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1 Introduction

Low-Crested structures (LCS’s) are typically built in shallow water as detached breakwaters
for coastal protection purposes. The structures are usually parallel to the shoreline with wave
attack almost perpendicular to the structure. However under special environmental conditions
more oblique waves can occur. Groin systems or breakwaters for harbours where structures
are not parallel to shore line are other examples in which oblique wave attack occur.

Numerical models are still too inaccurate to describe the stability phenomenon especially in
case of 3D-waves: Therefore numerical models cannot be used in establishment of design
formulae.

Several 2D laboratory experiments on trunk armour layer stability of LCS’s have been
performed in wave channels; see e.g. Ahrens 1987, Van der Meer 1990/1996, Loveless and
Debski 1997. To our knowledge only one 3D test series with long crested waves has been
carried out on complete LCS’s, see Vidal et al. 1992. These tests were carried out in the wave
basin at NRC, Canada, 1991-1992 on a 4.7m long structure exposed to irregular head-on
waves. The results showed that in some situations the rear head was prone to damage. Only
one structure geometry was tested with cross-section slopes 1V:1.5H. The results could
therefore only quantify influence of freeboard on the stability for that specific geometry.

The objective of the new LCS stability tests (mainly roundhead but also trunk) was to
supplement existing tests in order to identify the influence on rubble stone stability of:

1) Obliquity of short crested waves
2) Wave height and steepness

3) Crest width

4) Freeboard

5) Structure slope

The stability tests were carried out in the short-crested wave basin at Aalborg University in
Denmark during the summer 2002.
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1.1 Wave basin layout

The wave basin used in the tests has dimensions as
shown in Figure 2. The maximum water depth in
front of the wavemakers is approximately 0.5 meter
(the wavemakers are 0.7 meters high).

Regular and irregular short crested waves with peak
periods up to approximately a maximum of 3
seconds can be generated with acceptable result.
Oblique 2D and 3D waves can be generated.

Figure 1 Crate filled with sea stones

The absorbing sidewalls are made of crates (121x121cm, 70cm deep) filled with sea stones
with Dys0 of approximately Scm. The area outside the crates were left empty in all the tests.

The beach was made of quarry rock with Dysp=1.5cm.
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Figure 2 Wave basin layout with position of structure
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2 Structural layout and cross sections

The trunk and the roundhead were constructed by carefully selected quarry stones with
density 2.65t/m’. The stones were painted in different colours to identify and quantify damage
using digital photos. Two different cross sections were tested at different water levels; see
Table 1 and Figure 3. The length of the structure was Sm.

Narrow cross-section Wide cross-section

Armour Dns0=3.3cm Armour Dnso=3.3cm

»25cm~

1 o> Core Dnso=1.5cm Core Dnso=1.5cm

130cm 145cm

Figure 3 Cross-section geometry

Table I Cross-section details

Crest width 0.1m and 0.25m (3D,s0 and 8Dys0)
Crest height 0.30m

Front and back slope 1V : 2H

Freeboards -0.10m, -0.05m, 0.0m and +0.05m
Armour stone size D.n50=0.033m

Core stone size Dinsg=0.015m

Thickness of armour layer | 0.66m (2D,s0)

Figure 4 Photo of model

A circular roundhead with crest radius equal to half the trunk crest width was chosen. The
structure was located at a plateau 8cm above the seabed at the paddles. The plateau was built
by flagstones, and the foreshore slope was poured in concrete. The water level in deep water
was varied from 33cm to 48cm, which gives water depths at the structure of 0.25m and
0.40m. This is shown on the following sketch.
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Wave Maker Beach Wall

Water depth = 33 & 48cm

~50cm 200cm 50cm 145cm 325cm 200cm

970cm
Figure 5 Bottom topography and location of structures in stability tests.

Three types of armour stones were used in model. Carefully selected stones (Type A) were
used in the test sections where damage was measured, see Figure 6. Between the trunk and
roundhead test section a net with large masks (2x2cm) was covering the surface to avoid
damage in that area. This made rebuilding easier and gave less strict specifications for the
armour material (Type B). For the dummy section between the side-wall (to the right on
Figure 6) and the trunk test section, larger stones (Type C) were used to avoid damage. Type
A was used in 15c¢m (5-Dyso) strips on each side of the test sections to ensure correct boundary
conditions.

Wave Generator
Slax

Horizontal seabed 50

Sloping foreshore

Roundhead test

section
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|__Trunk test section
N
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.
e Extra 3-gauge system
.

Beach 200

Figure 6 Layout of stability tests, wide structure is shown. Measures in cm.
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3 Materials

The rubble stones used for armour layers in the
test sections (Type A) were quarry rock with
mass density ps= 2650 kg/m’. In order to get
well graded armour material in the test sections
and to avoid very flat or long stones all the stones
were carefully selected manually one-by-one.

All Type A stones were spread out on the floor,
mixed, and a random sample containing 169
stones was extracted. Each individual stone was }
weighed, and the length (X), width (Y) and ‘

height (Z) was measured. The length was taken £l %;‘

as the longest dimension, and the height as the shortest dimension. Flgure 7 (right) shows that
80% of the Type A stones have X/Z<2, and that all stones have X/Z<3. This means that Type
A contains no flat or long stones.

The Type B stones contained some flat and long stones but was only used for the dummy
trunk section shown in Figure 6. The Type C stones used for the main dummy part of the
trunk contained sizes large enough to avoid displacements during the tests.

Stone types A, B and C were narrow graded, cf. Table 2 and Figure 8. For the core was used
more wide graded stones (Type D), cf. Table 2 and Figure 8.

Type A

100.00

5000 //,/——k

60.00 -

40.00 -

20.00 _/J
0.00 T T T
1 1.5 2 25 3

Largest/minimum dimension X/Z

% less than

Figure 7 Left: Manual measurements in lab. Right: Curve describing the length/height-ratio.

From each type of material a sample was taken, and the nominal diameter D, of each
individual stone was calculated from the weight W and the mass density ps.

Dn:3E
\ P,

Table 2 Nominal diameters for materials

Dn50 Dn85 Dn15 Dn85/Dn15

[cm] [cm] [cm] -
Type A 3.25 3.60 3.01 1.20
Type B 3.07 3.43 2.68 1.28
Type C 4.74 5.24 4.32 1.21
Type D 1.44 1.83 1.11 1.64
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Figure 8 Grading of materials

The porosity (n) for armour Type A and core Type D was calculated in the following way. A
sample of stones with bulk volume V was weighed without water in the pores (Ws). The
corresponding volume of the voids V, was measured by adding water to the sample. The
porosity was calculated as follows:

= VJ/V
= (V- WJpy)/V

Porosity (directly by volume of voids)
Porosity (by weight of stone)

A sample size was chosen such that the two estimates gave the same porosity. For Type A
V=14 litres was chosen, and for Type D V=2 litres was chosen. The result was n(ryp o) = 0.44
and I‘l(Type D) = 0.43.

To identify damage and to follow each individual . |
stone’s path Type A stones were painted in :
different colours. The stones were immersed in
thin paint for a short time and spread out on the
floor to dry. In that way only a thin layer of paint
was added and the surface roughness of the
material was only slightly altered. Seven colour
codings were used: Red (R), green (G), blue (B),
black (K), white (W), yellow (Y) and no colour

(N).
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3.1 Building of the breakwater model
Without water in the basin the position
of the breakwater was marked with
chalk on the seabed. Core material was
spread out and a templet constructed in
wood was used to ensure correct height
and slopes. Armour material was then
spread out randomly on the core by
pouring the stones from buckets. A
templet was used to ensure target
slopes and thickness of the armour
layer. Manual adjustment of the profile
was necessary.

The basin was filled with water such that the water depth was equal to target zero freeboard.
The crest height was then given a final adjustment by moving and adding stones such that a
precise freeboard was obtained.

4 Wave conditions

In all tests a Jonswap spectra with peak enhancement factor 3.3 and a spreading parameter
s=50 was used as input to the wave generator.

4.1 Calibration tests

Initially 34 calibration tests without the model structure in place were performed with
irregular 3D waves. The purpose was to ensure that correct wave conditions were reproduced,
and to investigate the influence of the sloping foreshore on the wave breaking. Two deepwater
wave steepness’ 5o=0.02 and sy=0.04 were tested with four to five wave heights (ranging from
no wave breaking to a lot of wave breaking). Four water depths were investigated
corresponding to the depths used in the subsequent tests. A wave gauge array consisting of 5
individual gauges was positioned where the roundhead of the breakwater was to be placed in
the subsequent experiments. It was confirmed that in case of non breaking waves the wave
generator produced a wave spectrum very close to the target. In general most waves started to
break on the top edge of the foreshore slope. When a lot of wave breaking took place (more
than 50% of the waves were breaking) a significant wave height to water depth ratio of Hy/h =
0.5 was observed at the investigated location. In the actual tests with the structure present the
waves were depth limited. Wave breaking was therefore important and is described in more
detail in chapter 5.

4.2 Actual tests

The target length of each series was 1000 waves. A test block was defined by fixed water
level, wave direction, wave steepness, and spreading. In each test block the significant wave
height was increased in steps until severe damage was observed. It was attempted to get four
tests in each block. However, this was not possible in all blocks due to the progress of the
damage. Target conditions were therefore continuous adjusted according to target damage
during a tests block. After each block the breakwater was rebuilt. The following describes the
procedure applied in a test block.
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Table 3 Target conditions for the narrow-crest structure

Built/rebuilt the structure
Fix water level, wave direction, steepness and spreading
Perform test with 1000 waves with small wave height

Measure damage
Increase significant wave height and run 1000 waves
Measure damage
...continue to increase the wave height and measure damage until severe damage was

observed

Test Test Time Crest Free- Wave Hs Tp

Test width board deep deep
no. day name [sec] [°] [m] [m] steepness [m] [s]
1 9July  Test001 1140 (19min) 90 0.1 0.05 0.02 0.05 1.27
2 Test002 1380 (23min) 90 0.1 0.05 0.02 0.075 1.55
3 Test003 1500 (25min) 90 0.1 0.05 0.02 0.1 1.79
4 10 July  Test004 1680 (28min) 90 0.1 0.05 0.02 0.125 2.00
5 Test005 840 (14min) 90 0.1 0.05 0.04 0.05 0.90
6 Test006 1020 (17min) 90 0.1 0.05 0.04 0.075 1.10
7 Test007 1140 (19min) 90 0.1 0.05 0.04 0.1 1.27
8 Test008 1260 (21min) 90 0.1 0.05 0.04 0.125 1.42
9 Test009 1140 (19min) 90 0.1 0 0.02 0.05 1.27
10 Test010 1380 (23min) 90 0.1 0 0.02 0.075 1.55
11 Test011 1500 (25min) 90 0.1 0 0.02 0.1 1.79
12 11July  Test012 1680 (28min) 90 0.1 0 0.02 0.125 2.00
13 Test013 840 (14min) 90 0.1 0 0.04 0.05 0.90
14 Test014 1020 (17min) 90 0.1 0 0.04 0.075 1.10
15 Test015 1140 (19min) 90 0.1 0 0.04 0.1 1.27
16 Test016 1260 (21min) 90 0.1 0 0.04 0.125 1.42
17 Test017 1380 (23min) 90 0.1 0 0.04 0.15 1.55
18 Test018 1380 (23min) 90 0.1 -0.05 0.02 0.075 1.55
19 Test019 1500 (25min) 90 0.1 -0.05 0.02 0.1 1.79
20 Test020 1680 (28min) 90 0.1 -0.05 0.02 0.125 2.00
21 Test021 1740 (29min) 90 0.1 -0.05 0.02 0.15 2.19
22 Test022 1860 (31min) 90 0.1 -0.05 0.02 0.175 2.37
23 13July Test023 1140 (19min) 90 0.1 -0.05 0.04 0.1 1.27
24 Test024 1260 (21min) 90 0.1 -0.05 0.04 0.125 1.42
25 Test025 1380 (23min) 90 0.1 -0.05 0.04 0.15 1.55
26 Test026 1500 (25min) 90 0.1 -0.05 0.04 0.175 1.67
27 Test027 1560 (26min) 90 0.1 -0.05 0.04 0.2 1.79
28 Test028 1680 (28min) 90 0.1 -0.1 0.02 0.125 2.00
29 14 July Test029 1740 (29min) 90 0.1 -0.1 0.02 0.15 2.19
30 Test030 1860 (31min) 90 0.1 -0.1 0.02 0.175 2.37
31 Test031 1920 (32min) 90 0.1 -0.1 0.02 0.2 2.53
32 Test032 1260 (21min) 90 0.1 -0.1 0.04 0.125 1.42
33 Test033 1380 (23min) 90 0.1 -0.1 0.04 0.15 1.55
34 Test034 1500 (25min) 90 0.1 -0.1 0.04 0.175 1.67
35 Test035 1560 (26min) 90 0.1 -0.1 0.04 0.2 1.79
36 Test036 1620 (27min) 90 0.1 -0.1 0.04 0.225 1.90
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Table 4 Target conditions for the wide-crest structure

Test Test Time Crest Free- Wave Hs Tp
Test width board deep deep
no. day name [sec] [°] [m] [m] steepness [m] [s]
37 16 July  Test037 1140 (19min) 90 0.25 0.05 0.02 0.05 1.27
38 Test038 1380 (23min) 90 0.25 0.05 0.02 0.075 1.55
39 Test039 1500 (25min) 90 0.25 0.05 0.02 0.1 1.79
40 Test040 1680 (28min) 90 0.25 0.05 0.02 0.125 2.00
41 Test041 1140 (19min) 70 0.25 0.05 0.02 0.05 1.27
42 Test042 1380 (23min) 70 0.25 0.05 0.02 0.075 1.55
43 Test043 1500 (25min) 70 0.25 0.05 0.02 0.1 1.79
44 Test044 1680 (28min) 70 0.25 0.05 0.02 0.125 2.00
45 Test045 1140 (19min) 80 0.25 0.05 0.02 0.05 1.27
46 Test046 1380 (23min) 80 0.25 0.05 0.02 0.075 1.55
47 19 July  Test047 1500 (25min) 80 0.25 0.05 0.02 0.1 1.79
48 Test048 1680 (28min) 80 0.25 0.05 0.02 0.125 2.00
49 Test049 1140 (19min) 100 0.25 0.05 0.02 0.05 1.27
50 Test050 1380 (23min) 100 0.25 0.05 0.02 0.075 1.55
51 Test051 1500 (25min) 100 0.25 0.05 0.02 0.1 1.79
52 Test052 1140 (19min) 110 0.25 0.05 0.02 0.05 1.27
53 Test053 1380 (23min) 110 0.25 0.05 0.02 0.075 1.55
54 Test054 1500 (25min) 110 0.25 0.05 0.02 0.1 1.79
55 Test055 1680 (28min) 110 0.25 0.05 0.02 0.125 2.00
56 Test056 1140 (19min) 60 0.25 0.05 0.02 0.05 1.27
57 22 July Test057 1380 (23min) 60 0.25 0.05 0.02 0.075 1.55
58 Test058 1500 (25min) 60 0.25 0.05 0.02 0.1 1.79
59 Test059 1680 (28min) 60 0.25 0.05 0.02 0.125 2.00
60 Test060 1140 (19min) 90 0.25 0 0.02 0.05 1.27
61 Test061 1380 (23min) 90 0.25 0 0.02 0.075 1.55
62 Test062 1500 (25min) 90 0.25 0 0.02 0.1 1.79
63 Test063 1680 (28min) 90 0.25 0 0.02 0.125 2.00
64 Test064 1500 (25min) 90 0.25 -0.05 0.02 0.1 1.79
65 Test065 1680 (28min) 90 0.25 -0.05 0.02 0.125 2.00
66 Test066 1740 (29min) 90 0.25 -0.05 0.02 0.15 2.19
67 Test067 1680 (28min) 90 0.25 -0.1 0.02 0.125 2.00
68 Test068 1740 (29min) 90 0.25 -0.1 0.02 0.15 2.19
69 Test069 1860 (31min) 90 0.25 -0.1 0.02 0.175 2.37
Note on wave direction:

>90° : Most of the back head is sheltered from direct wave attack )

90° : Normal incidence waves perpendicular to structure

<90° : A large part of the head is exposed to direct wave attack

5 Measurements

Three kinds of measurements were performed:

Waves were recorded continuous during the tests.

Wave breaking was described from visual observations.
Damage in terms of displacement of stones was measured after each test by use of
digital photos. Damage was classified in categories. Digital video recordings were

taken during a few tests of special interest.

<90°
>90°
90°
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5.1 Wave recordings

—Wave Generator
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Figure 9 Position of wave gauges. Measures in cm.

Recordings by an array of five wave gauges can be used to estimate incoming and reflected
wave spectra. At the position of the array almost 1.5 metres from the roundhead the influence
of the roundhead (reflection and diffraction) on the incoming waves is believed to be
negligible. However, the trunk reflects some wave energy which is re-reflected by the
paddles. Therefore the waves in front of the trunk might in reality be slightly higher (and/or
more wave breaking) than at the array. Measurements from the 3-gauge system were
performed to quantify that effect. In some wave situations a lot of waves were expected to be
breaking in front of the structure, and the measurements were therefore possibly very
dependent on the gauge position. The 3-gauge system was placed close to the structure with
distances 60, 35 and 20cm to the foot of the trunk. As 3D waves were generated these gauges
cannot be used in a traditional reflection analysis.

The purpose of the measurements from the extra 3-gauge system (located on the leeward side
of the structure) was to be able to compare with possible future numerical wave calculations.
It was not the intention to use these measurements in the stability considerations.

Data files were stored in ASCII text format, one file for each test, with test number as
filename. Each column in a file corresponds to a wave gauge such that data in column no 1
are sampled from wave gauge no 1, etc. In that way every file has 11 columns.

Measured surface elevation data is in cm generally with zero at still water level. However all
wave gauges might not be precisely adjusted to zero at still water level. Positive surface
elevation indicates a wave crest passing.

All data were sampled at 20Hz from start of wave generation.

5.2 Wave breaking

Wave breaking on the foreshore slope or on/over the structure was carefully monitored. In
general the following was observed during a test block of four tests with increasing significant
wave height.

10
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1) Smallest waves that gave no damage:
- Gentle lapping of waves against trunk crest only
- Very few waves (<10%) were breaking over trunk crest

2) Second smallest waves that in some part of the structure moved a few stones:
- Some waves were breaking (approx 50%) over the trunk crest
- Very few waves were breaking on top edge of foreshore slope

3) Second largest waves that in some part of the structure gave significant damage:
- Most waves were breaking over the trunk crest
- Few waves were breaking on top edge of the foreshore slope

4) Largest waves that in most part of the structure gave severe damage:
- Almost all waves were breaking over the trunk crest
- A lot of the waves were breaking on the top edge of the foreshore slope
- Very few waves were breaking on foreshore slope before reaching the top edge

In some cases the wave breaking was concentrated at the roundhead forming a jet of water
and air slamming down on the top part of leeward head (between blue and green stone shown
subsequent on Figure 11). This led frequently to severe damage of the leeward part of the
roundhead.

5.3 Measurement of damage

Four pictures were taken in between each test. Three pictures were taken of the roundhead
and one of the trunk. Picture 1 shows the seaward side of the roundhead, picture 2 the
roundhead seen from the gap, picture 3 the leeward side of the roundhead, and picture 4 the
trunk seen from a position vertically above the centre of the trunk section. Digital video ([25))
of selected tests were recorded from the gap.

Figure 10 Position of pictures for measurement of damage

11
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The colouring of the roundhead was split in three sections

of 60° each. The three sections were called: Seaward

Head (SH), Middle Head (MH) and Leeward Head (LH).
The trunk was split in three parts called: Seaward Slope

(SS), Crest (C), and Leeward Slope (LS).

The precise colouring is shown in the following figures.

Figure 11 Colouring of roundhead. Left: Narrow structure. Right: Wide structure. Measures
in cm.

Armour
J s es, Armour

Seaward

Leeward ‘ ‘ Seaward

Core . 14 4755 7 475 14 Core . 14 475 22 475 14

Armour €0 10 60 Armour 0 == &0

Figure 12 Colouring of trunk. Left: Narrow structure. Right: Wide structure. Measures in cm.

The digital pictures were imported into a program for photo viewing, and by switching back
and forth between pictures before and after a test it was possible to follow the path of every
individual stones and to count the number of stones that moved in that particular test. A stone
was defined to have moved, when it moved more than one D,sy away from its original
position. The following example, Figure 13 and Figure 14, shows how to count the number of
stones. After test number 19 no stones had moved from the original position in the roundhead.
After test number 20 four stones had moved.

o\
(et

ety
wo

\\c@,?j = s
)

Figure 13 Picture from position 2. Left: Before test 20. Right: After test 20.

12



DELOS EVK3-CT-2000-00041 3D Stability tests at AAU

The number of stones that have moved is easily counted from Figure 13:
o Seaward Head (SH): 3R (three red stones have moved)
e Middle Head (MH): 1G (one green stone has moved)
e Leeward head (LH): 0 (no movement)

Figure 14 Tracking the stone movements

When more than approximately 20 stones moved, the actual number had to be roughly
estimated. This was generally only the case when the structure was heavily damaged or close
to total destruction (filter layer often exposed to direct wave attack).

The degree of damage was also assessed visually and categorized as follows (according to
definitions by Losada et al., 1986):
e ND: No damage (maybe one or two loose stones starts rotating)
e ID: Initiation of damage (a few stones starts to move)
e [R: Iribarren damage (big holes in the outer armour layer, but the filter layer
is not visible).
e D: Destruction (filter layer is exposed to direct wave attack)

The example on Figure 13 and Figure 14 is for the roundhead categorized as: ID for seaward
head and ND for middle head and leeward head. The categorisation is described further in
chapter 8.2 subsequent.

6 CD file contents

One CD contains source data and other information about the stability

tests. The CD is categorized in the following folders: ) hg?\brmw
e “Data” contains recorded wave data in ASCII text format. E'E'cz‘;‘:its
Wave data are compressed in the file “Data.zip”. The wave ) Dramings
data files contain surface elevation measured in cm at 20Hz. Bl D pictures
. - El () Marrow
e “Documents” contains documents describing the tests plus ) Before tests
databanks with analysed waves, analysed damage and stone [ Freeboard -0.05
gradings. Documents are in Microsoft Word 2002 format and g restoanl 08
databanks in Microsoft Excel 2002 format. ) Freeboard +0.05
e “Drawings” contains AutoDesk AutoCAD 2002 drawings of . g et
detailed layout and cross-sections in the tests. ) Before tests
e “Pictures” contains jpeg pictures for damage estimation and g fresmoard 0.8
some general pictures from the experiments. ) Fresboard +0.00

|2) Fresboard +0.05

13
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7 Video recordings

Digital video of selected tests were recorded from the gap (for position of camera see (22 on
Figure 10). The video is stored on mini DV-tapes and are kept at:

Hydraulics & Coastal Engineering Laboratory
Aalborg University

Department of Civil Engineering
Sohngaardsholmsvej 57

9000 Aalborg

Denmark

To borrow the tapes or get copies of selected sequences please contact Morten Kramer
(i5mkr@civil.auc.dk) from Aalborg University.

Table 5 Available video recordings

Tape number | Test number
1 4
2 12
3 17
4 22
5 40
6 54 and 55

8 Results of AAU experiments

The following is a presentation of the test results and explanations of how the results have
been derived. The definition of wave height to be used in the stability considerations is
fundamental; therefore the wave heights are described in detail.

8.1 Target and actual wave conditions

In general target and actual significant wave heights were approximately the same also for the
breaking waves. However some remarks on which wave heights to use in the stability
considerations are appropriate.

8.1.1 Wave heights

The structure was expected to produce slightly higher waves in front of the trunk than what
was measured with the wave gauge array, see Figure 6. For the array H;,,, was calculated with
directional wave analysis by the Bayesian Direct Method (Hashimoto and Kobune1987). H
was calculated by time domain analysis for the three individual wave gauges in the 3-gauge
system. These Hy’” were expected to be larger than the actual incoming Hg due to wave
reflection and re-reflections. On Figure 15 the wave heights from the 3-gauge system are
compared to the results from the array. "Hs1" in Figure 15 corresponds to Hs for gauge
number 1 (gauge farthest from structure, see Figure 9 for position of wave gauges), etc.
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Figure 15 Comparison of waves in front of structure (left: Hs for gauge 3, right: Hs for the 3
individual gauges) with waves at array (Hyg). Hs3 is closest to structure.

From Figure 15 (left) it is seen that points follow the line Hs3=H,,, Hs from gauge 3 in the 3-
gauge system is therefore approximately equal to Hy, from the array. This indicates that the
influence of reflected and re-reflected waves between the structure and the paddles is
marginal.

At Figure 15 right is seen that the waves closest to the structure (Hs3) are a bit smaller than
the average, and that the waves farthest to the structure (Hs1) are a bit larger than the average.
In most tests the largest waves were depth limited. Wave gauge number 1 and 2 were located
on the foreshore slope at a larger water depth than the structure. As larger water depth allows
larger waves it is obvious that Hs1 should be larger than Hs3. Hs, H,¢, (wave height with
probability of exceedance 2%) and H,¢, were calculated for the gauges in the 3-gauge system,
and the average values for all tests were found as given in Table 6. In Table 6 it is seen that
the wave height ratio based on Hs decreases from Hs/ADys0 = 2.31 (at gauge no. 1) to 2.20 (at
gauge no. 2) to 2.12 (at gauge no. 3). This corresponds to an average significant wave height
4% larger at gauge 2 compared to gauge 3, and a 9% larger significant wave height at gauge 1
compared to gauge 3. The same decrease in wave height is found for the average Hye, and
Hio,.

Table 6 Average wave height ratios in front of structure

Gauge 1 Gauge 2 Gauge 3
Hs/ADyso 2.31 2.20 2.12
Hao,/ ADiso 3.03 2.89 2.76
H19,/ ADnso 3.20 3.04 2.91

It is clear that the wave height distribution changes as the waves approach the structure. This
is shown further in the following example. Test number 4 was a test with large breaking
waves, which lead to severe damage of the structure in all sections.

H (m)

( —— Measured at gauge 1
—— Measured at gauge 2
— — Measured at gauge 3

0 . . T
100 10 1 0.1 0.01
Probability of exceedance (%)

Figure 16 Measured wave height distribution for the 3-gauge system, test number 4
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From Figure 16 it is clear, that especially the highest waves are higher at gauge number 1 than
at gauge 3. In test number 4 the water depth at gauge 3 was 0.25m and at gauge 4 it was
0.266m, i.e. 6.5% larger water depth at gauge 1. The Hyy, was measured to 0.178m at gauge 1
and 0.152m at gauge 3, i.e. a 17% larger wave height at gauge 1.

The change in wave height distribution is investigated in more detail in Figure 17. The
measured wave height distribution is compared to the Rayleigh distribution and to the point
model proposed by Battjes and Gronendijk, 2000. Battjes and Gronendijks model is
developed for wave height distributions on shallow foreshores, and it takes account for water
depth and foreshore slope.

; —

0.2 0.8 X water depth / _ 4 0.2 B
s - s P
_ -7 0.8 X water depth P
7 ==
0.15}F / 1 0.15}F A
s S

—_ — S

3 V4 3 7,
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T oo/ T o1t P

Vs ’,
4/ /4
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005/ Gauge 1 || oosl / Gauge 2 ||
/
— Point model by Battjes & Groenendijk, 2000 — Point model by Battjes & Groenendijk, 2000
—— Rayleigh distribution —— Rayleigh distribution
— — Measured in test — — Measured in test
0 1 T T 0 1 T T
100 10 1 0.1 0.01 100 10 1 0.1 0.01

Probability of exceedance (%) Probability of exceedance (%)

0.2
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0.15 z

/
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— Point model by Battjes & Groenendijk, 2000
4 —— Rayleigh distribution
— — Measured in test

T

0 . n
100 10 1 0.1 0.01
Probability of exceedance (%)

Figure 17 Measured wave height distribution compared to calculated, test number 4

From Figure 17 it is seen that the measured wave height distribution deviates from the
Rayleigh distribution. Further it is seen that the point model fits the measured distribution
from test number 4 outstandingly well. As LCS's are built in shallow waters the point model
seems to be a good tool in describing wave height distributions at a given location.

Wave heights, concluding remarks

Wave height measurements from gauge 3 are appropriate in describing Hs for all wave
directions. It is therefore chosen to use a stability number based on measurements from gauge
3 in the stability considerations subsequent.

Because the highest waves lead to damage of the structure, and because the waves are depth

limited leading to changes in wave height distribution, it could be reasonable to use a more
infrequent wave height than the significant wave height in the damage descriptions. However,
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the experimental results can be converted by a multiplication factor, which is clarified in the
following. From Table 6 the average measured Hjo, and H,e, at gauge 3 is 30% and 37%
larger than Hs respectively. In Figure 18 measured Hs’ in all tests are compared to Hye, and
H,o,. The measured relation between H;o, 0, and Hs is constant, but it differs from the
Rayleigh distribution. According to the Rayleigh distribution Hzo, = 1.49*Hs and Hjo, =
1.51*Hs.

6.00
500 ] /‘M/
g 4.00

1.00 4

y = 1.29x
2 = -
R*=0.99 7.00 y = 1.36x

R? = 0.99

6.00 x
5.00
& 400
g
2 3.00 A
2.00
1.00 4 x}x
0.00 T T T T 0.00 T T T T
0.00 1.00 2.00 3.00 4.00 5.00 0.00 1.00 2.00 3.00 4.00 5.00
Wave height ratio at gauge 3 Hs/AD, 5o Wave height ratio at gauge 3 Hs/AD,5o

Wave height ratio at gauge 3
/.
Wave height ratio at gauge 3

Figure 18 Wave height ratios at gauge 3 and linear fit by use of H>o, (left) and H,o, (right)

It is seen that the plotted values on Figure 18 fits the straight lines very well. In the following
it is chosen to use Hs in the damage description. In case it is needed to make a damage
description based on Hje, or Hv, Figure 18 can be used for conversion. Wave heights with
other exceedance probability are available in the Excel databank on the CD (see chapter 6).

8.1.2 Peak period

Target and actual peak periods were in all cases approximately the same, also for cases with
wave breaking.

8.1.3 Wave steepness

In the main part of the tests the target deepwater wave steepness was Hsgeep/Lop = 0.02, and in

the remaining part of the tests the target deepwater wave steepness was Hsgeep/Lop = 0.04. For

all the tests the actual wave steepness’ defined by so,=27THs/ ng2 are calculated and plotted in
Figure 19. Measurements from wave gauge 3 are used to define Hs.

o 0.045
B 0.04
> R K
[7} X X X X
:{:: 0.035 < X XX
N
n 0.03 = A Target deep water wave
f 0.025 A A A A’/—\‘ A steepness 0.02
¢ 0.02 —*ﬁﬁw A X Target deep water wave
£ steepness 0.04
2 0.015 .
(]
» 0.0
(]
§ 0.005

O T T T T

0 1 2 3 4 5
Stability number Hs/AD, 5o

Figure 19 Target and actual wave steepness’ in all tests
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The average for all tests with target deepwater wave steepness 0.02 and 0.04 is so,=0.020 and
sop=0.035 respectively. On Figure 19 it is seen that sy, is slightly increasing for higher
stability numbers. However, in all tests the wave steepness’ are close to the average values
S0p=0.02 and s0,=0.035.

8.1.4 Number of waves
The target number of waves was 1000. The average numbers of waves for all tests were:
Gauge 1: 1012
Gauge 2: 1031
Gauge 3: 1037
Average: 1027

The actual number of waves was found as an average from the 3-gauge system. In all tests
except for 2 the actual number of waves was 1000 = 10%, however in 72% of the tests the
number of waves was 1000 + 5%.

The actual number of waves is considered to be in agreement with the target.

8.1.5 Main incoming wave direction

Normal incidence waves was defined the angle 90° (wave direction perpendicular to
structure). Analysis showed that only two cases of normal incident waves were outside 90° +
3°. The difference is only considered to be due to the statistical uncertainty in the analysis.
Oblique waves with obliquity up to + 20° (70° to 110° waves) were also produced correct. In
one test block (test no 56 to 59) it was attempted to generate 30° oblique waves. Analysis
showed that the actual main direction was only 90°+23°. Test no 56-59 should therefore only
be used with care, see chapter 8.1.6 for more detail.

For wave directions less than 90° (when a large part of the head was exposed to direct wave
attack) the waves tend to get trapped between the structure, and the paddles and sidewall
causing slightly larger waves in front of the structure than at the array. It is therefore
important that wave heights from the 3-gauge system are used in the damage description,
especially in case of oblique waves.

8.1.6 Spreading of incoming waves

In 86% of the cases the standard deviation on the wave direction was in the range 9°-15°
(corresponding to s-values in Mitsuyasu spreading function s=34 to s=109). Wave situations
with the largest significant wave heights had the largest spreading and wave situations with
the lowest significant wave heights had the lowest spreading. In average the standard
deviation was 12.1° (corresponding to s=55). The input to the wave generator was s=50. As
e.g. refraction and wave breaking will change the spreading, the actual measured conditions
are considered to be in agreement with the target conditions.

Example of 3D wave spectra

It is chosen to show results from tests number 40 and 59 on the wide-crest structure. Tests 40
and 59 were tests with the largest tested wave heights at the lowest water depth. During the
testing the wave breaking was described with the words "4 lot of the waves break on top edge
of foreshore slope, almost all waves break over trunk crest". These tests led to severe damage
in all sections of the structure.
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In both tests the freeboard was F=+0.05m (emerged crest), and the target deep water wave
steepness corresponded to 0.02. In test number 40 waves with main direction head-on (90°)
were generated, and in test number 59 it was attempted to generate 60° waves (30° oblique, a
large part of the head exposed to direct wave attack). In Table 7 the target wave is specified
by the input to the wave generator. Hyy, spreading and main direction 6 are measured from
the array. The number of waves is from gauge number 3.

Table 7 Wave conditions in test number 40 and 59 at the wave gauge array

Setup Target wave Measured wave
Test Water Freeboard Hs Tp 0 H,o Number of Spreading 0
depth [m] [m] [sec] [°] [m] waves [°] [°]
[m]
40 0.25 +0.05 0.125 2.0 90 0.114 1073 16 91
59 -1l - -1 - -1- -1 - 60 0.100 1129 15 70

Directional wave analysis by the Bayesian Direct Method (Hashimoto and Kobune1987) leads
to the polar plot in Figure 20. In Figure 20 the energy content from 0 to 3.5-10” m?’s/° is
marked with red colour meaning high energy, and with blue colour meaning low energy. The
direction of wave propagation 0:360° is shown along the circumference, and the frequencies
1, 2, and 3Hz are shown as the radii from origo.

direction [degrees] / frequency [Hz]
direction [degrees] / frequency [Hz]

m3s / deg m2s / deg

Figure 20 3D wave spectra for test number 40 (left) and 59(right)

In Figure 20 the effect of wave breaking is identified as a secondary peak at the double peak
frequency, i.e. at 2Hz. Due to oblique wave direction the waves in test no. 59 travel a longer
distance in shallow water before hitting the structure and the wave gauges. Consequently
wave breaking becomes more pronounced in test no. 59, and Hy,o decreases. In Table 7 it is
seen that Hy,o in test number 59 is 0.100m, and in test number 40 it is 0.114m.

In Figure 20 (left) it is seen that a small amount of energy is present in the range 180° to 360°.
This is due to reflections from the beach. The reflection is in average (for all tests) less than
15% (reflected wave height compared to incoming wave height), largest for the largest waves
in the deepest water. The reflection from the beach is generally very low, and the influence on
the wave climate in front of the structure is therefore marginal.

Waves with main direction 60° (30° oblique) were generated in test no. 59, but when the

waves reached the array the main direction was only 70° (20° oblique). As the waves travel
into shallow water refraction will change the obliquity and force the wave orthogonals to
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become more parallel to the foreshore and structure. For this reason the spreading of the
oblique waves decreases slightly. Results from tests in series with main wave direction 60°
are omitted in the following.

8.2 Stability under actual wave conditions

The freeboard and the wave height are the most important parameters in describing the
stability of the structural sections. The normalized freeboard Rc/Dyso has therefore been used
as one primary parameter, and the wave height ratio or stability number Ns = Hs/ADj5 as

another primary parameter. As explained in chapter 8.1.1 measurements from wave gauge 3
are used to define Hs.

8.2.1 Definition of Initiation of Damage

In order to establish a relationship between the number of displaced stones and the degree of
damage the model was inspected visually after each test. After the tests the relationship
between the categories (defined in chapter 5.3 according to definitions by Losada et al., 1986)
and the number of displaced stones was estimated as given in Table 8.

Table 8 Visual judgement of degree of damage related to the number of displaced stones. The
* indicates that the values are judged visually.

Narrow structure Wide structure
Trunk Roundhead Trunk Roundhead
SS C LS SH MH LH SS C LS SH MH LH
ND* 2 2 2 2 2 2 2 2 2 2 2 2
ID* 3 3 3 3 3 3 3 3 3 3 3 3
IR* 8 9 10 6 6 6 8 15 12 10 10 10
D* - 30 30 20 20 20 - 50 - 20 20 20

Usually only marginal damage is accepted when designing a structure. Therefore it is chosen
to investigate and compare results only for the category ID (Initiation of Damage). In the
following it is chosen to define ID as the level where 1% of the stones in the armour layer of a
section are displaced. In Table 9 N is the number of displaced armour stones in a section that
equals 1%.

Table 9 Number of displaced stones that equals 1% displaced stones in armour layer

Narrow structure Wide structure
Trunk Roundhead Trunk Roundhead
SS ¢} LS SH MH LH SS C LS SH MH LH
N 3.2 1.3 3.2 1.6 1.6 1.6 3.2 2.1 3.2 2.2 2.2 2.2

In some sections 1% equals less than 3 displaced stones. However in the experiments it was
necessary to have at least 3 displaced stones in a section to describe the damage progress as
Initiation of Damage. Initiation of damage on the following figures therefore equals 3
displaced stones in any section.

The following example is for tests no. 5-8 (narrow structure, normal incidence waves,
s0p=0.035, Re=+0.05m). In Figure 21 (right) it is seen that ID corresponds to Ns=1.74 (tree
stones are displaced during test no. 7). In tests where the number of displaced stones didn’t
exactly correspond to initiation of damage the stability number was slightly corrected by
linear fitting, see Figure 21 (left). In Figure 21 (left) ID corresponds to Ns=1.81.
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Figure 21 Damage in test 5-8 to leeward slope (left), and seaward head (right).

This analysis was done for all the test-series. The results are shown in Appendix A, Table 23.

8.2.2 Stability related to wave steepness and structural section
The investigation of the influence of wave steepness on stability was performed only for the
narrow structure for normal incidence waves (main direction perpendicular to structure). For
each section of the breakwater the results are compared, see Figure 22. From the graphs it is
seen that the data for spp=0.02 and so,=0.035 are fairly close in case of Initiation of Damage.
However, the series with so,=0.02 (long waves) tend to give slightly more damage than series
with so;=0.035 (short waves). This means the structure is more stable for so,=0.035. It is also
clear that the data fits the regression lines reasonably well.
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Figure 22 Stability of narrow structure sections. Influence of wave steepness. Initiation of damage.
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Further, the regression lines for different sections of the breakwater are compared in Figure
23. For the trunk it is seen that the crest is the least stable section and that the leeward slope is
the most stable part. For the roundhead the leeward head is the least stable part, and the
stability of the middle head and seaward head is approximately the same.

Narrow structure trunk Narrow structure roundhead
8 500 8 5.00
% X x  Leeward slope %
N
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Figure 23 Stability of narrow structure sections. Trunk (left) and roundhead (right). Initiation
of damage.

The stability of the head is further compared to the stability of the crest in Figure 24. It is seen

that the trunk crest is the least stable part under submerged conditions, and that for zero or

emerged conditions the leeward head is the least stable.
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Figure 24 Stability of narrow structure sections. Initiation of damage.

8.2.3 Stability related to crest width

Two structures with crest widths 0.1m and 0.25m (equal to 3Dys¢ for the narrow crest and
8Dyso for the wide crest) were tested in normal incidence waves with so,=0.02. In Figure 25
the stability of the structures is compared. No significant clear difference in response can be
identified for the tested crest widths. Further it is seen that the influence of crest width is

small.
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Figure 25 Stability related to crest width. Initiation of damage

8.2.4 Stability related to obliquity

The wide structure was tested in waves with oblique main directions.

Obliquities -20°,-10°, +10°, and +20° are compared to normal
incidence waves (90°) in Figure 26.

[ D)
LA
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g 3.00 g 3.00
s X Crest 3 X Seaward head
§ o Seaward slope ;‘ o Middle head
T 200 A T 3 A Leeward slope T 200 % A Leeward head
H & K] = X
€ 8 8 X X E b4 2 X é 6
3 X X )¢ S
£ 1.00 £ 1.00
£ z
2 2
@® 0.00 ! ! . . . @ 0.00 : : : . .
60 70 80 90 100 110 120 60 70 80 90 100 110 120
Wave direction [°] Wave direction [°]

Figure 26 Stability related to wave direction. Initiation of damage. Left: Trunk. Right:
Roundhead.

The trunk is the least stable under normal incidence waves. The crest is the least stable part of
the trunk under all wave directions. Figure 26 (left) is not completely symmetric. The reason
is that the layout in the basin is not symmetric. When waves with main direction <90° are
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generated, waves are getting trapped between structure, side walls and paddles. This causes a
less accurate description of the incoming waves.

When waves with main direction >90° are generated the seaward head is becoming
significantly more stable (see Figure 26, right). The stability of the leeward and middle head
is only slightly altered, but the middle head is becoming slightly less stable than the leeward
head. During the experiments it was experienced (as described in chapter 5) that wave
breaking tend to focus at the roundhead forming a jet of water and air slamming down on the
top part of leeward head. This effect shifted towards the middle head in case of oblique waves
causing the middle head more prone to damage.

9 Experimental data compared to existing formulae

In the following the test results from the AAU tests are compared to the formulae by Powell
and Allsop (1985), Van der Meer (1990), and Vidal et al. (1992, 1995, 2000). Formulae and
explanations are given in Appendix B.

9.1 Powell and Allsop (1985), trunk front slope

Only two test series in the AAU tests can be compared to the formula by Powell and Allsop.
In the AAU experiments the largest freeboard to water depth ratio was Rc/h=0.2 (freeboard
+0.05m, water depth 0.25m). In tests 1-4 (narrow structure) and 37-40 (wide structure)
normal incidence waves with so,=0.02 were generated.

The first row in Table 24 (Appendix B) with Rc/h=0.29 corresponds to a slightly more
emerged structure than Re/h=0.2 in the AAU test. However values for Re/h=0.29 are used for
comparison. Therefore the stability according to the Powell and Allsop formula in Equation 1
should be the same or slightly smaller than for the front slope in the AAU experiments. a and
b in the first row of Table 24 are used together with so,=0.02, and the curve on Figure 27 is
established. It is seen that the Powell and Allsop formula follows the experimental data up to
Nod/Na = 0.03 (corresponding to 3% displaced armour units). For higher damage levels the
formula predicts lower stability than what was measured.

0.12
0.1 X

0.08 -
= X AAU 2002: Narrow crest
3 0.06 - o o o AAU 2002: Wide crest
= —— Powell & Allsop 1985

0.04 -

X
0.02 J/X o
0 . = . .
0 0.5 1 1.5 2 2.5

Stability number Hs/ADnso

Figure 27 Test results compared to formulae by Powell & Allsop (1985)

At initiation of damage N,¢/N,=0.01 (1% displaced stones) the Powell & Allsop formula
gives Hs/ADpso = 1.19. This result is very close to the values obtained in the AAU
experiments (1.20 and 1.26).
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9.2 Van der Meer (1990), trunk front slope, emerged structure
The Van der Meer formula (1990) for low crest slopes given in Equation 2 is valid for
positive freeboard. The following tests are available for comparison of seaward slope.

Table 10 Tests to be compared with Van der Meer formula

Test Crest width Sop Freeboard
1-4 0.10m 0.02 +0.05m
5-8 0.10m 0.035 +0.05m
9-12 0.10m 0.02 0.00
13-17 0.10m 0.035 0.00
37-40 0.25m 0.02 +0.05m
60-63 0.25m 0.02 0.00

In the Van der Meer 1990 formula the parameter S is used to quantify the damage. Broderick
(1983) defined the damage parameter S= A, /D?,, given in Appendix C. For the AAU tests

the relationship between damage parameter S and number of displaced units in Broderick's
equation is S=0.11-N (see Appendix C). The S-values corresponding to the number of
displaced units in the AAU tests are calculated from this equation.

Table 11 Parameters used in Van der Meer's 1990 formula for comparison

Parameter in Value used for Explanation

van der Meer's formula | comparison

P 0.5 For two layer structure

tan(x) 0.5 Structure slope

N, 1000 Number of waves

Sop=Hs/Lo, 0.02/0.035 Wave steepness' 59,=0.02 or s¢,=0.035 are used depending on

experiment. The actual sq,'s varies a little in the tested wave
conditions but are close to these values.

Sm=HS/Lon, 1.5-s¢p (0.03/0.05) | Wave steepness' s,,=0.03 or s,=0.05 are used depending on
experiment. The actual s,,'s varies a little in the tested wave
conditions but are close to these values.

Van der Meer suggests replacing Hs by H»,/1.4 in case of depth-limited waves. The actual
significant wave heights in the experiments are close to this value (Hs = Hj¢,/1.3, see Figure
18) and no replacement has therefore been performed.

The reduction factors f; are first calculated from Equation 2. The reduction factors are then

used in Equation 4 to calculate the damage S, see Figure 28 and Figure 29. All tests were in
the plunging wave regime, i.e. & <& .
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Figure 28 Tests for front slope compared to Van der Meer's 1990 formula, positive freeboard
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Figure 29 Tests for front slope compared to Van der Meer's 1990 formula, zero freeboard

The Van der Meer 1990 formula for low crest slopes gives approximately the same stability
numbers for initiation of damage as measured in the experiments, and the curves follows the

trend of the data.

9.3 Van der Meer (1990), trunk, submerged structure
The Van der Meer 1990 formula given in Appendix B, Equation 6, is used for comparison

with the tests with zero or negative freeboard. The procedure is the same as used in chapter
9.2. The following tests are available for comparison.

Table 12 Tests to be compared with Van der Meer 1990 formula

Test Crest width Sop Freeboard
9-12 0.10m 0.02 0.00
13-17 0.10m 0.035 0.00
18-22 0.10m 0.02 -0.05m
23-27 0.10m 0.035 -0.05m
28-31 0.10m 0.02 -0.10m
32-36 0.10m 0.035 -0.10m
60-63 0.25m 0.02 0.00
64-66 0.25m 0.02 -0.05m
67-69 0.25m 0.02 -0.10m

Damage S in the AAU tests is calculated from the modified Broderick equation S=0.11-N
(see Appendix C), where the number of displaced stones N is found as the sum of the number
of displaced stones on the seaward slope, the crest and the leeward slope. In the following
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figures h is the water depth and h is the height of the structure over the sea bed level

(h,=0.3m in all AAU tests).
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Figure 30 Tests for trunk compared to Van der Meer's 1990 formula, zero freeboard

Freeboard Rc=-0.05m (h.'/h=0.86)

X

Damage S

ok

2.00 3.00
Stability number Hs/ADnso

0.00 1.00

4.00

5.00

X AAU 2002: Narrow crest
Sop=0.02

o AAU 2002: Wide crest
Sop=0.02

A AAU 2002t: Narrow crest

Sop=0.035

Van der Meer 1990,

Sop=0.02

------- Van der Meer 1990,
Sop=0.035

Figure 31 Tests for trunk compared to Van der Meer's 1990 formula, freeboard Rc=-0.05m
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Figure 32 Tests for trunk compared to Van der Meer's 1990 formula, freeboard Rc=-0.10m

The formula does not fit the data very well especially for the most submerged structure. In
general the curves are too steep predicting too much damage. For zero freeboard (Figure 30)
the predicted stability number for start of damage (S=0-2) is close to the test results but for
larger submergence (Figure 31 and Figure 32) the predicted stability number for start of
damage is lower than found in the AAU test results.
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9.4 Vidal et al. (1992, 1995, 2000), head and trunk stability

Vidal et al. (2000) proposed parameterized curves corresponding to initiation of damage of
the trunk and the head of low-crested and submerged breakwaters. The formula is given in
Appendix B, Equation 7. Vidal et al. 1995 defined the damage S corresponding to initiation of
damage in Equation 7 as S=1 for the trunk crest and the seaward slope, and S=0.5 for the
trunk leeward slope. Vidal divided the roundhead in two sections; the front head and the back
head. The front head covered 60° of the seaward part of the roundhead (corresponding to the
seaward head in the AAU tests) and the back head covered the remaining 120° (corresponding
to the combined middle and leeward head in the AAU tests). A methodology to calculate
damage S for the roundhead sections was proposed by Vidal et al. 1995 in which initiation of
damage for the head was defined as S=1 for the back head and the front head.

In the present tests initiation of damage was defined as the damage level where 1% of the
stones in a section are displaced. This degree of damage corresponds to a lower damage level
than the level used by Vidal et al. However, the formula proposed by Vidal et al. 2000 is
compared directly to the test results in the following figures without any corrections of the
damage level.
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Figure 33 Tests for trunk compared to Vidal’s 2000 parameterized formula

It is seen that Vidal’s 2000 formula for the trunk fits the data quite well. However, the trunk
seaward slope under submerged conditions tends to be a bit more stable in the AAU tests.

The test results for both the leeward and the middle head are plotted on Figure 34 (right).
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Figure 34 Tests for roundhead compared to Vidal’s parameterized formula
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Vidal’s formula for the roundhead fits the data well. However, the seaward head under
submerged conditions tends to be a bit more stable in the AAU tests. This will be described in
more detail in chapter 10.3, in which Vidal’s tests will be compared to the AAU tests with the
same definition of damage.

10 Experimental data compared to existing datasets

In the following the test results from the AAU tests are compared to tests performed at UCA
(2001), Delft (1995), NRC (1992), and Delft (1988). Details about all tests are given in
Appendix D.

10.1 UCA 2001

In February 2001 stability tests were carried out in the wave flume at University of Cantabria.
Details about the tests are given in Appendix D. A homogeneous cross section with crest
height he = 0.25m was tested subject to 16 irregular wave conditions. Water depths h was
0.2m and 0.3m corresponding to freeboards -0.05m and +0.05m. The crest height to water
depth ratios hc/h were approximately the same as for the AAU tests, see Table 13.

Table 13 Differences in crest height for UCA and AAU tests

UCA tests AAU tests for comparison
Freeboard Rc Re/Dysg hc/h | Freeboard Rc Re/Dysg hc/h
Submerged crest -0.05m -4.17 0.83 -0.05m -1.54 0.86
Emerged crest +0.05m 4.17 1.25 +0.05m 1.54 1.20

Damage S in the AAU tests have been calculated from the modified Broderick equation
S=0.11-N (see Appendix C), where the number of displaced stones N is found as the sum of
displaced stones on the seaward slope, the crest and the leeward slope. The following AAU
tests are available for comparison:

Table 14 AAU tests available for comparison with UCA tests

Test Crest width Sop Freeboard
1-4 0.10m 0.02 +0.05m
5-8 0.10m 0.035 +0.05m
37-40 0.25m 0.02 +0.05m
18-22 0.10m 0.02 -0.05m
23-27 0.10m 0.035 -0.05m
64-66 0.25m 0.02 -0.05m
Trunk, submerged crest
12 =
& AAU 2002
10
X % UCA 2001
»n 81
8 4 X .
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Figure 35 AAU and UCA tests with freeboard Rc=-0.05m
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Figure 36 AAU and UCA tests with freeboard Rc=+0.05m

The two data sets are in agreement as the points on Figure 35 and Figure 36 follow the same
trend. However, very small stones were used in the UCA tests (D,s50=0.012m), which
indicates that viscous scale effects were present in the tests. On the other hand the UCA
structure was homogeneous without core. These two deviations from the AAU structures
counteracts each other. Caution should therefore be taken when drawing conclusions based on
the comparisons.

10.2 Delft 1995

Burger (1995) tested the influence of rock shape and grading on the stability of front, crest
and rear slope of low-crested structures. Results are presented by Burger (1995) and Van der
Meer et al. (1996).

Delft 1995 AAU tests for comparison
Freeboard Rc Rc/Dysg hc/h | Freeboard Rc Rc/Dysg hc/h
Emerged crest +0.05m 2.0 1.12 +0.05m 1.54 1.2

The Delft 1995 results are available for two wave steepness’s sop=0.02 and so,=0.04, which is
approximately the same as used in the AAU tests. Damage S in the AAU tests have been
calculated from the modified Broderick equation S=0.11-N (see Appendix C), where the
number of displaced stones N is found as the sum of displaced stones on the seaward slope,
the crest and the leeward slope. The following AAU tests are available for comparison:

Table 15 AAU tests available for comparison with Delft 1995 tests

Test Crest width Sop Freeboard
1-4 0.10m 0.02 +0.05m
5-8 0.10m 0.035 +0.05m

37-40 0.25m 0.02 +0.05m

30



DELOS EVK3-CT-2000-00041

3D Stability tests at AAU

Trunk seaward slope, sy,=0.02 Trunk seaward slope, sy=~0.04
10.00 10.00
9.00 X 9.00
X
8.00 8.00
2 600 . o 2 5o Xx X
g > X X  Delft 1995 g X x Delft 1995
£ 500 * AAU 2002 £ 500 x AAU 2002
& 400 X S 400 hd
a % * a X
3.00 X 3.00 X
2.00 X § « * 2.00 ;;(
1.00 o 3 1.00 S 3 -
0.00 3 000 X o % ®
1.00 1.50 2.00 2.50 3.00 3.50 1.00 1.50 2,00 2.50 3.00 3.50
Stability number Hs/AD,, Stability number Hs/AD,g,
Trunk crest, s,=0.02 Trunk crest, s,,~0.04
10.00 10.00
9.00 9.00
8.00 8.00
7.00 7.00
2] 2]
6.00 6.00
[ . Ift 19 [ X Delft 1995
g 500 X g 500 AAU 2002
X * AAU 2002 .
K g.gg ° < g 400
. 3.00
2.00 X o 2.00
. ¥ x % . >
1.00 X 1.00 *
X A d
000 K3 KX 000 Ko R e X~ |
1.00 1.50 2.00 2.50 3.00 3.50 1.00 1.50 2.00 2.50 3.00 3.50
Stability number Hs/AD,4, Stability number Hs/AD, 5,
Trunk leeward slope, s9,=0.02 Trunk leeward slope, so,~0.04
10.00 10.00
9.00 9.00
8.00 8.00
7.00 7.00
2] 2
g 600 < X X Defft 1995 g 600 X  Delft 1995
g 50 AAU 2002 g 5o
& 400 >§ XX hd 8 400 * AAU2002
3.00 X o % X 3.00
2.00 . X 2.00
100 s §<<>< % - X 1.00 2 Xx &
0.00 So X % 000 B o e 5 XK S
1.00 1.50 2,00 2.50 3.00 3.50 1.00 1.50 2.00 2.50 3.00 3.50
Stability number Hs/AD,, Stability number Hs/AD,,

Figure 37 Stability of trunk sections, Delft 1995 tests compared to AAU tests

In Figure 37 it is seen that the two datasets are in agreement with respect to trends. However
the crest seems to be slightly more prone to damage in the AAU tests, and the seaward slope
seems to be slightly less prone to damage in the AAU tests. This could be due to different
definition of the areas covered by the trunk sections. In the AAU tests the definition of
sections in Figure 12 (on page 12) was adopted, whereas in the Delft 1995 tests the seaward
and the leeward slopes were extended to the surface of the crest. To investigate whether this
could influence the results the total damage for the trunk was calculated as the sum of damage
to the seaward slope, crest, and leeward slope.
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Figure 38 Stability of total trunk section, Delft 1995 tests compared to AAU tests

In Figure 38 it is seen that the two datasets are in almost perfect agreement. The differences in
Figure 37 are therefore believed to be due to the different definitions of sections.
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10.3 NRC 1992

Vidal et al. performed 3D stability tests at the Hydraulics Laboratory of the National Research
Council Canada (NRC) in Ottawa, Canada, 1991-1992 on a complete 4.7m long structure in
irregular head on waves. Detailed description of setup is found in Vidal et al. (1995) and in
Appendix D.

Structure heights and freeboards were different in the AAU tests and the NRC tests. However
the following three test series are compared in the following. In the first test series in Table 16
Rc/Dyso = -2.0 (NRC tests) and Re/Dyso = -1.54 (AAU tests). This means that the AAU tests
on submerged structure will be compared to a relatively more submerged structure in the
NRC tests. According to this less damage for the same stability number is expected for the
submerged NRC structure.

Table 16 NRC test series to be compared to the AAU tests

NRC tests AAU tests for comparison
Freeboard Rc  Rc/D,sq hc/h Freeboard Rc Re/Dyso hc/h
Submerged crest -0.05m -2.0 0.89/0.92 -0.05m -1.54 0.86
Zero freeboard 0 0 1 0 0 1
Emerged crest +0.04m 1.61 1.07 +0.05m 1.54 1.2

Table 17 AAU tests available for comparison with NRC tests

Test Crest width Sop Freeboard
1-8 0.10m 0.02/0.035 +0.05m
9-17 0.10m 0.02/0.035 0
18-27 0.10m 0.02/0.035 -0.5m
37-40 0.25m 0.02 +0.5m
60-63 0.25m 0.02 0
64-66 0.25m 0.02 -0.05m

For the trunk it is chosen only to compare results for the crest stability.
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Figure 39 Trunk crest stability, NRC tests compared to AAU tests.
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In Figure 39 it is seen that the points for the two data sets follow the same trend. However, the
crest under submerged conditions does not seem to be less prone to damage for the NRC tests.
This indicates that the crest seems to be slightly more stable in the AAU tests under
submerged conditions.

To compare damage to the roundhead the numbers of displaced stones in the AAU sections
have been converted to the damage S-value as used in the NRC tests. The methodology
described in Appendix D, given by Equation 9 and Equation 10 has been used. On the
following figures the leeward head corresponds to the same section for the leeward head as
used in the NRC tests. The leeward head on the following figures therefore corresponds to the
combined area of the middle and leeward head in the AAU tests. Please note the different
scaling of the axes on the following figures.
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Figure 40 Roundhead stability, NRC tests compared to AAU tests.

The data points on Figure 40 are in agreement. However, as for the trunk crest, the NRC
structure does not seem to be less prone to damage under submerged conditions. There can be
several explanations for that. The main differences to the present tests are (in subjectively
estimated order of priority) described in the following and the influence of the parameters that
are believed to be of most importance is explained further.
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The structure slopes were 1:1.5 in the NRC tests (1:2 in AAU tests)
o A steeper slope is less stable. This indicates that the NRC structure should be less
stable than the AAU structure.
¢ No foreshore slope was present in NRC tests
o Inthe NRC tests a horizontal seabed was used. On a horizontal seabed it is not
possible to produce as steep waves as on a sloping foreshore. This can make the
structure on the horizontal seabed more stable. Therefore the stability of the NRC
structure could be larger than the AAU structure.
e 2D irregular waves were generated in NRC tests (3D in AAU tests)
e Higher structure in NRC tests (40-60cm in NRC tests and 30cm in AAU tests)
e Slightly smaller stones in NRC tests (Dps50=2.5cm in NRC tests and Dys50=3.3cm in AAU
tests)

10.4 Delft 1988
Van der Meer (1988) performed LCS stability tests in the wave flume at Delft Hydraulics.
Water depth was kept constant and structure height was changed.

Table 18 Delft 1988 test series to be compared to the AAU tests

Delft 1988 AAU tests for comparison
Freeboard Rc Rc/D,so hc/h | Freeboard Re Rc/Dyso hc/h
Submerged crest -0.10m -2.91 0.75 -0.10m -3.08 0.75

Zero freeboard 0 0 1 0 0 1
Emerged crest +0.125m 3.63 1.31 +0.05m 1.54 1.2

Damage S in the AAU tests have been calculated from the modified Broderick equation
S=0.11-N (see Appendix C), where the number of displaced stones N is found as the sum of
displaced stones on the seaward slope, the crest and the leeward slope. The following AAU
tests are available for comparison:

Table 19 AAU tests available for comparison with Delft 1988 tests

Test Crest width Sop Freeboard
1-8 0.10m 0.02/0.035 +0.05m
9-17 0.10m 0.02/0.035 0
28-36 0.10m 0.02/0.035 -0.10m
37-40 0.25m 0.02 +0.05m
60-63 0.25m 0.02 0
67-69 0.25m 0.02 -0.10m
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Figure 41 Trunk stability, Delft 1988 tests compared to AAU tests.

The two datasets are in agreement for zero freeboard and emerged crest. However, under
submerged conditions the Delft 1988 structure was more prone to damage.

In Table 18 it is seen that for submerged crest the relative submergence Rc/Dyso=-3.08 in the
AAU test and Rc/Dyso=-2.91 as target in the Delft 1988 test. In the Delft 1988 tests the actual
crest height as built was slightly different from the target. For the submerged crest the actual
crest height as built was measured to 0.31m (taken as the average for the tests with submerged
crest). Hereby the actual relative submergence in the Delft 1988 tests was Rc/Dyso=-2.62,
which is somewhat different from the compared AAU tests.

When the difference in relative freeboard is taken into account the two datasets are considered
in agreement.
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11 Conclusions

The AAU test results have been compared to four different test series performed by other
researchers. Structure geometries, wave basin/flume layouts, stone characteristics and types of
waves generated were different in all five datasets. Because of this some deviations between
the results is expected and also observed. However, when the differences are kept in mind all
four datasets are considered to be in reasonable agreement with the AAU tests.

The AAU test results were compared to the formula shown in Table 20. Even though there are
differences between tests and formulae, the existing formulae are able to predict the damage
in the AAU tests to some extend. As very few tests have been available for comparisons Table
20 should not be used to check the validity of a certain formula.

Table 20 Overview of stability formula compared to AAU tests

How well does the formula fit the AAU test?

Author Formula valid for For start of damage For progress of damage
Powell and Allsop (1985) Trunk front slope Well Formula overestimates

the progress of damage
Van der Meer (1990) Trunk front slope, Well Well

emerged structure

Formula underestimates .
Trunk, submerged Formula overestimates

the stability in case of
structure the progress of damage
large submergence

Van der Meer (1990)

Vidal et al. (1992, 1995, 2000) | Head and trunk stability | Well Well

11.1 Conclusions on AAU experiments related to initiation of damage
The following main conclusions about the AAU tests related to initiation of damage can be
drawn:

Influence of Importance Comments

Freeboard Large A submerged structure is significantly more stable than an emerged low
crested structure. The more submerged the more stable. For larger

emergence than tested in the AAU tests the overtopping will reduce and
consequently the trunk leeward slope and crest will become more stable.

Crest width Small The stability of much wider structures than the tested ones might be larger
compared to the tested relatively narrow structures.
Wave steepness Small Long waves (sg,=0.02) cause only slightly larger damage to the structure

than steeper waves (59,=0.035) for low damage levels. However for higher
damage levels the structure becomes relatively more stable in steep waves.

Obliquity of Small All parts of the trunk are slightly more stable under oblique wave attack
waves than under normal incidence wave attack.

The stability of the roundhead sections in case of oblique waves <90° (a
large part of the head exposed to direct wave attack) is the same as for
normal incidence waves.

The stability of the leeward and middle part of the roundhead in case of
oblique waves >90° (when a large part of the head is in lee of direct wave
attack) is the same as for normal incidence waves, but the area of damage
shifts towards the middle part of the head. However the seaward part of the
head is becoming significantly more stable.

The conclusions can only be applied within the tested range of parameters.
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11.2 Planned future publications

An abstract about the results has been submitted to Coastal Structures 2003 Conference
(organized by ASCE, August 26 - 29, 2003, Embassy Suites, Portland, Oregon). The abstract
has been accepted, and deadline for the paper is December 15, 2003. The title of the paper
will be “Head and Trunk Stability of Low-Crested Breakwaters in Short Crested Waves” by
Morten Kramer and Hans Burcharth.

The results will also be treated in Morten Kramer’s PhD thesis, which is expected to be
published autumn 2004.
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Appendix A: Test schedule and results of AAU tests

More detailed information can be found in the databank for the tests. The following
parameters are used in the tables:

@ target incoming wave direction (90°=normal incidence waves)

B crest width

Rc freeboard

wave steep., Hs and Tp target deepwater wave characteristics

h water depth

Hs(3) significant wave height from gauge 3 in the 3-wavegauge system
H,.,; incident significant wave height from the array

No waves is the average number of waves from the 3-wavegauge system

Spr. and @ (Hi) spreading and direction of the incoming waves from the array,
respectively.

N number of displaced stones counted from the photos
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Table 21 Details about stability tests with narrow cross-section

Target Measured waves Damage, trunk Damage, roundhead
Test| 6 B Rc Wave Hs Tp h at Hs (3)  Hmo, No Spr. 6 (Hi) SS C LS SH MH LH
no. |[°] [m] [m] steep. [m] [s] LCS [m] [m] [m] waves ] 7] N N N N N N
1 (90 0.1 0.05 0.02 0.05 127 0.25 0.049  0.051 1034 10 87 1G 0 0 0 0 0
2 |90 0.1 0.05 0.02 0.075 1.55 0.25 0.065 0.076 1082 12 89 8y 4G 5B 0 2G+1K 3B+1G
3 [90 0.1 0.05 0.02 0.1 1.79 0.25 0.092 0.103 1052 13 89 9Y+2B 5R+5G 16B+1Y 3R+1Y 11G+3K 7B+9Y
4 190 0.1 0.05 0.02 0.125 2.00 0.25 0.120  0.117 1129 15 88 | 2W+7B+23Y 10R+10G 24B+1Y 10Y+14R 19G+9K+2W 18B+16Y
5 |90 0.1 0.05 0.04 0.05 0.90 0.25 0.037  0.037 1055 9 89 0 0 0 0 0 0
6 |90 0.1 0.05 0.04 0.075 1.10 0.25 0.062 0.062 981 9 89 0 0 0 1R 2G 1B
7 |90 0.1 0.05 0.04 0.1 1.27 0.25 0.091  0.084 987 11 91 1B+2Y 5R+3G 2B 2R+1Y 4G+3K 4B+1Y
8 |90 0.1 0.05 0.04 0.125 1.42 0.25 0.117  0.110 971 13 89 4B+3Y 6R+4G 10B 5R+1Y 4G+4K 13B+10Y
9 |90 0.1 0 0.02 005 127 0.3 0.051  0.055 970 9 90 0 0 0 0 0 0
10 |90 0.1 0 0.02 0.075 1.55 0.3 0.076  0.080 1003 10 91 1Y 6R+2G 0 0 0 0
11 |90 0.1 0 0.02 0.1 1.79 0.3 0.095 0.109 994 11 92 1B+1Y 7R+2G 0 0 2G 4B+1Y
12 {90 0.1 0 0.02 0.125 2.00 0.3 0.121  0.130 1044 14 92 | 1W+2B+12Y 16R+7G 0 11R 6G 6B+4Y
13 |90 0.1 0 0.04 0.05 0.90 0.3 0.038 0.038 991 9 90 0 0 0 0 0 0
14 |90 0.1 0 0.04 0.075 1.10 0.3 0.062 0.067 991 9 89 1Y 2R 0 0 0 1B
15 (90 0.1 0 0.04 0.1 1.27 0.3 0.085 0.088 978 10 91 2Y 2R+1G 0 1R 0 4B+1Y
16 |90 0.1 0 0.04 0.125 1.42 0.3 0.109  0.112 986 11 93 1B+3Y 6R+4G 1B 2R 1G 4B+1Y
17 {90 0.1 0 0.04 0.15 155 0.3 0.126 _ 0.135 1016 12 90 1B+6Y 7R+5G 1B 5R 3G 6B+4Y
18 |90 0.1 -0.05 0.02 0.075 1.55 0.35 0.071  0.083 1004 10 89 0 0 0 0 0 0
19 (90 0.1 -0.05 0.02 0.1 1.79 0.35 0.095 0.111 1004 10 90 0 3R 0 0 0 0
20 (90 0.1 -0.05 0.02 0.125 2.00 0.35 0.121  0.138 1058 13 91 1Y 4R+2G 0 3R 1G 0
21 {90 0.1 -0.05 0.02 0.15 2.19 0.35 0.143  0.157 1055 13 89 2Y 13R+8G 0 6R 1W+3G+1K 3B
22 190 0.1 -0.05 0.02 0.175 2.37 0.35 0.209  0.188 1053 14 90 | 1W+4B+13Y 31R+31G 2Y+1B 2Y+11R 1W+1K+8G 6B+3Y
23 |90 0.1 -0.05 0.04 0.1 1.27 0.35 0.063  0.105 999 1 89 0 0 0 0 0 0
24 {90 0.1 -0.05 0.04 0.125 1.42 0.35 0.125 0.134 1008 10 91 1w 1R+2G 0 0 0 0
25 (90 0.1 -0.05 0.04 0.15 155 0.35 0.149  0.163 1033 11 92 1w 6R+3G 1Y 0 1G 0
26 |90 0.1 -0.05 0.04 0.175 1.67 0.35 0.173  0.179 1055 11 89 | 1W+1B+2Y 10R+11G 1Y 4R 1G 0
27 190 0.1 -0.05 0.04 0.2 1.79 0.35 0.191  0.193 1005 13 89 | 1W+2B+5Y 13R+15G 1Y 1W+1Y+4R 2G 0
28 (90 0.1 -0.1 0.02 0.125 2.00 04 0.147  0.157 1060 12 92 1Y 5R+1G 0 1R 2G 0
29 (90 0.1 -0.1 0.02 0.15 2.19 0.4 0.189  0.185 1025 14 91 3Y 8R+1G 0 1R 2G 1Y
30 ({90 0.1 -0.1 0.02 0.175 2.37 0.4 0.222  0.203 1057 15 91 5Y 11R+1G 1B 1R 4G+1K 1B+1Y
31 {90 01  -0.1 0.02 0.2 2.53 0.4 0.247  0.210 1000 17 92 5Y 25R+14G 2B+H1Y+1W 3R 4K+5G 3B
32 {90 0.1 -0.1 0.04 0.125 1.42 0.4 0.116  0.126 1012 10 91 0 2R 1B 0 1G 0
33 (90 0.1 -0.1 0.04 0.15 155 0.4 0.139  0.155 1028 10 92 1Y 2R+1G 2B 0 1G 0
34 |90 0.1 -0.1 0.04 0.175 1.67 0.4 0.171  0.182 1058 11 93 1Y 5R+1G 2B+1Y 0 1G 0
35 (90 0.1 -0.1 0.04 0.2 1.79 0.4 0.189  0.203 1049 12 93 1Y 7TR+4G 2B+2Y 0 1G 0
36 (90 0.1 -0.1 0.04 0.225 1.90 0.4 0.204  0.201 1027 13 92 1Y 9R+4G 2B+2Y 0 3G+1K 0
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Table 22 Details about stability tests with wide cross-section

Target Measured waves Damage, trunk Damage, roundhead

Test| 0 B Rc Wave Hs Tp h at Hs (3) Hmo, No Spr. 0 (Hi) SS C LS SH MH LH
no. | [] [m] [m] steep. [m] [s] LCS [m] [m] [m] waves ] Ml N N N N N N

37 | 90 0.25 0.05 0.02 0.05 1.27 0.25 0.053  0.048 990 10 89 0 1R 0 0 0 0

38 | 90 0.25 0.05 0.02 0.075 1.55 0.25 0.075 0.072 1043 12 91 1W+3B+3Y 6G 0 1R+2Y 0 4Y

39 | 90 0.25 0.05 0.02 0.1 1.79 0.25 0.094  0.096 1029 13 92 1W+5B+11Y 11R+22G 2B 10R+1Y 20G+2K 13B+6Y
40 | 90 0.25 0.05 0.02 0.125 2.00 0.25 0.116  0.114 1073 16 91 1W+6B+13Y 19R+32G 7B 1W+6Y+17R 6K+26G 21B+14Y
41 | 70 0.25 0.05 0.02 0.05 1.27 0.25 0.049  0.046 996 10 72 0 0 0 0 0 0

42 | 70 025 0.05 0.02 0.075 1.55 0.25 0.071 0.073 1031 12 71 1B+2Y 2R+5G 2B 3R 0 3B+2Y
43 | 70 025 0.05 0.02 0.1 1.79 0.25 0.091 0.094 1039 13 74 1W+2B+7Y 8R+10G 6B 3Y+9R 16G 16B+5Y
44 | 70 025 0.05 0.02 0.125 2.00 0.25 0.115  0.108 1100 15 76 2W+6B+13Y 13R+19G 17B 2W+8Y+22R 6K+22G 22B+6Y
45 | 80 0.25 0.05 0.02 0.05 1.27 0.25 0.051 0.047 1021 10 80 0 0 0 0 0 0

46 | 80 0.25 0.05 0.02 0.075 1.55 0.25 0.073  0.074 1027 12 80 3Y 5G 1B 0 0 0

47 | 80 0.25 0.05 0.02 0.1 1.79 0.25 0.097  0.098 1018 14 82 1B+6Y 3R+16G 8B 1Y+6R 6G 9B+6Y
48 | 80 0.25 0.05 0.02 0.125 2.00 0.25 0.119  0.115 1076 16 82 3B+10Y 4R+18G 13B 1W+2Y+19R 2K+13G 13B+8Y+1W
49 1100 0.25 0.05 0.02 0.05 1.27 0.25 0.054  0.049 993 10 98 0 0 0 0 0 0

50 | 100 0.25 0.05 0.02 0.075 1.55 0.25 0.079  0.072 1017 14 98 0 2G 0 1R 6G 2B

51 1100 0.25 0.05 0.02 0.1 1.79 0.25 0.099  0.100 1005 15 101 4Y 5R+6G 5B 4R 3K+15G 13B+8Y
52 | 110 0.25 0.05 0.02 0.05 1.27 0.25 0.055 0.048 973 11 107 0 0 0 0 0 0

53 | 110 0.25 0.05 0.02 0.075 1.55 0.25 0.075 0.074 1024 13 109 0 1R+2G 0 1R 7G 2B+1Y
54 1110 0.25 0.05 0.02 0.1 1.79 0.25 0.098  0.103 1018 15 111 2Y 3R+4G 2B 1Y+2R 14G 16B+8Y
55 1110 0.25 0.05 0.02 0.125 2.00 0.25 0.116  0.117 1077 16 111 3B+4Y 3R+5G 5B 1y+13R 4K+21G 26B+13Y
56 | 60 0.25 0.05 0.02 0.05 1.27 0.25 0.050  0.047 980 8 64 0 0 0 0 0 0

57 | 60 0.25 0.05 0.02 0.075 1.55 0.25 0.069  0.068 1014 13 67 0 2R 0 0 1K+1G 2B

58 | 60 0.25 0.05 0.02 0.1 1.79 0.25 0.092 0.088 1034 12 67 1B+2Y 5R+3G 4B 1R 2K+4G 10B+2Y
59 | 60 0.25 0.05 0.02 0.125 2.00 0.25 0.110  0.100 1129 15 70 1B+7Y 9R+17G 17B 1Y+8R 4K+18G 21B+4Y
60 | 90 0.25 0 0.02 0.05 1.27 0.3 0.048  0.050 1025 9 90 0 0 0 0 0 0

61 | 90 0.25 0 0.02 0.075 1.55 0.3 0.069 0.074 1023 11 91 0 1R 0 1R 2G 0

62 | 90 0.25 0 0.02 0.1 1.79 0.3 0.098  0.103 992 13 92 2Y 8R+10G 0 7R 9G 8B

63 | 90 0.25 0 0.02 0.125 2.00 0.3 0.127  0.124 1023 15 94 4y 34R+16G 3B 1Y+14R 14G 13B
64 | 90 0.25 -0.05 0.02 0.1 1.79 0.35 0.120  0.129 985 11 93 0 2R 0 0 0 0

65 | 90 0.25 -0.05 0.02 0.125 2.00 0.35 0.153  0.157 1075 13 93 0 17R+4G 1B 0 1K 2B

66 | 90 0.25 -0.05 0.02 015  2.19 0.35 0.184  0.179 1031 13 92 2Y 39R+16G 2B 3R 1K+5R 5B+3Y
67 | 90 0.25 -0.1 0.02 0.125 2.00 04 0.147  0.157 1060 12 92 0 5R+3G 1B 0 1G 0

68 | 90 0.25 -0.1 0.02 0.15 219 0.4 0.183  0.180 1026 13 92 0 21R+7G 3B+1Y 0 2G 1Y
69 | 90 0.25 -0.1 0.02 0.175 2.37 0.4 0.222  0.203 1057 15 91 1B+1Y 37R+19G 4B+1Y 1Y+4R 6G 10B+1G
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Table 23 Stability numbers related to initiation of damage for all tests

Test Crest Free- Norm. Rc Wave Ns (ID) for trunk Ns (ID) for roundhead
no. [°] width [m] board [m] Rc/Daso steepness SS C LS SH MH LH
1-4 90 0.1 0.05 1.54 0.02 126 126 113 | 164 126 1.18
5-8 90 0.1 0.05 1.54 0.035 1.74 174 181 | 1.74 130 147
9-12 90 0.1 0 0.00 0.02 1.87 1.46 - 197 183 1.68
13-17 90 0.1 0 0.00 0.035 210 1.64 - 221 227 141
18-22 90 0.1 -0.05 -1.54 0.02 283 182 4.03 | 275 275 275
23-27 90 0.1 -0.05 -1.54 0.035 332 240 - 3.21 - -
28-31 90 0.1 -0.1 -3.08 0.02 3.63 283 459 | 475 427 475
32-36 90 0.1 -0.1 -3.08 0.035 - 2.67 3.64 - - -
37-40 90 0.25 0.05 1.54 0.02 120 119 188 | 145 150 1.45
41-44 70 0.25 0.05 1.54 0.02 137 113 147 | 1.37 144 1.37
45-48 80 0.25 0.05 1.54 0.02 140 123 154 | 160 164 1.50
49-51 100 0.25 0.05 1.54 0.02 191 156 1.75 | 178 145 154
52-55 110 0.25 0.05 1.54 0.02 195 145 199 | 188 1.36 1.45
56-59 60 0.25 0.05 1.54 0.02 177 141 177 | 185 133 1.38
60-63 90 0.25 0 0.00 0.02 216 140 244 | 151 141 154
64-66 90 0.25 -0.05 -1.54 0.02 - 2.34 - 3.54 318 3.05
67-69 90 0.25 -0.1 -3.08 0.02 - 283 329 | 397 371 3.67
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Appendix B: Existing stability formulae

Powell and Allsop (1985), low crested slopes
Powell and Allsop (1985) analyzed the data by Allsop (1983) and proposed the following
stability formula for two-layer armoured overtopped, low-crested slopes:

N4 -1/3 H SL/S 1 Ny :
— —aexplbs. " H. /(AD or S = —In| ——>* Equation 1
Na p[ p s ( nSO)] ADHSO b a N qu

a

where values of the empirical coefficients a and b are given in the table as functions of
freeboard R, and water depth h. Nog and N, are the number of units displaced out of the
armour layer and the total number of armour layer units respectively.

Table 24 Values of coefficients a and b in Equation 1

Rc/h a-10" b wave steepness Hy/L,
0.29 0.07 1.66 <0.03
0.39 0.18 1.58 <0.03
0.57 0.09 1.92 <0.03
0.38 0.59 1.07 >0.03

Van der Meer (1990), low crested slopes

Van der Meer (1988, 1990 and 1991) suggested the van der Meer stability formulae for non-
overtopped rock slope, Equation 4 and Equation 5, to be used with Dyso replaced by fiDyso.
The reduction factor fj is in Van der Meer (1990) given as

4
R, [s, .
f, ={1.25—4.8H—°,/2—pJ Equation 2
.V 2n

where R. is the freeboard s,, = Hy/Lop, and L, is deep water wave length corresponding to the
peak wave period. Limits of Equation 2 are given by

R_ s, .
0<—=,/—=<0.052 Equation 3
H, V2n

Irregular, head-on waves were used to establish the following formulae for non-overtopped
slopes (van der Meer 1988)

H .
ADS =6.2-S"P"¥N g 0 plunging waves: & <& . Equation 4
n50
Hs 02p-0.137\7-0.1 0.5¢P . .
=1.0-S™P7 "N, (cota) " &, surging waves: & >§& . Equation 5
n50
£, = s:nO'S tan o €. = (6.2 P’ (tan o)*’ )MPWS)
where Hi significant wave height in front of breakwater

Dnso  Equivalent cube length of medium rock
Ps Mass density of rocks

Pw  Mass density of water
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A (pdpw)—1

S relative eroded area

P notional permeability; for three layer conventional breakwater P=0.4, two layer
structure P=0.5, and homogeneous structure P=0.6.

N, number of waves

o slope angle

Sm wave steepness, Sm = Hy/Lom

Lom  deep water wave length corresponding to mean wave period
Validity:

1) Equation 4 and Equation 5 are valid for non-depth limited waves. For depth-limited
waves Hj is replaced by Hyy, /1.4.

2) For cot &« >4.0 only Equation 4 should be used.

3) N, <7,500 after which number equilibrium damage is more or less reached.

4) 0.1<P<0.6,0.005<s,<0.06,2.0tm’<p <3.1t/m’

5) For the 8 test run with depth-limited waves, breaking conditions were limited to spilling
breakers which are not as damaging as plunging breakers. Therefore Equation 4 and
Equation 5 may not be conservative in some breaking wave conditions.

Uncertainty of the formula: The coefficients of variation on the factor 6.2 in Equation 4 and
on the factor 1.0 in Equation 5 are estimated to be 6.5% and 8%, respectively.

van der Meer (1990), submerged breakwaters
The following formula was established for submerged breakwaters with two-layer armour on
front, crest and rear slope. Irregular, head-on waves.

h' * .

f =(2.1+0.1S)exp(=0.14N,) Equation 6
where h water depth

h,  height of structure over sea bed level

S relative eroded area

N,  spectral stability number, N; = ADH:50 ;”3

Uncertainty of the formula: The uncertainty of Equation 6 can be expressed by considering
the factor 2.1 as a Gauss distributed stochastic variable with the
mean 2.1 and a standard deviation of 0.35, i.e. a coefficient of
variation of 17%.

data source: Givler and Sorensen (1986): Regular head-on waves, slope 1:1.5
van der Meer: Irregular head-on waves, slope 1:2
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A Relative crest height h's/h
20+ o Vander Meer
oo X Givler/Serensen
Stability eq.
1.5 +
] O
1.0 a—a
¢ X X
X
0.5+ Submerged %
X
0 f f } } ——
0 1.0 8 12 16 20

Spectral stability number N ¢ *

Vidal et al. (1992, 1995, 2000), head and trunk stability

Vidal et al. 1992 performed 3D small scale laboratory tests at NRC, Canada and proposed
stability graphs for trunk corresponding to initiation of damage. In 1995 stability graphs for
head damage for different damage levels were proposed. In 2000 a general methodology to
calculate stability of LCS’s was proposed and parameterized stability curves for initiation of
damage were given for all structural sections. The tests are described in more detail in
Appendix D.

Vidal et al. 1992, trunk damage

Two-Layer Armoured Low-Crested and Submerged Breakwaters
D, s0= 249 cm

. 68Dy
= D1gs5/Dn1s = 1.1
T The—t0mna g S
h=38-65¢cm 60 cm Az y 7.'6*
Yy
Dpsp= 1.90 cm

D,-,35/Dn15 =14
Figure 42 Tested trunk cross section in tests by Vidal et al. 1992

Tested ranges:
Irregular, head-on waves
H;=5-19cm, T, =1.4 and 1.8 sec
Freeboard: -5cm < R, = h.-h < 6cm
Dimensionless freeboard -2 < R/Dpso < 2.4
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A

6.0 +

30T

20 +

Ns

He

A Dn50

Rear slope
Crest

Front slope
Total armor

R¢/Dpso

Figure 43 Stability of trunk corresponding to initiation of damage, §=0.5-1.5

Vidal et al. (1995), head
Vidal et al. (1995) proposed the following stability curves to be used for LCS roundheads.

A FRONT HEAD SECTION BACK HEAD SECTION

z 4 4
4 " 1

- 4 = -

= d S~ - .

o g.‘_“* - L

= .~ mog

o> 3 ) = m

= 1 N = §
. o

: i “\-m_~ = 4

22 e 2

o 2 ] coooom — 1D

: -:::::E E 1 aasaa IR ___sp

W leoceoo SD ot 1 060606 SD "
eesis D a ~ 1 kRwdk D ; o
1_3,,,,_|z,.,_,_._11‘,_,_ré,,_,_.i,T.é,,..é..”‘ m1—3|I..——.E'”'Jll‘”e}””i ;é.'--é....‘

NORMALIZED FREEBOARD, F

non-overtopping everiepping nen-evertopping

NORMALIZED FREEBOARD, F

Figure 44 Breakwater head stability curves for different levels of damage

Damage level:

Normalized freeboard:

ID, Initiation of Damage
IR, Iribarren’s damage
SD, Start of Destruction
D, Destruction

F, = F/DnSO
F is used for freeboard

Vidal et al. (2000), head and trunk

Vidal et al. (2000) proposed a more general methodology to evaluate stability for various low-
crested breakwater geometries. Reduction factors were introduced including existing
knowledge about conventional breakwaters. Parameterized curves corresponding to initiation
of damage of trunk and head were given as:
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N, =A+BF, +CF’

Equation 7 is valid in the range: -2.01<F4<2.41

Table 25 Values of coefficients A, B and C in Equation 7

Equation 7

Sector A B C

Front slope and front head 1.831 -0.2450 0.0119
Crest 1.652 0.0182 0.1590
Back slope 2.575 -0.5400 0.1150
Back head 1.681 -0.4740 0.1050
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Appendix C: Calculation of eroded area S

Broderick (1983) defined the damage
parameter S=A_ /D2, . A is the average =~ ———————

A_, eroded area

eroded area in a section of width X. S is often
used to quantify damage of rubble structures.

Broderick used the equation to determine damage on a riprap slope. Broderick’s equation can

be written in terms of number of displaced units (N). The number of displaced stones N in the

test section is assumed to equal the eroded volume V, = N-D’, /(1-n). The average eroded

area in the test section can then be calculated as A, =V, /X, and Broderick’s equation
becomes:

_ N-D,
(1-n)-X
n: Porosity of armour (n=0.43 in the present experiments)

X: Width of test section (X=50cm for the trunk)
Dyso: Nominal diameter of armour (Dj50=3.25¢cm)

Equation &

For the trunk the relationship between damage parameter S and number of displaced units in
Equation 8 becomes S =0.11- N, which corresponds to S=0.34 for N=3.
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Appendix D: Existing stability data

UCA, 2001

Tests were carried out at the wave flume of the University of Cantabria (68.9 x 2 x 2 m). The
cross section given in Table 26 was tested in regular waves (52 tests) and irregular waves (16
tests). However, the stone size of the armour indicates that viscous scale effects were present

in the tests.

Table 26 Test conditions in UCA tests

Number of tests 16 with irregular waves

Structure height 0.25m

Crest width 0.25m

Structure slope 1V:2H

Foreshore slope 1:20

Water depth 0.20m and 0.30m

Freeboard -0.05m and +0.05m

Type of breakwater Reef type

Materials Quarry crushed limestone, Ws;=4.3g, D;50=0.012m
Hs 0.02m to 0.07m

Tp 1.8sec to 3.4sec

Test duration 1 hour (1300 to 2400 waves)

References: None. Document describing the tests and digital data have been provided by

Cesar Vidal, UCA.

Table 27 UCA test results for irregular waves

TEST |H; Hino |[Hineo |Hmax | Hsp Hioo Hago T, Re D S

9 0.022 10.029 |0.041 |0.058 ]0.038 |0.035 |0.031 |1.8 0.05 3600 [0.70
10 0.042 10.057 |0.080 ]0.093 ]0.077 |0.070 ]0.063 |1.8 0.05 3600 [9.17
20 0.053 10.073 [0.102 ]0.126 |0.096 |0.088 ]0.079 |2.6 0.05 3600 |50.70
21 0.039 10.054 [0.077 ]0.099 ]0.071 |0.064 |0.057 |2.6 0.05 3600 [1.36
29 0.043 |0.058 |0.081 ]0.096 [0.072 |0.065 |0.058 |3.4 0.05 3600 |8.47
30 0.033 10.044 ]0.063 [0.101 ]0.054 [0.049 10.043 |34 0.05 3600 [2.00
38 0.036 10.047 10.055 ]0.085 ]0.061 [0.055 ]0.050 |1.8 -0.05 13600 0.89
39 0.062 10.081 ]0.096 [0.153 ]0.106 [0.096 ]0.087 |1.8 -0.05 3600 |3.68
46 0.044 10.058 0.067 ]0.091 ]0.073 ]0.067 ]0.060 |2.2 -0.05 3600 |0.87
47 0.061 ]0.081 ]0.096 [0.153 0.106 [0.096 |0.087 [2.2 -0.05 3600 |4.22
52 0.054 10.072 10.082 ]0.131 ]0.089 [0.082 |0.073 |2.6 -0.05 13600 |2.02
53 0.038 10.050 0.057 ]0.089 ]0.061 [0.057 ]0.050 |2.6 -0.05 13600 |1.04
58 0.065 10.088 ]0.098 [0.146 |0.108 [0.098 |0.087 [3.0 -0.05 3600 |8.59
59 0.036 10.048 0.047 [0.085 ]0.053 [0.050 |0.045 [3.0 -0.05 13600 |0.99
67 0.074 10.098 |0.108 [0.157 ]0.117 ]0.108 0.097 |3.4 -0.05 3600 |11.85
68 0.041 ]0.054 ]0.058 ]0.107 ]0.064 [0.058 0.052 |34 -0.05 3600 |0.01

Hi : Incident average of the N/n biggest waves in the test of N waves in m.

H, : Incident average of the n biggest waves in the test of N waves in m

Hpnax : Incident maximum wave height in the test of N waves in m

Tp: Incident peak period

Rc: Freeboard in m

D: Duration in seconds

S: Damage according to Broderick (Appendix C)

To investigate the influence of wave period all data are plotted in Figure 45. It is seen that all
data follows the same trend in damage pregress.
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Figure 45 Damage in UCA tests

Delft, 1995
Burger (1995) tested the influence of rock shape and grading on the stability of front, crest

and rear slope of low-crested structures. No or very small influences were found. Tests were
performed at Delft Hydraulics in the “Shelde basin” at the “De Voorst”. Results are presented
by Burger (1995) and Van der Meer et al. (1996).

Figure 46 Test details for Delft 1995 tests

Number of tests 76

Structure height 0.67m

Crest width ?

Structure slope Seaward 1:2, and rear 1:1.5
Foreshore slope Horizontal

Water depth 0.6m

Freeboard +0.07m

Type of breakwater 2 layer conventional type
Materials Rock D,50=0.035m

Hs 0.07 to 0.18m

Tp Two different steepness’ s,=0.02 and

$,=0.04. Tp=1.5s to 2.4s.

Test duration

1000 waves

Table 28 Selected results from Delft tests

serie test Hs Dn50 rho Tp s S front S crest S rear
(m) (m) (kg/m3) (s) ©)

la 1 0.071 0.0351 2700 1.586 0.02 0.00 0.51 0.46
2 0.098 0.0351 2700 1.7986 0.02 0.85 0.48 0.54
3 0.124 0.0351 2700 2.0276 0.02 1.41 0.22 1.33
4 0.144 0.0351 2700 2.1686 0.02 3.08 1.31 2.08
5 0.170 0.0351 2700 2.3844 0.02 5.70 2.75 3.42
6 0.178 0.0351 2700 2.4292 0.02 4.27 1.84 5.33

1b 1 0.082 0.0351 2700 1.1382 0.04 0.00 0.00 0.00
2 0.103 0.0351 2700 1.2822 0.04 0.95 0.00 0.00
3 0.123 0.0351 2700 1.3744 0.04 1.52 0.12 0.00
4 0.145 0.0351 2700 1.5008 0.04 3.61 0.00 0.00
5 0.161 0.0351 2700 1.6106 0.04 6.05 1.05 0.74
6 0.182 0.0351 2700 1.7194 0.04 11.55 1.00 2.74

2a 1 0.071 0.0347 2700 1.586 0.02 0.00 0.00 0.49
2 0.098 0.0347 2700 1.7986 0.02 1.32 0.44 1.00
3 0.124 0.0347 2700 2.0276 0.02 3.32 0.85 0.86
4 0.144 0.0347 2700 2.1686 0.02 5.65 0.53 2.57
5 0.170 0.0347 2700 2.3844 0.02 10.04 3.76 3.99
6 0.178 0.0347 2700 2.4292 0.02 32.22 24.79 12.19
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2b 1 0.082 0.0347 2700 1.1382 0.04 0.15 0.00 0.00
2 0.103 0.0347 2700 1.2822 0.04 1.06 0.02 0.00
3 0.123 0.0347 2700 1.3744 0.04 1.15 0.00 0.00
4 0.145 0.0347 2700 1.5008 0.04 5.13 0.00 0.00
5 0.161 0.0347 2700 1.6106 0.04 7.72 0.11 0.26
6 0.182 0.0347 2700 1.7194 0.04 12.52 2.07 0.00
3a 1 0.078 0.0335 2700 1.6292 0.02 0.00 0.32 0.64
2 0.101 0.0335 2700 1.7758 0.02 222 0.25 0.00
3 0.119 0.0335 2700 1.9896 0.02 3.36 2.43 0.56
4 0.140 0.0335 2700 2.0936 0.02 7.30 1.25 4.19
5 0.160 0.0335 2700 2.3282 0.02 11.93 4.33 1.75
6 0.184 0.0335 2700 2.4296 0.02 25.67 26.42 12.00
3b 1 0.084 0.0335 2700 1.1338 0.04 0.43 0.00 0.00
2 0.102 0.0335 2700 1.2746 0.04 1.22 0.36 0.00
3 0.120 0.0335 2700 1.3778 0.04 2.39 0.87 2.09
4 0.143 0.0335 2700 1.4954 0.04 6.70 0.00 0.00
5 0.160 0.0335 2700 1.6082 0.04 6.36 0.47 0.11
6 0.181 0.0335 2700 1.71 0.04 6.61 1.99 5.83
4a 1 0.078 0.0338 2700 1.6292 0.02 0.54 0.00 0.00
2 0.101 0.0338 2700 1.7758 0.02 222 0.09 1.40
3 0.119 0.0338 2700 1.9896 0.02 3.62 1.37 0.21
4 0.140 0.0338 2700 2.0936 0.02 7.07 1.49 5.76
5 0.160 0.0338 2700 2.3282 0.02 11.39 1.02 1.69
6 0.184 0.0338 2700 2.4296 0.02 10.98 18.43 7.04
4b 1 0.084 0.0338 2700 1.1338 0.04 0.00 0.00 0.33
2 0.102 0.0338 2700 1.2746 0.04 0.97 0.00 0.00
3 0.120 0.0338 2700 1.3778 0.04 1.38 0.08 0.23
4 0.143 0.0338 2700 1.4954 0.04 5.18 0.02 0.49
5 0.160 0.0338 2700 1.6082 0.04 4.72 0.15 1.74
6 0.181 0.0338 2700 1.71 0.04 12.75 1.40 0.73
Sa 1 0.059 0.0336 2700 1.3736 0.02 0.00 0.00 0.00
2 0.080 0.0336 2700 1.6426 0.02 1.95 0.24 0.00
3 0.102 0.0336 2700 1.7788 0.02 1.42 0.50 0.59
4 0.120 0.0336 2700 2.0146 0.02 3.10 0.49 0.00
5 0.142 0.0336 2700 2.1218 0.02 9.30 1.09 3.43
6 0.160 0.0336 2700 2.338 0.02 8.10 3.32 4.09
7 0.188 0.0336 2700 2.4038 0.02 14.80 5.16 5.63
5b 1 0.059 0.0336 2700 0.9768 0.04 0.20 0.22 0.22
2 0.081 0.0336 2700 1.1354 0.04 0.67 0.00 0.00
3 0.101 0.0336 2700 1.282 0.04 1.31 0.00 0.00
4 0.122 0.0336 2700 1.3746 0.04 1.38 0.20 1.10
5 0.143 0.0336 2700 1.5046 0.04 5.69 0.08 0.40
6 0.160 0.0336 2700 1.6096 0.04 8.03 0.28 0.44
7 0.182 0.0336 2700 1.6924 0.04 15.17 0.89 1.36
6a 1 0.059 0.0368 2550 1.3736 0.02 0.27 0.06 0.03
2 0.080 0.0368 2550 1.6426 0.02 0.16 0.05 0.12
3 0.102 0.0368 2550 1.7788 0.02 1.65 1.62 0.56
4 0.120 0.0368 2550 2.0146 0.02 6.02 2.63 3.29
5 0.142 0.0368 2550 2.1218 0.02 8.57 7.11 3.89
6 0.160 0.0368 2550 2.338 0.02 >50 >50 >50
7 0.188 0.0368 2550 2.4038 0.02 >50 >50 >50
6b 1 0.059 0.0368 2550 0.9768 0.04 0.10 0.04 0.00
2 0.081 0.0368 2550 1.1354 0.04 0.12 0.19 0.00
3 0.101 0.0368 2550 1.282 0.04 1.14 0.00 0.00
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4 0.122 0.0368 2550 1.3746 0.04 2.84 0.50 0.12

5 0.143 0.0368 2550 1.5046 0.04 4.95 0.90 0.00

6 0.160 0.0368 2550 1.6096 0.04 10.58 4.12 1.70

7 0.182 0.0368 2550 1.6924 0.04 >50 >50 >50
NRC, 1992

Details on setup are found in Vidal et al. (1995) and in Table 29. Tests were performed on a
complete 3D structure, and damage was measured in trunk and roundhead. The trunk was
divided in front slope (FS), back slope (BS), crest (C), and total slope (TS). The roundhead
was divided in front head (FH) covering an area of 60° in the seaward part, and back head
(BH), which covered the remaining 120° of the leeward part of the roundhead.

Table 29 Test details for NRC tests

Number of tests 35

Structure length 4.7m

Structure height 40cm and 60cm

Crest width 0.15m (6:Dys0)

Structure slope 1:1.5

Foreshore slope Horizontal bed

Water depth 38cm to 65cm

Freeboard -0.05, 0.0, 0.02, 0.04, 0.06

Type of breakwater 2 layer conventional type

Materials Gravel armour: Ds;=2.5cm, Dgs/Dys=1.1cm, r5:2650kg/m3, n=0.44.
Gravel core: Dsg=1.9cm, Dgs/D;s=1.4cm, r5:2650kg/m3, n=0.44.

Hs 0.05m to 0.15m

Tp 1.4s and a few 1.8s

Damage S to the trunk was calculated according to Broderick (Appendix C) but for the
roundhead the methodology described in Vidal et al. (1995) was use. The mean head radius R
is calculated from Equation 9.

R:E+cotoc(Hs+F), for FS&
2 2 .
Equation 9

R:E+cota E+F , for F>&
2 4 2

In Equation 9, b is the crest width, o is the structure slope, and F is the freeboard. Further the

arc length Ajg is calculated as Ajp = RO, where 0 is the angle covered by the actual section of
the roundhead, e.g. © = /3 equal to 60° for the seaward head. It is now possible to calculate a
damage parameter according to Equation 10.

N ’ DnSO

head m Equation 10
— ) e

In Equation 10 N is the number of displaced stones in the section, and n is the porosity of the
armour.
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Table 30 Selected results from NRC tests

TEST |Hs Tp [Re |s@H) |GD |SFH) |GD |s(rs) |GD |sc) |GD |s@s) |[Gp [s&s) |Gp
1 0.047 [139 o 0.39 ND (039 [ND [045 [ND [072 [ND o ND (045 |ND
4 0073 |14 o 1.97 D |0 ND [127 |ND |1 D 009 [ND [081 |ID
5 0073 |14 o 0.98 D [o66 |ND [208 |ID [1.09 [mD o018 |ND 036 |ND
2 0092 |141 o 2.38 IR [238 |ID |474 |IR |464 |IR |045 |[ND [287 |IR
3 011 141 o 347 IR [3.73 R [515 JIR [297 [ Jois |ND [331 [IR
13 0126 |14 o 1212 |p |1373 |[D 1761 |D |98 |sp |o0s2 [iD [919 |D
9 0.074 |139 [-005 |0 ND [0 ND |0 ND [0.18 |ND [0 ND [027 |ND
6 0.086 |1.41 [-005 |0 ND |04 ND [163 | [136 | 009 [ND [063 |ND
7 0112|141 [-0.05 ]o0.51 ND |24 D |253 |IR 272 |IR |o018 |[ND [1.81 |ID
8 0.124 |1.41 [-005 |0.64 ND |1.93 ID |454 |IR |244 |IR |027 |ND [421 |sD
14 0132 |14 [-005 |1.42 D 1013 |D [535 |IR |46 R 009 [ND [272 |IR
15 0152 |141 |-0.05 |33 IR [1433 |p  [1072 |sp [1022 [sD [o0s54 |ND [503 [sD
16 0054 |14 002 |1.16 ND |0 ND [136 |ND 009 |ND 018 [ND [027 |ND
12 0073 |1.41 [0.02 |3.55 IR |148 |ID [354 |IR |1.09 |ID |027 |[ND [244 |IR
10 0.092 |1.41 [0.02 |635 SD |1.63 ID 643 |IR 127 |ID |027 [ND |4 SD
11 0.103 |1.41 [0.02 |[8.62 SD [534 |IR |88 sb |357 [IR |o63 |ND [531 |sD
17 0146 |14 002 |1538 [D |2318 |D |4376 |D 863 |sD |154 | [11.83 |D
18 0045 [141 004 [071 ND [085 [ND |045 |ND [0.09 |ND [o ND 027 |ND
19 0077 |14 004 [436 sD [368 |IR [413 | 127 [ Jo36 [ND [278 |IR
20 0094 |14 o004 |1218 [D |1378 |D |668 |SD |199 |ID |os54 |ND [472 |SD
21 0116 |14 o004 |1824 [D |1994 |D |2231 |D |262 |ID |127 |D [1122 |D
22 0.136 |1.41 004 | e e B 476 |IR o091 [ | B
23 0151 |141 004 |_ R | B 328 |IR 317 R | B
24 0052 |1.41 [0.06 |1.41 ID |141 D |1.09 |ND |0 ND [0 ND (091 |ID
25 0077 |142 [0.06 |[8.32 sD |s.1 IR [408 IR [o018 [ND o ND [298 |IR
26 009 |141 oos |1643 |D |89 sD 516 [IR o036 |[ND |1 ND |562 |[sSD
27 0109 |1.41 o006 | B 1258 [D |1956 (D |118 | |226 [IR 1109 |D
28 0122 |141 006 |_ | | B 181 | 308 [ | B
29 0132 |141 006 | e e B 235 |IR |33 sD | B
30 005 |1.82 [0.02 ]o.51 ND [0 ND 091 |ND 036 |ND |0 ND (036 |ND
31 0078 |1.82 [0.02 [4.22 SD |4.64 ISRD 4.7 IR |181 |ID |o4s | [354 |IR
32 0.105 |1.81 [0.02 |1328 [D |1163 |D |1649 |D 369 |IR |0s54 |ND [6.79 |SD
33 0131 |1.81 [0.02 | B 16.84 B 3.7 IR 027 [ND [1612 |D
34 007 |1.82 [0.06 [2.48 IR 091 ND [446 |IR 027 |ND |0 ND [299 |IR
35 0096 |[1.82 [006 |1559 |D |644 [sD |2655 |D |o36 |ND [072 |ND [887 [D
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Delft, 1988

Van der Meer (1988) performed 31 LCS stability tests in the wave flume (1.0m wide, 1.2m

deep and 50m long) at Delft Hydraulics. All tests were performed with 1000 waves and 3000

waves. Water depth was kept constant and structure height was varied.

Table 31 Test details for Delft 1988 tests

Number of tests 31

Structure height 0.3m, 0.40m and 0.525m

Crest width 8D,50

Structure slope 1:2

Foreshore slope 1:30

Water depth 0.4m

Freeboard -0.1m, 0, +0.125m

Type of breakwater Two layer conventional type

Materials Armour D,50=0.0344m,
Core D,50=0.019m.
0=2600kg/m’

Hs 0.08m to 0.22m

Tp 1.96sec and 2.56sec

Test duration

Test with both 1000 and 3000 waves

Table 32 Selected results from Delft 1988 tests

Test Structure  Tp Hs Hs/ADwso Tz Damage S
height (m)  (s) (m) ) ) (N=1000) (N=3000)

PAOO1 0.4 1.96 0.105 1.9077 1.70 1.480 2.47
PA002 0.4 1.96 0.125 2.27108 1.72 4.200 4.40
PA003 0.4 1.98 0.145 2.63445 1.72 2.870 8.63
PA00O4 0.4 1.96 0.174 3.16134 1.72 13.530 20.54
PA00O5 0.4 1.96 0.083 1.50799 1.70 1.280 1.72
PA0O0O6 0.4 2.56 0.134 2.43459 2.21 3.850 4.66
PA00O7 0.4 2.56 0.159 2.88881 2.22 3.520 5.52
PAOOS 0.4 2.56 0.196 3.56105 2.19 16.910 46.38
PA0O09 0.4 2.56 0.111 2.01672 2.22 2.010 2.92
PAO10 0.4 2.53 0.077 1.39898 2.21 0.860 1.02
PAO11 0.4 2.56 0.176 3.19767 2.21 9.620 17.87
PAO12 0.525 2.60 0.137 2.4891 2.21 3.270 5.64
PAO13 0.525 2.60 0.162 2.94331 2.20 13.040 21.98
PAO14 0.525 2.56 0.112 2.03488 2.19 3.050 3.39
PAO15 0.525 2.50 0.078 1.41715 2.21 0.680 0.75
PAO16 0.525 2.56 0.149 2.70712 2.22 8.660 14.54
PAO17 0.525 1.94 0.128 2.32558 1.70 6.690 12.27
PAO18 0.525 1.96 0.105 1.9077 1.68 2.450 3.54
PAO19 0.525 1.94 0.083 1.50799 1.68 1.160 1.84
PA020 0.525 1.96 0.148 2.68895 1.70 14.070 45.86
PAO021 0.3 1.96 0.147 2.67078 1.72 1.590 2.53
PA022 0.3 1.94 0.175 3.17951 1.72 4.640 7.02
PA023 0.3 1.96 0.196 3.56105 1.72 4.630 6.77
PA024 0.3 1.96 0.216 3.92442 1.74 10.100 13.54
PAO025 0.3 1.94 0.116 2.10756 1.70 1.450 1.71
PA026 0.3 1.98 0.161 2.92515 1.72 1.810 2.05
PA027 0.3 2.53 0.193 3.50654 2.18 7.660 11.60
PA028 0.3 2.56 0.161 2.92515 2.18 4.230 7.43
PA029 0.3 2.56 0.137 2.4891 2.18 2.000 3.11
PAO030 0.3 2.56 0.11 1.99855 2.18 0.970 1.20
PAO31 0.3 2.60 0.219 3.97892 2.16 13.470 16.96
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3D Hydrodynamic tests at Aalborg University, DK

by Barbara Zanuttigh & Alberto Lamberti

1. Introduction

Typical existing structures
In this subsection, some typical cross sections of existing structures built-up in different part

of the world are presented in Fig.s 1.1-1.5.

hy/Dnsp=3.2

Three cap stones

Two-layer armour

stone 1800-3600 kg EL 1.5 m above to 1.5 m below MSL

3.0m=

. Bedded quarry run

Fig. 1.1 Example of groin cross-section from Atlantic Coast, North Carolina, USA.
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Fig. 1.2 Section of a typical detached (emerging) breakwater used in the Emilia Romagna, IT.
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Fig. 1.3 Layout of breakwater scheme proposed for Kerteh (top) and typical cross-section of offshore
breakwater (bottom) from Lindo et al., 1993.
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Fig. 1.4 Nappisburgh to Wintertone sea defences, UK.
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|
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Fig. 1.5 Offshore breakwater, Leasowe Bay, UK. Hi=3.0 m, T;=5-7 s, Dns;=1.0 m.

In conclusion, the ratio hy/Dns is in the range 3.0-6.0. The lower limit is related to the layered
structure of the mound, whereas the upper limit is related to depth limited wave conditions,
which always control design wave height for coastal defence structures. Actually, the ratio is
always below 4.0 when the slope is 1:2 and increases up to 6.0 only in the extreme mild slope
case of Fig. 1.5.
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Available wave basin laboratory test

This subsection contains a brief review of 3D hydrodynamic tests.

Gourlay (1974)

The purpose of these experiments was to analyse the alongshore current generation by breaker
height gradients. The layout adopted (Fig. 1.6) consisted of a semi-infinite breakwater parallel
to wave crests, behind which a beach was built up in concrete. This beach was parallel to
undiffracted wave crests in the exposed zone, outside the geometric shadow of the
breakwater, while in the sheltered zone behind the breakwater it wascurved with a constant
radius centred on the breakwater tip.

LT F A //'I/L//_T
]
] Piezometer 1in10 i
d locating bars, concrete beach
g ]
// {
I
/J A =
L CO,/ h05 0 C B A /é/
71 i & E { /
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35 N RS I {
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4 S
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Fig. 1.6 Experimental set-up. The sea bed consists of a plane beach sloping at 1:30
with a rip channel excavated in the centre.

Wave conditions considered regular wves, with wave periods in the range 1-1.5 s. Water
depth offshore was 0.20 m, constant for all tests.
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Measurements were performed with 39 piezometers, to obtain wave set-up; capacitance wave
height meters of the insulated wire type, to obtain wave heights; a movie camera, to analyse
flow circulation. The camera was suspended above the basin, pointing vertically downwards,
and the paths of coloured floats were recorded during a period of few minutes.

Remarks. Accuracy and consistency of the measurements were influenced by the fact that the
test basin was located outdoors and was thus subjected to weather changes.

Hamm (1993)

Tests were carried out in a multidirectional wave tank, aiming to analyse wave propagation on
a beach and near shore circulation produced by breakers in presence of a rip channel. The
layout for the experiments prepared at the Laboratoire d’Hydraulique in Grenoble is presented
in Fig. 1.7.

A X
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:__"!"'=O___|O= == = ZT—-——: Bl e e
PLA CHE iy
L.l 16.35
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e — oo
20| 024 (!2)\\ ,\f>/ et (CC) 9.00
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\ /
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R O‘ 8 !
050].050 |2 88g8g8/8 g 0.00
Y a0z 0 - mdmgg q
b2} SESLTEB ©
WAVE MAKER

Fig. 1.7 Experimental set-up. The sea bed consists of a plane beach sloping at 1:30
with a rip channel excavated in the centre.

17 Wave conditions were selected in order to cover a wide range of wave steepness values,
frequency spectrum and directional spreading (Tab. 1.1). A stable rip-current pattern was
achieved 15 minutes after the starting up of the generator.

Measurements were performed with two groups of wave gauges and wave direction gauges,
with video-recordings and an EMC.

Remarks. The instability of the rip current could be visually observed in most of the tests, but
a denser measuring network would have been needed to quantify this instability.



DELOS EVK3-CT-2000-00041 3D ‘Hydrodynamic’ tests

Hs T n Hs Tp n

(mm)i (s) (mm)! (s)
Moncchromatic 40 1.25 Unidirectional 80 1.25 7
Unidirectional 40 15251 3.3 Multidirectional 80 1.25 74 8
Multidirectional | 40 | 1.25 | 3.3 | 2 IMonochromatic | 100 | 1.25 g o
Unidirectional 40 11.976 | 3.3 Unidirectional 100 | 1.25 | 3.3
Multidirectional 40 11.976 1 3.3 & {Unidirectional 100 1.25 7
Monochromatic 70 1.26 Multidirectional 100 | 1.25 | 3.3 2
Unidirectional 70 1.25 3.8 Unidirectional 100 § 1.976 | 3.3 ]
Multidirectional 70 1:2b-F 3.3 6 |Unidirectional 130 | 1.60 | 338

Multidirectional 130 | 1.680 | 3.3 2

Tab. 1.1 Hamm tests: wave conditions.

Borthwick et al. (1997)

Nearshore currents due to a sinusoidal multi-cusped beach were analysed at the UK Coastal
Research Facility. The layout consisted of sinusoidal cusps (Fig. 1.8), fabricated with a
cement mortar skim moulded over granular fill placed on an existing concrete beach, in a
working area of 20x15 m.

Toe SWL
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0.2
0.1
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Wave
Maker

0.5
0.4
0.3
sy
0.0

0.4
0.3
0.2
0.1
0.0

ol
Length 5m <

Fig. 1.8 Still water depth contours (in m) and outline of the multi-cusped beach
within the UKCRF basin.

Wave conditions cover 4 different cases: regular waves, period 1.0 s, height 0.1 m, 0° incident
angle; regular waves, period 1.2 s, height 0.125 m, 0° incident angle; oblique waves, period



DELOS EVK3-CT-2000-00041 3D ‘Hydrodynamic’ tests

1.2 s, height 0.125 m, 20° incident angle; random waves, peak period 1.2 s, significant wave
height 0.125 m, 0° incident angle.

Measurements were performed with wave gauges, to determine the wave height field; ADVs,
to obtain detailed description of vertical profiles of rip and meandering; 2 video cameras, to
visualise flow patterns and current velocities following 10-cm diameter neutrally buoyant
markers.

Remarks. Measurements were carried out into 2 phases, to avoid effects of measuring devices
on flow patterns recorded by video cameras. The same type of markers were used in both
cases of regular and random waves.

Mory & Hamm (1997)

Tests were carried out in the 3D wave basin in the Laboratoire d’Hydraulique in Grenoble.
Wave height, set-up and currents were measured around a detached breakwater erected on a 1
in 50 plane beach, /ayout in Fig. 1.9.
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Fig. 1.9 Layout of experimental set-up.

Considering the symmetry of the flow, the structure consisted of half a breakwater, 6.66 m
long an 0.87 m wide, perpendicular to a lateral wall of the basin (see Fig. 1.9). The
breakwater is limited inshore by a wall; the offshore side consisted of a 50% sloping beach
covered with a 5 cm thick synthetic mattress serving to absorb to incident waves.

Wave conditions, listed in Table 1.2, included regular unidirectional, random unidirectional
and directional random waves .

Measurements of mean free surface elevation were collected by measuring the mean
piezometric levels using tappings (following Battjes & Janssen, 1978) in the sea bed
connected to stilling wells, in which the water level is determined by an ultrasonic probe.
Current measurements were obtained by a two component LDA and an EMC. Locations of
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instrumentation are shown in Fig. 1.10. Visualisations with videocamera were performed,
moving the camera to cover the whole surface of the basin. For regular wave conditions, the
images were analysed to determine the position of the breaking line. Tracking of dye clouds,
injected at several locations, was also employed to visualise the general current circulation.

Remarks. Light conditions were critical and strongly influenced the quality of flow
visualisations. The grid 1x1 m in a 30x30 m was found very useful and an even denser grid

would have been appreciated.

Incident wave conditions measured offshore (y = —7.2 m)

Wave type Hy g H, Heg=H,, /V2 Period
Regular Regl 0.075 m 1.69 s
Regular Reg2 0.117 m 1.69 s
URW 0.115m 0.081 m 1.69s?
DRW 0.115m 0.081 m 1.69s?

* Peak period of Jonswap Spectrum.

Tab. 1.2 Mory & Hamm tests: wave conditions.
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Fig. 1.10 Locations of wave height and set-up measurements in basin:
+, wave gauges; 0, piezometric tappings.

Chapman, Ilic et al. (2000)
A large scale (1:28) physical model representing 5 of the 8 Elmer breakwater was analysed at

UK Coastal Research Facility. A plan of the layout is reported in Figure 1.11.
The structures (215 mm height) were built up using scaled limestone blocks (Dn=50 mm) and

a Dn=13 mm gravel for the exposed bedstone.
Wave conditions, listed in Tab. 1.3, included regular, short-crested and multi-directional

waves. All tests were equivalent in terms of wave energy. Depth at the paddles was 0.32 m.
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Measurements of surface elevation were collected using dual resistance wire wave gauges,
mounted on an aluminium beam to enable multiple positions to be measured simultaneously
minimising hydrodynamic disturbance. Arrays of wave gauges were used to measure

breakwater reflection, breakwater transmission and inshore directional wave properties.

For the measurements of currents, two methods were adopted: 2D and 3D ADV, to obtain
instantaneous variation in the xyz local velocities; digital imaging (one-hour tape for each
condition), to obtain, by analysing movements of neutrally dense floats, information on the

Lagrangian flow characteristics. The measurement system is presented in Fig. 1.12.

wgy

Control Room

Wave Direction

Fig. 1.11 Plan of the physical model layout. Box indicates position of main bay (between breakwaters

36m

3 and 4) and contours show still water depth.

- -

Condition Hs Wave Wave Energy

Period  Angle Spectrum
(m) (s) (Degrees)

Regular Normal  0.038 1.1 0 -

(RN)

Regular Oblique  0.038 1.1 10 -

(RO)

Random Normal 0.054 1.1 0 JONSWAP

(IRN)

Field Condition 1  0.047 1.3 0 Field

(FC1) Measured

Field Condition2 0.034 1.8 12 Field

(FC2) Measured

Tab. 1.3 Tested wave conditions.
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Fig. 1.12 Location of wave gauges and ADV measuring positions within the main bay.

Remarks. The construction of breakwaters with a single layer of armourstone means that a
greater transmission takes place than if the construction was made with a core. No
overtopping occur in these tests; therefore, transmission in this sense is only through the
structure. When using transmissive breakwaters, wave breaking on the front of the structure
forces mass flux through the breakwater, which in turn causes water to pile up in the lee of the
breakwater.

Ilic, Chapman et al. (2000)

Layout, Structures and Measurements are the same reported in the previous experiment.
Regarding the layout, it has been tested in both cases of fixed and mobile bed.

Wave conditions, listed in Tables 1.4 and 1.5 below for fixed and mobile bed respectively,
included monochromatic, random and multi-directional waves for both normal and oblique
incidence. Depth at the paddles was 0.32 m for all tests.

Remarks. Salient growth was strongly affected by wave transmission; also, no longshore
transport occurred either during beach evolution or subsequently.

Wave Type Wave Height (m) Wave Period (s) Wave direction (deg)
Test 1 | Regular 0.07 1.2 20
Test2 | Regular 0.06 1.6 20
Test 3 | Random - unidirectional 0.05 1.2 20
Test4 | Regular 0.038 1.1 0
Test5 | Regular 0.038 1.1 10
Test 6 | Random - 0.054 1.1 0
multidirectional

Tab. 1.4 Ilic et al.: wave conditions for fixed bed.

10
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Wave Type Bed Type Water Wave Wave Wave
Depth at Height (m) Period (s) direction
the (deg)
paddles
(m)
Test1 | Regular Sand 0.32 0.07 1.2 20
Test 2 | Random - Sand 0.32 0.05 1.2 20
unidirectional
Test3 | Random - Sand 0.29 0.05 1:2 20
unidirectional
Test4 | Random - Sand 0.35 0.05 L.2 20
unidirectional
Test 5 | Regular Anthracite 0.32 0.07 122 20
Test 6 | Regular Anthracite 0.35 0.07 1.2 20
Test 7 | Regular Anthracite 0.32 0.07 12 20
no
transmission

Tab. 1.5 Ilic et al.: wave conditions for mobile bed.

Sutherland et al. (2000)
Experimental measurements of hydrodynamics, scour and deposition around a detached
breakwater were performed at UK Coastal Research Facility. The tested /ayout is presented in

Fig. 1.13.

East
| Absorbing Beach Current
| | recirculation
system
72 Wavemakers
Flat bed L : *
=
% Current flumes Current flumeg
=
1:20 slope
Profiler rail
Flat = Sediment
cyclone: bed breakwater v
| Profiler rail
-
. X
1:6 Spending Beach

West

Fig. 1.13 Plan of the experimental set-up.

The structure had a 4 m long and 1.75 m wide straight central section and semicircular heads,
which extended for almost 0.8 m beyond the trunk. It was constructed with 1:2 front and rear
slopes, with a core of 6 to 10 mm diameter gravel that extended up to mean water level with
0.1 m of armour stone (Dnsy= 58 mm) above.

11

uinog



DELOS EVK3-CT-2000-00041 3D ‘Hydrodynamic’ tests

Wave conditions are listed in Table 1.6 (where P is the width of scour protection layer); for all
tests, depth at the paddles is 0.5 m.

Test Hyg T, s « Ums Pm Nyes
m deg !

A 0.1 2.8 0 0 0 30000

B 0.1 2.8 20 0.1 0 30000

C 0.1 2.8 20 0 0 30000

D 0.1 2.8 20 0 0.5 30000

E 0.12 1.5 20 0 0.5 3000

Tab. 1.6 Sutherland et al.: target test program.

Measurements (see Fig. 1.14 to view the displacement map of the instrumentation) were
performed using wave gauges, to measure wave field; inshore and offshore arrays of wave
gauges, to measure incident, reflected, transmitted and diffracted waves; ADVs to measure
local xyz velocities around the structure. At the end of each test, the bed was profiled using 50
cross-shore line with 100 mm spacing.
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....... Target RMB X Wave gauges

Fig. 1.14 Local co-ordinate system and position of acquisition devices.

Remarks. The results presented clearly the 3D effects even for small incidence case; for
instance, the interaction of the roundhead and trunk scour was suppressed by Fredsée &
Sumer (1997) but is allowed here.

Drénen et al. (2002)

A laboratory study of the flow over a bar with a single rip channel was performed in a 4 m
wide and 30 m long wave tank at ISVA, DK. The tested layout is presented in Fig. 2.10. The
structure was a 4.8 m wide and 0.13 m high; the width of the trough was 1.15 m. The rip

12
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channel was 1 m wide. These scales have not been selected to represent a real topography but
rather to schematise some typical features associated with bar/rip channel systems.

Wave conditions are listed in the tables below (Tab. 1.7), where H,,; is deep-water-root-
mean-square, H is wave height, D, is the still-water depth at the bar crest and T is the peak
period of the surface elevation. For all tests, the wave generator was run for at least 50 waves
before a given test series was started.

Waves
Beach «
P T
o>
X
I'rough |27 7 —

Z
1.9m#Z

Z 3.0m
Beach Trough?

I.0m

3 ”R.'Ip. Channel

. >

6.4m

Fig. 1.15 Plan of the experimental set-up.

Measurements (see Fig. 1.16 to view the displacement map of the instrumentation) were
performed using high-precision resistance wave gauges and a LDA system composed by a 4-
W argon/krypton laser and two Burst Spectrum Analyzers or two frequency trackers plus two
frequency shifters. Particle tracking was performed following the trajectories of a drifter
launched at selected positions.

Remarks. The results reveal the importance of 3D effects, so that a depth-integrated viewpoint
may not always be sufficient for predicting the flow in the near bed region. The overall
trajectory pattern changes as a function of the wave breaking distance from the bar crest. For
different wave climate and water level conditions, the rip current intensity and the wave
height result to be strongly correlated.

13



DELOS EVK3-CT-2000-00041 3D ‘Hydrodynamic’ tests

Table 1
Test conditions, test 1: 2DH circulation and 3D

Test Hims (M) H(m) D.{(m) T (s) Testsummary

la - 0.19 0.15 1.5 Surface elevation
Ib - 0.19 0.15 1.5 Velocity at one depth
z=D/3)
lc - 0.19 0.15 1.5 Velocity profiles over
bar/rip/trough
1d 0.15 0.10 1.5 Velocity profiles in
rip channel
le — 0.15 0.10 1.5 Velocity in rip channel
close to bed
Table 2
Test conditions, test 2: particle trajectories
Test H s (M) H (m) D, (m) T (s)
2a 0.19 015 155
2b - 0.13 0.15 1::5
2¢ 0.09 - 0.10 1.5
2d 0.09 0.05 1.5
Table 3
Test conditions, test 3: rip current intensity
Test Hine (M) H (m) D, (m) T (s)
3* - 0.15 0.10 1.5
3a 0.06-0.10 0.10 1.5
3b 0.04-0.10 0.05 1.5
3¢ 0.07-0.10 0.15 1.5
3d 0.08-0.13 0.10 2.0
3e 0.06-0.08 - 0.10 1.0
3f 0.06-0.12 0.05 2.0
3g - 0.08-0.20 0.10 1.5
3h - 0.07-0.17 0.10 20
3i - 0.12-0.14 0.10 1.0
3 0.06-0.15 0.05 1.5
3k ~ 0.11-0.19 0.15 1.5

Tab. 1.7 Drénen et al.: test conditions.

14
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Fig. 1.16 Plan view of the measurement locations (a) for tests 1a-c and 3a-k; (b)for tests 1d-e and 3.

2. Structural layout and cross sections

Two different types of structure were tested:
e a narrow berm structure (Structure 1, Fig. 2.1), for which the critical features are: wave
breaking point, crest and rear stability, wave pumping;
e a wide berm structure (Structure 2, Fig. 2.2), for which the critical features are:
emergence/submergence, wave transmission, front and crest stability.

15
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Fig. 2.1 Structure 1, narrow berm. Section and materials.
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Fig. 2.2 Structure 2, narrow berm. Section and materials.
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Two layouts were considered in scale 1:20 with respect to prototype.

Layout 1 (picture in Fig. 2.3, plan views in Fig.s 2.5 and 2.6 for narrow and wide berm
respectively) consisted of two detached breakwaters with a gap in between. This layout
allowed to examine flow characteristics at the roundheads and particularly inside the rip
channel. Breakwaters were parallel to wave paddles; wave guides (two extending from wave
paddles to the mid basin) allowed to obtain a wider reliable area.

Layout 2 (picture in Fig. 2.4, plan views in Fig.s 2.7 and 2.8 for narrow and wide berm
respectively) consisted of one single breakwater inclined at 30° with respect to the beach. A
wave guide from wave paddles to the mid basin, in front of the roundhead, allowed to obtain a
larger reliable area.

Fig. 2.3 Layout 1, side view of the instrumented basin, narrow berm.

18



DELOS EVK3-CT-2000-00041 3D ‘Hydrodynamic’ tests

Fig. 2.4 Layout 2 side view of the instrumented basin, narrow berm.
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Fig. 2.5 Layout 1, plan view of the instrumented basin, narrow berm.
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Fig. 2.6 Layout 1, plan view of the instrumented basin, wide berm.
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Fig. 2.7 Layout 2, plan view of the instrumented basin, narrow berm.
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Fig. 2.8 Layout 2, plan view of the instrumented basin, wide berm.
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3. Materials

For hydrodynamic tests, the following material characteristics composing the structures are
proposed:

A, Dnsg=4.5 cm;

B, Dnsp = 1.5 cm;

C, Dn50 =5.2 cm.

Criterion used to define stone size is armour stone stability index equal to 1.8 in the trunk and
double weight in the roundhead.

This choice of structures and materials gives a ratio hy/Dnsp= 5.5, higher than those usually
adopted.

The design of the structures (see the sketches reported in section 2, Fig.s 2.5-2.8) was adapted
to the quantity of different size stones available at the AAU laboratory.

4. Wave conditions

Wave conditions are reported in Tab. 4.1.

Wave attacks included regular, 2D (long crest) irregular and 3D (short crest) irregular waves
and zero, positive (+3 cm) and negative (-7 cm) freeboard, for a total of 22 different attacks
repeated on both structures, for a total of 44 tests. Wave direction was for each test 90°, wave
spreading was 22.7° for Jonswap 3D spectrum. Tested wave heights H; were in the range
3.4+12.15 cm (Hy/h=0.17-0.45 where h is the depth at the structure) and peak periods within
0.74+1.97 s.

According to DELOS objectives, the ‘0’ freeboard case can be assumed as the reference
freeboard condition (Rank 1).For this case, a complete set of wave attacks was generated,
whereas in the other cases, a more or less reduced set was used. The choice of the priority of
wave attacks for narrow and wide berm must reflect the different functionalities of these
structures. Narrow berm structures are mainly used for emerged structures, wide berm for
submerged; therefore the positive freeboard (+0.03 m) is Rank 2 for the narrow berm and
Rank 3 for the wide berm, whereas the negative freeboard (-0.07 m) is Rank 2 for the wide
berm and Rank 3 for the narrow berm

The effect of wave obliquity is represented by different layouts; there is thus no need to
generate oblique waves with the induced problems due to reflection. For such reason, no
oblique waves were generated in layout 1.
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Tab. 4.1 Tested wave conditions.

Test  Test Test  Free- h at deep h at Wave Wave H(s) T(p) L Dir. Spread 4
no. day Structure  Layout type board [m] water [m] structure [m] type steepness deep [m] deep [s] deep [m] [°] S
RANK 1 Mean sea level
1 Ol-ago 1 (narrow) 1(gap) P 0 0,36 0,2 Jonswap 3D irregular 0,02 0,09 1,70 4,5 90 50 045
2 Ol-ago 1 (narrow) 1 (gap) P 0 0,36 0,2 Jonswap 3D irregular 0,04 0,09 1,20 2,25 90 50 0,45
3 Ol-ago 1 (narrow) 1 (gap) P 0 0,36 0,2 Jonswap 3D irregular 0,02 0,04 1,13 2 90 50 0,20
4 0l-ago I (narrow) 1(gap) P 0 0,36 0,2 Jonswap 3D irregular 0,04 0,04 0,80 1 90 50 0,20
5 Ol-ago 1 (narrow) 1 (gap) P 0 0,36 0,2 Regular 0,02 0,076 1,56 3,8 90 - 0,38
6 Ol-ago 1 (narrow) 1 (gap) P 0 0,36 0,2 Regular 0,04 0,076 1,10 1,9 90 - 0,38
7 Ol-ago 1 (narrow) 1 (gap) S 0 0,36 0,2 Regular 0,02 0,034 1,04 1,7 90 - 0,17
8 Ol-ago 1 (narrow) 1 (gap) S 0 0,36 0,2 Regular 0,04 0,034 0,74 0,85 90 - 0,17
9 O0l-ago 1 (narrow) 1(gap) S 0 0,36 0,2 Jonswap 2D irregular 0,02 0,09 1,70 4,5 90 - 0,45
10 Ol-ago 1 (narrow) 1 (gap) S 0 0,36 0,2 Jonswap 2D irregular 0,04 0,09 1,20 2,25 90 - 0,45
RANK 2 Emerged narrow structure
11 02-ago 1 (narrow) 1(gap) P 0,03 0,33 0,17 Jonswap 3D irregular 0,02 0,0765 1,57 3,825 90 50 0,45
12 02-ago 1 (narrow) 1 (gap) P 0,03 0,33 0,17 Jonswap 3D irregular 0,04 0,0765 1,11 1,9125 90 50 0,45
13 02-ago 1 (narrow) 1 (gap) P 0,03 0,33 0,17 Jonswap 3D irregular 0,02 0,034 1,04 1,7 90 50 0,20
14 02-ago 1 (narrow) 1 (gap) P 0,03 0,33 0,17 Jonswap 3D irregular 0,04 0,034 0,74 0,85 90 50 0,20
15 02-ago 1 (narrow) 1(gap) S 0,03 0,33 0,17 Regular 0,02 0,0646 1,44 3,23 90 - 0,38
16 02-ago 1 (narrow) 1 (gap) S 0,03 0,33 0,17 Regular 0,04 0,0646 1,02 1,615 90 - 0,38
RANK 3 Submerged narrow structure
17 02-ago 1 (narrow) 1 (gap) P -0,07 0,43 0,27 Jonswap 3D irregular 0,02 0,1215 1,97 6,075 90 50 0,45
18 02-ago 1 (narrow) 1 (gap) P -0,07 0,43 0,27 Jonswap 3D irregular 0,04 0,1215 1,40 3,0375 90 50 0,45
19 02-ago 1 (narrow) 1 (gap) S -0,07 0,43 0,27 Regular 0,02 0,1026 1,81 5,13 90 - 0,38
20 02-ago 1 (narrow) 1 (gap) S -0,07 0,43 0,27 Regular 0,04 0,1026 1,28 2,565 90 - 0,38
21 02-ago 1 (narrow) 1 (gap) S -0,07 0,43 0,27 Jonswap 3D irregular 0,02 0,054 1,32 2,7 90 50 0,20
22 02-ago 1 (narrow) 1 (gap) S -0,07 0,43 0,27 Jonswap 3D irregular 0,04 0,054 0,93 1,35 90 50 0,20
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Test Test Test  Free- h at deep h at Wave Wave H(s) T(p) L Dir. Spread H/h
no. day Structure Layout type board [m] water [m] structure [m] type steepness deep [m] deep [s] deep[m] [°] S
RANK 1 Mean sea level
23 06-ago 2 (wide) 1 (gap) P 0 0,36 0,2 Jonswap 3D irregular 0,02 0,09 1,70 4,5 90 50 0,45
24 06-ago 2 (wide) 1 (gap) P 0 0,36 0,2 Jonswap 3D irregular 0,04 0,09 1,20 2,25 90 50 0,45
25 06-ago 2 (wide) 1 (gap) P 0 0,36 0,2 Jonswap 3D irregular 0,02 0,04 1,13 2 90 50 0,20
26 06-ago 2 (wide) 1 (gap) P 0 0,36 0,2 Jonswap 3D irregular 0,04 0,04 0,80 1 90 50 0,20
27 06-ago 2 (wide) 1 (gap) P 0 0,36 0,2 Regular 0,02 0,076 1,56 3,8 90 - 0,38
28 06-ago 2 (wide) 1 (gap) P 0 0,36 0,2 Regular 0,04 0,076 1,10 1,9 90 - 0,38
29 06-ago 2 (wide) 1 (gap) S 0 0,36 0,2 Regular 0,02 0,034 1,04 1,7 90 - 0,17
30 06-ago 2 (wide) 1 (gap) S 0 0,36 0,2 Regular 0,04 0,034 0,74 0,85 90 - 0,17
31 06-ago 2 (wide) 1 (gap) S 0 0,36 0,2 Jonswap 2D irregular 0,02 0,09 1,70 4,5 90 - 0,45
32 06-ago 2 (wide) 1 (gap) S 0 0,36 0,2 Jonswap 2D irregular 0,04 0,09 1,20 2,25 90 - 0,45
RANK 2 Submerged wide structure
33 07-ago 2 (wide) 1 (gap) P -0,07 0,43 0,27 Jonswap 3D irregular 0,02 0,1215 1,97 6,075 90 50 045
34 07-ago 2 (wide) 1 (gap) P -0,07 0,43 0,27 Jonswap 3D irregular 0,04 0,1215 1,40 3,0375 90 50 0,45
35 07-ago 2 (wide) 1 (gap) P -0,07 0,43 0,27 Jonswap 3D irregular 0,02 0,054 1,32 2,7 90 50 0,20
36 07-ago 2 (wide) 1 (gap) P -0,07 0,43 0,27 Jonswap 3D irregular 0,04 0,054 0,93 1,35 90 50 0,20
37 07-ago 2 (wide) 1 (gap) S -0,07 0,43 0,27 Regular 0,02 0,1026 1,81 5,13 90 - 0,38
38 07-ago 2 (wide) 1 (gap) S -0,07 0,43 0,27 Regular 0,04 0,1026 1,28 2,565 90 - 0,38
RANK 3 Emerged wide structure
39 07-ago 2 (wide) 1 (gap) P 0,03 0,33 0,17 Jonswap 3D irregular 0,02 0,0765 1,57 3,825 90 50 045
40 07-ago 2 (wide) 1 (gap) P 0,03 0,33 0,17 Jonswap 3D irregular 0,04 0,0765 1,11 1,9125 90 50 045
41 07-ago 2 (wide) 1 (gap) S 0,03 0,33 0,17 Regular 0,02 0,0646 1,44 3,23 90 - 0,38
42 07-ago 2 (wide) 1 (gap) S 0,03 0,33 0,17 Regular 0,04 0,0646 1,02 1,615 90 - 0,38
43 07-ago 2 (wide) 1 (gap) S 0,03 0,33 0,17 Jonswap 3D irregular 0,02 0,034 1,04 1,7 90 50 0,20
44 07-ago 2 (wide) 1 (gap) S 0,03 0,33 0,17 Jonswap 3D irregular 0,04 0,034 0,74 0,85 90 50 0,20
RANK 1 Mean sea level
45 10-ago 1 (narrow) 2((30deg) P 0 0,36 0,2 Jonswap 3D irregular 0,02 0,09 1,70 4,5 90 50 0,45
46 10-ago 1 (narrow) 2((30deg) P 0 0,36 0,2 Jonswap 3D irregular 0,04 0,09 1,20 2,25 90 50 045
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Test Test Test  Free- h at deep h at Wave Wave H(s) T(p) L Dir. Spread H/h
no. day Structure Layout type board [m] water [m] structure [m] type steepness deep [m] deep[s] deep [m] [°] S
47 10-ago 1 (narrow) 2((30deg) P 0 0,36 0,2 Jonswap 3D irregular 0,02 0,04 1,13 2 90 50 0,20
48 10-ago 1 (narrow) 2((30deg) P 0 0,36 0,2 Jonswap 3D irregular 0,04 0,04 0,80 1 90 50 0,20
49 10-ago 1 (narrow) 2((30deg) P 0 0,36 0,2 Regular 0,02 0,076 1,56 3,8 90 - 0,38
50 10-ago 1 (narrow) 2((30deg) P 0 0,36 0,2 Regular 0,04 0,076 1,10 1,9 90 - 0,38
51 10-ago 1 (narrow) 2 ((30deg) S 0 0,36 0,2 Regular 0,02 0,034 1,04 1,7 90 - 0,17
52 10-ago 1 (narrow) 2((30deg) S 0 0,36 0,2 Regular 0,04 0,034 0,74 0,85 90 - 0,17
53 10-ago 1 (narrow) 2((30deg) S 0 0,36 0,2 Jonswap 2D irregular 0,02 0,09 1,70 4,5 90 - 0,45
54 10-ago 1 (narrow) 2(30deg) S 0 0,36 0,2 Jonswap 2D irregular 0,04 0,09 1,20 2,25 90 - 0,45
RANK 2 Emerged narrow structure
55 1l-ago 1 (narrow) 2((30deg) P 0,03 0,33 0,17 Jonswap 3D irregular 0,02 0,0765 1,57 3,825 90 50 0,45
56 1l-ago 1 (narrow) 2((30deg) P 0,03 0,33 0,17 Jonswap 3D irregular 0,04 0,0765 1,11 1,9125 90 50 045
57 1l-ago 1 (narrow) 2((30deg) P 0,03 0,33 0,17 Jonswap 3D irregular 0,02 0,034 1,04 1,7 90 50 0,20
58 1l-ago 1 (narrow) 2((30deg) P 0,03 0,33 0,17 Jonswap 3D irregular 0,04 0,034 0,74 0,85 90 50 0,20
59 1l-ago 1 (narrow) 2((30deg) S 0,03 0,33 0,17 Regular 0,02 0,0646 1,44 3,23 90 - 0,38
60 1l-ago 1 (narrow) 2((30deg) S 0,03 0,33 0,17 Regular 0,04 0,0646 1,02 1,615 90 - 0,38
RANK 3 Submerged narrow structure
61 12-ago 1 (narrow) 2(30deg) P -0,07 0,43 0,27 Jonswap 3D irregular 0,02 0,1215 1,97 6,075 90 50 045
62 12-ago 1 (narrow) 2(30deg) P -0,07 0,43 0,27 Jonswap 3D irregular 0,04 0,1215 1,40 3,0375 90 50 045
63 12-ago 1 (narrow) 2 (30deg) S -0,07 0,43 0,27 Regular 0,02 0,1026 1,81 5,13 90 - 0,38
64 12-ago 1 (narrow) 2 (30deg) S -0,07 0,43 0,27 Regular 0,04 0,1026 1,28 2,565 90 - 0,38
65 12-ago 1 (narrow) 2(30deg) S -0,07 0,43 0,27 Jonswap 3D irregular 0,02 0,054 1,32 2,7 90 50 0,20
66 12-ago 1 (narrow) 2((30deg) S -0,07 0,43 0,27 Jonswap 3D irregular 0,04 0,054 0,93 1,35 90 50 0,20
RANK 1 Mean sea level
67 16-ago 2(wide) 2((30deg) P 0 0,36 0,2 Jonswap 3D irregular 0,02 0,09 1,70 4,5 90 50 045
68 16-ago 2 (wide) 2(30deg) P 0 0,36 0,2 Jonswap 3D irregular 0,04 0,09 1,20 2,25 90 50 045
69 16-ago 2 (wide) 2(30deg) P 0 0,36 0,2 Jonswap 3D irregular 0,02 0,04 1,13 2 90 50 0,20
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Test  Test Test Free- h at deep h at Wave Wave H(s) T(p) L Dir. Spread H/h
no. day Structure Layout type board [m] water [m] structure [m] type steepness deep [m] deep [s] deep[m] [°] S
70 16-ago 2 (wide) 2(30deg) P 0 0,36 0,2 Jonswap 3D irregular 0,04 0,04 0,80 1 90 50 0,20
71 18-ago 2(wide) 2(30deg) P 0 0,36 0,2 Regular 0,02 0,076 1,56 3,8 90 - 0,38
72 18-ago 2(wide) 2(30deg) P 0 0,36 0,2 Regular 0,04 0,076 1,10 1,9 90 - 0,38
73 18-ago 2(wide) 2(30deg) S 0 0,36 0,2 Regular 0,02 0,034 1,04 1,7 90 - 0,17
74 18-ago 2(wide) 2(30deg) S 0 0,36 0,2 Regular 0,04 0,034 0,74 0,85 90 - 0,17
75 18-ago 2 (wide) 2 (30deg) S 0 0,36 0,2 Jonswap 2D irregular 0,02 0,09 1,70 4,5 90 - 0,45
76 18-ago 2 (wide) 2 (30 deg) S 0 0,36 0,2 Jonswap 2D irregular 0,04 0,09 1,20 2,25 90 - 0,45
RANK 2 Submerged wide structure
77 19-ago 2 (wide) 2 (30 deg) P -0,07 0,43 0,27 Jonswap 3D irregular 0,02 0,1215 1,97 6,075 90 50 0,45
78 19-ago 2 (wide) 2(30deg) P -0,07 0,43 0,27 Jonswap 3D irregular 0,04 0,1215 1,40 3,0375 90 50 045
79 19-ago 2 (wide) 2(30deg) P -0,07 0,43 0,27 Jonswap 3D irregular 0,02 0,054 1,32 2,7 90 50 0,20
80 19-ago 2 (wide) 2 (30 deg) P -0,07 0,43 0,27 Jonswap 3D irregular 0,04 0,054 0,93 1,35 90 50 0,20
81 19-ago 2(wide) 2(30deg) S -0,07 0,43 0,27 Regular 0,02 0,1026 1,81 5,13 90 - 0,38
82 19-ago  2(wide) 2(30deg) S -0,07 0,43 0,27 Regular 0,04 0,1026 1,28 2,565 90 - 0,38
RANK 3 Emerged wide structure
83 19-ago 2 (wide) 2 (30 deg) P 0,03 0,33 0,17 Jonswap 3D irregular 0,02 0,0765 1,57 3,825 90 50 0,45
84 19-ago 2(wide) 2(30deg) P 0,03 0,33 0,17 Jonswap 3D irregular 0,04 0,0765 1,11 1,9125 90 50 045
85 19-ago 2(wide) 2(30deg) S 0,03 0,33 0,17 Regular 0,02 0,0646 1,44 3,23 90 - 0,38
86 19-ago 2(wide) 2(30deg) S 0,03 0,33 0,17 Regular 0,04 0,0646 1,02 1,615 90 - 0,38
87 19-ago 2 (wide) 2 (30deg) S 0,03 0,33 0,17 Jonswap 3D irregular 0,02 0,034 1,04 1,7 90 50 0,20
88 19-ago 2 (wide) 2 (30 deg) S 0,03 0,33 0,17 Jonswap 3D irregular 0,04 0,034 0,74 0,85 90 50 0,20

*

test repeated to check repetitiveness
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5. Measurements

Objectives

Objective of the measurements is to provide data to verify and calibrate littoral circulation
numerical models. Evaluation of armour stone stability is assumed as a secondary objective
and aims to analyse only the influence of layout shape and special location on stability.
Measurements should describe boundary conditions and some of the fields characterising
wave and current flow.

Methodology

Field variables are

e Wave = wave amplitude, wave number, (possibly breaking).

e Current = intensity and direction.

e Set-up = intensity.

Boundary conditions that must be checked are:

e Offshore wave condition;

e Reflection at the shoreline;

e Wave condition at absorbing boundaries.

Measurements regard the mentioned field variables and were carried out with:

e n.4 ADV, to obtain local xyz velocities;

e n. IADVP with 6 IMHz probes, to obtain velocity profiles at fixed points;

e n. 21 for Layout 1, n. 17 for Layout 2 wave gauges to measure local free surface
elevation;

e 1. 2 digital cameras, to visualise flow patterns, following drifters or dye clouds, and to
monitor the breaking.

Instrumentation setup is shown in the drawings reported at the end of this paragraph.

Regular and Irregular waves

Measurements with irregular waves are aimed to evaluate effects of the actual shape of wave
spectra and of variability of wave height (effects on stability) for the same global wave
parameters (Hmms, Ts and wave direction).

Measurements with regular waves are aimed to describe the shape of wave and current fields.

Performance of Tests

Regular wave tests:
t=0: Start-up
t=0-3 minutes:
Side-camera Video Recording
t=3-10 minutes: Sleeping time
t=10 minutes: Flow regime
t=10-20 minutes:
Launch of floats
Acquisition with ADVs, ADVPs, WGs
Side-camera Video Recording
Central-camera Video Recording
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Irregular wave tests:

t=0: Start-up

t=0-3 minutes:
Acquisition with ADVs, ADVPs, WGs
Side-camera Video Recording

t=3-10 minutes: Sleeping time

t=10 minutes: Flow regime

t=10-20 minutes:
Dye-injection
Central-camera Video Recording (t=10-15 minutes)
Acquisition with ADVs, ADVPs, WGs
Side-camera Video Recording

Procedures for data acquisition

The beginning of the acquisition was triggered for all the instrumentation by the same signal
in order to achieve synchronisation.

WGs: data from wave gauges and AAU ADVs were acquired at 40 Hz with a laboratory
software produced by AAU.

ADVs: data from UB ADVs were acquired at 40 Hz, in order to maintain the same frequency
adopted for the other instrumentation, with the proper SONTEK acquisition software. The
start of the acquisition was chosen as “Start on Sync” and the recording mode was per
“Burst”. Defining as “Samples per Burst” alternatively 7200 and 24000 bursts, it was possible
to acquire continuously for the first three minutes and for the ten minutes at flow regime of
each test respectively. The velocity range was imposed to be 100 cm/s.

ADVPs: data from ADVP probes were acquired using a calibrated configuration which is
reported below. The aim of this configuration was to acquire continuously from all the 6
working probes, being back to the first one in a reasonable time interval. Each measured
profile was composed of 64 emissions with a pulse repetition frequency of 189 mm so that the
time elapsed for measuring each profile was 22.9 ms. The multiplexer switched from one
probe to the following one after measuring a single profile and thus for six probes the time
interval after which the first one acquired again was 138 ms. The resolution was not assumed
as a particularly relevant parameter and was therefore fixed around 0.9 cm. In order to be
suitable to all tested conditions, the velocity range was +1.4 m/s.
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Signal Processing SA : DOP1000 :5.23.3
Recorded data type : Velocity profile
Pulse repetition frequency....... : 18%mm 256us
First channel at ................ : 11.1lmm 15.0us
Resolution ....... ... : 7.4mm 10.0us
Sensitivity ..ottt .. :low
Number of emission / profile .... : 64, 21.3 ms
Emission power .........eeeeeenn. :high
frequency ......... ... : 1.0 MHz
burst length ........... : 04 cycles
L0 :US axis
Sound speed ...t e : 1480 m/s
Doppler angle .......c.iiiieeenn.. : 25 degrees
MEMOYY S1ZE i ii it eeeeeeeennns : 8450, 180.5s
Record from channel ........... : 0, auto
Record to channel ............. : 0, auto
SKID it e et e e e e e e e e : Op, Oms
Maximum veloCity ... uennnenenn. : mm/ s
Velocity offset ............... : 0 mm/s

Tab. 5.1 Example of procedure for ADVP data acquisition.

6. CD file contents

ADV and ADVP output files were saved using names that correspond to the following

criterion: 2 character for the instrument type (AP for ADVP files, AV for UB ADV files) + 3

characters for the test number according to the table in paragraph 3 + 1 character for

identifying the part of the test (A for the first three minutes, B for the ten minutes acquisition

at flow regime). For instance:

e APOO1A is the output file containing ADVP measurements for the first three minutes of
Test 1;

e AVO088B is the output file containing ADV measurements for the minutes 10-20 of Test
88.

ADVP files were processed to be converted from binary into ASCII so that the extension of

converted files is “.dat”.

ADV files contain data of both probes, the down-looking and side-looking. For each test,

there are 5 different file extensions depending on the content: “.vel” contains velocities, “.snr”

contains signal variance, “.cor” contains signal correlations, “.amp” contains signal

amplitude, “.ctl” contains the acquiring configuration.

WG output files were saved using names that correspond to the following criterion: 2

character for the instrument type (GA) + 2 characters for the test number according to the

table in paragraph 3 + 1 character for identifying the part of the test (A for the first five

minutes, B for the ten minutes acquisition at flow regime). For instance:

e GAOI1A is the output file containing wave gauges + AAU ADV measurements for the first
five minutes of Test 1.
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WG files consist of several columns, each of which corresponding to a WG or an ADV
labelled as in the layout sketches reported at the end of paragraph 4. The correspondence is
shown in the table reported below.

Test 1-44 Test 45-88
Col. Wave gauges name Unit | Elevation Col. Wave gauges name Unit | Elevation
file in files system file in files| system
1 WGl cm by hand 1 WGl1 cm p
2 WG2 cm by hand 2 WG2 cm p
3 WG3 cm p 3 WG3 cm p
4 WG4 cm p 4 WG4 cm p
5 WG5S cm p 5 WG5S cm p
6 WG6 cm p 6 WG6 cm p
7 WG7 cm p 7 WG7 cm p
8 WGS cm by hand 8 WGS cm p
9 WG9 cm p 9 WG9 cm p
10 WG10 cm p 10 WG10 cm p
11 WGI1 cm p 11 WG11 cm p
12 WG12 cm by hand 12 WG12 cm p
13 p (over 13 p (over
WG13 cm structure) WGI3 cm structure)
14 p (over 14 p (over
WG14 cm structure) WwWGl14 cm structure)
15 WG15 cm p 15 WG15 cm p
16 WGI16 cm p 16 WGl16 cm p
17 WG17 cm p 17 WG17 cm p
18 WG18 cm by hand 18 ADVIDVX cm/s | ultra sonic
19 WG19 cm p 19 ADV2DVX cm/s | ultra sonic
20 WG20 cm p 20 ADV2DVY cm/s | ultra sonic
21 WG21 cm p
22 ADV2DVX cm/s | ultra sonic
23 ADV2DVY cm/s | ultra sonic
24 ADVI1DVX cm/s | ultra sonic

p: Air pressure

Tab. 6.1 Association type-number of wave gauges adopted in the tests.

7. Video recordings

Video recordings of all tests from central and side camera are located at the University of
Bologna, person to contact if interested in: Barbara Zanuttigh
(Barbara.Zanuttigh@mail.ing.unibo.it). Please specify the test number and if you would like
to receive central or/and side camera acquisition.
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8. Results

Drifter/Dye tracking

Flow field was analysed using tracking of drifters for regular waves and of dye clouds for
irregular waves (layout 1 in Fig. 8.1). Images were captured from central camera’s videos, in
order to examine rip currents at the gap, and were then acquired as background of CAD
drawings. The positions of drifters or the location of the dye cloud centre were digitalised at
time steps that allow to follow the changes in flow patterns (see Fig.s 8.2, 8.3: time step
increase with decreasing target wave height). Images were then rectified with a procedure
prepared for such aim in the Matlab environment and elaborated to obtain mean velocities at
the gap centre and at the breakwater roundhead, to be compared with velocities measured with
ADVs.

Fig. 8.1 Analysis of flow field by tracking drifters (up) for regular waves and dye injection (down) for
irregular waves; images captured during tests on layout 1, narrow berm.
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Fig. 8.2 Flow patterns obtained by image analysis for Test 18 (left ), and Test 22 (right), view from the
beach (co-ordinates in cm, model scale). The contour lines of the dye cloud are traced every 5 seconds
for Test 18, every 10 seconds for Test 22. The mean velocity at the gap centre results 16.5 cm/s in
Test 18 (measured 16.20 cm/s), 2.9 cm/s for Test 22 (measured 2.57 cm/s).
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Fig. 8.3 Flow patterns obtained by image analysis for Test 56 (left ), and Test 84 (right), view from the

beach (co-ordinates in cm, model scale). The contour lines of the dye cloud are traced every 5 seconds

for Test 56, every 10 seconds for Test 84. The mean velocity at the gap centre results 1.5 cm/s in Test
56 (measured 1.54 cm/s), 0.5 cm/s for Test 84 (measured 0.75 cm/s).
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Wave reflection analysis

Reflection analysis domain adopted the method based on the linear theory that is presented for
an arbitrary number of WGs by Zelt, J. A. & J. E. Skjelbreia (1992).Spectra for incident and
reflected wave were determined in front (WGs 9-11 for layout 1, WGs 1-3 for layout 2) and
behind (WGs 19-21 for layout 1, WGs 15-17 for layout 2) the structure and in front of the
beach (WGs 15-17 for layout 1). Some typical results are presented for Test 34 (layout 1,
submerged wide berm) and Test 46 (layout 2, freeboard zero narrow berm) in Fig.s 8.4-8.6
and 8.8-8.9 respectively, together with the comparison among the surface elevation obtained
by the data and from the analysis (Fig.s 8.7 and 8.10).

Spectra are cut at frequency equal to 4.0 Hz, which resulted a resonance frequency for the
instrumentation.

35



DELOS EVK3-CT-2000-00041 3D Hydrodynamic tests

Spectrum incident wave in front of the structure
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Fig. 8.4 Test 34, wave spectrum at WG 9-11, in front of the structure.
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Fig. 8.5 Test 34, wave spectrum at WG 19-21, behind the structure.
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apectrum incident wave in front of the beach
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Fig. 8.6 Test 34, wave spectrum at WG 15-17, in front of the beach.
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Surface elevation behind the structure, from WG in blue from analysis in red
5

0 50 100 150 200 250 300 350 400 450 500

Fig. 8.7 Test 34, comparison of incident wave height obtained by experimental data (in blue) and
theoretical analysis (in red), in front (up) and behind (down) the structure.
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Fig. 8.8 Test 46, wave spectrum at WG 9-11, in front of the structure.
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spectrum incident wave behind the structure
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Fig. 8.9 Test 46, wave spectrum at WG 15-17, behind the structure.
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surface elevation in front of the structure, from WG in blue from analysis in

red
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500

theoretical analysis (in red), in front (up) and behind (down) the structure.

Fig. 8.10 Test 46, comparison of incident wave height obtained by experimental data (in blue) and
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The following two pages contain results for layout 1 and 2, Tab. 8.1 and 8.2 respectively.
Table legend:

Units in CGS system

Tp is the target peak period

Hs is the target significative wave height

HmO1i is determined by 4*sqrt(MO) for irregular waves, 2.8*sqrt(MO0) for regular waves.

Etai, Etar are evaluated following linear wave theory in the absence of currents.

stdEtai, stdEtar are the standard deviation of Etai, Etar evaluated following linear wave theory
in the absence of currents.

Tsi is the significative wave period T1/3 of incident waves.

Tsi is the significative wave period T1/3 of reflected waves.

Hsi, Hsr are the incident, reflected significative wave height H1/3 determined with a time-
domain analysis performed on incident, reflected wave signal Etai, Etar.

Kr is the reflection coefficient and is evaluated as the ratio Hsr/Hsi determined on all the
frequencies.

Reflection due to the structure can be analysed for layout 1 only, in which three aligned
gauges (WGs 9-11) in front of the structure were placed.

Reflection depends on freeboard adimensionalised by incident wave height, on mean berm
width adimensionalised by wave length at structure toe and on slope berm width
adimensionalised by wave length at structure toe, as it can be seen in Fig. s 8.11, 8.12 and
8.13 respectively. In each of this figure, fluctuations are evident, proving that none of these
variables can be neglected in representing reflection due to the structure; the representation of
the experimental results through a regression function of these three quantities is still in
progress.
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WG 9-11 WG19-21 WG 15-17
Test|Tp Hs HmOi [stdEtai stdEtar Tsi Hsi Tsr Hsr Kr |stdEtai stdEtar Tsi Hsi Tsr Hsr Kr |stdEtai stdEtar Tsi Hsi Tsr Hsr Kr
1 170 9.00| 878 219 0.75 152 938 1.15 2.88 34.04[ 122 036 154 515 064 1.22 2968 228 046 148 846 0.83 1.86 20.40
2 120 9.00| 7.74| 194 056 1.13 7.76 0.88 233 29.18 091 024 113 358 049 095 26.77| 1.97 048 118 7.62 0.69 1.93 24.26
3 113 4.00| 445 111 027 111 447 122 110 2448 050 0.12 110 195 050 0.46 23.69] 123 0.26 1.09 495 088 1.10 21.57
4 (0.80 4.00| 2.86( 0.71 0.16 0.82 2.89 0.79 0.66 22.74| 0.28 0.08 0.83 1.12 046 0.33 29.79( 0.75 0.17 0.80 2.98 0.74 0.71 22.79
5 156 7.60| 834 298 0.71 156 10.13 0.50 2.24 24.00f 160 047 156 548 054 1.68 29.44| 3.03 048 156 9.53 0.65 1.69 15.91
6 110 760 | 750, 268 059 1.10 8.19 1.10 2.61 2212 1.09 026 1.09 398 048 1.04 2426| 214 062 111 7.74 050 225 29.18
7 1.04 340| 350 125 0.23 1.04 355 1.03 0.74 18.46( 065 0.09 0.75 232 047 0.35 14.09] 168 0.38 1.04 490 1.03 1.23 2244
8 074 340 | 3.09] 110 0.25 0.72 3.42 0.50 0.97 2242 048 0.12 0.74 1.72 037 045 2580 143 0.34 0.74 412 0.64 1.15 23.59
9 170 9.00 | 9.16| 229 0.76 150 9.68 1.04 296 33.32( 120 0.32 150 499 053 1.27 26.69] 241 052 150 8.88 0.89 2.02 21.58
10 (1.20 9.00 | 8.00f 200 061 114 7.82 1.01 251 3048 1.00 028 1.16 3.83 046 1.13 2829 218 0.58 1.15 8.24 0.62 2.32 26.73
1 (157 765| 761 190 0.72 142 8.12 1.01 2.79 37.80| 0.68 020 1.25 272 0.61 0.79 2989 185 0.41 1.38 6.98 0.83 1.62 21.92
12 (111 765 | 6.61 165 052 1.08 6.68 0.89 2.18 31.66| 042 0.12 1.07 165 058 047 2844 168 041 1.09 6.49 0.67 1.71 2457
13 (1.04 340 | 347 087 023 1.06 345 1.10 0.91 26.23] 0.22 0.05 1.12 085 0.89 0.20 23.58| 0.83 0.17 1.01 3.35 0.97 0.71 20.74
14 |(0.74 340 | 197 049 0.12 0.79 2.01 0.81 0.47 23.79] 0.11 0.02 0.85 044 0.76 0.10 21.80| 046 0.09 0.77 1.85 0.76 0.37 19.56
15 (144 646 | 6.38] 228 081 144 766 1.13 3.16 3555 1.07 029 1.01 3.30 042 1.07 26.85 232 0.32 144 7.22 1.08 1.14 13.79
16 (1.02 646 | 6.25 223 032 1.02 6.54 049 1.14 1443 058 0.11 091 209 052 040 1829 271 0.63 1.02 8.32 0.70 1.90 23.19
17 (1.97 12.15|12.74| 3.18 095 1.74 13.72 143 3.87 29.77] 2.01 054 1.78 800 0.86 1.99 26.88] 3.14 0.73 1.73 12.09 1.32 2.87 23.15
18 (1.40 1215|1141 285 0.71 1.31 11.29 095 296 24.99| 195 045 133 741 0.62 1.76 2294 281 0.63 1.34 10.72 0.97 246 22.39
19 (1.81 10.26|10.33| 3.69 1.08 1.81 11.75 1.80 4.15 29.28] 2.63 0.70 1.81 912 0.98 261 26.73| 444 0.75 1.81 13.33 1.81 2.95 16.85
20 |1.28 10.26|10.10f 3.61 0.89 1.28 10.64 0.49 2.83 24.63| 237 073 128 7.71 058 277 3098 3.31 0.96 1.29 11.11 0.63 3.79 29.09
21 |1.32 540 | 596 149 026 125 580 139 1.05 17.14] 120 0.19 1.27 485 056 0.76 1556 1.61 0.34 126 6.43 1.18 1.40 21.41
22 093 5401|1442 119 0.15 094 4.82 0.67 0.63 1292 090 0.14 092 359 048 0.57 15.76] 1.10 0.27 0.93 4.37 0.88 1.12 24.40
23 |1.70 9.00 | 8.78] 219 0.65 153 948 0.84 2.63 29.68| 0.70 0.21 140 282 0.79 0.80 30.54| 215 048 1.47 8.06 1.05 1.91 22.21
24 120 9.00| 7.89] 197 052 113 7.97 0.75 221 26.50| 043 0.15 1.00 1.79 057 0.58 34.23] 199 048 1.14 7.57 0.81 1.95 24.06
25 |1.13 400 | 4.23| 1.06 0.18 1.11 430 1.00 0.73 17.26| 0.18 0.07 1.19 0.72 0.83 0.26 36.91| 1.01 0.21 1.11 4.00 1.06 0.88 20.98
26 |0.80 4.00| 2.69| 067 0.10 0.85 2.74 0.69 0.41 1547 0.08 0.04 095 0.34 0.74 0.14 4172 065 0.15 0.79 2.61 0.79 0.62 22.71
27 |1.56 760 | 8.04| 287 0.61 156 9.64 049 223 2141 0.87 025 154 325 044 097 2866| 3.04 0.69 156 9.86 154 229 22.70
28 |1.10 760 | 7.21| 258 058 1.10 7.87 1.09 2.61 2258 048 0.17 0.84 157 0.39 0.67 3595 266 0.60 1.10 8.78 0.55 2.08 22.52
29 |1.04 340 | 3.84 137 0.20 1.03 4.23 0.58 0.78 14.80| 0.15 0.08 0.75 0.56 1.03 0.30 55.16| 1.67 0.35 1.04 4.64 1.04 1.03 20.77
30 10.74 340 2.86| 1.02 0.26 0.70 3.26 048 1.02 25.17| 0.08 0.03 0.72 0.24 0.61 0.11 3545 125 0.28 0.73 3.59 0.74 0.77 22.66
31 |1.70 9.00 ( 9.45| 236 0.76 1.49 10.16 0.80 2.98 32.01| 069 0.20 142 287 065 0.77 29.27| 230 054 145 862 1.03 212 23.52
32 |1.20 9.00( 7.89] 197 056 1.12 790 0.85 237 2847 040 0.14 116 1.65 055 0.54 3521 214 057 1.17 817 0.70 2.28 26.56
33 |1.97 12.15(12.88] 3.22 0.88 1.77 14.04 129 3.70 27.23| 166 055 1.79 6.58 0.86 2.00 33.31| 3.04 0.73 1.75 11.55 148 2.83 23.98
34 |1.40 12.15(10.61] 2.65 0.58 1.28 10.67 0.76 246 2190 148 043 140 580 0.62 1.65 29.12] 293 0.72 1.33 11.02 0.97 2.74 24.75
35 |1.32 540 584 146 020 124 567 1.13 0.80 14.03| 1.05 022 1.26 4.10 0.51 0.88 20.83] 1.62 040 124 6.32 1.15 1.61 24.74
36 1093 540 443] 111 0.14 095 440 0.68 0.58 13.00f 0.81 0.14 0.86 3.16 049 0.57 17.66| 1.07 0.28 0.92 432 0.86 1.18 26.48
37 |1.81 10.26 7.85| 2.80 056 0.81 822 041 1.80 19.94| 129 042 0.81 427 041 1.61 3215 279 135 0.81 9.38 048 527 4835
38 |1.28 10.26( 10.31] 3.68 0.88 1.28 10.71 0.44 267 23.87| 158 0.70 1.28 532 047 257 4413] 3.32 0.81 1.29 11.58 0.78 3.34 24.44
39 |1.57 765 752 188 063 1.39 797 090 259 33.64f 030 0.12 163 1.20 145 049 4158 192 042 136 7.21 1.00 1.72 21.92
40 (111 765 | 6.67( 167 047 1.06 6.63 080 1.93 2797 0.18 0.08 135 067 1.16 032 46.46| 162 0.39 1.09 6.33 0.72 1.63 24.11
41 |1.44 646 | 6.18] 221 073 144 7.17 131 298 3298 040 012 144 139 1.16 047 30.73[ 251 042 144 802 1.09 1.48 16.87
42 (1.02 646 | 6.20f 221 033 1.02 6.39 065 1.02 1486 026 0.12 1.02 0.81 1.02 0.41 44.76( 270 0.65 1.02 9.04 0.57 1.97 24.03
43 (1.04 340 | 3.25( 081 0.18 1.03 3.34 112 0.73 2219 0.11 0.05 1.16 043 1.17 0.19 41.18( 081 0.17 1.02 325 0.99 0.71 21.03
44 [0.74 340] 195 049 0.10 0.80 1.98 0.78 0.40 20.55| 0.06 0.03 0.88 0.23 0.85 0.11 45.77f 046 0.10 0.75 1.85 0.76 0.39 20.66
Tab. 8.1 Wave reflection analysis, layout 1.
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WG 1-3 WG 15-17

Test |Tp Hs HmOi stdEtai  stdEtaip  stdEtar  stdEtarp Krt Krp stdEtai  stdEtaip  stdEtar  stdEtarp Krt Krp

45 1,70 9,00 10,16 2,54 2,15 0,65 0,25 25,78 11,57 1,11 0,79 0,37 0,10 33,64 13,06
46 1,20 9,00 8,57 2,14 1,95 0,58 0,20 27,22 10,33 0,83 0,65 0,29 0,08 34,92 12,22
47 1,13 4,00 4,77 1,19 1,13 0,28 0,11 23,81 9,63 0,44 0,37 0,14 0,05 31,24 14,35
48 0,80 4,00 2,92 0,73 0,72 0,12 0,07 17,08 9,99 0,27 0,23 0,08 0,03 31,95 14,18
49 1,56 7,60 10,11 3,61 3,06 0,78 0,16 21,63 5,23 1,05 0,72 0,44 0,07 41,50 10,11
50 1,10 7,60 7,86 2,81 2,61 0,55 0,15 19,63 5,86 0,86 0,67 0,32 0,06 37,22 9,33
51 1,04 3,40 3,96 1,42 1,39 0,22 0,06 15,69 4,35 0,29 0,25 0,15 0,06 51,36 22,69
52 0,74 3,40 3,71 1,33 1,28 0,51 0,37 38,26 28,76 0,32 0,30 0,09 0,06 27,1 20,74
53 1,70 9,00 10,50 2,62 2,16 0,85 0,24 32,25 11,09 0,89 0,60 0,31 0,09 34,42 14,88
54 1,20 9,00 8,63 2,16 1,94 0,61 0,16 28,25 8,06 0,61 0,46 0,21 0,07 35,13 15,11
55 1,57 7,65 8,94 2,24 1,88 0,68 0,22 30,52 11,80 0,69 0,46 0,34 0,09 48,91 18,58
56 1,11 7,65 7,28 1,82 1,66 0,51 0,19 27,84 11,20 0,44 0,35 0,16 0,07 37,68 21,43
57 1,04 3,40 3,77 0,94 0,90 0,23 0,10 24,69 10,64 0,22 0,21 0,08 0,05 33,83 22,84
58 0,74 3,40 2,02 0,51 0,50 0,09 0,07 17,89 13,51 0,12 0,11 0,04 0,03 33,08 22,50
59 1,44 6,46 8,16 2,91 2,52 0,87 0,02 29,77 9,29 0,85 0,59 0,24 0,04 28,60 6,72
60 1,02 6,46 6,61 2,36 2,25 0,33 0,05 13,90 2,36 0,44 0,36 0,14 0,06 31,03 17,05
61 1,97 12,15 13,93 3,48 2,92 0,94 0,28 27,01 9,48 1,81 1,24 0,79 0,13 43,35 10,79
62 1,40 12,15 12,10 3,02 2,69 0,87 0,27 28,64 9,89 1,52 1,16 0,57 0,12 37,44 9,63
63 1,81 10,26 12,99 4,64 4,09 0,90 0,30 19,32 7,26 1,86 1,48 0,86 0,12 46,07 8,25
64 1,28 10,26 11,74 4,19 3,75 1,43 0,26 34,06 6,81 1,60 1,20 1,02 0,10 63,62 8,54
65 1,32 5,40 6,66 1,67 1,56 0,31 0,14 18,90 8,84 0,94 0,74 0,25 0,06 26,83 8,35
66 0,93 5,40 4,70 1,18 1,14 0,22 0,09 18,76 8,12 0,64 0,52 0,18 0,05 28,79 9,58
67 1,70 9,00 10,07 2,52 2,12 0,78 0,27 30,95 12,85 0,64 0,46 0,22 0,10 34,58 20,59
68 1,20 9,00 8,68 2,17 1,97 0,60 0,19 27,82 9,88 0,47 0,39 0,16 0,08 33,57 21,11
69 1,13 4,00 4,52 1,13 1,08 0,20 0,09 17,31 8,69 0,27 0,25 0,09 0,05 30,99 21,50
70 0,80 4,00 2,77 0,69 0,68 0,11 0,06 16,04 9,10 0,14 0,14 0,04 0,03 30,85 21,17
71 1,56 7,60 9,88 3,53 3,06 0,79 0,46 22,41 15,09 0,82 0,68 0,37 0,21 42,55 32,35
72 1,10 7,60 8,11 2,90 2,76 0,52 0,28 18,00 10,29 0,50 0,33 0,18 0,09 37,06 25,52
73 1,04 3,40 4,06 1,45 1,43 0,20 0,06 13,61 3,90 0,33 0,32 0,11 0,10 32,86 32,34
74 0,74 3,40 3,34 1,19 1,17 0,43 0,34 35,90 29,36 0,13 0,12 0,05 0,02 39,76 17,11
75 1,70 9,00 10,60 2,65 2,23 0,74 0,30 28,03 13,59 0,65 0,51 0,22 0,10 34,34 19,09
76 1,20 9,00 8,89 2,22 2,03 0,54 0,17 24,20 8,42 0,49 0,41 0,18 0,09 35,53 22,32
77 1,97 12,15 14,50 3,63 3,03 1,12 0,29 31,00 9,54 1,74 1,12 0,93 0,14 53,37 12,85
78 1,40 12,15 12,13 3,03 2,74 0,72 0,22 23,69 8,07 1,48 1,11 0,59 0,13 39,93 12,18
79 1,32 5,40 6,89 1,72 1,64 0,28 0,11 16,51 6,99 1,08 0,87 0,31 0,08 28,66 9,27
80 0,93 5,40 4,75 1,19 1,15 0,22 0,09 18,13 7,56 0,85 0,73 0,24 0,07 28,07 9,80
81 1,81 10,26 11,39 4,07 3,62 0,71 0,15 17,47 4,16 1,99 1,46 0,83 0,17 41,78 11,32
82 1,28 10,26 11,31 4,04 3,82 0,84 0,21 20,85 5,46 1,58 1,32 0,83 0,10 52,72 7,45
83 1,57 7,65 8,59 2,15 0,65 30,28 14,26 0,52 0,40 0,21 0,10 39,52 24,57
84 1,11 7,65 7,43 1,86 1,70 0,50 0,18 27,03 10,34 0,39 0,32 0,15 0,09 39,20 28,08
85 1,44 6,46 7,62 2,72 2,36 0,81 0,13 29,92 5,43 0,71 0,64 0,20 0,14 27,95 21,91
86 1,02 6,46 6,21 2,22 2,07 0,45 0,13 20,18 6,11 0,30 0,19 0,17 0,07 58,63 37,75
87 1,04 3,40 3,61 0,90 0,87 0,15 0,09 17,09 10,50 0,22 0,21 0,08 0,06 35,62 27,38
88 0,74 3,40 2,03 0,51 0,50 0,09 0,06 17,69 12,54 0,10 0,10 0,04 0,03 37,63 30,21

Tab. 8.2 Wave reflection analysis, layout 2.
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Fig. 8.11 Reflection coefficient Kr due to the structure, versus freeboard F minus setup at the barrier
Sub adimensionalised by water depth at the structure.
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Wave directional analysis

After checking (on the Net) free available softwares in Matlab environment, we chose the

DIWASP, developed by D. Johnson, Centre for Water Res. Univ. of Western Australia, Perth,

is the best available free toolbox for estimation of directional wave spectra from field data

(http://www.cwr.uwa.edu.au/~johnson/diwasp/diwasp.html). Five methods are implemented:

DFTM (Direct Fourier Transfer Method), EMLM (extended Maximum Likelyhood Method),

IMLM (Iterative Maximum Likelyhood Method), EMEP, BDM.

The following commonly used methods are compared in this note:

e EMLM is an extension of MLM to velocities, surface slopes and pressure. Due to the
formulation of the equations, where the spectrum is a reciprocal of a quadratic function,
peaks values, being the minimum of the denominator, are sensitive to truncation errors.

e IMLM considers an iterative procedure aiming at obtaining from the computed spectrum
the same cross-spectra functions of the raw data.

e MEP: the spreading function is considered as a pdf and derived according to Jaynes'
principle (a statistical consolidated method). Similarly to MLM, it can be applied only to
three quantity measurement.

e EMEP: it is an extension of the previous one to multi-quantity measurement. The
minimisation procedure is similar to MEP, but with a different spreading function.

e BDM: Despite of the name, no a-priori assumption of the directional spreading is made.
The a-priori condition is the smoothness of the spreading function, with a smoothness
weight parameter to be calibrated.

Four different methods (EMEP, EMLM, IMLM, BDM) were adopted and the directional

analysis was carried out on:

5 elevation signals from Wave Gauges (WGs) in front of the wave maker for layout 1;

3 wave components, 2 velocities obtained by a 3D Acoustic Doppler Velocimeter (ADV) and

1 elevation signal, at the gap centre for both layout 1 and 2.

For layout 2, no analysis was carried out on the 5 gauges in front of the wave maker because

some of them can be affected by the refraction at the breakwater roundhead.

Tab. 8.3 below reports the results of this analysis (mean values over all tests for layout 1),
excluding BDM, which gives unrealistic results especially at the gap because of the low
number of signals, and Regular wave tests, for which only IMLM produces reasonable results.
Spreading is compared to the target value; reflection is compared to the values obtained by
applying linear wave theory on three collinear WGs in front of the structure and of the beach
(Zelt & Skjelbreia, 1992). Accounting for refraction at the roundheads that can affect
reflection at the wave maker and for high rip currents at the gap, Kr at the wave maker may
not exceed the value in front of the structure, whereas Ky at the gap centre may result in the
range between the lower value in front of the beach and the higher in front of the structure.
The table shows that no general best method exists. IMLM seems to be the best for the 5 WGs
array since it causes the lowest increase in spreading and reflection; in fact, all methods
behave worse for 2D spectra than for 3D ones. EMEP results to be the best method for the 3
wave components at the same location, showing similar performance for 2D and 3D spectra.
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Layout 1
Jonswap 3D
Method Si [°] Sr [°] Ky [%] Si [°] Sr [°] Kg [%]
TARGET 22.7°
5 elevation signals, WGs 3-7, at | 3 wave components, ADV III and
wave-maker WG 12, at gap centre
EMEP 74.2 68.6 68.4 353 96.8 29.7
Nfft=256, Ndir=180 +14.4 +19.7 +7.6 +4.0
EMLM 59.5 87.1 393 65.7 96.2 29.7
Nfft=256, Ndir=180 +3.2 +4.7 + 8.6 +1.5
IMLM 52.0 77.4 30.1 51.7 100.1 52.7
Nfft=256, Ndir=180, 1t=10 +34 +7.6 +12.0 +24

3 elevation signals, WGs 9-11,
in front of the structure

3 elevation signals, WGs 15-17,
in front of the beach

3 Collinear WGs - | - | 243 - | - | 227
Jonswap 2D (=regular in direction)
Method Si [°] Sr[°] Kg [%0] Si[°] Sr [°] Kg [%0]
TARGET 0°
5 elevation signals, WGs 3-7, at | 3 wave components, ADV III and
wave-maker WG 12, at gap centre

EMEP 71.6 94.6 64.7 22.9 48.6 29.7
Nfft=256, Ndir=180 +20.3 +4.5 +1.3 +5.2

EMLM 61.1 84.4 54.2 47.8 74.0 29.7
Nfft=256, Ndir=180 +8.1 +5.8 +0.9 +3.7

IMLM 50.4 71.5 45.7 30.1 57.4 43.4
Nfft=256, Ndir=180, 1t=10 +9.8 +9.9 +1.0 +4.38

3 elevation signals, WGs 9-11,
in front of the structure

3 elevation signals, WGs 15-17,
in front of the beach

3 Collinear WGs

- | - ] 311

24.6

Tab. 8.3 Wave directional analysis, layout 1 ; mean values of incident and reflected spreading (Si, Sr)
and reflection coefficient (Kz) in front of the wave maker and at the gap.
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The result quality depends on a number of parameters: noise to signal ratio in the data,
frequency resolution (or Nfft), directional resolution, tested method, number of iteration
(IMLM only). Figure 8.14 below show a directional analysis in the gap: a wave gauge close
to a 3-D ADV is present, so that a 4 wave information is available. Nevertheless, since the
vertical velocity signal is rather noiseful (the bottom turbulence becomes important related to
the low signal), the analysis gives better results if the information from the vertical velocity is
disregarded (in fact, the table just presented contains results obtained with three wave
components only). On the contrary, when signals are equally affected by noise, independent
information contributes rather well to reduce uncertainties.

Directional spectrum estimated using EMEP method Directional spectrumn estimated using EMEP method

direction [degrees] / frequency [Hz]
direction [degrees] / frequency [Hz]

270

ms / deqg

mis / deg

Fig. 8.14 Wave directional analysis at the gap. At the left hand-side, 4 wave components, Hsi =8.6 cm,
Hsr = 7.3 cm; Si= 44°; Sg=45°, EMEP; unrealistic wave reflection is obtained.
At the right hand-side, 3 wave components, Hi; =10.6 cm, H;=3.7 cm; Si=40°, Sg=63°; the vertical
velocity is abandoned and a realistic spectrum is found.

The following two pages contain results for layout 1 and 2 respectively.
Table legend:

Units in CGS system

Thetai is the incident wave direction;

Thetar is the reflected wave direction;

si is the incident wave spreading index;

st is the reflected wave spreading index;

Hi is the estimated incident wave height;

Hr is the estimated reflected wave height;

Kr is the reflection coefficient.
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EMEP, Nfft=256, Dir=180. GAP IMLM, Nfft=256, Dir=180, It=10. GAP EMLM, Nfft=256, Dir=180. GAP
Test]thetai thetar si sr Hi Hr Kr thetai  thetar si sr Hi Hr Kr thetai thetar si sr Hi Hr Kr
1] 88.01 -269.62 37.05 5855 7.79 2.36 30.30] 86.51 -266.25 46.80 84.32 7.62 3.00 39.32| 86.63 -266.04 61.43 92.19 7.35 3.61 30.30
2| 85.64 -268.67 34.37 4493 6.82 3.62 53.05] 81.38 -268.23 53.71 79.31 6.81 3.62 53.16] 82.35 -266.61 67.25 88.02 6.57 4.03 53.05
3] 88.70 -100.90 34.53 89.57 479 1.06 22.14] 80.19 -97.49 70.23 78.73 3.72 3.02 81.36] 82.70 -94.48 79.75 86.29 3.65 3.11 22.14
4] 87.66 -99.62 47.82 8593 2.88 0.92 31.92] 83.40 -97.78 7166 79.87 230 1.88 81.81] 85.74 -94.54 79.79 86.16 2.26 1.93 31.92
5] 86.52 -262.19 26.65 98.36 10.23 1.31 12.83] 86.15 -92.67 32.21 61.33 9.57 4.05 42.35] 86.62 -91.20 51.30 78.65 9.10 4.86 12.83
6] 86.59 -247.54 20.80 104.29 11.48 0.57 5.00] 85.55 -91.93 27.14 47.62 10.60 4.89 46.16] 85.93 -90.64 46.59 68.63 10.01 5.72 5.00
71 87.22 -93.20 1357 17.84 574 3.86 67.27] 85.37 -96.02 20.76 30.34 5.90 3.77 63.89] 85.73 -95.48 37.83 49.46 5.61 4.06 67.27
8] 85.66 -100.39 18.94 2248 448 213 47.50] 79.43 -100.96 26.51 31.97 3.93 3.10 78.89] 80.67 -99.26 49.36 56.44 3.80 3.19 47.50
9] 87.14 -96.72 2250 49.27 8.09 2.08 25.74] 86.46 -94.60 29.57 61.37 7.89 3.04 38.51] 86.91 -93.03 46.81 76.51 7.46 3.80 25.74
10] 87.56 -96.11 24.17 5495 7.71 2.07 26.91] 86.18 -9443 3166 5523 7.20 3.43 47.66] 86.73 -93.02 49.16 72.13 6.81 3.99 26.91
11] 86.99 -266.92 34.53 52.17 6.27 1.87 29.80] 85.55 -265.73 44.24 7954 6.11 2.47 40.36] 85.71 -265.06 59.89 89.20 5.89 2.95 29.80
12] 87.27 -267.95 28.18 36.15 5.99 2.65 44.32] 85.95 -265.96 39.87 66.34 590 2.92 49.54] 86.08 -265.31 58.41 81.18 5.67 3.33 44.32
13] 86.70 -255.86 29.47 84.29 3.32 0.48 14.57] 83.98 -93.94 4228 69.90 297 1.50 50.59] 84.92 -91.49 60.12 83.54 2.85 1.71 14.57
14] 88.08 -268.67 40.91 59.25 1.72 0.78 45.06] 85.90 -269.68 63.27 7428 1.49 1.15 77.23] 87.02 -268.26 73.73 82.20 1.46 1.19 45.06
15] 88.23 -268.57 20.65 61.40 6.74 1.39 20.60] 86.83 -94.24 29.56 57.15 6.47 2.61 40.39] 87.46 -92.76 48.37 7590 6.14 3.13 20.60
16] 86.78 -94.03 17.01 15.09 9.05 4.53 50.09] 85.55 -96.63 25.66 44.17 9.29 4.45 47.93] 86.16 -95.54 40.40 59.30 8.72 5.15 50.09
17] 87.22 -257.97 38.30 81.40 11.71 2.17 18.55] 85.72 -259.25 52.28 90.68 11.07 4.22 38.12] 85.64 -261.81 64.88 96.17 10.69 5.13 18.55
18] 87.72 -259.52 40.84 63.08 10.66 3.73 35.05] 84.21 -257.44 54.65 88.18 10.39 4.42 42.56] 84.26 -259.98 66.73 94.11 10.03 5.19 35.05
19] 85.93 -102.75 21.02 97.25 11.13 1.42 12.79] 85.81 -95.66 20.71 51.08 15.03 4.74 31.53] 86.10 -93.75 34.50 64.01 14.17 6.49 12.79
20] 87.30 -266.88 27.85 88.78 6.35 0.71 11.10] 85.86 -267.68 39.63 77.81 596 2.27 38.09] 86.06 -267.21 57.65 89.85 5.73 2.80 11.10
21] 87.30 -106.59 25.39 101.11 17.76 2.07 11.65] 85.94 -92.26 30.06 59.75 16.79 6.60 39.33] 86.22 -90.99 48.59 77.11 15.89 8.18 11.65
22| 87.76 -90.36 30.00 48.85 4.39 1.17 26.63] 86.09 -268.89 42.05 69.13 4.05 2.08 51.31] 86.43 -267.87 59.88 82.94 3.90 2.36 26.63
23| 85.64 -267.24 32.24 5818 7.36 1.74 23.65] 84.67 -90.81 41.44 7830 7.01 2.70 38.53] 85.25 -268.91 58.20 89.35 6.75 3.28 23.65
24| 86.94 -268.88 29.86 39.11 7.11 2.64 37.07] 85.81 -268.26 40.60 71.43 6.97 3.07 44.06] 86.12 -267.25 58.54 84.97 6.70 3.61 37.07
25| 86.34 -93.62 27.27 4230 3.71 1.22 32.79] 8449 -91.35 4159 71.16 3.52 1.68 47.58] 85.10 -269.65 59.70 84.98 3.39 1.94 32.79
26] 86.54 -93.14 4421 83.16 254 0.77 30.09] 81.96 -96.69 67.13 7848 2.08 1.60 76.55] 84.21 -93.33 76.66 85.59 2.04 1.66 30.09
27| 85.97 -268.01 20.80 47.86 11.01 2.21 20.09] 84.98 -95.03 26.64 47.55 10.07 4.84 48.09] 85.55 -93.63 46.51 68.93 9.52 5.63 20.09
28] 87.82 -110.03 15.42 100.11 11.69 0.61 5.18] 85.90 -93.63 24.38 3592 10.25 6.02 58.70] 86.32 -92.85 43.65 57.96 9.69 6.58 5.18
29| 89.19 -267.47 13.35 103.85 6.42 048 7.55] 88.40 -92.99 19.54 3230 5.69 3.09 54.39] 88.56 -92.76 34.18 49.28 5.37 3.49 7.55
30| 86.16 -103.93 19.67 79.69 440 0.50 11.30] 80.39 -99.69 27.04 3519 3.60 262 72.96| 81.54 -97.83 49.76 59.60 3.47 2.75 11.30
31| 85.66 -93.25 23.69 47.87 7.61 229 30.06] 85.21 -94.13 29.68 61.24 7.43 289 38.82| 85.69 -92.41 4762 77.68 7.05 3.56 30.06
32| 87.00 -94.13 21.28 4239 7.03 253 3597| 85.77 -94.14 29.70 51.60 6.75 3.27 48.48| 86.27 -92.77 47.62 69.68 6.37 3.77 35.97
33| 86.58 -264.22 39.20 80.29 11.93 2.81 23.53] 84.79 -266.00 53.00 92.98 11.41 4.23 37.09] 85.24 -266.12 65.18 97.37 11.02 5.15 23.53
34] 87.60 -263.86 37.26 97.02 11.00 1.57 14.27| 87.25 -269.77 4582 87.21 10.44 3.77 36.14] 87.53 -268.98 60.69 94.07 10.06 4.69 14.27
35| 87.94 -9531 2765 6294 6.22 1.43 22.98] 84.78 -91.33 4936 76.21 558 293 52.56] 85.43 -269.99 64.89 87.26 5.38 3.29 22.98
36| 87.96 -93.92 36.59 80.98 4.34 1.05 24.13] 82.46 -96.42 64.21 77.06 355 262 73.67| 84.31 -93.68 7529 8558 347 273 24.13
371 83.78 -96.90 2253 21.72 10.05 4.68 46.57] 81.29 -96.97 28.95 4472 9.65 566 58.58] 82.13 -95.19 49.04 6524 9.18 6.22 46.57
38]-89.45 -264.98 3246 60.19 12.66 4.57 36.08]-88.62 -268.56 38.56 69.49 12.49 552 44.19]|-88.65 -268.66 55.71 82.22 11.90 6.42 36.08
39| 85.84 -90.83 2845 50.60 6.32 1.56 24.74] 84.59 -91.25 38.13 7187 6.00 2.41 40.10] 85.17 -269.24 56.47 85.88 5.78 290 24.74
40] 88.16 -101.88 29.46 97.50 6.07 0.68 11.27] 84.30 -269.02 48.16 73.73 5.44 2.79 51.34] 84.91 -267.50 63.66 84.92 523 3.14 11.27
41] 87.56 -96.77 18.08 36.04 8.92 1.87 20.98] 85.34 -96.57 26.80 51.01 8.33 3.38 40.61] 86.01 -94.82 46.32 72.44 7.87 4.13 20.98
42] 85.86 -92.24 17.06 2142 7.38 243 32.93] 82.76 -98.52 26.64 40.30 6.81 3.96 58.16] 83.51 -96.88 41.20 54.95 6.43 4.35 32.93
43| 88.46 -96.59 33.01 87.40 3.12 0.65 20.68] 82.97 -94.67 63.50 76.94 254 1.83 72.23| 84.58 -92.40 74.77 85.52 2.48 1.92 20.68
441 89.69 -96.77 59.84 61.34 144 1.21 84.13] 88.05 -9492 7640 81.34 141 1.24 87.71] 89.62 -92.75 82.44 86.21 1.39 1.26 84.13

Tab. 8.4 Wave directional analysis, layout 1 , at the gap, with EMEP, EMLM and IMLM methods.
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Test]

N
O O 0N OLD WN

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
M1
42
43
44

86.92
84.94
84.13
86.56
87.09
89.42
86.85
58.56
88.11
-89.64
79.09
82.46
85.83
81.29
79.01
76.76
83.53
87.30
80.24
79.66
85.37
83.96
80.49
79.71
88.97
83.22
84.84
-84.34
86.63
88.74
80.61
89.99
83.18
87.16
88.00
85.01
87.50
85.38
79.21
80.40
76.15
78.85
86.28
81.76

-269.31
-269.94
-91.18
-262.82
-269.48
-91.25
-265.72
-255.00
-97.82
-90.99
-96.87
-100.60
-91.03
-105.86
-254.27
-254.12
-90.98
-90.94
-269.64
-91.13
-90.53
-91.08
-90.21
-97.31
-90.68
-96.61
-90.72
-98.87
-268.09
-269.73
-91.74
-90.78
-90.76
-90.84
-90.94
-92.97
-267.63
-91.40
-91.13
-97.59
-91.07
-259.03
-90.84
-265.04

61.87
55.74
49.95
55.74
56.63
89.62
66.25
90.67
57.42
54.65
55.29
62.59
88.70
59.88
58.34
97.20
83.97
93.05
64.47
48.65
87.38
77.72
76.99
66.28
96.60
74.37
91.79
92.27
95.42
98.99
75.84
98.64
82.95
92.31
94.54
81.58
98.64
87.40
57.24
71.14
85.18
73.93
88.58
67.10

95.48
94.13
96.84
100.10
103.03
99.69
106.24
102.97
87.82
96.41
82.60
97.10
97.55
102.59
100.52
97.73
97.69
97.56
98.31
97.31
98.19
97.62
97.43
100.42
97.75
98.55
98.62
99.41
100.47
97.35
96.89
97.18
97.61
97.60
97.58
98.81
98.19
98.52
86.98
98.76
100.88
71.41
97.54
96.36

8.42
7.07
4.51
273
12.24
8.82
5.51
3.66
7.92
7.40
7.07
5.85
243
1.68
8.63
6.27
9.06
7.36
11.53
5.38
12.73
3.37
7.11
6.52
2.73
2.07
9.07
7.43
4.21
3.10
7.12
5.01
8.83
7.66
4.13
3.42
8.02
12.51
6.96
4.93
7.19
6.25
2.36
1.63

3.48
227
0.99
0.78
4.10
6.88
1.62
2.87
3.91
243
3.51
3.02
212
0.77
2.75
6.07
8.02
7.37
6.84
2.40
11.44
2.51
5.56
3.79
2.73
1.49
7.59
6.03
3.66
3.10
5.48
4.99
7.86
7.55
4.11
2.64
7.87
11.25
3.08
3.25
4.81
6.21
2.08
0.98

41.32
32.16
21.93
28.43
33.47
77.99
29.46
78.44
49.35
32.83
49.64
51.61
87.28
46.15
31.88
96.77
88.58
100.05
59.33
44.71
89.87
74.28
78.27
58.22
99.89
71.85
83.65
81.19
86.84
99.98
76.96
99.59
89.02
98.52
99.52
77.29
98.06
89.87
44.32
66.01
66.87
99.31
88.14
60.38

89.87
87.15
89.41
-88.41
84.54
-88.76
85.11
-86.18
85.08
84.18
84.78
84.55
85.00
85.63
76.88
83.27
80.28
82.78
80.69
82.28
85.13
82.77
83.69
82.22
84.04
83.85
81.18
84.06
89.81
84.19
78.96
79.78
82.09
79.79
81.13
82.03
81.65
81.33
83.53
83.69
74.04
88.36
82.40
84.19

-265.80
-267.17
-269.28
-267.90
-93.07
-90.62
-90.84
-266.54
-267.07
-268.96
-266.51
-269.31
-269.47
-259.87
-104.19
-94.51
-254.93
-259.51
-91.58
-264.72
-90.25
-264.54
-267.84
-266.55
-269.36
-264.10
-268.80
-98.28
-264.45
-98.98
-266.86
-264.15
-254.69
-256.74
-261.32
-266.44
-91.71
-92.33
-266.50
-91.48
-94.96
-94.58
-269.94
-90.40

60.83
55.60
54.60
52.05
64.46
51.43
53.58
56.40
61.11
56.37
55.35
49.55
47.87
50.43
59.96
54.80
54.83
51.28
49.69
51.64
52.90
49.11
55.99
51.99
49.96
47.63
58.86
52.91
56.50
57.23
42.80
41.51
56.56
50.57
51.58
48.62
61.52
54.36
54.75
49.38
59.61
57.22
46.31
49.36

96.44
97.91
95.95
97.87
103.76
94.90
101.49
92.17
66.94
73.53
98.41
101.16
99.31
103.19
107.46
93.49
100.48
99.68
105.24
106.29
101.14
104.30
97.70
100.89
102.59
102.62
104.86
89.07
88.56
95.85
79.52
90.22
99.36
99.22
102.24
104.51
80.02
104.22
98.99
99.28
100.51
88.33
97.93
103.15

8.56
7.05
443
2.62
12.36
10.92
5.62
3.97
7.35
6.78
7.43
6.29
3.1
1.66
8.55
8.34
11.54
10.07
12.80
5.59
16.63
4.03
8.30
7.27
3.77
2.36
11.37
9.07
542
3.67
8.22
6.81
11.19
10.39
5.68
4.18
9.29
16.23
7.19
5.71
8.26
8.55
3.04
1.72

2.58
2.21
1.15
1.10
3.90
3.03
1.19
242
4.53
3.52
2.22
1.90
0.84
0.77
3.23
3.02
3.13
2.54
3.27
1.14
4.06
1.08
242
2.04
0.89
0.97
3.27
3.31
1.32
2.41
3.07
2.16
3.14
2,72
1.17
1.1
6.30
4.41
212
1.75
3.41
2.62
0.83
0.79

30.19
31.30
25.89
42.06
31.56
27.73
21.12
60.99
61.62
51.87
29.84
30.16
2719
46.14
37.73
36.22
27.11
25.27
25.52
20.40
24.40
26.75
29.14
28.01
23.71
41.06
28.74
36.45
24.34
65.66
37.43
31.71
28.07
26.19
20.61
26.45
67.84
27.16
29.52
30.68
41.32
30.71
27.26
45.87

89.87
87.30
89.26
-88.82
85.13
-88.58
85.63
-87.12
85.44
84.48
85.13
84.59
85.25
86.23
78.61
84.04
80.47
82.81
81.51
82.55
85.75
82.85
84.33
82.63
84.20
84.17
82.43
84.95
-89.24
85.74
79.90
80.57
82.11
79.76
81.08
82.29
83.68
82.03
84.00
84.20
76.35
89.55
82.80
84.79

-267.96
-268.58
-269.67
-269.29
-91.90
-91.40
-90.40
-267.70
-267.55
-269.02
-268.02
-268.78
-269.44
-265.32
-99.62
-92.03
-258.51
-262.24
-91.01
-266.68
-90.73
-266.71
-269.14
-267.33
-269.05
-267.42
-90.25
-96.71
-267.72
-96.64
-267.82
-263.10
-258.46
-259.97
-263.17
-267.95
-92.10
-90.52
-268.21
-91.14
-94.74
-94.63
-269.13
-91.03

67.41
62.49
60.92
59.55
70.55
58.98
59.53
63.99
70.30
65.31
63.00
56.68
55.41
59.56
67.13
61.81
62.77
59.29
58.50
58.91
60.17
56.22
63.49
59.05
57.19
56.33
65.88
61.67
62.31
65.38
55.32
53.37
64.13
58.28
58.67
55.89
68.22
61.92
62.43
56.77
66.69
63.22
53.90
58.76

95.43
95.27
92.91
93.81
98.30
93.78
94.73
91.30
78.18
81.38
96.15
96.34
93.89
98.26
101.59
91.09
97.47
96.88
101.45
98.98
99.12
96.75
96.12
96.87
96.38
96.56
99.31
90.26
90.08
94.01
86.67
91.41
97.07
96.78
97.32
96.89
82.66
100.70
96.45
94.88
98.11
88.84
92.78
97.76

8.35
6.85
4.30
2.50
12.01
10.58
5.45
3.81
7.18
6.54
7.23
6.10
3.00
1.58
8.29
7.98
11.28
9.84
12.55
5.47
16.30
3.91
8.10
7.08
3.66
2.26
11.10
8.72
5.25
3.54
7.89
6.54
10.94
10.16
5.56
4.05
8.95
15.86
7.01
5.53
8.04
8.20
2.93
1.64

3.21
2.65
1.54
1.33
4.85
3.87
1.79
2.67
4.82
3.94
2.78
2.31
1.15
0.92
3.71
3.71
4.03
3.27
4.06
1.62
4.97
1.45
3.04
2.48
1.22
1.19
4.07
4.04
1.88
2.59
3.77
2.75
4.02
3.36
1.65
1.49
6.77
5.30
2.65
215
3.76
3.40
1.12
0.95

38.44
38.69
35.75
53.08
40.36
36.55
32.89
70.06
67.12
60.14
38.42
37.93
38.30
57.96
44.80
46.53
35.76
33.20
32.34
29.65
30.51
37.01
37.50
35.05
33.41
52.66
36.64
46.35
35.90
73.13
47.78
41.98
36.72
33.09
29.72
36.74
75.65
33.43
37.82
38.80
46.79
41.48
38.01
57.73

Tab

. 8.5 Wave directional analysis, layout 1, in front of the wave maker, with EMEP, EMLM and IMLM methods.
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EMEP Nfft=256, Dir=180 GAP IMLM Nfft=256, Dir=180, 1t=10 - GAP EMLM Nfft=256, Dir=180 - GAP
Test| thetai thetar si sr Hi Hr Kr thetai thetar si sr Hi Hr Kr | thetai thetar si sr Hi Hr Kr
45| 82.11 -262.53 44.05 105.00 7.03 1.13 16.07| 82.21 -96.11 72.08 94.42 6.23 3.51 56.34| 83.69 -93.10 78.79 96.83 6.04 3.08 51.04
46| 84.19 -107.98 40.29 84.19 6.69 0.95 14.20| 78.02 -98.62 66.30 87.57 5.79 3.44 59.41| 80.29 -94.54 7558 92.67 5.60 3.74 66.79
47| 87.51 -90.43 36.09 107.60 3.97 0.05 1.36] 84.18 -95.69 66.82 88.47 3.41 2.04 59.82| 85.37 -93.50 75.85 93.05 3.31 2.22 67.07
48] -88.77 -269.09 51.65 105.71 2.59 0.05 2.01] -86.83 -264.53 77.37 89.56 2.10 1.55 73.81|-87.90 -266.74 82.62 91.96 2.05 1.62 79.02
49] -88.79 -267.49 37.73 102.60 7.80 1.78 22.82|-87.63 -91.02 5544 74.64 6.72 4.27 63.54|-87.87 -91.12 68.70 84.21 6.51 4.59 70.51
50| 85.42 -269.96 21.70 102.88 10.42 0.65 6.24| 82.74 -97.58 2576 34.69 8.78 5.91 67.31] 83.18 -97.07 42.94 53.69 8.35 6.26 74.97
51| 85.43 -98.68 44.88 10453 5.85 0.70 11.97| 77.94 -105.11 4481 49.66 4.43 3.80 85.78] 80.59 -101.99 65.01 69.53 4.37 3.88 88.79
52| -89.58 -269.59 50.97 9792 445 215 48.31] 88.05 -91.50 28.75 35.15 3.93 3.02 76.84| 88.20 -91.33 49.99 57.86 3.80 3.13 82.37
53| 82.92 -103.76 43.18 105.96 6.38 1.17 18.34] 82.13 -98.19 66.33 88.75 5.66 3.24 57.24| 83.74 -94.77 75.10 93.31 5.48 3.52 64.23
54| 84.16 -93.77 37.71 10292 6.42 0.98 15.26] 80.47 -102.00 60.35 81.72 558 3.28 58.78| 82.51 -97.65 71.81 -97.65 5.40 3.57 66.11
55| 83.92 -261.42 42.03 92.68 5.87 1.27 21.64] 81.50 -95.99 7229 89.81 5.09 3.19 62.67| 83.28 -93.24 79.22 93.25 4.94 3.41 69.03
56| 83.16 -94.86 36.98 104.64 5.75 0.07 1.25] 79.48 -98.71 64.19 84.60 4.93 3.04 61.66] 81.52 -94.98 74.29 90.44 4.77 3.28 68.76
57| 87.46 -93.17 32.96 106.05 3.23 0.04 1.30] 86.91 -268.34 67.58 86.58 2.72 1.74 63.97| 87.18 -268.64 76.38 91.37 2.64 1.86 70.45
58| -89.35 -95.24 5152 107.72 1.75 0.35 20.00|-88.04 -268.54 82.14 9347 1.41 1.06 75.18| -88.65 -269.45 85.20 93.51 1.38 1.11 80.43
59| 89.62 -100.65 36.57 105.89 7.23 0.89 12.31] 83.98 -99.38 52.34 6194 5.76 4.47 77.60] 85.53 -97.23 67.81 75.74 5.64 4.63 82.09
60| 85.09 -245.26 23.39 100.29 9.51 0.52 5.47| 76.76 -103.41 2428 35.02 8.16 5.11 62.62| 77.46 -102.16 37.63 4899 7.75 554 71.48
61| 78.82 -267.18 45.63 105.24 9.50 1.34 14.11| 78.35 -93.93 68.01 95.32 8.60 4.53 52.67| 80.22 -91.05 76.11 97.45 8.31 5.00 60.17
62| 80.05 -263.25 43.81 103.51 8.90 1.51 16.97| 77.23 -92.09 68.28 93.02 7.95 4.40 55.35] 79.19 -269.67 79.57 95.84 7.69 4.84 62.94
63| 83.37 -269.23 69.78 99.10 7.66 4.98 65.01| 76.72 -92.95 64.99 86.15 7.22 4.78 66.20| 78.61 -90.67 74.45 90.93 7.01 5.05 72.04
64| 81.37 -262.86 43.86 105.51 11.13 2.18 19.59| 75.41 -99.29 49.31 64.96 9.22 6.29 68.22| 77.56 -95.88 65.83 78.86 8.94 6.70 74.94
65| 84.22 34.90 -250.98 104.37 5.46 0.64 11.72] 79.24 -103.74 64.86 91.04 4.88 2.51 51.43]| 81.52 -97.85 74.41 9599 4.71 2.81 59.66
66| 88.46 44.20 -98.50 105.70 3.92 0.81 20.66| 86.31 -96.64 72.20 88.00 3.25 2.23 68.62| 87.34 -94.65 79.48 91.76 3.16 2.36 74.68
67| 84.23 -9248 41.15 10296 7.01 1.19 16.98| 81.61 -97.44 67.94 89.31 6.18 3.60 58.25| 83.27 -94.25 76.31 93.65 5.99 3.90 65.11
68| 85.07 -261.63 35.95 104.38 6.65 0.85 12.78] 81.55 -99.59 65.36 86.81 5.78 3.39 58.65| 83.36 -95.86 74.89 92.22 5.59 3.69 66.01
69| 89.48 -92.33 30.24 104.32 3.89 0.49 12.60| 87.69 -94.63 6253 84.93 3.36 1.99 59.23| 88.28 -93.34 73.14 91.04 3.25 2.16 66.46
70] -89.13 -92.99 4352 104.28 2.48 0.50 20.161-89.95 -92.11 71.31 86.41 2.04 1.44 70.59|-89.86 -91.86 78.47 90.06 1.99 1.51 75.88
71| 87.72 -104.41 29.37 9453 9.18 159 17.32| 87.31 -92.97 4269 59.67 7.87 504 64.04] 87.64 -91.94 60.80 75.20 7.61 5.41 71.09
72| 75.48 -110.91 36.63 108.36 8.65 0.66 7.63] 73.63 -107.23 34.81 4225 6.81 5.34 78.41] 76.29 -103.54 58.82 66.56 6.65 5.54 83.31
73] -89.92 -91.01 97.93 97.81 4.13 4.16 100.73| -87.14 -267.51 23.78 37.07 5.13 2.95 57.50] -87.27 -267.91 40.33 55.73 4.85 3.26 67.22
74| -89.86 -91.20 95.09 97.85 3.31 3.15 95.17] 88.58 -91.70 30.66 38.19 3.66 2.76 75.41| 88.78 -91.59 51.65 60.42 3.54 2.87 81.07
75| 88.50 -268.50 32.71 103.46 7.36 1.18 16.03| 86.85 -100.11 56.20 78.47 6.49 3.78 58.24| 87.93 -97.31 68.93 87.39 6.28 4.10 65.29
76| 85.94 -98.91 30.30 104.03 7.01 0.87 12.41] 81.13 -102.52 53.04 76.14 6.15 3.48 56.59| 83.02 -98.40 67.34 86.67 5.94 3.83 64.48
77 81.91 -262.11 4296 104.20 9.42 1.62 17.20] 81.00 -95.86 69.32 93.78 8.42 4.62 54.87| 82.67 -92.92 77.13 96.71 8.15 5.06 62.09
78| 80.94 -265.99 40.04 104.27 9.53 1.42 14.90| 78.18 -97.11 66.88 89.69 8.26 4.91 59.44| 80.28 -93.45 76.21 94.07 8.00 5.32 66.50
79| 88.06 -269.14 27.49 105.57 594 0.70 11.78] 85.21 -97.36 56.43 82.13 5.20 2.89 55.58| 86.21 -94.83 69.34 90.28 5.03 3.19 63.42
80| 89.14 -99.40 38.30 105.57 4.30 0.74 17.21| 87.51 -92.74 67.12 85.31 3.61 2.37 65.65| 88.05 -91.97 76.07 90.31 3.50 2.52 72.00
81| 80.56 -268.56 37.97 87.37 13.78 2.47 17.92| 76.65 -101.89 4517 56.92 11.26 8.34 74.07| 78.86 -98.74 63.91 74.26 10.97 8.73 79.58
82| 82.82 -98.49 33.51 106.64 15.07 1.39 9.22] 76.15 -102.35 35.99 -102.34 12.32 8.79 71.35| 77.93 -99.65 57.47 68.46 11.92 9.27 77.77
83| 89.17 -98.70 35.60 102.89 591 0.87 14.72] 87.95 -93.61 69.87 89.11 5.15 3.12 60.58| 88.48 -92.60 77.41 92.94 5.00 3.35 67.00
84| 88.34 -104.44 32.27 105.71 5.89 0.85 14.43| 83.94 -95.19 67.34 83.44 4.92 3.31 67.28] 85.20 -93.31 76.44 89.15 4.78 3.51 73.43
85| 89.39 -90.53 2599 60.06 7.93 2.82 3556| 86.33 -94.05 4598 53.77 6.39 5.18 81.06|] 87.08 -93.25 64.29 70.81 6.27 5.34 85.17
86| -89.32 -91.14 8559 97.81 6.04 6.02 99.67|-87.29 -268.24 30.67 38.86 6.89 4.99 72.42|-87.51 -268.79 49.27 58.30 6.60 5.20 78.79
87| -89.17 -98.04 34.38 102.67 3.10 0.44 14.19]-87.35 -269.23 73.61 92.72 2.63 1.64 62.36| -87.90 -90.25 80.04 94.97 2.55 1.77 69.41
88| -88.15 -94.77 48.61 103.92 1.85 0.42 22.70]-85.62 -268.44 80.56 92.89 1.51 1.11 73.51| -86.68 -269.73 84.21 93.36 1.47 1.16 78.91

Tab. 8.6 Wave directional analysis, layout 2 , at the gap, with EMEP, EMLM and IMLM methods.
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Wave transmission

Wave transmission was derived by the ratio of incident wave heights in front and behind the
structure obtained by the reflection analysis that has been reported in the previous section.
Figure 8.15 shows experimental transmission coefficients K, decreasing with increasing F/Hy;
ratio. K, values for LCS (F/Hy; around zero) are compared to prediction by van der Meer
formula (1990): values are generally in good agreement for narrow berm, whereas are
overestimated about 20% for wide berm. The highest scatter is clearly around F~0, for which
the parameter F/H,; seems not suitable to estimate K; because in such case the influence of H;
is lost. Following the results of Ruol & Faedo (2002), a similar analysis was repeated
adopting the parameter (F-R)/H,; proposed by Davies & Kriebel (1992), where R is the
potential wave run-up, withour obtaining significant improvement.

Berm crest width has a relevant effect on transmission; van der Meer formula (1992) accounts
for the relative crest width B/D,,5o and other variables

1.84
H, F H, B
K = (0.03 — —0.24) -542s +0.032—--0.001 f} +0.51 1
n50 n50 DnSO n50

where sop is fictitious incident wave steepness given by

21,
sop=——o-

gty

Van der Meer formula (1992) provides good results, as it is proven by the comparison
presented in Fig. 8.16 among experimental coefficients K, and computed values K.

Typical discrepancies among experimental and van der Meer (1992) results are within + 0.2;
this might be related to wave diffraction from the gap mouth. This interpretation is actually
not supported by the fact that deviation is roughly proportional to K, rather than constant and
by the fact that transmission obtained by Zelt & Skjelbreia method tend to cancel oblique
waves coming from the gap that do not satisfy the expected phase lag.

The analysis of changes in wave spectra due to transmission over the structure has been
performed following Van der Meer et al. (2000); results for irregular tests are reported in
Tab.s 8.7 and 8.8 for layout 1 and 2 respectively.

After transmission, peak period remains more or less constant: the transmitted frequency peak
fpt is in average 0.95 the incident one (standard deviation 0.04).

Fig.s 8.17, 8.18 and 8.19 show the peak frequency ratio fpt/fpi as a function of transmission
coefficient Kt, incident wave peak frequency fpi and wave steepness sop respectively; the
ratio appears almost constant varying all these parameters.

Following Van der Meer et al. (2000), the transmitted spectrum drops to zero at a frequency
close to 4 (instead of 3.5) fpi and about the 30% (instead of 40%) of the total transmitted
energy is present at the higher frequencies of the spectrum between 1.5 and 3.5 fpi. From Tab.
8.7 and 8.8, the transmitted energy shifted at higher frequencies is in average around the 30%
of the total transmitted energy, with high scatters from the mean value.

Fig. 8.20 presents the transmitted energy between 1.5 and 3.5 fpi versus the transmission
coefficient Kt. The percentage of shifted energy increases with increasing transmission till Kt
reaches values close to 0.4, then it tends to assume an almost constant value around the 40%
(in agreement with Van der Meer et al., 2000) and finally decreases for Kt higher than 0.6.
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Fig. 8.15 Wave transmission coefficient Kt versus the freeboard F to incident wave height Hsi ratio.
Up, narrow berm tests; down, wide berm tests.
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Fig. 8.16 Experimental wave transmission coefficient Kte versus wave transmission coefficient Ktc
computed using (1).
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Test 23D F Hs Hsi fp sop Kt fpi Ei1,5fpi Ei35fpi Eifimax Eitotal fpt Et1,5fpi Et3,5fpi Etfimax Etftmax Ettotal ftmax fpt/fpi ftmax/fpi
1 J3D 0 900 878 0,59 0,02 0,56 0,62 948,50 1230,70 1244,70 1250,80 0,58 20590 35537 364,26 368,72 368,72 3,83 095 6,21
2 J3dD 0 900 774 083 0,03 047 0,85 847,84 968,08 972,48 972,61 0,81 161,02 21507 217,74 217,89 217,89 3,83 0,95 4,49
3 J3D 0 400 445 088 0,02 0,45 0,86 30831 33197 332,17 332,32 0,83 47582 61,79 6230 6258 6258 3,83 097 4,46
4 J3D 0 4,00 286 125003 039 1,18 12542 132,19 132,11 132,19 1,15 1662 20,44 2031 2044 2044 3,83 097 3,25
9 J2D 0 9,00 9,16 059 0,02 0,52 0,63 1009,20 1304,70 1318,50 132530 0,61 216,38 360,03 367,01 372,01 372,03 375 096 502
10 J2D 0 9,00 800 0,83 0,04 0,50 0,85 864,25 993,84 998,57 998,73 0,80 166,62 256,35 259,60 259,77 259,78 3,83 0,93 4,49
11 J3D 3 7,65 7,61 064 002 0,36 0,62 657,54 887,86 907,64 907,85 0,60 61,75 111,70 12350 123,55 12350 3,83 0,97 6,20
12 J3D 3 765 6,61 090 0,03 0,26 0,89 600,80 697,81 699,75 699,81 0,82 33,86 47,20 4748 47,49 4749 383 092 4,29
B8 30 3 340 3,47 096 002 0,25 09 177,11 187,57 187,56 187,61 0,89 12,63 1364 1364 1365 1365 352 093 3,68
14 J3D 3 340 1,97 1,35002 023 1,23 6092 6327 6325 6327 117 297 308 308 307 308 383 095 3,12

17 J3D -7 12,15 12,74 0,51 0,02 0,63 0,53 2110,00 2684,30 2695,00 2720,60 0,54 632,10 1005,20 1019,40 103550 103550 3,75 1,02 7,14
J3D -7 12,15 11,41 0,72 0,04 0,68 0,72 1944,30 2226,30 2210,70 2232,60 0,71 762,38 973,70 964,40 981,11 981,29 359 098 4,99
J3D -7 540 596 0,76 0,02 0,80 0,76 510,23 542,74 542,68 543,40 0,73 282,21 347,63 347,36 349,97 350,13 3,36 097 445

J3D -7 540 4,78 1,07 0,04 0,75 1,01 320,84 334,48 334,40 334,59 1,03 177,24 22191 221,83 221,96 22199 367 102 3,63
23 J3D 0 9,00 878 059 002 0,32 0,63 890,80 1142,70 1156,60 1162,80 0,57 67,85 11541 122,78 12566 12566 3,83 091 6,07
24 J3b 0 900 7,89 0,83 0,04 0,22 0,81 923,30 1076,70 1076,60 1081,70 0,78 30,44 47,27 4704 50,15 50,15 3,91 096 4,79
25 J3D 0 4,00 4,23 0,88 0,02 0,17 0,90 271,57 286,89 286,49 287,04 0,79 6,93 8,17 7,99 8,24 824 383 088 4,27
26 J3D 0 4,00 269 1,25 0,03 0,12 1,18 102,85 106,83 106,81 106,83 1,08 1,76 1,87 1,87 1,87 1,87 375 092 3,18
31 J2D 0 9,00 945 0,59 0,02 0,29 0,60 982,00 1324,20 1343,20 1351,60 0,59 65,82 112,21 117,58 120,50 120,50 3,83 0,97 6,34
32 J2D 0 9,00 7,89 0,83 0,04 0,20 0,84 796,58 929,79 929,47 934,57 0,70 2598 38,06 37,86 39,78 39,78 391 084 4,68
33 J3b -7 12,15 12,88 0,51 0,02 0,52 0,53 2081,20 2673,60 2684,90 2707,60 0,53 424,58 672,26 68535 702,56 702,59 3,75 101 7,13
34 J3Db -7 12,15 10,61 0,72 0,03 0,56 0,73 1598,90 1822,80 1822,90 1827,10 0,69 386,90 573,96 574,17 581,41 581,43 3,75 0,95 5,17
35 J3D -7 540 584 0,76 0,02 0,72 0,77 51532 544,21 54417 54481 0,74 179,16 286,95 286,73 291,29 291,30 3,75 0,96 4,87
36 J3D -7 540 4,43 1,07 0,03 0,73 1,04 294,29 30592 30591 30598 1,02 112,39 16545 16543 16550 16550 3,83 0,98 3,69

J3D 3 765 7,52 064 002 0,16 0,67 659,06 867,13 873,79 880,04 061 19,03 22,80 2319 2342 2342 367 092 551

Js3b 3 765 6,67 090 0,03 0,11 0,90 656,11 753,11 755,08 75515 0,80 7,69 8,42 8,43 8,43 843 336 089 3,75

J3aD 3 340 325 0,96 0,02 0,14 0,97 153,51 161,01 160,99 161,03 0,87 3,22 3,38 3,38 3,37 338 266 090 274
44 J3D 3 340 195 135002 0,12 1,29 61,00 62,79 62,76 62,79 1,16 0,82 0,85 0,85 0,85 0,85 3,83 090 2,96

yellow colour marks tests for which 3,5fpi is higher than 4Hz
cyan colour marks tests for which ftmax is significative (not too close to the "cut" frequency = 4 Hz)

Tab. 8.7 Analysis of wave transmitted spectra, irregular tests, layout 1.
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Test 23D F Hs Hsi fp sop Kt fpi Ei1,5fpi Ei3,5fpi Eifimax Eitotal fpt Et1,5fpi Et3,5fpi Etfimax Etftmax Ettotal ftmax fpt/fpi ftmax/fpi
45 J3D 0 9,00 10,16 0,59 0,02 0,44 0,64 1302,10 1657,90 1673,40 1683,00 0,62 189,68 300,07 307,40 313,15 313,15 3,83 0,97 5,99
46 J3D 0 9,00 8,57 0,83 0,04 0,39 0,84 964,10 111550 1122,30 1122,40 0,78 120,98 176,82 180,66 180,76 180,76 3,83 0,93 4,55
47 J3D 0 4,00 4,77 088 0,02 0,37 0,89 346,91 371,18 370,79 371,37 0,85 36,22 48,19 47,01 48,97 4897 3,91 095 4,37
48 J3D 0 4,00 292 1,25 0,03 0,36 1,21 140,99 146,35 146,30 146,35 1,15 13,83 17,60 17,31 17,60 17,60 3,91 095 3,22
53 J2D 0 9,00 10,50 0,59 0,02 0,34 0,62 1324,00 1770,70 1794,80 1810,60 0,60 112,19 187,69 19503 199,85 199,85 3,83 096 6,17
54 J2D 0 9,00 863 0,83 0,04 0,28 0,83 1063,90 1262,50 1272,20 1272,20 0,81 64,34 92,07 9493 9501 9501 391 097 4,69
55 J3D 3 7,65 894 0,64 0,02 0,31 0,69 957,00 1238,00 1255,10 1255,10 0,65 64,82 100,94 10585 10586 10586 3,91 094 565
56 J3D 3 7,65 7,28 0,90 0,04 0,24 0,86 732,06 860,63 866,46 866,51 0,85 33,10 4540 46,25 46,29 46,29 3,83 0,99 4,44
J3D 3 340 3,77 0,96 0,02 0,24 0,98 209,43 220,94 220,52 220,97 0,95 11,61 12,50 1246 1250 12,51 3,28 097 3,36
J3Db 3 340 2,02 1,35 0,02 0,23 1,35 67,83 69,34 69,32 6934 1,21 348 3,55 3,55 3,55 355 3,36 089 249
61 J3D -7 12,15 13,93 0,51 0,02 0,52 0,55 2196,70 2804,90 2812,40 284530 0,54 454,18 738,28 744,66 763,60 763,63 3,75 098 6,86
62 J3D -7 12,15 12,10 0,72 0,04 0,50 0,74 1882,10 221520 2215,50 2226,80 0,71 365,04 539,91 540,23 547,97 548,00 3,75 096 5,04
65 J3D -7 540 666 0,76 0,02 0,56 0,76 630,79 691,13 691,11 692,26 0,76 142,02 218,90 223,74 22374 223,74 3,83 1,00 5,02
66 J3D -7 540 4,70 1,07 0,03 0,54 1,11 326,95 33942 339,20 33942 1,07 67,95 101,01 9998 101,01 101,01 391 096 3,52
67 J3D 0 9,00 10,07 0,59 0,02 0,26 0,65 1116,80 1475,00 1490,10 1497,90 0,61 63,34 98,05 102,77 10517 10517 3,91 094 599
68 J3D 0 9,00 8,68 0,83 0,04 0,22 0,88 1036,00 1188,00 1192,30 1192,40 0,77 4540 59,01 5961 5963 5963 3,83 087 4,35
-J3D 0 4,00 452 0,88 0,02 0,24 091 294,15 313,04 312,75 313,14 085 16,80 18,72 1859 18,73 18,74 3,28 094 3,61
J3D 0 4,00 2,77 1,25 0,03 0,21 1,23 122,69 126,31 126,24 126,31 1,16 4,80 5,03 5,02 5,02 503 328 094 266
75 J2D 0 9,00 10,60 0,59 0,02 0,25 0,62 1339,50 1753,10 1773,40 1785,00 0,59 76,09 100,84 105,39 108,44 10844 383 095 6,14
76 J2D 0 9,00 8,89 0,83 0,04 0,22 0,84 1076,20 1245,10 1252,50 1252,60 0,75 50,62 62,26 62,89 6091 6291 3,75 0,89 4,46
77 J3D -7 12,15 14,50 0,51 0,02 0,48 0,53 2371,20 2989,30 3002,90 3027,40 0,54 367,61 593,96 607,27 62524 62524 383 1,03 7,25
78 J3D -7 12,15 12,13 0,72 0,04 0,49 0,76 2142,80 2436,40 2436,00 244510 0,70 367,17 541,00 540,60 549,12 549,14 3,75 091 4,92
79 J3D -7 540 6,89 0,76 0,03 0,63 0,78 669,34 71509 71510 716,11 0,78 202,41 288,89 288,92 293,33 293,34 3,75 0,99 4,81
80 J3D -7 540 475 1,07 0,04 0,71 1,13 331,69 344,33 34429 344,33 1,08 150,35 192,67 192,56 192,67 192,67 3,83 095 3,38
J3aD 3 765 859 064 0,02 0,24 0,67 857,90 112580 1147,30 1147,30 0,62 4794 64,72 66,56 66,54 66,57 3,44 092 5,12
J3aD 3 765 7.43 090 0,04 0,21 0,93 784,78 900,91 903,43 903,45 0,86 2871 3756 3761 3760 3761 367 092 3,93
J3D 3 3,40 361 0,9 0,02 025 0,98 210,41 222,08 222,04 222,12 087 1022 11,93 11,13 11,13 11,43 328 089 3,35
J3aD 3 340 2,03 1,35 0,02 0,20 1,29 65,06 66,99 6697 66,99 1,20 267 2,75 2,75 2,75 275 328 093 254

yellow colour marks tests for which 3,5fpi is higher than 4Hz
cyan colour marks tests for which ftmax is significative (not too close to the "cut" frequency = 4 Hz)

Tab. 8.8 Analysis of wave transmitted spectra, irregular tests, layout 2.
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Fig. 8.17 Transmitted fpt over incident fpi peak frequency versus transmission coefficient Kt.
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Fig. 8.18 Transmitted fpt over incident fpi peak frequency versus incident peak frequency fpi.
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Overtopping and fluxes analysis

This analysis,which has been performed for layout lonly, is aimed to provide an estimation
of:

e mean flux overtopping the structure;

e mean filtration flux through the structure;

e mean rip flux through the gap.

These objectives are achieved using data obtained by the following measuring devices:

2 wave gauges over the structure (WGs 13, 14);

3 wave gauges seaward of the structure (WGs 9, 10, 11);

1 wave gauge at the gap centre (WG 12);

3 wave gauges leeward of the structure (WGs 19, 20, 21);

1 ADV at the gap centre (ADV III).

Fig. 8.21 shows elevation signals measured at WG 13 and 14, when almost all waves produce
overtopping (21a for emergent and 21¢ for submerged structure) and a case when overtopping
is rare and weak and most volume percolates in the mound (8.21b).

Fluxes are evaluated in sections perpendicular to the structure (i.e. flux per unit width of the
structure); g [m’*/s/m] is defined as

= ([ e >

where 771s the instantaneous free surface elevation, 4 is the local water depth, u, is the
shoreward horizontal velocity, z is the vertical co-ordinate and < > is the long term average
operator. The quantity evaluated in Eq. 2 must be calculated in different ways, depending
whether submerged areas or barrier sections are considered.

When regime conditions are reached, due to mass conservation equation, fluxes must satisfy
the relation

(QOvt —41i )Lbar = anpLgap 3

where Ly, and Lg,, are the barrier and gap lengths (10,1 and 2,4 m respectively), gow, g and
deqp are discharges per unit width overtopping the barrier, returning offshore by filtration and
through the gap.

Returning flux through the gap

For the evaluation of ¢ through the gap, «,, measured at mean water depth, is assumed to be
representative of the mean velocity over z. Hence, Eq. 2 gives

oy =t (@ 1) =) Bt (<77’2> - <’7’2 >j ' (tanj()kh)j !

where <n,2> is incident surface elevation variance, <77,2> is reflected surface elevation variance

and

i) -1

u =
Y220 tani(ih)
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Fig. 8.21 Typical elevations in cm measured at WGs 13, 14: a) emergent or freeboard zero structure
with relevant overtopping; b) emergent structure with minor overtopping ; ¢) submerged structure.
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Terms in Eq. 4 are evaluated as follows: (1) is the mean velocity value measured at ADV III;
h 1s the mean water depth measured at WG 12;<n,2> and <n3> are the mean variances of

incident and reflected surface elevation obtained by applying the method by Zelt and
Skjelbreia (1992) to WGs 9-11 and 19-21 respectively.

Overtopping flux

The overtopping event is schematised as a simple progressive wave that travels with celerity ¢
and is characterised by a profile 7 (x-cf?).
From mass balance, the following relation is derived

TSk 6

Assuming 77 = 0 at barrier crest level, since flux is zero when the crest is dry (7=0 = g =0),
instantaneous ¢, single wave average [¢] and test average ¢,,, can be obtained

q=c-n

7
lg]=c-[n] 8
Gov =g} 9

where {} denotes the average over all waves identified in each test.

Celerity is calculated from the delay between forward front passage at WGs 13 and 14. Since
a relation among crest celerity and volume is likely to occur (see Fig. 8.22b), Eq. 8 is
evaluated wave-by-wave and then average values are computed.

As crest volume decreases along overtopping due to percolation in the rubble mound (Fig.
8.22¢), the average value derived from the two WGs is used in Eq. 8.

When the barrier is submerged an offshore back flux, caused by wave set-up behind the
barrier, takes place during troughs. The assumption for integrating Eq. 6 thus may change to 7

= 77trough = q = -4crit-
As critical flow is provided by

Aerit = Through' \’ g Utrough/ it 10

where £ is the momentum coefficient assumed to be 4/3 (constant shear), imposing this initial
value at wave trough Eq. 6 gives

(‘I>+qcrit:c'(<’7>_77trough) 11
and ¢,,; over the barrier can be estimated by averaging among waves the mean wave
overtopping discharge

[CI] =c: ([77] - Uzrough) - (’hrough WE 77tr0ugh/ B ) 12

Filtration flux through the structure

Filtration through the structure was evaluated on the basis of Debski & Loveless (1997)
results.

The Forchheimer equation, as described by van Gent (1993), may be used to predict the flow
quantity through a rock structure for a given hydraulic gradient or head difference per unit
length 7
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s Xu2 +M 13
DnSO D”l50

where X, Y are constants depending on porosity and u is bulk velocity through the porous
medium.

Since in prototype and in our model the linear term at the second member is negligible, the
mean hydraulic gradient can be evaluated as

({1)= DY ((w+it) 14

n50

The mean hydraulic gradient (/) can be expressed as setup S, over mean submerged berm

width b; in our tests assumes maximum values 1/40 and 1/80 for narrow and wide berm
respectively. Considering wave conditions that contain a significant number of breaking
waves, wave piezometric slope is an order of magnitude higher than mean piezometric slope
and Eq. 14 can be rewritten as

s, V)
b DnSO
from which mean velocity («) can be derived

(u) :YS—I:% 15

As wave piezometric slope is preserved in the model and mean velocity is very small
compared to wave velocity, the scale factor A for wave velocity # is equal to the square root
of the scale factor for grain size and the scale rule for mean filtration velocity () is given by

_ﬂSu 1/2
j(”) _/I_BiDrdO 16
Using Eq. 16 to re-scale filtration velocity measured by Debski & Loveless (1997), (u) is
computed as

0.5
— Su ﬁ DnSO
<u> <uL> SuL B [DnSOLJ 17

where quantities with subscript L denote data derived from Debski & Loveless’work for the
most similar structure. Finally filtration discharge per unit width gy is obtained by integrating
over the structure height 4

q 5 =(uh 18
In Debski & Loveless (1997), a unique relation u-S, was obtained for zero-freeboard and
submerged structures, whereas for emergent structures at least incident wave height and crest

elevation affect filtration velocity and no unique relation u-S, was proposed. As a
consequence, filtration discharge has not been evaluated for emergent structures.

Results

Tables 8.9 and 8.10 present test parameters for the wave attacks, wave setup, transmission
coefficients and main results derived from the fluxes analysis described in the previous
section, for layout 1 and 2 respectively.

Description of wave attacks includes wave spectrum W, freeboard F, incident wave height
Hy;, peak period T),.

Setup S, is calculated as the difference bewteen inshore setup (i.e. mean elevation leeward,
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WGs 9-11) and offshore setup (i.e mean elevation seaward, WGs 19-21).

Transmission coefficients K; were computed as the ratio between leeward and seaward
incident wave heights. Leeward and seaward H,; were evaluated applying the method by Zelt
& Skjelbreia (1992) to WGs 19-21 and WGs 9-11 respectively. Reflection of the structure and
of the beach varied in the range 20+30% and reflected waves do not show a dominant effect
On processes.

Results of fluxes analysis are discharges per unit width g, ggap and g

Front celerity increases with increasing water depth at crest and overtopping volume (Fig.
8.22a, b), proving the necessity of a wave-by-wave analysis of measured data. The correlation
among crest celerity and elevation is similar to that characterising solitary waves (¢ =./gh. ey ),

augmented by 30 cm/s in average for the case shown in Fig. 8.22a.

Relations among overtopped volumes show an almost linear 1:1 behaviour but volume at WG
14 is always smaller than volume at WG 13, proving the water loss for percolation in the
rubble mound (Fig. 8.22¢).

Because of surf beat and consequent periodic flux at a intermediate time scale, crest celerities
and volumes result highly variable for irregular waves and slightly variable as wave height for
actual regular waves (Fig. 8.23), proving the reliability of the method.

The hypotheses on which the analysis is based are: progressive wave (i.e. absence of return
waves from the beach) and critical condition at trough. The first is always approximately
valid, the second is valid only when Hj; is approximately higher than 1.4 times the
submergence, see Tab. 8.7. This condition represents the limit of application of the method
we are proposing. In case of deeply submerged structures, the stream arriving at the barrier
assumes a strong relevance: in fact, overtopping along the barrier is not uniformly distributed
and overtopping discharge is generally overestimated because measurement points (WGs 13,
14) fall near the stream axis.

This procedure gives better results for layout 1 (Tab 8.9) than for layout 2 (Tab 8.10). Thi is
due to the higher complexity of representing the overtopping ophenomenon in this layout.
First of all, the breakwater is oblique and it is not possible an accurate estimate of the wave
obliquity on the structure (from video analysis the wave travelling on the breakwater
maintains substantially the direction perpendicular to the beach) and so of wave celerity.
Moreover, the return flux through the gap is more difficult, so that in case of submerged
structure the most flux returns over the barrier and the critical condition at wave trough
cannot apply (the procedure gives in all cases a negative overtopping discharge). Finally, the
gauges are placed at an higher distance along the perpendicular to the beach between each
other, so that in several cases the overtopping volume for emergent structure can be estimated
at WG 13 only. Both for freeboard zero and emergent structure the overtopping discharge
results thus underestimated because of the missing representation of the volume lost for
percolation through the structure itself.

Despite of integrating errors due to the few measurement points available along the barrier
and at the gap, mass balance is satisfied at least for layout 1, within £20%; Fig. 8.24 and 8.25
show g, versus the sum of g4, and gy (i.e., the returnign flow) for zero-freeboard structure,
for layout 1 and 2 respectively.

For both /=0 and F=+3, return fluxes have a fixed path through the gap, see the common
qeap-Su relation in Fig. 8.26 for layout 1; less clear, for the reasons already told before, are the
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return paths for layout 2, Fig. 8.27 . In case of submerged barrier, other return paths to the sea
seem to be present (Fig. 8.26), which are caused for instance by small berm inhomogeneity;
the area feeding the gap becomes thus smaller, producing lower setup for constant gap
discharge (shorter return paths).

Overtopping discharge ¢, increases almost linearly with increasing wave intensity (Fig.s
8.28 and 8.29), measured by the product H,,7),; the rate is approximately 14 cm/s’, see Fig.
8.28.

Freeboard and berm width affect the minimum wave intensity necessary for positive
overtopping discharge; g, is zero for

Berm width F=0 F=+3
NaI‘I'OW HrmsiTp<1 HrmsiTp<5
Wide HrmsiTp<2 HrmsiTp<6

Overtopping discharge is not affected by wave directionality but is influenced by wave
sepctrum type, see for instance Table 8.9. In fact, comparing tests charcterised by similar Hy;
and 7, on regular and irregular waves (Test 5 and 1, Test 6 and 2, Test 8 and 4, Tests 16 and
12, Tests 20 and 18, Tests 27 and 23, Tests 29 and 25, Tests 38 and 34, Tests 41 and 39
respectively) and with 2D and 3D spectra (Tests 9 and 1, Tests 10 and 2, Tests and 31 ans 23,
Tests 32 and 24 respectively), g, results higher for regular than for irregular waves, whereas
does not significantly vary from 2D to 3D irregular wave tests.
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Fig. 8.22 Some results of the overtopping fluxes evaluation procedure; Test 1, J3D, narrow berm, F=0:
a) front celerity versus crest elevation; b) front celerity versus crest volume; c) relation among
overtopping “volumes” (time integrated surface elevation) at WG 13 and 14.
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Fig. 8.23 Front celerity versus overtopping volume for regular waves.
Test 28, wide berm, F=0.
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Tab. 8.9. Test conditions and results for Layout 1: F'is freeboard; H,; is incident wave height; 7, is wave peak period; S, is mean setup; S, is mean setup at the

barrier; ¢ is median crest celerity; vol13 and vol14 are the median ‘volumes’ at WGs 13 and 14; ¢, ge4» and gy are overtopping, return at the gap and

filtration discharges per unit width; the error is given by the difference between g, and (g, - qs1) over the maximum of the two values.

Ntest R/i F Hsi Tp Su Sub % ovt c vol13 vol14 qovt qgap qfil (qovt-gfil) int qgap int Error
1 | 0 8.78 1.70 0.306 -0.131 0.79 107.37 90.18 55.72 126.16 294.28 25.69 101476.72  70627.50 0.30
2 | 0 7.74 1.20 0.180 -0.058 0.73 93.13 65.35 33.81 100.59 220.89 15.13 86315.71 53014.45 0.39
3 | 0 4.45 1.13 0.017 -0.051 0.73 87.35 29.59 15.14 44.95 50.71 1.42 43957.93 12169.34 0.72
4 | 0 2.86 0.80 0.000 -0.002 0.64 64.25 10.30 2.03 11.34 24.52 -0.03 11487.64 5884.00 0.49
5 R 0 8.34 1.56 0.995 -0.389 0.70 138.94 92.58 65.34 176.27 547.70 83.59 93616.09  131447.05 -0.29
6 R 0 7.50 1.10 0.265 -0.074 0.70 112.02 59.33 35.67 121.96 404.09 22.25 100703.87 96981.23 0.04
7 R 0 3.50 1.04 0.068 -0.029 0.70 79.93 33.21 13.16 44.58 111.25 5.74 39230.42 26699.13 0.32
8 R 0 3.09 0.74 0.053 -0.009 0.70 71.25 16.52 2.00 22.30 74.35 4.41 18069.20 17845.19 0.01
9 | 0 9.16 1.70 0.446 -0.175 0.78 114.78 80.99 52.55 125.30 329.47 37.45 88723.96 79071.63 0.11
10 | 0 8.00 1.20 0.182 -0.058 0.75 103.30 53.54 32.50 96.56 236.98 15.32 82054.93 56875.91 0.31
11 | 3 7.61 1.57 0.037 -0.195 0.67 117.40 19.65 8.47 25.46 152.67 25716.82 36641.72 -0.30
12 | 3 6.61 1.11 0.073 -0.017 0.79 105.16 15.81 4.53 20.70 115.90 20907.00 27816.13 -0.25
13 | 3 3.47 1.04 0.020 -0.009 0.10 80.00 9.00 0.00 1.13 31.12 1146.08 7469.00 -0.85
14 | 3 1.97 0.74 0.025 0.009 0.00 50.00 1.00 0.00 0.00 13.36 0.00 3206.12 -1.00
15 R 3 6.38 1.44 0.532 -0.223 0.71 115.08 22.20 7.72 30.20 175.87 30506.55 42208.05 -0.28
16 R 3 6.25 1.02 0.099 -0.023 0.98 91.68 15.20 3.25 43.41 213.77 43839.96 51305.77 -0.15
17 | -7 12.74 1.97 0.466 -0.180 0.83 112.91 417.36 262.31 550.18 662.46 39.11 516180.30 158990.20 0.69
18 | -7 11.41 1.40 0.324 -0.139 0.74 108.27 483.28 352.44 221.22 499.69 27.24 195919.50 119926.17 0.39
19 R -7 10.33 1.81 0.778 -0.385 0.69 115.23 437.32 279.57 628.49 789.75 65.35 568777.97 189540.46 0.67
20 R -7 10.10 1.28 0.560 -0.184 0.72 92.98 357.84 207.56 724.79 766.58 47.07 684502.35 183978.15 0.73
21 | -7 5.96 1.32 0.042 -0.008 0.70 96.69 314.21 201.03 -13.79 144.63 3.52 -17484.51 34710.92
22 | -7 4.78 0.93 0.027 0.006 0.65 97.06 237.27 147.80 -262.91 78.98 2.22 -267783.22 18954.34
23 | 0 8.78 1.70 0.229 -0.128 0.76 122.56 67.35 38.92 104.34 268.15 9.63 95662.45 64356.83 0.33
24 | 0 7.89 1.20 0.126 -0.068 0.72 97.35 42.86 18.23 64.22 195.45 5.28 59529.91 46907.40 0.21
25 | 0 4.23 1.13 0.030 -0.016 0.71 72.70 22.34 4.28 21.67 57.05 1.28 20593.60 13691.17 0.34
26 | 0 2.69 0.80 0.003 0.028 0.52 36.87 11.90 0.20 5.18 17.78 0.11 5119.99 4268.38 0.17
27 R 0 8.04 1.56 0.821 -0.334 0.73 159.99 83.66 56.77 187.55 486.98 34.46 154623.63 116874.46 0.24
28 R 0 7.21 1.10 0.317 -0.117 0.75 124.41 41.59 19.55 92.30 343.93 13.32 79777.88 82542.91 -0.03
29 R 0 3.84 1.04 0.058 -0.017 0.73 86.14 24.78 1.31 28.11 102.54 2.44 25931.35 24609.91 0.05
30 R 0 2.86 0.74 0.008 0.004 0.40 60.00 18.00 0.00 7.83 47.86 0.34 7561.27 11487.45 -0.34
31 | 0 9.45 1.70 0.379 -0.147 0.75 127.71 69.39 38.67 108.98 266.94 15.90 94012.01 64065.62 0.32
32 | 0 7.89 1.20 0.172 -0.067 0.72 99.10 48.55 24.71 60.36 188.50 7.21 53682.91 45239.58 0.16
33 | -7 12.88 1.97 0.571 -0.310 0.82 118.37 285.78 222.43 243.15 728.04 23.98 221359.58 174728.62 0.21
34 | -7 10.61 1.40 0.349 -0.145 0.69 108.34 233.28 175.00 117.79 544.98 14.66 104156.15 130795.07 -0.20
35 | -7 5.84 1.32 0.044 -0.015 0.75 52.72 202.94 162.55 -251.98 157.25 1.85 -256375.07 37740.46
36 | -7 4.43 0.93 0.010 -0.009 0.71 49.72 144.03 107.65 -340.50 63.78 0.42 -344328.59 15306.12
37 R -7 7.85 1.81 0.137 -0.054 1.00 59.12 117.65 70.56 -140.49 403.21 5.74 -147688.36 96770.73
38 R -7 10.31 1.28 0.965 -0.298 0.70 105.51 220.28 165.08 259.24 866.07 40.54 220886.80 207856.26 0.06
39 | 3 7.52 1.57 0.157 -0.271 0.95 103.41 10.99 1.06 26.10 122.15 26365.65 29315.27 -0.10
40 | 3 6.67 1.1 0.081 -0.066 0.18 56.66 6.14 0.05 1.05 87.29 1060.50 20950.11 -0.95
41 R 3 6.18 1.44 0.244 -0.909 1.00 105.72 10.36 0.33 38.58 193.92 38964.08 46541.43 -0.16
42 R 3 6.20 1.02 0.072 -0.034 0.20 48.27 2.59 0.07 0.88 114.67 889.35 27521.14 -0.97
43 | 3 3.25 1.04 0.003 -0.013 0.10 25.00 1.10 0.00 0.10 23.40 97.81 5615.24 -0.98
44 | 3 1.95 0.74 -0.006 0.002 0.10 15.00 0.50 0.00 0.03 48.59 26.68 11662.65 -1.00
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Tab. 8.10. Test conditions and results for Layout 2: F'is freeboard; H; is incident wave height; T, is wave peak period; S, is mean setup; S, is mean setup at
the barrier; ¢ is median crest celerity; vol13 and vol14 are the median ‘volumes’ at WGs 13 and 14; q,., gzq» and gy are overtopping, return at the gap and
filtration discharges per unit width; the error is given by the difference between g, and (g, - qs;) over the maximum of the two values.

Ntest R/i F Hsi Tp Su Sub  %ovt-1 nw c vol13  vol14 qovt qgap qfil (qovt-qfil) int  qgap int Error
45 | 0 10.16 1.70 0.31 0.10 1.10 379.00 125.99 46.61 21.38 68.92 132.43 22.66 34235.66 33108.73 0.03
46 | 0 8.57 1.20 0.12 -0.04 1.03  491.00 114.29 30.77 11.02 51.22 87.53 8.71 31455.33 21881.86 0.30
47 | 0 4.77 1.13 0.03 -0.03 0.92 458.00 9199 13.30 2.33 14.63 21.02 2.04 9315.49 5255.25 0.44
48 | 0 2.92 0.80 -0.01 -0.01 0.80 542.00 76.35 5.17 0.01 4.99 6.32 0.56 3281.46 1579.79 0.52
49 R 0 10.11 1.56 0.79 -0.41 1.00 382.00 159.32 56.18 27.25 106.07 153.99 57.74 35765.98 38497.86 -0.07
50 R 0 7.86 1.10 0.08 -0.05 1.00 543.00 111.92 24.73 5.15 38.01 117.36 5.96 23715.82 29339.38 -0.19
51 R 0 3.96 1.04 0.04 -0.09 1.00 572.00 87.09 5.03 -0.02 5.24 35.69 2.56 1981.50 8923.49 -0.78
52 R 0 3.71 0.74 -0.02 -0.08 1.00 192.00 93.90 0.39 0.01 0.63 29.03 1.23 -443.63 7257.79 -1.06
53 | 0 10.50 1.70 0.31 -0.16 1.01 350.00 125.88 29.27 11.03 37.68 105.13 22.28 11399.77 26283.41 -0.57
54 | 0 8.63 1.20 0.10 -0.09 0.84 402.00 109.77 11.08 2.57 13.18 81.90 7.38 4285.12 20474.16 -0.79
55 | 3 8.94 1.57 0.45 0.01 0.56 187.00 115.23 9.20 0.65 5.09 70.81 3763.27 17702.03 -0.79
56 | 3 7.28 1.1 0.06 -0.05 0.17 48.00 106.77 3.45 0.02 0.71 35.82 527.03 8955.30 -0.94
57 | 3 3.77 1.04 0.00 -0.03 1.10 100.00 90.56 0.06 0.00 0.06 14.80 47.21 3698.91 -0.99
58 | 3 2.02 0.74 -0.02 0.00 0.71 218.00 90.83 0.06 0.00 0.07 3.61 3.40 903.43 -1.00
59 R 3 8.16 1.44 0.46 -0.13 1.00 414.00 124.71 34.33 8.60 46.48 76.82 34398.31 19203.99 0.44
60 R 3 6.61 1.02 0.00 -0.01 1.00 400.00 80.92 1.82 0.01 1.82 51.57 1345.02 12891.76 -0.90
61 | -7 13.93 1.97 0.27 -0.47 306.87 19.81 -14662.58 76717.79 -1.19
62 | -7 12.10 1.40 0.26 -0.34 287.89 18.65 -13802.70 71973.28 -1.19
63 R -7 12.99 1.81 1.06 -0.53 379.93 76.75 -56793.82 94982.36 -1.60
64 R -7 11.74 1.28 0.43 -0.19 negative overtopping discharge 510.19 31.13 -23035.98 127548.58 -1.18
65 | -7 6.66 1.32 0.08 -0.26 79.70 5.47 -4046.76 19925.21 -1.20
66 | -7 4.70 0.93 0.03 -0.58 28.74 2.40 -1777.33 7185.31 -1.25
67 | 0 10.07 1.70 0.11 0.13 1.08 273.00 110.50 60.07 14.53 65.89 90.17 4.17 45677.24 22542.18 0.51
68 | 0 8.68 1.20 0.06 -0.01 1.04 277.00 9562 37.70 3.91 43.06 55.82 2.19 30242.76 13954.66 0.54
69 | 0 4.52 1.13 0.00 0.01 0.98 44.00 83.20 20.22 0.16 18.67 11.56 0.17 13685.93 2891.08 0.79
70 | 0 2.77 0.80 0.05 -0.27 0.65 24.00 162.73 1.40 0.08 2.46 4.35 1.76 518.22 1087.74 -0.52
71 R 0 9.88 1.56 0.50 -0.31 0.99 382.00 156.99 80.56 25.24 133.09 106.48 18.21 85011.50 26619.16 0.69
72 R 0 8.11 1.10 0.08 -0.03 1.00 540.00 97.89 35.67 0.14 39.83 77.29 2.88 27345.15 19322.41 0.29
73 R 0 4.06 1.04 -0.04 -0.02 non zero volume only at WG13 15.60 -1.60 1187.48 3900.33 -0.70
74 R 0 3.34 0.74 -0.01 -0.03 non zero volume only at WG 13 16.63 -0.30 221.33 4156.59 -0.95
75 | 0 10.60 1.70 0.16 -0.07 1.02 311.00 11043 55.72 11.47 56.08 69.35 5.94 37106.63 17337.08 0.53
76 | 0 8.89 1.20 0.03 -0.02 0.99 219.00 90.55 36.67 1.66 36.07 45.24 1.01 25943.73 11308.92 0.56
77 | -7 14.50 1.97 0.29 -0.38 293.19 10.56 -7815.58 73297.87 -1.11
78 | -7 12.13 1.40 0.25 -0.03 200.14 9.13 -6756.20 50035.27 -1.14
79 | -7 6.89 1.32 0.03 0.01 47.59 1.20 -886.82 11897.17 -1.07
80 | -7 4.75 0.93 0.01 0.01 negative overtopping discharge 21.36 0.28 -206.53 5339.71 -1.04
81 R -7 11.39 1.81 0.95 -0.38 289.85 34.60 -25607.26 72462.46 -1.35
82 R -7 11.31 1.28 0.54 -0.11 346.07 19.77 -14630.84 86517.27 -1.17
83 | 3 8.59 1.57 0.12 -0.01 non zero volume only at WG13 49.23 0.00 12306.78 -1.00
84 | 3 7.43 1.11 0.06 -0.01 2.05 477.00 14544 0.26 0.02 0.95 28.93 704.78 7232.75 -0.90
85 R 3 7.62 1.44 0.43 -0.14 non zero volume only at WG13 49.43 0.00 12356.66 -1.00
86 R 3 6.21 1.02 0.10 0.00 1.80 433.00 187.96 0.06 0.00 0.21 49.67 152.66 12416.99 -0.99
87 | 3 3.61 1.04 0.00 0.01 no overtopping 10.82 0.00 2704.80 -1.00
88 | 3 2.03 0.74 0.01 0.02 no overtopping 2.59 0.00 647.29 -1.00
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Fig. 8.26 Discharge at the gap per unit width g, versus setup S,
freeboard zero and emergent structures, layout 1.
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Fig. 8.27 Discharge at the gap per unit width g,,, versus setup S,
freeboard zero and emergent structures, layout 2.
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Fig. 8.28 Overtopping discharge per unit width qovt versus the product incident wave height Hrmsi
per peak period Tp, freeboard zero and emergent structures, layout 1.
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9. Conclusions

Wave reflection

Reflection in front of the structure and of the beach varies in the same range: 20-40%;
structure and beach are in fact both made of quarry stones of similar size, Dn50=5.0 and 4.5
cm respectively.

Reflection due to the structure depends on freeboard adimensionalised by incident wave
height, on mean berm width and on slope berm width adimensionalised by wave length at
structure toe; the representation of the experimental results through a regression function of
these three quantities is still in progress.

Wave directional analysis (DIWASP)

BDM should be used only when the number N of available wave signals exceeds three; the

analysis “directional resolution” should not be higher than 2n/N(N-1). EMEP is applicable to

three and multi-quantity measurements and seems to give the best results.

IMLM can recognise regular waves and very peaked spectra, whereas the others fail to

converge; low number of iterations are suggested.

Directional analysis was applied to laboratory data in case of 5 or 3 wave signals. Mean

direction is in general correctly evaluated (within a 5° resolution). Spreading is much more

uncertain:

e BDM should be used only when the number N of available wave signals exceeds three.
Bad results were indeed obtained when applied to a single location gauge. The requested
directional resolution should be not higher than N(N-1). Results deteriorate when number
of direction exceeds a certain number, of the order of N 2,

e EMEP is applicable to three and multi-quantity measurements. When dealing with our
laboratory data it presents a high level of noise in the spectrum, computing less pronounced
directional peaks and higher spreadings than BDM. When this uniformly distributed noise
is cancelled, the method is substantially equivalent to BDM.

e [MLM resembles the others only after cancelling the uniformly distributed noise, which is
particularly high. Even in this case it seems to overestimate reflected waves. This method
can recognize regular waves and very peaked spectra, whereas the others fail to converge.
Low number of iterations are suggested: 2030 iterations are too many and the directional
spectrum shows many peaks (also function of the number of independent wave gauges).

All methods (except BDM) evaluate a relevant energy uniformly distributed over directions.
Such energy changes with the method and is most probably due to noise in the cross-
correlation signals. Identification of this noise is quite easy (being the minimum of the
spreading function) and the rescaled spreading function seems more accurate.
The uniformly distributed noise, when not identified, induces a relevant apparent reflection
and the directional analysis overestimated reflection coefficient. The collinear wave gauge
method by Zelt & Skjelbreia (1992) for longcrested waves gives better results. Of course
when the reflected wave has more spreading than the incident one, the three wave gauge
methods underestimates reflection.
Frequency resolution df should be consistent with an error in the spectral densities not higher
than 1/4 of the true spectrum (i.e. 16 statistical degrees of freedom are needed); anyway df
should be at least 0.25 f, in order to have an accurate frequency description. In conclusion df =
0.1+0.2 f, is suggested. Directional information is difficult to obtain far from the frequency
peak, out of the range 0.75+1.5 f,. Channels with high noise to signal ratio (like for instance
vertical velocity close to the bottom) can reduce rather than increase the overall accuracy.
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Longcrested waves are seldom correctly recognized, since the hypothesis at the base of the
interpretation models (especially BDM) tend to force a smooth spectrum. The outcome in
these cases is either a flat spectrum or something virtually indistinguishable from a broad
spectrum. Only IMLM succeeds in recognizing the regular cases (longcrested with regular or
irregular frequency).

Wave transmission

Experimental transmission coefficients are in good agreement with van der Meer formula
(1992) accounting for berm width; typical discrepancies among experimental and van der
Meer (1992) results are within £ 0.2.

The analysis of changes in wave spectra due to transmission over the structure has been
performed following Van der Meer et al. (2000). After transmission, peak period remains
more or less constant: the transmitted frequency peak is in average 0.95 the incident one
(standard deviation 0.04). The peak frequency ratio fpt/fpi is almost constant with varying
transmission coefficient Kt, incident wave peak frequency fpi and fictitious incident wave
sop.

The transmitted spectrum drops to zero at a frequency close to 4 fpi and about the 30% of the
total transmitted energy is present at the higher frequencies of the spectrum between 1.5 and
3.5 fpi. The percentage of shifted energy increases with increasing transmission till Kt reaches
values close to 0.4, then it tends to assume an almost constant value around the 40% (in
agreement with Van der Meer et al., 2000) and finally decreases for Kt higher than 0.6.

Wave overtopping

A method for evaluating wave overtopping over low-crested structures from wave gauge
records is presented and verified through experimental data collected from 3D wave basin
tests. This method can be applied to moderately submerged or emergent structures (-F<0.7Hy;)
and gives better results for the symmetrical than for the oblique layout.

Filtration discharge was reconstructed re-scaling data measured by Loveless & Debski (1997)
for zero freeboard and submerged structures and results for LCS are at least an order of
magnitude lower than overtopping discharge.

Our flux measurements and estimates satisfy mass balance within +20%. Major discrepancies
can be found for cases of no relevant overtopping over emergent structures, for which it is
hard to reconstruct the inshore discharge percolating and filtrating through the structure, and
for deeply submerged structures, over which a high return flow occurs. Validation of results is
in progress.

The analysis of fluxes shows that the most relevant process parameters are setup, incident
wave height and period and berm width.

Overtopping discharge increases with incident wave intensity and causes a proportional setup.
Both wave overtopping and transmission decrease with increasing berm width, as a fraction of
the overtopping volume is lost by percolation through the structure.
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ABSTRACT

The EU-funded project DELOS aims to promote effective and environmentally compatible
design of low crested structures to defend European shores against coastal erosion. As one of
its objectives, oblique wave transmission at low-crested structures has been studied in this
research. It presents results of physical model tests and data analysis of three-dimensional wave
transmission at rubble and smooth structures.

Based on physical model tests in flumes, where the sections were subjected to direct long
crested wave attack, transmission formulas have been derived for both rubble and smooth
structures by many researchers. But, in some cases, wave attack is oblique to the alignment of
the structure instead of perpendicular. Until now little has been known about short-crested
oblique wave transmission. Physical model tests with wave attack angles varying from 0° to 60°
to the normal were carried out in the present research in order to investigate the mechanics of
three-dimensional wave transmission. The tests were performed at the short-crested wave basin
of Aalborg University, Denmark, in August 2002.

The research focused on four parts: 1) Validation of existing formulae; 2) Derivation of
modified formulae for 2-D and 3-D wave transmission at smooth structures; 3) Oblique wave
main direction change after transmission; 4) Wave spectral change. The Bayesian Directional
Spectrum Estimation Method (BDM) was used to analyse the short-crested wave data sets.
Oblique wave transmissions at low-crested structures were characterised in this report and the
following conclusions were reached.

It was found that the wave direction is not a dominant parameter for rubble structures in the
DELOS tests, because of its slight influences on transmission coefficient. However,
transmission at smooth structures is significantly affected by the incident wave angle.

The transmission formula proposed by Daemen (1991) was reviewed to investigate the
agreement with new data sets. This study confirmed that it is a good expression for rubble
structures with a narrow crest width.

Based on more available data sets on smooth structures, the two-dimensional wave transmission
formula presented by De Jong (1996) was modified in this research. We found, as earlier by
Infram (2000), that the crest width does not play a role in wave transmission at smooth
structures. Moreover, a new formula was proposed for oblique wave transmission at smooth
structures.

The wave main direction will decrease after transmission. The relations between incident and
transmitted wave direction were given as a function of incident wave angle.

For rubble and smooth structures the peak frequency of the transmitted spectrum is similar to
that of the incident spectrum. The phenomenon that more energy shifts to the higher frequency

range was also observed in the research.
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NOTATION

m, zeroth moment of wave energy density spectrum
H; Incident wave height based on spectrum 4,/m,
H, Transmitted wave height based on spectrum 4,/m,
H, Reflected wave height based on spectrum 4,/m,
T, Peak period

f, Peak frequency

finax Max. frequency

h Water depth at structure

h Crest height

B. Crest width

Duso Nominal diameter of rock size

p Mass density of rock

R, Crest Freeboard

Sop Fictitious wave steepness

& Surf similarity or breaker parameter, based on 7},
Bi Angle of incident wave attack

By Transmitted wave angle
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1. INTRODUCTION

Oblique wave transmission at low-crested structures has been studied in this research. It
presents results of physical model test and data analysis of three-dimensional wave transmission
at rubble and smooth structures. This research is one of the objectives within EU-funded project,

DELOS.

1.1 Background

DELOS (Environmental Design of Low Crested Coastal Defence Structures, Contract N°:
EUK-CT-2000-00041, Website: www.delos.unibo.it), aims to promote effective and
environmentally compatible design of low crested structure to defend European shores against
coastal erosion, and to preserve the littoral environment and coast economic development. To
achieve this aim, engineers from different research fields, such as coastal defence system,
coastal oceanography, marine ecology, economics and politics, are engaged in the project. 18
partners from 7 European countries participate in the project for various objectives.

Waves, approaching a coastline under an oblique angle, cause a transport of sediment in long
shore direction. The breaking waves produce a current parallel to the coastline, which transport
sediment along the coast. Differences in long shore transport along the coast cause erosion and
sedimentation.

Low-crested structures are typically built in shallow water as detached breakwaters for coastal
protection purposes. This is because of their capability of feeding protected arcas with suitable
amount of water as well as their minimal visual intrusion. Low-crest structures affect the beach
by altering the lee side wave climate. Waves approaching the beach are either reflected by the
structures or overtop and pass through the structures. The wave energy in lee side will be less
than on the open area.

Sediment transport evaluation at lee side of structures needs reliable estimations of transmitted
wave height. Therefore functional design of low crested structure requires an accurate
prediction of wave transmission in the protected areas. Also from construction cost point of
view, since the volume of material used in the structure is proportional to the square of it’s
height, the crest level should be designed as low as possible. All of them are the main reasons
that the continued attentions have been devoted to the study on transmission at low-crested
structures.

Two types of low-crested structures, rubble and smooth structures, have been used for coastal
protections worldwide. Rubble structures refer to conventional rubble mound breakwaters.
Smooth structures are asphalt grouted breakwaters and groins as built in Dutch coastline, where

the rock supplies for construction of the rubble mound breakwaters are limited.
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1.2 Objectives of the study

Low-crested structures are usually parallel to the shoreline with in some cases wave attack
almost perpendicular to the structure. However, actual wave fields are directional. The principal
wave direction is dependent on the prevailing wind direction and underling topography. Various
oblique angles can occur all time. Groin systems or breakwaters for harbours, where structures
are not parallel to shore line are other examples in which oblique wave attack occurs.
Many physical model tests were performed in flumes where the test sections were subject to
direct long crested wave attacks. Based on these two-dimensional (2-D) test data sets, some
transmission formulae were derived. Two well-known formulae describing wave transmission
over rubble mound breakwater were derived by Van der Meer (1990b) and Daemen (1991). De
Jong (1996) proposed one transmission formula for smooth (impermeable) structures.
But, if in some cases as mentioned above wave attack is oblique to the alignment of structure
instead of perpendicular, what could the influences of incident wave directions then be? In
addition, due to energy spreading, the directions of short-crested waves could be different from
the wave main direction; some can be perpendicular to the structure. Can the short-crested wave
transmission be larger than the two-dimensional wave attack? The influence of such parameters
as wave directionality and directional spreading, which are often representative of real sea
conditions, cannot be examined in wave flumes. Inaccurate results can be produced if the 2-D
formulae are used for the estimation of transmission coefficient in a three-dimensional (3-D)
wave field. Only 3-D investigation in a short-crested basin can give the answers to these
questions.
The objectives of the research are to answer the following specific questions:

e How can we describe oblique wave transmission?

e What is the influence of short-crested waves compared to long-crested waves?

e Does the wave direction change after transmission?

o [s the wave spectral change similar to the perpendicular wave attack?

1.3 Methodology

Physical model tests with various wave attack angles were carried out in order to investigate the
mechanics of three-dimensional wave transmission. The tests of the present research were
performed at the short-crested wave basin of Aalborg University, Denmark, in August 2002.
Two structures were tested; a rubble structure and a smooth plywood structure. A total of 84
tests with wave attack angles varying from 0° to 60° to the normal were performed to identify

the effect of different hydrodynamic conditions for each type of structure.
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In the tests, the target irregular 3-D waves were generated using the parameterised Jonswap
spectrum and spreading function of cosine distribution with spreading parameter s=50.

A package for directional wave analysis (PADIWA) and WAVELAB program provided by
Department of Civil Engineering of Aalborg University were used to process the test data sets
in this research. Bayesian Directional Spectrum Estimation Method (BDM) in the PADIWA

package was adopted to estimate directional wave spectrum. The program presents the incident

significant and reflection wave height based on spectrum 4./m, , peak frequency, wave

direction, and energy density distributions both for seaside and leeside. WAVELAB program
was used to process the data sets of individual gauge.

Data analysis focuses on validation of previous transmission formulae, influence of wave
directions, wave direction change and the comparison between short-crested waves and long-
crested wave transmission.

To derive a formula for oblique wave transmission, an existing or modified formula for
perpendicular wave transmission has to be developed first based on all present data sets. And
then the formula for oblique wave transmission can be achieved by analysis on the wave
direction influence from the DELOS data set.

BDM program gives the peak frequency and the energy distribution along frequency and
direction. By comparing incident wave peak frequency with transmitted wave frequency, their
relation can be found. In the research the range of high frequency is defined as from 1.5f; to
maximum frequency f,... To analyse the energy shift, the percentage of the total transmitted
energy at the higher frequencies was calculated for each test. The influence of various wave
parameters on energy redistribution, such as freeboard, wave steepness and transmission
coefficient, can be identified.

The rest of this report is further divided into the following seven parts. In Chapter 2, two-
dimensional wave transmission study is reviewed. Three-dimensional wave transmission test
set-ups are described in Chapter 3. Chapter 4 details data processing of BDM program. Analysis
of data is presented in Chapter 5. Chapter 6 demonstrates derivation of formula for oblique
wave transmission at smooth structures. The spectral change due to wave transmission is

investigated in Chapter 7. Finally, the Chapter 8 gives the conclusions and recommendations.
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2. REVIEW ON 2-D WAVE TRANSMISSION

2.1 Governing parameters

Wave transmission is the phenomena that wave energy will overtop and pass through the
permeable breakwater. At the structure incident energy with wave height H; is partly reflected
as reflected wave height H,. Some remaining energy will be transmitted to the lee side, causing
a transmitted wave height H,. The transmission coefficient K, is expressed by the ratio between

transmitted height H, and incident wave height H;:

m,; is zeroth moment of incident wave energy density spectrum. m,, is zeroth moment of
transmitted wave energy density spectrum

The incident wave height and transmitted wave height are measured in front of and behind the
structure respectively, eliminating the effects of reflection. The most important parameters with

respect to wave transmission are summarised below. A definition sketch is given in Figure 2.1.

Bc
Ke=Hi/H:

;ﬁ mo Hs
a N

Figure 2.1 Governing parameters related to wave transmission

/
he

Hydraulic parameters: Incident wave height H; and transmitted wave height H;,

In this research the wave height H; and H; were based on spectrum

4,/m, . m, is zeroth moment of wave energy density spectrum

Peak period T,

Water depth at structure h
Geometrical parameters: Crest height h,

Crest width B,

Angle of structure seaward slope a

Nominal diameter of rock size D,s,

Other governing parameters can be derived or calculated from those listed above:

Fictitious wave steepness: 5= 27rhz[
gT,
Crest Freeboard :R=h.—h
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The overview of each parameter influence will be given in the following section.

2.2 Influences of parameters

To get a better insight in wave transmission, a brief discussion will focus on its phenomena and
mechanism concluded in previous studies. First the phenomena of wave run-up and overtopping
are defined, and then the influences of specific parameters are discussed both for rubble and

smooth structures here.

Wave run-up and overtopping

Wave run-up is the phenomenon that when a wave approaches a slope face, a wave tongue runs
up the slope. The tongue reaches a maximum elevation above still water level, which is called
run-up level. If the crest of the structure is lower than the run-up level, the wave tongue will
pass over the crest. Run-up can only occur when the freeboard of the structure is positive.

Overtopping is the phenomenon of masses of water passing over the crest of the structure.
When the run-up is smaller than the freeboard, wave can not overtop the structure, therefore, no
overtopping occurs. If the run-up exceeds the crest level, there will be overtopping. If the

structure is submerged, all waves will overtop the structure.

Freeboard

The crest freeboard R, is defined as the distance between the still water level and crest level of
the structures. For smooth structures (impermeable), wave run-up determines the degree of
overtopping and thus the wave transmission. The transmission through the structure is zero.
Wave transmission will not occur providing there is no overtopping. A decreasing crest
freeboard leads to larger run-up and overtopping. Therefore, the transmission coefficient K, will
increase.

For rubble structures, although the transmission is also affected by the wave transmission
through structure body, freeboard plays an important role in wave overtopping. Higher
freeboard gives a lower transmission coefficient.

When the structure is submerged and the crest is far below the water level, the influence of
freeboard will disappear. Nevertheless, for low-crested structures, the crest freeboard R, is one
of the most important parameters both for rubble mound and smooth structures. It is very clear
that the lower the freeboard, the higher the wave transmission.

Two methods, which make the freeboard R, dimensionless for rubble structures, were proposed
in literatures. One is R./D,s5o (Daemen 1991); the freeboard is divided by nominal stone diameter.
The other is R/H; (Van der Meer 1990, De Jong 1996); the freeboard is divided by incident
wave height. For smooth structures, the relative freeboard of R./H; was adopted to derive the

transmission formula, because they do not have a presenting nominal diameter Dyso.. It should
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be pointed out that the way of R./Hj has its disadvantage. All influence of the wave height will

be lost when R, becomes zero.

Wave height

According to Daemen (1991), at rubble mound structures, an increasing wave height will lead to
a decreasing transmission coefficient for low crested breakwater which are non-overtopped. A
lager wave height will lead to more energy dissipation inside the breakwater and therefore a
lower K, .

For a low-crested smooth and rubble structure that is overtopped, an increasing wave height will
cause a higher run-up level, which means more overtopping and a higher transmitted wave
height.

When the structure is submerged, overtopping always exists. The influence of wave height is
different from the structures with lower water level. At submerged structures a higher wave
height will lead to a lower K, A bigger wave will be more affected by the crest than a smaller
wave. However, when the crest height is far below the still water level, the crest will loose its
influence and every wave can pass unhindered. Consequently, the wave height will hardly affect

the wave transmission coefficient.

Wave period

The wave period is brought into account by using the fictitious wave steepness Spp = 27H, A

2
8T,

longer wave period means lower wave steepness. For rubble structures without overtopping,
wave with longer period can propagate easier through the structure body and gave a larger
transmission. For rubble and smooth structures that are overtopped, lower wave steepness will
increase the run-up level, therefore larger transmission coefficient is expected.

For submerged structures, Van de Meer (1990) found that longer waves could pass unhindered,
while shorter waves are influenced by the breakwaters. However, Powell & Allsop (1985) gave

the opposite conclusion: a higher wave period leads to a decreasing K,. The parameter

R = R /& was used to investigate the influence. Van der Meer (1990) concluded that this is
H 2r

mo

not a good parameter to describe wave transmission. The influence of wave period will be also

investigated in present research, see Chapter 5.

Crest width

Previous studies indicated that the influence of the crest width is obvious, a wider crest will
reduce the wave transmission. Daemen (1991) summarised the influence of crest width for

submerged structures: An increasing crest width will force the wave to break and therefore more
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energy is dissipated on the crest, therefore a lower transmission coefficient. In addition, he also
pointed out small crest width has no influence on wave transmission at all. However, De Jong
(1996) found this was not true in his investigation, and concluded that even small relative crest
width, B/H; does show influence on wave transmission. The significant influences of crest

widths were put into his formulae, for both rubble and smooth structures.

Slope

For structures with positive freeboard, the slope angle has some influence on the wave run-up
and therefore wave transmission. On the gentler slope more energy will be dissipated and less
transmission occurs. According to Daemen (1991) the slope angle has only influence on very
smooth slopes. For submerged structures he concluded that slope no influence is present
because the slope mainly affects the wave run-up. However, using surf similarity

tano

VS,

similarity parameter & describing wave-breaking type on the slope presented some influence on

parameter £ = , De Jong (1996) introduced the slope influence into his formulae. Surf

transmission.

Roughness

Physically, the rougher the slope and crest, more energy will be dissipated on the structures and
the lower the transmission will be. For submerged structures the influence of slope roughness
becomes small. The roughness on the crest will play a role on the transmission together with
crest width.

For smooth structures the roughness on the structure surface comes close to zero, no roughness
could effect the wave transmission. Question should be given to transmission formula proposed
by De Jong (1996) for smooth structures. In this formula significant influence of relative crest

width was present.

2.3 Existing wave transmission formulae
Van der Meer (1990)

Extensive investigations on 2-D wave transmission have been carried out. Based on these 2-D
tests, transmission formulae were derived. Van der Meer (1990) proposed a formula for wave
transmission in his report “Data on wave transmission due to overtopping” which was given by:

R, <-1.13

K, =0.80 for —2.0<

1

K, =046-0.3

<-1.2

R
< for —1.13<R€
H. H

1 1
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K, =0.10 for 1.2<f; <20 2.1)

Daemen (1991)

The analysis on data sets of wave transmission described in Van der Meer(1990) led to a
practical formula in Daemen(1991). The following formula for wave transmission at

conventional breakwaters was proposed:

K =ase s (2.2)
50
a=0.031 A, -0.24
n50
b=-542s, +0.0323 A, +0.51- 0.0017(£)1'84

n50 n50
The tests of Daemen consisted of data on low-crested as well as submerged breakwaters. Most
tests were performed on a breakwater covered by an armour layer with a D50 of 0.040m. A few

tests were performed with D,so of 0.061m. The test concentrated on three parameters: relative

crest height R, , relative wave height H, , and fictitious wave steepnesss = 27H, . To make
Dy, Dy, ’ ngz

R. and H; dimensionless, the nominal diameter D,s, was introduced. Comparing with the

method using the parameter of R, , it has some advantages. The influence of each parameter of
H.

i

R. and H; can be studied individually. Also the influence of wave height is not lost when R,
becomes zero. Boundaries were set at K,,,=0.75 and K,;;=0.075, while the validity of the
formulas was limited for 1<Hy/D,s50<6 and 0.01<s,,<0.05.

De Jong (1996) for rubble structures

De Jong (1996) proposed another transmission formula for rubble structures, described by:

—0.31
K,:—O.4R“+{B} *(1—e %) *0.64 (2.3)
H |H

The formula was derived based on available data on rubble mound breakwaters and breakwater
with an armour layer of Tetrapods. An extensive investigation on the influences of crest width

tana . o
was carried out in his research.

and surf similarity parameter & =

op

Queen’s (1998)

Physical model test studies were performed at the Queen’s University Coastal Engineering
Research Laboratory in Kingston, Canada, to assess the performance of the submerged rubble

mound breakwaters under a wide range of design conditions. The testing program involved 13
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submerged breakwater geometries tested under 5 different water levels with a number of
incident wave characteristics. In total, approximately 800 tests were carried out with Jonswap

wave spectrum. A design equation for transmission at submerged breakwaters was proposed as:

0.65(%e 10011 BR,

R H,
K,=l-(¢ " % —0.047( e

) 2.4)

) +0.067(

L n50 n50

The formula is only valid for submerged breakwaters. It was recommended that caution be used
when applying the equation outside of the following variable ranges.

BR,

-7.08< <0
L

n50

R H,
-214<————<0
B

n50

De Jong (1996) for smooth structures

The transmission formula for impermeable structure was derived by De Jong (1996), which was

-0.31
K, =-04 R B *(1-e"%)*0.80, (2.5)
H, | H,

The formula was derived based on available data sets for breakwater with an impermeable
armour layer. These data sets included Delft Hydraulics (H2014), Daemrich and Kahle (Daka)

Impermeable and Seeling (Bwl). The maximum value 0.80 and the minimum value 0.075 of

predicted K, were chosen. This formula is similar to equation 2.3 for rubble structure proposed

by De Jong (1996). The constant coefficient of 0.80 in the second term for smooth structures

was found in stead of 0.64 for rubble structures as presented in equation 2.3.

2.4 Wave spectral changes due to transmission

Goda (1985), Tanimoto et al.(1987), Raichlen et al.(1992) and Van der Meer (1990) all
concluded that the mean period reduces to 0.4-1.0 of the incident mean period. This means
transmission generates more waves. Furthermore, Raichlen et al.(1992) and Lee (1994)
presented some examples of the transmitted wave spectrum. Both of their examples indicate the
peak of transmitted spectrum is similar to that of the incident spectrum. In addition, much more
energy will shift to the range of higher frequencies.

Based on the analysis of the tests performed in the flume of Delft Hydraulics, Van der Meer et
al. (2000) detailed the wave spectrum changes. Some of the conclusions were as follows:

e The peak period remains more or less constant

e For K, >0.15 about 40% of the total transmitted energy is present at the higher

frequencies of the spectrum, more specifically between l.5fp and 3.5fp .
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3. 3-D WAVE TRANSMISSION TEST

3.1 General set-up

The three-dimensional wave transmission tests were carried out in the short-crested wave basin
(9.0mx12.5mx0.9m) at Aalborg University, Denmark. Two structures were tested; a rubble
structure and a smooth plywood structure. Analysis on influence of oblique wave attack was
carried out to investigate the mechanics of three-dimensional wave transmission at these two

kinds of structure.

Wave spectrum

Directional spectrum S (f,0) is the fundamental property of ocean wave. It describes the
distribution of the wave energy in both the spatial and frequency domains, and is expressed as a

product of the unidirectional wave spectrum S (f) and a spreading function D, f), that is
S$,(f.0)=S5,(f)-D@.f)-
S,(f) is the one-side frequency spectrum which is determined from the free surface elevation.

D(6,f) is the spreading function that characterises the distribution of wave energy in wave
propagation directions from 0 to 2m. Even though the wave energy can be distributed in

different direction, the total energy in wave field should remain constant. It is defined by

27
J.D(Q,f)dé?:l. In the tests, the target irregular 3-D waves were generated using the
0

parameterised Jonswap spectrum and spreading function of cosine distribution with spreading
parameter s.

Parameterised Jonswap spectrum function:

145 5 1
S = H % exp| - =(-L)* (3.1)
() PR Sy p[ 4(f) }
{ (f—fp)z}
=X~ o
20%f, S(m’/Hz)
2.0E-03
where: a, =0.10 r<f
‘ 1.6E-03
a =0.50 >, 12503
y=33 8 OE-04
4.0E-04
0.0E+00
0.0 05 1.0 15 flHz) 20

Figure 3.1 Jonswap spectrum
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Several semi-empirical proposals to the formulation of D(0,f) have been reported and most
suggest to be independent of the frequency. The Cosine-power or cos™ spreading function is as

following:

22T (s+D) ., [0-6,
D@, f) = Fstl) cos [ 5 } (3.2)

where: €= wave propagation angle §,=main wave propagation direction

I'=Gamma function

0 30 60 90 120 150 180
Deg.

Figure 3.2 Spreading with s=50
Goda (1985) relates the relative water depth (h/L,) and deepwater steepness to shallow water
steepness. In average the relative water depth in the teat is 0.10. In this case the following
parameters should be used:
Deep water steepness 0.02: s,,,,=60 (long wave, small spreading)
Deep water steepness 0.04: s,,x=30 (short waves, moderate spreading)
In the laboratory a constant value of s=50 was used in 3-D wave generation. An example of
parameterised Jonswap spectrum and spreading with s=50 are demonstrated in Figure 3.1 and

3.2

Wave depth and steepness

In total, 84 tests were performed to identify the effect of different hydrodynamic conditions for
each type of structure. Being research mode, here was no actual reference to particular
prototype condition. The test program was designed to explore the effect of the principal
parameters. It consisted of different water levels, mainly around the crest level of the structure.
Wave steepness values were either 0.02 or 0.04. Various heights from 0.07m to 0.17m,
including non-broken waves and broken depth limited condition were adopted. The ratio of
wave height to water depth was from 0.3 to 0.57 at rubble structures and 0.26 to 0.49 at smooth
structures.

Wave direction

Oblique waves in the range 60°-110° were generated (90°=normal incidence) from wave

generator. Three model layouts were tested, namely 0°, 30° and 50°. For the layout with 0°,
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only normal incident wave attack was tested. For the layouts with 30° and 50°, wave directions
with 30°, 40°, 50°, 60° and 70° were performed by changing generating waves under an angle

of 10 degrees.

Test record

A five-gauge array was used to measure the directional wave spectra. Two systems were
positioned in front and rear of the structure respectively. Reflection from the rear wall of the
basin was minimised using 1:5 rubble beach. A sampling rate of 30 H, was used throughout the
experiments. The record length of each test was about 15 minutes. The digital video of about

three minuets and digital photos were taken for each test.

3.2 Layouts and Cross-sections

Figures 3.3 and 3.4 show examples of the layouts for rubble structure (30°) and smooth

structure (50°) in pictures.

Figure 3.4 The layout of smooth structure (50°) in picture
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The structures were located at a plateau 0.16m above the deepwater seabed. The water level in
deep water was varied from 0.36m to 0.51m, which gives water depth from 0.20m to 0.30m at
rubble structures and from 0.25m to 0.35m at smooth structures. It is shown in the following

sketch.

Wave Maker Beach Wall
Water depth = 36 & 46cm 10cm A5
P < T =
+~50cm—~—74cm 196cm 100cm 184cm 300cm

Figure 3.5 Bottom topography and location of rubble structures in transmission tests
Rubble structure

Three types of quarry rock were used in the cross-section, called type A, B and C. Approximate
sizes were: Dyso, a=4.7cm, Dyso, g=3.1cm, and Dyso, ¢=1.6cm.

Height of rubble structure: 25 cm

Width at sea bed: 100 cm
Crest width: 10 cm
Slope: seaside 1:2, lee side: 2:3

For the cross section, see Figure B-1 in Appendix B. The layouts with 0°, 30° and 50° are
shown in Figure B-2, B-3 and B-4 in Appendix B. A concrete block wall was constructed for

layout with 0° in the basin. Only the area behind the right structure was used.

Smooth structure

The plywood structure was made from 4 sections with each 2.5m long giving a total length of
10m.

Height of smooth structure: 30 cm

Width at sea bed: 170 cm
Crest width: 20 cm
Slope: seaside 1:3, lee side: 1:2

Figure B-5 in Appendix B shows the cross section of smooth structure. The layouts with 0°, 30°
and 50° are presented in Figure B-6, B-7 and B-7. Five-gauge system in layout with 0° was

rotated and oblique waves were generated to achieve perpendicular wave attack.

3.3 Stone size and grading of armour layer

Three types of available stone were mixed to one grading and after the tests sorted out again.

These stones were kept in boxes, here numbered as boxes 1, 2 and 3. In some layouts another
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stone type was used, here called box 4. The stone grading and shape of all the boxes were
measured by taking 75 stones from each box. The weight and three dimensions, L, B and H,
were measured of each stone. From the measurements a grading curve (actually a weight curve)
was constructed, and for the mixed boxes 1-3 a grading curve was composed from the separate
boxes, knowing the volume used for mixing for each of the boxes. The grading curves are given
in Figure 3.6.

In the figure 15%, 50% an 85% lines have been given. A grading can be represented by a

straight line on a log-linear plot as in Figure 3.6.

100
o0 £ /
80 |
70 E
60 E
50 F
40 F
a0 E
20 f
10 f

— box 1
box 2
—hox 3

— 4

Percentage exceeding

i 1-3 mixed

100 1000
Weight (g)

Figure 3.6 Stone gradings of boxes 1-4 and mixed grading of boxes 1-3

The grading should be more or less straight between 15% and 85% lines. These lines have been
fitted through the actual curve, giving the Wso and grading D,gs/Dy;s.

From the dimensions of each stone, the ratio largest/smallest dimension L/H was calculated.
The percentage of stones (in number, not in weight) exceeding this ratio has been given in
Figure 3.7. A ratio of 1.0 means a cube or sphere. The larger the ratio the more elongated the
stones are. The shape can be described by two values: the percentages for exceeding 2L/H and
3L/H. Another parameter that gives an idea about the shape of the stones is the blockiness
coefficient, which is defined as the volume of the stone divided by its cubical dimensions: By =
V/(LxBxH)

The mass density of all the stones was 2650 kg/m’. With the measured weight the volume can
be calculated. The blockiness coefficient for each stone was calculated, together with the
average blockiness coefficient. The blockiness coefficient normally ranges between 0.4 and 0.7.
The low value means elongated, flaky stones, the upper value cubical stones.

Table 3.1 gives summary results from Figures 1 and 2. The mixed boxes 1-3 can be
characterised by an average weight of W5y =270 g and a grading of D,gs/D,15 = 1.25, which is a

fairly narrow grading. The shape of the stones in boxes 1-3 varied a lot. Box 2 had stones where
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Figure 3.7. Shape of the stones
Grading Boxl Box2 Box 3 Box 4 Box1-3
Rixed
Wy 5 () 200 234 152 183 194
Wi (%) 370 390 238 330 375
Was W15 185 167 157 1.8 193
Dhgs Ths 123 1.19 1.16 122 125
W50 () 272 302 191 246 270
Wsg curvelg) 280 303 191 244 265
Shape
= 2L (%) 35 2l 23 48 +i-50
= 2L (%) 4 4 3 9 +-4
Blockiness 0.42 0.41 0.43 0.43 0.42

Table 3.1 Summary of grading and shape of stones

81% had a dimension L/H larger than 2. For box 4 this was only 25%. An estimation for the
mixed boxes 1-3 is that 50% of the stones had a dimension larger than 2L/H and only 4% larger
than 3L/H. Box 4 had an average weight of W5y = 246 g and a grading of Dygs/Dy15s = 1.22. This
is only a little lighter than the mixed boxes 1-3 and the same grading. The shape was also
similar. In all cases the blockiness coefficient was around 0.42, describing the elongated and

flaky shape of the stones. So, the nominal diameter of rock size can be calculated

W
D, =3—2 =0.047m
P
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4.0 DATA PROCESSING

4.1 BDM method

A package for directional wave analysis, PADIWA, was provided by Department of Civil
Engineering, Aalborg University, and was used in this research. In the package, the Bayesian
Directional Spectrum Estimation Method (BDM) was adopted to estimate directional wave
spectrum. A brief introduction of BDM method is given here.

A convenient way to describe a three-dimensional sea state in the frequency domain is to
determine the corresponding directional wave spectrum. This assumes that it is possible to
describe directional irregular waves as a sum of regular waves each travelling with one
frequency and in one direction.

An analysis based on surface elevation yields the following relation between measurement at

position n and m and the corresponding directional wave spectrum.

*

m _ Lz D(f,0)exp(ik(d, f)r,, cos(@ - B,,))d0

Where

S,,(f) is the autospectrum (wave energy spectrum)
S, (f) is the cross-spectrum between 7, and 77,

* Denotes the complex conjugate

D(f,0) is the directional spreading function, S(f) = D(f,0)S(f)
k(d, f) is wave number

d is depth of water

f is frequency

7, 1s the distance from position n to m

m

g, 1s the angle from position n to m

@ is the direction of travel

i is the imaginary unit (=v/-1)

So it is possible to estimate the directional wave spectrum based on recorded time series of
some wave properties, e.g. surface elevation, sub surface pressure or particle velocities.
However, a transformation to surface elevations is required, if the above equation is to be used.
An analytic solution to above equation has not been achieved, giving rise to various fitting
methods. The Bayesian Directional Spectrum Estimation Method, BDM, has been proposed for
this purpose.
As opposed to other methods, by avoiding a-priori assumptions regarding e.g. the shape of the

directional spreading functions, the BDM method is relatively unrestricted. It does, however,
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assume the directional spreading function to be smooth. This advantage especially arises when
analysing field measurements, where no target conditions exist.

The BDM method is used for analysis of directional wave spectrum. Subsequently it can be
used to estimate the reflection from structure exposed to short crested wave. Having estimated
the complete directional wave spectrum it is possible to extract information on the incident and
reflection wave respectively. Therefore it is also possible to assess the reflection performance of

the structure causing the reflection.

4.2 Input of program

The present software package of PADIWA contain programs for cross-spectral analysis of time
series, estimation of directional wave spectrum using BDM and presentation of results, To run
the program, required input information, such as filing, geometry, sampling rate etc., must be
stored in a set-up file. The main information defined in the calculation process is introduced
here.
Layout of data file: Lines in header are 2400, number of gauges is 5.

Number of columns to skip is 5. Columns 1, 2, 3, 4 and 5 are for see side

calculation and columns 6, 7, 8, 9 and 10 are for lee side calculation.
Spectral analysis: 1024 (2'°) FFT elements, 20 % of tapering, 20 % of overlapping
Acquisition: 40 sampling rate in H,

Calibration coefficients 0.01, that will result the dimension in meter.

Physical condition: Depth of water in meter

Position of gauges: No. of Gauge Coordinate X Coordinate Y
1 0.00 0.00
2 -0.18 0.56
3 0.30 0.40
4 0.59 0.00
5 0.77 0.56

The number of discrete directions in the directional spreading functions is typically in the range
from 36 to 72, corresponding to AO from 10° to 5°. In this research the directional spreading
functions were discretized into 72 intervals causing a directional resolution of A6=5°. The
frequency bandwidth was 0.039 H,.

For the orientation of gauges the system 1 was used which means that the incident waves are in
range [0°: 180°]. This will form the basis for estimating reflection coefficients. Waves

propagating between 180° and 360° are reflected waves.
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4.3 Processed Results

The program presented the incident significant wave height and reflected wave height based on

based on spectrum 4,/m,, wave main directions and energy density distributions. Finally, the

program drew four graphs showing results as a function of frequency: 1) spectral density of
incident and reflected waves; 2) main direction and directional spreading of incident waves; 3)
reflection coefficients; 4) main direction and directional spreading of reflected waves. The
results were shown in the frequency domain.

To examine the processed results from the program, the measured incident wave spectra and
parameterised Jonswap target spectra are plotted in Figure 4.1. It indicates that the total energy
and the shape of wave spectrums are close to each other. The decreased energy is evident in the
transmitted spectrum after wave transmission. The processed results are summarised in Table
A-1 and A-2 for rubble structures, and Table A-3 and A-4 for smooth structures, see Appendix

A.
S(m2/Hz)

3.0E-03
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|

2.0E-03 4 O Measured Trans mitted
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LOE-03 +

5.0E-04

2.0 f(Hz) 2.5

0.0E+00

0.0

Figure 4.1 Comparison of wave spectra

Analysis on individual gauge was also carried out using the WAVELAB program provided by
Department of Civil Engineering, Aalborg University. A 10-gauge data set was calculated for
time series analysis of surface elevation in each test. Tables A-8 and A-9 in Appendix present
the results of the WAVELAB calculations. It can be found that wave heights and wave periods
calculated by the BDM and WAVELAB are similar. However, generally the wave heights from
individual gauge analysis are a little higher than those from the BDM program. This could be
caused by the wave reflection. As mentioned above BDM program can extract information on
the incident and reflection wave respectively. While on the contrary the individual gauge
analysis gives the totally energy comprising incident and reflection wave, therefore bigger wave

heights are expected.
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5.0 ANALYSIS OF DATA

5.1 Overview

The relations between transmission coefficient K; and relative freeboard R,/ H; for rubble and
smooth structures are shown in Figures 5.1 and 5.2. They give the first impression of the
measured transmission coefficients. The data set at the smooth structures are much more
scattered than rubble structures. The different influences of wave direction on two types of the
structures can already be perceived from them. The data of smooth structures are more
scattered than rubble structure. The incident wave directions demonstrate more influence on
transmission at the smooth structures than the rubble structures. Furthermore, all present data
together with other available data for rubble structures are potted in Figure C-1 and C-2. They
are generally in agreement with previous tests. All available data including DELOS data for
perpendicular wave attack at smooth structures are redrawn in Figure C-3. It can be found that
the present data are in higher positions. A more detailed analysis and explanation will be given

in Chapter 6.
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Figure 5.1 K—R/H; at rubble structures
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Figure 5.2 K—R./H; at smooth structures
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5.2 Influences of short-crested wave transmission parameters

To obtain a good understanding of the short crested wave behaviour, the transmission
coefficients were analysed with respect to the various incident waves and structure
characteristics. The influences of dominant wave parameters and comparison with previous 2-D
wave transmission studies were investigated by grouping the data sets and plotting some simple

graphical trend analysis of the data.

Freeboard

Figures 5.1 and 5.2 demonstrate that the crest freeboard R, has a strong influence on the wave
transmission. It is an important parameter both for rubble mound and smooth structures.
Changes in R, affect the amount of wave energy that can pass over or through the structures. In
all analysed cases, it is clear enough the lower the freeboard the higher the wave transmission.

The transmission coefficient at lower-crested structures is very sensitive to the freeboard.

Wave height

The data were sorted into groups of wave incident angle, freeboard and wave steepness. The
general trend of wave height influence can be found in Figures C-4, C-5 and C-6 for rubble

structures and Figures C-7, C-8 and C-9 for smooth structures.

The measured relative freeboard R./H; is in the range from -0.65 to 0.83 for rubble structures

and -0.59 to 0.83 for smooth structures. The different influences of wave heights can be
identified corresponding to various water levels.

When structures are submerged, higher wave heights will lead to a lower K;. Bigger waves will
be more affected by crest levels than smaller ones. When the water levels are lower than the
crest levels, higher wave heights will lead to larger transmission coefficients. Increasing wave
heights will cause more overtopping and therefore more wave transmission. The influences of
wave heights seem not significant around R.=0.0, especially for smooth structures. Physically it
is possible. A dividing point should exist to convert the negative into positive influences and

vice versa.

Wave Steepness

Wave steepness plays a same role as described in previous 2-D tests. It can be seen that smaller
steepness gives a larger transmission in Figures C-4 — C-9. Waves with longer period can
propagate easier through the rubble structure body. At the same time waves with longer period
will increase the run-up levels at rubble and smooth structures, so larger transmission

coefficients are expected.

5-2



Analysis of data March 2003 DELOS

Incident wave direction

It should be pointed out that the wave direction perpendicular to structure is defined as 90° in
the physical model tests. But it has been changed to 0° instead of 90° in the following data
analysis as indicated in Figure 5.5. So this will lead to target wave angles should be expressed
in 0°, 20°, 30°, 40°, 50° and 60° corresponding to 90°, 70°, 60°, 50°, 40° and 30° in the
physical model tests.

Rubble structure

When the wave attack is oblique to the alignments of the structure instead of perpendicular,
what will then be the influence of incident directions?

The relation between transmission coefficients and incident angles for rubble structures can be
discovered in Figure C-10. It indicates that the transmission is slightly influenced by incident
direction. Furthermore, transmission of waves with a smaller steepness is less affected by
incident direction than that with larger steepness. Especially when the structures are submerged,
incident wave angle hardly has influence on long wave transmission. Physically, when wave
attack is oblique to the structures instead of perpendicular, the distance they travel will be
longer and more energy will be dissipated, therefore less transmission. Longer wave can pass
the structure unhindered, while shorter wave is influenced by structure. It can be concluded that
the transmission of shorter wave is more sensitive to the wave direction. However, the average
decrease of over the range from 0 to 70 is only about 10% for wave with smaller steepness.
The influence of wave direction with bigger steepness is even less.

For rubble structure, the transmission is dominated both by overtopping and the transmission
through the structure body. The transmission mechanics at rubble structures is more
complicated than smooth structures. Generally speaking, for the rubble structure the influence
of incident wave direction on wave transmission is small. The structure slope set in the physical
model tests is 1:2 at the seaside. But when the slope of rubble structure is gentler than 1:2, for
example 1:3 or 1:4, then the influence of wave direction maybe become significant? In addition,
wave transmission passing through rubble structures probably is less influenced by the incident
wave angle when the crest width is relatively small, because the travel distance could not
increase a lot as wave angle become bigger. Probably this is the case as a narrow crest width of
0.10 m was adopted in the tests. More physical tests with wider crest and gentler slope are

needed to make these arguments convincing.

Smooth structure

Figure C-11 shows the relation between transmission coefficients and incident directions for

smooth structures. It shows that incident wave angles strongly affect the transmission.
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Physically, smooth structures are impermeable, there is no transmission through the structure.
The transmission is purely influenced by run-up and overtopping. Bigger incident wave angle
leads to longer distance or gentler slope, therefore less run-up and smaller transmission. An
expression of wave direction influence is derived in Chapter 6.

The influence of the wave angle could be dependent on the slope of structure. For smooth
structures, a gentle slope of 1:3 was set in this research. When the slope becomes steep, for
instance 1:1.5 or 1:2, the wave does not break on the slope in some cases, the influence of

incident wave angle could become weak.

5.3 Comparison between short-crested and long-crest wave transmission

Due to the energy spreading, the direction of a single wave could be different from the main
wave direction; some can be perpendicular to the structures. Can the transmission of short-
crested waves be larger than that of short-crested waves especially for larger incident angles?
Three-dimensional tests in a short-crested basin were carried out to investigate the influence.
For each type of structure with a freeboard of zero, 10 long-crested wave tests with grouped set-
ups were performed. To analyse the influence, the short-crested (3-D) and long-crested (2-D)
wave data under similar conditions are plotted as a function of incident wave directions in

Figures 5.3 and 5.4.
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Figure 5.3 Comparison between short-crested and long-crested wave

transmission at rubble structures
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Figure 5.4 Comparison between short-crested and long-crested wave

transmission at smooth structures

It can be identified that the short-crested wave transmission is marginally smaller than the long-
crested wave transmission both for rubble and smooth structures. Rubble structures do not
present any clear influence of wave parameters. For smooth structures, regular influence trends
seem clearer. The gaps of transmission coefficient between 2-D wave and 3-D wave do not vary
with incident wave directions but wave steepness, the larger wave steepness the smaller
difference. However, the 3-D wave transmission coefficients are about 3% smaller than 2-D
wave both for rubble and smooth structures. From engineering point of view, it is slight.

Physically, although some waves can be perpendicular to the structures in 3-D wave field, it
also should be aware that there are some waves will attack structures with more oblique angles.
That could balance the increasing perpendicular wave energy partly and make no substantial

difference present.
5.4 Validation of existing transmission formulae
Rubble structure

Based on 2-D tests, some transmission formulae have been derived. For conventional

breakwaters, a practical formula was presented in Daemen (1991), see equation (2.2). De Jong

(1996) also proposed one transmission formula (2.3) for rubble structure in his master thesis.
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An extensive investigation on submerged breakwaters was carried out in Queen’s University
and an improved design equation (2.4) was proposed for submerged breakwaters only.
The influence of short crested wave parameters has been analysed in section 4.3. It was
concluded that the influence of each dominant parameter has the same trend in 2-D and 3-D
wave fields. Moreover, the wave direction hardly plays a role on wave transmission at rubble
structure, so the wave direction influence can be ignored and all DELOS data can be used when
existing formulas are validated.
Firstly, the equation developed by Queen’s University was used. The relation between measured
(DELOS data) and calculated K, (Queen’s) is present in Figure C-12. Clearly, they can not fit
well. It is not surprising because their study only focussed on the submerged structures and
DELOS data are not completely in the recommended boundaries.

—7.08SLBRC <0, —2.14S%§0

n50 n50

The boundaries in DELOS tests were calculated to investigate the application range for present
research. They were found in the following ranges:
-0.06 < BR, <0.06, -149< R A, <1.49.
BD

n50 n50

The DELOS data at the structures with positive freeboard are not in Queen’s boundaries. The

data within the boundaries — (.06 < LBRC <0 and —149 < ﬂ <0 ARE located in Queen’s
BD

n50 n50

recommended ranges, but they still can not fit very well. Probably the influence of crest width
derived by Queen’s University is not true for the structures with narrow crest.

Secondly, the transmission formula (2.3) derived by De Jong (1996) was used. Figure C-13 in
Appendix C shows the relation between measured (DELOS data) and calculated K, (De Jong).
Although the agreement is much better, the calculated for submerged conditions results are still
higher than the measured.

Finally, the transmission expression proposed by Daemen (1991) was used. From Figure C-14,
it can be found that results agree well and all data are better than those calculated by Queen’s
equation and De Jong’s formula although the scatter does still exist. A further study on this
formula, however, indicates that it can not fit the data of Queen’s University as shown in Figure
C-15. Only the data with narrow crest width are close to coefficients by Queen’s University.
Others are much higher than the measured.

In conclusion, none of the existing formulae of wave transmission at rubber structures are
sufficient for application over a wide range of incident wave characteristics and structure
geometries. A more extensive investigation is necessary, especially to describe the influence of

the crest width.
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Comparatively speaking, the transmission formula proposed by Daemen (1991) could be
regarded as a best expression in term of the agreement to oblique wave transmission as

performed in present research.

Smooth structure

Based on data sets of Delft Hydraulics (H2014), Daemrich and Kahle (Daka Imp.) and Seeling
(Bw1), De Jong (1996) derived transmission a formula for impermeable structures, see equation
(2.5). This formula is similar to equation 2.3 for rubble structures proposed by him. More
extensive researches have been carried out since then and therefore more data became available
to evaluate the formula.

A physical model test investigation was performed in a wave flume of Delft Hydraulics and the
results were analysed by Infram. Totally five different structures were tested: smooth (asphalt)
with various crest widths, smooth covered with rock and a very wide caisson. All slopes were
1:4, both seaward and landward of the crest. In total 18 test results of smooth (asphalt)
structures are given in the Table A-6.

Data are also selected from the present DELOS tests. 20 tests of perpendicular wave attack
were performed with different water levels, wave heights and peak frequencies. Although most
of these data come from 3-D wave transmission tests, the difference between 2-D and 3-D wave
transmission is slight as concluded in section 5.3. That makes it possible to adopt these data in
the validation process.

All data of waves perpendicular at smooth structures are summarised in Tables A-5, A-6 and
A-7. The cross sections used in the tests are illustrated in Figures B-9, B-10 and B-11. Figure
C-16 in Appendix C shows the relation between measured and calculated transmission
coefficient K; (De Jong). Obviously the formula does not fit the data sets of Infram and DELOS
for lower values of transmission coefficient. It requires that a new formula must be developed
first before the influence of wave direction is investigated. A detailed study on wave

transmission at smooth structures is presented in Chapter 6.

5.5 Change of wave main direction after transmission

Rubble structure

The wave spectrum is significantly modified due to wave breaking. The modifications cover not
only wave energy but also wave direction. The definition of wave direction used in the present
research is sketched in Figure 5.5.

Figure C-17 presents the relation between incident and transmitted wave direction at rubble

structures. To investigate the influences of some dominant parameters, the data are sorted out
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and plotted in the figure. It can be seen that the wave direction will change after transmission.
The influences of freeboard and wave steepness are not evident in the figure. The transmitted
wave direction is chiefly affected by incident wave angle. Statistical study found that the
incident and transmitted wave directions have a linear relation and the scatter is normal, as
confirmed by the correlation coefficient R*=0.94. The mathematical expression can be obtained:
B: =0.8PB;+2.9
Where B; is transmitted wave angle in degree:
B; is incident wave angle in degree

However, this expression will give a constant value of B=2.9 degrees for transmitted wave
direction when the incident wave is perpendicular to the structures 3;=0°. Physically it is not
correct. No reasons can explain that perpendicular waves will change their main directions after
transmitted. This could be caused by measurement error and should be discarded. Therefore,

the final equation will become:

B: =0.8p;
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Figure 5.5 Sketch of incident and transmitted wave directions

Smooth structure

To study the wave direction change after transmission at smooth structures, the relation between
incident and transmitted wave directions is shown in Figure C-18 using grouped data sets. In
addition, the net direction changes vs. incident wave angles are drawn in Figure C-19. One clear
trend is presented in the figures. When the incident wave angles are larger than 50 degrees, the
transmitted wave angles will not change with incident wave directions and become constant.

The test data are scattered around the line of “Transmitted Angle =0.9*Incident Angle” in the
angle range from 0° to 50°. The wave parameters, such as freeboard and wave steepness, could

contribute the scatter. However, the influence for one single parameter is not evident in the
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figures. To estimate the transmitted wave direction at smooth structures, the relation is
approximately described by the following expression:

B =0.9B; if B <50°

B =45° if By =50°
Due to the physical limit, the above relation can only be applied to the situation that the relative
freeboard R./H; is larger than —1.0. When R./H; £-1.0, the influence of the structures will loose
its influence and every wave can pass unhindered. Therefore, the wave directions will hardly

change. The transmitted wave directions equal to the incident wave directions, B, =f;.
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6. OBLIQUE WAVE TRANSMISSION FORMULA FOR SMOOTH STRUCTURES

6.1 Analysis on the existing formula

To derive a formula for oblique wave transmission at smooth structures, first a modified
formula for perpendicular wave transmission has to be developed based on the present data sets.
And then the formula for oblique wave transmission can be achieved by analysis on the wave
direction influence from the DELOS data set.
The conclusion was reached that the transmission formula derived by De Jong (1996) can not
describe the data sets of Infram and DELOS accurately enough, and a more detailed
investigation is necessary. To modify an equation for perpendicular wave transmission at
smooth structures, the approach described by De Jong will be reviewed and the cause that could
produce inaccurate outcomes maybe can be found.
De Jong analysed the data in a similar way as was originally done by Van der Meer and Daemen
for rubble structures. The equation is related to the relative freeboard and expressed by

K, = af; +b

i

in which: a determines the slope of the line, and appears to be independent of any of the

parameter considered.

b is the value of K, when & _
H,

i

De Jong used two parameters, relative crest width B and surf similarity parameter & to
H,

i

= (.0 were taken and investigated on the

describe the coefficient b. All available data with R,
H

influence of relative crest width, relative wave height and fictitious wave steepness or surf

similarity parameter. After having determined the influences of above each parameter, all data

C

with other values of will be taken into account. With the found formula for b, the influence

of any parameter on the slope angle a will be determined.

The relation between the relative crest width B and wave transmission coefficient was studied
H.

i

by analysis on general influence trend of relative crest width B De Jong assumed that the
H,

i

-0.31
influence of the crest width is the same order of magnitude {B} for impermeable as for
H,

i

rubble mound breakwaters. He also pointed out that there is a lot of scatter, for which no
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reasonable explanation could be found. In addition, it was also assumed that the slope of line, a,
has the same value as has been derived for rubble structure, namely —0.40.

However, analysis on the present available data does not support these two assumptions. There
is no doubt that a large influence of crest width is present at rubble structures. But for smooth
structures the influence is different. Van der Meer et al. (Infram, 2000) found that the width of
crest hardly plays a role at smooth structures.

The present analysis on data sets of Infram, DELOS and H2014 also show that there is very
little difference among the smooth structures with various crest widths. This phenomenon can
be explained by the way of wave breaking and the smooth surface as already pointed out by Van
der Meer et al. (Infram, 2000). Waves will break over the gentle slope and the up-rushing wave
tongue jumps over the smooth crest. In this process the width of the crest plays hardly a role as
the surface is smooth without friction or permeability to disperse the wave energy. Therefore,

H H.

i

—0.31
the influence of B should be ignored instead of {B} . It gives a reasonable explanation why

there is a lot of scatter in De Jong’s studies.

-0.31
But, the influence of {B} is obvious in the Daemrich and Kahle (Daka Imp.) data sets. In
H,

i

present research, the same general influence trend of 1—e > for surf similarity parameter was
found as De Jong’s. Further study indicates that influence of relative crest width is related to the
surf similarity parameter &. For different values of &, waves break in a completely different way.
When &, is smaller than the value around 3, the plunging breaker type occurs on the slope. The
transition between breaking and non-breaking lies around & =2.5-3. The waves with £&=3 to 5
can be identified as surging type. Therefore, when £ >3, waves do not break on the slope. But
they could be forced to break on the crest. On the wider crest, the more energy will be
dissipated. Moreover if a wave can not jump over a smooth crest, the part of energy will be lost

on it. The influence of B is significant for £ >3 as shown by the Daemrich and Kahle (Daka
H

Imp.). So different expressions should be given according to the value of the surf similarity
parameter.
Regarding the other assumption about the slope of the line a=-0.40, a closer look indicates it is

not completely exact for either the previous or current data sets.

6.2 Derivation of modified formula for perpendicular wave attack

As long as the weaknesses in the previous formula were found, the further study will focus on
them and derive a more precise formula based on the data sets of Delft Hydraulics (H2014),

Daemrich and Kahle (Daka Imp.), Seeling (Bw1), Infram and DELOS. The same procedure as
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described in De Jong (1996) will be followed to derive a modified formula for wave

transmission at smooth structures. This process and outcome are summarised as followings:

-0.31
e Find the influence expression of B when R _ 0.0- The trend is [ B } only for Daemrich

H, l. H,

i

and Kahle (Daka Imp.) data set when £ >3, see Figure 6.1. Other data sets indicate that

influence of ? is not evident. To ignore the influence of relative crest width, it was

i

0
assumed the influence is {B} =10 for £<3.
H

i

K,
1.00

S + H2014

= Delos

0.80
0.70

0.60

0.50
0.40
0.30
0.20

0.10

0.00

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Figure 6.1 Relation between K, and B/H; for R.=0.0 at smooth structures

= 0.0, find the influence of & after the different influence expressions

e Use data sets with R,
H

i

-0.31 0
of relative crest width are taken into account, {B} or {B} . The general influence

H, H,

i

S

trend of surf similarity parameter can be found as 1—e ", see Figure 6.2.

-0.31
e Then the formula can be assumed as K, =af; +[£} *(1—e ™) *c for £>3 or

i

i

t

K=a§;+(l—e'0‘55)*c for ¢£<3 . Use data sets with f;:0.0 to find

i i
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c= K, or ¢ = _K . Use all data sets with R, =0.0, the average value

-0.31 1- e—0~5§ H.
B i
{H} (1 _ e—0.5§)

1

of ¢ is found as 0.75.
1.00

0.90

0.80

IS
=
S

o
o
=}

0.50

o
S
S

K/(B/H) " or K¢/(B/H)"

I
98]
[«

=)
[\ =]
S
T
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

= Delos

4 Daka
———————————— o Bwl -

|
|
010 f-—----————f - - i
:
|

0.00
0.00 1.00 2.00 3.00 4.00 5.00 6.00

Surf Similarity Parameter &
Figure 6.2 Relation between K,/(B/H)*" and surf similarity parameter & at

smooth structures

e Take into account all data sets, the coefficient a is derived by equation

H. " H

1 1

-0.31
P {2} *(1—e*)*0.75 and a f; =K, —(1—-e**)*0.75. The average value
of a is calculated as -0.30.
e With the found coefficients and general influence trends for each term, the final formulas are
expressed by equations 6.1 and 6.2. The boundaries are limited within the ranges of test set-

ups.

K, = _0.3026 0.75(1—e™*%) (6.1)

1

Tested boundaries: 1.0<£<3.0, 1.0< B <8.6
H.

i

K =-030%
H,

1

-0.31
+0.75{B} *(1—e ™) (6.2)
H,

i

Boundaries: 3.0<¢£<8.2, 1,o<£<8.3
H.

i
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The fit of formula for predicted and measured transmission coefficients is shown in Figure D-1.
The proposed formulas fit the test data well, resulting in a fair statistical fit R*=0.91.
To obtain the confidence levels of the formulae, the standard deviation of difference between
measured and calculated wave transmission should be explored. The method adopted by De
Jong (1996) was used to derive the standard deviation. It is assumed that the scatter around the
line K measured = Ki-caleulated €an be described by Standard Normal Distribution. Two lines of
constant difference between the measured and the calculated transmission coefficients are
plotted in steps of £0.10. Using a two-sided truncated Normal distribution function with mean
u=0 and deviation =1, see Figure 6.3, the standard deviations foe each boundary can be
calculated. The percentage of points within theses boundaries are counted and the probability
can be obtained by:
P(-b<x<b)=Percentage within boundary

The value of b can be found from the table of Standard Normal Distribution. With this value of
b the standard deviation o for the specific boundary, e.g. 0.01, is calculated using the following
equation:

o(boundary = 0.01) = %
The calculation results of standard deviation for the wave transmission formulas are
summarised in Table 6.1.
The data sets of Seeling (bwl) was discarded because they are not in accordance with general
trend. The average of standard deviation is 0.056 without Seeling (bwl). If the data sets of
Seeling (bw1) are taken into account, a higher standard deviation value of 0.69 is expected.
With the standard deviation of 0.056 one can obtain the confidence levels of the formulas. For
the 90% confidence level the value of 1.64 for b is found. The 90% confidence intervals become

K, +1.640 = K, £0.092. The Figure D-1 gives the 90% confidence intervals.

Standard Deviation

Boundary | % within b St.Dew.
Width Boundary (o]

0.0 0123 0155 0.065

0.02 0.23s 0.30s 0.066

0.05 043z 0.570 0.053

0.04 0.556 0.765 0.0s5z

0.0s 064z 0920 0.054

0.06 0728 1.100 0.055

0.07 0.77a 1.220 0.057

0.0s 0877 1.540 0.052

0.09 0.938 1.870 0.045

a0 0951 1.870 0.051

011 0963 2.080 0.053

-b b 01z 0.963 2.080 0.055
013 0963 Z.080 0.063

014 0958 2.500 0.056

Figure 6.3 Normal distribution N(0,1) i e ml (HIEL

Table 6.1 Standard deviation for 2-D transmission

formula at smooth structures
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6.3 Derivation of formula for oblique wave transmission

Formula for oblique wave transmission was derived by analysis on the wave direction influence

presented in the DELOS data set. The measured range of surf similarity parameters was

147 <£<2.63. The relative crest width 8 was located in the range of | oo < B . 3.33, with
H, H,

B=0.20m. Therefore, the equation 6.1 can be taken as a basic formula and the influence of

wave direction will be put into it.

The Figures 6.4 shows the relation between K, and incident wave angle [3.
—030R 40750 0%)
H,

i

Through trial and error, the relation was found as (cosﬂ)%. So the finalised formula was

developed:

K, =709 11} +0.75(1- ¢ ") (cos ) (6.3)

i

The proposed formula results a relatively fair statistical fit to 3-D test data, R*=0.84. The
comparison between measured and calculated transmission coefficients is presented in Figure

D-2.

1.60

1.40

1.20

1.00

(cosB)??

0.60

K/[-0.30R /H+0.75(1-e )]

0.40

0.20

0.00
0 10 20 30 40 50 60 70 80 90
Incident Wave Angle B (Degree)

Figure 6.4 Relation between K, and incident wave angle (3
- 0.30£ +0.75(1—e"%)

i

Physically when the perpendicular waves attack the structure, B=0°, the transmission

coefficients should have maximum values. This is well defined by the expression (cos ﬂ)%. If

the angles increase, the influences of relative freeboard and the second term with surf similarity
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parameter £ will be both modified by (cosﬂ)%. The slope of the line becomes flatter and the

second term decreases as well. Finally the coefficient will drop to zero when the f=90°.

A bigger incident wave angle leads to longer travelling distance or gentler slope, therefore less
run-up level and smaller transmission. At the same time, more energy of short-crested wave will
not approach and pass the structures as increasing incident wave angle. That is to say less

incident wave energy can attack the structures and consequently transmission will decrease.

The magnitude of the direction influence is given by the function of (cos ﬂ)%. The reduction, in

percentage, of the transmission coefficient is 10%, 20% and 50% corresponding to the incident
wave angle p=30°, 45°, 70°. Significant effect of wave direction is present when the incident
wave angle is bigger than 30°.

Some studies show that wave transmission still exists when the wave directions are between 90°
and 120 ° in 3-D wave field. This seems not agreeable to the above expression. However, this
could require more data sets to find the influence of incident wave direction nearly parallel to
the structure, especially at the range of 70°and 120°. On the other hand, from the engineering
point of view, waves nearly parallel to the structures are less of concern. Therefore, the above
expression can be accepted when the direction boundary is set in the range between 0° and 70°
as performed in DELOS tests. The applicable ranges for oblique wave transmission are

summarised as following:

1.0<£<3.0, 1,0§£s4.0, 0°<p<70°
H.

i

The calculation results of standard deviation for oblique wave transmission formula are
summarised in Table 6.2. The average of standard deviation is 0.052. With the standard
deviation of 0.052 the confidence levels of the formula can be obtained. For the 90% confidence
level the value of 1.64 for b is expected. The 90% confidence intervals become

K, £1.640 =K, £0.09. The Figure D-2 indicates the 90% confidence intervals.

Standard Deviation

Boundary| " within 5] St.Dev.
Width Boundarny a

0.01 0133 0172 0.055
0.0z 0.255 0.525 0.052
0.05 0.475 0.53535 0.047
0.04 0552 0510 o0.049
.05 0.673 0.950 0051
0.065 0.7 o 1.200 o.os0
n.ov 0.524 1.3595 0.052
.05 0.597 1.630 0.049
.09 0.939 1.875 0.045
010 0.955 2130 0.047
011 0.970 2160 0.051
012 0.970 2160 0.0565
013 0.975 2.250 0.055
014 0.955 2.510 0.0565
015 0.994 2750 0.055

Aerage 0052

Table 6.2  Standard deviation for 3-D transmission formula at smooth structures
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7. SPECTRAL CHANGE DUE TO WAVE TRANSMISSION

7.1 Peak frequency

After transmission over low-crested structures, wave energy is dispersed and wave height
decreases. The wave transmission coefficient is not the only important parameter that needs to
be studied. Transmitted wave period and spectral shape sometimes may have influence on the
lee side structure design, for instance, wave run-up on the a dike behind a low-crested structures
depends largely on the transmitted wave period.

Van der Meer et al. (2000) found that the peak period remains more or less constant after

transmission. For K, > 0.15 about 40% of the total transmitted energy is present at the higher

frequencies of the spectrum between 1.5fp and 3.5fp. The investigation was carried out in

present research to validate the conclusions for DELOS data.

The directional wave spectrum analysis was carried out using the BDM program. It gives the
peak frequency and the energy distribution along frequency and direction. The percentage of
total energy in the higher frequency range can also be calculated. These results are
summarised in Tables A-10—A14. Figure 7.1 gives an example of incident and transmitted
wave spectra at rubble structures.

S(m?/Hz)
3.0E-03

2.5B-03

llncident Wave Spectrum

2.0E-03 ¢

1.5E-03 +

1 .0E-03 L Transmitted Wave Spectrum

5.0E-04

0.0E+00
0.0 0.5 1.0 1.5 2.0 2.5 3.0 f/fp 3.5

Figure 7.1 Incident and transmitted wave spectra

Figures E-1—E6 show the peak frequency ratio f,/f,i as a function of incident wave peak
frequency, transmission coefficient K, and wave steepness for rubble and smooth structures. The
influences of parameter f,; , so, and K. are not evident. The ratios fluctuate around 1.0.
Generally speaking, the peak frequency of transmitted wave is more or less same as that of the

incident wave.
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7.2 Energy distribution

The incident wave energy will be redistributed and is broadened with a shift of energy to higher
frequencies after transmission. Figure 7.1 gives an example of energy shift of rubble structure
test 1. To analyse the change, the range of high frequency is defined as from 1.5f, to maximum
frequency fnax. Therefore the percentage of the total transmitted energy at the higher
frequencies can be quantified. The maximum frequency fn.x Was obtained by finding the point
at which the energy sharply drops to zero.

The influence of various parameters on the ratio of f,./f, and percentage of total energy at high
frequency range were analysed. These parameters are incident wave angle J3;, relative freeboard
R. /H;, wave steepness s,, and transmission coefficient K,.

Wave direction has no direct influence on the ratio of f,,,./f, and energy shift at rubble structures
and smooth structures. This can be seen in Figures E-7, E-8, E-9 and E-10. Some of the other
parameters do show influence tendencies at rubble structures and smooth structures. Detailed

discussions are given to each type of structure.

Rubble structure

The ratio of f,,«/f, is found in the range from 2.1 to 4.3 instead of a nearly constant value. Its

average value is 3.2. It is close to the value of 3.5 found by Van der Meer et al. (2000).

6.0 ‘
l
5.0 :
|
|
A A |
& 40 f-m-mmmmmmmm o G e
= a N |
A i
< 30 Lastor U Ragesty poa
. A om a Mﬁ& §A
A a A & AA : ¢
20 f-mmmmmm e A2 T
|
l
10 fommmm L E TR
|
|
0.0 !
0.00 0.01 0.02 0.03 0.04 005  Se 006

Figure 7.2 Relation between fi.«/f, and s,, for rubble structures

Wave steepness s, shows a consistent influence, the smaller the steepness the larger the ratio.
The relation between fi.«/f, and relative freeboard R./H; the ratio will decrease indicates when
water levels are far away from crests as indicated in Figures E-11. The obvious influence
related to transmission coefficient is not observed. The percentage of the total transmitted

energy at the high frequency is found in range of 20% to 51%. The average value is 34%. The
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influence of wave steepness is clear, the larger the s,,, the smaller the percentage. These can be

observed in Figure E-13.

Smooth structure

The ratio of fi,/f, is present in range from 2.9 to 5.6 and its average value is 3.8 for smooth
structures. The positive freeboard has a little higher ratio of f,,/f,. In addition, it will increase
when water level is close to crest, see Figure E-12. Figure 7.3 presents a relatively good linear
relation between transmission coefficient and f../f,. An expression was found to estimate
fmax/f, as a function of the transmission coefficient K

@}3-431@ +520 If0.10 <K, < 0.65 (6.1)

p

6.0

5.0

4.0

3.0

fmax/ fp

2.0

1.0

0.0

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Kt

Figure 7.3 Relation between f..x/f, and K for smooth structures

A larger transmission coefficient gives a smaller ratio of f.«/f,, therefore a smaller f,. This
means the relative narrow distribution is produced for the wave transmission with a bigger
coefficient.

The percentage of the total transmitted energy at the high frequency is most located in range of
30% to 60%. The average value is 42%. It is also close to the value of 40% proposed by Van
der Meer et al. (2000).

The influence of transmission coefficient on the wave energy shift is clearly shown in the
Figure E-14. It can be seen that the percentages trend to a constant value of 40% when the
transmission coefficients are bigger than 0.3. The percentages will decrease as increasing

coefficients between 0.10 and 0.30.
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8. CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

Based on three-dimensional wave transmission tests, oblique wave transmissions at rubble and
smooth structures were studied within DELOS project. A number of conclusions have been
reached as follows:

e The freeboard, wave height and steepness have a similar behaviour as presented by previous
research for 2-D wave attack. They are still dominant parameters for short-crested wave
transmission.

e Wave transmission at rubble structures is slightly influenced by incident wave angle.
However, wave direction strongly affects the transmission over smooth structures.

e There is hardly any diffidence between short-crested and long crested wave transmission
coefficients. If any, the short-crested waves give a 3% smaller transmission coefficient than
the long-crested waves.

e The transmission formula proposed by Daemen (1991) fits well with oblique wave
transmission at rubble structures. Due to the slight influence of wave direction, without any
modification, this formula can be used to predict the oblique wave transmission at rubble

structures with a narrow crest width.

Based on more available data sets, the two-dimensional wave transmission formula presented
by De Jong (1996) was modified. By distinguishing the surf similarity parameter &, different

expressions are given as follows:

R
K, =-0.30—<+0.75(1-e"*), £<3
Hi
R B —0.31
K, =-030—-+0.75{—| *(1-e"%), ¢23
H, H,

e Oblique wave transmission over smooth  structures was  derived as

Kt = (_030 f; + 075(1 - 670‘55 ))(COS ﬂ)% , eﬁ <3

e  The wave main direction will decrease after transmission at rubble and smooth structures.
The transmitted wave direction P is dominated by incident wave angle ;. Wave direction
change at rubble structures can be expressed by

B =0.8B;
The relation between incident and transmitted wave direction for smooth structures can be
approximately described by:

B.=0.9B; if B, <50°

B, =45° if B¢ >50°
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For both rubble and smooth structures, the peak frequency of transmitted spectrum is similar
to that of the incident spectrum.
The average ratios of fi,,«/f, are 3.2 and 3.8 for rubble and smooth structures respectively.
They are close to the value of 3.5 found by Van der Meer et al. (2000)
For the smooth structures the following expression was proposed to estimate fi../f, as a
function of the transmission coefficient K;

S =-343K,+520 1f0.10 <K;<0.65

»

For rubble structures, the ratio of fu./f, is in range from 2.1 to 4.3. There seems to be a
smaller effect of s,,. A smaller steepness gives a larger ratio.
The average percentages of the total transmitted energy at the higher frequencies are 34%

and 42% for rubble and smooth structures respectively.

8.1 Recommendations

The formulae proposed by Daemen (1991), De Jong (1996) and Queen’s (1998) were
used to validate the transmission equations for rubble structures in the research. It was
found that none of the existing formulae of wave transmission at rubble structures are
sufficient for application over a wide range of incident wave characteristics and structure
geometries. A more extensive investigation is necessary, especially to describe the influence
of the narrow crest width.
The modified transmission formula at smooth structures was given by distinguishing the
surf similarity parameter & < 3 and & > 3. It should be noticed that the data set of Daemrich
and Kahle (Daka) is only available test for £ > 3 and demonstrates the influence of crest
width. The wave transmission for the case & > 3 needs a more detailed study. It is
recommended that the transmission formula for £ > 3 be used with caution.

It was concluded that incident wave angles slightly influence wave transmission at rubble
structures and strongly affect wave transmission at smooth structures in this research. The
conclusions were drawn based on the present test set-ups with fixed slope and crest width.
More physical tests with various crest width and slope are needed to confirm the

conclusions.
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Tables Appendix A March 2003 DELOS
Table A-1 Tests on Rubble Structure (Test 1-42)

Test set-up Seaside Lee side K B Bs
TestLayoul] R, h Wiawe | Sen Hs T L Diir. [Spread Hrh H, T Sep [ Dir. (Hi) Ref. (Hr) Hy [Dir. (Ht Ref. {Hn HyH, [*1 [*1
no. [m] | [m] | tvpe [m] | [s] ] [rml] 7 5 [°] T T (%) [°] [T Y]
1 0 oo0 | 025 | 30 |00z | oos (160 40 | @0 z0 | o032 |ono4 | og25 | o024 101 262 | 24 |on4s| o5 201 21 049 | 413 | 55
z 0 ooo | oz2s | 30 [ooz| o1 (18855 | =0 s0 | 044 |odz0| os47 | o023 101 250 | 2o |oos4| o3 265 25 045 | 106 | 25
3 i ooo | 025 | a0 | ooz | 044 |22 70 | =0 50 | 056|013z 0469 | o019 103 | 256 | ar o056 | 91 264 31 042 | 128 | 1.2
4 i ooo | o025 | 30 | o004 [ oo8 [143 | 20 | @0 50 | o032 |o063| o&z | 0027 ag 242 & |oozz| =9 264 17 0.51 6.4 | 8.6
5 a oo0 | 025 | 30 | o004 [ 041 |[133 | 25 | o Z0 | o044 |onas| oFos | o030 a3 275 | 20 |on4s | o3 274 21 0.4% 3.3 3.3
5 0 ooo | o025 | 30 [oo4 | o014 [150] 35 | 20 50 | 056|011z o664 | 0032 a9 267 | 24 [oosz| 1oo 265 23 0.16 9.0 | 102
7 i ooo | o025 | 20 | ooz | 044 |24z 70 | =0 - 056 | 0134 | 0469 | 0019 101 250 | 33 |o0s7 | &7 274 27 043 | 114 3.5
& i ooo | o025 | 20 | oo4 [ 014 [150] 55 [ oo - 056 | 0127 | 0625 | 0032 a9 265 | 25 |o0s7 | 96 265 25 0.15 8.6 5.7
9 0 005 | o020 | 30 |00z | 007 (150 35 | @0 z0 | 035|o0s3| o625 | ooz a3 267 | 24 |oozs| o2 252 15 0.31 8.1 24
10 0 oos [ ozo0 | 30 [ooz| oog [170f 45 | 20 50 | 045 | o096 | 0625 | 0024 a9 264 | 2o [oo: a4 270 E 0.32 8.6 3.9
11 i 0os | oz0 | 30 | ooz | 041 |1&88 | 55 | =0 50 | 055 |0109| 0556 | 0024 104 | 257 | 3 |o03s| 4= 272 20 032 | 139 | 54
12 a 005 | 020 | 30 | o004 [ 007 (106|158 | 20 20 | 035 | 0060 0955 | 0034 ar 256 | 13 |ooi4 | =2 271 14 0.23 7.0 2.0
13 a 005 | 020 | 30 | o004 [ o009 (120 23 | oo Z0 | 045 |oo0Fa| 0oss | o045 a9 260 | 21 | o021 a4 277 16 0.27 &6 3.8
14 0 oos [ ozo0 | 30 [ooa | o411 (13328 | 2o s0 | o055 |onas| oF4z | 0034 a5 265 | 20 |oozas| o5 6 24 0.29 8.0 6.3
15 0 |-005| 030 | 30 | o002 | 009 [170] 45 | 490 50 | 030 | o094 | 0625 | 0024 100 | 261 27 | 0.061 an 26T 14 065 | 0.4 | 6.5
16 0 |0o05| 030 | 30 | o002 | 0413 | 204 | 65 | 4o 20 | 0453|0131 | oS08 | ooz2 103 | 258 | 30 |oo7s | a2 260 25 057 | 2.7 | 24
17 0 |-005| o030 | 30 | o002 | 047 | 233 | 65 | 90 Z0 | o057 |o0A157 | o469 | ooz2 101 255 | 26 | o0.081 an 263 30 052 | 106 | o0
e 0 |nos| o030 | 30 |oo4 | ooe (120 25 | @0 s0 | oa0|oofe| oFos | o024 a7 215 4 |oosz| =7 267 10 0.63 6.9 2.8
19 0 |-005| 030 | 30 | 004 | 043 144 35 | @0 50 | 043 | 0106 0705 | 0.034 a9 266 | 16 | 0065 | =0 26 15 0.61 8.7 0.4
20 0 |n005| 030 | 30 | o004 | 047 |165 | 45 | 4o 20 | 057 |0144 | 0664 | 0.0 100 | 260 | =& | o077 | 46 263 24 053 | 10.2 | 6.4
21 30 |ooo| oz25 | 30 [oo2|oos [160f 40 | 20 s0 | oaz2|onas| ogz2s | 0024 g2 271 23 |oondz | 91 261 11 044 379 | 294
22 30 |ooo| o025 | 30 [ooz| o411 (18855 | =0 50 | 044 |0127 | 0586 | ooz2s g2 274 | 25 |ooss| oz 245 11 012 379 | 274
23 30 | o000 | o025 | S0 |00z | 041 |1&88 | 55 | 80 50 | 044 |0129| 0547 | 0025 75 275 | 25 |oo0so| o4 229 18 0.39 a5.4 | 35.7
24 30 |ooo| o025 | S0 |oo02 | 041 |1&8 | 55 100 | S0 | o044 |od120| 0sSs6 | 0026 a3 275 | 32 |oos4 | o4 265 16 0.45 321 | 26.2
25 30 |ooo| o025 | 30 [ooz| o014 [z4z2| 70| 20 z0 | 056 | 0144 | o508 | 0024 T 273 | 28 [ 0081 a9 261 21 0.42 356 | 214
26 30 |ooo| o025 | 30 [ood4 [ oos [143] 20| 20 s0 |03z |oofz| osss | 0037 EE 225 s |ooza| =™ 273 20 047 31.9 | 286
27 30 | o000 | o025 | S0 | o004 [ 041 [133 | 28 | @0 50 | 044 |0103 | 0820 | 0044 a5 273 | 19 |onds | 93 257 18 047 346 | 26.8
25 30 |ooo| o025 | S0 | o004 | 041 |[133 | 28 | 80 20 | 044 |0110| os20 | 0047 74 270 | 21 |ono4s | =2 260 16 0.1 41.3 | 27.6
29 30 |ooo| o025 | 30 [ood4 [ o041 [133] 28 (100 50 [o44|oqo3| oFer | o040 g9 2g0 | 19 |ooso| o5 20 17 0.49 31.3 | 254
30 30 |ooo| o025 | 30 [oo4 [ o014 [150) 35 | 20 s0 | o056 |od30| o703 | 004 g5 276 | 24 [oos7 | @ 254 17 044 349 | 289
31 30 |ooo| o25 | 20 | o002 | 014 |24z 70 | =0 - 056 | 0144 | 0469 | 0.020 G4 274 | 25 |oos4 | =0 261 22 0.4 35.6 | 30.1
32 30 | ooo | o025 20 | 004 | 0414 |150 | 35 | ao - 056 | 0131 | 0664 | 0.037 a5 275 | 24 |oosa| =8 239 20 0.45 350 | 32.2
33 30 |ooo| oz25 | 20 [ood4 [ o014 [150| 35 50 5 056 | 0123 | 0664 | 0035 T 267 | 20 [oosa| o 239 20 045 36.2 | 28.3
I 30 |ooo| o25 | 20 [oo4 [ 014 [150] 35 {100 - 056 | 0133 | 0664 | 0038 R 272 | 20 |oosz| o3 266 17 047 33.9 | 27.3
35 30 | 005 | o020 | S0 | o002 | 007 [150 35 | @0 50 | 035 | o080 0625 | 0020 a2 286 | 27 |ooig | o7 256 15 0.24 37.9 | 22.8
36 30 |oos| oz0 | 50 |ooz [ o009 (170 45 | @0 20 | 045 | 0096 | 0sS86 | oo 73 230 | 30 |oo023| oS 236 15 0.24 406 | 247
a7 30 |oos| oz20 | 30 [oo2| o011 (18|55 | 20 z0 | os55|odz0| oso8 | o020 &0 252 | 34 |ooso| o7 254 16 0.25 39.7 | 233
EE 30 |oos| oz20 | 30 [ooz| o1t (18855 =0 s0 |os55|o114| osos | o019 b 286 | 34 |oo2s | @o 233 17 0.23 16.8 | 30.3
39 30 |oos| oz20 | S0 | o002 | 041 |[1&6| 55 100 s0 | 055 |0116| 0s47 | o022 a5 273 | 34 [|oo03z | 100 259 16 0.28 35.2 | 20.1
40 30 |0o0s| oz0 | S0 |o04 [ 007 |[106| 18 | 90 20 | 035 | o060 o898 | 003 gz 257 | 22 |omiz| o4 261 12 0.20 283 | 25.6
41 30 |oos| oz20 | 30 [oo4 [ ooo [120f 23 20 z0 | 045 | o084 | o&z0 | 0036 an 274 | 21 |omis| o4 255 15 021 299 | 257
42 30 |oos| oz20 | 30 [oo4 | o411 [133] 28] 2o s0 | os55|on2a| oFs1 | o039 g3 2oz | 26 |ooza| o 244 15 0.24 36.5 | 21.7
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Table A-2 Tests on Rubble Structure (Test 42-84)

Test set-up Seaside Lee side K B+ B:
Test|Layoul] Fe h Wave | Scp Hs T L | Dir. [Spread Hih H, o S | Dir. (Hi)| Ref. {(Hr Hy | Dir. {HE Ref. (HR HyH, [°] [*]
no. [rm] (] | tvpe [rm] [s] | [l ] [7] (=] "] 1 ] [’ "] Y
43 | a0 |-005| 030 | 30 | 002 | 009 |170| 45 | 90 | S0 | 030|0402| 0625 | 0026 a2 264 | 20 |006s| @9 266 B 0614 | 37.8 | 31.4
44 | 30 |-005| 030 | 30 | 002 | 043 | 204 | 65 | 90 | S0 | 043 |0436| 0508 | 0.022 6 265 | 21 |oo7s| m 262 19 0.57 | 344 | 288
45 | 30 |-005| 030 | 30 | 002 | 043 | 204 | 65 | 80 | S0 | 043 |043s| 0508 | 0022 77 265 | 19 |oors| =6 256 2z 054 | 429 | 345
46 | S0 |-005| 030 | 30 | 002 | 013 | 204 | 65 | 100 | S0 | 043 |0132| 0489 | 0019 a4 265 | 24 |o080| 99 273 19 0.61 259 | 21.a
47 | a0 |-005| 030 | 30 | 002 | 047 | 233 | 85 | 90 | S0 | 057 | 0465 | 0489 | 0023 a7 271 | 19 |o084 | =9 269 27 0.51 331 | 314
45 | 30 |-005| 030 | 30 | 004 | 009 |1.20| 23 | 90 | S0 | 030 | 0083 | 0820 | 0.036 a0 284 | 4 |o055| 92 263 14 0.66 | 30.0 | 284
49 | 30 |-005| 030 | 30 | 004 | 043 |1.44 | 33 | 90 | S0 | 043|042 | 0705 | 0039 54 265 | 15 |o068| @90 245 2z 055 | 36.2 | 299
S0 | S0 |-005| 030 | 30 | 004 | 013 |144 | 33 | 80 | S0 | 043 |0420| 0705 | 0038 7E 277 | 19 |006E | &a 252 14 055 | 435 | 323
51 30 |-005| 030 | 30 | 004 | 013 |144 | 33 [100 | S0 | 043 |0424| o781 | 0048 a4 265 | 20 |o0o074 | 102 281 12 060 | 258 | 175
52 | a0 |-005| 030 | 30 | 004|047 |165] 43 | 90 | S0 | o057 |044e| 0625 | 0037 56 266 | =0 |oove | 93 262 17 054 | 343 | 266
53 | 50 |0O0O0| 025 | 3D | 002 | 008 |1.60| 40 | 90 | S0 | 032 |0.09%| 0664 | 0026 54 264 | 5 | 0044 | =89 267 20 0.47 | 559 | 508
54 | 50 |00O0| 025 | 30 | 002 | 041 |188 | 55 | 90 | S0 | 044 |0120| 0586 | 0026 B4 266 | 9 |0053| =9 267 30 044 | 561 | 509
55 | 50 | 000 | 025 | 30 | 002 | 041 |168 | 55 | 60 | S0 | 044 |0117 | 0586 | 0026 73 306 | & |o0s0| =4 269 26 043 | 66.8 | 56.2
S6 | S0 | D00 | 025 | 30 | 002 | 041 |1.88 | 55 |100 | S0 | 044 | 0123 | 0547 | 0024 89 267 | 20 |o0s7| 96 264 28 046 | 51.3 | 436
57 | 50 |oo00| 025 | 30 | 002 [ 044 |212 | 7.0 | 90 | S0 | 056 |0440| 0508 | 0023 54 265 | 11 |o0s7| =8 260 35 0.1 56.3 | 52.0
S8 | 50 | 000 | 025 | 30 | 004 | 008 |113| 20 | 90 | S0 | 032 |0072| 0859 | 0034 &S5 204 | 1 |o0033 | 102 281 19 046 | 547 | 384
58 | 50 | 000 | 025 | 30 | 004 | 041 |133 | 28 | 90 | S0 | 044|040 | o781 | 0040 a3 271 | 16 |0047 | 96 283 19 046 | 471 | 439
60 | 50 | D00 | 025 | 30 | 004 | 041 |1.33| 28 | 0 | S0 | 044 |04o0| o781 | 0.039 a1 252 | 20 |ooaz | =7 276 16 042 | 586 | 53.2
&1 S0 | 000 | 025 | 30 | 004 [ 041 |[1.33| 268 [100 | S0 | 044 o099 | o781 | 0039 55 271 | 17 |ona7 | 103 275 24 0.47 | 524 | 374
2 | 50 | 000 | 025 | 30 | 004 | 014 |150| 35 | 90 | S0 | 056 |0427 | 0705 | 0040 &S5 274 | 17 |oo0sa| @ 267 28 0.a3 | 552 | a9a
63 | 50 |00O0| 025 | 20 | 002 | 0414 | 212 | 70 | 90 - |o0s56|0431| o489 | ooia =7 3z | & |o0s7| &s 274 34 041 | 835 | 554
64 | 50 |00O0| 025 | 20 | 004 | 014 150 35 | 90 - |o0s6|0131 | oeea | ooar a1 269 | 14 |o057 | =9 272 a0 031 | 492 | sna
65 | 50 | 000 | 025 | 20 | 004 | 044 150 35 | &0 - |os6|o1za| oEes | D036 55 271 | 13 |o0os7| @0 270 30 044 | 524 | 497
B | 50 |00O0| 025 | 20 | 004 | 0414 |150] 35 | 100 - |o0s6|0125| oesa | oo3s an 271 | 14 |ons7 | a9 271 29 a6 | s0.4 | 510
67 | 50 |0D0s| 020 | 30 | 002 | 007 |150| 35 | 90 | S0 | 035 | 0079| 0625 | 0020 a5 280 | 13 | 0020 | 92 270 14 0.25 | 548 | 477
66 | 50 |0O0s | 020 | 30 | 002 | 003 |170| 45 | 90 | S0 | 045 | 0097 | 0625 | 0024 a2 276 | 12 |o0z7 | 93 268 29 028 | 575 | 466
69 | 50 |0DS| 020 | 30 | 002 [ 041 168 | 55 | 90 | S0 | 055 |0419| 0547 | 0023 g2 275 | 17 |ooza| =8 272 20 024 | 58.2 | 523
70 | 50 |00s | 020 | 30 | 002 | 011 |1&88 | 55 | 80 | S0 | 055 |0412| 0547 | 0021 7S 209 | 15 |o0027 | & 273 27 024 | 64.8 | 574
71 S0 | 005 | 020 | 30 | 002 | 011 |1&8 | 55 |100 | S0 | 055 | 0414| 0508 | o019 &5 270 | 20 |o031 | 9a 267 =1 027 | 517 | s
72 | 50 |0Ds | 020 | 30 | 004 | 007 |106| 168 | 90 | S0 | 035 | 0061 | 0877 | 0037 a1 306 | 15 |03 | 95 280 17 0.21 291 | 246
75 | 50 |0D0DS| 020 | 30 | 004 | 009 |[120] 23 | 90 | S0 |o45|o0sz| o820 | 0035 a3 274 | 21 |ooo| 93 265 21 023 | #.3 | 467
74 | 50 |0o0s| 020 | 30 | 004 | 041 |133| 28 | o0 | S0 | 055 |0095| os20 | 0041 &5 275 | 2z |ooza| as 266 21 0.25 | 52.3 | a5.4
75 | &0 |-005| 030 | 30 | 002 | 009 |170 | 45 | 90 | S0 | 030| 0104 | 0625 | 0026 &7 280 | 2 |o0s=s| o 2E6 14 065 | 531 | 488
76 | 50 |-005| 030 | 30 | 002 | 013 | 204 | 65 | 90 | S0 | 043 |0124| o508 | 0021 &6 265 | 21 |00O7E | 24 262 3 0.61 53.6 | 45.7
77 | 50 |-005| 030 | 30 | 002 | 043 | 204 | 65 | 0 | S0 | 043 |0433| 0547 | 0026 75 280 | 4 |oo7s| =9 264 23 056 | 61.7 | 514
78 | 50 |-005| 030 | 30 | 002 | 013 | 204 | 65 | 100 | S0 | 043 |0432| 0508 | 0022 a3 265 | 19 |oov7 | @& 264 29 058 | 465 | a17
79 | &0 |-005| 030 | 30 | 002 | 017 | 233 | 85 | 90 | S0 | 057 |0457 | 0430 | o019 &7 255 | 11 |o0077 | @0 267 20 043 | 53.0 | 499
B0 | 50 |-005| 030 | 30 | 004 | 003 |120| 23 | 90 | S0 | 030 | 0084 | 0898 | 0043 T 289 | 4 |00s6| 103 306 10 067 | 50.5 | 369
&1 S0 |-005| 030 | 30 | 004 [ 013 |144| 33 | 90 | =50 | 043 |0423| o742 | 0043 6 260 | 16 |oo71 | 99 279 {E 058 | 544 | M3
&2 | 50 |-005| 030 | 30 | 004 | 013 |144 | 33 | 0 | S0 | 043 |0420| o705 | 0038 7E 260 | 20 |o0Bs | @& 261 23 054 | 635 | 523
B3 | 50 |-005| 030 | 30 | 004 | 013 | 144 | 33 | 100 | S0 | 043 | 0124 | 0742 | 0044 95 251 | 14 |oo0vz2 | 102 270 19 058 | 440 | 384
84 | 50 |-005| 030 | 30 | 004 | 017 |165] 43 | 90 | S0 | 057 | 04157 | 0664 | 0044 &7 265 | 14 |oora| @ 268 27 050 | 534 | 492
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Table A-3 Tests on Smooth Structure (Test 1-42)

Test set-up Seaside Lee side Ky B B
Test|Layoul] R, h Wiave | S Hs Tp L Diir. |Spread Hih H, 1 Sep  [Dir. (H)[ Ref (Hn Hy |Dvir. (HE Ref. (Hn HyH, "1 "1
no. [m] [m] | tvpe ] | [s] { Iml| [ 5 [°1 [°1 (%) [°1 [°1 (%)
e il 000 | 03 30 |o0z | oo (16040 [120] so0 [o27|ooes| oe2s | oox R 274 | 26 |ooag| =&z 299 22 0.56 1.9 8.3
2= il oo [ o3 30 [oo0z[ o011 [188]ss [120] so0 [ozrloqt1e]| osa6 | oo2s g3 281 27 Jooeo| a3 295 30 0.51 7.0 6.8
3=z il oo [ o3 30 [o0z[ o014 [212] 7o (120 s0 [o47loq3s]| oso8 | oo2s g4 2g2 | 31 Jooes| =&z 293 35 0.48 5.8 7.8
4z il oo [ o3 30 [oo04[oos [113[ 20 [120] so0 [o27looes]| o7er | oo2s an s [ 10 Joozo| ao 307 34 0.46 0.4 0.2
Sz il oo [ o3 30 (o004 [ o011 [133[ 28 [120] so0 [ozr|oooz] ora2 | o032 EE] 275 | 18 Jooaa | =&s 305 26 0.48 1.3 2.2
Bz i oo [ o3 30 [on4 [ 014 [150] 35 [120] S0 [o47]oq21] oe2s | o030 a1 272 | 26 Joosa| a3 209 H 0.48 -0.6 6.7
T i oo [ o3 20 [onz[ o014 [242] 70 [120 = 047 [0136]| 0430 | 001s g4 27g | 20 Joor2| &3 275 33 0.53 6.1 7.4
8= i oo [ o3 20 [on4 [ o014 [150] 35 [120 = 047 [0124 | o625 | oox R 272 | 28 Jooeo | =4 283 29 0.48 1.7 57
9= il oos | 025 | 30 |oo02 | o007 [150] 35 [120| a0 |ozeloosz| oe2s | oo g5 274 | 37 |oozo]| a&s 293 28 0.37 5.0 1.6
10= il nos | 025 | 30 |oo02|oo9 [170] a5 [120] a0 [oz6fonoos| os47 | oms g2 273 | 36 |opao| &= 297 26 0.42 7.9 5.4
1= il nos | 025 | 30 |oo2| o411 [188] 55 [120] a0 [oaafor113| o547 | ooz2 g2 282 | 36 |opazr| &4 293 29 0.42 7.9 5.6
12= il 005 | 025 | 30 |oo4 | oo7F (10615 [120] a0 [oz2sfooeo| o7 | oozs g1 285 | 20 |ome| &= 284 35 0.27 8.8 19
13= il 005 | 025 | 30 |oo4 | oo9 [120] 253 [120 a0 [oz6foora| o7z | o025 g3 283 | 26 |ooze| &7 297 30 0.33 7.0 3.0
14s il 0os | 025 | 30 |oo4 | o011 [133] 258 [120] a0 [oaafonogs| o7eaz | oo3s g7 275 | 27 |ooss | &7 290 26 0.37 2.9 2.8
155 0 |-00s| 035 [ 30 |ooz| o000 [170f 45 [120] S0 [o2s]oq1a0] osa6 | o024 g6 2a0 | 26 |oova]| & 301 25 0.65 3.9 9.0
165 0 [-00s] 035 [ 30 [ooz[ o043 [zo4] 65 [120] 50 [osv|oqsa] oass | oox 54 zao [ 30 Joos7r | 73 293 35 0.58 6.2 10.5
17= 0 |[-00s] 035 [ 30 [ooz[ o047 [233 65 [120] 50 [o4aloqas] oasa | ooz 55 z7a | 33 [oom gz a0 33 0.49 1.5 8.4
18= 0 |[-00s] 035 [ 30 [ooa[ooe [1z0l 23 (120 50 [oze]looss]| o7a1 | o033 R za4 [ 10 Jooss| as 325 30 0.65 2.2 5.3
195 0 005 035 [ 30 [ooa[ o043 [144 33 [120] 50 [osvloqsz]| oros | ono42 57 283 | 18 |ooro| a3 309 34 0.53 2.5 6.6
20s 0 005 035 [ 30 [ooa[ o047 [165 a3 [120] 50 [o4aloq63]| osa6 | o036 R za3 | 27 |onoas | &1 309 36 0.53 1.5 8.6
2= | 30 |[ooo| o030 [ 30 ooz oos (160 40 | 20 s0 | o027 |o094| o625 | 0024 a0 300 | 19 |ooaa| &s 254 3 0.47 30.0 | 34.2
22z | 30 [oomo| o300 [ 30 [ooz| o011 [188]ss | 2o s0 |o37|o122| osss | ooz7 a1 204 | 23 |oos3| &z 257 35 0.43 289 | 365
23z | 30 |[ooo| o300 [ 30 ooz o011 [188] ss | ao s0 |o37|o123| os47 | o024 g2 202 | 21 |ooaa| &3 251 a7 0.39 379 | 367
24z | 30 [oomo| o300 | 30 ooz o011 [188| ss {100 so [ozs|oq124] osa7 | oo2e a6 2a3 | 21 |oos7r| oo 255 33 0.46 242 | 30.0
25z | 30 |[ooo| o300 [ 30 [ooz| 014 |22 70| 2o s0 | o047 |o1so| oasa | o021 EE) 291 22 |oosa| == 261 a7 0.39 325 | 324
26z | 30 |ooo| o030 [ 30 [onosa | oo [143] 20| a0 s0 |o27|oovfa| ossa | oo3v an 34 | 16 |ooz0| ao 245 30 0.38 205 | 29.5
27z | 30 |[ooo| o330 [ 30 [oosa | o1t [133] 28 | o s0 |o37|oqo0s| oFs | oo a1 323 | 13 |ooaz| a9 259 a7 0.40 287 | 3.3
2gz | 30 |ooo| o330 [ 30 [oosa | o1 [133] 28 | a0 s0 |o37|oq07 | o742 | oo3s g3 295 | 17 |onoza| =&s 252 40 0.36 36.8 | 343
20z | 30 [oomo | o330 | 30 Jooa o4t (13328 {100 so0 [ozr{oqoa]| o7er | oom 101 320 | 22 |ooar | 29z 255 3 0.45 192 | 27.7
30z | 30 [ooof| o300 | 30 |oo4 | 014 [150f 25 | a0 s0 | o047 |0133| 0664 | 0038 g9 303 | 20 |oos2| =6 255 37 0.39 3.3 | 343
M= | 30 [ooo| o300 [ 20 [ooz| o014 [2a2] 70 | 2o = 047 [0147 | o508 | o024 EG) 277 | 20 |ooEo| =4 265 36 0.1 33.7 | 363
32z | 30 [ooo| oan 20 (o004 [ 014 [150] 35 [ 9o = 047 [0140| o703 | 0044 g1 281 19 Joosa| = 267 36 0.39 39.2 | 386
33z | 30 [oomo [ o330 [ 20 JooaJ o414 [1s0]=2s [ a0 = 047 [01339| o664 | 0039 g1 277 | 19 Joosa | &1 266 3g 0.38 385 | 39.2
34z | 30 [oomo[ o300 [ 20 Joosa ] o414 [1s0] 35 [ 100 = 047 [013s| o664 | 003 g1 2g0 [ 20 Joos2 | &1 266 36 0.39 39.5 | 387
35z | 30 |oos| o25 [ a0 |onoz|oo7 [150] 55 | a0 s0 | o2zs|ooss | os2s | oozz 56 s00 | 42 |oozF | as 230 34 0.31 342 | 247
365 | 50 |oo05 | o025 | a0 |ooz | oos [170[ 45 | S0 20 | 036 |0407 | 0556 | 0024 a0 2oz | 35 |oose | a4 237 35 0.34 209 | 26.4
7= | 30 |oos| oz2s | ao ooz o411 [18s] 55 | a0 z0 | o044 o422 | os47 | o023 a1 305 | 34 |ooaz | @1 230 40 0.35 285 | 294
G5z | 30 |oos| o25 | ap ooz o411 [18s| 55 | &0 z0 | o044 |o425| os47 | ooz4 54 204 | 35 |oosa| a3 232 36 0.30 36.14 27.4
39z | 30 |oos| o255 | 3o ooz o411 [186| 55 (10| 50 [o44|oqzz] o547 | oozs E zan | 32 |ooae | ar 252 35 0.38 239 | 226
40z | 30 [oos| oz25 | a0 |ond | oo7 [1o06] 15 | a0 z0 | oz |ooss | osos | o034 g2 2oz | 40 |oois| 103 247 35 0.23 27.5 | 16.4
4= | 30 [oos| o255 | a0 |ond | oos [120] 25 | a0 z0 | o036 |oosd | osos | 0043 a1 305 | 37 |ooz4 | 49 237 36 0.37 20.4 | 20.5
42z | 30 [oos| o225 | a0 [ond | o141 [133] 25 | a0 z0 | o44 |odo05| oFs1 | oo a1 305 | 35 |oosz| @6 232 36 0.30 29.1 24.2
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Table A-4 Tests on Smooth Structure (Test 43-84)

Test set-up Seaside Lee side K B: | B
Test|Layvoul] R. h Wiawe [ Sep Hs T L Diir. |Spread Hfh H, T Sep Diir. (Hi)] Ref. (H) Hy | Dvir. (Hi Ref. (Hr HyH, [*1 [*1
no. [rm] ] | tvpe [rm] [s] | [ml{ [°] = ["] ["] 2] ["] ["] 2]
43s | o0 |-0D05| 035 | 30 | 002 | 008 |170] 45 | 90 50 | 0265|0117 | 0625 | 00239 53 288 | 11 | 0065 | o6 260 25 0.56 31.5 | 343
44z | =0 |-0D05| 035 | 30 | 002 | 043 | 204 | 65 | 90 S0 | 037 |DA155 | Dasg | ooz2z 90 277 | 22 |oovs| =6 2585 3 0.47 30.0 | 34.0
45s | 30 | -D05| 035 | 30 | 002 | 043 | 204 | 65 | &0 50 | 0457|0153 | D469 | 0022 75 280 | 13 |oo067 | &3 258 33 0.41 | 45.2 | 36.6
46s | 50 | 005| 035 | 30 |00z | 013 | 204 | 65 | 100 | S0 | 037 | 0457 | 0508 | 0.026 37 277 | 17 |ooso| =z 267 32 0.51 22.6 | 28.2
47z | =0 |-005| 035 | 30 | 002 | 047 | 233 | &5 | 90 S0 | D49 |04194 | D430 | 0023 55 280 | 19 |oos1 | =6 265 34 0.42 32.2 | 3a.2
45s | 50 | -0D05| 035 | 30 | 004 | 008 |120] 23 | 90 50 | 0265|0097 | 0751 | 0038 52 327 4 |oos4 | =4 276 23 0.56 28.2 | 26.2
493 | =0 |-0D05| 035 | 30 | 004 | 043 |144 | 535 | 90 S0 | 0.37 |D143 | D74z | 0050 90 256 § |oosz | =7 261 34 0.41 | 298 | 334
S0s | 30 |-0D05| 035 | 30 | 004 | 043 |144 | 53 | &0 50 | 057 |D4139 | D703 | 0044 73 308 | 13 |oosa | & 265 35 0.42 M.z | 39.2
S1s | 30 |-005| 035 | 30 | 004 | 013 |144 | 3.3 |100 | 50 | 037 | 0433 | 0703 | 0042 53 295 | 24 |ooea | @3 267 27 0.52 209 | 26.7
52z | =0 |-0D05| 035 | 30 | 004 | 047 |165| 435 | 90 S0 | D49 |0DAvs | D684 | D050 90 282 | 16 |oovs | =4 264 35 0.42 30.3 | 35.8
S3z | S0 | 000 | 03 SO | 0.02 | 0.08 | 160 | 4.0 | 90 S0 | 0.27 |0.093 | 0664 | D026 55 325 | 11 |ooss | @z 26T 36 0.38 51.7 | 47.6
S4s | S0 | 000 | 03 30 |00z | 041 |188| 55 | 90 50 | 057 |04131 | D547 | 0025 50 296 | 15 |oo044 | = 267 35 0.3 | 604 | 8.7
s5s | =0 | 000 | 03 30 | 002 | 041 |188| 55 | 80 S0 | 037 |DA31 | 0586 | 0029 75 299 | 14 |ooss| o 264 35 0.29 65.5 | 48.6
6= | =0 | 000 | 03 S0 | 002 | 041 |18a| 55 |100 | S0 | 037 D422 | 0547 | 0023 95 293 | 17 | 00s 94 263 36 0.11 441 | 45.6
57s | S0 | 000 | 03 30 |00z | 044 | 242 | 7.0 | 90 50 | D47 |0D158 | D508 | 0026 52 280 | 22 |oos1 | @z 266 35 0.32 57.9 | a48.2
S8= | S0 | 000 | 03 S0 | 004 | 008 | 143 | 20 | 90 S0 | 027 |00O73 | D&59 | 003S 91 341 6 |oDo0z4 | o 271 =0 0.33 8.6 | 48.5
53s | 50 | 000 | 03 30 | 004 | 041 |133| 28 | 90 50 | 057 |D106 | D520 | 0.046 50 309 | 2z |oo3s| @0 273 a4 0.3 | 501 | 504
G0 | =0 | 000 | 03 S0 | 004 | 041 |133| 28 | 80 S0 |0.37 |DA04 | D&20 | 0045 81 329 | 10 | 003 93 269 a7 0.29 58.9 | a47.5
1z | =0 | 000 | 03 S0 | 004 | 041 |133| 28 |100 | S0 | 037 |oio7 | or4z | 0035 | 106 | =13 | 10 |oo4z| 95 276 36 0.39 33.7 | 45.3
E2s | 50 | 000 | 03 30 | 004 | 044 |150| 35 | 90 50 | D47 |D4132 | D703 | 004z 50 315 | 17 |oo44 | @3 271 a0 0.33 50.5 | a7.2
3= | 50 | 000 | 03 20 | 002 | 044 | 242 | 7.0 | 90 - 0.47 |D146 | 0508 | 0024 79 277 | 20 |ooas | = 265 35 0.33 61.0 | 49.4
B4s | S0 | 000 | 03 20 | 004 | 044 |150| 35 | 90 _ 047 |D127 | D74z | 0045 50 276 | 13 |ooD44 | @3 2639 39 0.35 50.4 | 46.6
65 | =0 | 000 | 03 20 | 004 | 044 [1.50 | 3.5 | &0 - 0.47 |0429 | 0705 | 0049 93 271 | 14 |ooas | @3 265 4z 0.35 471 | 465
s | =0 | 000 | 03 20 | 004 | 044 [1.50 | 3.5 | 100 - 047 |D129 | 0684 | D038 94 272 | 14 |ooas [ @8 265 a0 0.35 5.7 | 43.6
7= | =0 | 005 | 025 | 30 | 002 | 007 |150] 55 | 90 S0 | 0.25 | 0092 | Draz | 0032 91 336 | 29 |oois | 10s 2585 42 0.16 8.6 | 35.5
BBs | 50 | 005 | 025 | 30 | 002 | 008 |170] 45 | 30 50 | 036 |0119 | D547 | 0023 86 323 | 23 |ooz1 | @3 261 a5 0.18 541 | H.3
E9s | =0 | 005 | 025 | 30 | 002 | 041 |188| 55 | 90 S0 | D44 |D146 | D547 | 0028 75 295 | 24 |ooz7 | @98 263 a4 0.18 61.6 | 4.8
70s | 50 | 005 | 025 | 30 | 002 | 041 |1688| 55 | &0 50 | D44 |D146 | D586 | 0032 71 300 | 24 |oo18 | @3 2539 a5 0.13 68.6 | .4
71s | 50 | 005 | 025 | 30 |00z | 041 |1686| 55 |100 | 50 | 044 | 0436 | 0547 | 0026 50 297 | 25 |oo34| @3 264 a1 0.25 9.7 | N3
72z | =0 | 005 | 025 | 30 | 004 | 007 |106] 18 | 90 S0 | 028 | 0071 | 0977 | 0.043 55 316 | 38 |ooor [ 111 251 35 0.10 52.5 | 29.2
73s | S0 | 005 | 025 | 30 | 004 | 008 |120] 23 | 90 50 | 036 |0093| 0781 | 0036 50 331 | 36 |oo1z | 109 254 a0 0.13 50.5 | 31.0
Y4z | =0 | 005 | 025 | 30 | 004 | 041 |133 | 28 | 90 S0 | D44 |D11s5| 082 | 0050 91 337 | 30 |ooiv | 103 259 45 0.15 a9.0 | 7.2
75s | S0 |-D05| 035 | 30 | 002 | 009 |170] 45 | 90 S0 | 0.26 | D115 | D684 | 0.033 85 292 | 11 |ooez | 100 255 18 0.514 | 55.4 | 0.5
YBs | =0 |-0D05| 035 | 30 | 002 | 043 | 204 | 65 | 90 S0 |037| 046 | Ds0s | 0026 85 274 | 18 |ooer | @9 255 30 0.42 55.5 | 411
77s | S0 | -0D05| 035 | 30 | 002 | 043 | 204 | 65 | &0 50 | 057 |D159 | D469 | 0022 77 276 | 18 |o061 | @3 267 30 0.38 63.3 | .0
Y8z | S0 |-D05| 035 | 30 | 002 | 0413 | 204 | 65 |[100 | S0 | 037 | 0158 | 0508 | D026 95 272 | 17 |oove | @94 261 30 0.48 5.5 | 46.4
79s | S0 | -0D05| 035 | 30 | 002 | 047 | 233 | 65 | 90 50 |D45| 0z | D439 | 0o0z25 54 269 | 20 |oo7z| @z 265 33 0.36 55.6 | 47.8
B0z | =0 |-005| 035 | 30 | 004 | 009 [120] 235 | 90 S0 |0.26 | 0095 | ore1 | 0037 92 321 s |oonsz| 102 259 19 0.55 8.4 | 38.0
1= | =0 |-0D05| 035 | 30 | 004 | 043 |144 | 53 | 90 S0 | D37 |DA138 | D684 | 0039 90 324 7 |oos1 | @8 273 25 0.41 | 505 | aaa
52s | 50 |-0D05| 035 | 30 | 004 | 043 |144 | 53 | &0 50 | 057 |D143 | D703 | 0.045 74 299 | 10 |oos55| @3 2539 31 0.38 65.9 | 46.9
3z | 50 |-0D05| 035 | 30 | 004 | 043 |144| 5.3 [100 | =0 | 037 | 0437 | 0705 | 0043 | 100 | 325 | 19 |0.067 | 100 271 29 0.49 0.2 | 39.8
B4s | S0 |-D05| 035 | 30 | 004 | 047 |165| 43 | 90 50 | D48 |0D182 | 0664 | 0.051 86 231 | 18 |oo67 | @5 266 33 0.37 53.7 | 447

A4
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Table A-5 All Data with Wave Perpendicular to Smooth Structure(1)

Test Type B hy R, Incident Sop Transmitted| R, H, E BALD B/H, Hymh K Ko
{my} {my} () Hyo(rm) Tals) Lo} - Hy(m)
1 Daka-lmp .20 .70 -0.20 0.06 1.23 2.4 0.026 0.05 -3.25 311 0.055 3.279 0.057 059 1.39
2 Daka-lmp .20 0.7o -0.20 010 1.63 4.1 0.025 0.05 -1.92 316 0.045 1.923 0.149 080 1.06
3 Daka-lmp .20 .50 -0.20 016 2.04 6.5 0.025 013 -1.25 315 0.031 1.250 0.320 0.51 0.93
4 Daka-lmp o.z20 .50 o.oo o0 1.63 4.1 o.024 0.06 .00 3.22 0.043 2.000 0.z200 057 045
= Daka-lmp .20 .50 -0.10 010 1.63 4.1 0.024 .07 -1.01 3.24 0.045 2.020 0165 0.7 079
=3 Daka-lmp .20 .50 0.00 016 2.04 6.5 0.024 010 .00 3.24 0.031 1.290 0.310 .65 0.56
7 Daka-lmp .20 .50 -0.10 016 2.04 6.5 0.024 o1z -0.565 3.24 0.031 1.290 0.255 050 .75
5 Daka-lmp .20 .50 0.00 010 1.63 4.1 0.023 0.06 .00 3.27 0.0435 2.062 0.194 .56 045
9 Daka-lmp .20 .50 0.00 0.06 1.23 2.4 0.023 .02 .00 3.25 0.055 3.656 o110 044 0.0
10 Daka-lmp .20 .50 -0.10 0.06 1.23 2.4 0.023 0.04 -1.52 3.25 0.055 3.656 o110 0.7 0.95
11 Daka-lmp .20 .50 -0.20 .21 2.45 9.4 .02z 17 -0.97 3.37 0.021 0.971 0.5343 .85 0.91
12 Daka-lmp .20 .50 -0.20 .21 2.45 9.4 o.022 016 -0.95 3.35 0.021 0.976 o410 0.7 0.91
13 Daka-lmp .20 .50 -0.10 0.20 2.45 9.4 0.021 016 -0.51 3.46 0.021 1.020 0.327 .54 0.7
14 Daka-lmp .20 .50 0.00 019 2.45 9.4 0.021 o114 .00 3.47 0.021 1.031 0.35358 n.r2 0.61
15 Daka-lmp .20 .50 -0.10 013 2.04 6.5 0.020 .11 -0.76 3.51 0.031 1.515 0.220 .79 0.7
16 Daka-lmp .20 .50 -0.20 013 2.04 6.5 0.020 010 -1.55 3.55 0.031 1.550 0.255 .75 1.01
17 Daka-lmp .20 0.7o -0.20 0.05 1.63 4.1 0.019 0.06 -2.56 3.64 0.045 2.564 o111 0.7s 1.24
15 Daka-lmp .20 .50 0.00 12 2.04 6.5 0.019 0.05 .00 3.66 0.031 1.653 0.242 .62 0.54
19 Daka-lmp .20 .50 0.00 17 2.45 9.4 0.015 .11 .00 373 0.021 1.190 0.336 .65 .60
20 Daka-lmp .20 .50 -0.10 .07 1.63 4.1 o017 0.05 -1.41 3.82 0.045 2817 0115 0.7 0.89
ey Daka-lmp .20 .50 -0.10 016 2.45 9.4 o017 013 -0.53 3.83 0.021 1.250 0.267 0.51 0.7s
22 Daka-lmp .20 .50 -0.10 .21 2.56 12.5 o017 015 -0.47 3.85 0.016 0.943 0.353 053 .80
23 Daka-lmp .20 .50 0.00 .07 1.63 4.1 0.016 0.035 .00 3.90 0.045 2.94 0136 0.49 .46
24 Daka-lmp 0.z20 0.560 -010 o0 2.04 6.3 0.016 0.05 -0.99 .01 0.0351 1.950 0165 075 .82
25 Daka-lmp .20 .50 -0.10 0.20 2.56 12.5 0.015 015 -0.51 4.02 0.016 1.015 0.328 .76 .80
26 Daka-lmp .20 .50 -0.20 010 2.04 6.5 0.015 .07 -2.02 4.05 0.031 2.020 0195 .75 1.13
27 Daka-lmp .20 .50 0.00 019 2.56 12.5 0.015 o114 .00 4.05 0.016 1.042 0.554 .75 .64
25 Daka-lmp .20 .50 0.00 17 2.56 12.5 0.014 12 .00 4.25 0.016 1.149 0.5345 0.7 0.63
29 Daka-lmp .20 .50 0.00 0.05 2.04 6.5 0.013 0.05 .00 4.45 0.031 2.439 0164 .55 0.51
30 Daka-lmp .20 .50 0.00 12 2.45 9.4 0.013 .07 .00 4.45 0.021 1.695 0.236 .62 .57
31 Daka-lmp .20 .50 -0.10 016 2.56 12.5 0.013 013 -0.53 4.47 0.016 1.250 0.267 0.51 0.81
32 Daka-lmp .20 .50 -0.10 12 2.45 9.4 o012 .09 -0.56 4.49 0.021 1.724 0193 0.7s 0.83
33 Daka-lmp .20 .50 -0.10 .21 3.27 16.7 o012 17 -0.49 4.50 o012 0.971 0.5343 053 082
34 Daka-lmp .20 0.7o -0.20 0.05 1.63 4.1 o012 0.04 -3.92 4.51 0.045 F.922 0.073 053 1.62
35 Daka-lmp .20 .50 0.00 0.20 3.27 16.7 o012 015 .00 4.52 o012 0.950 0.405 n.r2 0.65
36 Daka-lmp .20 .50 0.00 019 3.27 16.7 o012 o114 .00 4.54 o012 1.031 0.35358 n.r2 0.67
37 Daka-lmp 020 0.s0 0.0o0 0.03 1.23 2.4 0.011 0.01 0.0 4.67 0.085 407 0.054 0.1 0.36
35 Daka-lmp .20 .50 -0.10 019 3.27 16.7 0.011 013 -0.53 4.7 o012 1.064 0.313 .66 0.83
39 Daka-lmp .20 .50 -0.10 0.04 1.63 4.1 0.011 0.035 =227 4.55 0.045 4.545 0.073 .73 1.11
40 Daka-lmp .20 .50 0.00 015 3.27 16.7 0.011 12 .00 4.55 o012 1.130 0.554 0.69 .66
41 Daka-lmp .20 .70 -0.20 0.03 1.23 2.4 0.011 .02 -5.00 4.56 0.055 5.000 0.036 0.92 276
42 Daka-lmp .20 .50 0.00 013 2.56 12.5 o.010 .09 .00 4 .93 0016 1.527 0.262 067 0.60
43 Daka-mp | 020 0.60 010 0.0z 1.23 2.4 0010 0.0z _AAT 496 0035 5333 0.040 0.84 1.61
44 Daka-lmp .20 0.7o -0.20 .07 2.04 6.5 o.010 0.05 -3.05 S.00 0.031 3.077 0.093 .76 1.1
45 Daka-lmp .20 .50 -0.10 0135 3.27 16.7 0.005 .10 -0.75 5.7 0.012 1.563 0.213 079 .85
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Table A-6 All Data with Wave Perpendicular to Smooth Structure(2)

Test | Type B hy R, Incident %,  |Transmitted| RgH, 'C:, BALO BH, H.h K, Kic
(m} (my} (m} | Hp(m) | Ty(s) | Lo(m) - Hy(m)

1 Infratm 2.00 3.70 1.40 1.28 924 434 0.030 0.05 1.08 1.44 0.047 1.550 0.226 0.06 0.06
2 Infratn 200 .70 1.10 1.46 570 461 0029 0.26 075 1.47 0038 1.370 0.256 018 016
3 Inframm 200 5.70 0.50 1.66 5495 491 0.030 046 0.45 1.44 0.036 1.205 0.291 0.28 0.24
4 Infram 2.00 5.70 0.50 1.83 537 536 0.024 0.61 0.27 1.47 0.032 1.093 0.321 0.34 0.3
B Infratm 2.00 5.70 010 2.02 6.7 5.38 0.029 0.81 0.05 1.47 0.028 0.990 0.354 0.40 0.38
11 Inframm 4.50 5.70 1.40 1.34 5.29 4.3 0.031 0.07 1.04 1.43 0103 3,355 0.235 0.06 0.07
12 Infram 450 5.70 1.10 1.53 .71 4.60 0.030 0.23 0.72 1.44 0.0585 2841 0.265 017 017
13 Infram 450 5.70 0.80 1.72 B.06 4 .55 0.030 0.44 0.47 1.44 0.079 2E16 0.302 0.26 0.25
14 Inframm 4.50 5.70 0.50 1.90 545 513 0.029 061 0.26 1.46 0.089 2365 0.333 0.32 0.31
14a Inframm 450 a.70 0.50 1.87 5.62 4.51 0.027 0.a7 0.27 1.51 0.066 2406 0.325 0.30 0.32
15 Infram 450 5.70 010 2.07 667 5.39 0.030 0.52 0.05 1.45 0.065 2174 0363 0.40 0.37
16 Infratm 15.00 5.80 1.60 1.91 E.41 5.09 0.030 019 0.54 1.45 0.234 7853 0.281 0.10 0.14
17 Infram 1:3.00 §.50 1.20 2.07 563 334 0.030 0.39 0.55 1.44 0.217 7.246 0.304 0.19 0.21
18 Infram 15.00 5.50 1.90 1.75 5.99 4.90 0.031 0.09 1.09 1.41 0.268 G.571 0257 0.05 0.05
18a Inframm 15.00 5.80 1.90 1.75 5.499 487 0.031 010 1.09 1.4 0.2658 5.571 0.257 0.06 0.05
18 Inframm 1:3.00 5.50 0.60 218 5.70 a2.45 0.031 0.60 0.25 1.42 0.214 5651 0.321 027 0.30
20 Infratm 1:3.00 §.50 0.60 2.02 535 925 0.032 0.51 0.30 1.40 0.235 7426 0.297 0.25 0.29
205 Inframm 15.00 5.80 -0.20 2.m 533 5.24 0.032 0.66 -0.10 1.39 0.240 7463 0.295 0.33 0.41
3101 H2014 0.20 0.562 0.05 0.18 1.54 0228 0.037 0.03 0.41 1.49 0.035 1.031 0.313 0.27 0.27
J102 H2014 0.20 0.7o 0.00 015 213 705 0.0 0.06 0.00 1.899 0.025 1.370 0.208 0.40 0.47
3103 H2014 0.20 0.70 0.00 0.20 1.83 5.22 0.035 0.07 0.00 1.46 0.035 1.005 0.254 0.36 0.39
3104 H2014 0.20 0.7s -0.05 0. 1.83 522 0034 0.09 -0.39 1.44 0038 04976 0.263 0.44 0.50
3105 H2014 0.20 0.56 -0.16 0.16 216 725 0022 01z -0.99 152 0.027 1.242 0187 .71 0.76
3106 H2014 0.20 0.86 -0.16 0. 1.80 5.05 0.041 013 -0.75 1.42 0.040 0.976 0.235 0.63 0.62
3141 H2014 0.20 0.75 -0.05 0.2 1.83 5.22 0.034 0.09 -0.39 1.44 0.035 0.971 0.264 0.45 0.50
3142 H2014 0.20 0.36 -0.16 016 216 725 0.022 .11 -1.00 1.83 0.027 1.250 0.156 0.1 0.76
3131 H2014 0.20 0.70 0.00 0.14 214 714 0.020 0.06 0.00 2.01 0.028 1.359 0.206 0.42 0.45
3152 H2014 0.20 .70 0.00 0.20 1.82 517 0.035 0.07 0.00 1.47 0.038 1.026 0.278 0.36 0.39
3153 H2014 0.20 0.75 -0.0G 0.21 1.81 2.1 0.040 0.0a -0.34 1.43 0.038 0.975 0.263 0.45 0.50
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Table A-7 All Data with Wave Perpendicular to Smooth Structure(3)

Test Type B h, Ry Incident Zup Transmitted| Ry, E BLO BHy Hgh K K.
{m} (m} {my} Hno{m} | Tp(s) | Lg(m) - Hi(m)

1= Delos 020 0.s0 o.00 oog 160 3488 0.0 005 000 228 o.0s0 2353 0283 .56 0.51
2z Delos 0.20 0.30 0.00 012 1.71 454 0.026 0.06 0.00 2.07 0.044 1.695 0.393 0.51 .48
3= Delos 020 0.30 0.00 014 1.87 G.03 0.023 o.ar .00 221 0.033 1.443 0.460 048 0.50
45 Delos 020 0.30 0.00 007 1.28 256 0.025 003 0.00 2.09 0.075 3.077 0217 0.46 0.49
o= Delos 0.20 0.30 0.00 0.09 1.35 283 0.032 0.04 0.00 1.55 0.071 2174 0.307 048 0.45
Bz Delos 0.20 0.30 0.00 012 1.60 3.99 0.030 0.06 0.00 1.91 0.050 1.653 0.403 0.48 0. 46
7s Delos 0.20 0.30 0.00 014 233 G.44 0.016 0.0a7 0.00 2635 0.024 1.471 0.433 0.53 0.55
Gs Delos 020 0.30 0.00 o1z 1.60 3.89 0.031 0.06 .00 1.59 0.030 1.613 0413 0.8 0. 46
9= Delos 0.20 0.25 0.05 0.05 1.60 3.99 0.021 0.03 061 235 0.050 2.439 0.325 037 0.33
10s Delos 0.20 0.25 0.05 010 1.83 2.21 0.015 0.04 052 245 0.035 2083 0.354 0.42 0.37
11= Delos 0.20 0.25 0.05 011 1.83 2.21 0.022 0.05 0.44 226 0.035 1.770 0.432 0.42 038
125 Delos 0.20 0.25 0.05 0.06 1.25 256 0.023 0.0z 053 215 0.075 3333 0.240 0.27 0.25
13s Delos 020 0.23 0.05 003 1.33 283 0.025 003 063 2.00 0.071 2432 0316 033 0.28
1ds Delos 020 025 0.05 010 1.35 283 0.035 004 051 1.79 0.071 2.041 0.392 037 0.29
15s Delos 0.20 0.35 -0.05 011 1.71 4.54 0.024 0.0a7 -0.45 214 0.044 1.515 0.314 0.65 0.63
16= Delos 020 0.35 -0.05 0135 213 7.9 0.021 o.09 -0.33 2.29 0.025 1.333 0.4239 0.58 0.61
17s Delos 020 0.35 -0.05 019 213 7.09 0.026 0.09 -0.27 2065 0.025 1.051 0.529 0.49 0.56
18s Delos 0.20 0.35 -0.05 0.09 1.25 256 0.033 0.06 -0.59 1.535 0.075 2353 0.243 0.65 0.63
19= Delos 020 0.35 -0.05 013 1.42 316 0.042 o.ar -0.35 1.635 0.063 1515 0377 0.53 0.53
20z Delos 020 0.35 -0.05 016 1.71 454 0.036 o9 -0.31 176 o044 1.227 0 4E6 0.53 053
1 [ 0350 073 0.00 016 1.34 280 0.036 005 .00 252 0107 1.923 0.205 0.32 0. 46
2 ke 0.30 0E0 015 o017 1.46 333 0.052 003 035 24835 0.050 1.744 0287 015 0.23
3 kel 050 073 0.00 017 1.43 3.25 0.031 0.06 .00 2.85 0.091 1.796 0.223 0.36 .48
4 ke 0.30 075 0.00 013 1.54 280 0.047 004 000 3.06 o107 2256 0477 031 0.46
3 kel 0350 0.va 0.00 013 1.33 276 0.045 004 000 3.13 0109 2.400 0167 0.29 0.45
5] el 030 075 0.00 017 1.56 3.80 0.043 0.0 .00 3.20 0.0739 1.815 0.220 0.35 0.50
Fi vl 0.30 B0 015 a17 162 4039 0.041 003 os7 328 aor3 1.775 0.2a2 018 0.25
g el 030 0G0 015 016 1.60 399 0.040 ooz 0.93 3.35 0.075 1.599 0.263 010 0.22
9 bl 0.30 aED 015 016 202 637 0024 003 085 427 o047 1835 0258 016 0.25
10 [ 0350 0G0 0135 013 2.05 G.96 0.0z20 oo 1135 477 0.04G 2344 0.213 0.o7 018
11 bl 0.30 75 o.00 12 2.00 524 ams o004 000 491 0048 2 E09 0153 0.36 0.51
12 [ 0350 0G0 0135 o1z 3.32 1719 0.007 oo 1.23 785 0.7 2500 0.200 0.05 0.19
15 ke 0.50 0G0 015 011 3.52 17.19 0.007 0.00 1.30 522 0017 2 E55 0185 0.04 015

A-7
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Table A-8

Analysis of Individual Gaug=e Tor Rubble Structure

Setup Gauge H=qrm) T A=) Hr o Crmd Ti=) e Setup Gauge Hetm) | Toa=r |Hocftmy| Todsk e

1 0103 1.2 0.091 192 1 o147 1.70 01265 213

2 0108 1,947 0101 1.59 2 0147 1.565 0.1z9 1.59

) 0.10S 1 .45 0.09s 1.59 <) o147 165 0125 1.51

4 0.100 A e 0.094 1,43 L 0143 1.76 0124 212

= o112 1 as o105 1 55 = 0144 1 66 01=z9 1 60
Test1 Average 0106 1 A6 0098 .52 o_arg Testz 0146 169 0127 1_85 043>
L anpnowrt ue ID-BODRA TR E Y E T o369 Lanroeurt e FD-BOR 0120 1 &2 o_A50

H,=0 n S 0047 1 == 0043 155 H,=0.110m & 0050 =) 0.0=1 =]

T.~1.60s 7 0047 121 O.0s0 1.59 T ~1.-88= 7 0064 146 o051 160

= 0045 1 2= [N 155 = 0050 1 =t [ER=I=1 1.1

=] 0.055 1.33 0.049 1.55 =] 00665 140 0057 1,650

10 0043 126 0045 154 10 0.0s6 a0 [R5 1 =0

Average 0.0a3 128 007 1.56 0.061 1.6 0055 17F

FD-_BDnA 0046 1_60 FD-_B0n 0_05a3 1_ar

1 EREE EN=E] 0165 = =21 E ERES 1 =S FRES] 1 a5

= 0154 157 0131 213 2 0.1z9 1.38 0115 1.50

= 0.16S 1.91 0142 213 = 01265 1= 011s 1.51

4 0177 2.0z 0163 =2.20 - 0129 1.=s 0117 146

Test3 = o1s2 1 54 0.1an = na Testt = 01353 1 a1 0124 151
Layrout 07 Average 0166 1.93 0148 2.1 o_01 0. 130 1.37 0119 1.9 0. 262
H,=0_1 30 FD-BDnA [ Z a3 o_aza ID-BOnR o112z 1_51 o_a6a

T.—2.12s S [ENEI=T 17a 0057 218 T .~1.50s & 0.0SS 126 o.0Sz2 1 a7

Ed 0.059 1.57 0.06s 213 il 0.0s65 1.1 0.0s2 1.50

= 0.0E65 1.6 0.0sg9 213 = o.0s2 123 o.0s4 1.4a9

=] 00590 17 0056 =11 =] [ER=I=5] 1 =0 0056 1 a7

a0 0O 061 1 =9 0O 0=+ =10 10 0O nag 1 o6 0O 0= 1 a6

Average 0.066 167 0.059 2.1 0.055 1.2 0055 198

ID-_BDnA 0.056 Z 13 ELim 1ol ] 0_05= 197

1 0195 E=E] oirs 1 0= i R 1 =6 FREE] ]

= 0146 17T 01=5 E=E] = O 1aa 1 =6 0156 1 =6

3 0179 189 0157 1.9 3 0149 .39 01365 1.51

a [ 1 ar 0165 = 0= a 0146 1 = 0155 1 =4

Test25 = 0176 1.92 0.1s9 1.95 Test3IO = 01435 1,40 0155 160
Lagrout 307 Average 0TS 190 0155 1.9 o378 Lagrout 307 017 .37 0 AST a5 018
H, =01 30 I0-BDM o1 1.97 [TRET-EY H,— 0.1 S I0-BOMM 0130 1_42 [T

T.=2.12=s S 0.0=9 1 a= 0.0ss 1.a7 T . =1.50s & 0051 116 0.0=4 1.5=

- 0.0S7 1 =0 0.0So 197 = R 113 005 1.53

= oo+ a1 oo+ 105 = 0.0=1 1.1= 0.0s6 1 ag

=] [N ] 156 0.0E= 105 =] [R5 1.2 [ERI=1<] 151

10 0061 1 am 0061 196 10 0.0 1.11 0050 1.51

Average 0_061 1_az 0059 196 0053 116 0_057 .51

ID-BDNR 0.061 197 SD-BOR 0057 A2

1 ERER s EREE 1 o7 A 061 =] EREE 1 a7

= o147 177 0126 197 =2 0154 1352 [ 1] 1.55

= 016 1 =2 0144 R = 01as =] ERES 1.s0

= o179 1.9z 0161 =2.03 ) 0.1 138 015 1 a7

Tests7 = 016sS 1.87 0143 2.0z TestG2 s 0.1 1.2 0132 1.51
Lanyrout 507 Average 0168 1.8 017 2. 00 0_381 0136 1.38 01353 1.6 o.311
H,=0_1 30 FD-BDnA o140 197 o_a07 ID-BOnR o127 a_az o_azs

T.—2.12s S 0057 1 a9 0054 109 T .~1.50s & [EN=rY=] 107 0051 150

£ [N 1 == [ENT=R] 1 a7 = 0 nas 1 0= [FREI=T 1 =57

= 0.0ss 1 .29 0.0s65 1.97 = 0.0s1 113 o.0s4 1.65

=] 0.07s 1.6 .04 206 =] 0.0s2 133 0.0s9 1.52

10 0.061 1.942 0.055 1.97 10 0.055 1.32 0.0s55 1.53

Average 0.059 a_a1 0.056 1.99 0.053 18 0055 LT

Z0D-BDRA 0.057F 1.97 ZD-BOR 0051 .51
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Tables Appendix A March 2003 DELOS

Table A-9

Analysis of Individual Gauge for Smooth Structure

Setup Gauge H_oq(my Toi=) Hr oty Toisy ot Setup Gauge Hotmy | Totsy [Hootmy| Toosy M

1 0.095 1.56 0092 1.70 1 0.1 2 1.79 0129 177

= 0093 1 .52 0093 1.55 = 0139 174 a.125 = 21

= 0.059 1.55 0.059 1.56 = 0154 1.75 0120 1.94

E) O.090 1.59 0090 1.70 E] a.136 1.79 a.123 1.78

= O.0ss 1 .53 o090 1 .54 = 0129 1.72 115 = 31
T est1 Auverage o091 155 0091 1.61 0531 Test2 0136 1. 76 0122 2.00 0.195
Layout 0° 3D-BDM 0085 1.60 0D.565 Layout 0° FD-BDNM o118 1.71 0508

H,=0._.0&0m = [E=EEc] 1 .09 [R=ETS 1 .51 H=0_110rm: =] o.os0 140 o.oss 1.5

T .~1.60= - 0.047 1.09 0051 1.52 T .=1.88= - 0.050 1.265 0.055 1.53

= 0.045 1.06 o.049 1.52 = o.059 1.25 o.051 1.59

a O.047 1.09 O.049 166 =] 0.057 1.35 0.052 1.90

10 0.042 1.07 0.045 1.665 10 0.0565 1.30 0.059 1.55

Average 005 1.08 0038 1.59 [T 1.32 0061 187

ID_BDMM 0018 1.51 ZID_BDNR 0060 183

1 0.1 51 1.92 0155 =21 1 0142 1.45 01353 1.70

= 0151 1.95 0152 215 = 0159 1 . 015 1.55

= a1 70 1.91 a.149 213 = 0133 145 o127 1.55

E) 0175 1.55 0146 =2.20 E] a.155 1.45 o127 1.61

Test3 = 0.1 61 1.9 0.1 55 Z.04 Tests = o131 1.47 0.1 26 1.50
L ay ot 0" Auverage 0174 193 0.1 39 214 [T L ayout 0° 0. 137 447 0129 1.58 0. 467
H,=0_1 30 3I0D-BOM 0138 197 0_a478 H,=0_1 30 ID-BOM 0121 1.60 0_479

T =212= & 0075 167 0055 Z.14 T =1-50= =] 0.057 1.19 0.056 160

B O.070 1.5 o070 213 E 0.055 118 0.052 150

S 0.059 1 .54 0073 213 s 0057 118 0050 1 .60

9 O.07 7 1.6 o070 215 = 0.052 1.19 0051 160

10 O.05S 1 4 0056 1.99 10 0.053 116 O.051 1 .61

Average 0.071 1.55 0070 213 0057 1.18 0.060 1.60

3D-BDNM 0066 197 FD-BDN 0058 160

1 o177 1.39 0152 1.91 1 0147 140 0143 1.50

= 0175 1.90 0154 2 .05 =2 0144 1.357 0157 1.45

= 0.1 74 1.90 o152 =2.05 = o.141 1.39 0.1 356 1.47

E) O17sS 1.90 0159 1.91 E] 0145 140 0142 142

Test2s = 0.1 71 1.87 0.1 51 1.97 Test3I0 = .12 1 .40 0.1 36 1 .47
Laynourt 307 Average 0175 1.89 0156 1.98 [T Layourt 307 0133 1.39 0.139 1.6 0.395
H, =01 30 3ID-BDM 0150 213 [T T H,=0_1 30 ID-BONM 0133 1.51 0. 391

T =2.12= 5] 0O 0SS 1 .38 0O 050 =11 T =1.50= =] 0 .0s0 115 0051 1 a7

- 0.053 1.21 o.050 1. .96 - 0.045 0.95 0.052 1.39

=) 0.0s9 1.42 0.057 =.1 =] o.051 1.11 0.055 1.40

a 0.07s 1.57 a.o71 =11 =] 005 1.23 0.052 1.43

10 0.0653 1.35 0055 1.95 10 0.054 1.13 0.056 1.35

Average 0062 1.39 0063 2.05 0.053 1.12 0.055 1.1

3I0D-BOMM 0058 183 IND-BOMM 0.052 A_22

1 0.1 57 1.9 O 17S =214 1 0.1 45 1.5 0.1 41 1.50

= 0183 1.5 0151 1.97 = O153 1.37 0.1 <4 1.50

= 0157 1.94 0.1 66 =14 = 01435 1.357 01355 1.50

E) 0176 1.97 0165 Z.20 E) .10 1.38 0.1 36 142

T ests7F = 0183 1.965 0.1 61 219 TestG2 = 0.1 43 1.38 0.1 34 1 .42
Lagrount S0° Average 0183 193 0166 213 0306 Layrowrt 507 0145 1.8 0138 ABT 0.328
H,=0_1 20 FD-BDR 0158 197 o323 H=0_140rm FD-BEDRA 0132 A A2 0.F3FF

T =2.12= = O.04= 1 .09 [n 214 T =1.50= =] .00 0.9 o.og4= 145

Ed 0.0 1.02 0045 1.95 Ed o.039 0.9 O.040 1.4

=] 0045 111 0O.0s0 1 97 =] 0.0 0.88 0043 1 .59

9 0057 1.55 0050 215 = 0049 1.0 0.052 146

10 0052 1.21 o051 1.97 10 0.0 059 0.045 1.59

Average LR 115 0051 2.03 0.2 0.9z 005 1.52

ID-BDR 0051 197 FID-BDR 0 i A2
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Tables Appendix A March 2003 DELOS
BDM Analysis on Energy Distribution (1)
Table A-10 {Leeside of Rubble Structure)
Test Set-up Measured Incident H; i 1.51; — Trnawp | S Ei4 Sfp-rmax Sap K Percent

Ho. Re Hicmy | Ter= f H; f, £ £ (10 (%]
1 .00 0.0s 1.60 0.E24 0.094 0.E25 0.0s 0525 0933 1.992 3.2 1312 05354 0024 0.49 0.7
2 0.00 011 1.5 0555 0420 0.547 0.054 0525 05955 | 1.955 34 1814 0650 0.023 0.45 36.4
3 0.00 014 242 0472 04352 0.459 0.055 0459 0704 | 1.914 4. 1.971 0912 0.019 0.42 46.3
4 0.00 0.05 113 0553 0.063 0.520 0.032 0520 1230 | 2656 32 0657 0.209 0.027 051 31.8
5 0.00 041 153 0755 0.095 0.742 0.045 0705 1055 | 2.305 33 1316 0.440 0.053 0.45 33.4
=3 .00 014 1.50 0.EES o112 0.EE4 o.os2 a.yos 1.055 2.031 29 1.682 0550 o.oz2 045 32.7
7 .00 014 212 0472 0134 0459 0.0s7 0459 o.7og 1.875 4.0 2.049 ooE o019 0.43 447
g 0.00 014 1.50 0.6ES 04127 0.625 0.057 0525 0555 | 2070 33 20358 0.790 0.052 045 38.8
9 .05 o.o7F 1.50 0665 0053 0625 0.026 0625 0938 2.070 3.3 0423 01649 [N RNy | 031 40.0
10 0.0s 0.09 1.70 0583 0.095 0.625 0.031 0625 0955 | 2.8 35 0509 0.269 0.0z4 032 44.2
11 0.0s GEE] 1.55 0533 0409 0.556 0.035 0525 0935 | 2461 39 0745 0.338 0.0z4 032 45.2
12 0.0s 0.07 1.06 0.944 0.060 0.955 0.014 0.955 1407 | 2265 2.4 04124 0016 0.054 0.23 12.9
13 0.0s 0.09 1.20 0555 0.079 0.955 0.021 0.751 1472 | 2481 3.2 0278 0.075 0.044 0.27 28.1
14 .05 o011 1.33 a.7a3 0.095 0742 0.028 0.7 a1 1472 2461 3.2 0475 0163 0.033 0.29 34.3
15 -0.05 0.09 1.70 0559 0.094 0625 0.0651 0625 0938 1.719 28 2340 o713 0024 065 30.5
16 -0.05 013 2.04 0.490 0151 0.505 0.075 0.505 0762 | 1.756 3.5 3.520 1.590 0.022 0.57 45.2
17 _0.05 017 255 0.425 04157 0.459 0.051 0.459 0704 | 164 35 4.090 1.720 0.022 0.52 42.1
18 -0.05 0.09 1.20 0555 0076 0.703 0.052 0520 1230 | 1875 23 1710 0.695 0.0z4 065 40.6
13 -0.05 013 1.44 0695 0106 0.703 0.055 0705 1.055 | 1.641 235 25BN 0.792 0.054 051 29.8
20 -0.05 o17 1.63 0606 0144 0664 o.oFr7 0.664 0.996 1.797 27 3.690 1.050 0.041 053 28.5
21 .00 0.05 1.60 0624 0.095 0625 0042 0625 0938 2109 3.4 1110 0375 0024 0.44 33.8
22 0.00 GEE] 1.55 0535 0427 0.556 0.053 0.585 0579 | o0 35 1.760 0779 0.028 042 44.3
23 0.00 041 1.55 0555 04129 0.547 0.050 0.547 0521 | 2070 3.5 1.550 0731 0.025 0.59 47.2
24 .00 o1 1.88 0533 o120 0586 0.054 0526 o.sva 1.992 3.4 1.830 0s 0026 0.45 43.7
25 .00 014 212 0472 0144 o502 0.0 o502 a.v7e2 1.992 349 2310 115 0024 0.4z 498
2B .00 0.0s 113 0.ss3 n.ove 0.s9s 0.0z4 0293 1.247 2E817 249 | o214 0037 0.47 29.9
27 0.00 011 153 0753 0103 0.520 0.045 052 1250 | 2305 25 1.420 0.544 0.044 047 24.2
28 .00 o011 1.33 a.7a3 o110 0520 0.045 o742 1113 23449 3.2 1,280 o419 0047 041 J2.7
23 0.00 0.1 133 0755 0103 0751 0.05 0.7&1 1172 | 2468 25 1.540 0.401 0.040 0.49 26.0
30 0.00 014 1.50 0665 0.130 0.703 0.057 0.703 1.055 21858 31 2060 0.654 0.0441 0.44 33.2
51 0.00 014 212 0472 0144 0.469 0.064 0.505 0.762 1853 3.8 2520 1.28 0.020 0.44 50.8
32 0.00 014 1.50 0665 0431 0.654 0.059 0564 0995 | 1914 29 2200 0.799 0.037 045 36.3
33 0.00 014 1.50 0665 04123 0.554 0.059 0564 0995 | 1.953 29 2490 0.765 0.035 045 34.9
=4 .00 014 1.50 0.EES 0133 0.EE4 0.0s2 0.EE6 0998 2109 3.2 2440 0340 o.ozs 0.47 34.4
35 0.05 0.07 1.50 0.6ES 0.050 0625 0.019 0.703 1.055 | 2070 29 0214 0.050 0.020 0.24 14.0
6 .05 0.09 1.70 0559 0.096 0556 0023 0625 0938 2.3583 3.8 0343 o109 [N RNy | 0.24 31.8
37 0.05 041 1.55 0555 0420 0.505 0.050 0.547 0521 | 2.505 42 0.550 0.243 0.020 025 44.2
38 .05 o1 1.88 0533 0114 o502 0.026 05286 0.sva 2422 41 0434 o179 o019 023 41.2
=9 .05 o1 1.88 0533 0116 0.547 o032 0547 0.s21 2544 4.3 0.EB5E 0309 o022 0.2s8 471
20 .05 o.oF 1.068 0944 n.0s0 0.s9s oo12 0293 1.247 1.953 2.2 o.0sy o.o04 0.0z o.20 4.5
41 0.0s 0.09 1.20 0555 0.054 0.520 0.015 0.7&1 1172 | 2422 ER] 0211 0.045 0.056 0.21 21.3
42 .05 o011 1.33 a.7a3 0.099 0.7a1 0.024 o703 1.055 2227 3.2 0,353 o099 0039 0.24 286.0
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Table A-11 BDM Analysis on Energy Distribution (2)
(Leeside of Rubble Structure)

Test Set-up Measured Incident H; . 1.51, T~ franf Eictal Ei1 sfp-max Sop K Percent
Mo Fe Hitm T= =) fp Hi fp () 107y 107y (%
43 -0.0s o.09 1.70 0.559 o102 OB25 0.065 O.B25 0935 1.719 28 2610 0762 0.028 064 29.2
44 -0.05 o135 2.04 0.430 0136 0505 0.07s 0547 0521 1.719 341 3.500 1.530 o022 057 40.3F
45 -0.05 o135 2.04 0.430 01335 0505 0073 0469 0.7o4 1914 41 3.290 1.640 o022 0.54 498
45 -0.05 a13 2.04 0.490 o132 459 0.05 a0.s05 0762 1.719 S.4 4030 1.810 o019 0.e1 449
47 -0.05 GRE 233 0.428 0165 0,469 0.054 0,469 0.704 1.536 39 4.370 1.470 0023 0.51 5.1
45 -0.05 003 1.20 0.533 0.083 0.E20 0.055 0,598 1.347 2109 2.3 1.&80 0304 0.036 056 20.4
43 -0.05 0135 1.44 0.695 01235 a.705 0.065 o705 1.055 1914 2.7 2550 a.772 0.039 0.55 26.8
50 -0.05 013 1.44 0.5693 0120 0703 0.066 0703 1.055 2070 29 2 690 0.842 0.038 0.55 31.3
51 -0.05 a13 1.44 0695 0124 .75 0.074 0742 1113 1875 25 35430 0.921 0.045 a.g0 26.9
52 -0.05 a17 1 .65 0 606 0146 625 0.079 0625 0.9355 1875 S0 5.900 1.290 a.037 0.54 331
53 o.ao 0.05 1.60 0.624 0.093 0664 0.044 0.664 0.995 2.031 3.1 1.220 0377 0.026 047 30.9
a4 o.ao o.11 1.85 0.5353 o120 0556 0.0535 0547 0521 2.031 3.7 1.780 0.759 0.026 044 443
55 0.00 .11 1.85 0533 o117 0556 0.05 0547 0521 1922 3.5 1.530 0659 0.025 043 13.1
a6 o.ao o.11 1.85 0.5353 0123 a.547 o.0s7 0547 0521 1.8992 36 2.0350 0.795 o.024 046 38.9
57 0.00 014 212 0.472 0140 0505 0057 0550 0570 1953 S3.4 2.020 0955 o.023 041 48.8
=is] 0.00 0.05 1135 0.553 o072 0.559 0.03535 0.559 1.259 25389 3.0 0 655 0179 0.054 045 26.0
9 0.00 011 1.33 0.753 0103 0751 0.047 0.703 1.055 2 266 3.2 1.370 0.458 0.040 0.45 33.4
[=1n] o.ao o.11 1.33 0.753 o100 o.7E1 o.o42 0.7a1 1172 2266 249 1.0:50 0.314 0.039 042 29.1
E1 0.00 .11 1.33 0753 0.099 a.751 o.047 a.751 1172 2227 249 1.400 0.370 a0.039 .47 26.1
62 o.ao o144 1.50 0.665 o127 a.yos 0.054 a.yos 1.055 2019 249 1.5350 0.630 o.040 0435 344
E3 0.00 014 212 0.472 0131 0459 0057 0459 0.704 1.950 4 .2 2.050 1.050 o018 044 51.2
=1 o.ao o144 1.50 0.BES o131 0O.EBE4 o.os7 0.E64 0.995 2.070 | 2.030 0.8 o.0s7 044 39.5
65 0.00 014 1.50 0.665 0129 0564 0.057 0564 0.996 2070 34 2.030 0501 0.036 0.44 30.5
65 0.00 014 1.50 0665 0125 0 5G4 0.057 0 5G4 0.995 2070 31 2.010 0778 0.035 046 38.7
67 0.0s o.oy 1.50 0.665 o.ovs o625 0.0z 0664 0.9395 1.445 22 0.255 0.031 a.0z0 0.25 12.2
=151 0.as a.09 1.70 0.559 o.o97 aE25 0027 0625 0935 2031 3.2 0455 0124 a.024 025 26.7
59 0.05 0.11 .55 0.5353 0119 0.547 0.029 0.547 0521 2109 3.9 0.544 0.2035 0.0235 0.24 373
70 0.0s 0.1 1.88 0.533 01z 0.547 0.027 0.547 0521 2.0 a7 0,451 0139 0.021 024 30.2
7 0.05 GRE 188 0.533 014 0.508 0.03 0547 0821 2 266 4.1 0.606 0.258 ooig 027 2.6
T2 0.as o.o7 1.06 0.944 0.061 [N =g 0013 [WR=irg 1 466 2031 241 0113 0.00s o.0s37 .21 4.5
73 0.05 .09 1.20 0.533 0.052 0.520 0.019 0.520 1.230 1.797 2.2 o217 0.016 0.035 0.235 T4
74 0.05 0.11 1.33 0.753 0.095 0.520 0.024 0.664 0.9965 2145 3.2 0.367 0.057 0.041 0.25 23.T7
75 -0.05 .09 1.70 0.559 0104 0525 0.065 0825 09355 1.719 2.8 2590 0.549 0.025 0BS5S 29.4
7E -0.0s a13 2.04 0.490 o124 a.s0s 0.076 o.s0s 0.7E2 1. 641 3.2 3630 1.620 o.0z20 o.E1 446
77 -0.05 013 204 0.490 0133 0547 0.075 0547 0821 1758 3.2 3.500 1.420 0.025 056 0.6
75 -0.05 013 204 0.490 GREF 0.508 0.077 0,469 0.704 1797 3.8 3730 1,550 0.0zz 058 9.6
7o -0.05 GRE 233 0.428 0157 0.430 0.077 0.430 0.5645 1797 4.2 3720 1,500 ooig 049 8.4
g0 -0.05 003 1.20 0.533 0.054 0,596 0.056 0781 1172 2.0 25 1.980 0.456 0043 057 23.0
81 -0.05 o135 1.44 0.6935 0123 ar42 007 a.yos 1.055 18535 28 3120 05873 o.045 0.55 28.0
52 -0.05 a13 1.44 06935 a4120 a.7os 0.065 0664 0.9395 1914 249 2 660 0.895 0.035 0.54 33.6
53 -0.05 013 1.44 0.6935 0124 a.742 0.072 0.703 1.055 1.914 2.7 3.250 0.569 0.044 0.55 26.5
G54 -0.05 017 1.65 0.606 0157 0.664 0.079 0.664 0.9965 1.992 3.0 3.560 1.290 0.044 .50 33.4
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Tables Appendix A March 2003 DELOS
BDM Analysis on Energy Distribution (1)
Table A-12 -
(Leeside of Smooth Structure)
Test Set-up Measured Incident H; = 1.51 Traw | frawffs Ei ot Eq sfo-rmax Sop K Percent

Ho. R Hiomy | Tsis fo H; fo (i (107 (107 (%]
1 0.o0 0.08 1.60 0.624 0.0385 0625 0.045 0.664 08565 2.305 3.5 1.440 0.5535 0.021 0.56 38.4
2 0.o0 0.1 1.58 0.533 o115 0.586 0.060 0.547 0521 1.914 3.5 2270 0.857 0.026 0.51 37.8
<] 0.00 0.14 212 0.472 0.135 0505 0.0665 0505 0752 1.755 3.5 2720 0.959 0.023 0.45 35.6
4 0.o0 0.08 113 05583 0.065 0.78&1 0.030 0.520 1.230 28649 36 0572 0205 0.025 0.46 35.8
5 0.a0 0.1 1.33 0.753 0.092 0742 0.044 0.742 1413 2.344 3.2 1.210 0371 0032 0.45 30.7
[5] 0.00 014 1.50 0665 0121 0625 0.055 0.625 0.835 2031 3.2 211 0.726 0.030 0.45 34.4
7 0.00 014 212 0.472 0.136 0.430 0.072 0.43 0645 | 1.680 3.9 3.22 1.450 0.016 0.53 45.0
=] 0.00 0.14 1.50 0665 0.124 0525 0.050 0525 0.935 1.5875 3.0 2.23 .71 0.0731 0.45 32.2
=] 0.05 0.07 1.50 0665 0.052 0525 0.030 0654 0.996 2773 4.2 0545 0275 0.021 037 50.7
10 0.05 0.9 1.70 0559 0.09& 0.547 0.040 0625 08935 2.422 3.4 1.010 0.454 0.o1E 0.4z 45.0
11 0.05 0.1 1.58 0533 0113 0547 0.047 0.547 0521 2188 4.0 1.390 0.541 o022 0.42 46.1
12 0.0s 0.07 1.06 0.044 0.060 0.7a1 0016 0.781 1172 3.320 1.3 0156 0.09s 0023 0.27 60.9
13 0.0s 0.09 1.20 0.833 0.079 0.742 0.026 0.742 1113 | 3.008 41 0419 0.216 0.025 0.33 51.6
14 0.05 0.1 1.33 0.755 0.095 0.742 0.036 0.705 1.055 2617 3.7 0.7395 0.357 0.035 0.37 44.9
15 -0.05 0.09 1.70 05359 0110 0556 0.072 0.556 0578 1.9573 3.3 3,220 1.320 0.024 0.65 41.0
16 -0.0s5 013 2.04 0.490 0.150 0.469 0.057 0.459 0704 | 1.7149 37 4 50 1.930 0.021 0.58 41.2
17 -0.05 a17 233 0425 0185 0463 a.0391 0.430 0645 1.602 3.7 S.140 1.920 0025 0.49 Jr.4
18 -0.0s5 0.09 1.20 0833 0.055 0.7& 0.055 0520 1.230 2.500 3.0 1.560 0.57s 0.033 065 472
19 -0.05 013 1.44 0.693 0.132 0.v703 0.070 0.664 0.996 2145 3.2 3.070 1.05 0.042 0.53 34.2
20 -0.05 o017 1.65 0506 0163 0556 0.0356 0.556 0578 1.914 3.3 4550 1590 0.0736 0.53 347
21 0.00 0.05 1.60 0524 0.094 0525 0.044 0525 0.935 23873 3.5 1.190 0.455 0.024 0.47 38.5
22 0.00 011 1.58 0535 0.1z22 0556 0.0575 0.556 0578 2185 < 1750 0.65 0.027 0.473 38.2
23 0.00 0.1 1.58 0.535 0123 0.547 0.045 0.505 0.762 2266 4.5 1420 0.666 0.024 0.39 46.9
24 0.00 011 1.58 0.533 0.124 0547 0.057 0.547 0521 2188 4.0 2.0 0792 0.024 0.45 39.4
25 0.00 014 212 0472 0.150 0.469 0.055 0.459 0704 | 1.914 41 2100 0.864 0.021 0.39 41.1
26 0.o0 0.08 113 05583 0.07a 0558 0.030 0.s52 1.230 2865 36 0570 o159 0.037 0.358 33.2
27 0.00 0.11 1.33 0753 0.105 0.7&81 0.042 0703 1.055 2.500 3.6 1.1:30 0376 0.041 0.40 33.3
28 0.00 0.1 1.33 0.755 o107 0.742 0.0389 0.705 1.055 2.500 3.6 0934 0315 0.035 0.36 33.7
29 0.00 o1 1.33 0753 o104 o.7s1 o047 0.703 1.055 2500 3.6 1.380 o471 0.041 045 341
30 0.00 014 1.50 0.6 0133 0.664 0.052 0.703 1.055 | 2.305 3.3 1 660 0.506 0.038 0.39 30.5
31 0.00 0.4 212 0.472 0147 0.505 0.060 0.459 0. 704 1.641 3.5 2.230 0.7395 0.024 0.41 35.7
32 0.o0 014 1.50 0.665 o140 0.703 0.054 0.704 1.056 2185 3.1 1.520 0518 0.044 0.39 28.5
33 0.00 014 1.50 0.665 01389 0.664 0.055 0.664 0.95965 2185 3.3 1780 0.555 0.0389 0.358 31.3
S 0.00 o114 1.50 0. BG5S 0135 0. 664 a.0s2 0625 0.935 2266 3.6 1.720 a.G04 0.035 0.39 35.1
35 0.05 0.07 1.50 0.665 0.0586 0.625 0.027 0.664 0.95965 2734 4.1 0.447 0.224 0022 0.31 50.1
36 0.05 0.09 1.70 05589 o107 0586 0.036 0,703 1.055 2817 < 0512 0326 0.024 0.34 0.1
a7 0.0s 011 1.88 0.533 0122 0.547 0.043 0.586 0879 | 2383 41 1140 0.519 0.023 0.35 45.5
38 0.0s 0.11 1.35 0.533 0125 0.547 0.038 0.547 0.821 2.539 46 0.593 0.425 0.024 0.30 47.9
39 0.05 0.1 1.58 0533 o122 0547 0.045 0.547 0521 2305 4.2 1.320 0.545 0023 0.38 48.9
40 0.05 0.07 1.068 0.944 0.055 0.395 0.01%5 0.595 1.347 3516 3.4 0.140 0.0ve 0.0754 0.273 56.4
41 0.05 0.08 1.20 0533 0.054 0395 0.024 0.742 14135 3.047 4.1 0.352 0178 0043 0.29 50.9
42 0.05 0.1 1.33 0.755 0105 0.781 0.032 0.705 1.055 2734 3.4 0529 0.2835 0.041 0.30 45.0
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Table A-13 BDM Analysis on Energy Distribution (2)
able (Leeside of Smooth Structure)

Test Setup Mea=sured Incident H; o 1.51;, T A— frnan/To Etcizl E1 sfp-rmax Sop K Percent
Mo R Hi cmo Tz (=) fa H; fo (i) 107 Lo 5
43 -0.05 0.09 170 0.559 0117 0625 0.065 | 0586 0579 2109 36 2 650 1,090 0.029 0.56 1.1
44 005 [RE 204 0490 GRES] 0469 0073 | 0508 0762 1 836 36 32900 1310 0022 0.47 39.3
45 -0.05 013 204 0490 0153 0463 0.067 | 0508 0762 14892 EE] 2540 1430 0022 0.44 39.3
46 -0.05 013 2.04 0.490 RES 0.508 0.08 0.430 D645 1875 4.4 3.950 1.930 0.026 0.51 43.9
47 -0.05 o117 233 0.425 0194 0.430 0.051 0469 0.7o4 1.680 36 4150 1.310 0.023 042 31.6
a8 005 0.09 120 =] 0097 0.7el 0.054 082 1230 2530 3 1820 0.500 ] 056 329
49 -0.05 013 144 0693 0143 0742 0.065 | 0664 0.996 2227 34 2460 0&73 0.050 0.44 35.5
S0 -0.05 013 1.44 0693 0139 0.703 0.059 | 0664 0.996 2266 3.4 2140 0.501 0.044 0.42 37.4
51 -0.05 013 1.44 0693 0133 0.703 0.069 | 0664 0.0996 2.031 31 2570 1.000 0.042 0.52 34.3
52 -0.05 017 165 0606 017a 0664 0.075 | 0625 0938 2070 33 3530 1140 0.050 0.42 32.3
53 0.00 0.0 1 Gl 0624 0.093 0664 0.035 | 0664 0.996 2695 41 0772 0.332 0.026 035 43.0
54 0.00 011 1 68 0.533 0131 0.547 o0.044 | osaE6 0.679 2383 41 1.200 0.495 0.025 0.34 .3
55 0.00 0.1 1.68 0.533 0.131 0.586 0.038 | 0.586 0.572 2.461 4.2 0.591 0.378 0.029 0.29 2.4
56 0.00 GRE] 1 &6 0533 0122 0.547 0.05 0566 0.&79 2 266 34 1570 0628 0023 041 40.0
s7 0.00 0.14 212 0472 GREE] 0.508 0.051 0.580 0.570 2148 37 1.630 0688 0.026 0.32 2.2
58 0.00 0.0 1413 0.653 0.073 0.659 o0.024 | nasg 1.289 3.359 34 0.352 0156 0.054 0.33 41.3
59 0.00 0.1 1.33 0.753 0106 0.520 0.036 | 0703 1.055 2.930 4.2 0.E13 0.335 0.046 0.34 1.2
60 0.00 GRE] 133 0753 0404 0820 0030 | 0742 1413 3047 41 0563 025 0045 0.2 1.4
&1 0.00 GRE] 133 0753 0407 0742 0.042 | 0742 1413 2539 34 1.080 0.571 0.038 0.39 34.4
62 0.00 0.14 1.50 0.EES 0132 0.703 0.044 | 0703 1055 2.539 G 1190 0416 0.042 0.33 35.0
63 0.00 0.14 212 0472 0146 0.508 0.045 | 0469 0.704 2148 46 1.440 0.661 0.024 0.33 45.9
64 0.00 014 150 066 0127 0742 0.044 | 0703 1055 2656 E 1220 0453 0.045 0.35 ET R
65 0.00 0.14 1.50 0668 0129 0.703 0.045 | 0703 1.055 2695 38 1.240 0.457 0.041 0.35 36.9
66 0.00 014 150 0664 0129 0664 0.045 | 0625 0938 2578 41 1240 0528 0.036 0.35 426
&7 0.05 0.07 1.50 0668 0.092 0.742 0.015 | o7az 1113 3477 47 0132 0.08 0.032 016 60.6
65 0.0S 0.09 1.70 0.589 0119 0.547 0.021 0.547 0.521 3086 SE 0.265 0145 0.023 018 54.7
69 0.05 0.1 1.68 0.533 0146 0.547 0.027 | 0.586 0.572 2773 4.7 0.442 0.209 0.028 0.18 473
70 0.05 GRE] 1 66 0533 0146 0.566 0.019 | 0586 0.&79 3086 53 0216 0113 0.032 013 52.3
71 0.05 0.1 1.68 0.533 0136 0.547 0.034 | 0508 0.762 2578 51 0722 0.388 0.026 0.25 53.7
72 0.05 0.07 106 0.944 0.071 0.977 o007 | oazo 1.230 3945 48 0.054 0.025 0.043 040 73.2
73 0.05 0.09 1.20 0.833 0.093 0.751 0.012 | 0820 1.230 3672 4.5 0.088 0.057 0.036 013 61.3
74 0.05 GRE] EE 0753 0115 0820 0.017 | 0742 1413 3477 47 0172 0.095 0.050 [RE 55.2
75 -0.05 0.09 1.70 0.559 0115 0664 0.062 | 0625 0.938 2344 E 2370 1450 0.032 0.54 48.5
76 -0.05 013 2.04 0.4390 o160 0.505 0.067 0505 0762 2.070 4.1 2540 1.370 0.026 042 48.2
77 -0.05 013 204 0490 [REE] 0463 0.061 0.742 1413 2227 a0 2340 1220 0022 0.36 521
78 -0.05 013 2.04 0.490 REE] 0.508 0.076 | 0.508 0762 1914 38 3.500 1630 0.026 0.4 45.4
79 -0.05 047 2.33 0.428 0.200 0.439 0.072 | na4eg 0.704 2.031 4.3 3.280 1.480 0.025 0.36 45.1
&0 -0.05 0.09 120 0633 0.095 0.751 0.052 | o7sl 1472 200 iz 1690 0655 0.037 0.55 38.8
a1 -0.05 013 1.44 0693 0138 0664 0.061 0664 0.996 2.383 36 2.360 1.04 0.039 0.44 4.1
82 -0.05 013 1.44 0693 0143 0.703 0.055 | 0703 1.055 2656 38 1.880 0.880 0.045 0.38 46.3
a3 -0.05 013 144 0693 0137 0703 0.067 | 0742 1413 FREE] 24 230 04852 0.043 049 33.6
24 -0.05 0.7 165 0606 0182 0.664 0.067 | 0.586 0.572 2.227 38 2.840 1.230 0.051 0.37 43.3

A-13




Appendix March 2003 DELOS

APPENDIX B

Figures of layouts and cross sections




Figures of layouts and cross sections

Appendix B

March 2003 DELOS

14

o0 L, 10, 39 L
K 1

Figure B-1 Cross-section of rubble structure

Figure B-3 Rubble structure layout with30°

Concrete block wall

Figure B-2 Rubble structure layout with 0°

Figure B-4 Rubble structure layout with 50°
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Figure C-2
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Figure C-3
All Data on Smooth Structures
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Figure C-4 Figure C-5
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Figure C-8 Figure C-9
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Figure C-11
K, Relation between K; and Incident Wave Angle at Smooth Structures
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Figure C-12
Relation between Measured(Delos Data) and Calculated Ki(Queen's)
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Relation between Measured (DELOS Data) and Calculated K, (Daemen)
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Relation between Measured (DELOS Data) and Calculated Kt (De Jong)
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Relation between Measured(Queen's ) and Calculated K (Daemen)
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Figure C-16

Relation between Measured and Calculated K, (De Jong) at Smooth Structures
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Figure C-17

Relation between Incident and transmitted Wave Direction at Rubble Structures
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Figure C-18

Relation between Incident and Transmitted Wave Angles at Smooth Structures
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Figure C-19

Net Change of Wave Direction with Incident Wave Angle at Smooth Structures
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Figure D-1
Relation between Measured and Calculated K, for 2-D Wave Transmission at Smooth Structures
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Figure E-1 Figure E-2
Relation between fpl /fpi and fpi at Rubble Structures Relation between fpt /fp ; andK@t Rubble Structures
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Figure E-5 Figure E-6
Relation between f;; /f;; and K; at Smooth Structures Relation between f, /f ands at SmmothStructures
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Figure E-13
Relation between s, and Percentage of Total Energy at High Frequency Range for
Rubble Structures
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Relation between Kiand Percentage of Total Energy at High Frequency Range for
Smooth Structures
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