
 
 

J. Mar. Sci. Eng. 2020, 8, x; doi: FOR PEER REVIEW www.mdpi.com/journal/jmse 

Article 1 

Reduction of wave overtopping and force impact at 2 

harbor quays due to very oblique waves  3 

Sebastian Dan1,*, Corrado Altomare1,2, Tomohiro Suzuki1,3, Tim Spiesschaert1, Toon Verwaest1 4 

1 Flanders Hydraulics Research, Berchemlei 115, 2140 Antwerp, Belgium; 5 
sebastian.dan@mow.vlaanderen.be, tomohiro.suzuki@mow.vlaanderen.be; 6 
tim.spiesschaert@mow.vlaanderen.be; toon.verwaest@mow.vlaanderen.be 7 

2 Universitat Politecnica de Catalunya – BarcelonaTech (UPC), 08034 Barcelona, Spain; 8 
corrado.altomare@upc.edu      9 

3 Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628, CN Delft, 10 
the Netherlands 11 

* Correspondence: sebastian.dan@mow.vlaanderen.be 12 

Received: date; Accepted: date; Published: date 13 

Abstract: Physical model experiments have been conducted in a wave tank at Flanders Hydraulics 14 

Research, Antwerp to characterize the wave overtopping and impact force on vertical quay walls and 15 

sloping sea dike (1:2.5) under very oblique wave attack (angle between 45° and 80°). This study was 16 

triggered by the scarce scientific literature on the overtopping and force reduction due to very oblique 17 

waves since large reduction is expected for both when compared with the perpendicular wave attack. 18 

The study aimed to compare the results from the experimental tests with formulas derived from 19 

previous experiments and applicable to a Belgian harbors generic case. The influence of storm return 20 

walls and crest berm width on top of the dikes has been analyzed in combination with the wave 21 

obliqueness. The results indicate significant reduction of the overtopping due to very oblique waves 22 

and new reduction coefficients have been proposed. When compared with formulas from previous 23 

studies [1] indicate the best fit for the overtopping reduction. Position of the storm return wall respect 24 

to the quay edge rather than its height was found to be more important for preventing wave induced 25 

overtopping.  The force reduction is up to approximately 50% for the oblique waves with respect to 26 

the perpendicular wave impact and reduction coefficients were proposed for two different 27 

configurations a sea dike and vertical quay wall, respectively.  28 

Keywords: Overtopping reduction, force reduction, oblique waves, storm return wall, EurOtop 29 

manual. 30 
 31 

1. Introduction 32 

Densely populated coastal zones with very low freeboards are common worldwide (e.g. 33 
Belgium, The Netherlands, Vietnam). Often the flood protection is provided in these zone by the 34 
sandy beaches, but when it is insufficient or in the case of harbors the most common solution is the 35 
storm walls construction. A storm wall is located on top of the crest of a quay or a dike at a certain 36 
distance from the seaward edge of the crest, providing additional protection against the overtopping 37 
waves. During each overtopping event, the waves runup in form of a bore along its crests before 38 
reaching the wall. Usually, this flow is turbulent and its velocity is decreased along the crest width. 39 
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Consequently, the distance between the edge of the structure and the storm wall is important because 40 
it characterizes the wave impact on the storm wall and overtopping over the storm wall.  41 

Typically, the waves’ angle is assumed to be perpendicular or at an angle lower than 45° with 42 
respect to the quay’s normal. However, when the harbor opening is orientated against the main wave 43 
direction very oblique waves can approach some of the harbor quays and dikes. There are several 44 
formulas proposed for the overtopping computation under oblique wave attack. One of the most 45 
widely used is the European Overtopping Manual [2,3] which provides validated formulas to 46 
calculate the overtopping discharge for classical configurations (wave angles smaller than 45°). The 47 
overtopping is maximum for the perpendicular wave attack on a storm return wall, but for larger 48 
wave angles a reduction factor is applied to account for the overtopping discharge decrease. 49 
However, the EurOtop formula suggests to keep the obliqueness reduction factor constant for vertical 50 
structures and wave angles larger than 45°. Obviously, the overtopping discharge reduces with the 51 
increasing wave angle with respect to the structure normal, but the reduction for very large wave 52 
angles has not been fully investigated yet. A similar situation is for the case of the impact force 53 
reduction due to the large wave angle, but studies comprehensively analyzing this reduction are not 54 
currently available.   55 

The mean wave overtopping is mainly a function of the relative freeboard and the relationship 56 
between the overtopping discharge and the freeboard is expressed through, in most of the cases, an 57 
exponential formula. Several reduction coefficients are used to account for effects induced by the 58 
presence of a berm, a storm return wall, the surface roughness and the wave obliqueness.  59 

To investigate the overtopping reduction and impact force reduction for oblique waves a 60 
physical model was set-up at Flanders Hydraulics Research in Antwerp, Belgium. The present study 61 
has three main objectives. Firstly, to investigate overtopping induced by very oblique waves at quay 62 
harbors and to propose reliable reduction coefficients for the overtopping calculation. Secondly, to 63 
identify the influence on overtopping of a storm return wall placed on the quay at different positions 64 
and having variable heights. Thirdly, to evaluate the impact force reduction due wave obliqueness.  65 

2. Overtopping and force reduction 66 

2.1 Vertical quay 67 

A series of formulations describe the overtopping reduction with the large incident wave angle. 68 
Most used are presented in [2], but significant contributions are given also in the studies of de [1,4,5]. 69 
The overtopping reduction due to very obliques wave angles is usually limited to angles of 45° and 70 
for larger wave angles a constant value is proposed.   71 

The most used approach is based on the equations and reduction factors as contained in the 72 
European Overtopping Manual [2] for non-impulsive conditions: 73 

q

√gHm0
3

= 0.04exp (−2.6
Rc

Hm0γβ
)                                                   (1) 74 

where q is the overtopping discharge per meter of width of the structure [m3/s/m], Hm0 is the 75 
significant incident wave height, measured at the toe of the structure [m], Rc is the crest freeboard 76 
[m], γβ is the reduction coefficient that considers the effects of the obliqueness [-].  77 

The coefficient γβ is expressed in EurOtop as: 78 

    𝛾𝛽 = 1 − 0.0062|𝛽|                       for: 0°≤β≤45°                       (2) 79 

For wave angles larger than 45° a constant value of 0.72 is proposed in EurOtop [2].  80 
The formulations contained in the EurOtop manual [2] assume that different regimes of non-81 

breaking, impulsive breaking and broken waves may produce differences in the overtopping. 82 
Although the wave loadings on vertical walls by individual waves are certainly affected by the wave 83 
regime, it is not clear that the overtopping is affected in the same way. The overtopping discharge is 84 
a mean value where many non-breaking, breaking and broken waves can contribute in the same 85 
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wave train. Therefore Goda [1] proposed an equation for both non-impulsive and impulsive wave 86 
conditions:  87 

q

√gHm0
3

=  exp [− (A + B
Rc

Hm0

1

γfγβ
∗ )]                                      (3) 88 

The constants A and B can be estimated by: 89 

                                                                    90 
(4) 91 

 92 
 93 

 94 
where ht is the water depth at the toe of the dike and Hs,toe is the incident wave height at the toe 95 

of the dike. The coefficients b1, c1, b2, c2 depend on the foreshore slope as summarized in Table 1. 96 

Table 1. Optimum coefficient values of empirical formulas for intercept A and gradient coefficient B 97 
(Goda, 2009). 98 

Seabed slope Coefficient A Coefficient B 

tanθ A0 b1 c2 B0 b2 c2 

1/10 3.6 1.4 0.1 2.3 0.6 0.8 

1/20 – 1/1000 3.6 1.0 0.6 2.3 0.8 0.6 

 99 
The coefficients 𝐴0 and 𝐵0 are calculated in function of the dike slope, 𝑐𝑜𝑡 𝛼𝑠, and their value 100 

rages between 0 and 7. The expression for the reduction factor for wave obliqueness has been 101 
estimated by Goda [1] as:  102 

 γβ = 1 − 0.0096|β| + 0.000054β² for 0°≤β≤80°                          (5) 103 

2.2 Sloping dike 104 

Several studies investigate the reduction in overtopping due to oblique waves [6,7], but two 105 
formulas from literature have been considered due to the similarity with the tests from the present 106 
study: EurOtop [2] (6) for non-breaking waves and van der Meer and Bruce [8] (8) which is an 107 
adaptation of the EurOtop formula. 108 

q

√gHm0
3

= 0.2exp (−2.6
Rc

Hm0γfγβ
)                                             (6) 109 

in which the coefficient  γβ is expressed as: 110 

    γβ = 1 − 0.0033|β|      for:        0°≤β≤80°                  (7)                                                 111 

For wave angles larger than 80° a constant value of 0.736 is proposed.  112 
The formula given by van der Meer and Bruce [8]: 113 

q

√gHm0
3

= 0.09exp (−1.5
Rc

Hm0γfγβ
)

1.3

                                             (8) 114 

in which γβ is identical as in (7) 115 
In all the cases γf has been assumed equal to 1 (smooth slope). Van Doorslaer et al. [9]) propose 116 

a reduction factor γprom_v to take into account the presence of a storm return wall on the top of the dike. 117 
This coefficient considers both the effect of the wall height and position. The values of γprom_v are 118 
calculated for each case based on the approach described in Van Doorslaer et al. [9].  119 

q

√gHm0
3

= 0.2 exp (−2.3
Rc

Hm0

1

γfγβγprom_v
)                                     (9) 120 

γprom_v = 0.87γpromγv                                  (10) 121 
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where 𝛾𝑝𝑟𝑜𝑚 and 𝛾𝑣 are the individual reduction factors to consider the effects respectively of the 122 

promenade and of the storm wall. The promenade reduction factor  𝛾𝑝𝑟𝑜𝑚 is expressed as: 123 

γprom = 1 − 0.47 B Lm−1,0⁄                                                    (11) 124 

where B is the width of the promenade and Lm-1,0 is the spectral wave length calculated using the 125 
spectral period in deep waters Tm-1,0 =m-1/m0.  126 

The reduction factor 𝛾𝑣 for the presence of a storm return wall is expressed in Van Doorslaer et 127 
al. [9] in function of the wall height (hwall) and freeboard (Rc) as follows: 128 

γv = {
exp (−0.56 hwall Rc⁄ )

0.5
 for  {

hwall Rc⁄ < 1.24

hwall Rc⁄ ≥ 1.24
                     (12) 129 

2.3 Force reduction 130 

There is scarce information regarding the impact forces on a storm wall in case of wave 131 
overtopping by oblique waves. However, the study of Van Doorslaer et al. [10] performed at UPC 132 
Barcelona, used configurations similar to those tested in the present study. Two structures were 133 
tested in the wave flume (scale 1:6): a vertical quay wall and a dike with a smooth slope. The storm 134 
wall was 1.20 m high (prototype value) and located at 10.14 m (prototype value) behind the edge of 135 
the crest. Three water levels were used resulting in freeboard Rc from the still water level to the top 136 
of the storm wall of 3.18 m,  2.22 m and 1.20 m (prototype values). The irregular waves had a 137 
Jonswap wave spectrum (γ = 3.3). The significant wave height Hm0 ranged from 0.78 m to 3.00 m 138 
(prototype values), the wave period Tp is either 7.00 s or 10.00 s. The experiments were carried out in 139 
two dimensional conditions with perpendicular waves (no wave obliqueness). The authors proposed 140 
a new formula to evaluate the wave force on a storm wall, both for quay walls and sea dikes. The 141 
formula can be expressed as follows: 142 

𝐹1/250 = 𝑎𝜌𝑔𝑅𝑐
2exp (−𝑏

𝑅𝑐

𝐻𝑚0
)                                                  (13) 143 

where F1/250 is the average force of the highest 1/250 waves. The coefficients a and b (Table 2) are 144 
derived from a non-linear regression analysis and they are considered as the mean value of normally 145 
distributed variables. Under this hypothesis, the relative standard deviation (σ’ = σ/μ) was calculated 146 
for each coefficient and is reported in Table 2 between brackets.  147 

Table 2. Coefficients a and b in equation (13) for different geometries. 148 

Geometry a b 

Dike 8.31 (0.22) 2.45 (0.07) 

Quay 18.27 (0.23) 3.99 (0.06) 

All 5.96 (0.23) 2.42 (0.09) 

3. Methods and instrumentation 149 

Investigation of the overtopping reduction required a physical model sufficiently large to 150 

observe the alongshore variation and to accommodate the collection of the overtopped volumes, 151 

respectively. However, this structure was not firm enough to prevent vibrations which can severely 152 

alter the impacting forces measurements. Therefore, it was decided to build two different structures, 153 

first for the overtopping reduction and second for force reduction due to the wave obliqueness. The 154 

structural layout and hydraulic boundary conditions were assumed based on real conditions from 155 

the Belgian harbors. However, the model geometries do not represent one specific quay or dike, but 156 

it was selected in such way that the results might be extended to other similar structures. The 157 
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experiments were carried out in the wave tank at Flanders Hydraulics Research (dimensions 17.50m 158 

x 12.20m x 0.45m), equipped with a piston-type wave generator. The wave generator has a width of 159 

12 m and generates long-crested waves. Both regular and irregular wave patterns can be generated 160 

at different angles of wave incidence ranging between -22.5° and 22.5° with respect to the center line 161 

of the wave tank. 162 

Two sets of wave directions were used in the experimental campaign conducted at FHR: the first 163 

set contains the wave directions 0° and 45°, used to validate the results of the FHR experiments 164 

against previous experiments and existing formulas; the second set contains wave directions 60°, 70° 165 

and 80°, used to investigate larger angles. Similar configuration tests from CLASH database [11]  166 

were used to compare and validate the tests from the present study. 167 

3.1. Model settings of overtopping tests 168 

The first physical model was designed to study very oblique wave attacks and overtopping flows 169 

onto vertical quays and sloping dikes with storm return walls. As the wave height can variate along 170 

the structure, a smaller scale was necessary to accommodate a model following the general prototype 171 

conditions. However, the scale cannot be smaller than 1:50 because some wave height scenarios 172 

would be smaller than 3 cm affected by the surface tension and thus altering the reproduction of the 173 

prototype conditions [12]. After the scale has been evaluated and following Froude’s law the model 174 

scale was decided for 1:50. For vertical walls, tests in large scale flumes and field measurements have 175 

demonstrated that results of overtopping discharge in small scale laboratory studies may be securely 176 

scaled up to full scale under impulsive and non-impulsive conditions. Only the wind effects are not 177 

considered and may cause a significant difference (further details see [2]). For dikes the evaluation of 178 

scale effects is based on the approach of Schüttrumpf and Oumeraci [13]. Calculation of the Reynolds-179 

number and its comparison with the critical value demonstrated that scale effects are negligible. A 180 

minimum distance between the wave maker and the structure equal to two wave lengths was kept 181 

for every configuration and wave dampers were placed around the basin to absorb the reflected 182 

waves. Considering the limitations, it was decided to build a laminated wooden structure of 8 m long 183 

and 1 m wide. Attached to this structure, there are 16 boxes (1.5 m long, 0.48 m wide and 0.18 m 184 

deep), built from the same material, designed to collect the overtopping water during the experiment 185 

(Error! Reference source not found.).  186 

Two positions of this structure in the basin were foreseen. Firstly, the structure was mounted in the 187 

central down part of the basin for the 0° wave direction (Error! Reference source not found., b). 188 

Secondly, the structure was moved towards the down left corner to optimize the distance to the wave 189 

maker, but also to allow simulation of the wave directions between 45° and 80° just by moving the 190 

wave paddle and keep the structure in the same position (Error! Reference source not found., a and 191 

c). 192 

 193 
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 194 

Figure 1. The structure used during the experiment. 195 

 196 

Figure 2. The position of the structure in the wave basin during experiments. 197 

3.1.1. Instrumentation 198 

a) 

b) c) 
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A number of 17 wave gauges (resistance type) were used to measure the wave characteristics 199 

(height, period and direction). One wave gauge is permanently situated in front of the wave maker 200 

to verify the generated waves. Two wave gauges arrays have been built, each consisting of five wave 201 

gauges: these wave gauges are located in such way that a directional spectral analysis can be 202 

performed. The incident wave height has been measured using these two 3D-arrays. The WaveLab 203 

software (version 3.39, [14]) which utilizes the Baysian Directional spectrum estimation method 204 

(BDM) [15], has been used for the analysis. Using this method, the user generally indicates a circular 205 

sector around the expected incident and reflected wave direction, so the analysis will be limited to 206 

this sector. It is possible to select a very narrow circular sector, excluding from the wave analysis 207 

directions too far from the main one. Alternatively, it also possible to select ±90° around the main 208 

direction, so the entire 360° will be covered from the analysis. In this study, the analysis for the 209 

perpendicular wave case attack used ±30° around the main expected directions (0° for the incident 210 

and 180° for the reflected waves respectively). Hence spurious transversal effects were removed from 211 

the results. Differently, for the oblique wave cases, it has been preferred to extend the analysis to the 212 

entire 360°, because in such case the main reflected direction can be presumed, but the effects on wave 213 

re-reflection on the sides of the basin (even though passive absorption was installed) has to be 214 

checked. The rest of the six wave gauges were mounted equidistantly, in the proximity of the 215 

structure to provide information about the total wave height variation along the structure. This 216 

instrument setup was used for all the wave directions, but some minor changes in distances and 217 

positions have been made for each wave direction (Error! Reference source not found.). On every 218 

overtopping box a mechanical reader for the water level was installed to measure the accumulated 219 

volume. 220 

 221 

Figure 3. Example of instrument distribution in the basin for the wave angle 80⁰ (not to scale). 222 

3.1.2. Test programme 223 
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The total number of tests was 377 covering a wide range of wave conditions and structure 224 

configurations (Table 3). The wave angle is defined as the angle between the wave direction and the 225 

line normal to the quay structure so that 0° defines perpendicular wave attack. For the majority of 226 

the wave angles both vertical and sloping dike configuration was used. In all the tests long-crested 227 

waves were generated.  The water level has been varied around the crest level: the defined “dike 228 

freeboard” (Rc) assumes from negative (i.e. Still Water Level, SWL, above the dike crest) to positive 229 

values (SWL below the dike crest). Three different wall heights have been used (0 m, 1 m and 2 m in 230 

prototype scale). The wall elevation with respect to the SWL defines the crest freeboard Rc. Tests with 231 

no reliable measured wave conditions, zero overtopping and water volumes exceeding the boxes’ 232 

volume, as well as preliminary tests to set-up the model have been excluded from further analyses.  233 

Table 3. Summary of the test conditions for overtopping reduction. 234 

Total no. of 

tests 

Used for 

analyses 
Vertical quay 

Sloping dike 

(1:2.5) 
 

377 230 191 39  

Wave directions 
Wave height 

(Hm0) 

Wave period 

(Tp) 

Crest freeboard 

(Rc) 

Storm return wall 

position 

0°, 45°, 60°, 70°, 

80° 
0.96 to 3.39 m 5.1 to 12.6 s 0 to 2.75 m 0 to 50 m 

The overtopping discharge per each overtopping box and the measured total wave height along 235 

the structure were analysed. In most of the tests, the overtopping boxes of both sides (from 0 to 1m 236 

and from 7÷7.5 to 8m) were not included in the calculation to avoid errors generated by model 237 

boundary effects. The calculation of the mean overtopping discharge starting from the measured 238 

overtopping volume follows geometrical rules as: 239 

- For each test the berm length has been calculated as a distance between the edge of the quay 240 

(sea dike) and the crown wall.  241 

- For each angle the projection of the berm length has been measured on the wave direction: 242 

this is the effective berm length that the wave has to run before reaching the wall. 243 

- To calculate the mean overtopping for the entire quay some buffer zones at both edges of the 244 

structure have been skipped (where possible model effects are noticed). For instance, in the 245 

case with no crown wall or crown wall on the quay edge, the entire quay length (8 m) has 246 

been considered excluding the two overtopping boxes situated at the edges of the structure. 247 

- It has been verified on video recordings that the peaks in the overtopping volume are not 248 

due to model effects (boundary reflection), but they are due to the wave attack.  249 

3.2. Model settings of force test 250 

The model built to investigate the reduction of the wave impact forces  was very similar with 251 

the one for the overtopping reduction with the same 1:50 scale reduction. The structure (Error! 252 

Reference source not found.) had a length of 8 m, a width of 0.6 m and a height of 0.2 m. Based on 253 

the distribution of the largest wave heights and largest overtopping volumes along the structure an 254 

area of interest was selected approximately in the structure’s centre, where four force sensors 255 

(Tension Compression Load Cells, Model 641) were placed to record the time series of the wave 256 
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forces acting on the storm return wall (Error! Reference source not found. and). A minimal 257 

distance between the wave maker and the structure of two wave lengths was respected for all tests. 258 

Three positions of the structure in the basin were foreseen. Firstly, the structure was mounted in the 259 

central down part of the basin for the 0° wave direction. Secondly, the structure was moved towards 260 

the down left corner to optimize the distance to the wave maker and to obtain the angle of 45° without 261 

changing the position of the wave paddle. Thirdly, the structure was moved for the 80° wave angle 262 

attack. 263 

 264 

Figure 4. The structure used to investigate the force reduction (posterior view) (not to scale). 265 

 266 

Figure 5. Force sensors were installed location as designed. 267 

3.2.1. Instrumentation 268 

The wave gauges were installed in a similar position as for the overtopping model and four force 269 

sensors were installed to measure the forces acting on the storm return wall at a frequency of 1 kHz 270 

(Error! Reference source not found. and Error! Reference source not found.). A number of 44 271 

successful tests were performed (Error! Reference source not found.). 272 
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Table 4. Summary of the test conditions for the force reduction. 274 

Total number of tests 44 

Wave 

directions 

Wave height 

(Hm0) 

Wave period 

(Tp) 

Crest freeboard 

(Rc) 

Storm return wall 

position  

0°, 45°, 80° 1.04 to 4.54 m 10.2 to 12.9 s 0 to 3.0 m 0 to 25 m 

 275 

Figure 6. The part of the structure where the force sensors were installed (detailed picture). 276 

4. Results 277 

4.1. Overtopping reduction 278 

The measured average wave overtopping has been compared with the predicted values using 279 

the existing formulas. A reduction coefficient for each direction has been assessed using the FHR tests 280 

results: both mean value and standard deviation of the reduction coefficient have been calculated. 281 

The distribution of overtopping along the overtopping boxes was analyzed and correlated to the total 282 

wave height measured at the toe of the structure. For the analyses of the overtopping reduction due 283 

to the obliqueness, only tests without crest berm or with very short crest berm (5 m in prototype) 284 

have been considered. The influence of long crest berms has been analyzed afterwards. 285 

Physical model test results included in the CLASH database [11] similar to the test from the 286 

present study have been used for comparison. In detail: 287 

- Sloping dike: only CLASH data with slope between 1:4 and 1:2 with gentle or no foreshore 288 

have been considered; 289 

- Vertical quay: only tests with gentle or without foreshore have been considered. 290 

4.1.1. Vertical quay wall 291 

Wave attack 
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The results of the tests indicate a clear decrease in the overtopping volumes with the increase of 292 

the wave angle. An increase of the overtopping volumes along the structure was observed for all 293 

cases, except for the perpendicular waves. In Error! Reference source not found. an example is 294 

shown and the horizontal axis represent the quay extension, from 0 to 8.0 m, where the 0 is taken in 295 

the corner of the structure closest to the wave paddle. Each line plotted in every figure represents the 296 

results from one model test. The distribution of the wave overtopping along the vertical quay is 297 

generally consistent with the distribution of the total wave height at the toe.  298 

 299 

Figure 7. Overtopping discharge per box along the vertical quay for directions 45° and 60°. 300 

Error! Reference source not found. shows the results of the FHR tests in a graph with the 301 

measured discharges plotted against the predicted ones, expressed in l/s/m (prototype scale). The 302 

plotted data include cases without a crest berm (distance of the wall from the edge of the quay, dw, 303 

equal to 0 m) and with a crest berm (dw larger than 0 m). The dash-dot lines indicate a prediction of 304 

10 times larger and smaller with respect to the central line (ratio predicted/measured equal to 1:1). 305 

The formula overestimates the overtopping discharge for the 70° and 80° directions, while for the 0°, 306 

45° and 60° directions results are in reasonable agreement or within the above mentioned range.  307 
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 308 

Figure 8. Quay wall: predicted [2] vs. measured overtopping discharges. The circles indicate the cases 309 
without berm crest (dw=0), the triangles indicate the cases where a berm crest is present (dw>0). 310 

The effects of the obliqueness on the overtopping discharge have been evaluated calculating the 311 

reduction coefficient of each case, starting from equation (14), as follows: 312 

              𝛾𝛽 = −2.6
𝑅𝑐

𝐻𝑚0

1

𝑙𝑛(
𝑞

0.04√𝑔𝐻𝑚0
3

)

                                    (14) 313 

The calculation has been performed both for the FHR data and for the selected CLASH data. 314 

Error! Reference source not found. shows the variation of the reduction coefficient with the wave 315 

angle. The existing formulations were analysed to calculate the reduction coefficient as function of 316 

the wave angle. Despite the scattering of the results (similar scatter can also be noticed in Goda, 2009) 317 

a certain trend can be identified.  318 
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 319 

Figure 9. Quay wall: variation of reduction coefficient with wave angle, comparison to existing 320 
formulas. 321 

The tests clearly show that the overtopping discharge is inversely proportional to the wave 322 

angle: the larger the wave angle, the smaller the wave overtopping. Different formulas propose 323 

constant values for the overtopping volumes for waves larger than 37° (long crested waves, [16]), or 324 

45° [2]). Franco and Franco formula [16] for short-crested waves seems to be the closest to FHR results, 325 

although the FHR tests were conducted using just long-crested waves. However, the differences due 326 

to the “short-crestedness” lie within the scattering of the formula, similar to previous studies [17]. 327 

Franco and Franco [16] stated that the directional spreading might allow reducing the freeboard with 328 

30% in respect to cases with only long-crested waves. 329 

The results of the experiments indicate that no formula, among those previously proposed 330 

predicts accurately the overtopping reduction. However, it is preferable to use the formula proposed 331 

by Goda [1] for large angles due to two main reasons:   332 

a) the correction coefficient represents an upper limit (safe approach) for the present cases with 333 

very oblique waves, although not excessively high as EurOtop [2]; 334 

b) the expression for γβ is applicable up to 80°, meanwhile EurOtop [2]) indicates a constant 335 

value for wave angles larger than 45°.  336 

The mean overtopping discharge is generally expressed by means of an exponential function as 337 

follows: 338 

                    
𝑞

√𝑔𝐻𝑚0
3

= 𝐴𝑒𝑥𝑝 (−𝐵
𝑅𝑐

𝐻𝑚0𝛾𝛽
)                                    (15) 339 
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where:  340 

 A=0.040 and B=2.6 in EurOtop [2];  341 

 A=0.033 and B=2.3 in Goda [1];  342 

 A=0.116 and B=3.0 in Franco and Franco [16]. 343 

Note that the reduction coefficient γβ is a function of the A and B coefficients. The differences 344 

between Goda [1] and EurOtop [2] can be considered negligible, because the values of A and B 345 

coefficients are rather similar. 346 

New values for the reduction coefficient are presented here based on the FHR data and it is 347 

proposed to be used for similar conditions (Table 3). The resulting values, based on the FHR 348 

measurements, including the standard deviation, can be summarized as follows: 349 

 γβ =0.76 (σ=0.23), for β=45°; 350 

 γβ=0.75 (σ=0.17), for β=60°; 351 

 γβ=0.44 (σ=0.21), for β=70°; 352 

 γβ=0.28 (σ=0.04), for β=80°. 353 

The calculated gamma value is the mean value for each wave angle. The mean values and 354 

standard deviation values have been calculated for each wave angle starting from the results of γβ 355 

estimated for each single test. The confidence interval represented in Error! Reference source not 356 

found. is calculated as ±σ with respect to the mean value. As general approach, the mean value of γβ 357 

has to be used for design purposes.  It can be noticed that the difference in the reduction coefficient 358 

between 0.72 (calculated value using EurOtop [2]) and 0.28 might cause a difference in the calculated 359 

discharge of at least 1 order of magnitude (10 times) in the selected data range.  360 

Error! Reference source not found. shows the FHR data, the CLASH data and the EurOtop 361 

predictions in term of non-dimensional discharge Q=q/(g·Hm03)^0.5. Only the FHR cases with the wall 362 

on the edge of the quay are plotted in order to avoid misinterpretations due to the effects of the width 363 

of the crest berm. Three different plots are shown in Error! Reference source not found.: 364 

a) the values of Q are plotted against the non-dimensional freeboard Rc/Hi; 365 

b) the values of Q are plotted against the non-dimensional freeboard Rc/Hiγβ (EurOtop), where 366 

γβ (EurOtop) is the correction coefficient calculated using the EurOtop (2007) formula; 367 

c) the values of Q are plotted against the non-dimensional freeboard Rc/Hiγβ(Goda), where γβ 368 

(Goda) is the correction coefficient calculated using the Goda [1] formula; 369 

The use of Goda [1] formula is improving the wave overtopping prediction in case of oblique wave 370 

attack with respect to the EurOtop [2] formula. In most of the cases, especially for very oblique angles, 371 

the EurOtop formula seems to overestimate the overtopping, while using Goda correction factors the 372 

results are spread around the formula prediction and only few of them are still overestimated.   373 
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 374 

Figure 10. CLASH and FHR (wall on the edge of the quay) data vs EurOtop [2] predictions. 375 

The analysis on the berm length effects (distance between the seaward edge of the quay and the 376 

storm wall) and on the wall height has been carried out. Error! Reference source not found. shows 377 

the non-dimensional overtopping discharge in function of two different non-dimensional 378 

parameters: (i) the ratio between the wall height and the incident wave height, (ii) the ratio between 379 

the berm length and 1.56Tp2 that can be assumed as the wave length in deep water conditions. The 380 

combination of obliqueness, wall height and berm length makes it challenging to have a clear view 381 

of the phenomena occurring at the structure. Despite the rather wide data scatter, there are clear 382 

differences between short or no berm layouts and wide berm layouts. A dependence on the berm 383 

length can be detected, the overtopping is reducing when the ratio of the berm length over the wave 384 

length is increasing and this trend is clearer for larger wave angles. The waves are travelling at the 385 
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dike crest before approaching the storm wall and it is expected that the waves refract on the berm 386 

and therefore approaching the wall with less obliqueness, but still not perpendicular. Then, the 387 

distance travelled by the waves to reach the wall is larger for larger angles, so the amount of energy 388 

dissipated on the crest might be larger. The configurations without berm and with short berm length, 389 

5 m in prototype, show a similar behaviour leading to larger overtopping discharge than the 390 

configurations with wider berms (25 m and 50 m in prototype). 391 

 392 

Figure 11. Non-dimensional discharge vs relative wall height and relative berm length (quay 393 
layout). 394 

4.1.2. Sloping dike 395 

The results of the tests for a sloping dike are similar with those for a vertical quay, indicating the 396 

same decrease in the overtopping volumes with the increase of the wave angle. The measured 397 

overtopping discharges for FHR data are plotted in Error! Reference source not found. against the 398 

values predicted using equations (3) and (4) [1]. As noticed in the previous cases, the formula seems 399 

to overestimate the overtopping discharge for very oblique wave attacks. 400 
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 401 

Figure 12. Dike: predicted (EurOtop, 2007) vs. measured overtopping discharges. 402 

The effects of the obliqueness on the overtopping discharge have been evaluated calculating the 403 

reduction coefficient of each case starting from equation (3) as follows: 404 

             𝛾𝛽 = −2.6
𝑅𝑐

𝐻𝑚0𝛾𝑝𝑟𝑜𝑚_𝑣

1

𝑙𝑛(
𝑞

0.2√𝑔𝐻𝑚0
3

)

                                  (16) 405 

The calculation has been performed both for the FHR data and for the selected CLASH data. 406 

Three different dataset have been selected from CLASH (for only non-breaking wave conditions): 407 

 Dataset 030 [18]: 1:2 slope with 1:20 foreshore; 408 

 Dataset 220 [19]: 1:2.5 slope with 1:1000 foreshore; 409 

 Dataset 222 [19]: it includes data for 1:2.5 and 1:4 slope with 1:1000 foreshore. 410 

Error! Reference source not found. shows the variation of the reduction coefficient with the wave 411 

angle. The CLASH data are labelled as red triangles whose size is proportional to the slope (e.g. 1:2 412 

larger size than 1:4). Several proposed formulations have been analysed to calculate the reduction 413 

coefficient as function of the wave angle. The formulas predictions and the confidence interval for 414 

the FHR data are also plotted. 415 
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 416 

Figure 13. Sloping dike: variation of reduction coefficient with wave angle; comparison with existing 417 
formulas. 418 

The results display a scattered distribution, but similar scatters can be observed in other studies 419 

performed in similar conditions [1, 20]. However, a certain trend is visible and the reduction of the 420 

FHR data are in agreement with the reduction of the CLASH data. Error! Reference source not found. 421 

shows the FHR data, the CLASH data and the EurOtop predictions. Three different plots are 422 

depicted: 423 

a) the values of Q are plotted against the non-dimensional freeboard Rc/Hi; 424 

b) the values of Q are plotted against the non-dimensional freeboard Rc/Hiγβ(EurOtop)γprom_v, where 425 

γβ(EurOtop) is the correction coefficient calculated using the EurOtop [2] formula and γprom_v is 426 

the reduction coefficient calculated by means of Van Doorslaer [9]; 427 

c) the values of Q are plotted against the non-dimensional freeboard Rc/Hiγβ(Goda)γprom_v, where 428 

γβ(Goda) is the correction coefficient calculated using the Goda [1] formula. 429 

Similar improvement of the wave overtopping prediction as in the case of a vertical quay when 430 

Goda formula is used over EurOtop formula can be observed for sloping dike cases.  431 

The influence of the geometrical layout is not easily detected due to interreference between three 432 

involved parameters: obliqueness, wall height and berm length. However, the existence of the wall 433 

significantly reduces the wave overtopping for all cases. Position of the storm return wall is also 434 

important, larger berms leading to a decrease in the overtopping volumes. 435 
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 436 

Figure 14. FHR and CLASH data vs formula predictions. 437 

4.2. Force reduction 438 

The measured forces are plotted in Error! Reference source not found. (in prototype scale both 439 

vertical quay and sloping dike) in function of the incident significant wave height. The colors indicate 440 

the wave angle, respectively red for 0°, yellow for 45° and blue for 80°. The different shapes indicate 441 

the results from each different load cell: this allows underlining that, despite the waves are long-442 

crested, the forces exerted along the structure have a certain variability. As expected, the forces 443 

increase with the wave height. It is clear that the 0° cases result in larger forces than the 45° case and 444 

the 80° cases have the lowest forces. For the same wave height, the very oblique cases present in 445 

average a value of the wave  446 

force that is almost half of the perpendicular case. 447 
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The data were analyzed to define an analytical expression for the reduction factor. This 448 

coefficient is the ratio between the force due to an oblique wave attack over the force in case of 449 

perpendicular waves reaching the structure. The reduction factor expresses how much the data from 450 

cases with oblique attack should be corrected to be in line with a 0° case that present the same 451 

hydraulics boundary conditions (except from the obliqueness).  452 

Two different expressions, respectively for quay walls and dikes, have been found: 453 

𝛾𝑞𝑢𝑎𝑦 =
𝐹𝑞𝑢𝑎𝑦,𝛽>0

𝐹𝑞𝑢𝑎𝑦,𝛽=0
= 0.5 ∙ (1 + 𝑐𝑜𝑠𝛽)                                     (17) 454 

𝛾𝑑𝑦𝑘𝑒 =
𝐹𝑑𝑖𝑘𝑒,𝛽>0

𝐹𝑑𝑖𝑘𝑒,𝛽=0
= 𝑒𝑥𝑝(−0.007𝛽)                                       (18) 455 

where β is the wave direction relative to the structure (perpendicular wave direction = 0°, angle 456 

expressed in degrees). The expression for quay walls is corresponding to the formula for caisson 457 

breakwaters proposed by Goda [21]. 458 

The two expressions for the reduction factor could certainly be improved if additional data with 459 

other wave angles than 45° and 80° would be available. However, the new proposed expressions can 460 

already be considered as a significant improvement in the prediction. In Error! Reference source not 461 

found. the measured wave forces are plotted in function of the relative freeboard. Four pictures are 462 

reported, two for the dike cases and two for the quay wall cases. In detail: 463 

a) measured wave force on the storm wall for the quay wall layout; 464 

b) measured wave force on the storm wall for the sea dike layout; 465 

c) measured wave force on the storm wall for the quay wall layout, including the correction 466 

with the proposed reduction factor for wave obliqueness; 467 

d) measured wave force on the storm wall for the sea dike layout, including the correction with 468 

the proposed reduction factor for wave obliqueness. 469 

The scatter in the wave forces is significantly reduced if the wave force is corrected using the 470 

reduction factor proposed above. This improvement has also been quantified by the relative standard 471 

deviation for each case (μ’= μ/σ): 472 

a) μ’=7.9%; b) μ’=7.0%; 

c) μ’=8.8%; d) μ’=4.7%. 

The analysis of the overall results finally suggests that, in case of very oblique wave attack 473 

(obliqueness between 70° and 80°) the expected force on the storm wall range between 55% to 65% of 474 

the value in case of perpendicular wave attack. 475 
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 477 

Figure 15. Dependence of the wave forces on the incident wave height for different wave 478 
obliqueness. 479 
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 480 

Figure 16. Dependence of the wave force on the relative freeboard with and without reduction factor 481 
(a & c: quay wall, b & d: dike). 482 

The results of the FHR tests are compared to predictions of the formula proposed by Van 483 

Doorslaer et al. [10] for sea dikes, regardless of its range of applicability (e.g. wall position and wall 484 

height are different). Error! Reference source not found. depicts the variation of the non-dimensional 485 

quantity F1/250/ρgRc2 as function of the relative freeboard, both for FHR and UPC results. A common 486 

trend between the two experimental datasets can be noticed, despite of a certain scatter in the FHR 487 

results, mainly due to the different wave angles.  488 

Equation (13) has been applied to the FHR and UPC data: only FHR cases with 0° have been 489 

initially considered for comparison, as the UPC data refer to perpendicular wave attack. The results 490 

of the are plotted in Error! Reference source not found.. Generally, equation (13) underestimates the 491 

force for FHR cases probably due to different wall height between UPC data and FHR data, 492 

respectively 1.2 m and 2.0 m (in prototype scale). Higher walls would lead to smaller overtopping 493 

rates and bigger reflection exerted by the storm wall with consequent higher forces on the same wall.  494 

In the next step equation (13) has been applied to all FHR data and the results are reported in 495 

Error! Reference source not found. both without and with application of the reduction factors 496 

(equations (17) and (18)) for wave obliqueness. Without correction, the prediction show a large 497 
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scatter, while the application of the reduction factor reduces significantly the scatter and improves 498 

the predictions. Nevertheless, the estimated forces are still slightly smaller than the measured ones 499 

and it can be concluded that the correction applied to take into account the wave obliqueness 500 

improves the predicted forces.  501 

 502 

Figure 17. Dependence of the non-dimensional wave forces on the relative freeboard and comparison 503 
with data from UPC [10]. 504 

 505 
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 506 

Figure 18. Measured forces versus Van Doorslaer et al. [10] predictions for FHR 0° cases and UPC 507 
cases. 508 

 509 

Figure 19. Application of Van Doorslaer et al. [10]) formula with and without reduction factor for 510 
wave obliqueness. 511 
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5. Conclusions 512 

The present study describes the setup and the results of physical model tests carried out at FHR 513 

on wave overtopping generated by perpendicular and very oblique waves, based on the generic 514 

configurations and conditions at Belgian harbors. A set of different wave angles has been tested: for 515 

a vertical quay layout: 0°, 45°, 60°, 70° and 80° and for the dike layout: 45°, 60° and 80° have been 516 

investigated.  517 

The reduction in overtopping discharge has been quantified and the results have been compared 518 

with similar tests in the CLASH database [11] and with predictions by several semi-empirical 519 

formulas and correction factors from literature.  520 

The influences of the storm wall height and the crest berm width have been investigated together 521 

with the effect of wave obliqueness.  522 

The analysis of the results for the vertical quay and sloping dyke layouts leads to the following 523 

conclusions: 524 

1. The EurOtop formula [2] generally overestimates the overtopping discharge for large wave 525 

obliqueness. 526 

2. The values of the reduction factor γβ calculated for the vertical quay layout are equal to 0.76, 527 

0.75, 0.44 and 0.28 respectively for 45°, 60°, 70° and 80°. 528 

3. The values of the reduction factor γβ calculated for the sloping dike layout are equal to 0.72, 529 

0.54 and 0.44 respectively for 45°, 60° and 80°. 530 

4. A rather large scatter is present in the results similar to the results presented in previous 531 

studies [1].  532 

5. The expression of γβ presented by Goda [1] is finally proposed as a good compromise 533 

between accuracy (in comparison with physical model results) and a certain safety in the 534 

design of the storm walls. 535 

6. The high obliqueness combined with long berms on the crest (comparable with the wave 536 

length) leads to very low or zero overtopping discharge. 537 

7. The berm length (ranging from  0 to 50 m) has a larger influence on the overtopping 538 

discharge than the wall height (ranging from 1 to 2 m).  539 

Tests have been performed to identify the wave force impact reducing due to wave obliqueness 540 

both for sea dyke and for quay wall layouts. The wall height was 2.0 m (in prototype scale) and it was 541 

located at three different distances from the seaward edge of the main structure (berm).  542 

The results indicate that for high wave obliqueness the force reduction in case of very oblique 543 

waves is 0.55 - 0.65 times the wave forces for similar wave conditions, but for perpendicular wave 544 

attack. Two reduction factors have been defined, respectively for the sea dyke and the vertical quay 545 

wall layout as presented in equations (17) and (18). Finally, the formula of Van Doorslaer et al. [10] 546 

has been applied, confirming that the use of the above mentioned reduction factors reduces the 547 

uncertainties in the wave force predictions due to the effects of the wave obliqueness.  548 

Due to the limited amount of available data, the relationship between wave obliqueness and 549 

other variables such as wall position has not been analyzed in the present study. Further studies on 550 

wave forces on storm walls on top of sea dykes or quay walls should take into account this reduction 551 

if the waves are approaching the structure with an angle larger than 45°. 552 
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