for the 100 year wave is determined. Hereon, as the CERC value of
H1/3 can be assuricd to be the 100 year wave height, and the value of T1/3 by the
Wilson's method is sufficiently close in that by CERC model, the offshore wave
period is defined T1/3 = 13.5 sec.

Design Waves
(a) Water Levels

Reliable estimates of water leve! changes under a storm condition are essential for
the planning and design for coastal protection works in order to determine the
design water level. The sea surface during a cyclone fractuates according to the

reason indicated as the followings.

- Astronomical tides

- Inverted barometer effect

- Wind drift effect (Wind set-up)

- Wa_vc breaking effect (Wave set-up)
- Surf beat

Therefore, the total water level is defined as:
W.L. = M.H.W.5. + 7ps + MW + 1 + 7|58 - [unit = meter] -—-------- 3)

where M .H.W.S. = mean high water level at spring tide, nrs = sea water level
rise by inverted barometer effect, nw = wind set-up, 1 = wave set-up, and
nss = surf beat amplitude.
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Figure 4-1-1 I_)istribﬁtion_of Offshore Wave Height (by Kirk)
Table 4-1-1  Significant Wave Height for Return Period (by Kirk)
Slgmﬁcant Wave Height Estimated Return Period
() (Years)
Wave Height of more than
2.34 2
5.54 5
7.37 10
9.40 25
10.75 50
11.98 100
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The astronomical tide pl’oduces a periodic rising and:faliing of sea level once or
twice a day by the gravitational attraction of the moon, sun and other astronomical
- bodies acting on the rotational earth. On the sea of high tidal variation, the
po.sili()n of wave motion migrates constantly, and a wide strength of beach
thereby comes under the action of waves, The tidal range is the most essential to

enact the design criteria of co_aétal structure. | '

According to tide tables, the tidal levels in Rarotonga are shown as:

- MHWS ~ +0.4m
'MHWN  #02m
MSL (= DL) +0.0 m
MLWN 02m

CMLWS . .0.4m

Durin'g the p'assage of a cyclone, the sea level rises severely due to the inverted
barometer effect. The water level rise is expressed by the following relation:

TR L < S — (4)

where Pn = atmospheric pressure at infinite distance (1,013 HP), and
Pc = central atmospheric pressure in HPA.

The central atmospheric pressure of cyclone is usually expressed using the
maximum wind speed during a cyclone as:

PC = 1,015 - (Unman/S.2)Pemerssmmmamenmearsmenmmmemnemene S— (5)

The water level rise in Cyclone "Sally" was estimated to npes = 0.3 m. During
Cyclone "Val”, it is estimated that nrs = 0.43 m at Rarotonga where the central
atmospheric pressure Pc became 970 HPA, and 1ps = 0.68 m by the pressure
reduction until Pc = 944 HPA observed at Pago Pagoin American Samoa.

Onshore winds cause the sea level rise which begins from the edge of the
continental shelf or the sea bottom slope. The amount of its rise increases
shoreward and atrain the maximum Ievel at the shoreiine. The sea ievel rise by
wind set-up on the sloped bottom is expressed as: | |

nwi = k1 U2 cot o In(h1/hz) —--mmommmmmmeee e [unit = cm] - (6)

where ki1 = 4.8 x 103, U'= wind velocity (m/sec),'a = bottom slope,

hi = upwind water depth (m), and h2 = downwind water depth (m).

4 -6



When the sea bottom becomes flat in the shallow water region, the wind set-up is
calculated by the following equation. '

nwa = - - o= [unit = emj-r-emmemmemeeee (N

where' k = 4.8 x 102, F = feich (km) and h = water depth (m). For the
design purpose, it is reasonable to assume that the value of wind set-up is a sum
total of w1 and nw2 over a coastal lagoon, i.e. nw =nw1 +nwa.

‘The estimated fesult of cyclone wind speed at the north coast of Rarotonga is
shown in the report by Kirk (1992). The cyclone wind speed for the recurrence
interval is expressed as:

U199 = 1,456.265 + 2,046.05 Log Y- [unit = knots]--------- 8)
where Y = recurrence interval in year.

The mean water level decreases and increases relative to the still water level
caused by wave action only. The distinct is made between the zones outside and
inside the breaker point.

Outside the breaker point the flow is considered irrotational, except near the
bottom where share stress extracts energy from the wave regime. The calculation
of the changes of the mean water level outside the surf zone is facilitated if the
effects of the shear stress are neglected. In that case wave set-down outside the
surf zone is calculated theoretically derived from the radiation stress concept by
Longuet-Higgins and Stewart (1964) such as:

. _
R ¥ an s ©)
where k = wave number (27/L), a = wave amplitude, and h = sea water
depth. Inside the breaking zone, energy dissipation must be taken into account.
Wave set-up is defined as the super-elevation of the mean water level over normal
surge elevation due to onshore mass transport of water by wave breaking alone.
Some formulae for wave s set-up arc derived by Longuet-Higgins and Stewart
(1964), Bowen et al. (1968), and Battjes (1974). The calculation techmquc is
discussed in the following sections.

Numerous ficld experiments have shown that low frequency oscillations (periods
of the order of several minutes) can be found in the surf zone when incoming
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waves approach a sloping beach, The closcr to the coastline, the more th]S feature
is pronounced. These low frequency mouons, Wthh have been termed surf bcat

have ever been reportcd to exceed the magnitude of the breakmg wind waves. It
is well known that groups of short waves induces long (low freqncncy) bound
waves which are phasc-locked to the short wave envelope and travel with the

- group velocny "These bound waves are known to be a possﬂ)le source of surf
“beat. Usually surf beat is a mild and slow sea level change However, on a coral

rcef it causes severe damages against coastal sn_-uctures becduse of extraordinary
high surge. Fujinawa et al. (1976) proposed an empirical formula on amplitude
of surf beat based on data collected in a coastal field:

nss =0.115 Huw\!Hmo/ e e e i e e (10}

where, Hf/w = highes_t one-tenth wave h:eight; h = water depth. The period of
surf beat is also estimated as:

Tsg=7.0 T11x0—~-;~-_ --------- o oo e Gt ('11)
where, T1/10 = average of highest one-tenth wave period. _

Figure 4-1-2A shows the cross sectional view of water level rise by astronomical
tide, atmospheric pressure reduction, wind se’t-up; wave set-up and surf beat,

Shoaling, Refraction and Brééking on Sea Bottom Slope

The computation on shoaling, wave set-up, average wave height, significant
wave height, and maximum wave height on an arbitrary sea bottom slope is
carried out using the computer program BREAX which was deﬁelopc’d by the
coastal engineering group of Pacific Consultants International. Its input data is
the offshore wave characteristics (His and Ti3) and the angle of sea bottom slope
(6). The shoaling coefficient is calculated by means of finite amplitude theory
derived by Shuto (1974). Nearing the breaking line the wave height increases.
In order to solve the height of wave which breaks on the sea bottom slope, the
empirical equation proposed by Goda (1973) is used:

E’ =A{1l-exp[-l. 5-——( 1 + 15 tan%30 )]}------_- --------------- (12)

where Hb = breaking wave height, Lo = deepwater wave length, 8 = the sea

bottom slope, and A = empirical constant taken to be 0.17.
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The wave set-up theory is based on the radiation stress concept by Longuet-
Higgins and Stewarl (1964). Neglecting the effect of the bottom shear stress,
wave set-up is obtained by solving the following differential equation.

m_ 1 d 1 [ 4mh/L
&&=y ox U g WO Sian@mbymy ) I (13

The incident wave refracts when it approaches the shallow water region with
ch_anging the wave direction to the depth contours. The refraction coefficient and
angle are obtained from a table shown in the Shore Protection Manual (1984) if
the depth contours run parallel to the coastal line,

Wave Attenuation and Wave Set-Up on Coastal Lagoon

Wave breaking on the north coast of Rarotbnga is a complicated hydrodynamic
process. A similar phenomenon may be experienced when a bore enters into the
shallow water region or the river mouth. The energy in the bore is dissipated in

three different ways:

- Internal and bottom friction in wave train
- Viscosity
- Turbulence

This similarity can be used to analyze energy losses in breaking wave. Of the
three dissipation mechanisms the loss due to turbulence is the most significant one
for breaking waves. Therefore, the important energy diésipation under the field
takes place by wave breaking (turbulence} and bottom friction. '

The differential equation for the loss in energy flux is written as:

%f—= T T T U (14)

where F = 1/8pgH?, and &b and er = mean ratio of energy dissipation per unit

of area due to turbulence and friction, respectively.

Mean ~AFf thna ;nnine nhinntisrnn A thio otiedar o o raernmtifor thn roomantiosn boaoo
SRR WL I LAV U JUVHIVED UL LD DHEUY 10 10 Uuailllly HIC IWOpPLLIYL VoD

coefficients from field observations during cyclones. The values of ef and &b are

.. defined by:
£p = —(:—pgcoH2 ---------------------------------------------------- R (15)
8mN2



(d)

2 7H
Bl = gfw a (Tsmhkh)

where p = sea water densny, € and fw = friction coefficients, @ = 2x/T.

The precise momentum equation of wave set-up on a shallow water lagoon must
inchude radiation stress and mean shear stress such as:

9S on |

ox + pgh ax T Qe (17)

where S = radiation stress, and T = mean shear force exerted by fluid on the

bottom, being positivc in the direction of wave propagation. :

Equatlons (13) and (17) are solved 31multaneously in every 5 x on the coastal

lagoon using the computer program BORE on the basis of finite difference

" method. The coefflcients 4 and fw in. (15) and (16) may be determmed by field

expenments
Wave Run-Up

Takada (1970) proposed formulae for wave run-up on a beach slope or a sloping

revetment, as shown in Figure 4-1-2B.

For a critical condition upon which wave does not break on the slope, the critical

angle ac is defined by the following equation.

@ Sln aC HO _____ ) _____;___,_‘___‘______________________-_ ______________ e ( 18)
\‘ n yif Lo

For non-breaking condition on the slopé, o > oc, the run-up elevation is
obtained by:

- [\F B D I — 19)

where R =run-up elevation, H = wave height at the toc of revetment,

Ks = shoaling coefficient, and ns = run-up elevation for vertical wall.

If the wave breaks on the slope, & < ac, the wave run-up elevation is calculated

by the equation:

4-10
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R L ns Cot 0.C 5p
-—=‘fm+ e 1) ] KS () e 20
Ho Y (H )] S(COtO\'.) (20)

In the case of bore wave, it may be assumed that njs = 2H.

Wave Calculation on Cross Sections

A matter of primary importance is to adapt the model with changing the value of

- parameters in above formulac for several observed facts. The value of the friction
_ factor of fw is calculated in the BORE program from the ratio between the bottora

roughness estimated from the site and the maximum horizontal displacement at the

bottom. Normally, in the procedure for selecting the most likely value of the

pérameter {, laboratory and field studies are necessary. Hereon, JICA report
(1987) and a photography are used by evaluating { on the north coast of
Rarotonga. The previous JICA team investigated the wave run-up height from

the vertical wall at the airport to the sea side of Health Depaﬁment. In addition,

one photography shows the run-up elevation at the coastal road near the edge of

the airport runway when Cyclone "Sally” was approximately 300 km north-west

at 4 p.m. in January 1, 1987.

The cross-sections chosen for the purpose are, therefore,

- Coastal road running around airport (Section 5-4)

Meteorological station (Section 4-7)
Mobil fuel depot (Section 3-2)
Health department (Section 1-2)

In Table 4-1-2(a), (b), the éomputed run-up elevation for an appropri.ate value of
{ is compared with the observed run-up elevation. Input wave condition is
Himax = 8.2 m, T = 12.5 sec for the coastal road near the airport runway, and
Hmax = 12.2 m, T = 12.5 sec for the Meteorological station, Mobil fuel depot
and Health Dep_artment. In the table water level rises are calculated with the
equations (4), (6) and (7) applying measured atmospheric pressure and wind
speed during the cyclone. Equation (10) computes surf beat amplitude at the reef,
On this calculation, the highest one-tenth wave height (Hiso) is equal to
1.27 Hip, and the water depth (h) is the reef depth.

In the following, a calculation'of the 100 year wave run-up elevation is carried out
in the extensive area of the north coast. Coastal sections chosen for this study are

seven sites which are:

4-11
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"~ Airport ranway (Section 5-4)

- Parliament building (Section 4-3)
- TPP fuel depot (Section 3-6)

- ‘Westpack bank (Sectibn 2-2)

- Banana court (Section'2-1)

- Beachcomber (Sectidn 1-9).

- Hea_lth_department (Section 1-2)

From the equation (8) the 100 year wind speed is 93.70 kts (48.7 m/s).

Sub'_stituting this value into the equation (5) leads to pc =927 HPA. The water |

level rises in the 100 year return period are calculated with formulae discussed in

above section.

Table 4-1-3 summarizes the results of the computation for wave run-up at the
north Rarotongan coast. The offshore wave condition is His = 12.0 m and
Tz = 13.5 sec.

It should be noted here that the run-up elevations are quite high since every slope

- is assumed to be infinitely large.

(4) Wave Observation on Site

(a)

(b)

Observation on the Northern Coast

Oceanographic survey has been carried out by using a pressure type wave gauge
and elccti‘omagnetic current meter (DLEP type, Hereinafter referred to "DLEP
meter”) for three points of northern coast of Rarotonga Island (Figure 4-1-3).
The wave gauge can measure wave heights and periods, and the current meter can
measure a current speed and. a current direction. A wave direction can be

calculated using the velocity of water particles induced by waves.

-Qutline of Observations

i)  Observaticn Periods

The observation was conducted during the period from October 7 to October
24 on the No. 1 and No. 2 DLEP meters, from October 8 to October 24 on
the No. 3 DLEP meter, respectively.
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i)

Instatiation of Wave Gauge

The schematic image of installation and the dimensions of DLEP meter are
displayed in Figure 4-1-4. The following describes the instatlation
procedure of DLEP meter. '

First Step:

- Decide the settlement area.
- Search for a proper site in the area.

This site requires the following conditions;
a. sufficient depth
b. roughly flat sea bed
C. opcried space (approximately 1 x 1 meter)
d. easy to anchor

- Mark the site.
Second Step:

- Level the settlement site.

- Set the frame with anchor-pins.

- Set the DLEP meter with screw bolts.

- Heap up some weights (sandbags) on the frame, and attach them each
other. - _

- For the prevention of loss, tie the frame to some anchors and big rocks.

- Set the buoy near the site.
Observation Interval

The records of DLEP meter were made continnously for 20 minute periods
at intervals of two hours at even-numbered time of day. Each value of
waves (the height of water surface position) and current components were
taken instantaneously at intervals of 0.5 seconds.

4-17



iv) Calculation Method

Wave Direction

Wave direction (0) is estimated by using the following equation:

Where, u and v denote the x and y components of current velocity and 7, is
the water pressure variation due to the surface fluctuation of water.

Wave Height and Wave Period

Wave heights and periods of maximum, 1/10, significant and mean waves
are determined by the zero-up crossing method applied to the wave
configuration induced from the water pressure variation taken at intervals of
0.5 second. The conversion from a water pressure to a wave height (H) is
determined by the following equation;

H=n %ak x cosh 2_7%1_1_% cosh (—Z—H—Lf—h-—z—)) ---------------------- (22)
Where,
L wave length (= s tanh 2—ltﬂ)
2n L
t wave period,
n correcting parameter (= 1.3),
w unit weight of sea water,
a amplitude of water pressure variation,
k sensitive constant of wave gauge,
g acceleration due to gravity,
z vertical special coordinate,
h water depth of wave gauge.

Figure 4-1-3 shows the observation points.

4-18



squtod UOI3RAJESqQ) €—]—F 2IN8TY

BLBPINOG JBIOD ypim papprig

A e Lo ,
PaoL ) ) )
J VAHVAY =i o Tespaon omang £ o/ - B
R : o ot
‘ womeasRmpy 0V & § Ty 3 _
”\ ang Mvssuam 5 g TR ” RerPoom
- . J
roFurLdy <
L eon
ce = 2 yldag S L8TTE 1T 012 ¢ M LPIST 9V 651 ¢ £oN
€ . .
m,nun k W g0l = yadag ° 5 L0°8F 1T .12 ° M ATV L 9F 86T 1 gON .‘o\
.,.. . #LTEY LTT 018 ° M LITPP 9% o881 ! T'oON ,L\\\\ ___u_oc.m
- e — Dy Gk
Nm..zmtmw.xi S LE1 .12 o<
.,_ sl 11 ™
K ar® HO BB |
\ P !
™ 2 e
:

RSN £y g Ei
5 4
hankagahat ;

b

JQ ug
(50250 WG 1361 "4

wneeGu or oy,
o F 4 £

L]

VLA ILE ﬂ.ﬁﬁﬁ.irﬁfé o ..\...
, ; ?_V.fw..«ﬂu?fﬁprpv?n&ﬁ

<
sepaffond 1 )

WO IS !

Tyt L ME

[/

I

&l Er's,

T . . .
or ar T b= . . - : . . s
:_.Om_. v T : AT ] .. M V
trr ) PG 53 L Cof : . . ¥ 3 i .
\ ._._\::o\.w ) \um S ar : : : - i . . - [ [ Y !
_._C Nerert ER . = .. I —- . | i . .
ey \:\\ e ge S . . ! Moo
\ s .8 ¢
. . N
\\\\\bnvn.. : \
o \ Yy or \/\c 2
4, oo o o
e




Figure 4-1—4

Schematic Image of Installation
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Current Velocity

Current velocity is determined by the vector calculation method using the x
and y component values obtained by DLEP meter.

Specification of Instrument

- Control and CPU Unit
« Qbservation period 30 days : 10 min./2 hours |
~ * Observation mode 10 min. & 20 min./1 hours

10 min. & 20 min./2 hours
10 min. & 20 min./4 hours
continous

. SampIing‘interval 0.5 second (fixed)

» Accuracy of clock #+ 30 seconds/month

Synchronizing method  Synchronized by sampling pulse

- Detector Unit and Electromagnctic Sensor
» Measuring range 0-25m (x, y)
* Measuring accuracy +1% FS
+ Resolution 2 cm

- Magnet Compass
« Detecting method Magnet compass (clockwise as zero of north)
» Accuracy of magnet +5°
» Resolution +1.4°
»  Supporiing method Gimbal device with fueled oil

- Pressure Detector
*  Measuring range 2-30m
» Measuring accuracy £1% FS

- Memory Cassetie
* Datamemory method  IC memory cassette
» Memory capacity 4 mega-byte
» Data processing Corresponding to NEC personal computer
PCO800 series

- Battery and Power Unit

« Battery Lithium Battery, 6V - 30VA
Mountable 2 pc battery



- Water-proof Case

« Durable pressure - 6 kg/em?
* Material SUS-316
« Weight ' approximately 25 kg

(9] Characteristics of Wave and Current

On the basis of the results derived from observed data, some characteristics of

wave and current ai each site will be described in this section. Wind data

observed simultaneously in Cook Tslands Meteorological Service are added.

i)

Station No.'1 (Depth: -18.5 m)

Figure 4-1-6 represents the time-series of wave, wind and current, and the
distribution of wave height,- wave period and current, respectively. A
maximum wave heiéht (Signific_ant wave) of 1.8 meters was observed on
October 17, 1993. Almost all data, however, show the wave height of 0.5
meter to 1 meter during the above observation period. The wave periods of
11 seconds were ‘observed from Qctober 9 to 16th. Oﬁ the other hand, the
wave periods of 8 seconds were observed from ' October 7 to 8th and from
October 17 to 24th. Most of the incident waves were from north north east

. {NNE).

~ Most of the observed current speed was approximately 5 centimeter per

second during the above observation period. The currents flowed
predominantly in the south (S).

Station No. 2 (Depth : -10.8 m)

Figure 4-1-7 represents the time-series of wave, wind and current, and the
distribution of wave height., wave period and current, respectively. A
maximum wave height of 1.6 meters was observed on October 17, 1993,
The trends of wave height, wave period and wave direction were similar to
the data of station No. 1.

Most of the observed current speed data was under 2.5 centimeter per
second during the above observation period. The predominant direction of
current was classified between south west (SW) and west north west
(WNW). ' '



ii1)

Station No. 3 (Depth : -8.8 m)

Figure 4-1-8 represents the time-series of wave, wind and current, and the
distribution of wave height, wave period and current, respectively. A

_ maximum wave height of 1.2 meters was observed on October 17, 1993.

The trend of the wave height and wave period were similar to the data of
No. 1 and No. 2. The incident waves from north (N) were observed from
October 8 to 16th, and the waves from north north east (NNE) were
observed from October 17 to 24th.

Most of the observed current speed data was under 2.5 centimeter per
second durving the above observation period. The currents flowed

predominantly in the north (N).
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Figure 4-1-7 Sequence of Wave and Current
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(5) Wave Overtopping

(a)

- (b)

Wave Transmission

If sloping detached breakwaters are constructed on a coastal lagoon near the reef
surroundin:g an island, wave hcight and wave set-up will change considerably
behind them due to wave transmission. Using several results of laboratory
experiment, Takeda et al. (1983) derived the following formulae of wave

transmission coefficient for block-type breakwaters.

In the case of non-overtopping condition, the wave transmission coefficient is

given by:

K, = Ht 1 '
"TH T ¥ 0.32KAMHL)Z

Ka = B———I(l “ ) Bs
B2d

where, H: = wave height after breakwater, Hi = wave height in front of
breakwater, Li= wave length in front of breakwater, Bi and Bz = constants
depending on block type, y': void ratio, d = block height, and Bs = crest
width of breakwater. For example, B1 = 2.69, B2 =0.275, and y=0.5 for
"Tetrapod", and B1 = 3.46, Bz =0.340, and y=0.5 for "Accropode”. "_"

are trade names of artificial wave dissipating concrete blocks.

The wave transmission coefficient for wave overtopping is given by:

H Bs R |
Kt= =D (T7 - ELFG 811) + b2 weememememem e 24)
where R ='run'—up el'evatibn,' b1 =1.80, b2=0.04, gL =0,60 and
en = 0.85. Figure 4-1-2C is the definition sketch of waver transmission. Wave
attenuation and wave set-up before and after the detached breakwater are

computed by the BORE program.

Wave Overtopping

In practical studies of wave overtopping on a coastal revetment, the total amount
- of wave overtopping per wave period can be computed by the Kikkawa's formula

(1968) modified for steady flow over a weir.



tl

2% (K Hiye J{F(t) .

4= 73T }3’2 At oo (25)

in which KHi = maximum vertical displacement of water surface at revetment,
m = discharge coefficient (0.4 <m < 1.0), Ft) = functlon descnbmg water
surface chsplacement He = crest height of revetment, and 0 and t1 = beginning
and cndmg tlmes of wave overtopping over a wave peuod T. (See Figure 4-1-
2D) If F(t) is explicitly given in the equation (25), the total amount of wave
overtopping can be calculated numerically integrating by the Simpson's method.
Some attompts should be made to adopt characteristics on bore waves to the
function F(t).

Boku et al. (1987) studied the amount of wave overtopping aftér traﬂfcling on a
artlﬁclal reefina laboratory flume and obtained the empmcal relation between K
and Hc/Hi as:

K = 0.62HC/Hi 4 0,88 ~rrremmeemmmeeamooee oo (26)

Substituting (26) into (25), the 1ntegranon gives the total amount of wave
overtopping for monochromatic wave.

For an application in the irregular wave problem, a probability density function
should be investigated, because Rayleigh distribution can not be acceptable to the
wave height distribution on the coastal lagoon. In this investigation, the
distribution of the probability of exceedance will be defined as the following

* fanction:

P(H) = exp [ -4 ( %)v e @n

where P(H) = probability of exceedance, H = wave height, H = average wave
height and v = constant. From experimental studies, it is Iikely'to define that the
constant v is close to 2.0. 1If the value of v is equal to 2.0, the function becomes
the Rayleigh distribution. The value of v will be determined from the average,

significant and maximum wave heights in the vicinity of the coastal revetment by
nea nf tha nnD rOaTaTe

MOV VL RV A PLVRLGLLE,

The effect of surf beat is also taking into account for the calculation of the
expected amount of wave overtopping for irregular wave. For cach run, the total
amount of wave overtopping is computed 'fm_' five different water levels which
change in the range of amplitude of surf beat. The numérafihtegration of the



(©

equation (25) is carried out in each water level, and five solutions are weighted
down with the continuing time and finally averaged, as illustrated in Figure 4-1-
2E.

Calculation of Wave Overtopping for Economic Analysis

Wave data foi‘ cyclones incident on the north coast of Rarotonga from 1978 to
1992, shown in Kirk (1992), make possible the estimation of wave periods
corresponding to the Nth year wave height. By the extreme value analysis of
wave period, the following relation is derived from an interpolation of the wave
data:

T=545Log Hs + 0.5 (28)

On Table 4-1-4, wave heights and periods are presented for the 2, 5., 10, 25, 50

and 100 year return period events.

The central preésure and maximum wind speed of cyclone in the Nth year event
are calculated with (5) and (8), and presented in Table 4-1-5.

Table 4-1-4  Wave Height and Period for the 2', 5, 10, 25, 50, 100 Year Return Period

Return Period (Y1) Hs (m) T (sec)
2 3.9 7.9
5 6.5 107
10 8.4 12.1
25 10.1 13.1
50 11.4 13.5
100 12.0 13.5

Table 4-1-5  Central Pressure and Maximum Wind Speed of Cyclone in the Nth Year Event

Return Period (Y1) Wind Speed (m/s)  Central Pressure (JIPA)

2 29.0 983

5 34.5 971
10 38.2 961
25 42.7 948
50 45.8 937
100 48.7 927




Figure 4-1-2C Wave Transmission on Block—Type Breakwater

Figure 4—1-2D ‘Wave Overtopping Model
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(6) Alternative Coastal Protection WOrks

For conducting the preliminary design of the coastal protection works, the allowable
wave over-topping volume is set forth to be 0.05 m3/m sec. This criterion is applied in
Japan for the shore protection dike which has no pavement covering its surface and it
will not be destroyed by waves. The value is suggested by Dr. Goda in 1970 in
"Study on Wave Over-topping Volume on Wave-Protection Dike". (No; 4, Vol 9,
Technical Report, Port and Harbour Research Ins.titute, Ministry of Transport)

For computing the wave over-topping volume the wave heights and water surface
clevations at the reef generated by a 100-year return period hurricane are input into the
computation model.

The inputs of the sea state conditions at the teef edge are tabulated in Table 4-1-6.

The centerline of the offshore breakwater is fixed 60 m shore-ward from the feef edge.
Within this distance from the reef edge, the progressing waves will considerably
decrease their kinetic energy.

Based on the above conditions, the following 12 cases are subjected to computation:

i)y = Without offshore breakwater and with on-shore sea wall with rock
revetment.

i)  Without offshore breakwater and with on-shore sea wall with wave
dissipating concrete blocks.

ili) With offshore breakwater and on-shore sea wall with rock revetment:
with varied offshore breakwater top elevation below:

(3-1) +4.00 m MSL
(3-2) +4.25 m MSL
(3-3) +4.50 m MSL
(3-4) +4.75 m MSL
(3-5) +5.00 m MSL

iv)  With offshore breakwater and on-shore sea wall with wave dissipating
concrete blocks.
with varied offshore breakwater top elevation below:

(4-1) +4.00 m MSL
(4-2) +4.25 m MSL
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(4-3) +4.50 m MSL
~ (4-4) +4.75 m MSL
(4-5) +5.00 m MSL

The computation results of all the cases are tabulated in Table 4-1-7.

The choice of the preliminaty design at each section of the northern coast is described
as follows: ' '

At Airport Runway (Section 5-4)

The preliminary design was chosen not to change the existing concrete
_parapet wall, '

The combination of the offshore breakwater with its top elevation of +4.25
m MSL and placement of wave dissipating concrete ‘blocks in front of the

_existing concrete parapet wall satisfies the req’ui'rem_ents. Without wave
dissipating concrete blocks, no alternative satisfies the requifements. No
access is necessary for péople to go to the lagoon. | '

At Parliament Building (Section 4-3)

The required top elevation of on-shore sea wall is not much affected by
either the top elevation or existence of offshore breakwater because the
waves reaching the beach become smiall due to the large propagation
distance in the 520 m wide lagoon. The top elevation of all the alternatives
varies only from +4.12 m MSL down to +3.84 m MSL. Therefore, the
alternative which minimizes the construction cost is to be chosen.

Thus, the sea wall having the top elevation of +4.10 m MSL with the rock
revetment is chosen as the preliminary design. Access is necessary for
people to go to the lagoon.

At TPP Fuel Depot (Section 3-6)

Without offshore breakwater but with wave dissipéting_concrete blocks, the
top elevation of the sea wall can be lowered to acceptable level, i.e. +4.78 m
MSL. However, access is necessary hiere for people to go to the lagoon.

Therefore, the offshore breakwater. with its top elevation of +4.50 m is to be
provided for making possible the sea wall with the rock revetment. The top
elevation of the sea wall is determined to be +4.20 m MSL. _



Al Westpac Bank (Section 2-2)

The same discussion with "At TPP Fuel Depot™ above can be adopted.
Without offshore breakwater but with wave dissipating concrete blocks, the
top elevation of the sea wall can be lowered to acceptable level, ie. +4.40 m
MSL. However, access is necessary here for people to go to the lagoon.
The top elevation of the offshore breakwater should be as low as possible
so that people can have a view of the sea over the offshore breakwater.

Therefore, the offshore breakwater with its top elevation of +4.00 m is to be
provided for making possible the sea wall with the rock revetment. The top
elevation of the sea wall is determined to be +4.40 m MSL.

Al Banana C(_)un (Section 2-1)

It is impossible to provide offshore breakwater near Banana Court because
of the existence of Avarua Passage. In addition, sea wall is not advisable to
construct because of tourist activities there.

As seen from the computer simulation, the wave height there will not be
large owing to the return current through the passage.

Therefore, no sea wall is recommended to construct here. Reinforcement of
the first floor of nearby buildings is suggested so that they will resist
flooding caused by a hurricane sea state.

At Beachcomber (Section 1-9)

The same discussion with "At TPP Fuel Depot" above can be adopted.
Without offshore breakwater but with wave dissipating concrete blocks, the
top elevation of the sea wall can be lowered to acceptable level, i.e. +4.88 m
MSL. However, access is necessary here for people to go to the lagoon.

Therefore, the offshore breakwater with its top elevation of +4.25 mis to be
provided for making possible the sea wall with the rock revetment. The top
elevation of the sea wall is determined to be +4.50 m MSL..

At Health Department (Section 1-2)

The choice here is among three alternatives; (1) the sea wall having its top
elevation of +5.97 m MSL with rock revetment , (2) the sea wall having its
top elevation of +4.97 m MSL with wave dissipating concrete blocks , and



(3) the offshore breakwater having its top elevation of +4.00 m MSL.

As access is necessary for people to go to the lagoon, the second alternative
dropped. Between the remaining two, the first alternative is chosen because
its economy. The t(_)p elevation of the sea wall is determined to be +6.00 m
MSL,

- For working out the cro‘ss. sections of the preliminary design, the following two

particulars are taken into account:

| i) "Accropodes” cannot be used 'becéu's_e they are designed to be placed in one
layer only and in this case the top elevation of the offshore breakwater
cannot reach to the required elevations. :

i)  Neither "Super Max" nor "Max" cannot be taken iito account for the
preliminary design because their technical information is not available yet.

In determining the weight of the _\v_ave'dissipéting éoncrete block to be incorporated in
the offshore breakwater, special attention was paid. According to the model experiment
conducted by Okinawa Development Bureau of J apan, they require much more weight
when they are placed near the reef edge. This is due to the fact that the progressing
waves there are rather in bore forn‘r the wave energy is much larger than that of
sinusoidal waves. To apply this finding ecasier, it is suggested that Kd value in
est:matlng the required welght of the blocks be adjusted low instead of changing the
wave height. The results of the model expenments are shown in Figure 4-1-9,
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Figure 4-1-9 Reduction of Kd Value of Tetrapod Placed on Reef



' Reading Kd values from the figure as 1.6 for "Tetrapod", the required weight of the
wave dissipating concrete blocks of the offshore at several sections of the northern

coast are, if they are used, as shown in the computation below:

U3 =14
Section Wave  Conerste Required Tetrapod
MSL  Height  Weight ' Weight (nominal weight)
HI1/3 (Ym"3) (t/piece)
{m) {m) (D Sr Kd
Airport Runway 3.02 291 2.25 2.18 1.6 1564 20 ton
Parliament Bidg. 329 332 225 2.18 16 23.23 25 ton
TTP Fuel Depot 3.06 312 2.25 2.18 1.6 19.28 25 ton
© Wesipac Bank 3.15 3.17 225 2.18 i.6 20.22 25 ton
" Banana Cowrt 302 330 225 2.18 1.6 22.81 25 ton
Beachcomber 307 333 2.25 2.18 1.6 23.44 25ton
Health Dept. 306 325 2.25 2.18 1.6 21.79 25ton
Airport Runway 3.02 i.19 2.25 2.18 83 0.21 0.5ton
Seawall Block :

Armeur Rock along Shoreline (slope=1:2)
' Rock Nominal Weight

Seawall Atmour . ave.3.10 i8 2.7 2.62 35 0.53 0.5 to 1.0ton
Rock



Hudson Formula
Y H3
KD(Sr - )3cot o

Where W Mmmmm welght of mbble or concrete blocks (ft)
yr ¢ Unit weight of rubble or block in air (t f/m3)

St @ Ratio of specific gravity of rubble or block to that of sea water

o Angle of the slope to horizontal plane (degrees)

H Wave he:ght () :

Kp : Stability coefficient determined by the armouring material and damage
rate.

As the result of the above study and computatlons the proposed coastal protectlon
. works are shown in Figures 4-1-10 to 4-1-16.
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Figure 4-1-10 General Plan of the Coastal Protection | o 4
EE along the North Coast of Rarotonga Island | N
Scale = 1:5000 -
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Figure 4~i——11 Typical Séction of Coastal Protection
Section 5—4 : Airport Runway
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Figure 4-1-12

Typical Section of Coastal Protection _
Section 4-3 : Parliament - Scale = 1:200
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Figure 4__1;13 Typical Section of Coastal Protection

Section 3—-6 : TTP Fuel Depot Scale = 1:200
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Figure 4-1-14 Typical Section of Coastal Protection :
1:200

Section 2—2 : Westpac Bank Scale =
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Figure 4;1~15' Typicat Section of Coastal Protection _
Section 1--9 : Beach Comber - Scale = 1:200
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Offakore Breakwster

‘Figure 4--1-16

Typical Section of Coastal Protection
Section 1--2 : Health Department Scale = 1:200
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(7Y Computer Simulation

A computer simulation was carried out in order to simulate the coastal current as well as

wave height and wave setup, specifically focused on Avatiu and Avarua inner port. The
study area is 1,800 m wide along the Avarua - Avatiu lagoon and 1,200 m seaward,

covering both Avatiu Port and Avarua Port and their vicinity.

The simulation was conducted for both "Without Case” which represents the present

condition of the area and "With Case" which represents the master plan including

proposed coastal protection works.

The wave condition will be the design wave (H=12.0 m, T=13.5sec, N direction) as

mentioned in "4.1 (3) Design Waves" of this report.

(@)

()

Outline of the Simulation Program

The program was originally developed based on the Tsobe's Parabolic Wave
Equation theory. At first, the program calculates wave heights and their directions
in the area. The result then calculates the radiation stress of the waves which turn
out to be the external forces (=energy). Then the current speed and water level
(wave setup) are to be calculated by solving the equation of motion.

The result of simulation will be output on drawings showing wave direction,
wave height, current velocity and wave setup height.

It is noted that the simulation program does not include the bore theory. Therefore
the results are incompatible with those calculated by the bore theory. However,
regarding the Avatiu and Avarua inner port area where strong return current

appears, this simulation results are used in estimating wave overtopping volume,
Without Project Case : at Present Condition

Figures 4-1-17 to 4-1-20 show the resuits of simulation at the present condition
of the Avatiu - Avarua lagoon and its vicinity. The wave setup height in front of
the existing coastline is estimated at +1.3_m above MWL which appears to be less
than that estimated by the bore theory. However, it should be noied that strong
return current at the velocity of 1.5 m/sec took place in the Avarua passage. This

" return current is one of the important factors 1o be considered because it flows

against the wave direction and effects on changing the wave dimensions.
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(c) With =Projfect Case : With Offshore Breakwaters

Figures 4-1-21 to 4-1-24 show the results of simulation when offshore
breakwaters are placed on the lagoon at a certain interval. In the simulation, a
transmission co_t_:fficient of 0.7 w_a's applied for waves through the offshore
 breakwaters. A wave dissipating sffect seen by the offshore breakwater can be,
and wave setup and current are smaller than the Without Case.

Note: The ceefficient 0.7 is derived from "the Technical Standards for Port and
Harbour Facilities in Japan".
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4.2 - Port Iinprovement

(1)  Avatiu Harbour

(a)

(b)

General

As mentioned in 3.2, coastal protection facilities should be designed based on the
wave condition with a 100 year retarn period. As the breakwaters at Avatin Post
protect not only port facilities against waves but also land and assets behind them,

- they should be designed under the same conditions as coastal protection facilities

in principle. The breakwaters should be improved according to the new design
wave conditions even though the modification of the layout of the breakwaters
may not be required for the international and inter - island shipping berth use.

Design signiﬁcant wave height and:peridd of the existing breakwater are Hoy/3 =
52mand Ty /3 = 12.5 sec. Wave conditions with a 100 year return period are

'Ho'1/3 = 12.0 m and T1/3 = 13.5 sec. The difference between two above-

mentioned design waves is so large that the improvement cost of the breakwaters

'designed is expected extremely high,

As mentioned in Section 2 Introduction, coastal protection is the main objective
of the Additional Study and port improvement in this Study should be
concentrated on protection facilities against high waves. Accordingly the first
priority on port improvement of Avatiu Harbour is given to breakwater

improvement,

Inconvenience of joint use of commercial vessels and pleasure boats in Avatiu
Harbour demands the construction of a new marina in the Avarua Harbour.
Deepening and widening the basin in front of international and inter - island
shipping berth and a new fish landing are not included in the Additional Study
although these may be studied in detail in the future.

Analysis on Wave Calmness during Normal Climatic Conditions

It is well known that the prevailing wind direction is easterly. Therefore, wave
direction is also easterly. In order to estimate the annual workability of port in

. respect to wave calmness, offshore wave distribution records (March 1985 to

February 1986) of the Avatiu Wave - Rider Buoy located 800 m offshore are
referred to. During the 365 day observation, the coverage of available data is
63 %.



Based on this data, scatter diagram in respect to wave height and period has been
analyzed. Figure 4-2-1 a) shows a wave height and penod joint distribution
diagram using peak specnal period and zero-up crossing penod

As shown in the figure, dominant periods differ depending on the analytic method

employed:
~ dominant peak spectral period-------- S P 6'to 12 seconds
dominant zero—up crossing period ——————— ST 510 7 seconds

In hght of the newest wave Obsarvatlon data (Oct 1993), peak spectral perlod is
used for wave calmness analyms :

i) Offshore Wave Direction

According to the Ship Report Data (swell), Grid Square No. 5 (15-25%,
155 - 165°w), prevailing wave directions are E, SE and S (See
Figure 4-2-1 b). There are also NE waves of 1.5 to 2.5 m height of 6 %

occurence,

In case that wave direction on the ocean is SE, for example, wave direction
offshore of Avatiu may be easterly due to the sheltered south wave
~ component. When a cyclone comes across _the 'Rardtonga 1sland, waves
may come also from a different direction. However, these are negligible in
estimating the workability of the Avatiu Port, because of the low rate of
cyclone/huiricane occurrence compared with the normal climatic condition.

‘Wave direction of E10°N is applied to analyze the wave calmness since
deflection coefficient Kd of East may be smaller than that of E10°N and that

~ of North-East may be Jarger than that of E10°N; the occurrence of East
(20 %) is much higher than that of North-East (6 %). '
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ii)

Based on this consideration, offshore wave height occurrence diagram is

developed as shown in Table 4-2-1.

Table 4-2-1 :Wave Height Occutrence by Wave Period

Hipz -8sec  8-10'sec 10-sec
0.3 m 0.1 % 0.0 % 0.0 %
06 33 2.7 2.7
0.9 108 86 10.1
1.2 106 - 9.2 17.9
1.5 200 39 80
-1.8 0.5 1.6 3.1
2.1 0.1 0.5 0.4
2.4 3 0.1 0.3
2.7 0.2
3.0 0.1

Wave Height Occurence near the Port Entrance

By use of the wave simulation model employed for the hurricane wave

analysis, wave distribution in normal climatic condition was simulated as
shown in Figure 4-2-2a), b), ¢). The refraction coefficients at the entrance

of Avatin Harbour are shown in Table 4-2-2.

Table 4-2-2  Refraction Coefficient (Krj at the Entrance of Avatiu Harbour

(ffshore E10°N

Wave Diirection

T1/3 Period (sec) 7 9 11

Kr 0.40 0.30 0.25
Wave direction o o o
at Port Entrance E78°N E63°N E6A°N
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Wave height occurrence by each period can be calculated by cbmbiiling both
sets of data in Tables 4-2-1 and 4-2-2. The result is shown in
Table 4-2-3,

Table 4-2-3  Wave Height Occurrence at Avatiu Harbour Entrance

_ T=7sec; T=¥9se_c T =11 sec
-03m 11.2 % 14.4 % 28.4 %

03-06 175 _ 12.0 13.9

0.6 -09 1.9 . 0.3 0.4

iii) Wave Calmness Inside the Port

Port workability is est.im'ated with the present conditions (layout of the
breakwaters and quay walls) at the berthmg basins for international and
inter-island shlppmg vessels, The criteria for ‘workability at aforementloned
.basins are_the occurrence raiio of the days a year when significant wave
height is not more than allowable height (Hc). Generally the above-
mentioned occurrénce ratio should be more than 95 % and Hc is
0.5 meters for commercial ports and 0.3 meters for fishery ports and
Narinas, :

Wave heighf inside the pm"t' basin is estimated in general using diffraction
diagrams of irregular waves propagating the opening of the brea.kwaters;
However, these diagrams are drawn with the assumptic_m that waves coming
through between bl'eakWatérs propagate and diffract spreading over an
immense water area inside the breakwaters. However the actual condition
of the Avatiu Harbour is such that the international shipping berth, located
just behind the East Breakwater, impedes incidert waves from dlffractmg to
the cast. The refracted waves by the quay wall of the berth could be
estimated by double-folded diffraction diagram method proposed by Ippen.
Diffraction, reflection and shoaling coefficients are calculated in
Table 4-2-4, '



Table 4-2-4  Diffraction, Reflection and Shoaling Coefficients at Points 1
and 2 in Avatiu Port

" Offshore - - E10°N

Wave Direction
T1/3 Period (sec) 7 9 11
Wave direction o
at Port Entrance - E78N E68°N E64°N
Point1 Ky 0.40 0.35 0.25
Kd- 0.58 (.48 0.45
Ks 0.93 1.01 1.10
Kt 0.29 o 0.20 0.17
" Point 2 Ky 0.40 0.35 ' 0.25
Kd 0.50 0.40 0.37
Ks 0.93 1.01 1.10

KT 0.25 0.14 0.14

Note 1) Point 1: Berthing basin in" front of international shipping
' wharf,

2) Point2: Berthing basin in front of inter-island shipping wharf,

3 Kqg: Diffraction coefficient at berthing basin,
4) Kq' =VKd? + (Kq*Ky)?
=1 + K?*Kq = V1 + 0.9%Kq = 1.34*Kq
Kr: Reflection coefficient of the quay wall (assumed to be
0.9)
KT Total wave hei ght decrease ratio of incident waves
= Ki*Kg*Kg'

= 1.34*K*K ¥ Ky

Using Table 4-2-2 and 4-2-4, wave height distribution at Point 1 and 2 can
be estimated as shown in Table 4-2-5.

Table 4-2-5 a)  Wave Height Distribution at Point 1

7 sec 9 sec 11 sec Total

-03m 18.0 % 24.6 % 41.7 % 84.3 %
0.3-04 8.5 1.8 0.7 11.0
04 -05 3.0 0.3 0.3 3.6
0.5-0.6 0.9 0.9
0.6 - 0.7 0.2 0.2




‘Table 4-2-5 b) Wave Height Distribution at Point 2

7 sec 9 sec 11 sec Total -

-0.3m 24,7 % 261%  422%  93.0%
03-04 3.9 0.6 0.5 5.0
0.4-05 1.7 | 1.7
0.5 - 0.6 0.3 03

The occurrence ratio of wave height being larger than 0.5 meters at Point 1
(international shipping berth) is 1.1 % (the occurrence ratio of H1/3<0.3 m

is 84 %) and the berthing basin has enough wave calmness. Therefore, the
~ alignment of the breakwaters does not need to be changed for international

and inter-island berths.

(¢) Upgrading of Avatiu Breakwater

Di_s’iance from
Reef Edge

I oY
2848508

According to the result of design wa#c calculations for a 100-yr returmn peﬁdd,
both west and east Avatiu breakwaters should be upgraded. The upgrade should
be made by use of wave dissipating concrete blocks, the weight of which is
calculated by the same method '(Hud'sén Formula) as mentioned in the previous

section 4.1(6). Kd value is estimated at 1.6 by reading (Figure 4-1-9).

The computation of the weight of blocks are shown below and the typical sections

are shown in Figure 4-2-3.
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Figure 4-2-3 Typical Section of Avatin Port Breakwater -
Scale = 1:200
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(2) Avarua Harbour
{a) General

As méntioned in 3.3 (2) a new marina is planned in Avarua Harbour utilizing the
deep Avarua Passage as an access channel. The Reporf "A Capital Centre at
Avarua (D_epaﬁmen't'of Planning, University of Auckland, October 1992)" (a
town 'plan for the Cook Islands Capital Centre) proposes a Promenade and
Leisure Harbour on the west coast of the Avarua Harbour. The Report
emphasizes that "A leisure harbour accessed at Avarua harbour would not only

' generate income through berthing fees but be a visual attraction and image maker
of enormous significance.” |

The JICA previbus study also proposed a new marina with a detached type
breakwater on the west coast. Cook Islands government has fequested that the
capaéity of the new marina be able to accommodate the same number of pleasure
boats now moored at Avatiu Harbour.

Aécording to the previous study, 1) the annual number of calls is 190 in 1997 and
340 in 2010, 2) the maximum number of boats simultaneously staying in the
harbour was recorded to be 20, and 3) the maximum number of pleasure boats
moored simultaneously at 2 marina is expected to be approximately 33 in 1997
and 60 in 2010. The newest data at Avatin Harbour master's office shows that
the maximum number in 1993 was 27.

Based on the above-mentioned request and informalion, the marina
accornmodating 30 pleasure boats is proposed in the Additional Study.



{b) New Marina Plan

The majority of yachts' calling at R:arotonga'are cruisers. The length of the large

~ cruisers calling at Rarotonga is 20 meters or more. ‘For planning the layout, the

length of the calling model yacht 1s assumed to be 20 meters. The beam of the

yacht is estimated using the refation between the length of yacht and its beam.

~ These dimensions are obtained from the Japan Ports and Harbour Association.

As aresult, the beam of the model yacht for this study is determmed 4.5 meters.

The number of yachts moormg smultaneously at the northern coast of Rarotonga
is assumed to be 30 boats as mentioned above The proposed plan and-typical

structural section are ‘shown in Figures 4- 2- 5 and 4 2- 6 respecnvely

i)

Quay Wall

The required length of a quay wall of a marina differs according to the type
of mooring method. In this study, the same mooring method as that at
Avatiu Harbour is assumed as shown in the following figure.

W =B+1 O

=45+10=55= 60(m)

The length of the quay wall requlred for the simultancous berthing of
30 pleasure boats is:

LQ = 6.0 (m)/boat*30 boats = 180.m

approximately = 200 m

Basin |

‘The depth of basin is determined by the draft of pleasure boats designed:

The maximum draft of the pleasure boats berthing at Avatiu Harbour is
approximately 2 m. Because of the tidal range (HWL - LWL) = 0.76 m
and clearance, the water depth of the basin is determined 10 be -3.0m
below MWL. The wave calmness analysis requires a breakwater to protect
the basin as described later.

The area of the basin between the quay wall and the breakwater should be
enough for berthing, turning/sailing, the width (B+S) of which is calculated
as follows (See Figure 4-2-4);

(B+S8) =(1.5~2.0) L + (1.5~2.0)L.
= (3.0~4.0) L = 60 ~80 m
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Figure 4-2-4 Yacht Berthing Arrangement

The back area of the quay wall is to be timber - covered promenade, which
will give people a feeling of being at the waterfront. For better landscape,

the promenade is recommended to be as large as possible.

Alignment of Breakwater

Although the marina is planned to be sheltered inside the lagoon, a
breakwater is required to protect the basin of the marina against waves
propagating through Avarua Passage even in normal climatic conditions.
Furthermore, the breakwater is also required on the lagoon because, if there
is no breékwater waves propagating’ over the lagoon will cause
dlsturbances on the basin. This is evident because of the fact that high
waves took place at the outside conceived corner of the old breakwater and
brought damnages to the shops located on the coastal road.

There is a constant eastward current on the iagbon which is induced by
waves, even by eas.teriy waves. In respect of preservation of the present
water quality of the lagoon, the breakwater is recommended to be detached
and discontinued so as to maintain the current.

The hinterland shore area is very low (its ground level is +3.0 m above

MWL) and has been damaged by overiopping waves. The breakwater will

contribute to coastal protection.
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Figure 4-2-6 Typical Section of Marina Wharf
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(c} Analysis on Wave Calmness during an_nai Climatic Condition

Figures 4-2-2 a), b), ¢) show the results of wave simulation on the condition of
high sea water level,

The calculation has been conducted with the present sea bed co;1f"1gura£ion (water
depth). The water depth of the channel should be more than 3 meters below
MSL and dredging is required for the new marina,

The refraction coefficients at the entrance of Avarua Harbour are shown in
Table 4-2-6. )

"Table 4-2-6  Refraction Coefficient at (Kr) the Entrance of Avarua Harbour

Period - 7 sec 9 sec 11 sec
Kr 0.20 (.18 O_.IS

Therefore, wave height distribution at the entrance is calculated as foliows;

Table 4-2-7 Wave Height Distribution at the Entrance of Avarua Harbour

_ 7 sec 9 sec 11 sec Total

-0.3m 28.0 % 253 % 42.0 % 95.3 %
03-04 2.6 1.4 0.6 4.6
04-05 0.2 0.2 0.1 0.5

Wave occurrence distribution is calculated at points 0, 1, 2 and 3 of the east
side of ihe marina on the condition that dredging of the channel for the
marina is éompleted (Figure 4-2-7). It is assumed that waves diffract at
Point B and propagate toward Points 0, 1, 2, and 3.

The wave calmness required for the marina means that the occurrence ratio
of H1/3 smaller than 30 cm should be 95 % - 97.5 %.

Wave period in ihis sea arca is Jongei. Moie strict criteria on wave calmness
are required for safe mooring of pleasure boats at the new marina. The

criteria of the above - mentioned occurrence ratio should be 97.5 %.



Point 0 is located at the _bdttom of Avarna Harbour and is not proiected
directly by the breakwater (See Figure 4-2-7). _

"The occurrence ratio R (0<0.3 m) of wave height being smaller than 0.3 m
at Poi'nts 2 and 3 are 97.3 % and 98.5 % rcspéctivély, exceeding the
criteria 95 %. Therefore, the wave calmness in the inner marina basin is
sufficient for pleasure boat's 'bcrthing. (The estimation includes the effect

of wave reflection by quay wall. The reflection coefficient is assumed to be
0.5.) '




Table 4-2-8a) Wave Distribution at Points Q and 1

Point O Point 1
T=7sec T=9sec T=11sec Totl T=7scc T=9sec T=1lsec Total

-30 cm 261 %  216% 360% 83.7% 287% 247% 391 % 92.5 %

-40 cm 3.6 3.9 59 13.4 1.8 1.8 2.9 6.5
-50 cm 0.8 1.0 0.5 2.3 0.1 02 0.5 0.8
60cm . 0.1 0.2 0.3 0.6 ' 0.2 0.2
Table 4-2-8b) Wave Distribution at Points 2 and 3
Point 2 Point 3

T=T7s8ec T=0sec T=11sec Toual T=7sec T=9sec T=11sec Total

-30 cm 302% 254% 417 % 973% 305% 262% 418% 98.5 %
-40cm. 04 1:2 0.7 23 0.1 0.5 0.7 1.3
-50cm 0.1 0.3 0.4 0.2 0.2

The ratios R (<0.3 m) at Point 2 and 3 are 97.3 % and 98.5 % and Point
2 could be the east end of new quay of the marina.



4.3 Cost Estimate of Coastal Protection Works on Northern Coast of Rarotongaisland :

Cost estimate of the preliminary design of the coastal protection of the northern coast of
Rarotonga Island is based on the following provisions:-

Quantities :

All the quantities are computed according to the typical cross sections prepared as the
prehmmary design. The quantities of each cross sectlon is multiphed by the length
in which the same cross sections is assumed.

Cubic meters of rock, wave di.ssip'a.ting concrete blocks include void.
-~ Unit P;"ice |

All the unit prices follow the previous study results.
- Indi're_:ct cost

The indirect cost follows the previous percentage of the direct cost, i.e. 20.5 % of
direct cost. '



Table 4-3-1

" Summary of Co_nsiructlon Cost
Location Construction Cost Percentage
(NZ$) [€4)]
Health Departrent
Sea Wall 928,920 0.5
Beachcomber
Offshore Breakwater 21,198,060 12.2
Sea Wall 637,100 0.4
Sub-iotal. 21,835,100
Bapapa Conrt
Sea Wall 23,040 0.0
. Yacht Basin 3,594,124 2.1
Sub-total 3,617,164
Westpac Bank
Offshore Breakwater 30,816,000 17.8
Sea Wall 1,032,960 06
Sub-total 31,848,960
TPP Fuel Depot _
Offshore Breakwater 58,606,800 338
Sea Wall 1,813,840 1.0
Sub-total 60,420,640
Parliament Building
Sea Wall 2,288,880 1.3
Airport Runway o
Qffshore Breakwater 23,868,000 13.8
Sea Wall 3,075,000 18
Sub-tofal 26,943,000
Avatiu Breakwater i
' East Breakwater 12,816,072 74
West Breakwater 12,695,208 73
Sub-total 25,511,280
A Direct Cost Total 173,394,000 100.0
B. Indirect Cost (20.5% of A) 35,546,000
208,940,000

C. Grand Total Cost (A + B)
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Table 4-3-2(a)

Breakdown of Cost: "Health Bepartment"

_ - |Quantity of Works : _
Works Specification | Unit | Q'ty/m | Length | Quantity | Unit Price Amount
2 : my . : (NZ$) (NZS)

Sca Wall - IEEE R 600 : . '
- }1. Armour Rock 0.5-1.0ton/pe | M3 . - 49 12,940 22 . 64,680

2. Rubble Rock 30 - 100 kg/pe M3 82 4,920 22 108,240

3. Gravel Max. 5kg | M3 10.8 6,480 10 64,800

4, Concrete Parapet (RC) M3 12 720 - 960 691,200

Total 928,920]

Table 4-3—2(b) _
Breakdown of Cost: "Beach Comber"
: _ Quantity of Works _ _
Works Specification | Unit | Qty/m | Length | Quantity | UnitPrice { - Amount
{m) (NZ8) (NZ$)

Offshore Breakwater 5000 _ 3

1. Congrete Block 25ton M3 58.7 29,3501 120 21,132,000

2. Base Rogk - 1.0ton M3 22 1,100 60 66,000

Sub-total 21,198,000

Sea Wall _ 500 .

1. Armour Rock 0.5 - 1.0ton/pe M3 1.6 800 22 17,600

2. Rubble Rock 50 - 100 kg/pe M3 2.0 1,000 22 22,000

3. Gravel Max. 5kg M3 1.8 900 10 ~9,000]

4. Conerete Parapet (RC) M3 1.2 600 © 9601 576,000

5. Excavation M3 25 1,250 10 -+ 12,500

Sub-total 637,100

Total 21,835,100




Table 4-3-2(c)

Breakdown of Cost: *Banans Couri™

. o {Quantity of Works
Works Specification | Unit | Q'ty/m | Length | Quantity | Unit Price Amount
' ‘ (my |- ) (NZ3) NZ%)
Sea Wall 100
1. Tide Wall (RC) M3 0.24 24 960 23,040
1Sub Total 23,040
Yacht Basin 200
1. Dredging S3m M3 36,000 25 900,000
2. Base Rock 50 - 100 kg/po M3 28 560 48 26,880
3. Quay Wall Wave-dispersing| M3 12.0 2,400 720 1,728,000
4. Gravel Back-fill Gravel M3 11.0 2,200 10 22,000
5. Apron Congrete M3 6.0 1,200 720 864,000
6. Mortar Riprap M3 29 580 92 53,244
Sub-fotal 3,504,124
Total 3,617,164
Table 4-3-2(d)
Breakdown of Cost: "Westpac Bank"
Ouantity of Works
- Works Specification | Unit | Qiy/mm | Length | Quantity { Unit Price Amount
: ' {m) (NZ%) (NZ$)
Offshore Breakwater ‘800
1. Conerete Block 25 ton M3 53.5 42,800 720 30,816,000
. [sub-total 30,816,000
Sea Wall 800
1. Amnour Rock 0.5- 1.0ton/pe M3 2.3 1,840 22 40,480
2. Rubble Rock 50 - 100 kg/pe M3 23 1,840 22 40,480
3. Gravel - Max.Skg M3 0.5 400 10 4,000
4. Concrete Parapet (RC) . M3 .1 2 960 360 921,600
5. Excavation M3 33 2,640 10 26,400
Sub-total 1,032,960
Total 31,848,960
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Table 4-3-2{(¢) .
Breakdown of Cost: "TTP Fuel Depot"

| 1 [Quantity of Works .
Works Specification | Unit | Q'ty/m | Length | Quantity | Unit Price Amonnt
i () . (NZ%) (NZS)
Offshore Breakwater 1,400 : . .
1. Concrete Block 25ton M3 580 - 81,200 720 58,464,000
2. Base Rock 1.0ton M3 1.7 2,380 60 142,800 _
Sub-total 58,606,800
SeaWall 1,400 1. : R
1. Armotr Rook 0.5- 1.0ton/pe | M3 16 2,240| 2 49,280
2. Rubb]f; Rock 50 - 100 kg/pe M3 22 3,080 2 67,7601 .
3. Gravel Max. Skg M3 0.7 980 10 - 98001 -
4. Concrete Parapet RO M3 12 1,680 960 T 1,612,800]
5. Excavation M3 53 7.420 10 : 74,200
Sub-total 1,813,840
Total 60,420,640
Table 4-3-2(f)
Breakdown of Cest: "Parliament Bullding"
. Quantity of Works -
Works Specification | Unit | Q'ty/m- | Length | Quantify | Unit Price Amount
. {m) (NZ$) {(NZ$)
Sea Wall 1,800| -
1. Armour Rock 0.5 - 1.0ton/pe M3 1.6 2,880 2 - 63,360
2. Rubble Rock 50-100kg/pe | M3 22 3,960 22 87,120
3. Gravel Max. 5kg M3 0.6 1,080 10 10,8001
4. Concrete Parapet (RC) M3 1.2 2,160 960 2,073,600
5. Excavation M3 3.0 5,400 10 54,000
- 1Sub-total 2,288 880
Total 2,288,880




Table 4-3-2(g)

Breakdown of Cost: " Alrport Runway"

: : : - {Quantity of Works
Works Specification | Unit | Q'ty/m | Length | Quantity | Unit Price Amount
. () : (NZ$) (NZS$)

Offshore Breakwater . 600

1. Concrete Block 20ton M3 54.8 32,880 720 23,673,600
2. Base Rock 1.0 t_on ‘M3 5.4 3,240 60 194,460
Sub-total 23 868,000
Sea Wall _ 500 :

i. Conerete Block 0.5 ton/pe M3 9.5 4,750 600 2,850,000
2. Rubble Rock 50-106ke/pc | M3 1.5 3,750 60 225,000
Sub-total 3,075,000
Total 26,043,000



Table 4-3-2(h)

Breakdovwn of Cost: ®Avatiu Port Breakwaters™

lQuanfity of Works

Works- Specification | Unit | Q'ty/m | Length | Quantity | Unit Price Amount
- (m) : (NZ§$) (NZ$)

East Breakwater
Sectionl B 80 : - N B
1. Rock Demolition Gton M3 56.0 - 4,480 24 107,520
2. Conerete Block 40 ton M3 97.2 1,776 720 5,598,720
3. Base Rock 1.0 ton /pe M3 3.4 272 60 16,320
Sub-total ' 5,722,560
Secﬁoﬁ2 60 I P
1. Rock Demolition 6ton M3 509 13,054 24 73,296
2. Conerete Block 32ton M3 88.8 5328 720 3,836,160] -
3. Base Rock 1.0 ton /pc M3 3.4 204 60 12,240
Sub-total : 3,921,696
Section 3 _ 60|
1. Rock Demolition G6ton M3 50.9 3,054 24 " 73,296
2. Concrete Block {25 ton M3 s 4,290 720 3,088,800
3. Base Rock 1.0ton /pc M3 2.7 162] 60 9,720
Sub-total 3,171,816
East Breakwater Sub-total 12,816,072
West Breakwater
Section 1 80 _ o
1. Rock Demolition 6 ton M3 30.1 - 2,408 24 57,792
2. Conerete Block 40 ton M3 97.2 7,776 720 5,598,720
3. Base Rock 1.0 ton /pe M3 34 272 60 16,320
Sub-total 5,672,832
Section 2 : 60 .
1. Rock Demolition 6 ton M3 26.2 1,572 24 - 31728
2. Concrete Block 32ton M3 83.8 5328 720 3,836,160
3. Base Rock [.0ton fpe M3 34 204 60 12,240
Sub-fotal 3,886,128
Section 3 60
1. Rock Demolition 6ton M3 26.2 1,572 24 37,728
2. Conerete Block 25 ton M3 71.5 4,290 720 3,088,800
3. Base Rock 1.0ton /pe M3 2.7 162 60 9,720
Sub-total 3,136,248
West Breakwater Sub-total 12,695,208
Total 25,511,280




Table 4-3-3

Expected Annual Damage of Breakwaier for Without Project Case

Ho | Retum Period Hd' Hd/Hd | Probability | Damage Ratio | Expected Damage
() (Year) () : (%9) (NZ$)

2.34 2 1.6 0,76 0214 ] 0
5541 5 23 1.10 0.200 3 8,676
7.37 10 2.7 1.29 0.076 12 13,188
9.40 25 3.2 1.52 0.030 29 12,580
10.75 50 35 1.67 0.013 50(100%) 18,768
11,98 100 3.7 - 1.76 0.013 64{100%%) 18,798
_Annual Expected Damage (NZ$) 72,000

Ho = Offshore Wave Height
Hd' = Wave Height at Breakwater responding to Ho

- Hd = Assumed Design Wave Height of Breakwater (2.1 m)
Probability = Distribution Probability computed from Exceeding Probability of each

Offshore Wave Height
Damage Ratio = According to Hudson's Formula

Expected Damage = Based on the breakwater cost (NZ$ 1,446,000)




Table 4-3-4 Damage of Airport Runway

Reclamation
Area : 50,300 m2
Reclamation Height x55m
Volume 2,766,500 m3
Unit Cost X N7Z310/m3

I

27,665,000 NZ$

Runway Pavement

Area S 15,400 m2

Pavement Thickﬁesé - x05m
Volume . o 7,700 m3
Unit Cost © xNZE720/m3
. = 5,544,000 NZ$
Direct Cost ' 33,209,000 NZ$ -
Indirect Cost 8,302,250 N7Z3
Total 41,511,000 NZ$
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4.4

Estimate of Benefits

Because of the traveling route of hurricanes/cyclones in this area, the northern coast of

Rarotonga Island receives higher waves compared with the southern coast.

There arc many public and private buildings and infrastructures along the coast;

_govemment' buildings, Avatiu Harbour, Rarotonga Airport, stores & restaurants,

offices, etc.

Implementatidn of the Coastal Protection Project on the northern coast of Rarotonga

Island will have the following benefits:

i)

Planned coastal protection structures are ' designed to be resistant to
100 year - return - period waves. At present, the coast is not protected with
any structures 01'.protected only with the coastal protection structure
designed againét lower waves and suffers damage during hurricane season
every few years. After the implementation of the project, the coast will not
suffer erosion and new coastal structure itself will not suffer damage,
resisting high waves up to 100 year - return wave height. Al_thbugh initial
cost for construction is high, repair & maintenance cost of the coast will

sharply decrease.

" Reinforced coastal protection facilities decrease the wave force attacking

buildings, roads, etc. over the coast as well as the volume of overtopping
wave flood, decrease the damage to buildings and infrastructures located
behind the coast and increase assurance safety of humnan lives.

The decrease of the damdge mentioned in ii) will make it possible to
maintain normal economic activities even immediately after a hurricane
attack on the coast. Rarotonga Airport is built along the coast. The north
end of the runway is particularly vulnerable to high waves because of the
narrow width of the Iagoon. The reinforcement of coastal protection there
will assure the normal flight operations even immediately afier a hurricane

“attack on the island and increase international tourists.



iv)  The construction of a new marina in Avarua Harbour provides berthing area
for the pleasure boats which are now moored in Avatiu Harbour and Will_be
transferred there after the'implementati’onrof the prbjcct;_ This transfer will
assure the safety and easy maneuvering of commercial vessels in Avatiu
Harbour. The promenade aiong the quay _w_aH of the marina will pi'ovide
easy access to the waterfront for residents and ‘t()urists in all seasons. And
during the off-season (November to March), when all fbreigni pleasure
boais are transferred to New Zealand for répair and maintenance, a wide
wave-calm area will be secured for swimming and fishing.-

v}  The development of a new quan'y in the island is required to obtain the huge
rock material for use in coastal profection structures. It is essential to assess
the effect of the impact of the development and take measures to minimize
the effect on the s'urround'ing enViroﬁment. ‘The benefit of the development

“isto increase GDP in mining & quarrying séctor,

vi) A new well-protected coastal area (which now remains unused) may be
utilized according to the increasing demand of economic activity, for
example, the increase of tourists.

The benefits mentioned above include such uhquamiﬁable effects as the assurance of
safety of human lives or improv_emént of commercial port and marina operation, etc.
However, only quantifiable benefits will be analyzed in the following section.



4.5  Economic Analysis

(1) Purpose and Methodology of Economic Analysis

" (a)

(b)

©

Purpose

‘The purpose of the economic analysis is o appraise the economic feasibility of the

Short-term Plan for coasta_l protection from the view-point of the national

economy.

Methodology

i) EIRR
The economic internal rate of return (EIRR) based on a cost-benefit analysis
is applied to appraise the feasibility of the project.

i)  "With" and "Without" Analysis
The EIRR value is obtained from the yearly economic benefit-cost value,
The economic benefits are obtained from the difference between "With" case
and "Without" case. The detailed method for calculating cost and benefits is

" shown afterward.
Conversion into Economic Prices’

In general, all costs and benefits are divided into traded goods, non-traded goods,
labour and transfer items. Labour is further divided into skilled and unskilled
labour. Transfer items such as tax and subsidies should be eliminated because

they do not cross the national border.

i)

Traded Goods

Traded goods are expressed at CIF (cost, insurance and freight) prices for
import and at FOB (free on board) prices for exports, which are border

prices themselves.
Non-traded Goods

The local currency portion, after deducting traded goods, labour costs and
transfer items, is considered as non-tradable goods, of which the economic

~ price is calculated by multiplying the Standard Conversion Factor (SCF).



The SCF makes it possible to eliminate the price differential between the
domestic market and the international market pioduced by import dunes and
export subsuies

SCF is expressed by the fo]]owing. equation:

+E

SCF = 113D + (E-De)

Where I~ Total amount of impont
E:  Total amount of export |
Di:  Total amount of import duties

De: Total amount of export subsidies
In this Study, SCF = .86 is adopted.
Labour |
Skilled Labour

The economic cost of skilled labom is obtained by multiplying its market

prices and the Conversion Factor for Consumptlon (CFC), assuming that

the market mechanism is functioning properly. The CFC is used for
converting the prices of consumer goods from domestic market price to
border prices.

CFC is expressed by the following equation:

(IC+EC) |
(IC’Fch) + (EC Dec)

CEC =

Where IC: * Total amount of imported con_sumer goods
EC: Total amount of exported consumer goods
Dic: Total amount of impon‘dutic_s on consumer goods
Degc: Total amount of export subsidies on consumer goods

In this Study, CFC = 0.92 is adopted.
Unskilled Labour

For the economic analysis, costs for unskilied labour should be measured in
terms of their opporturuty cost; that is, the value of lost marginal production
that the employment of laborers for a given project would create for other
PUEPOSES.
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The inflow of unskilled labour to a project is mainly from the agriculture

sector which is relatively flexible in its use and where wages are generally

lowest.© Thérefore, it'is often assumed in a simplified manner that the

economic cost of unskilled labour is equal to the per capita income of the

agricultural sector. According to the data prepared by MOPED, the general

wage level for agricultural workers is NZ$27 a day. Using the market price

of unskilled labour for construction (estimated NZ$36 a day), the

conversion factor for unskilled labour is calculated as follows:

Conversion .Fact()r for
Unskilled Labour

(2) Prerequisites of Economic Analysis

(a)

(b

Project Life

Worker's oy General Worker's .x CEC
Opportunity Cost Construction Cost
27/36x0.92

0.69

On the assumption that the amortization should start 3 years after the construction

begins the economic analysis is made based on a 33-year project life.

Hwithﬂ Case

According to the Development Plan, the projects comprise:

1) Coastal Protection for;

- Construction of a seawall including concrete parapet and armour rocks

along the shoreline in order to minimize wave overtopping into the land.

- Construction of offshore breakwaters on reef which will dissipate

offshore wave energy.

- Combination of a seawall and offshore breakwaters.

it)  Port Improvement for;

- Reinforcement of the east and west breakwater in Avatiu Harbour

‘(according to the new design wave condition).

- Construction of a new marina in Avarua Harbour.
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