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A B S T R A C T   

During storms, ensuring the protection of people, vehicles and infrastructure on the crest of coastal structures 
from wave overtopping hazards is crucial. The thickness of the wave overtopping layer is a key variable used for 
assessing safety and maintaining a secure design. Traditionally, this parameter is associated with the height 
difference between the fictitious wave run-up level exceeded by 2% of waves and the crest freeboard of coastal 
structures. This study aims to investigate the wave overtopping layer thickness on the crest of rubble mound 
seawalls. To achieve this, a series of 125 small-scale 2D physical model tests were conducted on a two-layer 
rubble mound seawall with an impermeable core and slopes of 1:1.5 and 1:2. The obtained results indicated 
that the existing empirical formulas, originally developed for dikes, underestimate the overtopping layer 
thickness on the studied seawall. Therefore, modifications were made to the formulas found in the literature 
specifically tailored for rubble mound seawalls. The newly proposed formulas for estimating overtopping layer 
thickness at both the seaward edge and the middle of the crest showed improvements compared to the existing 
formulas.   

1. Introduction 

Rubble mound seawalls are constructed along coastlines to protect 
inland areas and infrastructure from wave attacks and coastal flooding. 
However, in situations where restricting public access to the structure’s 
crest (e. g. a promenade) during a storm event is complicated or not 
feasible, wave overtopping can pose a significant threat to people and 
vehicles. Over the past few decades, there have been several reported 
fatal accidents caused by wave overtopping at or behind coastal pro-
tection structures (Allsop et al., 2003). Moreover, excessive wave 
overtopping can lead to structural failure. Coastal managers and engi-
neers do not tend to build seawalls too high because of their high con-
struction costs and visual impacts. On the other hand, due to sea level 
rise associated with climate change, more severe wave overtopping 
conditions are expected in the future. Therefore, conducting reliable risk 
assessments of coastal areas and implementing proper seawall designs 
are crucial to ensure adequate protection of communities and 
infrastructure. 

A safe and cost-effective design of a seawall requires wave over-
topping responses to be below specified allowable values (e.g., in design 
manuals). Accurately estimating overtopping characteristics is crucial 
for evaluating the extent of wave overtopping risks at coastal structures. 
This estimation can be achieved using empirical formulas derived from 
laboratory measurements based on influential structural and wave pa-
rameters. Historically, the mean wave overtopping rate q (l/s per m) has 
been the most commonly adopted parameter for studying overtopping 
hazards. Several studies have focused on estimating the overtopping 
discharge q for rubble mound seawalls (van Gent et al., 2007; Jafari and 
Etemad-Shahidi, 2011; van der Meer and Bruce, 2014; Etemad-Shahidi 
et al., 2022; Koosheh et al., 2020, 2022a). However, relying solely on 
average overtopping parameters is not sufficient as the highest risks of 
damage are associated with large overtopping events (see Koosheh et al., 
2021, for a detailed overview of literature). Consequently, the maximum 
individual overtopping volume (Vmax) was subsequently included in the 
definition of tolerable conditions (EurOtop, 2018). Estimating Vmax re-
quires statistical analysis of the distribution of individual overtopping 
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volumes (van der Meer and Janssen, 1994; Nørgaard et al., 2013; 
Zanuttigh et al., 2013; Mares-Nasarre et al., 2020). Recently, Koosheh 
et al. (2022b) conducted a comprehensive wave-by-wave study of 
overtopping at rubble mound seawalls and provided improved formulas 
for estimating Vmax. 

There is a knowledge gap regarding the criteria for human instability 
against overtopping flow. Even if overtopping volumes are below the 
tolerable threshold, there is no guarantee that overtopping flow will not 
pose a threat to people standing on the crest (Koosheh et al., 2021). 
Several studies have focused on the stability of humans against flood 
flow, introducing hydraulic parameters such as depth or velocity as 
criteria for stability (e.g., Foster and Cox, 1973; Abt et al., 1989; Jonk-
man and Penning-Rowsell, 2008; Arrighi et al., 2017). However, these 
studies, based on real-human experiments under steady flow conditions, 
are fundamentally different from wave overtopping, which involves 
highly transient flow. As a result, safety guidelines derived from flood 
studies cannot be directly applied to wave overtopping events (Cao 
et al., 2021). To establish reliable tolerable thresholds for wave over-
topping events, a large dataset covering different structural features and 
wave conditions is necessary. The existing studies on human stability 
against overtopping flow are limited, and only a few works in the 
literature have investigated tolerable thresholds for overtopping flow 
parameters such as thickness or velocity (e.g., Takahashi et al., 1992; 
Endoh and Takahashi, 1994; Bae et al., 2016; Sandoval and Bruce, 
2017). 

As mentioned, the overtopping layer thickness (or flow depth) is a 
commonly used parameter for assessing human stability on the crest of 
coastal structures. This parameter varies temporally and spatially over 
the structure and can be studied from different perspectives depending 
on the project’s purpose and importance. Initially, Cox and Machemehl 
(1986) proposed a theoretical-based formula for the evolution of the 
overtopping layer thickness over the crest. Subsequently, a series of 
studies (e.g., Schüttrumpf, 2001; van Gent, 2002; Schüttrumpf and van 
Gent, 2003) linked the thickness of the overtopping flow to the differ-
ence between the fictitious wave run-up on the seaward slope and the 
crest freeboard of dikes, utilizing empirical coefficients. More recently, 
Mares-Nasarre et al. (2019) adapted and calibrated existing formulas for 
mound breakwaters with a permeable core. 

To the best of the authors’ knowledge, no specific formula is 
currently available to estimate the wave overtopping layer thickness on 
the crest of rubble mound seawalls with an impermeable core. Existing 
formulas developed for other structures, such as dikes (smooth and 
impermeable) or breakwaters (rough and permeable), may not provide 
reliable estimations or have not been validated for rubble mound sea-
walls with an impermeable core. Therefore, the objective of this study is 
to investigate the overtopping layer thickness on rubble mound seawalls 
through 2D small-scale physical model tests. Additionally, the existing 
formulas derived from tests on other types of structures (e.g., dikes) are 
evaluated and modified based on the new dataset obtained from seawall 
overtopping experiments. The structure of the paper is organized as 
follows: Section 2 provides an overview of the existing formulas found in 
the literature. The experimental methodology and data analysis tech-
niques are discussed in Sections 3 and 4, respectively. Section 5 presents 
the results of the analysis and the corresponding discussions. Finally, 
Section 6 summarizes the findings of this research. 

2. Background 

Schüttrumpf (2001) and van Gent (2002) conducted separate studies 
on the wave overtopping process on the crest and the landward slope of 
dikes. Schüttrumpf and van Gent (2003) integrated the results of the 
mentioned studies and correlated the overtopping layer thickness with a 
fictitious wave run-up height on a non-overtopped dike using a transfer 
function (see Fig. 1). 

hA,2%(Rc)

Hm0
= c∗A,h

(
Ru2%− Rc

γf Hm0

)

(1)  

where hA,2%(Rc) is the overtopping layer thickness at the transition of 
seaward slope and crest (hereafter seaward edge) exceeded by 2% of 
incident waves, Rc is crest freeboard, Hm0 is spectral significant wave 
height and c∗A,h is an empirical coefficient. Here, Ru2% stands for the wave 
run-up exceeded by 2% of incident waves and γf is a reduction factor 
that accounts for the roughness of the structure. 

The second transfer function was defined to describe the evolution of 
overtopping layer thickness along the crest: 

hc,2%(xc)= hA,2%(Rc).exp
(

− c∗c,h
xc

Gc

)

(2)  

hc,2% (xc) is overtopping layer thickness on the crest, xc is the distance 
from the seaward edge, Gc is the crest width, and c∗c,h is an empirical 
coefficient. 

To estimate wave run-up exceeded by 2% of incident waves, Schüt-
trumpf and van Gent (2003) suggested the formula proposed by van 
Gent (2002) as follows: 

Ru2%

γf Hm0
=c0 Irm− 1,0 if Irm− 1,0 ≤ p (3)  

Ru2%

γf Hm0
=c1 −

c2

Irm− 1,0
if Irm− 1,0 > p  

where c0 = 1.45, c1 = 3.8 and Irm-1,0 is Iribarren number (breaker 
parameter) defined as tan α/ √(Hm0 /Lm− 1,0) where Lm-1,0 = (g/2π) Tm- 

1,0
2. Parameters c2 and p can be obtained based on c0 and c1 as: 

c2= 0.25
c2

1

c0
(4)  

p= 0.5
c1

c0
(5) 

The coefficients proposed by Schüttrumpf (2001) and van Gent 
(2002) are compared in Table 1. However, there is a significant differ-
ence between the coefficients of these two studies, although the range of 
applicability of coefficients by van Gent (2002) falls within those pro-
posed by Schüttrumpf (2001) in terms of the seaward slope. In summary, 
the coefficients from Schüttrumpf (2001) result in higher estimates of 
the overtopping layer thickness on dikes. While some authors have 
suggested that the empirical coefficients c∗A,h and c∗c,h depend on the 
seaward slope, further investigations are needed to gain a better un-
derstanding of the underlying physics of the problem (see Bosman, 
2007). Van der Meer et al. (2010) proposed to use c∗A,h = 0.13, which is 
close to 0.15 proposed by van Gent (2002). 

To estimate overtopping layer thickness at the seaward edge of dikes, 
hA,2%(Rc), EurOtop (2018) suggested Eq. (6) using c∗A,h = 0.2 for the 
slopes of 1:3 and 4, and c∗A,h = 0.3 for the slope of 1:6. 

Fig. 1. Definition of overtopping flow layer profile by Schüttrumpf and van 
Gent (2003). 
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hA,2%(Rc)

Hm0
= c∗A,h

(
Ru2%− Rc

Hm0

)

(6) 

Wave run-up on the slope of the structure can be estimated as follows 
(TAW, 2002): 

Ru2%

Hm0
= 1.65 γf γβ Irm− 1,0 ≤ 1.0 γβ

(

4.0 −
1.5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Irm− 1,0

√

)

(7) 

The parameter γβ, as a reduction factor, accounts for the effects of 
wave obliquity. Based on the assumption that the overtopping layer 
thickness decreases abruptly behind the seaward edge of the crest and 
remains almost constant along the crest, EurOtop (2018) suggested the 
following equation: 

hc,2%(xc)=
2
3

hA,2%(Rc) (8) 

Chen et al. (2022) conducted a validation of a numerical model and 
analysed the differences between Eq. (1) and Eq. (6) with respect to the 
presence of the influence of the roughness (γf) of the seaward side in the 
righthand side of the equation, and concluded that this influence of the 
roughness (γf) as shown in Eq. (1) should be present, both based on 
physical reasoning and on variations of the roughness in the model. For 
smooth impermeable dikes for which there is limited roughness, this 
difference is not essential but for structures like the one examined here, 
this difference is important. 

Mares-Nasarre et al. (2019) conducted small-scale physical tests on 
breakwaters (slope: 1:1.5) with different armour layers. They showed 
that Eqs. (2) and (6), using the existing empirical coefficients for dikes, 
do not lead to a good estimation of wave overtopping layer thickness on 
rubble mound breakwaters. The authors used Eq. (9), proposed by TAW 
(2002), for rubble mound structures, to estimate wave run-up and pro-
posed to use c∗A,h = 0.52 and c∗c,h = 0.89 in Eqs. (6) and (2) respectively. 

Ru2%

Hm0
= 1.65 γf γβ Irm− 1,0 ≤ 1.0 γf surging γβ

(

4.0 −
1.5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Irm− 1,0

√

)

(9)  

where 

γf surging = γf +

(
Irm− 1,0 − 1.8

)(
1 − γf

)

8.2
(10) 

with a maximum of Ru2%/Hm0 = 2.0 (3.0) for structures with a 
permeable (impermeable) core. Table 1 summarizes the empirical co-
efficients proposed by different authors. It is evident that larger empir-
ical coefficients are suggested for rubble mound structures compared to 
dikes. The difference in coefficients obtained for the given structure 
types can be attributed to their structural features. The slope angle and 
roughness, the crest’s roughness, and the permeability of the core are 
the governing factors that can affect wave run-up on the slope and the 
formation of the overtopping flow over the crest. 

Dikes are impermeable structures with a smooth slope where γf = 1 is 
recommended in the literature. On the other hand, rubble mound 
structures such as breakwaters and seawalls have a rough surface that 
plays an important role in the interaction between the structure and 
incident waves. The roughness factor of these structures varies between 

0.38 and 0.60, depending on the armour layer type, the number of 
layers, and core permeability. The main difference between rubble 
mound breakwaters and seawalls is their permeability. Breakwaters 
commonly have a permeable core, while seawalls mostly have an 
impermeable core and have a slightly higher γf compared to 
breakwaters. 

3. Physical model tests 

3.1. Experimental set up 
Small-scale physical model tests were conducted in the wave flume 

of the hydraulic laboratory at Griffith University, Australia (Fig. 2). The 
wave flume is 0.5 m wide, 22.5 m long, and 0.8 m deep and is equipped 
with a piston-type wave maker. To prevent re-reflection of waves from 
the paddle, reflected waves from the structure were absorbed using a 
dynamic absorption system. To estimate incident wave parameters near 
the structure’s toe, three wave gauges were used to measure the water 
free surface elevations, and the method proposed by Mansard and Funke 
(1980) was employed to separate incident and reflected waves. Regular 
checks were performed on the still water level and probe calibration to 
ensure measurement accuracy during the experiments. In order to pre-
vent any potential impacts of overtopped volume of water, natural 
evaporation, and facility leakages, the water surface level in the flume 
was consistently monitored. In addition, the calibration of wave gauges 
was checked daily to ensure the accuracy of water free surface reading. 

As depicted in Fig. 2, the tests were conducted on a 2-layer rock- 
armoured rubble mound seawall with slopes of 1:1.5 and 1:2. The 
crest level was fixed (560 mm with respect to the bottom of the flume) in 
all tests. The armour (Dn50 = 38 mm) and filter (Dn50 = 17 mm) mate-
rials, each with a minimum thickness of 2Dn50, were sourced from local 
quarries. The impermeable core of the structure was constructed using 
17 mm plywood timber, and the surface friction was enhanced with sand 
and glue. A smooth acrylic sheet, measuring 500 mm in length, was 
placed horizontally on the crest of the structure. To prevent leakage of 
overtopping flow, the sides of the crest at the flume’s walls were sealed. 
During the tests, there were no notable deviations in the trajectories of 
the overtopping waves, and the presence of wave gauges did not affect 
the flow of water over the smooth crest. 

To measure the overtopping layer thickness on the crest of the 
structure, two wave gauges were installed at the seaward edge and the 
middle of the crest (see Fig. 2). A rectangular box was placed beneath the 
crest to partially submerge the wave gauges. The wave gauges were 
inserted through holes on the crest into the box, with a submergence 
depth of 100 mm. To ensure the box remained filled with water 
throughout the experiments and to minimise the effect of overtopping 
flows passing over the crest on the water level inside the box, the largest 
possible size (10 L) was chosen, and the water level was regularly 
checked. The signals from the probes were recorded and synchronized at 
a frequency of 20 Hz using a custom MATLAB script. To facilitate better 
monitoring of the experiments and ensure quality control during the 
data processing stage, two high-speed cameras were positioned above 
and beside the seawall. 

Table 1 
Proposed empirical coefficients by different studies.  

Study c∗A,h c∗c,h Structure type Slope γf Crest 

van Gent (2002) 0.15 0.4 Dike 1:4 1 Smooth, Impermeable 
Schüttrumpf (2001) 0.33 0.89 Dike 1:3, 1:4, 1:6 1 Smooth, Impermeable 
van der Meer et al. (2010) 0.13 – Dike 1:3 1 Smooth, Impermeable 
EurOtop (2018) 0.2 

0.3 
a Dike 1:3, 1:4 

1:6 
1 Smooth, Impermeable 

Mares-Nasarre et al. (2019) 0.52 0.89 Rubble mound breakwater 1:1.5 0.4,0.47,0.49 Rough, Permeable  

a Constant layer thickness along the crest. 
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3.1. Test programme 

A total of 125 tests were conducted on the rubble mound seawall. For 
each test, 1 000 irregular waves were generated using a JONSWAP 
spectrum with a peak enhancement factor of γ = 3.3. 

For each structure slope (1:1.5 and 1:2), a series of tests were per-
formed with various still water levels resulting in crest freeboards Rc =

0.08, 0.10, 0.12, 0.13, 0.14, 0.16, 0.18 and 0.21 m. For each crest 
freeboard, different wave heights (Hm0), from 0.07m to 0.13m with an 
increment of 0.01 m, were combined with different wave periods. 
Consequently, the wave steepness sm− 1,0 varied between 0.015 and 
0.057. The ranges of the key overtopping parameters in the present 
study are provided in Table 2. A practical range of the relative crest 
freeboard (0.75 ≤ Rc/ Hm0 ≤ 2.36) was also selected. All tests were 
conducted in deep water (h/Hm0 > 3) and under non-breaking (surging) 
wave (Irm-1,0 > 1.8) conditions. 

4. Data processing 

The thickness of the wave overtopping flow was measured at the 
seaward edge and the middle of the crest using two wave gauges. These 
wave gauges recorded a continuous time series of flow thickness on the 
crest. To accurately calculate the overtopping flow thickness, the 
recorded raw signals underwent the following processing steps: 

First, overtopping events were identified using a threshold-down- 
crossing algorithm in the time domain. A fixed threshold value (rs) 
was selected for each signal. The optimal threshold value depends on 
various factors such as the nature of the signal (including structural 
features), incident wave conditions, and the probe’s location. If the 
threshold value (rs) is set too high, overtopping events with thickness 
below the threshold will go undetected. Conversely, setting the 
threshold value too low may result in the base noise of the signal 
affecting the analysis and leading to misleading results (refer to Fig. 3). 

Due to the turbulent nature of overtopping flow and water splash, 
especially at the seaward edge of the crest, wave gauges may produce 
unrealistic overtopping events. To address this issue, the coupling 
method proposed by Formentin and Zanuttigh (2019) was employed. 
This method is based on the assumption that each overtopping event 
should be detected by both probes installed on the crest, with a delay 
dependent on the distance between the probes and the wave celerity. In 
other words, when one probe detects an individual overtopping event, 
its corresponding pair should be detected by the second probe within an 
acceptable delay range. [dtmin, dtmax]: 

dt (min)=max
(

dw

cd
,

1
Sf

)

(11)  

dt (max) =
dw

cs
(12) 

Fig. 2. (a) and (b): Cross section of the model; (c): Wave gauges on the crest of the structure.  

Table 2 
The ranges of key parameters for the present study.  

Parameter Range 

Rc (m) 0.08–0.21 
Hm0 (m) 0.07–0.13 
Tm− 1,0 (s) 1.07–1.96 
h (m) 0.35–0.48 

Rc/ Hm0 0.75–2.36 
tan α 0.5–0.66 
sm− 1,0 0.015–0.057 
Irm-1,0 2.15–5.33 
h/ Hm0 3.20–6.66  

A. Koosheh et al.                                                                                                                                                                                                                                



Coastal Engineering 188 (2024) 104441

5

where dw is the distance between two probes, cd is the maximum wave 
celerity (Lop/Tp), and Sf is the sampling rate. The minimum celerity in 
shallow water (cs) is computed based on the minimum value of the 
measured flow thickness at the first wave gauge (h1min) as √gh1 min 
(Formentin and Zanuttigh, 2019). If the recorded time delay falls outside 
the acceptable range, the paired overtopping events are discarded. Fig. 3 
illustrates the recorded signals of overtopping layer thickness using two 
wave gauges on the crest, along with the identification of overtopping 
events using a threshold-down-crossing algorithm for a typical test with 
Hm0 = 0.1 m, Tp = 1.90 s, h = 0.43 m. Although the developed computer 
code could determine the overtopping layer thickness using the recorded 
signals, video recordings (side view) were also visually inspected to 
ensure the accuracy of the data during quality control. For further de-
tails regarding the challenges and complexities of analysing such signals, 
readers are referred to Formentin and Zanuttigh (2019), and Koosheh 
et al. (2021). 

5. Results and discussions 

As discussed in Section 2, the overtopping layer thickness on the 
crest of the structure can be correlated with the difference between the 
wave run-up elevation exceeded by 2% of the incident waves and the 
crest freeboard. The skill metrics, Normalized Bias (NBIAS), and Scatter 
Index (SI), were utilized to quantify the performance of the formulas in 
estimating the overtopping layer thickness: 

NBIAS=
1

Em,av

(
1
n

∑n

i=1
[ Ee,i − Em,i

]
)

× 100 (13)  

SI =
1

Em,av

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1

{[
Ee,i − Em,i

]2}
√

× 100 (14)  

where Ee,i and Em,i are the estimated and measured values, respectively, 
Em,av is the average of measured values, and n stands for the number of 
records. 

5.1. Overtopping layer thickness at the seaward edge of the crest 

Table 3 compares the performance of existing empirical formulas in 
estimating the wave overtopping layer thickness at the seaward edge of 
the crest, hA,2%(Rc) for rubble mound seawalls. In practical design 

scenarios, wave run-up values are not readily available and need to be 
estimated. Therefore, the original wave run-up formulas suggested by 
the respective authors were used, as indicated in Table 3. The roughness 
factor of γf = 0.55, proposed by EurOtop (2018) for rough structures 
(2-layer rocks) with an impermeable core, was employed to estimate the 
wave run-up. The overtopping layer thickness, hA,2%(Rc), was estimated 
using Eq. (1) for van Gent (2002) formula (γf = 0.55) and Eq. (6) for 
EurOtop (2018) and Mares-Nasarre et al. (2019) formulas. The formulas 
developed for dikes underestimated the dimensionless overtopping layer 
thickness at the seaward edge, hA,2%(Rc)/Hm0 where EurOtop (2018) 
formula with NBIAS = − 55% and SI = 62% performed slightly better 
than that of van Gent (2002) with NBIAS = − 63% and SI = 69%. The 
formula proposed by Mares-Nasarre et al. (2019), specifically developed 
for rubble mound breakwaters with a permeable core, demonstrated 
significantly better performance than the formulas developed for dikes, 
with an NBIAS of 20% and an SI of 39%. However, it should be noted 
that overall, the existing formulas yield biased estimation of the over-
topping layer thickness at the seaward edge of rubble mound seawalls. 

Fig. 4 shows the scatter plots of dimensionless difference between 
Ru2% and Rc against dimensionless overtopping layer thickness at the 
seaward edge of the crest hA,2%(Rc)/Hm0 for different structure slopes. 
This figure indicates that, within the range of tested slopes, the 

Fig. 3. Recorded wave overtopping layer thickness at the seaward edge (top) and the middle (bottom) of the crest (Each circle corresponds to the detection of an 
individual overtopping event and horizontal lines show down-crossing threshold). Hm0 = 0.1 m, Tp = 1 s. 

Table 3 
Accuracy metrics of estimation of hA,2% (Rc)/Hm0 using different formulas.  

Formula hA,2% 

(Rc)/Hm0 

estimator 

Ru2% 

estimator 
(γf = 0.55) 

NBIAS 
(%) 

SI 
(%) 

Structure type 

van Gent 
(2002) 

Eq. 1 Eq. 3 − 63 69 Dike (smooth 
slope and crest, 
impermeable) 

EurOtop (2018) Eq. 6 Eq. 9 − 55 62 Dike (smooth 
slope and crest, 
impermeable) 

Mares-Nasarre 
et al. (2019) 

Eq. 6 Eq. 9 20 39 Breakwater 
(rough slope 
and crest, 
permeable) 

Present study 
(c∗A,h = 0.24) 

Eq. 1 Eq. 9 0 27 Seawall 
(smooth crest, 
rough slope, 
impermeable)  
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coefficient c*A,h, in Eq. (1) does not depend on the slope angle. To obtain 
a formula with an improved level of performance in estimating the 
overtopping layer thickness on the crest of the present study case namely 
rubble mound seawall, an optimal value of c∗A,h = 0.24 was obtained 
using bias correction of Eq. (1). The Ru2% values were estimated using 
Eq. (9) and γf = 0.55. 

The proposed coefficient of c∗A,h = 0.24 in this study rubble mound 
seawalls with an impermeable core is about 37% higher than that of van 
Gent (2002)’s (refer to Table 1) coefficient proposed for dikes (smooth, 
impermeable core). Apart from different validity ranges of the present 
study and van Gent (2002) in terms of seawall slope, the difference in 
obtained c∗A,h values can be explained by difference in their structural 
features such as slope roughness. 

By using the proposed coefficient, the scatter index (SI) of the esti-
mation of hA,2%(Rc)/Hm0 was reduced to 27% with 12% and 35% 
improvement compared to Mares-Nasarre et al. (2019) and EurOtop 
(2018) formulas, respectively. The scatter plot of measured against 
estimated values of hA,2%(Rc)/Hm0 using the existing formulas and the 
newly proposed one are shown in Fig. 5. It should be mentioned that as 
Eq. (3), the run-up formula of van Gent (2002), leads to some negative 
values of Ru2% − Rc, some data points with negative estimations are not 

seen in the plot. 

5.2. Overtopping layer thickness midway along the crest 

The overtopping flow exhibits its maximum thickness at the seaward 
edge of the crest, and as it progresses landward, the thickness gradually 
decreases due to energy dissipation. The performance of the existing 
formulas in estimating the overtopping layer thickness at the middle of 
the crest, hc,2%(xc = Gc/2)/Hm0, is provided in Table 4. Here, Eq. (2) was 
used for van Gent (2002) and Mares-Nasarre et al. (2019) formulas, 
while, for EurOtop (2018) formula, estimated values were calculated 
using Eq. (8). Wave run-up (γf = 0.55) was estimated using the original 
formulas proposed by the authors (see Table 4) and the estimated values 
of and hA,2%(Rc)/Hm0 were obtained as discussed above. 

As seen, the existing formulas, developed for dikes, underestimated 
hc,2%(xc = Gc/2)/Hm0 where NBIAS = − 20% and NBIAS = − 21% were 
recorded for van Gent (2002) and EurOtop (2018) formulas, respec-
tively. In terms of the SI metric, the EurOtop (2018) formula with SI =
26% slightly performed better than van Gent (2002) formula. Consistent 
with hA,2%(Rc)/Hm0, the formula proposed by Mares-Nasarre et al. 
(2019) overestimated hc,2%(xc = Gc/2)/Hm0 with NBIAS = 26% and SI =
35%. 

For the present study case, considering a smooth and impermeable 
crest, it is reasonable to assume an exponential spatial distribution, as 
given by Eq. (2) proposed for dikes. However, since the overtopping 
layer thickness has only been measured at two points along the crest, 
namely the seaward edge and the middle, the coefficient c∗c,h cannot be 
calibrated. Hence, following EurOtop (2018), it was assumed that 
overtopping layer thickness remains almost constant along the crest 
after an initial turbulent zone. The correlation between the measured 
hA,2%(Rc)/Hm0 and hc,2%(xc = Gc/2)/Hm0 was investigated. As shown in 
Fig. 6, the best fit line shows that the overtopping layer thickness at the 
middle of the crest, hc,2%(xc = Gc/2)/Hm0, is well correlated and is 
approximately half the thickness at the seaward edge hA,2%(Rc)/Hm0 (i.e. 
hc,2%(xc = Gc/2)/Hm0 =

1
2 hA,2%(Rc)/Hm0). This means overtopping 

thickness at the middle point is slightly less than EurOtop (2018) sug-
gestion (=2

3; hA,2%Rc/Hm0) for dikes. Fig. 6 also shows that, within the 
range of tested slopes, the correlation between the layer thickness at the 
start of the crest and at the middle of the crest does not depend on the 
slope angle. The scatter plot of measured against estimated 
hc,2%(xc = Gc/2)/Hm0 using the existing formulas, and the proposed one 
in the present study is shown in Fig. 7. 

The accuracy of a good model should be independent of the gov-
erning parameters value. To assess this, Discrepancy Ratio (DR) was 
used. This dimensionless metric is defined as the ratio of the estimated 
value to the measured one. Fig. 8 plots the DR values of formulas pro-
posed in this study to estimate hA,2%(Rc)/Hm0 and hc,2%(xc = Gc/2)/Hm0 
against some key dimensionless parameters including the slope of the 
seawall (tan α), wave steepness (sm-1,0), Iribarren number (Irm-1,0) and 

Fig. 4. Dimensionless difference between Ru2% and the crest free board against 
measured hA,2%(Rc)/Hm0 for different slopes of the structure. 

Fig. 5. Estimated vs measured hA,2% (Rc)/Hm0 (γf = 0.55), using existing for-
mulas for dikes and rubble mound breakwaters, and newly proposed one for 
rock-armoured seawall. 

Table 4 
Accuracy metrics of estimation of hc,2% (xc = Gc/2)/Hm0 using different 
formulas.  

Formula Ru2% 

estimator (γf 

= 0.55) 

NBIAS 
(%) 

SI 
(%) 

Structure type 

van Gent (2002) Eq. 3 − 20 29 Dike (smooth slope and 
crest, impermeable) 

EurOtop (2018) Eq. 9 − 21 26 Dike (smooth slope and 
crest, impermeable) 

Mares-Nasarre 
et al. (2019) 

Eq. 9 26 35 Breakwater (rough 
slope and crest, 
permeable) 

Present study Eq. 9 0 16 Seawall (smooth crest, 
rough slope, 
impermeable)  
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(Ru2% - Rc)/γf Hm0. The distribution of data points is almost symmetric 
around DR = 1 line and no discernible trend can be observed. This in-
dicates that the proposed formulas have been optimally trained with 
minimum systematic error. The scatter of the estimation decreases by 
increase of (Ru2% - Rc)/γf Hm0, reflecting the challenges associated with 
measuring small overtopping events with relatively lower wave run-up 
levels. 

6. Conclusions and recommendations 

The safety assessment of coastal structures commonly relies on 
overtopping parameters such as the mean overtopping rate (q) and the 
maximum individual overtopping volume (Vmax). However, it is crucial 
to also consider the overtopping layer thickness (or flow depth) which is 
important in assessing overtopping hazard to pedestrians and vehicles 
located on or behind the crest. This research aimed to gain a better 
understanding of the overtopping layer thickness on the crest of rubble 
mound seawalls. To achieve this goal, a total of 125 2D small-scale 
physical model tests were conducted on a 2-layer rock armoured 
seawall featuring an impermeable core with armour slopes of 1:1.5 and 
1:2. The overtopping layer thickness was measured at both the seaward 
edge and the middle of the crest using two wave gauges. 

Wave overtopping layer thickness on the crest of coastal structures is 

a spatially and temporally variable phenomenon that is historically 
related to wave run-up on the seaward slopes and the crest freeboard of 
the structure. However, existing empirical formulas, originally devel-
oped for dikes (i.e., van Gent, 2002; EurOtop, 2018), underestimated the 
wave overtopping layer thickness on the crest of rubble mound seawalls. 
On the other hand, the formula developed by Mares-Nasarre et al. 
(2019) for rubble mound breakwaters slightly overestimated the over-
topping layer thickness both at the edge and the middle of the seawall’s 
crest. This difference can be attributed to variations in the structural 
characteristics between existing studies (dikes or breakwaters) and 
rubble mound seawalls. Dikes typically exhibit smoother and gentler 
slopes than seawalls, resulting in different interactions between waves 
and the structure compared to rubble mound seawalls with rough sur-
faces. Similarly, formulas tailored for breakwaters with rough surfaces 
and a permeable core cannot be used for seawalls because of their 
impermeable cores. 

Eq. (1) was adapted to the study case by correcting the estimation 
bias, and c∗A,h = 0.24 was proposed. The calibrated coefficient leads to a 
better estimation of dimensionless overtopping layer thickness at the 
seaward edge (hA,2%(Rc)/Hm0) of rubble mound seawalls, with SI = 27%. 
This improvement represents a 35% and 10% enhancement compared to 
EurOtop (2018) and Mares-Nasarre et al. (2019) formulas, respectively. 
Subsequently, following EurOtop (2018), by assuming abrupt drop 
immediately behind the crest edge and then a constant thickness of the 
overtopping layer over the crest of the structure, the correlation between 
the overtopping layer thickness at the middle of the crest, 
hc,2%(xc = Gc/2), and at the seaward edge hA,2%(Rc) was investigated. A 
suggestion was made that hc,2%(xc = Gc/2)/Hm0 can be approximated by 
1
2hA,2%(Rc)/Hm0. This resulted in improvements of 10% and 19% for the 
estimation of hc,2%(xc = Gc/2) compared to those of EurOtop (2018) 
(developed for dikes, i.e. smooth and impermeable structures), and 
Mares-Nasarre et al. (2019) formula (developed for rubble mound 
breakwaters with a rough slope and permeable core), respectively. For 
the overtopping layer thickness at the crest, the roughness and perme-
ability of the surface can also play a significant role in the spatial dis-
tribution of overtopping flow and how it evolves toward the lee side. The 
results provided for the overtopping layer thickness on the crest of the 
seawall in the present study are based on a smooth and impermeable 
crest. However, in the case of rubble mound seawalls with a rough and 
permeable crest (covered by armour units), where overtopped water 
percolates through the armour units placed in the crest, the suggested 
ratio of hc,2%(xc = Gc/2)/Hm0 to hA,2%(Rc)/Hm0 may be somewhat 
different. For an example of wave overtopping layer thickness estima-
tion at the seaward edge and middle of the crest of a real rubble mound 
seawall using both existing formulas and the proposed one from the 
present study, readers are referred to the appendix. 

In this research, relatively steep slopes of the seawall under non- 
breaking wave conditions at the foreshore were tested. For future 
studies, it is recommended to verify whether the results can be gener-
alized to gentler slopes and shallow foreshores as well. Additionally, it 
should be noted that the measurements of overtopping layer thickness 
were taken only at two points on the crest, specifically at the seaward 
edge and middle. Hence, following EurOtop (2018), a constant thickness 
was assumed after an abrupt decrease at the edge. To better investigate 
variations in overtopping layer thickness along the crest of the seawall, 
multiple measurements are recommended. In this way, findings will 
become more robust and applicable to a wider range of conditions which 
will provide valuable insights for coastal protection strategies. 
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Glossary 

c∗A,h Overtopping flow thickness coefficient at the seaward edge of the crest 
c∗c,h Overtopping flow thickness coefficient over the crest 
cd Maximum wave celerity 
cs Minimum celerity in shallow water 
dtmin Minimum lag between the detected events in the coupling process 
dtmax Maximum lag between the detected events in the coupling process 
dw Distance between two wave gauges at the crest of structure in the direction of flow 
Dn50 Nominal rock diameter 
Gc Crest width 

Fig. 8. Discrepancy ratios of estimated hA,2%(Rc)/Hm0 and hc,2% (xc = Gc/2)/Hm0 of the proposed formulas against seaward slope of structure (top-left); wave 
steepness (top-right), Iribarren number (bottom-left) and dimensionless difference of wave run-up and the crest freeboard. 
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g Acceleration due to gravity 
H Water depth at the toe of the structure 
h1min Minimum measure thickness at the crest edge 
hA,2% Overtopping flow thickness at the seaward crest edge 
hc,2% Overtopping flow thickness over the crest 
Hm0 Spectral significant wave height 
Lm− 1,0 Deep water wavelength estimated as 1.56Tm-1,0

2 

Lop Deep water wavelength based on peak wave period 
Ru2% Run-up level exceeded by the 2% of the incident waves 
Rc Crest Freeboard 
Sf Sampling frequency 
sm− 1,0 Spectral wave steepness 
Tm-1,0 Spectral wave period 
Tp Peak wave period 
xc Position on the crest with respect to the seaward edge 
γf Roughness factor 
γf surging Modified roughness factor 
γβ Oblique wave factor 
Irm-1,0 Iribarren number 

Appendix 

As an example, overtopping layer thickness is estimated for a real rubble mound seawall. The design conditions are: 
Hm0 = 3.0 m, Tp = 11.1 s Tm = 9.7 s, Tm-1,0 =10.1 s, h = 9.9 m, rock two-layer, impermeable core, γf = 0.55, cot α = 1.75, Rc= 5.08 m.  

a) Present study:  

Lm-1,0 = g/2π Tm-1,0
2 = 1.56 × 10.12 = 159.3 m                                                                                                                                                           

sm-1,0= Hm0 / Lm-1,0 = 3.0/159.3 = 0.0188                                                                                                                                                                  

Irm-1,0 = tan α/ √ sm-1,0 = 0.57/ √0.0188 = 4.15                                                                                                                                                       

γf surging = γf +

(
Irm− 1,0− 1.8)(1− γf

)

8.2
= 0.55+

(4.15 − 1.8)(1 − 0.55)
8.2

= 0.68  

Ru2%

Hm0
=min

(

1.65γf γβIrm− 1,0, 1.0 γf surgingγβ

(

4 −
1.5
̅̅̅̅̅̅̅̅̅̅̅̅̅
Irm− 1,0

√

)

, 3

)

= 2.21  

Ru2%= 2.21 × 3 = 6.63 m  

hA,2%(Rc)

Hm0
= c∗A,h

(
Ru2%− Rc

γf Hm0

)

= 0.24
(

6.63 − 5.08
0.55 × 3

)

= 0.225  

hA,2%(Rc)= 0.225 × 3= 0.67 m  

hc,2%(xc = Gc/2)=
1
2
× 0.67= 0.33 m    

b) Van Gent (2002). 

p= 0.5
c1

c0
= 0.5

3.8
1.45

= 1.31 < Irm− 1,0= 4.15  

c2= 0.25
c2

1

c0
= 0.25

3.82

1.45
=2.49  

Ru2%

γf Hm0
=c1 −

c2

Irm− 1,0
= 3.2  

Ru2%= 3.2 × 0.55 × 3 = 5.28 m  

hA,2%(Rc)

Hm0
= c∗A,h

(
Ru2%− Rc

γf Hm0

)

= 0.15
(

5.28 − 5.08
0.55 × 3

)

= 0.018  

hA,2%(Rc)= 0.018 × 3= 0.055 m 
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hc,2%(xc = Gc/2)= hA,2%(Rc). exp
(

− c∗c,h
xc

Gc

)

= 0.055× exp
(

− 0.4×
1
2

)

= 0.045 m    

c) EurOtop (2018). 

Ru2% = 2.21 × 3= 6.63 m (calculated above)

hA,2%(Rc)

Hm0
= c∗A,h

(
Ru2%− Rc

Hm0

)

= 0.2
(

6.63 − 5.08
3

)

= 0.10  

hA,2%(Rc)= 0.1 × 3= 0.3 m  

hc,2%(xc = Gc/2)=
2
3
× 0.3= 0.2 m    

d) Mares-Nasarre et al. (2019) 

Ru2% = 2.21 × 3= 6.63 m (calculated above)

hA,2%(Rc)

Hm0
= c∗A,h

(
Ru2%− Rc

Hm0

)

= 0.52
(

6.63 − 5.08
3

)

= 0.27  

hA,2%(Rc)= 0.27 × 3= 0.81 m  

hc,2%(xc = Gc/2)= hA,2%(Rc).exp
(

− c∗c,h
xc

Gc

)

= 0.81× exp
(

− 0.89×
1
2

)

= 0.51 m   

Table A1 
Estimation of overtopping layer thickness on the crest of a real seawall using different formulas  

Formula hA,2%(Rc) (m) hc,2%(xc = Gc/2) (m) 

van Gent (2002) 0.055 0.045 
EurOtop (2018) 0.30 0.20 
Mares-Nasarre et al. (2019) 0.80 0.51 
Present study 0.67 0.33  
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Mares-Nasarre, P., Argente, G., Gómez-Martín, M.E., Medina, J.R., 2019. Overtopping 
layer thickness and overtopping flow velocity on mound breakwaters. Coast. Eng. 
154, 103561 https://doi.org/10.1016/j.coastaleng.2019.103561. 
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