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Abstract 

With changing climatic conditions, and ageing infrastructure, existing coastal 

defences need to be updated to create improved resilience in coastal regions. 

Retrofitting existing structures, can be a promising solution to improve the resilience 

of coastal infrastructure. The reliability of coastal defences can principally be assessed 

based on three aspects: overtopping results, hazardous zone and structural safety. A 

comprehensive physical model study was undertaken in a 1:50 scale wave flume, to 

investigate: 

• Wave overtopping reduction provided by four retrofitting prototypes,  

• Landward spatial distributions of overtopping water behind vertical 

seawall and recurve walls,  

• The applied wave loads on the vertical seawall and recurve walls.  

The physical modelling experiments were conducted in a research grade 

laboratory study. The tests were performed in a wave flume of 22m (l) × 0.6m (w) × 

1m (h), with a 1:20 smooth impermeable beach slope, with an approximate 1:50 scale. 

The flume was equipped with a piston-type wave generator with an active absorption 

system. Each test case consisted of approximately 1000 pseudo-random waves based 

on the JONSWAP spectrum. The overtopping discharge and proportion were 

measured by a system consisting of an overtopping detector, collection tank and load-

cell, behind the vertical seawall. When measuring the spatial distribution, the 

collection tank and load-cell were replaced with a multi chamber container. The wave 

loads applied on the structure were measured by 10 equally distributed pressure 

transducers with the sampling frequency of 1.28kHz. 

Effectiveness of recurve walls in reducing overtopping volumes (e.g. 

overtopping discharge, proportion) were evaluated against three other structural 

retrofitting options, including i) reef breakwater, ii) diffraction pillars and iii) model 

vegetation. By comparing overtopping results (e.g. overtopping discharge, 

overtopping proportion) measured on tested retrofits, recurve walls were evaluated as 

the most promising retrofitting approach within the tested structure, with over 63% 

reduction measured in mean overtopping discharge. It was observed that wave 
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overtopping reduction increased significantly with the relative freeboard at the vertical 

seawall. The influence of structural dimensions on wave overtopping reduction were 

analysed through the submerged depth on reef breakwater, packing density of 

vegetation, overhang and height of the recurve walls. Considering the recurve 

dimensions and wave characteristics, a new version of an equation is proposed for 

better estimation on mean overtopping discharges on recurve walls.   

Phase II of this study investigated the spatial distribution of overtopping water 

landward of the recurve wall. It was observed that the affected range of overtopping 

events reduced with a recurve wall on the crest of coastal defences, for all tested 

conditions. Three recurve walls provide favourable reductions (approximate to 45%) 

to the hazardous zone under non-impulsive conditions. Therefore, empirical equations 

are advised for each configuration. Difficulties were found when predicting the spatial 

distribution behind the recurve wall under impulsive wave conditions. However, a 

methodology was postulated based on the mean overtopping discharge reduction along 

the landward distance from the seawall.  

The addition of a recurve parapet was found to increase the applied wave loads 

on the whole structure, while contributing to the reduction in overtopping volumes. 

All horizontal wave loads become 1.4 times higher on average, and recurve walls 

additionally cause extra uplift loads which do not exit on the plain vertical seawall. 

The magnitude of both wave loads increased with different overhang length and height 

of the recurve wall. A longer overhang amplifies the uplift loads more significantly 

(around 1.7), while an increased recurve height is more likely to increase horizontal 

wave loads (around 1.5).  

Outcomes from this study give new understanding for wave overtopping on 

recurve walls. New equations are developed for estimating overtopping discharges and 

the hazardous zone behind tested recurve walls. Influences of recurve wall to the wave 

loads applied on the structure were also evaluated. These new results will benefit 

coastal engineers in further applications of recurve walls.
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1 Introduction 

1.1 Background 

It is reported by Office for National Statistics (2014) that is the UK coastline 

is longer than 12,000 km with approximately 10% of the total UK population living 

within coastal areas. The safety of these populations and infrastructures are under 

threat from overtopping events. Overtopping events occur when waves incident with 

wave height is sufficient to run over the seawall crest. These overtopping events will 

bring hazards to people (e.g. getting wet and hurt by spray) and infrastructures (e.g. 

flooding and structural failure) in coastal regions. 

Figure 1. 1 shows examples of overtopping events which occur in UK coastal 

areas, and their associated infrastructure damage. Figure 1. 1a and b show overtopping 

events at Dawlish and situations of a railway and roads after overtopping events; 

resulting in damaged railway and cancelled train services. Figure 1. 1c shows 

pedestrians being engulfed by overtopping events at Aberystwyth. Figure 1. 1d 

displays a failure of coastal defences and a damaged house in the North Sea coast. 

From these events it is clear that extreme overtopping events not only pose a threat to 

the safety of people and infrastructures (behind coastal defences), but also cause 

damage to the coastal seawall itself.  
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a b 

c d 
Figure 1. 1 Coastal hazards in the UK. a. A train pass through an overtopping event at Dawlish in 

2009. Source: (Cornwalllive, 2018). b. Rail damaged by strong overtopping waves at Dawlish. 

Source: (The Guardian, 2014). c. Overtopping waves at Aberystwyth Source: (BBC, 2017). d. House 

damaged under wave attacks in the North Sea coast in December 2013. Source: (BBC, 2018) 

The overtopping hazards shown above illustrate the importance on providing 

reliable estimations of overtopping volumes and possibilities. Empirical prediction 

tools have been developed over the years, with both field and laboratory measurements 

from extensive research conducted on vertical, sloping and composite structures. In 

determine overtopping discharge, relative freeboard ( 𝑅𝑅𝑐𝑐/𝐻𝐻𝑠𝑠𝑠𝑠 ) was the most 

importance parameter (Allsop, 1995; Franco et al., 1994). It is also observed that low 

wave impulsiveness (ℎ∗ = ℎ𝑠𝑠
2/(𝐻𝐻𝑚𝑚0𝐿𝐿𝑚𝑚−1,0)) are likely to result in larger overtopping 

discharge (Figure 1. 2). This observation indicates the importance of precise 

definitions of impulsive and non-impulsive wave conditions in overtopping discharge 

predictions. Wave steepness also plays an essential role in wave propagation and 

overtopping (Goda, 2000; US Army Corps of Engineers, 2008). The storm waves with 

large steepness are generally more likely to break, while swell waves with low wave 

steepness are able to propagate further. Wave breaking affects wave overtopping 

significantly, especially under depth limiting conditions. Shallow water conditions is 

of important consideration in predicting overtopping discharge on vertical seawalls 
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(Besley, 1999). Waves will break as entering shallow water, which results in the 

distribution of individual wave height deviating from the Rayleigh distribution. In this 

case, dominant number of waves break and hit structures when overtopping instead of 

run-up (Allsop, 1995; Besley, 1999). Overtopping discharge and proportion will be 

significantly under-estimated if shallow water conditions are not considered. Similar 

deviations are also observed on wave overtopping on structure with and without a 

foreshore, with high freeboard (Goda, 2009; Troch et al., 2014; van der Meer and 

Bruce, 2013; Victor and Troch, 2012b). On the contrary, with low or zero freeboard, 

there is no significant deviations observed.  

 
Figure 1. 2 Validations of measured overtopping discharges under shallow water conditions against 

Franco et al. (1994) equation. (Source: Besley et al. (1998)) 

Wave overtopping is also influenced by environmental elements, such as wind. 

Wind effects on wave overtopping discharge depend on the wind speed (Goda, 2000). 

The higher wind speed, the more significant overtopping discharge increased (de Waal 

et al., 1997). However, simulating wind effects remains a challenge in small scale 

physical model experiments. It is difficult to scale interactions between air and spray 

in small scale physical model experiments (Pullen et al., 2009). Further explorations 

are needed for quantifying wind effects.  

In terms of all previous research and measurements from VOWS and 

PROVERBS projects, equations for wave overtopping on seawalls and breakwaters 

were published (Allsop et al., 2005a; EurOtop, 2007). The overtopping results from 

breaking and non-breaking waves were distinguished by a wave impulsiveness 
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parameter (h*). Although a threshold in h* was given to identify impulsive and non-

impulsive conditions, it was indicated that waves transform gradually around the 

threshold. For reliable estimation of overtopping results, both impulsive and non-

impulsive results were advised to be considered under wave conditions in 

transforming range. Therefore van der Meer and Bruce (2013) unified equations for 

both conditions with reanalyses with CLASH datasets, and new equations were 

published in EurOtop (2018).  

Wave by wave overtopping events are essential in safety assessments as it 

provides information on discharge intensity. People, vehicles and structures are 

threatened by large individual waves instead of continues overtopping events in a 

storm duration. The probability distribution of individual volumes obey a Weibull 

distribution (US Army Corps of Engineers, 2008; van der Meer and Janssen, 1995). 

The maximum overtopping discharge can be predicted following the Weibull 

distribution with fair agreement (Pearson et al., 2002b). However no prediction 

equation provided, to date, for the Weibull b parameter used in predicting Vmax on a 

vertical seawall.  

Over the decades, global temperature increases have been reported worldwide 

due to the effects of global warming. IPCC (2013,2014,2018) reported sea level rises 

all over the world in past half century. It is estimated in these reports that sea level rise 

will continue in an increasing speed in the next century. The effects of sea level rise 

in coastal areas will be presented as significant increases in wave height and a more 

frequent return period of extreme large overtopping events (Cheon and Suh, 2016; 

Chini and Stansby, 2012; Chini et al., 2010) Therefore, it is important to enhance 

existing coastal structures facing long term challenges to build resilience against future 

larger overtopping events.  

Retrofitting structures are considered to be a promising approach to improve 

the performance of existing coastal defences in mitigating overtopping events. Hard 

and soft additional structures are two options of retrofitting structures. Firstly for hard 

defences, research has been carried out on crown walls (Liu et al., 2017; Tuan, 2013), 

parapets (Coeveld et al., 2006; Van Doorslaer et al., 2010) and on slopping structures. 

Kortenhaus et al. (2002) and Kortenhaus et al. (2003) examined the effectiveness of 

recurve parapet on plain vertical seawalls. Overtopping reduction was evaluated with 
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equations of recurve dimensions. These equations were later improved by Pearson et 

al. (2004), whereas accuracy of predictions is still in need of improvement. Secondly, 

soft defences such as permeable shingle beach (Pearson, 2010; Salauddin and Pearson, 

2019), vegetated sand dune (Bryant et al., 2019; Feagin et al., 2019), vegetation 

(Augustin et al., 2009; Forbes and Broadhead, 2007; Vuik et al., 2016) were 

investigated for wave attenuation. However, there is still a lack of sufficient 

knowledge to provide clear guidance on the performance of retrofitting structures for 

designing purposes in reducing wave overtopping. 

Discussions on permissible overtopping discharges enable people to 

understand potential hazards from the direct impact of overtopping events (Allsop et 

al., 2003; Allsop et al., 2005b; Bruce et al., 2003). Knowledge of physical mechanisms 

in overtopping processes is also important. In recent years, spatial distribution of 

overtopping water became an important topic of research to understand the safe area 

behind coastal defences. Bruce et al. (2005), Pullen et al. (2006) and Andersen and 

Burcharth (2007) related spatial distribution of overtopping water to the travel 

distance. Other structural parameters, such as permeability of deck on the crest, armour 

types and size will also influence the shape of spatial distribution (Lioutas, 2010; Van 

Kester, 2009). For environmental characteristics, wind is also able to increase the 

travel distance of overtopping water (Pullen et al., 2009). However, none of these 

aforementioned results include analyses on extreme large overtopping. It is essential 

to consider spatial distribution of maximum overtopping events, as they are likely to 

directly affect person and structures in coastal area (Andersen and Burcharth, 2006; 

Andersen et al., 2009). Overtopping water travels further for the case of maximum 

overtopping event in comparison to the mean overtopping volume. This phenomenon 

has been confirmed on sloping structures with both numerical and experimental 

research (Andersen et al., 2009; Peng, 2010; Peng and Zou, 2011). To date, limited 

discussions are given on the spatial distribution of wave by wave and the mean 

overtopping events on vertical seawall. Knowledge is still needed to relate spatial 

distributions of wave by wave with the mean overtopping events. 

Overtopping waves not only results in hazards to people and infrastructures, 

but to the coastal defences themselves (Figure 1. 1b and d). Values of wave pressure 

and overturning moments are vital in assessing the stability of coastal defences. Wave 
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loads enact on coastal structures usually vary between pulsating and impact loads. 

Research used to focus on pulsating loads due to their long-lasting duration on coastal 

structure. However, structure failures on vertical breakwaters happen worldwide, and 

the importance of impact loads in assessing overall wave loading was highlighted by 

Oumeraci (1994). Impact loads are very short-lasting but significantly larger in 

magnitude compared with pulsating loads. Research has been conducted for accurate 

prediction of impact loads (Goda, 2000; Kirkgöz, 1995). It was found that the breaking 

types of waves (Hattori et al., 1994) and air pocket between waves and structures 

(Bullock et al., 2001; Hull and Müller, 2002) influences the magnitude of maximum 

pressure. With systematic analyses on dependency of impact force on wave 

characteristics, Cuomo et al. (2010a); Cuomo et al. (2010b) suggested improved 

equations for predicting both impact, quasi-static forces and scale effects in small scale 

model experiments.  

Due to sea level rise, coastal structures should be improved against 

increasingly severe overtopping events. The structural stability is an important part in 

assessments of the improved structures. The magnitude and distribution of pressure 

changes due to geometrical shape changes of coastal defences (Martinelli et al., 2018; 

Ravindar et al., 2019). Research examined performance of recurve wall in overtopping 

reduction (Kortenhaus et al., 2003; Pearson et al., 2004), whereas limited discussions 

were given on quantifying the load changes on plain vertical seawall. Information is 

also desirable for the relationships between recurve shapes and wave loads.  

Overall, the performance of retrofitting structures in wave overtopping 

reduction is not fully understood yet. Not only the overtopping discharge, but the 

hazardous zone behind the structure should be assessed to evaluate the safety level of 

people and infrastructures in coastal regions. To estimate performance of retrofitting 

structures in reducing hazardous zones, the spatial distribution of wave-by-wave and 

mean overtopping events is considered to be an appropriate indicator. The integrity of 

coastal defences is another essential element to consider in assessing the reliability of 

the structure. The effects of recurve wall to applied wave loads on the structures should 

also be considered in safety assessments. To provide new knowledge with regards to 

questions above, systematic analyses are conducted in this study on landward 
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hazardous zone and wave loads applied on coastal structures with and without recurve 

walls under wave by wave and mean overtopping events. 

1.2 Research objectives 

The aim of this study is to investigate the influence on wave overtopping 

results in overtopping hazard zone and structural safety of coastal seawall due to 

retrofitting structures. This will be completed with the following objectives: 

1. The performance of retrofitting structures, including recurve wall, reef 

breakwater, diffraction pillars and vegetation, will be evaluated with 

measured overtopping results reference to values on plain vertical 

seawall.  

2. The hazard zone affected by overtopping events will be analysed with 

measurements of spatial distribution of overtopping water behind 

model seawalls. Discussions will be made on spatial distribution of 

wave by wave and the mean overtopping events associated with 

outcomes from previous research. Effects of retrofitting structures to 

spatial distribution will be evaluated compared to validated results on 

the plain vertical seawall.  

3. The structural safety of coastal seawall and retrofitting structures will 

be assessed through investigating overall force and overturning 

moments exacted by incident waves. The influences of retrofitting 

structures on these wave loads will be discussed in terms of 

measurements from retrofitted configurations and the plain vertical 

seawall.  

This study will provide new understandings on effectiveness of retrofitting 

structures in overtopping processes, which will benefit coastal engineers in designing 

seawalls.  
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2 Literature Review 

2.1 Synopsis 

This chapter reviews previous research on wave overtopping from vertical 

seawall and retrofitting structures. The wave overtopping from retrofitting structures, 

the spatial distribution of overtopping volume and effective loadings from incident 

waves are discussed in detail. The prediction tools and methodologies adopted in this 

study are discussed in detail. The limitations of current predictive tools are described 

and the knowledge gaps in wave overtopping reductions with use of retrofitting 

structures are highlighted. 

2.2 Wave characteristics 

In shallow coastal waters, wave elevation could be characterized based on 

interactions between incident and reflected waves. Under the same incident wave 

condition, different wave elevations could be formed as a result of different wave 

reflection rates, influenced by geomorphological features of the coastal environment. 

In order to develop robust prediction tools for wave overtopping volumes from coastal 

defences, understanding the incident wave characteristics such as significant wave 

height and wave period are essential. Due to limitations of physical measurement 

instruments, the wave characteristics cannot be measured directly. Previous research 

has established the framework to accurately obtain incident wave characteristics in 

physical modelling experiments.  

2.2.1 Definitions of wave characteristics. 

Waves are usually generated in the ocean due to effects of wind. The wind 

generated waves are propagating based on strength and duration of wind as well as 

fetch. The basic description of waves in ocean could be simplified in the form of 

sinusoidal waves. Figure 2. 1 illustrates a schematic of regular sine waves and 

describes the wave characteristics. 

The still water level (SWL) is defined as the average of all wave elevations 

measured during a test period. When the wave surface elevation cross the SWL from 

below to above, the interception is defined as up-crossing points. A single wave is 

defined as the wave surface between two adjacent up-crossing points. In a single wave, 
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the highest elevation from the SWL is called wave crest, while the lowest elevation is 

wave trough. The vertical distance between wave crest and trough is the wave height 

(H), and wave amplitude (a) is generally calculated as a=H/2. The wavelength is the 

distance between the same points on adjacent waves. The time period that a single 

wave travel between these two points on adjacent waves is defined as wave period (T). 

The vertical distance from SWL to the ocean’s bed is water depth (d).  

 
Figure 2. 1 The sketch for definitions of wave characteristics based on regular sine waves 

Waves can be categorized based on wave steepness, which is defined as the 

ration between wave height and length (𝑠𝑠 = 𝐻𝐻/𝐿𝐿). Generally, waves with steepness s0 

around 0.01 are defined as swell waves (EurOtop, 2018). Swell waves usually have a 

long wave period. Waves with steepness s0 = 0.04 to 0.06, are categorized as storm 

waves.  

 

Figure 2. 2 Definition of waves in terms of the breaker parameter. [Source: EurOtop 2018] 

As waves approach from deep water to shallow water, wave height increases 

and wavelength decreases, while wave period remains almost unchanged. This would 

result in a rapid increase in the wave steepness. When wave height become too large, 
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wave crest will become unstable and the wave breaking phenomena occur. Wave 

breaking processes in the nearshore plays an important role in overtopping. Wave 

breaking processes can be described with the breaker parameter, also known as 

Iribarren Number,  𝜉𝜉𝑚𝑚−1,0 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡/�(𝐻𝐻𝑚𝑚0/𝐿𝐿𝑚𝑚−1,0) . Based on breaker parameter, 

waves can be classified as spilling waves, collapsing waves, plunging waves and 

surging waves. Figure 2. 2 illustrates wave classifications based on breaker index and 

provide the breaker range for each type of waves. Two examples of spilling waves and 

plunging waves are given in Figure 2. 3. It is seen from the graph that small breaking 

waves happen in spilling waves, while significant wave breaks happen in plunging 

waves.  

(a).  

(b).  
Figure 2. 3 Pictures of waves (a) Spilling waves; (b) Plunging waves [Source: EurOtop 2018]  
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2.3 Overtopping discharge 

When incident waves reach the seawall, wave run-ups occur. Overtopping jets 

and spray may occur, if the waves are of sufficient magnitude. These jets and spray 

lands behind the coastal defences are named as overtopping discharges. The 

overtopping discharge is an indicator for assessing the risk of coastal flooding due to 

wave overtopping from coastal defences. Over the past decades, many investigations 

have been dedicated to understand and predict the wave overtopping discharges.  

According to a large number of field and laboratory investigations, the 

predictive relations derived for overtopping have improved in recent years. Franco et 

al. (1994) and Allsop (1995) demonstrated that relative freeboard (Rc/Hm0) plays a vital 

role in determining overtopping discharge. However, scatter between measured 

overtopping discharge from the predictions proposed by Franco et al. (1994) and 

Allsop (1995) indicated the importance of other influential parameters in overtopping. 

Comprehensive sets of laboratory and field measurements confirmed effects of wave 

steepness, structural dimensions, wind and toe structures on the wave overtopping 

volume (Allsop et al., 2005a; Bruce et al., 2009; de Waal et al., 1997; Goda, 2000; van 

der Meer and Bruce, 2013). EurOtop (2007) reviews and summarizes research 

outcomes into wave overtopping from coastal structures and provides predictive 

relations for wave overtopping volume under different hydrodynamic structural 

conditions. EurOtop (2018) provides an updated outlook and improved guidance for 

costal engineers.  

Although prediction tools on time averaged overtopping discharge have been 

well-developed in previous research, little information is available suggesting the 

intensity of overtopping volume. Pedestrian and vehicles in coastal regions are usually 

subjected by a single extreme overtopping event, rather than continues events. The 

importance of assessing maximum overtopping discharge and wave-by-wave 

overtopping volume was highlighted in the literature of this topic (Goda, 2000; US 

Army Corps of Engineers, 2008). The individual overtopping volume was found to 

follow a two-parameter Weibull distribution (Besley, 1999; Pearson et al., 2002b). 

Based on this finding, the maximum overtopping discharge can be associated with the 

shape parameter of Weibull distribution (Allsop et al., 2005a).  
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2.3.1 Mean overtopping discharge 

Franco et al. (1994) and Allsop (1995) proposed an exponential relationship 

for the mean overtopping discharge q, in the form of Eq.[2.1].  
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where Hm0 is the significant wave height from spectral analysis, Rc is the 

freeboard on the seawall, q is the discharge in unit width and time and a and b are 

fitting coefficients. The definition of variables used in wave overtopping calculations 

can be found in Figure 2.4. Measurements from Besley et al. (1998) and Allsop et al. 

(2005a) fitted this empirical relationship satisfactorily. However, for conditions with 

large relative freeboard, scatters from Eq. [2.1] were reported, leading to the 

identification of non-impulsive conditions. The impulsiveness of waves ℎ∗ =

ℎ𝑠𝑠
2/(𝐻𝐻𝑚𝑚0𝐿𝐿𝑚𝑚−1,0) is proposed to distinguish the impulsive and non-impulsive waves. 

Wave conditions with ℎ∗<0.23, are defined as impulsive waves. This condition is 

dominated by breaking waves. Conversely, the condition with ℎ∗>0.23 is defined as 

non-impulsive waves, where most of waves do not break. It was validated that wave 

conditions gradually transfer from non-impulsive to impulsive, with no clear defining 

boundary between impulsive and non-impulsive conditions (van der Meer and Bruce, 

2013).  

 

Figure 2. 4 Diagram of wave characteristics used in predictive formulae of wave overtopping 

discharges  

For impulsive conditions, where waves break before reaching the seawall, 

mean overtopping discharges are observed to decrease with a power law relation with 
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the relative freeboard Rc/Hm0 (Allsop et al., 2005a; Besley et al., 1998). This 

relationship was given in the form of Eq. [2.2].  
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0*

b

c

ms

Rq a h
Hh gh

 
=  

 
 [2.2] 

For the general overtopping predictive equations given by Franco et al. (1994) 

and Besley et al. (1998) for non-impulsive and impulsive conditions respectively, 

extensive physical experiments were conducted to determine the constants a and b in 

these equations. Equations with validated a and b parameters were adopted in EurOtop 

(2007) as follow:  

for non-impulsive conditions (ℎ∗ > 0.23), valid for 0.1<𝑅𝑅𝑐𝑐/𝐻𝐻𝑚𝑚0<3.5 
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for impulsive conditions (ℎ∗ ≤ 0.23), valid over 0.03<ℎ∗ × 𝑅𝑅𝑐𝑐/𝐻𝐻𝑚𝑚0<1.0 
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Further validations were made with the CLASH datasets for both non-

impulsive and impulsive conditions. Figure 2. 5 presents the comparisons between 

CLASH data and predictions from EurOtop (2007). It is observed that with low or 

zero relative freeboard, the mean overtopping discharge from impulsive and non-

impulsive conditions are of similar magnitude. The non-impulsive mean overtopping 

discharge decrease in an exponential relationship with Rc/Hm0, while the impulsive 

discharge obeys a power law function of h* Rc/Hm0. As Rc/Hm0 increases, the impulsive 

discharge gradually becomes larger than non-impulsive discharge. However, due to 

different x-axis used in Figure 2. 5 for impulsive and non-impulsive conditions, no 

direct comparison can be made between overtopping discharges under two types of 

wave conditions. It is caused by different normalizations of freeboard in impulsive and 

non-impulsive overtopping discharge equations. Thus, no direct comparison between 

Figure 2. 5 a and b for impulsive and non-impulsive discharges could be made.  
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(a).  

(b).  
Figure 2. 5 Validations of mean overtopping discharge equations with CLASH datasets. (a) Mean 

overtopping discharges of non-impulsive waves at a plain vertical wall. (b) Mean overtopping 

discharges of impulsive waves at a plain vertical wall [Source: EurOtop 2007] 

According to the validations shown above, satisfactory agreements are 

achieved between measurements from the CLASH database and overtopping 

discharge equations (Eq. [2.3] and [2.4]). However, overestimations are observed in 

impulsive discharges with low or zero freeboard. This could be interpretated due to 

the nature of the power law function in the vicinity of zero (= low to zero freeboard) 

(van der Meer and Bruce. 2013). As freeboard decreases, the power law function will 

tend to increase infinitely. Reviews on the CLASH database show that, exponential 

equations fit impulsive discharge well for the case of low and zero freeboard 

conditions. Therefore, van der Meer and Bruce (2013) recommended a new 

exponential function for impulsive discharge predictions when Rc/Hm0<1.35. In 

improved equations for impulsive discharge, y-axis of both equations are unified to 

𝑞𝑞/�𝑔𝑔𝐻𝐻𝑚𝑚0
3  instead of 𝑞𝑞/(ℎ∗2�𝑔𝑔ℎ3) in the previous prediction formulae, and the x-axis 
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represents Rc/Hm0. van der Meer and Bruce (2013) improved formulae also unified the 

x and y-axis of predictive equations for both impulsive and non-impulsive conditions, 

enabling comparisons between the two conditions. A comprehensive set of tests were 

conducted by van der Meer and Bruce (2013) to validate all impulsive conditions (see 

Figure 2. 6). In the new equations, impulsive dimensionless discharges are described 

with a function of dimensionless freeboard (Rc/Hm0), breaker index (Hm0/h) and wave 

steepness (sm-1,0).  

The mean overtopping discharge are estimated as per the empirical method 

suggested by (EurOtop, 2018) (see Eq. [2.5]-[2.7]). 

For non-impulsive conditions, 
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where  𝑅𝑅𝑐𝑐 is the crest freeboard of structure, h is the water depth at the toe of 

structure, 𝑔𝑔  is acceleration from gravity (=9.81 m/s2), 𝑞𝑞  is the mean overtopping 

discharge per meter structure width and 𝑠𝑠𝑚𝑚−1.0 is statistical wave steepness. 

Wave impulsiveness is important in predicting overtopping discharges 

(Besley, 1999). After long discussion on appropriate definitions of impulsive waves 

(Allsop et al., 2005a; Allsop et al., 1996; Goda, 2000), yet no clear boundary is 

available to distinguish impulsive and non-impulsive waves. EurOtop (2007) 

suggested a gradual transitions between two types of wave conditions. van der Meer 

and Bruce (2013) and EurOtop (2018) finally defined the wave impulsiveness as ℎ∗ =
ℎ𝑠𝑠
𝐻𝐻𝑚𝑚0

2𝜋𝜋ℎ𝑠𝑠
𝑔𝑔𝑇𝑇𝑚𝑚−1,0

2  and ℎ𝑠𝑠 is the water depth at the toe of the structure. Conditions with ℎ∗ < 
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0.23 were defined as impulsive conditions, and those with ℎ∗ > 0.23 known as non-

impulsive conditions. Figure 2. 6 presents the comparisons of prediction equations for 

non-impulsive and impulsive discharges. 

 

Figure 2. 6 Improved predictive equations of mean discharge for impulsive and non-impulsive 

condition [Source: van der Meer and Bruce (2013)] 

The new equation of impulsive discharge involves influences from sm-1,0 (wave 

steepness) and Hm0/h (breaker index). These two parameters generally vary between 

physical experiments. Figure 2. 6 illustrates the influences of these two parameters to 

predictions of mean overtopping discharges. For impulsive wave conditions, the new 

equations improve the accuracy of overtopping discharges especially under low or 

zero freeboard. 

In predicting overtopping discharges, it is also emphasized to consider the 

shallow water conditions. Wave characteristics may vary in shallow water due to low 

water depth at the toe of structure. Under shallow water conditions, wave trend to 

break and overtop though impacting instead of running up. This changes in 

overtopping mechanism results in significant increases in overtopping proportion and 

discharge (Besley, 1999). Similar results were observed in research on effects of 

foreshore slope and water depth on overtopping discharge. Though reviewing CLASH 

datasets, Cornett et al. (1999b), Goda (1974) and van der Meer and Bruce (2013) 

indicated that a foreshore slope under shallow water conditions would significantly 

increase overtopping discharge. These datasets were validated with equations from 

Franco et al. (1994) and Allsop (1995) for non-impulsive discharge on vertical 
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seawall. During this analyses, underestimations are found when validating Franco et 

al. (1994) and Allsop (1995) equations against overtopping discharges from sloping 

structures with a foreshore beach (Goda et al., 1975) . On the other hand, Cornett et 

al. (1999b) data, which were measured in deep water and no foreshore condition, agree 

with Franco et al. (1994). Thus, significance of shallow water conditions and foreshore 

slope in predicting overtopping discharge is confirmed. The influences from foreshore 

slope and toe depth was also investigated in sloping and steep structures (Goda, 2009). 

Further research measured overtopping discharge under conditions of extended slope 

angles and freeboard range on sloping structures without foreshore (Troch et al., 2014; 

Victor and Troch, 2012a). These studies reported that a foreshore slope and shallow 

water conditions would make limited difference in low or zero freeboard, but increase 

overtopping discharge significantly in large freeboard.  

2.3.2 The maximum overtopping volume 

With improved awareness of hazardous effects of extreme overtopping events, 

maximum overtopping discharge gradually became an essential indicator in 

overtopping hazards assessments. Since the maximum overtopping discharge can be 

significantly larger than the mean overtopping discharge, it can cause severe 

overtopping hazards in a short time period. Researchers have indicated that the 

individual peak values should be the dominating parameter for assessing the hazardous 

level of overtopping events (Andersen and Burcharth, 2007; Goda, 2000; US Army 

Corps of Engineers, 2008). EurOtop (2007) recommended Eq. [2.8] to predict the 

maximum single overtopping volume.  

 ( )1/
max ln b

owV a N=  [2.8] 

where a and b can be determined as the scale and shape parameter of the 

corresponding Weibull distribution of all individual overtopping volume, and 𝑁𝑁𝑜𝑜𝑜𝑜 is 

the number of overtopping events. It is found that the b is the most significant indicator 

in predicting Vmax (Hughes et al., 2012; Zanuttigh et al., 2013). To determine values of 

a and b, suggestions were given by EurOtop (2007) as: 

For non-impulsive condition (ℎ∗ > 0.23), 
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Prediction equations for the Now were provided by EurOtop (2007) referring 

to the original research published by Besley (1999) and Franco et al. (1994) for 

impulsive and non-impulsive wave conditions respectively.  

Predictions of the maximum individual overtopping volume from equations 

above reached satisfactory agreements with filed measurements (Pearson et al., 

2002b). Though reviewing CLASH database, van der Meer and Bruce (2013) re-

defined the impulsiveness parameter to distinguish impulsive and non-impulsive 

conditions. Equations for 𝑁𝑁𝑜𝑜𝑜𝑜  under impulsive and non-impulsive conditions were 

also re-validated. For impulsive wave overtopping, it was observed that 𝑁𝑁𝑜𝑜𝑜𝑜 rising 

with impulsiveness parameter ℎ2/𝐻𝐻𝑚𝑚0𝐿𝐿𝑚𝑚−1,0. A new form of prediction equation for 

𝑁𝑁𝑜𝑜𝑜𝑜  was developed by van der Meer and Bruce (2013). This equation was later 

adopted and validated in EurOtop (2018). Equations estimating Now  were offered as 

Eq.[2.9] and [2.10]. 
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Parameters 𝑡𝑡  and 𝑏𝑏  are further determined according to the wave 

impulsiveness. 

For the non-impulsive conditions, a and b could be determined from Eq. [2.11] 

and [2.12]: 
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and for impulsive conditions the scale and shape factor are determined from 

Eq. [2.13]: 

 2
0 1,00.85         for / 0.23m mb h H L −= <  [2.13] 

where Γ is the gamma function.  

2.3.3 Probability distribution of wave overtopping volumes 

According to huge quantity of datasets on wave characteristics, it was 

illustrated that the individual wave height in deep water obey the Rayleigh distribution 

(Longuet-Higgins, 1952). This conclusion is widely accepted and adopted by EurOtop 

(2018). As waves propagate shoreward, incident waves break due to higher wave 

height and shorter wavelength. The individual wave height deviates from the Rayleigh 

distribution due to wave breaking. Battjes and Groenendijk (2000) illustrated that the 

large individual wave breaks under the restriction of the water depth in shallow water, 

while the small incident waves remain unchanged. A distribution for shallow water 

conditions was published and agrees with measurements.  

Extensive investigations demonstrate that individual overtopping volumes 

obey the Weibull distribution (Hughes and Nadal, 2009; Nørgaard et al., 2014; Pan et 

al., 2015). This Weibull distribution contains of scale (a) and shape (b) parameters, 

and these two parameters are necessary in predicting 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 . Research on wave-by-

wave overtopping suggested that when fitting Weibull distribution to individual 

overtopping distribution, the gradient of the Weibull distribution regress to 

measurements on a Weibull plot was the rational Weibull b parameter (Pearson et al., 

2002b). Through studying wave-by-wave overtopping on sloping structures, Victor et 

al. (2012) and Hughes et al. (2012) advised the Weibull b parameter decreases with 

relative freeboard. Hughes et al. (2012) also reported that regressions with upper parts 
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or lower parts of overtopping events lead to quite different Weibull b parameter. The 

fitting with upper parts of overtopping events, meaning large overtopping volumes, 

provides better accuracy in predicting 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 . This suggestion was later accepted by 

Zanuttigh et al. (2013) and EurOtop (2018). Zanuttigh et al. (2013) suggested to 

predict the Weibull b parameter with dimensionless discharge (q/gHm0Tm-1,0), as 

Hughes et al. (2012) equation is not applicable on low crest rubble mound breakwater. 

The Weibull b parameter was found to increase with dimensionless discharge, and 

satisfying agreements were achieved.  

There is limited research published about prediction tools for Weibull b 

parameter on vertical structures. EurOtop (2018) claimed that it is currently difficult 

to predict Weibull b parameter with overtopping characteristics as methods applied 

for sloping structure. EurOtop (2018) suggested empirical values as a guideline for 

engineering design purposes. Further research on equations for predicting Weibull b 

parameter are desirable.  

In this thesis, only formulae for vertical structures are considered. Formulae 

for predictions of Weibull a and b parameter given in EurOtop (2018) are presented 

as Eq.[2.11]-[2.13]. The measurements from this study highlighted the deviations 

between measured Weibull b parameter and predictions suggested by EurOtop (2018). 

Unfortunately, no equation is available for the shape parameter on vertical structures 

published yet. Whether this shape parameter can be prediction as a function of wave 

characteristics and overtopping discharge is unknown. Efforts for this guideline is 

desirable for a more accurate prediction of maximum individual overtopping discharge 

and distribution of wave-by-wave overtopping volumes.  

2.4 Spatial distribution of overtopping waves 

In assessments of overtopping events, a number of research studies were 

carried out for accurate predictions of total overtopping discharge over the years. Total 

overtopping discharge, widely used as a major indicator, can assess the whole area 

behind the coastal defences under an equal risk of coastal flooding. The coastal area 

with overtopping hazards, should be distinguished with different safety levels with 

respect to their distance from the coastline. In recent years, spatial distribution of 

overtopping water became an important topic of research to understand the safe area 

behind coastal defences. The use of different locations behind the seawall depends on 
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the water volumes that will land there. The existing predictive tools for spatial 

distribution of overtopping are based on conservative empirical relations derived from 

total overtopping volume, whereas understanding the spatial distribution of severe 

overtopping hazards caused by extreme large overtopping events are necessary for 

safety assessment of coastal region.   

To answer this question, a number of studies have been performed for both 

sloping and vertical structures (Andersen and Burcharth, 2006; Bruce et al., 2005). 

Most of these studies tried to estimate the distribution of total overtopping water, 

which can help to understand the influence of the mean overtopping over a typical 

storm duration. It was found that the spatial distribution was mainly determined by 

wave characteristics, such as wave steepness, wave height and relative freeboard 

(Andersen et al., 2009). Dependence on wind speed was observed, and the wind speed 

would exponentially increase the spatial distribution of overtopping water (Pullen et 

al., 2006). 

Nonetheless, spatial distribution of mean overtopping discharge cannot 

provide sufficient information for assessments of instantaneous wave overtopping. As 

increasing awareness of threats imposed by extreme overtopping events, researchers 

recommended to consider the results of extreme large overtopping events, which may 

cause larger overtopping discharge and landward affected area. The analyses of 

extreme overtopping events are therefore essential to be conducted for spatial 

distribution. Previous research has confirmed that the maximum overtopping event 

would travel further than the averaged distribution (Peng and Zou, 2011; Pullen et al., 

2009). It would therefore be desirable if current knowledge could be extended for a 

prediction tool for extreme overtopping events.  

Based on previous research on smooth sloping and vertical structures, 

empirical predictive formulae have been proposed for the spatial distribution of the 

mean overtopping events, while formulae for extreme overtopping events requires 

further investigation. When seawalls protect coastal regions, the risk of coastal 

flooding should be re-assessed in terms of the enhancements from retrofitting 

structures. Nonetheless, limited information is provided about how coastal areas 

would benefit from retrofitting structures in the spatial distribution. How the extreme 
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large overtopping waves would re-distribute is the key indicator for re-assessing the 

coastal regions.  

2.4.1 Time averaged spatial distribution  

A few limited studies have been undertaken for travel distance of overtopping 

water behind sloping and vertical structures (Andersen and Burcharth, 2006; Lioutas, 

2010; Pullen et al., 2006; Van Kester, 2009). With large and small scale physical 

model experiments on rubble mound breakwaters, the spatial distribution of 

overtopping water can be described with an exponential function of travel distance 

(Andersen and Burcharth, 2006). Other characteristics, such as wave steepness and 

wave height, also play roles in determining the shape of spatial distribution. Andersen 

et al. (2009) suggested empirical equations of travel distance, wave steepness, 

significant wave height and ground level for spatial distribution on sloping structures. 

These equations are given as Eq.[2.14] and [2.15]. 
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Where 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝑝𝑝𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑔𝑔 𝑚𝑚 is the maximum volumes of water travel x m from the 

crest of seawall, 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ,𝑡𝑡𝑜𝑜𝑡𝑡𝑚𝑚𝑡𝑡  is the maximum volumes of total water overtopping, 𝑠𝑠𝑜𝑜𝑝𝑝 is 

the fictitious deep water peak wave steepness, β is the water obliquity, x is the travel 

distance at a distance ℎ𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 below the crown wall, ℎ𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 is the vertical distance from 

the crest of seawall to the landward ground level..  
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Figure 2. 7 Comparison between measured and predicted travel distance of overtopping on sloping 

structures. [Source: Andersen et al. (2009)](a) Results of total overtopping volumes. (b) Results of 

maximum overtopping volumes 

It can be deduced from Eq.[2.14] and [2.15] that 𝑠𝑠𝑜𝑜𝑝𝑝 and ℎ𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 will decreases 

the travel distance, while Hm0 will increase it. Figure 2. 7 shows the accuracy of 

prediction from Eq.[2.14] and [2.15] by comparing measured and predicted travel 

distance of overtopping water. Empirical predictions of travel distance of the total 

overtopping volume fit with physical measurements with good agreements. However, 

the hazardous threats of the maximum overtopping events have been emphasised by 

recent research studies (EurOtop, 2007; US Army Corps of Engineers, 2008). This 

research also highlighted the significance of individual extreme overtopping events, 

and the spatial distribution of the maximum overtopping event. Similarities were 

found between the results of the mean and extreme individual overtopping events. The 

same form of equation can be adopted for spatial distribution of extreme overtopping 

events Nonetheless, results from maximum overtopping events contain more scatter 

(Figure 2. 7b). Scale effects were investigated by validating predictions from Eq. 

[2.14] and [2.15] with large and small-scale physical model measurements. As limited 

deviations were observed, scale effects can be neglected for spatial distribution on 

smooth sloping structures. 

The outcome from these physical experiments are limited to green overtopping 

events on rubble mound breakwaters, with no wind effects. However, wind effects 
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cannot be ignored under certain field conditions. Further investigations would be 

desirable to assess the influence from wind speed and impulsive wave conditions. 

On vertical structures, overtopping processes becomes more complex. Waves 

break and run up on vertical seawall in a more turbulent form, causing more 

uncertainties in predicting wave overtopping actions. Bruce et al. (2005) and Pullen et 

al. (2009) investigated laboratory and field measurements of spatial distribution from 

the composite and steep structures in Samphire Hoe, Dover, UK. With measurements 

from these studies, the spatial distribution of overtopping water was described with an 

exponential function of travel distance. The equation is given as Eq.[2.16]: 

 ( )( )0/*     k x Lq e −=  [2.16] 

where 𝑞𝑞∗ is dimensionless discharge and 𝑞𝑞∗ = 𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏(𝑚𝑚/𝐿𝐿0)
𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(

𝑥𝑥
𝐿𝐿0

)
, k is an empirical 

constant which was derived from the best fit line of measurements when low wind 

speed were observed. With field measurements collected, effects of wind speed were 

discussed and shown in the empirical equation for spatial parameter k. The equation 

is shown as Eq.[2.17]: 

 ( )0.0329 wVk e −=  [2.17] 

where Vw is the wind speed. 

Equations shown above were empirically determined in terms of field and 

laboratory experiments, where the effects of wind speed were evaluated. As wave 

overtopping on vertical seawall are more turbulent than that on rubble mound 

breakwaters, only the distance from the toe of the seawall was considered. Limited 

information was provided for the influence from wave steepness and shape of 

structures. The spatial parameter k in Eq.[2.17] was determined conservatively from 

the extreme envelope of all the measured distributions (see Figure 2. 8 bolded line). It 

is proposed to provide safe results for engineering practitioners, thus results may 

include overestimations, for come configurations. 
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Figure 2. 8 Measured spatial distribution of overtopping water on vertical structure. [Source: Pullen et 

al. (2009)] 

In the above research, the spatial distribution of overtopping water was 

described with the proportion of overtopping water passing the crest of seawall in total 

volume. A multi-chamber container was applied to measure the overtopping volumes 

with various distance from the seawall. Andersen et al. (2009) divided the whole 

container into four equal sized large chambers, while Pullen et al. (2009) used seven 

equal sized chambers in the range of maximum 0.5 offshore wavelength. It was found 

that most of overtopping water landed closely behind the seawall, and the area right 

behind the seawall is the most dangerous area under threats of overtopping events. It 

raised a concern about the resolutions of measurements. It remains unknown that 

whether measuring spatial distribution with smaller sized chambers in the area right 

behind the seawall will make difference in results.  

According to filed and laboratory measurements, Andersen et al. (2009) and 

Pullen et al. (2009) claimed that scale effects in spatial distribution for impermeable 

sloping and vertical structure are negligible However, scaling should be considered 

when wind effects are involved, due to difficulties in scaling interactions between 

wind and spray.  

In addition to the physical model experiments, numerical simulations were 

used to extend results into more configurations. On the basis of a Reynolds-Averaged 

Navier-Stokes solver and Volume of Fluid surface capturing scheme model (RANS-

VOF), Peng and Zou (2011) took numerical measurements for relative low freeboard 

configurations on vertical seawall and sloping structure with 1:2 seaward slope. 
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Agreements were reached between numerical results and empirical predictions from 

Pullen et al. (2009) for vertical seawall. The travel distance on smooth sloping 

structures were underestimated due to overestimations of turbulence level near the 

breaking points, and more wave kinetic energy is dissipated leading to a shorter travel 

distance.  

2.4.2 Spatial distribution of large individual overtopping events 

In investigations of overtopping discharges, discussions in the research 

community have focussed on the maximum individual overtopping discharge, and 

have noted that it should be an important indicator for hazardous assessments, as per 

its significantly larger values compared with mean overtopping discharge. The same 

concern was raised for the spatial distribution of overtopping water (Andersen and 

Burcharth, 2007; EurOtop, 2018). Investigating extreme overtopping events for spatial 

distribution is necessary to protect properties and lives in coastal regions against 

unusual, dangerous overtopping hazardous.  

In the research reviewed in the section 2.4.1, physical model experiments were 

carried out for spatial distribution of the mean overtopping water, while limited 

information given for results of extreme overtopping events. On rubble mound 

breakwater, Andersen et al. (2009) demonstrated similarities between spatial 

distributions of total overtopping events and extreme events. No significant deviations 

were observed between the spatial distribution of the maximum and the mean 

overtopping events. With numerical simulations on RANS-VOF model, Peng (2010) 

investigated spatial distribution on smooth sloping structures and vertical seawalls. In 

terms of validations with results from Andersen et al. (2009) (for the sloping 

structures) and Pullen et al. (2009) (for vertical seawall), the model had good 

agreement, expect for a few overestimations observed on the sloping structures. It may 

because the turbulence level near breaking point is overestimated, and caused more 

energy dissipated during wave overtopping. The travel distance of overtopping 

reduced as a result.  

This research also explored the travel distance of maximum overtopping event, 

claimed that this travel distance is larger than the averaged travel distance of 

overtopping water. Nonetheless, limited wave conditions on vertical seawall were 

examined, and no discussions were made on spatial distribution of the maximum 
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overtopping volume based on physical model experiments. In this thesis, 

investigations are proposed on the relationship between the spatial distribution of 

extreme overtopping volume and total overtopping volume. Reliable prediction tools 

are also desirable to be produced for spatial distribution of wave by wave and the mean 

overtopping events.  

All in all, physical model experiments have been carried out for the spatial 

distribution of overtopping on both sloping and vertical structures. The distribution 

can be described with an exponential function of travel distance for overtopping 

discharge measured. The effects of wave characteristics to spatial distributions were 

discussed on sloping structures, while no relevant knowledge is available on vertical 

seawalls. Researchers are also aware of the importance of assessing the maximum 

overtopping events. Investigations on travel distance of wave-by-wave overtopping 

events are still needed for vertical seawalls. With regards to applications of retrofitting 

structures in future, no information is available for spatial distribution behind possible 

retrofitting structures. To sort this issue, comprehensive investigations were carried 

out in this PhD study, on the spatial distribution of overtopping water behind vertical 

seawall and recurve walls.  

2.5 Wave loads on the seawall 

As demonstrated in the Chapter 1, coastal hazards not only happen in the form 

of coastal flooding and damaging buildings, but also structural failures on coastal 

defences themselves. An extreme large wave loading would pose structures into an 

unreliable state. Overall forces and overturning moment are vital indicators in safety 

assessment. When retrofitting structures are attached on existing structures, 

overtopping characteristics may be changed due to geometrical shape changes. 

Research have shown that recurve parapet on the crest would increase magnitudes of 

force exerted on structures (Kortenhaus et al., 2002; OhSang-Ho et al., 2018; Van 

Doorslaer et al., 2015). With different recurve sizes, the magnitude of loading also 

changes. Limited knowledge is provided on the relationships between wave loadings 

and recurve dimensions. Knowledge about the distribution of wave loading is also 

helpful in designing structures.  
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2.5.1 Observations on wave load magnitudes 

When incident waves arrive at the seawall, it is reported that the peak pressure 

generally occurs around the still water level (SWL), which may also be dependent of 

the air-water mixture. Wave crests around the SWL are likely to break, and a thin air 

pocket maybe trapped between wave crest and the structure around the SWL while no 

air is trapped under the water. The trapped air may increase the magnitude of applied 

pressure (Hattori et al., 1994; Bullock et al., 2007). For the structure above the SWL, 

smaller wave pressures are applied due to the large amount of air bubbles trapped and 

wave kinetic energy dissipation during the wave run-ups.  

It is also reported that different wave characteristics lead to different 

interactions between the wave and air, enacting variable magnitudes of the wave loads 

(e.g. pressure and total force) on the structure. A PROVERB parameter map 

(Oumeraci et al., 2001) was derived to illustrate the different types of overall force as 

wave height increases (see Figure 2. 9). When the incident waves height is small 

(Hs/hs<0.35), most of waves do not break, and almost no air is trapped between the 

waves and the structure, causing small total forces to be applied on the structure. As 

wave height increases and transforms into impulsive wave conditions, more air 

bubbles are trapped between waves and the structure. As a result, the maximum total 

wave force increases significantly from the quasi-standing loads into impact wave 

loads.  
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Figure 2. 9 The PROVERB parameters map [Source: Oumeriaci et al., 2001].  

In physical model experiments, previous research adopted load cells and 

pressure transducers for pressure measurements. Chen et al. (2015) indicated that 

forces measured by pressure transducers closely agreed with the values from the load-

cell. Data from the load-cell was smoother than that from pressure transducers, but the 

pressure transducers were able to record data with higher resolutions. When some 

external forces are in the direction opposite to the target force, scatters were observed 

between force measurements from pressure sensors and force sensors. Ramachandran 

et al. (2012) explained that pressure sensors measure the actual value of wave impact, 

while force sensors record the response of the structures. This means measurements 

of force sensors would be influenced by the geometry of coastal structures and 

cancelled by external forces in different directions. Hence, wave force measured 

directly by force sensors may be smaller than values taken by pressure sensors. 

However, data from these two types of sensors agree regarding the distributions of 

wave impacts along the structure. Thus, data from pressure sensors is more accurate 

when study the wave impacts, but force sensor data is also available to be used to 

investigate performances of structures.  
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2.5.2 Estimations of wave load magnitudes 

According to laboratory experiments, two peaks are observed in the force 

history for individual force event (Martin et al., 1999; Oumeraci et al., 1993). They 

are the dynamic impact force and the quasi-hydrostatic force. The later one is usually 

smaller but lasts longer than the former one (Martin et al., 1999). People used to study 

the long-lasting force as it would cause displacements in structures. However, 

structure failures on vertical breakwater happened worldwide suggested people with 

importance of impact loads in assessing overall wave loading (Oumeraci, 1994). 

Impact loads are short-lasting but significantly larger in magnitude compared with 

quasi- hydrostatic loads. It represents the most dangerous situation of wave pressure 

and overturning moment on the seawall. Hence researchers gradually considering 

impact loads in safety level assessments of coastal structures. 

There is a long history of studying regarding the prediction method of wave 

impact on vertical seawall. Hiroi (1920) firstly introduced a tentative equation to 

predicting mean wave pressure imposed by non-breaking waves, and the equation was 

given as Eq.[2.18] 

 1.5 DP gHρ=  [2.18] 

where 𝐻𝐻𝐷𝐷  is the design wave height.  

This equation is able to give a preliminary estimation of average wave pressure 

on the vertical wall. It suggests that wave pressure on vertical breakwater and seawall 

is proportional to the total water pressure at the toe of structure. This prediction method 

is only available for breaking wave impact predictions, and the pressure of non-

breaking waves are generally estimated with Sainflou (1928) equation. These two 

equations were available in their own validated conditions only. However, no clear 

boundary between breaking and non-breaking waves is indicated, and engineers seek 

a prediction tool describing breaking and non-breaking waves with smooth transition 

in between. Goda (1974), who aimed on this purpose, reviewed previous research, and 

improved equations for prediction exerted by a wider range of wave actions. Those 

new formulae were given as follows: 

 ( )( )2
1 0 1 2 cosDP w H α α β= +  [2.19] 
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where 𝑃𝑃1 is the maximum wave pressure on the vertical wall, and 𝑃𝑃2 is is the 

pressure at the toe of structure. If there is a rubble mound, the 𝑃𝑃3 is calculated for the 

pressure at the bottom of rubble mound.  

Goda (1974) assumed that the wave pressure distributed from the elevation of 

1.5H (wave height) above the SWL to the very bottom of the structure. He also argued 

that the maximum wave pressure (P1) is exerted at the SWL, and wave pressure 

distribution could be described with these three pressure values and linear envelops 

between them. This conclusion was also supported by the load history on vertical wall 

recorded from four types of breaking waves (Oumeraci et al., 1993). Constants (𝑡𝑡1,

𝑡𝑡2, 𝑡𝑡3) in Eq.[2.19] – [2.21] were empirical parameters, and validations with physical 

measurements showed great improvements in accuracy compared with Hiroi (1920) 

and Minikin (1963) equations.  

Goda (1974) indicated that new formulae were able to predict wave pressure 

on a vertical breakwater with a berm with acceptable accuracy. Research was 

undertaken to extend the understanding of wave pressure on vertical seawall. With 

measurements from large and small scale experiments, Cuomo et al. (2010a) proposed 

new formulae for both impact and quasi-statistic force. It is also reported that the scale 

effect in physical model experiments of impact forces is not neglectable in both small 

and large scale experiments, on vertical seawalls. A correction factor is required when 

converting the laboratory measurement into the prototype scale. The new equations 

are able to provide predictions with satisfactorily good agreements in tested 

configurations, particularly for quasi-static wave loads. The improved equations are 

given for impact force and quasi-static force respectively (given as Eq.[2.22] and 

[2.23]).  

 ( )1.65
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h d
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where 𝐶𝐶𝑟𝑟 is reflection coefficient, ℎ𝑏𝑏 is the water depth at breaking, and F1/125 

is the wave force at 1/250 exceedance level. It represents the force is calculated as the 

average of the largest 4 wave impacts in tests of around 1000 waves. 

The predicted impact force was generally larger than quasi-static force, and 

better accuracy was achieved in estimating the quasi-static force. With the 

consideration of the scale effects, these new prediction tools improve the accuracy in 

predicting wave loads in prototype configurations. The improvements in estimations 

of wave impact loads were highlighted in this research.  

Overall, prediction equations for wave force on vertical structures are well 

developed. However, due to further improvements on existing defences with 

retrofitting structures, knowledge about loads on structures should be updated. In this 

study, total force and force distribution on vertical structures are validated with 

existing equations. In configurations with recurve walls, forces on recurve wall are 

exerting perpendicular to underside of recurve wall, meaning an angle between force 

on recurve wall and horizontal total forces. An upward force exists as a component of 

force on recurve wall, providing extra overturning moments at the connection between 

recurve wall and vertical seawall. This moment is also included in analyses of overall 

overturning moments of structures. The knowledge of dependency of overall forces 

and moment upon different sizes of recurve wall will be provided. 

2.6 Retrofitting approaches 

The long-term effects of a changing climate can exacerbate the challenging 

task of protecting critical assets in the nearshore area. Significant wave heights are 

increasing and the current rate is larger than last century, which is reported by IPCC 

(2013) with 4mm per year in 20th and early 21st century. It is also demonstrated that 

characteristics of wave events are sensitive to sea level rise. The extreme wave events 

are more likely to occur with a smaller return period (Chini et al., 2010). Under 

increasingly significant wave conditions, existing coastal defences might be needed to 

be enhanced to limit overtopping consequences. To achieve this, additional retrofitting 

structure is a recommended approach.  

The traditional retrofits are usually constructed with hard structures. However, 

alternative ‘green infrastructure’ has dominated the spotlight, indicative of a desire to 
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use adaptable solutions for enhancing coastal resilience. However, there remains 

significant knowledge gaps on predicting performances of soft structures deployed in 

front of a vertical seawall as a coastal retrofit structure. This section builds on existing 

findings and indicates the desire in accurately predicting the performance of hard and 

soft coastal retrofit structures placed in front of a vertical seawall. It is proposed to 

provide preliminary insights into potential physical configurations, with a view to 

extending the analysis for more sophisticated geometries in future work. 

For soft defences, a small number of research studies have been carried out for 

the effects in wave attenuations (Augustin et al., 2009; Bryant et al., 2019; Feagin et 

al., 2019; Vuik et al., 2016). Limited research relates the properties of soft defences 

with overtopping results. Pearson (2010) reported that scouring on foreshore beach is 

able to reduce overtopping discharge. Salauddin and Pearson (2019) carried on this 

research and quantified its contributions in reducing mean overtopping rate. For other 

types of soft defences, such as vegetation, research is needed to explore their 

mitigating effects in wave overtopping. 

2.6.1 Hard defences 

Existing coastal defences are usually improved by additional structures 

constructed by reinforced concrete, so-called hard defences (e.g. rock armour, recurve 

walls shown in Figure 2. 10). Mitigating effects of these structures in wave 

overtopping are described with a reduction in the mean overtopping discharge. This 

reduction in the overtopping discharge can give an indication on how much these 

retrofitting structures would contribute in protecting people, vehicles and buildings in 

coastal area from overtopping hazards (e.g. flooding) during a storm. 

  
a b 

Figure 2. 10 Examples of hard defences in coastal region. (a) Vertical seawall with a recurved nose. 

(b) Rock armoured seawall. [Source: EurOtop (2018)] 
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Research has been undertaken on the mean overtopping discharge to quantify 

the effectiveness of retrofitting structures in mitigating wave overtopping. For low 

overtopping conditions, Franco et al. (1994) evaluated the performance of recurved 

crown wall (nose) and rubble mound protection on a vertical breakwater. In this study, 

the recurved crown wall provided the best reduction on the mean overtopping 

discharge. Kortenhaus et al. (2003) elucidated the performance of recurve wall with a 

reduction factor k in the mean overtopping discharge. It was suggested that the 

reduction in the mean overtopping discharge due to recurve walls can be predicted 

with function of recurve dimensions.  

The equation of reduction factor in mean overtopping discharge due to recurve 

walls was given by  Kortenhaus et al. (2003) as Eq.[2.24]: 

  

 

   with recurve

without recurve

qk
q

=  [2.24] 

where 𝑞𝑞𝑜𝑜𝑠𝑠𝑡𝑡ℎ 𝑟𝑟𝑙𝑙𝑐𝑐𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙 is the mean overtopping volumes with recurve wall and 

𝑞𝑞𝑜𝑜𝑠𝑠𝑡𝑡ℎ𝑜𝑜𝑟𝑟𝑡𝑡 𝑟𝑟𝑙𝑙𝑐𝑐𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙 is mean overtopping volumes without recurve wall. 

The reduction in mean overtopping discharge due to recurve wall can be 

predicted as: 
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where Pc and hr presents the distance from the bottom of recurve to SWL and 

the height of recurve, respectively, Br is the overhang length of recurve and k23 is the 

lowest k-factor, which was set to. k23=0.20. Figure 2. 11 shows a sketch with 

definitions of these parameters. 
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Figure 2. 11 Definitions of parameters of recurve wall. [Adopted from Pearson et al. (2004)] 

Kortenhaus et al. (2003) undertook a comprehensive study, which suggested 

that performance of recurve wall varies with freeboard. Recurve walls have no 

reductive effect under low relative freeboard (Rc/Hs<1.2) due to overflowing of waves, 

while recurve become efficient under a higher relative freeboard (Rc/Hs>1.5).  

However, prediction equations recommended by Kortenhaus et al. (2003) 

contains significant scatter in predicting overtopping discharge reduction due to 

recurve wall when Rc/hs>1.2. On the basis of Kortenhaus et al. (2003) research, 

Pearson et al. (2004) suggested empirical method to modify the accuracy of predicted 

discharge reduction. The equations are given as Eq.[2.28]. 
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Original predicted k from Kortenhaus et al. (2003) is improved in terms of 

freeboard to depth ratio (Rc/hs). However, when relative freeboard is around 1.5, 

scatter are still noticeable. It is suspected to be influences of wave characteristics, 

which is not considered in the equations shown above. 

Further investigations were conducted for relative importance of recurve 

dimensions. Several tests have been conducted for investigating the effects of 

overhang length in reducing volume of overtopping water. It is observed that under a 
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certain length of overhang of recurve wall, a longer overhang usually gives a larger 

decrease in overtopping water volume over the vertical structure (Swart, 2016). It is 

also illustrated that this certain point of the length of overhang is also determined by 

wave periods and water level. In addition, the relative freeboard also influences the 

effects of overhang length. The overhang length, which worked well with high 

freeboard, was observed performing even worse than a vertical structure under an 

extremely low relative freeboard situation, while it helps to reduce the overtopping 

volume under a high relative freeboard. 

Apart from the dimensions of recurve wall, Swart (2016) showed that the wave 

period also has an effect on the performance of recurve wall in mitigating wave 

overtopping. Under relatively low water levels, wave period does not have a 

significant influence on wave overtopping over the plain vertical seawall with recurve 

wall. With increasing water levels, larger wave periods are more likely to increase 

wave overtopping rates. However, little data is available to investigate the effects of 

wave period or wave steepness towards the spatial distribution of overtopping.  

The angle between the recurve and vertical structure is another geometrical 

parameter has been considered by previous researchers. It is recommended that a 

recurve wall with 45-degree angle has the best performance in mitigating overtopping 

waves (Van Doorslaer et al., 2010).  

2.6.2 Soft defences 

In recent years, engineers have struggled to maintain traditional 'hard' coastal 

defences such as rock walls, armour or embankments. Due to changing sea levels, 

these hard defences have to overcome a long-term challenge against increasingly 

severe overtopping events. As they are unable to adapt to the changing environment. 

Besides, erosions caused by impacting waves may results in structural failure. 

Alternatively, ‘soft’ engineering solutions are given increased attentions due to the so-

called “self-healing” ability and promising cost-benefit efficiency. This shift is 

motivated by the global climate changes and sea level rise. It is widely known that soft 

defences (such as the re-creation of foreshores and beaches) can harmonise with the 

natural system and thus, are more favourable over hard defences. However, only few 

research studies have characterized various retrofit cases, and no systematic guidance 

is available for performance estimations.  
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To achieve the so-called ‘self-healing’ ability and coastal resilience, the soft 

defences based on vegetation are generating increasing interest. These retrofitting 

structures are called nature based solutions (NBS) and can be implemented in four 

ways: i) fully natural solution, ii) managed natural solution, iii) hybrid solution and iv) 

‘Environmental-friendly’ structural engineering (Pontee and Tarrant, 2017). Choosing 

the most appropriate way among them, the adaptive capacity of NBS to environment 

is concluded to be the prior characteristic, and specific analyse for each NBS is 

necessary for assessing the applicability of NBSs compared with hard defences. 

It is believed that vegetation is able to attenuate waves through reduces speed 

and dissipate wave energy. Luhar et al. (2017) investigated effects of seagrass meadow 

in wave decay through physical modelling experiments. This research indicated that 

the stem density and depth of submergence of seagrass affects the wave amplitude 

reduced. Performance of seagrass in wave decay also varies with wave period and 

wave height. Seagrass is able to dissipate more wave energy as wave velocity 

increases. The reduction to 40% was observed in wave amplitude maximum in 

experiments due to seagrass drag effects. Maza Fernandez et al. (2017) modelled 

mangrove forest and investigated the wave velocity decrease due to the roots of 

mangrove forest. It was indicated that the drag effects of individual trunk near the bed 

and the frontal area at the top of root contribute up to 50% in wave velocity.  

Moreover, investigations were also conducted with field measurements. Based 

on the data from the disastrous tsunami in Indian Ocean in 2004, Tanaka et al. (2007) 

and Forbes and Broadhead (2007) also illustrated that higher density vegetation 

usually provide a greater reductive capacity in damages to houses on beaches. In 

addition, protection provided by vegetation with different shape vary under similar 

density. Tanaka et al. (2007) observed that mangroves was efficient in mitigating 

tsunami waves when the density increased to 14 – 26 elements per 100 m2, while 

coconut trees did not show any effective performance. These results could be 

attributed to the effects of branches of mangrove at low level which cannot be found 

on coconut trees. Limited research was conducted to relate the reduction in wave 

overtopping with the configuration of vegetation or any other soft defences.  
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2.6.3 Influence of retrofitting structures 

Wave characteristics are influenced due to the geometrical shape changes of 

coastal structures. These changes in wave characteristics may pose threats to the 

structure stability. For example, the impact changes as a results of mounting a recurve 

parapet on the seawall crest is recommended to be considered for the safety of the 

structure. Kortenhaus et al. (2002) and Kortenhaus et al. (2003) conducted 

measurements on impulsive impact of incoming waves. It showed that the impact on 

recurve and seawalls will increase about twice. More physical data is desirable for 

detailed investigations of the pressure change along the seawall. Further analyses will 

be helpful for a clearer idea about how recurve will influence the overturning moment 

and the stability of structures.  

Recurve walls are not the only retrofit structure that can be used to enhance 

seawalls. With an additional submerged structure in front of the seawall, wave energy 

may be dissipated before reaching the structure. Wave overtopping is reduced as a 

result. However, retrofit structures are not always able to mitigate overtopping waves 

efficiently, but sometimes increase it. Allsop et al. (2003) observed a phenomenon in 

the project in Samphire Hoe that lower freeboard gave higher overtopping volumes. 

This is in opposition to the expectation given by EurOtop (2007) that overtopping 

volume should reduce as freeboard decreased. The reason could be attributed to the 

suddenly decreased water depth on composite structures, which resulted in breaking 

waves in front of the seawall.  

In recent years, determining the safe area behind the coastal defences becomes 

essential in the assessment of overtopping events. Research recommended considering 

the spatial distribution of overtopping water for proper arrangements of coastal region 

(Andersen et al., 2009; Bruce et al., 2005; Pullen et al., 2009). To date, almost all 

research on retrofitting structures focus on their performance in reducing overtopping 

discharge. Information about travel distance of overtopping water behind retrofitting 

structures is needed to be described.  

2.7 Scale effects in physical model experiments 

Small scale physical modelling experiment is a convenient way to obtain 

physical measurements for the configurations in field scale. In these small scale tests, 
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the scale effect may cause differences between laboratory measurements and filed 

data. Validations were made to evaluate scale effects in measurements from small 

scale experiments. It was proposed to check the reliability of small-scale experiments 

and correct them if needed. For sloping structures and rubble mound breakwaters, 

differences between field and laboratory data of mean overtopping discharge due to 

scale effects cannot be ignored (Andersen et al., 2011). A correction factor can be 

applied to small scale measurements to sort the scale effects.  

However on vertical structures, the small scale measurements of overtopping 

discharge and spatial distribution were similar with filed data. Empirical prediction 

tools obtained in terms of small scale measurements can be adopted into field scale 

configurations and no significant deviations were detected. Pearson et al. (2002b) 

suggest that no scale effects need to be considered for overtopping discharge 

prediction in small scale effects. For spatial distribution of overtopping water, Pullen 

et al. (2009) recommended no correction needed for vertical seawall.  

Explorations on wave impact on structures showed different conclusions. 

Cuomo et al. (2010a) reported that a correction factor was necessary to convert 

pressure and force measurements into field scale. It was also observed that generally 

applied scale parameter following the Froude Law over predicted the pressure in field. 

A new method using Bagnold number (Bgn) was developed and explained in Cuomo 

et al. (2010b). This method sorts the over estimations from Froude Law well, and 

agreements were achieved between field measurements and corrected measurements 

from small scale experiments.  

2.8 Variabilities and uncertainties in physical modelling experiments 

In physical modelling experiments, the repeatability of experiments is 

concerned by research. It leads to investigations on the variability and uncertainties of 

wave overtopping in physical model experiments. Understandings on uncertainties in 

wave overtopping in physical model experiments enables researchers to secure the 

accuracy and reliability of measurements. The research is also more repeatable if 

uncertainties can be controlled appropriately.  

Pearson et al. (2002a) investigated the effects of test duration to overtopping 

measurements. Explorations were performed with experiments under significant 
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overtopping level on plain vertical seawall under VOWS project. Experiments were 

carried out with various number of incident waves increasing from 100 up to 4000. 

The mean overtopping discharge and maximum volume were evaluated with 

measurements from different tests durations. It was demonstrated that as test duration 

increases, the mean overtopping discharge trend to be constant, as well as Vmax. Large 

variations up to a factor of 6 in magnitude were observed by Pearson et al. (2002a) in 

mean overtopping discharge from experiments with approximately 100 waves. The 

deviations between tests appear ignorable as Now increases over 500, meaning 

measurements of mean discharge is repeatable. In additions to the test duration, it was 

also indicated that the start seed of wave spectrum would result in variations in total 

overtopping discharge at around 8% - 15% (Pearson et al., 2002a). The Pov was 

indicated as the main parameter affecting the deviations in overtopping results (e.g. 

total overtopping discharge, individual volume distribution) (Williams et al., 2019). 

These variations in measurements can be significantly improved if identical seed is 

used.   

A similar conclusion is also obtained for mean overtopping discharge on 

rubble mound breakwaters reported by Reis et al. (2008) and Romano et al. (2015). It 

was indicated that 500 incident waves are acceptable for accurate mean overtopping 

discharge results on rubble mound breakwaters. However, a concern was raised by 

Romano et al. (2015) on variations in mean overtopping discharge under low 

overtopping level.  

Following the concern on variations in overtopping discharge in conditions 

with low overtopping level, Silva et al. (2017) carried out small scale experiments on 

a rubble mound breakwater with various start seed of wave generation and test 

durations. Overtopping events with dimensionless discharge between 1.E-04 to 1.E-

08 were investigated. The number of incident waves of 500 and 1000 are still 

appropriate with satisfying scatters in mean overtopping discharges. For cases with 

low overtopping discharge, test durations may cause deviations in mean overtopping 

discharge up to two order of magnitude. The start seed in wave generation also caused 

large variations up to 3 order of magnitude in mean overtopping discharge.  

Overall, the start seed should be fixed to control the variations in overtopping 

discharge measurements. In each individual test, 1000 incident waves is desirable for 
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improving the accuracy of discharge measurements, despite tests with 500 waves show 

great repeatability on rubble mound breakwaters. 

2.9 Summary 

Extensive research has been carried out for robust prediction tools in 

estimating the mean overtopping discharges on coastal defences. It was reported that 

the relative freeboard (Rc/Hm0) is the most significant parameter in determining 

overtopping discharges. The overtopping discharge increases as freeboard decreases 

(van der Meer and Bruce, 2013). Investigations on dependency of overtopping 

discharge upon wave characteristics show that wave breaking processes plays an 

important role in wave overtopping. The wave steepness (or wave period) and breaker 

index provide noticeable influences on overtopping discharge. Based on validations 

with large number of database, EurOtop (2018) published reliable predictive equations 

as the guidance for coastal engineers. During the physical model experiments on 

overtopping discharge, the uncertainties and scale effects are investigated to ensure 

the accuracy of experimental results. It was reported that sufficient number of incident 

waves (Nw>500) would provide reliable overtopping results, whereas overtopping 

results would be overestimated with insufficient waves (Formentin et al., 2017; 

Pearson et al., 2002a; Williams et al., 2019).  

The mean overtopping discharge is usually utilised by engineers as a prediction 

tool to assess the safety of inshore regions. However, this parameter does not provide 

any information about intensity of overtopping events. More reliable assessments of 

hazard level for persons and vehicles are needed. The peak or ‘wave-by-wave’ 

overtopping discharge and distribution should be considered for estimating the 

maximum instantaneous hazards. It is found that individual overtopping volume obey 

the Weibull distribution. This distribution can be applied to predict Vmax in a storm 

duration, and the shape parameter b plays a vital role in determining the accuracy of 

results. For sloping structures, the b parameter was found decreasing with Rc/Hm0, or 

increases with dimensionless discharge in other words. Hughes et al. (2012) and 

Zanuttigh et al. (2013) suggest empirical equations based on Rc/Hm0 and dimensionless 

discharge respectively with good agreements. However on vertical structures, no such 

equations are available. This study proposes to discuss the Weibull b parameter on 

vertical seawall for prediction of the Vmax. 
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With extensive research offering predictive tools for overtopping discharge on 

coastal structures, there is a need to know the safe area behind the seawall (i.e. where 

does the water land). The coastal area with overtopping hazards, should be 

distinguished with different safety levels respect to their distance from the coastline. 

Spatial distribution of overtopping water became an important topic of research to 

understand the safe area behind coastal defences. The existing predictive tools for 

spatial distribution of overtopping are based on conservative empirical relations 

derived from the total overtopping volume, whereas understandings on severe 

overtopping hazards caused by extreme large overtopping events are also necessary 

for safety assessment of coastal region. Spatial distribution from the extreme large 

overtopping events provide the most dangerous consequences, which may result in the 

largest hazardous range behind the seawall. Andersen et al. (2009) has provided well 

developed equations for single spatial distribution of overtopping water on sloping 

structures, while vertical structure still requires more physical data for further 

investigations based on Pullen et al. (2009). In this project, physical experiments will 

be conducted on vertical structures for the spatial distribution of wave-by-wave 

overtopping events.  

In addition to assessments of overtopping results on existing vertical defences, 

there is an urgent need of retrofitting structures protecting coastal area against larger 

overtopping events in future due to sea level rising. Based on existing research on 

performance of hard and soft defences, further investigations are needed for new and 

novel designs of structures (e.g. vegetation). Physical model experiments on those new 

retrofitting structures would provide new knowledge on their mitigating effects on 

wave overtopping. Reliable predictive tools have been published for predicting 

overtopping discharge reductions on the plain vertical seawall with a recurve parapet 

according to the structural dimensions. However, scatter observed between 

measurements and latest predictions indicate possibility for improvements based on 

these equations. Influences from wave characteristics are not involved in equations 

provided by Kortenhaus et al. (2003) and Pearson et al. (2004). This study will discuss 

effects of wave characteristics on performance of recurve, and seek new improvements 

based on existing prediction tools.  
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Moreover, there is a need of more physical data on the effects of retrofits 

towards the spatial distribution of overtopping water. Almost of all previous research 

looked at mitigating effects of retrofitting structures in reducing overtopping 

discharge. The knowledge about how the affected range behind vertical seawall 

change due to retrofit structures remains unclear. Relevant research would enable a 

proper arrangement of coastal area for vehicles and critical infrastructures. Besides 

changes to overtopping results, considerations of the effects on wave loading on 

structures is also vital for structural safety. Retrofitting structures will bring 

geometrical shape changes. It has been indicated that these shape changes will affect 

loads distribution and magnitude on coastal defences. However, limited detailed 

discussions are available for estimating the effects of these shape changes. This study 

proposes to provide systematic discussions on effects of retrofitting structures in 

spatial distributions of overtopping water and loads on structures.
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3 Methodology, Experiment Set-up and Validation 

3.1 Synopsis 

This chapter describes the experimental set-up and analysis undertaken in this 

study, along with the validation of the experiments. For physical model experiments, 

the wave generation system is briefly introduced, alongside the calibration processes 

for all measurement devices (e.g. wave gauges, overtopping volume detectors and 

pressure transducers). The dimensions of model structure tested within this study is 

are also introduced. Additionally, the data measurement & collection system is 

discussed, alongside the analysis and data processing algorithms. The validation of the 

overtopping results for reference cases (plain vertical seawall), are compared with 

empirical predictions (e.g. EUROTOP 2018) are also discussed. 

3.2 Physical model experiments set-up 

3.2.1 Wave generation system 

The experimental study was undertaken in the glass wave flume in the School 

of Engineering at the University of Warwick, with dimensions 22.0(l) × 0.6(w) × 

1.0(h) m with a 1:20 foreshore beach. A schematic design of the flume is shown in 

Figure 3. 1. The flume was equipped with a piston-type wave generator and an active 

absorption system (AWAS). Experiments were carried out with the vertical seawall 

fixed at a distance of 12.21m from wave paddle, the water depth was varied according 

to the desired nominal test conditions.  

In order to control the uncertainties in experiments, each test case consisted of 

approximately 1000 incoming pseudo-random waves (Pearson et al., 2002a) based on 

the JONSWAP (γ= 3.3) spectrum, at a scale of 1:50. The characteristics of incident 

waves were determined using two packs of wave gauges, placed close to paddle and 

seawall respectively. Three gauges used in each pack and the distance between them 

was determined based on the Least-square method illustrated by Mansard and Funke 

(1980). Due to the limited size of overtopping collecting system, a small number of 

tests with large overtopping discharges or long wave period were conducted with 

approximately 500 - 600 waves, otherwise total overtopping discharge will exceed the 

capacity of collection system.  
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Figure 3. 1 Sketch of the wave flume (as presented in Abolfathi et al. (2018))  

In the first phase, four selected retrofitting structures mounted with vertical 

seawall were investigated for their performance in reducing overtopping waves. 

Before testing retrofitting structures, overtopping results were measured on the plain 

vertical seawall only. These measurements were validated with published empirical 

prediction tools, and following measurements from retrofitting cases were evaluated 

reference to it. The model vertical seawall was glued at 12.21m away from wave 

paddle. Two wall heights of 0.20m and 0.31m were used, and the thickness of both 

seawalls were 3.5cm to ensure structural stability under impulse wave impact. 

Prior to calibrating wave conditions, it is necessary to calibrate the paddle to 

confirm the waves were generated within ±5% of the target wave height. In the wave 

parameter file, the amplitude of waves were adjusted by a peak enhanced factor in the 

tank transfer function (.ttf), which increases the generated wave height from a default 

value to the expected height. Calibration tests were undertaken, adopting an iterative 

process. Regular waves were generated to cover wave frequencies from 0.1875Hz to 

1.5Hz. The wave paddle were operated for around 20 seconds in each test, generating 

regular waves with wave heights of 0.08m. The averaged wave height of first 10-15 

waves were validated with the target values, and peak enhanced factors in the tank 

transfer function were corrected according to the deviation between measured and 

target wave heights. 

The regular wave heights generated with the calibrated .ttf file are presented in 

Figure 3. 2. Although deviations are still noticeable in the graph, generated regular 

wave heights agree with proposed values. The deviations all fall within the 5% error 

range.  

Wave gauge
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Figure 3. 2 Wave height generated with calibrated ttf file. 

3.2.2 Measuring wave characteristics 

The wave paddle, corresponding control software and wave gauges used in this 

project are all provided by the Edinburgh Design Ltd. A total of 8 wire resistance wave 

gauges were setup along the flume. Each wave gauge worked with an independent 

channel, including two parallel metal probes detecting the resistance in between (see 

Figure 3. 3). During experiments, the graduate rod was replaced by a calliper which 

provided a finer resolution of absolute height of probes. The wave elevations were 

recorded by a WG8USB Wave Gauge Controller, which is available for data from up 

to 8 channels. All data were digitalized and transferred to the PC via a USB port.  

The calibration processes were conducted through a Windows user interface. 

Two calibration points were selected for each probe. Readings from calibrate points 

were averaged over selected averaging time (10s), and the mean values were related 

with absolute positions inputted. After calibrations, the accuracy of measurements was 

validated with another calibration point. Compared with the absolute position of this 

point, the readings were generally within the error of ± 0.5mm, which is considered 

acceptable for measurements of wave elevation over 60mm.  
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a b 

Figure 3. 3 Wave gauges used in experiments. (a) All components of wave gauge system. [Source: 

Edinburgh Designs] (b) Wave gauges in the wave flume. 

3.2.3 Wave conditions employed 

In this study, three phases of experiments were carried out, with two series of 

wave conditions calibrated. In the first phase, the paddle generated waves in terms of 

the JONSWAP spectra (γ= 1.0), and approximate 1000 waves were generated in each 

case to minimize the uncertainties caused by wave spectra. In some cases with large 

overtopping volume, experiments were performed with around 500 waves due to the 

limited content collection system. Wave characteristics were measured with two 

groups of wave gauges located close to paddle and model structure respectively, and 

wave conditions were recorded for both deep and shallow water conditions.  

Experiments were undertaken to cover as large a relative freeboard range as 

possible for both impulsive and non-impulsive conditions. Physical experiments were 

carried out in three phases. In each phase, around six water depths and two crest height 

of seawall were applied for various combinations of dimensionless freeboards.  

Four selected retrofitting structures were tested for influences from 

geometrical shape changes to overtopping results. Wave conditions employed in the 

first phase are presented in Table 3. 1. The significant wave height, ranged from 

0.046m – 0.14m, and four different wave periods were tested as Tp=1.25s, 1.50s, 1.75s 

and 2.0s, for each water depth (h = 0.07, 0.1, 0.13m). Wave steepness (Sop) was 

calibrated within the range of 0.024 – 0.053, which includes most of swell and storm 



48 

 

waves happen worldwide. Dimensionless freeboard ranging from 0.85 to 3.9 were 

covered in experiments, by using two seawalls with crest freeboard heights of 0.25m 

and 0.36m, respectively. A collection tank system with a calibrated load-cell was used 

for measuring overtopping discharges. The mean and wave-by-wave overtopping 

volumes were measured with assists from an overtopping detector identifying 

occurrence of individual overtopping events.  

Table 3. 1 Nominal wave conditions used for the physical tests in the first phase (1:50 scale as 

presented in Dong. et al. (2018)) 

Vertical seawall condition 

Water depth (m) 0.07 0.1 0.13 0.07 0.1 0.25 

Crest wall height (m) 0.25 0.36 

Input wave period (s) 1.2-1.75 1.1-1.75 1.1 - 1.6 

Significant wave height (m) 0.05 - 0.14 0.071 - 0.086 0.046 - 0.05 

 Impulsive conditions Non-impulsive conditions 

Relative freeboard 0.85 - 2.5 3.1 - 3.9 2.0 - 2.4 

 

Table 3. 2 Nominal wave conditions used for the physical tests in the second and third phase (1:50 

scale) 

Vertical seawall condition 

Water depth (m) 0.07 0.09 0.11 0.16 0.15 0.18 0.21 

Input wave period (s) 1.07 - 1.75 1.07 - 1.50 1.03 - 1.20 1.04 - 1.60 

Significant wave height (m) 0.055 - 0.095 0.068 - 0.085 0.041 - 0.052 0.048 - 0.075 

 Impulsive conditions Non-impulsive conditions 

Relative freeboard 1.05 - 2.54 2.59 - 3.22 0.97 - 1.22 1.35-3.24 

 

The second and third phase of experiments were carried for investigating 

spatial distribution of overtopping water on different shape of recurve walls. As a 

limited number of conditions were initially tested, conditions were recalibrated for 

extended range following the JONSWAP spectra (γ= 3.3), Table 3. 2 shows the wave 

conditions employed in the second and third phase of experiments. The significant 
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wave height ranged between 0.041m and 0.095m, and various wave periods were 

generated ranging from 1.03s – 1.75s. The range of wave steepness was extended to 

0.016 – 0.068 for information of wave overtopping under extreme conditions. The 

dimensionless freeboard from 1 to 3.2 were covered in these series of tests. In order to 

measure the spatial distribution of overtopping water, a multi-chamber container was 

used instead of the previous collection tank system. Both total overtopping volume 

and spatial distributions of overtopping water were recorded. An overtopping detector 

was also installed on the crest of the seawall for wave-by-wave overtopping results.  

3.3 Measuring system 

Two series of measurement system were employed in this project. The 

readings from paddle and electronic wave gauges were recorded by the Windows user 

interface given with the paddle system itself, which was provided by Edinburgh 

Design Ltd. Other measurements of overtopping characteristics, such as overtopping 

volumes and wave pressure on structures were taken by LABVIEW 2010 and DAQ 

devices ordered from the National Instrument Company.  

3.3.1 Overtopping detector 

The experimental study was designed to investigate both the time averaged 

overtopping results, and characteristics of wave-by-wave overtopping events. An 

overtopping detector which records the time that each overtopping event occurs is 

desirable for this purpose. The overtopping detector installed in this project was built 

with a simple electronic circuit (see Figure 3. 4). The whole circuit was placed out of 

flume, expect two metal strips fixed on the crest of seawall with a gap approximately 

8mm in between. This distance was an empirical value determined in trials before 

experiments for the most optimum performance of the detector. Two metal strips 

located too far or to close would lead to missing small events or double counting large 

events respectively.  

During experiments, the overtopping detector was powered by a 9.0 volts 

battery, and output signal shows the voltage across two metal strips. A schematic 

design of the detector is presented in Figure 3. 4. Before an overtopping event, the 

whole circuit was break at two metal strips on the seawall crest. When an overtopping 

event occurs, the two strips were connected by water passing through. The voltage 
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across metal strips decreased sharply, which shows a sharp drop in the output data. 

The tip of each sharp drop was identified as the moment an overtopping event happens. 

It should be noted that the value of resistor in the circuit should not be either too small 

or too large (20 kΩ used in this project). Otherwise, overtopping events will not cause 

significant decreases in the voltage across metal strips.  

 

Figure 3. 4 The electronic circuit of overtopping detector.  

3.3.2 Mean overtopping discharges 

Mean overtopping discharge is a key parameter in assessing the threat of 

coastal flooding in coastal areas. This parameter was determined by a collection tank 

system, with a water container hanged by a load-cell behind the vertical seawall. The 

set-up of the load-cell can measure wave-by-wave overtopping volume. The load-cell 

has a measurement range of 100 kilograms maximum and sensitivity of 5 grams. This 

sensitivity guarantees the detection of even a small overtopping volume.  

Figure 3. 5 presents the schematic design of the collection tank system, with 

an overtopping detector circuit installed on the crest of seawall, the time of individual 

overtopping events were recorded and the individual overtopping volume can be 

identified clearly. A syphon was fixed over the container for a continuous sampling in 

the whole test duration 
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Figure 3. 5 Schematic design of collection tank system 

3.3.3 Spatial distribution measurements 

For further investigation of spatial distribution of overtopping water, a multi-

chamber container was fixed behind the vertical seawall. Measurements of both the 

total overtopping volume and spatial distribution of overtopping water were measured. 

Figure 3. 6(a) shows the cross-section of the whole multi-chamber container. Among 

the 11 chambers, those small sized chambers were placed close to seawall while larger 

ones were located further. This design was selected in order to measure the spatial 

distribution with a high resolution especially in the area close to the seawall crest. The 

top of each chamber wall was made into a slope with a sharp edge in order to minimize 

the overtopping volumes jumping into adjacent chambers. A LED band was mounted 

across the crest of all chambers, which is built to light up chambers and help 

controlling water level in chambers. 

The overtopping volumes were measured with calibrated wave gauges and 

pressure transducers fixed in chambers. Calibrations of both devices demonstrated that 

a small individual overtopping volume minimize to 5 ml can be detected in all 

chambers.  

The readings form wave gauges were recorded by the windows user interface 

provided by Edinburgh Designs, while that from pressure sensors were taken by the 

LABVIEW and National Instrument DAQ devices. As these two software follow 

different internal clocks, time delays between two devices is inconsistent if they are 

activated manually. For analyses of spatial distribution and wave-by-wave 

overtopping volume, however, matching volume changes in each chamber and the 
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overtopping detector data is necessary. To sort this problem, a trigger was equipped to 

activate both measurement software with fixed time delays. This trigger was built up 

by connecting the USB hub of the wave gauges and the DAQ devices. As soon as the 

paddle is activated, the windows user interface of wave gauges started to record wave 

elevations, and a 5V digital impulse was given from the USB hub as an output, which 

activated the DAQ devices for taking readings from pressure sensors and overtopping 

detector. Although the time delay still existed in measurements from DAQ devices 

and windows user interface, the delays were nearly constant and easy to be sorted 

during analyses with MATLAB codes.  

a.  

b.  
Figure 3. 6 Sketch and photo of the multi-chamber collection container used for spatial distribution 

measurement. (a) The schematic designs of the container. (b) Photo of the container. 

3.3.4 Pressure transducer  

In this project, pressure transducers were applied for measurements of spatial 

distributions and impact forces imposed on the seawall. In order to measure the water 

volume in each chamber, a low pressure type water transducer was applied with 

working pressure range of 0 – 6 kPa. After calibrations, this sensor was able to detect 
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the water volume change minimise to 10ml. The system error of 10ml in 

measurements is acceptable for measurements of overtopping volume in each 

chamber, as the main objective of this project are those overtopping events with large 

overtopping volumes.  

To measure the impact force enacted by incoming waves, few trafag 

ATM.ECON-type transducer were used. This type of sensor is able to detect pressures 

in the range of 0 – 50 kPa, and the sensitivity of the sensor is 150 Pa. The aim of 

measuring impact force on vertical seawall is investigating the influence of recurve 

wall towards the large wave impact on the seawall, and those small wave pressure 

around 150 Pa were not considered in analyses. Thus, the system error of 150 Pa in 

wave impact measurements is acceptable. 

In previous research of wave loads on vertical seawall, it was demonstrated 

that the peak pressure on incoming waves might be missed with sampling frequencies 

under 500Hz (Cuomo et al., 2010a). In order to measure both impulse pressure and 

quasi-static pressure on incoming wave, the sampling frequencies of all pressure 

transducers on the seawall for wave pressure were set at 1.28k Hz. 

3.3.5 Electrical noise controlling 

When checking the time series of data, it was observed that the data trace was 

fluctuating excessively, which may influence the accuracy of the results. The reason 

might be the turbulence of overtopping waves, electronic noise in circuit or limitations 

of devices. Thus, efforts were firstly made to reduce the electronic noise in circuit.  

The DAQ devices may influence the electronic noise. After testing the 

available DAQ devices in lab room, the USB-6009 form National Instrument was 

selected due to the lowest noise detected. Differential mode was used when connecting 

the data source and DAQ devices to reduce the external noise during data transfer. 

In addition, an amplifier was used to make changes in data trace from load-cell 

more visible. This might increase the electronic noise at the same time when 

amplifying the target signal. To deal with this problem, the negative connection of the 

amplifier was grounded and the noise decreased significantly, when plugging the 

amplifier. 
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3.4 Analysis methodology 

Waves in ocean are usually simply described as sinusoidal waves. The 

characteristics of waves generated in a time period randomly changes, and significant 

values of each characteristic is chosen to describe all waves. These significant values 

of characteristics can be achieved with two methods: the zero up-crossing method and 

the reflection analysis. The zero up-crossing method obtains the wave characteristics 

with time domain measurements, and reflection analysis method analysed results with 

frequency domain measurements. These two methods are introduced below.  

3.4.1 Zero up-crossing method 

The zero up-crossing method is applied with wave elevation data from wave 

gauge. It gives statistical wave characteristics (Goda, 2000). Regards to the significant 

wave height, it ranks wave heights from maximum to minimum value and take the 

average of one third largest wave height (𝐻𝐻1/3) as the significant wave height. Wave 

period is defined by mean wave period (Tm) or significant wave period (Ts). Similar 

with the significant wave height (Hs), Ts is calculated as the mean of largest one third 

of all wave period, noted as T1/3. With wave elevation data from wave gauge, it is 

unable to read wavelength physically. However, wavelength can be calculated in terms 

of wave period and water depth. According to the dispersion relation illustrated by 

linear theory, the wave period can be calculated as: 

 
2

               For deep water
2
gTL
π

=  [3.1] 

           For shallow waterL T gd=  [3.2] 

where T is the wave period, d is the water depth and L is the corresponding 

wavelength.  

In wave flume, wave reflections on the model structures or bottom slope of are 

unavoidable. Although wave characteristics can be determined with zero up-crossing 

method through simple procedures, combinations of incident and reflected waves 

affect wave characteristics obtained by the zero up-crossing method. It is therefore 

zero up-crossing method is only validated in cases with very limited reflections in 
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physical model experiments, such as wave flume equipped with a mild slope and no 

model structure. 

3.4.2 Reflection analysis 

To sort out the error in zero up-crossing method due to wave reflection, 

researcher produce a method through frequency domain of wave measurements. An 

energy plot of wave spectra is created at first and significant wave height can be 

determined with Eq.[3.3] 

 04sH m=  [3.3] 

where 𝑚𝑚0  is the value of zeroth-order moment of the variance density 

spectrum (E(f)), whose unit is m2. 𝑚𝑚0 is calculated by integrating the variance density 

spectrum of incident waves in full frequency (Holthuijsen, 2010), shown as the 

Eq.[3.4]: 

 ( )0 0
m E f df

∞
= ∫  [3.4] 

where E(f) is the variance density spectrum of incident waves whose unit is 

m2/Hz.  

Due to the existence of model structures and sloping bottom, the wave 

elevation measured by gauges are combined with incident and reflected waves. In 

order to distinguish incident and reflected wave elevations, reflection analyses are 

necessary. Mansard and Funke (1980) suggested a three-point method, which can help 

to separate two wave spectra with wave elevation data from three wave gauges. 

Recommendations were also given for spacing between wave gauges to improve the 

accuracy of wave spectra estimations (Eq.[3.5] and [3.6]).  

 12 /10px L=  [3.5] 

 13 12 13/ 6 / 3     and     / 5     and      3 /10p p p pL x L x L x L< < ≠ ≠  [3.6] 

where 𝑥𝑥12  is the distance between No.1 and No.2 wave gauge, 𝑥𝑥13  is the 

distance from No.1 to No.3 wave gauge, 𝐿𝐿𝑝𝑝 is the wavelength of the peak wave period 

component.  
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3.4.3 Overtopping analysis 

In order to measure wave overtopping discharge, a measurement system with 

a load cell and overtopping detector was applied. Load cell was used to recording the 

mass of overtopping water in container hanging behind the model seawall. The 

overtopping detector was installed on the crest of model seawall for the time of every 

overtopping event. Data from both instruments were recorded by a National 

Instrument data logger, and both data share a same internal time scale.  

The analyses were performed with the MATLAB code based on the sample 

data shown in Figure 3.7. Each sharp drop in detector data represents an overtopping 

event. Followed by sharp drops in detector data trace, there is a visible jump up in the 

load cell data, which represents the wave-by-wave overtopping volume collected in 

the container. The processes of calculations in MATLAB code is shown as the flow 

chart in Figure 3. 8. The code worked by detecting the time of overtopping events (t0) 

based on signal from the overtopping detector. After that, the signal from load cell 

were analysed for the difference before (V1) and after (V2) the overtopping event 

within 0.8s – 1.5s, which varies in terms of tested wave period. The difference in load 

cell data was calculated as the individual overtopping volume (Vi).  

 

Figure 3. 7 Sample data of load cell and overtopping detector 
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Figure 3. 8 Flow chart algorithms for analysing individual overtopping discharge from raw load cell 

data in the MATLBA code 

3.5 Calibration tests 

3.5.1 Calibrate wave conditions  

Before undertaking main laboratory experiments with four retrofitting 

structure configurations, the incident wave conditions were calibrated with wave 

gauges in the empty wave flume (i.e. when no model structure was installed in the 

flume). The wave elevations data collected by wave gauges were analysed, using the 

zero up-crossing method to determine the incident waves conditions.  

Incident wave characteristics have been studied comprehensively by many 

researchers over the years (Battjes and Groenendijk, 2000; Goda, 2010; Longuet-

Higgins, 1952). Longuet-Higgins (1952) found that individual wave height in deep 

water follow the Rayleigh distribution and as the wave move to shallower water, the 

wave height distribution deviates from the Rayleigh distribution. EurOtop (2018) 

confirmed these findings. In calibration tests, three wave gauges were placed at 1.54m 

away from the paddle to measure the deep-water wave elevations. Generated wave 
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conditions were validated by comparing the distribution of individual wave height 

with the Rayleigh distribution.   

Figure 3. 9 present the wave height distribution in deep water (near wave 

paddle) for six calibration conditions. The individual wave height is normalized with 

the mean wave height (Hm) in each case. The Rayleigh distribution is presented as the 

solid straight line and fitted to measured wave height distribution.  

It is found in the graphs that the measured wave height distributions agree 

satisfyingly with the Rayleigh distribution, although variations cannot be neglected in 

a few cases. In Figure 3. 9b, c and e, the measured large individual wave height falls 

above the Rayleigh distribution, while relatively small wave height follows the 

Rayleigh distribution well. The scatter observed in vary large individual wave height 

may be caused by the Tank Transfer Function (ttf) file used to control wave 

generations. As per calibration results of ttf file shown in Figure 3. 2, generated waves 

were lower than expected wave height in some frequencies. This deviations between 

generated and proposed wave height results in over estimations in Hm, thus, slight over 

estimations are founded in limited cases as shown in Figure 3. 9b, c and e. Referring 

to calibrations of ttf file in the section 3.2.1, deviations caused by ttf file are within an 

error on ±5%. Wave height distributions obey the Rayleigh distribution fairly well. 

There are also slight over prediction of Rayleigh distribution observed in Figure 3. 9d 

for the largest individual wave. Interpretations can be given that experiment is carried 

out under significantly impulsive wave conditions, and waves are generated for 

relatively high wave heights. Slight wave breaking happens close to paddle due to high 

steepness of individual waves, which causes the observed over prediction in the large 

individual waves  
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a) hs=0.07m T=1.20s b) hs =0.09m T =1.20s 

  
c) hs =0.09m T=1.42s d) hs =0.11m T =1.35s 

  
e) hs =0.18m T =1.20s f) hs =0.21m T =1.20s 
Figure 3. 9 Wave height distribution from 6 selected cases on plain vertical seawall. 

3.5.2 Calibrate discharge collecting system  

After calibrating wave conditions, experiments were conducted to investigate 

overtopping results on plain vertical seawall and retrofitting structures. The 

experiments undertaken on the plain vertical seawall were set up as the reference 

cases. The mitigating performance of retrofitting structures are then evaluated by 

comparing the mean overtopping discharge measured on retrofitting structures and 

plain vertical seawall. The overtopping discharge was measured by a system of a 

collection tank hung by a load-cell behind the vertical seawall. An overtopping 
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detector was installed on the crest of seawall to record the time of individual 

overtopping events. 

To begin with, the accuracy of the overtopping collecting system was checked. 

Specified volumes of water (from 30ml up to 1000ml), representing small and large 

overtopping volume in real tests, was poured into collecting tank through the 

overtopping detector. The output data was then analysed for the measured overtopping 

volume, which was compared with the actual volume poured into the system. The 

accuracy of the collecting system was described with the relative error 

(Scatters/Actual volume) between measured and actual volume.  

The validation result of collecting system is shown in Table 3. 3. It is seen that 

the difference between measured and actual volume are within 5% on average. Results 

from the cases with 80ml and 50ml input volume show a larger relative error at 10.01% 

and 9.5% respectively, which happens due to accidental volume lost during 

calibrations tests. Notably, water volume may remain on the wall of measuring glass 

and chute behind seawall when being poured into the container. It is therefore small 

volume of water, which is around 3-7ml, losses during calibration tests. This amount 

of volume causes significant relative error in small actual volume. 

Table 3. 3 Accuracy check of overtopping volume collection system with load cell 

Actual volume[ml] Measured volume[ml] Scatters[ml] Relative Error 

1000 1015.4 15.4 1.54% 

500 504.6 4.6 0.92% 

200 200.9 0.9 0.47% 

100 95.6 4.4 4.37% 

80 72.0 8.0 10.01% 

50 45.3 4.7 9.50% 

30 28.5 1.5 4.94% 

  
Average Relative Error 4.53% 
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3.6 Validations of reference cases 

3.6.1 Overtopping discharges 

In order to ensure the accuracy of the retrofitting performance results, 

overtopping measurements from the reference cases were validated with empirical 

predictions of overtopping characteristics, such as the individual volume distribution, 

mean overtopping discharge and the maximum overtopping volume.  

To begin with, the mean overtopping discharges measured on the vertical 

seawall were compared with empirical predictions published in EurOtop (2018). 

Figure 3. 10 shows all measurements of mean overtopping discharge under impulsive 

wave conditions. The graph presents that measured discharges follow empirical 

predictions with overall reasonable agreement. All measurements from the second and 

third phases of the experiments undertaken within this study, are located within the 

maximum and minimum discharge predicted by EurOtop (2018). However in the first 

phase of experiments, over predictions are noticeable. The largest scatter at factor of 

two is observed in a case from the first phase with Rc/Hm0 around 1.7. Deviations in 

the mean overtopping discharge from the first phase are caused by the JONSWAP 

("γ= 1.0" ) spectrum applied in these reference cases, while JONSWAP ("γ= 3.3" ) 

spectrum is used in the second and third phases of experiments and empirical 

predictions. The peak enhancement factor ("γ" ) specifies the peak energy of the 

spectrum, which is lower in the first phase. The wave conditions generated with 

JONSWAP (γ= 1.0) spectrum were applied in tests exploring performance of 

retrofitting structures, and wave conditions for spatial distribution and wave loadings 

tests were calibrated with JONSWAP (γ= 3.3 ). 
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Figure 3. 10 The mean overtopping discharge under impulsive conditions on the plain vertical seawall 

In addition, Figure 3. 11 shows validations on non-impulsive overtopping 

discharge in reference cases. Fairly good agreements are achieved between empirical 

predictions and all measurements. However, underestimations are noticeable with 

larger freeboards, especially in cases with large wave steepness. These deviations 

appear more significant as the relative freeboard increases. These underestimations are 

mostly found in cases with ℎ∗ lower than 0.3. A similar phenomenon was reported by 

Besley et al. (1998), namely that the underestimation in non-impulsive overtopping 

discharge is noticeable, when the impulsiveness parameter ℎ∗ lower than 0.3. 

 

Figure 3. 11 The mean overtopping discharge under non-impulsive wave conditions on the plain 

vertical seawall. 
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3.6.2 Overtopping proportion 

Further validations were conducted on the overtopping proportion for the 

tested duration. Figure 3. 12 compares the predicted and measured Pov from reference 

cases. In the EurOtop manual, predictions of Pov is given as a function of 

dimensionless freeboard 𝑅𝑅𝑐𝑐/𝐻𝐻𝑚𝑚0 and wave impulsiveness ℎ∗ = ℎ𝑠𝑠/𝐻𝐻𝑚𝑚0 ∙ ℎ𝑠𝑠/𝐿𝐿𝑚𝑚−1,0 . 

The wave impulsiveness  ℎ∗ varies between test cases. In the graph, predictions with 

the most common ℎ∗ values are plotted to verify measured data. Data from each case 

is colour coded according to their ℎ∗, and they should follow the prediction line with 

same colour. The graph represents that measured Pov follows the empirical predictions 

from EurOtop (2018).The majority of results locate between the trend lines with 

 ℎ∗from 0.03 to 0.08. This agrees with the  ℎ∗in most of conditions ranged from 0.036 

to 0.078. 

For results under non-impulsive conditions, under predictions are noticeable 

in the most of test cases. When dimensionless freeboard is lower than 1.8, measured 

overtopping proportions fit with predictions reasonably well. Scatter becomes obvious 

as Rc/Hm0>2.0. As per empirical predictions given by EurOtop (2018), when freeboard 

Rc/Hm0 approaching 2.5, Now should extremely approach 0. However, countable 

overtopping events happen in physical model experiments. The reason of this result is 

assumed to be the occurrence of small spray detected by overtopping detector.  

 

Figure 3. 12 Overtopping proportions measurements on the plain vertical seawall 
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3.6.3 Individual overtopping volume 

In the next step, validations are carried out on the wave by wave overtopping 

discharges. In order to improve the accuracy with large individual overtopping events, 

only the upper volumes were used in fitting the Weibull distribution (Hughes et al., 

2012; Zanuttigh et al., 2013). The procedure recommended by Pearson et al. (2002b) 

was adopted in this processes. Relationship between the exceedance probability and 

the individual overtopping volumes are fitted to the Weibull distribution. 

Table 3. 4 Wave characteristics of example tests shown in Figure 3. 13 

  hs [m] Rc [m] Tp [s] Hm0 [m] Rc/Hm0  Imp/Nonimp 

Test a) 0.07  0.14  1.20  0.059  2.37  

Impulsive 
Test b) 0.09  0.12  1.20  0.072  1.66  

Test c) 0.09  0.12  1.42  0.079  1.52  

Test d) 0.11  0.10  1.35  0.090  1.11  

Test e) 0.16  0.05  1.20  0.05  0.97  
Non-impulsive 

Test f) 0.18  0.13  1.33  0.06  2.08  

 

Figure 3. 13 plots exceedance probability against the individual overtopping 

volumes from six example tests. The wave characteristics of these example tests are 

shown in Table 3. 4. These cases are selected from both large and small relative 

freeboard under impulsive and non-impulsive conditions. Individual overtopping 

volumes in theses example tests obey the Weibull distribution, and only limited 

deviations are noticed in extreme overtopping volumes. Despite small number of 

overtopping events occur in non-impulsive conditions, good fittings are also achieved 

in individual overtopping volumes. 
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a) hs=0.07m T=1.20s b) hs=0.09m T=1.20s 

  
c) hs=0.09m T=1.42s d) hs=0.11m T=1.35s 

  
e) hs=0.16m T=1.20s f) hs=0.18m T=1.33s 

Figure 3. 13 Wave by wave volume distribution from six example cases on the plain vertical seawall.  

3.6.4 Maximum individual volume 

The last stage of validation is performed on the maximum individual 

overtopping discharge. According to the empirical prediction given by EurOtop 

(2018), the maximum overtopping discharge can be obtained with Pov and Weibull b 

parameter. With successful validations in these two parameters described above, 

Figure 3. 14 presents comparisons between measured Vmax and empirical predictions 

given by EurOtop (2018). Good agreement is achieved between all experimental data 

and empirical predictions, while some over estimations are observed in non-impulsive 

cases due to limited overtopping level. Deviations between measurements and 
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predictions are within the range of a factor of 4. These results are similar with 

published measurements on plain vertical seawall in small and large scale model 

experiments (Pearson et al., 2002b). 

 

Figure 3. 14 The maximum individual overtopping discharge measured on plain vertical seawall. 

In summary, despite updates in γ in JOSWAP spectra between the first and 

following phases of experiments, overtopping results from the reference cases overall 

agree with predictions provided by EurOtop (2018). Validations of the reference are 

completed, and these results act as reference cases in further analyses on performances 

of retrofitting structures. 

3.7 Wave by wave volume distribution 

Due to awareness of the potential threats posed by the extreme overtopping 

events, a large volume of research has been performed to develop robust prediction 

tools, aiming at quantifying maximum overtopping discharge. According to the 

presently available prediction tools, the Weibull b parameter plays an essential role in 

estimating Vmax. An accurate prediction of the Weibull b parameter generally leads to 

a more reliable estimation of Vmax. Researchers have provided robust empirical 

equations for the Weibull b parameter on smooth sloping structures and rubble mound 

breakwater (Hughes et al., 2012; Zanuttigh et al., 2013). Nonetheless, a predictive tool 

for vertical seawalls has not yet been developed in a satisfactory form. Scatters are 

noticeable between the measurements obtained and existing empirical predictions. On 
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the basis of small scale experiments, explorations aimed at predicting Weibull b 

parameter for vertical seawalls is demonstrated in this section. 

3.7.1 Comparisons with existing predictions 

For the Weibull b parameter on vertical structures, EurOtop (2018) reviewed 

research outcomes from Besley (1999) and Pearson et al. (2002b), and suggested 

predictions given as Eq.[2.12] and [2.13] in this research. The Weibull b parameter 

was analysed following the procedure recommended by Pearson et al. (2002b). Figure 

3. 15 presents the Weibull b parameter measured within this study under impulsive 

and non-impulsive wave conditions. Scattering of results is noticeable in both graphs, 

especially under impulsive wave conditions. These graphs also show the relative 

importance of sm-1,0 in determining the Weibull b parameter. Although, the Weibull b 

parameter slightly increases with sm-1,0 in individual dataset, the overall influences 

from sm-1,0 are not obvious. Similar conclusions were drawn by Bruce et al. (2009) and 

Victor et al. (2012). 
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(a)  

(b)  
Figure 3. 15 Comparison between Weibull b parameter from this study and predictions from EurOtop 

(2018). (a) Under impulsive wave conditions. (b) Under non-impulsive wave conditions. 

3.7.2 Relative importance of overtopping characteristics 

Based on the aim of providing reliable prediction tools, analyses were carried 

out for the dependency of the Weibull b parameter upon overtopping parameters. 

Figure 3. 16 shows the relative importance of overtopping proportions in the Weibull 

b parameter. In the graph, data fall broadly into two populations. The Weibull b 

parameter increases with Pov before Pov reaching 30%. When Pov>30%, the Weibull b 

parameter decreases with Pov on the contrary. Although measured Weibull b parameter 

generally follow this tendency, efforts are still required to sort deviations between 

cases especially with Pov below 5%. Additionally, no results from low or zero 

freeboard are given in the graph. Under these conditions, all data trend to appear at the 
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same Pov, for example, 95% to 100% (Zanuttigh et al., 2013). Moreover, this is the 

key drawback of predicting the Weibull b parameter with Pov. 

 

Figure 3. 16 Relative importance of overtopping proportion in Weibull b parameter. 

It was also reported to evaluate other dimensionless parameters which provide 

similar effects on wave overtopping as Pov, such as Rc/Hm0 and dimensionless 

discharge. Hughes et al. (2012) recommended an empirical equation relating the 

Weibull b parameter with Rc/Hm0. Figure 3. 17 compares all data with predictions 

derived from Hughes et al. (2012), under both impulsive and non-impulsive wave 

conditions. The graphs show fairly good agreement between measurements and 

predictions. Better correlations are found in results under non-impulsive conditions. 

Most of cases give a Weibull b parameter within the range of 0.4-1.5. Figure 3. 17 also 

demonstrates that b-values gradually decrease with Rc/Hm0. Nonetheless, the impulsive 

measurements from the second phase of experiment follow an opposite trend.  
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(a)  

(b)  
Figure 3. 17 Relative importance of Rc/Hm0 in the Weibull b parameter. (a) Under impulsive 

conditions. (b) Under non-impulsive conditions 

Dimensionless discharge is also recommended by researchers to predict 

Weibull b parameter, as it is the result of wave overtopping under the combined effects 

of wave steepness, freeboard and shape of structures. Figure 3. 18 relates b-values to 

dimensionless discharge (q/√gHm0
3). All measurements tend to slightly increase with 

q/√ gHm0
3. Data from impulsive wave conditions however, cluster around the 

discharge between 10E-4 to 10E-2. There is no clear tendency for impulsive results in 

Figure 3. 18, and influences from the short wave period are not illustrated.  
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Figure 3. 18 Relative importance of dimensionless discharge (q/√gHm0
3) in the Weibull b parameter 

Additionally, dimensionless discharge, can also be described as q/gHm0Tm-1,0. 

Zanuttigh et al. (2013), after reviewing previous outcomes, suggested new empirical 

equations for smooth and rubble mound structures based on this parameter. Figure 3. 

19 plots all data against q/gHm0Tm-1,0 and comparisons are performed between all data 

and the predictions derived from Zanuttigh et al. (2013). This parameter includes the 

effects of wave period into the x-axis, and results are slightly improved compared with 

Figure 3. 18. Fairly satisfactory agreement can be achieved between all measured b-

values and predictions. In particular, results from non-impulsive conditions show 

fairly great agreements with predictions from this equation. Although agreements are 

also achieved in impulsive conditions, no b-values is available from conditions with 

large overtopping level (discharge over 1E-03). This part of data may provide the 

significant information about the tendency of b-values according to research on rubble 

mound and sloping structures (Hughes and Nadal, 2009; Zanuttigh et al., 2013).   
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(a)  

(b)  
Figure 3. 19 Relative importance of dimensionless discharge (q/gHm0Tm-1,0) in the Weibull b 

parameter. (a) Under impulsive conditions (b) Under non-impulsive conditions. 

3.8 Summary 

This chapter demonstrates the set-up of devices and methodologies used in 

physical model experiments. With proper selected instruments, measuring system are 

installed and calibrated for the total and individual overtopping characteristics, spatial 

distribution of overtopping water and wave loads on the structure. In investigations on 

performance of retrofitting structures in reducing wave overtopping, the plain vertical 

seawall is set as the reference case. Validations of reference cases are conducted on 

the mean overtopping discharges, overtopping proportion, individual volume 

distribution and maximum overtopping discharge. Validations are completed 
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successfully with good agreements achieved between measurements and predictions 

from EurOtop (2018). 

Furthermore, in investigations into the implication of the Weibull b parameter 

on vertical seawalls, few dimensionless overtopping characteristics were related with 

b-values. It is found that the b-value potentially varies with level of overtopping. A 

nice trend is followed, with dimensionless overtopping discharge (q/gHm0Tm-1,0) and 

dimensionless freeboard (Rc/Hm0), in particular under non-impulsive wave conditions. 

Wave period also slightly increases the b-value. For a reliable conclusion on variation 

in b-values on vertical structures, data from low or zero freeboard is necessary, and it 

is desirable to be investigated in further study. 
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4 Wave Overtopping on Retrofitting Structures 

4.1 Synopsis 

Coastal defence structures are playing a vital role in protecting coastal 

communities from extreme climatic conditions. With climate changes and further sea-

level rise predicted in the next decades, the freeboard of existing coastal defences is 

likely to be reduced and the probability of wave overtopping for these coastal defences 

will increase. The extreme overtopping event will occur more frequently, imposing 

threats to the communities in coastal areas. Retrofitting of existing seawalls offers the 

potential to enhance coastal resilience by allowing them to adapt and respond to 

changing climatic conditions. Research has been conducted on the performance of 

both hard and soft retrofitting structures in reducing wave overtopping. It is found that 

the hard structure such as berm, wave return walls and recurve parapet can reduce the 

overtopping discharge significantly (Franco et al., 1994; Kortenhaus et al., 2002; Van 

Doorslaer et al., 2010). Empirical predictive formulae were derived but the deviations 

between measurements and prediction are not fully addressed yet. Previous studies 

show that soft defences (e.g., re-creation of foreshores and beaches) can harmonise 

with the natural ecosystem, creating a self-healing system, and are therefore rapidly 

finding favour (Tusinski and Verhagen, 2014; Vuik et al., 2016). The performance of 

soft defences (e.g. vegetation) in reducing overtopping discharge is not yet understood. 

Predictive tools are still needed in offering information on estimating the overtopping 

results behind the seawall with soft defences. 

This chapter presents a comprehensive investigation into the combined 

effectiveness of four prototype coastal retrofit structures and vertical seawall in 

reducing wave overtopping. The wave overtopping from the retrofitting structures is 

investigated based on number of physical modelling experiments with a range of 

hydrodynamic and structural configurations. It is proposed to compare and relate the 

effectiveness of tested retrofitting structures in reducing wave overtopping from the 

existing plain vertical seawall. Effectiveness of tested retrofitting structures are related 

with their geometrical dimensions. A new methodology is developed for more 

accurate predictions of overtopping discharges on the plain vertical seawall with 

recurve parapets. 
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4.2 Retrofitting configurations 

In this study, four selected retrofitting structures were chosen, i) recurve wall, 

ii) reef breakwater, iii) diffraction pillars and iv) vegetation, and were compared to 

measurements of overtopping results with reference cases (plain vertical seawall). The 

validations of reference cases have been introduced in Section 3.6. It was found that 

all tested retrofitting structures work well in mitigating overtopping waves. However, 

their performance varied due to their difference geometric shapes and dimensionless 

freeboard. The reductions in the mean overtopping discharge for the retrofitted 

configurations were lower, as the dimensionless freeboard decreased.  

The experiments were conducted with both soft and impermeable hard retrofits 

to assess the effects of additional retrofits to overtopping results. Figure 4. 1 shows the 

schematic design of four tested retrofitting structures. In each configuration, the 

retrofit element was installed at approximately 0.40m from the vertical seawall. 
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Figure 4. 1 Experimental configuration of flume and the tested retrofitting structures (a) Cross-section 

of the reef breakwater. (b) Cross-section of the recurve wall. (c) Cross-section of the diffraction pillars 

(0.095m width, 0.07m between per pillar). (d) Cross-section of the vegetation (as presented in 

Abolfathi et al. (2018))  Dashed lines in each figure presents the maximum and minimum SWL tested.  
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4.3 Influence on overtopping results 

4.3.1 Influence on mean overtopping discharges 

The impulsive overtopping discharge from all tested retrofitted configurations 

are compared with the reference case (plain vertical seawall) in Figure 4. 2. The trend 

line for each retrofitting configuration is generated in terms of the empirical prediction 

tools according to EurOtop (2018). It is proposed to show how the mean overtopping 

discharge changes with dimensionless freeboard (𝑅𝑅𝑐𝑐/𝐻𝐻𝑚𝑚0) on retrofitting structures. 

Compared with discharge measurements from the reference case, significant 

reductions are observed in all retrofitted configurations, with the maximum decrease 

of nearly two order of magnitude. However, when the dimensionless freeboard 

approaches 1.0, this reduction drops lower than one order of magnitude. It is found 

that overtopping discharges on retrofitting structures decrease diversely due to various 

dimensionless freeboards. For the retrofitting cases with larger relative freeboard, a 

higher reduction in mean overtopping discharges was observed.  

For the dimensionless freeboard above 2.25, recurve wall has the maximum 

reduction of mean overtopping discharge with 98%, followed by vegetation with 93% 

and reef breakwater with 88% reduction. The minimum reduction in mean overtopping 

discharges are detected when the dimensionless freeboard is less than 1.0, where a 

63% reduction in mean discharge is observed for the recurve wall, followed by 61% 

and 59% for vegetation and reef breakwater, respectively. The diffraction pillars do 

not show significant efficiency for the dimensionless freeboard less than 1.0, with the 

minimum of 6% overtopping reduction over all wave conditions.  

Under non-impulsive conditions, retrofitting structures do not perform as good 

as under impulsive conditions, but still provide acceptable reductions in mean 

overtopping discharges. Figure 4. 3 shows the results under non-impulsive conditions 

for all configurations. Trend lines are developed and fitted with data from each case 

by applying a reduction factor to the original equation (Eq.[2.5]) given by EurOtop 

(2018). In the graph, recurve wall shows the best performance under non-impulsive 

conditions with 88% reduction in mean overtopping discharge, followed by 83% and 

80% for vegetation and reef breakwater respectively. The diffraction pillar is less 

effective, and offers a 40% reduction for the conditions tested.  
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(a)  

(b)  
Figure 4. 2 The mean overtopping discharge (Impulsive) from tested retrofitting structures (as used in 

Abolfathi et al. (2018)). a) Recurve wall and Vegetation. b) Reef breakwater and Diffraction pillars.  

The freeboard is not the only element affecting performance of retrofitting 

structures. Research has also shown influences from structural size and wave 

characteristics in wave attenuation (Luhar et al., 2017; Van Doorslaer et al., 2015). In 

this study, the potential influential elements are discussed for tested retrofitting 

structures.  

The effectiveness of reef breakwater is found to be affected by the submerged 

water depth above the breakwater crest. Limited submerged water depths make reef 

breakwater ineffective and even increase the overtopping discharge. Observations of 

this phenomenon are highlighted is Figure 4. 3. Overtopping discharges increases even 

larger than results in reference cases with Rc/Hm0 around 2.25 (circled in Figure 4. 3). 

Besley et al. (1998) firstly reported this overtopping characteristic with measurements 
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from the coast in the Samphire Hoe. These increases in overtopping discharge are 

perhaps caused by relatively low wave height and water depth above the crest of 

breakwater. They increase wave ‘tripping’ onto the foreshore berm, which gives rise 

to overtopping discharges (Allsop et al., 2003; Allsop et al., 2005a). At present, the 

threshold in water depth which activates this phenomenon is unclear. To answer this 

question, further investigations may be conducted by testing more freeboards from 1.0 

to 3.0. 

(a)  

(b)  
Figure 4. 3 Mean overtopping discharge (Non-impulsive) from all retrofitting configurations and 

vertical seawall. a) Recurve wall and Vegetation. b) Reef breakwater and Diffraction pillars. 

For model vegetation, the packing density plays a significant role in 

determining its mitigating effects on wave overtopping. Research has been carried out 

exploring the influences of packing density on wave decay (Luhar et al., 2017; 

MacArthur et al., 2019). However, how the packing density affects overtopping results 
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is currently unclear. In this study, four packing densities were investigated. Detailed 

discussions about their influences on overtopping results are provided in Section 4.5. 

The performance of recurve wall is mainly determined by its dimensions, 

specifically the overhang length and height. Empirical equations for overtopping 

discharge predictions have been developed by Kortenhaus et al. (2003) and Pearson et 

al. (2004). However, the influences from wave characteristics were not considered in 

this research, which may result in scatters between cases with the same freeboard. 

Three different sizes of recurve wall are examined in this study. Influences from their 

dimensions to overtopping reductions will be discussed in the section 4.4. 

4.3.2 Influences on wave by wave overtopping events 

The mean overtopping discharge, as a widely used indicator, gives results for 

a time averaged concept. It describes how the tested retrofitting structures will 

influence the overtopping wave in a storm duration. However, this parameter does not 

offer detailed information of the worst-case scenario caused by extreme individual 

overtopping events.  

Table 4. 1 Wave characteristics of the condition for individual volume distribution comparisons in 

Figure 4. 4. 

hs [m] Rc [m] Hm0 [m] Tp [s] Sop [-] 

0.100 0.150 0.089 1.272 0.035 

 

Figure 4. 4 compares the individual overtopping volume distribution from the 

reference case and tested retrofitting structures, whose characteristics are shown in 

Table 4. 1. The individual overtopping volumes on retrofitting structures, in general, 

obey a Weibull distribution. Almost parallel trends are found between reference cases 

and retrofitting configurations, meaning similar values of b in all tested configurations. 

However, volume distributions in retrofitting structures are above the distribution 

from the plain vertical seawall with offsets, especially distributions from recurve wall 

and vegetation. It may be caused by low overtopping proportions on retrofitting 

structures. Small overtopping events are returned or reduced by retrofitting structures, 

and remaining large overtopping events take the dominant role in overtopping events. 



81 

 

According to the mean overtopping discharges on each structure, recurve walls and 

vegetation are effective in returning or reducing overtopping waves in this study.  

 

Figure 4. 4 Wave-by-wave overtopping volume distribution from all retrofitting configurations and 

plain vertical seawall. v in the axis is the individual overtopping volume, vbar is the average 

overtopping volume in each overtopping event.   

Among all individual overtopping events, the maximum overtopping volume 

(𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚) poses the most dangerous threat to the infrastructures and properties in coastal 

regions. Figure 4. 5 illustrates the mitigations in 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  occurring due to retrofitting 

structures. Compared with the reference case (vertical wall), a reduction in 

overtopping discharges is observed in all retrofitted configurations, except the 

diffraction pillars with only 20% as the minimum reduction in 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 . Vegetation 

appears to be the most efficient approach with over 48% reduction observed in Vmax, 

followed by reef breakwater and recurve wall with over 30% and 28% reductions 

respectively. Figure 4. 5 also shows that smaller Vmax leads to greater Vmax reductions. 

When Vmax is around 10-2 m3/m, the observed reductions are all within 1 order of 

magnitude of the maximum. However, more than two orders of magnitude reduction 

are found when the Vmax becomes close to 10-4 m3/m. 
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Figure 4. 5 Comparisons between the measured and predicted maximum individual overtopping 

volume on tested retrofit structures and vertical seawall (reference case). 

4.4 Effects of structural dimensions to retrofitting performance 

In order to clearly illustrate the performance of retrofitting structures, the 

reduction in the mean overtopping discharges are related with wave impulsiveness and 

freeboard. The reduction γ was calculated as the ratio of decreased discharge over the 

discharge from the reference cases. Figure 4. 6 presents reductions in the mean 

overtopping discharges measured from all test cases. It is seen that the larger 

dimensionless freeboard leads to the better performance of retrofitting structures. For 

example, for the recurve wall,  the minimum reduction at 64% observed when Rc/Hm0 

is around 1.5. When Rc/Hm0 increases to 2.3, the minimum reduction in mean 

overtopping discharge increases rapidly to 91%.  

Despite the dominant effects of freeboard, the shape of retrofitting structures 

also plays an essential role. Figure 4. 6 confirms that the recurve wall and vegetation 

are the most promising form of retrofitting structures. Diffraction pillars generally 

offer limited contributions on reducing mean overtopping discharge with low 

dimensionless freeboard. However, it also becomes effective when freeboard (Rc/Hm0) 

increases to 3.0. With increases in freeboard, the reduction in mean overtopping 

discharge rise in all configurations, and keeps almost constant since Rc/Hm0>3.0. it can 

be derived that the mitigating performance of retrofitting structures is dominant by 

their shapes when Rc/Hm0<3.0, otherwise is mainly depend on the freeboard height. 
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Figure 4. 6 Reductions in the mean overtopping discharges on all tested retrofit structures 

Besides the relative freeboard, wave characteristics such as wave steepness 

could affect the performance of retrofitting structures in reducing the mean 

overtopping discharges. Three data points from diffraction pillars with dimensionless 

freeboard around 2.5 are highlighted in Figure 4. 6, as they significantly deviate from 

the expected trend. These highlighted cases are tested with the low wave 

impulsiveness parameter (h*), which show a reduction around 20% in the mean 

overtopping discharge measured on the diffraction pillars, while over 60% reductions 

are measured in other configurations. With lower h*, waves are more likely to run over 

the structure, causing large overtopping discharges. The diffraction pillars are found 

not effective against large overtopping level, hence limited reduction is observed in 

cases highlighted in Figure 4. 6.  

Based on the overtopping discharge above (Figure 4. 2 and Figure 4. 3), a 

positive correlation is found between dimensionless freeboard (Rc/Hm0) and the 

reduction in the mean overtopping discharge on the retrofitted configurations. Figure 

4. 6 also shows that the higher wave impulsiveness parameter (ℎ∗) causes and less 

reduction in the mean overtopping discharges. Therefore, a positive correlation is 

assumed between ℎ∗  and reduction γ. According to these relationships described 

above, Figure 4. 7 shows the reduction γ against h*Rc/Hm0, which illustrates the 

combined influence of ℎ∗ and Rc/Hm0 on the mean overtopping discharge reductions 

for retrofitting structure. In general, the reduction γ goes up with ℎ∗×Rc/Hm0. When 

the product of h* and Rc/Hm0 becomes larger than 0.2, the reduction trends to keep 
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constant around 90%. However, less reduction of the overtopping discharge is 

observed when the product of ℎ∗ and Rc/Hm0 approaches zero. For similar products of 

ℎ∗ and Rc/Hm0, the recurve wall is found to be the most effective retrofitting structures, 

whilst the diffraction pillars show the worse efficiency and provide approximately 

10% to 35% reduction with low freeboard and wave impulsiveness values.   

 

Figure 4. 7 Reductions in the mean overtopping discharge on tested retrofits under combined effects 

of h* and Rc/Hm0 

 

Figure 4. 8 The reduction of the mean overtopping discharge behind three retrofitting structures under 

effects of the dimensionless area of retrofitting structures and seawall. The Aretrofit means the corss-

sectional area of retrofitting structures, and Aretrofit=hretrofit × widthretrofit. Aseawall and Awaterbody is the 

cross-sectional area of the seawall and water respectively. Awaterbody=hs × widthflumet  
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Further analysis on structural height and water depth at the toe of the structure 

is undertaken to understand the influence of retrofitting’s structural dimensions on 

mitigating mean wave overtopping discharge. Figure 4. 8 illustrates the relationship 

between the mean overtopping discharge reduction and the dimensionless area of 

retrofitting structures. The cross-sectional area of retrofitting structures is non-

dimensonalised by cross-sectional area of water body (width of the flume multiplies 

water depth at the toe of seawall). Figure 4. 8 only analyses the retrofits which were 

placed on the foreshore beach slope of the flume (excluding recurve wall). For recurve 

walls, a satisfying prediction tool has been published by Pearson et al. (2004). The 

results highlight that the overtopping reduction increases with dimensionless area and 

when the dimensionless area approaching zero, the overtopping reduction falls sharply 

and approaches zero. For the case of vegetation, the dimensionless cross-sectional area 

is determined as the solid cross-sectional area of all straws multiplies packing density. 

A significant deviation from the overall trend of data in Figure 4. 8 can be seen in one 

data point at Rc/Hm0=3.0, which can be attributed to high wave impulsiveness 

(h*<0.02) for this case. 

All in all, the relative freeboard has the dominant influence on reducing the 

mean overtopping discharge from retrofitting structures. For the cases with relative 

low freeboard (Rc/Hm0<2.5), the wave impulsiveness shows significant effects on the 

mean overtopping discharge reductions. The lower discharge reduction is observed 

under the wave conditions with lower wave impulsiveness parameter (h*). Also with 

low relative freeboard, the shape of retrofitting structures are able to greatly affect 

their performance, while under high freeboard, their shapes make limited difference. 

A rough relationship is built between the cross-sectional area of structures and 

reductions in mean overtopping discharge. It is observed that a large cross-sectional 

area of structures leads to a larger reduction in the mean overtopping discharge. 

However, this observation is limited to retrofitting structures located on foreshore 

beach.  

4.5 Effects of vegetation density 

The vegetation tested in this study acts as a promising approach in controlling 

overtopping discharge. Unlike other retrofitting structures on foreshore examined in 

this project (reef breakwater and diffraction pillars), it is difficult to determine the 
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effective cross section area of the vegetation due to its permeability. Existing research 

reports that the density, submerged water depth (height of vegetation) are able to affect 

performance of vegetation in wave decay(Forbes and Broadhead, 2007; Luhar et al., 

2017). However, limited information is available relating these elements with 

overtopping results on vegetation. In this study, the sensitivity of overtopping 

discharge reduction to straw density were investigated with four densities tested in the 

wave flume.  

In addition, the bending of the vegetation caused by incident waves may also 

affect the overtopping discharge reduction due to the changing shape of the vegetation. 

However, the model vegetation tested in this study is proposed to simulate rigid 

vegetation in the field (e.g. mangroves and coconut trees). As the simulated vegetation 

was rigid and hard, the bending has limited influence on the vegetation, while the 

effects of bending become noticeable on “soft vegetation” (e.g. sea grass). Hence the 

bending on the vegetation was not considered in this study.  

 

Figure 4. 9 Schematic design of four tested density of vegetation (top view) 
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Vegetation in this study was modelled with flexible straws. The straws were 

sealed on a PVC board, which was 600 × 600 mm in size with sufficient holes. The 

PVC board was sealed in front of the seawall to hold straws in place. The density of 

straw can be adjusted as the schematic design shown in Figure 4. 9. With this 

methodology, four straw density were created. They are 0.04 stems/ 100 mm2, 0.17 

stems/ 100 mm2, 0.33 stems/ 100 mm2 and 0.5 stems/ 100 mm2 in the flume 

experiments. If converted into field scale, they are 19 stems/ 100m2, 75 stems/ 100m2, 

133 stems/ 100m2 and 200 stems/ 100m2 respectively. These packing densities were 

derived in terms of the field investigations on the performance of coconut trees (14 – 

26 stems/ 100m2), dense mangroves (10 – 20 stems/ 100m2) against Indian Ocean 

tsunami (Forbes and Broadhead, 2007; Tusinski and Verhagen, 2014) and 

performance of wetland vegetation (100 – 600 stems/ 100m2) against damping waves 

(Augustin et al., 2009). With field measurements in India, Forbes and Broadhead 

(2007) reported that mangrove forest with the density around 14 – 26 stems/ 100m2 is 

able to reduce the impact of tsunami over 90% and provide sufficient protection to the 

inland area. Similar conclusion is also reported by Horstman et al. (2014) that the 

incident wave height was reduced round 42% with mangrove density around 17 stems/ 

100m2.  

4.5.1 Mean overtopping discharge reductions  

 

Figure 4. 10 Mean overtopping discharge from vegetation packing densities 

Figure 4. 10 shows that an increase in packing density leads to larger reduction 

in the mean overtopping discharges. When the packing density increasing from 19 to 
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200 stems/100 m2, the mean overtopping discharge decreases by a factor of 3 on 

average. Additionally, the mitigating effects of density variation is also influenced by 

freeboard. In the 19 stems/100 m2 scenario, the overtopping discharge reduction γ rises 

from 28% to 72% as a result of rising freeboard from 0.95 to 2.33. Additionally, the 

mean overtopping discharge decreases two orders of magnitude for low freeboard, and 

three order of magnitude as the maximum in large freeboard cases.   

(a).  

(b).  
Figure 4. 11 Relationship between reduction γ in mean overtopping discharge and packing density of 

vegetation (a), dimensionless freeboard (b). 

In terms of the mitigating effects of vegetation discussed above, explorations 

were undertaken on the dependency of overtopping discharge reduction γ upon 

packing density of vegetation and dimensionless freeboard. Datasets were selected and 

grouped based on their dimensionless freeboard and packing density. Figure 4. 11 
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shows the relative importance of packing density and dimensionless freeboard in the 

reduction γ of mean overtopping discharge. It is seen that both parameters are 

positively correlated with the reduction γ. The reduction γ under the influence of 

packing density, follows an exponential increasing trend from approximately 45% on 

average rises to 99% (Figure 4. 11a). The greater increase is observed in the 

overtopping discharge reductions with a lower packing density. The reduction in 

overtopping discharge increased 30% on average when density rise from 19 stems/100 

m2 to 75 stems/100 m2. However only 20% improvements are observed in reduction γ 

when density increased from 75 stems/100 m2 to 200 stems/100 m2. 

Figure 4. 11b shows a similar relationship between dimensionless freeboard 

and reduction γ. Increases in dimensionless freeboard leads to significant 

improvements in mitigating effects of vegetation. It is also noticeable that a high 

packing density (200 stems/100m2) always provides excellent overtopping reductions 

in wave overtopping discharge, and little changes can be noticed in the overtopping 

discharge reduction when the relative freeboard increases from 1.0 to 2.35.  

4.5.2 The maximum overtopping volume 

The effects of packing density on the performance of vegetation were also 

evaluated for individual overtopping events. Figure 4. 12 illustrates that the maximum 

overtopping discharge decreases as a result of increasing packing density of 

vegetation, with two order of magnitude as the largest reduction provided by the 

density of 200 stems/100 m2. In each scenario that packing density is kept unchanged, 

the mitigation in 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  are almost constant in both large and small maximum individual 

overtopping events. The dependency of 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  upon the packing density can be 

understood if checking the same overtopping event on various density of vegetation. 

When packing density doubles from 0.5 to 1.0 of the relative density, the 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  

reduction rises more than a factor of ten from one to two order of magnitude. The 

performance of vegetation in decreasing Vmax does not obey a linear relationship with 

the packing density of vegetation, but a steeper one. More significant reduction is 

observed in 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  with the higher packing density. 
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Figure 4. 12 The maximum individual discharge form reference cases (plain vertical seawall) and four 

tested vegetation configurations 

4.5.3 Predicting the mean overtopping discharge by wave height reduction 

It was reported that the incident waves reduce significantly due to vegetation 

(Blackmar et al., 2014; Möller, 2006; Vuik et al., 2016). It was questioned as to 

whether the overtopping reduction on the vegetation measured in this study can be 

estimated with the wave height reductions. Mendez and Losada (2004) suggested 

predictive equations to estimate the wave height reductions by vegetation, and the 

equations are given as: 
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where x is the distance from the start of the vegetation field, H(x) is the wave 

height at a distance x after the start of the vegetation field, Hs is the significant wave 

height, α is the damping factor, CD  is the bulk drag coefficient of the vegetation, N is 

the vegetation density (stems/m2), Hrms is the root-mean-square wave height, kh is the 

relative wave depth determined as 2π/L⋅h, s is the submerged height of vegetation. 
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As the wave characteristics in the vegetation filed were not measured in this 

study, the reduction in the wave height were estimated with the CD given by Wu and 

Cox (2016), in which experiments were conducted with similar vegetation density (72 

stems/ 100m2) and diameter of stem.  

 
Figure 4. 13 The mean overtopping discharges on the plain vertical seawall with vegetation on the 

foreshore with vegetation density at 75 stems/ 100m2. The measured values are obtained from the 

experiments conducted in this study, and the predicted values are determined by wave height 

reductions.  

Figure 4. 13 compares the mean overtopping discharge measured from this 

study and predicted from the wave height reduction after the vegetation field. It can 

be observed that the dimensionless discharge ((q/gHm0
3)0.5) on the vegetation with 

density 75 stems/ 100m2 agree with the measurements from this study. Thus, it is 

suggested that the estimations of wave height reduction by vegetation can provide 

satisfactory estimations of the mean overtopping discharge on the plain vertical 

seawall with vegetation. The overtopping reduction becomes more significant when 

the vegetation density increases. The results for remaining vegetation densities are 

shown in Appendix A. Agreements are also achieved between measured and predicted 

mean overtopping discharge with the density of 19 stems/ 100 m2. The mean 

overtopping discharge is overestimated up to 2 orders of magnitude with the 

vegetation density at 133 stems/ 100m2 and 200 stems/ 100m2.  

However, the wave height reductions were estimated with empirical equation, 

and measurements of exact wave height reduction in tested configuration is needed in 

future work. Hence, the relationship between the wave height reduction and the 
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overtopping discharge reduction should be re-evaluated with measurements from 

physical modelling experiments in future work.  

4.6 Effects of recurve wall  

The performance of a recurve wall is able to be predicted with functions of its 

dimensions (Kortenhaus et al., 2002; Pearson et al., 2004). Despite acceptable 

agreements between measurements and predictions from these equations, more 

improvements are desirable. Deviations up to two orders of magnitudes are observed 

between measurements and Pearson et al. (2004) predictions. In determining 

effectiveness of recurve wall, the overhang length is reported to be a significant 

parameter, but the little research is carried out on the relative importance of recurve 

height. How the height changes would affect recurve wall performance remains an 

unclear research topic. This study performs a systematic investigation on the influence 

of recurve height and wave characteristics in wave effectiveness of recurve walls.  

4.6.1 Recurve shapes and wave conditions 

On the aims of providing a systematic exploration about the influence of 

recurve dimensions on wave mitigation effects, four different shapes of recurve wall 

were tested in this study, including Small Recurve (SR), Long Recurve (LR), Long 

Recurve 2 and High Recurve (HR). The dimensions of tested recurve structures are 

shown in Figure 4. 14. 

 

Figure 4. 14 Schematic designs of four tested recurve wall 
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Experiments were initiated on the recurve wall with similar height and 

overhang length, which is named as the Small Recurve (SR). Its nose angle is very 

close to 45 degrees, as recommended by Van Doorslaer and De Rouck (2011) based 

on a comprehensive consideration on ease of constructions, stability and performance 

of recurve wall. HR is built to investigate the influence from the recurve height to 

effectiveness of recurve wall. In this configuration, the nose angle is close to 30 

degrees. To investigate effects of the overhang length, LR is machined with the nose 

angle becomes approximately 60 degrees. An extra recurve wall is machined called 

Long Recurve 2. The overhang length is even increased to detect the threshold that 

recurve wall would fully stop wave overtopping. With these four recurve walls, this 

study proposes to explore the effects of recurve sizes in wave overtopping reductions, 

and the upper limits in mitigating effects of the recurve wall. 

On the aim of undertaking systematic analyses of parameters in influencing 

recurve performance, experiments were carried out for not only the effects of recurve 

dimensions, but the incoming wave characteristics. As per the prediction tool initially 

published by developed by Kortenhaus et al. (2003) and Pearson et al (2004), decay 

in the mean overtopping discharge can be estimated with dimensions of recurve wall 

and water depth at the toe of structure. However, deviations are nevertheless observed 

between measurements and predictions.  

This study is aimed to provide systemic evaluations on the influences from 

wave characteristics to mitigating performance of recurve wall. For this aim, the 

scheme of experiments covers a wide range of wave conditions (refer to Table. 3.2). 

In addition, extra tests were carried out for relative importance of wave steepness, 

which will be demonstrated in detail in section 4.6.4. Approximately 1000 waves were 

generated following the JONSWAP spectra (γ= 3.3) in each test. A large number of 

physical experiments were performed under both impulsive and non-impulsive 

conditions. Wave steepness were covered from 0.016 – 0.068 for different types of 

breaking waves. Overtopping measurements were compared between configurations 

for the sensitivity of recurve sizes and wave characteristics in the shallow water zone. 

4.6.2 Mean overtopping discharges 

Mean overtopping discharge is the major indicator used in assessing the risk 

of coastal flooding behind the seawall. Figure 4. 15 and 4. 16 show the mean 
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overtopping discharge on tested recurve walls under impulsive and non-impulsive 

respectively. Since the wave steepness is hypothesised to affect performance of 

recurve wall, results from large and small wave steepness conditions are shown 

separately. Measurements are grouped as sm-1,0 ≈  0.025 for small wave steepness 

conditions and sm-1,0 ≈ 0.05 for large wave steepness.  

(a).  

(b).  
Figure 4. 15 Mean overtopping discharge (Impulsive) from Recurve wall. (a) Wave conditions with 

sm-1,0 around 0.025. (b) Wave conditions with sm-1,0 around 0.05. 

All tested recurve walls are able to limit overtopping discharge with favourable 

effects. As per results shown in Figure 4. 15, overtopping discharge behind the seawall 

is reduced at a factor of 8 as the minimum, and at three order of magnitudes as the 

maximum. Recurve walls do not perform steadily over all conditions. As elucidated 

in section 4.3.1, reductions in the mean overtopping discharge increases with the 
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dimensionless freeboard. This reduction trends to approach the upper limit when 

dimensionless freeboard passes 2.2. In this freeboard range, the mean overtopping 

discharges trend to remain unchanged under both large and small wave steepness 

conditions.  

The recurve wall with the longest overhang length, named LR, is observed to 

provide the best mitigating effects among all tested sizes. Similar performance is found 

on the extra structures, named Long Recurve 2. Two recurve walls with the same 

overhang length (SR and HR) act almost identically in reducing overtopping 

discharge. The height changes in recurve wall dimensions do not affect the 

performance of recurve wall much. By comparing measurements from smooth and 

steep wave conditions, the overtopping discharge difference due to variations of wave 

steepness becomes more pronounced when a recurve parapet is mounted on the 

seawall crest. In other ward, the large wave steepness may enhance the performance 

of recurve wall in mitigating overtopping waves.  

The research about performance of recurve walls mainly focus on the 

impulsive overtopping processes. It was summarised with existing databases that 

recurve wall do not offer significant helps in reducing non-impulsive overtopping 

waves (Kortenhaus et al., 2003; Pearson et al., 2004). This phenomenon is also 

observed under wave conditions with low relative freeboard. However, as freeboard 

increases, the reduction in non-impulsive mean overtopping appears significant, 

especially under large wave steepness conditions. 

 



96 

 

(a).   

(b).   
Figure 4. 16 Mean overtopping discharge (Non-impulsive) from Recurve wall. (a) Wave conditions 

with sm-1,0 around 0.025. (b) Wave conditions with sm-1,0 around 0.05. 

Figure 4. 16 shows mean overtopping discharge measured on all tested recurve 

walls under non-impulsive wave conditions. Results are separated into two graphs for 

large and small wave steepness. For small wave steepness (Figure 4. 16a), mean 

overtopping discharges are reduced at a factor of three on SR for low freeboard, and 

this reduction increases to more than one order of magnitude till the largest freeboard 

is tested. This influence of freeboard becomes more significant under incident waves 

with large steepness. On SR under large wave steepness conditions, the reduction rises 

from a factor of 8 as the minimum up to two order of magnitudes as the maximum. 

With longer overhang length in LR and Long Recurve 2, the reduction in mean 

overtopping discharge grows more rapidly with dimensionless freeboard. Hence, the 
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efficiency of recurve wall is still considerable under non-impulsive wave conditions if 

a least dimensionless freeboard over 1.2 is given.  

In Figure 4. 15 and Figure 4. 16, overtopping discharges from HR are similar 

with SR, indicating that height of recurve wall does not significantly affect the 

performance of recurve walls much. In respect of the wave steepness, larger wave 

steepness is observed to cause larger reduction in mean overtopping discharges. It is 

inferred that the space under recurve wall is not likely to be filled under steep wave 

conditions. Hence overtopping waves are less likely to overflow the structure, and 

more overtopping water is returned by recurve wall. Similar interpretations are also 

applicable for larger reductions in the mean overtopping discharge with longer 

overhang length. 

4.6.3 Reductions in mean overtopping discharge 

Explorations were conducted over the years for prediction tools of reduction 

in mean overtopping discharge on recurve wall. Kortenhaus et al (2003) recommended 

equations based on overhang length 𝐵𝐵𝑟𝑟 , recurve height ℎ𝑟𝑟 , and freeboard 𝑅𝑅𝑐𝑐 . The 

reduction was described as the ratio of discharges on recurve wall over the discharges 

on vertical seawall. Figure 4. 17 compares the predicted reduction in mean 

overtopping discharge with measurements. Predictions in Figure 4. 17a is obtained in 

terms of equations provided by Kortenhaus et al., (2003). Identically as concluded by 

Kortenhaus et al., (2003), predictions match with measurements roughly with low 

crest to depth ratio. When the crest to depth ratio is over 0.5, over-prediction appears 

and becomes significant as crest to depth ratio increases. 

In order to sort the over-prediction, Pearson et al., (2004) applied a correction 

factor on the previous equations. This correction factor falls into three regimes, 

corresponding to low, medium and high crest to depth ratio (Figure 4. 17a). Figure 4. 

17b shows comparisons between measured reductions and corrected predictions. 

Scatters are still perceptible between tests, which are observed up to two order of 

magnitude when 0.9< Rc/hs <1.5. Meanwhile, it was observed that almost identical 

estimations were given for various cases with the same crest to depth ratio. It is 

hypothesised that there are wave characteristics (e.g. steepness) play roles in 

determining the effectiveness of recurve walls. 
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(a).  

(b).  
Figure 4. 17 Comparisons between the predicted and measured reduction in mean overtopping 

discharges on recurve wall. (a) Reduction factor k predicted by Kortenhaus et al. (2003). (b) 

Reduction factor k predicted by Pearson et al. (2004) 

4.6.4 Improvements on current tools 

As shown in Figure 4. 17, predictions of the effectiveness of recurve wall from 

current predictions still deviate from measurements with noticeable scatter. When 

checking the analyses processes, it was observed that almost the same predictions are 

given for the structure with same configurations, despite different wave conditions are 

employed. This fact may be the reason of remaining scatter between measurements 

and predictions. With regard to this scatter, improvements were produced based on the 

methodology of Kortenhaus et al. (2003), through taking the characteristics of incident 

waves into considerations.  
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Table 4. 2 Hydrodynamic characteristics for wave steepness varying tests at seawall. 

hs(m) Test No. Hm0(m) Tm-1,0(s) Rc/Hm0 Sm-1,0 ℎ∗ Impulsiveness 

0.09 

1 0.071 0.9345 1.701  0.055 0.084 

Impulsive 

2 0.071 0.9641 1.681  0.051 0.078 

3 0.068 1.025 1.754  0.040 0.072 

4 0.071 1.103 1.697  0.034 0.060 

5 0.066 1.142 1.831  0.028 0.061 

6 0.071 1.216 1.697  0.025 0.050 

7 0.067 1.278 1.790  0.022 0.047 

8 0.066 1.478 1.818  0.015 0.036 

0.11 

1 0.078 0.97 1.283  0.055 0.106 

2 0.084 1.007 1.195  0.054 0.091 

3 0.082 1.039 1.222  0.049 0.088 

4 0.083 1.115 1.200  0.041 0.075 

5 0.082 1.186 1.216  0.033 0.067 

6 0.078 1.229 1.274  0.029 0.065 

7 0.082 1.282 1.224  0.028 0.058 

8 0.077 1.484 1.294  0.019 0.046 

 

It is also demonstrated in Figure 4. 15 and Figure 4. 16, that larger reductions 

are observed in higher steepness wave conditions. Pearson et al. (2004) indicated that 

based on non-impulsive measurements, the overtopping response to wave conditions 

with higher steepness are more sensitive to recurve structures. Physically, it is more 

difficult for steep waves to fill the space between vertical parts and recurve wall. Thus, 

steep waves, compared with smooth waves, are more likely to be trapped under 

recurve wall and will not overflow the structure crest. Two group of experiments were 

carried out to further understand the influence from wave steepness to overtopping 

response. Wave height and still water level were fixed, only the wave period varied to 

generate wave steepness ranged from 0.02 to 0.06. The hydrodynamic characteristics 

of these tests are shown in Table. 4.2. 
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Figure 4. 18 compares the measured effectiveness of SR with predicted values 

using Pearson et al. (2004)’s methodology. The ratio of measured and prediction 

reduction is related with wave steepness at the toe of the structure. To avoid influences 

from freeboard, data are plotted for high and low freeboard respectively. The graph 

shows that wave steepness does have little influence on overtopping discharge on 

recurve wall under large freeboard. However under low freeboard, deviations between 

predictions and measurements decreases from a factor of 10 to 1 when wave steepness 

rises from 0.019 to 0.056. This fact demonstrates that Pearson et al. (2004) equations 

give better estimations under large wave steepness with low freeboard. However, 

predictions for high freeboard cases remains approximately one eighth as large as 

measurements, and results show little sensitivity on wave steepness. 

 

Figure 4. 18 Sensitivity of predicted overtopping discharge on recurve to incident wave steepness 

(Small Recurve) 

As demonstrated in section 4.3.1, the k factor can be positively correlated with 

the Rc/Hm0. Additionally, Figure 4. 15, Figure 4. 16 and Figure 4. 18 show the 

dependency of k upon wave steepness in the shallow freeboard region. The larger wave 

steepness is, the more effectively recurve wall acts. It can be explained as either the 

higher freeboard or the larger wave steepness will raise difficulties for incoming waves 

overflowing, and overtopping discharge decreases as a results. Based on these 

influences from Rc/Hm0 and sm-1,0, the measured k is fitted as a function of two 

dependent variable of Rc/Hm0 and sm-1,0. 
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Figure 4. 19 compares the predicted discharge on SR wall with formulae 

advised by Kortenhaus et al. (2003) and Pearson et al. (2004). Both methodologies are 

able to provide accurate results with low freeboard or wave steepness (Rc/Hm0
-4.8sm-1,0

-

2.1>1000). Figure 4. 19 shows that the Pearson et al. (2004) equation mostly under 

estimate the k factor with scatters, while Kortenhaus et al. (2003) results gradually 

become too conservative. Notably, Figure 4. 19 also illustrates that predicted k from 

Kortenhaus et al. (2003) gradually agrees with measurements as Rc/Hm0
-4.8sm-1,0

-2.1 

increases. Further analyses show that this trend agrees well with the function of Rc/Hm0
-

4.8sm-1,0
-2.1

. According to this finding, an equation for correction factor to Kortenhaus 

et al. (2003) predictions are empirically determined with measurements from SR, and 

it is given as: 
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 [4.3] 

where 𝑡𝑡  is the new correction factor applied to Kortenhaus et al. (2003) 

predictions.  

 

Figure 4. 19 Comparisons between predictions of discharge reduction k on Small Recurve from 

Kortenhaus et al. (2003), Pearson et al. (2004) and the new method suggested in this study.  

This correction factor obtained from SR was then applied in measurements 

from all other recurve walls. Figure 4. 20 compares the predictions from Kortenhaus 

et al. (2003) and Pearson et al. (2004) formulae with measured overtopping discharges 

on HR and SR. The new correction trend is also plotted. It is found that Pearson et al. 
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(2004) predictions mostly locate above the x-axis, meaning underestimations in the 

discharge on recurve wall. However, predictions from Kortenhaus et al. (2003) cluster 

around the trend proposed by this study with satisfactory agreements. Figure 4. 21 

compares the new predictions corrected by the new method with predictions form 

Pearson et al. (2004). Compared with k factors indicated by Pearson et al. (2004), the 

new method performs more conservatively and accurately. The predictions of the 

mean overtopping discharges on the plain vertical seawall with recurve walls from the 

new method are generally significantly closer to the measured values compared with 

the estimations from Pearson et al (2004), especially in the cases with low freeboard 

or wave steepness (large Rc/Hm0
-4.8sm-1,0

-2.1 values) It is therefore the new method helps 

to improve accuracy of predictions in this range, where large overtopping events are 

in highly likelihood to happen. 

 

Figure 4. 20 Comparisons between predictions of discharge reduction k on both Small Recurve and 

High Recurve from Pearson et al. (2004) and Kortenhaus et al (2003). 
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Figure 4. 21 Comparisons between predictions of discharge reduction k on both Small Recurve and 

High Recurve from Pearson et al. (2004) and the new method suggested in this study. 

Overtopping discharges on LR, nonetheless, show deviations from results 

explained above. Discharges on the SR and HR are under estimated by Pearson et al. 

(2004). However on the LR, Pearson et al. (2004) methodology on the contrary, 

provides reasonably good predictions of overtopping discharge when Rc/Hm0=1.73 

(Figure 4. 22). When Rc/Hm0=1.24, overtopping discharge on recurve wall is even 

overestimated under steep incident waves. This revised method works by correcting 

the under prediction in wave conditions with low wave steepness. If adopting the new 

method in the LR configuration, the results would rather than improved, but still 

overestimates the overtopping discharge.  

Figure 4. 23 compares results from the new methodology and original 

predictions from Pearson et al. (2004) and Kortenhaus et al. (2003). Results from 

Pearson et al. (2004) agree with measurements satisfactorily while Kortenhaus et al. 

(2003) over predicts overtopping discharges. The new method although optimises 

results based on the outcomes form Kortenhaus et al. (2003), it still gives too 

conservative results which may results in higher requirements or difficulties in design 

processes. Figure 4. 23 also suggests that prediction on LR from Pearson et al. (2004) 

method shows a limit response to wave steepness. It is possibly explained that 

prediction tools given by Kortenhaus et al. (2003) and Pearson et al. (2004) are 

produced with datasets from the recurve wall with long overhang parts. Thus, 

predictions of recurve wall performance may be more depend on the overhang length, 
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and effects of wave steepness to short overhang length are less considered. The new 

method emphasis the overrating in contribution of short overhang length against 

smooth incident waves. It provides safer results for recurve wall with short overhang 

parts.  

 

Figure 4. 22 Sensitivity of predicted overtopping discharge on recurve to incident wave steepness 

(Long Recurve) 

 

Figure 4. 23 Comparison between predictions from Kortenhaus et al. (2003) Pearson et al. (2004) and 

the new method suggested in this study. (Long Recurve) 

Overall, the predictive tool developed by Pearson et al (2004) determines the 

mean overtopping discharges on Long recurve well, but the formulae for Small 

Recurve and High Recurve should be improved and presented as: 
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where k is the reduction coefficient, k=qrecurve/qvertical, Pc and hr is the distance 

from the bottom of recurve to SWL and the height of recurve respectively, Br is the 

overhang length of recurve and k23 is the lowest k-factor, which was set to. k23=0.20, 

R* and m* are the key parameter of the recurve structure, R*≡ 0.25hr/Br+0.05Pc/Rc, 

𝑚𝑚≡1.1�ℎ𝑟𝑟/𝐵𝐵𝑟𝑟 + 0.2𝑃𝑃𝑐𝑐/𝑅𝑅𝑐𝑐and m*≡m⋅(1-k23). 

4.6.5 Statistical analysis 

Statistical analyses are required to evaluate the goodness of fit between the 

new method and measurements. It is also necessary to compare accuracy of new 

method and the one suggested by Pearson et al. (2004). The statistical analyses are 

accomplished by calculating the magnitude of deviations between predictions and 

measurements, which was identified as root-mean-square error (RMSE). It is 

calculated in terms of measurements from all tested configurations with Eq.[4.6]. 

 
( )2
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log log
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n

i ii
y y

n
=

−
=
∑  [4.6] 

where 𝑦𝑦𝑠𝑠 is the individual measurement in the analysed dataset, and 𝑦𝑦𝚤𝚤�  is the 

predicted values. 𝑡𝑡 is the total number of samples in the analysed dataset.  

The original correction method was provided by Pearson et al. (2004), which 

improves the prediction of reduction factor k of overtopping discharge on recurve wall 

on the basis of Rc/hs. In experiments performed in this study, wave steepness was 

found to affect the reduction in overtopping discharge due to recurve wall. In the 

improved method, a new correction factor is determined by Rc/Hm0
 and sm-1,0 instead 
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in individual case. the RMSE is calculated for predictions from Pearson et al. (2004) 

and the new method. 

Table 4. 3 The RMSE value for the prediction from three methodologies of predicting the mean 

overtopping discharge behind the plain vertical seawall with recurve walls. 

 Kortenhaus et al (2003) Pearson et al (2004) The new method 

RMSE 1.06 0.64 0.44 

 

Predicted reduction factors k from both methods are compared with 

measurements in Figure 4. 21. Ratio of kmeasured/kpredicted is presented on y-axis. The 

more data points locate close to x-axis, the more this ratio approaches to 1, meaning 

measured and predicted k are more identical. The ration of kmeasured/kpredicted are 

calculated for RMSE between data and predictions from both methods. Table 4. 3 

presents the RMSE value from the predictive tool suggested by Kortenhaus et al 

(2003), Pearson et al (2004) and the new method. It is found that the new method 

suggested in this study (Eq.[4.4], [4.5]) improves the predictions with the RMSE 

reduces from 0.64 to 0.44 compared with the methodology of Pearson et al. (2004) 

These RMSE are calculated with predictions from all wave conditions on HR and SR. 

Results from LR are not included as Pearson et al. (2004) predicts them better. 

Although both RMSE does not looks very promising, the new method provides 

predictions with much better RMSE if compared with values from Pearson et al. 

(2004). Due to smaller RMSE obtained from predictions of the new method, the new 

method shows great improving predictions of reduction factor k on recurve wall, and 

safer results are achieved.   

4.7 Summary 

In this study, the effectiveness of four selected retrofitting structures are 

discussed based on the physical experimental data and existing empirical prediction 

tools. Through analysing overtopping measurements and structural configurations, it 

is showed that existing overtopping prediction formulae for vertical seawall can be 

adopted to predict the overtopping discharge on retrofitting structures, but coefficients 

are required to be updated for new configurations.  
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Among all tested structures, the recurve wall is found as the most efficient 

approach in reducing the mean overtopping discharge. Vegetation and reef breakwater 

are also able to provide significant overtopping reductions, with over 63% reductions 

for all cases. The diffraction pillars do not show satisfying efficiency, as the minimum 

overtopping reduction over all tested conditions was 6%.   

In general, the reduction factor (γ) applied in mean overtopping discharge rises 

with dimensionless freeboard. When Rc/Hm0 < 2.5, reduction factor shows rapid 

increase with dimensionless freeboard, and it deviates remarkably between retrofitted 

configurations. However, this reduction trends to be similar and even constant when 

Rc/Hm0>3.0. In relatively high freeboard range, the freeboard becomes a dominant 

parameter in determining overtopping reduction, while the geometrical shapes and 

wave impulsiveness play a more vital role when freeboard decreases. It has also been 

verified though experimental data that this factor can be predicted by a function of 

geometrical shapes. Regards to retrofits on foreshore beach (e.g. reef breakwater and 

vegetation), the reduction in overtopping discharge increase with dimensionless cross 

section area. 

As the vegetation is a permeable structure, the method to estimate its 

performance still remains unclear. In this study, efforts are made in relating the 

packing density and freeboard with wave overtopping reduction provided by 

vegetation. Both parameters play an essential role in determining the effectiveness of 

this retrofitting structure. Additionally, the sensitivity analyses of these two 

parameters suggest that the packing density should be the more dominant indicator in 

assessing the effectiveness of vegetation. Furthermore, the overtopping discharge 

reduction is also related with the empirical prediction of wave height reduction caused 

by tested vegetation densities. It is observed that discharge predicted by the reduced 

wave height after vegetation agrees with measured discharge behind the seawall. More 

physical modelling measurements are required to investigate the relationship between 

the overtopping discharge behind the seawall and wave height reduction by vegetation.  

The improved knowledge on the performance of four tested retrofitting 

structures achieved in this section provides a method for predicting the overtopping 

results in retrofitted configurations. This knowledge is applicable to assess the 

resilience of existing coastal defences with tested retrofitting structures. Nevertheless, 
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current data is not enough to provide a systematic prediction tool for estimating 

overtopping reduction in terms of the shape characteristics. More physical 

experiments are desirable for validations under extended configurations and geometric 

shapes in future. 

For recurve parapets on the seawall crest, this study examines its performance 

under both impulsive and non-impulsive wave conditions. It is found that recurve wall 

is also able to provide satisfactory reductions in overtopping discharge under non-

impulsive wave conditions. However with low freeboard, recurve wall tends to be 

inefficient under non-impulsive conditions. The performance of recurve wall is also 

affected by overhang length, while influences from recurve height can be ignored.  

This study also extends current understanding of recurve walls with effects of 

wave steepness in determining mitigating performance of recurve walls. The larger 

steepness leads to smaller k factor (larger overtopping discharge reduction). This 

conclusion is applicable under both impulsive and non-impulsive conditions. To 

quantify influences from freeboard and wave steepness, a new set of predictive 

formulae are developed based on Kortenhaus et al. (2003)’s equations, which are given 

as: 
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where k is the reduction coefficient, k=qrecurve/qvertical, Pc and hr is the distance 

from the bottom of recurve to SWL and the height of recurve respectively, Br is the 
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overhang length of recurve and k23 is the lowest k-factor, which was set to. k23=0.20, 

R* and m* are the key parameter of the recurve structure. 

The new predictive formulae can be applicable on the plain vertical seawall 

with recurve parapets whose overhang length is equivalent or shorter than the height 

(e.g. SR and HR in this study).  When the overhang length becomes larger than the 

height (e.g. LR), Pearson et al. (2004) method works better. According to statistical 

analyses on predictions from both methodologies, the new method is able to provide 

prediction with less RMSE value than the RMSE from Pearson et al. (2004), 

supporting that the new predictions are better in considerations of safety in coastal 

regions. 
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5 Spatial Distribution behind Vertical and Recurve Walls 

5.1 Synopsis 

In recent years, the spatial distribution of overtopping water has become an 

important topic of research to understand the safe zone behind coastal defences. The 

existing predictive tools for spatial distribution of overtopping behind vertical seawalls 

are based on conservative empirical formulae (Pullen et al., 2006), derived from the 

mean overtopping volumes. However severe overtopping hazards more commonly 

occur from large individual events. It is essential to understand the spatial distribution 

of overtopping water behind the plain vertical seawall in extreme large overtopping 

events to evaluate hazardous effects of wave overtopping events. Currently more 

information is needed to assess the hazardous zone behind the plain vertical seawall 

under extreme overtopping events. Due to severe overtopping hazards caused by sea-

level rise, engineers use recurve parapet on the seawall crest to improve mitigating 

performance of existing coastal defences. The effects of a recurve parapet in reducing 

the landward hazardous zone is not clear. As such, comprehensive investigations are 

needed to develop predictive tools for assessing the hazardous zone behind the recurve 

walls.  

This chapter presents an investigation into the spatial distribution of wave 

overtopping on the plain vertical seawall and recurve walls. Results are discussed for 

three main objectives: 1) Improve the existing predictive equations for spatial 

distribution behind the plain vertical seawall with higher resolutions data, 2) Develop 

new predictive formulae to estimate the spatial distribution of overtopping water in 

extreme large overtopping events, and produce methodology to evaluate the hazardous 

zone under both the mean and extreme overtopping events, and 3) Evaluate the 

influences of recurve walls in reducing the hazardous zone and develop predictive 

formulae.  

5.2 Measuring system 

The collection system for total overtopping discharge consisted of a multi-

chamber container to measure the spatial distribution of overtopping waves. The 

design of this container is demonstrated in Section 3.3.3.  
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This container provides volume changes in individual chambers. The sum of 

overtopping volumes in all these chambers are the overtopping discharges results 

using within this study. The reliability of measurements from this multi-chamber 

container was evaluated through two processes: 1) validating overtopping discharges 

and proportions with empirical predictions from EurOtop 2018 and 2) calibrating with 

fixed volume of overtopping water with output results from this container. The 

processes emulate procedure undertaken on the load cell system, with further details 

presented in Section 3.5.2. The results of calibration procedure are shown in Table 5. 

1. The collection system measurements display an average error of 7.2%. A larger 

error was observed in the calibration test with the actual volume at 50ml. As the 

minimal overtopping volume which can be detected is 10ml, the error within 10ml is 

acceptable. As discharge increases, the error contained in the measurements are 

reduced to around 6%. 

Table 5. 1 Calibration of multi chamber container with fixed overtopping volumes 

Actual volume[ml] Measured volume[ml] Scatters[ml] Relative Error 

1000 942.4 57.6 5.76% 

850 897.4 47.4 5.58% 

500 461 39 7.80% 

400 420 20 5.00% 

300 283 17 5.67% 

100 104 4 4.00% 

50 58.4 8.4 16.80% 

    Average Relative Error 7.23% 

 

5.3 Spatial distributions on plain vertical seawall 

To begin with, the selected wave conditions were validated with empirical 

predictions on the mean overtopping discharge, maximum individual overtopping 

volume, and overtopping proportion. A wide range of wave conditions, covering non-

impulsive and impulsive waves, were investigated. Following that, the wave steepness 

ranging from 0.019 to 0.068 and freeboard ranging from 0.86 to 3.5 were included in 

the test programme. Each test consisted of approximately 1000 incoming pseudo-
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random waves based on the JONSWAP (γ= 3.3) spectrum. As for the tests with 

Rc/Hm0<1.30, approximately 500 waves were generated in each of the tests as high 

amounts of total overtopping discharge might exceed the maximum number of waves 

to be incorporated into the collection system. 

Section 3.6 presents the details of these tests based on the reference cases (plain 

vertical seawall). The total overtopping discharge, the maximum overtopping volume, 

and overtopping proportion were compared with the empirical predictions developed 

by EurOtop (2018). Overall, although some scatter remained noticeable, positive 

agreements was achieved in these analysed on overtopping parameters. Based on 

Figure 3. 14, the Vmax was found to be under predicted in a limited level of overtopping. 

This finding could be inferred through the under-predictions observed in Now under 

non-impulsive conditions. Based on the equation developed by EurOtop (2018), Vmax 

had a positive correlation with Now. Therefore, the under-estimations in Now from non-

impulsive wave conditions led to the under-estimations in the Vmax. In the case of tests 

where 𝑅𝑅𝑐𝑐/𝐻𝐻𝑚𝑚0>1.5, the measurement of Now was generally 1.4 times higher than the 

predicted measurement. This resulted in a measurement of Vmax, which was lower than 

the predicted measurement at a maximum factor of 3. Overall, the results from the 

reference cases were in an agreement with the results from the empirical predictions 

with minor deviations. 

5.3.1 Comparison with existing methodology 

Pullen et al. (2006) and Pullen et al. (2009) demonstrate that the spatial 

distribution of overtopping water can be represented through the relationship between 

overtopping volumes and the travel distance of overtopping waves. To minimise the 

scatters in results of individual cases, the overtopping volume is normalised by the 

total volume q, and travel distance is normalised by the offshore wavelength 𝐿𝐿0. The 

equation is given as Eq.[5.1].  

 ( )( )00 //*  k x Lx L

total

q
q e

q
−= =  [5.1] 

where 𝑞𝑞∗ presents the ratio of discharge lands after the distance x in total 

discharge (𝑞𝑞𝑚𝑚/𝐿𝐿0/𝑞𝑞𝑡𝑡𝑜𝑜𝑡𝑡𝑚𝑚𝑡𝑡), the spatial parameter k is the empirical coefficient, which is 

set to 29 for no wind effects. The k also controls the shape of spatial distribution. 
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This methodology was adopted in this study, and the spatial distribution 

analysed for the mean overtopping volume and extreme individual events. Figure 5. 1 

shows the parameters for describing the spatial distribution of overtopping water in 

this study.  

 

Figure 5. 1 Sketch of parameters used in describing spatial distribution of the overtopping water 

Figure 5. 2 shows four examples of spatial distribution of overtopping waves 

from large and small freeboard. The mean overtopping and extreme individual 

overtopping events are included in these graphs. Due to variabilities in the largest 

overtopping events, the spatial distributions for these extreme overtopping events were 

the average values of the largest five events.  

All measured spatial distributions are compared with Pullen et al. (2009) 

predictions for the plain vertical seawall without wind effects. In Figure 5. 2, it is seen 

that the distribution of overall and extreme overtopping events are under Pullen et al. 

(2009) predictions with large freeboard (Figure 5. 2a and c). Hence Pullen et al. (2009) 

formula overestimates the travel distance of overtopping water, especially in the case 

with high freeboard (Dong and Pearson, 2018). Pullen et al. (2009) highlights that 90% 

of water lands within a distance of 0.08 wavelength. According to measurements from 

this study, the similar volume of overtopping water lands within a distance of 0.04 

wavelength. However, this over-prediction become acceptable when the relative 

freeboard approaches 1.  
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(a) (b) 

  
(c) (d) 

Figure 5. 2 Landward spatial distribution of overtopping wave behind plain vertical seawall under 

four example conditions. (a) Rc/Hm0=1.755 (Impulsive) (b) Rc/Hm0=1.109 (Impulsive) (c) Rc/Hm0= 

2.273 (Non-impulsive) (d) Rc/Hm0= 1.138 (Non-impulsive). q*=qx/Lo/qtotal. 

After reviewing the findings from Pullen et al. (2006) and Pullen et al. (2009), 

it was observed that the spatial distribution they recommend are determined with the 

envelope of all tested distributions. It may be because they aim on prediction tools for 

design guidance. To fulfil the aim towards an optimum safety level of coastal region, 

conservative predictions are preferred. In terms of tests performed in this study, a 

significant difference remains between the actual travel distance and the conservative 

predictions recommended by Pullen et al. (2009) with large freeboard. Although these 

overestimations do not make significant influences on the coastal region with 

farmlands or flat field, they do contribute to changes in the cases with limited space in 

coastal area, such as a railway on the cliff. Therefore, the influence of freeboard on 

spatial distribution is essential to be considered. 

Despite over predictions observed in Pullen et al. (2009) methodology, this 

distribution is similar with the shape of spatial distribution measured in this study. 

Thus, this methodology (Eq.[5.1]) is adopted and fitted to describe the measured mean 

and extreme overtopping events. In Eq.[5.1], the shape of the distribution is 
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determined by the parameter k. Figure 5. 2a and b show differences in the shape of 

spatial distribution. The distribution in Figure 5. 2b locates further from the seawall. 

Following analyses are performed on possible reason for these differences. 

5.3.2 Influences of freeboard 

 Spatial distribution of mean overtopping events 

On sloping structures, Peng (2010) and Andersen et al (2009) reported 

influences from relative freeboard to the shape of spatial distribution. Lower freeboard 

leads to longer travel distance of overtopping water. Identical phenomenon is also 

observed on vertical seawall. When comparing results shown in Figure 5. 2a with that 

in Figure 5. 2b, a dependency of spatial distribution upon freeboard is observed. With 

Rc/Hm0=1.755, 85% of overtopping water locates within a distance of 0.02 

wavelength. Meanwhile, when Rc/Hm0 decreases to 1.109, the travel distance of 85% 

overtopping water increases to 0.031 wavelength. Moreover, the travel distance 

increases 1.5 times due to the decrease in freeboard. This phenomenon proves that the 

parameter k grows with the relative freeboard Rc/Hm0.  

  
a b 

Figure 5. 3 Relationship between the spatial parameter k (k determined in Eq.[5.1], the larger k the 

further landward overtopping water lands) and the relative freeboard Rc/Hm0. (a) Impulsive conditions; 

(b) Non-impulsive conditions 

Figure 5. 3 plots the spatial parameter k against relative freeboard under 

impulsive and non-impulsive conditions. It is found that an exponential function of 

relative freeboard fit with the k value well. Based on impulsive results, this relationship 

is empirically determined as Eq. [5.2] with the RMSE of 0.075. 

In respect of non-impulsive overtopping events, freeboard possess similar 

significance in determining the spatial distribution of overtopping waves in the 
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landward area. Figure 5. 2d shows the most of the overtopping water locates within 

the distance of 0.09 maximum behind the crest of structure. However, this area shrinks 

due to the growth in Rc/Hm0. In this case, the spatial parameter k can also be described 

with an exponential function of relative freeboard, as seen in Figure 5. 3b. The 

parameter k in exponent could be empirically derived from Eq.[5.3], with the RMSE 

of 0.12. 

 00.82 /23       Impulsive conditionsc mR Hk e=  [5.2] 

 00.63 /21       Non-impulsive conditionsc mR Hk e=  [5.3] 

 Spatial distribution of extreme overtopping events 

The mean overtopping discharge does not present the instantaneous large 

overtopping level, which usually cause severe overtopping hazards. It is essential to 

investigate the overtopping results of the extreme large overtopping events. Research 

has also been performed on the spatial distribution of the extreme overtopping event, 

which causes the maximum overtopping discharge, on sloping structures. Andersen et 

al. (2009) indicated similarities between travel distance of the maximum and mean 

overtopping events. Meanwhile, although Peng and Zou (2011) obtained similar 

spatial distribution for mean overtopping events through numerical simulations, they 

argued that the maximum overtopping event travels further compared with the mean 

overtopping events. In this study, overtopping water in the extreme events are found 

to generally land further behind the plain vertical seawall than mean overtopping 

events. It is seen from Figure 5. 2 that the exponential equation of the mean 

overtopping events remains capability of describing the extreme overtopping events, 

meaning that the spatial parameter k for the extreme overtopping events also obey an 

exponential function of relative freeboard (Figure 5. 4). 
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a b 

Figure 5. 4 Relationship between the spatial parameter k (k determined in Eq.[5.1], the larger k the 

further landward overtopping water lands) and the relative freeboard Rc/Hm0 for the average spatial 

distribution of the extreme overtopping events with largest 5 discharges. (a) Impulsive conditions; (b) 

Non-impulsive conditions. 

The spatial parameter k for extreme overtopping events can be predicted with 

Eq.[5.4] and [5.5] under impulsive and non-impulsive wave conditions respectively. 

The RMSE for Eq.[5.4] and [5.5] are 0.11 and 0.14 respectively.  

 01.5 /           Impulsive conditions 4.7 c mR Hk e=  [5.4] 

 01.0 /       Non-impulsive conditions 5.6 c mR Hk e=  [5.5] 

The difference between individual and mean spatial distribution varies across 

all tested conditions. Comparisons between Figure 5. 3a and Figure 5. 4a show that 

the gap between two distributions tends to decrease due to increasing freeboard. When 

Rc/Hm0 approaches 2.0, the spatial parameter k from the spatial distribution of the 

maximum individual overtopping events and mean overtopping discharges becomes 

similar. With this relative freeboard, the majority of overtopping water lands in the 

first chamber behind the seawall in model tests. The decreasing overtopping discharge 

and limited travel distance with increasing relative freeboard are inferred with two 

reasons. Firstly, the maximum overtopping discharge gradually become a dominant 

part in total overtopping discharge. Remaining small overtopping events are not able 

to change the spatial distribution of overtopping significantly. Secondly, the travel 

distance of 90% overtopping discharge is smaller than the width of the first chamber. 

The container used in this study was unable to detect such small difference in travel 

distance. For investigations on spatial distribution with high freeboard, chamber sized 

within 0.04 maximum wavelength is required.  
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 Overtopping processes on vertical seawall 

So far, the spatial distribution on a vertical seawall has been discussed based 

on measurements from the mean and extreme overtopping events under impulsive and 

non-impulsive conditions. The parameter k is found to increase with the relative 

freeboard in both types of overtopping events, meaning reductions in the landward 

travel distance of overtopping water. This effect from freeboard can be explained in a 

physical perspective. On vertical structure, overtopping waves have to run up first, and 

then run shoreward with a horizontal velocity. Higher relative freeboard causes more 

energy to run-up to counter gravity effects, as shown in Figure 5. 5. It applies not only 

to overflow, but spray over the structure. As a result of freeboard increase, less kinetic 

energy remained to provide horizontal velocity for overtopping water travel 

shoreward, meaning lower horizontal velocity and shorter travel distance.  

  
(a) (b) 

 
(c) 

 
(d) 

Figure 5. 5 Sketch and photo of two types of wave overtopping processes with different freeboard. (a) 

Low freeboard. (b) High Freeboard. (c) Photo of low freeboard overtopping wave. (d) Photo of high 

freeboard overtopping wave. 
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5.3.3 Influences of wave steepness 

Considering the influences from wave characteristics to the spatial distribution 

of overtopping water, the effects from wave steepness is not fully understood yet. 

Previous studies have been conducted over the years to prove that the mean 

overtopping discharge decreases with the increasing wave steepness. In terms of the 

physical aspects of wave overtopping, it is found that the impulsiveness of waves (ℎ∗) 

could influence the throw-up velocity along the overtopping processes (Bruce et al., 

2003). It is hypothesised in this study that the wave steepness is possible to change the 

overtopping trajectory, as waves incident with difference shapes, resulting in a diverse 

travel distance behind the seawall. 

In this study, the steepness ranging from 0.015 to 0.068 is tested. The large and 

small wave steepness are calibrated in most tests, with values around 0.025 and 0.05 

respectively. To eliminate the influence of freeboard, another 22 tests which cover the 

wave steepness ranging from 0.02 to 0.06 are set up, with equal rate of increase in 

between. Details about these wave conditions are shown in Table 4. 2.  

 Influences on spatial parameter k 

Based on Figure 5. 6 and Figure 5. 7, comparisons are performed between the 

parameter k of the spatial distribution from large and small wave steepness tests. 

Measured k under all steep wave conditions obey the same exponential trend described 

by Eq.[5.2]. However with high freeboard, scatters in results appear noticeable under 

impulsive conditions. The parameter k from large wave steepness stays around 100 

when freeboard Rc/Hm0 exceeds 2.0, while results from smooth waves keep increasing 

up to 150. This finding only takes place in impulsive wave tests and all readings from 

non-impulsive conditions cluster around the proposed trend given by Eq.[5.3]. Despite 

the limited deviations in k from the steep and smooth wave conditions, measured 

parameter k follows the exponential relationship well. 

Overall, it is seen from the results shown in Figure 5. 6 and Figure 5. 7 that 

wave steepness has limited effects on spatial distribution. Deviations between the 

spatial parameter k for large and small wave steepness under impulsive conditions can 

be explain through changes in overtopping processes. Specifically, with the increase 

in wave steepness, it is more challenging for incident waves to overflow or throw over 
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the seawall crest. The reduction in overtopping proportion should be a supporting 

evidence to this results (Besley, 1999; Goda, 2009). As freeboard remains unchanged, 

those large overtopping waves which lands far behind seawall may not be influenced. 

However, waves which overflow or are returned seaward, will occur in small 

overtopping events instead of throwing landward waves. This phenomenon leads to 

reductions in overtopping discharges close to seawall while the overtopping water 

lands further back from seawall keeps unchanged. Further analyses were conducted 

on the overtopping proportion (Pov) for the evidence of this phenomenon.  

  
a b 

Figure 5. 6 Comparison of the spatial parameter k between conditions from large (sm-1,0=0.05) and 

small (sm-1,0=0.025) wave steepness. (a) Impulsive conditions. (b) Non-impulsive conditions 

  
a b 

Figure 5. 7 Comparison of the spatial parameter k between conditions from large (sm-1,0=0.05) and 

small (sm-1,0=0.025) wave steepness for the average spatial distribution of the extreme overtopping 

events with largest 5 discharges. (a) Impulsive conditions; (b) Non-impulsive conditions. 

To confirm this hypothesis, overtopping proportion from large and small wave 

steepness are analysed. Figure 5. 8a presents the overtopping proportion changes due 

to wave steepness increases under impulsive conditions. Based on this graph, the 

overtopping proportion reduces when Rc/Hm0>2.3, where deviations occurred between 

k values from the large and small wave steepness conditions. Under non-impulsive 
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overtopping waves, Figure 5. 8b shows agreements achieved between Pov obtained 

under large and small wave steepness conditions. This fact can possibly be explained 

as that almost all waves run over seawall crest by filling the freeboard and 

overflowing. Both large and small overflowing are affected by freeboard and wave 

steepness. Therefore, measurements of k follow the same exponential relationship in 

all tested conditions.  

Although differences between k values from large and small wave steepness 

tests, in high freeboard impulsive conditions, cannot be neglected, they have very 

limited influence in design processes. A scatter from 100 to 150 will lead to a 

difference in the distance, which is maximised to 10-2 offshore wavelength. This 

distance is 2.7×10-2 m maximum in small scale physical model tests carried out in this 

study. The multi chamber container is designed to distinguish travel distance with a 

sensitivity of 0.02m in model scale. For this reason, deviations in k parameter in large 

freeboard tests do not cause great deviations in the final results of hazardous zone.   

  
a b 

Figure 5. 8 Overtopping proportion Pov measured from experiments with large (sm-1,0=0.05) and small 

(sm-1,0=0.025) wave steepness. (a) Impulsive conditions; (b) Non-impulsive conditions 

 Uncertainties in current methodology 

According to further analyses on the influence of wave steepness to spatial 

distribution shapes, errors are found in the results. In extra tests shown in Table 4.2 

conducted for influences of wave steepness, freeboard is roughly kept unchanged to 

eliminate the influence of Rc/Hm0 on spatial distribution. Wave steepness is changed 

by wavelength. In the methodology published by Pullen et al. (2009), the travel 

distance is normalised by wavelength in each case, which also affects the wave 

steepness in this study. Therefore, the dimensionless spatial distributions are also 
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affected by different wave periods. With a longer wave period, the parameter k 

increases even if the travel distances of overtopping water are unchanged. Hence the 

influences from wave steepness will be affected by large variations in tested wave 

period. In order to evaluate effects of wave steepness, measured spatial distributions 

should be analyse with an actual distance behind the seawall.  

 
 

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5. 9 Comparison between the landward spatial distribution of overtopping water behind plain 

vertical seawall in dimensionless and dimensional figures. Rc/Hm0=1.755 (Impulsive) (a) 

Dimensionless figure (b) Dimensional figure; Rc/Hm0=1.345(Impulsive) (c) Dimensionless figure (d) 

Dimensional figure; Rc/Hm0=1.109(Impulsive) (e) Dimensionless figure (f) Dimensional figure. 

q*=qx/L0/qtotal, the dimensional figure shows the passing distance (in field) of overtopping water, while 

the distance in the dimensionless figure is normalised by offshore wavelength (Lm-1,0) 
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Figure 5. 9 illustrates the spatial distributions of three cases, which are 

reanalysed with the actual travel distances. They are compared with the prediction 

following Pullen et al. (2009) methodology. Similar to the spatial distributions in the 

dimensionless figures, the new distribution of overtopping water in the dimensional 

figures still obeys the exponential relations. The horizontal axis in the dimensional 

figures shows the actual distance behind the seawall in the field. After refitting the 

exponential formula to the measured spatial distributions in the dimensional figure, 

the spatial parameter k is found to be smaller compared to the value obtained from the 

dimensionless figure. 

(a)  

(b)  
Figure 5. 10 The spatial parameter k from the dimensionless and dimensional figures of the spatial 

distribution with both large and small wave steepness conditions. (a) k from the dimensionless 

figures. (b) k from the dimensional figures.  

In the dimensional figures of the spatial distribution shown in Figure 5. 9, the 

distance behind the seawall is not nondimensionalised by the offshore wave length. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

k 
[-

]

Rc/Hm0 [-]

Overall events Sm-1,0=0.025
Overall events Sm-1,0=0.05
Eq.5.2 (Sm-1,0=0.025)

500

100

10

0.0 0.5 1.0 1.5 2.0 2.5 3.0

k 
[-

]

Rc/Hm0 [-]

Overall events Sm-1,0=0.025 Dimensional

Overall events Sm-1,0=0.05 Dimensional

500

100

10



124 

 

The graph introduces how the overtopping water will distribution in the distance in 

the field scale. With these spatial distribution in the dimensional figure, spatial 

parameter k was related with the relative freeboard.  Figure 5. 10 shows the new spatial 

parameter k (dimensional) and the old values suggested by Pullen et al. (2009) 

methodology. The new spatial parameter k still exponentially increases with freeboard, 

but more scatters are observed over all tests due to lacking normalising processes. 

Compared with the k from the dimensionless figure, the results from the dimensional 

figure are generally smaller. In the Figure 5. 10b, the new spatial parameter k shows 

deviations between large and small wave steepness. The k values from large wave 

steepness are generally larger than that from small wave steepness conditions. These 

deviations caused by wave steepness are not remarkable but cannot be ignored. When 

Rc/Hm0>2.0, significant deviations in the tested wave steepness (0.02-0.06) do not 

result in noticeable change in spatial parameter k. When Rc/Hm0 decreases, the 

influences of wave steepness on k values appears (Figure 5. 11). It leads to a 

conclusion that wave steepness is able to affect spatial distribution under large overtop 

level. This effect is reduced with the rising dimensionless freeboard as freeboard 

gradually becomes the dominant parameter in determining the shape of spatial 

distribution.  

 

Figure 5. 11 The relationship between wave steepness sm-1,0 and the spatial parameter k obtained from 

the spatial distribution in the dimensional figure 
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5.3.4 Travel distance of the mean and extreme overtopping events 

So far, this study has concentrated on the value of parameter k measured on 

the plain vertical seawall and influences of freeboard and wave steepness. In order to 

present clear results of these influences on the spatial distribution, analyses are carried 

out for the travel distance of overall and extreme overtopping events. According to 

Figure 5. 9 , water in extreme overtopping events travels further than time-averaged 

spatial distributions under all tested wave steepness. The aforementioned discussions 

show that the differences between the spatial distribution of the mean and extreme 

overtopping events are influenced by freeboard. When freeboard increases, parameter 

k increases more rapidly in extreme overtopping events, and starts from a smaller 

value. Additionally, under both steep and smooth wave conditions, overtopping waves 

generally travel further landward behind the seawall in the extreme overtopping events 

with limited freeboard. With the increase in freeboard Rc/Hm0, the gaps between spatial 

distribution of extreme and the mean overtopping events decrease. Two distributions 

were attempted to coincide with ignorable scatters when Rc/Hm0 amounted to 2.0. 

 

Figure 5. 12 Increases in the travel distance of the 85% mean and extreme overtopping volume 

(xextreme/xtotal) changes under combined influences of the relative freeboard (Rc/Hm0) and wave 

steepness (sm-1,0). 

In order to quantify the difference between spatial distributions of the mean 

and extreme events, the travel distance of 85% mean overtopping discharge are 

compared with the travel distance of 85% extreme discharge. 85% of overtopping 

discharge is analysed as it determines the shape of spatial distribution and influences 
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from remaining overtopping discharge is negligible. According to analyses presented 

above, both freeboard and wave steepness affects travel distance, and freeboard takes 

the dominant role. The travel distance increases when freeboard and wave steepness 

decrease. Figure 5. 12 presents the increase ratio of travel distance in extreme large 

events compared with all events under the combined effects of Rc/Hm0 and sm-1,0. After 

fitting the measured xextreme/xtotal with Rc/Hm0 and sm-1,0,, it is found that the xextreme/xtotal 

increases with Rc/Hm0
-1⋅sm-1,0

-0.75. It represents that with high freeboard or high wave 

steepness, the affected area of extreme and mean overtopping events is similar. 

However, when the freeboard or wave steepness decreases, meaning higher 

overtopping level, the extreme overtopping events pass a distance which is 

significantly longer than the mean overtopping events. Peng and Zou (2011) proposed 

similar conclusion that the larger overtopping discharge is likely to cause larger 

hazardous zone, which represents more significant increases in the hazard zone of 

extreme overtopping events than mean overtopping events. The increase ratio in travel 

distance can be predicted with Eq.[5.6]  with the RMSE=0.35.  

 
1
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0.185extreme c
m
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x R s
x H

−
−

−= ×  [5.6] 

In summary, the shape of spatial distribution of overtopping water behind the 

crest of plain vertical seawall can be predicted with exponential functions of freeboard. 

These functions are recommended as Eq.[5.2] and Eq.[5.3] for impulsive and non-

impulsive conditions respectively. Additionally, wave steepness also has influences 

on spatial distributions of overtopping water. Increases in freeboard or wave steepness 

leads to increase in spatial parameter k, meaning decreases in travel distance of 

overtopping water. Among these two influencing elements, Rc/Hm0, plays a dominant 

role, and limited but non-negligible contribution is provided by sm-1,0. These 

contribution would be ignored due to effects of Tm-1,0 if analyses are conducted through 

the methodology suggested by Pullen et al. (2009). Meanwhile, new dimensional 

results from the actual travel distance also obey an exponential relationship of 

freeboard. However, these results contain more scatters and are less accurate in 

predicting spatial parameter k. To obtain a more accurate prediction in designing 

processes, the method developed by Pullen et al. (2009) is recommended. 
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Furthermore, extreme overtopping events are also investigated in this study. 

Same as results from the mean overtopping events, spatial distribution of extreme 

overtopping events can also be predicted with exponential functions of freeboard, 

which are suggested as Eq.[5.4] and [5.5]. Compared with the time averaged 

distribution, overtopping water in extreme overtopping events generally travels 

further. The difference in between is affected by freeboard and wave steepness. 

Smaller freeboard and wave steepness lead to a larger difference. When freeboard and 

steepness increase, spatial distributions of the mean and extreme overtopping events 

trends to become identical. Eq.[5.6] is suggested to predict increase ratio of travel 

distance in extreme overtopping events reference to the mean events. 

5.4 Performance of recurve walls 

The performance of the recurve wall is usually illustrated through the 

mitigations in overtopping discharges. Empirical predictive tools are developed for 

the recurve wall on the crest of sloping and vertical structures (Pearson et al., 2004; 

Van Doorslaer et al., 2010). With these predictive tools, proper predictions of reduced 

overtopping discharge can be obtained. However, little information is provided for the 

assessments of hazardous zones behind recurve walls. Information about the 

optimisation on the spatial distribution through recurve walls will improve the 

arrangement of the coastal region. In Chapter 4, the recurve wall is observed to be the 

most promising retrofitting structure among the four tested configurations. This is 

concluded from its positive performance in reducing the mean and maximum 

overtopping discharge and overtopping proportion. In this section, spatial distribution 

results are discussed in terms of three different sizes of recurve wall. Tests are 

designed to investigate the impacts of characteristic dimensions of recurve wall and 

wave parameters.  

Three sizes of recurve wall are tested in physical modelling experiments. The 

recurve wall, which comprise the overhang length similar with its height, is firstly 

examined, and named as Small Recurve (SR). It acts as the foundation of 

investigations on the influence from recurve size to spatial distribution. Other recurve 

walls are machined with either increased height (High Recurve) or expanded overhang 

length (Long Recurve). Wave steepness are calibrated from 0.016 to 0.068. Analyses 

on plain vertical seawall have confirmed the influences from wave steepness to spatial 
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distribution. In this section, the response of recurve wall against steep and smooth 

incident waves will also be explored. The dimensions of three investigated recurve 

wall are given in Figure 5. 13. 

 

Figure 5. 13 Schematic design of three different recurve walls tested in this study for the landward 

spatial distribution behind the seawall.  

5.4.1 The shape of spatial distribution behind recurve walls 

To begin with, the spatial distribution of the mean and wave by wave 

overtopping events behind recurve walls are compared with measurements from plain 

vertical seawall. Figure 5. 14 presents three examples of the measured spatial 

distribution behind SR under impulsive wave conditions. It can be found that the 

spatial distributions behind the SR follow the similar shape as measurements from the 

plain vertical seawall, and overtopping water on the SR lands closer to seawall 

compared to the results behind vertical seawall. This finding can be explained with 

higher wave energy dissipated during waves running over recurve walls. Generally, 

overtopping waves have to run up sufficiently to cross the recurve wall. Otherwise 

individual overtopping wave is either partially blocked under recurve wall or fully 

returned. Compared with wave overtopping on plain vertical seawall, more energy is 

required for waves running up and cross the recurve wall, causing less wave energy 

remained for waves moving landward, followed with a shorter passing distance. 

However, an inverse phenomenon is observed Figure 5. 14a that overtopping water 

behind SR distributes further than measurements on plain vertical wall. Based on 
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analyses conducted with all measurements, it is confirmed that this phenomenon does 

not happen by accident. The proper explanation for this will be discussed in later 

sections. 

For non-impulsive wave conditions, the landward spatial distribution of 

overtopping discharge can still be described with an exponential relationship of the 

passing distance behind the seawall. Figure 5. 15 shows two examples of the spatial 

distributions behind the SR under non-impulsive wave conditions. Compared with 

measurements on the plain vertical seawall, the overtopping water behind SR is 

measured with a shorter passing distance. According to Figure 5. 15a, 85% of total 

overtopping water lands in a distance of 0.03 wavelength on vertical seawall. This 

travel distance is reduced to 0.01 wavelength on the SR. Additionally, a more 

significant reduction occurred in the passing distance of overtopping water as 

freeboard decreases (see Figure 5. 15b). It could be explained that the recurve wall 

dissipates more wave energy for running up. Overtopping water overflows with a 

lower horizontal speed due to less wave energy remained, resulting in a decreased 

passing distance.  
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(a)  

(b)  

(c)  
Figure 5. 14 Comparison between the landward spatial distribution behind the plain vertical seawall 

(vertical) and Small Recurve wall(SR) under impulsive wave conditions. (a) Rc/Hm0=1.755; (b) 

Rc/Hm0= 1.414; (c) Rc/Hm0= 1.109. q*
=q(x/L0)/qtotal. 
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(a)  

(b)   
Figure 5. 15 Comparison between the landward spatial distribution behind the plain vertical seawall 

(vertical) and Small Recurve wall (SR) under non-impulsive conditions. (a) Rc/Hm0=2.254; (b) 

Rc/Hm0=1.252. q*
=q(x/L0)/qtotal. 

5.4.2 Non-impulsive results on recurve walls 

The detailed measurements and analyses conducted on the spatial distributions 

of overtopping water behind three recurve configurations are illustrated in. 

Appendices B – D. According to measurements on three recurve walls (see 

Appendices B – D), Rc/Hm0 plays a dominant role in determining the value of k. Figure 

5. 16 plots the spatial parameter k against Rc/Hm0 under non-impulsive conditions for 

the mean and extreme overtopping events on both plain vertical and recurve 

configurations. The graph illustrates that all measured k under non-impulsive wave 

conditions from recurve configurations stay above the values from reference cases, 

representing reduced hazardous zone by recurve walls. On average, the travel distance 
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of 85% overtopping discharge reduces 45% for time averaged distribution behind all 

tested recurve walls. For results of extreme overtopping events, the hazardous zone 

reduces at 53%. Trend lines are fitted to measured values of k for each configuration, 

and predictive equations are empirically produced as Eq.[5.7]-[5.12] for both mean 

and extreme overtopping events.  

In addition, it is also found that trend lines of the k values from three tested 

recurve walls shown in Figure 5. 16 are almost parallel to the result from reference 

cases. This finding can be proved with approximately identical exponent used in 

empirical formulae (Eq.[5.7]-[5.12]) for each configuration. Locations of these lines 

represent reductions in travel distance provided by each recurve wall. The higher lines 

stay, the shorter overtopping water passes behind the seawall. According to this 

finding, the smallest hazardous zone is observed behind LR, followed by similar 

affected area behind HR. Although SR provide the largest hazardous area among three 

tested recurve walls, it is still effective in reducing travel distance of overtopping 

water, with a reduction of 33% for the mean overtopping events on average. 

 

Figure 5. 16 Spatial parameter k and its empirical equations of the mean overtopping events under 

non-impulsive conditions from all tested configurations. 
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For HR,  

 00.88 /         overall events 25 c mR Hk e=  [5.9] 

 00.95 /       extreme events1 8.9 c mR Hk e=  [5.10] 

with the RMSE of 0.17 and 0.19 respectively. 

For LR, 

 00.7 /         overall events 30 c mR Hk e=  [5.11] 

 00.96 /       extreme events1 3.6 c mR Hk e=  [5.12] 

with the RMSE of 0.09 and 0.17 respectively. 

5.4.3 Impulsive results on recurve walls 

On the other hand, more complex wave overtopping processes happen under 

impulsive wave conditions, and more scatters are observed in k. Figure 5. 17 shows 

all values of k measured under impulsive conditions on plain vertical seawall and three 

tested recurve walls. Values of k from recurve wall configurations do not follow the 

empirical relationship obtained with measurements on plain vertical seawalls. It is also 

difficult to evaluate mitigating effects of each recurve walls according to the values of 

k. When Rc/Hm0<1.3, the most of k measured on recurve walls are larger than values 

from plain vertical seawall. On the contrary, the k becomes significantly smaller than 

values on plain vertical seawall when Rc/Hm0>1.8.  

The different values of k from plain vertical seawall and the structure with 

recurve walls may be caused by different overtopping processes. Through reviewing 

videos filmed during experiments, three different types of overtopping processes are 

observed (see Figure 5. 18). Firstly, waves overflow the crest of recurve wall, which 

usually happens in large incoming waves. In this type of overtopping event, both the 

discharge and travel distance are reduced by recurve wall. Results from non-impulsive 

overtopping is a typical example of overflowing. Secondly, waves throw over the 

recurve wall. When a large incoming wave meet a reflected wave, it may jump up 

before reaching the toe of the structure, and overtop with its horizontal velocity. 

Recurve wall is able to reduce the volume of this overtopping waves. Thirdly, waves 

throw up and down. This type of waves is more likely to be returned seaward by 
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recurve wall. The sketch of these three types of wave overtopping are shown in Figure 

5. 18. 

 

Figure 5. 17 Spatial parameter k measured on three tested recurve wall and the plain vertical seawalls 

(Impulsive wave conditions). 

 

   
a b c 

 
d 
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f 

Figure 5. 18 The sketches and photo of three types of overtopping processes on recurve wall. (a) 

Overflow waves. (b) Throw-landward waves. (c) Throw-up waves be returned seaward. (d) Photo of 

overflow wave. (d) Photo of a throw-landward wave. (f) Photo of a throw up wave be returned 

seaward. 
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With limited freeboard, waves are likely to run over the seawall though 

throwing over or overflowing. When a recurve wall is mounted on the crest, more 

wave energy is dissipated when waves running over the recurve wall, thus, less 

remained for waves moving landward. It results in reductions in overtopping discharge 

and travel distance. This phenomenon explains the larger parameter k measured on the 

SR in extreme overtopping events (Figure B. 2b) and cases with large overtopping 

level (Figure B. 2a, Rc/Hm0<1.5). As freeboard increases, total overtopping discharge 

decreases, and it becomes more difficult for waves to overflow. Thus, those small or 

tiny overtopping waves measured on the vertical wall are now reduced or even 

returned seaward by the recurve wall while relatively large overtopping events happen 

as still. Discharges from those small events, which land close to seawall in vertical 

seawall configurations, is now missing. The volumes close to seawall takes less 

proportion in total overtopping volume, and k reduced as a result. This assumption is 

produced to explain lower values of k measured on the recurve wall configurations 

compared with the plain vertical seawall. The evidence of this hypothesis is illustrated 

in the next section, with further analysis on the mean overtopping discharge reductions 

in different distance behind vertical seawall with recurve walls. 

Due to complex overtopping processes on recurve walls, no simple equations 

are available at present to predict k for all tested conditions. Results and analyses 

presented in the section 5.3.2 and 5.3.3 have elucidated the combined effects of the 

relative freeboard (Rc/Hm0) and wave steepness (sm-1,0) on the parameter k from all 

tested recurve walls. Figure 5. 19 relates all measured spatial parameter k on three 

tested recurve walls with Rc/Hm0 and sm-1,0. In the graph, values of k from three recurve 

walls follow a similar downward trend with fairly good agreements, while some data 

deviates from the trend when Rc/Hm0 × sm-1,0<0.06. It is found that this part of data is 

all obtained from low wave steepness conditions. Therefore, more results from low 

wave steepness conditions are necessary to validate the downward trend shown in 

Figure 5. 19.  
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Figure 5. 19 Relationships between the dimensionless spatial parameter k and Rc/Hm0×sm-1,0 under 

impulsive wave conditions (results from all tested recurve walls) 

5.4.4 Spatial distribution of mean overtopping discharge 

Due to difficulties in predicting the shape of overtopping spatial distribution 

behind recurve walls, overtopping discharges are considered again as an indicator 

evaluating hazardous level in the coastal areas. In order to provide insights into the 

risks of overtopping hazards in different locations in the coastal region, analyses are 

undertaken on the discharge changes in different locations in the coastal area. The 

discharge reduction in the coastal region is presented as the reduced overtopping 

discharge in the total discharge measured behind the plain vertical seawall 

γ=qrecurve/qvertical.  

 

Figure 5. 20 Schematic design of the multi chamber container used to measure spatial distribution of 

overtopping water. 
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In this study, the spatial distribution of overtopping was measured using a 

multi-chamber container. Overtopping discharge changes in individual chamber were 

recorded throughout the study. Figure 5. 20 shows the schematic design of the whole 

container. The graph also provides the dimensions and chamber numbers.  

In terms of measured spatial distribution in reference cases, 95% of total 

overtopping discharge lands no further than a distance of 0.071 wavelength. This 

distance is covered by the measuring range of No.6 chamber. In order to ensure all 

significant amount of discharge is included, measurements of overtopping discharge 

up to No.7 chamber are considered in this analysis. Additionally, the first two 

chambers are merged to improve accuracy of discharge measurements. The integrated 

overtopping discharge is described as No.1+2 in Figure 5. 21and following figures if 

needed. 

Figure 5. 21 illustrates the reduction in the mean overtopping discharge in the 

first seven chambers behind three tested recurve walls. It is found that recurve walls 

lead to a larger decrease in the overtopping discharge within a short distance behind 

the seawall distance. If comparing the overtopping discharge in individual chambers, 

higher reductions are observed in chambers staying close to seawall (coloured data), 

with generally over 90% reduction in all cases. In respect of the overtopping 

discharges located in No. 5 and the following chambers, more scatters are found 

together with lower effectiveness of the recurve walls in reducing overtopping 

discharges. The graph shows that overtopping discharge lands after the No.5 chamber 

decreases by 80% as a minimum rate on LR. Meanwhile, 60% reduction take place in 

overtopping discharge on SR and 40% occurs on HR. 
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(a)  

(b)  

(c)  
Figure 5. 21 The overtopping discharge reductions (γ) in first seven chambers behind three tested 

recurve walls. (a) Small Recurve (b) High Recurve(c) Long Recurve. Discharge reduction(γ) is 

described as the ratio of the discharge on recurve wall over the total discharge on the plain vertical 

seawall(qrecurve/qvertical). Data below the horizontal line in the figure represents reduction over 90%  
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5.4.5 Spatial distribution of significant amount of discharge 

On the other hand, reduction of overtopping discharge in individual chamber 

increases with Rc/Hm0 on three recurve walls when Rc/Hm0<1.35. As Rc/Hm0 goes up, 

increasing number of scatters appears as a result of turbulent wave breakings at the toe 

of structure. When Rc/Hm0>1.35, the discharge reductions from No.1+2 – No.4 

chambers remain constant around 95%, while lower reductions found in other 

chambers. This phenomenon explains the unexpected downward trend in values of 

spatial parameter k on all tested recurve walls. As larger discharge reductions happen 

in chambers close to seawall than other chambers, overtopping water lands right 

behind the seawall takes less proportion in all overtopping discharge. Consequently, a 

drop appears in the trend of parameter k as indicated in the Section 5.4.3. This 

phenomenon is assumed to be caused by different overtopping processes between 

overflow, throw-landward and throw-up waves.  

Under low freeboard conditions (Rc/Hm0<1.35), the effectiveness of recurve 

wall reduces as SWL approaches the seawall crest, indicating a higher possibility for 

waves to overflow. As the relative freeboard decreases, the reduction in overtopping 

discharge start to decrease. This reduction is found decreasing slightly on LR, while it 

drops significantly on SR and HR. Meanwhile, the measurements on HR are found to 

decrease more sharply compared to SR, indicating a higher effectiveness in reducing 

overtopping discharge provided by SR. It is therefore the mitigating performance of 

three recurve walls can be ranked as LR > SR > HR. Based on this result, it can be 

concluded that increasing overhang length significantly improves effectiveness of 

recurve wall, while increasing height of recurve wall may deteriorate overtopping 

hazards. 

According to spatial distribution analyses presented in the Section 5.4.4, 

recurve wall plays an essential role in reducing overtopping water lands in the first 

four chambers behind the seawall. Measured spatial distribution also show that over 

80% of overtopping water lands in this area. Therefore analyses are performed for 

overtopping discharge reductions in this significant overtopping discharge in these 

chambers.  

Figure 5. 22 shows overtopping discharge reduction in the first four chambers 

behind the plain vertical seawall with SR and HR. Notably, the overtopping discharges 
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in the first two chambers are merged and marked as ‘No.1+2 chamber’ in Figure 5. 

22a and d. The discharge reduction γ in individual chamber is described with discharge 

measured on recurve wall (qrecurve) compared with the discharge measured on plain 

vertical seawall (qvertica): γ = qrecurve /qvertica. 

This graph presents that in general, the mean overtopping discharges behind 

the plain vertical seawall with SR and HR decreases with an increasing freeboard on 

the log plot. When Rc/Hm0 >1.35, the mean overtopping discharges in the No. 1+2 

chamber reduce around 99% behind all tested recurve walls under all conditions. As 

the landward distance increases, the reduction measured in the mean overtopping 

discharge gradually decreases. In the No.3 and No.4 chamber, the mean overtopping 

discharge behind all tested recurve walls reduces 98% and 95% on average 

respectively. These averaged discharge reductions can be adopted to predict 

overtopping discharge changes in individual chambers when Rc/Hm0 > 1.35.  

As Rc/Hm0 decreases and entering low freeboard range (Rc/Hm0<1.35), recurve 

walls appear less effective in mitigating overtopping water and the mean overtopping 

discharges increases sharply in the first three chambers. It happens due to lower 

freeboard and higher overtopping proportions. Moreover, overtopping discharges in 

the No.1+2 chamber receives significant effects from freeboard, while the discharges 

in No.3 and No.4 chambers are less affected. In this low freeboard regime, overtopping 

reductions in No.1+2 chamber is found to decreases with increasing Rc/Hm0 (Figure 5. 

22a and d).  
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(a) (d) 

(b) (e) 

(c) (f) 
Figure 5. 22 The overtopping discharge reduction (γ) in the first four chambers behind plain vertical 

seawall with Small Recurve (SR) and High Recurve (HR). (a)SR No.1+2 chamber (b)SR No.3 

chamber (c)SR No.4 chamber (d)HR No.1+2 chamber (e)HR No.3 chamber (f)HR No.4 chamber. 

Discharge reduction(γ) is described as the ratio of the discharge on recurve wall over recurve wall 

(qrecurve/qvertical)  
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(a)  

Figure 5. 23 The overtopping discharge reduction (γ) in the first chambers behind plain vertical 

seawall with three tested recurve walls. (a)No.1+2 chamber (b)No.3 chamber (c)No.4 chamber. 

Discharge reduction(γ) is described as the ratio of the discharge on recurve wall over recurve wall 

(qrecurve/qvertical)  

Figure 5. 23 compares the mean overtopping discharge reduction in the 

Chamber No. 1+2 behind three tested recurve walls. The LR is found to have the best 

performance in reducing the mean overtopping discharges while HR performs as the 

least effective one. In the No.1+2 chamber with the low relative freeboard 

(Rc/Hm0<1.35), the mean overtopping discharge behind all tested recurve 

configurations increases with the decreasing relative freeboard. The mean overtopping 

discharge on HR is the largest compared to the readings from other two configurations. 

This observation indicates that the increase in the height of recurve wall does not 

contribute to significant improvements in the performances of recurve. Instead, it may 

even make overtopping hazards worse. The mean overtopping discharge on the LR is 

found to be the lowest among three tested configurations. Hence, the performance of 

three recurve wall can be ranked as LR > SR > HR. Additionally, increases in overhang 

length contributes the most significant efforts in wave overtopping reductions. 

According to Figure 5. 23, discharges in all configurations reduce around 95% when 

Rc/Hm0>1.35. As freeboard becomes smaller, recurve walls appear less effective in 

mitigating overtopping water. 

5.4.6 Prediction of safe zone 

In terms of overtopping discharges shown above, the discharge reduction 

decreases as a result of the increase in the distance from seawall (x). When the distance 
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x exceeds the affects affected zone, the discharge reduction increases sharply to 100%. 

Based on this finding, empirical estimations of discharge reductions within the 

affected zone can be related with the distance x from the seawall. Following this 

hypothesis, analyses are firstly carried out on the basis of measurements from SR.  

The relationships between travel distance and wave characteristics are 

illustrated in Figure 5. 24. The distance from the seawall is normalised by the offshore 

wavelength. Rc/Hm0×sm-1,0 is plotted on x-axis, since they play an important role in 

determine reduction in overtopping discharge (as elucidated in the Section 4.6.4,). In 

respect of SR, four specific reductions are plotted, namely 95%, 80%, 60%, and 40%. 

Additionally, empirical equations (Eq. [5.13] – [5.16]) are also obtained to estimate 

overtopping discharge reduction according to wave characteristics and distance from 

the seawall.  

 

Figure 5. 24 Estimations of overtopping discharge reductions at different distance behind vertical 

seawall with Small Recurve 

Prediction of 95% overtopping discharge reduction can be predicted as: 
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1,0 1,0

x 1.032 0.017c

m m

R
L L− −

= × +  [5.14] 

with a RMSE of 0.010873.  

Prediction of 60% overtopping discharge reduction can be predicted as: 

 
1,0 1,0

x 2.16 0.028c

m m

R
L L− −

= × +  [5.15] 

with a RMSE of 0.02159.  

Prediction of 40% overtopping discharge reduction can be predicted as: 

 
1,0 1,0

x 3.34 0.035c

m m

R
L L− −

= × +  [5.16] 

According to the distance from the seawall and wave characteristics, the 

intercept of Rc/Lm-1,0 and x/Lm-1,0 can be obtained and matched to the given predicting 

lines to estimate possible discharge reductions. Each line shows the boundary of 

coastal region observed with corresponding mean overtopping discharge reductions. 

If the intercept is below a given line, the actual discharge reduction should be between 

predictions represented by the two adjacent lines nearby the interception. According 

to the spatial distribution behind the plain vertical seawall elucidated in the section 

5.3, 90% of overtopping water lands in a distance of 0.09 offshore wavelength under 

tested wave conditions. Hence Figure 5. 24 focuses on the overtopping discharge 

reduction in a distance of x/Lm-1,0=0.10. 

Due to geometrical shape changes of recurve wall, the reduction of each 

predicting line will be different. Figure 5. 25 provides the empirical predictions of 

possible discharge reductions for three tested recurve walls. The graph shows the 

geometrical shape changes in recurve wall affecting changes in overtopping 

discharges behind the seawall. Specifically, if the overhang length is increased, 

reduction will increase, and the range of hazardous zone will shrink. It is therefore the 

predicting line with 95% discharge reduction on LR is above prediction from other 

two recurve walls. It means the coastal area that overtopping discharge decays 95% 

behind LR is the largest among tested configurations. Conversely, increases in the 

height of recurve wall will lead to a smaller overtopping discharge reduction. The 
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prediction line of HR is also observed below the line from other two configurations. 

Further experiments are required to extend the validation of empirical prediction with 

other shapes of recurve walls.  

 

Figure 5. 25 Estimations of overtopping discharge reductions at different distance behind vertical 

seawall with all tested recurve walls 

5.5 Summary 

In this chapter, the spatial distribution of overtopping water is discussed with 

measurements on three differently sized recurve walls and plain vertical seawalls. It is 

found that Pullen et al. (2009) methodology on spatial distribution on vertical seawall 

overestimate the travel distance. Thus, the existing prediction equations are improved 

and presented and are given as follow (Eq.[5.2]&[5.3]):  

 00.82 /23       Impulsive conditionsc mR Hk e=  

 00.63 /21       Non-impulsive conditionsc mR Hk e=  

For the spatial parameter k of the extreme overtopping events, Eq.[5.4] and 

[5.5] are developed respectively as: 

 01.5 /           Impulsive conditions 4.7 c mR Hk e=  

 01.0 /       Non-impulsive conditions 5.6 c mR Hk e=  

Additionally, all recurve walls provide significant mitigating effects on wave 

overtopping. The hazardous area is reduced significantly by all tested recurve wall 

under non-impulsive conditions. Empirical equations (Eq.[5.7]-[5.12]) are developed 
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with great accuracy. However, spatial distribution under impulsive conditions appears 

difficult to predict. An alternative methodology is thus proposed, through estimating 

overtopping discharge reduction behind recurve walls.  

On the vertical structure, analysis of the wave characteristics show that values 

of k are affected by Rc/Hm0 and sm-1,0. Between these two parameters, Rc/Hm0 plays a 

dominant role in determining k. Eq.[5.2] is suggested to predict k for spatial 

distribution of the mean overtopping events, and great agreements are achieved 

between measurements and predictions. On the other hand, k increases with wave 

steepness, but this influences from wave steepness is not significant at all. During 

analyses, it was found that this influence may be hidden under the influence of wave 

period after normalising processes. Thus, the effects of wave period should be 

considered under certain circumstances. Both Rc/Hm0 and sm-1,0 will increase values of 

k, which can be explained as higher energy dissipation occurs during wave 

overtopping. Thus the travel distance reduces as a result of less energy remained for 

waves running landward.  

Beside the time averaged spatial distribution from all overtopping events, 

distributions of extreme overtopping events are also essential for understanding severe 

overtopping hazards from extreme events. The overtopping water in extreme 

overtopping events generally travels further than time averaged spatial distribution. In 

this case, the parameter k for extreme overtopping events, are smaller than results of 

time averaged distribution. Empirical equations (Eq.[5.4] and [5.5]) are given to 

predict parameter k from extreme overtopping events. Great agreements were 

achieved between predictions from these two equations and measurements.  

Furthermore, results from recurve walls show diverse results compared with 

measurements from vertical seawall. Under non-impulsive conditions, parameter k 

from all tested recurve walls are larger than values from vertical seawall. On average, 

the travel distance of 85% overtopping discharge decays 45% for time averaged 

distribution behind all tested recurve walls. Similar conclusion can be achieved in the 

extreme overtopping events, with a 53% hazardous zone decay. It is also found that 

increases in both overhang and height help in reducing the hazardous zone. To predict 

spatial distributions of overtopping water, empirical equations (Eq.[5.7] – [5.12]) are 
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derived to predict the spatial distribution parameter k on three tested recurve walls 

under non-impulsive conditions.  

Nevertheless under impulsive wave conditions, no equations at present is 

available to predict k for spatial distribution behind recurve walls. The measured k 

value is found to decreases with Rc/Hm0 when Rc/Hm0<1.8. It can be explained by 

different overtopping processes of three types of overtopping waves (overflow, throw-

landward and throw-up waves) on recurve wall. Additionally, it is confirmed in this 

study that the spatial distribution on the recurve wall can be affected by freeboard and 

wave period, shown as a k decreasing with Rc/Hm0×sm-1,0. A reasonably good 

correlations is achieved between measurements and this relationship, but further 

validations are desirable.  

Although an accurate estimation of the spatial parameter k remains a 

challenging task, the safety of coastal area behind recurve wall can be assessed with 

discharge reduction determined by the distance from the seawall. It is found that the 

closer to seawall, the more overtopping discharge is reduced by recurve wall. Among 

the tested recurve walls, the increase in overhang length significantly enhances the 

effects of recurve wall. However, no improvement in discharge reduction is achieved 

through the increase in recurve height. A methodology for a “rule-of-thumb” 

estimations of discharge reduction is provided, but further validations are required for 

applications under different configurations.  
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6 Wave Loads on Vertical and Recurve Walls 

6.1 Synopsis 

Due to the combined effects of contemporary climate change and sea-level 

rise, existing coastal defences need to be improved to protect people and 

infrastructures in coastal regions against increasingly severe overtopping hazards. To 

enhance coastal defences, the recurve wall offers a promising hard retrofitting 

engineering solution. Empirical predictive tools have been developed to evaluate the 

mitigating performance of recurve walls with the mean overtopping discharge 

(Kortenhaus et al., 2002; Pearson et al., 2004). The wave load applied on the structure 

with recurve wall is also essential for assessing the structural stability. Previous 

research shows that the recurve wall on the seawall crest will increase the wave load 

applied. However, the exact amount of wave load increases, caused by the recurve 

wall, is not fully understood at present. Detailed investigations are needed for 

comprehensive understandings of the wave loading applied on vertical and recurve 

parts of the structures with different sized of recurve walls.  

This chapter investigates wave load changes due to three recurve walls with 

different dimensions mounted on the crest of plain vertical seawall. Discussions are 

presented on the effects of these recurve walls on the pressure distribution, overall 

force and overturning moments. Additionally, the wave load applied on the recurved 

part is also investigated for knowledge on the structural integrity of vertical seawall 

with recurve walls. Detailed explorations are conducted to understand the effects of 

overhang and height of recurve wall on the wave loads considered.  

6.2 Pressure detecting system 

In order to investigate the influence of recurve walls on the wave loading on 

structures, physical model experiments are carried out based on results derived from 

plain vertical seawalls, which are named as reference cases. In all tests, 10 Trafag 

pressure sensors, at a diameter of 24mm, were installed around the centre of the 

seawall with an equal distance in between. The original vertical seawall was only 

210mm high, which was sufficient for 7 pressure transducers installed in one line. In 

order to improve the resolutions of measured pressure profile, sensors are installed 
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with an offset of 9mm from the centre of the seawall. With this set-up, 10 sensors are 

able to be fixed on the original vertical seawall (see Figure 6. 1). 

 

Figure 6. 1 Schematic designs of transducers locations on the plain vertical seawall (unit: mm) 

All pressure transducers are logged to the same data logger and measurements 

are taken at a sample frequency of 1.28 kHz. The transducer records the pressure on 

the front plane of the seawall and output data through a 4-20mA signal. Since the data 

logger used in experiments (NI USB-6009) is able to take readings of voltage data, 

signals from transducers are amplified through a current amplifier, which converts 

current data from the transducer into voltage within the range of -9.5 - +9V. The 

acceptable range of measurements is expanded to improve the accuracy of 

measurements for small impulse. Due to limited amplifier channel availability, only 

data from No.1 to No.5 transducers can be converted by the amplifier. Signals from 

remaining transducers go through a precise resistor at 402Ω. Readings are taken within 

a range of 1.6-8V. The USB-6009(NI) is able to take voltage data from -10.5 - +10.5V. 

Signal from both amplifiers can be read by the same data logger.  

Calibrations tests were conducted before formal experiments, to obtain the 

factor converting output voltage data from transducers into pressure readings. In these 

tests, Transducers were put into a tube filled with water. In terms of meter attached on 

the side of the tube, transducers were placed at six specified depths (0.05m, 0.10m, 

0.15m, 0.20m, 0.25m and 0.30m). Voltage outputs from transducers can then be 

related with water pressure calculated at tested depths using a linear equation. 

Calibrations were performed for each transducer to ensure the accuracy of pressure 

measurements.  
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Experiments were undertaken in the wave flume at the School of Engineering, 

University of Warwick. The flume is 22m long, 0.6m wide equipped with a 1:20 slope 

bed. Wave conditions were calibrated to cover the Rc/Hm0 ranging from 1.0 to 3.0, and 

both large and small wave steepness were covered. More details of test programme 

are summarised in Table. 3.2. Only the impulsive conditions were tested, since it 

would enact forces 10-50 times greater in magnitude than non-impulsive 

conditions(Allsop et al., 1996; Cuomo et al., 2010a). There are two purposes of these 

experiments: 

1) Provide detailed knowledge on the influence of recurve walls on the wave 

loads acting upon structures. Quantify the exact increasing in wave loads caused by 

recurve walls installed on the crest of plain vertical seawall, including impact force, 

quasi-static force and overturning moment. 

2) Investigate changes in wave loads on structures due to changes in recurve 

wall dimensions. Illustrate how the overhang and height of recurve wall will affect 

different types of wave loads (e.g. uplift force, overturning moment) on both vertical 

and recurve parts of the structure. 

In physical model experiments, readings of pressure would be influenced by 

the sampling frequency of transducers. Burcharth et al. (2008) indicated that lower 

sampling frequency of pressure transducers may miss the peak pressure values. To 

avoid missing peak pressure, the sampling frequency of transducers are set at 1.28 

kHz. The total impact force and overturning moment on structures are calculated as: 

 
1

n
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zF P
=

= ∆∑   [6.1] 
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n

i i
i

M P z z
=

∆=∑    [6.2] 

where n is the total number of transducer involved, 𝑃𝑃𝑠𝑠 is the pressure results 

from the No.i transducer, and 𝑧𝑧𝑠𝑠 is the corresponding torque arm of No.i transducer. 

In reference cases,  𝑧𝑧𝑠𝑠 is the absolute height from the center of No.i transducer to the 

toe of seawall. ∆𝑧𝑧 is the length on the structure covered by each transducer. In general, 

∆𝑧𝑧 =19.7mm, and it changes when transducers are mounted on the recurve wall. Both 
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overall force (F) and overturning moment (M) are analysed at the significant level of 

1/250. It is purposed thus to mitigate the uncertainties in the largest event. 

6.3 Load history 

In physical experiments, pressures are measured across the entire seawall from 

bottom to top, through 10 pressure transducers. The overall force is analysed as the 

summation of the product of pressure and the corresponding effective area at the same 

moment, shown as Eq.[6.1]. Figure 6. 2a shows the history of pressure measurements 

from No.5 transducer. The sharp spike represents the pressure results in time series 

during in one wave event.  

During analyses, it is observed that transducers located at different heights on 

the seawall respond with various peak pressure values. Figure 6. 2b shows the pressure 

history from all transducers in one wave event. Large variations are found between 

transducers in the magnitude of peak pressure. The maximum pressure generally 

occurs around the SWL, which is shown as the pressure history in Figure 6. 2b from 

No.5 transducer. The No.6 – No.10 transducers are below the SWL. Waves approach 

these transducers with lower celerity and almost no air-water mixture happen 

compared with the part of waves around the SWL. The peak pressure measured with 

these transducers are much smaller than the values measured around SWL from No. 5 

transducer. Meanwhile, the peak pressure values taken by the transducer above the 

SWL (No.1 – No. 4) are also much smaller than the value around SWL. It can be 

inferred as the part of waves reaching above the SWL are likely to break, and more air 

is mixed compared with the water at the SWL. The higher amount of air bubbles mixed 

in the water causes the smaller magnitude of pressure measured (Hattori et al., 1994; 

Bullock et al., 2007).   
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(a).  

(b).  
Figure 6. 2 Pressure history measured in this study. (a) Pressure history from No.5 transducer; (b) 

Pressure history from all transducers. 

Figure 6. 2 also shows that the pressure from transducers reach the peak values 

at different time. No.6 – No.10 firstly reach the peak pressure and the peak pressure is 

detected at almost the same moment. From No.5 – No.1 transducers, the magnitude of 

peak pressure gradually decreases and is reached in order with a similar time step from 

the transducer locates at bottom to top of the seawall. This result can be explained with 

the allocations of transducers. No.6 –No.10 transducers are usually underwater, thus 

response from them would reach peak pressure at almost the same time. Conversely, 

it takes time for waves to run up and reach No.1 – No.5 transducer since they are 

located above the SWL with equal space. Therefore, pressure data from them achieves 

peak value in order with a similar time delay in between. This time delay will not make 

significant differences to analyses overall force, but the loadings acting on the recurve 
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wall. The reason is that the maximum pressure on recurve wall should happen after 

the largest overall force on the whole structure, which will be illustrated in the section 

6.7.  

6.4 Pressure distribution up the plain vertical seawall 

Impact pressure on vertical seawalls is not equally distributed. The maximum 

pressure (pmax) usually dominates the maximum total force (Fimp,max) and overturning 

moment of the entire structure(Mimp). Understanding the maximum loading points will 

help in the stability assessment of coastal structures. When defences are improved 

through structural retrofitting, it is necessary to reassess structural pressure 

distribution as a result of geometric shape changes. In this study, the distribution of 

wave pressure on a plain vertical seawall is analysed. The maximum impact pressure 

is plotted against the relative elevation. Figure 6. 3 is produced using measurements 

from two tested water depths (hs=0.09m and 0.11m) at the toe of the structures. In 

graphs, impact pressure is normalised with ρg𝐻𝐻𝑚𝑚0, and the location of the transducers 

on the seawall is normalised as (𝑧𝑧𝑠𝑠 − 𝑑𝑑)/𝐻𝐻𝑚𝑚0. 

In the graph, y=0 represents the still water level in experiments. It can be 

observed from both graphs that maximum pressure generally occurs at the SWL with 

few observed slightly above the SWL in some conditions. It may be cause by less 

wave breaking and air entrapment when wave hit the wall (Hull and Müller, 2002). 

This phenomenon may also be the reason of smaller pressure measured above the 

SWL.  
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a 

 
b 

Figure 6. 3 Impact pressure distribution from all test cases on plain vertical seawall. (a) hs=0.09m, (b) 

hs=0.11m. Lines with different colour represent the pressure distribution from cases with different 

wave period.  

6.5 Impact and quasi-static force 

When checking the time series of wave force measured during physical 

modelling experiment, a “two-peak” force history is observed, as shown in Figure 6. 

4a. It shows the impact and quasi-static force occur in one wave event, which can be 

distinguished by the duration of the loading. Specifically, the impact force act on the 

structure with a large force value but a shot duration. The quasi-static force, however, 

act on the structure with much smaller values but more than doubled duration of 

impact force.  

Under impulsive wave conditions, the “two-peak” history is also nicknamed 

as “church roof” profile (Peregrine, 2003). It can be inferred with the generation of 

wave force. Firstly, when a wave arrives and breaks at the seawall, the crest of wave 

hits the structure and runs up with small air pockets and causes the impact force shown 

as the first peak in Figure 6. 4a. Secondly, oscillations happen subsequently due to 

breaking in the incident wave crest and air bubbles remain entrapped in the water, 

shown as Figure 6. 4b. Meanwhile, under the effects of the gravity, the running up 

water is deaccelerated and falls back and causes the second peak shown around the 
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t/Tm=0.7 in the Figure 6. 4a (Bullock et al., 2007; Bullock et al., 2001; Peregrine, 2003; 

Wood et al., 2000). 

(a) (b) 
Figure 6. 4 The example time series data of impact and quasi-static force measured from one wave 

event during physical modelling experiments. (a) The force history of a whole wave event. (b) The 

impact force and oscillation occur after it due to trapped air between the wave and structure.  

6.6 Comparisons with existing methods 

6.6.1 Impact loads 

Since horizontal impact force is dependent upon incident wave height and 

wavelength, Cuomo et al. (2010a) suggested new equations for estimating impact 

force on vertical seawalls as follows:  
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where 𝐿𝐿(ℎ𝑠𝑠) is the wavelength at the toe of the structure, for T=𝑇𝑇𝑚𝑚,  ℎ𝑏𝑏 is the 

water depth at wave breaking, 𝑘𝑘 is the wave number(𝑘𝑘 = 2𝜋𝜋/𝐿𝐿(ℎ𝑠𝑠)), 𝐶𝐶𝑟𝑟 is a reflection 

coefficient representing wave reflection at the structure, which is assumed to take a 

value of 0.9 when 1.0 < 𝑅𝑅𝑐𝑐/𝐻𝐻𝑠𝑠 < 3.0, and 𝑡𝑡 is an empirical coefficient suggested to 

be 1.65. 
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 Horizontal impact force 

Measurements of impact force on plain vertical seawalls are validated with 

predictions obtained with Eq.[6.3] & [6.4] for the extreme wave loads. In order to 

minimise the uncertainties presented by the action of large incoming waves, the 

maximum impact force is calculated with a significance of 1/250 (Cuomo et al., 2010a; 

US Army Corps of Engineers, 2008), represents the force is calculated as the average 

of largest 4 wave impacts in tests of around 1000 waves. Figure 6. 5 compares the 

measured horizontal impact force with empirical predictions given by (Cuomo et a., 

2010a) at a significance of 1/250. Underestimations are observed in large wave impact 

events and they increase with measured wave impact force. These deviations may 

happen as a result of the higher sampling frequency undertaken in this study compared 

with Cuomo et al. (2010a). Voltage output from pressure transducers are logged at a 

frequency of 1.28kHz in this project, while only 400Hz was applied by Cuomo et al. 

(2010a). A relatively lower sampling frequency is more likely to miss the highest-

pressure value. If a pmax happen between two sampling points, the measured maximum 

pressure will be lower than the actual maximum pressure.  

 

Figure 6. 5 Comparison between the measured horizontal impact force with predictions from Cuomo 

et al. (2010a). The subscript (1/250) represents the force is calculated as the mean value of the largest 

4 wave impacts in tests of around 1000 waves.  

Besides the aforementioned difference in applied transducer frequency, efforts 

are also made in investigating wave characteristics as the reason for the possible 

underprediction of results shown in Figure 6. 5. Measured underprediction ratio of 

Fh,imp 1/250 is related with relative freeboard (Rc/Hm0) and wave steepness(sop), but no 
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clear trend is noticed. According to videos filmed during experiments, it is noticed that 

a large wave impact is generally captured with more impulsive waves. As 

underpredictions in Figure 6. 5 are observed in large impact events, the ratio of 

measured over predicted Fh,imp 1/250 are then related with wave impulsiveness (ℎ∗).  

Figure 6. 6 plots ratio of measured over predicted Fh,imp 1/250 against wave 

impulsiveness(ℎ∗), which is calculated as ℎ2/𝐻𝐻𝑚𝑚0𝐿𝐿𝑚𝑚−1,0 (EurOtop 2018). The graph 

shows deviations between measurements and predictions increase with decreasing ℎ∗, 

and large underpredictions gather in conditions with low ℎ∗ . When ℎ∗>0.1, good 

agreements are achieved between measurements and predictions. When ℎ∗  drops, 

incident waves gradually become impulsive containing more breaking components 

and higher shoreward kinetic energy. As a result, larger spikes in impact pressure are 

detected by high sampling frequency system equipment. As ℎ∗  approaches 0.23, 

waves gradually transfer from impulsive waves into non-impulsive waves. Waves at 

the toe of the structure appears less turbulent and easy to be predicted (Cuomo et al. 

2010a). 

 

Figure 6. 6 The ratio of measured and predicted Fh,imp1/250 tested under wave conditions with different 

wave impulsiveness (ℎ∗) 

Following the analyses on influences from wave impulsiveness to accuracy of 

predictions, further analyses are performed on the dependency of horizontal impact 

force upon wave characteristics. Relative freeboard, wave steepness and wave 

impulsiveness are again analysed. In common with results described above, Fh,imp1/250 

does not obey good relationship with Rc/Hm0 and sop, but increases with a decreasing 
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ℎ∗ . Interpretations can be given through the analyses performed by Cuomo et al. 

(2010a) on relative importance of wave height and wavelength in Fh,imp1/250. It is 

reported that Fh,imp1/250 increases with both wave height and length. The influences 

from both parameters will make influences from ℎ∗ more significant.  

Similar trend with ℎ∗  are also made through research on overtopping jet 

trajectory. Bruce et al. (2001) and Bruce et al. (2003) indicated that throw up velocity 

of overtopping water decreases with ℎ∗ with a threshold at ℎ∗=0.15. Highly impulsive 

waves (ℎ∗<0.15) run over seawalls with fast throw velocity up to 6.5 times larger than 

the inshore celerity. On the other hand, overtopping events from less impulsive waves 

have a lower and more constant throw velocity. In this case, larger ℎ∗  (ℎ∗>0.15) 

meaning less impulsive waves, exhibits less kinetic energy and lower throw up 

velocity. In this regime, throw up velocity (𝑢𝑢𝑧𝑧) appears to be constant as reported by 

Bruce et al. (2003). Fh,imp 1/250 in Figure 6. 7 also obeys a similar trend that rapid 

decreases in Fh,imp 1/250 occur before ℎ∗ increasing up to 0.12. When ℎ∗>0.12, only 

limited downward trend is noticed in Fh,imp 1/250. It is inferred that waves approach 

seawalls with more non-breaking components as ℎ∗  exceeds 0.12. Therefore the 

kinetic energy in waves is less affected by impulsive waves. Impact force therefore, 

appears steady. 

 

Figure 6. 7 Relationship between measurements of Fh,imp1/250 and ℎ∗ 

In this study, no non-impulsive wave conditions are tested due to the 

limitations of this project. Further investigations would be desirable to examine the 

dependency of Fh,imp1/250 on non-impulsive wave characteristics. 
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 Overturning moment 

The overturning moment (𝑀𝑀𝑧𝑧,𝑠𝑠𝑚𝑚𝑝𝑝) on the structure is analysed as a part of 

stability assessments. The structure has to counter overturning moments with its 

strength and any support provided by shoreward structures. In this study, 𝑀𝑀𝑧𝑧,𝑠𝑠𝑚𝑚𝑝𝑝  is 

calculated as the product of force and corresponding torque arm for individual 

transducers, as presented by Eq.[6.2]: M = ∑ 𝑃𝑃𝑠𝑠 ∙ ∆𝑧𝑧 ∙ 𝑧𝑧𝑠𝑠n
i=1 . In this equation, the 

subscript i is the number of the transducer, n is the total number of transducer involved, 

𝑃𝑃𝑠𝑠 is the pressure results from the No.i transducer, and 𝑧𝑧𝑠𝑠 is the corresponding torque 

arm of No.i transducer. In reference cases,  𝑧𝑧𝑠𝑠 is the absolute height from the centre of 

No.i transducer to the toe of seawall. ∆𝑧𝑧 is the length on the structure covered by each 

transducer, ∆𝑧𝑧 =19.7mm, and it changes when transducers are mounted on the recurve 

wall. Figure 6. 8 presents the force applied on the vertical seawall and corresponding 

torque arm used for calculating overturning moment.  

 

Figure 6. 8 The diagram of force applied on the vertical seawall and corresponding torque arm.  

Figure 6. 9 shows the overturning moment on the structure obeys a similar 

relationship with ℎ∗  as Fh,imp. Specifically, 𝑀𝑀ℎ,𝑠𝑠𝑚𝑚𝑝𝑝  decreases with ℎ∗  steadily, as ℎ∗ 

increases. Existing prediction tools provide reliable predictions, which fit with 

measurements satisfactorily under almost all tested conditions. However, when 

ℎ∗<0.06, significant underestimations occur as a major problem. In this scenario, 

𝑀𝑀ℎ,𝑠𝑠𝑚𝑚𝑝𝑝  is underestimated up to a half of measured value. Extreme spikes out of 

predicted values are highly likely to occur, since waves are more unpredictable in 

extremely impulsive conditions. Further experiments are required for ℎ∗  >0.18 to 
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investigate relationships between overturning moment and wave impulsiveness under 

non-impulsive wave conditions. 

 

Figure 6. 9 Overturning moments on the plain vertical seawall changes with the wave impulsiveness 

6.6.2 Quasi-static loads 

Impact forces enact strong but short-lasting impacts on the structure. They are 

applied on the structure for a very short period of time, being comparable to the natural 

period of vibration of the structure (Cuomo et al., 2010a). Conversely, the quasi-static 

force acts on the structure with a smaller magnitude but for a significantly longer 

duration. Displacements are highly likely to happen on structures with this long-lasting 

load. Hence, the quasi-static load is necessary to be considered in structural safety 

assessments. In this section, measurements of quasi-static forces and overturning 

moment in reference cases are validated with published prediction equations. 

 In order to minimise the uncertainties presented by the action of large 

incoming waves, Cuomo et al. (2010a) published prediction equations for quasi-static 

force and overturning moment at a significant level of 1/250 (see Eq.[6.5] and [6.6]), 

which represents the force is calculated as the mean values of the largest 4 wave 

impacts in tests of around 1000 waves. Through analysis, the physical modelling 

measurements were obtained as the averaged values of the largest four events.  
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where 𝑡𝑡 in Eq.[6.5] is an empirical coefficient at 𝑡𝑡 = 4.76, as obtained in 

physical experiments of Cuomo et al. (2010a). 

(a)  

(b)  
Figure 6. 10 Comparison of measured quasi-static load from reference cases with predictions from 

Eq.[6.5] and [6.6]. (a) Quasi-static force comparisons. (b) Quasi-static moment comparisons. 

Figure 6. 10 compares the measurements of quasi-static force and overturning 

moments from reference cases with empirical prediction from Eq.[6.5] and [6.6] 

respectively. The almost all measured Fqs 1/250 are within 1.5 times larger than 

predictions. However, deviations become significant when ℎ∗ < 0.07. With systematic 

checks on wave parameters, it is found that these results are all obtained in large-wave 

period conditions. Interpretations are given as large wave periods result in long 

wavelength in front of the structure, which will increases the quasi-static forces as a 

result (Cuomo et al., 2010a).  

Figure 6. 10b compares the quasi-static overturning moments predicted from 

reference cases with empirical predictions given by Eq. [6.6]. The graph shows that 

almost all measurements are within 1.3 times larger in magnitude than predictions. 

This fact exhibits a high level of agreements, representing a good fit between 
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predictions and measurements. However, small wave impulsiveness (large wave 

period) also causes significant deviations up to 2.5 times larger in magnitude than the 

predictions in Mqs 1/250 when ℎ∗ < 0.07.  

6.6.3 Influences of wave shapes on the wave load 

Comparisons between the measured and predicted of wave loads indicate the 

influences of wave impulsiveness (ℎ∗). The increasingly impulsive wave conditions 

(decreasing ℎ∗) lead to larger wave force and overturning moment applied on the 

seawall. Similar results are reported by Oumeraci et al. (2001) with the PROVERB 

parameter map, illustrating a significant increases in the maximum wave force from 

the quasi-standing loads into impact wave loads when ℎ∗ decreases. In addition, the 

increased wave force can also be attributed to the increased trapped air bubbles 

between incident waves and the structure (Bullock et al., 2007; Peregrine, 2003).  

The section 6.6.1 and 6.6.2 illustrates that long wavelength is likely to cause 

extremely large wave force on the structure. It can be inferred as thin trapped air pocket 

under these conditions. Figure 6. 11 shows the schematic sketch and the photos of two 

wave shapes with long and short wavelength observed during experiments. Increasing 

wavelength means increasing wave shoreward celerity, which leads to larger wave 

kinetic energy. Meanwhile, some waves were observed to approach the structure with 

a wave front almost parallel to the seawall (shown as Figure 6. 11a). Very thin air 

pockets are trapped between the wave and structure, causing a large and very short-

lasting wave impact force. When the wavelength decreases (ℎ∗increases) while the 

wave height remains unchanged, waves propagate with a higher wave steepness and 

break earlier in front of the structure (shown as Figure 6. 11b). More air bubbles are 

trapped when waves arrive at the structure, enacting a smaller wave impact force.  
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(a) 

 
(b) 

(c) (d) 
Figure 6. 11 Schematic sketches of two shapes of incident waves in front of the plain vertical seawall. 

(a) long wave period waves incident a wave front parallel to the seawall, and thin air pocket trapped. 

(b) short period wave incident with breaking crest, and thick air trapped. (c) The photo of wave hit the 

seawall with a thin air pocket. (d) the photo of wave hitting the seawall with a lot air bubbles  

6.7 Wave loads on the recurve walls 

6.7.1 Wave pressure profile 

Recurve walls are considered as a reasonable approach to reduce wave 

overtopping, whose effectiveness is evaluated with many studies on the mean 

overtopping discharge (Cornett et al., 1999a; Kortenhaus et al., 2003; Pearson et al., 

2004). Since the recurve wall changes the geometrical shapes of the coastal defences, 

it is essential to comprehensively understand the wave loads applied on the structure 

with recurve walls on the crest, in order to reassess the stability of the improved 

structures. In this section, explorations are made on the dependency of wave impact 

upon the height and overhang length of recurve walls. Comprehensive discussions are 

made on the impact force, overturning moment and uplift force.  
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In this study, three sizes of recurve wall are tested for applied wave loads, by 

changing their overhang length and recurve height. Two water depths were tested 

within the experiments, leading to two freeboards (0.12m and 0.1m) tested with two 

height of recurve walls (0.045m for SR and LR, 0.074m for HR). Detailed schematic 

sketch of three recurve wall tested is presented in Figure 5. 13. Transducers in 

configurations with recurve walls are maintained at the same elevations as reference 

cases, since tests are carried out to define the influence of geometric shape changes on 

wave pressure. For the vertical part of the seawall, the location of transducers is 

unchanged. On the recurve wall parts, the front surface of the transducers is fixed at 

the underside of the recurve wall, but at the same elevation as they were in the 

reference cases. This set up helps to control for any uncertainties in wave pressure due 

to diverse elevations in two configurations. Figure 6. 12 indicates the difference in 

torque arm between recurve wall and vertical seawall.  

It should be noted that the comparison between the wave loads applied on plain 

vertical seawall and three recurve walls tested within this study are based on the small 

scale physical modelling measurements. Although the scale effects are not ignorable 

between small and field scale, the analyses about the scale effects on wave loads shows 

that the geometrical shapes of the structure will not affect the scale effects. The details 

of the discussions on the scale effects can be found in the Appendix E. 

a b 
Figure 6. 12 Sketches of force direction on plain vertical seawall and Small Recurve, showing 

changes in torque arm. F1 and F2 represent wave force applied on vertical seawall and recurve walls 

respectively. The torque arm for F1 and F2 are shown as L1 and L2 respectively.   
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 Maximum pressure on the whole structure 

To begin with, measurements from Small Recurve (SR) are firstly discussed 

for general effects of recurve wall to wave loadings on the structure. Discussions are 

conducted with comparisons between measurements from SR and LR as well as HR 

respectively. Based on these analyses, the influences from recurve dimensions on 

wave loading is evaluated.  

In order to describe the wave load distribution, investigating the pressure 

distribution of the structure alone is an essential indication considered during 

structural design. In the case of plain vertical seawalls, previous research has 

confirmed that the maximum pressure usually happens around the SWL (Cuomo et 

al., 2010a; Goda, 2000; Hull and Müller, 2002). Similar conclusions are achieved with 

measurements from reference cases in this study. Referring to Figure 6. 3. 

Figure 6. 13 compares the pressure profile of the pmax of the whole structure 

from SR with the measurements from the reference case (plain vertical seawall). The 

figure shows that the elevation of pmax on the recurve wall shifts upwards. When the 

water depth at the toe of the structure increases form 0.09m to 0.11m, it is also found 

the elevation of pmax rises upwards. As the recurve wall approaches the SWL, the 

elevation of pmax rises gradually. It can be inferred that incident waves are bounced 

back or trapped under the recurve wall; while they are thrown upwards in reference 

cases. More water gathers around the interception between the recurve wall and the 

vertical seawall, resulting in a rise in local maximum pressure elevations. Similar 

observations are reported by Kisacik et al. (2012). 

The magnitude of pressure recorded is also affected by the recurve wall. Figure 

6. 13 presents that the pmax measured on the SR wall becomes 1.3 times on average 

larger than measurements from reference cases. It is suspected to be caused by the 

same reason as the aforementioned upward shifting in the elevation of the maximum 

pressure values. When a recurve wall mounted on the seawall crest, more water gathers 

and is trapped under the recurve wall, leading to more wave energy dissipation. 

Transducers located close to the underside of recurve wall, thus sustain at higher 

impact forces than those in the reference case. In some conditions, significant 

increases are also observed in the measurements from the transducers on the recurve 

wall. In this situation, a number of waves, which throw up along the seawall in 
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reference cases, are returned seawards. The underside of the wall therefore, receives 

higher wave pressures.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. 13 Impact pressure distribution from all test cases on the vertical seawall and small recurve 

configuration. (a) Vertical seawall hs=0.09m. (b) Vertical seawall hs =0.11m. (c) Small Recurve hs 

=0.09m. (d) Small Recurve hs =0.11m. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. 14 Impact pressure distribution from all test cases on the vertical seawall and small recurve 

configuration. (a) Long Recurve hs=0.09m. (b) Long Recurve hs =0.11m. (c) High Recurve hs 

=0.09m. (d) High Recurve hs =0.11m. 

Figure 6. 14 presents the pressure profile of the pmax on the whole structure 

measured on LR and HR. Comparison between Figure 6. 14 and Figure 6. 13 indicate 

that the pmax on both LR and HR generally occur above the SWL. The increasing water 

depth also increases the elevation of pmax. The increase in the overhang length (from 

LR) decreases the elevation of pmax while increases in height of recurve wall (from 

HR) increases it. It can be inferred that incident waves, especially with large 

wavelength, are bounced downward by the overhang. Hence the wave crest under LR 

hits relatively lower point compared with results under SR. Similar results are reported 
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by Kisacik et al. (2012). On the other hand, increases in recurve height decreases the 

recurve freeboard (Pc), which was defined by Pearson et al. (2004) (Figure 6. 15). The 

toe of HR is more likely be submerged, causing more breaking waves crest to hit the 

underside of HR with increased jet velocity. Hence the pmax happens above the SWL 

and shift upwards, becoming closer to the toe of HR. 

 

Figure 6. 15 Definitions of parameters on recurve wall. Adopted from Pearson et al. (2004) 

 Maximum pressure on recurve wall 

In order to evaluate the safety of the structure itself, especially the recurve part 

for engineering designs, the wave pressure on the underside of the recurve wall is 

essential. Forces exerted under the recurve wall have a vertical component, which 

applies an extra overturning moment on the structure, specifically at the junction of 

the recurve wall and vertical seawall. In this case the corner under the recurve wall 

becomes a weak point of the structure, which may compromise structural integrity.  

In terms of the pressure profile in Figure 6. 13 and Figure 6. 14, transducers 

on recurve wall (two sensors on the crest) do not show significant pressure readings. 

One explanation for this is that due to the vertical spacing of transducers, it takes time 

for waves to reach the transducers from bottom to top in order. Figure 6. 2b can be 

referenced here, showing time delays between the happening of the maximum pressure 

of the whole structure (from No.5 transducer) and the recurve part (from No.1 and 2 

transducers). Since the maximum total force (Fmax) on the whole seawall is determined 

by the time and value of the maximum pressure, the maximum force acting on the 

recurve part should happen after it. It has to be calculated separately with a time delay 

around 0.05s for incident waves running up and reaching the recurve wall.  
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Figure 6. 16 presents the time series data of the total force on the whole seawall 

and on the recurve part. The t1 and t2 represent two time moments when the force on 

the whole seawall and recurve part reach the peak value respectively. The graph shows 

the spike of the force acting on the recurve part, delays approximately 0.03s after the 

sharp increase of the overall horizontal force applied to the whole structure. 

 

Figure 6. 16 The time series data of the total force on the whole seawall and on the recurve part. t2-t1 

represents the time delay in total force and force on recurve wall when reaching the maximum values 

 

(a) 

 
(b) 

 
(c) 

Figure 6. 17 Impact pressure distribution from all test cases on the SR for pmax on the recurve wall. (a) 

sketch of the vertical seawall with SR. (b) hs=0.09m. (c) hs=0.11m. The schematic sketch of vertical 

seawall with recurve wall is given in (a) to locate the pressure on the SR and SWL.  
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The pressure profile for pmax,SR of the recurve wall is shown in Figure 6. 17. 

The results from two transducers on the top of the pressure distribution shows the 

pressure values applied on the recurve wall. The largest pressure value is observed at 

the bottom of the recurve wall under all tested conditions. The magnitude of the largest 

pressure applied on the recurve wall is only about a half of the largest pressure acting 

on the whole structure (shown in Figure 6. 3). Additionally, the graph also shows the 

influences from the water depth (hs) to the magnitude of pmax,RS. As hs increases from 

0.09m to 0.11m, the peak pressure on the recurve wall increases approximately two 

folds when Impact force with recurve wall 

The overall force on the structure is calculated by adding the product of 

pressure from each transducer and its effective area. As the recurve wall changes the 

geometrical shape of the structure, overall force is calculated for horizontal force and 

upward force respectively. The former one plays a same role as the overall force does 

in the reference cases, which is applying an overturning moment on whole structure. 

The later one exerts an overturning moment on recurve part, which does not exist on 

reference cases.   

6.7.2 Horizontal impact force on recurve wall 

Figure 6. 18 presents the relationship between maximum horizontal impact 

force (Fh,imp 1/250) of the recurve wall and wave impulsiveness (ℎ∗). The maximum 

increases at 1.7 times larger is observed on SR compared with measurements from 

reference cases. Similar increases ratio was reported by Kortenhaus et al (2003). When 

ℎ∗ decreases, the increases in the measured Fh,imp 1/250  on SR drops, meaning that Fh,imp 

1/250 rises more significantly under less impulsive wave conditions (higher ℎ∗). It is 

similar with conclusions reported by Kortenhaus et al. (2002) and Kortenhaus et al. 

(2003) that non-impulsive wave force increases more than impulsive wave force when 

a recurve wall is installed. This is suspected to be caused by the turbulence of waves 

at the corner below the recurve wall. Due to recurve wall, incident waves are trapped 

and bounced at the corner below the recurve wall, thus, being transformed from less 

impulsive waves into a more impulsive waves (lower ℎ∗). As a results, waves hit the 

structure with higher kinetic energy and enact significantly larger wave impact (Allsop 

et al., 1996; Bruce et al., 2003; Cuomo et al., 2010a).  
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Figure 6. 18 The maximum horizontal impact force on the structure from Small Recurve and 

reference cases (plain vertical seawall). The subscript (1/250) represents the force is calculated as the 

average of the largest 4 wave impacts in tests of around 1000 waves.  

This observation becomes clearer when presenting the increase ratio in overall 

horizontal force. Figure 6. 19 quantifies the increases in total horizontal impact force 

on the whole structure when a SR is installed. In the graph, the increase ratio is 

presented as the Fh,imp1/250 measured on recurve wall over the reference cases. The less 

impulsive waves conditions are, the higher Fh,imp1/250 increases. All in all, Fh,imp1/250 

goes up at 1.3 times on average compared with Fh,imp1/250 measured on the plain vertical 

seawall. Similar conclusions are provided by Kortenhaus et al. (2003). Figure. 6. 19 

also shows increases in horizontal forces acting on the vertical component of the 

structure. The force measured on the vertical component fits with the trend of overall 

horizontal force, meaning that recurve wall poses similar effects on loadings applied 

on vertical and recurve components of the structure.  

 

Figure 6. 19 Increase ratio in the Fh,imp 1/250 from Small Recurve compared with reference cases on the 

whole structure and the vertical component. 
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With measured force on three recurve configurations, discussions are also 

made on the influences of structural changes of recurve walls on the Fh,imp1/250  applied. 

Figure 6. 20 shows the changes in Fh,imp1/250  when SR is changed into LR and HR. The 

changes in the Fh,imp1/250  is presented with increase ratio of Fh,imp1/250  on LR or HR 

over the values on SR (Fh,imp1/250,LR/Fh,imp1/250,SR or Fh,imp1/250,HR/Fh,imp1/250,SR). Compared 

with measurements in the reference cases, the maximum increases in the Fh,imp1/250, is 

observed at 2.4 times larger on both LR and HR, especially with long wavelength. 

This increase drops when h* increases (shown in Figure F. 1 and F. 2), and an averaged 

increase at 1.4 times and 1.5 time larger is found on LR and HR respectively. Similar 

increases are observed from the Fh,imp1/250 applied on the whole structure and the 

vertical part of the seawall.  

With a longer overhang length of recurve wall, the Fh,imp1/250 only increases 

under extreme impulsive wave conditions (ℎ∗<0.09). It can be inferred as long period 

waves be returned seaward and the underside of the recurve wall is more approximate 

to be perpendicular to running up directions, thus, more kinetic energy dissipates and 

transducers around the corner under recurve wall receive higher impacts. On the other 

hand, an increasing recurve height leads to increases in the measured Fh,imp1/250 under 

all tested conditions. The mean increase at 1.25 times is measured in Fh,imp1/250. 

Comparison between results from HR, LR and SR indicate that the recurve wall 

increases the horizontal impact wave force applied with the maximum increase at 1.5 

times. The effects of increasing recurve height should be considered under all 

conditions, while the overhang length only affect the measured Fh,imp1/250 under 

extreme impulsive waves (h*<0.09) .  
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(a)  

(b)  
Figure 6. 20 Increase ratio in the Fh,imp1/250 from Long Recurve and High Recurve compared with 

reference cases on the whole structure and the vertical component. (a) Long Recurve. (b) High 

Recurve. The overall force in the figure means the Fh,imp1/250 applied on the whole structure and 

vertical parts means Fh,imp1/250  applied on the vertical part of seawall only.  

6.7.3 Overturning moment from impact loads on recurve wall 

To provide reliable assessment on structural safety, not only the force, but also 

the overturning moment should be considered. Figure 6. 21 compares the Mh,imp1/250 

measured in SR and reference cases. Results measured on SR are larger than that in 

reference cases. The same overall trend is followed in the case of SR as the Mh,imp1/250 

in reference cases that it decreases with ℎ∗. For a clearer comparison on Mh,imp1/250 

from these two configurations, an increases ratio is calculated and are shown in Figure 

6. 21b. The increase ratio of Mh,imp1/250 rises with ℎ∗, from 1.0 up to 2.1 within tested 

conditions. However, two tests are highlighted, whose results deviate from the 

proposed trend, showing Mh,imp1/250 increases with a decreasing ℎ∗ (shown as circled 
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data in Figure 6. 21b). According to parametrical analyses, possible reason for this 

phenomenon is the combined results of long wavelength and low freeboard. The 

elevation of pmax increases in these two cases, meaning an increased torque arm. 

Therefore, the overturning moment acting on the whole structure becomes larger.  

a.  

b.  
Figure 6. 21 Overturning moment changes on the whole structure. (a) Overturning moment measured 

on “Small Recurve” and reference cases. (b) Increases ratio in overturning moment on Small Recurve 

compared with that on the plain vertical seawall. 
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(a)  

(b)  
Figure 6. 22 Increase ratio in the Mh,imp1/250 from Long Recurve and High recurve compared with 

Small Recurve. (a) Long Recurve/Small Recurve. (b) High Recurve/Small Recurve. 

When the overhang and height of recurve wall increases, the measured 

Mh,imp1/250 is also found to increase when h* decreases (shown in Figure F. 3and F. 4). 

The increase ratio is up to 2.4 times of the observed on both LR and HR configurations. 

Figure 6. 22 compares the overturning moment applied on the LR and HR with the 

measurements from SR. The overturning moment measured on LR are generally 

similar with the results on SR, while only 3 cases show the increases over 1.3 times. 

It can be inferred as the similarities in the impact wave force measured on the LR and 

SR. More significant increases are observed on HR. When the height of recurve wall 

increases, the Mh,imp1/250 becomes generally larger than the value on SR. The averaged 

increases at 1.15 times is observed, meaning limited influences of recurve height on 

overturning moment applied on the whole seawall. 
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6.7.4 Uplift wave loads on the recurve wall 

Since the structural dimension changes in the seawall with recurve walls, an 

extra uplift load will be applied on the structure, which leave an essential consideration 

for engineering design. This extra uplift load poses extra threat to the integrity of the 

recurve wall itself, and the risk of failures at the connections between recurve wall and 

vertical seawall. The diagram of uplift load is illustrated in the Figure 6. 23. 

 

Figure 6. 23 The diagram of the uplift load applied on the recurve wall. The Fup represents the uplift 

force applied on the structure. 

Figure 6. 24 relates the uplift force (Fup,imp1/250) and corresponding overturning 

moment (Mup,imp1/250) with ℎ∗. A similar trend is found in Figure 6. 24a & b that both 

Fup,imp1/250 and Mup,imp1/250 drop sharply as ℎ∗ increases, and they tend to be constant 

when ℎ∗ increases over 0.1. The uplift force and overturning moment obey a trend 

similar with the overall force and overturning moment applied upon the whole 

structure, but a more rapid increase observed under impulsive wave conditions. It is 

also inferred to be influenced by wave kinetic energy. Under non-impulsive or closely 

non-impulsive wave conditions, very limited wave break, and all waves reach the 

structure gently. As ℎ∗  decreases, incident waves become impulsive, meaning an 

increasingly large proportion of incoming waves exhibit higher velocity when 

breaking in front of the structure. Meanwhile, more air bubbles are trapped between 

the incident waves and the structure when the incident waves transfer from non-

impulsive into impulsive. The impact load applied on the structure increases 

consequently (Bullock et al., 2007; Oumeraci et al., 2001; Peregrine, 2003). Thus a 

sharp increase takes place in the response from two transducers on the recurve wall, 

showing a significant increase in force and overturning moment. 
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(a).  

(b).  
Figure 6. 24 Uplift loads measured on recurve wall. (a). Uplift force on recurve wall part. (b). 

Overturning moment on recurve wall part. The subscript (1/250) represents the force is calculated 

with the largest 4 wave impacts in tests of around 1000 waves.  

When the overhang length or height increases, it is observed that the uplift 

force and corresponding moment increases (shown in Figure F. 5 and F. 6). The 

detailed analyses are undertaken though quantifying the increases in Fup,imp1/250, and 

Mup,imp1/250. Figure 6. 25 presents the increases ratio in Fup,imp1/250 on LR and HR 

compared with measurements from SR. The maximum increases at 3.0 and 2.9 is 

observed on LR and HR respectively. When h* increases from 0.05 to 0.17, the 

Fup,imp1/250 is increased on HR and LR, with averaged increase ratio at 1.7 and 1.8 

respectively. The increases in the Fup,imp1/250 is inferred to be caused by increased 

underside area and recurve angle. The uplift force hit the recurve wall with a more 

perpendicular direction, causing higher energy dissipation and larger impact force. 

The increases in Fup,imp1/250  on HR can be inferred with the low elevation of the toe of 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.00 0.05 0.10 0.15 0.20

F u
p,

im
p 

1/
25

0 
/ρ

gH
m

0d
[-

] 

h*[-] 

0.0

0.2

0.4

0.6

0.8

1.0

0.00 0.05 0.10 0.15 0.20

M
up

,im
p 

1/
25

0 
/ ρ

gH
m

0d
2

[-
]

h*[-] 



178 

 

recurve wall, which causes larger area at the underside of the recurve wall receiving 

uplift forces.  

(a)  

(b)  
Figure 6. 25 The uplift impact force measured on the Long Recurve and High Recurve compared with 

the measurements from Small Recurve. (a) Long Recurve/Small Recurve. (b) High Recurve/Small 

Recurve 

Based on the measured uplift impact force, the corresponding overturning 

moment should be considered for the structural safety of the recurve wall. The 

measured overturning moment on HR and LR is found to be larger than the 

measurements from SR, and the overturning moment decreases when h* increases 

(Figure F. 5b and F. 6b). Figure 6. 26 shows the increase ratio of the overturning 

moment measured on LR and HR compared with SR. All increase ratios are larger 

than 1.0, indicating increased Mup,imp 1/250 caused by longer overhang length or larger 

height of recurve wall. The graph illustrates significant increases up to five folds in 

the Mup,imp 1/250 from LR. It is observed in initial analyses that the h* has little influences 
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on the increase ratio of Mup,imp 1/250.  Figure 6. 26a elucidates that the increase ratio of 

Mup,imp 1/250 on LR compared with SR reduces from 5.0 to 1.2 when Rc/Hm0 increases 

from 1.0 to 2.2. This decreasing trend can be described with a power law relationship. 

This phenomenon means that larger uplift force is applied on Long Recurve when the 

recurve wall becomes closer to the SWL. On the other hand, Mup,imp 1/250  on HR is 

smaller than that on LR. Mup,imp 1/250 increases up to two folds, and the influences of 

Rc/Hm0 is not recognised.  

(a)  

(b)  
Figure 6. 26 The corresponding overturning moment of the uplift impact force measured on the Long 

Recurve and High Recurve compared with the measurements from Small Recurve. (a) Long Recurve. 

(b) High Recurve 

6.7.5 Quasi-static force with recurve wall 
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overall quasi-static force on the structure is necessary for assessing risks from long-

lasting wave loads. In order to minimise the uncertainties in the physical modelling 

measurements and comparing with existing empirical prediction from Cuomo et al 

(2010), the extreme large quasi-static force measured in this study is analysed and 

discussed as the mean value of the largest 4 events, described as Fqs 1/250. Mqs 1/250 is 

the overturning moment applied on the seawall corresponding to Fqs 1/250. 

Figure 6. 27 compares the overall quasi-static forces from SR and reference 

cases. According to the measurements from two configurations shown in Figure 6. 

27a, Fqs 1/250 becomes larger when SR is mounted on the seawall crest. The lower ℎ∗ 

is, the more significantly Fqs 1/250 increases. This finding is also confirmed by the 

increase ratio in Fqs 1/250 shown in Figure 6. 27b. The standard line in the graph 

represents Fqs 1/250 from both configurations equal with each other. Fqs 1/250 on SR 

becomes up to 1.6 times larger as measurements from reference cases, when h* 

decreases to 0.05. An average increase of 1.2 time is observed overall tested cases. 

(a)  

(b)  
Figure 6. 27 Comparisons between quasi-static force on Small Recurve and vertical seawall. (a). 

Measured Fqs 1/250 from Small Recurve and reference cases. (b) Increase ratio between Fqs 1/250 from 

Small Recurve and reference cases 
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knowledge of how recurve shape affects quasi-static loads. The measured Fqs 1/250 on 

LR and HR are presented in Figure F. 7 and F. 9.it is observed that the measured Fqs 

1/250 from three recurve configurations follow a similar decreasing trend when ℎ∗ 

increase. Compared with measurements from the reference cases, Fqs 1/250 on LR does 

not increase under the most of conditions. The maximum increases at 2.0 times larger 

is observed when sm-1,0<0.03 (Figure F. 7b). However, Fqs 1/250 measured on HR 

increases broadly with an average increase around 1.6 times (and Figure F. 9b).  

Figure 6. 28 presents the increase ratio comparing the measured Fqs 1/250 from 

LR and HR with SR. It is found that all data from LR gathers around 1.0, meaning 

similar magnitude of quasi-static force on SR and LR. Almost all Fqs 1/250 measured 

from HR is larger than the values from SR, at around 1.5 times larger on average. 

Hence the effect of increasing recurve height to the quasi-static force cannot be 

ignored. Conversely, little influence is observed from overhang length increases on 

LR to the magnitude of quasi-static loads 

 (a)  

(b)  
Figure 6. 28 Comparisons between the quasi-static force measured from Long Recurve and High 

recurve with measurements from Small Recurve. (a) Comparisons between Long Recurve and Small 

Recurve. (b) Comparisons between High Recurve and Small Recurve. 
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6.7.6 Quasi-static moment with recurve wall 

Similar changes are also found in the overturning moment measured on the 

seawall with a recurve wall. Figure 6. 29 compares the quasi-static overturning 

moments on the whole structure from SR and reference cases. As SR mounted on the 

seawall crest, the quasi-static moment increases in all tested conditions, and more 

significant increases are found in cases with smaller ℎ∗. Figure 6. 29b quantifies the 

increases in the magnitude of overturning moment on SR reference to measurements 

on the plain vertical seawall. All data in Figure 6. 29b stays around the increase ratio 

of 1.35 with fairly good agreement. Differ with observations of Fqs 1/250, Mqs,1/250 still 

increase significantly when ℎ∗> 0.10 while no obvious increase is detected in Fqs 1/250. 

It can be inferred that the elevation of pqs max is lift up by SR. The torque arm of the 

quasi-static force increases as a result.  

(a)  

(b)  
Figure 6. 29 Comparisons between quasi-static overturning moment on Small Recurve and reference 

cases. (a).Mqs 1/250 from Small Recurve and reference cases; (b).Increase ratio between Mqs 1/250 from 

Small Recurve and reference cases. 
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of overhang and height of recurve wall on quasi-static moment, Figure 6. 30 shows 

the increases in the maximum overturning moment (Mqs 1/250) on LR and HR compared 

with the measurements from SR. All data comparing LR and SR locate around 1.0, 

meaning great agreements achieved between the Mqs 1/250 measured on two 

configurations (Figure 6. 30a). The increases in the recurve height causes more 

noticeable increases in the quasi-static overturning moment. Mqs 1/250 on HR increases 

at 1.5 times larger on average (Figure 6. 30b). It can be implemented with the higher 

Fqs 1/250 observed on HR than the other tested recurve wall configurations.  

(a)  

(b)  
Figure 6. 30 Comparisons between the quasi-static overturning moment Mqs 1/250  from Long Recurve 

and High recurve with measurements from Small Recurve. (a) Comparisons between Long Recurve 

and Small Recurve. (b) Comparisons between High Recurve and Small Recurve. 

Overall, the elevation of pmax shifts upward when a recurve wall is installed on 

the crest of the plain vertical seawall. Consequently, both impact and quasi-static wave 

loads investigated in this study are found to increase. The impact and quasi-static force 

on SR are found to increases 1.3 and 1.2 times respectively, and the corresponding 

overturning moment increases 1.5 and 1.35 times larger. The impact wave loads are 

found to be sensitive with wave impulsiveness. Higher increases are observed in 

impact wave loads especially under impulsive wave conditions with sm-1,0<0.025. 
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wall can be affected by wave impulsiveness. It indicates that the quasi-static loads on 

recurve wall are mainly associated with the shape of the recurve structure.  

As overhang length increases, the impact force on the structures increases, 

particularly the uplift impact loads increase significantly. The influences of overhang 

length to uplift loads increases sharply when freeboard decreases, with the measured 

increase up to five folds. Hence, the structural integrity of the connection part between 

recurve wall and the vertical seawall should be well considered in the long overhang 

configurations. By contrast, good agreements are achieved between the quasi-static 

loads applied on SR and LR, meaning little influences of overhang length increases 

on the quasi-static loads. For higher recurve height, the quasi-static loads (Fqs, 1/250 and 

Mqs, 1/250) increases broadly. Fqs, 1/250 and Mqs, 1/250 become 1.5 times larger on HR than 

results from SR. On the other hand, recurve height has little effects on the horizontal 

impact wave loads. The measured Fh,imp 1/250 and Mh,imp 1/250 are similar with results 

from SR, with increases around only 1.1 times. Last but not least, height of recurve 

wall affects the magnitude of uplift loads. Both uplift force and overturning moment 

becomes over 1.5 times larger due to higher recurve tested in HR configuration.  

6.8 Summary  

In this chapter, wave impacting on plain vertical seawalls and recurve walls 

were investigated. Effects of the recurve wall on wave loadings (pressure, force and 

moment) are investigated, through comparing measurements on recurve 

configurations with readings from the plain vertical seawall.  

The comparisons of measurements from this study with the latest predictive 

formulae illustrate satisfactory in predicting wave loads under impulsive wave 

conditions. It is found that the applied impact wave loads increase when h* decreases. 

Nonetheless, under-estimations are observed under extreme impulsive wave 

conditions (ℎ∗<0.09). This under-estimation in the predicted wave loads increases 

when ℎ∗ decreases. Specifically, the under-estimation mainly occurs with large wave 

periods. With increasing wave periods, waves approach the structure with a higher 

celerity, resulting in increased shoreward kinetic energy and higher impact wave loads 

applied. The decreasing trend of impact loads with h* is similar with the relationship 

between the throw up velocity of overtopping jets and h*. Further experiments are 



185 

 

required to investigate the relationship between the horizontal impact wave loads and 

throw up velocity.   

Measurements collected in reference cases enable investigations on effects 

from recurve wall to wave loads applied on the structure. Three sizes of recurve wall 

are evaluated in this chapter. First of all, Pmax increases due to recurve wall, and it 

appears to occur at higher elevations above the SWL. Pressure increases also lead to 

a rising Fh,imp and Mh,imp. On all tested recurve walls, Fh,imp became at least 1.3 times 

larger on average than measurements on vertical seawall. Meanwhile, Mh,imp rises over 

1.45 times on average. Parametric analyses show that the magnitudes of increases in 

impact force and overturning moment goes up with decreasing ℎ∗. Meanwhile, the 

uplift component in forces causes dangerous overturning moment applied on the 

recurve walls. The uplift loads also decreases with ℎ∗, suggesting that recurve wall 

will under a higher risk of structural failure against higher impulsive waves. 

By comparing measurements from three recurve walls, the dependency of 

wave loads upon recurve dimensions were also examined. Longer overhang length 

does not affect horizontal wave loads, but increases the uplift loads significantly. The 

magnitude of the uplift load is found to be sensitive to the freeboard level. The Lower 

freeboard also increases the uplift loads applied on the recurve wall with a long 

overhang length. With low freeboard level (𝑅𝑅𝑐𝑐/𝐻𝐻m0 < 1.3), measured uplift force and 

overturning moment increase up to five folds with Long Recurve. Therefore, overhang 

increases should be implemented very carefully under highly impulsive wave 

conditions with low freeboard.  

On the other hand, increases in height of recurve wall would increases both 

horizontal and uplift wave loads. By comparing results from HR and SR, increases 

over 1.2 times on average are observed in impact wave loads on both horizontal and 

vertical directions. More significant increases are noticed in quasi-static forces. 

Fqs,1/250 and Mqs, 1/250 measured on HR become around 1.6 times larger when compared 

with values from SR. It is inferred that the submerged state of HR, caused by large 

recurve height, enables pqs, max to occur at the toe of the recurve wall. The torque arm 

of the Fqs increases as a result, which leads to a larger Mqs, 1/250. 
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7 Conclusions and Recommendations 

This PhD study investigated the performance of retrofitting structures to 

mitigate wave overtopping and its subsequent influence on structural wave loadings. 

These mitigating effects were evaluated based on the reduction in overtopping 

discharge, and the spatial distribution of the thrown wave behind the structure. The 

changes in wave loadings due to recurve walls were studied to provide knowledge on 

the structural integrity of seawalls. 

7.1 Retrofitting structures 

The first part of this study presented the mitigating performances of four types 

of retrofitting structures installed in front of and on the vertical seawalls. These were 

reef breakwater, diffraction pillars, model vegetation and recurve wall. Their 

mitigating effects on wave overtopping were evaluated to obtain results for 

overtopping proportion, mean and maximum discharge, occurring during overtopping 

processes. It is concluded that within tested configurations, the recurve wall and model 

vegetation provide the most promising reductions on overtopping events, followed by 

reef breakwater. Diffraction pillars were not efficient, at least within the tested 

configurations featured in this study.  

The next step was to examine the parameters that may influence the 

performance of structures. The overtopping discharge measurements gathered from all 

tested configurations suggested that relative freeboard of the seawall plays a dominant 

role in determining retrofitted structure performance. Moreover, a higher freeboard 

leads to a higher mean overtopping discharge reduction. Additionally, retrofitting 

structures perform better under higher wave steepness conditions (i.e. typical storm 

generated waves).  

Elsewhere, the effects of structural dimensions were presented with analyses 

performed on reef breakwater, model vegetation and recurve walls. Firstly, the 

performance of a reef breakwater is determined by the submerged water depth at the 

reef crest. A lower submerged depth results in more impulsive wave breaking, which 

increases the overtopping discharge under non-impulsive wave conditions. A similar 

phenomenon was reported by Allsop et al. (2003). For vegetation, the packing density 

of the stems was essential in determining overall effectiveness, with higher 
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overtopping discharge decays being obtained from higher packing densities. The mean 

overtopping discharge behind seawall with vegetation was found close to the 

prediction given by the wave height at the toe of the seawall, considering empirical 

wave height reduction by model vegetation. However, applications of the model 

vegetation require further validation with field data, and relating the wave attenuation 

with overtopping reductions needs further experimental studies. Furthermore, 

experiments on four sizes of recurve wall were conducted to investigate influences 

from overhang and height. The overhang shows significant effectiveness in decreasing 

wave overtopping discharge, while recurve height contributes very little to mitigating 

effects. The relationship between recurve wall dimensions and potential mitigating 

performance is discussed. New empirical equations (as shown below) were developed 

based on the methodology suggested by Pearson et al. (2004). The new version 

provides better accuracy in predicting overtopping discharge impinging on the recurve 

wall than the estimations suggested by Pearson et al (2004) and Kortenhaus et al 

(2003).  
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7.2 Spatial distribution behind recurve walls 

The second part of this study discussed the spatial distribution of the mean and 

extreme overtopping events behind plain vertical seawalls and recurve walls. The 

spatial distributions on plain vertical seawalls were validated using the methodology 
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of Pullen et al. (2009). It was observed that Pullen et al. (2009), over predicted the 

spatial parameter k, especially in the case of high freeboard (Rc/Hm0>2.0), when 

compared to the results from this study. An empirical equation was developed based 

on measurements from this study. Specifically, that k follows an exponential 

relationship of Rc/Hm0 (Eq.[5.2] and [5.3] shown below). These equations were 

validated with large and small wave steepness, for both impulsive and non-impulsive 

conditions. Satisfactory agreement was observed with this revised methodology.  

 00.82 /23       Impulsive conditionsc mR Hk e=  

 00.63 /21       Non-impulsive conditionsc mR Hk e=  

The revised methodology provides new results of the time averaged spatial 

distribution. Additionally, wave-by-wave overtopping data on the plain vertical 

seawall was quantitatively evaluated. It is proposed that to understand hazardous zones 

of severe overtopping hazards in coastal regions, overtopping water in extreme events 

travels further than time averaged distribution. This was represented by the parameter 

k, for extreme overtopping events being smaller than results of time-averaged 

distribution. The affected area of the extreme large overtopping event was found to be 

up to 3.2 times greater than the mean overtopping events. The difference between the 

affected area of the mean and extreme overtopping events were determined with 

combined effects of relative freeboard (Rc/Hm0) and wave steepness (sm-1,0), shown as 

the following equation: 

1
0.75

1,0
0

0.185extreme c
m

total m

x R s
x H

−
−

−= ×  

Lower freeboard or wave steepness result in greater overtopping discharges, 

which would cause a greater hazardous area of the extreme overtopping events and 

more significant difference between the mean and extreme overtopping events. Peng 

and Zou (2011) proposed similar conclusion that the larger overtopping discharge is 

likely to cause larger hazardous zone, and more significant increases in the hazard 

zone of extreme overtopping events than mean overtopping events. Based on these 

measurements, empirical equations (Eq.[5.4] and [5.5]) were given to predict the 

parameter k for extreme overtopping events, with good agreement being achieved 

between predictions and measurements, given by:  



189 

 

 01.5 /           Impulsive conditions 4.7 c mR Hk e=  

 01.0 /       Non-impulsive conditions 5.6 c mR Hk e=  

Based on these spatial distribution results, which was validated against a 

reference case, further investigations were undertaken on the spatial distribution of 

overtopping water behind recurve walls. These investigations focused on three 

geometrical configurations of recurve walls. Under non-impulsive conditions, all 

tested recurve walls show good performance in reducing the hazard area. Eq.[5.3] and 

[5.5] are adoptable in these configurations, and were developed for the prediction of 

the spatial parameter k for the mean and extreme overtopping events on these three 

recurve walls The empirical equations to predict the spatial parameter k of the non-

impulsive mean and extreme overtopping events on three recurve walls are given by: 

For SR,  

 00.63 /         overall events 30.5 c mR Hk e=   

 01.0 /       extreme events1 2.7 c mR Hk e=   

For HR,  

 00.88 /         overall events 25 c mR Hk e=   

 00.95 /       extreme events1 8.9 c mR Hk e=   

For LR, 

 00.7 /         overall events 30 c mR Hk e=   

 00.96 /       extreme events1 3.6 c mR Hk e=   

However, the spatial parameter k becomes difficult to be predicted under 

impulsive conditions, due to the complex physical processes at the toe of the structure. 

Nevertheless, a methodology giving an approximate overtopping discharge was 

postulated. These discharge reductions were primarily influenced by the overhang 

dimensions and recurve wall height. A longer overhang was found to provide higher 

discharge reduction in coastal areas, while an increase in recurve vertical height 

provided less reduction. These estimations of discharge reduction were subject to the 
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size of the recurve wall. Thus, further validations with different configurations are 

needed for possible future application.  

7.3 Wave loading changes due to recurve walls 

The previous two phases of this study give new understanding on mitigating 

wave overtopping, due to the addition of a recurve wall. However, a downside is that 

the forces & loadings generated on the seawall are increased. The third phase of this 

study investigated wave loading increases due to recurve wall dimensions, through 

measuring forces and the overturning moment acting on the structure. These 

measurements indicated that the empirical increases in the magnitude of horizontal 

impact wave loads, are 1.3 – 1.5 times larger than results recorded on vertical seawalls, 

which leads to approximately 1.5 times greater increase in overturning moment 

generated by impact forces. Additionally, the quasi-static loads also increase in a 

similar magnitude, due to recurve wall. Compared with force conditions on the plain 

vertical seawall, recurve walls receive extra uplift wave loads, results in additional 

overturning moment on the crest of the structure. 

The magnitude of these wave loads acting on the structure were primarily 

determined by recurve dimensions, specifically the overhang length and height of 

recurve walls. As the overhang increases, all uplift loads increase, especially the 

overturning moment produced by upward components of force applied on the 

underside of the recurve wall. As freeboard drops, the magnitude of uplift loads 

increases more rapidly. Therefore, recurve walls with a long overhang may be 

dangerous with low freeboard, under impulsive conditions. For horizontal loads, 

similar results were recorded for two configurations with LR and SR. However, 

increasing the recurve height affects both horizontal and uplift loads. The impact and 

quasi-static horizontal force become at least 1.5 times greater, due to a higher recurve 

wall. The uplift loads become 1.7 times greater when compared with values from SR. 

Thus, increasing recurve height may cause overall higher wave loads applied upon the 

whole structure.   

In summary, this thesis, based on physical modelling measurements, offers 

new, comprehensive and quantitative understandings of wave overtopping processes 

and wave loads applied on recurve walls. It is illustrated in this thesis, that the addition 

of a recurve wall can be a viable retrofitting approach in overcoming the long-term 
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challenge raised by increasing sea level. The performance of a recurve wall is mainly 

affected by its overhang length. A long overhang generally provides satisfactorily 

effectiveness under both impulsive and non-impulsive wave conditions. Rational 

predictive formulae (Eq.[4.4] – [4.5] and Eq.[5.7] – Eq.[5.12]) are suggested to 

estimate reductions in overtopping discharges and hazardous zone. Nevertheless, the 

prediction of spatial distributions of impulsive wave overtopping cannot be derived 

using these equations. To sort this problem, an empirical methodology is postulated 

for estimating overtopping discharge reductions at diverse locations behind recurve 

walls. However it should be borne in mind that, long overhang length will greatly 

increase the uplift forces and overturning moment applied on the structures. It will 

pose higher risks of structural failures compared with plain vertical seawall. Hence 

systematic assessments on wave loads is necessary when applying this type of 

structure. 

7.4 Future work 

This study has provided a comprehensive investigation on the mitigating 

performance of retrofitting structures against wave overtopping. The subsequent 

effects of spatial distribution of the thrown waves and applied wave loadings were also 

investigated. The overtopping results under the combined effects of retrofitting 

structures and plain vertical seawall were measured in this study. However, no 

measurement was conducted in this study for the contribution of retrofitting structure 

in reducing wave characteristics and overtopping. Relevant knowledge on this topic 

would offer new physical insights on mitigating performance of retrofitting structures, 

which would benefit researchers in deducing robust overtopping results, especially 

under turbulent wave conditions. To fill this gap, further research is still needed to 

extend current knowledge on the effectiveness of retrofitting structures and wave 

overtopping processes in front of the structure. Efforts can be made to relate properties 

of incident waves and overtopping jets on retrofitting structures with overtopping 

results. Furthermore, additional experimental data is desirable to verify the findings of 

this study  

The analyses undertaken on vegetation retrofits indicate the overtopping 

discharge is proportional with the packing density. However, the conclusions derived 

from experiments presented in this study are specific to the tested configurations. 
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Currently, no general prediction methodology is available for estimating wave 

overtopping discharge from vegetation retrofits. The dependency of wave overtopping 

behind vegetation upon its dimensions (e.g. height, diameter) requires more 

comprehensive experimental data. The mean overtopping discharge predicted by 

empirical wave height reduction behind vegetation agree with the measurements from 

this study well. It indicates the possibilities of estimating the overtopping reduction on 

plain vertical seawall with vegetation according to the wave attenuation by vegetation. 

Further research can be performed on the wave attenuation caused by the vegetation 

with different density and height. Such data could help to relate wave overtopping 

processes and the physical properties of vegetation and develop predictive tools to 

estimate the overtopping reductions on vegetation. 

This study provides new knowledge on the spatial distributions of overtopping 

water behind recurve walls. Empirical equations were derived for predicting the spatial 

parameter k under non-impulsive wave conditions. However, no methodology is 

available to predict k under impulsive conditions due to due to the variability of 

impulsive waves on the plain vertical seawall with a recurve parapet. An interpretation 

is given for different overtopping processes between throw up, throw-landward and 

overflow waves on the recurve wall, as demonstrated in Section 5.4. Unfortunately, 

more measurements are needed to quantify influences of these diverse overtopping 

processes to spatial distributions. Further experiments could be performed with 

solitary waves simulating three types of overtopping events mentioned above. The 

breaking locations and shape of breaking waves could be investigated for their effects 

on the overtopping trajectories and landward spatial distribution of overtopping water. 

Such experiments could offer new understandings of overtopping mechanism under 

different wave conditions. 

Analyses on wave loads carried out in this study show relationships between 

wave impulsiveness and the magnitude of the impact force. It is demonstrated that 

lower wave impulsiveness values result in larger impact forces. This is similar with 

the relationship between wave impulsiveness and throw up velocity of overtopping 

jets published by Bruce et al. (2003). Due to the limitations of the devices utilised in 

this study, no data was collected to relate wave velocity, wave impact and upward 
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throw velocity. Further research is desirable to investigate the wave energy dissipation 

during these processes.  
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Appendix A Predicting the mean overtopping discharge 

on vegetation 

This appendix illustrates the detailed results comparing the measured mean 

overtopping discharges and the predicted values on the plain vertical seawall with the 

vegetation on the foreshore beach.  

 
Figure A. 1 The mean overtopping discharges on the plain vertical seawall with vegetation on the 

foreshore with the density at 19 stems/ 100m2. The measured values are obtained from the 

experiments conducted in this study, and the predicted values are determined by wave height 

reductions.  

 
Figure A. 2 The mean overtopping discharges on the plain vertical seawall with vegetation on the 

foreshore with the density at 133 stems/ 100m2. The measured values are obtained from the 

experiments conducted in this study, and the predicted values are determined by wave height 

reductions.  
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Figure A. 3 The mean overtopping discharges on the plain vertical seawall with vegetation on the 

foreshore with the density at 200 stems/ 100m2. The measured values are obtained from the 

experiments conducted in this study, and the predicted values are determined by wave height 

reductions. 
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Appendix B Landward spatial distribution behind Small 

Recurve 

This appendix illustrates the detailed results and analyses on measured spatial 

distributions behind the vertical seawall with small recurve walls. The processes and 

derivations for empirical formulae on small recurve wall are presented.   

B.1 Results of non-impulsive overtopping on the Small Recurve 

a.  

b.  
Figure B. 1 The spatial parameter k of the landward spatial distribution of overtopping water behind 

plain vertical seawall (vertical) and Small Recurve from large (sm-1,0=0.05) and small (sm-1,0=0.025) 

wave steepness under non-impulsive conditions (a) Mean overtopping events; (b) Extreme 

overtopping events. s=0.025 represents the wave steepness sm-1,0=0.025. 
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Figure B. 1 demonstrates the relationship between parameter k and Rc/Hm0 on 

SR under non-impulsive conditions. These graphs include measurements from all 

wave conditions tested in this study. For spatial distributions of all overtopping events, 

the parameter k on both SR and plain vertical seawall obey an exponential relationship.  

In the mean overtopping events (Figure B. 1a), the set of k values on the SR wall stay 

above those values on the plain vertical seawall; and the two sets of k are almost 

parallel to each other. It means that the travel distance is reduced after mounting the 

SR on the crest of the plain vertical seawall; and this reduction is almost constant 

across all tested freeboards.  

Similar results are also observed in measurements from extreme overtopping 

events on the SR wall. Figure B. 1b shows that k values from extreme overtopping 

events are all larger than values from vertical seawall, and they increase exponentially 

with relative freeboard. It is also found that the k from extreme events increase more 

significantly when a SR is mounted, compared with increases in k from the mean 

overtopping events. In other words, larger reductions happen in the travel distance of 

extreme overtopping events. For 85% of overtopping discharge, the travel distance 

decreases 33% in for the mean events results, while 50% reduction is observed in 

travel distance of extreme events.  

Based on results shown in Figure B. 1, parameter k on the SR still follow an 

exponential relationship with relative freeboard under non-impulsive wave conditions. 

They are predictable with fairly good accuracy. Eq. [5.7] and [5.8] (shown below) are 

developed for predicting spatial parameter k for the mean and extreme overtopping 

events respectively under non-impulsive conditions. The RMSE values for Eq. [5.7] 

and [5.8]  are 0.19 and 0.16 respectively.  

 00.63 /         overall events 30.5 c mR Hk e=  [5.7] 

 01.02 /       extreme events1 2.7 c mR Hk e=  [5.8] 

B.2 Results of impulsive overtopping on Small Recurve 

a. Dimensionless results on Small Recurve 

Under impulsive wave conditions, results are not as good as those under non-

impulsive wave conditions, due to more turbulent wave motions at the toe of the 
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structure. Figure B. 2 demonstrates the relationship between k and Rc/Hm0 on the SR 

wall under impulsive conditions. In respect of the mean overtopping distributions, 

scatters are noticeable in k especially when Rc/Hm0>1.7. Furthermore, measured k do 

not locate either above or below the trend from reference cases (Eq.[5.2]). It indicates 

that, comparing to k on the vertical seawall, overtopping water does not constantly 

land further or closer behind the recurve wall. A contradiction is raised against initial 

hypothesis that travel distance is reduced with a recurve wall on the seawall crest 

(Figure B. 2a). When Rc/Hm0<1.5, most of spatial distributions lands further compared 

to the measurements from reference cases. As Rc/Hm0 increases and passes a threshold 

of 1.5, parameter k on SR gradually decrease and become smaller than values on the 

vertical seawall.  

However in extreme events, despite large amount of scatters in k, almost all 

values of k from the SR locate above the results from vertical seawall. The difference 

between spatial distributions of the mean and extreme overtopping events indicates 

that various overtopping processes can be formed by different individual wave 

characteristics. 
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a.  

b.  
Figure B. 2 Spatial parameter k from large and small wave steepness under impulsive conditions (a) 

Mean overtopping volumes; (b) Extreme overtopping events. s=0.025 represents the wave steepness 

sm-1,0=0.025. 

b. The new dimensional results on Small Recurve 

In discussions of the threshold at Rc/Hm0=1.5 found in k under impulsive wave 

conditions, the wave steepness is suspected to be an influential parameter. It is 

illustrated in Figure B. 2a that k form low wave steepness overall increase with Rc/Hm0, 

while values from large wave steepness decrease. It may be associated with different 

overtopping processes between large and small wave steepness. Further investigations 

are performed on influences of wave steepness to the spatial parameter k on the SR.  

As demonstrated in the Section 5.3.3, results from the methodology 

recommended by Pullen et al. (2009) will be influenced by variations in wave period, 
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and the influences of wave steepness will be absent as a result. Thus in this study, the 

effects of wave steepness should be analysed with absolute travel distance.  

Figure B. 3 compares the shape of spatial distribution from large and small 

wave steepness for three freeboards. With increases in wave steepness, the spatial 

distributions gradually approach y-axis, meaning that travel distance of overtopping 

water reduces when steepness increases. However, a contradiction is observed 

between results from Figure B. 3b and other figures that the travel distance in extreme 

overtopping events increases when wave steepness increases. It means higher 

proportion of water, compared with low wave steepness conditions, lands further 

behind the seawall. In order to find out whether this phenomenon happens by accident, 

necessary analyses are undertaken on examining spatial distributions from all tested 

conditions. 
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(a).  

(b).  

(c).  
Figure B. 3 The landward spatial distributions of overtopping water described by the absolute distance 

behind the Small Recurve. (a) Rc/Hm0=1.755 (b) Rc/Hm0= 1.329 (c) Rc/Hm0= 1.109. s=0.025 represents 

the wave steepness sm-1,0=0.025 
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Figure B. 4 illustrates the dimensional k from the tested reference cases and 

SR configurations under large and small wave steepness. These results indicate the 

changes in the shape of the spatial distribution of overtopping wave, which occur due 

to combined influences of freeboard, wave conditions and configurations changes. As 

shown in Section 5.3.3, k increases with both dimensionless freeboard and wave 

steepness in the reference cases. Similar findings are present in SR configuration. 

Additionally, the values of k from the steep and smooth waves increase with the 

freeboard before Rc/Hm0 approaching 1.7. When Rc/Hm0 exceeds 1.7, the k obtained 

from small steepness waves constantly increases, while the results from steep wave 

conditions slightly decrease. This finding state that under large steepness wave 

conditions, overtopping water lands close to seawall takes less proportion in total 

overtopping discharge. It can be an evidence of hypothesis produced on different 

shapes of spatial distributions from three types of overtopping processes (Figure 5. 

19). 

 

Figure B. 4 Spatial parameter k from actual travel distance behind the plain vertical seawall and Small 

Recurve configurations under both large and small wave steepness conditions. 

Further detailed explorations on wave steepness are carried out with 

measurements form extra tests shown in Table 4. 2. In these tests, Rc/Hm0 is fixed, and 

only effects from wave steepness to parameter k are included. Figure B. 5 plots values 

of k measured from these tests on the SR against wave steepness. It is found in the 

graph that changes in dimensional parameter k varies under two tested Rc/Hm0. Under 

low freeboard (Rc/Hm0=1.24), k increases with wave steepness. Meanwhile, a different 
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trend occurs under high freeboard (Rc/Hm0=1.73). k in this case does not change as sm-

1,0 increases from 0.015 to 0.055, meaning that wave steepness is unable to affect 

values of k under high freeboard. The same conclusion is achieved in Figure B. 4. This 

finding from Figure B. 4 and Figure B. 5 indicates different overtopping processes 

under high and low freeboard conditions. Under low freeboard conditions, waves 

overtop more likely though overflowing. The travel distance is reduced together with 

overtopping discharge by recurve wall, shown as an increasing k. However as 

freeboard increases, waves trend to overtop through throwing up. More waves are 

possibly returned seaward by recurve wall. It is therefore the overtopping discharge 

and travel distance is mainly determined by the freeboard and recurve wall. Wave 

steepness cannot provide significant influences on k in this situation.  

 

Figure B. 5 The spatial parameter k on Small Recurve changes with the wave steepness (sm-1,0) when 

the relative freeboard is fixed. 

Based on analyses elucidated above, relative freeboard, wave steepness (wave 

period) will influence the results of spatial parameter k. Notable findings are also 

obtained from the investigations of the dependency of spatial parameter k on Rc/Hm0 

and sm-1,0. Results shown in Section 5.3 have illustrated that spatial parameter k 

increases with sm-1,0
 as well as Rc/Hm0. Additionally, the analyses between k from 

dimensional and dimensionless figures showed that dimensional figures are capable 

of eliminating errors from the wave period, but contains a large amount of scatters. 

With the awareness and considerations of the influences from wave period, 

dimensionless results are usable and consisted of less amount of scatter. Therefore, 
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dimensionless k is related to Rc/Hm0 × sm-1,0 in Figure B. 6. The effects of wave period 

are included by sm-1,0 in this figure. It is realised that k drops constantly on the 

logarithmic plot with Rc/Hm0 × sm-1,0 with acceptable scatters. However, scatters are 

noticeable in results from low wave steepness. More experiments within this regime 

are necessary to prove the trend when Rc/Hm0 × sm-1,0>0.07 

 

Figure B. 6 Relationship between dimensionless k under impulsive conditions and Rc/Hm0 × sm-1,0. 

In summary, based on analyses and figures shown above, the spatial 

distributions on the SR are discussed. Different influences from the SR to spatial 

distribution of overtopping water are observed under impulsive and non-impulsive 

conditions. Under non-impulsive condition, the travel distance is reduced constantly 

by 33% on average in the mean overtopping events and 50% in extreme overtopping 

events. The spatial parameter k can be predicted with an exponential function of 

Rc/Hm0 suggested as Eq. [5.7] and Eq. [5.8]. These equations are produced and advised 

with fairly good accuracy.  

Diverse results are obtained under impulsive results. It is found that the recurve 

wall responds differently to three types of wave overtopping processes. The recurve 

wall reduces throw-landward and overflow waves, while throw-up waves are possibly 

be returned seaward. These different responses from the recurve wall cause difficulties 

in predicting k parameter under impulsive conditions. The wave period also affects the 

spatial distribution shown in the dimensionless figures. With awareness of this effect, 

the parameter k from dimensionless figures appears reducing under combined 

influences of the freeboard and wave period. 
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Appendix C Landward spatial distribution behind Long 

Recurve  

This appendix illustrates the detailed results and analyses on measured spatial 

distributions behind the vertical seawall with long recurve walls. The processes and 

derivations for empirical formulae on long recurve wall are presented.   

C.1 Results of non-impulsive overtopping on Long Recurve 

According to results from the SR, waves overtop through overflowing mainly 

under non-impulsive conditions, and their spatial distributions can be well predicted. 

The travel distance of overtopping water behind recurve wall decreases and their 

reductions can be described with a constant reduction factor. Based on these findings 

from SR, same analysis methodology is adopted to evaluate the mitigating effects of 

LR in spatial distributions. Efforts are made to produce reliable predictive equations 

for spatial parameter k and changes in travel distance of overtopping water.  

Figure C. 1 plots the dimensionless results of k against Rc/Hm0. It is seen from 

the graph that k obtained on the LR is notably higher than the values in the reference 

cases under both large and small wave steepness conditions. However, only few 

numbers of tests are conducted with a sufficient number of overtopping events due to 

great mitigating performance of ‘Long Recurve’. This leads to noticeable scatters in 

results shown in Figure C. 1. Moreover, the exponential relationship applied in 

reference cases is adopted here to fit spatial parameter k on LR. Based on this analysis, 

an upward trend of parameter k on the LR is obtained, which is also closely parallel to 

results from plain vertical seawall. Eq.[5.9] and [5.10] given below can be used to 

predict k on the LR. The RMSE for Eq.[5.9] and [5.10] is 0.17 and 0.19 respectively.  
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(a).  

(b).  
Figure C. 1 Spatial parameter k on Long Recurve under non-impulsive wave conditions. (a) Mean 

events (b) Extreme events. s=0.025 represents the wave steepness sm-1,0=0.025 

 00.88 /         overall events 25 c mR Hk e=  [5.9] 

 00.95 /       extreme events1 8.9 c mR Hk e=  [5.10] 

In addition, it is found that the exponent in Eq. [5.9] and [5.10] are very close 

to the values in Eq.[5.3] and [5.5] for plain vertical seawall. This similarity indicates 

that spatial parameter k increases in an approximately constant ratio compared with 

values in reference cases. It also represents a constant amount of travel distance 

reduction in all tested conditions caused by LR.  

To confirm this deduction, the travel distance of 85% overtopping water 

behind the LR is calculated. Results show that the hazard range of 85% overtopping 
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discharge reduces 47% in values under the mean overtopping events, and 55% under 

extreme overtopping events. These reductions are significantly larger than travel 

distance reductions produced by SR. Thus, increases in overhang can help in 

decreasing hazardous zone behind the seawall. 

C.2 Results of impulsive overtopping on Long Recurve 

a. Dimensionless results on Long Recurve 

Same as analyses performed on SR, spatial distributions behind LR are 

described with an exponential function of x/Lm-1,0 and k. x/Lm-1,0 is used on dimensional 

measurements to improve accuracy of results, while k determines the shape of 

exponential relationships which describes the distribution from individual tests.  

(a).  

(b).  
Figure C. 2 Spatial parameter k on Long Recurve from overall and extreme overtopping events (a) 

Mean events; (b)Extreme events. s=0.025 represents the wave steepness sm-1,0=0.025 
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Figure C. 2 compares the dimensionless results of k from LR with values from 

reference cases. These results are roughly categorised into two populations, with a 

threshold at Rc/Hm0=1.7. In the mean overtopping events (Figure C. 2a), k from LR is 

larger than results from reference cases before reaching the threshold. However, it 

decreases sharply after Rc/Hm0 passing the threshold. If presenting this result with 

influences on hazardous zone, the LR reduces the hazardous zone of 85% of total 

overtopping discharge by 8% on average when Rc/Hm0<1.6. After Rc/Hm0 exceeding 

the threshold at 1.6, 85% of overtopping discharge affects more area compared with 

results from reference cases. As per the assumption given in Section 5.4.3, this 

phenomenon occurs as the result of increasing number of the throw-up waves being 

returned seaward with higher freeboard. The longer overhang part in LR, the more 

difficult it will be for throw-up waves running over the seawall crest. An evidence of 

this assumption is found in Figure C. 2. When Rc/Hm0>1.6, k on the LR decreases more 

sharply than results from SR. 

Similar results are obtained in Figure C. 2b with measurements from extreme 

overtopping events. Spatial parameter k increases with Rc/Hm0 before Rc/Hm0 reaching 

the threshold at 1.7. In extreme overtopping events, most of k values from the LR is 

larger than values from reference cases. It means decays in affected range of the 

extreme events due to LR. This finding agrees with the hypothesis deduced with 

results of the mean overtopping events that longer overhang part will be more 

challenging for incoming waves running over.  

Moreover, Figure C. 2 also states difference between k large and small wave 

steepness conditions. Specifically, k values decrease with increasing Rc/Hm0 under 

wave conditions with large wave steepness. This result indicates an unusual 

overtopping process that overtopping discharges, which lands close to the seawall, is 

prior to be reduced compared with discharge locates further landward. It is assumed 

to be caused by higher proportion of throw-up waves, generated in large wave 

steepness conditions, be returned seaward by long overhang part of recurve wall. 

b. The new dimensional results on Long Recurve 

As per analysed carried out on the SR and plain vertical seawall, effects of 

waves period in results have been proven. This influences from wave period should 

be considered, typically in investigations on wave steepness effects on spatial 
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distributions. Therefore, the spatial distribution on the LR is also analysed with the 

actual travel distance of overtopping water. 

 

Figure C. 3 Dimensional results of the spatial parameter k on the Long Recurve. s=0.025 represents 

the wave steepness sm-1,0=0.025 

Figure C. 3 relates the dimensional results from the LR with Rc/Hm0, and these 

results are compared with reference cases. The graph shows agreements between the 

parameter k from large and small wave steepness conditions, and both of them 

decrease mildly as Rc/Hm0 increases. Based on this finding, it can be concluded that 

wave steepness does not have considerable influences on the parameter k from the LR. 

These conclusions on effects of wave steepness and trend of k conflict with results 

from the reference cases. It can be explained as great efficiency of long overhang in 

wave overtopping reductions, especially toward throw-up waves. As per analyses 

performed on the SR, wave steepness is able to affect spatial distribution of 

overtopping water with sufficient overtopping level. If only limited overtopping 

discharge occurs, which is highly likely to happen on the LR, wave steepness does not 

have influences on spatial distribution (see Figure B. 5). Moreover, regards to 

parameter k decreasing with Rc/Hm0, interpretation is provided as increasing number 

of throw-up wave being returned seaward as a result of increased overhang length. In 

this case, more small overtopping events might be returned seaward. Large 

overtopping events, however run over the recurve wall as still. The overtopping 

discharge from those small overtopping events, which generally lands close to seawall 

is reduced. Thus, parameter k decrease as Rc/Hm0 increases. 
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Figure C. 4 Relationship between dimensionless value of the spatial parameter k and Rc/Hm0 × sm-1,0 

under impulsive conditions (Long Recurve). 

According to analyses performed on SR configurations, explorations on 

influential parameters of spatial distribution have proved dependency of k upon Rc/Hm0 

and Lm-1,0. The k from dimensionless figure reduces as Rc/Hm0 due to long overhang 

part of LR. As a result of long overhang, throw-up waves are returned seaward while 

overflow and throwing over waves happen as still. Lm-1,0 affects spatial distribution in 

normalising processes during analyses. Through comparing dimensionless and non-

dimensionless results of k, the former one provides with less scatters and better 

consistency. Figure C. 4 illustrates combined influences of Rc/Hm0 and Lm-1,0 on k for 

different sets of wave steepness tested in experiments. In the graph, Lm-1,0 is normalised 

with significant wave height and it is shown as sm-1,0. Results from both large and small 

wave steepness conditions decrease with increasing Rc/Hm0 and Lm-1,0. These results 

are similar to the results from SR configurations. Nevertheless, results shown in Figure 

C. 4 are not sufficient to prove the decreases trend between k and combined influences 

from Rc/Hm0 and Lm-1,0. More measurements with Rc/Hm0 × sm-1,0>0.07, especially 

under low wave steepness are necessary.  

Overall, increased overhang length makes the recurve wall become more 

efficient in reducing travel distance of overtopping water under both impulsive and 

non-impulsive wave conditions. More precisely, the travel distance is reduced 47% 

for 85% of non-impulsive total overtopping volume, compared with 33% reduction 

observed on the SR. Moreover, k values on the LR are also predictable under non-
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impulsive conditions with an exponential function of Rc/Hm0. To obtain proper 

predictions of k, Eq.[7.3] and [7.4] are advised for overall and extreme overtopping 

events respectively.  

On the other hand, LR showed diverse responses under impulsive conditions. 

According to experimental results from this study, LR caused difficulties in predicting 

the spatial parameter k. Exponential equations applied in reference cases cannot be 

adopted in this configuration. Moreover, analyses with dimensional results show that 

k decreases with freeboard and increases with wave period. Under combined 

influences from these two parameters, values of k overall decreases with Rc/Hm0 × sm-

1,0 with a good correlation. However, further experiments in low wave steepness 

conditions are required. 
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Appendix D Landward Spatial Distribution behind High 

Recurve  

This appendix illustrates the detailed results and analyses on measured spatial 

distributions behind the vertical seawall with high recurve walls. The processes and 

derivations for empirical formulae on high recurve wall are presented.   

D.1 Results of non-impulsive overtopping on High Recurve 

Under non-impulsive conditions, HR is still capable of reducing the 

overtopping discharge with a reasonable proportion. According to analyses performed 

in Section 4.6.2, overtopping discharge decays at a similar proportion in the form of 

the measurements from SR. Moreover in this section, the performance of HR is 

compared with SR in the aspect of reducing hazardous zone. Results of analyses 

provides information on influences of recurve height to spatial distribution behind the 

structure.  

Figure D. 1 shows the spatial parameter k on the HR from overall and extreme 

overtopping events under non-impulsive conditions. Values of k from HR stay all 

above the results from plain vertical seawall. It means the travel distance of non-

impulsive overtopping water is well reduced. Compared with results from reference 

cases, 85% of total overtopping discharge affects 46% less area on average behind the 

HR. Additionally in extreme overtopping events, this number increases to 56%.  

Moreover, it is also demonstrated in the Figure D. 1 that the parameter k on the 

HR obey an exponentially upward trend with Rc/Hm0. This trend is almost parallel to 

the trend of k from plain vertical seawall. Based on this finding, the exponential 

equations from reference cases are adopted, and developed to predict the spatial 

parameter k on the HR. Eq.[5.11] and [5.12] are given for spatial parameter k in the 

mean overtopping events and extreme events respectively. They describe the 

measurements with good correlations, and the RMSE for Eq.[5.11] and [5.12] are 0.09 

and 0.17 respectively.  
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(a).  

(b).  
Figure D. 1 Spatial parameter k from extreme and total overtopping events on the High Recurve under 

non-impulsive wave conditions. (a) Mean events (b) Extreme events. s=0.025 represents the wave 

steepness sm-1,0=0.025 

 00.7 /         overall events 30 c mR Hk e=  [5.11] 

 00.96 /       extreme events1 3.6 c mR Hk e=  [5.12] 

If comparing Eq.[5.11] and [5.12] from the HR with Eq.[5.3] and [5.5] from 

plain vertical seawall, great similarities are achieved between the coefficient in the 

exponent from two configurations. Similar observations are also found in other two 

tested recurve walls. Whether the same coefficient can be applied in equations for 

plain vertical seawall and HR requires validations from more wave conditions.  
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D.2 Results of impulsive overtopping on High Recurve 

In terms of spatial distributions on SR and LR measured under impulsive 

conditions, the relationship between spatial parameter k and Rc/Hm0 changes as Rc/Hm0 

increases. Specifically, k increases with Rc/Hm0 in general, while a gradual decrease in 

spatial parameter k occurs when Rc/Hm0 becoming larger than 1.7. This phenomenon 

may be caused by either small waves being returned by overhang part, or being 

affected by various wave periods in normalising processes. Thus, measurements 

should be analysed with spatial distribution on both dimensionless and dimensional 

figures under impulsive conditions.  

a. Dimensionless results on High Recurve 

Figure D. 2 plots the dimensionless k from HR and plain vertical seawall 

against Rc/Hm0. The parameter k is categorised into two populations, presenting two 

different overtopping processes. Values of k decreases with Rc/Hm0 until a slight 

increase happens when Rc/Hm0>1.8. It is the so-called ‘threshold’ observed in other 

two recurve wall configurations. When Rc/Hm0<1.8, all overtopping water decreases 

due to rising Rc/Hm0, meaning more difficult for wave overtopping. Thus overtopping 

water appear to be returned by the recurve wall and k decreases. A similar phenomenon 

is present in SR and LR when Rc/Hm0 > 1.7. It can be inferred as that the thrown-up 

waves being returned by the overhang part of recurve wall, resulting in decreases in 

the number of overtopping wave. It also leads to the absence of the overtopped water 

located close to seawall. However, the overtopping waves located far behind the 

seawall are not significantly affected by the recurve wall, leading to an increase in the 

proportion of the overtopping volumes in the total overtopping discharge.  
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(a).  

(b).  
Figure D. 2 Spatial parameter k from the High Recurve under impulsive wave conditions. (a) the 

mean overtopping events. (b) Extreme events. s=0.025 represents the wave steepness sm-1,0=0.025 

Nevertheless, a trend contrary to findings from SR and LR appears when 

Rc/Hm0 exceeded 2.0. The parameter k from HR increases with Rc/Hm0, while results 

from other two recurve walls keep decreasing. This deviation is inferred as the result 

of relatively small recurve angle on HR. According to video filmed during 

experiments, many throw-up waves are not returned back seaward, but caused small 

overflows. It is suspected that small recurve angle of HR is not good at modifying 

direction of overtopping waves, typically the throw-up waves. These overtopping 

waves may not be fully returned seaward but overflowing the seawall. In this case, the 

shape of spatial distribution is mainly affected by Rc/Hm0, and k changes in the trend 

similar with observations in reference cases with high freeboard conditions.  
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Additionally, in extreme overtopping results shown in Figure D. 2b, spatial 

parameter k also falls into two populations with a threshold at Rc/Hm0=1.7, but more 

scatters are found. Compared with results from the mean overtopping events shown in 

Figure D. 2a, k from extreme events are generally smaller. This result indicates that 

on the HR, overtopping water in extreme events travels further than time averaged 

distribution of the mean overtopping events.  

b. The new dimensional results on High Recurve 

As per analyses undertaken on results from plain vertical seawall and the SR, 

k not only determined by freeboard, but also slightly influenced by wave steepness. It 

is also found that the effects of wave steepness will be absent due to effects of various 

wave period during normalising processes. To eliminate influences from wave period, 

the dimensional results of k are reanalysed with actual travel distance behind the 

seawall.   

 

Figure D. 3 Dimensional results of parameter k measured on High Recurve and plain vertical seawall 

for the mean overtopping events. s=0.025 represents the wave steepness sm-1,0=0.025 

Figure D. 3 plots the dimensional results of parameter k measured on HR and 

plain vertical seawall for the mean overtopping events. Values of k in this graph 

follows a similar trend as the normalised results shown in Figure D. 2. Specifically, 

parameter k decreases before Rc/Hm0 exceeds the threshold at 1.8. After that, k 

increases with Rc/Hm0. This similarity between dimensional and dimensionless results 

of k confirms the reliability of previous conclusions made from dimensionless results. 

Furthermore, the effects of wave steepness are noticeable after eliminating the 
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influences from the wave period. The increased wave steepness leads to a larger k on 

HR. It means overtopping water travels shorter distance under large wave steepness 

conditions in all tested cases. Specifically, the travel distance of 85% total overtopping 

water under large wave steepness conditions is 37% less than affected distance 

measured under small wave steepness conditions on average.   

 

Figure D. 4 Relationships between dimensionless k and Rc/Hm0×sm-1,0 in configuration of High 

Recurve. 

The values of k shown in Figure D. 2 and Figure D. 3 are difficult to be 

predicted because these figures only present the influences from Rc/Hm0 to values of k. 

As per analyses carried out on SR and LR, dimensionless results of k decrease with 

Rc/Hm0×sm-1,0. The same relationship is validated with measurements from the HR in 

Figure D. 4. It is seen from the graph that values of k on HR decreases with Rc/Hm0×sm-

1,0, and agreements are achieved with satisfactory. Nonetheless, results from low wave 

steepness conditions appear to deviate from the trend of large wave steepness results. 

In other words, these results from low wave steepness reduces more rapidly with 

Rc/Hm0×Sm-1,0 compared with results from SR and LR. It is suspected to be the 

influences of small recurve angle. Referring to overtopping discharge results shown 

in the section 4.6.2, slightly more overtopping discharge are measured from HR under 

low wave steepness, meaning smooth waves are more likely to run over the HR than 

on other two recurve walls. In this case, overtopping water therefore, may also travel 

further on HR, which is shown as smaller wave k results.  

10

100

1000

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

k 
[-

]

Rc/Hm0 ×sm-1,0 [-]

High Recurve (Sm-1,0=0.05)

High Recurve (Sm-1,0=0.025)



226 

 

In summary, this section discusses the spatial distribution of overtopping water 

on HR with measurements under impulsive and non-impulsive wave conditions. 

Firstly, under non-impulsive wave conditions, HR provides a constant reduction to 

hazardous zone. This reduction is found at 46% and 58% on average under the mean 

and extreme overtopping events respectively. To predict the spatial parameter k on 

HR, Eq.[5.11] and Eq.[5.12] are suggested.  

On the other hand, results under impulsive conditions provide diverse 

outcomes. Specifically, spatial parameter k decreases with Rc/Hm0 under low freeboard 

conditions. When Rc/Hm0 increases across the 1.8, an upward trend appears. This trend 

is not found on SR and LR. This phenomenon on HR is inferred to be the result of 

relatively small recurve angle. Additionally, spatial parameter k is also related with 

Rc/Hm0×sm-1,0 according to influences of these two parameters to the parameter k found 

in previous analyses. The parameter k is found to decreases with increasing Rc/Hm0 

and sm-1,0 with fairly good agreements. This trend is similar to results presented in SR 

and LR. However, more experimental data is necessary to validate this trend, typically 

under small wave steepness conditions. 
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Appendix E Scale effects of wave impact force 

All experiments on wave impact in this project are carried out in a small scale 

wave flume. In order to accurately simulate wave overtopping processes in prototype, 

scaling down effects have been studied over the years (Cuomo et al., 2010b; Howarth 

et al., 1997). Explorations have shown that scale effects cannot be ignored when 

undertaking force and pressure measurements in small scale wave flumes. A 

correction factor is required to describe the similarities between model experiments 

and prototypes (Bullock et al., 2001). In this appendix, the scale effects on the 

measured wave impact force in this study is discussed.  

E.1 Previous methodology 

To deal with scale effects, the correction factor is usually determined following 

Froude’s law. In terms of this method, the scale correction factor is described as λ3 ∙

𝜌𝜌𝑝𝑝/𝜌𝜌𝑚𝑚 for force and λ ∙ 𝜌𝜌𝑝𝑝/𝜌𝜌𝑚𝑚  for pressure. The λ in equation is the scale length 

diffrence, 𝜌𝜌𝑝𝑝  is the prototype water density and 𝜌𝜌𝑚𝑚  is the model water density. 

Research on scale effects in wave impacts has demonstrated significant overestimation 

of Froude’s law, in terms of pressure and force (Cuomo et al., 2010b). Thus, a more 

accurate method is required.  

A new parameter is provided based on the parameter known as the Bagnold 

number (Bgn). A study on scaling wave impact pressure using Bgn is conducted by 

Cuomo et al. (2010b), on the basis of Takahashi et al. (1985) who firstly defined Bgn. 

as: 

 
2
0

0

 Bgn  w wk u
p D

ρ
=  [E.1] 

where 𝜌𝜌𝑜𝑜 is the water density, 𝑘𝑘𝑜𝑜 is the mass of effective water body, 𝑢𝑢0 is the 

wave characteristic velocity, 𝑝𝑝0  is the reference pressure, which is equal to 

atmospheric pressure for the purposes of this project. Finally, D is the thickness of the 

air layer compressed in front of the structure (Figure E. 1).  
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Figure E. 1 Definitions of parameters in Bagnold equation (adopted from Cuomo et al., 2010b) 

As the air layer in front of the structure is not a closed area, air will run out 

during wave overtopping, described as air leakage. The level of air leakage is 

described with the opening ratio ε. In order to relate Bgn and maximum pressure, 

Eq.[E.2] is derived without considering effects of air leakage. Thus, a relationship is 

built between Bgn and maximum pressure in the corresponding scale. In both the field 

and model scale, the maximum pressure measured contains the atmospheric pressure, 

which is 𝑝𝑝0 = 1.0 𝑏𝑏𝑡𝑡𝑏𝑏. The atmospheric pressure is unable to be scaled further in the 

scale model, thus it should be removed in calculating scale correction factors. The 𝜆𝜆𝑠𝑠 

obtained in Eq.[E.3] is the proposed scale correction factor from scale model to 

prototype. 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚,𝑃𝑃 and 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 ,𝑀𝑀 are measured at maximum pressure in the prototype and 

model respectively.  
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According to Eq.[E.1] - [E.3], the scale correction procedure suggested by 

Cuomo et al. (2010b) is adopted with three steps: 1. Calculate Bgn for both scale model 

(Bgn𝑀𝑀) and prototype (Bgn𝑃𝑃) with Eq.[E.1]. 2. Bring Bgn𝑀𝑀 and Bgn𝑃𝑃 into Eq.[E.2], 

find solutions for 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 in scale model and prototype. 3. Bring calculated 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 ,𝑃𝑃 and 

𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚,𝑀𝑀 into Eq.[E.3], evaluate the scale correction factor 𝜆𝜆𝑠𝑠. 

In some cases, some wave characteristics may not be measured, such as 

parameter  𝑘𝑘𝑜𝑜 , 𝑢𝑢0  and 𝐷𝐷  in Eq.[E.1]. These parameters present the geometric 
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characteristics of waves in front of the structure. Previous research has contributed 

few assumptions in terms of how to describe wave behaviour when wave impacting 

plain vertical seawalls. A comprehensive study was carried out by Cuomo et al. 

(2010b) on the estimation of these wave characteristics, referring to previous research 

published by Munk (1949), Bagnold (1939) and Mitsuyasu (1967). 

The wave characteristic velocity 𝑢𝑢0, Munk (1949) suggested can be estimated 

as the wave crest celerity of the solitary wave, whose wave height equals the 

significant wave height(𝐻𝐻𝑚𝑚0), propagating over a constant wave depth d. 

 ( )0 0mu g H d= +  [E.4] 

For the thickness of the air layer (D) compressed in front of the structure, 

Cuomo et al. (2010b) suggested to assume the air layer as a circular air pocket with an 

area of A and radius of R=𝐻𝐻𝑚𝑚0/6 and the D can be calculated as: 

 0/12 mD Hπ= ⋅  [E.5] 

Cuomo et al. (2010b) further suggested estimating 𝑘𝑘𝑜𝑜 with Eq. [6.12], on the 

basis of outcomes published by and Bagnold (1939) and Mitsuyasu (1967). 

 ( ) 00.2 1 /12w mk Hπ= ⋅ − ⋅  [E.6] 

E.2 Results from this study 

In this study, parameters of 𝑘𝑘𝑜𝑜, 𝑢𝑢0 and 𝐷𝐷 were not measured during physical 

modelling experiments, thus Eq.[E.1] - [E.6] were used to evaluate Bgn for both small 

scale and prototype experiments. As wave characteristics vary between cases, the Bgn 

have to be calculated for individual condition. One condition with the smallest wave 

height and shortest wave period can be given as an example for the applied calculation 

procedure. The wave characteristics of this example test case is shown in Table E. 1. 

According to Eq. [E.4] - [E.6], estimations of parameters  𝑘𝑘𝑜𝑜 , 𝑢𝑢0  and 𝐷𝐷  can be 

obtained. The values of these parameter are also listed in Table E. 1, together with Bgn 

for model scale experiments (Bgn𝑀𝑀 = 0.008).  

In this study, the physical models are scaled at 1:50. Wave characteristics and 

geometric shapes of the structures in field scale are calculated following Froude’s 
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scaling law (Table E. 1). The Bagnold number for prototype scale is then calculated 

following Eq.[E.1] (Bgn𝑃𝑃 = 0.041). 

Till now, the Bagnold number for both model scale and field scale are 

calculated. By assuming there is no air leakage occur during impact, solutions of 

relative pressure (𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚/𝑝𝑝0) can be obtained by bringing two Bagnold numbers back 

to Eq. [E.2]. The results of (𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑝𝑝0)/𝑝𝑝0 in the scale model and prototype scale can 

be read from Figure E. 2, which is 0.114 and 1.21 respectively. On the basis of these 

two relative pressure values and Eq. [E.3], the scale correction can be calculated as 

10.6 for pressure. All these parameters in the example case are summarized in Table 

E. 1. When following Froude’s law, the scaling correction should be 50, which 

represents a five-fold increase compared with correction factor obtained with Bgn. 

Over-estimation is unavoidable with estimations following Froude’s law. Within all 

tested conditions, the final scaling correction factor is taken as the average of results 

from all cases. 𝜆𝜆𝑠𝑠,𝑚𝑚𝑙𝑙𝑚𝑚𝑝𝑝 =10.9. 

Table E. 1 Summary of the parameter in the sampling case in model scale and estimated prototype 

scale. 

Characteristics Model Prototype 

Hm0(m) 0.058 2.88 

Tm(s) 0.814 5.76 

d(m) 0.09 4.50 

u0(m/s) 1.204 8.51 

kw(m) 0.009 0.43 

D(m) 0.015 0.76 

Bgn 0.008 0.41 

(pmax,M-p0)/p0 0.114 1.21 
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Figure E. 2 Numerical solution of Eq. [6.8] by assuming no air leakage. 

With the determined scaling correction factor, measurements of impact force 

from model experiments can be corrected into field scale and validated with 

predictions from Cuomo et al. (2010a). Figure E. 3 shows the agreements between 

scaled measurements and field scale predictions. In the field scale, all measurements 

exhibit an overprediction level of around 50%. These overprediction can be attributed 

to three reasons: 1). Air leakage is ignored due to no relevant measurement taken in 

this study. With the occurrence of air influence at the front of the structure, during 

periods of impact, we should expect to see enlargement of the correction factor. 2). 

Small scale experiments present less structural surface area availability for the 

installation of transducers. Due to limitations of transducer diameter, only 10 

transducers can be mounted on the structure, while two folds or three folds more 

transducers can be used in large scale or field scale experiments, providing 

measurements with a higher resolution. As a results, measurement small scale may 

miss larger wave pressure activity around the SWL. 3). Although a sampling 

frequency of 1.28 kHz is applied in this project, events associated with extremely large 

pressures may occur between two recorded sampling points. Therefore maximum 

pressure may be missed as a result.  
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Figure E. 3 Comparison of predicted impact force from Cuomo et al. (2010a) and scaled 

measurements from this study. 

According to the Eq.[E.1] - Eq.[E.6], scale correction factor only depend upon 

wave characteristics. Structural shape changes will not affect the scaling correct factor. 

As this study does not aimed to investigate actual prototype in filed, discussions on 

wave loadings performed in following sections are based on small scale 

measurements.  
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Appendix F Wave loads measured on LR and HR 

This appendix illustrates the detailed results on the measured wave loads on 

LR and HR. The figures presented in this appendix include measurements of 

horizontal impact force, overturning moment, quasi-static force as well as the uplift 

force and corresponding overturning moment. 

(a)  

(b)  
Figure F. 1 The measurements of Fh,imp1/250 from Long Recurve. (a) Comparison of measured Fh,imp1/250 

between Long Recurve, Small Recurve and reference case. (b) Increase ratio of the measured 

Fh,imp1/250 on Long Recurve compared with reference case. The subscript (1/250) represents the force is 

calculated as the largest 4 wave impacts in tests of around 1000 waves.  
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(a)  

(b)  
Figure F. 2 The measurements of Fh,imp1/250 from High Recurve. (a) Comparison of measured Fh,imp1/250 

between High Recurve, Small Recurve and reference case. (b) Increase ratio of the measured Fh,imp1/250 

on High Recurve compared with reference case. The subscript (1/250) represents the force is 

calculated as the largest 4 wave impacts in tests of around 1000 waves.  
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(a)  

(b)  
Figure F. 3 The measurements of Mh,imp1/250 from Long Recurve. (a) Comparison of measured 

Mh,imp1/250 between Long Recurve, Small Recurve and reference case. (b) Increase ratio of the 

measured Mh,imp1/250 on Long Recurve compared with reference case. The subscript (1/250) represents 

the force is calculated as the largest 4 wave impacts in tests of around 1000 waves. 
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(a)  

(b)  
Figure F. 4 The measurements of Mh,imp1/250 from High Recurve. (a) Comparison of measured 

Mh,imp1/250 between High Recurve, Small Recurve and reference case. (b) Increase ratio of the 

measured Mh,imp1/250 on High Recurve compared with reference case. The subscript (1/250) represents 

the force is calculated as the largest 4 wave impacts in tests of around 1000 waves.  

 

 

 

 

 

 

 

 

 

0

10

20

30

0.00 0.05 0.10 0.15 0.20

M
h,

im
p 

1/
25

0 
/ρ

gH
m

0d
2

[-
]

h*[-] 

Reference cases

Small Recurve

High Recurve

0.0

1.0

2.0

3.0

0.00 0.05 0.10 0.15 0.20

M
h,

im
p 

1/
25

0 
H

R
/R

ef
er

en
ce

[-
]  

h*[-] 

High Recurve

Small Recurve



237 

 

(a)  

(b)  
Figure F. 5 The measurements of uplift wave force Fup,imp 1/250 and corresponding overturning moment 

Mup,imp 1/250 from Long Recurve. (a)Uplift wave force. (b)Corresponding overturning moment. The 

subscript (1/250) represents the force is calculated as the largest 4 wave impacts in tests of around 

1000 waves.  
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(a)  

(b)  
Figure F. 6 The measurements of uplift wave force Fup,imp 1/250 and corresponding overturning moment 

Mup,imp 1/250 from High Recurve. (a)Uplift wave force. (b)Corresponding overturning moment. The 

subscript (1/250) represents the force is calculated as the largest 4 wave impacts in tests of around 

1000 waves.  
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(a)  

(b)  
Figure F. 7 The measured quasi-static wave force Fqs 1/250 on Long Recurve. (a) Measurements of Fqs 

1/250 (b) Increase ratio of Fqs 1/250 from LR compared with reference cases. The subscript (1/250) 

represents the force is calculated as the largest 4 wave impacts in tests of around 1000 waves. 
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(a)  

(b)  
Figure F. 8 The quasi-static overturning moment Mqs 1/250 corresponds the measured quasi-static force 

Fqs 1/250  to on Long Recurve. (a) Values of Mqs 1/250 (b) Increase ratio of Mqs 1/250 from LR compared 

with reference cases. The subscript (1/250) represents the force is calculated as the largest 4 wave 

impacts in tests of around 1000 waves. 
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(a)  

(b)  
Figure F. 9 The measured quasi-static wave force Fqs 1/250 on High Recurve. (a) Measurements of Fqs 

1/250 (b) Increase ratio of Fqs 1/250 from HR compared with reference cases. The subscript (1/250) 

represents the force is calculated as the largest 4 wave impacts in tests of around 1000 waves. 
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(a)  

(b)  
Figure F. 10 The quasi-static overturning moment Mqs 1/250 corresponds the measured quasi-static 

force Fqs 1/250 on High Recurve. (a) Values of Mqs 1/250 (b) Increase ratio of Mqs 1/250 from HR compared 

with reference cases. The subscript (1/250) represents the force is calculated as the largest 4 wave 

impacts in tests of around 1000 waves. 
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