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Although retrofitted (or not) superstructures like wave recurves are often used to deflect the 

incoming wave energy and reduce overtopping, knowledge on the pressures and the loads 

induced on them is scarce. Large scale hydraulic model tests on wave recurves with variable 

geometries are reported here. A newly introduced approach to map breaking wave induced 

pressures is employed along with pressure transducers and load cells. In addition, the velocity 

and thickness of the water jets formed by waves breaking on the vertical seawall is extracted 

from video records of a high speed camera. For three different seawards extends of the recurve 

tested (Br=0.2m, Br=0.4m and Br=0.61m), the preliminary results presented indicate that when 

moving from the smallest to the medium Br loads increase significantly but remain relatively 

unaffected when passing from the medium to the large wave recurve. The magnitude of the 

loads also increases with offshore wave steepness, while a strong variability of the spatial 

distribution of pressures at the underside of the parapet was observed even for breaking waves 

with the same incoming conditions.  

 
1. INTRODUCTION 

Contemporary design guidelines for seawalls often propose the use of a seaward overhanging part at 

the top of the structure in order to reduce overtopping without further increasing the height of the 

seawall. Based on their shape and orientation to the vertical wall such superstructures are 

distinguished to either parapets or wave recurves/bullnoses. Parapets are seawards protruding flat-

shaped elements (e.g. concrete slabs) forming an angle with the vertical seawall equal to or slightly 

larger than 90
o
.Wave recurves/bullnoses are curved shaped parapets aiming to provide a smoother 

deflection angle for the up-rushing waves. 

So far a number of studies have investigate the performance of such superstructures on reducing 

overtopping and both predictors and decision charts are currently available. Nevertheless, works 

looking at loads and pressures induced by the wave action are scarce and they mainly refer to specific 

case studies such as piers or parapets built to operate as promenades. 

Recent large scale experimental work has given emphasis on the study of wave induced loads and 

pressures at the underside of wave recurves with variable geometry. This paper describes the 

experimental work undertaken and presents preliminary results of the ongoing analysis. The main 

body of the analysis was split into three subgroups looking at 1. the distribution of pressures (UCL and 

IH Cantabria) and , 2. the loads on the structure (UCL and University of Patras) and 3. the 

characteristics of the water jets formed by the waves breaking on the vertical wall (UCL, JRC, FZK 

Hanover). Following a brief literature review in section 2, the experiments are described in section 3 

and preliminary results are presented in section 4. Section 5 summarises the ongoing work and 

analysis.  
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2. LITERATURE REVIEW 

Numerous studies have looked at the overtopping performance of seawalls and breakwaters with 

parapets/ wave recurves, e.g. Owen and Steele (1991). More recently, hydraulic model test results on 

the overtopping performance of parapet and recurve walls have been presented in Kortenhaus et al. 

(2001), Kortenhaus et al. (2003), Van der Meer et al. (2002) and Pearson et al. (2004). The knowledge 

produced from all previous studies was summarised in EUROTOP (2007), where overtopping 

predictors and decision charts were presented. As a general rule of thumb, the effectiveness of a 

recurve/parapet seawall on reducing overtopping increases with the ratio of the crest freeboard (Rc) to 

the incoming wave height (Hi) and maximises for Rc/Hi≥1.5, Kortenhaus et al. (2003).  

With respect to wave induced loads, Kortenhaus et al. (2001) suggested that the presence of a parapet 

results in an increase on the overall wave loads on vertical harbour walls by factors of 1.7 and 2.0 for 

non-breaking and breaking waves respectively. Later, Kortenhaus et al. (2003) re-analysed the data set 

of Kortenhaus et al. (2001) and concluded that most of the cases considered referred to quasi-static / 

pulsating conditions. Under such conditions, the unbroken wave crest runs-up the vertical seawall 

interacts with the parapet / recurve and part of the water mass is redirected seawards, part of it 

overtops the structure and part is reflected.  

When the incoming wave breaks on the seawall a water jet is formed, shoots upwards at a very high 

speed and its trajectory is altered by the superstructure. Previously, Rouville et al. (1938), Bruce et al. 

(2002) and Wolters et al. (2005) reported field and large scale measurements of water jet velocities up 

to 13vc; where vc is the shallow water velocity. As such, the introduction of impulsive conditions at the 

superstructure as reported in the numerical work of Wood and Peregrine (1996) and the experimental 

works of e.g. Pearson et al. (2004) and Kisacik et al. (2012) comes as no surprise. In closer relation to 

the present work, Pearson et al. (2004) calculated loads from pressure measurements conducted at the 

underside of model parapets and reported highly impulsive horizontal loads which increased in 

magnitude with the seaward extent of the parapet. 

Overall, increased awareness exists about the overtopping performance of seawalls with parapets/ 

wave recurves and some on the loads acting on them. Nonetheless, very little is known about the 

distribution of impact pressures at the underside of wave recurves and further knowledge on the 

relation between wave induced loads and the recurve geometry is required. In addition, the 

simultaneous measurements of the up-rushing jets velocity and thickness in conjunction with the load 

and pressure distribution measurements is expected to aid on increasing knowledge on the interaction 

of wave recurves with breaking waves.    

 

3. METHODS 

3.1.  THE EXPERIMENTAL ARRANGEMENT 

All tests were conducted in the Large Wave Flume (GWK), Hannover, Germany. The flume measures 

307m in length, 7m in depth and 5m in width and is equipped with a piston type wave-maker. The 

wave-maker is controlled by an active wave absorption system which minimises the effect of re-

reflection in long simulations. 

A vertical wall was placed 243m from the wave-maker. The wall formed from steel frames embedded 

in the flume side walls and 30mm thick Perspex sheets. The steel wave recurve was positioned on top 

of the seawall and was also embedded in the side walls of the flume. A steel cross frame was used to 

bolt both structures in place and prevent vertical motion,  

Figure 1.  

In total, three different recurve geometries were investigated, namely small, medium and large. The 

main parameter altered was the seaward length of the recurve (Br) allowing for a range of deflection 

angles to be tested: 

 Small:      Br=0.20m, hr=0.45m and α=48
o
 

 Medium: Br=0.40m, hr=0.57m and α=70
o
 

 Large:      Br=0.61m, hr=0.61m and α=90
o
 

An 1:10 slope was constructed in front of the wall using a combination of sand with a geotextile cover 

and concrete blocks. The concrete blocks were selected for the area near the toe of the seawall where 

the most violent flows were expected to occur. This arrangement had been previously used 

successfully in experiments with waves breaking on a seadike.  
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The numerical model, IH2VOF, Lara et al. (2008), Losada et al. (2008), was used as a predesign tool, 

to assess the ranges of wave height and period for which non-breaking, breaking or broken waves 

reached the structure. IH2VOF solves the Reynolds-Averaged Navier-Stokes (RANS) equations in 

2D, using a finite differences scheme, tracking the free surface elevation with the Volume of Fluid 

(VOF) technique. The model can obtain accurate velocity and pressure profiles along the water 

column. Its most relevant capabilities include calculation of stability (pressure distribution, forces and 

moments) and functionality (reflection, overtopping) of structures subjected to waves. A broad range 

of wave heights, periods and water depths were tested in order to decide the most relevant tests to 

perform physically. In Figure 2, four different simulations are shown at the same instant. Wave height 

increases from top to bottom, while period and water depth are kept constant. It is noteworthy that the 

smallest wave height yields a condition of breaking onto the structure. The rest of them arrive already 

broken at the structure, but with a different shape, depending on the breaking point. The second panel 

wave is just breaking close to the structure, while the bottom one is long broken and almost dissipated. 

Initially, experiments with a deep water depth of 4.3m (1m at the wall) and wave heights between 1m 

and 1.2m were planned but a series of preliminary tests clearly indicated that loads on both the wall 

and the recurve were too high and thus the experimental plan was redesigned for a water depth of 

4.1m and wave heights ranging from 0.5m to 0.7m. These new parameters entailed Rc/H ratios larger 

than 1.5 and thus an optimum  

 

 
 

 

Figure 1: On the left, the small wave recurve model before placing on the vertical wall; the mounting 

holes and sections for the extensions (to medium and large recurve) can also be seen. On the right, the 

large wave recurve model placed on top of the wall. 

anti-overtopping performance, Kortenhaus et al (2003).Testing conditions for regular waves are 

summarised in Table 1. Irregular wave tests were also conducted however they are omitted from this 

paper as only preliminary results from regular wave tests are presented here.     

For all regular wave tests more than 100 waves were employed in order to compensate for the spurious 

long wave generation. The analysis of preliminary tests with more than 700 waves showed that the 

spurious long waves affect approximately the first 50waves before they are re-reflected and absorbed 

by the wave-maker.  
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Table 1: Wave conditions for tests with regular waves 

 

Description Wave type Number of waves 

H1_T4_d4.3_BrS 

Regular >150 

H1_T4_d4.3_BrS 

H1_T6_d4.3_BrS 

H1_T8_d4.3_BrS 

H0.6_T4.5_d4.3_BrS 

H0.8_T6_d4.3_BrS 

H0.8_T8_d4.3_BrS 

H06_T6_d4.1_BrS 

Regular >150 H07_T6_d4.1_BrS 

H05_T6_d4.1_BrS 

H05_T8_d4.1_BrS 

Regular >150 

H06_T4_d4.1_BrS 

H06_T8_d4.1_BrS 

H06_T10_d4.1_BrS 

H07_T4_d4.1_BrS 

H07_T8_d4.1_BrS 

H08_T8_d4.1_BrS 

H05_T6_d4.1_BrS 

H05_T8_d4.1_BrS 

H06_T4_d4.1_BrS 

Figure 2: Four different wave conditions interacting with the beach and end wall. 
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H06_T6_d4.1_BrS 

H06_T8_d4.1_BrS 

H08_T8_d4.1_BrS 

H07_T4_d4.1_BrS 
Regular >150 

H07_T8_d4.1_BrS 

H0.5_T8_d4.1_BrM 

Regular >150 

H0.7_T4_d4.1_BrM 

H0.6_T8_d4.1_BrM 

H0.6_T6_d4.1_BrM 

H0.7_T8_d4.1_BrM 

H0.7_T6_d4.1_BrM 

H07_T4_d4.1_BrL 

Regular >150 H06_T6_d4.1_BrL 

H07_T6_d4.1_BrL 

H0.5_T8_d4.1_BrL 

Regular >150 H0.7_T8_d4.1_BrL 

H0.6_T8_d4.1_BrL 

 

3.2.  THE MEASURING EQUIPMENT 

For the current work, 35 channels were recorded simultaneously by the same data acquisition system: 

 12  wave  gauges  positioned  between  the  wavemaker  and  the  structure;  sampled  at 

100Hz   

 2  wave  gauges  positioned  on  the  wave-paddle  and  3.65m  in  front  of  it;  sampled  at 

100Hz   

 8 pressure transducers placed on the underside of the parapet; 4 transducers were fitted  on  the  

small  parapet,  6  on  the  medium  and  8  on  the  large  parapet.  All transducers were 

sampled at 5kHz  

 8 pressure transducers fixed on the vertical wall; sampled at 5kHz  

 4 load cells placed within the overtopping container  

 the time series of the location of the paddle (stroke): sampled at 100Hz   

In addition to the above, a laptop was used to trigger and record the data acquired by the Tekscan 

pressure mapping system. The latter system, as employed here, utilises a pressure sensor (model 

number 5315) with dimensions 0.49x0.43m and record pressures applied over 2016 sensing points 

with a maximum sampling rate of 670Hz per sensing point. Each sensing point covers an area of 1cm
2
 

and the total thickness of the sensor is 0.33mm. Due to its large size the sensor was used only for the 

medium and large recurve and it was rigidly fixed to follow the shape of the structure,  

Figure 1 (image on the right); as the sensor is not waterproof it was covered with a high-performance 

foil and a vacuum was employed in-between the sensor and the foil in order to re-assure that pressure 

measurements would not be contaminated by the presence of air. The pressure mapping system used 

here is a newly introduced technology in the field of coastal engineering, see e.g. Stagonas et al 

(2012), Ramachandran et al. (2013). 

Finally a high speed camera (300fps) was mounted on the sidewall of the flume in order to record the 

breaking wave induced water jets.   

 
4. PRELIMINARY RESULTS 

4.1 PRESSURE DISTRIBUTION AT THE UNDERSIDE OF THE WAVE RECURVE 

Wave induced pressures at the underside of the parapet were measured with pressure transducers but 

they were also mapped using the pressure mapping system described in section 3.2. Figure 3, 

illustrates a indicative record of the temporal and spatial evolution of the pressures induced by a 

breaking wave with H=0.6m and T=8sec. The distribution of pressures is presented as a colour plot in 
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the upper subplot of each image along with the representative time in sec while the time history of the 

total force, calculated as the summary of the force measured by each sensel, can be seen in the lower 

subplot; the temporal location of each pressure map with respect to the total force time history is 

shown by the red dot in the total force time history plot.  

 
 

Figure 3: From the top left to the right and downwards, colour plots of the pressure distribution and 

its evolution at the underside of the wave recurve. The time history of the force estimated as the sum 

of the forces recorded at each measuring point. 

In Figure 4, the peak pressures recorded by each sensel during a single event are plotted against the 

non-dimensional ratios of the seawards extension of the recurve (x) over the distance from MWL (y) 

and the cross-sectional distance (z) over y. Images for three different events for the same regular wave 

conditions (H=0.6m and T=8sec) are presented, starting on the left with the event describe in Figure 3. 

Figure 4, clearly illustrates the distribution of peak pressures can vary significantly even for breaking 

waves with, theoretically, the same characteristics. 
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4.2 BREAKING WAVE INDUCED WATER JETS 

The high-speed camera records were used to acquire non-intrusive measurements of the jet position 

and velocity along the seawall. Simultaneous thickness measurements were acquired using three 

15mm thick blades installed at the top end of the vertical wall and on the underside of the parapet, 

Figure 5. The jet up-rush position is monitored by sampling pixel intensities along vertical transects on 

the wall, Figure 5b, and instantaneous pixel intensity vectors are tiled vertically to generate time- 

 
 

Figure 4: Non-dimensional plots of the peak pressures recorded at each measuring point of each 

event; three different events are presented for breaking waves with the same incoming wave 

conditions (H=0.6m, T=8sec) 

stack images, Figure 5c-g, an approach used extensively for wave run up measurements. The jet 

velocity is derived from the time history of the jet’s tip position; black line in Figure 5 e-g, whilst the 

thickness of the jet is estimated as a function of the length of the exposed to air part of the blade. The 

principle of the analysis is described in Vousdoukas et al. (2012) and in more detail for the specific 

experiments in Shiravani et al. (2014); the full measurement error after both coordinate 

transformations and feature detection was always below 0.5cm with an average value of 0.33cm. Fig.1 

presents an indicative output of the methodology.       

Figure 6, plots the velocities calculated for the vertical wall at the three transects, for 70 breaking 

waves with H=0.6m and T=8sec. Velocities are plotted in m/s and significant scatter is observed both 

along the wall but also for the same location, in-between subsequent events.  

 

4.3 BREAKING WAVE INDUCED LOADS 

Figure 7, presents the loads measured for the wave conditions resulting in breaking and broken waves 

(H=0.6-07 and T=6-8sec), plotted over Br. It can be seen that the smaller wave recurve is subject to 

reduced loads compared to the other two geometries tested, while no significant difference is observed 

between the medium and the larger wave recurve. With regards to the incoming wave conditions, 

shorter waves (T=6sec) appear to result in higher loads, which increase overall with the incoming 

wave steepness, Figure 8. Shorter waves (T=6sec compared to T=8sec) break at or near MWL on the 

vertical wall and thus form high velocity water jets at a shorter distance from the wave recurve.  
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Figure 5: Seawall with parapet in GWK (a,b); (a) blades mounted on the parapet to monitor the 

thickness of the jet (c,d); (b) transects on the wall and (e,f,g) time-stack images for the three transects 

(image after Shiravani et al. (2014)). 

 

 
 
Figure 6: Plots of the up-rushing water jet velocities (m/s) for three different locations on the vertical 

wall (see also Figure 5). 

 

 

c. 

d. 

e. 
a. 

b. 

f. g. 
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Figure 7: Forces plotted over Br for T=6sec (upper subplot) and T=8sec (lower subplot); magenda, 

black and blue markers correspond to H=0.6m for all three Br tested respectively, while yellow, green 

and red markers correspond to H=0.6m for all three Br tested respectively. 

 
 

Figure 8: The highest peak forces measured for all wave conditions resulting in breaking and broken 

waves plotted over the offshore wave steepness. 

5. SUMMARY 

Preliminary results from large scale experiments measuring breaking wave induced pressures and 

loads on wave recurves are reported here. Three different wave recurve geometries were tested for a 

variety of incoming wave conditions leading to non-breaking/nearly breaking, breaking and broken 

waves. The most important indications of the preliminary results presented are: 

 Wave induced loads increase initially with the distance of the seawards edge of the 

superstructure from the vertical wall (from Br=0.2m to Br=0.4m) but a further increase on the 

distance does not result in a significant increase on loads.  

 Wave induced loads increase with the offshore wave steepness 

 Incoming wave conditions causing waves to break at the seawall result in increased loads 

 The spatial distribution of breaking wave induced pressures may vary significantly between 

breaking events induced by the same incoming wave conditions.  
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