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Summary

lmpact of bi-modal seas on beaches and controlstructures

P J Hawkes
T T Coates
R J Jones

Report SR 507
February 1998

A sea state is made up of either wind-sea, swell-sea or a combination of the two. Wind-seas are
generated by local winds; their impacts at the coast in terms of overtopping, beach movement,
armour damage, etc, are relatively well understood for many simple configurations. Swell-seas
result from the transfer of energy to lower frequencies as wind-seas decay; their magnitudes and
impacts at the coast are more difficult to predict than wind-seas.

Often during the transition from wind-sea to swell, the wind speed will rise and begin generating
new wind-sea. This situation is characterised by a bi-modalwave spectrum, in which the lower
frequency peak is the swell-sea component and the higher frequency peak is the wind-sea
component. These types of conditions, and the responses occurring at the coast, are probably
the hardest of all to predict accurately. Very few physical model tests of sea defences, and no
established empirical methods, deal specifically with the impacts of bi-modal sea conditions.

The Ministry of Agriculture, Fisheries and Food has funded a series of studies at HR Wallingford
on swelland bi-modalseas and their impacts. This report describes physicalmodeltests on
beaches and structures under swell and bi-modal sea conditions. The first project involved the
impact on shingle beaches in terms of crest elevation and crest roll-back. The second project
involved measurement of overtopping on different types of seawall. In both cases, results were
analysed in detail and guidelines were developed for future assessment of the effects of bi-modal
seas. In an oppoftunistic third project, additional measurements were taken of run-up, run-down,
armour movement and reflection; these are presented in the present report but are not analysed
in detail.

The report concludes by listing physical situations and locations in which swell and bi-modal seas
should be considered as potential design conditions. lt also summarises the knowledge
gathered from the test programme and the areas where further research is needed. A
companion technical report gives full details of the structures, sea states and measurements
taken.

For further information on this repofi, please contact Dr Peter Hawkes or Mr Tom Coates of the
CoastalGroup at HR Wallingford.
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1 Introduction

1.1 Background
It is well known that wave period, as well as wave height, can be important in determining the
action of waves on beaches and coastal structures. In the common situation of waves being
depth-limited at the toe of a sea defence after breaking over a gently sloping foreshore, wave
period and waler level may both be more important than wave height. Swell waves, produced
as wind waves decay after a storm, have longer periods than locally generated storm waves
(wind-sea), although usually lower wave heights. Because of the effect of wave period in
determining coastal response, it is possible that extreme swell wave conditions (or a mixture of
wind-sea and swell) represent a worst case sea state lor some aspects of design. However,
little is known about the effect of bi-modal sea conditions on sea defences or beaches, and
swell is rarely considered explicitly in the design or assessment of shoreline management
operations.

This lack of knowledge provoked a series of research projects on swell and bi-modal seas
funded by the Ministry of Agriculture, Fisheries and Food (MAFF). One product of the earlier
studies was a swellwave atlas for England and Wales (Hawkes ef a/, Reference 1). As wellas
looking at commonly occurring and extreme swells all around the coast of England and Wales,
the atlas divided the coast into 25 sections and provided more detailed offshore swell wave
climate data for each one. The information included a distribution of swell wave height, period
and direction for each area, and extreme swells and bi-modal seas for a range of return periods.
The bi-modal sea conditions are specified in terms of a significant wave height and a mean
wave period for both the wind-sea component and the swell-sea component (i.e. four
parameters in all); if necessary, separate mean wave directions can also be specified for each
component, giving up to six parameters in all. A method for generating the corresponding bi-
modalspectrum is also given in the swellatlas.

It was intended that the swell wave information would provide input to nearshore transformation
models, physical models, and design calculations, in the same way that deep water wind-sea
data would be used. A potential difficulty is that applications and design methods developed
using wind-sea conditions may not work wellwith swellwave conditions.

A more obvious difficulty with the bi-modal sea data arises from the separate parameters
needed to specify the separate wind-sea and swell components (Figure 1.1). These could be
used within a random wave numerical or physical model in which a spectrum can be fully
specified by the user. However, most design methods use a single wave height and period (or
equivalent) and it is far from obvious how to represent bi-modal sea data in this form before it
can be used in such methods. This problem has been addressed intuitively in different ways in
the past, but without relevant physical model or field data for validation, it is difficult to say which
(if any) of those approaches were correct. The simplest approach, for example, is just to
calculate the significant wave height and mean wave period (and mean wave direction if
required) in the usual way by spectral analysis, without regard for the possibility that the sea
may be bi-modal. This has on occasion been demonstrated to be incorrect, because the mean
wave period (or direction), at which there may be little wave energy, produces a different
response to the combined effect due to the two very different modes of the spectrum. An
example of beach response to bi-modal seas was obseryed during a MAFF-funded lield study
in Christchurch Bay; these observations are discussed in Chapter 2.

1,2 Projectdescription
HR Wallingford was commissioned by MAFF to conduct a series of investigations relating to
the impacts of bi-modal seas on coastaldefences and beaches. The objectives were:

. to investigate the influence of bi-modalseas on shingle beach profiles, produce guidance
for beach management and, if possible, to derive generic prediction methods compatible
with existing beach profile response models

o to investigate the influence of bi-modalseas on wave run-up, wave overtopping and the
structural stability of coastal structures, and to develop practical guidelines for modifying
existing design approaches.
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The work was undertaken in a wave flume at HR Wallingford as part of a rolling programme of
MAFF research. Details of the methods and results for all of the flume studies are presented
in the companion Technical Report (Reference 2).

1.3 Report outline
This report presents analysis and discussion of the flume investigations described in the
Technical Report (Reference 2), and presents guidance on the application of the results.
Results for shingle beaches and structure overtopping are presented in Chapters 2 and 3.
Results for other parameters (run-up, structural stability) are presented in Chapter 4. Chapter 5
sets out the practical applications, while Chapters 6 and 7 present the conclusions and
recommendations for further research.

All dimensions used in this report are prototype unless othenvise specified.

2 Effects of bi-modal seas on shingle beach response

2.1 Field observations
The response of shingle beaches to long period wave conditions has been noted and
observed many times, but quantitative data regarding sea conditions and beach profiles are
not generally available. An exception to this is the data set collected under a MAFF field
research commission undeftaken in Christchurch Bay, as reported in Coates & Bona (1997 -

Reference 3).

Profiles were collected from sites at Highcliffe and Hordle beaches in Christchurch Bay
between January 1993 and April 1995, while wave conditions and water levels were recorded
continuously at a nearshore location. A number of the profile surveys were carried out
following identifiable storm events, two of which can be compared to illustrate the potential
impact of bi-modal seas.

Christchurch Bay is protected f rom severe wave attack by the Dolphin Bank and the lsle of
Wight to the east, and by Christchurch Ledge and Hengistbury Head to the southwest. Much
of the coastline of Christchurch Bay, and the neighbouring Poole Bay, is undergoing long term
erosion as equilibrium bay plan shapes between the major headlands are stil l developing.
Wave induced nett longshore transport is from west to east and increases in rate in the same
direction. The area has a low tidal range relative to much of the UK, with a spring tide range
of about 1.4m, and experiences an extended high water stand or double high water.

The lengths of shoreline investigated were:

. the eastern end of the recharged and groyned beach at Highcliffe

. the natural, open beach at Hordle.

The beach at Highcliffe is discussed in some detail in Reference 3. Briefly, the beach
comprises loweisand, upper shingle in front of formerly unstable cliffs of flint, sand and clay
strata. lt has undergone recharges in 1984 and 1992 and is controlled by large rock groynes,
built over earlier timber groynes, which prevent any significant longshore transport. The 1992
recharge was designed 

-by 
HR Wallingford, making use of a parametric model developed from

a wave flume research programme (Powell, Reference 4) which is discussed later in this
report. The eastern section of the beach built up into a relatively stable beach following the
recharge of 1984, and received very little new material in 1992. The beach was considered to
be nearing maturity in terms of its profile, shape and dimensions. The shingle has a D5e of
about 25mm and a grading range from 10mm to 100mm. The interface between the lower
sand beach and the shingle comprises a zone of constantly changing layers of sand and
shingle that can be eroded down to form a deep scour channel or built up to form a sandy toe.

The beach at Hordle is natural. lt comprises a wide shingle bank with a steep face running
down to about -2m OD where the gently sloping sand nearsha(e zone begins. The shingle
grading ranges from 1Omm to 50mm and has a D5s of about 16mm. The section of beach
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investigated has no groynes and can be considered to have reached a state of dynamic
equilibrium with the wave and tidalclimate over many years.

During December 1994 two major storms affected Christchurch Bay. The first ran from the
3rd to the 8th, while the second ran from the 25th to the 30th. Beach profiles were surveyed
on the 1 9th and the 3'lst. Figures 2.1 and 2.2 present the profiles.

The profiles for Highcliffe show that the beach crest increased in elevation f rom 4.0m OD to
4.3m OD between the two surveys, while the Hordle profile crests remained unchanged. As
the Highcliffe crest had remained relatively static at the design level of 3.9m OD (+ 0.1m) over
the 2/z years since the 1992 recharge, then this change in elevation was considered
noteworthy.

Initial assessment of the wave and water level records indicated that the peak energy
between the two surveys occurred at high water on the morning of 30 December, when water
levels reached 1.35m OD (07:22) and wave heights (H") were between 2.88m (06:00) and
3.14m (09:00). These levels were high for Christchurch Bay, but a review of conditions during
the previous storm event earlier in December indicated that very similar conditions had
already been experienced: on the morning of 8 December the water level reached 1.31m OD
pa',221and wave heights were between 2.93m (03:00) and 3.'17m (06:00).

As the basic sea state conditions were so similar then it was considered that other factors
must be involved. Previous obseruations at other sites, such as Chesil Beach, had suggested
that swell waves might be important in beach profile response, so a more detailed analysis of
the wave record was undertaken. The wave records were analysed spectrally for each high
water period throughout the two storm events. The results for the two highest water levels
are presented in Figures 2.3 and 2.4.

During the early December event the wave energy spectra were distinctly peaked within the
wind-sea f requencies (0.1 1-O.14Hz or 7-9s). The later event showed significantly different
spectra, with much higher proportions of total energy in the swell f requency band. During the
high water of 29 December the spectra separated into two disiinct peaks, with the swell peak
at 0.O5Hz (20s) and the wind-sea peak between 0.1 'l -0. 1 4Hz (7-9s).

A simplified method of separating swellfrom wind-sea was applied to those spectra based on
the Pierson-Moskowitz (Reference 5) approach:

f (wind-sea) = 0.139/U

where f (wind-sea) is the lowest frequency ([z) for waves generated by local winds
g is acceleration due to gravity in m/s'
U is the localwind speed in m/s.

This approach was derived for fully developed seas, but provides a convenient separation for
this application. As localwinds were around 17mls then the separation frequency is taken as
0.075H2. Calculations for the two storm events are presented in Figures 2.3 and 2.4. Swell
energy lor the first storm was around 1O"/" of total energy, while the second storm had much
more obvious swell accounting for about 2O"/" of total wave energy.

The apparent response of the beach to wave conditions with a large low frequency
component or a bi-modal distribution suggested that the existing method of predicting beach
response could be inadequate. This conclusion led to the present flume study on shingle
beaches.

2.2 Flume study

2.2.1 Objectives
A wave flume study was proposed to investigate the field observations discussed above, and
io improve existing beach management tools for use by coastal engineers.
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Existing methods for predicting shingle beach profiles are based on an extensive wave flume
study r-ported by Powell (199b, Reference 4). Powell recorded the responses of a physical
model beach to a range of wave conditions based on JONSWAP spectra. The parametric
model developed from the results uses a single wave height (H") and a single wave period
(T.) as the input wave parameters. The model has been used in the design of many beach
recharge and beach management schemes around the UK. Although the model is widely
acknowledged as a successful design tool, the field observations discussed above indicate
that the results may under-predict beach crest development under sea conditions with distinct
bi-modal spectra.

The intention of the present study was to build on Powell's work by extending some of his
originaltest conditions to consider bi-modalseas. Several sequences of tests were run in
which the total wave energy level was kept constant, but the energy levels within the swell
frequencies were varied from near zero (as in the original work) through several levels to near
100% swell energy. In addition, a sequence of tests was run using a set of wave conditions
with an assumedconstant return period, based on the 2:1 year return period conditions for
Great Yarmouth. This sequence included totalwind-sea, total swell and a range of
intermediate conditions; total energy levels diminished from wind-sea to swell.

2.2.2 Methods
The study methods are described in the companion Technical Report (Reference 2). The
following is a brief summary.

Tests were undertaken in the Wave Absorbing Flume at HR Wallingford at a notionalscale of
1:20. The required wave conditions were calibrated at the outset of the study, and were
monitored throughout each test to ensure correct generation. The shingle beach was
modelled using irushed and graded anthracite coal, scaled according to well established
procedures that correctly simulate threshold of motion, onshore-offshore transport and
permeability. Beach response was recorded on video, photographs and by an automated
beach profiler. Test sequences included:

. initial verification against the work of Powell

. six sequences of equal energy conditions, with three energy levels (H" = 2.12m,2.83m
and 3.53m) and three peak swell f requencies (To = 1 1s, 14s and 19s)

. one sequence of constant return period conditions.

Table 2.1 summarises the test conditions, whilst Section 3.1 describes the background to
their selection.

2.2.3 Hesults
The full set of beach response profiles are presented in the Technical Report. The results
discussed in this report are changes in crest elevation and crest position, presented in
Figures 2.5-2.10. Changes of crest elevation and position for each bi-modal or swell wave
condition are non-dimeniionalised as percentage variations relative to the crest response for
the appropriate wind-sea only condition. Elevations are relative to the still water level and
crest positions are relative to the position of stil l water on the wind-sea only profiles.

2.3 Discussion

2.3.1 Comparison with Powell (1990)
A major objective of the beach study was to extend the work of Powell (Reference 4) by
investigating bi-modalwave conditions. The first step to achieving this objective was to
ensure compatibility of flume model results by repeating a number of tests from the original
research programme. The modelfacility, mobile bed and wave/water levelconditions were all
set up to replicate Powell's work. The scale of the new model was slightly smaller, at 1;20
refative to the origin al 1:17. In addition, the new work was run with a piston type paddle
rather than the previous wedge paddle. Theoretically these two differences should not have
affected the results as the scale change was carried through all aspects of the model and the
performance capabilities of the paddles are equal.
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Comparison of the measured profiles under three different conditions showed a substantial
difference in post-test beach profiles. Crest elevations measured in the new series were
between 0.3m and O.7m lower than those recorded by Powell. Despite numerous repetitions
and sensitivity tests the differences remained too large to conclude that the two sets of results
were compatible.

Differences may be attributed to differences in wave generation or in sediment distribution.
The original spectral analyses of individualwave conditions are no longer available, and nor
are the details of the original sediment distributions. Atthough there are no apparent reasons
for differences, these two factors are the only variables that could not be thoroughly checked.

Rather than abandon the project, it was concluded that data analysis should concentrate on
the relative differences between beach profiles under different wave conditions, rather than on
the absolute values. Powell's work has been validated against site information on a number
of occasions and is considered to be a reliable prediclive tool. Therelore the relative
influences of different wave spectra on beach response derived from this study can be
applied to Powell's modeldespite the lack of compatibility.

2.3.2 Equal energy tests
Six test sequences (Tests 6-32) were run to investigate the influence of altering the
distribution of wave energy from wind-sea frequencies, through bi-modal spectra to swell
f requencies. The tests included a representative range of energy levels and frequencies;
consideration was not given to the probabilities of occurrence at this stage. Test sequences
comprised an initial test ol wind-sea only followed by three combinations of wind-sea and
swell, ending with a lest of swell only. The wind-sea only tests are the base against which
each of the others is compared.

The key parameters selected for analysis were the profile crest elevation and position. These
are two of the critical parameters in beach recharge design as they are important to bolh
volume and in assessing risk to the backshore. Figures 2.5-2.10 present the results.

Figures 2.5,2J and 2.9 show the importance of long period energy on crest elevation. In all
sequences there is a trend of increasing elevation with percentage swell and with increasing
swell period. The rate of elevation increase reduces atler 50"/" swell energy relative to total
energy. The influence of swell period is greatest between 1 1 seconds and 14 seconds; the
rate of increase reduces between 14 seconds and 19 seconds.

A similar pattern is seen for the change in crest position in Figures 2.6, 2.8 and 2.10. The
influence of swell is greatest up to about 20%, with change beyond that level being variable
and, in some cases, showing a reversal in trend. The 19 second period swell appears to
have a much greater influence than the 11 second and 14 second conditions.

The conclusions from these sequences are simple and agree with the field measurements
from the Highcliffe study (Reference 3). Sea conditions with between 2Ot" and 507o swell
energy at periods of 14 seconds or greater may be important design conditions for beach
management schemes, depending on the probability of occurrence.

2.3.3 Equal return period tests
The importance of swell at a specific location is dependent on the probability of occurrence of
swell in conjunction with large wind-sea and high water levels, plus the duration and
sequencing of the storm events. An example of the potential importance of a probabilistic
approach was considered in a single test sequence (Tests 1-5). Wave conditions of equal
return period were derived for a specific site (Great Yarmouth) so the results are not of
generic value and are not presented in this report (a full set of results are presented in
Technical Report TR 24, Reference 2). The tests are not conclusive, except for the specif ic
site, bul il lustrate the importance of considering bi-modalconditions for all sites.
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Effect of bi-modal of sloping seawalls

3.1 Introduction

3.1.1 Purposes of the overTopping fesfs and analysis
The main purposes of the swell and bi-modal sea overtopping tests are:

1. To observe in generalterms how overtopping changes as sea conditions change from
wind-sea, through bi-modal sea, to swell. This is to help determine whether or not bi-modal
and swell seas are potential worst cases for UK sea defences, and hence whether or not
they should be considered in design.

2. To demonstrate a desk study application of the bi-modal sea data provided by the swell
atlas (Reference 1). The hope was to produce a workable modification of a uni-modal
design formula for predicting one aspect of coastal response under bi-modal sea conditions.

The tests {ocused on mean overtopping rate on plain seawalls, since this is a commonly used
design parameter with wellestablished methods for measurement and prediction, which
depends strongly on wave period. Associated measurements of run-up, run-down, reflection
coefficient and armour damage, are analysed in less detail in Chapter 4.

The results presented in Chapters 3 and 4 should be applied with caution. They are not
intended to provide definitive guidance on structural responses under swell and bi-modal seas,
but they do have relevance to design criteria covered by the scope of the tests, namely:

. ovenopping, run-up, run-down, reflection coefficient and armour movement;

. on plain slopes in the range 1'.21o 1:4;

. for breaking and non-breaking waves arriving on a foreshore slope of about 1:50.

3.1.2 The flume tests and measurements
The overtopping tests were designed to include cases easily represented by the SWALLOW
(Sea WALL Overtopping under Waves) empirical prediction model, namely storm waves on a
plain steep slope fronted by a plain shallow foreshore slope. Additional tests would cover
related bi-modaland swell-sea conditions. The SWALLOW modelapplies a simplification for
wave shoaling and breaking on a foreshore slope before applying Owen's (1980) formula for
mean oveftopping rate (Reference 6).

The six series of wave conditions
The individual tests within each of six series followed a similar format to assist in interpreting the
results. Each series included:

o a pure wind-sea with given significant wave height (H.1) and peak period (Tpr);

. a pure swell-sea with a given significant wave height (Hr2) and peak period (Tpz);

. three (six for Series 2) intermediate or bi-modal sea conditions in which the peak periods of
the two separate modes were To1 and Tpz.

Typically Tpz (for swell) was two to three times higher than Tor (for wind-sea) to give well
separated modes and to cover a wide range of conditions: the values of the H" and To
parameters for each of the six series are listed in Table 3.1.
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Table 3.1 Summary of wave conditions used in the flume

fesfs

Series
No

Relationship between tests No of
tests

Wind-sea Swell-sea

H"r T^t H.z T^,
'l Equal enerqv 5 3.53 7 3.53 1 1

2 Equal enerqv 8 2.83 7 2.83 1 4

3 Equal enerov 5 2 . 1 2 7 2 .12 1 9

4 Equalreturn period 5 4.40 8 2.76 111/z

5 Eoualreturn oeriod 5 4.40 I 1 .50 1 5

6 Equalreturn period 5 4.40 8 0.70 21

The "equal enerqv" series
The wave spectra for each test within Series 1 (Figure 3.1) were arranged to have equal energy
(i.e. H"1 = H"z)l

Test 1a - pure wind-sea
Test 1b - 20% swell
Test 1c - 50% swell
Test 1d - 80% swell
Test 1e - pure swell.

Series 2 and 3 were arranged the same way. Series 2 included three additional tests:

Test 2a1 - 2% swell
Test 2a2 - 8% swell
Test 2b3 - 32% swell.

The "equal return period" series
The wave heights for each test within Series 4 (Tor-- 11.5s) were arranged to have equal return
period, based on expectations for the east coast of England (in practice Hs1 > H"2):

Test 4a - e)dreme wind-sea alone
Test 4b - more extreme wind-sea than swell
Test 4c - equally extreme wind-sea and swell
Test 4d - more extreme swellthan wind-sea
Test 4e - extreme swell-sea alone.

Series 5 (fpe = 15s) and 6 Ope = 21s) were ananged the same way. However, since Tests 4a,
5a and 6a would be identical (H"r = 4.4m, To1 = 8.0s), Tests 5a and 6a were not actually run in
the flume tests: instead (where necessary) results for Test 4a serve for all three.

The flume tests
Nearly all of the 33 test conditions were run for each of:

two seawall slopes - 1:2 and 1:4
two offshore water depths - 1am (high freeboard) and

16m (low freeboard)
one foreshore slope - 1:50.

Series 1 was re-run for some additional foreshore slopes of 1:7, 1 :10 and 1 :20. About 150 tests
were run altogether.

The wave spectra and measurements
The wave spectra needed to drive the wavemaker were based on two superimposed
JONSWAP spectra (Reference 1), one with the H" and To of the wind-sea component and one
with the H" and To of the swell component (Figure 3.1). Wave conditions were measured in the
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approaches to the foreshore and at the toe of the wall; the mean ovefiopping rate was
calculated from a measurement of the total volume of overtopping during the test.

Full details of the tests and measurements are given in the companion Technical Report
(Reference 2).

3.2 Analysis of the results

3.2.1 Outline of the analysis
Existing prediction methods (Owen, 1980 - Reference 6; van der Meer & Janssen, 1995 -

Reference 7) for overtopping were shown to match the measurements under wind-sea
conditions reasonably well. Section 3.2 describes the attempt to find a workable empirical
method for prediction of the mean overtopping rate under swell and bi-modal sea conditions.
The hope was to demonstrate a possible use for bi-modal sea data within a desk study
approach. The analysis fell into two main stages:

1. Stage 1 involved the application of existing prediction methods to the swell wave tests, and
when they proved to be inadequate, the development of rule-of-thumb adjustments to
produce better agreement (prediction of swell wave overtopping was not the primary
purpose of this project, and it may be worth returning to this topic in further research at a
later date).

2. Stage 2 staded from the position (at the end of Stage 1) of having adequate predictions of
the hean overtopping rate under both wind-sea and swell-sea conditions. lt attempted then
to predict the overtopping for the intermediate bi-modal conditions, based on the separate
predictions for wind-sea and swell and a knowledge of the relative amounts of energy in the
two modes.

3.2.2 Presentation of the overtopping measurements
For convenience and consistency of presentation throughout this chapter, the tests were split
into five sets as described in Table 3.2. with about 30 tests in each one.

Tabte 3.2 Division of the tests into five sets for presentation

Set No Wave series Foreshore Seawall Water deoth

Set 1 Series 1-6 1 :50 1 : 2 14m

Set 2 Series 1-6 1:50 1 :2 16m

Set 3 Series 1-6 1 :50 1 : 4 14m

Set 4 Series 1-6 1 :50 1 : 4 16m

Set 5 Series 1 1:7. 10. 20. 50 1 : 2 . 1 : 4 14m

The measured mean overtopping rates are plotted in Figures 3.2-3.6; natural dimensional
scales are used so as to highlight relatively small differences within each group of tests. Tests
within each group of about five are related either by having equal energy (Series 1-3) or equal
return period (Series 4-6), label "a" indicating wind-sea through to label "e' indicating swell-

Where related tests had equal energy, overtopping clearly increased with the move from wind-
sea, through bi-modalsea, towards swell. However, the rate of increase with wave period,
particularly for the steeper wall slope, was rather less than expected based on tentative
predictions using Owen's formula. For the series with equal return period, the results were
mixed: for the 1:2 slope, mean overtopping in the wind-sea conditions was higher than for the
swell conditions; for the 1:4 slope, lhere was little difference in overtopping within some of the
series, but often the wind-sea was the worst case.
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There was clearly an effect of wave period, but rather less than had been expected, and very
much less in the case of the 1:2 wall slope. Figure 3.7 focuses on this by contrasting results for
Series 1 and 4, for each of the two structure slopes, at the same water level.

The effects of foreshore slope can be seen in Figure 3.6. Overtopping increases slightly as the
foreshore slope increases (so allowing a slightly higher depth-limited wave height at the toe of
the wall) whilst at the same time the dependence on wave period reduces slightly.

3.2.3 Analysis of wind-sea and swell-sea oveftopping
Two commonly used empirical methods were used as the basis for a prediction scheme for
mean oveftopping in the wind-sea and swell-sea tests (excluding the bi-modal tests at this
stage). These are the Owen (Reference 6) and van der Meer and Janssen (Reference 7)
formulae, which are described and discussed in Besley (1997 - Reference 8))'.

The two methods were applied to allof the non-bi-modal test cases, and the resulting
predictions were compared with measured rates of overtopping. The results for the 1:50
foreshore slope are shown in Figures 3.8 to 3.11; measurements for steeper foreshore slopes
(Set 5) are given in Figure 3.12, in this case compared only with predictions by Owen's method
as van der Meer is inappropriate here. The meanwave period (T,n) required by SWALLOW
was taken to be 0.8T0, a slightly lower value than theory would suggest, but using a ratio
between T, and To fairly typical of coastal seas.

There seems little to choose between the two methods. As would be expected, both work well
for the wind-sea conditions for which they were developed. Owen's method, which assumes
that overtopping will increase indefinitely as wave period increases, over-predicts the mean
overtopping rate in swell, by a factor of up to about four. Conversely, van der Meer's method,
which includes much less dependence upon wave period, under-predicts by up to a factor of
one hundred.

Neither method is adequate for predicting overtopping under swell wave conditions without
significant modification. To take the analysis forward (and guided partly by a recommendation
in Reference 8 to continue using the Owen formula) the next section describes the search for a
simple modification of the SWALLOW method to produce workable overtopping predictions for
swell-seas.

3.2.4 Use of the Owen formula for swell-sea oveftopping
Owen's method was developed from basin tests representing storm wave conditions in the
Severn Estuary, reported by Owen (Reference 6). The range of wave steepness (2nHr,/gT'z)
tested was 0.035-0.055 (compared to 0.005-0.020 forthe present swell wave tests). The
method is driven by the deep water significant wave height and mean period, although the
height is modified for wave breaking on the foreshore before being used in the Owen formula.
Owen's "breaking wave height" (at the toe of the structure) was not specifically intended to be a
best estimate of the real breaking wave height, but rather a realistic value designed to give the
correct answer when used in the overtopping formula. The same is true to some extent even
where breaking does not occur, in that the deep water wave height is used directly in the
formula, even though shoaling may have occurred.

The search for an adjustment to Owen's method to produce a workable method for swell seas
involved three alternative approaches, all of them having some physical basis rather than simply
using arbitrary correction factors.

The first approach considered the use of the measuredwave height at the toe of the structure
(available from the present measurements, but not recorded during Owen's tests) as input to
the Owen formula. For these tests, the difference between the measured wave height, and the
wave height used by Owen's method was relatively small, and the generally higher measured
values would lead to increased over-prediction. This approach was not pursued fufiher, and the

t Subsequent to publication of SR 507, the formulae of van der Meer and Janssen (Reference
7) have been changed (Reference 14). The new formulae alter the results of some of the
tests but the conclusions drawn here remain valid.
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results are not reproduced here. lt was, however, concluded that Owen's over-predictions were
primarily due to the Owen formula being inappropriate for swell seas, rather than to any error in
the wave height at the toe.

The second approach notes the implication of Owen's formula that overtopping will continue to
increase indefinitely as a function of wave period. lt seems more likely that beyond some limit,
the rate of increase will gradually reduce to a point at which no further increase occurs. With
this in mind, the wave periods for all of the individual swell wave tests were reduced to the
values needed for Owen's method to match the measured mean overtopping rates. This
approach was quite promising in that there did appear to be a limiting wave period (in the range
6-10 seconds) for each group of about five tests, beyond which measured overtopping did not
increase further. Although it was noted that the limiting wave period was consistently higher for
the 1:4 slope than for the 1:2 slope, its value seemed otherwise unpredictable without resod to
model tests. This approach was therefore not taken further.

The third approach, and the one eventually adopted, notes that Owen's formula over-predicts
for long wave periods, especially on steeper slopes. lt also notes that the surf similarity
parameter or lribarren Number (0, often used as a guide to the way in which waves behave in

the surf zone, combines these two parameters in a convenient way. For each of the wind-sea
and swell-sea tests, the degree of over (or under) prediction (F) and ( were calculated from:

f = (predicted - measured overtopping)/ (measured overtopping)

€=tang/ t /s '

where tang = structure slope,
and s, = mean wave steepness 2nHlgT'2

Values of F and ( for all the tests (arranged in order of increasing O are plotted against each

other in Figure 3.13. The physical implications of Figure 3.13 are that the Owen's predictions of
discharge ire reasonably close to target values for plunging waves (E < 2.3), but increasingly
above measured values {or higher values of ( corresponding to collapsing and surging waves.
(This effect is incorporated in van der Mee/s method by the use of two separate formulae for
the two ranges.) The empirical adjustment factors for Owen's predictions of mean ovedopping
rate listed in the table below were derived as a function of lribarren Number.

Tabte 3.3 Factors to be applied to SWALLOW predictions

Ranoe of lribarren Number Adiustment factor (F)

0 . 0 < E , < 2 . 5 4 *.fe 0
2 . 5 < E < 3 . 0 d |2 .5
3 . 0 < E < 4 . 3 1 4 . 5

4 . 3 < E jt/ 8.0

?<p '11','i*-,. j 13

The promising possibility of using inshorewave length, as opposed to the offshore wave length
implicit in the use of the normal lribanen Number, was also considered briefly as a way of
limiting the effect of the largest wave periods. Thorough analysis of swell wave overtopping,
and thl development of new types of method, are beyond the scope of the present project, but
may repay fufiher research inihe future. At present however, the approach summarised in
Table 3.3 is sufficient to be able to move on to the main thrust of the analysis described in the
next section.

3.2.5 Analysis of bi-modal sea oveftopping
Several approaches to the prediction of overtopping discharge under bi-modal sea conditions
were tested. The following "weighted average" method was the most successful, although it
does rely on the existence of adequate methods for wind-sea alone and swell-sea alone.
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Step 1
Start with values of H"1 and T.1 for the wind-sea component of a bi-modal sea, and values of
H"2 and Tn.2 for the swell-sea component. These can be obtained, for example, with reference
to the swellatlas (Reference 1).

Step 2
Calculate the overall significant wave height H" = {(H'"1 + H2"z) by summing the energies of the
two components.

Step 3
Run SWALLOW using T,n1 (wind-sea period) and the overall H" as input, to obtain mean
ovedopping rate Q1.

Step 4
Run SWALLOW using Tn2 (swell-sea period) and the overallH" as input, to obtain a mean
overtopping rate; calculate an lribarren Number, based on H., T,n2 and the wall slope, and
estimate a SWALLOW reduction factor F from Table 3.3; hence calculate mean overtopping
rate Q2 as the product of these two values.

Step 5
Estimate an overall mean overtopping rate (Q), calculated as an energy-weighted average of
the two separate predictions Qr and Qz:

Q = (Q1H2"r + QrH2"r) / (H2"1 + H2"2)

Figures 3.14-3.18 show the measured overtopping rates for all tests (the same values already
presented in Figures 3.2-3.6 and 3.8-3.'12) together with the corresponding predictions from lhe
modified Owen method. Predictions for the wind-sea tests are taken directly from Owen's
formula; predictions for swell are based on Owen's method with a reduction factor based on
Table 3.3; predictions for bi-modal seas are derived as described in Steps 1-5 above.

The comparisons between measurements and predictions are adequate throughout the range
of tests (perhaps not surprising, given the way that the empirical adjustment factors listed in
Table 3.3 were derived). The predictions for bi-modal seas can (at best) only be as good as ihe
individual predictions for wind-sea and swell, which were themselves subject to some
uncertainty. The larger part of the difference between measurements and predictions for the bi-
modal sea tests is carried through from the separate preliminary predictions for wind-sea and
swell. The main purpose of the analysis and comparisons was to demonstrate a prediction
method for bi-modalseas, and the part of the method specifically relating to bi-modal seas
worked well.

3.3 Observations and ways forward

3.3.1 Obseruations on measurements and predictions of swell'sea
oveftopping

Overtopping increases, for a given wave height, with the increase in wave period from wind-sea,
through bi-modalsea to swell. The measurements showed the degree to which the overtopping
increased, and the approximate proportion of swell needed to cause a significant increase.

Generally the overtopping did not increase with wave period as much as had been expecled.
Above a mean wave period of about six to ten seconds (the exact value being dependent on
wallslope and water level)there was little further increase in overtopping. Owen's formula,
which assumes that overlopping increases indefinitely with increasing wave period, significantly
over-predicted swell wave overtopping. Conversely, van der Meer & Janssen's method, which
has no effect of wave period once wave breaking has entered the surging range, significantly
under-predicted swell wave overtopping. Neither method, as it stands, provided an adequate
comparison with measurements in swell-sea conditions.

Various modifications of Owen's method were investigated, and a number of promising
possibilities were identified as described in Section 3.2.4. ln order to take the present project
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forwards, an empirical adjustment factor was derived, as a function of lribarren Number (and
hence implicitly the form of wave breaking) to be applied to the direct SWALLOW predictions.
In practice, no adjustment was made in the range of plunging wave breaking (6 < 2.3) but
reductions were made at values of ( above 2.5. There is no theoretical basis for this
adjustment, and it may not be generally applicable, but it did provide reasonably good
agreement between SWALLOW and the present swell-sea modeltests.

3.3.2 Obseruations on measurements and predictions of bi-modal sea
oveftopping

Simple visual inspection of the measurements shown in Figures 3.2-3.6 shows that the rate of
overtopping in bi-modal seas is usually somewhere between the rates for wind-sea and swell-
sea. The rate of overtopping (at least for the equal energy test series) increases roughly in
proportion to the percentage of swell in the spectrum, even for quite small amounts of swell.
This in turn suggests that a simple function of the two separate overtopping rates for wind-sea
and swell-sea might provide an adequate prediction of overtopping in a bi-modalsea condition.

A reliable and physically plausible approach was developed for prediction of overtopping rate in
bi-modal seas. All of the wave energy in the spectrum was applied firstly at the mean wave
period for the wind-sea component and secondly at the mean wave period for the swell-sea
component; a simple energy-weighted average of the two separate rates was then calculated'

In practice, prediction of overtopping under bi-modal seas is therefore a two-stage process:
prediction (or measurement) of overtopping for wind-sea and for swell-sea, and then the
weighted averaging of the two rates. There appears to be far more uncertainty associated with
the iirst stage than with the second, but a workable method giving fair agreement with the
present measurements is detailed in Section 3.2.5.

It should be stressed that the simple methods of Sections 3.2.4 and 3.2.5 apply only to
overtopping rate (and strictly only to the range of situations studied in the physical model). They
would not necessarily work well for other coastal response parameters, and do not obviate the
need for physical modeltests of bi-modal and other sea states. Nevertheless, they do provide a
workable first estimate of overtopping rate under swell and bi-modal sea conditions, where
these are considered to be important in design.

3.3.3 Are bi-modal and swell seas impottant in design?
As might have been expected, the answer to this question is a qualified uYes". The mean
overtopping rate for a swell-sea is significantly higher than for a wind-sea with the same wave
height, although not as much higher as might have been expected based on the commonly
used Owen formula. However, for the test series based on an equal frequency of occurrence
on the east coast of England fl-est Series 4-6), the wind-sea often produced higher overtopping
than equivalent bi-modal and swell-sea tests.

These observations tend to support the present intuitive approach to the use of swell beginning
to be used in HR's coastal engineering consultancy studies. In geographical areas where swell
is considered to be impoilant, it may be treated as a separate design case. In areas where the
highest swell significant wave heights are less than half that of the highest wind-seas, it may not
need specific consideration. As a rough guide we would suggest that coastal engineering
studies in exposed locations in the south-west pad of the UK, south ol Holyhead and west of the
lsle of Wight, should consider swell as a potential worst case for design. In other areas, it is
probably not the worst case in terms of overtopping rate, but see below.

A less obvious, but quite common situation in which swell may be important, is where wave
heights are depth-limited at the toe of a seawall. lf wave heights are limited to some fairly low
value (say one metre or so) by the maximum water depth at the structure, then the fact that
wind-sea wave heights may be much higher offshore is largely irrelevant. A metre or so of swell
may be a significantly worse case than a metre or so of wind-sea, as shown by the results for
Test Series t-S. tnerefore, where waves are severely depth-limited at a structure, swell is quite
likely to be a worst case for design in terms of overtopping, even in geographical areas not
particularly exposed to swell.
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The difficulty in making reliable predictions of overtopping rate for swell-seas confirms the
continuing need for physical model tests of these conditions.

The flume test results (both for the equal energy and the equal retum period series) show that
bi-modal seas do not cause higher overtopping than whichever is the higher of the equivalent
wind-sea and swell-sea conditions. This implies that for calculation of mean overtopping rate,
bi-modal seas are not likely to be a potential worst case for design. This does not necessarily
mean, of course, that they may not be more important in other aspects of design.

The one situation when bi-modal seas may be important for overtopping is where a small
amount of swell is concealed within what appears to be a severe wind-sea. Tests 1b, 2b and 3b
(with 20% swell) at the lower water depth on the less steep wall slope give roughly twice as high
overtopping as equivalent Tests 1a,Zaand 3a (with no swell). (Admittedly, pure swell with the
same spectral energy would be an even worse case, but this may not be considered in design
as it may not be a realistic sea condition at most sites.)

4 Effect of bi-modal seas on other parameters

4,1 lntroduction
In addition to wave overtopping and beach responses, other hydraulic parameters were also
studied during this research. Measurements of wave induced pressures, armour movements,
wave run-up/run-down exceedance levels, wave transmission and wave reflection were
obtained. A description and presentation of these research measurements was given
previously by Coates, Jones & Bona (Reference 2).

The purpose of this chapter of the report is to consolidate the current understanding of the
influence of bi-modal seas upon these other hydraulic responses. Wave induced pressures
are not reported here, but will be reported separately by McGonnell & Allsop (Reference 9).

The results presented in Chapter 3 and in the present chapter should be applied with caution.
They are not intended to provide delinitive guidance on structural responses under swell and bi-
modal seas, but they do have relevance to design criteria covered by the scope of the tests,
namely:

. overtopping, run-up, run-down, reflection COefficient and armour movement;

. on plain slopes in the range 1:2 to 1:4;

. for breaking and non-breaking waves arriving on a foreshore slope of about 1:50.

4.2 Armour movements
Armour movements were determined for a simple 1:2 non-overtopping seawall structure using
uni-modal and bi-modal wave conditions. Approach seabed slopes of 1:50 and 1:20 were
studied. The nominaloffshore wave steepness, smo, of the uni-modal wave conditions was
either 0.02 or 0.04. The percentage of armour displacements was determined using a
detailed photographic method described by Coates, Jones & Bona (Reference 2).
Corresponding armour damage levels, S, were estimated according to a method described by
van der Meer (Reference 10).

Van der Meer devised {ormulae to calculate armour damage which include the effects of
random waves, storm duration, a wide range of core / underlayer permeabilities, and
distinguish between plunging and surging wave conditions. For plunging waves:

H./ADn5q = 6.2 Po'18(S/./Nr10'2 E,n'o's

and for surging waves:

HJaDnso = 1.0 P-0'13(sd N,)02 icota (,P

Where the parameters are defined as:
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A relative buoyant density of materialconsidered, (p/p*)- 1
p, mass density of rock
p* mass density o{ sea water
Dnso nominal diameter of armour
P notional permeability factor
S design damage number = AJDnso'
A. erosion area from profile
N, number of waves
6, lribarren number = tano/s*t"
sm wave steepness for mean period =2nHJgT^'(H" and T, were derived using a

statistical analysis)

and the transition from plunging to surging waves is calculated using a critical value of (,:

E = (6.2 P0'31 1tana10'5 )1(P{0's)

Before considering the influence ol bi-modal seas upon armour movement, it is necessary to
consider the armour movements caused by uni-modal wave action. The percentage of full
displacements observed using uni-modalwave conditions is shown in Figure 4.1a. Data has
been re-presented in terms of armour damage level, S, in Figure 4.1b. Three groups of uni-
modalwave conditions were considered in the analysis, two shallow water groups (measured
at the seawall toe) described by s'o=9.92 & 0.04; and one moderate water group, smo=0.04
(where s,no is the offshore wave,' steepness). The data has been normalised by the offshore
significant wave height, thus tests with the same identifier had the same nominal offshore
wave height (while period varied with sea steepnesses). When considering Figures 4.1a & b
ii should be noted that an armour damage of 307o, or damage level S=25, represents failure
of the seawall slope.

Two conclusions can be drawn from Figures 4.1a and 4.1b. More armour movements were
seen with a 1:20 approach slope when compared with the 1:50 approach slope. Less
damage was observed on both the 1:50 and 1:20 approach slopes at s'o=9.64 for the
moderate water depth case. An analysis of the inshore wave height statistics indicates that
consistently larger wave heights were present in the test with the lower static water level, due
to greater wave shoaling, leading to greater levels of armour displacements as demonstrated
in Figure 4.2a. The example figure gives ihe significant wave height against the distance
from the offshore wave probe for Test Ob4/3A in water depths of 12m and 14m, using a
foreshore slope of 1:50. The structure was built 580m from the offshore probe. Wave heights
with the shallow water are consistently higher than those with moderate water level in the
area of the structure.

The armour damage levels predicted by van der Meer for approach slopes of 1:50 and 1:20
have been presented in Figure 4.2b. The inshore significant wave height, Hsi, and the
offshore mean wave period, Tn.o, and an assumed permeability factor, P=0.1, were used to
predict armour damage, S, given in the figure. Figure 4.2b can be compared with Figure
4.1b. Predicted values of S were greater for the 1:20 slope compared with the 1:50 approach
slope, but predicted differences would not account for the large differences seen earlier in
F igure  4 .1b .

Armour damage, S, predicted using both the offshore and inshore significant wave heights,
has been compared with movements recorded during the tests in Figures 4.3a & b.
Movements recorded with an approach slope of 1:50 are shown in Figure 4.3a, while those
recorded with a 1:20 approach slope are shown in Figure 4.3b. Van der Meer's tests were
completed for shallow approach slopes: good agreement between the measured and
predicted damage levels would normally be anticipated for a 1:50 approach slope.
Throughout the tests using the 1:50 approach slope, measured damage was less than
predicted damage, indicating that the research model was more stable than those of van der
Meer. lt would be feasible to adjust the armour damage levels in accordance with the
prediction method, but, it would then be necessary to make the same adjustment to both the
1:20 and bi-modal wave tests. That adjustment has not been made. On the whole,
measured damage on the steeper 1:20 slope was greater than predicted damage and an
adjustment would further increase the difference.
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The increased levels of armour damage observed on the 1:20 approach slope were also
observed in an earlier research study conducted by Allsop & Jones (Reference 1 1). In their
research Allsop & Jones suggest a modification to the van der Meer formulae to take account
of increased levels of armour damage with steep approach slopes.

For plunging waves:

H"ADnso = 4.8 P018(S/r/N;0'2 qr-o's

and for surging waves:

H"/ADn5e = o.77 t-o'te1s/i N,)02 {cotcr (,P

These new formulae have been used to predict armour damage, S, for the 1:20 approach
slope data presented in Figures 4.4a and b. The data presented in Figure 4.4b have been
expressed in non-dimensionalterms. The data points plotted at S/N'. = 0.80 were described
as slope failure and may well result in higher values than 0.80. In practice a seawall designer
might perhaps design using an armour damage S=2, and might allow for a storm duration of
20OO waves, resulting in S/Nu'"=0.05. The van der Meer prediction equation given in Figure
4.4b offers an upper bound (limit) to the data from the 1:50 approach slope, while the
modification suggested by Allsop & Jones offers a similar upper bound for the 1:20 approach
slope data leading to the conclusion that the armour movements produced by uni-modal
waves follow previously published criteria.

Having considered the influence of uni-modalwaves upon armour movements, it is now
possible to consider the influence of bi-modal waves. The percentage of full displacements
observed for tests conducted using the bi-modal wave conditions are shown in Figure 4.5a.
The data has been re-presented in terms of armour damage level, S, in Figure 4.5b. Two
groups of bi-modal waves were studied. The first group studied was defined as the "equal
energ/ test series, while the second group studied was classified as the "equal return period"
series (see grouping explanation section 3.1.2).

It is possible to draw three conclusions f rom Figures 4.5a and b. The steepness of the
approach slope influenced the number of armour movements. As was seen in the uni-modal
wave test series, there were more movements with the 1:20 approach slope than with the
1:50 approach slope. The amount of armour damage increased with an increase in the
percentage of swell-sea during the "equal energy''tests. During the "equal returnn period
tests the level of armour damage sustained by the seawall remained relatively constant
despite the range of different swell-sea combinations tested.

The measured values of S have been compared to predicted values of S for both the 1:50
and 1:20 approach slopes in Figure 4.6a. The same data have been presented in non-
dimensionalterms in Figure 4.6b. Again van der Meer's prediction method has been applied
to the 1:50 approach slope data, while the modification of Allsop & Jones has been applied to
the 1:20 data. ln all cases the measured damage was less than that obtained from the
prediction methods. Test identifiers have been included for the data from individual tests on
Figure 4.6b. The "equal energy" test series data gives a clear trend of increased damage
level, S, with an increased proportion of swell-sea component. The "equal return period"
series data was grouped together and showed no such relationship.

It is possible to compare the results of the uni-modal and bi-modal wave tests by comparing
the non-dimensional plots given in Figures 4.4b and 4.6b. There is evidence to suggest that
bi-modal waves produce no worse armour movements than comparable uni-modal wave
conditions, i.e. those with the same significant wave height and mean wave period.

ln summary, these tests have demonstrated that:

. More armour movements were observed with the 1:20 approach slope compared with the
1:50 approach slope;
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h the. More armour movements were observed with the shallow water depth compared wit

moderate water depth;
. Armour movement observations were within limits defined previously by van de Meer (for

the 1:50 approach slope) and modified by Allsop & Jones for steep approach slopes (1:20
approach slope);

. Bi-modal seas did not influence armour stability beyond that which would be given by
existing prediction methods.

4.3 Run-up/run-down
Wave run-up/run-down measurements were studied on 1:2 and 1:4 simple seawalls using an
approach slope of 1:50. Two different static water levels were studied, 14 and 16m,
(annotated as 7 or 8 respectively in the following presentation). Statistics of wave excursions
were determined using software written at HR Wallingford. A summary of the results was
presented previously by Coates, Jones & Bona (Reference 2); and summarised in this
chapter in Figures 4.7 and 4.8. The level exceeded by only 2"/" ol wave run-up/run-down
events for bolh bi-modal and uni-modal waves has been plotted separately in the figures.

Investigations by Ahrens and Allsop reported in the CIRIA/CUR'Rock Manual" (Reference
12) used simple empirical relationships between the 2"h run-up levels and the lribarren
number in the form:

0< 6'n < 2.'18

€ m  >  2 . 1 9
2 . 4 4  < \ ^ < 5 . 2 2

R,2"7. / H. = 1.84 E.
R,2"/ . /Hs=4.5-0.236m
R,2"7. / H. = 3.39-0'246r

Ref 12 Eq 5.12, from Ahrens
Ref 12 Eq 5.13, from Ahrens
Ref 12 Eq 5.16, from AllsoP et al

These empirical relationships for run-up levels are given on Figure 4.7. A comparison of the
run-up/run-down results presented in Figures 4.7 and 4.8 indicates that bi-modalwave
conditions produce higher levels than corresponding uni-modal wave conditions.

Two groups of bi-modal waves were studied, an "equal energy''group and an "equal return
period" group (section 3.1.2). The analysis has been continued considering the bi-modal
wave groups separately, in non-dimensionalterms, in Figures 4.9to 4.12. The graphs
obtained for run-up/run-down under the influence of the "equal energy'' bi-modal wave group

are given in Figures 4.9 and 4.10. As expected, run-up/run-down levels increased with
increased wave period (increased lribarren number) for both structure slopes studied. This
may be seen by comparing tests identified on the figures with "a", wind sea only, through to
swell-sea only, "e". The bi-modal wave tests "b", "c" and "d" falling between these 2,.extremes
follow the same trend, but there is evidence to suggest that the bi-modal wave conditions
provided slightly higher levels of run-up/run-down. A similar trend was identified in tests of
;'equal return period" bi-modalwaves, Figures 4.11 and 4.12. Again, run-up/run-down levels
increased with increased wave period.

4.4 Wave transmission
Wave transmission measurements were studied using bi-modal waves for a 1:2 non-porous
breakwater and a 1:2 bermed structure built with a 1:50 approach slope. Static water levels
of 14 and 16m were studied. These simple breakwater structures incorporated a small crest
and a simple 1:2 rear slope. A summary of the wave transmission data was presented
previously by Coates, Jones & Bona (Reference 2).

The bi-modal wave data has been considered in either "equal energy'' or "equal return period"
groups. A presentation of the wave transmission data is given in Figure 4.13 ior the "equal
energy" group and Figure 4.14 tor the "equal return period" group. (The simple 'l :2
breakwaier incorporating a small crest has been annotated with a "c" on the figures, while the
bermed structure has been annotated "b".) The dimensionless freeboard, R/H.i, has been
plotted in the figures against the wave transmission coefficient, Cr. The bermed structure
suffered less wave transmission than the simple seawall. Tests conducted using both water
levels suffered higher levels of transmission under the higher water level. An examination of
both figures reveals that for the two bi-modal wave groupings a reduction in dimensionless
freebolrd usually resulted in a corresponding increase in wave transmission. There is,
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thanhowever, no evidence to suggest that bi-modal waves provide more wave transmission

corresponding uni-modal waves.

4.5 Wave reflection
The reflection performances of 1:2 and 1:4 simple seawalls were studied for both uni-modal
and bi-modalwave conditions. A summary of the wave reflection data was presented
previously by Coates, Jones & Bona (Reference 2).

Uni-modal and bi-modal wave reflections obtained for tests using an approach slope of 1:50
have been summarised in Figure 4.15. lnvestigations by Allsop (Reference 13) used a simple
empirical relationship between the reflection coefficient C,., and the mean lribarren number (,,
in the form:

cr=d1^2 lb+1^2

where a and b are empirically derived constants.

The results of tests at HR Wallingford suggest values for coefficients a = 0.96 and b = 4.8 for
a smooth structure. The empiricalrelationship is shown as a prediction line in Figure 4.15.
Both uni-modal and bi-modalwaves possessed similar reflection performances, although
there appeared to be less data scatter with the bi-modal waves, and they appeared to provide
a better fit to the empirical relationship.

The reflection analysis has been taken a stage further in Figures 4.16 and 4.17, where the bi-
modal wave data has been presented in groups of "equal energy'' in Figure 4.16 or "equal
return period" in Figure 4.17. Like the run-up/run-down analysis wave reflections increased
with increased wave period (increased lribarren number) for both structure slopes
investigated. There is evidence to indicate that for some bi-modalwave conditions, wave
reflection increased by approximately 10% compared with corresponding uni-modalwaves
(see Figure 4.16).

5 Practical applications of research results

ln this chapter of the report, the practicalapplications of the research findings are described
for the two main areas under consideration, shingle beach response and wave overtopping
performance under the influence of bi-modal seas.

5.1 Shingle beach profiles
A generic method of predicting the impact of swell energy on shingle beach response has not
been achieved due to the lack of compatibility between the results from this study and those of
earlier work by Powell (Reference 4). However, impoilant conclusions can be drawn that
provide guidance for the design of shingle beaches.

For sites that experience significant swell the worst case design conditions may be those with a
bi-modaf spectrum or a spectrum with a broad range including a significanl (2O"/" or greater)
proportion of low frequency energy. The graphs presented in Figures 2.5-2,10 can be used in
conjunction with Powell's original work to give a first estimate of the required crest elevation and
width to prevent failure of the beach as a part of a coast defence scheme. lt should be noted
that wave conditions used in this study are unbroken waves at the toe of the shingle beach.
The swell wave atlas (Reference 1) provides offshore conditions for the coasts of England and
Wales which can be transformed inshore.

Preliminary trials of the method using wave conditions with a constant return period suggest that
20% swell events can be important in crest level and cut-back predictions for sites where swell
waves occur frequently. Sensitivity tests for specific sites will be required to establish the
most promising designs, which can then be tested fully in a physical model.

Limitations with this approach are:
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5.2

Powell's work did not include wave steepnesses of less than 0.01 and is therefore not
valid for long period swell;

the present study did not investigate shallow nearshore conditions or low wave heights,
so some extrapolation will be needed to predict beach response where waves are depth
limited by the nearshore bathymetry.

Overtopping

5.2.1 Oveftopping in swell-seas
Desion situation 1: Geoqraphical
In geographical areas where swell is considered to be important, it should probably be
considered as a separate design case; in areas where the highest swell significanl wave heights
are less than half that of the highest wind-seas, it may not need specific consideralion. As a
rough guide we would recommend that coastal engineering studies in exposed locations in the
south-west part of the UK, south of Holyhead and west of the lsle of Wight, should consider
swell as a potential worst case for design. This is broadly in line with current practice, but we
would suggest that it be made a more formal requirement, since its neglect may lead to an
underestimate of the risk due to overtopping.

Swell is also important in other exposed areas such as south and west lreland and Scotland,
but as yet there is no swell wave atlas outside England and Wales.

Desion situation 2: Depth limitation
Swell may be important where wave heights are severely depth-limited at the toe of a seawall:
the fact that wind-sea wave heights may be much higher than swell-sea wave heights offshore
is largely irrelevant. A metre or so of swell may be a significantly worse case than a (depth-
limited) metre or so of wind-sea. Therefore, where waves are strongly depth-limited at a
structure, we would recommend that swell be considered as a potential worst case for design in
terms of overtopping, even in geographical areas not particularly exposed to swell. This tends
not to be done at present, and results for Test Series 1-3 suggest that the risk due to
overtopping may be underestimated as a result.

Overtoppinq rate for swell
Overtopping increases with wave period, but not by as much as had been expected. Above a
mean wave period of about six to ten seconds (the exact value being dependent on wall slope
and water level) there was little fufther increase in overtopping. The SWALLOW (Owen, 1980,
Reference 6) empiricalformula, which assumes that overtopping increases indefinitely with
increasing wave period, significantly over-predicted swell wave ovedopping. Conversely, van
der Meer and Janssen's (1995, Reference 7) method, which has no effect of wave period once
wave breaking has entered the surging range, significantly under-predicted swell wave
overtopping.

Workable empirical prediction method
An empirical adjustment factor was derived, as a function of lribarren Number (and hence
implicitly the form of wave breaking), to be applied to the direct Owen's predictions. In practice,
no adjustment was needed in the range of plunging wave breaking (E < 2.3) but reductions were
made at higher values of (. There is no theoretical basis for this adjustment, and it may not be
generally applicable, but it did provide reasonably good agreement between SWALLOW and
the present swell-sea modeltests. The difficulty in making reliable predictions of overtopping
rate for swell-seas confirms the continuing need for research and physical model tests of these
conditions. (A possible alternative to the empirical methods usually used would be to apply
ANEMONE-OTT which can numerically modelswellwave overtopping using a empiricalwave
flume approach.)

5.2.2 Oveftopping in bi-modal seas
Overtoooinq rate for bi-modal seas
The rate of over.topping in bi-modal seas is usually somewhere between the rates for wind-sea
and swell-sea. The rate of overtopping (at least for the equal energy test series) increases
roughly in proportion to the percentage of swell in the spectrum, even for quite small amounts of
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swell. This implies that for calculation of mean overtopping rate, where pure wind-sea and pure
swell have already been considered, bi-modal seas are not likely to be a potential worst case for
design. This does not necessarily mean, of course, that they may not be more important in
other aspects of design.

Desiqn situation for bi-modal seas
One situation in which bi-modal seas may be important for overtopping is where a small amount
of swell is concealed within what appears to be a severe wind-sea. Tests 1b, 2b and 3b (with
20% swell) give up to twice as much overtopping as equivalent Tests 1a,2a and 3a (with no
swell). A probabilistic approach to assessing wave conditions would be required lo determine
the importance of these pafticular bi-modal conditions.

Workable empirical prediction method
A reliable and physically plausible approach was demonstrated for prediction of overtopping
rate in bi-modal seas. All of the wave energy in the spectrum was applied firstly at the mean
wave period forthe wind-sea component and secondly at the mean wave period forthe swell-
sea component; a simple energy-weighted average of the two separate rates was then
calculated. There appears to be far less uncedainty here than in prediction of ovefiopping due
to swell wave energy alone.

Warnino about the empiricalmethod
It should be stressed that the simple method for swell and bi-modal seas detailed in
Sections 3.2.4 and 3.2.5 applies only to overtopping rate (and strictly only to the range of
situations studied in the flume model). lt would not necessarily work well for other coastal
response parameters, and does not obviate the need for physical model tests of bi-modal and
other sea states.

6 Conclusions

6.1 Hydraulic processes

Beach response to bi-modal seas
Flume model results confirmed field observations of the importance of long period energy as a
significant influence on beach response. A generic predictive method has not been developed,
but graphs are presented that provide guidance for preliminary beach design. Design that does
not consider this work may result in beach failure.

Overtoppino rate in swell-seas
Overtopping increases with the increase in wave period from wind-sea, through bi-modalsea, to
swell, although not by as much as would be predicted by Owen's method (Reference 6). An
empirical adjustment factor was derived (as a function of lribanen Number) to be applied to
predictions using Owen's equations of swell-sea overtopping. The difficulty in making reliable
predictions of overtopping rate for swell-seas confirms the continuing need for research and
physical modeltests of these conditions.

Overtoopino rate in bi-modalseas
The rate of overtopping in bi-modal seas is usually somewhere between the rates for wind-sea
and swell-sea. The rate of overtopping (at least for the equal energy test series) increases
roughly in proportion to the percentage of swell in the spectrum, even for quite small amounts of
swell. A workable approach was developed for prediction of overtopping rate in bi-modal seas.
All of the wave energy in the spectrum is applied firstly at the mean wave period for the wind-
sea component and secondly at the mean wave period for the swell-sea component; a simple
energy-weighted average of the two separate rates is then calculated. There appears to be far
less uncertainty here than in prediction of overtopping due to swell wave energy alone.

Armour movements
Armour movements were studied using a 1:2 seawall constructed with approach slopes of
either 1:50 or 1:20. The seawall was tested using both uni-modal and bi-modal wave
conditions. Under uni-modal wave action more movements were detected with the 1:20
approach slope than with the 1:50 approach slope. A standard prediction method, developed

1 9 sR 507 16/02198



by van der Meer, provided an upper limit to armour movements under tests on the seawall
with a 1:50 approach slope. A second prediction method, developed by Allsop and Jones
allowing for steeper approach slopes, provided an upper limit to armour movements for tests
conducted on the seawall with the steeper 1:20 approach slope. The "equal energy'' group of
bi-modal waves suggested a trend of increasing armour displacements associated with
increased proportion of swell-sea.

Wave run-up/run-down
As expected, wave run-up/run-down exceedance levels increased with increasing wave
period. There was evidence that bi-modal seas produced slightly higher exceedance levels
than corresponding uni-modal wave conditions.

Wave transmission
Wave transmission was studied using a simple seawall structure and a structure incorporating
a berm. Both structures were constructed with 1:2 f ront slopes. The level of wave
transmission was reduced behind the bermed structure compared with the transmission
behind the simple seawallstructure. A reduction in the dimensionless freeboard resulted in a
corresponding increase in wave transmission. There was, however, no evidence that bi-
modalwave conditions produced different levels of wave transmission compared with uni-
modalwave conditions.

Wave reflections
Wave reflection performances were studied using 1:2 and 1:4 simple seawalls. Both bi-modal
and uni-modalwaves possessed similar reflection performances, although there appeared to
be less data scatter with the bi-modal wave conditions studied. There was evidence
indicating that under some bi-modalwave conditions the reflection was increased by about
1O% compared with corresponding uni-modal wave conditions.

6.2 Design significance
Desiqn situations where swellmav be important
In geographical areas where swell is considered to be important, it should probably be
considered as a separate design case. As a rough guide we would recommend that coastal
engineering studies in locations exposed to the Atlantic should consider swell as a potential
worst case for design.

Depth limitations
Swell may be impodant where wave heights are severely depth-limited at the toe of a seawall:
the fact that wind-sea wave heights may be much higher than swell-sea wave heights offshore
is largely irrelevant. A metre or so of swell may be a significantly worse case than a (depth-
limited) metre or so of wind-sea. Therefore, where waves are strongly depth-limited at a
structure, we would recommend that swell be considered as a potential worst case for design in
lerms of overtopping, even in geographical areas not particularly exposed to swell.

Desiqn situation where bi-modal seas may be important
Bi-modal seas may be important for overtopping where a small amount of swell is concealed
within what appears to be a severe wind-sea. ln some tests, conversion of 2O"/" of the wind-sea
energy to swell produced up to twice as much overlopping. A probabilistic approach to
assessing the occurrence of bi-modal conditions, is required to determine the worst case
conditions.

Which hvdraulic processes?
f n bi-modal sea conditions containin g 2O% swell, typical of exposed oceanic shorelines, the
following checklist shows which processes would be affected by the presence of the swell
component.

. Shingle beach profile

. Overtopping

. Run-up

. Armour

. Transmission

. Reflection

yes
probably
probably
probably
no
yes
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7 ldentification of further research

The swell wave atlas (Reference 1) provides guidance on the prediction of bi-modalwaves
around England and Wales. However, little work has been devoted to analysing wave records
to verify the predictions. As bi-modal waves have been shown to be important to beach and
seawall design, then it is recommended that work be undertaken to address this gap.

The present study on beach response considers a very limited range of wave conditions and
does not address depth limited waves. Work is needed to improve prediction of wave spectra at
the beach face and, if necessary, to revisit the flume study to determine the effect of shallow
nearshore bed slopes.

The inability of existing formulae to predict overtopping in swell-sea conditions came as a
surprise. Although not directly relevant within the present research project, this was perhaps
the single most interesting conclusion to come f rom the overtopping tests. The reasons for this
were briefly explored in Sections 3.2.3 and 3.2.4, but there is much more that could be done
with the present data. The empiricaladjustment of SWALLOW for use with swell-seas
described in Section 3.2.4 was enough to be able to complete the subsequent bi-modal sea
analysis, but is rather unsatisfactory for wider use. A number of promising possibilities were
identified in Section 3.2.4tor improved predictions of overtopping at swellwave periods. This
appears to be a priority for further research based on continuing analysis of the existing data,
preferably as soon as possible whilst the ideas are stillfresh.

Further analysis and development of empirical methods for the uother" parameters, i.e. run-up,
run-down, armour damage etc, considered in Chapter 4 would be useful. However, it seems
more efficient to delay this until discussion of the present repon is complete and until the
recommended further research (if any) on swell wave overtopping is complete. Further work on
empirical prediction methods for overtopping under bi-modal seas should also be delayed until
very much better methods are available for swell alone.
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Table 2.1 Wave conditions used in the shingle beach tests

Test
number

Condition
reference

Wave conditions Depth of
water (m)Wind-sea Swell

H"t (m) T^, (s) H", (m) T"o (s)

Tests for comparison with SR219

0a K02 o.75 5 1 4

0b K04 1 . 5 5 1 4

0c K06 2.4 5 1 4

0a1 K02 0.75 5 1 4

Oa2 KO2 0.75 5 1 4

0b1 K04 1 . 5 5 1 4

Tests with constant return period1 in 6 months)

1 0q6 4.4 8 1 4

2 5b 4 7.63 1.08 1 5 1 4

3 5c 3.4 7.03 1.27 1 5 1 4

4 5d 2.6 6 . 1 5 1.39 1 5 1 4

5 5e 1 . 5 1 5 1 4

1 a 0q6 4.4 I 1 4

Tests with constant total spectral enerqy H. = 3.53m and Tn2 !]g

0e6 3.53 1 4

7 1 b 3 . 1 2 1.67 1 1 1 4

8 1 c 2.5 7 2.5 1 1 1 4

I '1d 1.67 7 3 . 1 2 1 1 1 4

1 0 1 e 3.53 1 1 1 4

6 reoeat 0e6 3.53 1 4

7 repeat 1 b 3 . 1 2 7 1.67 1 1 1 4

9 repeat 1 d 1.67 7 3 . 1 2 1 1 1 4

Tests with constant total spectral enerqy H" = 2.12m and To2 = 19s

1 1 0b4 2 . 1 2 7 1 4

1 2 3b 1 . 9 1 0.94 1 9 1 4

1 3 3c 1 . 5 1 . 5 1 9 '14

1 4 3d 0.94 7 1 . 9 1 1 9 1 4

1 5 3e 2 . 1 2 1 9 1 4

14 reoeat 3d 0.94 7 1 . 9 1 1 9 1 4
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Table 2.1 continued

Tests with constant total spectralenergy H" = 2.83m aAd fpe-l!9

1 6 0d6 2.83 1 4

1 7 2b 2.56 7 1 . 2 1 4 1 4

1 8 2c 2 7 2 1 4 1 4

1 9 2d 1 . 2 7 2.56 1 4 1 4

20 2e 2.83 1 4 1 4

16 repeat 0d6 2.83 7 1 4

Tests with constant total spectral energy H" = 2.83m and Tr2 = !!q

21 7b 2.56 7 1 . 2 1 1 1 4

22 7c 2 7 2 1 1 1 4

23 7d '1.2 7 2.56 1 1 ' t4

24 7e 2.83 1 1 1 4

Tests with constant totalspectralenerqy H" = 2.83m and To2 = 19s

25 8b 2.56 7 1 .2 1 9 1 4

26 8c 2 7 2 1 9 1 4

27 8d 1 . 2 7 2.56 1 9 1 4

28 8e 2.83 1 9 1 4

Tests with constant lotal spectral enerqv H" = 2.'l2m and To2 = 'l I5

29 9b 1 . 9 1 0.94 1 1 1 4

30 9c 1 . 5 7 1 . 5 1 1 1 4

31 9d 0.94 7 1 . 9 1 1 1 1 4

32 9e 2 . 1 2 1 1 1 4
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Figure 1.1 Spectral definition of wind-sea and swell
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Figure 4.11 Bi-modal "equal return period" waves, run-up performance
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Figure 4.12 Bi-modal "equal return period" waves, run-down
performance
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Figure 4.13 Bi-modal "equal energy" waves, transmission performance
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Figure 4.14 Bi-modal "equal return period" waves, transmission
performance
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Figure 4.15 Reflection performance of uni-modal and bi-modal spectra
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Figure 4,16 Bi-modal n'equal energy" waves, reflection performance
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Figure 4.17 Bi-modal "equal return period" waves, reflection
performance






