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Abstract

Full scale measurements of the reflection performance of a rock island breakwater were
obtained using an array of 6 pressure transducers, both before and after a reduction of the
seawards slope of the structure. This slope reduction (1:0.82 to 1:1.55) effectively reduced
maximum reflection coefficients by 15%. Comparisons of reflection coefficients with various
surf-similarity parameters including the Iribarren and Miche numbers failed to provide an accurate
parameterization of wave reflection for both data sets. Multiple regression analysis indicated that
the shortcomings of the available surf-similarity parameters can be attributed to an overemphasis
of the effects of the incident wave height (H;) and the structure slope (tanB) relative to the
wavelength (L). On the basis of the regression analysis a new non-dimensional reflection number
R =d I3tanB /H,D? is postulated here, which revises the relative weightings of these parameters,
and introduces other physically significant parameters, including the local water depth at the toe
(d), and the characteristic armour diameter (D). This reflection number more effectively
parameterizes wave reflection for these data, and for the first time provides the basis for a new
scheme for the prediction of reflection coefficients (K ,) based entirely on the analysis of full scale
data, where; K, =0.151R*!! or K, =0.635VR /(412 + VR).

1. Symbols

a empirical coefficient

b empirical coefficient

c constant of proportionality (multiple regression analysis)

d local mean water depth measured vertically upwards from the sea bed

* Corresponding author.

0378-3839,/96/$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.
PII S0378-3839(96)00012-9



94 M.A. Davidson et al. / Coastal Engineering 28 (1996} 93120

d, mean water depth measured at the toe of the structure

D characteristic diameter of rock armour (W, /p)'/>

E(f) incident wave energy spectral estimate

E(f) reflected wave energy spectral estimate

f frequency

fo spectral peak frequency

g acceleration due to gravity

H,  wave breaker height (= 0.17L{1 — exp[ — 4.712(d /L, X1 + 15m"**)]})
(Goda, 1975)

H. Incident wave height

k wave number (= 27/L,)

K (f) frequency dependent reflection coefficient

frequency averaged reflection coefficient, K,

=0.4Hz =0.

- \/ / Er(f)df/ [ ™ E()ar

f=0.05Hz f=0.05Hz
wavelength corresponding to f, given by linear wave theory
o  deep water wavelength (g/2m fpz)
offshore gradient seawards of the structure
Miche number
power law dependence (multiple regression analysis)
notional permeability (Van der Meer, 1988)
reflection number (= d, LitanB /H, D?)
correlation coefficient (multiple regression analysis)
peak wave period (= 1/f,)
Ursell number
shallow water wave velocity at the toe = ‘/:grdt

2

average shallow water wave velocity over the breakwater slope = 3/gd,
median mass of rock armour

primary or secondary variable (multiple regression analysis)

depth measured vertically upwards from the still water level

a angle of wave approach measured relative to a line normal to the shoreline
tanf structure gradient

v(f) coherence spectrum
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£ Iribarren number computed using deep water wavelength (= tanB /(H,/L,)*>)
&, Iribarren number computed using L, (= tanB /(H,/L,)*?

p rock armour density

] standard error in multiple regression analysis

2. Introduction

The problems associated with the reflection of incoming waves from coastal struc-
tures and natural coasts are well recognised. The detrimental effects of wave reflection
include; intensified sediment scour, which can lead to a dramatic loss in beach material
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and the destablization of structures, and dangerous sea states near the entrances to
harbours.

Due to the adverse effects of wave reflection the coastal engineer requires design
criteria which enable cost effective structures to be built with acceptable reflection
performances. This fact has prompted numerous theoretical and model scale studies of
wave reflection which have yielded a variety of predictive schemes. However, to date
there have been relatively few full-scale measurements of wave reflection. It remained to
be seen therefore whether design criteria based on theoretical studies and model scale
tests were valid at full scale.

This paper details a comprehensive assessment of the reflection performance of a
full-scale rock island breakwater. Measurements were obtained under a broad range of
incident wave conditions, both before and after a modification to the seawards slope of
the structure. These data provide a unique opportunity to examine existing wave
reflection models for permeable slopes at full scale, assess the sensitivity of the
reflection performance of the breakwater to structure slope and to develop an improved
predictive scheme for wave reflection from rock island breakwaters.

Firstly, a brief review is given of the equations currently available to the coastal
engineer for the prediction of wave reflection. This is followed by a description of the
field site, instrumentation and a summary of the wave climate during the experiment.
Specific details are given of the analysis procedure, definition of parameters used in this
paper and sources of potential errors. Analysis of field data is used to develop an
improved parameterization of wave reflection and a predictive scheme based entirely on
full scale measurements.

3. Predictive schemes for wave reflection
3.1. Wave reflection from smooth-impermeable slopes

Miche (1951) empirically determined that the reflection coefficient for monochro-
matic waves which are steep enough to break on a plane beach of gradient tanp will be
proportional to the ratio of the critical wave steepness to the incident wave steepness.
According to this hypothesis the reflection coefficient (K,) will be proportional to a
Miche number (M) of the form:

4 tan®/?
KaM= 85/2 Z'B
(2m)* (H.f?)

Ursell et al. (1960) and Seelig and Ahrens (1981) presented model scale tests that
indicated that Miche’s equation significantly overestimated the reflection of both regular
and irregular waves from smooth slopes.

Battjes (1974, 1975) redefined Miche’s hypothesis in terms of a surf-similarity
parameter known as the Iribarren number (£ = tanB /(H,/L,)"°), yielding the following
expression for the reflection coefficient:

K, =0.1¢2 (2)

and K, =1 for M= 1 (1)



96 M.A. Davidson et al. / Coastal Engineering 28 (1996) 93120

Laboratory tests with random waves (Ahrens, 1980) indicated that Battjes’ equation
provided more accurate estimates of K, than Miche’s equation (Eq. 1) when waves
were steep enough to break on the slope but still overestimated K, for £ > 3. Seelig and
Ahrens (1981) found improved estimates of K, over a wider range obtained from the
equation

a, £?
KFW (3)

where a; and b, are empirical coefficients with values of 1.0 and 6.2 respectively for
smooth slopes. Equations 1, 2 and 3 indicate that the principle factors affecting wave
reflection from smooth slopes include wave frequency (linked to wavelength via the
dispersion equation), wave height and structure slope.

3.2. Wave reflection from rough-permeable slopes

Wave reflection from permeable structures is also a function of porosity which
augments transmission, and surface roughness which increases dissipation. Seelig and
Ahrens (1981) presented a comprehensive review of the available laboratory data for
smooth slopes (Ahrens, 1980; Ursell et al., 1960), rough-impermeable slopes (Ahrens
and Seelig, 1980; Madsen and White, 1976; Moraes, 1970; Seelig and Ahrens, 1981),
rough-permeable slopes (DeBok and Sollitt, 1978; Gunbak, 1979; Seelig, 1980; Hy-
draulics Research Station, 1970) and laboratory beaches (Chesnutt, 1978). Based on the
available data for rough-permeable slopes Seelig and Ahrens (1981) found that Equation
3 with a, and b, set equal to 0.6 and 6.6 respectively, provided a conservative estimate
for wave reflection for which 95% of the available laboratory data fell below. These data
also indicated that the reflection coefficient reduction factor a, which defines the upper
saturation value of K, is a function of wave breaking at the toe or seawards of the
structure, surface roughness and the number of armour layers.

Thus, in addition to the parameters L (or f), H, and tan which control wave
reflection from smooth slopes, Seelig and Ahrens postulated that wave reflection from
porous structures is also a function of the depth at the toe (d,), the slope of the seabed
offshore of the structure (affecting wave breaking offshore), the characteristic diameters
of the armour (D, affecting surface roughness) and the number of layers of armour.
Recommendations based on Seelig and Ahrens results are included in the US Army
Shore Protection Manual (1984).

Allsop (1990) conducted random wave laboratory tests on breakwaters with one and
two layers of rock armour and found a good agreement with Eq. 3 with best fit values of
a, = 0.64, b, = 7.22 (one armour layer) and a, = 0.64, b, = 8.85 (two armour layers).

Giménez-Curto (1979) suggested an alternative exponential model for wave reflection
also based on the Iribarren number:

I(r=aZ[1 _exp(b2 gnm.s.)] (4)

Here the r.m.s. incident wave height must be used to compute § for random waves
(Losada, pers. commun.). Best-fit analysis with the laboratory data of Sollitt and Cross
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(1972) for a rubble mound structure give values for the empirical coefficients a, and b,
of 0.503 and —0.125 respectively (Losada and Giménez-Curto, 1981).

Numata (1976) reported the results of laboratory tests on a vertical, permeable,
non-overtopped breakwater comprised of artificial concrete blocks. Numata suggested
another empirical equation for wave reflection based on the ratio of breakwater width to
armour diameter:

Breakwater Width \ *

K. =a -
3\ Armour Diameter

3

(5)

Again a; and b, are empirical coefficients which are a function of the relative depth at
the toe (d,/Ly). Numata’s equation suggests a direct relationship between reflection
coefficient and breakwater width which determines the transmission of wave energy
through the structure. The effect of increasing armour diameter is two fold. Firstly, the
roughness of the structure is increased promoting dissipation due to friction and
turbulence, and secondly, the void area (o D?) between the blocks is increased, thus,
enhancing transmission.

Postma (1989) conducted 300 random-wave flume tests on rock slopes, indepen-
dently examining the effects of f, H, tanB, d,, notional permeability P (see Van der
Meer, 1988 for a definition of P), gradation and spectral shape on K,. This analysis
revealed a strong dependence of K, on f, tanB, and permeability, a weaker dependency
on H, and negligible correlations with spectral form and depth at the toe. Postma
analysed his data together with that of Allsop and Channell (1988) to give an empirical
equation similar in form to Battjes’ equation where:

K, =0.125£°73 (6)

Van der Meer (1992) comments that the Iribarren number does not accurately describe
the combined effect of slope and wave steepness and that an improved fit to Postma’s
data can be achieved using multiple regression analysis and separating these parameters.
This analysis results in an empirical equation of the form:

~0.46
K,=0.071p 0% tan°'62[3( —‘) (7
L,
This brief review highlights parameters which influence wave reflection and the wide
range of empirical predictive equations available to the coastal engineer, all of which are
based on laboratory tests. At present none of these equations have been adequately
tested at full scale. However, some large scale laboratory tests have been conducted.
Oumeraci and Partensky (1990) and Muttray et al. (1992) conducted large scale tests
using tetrapods and accropods respectively. Both workers found a reasonable agreement
between reflection measurements and Eq. 3. It is interesting to note however, that
Oumeraci and Partensky’s large scale tests on tetrapods give empirical coefficients
which indicate significantly larger (25%) maximum levels of reflection (a, = 0.6) than
Allsop’s and Hettiarachchi’s (1988) small scale tetrapod tests (a, = 0.48) over a similar
range of Iribarren numbers. Conversely, large scale model tests by Sollitt and DeBok
(1976), Shimada et al. (1986) and Postma (1989) indicate that reflection coefficients are
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likely to vary by less than 10% between model and full scale. The precise effects of
scale still require further investigation.

4, Site description and measurement programme

Sea surface elevation measurements were obtained in a reflective wave field seawards
of a low crested rubble-mound breakwater of reef type at Elmer, West Sussex, UK (Fig.
1, Fig. 2a and b). A full description of the site and details of construction may be found
in Holland and Coughlan (1994) and Bird et al. (1995).

The original structure, constructed in 1991 /92 consisted of 4-8 tonne carboniferous
limestone blocks with a design gradient of 1: 1. The stability of this provisional structure
was improved in 1993 by the addition of 610 tonne syonite blocks to its seaward face.
This reduced the design gradient of the seawards slope to 1:2. Although the overall
design conditions were satisfied, detailed surveys of the rubble mound over a 10m
length of the structure immediately shorewards of where the measurements were taken
indicated local (effective) reflection surfaces with average slopes of 1:0.82 and 1:1.55
for the preliminary and modified structure respectively. Wave measurements were
obtained from the same location both before and after the breakwater modifications.
Hereafter the pre- and post- modification data-collection exercises will be referred to as
deployment 1 (or dep. 1) and deployment 2 (or dep. 2) respectively.

Brighton

Fig. 1. Location map.
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Fig. 2. (a) Plan of the breakwater scheme, showing the layout of instrumentation. (b): Section A-A through
the breakwater at the recording site.

Transmission of wave energy through over-topping is limited to periods of high tide
which occur simultaneously with extreme storm conditions (such conditions did not
arise during the measurement period).

Wave measurements were obtained using a purpose built wave recorder system
consisting of a series of 6 pressure transducers connected to a central signal conditioning
and data storage unit via armoured cables. The transducer array consisted of 5 pressure
transducers spaced along a line 45 m long running directly offshore at right angles to the
breakwater (sensors spacing =3 m, 6 m, 12 m and 24 m), and a sixth transducer offset
12 m in the longshore direction from the main cross-shore transect (Fig. 2a). The first
transducer was positioned a distance of approximately 5 m from the toe of the structure.
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Table 1
Summary of conditions during field data collection (a full definition of parameter definitions is given in
Section 5)

Parameter Dep. 1 Dep. 2

d, (m) 0.99-4.62 1.15-4.56
H; (m) 0.06-1.64 0.15-1.47
Peak period 7, (s) 3-19 4-15

£ 6.4-70.7 4.4-23.1
Ursell No. U, <1 <1

tanB 1.23 0.64

D (m) 1.38 1.44

dy/ g1} 0.0005-0.5053 0.0029--0.8886
D/d, 0.229--1.398 0.316-1.258
D/L, 0.016-0.145 0.015-0.079
H;,/H, 0.028-0.436 0.067-0.479

Data from all 6 transducers were logged simultaneously at 2 Hz, and records were taken
every 3.1 hours. A more detailed discussion of the wave recorder system is given in Bird
and Bullock (1991) and Bird et al. (1994).

586 records were collected during the first deployment prior to the breakwater
modification (June to August 1992), and 364 records were obtained after the slope
reduction (February to April, 1994). A summary of the range in wave conditions
sampled during these field deployments and details of the structure are given in Table 1.
A number of dimensionless variables have been included in Table 1 for ease of
comparison of this study with other field and laboratory tests.

5. Selected procedure for data analysis

An important aspect of this research is the development of an improved predictive
scheme for wave reflection from rock island breakwaters. It is necessary therefore to
define with some clarity how each of the parameters used here are calculated. This
section gives a detailed outline of the analysis procedure and a discussion of the
potential sources of error in the measurement of wave reflection.

Seabed pressure time-series collected from the 6 spatially separated pressure trans-
ducers (Fig. 2a) consisting of 6 X 1352 data points were de-meaned, de-trended, and
divided into 2 overlapping segments 1024 data points in length. A Hanning window was
applied to each of the data segments which were subsequently Fourier transformed and
used to form a cross-spectral density matrix. Data were smoothed by ensemble averag-
ing the transformed data segments and further frequency averaging 5 data points. The
resulting bandwidth of the frequency bins was 0.0098 Hz.

The pressure spectra were then converted to estimates of surface elevation through
the application of a frequency domain weighting function given by linear wave theory.
The resulting cross-spectral density matrix (between different sensors) was then used to
decompose the measured wave field into incident and reflected wave spectra using an
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algorithm detailed by Gaillard et al. (1980). This 2-dimensional, linear analysis tech-
nique is based on a method first derived by Kajima (1969) which operates on a pair of
spatially separated sensors. However, Kajima’s original algorithm is subject to singulari-
ties when the sensor spacing is equal to an integer number of half wavelengths. The
method of Gaillard et al. (1980) is designed to operate on 3 unequally spaced sensors
and introduces a mathematical weighting function which eliminates the singularities in
Kajima’s original solution. It was found that the most stable estimates of the frequency
dependent reflection function (K (f) = yE () /E/( f) ) were obtained using the sensor
triplet with minimum spatial separations in order to maximise the coherency of the
signal between sensor pairs.

5.1. Definition of reflection parameters
The frequency averaged reflection coefficient was computed by summing the decom-

posed incident and reflected wave spectra over the limits of the gravity band (taken to be
0.05 Hz to 0.4 Hz, so that wave periods between 20 s and 2.5 s were embraced):

[ (yar

Kr _ f=0.05Hz (8)

[ E(ar

F=0.05Hz

For these data measured infragravity energy (< 0.05 Hz) was low and in all cases
subordinate to incident band oscillations. Spectral energy levels in the seabed pressure
above 0.4 Hz were also negligible.

The process of wave reflection is often measured relative to the Iribarren number,
¢ =tanB/(H;/L,) . Here, L, is the deep water wavelength (= g/2n fpz) defined for
the spectral peak period (f,), and H; is the incident wave height calculated from the
decomposed incident wave spectrum as follows:

Hi=4\/ff=0‘4Hin(f)df (9)

=0.05Hz

The value of H; was found to be insensitive to offshore location due to the shallow
sloping sea bed (gradient < 0.02) on which the pressure sensors were located (wave
shoaling offshore of the breakwater is negligible). This quantity is therefore equivalent
to the incident wave height evaluated at the toe of the structure, outside the breaker
zone, since the depth change between the sensors and the breakwater is minimal (< 0.1
m) and in all records analysed here wave breaking occurred on the structure.

A second non-dimensional parameter which gives a quantitative measure of the
linearity of the waves is the Ursell Number (Guza and Thornton, 1980):

H;

" 24,(kd,)’ (19

r

Again this quantity is evaluated at the toe of the breakwater (depth at the toe = d,) with
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k=2m/L,. Inspection of incident wave spectra revealed the presence of well defined

harmonics of the primary spectral peak for all records for which U, > 1. Therefore, all

data exhibiting strong non-linearities (i.e. U, > 1) were not included in the analysis
described here in order to preserve accuracy in the linear analysis technique.

Encouragingly, tests carried out on field data indicated that estimates of the signifi-
cant incident wave height and reflection coefficient derived from any of the 10 possible
sensor triplets in the cross-shore array (of 5 sensors) were very consistent. Typical
standard deviations in K, estimates for different sensor triplets were < 0.01 during long
crested wave conditions. Incident wave height estimates showed similarly smali devia-
tions (< 1%) for different sensor triplets confirming that wave shoaling over the length
of the array was minimal.

Larger variations in K, (> 0.05) estimates from different sensor triplets were
observed during irregular, short wind wave conditions, due to low coherency of the
measured signals from sensors with higher spatial separations. Careful design of the
wave recorder system (Bird and Bullock, 1991) ensured very low levels of instrument
noise (dominated by quantisation noise due to the resolution which was set at 100 Pa).
However, low coherency (y(f)) between sensor pairs may still occur as a result of the
following:

1. The dominance of highly irregular wave motions (*‘surface chop’’) forced by strong
local winds. Perturbations such as these are seldom coherent from one sensor to the
next.

2. The presence of strong nodal regions due to phase-locking of incident and reflected
waves.

3. Very low signal energy (e.g. at f> 0.4 Hz).

Intensive numerical tests were employed in order to establish data rejection criterion for

incoherent data, and to establish the potential errors resulting from oblique wave

incidence. These tests indicated that for the given array geometry and average water
depth the error in X, due to the combined effect of low coherence (0.8 < 1.0) and

oblique wave approach (0° < a < 25°) were < +0.09 for 0.4 < K, < 1.0.

These numerical tests combined with visual inspection of time series and spectral
data lead to the following data quality /acceptance criteria:

- Ensure some significant wave activity: H; > 0.05 m.

- Ensure the sensors do not dry out at any time during the data run: d> (z+d) + H,.

- Eliminate strongly non-linear data: U, < 1.

- Minimise errors in K, estimates due to low signal coherence: y( f) > 0.8 between all
3 sensor pairs in the analysis triplet (eliminates data points not the whole data file).

- Bimodal or multi-peaked incident wave spectra were eliminated. Examples of
bimodal spectra include those with both significant swell and local wind generated
sea components. Computation of parameters such as the Iribarren number require the
offshore wavelength corresponding to the spectral peak frequency which is highly
ambiguous with these irregular, multipeaked spectra. Identification of these data was
most effectively achieved via visual inspection.

All data were entered into a data base, which conveniently allowed data to be isolated
in accordance with specific criteria. Those data which failed any of the above quality
control tests were identified with a numeric flag which indicated that the data should be
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neglected from further analysis and which of the above 5 criteria above had not been
satisfied.

6. Results
6.1. Structure slope

One of the primary concemns of this paper is the sensitivity of wave reflection to
variations in structure slope. However, the assessment of an appropriate value for the
structure slope of an irregular rubble mound structures is not trivial. An estimate of
structure slope may vary greatly depending on which profile line is selected for analysis.
In order to evaluate an appropriate value for the ‘‘effective’’ structure slope an extensive
electronic distance meter (EDM) survey of the structure was undertaken. This consisted
of several profiles of the breakwater taken over a frontage that extended 5 m either side
(alongshore) of the wave recorder array location. Linear regression analysis of these data
was used to evaluate the average gradient for the seawards face of the structure
corresponding to the area opposite the wave recorder array, (see Table 1 for slope
values). Results of the EDM survey for deployment 2 are given by the open squares in
Fig. 3. There is some scatter in the data which is of the order of the representative
diameter of the mound material (1.44 m).

A further independent survey of the same breakwater area carried out in accordance
with CIRIA /CUR (1991) guidelines using a staff fitted with a hemispheric foot agreed
closely to the EDM survey to within 2°. The excellent agreement between these 2
profiling techniques indicates that the breakwater gradient estimates are both accurate
and reproducible.

Also shown in Fig. 3 (by the crosses) are the locations of breakwater reflections
which were “‘remotely sensed’’ by the wave recorder array. The reflection point location
was calculated here using a method first outlined by Gaillard et al. (1980) which enables
the computation of a complex frequency domain transfer function relating incident and
reflected wave spectra. The magnitude of this transfer function is equivalent to the
frequency dependent reflection coefficient and the phase corresponds to the phase angle
between the incident and reflected waves at an arbitrary reference location (e.g. one of
the transducers). Combining the phase angle between the incident and reflected waves
$(f) with the known wavelength L(f) (given by the linear dispersion equation) allows
the reflection point distance (rpd) of the waves to be evaluated relative to the arbitrary
reference location, where rpd = L{ f)$(f)/4w. This simple calculation assumes; normal
wave incidence, a flat sea bed, and a vertical reflector. However, if the structure and Jor
the sea bed are sloping the apparent reflection point distance appears to be shorewards
of the reflecting surface of the structure as a consequence of wave shoaling and a
correction must be applied. In this example (Fig. 3) a correction (A x) to the reflection
point distance for wave shoaling over the structure has been derived using shallow water
linear wave theory and added to the rpd estimate. A x is directly related to the water
depth and inversely related to the structure gradient, where A x =d,(v — v,)/(vtanB).
Here v, is the phase velocity at the breakwater toe = ,/g_d[ and v is the average velocity
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Fig. 3. Electronic distance meter survey showing a cross-section of the seawards face of the breakwater and
part of the beach. Also shown are the breakwater reflections, remotely sensed by the pressure transducer array.

over the sloping breakwater = %M . Estimates of the reflection point distance were
obtained for each frequency bin in the energetic region of the spectrum and an average
value obtained. Ambiguities in the rpd estimates equal to an integer number of half
wavelengths may occur if the array is located a distance of > L(f)/2 away from the
reflection point. These errors a easily noticeable and can be simply corrected.
Inspection of Fig. 3 shows a good agreement between the EDM survey data and the
“‘remotely sensed’’ reflection point data computed from the pressure transducer array.
This indicates that wave reflection is primarily from the shoreline with negligible
contributions from other regions of the profile. Similar observations were made by Guza
and Bowen (1976) in a laboratory examination of wave reflection on a smooth sloping
beach (B =7°). Guza and Bowen (1976) also showed that when reflection is weak
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(K, < 0.4) the reflected waves undergo a phase shift during the process of reflection.
For this reason only highly reflective wave conditions corresponding to data with peak
frequencies < 0.15 Hz have been selected for analysis in Fig. 3. The observed deviation
between the EDM survey and the remotely sensed data can be almost entirely attributed
to irregularities in the mound and perhaps slightly subnormal angles of wave incidence.

6.2. Parameterization of wave reflection

A common approach to the parameterization of wave reflection is to relate the
reflection coefficient to some form of surf similarity parameter. Common examples
include; the Iribarren number (£), the Miche number (M), or a reciprocal form of the
Iribarren number &= y7/& (Wright and Short, 1984). Probably the most commonly
used of these parameter in the field of coastal engineering is the Iribarren number.
Examples plots of K versus Iribarren number for the preliminary (1:0.82 slope, dep. 1)
and final (1:1.55 slope, dep. 2) sloping structures are given in Fig. 4a (dep. 1) and b
(dep. 2) where each data point is evaluated from one measurement record. The general
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Fig. 4. Reflection coefficient as a function of Iribarren number for (a) deployment 1 (tanB = 1:0.82) and (b)
deployment 2 (tanp = 1:1.55).
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trend of the data in Fig. 4a and b shows a sharp rise in reflection at low Iribarren
numbers (the breaking wave regime) until a limiting (or saturation) value of K, is
reached where further increase in £ produces no further increase in K. This saturation
value is related to surging wave conditions on the structure where the reduction in
reflected wave energy is primarily due to factors such as wave transmission, friction and
turbulence effects induced by the roughness of the structure itself rather than wave
breaking. Clearly, the saturation value for K, is lower (on average 15% less) for the
modified slope (1:1.55) than the original slope (1:0.82) indicating a significant
reduction in wave reflection.

Inspection of Fig. 4a and to a lesser extent Fig. 4b shows that there is a systematic
increase in the reflectivity of the structure with depth (tide). This depth dependence is
more evident in deployment 1 (Fig. 4a) in part due to the fact that data were collected
from a broader range of water depths as a result of the transducers being mounted closer
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to the sea bed. Davidson et al. (1994) postulated that the observed depth dependence
was primarily due to the increasing influence of the flat beach in front of the structure
which promoted wave dissipation through breaking as the water depth shallows.

Unfortunately, careful comparison of Fig. 4a with Fig. b shows that the Iribarren
number fails to collapse the 2 data sets (dep. 1 and dep. 2) onto a single curve. Similar
results (not shown here) were obtained when relating K, to other non-dimensional
surf-similarity parameters M and e. The poor parameterization of wave reflection by
currently available surf-similarity parameters indicates that the relative influences of L,
H;, and tanB are not accurately represented in these parameters, and/or that other
physically significant factors have been neglected.

Due to the poor parameterization of wave reflection by the currently available surf
similarity parameters it is necessary to reassess the individual effects of L, H,, and tanf
together with other potentially significant parameters (e.g. d, and D).

a) L- d<2.75m o 275m<d;<325m 5 dr3.25m

1.0 +— /"T

Reflection Coefficient

b)
1.0 : Sy — = . . o
, ! l !
g087 T T N
[T] : H i
& :
@ 0.6 —=
B ﬁ paY
3 ‘ . o ‘eo@,ﬁh AA Ao A0
g l [ ] l. N Ol Amon
5 04 Bl L"F—‘—ﬁ — —
17} —h A o
] B9
[~ s 2 [ i
7] I |
® 02+ «f» T e T R B
I L
0.0 f T . } } —
0 10 20 30 40 50 60 70 80 90 100

Local Wavelength (m)

Fig. 6. Reflection coefficient as a function of local wavelength for deployment 1 (tanp = 1:0.82) and (b)
deployment 2 (tanf = 1:1.55).



108 M.A. Davidson et al. / Coastal Engineering 28 (1996) 93—120
6.3. Effect of wavelength on K,

Wavelength has a first order effect on wave reflection. The relationship between
reflection coefficient and deep-water wavelength L, (associated with the spectral peak)
is investigated in Fig. 5a (dep. 1) and b (dep. 2). The trend of the data is similar to the
K - plots discussed previously with the reflection coefficient systematically increasing
in direct relation to the deep-water wavelength until a saturation level is reached. A
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wavelength occurring as a result of the breakwater slope reduction.
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similarly strong correlation of K with the local wavelength (Lp) evaluated at the toe of
the structure is also observed, (Fig. 6a and b). The scatter seen in the data can in part be
related to the variation in other physically significant variables (e.g. H,, d,) not
considered here. Less scatter is apparent in the plots for deployment 2 (Figs. 5b and 6b)
due to the narrower depth range during these measurements.

For a clearer comparison of the two deployments average values of K. for each of
the coincident L, values have been plotted together for both deployments (Fig. 7a). Fig.
7a clearly illustrates a significant amelioration of wave reflection due to the breakwater
modification for all L,;. Another important feature illustrated by Fig. 7a is that the onset
of saturation which occurs at shorter wavelengths for the steeper structure (L, = 110 m)
than the shallower slope (L, = 150 m). This is as expected since one would anticipate
that a wave of a given wavelength will break more readily on the shallow slope than the
steep slope.

The percentage reduction in the reflection coefficient and reflected wave energy
(o K ?) are given in Fig. 7b. Inspection of this figure shows that in the saturated region
the reduction in reflected energy is of the order of 20-30%. At shorter wavelengths the
percentage energy reduction is more erratic and difficult to assess due to dependencies
on other parameters not accounted for here.

6.4. Multiple regression analysis

The strong dependency of K, on L (and to some extent depth) has already been
illustrated in Figs. 5 to 7. However, in order to determine more subtle relationships
between K, and other variables with weaker influences it is necessary to isolate the
effect of the independent variable in question from all other variables. An effective way
of achieving this is through the application of a multiple regression analysis. This
technique was applied to the whole data set (including both deployments) in order to
evaluate the relative importance and relationship (direct or inverse) of independent
variables with the dependent variable X .

The review of currently available schemes for the prediction of wave reflection
presented earlier indicated that the main independent variables predominantly responsi-
ble for controlling the process of wave reflection were; L, H, tanf and D. Data
presented here has also highlighted the importance of local water depth (d).

The multiple regression analysis yields an equation relating K, to the independent
variables under consideration and the accuracy of this equation is indicated by the
correlation coefficient r and the standard error o. Regression analysis may be applied at
two levels, most simply on the primary parameters (e.g. L, H, d, tan) or alternatively
on secondary parameters (e.g. H/d, H/L, £) which are combinations of the primary
parameters.

The procedure adopted here is to firstly carry out the regression analysis on a number
of primary parameters in order to assess their relative effects on wave reflection. A
number of secondary parameters are then derived on the basis of this initial analysis and
the regression repeated. The use of secondary parameters fixes the relative influence of
combinations of primary parameters on K., the success of each combination of
parameters being indicated by r and . Although this process should not be confused
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with true dimensional analysis methods, the aim of this process is to combine parameters
which are physically significant to the process of wave reflection, in a single non-dimen-
sional number. If this number provides an accurate parameterization of wave reflection
for both data sets (condensing all data onto a single curve) an improved predictive
scheme for wave reflection will ensue. Although data were collected under widely
ranging incident wave conditions the reader should note that due to the empirical nature
of the approach used here and the limited range in the structural parameters (tanp and
D) such a predictive scheme will only be strictly valid for the range in conditions
outlined in Table 1.
The output of the regression analysis gives K, as follows:

K.=cXPXP2.. XPn (11)

Here X represents a primary or secondary parameter, p is a power law dependence
of that parameter, ¢ is a constant of proportionality and » the total number of parameters
considered. A summary of p values for various permutations of primary and secondary
parameters are shown in Table 2. The bold highlighted figures denote the focus of the
analysis.

The first two rows of Table 2 deal only with the primary parameters. Row 1 gives the
results of a multiple regression analysis of K, against d,, H,, L,, and cot. This
combination of parameters indicates a highly significant correlation (at the 99% level)
with a multiple regression correlation coefficient of 0.874 and a low standard error in X,
predictions of 0.054. Notice also that the regression analysis indicates that there is a
direct relationship (p > 0, see Eq. 11) between K, and L,, tanf and d, which is
consistent with results presented in Figs. 4, 5 and 7. Conversely, K, is reduced by an
increase in H;. Although most of these relationships (except perhaps that with d,) have
been well established through laboratory tests this analysis provides valuable informa-
tion as to the relative influence of these parameters. For example, since the exponent of
L, (0.21) is approximately double the magnitude of the H; exponent (—0.12), it would
suggest a relationship of K, with L3/H,. This is contrary to most of the currently
available predictive equations which suggest a direct relationship between K, and a
reciprocal wave steepness term (L,/H,).

Row 1 of Table 2 yields a predictive equation for K of the form:

_0.13d07°L5*
K. = HiO‘IZCOtO.IGﬁ

Row 2 (Table 2) illustrates the effect of using the local wavelength L, evaluated at
the toe of the breakwater in place of L;. Whilst the contributions of H; and cotf remain
approximately constant the relative influence of d, and L are adjusted quite radically.
The importance of the wavelength term is increased relative to the water depth,
indicating that L, provides a more representative length scale for the incident waves in
terms of wave reflection than L . The empirical equation resulting from row 2 of Table
2 is as follows:

0.104?-°6L‘;~36

K=t 7
r HiO.IZCotO.lSB

(12)

(13)
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As one might expect since L, and L, are systematically linked through the linear
dispersion equation and the local water depth, correlations using Egs. 12 and 13 are very
similar (r = 0.874 and 0.871 respectively). This analysis indicates that if the deep water
wavelength is used to characterise wave reflection, a water depth parameter should also
be included in the equation.

Rows 3 to 18 in Table 2 are results of the multiple regression analysis using
secondary parameters and combinations of primary and secondary parameters. Rows 3
and 4 investigate the effect of using offshore (H,/L,) and local (H, /L,) wave steepness
parameters. The resulting correlation coefficient values (0.859 and 0.800) show a
decrease compared to rows 1 and 2 indicating that the relative influence of H and L on
wave reflection are not well described by such wave steepness terms. The lower r-value
for H,/L, is consistent with the laboratory results by Postma (1989).

Regression of the primary parameters (rows 1 and 2) indicates that H; and L are
more appropriately combined in the form H,/L*. This hypothesis is explored in rows 5
and 6 of Table 2. Correlation coefficients of 0.874 (H,/L}) and 0.864 (H,/L2) indicate
this hypothesis to be correct.

Numata (1976) found a strong dependence of K, on an inverse armour diameter term
in a laboratory investigation of a permeable breakwater comprised of artificial blocks
(see Eq. 5). The physical significance of this term relates to; increased wave energy
dissipation due to friction and turbulence (promoted by the surface roughness of the
structure), and wave transmission, all of which decrease reflection and are directly
related to D. Row 7 of Table 2 investigates this dependency through the introduction of
a parameter relating the length scales of the waves and characteristic diameter of the
mound (L, /D). Correlation coefficients (0.874) indicate a highly significant relationship
although analysis of data incorporating a much wider range of characteristic diameters is
needed to confirm this result.

Row 8 combines the relative wave height term (H,/d,) with the relative length scale
term (L,/D) and gives a similarly high correlations (r=0.870). The results of
combining the relative height and length terms in a single non-dimensional number
whilst maintaining the H,/L} relation suggested by row 5 are given in row 9.
Encouragingly, the correlation coefficient remains high (r = 0.870) and is little dimin-
ished (r = 0.868) through the inclusion of the structure slope term (row 10).

The analysis thus far has led to a non-dimensional number (see row 10) which for
these data accurately weights the contributions of wavelength, wave height and structure
slope and includes other parameters which are of importance in the process of wave
reflection, namely water depth and armour diameter. Here this non-dimensional reflec-
tion parameter has been assigned the character R where:

d,Litan B
T HD?
Comparison of this new non-dimensional reflection number with the more conventional
Iribarren number yields the following relationship:
Ly’d,

D*/H;

Non — Dimensional Reflection Parameter (14a)

R=¢ (14b)
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Eq. 14b demonstrates the adjustment of the relative weighting of parameters in R
compared to the Iribarren Number. Notice that the relative weighting of wavelength is
increased, wave height is reduced and the slope remains the same. The weak dependence
of reflection on wave height is supported by the laboratory observations of Postma
(1989), although potentially, the influence of wave height might be increased if waves
are large enough to break seawards of the structure. However, for these data wave
shoaling offshore of the structure was negligible and waves broke exclusively on the
structure.

The relationships between K, and other surf-similarity parameters (¢, £, M and &),
are investigated in rows 11 to 13. It is clear from an examination of the correlation
coefficients and standard errors associated with these tests that the alternative surf
similarity parameters provide a poorer representation of the process than R. This is due
in all cases (rows 11 to 13) to the relative weighting given to tanf, H and L and to the
omission of the other physically significant variables d, and D. The performance of all
three alternative surf-similarity parameters are improved by the inclusion of a water
depth term. Elgar et al. (1994) in their investigation of wave reflection from natural
beaches found that the Miche number provided a reasonable parameterization of wave
reflection. Contrary to this, data collected at Elmer indicates a poor correlation (r =
0.652) of K, with the Miche number due to an overemphasis of the effect of structure
slope (M o tan®>B). These correlations are not improved by isolating only the breaking
wave data below saturation.

7. Discussion
7.1. Predictive schemes for wave reflection

Fig. 8 shows a comparison of K, versus Iribarren number for both deployments
(before and after the slope modification) together with some of the currently available
models for the prediction of wave reflection based on laboratory tests. Since plotting X,
against Iribarren number does not effectively reduce these data to a single curve it is
impossible for these models (all of which are functions of Iribarren number) to provide
an accurate prediction of wave reflection for both deployments 1 and 2. Similar
observations were made by Muttray et al. (1992) who comment that the large scatter in
plots of K, versus & for acropod and tetrapod data indicates that the Iribarren number
does not represent the optimal mean for the description of the reflection process. The
relative success of the various models are now examined.

The models of Seelig and Ahrens (1981), Allsop (1990) and Giménez-Curto (1979)
(Egs. 3 and 4) all predict the general trend of the data well (Fig. 8). That is to say that
both data sets show a systematic increase in reflection with increase in Iribarren number
until a saturation value of K is reached. Giménez-Curto’s equation underestimates K,
for much of the data, particularly for £ > 20. Conversely, Seelig and Ahrens’s and
Allsop’s equations provide conservative estimates of K, for § < 20 and good average
saturation values for K. for §>30. Postma’s (1989) Eq. 6 overestimates wave



114 M A. Davidson et al. / Coastal Engineering 28 (1996) 93—120

u Dep. 1 (1:0.82 slope)

= Dep. 2 (1:1.55 slope)

1.00 - - : |

- .

S ] — " {Aiisop (1990)] |

‘5 0.80 - - : 4

£ 2] E— o J

o : 1

8 060 E? 39‘ B CE 5 :‘D :‘A

§ 040 |4 4

b . . T PP [ N

3 |Gimenez Curto (1978)——

= 0.20 i ‘

2 i |seelig & Anrens (1981)!
0.00 ; — ]

0 10 20 30 40 50 60 70 80

Iribarren Number

Fig. 8. Comparison of full scale field data for both deployments ! and 2 with existing models for wave
reflection.

reflection for these data over the full range of Iribarren numbers and fails to predict the
limiting value for K at £> 10.

In the previous section multiple regression analysis was used both to develop an
improved parameterization for wave reflection from two rubble mound structures in
terms of the reflection parameter R (Eq. 14). From line 10 of Table 2 the resulting
predictive equation is as follows:

K, =0.151R%" (15)

Observed and predicted reflection coefficients using Eq. 15 are shown in Fig. 9.
Encouragingly, Eq. 15 seems to apply equally well to data from both deployments.
However, although there is a good correlation between the observed and predicted K|
values (r = 0.868) with a low standard error (o = 0.055) there seems to be a systematic
“‘s-shaped’’ deviation from the straight line. Departure from the 1:1 line is particularly
noticeable for K. < 0.4. This systematic deviation between predicted and observed
values largely results from the limitations inherent in an equation of the form cX? used
here.

The departure of the predicted from the observed values of K, resulting from Eq. 15
may be reduced by incorporating the reflection parameter R in an equation which more
effectively follows the trend of the data. One such equation is similar in form to that of
Seelig and Ahrens (1981) (Eq. 3), where:

aR®?
K =— 16
" b+R" (16)

Here a and b are empirical coefficients determined by minimising the error between
observed and predicted values for K. Raising R to the power (.5 in Eq. 16 leads to an
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equivalent weighting of L, to that in Seelig and Ahrens’ (1981) equation, but a relative
reduction of the influence of H; and tanf, and the inclusion of depth and representative
armour diameter terms. Unlike the previous plots of reflection coefficient against the

Iribarren number, Fig. 10 shows that the reflection parameter R effectively converges
the data onto a single curve.
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Fig. 10. Reflection coefficient versus R for both deployments. Also shown are model predictions using Egs.
15 and 16.
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A comparison between observed reflection and estimates using Eqgs. 15 (dotted line)
and 16 (solid line) are also shown in Fig. 10. The scatter in the observed data about the
theoretical curves is approximately consistent with the magnitude of errors in K, of
< +0.09 due to low signal coherence between pressure sensor pairs and to oblique
wave approach discussed in the data analysis section. The errors in the data over and
above this value can be attributed to irregularities in the reflecting face of the structure,
mild non-linearities in the data and variations in the spectral form of the incident waves.

Eq. 16 qualitatively follows the trend of the data better than Eq. 15 (Fig. 10). The
relative merits of these equations for different ranges of R characterising the full range
of measurements (0 < R®® < 1000) and a breaking wave subset (R% < 300) are shown
more quantitatively in Table 3. Inspection of Table 3 shows that both Eq. 15 and Eq. 16
provide accurate estimates of wave reflection over the whole range of wave conditions
sampled with little difference in accuracy. There is however some suggestion that Eq. 16
provides marginally better estimates for low values of R% (< 300) which is the area of
primary interest to coastal engineers, since it represents the largest, steepest waves.

The coefficient a, in Seelig and Ahrens’s equation (Eq. 3) (and equivalently a in Eq.
16) define the upper saturation-value of the reflection coefficient. Seelig and Ahrens
(1981) define a, as a function of wave dissipation seawards of the structure, surface
roughness and multiple armour layers. Seelig and Ahrens recommend an average value
of a, = 0.6 for rock or dolos structures for a conservative estimate of wave reflection. A
similar analysis by Allsop (1990) gives a, = 0.64. Best fit values for a and b in Eq. 16
for these data, obtained by minimising the standard error in the predicted K, values
were 0.635 and 41.2 respectively. Thus, the saturation reflection value (a) for these data
differs from Seelig and Ahrens’s recommendation (a,) by only 6%, and < 1% from
Allsop’s value.

Unlike, @ and a, direct comparisons cannot be made between the coefficients » and
b, due to the obvious differences between R and &. It is worthwhile mentioning
however, that Seelig and Ahrens’s (1981) presented evidence that b, increases systemat-
ically with cotB. The regression analysis carried out here indicates that this variation in
b, is likely to arise due to an overemphasis of the structure slope term relative to L in
the Iribarren number.

Since it has been demonstrated that R provides a more accurate parameterization of
K, than previously available surf-similarity numbers, Eq. 15 or Eq. 16 will assist coastal
engineers to progress towards a universal scheme for the prediction of wave reflection
from porous structures, However, the input of more data from varied environments is

Table 3
Standard error () and correlation coefficients (r) for reflection coefficient predictions using Eqs. 15 and 16
for different ranges of the reflection number R

Eq. No. R%®-range o r

16 0-1000 0.056 0.864
15 0-1000 0.055 0.868
16 0-300 0.054 0.874

15 0-300 0.056 0.864
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required in order to confirm more precisely the effects of structure slope and armour
diameter. Since the predictive schemes outlined in this contribution are empirical in
nature they should be considered only strictly valid under the range of conditions
outlined in Table 1.

7.2. The effect of structure slope on the amelioration of wave reflection

Of fundamental interest to the coastal engineer is the effect that the reduction of the
structure’s surface slope has on the amelioration of wave reflection. The economic
decision to include more armour at a greater cost in order to reduce the seawards slope
of the structure must be justified by the corresponding reduction in wave reflection and
sediment erosion seawards of the structure.

These data have shown that the reduction of the breakwater gradient from 1:0.82 to
1:1.55 has produced a measurable and significant reduction in wave reflection. Esti-
mates of K, reduction computed by comparison of average saturation values obtained
from the K, vs. § (Fig. 4a, b) indicate a decrease of 15%. Measurements of K,
reduction vs. deep water wavelength (Fig. 7b) indicate a range in values from 10% to
20% (or 20% to 30% in energy terms) for L, > 150 m. Reduction in wave reflection
below saturation is more difficult to estimate. Fig. 7b indicates that K, is further
reduced for L, < 150 m but the pattern is confused due to the complex interaction of
other variables.

8. Concluding remarks

This contribution has detailed an extensive field measurement programme designed to
evaluate the reflection performance of a rock island breakwater (Elmer, West Sussex,
UK) both before and after modification to the seawards slope of the breakwater. The
modification was designed to increase the structure stability and involved the placement
of additional armour on the seawards face of the structure. This provided a unique
opportunity to assess at full scale, the sensitivity of the reflection performance of the
structure to variations in slope. A total of 960 data records were acquired under broadly
varying incident wave conditions (Table 1), providing a data set representative of the
typical wave climate at this site. The conclusions arising from this research may be
summarised as follows:

(1) Under highly reflective conditions (K, > 0.4) wave reflections from rubble
mound breakwaters (tanf = 1:1.55 to 1:0.82) originated predominantly from a point
close to the (time-averaged) shoreline position on the seawards face of the structure.
This reflection point location moved up and down the structure profile in response to the
flood and ebb of the tide. Distributed reflection from other areas of the profile was
negligible.

(2) Wave reflection shows a systematic increase with Iribarren number until a
saturation value of K| is reached where further increase in & produces no further
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increase in K. The slope reduction to the seawards face of the breakwater (1:0.82 to
1:1.55) results in a 15% reduction in the saturation value of X..

(3) Although the reflection coefficient varies systematically with the Iribarren num-
ber, plots of K. vs. £ fail to reduce the two data sets (before and after the slope
modification) to a single curve.

(4) Multiple regression analysis of the dependent variable K, with independent
variables (L,, H;, d, and tanB) are in agreement with previous laboratory tests which
suggest that K, is directly proportional to L, and inversely proportional to H; and tanp.
However, unlike previous laboratory tests this analysis has highlighted the importance of
the local water depth on K., where reflection increases in proportion to water depth.

(5) Multiple regression analysis indicates that a wave steepness parameter (inherent in
the Iribarren number) of the form H,/L, or H;/L, unduly weights the effect of wave
height over wavelength. A much stronger correlation is found between K, and the term
H/L.

(6) Currently available surf-similarity numbers including &, &, and M fail to provide
an accurate parameterization of wave reflection for these data.

(7) Multiple regression analysis of these field data suggests a more accurate parame-
terization of wave reflection from porous rock-armour structures is given by the
non-dimensional reflection number R where;

d [2tan
R=——5—
H.D

R has the advantage of more effectively weighting the relative importance of L,, H, and
tanf3 and including other physically significant variables d, and D. Indeed, plotting K,
vs. R (or some power of R, Fig. 10) effectively condenses the data for both structure
slopes onto the same curve reinforcing this conclusion.

(8) Multiple regression analysis yields several empirical equations (see Table 2) for
the prediction of wave reflection from rock island breakwaters. One of the most
significant of these takes the form:

K, =0.151R%"

An alternative empirical equation similar in form to Seelig and Ahrens’s (1981) equation
which more effectively describes the reflection process below saturation is:

aR®?

K = ——o0
" b+R®

Here a and b are empirical coefficients having the values of 0.635 and 41.2 respec-
tively. Due to the empirical nature of these equations and the limited range of structure
variables (particularly D and tanp), Egs. 15 and 16 may only be considered strictly valid
within the range of conditions during this experiment (these are summarised in Table 1).
More analysis (preferably of field data to eliminate any potential scale effects) is
required in order to confirm the exact influences of D and tanf3 under a broader range
of these values.
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