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A B S T R A C T   

Seawalls play a significant role in protecting coastal areas against wave attack and flooding. The accurate 
estimation of wave overtopping at seawalls is therefore crucial to adequately protect people and infrastructure in 
these regions. In this study, the mean wave overtopping rate at rubble mound seawalls was investigated through 
140 small-scale physical model tests which adds to the limited existing data for this structure type in the 
extended CLASH database called EurOtop (2018). The combined dataset is used to evaluate the prediction skill of 
existing empirical formulae and to identify their limitations. The role of wave steepness on the mean overtopping 
rate is closely examined as it has not yet been considered properly in the EurOtop (2018) formulation. A new 
formula was derived using dimensional analysis and physical justifications of the overtopping phenomenon. The 
formula was found to provide a 40% decrease in RMSE in comparison to that of the EurOtop (2018). In addition, 
the new formula yields a BIAS ≈0, a significant improvement compared to − 0.38 (non-dimensional discharge) of 
the EurOtop (2018) formula. The proposed formula has a simple form where non-dimensional overtopping 
discharge depends only on the relative crest freeboard and wave steepness, which were found to be the most 
important variables based on a sensitivity analysis.   

1. Introduction 

Based on recent observations and modelling, more severe storms and 
the high risk of flooding are expected for coastal areas due to climate 
change in the future. In order to mitigate this issue and protect the areas 
of human habitation and properties, effective coastal defence structures 
are needed. Seawalls are one such coastal defence system, are usually 
built parallel to shorelines with a variety of materials and geometries. 
Rubble mound seawalls are more common as they are easy to build and 
can dissipate wave energy effectively. They consist of armour layer(s) 
with natural quarry rock or prefabricated concrete blocks (e. g. cubes, 
tetrapods), a filter layer, and an impermeable core beneath. One of the 
important aspects of the design of a seawall is the determination of the 
required crest level to reduce overtopping risk as excessive wave over-
topping can cause failures of the structure, financial losses (Neves et al., 
2008) as well as threaten the safety of people and properties on the crest 
or the lee side. The mean overtopping rate (q) is commonly used for the 
design and assessment of coastal structures as it quantifies overtopping 

within a storm duration. To ensure the safety of the design, the mean 
overtopping rate should not exceed the allowable values specified in 
manuals (e. g. CEM, 2002; EurOtop, 2018). 

Several approaches have been reported for the prediction of the 
mean wave overtopping rate which can be classified into numerical, 
physical, and data mining (e. g. EurOtop Neural Network) methods. 
Derived based on experimental datasets, empirical formulae are the 
most well-known and popular tools. These formulae are mostly derived 
through regression analysis in which dimensionless measured over-
topping rates are correlated with dimensionless structural and hydraulic 
parameters using physical arguments. In practice, empirical formulae 
are preferred as they are more transparent in providing insight into the 
importance of different parameters as well as representing the physics of 
the overtopping process. The initial studies of wave overtopping at 
sloped seawalls are those of Goda (1971) and later by Owen (1980) in 
which a simple empirical formula was derived based on a limited 
number of effective parameters. Since then, several studies (e. g. van der 
Meer and Janssen, 1994; Besley, 1999) were carried out to extend the 
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knowledge and improve the existing empirical formulae. Within the 
CLASH European project, Steendam et al. (2004) gathered over 10,000 
data from several measurements, and delivering important outputs such 
as a detailed evaluation of scale, model, and laboratory effects (De 
Rouck and Geeraerts, 2005; De Rouck et al., 2009). Using the CLASH 
database, Jafari and Etemad-Shahidi (2011) studied mean wave over-
topping rate at simple sloped rubble mound structures and improved the 
prediction tools. A more recent formula for the prediction of mean wave 
overtopping rate at rubble mound structures has been developed by van 
der Meer and Bruce (2014) and released in EurOtop (2018) based on the 
extensive database from CLASH database and lately added data from 
different studies. 

As mentioned before, the accurate prediction of the mean over-
topping rate is crucial as its underestimation may cause extensive 
damage to infrastructures. On the other hand, the overestimation of the 
mean overtopping rate may result in high construction costs and loss of 
visual amenity due to the high crest level. In recent years, several studies 
have been devoted to improving formulae for structures such as inclined 
structures with a smooth impermeable surface (Etemad-Shahidi and 
Jafari, 2014; van Gent, 2020; Chen et al., 2020a,b), berm breakwaters 
(Pillai et al., 2017), single-layer cube armoured breakwaters (Vieira 
et al., 2021), smooth steep low-crested structures (Gallach-Sánchez 
et al., 2021) and rubble mound breakwaters with a crest wall (van Gent 
and van der Werf, 2019). For simple sloped rubble mound structures, 
large mean overtopping prediction errors were reported by Koosheh 
et al. (2020) when using the existing empirical formulae. They showed 
that EurOtop (2018) formula (Eq. 5), as the most recent one, results in 
very scattered predictions. Besides the complicated nature of the over-
topping phenomenon and measurement errors, the appropriate use and 
scaling of effective wave and structural parameters could play a major 
role in the accuracy of analysis (Baldock et al., 2012). The reliability of 
an empirical formula depends on the quality and quantity of data (Pillai 
et al., 2017). Only, a limited number of overtopping records (120 data) 
for rubble mound seawalls are available in the literature. A significant 
portion of records belongs to the structures with slopes of tan α = 0.5 and 
milder, while limited data is reported for steeper slopes. It is then 
possible to improve the existing predictive tool for the mean over-
topping rate at rubble mound seawalls by adding some data to cover the 
existing gaps in terms of key parameters as well as revising the 
formulation. 

The present study aims to better understand wave overtopping at 
rubble mound seawalls through physical model tests. To achieve this 
aim, the existing limited data related to rubble mound seawalls was 
obtained, and the gaps in terms of key parameters were investigated. 
The experiments were designed to extend the available dataset and fill 
the identified gaps. Using the existing data (hereafter ETS) and those 
collected from the new 2D small-scale physical model tests (hereafter 
AK), a revised formula was proposed based on physical justifications and 
reasonings. This paper is organized as follows: Subsequent to the 
introduction, section 2 provides an overview of the most important 
empirical formulae for the prediction of mean wave overtopping rate at 
rubble mound seawalls. Then, the details of the existing database, used 
for the analysis, and the undertaken physical modelling are discussed in 
sections 3 and 4 respectively. The prediction performances of empirical 
formulae using the existing and collected datasets are investigated, and 
their limitations are highlighted in section 5. This section also provides 
the details of the derivation of an enhanced formula along with the 
discussion of results. Finally, section 6 summarizes the findings and 
results of the study. 

2. Background 

Due to the stochastic nature of wave overtopping, it is difficult to 
describe this phenomenon in an exact deterministic way (EurOtop, 
2018). The easiest way to assess the overtopping rate is using empirical 
formulae, which have been derived based on experimental data. Hence, 

their applications are restricted to the corresponding test conditions and 
structural geometry. As a simplified representation of the physics of the 
process, the empirical formulae relate dimensionless wave overtopping 
rate to the key parameters of the phenomenon using some factors to 
adjust the effects of the roughness of the structure’s surface, the obliq-
uity of wave direction, etc. Here, a brief overview of the most important 
empirical formulae for the prediction of the mean wave overtopping rate 
applicable to rubble mound seawalls is provided. 

Owen (1980) proposed an exponential equation form for the pre-
diction of mean overtopping rate at simple sloped impermeable 
structures: 

q
gHm0Tm

= a exp

(

− b
Rc

Hm0

̅̅̅̅̅̅̅
som

2π

√
1
γf

)

(1)  

where Tm is the mean period of the incident waves, g is gravity accel-
eration, q is the mean overtopping discharge per unit of structure width, 
and som stands for wave steepness, defined as: 

som =
Hm0

Lom
(2) 

The parameter Hm0 represents the spectral wave height, and Rc is the 
crest freeboard. The roughness reduction factor (γf ) , makes it possible to 
generalize the formula to the structures with different roughness and 
material types. Here, a and b are empirical coefficients that depend on 
the seaward slope of the seawall. van der Meer and Janssen (1994), 
involved the effect of wave breaking conditions on overtopping formu-
lation, and proposed below equations: 

If Irop < 2;
q
̅̅̅̅̅̅̅̅̅̅̅

gH3
m0

√

̅̅̅̅̅̅̅̅̅̅
sop

tan α

√

= 0.06 exp

(

− 5.2
Rc

Hm0

̅̅̅̅̅̅sop
√

tan α
1

γf γhγβ

)

(3)  

If Irop > 2;
q
̅̅̅̅̅̅̅̅̅̅̅

gH3
m0

√ = 0.2 exp

(

− 2.6
Rc

Hm0

1
γf γhγβ

)

(4)  

where Irop represents Iribarren number (breaker parameter) defined by 
tan α/ ̅̅̅̅̅̅sop

√ , α is the seaward slope of structure, and sop is wave steepness 
defined by Hm0/ Lop. The reduction factors of γβ and γh, with the 
maximum value of one, account for the effects of wave obliquity and 
water depth at the toe of the structure. In Eq. (3), the wave period and 
slope of the structure have a large influence on the wave overtopping for 
plunging (breaking) waves. 

For rubble mound structures at deep water conditions, since incident 
waves are mostly non-breaking, EurOtop, (2007) proposed Eq. (4) but 
without the effect of water depth ( γh). Christensen et al. (2014) reported 
the EurOtop, (2007) formula significantly underestimates wave over-
topping for the long waves. This formula has recently been updated by 
EurOtop (2018) based on a larger database and the wider ranges of 
parameters as: 

q
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

g . H3
m0

√ = 0.09  exp

[

−

(

1.5
Rc

Hm0.γf .γβ

)

1.3

]

(5) 

This formula gives almost similar predictions of overtopping rates to 
those of TAW, (2002) and EurOtop, (2007). The main difference can be 
found for low crested structures (Rc/Hm0 < 0.5) where EurOtop, (2007) 
formula is not validated (van der Meer and Bruce, 2014). 

There is still some dispute over the optimal value of the roughness 
factor for different armour types (e. g. Medina and Molines, 2016; 
Eldrup and Lykke Andersen, 2018). For rock armoured structures with 
impermeable cores, EurOtop (2018) recommends the roughness factor 
γf = 0.55 (two layers) and 0.6 (one layer). These values are valid for 2.5 
< Irm− 1,0< 4.5, while for Irm− 1,0 > 5, EurOtop (2018) proposes applying 
a modification to the roughness factor as given below: 
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γfmod = γf +

(
Irm− 1,0 − 5

)(
1 − γf

)

5
(6) 

Recently, for rock-armoured slopes with an impermeable core, Chen 
et al. (2020b) proposed that the roughness factor depends on the wave 
and geometrical conditions. 

3. Existing database 

EurOtop (2018) database is a large collection of wave overtopping 
measurements that have mostly been collected during the CLASH proj-
ect (Steendam et al., 2004). This extended database includes over 18, 
000 records on a variety of coastal structures for both laboratory and 
field measurements. For each record, there are 35 parameters describing 
the wave characteristics in deep water and at structure’s toe, foreshore 
conditions, and structural geometries along with their corresponding 
mean overtopping rate (Zanuttigh et al., 2016) (See Fig. 1). Regarding 
wave parameters, the spectral wave height (Hm0) and period (Tm− 1,0) at 
the toe of the structure are generally considered as the most important 
ones. Accordingly, the wave steepness at the structure’s toe can be 
defined as sm− 1,0 = Hm0/ Lm− 1,0 where Lm− 1,0 = (g/2 π) T2

m− 1,0. The key 
parameters to describe structural features are crest freeboard (Rc), and 
the seaward slope of structure (tan α). 

In the present study, following van Gent et al. (2007), several filters 
were applied to the existing database (extended CLASH database called 
EurOtop) to isolate data relevant to rubble mound seawalls. In the first 
step, very low overtopping rates (q < 10− 6 m3/s/m) were excluded, 
which are likely to be affected by greater error measurements in 
small-scale tests. Then large-scale records with Hm0 > 0.5 were excluded 
due to possible scale effects (Verhaeghe, 2005; Jafari and 
Etemad-Shahidi, 2011). The CLASH database (Steendam et al., 2004) 
characterizes each record by reliability and complexity factors, RF and 
CF, which vary from 1 to 4. Accordingly, RF = 1 means all parameters for 
the corresponding record were available/measured within the test 
procedure, hence, no secondary estimation or assumption based on 
available parameters was required. On the other hand, the records with 
RF = 4 are considered as the least reliable data which should not be used 
for analysis, following van Gent et al. (2007). Likewise, CF indicates how 
well the structural features are defined where CF = 1 is used for struc-
tures with simple geometry. Here, the records with the highest level of 
complexity (CF = 4) or the lowest reliability (RF = 4) were removed. 
Regarding the structural geometry, the records of simple (straight) 
sloped structures (without berm and tan αu = tan αd), with emerged crest 
(Rc > 0), and without crest wall (Rc = Ac) were selected for further 
analysis. Here, Ac is the crest height of armor unit, αu and αd are the 
upper and lower slopes of the structure. As the present study focuses on 
rubble mound seawalls that have an impermeable core, the records with 
roughness factors of γf = 0.55, 0.6 were selected. The application of 
mentioned filters to the existing database resulted in 120 records (ETS 
dataset), including 7 different references. More details about the ranges 
of parameters are shown in Table 1. It should be mentioned that all ETS 
data, belonging to the tests with head-on incident waves (β = 0), in-
cludes only 6 records of one-layer rock seawall (γf = 0.6), and all the 
other 114 data are seawalls with two layers of rock (γf = 0.55). 

Moreover, the ETS dataset covers a wide range ht/ Hm0 from 1.37 to 7, 
where ht is water depth at the toe. 

Fig. 2 represents the frequency histograms of obtained ETS data (120 
records) for some dimensionless key parameters. In the case of wave 
steepness, the majority of data belongs to 0.01 < sm-1,0 < 0.02. The 
histogram shows that almost half of ETS data were recorded in deep 
water conditions (3 < ht/ Hm0). 

The most significant gap in the ETS data can be found for the seaward 
slope of the structure. For the slopes steeper than tan α = 0.5 there is 
only a limited number of records belonging to tan α = 0.75, while no 
data exist for the slope of tan α = 0.66. The given chart of Iribarren 
number shows that the existing data for rubble mound seawalls (ETS) 
are mostly non-breaking wave type (Irm− 1,0 > 1.8). 

4. Experimental methodology 

To address the gap in data described above, new two-dimensional 
small-scale physical model tests were conducted in the wave flume of 
the hydraulics laboratory of Griffith University, Australia. This wave 
flume has a length of 22.5 m, a width of 0.5 m, and a depth of 0.8 m 
(Fig. 3). The flume is equipped with a piston-type wavemaker which is 
able to generate both regular and irregular waves. The wavemaker is 
equipped with a dynamic absorption system that absorbs the reflected 
waves from the structure. In this study, 1 000 irregular waves with the 
JONSWAP spectrum and a peak enhancement factor (γ) of 3.3 were 
used. Three capacitance wave gauges were placed at the toe of the 
structure to measure the free surface of the water and estimate the wave 
parameters. As proposed by Mansard and Funke (1980), the three probes 
method was used to separate the incident and reflected waves assuming 
the following spacings:  

X12 = L0p/10                                                                                   (7) 

L0p

/

6 < X13 < Lp

/

3;
{

X13 ∕= L0p
/

5
X13 ∕= 3L0p

/
10 (8)  

Fig. 1. Schematic diagram of rubble mound seawalls.  

Table 1 
Ranges of key parameters for ETS and AK datasets.  

Parameter ETS dataset Present study (AK dataset) 
Scale: 1/50 

Rc (m)  0.05–0.35 0.08–0.21 
Hm0 (m)  0.08–0.22 0.07–0.13 
Tm− 1,0 (s)  1.13–3.23 1.07–1.96 
ht (m)  0.15–0.75 0.35–0.48 
q (m3/s/m) 10− 6 – 1.59 × 10− 2  1.23 × 10− 6 – 1.35 × 10− 3  

Rc/ Hm0  0.46–2.58 0.75–2.5 
tan α  0.25–0.75 0.5–0.66 
sm− 1,0  0.008–0.077 0.014–0.056 
Irm− 1,0  1.51–7.25 2.17–5.38 
ht/ Hm0  1.37–7.00 3.20–6.66 
Gc/ Lm− 1,0  0–0.07 0 
q* 7.56 × 10− 6– 5.8 × 10− 2  1.24 × 10− 5 – 1.04 × 10− 2  

Number of data points 120 140  
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where L0p is the deep water wavelength obtained using peak wave 
period, X12 is the distance between the furthest probe to the structure 
and the middle one, and X13 represents the distance between the furthest 
probe and the nearest one to the structure (See Fig. 3). To reduce the 
influence of a reflective structure on the measured incident waves 
(evanescent wave model), the nearest probe (WG3) was placed far 
enough (X3s > 0.4 L0p) from the toe (Klopman and van der Meer, 1999). 
Although, capacitance probes do tend to hold their calibration longer 
than other types (e. g. resistance-based), their calibrations were checked 
daily. In addition, the water surface level in the flume was regularly 
checked to avoid any possible effects of natural evaporation, facilities’ 
leakages, and the overtopped volume of water. Tests were conducted on 
a rubble mound seawall with the crest height of 560 mm, the slopes of 
1:1.5 and 1:2. The structure consists of an impermeable core made of 
plywood timber, underlayer with D50 = 20 mm, and armour layer with 
D50 = 46 mm. For both armour layer and underlayer, a minimum 
thickness of 2D50 was considered. To increase the friction between the 
rocks and timber’s surface, a mixture of sand and water-proof glue was 
used on the slope of the seawall. 

The impermeable crest (0.5 m long) of the seawall was covered by an 
acrylic sheet which was sealed at the flume’s walls to prevent over-
topped water leakage before reaching the collecting box. Overtopping 
measurement was achieved by using a small chute (66 mm width) on the 
rear side of the seawall’s crest conducting the overtopped water in the 
box placed behind the structure. The chute, made of acrylic sheet, sitting 
on the collecting box’s wall, was adjusted on the slope of 8%. Two 
capacitance wave gauges (WG4 and WG5), with initial submergence 
depths of 100 mm (Koosheh et al., 2021), were installed inside the 
overtopping box to read the water level. All signals received from 
mentioned probes were recorded at a frequency of 20 Hz using the 
National Instruments (NI) data acquisition card and home-developed 
MATLAB code. In addition, two high-speed cameras were installed to 
monitor the overtopping process during the experiment. One of the 
cameras was placed above the flume (top view), and another one 
recorded overtopping on the structure from the side view. 

The tests programme was designed to fill the gap in the existing data 
for rubble mound seawalls (ETS) while covering the practical ranges of 
each parameter. A total number of 140 tests were conducted on the 
rubble mound seawall where half of the tests were carried out with a 
slope of 1:1.5, and the rest were the repetition of the same tests but with 

the slope of 1:2. With the water depth and peak wave period fixed, the 
significant wave heights were varied in the range of ± 20% of the design 
wave height (i. e. 0.08m, 0.09m, 0.1m, 0.11m, 0.12m). The details of 
collected data in the present study (AK dataset) are presented in Table 1. 
As seen, in terms of the ranges of some key parameters in both dimen-
sional and dimensionless forms, AK data fall within the range of ETS 
data, however, identified gaps in terms of the slope of structure were 
filled. Significant wave heights and spectral wave periods varied be-
tween 0.07 and 0.13 m and 1.07–1.96 s respectively. The water depths 
between 0.35 and 0.48 m resulting in the relative crest freeboard of 
0.75–2.5 were investigated in the present study. The range of Iribarren 
numbers (Irm− 1,0 > 1.8) shows that all tests were conducted with non- 
breaking wave conditions. 

5. Results and discussion 

5.1. Evaluation of existing empirical formulae 

First, the performances of the existing empirical formulae for the 

prediction of dimensionless mean overtopping rate (q* = q/ 
̅̅̅̅̅̅̅̅̅̅̅

gH3
m0

√

) 
were evaluated. The performances of the Owen (1980) (Eq. 1) and 
EurOtop (2018) (Eq. 5) formulae, as the earliest and most recent ones, 
using all available data (ETS and AK), were visually compared in Fig. 4. 
Here, the solid line demonstrates the perfect agreement between 
measured and predicted values, and dashed lines are representative of 
10 times over/underestimations. For both of the given formulae, about 
72% of data lie within the mentioned ranges of the prediction. The 
predominant overestimation of Eq. (1) can be seen as a significant 
portion of data lie above the 10 times overestimation line. On the other 
hand, Eq. (5) shows underestimation, especially for the low rates of 
overtopping where more scatter in the data was observed. 

Table 2 provides the accuracy metrics of the above-mentioned 
formulae (Eqs. 1 and 5). For a better comparison, the results are given 
for ETS and AK datasets, separately. Here, BIAS and Root Mean Square 
Error (RMSE) error metrics were used as below: 

BIAS =
1
n

∑n

i=1

[
log
(

q*
pred,i

)
− log

(
q*

mea,i

) ]
(9)  

Fig. 2. The histogram of some key dimensionless parameters for the existing rubble mound seawall data (ETS) – (Total number of data points: 120).  
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RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n

i=1

{[
log
(

q*
pred,i

)
− log

(
q*

mea,i
) ]

2

}√

(10) 

where n is the number of records, q*
pred and q*

mea are the predicted and 
measured mean overtopping rates, respectively. BIAS calculates the 
average of differences between measured and predicted values over the 
entire dataset. For a perfect prediction, BIAS is zero, while its positive 
and negative values show the overall over/under estimations. As BIAS 
by itself cannot represent a clear picture of scatter, RMSE, as a non- 
negative metric, is used for the better quantification of scatter. 
Accordingly, less RMSE means higher prediction accuracy while RSME 
= 0 stands for the perfect prediction. 

As seen from Table 2, Eq. (1) with the overall BIAS = 0.71 (BIAS =
0.81 for ETS and BIAS = 0.62 for AK dataset) and RMSE = 0.94 signif-
icantly overestimates mean overtopping rate. However, this formula 

performs better for the AK data set rather than ETS one. Eq. (5) un-
derestimates the mean overtopping rate with a BIAS value of − 0.38 for 
all data, although, with RMSE = 0.86, it performs better than Eq. (1). For 
the AK dataset, Eq. (5) yields the RMSE of 0.73 which is less than that 
when applied to the ETS dataset. 

The Discrepancy Ratio (DR) is another useful metric for performance 
evaluation. DR is defined as the ratio of the predicted value to the 
measured one where a good model should have its DR independent of 
the input parameter. If DR values for a model (formula) show de-
pendency on a parameter, it implies that the relationship between the 
input and target parameters has been established improperly. Fig. 5 
plots the DR values of Eq. (5) against some key dimensionless parame-
ters. For both datasets (ETS and AK), an overall downward trend can be 
seen in panel (a). This trend is more remarkable for Rc/ Hm0.γf > 3, 
corresponding to the low overtopping rates, which means Eq. (5) 

Fig. 3. Longitudinal cross-section of the flume of Griffith University (top); the picture of the constructed model (middle and bottom left); wave gauges (bottom right).  

A. Koosheh et al.                                                                                                                                                                                                                                



Coastal Engineering 172 (2022) 104062

6

underestimates records with a high relative crest freeboard. On the other 
hand, in the case of Rc/ Hm0.γf < 2, representing the high values of 
overtopping, some overestimations are observed for ETS data although 
the prediction of AK data is less scattered and symmetric around the 
horizontal line (DR = 1). 

Regarding the Iribarren number (panel b), when Irm− 1,0 < 3.5, the 
scatter of predicted data is more or less symmetric. However, for the 
higher values of this parameter (Irm− 1,0 > 3.5–4), Eq. (5) underestimates 
mean overtopping. Fig. 5 (c) displays DR values of predicted values 
against wave steepness (sm-1,0). This plot is almost similar to that of the 
Iribarren number. For higher ranges of wave steepness (sm-1,0 > 0.022), 

less scatter can be seen without any particular trend. However, most of 
the data were underestimated in the range of sm-1,0 < 0.022 which shows 
that Eq. (5) has not been trained optimally for low steepness waves. To 
sum up, it seems Eq. (5) formula needs to be improved. This improve-
ment could be achieved by enhancing the relationship between Rc/ Hm0.

γf and mean overtopping discharge (q*), and more importantly by 
adding some other key parameters (e. g. wave steepness) to the pre-
diction formulation. 

5.2. Development of a new formula 

To unify the whole dataset regardless of different model scales, 
analysis is usually carried out using dimensionless variables to relate 
influential wave and structural characteristics to the mean overtopping 
rate. The advantage of employing parameters in dimensionless form is to 
improve the analysis, fitting, and interpretation of results as well as the 
generalization of the formulation. Several parameters can contribute to 
wave overtopping at rubble mound seawalls, which can be found in the 
literature. Among all, the relative crest freeboard corrected with the 
roughness factor (Rc/ Hm0.γf ), wave steepness (sm-1,0), the seaward slope 
of the seawall (tan α), and Iribarren number (Irm− 1,0) have been used as 
the most effective ones. 

For the derivation of the new formula, three factors namely 
simplicity, accuracy, and physical justification were considered. To 
achieve a simple formula, the less important parameters need to be 
identified and then eliminated. A sensitivity analysis was performed to 
investigate the importance of the mentioned parameters in which the 
effect of excluding each parameter on the accuracy was evaluated. Based 
on the initial regression analysis, the effects of the slope of the seawall 
and the Iribarren number on the mean overtopping rate were found to be 
marginal within the study range as their inclusion did not significantly 
improve the prediction accuracy. Accordingly, the relative crest free-
board and wave steepness were introduced as the dominant variables for 
the available dataset resulting in the form below: 

q* =
q
̅̅̅̅̅̅̅̅̅̅̅̅

gH3
m0o

√ = f

(
Rc

Hm0.γf
, sm− 1,0

)

(11)  

where the dimensionless mean overtopping rate in the form of q/ 
̅̅̅̅̅̅̅̅̅̅̅

gH3
m0

√

Fig. 4. Predicted vs measured mean wave overtopping rate at rubble mound 
seawalls using Eq. 1, Owen (1980) and Eq. 5, EurOtop (2018) formulae. 

Table 2 
Accuracy metrics of mean wave overtopping prediction using empirical 
formulae.  

Dataset Number of data Eq. (5):EurOtop (2018) Eq. (1):Owen (1980) 

BIAS RMSE BIAS RMSE 

ETS 120 − 0.29 0.98 0.81 1.13 
AK 140 − 0.45 0.73 0.62 0.74 
All 260 − 0.38 0.86 0.71 0.94  

Fig. 5. Discrepancy ratios of predicted mean overtopping rate for EurOtop (2018) formula (Eq. 5) against (a): relative crest freeboard, (b): Iribarren number, (c): 
wave steepness, (d): seaward slope of the structure. 
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was selected as the target parameter. The elimination of the Iribarren 
number matches the recent finding of Ibrahim and Baldock (2020) that 
the breaker type is not a major factor in the scaling of the overtopping 
for non-breaking waves. However, this parameter is employed to assess 
wave run-up for breaking waves or shallow foreshores, having a sec-
ondary effect on the overtopping scaling. 

To derive a formula for the prediction of mean overtopping rate, all 
available data (260 tests) including those collected within the present 
study (AK) and obtained from the existing database (ETS) were used. In 
this way, about two-thirds of records were randomly selected for 
training and the rest were used for validation (testing) of the model. 
Then, the extreme (minimum and maximum) values of train and test 
datasets were checked and swapped (if required) to ensure the test data 
ranges fall within the ranges of the train data in terms of dimensionless 
key parameters. The ranges of some key parameters for the train and test 
data are given in Table 3. 

After investigating different functional forms between the governing 
parameters and the dimensionless mean overtopping rate (q*), an 
exponential relationship was found the most appropriate one as given 
below: 

q* = a1 exp

[

a2

(
Rc

Hm0.γf

)

a3
(
sm− 1,0

)a4

]

(12) 

Here, to achieve the best fit to the data, the coefficients a1, a2, a3 and 
a4 need to be optimized. For this purpose, the Genetic Algorithm (GA) 
toolbox in MATLAB® was used to find the optimal values of the 
mentioned parameters. As an optimization tool, GAs belong to evolu-
tionary algorithms which are inspired by biological processes. These 
kinds of algorithms are based on the survival principle of the fittest 
member in a population (series of solutions), which tries to retain ge-
netic information from generation to generation (Roushangar and 
Koosheh, 2015). Here, RMSE was used as the fitness function which 
needs to be minimized in the optimization process. Besides the 
simplicity and accuracy of the formula, its physical justification should 
also be considered. Accordingly, a constrained optimization was per-
formed based on previous studies and existing knowledge. The defini-
tion of constraints helps the algorithm to avoid inappropriate and 
physically unjustifiable values of optimized parameters even if they 
provide acceptable prediction accuracy. The two coefficients, a1 and a2, 
were constrained to be positive and negative, respectively to be physi-
cally justifiable and consistent with the general functional form pre-
sented in the literature. Considering the negative value of a2, and 
knowing the fact that the relative crest freeboard (Rc/ Hm0.γf ) and wave 
steepness (sm-1,0) have inverse relationships with the mean overtopping 
discharge, the coefficient a3 and a4 were forced to be positive. Finally, 
the following formula was obtained: 

q* = 0.034 exp

[

− 4.97

(
Rc

Hm0.γf

)

1.12( sm− 1,0
)0.35

]

(13) 

Fig. 6 represents the scatter plots of the measured vs predicted values 
by the proposed formula (Eq. 13) for the train and test datasets. Three 
inclined lines demonstrate conditions that the predicted rates are 10 

times, equal, and 0.1 times of the measured rate. In comparison to Fig. 4, 
less scatter is observed as 94% of records lie between 10 times under/ 
over estimation lines. The predicted values are almost symmetric around 
the perfect line for both sub-datasets. In addition, no significant differ-
ence can be seen between the scatter of train and test datasets as the test 
data were also well predicted by the proposed formula (Eq. 13). 

The accuracy metrics of different formulae are shown in Table 4. It 
can be seen that the proposed formula with RMSE = 0.51 and BIAS ≈
0 outperforms other empirical formulae where about 40% improvement 
in prediction accuracy was observed compared to Eq. (5). Comparing the 
proposed formula (Eq. 13) with Eq. (1) demonstrates the superiority of 
the present formula with 45% less prediction errors. It is worth 
mentioning that 50% of test data (taken from ETS) is used for the 
derivation of Eq. (5), while the test dataset is fully unseen for the pro-
posed formula (Eq. 13) of the present study. 

In addition, Eq. (13) predicts AK data more accurately (RMSE = 0.4) 
than ETS data (RMSE = 0.62). The main reason for this could be the 
uniformity of AK data as it has been obtained from one set of experi-
ments conducted by the authors. On the other hand, ETS data consists of 
several records which have been taken from different references of the 
existing database. This means that the ETS dataset includes different 
tests with different scales and measurement techniques, which could 
affect the results. For example, as some tests belonged to unknown 
references or the experiments date back three decades ago, it is not clear 
whether significant wave height (Hs = H1/3) or spectral wave height 
(Hm0) has been measured, how the spectral wave period Tm-1,0 was ob-
tained (not used for wave overtopping before 1999), and what wave 
spectrum was employed to generate incident waves. 

Fig. 7 illustrates the scatter plots of DR values for the predicted mean 
overtopping rate by the proposed formula (Eq. 13) against some key 
dimensionless parameters. As expected, the AK dataset leads to less 
scatter and more accurate predictions rather than the ETS dataset. The 
comparison of panel (a) with that of Fig. 5 (Eq. 5), shows that an 
appropriate relationship has been established between relative crest 
freeboard and overtopping discharge in the newly proposed formula 
(Eq. 13). The scatter of data around DR = 1 is almost symmetric for the 
Iribarren number given in panel (b). The main improvement of the new 
formula can be seen in panel (c) where the large underestimation of low 
wave steepness by Eq. (5) has been compensated. 

For practical design purposes, uncertainty and safety should be 
considered in the prediction formulation (Bruce et al., 2017; Shaeri and 
Etemad-Shahidi, 2021). This is commonly achieved through a safety 
margin included in the prediction formula based on the assigned level of 
risk. EurOtop (2018) assumes the coefficients of the formula as the 
stochastic variables, which are normally distributed. Hence, it describes 
the uncertainty by adding a multiple of the standard deviation (N σ) to 

Table 3 
Ranges of key parameters for train and test datasets.  

Parameter Range 

Train Test 

Rc/ Hm0  0.46–2.58 0.50–2.50 
tan α  0.25–0.75 0.33–0.75 
sm− 1,0  0.008–0.077 0.008–0.052 
Irm− 1,0  1.51–7.25 1.79–6.89 
ht/ Hm0  1.37–7.00 1.44–6.66 
q* 7.56 × 10− 6– 5.8 × 10− 2  1.08 × 10− 5– 3.1 × 10− 2   

Fig. 6. Predicted vs measured mean wave overtopping rate at rubble mound 
seawalls using the newly proposed formula (Eq. 13) for train and test data (total 
records = 260). 
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the coefficients. In the present study, following TAW (2002), one stan-
dard deviation of coefficients was added to obtain the design formula. 
This was achieved by (log) transforming the data to have a linear rela-
tionship between used parameters and mean overtopping discharge, and 
estimating the confidence intervals of the linear regression. The mean 
approach formula (Eq. 13), has a σ (0.034) = 0.016 and σ (4.97) = 0.45, 
hence the design formula can be expressed: 

q* = 0.05 exp

[

− 4.52

(
Rc

Hm0.γf

)

1.12( sm− 1,0
)0.35

]

(14)  

5.3. The new formula: features and physical justifications 

The newly proposed formula (Eq. 13) for the prediction of mean 
wave overtopping rate at rubble mound seawalls follows the general 
functional form of the TAW (2002) and EurOtop, (2007); EurOtop, 
(2018) formulae. The power of Rc/ Hm0.γf (1.12) implies a curve close to 
a line in a semi-logarithmic scale which is almost similar to that one 
obtained by Gallach-Sánchez et al. (2021) (=1.1). The most important 
change in the proposed formula is adding the effect of wave steepness as 
it has been overlooked in the EurOtop (2018) formula (Eq. 5) for 
non-breaking wave conditions. Wave steepness (sm− 1,0) raised to the 
power of 0.35 shows less sensitivity to this parameter in comparison to 
the relative crest freeboard, as expected. To some extent, this is similar 
to the proposed formula by Owen (1980) (Eq. 1) as well as van der Meer 
and Janssen (1994) formula (Eq. 3) for breaking wave conditions in 
which the mean overtopping rate has been related to the root square of 

the wave steepness (sm− 1,0
0.5). The results of the analysis, as given above, 

showed that adding wave steepness to the formulation can increase the 
prediction accuracy. Based on Eq. (13), for steeper waves (higher sm− 1,0), 
less overtopping discharge is expected than for waves with a lower 
steepness. Wave steepness is inversely proportional to the square of the 
wave period, and hence large wave periods lead to high overtopping. 
This can be explained as a longer wavelength (for the same wave height) 
will reach further leeward over the crest of a seawall than shorter 
wavelengths, thus resulting in more overtopping (Vieira et al., 2021). 

To support the above-mentioned fact and investigate the effect of 
wave steepness variation on overtopping, the snapshots of three large 
waves taken from three tests with the same relative crest freeboard but 
different wave steepness are given in Fig. 8. Here, each column of the 
pictures shows the evolution of a particular single wave over the 
structure (wave steepness of 0.057, 0.035, and 0.018 for left, middle, 
and right columns, respectively). The pictures in each column have been 
taken with a few milliseconds delay. As seen in Fig. 8, for the wave 
steepness of sm− 1,0 = 0.057 (left column), the run-up flow is aerated at 
the front side (at t = t1), while for the lower wave steepness (sm− 1,0 =

0.035 and 0.018), no air bubbles are observed. Looking at the third row 
(at t = t3), in the left panel (sm− 1,0 = 0.057), the flow appears ‘white’ 
where only splashed water goes over the crest. The captured picture 
from the low wave steepness (sm− 1,0 = 0.018) in the third row (at t = t3), 
shows wave overtopping in a rather smooth manner and profile as the 
wave surges over the crest. Finally, the comparison of the pictures given 
in the fourth row (at t = t4) shows that the lower wave steepness, the 
thicker the overtopping layer on the crest, and hence the more over-
topping volume. In conclusion, by reviewing the pictures given in Fig. 8, 
it is inferred that for the low values of wave steepness (say <0.022), 
overtopping flow shows different behaviour resulting in more over-
topping discharge in comparison to that of high values of steepness. 

6. Summary and conclusions 

The present study was conducted to improve the existing predictive 
tools for the mean wave overtopping rate at rubble mound seawalls. For 
this purpose, a total number of 140 2D small-scale tests were conducted 
to extend the available limited dataset and cover the identified gaps in 
terms of some key parameters. The conducted tests cover the seaward 

Table 4 
Comparison of the prediction performances of empirical formulae vs newly 
proposed one (Eq. 13).  

Data Eq. (5) Eq. (1) Eq. (13) 

BIAS RMSE BIAS RMSE BIAS RMSE 

Train − 0.36 0.84 0.71 0.93 0.00 0.50 
Test − 0.42 0.88 0.70 0.97 − 0.01 0.53 
ETS − 0.29 0.98 0.81 1.13 0.20 0.62 
AK − 0.45 0.73 0.62 0.74 − 0.17 0.4 
All − 0.38 0.86 0.71 0.94 0.00  0.51  

Fig. 7. Discrepancy ratios of predicted mean overtopping rate for newly proposed formula (Eq. 13) against (a): relative crest freeboard, (b): Iribarren number, (c): 
wave steepness, (d): seaward slope of structure. 
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slopes of tan α = 0.5 and 0.66, the wave steepness of sm− 1,0 =

0.014–0.056, and the relative crest freeboard of Rc/ Hm0 = 0.75–2.5. The 
collected data from the present study (AK dataset) was added to 120 
small-scale overtopping data of simple sloped rubble mound structures 
with impermeable cores, and without crown walls, taken from the 
extended CLASH (called EurOtop) database (ETS data). 

The results of the analysis demonstrated the limitation of Eqs. (1) and 
(5) in the prediction of mean wave overtopping rate where more than 10 
times errors were observed for about 28% of the used data. More 
detailed analysis on the performance of EurOtop (2018) formula (Eq. 5), 
as the most recent one, showed that it has not been trained optimally as 
data with low wave steepness (sm-1,0 < 0.022) were significantly 
underestimated. Moreover, for the high values of Rc/ Hm0, Eq. (5) does 
not provide a good performance which shows some improvements need 
to be done in the formulation. 

To derive a new improved formula, the available dataset was sub-
divided into train and test records. Conventionally known influential 
parameters of wave overtopping such as relative crest freeboard (Rc/ 
Hm0), wave steepness (sm− 1,0), the seaward slope of structure (tan α), and 
Iribarren number (Irm− 1,0) were initially selected for the analysis. To 
obtain a compact formula, a sensitivity analysis was carried out. In this 
way, the mentioned parameters were excluded one by one, and the ac-
curacies of the predicted formulae were investigated. The results of the 
sensitivity analysis highlighted the importance of relative crest free-
board and wave steepness for the studied case. As the effect of the 
structure slope on mean wave overtopping discharge was found to be 

negligible within the examined range of slopes, the structure slope was 
eliminated for further analysis. The exponential functional form was 
introduced as the best option to correlate the most important input 
parameters (Rc/ Hm0, sm− 1,0) to the mean overtopping discharge (q*). 

A GA optimization tool was employed to find the optimal values of 
the coefficients of the selected functional form leading to the highest 
prediction accuracy. To avoid physically unjustifiable values of the co-
efficients, some constraints were imposed on the optimization algo-
rithm. Finally, Eq. (13) was proposed which is similar to that of TAW 
(2002), EurOtop (2018), and Gallach-Sánchez et al. (2021) in terms of 
functional form, but considers the effect of wave steepness as well. Eq. 
(13) correlates the mean overtopping discharge to the relative crest 
freeboard raised to the power of 1.12 (close to a straight line on a 
semilogarithmic plot). In addition, wave steepness in the developed 
formula has a power of 0.35 (ignored in Eq. 5) which demonstrates the 
importance of wave period in the prediction of mean wave overtopping. 
Some snapshots of the conducted experiment were presented to 
demonstrate the effect of wave steepness on the overtopping form 
resulting in different overtopping volumes. The comparison of the waves 
with the same height but different periods (steepness), supporting the 
improved formula (Eq. 13), showed that for a lower wave steepness, the 
overtopping discharge increases. 

The proposed formula (Eq. 13) is superior to Eqs. (1) and (5) as the 
improvement of 40% was observed in RMSE values in comparison to 
that of EurOtop (2018) formula (Eq. 5), and only 6% of the data was 
predicted with more than 10 times errors. With BIAS ≈ 0, the 

Fig. 8. Comparison of wave overtopping forms with different wave steepness (same wave height, crest freeboard but different wave periods). left row: sm− 1,0 = 0.057, 
middle row: sm− 1,0 = 0.035, right row: sm− 1,0 = 0.018. 
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underestimation of Eq. (5), with BIAS = − 0.38, as well as the over-
estimation of Eq. (1) (BIAS = 0.71) were improved. Moreover, the AK 
dataset was predicted 35% more accurately than the ETS dataset which 
could be due to the uniformity of the conducted test within the present 
study. The analysis of the Discrepancy Ratio (DR) against the key 
dimensionless parameters demonstrates the suitability of the proposed 
formula as the scatter of the plots is almost symmetric and no trend was 
detected. It is recommended to verify the observed dependency of wave 
overtopping on the wave steepness also for gentler (1:4 and milder) 
slopes (in combination with low steepness waves), than those examined 
in the present study. 
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Glossary and Acronyms 

Ac Crest height 
CF Complexity factor 
Gc Crest Width 
g Gravity acceleration 
Hm0 Spectral wave height 
Hs Average height of the 1/3 highest waves 
ht Water depth at the structure’s toe 
Irm− 1,0 Iribarren number defined as tan α/ ̅̅̅̅̅̅̅̅̅̅̅̅sm− 1,0

√

Irop Iribarren number defined as tan α/ ̅̅̅̅̅̅sop
√

Lom Wavelength defined by g
2πTm

2 

Lm− 1,0 Wavelength defined by g
2π T

2
m− 1,0 

Lop Wavelength defined by g
2πTp

2 

q Mean overtopping discharge per metre of structure width 
q* Dimensionless mean overtopping discharge (= q/ 

̅̅̅̅̅̅̅̅̅̅̅

gH3
m0

√

) 
Rc Crest freeboard 
som Wave steepness defined by 2πHm0

gTm
2 

sop Wave steepness defined by 2πHm0
gTp

2 

sm− 1,0 Wave steepness defined by 2πHm0
gT2

m− 1,0 

Tm Mean wave period (time domain) 
Tm− 1,0 Spectral wave period 
Tp Peak wave period 
RF Reliability factor 
α Seaward slope of structure 
β Wave obliquity 
γβ Oblique wave factor 
γf Roughness factor 
γfmod Modified roughness factor 
γh Water depth factor 
ETS Rubble mound seawalls records taken form the extended CLASH database (EurOtop) 
AK Data collected within the present study 
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