Project
title
Coastal Flooding Hazard by Wave Overtopping
SHADOW Phase 1
DEFRA
project code
FD2410


Department for Environment, Food and Rural Affairs
CSG 15
Research and Development

Final Project Report
(Not to be used for LINK projects)

Two hard copies of this form should be returned to:


Research Policy and International Division, Final Reports Unit


DEFRA, Area 301


Cromwell House, Dean Stanley Street, London, SW1P 3JH.

An electronic version should be e-mailed to resreports@defra.gsi.gov.uk





Project title
Coastal Flooding Hazard by Wave Overtopping
SHADOW Phase 1

DEFRA project code
FD2410


Contractor organisation and location
HR Wallingford Ltd
Howbery Park, Wallingford
OXON, OX10 8BA

Total DEFRA project costs
£ 140,000


Project start date
01/01/02

Project end date
01/03/02

Executive summary (maximum 2 sides A4)
To tab in this section press the tab key and the Control key together
Press the DOWN arrow once to move to the next question.

One of the principal concerns for practising coastal engineers is the accuracy and applicability of the range of methods available for predicting peak and mean wave overtopping volumes and discharges at coastal structures.  Many of the methods are limited in the range and types of structure to which they may be applied, and there exist common structure configurations around the UK coastline for which there are no reliable prediction methods.  Those methods that are available have generally been derived from empirical data collected for simple structures under 2dimensional wave attack, and where the resulting empirical data and resultant analytical methods, has been quite specific to the particular test structures.  There is increasingly a need for more general methods that may be applied across the range of typical coastal structures that are to be found around the UK.  This is especially important with regard to the expected sea level rise of 300mm over the next 50 years, and the increased confidence levels that are required on the overtopping performance of new and refurbished structures where public safety is concerned.

This research has partially focussed on obtaining new data sets for test structures that have not been tested previously, and on reproducing comparative data sets for existing empirical methods.  These data have been collected for 2 and 3-dimensional structure configurations, for 2-dimensional partially armoured and rock mound structures, and will be used for a variety of analytical purposes.  Originally conceived to extend the range of predictive tools and provide good quality data to use for calibrating and validating numerical models of wave overtopping, the research has developed beyond the original scientific objectives.  Since this project was commissioned, a number of additional research projects have begun (see final paragraph of summary), and this has allowed the research team to significantly extend the scope of the original proposal.  The series of 3-dimensional tests were extended to investigate a vertical wall with a shallow sloping approach where impulsive breaking can occur, and on a slope of 1:2.  The combined efforts of the two research projects have allowed a substantially wider range of seawall and test conditions to be examined.

To extend the range of predictive tools that are available for calculating overtopping volumes and discharges it is necessary to calibrate and validate existing nonlinear shallow water numerical models.  Overtopping volumes and discharges for previously untested structure configurations are assessed for situations where there are no calibrated empirical methods.  The ANEMONE OTT 1d nonlinear shallow water model, developed at HR Wallingford, has been compared with data collected from the tests.  Calibration of wave conditions and the development of the physical modelling test programme have provided data for use in validating this and other numerical models.  Physical model data for wave-by-wave, total, and mean overtopping discharges have been collected for 2-dimensional structures and ANEMONE OTT 1d has been programmed to simulate, as closely as possible, the same conditions as the physical model.  Similarly, wave-by-wave, total and mean overtopping data have been collected for comparison with the physical model data.  The analysis of these overtopping data will facilitate an improved correlation between the physical and numerical output, and allow the model to be calibrated for a wide range of situations.

The research has provided new data which will enable existing design methods to be improved and updated.  These data will improve significantly the accuracy of existing prediction methods.  Calibration of the wave conditions and the development of the test programme have provided data for use in validating and calibrating the numerical model ANEMONE OTT 1d.

Additional studies under FD2410 and the project extension FD2412 have been enhanced by support from the EU research project CLASH (“Crest level assessment of coastal structures by full scale monitoring, neural network prediction and hazard analysis on permissible wave overtopping”), and through collaborations with the German Coastal Research Station, Nordeney; Liverpool University; and Universities of Edinburgh & Sheffield (VOWS project).  Elements of testing and analysis started under FD2410 have been extended and will now be reported under FD2412.  Measurements of overtopping under 3-dimensional conditions (SHADOW 3-D) have been extended by collaboration with the VOWS research project supported at Edinburgh & Sheffield by EPSRC which has  used shared facilities and measurement methods.  The main test results from SHADOW 3-D will be reported during FD2412, with further analysis being reported by University of Liverpool and under the CLASH combined database project (CLASH work package 2).
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1.
INTRODUCTION

In the UK, the primary concern in designing seawalls and related sea defence structures is identifying the overtopping performance, and then relating this with confidence to the intended structure geometry.  Empirical methods (formulae or simple computer software) are available to assist this design process, but are limited to simple generic structure shapes, and restricted ranges of geometry.  Methods to predict overtopping of shallow sloping seawalls or composite sections show wide margins of uncertainty, and the different models show relatively poor agreement.  

The most widely used tools to predict wave overtopping are empirical formulae, used to calculate crest levels, seaward slope angle, and degree of roughness and / or permeability to deliver defined levels of overtopping.  Hydraulic model testing of simple or generic seawall shapes using random waves has generated much more data, used in turn to give more realistic prediction methods for overtopping, and have allowed development of probabilistic approaches to predict coastal flooding.  But most of those research studies have concentrated on improving predictions for mean overtopping discharge (rather than peak or wave-by-wave discharges) and are biased towards simple sloping embankments and vertical walls.  There are still gaps in the data, and therefore weaknesses in predictions.  In particular, current methods by Owen, van der Meer, Hedges & Reis and Besley can give significantly different predictions at the threshold level of wave overtopping.

Alternative methods have been developed using numerical modelling of wave overtopping.  Models such as ANEMONE OTT, ODIFLOCS, IBREAK, and AMAZON, simulate wave run-up and overtopping at shallow sloped structures.  They use non-linear shallow water wave equations, and require the assumption that wave run-up processes can be treated as depth-averaged flows.  This assumption is probably correct for cases close to the shoreline, but must ultimately be invalid for steep walls, recurves, and a number of other structure configurations.  Some numerical models have been validated against selected data, but limits of applicability of these models are not well accepted, nor are validation data sets widely available.  Indeed, it appears that some users operate their models substantially outside of the model’s theoretical range. 

2.
STUDY DESIGN

Experience from previous research and in supporting consulting engineers in design studies have identified common structure configurations for which empirical methods are not available or are not reliable.  As prediction methods have become generally more complete, so more attention has been focussed on re-examining acceptable defence standards and in refining risk analysis and decision support methods, of particular benefit when many different options must be considered.  Notwithstanding this, the greatest improvements in safety or cost optimisation for sea defence schemes, particularly where options are limited, can still be produced by refining the main design methods, in combination with improvements in target performance criteria.  This suggests that empirical models based on model test and field data will still provide scheme / structure designers with the most common predictions over the next 5-10 years.  Some designers will use numerical models for some configurations, and they or others will continue to use physical modelling for detailed studies.  In any event, improving reliability of design will require that present tools be extended.  Those areas that required the most urgent improvements, were identified as Topics 1 & 2 in the original research proposal and are restated below.  

Topic 1)  Overtopping of shallow, composite, bermed or partially armoured slopes.  Improve overtopping predictions by deriving new empirical design methods to describe mean and peak overtopping discharges and wave-by-wave overtopping volumes for substantially wider configurations of defence structures including 3-d wave attack.  Extend analysis using Owen’s, Hedges & Reis, van der Meer’s, Besley’s and other methods to describe mean and peak overtopping discharges and distribution of wave-by-wave volumes.  Re-analyse overtopping of bermed, composite and, armoured slopes to develop fully dimensionless prediction methods.

Topic 2)  Validation of numerical models of wave overtopping.  Develop validation data sets of main overtopping processes, using mean and individual overtopping discharges / volumes.  Compare measurement data against calculations with numerical models.  Identify ranges over which numerical models can be applied safely, with particular emphasis on identifying limits of validity.  Develop new guidance on the reliability and use of these classes of numerical models in design work.

The principal overtopping prediction methods currently in use in Europe were developed by Owen (1980), van der Meer (1995, 1998), Hedges & Reis (1998) and Besley (1999).  Each of these prediction methods have intrinsic limitations to their accuracy.  The physical model data from which these design equations have been derived exhibit significant scatter.  In an early analysis, Douglass (1984) concluded that overtopping rates calculated using empirical equations could only be within a factor of 3 (at best) of the actual overtopping rate.  This range of uncertainties was supported by probabilistic simulations by Allsop & Meadowcroft (1996).  Overtopping rates are very sensitive to small variations in seawall geometry, local bathymetry and wave climate.  These methods are generally based upon the results of tests conducted on models intended to represent generic structural types, such as vertical walls, armoured slopes et cetera.  The inevitable differences between these structures and site-specific designs may lead to large differences in overtopping performance.  In particular, Hedges & Reis predict zero overtopping for a wave of Hs=0.1m and Tm=2.25s over 1000 wave periods for a given structure, whereas van der Meer predicts approximately 7 litre per wave (per m run).  The discrepancies in these predictions may be attributed partially to a lack of available data for very low overtopping events, and to differences in the form of the prediction equations.  It may therefore be concluded that predictions of overtopping rates may only be correct to within one order of magnitude provided that the method is not extrapolated significantly outside of its original range; the overtopping processes are not significantly altered, and that the method is not used to predict very low overtopping rates.

The model studies for Topic 1 originally envisaged a programme exclusively of 3-d wave basin tests, but early discussions identified a number of important reasons to include both 2-d flume and 3-d basin tests.  The use of 2-d flume tests would give substantially greater confidence in data to test and validate the numerical models, and the quicker rates of reconstruction and testing would allow responses or particular structure types to be studied in much greater depth than would be possible in a 3-d basin.  A series of 2-d tests were also introduced specifically to provide data for low overtopping events.  The research team therefore identified a programme of 2-d and 3-d physical model tests to provide new empirical data on overtopping for structure configurations, and wave conditions not studied previously.  These are described in HR Wallingford reports, TR 127 and TR 128.

Data collection for Topic 1 included wave-by-wave, total, and mean overtopping discharges, and give good definition of wave overtopping for wave conditions near to the lower threshold.  Comparison of prediction methods with the new data suggest that differences between predicted and measured discharges vary by as much as 3500%, with average differences approximately 325%.  Under FD2412 and CLASH, these new data will be used to improve or extended empirical design methods of Owen, van der Meer, Hedges & Reis and Besley.

3.
STUDY RESULTS

3.1
Topic 1 - tests on shallow slopes and partially impermeable slopes (2-d)

A structure with a smooth impermeable slope of 1:2 was chosen as the “base case” for both the 2-d & 3-d test programmes, acting as a benchmark from which all data may be compared.  Many previous studies have measured overtopping on a 1:2 smooth impermeable slope, but it was concluded that there are sound scientific reasons for repeating these tests.  Firstly, any new tests require their results to be checked against known bench-marks, so the wide availability of existing empirical data and prediction methods for 1:2 slopes allowed the new data set to be subjected to rigorous checks.  It was also important to extend present knowledge to low / no overtopping limits to assist the definitions of overtopping threshold conditions.  These new data will therefore improve significantly the reliability of extended methods based on Hedges & Reis’ approach.

Partial armour coverage of embankment seawalls with slopes close to 1:2 has become common in the UK where rock is used to reduce reflections, and provide protection against beach erosion and / or toe scour.  Reducing beach levels and scour can both lead to increased wave action at the defence, and hence increased overtopping.  A common procedure has therefore been to armour the face and toe of the existing embankments.  Such armouring is however often not carried up to the crest.  The effect of varying the roughness over only part of the slope was therefore studied with rock armour covering 90%, 75% and 50% of a 1:2 slope.

Overtopping tests for full rock mounds (2-d) were also conducted under collaboration with a separate DETR funded project into the influence of rock packing on the hydraulic performance and stability of rock armour.  Overtopping discharges were measured for rock layers in three main configurations:

double layer densely packed with porosity in the range nv = 0.30~0.42; 

double layer standard packed with a porosity in the range nv = 0.33~0.45; 

single layer with a porosity in the range nv = 0.27~0.39.  

New values of roughness factor, r, for Owen’s equation were computed in the first stage of analysis.

Overtopping of simple 1:10 and 1:15 slopes was also measured for the first time.  Slopes of 1:10 were taken as indicative of flatter shingle slopes, whilst 1:15 slope is indicative of the steepest sand beaches, so relatively impermeable, although probably at the outer limit of beaches that experience significant overtopping.  Whilst such beach slopes may be quite frequently found around the British Isles, there are no data or methods currently available to predict overtopping for slopes of 1:10, or for 1:15 reliably.  It should be noted that, in designing these experiments, it was fully accepted that beaches often re-shape significantly under wave attack, both changing profile and dissipating wave energy.  Such re-shaping will however take time, particularly for a sand beach whose profile might therefore be relatively unchanged at the start of a storm.  Overtopping of shingle beaches is also significantly influenced by the permeability of the beach, providing internal flow paths as well as the external path of crest overtopping.  Tests on fixed impermeable slopes were therefore NOT intended to be used to predict overtopping of beaches per se, but rather to test and extend the outer limits of empirical models for fixed profile impermeable slopes.  The data from these tests may also be used to validate / calibrate numerical models of wave run-up with any formulation / sub-routines for permeable effects being shut off.
3.2
Topic 1 - tests on effects of wave obliquity (3-d tests)

Prediction methods for overtopping are often valid mainly for shore-normal wave attack (( = 0(), yet few seawalls and breakwaters align perfectly with incoming waves.  A few experimental studies (or field data) are available where waves approach the wall obliquely, but very little is known about wave overtopping at elbows, corners and training walls, although there are evidence from sites around the world that there can be substantially enhanced overtopping in re-entrant corners.  

Evidence on 3-d effects are also contradictory.  Tests by Tautenhain et al. (1982) suggest that regular wave run-up could increase by perhaps 10% at small obliquities ((=0( to 35().  Owen (1980) found increased overtopping for random (long-crested) waves at (=0( to 30( for simple slopes and berms, with a maximum around ((15(.  Conversely, studies by Allsop & Calabrese (1998, 1999) on wave impacts suggested that impulsive breaking might be significantly reduced by obliquity, even at relatively small angles.  Juhl et al. (1994) confirmed increased overtopping for small freeboards and small angles for simple rubble slopes under long-crested waves, but for 20(<(<30( found a pronounced reduction in overtopping.  Tests by de Waal et al. (1992) on sloping structures showed increased overtopping for a few tests at 10(<(<30(.  Mean overtopping for long-crested waves remained almost constant for (<30( and then decreased for 30(<((60(.

During an early part of the study, it was therefore decided to extend tests to both 2 and 3-dimensional configurations.  This was made possible by sharing test facilities and measurement devices with EPSRC studies on violent overtopping of waves at seawalls (VOWS) run by Universities of Edinburgh and Sheffield, and supported by numerical modelling by Manchester Metropolitan University.  Under VOWS, small scale 2-d tests had already been completed at Edinburgh with measurements of wave-by-wave and mean overtopping volumes, number or % of overtopping, and of throw distance / velocity under a range of conditions, see Bruce et al (2001).  The VOWS project had also planned 3-d tests using a wave basin at Wallingford.  Combining VOWS and SHADOW 3-d tests allowed the use of advanced wave-by-wave overtopping devices developed at Edinburgh for both studies, and shared use of a single wave basin allowed HR Wallingford to allocate its new multi-element wave paddle to the combined study.  The use of shared staffing allowed a substantially wider range of seawall and test conditions to be examined.  The sole disadvantage of the shared work was a delay in time for the testing whilst the new multi-crested wave paddle was completed, and the wave basin was reserved for a longer tie slot.  Initial results of the 3-d test are presented in report TR 128, and are discussed by Napp et al (2002).  Further analysis will be completed under FD2412 and VOWS, and results will then be used in CLASH work package WP2.

3.3
Topic 2 – Comparisons of numerical models

Calibration of wave conditions and the development of the physical model test programme for FD2410 Topic 1 provided data to test / validate numerical models under Topic 2.  The ANEMONE OTT 1-d non-linear shallow water model, developed by Dodd (1998) at HR Wallingford, was then run using input data (surface elevations) collected in front of the test section.  Those data from the tests programmed directly into the numerical model compared well with surface elevations confirming ANEMONE model to be calibrated to be used as a predictive tool within its design range.  Comparisons between the physical and numerical models for wave-by-wave, total, and mean overtopping discharges have been made, see SR 601 by Pullen & Clarke (2002).

Work under Topic 2 will be extended in collaboration with the Coastal Research Station (CRS), Nordeney, Germany.  CRS has won national German government funding for research on application and reliability of numerical modelling for wave run-up and overtopping.  This study, in collaboration with Technical University of Delft, Delft Hydraulics and HR Wallingford will use and compare two different depth-averaged wave models to simulate wave run-up, and overtopping for selected seawall types and wave conditions.  Some validation data are available, but CRS have agreed to use the numerical models being tested to compare with data generated under Topic 1 of this project.  More details are given by Schulz et al (2002).

Physical model data for wave-by-wave, total, and mean overtopping discharges have been collected for 2-dimensional structures with slopes of 1:2, 1:10 and, 1:15.  ANEMONE OTT 1-d has been set-up to simulate, as closely as possible, the same conditions as the physical model.  The numerical and physical data have been compared, and further analysis will be completed under the collaborative project with Coastal Research Station, Nordeney (CRS).
4. 
RELATED STUDIES AND FURTHER WORK

The extent and quality of research under FD2410 (SHADOW phase 1) and FD2412 (SHADOW phase 2) have been substantially enhanced by support from the EU research project CLASH (“Crest level assessment of coastal structures by full scale monitoring, neural network prediction and hazard analysis on permissible wave overtopping”), and through collaborations with the German Coastal Research Station, Nordeney; Liverpool University; and Universities of Edinburgh & Sheffield (VOWS project).  Elements of testing and analysis started under FD2410 have been extended and will now be reported under FD2412.  Measurements of overtopping under 3-dimensional conditions (SHADOW 3-d) have been extended by collaboration with the VOWS research project supported at Edinburgh & Sheffield by EPSRC which has used shared facilities and measurement methods for the VOWS 3-d tests.  The main test results from SHADOW 3-d will be reported during FD2412, with further analysis on extending the Hedges & Reis approach being reported by University of Liverpool.  Other analysis will be reported under the CLASH combined database project (CLASH work package 2), see de Rouck et al (2002) and Medina et al (2002).

The SHADOW and VOWS research teams are involved in the CLASH project through a consortium of twelve European partners funded by the European Community 5th Framework Programme.  CLASH  seeks to solve problems of possible scale effects for wave overtopping and to produce a generic prediction method for crest height design or assessment.  Within CLASH, the SHADOW team will conduct full scale field measurements of overtopping at the vertical seawall at Samphire Hoe, Dover.  Small scale measurements of overtopping on the same seawall will then be compared with measured events, and compared with results from the Big-VOWS scale effect tests at Barcelona to give guidance on scale effects, see Bruce et al (2001) and Pearson et al (2002).  The collected results from these research projects will ensure that the next generation of predictive tools available to coastal engineers will have been derived from a far wider source of data than their predecessors.

RESULTS

The research has provided new data which will enable existing design methods to be improved and updated.  These data will improve significantly the accuracy of Hedges & Reis’ (1998) prediction method, providing the low and no overtopping data that this method presently lacks.  Results of the further tests on the impermeable 1:10 and 1:15 slopes, and on the partially armoured 1:2 slopes will substantially extend the range of empirical data / prediction methods.  Those results can be used directly by engineers designing and analysing the performance of coastal flood defence schemes.

Calibration of the wave conditions and the development of the test programme have provided data for use in validating the numerical model ANEMONE OTT 1-d, and can be used for other models.  These will then be able to be used with confidence as predictive tools, extending existing empirical methods.
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