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Abstract 

The purpose of this contribution is to propose a new method for the parametrization of the 

reductive effects induced by crown walls and bullnoses on the average wave overtopping 

discharge (q) at coastal structures. The method consists of a formula for calculating an influence 

factor γ*
GP to account for the single or combined effects of the structural elements.  The formula 

for γ*
GP is conceived to be included in the q formula by EurOtop (2018). The new formula was 

developed on the basis of the Genetic Programming (GP) technique trained on a database of 

nearly 1000 data on wave overtopping at dikes with berms or promenades, crown walls and 

bullnoses. Part of the data are derived from new experiments carried out by the authors to extend 

the experience available from the literature and create a database of structure configurations 

sufficiently wide and appropriately assorted to be used for training the GP. The rough formula 

for predicting γ*
GP obtained by the pure application of the GP was optimized to achieve a greater 

accuracy in the representation of both the breaking and non-breaking wave conditions. The 

estimations of q obtained with the new influence factor γ*
GP are physically meaningful and 

satisfactory accurate, and overcome the underestimation bias affecting the predictions from the 

available formulae.  
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Highlights 

A new formula representing the reducing effects of crown walls and bullnoses on the overtopping 

discharge is proposed 

The formula is developed based on Genetic Programming fitting up to 1000 new and existing 

data  

The formula applies to smooth structures under breaking and non-breaking waves 

Different combinations of structural elements can be represented by means of the same 

formulation 

The formula provides accurate, conservative and physically meaningful estimates of the 

overtopping discharge  
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1 Introduction 

The intensification of storm events, in combination with the sea level rise, exposes the traditional 

costal protections, such as dikes and seawalls, to increasing wave loads and overtopping rates. 

Several measures and solutions to mitigate coastal risks have been investigated (inter alia, Touili 

et al., 2014; Zanuttigh et al., 2014). One of the engineering-based solutions consists in the 

upgrade of existing defense structures by adding structural elements such berms, armour and 

crest units, crown walls, etc. (Burcharth et al., 2014). The addition of crown walls or the inclusion 

of bullnoses and parapets represent economic and aesthetic-compatible solutions to effectively 

reduce the overtopping discharges (q), and their employment is increasing rapidly. 

Up to the 2010’s, the literature studies on the effects of wave walls, parapets and bullnoses on 

the reduction of q are few and relatively fragmented (EurOtop, 2007). Among these, it is worthy 

to mention the earliest experiments on recurved parapets on vertical and sloping seawalls carried 

out by Owen and Steele (1991), the study by Kortenhaus et al. (2001) on the influence of 

overhanging deflectors on top of vertical walls or steep embankments and the experience 

collected within the FP7 EU-project CLASH on oblique and recurved parapets (Kortenhaus et 

al., 2003). The first systematic work on this topic is represented by the campaign of experimental 

investigations conducted by Van Doorslaer et al. (2015), VD, hereinafter. The study examined 

the typical defense structures of the Belgian coasts, characterized by smooth dikes, with a long 

and mildly sloping promenade above the still water level. The authors hypothesized to upgrade 

the existing structures by constructing a crown wall directly on the slopes or at the end of the 

promenades, including or not a bullnose, bn hereinafter. VD combined different geometries, 

collecting more than 1,000 experiments on wave overtopping. The study prompted the first 

organic set of formulae parametrizing the combined effect of wall, bn, and promenades into a 

reduction coefficient γ* to be included in the EurOtop (2007) equations for the prediction of q 

(TAW, 2002). The expressions for γ* vary according to the combination of structure elements 

and their validity is limited to non-breaking wave conditions exclusively. Based on the results by 

Van Doorslaer et al. (2016), the coefficient γ* was adopted in the updated version of the EurOtop 

(2018) manual and applied to the new formula by Van der Meer and Bruce (2014) for the 

prediction of q, which replaces EurOtop (2007). 

Recently, Zanuttigh and Formentin (2018), on the basis of a new set of experimental and 

numerical investigations, proposed a correction to the factor γ* in order to extend the work by 

VD to breaking wave conditions and to more conventional structure types,  such as dikes with 

berms of limited width.  

Both EurOtop (2018) and Zanuttigh and Formentin (2018) showed how the use of γ* apparently 

provides a physically-coherent representation of the wave overtopping at structures with walls 

and bullnoses, bns hereinafter. Both the works are based on the assumption that the original γ* 

factor conceived by VD for EurOtop (2007) could be straightforwardly applied to the EurOtop 

(2018) version of the equations for q, but never checked the consistency among predictions and 

measured values of q.  

The present study starts with the revision and verification of the original and updated formulae 

for γ*, by re-applying the two methods to new and existing data. By comparing predictions and 

measurements of q, it was found that both the methods significantly underestimate the q-values.  



4 
 

The aim of this work is to present a completely new formula for the parametrization of the effects 

of crown walls and bns, which can ensure accurate and cautious estimates of q and, at the same 

time, which is of simple and straightforward application. The new method, which is meant to be 

directly applicable to the EurOtop (2018) formulae, was developed based on the Genetic 

Programming (GP). This innovative technique belongs to the field of the Artificial Intelligence 

and was already and successfully applied in Coastal Engineering for the prediction of the scour 

at the trunk section of breakwaters (Pourzangbar et al., 2017) and of the wave run-up (Power et 

al., 2019). Differently from more conventional machine-learning tools, such as neural networks, 

the predicting tools delivered by GP are algebraic formulae – and not black-boxes – which offer 

the tool developer the possibility of a direct interaction. Furthermore, the derived formula can be 

updated to fit new data. The learning phase of GP is extremely quick (a few minutes) and the 

computational effort significantly low, even in case of large amounts of data. GP is applied to the 

representation of the wave overtopping for the first time in this contribution.  

The paper is organized as follows. Section 2 presents the new experimental and numerical 

database of wave overtopping experiments at dikes with berms, crown walls and bns conducted 

by the authors and used to verify the existing methods and calibrate the new one. The literature 

overview and the results of the application of the existing methods to the prediction of the 

overtopping discharges are given in Section 3. Section 4 firstly introduces the reader to the basic 

elements of the GP technique, and it then illustrates the scheme and the parameters adopted to 

apply the GP to the modelling of the effects of crown walls and bns. Finally, the Section presents 

the new formula for the prediction of the coefficient γ*, which was obtained by the application of 

the GP technique and conveniently adjusted to fit all the available data and to offer a simpler 

and more physically-based expression. The application of the GP-based formula to the available 

data is presented in Section 5. The conclusions of the work are finally drawn in Section 6. 

 

2 The new database  

A new campaign of laboratory experiments and numerical modelling on wave overtopping at 

structures with crown walls and bns was conducted. The campaign was aimed at extending the 

experience collected by VD considering a different structure type under breaking and non-

breaking waves. For all the tested conditions, the wave breaking/non-breaking is supposed to 

occur for the combination of wave steepness and structure slope, i.e. in relation to the values of 

ξm-1,0. 

The setup of the new tests was based on the numerical database on wave overtopping at dikes 

collected by Formentin et al. (2014) and recently updated by Formentin and Zanuttigh (2018a). 

These works were in turn inspired to the experiments on dikes carried out in 1:10 scale by 

Schüttrumpf and Oumeraci (2005) in the small wave flume of the Technical University of 

Braunschweig. The same scale 1:10 was adopted within the numerical investigations by 

Formentin and Zanuttigh (2018a) and kept for the new campaign of numerical modelling. The 

new numerical tests were setup by replicating the structure configurations modeled by Formentin 

and Zanuttigh (2018a) and including the crown walls and bns on top of the dikes. The size and 
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the characteristics of the walls were set up following the work by Van Doorslaer et al. (2015) and 

rescaled to 1:10 to fit the original dikes size.  

Contemporary to the numerical modelling, new experimental tests were carried out in the small 

wave flume of the laboratory of Bologna. The purpose of these tests was to validate and extend 

the numerical tests. Due to the lab size and constraints, the laboratory experiments were 

conducted in 1:20 scale (i.e. 1:2 scale with respect to the numerical modelling dataset).  

It is worthy to stress that, similarly to VD, the new numerical and lab experiments aim at 

representing “realistic” cases at prototype scale, but they do not refer to any existing real 

structure or specific wave climate. 

The tested geometries and the scheme adopted for their representation are illustrated in Sub-

section 2.1. The setup and the details about the tested configurations within the numerical 

modelling and the laboratory experiments are provided in the Sub-sections 2.1 and 2.2, 

respectively. The results of the numerical code are checked and validated against new and 

existing experiments in Sub-section 2.3. All the measures reported in the manuscript refer to the 

model scales, if not differently specified.  

 

2.1 Tested configurations 

The typical cross-section of the structures tested within the numerical code and in the laboratory 

is provided in Figure 1. The symbols and the parameters adopted to describe the geometry in 

Figure 1, and used in this contribution, follow the structure schematization of the EurOtop (2018) 

manual and database (Zanuttigh et al., 2016; Formentin et al., 2017). 

 

Figure 1– Scheme of the tested cross-sections (from Zanuttigh and Formentin, 2018). 

 

All the new tested cross-sections consist of smooth dike berms and a crown wall at the inshore 

edge of the berm width (B). In part of the tests, a bn was included at the top of the crown wall. 

The geometry of the bn is defined by the two parameters λ and ε, which represent, respectively, 

the ratio between the bn and the crown wall height, (λ=hn/hw) and the inclination of the bn; λ=0 

and ε=0 mean no bn, while ε>0 if the bn is seaward inclined. The berm was in emerged conditions 

(hb<0) or in correspondence of the still water level (hb=0), and always included in the run-up/down 
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area. The study by VD involved instead the typical cross-sections of the Belgian coasts, where 

the berms are rather promenades, positioned above the still water level, mildly sloping and 

characterized by significantly longer values of B.  

Both the promenades investigated by VD and the new cross-sections tested at the University of 

Bologna (UB tests, hereinafter) were schematized as smooth berms. This choice was made to 

be consistent with the EurOtop (2018) representation of similar tests and across the EurOtop 

database. More details about this schematization are given in Zanuttigh and Formentin (2018).  

Table 1 summarizes the main parameters of the new numerical and experimental database, in 

comparison with the experiments carried out by VD. The shaded cells in this Table remark the 

ranges of the parameters which extend the field of investigation by VD. The symbols adopted in 

Table 1 refer to the scheme of Figure 1. All the measures in Table 1 are rescaled to prototype 

conditions to allow the direct comparison among the new tests (scales 1:10 and 1:20 for 

numerical and experimental tests, respectively) and VD (scale 1:25).  

 

Table 1 – Tested configurations within the numerical model and in the laboratory compared to 

the tests by VD. The range of parameters of the new tests which extend the work by VD are 

marked by green-shading. All the measures are at prototype scale. 

Parameter Description of the parameter 
Numerical 

model 

Laboratory 

experiments 
VD 

hw [m] Crown wall height 1.5; 2.0 0.8; 1.0 0.5; 1; 1.5; 2 

Rc [m] 
Emergence of the crown wall with 

respect to the swl 
2.0; 2.5; 3.0 [0.8; 1.6] [3.0; 6.75] 

hb [m] 
Emergence of the berm with respect 

to the swl 
-1.0; 0 -0.6; -0.5; 0 [-6.0; 0.75] 

B [m] Berm width 3.0; 6.0; 9.0 3; 6 0; 8.25; 16.5; 25 

h [m] Water depth in front of the structure 7.5; 8.5 [6.4; 7] [8.75; 12.25] 

Hs [m] Target wave height 2.0 1.0; 1.2 [1.75; 5.25] 

Hs/Lm-1,0 [-] Target wave steepness 0.02; 0.03; 0.04 0.03; 0.04 [0.01; 0.05] 

ξm-1,0 [-] 
Breaker parameter based on the 

spectral wave period 
[1.28; 4.26] [1.20; 3.28] [2.15; 4.90] 

Rc/Hs [-] 
Relative structure freeboard 

considering the crown wall 
1; 1.25; 1.5 [0.67; 1.5] [0.83; 3.15] 

hw/Rc [-] 
Ratio between the crown wall height 

and the structure freeboard 
0.6; 0.67; 1 [0.53; 1.22] [0.07; 0.89] 

hb/Hs [-] 
Relative berm emergence with 

respect to the swl 
-0.5; 0 -0.5; 0 [-2.2; 0.4] 

B/Lm-1,0 [-] Relative berm width width [0.013; 0.102] [0.055; 0.238] [0; 0.4] 

cot(αd) [-] 
Cotangent of the off-shore structure 

slope 
2; 3; 4 2; 4 2; 3 

λ [-] 
Ratio between the bn and the crown 

wall height, hn/hw (λ=0 means no bn) 
0; 0.25; 0.30; 0.375 0; 0.375 

0; 0.25; 0.30; 

0.375; 0.5 

ε [°] Bn inclination (ε=0° means no bn) 0; 30; 45; 60 0; 30 0; 15; 30; 45; 60 

# Number of tested configurations 91 118 596 
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2.2 The numerical tests 

The numerical simulations were run with the IH2VOF code developed by the University of 

Cantabria (Lara et al., 2011) and recently modified by Formentin and Zanuttigh (2018a) to 

represent the wave overtopping process also in case of structures characterized by a “dry 

landward area”, i.e. without the presence of the water in-shore (as in the scheme of Figure 1). 

The IH2VOF code solves the Reynolds Average Navier–Stokes (RANS) equations, decomposing 

the instantaneous fields of the flow velocity and pressure into average and turbulent components, 

and tracks the free surface with the Volume of Fluid (VOF) method. The turbulent kinetic energy 

(k) and the turbulent dissipation rate (ɛ) are modelled through the κ–ɛ equations (Rodi, 1980; Lin 

and Liu, while the influence of turbulence fluctuations on the mean flow field is represented by 

the Reynolds stresses. The full description and the rigorous mathematical formulation of the 

equation of the IH2VOF code are given in Liu et al. (1999) and Hsu et al. (2002).  

The numerical tests were carried in 1:10 scale to reproduce exactly the scale of the experimental 

tests by Schüttrumpf and Oumeraci (2005) for smooth dikes. The model was indeed already 

calibrated and validated for these cases (Formentin and Zanuttigh, 2018a) and these new 

numerical tests were built on the existing dataset to analyze specifically the effects of crown 

walls and bullnoses on the wave overtopping discharge. 

Figure 2 illustrates the computational domain set up to run all the simulations. It was 41 m long 

and 2 m high, and it was discretized with a structured mesh of rectangles. The mesh resolution 

in the vertical direction (z) was constant and equal to 0.01 m, while a variable mesh was used 

for the cross-shore direction (x). The highest resolution of Δx=0.01 m was used around the crown 

wall and in the run-up area, and it was made linearly decreasing towards the left and the right 

boundary sections up to approximately Δx=0.04 m. In total, the mesh included 1733 and 201 

cells in the x-direction and the z-direction respectively. The use of the modified version of the 

code by Formentin and Zanuttigh (2018a) allowed the storage of the overtopping volumes in a 

numerical reservoir placed on-shore the structures (see Figure 2) and in turn the derivation of 

the average overtopping discharges from the volumes.  

  

Figure 2 – Layout of the numerical flume and wage gauges. All the measures are in m.  
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The basic dike configurations investigated by Formentin and Zanuttigh (2018a) were modified 

by considering different berm widths B (0.3, 0.6, 0.9 m) and off-shore slopes cot(αd) (2, 3, 4) and 

by including the crown walls, with and without bn, situated at the berm on-shore edge. The 

geometrical features of the crown walls and of the bns, i.e. the crown wall heights hw (0.15 and 

0.2 m), the ratios λ between the bn height and the wall height (0.25; 0.3; 0.375), the inclinations 

ε of the bn (30, 45, 60°) and the berm relative emergence hb/Hs (-1.5 and 0) were defined based 

on the values or ranges already investigated by VD.  

Each simulation lasted 750 s, leading to a number of tested irregular waves between 400 and 

500. Each wave was characterized by a Jonswap spectrum with a peak enhancement factor 

γ=3.3. One target wave height Hs=0.2 m and different peak wave periods Tp were selected in 

order to realize both breaking and non-breaking conditions and to determine target wave 

steepnesses Hs/Lm-1,0 in the range [0.02; 0.04], where Lm-1,0 is the wave length computed from 

the spectral wave period Tm-1,0.  

By combining different structure cross-sections and wave attacks, a total number of 91 

simulations was carried out (not all the possible combinations were tested). The main 

geometrical and hydraulic parameters characterizing the numerical tests are rescaled to 

prototype units and reported in Table 1.  

For each test, 9 numerical wave gauges (wgs) were displaced in the numerical channel to record 

the free-surface elevation (h, [m]) and the vertical profiles of the horizontal flow velocity (u, [m/s]). 

The following scheme was setup (see Figure 2):  

 3 wgs were placed in front of the wave generator at a distance of about 19 m (i.e. at least 

1.5 times the highest values of Lm-1,0) for the separation of the incident and reflected wave 

heights and the calculation of the wave reflection coefficient (Kr) according to the 

methodology of Zelt and Skjelbreia (1992); 

 2 wgs were set respectively at the off-shore and in-shore edges of the crown wall to 

reconstruct the vertical profiles of u around the wall; 

 the last 4 wgs were displaced inside the reservoir behind the structures to storage the 

overtopping volumes and calculate the values of the average overtopping discharge q 

associated to each test.  

Specifically, this methodology was followed to calculate q. The values of the water depth h 

accumulated in the reservoir at the end of the simulations and registered at the 4 wgs were 

multiplied by the width of the reservoir, obtaining 4 estimations of the total overtopped volumes 

(m3/m). Each volume was then divided by the duration of the simulation itself, deriving thus 4 

estimations of q for each test (m3/(s∙m)). The final value of q (m3/(s∙m)) is the average of the 4 

q-values estimated from each wg. This methodology was adopted to get an accurate estimation 

of q also in case the free-surface elevation was still oscillating inside the reservoir at the end of 

the simulations, providing different h-values at the different wgs. The differences between the 

values of q obtained from the 4 wgs were always at least 2 orders of magnitude lower than the 

average values of q themselves, viz the level of uncertainty associated to the average q values 

can be considered within 5%. These estimations of q are conceptually comparable to the 
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measurements of q from the weighing boxes by VD and to the results of the experimental 

investigations carried at the University of Bologna (Sub-section 2.3).  

To further check the reliability of the results of the numerical mode, the values of q derived from 

the reservoir (qres) were compared to the values of q obtained by integrating the flow velocities 

(u) with the corresponding water depths (h) registered at the 2 wgs placed at the off-shore and 

in-shore edges of the crown-walls (qhu). The differences of the results from the 2 methods were 

at least one order of magnitude lower than the q-values themselves, i.e.:  

|qres-qhu|<0.1∙qres |qres-qhu|<0.1∙qhu.  

The numerical values of q presented hereinafter in this contribution correspond to qres.  

2.3 The experimental tests 

The experimental part of the new campaign was conducted at the Hydraulic Laboratory of the 

University of Bologna. The tests were performed in the wave flume (see Figure 3), which is 12 

m long, 0.5 m wide and 0.7 m deep. The wave generation is induced by a piston-type wave-

maker with a special cuneiform shape, which generates the waves by its vertical movements 

under the control of the mass conservation law (Galvin, 1964; Wang, 1974). It can be used to 

generate regular, irregular and focalized waves. The maximum wave height and length which 

can be generated are respectively of 0.06 m and 3 m, while the maximum water depth at the 

wave-maker is 0.4-0.45 m.  

The setup of the experiments considered the following works: i) the numerical database collected 

by Formentin and Zanuttigh (2018a) and ii) the experimental database collected by VD on 

structures with bns.  

Following Formentin and Zanuttigh (2018a), 4 “basic dike” configurations were realized, by 

combining 2 horizontal berm widths (B = 0.15 and 0.3 m) and 2 structure slopes (cot(αd)=2 and 

4). For each “basic dike”, 4 further configurations were investigated, by placing 2 wall heights 

(hw =0.04 and 0.05 m) with and without bn (ε = 0 and 30°, λ = 0 and 0.375) at the in-shore edge 

of the berms. By varying the water level h between 0.32 and 0.35 m, 2 berm relative emergences 

(hb/Hs = -0.5 and 0) were realized for each of the 16 structure configurations. The values of the 

parameters ε, λ and hw and the ranges of hw/Rc were setup following VD and limited by the lab 

constraints. All the structures and the crown walls were realized in plywood material, which gives 

a very smooth surface and can be thus characterized by a roughness factor of γf =1 (EurOtop 

2007). No foreshore slope was set before the dikes in the lab experiments.  

Considering the physical constraints of the laboratory and based on the objectives of the 

research, 2 target wave heights of Hs=0.05 and 0.06 m and 2 target wave steepnesses  

Hs/Lm-1,0=0.02 and 0.03 were tested. The wave attacks were generated with a Jonswap spectrum, 

by defining the wave height Hs, the wave period Tp and the peak enhancement factor γ = 3.3 in 

all the tests. Each wave attack was made lasting 480 s in order to generate a number of waves 

varying between (at least) 350 and 500, being the maximum target Tp = 1.4 s. 
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Figure 3 – Wave flume and equipment at the Laboratory of Hydraulics (LIDR), DICAM, University 

of Bologna.  

 

Overall, 118 tests were performed. The tested conditions is reported in Table 1 in prototype units. 

Note that a few (10) tests at hb/Hs = -0.5 and with Hs=0.05 m were not carried out because the 

expected overtopping discharge was lower than the minimum measurable due to the lab facility 

(q<5∙10-5 m3/(sm)).  

The lab channel was equipped with: 

 3 resistive wgs placed in the flume at approximately 1.5∙Lm-10 (≈ 5 m) from the wave-maker 

to record the free-surface elevations and reconstruct the incident and reflected waves based 

on Zelt and Skjelbreia (1992); the sampling frequency of 100 Hz was selected; 

 a recirculation system consisting of: a tank for the storage of the overtopping volumes, a 

conduit and a pump with a flowmeter leading to a precision in the measure of q of 

approximately 1∙10-5 m3/s. 

The schematic layout of the wave flume, with reference to the position of the structures and of 

the instruments (wave-maker, wgs, overtopping tank, recirculation conduit, pump for 

recirculation and flowmeter) is given in Figure 4. For all the structure configurations, the berm 

off-shore edge was positioned at 10.75 m from the wave-maker, independently of the berm width 

and off-shore slope. 
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Figure 4 – Schematic layout of the laboratory wave flume and equipment (pump for recirculation, 

wave gauges and tank for the storage of the overtopping volumes). All the measures are in m.  

 

2.4 Validation of the numerical model 

The modified version of the code developed to deal with a “dry” landward condition in the 

numerical channel, was validated by Formentin and Zanuttigh (2018a) against smooth dikes at 

negative freeboard in both dry and wet conditions, by reproducing existing experimental tests on 

over-washed and overtopped levees (Hughes and Nadal, 2009) and submerged plywood 

breakwaters (Cox and Tajziehchi, 2005). 

The modified IH2VOF is here validated against smooth berms with crown walls and bullnoses. 

Objective of the validation is verifying the adequacy of the model to appropriately represent the 

wave overtopping and reflection processes, giving accurate estimations of q and Kr. To this 

purpose, the following experimental tests were reproduced and simulated with the IH2VOF code: 

i) 4 tests selected from the experiments by VD carried out at the Ghent University (“VD” tests, 

hereinafter) and ii) 6 of the new experimental tests carried out in the laboratory of Bologna and 

presented in Sub-section 2.3 (tests “UB”, hereinafter). These tests were selected for the 

validation because representative of the variety of the simulated conditions by considering both 

the geometrical and the hydraulic features. The main hydraulic and structural parameters 

characterizing the 10 tests selected for the validation are provided in Table 2. The 4 VD-tests 

(1:25 scale) refer to a dike with the same slope (cot(αd)=2) featuring different berm and wall 

heights (hw=0.06 and 0.08 m), different freeboards (Rc=[0.147; 0.233] m) and different berm 

widths (B=0.33 and 0.67 m). In one of the tests (#VD-257, see Table 2), the wall includes the bn 

(ε=45°, λ=0.375). The 6 UB-tests (1:20 scale) consist of 2 different dike slopes (cot(αd)=2 and 

4), at 2 freeboards (Rc=[0.05; 0.075] m) obtained by varying the berm emergences (hb=0 and  

-0.025 m) and widths (B=0.15 and 0.30 m) while keeping the same wall height (hw=0.05 m). No 

experiment with bn was reproduced from the UB-tests.  

For each test belonging to the UB-dataset, Table 2 provides both the target and the measured 

values of the wave heights Hm0. This distinction is not made for the wave period because the 

values of Tm-1,0 observed in the lab were identical to the target ones. The target values of Hm0 

and Tm-1,0 were not available for the VD-dataset. 

Piston-type

wave-maker
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As said, the validation focused on the average q-values, and not on the distribution of the single 

overtopping volumes, which were not measured in the lab. For this reason, the numerical 

simulations of the 10 selected tests were carried out by reproducing the Jonswap spectrums 

relative to the target wave conditions Hm0 and Tm-1,0 for the UB-tests and to the measured values 

of Hm0 and Tm-1,0 (the only available) for the UG-tests. Each simulation was made lasting 480 s 

and a sample frequency of 20 Hz was adopted. For the 2 different datasets, 2 numerical channels 

and 2 mesh grids were set up to exactly and appropriately reproduce the wave flumes and the 

position of the wgs in the lab. In both cases, the mesh resolution Δz was set constant across the 

numerical channel and equal to 0.005 m, while the horizontal mesh as made variable by keeping 

the finest grid of Δx=0.005 m in the area around the structures.  

For each test, the resulting Hm0 and Tm-1,0 obtained in the numerical channel are reported under 

the column “Num” in Table 2. By comparing experimental and numerical values of Tm-1,0, it can 

be observed that the code generally well reproduces the target wave periods, being in most 

cases the differences of the order of 0.05 s. There is no systematic tendency to overestimate 

neither to underestimate Tm-1,0. As for the wave height, the better agreement among lab and 

numerical values of Hm0 is found for the VD-tests, while a certain tendency to underestimation is 

observed for the UB-tests, especially regarding the tests #UB-08, #UB-20 and #UB-24. Actually, 

it was already observed that the numerical model tends to reproduce lower wave heights with 

respect to the target values, especially when the waves are generated in intermediate depth 

water (see, a.o.: Pilechi et al., 2018; Formentin and Zanuttigh, 2018a), as in the present case. 

In the case of the UB-tests, the numerical values of Hm0 should be compared with the target 

values of Hm0 and not with the Hm0 measured in the lab.  

Table 2 includes the experimental and numerical values of q and Kr and the corresponding 

percentage errors, calculated as relative differences. In case of q, the dimensionless quantity 

q/(gHm0Tm-1,0) is used to provide a fair comparison between numerical model and experiments, 

due to the different values of Hm0 andTm-1,0. The level of accuracy of the numerical model in the 

representation of the overtopping discharge is assessed by: 

 the percentage errors, which are included between -39% and +42% and between -55% and 

+26% for the VD and the UB tests, respectively (see Table 2); 

 the values of the determination coefficient R2 calculated among measurements and 

numerical values of q/(g∙Hm0∙Tm-1,0), which are 0.85 and 0.99 for the datasets VD and UB, 

respectively.  

The agreement among numerical and measured values of Kr for the UB tests is represented by: 

 the errors, which are included between -28% and +13% (see Table 2);  

 the value of R2, which is equal to 0.91. 

The experimental values of Kr are not available for the VD-tests. 

Overall, the errors associated to both q and Kr are randomly distributed (i.e. no systematic 

overestimation or underestimation is observed) and comparable to the average uncertainty 

associated to the common predicting methods (see, e.g., Muttray et al., 2006 for Kr, and 

EurOtop, 2018 for q).  

 



13 
 

Table 2 – Parameters of the tests selected for the validation of the numerical code. The lab values of Hm0 and Tm-1,0 and the measurements of q 

and Kr (when available) are compared to the corresponding values obtained from the numerical modelling.  

Test Scale 
Hm0,target 

[m] 
Hm0 

[m] 
Tm-1,0 

[s] 
cotαd 

[-] 
h 

[m] 
hb 
[m] 

hw 
[m] 

Rc 

[m] 
B 

[m] 
λ 
[-] 

ε 
[°] 

q/(gHm0Tm-1,0) 
[-] 

Kr 
[-] 

  
Target Lab Num Lab  Num         Lab Num 

(Lab-Num) 
Lab 

Lab Num 
(Lab-Num) 

Lab 

#VD_217 1:25 - 0.158 0.165 1.66 1.77 2 0.42 -0.173 0.06 0.233 0.67 0 0 8.10E-05 7.92E-05 -2.2% - 0.693 - 

#VD_232 1:25 - 0.101 0.095 1.42 1.45 2 0.48 -0.067 0.08 0.147 0.33 0 0 5.53E-05 3.39E-05 -38.7% - 0.601 - 

#VD_232 1:25 - 0.159 0.157 2.05 1.89 2 0.43 -0.117 0.08 0.197 0.33 0 0 2.45E-04 2.61E-04 18.6% - 0.651 - 

#VD_257 1:25 - 0.159 0.169 2.05 2.12 2 0.43 -0.117 0.08 0.197 0.33 0.375 45 1.62E-04 2.31E-04 42.4% - 0.660 - 

#UB_06 1:20 0.05 0.049 0.046 1.05 1.19 4 0.35 0 0.05 0.050 0.3 0 0 3.42E-05 4.31E-05 26.0% 0.318 0.321 1.0% 

#UB_08 1:20 0.05 0.065 0.049 1.27 1.19 2 0.35 0 0.05 0.050 0.3 0 0 8.30E-05 1.05E-04 26.4% 0.487 0.535 9.9% 

#UB_24 1:20 0.05 0.069 0.051 1.05 1.10 2 0.325 -0.025 0.05 0.075 0.3 0 0 4.41E-05 4.99E-05 13.0% 0.588 0.665 13.1% 

#UB_04 1:20 0.05 0.053 0.046 1.05 1.19 2 0.35 0 0.05 0.050 0.15 0 0 1.16E-04 1.41E-04 21.8% 0.427 0.304 -28.8% 

#UB_20 1:20 0.05 0.059 0.039 1.12 1.10 2 0.325 -0.025 0.05 0.075 0.15 0 0 4.01E-05 3.64E-05 -9.2% 0.585 0.570 -2.5% 

#UB_18 1:20 0.05 0.052 0.047 1.08 1.10 4 0.325 -0.025 0.05 0.075 0.15 0 0 1.29E-05 5.76E-06 -55.4% 0.361 0.311 -14.0% 
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3 Application of the existing methods 1 

This Section proposes the comparison of the new and existing data (i.e. the UB and the VD data) 2 

to the methods available from the literature (briefly recalled in Sub-section 3.1), in order to 3 

contemporary check the reliability of the data (Sub-section 3.2) and the adequacy of the formulae 4 

(Sub-section 3.3).  5 

3.1 Literature overview 6 

The literature formulae for the prediction of q at coastal structures have been historically 7 

developed separately for breaking and non-breaking waves depending on the values of the 8 

breaker parameter ξm-1,0. From now on, following EurOtop (2018), the value of ξm-1,0=2 will be 9 

used as transition between breaking and non-breaking.  10 

The first wide-ranging applicable method for parametrizing the reduction effects induced by the 11 

contemporary presence of one or more structural elements (wall and berm, wall and bn, wall, bn 12 

and berm, etc.) on the overtopping at was proposed by VD for non-breaking waves only. This 13 

study resulted into a reduction coefficient γ* which was meant to be included in the following 14 

EurOtop (2007) equation for the prediction of q: 15 

qVD

√gHm0
3

=0.2∙ exp (-2.3∙
Rc

Hm0∙γ*
) ,  ξ

m-1,0
 >2           (1) 16 

The complete formulations for γ*, which can be synthesized in the following expression,  17 

γ*=f (
hw

Rc
,

B

Lm-1,0
,λ, ε)           (2) 18 

are reported in Appendix 1 of the present contribution (and specifically in the Eqs. A1 to A5). 19 

They are valid for smooth structures and non-breaking waves exclusively and each formula has 20 

its own range of validity.  21 

Van Doorslaer et al. (2016) investigated the possibility to directly apply the original formulations 22 

for γ* conceived for EurOtop (2007) to the new formula for non-breaking waves presented by 23 

Van der Meer and Bruce (2014):  24 

q

√gHm0
3

=0.09∙ exp (- (1.5∙
Rc

Hm0∙γf∙γβ

)
1.3

) , ξ
m-1,0

> 2       (3) 25 

where the coefficients γβ and γf account for, respectively, the wave obliquity and the structure 26 

roughness. Based on the promising results by Van Doorslaer et al. (2016), γ* was indeed 27 

included as it is – i.e. as formulated by VD – in Eq. (2) and adopted by the updated EurOtop 28 

(2018) manual: 29 

qEur,2018

√gHm0
3

=0.09∙ exp (- (1.5∙
Rc

Hm0∙γf∙γβ∙γ*
)

1.3

) ,   ξ
m-1,0

> 2,   γ*=f (
hw

Rc
,

B

Lm-1,0
,λ, ε)     (4) 30 
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For breaking waves, the EurOtop (2018) approach accounts for the presence of berms and 31 

crowns through the 2 coefficients γb and γv, respectively, but does not suggest any coefficient 32 

for representing the effects of a bn. Following EurOtop (2018), Zanuttigh and Formentin (2018) 33 

have recently proposed a new correction factor γ** to extend the applicability of the coefficient γ* 34 

to breaking waves: 35 

γ**=
γ*

tanh(ξm-1,0) 
,            (5) 36 

The formulation for γ** has been conceived to make γ** coincide with γ* in case of non-breaking 37 

waves. Indeed, the denominator tanh(ξm-1,0) goes to 1 when ξm-1,0 goes to +∞, and in the practice 38 

when ξm-10 >2. The coefficient γ** from Eq. (5) is meant to work for both breaking and non-breaking 39 

waves as follows:  40 

qZF

√gHm0
3

=
0.023

√tanαd
∙ξ

m-1,0
∙ exp (- (2.7∙

Rc

ξm-1,0∙H
m0

∙γ**
)

1.3

) ,  ξ
m-1,0

≤2,     γ**=
γ*

tanh(ξm-1,0) 
   (6a) 41 

qZF

√gHm0
3

=0.09∙ exp (- (1.5∙
Rc

Hm0∙γ**
)

1.3

) , ξ
m-1,0

>2,  γ**=
γ*

tanh(ξm-1,0) 
     (6b) 42 

In summary:  43 

 the original method proposed by VD consists of the application of Eq. (1), by including γ* as 44 

provided by Eqs (A1-A5); this method will be referred as “VD method” and the corresponding 45 

predictions as qVD; 46 

 the method proposed by EurOtop (2018) consists of the application of Eq. (4) including γ* as 47 

formulated by VD; this will be the “Eur2018 method” and the corresponding predictions as 48 

named qEur,2018; 49 

 the method proposed by Zanuttigh and Formentin (2018) consists of Eqs. (6a) and (6b), and 50 

essentially coincides with the EurOtop (2018) method in case of non-breaking waves; this 51 

method will be named “ZF method” and the related predictions qZF. 52 

3.2 Characterization of the new data 53 

The UB-data presented in Section 2 are here checked against the literature methods VD, Eur2018 54 

and ZF. The analyses are organized as follows: 55 

 the non-breaking tests are compared to the curves representing Eq. (1) and Eq. (6b), in 56 

Figure 5 and 6b, respectively;  57 

 the breaking tests are compared in Figure 6a to the curve representing Eq. (6a);  58 

 the graphical comparison with Eq. (4) is not provided as it is equivalent to Eq. (6b); 59 

 in each chart of Figures 5 and 6, the data are further distinguished between tests on 60 

structures with berms and walls (void squares) and tests on structures with berms, walls and 61 

bns (filled-in circles); 62 
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 for each group of tests, the agreement among the measured values of q and the 63 

corresponding predictions obtained with the 3 methods is quantitatively assessed by means 64 

of the coefficient of determination (R2), whose values are reported in Table 3 (upper part).  65 

The indexes associated to the methods VD (Eq. 1) and Eur2018 (Eq. 4) are given for the data on 66 

non-breaking waves only, because all the other datasets include tests with breaking waves which 67 

cannot be represented by Eqs. (1) and (4). The R2 performance index was preferred to the root 68 

mean squared error (rmse) as R2 is dimensionless and therefore independent of the magnitude 69 

of the q-values, which vary of several order of magnitudes (from 10-7 to 10-2 m3/(sm)) across the 70 

datasets. R2 allows therefore a meaningful comparison among different datasets and predicting 71 

methods.  72 

  73 

Figure 5 – Dimensionless discharges qmeas/(gH3
m0)0.5 from UB-data as functions of Rc/Hm0 74 

compared to the curve (continuous line) representing the VD method, Eq (1). The dotted lines 75 

are the 90% confidence bands. 76 

    77 

Figure 6 – Dimensionless discharges qmeas/(gH3
m0)0.5 from UB-data as functions of Rc/Hm0 78 

compared to the curve (continuous line) representing the ZF method in case of breaking (panel 79 

a, Eq. 6a) and non-breaking (panel b, Eq. 6b) conditions. The dotted lines are the 90% 80 

confidence bands.  81 
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Table 3 – Performance of the new GP method and of the existing methods (VD, Eur2018 and ZF) 82 

applied to the prediction of q for the datasets involved in the GP training. Error indices R2 83 

(coefficient of determination) and SK (skewness).  84 

Dataset  
(#nr. of tests) 

R2 SK 

UB database 
qGP  

(Eq. 12) 
qVD  

(Eq. 1) 
qEur,2018  
(Eq. 4) 

qZF  
(Eq. 6) 

qGP  
(Eq. 12) 

qVD  
(Eq. 1) 

qEur,2018  
(Eq. 4) 

qZF  
(Eq. 6) 

All data (209) 0.831 - - 0.769 0.73  - -1.91 

Experimental (118) 0.908 - - 0.916 0.60  - -1.70 

Numerical (91) 0.760 - - 0.675 1.05  - -0.91 

Breaking (82) 0.922 - - 0.880 1.50   -1.76 

Non-breaking (127) 0.764 0.732 0.722 0.682 0.46 -0.53 -1.89 -1.44 

Berm+wall (75) 0.906 - - 0.872 1.03  - -1.53 

Berm+wall+bn (134) 0.779 - - 0.675 -0.26  - -1.95 

VD Database 
qGP  

(Eq. 12) 
qVD  

(Eq. 1) 
qEur,2018  
(Eq. 4) 

qZF  
(Eq. 6) 

qGP  
(Eq. 12) 

qVD  
(Eq. 1) 

qEur,2018  
(Eq. 4) 

qZF  
(Eq. 6) 

All data (596) 0.948 0.960 0.956 0.956 1.30 0.92 -1.56 -1.76 

Wall (119) 0.969 0.974 0.973 0.974 1.42 1.68 -1.59 -2.01 

Wall+bn (176) 0.967 0.979 0.973 0.979 1.93 -2.03 -2.24 -2.21 

Berm (63) 0.988 0.993 0.992 0.993 -1.12 2.38 -1.66 -1.77 

Berm+wall (137) 0.960 0.969 0.968 0.980 2.25 2.18 -0.97 -1.25 

Berm+wall+bn (101) 0.851 0.880 0.871 0.868 -0.15 0.78 -1.10 -1.38 

 85 

Figure 5 shows that the VD method provides a very good representation of the UB-data, as 86 

almost all the tests are included within the 90% confidence bands (dotted lines) and are 87 

symmetrically distributed around the fitting curve. No evident heteroscedasticity is found towards 88 

any of the data groups, both considering the numerical and the experimental tests. In the 2 charts 89 

of Figure 6 the data tend instead to be distributed above the fitting curves, exceed ing in some 90 

cases the upper 90% confidence bands. This general trend suggests that the ZF method – and 91 

the Eur2018 method – underestimate, on average, the values of q, leading to a non-conservative 92 

approach. This shortcoming cannot be appreciated from the R2 values of Table 3, as this index 93 

is suitable to assess the accuracy of the predictions but cannot account for the symmetry of their 94 

distribution. Indeed, all the 3 predicting methods are associated with very similar and relatively 95 

high values of R2 (0.732, 0.722 and 0.682 for VD, Eur2018 and ZF, respectively, applied to the 96 

non-breaking dataset), in line with the modest scatter of the points in the Figures 5 and 6.  97 

To assess the symmetry of the error distribution, i.e. of the symmetry of the distribution of the 98 

differences between predictions and measurements of q, the Pearson’s coefficient of skewness 99 

(SK) is adopted: 100 

SK=
n

(n-1)(n-2)
∙ ∑ [(

  xj-μ

σ
)

3

] n
j=1 ,           (7) 101 

where: xj=qpred,j-qmeas,j is the difference (or error) between the predicted and the measured value 102 

of q associated to the j-th test; n is the number of tests; μ and σ are, respectively, the mean and 103 

the standard deviation of the distribution of the error values. In case of a perfectly symmetric 104 

distribution, SK=0, while in case of distributions biased towards positive (xj=qpred,j-qmeas,j>0) and 105 

negative (xj=qpred,j-qmeas,j<0) errors, SK is respectively greater and lower than 0. Therefore, a 106 

positive value of SK indicates that the predicting method is affected by an overestimation bias, 107 
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while a negative value of SK indicates an underestimation bias. The absolute value of SK 108 

indicates the “degree” of asymmetry: the greater |SK|, the more pronounced the bias.  109 

The values of SK are provided (when possible) for each group of data in Table 3 next to the 110 

corresponding values of R2. All the values of SK associated to qEur2018 and qZF are negative and 111 

relatively high in terms of absolute values (-1.95≤SK≤-0.91), confirming that both the predicting 112 

methods, on average, underestimate the values of q in case of composite structures. As for qVD, 113 

the value of SK=-0.53 obtained for the non-breaking dataset reveals that Eq. (1) gives 114 

significantly smaller underestimations of q, as it is graphically evident from Figure 5.  115 

3.3 Limits of the existing predicting methods 116 

To further investigate the adequacy of the methods Eur2018 and ZF, Eqs. (4) and (6) were also 117 

applied to the prediction of the existing data by VD, i.e. the same data which were used to 118 

develop the formulations Eqs. (4) and (6) themselves. The values of R2 and SK associated to 119 

the predictions of the data composing the whole database by VD and of the 5 subsets of tests 120 

grouped by structure types (dikes with walls, dikes with walls and bns, dikes with berms, dikes 121 

with berms and walls and dikes with berms, walls and bullnoses) are reported in the lower part 122 

of Table 3. Table 3 includes also the values of R2 and SK associated to the original VD method 123 

(Eq. 1), which were calculated to provide a comparison with the other formulae.  124 

The values of R2 obtained for the application to the VD database, ranging between 0.868 and 125 

0.993, are particularly high if compared to the values obtained for the UB-database and all the 126 

methods seem to be characterized by very similar accuracy. A relevant difference occurs 127 

between the values of SK: whereas all but one the values of SK associated to qVD are positive  128 

(-1.90≤SK≤2.38, with SK=0.92 for the whole database), all the values of SK associated to qZF or 129 

qEur2018 are again systematically negative (-2.24≤SK≤-0.97, with SK=-1.56 and SK=-1.76 on the 130 

whole database, respectively).  131 

To better illustrate the underestimation shortcoming associated to qEur2018 and qZF, the predictions 132 

of q obtained with the 2 methods are directly compared to the corresponding measured values 133 

in Figure 7. Figure 7a presents the distribution qEur,2018 vs qmeas relative to the VD data, while 134 

Figure 7b shows the distribution qZF vs qmeas relative to the new experimental and numerical data. 135 

Both the plots show a clear underestimation of the qmeas-values, in line with the values of SK. In 136 

some cases, qEur2018 and qZF can be even one order of magnitude lower than the corresponding 137 

qmeas. In Figure 7a, the points are “rotated” around the bisector line, revealing that the 138 

underestimations of by qEur2018 tend to decrease with increasing qmeas values. The data in Figure 139 

7b are instead “shifted” below the bisector line, suggesting that the underestimations of qZF are 140 

on average of the same order of magnitude, independently of the values of qmeas.  141 

 142 
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    143 

Figure 7 – Measured values of q (qmeas) belonging to the datasets VD (panel a) and UB (panel 144 

b) compared to the corresponding predictions obtained with the methods Eur2018 (panel a) and 145 

ZF (panel b). The continuous bisector lines represent the optimal agreement among predictions 146 

and measurements, while the dotted lines are the 90% confidence bands. 147 

 148 

In synthesis, the combined analyses of Figures 5, 6 and 7 and of Table 3 indicate that:  149 

 the original coefficient γ* proposed by VD and optimized for EurOtop (2007) gives an 150 

adequate and conservative representation of the new UB-data, though it is limited to the 151 

non-breaking wave conditions only;  152 

 the coefficient γ*, and its extension to breaking waves proposed by ZF through the coefficient 153 

γ**, may require an update or a re-calibration of the numerical coefficients to be successfully 154 

applied to EurOtop (2018). These formulae indeed significantly underestimate both the UB 155 

and the VD data.  156 

A different approach is therefore necessary for representing the reductive effects of crown walls 157 

and bns, which should be: 158 

 conceived and fitted to be applicable to the most recent version of the EurOtop (2018) 159 

equations, provide conservative estimations of q;  160 

 directly applicable to both the formulae for breaking and non-breaking waves; 161 

 of possibly easier application than the method by VD (see Appendix 1). 162 

 163 

4 The new formula based on Genetic Programming 164 

A new formula for the estimation of the correction factor γ accounting for the reductive effects of 165 

the crown walls and bullnoses to be included in the EurOtop (2018) formulae for the prediction 166 

of q in case of both breaking and non-breaking waves was developed and it is presented in this 167 

Section. The formula is the result of physically-based optimization of an existing Genetic 168 

Programming algorithm (Searson, 2009) to the new numerical and experimental data collected 169 

by the authors and to the existing data by VD. The raw model obtained with the GP has been 170 

slightly modified, based on the available data and information form the literature, to better 171 
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represent the wave breaking phenomenon and achieve a simpler and more operative 172 

formulation.  173 

The final formula is proposed and described in Sub-section 4.4, after a brief description of the 174 

key elements of GP (Sub-section 4.1), the characterization of the data used for the GP training 175 

and the illustration of the GP scheme and parameters adopted (Sub-section 4.2). Sub-section 176 

4.3 discusses limits and advantages of GP.  177 

4.1 Elements of GP 178 

The Genetic Programming (GP) is a biologically-inspired computational method belonging to the 179 

family of the “machine learning” tools. Similarly to other Artificial Intelligence methods , it is an 180 

advanced regression model that creates and trains computer programs to perform a task by 181 

learning the information from empirical records. The task of the GP is to build an empirical 182 

mathematical formulation that can be used to model a specific physical process or predict a 183 

specific parameter. For this reason, it can be said that the GP performs a “symbolic regression” 184 

analysis of the data. In the case of the present contribution, the task is building a formula for the 185 

estimation of the correction factor γ* to be included in the Eqs. (1) and (2). The difference from 186 

the traditional regression analysis is that the symbolic analysis automatically creates and 187 

develops the parameters and the form of the model to be built. This is automatically done by the 188 

GP by supplying:  189 

 a sufficient number of observation data to perform the regression on, which will represent 190 

the “training” and “testing” data;  191 

 the potential parameters (or variables) which the coefficient γ is supposed to depend on;  192 

 a number of analytical functions that may fit the problem (e.g. square root, power, 193 

exponential, hyperbolic tangent, etc.); 194 

 the main parameters and features required for the setup the GP algorithm. 195 

The GP algorithm starts by randomly generating a “first population” of several formulae (or 196 

“individuals”) containing the variables (or “genes”) defined by the user. Each formula includes a 197 

random selection of the variables, linked each other through attempt functions selected from the 198 

ones initially defined by the user. The number and the form of the formulae composing the first 199 

population are then iteratively mutated, “generation by generation”, until the “best performing 200 

formula”, i.e. the formula that solves the task best, is found. At each generation, the adequacy 201 

of each formula of the current population to fit the task is checked against the data selected for 202 

the training and the testing, and a next generation is created. The creation of a new generation 203 

is inspired to the biological process of natural evolution, where the “parental” genetic information 204 

is passed down through generations by the following three key processes: reproduction, mutation 205 

and cross-over.  206 

A very clear and effective description of the conceptual steps composing a GP algorithm is given 207 

by Gaur and Deo (2008), while a detailed explanation of the various concepts related to GP can 208 

be found in Koza (1992). A brief synthesis of the main terms and concepts characterizing the GP 209 

is reported in Appendix 2 with reference to the scheme of Figure 8. 210 
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The result of the application of GP is a regression model or formula consisting of several terms 211 

(genes) added up together. Each gene is a function of one or more parameters governing the 212 

problem (e.g., tanh(ξm-1,0), or exp(-Rc/Hm0∙1/ξm-1,0)) multiplied by a weight factor. In the GP 213 

language, such formula is a “multigene individual”, where the output variable (e.g., the coefficient 214 

γ) is predicted by the weighted output of each of the genes plus a bias term. Mathematically, this 215 

can be written as:  216 

y=xo+w1∙x1+w2∙x2+…+wn∙xn,          (8) 217 

where x0 is the bias and w1, w2 …, wn are the gene weights and n is the number of genes x1, x2, 218 

…, xn. The weights are regression coefficients automatically determined by a least squares 219 

procedure for each multigene individual.  220 

 221 

Figure 8 – Example of a GP solution formula (0.003 (ξm-1,0–ε) - 0.300 tanh(B/Lm-1,0) - 0.495 222 

tanh(hw/Rc) + 0.995) symbolically represented as a tree. The solution includes 3 genes and the 223 

bias. 224 

4.2 GP scheme, parameters and training dataset 225 

The GP technique was applied in this contribution for the specific task of building an analytical 226 

formulation for the estimation of the factor γ* to be included in Eqs. (1) and (2). The setup of the 227 

GP started with the identification of the data to train and test the computer program. To this 228 

purpose, the following databases were considered: 229 

 the experimental database by VD (596 tests); 230 

 the new numerical and experimental databases presented in this contribution (UB tests), 231 

which were specifically collected to provide a wider variety of tested conditions to apply the 232 

GP on (209 tests in total). 233 

Other databases on overtopping at crown walls and bns available from the literature were not 234 

considered for the GP training because consisting of different structure cases (e.g., tests on 235 

seawalls, seawalls with parapet and double seawalls by Oumeraci et al., 2004) or because were 236 

specifically left apart to check the generalization of the formula (e.g., the tests on recurved return 237 

walls by Owen and Steele, 1991), provided in Sub-section 5.3. Only smooth structures were 238 

used because the amount of the available data on rubble mound structures with crown walls and 239 

bns was exiguous (ratio ≈ 1:10 with respect to the number of smooth structures) and insufficient 240 

to properly train the GP.  241 
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A sketch of the variety of the structure types considered for the GP training is illustrated in Figure 242 

9, while the ranges of the hydraulic and geometrical parameters of the tested conditions are 243 

reported in Table 2 for the 3 databases.  244 

 245 

 246 

Figure 9 – Schemes of the different structure cross-sections involved in the GP training. 247 

 248 

The target parameters for the application of GP are the values of the γ* factor to be predicted 249 

through a new formulation. For each of the training tests, it was therefore necessary to “build” a 250 

corresponding target value of γ*. This was calculated from the experimental values of q and the 251 

other parameters Rc, Hm0, tan(αd), ξm-1,0 available for each test of the training dataset, by making 252 

γ* explicit from EurOtop (2018), i.e. by means of the following expressions:  253 

γ*=- [ln (
q

√gHm0
3

∙
√tan(αd)

0.023∙ξm-1,0

)]

 - 
1

1.3

∙
2.7∙Rc

Hm0∙ξm-1,0

,  if ξ
m-1,0

≤ 2        (9a) 254 

γ*=- [ln (
q

√gHm0
3

∙
1

0.09
)]

 - 
1

1.3

∙
1.5∙Rc

Hm0
,  if ξ

m-1,0
>2         (9b) 255 

In other terms, the values of γ* obtained from Eq. (9a-9b) are the values of γ* that make the 256 

predictions of q by EurOtop (2018) coincide to the corresponding experimental values. The 257 

reduction coefficients γf, γb and γβ do not appear in Eq. (9) as their values equal 1 for all the 258 

tests.  259 

The second step of the setup phase consisted of the individuation of the potential input 260 

parameters that may influence the values of the output parameter γ*. The selection of the 261 

parameters started from the analysis of the state-of-art formulae by VD, and evolved in a “trial 262 

and error” process driven by the results of an in-depth sensitivity analysis to the effectiveness of 263 

a number of different combinations of parameters. Specifically, the following parameters were 264 
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initially selected: hb/Hm0, B/Lm-10, Rc/Hm0, hw/Rc, ε, λ, cot(αd), cot(αincl), sm-1,0, ξm-1,0. With respect 265 

to the parameters adopted by VD, the structure slopes cot(αd), cot(αincl) and the breaker 266 

parameter ξm-1,0 were added to account for the breaking wave conditions included in the UB-267 

dataset. The sensitivity analysis was carried out by training the GP several times on the same 268 

dataset and by using each time a different set of these input parameters. The GP automatically 269 

evolves in a program that assigns the proper weight to each parameter, measuring their effective 270 

influence on the output. If a parameter is not influencing at all, it is even not included in the final 271 

formulation (i.e., its weight is 0). The outcomes of the sensitivity analysis suggested that the best 272 

performing formulations for predicting γ* include (only) the following parameters: B/Lm-10, hw/Rc, 273 

ε, ξm-1,0. In other words: 274 

γ* = γ*(B/Lm-10, hw/Rc, ε, ξm-1,0).         (10) 275 

In this expression, it is evident that the parameter ξm-1,0 outperforms the single parameters sm-1,0 276 

and cot(αd) as they are embedded in its definition, while the combination of ε and B/Lm-10 replaces 277 

cot(αincl). An interesting result is that the parameters hb/Hm0, λ and Rc/Hm0 are apparently not (or 278 

negligibly) affecting γ*. 279 

The third step regarded the definition of the functions that might compose Eq. (10). Also in this 280 

case, the same trial and error technique was applied. The most common functions (times; minus; 281 

plus; divide; square; cube; exp; power; square root; tanh; ln) were tested, and, based on the 282 

formulations obtained during the sensitivity analysis, a few were discarded (root, power, ln). A 283 

sensitivity analysis was then performed to select also the most suitable fitness function among 284 

rmse, R2 and SK. rmse was discarded because affected by the order of magnitude of the q 285 

values, giving thus less “importance” to the lower values of q, while SK focuses exclusively on 286 

the symmetry of the error distribution disregarding its accuracy. For this reason, R2 was chosen. 287 

The final step consisted of the configuration of the proper GP algorithm and the development of 288 

the code. To this purpose, the GP package tool “GPTIPS” developed by Searson (2009) for use 289 

with Matlab was adopted. This tool, which is freely downloadable on http://gptips.sourceforge.net 290 

and easily installable in a standard pc, essentially consists of a library of Matlab functions that 291 

can be customized to build an own model of GP. GPTIPS provides also a number of convenient 292 

functions for exploring the population of evolved models, investigating model behaviour, post-293 

run model simplification and export to different formats (e.g. graphics file, LaTex expression, 294 

symbolic math object or standalone m file). The use of GPTIPS, which only requires a basic 295 

knowledge of Matlab environment and programming language, is eased by a detailed User 296 

Guide, which explains how to customize the code and setup the parameters of interest.  297 

The features selected in the final configuration of the GP are reported in Table 4. Some of the 298 

terms included in this Table are derived from the language of GPTIPS. An explanation to the 299 

terms is given in Table 4 itself, while reference to the GP functions and working principle is 300 

provided in Sub-section 4.1. 301 

The results of the application of GP do not consist of a unique solution (unique individual), but 302 

in a set of solutions (population of individuals of the last generation) that fit the task with different 303 

degrees of accuracy and complexity. More precisely, the GP provides the number of so lutions 304 
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that fits the final population size (in the present case 500, see Table 4). GPTIPS selects the “best 305 

performing” individuals among the overall population of the last generation, based on a criterion 306 

of maximum accuracy and minimum complexity. This means that the “best performing” 307 

individuals are not necessarily the ones which optimize the fitness function, but the ones which 308 

reach a good fitness score without exceeding in complexity. The level of complexity of an 309 

individual is determined by the number of genes involved, in the number and types of functions 310 

included and in the “tree depth”, i.e. the number of non-linear genes and the level of non-linearity. 311 

A too high level of complexity would seriously affect the solution generalization.  312 

 313 

Table 4 – Parameters and relative values adopted in the final setup of the GP. Part of the 314 

terminology is specific of the GPTIPS tool (Searson, 2009). 315 

Run parameter Description of the parameter Value 

Elapsed time 

[hh:mm:ss] 

Time required to run the GP and find the “best performing 

individual” or to break the algorithm based on the stopping 

criteria 

00:01:02 

Run timeout [s] 
Maximum time allowed for creating a new generation that 

performs better than the previous one 
30 

Population size 
Number of individuals composing the population at the first 

generation 
500 

Crossover 

probability 

Probability of creating a next-generation individual 

exclusively from the cross-over of the genes of two 

parental individuals 

0.84 

Mutation 

probabilities 
Probability of getting a gene mutation at each generation 0.14 

Elite fraction 

Fraction of individuals belonging to a population that are 

directly passed to the next generation (without cross-over 

and mutation) 

0.3 

Function set 
Functions initially defined by the user that may compose 

the predicting model 

times; minus; plus; divide; 

square; cube; exp; power; square 

root; tanh;  

Max. generations 
Maximum number of generations  

allowed before breaking the GP algorithm 
300 

Generations 

elapsed 

Total number of generations created before finding the 

“best performing individual” or satisfying the stopping 

criteria  

88 

Input variables Physical parameters initially supplied by the user 5: B/Lm-10; hw/Rc; ε; ξm-1,0; Rc/Hm0 

Max. genes 
Maximum number of genes that each individual may 

contain 
5 

Max. tree depth Parameter used to limit the size of the initialized trees  2 

 316 

Table 5 reports the 4 best performing solutions for the formulation of γ* individuated with GP. In 317 

this Table, each solution is assigned an ID, a fitness score (the coefficient of determination R 2) 318 

and a complexity score. The level of complexity of all the solutions in Table 5 is relatively low as 319 

it was limited by setting the maximum tree depth equal to 2 and the maximum number of genes 320 

equal to 5. At the same time, the fitness scores obtained on the testing data are relatively high. 321 

The solution #504 presents the best fitness score (R2=0.852) but is the most complicated 322 

(complexity 18), as it involves non-linear genes (0.479∙B/Lm-1,0∙ξ m-1,0 and 0.044 ξ m-1,0 hw/Rc) and 323 

a higher number of genes with respect to the solutions #272 and #280. Overall, solution #272 324 

represents the best compromise between fitness score and complexity (11), as it does not 325 
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involve non-linear genes but its R2 value (0.834) is comparable to highest fitness score of solution 326 

#504. To individuate the best solution an “overall score” was assigned to each solution. The 327 

overall score – whose values are reported in Tab. 5 – was calculated as the quotient between 328 

the square of R2 and the solution complexity, i.e. (R2)2/complexity. Based on the overall score 329 

(0.063), the solution #272 (whose tree is symbolically represented in Figure 8) was identified as 330 

the best GP formula for predicting γ* and it was chosen for a last optimization process finalized 331 

at improving its generalization and at simplifying the weight coefficients.  332 

 333 
Table 5 – Best performing solutions obtained for the formulation of γ* with GP. 334 

Solution ID 
Fitness score 

(R2) 

Solution  

complexity 

Overall score 

(R2)2/complexity 

Solution 

504 0.852 18 0.040 

0.003 (ξm-1,0 – ε) - 0.868 tanh(hw/Rc) -  

0.479∙(B/Lm-1,0∙ξ m-1,0) + 0.044(ξm-1,0∙hw/Rc) + 

1.000 

621 0.850 14 0.052 
0.049∙(ξm-1,0∙hw/Rc) - 0.912 tanh(hw/Rc) -  

0.480∙(B/Lm-1,0 ξm-1,0) - 0.003 ε + 1.020 

272 0.834 11 0.063 
0.003 (ξ m-1,0 – ε) - 0.300 tanh(B/Lm-1,0) – 

0.495 tanh(hw/Rc) + 0.995 

280 0.705 8 0.062 
0.998 - 0.616 tanh(hw/Rc) -  

0.020 tanh(B/Lm-1,0) 

 335 

4.3 Advantages and limits of GP 336 

One of the main advantages offered by GP (with respect to other machine-learning tools, such 337 

as neural networks) is the possibility to obtain a formula, instead of a black-box predicting model, 338 

with a relatively small number of parameters. A formula can be checked, corrected, updated and 339 

re-calibrated in case new data become available. Differently from neural networks, the human 340 

supervision and modification of the GP solutions is possible and desirable. Indeed GP belongs 341 

to the category of “supervised machine learning tools”, where the data training process is 342 

supposed to get a feedback from the human experience.  343 

In order to keep the predicting model simple and limit the number of freedom degrees, it may 344 

happen that even the “best performing” solution obtained with the application of  GP is not fully 345 

satisfactory. Figure 10 illustrates the results of the application of solution #272 of Table 5 to the 346 

prediction of q for the datasets UB and VD. The predictions (qGP,272) are obtained by including γ* 347 

as modeled by solution #272 in the EurOtop (2018) equations for q. The distribution of the 348 

normalized errors (qGP,272 - qmeas) as functions of ξ m-1,0 shows a “clustering” of the larger errors 349 

around ξm-1,0=2. In case of non-breaking waves, the error decreases with ξm-1,0, while in case of 350 

breaking data are, the errors increase with ξm-1,0 up to ξm-1,0=2. 351 

This analysis indicates that the formulation for γ* by solution #272 is not fully satisfactory, even 352 

if it represents the “best compromise” among the ones obtained with GP. One possibility would 353 

be searching another, more refined GP model than Solution #272. This could be done by 354 

increasing the tree depth and the level of complexity of the mathematical relationships between 355 

the parameters. However, increasing the complexity means increasing the number of the 356 
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coefficients and the freedom degrees of the solution, which may significantly compromise the 357 

“capability of generalization” of the solution itself. GP may deliver a more refined model for γ*, 358 

but such model might result “too costumed” to fit the training data and might fail in the 359 

representation of new data (which is a typical shortcoming of other machine learning tools like 360 

neural networks, see Formentin and Zanuttigh, 2018b). In order to keep the model simple, 361 

Solution #272 was selected and further elaborated as it is described in the following Sub-section 362 

4.4.  363 

 364 

  365 

Figure 10 – Normalized errors between measurements (qmeas) and predictions of q obtained from 366 

the application of γ* as modeled by solution #272 (qGP,272). The errors are plotted as functions of 367 

ξm-,1,0. Panel a: VD-tests; panel b: UB-tests. 368 

 369 

4.4 The new formula 370 

The formula proposed in this contribution for the prediction of γ* is therefore the result of the 371 

human supervised manipulation of solution #272 of Table 5. The formula is provided in the 372 

following Eq. (11): 373 

γ
GP
* = (

0.93

tanh (1.5∙ξm-1,0)
) - (0.30∙ tanh (

B

Lm-1,0
)) - (0.40∙ tanh (

hw

Rc
)) ∙-(0.15∙εrad),     (11) 374 

where the subscript “GP” is added to distinguish the new γ* factor from the one proposed by VD, 375 

while the subscript “rad” indicates that the bn inclination angle ε should be provided in radians. 376 

The formulation of Eq. (11) keeps the same form, the same parameters and the same signs of 377 

the solution #272. It also involves the same hyperbolic tangent function (tanh) for B/Lm-1,0 and for 378 

hw/Rc and similar weights for B/Lm-1,0, hw/Rc and ε (the numerical difference between the weights 379 

of ε being due to the difference between radians and degrees). The use of tanh is particularly 380 

suitable to account for the reduction effects of the berm width and the wall height, as this function 381 

does not diverge, but converges to a constant for large values of B/Lm-1,0 and hw/Rc. A linear 382 
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function of ε is instead sufficient as ε spaces between 0 and π/2, i.e. it cannot assume indefinitely 383 

high values.  384 

With respect to the solution #272, the main novelty of Eq. (11) is that γ* is a function of  385 

(tanh(ξ m-1,0))-1 instead of increasing linearly with ξ m-1,0. This change was made because the 386 

solution #272 tended to give overestimations of q for values of ξm-1,0 >2. Indeed: 387 

 γ* is independent of ξm-1,0 in case of non-breaking waves (ξm-1,0>2), as already found by VD 388 

and confirmed by Zanuttigh and Formentin (2018); 389 

 the effect ξm-1,0 is non-negligible in case of breaking waves (ξm-1,0≤2) and it plays a positive 390 

contribution on γ* (sign +), differently from the other parameters (B/Lm-1,0, hw/Rc and ε) which 391 

contribute to reduce γ* (sign -), see Zanuttigh and Formentin (2018); 392 

 the positive contribution of γ* should decrease with increasing ξm-1,0 up to approximately  393 

ξm-1,0=2, i.e. exactly when the boundary between breaking and non-breaking waves is 394 

reached.  395 

The use of the function (tanh(1.5∙ξ m-1,0))-1 introduces a positive contribution in the calculation of 396 

γ* which monotonically decreases to 1 for increasing ξm-1,0. In the practice, for ξm-1,0>2,  397 

(tanh(1.5∙ξ m-1,0))-1≈1. The bias term of the solution #272 (+0.995) is incorporated in the coefficient 398 

0.93 multiplying (tanh(1.5ξ m-1,0))-1. Ultimately, when ξm-1,0>2 the term +0.93(tanh(1.5∙ξ m-1,0))-1 399 

tends to +0.92, i.e. a constant replacing the bias +0.995 of the solution #272. 400 

The main advantages of using Eq. (11) instead of the existing formulations from the literature 401 

Eq. (1), Eqs. (4) and (6) are the following. 402 

 For each of the structure types of Figure 8, Eq. (11) directly provides the γ*GP coefficient to 403 

be included in the EurOtop (2018) formulae independently of the structure configuration. 404 

Indeed, when a structural element is not present, its corresponding term is equal to 0 (e.g., 405 

if the structure has no berm, the term 0.3∙tanh(B/Lm-1,0) =0. On the contrary, the application 406 

of the VD formulae requires to use a different formulation for each combination of structure 407 

elements (e.g., wall+berm, or wall+berm+bn, or wall+bn, etc.). 408 

 Eq. (11) can be applied to both breaking and non-breaking waves. 409 

 Eq. (11) allows a cautious approach, giving on average higher estimations of q (see the next 410 

Section 5).  411 

The new GP-based method consists therefore of the following Eqs.: 412 

qGP

√gHm0
3

=
0.023

√tanαd
∙ξ

m-1,0
∙ exp (- (2.7∙

Rc

ξm-1,0∙H
m0

∙γ
GP
* )

1.3

) ,  ξ
m-1,0

≤2     (12a) 413 

qGP

√gHm0
3

=0.09∙ exp (- (1.5∙
Rc

Hm0∙γ
GP
* )

1.3

) ,  ξ
m-1,0

> 2      (12b), 414 

where γ*
GP is given by Eq. (11). Eqs. (11) and (12) will be named the “GP method” in the following 415 

and the corresponding predictions will be qGP. 416 

 417 
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5 Results and verification of the new formula 418 

This Section presents the results of the application of the GP method to the new database of 419 

numerical and experimental data (Sub-section 5.1) and to the database by VD (Sub-section 5.2). 420 

For each dataset, the predictions of qGP were compared to the corresponding measurements 421 

(qmeas) and to the predictions obtained with the literature methods (qVD by Eq. 1 and qZF by Eq. 422 

7). The performance of the new formula is quantitatively assessed and compared to the 423 

performance of the existing methods by means of the indexes R2 and SK. The values of these 424 

indexes are reported in Table 3 for each dataset and for each predicting method where 425 

applicable. Graphical charts are also included to give a qualitative idea of the performance of 426 

the new formula. Figures 11 and 13a illustrate the distribution of qGP vs qmeas, while Figures 12 427 

and 13b show the distribution of the qmeas-values around the curves representing Eqs. (12a) and 428 

(12b). 429 

5.1 Application to the new database 430 

The new GP method by Eq. (12) is here tested against the UB-data. Overall, the level of 431 

uncertainty associated to the prediction of the whole set of new data by qGP is represented by a 432 

percentage standard deviation σ% of 10.0%, varying between 9.0% and 17% for the experimental 433 

and numerical data. 434 

The quantitative and the qualitative analyses of the results are given respectively in Table 3 and 435 

in Figures 11 and 12. The aim is to characterize the performance of the new formula on the 436 

whole database and on sub-datasets of tests grouped by: i) experimental and numerical tests; 437 

ii) breaking and non-breaking waves; iii) smooth berms with walls including or not a bn.  438 

For the whole database and for each groups of tests, the values of R2 and SK are presented in 439 

the upper part of Table 3, in comparison to the same performance indexes obtained with the 440 

literature methods, i.e. VD, Eur2018 and ZF.  441 

For each dataset and on the whole database, the use of γ*
GP determines an improvement of the 442 

performance with respect to the use of γ* and γ**, both in terms of accuracy (R2) and of symmetry 443 

(SK). The best accuracy is achieved on the experimental dataset (R2=0.908), the breaking tests 444 

(R2=0.922) and the structures without bns (R2=0.906). The lowest values of R2 are observed on 445 

the datasets of numerical tests (R2=0.760), non-breaking waves (R2=0.764) and structures with 446 

bns (R2=0.779). This slightly lower performance is principally determined by the inherent 447 

uncertainty associated to the smallest q-values measured in the lab and in the numerical model 448 

(indicatively, q<10-5 m3/(sm)), especially in presence of structures with bns. In case of 449 

(extremely) rare overtopping, indeed, the overtopping volumes collected in the numerical 450 

reservoir and in the laboratory tank (see Figures 2 and 4) might be so small to be close to the 451 

mesh resolution or to the precision of the hydrometer. Anyway, even in such conditions, the accuracy 452 

of the predictions of γ*
GP is still satisfactory (R2>0.75), especially if compared to the value of R2≈0.68 453 

obtained for these datasets with ZF. 454 
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The most important achievement obtained with the new formula is represented by the SK values. 455 

The results of Table 3 remark that the predictions of q obtained with all the other methods are 456 

systematically affected by an underestimation bias, no matter which dataset they are applied on. 457 

The corresponding values of SK are all negative and relatively high (-1.95≤SK≤-0.91), if 458 

considering the absolute values. On the contrary, the SK values associated to γ*
GP are all positive 459 

but one (structures with berm, wall and bns, SK=-0.26) and lower in magnitude (-0.26≤SK≤1.50). 460 

This means that the new formula gives more conservative and less biased estimations of q, 461 

outperforming the existing methods which tend to systematically underestimate the q-values.  462 

From a qualitative viewpoint, the 2 charts of Figure 11 display the same distribution qGP vs qmeas 463 

by grouping the data into breaking and non-breaking waves (panel a) and into structures with 464 

and without bn (panel b). The distinction between structures with and without bn is also proposed 465 

in Figure 12, which compares the measurements qmeas/(gH3
m0)0.5, as functions of Rc/Hm0, to the 466 

curve representing the EurOtop (2018) formulae with γ*
GP for breaking and non-breaking waves 467 

in panel a and b, respectively. Figure 11 shows that the predictions are almost symmetrically 468 

distributed around the bisector line and are not affected by any particular bias or 469 

heteroscedasticity related to any of the 4 groups of tests. In Figure 12a, all the breaking tests 470 

are aligned around the fitting line by Eq. (12a) and included within the 90% confidence bands. 471 

In Figure (12b), the non-breaking tests tend to fall around or slightly below the curve of Eq. (12b), 472 

suggesting that – especially in case of structures without bns – the new formula tends to give 473 

cautious estimations of q.  474 

The application of the new factor γ*
GP to the new database gives satisfactory results, considering 475 

the agreement among predictions and measurements, the symmetry of the error distribution and 476 

the agreement with the curves representing the formulae. Further improvements might be 477 

achieved by focusing on a more detailed representation of the rare overtopping conditions.  478 

 479 

  480 

Figure 11 – Predictions of q (qGP) obtained with the new GP method (Eq. 12) compared to the 481 

corresponding measurements (qmeas). The tests belong to the UB-dataset and are distinguished 482 

by breaking and non-breaking conditions in panel (a) and by structures with berm and wall and 483 
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structure with berm, walls and bns in panel (b). The dotted lines represent the 90% confidence 484 

bands associated to the predictions. 485 

 486 

 487 

 488 

Figure 12 – Dimensionless discharges qmeas/(gH3
m0)0.5 from UB-data as functions of Rc/Hm0 489 

compared to the curve (continuous line) representing the GP method in case of breaking (panel 490 

a, Eq. 12a) and non-breaking (panel b, Eq. 12b) conditions. The dotted lines are to the 90% 491 

confidence bands. 492 

5.2 Application to the database by VD 493 

The quantitative results of the application of the GP method to the VD dataset are reported in 494 

the lower part of Table 3. The performance indexes R2 and SK were calculated for qGP, qVD, 495 

qEur,2018 and qZF
 on the whole VD database and on 5 datasets of tests grouped according to the 496 

structural complexity: i) wall, ii) wall and bn, iii) berm, iv) berm and wall, v) berm, wall and bn. 497 

The average level of uncertainty associated to the prediction of the whole VD-database by qGP 498 

is represented by σ% = 6.1%, with σ% = 3.6% on the dataset with wall and bns and σ% = 9.3% on 499 

the dataset with berm, wall and bn.  500 

The R2 values obtained with qEur,2018 and qZF
 are almost identical, because the formulation of qZF

 501 

converge to the formulations of qEur,2018 in case of non-breaking waves. The differences in the R2 502 

values between qGP and qEur,2018 or qZF
  all refer to the 3rd significant figure and therefore can be 503 

considered negligible in the practice. The R2 values associated to qVD are slightly higher, and the 504 

differences with qGP reach the 2nd significant figure for the dataset on berm+wall+bn. Indeed, qVD 505 

was specifically developed on these data and is therefore characterized by the greatest 506 

accuracy.  507 

Similarly to the application on the new database, the substantial improvement related to the use 508 

of γ*
GP is represented by the SK values. With the exception of the datasets of berms (SK=-1.12) 509 

and berms+walls+bns (SK=-0.15), the predictions of qGP are all characterized by positive and on 510 

average lower values of SK in absolute terms (-1.12≤SK≤2.55), than the predictions obtained 511 
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with qEur,2018 (-2.24≤SK-0.97) and qZF (-2.21≤SK≤-1.12). This means that the errors (qGP –qmeas) 512 

are generally more symmetrically distributed around 0 and are more frequently positive, i.e. 513 

qGP>qmeas. On the contrary, qEur,2018 and qZF
  systematically underestimate all the data, as it can 514 

be appreciated in Figure 7. The values of SK obtained by qVD are comparable to the ones by qGP 515 

(-2.03≤SK≤2.38) confirming that the original method proposed by VD is accurate and 516 

conservative in case of non-breaking waves. 517 

The quantitative results are reflected in the 2 plots of Figure 13: panel (a) shows the distribution 518 

of qGP vs qmeas, while panel (b) provides the distribution of the measured values qmeas/(gHm0
3)0.5 519 

vs Rc/(Hm0γ
*
GP) in comparison to EurOtop (2018). Figure 13a and Figure 7a display the same 520 

distributions of values, obtained with qGP and qEur,2018, respectively. While almost all the 521 

predictions fall below the bisector line of Figure 7a, the data in Figure 13a are on average 522 

symmetrically distributed around the bisector line. In line with the SK-values of Table 3, the 523 

dataset most-symmetrically distributed in Figure 13a is the one on berms+wall+bn (SK=-0.15, 524 

i.e. the lowest absolute value of SK), while the dataset on berms in the only one which tends to 525 

be slightly underestimated (SK=-1.12). Figure 13b shows that the predictions qGP are still 526 

consistently aligned along the curve of EurOtop (2018) (continuous line) and most of the data 527 

fall within the corresponding 90% confidence bands (dotted lines). Therefore, the introduction of 528 

γ*
GP significantly reduces the underestimation bias associated to qEur,2018 and qZF and it is 529 

physically consistent with Rc/Hm0. 530 

 531 

 532 

Figure 13 – Panel a: predictions of q (qGP) obtained with the new formula for γ*
GP (Eq. 11) 533 

compared to the corresponding measurements (qmeas). Panel b: dimensionless measurements 534 

q/(gH3
m0)0.5 as functions of Rc/Hm0 compared to the curve representing the EurOtop (2018) 535 

formulae for the prediction of q in case of non-breaking wave conditions. The data belong to the 536 

VD-dataset. The dotted lines refer to the 90% confidence bands. 537 
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6 Conclusions 539 

This contribution proposed a new coefficient γ*
GP to represent the effects of crown walls and 540 

bullnoses (bns) on the reduction of q. The coefficient is conceived to be included in the EurOtop 541 

(2018) formulae for the prediction q: it is supposed to replace the coefficient γ* in the non-542 

breaking waves formula and the coefficients γv and γb in the formula for breaking waves.  543 

The new formula for calculating γ*
GP has been developed by applying the Genetic Programming 544 

(GP) technique to a set of existing and new data on wave overtopping at composite structures 545 

with bns. These data essentially consist of the database collected by Van Doorslaer et al. (2015) 546 

and the new experimental and numerical database collected by the authors and presented in 547 

this contribution. The new experiments were conducted in the wave flume of the Laboratory of 548 

Hydraulics of the University of Bologna while the numerical simulations were carried out with the 549 

consolidated IH2VOF code developed by the University of Cantabria and validated against 550 

experimental data with bns. The new experiments and the new numerical modelling involved 551 

smooth berms, dikes with crown walls and bns under breaking and non-breaking wave 552 

conditions. The reliability of these new data was checked against the existing predicting methods 553 

(EurOtop, 2018). 554 

A sensitivity analysis was carried out to individuate the most suitable set of parameters to be 555 

included in the GP training to describe the effects of the structural elements and of the wave 556 

breaking. The optimal set consisted of: the ratio between the berm width and the wave length 557 

B/Lm-1,0, the ratio between the wall height and the total structure freeboard hw/Rc, the angle of 558 

inclination of the bn ε and the breaker parameter ξm-1,0. The application of the GP prompted a 559 

number of similar formulations for calculating γ*
GP as a function of these parameters.  560 

The GP best performing formulation – i.e. the formulation that provides the values of γ*
GP which 561 

allows the most accurate estimations of q – was selected and optimized under the human 562 

supervision to obtain a physically-based and physically-coherent predicting method. The final 563 

result is a unique, practical formula for predicting γ*
GP accounting for the single or contemporary 564 

presence in the dike layout of one or more structural elements (berm, wall and bn) through the 565 

simple sum of the corresponding parameters. The dependency of γ*
GP on each parameter is 566 

expressed through the hyperbolic tangent function, which is automatically equal to 0 when the 567 

element is absent and which is intrinsically upper-limited when the parameters tend to ∞. 568 

The application of the new formula to the new data and the data by VD demonstrates that the 569 

use of γ*
GP in the EurOtop (2018) formulae allows to get estimations of q that are at least as 570 

accurate as the existing methods and that vary consistently with the physical parameters. The 571 

accuracy is represented by values of the coefficient of determination R2 computed among 572 

predictions and measurements of q that are never lower than ≈0.76 and in most cases >0.85. 573 

The main improvement of the new formula consists of the possibility to overcome the 574 

underestimations of q, which would be obtained using some of the recent literature methods. It 575 

was indeed verified that the application of the coefficient γ* by VD – which was originally 576 

conceived to be included in the EurOtop (2007) formulae for q – to EurOtop (2018), and its 577 

modified version γ** developed by Zanuttigh and Formentin (2018), lead to systematic 578 
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underestimations of q independently of the dataset and of the combination of structural elements 579 

of the dike configuration. The entity of the underestimations was quantified through the 580 

calculation of the skewness coefficient (SK) of the distribution of the differences between 581 

measurements and predictions of q obtained with the different methods. For any dataset or group 582 

of data, the SK values associated to γ* and γ** are systematically <0, while the SK values 583 

associated to γ*
GP are positive and significantly closer to 0. 584 

The possibility to directly apply the unique, new formula to the EurOtop (2018) equations for q 585 

represents a remarkable improvement with respect to the method by VD, which consists of 586 

several different formulations (as reported in Appendix 1) to be selected each time according to 587 

the different combination of structural elements contemporary present (bullnose, promenade, 588 

crown wall). 589 

The range of validity of the new formula is determined by the range of the parameters 590 

characterizing the data used to train the GP and to calibrate the coefficients of the formula itself, 591 

which are reported in Table 1. The formula has been applied so far to smooth dikes with crown 592 

walls under perpendicular waves only. 593 
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Appendix 1. Formulations for γ* by Van Doorslaer et al. (2015)  681 

The formulations by Van Doorslaer et al. (2015) for the parametrization of the coefficient γ* to 682 

be included in EurOtop (2007) to predict q in case of non-breaking waves (ξm-1,0) correspond to 683 

EurOtop Eqs. 5.45-5.50 and are reported in the following in relation to structure configuration.  684 

 smooth dike + wall:  685 

γ*=γ
v
= exp (-0.56∙

hw

Rc
),   for 

hw

Rc
=0.08-1.00     (A1) 686 

 smooth dike + wall + bn:  687 

γ*=γ
v
∙γ

bn
∙γ

s0,bn
,   where:        (A2) 688 

o γ
bn

=1.8γ
ε
γ

λ
,  for

hw

Rc
≥0.25,  where       (A2a) 689 

γ
ε
= {1.53∙10

-4
ε2-1.63∙10

-2
ε+1 if 15°≤ε≤50°

0.56,       if ε>50°
   and 690 

γ
λ
=0.75-0.20λ, if 0.125≤λ≤0.6  691 

o γ
bn

=1.8γ
ε
γ

λ
-0.53,       for

hw

Rc
<0.25,  where      (A2b) 692 

γ
ε
=1-0.003ε   and  693 

γ
λ
=1-0.144λ,      if 0.1≤λ≤1  694 

 smooth dike + berm (or promenade):  695 

γ*=γ
prom

=1-0.47
B

Lm-1,0
,  for 

B

Lm-1,0
=0.05-0.5      (A3) 696 

 smooth dike + berm + wall:  697 

γ*=γ
prom_v=0.87∙γ

prom
∙γ

v
,  for 

B

Lm-1,0
=0.05-0.4 and 

hw

Rc
=0.07-0.80 ,  (A4) 698 

with γv from Eq. (A1) and γprom from Eq. (A3) 699 

 smooth dike + berm + wall + bn:  700 

γ*=γ
prom_v_bn

=1.19∙γ
prom_v

∙γ
bn

         (A5) 701 

for 
B

Lm-1,0
=0.04-0.4, 

hw

Rc
=0.17-0.80, ε=30°, 45° and λ=0.25-0.38  702 

with γprom_v from Eq. (A4) and γbn from Eq. (A2a) or (A2b) 703 

  704 
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Appendix 2. GP glossary  705 

The main terms and concepts characterizing the GP technique are listed and briefly described 706 

in the following. A schematic representation is also given in Figure 8. 707 

 Tree: symbolic and conceptual representation of the computer program (formula) evolved 708 

by the GP;  709 

 individual: solution (i.e. mathematical formula) to the task to be solved; 710 

 population: set of individuals of the same generation (i.e. iteration);  711 

 genes: the parameters, or variables, characterizing an individual (i.e.  each term composing 712 

a solution formula);  713 

 selection phase: phase of the algorithm in which the fittest individuals are selected to pass 714 

their genes to the next generation, i.e. to reproduce themselves; 715 

 training data: set of empirical input values and corresponding output values from the process 716 

to be modelled;  717 

 testing data: another set of input and corresponding output values that can be used, at the 718 

end of the run of GP, to evaluate the evolved models. The testing data are not used to evolve 719 

the models, but gives an indication of how well the models performs on new data not used 720 

for training (i.e. how well the models generalize). 721 

 fitness function: function or criterion used to assess the “fitness” of each individual of a 722 

population to the task (e.g. the RMSE criterion); the fitness function gives a fitness score to 723 

each individual. The higher the fitness score, the higher the probability for an individual to 724 

be selected for “reproduction”;  725 

 parents: couple of individuals that are selected for reproduction on the basis of their fitness 726 

scores; 727 

 cross-over: phase of the GP where the genes of the parents are randomly exchanged to 728 

create a new off-spring individual; the genes of the off-spring individual are thus a 729 

combination of the genes of the parents; 730 

 mutation: like in nature, during the cross-over, there is a low-probability that a random 731 

mutation occurs to the off-spring genes; when this happens, some of the genes of the off-732 

spring can be flipped. The mutation is included in the GP to keep the population diversity 733 

and prevent premature convergences of the algorithm (i.e. to prevent that the fitness function 734 

falls entrapped in local minima); 735 

 termination criterion: when the fitness function has reached its minimum or when the 736 

population does not produce any significant improvement with the next generation, the 737 

termination criterion is satisfied and the algorithm interrupts.  738 

 739 


