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Summary

Vertical walls and low reflection alternatives
Resulls of wave flume tests

M W McBride
N W H Allsop
P Besley
D Colombo
L Madurini

Report lT 417
ADril 1995

Waves reflected from vertical breakwalers or olher highly reflective structures
forming port entrances can cause serious problems lo vessel navigation. This
often leads to port closures as vessels are unable or unwilling lo entsr or leave
the port.

This report describes all aspects of a 2D physical model study. This study
was initiated to examine the reflection and oveftopping pedormance of various
'low reflection' structures under iffegular wave attack. lt is these types of
structures which can be used in the modification or construction of port
enlrances to reduce wave reflections, and so improve conditions for vessel
navigation.

Four main slructures were tested consi$ing of a smoolh vertical wall, single
and double chamber wave screens and rock armour slopes. Various
aarangements of these structures were tested to identify lhe optimum
configurations.

The study found that the use of single and double chamber wave screens is
effective in reducing wave reflections ahd overtopping. From the analysis of
these results, an empirical formula was derived which oan be used to descrbe
the reflection pedormance of such structures, within pmctical engineering
limits.

This report also describes a new technhue to examine the effect of 'low

reflection' structures on wave conditions. This was canied out through the
analysis of local wave $eepness. Prwiously a desoription of the reflec{ion
peformarrce and ove opping of a struclure was used in the assessment of th€
likely effect of wave reflec.tions, and hence the r€lative changes in wave height,
on vessel navigation. However, vessel navigalion prcblems are not only
related to wav€ height as the wav6 period is also significant in the creation of
hazatdous conditions. This new tecfinique enables both relalive changes in
wave height and u/ave poriod to be considered, allowing a better assessmed
of the effect on vessel navigation to be made,
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Notation

A"
a,A,b,B
B*

B/1"

c.(r)
cr
Dh
Dnso
f
h
h"
t\
H"

Armour crest freeboard, relative to SWL
Empirically derived coeff icients
WiJth of structure or elem6nt, usually width of voided
chamber or spacing between peforated and solid screens
Belative chamber deplh
Ref lection coeff icient, defined H",/H",
Refleclion coefficienl function over frequency
Transmission coefficient, defined Ho/H,,
Hole diamelor, in wave screen
Nominal particle diameter defined (MJpoJt"
Wave frequency, inverse of wave period
Water depth
Water depth seaward of toe of struclure
Toe depth
Significant wave height, average of highest one-third of all
wave heights
Incidenl significant wave height
Offshore significant wave height
Reflected significant wave height
Transmitted significant wave heighl
Significant wave height at measuremenl point 'x' metres
lrom slructure
Wave height, average of highest one-tenth of all wave
heights
lribarren number = tan o/s-05
Coelficients in reflection prediction equalion, equation (2)
Wave length
Wave length in the local water depth h
Wave length in the local wat€r depth l\
Median unit mass, generally of armour units
Porosity (by area) of screen, area of holes as a percentage
of total screen area
Mean overtopping discharge per unit length of structur€
ms/s.m
Goda's dimensionlees discharge paramoter = q(2gH!o10 5

Owen's dimensionless discharge parameter = a / fi, g HJ
Franco's dirnensionless discharge parameter = @(gH,t)o'
Reynolds nunber, usually defined in terms of nominal
armour unit dhm6ter, Dn, or scr€en thickness, t.
Struclure cr6st fro€board relatlve to SWL
Relative crest height
Regression coeflicient
Mean wave steepness, defined 2nl-lolgTn,' for deep water
Peak wave steepness, defined 2nF{,/gTo2 for deep water
Mean wave steepness at probe, x metres sealvard of the
struclure
Mean irrcident wave steepness
Incident spectral energy
Ref lected spectral energy
Mean wave period

H"i

H*
FI

H .

H"(x)

Hu,o

lr-
k", K, t!
L
l*
l_
Mso
n!

o

o'
o.
o#
Re

R"
R/H,
f
sm
s"
s.(x)

sm
si
s,
T^
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Peak wave period (usually offshore)
Screen thickness
Distance of measurement poinl (wave probe) from structure

Structure slope angle to the horizontal
Angle of wave attack, relalive to lhe norrnal to struclure
Surf similarity parameter, or lribarren number, = tan o / s05
lribarren number = tan c / s,o E

Fractional density of (eg) armour with respect to (sea)
water
Mass density
Mass density of rock, concrete, or (sea) water

Tp
L
x

a (alpha)

B (beta)

A

p
p,, p", p,
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1 Introduction

1.1 Background
Previous work by McBride et al (1993) discussed problems arising from wave
refleclions in harbours. lt was found that these problems were caused by the
use of vertical or near vertically faced structures lo form harbour boundaries.
This work also reviewed various iypes of 'bw reflection' structures lor which
some perforrnance data were known. That review was followed by studies
using physir:al and numerical models of harbour enlrances which is reponed
by McBride et al (1994 and 1995). Those studies suggested that wave
disturbance prcblems in many harbour entrances would be substantially
reduced if wave reflections from lhe primary harbour struclures were kept
below 40"/.. The reflection performance of most vedical brealoraters and
habour walls falls in the range of 90 to 100%, so substantial reduction in
reflections may be required.

This report describes tests to quantify the reflection and wertopping
performance of vertical breakwaters and 'low reflection afternatives', and
discusses the analysis of the reflections and an initial analysis of the
ovedopping measurements. The work descdbed in this report has been used
in lhe preparation ol guidelines for the hydraulic design of harbour entrances,
McBride et al (1996).

1.2 Scope of work
The simplest structure considered in these flume lests was a smooth vertical
wall. The wave heigtrt, wave steepness, and local water level were allvaried.
Low reflection structures were formed by mounting perlorated screens in front
of the wall, or by adding an armoured rubble slope in tront of the vertical wall.
The former configuration simulated a range of perlorated face caissons, some
of which had raised floors within the chambers. The latler configuration
simulated the addition ol armour in fronl of an exisling wall, orthe substitlrtion
of an armoured slopg perhaps beneath a piled quay. The sections which
were tested are summarised below:

Test Series

1000
2000
3000
z!000
5000
6000

7000

8000

Struc{ure tesled

Vertlcal structure only
Vertical wall and single wave screen
Ve ical wall and double wave screen
Vertical wall and single / double wave screen
Double wave screen, chamber floors at 30% depths
Double wave screen, chamber flooe at 30 and 50%
depths
Rock armour slope
+1 .71m
Rock armour slope
+1 .61m

'l:1.5. 2 ston6 berm width at

1:1.5,2 stone berm width at

tT417 20/0vS6
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1.3 Outline of report
This report details all aspects of th6se llume lests. Chapter 2 provides a
description ol the physical model construclion and layout, with the details of
the wave conditions and test methodology given in Chapter 3. The discussion
of the results is divided inlo three chapters (4, 5 and 6), in order lhat the thr€e
main areas for discussion, wave reflections, overtopping and wave conditions
with regard to navigation, are considered independently. Cross referencing
between these chapters has been used where it has been considered
appropriate. Chapter 7 discusses the potential scale effects and Chapter I
summarises the conclusions of this work.

2 The physical model

2.1 Model construction
The Z-dimensional te$s were conducted in the Deep Random Wave Flume at
Wallingford. This flume is 52m long, and operates with water depths at the
paddle between 0.8m and 1.75m. The flume is configured to reduce re-
reflection of un-wanted wave energy from the test section by the use of
absobing side channels, either side of, and separated from the central
channel by pedorated dividing walls.

The bathymetry in front of lhe slructure was formed in cement morlar to a
uniform slope with a gradient of 1:50, as shown in Figure L The bed level at
the position of the structure was +1.00m relative to the wave flume floor. In
front of the test stnrcture, a number of channels were moulded into the sea
bed, parallel to, and seaward of lhe vertical wall. These channels were used
to secure the base of each pedorated screen at given spacings from lhe
vertical wall. Example spacings belween two perforated screens placed in
fronl of the caisson are shown in Figure 2, and the full range of screen
spacings are summarised in Table 1 .

2.1.1 Vertical wall
The vertical wall was fomed using a caisson. The nuin caisson section was
formed as a hollow box in marine plywood, with a crest lev6l at +1.8025m, ie.
the crest was 0.8025m above the to€. The use of a hollow box enabled
overtopping collectiory'measurement equipment to be installed inside the box,
reducing the need for any extemal collection or measurement devices. The
seaward side of the box, which formed the vertical wall, was faced with a
stainless steel plate to aid the installation of pressure measurement equipment,
which was used in subsequent testing to examine wave impact and uplift
pressures. The caisson section was only installed in the flume after wave
calibrations, so those wave measurements were not contaminaled by arry
reflected waves. The caisson section was us6d alone for those iests on the
vertical wall.

2.1.2 Wave screens / pefiorated caissons
Two pairs of wave screens were construded fiom marine plywood with a
thickness of 25mm. These were pedorated to an area porosity of n^= ZV/o.
The first pair of screens were perforated by circular holes with a dhmeter of
25mm, equal lo the screen thickness. The holes in the second pair of screens
were lormed with a diameter of 50mm, twice lhe screen lhickness, as shown
in Figuro 3. ldentical pairs of screens were constructed lo enable tesling of
single and double chamber wave screens. lA/hen instalted in their respective

lT 417 20,05i€6
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channels in the sea bed all screens had a crest level of 0.8025m above the
toe, +1 .8025m relative to flume floor. The screens were used lo form voided
chambers of overall width, B*, of 0.575m or 0.40Om. Duing tests on double
wave screens, the chamber was split into lwo chambers by a second
perforated screen al half the spacing, as shown in Figure 2.

2.1.3 Rock armour stopes
A comnron modification to sinple vedical walls in harbours is the construction
of a rubble or rock armour slope against the wall. The rough and porous
armour layers dissipale wave energy, thus reducing wave reflections, and also,
in marry cases, overtopping. However, for some combinations of water level,
armour crest lwel, and wave conditions, the slope can lead lo an increase in
overtopping. Hence, rock armour slopes were included to explore the potential
of adding such slopes in front of an existing vertical wall. Previous studies by
Allsop & Hettiamchichi (1 988) and Allsop & Channel (1989), reponed by Allsop
(1990), provide details ol reflec.tion performance for simple armoured slopes
without wave walls or other retlective elements. Some indication of lhe
potential influence of a vefiical wall behind the slope are given by ad hoc
studies of armoured slopes beneath a piled quay, reported by Allsop (1990).
Therefore, lwo rock armour slopes were lesled to examine the effects of
changing lhe armour crest level, and hence the relative armour freeboard.
Both armour slopes were placed at 1:1 .5 with armour with a nominal particle
diameter, D"so, of 0.074mm, and a cresl berm width of 2D"ro. The lwo armour
berm levels, which were tesled, were +1 .61m, see Figure 4, and +1.71m, with
the caisson crest at +1.8025m. Tests on this structure in sedes 7000 and
8000 used water levels of +1 .61m and +1 .,ltlm.

2.2 Wave generation
Waves were generated by a sliding wedge paddle, driven by double acting
hydraulic rams. The paddle is computer controlled using software developed
at HR Wallingford. This software enables either regular or random waves lo
be produced. The random wave signals are generated to malch any wave
spectrum that can be specified at 16 equal frequenoy ofdinates. JONSWAP
spec'tra were generated for all of the tests. The nominal wave heights in Table
1 were generated and measured in the deep water sedion of the flume.

2.3 Data collection and analysls
2.3.1 Water surface elevations
Measurements of water suface elevations were made using I twin wire wave
probes, located along the approach to lhe vertical wall. Speciral and statislical
anafyses allowed the signif irxnt, Oj%, artd oth6r elitreme values of the wave
height distril:ution to be determined at each monitored position, together with
the m€an lvave periods. The measuremonts from three of these probes were
used to delermine the ref lection coeff'nient. descfibed in S€ction 2.3.2.
Analysis of total water eurface excursions and periods from these and oth6r
probes enabled the determination of the likely effecl on vessel navigation, as
descrbed in Chapter 6.

2.3.2 Wave reflections
Incident and reflected wave conditions were measured using three of the twin
wire wave probes, hcated approximately 2 wave lengths seaward of the
structure. Each test was run for 1000 waves and output from the 3 probe
array was analysed to give the reflection coefficient function, q(f), over a
range of wave periods, equivalent to 0.5 to 2.0T,, using th6 method of Gilbert
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& Thompson (1978) based on the approach of lGiima (1969). The overall
reflection coefficient, C,, was determined by summing energies for each test
condition.

Gilbert & Thompson's melhod lor the reflection coefficient, the 'HR method',
has recently been checked against the rnethod of Davidson (1 992) at Plymodh
University, referred to as the 'Plymouth melhod'. Davidson argues that the
main difference between the methods lies with the manner in which they reiect
data which is conlaminated with singularities. Bolh methods were used to
analyse waves reflecled from armoured slopes in lhe same wave tlume at
Wallingrfod. The results of lhis comparison are summarised in the simple
comparison shown in Figure 5. These show very close agreement over the
range tested. Two atternalive regression lines have been fitled, namely
y = 0.96x and y = |.04x - 0.o5. Both tines gave a regression coefficient, 12, of
0.97. This simple comparison suggests that the error in lhe determinalion of
G, from either method is likely to be less than about 5%.

2.3.3 Wave overtopping
During most ol these tests, the humber of waves overtopping the slructure, the
wave by wave ovenopping volumes, and the mean ov€dopping discharges,
were each determined. The number of waves overtopping the strLlcture were
counted using four ovenopping probes spaced across the width of the flume.
The overtopping discharge was determined from ovettopping volumes
measured using a weighing mechanism located inside the caisson which
formed the verticalwall. A 100mm wide chute directed overtopping waler into
the tank The sensitivity of the weighing mechanism allowed the measurement
of wave by wave ovenopping discharges. The mean overlopping discharge
was calculaled at the end of each lest. When a high mean overtopping
discharge was expected during a test, the weighing cell was rernoved and a
large reseruoir was used to collect the water. The water was then pumped
inlo calibrated volumetric cylinders.

Overtoppinq o{ vertical walls

The main method to predict wave overtopping of vertical walls is based on a
graphical method developed by Goda (1985). For a given approach bed
slope, m, and oflshore sea steepness, s". = ?rHJgT-z, a dimensionless
discharge, Q' = cy(2gH*t)05, is plotted agains hr/H-, where H.. is the offshoE
significant wave height, tL is the water depth at the toe of the structure and Q
is the mean ovenopping discharge in nf/s per meire run of sea wall.

Recent tests by Hedert (1993) have confirmed and extended this aPPtoach
for steeper waves and shallower bed slopes. These graphs are plofted as bo-
lines of Rd/H-, for example a comparison of Herbert's resuhs with Goda is
shown ia Figure 6. Dirnensionless overtopping dischargos, Q', ris€ to ma(ima
around h,/H- = 1.2 to 1.7, which cone,spond approximately to the relative
depth forthe maximum inshore signmcar wave height. Abore h'/H.o = 1.2 to
1.7, lhe dimensionless discharge again reduces, conesponding to the region
of depth-limited, and ther€fore, broken waves. lt is important to note that
Goda's method relies on the offshore wave height, H-, the offshore wave
steepness, s",o, and the estimation of a simple sea bed slope (m = 1:10,30 or
100). The inshore wave heighl is not used in this meihod, but is implied from
the offshore wave height, period, sea bed slope, and the wat€r depth fiv€ wave
lengths otfshore.
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The rnain weakness of these m€thods is that the influence of the bathymetry
can only be accounted for by clroosing the nearest simple bed slope, m, and
intoryolating between gmphs forgiven wave sleepness, q* = 0.017, 0.036 and
0.045 withorjt dala for steeper waves. lt must also be noted thal these are
manual graphical rnethods and therefore they can not be readify incorporated
into other calculation method, eg. risk or joinl probability analysis.

Further wo* by Franco (1993) suggests lhat there may be a simple
relationship between an alternative dimensionless discharge, Q#, and Ro/H. for
vefiical walls or perforated vertical walls, with and without crest detail, whore
a# = O1np"sys. The work was based on physir:al rbdel test results with
wave steepness in the rang6 0.018 < sm < 0.038. Franm (1993) showed that
overtopping of a vedical wall can be described by a simple empirical formula:

Q # = a e x p ( b R d / H * )

Overtoppinq of slopinq walls

Annour Type

Smooth, inpermeable
Rough concrete
Pitched stone in fironar
Two hyers of rubble

Studies carried out in the UK on a wide range of sloping walls in
1970s have shown that it is usaful lo express the discharge,
dimensionless parameter Q*, and the cre$ freeboard as R', where:

o.=d/(T.sH")

R'= R" / fi- (s HJo')

R" is the crest freeboard above still water level, H. and T, are the significant
wave height and mean wave period respectively. These paranFters were
used by Owen (1980) to suggest a simple empirbal relationship botween Q*
and R" for simple and bermed slop€s:

Q*=Aexp ( -BR- / r )

Values of the enpirical coefficients A and B depend on the slope angle.
Valuas of the relalive Eughness coetficient, r, which are less than 1.0 inply
o/ertopping levels below those of the equivalent smooth slope. Owen
suggests values of the relative roughness coefficient for different annour typos
and these are summarised below, based on run-up exp€rimer s in the
Netherlands:

w h e r e a = 0 . 2 a n d b = - 4 . 2 9 (1)

lhe lale
Q ,asa

(2a)

(2b)

(3)

Roughness value, r

L00
0.85
0.75 - 0.80
0.50 - 0.60

The methods developed for simple sloping seawalls have been extended by
Owen & Steele (1991) to include the intluence of wave retum walls, and by
Besley et al (1 993) to include the effec{s of armoured slopes, and cresl benns.
Dischaqe reduction factors take account of the influence on lhe overtopping
discharge of a berm or wave wall.

For annoured slopes, values of the run-up teduction factor r have been
derived direc.tly by analysing the overtopping of various armoured slopes,
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described by Allsop et al (1994b). Altematively, new values of A and B can
be derived for specific structures, using r = 1 .

2.3.4 Wave pressures
Measurements of wave pressures on lhe front face of the caissons, lhe
underskle, and within the seaward toe of the rubble mound, were made but
are not discussed in this report. These results are reporled separately by
McKenna et al (1994).

3 Description of tests

3.1 wavg conditions and calibration
The wave conditions used for testing are summarised in Table 1 . This table
also shows the spacings forthe wave screen elements in terms of lhe relative
wave length Br/L. for each wave condition, where B* is the total chamber
depth, and \ is the mean period wave length calculated for the water depth
at the structure, h,. The primary spacings of B" = 0.575m and 0.400m allowed
lhe lests to cover the range 0.1 < B,/L" < 0.25. The wide range of water
depths and wave conditions ensured that lhe waves at the struclure covered
the full range lrom non-breaking waves, breaking waves, and depth'limited
waves. The sea steepness, sm, investigated covered the range of 0.02 to 0.06.

Wave conditions at a position equivalent to the breahrvaler were measured
during calibration lests, before construction of the model breal$dater structure.
Short seguences of waves were generated during calibration and were
determined using spectral analysis. Once the nominal wave condition had
been achieved, more comprehensive measurements w€re then made using
longer sequence lengrths, analysed using statistixl methods. This ensured
that extreme waves were reproduced corectly, and that the statistical
distribution of wave heigtrts was recorded. Statistical analysis allowed the
significant, 0.1%, and other extreme values of lhe wave height distribution to
be delermined at each wave probe poeition, togelher with the mean wave
pedods. These long wave sequences were used during testing to ensure that
extreme waves were corectly represented.

3.2 Test methodology
The test programme is summarised in Table 2 which outlines the 137 tests
conducted. All wave conditions presented in Table 1 were used for the vertical
wall alone, and for the single charnber wave screen with a spacing of
B* = 0.575m. The conbinations of wave conditions and water levels used for
the sr$sequent lests were reduced based on analysis of the reflection and
overtopping resufts from the inithl tests. This enabled the test programme to
be kept to a manageable size and to conce rate the analysis on comparable
sels of test conditions.

Test series 1000 and 2000 addressed the vertical wall and a single chamber
wave screen with two spacings. Overtopping at the highest water level.
+1.71m was eltremely high, and was judged to be unrepresentative of the
degree of overtopping usually encountered in European harbours. Therefore
no further tests were carried out at this water level.

An initial analysis of the results of Tes Series 2000 suggested that the screen
spacing of B* = 0.575m was th6 optimum for the particular mnge of wave
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conditions used in lhese lests. This spacing was therefore used in Test Series
3000 lo 6000 which involved modifications to the chambers and the screens,
such as variations of the hole diameter in the porous screens, and the depth
within the chambers. The hst two test series, 7000 and 8000 explored the
effect of rock arnoured slopes placed against the vertical wall. Two cresl
levels were lested al lwo water levels, and the results provided infonnation on
lhe influence of the relativ6 crest freeboard.

4 Discussion of reflection results

4.1 Vertical walls
The results of the reflection measurements in front of the plain vertical wall,
Tesl Series 1000, are summarised in Table 3. In most inslances C, falls
between 0.85 and 0.90, with relatively little influence of irrcident wave height
or period. The water level, and cresl freeboard were however of more
influence, as summarised in Figure 7.

In general lhe larger and steeper waves lead to a slight reduction of
reflections, due to higher levels of energy dissipation caused by wave
breaking. However, an increase in the water level also lead to a reduction of
reflections, but this was primarily due to the increased overtopping resulting
from the lower structure freeboard, R.. This is illustrated in Figure 7 where it
can be seen lhat values of C, are reduced at lower values of R"/H". A simple
prediction method was created through the use of regression analysis on the
upper and lower regions of this dala. This enabled an upper bound and a
simple equation to be applied to these resuhs as follows:

C, = 0.79 + 0.11 RrrH"
C. = 0.90

for R./H" < 1.0
fo rR /H">1 .0

(4a)
(4b)

4.2 Wave screens / perforated caissons
Analysis of prwbus lest results and of numerical model predicnions by Allsop
& McBride (1S93) has shown that the fiiost useful way of prosenting the
reflec*ion perfonnance of perforated wave screens is by plotting the refl€ction
coefficient C, agaimt the relative screen spacing to wave length ratio, B*(.
Results tor Test S€rie6 2000 are presented in this way in Figure 8. Resuhs
from pra/ious studies by Allsop & Steele (1 990) and Allsop & Beresford (1993)
using a singlo slatted wave sseen in fronl of an inpermeable ser6€n, for a
habour at Cardiff, have also been present€d. Only comparable t€sts from this
study were us€d, ie. those where the screen porosity was 2006, as the s*udy
covered a wide range of screen porosities. The results of lests with other
screen porosities were discussed by Allsop & McBrile (1993). Inclusion of the
Cardiff results enabled the range of data to be extended beyond the nuximum
relative spacing of the rnost recent studies, ie. B*/l= < 0.27.

The results follow the general lrends irJentified prwiousg by Allsop & McBride
(1993), ie. the minimum value of C. is achiwed when the porous screen is a
nnb bss than a quaner of a wave length from the solid wall, B*A = 0.20 to
0.25. The previous work dernonstrated fhat initial estimat€s of reflection
pedormance can be achieved using numerical models such as 'BARRIER2' by
Bennett et al (1992). However, it is clear lhat such models cannot describe
the influence of many of the detailed rnoditications sludied here, and that
simple enpirical methods may be more appropriate in some circumstances.
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These data have therefore been described by fining a new empirioal curve,
given by:

c ,=s in { l { " t ( 8 " / LJ - k ,  l ' } +q  (5 )

where lq, lq and ( are coefficients determined from the data and:

lq determines the shape of the curve; low values (600) result in a
shallow 'u' shaped curve, and high values (900) result in more sleep
'v' shaped curves;

lq specifies the value of B*/l- which coresponds with the lowest point
of lhe lowest value of C.:

K gives lhe lowest value of C,.

The use of the test results allows values of these coeflicients lo be established
for each configuralion. Curye 1 , shown in Figure 8, describes the results for
a single chamber wave screen, with a porosity n" = 20% and a hole diameter
equal lo the screen thickness:

C, = sin { 910 t @,/LJ - 0.225 12 | + O.28

This equation is valid 0.05 . B/L" . 0.32. The use ol equation (6a) outside
this range is not supporled by the results considered here, although its use for
0 < 8,./l-. < 0.05 will probably give reasonable results. There is, however,
seldom need for details of reflection performance outside of these limits as
such slructures will be uneconomic, or ineffective.

The modelling of the other structural variations enables values of the
coefficients in equation (5) to be established for different slructural
configumtions. The resuhs, shown in Figure 9, for screens with larger
diameter holes, ie. twice the screen thickness, show lhat the lowest value of
G. is increased, and the curue is slightly w'lrJened. Curue 2 can be described
by the following version of equation (5):

C,= sin { 780 I (8,/l-") -o.znf J +0.315 (6b)

Curv6 2, equaiion (6b), is shown as the solid line in Figure 9, rvhere it may be
compared with Curve 1, equation (6a), shown with crosses. The differerrces
between these curues are relatively srmll. The other modificetions t€sted have
also been analysed to produce simihr curves, and coefficients for equation (5)
have been dedved and are summarised in Table 4.

The effecl of using double screens is shown in Figure 1 1 by comparing Curue
1 for a single chamber (shown as crosses) with Gurve 3 for the double
chambers (shown as the solid line). Thesa show slightly lower r€flections with
a double chanrber lor B,/L > 0.2, brJt rather higher r€flections for 8"4* < 0.2.
The use of the double screen increases the struoture cost without signlflant
benefit in rcducing value of C,, or increasing the range of B*/l- over which
reflections are low. The low€st coefficient for the single screen, q = 0.28,
oceurs at BJI- = 0.225, compared to q = 0.265 for the double screen at
B*Q = 9.25. The improved reflections given by lhe double screen for
B*/l- > 0.20 are of relatively little benefit as the designe.s rnain requirement
is to minimise the slructure width B*, and hence cost. However, this effect is
less marked in comparing single and double screens with holes of a diameter
equal to twice the screen lhickness, Figures 9 and 1 1.

(6a)
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The reflection performance of voided caissom with pedorations over the full
depth of the structure are relatively insensitive to changes in water level. The
last modificatiohs to the caisson structures, where the voided chambers were
filled to depths of 30% or 50% of the structure height, were ralher more
sensilive lo changes in water level, as shown in figures 10 and 12.

In Test Series 5000 and 6000, reflections were m€asured for double chambers
with the base of the chambers filled to depths of 30% or 507" of the chamber
height. The base ot th€ chambers were filled with blocks and rubble, and the
hofes in the front screen were blocked . For 3oo/o restriction, lhe chamber was
filled to + 1.24m, and for 50% to +1 .40m. In Sedes 5000, both chambers were
filled to 30%, but in Series 6000, the floor in the rear chamber was raised by
filling to 50o/o, giving a stepped arrangement. Each slruclure was te$ed with
waler levels of +1.43m or +1.61m. In each inslance, the restrictft]n in the
volume of active voids of the chambers increased the retleclion coefficiont,
with the rnost ob/ious offect occuring at the lower water level. The results of
tests in Series 5000 are shown in Figure 12, with a comparison of resufts for
the tull depth chambers. The influence of the reslrictions are quite significant,
feading to an increase in reflections from C. = 30o/o to 40o/o to C. = 50% to
607".

At lhe higher water level, +1.61m, lhe effect of this change, shown in Figure
13, is less marked, brJt still of significance. For the same wave heights and
sleepness, values of B/l-. change due to lhe influ€nce of water depth on wave
lenglh. These reductions of B*/\ themselves might be expected to give
slightly higher values of C.. The larger area of open screen at the greater
water depth gives lower reflections for lhe partdepth chambers, bd C, is still
greater than lor the fulldepth chambers.

It must be noted that the work described in this sec.tion relates to simple,
vedical structures. Herrce, it nray be the case that other struc.tures, such as
caissons construcled on rock rnounds, rnay give different results due, in part,
lo the influence of the mound on the waves.

4.3 Rock armout slopes
Roflectiohs from sloping structures are less severe than trcm verti€l walls.
The reflection characteristics of annoured and srnooth slopes depend on wave
breaking on the slope, and are related to the surf paEmeter or lribarren
nurber, (,' or lr", defined €n' = lr,' = tanor's.os; where s,' = ZnH,/gT.2.
R€fl€ctions from smooth or arlnourd sbpes nray be described by a simple
formula derived by Seelig (1983):

c,=a6. , / (b+€*1

This equation was later adapted by Allsop (1990) for random waves. Tests by
Allsop & Channel (1 989) derived coefficierfs a and b for smooth and anmured
slopes, with wave conditions in the ranges of 0.004 < s,n < 0.052, and
0.6 < Hd/AD"so < 1 .9. Resuhs, shown in Figur€ 14 for smooth and armoured
slopes, are described by equatiom (8a) and (8b) respec{ively:

C, = o.9o s,'2l (4.8 + \^2)

c. = 0.64 (_, / (e.es + fi,)

(7)

(8a)

(8b)
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The use of equation (8b) for rock armoured slopes is supported by recent
analysis by Davidson et al (1994), who checked predictions using the
coefficients derived by Allsop (1990), againsl field measurements from a rock
armoured breakwater with good agreement.

Results lrom Test Series 7000 and 8000 are summarised in Figure 15 for the
diff6rent armour crest levels. In each instance, the armour freeboard above
the water level, Ab, is non-dimensionalised by lhe armour size, D".0. Values
of Ao/D"* varied from zero, where nearly all waves hit lhe vertical wall, to 3.8,
where the vertical wall had relatively little influence on the retlections. At
intermediate armour levels, A,/D"* = 2.4 and 1 .35, the reflections are close to
lhose of the armour slope, but some influence of the armour slope and crest
berm is evident in reflections below those predicted by equation (8b).

Armoured slopes are often used within harbours beneath piled decks or
platforms. Reflections from this type of structure are generally close to those
predicted for the armoured slope alone. However, some details of the
slructure may significantly rnodify its hydraulic performance, illustrated by the
following example from Allsop (1990).

An unusual structure was considered for a major coal handling quay. The
habour design required low levels of wave refleclions from the quays, but was
also in a region subject to earthquakes under which conventional piled
relieving platforms might be unstable. The two altemative struclures which
were lested in lhe design sludy were a simple armoured slope of 1 :1.75 under
a piled deck, and a composile structure with armoured slope on a part-depth
caisson.

The composite slruclure, shown in Figur€ 16, incorporates two important
diflerences when compared with the simple armoured slope. The lower face
of the structure is vertical, which migfrt b6 expected to increase reflections, and
the crest level of the armoured slope is relatively low, hence, larger waves may
reach the vertical step at the rear of the slope formed by the rear deck beam,
again tending to increase reflec'tions. The reflections from this structure are
compared with the simple prediction curye for armoured slopes, equation (8b) ,
in Figure 17.

Section A, representing the armoured slope of 1:2.5 over the part depth
caisson, as shown in Figure 16, had an armour crest bem on which larger
waves couH be absobed. These gave reflections close lo, but below those
predicted by equation (8b). The reduced refleclions arose due to the
inlerterence between the wave compon€nt refleoted by the vertical pa , and
ihat reflec*ed by the slope. The struc'tural varialion A2 had a crest detail in
which more wave ac-tion reached the crest beam, wttich lead to an increase
in refleotions. The altemative section, B, which used a full-depth slope of
1:1.75, bnt included the crest detail of A2, tesulted in refleotions greater than
the pred'Ftions.

This exanple demonslrales that, whilst lhe reflection performahce of simple
slopes is relatively easy to predict, reflections from composite strudures may
be significantly influenced by relative water levels, panicularv where these
water levels approach the level of the arrnour crest, or of other structural
elements.
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5 Discussion of overtopping results

The mothods described in Section 2.3.3 have each been used to analyse the
overlopping measurements made during this test programme. For the vertical
wall only lesl case, ovenopping discharges were compared wilh predictions
made using Goda's curves. The methods of Owen (1980) and Franco (1993)
were used to analyse all of the data sets described below. The overtopping
measured during tests with the rubble slopes in front of the vertical wall have
been compared with the prediction method of Owen & Steele (1991).

5.1 Vertical wall
5.1.1 Analysis using offshore wave heights
A series of general prediction lines, which was derived by Herbert (1993) for
random waves, is plotted in Figure 6, with those derived by Goda (1985) for
a vertical wall on a 1:30 slope, with an incident wave steepness of s- = 0.036.

The data from the present set of tests, Series 1000, for an approach slope with
m = 1:50 have been combined with He6ert's data for s* = 0.06, and a slope
of m = 1 :30, as shown in Figure 18. Of(shore wave conditiorrs were measured
and H* and T,* were used in the following analysis. No comparison with
Goda is possible as the wave steepness exceeds s,* = L945.

The resufts shows good agreement between the two sludies, despite the very
different relative depths due to the difference in model scales. Water depths
and wave heigtrts used in lhe present study are approximately 3 times larger
than those used by Hel|]ert (1993). Again, the use ol this rnethod shares the
disadvantages identified in Section 2.3.3, and requires careful interpolation for
the different values of R /H*.

5.1.2 Analysis using inshore wave heights
The overtopping pedormance of a wall in relatively shallow water depends on
the inshore wave height, period and shape. Using the offshore wave
conditions only, as in the Goda melhod, confuses lhe analysis as it looses
information on the form of the waves inshore. The form of the inshore waves
deperds on the water depth, toreshore slope, as well as lhe wave heighl and
pedod. In this sludy, the inshore wave conditions were measurcd at th6 toe
of the struc'ture during wave calibration. These wave condilions have been
used in lhe following analysis of the data from these tests.

The simplest analysis method is offered by plotting Owen's dimensionless
discharge and freeboad pammeters Qt and R' using exponential or
logadthmic axes. These are shown in Figure 19 using the inshore urave height
Hn frcm the calibrations. The data shows a good rehtionship between lnQ.
and R*, so a simple regression line has been fined, giving A = 0.002 and
B = 26.76 in eqmtion (3). This regression line is used in hter ligures to
compare the overtopping performanoe of the vertical walls with that of the
ahernativo structures.

The tests described by Franco (1993) were run in relatively deep water.
Details of inshore wave condilions were not giv6n, but it may be appropriate
to assume that inshore wave conditions were similar to the offshore oonditions.
Using Franco's relationship between Q# and R"/Hn for a ve irxl wall, equation
(1), the overto,pping for a simple vertical wall nny be predirIed with a = 02
and b = -4.295. Results for Series 1000 are plotted against Franco's equation
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in Figure 20. Franco's formuh underestimates the overtopping discharge,
panicularly at larger values of Rc/H"i. The diffarence may bo due to the
relatively small range of relative freeboards, 0.9 < Bd/H"i < 2.2, for which
Franco derived the equation. In the present study a wider range of R"/H", is
used in test series 1000, 0.o3 < Rd/H"i < 3.2. Aftemative values of a = 0.03
and b = -2.05 in the Franco equation may be derived by fitting the general
form of equation (1) to these test resufts.

It is possible that lhe inshore and offshore wave conditions in Franco's tesls
may have differed. lt was not possible to investigate this directly, but HR data
from Series looo have been re-plotted using both H- and H", as shown in
Figure 21 . lt is clear that Franco's regression line, with a = 0.2 and b = '4.295,

lies below data plotted using Hd, but above and closer lo data plotted using
H*. These results confirm the importance of establishing the inshore wave
heighl with confidence, but further work will be required to extend this analysis.

Overtopping measurements by De Wad (1994) can also be compared with the
orediction lines derived from Series 1000. However, De Waal's inshore wave
condilions were not measured directly, but were calculaled. These data are
plotted against Owen's equation using A = 0.002 and B = 26.76 derived for
Series 1000, in Frgwe 22, with good agreement.

A similar exercise has been repeated using Franco's relalionship between Q#
and B,iH",, again for De Waal's tesl results. The scatter of the data aPpears
a little wider, but equation (1) with a = 0.03 and b = -2.05 gives good
agreement with De Waal's data. This is shown in Figure 23.

5.1.3 Summary of results for vertical wall
Measurements of mean ovenopping discharge for a simple vedical wall on a
1:50 bed slope have been plotted against the general form of Owen's
equation, and this gave good agreement with:

Q*=AexP(-BR.) wi th A = 0.002 and B = 26.76 (4)

The same measurements have been plotted against the geneml form of
Frarrco's equation, with good agr€ement for:

Q#=a exp (b R/HJ with a = 0.03 and b = '2.05 (5)

Resulls from conpletely independent tests in the Netherlands, by De Waal,
have also been plotted againsl both equations (a) and (5), again with relatively
good agreement.

5.2 Wave screens / perforated caissons
A number ol wave screen / perforated caisson configurations have been
inves{igated, and the rnain struclural variables are summarised in Table 1 . All
perforated screens had a porosity of n.= 29"/". Two hole sizes of 25mm and
50mm were used, equivalent to the screen thickness and lwice the screen
thickness, t".

In considering lhe overtopping perfornnnce of each $ructural configuration
tested, both Owen's and Franco's methods were explored, but the best
agreement was found with Owen's method. The mean oveftopping discharge
for each test has therefore been used to calculate values of Q- and R', in
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each instance, using the inshore wave height, Ho. These have been plotted
as fnQ* against R" for each configuration in Figures 24lo 27.

The results for single and double screens, Series 2100 and 3100 / 3200, have
been combined in Figure 24 as they show very close agreemont. ll is
inlerosling to note that Allsop et al (1994) also found relatively little ditference
in the reflection performance of these configuErtions. The overtopping of the
perforated caisson sections is, however, significantly lower than that for the
simple vertical wall, sumrnarised in Figure 24 by equation (4). This
improvement is illustrated by fitting an equation of this torm to the results from
test Series 2100, 310o, and 3200:

Q*=Aexp ( -BR" ) with A = 0.005 and B = 59.95

The effect of changing the hole size, Dh, from 1.0t" to 2.0L, without cfranging
the porosity, rL, is shown in Figure 25. The results for the larger holes are
plotted against the regression line for the smaller holes, equation (6). The
change in the screen hole size does not appear to give any significant change
in overlopping performance.

A tnore confusing picture arises when lhe performance of perforated caissons
of different widlhs are compared. The perforated caisson structures
considered so far were all of B* = 0.575m. Th6 width of lhe intederence
chambers lested in Series 2200 and 3300 were reduced to B" = 0.400m. The
overtopping results, shown in Figure 26, when compared with lhose for the
wider chambers in Figure 24, appear lo indicate a fudher reduction in the
ovenopping discharge over lhe whole of the parameler range tested. This
somewhat suprising resuft suggests that the spacing B* may have a
signiftcar atfecl on the overtopping discharge, which is not accounted lor in
other parameters. lt was noted that the analysis ol wave reflections from
these struclures by Allsop et al (1994) indicated that the reflection coefficient
C, is well correlated with the relative screen spacing to local wave length BJL..
Careful examination of the resuhs shown in Figures 24 and 26 did not,
however, identify any such cl€ar trend.

In Series 5000 and 6ff)0, the tests explored the influence of restric.ting the
(vertical) depth of the chambers, in double screen caissons, by raising the floor
level of the chambers. This rnay be necessary in the prolol)?e to ensure that
there is sufficient volume of fill material to geneft e the weight force required
to resist sliding or ovenurning.

In the rnodel, impermeable rnaterial was placed in the base ol each chamber
of the caisson to act as ballast. The overtopping resultrs are shown in Figure
27. At high water levels, the raised floor had relatively little influenoe on the
size of the chamber, and hence on the overtopping perfonnanoe for deep
water coMitions. h was expec.ted that a reduction in the water level from
+1.61m to 1.4{lm would rcduce discharges signifkxntly, simply by virtue of the
increase in R. and hence R*, however, th6 differencss are Jelatively small. lt
may lheretore be concluded that the raised floors do not have a significant
infl uence on overtopping.

At the commencement of the wave screen lests it was noted thal the form of
overtopping, and probably also the mean discharge, were influenoed by the
manner and degree of compression of the air lrapped between the vertical
wall, the perforated screen, ard th6 caisson chamber roof. In preliminary

(6)
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tests, this effect was reduced because air was able lo escape from lhe caisson
through snrall gaps betw€en the roof and side walls. These gaps were
therefore sealed and lhe movement of air was therefore ctntrolled by the torm
of lhe slruclure tested alone.

The tests were conducted under norrnal wave attack, F = 0', which ensured
thal any escape of air from the interference chamber could be significantly
restricted by the incident wave fronl. In the prolotype, waves are unlikely to
be entirely long-crested, nor will they attack pedectly at F = 0'' Any small
devialions fmm this idealised case will allow air lo escape sideways, and thus
increase lhe dissipation within the caisson, unless this is inlentionally limited
by dividing the cais-son intemally into small separate cells. lt is therelore likely
that these tests give an upper limit lo the overtopping perfomance, and
overtopping will be further reduced under oblique or shorl-crested wave attack.

5.3 Fock armoul slopes
Previous work has indicated that the addition of an rock armoured slope in
front of a vertical wall might increase overtopping, by increasing the likelihood
of wave run up over the slope. This nray be the case if the armour is relatively
impermeable lo wave action, but the measurements, shown in Figure 28,
provide reassurance thal the armoured sections, which were tesled, produced
overtopping which was not higher, and was often well below, that Predicted by
Owen's equation, with values of A and B for the slope angle of lhe armour, ie.
1:1.5, and a roughness factor r = 0.50. Comparing the measurements for
these composite structures in Figure 28, using r = 0'50 for a simple armoured
slope in €quation (3), gives close agr€ement at low values of R*, when
ovenopping is relatively insensitive to lhe structure. At values of R* < 0.1 1 , the
overtopping perlormance of the composite struclure is somewhat belter than
would be predicted for a simple armoured slope.

A comparison can also be rnade with the predidion line derived earlier for the
simple vertical wall, test Series 1000. Al low R. values, overtopping of the
composite armoured section is again comparable 1o that of the vefiical wall
predicted by equation (4). At higher values of R*, R* < 0.11, and pa icularly
at relatively low water levels, the overtopping performance of the armoured
slope and wall are significantly better than that of the vertical wall alone. The
rock armour is therefore more efficieni because it dissipat€s wave enerry as
it runs up lhe slope.

A weakness of this simple approach is shown by the sudden drop in
dimensionless overtopping pararneter Q* f'or those tests wilh R* < 1.1 . There
is probabty an influence of the relative anrour crest freeboard, AE, rvhich has
not been llentifted separately.

6 Discussion of water surface conditions

This chapter disansses a new analysis approach to describe the water surface
condition. lt has been dweloped to identify more clearly the effect of 'low-

reflection' structures on lhe sea surface in front of breahi,aters, and other
polentially reflective harbour structures. lt is the sea suface condition which
has a significant effect on vessel navigation, especially for small crafl.
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Prwiously used melhods of analysis, such as those .elaled to the reflection
coefficient, do not clearly identify the influence of the structure on lhe sea
surface. Howaner, some guidance on creating an analysis method for lhe sea
surface was prcrrided by Klopman and van der Meer (1994). They developed
a procedure which describes the spatial variations of the local wave heights,
as tunclions of the relative distance seawad from a struclure. While the
variation of wave height may be relevanl to some ll/p6s of vessels, which may
have to navigale close to such a structure, a more imponant factor is lhe
combination of wave height and period. Hence, the analysis method of
Klopman and van der Meer (1984) was adapted to enable the spatial varialion
of wave steepness to be described, as a function of the relative distance lrom
a struclure.

This new tecfinique involves the determination of the wave sleepness al each
of the wave probes which were positioned seaward ol the structure, as
described in Section 2.3.1. The steepness was calculated as follows:

s.(x)=H"(x)/Ln

Where: s.(x)

H"(x)

is the mean steepness at probe position, 'x' metres from
the structure
is the significant wave heighl at probe position, 'x' melres
lrom the structure
is the wave length, calculated for th€ mean wave period,
measured at the probe posilion ('x' metres from the
structure) and the still water depth at lhe probe position,
using the Hunt (1979) approxirnation to the wave
dispersion equation.

Lh

The results of this analysis are presented in Figures 29 to 32, tor the following
structutal anangements:

- a simple veiical wall
- a single chamber urave screen, with B*/l of 0.575m and a hole dhmeter

equal to lhe screen thickness
- a double chamber wave soreen, with BJL" of 0.575m and a hole

diam€ter equal to the screen thickness
- a rock slope, with a 1 :1.5 slope and a crest level of +1 .71m.

In these figur€s lhe mean wave steepness at each probe is presented as a
dimensionless variable which describes the change in wave steepness
compared with the incident steepness, s, , k|own as the rehtive sea
ste€pness and defined as s,(x/s.. These values are ploited againsl the
relative distance seawad of the sfuc{ure, defined as x(. Different symbols
have been used for each of lhe three incilent wave steepness, 0.02, 0.04 and
0.06.

In general the results show that at distances greater than fwe wave lengths
seaward of the structure, the ratio of relative wave steepness closely matches
lhat evPected for reflected wave heights. The results of the tests showed that
al lhese distances from the structure the local wave periods were comparable
with the incident wave period.

Howev€r, some of the struclures which were tesled demonstrat€d signifi€nt
differences in the spatial variation of sea surface sleepness, even where lhe
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overall reflections, given by C,, were relatively similar' As discussed in
Chapter 4, an examination of the reflection performance of the structures
wlrich were tested, showed the effectiveness of using a single chamber wave
screen. However, these resuhs also showed that the use of a 1:1 .5 rock slope
provided a better overall reflection perfonnance, and there was only a marginal
ditference between the more expensive option of a double chamber wave
screen c.ompared with the single chamber version.

A comparison of the relative sleepness, resulting from the use of each
structure, for distances greater than three wave lengths from the structure,
prodrced the following results:

- the double chamber wave screen produced the rnost favourable
conditions with a mean relative steepness of 1.15.

- the 1 :1 .5 rock slope provided only marginally worse sea surface
conditions, with a greater overall relative steepness of 1.19.

- the single chamber wave screen provided a relative steepness of 1'22,
which illustrates the potential benefits of the double chamber wave
screen. Within the range of these results, the double chamber
anangemenl showed a 10% inprovement in relative wave steepness
over lhe single chamber version.

- the vertical wall produced a mean relative sleepness of 1 .41, which forms
the upper boundary of these resuhs.

These results demonslrate the benefits of using a double chamber wave
screen over the single chamber anangemenl, if such a low value of relative
sea steepness is required. lt also reinforces the reflection analysis results for
the use of rock armour slopes, afthough, as Previously discussed by McBride
et al (1993), it is often necessary to maintain the vertical nature of the
structure, which for a rock armour slope is not possible.

This analysis also indicated the spatial variability of the sea sudace steepness
at distances of less than three wave lengths from the structure. In this region,
the results for the vertical wall, Figure 29, show that the wave $eepness is
rapidly changing. For this case the relative sea steepness often exceeds 1 .5,
which, for an incident sea sleepness of o.04 would lead to very steep waves
and frequent wave breaking. These conditions will be hazardous for vessel
navigation, especially snrall cratt such as small fishing vessels or leisure craft.
The resuhs for the single chamber wave screen (Figure 30) show a similar
variation in this region, though the overall mean steepness is lower than for the
vertical wall arangement. The structures which create the best conditions in
this region are the double chamber wave screen (Figure 31) and the rock
slope (Figure 32). The rock slope reduces the local saa sudace steepness,
close to the structure, to less than the incident steepness due to the distance
that the slope exends trom the vertical wall of the structur6 and the energy
dissipation caused by the rough and porous layers. Obviousv, it would be
hazardous for vessels to navigate very clos€ to this type of slructure due to the
risk of grounding.

The results of this analysis are summarised in Table 5, with corresponding
values of C, for comparison.

l 6 lT alT 20,05196
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7 Scale effects

The use of hydraulic model test resuhs should always be subiect to analysis
of tho potential influence of scale effects. Such effects are principally of
conoern where flows in conduits or porous layers may be unrealistically
influenced by viscous flow effects. In the lesting of coastal structures, the
most frequent c$ncern is for lhe effects that any distorted flows would have on
the stability ol arnour units. Polential soale effects have been discussed by
many aulhors. Owen & Allsop (1983) and Owen & Briggs (1985) reviewed
previous studies at laboratories in the USA, Denmark, and UK, and concluded
that scale effects in the flow in th6 primary armour on rubble breakwaters will
be very low provided that the armour unit Reynolds number, defined in terms
of lhe nominal unit diameter, is kepl above approximately Re = 3x1CF, or
perhaps above Re = 3116. For the current set of tests, in Series 7OO0 and
8000, the significant wave heights were gteater than or equal to 0. 1m, and the
size of the rock armour was approximate! 0.07m. This implies that
Re > 6x1d, which is well above either of the limits.

A similar argument may be pursued for flow in the holes in the perforated
wave screens, where the Reynolds number may be defined in terms of the
screen lhickness, t. In these studies the lowest value of Re is given by Re =
2x1t. This is well above a lower limit of Re > 3xld which might be
postulated from the studies on flow in porous layers, and very dose to the
more severe limit of Re > 3x1d. Such an analogy is however a little weak on
its own, so data from previous studies at HR Wallingfod have been analysed
for potential scale effects.

Site specific sludies conceming lhe performance of a peforated wave screen
in a large wave disturbarre nrodel, explored potential scale effects by
determining the lowest wave height in the model below which le\rels of energy
dissipation start to change significantly. This was identified by plotting the sum
of relative reflected and transmitted wave energies (C," * C.t) against model
wave height, see Figure 3il. For model wave heights abwe H. = o.02m,
equivalent to Be = 4x103, the energy dissipation response is flat, but begins
to rise for H. < 0.02m, when Re < 4x108. This b caused prirrcipally as the flow
resistance of lhe screen increases prEducing greatsr reflections and less
relative dissipation within the screen. This limit is very close to the lower limit
postulated earlier, and substiantially below lhe low€r value of Re calculated for
these studies. Viscous scale effects are ther6{or6 unlikely to influence any
conclusions drawn from these dudies.

8 Conclusions and Recommendations

8.1 Concluslons
8.1.1 Reflection analysis
- Rellections from sitrple ve ical walls generally fall close to q = 0.90, btx

may be reduoed by heavy o\rertopping. A simple reduction factor is
suggested in equation (,ta)

- The use of perforated wave caissons or screens has been shown lo be
eff€ctive in reducing reflections from vonical walls. The reflectftrn
performance of a range of single or double chamber caissons can be

F 417 mngE6
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described within practical engineering limits by equation (5). Coefficients
for this n6w equation have been dedved from the lest results, and are
given in Table 4, for a selection of structural anangements.

A comparison of the performance o{ single and double chamber wave
screens shows that the reflection performance oI the single chamber
wave screen is marginally better for B*/\ < 0.2 and worse for B*/t- > 0.2.
Any improvements in the refleclions, by including a second screen, seem
unlikely to outweigh the increased complexity and cost of its construction.

The optimum diameter of circular holes in the porous front scteen is
equal to the thickness of the screen. The use of larger holes, with a
diameter equal to twice the screen thickness, may lead to a slight
degradation in reflection perfonnance.

Small changes in water level do not significantly effect the reflective
peformance of single or double chamber wave screens, provided that the
chambers do nol alter significanlly over the water level range. The use
of partdepth chambers increases reflections significantly, particularly at
lower relative water levels.

Reflections from simple armoured slopes are generally well'predicted by
equation (8b), except where the armour crest is relatively low. For
configurations with the armoured crest below abotX A"/D" = 1 .3,
reflections may increase significantly above those predicted by eguation
(8b). However, this effect may be mitigated by providing a wider armour
crest, or in some circumstances by supponing lhe armoured slope on a
pandepth caisson.

The use of measured inshore wave heights in the analysis ot these
results substantially improves the correlation with prediction methods.

A simple analysis of potenthl scale effects indicates that the results of
these tests will not be significanlly influenced by viscous scale effects.

8.1.2 Overtopping analysis
- Good conelation has been found between sets of irdependent

measurements of rNran overtopping discharge, and each set appears to
be well fitted by a sirple equatbn for th6 o/ertopping of simple vertical
walls, based on the InQ' v R* rehtionship derived by Owen for simple
slop6s.

- Revisions to the Franco lormuh based on Q# and ffi, have been
dedved to describe ovettopping of vertical walls, and again, these seem
to show good agreement with the test dala.

- Wave screem placed in front of a veltical wall signifioantly reduce the
overtopping discharge, as well as reflections. The effec't of the wave
screens inqeases as Ro/H. or R" increases.

- The overtopping of a vertical structure protected by wave screens, or a
peforaled caisson, does not appear to be significantly affec{ed by the
addition of a second interference chamber. or wave screen-

1 8 tT itl7 20/0649€
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- Placoment of an armoured slope in fronl of the vertical wall generally

reduces ovenopping, paflicularly al values of R' < 1.1. When lhe
struclure freeboard is low, wertopping is close to that predicted for the
simple vertical wall and an armoured slope. At lower water levels,
overtopping of the composite slruc{ure is lower than predicted for an
armoured slope alone, and subslanthlly lower than that predicted for the
simple verlical wall.

8.1.3 Water surface conditions
- Al distances of greater than five wave len$hs seaward of the struclure,

the ratio of relative wave steepness closely matches that expected for
reflected wave heights.

- An analysis of water surface condilions al distances of more than lhree
wave lenghs from the structure dernonstraled tho potehtial benefits of the
double chamber wave screen over the single chamber version.

- The relative sea steepness results forthe verlicalwall al distances of less
lhan lhree wave lenglhs seaward of the structure showed that rapidly
changing wave steepness leads to very steep waves and frequent wave
breaking. These conditions would be hazardous lor srmll craft navigating
in this region.

8.2 Fecommendations
It is recommended that funher, more detailed analysis is canied out on both
the overtopping and sea steepness analyses discussed in this report. This is
necessary in order to provide a greater understanding of wave by wave
overtopping and lhe spatial variation of sea sleepness. The further analysis
of the sea steepness results requires particular attention due to the potenlial
impac{ on the navigation of small and leisure craft.

It is also recommended that funher testing and analysis is canied out into all
aspects of lhis work. In particular, it is important that a comprehensive sedes
of 3D physioal model tests are canied out to €nable the eflects of differing
angles of wave inciderrce to be assessed on wave refleclions, o/ertopping and
sea sleepness.
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Table 3

lT 417 A/0G/95

T$t numbsr Water level r€lativ€ lo
flume ioor (m)

Wav€ hebht,
H. (m)

Wal/e abopn€ss,
grn

R€ffocdon
coetticis q

t 001 1.43 0.10 0.02 0.902

tm2 t .43 0.10 o.o4 0.900

1003 1.43 o.20 o.02 0.8so

t@4 | ,43 0.20 o.04 0.890

I OO5 1.43 0.20 o.06 o.an
1006 1.43 0.25 0.04 0.863

1006b t.43 0,04 0.856

1007 t.43 0.06 0.857

1007b 1.43 0.06 0.861

1008 ' t .61 o.  to 0.02 0.886

1009 1 .61 0. t0 0.04 o.895

to t0 1 .6 t 0.20 o.02 0.883

1 0 1 1 t .6 t 0.20 o.04 0.884

'1o12 1 .6 t 0.20 o.06 0.868

' tot3 t .6 t o25 o.04 0.875

10t  4 1 .61 0.25 0.06 o.871

1t24 1 ,6 t o.30 0.o4 0,849

1@3 1 ,61 0.30 0.06 0.858

1022 1.61 0. t6 DH bi-mod 0.886

1025 1.61 0.28 HR bi-mod I o.844

1026 1.61 o.25 HF bi*nod 2 o,85.I

1015 1.70 o. t0 o,o2 o.a75

10t6 1.70 o. t0 0.04 0,879

10t7 't.70 0.20 o.a!2 0,849

10t  I 't.70 0.m 0.0.1 0.8s4

10t9 1,70 0.20 0.06 0.833

to20 |.70 0.25 0.04 0.83e

1@1 1.70 0.2s o.06 0.817



tr
Table 4 Coefficients in Equation (2) for tested screen configurations

Screen Hole dameter Curve 't K.

Single sct€on lhickness 'I 9 1 0 o.225 0.280

Sing16 2 ' (soroen hickness) 780 0.223 0.315

Double screen lhickn€ss 3 750 0.250 0.265

Doublo 2 . (scroon hickness) 4 7so 0.250 o.275

Tahle 5 Flesulfs of water surtace analysis

Structurs Mean, relativ€ s€a staepn€ss
at > 3L, s€award at structure

Lowgst rgcorded C.

Vertical wall 1 .41

Single chamb€r wave scr€sn 1 .8 0.2E

Double ohamb€r ua\re scr€€n ' t . t6 o.27

Rock amour dop€ t . t 9 o.23

tT417 27rcGl95
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Figure 2 Model caisson with double screens at B*=Q.$/$p
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Figure 16 Pited quay over armoured slope on part-depth caisson
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Figure 18 Comparison between Herbert's results and Series 1000



tr
(r)

o

lt)

1
o

n
C\I

_ f-_l

(n
,^r

' r I \

LJ
' ;
-

t-

o \
U
I
t l

{
rt Tro -
c;

l - r - . ' )
o o l
o o L.ll
o o o
o o o

o o
o o

o
o
o
o
o
o o
o m
o - .
o l -

- o
s O

o

. o o o c | ( ]
o o o o o

o o o o
o o o

o o
o

o

(  t  sg*  l tu lxo)  /b=vO

o
.9
L
{ln

E

tr
a

EEl

E
E

tr
tr

a i

T A

w
E

Itl

EE

a
f

Figure 19 Simple vertical walls, Series 1000, Owen's equation
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Figure 20 Simple vertical walls, Series 1000, Franco's equation
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Figure 21 Franco's equation using offshore and inshore wave
heights



tr

o
T

o

;

(rI

o

tr)
ot
o

L')
a\l

O O
(

I
(,

n I
lo )
o r  /

t l  1 ,

c g l

- ! . J , ,

o \
U

(f

i lx
."& g
? n t
n - Y

M

\. (r]
o o
o l
o L l l
o o
o c )
o o. o

cl
o
c
c
E
O
o
E
c
o

- o o o o o o
o o o o o o

o o o o o
o o o o o;qR

o -
o

( ts t  tu l  O) /b=xO

0l

.9
0n

E

SE

t rg
!81

E
a
tr

Figure 22 De Waal's data with Owen's equation, A=0.002 and
B=26.76



E

o
I

o
o
!
(,)

n

(n
I

- L L  t n
ql
\-

o
o
=

n ( J
al \J

a

\ - ( ' l
o o
O l
o U l

o c l

. o
E
oo
o
cl(]
oo
o
o
q

l- r-. o o c o t r ) o
o - o Q o o o

o o o o o
o o o o

a o o
o o

cI

E'0 ' . ,C8- lsHO), /b=#D

Figure 23 De Waal's data with Franco's equation, a=0.03 and
b=-2.05



E

E
o
N
FI

o
(
o
cl

FI

E
o
E

(]
o

cr)

o

LO
nl

o

. O.---r o
T--l r\l

f \ t  " '  cr)

t ] o
\ O
A 6

a;
tro I

f no \ J  ; i
rl .Y'= r
,t a)r- (n

ci r a

CE

ln tr

o

o
o
r

6 C\J

UJ
9
(l)
a
E

T
t-

o

o

- t I
O E
o l
o U J
o c
o o
o o

. o
o o

o
o
E
o
o
o
c
o
o
o
I

. o o o o o o
o o o o o o

E O O O O
o o E o

o c ] o
E c ]

C I  sH !UIOJ /b=yo

Figure 24 Single and
Series 2100,

double chamber wave screen structures,
3100 and 3200



E

o
o
N
tt

o
c
d

E
o
m

N

o
I
L(,
n

(n

o

lt)
C\I

o

L')
GI

\ r-_l
O

; \ -
r/r I

o \ J  ; i
' = l

r ; i
I N

' )  o
I .

._ (T (J

o  ( !

_s
a
d t

o ( ) a
E

o
!.
t-

d)

;

r - ( n
o o
o l
E u l
o o
o o

- o
o c )

o
o
o
o
o
o
o
o
o
9

\ - -
' o c ] o o c t o

o o o o o o
o o o o o

o o o o

o
o

( tsp lu l l6 ) /b=yg

Figure 25 Wave screen structures, large holes, series 4200 and 4100



E

V)

(]

|r)ry
o c l

( r- l
^6

m
!1 :f

o \ J  f l i
IJ
' = (
r ; r

(n

; ;  o
CT

{ io
to LL nf
o  ! !

. N
c

(n
/ | l

't

O , ! {
U J

a

r\o
I

o

(jl
tJ

F c I )
o E o o
E O O I I J
o o c ) o
o o c ] o

o
o
o
c|
o
o
o
o
o
oq
t-

( twI tsHO)\b=yo

. o ( ] o o
o - o o o

o o o
o o

o
o

o
o
o

o
o

Figure 26 Wave screen structures, B*=0.40m, Series 2200 and 3300
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6000
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Figure 28 Overtopping of vertical wall with armoured slopes
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Figure 29 Water surface conditions - Vertical wall
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Figure 30 Water surface conditions - Single chamber wave screen
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Figure 31 Watersurface conditions - Double chamberwave screen



tr

s'
E

X

X

X
&
x

x
VX

X
X<

fi-a
<EF x
E i.

X

a<

X

_-

<D

a - ) --
4 ) x

<l)
-.c

= s -
!-

r{_ -

a

* =
<D C\j
> -

eE

ftJ rursl(xls 'sseudeels uos ur ofupql o^rlpla6
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