No. 52

THE DEVELOPMENT STUDY
ON
THE SEAWALL CONSTRUCTION PROJECT
FOR
MALE' ISLAND IN THE REPUBLIC OF MALDIVES

SUPPORTING REPORT

DECEMBER 1992

JAPAN INTERNATIONAL COOPERATION AGENCY

S§SS

CR(3)

92-125







- N LiBRARY

IN"WI!MIWINIHIMIIII

1101782181

‘}dY&@






THE DEVELOPMENT STUDY
ON
THE SEAWALL CONSTRUCTION PROJECT
FOR
MALE' ISLAND IN THE REPUBLIC OF MALDIVES

SUPPORTING REPORT |

- DECEMBER 1992

JAPAN INTERNATIONAL COOPERATION AGENCY



E % F R

24466



®@ 0 &e e

‘Composition of the Report

This report consists of six volumes as follows;

Summary Report : Summary

Main Report 1 : Report for Male’

Main Report I : Report for Funadhoo
Supporting Report . Supplementary Study Report
Supporiing Datal . :  Topo/Hydrographic Maps

Supporing Data 11 : Oceanographic Survey Data







Table of Contents

[ Supporting Report |

Chapter
Chapter

Chapter

1

2

3

3.1

- 3.2

Chapter

Chapter

Chapter

Chapter

4

5

7.1

7.2

Determination of Design Criteria «--wmmwmmsmoomm oo
Hydraulic Model Test-------rmmommm v e m oo
Environmental Conditions--—----- - cuom e
Socio-economic Environments-—-—----------cawemomommmimmmms e e
Physical and Natural Environment - ----------=----wesssmmmmmomcemeeeee o
Comparative Study on Alternative Plan ---------oeoocmemmm e

Typical Cross Section of Proposed Shore
Protection Facilities - muomommmoi oo

Cost Study -

Oi'ganiiation and Management —------r---m-mmmsmm oo

'Organization Charts of the Government of Maldives and Ministry of

Public Works and L

Job Description of Ministry of Public Works and Labour-------------—--






Supporting Report

Elevation Comparigson - e
Observed Maximum Tide Level on the South Coast
Estimation of Extreme significant waves and -~
return periods for waves from dlfferent d1rect10ns

—

b

o

e

o]
kst et
e ok ok
Cd [N pee

Table 2.1.1 Conditions for Verification Tests - :

Table 2.1.2 Conditions for Present and Countermeasure Tests s
Table 2.1.3 Experiment for Verification Test - S
Table 2.1.4 Experiment for Fast €oast - s
Table 2.1.5 Experiment for the South Coasgt i
Tablte 2.1.6 Experiment for the West Coast -
Table 2.2.1 Verification of Numerical Model -
Table 3? 1_1 La“d USE Hale' .......... et e e oo uiiiemamamieeeaaseaeesaasanaean R
Table 3.1.2 GDP of the Maldives, 1990 - e
Table 3.1.3 Fish Production by Type and Ut111zat10n ---------------- e
Table 3.1.4 Vessels According to Registration in ¥ale”, 1990 -------------
Table 3.1.5 International Tramsportation, 1990 — i
Table 3.1.6 Passenger Arrivals of Tnternational Flight -
Table 3. 1.7 The Volume of the G, 0.K s Storage Tanks e
Table 3.1.8 Composition of Demestic Waste in Male™ -~ e
Table 3.1.9 Number of coltural Facilities and Sites -
Table 3.2.1 Quality of Ground water in Nale i
Table 3.2.2 Characteristics of Surface Water in laldlves ---------------------
Table 3.2.3 Water Quality in Male” S
Table 3.2.4 Water Quality Inter-Island Harbour by HRS

Table 3.9.5 Conditions of Coral in the South of Hale™ -
Table 3.2.6 Resiilts of Coral Survey in the South o8f M¥ale (1) -
Table 3.2.6 Resuits of Coral Survey in the South 09f ¥ale (2)
Table 3.2.7 The Amount of Fish Landing, 1990 e
Table 3.2.8 - Fish Cdatch by Fishing Mathod, 1990 - S

3.2.9

Composition of Species by Types of Fishing in
North -¥ale™ Atoll

RO T SO O O S e

Table 4.1 Comparison Table of Shore Protection Structure (1)
Tablie 4,2 Comparison Table of Shore Protection Structure (2) -
Table 6.1 “Unit Cost of West Coast : North Seawall i -
Table 6.2 Unit Cost of ¥est Coast : South Seawall - .
Table 6.3 Unit Cost of West Coast South Seawall-w ------------------------------
Table 6. 4 Unit Cost of Bast Coast : Groin - T
Table 6.5 Unit Cost of East Coast Stepped Weawall

Table 6.6 Unit Cost of East Coast : North Seawall -

Table 6.7 Init Cost of South Coast : East Seawall e
Table 6.8 ‘Unit Cost of South Coast : Center Quaywall ---------------------- -
Table 6.9 Unit Cost of South Coast : West Quaywall -
Table 6.10 Unit Cost of North Coast : Breakwater -
Table G-11 Unit Cost of South Coast : Alternative Quaywall -------------
Table 6.12 Unit Cost of North Coast : Altermative Breakwater -

- i1 -

I

1

CAS A3 o
0 ] T

o]
o2

|

D QS QD O
[ L L L | |

%]

<L

1

!

— 0D OO = ST A1 D CAD [ND e D

—

!



Figure No.

Figure
Figure
Figure

Figire

Figure

Figure 2.1.

Figure
Fipure
Fipure
Figure

Figure

Figure
- Figure

Figure
Figure

Figure

Figure
Figurse

Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure
Figure
Figure
Figure

Figure
Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

b ok

(CEX
[

DD DD DO BN DS B DD DN DN DO

[ S ™ Y SO T SN P Nt
o

1
1.
1

B DN BN B e
e

DO B2 D DD DD
el ol e
[de e B Na sl

LD DN e D

[ e = =Y

BMNMNMMMMMMAMRMN
bk OO0 =T OO R LI DO

W

DJI\JP-‘U‘I:P-

" Schematic View of Experimental Apparatus

‘Nearshore Current Distribution

Distribution of Inundation Area by Storm

Observed Records of Tidal Fluctuation at Male'
Distribution of inshore wave height with regard

to offshore wabe height and tide level on reef
Relation between offshore wave and inshore wave
Design Wave and Tide on the Coast in Male's Island

Distribution of Inundation Area by Storm
Representative Profile of the South Coast 1n 1987
and 1991

Representative Profile of the East Coast
Basic Shore Protection Plans for the South Coast
Representative Profile of the West Coast
Basic Shore Protection Plans for the West Coast
Changing of Flood Level on Ground
at Each Tidal Level

Wave Ronup Height for Coastal Type of Facilities

Wave Overtopping Rate for Coastal Type of
Facilities

Distribution of Runup Height,Mean Sea Level
Wave Height and Overtopping Rate

Wave Overtopping Rate for Coastal Type of Faciljtiesr
Relation between the ratio of crest height and

~2-34

the crown width of blocks
Nearshore Topography (East Coast}.
Wave Rays (East Coast)

Wave Height Distribution (East Coast)
Nearshore Current Distribution (East Coast)
Nearshore Current Distribution

Nearshore Current Dlstrlbutlon
Wave Rays (South Coast) B T

Wave Height Distribution(South Coast)

Distribution of Wave Height in Front of the Seawall
{South Coast)

Wave Rays and Wave Height D1str1but10n (West Coast) o

Nearshore Topography(East coast) ~
Wave Rays  (East Coast : Verification) ~

Wave Height Distribution: (East Coast Ver1f1cat10n)"'

Nearshore Current Distribution
(East Coast : Verifiation)

Nearshore Current Di_StI‘ibut ion

(East Coast .: Prediction)

Current Velocity Distribution = g

(East Coast : Prediction)
Distribution of Mean Sea Level
(East Coast : Prediction)

Nearshore topography (East Coast : Plan—l)"f”“““m"”“”"

Wave Rays (East Coast : Plan-1) womommmmmmsmmmsesss
Wave Height Distribution (East Coast . Plan—l) """"""""""
Nearshore Current Distribution (East Coast : Plan-1)

Current Velocity Distribution (East Coast : Plan-1)

Distribution of Mean Sea Level (East Coast : Plankl)""

Nearshore Topography (East Coast : Plan-2)

HWave Rays (East Coast : Plan-2) e

- iii -

"9-29
- 2-30

2-35

~2-36
e 937
~ 3-38
- 2-39

w241

2—42
~2-43



Figure 1.16 Wave Height distribution (East Coast : Plan-2)

Figure 1.17 Nearshore Current Distribution (East Coast : Plan-2)"" 2-

Figure 1.18 Current Belocity Distribution (East Coast : Plan-2)"™

Figure 1.19 Distribution of Nean Sea Levle (Fast Coast : Plan-2) ~ 2-

Figure 2.1 Nearshore Topography (South Coast) e

Figure 2.2 Have Rays (South Coast : Verification)

Figure 2.3 Wave Height Distribution (South Coast : Verification) 2-

‘Figure 2.4  Nearshore current Distribution s
(South Coast : Verification)

Figure 2.0 Wave Rays (South Coast : Prediction)

Figure 2.6 Wave Height Distribution (South Coast : Predlctlon) """"

Figure 2.7 Nearshore Current Distribution o
(South Coast : Prediction)

Figure 2.8 Current Belocity Distribution wrmmmmeseees

_ {(South Coast : Prediction)

Figure 2.9 . Distribution of Nean Sea Level s
{South Coast : Prediction)

Figure 3.1 Nearshore Topography (West Coast) o

Figure 3.2 Wave Rays and Wave Height (West Coast : Verlflcatlon)“ -

Figure 3.3 Wave Rays and Wave Height (West Coast : Prediction) ™ 2-

4

Nearshore Current and Velocity
(West Coast : Prediction)
Distribution of Mean Sea Leyel e
(West Coast : Prediction)

Figure

2]

Figure

Figure 3.1.1 Growth of Population, 1920 1990

Figure 3.1.2 Land Use Map '

Figure 3.1.3 Coastal Use Map at Presemt s

Figure 3.1.4 Coastal Use Map in future —— s

Figure 3.1.5 GDP of Maldives, 1990‘“"““““"““““““““”””*”"”"”"”““W“"”“

Figure 3.1.6 Composition of the GDP, 1990~

Figure 3.1.7 MNumber of Tourists, 1986*1990

Figure 3.1.8 Road Networks Map - T

Figure 3.1.9 Infrastructures in Male' =

Figure 3.1.10 Water Supply System in Male' ~mmmmmmes

Figure 3.1.11 Location of Cultural Facilities and Sites 77 3-

Figure 3.2.1 Monthly Average climate in Hulule, 1986-1990

Figure 3.2.2 .Changes of Topographic Conditions in Male' Island =

Figure 3.2.3 The Form of a Frech Water Lens e
2.4

Relationship of Ground Water Level amd o
Sea Water Level

Figure

Figure 3.2.5 Location of Wells for Ground Water Suvey =~ 777
Figure 3.2.6 Distribution of Chloride in Male' Island (1)

Figure 3.2.6 Distribution of Chloride in Male' Island (2) 7T :
Figure 3.2.7 Surface Currents aroun Maldives s
Figure 3.2.8 Equipment of Trace of Float Survey —
Figure 3.2.9 Results of Trace of Floats e
Figure 3.2.10 Location of Sampling Stations for Water Quality
Figure 3.2.11 Catch Rates for Cummercial Handline Fishery in the ™

North Nale' Atoll

Figure 4.1 Gravity Black type ~7TUTTTTTmmmmmmmmmmmmmmmmmmmm
Figure 4.2 Steel Sheet Pile Type o
-Figure 5.1 Typical Section of West Coast : North Seawall =
Figure 5.2 Typical Section of West Coast : South Seawall —
Figure 5.3 Typical Section of East Coast : South Seawall — o
Figure 5.4 Typical Section of East Coast : Groip "

- v -



Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure
Figure

~] =] =] LN LN OO L

Typical
Typical
Typical
Typical
Typical
Typical
Typical
Typical

Section
Section
Section
Section
Section
Section
Section
Section

of
of
of
of

of

of
of
of

East Coast

South Coast
South Coast
South Coast
North Coast
South Coast

North Coast :

: Stepped Seawall 5-6
Fast Coast. :

North Seawall — " 5-7

:- Bast Seawall 7 5B

: Center Quaywall 59

: Hest Quaywall""“m““'”S*IO

. Breakmater 5-11

: Alternative Quaywall 5-12
Alternative = "5-13
Breakwater

Government of the Republic of Maldives T2
Ministry of Public Works and Labour : MPWL T3
Ministry of Plamming and Environment ~ T TT-4



Chapter 1.  Determination of Design Criteria

1.1

Tide Level

In Male', there are some datum lines which were established by each project, for
example, the breakwater project, the port project and so on. These datum lines of
each project can be connected with the level of Ministry of Public Works and Labor
(MPWL.) which was set in 1987. Taking into account the easy understanding of the

‘underwater position or the on-land position and the connection of the port project

which is now in progress as the same coastal project as ours, the seawall project shall
adopt the same datum line (D.L.) as that of the port project. This datum line
coincides with the level of 99.80 m in MPWL.

The comparison with the level of other projects are presented in Table 1.1.1. Mean
sea level of this project is D.L. +0.64 cm and design high water level of the
bieakwater project coincides with D.1.. +2.08 m. The design high water level of
D.L. +1.34m in the port .proje'ct, howevef, is thought to be relatively low
considering the survey results that the innundated water levels of three points in the
disaster of 1987 are D.L.+2.0im, DL.+1.91m and D.L.+1.88 m,
respectively (Figure 1.1.1). “On the othér hand, the observed maximum tide level of
each month in the south coast reaches the level of M.S.L.+0.65 m, that is,
D.L. +1.29 m (Table 1.1.2). The average high tide level at spring tide (H.W.L.) is

‘thought properly to be D.L. +1.34 m.

Furthenmore; according to the actual tidal fluctuation records which were measured

simultanecusly on both the north and the south coasts, the fluctuations agree well

" with each other in the phase and the amplitude of tide (Figure 1.1.2). The water

level of D.L. +1.34 m (H.W.L.) seems to occur at each spring tide on the north,
south, east and west coasts of Male' Island without any abnormal sea condition. In

- addition, under a rough sea condition like a storm, the water level on the reef flat rises

due to wave set-up by breakings of incident waves as pointed out in the paper by
Dr. Y. Goda (1988). Therefore, the circumstances mentioned above should be

taken carefully into consideration for determining the design criteria.



Table 1.1.1  Elevation Comparison

" Department of Breakwater - Seawal | ) LEVEL of Port
Meteorology Project Project MPWE(198T) " Project
(Hawai i Universitv)_
Top of Breakwater — 104
: 103. 88(+3.80)
103
: 102. 058
ID.HHM. 101.88(+.80) 102
Flooded [Pt. A 101.81] ——
Point [Pt B 101.71] —
: . [Pt. C 101.68] ——
: Bench Mark 101.41
(DL 34D.H WL
101, 14 : ' :
101
FM.S.L. 100.59(40.50) : _
s : E(D.L.40.64) M.S.L.
L (D.L.42.03) — 100. 44 :
' :D.L. 100.08( +0.00)
: L 100 ;
: LAT
99. 80 t—(D. L.'30. 00) ——
— 99.7 — (D.LWL)
L 99
£ (D, L. +0. 00) ‘.
| STAFF ZERO 98, 41 :
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1.2

Table 1.1.2  Observed Maximum Tide Level on the South Coast
(Nov. 1988 to Jun. 1991 by Taisei Corp.)

Maximuom Tide (M.S.L. + cm)

Year | 1988 | 1989 | 1990 | 1991 Year | 1988 | 1989 | 1990 | 1991

Jan, - +65 | +60 | +65 Jul. | - +60 | +60 -
Feb. - | +55 | +65 | +60 | | Awg. | - +60 | +65 -
Mar. | - | +60 | +65 | +65 Sep.| - | +55) 450 -
‘Apr. - - +65 | +65 QOct. - - +55 -
May | - - +60 | +60 Nov. | +65 | +60 | +35 -
Jun. - +55 | +65 | +60 Dec. | +60 | +60 | +55 -
Design High Water Level

Shore protection facilities would generally suffer from more severe damages under
the condition of high tidal level than low tidal level. Especially, the planning of
countermeasure works against storms should be taken into account in the design high
water level (D.H.W.L.) as an important and fundamental criterion. The following
method is taken widely in order to determine D.H. W L.;

a) 1o adopt the past highest water level,

or

b) toadd the past highest tidal difference to the average high tide level at spring tide
(HW.L.).

However, a$ no exact information to estimate the past highest tidal difference is
available, the item (a) will be considered in the following.

According to the survey by Breakwater Project, the flood water level caused by the
storm of April 1987 in the south inland area of Male' are measured as follows;

Point A ----ememmemeemes DL. 420l m
Point B -----rrsmmmaeeas DL. +1.91 m
Point C-s-m-rm-eommmme- D.L. +1.88m

Mean: DL +193m



Subsequently, Male' Island has suffered from several storm disasters, but the tflood
water level in April 1987 is the highest one in the disasters by waves, Therefore, the
past highest water level is estimated to be about D.L. +1.93 m. As the average high
tide level at spring tide (H.W.L.) is D.L.+1.34 m, the water level of
D.L. +1.93 m corresponds to the tidal difference of 59 cm in the sense of the above
item (b). This means that the abnormal rise of mean water level at the storm disaster
in April 1987 reached to the héight of 59 cm at least, even if the event had occurred at
the spring tide. Though the inundation on land includes some influences of wave
overtopping, the value of 59 cm seems t00 large for the only amount of wave set-up.
In addition, as a series of detached breakwaters have already been constructed 1{y]
protect the south coast, the rise of mean sea level become lower than that of the storm
disaster in April 1987. According to the results of physical model tests conducted
under the condition of storm waves in April 1987 and of a present detached
breakwater, the rise of mean sea level in front of the proposed quaywall on the south
coast decreases to the level of D.L. +1.63 m from the flood mean level of
D.L. +1.93 m which occurred without detached breakwaters. It means that the
design high water level for proposed seawalls should be determined considering the

conditions of each coast.

The design water level for the proposed seawall on the east coast is estimated to be
D.L. +1.64 m made by adding the wave set-up of 10 percent of offshore wave
height to HLW.L. of D.L. +1.34 m. Because reef flat zone in front of the proposed
facilities on this coast is not well developed and incident waves break at a certain

position on the sloping bottom topography.

On the west and north coasts, incident waves do not break offshore but crush directly
on a scawall. Therefore, wave set-up due to breaking does not need to be
considered. Design high waver level on the west and north coast becomes

D.L. +1.34 m the same as in Port Project.

Therefore, the design high waver level (D.H.W.L) for each coast is summarized as

follows:
(1) West Coast . DL, +1.34 m,
(2) - East Coast : -D.L. +1.64 m,
(3) Sonth Coast : D.L. +1.63 m,
(4) North Coast + D.L. +1.34 m.
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Design Wave

The waves which approach the shallow water region from an offshore region changes

its height and direction due to the influence of bottom topography. Therefore, the

above influence needs to be considered for determining design waves for shore
protection facilities like a seawall. What follows is an outline of wave deformation in
the reef coast of Male' based on the observed data. The design wave of the project
will be described lastly in this section.

Waves on East Coast

Figure 1.1.3 shows the relation with the inshore wave on the reef flat, the offshore
wave and the water depth on the reef flat. According to the upper part of the figure,
the waves observed on the reef flat do not have any relation with the offshore waves
which propagate from the Indian Ocean. This means that waves incoming to. the
existing seawall on the reef flat do not depend on the dimension of offshore waves
but depend mainly on the shallow reef topography.

The lower part of the figure shows the relation between the inshore wave height on
the reef flat and the tide level, that is, the water depth on the reef flat. The linear
relationship is in gdod agreement with each other. The equation of HE = 0.37 h* -
04, which is introduced by the statistical analysis, can fit all observed data with the
high correlation coefficient (y = 0.97). This means that the inshore wave height on
the reef flat of east coast is determined only by the water depth on the reef flat
whatever high waves would attack the east coast. It should be noticed, however, that
the water depth on the reef flat includes a rise of water level due to wave set-up which
increases generally in proportion to the height of the offshore wave. Assuming that
the water level of D.L. +1.93 m measured in April 1987 happened on the east coast,
the waves of 0.62 meter in height would attack directly the seawall on the east coast.

Waves on South Coast

Figure 1.1.4 shows the relation with the offshore wave height, the inshore wave
height and its ratio. The station of SOUTH No. 1 and SOUTH No. 3 located just
behind the breakwater and the station of SOUTH No, 2 located at the open entrance
of two breakwaters. According tolthe upper part of the figure, waves in No. 2 are
higher than those in the other two stations. Moreover, the proportional relation
between the inshore and offshore wave heights can be recognized. Namely, waves in
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the channel on the south coast become high with the increase of offshore wave

height.

On the other hand, the effect of wave absorption by the existing breakwater can be
estimated by the lower part of the figure. Though incident waves from the open
entrance have a 30 % height of offshore waves approximately, waves in the area
protected by the breakwater have only a 10 % height of offshore waves. When a
storm wave of 2 m to 3 m in height would attack: the south coast, a wave of 0.6 m
to 0.9 m in height could enter through the entrance of breakwaters. Considering the
utilization of seawall on the south coast as a quaywall for small boats, any
countermeasures which close the entrance slightly would be necessary to secure the
safety of small boats. '

Waves on West and North Coasts

Observed waves on the west coast were unfortunately low swell from the Indian
Ocean. Predominant high waves appearing on the west and north coasts come from

the north west direction.

Careful attention should be paid to wind waves during the west monsoon. These
waves aitack directly the existing seawall without breaking due to the shortuess of the
reef flat in addition to the steep slope of sea bottom on the west and north coasts.

Table 1.1.3  Estimation of extreme significant waves and
return periods for waves from different directions.

Return Period Significant Wave Height, H, (m)
(yea1s) | North West | South West | South East
(T=4.6 sec) | (T=0.7 sec) | (T=14.5 sec)
1 0.95 1.00 1.85

2 1.00 1.10 1.95

5 1.05 1.25 2.15

10 1.10 1.35 2.25

20 1:15 145 | . 2.50

50 1.20 1.60 2.60

100 1.25 1.70 2.70
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Design Wave

A wave measurement was conducted by the Lanka Hydraulic Institute (LHI) around
Male' Island during a relatively long period. Representative wind waves from the
north west were measured by using a pressure cell during February 1988 to May
1989. Representative wind waves from the south west were measured by a wave

- rider during May 1988 to August 1988. Also, swells from the south east were

measured during September 1988 to May 1989. Extreme analysis on the basis of

above wave data gives significant waves and their return periods which are adopted
by Port Project (Table 1.1.3).

Fundamentally, a significant wave corresponding to a 50 years return period will be
taken as an offshore design wave for wave resisting facilities like a breakwater, a
seawall and a quaywall. On the other hand, a wave which caused the severe storm
disaster in April 1987 is estimated to be the high wave of 3.0 meters height and of 16
seconds period by Dr. Y. Goda (1988). As an offshore wave on the south coast,
this project will adopt the higher wave of 3.0 meters than the wave of 2.6 meters

estimated by L.H.L from view points of disaster prevention.

According to the results of physical model tests using the offshore wave of 3.0m
height and 16 sec period, significant waves of 0.65 m in height and 5.9 sec in period
are measured in front of the quaywall on the south coast. Therefore, a design wave
for the quaywall is estimated to be of 0.7 m and of 6 sec.

An offshore wave on the east coast is concluded to be the same as the one on the
south coast by refraction analysis of numerical model tests. T herefore, a wave (H)
after breaking in front of proposed seawall on the east coast can be derived from the

following formula which is most commonly used in the surf zone:
H=078xh

where h is the water depth. Considering the water depth of D.L. +0.0 m, where
proposed seawalls are to be constructed, the tidal level of HW.L. (1.34 m) and the
rise of mean sea level due to wave set-up corresponding to 10 % (30 cm) of the
offshore wave height, the wave height of 1.3 meters ts obtained from the above

equation,

1 -11



As for the wave in front of seawall on the west coast, the offshore wave of 1.2 m
and of 4.6 sec by L.H.1. approaches the proposed seawall without any changes,
because a wave deformation due to shoaling effect does not occur at the depth of the
proposed scawall.

On the other hand, a wave from the north west comes predominantly to the north
coast because a wind wave from the north direction is obstructed to propﬁgate by
many islands located in the north area. As a north west wave comes obliquely to the
shoreline of north coast, incoming waves in front of harbor breakwaters are
controlled by Snell's law similarly as in the case of light waves. A wave height on
the north coast becomes 0.6 m applying Snell's law to the north west offshore wave
of 1.2 m height by LH.I. And this wave approaches the harbor breakwaters
without any deformation due to breaking and shoaling effect.

Offshore waves and design waves in front of facilities are shown together with tidal
conditions in Figure 1.1.5.

1-12
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Chapter 2.  Hydraulic Model Test

2.1

2.1.1

Physical Model Test
Test Conditions

Based on the results of site investigations concerning wave, tide, topography and
historical storm disasters, physical model tide have been conducied in order to
provide technical assurance for shore protection planning by using a 2-dimensional
wave flume (Figure 2.1.1). The experiments are classified into three tests;
verification test, present-condition test and countermeasure test. The verification test
reproduces the flood phenomena of the storm disaster event in April 1987 in a model
topography of the flume: On the other hand, the present condition and
countermeasure tests evaluate the effectiveness of the facilities proposed as shore
protection plans on the east, south and west coasts of Male' Island.

All experiments have been performed with the scale of 1/50 for representative profiles
on each coast. Hereafter the dimensions of all items are converted into those of the
prototype according to the Fronde similarity law. The conditions of the three tests are
summarized in Table 2.1.1 and Table 2.1.2. Fourteen (14) experiments are tun with
varying wave height, wave period and tidal level in the verification tests. In addition,
eight (8) experiments for the east coast, three (3) experiments for the south coast and

six (0) experiments for the west coast are run in the present and countermeasurs tests.
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Table —- 2.1.1 Conditions for Verification Tests

i
INCIDENT WAVE ‘TIDE TOPOGRAPHY VERIFICATION ITEM | MEASURING I TEN
| (0. L. +m) |
Ho = 3.0m 1.3 Historical Records
T = 16sec 1.2 Lin April 1987 5 | - ¥ave Height
[
(Wave by. 1.0 * Point A + Wave Period
Y. Goda:1988) 0.9 (DL +2.01m)
0.8 Profile + Mean Sea Level
Lo0.T t in August | - Point B
1987 H{D.L.+1.91m) ; = Flood Level on
Ho = 2.6m 1.3 | ' Ground
T = 14.5sec 1.2 {Survey line| + Point C
1.1  No.E-60) :(D. L. +1.88m)
{Wave by 1.0
Return period 0.9
of 50 Years) 0.8
| 0.7
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1.2

(D

Test Methods
Verification Test

The verification test aims to define the wave and tidal characteristics during the storm
disaster of April 1987 when Male' Island experienced serious damages and aims to
propose an appropriate shore protection facility for the coasts of Male' against storm
attacks as severe as the event in 1987 by using the clarified characteristics of wave
and tide. The distribution of the inundated area by the storm in 1987 is-illustrated in
Figure 2.1.2. Dr. Y. Goday (1988) estimated that high storm waves of 3.0 mcters
height and of 16 second periods propagated from the west ocean of Australia had
attacked the island at that time. On the other hand, Lanka Hydraulic Institute
proposes that the extreme wave of 2.6 meters height and of 14.5 second period as the
wave in a return period of 50 years. This test adopts both waves as experimental
incident waves, varying tidal level from 1.3 to 0.7 meters above the datum line
(D.L.), as the tidal level at the event in 1987 has not been identified.

The model 'topography is set up in the flume based on the profile of the south coast
which was surveyed in 1987. The profile is illustrated in Figure 2.1.3, where flood
levels at Point A (D.L. +2.01 m) and Point B (D.L. +1.91 m) are presented on the
ground by historical records in April 1987. Wave height, wave period and mean sea
level are measured with capacitance-type wave gauges at a distance of 0, 115, 265
and 415 meters offshore from the present seawall position. Offshore wave (incident

‘wave) is also meastired in front of the wave generator. Flood water level on the

ground is measured by a point measure gauge ai the distance of 250 meters inland

from the present seawall.



Figure 2.1.2  Distribution of Inundatior Area by Storm
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East Coast

- Present condition tests and countermeasure tests have been conducted on the

representative profile of the east coast which was surveyed along the line of E-60 in
1991 (Figure 2.1.4). This line was selected because relatively high waves attack the
existing seawall surrounding the line at all times. The Incident wave and tidal level
are set from the results of the verification tests; wave height and period are 3.0 meters
and 16 seconds respectively, and the tidal level is 0.9 meters above the datum line. In
addition, experiments for the tidal level of 1,34 meters above the datum line which
corresponds to the design high water level are added for the safety of the shore
protection facility.

Basic countermeasure plans for the east coast of Male' are presented in Figure 2.1.5.
An artificial reef described in this figure means a submerged facility designed to
function as a real coral reef against offshore wave attacks. Wave height, wave period
and mean sea level are measured with wave gauges. Wave runup height is measured
in the seawall position with a ruler. Wave overtopping rate is measured by the
volume of water contained in a box which is set up behind the seawall.

South Coast

The present condition and countermeasure tests have been carried out on the
representative profile of south coast along the survey line of §-45 (Figure 2.1.3).
The incident wave height of 3.0 meters, wave period of 16 seconds and tidal level of
D.L.+0. 9 meters are selected from the results of the verification test. Shore-
protection plans as illustrated in Figure 2.1.6. Plan-(1) is the case where the
elevation of seawall is reduced to D.L.+1. 8 meters from D.L.+2.1 meters. The fall
of crown height of the existing seawall from D.L.+2.1 meters to D.L.+1.8 meters is
to provide a quaywall for small boats. Plan-(2) is the case where a submerged

‘breakwater between the existing detached breakwaters is added with the crown

elevation of D.L.+1.0 meter to Plan-(1).

The submerged breakwater is set for the improvement of harbor tranquility for small
boats. The wave height and period, mean sea level, overtopping rate and runup
height are measured by the same methods as in the experiment for the east coast.



Present Condition

5

e D L. 44, 0Bm
0.L.10.9n V7
~10 k=

Detached Breakwater

-15 L
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Figure 2.1.6 Basic Shere Protection Plans

for the South Coast
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(4)

West Coast

‘The present condition and countermeasure tests have been conducied on the

representative profile of west coast along the survey line of W-12 (Figure 2.1.7).

This profile where any extended space of reef flat zone in front of the seawall is not

recognized, is selected because it is the most critical profile of sea wave attack on the
west coast. The incident wave of 1.2 meters height and of 4.6 seconds period is
adopted in this experiment as an offshore incident wave which corresponds to the
wave of 50 years return 'period. The experimental tide is set at the level of D.L.+1.34
meters which agrees with the deign high water level of this project.

Shore protection plans on the west coast are illustrated in Figure 2.1.8. All these
plans consist of sloping mounds of rubble stones and concrete blocks of an energy-
dissipating type, backed by a vertical retaining wall. The seawall under consideration
has two or three layers and four or five rows of tetrapods resting on mounds of
crushed stones placed in front of the vertical wall.

The measuring of items, such as wave overtopping rate and wave runup height, is
done by the same method as in.the experiments for other coasts.

2-11



Present Condition
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Figure 2.1.8 Basic Shore Protection Plans for the West Coast
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Phete 2.1.1 Experiment on the South Coast (Verification Test)
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Wave in front-of Seawall

Pheto 2.1.3 Experiment on the East Coast
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2,13

(1)

Test Resulis
The Verification Test

The experimental results are summarized in Table 2.1.3, where the dimensions of
every item are converted into thosc of the prototype as mentioned before. In every
experimental case, the inland area on the south coast is recogunized to be inundated by
waves the same as in the even of 1987, Because the ground level of D.L.+1.3 meters

‘is too low to prevent the sea water from rushing into inland areas. The sea water

rushing is mainly due to the rise of mean sea level from D.L.+2.02 meters to

'D.L.+1.59 meters for the wave of 3.0 meters height as well as from D.L.+2.20

meters to D.L.+1.72 meters for the wave of 2.6 meters height.

As aresult, the land is flooded to the level of D.1..+2.18 meters to D.L.+1.8 meters
and of D.L.+2.26 meters to D.L.+1.84 meters by both waves, reSpeCtiver. The
change of flood level at each tidal level is presented in Figore 2.1.9. The topography
used in the survey line of S-45 crossing at the middle between Point A and Point B is
shown in Figure 2.1.2, Comparing the historical records obtained from the storm
disaster in 1987, the actual flood level at Point A is higher than that at Point B. The
higher flood level at Point A, however, is though to be affected by wave attacks from
the east coast. - The wide area of the east coast including Point A is inundated as
shown in Figure 2.1.2 and the records of Maldive T. V. and many photographs taken
at that time tells us that not only did wave attacks come from the south coast but also
from the east coast. In order to define the sea condition from south direction in the

~even of 1987, it is reasonable to adopt the historical data at Point B. Therefore, the
~ wave of 3.0 meters height, 16 seconds period and a tidal level of D.L +0.9 meters

which agrees well with the historical data of D.L.+1.91 meters at Point B, could be

- selected as an incident wave in the present condition and countermeasure tests for the

south and east coasts of Male'.
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2.4
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Figure 2.1.9 | Changing of Flood Level on Ground at Fach Tidal Level

2-19

- 10 | { i
Measure Point
Ground ;
D Wy = gé Sea
2.3 |- L/ - ]
Profiie
in 1987 2.28
- -~10
2.2 = - .
- 20
~400(m) -200 : 0
e 1 2.18
i } { !
2.1 P .
©
B =
3
2
© 2.0 -~
|
(]
> 1.9 p- -
11
-
1.54
o
0
L
u. 1.8 p~ -
00 . Ho =3.0m, T=16s
o— ; H, =2.6m, T=14.5s
1.7 = -
S 1 | | 1 1 1
0.7 0.8 0.9 1.0 1.1 1.2 1.3



()

East Coast

Experiments for the east coast have been conductcd-mainiy using the identified rough
sea condition in versification tests, under which Male' Island experienced severe
disaster in April 1987. The experimental results are listed in Table'2.1.4. From
these, wave runup height and wave overtopping rate for each type of coastal facility

- are presented in Figure 2.1.10 and figure 2.1.11, respectively. According to the

plotted data in both figures, wave runup height is lower than the crown elevation of
the seawall, but some overtopping oceur in the Present Condition -(1). Under the
Present Condition -(2) at the tidal level of H.W.L., however, wave runup height is
higher than the crown height of the existing scawall resulting in a larger amount of
overtopping rate of 0.004 in3fm.s. '

For the protection of a relatively densely populated coastal area, an overtopping rate
of 0.01 m3/m.s is currently adopted as a guideline in pbrt areas of Japan. If the safe
passage of cars is to be secured at all times along the coastal road protected by a
continuous seawall, the tolerable limit seems to be of the order of 10 ““m3/m.s (Y.

Goda; 1985). In any case, the acceptable limit for the wave overtopping rate needs to

be set by considerations of not only technical aspects but also coastal a(':tivilti'cs, land
use and conditions. Especially in low lying and densely populated area like Male'
lower runup height than the elevation of seawall and no overtopping rate would be
desirable as countermeasure works. Therefore, Plan -(1), Plan -(3), Plan -(4) and
Plan -(5) would be acceptable works from a technical point of view.
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South Coast

The experimental results are summarized in Table 2.1.5. The Government of
Maldives has a plan to use the channel behind the detached breakwaters as a small
boat harbor. The crown elevation of the present seawall has to be reduced 10 a
suitable elevation of quaywall. Compared with the results of present condition, the
wave runup heights in both Plan -(1) and Plan -(2) are almost the same, but the
overtopping rates in both plans are larger than in the present condition due to the fall

of seawall elevation.

- The distribution of wave height, mean sea level, ranup height and overtopping rate
-are shown for the three cases. According to the tolerable limit from the viewpoint of

structural safety, any pavement on the ground behind a seawall is not necessary at the
amount of wave overtopping rate of less than 0.05 m3/m.s, but necessary at the
amount greater than 0.05 m3/m.s and less than 0.2 m3/m.s as illustrated in the left
side of Figure 2.1.12 (Y. Goda (1985)). In spite of showing a higher rudup height
than the elevation of quaywall, both plans would be acceptable if the back ground
behind the quaywall is paved sufficiently. In addition, judging from technical aspects
Plan -(2) is preferable to Plan -(1) because of smaller overtopping rate and a more

calm sea condition in the channel.
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@

West Coast

The eéxperimental results are summarized in Table 2.1.6. Under the present
condition, waves after striking the seawall, run up a considerable height with the
result of a large amount of sea water overtopped into the hinterland. The resulis tell
us that an improvement of the cxisting scawall is essential to secure inland areas
against a flood due to storm waves. Wave overtopping rate for the five proposed
plans including the present condition are illustrated in Figure 2.1.13 based on the
results of the experiments. As the hinter area along the west coast is too extensively
utilized to allow a wide flood, a countermeasure work like Plan -(3) or Plan -(4) or
Plan -(5) would be appropriate as a shore protection facility because a litile or no
overtopping rate is recognized in these plans.

In the north part of the west coast, the reef flat zone is too narrow to provide enough
space in front of the existing seawall for a block mound type of seawall which is very
popular and effective as a wave energy-dissipating seawall. From the results of the
experiments, a reef flat zone approximately 7 to 8 meters wide is needed at least as a
sufficient space of the new type of seawall. |

On the other hand, though the elevation of seawall and the crown width of blocks in
this experiment are set constant values of D.L.+3 m and two (2) blocks,
respectively, the reduction of seawall elevation can be estimated using experimental
results obtained by Y. Goda and Y. Kishira (1976). Figﬁre 2.1.14 represents the
relation between the ratio of crest height and the crown width of blocks. AcéOfding
to this result, the ratio of crease height becomes 85 % of two blocks for three blocks
and 75 % of two blocks for four blocks at the crest. As a results, in order to’
maintain the present seawall elevation of D.L.+2.6 m, concrete blocks with two or
three blocks at the crest are necessary to be installed in front of a vertical seawall.
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Figure 2.1.13 Wave Overtopping Rate for Coastal Type of Facilities
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2.2

Numerical Modél Test

The numerical model is composed of a wave model and a current model. These
computer models can simulate the plane distribution of incident waves and nearshore
currents on a coastal area. As the computer models have several unknown factors,
the verifying calculation using actual field data, such as wave and current is essential
for a precise prediction.

The verifying calculation has been applied to the cast coast of natural reef and to the
south coast protected by the artificial facility of breakwaters. Afterwards, the
predicting calculation has been conducted to evaluate the distribution of a storm wave
and the effects of proposed shore protection plans on the east, south and west coasts
of Male'.

The results of the verification tests are summarized in tabie 2.2.1 ~. Examples of
bottom topography, wave ray, wave height and nearshore current on the east coast
are presented in Figures 2.2.1 ~2.2.4. Though a little discrepancy is recognized,
the results of calculations agree well with those of field observations as a whole.

Using this numerical model, predictions for shore protection plans have been
conducted. Examples of nearshore current on the east coast are show in Figure 2.2.5
through Figure 2.2.7. The current distribution in Figure 2.2.5 is obtained by a storm
wave of 3.0 meters height and of 16 seconds period under the present facility
condition. Predominant currents on the reef flat on the east coast flow to the north
direction were the same as the results of field measurements in September to October
1991. On the other hand, those in Figure 2.2.6 and Figure 2.2.7 are obtained for the
shore protection plans; one is the plan of land reclamation in the northern part coupled
with a beach suﬁounded by two groins in the southern part, and the other is only of
the beach in the southern pait of this coast.

From this prediction, a proposed beach surrounded by L shaped groins will be well
protected from strong nearshore carrents. Sand filled into this region is thought to be
stable by this proteciion.

However, in the case without land reclamation, strangering of water appears in the
north area adjacent the northern L-shaped groin, where sand and garbage tend to be
deposited. On the other hand, in the case of reclaimed land, relatively strong currents
flow in a northern direction in front of the seawall. Form the view point of water



quality, the construction of not only the beach but also the reclamation would be

recommended to be implemented at the same time.

The speed of current which appears in front of the reclaimed land is almost the same
as those in the present condition. Therefore, no significant influences are thought to

occur on the east coast.

Figure 2.2.8 and Figure 2.2.9 show wave rays and wave height distribution of a
storm wave incoming to the south coast. Waves after breaking come into the harbor
channel mainly through gaps between detached breakwaters. The longshore
_distribution of wave height in the channel is shown in Figure 2.2.10 for both cases
with and without submerged breakwaters between detached breakwaters. From these
results, the highest wave occurs just behind the gap between the forth and fifth
detached breakwaters form the east side. This high wave is due to the offshore
bottom topography where the deep region reaches the gap the most closely on the
south coast. Therefore, attention should be paid in plahning shore protection works

in this area.

An example of the calculation results on the west coast is shown in Figure 2.2.11, -
Though the swell waves having long periods come form the south direction, a wave
does not break in almost all of this area on the coast, and a small wave approaches the
seawall due to the wave refraction. Based on the results of calculations, nearshore

current due to waves does not occur in the west coast.



Table 2.2.1

Verification of Numerical Model

SOUTH

1 EAST  COAST | COAST
ﬁi}_bservation ' Dai‘;g__m 1 1st, Oct. (6 o'elock) | 9th, Oct. (4 o'clﬂek)“ __E
Station . Item E Observatidn Caiculation | Observation Calculatif;l;j
| | Tide Level J D. L. +0. 86m | D.L.+0.87n
| Wave Height (m) 0.78 _ 1.24 - E
Offshore - : :
Wave Period (sec) ; 12.8 b 11.8 e
Wave i : : -
E Wave Direction 1 SSE e SE
| Wave Height (m) , 0.2¢ . 032 | 013 0.14
Mol Mave Direction Sk  EE W | SSE
: Velocity (m/sec) 0.465 i 0.14  oom 0.011
| Current Direction I N SSW SSE
'Yave Height (m) 0.26 | 0.39 0.39 0. 40
| No.2 | Wave Direction ESE . BE | SSE SSE
Velocity (m/sec) | 0.207 | 0.26 0.0 0.033
| Current Direction | N "ﬁi; | SH- NW
' Vave Height (m) 0. 27 | 0.36 | 0.10 0.16
No.3 . | Wave Direction N iOBSE " ESE SE
Velocity - (m/sec) 0.272 6. 058 0.086 0. 063
Current Direction i N N "Ww_ W
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Appendix

(Numerical Meodel Test)

1.

East Coast.

1.1 Verification Test
1.2 Prediction Test

South Coast

2.1 Verification Test

2.2 Prediction Test
West Coast

3.1 Verification Test
3.2  Prediction Test

(Figure 1.1 ~ Figure 1.4) -
(Figure 1.5 ~Figure 1.19)

(Figure 2.1 ~ Figure 2.4)

(Figure 2.5 ~ Figure 2.9)

(Figure 3.1 ~ Figure 3.2)
(Figure 3.3 ~ Figure 3.5)
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Figure 1.11 Nearshore Current Distribution ( East Coast : Plan-1 )
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Figure 1.13 Distribution of Mean Sea Level ( East Coast : Plan-1 )
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