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Abstract 7 

Coastal defence structures are playing a vital role in protecting coastal communities from extreme 8 

climatic conditions and flooding. With climate change and sea-level rise in the next decades, the 9 

freeboard of existing coastal defences is likely to be reduced and the probability of wave overtopping 10 

for these coastal defences will increase. The wave overtopping from coastal defences increases the 11 

probability of coastal inundation and flooding, imposing threat to the communities which are living in 12 

low-lying coastal areas. Retrofitting of existing seawalls offers the potential to enhance coastal resilience 13 

by allowing them to adapt and respond to changing climatic conditions. This study investigates a range 14 

of possible physical configurations and optimum retrofit geometry to maximize the protection of 15 

existing seawalls from wave overtopping. A comprehensive physical modelling study of four retrofit 16 

prototypes, including recurve wall, model vegetation, reef breakwater and diffraction pillars, was 17 

conducted to examine their performance in mitigating wave overtopping, when placed in front of a 18 

vertical seawall. All the tests were conducted on 1:20 smooth beach slope. Each test case consisted of 19 

approximately 1000 pseudo-random waves based on the JONSWAP spectrum. The physical modelling 20 

experiments were designed to include both impulsive and non-impulsive wave conditions. This study 21 

provides new predictive relations and decision support tool needed to evaluate overtopping risks from 22 

existing seawalls with retrofits under various hydrodynamic conditions. The analysis of experimental 23 

measurements demonstrates that wave overtopping from retrofitting structures can be predicted with 24 

similar relations for vertical seawalls, and by using a reduction factor which varies with geometric 25 

shapes. Statistical measures and sensitivity analysis show that recurve walls have the best performance 26 

in reduction of wave overtopping volume followed by model vegetation and reef breakwater. The 27 

measurements show the insignificance of diffraction pillars, at least for the selected configurations 28 

investigated, in mitigating wave overtopping.  29 

 30 
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1. Introduction 1 

Coastal zones have been progressively developed in recent decades and have very significant socio-2 

economic value to nations around the world. Protecting the coasts from natural hazards and in specific 3 

coastal flooding has been always a key area of research. Recent climate change studies (IPCC, 2014, 4 

2018) show that not only the sea-level will continue to rise in the future, but more frequent extreme 5 

climatic events and coastal storm surges will occur in the near future, which could lead into catastrophic 6 

coastal flooding and inundation. Hence, challenges associated with protecting critical assets in the 7 

coastal region is exacerbated by the long-term effects of changing climate. Use of ‘green infrastructure’ 8 

in combination with traditional hard defences is an adaptable solution for enhancing the resilience of 9 

coastal area to extreme climatic conditions. Previous studies show that soft defences (e.g., re-creation 10 

of foreshores and beaches) can harmonize with the natural ecosystem, creating a self-healing system, 11 

and therefore have been rapidly finding favor over hard defences (Tusinski et al., 2014; Vuik et al., 12 

2016). On the other hand, the existing hard defences are aging (Hall et al., 2017) and in the next decades 13 

with the sea-level-rise and increased frequency of extreme events, these defences will not be capable of 14 

providing sufficient level of protection. Therefore, it is vital to adopt engineering approaches such as 15 

‘retrofitting’ of existing coastal defences, to enhance resilience of coastal defences.   16 

Mean overtopping discharge is one of the key design parameters for coastal structures which is typically 17 

defined as the mean discharge per unit width of the structure (q). In recent decades, considerable efforts 18 

have been made for the development of robust predictive and decision support tools for evaluating mean 19 

overtopping discharge from coastal protection structures, in order to specify acceptable levels of 20 

overtopping. The existing predictive tools for overtopping are primarily based on the derivation of 21 

empirical equations from measured data (Allsop et al., 2005; Besley et al., 1998; Franco et al., 1995). 22 

However, the reliability of analytical approaches is often questionable as the dynamics in overtopping 23 

rarely resemble the well-controlled conditions presented in analytical studies. In recent years, advanced 24 

numerical techniques have also been adopted to quantify and predict performance of coastal 25 

infrastructures under various hydrodynamic and geometrical setups, as well as understanding complex 26 

flow-structure interactions influence on wave overtopping (Abolfathi et al., 2018; Abolfathi and Pearson, 27 

2017; Yeganeh-Bakhtiary et al., 2017 & 2020). 28 

Wave-structure interaction regimes tend to produce distinct structural responses to wave overtopping, 29 

and influence the overtopping discharge values. For incident waves approaching a steep wall, three 30 

distinct conditions including ‘impulsive’, ‘non-impulsive’ (or pulsating) and ‘near breaking’ conditions 31 

are possible. Under impulsive wave condition, the overtopping discharge could be characterized by a 32 

rapid jet of water at the toe of the structure. Under near-breaking conditions, overtopping is characterized 33 

by high-speed jet of water, but the wave breaking phenomena does not occur at the wall. The 34 

resemblance between near-breaking and impulsive wave conditions allows the near-breaking conditions 35 

to be treated similarly to fully-impulsive conditions. 36 
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An early formulation for non-impulsive mean overtopping discharge was established by Franco et al. 1 

(1995), based on analysis of a series of two-dimensional physical model tests on caisson breakwater. 2 

Franco et al. (1995) empirical relation predict the non-impulsive mean overtopping discharge as an 3 

exponential function of relative freeboard. Besley et al. (1998) and Allsop et al. (2005) studied impulsive 4 

wave conditions and proposed empirical predictive formulae which estimate mean overtopping 5 

discharge as a power law function of relative freeboard.  6 

Many studies have subsequently been performed to refine the predictions of mean overtopping discharge 7 

for both impulsive and non-impulsive wave conditions. The EurOtop (2018) manual for overtopping 8 

design, has provided a comprehensive review of wave overtopping studies, and by re-analysing 9 

previously measured data, the manual also explored the interplay between crest freeboard and mean 10 

overtopping discharge. EurOtop (2018) report that mean overtopping discharge measurements for 11 

structures with small to zero freeboard have well agreement with the prediction formulae using 12 

exponential function, whilst for large freeboards, overtopping is best described by equations using power 13 

law function. van der Meer and Bruce (2013) suggested a unified scheme to compare the mean 14 

overtopping discharge for both impulsive and non-impulsive regimes. 15 

Recent improvements in predictive tools for evaluating mean overtopping discharge from coastal 16 

defences have motivated number of studies to examine the effectiveness of retrofitting structures, such 17 

as recurve walls and reef breakwaters, in reducing wave overtopping from coastal structures (Dong et 18 

al., 2018; Kortenhaus et al., 2003; Van Doorslaer et al., 2016). A number of studies investigated the 19 

effects of recurve retrofitting structures on the mean overtopping discharges from various types of 20 

coastal defenses (Molines et al., 2019a; Pearson et al., 2004; Van Doorslaer and De Rouck, 2011). The 21 

performance of recurves, described by the mean overtopping discharge, is found to be sensitive to 22 

recurve structural dimensions, including overhang length and height (Formentin and Zanuttigh, 2019a; 23 

Kortenhaus et al., 2002) and the recurve angle (Martinelli et al., 2018; Van Doorslaer et al., 2015). The 24 

literatures suggest long overhang length and recurve angle of ~45 degree have the most promising 25 

mitigating performance and structural stability.  26 

Vuik et al. (2016) studied the performance of vegetated foreshores on coastal dikes and suggested that 27 

presence of vegetation in the foreshore region lead into an additional 25 to 50 percent reduction in 28 

significant wave height for breaking wave conditions. The recent laboratory work by Salauddin and 29 

Pearson (2019) and (2020) on permeable foreshore slopes in front of vertical seawalls and sloping dikes 30 

showed that mean overtopping characteristics are reduced significantly, when compared to the 31 

impermeable foreshore in front of the sea defences.  32 

The combined effects of sea-level rise and increasing frequency of extreme climatic events (Chini et al., 33 

2010; Church et al., 2013), require enhancement of the existing coastal defences to minimize the 34 

overtopping consequences. Retrofitting structures and use of soft engineered defences are recommended 35 

as a potentially effective approach to improve the performance of existing defences and enhance the 36 

resilience of coastal defences to wave overtopping. However, there is a knowledge gap on how effective 37 
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these soft defences perform when deployed as retrofitting structures in front of an existing defence. Also, 1 

a lack of robust predictive relations to evaluate the performance of retrofitting structures in mitigating 2 

wave overtopping, has limited the use of these solutions. This paper presents a comprehensive 3 

investigation on the performance of four prototype coastal retrofit structures in front of a vertical seawall. 4 

The wave overtopping from the retrofitting structures is investigated based on number of physical 5 

modelling experiments with a range of hydrodynamic and structural configurations. The outcomes of 6 

this study provide new insights and knowledge into how these physical configurations perform, as well 7 

as what is the impact of such complex geometries in attenuating the wave overtopping volume from 8 

existing vertical seawalls. This paper sets out new robust predictive relations to evaluate the performance 9 

of retrofitting structures and predict the wave overtopping from vertical seawalls enhanced with 10 

retrofitting.  11 

2. Previous work 12 

Overtopping discharge from vertical seawall 13 

The mean wave overtopping discharge is widely used as a key indicator to evaluate hazardous effects 14 

of overtopping events. Franco et al. (1995) conducted two-dimensional laboratory measurements on 15 

caisson breakwaters and proposed that mean wave overtopping discharge can be estimated as an 16 

exponential function of relative freeboard (Rc/Hm0): 17 

𝑞

√𝑔𝐻𝑚0
3

= 𝑎 exp (−𝑏
𝑅𝑐
𝐻𝑚0

), 
[1] 

where 𝐻𝑚0 is the significant wave height from spectral analysis, a and b are empirical coefficients and 18 

𝑅𝑐/𝐻𝑚0 is relative freeboard. Number of studies have confirmed Franco et al. (1995) findings (Allsop 19 

et al., 2005; Besley et al., 1998). However, further discussions were required on the value of the 20 

empirical coefficient a and b, as scatters were noticed between measured and predicted overtopping 21 

discharges from Eq.1 (Allsop et al., 2005). These scatters highlighted the importance of identifying more 22 

accurate and robust predictive relations for overtopping assessment under impulsive and non-impulsive 23 

wave conditions.  24 

No clear boundary is available to distinguish impulsive and non-impulsive waves (Allsop et al., 2005; 25 

Goda, 2000; van der Meer and Bruce, 2013). In order to provide classifications between impulsive and 26 

non-impulsive conditions, EurOtop (2018) suggests an impulsiveness parameter, ℎ∗ (=
ℎ𝑠

𝐻𝑚0

2𝜋ℎ𝑠

𝑔𝑇𝑚−1,0
2 ), 27 

where hs is the water depth at the toe of the structure. Wave conditions with ℎ∗ < 0.23 are defined as 28 

impulsive, which are dominated by breaking waves. Conversely, the wave conditions with ℎ∗ > 0.23 are 29 

categorized as non-impulsive, where the majority of waves do not break.   30 

For the cases with low relative freeboard, similar mean overtopping discharges were measured for both 31 

impulsive and non-impulsive wave conditions. As freeboard increases, impulsive overtopping 32 

discharges gradually becomes significantly larger than the non-impulsive overtopping (Allsop, 1995; 33 
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Besley et al., 1998). For the cases with large relative freeboard, EurOtop (2018) describe the mean 1 

overtopping discharge as Eq.2: 2 

𝑞

ℎ∗
2√𝑔ℎ𝑠

3

= 𝑎(ℎ∗
𝑅𝑐
𝐻𝑚0

)𝑏 
[2] 

Although laboratory measurements confirmed that Eq. 2 provides good predictions for impulsive 3 

overtopping discharge, significant scatters for cases with small or zero relative freeboard exist, as the 4 

overtopping prediction from Eq.2 tend towards infinity. van der Meer and Bruce (2013) proposed 5 

improved equations for prediction of non-impulsive (Eq.3) and impulsive (Eq.4 and 5) wave 6 

overtopping by adopting exponential functions for those conditions with low relative freeboard. The 7 

unified axes in Eq. 3 (non-impulsive) and Eq. 4-5 (impulsive) enable direct comparison between 8 

impulsive and non-impulsive conditions. van der Meer and Bruce (2013) modified equations describe 9 

impulsive dimensionless discharges as a function of dimensionless freeboard and wave steepness.  10 

𝑞

√𝑔𝐻𝑚0
3

 =  0.05 exp (−2.78
𝑅𝑐
𝐻𝑚0

) 
[3] 

𝑞

√𝑔𝐻𝑚0
3

= 0.011 (
𝐻𝑚0

h𝑠 . sm−1,0
)

0.5

exp(−2.2
𝑅𝑐
𝐻𝑚0

)           for  
𝑅𝑐
𝐻𝑚0

< 1.35 
[4] 

𝑞

√𝑔𝐻𝑚0
3

= 0.0014 (
𝐻𝑚𝑜

h𝑠  . sm−1,0
)

0.5

(
𝑅𝑐
𝐻𝑚0

)
−3

                     for  
𝑅𝑐
𝐻𝑚0

> 1.35 
 [5] 

where Rc is the crest freeboard of structure, h is the water depth at the toe of structure and 𝑠𝑚−1.0 is 11 

statistical wave steepness. 12 

Although previous studies have focused more on evaluating mean overtopping discharges from coastal 13 

structures, in recent years, research emphasis has shift towards understanding the maximum overtopping 14 

discharge (Vmax) during extreme climatic events (Bruce et al., 2001; Pearson et al., 2002; US Army Corps 15 

of Engineers, 2008). Vmax indicates the intensity of overtopping events in a short period, and represents 16 

the hazardous impacts of extreme overtopping event. In this study, the Vmax is determined according to 17 

Basley (1998) findings, as a logarithmic function of number of overtopping events, the scale and shape 18 

factor (Eq. 6):  19 

𝑉𝑚𝑎𝑥   = 𝑎(lnNow)
1/𝑏  [6] 

where 𝑉𝑚𝑎𝑥 is maximum individual overtopping discharge per structure width, 𝑁𝑜𝑤 is the number of 20 

overtopping events, 𝑎 and 𝑏 are the scale and shape factor, respectively.  21 

EurOtop (2018) proposed empirical relations for estimating 𝑁𝑜𝑤 for both non-impulsive (Eq. 7) and 22 

impulsive (Eq. 8) conditions. 23 

Now
𝑁𝑤

= 𝑒𝑥𝑝 [−1.21 (
𝑅𝑐
𝐻𝑚𝑜

)
2

]    [7] 
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Now
𝑁𝑤

= 𝑚𝑎𝑥

{
 
 

 
 𝑒𝑥𝑝 [−1.21 (

𝑅𝑐
𝐻𝑚𝑜

)
2

]

0.024 (
h𝑠
2

𝐻𝑚0𝐿𝑚−1,0

𝑅𝑐
𝐻𝑚𝑜

)

−1    [8] 

where 𝑁𝑤 is number of incident waves.  1 

Determining the scale and shape factor in Eq. 6 is a challenging task. Parameters 𝑎 and 𝑏 in Eq. 6 are 2 

further elaborated according to the wave impulsiveness (Eq. 7 and 8). Eq. 9 describes the scale factor 3 

for both impulsive and non-impulsive waves. Eq. 10 and 11 define the shape factor for non-impulsive 4 

and impulsive wave conditions, respectively.   5 

 6 

𝑎 = (
1

Γ (1 +
1
𝑏
)
)(
𝑞𝑇𝑚
𝑃𝑜𝑣

) 

where 𝛤 is the gamma function.  

 

𝑏 = {
0.66   for sm−1,0 = 0.02

0.88  for sm−1,0 = 0.04
    𝑓𝑜𝑟   h𝑠

2/Hm0. Lm−1,0 > 0.23 

[9] 

           

 

 

 

 

           

[10]  

 7 

 𝑏 = 0.85   for h𝑠
2/Hm0Lm−1,0 < 0.23  [11] 

 8 

The predictive formulae described in this section enable engineers and scientists to estimate mean 9 

overtopping discharges from plain vertical seawalls. To date, very limited data and guidance is given 10 

for evaluating the influence of additional retrofit structures on overtopping characteristics from vertical 11 

seawalls. Hence, considering long-term effects of sea-level-rise, more frequent incidence of extreme 12 

climatic conditions and aging of coastal protection infrastructures, it is vital to understand the impacts 13 

of additional retrofitting structures on the performance of seawalls in mitigation of mean and extreme 14 

wave overtopping. 15 

Effects of recurve wall on overtopping 16 

Kortenhaus et al. (2003) investigated the performance of recurve walls with specific attention to the 17 

breaking wave conditions and reported that a reduction in overtopping volume is related to recurve 18 

dimensions (Eq. 12 -14).  19 

 20 

𝑘 =

{
 
 

 
 
1.0                                                                                      Rc/Hs ≤ R0

∗

1 −
1

𝑚
(
𝑅𝑐
𝐻𝑠
−𝑅0

∗)                                       R0
∗ < Rc/Hs ≤ R0

∗ +m∗

𝑘23 − 0.01 (
𝑅𝑐
𝐻𝑠
− 𝑅0

∗ −𝑚∗)                             Rc/Hs ≥  R0
∗ +m∗

  [12] 

𝑅0
∗ ≡ 0.25

ℎ𝑟
𝐵𝑟
+ 0.05

𝑃𝑐
𝑅𝑐

 [13] 



7 

 

m ≡ 1.1√
ℎ𝑟
𝐵𝑟
+ 0.2

𝑃𝑐
𝑅𝑐
                𝑚∗ ≡ 𝑚(1 − 𝑘23) [14] 

 1 

where 𝑃𝑐  and ℎ𝑟 denote the distance from the bottom of recurve to still water level (SWL) and the height 2 

of recurve, respectively. 𝐵𝑟 is the overhang length of recurve and 𝑘23 is the lowest k-factor (set to 0.20). 3 

Despite Eq. 12-14 providing good predictions for the cases with large crest to depth ratio, for most 4 

conditions they result in overestimation. Pearson et al. (2004) improved prediction accuracy for recurve 5 

walls with use of correction factors (Eq. 15), however, variations between measurements and the revised 6 

predictions are still noticeable.  7 

𝑘 =

{
 

 
𝑘                                                           𝑅𝑐/ℎ𝑠 ≤ 0.6

𝑘 × 180 exp (−8.5
𝑅𝑐
ℎ𝑠
)       0.6 < 𝑅𝑐/ℎ𝑠 ≤ 1.1

𝑘 × 0.02                      1.1 < 𝑅𝑐/ℎ𝑠

  [15] 

where 𝑘 is given in Eq. 12 by Kortenhaus et al. (2002). 8 

Kortenhaus et al. (2002) and Pearson et al. (2004) data demonstrated that for the cases with low relative 9 

freeboard, recurve cannot play a significant role on wave overtopping reduction, whilst for the relative 10 

freeboard greater than 1.5, the role of recurve structure in mitigating overtopping becomes significant. 11 

Van Doorslaer and De Rouck (2011) studied the effects of recurve geometry on the overtopping 12 

mitigation and recommended that angles ≤ 45° is more desirable for structure’s stability and improved 13 

performance in mitigating overtopping.  14 

Effects of vegetation on overtopping  15 

In recent years, ‘green infrastructure’ have more extensively been used to improve the resilience of 16 

coastal regions, instead of traditional ‘hard’ coastal defences such as rock walls, armoured wall or 17 

embankments. The hard engineered solutions are at increasing threat of structural failure and erosion by 18 

extreme events and the sea-level-rise. Unlike hard defences which cannot adapt to the long term impacts 19 

of climate change, the soft nature-based solutions are capable of adapting to climate change 20 

consequences. The ‘self-healing’ ability of soft defences make them promising cost effective and 21 

efficient coastal defence solutions. However, there is significant gap of knowledge in how soft 22 

retrofitting solutions perform in terms of wave overtopping mitigation. Lack of guideline on overtopping 23 

estimation from soft defences has limit the use of such solutions and there is need for more 24 

comprehensive research and data to understand overtopping processes from soft defences as well as 25 

providing predictive relations for overtopping from these retrofits.  26 

Recent studies (Kobayashi et al., 2013; Feagin et al., 2019; Bryant et al., 2019) show that vegetation is 27 

capable of attenuating wave run-up and overtopping through dissipating wave turbulent kinetic energy. 28 

Luhar et al. (2017) investigated the effects of seagrass meadow on wave turbulence decay through 29 

physical modelling experiments and suggested that stem density and submergence depth of seagrass 30 

impact the wave amplitude reduction. Also, it was found that impacts of seagrass on wave energy 31 
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dissipation varies with incident wave kinematics including wave period T and wave height Hs. Luhar et 1 

al. (2017) results indicate that higher wave velocities are associated with more efficient behaviour of 2 

seagrass resulting in greater wave energy dissipations. Experimental investigations show a reduction of 3 

up to 40% in the wave amplitude due to seagrass drag effects.   4 

Maza Fernandez et al. (2017) investigated the impact of mangrove forest in reduction of wave velocity 5 

due to complex and porous nature of mangrove’s roots. It was shown that the drag effects of individual 6 

trunk near the bed and the frontal area at the top of root contribute to up to 50% reductions in wave 7 

velocity. Field-based measurements conducted by Tanaka et al. (2007) and Forbes and Broadhead (2007) 8 

from the Indian Ocean 2004 tsunami in, illustrated that areas with higher density vegetation in coastal 9 

regions usually had suffered less damage. Additionally, it was found that for similar vegetation density, 10 

the protection provided varies with vegetation shapes. Tanaka et al. (2007) data showed that mangroves 11 

were efficient in mitigating tsunami waves when the density exceeded 14 – 26 elements per 100 m2, 12 

while coconut trees did not show any effective performance in mitigating tsunami waves regardless of 13 

their density. Findings of Tanaka et al. (2007) could be associated with the complex root structure of 14 

mangroves which maximize wave-structure interactions and therefore dissipate wave energy more 15 

significantly in comparison to coconut trees. To this date, very limited research has been conducted to 16 

understand the impact of vegetation configurations (or any other ‘soft defences’) on the reduction of 17 

wave overtopping. 18 

Very little research into the performance of diffraction pillars and reef breakwater, as retrofitting 19 

structures, is available, and therefore no robust evidence on wave overtopping reduction capabilities is 20 

available. Physical modelling experiments are needed to study the effects of these two retrofitting 21 

structures on the foreshore of coastal defences.  22 

The literature shows, very limited research has been conducted to understand the performance of 23 

retrofitting structures (both hard and soft retrofits) and the role they can play in mitigating wave 24 

overtopping from vertical seawalls. This paper presents laboratory-scale physical modelling study of 25 

four types of retrofitting structures when placed in front of a plain vertical seawall. Detailed wave 26 

conditions are designed to investigate the impact of these retrofitting structures on enhancing resilience 27 

of the seawall and wave overtopping reduction during swell and storm conditions. Furthermore, this 28 

study proposed robust predictive relations for evaluating wave overtopping discharge from the 29 

retrofitting structures.  30 

3. Physical Modelling Experiments 31 

A comprehensive set of physical modelling study was undertaken in Warwick Water Laboratory to 32 

investigate the performance of four prototype retrofitting structures in mitigating wave overtopping, 33 

when placed in front of a vertical seawall. The tests were performed in a wave flume of 22m (l) × 0.6m 34 

(w) × 1m (h) with a 1:20 smooth impermeable beach slope (Fig. 1). The flume was equipped with a 35 
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piston-type wave generator with an active absorption system. Experiments were carried out with vertical 1 

seawall fixed at 12.2m from the wave-maker paddle (Fig. 1). 2 

Each test case was consisted of approximately 1000 pseudo-random waves based on the JONSWAP 3 

spectrum with peak enhancement factor γ= 1.0 (i.e. Pearson and Moskowitz). The characteristics of 4 

incident waves and free-surface elevations were determined using six wave gauges across the flume (see 5 

Fig. 1). Three wave gauges were setup close to the paddle and three in front of the seawall, the distance 6 

between the gauges was determined based on the Least-Square Method described by Mansard and Funke 7 

(1980).  8 

The overtopping volumes were measured by a system of collection tank and load-cell which was placed 9 

behind the vertical seawall. The load-cell was setup to measure wave-by-wave overtopping volume. An 10 

overtopping detector circuit was installed on the crest of seawall to record the temporal distribution of 11 

individual overtopping events.  A syphon mechanism was fixed over the container to ensure continuous 12 

sampling for the duration of the test.   13 

The investigations include both soft and impermeable hard retrofit prototypes to understand their 14 

impacts on mitigating wave overtopping from vertical seawalls. Four coastal retrofits including, 15 

diffraction pillars, reef breakwaters, recurve wall and vegetation were investigated (Fig. 2). For each 16 

test configuration, the retrofit element was installed at approximately 0.5m from the seawall.  17 

Table 1 summarizes the experimental setup and wave conditions for the physical modelling tests 18 

conducted within this study. Two seawall prototypes with varying heights were used for tests with both 19 

impulsive and non-impulsive conditions, covering a comprehensive range of dimensionless freeboard 20 

Rc/Hm0. The significant wave height ranged from 0.047 – 0.14m, and four wave period of Tp  = 1.25, 21 

1.50, 1.75 and 2.0s were tested for each set of experiment. All experimental scenarios were tested with 22 

still water depth hs = 0.07, 0.1 and 0.13m at the seawall. The wave conditions tested in this study were 23 

designed to cover a range of wave steepness Sop between 0.016 - 0.06.  24 

4. Results and Discussion  25 

4.1 Validations of reference cases 26 

Incident wave characteristics have been studied comprehensively by researchers (Longuet-Higgins, 27 

1952; Battjes and Groenendijk, 2000; Goda, 2010). For waves generated based on JONSWAP spectra, 28 

Longuet-Higgins (1952) found that individual wave height in deep water follows the Rayleigh 29 

distribution. As the waves move to shallower water, the incident waves become unstable and break, 30 

resulting in gradual deviation of wave height from the Rayleigh distribution (EurOtop, 2018). 31 

The wave conditions are validated by determining the wave height distribution for all the test cases. Fig. 32 

3 presents the wave height distribution in deep water (near wave paddle) for the two seawall prototypes 33 

tested in this study. The wave characteristics for Fig. 3a & 3b are described in the figure caption. Figs.3a 34 

& 3b indicate that the measured wave heights are in good agreement with the Rayleigh distribution, with 35 

a RMSE of 0.099 and 0.152, respectively. However, some scatter is observed for the largest waves 36 
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which represents extreme events (Fig. 3b). The deviations from Rayleigh distribution occur due to high 1 

wave steepness (Sop) of large individual waves, which break close to paddle, rather than shallow water 2 

column of the surfzone. 3 

The distribution of individual overtopping volume on plain vertical seawall (used as reference case) is 4 

investigated and the results are compared against empirical relations proposed by EurOtop (2018). 5 

Previous work show that the individual wave overtopping volume follows a two-parameter Weibull 6 

distribution (Pearson et al., 2002; Victor et al., 2012; Zanuttigh et al., 2013). Fig. 4 shows distribution 7 

of wave by wave overtopping volume measured for two of the wave conditions tested within this study 8 

and confirms that exceedance probability follows the Weibull relationship for individual overtopping 9 

volumes. For extreme scenarios with large overtopping volumes, limited scatters from Weibull 10 

distribution are evident in Fig. 4.  11 

The Weibull plots of individual overtopping volume can be further analysed to determine the Weibull b 12 

parameter (shape parameter in Eq.6) for predicting the maximum overtopping volumes. Previous studies 13 

highlighted the changes in the behaviour of Weibull distribution when ‘b’ parameter is fitted with either 14 

upper or lower parts of individual overtopping volumes (Formentin and Zanuttigh, 2019b; Molines et 15 

al., 2019b). It was found that fitting the shape parameter b using the highest 10% volumes provides 16 

better estimations of the maximum individual overtopping volume, compared to that of highest 50% 17 

volumes (Hughes et al., 2012; Zanuttigh et al., 2013). Following the procedures recommended by 18 

Pearson et al. (2002), the Weibull’s b parameter was determined as the gradient of linear regression line 19 

of individual overtopping volumes.  20 

The mean overtopping discharges from plain vertical walls are compared to the empirical predictions 21 

proposed by EurOtop (2018) [Eq. 3-5]. The laboratory measurements are in good agreement with the 22 

empirical relationships (Fig. 5). However, the largest scatter is observed for the cases with Rc/Hm0 ≈ 2.2, 23 

where the physical modelling measurements are a factor of two smaller than empirical predictions. The 24 

deviations in mean overtopping discharge from EurOtop (2018) predictions are due to differences in the 25 

peak enhancement factor of the JONSWAP spectrum implemented in this study (γ=1.0) and the EurOtop 26 

(γ= 3.3). The peak enhancement factor γ, specifies the peak energy of the wave spectrum, and this study 27 

focuses on relatively lower γ (=1.0) for the physical modelling experiments.  28 

4.2 Overtopping measurements from retrofits 29 

Overtopping discharges 30 

The performance of proposed retrofitting prototypes is evaluated by comparing the mean overtopping 31 

discharges to the overtopping measured for the plain vertical seawall (reference case). Fig. 6 and 7 32 

compares the measured mean overtopping discharge between reference cases and the retrofit structures 33 

for impulsive and non-impulsive wave conditions, respectively. The results illustrated in Fig. 6 indicate 34 

that the reduction in mean overtopping discharges for the retrofits varies with dimensionless freeboard 35 

(Rc/Hm0). For the retrofitting cases with larger relative freeboards, a higher reduction in mean 36 
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overtopping discharges is observed. For the Rc/Hm0 larger than 2.25, recurve walls provide the maximum 1 

reduction of mean overtopping discharge (98% reduction), followed by model vegetation with 93% and 2 

reef breakwater with 88% reduction. The minimum reduction in mean overtopping discharges were 3 

detected when the dimensionless freeboard was less than 1.0, where a 63% reduction in mean discharge 4 

was observed for the recurve wall, followed by vegetation (61%) and  reef breakwater (59%). The 5 

diffraction pillars did not show significant efficiency for the test cases with dimensionless freeboard less 6 

than 1.0, with maximum of 6% overtopping reduction over all wave conditions.  7 

Overtopping Proportion 8 

In addition to the mean overtopping discharge, retrofitting structures will also influence overtopping 9 

proportion. The proportion of overtopping waves can be described by a Weibull distribution (EurOtop, 10 

2018). The measurements from this study (Pov) are compared to the predictions described by EurOtop 11 

(2018) using the recommended h𝑠
2/𝐻𝑚0𝐿𝑚−1,0 values (Fig. 8). Fig. 8 shows that recurve wall performs 12 

as the most efficient retrofit in reducing wave overtopping proportion, amongst the four prototypes 13 

investigated in this study. The performance of recurve wall becomes more significant as Rc/Hm0 increases, 14 

the results show the overtopping proportion decreases by half for Rc/Hm0 = 1.0, while over 85% reduction 15 

is observed when Rc/Hm0 is greater than 2.3. Fig. 8 indicates that the vegetation retrofit also provides 16 

significant reduction in overtopping proportion, with over 80% reduction in Pov for the cases with Rc/Hm0 > 17 

2.3. However, for the cases with low relative freeboards, no significant reduction in Pov was measured 18 

for the vegetation. The measurements show that reef breakwater and diffraction pillars are not 19 

significantly reducing Pov, with an average of 30% and 10% reductions in Pov, respectively.  20 

Extreme overtopping events 21 

The mean overtopping discharge and overtopping proportion is by definition described by the 22 

performance of retrofitting structures in a time-averaged concept. A comprehensive evaluation of 23 

overtopping needs understanding of the intensity of waves as well as wave-by-wave overtopping events, 24 

highlighting the potential threat to people and critical infrastructures originated from these potentially 25 

hazardous events. In this study, the maximum individual overtopping discharge is used to evaluate the 26 

performance of retrofitting structures to instantaneous overtopping events. Fig. 9 shows the comparison 27 

between the measured maximum individual overtopping volumes with the empirical prediction given 28 

by EurOtop (2018). For the case of plain vertical wall, good agreement exists between the experimental 29 

data and empirical predictions (Eq. 6 - 11). The measurements show that model vegetation is the most 30 

efficient retrofitting in mitigating 𝑉𝑚𝑎𝑥, with a minimum reduction of wave-by-wave overtopping of 31 

48%, followed by reef breakwater (30%) and recurve wall (28%). In addition, for the large and small 32 

individual overtopping events, the measurements of Vmax show a diverse performance for the retrofitting 33 

structures. More significant reductions are observed in small overtopping events. The measurements 34 

show that for Vmax of ~5×10-3 (m3/m), the maximum reduction of Vmax is approximately at a factor of 4, 35 
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while more than one order of magnitude reduction is observed for the cases of Vmax less than 2×10-4 1 

(m3/m). 2 

4.3 Influences of Structural Dimensions on Wave Overtopping  3 

Despite the dominant effects of freeboard on the performance of retrofitting structures, the overtopping 4 

is also influenced by geometrical shape of the structure. Changes in the shape of retrofitting can alter 5 

water depth at the of toe of the structure, freeboard height and overall roughness of the structure, which 6 

can affect the overtopping results. This section will investigate the impacts of geometrical dimension 7 

changes on the wave overtopping mitigating effects of retrofitting structures. 8 

Reef breakwater 9 

Analysis of overtopping events indicate that performance of reef breakwater is directly influenced by 10 

submergence depth (water depth above the breakwater crest). The measurements show that limited 11 

submergence depth lead into inefficiency of reef breakwater and in some cases (e.g., Rc/Hm0 ≈2.25), 12 

wave overtopping discharge are larger than those recorded for the reference case (highlighted by circle 13 

in Fig. 7). Besley et al. (1998) reported similar overtopping characteristics with field measurement data 14 

from the coast of Samphire, Hoe. Increases in wave overtopping discharge are caused by complex 15 

interactions between the relatively low wave height and water depth above the crest of reef breakwater, 16 

which increase wave ‘tripping’ onto the foreshore berm, and intensify overtopping discharges (Allsop 17 

et al., 2003; Allsop et al., 2005). The increase in overtopping for the case of reef breakwater retrofitting 18 

is due to the sudden reduction of water depth at the breakwater which leads to reef induced wave 19 

breaking process in front of the seawall (Johnson, 2006; Xu et al., 2020; Yao et al., 2013). The rapid 20 

wave transformations from non-breaking condition on the foreshore of the reef to breaking at lee-side 21 

of breakwater, quickly fill the gap between the retrofit and seawall, leading to an increase the local mean 22 

water depth in front of the seawall. This locally elevated mean water depth allow the incident waves to 23 

roll on top of the previous broken wave envelope due to the interactions with the reef, filling the available 24 

freeboard in front of the seawall which can make the seawall more prone to wave overtopping. 25 

Despite this study highlights the water depth and wave conditions threshold for intensified overtopping 26 

phenomena, further investigations with a range of freeboards between 1 to 3 are required for more 27 

comprehensive evaluation of reef breakwater performance.  28 

Vegetation 29 

The performance of model vegetation in mitigating overtopping volume is predominantly influenced by 30 

the packing density and width of the vegetation. Previous research studied influences of packing density 31 

in wave turbulent kinetic energy decay (Luhar et al., 2017; MacArthur et al., 2019). However, the 32 

influence of packing density on wave overtopping mitigation has not been investigated to date. This 33 

study used four packing densities for the model vegetation retrofit which were built with flexible straws. 34 
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Straws were sealed on a PVC board, with dimensions of 600 × 600 mm. The PVC board was sealed in 1 

front of the seawall to hold straws in place. Fig. 10 shows the schematics of straw configurations for the 2 

four packing density of 0.04 stems/100mm2, 0.17 stems/100mm2, 0.33 stems/100mm2 and 0.5 3 

stems/100mm2. If the packing densities tested within this study are converted into field scale, they are 4 

equivalent of 19 stems/100m2, 75 stems/100m2, 133 stems/100m2 and 200 stems/100m2, respectively. 5 

The packing densities used for the physical modelling were derived based on previous work on the 6 

performance of coastal wetland vegetation (100 – 600 stem/m2) on damping wave energy (Augustin et 7 

al. (2009), coconut trees (14 – 26 stems/100m2) and dense mangroves (10 – 20 stems/100m2) against 8 

tsunami (Forbes and Broadhead, 2007; Tusinski and Verhagen, 2014).  9 

Measurements show that increased packing density led to larger reduction in wave overtopping (Fig. 10 

11). When packing density increases from 19 to 200 stems/100m2, the mean overtopping discharge 11 

behind the seawall decreases, in average, by a factor of 3. The performance of model vegetation is also 12 

affected by freeboard. For the packing density of 19 stems/100m2, the reduction in overtopping 13 

discharge γ rises from 28% for the case of freeboard = 0.95 to 72% for the freeboard of 2.33. For the 14 

packing density of 200 stems/100m2, the mean overtopping discharge decreases by two orders of 15 

magnitude for relatively small freeboards, while for the larger freeboards the reduction in overtopping 16 

reaches the maximum at three order of magnitude. The performance of model vegetations with regards 17 

to packing density and dimensionless freeboard is further investigated. Fig. 12 and 13 show the wave 18 

overtopping reduction γ against packing density of vegetation and dimensionless freeboard, respectively. 19 

The reduction γ increases exponentially with increase of packing densities. Increasing packing density 20 

from19 stems/100m2 to 200 stems/100m2 led to an average increase in γ from 45% to 99% (Fig. 12). 21 

The measurements show that there is a sharp improvement in the performance of model vegetation when 22 

transitioning from lower packing density to higher packing density, while there is no major changes in 23 

the performance of the vegetation when the packing density is increased from a relatively higher 24 

densities. The reduction in overtopping discharge is increased by 30% on average, when packing density 25 

rise from 19 stems/100m2 to 75 stems/100m2. However, only 20% improvements are observed in 26 

overtopping reduction when density increases from 75 stems/100m2 to 200 stems/100m2. 27 

Fig. 13 shows the relationship between dimensionless freeboard and reduction in overtopping discharge 28 

γ for the four packing density tested within this study. It is evident that increase in dimensionless 29 

freeboard significantly improve the performance of vegetation. For the cases with a high packing density 30 

(200stems/100m2), regardless of the freeboard, model vegetation is proven to be efficient in attenuating 31 

wave overtopping discharge.   32 

The effects of packing density on the individual overtopping events is investigated in Fig. 14. The results 33 

illustrate that the Vmax decreases with increasing packing density of vegetation, the maximum Vmax 34 

reduction of two orders of magnitude was recorded for the packing density of 200 stems/100m2. The 35 

measurements show that for each packing density scenario, the mitigation in 𝑉𝑚𝑎𝑥 are nearly constant 36 

for both large and small maximum individual overtopping events. 37 
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Comparison of Vmax from different packing densities indicates the higher packing density lead into 1 

smaller Vmax. Increasing packing density from 75 to 133 stems/100m2, led into 𝑉𝑚𝑎𝑥 reduction rises from 2 

a factor of ten to two orders of magnitude. It is also found that the performance of vegetation in reducing 3 

Vmax does not linearly increases with the packing density. The higher packing density, the more 4 

significantly 𝑉𝑚𝑎𝑥 is attenuated.  5 

Recurve wall  6 

Previous work on influence of recurve dimension on the performance of recurve walls have highlighted 7 

the significance of overhang length and height of recurve. Kortenhaus et al. (2003) and Pearson et al. 8 

(2004) developed predictive formulae for overtopping discharges on recurve walls according to their 9 

overhang length and height. Although these equations provide insight on the performance of recurves, 10 

but given that they don’t consider the influences from wave characteristics on the performance of 11 

recurve, scatters between these equations and experimental results for cases with the same structural 12 

dimensions can occur. 13 

Fig. 15 - 16 summarize the overtopping discharges measured from recurve wall under impulsive and 14 

non-impulsive conditions, respectively. The results show that both impulsive and non-impulsive 15 

overtopping measurements on the recurve wall follow a similar trend to those equations used in the 16 

reference cases. Under impulsive conditions, recurve wall can reduce mean overtopping at a maximum 17 

of two order of magnitude, demonstrating a strong performance in mitigating wave overtopping. The 18 

reduction in mean overtopping discharge increases with Rc/Hm0, but it remains approximately constant 19 

when Rc/Hm0 > 2.5 (Fig. 15). For the non-impulsive conditions, the previous work concluded that, 20 

incident waves fill the gap area under the recurve very quickly and therefore the recurve cannot perform 21 

very efficiently in reducing overtopping volume (Kortenhaus et al., 2003; Pearson et al., 2004). However, 22 

for the configurations tested within this study, recurve wall offers satisfactory reduction in the mean 23 

overtopping discharges for non-impulsive conditions (Fig. 16). It is noticeable that recurve wall 24 

decreases the overtopping discharge up to an order of magnitude, and no overtopping events were 25 

observed for tests with dimensionless freeboard greater than 2.5. 26 

Kortenhaus et al. (2002) and Pearson et al. (2004) proposed that the overtopping discharge reduction 27 

from recurves can be predicted as a function of recurve dimensions. Fig. 17 compares the total 28 

overtopping volume measured from recurve wall with predictions obtained from Kortenhaus et al. (2003) 29 

and Pearson et al. (2004) methodology. Satisfactory agreement was observed between the measured and 30 

predicted overtopping discharge when 𝑅𝑐/ℎ𝑠 ≈1. For 𝑅𝑐/ℎ𝑠 > 1.5, the deviation between measured and 31 

predicted values are increased and predictive relations overestimate the overtopping reduction by an 32 

order of magnitude. In Fig. 17, a range of overtopping discharges are noticeable for the same Rc/hs. The 33 

deviations between results with the same Rc/hs can be over a factor of 10, and they are believed to be 34 

caused by low wave steepness in tested conditions, which showed more likelihood to overtop at the 35 

seawall.  36 
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Overtopping discharge reduction on retrofitting structures  1 

To compare the effectiveness of retrofits, reductions in mean overtopping discharge were analysed for 2 

all configurations. Reduction γ is calculated as the ratio of decreased discharge over the measured 3 

discharges from the reference case. Fig. 18 shows how the mean overtopping discharge is decreased by 4 

retrofitting structures. Amongst the four retrofits tested in this study, the best performance in mitigating 5 

mean overtopping discharge was observed for recurve wall followed by model vegetation. Diffraction 6 

pillars reduced the mean overtopping discharge for the cases with relatively large dimensionless 7 

freeboard but offered limited contributions on reducing mean overtopping discharge for the cases with 8 

low dimensionless freeboard.  9 

Fig. 18 confirms that a larger dimensionless freeboard improves the performance of retrofitting in 10 

mitigating mean overtopping discharges. For the cases with low freeboards (Rc/Hm0 < 1.3), the recurve 11 

wall provides the best performance with 78% average mean overtopping discharge reduction, followed 12 

by the vegetation and reef breakwater with 73% and 72% average discharge reduction, respectively. The 13 

diffraction pillars did not prove to be as efficient, with a 38% reduction in overtopping discharge for 14 

Rc/Hm0 < 1.3. Increases in the relative freeboard resulted in improved overtopping reduction performance 15 

of all the retrofitting structures. For the test cases with 1.3 < Rc/Hm0 < 3.0, the mean overtopping 16 

discharge reduction increased from 38% to 78% for the diffraction pillars and for other three retrofitting 17 

configuration, the overtopping discharge reduction increased up to 99%. For the cases with 3.0 < Rc/Hm0 18 

< 3.8, the reduction in mean overtopping discharge on all retrofitting structures became approximately 19 

constant (99% for recurve wall, 98% for reef breakwater, 88% for vegetation and 78% for diffraction 20 

pillars), and no overtopping events are observed for recurve wall when h* > 0.065. 21 

 22 

Besides the relative freeboard, wave impulsiveness is also a key parameter which can significantly affect 23 

the wave-structure interactions (Kisacik et al., 2012; Oumeraci et al., 1993; Ravindar et al., 2019), and 24 

influence the performance of retrofitting structures in mitigating mean overtopping discharge. The 25 

highlighted data in Fig. 18 (red dotted line), show the extreme low discharge reduction (of approximately 26 

20%) compared with measurements from other conditions with similar Rc/Hm0 (with approximately 80% 27 

reduction). Reviewing the wave conditions for the cases highlighted in Fig. 18 show that the wave 28 

impulsiveness for these highlighted cases are around 0.015, while the wave impulsiveness for other 29 

cases with similar Rc/Hm0 is approximately 0.03. Hence, the results indicate that low wave impulsiveness 30 

is the underlying reason for very small mean overtopping discharge mitigation from diffraction pillars 31 

(highlighted cases in Fig. 18).  32 

Fig. 19 highlights the combined influence of wave impulsiveness h* and relative freeboard Rc/Hm0 on 33 

the mean overtopping reduction γ on retrofitting structures. In general, the reduction (γ) in the mean 34 

overtopping discharge is directly influenced by h* Rc/Hm0. For the cases with 0.15< h* Rc/Hm0 <0.25, 35 

the data shows a constant reduction in mean overtopping discharge with the minimum of 82% on all 36 

tested retrofitting structures. When h*  Rc/Hm0 decreases and approaches towards zero, the γ sharply 37 
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reduces. Further analysis of data showed that for all h*  Rc/Hm0 conditions tested in this study, recurve 1 

wall is found to be the most effective retrofitting structures, while the diffraction pillars are the least 2 

efficient (5% reduction in mean overtopping) mainly for the test conditions with small freeboard and 3 

low wave impulsiveness (h* Rc/Hm0<0.05).   4 

The analysis of results discussed in Fig. 18 and 19 indicate that, the relative freeboard is the dominant 5 

factor in reducing mean overtopping discharge from retrofitting structures. For the cases with small 6 

relative freeboard, the wave impulsiveness plays a key role in determining the performance of 7 

retrofitting structure in mitigating wave overtopping discharge.  8 

Further analysis on structural height and water depth at the toe of the structures is undertaken to 9 

understand the influence of retrofitting’s structural dimensions on mitigating mean wave overtopping 10 

discharge. Fig. 20 illustrates the relationship between mean overtopping discharge reduction and 11 

dimensionless area of retrofitting structures. The cross-sectional area of retrofitting structures is non-12 

dimensonalised by cross sectional area of water body (width of the flume multiplies water depth at the 13 

toe of seawall). Fig. 20 only analyses the retrofits which were placed on the foreshore beach slope of 14 

the flume (excluding recurve wall). The results presented in Fig. 20 highlight that the overtopping 15 

reduction increases with dimensionless area and when the dimensionless area approaching zero, the 16 

overtopping reduction falls sharply. A significant deviation from the overall trend of data in Fig. 20 can 17 

be seen in one data point at Rc/Hm0=3.0, which can be attributed to high wave impulsiveness (h*<0.02) 18 

for this case. 19 

4.5 Prediction of overtopping discharges from retrofits 20 

Reliable predictive tools for understanding the performance of retrofitting structures are key for coastal 21 

engineers and planners, enabling assessment of safety level behind coastal defences. The laboratory 22 

measurements of overtopping discharges from the retrofitting prototypes tested within this study are 23 

adopted for deriving empirical-based predictive tools.  Previous research (described in §2) suggest, for 24 

cases with high relative freeboard, the mean overtopping discharge can be predicted as power law 25 

function of freeboard, while for those cases with small or zero freeboard, the overtopping can be 26 

estimated by exponential function of the freeboard (EurOtop 2018). Eq. 3 – 5 are recommended by 27 

EurOtop (2018) are the most widely used relations to evaluate the overtopping discharge as function of 28 

relative freeboard. In this project, Eq. 3 - 5 are adopted for two relative freeboard regimes of Rc/Hm0 < 29 

1.35 and Rc/Hm0 > 1.35, to fit overtopping discharge measurements from retrofitting structures tested 30 

within this study. 31 

The Hm0/h×sm-1,0, in EurOtop (2018) predictive formulae (Eq. 4 and 5), varies across cases due to 32 

different wave characteristics including 𝐻𝑚0  and Tm-1,0. To simplify empirical-based regression 33 

equations, this study adopts an average of tested  Hm0/h×sm-1,0 for each test configuration.  34 
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Statistical analysis was carried out to evaluate the performance of regression equations developed in this 1 

study. The root-mean-square error (RMSE) was calculated according to Eq. 18, to determine deviations 2 

of proposed regression equations from laboratory measurements.   3 

RMSE = √
∑ (log10 𝑦𝑖 − log10 𝑦�̂�)2
𝑛
𝑖=1

𝑛
  [18] 

where n is the total number of data points used for analysis, the subscript i is the number of data points, 4 

yi denotes the observation for ith data point and the �̂�𝑖 represents the predicted value for ith data point 5 

from regression equations. The measured mean overtopping discharges on the plain vertical seawall 6 

were compared with the prediction formulae from the EurOtop (2018), and an RMSE=0.60 was obtained.  7 

Further analysis of data recorded for the reef breakwater retrofit was conducted to find out the best 8 

empirical-based predictive relations for overtopping from both impulsive and non-impulsive wave 9 

conditions. The best-fit relations for impulsive wave conditions are described in Eq. 19, where two 10 

equations are suggested based on relative freeboard (
𝑅𝑐

𝐻𝑚0
): 11 

𝑞

√𝑔𝐻𝑚0
3

= 0.0055 × (
𝐻𝑚0

h𝑠 × 𝑆𝑚−1,0
) exp (−3.15

𝑅𝑐
𝐻𝑚0

)           for  
𝑅𝑐
𝐻𝑚0

< 1.35 

[19] 
𝑞

√𝑔𝐻𝑚0
3

= 0.0002 × (
𝐻𝑚0

h𝑠 × 𝑆𝑚−1,0
) (

𝑅𝑐
𝐻𝑚0

)
−3.1

                     for  
𝑅𝑐
𝐻𝑚0

> 1.35 

The statistical measures (RMSE = 0.524 and R2=0.86) show that the proposed predictive relations are 12 

in good agreement with the physical modelling measurements. 13 

The laboratory measurements for the case of diffraction pillar was employed for deriving empirical 14 

regression model. Eq. 20 presents the predictive relations for evaluating wave overtopping from 15 

diffraction pillar retrofit under impulsive conditions. The RSME (=0.25) and R2 (=0.80) shows that the 16 

formulae proposed in this study are capable of predicting wave overtopping with acceptable accuracy.  17 

𝑞

√𝑔𝐻𝑚0
3

= 0.01 × (
𝐻𝑚0

h𝑠 × 𝑆𝑚−1,0
)exp (−3

𝑅𝑐
𝐻𝑚0

)           for  
𝑅𝑐
𝐻𝑚0

< 1.35 

[20] 
𝑞

√𝑔𝐻𝑚0
3

= 0.00046 × (
𝐻𝑚0

h𝑠 × 𝑆𝑚−1,0
) (

𝑅𝑐
𝐻𝑚0

)
−3.23

          for  
𝑅𝑐
𝐻𝑚0

> 1.35 

 18 

Eq. 21 describe empirical-based predictive relations proposed for evaluating mean overtopping based 19 

on laboratory measurements on recurve wall. The statistical measures (RMSE=0.5, R2=0.78) show that 20 

the proposed relationship is in good agreement with the measurements.  21 

𝑞

√𝑔𝐻𝑚0
3

= 0.0016 × (
𝐻𝑚0

h𝑠 × 𝑆𝑚−1,0
) exp (−4.5

𝑅𝑐
𝐻𝑚0

)           for  
𝑅𝑐
𝐻𝑚0

< 1.35 
[21] 
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𝑞

√𝑔𝐻𝑚0
3

= 0.00011 × (
𝐻𝑚0

h𝑠 × 𝑆𝑚−1,0
) (

𝑅𝑐
𝐻𝑚0

)
−3.5

                    for  
𝑅𝑐
𝐻𝑚0

> 1.35 

 1 

Eq. 22 describes mean overtopping predictive relationship for the case of model vegetation retrofit with 2 

packing density of 75 stems/ 100m2. The RMSE for the proposed equations is 0.26 and the R2=0.70, 3 

which confirms Eq. 22 can evaluate overtopping discharge from vegetation retrofit when placed in front 4 

of a vertical seawall.  5 

𝑞

√𝑔𝐻𝑚0
3

= 0.0053 × (
𝐻𝑚0

h𝑠 × 𝑆𝑚−1,0
) exp (−3.5

𝑅𝑐
𝐻𝑚0

)           for  
𝑅𝑐
𝐻𝑚0

< 1.35 

[22] 
𝑞

√𝑔𝐻𝑚0
3

= 0.00011 × (
𝐻𝑚0

h𝑠 × 𝑆𝑚−1,0
) (

𝑅𝑐
𝐻𝑚0

)
−2.78

               for  
𝑅𝑐
𝐻𝑚0

> 1.35 

Fig. 21 compares the predictive relations derived for the four retrofitting prototypes tested in this study 6 

(Eq. 19 – 22) with the laboratory measurements (§4.1- §4.4). Fig. 21 illustrates that the proposed 7 

predictive formulae are capable of robust evaluation of overtopping discharge from the retrofitting 8 

structures tested in this study. Table. 2 summarises the statistical measures determined for the proposed 9 

predictive formulae. RMSE results show that proposed equations for retrofitting configurations are in 10 

well agreement with the measurements.  11 

The empirical-based predictive relations (Eq. 19 – 22) are derived from the physical modelling data 12 

using the well-established method of “best-fitting” of the laboratory measurements in accordance with 13 

the methodology proposed by EurOtop (2018). 14 

Ideally, the wave overtopping prediction formulae for retrofitting structures should include dimensional 15 

characteristics as predictive variables to allow engineers and designers have a better understanding of 16 

the impact of their retrofit design on the mean overtopping reductions. Given that our measurements in 17 

this study are mostly based on single-size prototypes, effects of different structural geometries 18 

(retrofitting structure type) are reflected in Eq. 19-22 by use of empirical coefficients. To incorporate 19 

structural dimensions as a variable in predictive relations, with high confidence, further studies with 20 

varying retrofitting dimensions are necessary. Furthermore, additional data for the cases of small to zero 21 

relative freeboard are required for additional validation of the proposed predictive relations. 22 

5. Discussions 23 

Coastal defences play vital roles in protecting coastal communities from extreme climatic events and 24 

provide resilience to flooding (Abolfathi et al., 2016). Given the climate change projections, sea-level-25 

rise will reduce the freeboard level of existing defences. Meanwhile, more frequent extreme weather 26 

condition in the future will increase the overtopping volume from seawalls, which could lead into 27 

catastrophic coastal flooding. Hence, it is necessary to enhance the resilience of existing coastal defences 28 
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with use of effective and sustainable approaches. Retrofitting of existing seawalls is a sustainable and 1 

effective method of improving climate and flood resilience of existing seawalls. 2 

This study investigated the performance of four types of retrofitting structures in reducing wave 3 

overtopping from a plain vertical seawall. Three retrofitting models including diffraction pillars, reef 4 

breakwater and vegetation were installed on the foreshore beach, and recurve wall was installed on the 5 

sea-ward crest of the seawall. The retrofitting structures were tested for both swell and storm wave 6 

conditions. Despite Kortenhaus et al. (2003) reported that recurve wall does not perform well under non-7 

impulsive conditions, the measurements from physical modelling tests show that recurve wall performs 8 

very effectively for both impulsive and non-impulsive wave conditions and return significant proportion 9 

of overtopping waves from the vertical seawall. The discrepancies between the data presented in this 10 

study and Kortenhaus et al. (2003) can be associated to the lower range of hr tested by Kortenhaus et al. 11 

(2003), as the recurve tested in their study was lower than the crest of seawall. Therefore, it can be 12 

interpreted that for Kortenhaus et al. (2003) experimental condition, the gap area under the recurve wall 13 

was quickly filled with incident waves, creating a region of high mean-sea-level in front of the seawall 14 

and facilitating number of overtopping events. However, in this study a higher range of hr was tested 15 

resulting in lower overtopping.  16 

 Overtopping measurements show that longer overhang length can provides larger reduction in the 17 

overtopping discharge. Furthermore, the measurements show that recurve wall have better performance 18 

for those conditions with higher wave steepness. The deviations are noticeable between the measured 19 

reduction in the mean overtopping discharge for recurve wall and those predicted from Kortenhaus et 20 

al. (2003) formulae. The existing predictions can be further enhanced by considering the effects of wave 21 

steepness in the equation proposed by Kortenhaus et al. (2003).  22 

The laboratory investigations for diffraction pillars and reef breakwater, which was placed on the 23 

foreshore of the seawall structure, show that performance of these retrofitting structures is a complex 24 

function of structural geometry, cross-sectional area, freeboard and impulsiveness of incident waves. It 25 

was shown that limited submergence depth can facilitate extreme overtopping events for reef 26 

breakwaters. The limited performance of reef breakwater for low submergence depth is due to sudden 27 

and local change in wave steepness and breaker type once the wave reaches the breakwater. The 28 

inefficiency of diffraction pillars in reducing mean wave overtopping discharge from the seawall can be 29 

associated with the limited cross-sectional area, structural geometry and the consequent hydrodynamic 30 

response of incident waves interacting with the diffraction pillars. Detailed analyses of physical 31 

modelling results confirm limited use and efficiency for diffraction pillars as a retrofitting option, 32 

highlighting the need for understanding the effects of geometrical shapes on wave-structure interactions. 33 

Vegetation is a low-cost sustainable retrofit which can enhance the resilience of existing coastal defences 34 

by providing buffer layers which dampen the turbulent energy of the incident waves and therefore 35 

mitigate overtopping. This paper investigated the impact of vegetation on foreshore of seawalls. The 36 

measurements for both impulsive and non-impulsive wave conditions show that packing density and 37 
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stiffness factor of vegetation are the key parameters determining how effective vegetation will perform 1 

in wave overtopping mitigation. Four packing densities were investigated in this study with the 2 

equivalent field-scale densities of 19, 75, 133 and 200 stems/100m2 to mimic the coastal wetland 3 

vegetation (100 – 600 stem/m2), coconut trees (14 – 26 stems/100m2) and dense mangroves (10 – 20 4 

stems/100m2). It was found that the vegetation with the lowest packing density (19 stems/100 m2) did 5 

not reduce the mean overtopping discharge significantly. The performance of vegetation becomes 6 

acceptable when the density was raised to 75 stems/100 m2, which was also found to be the most cost 7 

beneficial packing density. If using other types of vegetation with branches at lower level close to the 8 

sea floor, lower densities would be recommended.  9 

6. Conclusions  10 

This paper presents a comprehensive set of laboratory investigations to quantify and evaluate the 11 

performance of four coastal retrofit structures with distinct geometrical properties, when placed in front 12 

of a plain vertical seawall, under the influence of impulsive and non-impulsive wave conditions.  13 

The analysis of laboratory measurements shows that all proposed retrofitting structures are effective in 14 

mitigating both mean and wave by wave overtopping events. The recurve wall was proven to be the 15 

most efficient retrofitting approach, with 98% reduction in mean overtopping volumes. The reduction 16 

up to two order of magnitude is achieved in the mean overtopping discharge, even under non-impulsive 17 

wave conditions, demonstrating a strong performance of recurve wall in mitigating wave overtopping. 18 

Vegetation and reef breakwater also showed significant impact on mitigating overtopping volume, 19 

especially against extreme large overtopping events, with overtopping reduction over 48% and 30%, 20 

respectively. The laboratory measurements showed that diffraction pillars did not show significant 21 

efficiency in reducing wave overtopping from the seawall with 6% reduction in mean overtopping 22 

discharge. 23 

The parametric analyses of the physical modelling results showed the mitigating impacts of all 24 

retrofitting structures is influenced by the relative freeboard, wave characteristics and the geometric size 25 

of the retrofits. The wave overtopping measurements for all tested retrofitting structures show more 26 

effective performance of retrofitting with higher relative freeboard Rc/Hm0 resulting in lower 27 

overtopping rate. In addition, the wave characteristics and the geometric size of the retrofits also 28 

influence the overtopping reduction from retrofitting structures. For the cases with Rc/Hm0<2.5, the 29 

increase in wave impulsiveness (h*) and cross-sectional area of retrofitting structures led into greater 30 

reduction in the mean overtopping discharges.  31 

The effectiveness of model vegetation retrofit is also significantly affected by its pecking density. As 32 

packing density increases from 19 stems/ 100m2 to 200 stems/ 100m2, the reduction in all performance 33 

indicators increases sharply (e.g., the mean overtopping discharges, maximum overtopping volumes). 34 

The measurements show reduction in both mean and maximum overtopping discharges, increases up to 35 

five folds as packing density increases. 36 
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For the wave overtopping from retrofitting configurations, this study highlights: i) recurve retrofit is a 1 

very effective in reducing the overtopping volume under both impulsive and non-impulsive wave 2 

conditions. ii) the relative freeboard and overtopping rate are key parameters determining the 3 

performance of retrofitting structures. iii) effectiveness of vegetation as a retrofitting solution for 4 

mitigating wave overtopping is highly dependent on packing density. 5 

The laboratory data was also employed to postulate a robust predictive framework for evaluating the 6 

overtopping discharge from vertical seawall with additional retrofitting structures. Four empirical-based 7 

predictive relations (Eq. 19 - 22) are proposed as a function of geometrical shape, structural 8 

configuration and incident wave hydrodynamics, for the retrofitting prototypes tested within this study. 9 

Performance of the proposed formulae are evaluated with use of statistical measures. The statistical 10 

indexes and comparison of predictive formulae to measured data (Fig.21) confirmed that predictive 11 

relations proposed in this study can evaluate the mean overtopping discharge from a vertical seawall 12 

with retrofitting robustly with use of appropriate reduction factor based on geometrical shape of the 13 

retrofitting structures.  14 
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Notation  1 

𝑎, 𝑏 = coefficients or exponents in formulae [‐]   2 

𝐵𝑟= overhang length of recurve wall [m]  3 

𝑐 = shape factor in the Weibull distribution [‐]   4 

𝑔 = acceleration due to gravity (= 9,81)  [m/s²]   5 

𝛤 =gamma function, [=1/Exp(GAMMALN(1+1/b))] 6 

𝐻𝑚0 = estimate of significant wave height from spectral analysis = 4√𝑚0  [m]  7 

𝐻s = significant wave height defined as highest one third of wave heights, 𝐻s = 𝐻1/3 [m]   8 

𝐻1/3 = average of highest third of wave heights [m]   9 

ℎ𝑠 = water depth at (in front of) toe of structure [m]  10 

ℎ∗= discriminator between non‐impulsive and impulsive wave overtopping, ℎ∗ =
ℎ

𝐻𝑚0

ℎ

𝐿𝑚−1,0
 [-]  11 

ℎ𝑟= height of recurve wall [m] 12 

𝑘23= minimum k-factor of recurve wall, which is set to 0.20 [-] 13 

𝐿𝑚−1,0 = deep water wave length based on Tm-1,0. Lm-1,0=gT2m-1,0 /2π [m] 14 

𝐿0 = deep water wave length based on Tm. L0 =gT2/2π 15 

𝑁𝑜𝑤 = number of overtopping waves [‐]   16 

𝑁𝑤  = number of incident waves [‐]   17 

𝑃𝑐  = distance from bottom of recurve to still water level (SWL) [m] 18 

𝑃𝑜𝑣= Proportion of overtopping waves. Calculated with 𝑁𝑜𝑤/𝑁𝑤  19 

𝑞 = mean overtopping discharge per meter structure width [m3/m/s] 20 

𝑅𝑐 = crest freeboard of structure [m]   21 

𝑠𝑚−1,0= wave steepness with  𝐿𝑚−1,0 , based on 𝑇𝑚−1,0 . 𝑠𝑚−1,0=𝐻𝑚0/𝐿𝑚−1,0  = 2π𝐻𝑚0/(𝑔𝑇𝑚−1,0
2) 22 

[‐]   23 

𝑇𝑚 = average wave period from time‐domain analysis [s]   24 

𝑇𝑚−1,0 = spectral period defined by m‐1/m0 [s]   25 

𝑉𝑚𝑎𝑥= maximum individual overtopping discharge per structure width [m3/m] 26 

  27 
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Table 1. Nominal wave conditions used for the physical tests (1:50 scale) 5 

Vertical seawall condition 

Water depth (m) 0.07 0.1 0.13 0.07 0.1 0.25 

Relative freeboard 0.75 - 2.5 2.8 - 3.9 

Input wave period (s) 1.21-1.65 1.16-1.65 

Significant wave height (m) 0.075 - 0.140 0.047 - 0.078 
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 11 

Table 2. RMSE values of regression equations fitted based on tested retrofitting structures. 12 

RMSE 

 Rc/Hm0<1.35 Rc/Hm0>1.35 All tested conditions 

Reef Breakwater 0.239 0.580 0.527 

Diffraction Pillars 0.205 0.186 0.190 

Recurve Wall 0.488 0.504 0.500 

Vegetation 0.234 0.252 0.248 
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Figure 1. Schematic of experimental setup for the vertical wall (base case) 9 
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 10 

Figure 2. Experimental setup for retrofit solutions, (a) Cross-section of the reef breakwater (b) Cross-section of the recurve 11 
wall (c) Cross-section of the diffraction pillars [0.095m width, 0.07m between per pillar] (d) Cross-section of the vegetation 12 
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 5 

 6 

Figure 3.a Validation of individual wave height with Rayleigh distribution, Test condition: hs=0.07m, Tp=1.50s, relative  7 
freeboard=2.37, Hs=0.076m 8 

 9 

Figure 3.b Validation of individual wave height with Rayleigh distribution, Test condition: hs=0.10m, Tp=1.25s, relative  10 
freeboard=1.69, Hs=0.089m 11 
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 1 

Figure 4.a Comparisons between individual overtopping volume distribution and Weibull distribution, Test with hs =0.07m, 2 
Tp=1.50s 3 

 4 

Figure 4.b Comparisons between individual overtopping volume distribution and Weibull distribution, Test with hs=0.10m, 5 
Tp=1.25s 6 
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Figure 5. Mean overtopping discharge from the plain vertical wall. 11 
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Figure 6. Mean overtopping discharge on vertical wall with retrofit solutions (impulsive conditions) 11 
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Figure 7. Mean overtopping discharge on vertical wall with retrofit cases  10 
and comparison to EurOtop (2018) for non-impulsive conditions 11 
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Figure 8. Proportion of overtopping waves from vertical seawalls with retrofit solutions  11 
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Figure 9. Maximum individual overtopping volumes of retrofit structures compared with existing empirical predictions 9 
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Figure 10. Schematic of four tested packing densities of vegetation (top view) 11 
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Figure 11. Effects of the packing density of the vegetation on the mean overtopping discharge  9 
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Figure 12. Relationship between reduction γ% in mean overtopping discharge and packing density of vegetation.  13 
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Figure 13. Relationship between reduction γ% in mean overtopping discharge and dimensionless freeboard  12 
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Figure 14. Maximum individual discharge form reference case and four tested vegetation configurations 8 
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Figure 15. Mean overtopping discharges on plain vertical seawall and the recurve wall (impulsive conditions). 6 
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Figure 16. Mean overtopping discharges on plain vertical seawall and the recurve wall for the non-impulsive conditions and 6 
comparison with EurOtop (2018) 7 
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Figure 17. Comparisons between measured and predicted mean overtopping discharges on recurve wall 8 
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Figure 18. Measured reduction in mean overtopping discharge for all four retrofits  7 
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Figure 19. Combined influence of ℎ∗ and Rc/Hm0 to the reduction of mean overtopping discharge 6 
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Figure 20. Relationship between reductions in mean overtopping discharge and dimensionless area of retrofits.  10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0.0 2.0 4.0 6.0 8.0

γ=
q

re
d

u
ct

io
n
/q

b
as

ec
as

e

Aretrofit Aseawall/Awaterbody
2

Reef Breakwater

Diffraction Pillars

ℎ∗<0.02



47 

 

 1 

 2 

 3 

 4 
Figure 21. Modified regression equations based on EurOtop (2018) for the impulsive mean overtopping discharges from 5 

retrofitting configurations  6 
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