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Summary 
The driving force behind this new research was a sequence of unexpected (not forecast) coastal flooding 
events at Seaton, Cornwall in October 2006 and at Hayling Island on 03 November 2005, culminating in 
flooding of the monsoon drains at Chesil on 15/16 February 2011.  All these instances were recorded during 
periods of moderate rather than storm wave conditions, but notable for the underlying presence of long 
period swell waves e.g. a 22 second swell at Chesil. 

The objective of the study was to develop a new parametric model for predicting beach profile response on 
shingle beaches under bimodal wave conditions in order to increase confidence in beach cross section 
design.  The dynamic equilibrium profile for shingle beaches has been described using the parametric model 
of Powell (1990) and XBeach-G (McCall et al, 2014).  These model do not include the influence of the 
spectra shape on the beach profile response.  

A mobile bed flume study was therefore carried out at HR Wallingford to examine the profile response of 
gravel beaches to bimodal wave spectra, characterised by swell and wind wave periods in various 
combinations. 

Based on this 2D physical model study a new parametric model, Shingle-B, for predicting beach profile 
response on shingle beaches under bimodal sea-states was derived.  Using the new parametric model an 
online tool was developed and made available on the website for the National Network of Regional Coastal 
Monitoring Programmes of England. (http://www.channelcoast.org/shingleb/). 

 

 

http://www.channelcoast.org/shingleb/
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1. Introduction 
1.1. Background  
Gravel beaches and barriers around England and Wales are regarded as a highly effective form of coastal 
defence due to the efficiency of dissipating wave energy, and help protect against coastal flooding.  A 
DEFRA report highlighted the increased pressure for coastal managers from storm damage and barrier 
breaching (DEFRA, 2008).  Gravel beaches have received less attention than sandy beaches, resulting in a 
lack of data on storm response.  Consequently current empirical models (Powell, 1990; Bradbury, 2000) 
remain the only source for coastal managers wanting to predict profile response.  

Beach management schemes within the UK are becoming increasingly frequent and beach recharge is 
regularly implemented, using both shingle and shingle mixed with sand.  Annual expenditure on such 
schemes within the UK typically exceeds 50 million sterling per year.  As a result there is significant demand 
within the shoreline management community for robust predictive beach management tools.  There is, 
perhaps surprisingly, extremely little guidance available to the engineer on the design and performance of 
shingle and mixed beaches.   

Of particular interest to coastal managers is the increased likelihood of overwash/overtopping/breaching 
events which are expected to cause the greatest threat to coastal developments under storm events.  The 
lack of detailed research and spatially/temporally coherent data for gravel sites does not allow development 
of suitable guidance to manage and predict site specific response.   

Field and laboratory studies (Hawkes, Coates, and Jones (1998)) indicate the importance of complex wave 
spectra (combining swell and wind sea) in the design of gravel beach recharge schemes.  Design of shingle 
beach recharge schemes in the UK over the past 30 years has relied heavily on a parametric beach profile 
model developed at HR Wallingford (Powell, 1990).  Powell’s model was developed from an extensive 
mobile bed wave flume study using waves defined by JONSWAP spectra; effects on wave height and period, 
water level, sediment size and underlying impermeable layers were all considered.  A possible weakness in 
Powell’s model, and in other beach or structure response models, is that they are based on simple wave sea 
states, neglecting the possibility to have the complex wave conditions that combine wind sea and swell, 
forming a bimodal spectrum.  These conditions arise when locally generated storm seas occur in conjunction 
with longer period swell waves.  

Plymouth University and Deltares, have recently (2014) developed a new numerical model, XBeach-G (a 
branch of the main XBeach development) which includes the gravel sediment transport processes to 
simulate the morphodynamics of gravel beaches during storms.  However these transport processes are 
currently under further validation and the XBeach-G model was not fully validated for morphodynamic 
updating.  Therefore, the user will be required to calibrate the morphodynamic parameters (presented in the 
model) when morphodynamic computations are carried out. 

This report describes the design and development of a new parametric model for predicting beach profile 
response on shingle beaches under bimodal sea-state. The new parametric model, Shingle-B, is based on a 
2D physical model study that was carried out at HR Wallingford and full laboratory experiments are reported 
in HR Wallingford report CAS1217-RT001-R03-00. 
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1.2. Objective of the research  
Objective of the study was to develop a new parametric model for predicting beach profile response on 
shingle beaches under bimodal wave conditions in order to increase confidence in beach cross section 
design.  So far the classic dynamic equilibrium shingle beach profile has been described using the 
parametric model of Powell (1990) (Section 4.1).  This model did not include the influence of the spectra 
shape on the beach profile response.   

An empirical framework, based on extensive 2D physical model data and field work was developed to 
examine the profile response of gravel beaches to bimodal wave spectra, characterised by swell and wind 
wave periods in various combinations.  Additionally, some site specific conditions were tested to provide 
calibration for the generic studies and to investigate some local issues where bimodal conditions were 
perceived to be a problem.  The following sections summarise both the effect and occurrence of bi-modal 
conditions on shingle beach response.  Additionally a summary of the physical model design and test 
conditions is reported in Section 1.4, and a more detailed discussion on the physical model study is reported 
in Wallingford report CAS1217-RT001-R03-00 HR (see Appendix).    

1.3. Effect of bimodal sea on shingle beach response 
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.  A sea state is composed of either wind-sea, swell-sea or a 
combination of the two (bimodal sea state).  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 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 
combination of wind-sea and swell) represent a worst case sea state for some aspects of beach design. 
However, little is known about the effect of bimodal sea conditions on sea defences or beaches, and swell is 
rarely considered explicitly in the design or assessment of shoreline management operations.   

A common situation arises when the sea state consists of a combination of wind-sea and swell, such spectra 
(called bimodal) are characterised by two peak frequencies and sometimes by two peak directions.  Around 
England and Wales, swell waves tend to have lower wave heights than wind sea waves. However, longer 
wave periods can lead to higher run-up and overtopping of sea defences (Bradbury, 2007).  Waves along the 
south coast in particular are dominated by those from south-westerly directions generated by winds blowing 
up the English Channel, but swell can also reach other areas of the English coasts (Section 1.3.1).   

The spectral shape of a sea state will show where the principal proportion of the wave energy is and what 
the wave heights and wave periods are.  The spectral parameters derived from wave spectra, principally 
wave height and period, are one of the most widely used descriptions for waves used in design and 
prediction methods in coastal/maritime environments, this will be discussed in more detail in Section 2.  The 
distribution of the spectral energy may be more important than the wave period or the wave height, though 
conventional methods of analysis will generally only use these basic parameters.  
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1.3.1. Occurrence of bi-modal conditions on the south coast of England  

The driving force behind this new research was a sequence of unexpected (not forecast) coastal flooding 
events e.g. at Seaton, Cornwall in October 2006 and at Hayling Island on 03 November 2005, culminating in 
flooding of the monsoon drains at Chesil on 15/16 February 2011.  All these instances were recorded during 
periods of moderate rather than storm wave conditions, but notable for the underlying presence of long 
period swell waves e.g. a 22 second swell at Chesil. 

Analysis of wave spectra from the National Network of Regional Coastal Monitoring Programmes’ coastal 
wave network has identified that bi-modal sea conditions – where a distinct swell is present in addition to the 
wind wave component – occur on a regular basis.  Typically, the highest presence of bi-modal seas is 
associated with sites exposed to Atlantic swell e.g. Porthleven in Cornwall.  The swell propagates up the 
English Channel reaching the coastline east of the Isle of Wight, and although unusual, can extend the full 
length of the English Channel.  Furthermore, the North Sea coast also records bi-modal seas.  The 
occurrence varies with season being more prevalent during the winter months (December, January, and 
February) and least prevalent in the summer (June, July and August) as shown in Figure 1.1 and Figure 1.2. 

 

Figure 1.1: Seasonal occurrence of bi-modal seas 
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Figure 1.2: Monthly averages of bi-modal conditions, Winter period (above) and Summer period (below) 
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During the winter of 2013 – 2014 the southern coast of England was exposed to an unusual and prolonged 
combination of severe storms.  Many sites in central southern England experienced between 5 and 7 storms 
during the winter period (October 2013 to February 2014).  A number of storms exceeded 1 in 10 year, or 1 
in 50 year return periods (based on wave extremes calculated from buoy deployment 2012), as shown in 
Figure 1.3.  

Most of these storms were characterised by having bi-modal sea conditions with swell component 
percentage ranging from 5 to30 % with a peak of 40% (Hayling Island, Perranporth).  Therefore this swell 
component range (10% to 40%) was used during the physical model study, as described in more details in 
Section 1.4. 

This sequence of storms had a considerable impact on many of the beaches. A summary showing the beach 
erosion for winter 2013/2014, compared with cumulative change measured over several years (typically 10 
years) is given in Figure 1.4. More detail for each beach site analysed can be found in A. Bradbury & T. 
Mason, Report SR 01, April 2014.   

These wave data, based broadly around a framework of measured conditions derived from wave buoys at 
Chesil Beach, Milford on Sea and Hayling Island, were used to define the range of conditions to be tested in 
the model.  Therefore model wave conditions were based broadly around prototype measurements covering 
a range of swell periods from 15 - 25 s, wind wave periods of 6 – 9 s and wave height of 3 – 6m.  Swell wave 
periods covered the prototype range 15, 18, 21 and 25 s. 

 

Figure 1.3: Distribution of storms exceeding the 1 in 5 year return period between October 2013 and 
February 2014 (Extract from, A. Bradbury & T. Mason, Report SR 01, April 2014) 
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Figure 1.4: Beach change volumes during winter storms, compared to longer term volume * denotes net 
change after recycling management (Extract from, A. Bradbury & T. Mason, Report SR 01, April 2014)  

1.4. Physical model study  
A 2D physical model study was carried out in one of the wave flumes in HR Wallingford’s Modelling Hall as 
described in CAS1217-RT001-R03-00.  The flume is 100 m long, 1.8 m wide and has a maximum working 
depth of 2.0 m.  The wave paddle can generate non-repeating random sea states to any required spectral 
form, e.g., JONSWAP, Pierson-Moskowitz, or user-defined forms - the latter including bimodal spectra.   

Bathymetry representing the near-shore approaches to the beach was constructed in the flume by moulding 
cement mortar over compacted sand fill.  It has a constant level, followed by a slope of 1:28, then another 
slope of 1:75 up to the base of the beach, as shown in Figure 1.5 and Figure 1.6. 
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Figure 1.5: Model flume set up 
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A grading curve (D50 = 12.5 mm and D10 = 2.8 mm) from typical UK shingle beaches was represented by four 
distinct mixes of crushed anthracite, which provide the most satisfactory reproduction of natural beach 
permeability, sediment mobility threshold and onshore-offshore transport characteristics (Powell 1990). The 
beach profile was primarily measured using a 2D bed profiler.  A central profile was measured following each 
test sequence, to show how the beach responded to wave action.  The initial beach slope was 1 in 8 (plane 
sloping beach) for each of the tests.   

 

 

Figure 1.6: View of the shingle beach in the flume 

1.4.1. Wave spectrum design 

This Section briefly outlines the waves used during testing, the shape of the spectrum, range of wave 
periods and how these are all related to the total spectral energy (m0).  A more detailed discussion of 
spectral shape is given in Section 2. 

In order to study the effect of the bimodal sea-state on a gravel beach profile, a range of parametric wave 
conditions were generated to represent the measured conditions derived from wave buoys at Chesil Beach, 
Milford on Sea and Hayling Island.  Wave conditions were defined at locations in 12 – 15 m water depth (for 
the test water levels specified).  Wave measurements in the flume were made at correspondingly equivalent 
depths. 

Each test was run with both a nominal wind wave and the associated idealised bimodal wave.  The nominal 
wind wave was described by wind wave spectral shape (γ), wind wave height (Hm0) and wind wave period 
(Tp), as shown in Figure 1.7.  The idealised bimodal spectrum is composed of both a wind wave and swell 
wave component.  The bimodal wave was described by a superposition of a wind wave and a swell wave, 
that together have the same total energy (area under the curve (m0)) as the nominal wind wave.  The 
bimodal spectra is therefore predicted using the total Hm0 (the sum of the energy in the spectrum), Tpwind, 
Tpswell and the percentage of the swell component, see Figure 1.8.   
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To further investigate the variation of beach profile and wave run-up with the spectral shape and the 
distribution of energy across the frequencies, each wave condition was run with the same spectral wave 
height Hm0, i.e. the same area under the spectrum, and successively subdivided to represent varying 
percentages of swell; including 0 %, 10 %, 20 %, 30 % and 40 %.  This can be observed in Figure 1.9, where 
the area under the wave spectra is maintained, although distributed with different percentage swell 
components. 

As previously mentioned, wave conditions were based around prototype measurements covering a range of 
swell periods from 15 - 25 s and wind wave periods of 6 – 9 s.  The effect of increasing the percentage of 
swell component and the swell wave period on the beach crest were immediately observed during this study 
and are plotted in Figure 1.10 and Figure 1.11.  However the part of the profile below the water line was 
relatively insensitive to the swell proportion but was, as expected, sensitive to the period of swell (see 
Figure 1.11). 

 

 

Figure 1.7: Wave spectrum: Hm0=4.0 m, Tp,wind=7.0 s and γwind=3.3 
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Figure 1.8: Wave spectrum: Hm0=4.0m, Tp,wind=7.0s, γwind=3.3, Tp,swell=15.0s, γswell=1.3, swell component=20% 

 

Figure 1.9: Wave spectra with different swell percentage 
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Figure 1.10: Effect of swell component percentage on the shingle beach profile 

 

Figure 1.11: Effect of swell wave period on the shingle beach profile 

1.4.2. Test Programme  

The Test Programme was divided into two phases:  

 The first phase was tested to develop an empirical framework of data to analyse the generic profile 
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 In the second phase of this study, some site specific conditions were tested to investigate some local 
issues where bimodal conditions are perceived to be a problem (Test Series F to Test Series J).  Hurst, 
Chesil and Hayling beach are known to be affected by bimodal sea states to the extent that flooding and 
overtopping occurred during February 2011 at Chesil and November 2005 at Hayling.  Therefore they 
were tested to examine the response of the shingle ridges under severe bimodal storm conditions.  

During the first phase of the project, different combinations of wave heights and wave periods were used in 
five steps of varying swell percentage (0-40%) at a single water level on a 1 in 8 beach slope (typical gravel 
beach slope).  The tests were initially carried out with a single deep-water wave steepness sm0 = 0.053 (Test 
Series A) and successively reduced to sm0 = 0.04 (Test Series B and D) and sm0 = 0.03 (Test Series C) in 
order to study the effect of wave steepness on the beach response. In addition a fully developed swell sea 
state (unimodal wave spectra,100% swell component) was run with three different swell wave periods to 
investigate the profile response under these conditions (Test Series E).  Test Series F,G,H,I and J were 
tested to examine the response of the Hurst (Test Series F,G and H), Chesil (Test Series I) and Hayling 
(Test Series J) shingle ridges under severe storm conditions recorded in prototype.  Wave and water level 
combinations were investigated to assess both the potential for overwash and breaching of the shingle ridge.  
There were ten Test Series in total from Test Series A to J, Table 1.1 includes information on the order in 
which the Test Series were run, plus brief details on each Test Series: 

 configuration of the shingle beach tested; 

 the spectral wave heights and wave steepness that was run; 

 the number of waves to reach the (dynamic) equilibrium profile; 

 the main phenomenon investigated for the Test Series; 

 the number of tests for each Test Series. 

Table 1.1: Test Series Programme  
Test 

Series 
Beach 

Configuration 
Wave Height 

(m) s (-) Number Waves Purpose 
No. of 
Tests 

A Slope 1 in 8 
3.0 - 4.5 - 5.3 - 

6.0 
0.053 

1000 - 2000 - 
3000 

Profile response to 
bimodal sea state 

104 

B Slope 1 in 8 3.0 0.04 3000 
Profile response to 
bimodal sea state 

20 

C Slope 1 in 8 3.0 0.03 3000 
Profile response to 
bimodal sea state 

20 

D Slope 1 in 8 4.5 0.04 3000 
Profile response to 
bimodal sea state 

20 

E Slope 1 in 8 3.0 
0.003-0.004-

0.006 
1000 

Profile response to 
bimodal sea state 

3 

F Hurst 3.5 - 4.1 - 4.5 0.053 2000 
Profile response / 

Breaching 
52 

G Hurst 4.5 0.053 2000 Breaching 10 
H Hurst 3.5 - 4.1 - 4.9 - 

5.2- 5.4 
0.053 2000 Breaching 22 

I Chesil CCO wave 
spectra 

-  2hrs Breaching 26 

J Hayling 3.3 - 3.8 0.04 2.5hrs Breaching 10 
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2. Wave spectra and sea state descriptions 
2.1. Introduction 
The spectral shape of a sea state will show where the principal proportion of the wave energy is and what 
the wave heights and wave periods are.  Spectral analysis is an inverse process whereby the time series of 
the waves passing a particular point in space can be analysed to give a spectral distribution of that sea state 
and then inverted back to give the time series again; or a least a representation of it based on the spectral 
components.  The spectral parameters derived from wave spectra, principally wave height and period, are 
one of the most widely used descriptions for waves used in design and prediction methods in 
coastal / maritime environments. 

The distribution of the spectral energy may be more important than the wave period or the wave height, 
though conventional methods of analysis will generally only use those basic parameters.  To enable a more 
detailed method that allows for the distribution of energy in the wave record, a fuller description of the shape 
factors of the spectrum is required.  For further details, reference can be made to the Rock Manual (CIRIA, 
CUR, CETMEF (2007)), Goda (2010) and IAHR (1989).  

2.2. Background 
Various wave periods can be defined for a wave spectrum or wave record.  Conventional wave periods are 
the peak period Tp (the period that gives the peak of the spectrum) or the average period Tm02 (calculated 
from the spectrum or from the wave record).  The wave period used for some wave run-up and overtopping 
formulae is the spectral period Tm-1,0 = m-1/m0.  In events where the peak period Tp is not in the swell 
component this spectral period, Tm-1,0 , gives more weight to the longer period components in the spectrum 
than an average period (Tm02) or the peak period (Tp).   

Atlantic swell waves, however, penetrate into the English Channel up to about Beachy Head (Bradbury et al. 
2007) leading often to wave conditions with a broad, bimodal or multi modal spectrum.  When a sea state is 
composed of both wind and swell waves the employment of spectral wave parameters is a better method for 
defining the wave period.  Typically this would be the spectral mean wave period Tm-1,0 and the peak mean 
period Tp, but there are other definitions which describe the shape of the spectrum and which provide a 
clearer indication of the proportion of swell to wind waves.   

2.3. Spectral shape 
It is generally assumed that a sea state has a narrow band spectrum where Hm0 ≈ H1/3 and where Hm0, the 
spectral estimate of the wave height, is 4.004√m0 and H1/3 is the statistical average of the largest one third 
waves in a sea state.  A sea state can be defined spectrally as the distribution and amount of wave energy 
(spectral density) in each frequency band see Figure 2.1.  The standard JONSWAP spectrum (wind wave) 
has a peak enhancement factor of (g = 3.3) and a Pierson-Moskowitz (fully developed seas in the Northern 
Atlantic) has a peak enhancement factor of (γ = 1.0).  Note: in Figure 2.1, and the figures that follow, 
S(f)(m2s) is the wave spectral energy density in each frequency band f(Hz).   

One of the first models proposed to describe double-peaked spectra was proposed by Strekalov and 
Massel (1972) who have suggested that it would be obtained by one high frequency spectrum describing the 
wind driven component and a Gaussian shaped model describing the swell system.  Ochi and 
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Hubble (1976), have proposed another form by combining a JONSWAP and a Pierson- Moskowitz spectrum 
describing the two individual wave systems.  Guedes Soares (1984) proposed a model that represents both 
sea components by JONSWAP spectra of different peak frequencies.  While the choice of the model for the 
wind sea component is obvious, the choice to model the swell component was made because the 
JONSWAP model is able to fit very peaked spectra as would be appropriate for the narrow swell spectral 
component as shown by Goda (1985).  The bimodal spectrum is composed into two parts, each one has 
three parameters, which are the significant wave height, the modal frequency and the enhancement factor.  
Then, the total spectrum is the summation of both parts, one which includes the low frequency components 
and the second which covers the high frequency components of the wave spectrum. 

During this study it was decided to model the bi-modal spectra using a standard JONSWAP spectrum with a 
peak enhancement factor of γ = 3.3 for the wind component.  For the swell component, even though a swell 
waves tend to have a narrow and peaked spectra, a JONSWAP spectrum with enhancement factor of γ = 1.5 
was selected.  This value for the swell component allowed the wave paddle generator to reproduce well 
defined wave spectra for the low frequencies.   

Swell and wind wave spectra are shown in Figure 2.1 (for the same wave period), and when elements of 
both sea states are present then the sea state will be bi-modal and this is shown in Figure 2.2.  Here a wind 
wave and swell wave have been combined together to produce the bi-modal spectrum shown.   

In this report all other parameters derived from the spectral energy density are defined in terms of the 
spectral moments, which are all found using the following equation. 

𝑚𝑚𝑛𝑛 = � 𝑓𝑓𝑛𝑛𝑆𝑆(𝑓𝑓)𝑑𝑑𝑓𝑓
∞

0
 

where n (=-1, 0, 1, 2 and 4) is the exponent of the frequency and mn is the moment for n. 

The area under the wave spectrum and the wave height, period spectral parameters are then calculated as 
follows: Wave height Hm0 = 4(m0)1/2; Mean spectral wave period Tm0,2 = (m0/m2)1/2; and Spectral period 
Tm -1,0 = m-- 1/m0. 
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Figure 2.1: Showing typical wind and swell wave spectral shapes 
 

 

Figure 2.2: Wind and swell wave components combined to make a bimodal spectrum 
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2.4. Theoretical spectral characteristics 
In addition to the wave periods and wave height, there are three important shape parameters that can be 
used to describe the spectral shape.  These will change with the generic sea type, wind, swell, bimodal etc., 
and also with the degree of energy for each of those types.  Analysis of the spectrum, and calculation of the 
shape parameters, can therefore indicate what type of sea state it is in more detail than the simpler wave 
height and period parameters.  For the present discussion, the narrowness (ν), broadness (ε) and 
peakedness (Qp) parameters will be compared with the peak enhancement factor (γ) to show how each 
varies for typical seas. 

2.4.1. Narrowness parameter 

The first of the shape parameters is the narrowness parameter defined by Longuet-Higgins (1983), which is 
used to measure the distribution of the frequency components in a sea and is used to validate the 
assumption of a narrow spectrum: 

 
𝜈𝜈 = ��

𝑚𝑚2𝑚𝑚0

𝑚𝑚1
2 − 1�  

For a spectrum with a narrow bandwidth, ν will tend to zero, however, generally for the Pierson-Moskowitz 
spectrum (γ = 1.0) ν=0.33 and for the JONSWAP spectrum (γ = 3.3) ν=0.30.  This means that there is very 
little difference in this value for the two spectral shapes, and that in general the variation in range is also 
somewhat narrow, as can be seen in Figure 2.3 where the narrowness parameter has been plotted for a 
range of peak enhancement factors (γ) for the same total m0 value. 

 

Figure 2.3: Relationship between the narrowness parameter (n) and a factor shape (g) for a JONSWAP 
spectrum 
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2.4.2. Broadness parameter 

The spectral width parameter (broadness) was introduced by Cartwright and Longuet-Higgins (1956) in order 
to describe whether the wave energy was concentrated within a narrow frequency band ε≈0 or a 
broad-band ε>>0.  This, as with the narrowness parameter, is sensitive to the high frequency components of 
a sea due to their use of the higher order moments.  It is defined by Sauliner et al (2011) as the ‘relative 
standard deviation of the period wave spectrum’ and is expressed as: 

 
ε = �1 −

m2
2

m0m4
 

 

The broadness will peak around γ = 2.0 and decrease as γ increases.  As with the narrowness parameter its 
range is also limited across the range for γ.  This can be seen in Figure 2.4 where the broadness parameter 
has been plotted for a range of peak enhancement factors (γ) for the same total m0 value.  Generally for the 
Pierson-Moskowitz spectrum ν=0.60 and for a peak enhancement factor of γ = 7.0, ν=0.58.  
 

 

Figure 2.4: Relationship between the broadness parameter (e) and a factor shape (g) 

2.4.3. Peakedness parameter 

Goda (1976) defined the peakedness parameter, Qp, which characterises how grouped the successive wave 
heights are, and is defined as follows: 

 
𝑄𝑄𝑝𝑝 =

2
𝑚𝑚𝑜𝑜

2 � 𝑓𝑓𝑆𝑆(𝑓𝑓)2
∞

0
𝑑𝑑𝑓𝑓  



 

 

 
Modelling shingle beaches in bimodal seas 
Development and application of Shingle-B 

CAS1227-RT002-R01-00 18 

The peakedness parameter (Qp) can be seen in Figure 2.5 where it has been plotted for a range of peak 
enhancement factors (γ) for the same total m0 value.  Qp is more sensitive to the difference between a very 
sharply peaked spectrum (g=7) and a Pierson-Moskowitz type spectrum (g=1). 

 

Figure 2.5: Relationship between the peakedness parameter (Qp) and factor shape (g) 

In this section it has been shown that the broadness and narrowness parameters, discussed above, do not 
show a wide variation for changes to the shape of the spectra.  It is even less clear how differences would be 
discernible for irregularly shaped spectra, given that there will inherently be noise within the data that is likely 
to be of the same magnitude as the variations in the two parameters.  As discussed in Section 5.4 the final 
equations describing the beach profile, as a function of bimodal wave variables are not directly affected by 
these parameters. 
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3. Understanding shingle beaches 
Gravel beaches are found on the shores of many parts of the world, and are of particular importance along 
stretches of the heavily populated south coast of England where they are known as shingle beaches.  Fully 
developed shingle beaches provide an excellent barrier against erosion or flooding.  Unfortunately they are 
becoming depleted due to a lack of natural sediment supply and modifications to natural processes caused 
by coastal works (harbour construction, dredging, beach control structures).  Shoreline managers are 
increasingly using beach recharge as a method of improving beaches for coastal defence purposes.  

The first part of this Chapter discusses the definition and formation of gravel beaches, with particular 
emphasis on the shingle beaches in the south of England.   

In the second part of this chapter an empirical framework currently used to predict the threshold for 
breaching of shingle barrier beaches is discussed..  

3.1. Definition and characterisation of shingle beaches 

3.1.1. Introduction 

Beaches consisting of gravel or shingle (2 to 64 mm), pebbles and cobbles (64 to 256 mm) are generally 
known as coarse beaches or shingle beaches (see Figure 3.1) and can be found in many mid / high-latitude 
parts (formerly glaciated) of the world (England, Iceland, Canada, etc.). Gravel beaches are also found along 
unconsolidated cliff-type coasts eroded by wave attack, like Mediterranean coasts. 

Gravel beach coastlines were formed as a result of the last ice age, which ended about 10,000 years ago. 
As large ice sheets, which covered more of the world’s land masses, melted the sea level rose rapidly (about 
120m between 20,000 and 6000 years ago). Vast quantities of sediment were carried by rivers to the sea 
during this period, eventually forming the pre-cursor to our present coastlines. Many of our beaches today 
are composed of the remnants of these sediments, composed predominantly of sand and gravel. These 
sources of beach material have subsequently been supplemented by coastal erosion of soft cliffs and the 
reduced but continuing supply of sediments from rivers. Material has also been derived from offshore banks 
left behind by relatively rapid rises of sea level after cold episodes in the earth’s climate. These areas include 
much of the coasts of northwestern Europe, eastern North America and the far north Pacific coast.  

The material sizes on any particular gravel beach will normally comprise a wide range of grain sizes, as 
shown in Figure 3.2 for Worthing beach.  The porosity, defined as the ratio of the volume of air/water and the 
volume of the mixture, ranges typically between 0.25 to 0.4. Another characteristic is the high permeability of 
gravel which, compared to a sand beach, increases the potential for infiltration during the uprush and 
exfiltration during the backwash.   

A further characteristic of gravel beaches is the beach slope.  These beaches have steep slopes, with overall 
beach slope typically ranging between 1 in 5 and 1 in 20.  The steepness of an individual profile relates to 
the local wave climate, and to the size of sediments in the beach.  These factors are interrelated, coarser 
sediment and steep waves produce steeper profiles.  Profile responses on gravel beaches are cyclic and are 
related to wave energy.  The overall profile is reduced during storm events and builds back up under lower 
energy waves.   

These beaches are highly efficient and practical forms of coastal protection with high ecological, amenity and 
aesthetic value. However a shingle beach, in common with any other type of beach, can suffer erosion and 
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subsequent landward retreat of the shoreline.  Consequently over a period of time beach dimensions may be 
reduced to such an extent that it no longer constitutes an acceptable “line of defence”. Anticipating this state 
is clearly important if shingle beaches are to be managed effectively, and landward structures are not to be 
damaged by flooding. 

In 1993 HR Wallingford carried out a study on the sediment distributions for the beaches along the south 
coast of England.  During this study the grading sediment sizes for several beaches were analysed and the 
results are reported in HR Wallingford Report SR350.  Results showed that the south coast of England can 
be considered to have an average median sediment size of D50 = 15.5mm (std. dev. = 6.0mm) with an 
average grading, D84/D16 = 3.42.  A brief review of the grading and median sediment size of material on a 
number of UK shingle beaches is shown in Table 3.1.  

 

 

Figure 3.1: Sediment characteristic in Abbotsbury, Monmouth, Seaton Bay and Birling gap beach  

 

 

 

 



 

 

 
Modelling shingle beaches in bimodal seas 
Development and application of Shingle-B 

CAS1227-RT002-R01-00 21 

 

Figure 3.2: Worthing Beach  

 

Table 3.1: Natural shingle beach sediment characteristics, Powell (1993) 

Site D10 (mm) D50 (mm) D100 (mm) D84/D16 

Seaford 6.1 13.7 38.0 2.7 

Whitstable 7.6 12.6 50.0 2.4 

Chesil (Portland) 23.8 30.0 - - 

Chesil (West Bexington) 8.5 10.0 13.0 1.3 

Littlehampton 7.3 13.0 42.0 2.3 

Hayling Island 7.0 16.0 64.0 4.0 

Hurst Spit 6.0 20.0 63.0 4.3 

Pevensey Bay 6.6 14.3 - 3.1 

Southwold 6.1 14.0 50.0 4.4 

Sidmouth 7.0 22.2 90.0 5.8 

Hythe 2.8 5.2 23.2 3.1 

Pensarn (N. Wales) 6.9 15.0 50.0 4.1 

Source: HR Wallingford Report SR 350  
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3.1.2. Characterisation of shingle beaches on the UK coast 

Gravel beaches and barriers are very common around England and Wales, extending along more than 1,000 
km of the coastline. The shingle beaches around the UK coastline reflect a continuing marine transgression, 
during which sea level rises relative to the land and the shoreline moves toward higher ground. Large 
volumes of beach sediment were moved landward, however building up beaches in places that still exist 
today at the maximum extent of the transgression. Examples are provided by both Chesil Beach (Figure 3.3) 
and North Shore, Llandudno. Both are largely formed of shingle moved ashore during the marine 
transgression, and have had little or no supply of fresh sediment in the past few thousand years. 

In many places around the coast of the UK, longshore drift has carried beach sediment across the seaward 
end of valleys, first forming a spit, and later a complete divide or barrier between the low-lying valley floor 
and the sea. Chesil Beach is an example of just such a beach form. 

Beaches normally extend over the whole intertidal foreshore, i.e. the area that is regularly covered and 
uncovered by the rise and fall of the tides. Because of their substantial tide range, few beaches in the UK 
exhibit the marked wave-formed break-point bars that are common elsewhere around the world. The profile 
of most beaches varies seasonally, having a steeper intertidal gradient in winter when wave action is 
typically most intense.  

 

 

Figure 3.3: Chesil beach 
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Figure 3.4: Hurst Spit  

 

 

Figure 3.5: Pevensey, Normans Bay 
  



 

 

 
Modelling shingle beaches in bimodal seas 
Development and application of Shingle-B 

CAS1227-RT002-R01-00 24 

4. Existing predictive methods for shingle beach 
response 

Presently our understanding of shingle beach response under wave attack is limited and based upon 
relatively few studies. Approaches to predict shingle beach response, crest erosion and potential breaching 
rely on formulae and process-based models based on a few physical model studies.  The empirical or 
parametric models available are those of Powell (1990) known as SHINGLE, the process-based CROSMOR-
model developed by University of Utrecht (Van Rijn 2006, Van Rijn et al. 2003, 2007) and the process-based 
XBeach-G (McCall et al., 2014). 

Powell (1990), Van Rijn (2007) and XBeach-G (McCall et al, 2014) models are used here for comparison 
against measured shingle beaches response under wave actions from both a physical model study and 
prototype measurements. 

4.1. SHINGLE model 
The beach profile prediction model SHINGLE was developed at HR Wallingford as a coastal management 
tool. It is a parametric model which allows the user to predict changes to shingle beach profiles based on 
input conditions of sea state, water level, existing profile, sediment size and the underlying stratum. The 
profile shape and its location against an initial datum can be predicted and confidence limits for the 
predictions determined. 

The data used to derive the basic algorithms for SHINGLE were obtained from a physical model programme 
conducted in a random wave flume at HR Wallingford.  The results have been validated against field trials at 
several UK locations (HR Report SR 219).   

A total of 181 detailed flume tests were undertaken at a scale of 1:17. A range of particle sizes and gradings 
from typical UK shingle beaches were represented by four distinct mixes of crushed anthracite, which 
provide the most satisfactory reproduction of natural beach permeability, sediment mobility threshold and 
onshore-offshore transport characteristics. Test conditions included 29 different wave condition (based on 
JONSWAP spectra), and all tests commenced with a standard beach face slope of 1 :7.  

The factors tested by the flume study were: wave height (Hs); wave period (Tm); wave duration (N); beach 
material size (D50); beach material grading (D85/D15); and effective thickness of beach material (DB). Other 
factors of interest such as: foreshore level (Dw); water level (SWL); initial beach profile, wave spectrum 
shape; and angle of wave attack were derived from other test results. 

The test results showed that the influence of wave height is most significant in the upper beach zone where 
an increase in height causes an increase in surf zone width (i.e. a flattening of the upper beach profile). The 
effect of wave period variation is apparent in the vertical dimensions of the profile; thus an increase in wave 
period will increase the crest elevation and lower the profile toe.  

Variations in the steep initial beach slopes typical of shingle beaches are considered to have little effect on 
the ultimate beach profile, though they may affect the mode and duration of formation.  

The prediction model breaks the profile into three curves between the following limits as shown in Figure 4.1: 

1. Beach crest and SWL; 

2. SWL and the top edge of the profile step; 
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3. The top edge of the profile step and the lower limit of profile deformation. 

These curves are characterised by a series of profile descriptors defining the position and elevation of each 
transition point.  

The position of a predicted profile, relative to an initial profile, assumes that beach material moves only in an 
onshore-offshore direction and that differential longshore transport is zero. The areas under the two curves 
are compared relative to a common datum and the predicted curve is shifted along SWL axis until the areas 
equate to provide the location of the predicted profile.  

 

 

Figure 4.1: Schematised beach profile. Powell 1990 

4.1.1. Beach profile response (SHINGLE)  

As previously described in Section 1.3 a 2D physical model study was carried out in one of the random wave 
flumes at HR Wallingford.  The purpose of these tests was to investigate the variation of beach profile with 
the spectral shape and the distribution of energy across the frequencies.  Each wave condition was run with 
the same spectral wave height Hm0, i.e. the same area under the spectra, and successively subdivided to 
represent varying percentages of swell including 0 % (unimodal JONSWAP spectrum); 10 %; 20 %; 30 % 
and 40 %.   

The beach profiles measured under the same wave condition (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s) run 
under different percentages of swell component (0 % to 40%) were compared against the prediction of the 
SHINGLE model, and results are plotted in Figure 4.2, Figure 4.3, Figure 4.4, Figure 4.5 and Figure 4.6, 
where only five profiles of the 164 tests are plotted. 

As can be seen in Figure 4.2 the comparisons between measured (for a typical unimodal JONSWAP 
spectrum) and predicted profiles was very good. This is particularly true at the beach crest, which tends to be 
the area of most interest to coastal engineers.  

Measured beach profiles were then compared with the predicted profiles under bimodal wave attack.  
SHINGLE does not take into account the bimodality of the wave spectrum, therefore increasing the swell 
percentage was converted as an increase of wave period (each wave condition was run with the same 
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spectral wave height Hm0, i.e. the same area under the spectra). In SHINGLE the effect of variations in the 
wave period is apparent more in the vertical dimension of the profile than in the horizontal displacement.   

As a consequence of this deficiency a significant discrepancy between the measured and predicted profiles 
for bimodal wave spectra were observed.  As can be seen in Figure 4.3, Figure 4.4, Figure 4.5 and 
Figure 4.6 SHINGLE significantly underestimates the horizontal displacement of the beach crest.  These 
figures demonstrate the effect of the bimodality and swell percentage on beach profile development. The 
influence of the swell percentage in the bimodal spectra manifests itself in the upper portion of the profiles. 
Here, the surf-zone width increases markedly in response to an increasing swell percentage and hence 
increasing levels of wave energy in the low frequencies of the spectra. 

 

Figure 4.2: Beach profile comparison between SHINGLE and physical model result for a unimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Swell percentage = 0%) 

 

Figure 4.3: Beach profile comparison between SHINGLE and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 10%) 
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Figure 4.4: Beach profile comparison between SHINGLE and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 20%) 

 

 

Figure 4.5: Beach profile comparison between SHINGLE and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 30%) 
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Figure 4.6: Beach profile comparison between SHINGLE and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 40%) 

4.2. XBeach-G 
XBeach-G is a branch of the main XBeach development that is being developed to simulate storm impacts 
on gravel beaches.   

The morphodynamic model XBeach-G is a process-based storm impact model for gravel coasts which 
represents an extension to the existing process-based, time-dependent nearshore model called XBeach 
(Roelvink et al., 2009). A non-hydrostatic extension to the XBeach model (Smit et al., 2010), similar to the 
SWASH model (Smit et al., 2013; Zijlema et al., 2011) was applied, that allows XBeach to solve intra-wave 
flow and surface elevation variations due to short waves in intermediate and shallow water depths. 

To account correctly for upper swash infiltration losses and exfiltration effects on lower swash 
hydrodynamics on gravel beaches, XBeach-G computes groundwater dynamics and the exchange between 
groundwater and surface water using the XBeach groundwater model. Again, interaction between swash 
flows and the beach groundwater table are considered particularly important on gravel beaches due to the 
relatively large hydraulic conductivity of the sediment. Finally, gravel sediment transport processes have 
been included in XBeach-G to simulate the morphodynamics of gravel beaches during storms. These 
transport processes are currently under further development and validation. 

In order to facilitate the user to run the model, a GUI has been recently implemented in the XBeach-G model 
as shown in Figure 4.7. 
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Figure 4.7: Example of the Cross-shore output document view from the GUI 

 

4.2.1. Beach profile response (XBeach-G)  

The beach profiles measured under the same wave condition (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s) run 
under different percentages of swell component (0 % to 40%) were compared against the prediction of the 
XBeach-G model, and results are plotted in Figure 4.8 to Figure 4.12, where only five profiles of the 164 
tested are plotted.  

As can be seen in Figure 4.8 there was a discrepancy between the measured (for a typical unimodal 
JONSWAP spectrum) and predicted profiles.  Particularly at the beach crest, which tends to be the area of 
most interest to coastal engineers. The XBeach-G model also did not predict correctly the location of the 
step-point and predicted erosion where accretion was observed.  

Measured beach profiles were then compared with the predicted profiles under bimodal wave attack.  
Although XBeach-G model takes into account, in the input wave conditions, the bimodality of the wave 
spectra a significant discrepancy between the measured and predicted profiles was observed, as shown in 
Figure 4.8 to Figure 4.12. 

XBeach-G significantly underestimates the horizontal displacement of the beach crest for all the percentages 
of swell component (0 % to 40%). The model did also not predict correctly the location of the step-point 
therefore erosion was predicted where accretion was observed.  Once again these results demonstrate the 
effect of the bimodality and swell percentage on beach profile development.  The model did not take into 
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account the increase of the surf zone width in response to an increase of swell percentage and hence a rise 
of wave energy in the low frequencies of the spectra. 

 

 

Figure 4.8: Beach profile comparison between XBeach-G and physical model result for a unimodal wave 
spectra (Hm0=3.0m, Tp,wind =7.18s, Swell percentage = 0%) 

 

 

Figure 4.9: Beach profile comparison between XBeach-G and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 10%) 
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Figure 4.10: Beach profile comparison between XBeach-G and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 20%) 

 

 

Figure 4.11: Beach profile comparison between XBeach-G and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 30%) 
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Figure 4.12: Beach profile comparison between XBeach-G and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 40%) 

4.3. Discussion 
This section has examined the main methods that have been used to predict gravel beach response under 
wave attack.  SHINGLE and XBeach-G models were examined by comparing the predicted beach profile 
responses with the post physical model test results for both a typical unimodal JONSWAP wave spectrum 
(shown in Figure 4.13) and typical bimodal spectra (shown from Figure 4.14 to Figure 4.17).   

For a typical unimodal JONSWAP wave spectrum, SHINGLE profiles showed a very good correlation, 
predicting correctly both the location of the crest beach and the step-point (see Figure 4.13). Significant 
discrepancies were observed for XBeach-G predicted beach profiles, where the model underestimated the 
horizontal displacement of the beach crest and predicted erosion where accretion was observed, as shown 
in Figure 4.13.  

As previously described, in order to investigate the variation of beach profile with the spectral shape and the 
distribution of energy, the same spectral wave height Hm0, i.e. the same area under the spectrum was run in 
four additional steps of varying swell percentage (10-40%) at the same water level.   

SHINGLE and XBeach-G models were examined by comparing the predicted beach profile responses with 
the post physical model test for a different bimodal wave spectra, as shown from Figure 4.14 to Figure 4.17, 
where only four profiles of the 164 tested are plotted.  Significant discrepancies were observed for the crest 
recession for both SHINGLE and XBeach-G predicted profiles.  The order of magnitude of the 
underestimation of the crest erosion was about 10 - 20m, depending on the component swell percentage.  

Ultimately, considering the effect of the bimodality on the beach profiles and the significant underestimation 
of the crest erosion, it is desirable to improve the prediction and so therefore a new/modified approach is 
required.  The theoretical background, discussed in Section 3, will act as a precursor to the new/modified 
method that is described in Section 5.   

-10

-8

-6

-4

-2

0

2

4

6

8

20 30 40 50 60 70 80 90 100

Le
ve

l (
m

O
D

N
) 

Chainage (m) 

Pre Test Profile

XBeach-G

Physical Model



 

 

 
Modelling shingle beaches in bimodal seas 
Development and application of Shingle-B 

CAS1227-RT002-R01-00 33 

 

Figure 4.13: Beach profile comparison, XBeach-G, SHINGLE and physical model result for a unimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s, Swell percentage = 0%) 

 

 

Figure 4.14: Beach profile comparison, XBeach-G, SHINGLE and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 10%) 
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Figure 4.15: Beach profile comparison, XBeach-G, SHINGLE and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 20%) 

 

 

Figure 4.16: Beach profile comparison, XBeach-G, SHINGLE and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 30%) 
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Figure 4.17: Beach profile comparison, XBeach-G, SHINGLE and physical model result for a bimodal wave 
spectra (Hm0 = 3.0m, Tp,wind = 7.18s, Tp,swell = 15s and Swell percentage = 40%) 
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5. Shingle-B model  
5.1. Introduction 
As previously discussed, the main methods used to predict gravel beach response (SHINGLE and 
XBeach-G) under wave attack were examined by comparing the predicted beach profile responses with the 
post physical model test results for both a unimodal and bimodal wave spectra. 

Considering the significant underestimation of the crest erosion under the effect of the bimodality on the 
beach profiles, a new method was required.   

The first part of this Chapter describes how the new model schematises the beach profile and the 
relationship between profile parameters and bimodal wave variables.    

In the second part of this Chapter a validation against field data is presented.  

5.2. Profile schematization  
The profile schematisation adopted for the present model is essentially a combination of the profile employed 
by Powell (1990) and the necessity to predict the landward displacement. 

As described in Section 5 the Powell model employs three hyperbolic curves (see Figure 4.1): 

1. Beach crest and still water level shoreline 

2. Still water level shoreline and top edge of step  

3. Top edge of step and lower limit of profile deformation 

For the present model there was the necessity to predict the landward displacement of sediment and the 
slope of swash zone.  The model employs therefore four curves (between the prescribed limits): 

1. Landward displacement and beach crest 

2. Beach crest and start beach-face point 

3.  Beach-face point and top edge of step 

4. Top edge of step and lower limit of profile deformation 

The resultant schematisation is shown in Figure 5.1 and characterised, relative to the still water level and 
shoreline axes, by: 

 x1 and y1 position and elevation of the landward displacement 

 x2 and y2 position and elevation of the beach crest 

 x3 and y3 position and elevation of cliffing point 

 x4 and y4 position and elevation of beach step 

 x5 and y5 position and elevation of lower limit of profile deformation 

For the profile curves between change-points, the simple form 𝑦𝑦� = 𝑥𝑥�𝑛𝑛 is used following Powell (1990). 

With the beach profile schematised, the functional relationship for each of the parameters listed above was 
determined.  
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Figure 5.1: Schematised beach profile 

5.3. Parameter identification 
Before functional relationships can be built to predict each of the profile parameters in terms of bimodal wave 
variables, observed values of each parameter must be extracted from the observed profile curves (see 
Figure 5.2).  This was done with a combination of expert judgement and a least squares optimisation. 

First, the crest position (point 2) and still water level intersection were manually selected for each of the 
observed profiles.  The end profile location (point 5) was set to the end of the observed profile and an 
additional point was temporarily assigned beyond the landward limit to the opposite end to cover the whole 
observed profile (see Figure 5.2).  A genetic algorithm was used to identify the remaining parameters by 
minimising the sum of squared errors between the predicted and observed profiles at all available chainages.  
The resulting coordinates were manually overridden where necessary before being used to calculate the 
observed parameter values for each test. 
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Figure 5.2: Parameter extracted from the observed profile curve 

5.4. Regression model  
The dataset of observed parameter values with corresponding bimodal wave variables was used to fit 
equations for predicting each parameter, and hence the profile curve, as a function of bimodal wave 
variables.  Multiple linear regression was used to describe each profile parameter by a parametric function of 
potentially multiple wave variables.  This gives prediction equations of the form: 

y= β0 + β1 x1 + β2 x2⋯  

where y is the parameter prediction, xi are covariates and βi are corresponding regression coefficients to be 
estimated when fitting.  The covariates may potentially be any bimodal wave variable or transformations of 
them. 

Test Series A to D, described in Table 1.1 (plane beach profile), were used to fit the model.  Only test 
conditions run for 3000 waves were used. 

For each profile parameter, a model building exercise was undertaken to determine the exact form of 
regression equation by selecting which covariates to include.  From a selection of potential covariates, a 
stepwise procedure was applied whereby the simplest model with no covariates was initially chosen then 
new terms were added or removed sequentially by selecting the term that minimises the Akaike Information 
Criterion (AIC) value.  This metric measures the goodness-of-fit of the equation but penalises the number of 
covariates to discourage overfitting which would likely lead to poor estimates outside the fitted range.  From 
the set of candidate models selected by the AIC, the final model was manually selected for each parameter 
to balance the goodness-of-fit with the model complexity while also ensuring the equation is physically 
meaningful. 

In the regression analysis the following wave variables were considered as covariates: 

Spectral wave height : Hm0 

Wind wave period: Tp,wind 
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Swell wave period: Tp,swell 

Swell percentage: S%  

Spectral significant wave period: Tm−1,0 

Mean wave period: Tm0,2 

Broadness: ε 

Narrowness: ν  

Peakedness: Qp 

Mean wave length: L0m   

Breaker parameter: ξ0 

Wave steepness: s0 

Ultimately, the following four covariates were considered for inclusion in the regression equations: Hm0, S, 
(1-S) Tp,wind and S Tp,swell, where S is the swell % as a decimal between 0 and 1.  The wind and swell peak 
periods were multiplied by factors involving the proportion of swell to ensure that the covariate has a valid 
value in all cases, including when the swell is 0% or 100% for which one of these periods is undefined. 

The model selection process was conducted using 90% of the selected tests with a randomly selected 10% 
used for independent validation of the fitted models.  Results for the crest position and elevation are shown 
in Figure 5.3.  Ultimately, the selected regression equations were refitted using every one of the selected 
tests.  

The final equations describing each parameter, and hence the profile curve, as a function of bimodal wave 
variables are the following: 

Crest width 

𝑪𝑪.𝑾𝑾. = β0 + β1STp,swell 

R2 = 0.22 

Crest position 

𝑪𝑪.𝑷𝑷. = β0 + β1Hm0 + β2STp,swell 

R2 = 0.72 

Crest elevation 

𝑪𝑪.𝑬𝑬. = β0 + β1Hm0 + β2(1 − S)Tp,wind + β3STp,swell 

R2 = 0.88 

Beachface position 

𝑩𝑩.𝑷𝑷. = β0 + β1Hm0 + β2STp,swell 

R2 = 0.67 

Beachface elevation 

𝑩𝑩.𝑬𝑬. = β0 + β1Hm0 + β2STp,swell 
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R2 = 0.56 

Step point position 

𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑷𝑷. = β0 + β1Hm0 + β2STp,swell 

R2 = 0.54 

Step point elevation 

𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑬𝑬. = β0 + β1Hm0 + β2STp,swell 

R2 = 0.41 

Closure position 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑺𝑺𝑷𝑷. = β0 

Closure elevation 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑺𝑺𝑬𝑬. = β0 + β1Hm0 

R2 = 0.54 

n1 

𝒏𝒏𝟏𝟏 = β0 

n2 

𝒏𝒏𝟐𝟐 = β0 

n3 

𝒏𝒏𝟑𝟑 = β0 + β1Hm0 

R2 = 0.12 
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Figure 5.3: Results of validation for the crest elevation (top) and crest position (below). The first column 
shows the 90% of the selected tests, the second column shows the randomly selected 10% used for 
independent validation and the third column shows all the data together 

5.5. Model validation 
The final and perhaps most important stage is the validation of Shingle-B model against field data.  This, if 
successful, confirms the correctness of the theory behind beach physical modelling and generates 
confidence in the application of results from those models to natural situations.  The following section 
focuses on some of the English south coast sites and provides comparison of profile response under storm 
events. At each site, nearshore directional Datawell Waveriders® owned and maintained by the Regional 
Coastal Monitoring Programmes were used to provide wave conditions throughout the survey period.  The 
wave buoys form a national network of nearshore wave measurements and are moored in ~12 m water 
depths providing wave statistics in real-time on a half hourly basis. 

5.5.1. West-Bay  

West Bay is characterized by East and West beach.  East Beach consists of a very fine shingle ridged beach 
with sand at the water’s edge (see Figure 5.4).  West Beach consists of a fine, smooth, pebbly beach, with 
shingle and sand at the water’s edge.   

A comparison between model results and post-storm beach profiles extracted at East Beach, was carried 
out.  Data provided by CCO website included simultaneous wave measurements and beach profiles (see 
Figure 5.5).  A single storm with a unimodal wave spectrum was recorded during January 2011 (Hm0 = 4.6m ; 
Tp,wind = 10s ; Swell % = 0) and it was reproduced by using Shingle-B.  The prototype and model post-storm 
profile are plotted in Figure 5.6 where a good agreement between measured and predicted beach profile is 
observed.  
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Figure 5.4: West Bay (East Beach) 

 

 

Figure 5.5: Pre and post-storm survey sections at East Beach 

 



 

 

 
Modelling shingle beaches in bimodal seas 
Development and application of Shingle-B 

CAS1227-RT002-R01-00 43 

 

Figure 5.6: West-Bay: Pre and post-storm profile against Shingle-B prediction 

5.5.2. Rustington 

Rustington beach is shingle beach with compact sand at low tide.  The beach forms part of a long stretch of 
beach and adjoins Littlehampton East beach. 

A comparison between model results and post-storm beach profiles extracted at Rustington, was carried out.  
Data provided by CCO website included simultaneous wave measurements and beach profiles (see 
Figure 5.7).  A single storm with a bimodal wave spectrum was recorded during November 2005 (Hm0 = 3.5m 
; Tp,wind = 7.0s ; Tp,swell = 12s ; Swell % = 10) and it was reproduced by using Shingle-B.  The prototype and 
model post-storm profile are plotted in Figure 5.8 where a good agreement between measured and predicted 
beach profile is observed. 
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Figure 5.7: Pre and post-storm survey sections at Rustington 

 

 

Figure 5.8: Rustington: Pre and post-storm profile against Shingle-B prediction 

5.5.3. Milford 

The beaches at Milford on Sea are a mixture of sand and pebbles, the long sweeping beach is dominated by 
the concrete sea wall and timber groynes (see Figure 5.9).  

A comparison between model results and post-storm beach profiles extracted at Milford, was carried out.  
Once again data provided by CCO website included simultaneous wave measurements and beach profiles 
(see Figure 5.10).  A single storm with a bimodal wave spectrum was recorded during February 2014 
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(Hm0 = 2.5m ; Tp,wind = 8.5s ; Tp,swell = 16s ; Swell % = 20) and it was reproduced by using Shingle-B.  The 
prototype and model post-storm profile are plotted in Figure 5.11 where a good agreement between 
measured and predicted beach profile is observed. 

The comparison between model and field data so far undertaken is generally encouraging and suggests that 
the parametric model is capable of predicting prototype beach profiles.   

 

 

Figure 5.9: Milford-on-Sea (seawall) 
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Figure 5.10: Pre and post-storm survey sections at Milford 

 

 

Figure 5.11: Milford: Pre and post-storm profile against Shingle-B prediction 
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6. Shingle – B Tool  
6.1. Tool windows 
An overview of the Shingle – B interface is given in Figure 6.1.  It contains several windows that will be 
described in the following sections. 

The interface is organised in three sections (A, B and C, as shown in Figure 6.1) as follows: 

 Section A is the view window  

 Section B is the input window  

 Section C is the results window.  

 

 

 

Figure 6.1: Shingle-B interface 

6.1.1. Section A view window 

Section A is characterised by having three main tabs: “Profile”, “Wave Spectra” and “Predicted Parameters”. 

In “Profile” the initial and predicted cross-shore profiles are plotted, as shown in Figure 6.2.   

In “Wave Spectra” the input wave spectrum (total, wind and swell spectra) is plotted as energy density 
relative to seconds (s).  By ticking the box “By frequency?” the energy spectra is plotted relative to the 
frequencies (Hz), see Figure 6.3. 

In “Predicted Parameters” the values of the predicted profile parameters are reported in the table as shown 
in Figure 6.4.  For each parameter the chainage/elevation, standard deviation and the lower/upper limits of a 
95% confidence interval (Q2.5%, Q97.5%) are reported.  Although the point positions of each parameter are 
calculated relative to still water level (as previously described) it was requested by users to have them 
displayed in terms of chainage, for ease of reference to the initial profiles.  Additionally, also the elevation 
value of wave run-up (predicted using Polidoro et al 2013) is reported in the table (Figure 6.4). 

A 

B 

C 
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Figure 6.2: Example of the “Profile” window 

 

Figure 6.3: Example of the “Wave Spectra” window 
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Figure 6.4: Example of the “Predicted parameters” window 

6.1.2. Section B input window 

Section B is characterised by having two main tabs: “Inputs” and “Initial beach profile”. 

In “Inputs” the user can input the wave spectra editing the following four main variables: total spectral wave 
height (Hm0), wind wave period (Tp,wind), swell wave period (Tp,swell) and swell percentage (Swell component 
%).  The input wave conditions are the conditions measured at buoy depth (~ 12 - 15m depth).   

The user can also specify the water level (Still water level) and mass balance (Mass lost%).  Mass lost% is 
set up to be zero, assuming conservation of mass within the profile, i.e. balancing the areas under predicted 
and initial profile.  If the Mass lost% is different from zero the predicted profile will shift (horizontally) to match 
the percentage of accretion or erosion required.   

In order to control the effect of the mass balance on the predicted profile the option to predict the beach 
profile (relative to the still water level of the initial beach profile) without balancing the mass has been added, 
by ticking the box “Profile relative to initial still water level intersection?”. 

In “Initial beach profile” (see Figure 6.6) the user can define the cross-shore profile in the following ways: 

 Directly drawing the initial profile coordinates in the profile window and selecting ok; 

 By importing an external .csv file containing the cross-shore and vertical coordinates of the cross-shore 
profile.  The csv file should contain two columns of data, in which the first column contains the cross-
shore position (chainage) and the second column contains the vertical elevation of the coordinates. Note: 
both columns need to have a title, e.g. “Chainage” and “Level”; 

 The predicted and the observed profile can be input as the initial profile for the next condition. 
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The parameter “Beach slope (for run-up only) (1:*)” is the slope of the gravel beach between the gravel 
beach toe and the crest of the beach. Note that the slope is input as the cotangent of the slope, not in 
degrees.  This parameter is only used to predict the wave run-up elevation using the equation developed by 
Polidoro et al (2013).  The run-up value is reported in “Predicted parameters” window (see Figure 6.4) and it 
is relative to the water level (SWL). 

 

 

Figure 6.5: Example of the “Input wave parameters” window 

 

 

Figure 6.6: Example of the “Initial beach profile” window 

6.1.3. Section C results window 

Through Section C it is possible to download the summary report and the csv file containing the chainage 
and elevation of the predicted profile.  

In the window is also reported the areas of accretion and erosion together with the mass lost percentage.   

The coloured thumb shown in Figure 6.7 indicates if the input wave conditions are within or outside the data 
range against which the model was trained.  In Figure 6.8 the tested wave conditions are represented by the 
black dots, which together form a green cloud which can be considered the valid range of input wave 
conditions within the range dataset.  The area that is far from the green cloud but within the max and min 
limits of dataset tested is coloured in orange.  The input wave conditions that are not included in the green 
cloud and are outside the limits (orange area) are coloured in red.  The colour criteria can be better 
explained using the plot in Figure 6.8.   



 

 

 
Modelling shingle beaches in bimodal seas 
Development and application of Shingle-B 

CAS1227-RT002-R01-00 51 

 

Figure 6.7: Example of the “Results” window 

 

 

Figure 6.8: Input validations 
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7. Limitations 
An extensive series of physical model tests was undertaken to investigate the behaviour of shingle beaches 
under normally incident random waves.  As previously described the study considered the effect of wave 
height, wind wave period, swell wave period, swell percentage and the distribution of the spectral energy.  
The model was calibrated in water depths equivalent to the location of most wave buoys in the wave network 
of the National Network of Regional Coastal Monitoring Programmes.  While a fixed bathymetry typical of 
south coast beaches was used between the toe of the beach and this location, sites with extensive shallow 
foreshores will require some transformation of the wave conditions to determine more realistic input 
conditions.  These will be related to the likely maximum possible wave heights at the toe of the beach.  The 
results have allowed the development of a parametric profile model, described in Section 6, for predicting 
shingle beach profiles under bimodal sea state.   

This study has highlighted a number of areas which need to be explored more fully.  

7.1. Diameter and grading of the beach material  
Sediment characteristics such as D50 and grading width (D85/D15) may affect the beach profile response.  
During this study only one grading curve was used (D50 = 12.5 mm, D10 = 2.8 mm and D85/D15 = 5.0), this was 
representative of typical UK shingle beaches.  This was created by mixing four distinct grades of crushed 
anthracite together.  This provided the most satisfactory reproduction of natural beach permeability, 
sediment mobility threshold and onshore-offshore transport characteristics.  The grading of the beach 
material may influence crest elevation and crest regression, however this effect was not explore during this 
study.  The effect of the grading of the beach on the crest elevation was studied by Powell (1990), who 
observed a decreasing of crest level for a narrower grading curves, although insufficient data were available 
to confirm this trend.  

7.2. Beach slope  
During this study the initial beach slope was fixed at 1 in 8 for each of the tests.  Although the effect of the 
slope was not investigated, different wave conditions were repeated without reshaping the beach to the initial 
plane profile.  Results of non-reshaped and reshaped profiles showed a very good agreement suggesting 
that the initial profile does not affect significantly the final profile.   

Similar results were also discussed in Powell (1990) where it was concluded that whilst the initial beach 
slope does not necessarily affect the form of the active length of beach profile it does affect its mode of 
formation. 

7.3. Angle of wave attack  
The model was designed for a cross-shore sediment transport only and therefore does not take into account 
the influence of angle of wave approach.   
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7.4. Underlying impermeable structure  
Tests were run with a full thickness of beach material and the effect of impermeable membrane or sea walls 
was not considered during this study.  The presence of an underlying impermeable layer within a shingle 
beach was investigated by Powell (1990).  During this study (Powell 1990) it was observed that if the ratio of 
effective beach thickness to median material size (D50) is less than 30, the thickness of the beach is usually 
insufficient to retain material over the profile, and the beach structure is not stable. 

7.5. Breaching  
As previously discussed, during the second part of the study the response of the Hurst, Chesil and Hayling 
shingle ridges was investigated under severe storm conditions as recorded in prototype.  Even though wave 
and water level combinations were investigated to assess both the potential for overwash and breaching of 
the shingle ridges, the new model is not meant to be a breaching model.   
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Summary  

A mobile bed flume study was required to examine the profile response of gravel beaches to bimodal wave 

spectra, characterised by swell and wind wave periods in various combinations. The intention of the 

investigation was to develop an empirical framework of data to analyse the generic profile response of 

shingle beaches under bimodal wave conditions.  Additionally, some site specific conditions were tested to 

provide calibration for the generic studies and to investigate some local issues where bimodal conditions 

were perceived to be a problem. This report summarises the physical model design and test conditions. 

Analysis of the test results were not carried out under this contract and therefore no conclusions are 

described in this report. 
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1. Introduction 

1.1. Introduction 

Field and laboratory studies (Hawkes, Coates, and Jones (1998)) indicate the potential importance of 

complex wave spectra (combining swell and wind sea) in the design of gravel beach recharge schemes. 

Design of shingle beach recharge schemes in the UK over the past ten years has relied heavily on a 

parametric beach profile model developed at HR Wallingford (Powell, 1990). Powell’s model was developed 

from an extensive mobile bed wave flume study using waves defined by JONSWAP spectra; effects on wave 

height and period, water level, sediment size and underlying impermeable layers were all considered. A 

possible weakness in the Powell’s model, and in other beach or structure response models is that they are 

based on simple wave sea state, neglecting the possibility to have the complex wave conditions that 

combine wind sea and swell, forming a bi-modal spectrum. These conditions arise when locally generated 

storm seas occur in conjunction with longer period swell waves. This report describes the design and 

methodologies of the 2D physical model study that was carried out in order to examine the response of the 

shingle beaches under bimodal sea state (discussed in Bradbury 2014). 

The remainder of this documents is arranged as follows: Sections 2 discusses the physical model design, 

modelling constraints and the experimental methods, Section 3 the technical details of the wave design.  

Section 4 then describes the Test Programme and the reasons for each Test Series, and the changes as 

they were made. 

2. Physical model design & methodologies 

2.1. Wave flume 

A 2D physical model study was carried out in one of the random wave flume in HR Wallingford Modelling 

Hall.  The flume is 100 m long, 1.8 m wide and has a maximum working depth of 2.0 m.  The wave paddle is 

of hinged-type and is controlled by HR Wallingford’s Merlin software.  The paddle can generate non-

repeating random sea states to any required spectral form, e.g., JONSWAP, Pierson-Moskowitz, or user-

defined forms - the latter including bi-modal spectra.  Bathymetry representing the near-shore approaches to 

the beach was constructed in the flume by moulding cement mortar over compacted sand fill.  It has a 

constant level, followed by a slope of 1:28, then another slope of 1:75 up to the base of the beach, as shown 

in Figure 2.1.  

 

Figure 2.1: Model flume set-up 
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2.2. Model scaling  

The Froude scaling law is applied to physical models where gravity is the predominant factor in the fluid 

motion.  Wave models, since wave motion is essentially a gravitational phenomenon, are therefore designed 

according to this law.  The Froude law states that the Froude number, Fr, should be the same in model and 

prototype, where Fr is defined as: 

 Fr =  u/(gD)0.5        

where u is a characteristic velocity (m/s), g is acceleration due to gravity (m/s2) and D is a characteristic 

length (m). 

Wave models are not distorted, having the same horizontal and vertical scales.  The linear scale of the 

model, to which the bathymetry and structures are constructed, is known as the geometric scale, .  

Froudian scaling relationships for other parameters are outlined below: 

 Length     Time   
1/2

 

 Velocity  
½   

Overtopping  
3/2

 

 Volume  
3   

Acceleration   

In the design of a physical model of this type, the principal concern is to ensure that the main aspects of 

wave / beach interaction are reproduced faithfully at a scale that avoids significant scale effects.  The scale 

of the model will also be influenced by the availability of a suitable material for the model beach sediments.  

For this study these requirements lead to the adoption of a scale of 1:25.  All dimensions hereafter are in 

prototype terms, except where model dimensions are specified. 

2.3. Beach monitoring 

The beach profile was primarily measured using a 2D bed profiler. A central profile was measured following 

each test sequence, to show how the beach responds to wave action.  The bed profiler was mounted above 

the central section of the beach, enabling coverage of a 4m (model) long profile across the mobile sediment, 

as shown in Figure 2.2. The bed profiler was used to monitor all tests. 

The touch sensitive probe has a proximity switch which allows it to detect the bed with the minimum of 

contact pressure.  The probe is stepped forward and lowered down on the bed, the encoder in the profiler 

then determines the bed height.  Because it comes into contact with the bed, the carriage is stationary while 

the probe is moving up or down.  This probe is particularly suitable for profiling both below and above the 

water surface. 
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Figure 2.2: 2D bed profiler  

2.4. Design of the model beach material 

For the scaling of shingle beach sediment transport mechanisms, Powell (1988) stated that the model should 

ideally satisfy the following three main criteria: 

 The permeability of the beach (hence the correct beach slope). 

 The relative magnitudes of the onshore and offshore motion (hence determining whether the beach 

erodes or accretes). 

 The threshold of sediment motion (hence the onset of onshore-offshore transport). 

However, in the selection of the model sediment there are only two variables: sediment size and specific 

gravity.  Thus, for most studies one of the modelling criteria will need to be relaxed.  Usually this is the 

threshold of motion criterion, since for most studies of this type the hydrodynamic conditions being tested are 

well in excess of this threshold value. 

Waves breaking on a permeable beach produce a net onshore shear stress during swash / backwash, 

leading to a net transport and profile steepening until balanced by the downslope component of gravity and 

an equilibrium is reached.  These processes are governed by the permeability of the surface layers of the 

beach, with permeability being a non-linear function of the voids Reynolds Number (vD10/) where  is the 

flow velocity through the beach voids, v is the superficial velocity and D10 is the diameter at which 10% of a 

sample's mass is comprised of smaller particles.  Solution of this function allows the particle size of the 

model sediment to be determined.  Inevitably, this particle size is larger than that given by strict Froudian 

scaling, and the model sediment is then relatively too heavy to satisfy the remaining criteria unless the 

sediment specific gravity is adjusted. Hence the use of low density sediment is often desirable.  
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Sediments will move onshore or offshore depending on the parameter Hb/wt, where Hb is the wave height at 

breaking, t is the wave period and w is the settling velocity of the sediment particles.  For Hb/wt<1 then the 

sediment moves onshore and if Hb/wt>1 then offshore movement occurs.  For the correct reproduction of the 

relative magnitudes of onshore offshore movement it is therefore necessary to maintain similitude of the 

dimensionless fall velocity parameter between model and prototype.  The particle settling velocity is a 

function of drag coefficient, CD, which is a non-linear function of the sediment particle Reynolds Number 

(wD/).  Solution of this function then yields the specific gravity of the model sediment required to satisfy the 

onshore / offshore criterion. 

The threshold of motion of sediments depends on the sediment characteristics.  With the sediment size set 

by the permeability requirement, the threshold of motion criterion can again be met by adjusting the specific 

gravity of the model sediment.  Unfortunately it is usually the case that the onshore / offshore movement and 

threshold of motion criteria give conflicting requirements.   

Remembering that it is not possible to scale the beach based on both theoretical scaling criteria 

(permeability & onshore/offshore motion) using sediment of the same density (2650 kg/m
3
), and that the 

scaling of permeability is important for the correct reproduction of the beach slope and hence run-up 

performance, then the permeability scaling criterion based on the flow velocity through the sediment voids is 

used.  To minimise the differences within the constraints imposed by the requirements of the study, a 

lightweight mobile material with a specific gravity of 1400 kg/m
3
 was used (crushed anthracite).  In the design 

of the model beach material, it is important to represent the prototype beach as closely as possible and 

within the confines of the design criteria described above.  To facilitate this, typical grading curves for shingle 

barrier beaches were used to determine an average grading curve shown in Figure 2.3.  Based on the 

following assumptions, a scaling analysis was carried out: 

 Model Scale = 25 

 Percolation Slope = 1:8 

 D50 = 12.5 mm 

 D10= 2.8 mm 

 Density Fluid in prototype = 1025 kg/m
3
 

 Density Fluid in model = 1000 kg/m
3
 

 Density
 
of sediment in prototype = 2650 kg/m

3 
(Generic

 
mixed beach) 

 Density
 
of sediment in model = 1400 kg/m

3
 (Crushed anthracite). 

Results show that for a correct reproduction of permeability, according to Yalin (1963), the sediment model 

scale should be equal to 1:2.25 (see Table 2.1).  The prototype sediment grading curve scaled at 1:2.25 for a 

model scale of 1:25 and at 1:2.46 for a model scale of 1:40 is shown in Figure 2.3.  This figure also shows 

the sample model grading curves. 
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Figure 2.3:  Model grading curve 

 

Table 2.1: Sediment scaling of shingle material (density = 2650 kg/m
3
) 

Shingle - D50 = 12.5mm D10=2.8mm 
Sediment 

Scale 

Model D50 

(mm) 

For correct reproduction of permeability at 1:25: 2.25 5.55 

For correct reproduction of permeability at 1:40: 2.46 5.08 

2.5. Sea state calibration method 

The principal purpose of this study was to cover a range of input conditions to examine the response of the 

shingle beach under bimodal sea state, where design wave attack is assumed to be normal or near normal. 

Waves were not calibrated prior testing.  Each wave condition was specified in HR Wallingford’s Merlin wave 

generation software to generate a sea-state of the required spectral shape.  The gain for the wave maker’s 

stroke was set and waves were measured during the test.  Prototype wave conditions were defined at buoy 

locations (12 – 15 m water depth). Therefore wave measurements in the model flume were made at 

corresponding equivalent depths (discussed in Bradbury 2014).  

For each wave condition an in-line array of six wave gauges was used to measure both the wind and swell 

incident waves.  Time histories recorded by each gauge in the array were analysed spectrally by 

HR Wallingford’s HR-Daq software to give the following parameters: 

 Significant incident spectral wave height, Hm0i 
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 Peak wave period, Tp 

 The mean spectral wave period, Tm0,2, defined using the zeroth and 2
nd

 moments of the frequency 

spectrum 

 The spectral wave period, Tm-1,0, defined using the inverse and zeroth moments of the frequency 

spectrum. 

The tests were carried out using a non-repeating sequence of wave duration equal to 3,000 times the mean 

wind wave period, Tm0,2, of the target spectrum.  The wave gauges were scanned at a frequency of Tp / 48. 

The data recorded by the array were analysed to separate the incident and reflected wave spectra, and 

determine the incident significant wave height, Hm0i.  The reflection analysis is based on measuring the 

incident wave height at four wave gauges at known spacing and all in constant water depth.  The method 

calculates the incident and reflected wave spectral energy and the reflection coefficient at frequencies 

spread over the frequency range. In order to resolve the whole range of frequency inside the bimodal wave 

spectrum the reflection analysis was carried out both for wind component and swell component. Therefore 

an in-line array of four wave gauges was used to measure the range of frequency for the wind component 

and a second in-line array of four wave gauges was used to measure the range of frequency for the swell 

component.  The incident wave spectra for both wind component and swell component were combined to 

obtain the incident bimodal wave spectrum and its relative reflection coefficient. The reflection coefficient is 

calculated using the following equation: 

 

𝐶𝑟 = √
𝑚0𝑟

𝑚0𝑖
 

where m0i and m0r  are respectively the incident and reflected wave spectral energy. 

Based on this method, four wave gauges were placed offshore for calculating the reflection coefficient and 

one wave gauge placed at buoy depth (13-15m) measuring the total wave height there.  The total wave 

height (HTot) is expressed as: 

 

𝐻𝑇𝑜𝑡 = √𝐻𝑚0𝑖
2 + 𝐻𝑚0𝑟

2  

and this can be expressed in terms of the incident wave height (Hm0i) as: 

 

𝐻𝑇𝑜𝑡 = √𝐻𝑚0𝑖
2 + 𝐶𝑟

2𝐻𝑚0𝑖
2  

and so, 

 

𝐻𝑚0𝑖 =
𝐻𝑇𝑜𝑡

√1 + 𝐶𝑟
2
 

Finally, using the above equation, the incident wave height at the buoy was calculated. 
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2.6. Wave run-up measurements 

During the model study a laser line and bed profiler measurements were employed to extract both the 

maximum wave run-up (Ru,max) and the wave run-up height exceeded by 2% of the incoming waves at the 

toe of the beach (Ru,2%). 

Records of the water line positions, in particular the swash motion at the shore, were tracked using a laser 

line while the run-up elevation was extracted using the bed profiler. The laser line was manually run, wave by 

wave, along a fixed reference gauge placed on top of the flume (Figure 2.4). This was aligned with the 

horizontal displacement of the bed profiler, therefore correlating the position of the laser line with the bed 

profiler chainage it was possible to extract the wave run-up elevation. The maximum wave run-up was 

assessed by noting the maximum run-up on the crest for each test, and/or the maximum extent of any new 

storm profile developed during the test. 

 

 

Figure 2.4: Laser line and bed profiler to measure wave run up 

2.7. Wave design method 

The sea state at any particular location is composed of either wind sea, swell or a combination of both.  It is 

quite common for the sea state to consist of a combination of recently generated wind sea, together with 

older swell, this is known as bimodal sea.  Wind sea spectra are characterised by a wide peak at a relatively 

high frequency.  Swell wave spectra are characterised by a narrow peak at lower frequencies. 

Probabilistic coastal hazard assessments and design methodologies for coastal engineering structures, and 

in particular beaches, are based typically upon extreme storm event wave conditions of defined return 

period. Such conditions are usually estimated by extrapolation of long time-series of integrated parameter 

output produced from hindcast models or wave measurements (e.g. Hs, Tz, θ). A coupled programme of 

nearshore wave measurement, wave hindcasting, and measurements of beach response to extreme storm 

events in the English Channel, has identified some beach responses that are not characterized well by the 

integrated parameters (Bradbury, 2007). Closer examination of the measured wave data in these events has 

suggested that the unexpected beach responses may be related to the spectral characteristics of the storm 

events. Wave conditions characterized by a bi-modal distribution of wave period appear to produce more 

damaging conditions than is suggested by empirical models, which are based only on integrated parameters.  

The basis of design or coastal hazard risk assessment is frequently derived from parametric empirical 

models, which use simple integrated parameter descriptors of wave conditions as input conditions. For 

Laser line 

Bed profiler 
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instance, well-established empirical methods for the design beach recharge on gravel beaches (Powell, 

1990) and predicting breaching thresholds of gravel barrier beaches (Bradbury, 2000) all rely upon such 

methods. Wave period is characterized usually by Tz (Tm) in these models. In each case the design methods 

were developed with the aid of physical model techniques using wave conditions with a defined spectral 

shape (JONSWAP). In some instances (van der Meer, 1988) the impacts of spectral shape were examined, 

but these observations were confined to the examination of single peaked spectra and have not identified 

significant response variability.  

Observations at wave buoys in the English Channel have identified that Tp>2Tz is not uncommon (Bradbury 

and Mason, 2006). The situation is further complicated in situations where the wave climate is defined by a 

wave energy spectrum with a bi-modal period, combining swell and wind waves in varying proportions.  

A simple definition of Tp, defined at the spectral energy peak of one of the modes may be a misleading 

indication of sea state under these circumstances. Analysis of spectral records from the buoys off the south 

coast of England indicates that the wave climate is frequently bi-modal, with clearly defined swell and wind 

wave components. In some instances the spectral characteristics are further complicated by bi-directional 

conditions, especially in the eastern English Channel (Bradbury, 2007). 

2.8. Wave shape spectrum design 

2.8.1. Introduction 

A common situation arises when the sea state consists of a combination of wind-sea and swell, such spectra 

are called bi-modal and are characterised by two peak frequencies and sometimes by two peak directions.  

Around England and Wales, swell waves tend to have lower wave heights than wind sea waves, however, 

longer wave periods can lead to higher run-up and overtopping of sea defences (Bradbury, 2007).  Waves 

along the south coast are dominated by those from south-westerly directions generated by winds blowing up 

the English Channel. 

The spectral shape of a sea state will show where the principal proportion of the wave energy is and what 

the wave heights and wave periods are.  Spectral analysis is an inverse process whereby the time series of 

the waves passing a particular point in space can be analysed to give a spectral distribution of that sea state 

and then inverted back to give the time series again; or a least a representation of it based on the spectral 

components.  The spectral parameters derived from wave spectra, principally wave height and period, are 

one of the most widely used descriptions for waves used in design and prediction methods in 

coastal/maritime environments. The distribution of the spectral energy may be more important than the wave 

period or the wave height, and conventional methods of analysis will generally only use these basic 

parameters.  

It is generally assumed that a sea state has a narrow band spectrum where Hm0 ≈ H1/3 and where Hm0, the 

spectral estimate of the wave height, is 4.004√m0 (where mo is the area under the spectrum) and H1/3 is the 

statistical average of the largest one third waves in a sea state.  A sea state can be defined spectrally as the 

distribution and amount of wave energy (spectral density) in each frequency band, and this is shown for a 

theoretical distribution in Figure 2.5.  The standard JONSWAP spectrum (wind wave) has a peak 

enhancement factor of  = 3.3 and a Pierson-Moskowitz (swell wave) has a peak enhancement factor of 

 = 1.0. 

Swell and wind wave spectra as defined above are shown in Figure 2.5 (for the same wave period), and a 

common situation arises when the sea state consists of a combination of wind-sea and swell, such spectra 
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are called bi-modal and are characterised by two peak frequencies as shown in Figure 2.6.  Figure 2.5 

demonstrates how the shape of the spectra can define the type of sea state that exists and the remainder of 

this section describes how this is defined and how it was used in the present study.   

 

 

Figure 2.5:  Showing typical wind and swell wave spectral shapes 
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Figure 2.6:  Wind and swell wave components combined to make a bi-modal spectra 

2.8.2. Waves generation 

In order to study the effect of the bimodal sea-state on a gravel beach profile, wave conditions were 

generated to match the measured conditions derived from wave buoys at Chesil Beach, Milford on Sea and 

Hayling Island.  Wave conditions were defined at locations in 12 – 15 m water depth (for the test water levels 

specified). Wave measurements in the flume were made at correspondingly equivalent depths. 

Each test was run with both a nominal wind wave and the associated idealised bimodal wave. The nominal 

wind wave was described by wind wave shape spectra (), wind wave height (Hm0) and wind wave period 

(Tp), as shown in Figure 2.7.  The idealised bimodal spectra is composed of both a wind wave and swell 

wave component. The bimodal wave was described by a superposition of a wind wave and a swell wave, 

that together have the same total energy (area under the curve (m0)) as the nominal wind wave. The bimodal 

spectra is therefore predicted using the total Hm0 (the sum of the energy in the spectrum), Tpwind, Tpswell and 

the percentage of swell component, see Figure 2.8. 

To further investigate the variation of beach profile and wave run-up with the spectra shape and the 

distribution of energy across the frequencies, each wave condition was run with the same spectral wave 

height Hm0, i.e. the same area under the spectra, and successively subdivided to represent varying 

percentages of swell; including 0 %, 10 %, 20 %, 30 % and 40 %. This can be observed in Figure 2.9, where 

the area under the wave spectra is maintained, although distributed with different percentage swell 

components. 

Wave conditions were based broadly around prototype measurements covering a range of swell periods 

from 15 - 25 s and wind wave periods of 6 – 9 s. Swell wave periods covered the prototype range, 15, 18, 21 

and 25 s as discussed in Bradbury 2014. 
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Figure 2.7: Wave spectrum: Hm0=4.0 m, Tp,wind=7.0 s and wind=3.3 

 

 

Figure 2.8: Wave spectrum: Hm0=4.0m, Tp,wind=7.0s, wind=3.3, Tp,swell=15.0s, swell=1.3, swell component=20% 
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Figure 2.9: Wave spectra with different swell percentage 

3. Test programme 

3.1. Introduction 

The Test Programme can be divided in two phases:  

 The first phase was tested to develop an empirical framework of data to analyse the generic profile 

response of shingle beaches to bimodal conditions (Test Series A to Test Series E).  

 In the second phase of this study, some site specific conditions were tested to investigate some local 

issues where bimodal conditions are perceived to be a problem (Test Series F to Test Series J). Hurst, 

Chesil and Hayling beach are known to be affected by bimodal sea states to the extent that flooding and 

overtopping occurred during the winter 2013/14, for conditions where traditional prediction methods gave 

no warnings. Therefore they were tested to examine the response of the shingle ridges under severe 

bimodal storm conditions.  

During the first phase of the project different combinations of wave heights and wave periods were 

performed in five steps of varying swell percentage (0-40%) at a single water level on a 1 in 8 beach slope 

(typical gravel beach slope). The tests were initially carried out with a single deep-water wave steepness (s) 

of 0.053 (Test Series A) and successively reduced to 0.04 (Test Series B and D) and 0.03 (Test Series C) in 

order to study the effect of wave steepness on the beach response. In addition a fully developed swell sea 

state (unimodal wave spectra,100% swell component) was run with three different swell wave periods to 

investigate the profile response under these conditions (Test Series E). The principal purpose of Test Series 

F,G,H,I and J was to cover a range of input conditions to examine the response of the Hurst (Test Series F,G 

and H), Chesil (Test Series I) and Hayling (Test Series J) shingle ridges under severe storm conditions 
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recorded in prototype. Wave and water level combinations were investigated to assess both the potential for 

overwash / breaching of the shingle ridge and predictions of overtopping.  There were ten Test Series in total 

from Test Series A to J and Table 3.1 includes information on the order in which the Test Series were run: 

 configuration of the shingle beach tested; 

 the spectral wave heights and wave steepness that was run; 

 the number of waves to reach the (dynamic) equilibrium profile; 

  the main phenomenon investigated for the Test Series; 

 the number of tests for each Tests Series. 

The general model setup is shown in  

Figure 3.1 and Figure 3.2  

 

Table 3.1: Test Series Programme  

Test 

Series 

Beach 

Configuration 

Wave Height 

(m) 
s (-) Number Waves Purpose 

No. of 

Tests 

A Slope 1 in 8 
3.0 - 4.5 - 5.3 - 

6.0 
0.053 

1000 - 2000 - 

3000 

Profile response to 

bimodal sea state 
104 

B Slope 1 in 8 3.0 0.04 3000 
Profile response to 

bimodal sea state 
20 

C Slope 1 in 8 3.0 0.03 3000 
Profile response to 

bimodal sea state 
20 

D Slope 1 in 8 4.5 0.04 3000 
Profile response to 

bimodal sea state 
20 

E Slope 1 in 8 3.0 
0.003-0.004-

0.006 
1000 

Profile response to 

bimodal sea state 
3 

F Hurst 3.5 - 4.1 - 4.5 0.053 2000 
Profile response / 

Breaching 
52 

G Hurst 4.5 0.053 2000 Breaching 10 

H Hurst 3.5 - 4.1 - 4.9 - 

5.2- 5.4 

0.053 2000 Breaching 22 

I Chesil CCO wave 

spectra 

-  2hrs Breaching 26 

J Hayling 3.3 - 3.8 0.04 2.5hrs Breaching 10 
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Figure 3.1: Bathymetry and shingle ridge configuration 

 

 

Figure 3.2: View of the shingle beach in the flume 

3.2. Test Series A 

Test Series A consisted of different combinations of wave heights and wave periods, shown in Table 3.2, run 

in five steps of swell component (0-40%) at a single water level with a single deep-water wave steepness (s) 

of 0.053. More details on each Test Part are reported in Appendix (Table A.1: ).  The intention of this Test 

Series was to develop an empirical framework of data to analyse the generic profile response of shingle 

beaches to bimodal conditions.  

Four different spectral wave heights (3.0 m, 4.5 m, 5.3 m and 6.0 m) were combined with four different swell 

wave periods (15 s, 18 s, 21 s and 25 s) and tested for each swell percentage (0-40%) on a 1 in 8 plane 

beach slope with crest level at +11.05mODN and beach toe at -5.90mODN, as shown in Figure 3.3 and 

Figure 3.4. Tests were run at water level 0.0mODN. The beach was reshaped back to the original profile 

after a sequence of four wave conditions with different swell component (0-40%). Evolution of the profile was 

recorded by using a fixed sequence camera. After each Test Part the post-test profiles were extracted by 

using the bed-profiler. 

Each Test Part was initially run for a duration of 1000, 2000 and 3000 waves. The duration was defined by 

the mean wave period Tm0,2wind. Beach profiles was measured following each sequence of 1000 waves. 

Although the initial intention was to continue each test until dynamic equilibrium was reached, the first tests 
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results showed that after 2000 waves the profile did not change significantly (see Figure 3.5). It was decided 

to run straight with 3000 waves for the remaining tests. 

 

Table 3.2: Test Series A wave conditions 

Hm0,total (m) Tp,swell (s) Swell (%) Number of Waves 

3.0 - 4.5 - 5.3 - 6.0 15 – 18 – 21 - 25 0 -10 – 20 – 30 - 40 1000 – 2000 - 3000 

 

 

Figure 3.3: Model beach profile for Test Series A, B, C, D and E 
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Figure 3.4: Beach slope 1 in 8 tested during Test Series A, B, C, D and E 

 

 

Figure 3.5: Test Part run for a duration of 1000, 2000 and 3000 waves 
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3.3. Test Series B 

Test Series B consisted of a single spectral wave height (Hm0) with different wave periods, reported in 

Table 3.3, run in five steps of swell component (0-40%) at a single water level with a single deep-water wave 

steepness (s) of 0.04. More details on each Test Part are reported in Appendix (Table A.2). The purpose of 

this Test Series was to develop an empirical framework of data to analyse the generic profile response of 

shingle beaches to bimodal conditions investigating the effect of wave steepness.  

One spectral wave height (Hm0 = 3.0 m) was combined with four different swell wave periods (15 s, 18 s, 21 s 

and 25 s) and tested for each swell percentage (0-40%) on a 1 in 8 plane beach slope with crest level at 

+11.05mODN and beach toe at -5.90mODN as shown in Figure 3.3. Tests were run at water level 0.0mODN. 

The beach was reshaped back to the original slope after each sequence of four wave condition with different 

swell component (0-40%). Evolution of the profile was recorded by using a fixed sequence camera. After 

each Test Part the post-test profiles were extracted by using the bed-profiler. 

Table 3.3: Test Series B wave conditions 

Hm0,total (m) Tp,swell (s) Swell (%) Number of Waves 

3.0 15 – 18 – 21 - 25 0 -10 – 20 – 30 - 40 3000 

3.4. Test Series C 

Test Series C consisted of a single spectral wave height (Hm0) with different wave periods, reported in 

Table 3.4, run in four steps of swell component (0-40%) at a single water level with a single deep-water wave 

steepness (s) of 0.03. More details on each Test Part are reported in Appendix ( 

Table A.3: ). The intention of this Test Series was to develop an empirical framework of data to analyse the 

generic profile response of shingle beaches to bimodal conditions investigating the effect of wave steepness.  

One spectral wave heights (Hm0 = 3.0 m) was combined with four different swell wave periods (15 s, 18 s, 

21 s and 25 s) and tested for each swell percentage (0-40%) on a 1 in 8 plane beach slope with crest level at 

+11.05mODN and beach toe at -5.90mODN  as shown in Figure 3.3. Tests were run at water level 

0.0mODN.  The beach was reshaped to a design profile after each sequence of four wave condition with 

different swell component (0-40%). The profile result after Test Part CH30T21S4N3 is shown in Figure 3.6 

where a build-up of material can be observed at the upper part of the profile. Evolution of the profile was 

recorded by using a fixed sequence camera. After each Test Part the post-test profiles were extracted by 

using the bed-profiler.  

Table 3.4: Test Series C wave conditions 

Hm0,total (m) Tp,swell (s) Swell (%) Number of Waves 

3.0 15 – 18 – 21 - 25 0 -10 – 20 – 30 - 40 3000 
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Figure 3.6: Test Part CH30T21S4N3 

3.5. Test Series D 

Test Series D repeated the conditions used previously but with a wave steepness of 0.04 to derive the wind 
wave period. The wave conditions used are summarized in Table 3.5. More details on each Test Part are 
reported in Appendix (Table A.4) The intention of this Test Series was to develop an empirical framework of 
data to analyse the generic profile response of shingle beaches to bimodal conditions investigating the effect 
of changing the wave steepness and the wave height.  

One spectral wave height (Hm0 = 4.5 m) was combined with four different swell wave periods (15 s, 18 s, 21 s 
and 25 s) and tested for each swell percentage (0 - 40 %) on a 1 in 8 plane beach slope with crest level at 
+11.05mODN and beach toe at -5.90mODN as shown in Figure 3.3. Tests were run at water level 0.0mODN. 
The beach was reshaped to a design profile after each sequence of four wave condition with different swell 
component (0 - 40 %). Evolution of the profile was recorded by using a fixed sequence camera. After each 
Test Part the post-test profiles were extracted by using the bed-profiler. 

Table 3.5: Test Series D wave conditions 

Hm0,total (m) Tp,swell (s) Swell (%) Number of Waves 

4.5 15 – 18 – 21 - 25 0 -10 – 20 – 30 - 40 3000 

3.6. Test Series E 

Test Series E consisted of an unimodal wave spectra, fully developed swell sea state (100 % swell), run with 
three different swell wave periods (18 s, 21 s and 25 s) to investigate the profile response under the effect of 
only swell wave conditions. Wave conditions, reported in Table 3.6, were again tested on a 1 in 8 plane 
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beach slope with crest level at +11.05mODN and beach toe at -5.90mODN  as shown in Figure 3.3.  Tests 

were run at water level 0.0mODN. The beach was not reshaped after each Test Part. Evolution of the profile 

was recorded by using a fixed sequence camera. After each Test Part the post-test profiles were extracted 

by using the bed-profiler. Pre-test profile and post-test profile for Test Part DH30T18S10N1 are show in 

Figure 3.7 and Figure 3.8 respectively, where build-up of material due to swell sea state can be observed. 

Table 3.6: Test Series E wave conditions 

Test Part No. of waves Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

EH30T18S10N1 1000 - - 18.0 3.0 100 

EH30T21S10N1 1000 - - 21.0 3.0 100 

EH30T25S10N1 1000 - - 25.0 3.0 100 

 

 

Figure 3.7: Pre-test profile Test Part EH30T18S10N1 
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Figure 3.8: Post-test profile Test Part EH30T18S10N1 

3.7. Test Series F 

The principal purpose of the Test Series F was to cover a range of input conditions to examine the response 

of the Hurst shingle ridge to a 1:200 year storm, where wave attack is assumed to be normal or near normal. 

The Hurst shingle ridge pre-test profile was sent by email by CCO on July 16
th
, as the most recent survey at 

that time (see Figure 3.10). 

Wave and water level combinations were investigated to assess both the potential for overwash / breaching 

of the shingle ridge and predictions of overtopping. Wave height and water level combinations are 

summarised in Table 3.7 and reported in more details in Appendix (Table A.6). Each Test Part was run for 

2000 waves. 

In order to investigate how wide the crest needed to be to avoid breaching, tests were initially run with crest 

level at 5.57mODN and very large crest width, i.e. no back slope (see Figure 3.9). The maximum value of 

wave run-up recorded was assumed to be equivalent to the minimum crest width. Successively the crest 

elevation was maintained at 5.57mODN while the crest width was reduced to 10m wide and back slope 

1 in 2 (see Figure 3.10). 

During the first part of Test Series F it was observed that wave conditions with less than 20% swell 

component did not damage or significantly modify the beach profile. Therefore in order to trigger the 

breaching on the shingle ridge, only the tests with more than 20% swell component were performed. 

Therefore the effect of beach crest width on wave breaching was analysed performing tests with different 

beach configurations.  These are reported in Appendix (Table A.7) together with the wave conditions. For 

this sequence of tests only two wave conditions were tested: spectral wave height 4.5 m, swell period 15 s 

and 18 s, swell percentage 40 % and water level 2.3mODN. These wave conditions were tested using 

different crest width as reported in Table A.7.  Some of the profile results are reported in Figure 3.11 and 

Figure 3.12 while an overwash event is shown Figure 3.13. 
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Table 3.7: Test Series F wave conditions 

Hm0,total (m) Tp,swell (s) Swell (%) SWL (mODN) Number of Waves 

3.5 – 4.1 – 4.5 15 – 18 – 21  0 -10 – 20 - 40 1.0 – 1.6 – 2.3 2000 

 

 

Figure 3.9: Hurst beach with “infinite” crest width  

 

 

Figure 3.10: Hurst beach with 10 m crest width 

 

 

Figure 3.11: Test Part FH45T15S4 crest width = 10 m, water level +2.3mODN 
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Figure 3.12: Test Part FH45T15S4 crest width = 15 m, water level +2.3mODN 
 

 

Figure 3.13: Test Part FH45T15S4SL23_V02 overwash event 

3.8. Test Series G 

Test Series G is based on the results from Test Series F.  Test Series G consisted of varied Hurst beach 
configurations in order to investigate the effect of crest width, crest elevation and the grade of the back slope 
on breaching during a 1:200 year storms. The Hurst shingle ridge pre-test profile was sent by email by CCO 
on July 16th, as the most recent survey at that time (see Figure 3.10). Test conditions were run at the same 
water level (+2.3mODN) for 2000 waves and are reported in Table 3.8. A more detailed description of each 
wave condition together with the beach configurations is listed in Appendix (Table A.8). 

Test results showed that the shingle ridge with a crest width of 12 m, a crest elevation 5.6mODN and a back 
slope of 1 in 2, did not breach and performed well (shown in Figure 3.14).  
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The behaviour of sediment beds can be influenced by seepage flow and this can sometimes cause 

structures to fail. Interestingly the crest width played an important part for the seepage through the back 

slope. Test Parts with crest width of 12 m did not show any seepage effect on the back slope, while 

percolation through the beach was observed with 10 m crest width. Seepage effect combined with 

overwashing events caused the formation of the runnel \ canyon features on the back slope, as shown in 

Figure 3.15.  

Shingle profiles tested with a crest width of 12 m, a crest elevation 5.6mODN, a back slope of 1 in 2 and 

crest width of 10 m, a crest elevation 5.6mODN, a back slope of 1 in 4, performed the best, although using 

the profile with 1 in 4 back slope would mean having much more material and a much larger footprint to the 

beach.  Therefore in order to test the performance of Hurst beach design under storm wave conditions the 

shingle ridge profile with crest width = 12 m; elevation = 5.6mODN; back slope = 1:2 was chosen for the 

following Test Series. 

Table 3.8: Test Series G wave conditions 

Hm0,total (m) Tp,swell (s) Swell (%) SWL (mODN) Number of Waves 

4.5 15 – 18  40 2.3 2000 

 

 

 

Figure 3.14: Pre and post-test profile for GH45T15S4SL23C12E56B20 
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Figure 3.15: Formation on the back slope of  the runnel\canyon features due to the effect of overwashing and 
seepage 

3.9. Test Series H 

The primary purpose of Test Series H was to cover a range of input conditions to examine the response of 

the Hurst shingle ridge under storm wave conditions, where design wave attack is assumed to be normal or 

near normal.  Different wave and water level combinations were investigated to assess both the potential for 

overwash / breaching of the shingle ridge and predictions of overtopping.  This analysis uses two 

approaches to determine the likelihood of overwashing or breaching of the shingle ridge:  Obhrai et al (2008) 

and Matias et al (2012). Each method is briefly reviewed below. 

Obhrai et al (2008) used data from a series of physical model tests to extend a methodology developed by 

Bradbury (2000) to predict the potential for failure of the shingle ridge at Hurst Castle Spit in Hampshire.  The 

methodology takes into account the incident wave conditions, water levels and the ridge cross sectional area 

(volume of material) above the water level datum.  The upper limit for the threshold for breaching was 

described by, RcBA/Hs
3
 < -153.1Hs/Lm+10.9 where BA is the cross-sectional area of the beach above still 

water level. 

Matias et al (2012) compared the performance of a number of wave run-up formulae developed for use on a 

range of beach types against large scale physical model measurements of shingle ridge behaviour made as 

part of the BARDEX experiments (Whitehouse, 2012).  The response of the shingle ridge was defined in 

terms of an overwash potential (OP) which is effectively the vertical difference between maximum wave 

run-up and the beach crest elevation.  Matias et al concluded that the formulae of Stockdon et al (2006) 

provided the best description of wave run-up on the shingle ridge and went on to use the Stockdon 

formulation to determine their OP values. 

Based on the BARDEX test results, Matias et al (2012) suggested that overwashing / overtopping will occur 

for OP > 0 ± 0.2 m and that overwashing will be dominant for OP > 0.5 m.  For the purposes of the current 

study we have calculated OP using the formula of Stockdon which allows the prediction of exceedance of 

wave run-up. The predictions have been sorted in ascending order of overwash potential in Table 3.9.  It is 

important to underline that these methods do not take in consideration the effect of bimodal sea state 

therefore the predictions could be underestimated.  
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These wave and water level combinations were investigated to assess both the potential for overwash / 

breaching of the shingle ridge and predictions of overtopping. Based on test results from Test Series F only 

wave conditions with 20 % and 40 % swell component were run. Wave height, water level and swell 

component combinations are reported in more details in Appendix (Table A.9).  

Table 3.9: Test Series H - design wave conditions ordered according to overwash results 

Test Part 
SWL 

(mODN) 
Hm0 (m) Tpswell (s) RcBa/Hs3 OP (m) 

H1 1.0 3.5 15 13.4 -1.2 

H2 1.0 4.1 15 8.4 -1.0 

H3 1.6 3.5 15 9.0 -0.6 

H4 1.6 4.1 15 5.6 -0.4 

H5 1.6 4.1 18 5.6 0.4 

H6 2.3 4.5 15 2.5 0.5 

H7 2.3 4.5 18 2.5 1.3 

3.10. Test Series I 

The principal purpose of Test Series I was to cover a range of input conditions to examine the response of 

the Chesil shingle ridge under recorded storm wave conditions, where design wave attack is assumed to be 

normal or near normal. During Test Series I, specific wave storm conditions recorded during the winter of 

2011 and 2014 were reproduced in the physical model. Additionally, tests to assess both the potential for 

overwash / breaching of the shingle ridge and auto-healing after storm events were carried out. 

As already mentioned, the main purpose during the first part of Test Series I, was to reproduce in the model 

the storm events that occurred on 15/02/2011, 06/01/2014, 05/02/2014, 08/02/2014 and 14/02/2014, and to 

examine the beach response. Wave and tidal data describing the storm events were sourced from the 

nearest wave buoy and tide gauge to the site.  For each event the tide levels were taken from the EA report: 

“Coastal flood boundary conditions for UK mainland and islands” (Project: SC060064/TR2: Design sea 

levels) as shown in Figure 3.16, while both the wave records and wave spectra were downloaded from CCO 

website (see Figure 3.17 and Figure 3.18).  

Wave spectra were extracted for the 30 min intervals that formed the most severe conditions for a 6 hour 

storm (typical storm duration) (see Figure 3.17). For each storm event three different wave spectra (each 

with different water level) were generated for a prototype duration of 2 hours, these wave and water level 

combinations are reported in Appendix (Table A.10: ). It was observed that the wave spectra extracted for 

the 30 min intervals did not change significantly during 2 hours therefore the most energetic one (among 

four) was chosen to be reproduced.   

The data for each event that can be downloaded from the CCO website (http://www.channelcoast.org) 

includes values for Tpwind, Tpswell, Hm0wind, Hm0swell and the percentage swell component.  These data can be 

used to specify the input parameters for an equivalent spectrum from which the spectral moments can be 

calculated.  An example of a reconstructed equivalent wave spectrum together with the recorded one in the 

model is shown in Figure 3.19. 

In order to compare the prototype profile after the sequence of storm events at Chesil shingle ridge with the 

output from the physical model, the shingle beach was not reshaped after each Test Part.  Comparison 

http://www.channelcoast.org/data_management/real_time_data/charts/
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between the prototype profile surveyed on March 2014 and the post sequence storm profile obtained in the 

model is shown in Figure 3.20. As can be seen in Figure 3.20 the model crest location and the prototype 

crest location match well. It can therefore be concluded that the process of crest erosion is well reproduced 

in the physical model. Although in the prototype profile a build-up of material that is not present in the 

physical model profile can be observed, this can be due to the fact that the prototype profile was measured 

in March 2014, while the storm sequence reproduced in the physical model refers to February 2014. So 

during this interval swell wave conditions could have occurred on the beach and built up material. 

 

Figure 3.16: Tide record during 15/02/2011 storm event. The two red marks delimited the range of water 
levels adopted during the model test 

 

 

Figure 3.17: Wave height records during 15/02/2011 storm event. The two red marks show the range of 
wave spectra adopted during the model test 
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Figure 3.18: Wave spectra extracted from CCO website for 15/02/2011 storm event at 16:12 PM 

 

 

Figure 3.19: 15/02/2011 storm event at 16:12 PM - original, equivalent and recorded spectra for the same 
sea state 
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Figure 3.20: Initial Chesil profile (red line), Chesil profile surveyed in March 2014 (light blue line) compared 
with the model profile after the storm sequence (dark blue line) 

During the second part of Test Series I, tests to assess the potential for overwash/breaching of the shingle 

ridge were carried out. The main characteristics of these beach configurations are summarised in Appendix 

(Table A.11). In order to maintain the water level behind the ridge at a constant level a submerged pump was 

placed and run during each Test Part, as shown to the left in Figure 3.21.  Three different beach profile 

configurations were tested as follows: 

 present design profile (Figure 3.20); 

 original profile modified with the back slope 1 in 4 (see Figure 3.22); 

 original design profile with back slope 1 in 4 and crest width equals to 10m (see Figure 3.23). 

For this sequence of tests only one wave condition was tested, IH80T21S4SL20, i.e. Test Series I with 

spectral wave height 8.0 m, swell period 21 s, swell percentage 40 % and water level 2.0 mODN. This wave 

condition was tested using different “seeds”, i.e. different time series in a random wave generation with the 

same frequency spectra (Test Part IH80T21S4SL20_V02 and _V03).  

Following discussions with Matthew Boon and Neil Watson from the Environmental Agency on 

24
th
  September 2014, it was decided to test Chesil beach under the previous condition (Hm0 =8.0 m, 

Tpswell = 21 s and swell percentage = 40 %) using a different back slope (1 in 4). In addition another wave 

condition, (spectral wave height 7.5 m, swell period 25 s, swell percentage 40 % and water level 2.0 mODN), 

was tested on Chesil ridge with back slope 1 in 4. As the shingle ridge did not breach the crest width was 

reduced from 15 m to 10 m and tested under the previous wave condition, (Hm0 = 7.5 m, Tp,swell = 25 s, swell 

percentage 40 % and water level 2.0 mODN). 

The shingle ridge performed well, it did not breach under any wave condition tested, as shown in 

Figure 3.23, where even reducing the crest width and the back slope the shingle ridge did not breach. 

During the same discussions with Matthew Boon and Neil Watson it was also decided to run different wave 

conditions as listed in Table 3.10 (Healing_V01,V02, V03 where V0, V02 and V03 indicate that different 

wave conditions were run) to investigate the effect of healing process of the shingle beach.  Interestingly 

material was pushed back up during these conditions (see Figure 3.24), building up a berm approximately at 

the same location where it was at the original profile shown in Figure 3.23.  
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Figure 3.21: Chesil ridge with back slope 1 in 4 and with the submerged pump placed behind the rear side 

 

 

Figure 3.22: Chesil ridge profile with back slope 1 in 4, Pre-Test (red line) compared with the post Test Part 
1_IN_4_V01 (black line) 
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Figure 3.23: In red Chesil profile with 1 in 4 back slope and 10m crest wide. In black line beach profile after 
Test Part 1_IN_4_C10_V01  

 

Table 3.10: Test Series I – Healing process  

Test Part SWL (mODN) 

Hm0total 

(m) 

Tp,swell 

(s) 

Tp,wind 

(s) Swell (%) 

Duration 

(hrs) 

Healing_V01 2.0 3.0 10.0 6.0 20 2 

Healing_V02 2.0 3.0 15.0 6.0 20 2 

Healing_V03 2.0 4.5 15.0 7.5 20 2 

 

 

Figure 3.24: Test Part Healing_V03, comparison between pre-test (red line) and post-test (black line) profile 
after 2hrs testing 
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3.11. Test Series J 

The primary purpose of Test Series J was to cover a range of input conditions to examine the response of 

the Hayling shingle ridge to 1:200 year storm wave condition, where design wave attack is assumed to be 

normal or near normal. 

The Hayling’s bathymetry differed significantly from the bathymetry built in the 2D flume. Therefore, a short 

numerical study was conducted to assess the 1:200 year storm wave spectra at the toe of the beach. The 

numerical model SWAN was used to model the propagation of the offshore waves over the  Hayling’s 

bathymetry. Numerical results in terms of wave spectra were extracted both at -7mODN and at beach toe 

(see Figure 3.25) and adopted as target conditions during the wave calibrations in the physical model. An 

example of wave spectra extracted from SWAN together with the idealised input spectra for the wave 

generator and wave spectra recorded during the test is plotted in Figure 3.26.  

The Hayling ridge has a promenade behind its back slope as shown in Figure 3.27. In order to reproduce it, 

an impermeable barrier was placed in the Hayling beach physical model as shown in Figure 3.28. 

Wave and water level combinations were investigated to assess both the potential for overwash / breaching 

of the shingle ridge and predictions of overtopping. Wave height and water level combinations are reported 

in Table 3.11. Crest elevation, crest width, back slope and front slope were modified during this study and 

their values are summarised in Appendix (Table A.12).  Tests were run for 2 hrs 30 min prototype as this 

equates to a typical high tide stand.  

Hayling shingle ridge was initially tested under “the 3
rd

 November 2005” storm condition, then the 1 in 200 

year storm with an 18 s swell wave period (which have been recorded at Hayling during storms) was run 

using different beach configurations in order to optimise the performance of the ridge against overwashing 

and breaching. 

An example of a pre-test profile and post-test profile is shown in Figure 3.29 and Figure 3.30 using a 3D 

scanner analysis and in Figure 3.31 using a 2D bed profiler. This also confirms the high degree of reliability 

of the 2D bed profiler in comparison with the 3D scanner analysis. 

 

 

Figure 3.25: Hayling beach profile together with the location where SWAN spectra were extracted 
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Figure 3.26: Different wave spectra are reproduced for the same Test Part. The idealised spectra (red line) 
was input in the wave generator (offshore) to obtain the target spectra (SWAN output) at -7.0mODN (light 
blue line) and the dotted line represents the wave spectra measured in the model at -7.0mODN 

 

 

Figure 3.27: Sketch showing the Hayling ridge design 
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Figure 3.28: Impermeable barrier placed in the Hayling beach model 

 

Table 3.11: Test Series J wave conditions 

Hm0,total (m) Tp,swell (s) Swell (%) SWL (mODN) 

3.3 – 3.8 18  0 -20 – 35 - 40 2.4 – 3.0 

 

 

 

Figure 3.29: Test Part “1_IN_200_40_W20_E60” Pre-test profile (left) and post-test profile (right) 
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Figure 3.30: Test Part “1_IN_200_40_W20_E60” comparison between pre and post-test profile shows in red 
accretion and in blue erosion (see Figure 3.31) 

 

 

Figure 3.31: Test Part “1_IN_200_40_W20_E60” comparison between pre-test and post-test profile 
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Appendix 

A. Wave condition tables 

Table A.1:  Test Series A wave conditions 

Test Part No. of waves Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0,total(m) Swell (%) 

AH30T15S0N1,2,3 1000-2000-3000 6.0 7.18 15.0 3.0 0 

AH30T15S1N1,2,3 1000-2000-3000 6.0 7.18 15.0 3.0 10 

AH30T15S2N1,2,3 1000-2000-3000 6.0 7.18 15.0 3.0 20 

AH30T15S3N1,2,3 1000-2000-3000 6.0 7.18 15.0 3.0 30 

AH30T15S4N1,2,3 1000-2000-3000 6.0 7.18 15.0 3.0 40 

AH30T18S0N1,2,3 1000-2000-3000 6.0 7.18 18.0 3.0 0 

AH30T18S1N1,2,3 1000-2000-3000 6.0 7.18 18.0 3.0 10 

AH30T18S2N1,2,3 1000-2000-3000 6.0 7.18 18.0 3.0 20 

AH30T18S3N1,2,3 1000-2000-3000 6.0 7.18 18.0 3.0 30 

AH30T18S4N1,2,3 1000-2000-3000 6.0 7.18 18.0 3.0 40 

AH30T21S0N1,2,3 1000-2000-3000 6.0 7.18 21.0 3.0 0 

AH30T21S1N1,2,3 1000-2000-3000 6.0 7.18 21.0 3.0 10 

AH30T21S2N1,2,3 1000-2000-3000 6.0 7.18 21.0 3.0 20 

AH30T21S3N1,2,3 1000-2000-3000 6.0 7.18 21.0 3.0 30 

AH30T21S4N1,2,3 1000-2000-3000 6.0 7.18 21.0 3.0 40 

AH30T25S0N1,2,3 1000-2000-3000 6.0 7.18 25.0 3.0 0 

AH30T25S1N1,2,3 1000-2000-3000 6.0 7.18 25.0 3.0 10 

AH30T25S2N1,2,3 1000-2000-3000 6.0 7.18 25.0 3.0 20 

AH30T25S3N1,2,3 1000-2000-3000 6.0 7.18 25.0 3.0 30 

AH30T25S4N1,2,3 1000-2000-3000 6.0 7.18 25.0 3.0 40 

AH45T15S0N3 3000 7.4 8.79 15.0 4.5 0 

AH45T15S1N3 3000 7.4 8.79 15.0 4.5 10 

AH45T15S2N3 3000 7.4 8.79 15.0 4.5 20 

AH45T15S3N3 3000 7.4 8.79 15.0 4.5 30 

AH45T15S4N3 3000 7.4 8.79 15.0 4.5 40 

AH45T18S0N3 3000 7.4 8.79 18.0 4.5 0 

AH45T18S1N3 3000 7.4 8.79 18.0 4.5 10 

AH45T18S2N3 3000 7.4 8.79 18.0 4.5 20 

AH45T18S3N3 3000 7.4 8.79 18.0 4.5 30 

AH45T18S4N3 3000 7.4 8.79 18.0 4.5 40 

AH45T21S0N3 3000 7.4 8.79 21.0 4.5 0 
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Test Part No. of waves Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0,total(m) Swell (%) 

AH45T21S1N3 3000 7.4 8.79 21.0 4.5 10 

AH45T21S2N3 3000 7.4 8.79 21.0 4.5 20 

AH45T21S3N3 3000 7.4 8.79 21.0 4.5 30 

AH45T21S4N3 3000 7.4 8.79 21.0 4.5 40 

AH45T25S0N3 3000 7.4 8.79 25.0 4.5 0 

AH45T25S1N3 3000 7.4 8.79 25.0 4.5 10 

AH45T25S2N3 3000 7.4 8.79 25.0 4.5 20 

AH45T25S3N3 3000 7.4 8.79 25.0 4.5 30 

AH45T25S4N3 3000 7.4 8.79 25.0 4.5 40 

AH60T15S0N3 3000 8.5 10.15 15.0 6.0 0 

AH60T15S1N3 3000 8.5 10.15 15.0 6.0 10 

AH60T15S2N3 3000 8.5 10.15 15.0 6.0 20 

AH60T15S3N3 3000 8.5 10.15 15.0 6.0 30 

AH60T15S4N3 3000 8.5 10.15 15.0 6.0 40 

AH60T18S0N3 3000 8.5 10.15 18.0 6.0 0 

AH60T18S1N3 3000 8.5 10.15 18.0 6.0 10 

AH60T18S2N3 3000 8.5 10.15 18.0 6.0 20 

AH60T18S3N3 3000 8.5 10.15 18.0 6.0 30 

AH60T18S4N3 3000 8.5 10.15 18.0 6.0 40 

AH60T21S0N3 3000 8.5 10.15 21.0 6.0 0 

AH60T21S1N3 3000 8.5 10.15 21.0 6.0 10 

AH60T21S2N3 3000 8.5 10.15 21.0 6.0 20 

AH60T21S3N3 3000 8.5 10.15 21.0 6.0 30 

AH60T21S4N3 3000 8.5 10.15 21.0 6.0 40 

AH60T25S0N3 3000 8.5 10.15 25.0 6.0 0 

AH60T25S1N3 3000 8.5 10.15 25.0 6.0 10 

AH60T25S2N3 3000 8.5 10.15 25.0 6.0 20 

AH60T25S3N3 3000 8.5 10.15 25.0 6.0 30 

AH60T25S4N3 3000 8.5 10.15 25.0 6.0 40 

AH52.5T18S0N3 3000 8.0 9.49 18.0 5.3 0 

AH52.5T18S1N3 3000 8.0 9.49 18.0 5.3 10 

AH52.5T18S2N3 3000 8.0 9.49 18.0 5.3 20 

AH52.5T18S3N3 3000 8.0 9.49 18.0 5.3 30 
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Table A.2: Test Series B wave conditions 

Test Part No. of waves Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

BH30T15S0N3 3000 6.9 8.26 15.0 3.0 0 

BH30T15S1N3 3000 6.9 8.26 15.0 3.0 10 

BH30T15S2N3 3000 6.9 8.26 15.0 3.0 20 

BH30T15S3N3 3000 6.9 8.26 15.0 3.0 30 

BH30T15S4N3 3000 6.9 8.26 15.0 3.0 40 

BH30T18S0N3 3000 6.9 8.26 18.0 3.0 0 

BH30T18S1N3 3000 6.9 8.26 18.0 3.0 10 

BH30T18S2N3 3000 6.9 8.26 18.0 3.0 20 

BH30T18S3N3 3000 6.9 8.26 18.0 3.0 30 

BH30T18S4N3 3000 6.9 8.26 18.0 3.0 40 

BH30T21S0N3 3000 6.9 8.26 21.0 3.0 0 

BH30T21S1N3 3000 6.9 8.26 21.0 3.0 10 

BH30T21S2N3 3000 6.9 8.26 21.0 3.0 20 

BH30T21S3N3 3000 6.9 8.26 21.0 3.0 30 

BH30T21S4N3 3000 6.9 8.26 21.0 3.0 40 

BH30T25S0N3 3000 6.9 8.26 25.0 3.0 0 

BH30T25S1N3 3000 6.9 8.26 25.0 3.0 10 

BH30T25S2N3 3000 6.9 8.26 25.0 3.0 20 

BH30T25S3N3 3000 6.9 8.26 25.0 3.0 30 

BH30T25S4N3 3000 6.9 8.26 25.0 3.0 40 

 

Table A.3: Test Series C wave conditions 

Test Part No. of waves Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

CH30T15S0N3 3000 8.0 9.54 15.0 3.0 0 

CH30T15S1N3 3000 8.0 9.54 15.0 3.0 10 

CH30T15S2N3 3000 8.0 9.54 15.0 3.0 20 

CH30T15S3N3 3000 8.0 9.54 15.0 3.0 30 

CH30T15S4N3 3000 8.0 9.54 15.0 3.0 40 

CH30T18S0N3 3000 8.0 9.54 18.0 3.0 0 

CH30T18S1N3 3000 8.0 9.54 18.0 3.0 10 

CH30T18S2N3 3000 8.0 9.54 18.0 3.0 20 

CH30T18S3N3 3000 8.0 9.54 18.0 3.0 30 

CH30T18S4N3 3000 8.0 9.54 18.0 3.0 40 

CH30T21S0N3 3000 8.0 9.54 21.0 3.0 0 

CH30T21S1N3 3000 8.0 9.54 21.0 3.0 10 
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Test Part No. of waves Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

CH30T21S2N3 3000 8.0 9.54 21.0 3.0 20 

CH30T21S3N3 3000 8.0 9.54 21.0 3.0 30 

CH30T21S4N3 3000 8.0 9.54 21.0 3.0 40 

CH30T25S0N3 3000 8.0 9.54 25.0 3.0 0 

CH30T25S1N3 3000 8.0 9.54 25.0 3.0 10 

CH30T25S2N3 3000 8.0 9.54 25.0 3.0 20 

CH30T25S3N3 3000 8.0 9.54 25.0 3.0 30 

CH30T25S4N3 3000 8.0 9.54 25.0 3.0 40 

 

Table A.4: Test Series D wave conditions 

Test Part No. of waves Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

DH45T15S0N3 3000 8.5 10.12 15.0 4.5 0 

DH45T15S1N3 3000 8.5 10.12 15.0 4.5 10 

DH45T15S2N3 3000 8.5 10.12 15.0 4.5 20 

DH45T15S3N3 3000 8.5 10.12 15.0 4.5 30 

DH45T15S4N3 3000 8.5 10.12 15.0 4.5 40 

DH45T18S0N3 3000 8.5 10.12 18.0 4.5 0 

DH45T18S1N3 3000 8.5 10.12 18.0 4.5 10 

DH45T18S2N3 3000 8.5 10.12 18.0 4.5 20 

DH45T18S3N3 3000 8.5 10.12 18.0 4.5 30 

DH45T18S4N3 3000 8.5 10.12 18.0 4.5 40 

DH45T21S0N3 3000 8.5 10.12 21.0 4.5 0 

DH45T21S1N3 3000 8.5 10.12 21.0 4.5 10 

DH45T21S2N3 3000 8.5 10.12 21.0 4.5 20 

DH45T21S3N3 3000 8.5 10.12 21.0 4.5 30 

DH45T21S4N3 3000 8.5 10.12 21.0 4.5 40 

DH45T25S0N3 3000 8.5 10.12 25.0 4.5 0 

DH45T25S1N3 3000 8.5 10.12 25.0 4.5 10 

DH45T25S2N3 3000 8.5 10.12 25.0 4.5 20 

DH45T25S3N3 3000 8.5 10.12 25.0 4.5 30 

DH45T25S4N3 3000 8.5 10.12 25.0 4.5 40 
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Table A.5: Test Series F wave conditions 

Test Part No. of waves Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

EH30T18S10N1 1000 - - 18.0 3.0 100 

EH30T21S10N1 1000 - - 21.0 3.0 100 

EH30T25S10N1 1000 - - 25.0 3.0 100 

Table A.6: Test Series F wave conditions 

Test Part No. of waves SWL (mODN) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

FH35T15S0 2000 1.0 7.75 15.0 3.5 0 

FH35T15S1 2000 1.0 7.75 15.0 3.5 10 

FH35T15S2 2000 1.0 7.75 15.0 3.5 20 

FH35T15S4 2000 1.0 7.75 15.0 3.5 40 

FH35T18S1 2000 1.0 7.75 18.0 3.5 10 

FH35T18S2 2000 1.0 7.75 18.0 3.5 20 

FH35T18S4 2000 1.0 7.75 18.0 3.5 40 

FH35T21S1 2000 1.0 7.75 21.0 3.5 10 

FH35T21S2 2000 1.0 7.75 21.0 3.5 20 

FH35T21S4 2000 1.0 7.75 21.0 3.5 40 

FH41T15S0 2000 1.0 8.39 15.0 4.1 0 

FH41T15S1 2000 1.0 8.39 15.0 4.1 10 

FH41T15S2 2000 1.0 8.39 15.0 4.1 20 

FH41T15S4 2000 1.0 8.39 15.0 4.1 40 

FH41T18S1 2000 1.0 8.39 18.0 4.1 10 

FH41T18S2 2000 1.0 8.39 18.0 4.1 20 

FH41T18S4 2000 1.0 8.39 18.0 4.1 40 

FH35T15S0 2000 1.6 7.75 15.0 3.5 0 

FH35T15S1 2000 1.6 7.75 15.0 3.5 10 

FH35T15S2 2000 1.6 7.75 15.0 3.5 20 

FH35T15S4 2000 1.6 7.75 15.0 3.5 40 

FH35T18S1 2000 1.6 7.75 18.0 3.5 10 

FH35T18S2 2000 1.6 7.75 18.0 3.5 20 

FH35T18S4 2000 1.6 7.75 18.0 3.5 40 

FH41T15S0 2000 1.6 8.39 15.0 4.1 0 

FH41T15S2 2000 1.6 8.39 15.0 4.1 20 

FH41T15S4 2000 1.6 8.39 15.0 4.1 40 

FH41T18S2 2000 1.6 8.39 18.0 4.1 20 

FH41T18S4 2000 1.6 8.39 18.0 4.1 40 

FH35T15S0 2000 2.3 7.75 15.0 3.5 0 
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Test Part No. of waves SWL (mODN) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

FH35T15S1 2000 2.3 7.75 15.0 3.5 10 

FH35T15S2 2000 2.3 7.75 15.0 3.5 20 

FH35T15S4 2000 2.3 7.75 15.0 3.5 40 

FH35T18S2 2000 2.3 7.75 18.0 3.5 20 

FH35T18S4 2000 2.3 7.75 18.0 3.5 40 

FH41T15S0 2000 2.3 8.39 15.0 4.1 0 

FH41T15S2 2000 2.3 8.39 15.0 4.1 20 

FH41T15S4 2000 2.3 8.39 15.0 4.1 40 

FH41T18S2 2000 2.3 8.39 18.0 4.1 20 

FH41T18S4 2000 2.3 8.39 18.0 4.1 40 

FH45T15S0 2000 2.3 8.79 15.0 4.5 0 

FH45T15S2 2000 2.3 8.79 15.0 4.5 20 

FH45T15S4 2000 2.3 8.79 15.0 4.5 40 

FH45T18S2 2000 2.3 8.79 18.0 4.5 20 

FH45T18S4 2000 2.3 8.79 18.0 4.5 40 

Table A.7: Test Series F wave conditions and crest widths 

Test Part 
No. of 

waves 

SWL 

(mODN) 

Tp,wind 

(s) 

Tp,swell 

(s) 

Hm0total 

(m) 

Swell 

(%) 

Crest 

Width 

(m) 

Crest 

Elevation 

(mODN) 

FH45T15S4SL23_V02 2000 2.3 8.79 15.0 4.5 40 10 5.6 

FH45T15S4SL23_V03 2000 2.3 8.79 15.0 4.5 40 30 5.6 

FH45T15S4SL23_V04 2000 2.3 8.79 15.0 4.5 40 15 5.6 

FH45T18S4SL23_V02 2000 2.3 8.79 18.0 4.5 40 30 5.6 

FH45T18S4SL23_V03 2000 2.3 8.79 18.0 4.5 40 25 5.6 

FH45T18S4SL23_V04 2000 2.3 8.79 18.0 4.5 40 20 5.6 

FH45T18S4SL23_V05 2000 2.3 8.79 18.0 4.5 40 15 5.6 

Table A.8: Test Series G wave conditions and beach configurations 

Test Part 
SWL 

(mODN) 

Tp,wind 

(s) 

Tp,swell 

(s) 

Hm0total 

(m) 

Swell 

(%) 

Crest 

Width 

(m) 

Crest 

Elevation 

(mODN) 

Back 

slope 

(1 in ) 

GH45T15S4SL23C12E56B20 2.3 8.79 15.0 4.5 40 12.0 5.6 2.0 

GH45T18S4SL23C12E56B20 2.3 8.79 18.0 4.5 40 12.0 5.6 2.0 

GH45T15S4SL23C10E56B20 2.3 8.79 15.0 4.5 40 10.0 5.6 2.0 

GH45T18S4SL23C10E56B20 2.3 8.79 18.0 4.5 40 10.0 5.6 2.0 

GH45T15S4SL23C10E56B40 2.3 8.79 15.0 4.5 40 10.0 5.6 4.0 
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Test Part 
SWL 

(mODN) 

Tp,wind 

(s) 

Tp,swell 

(s) 

Hm0total 

(m) 

Swell 

(%) 

Crest 

Width 

(m) 

Crest 

Elevation 

(mODN) 

Back 

slope 

(1 in ) 

GH45T18S4SL23C10E56B40 2.3 8.79 18.0 4.5 40 10.0 5.6 4.0 

GH45T15S4SL23C10E60B20 2.3 8.79 15.0 4.5 40 10.0 6.0 2.0 

GH45T18S4SL23C10E60B20 2.3 8.79 18.0 4.5 40 10.0 6.0 2.0 

GH45T15S4SL23C12E50B20 2.3 8.79 15.0 4.5 40 12.0 5.0 2.0 

GH45T18S4SL23C12E50B20 2.3 8.79 18.0 4.5 40 12.0 5.0 2.0 

Table A.9: Test Series H wave conditions 

Test Part SWL (mODN) Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

HH35T15S2SL10 1.0 6.5 7.75 15.0 3.5 20 

HH35T15S4SL10 1.0 6.5 7.75 15.0 3.5 40 

HH41T15S4SL10 1.0 7.0 8.39 15.0 4.1 40 

HH35T15S2SL16 1.6 6.5 7.75 15.0 3.5 20 

HH35T15S4SL16 1.6 6.5 7.75 15.0 3.5 40 

HH35T18S4SL16 1.6 6.5 7.75 18.0 3.5 40 

HH41T15S4SL16 1.6 7.0 8.39 15.0 4.1 40 

HH41T18S2SL16 1.6 7.0 8.39 18.0 4.1 20 

HH41T18S4SL16 1.6 7.0 8.39 18.0 4.1 40 

HH35T15S2SL23 2.3 6.5 7.75 15.0 3.5 20 

HH35T15S4SL23 2.3 6.5 7.75 15.0 3.5 40 

HH35T18S4SL23 2.3 6.5 7.75 18.0 3.5 40 

HH41T15S4SL23 2.3 7.0 8.39 15.0 4.1 40 

HH41T18S2SL23 2.3 7.0 8.39 18.0 4.1 20 

HH41T18S4SL23 2.3 7.0 8.39 18.0 4.1 40 

HH45T15S2SL23 2.3 7.4 8.79 15.0 4.5 20 

HH45T15S4SL23 2.3 7.4 8.79 15.0 4.5 40 

HH45T18S2SL23 2.3 7.4 8.79 18.0 4.5 20 

HH45T18S4SL23 2.3 7.4 8.79 18.0 4.5 40 

HH49T15S4SL23 2.3 7.7 9.17 15.0 4.9 40 

HH52T10S0SL23 2.3 7.9 9.45 10.0 5.2 0 

HH52T15S4SL23 2.3 8.9 9.45 15 5.2 40 
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Test Part SWL (mODN) Tm0,2,wind (s) Tp,wind (s) Tp,swell (s) Hm0total (m) Swell (%) 

HH52T15S4SL12 1.2 8.9 9.45 15 5.2 40 

HH54T10S0SL23 2.3 8.1 9.63 10.0 5.4 0 

Source Test Part HH52T10S0SL23 and HH54T10S0SL23 were run to examine the response of the Hurst shingle 

ridge to 1:100 and 1:200 year storm wave conditions 

Table A.10: Test Series I reproduced storm conditions  

Test Part 
Storm 

Date 

CCO Spectra 

profile 

SWL 

(mODN) 

Hm0total 

(m) 

Tp,swell 

(s) 

Tp,wind 

(s) 

Swell 

(%) 

Beach 

Reshap

ing 

IH24T22S6SL13 15/02/2011 
Chesil}2011-

02-15T16h12Z 
1.3 2.4 22 7 60 Yes 

IH30T22S7SL08 15/02/2011 
Chesil}2011-

02-15T18h11Z 
0.8 3 22 7 70 No 

IH27T23S5SL02 15/02/2011 
Chesil}2011-

02-15T20h12Z 
-0.2 2.7 23 10 50 Yes 

IH44T21S5SL16 06/01/2014 
Chesil}2014-

01-06T20h36Z 
1.6 4.4 21 9 50 No 

IH50T21S5SL22 06/01/2014 
Chesil}2014-

01-06T22h06Z 
2.2 5 21 9 50 No 

IH50T20S4SL18 06/01/2014 
Chesil}2014-

01-06T23h06Z 
1.8 5 20 9 40 No 

IH67T17S6SL28 05/02/2014 
Chesil}2014-

02-05T09h36Z 
2.8 6.7 17 9 60 No 

IH65T15S8SL20 05/02/2014 
Chesil}2014-

02-05T12h07Z 
2.0 6.5 15 7 80 No 

IH55T17S4SL10 05/02/2014 
Chesil}2014-

02-05T14h06Z 
1.0 5.5 17 10 40 No 

IH52T12S7SL15 08/02/2014 
Chesil}2014-

02-08T10h06Z 
1.5 5.2 12 9 70 No 

IH55T20S1SL15 08/02/2014 
Chesil}2014-

02-08T13h37Z 
1.5 5.5 20 11 10 No 

IH55T20S1SL15

_V02* 
08/02/2014 

Chesil}2014-

02-08T13h37Z 
1.5 5.5 20 11 10 No 

IH66T13S5SL28 14/02/2014 
Chesil}2014-

02-14T20h03 
2.8 6.6 13 9.5 50 No 

IH83T15S9SL10 14/02/2014 
Chesil}2014-

02-14T21h33 
1.0 8.3 15 8.5 90 No 

IH78T16S7SL0 14/02/2014 
Chesil}2014-

02-15T00h03 
0.0 7.8 16 8.8 70 No 

Source: * Test Part was repeated using a different seed in the wave maker generator, i.e. different time series in a 

random wave generation with the same frequency spectra 
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Table A.11: Test Series I – overwashing/breaching wave conditions 

Test Part 
SWL 

(mODN) 

Hm0total 

(m) 

Tp,swell 

(s) 

Tp,wind 

(s) 

Swell 

(%) 

Crest 

elevation 

(mODN) 

Crest 

Width 

(m) 

Back slope 

(1 in) 

IH80T21S4SL20 2.0 8 21 9 40 11.5 15 6 

IH80T21S4SL20_

V02 
2.0 8 21 9 40 11.5 15 6 

IH80T21S4SL20_

V03 
2.0 8 21 9 40 11.5 15 6 

1_IN_4_V01 2.0 8 21 9 40 11.5 15 4 

1_IN_4_V02 2.0 8 21 9 40 11.5 15 4 

1_in_4_V03 2.0 7.5 25 9 40 11.5 15 4 

1_in_4_C10_V01 2.0 7.5 25 9 40 11.5 10 4 

1_in_4_C10_V02 2.0 7.5 25 9 40 11.5 10 4 

Source: (Test Part 1_IN_4_V01 and V02, where V01 and V02 indicates that different seed were used) 

Table A.12: Test Series I – Healing process  

Test Part SWL (mODN) Hm0total (m) Tp,swell (s) Tp,wind (s) Swell (%) 

Duration 

(hrs) 

Healing_V01 2.0 3.0 10.0 6.0 20 2 

Healing_V02 2.0 3.0 15.0 6.0 20 2 

Healing_V03 2.0 4.5 15.0 7.5 20 2 

 

Table A.13: Test Series J wave conditions and beach configurations 

Test Part Storm 
SWL 

(mODN) 

Hm0total 

(m) 

Tp,swell 

(s) 

Swell 

(%) 

Crest 

Width 

(m) 

Crest 

Elevation 

(mODN) 

Back 

Slope 

(1 in) 

Front 

Slope 

(1 in) 

2005_11_03 

03/11/200

5 
2.4 3.3 18 35 15.0 5.6 7.0 4.0 

1_IN_200_0_W15

_E56 
1 in 200 3.0 3.8 18 0 15.0 5.6 7.0 4.0 

1_IN_200_20_W1

5_E56 
1 in 200 3.0 3.8 18 20 15.0 5.6 6.0 4.0 

1_IN_200_20_W1

5_E60 
1 in 200 3.0 3.8 18 20 15.0 6.0 6.0 4.0 

1_IN_200_20_W0

9_E70 
1 in 200 3.0 3.8 18 20 9.0 7.0 6.0 4.0 

1_IN_200_40_W0

9_E70 
1 in 200 3.0 3.8 18 40 9.0 7.0 6.0 4.0 
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Test Part Storm 
SWL 

(mODN) 

Hm0total 

(m) 

Tp,swell 

(s) 

Swell 

(%) 

Crest 

Width 

(m) 

Crest 

Elevation 

(mODN) 

Back 

Slope 

(1 in) 

Front 

Slope 

(1 in) 

1_IN_200_40_W0

9_E70_V02 
1 in 200 3.0 3.8 18 40 9.0 7.0 6.0 4.0 

1_IN_200_40_W2

0_E60 
1 in 200 3.0 3.8 18 40 20.0 6.0 6.0 3.0 

1_IN_200_40_W1

6_E65 
1 in 200 3.0 3.8 18 40 16.0 6.5 6.0 3.0 

1_IN_200_40_W1

4_E65 
1 in 200 3.0 3.8 18 40 14.0 6.5 6.0 3.0 

1_IN_200_40_T22

_W16_E65 
1 in 200 3.0 3.8 22 40 16.0 6.5 6.0 3.0 
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