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I Introduction 

I. I Background 

The AmWaj Islands Project involves the development of a new island off the north coast of 

Muharraq Island m Bahram (see Figure 1). To protect this new island from wave attack a 

scheme of submerged breakwaters has been plamied, which should also flmction as the 

anchor for a sandy beach, preventing the sand from bemg washed out mto the sea. The 

report by Pilarczyk (2002) describes the conceptual design of these breakwater structures. 

Two ofthe technical aspects to be considered in the design process is the ainount of wave 

transmission over the breakwaters (hnportant for the beach stability analysis) and the 

stability ofthe armour layer on the breakwater. The present test programme was designed to 

mvestigate these aspects for a number of different breakwater configurations. 

h i their fax (MLS/1063/CON, dd. 6 March 2002) OSSIS Property Developers 
commissioned W L | Delft Hydraulics to perform 2-dmiensional physical model testing on 8 
breakwater cross-sections. An additional test series was commissioned on 4 Apnl , 2002 
(FaxMLS/1114/0BW) from OSSIS to W L t Delft Hydraulics. 

The tests were performed m March and Apri l 2002 by Mr. P. A. Pasterkamp^d m. L 

Ouderlmg in a wave flume created m the Vmje Basm at tiie de Voorst location of W L | Delft 

Hydraulics. The project leader was Mr. G.M. Smith, who also prepared this_ report. 

Technical guidance on behaff of OSSIS was provided for this stiidy by Mr. P. de Brmn. 

1.2 Objective of the study 

The objective of tiie 2D model was to evaluate the performance of 8 different cross-sections 

of tiie breakwater wit i i respect to wave transmission and tiie stability of tiie rock armour. 

Two different crest elevations were tested, 4 crest widths and 2 sizes of rock armour were 

tested for 2 different water levels. 

It is noted tiiat the stability or tiie behaviour of the beach behmd tiie breakwater has not 

been evaluated in this study. 

WL I Delft Hydraulics 
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2 Boundary conditions 

The hydraulie and structural design conditions for the tests were provided by OSSIS. 

2.1 Hydraulic boundary conditions 

The hydraulic boundary conditions applied for the tests were: 

Wave height: 

Wave period: 

High water level 

Low water level 

Hs = 2.5 m 
Tp = 8.0 s 
HWL = C D + 3.5ni 

LWL = CD + 2.4 m 

A foreshore of uniform slope of 1:50 was applied from tiie toe of tiie breakwater to a depth 

of about CD-6m. 

2.2 Structural design conditions 

Eight cross sections have been tested. Four of tiiese sections had a crest elevation of CD + 

0.8 m and four wit i i a crest elevation of CD + 1,5m. Four crest widths were tested, 50m, 

40m, 30m and 20m, for each of the 2 elevations. 

The design cross-section consisted of a core of geotiibes overlain with a granular filter ^ d 

an armoïlayer. The geotiibes had a width of about 10 m. The heighrof tiie g oüibes 

varied, dependmg on tiie crest elevation of the section. For the section wi t i i the crest at CD 

ro.8m, the height of tiie geotube was 1.5 m (See Figure 2). For the section wi t i i tiie crest at 

CD + 1 5m, the height of tiie geotiibe was 2.2 m (See Figure 3). These — t i o n s , a^ong 

with tiie rock gradations named "Armour 1" and "Filter 1» m the table below have been 

specified by OSSIS at the start of tiie project. 

Two armour layer gradations and 2 filter layer gradations have been tested. The properties 

of tiiese rock gradations are listed m Table 2.1 below and shown graphically m Figure 4. 

Gradation M5o(kg) D„5o (m) 

Armour 1 300 -1000 612 0.61 

Filter 1 60 - 300 188 0.41 

Armour 2 100-500 341 0.50 

Filter 2 10-60 26 0.21 

Table 2.1 Tested armour and filter gradations 

The filter layer «Filter 2" is relatively fme compared to "Filter 1". The gradation for Filter 2 

is based on general design practice, that tiie filter gradation is about 1/10 of tiie armour 

gradation, by weight. For filter gradations larger tiian 10-60 kg it may be reqmred to first 

place a fmer gravel layer over tiie geotiibes for protection purposes. 

WL I pelft Hydraulics 
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3 Facility and model set-up 

3.1 Vin jé Basin 

second-order wave generation is used. 

3.2 Model set-up 

3.2.1 Model scale 

The scale of the 2D model «as detenmned based on (he design wave and water level 

conditions. The length scale factor chosen was nL-20. 

For the water motion in free snrface waves gravitational and inertial forces ̂ e do^tj^t 

should be reproduced in tiie model on a scale npr- f^^" '^^^ f f arederived 
L foUowmg relationships, expressed m terms of tiie lengtii scale factor n „ are denved. 

Wave height H(m) ^"""^os 
Wave period T(s) n i - n L ' 

Velocity V(m/s) nn-nL^'^ 

Mass M (kg) nn-np-nL 

Turbulent flow m tiie armour layer (as m nature under design conditions) w i l l be ensured i f 

the Reynolds criterion has been met: 

WL I Deift Hydraulics 
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V 

For the present design conditions (with a scale of 20) the Re-number equals 3.3*10\ This 

criterion was thus fulfilled. 

The scalmg of stability was achieved by ensuring that the stability number Ns was the same 

m model and nature. The differences m water density (salt and firesh) and m the armour 

density are accounted for m this parameter. The stability number is defined as 

where H, is the significant wave height, A is the relative weight of tiie armour and D„ is tiie 

nommal diameter of the armour units. Witi i tins relation (Eq. 3.2) tiie model scale is 

determmed by the ratio of wave height m prototype to wave height m tiie model. 

1/3 

(3.3) 

Subscript p refers to the prototype, m to the model. 

3.3 Measurements 

Six wave height meters (WHM) were used to measure tiie waves m tiie model. The incoimng 

and reflected waves were determmed by means of arrays of three wave gauges, h i tiie tnst 

series of tests one array was placed m firont ofthe wave generator and a second array was 

placed behmd tiie breakwater to measure the tiansmitted wave height. The same wave 

conditions were used m tiie 2-' series of tests. So, in tiiat series tiie array of WHM's at tiie 

wave generator was moved to tiie toe of flie breakwater, h i tiiis way mformation was also 

obtamed over tiie mfluence of tiie foreshore on the waves, h i the 3 '̂' series of tests, different 

wave conditions were applied and tiie waves were therefore measured usmg an array at tiie 

wave generator and a new array at the toe. 

The assessment of armour layer stability was made by placmg tiie armour layer m coloured 

bands and takmg photographs before and after each test, h i tiiis way tiie movement of 

mdividual armour stones could be easily detected. After each stability test, tiie number of 

displaced stones ffom each band was counted and related to the number of stones ongmally 

m the band, so that the damage percentage could be determmed. 

WL I Delft Hydraulics 
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4 Model construction and test programme 

4.1 Model construction 

The submerged breakwater consisted of a core, constructed from geohjbes ^^'Tf^^^^ 
overlam by a filter layer and a cover layer. The geotubes had a width of about 10 m and 

ri'acJd oss thi width ofthe flume. A number of geotubes were placed one directly 

beWnd the other to complete the core (see example on Photo page 1). 

The .eotubes were modelled by cotton bags fitted with a zipper. These bags were placed in 

heidit was achieved. The purpose of the geotubes is to retam the sand so that i t camiot be 

stability and was not mcluded m the scope of the present study. 

For Series 1 and 2 the 50 m wide crest was constructed and tested first. The narrower crest 

'Jdt ï w e T ^ ^ v e d by removhig the landward most section of flie breakwater to the 

desked crest width and then reconsfructmg the filter and armour layers. 
Cross-sections of the different structures are tested are shown m the foUowmg figures: 

Cross section 1, tested m Series 1 is shown m Figure 2. 
Cross section 2, tested m Series 2 and 3 are shown m Figure 3. 

4.2 Test programme 
The r ' and 2"̂  test series were performed with the foUowmg water level and wave 

conditions (at the location ofthe wave generator): 

Test number Water Level 
(mwrtCD) 

Hs 

(m) 

Tp 

(s) 

1,3,5,7 +3.5 2.5 8.0 

2,4,6,8 +2.4 2.5 8.0 

Table 4.1 Tested wave and water level conditions for Series 1 and 2 

W L l Delft Hydraulics 
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For each water level the 4 tests were performed for different crest widths, 50 m, 40 m, 30 m 

and 20 m, respectively. For all of these tests the transmitted wave height behmd the 

breakwater was measured. For the tests with the 50 m and 20 m wide crest the stability of 

the armotir layer was also determined. 

The 3"^ test series was performed with slightly lower waves, to examme the behaviour of a 

lighter rock gradation, which could be applied m sections where the breakwater is located 

m shallower water. The applied conditions were: 

Test Number Water Level Hs Tp 

(mwrtCD) (m) (s) 

1 +3.5 2.0 7.3 

2 +3.5 2.5 8.0 

3 +2.4 2.0 7.3 

4 +2.4 2.5 8.0 

Table 4.2 Tested wave and water level conditions for Series 3 

For all of these tests the tiansmission and stability were determmed. 

A l l tests were performed witi i about 1000 waves, which was sufficient to determme tiie 

statistical and spectial properties of the mcommg waves. A l l tests were performed with a 

JONSWAP spectiiim, wit i i a peak enhancement factor of y = 3.3. 

The tests for Series 1 are numbered 101,102 etc. Smiilarly the tests for Series 2 and 3 are 

numbered201, 202,... and 301, 302... etc. 

WL I Delft Hydraulics 
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5 Results 

The results o f the transmission and stability tests are presented m the foUowmg sections. 

For the transmission results ofthe measured transmission coefficients are presented m tab e 

form and m graphical fonn (Figure 5). h i Figure 6 the measured resul^ are c o m p a r e d ^ 

some recent design fonnulae. Results ofthe stability tests are presented m table form m ti^. 

foUowmg sections, m terms of the percentage of displaced stones on the breakwater. For 

t s p ^ o s e the damage percentages are presented for the front slope, 0-10 m on the crest, 

10-20 m , 20-30 m 30-40 m, 40-50 m and the rear slope. 

5.1 Transmission tests 

h i Table 5.1 the results of the measured wave conditions for the tests m Series 1, for the 

breakwater crest elevation of CD +0.8 m. 

Test nr. 
201 

203 
204 
205 
206 
207 

Crest Length 

50 

40 
40 
30 
30 
20 

Water level 
(m.CD) 

+3.5 
Hs(m) 

+2.4 
+3.5 
+2.4 
+3.5 
+2.4 
+3.5 
+2.4 

2.51 
2.50 
2.49 
2.54 
2.48 
2.34 
2.45 
2.33 

Before structure 
Tp(m) 

7.95 
8.03 
8.01 
8.02 
7.91 
8.01 
8.01 
8.00 

Hs,t(m) 
1.05 
0.61 

0.70 
1.22 
0.76 
1.36 
0.93 

_cxa. 
0.42 
0.24 
0.46 
0.28 
0.49 
0.33 
0.56 
0.40 

Table 5.2 Measured wave conditions for Series 2 

Table 5.3 Measured wave conditions for Series 3 

These results are presented graphically m Figures 5 and 6. h i Figure 5 the tratisn^^sion 

coefficient is plotted agamst the relative freeboard (RjHsd m the upper panel and agamst 

WL 1 Delft Hydraulics 
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.he relattve ores, leng* (B/L) in t e lower pand. The wave 
length at the depth of the erest, compnted usmg the Imear wave tory. T^»^"^ ^ 

stabihty of the beach. This, however, can only be assessed m a detaded sb^y of to beach 
behavL for the given condiüons such as sand type and size, slope angle and length, etc. 

The measured results have also been compared to recent design fonnulae P ^ - » ^ " ^ 
d ïn^mondet al (1996) and Seabrook and Hall (1998) mFigure 6. For the formula (iom 
d - M ^ I n l t al. — coeffcienf. (A..) needs to be defmed. Suggested vataes 
r a ^ torn a64 for roclc slopes to 0.80 for a smooth, impermeable dam. No » P - " 
X ^ f o r a submerged st^c«re. The results m Figure 6 (upper t^^^"^^^^"^^ 

valul of A . . . 0.8, which gives a good agreement between the measuml and computed 
™rfts . The deviaHons ftom the Ime are seen to be due mainly to the crest length. 

The comparison to the formula from Seabrook and Hall C/'^»)-"l^"™ ~ 

st^":b::^rt;rjrr=:^:r:-t::^re.^^ 
primarily from the crest length. 

5.2 Stability tests 

The results of the damage measurements for the 12 test conditions where the mnount of 

W L ) Delft Hydraulics 
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Damage in % per section of breakwater 
1 1 I I 

Table 5.4 Measured damage conditions for all series 

For all tests i t is seen that less than 2% damage has occurred m all sections, for tiie wave 

c o n i n s tested Comparmg tiie results from Series 1 and Series 2, i t is seen that more 

daLToc ^ r d in Series I which was to be expected as the crest elevation was tagger 
S L f o r e more susceptible to wave attack. This is also tiue -^^^l^^^^^^ 
and Series 3 for tiie shnilar wave and water level conditions more damage occurred in 

S i s 3 h a i g tiie lighter armour layer. Even still, tiie damage recorded can be classified 

!s 'no d ^ ^ e " leveOt is, however, noted tiiat some sections of the breal^ater w.11 be 

located rdeeper water where higher wave conditions may apply tiian have been tested m 

this investigation. 

WL I Delft Hydraulics 

9 



AmWa) Islands developmentt, Bahrain 
Physical modelling of submerged breakwaters 

H4087 
April, 2002 

6 Conclusions and recommendations 

The physical model testmg ofthe breakwater has led to the foUowmg conclusions: 

stability 

. The 300-1000 kg rock gradation exhibited less than 2% damage for all sections of the 

breakwater for aU tests with the 2.5 m wave height. 

• The 100-500 kg exhibited also less than 2% damage for all sections, for the tests with 

the 2.0 m wave height and also for the 2.5 m wave height. 

• The stability ofthe tested rock gradations for sections of the breakwater that are located 

m deeper water, where higher wave heights could occur, has not been assessed. 

Transmission 

. For Series 1, with crest elevation at CD +0.8 m and the HWL, the transmission 

coefficient varied from 0.56 for the 50 m wide crest to 0.66 for the 20 m wide crest. 

. For Series 1, with crest elevation at CD +0.8 m, and the LWL, the fransmission 

coefficient varied from 0.36 for the 50 m wide crest to 0.49 for the 20 m wide crest. 

o For Series 2, with crest elevation at CD +1.5 m and the HWL, the transmission 

coefficient varied from 0.42 for the 50 m wide crest to 0.56 for the 20 m wide crest. 

. For Series 2, with crest elevation at CD +1.5 m, and the LWL, the transmission 

coefficient varied from 0.24 for the 50 m wide crest to 0.40 for the 20 m wide crest. 

. The results of Series 3 were comparable to those for Series 2, for the tests havmg the 

same wave, water level and crest widths. 
. The measured results compared weU to the valued predicted by the design formula of de 

d'Angremond et. al. (1996) when a value of Asfr= 0.8 is applied and also to the formula 

of Seabrook and HaU (1998). The deviations from tiie predicted values can be attributed 

primarily to the crest length. 

Recommendations 

. It is recommended to perform a detailed stiidy of tiie behaviour of tiie beach behmd the 

breakwater to better ensure its stabUity. h i particular, tiie mfluence of a possible water 

level settip behmd the breakwaters, the mfluence of difflacted wave energy through tiie 

gaps m the segmented breakwaters and the effect of waves approachmg at an angle to 

breakwater on tiie beach stability should be mvestigated. 

W L l Delft Hydraulics 
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