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Abstract 

Mean wave overtopping discharges at rubble mound 

breakwaters were measured in a wave flume for various rock-

armoured slopes. In the physical model tests, the structure slope 

was varied: 1:1.5, 1:2, 1:4, 1:6 and 1:8 slopes were studied. The 

mean wave overtopping discharges appeared to be strongly 

dependent on the structure slope for both “breaking waves” and for 

“non-breaking waves”. Existing expressions that also account for 

friction, a berm (if present), a protruding crest wall (if present), and 

the angle of wave attack, were extended by incorporating both the 

slope angle and the wave steepness of the incident waves at the toe. 

The match between the empirical equations and the data (new and 

earlier tests) is good. The guidelines to estimate wave overtopping 

discharges as presented here perform much better than existing 

guidelines since most existing guidelines for rubble mound 

breakwaters ignore the explicit influence of the structure slope and 

the wave steepness. Both for “breaking waves” and for “non-

breaking waves”, the structure slope and the wave steepness clearly 

affect wave overtopping discharges, and therefore expressions that 

ignore these effects should not be used if accurate estimates of mean 

wave overtopping discharges are required. 

Keywords 

Wave overtopping, Coastal structures, Rubble mound breakwaters, 
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1 Introduction 

For the design and adaptation of rubble mound breakwaters, accurate wave overtopping estimates are important to 

determine the required crest level. To characterize potential threats due to wave overtopping, mean wave overtopping 

discharges during the peak of a storm are generally used, although parameters describing individual wave overtopping 

events are also valuable. Estimates of wave overtopping discharges are not only relevant for the design, but also for 

existing structures that require adaptation due to sea level rise and its potential effects on the wave loading. Adaptation 
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of existing structures can include adding a berm, adding a crest wall, adding a low-crested structure in front of the 

breakwater, increasing the foreshore in front of the structure, or modifying the seaward slope to a milder slope. 

Estimates of wave overtopping discharges are generally based on physical modelling in wave flumes and wave basins, 

or on empirical equations based on such tests. However, also numerical modelling of wave overtopping at coastal 

structures can be used to estimate wave overtopping parameters, see for instance Chen et al. (2021, 2022), Jin et al. 

(2022), Irías Mata and Van Gent (2023) and Stagnitti et al. (2023). Numerical modelling can be used in combination with 

physical modelling by studying the influence of parameters over a wider range than those applied in physical model tests. 

Existing empirical expressions for overtopping discharges are available in manuals such as TAW (2002) and EurOtop 

(2018). However, these guidelines are outdated for estimates of mean wave overtopping discharges at rubble mound 

breakwater due to new knowledge. This includes insights into for instance the influence of shallow foreshores (e.g. De 

Ridder et al., 2024), the configuration of a berm in the seaward slope or a crest wall on top of the structure (e.g. Van Gent 

et al., 2022), the influence of roughness (e.g. Eldrup et al., 2022; Pepi et al., 2022), oblique wave attack (e.g. Van Gent, 

2024), or a second wave field in addition to the primary wave field (e.g. Van der Werf and Van Gent, 2018; Vieira Leite 

et al., 2019). However, in these studies no systematic variation was performed for the slope angle of the structure. For so-

called “breaking waves” on the slope of dikes the influence of the slope is clear, and present in empirical expressions. 

However, the influence of the structure slope is not explicitly present in expressions for rubble mound breakwaters, neither 

for “breaking waves” on the slope nor for “non-breaking waves” (see for instance EurOtop, 2018; Eq.6.5). In any case, 

in these studies no systematic variation of the slope over a wide range of slopes within the same test set-up, has been 

performed. Such tests can provide quantitative information on the influence of the slope angle, in addition to clear 

indications (see for instance Irías Mata and Van Gent, 2023) that the slope angle not only affects the mean wave 

overtopping discharges for “breaking waves” but also for “non-breaking waves”. EurOtop (2018), Eldrup et al. (2022) 

and Pepi et al. (2022) include the influence of the slope angle and wave steepness in an expression for the roughness. 

However, for equal roughness (for instance, for the extreme case of “no roughness”) there is no influence of the slope 

angle according to these expressions. Here, the explicit influence of the slope angle is studied and incorporated in 

expressions for the mean wave overtopping discharge at statically stable rubble mound breakwaters with a permeable 

core. The contribution of this research is threefold: 

1) What is the influence of the slope angle of rock-armoured rubble mound structures on mean wave overtopping 

discharges? 

2) How can the effects of the slope angle, freeboard, wave height, wave steepness, oblique waves, roughness, a berm 

in the seaward slope, a protruding crest wall, and the influence of wind be incorporated in empirical equations to 

estimate wave overtopping discharges at rock-armoured rubble mound structures? 

3) How do the derived empirical expressions to estimate overtopping discharges perform for other datasets including 

data obtained with severe wave breaking at the shallow foreshore? 

To answer these research questions, physical model tests have been performed in a wave flume at Deltares, Delft. The 

paper is presented in five main sections. First, wave overtopping is discussed further in Section 2. The physical model 

tests are described and analysed in Section 3. Section 4 provides a discussion, while the conclusions and recommendations 

are described in Section 5. 

2 Wave overtopping 

Wave overtopping at coastal structures can be characterised by mean wave overtopping discharges during the peak of 

a storm or by parameters characterising overtopping events such as overtopping volumes per wave, flow velocities and 

flow depths. In the present study, mean wave overtopping discharges at rubble mound breakwaters are addressed. 

Important initial research with respect to mean wave overtopping discharges is described in Goda (1971), Battjes (1974) 

and Owen (1980). Thereafter, various formulas have been developed to predict wave overtopping at statically stable 

rubble mound breakwaters. Many can be rewritten as follows: 

𝑞

√𝑔𝐻𝑚0
3

=  𝑎 𝑒𝑥𝑝 [− 
𝑏

𝛾
(

𝑅𝑐

𝐻𝑚0
)

𝑐

 ] (1) 
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where q is the mean wave overtopping discharge (m3/s/m), g is the acceleration due to gravity (m/s2), Hm0 is the spectral 

significant wave height of the incident waves at the toe of the structure (m), Rc is the crest freeboard relative to the still 

water level (m), and  denotes influence factors (-). Q=q*
 = q/(gHm0

3)0.5 is the non-dimensional wave overtopping 

discharge. For the coefficient c many studies used c=1. EurOtop (2018) used c=1.3, while Gallach-Sánchez (2018) and 

Gallach-Sánchez et al.(2021) proposed c=1.1. If, unlike in Eq.1, the influence factor  were to be used to a power c, as 

applied in EurOtop (2018), the value of the influence factor  needs to be modified if c is unequal to one. 

For relatively mild structure slopes, wave conditions often lead to plunging waves on the seaward slope (“breaking 

waves”), while for relatively steeper slopes wave conditions often lead to surging waves (“non-breaking waves”). For 

dikes that often have a relatively mild slope compared to many rubble mound breakwaters, wave overtopping expressions 

for plunging waves are often used with an expression for surging waves serving as an upper limit (see for instance TAW, 

2002). For rubble mound breakwaters with relatively steep slopes, often only a wave overtopping expression for surging 

waves is applied (see for instance EurOtop, 2018; Eq.6.5).  

Existing expressions for plunging waves on coastal structures such as dikes contain an influence of the slope of the 

structure, the wave steepness, a berm (if present), a protruding crest wall (if present) and other influence factors such as 

roughness and oblique wave attack (e.g. TAW, 2002). For surging waves some available expressions such as the one 

proposed by EurOtop (2018; Eq.6.5) contain no explicit influence of the slope of the structure, the wave steepness, a 

statically stable berm (if present), and a protruding crest wall (if present). Since all of these parameters affect wave 

overtopping discharges (e.g. Lioutas et al., 2012; Molines and Medina, 2015; Medina and Molines, 2016); Koosheh et 

al., 2022; Van Gent et al., 2022; Irías Mata and Van Gent, 2023) also for surging waves, the expression proposed by 

EurOtop (2018; Eq.6.5) is insufficient and has been improved in several studies. In the present study the focus of new 

physical model tests is on including effects of the slope angle, not only for plunging waves but also for surging waves. 

Besides effects of the structure slope, the wave steepness, a berm and a protruding crest element, also the roughness 

of the slope, the presence of swell in combination with wind waves, and wind itself, affect wave overtopping. For guidance 

on the effects of statically stable berms and crest walls reference is made to Van Gent et al. (2022). The reducing effect 

of a berm depends on the vertical position of the berm, the width of the berm and the wave steepness (see also Eq.4). The 

influence of the protruding part of the crest wall depends on the ratio of the height of the protruding part of the crest wall 

and the freeboard (see also Eq.5). 

For guidance on the effects of roughness of rock armour layers with a layer thickness of about two diameters, reference 

is made to Bruce et al. (2009), Molines and Medina (2015), Medina and Molines (2016), Eldrup and Lykke Andersen 

(2018), EurOtop (2018) and Van Gent et al. (2022). Constant roughness influence factors have been proposed, often in 

the range of f =0.4 to 0.5. EurOtop (2018; Eq.6.7) proposed a constant roughness for lower values of the surf-similarity 

parameters (m-1,0 = tan α /sm-1,0
0.5 where the wave steepness  sm-1,0 = 2 Hm0 / (gTm-1,0

2) is based on the spectral wave period 

Tm-1,0), and a reduced influence of the roughness for higher values of the surf-similarity parameter. In Van Gent et al. 

(2022) an expression is proposed where the roughness depends on the size of the stones in the armour layer (Eq.3). 

For guidance on the effects of low-frequency waves or swell in combination with wind waves reference is made to 

Van der Werf and Van Gent (2018). The presence of low-frequency waves or swell in combination with wind waves can 

be accounted for by virtually lowering the freeboard with about half of the wave height of the low-frequency waves or 

swell (Hm0-swell), see also Eq.2. 

For guidance on the effects of oblique waves on wave overtopping at rubble mound structures reference is made to 

Van Gent and Van der Werf (2019) and Van Gent (2022), see also Eq.6. 

For the power c in Eq.1, various values have been proposed but no clear evidence that a value other than c=1 would 

perform better for rubble mound breakwaters is available (see also Van Gent et al., 2022), so here the power c=1 is used 

in Eq.1. For “breaking waves” on the structure slope, empirical expressions exist (e.g. TAW, 2002) where the influence 

of the slope angle and wave steepness have partly been taken into account by using the surf-similarity parameter in the 

exponential part of the expression, while the remaining influences of the slope angle and wave steepness are taken into 

account in expressions for a. In the following Eq.2 is used with influence factors for friction, a berm, a protruding crest 

wall, and oblique waves. Thus, in Eq.2 a can depend on the slope angle and wave steepness, while the values for b and c 

(the power c for the surf-similarity in Eq.2) depend on whether the conditions can be considered as “breaking waves” or 

“non-breaking waves”. These dependencies are subject of the present study. The following set of expressions is used:  
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𝑞∗ =
𝑞

√𝑔𝐻𝑚0
3

= 𝑎 𝑒𝑥𝑝 [−𝑏 
𝑅𝑐  − 𝑐𝑠𝑤𝑒𝑙𝑙 𝐻𝑚0−𝑠𝑤𝑒𝑙𝑙

𝛾𝑓 𝛾𝑏 𝛾𝑣 𝛾𝛽  (𝜉𝑚−1,0)𝑐  𝐻𝑚0
 ] (2) 

with 

Friction: 𝛾𝑓 = 1 − 𝑐𝑓1  (
𝐷𝑛50

𝐻𝑚0
)

𝑐𝑓2
 (3) 

Berm: 𝛾𝑏 = 1 − 𝑐𝑏1  (
𝑠𝑚−1,0 𝐵

𝐻𝑚0
)

𝑐𝑏2
(1 − 𝑐𝑏3 (

𝐵𝐿 

𝑠𝑚−1,0 𝐴𝑐
)

𝑐𝑏4

) (4) 

Protruding crest wall: 𝛾𝑣 = 1 + 𝑐𝑣 (
𝑅𝑐−𝐴𝑐

𝑅𝑐
) (5) 

Oblique waves: 𝛾𝛽 = (1 − 𝑐𝛽) cos2β + 𝑐𝛽 (6) 

where q* is the non-dimensional overtopping discharge, Hm0 is the spectral significant wave height of the incident waves 

at the toe of the structure (m), Rc is the freeboard relative to the still water level (m), Hm0-swell is the spectral significant 

wave height of a second wave field of long waves such as infragravity waves or swell (for instance from a different 

direction), if present (m), m-1,0  is the surf-similarity parameter (Iribarren number), Dn50 is the stone diameter of the stones 

in the armour layer (m), B is the berm width (m), Ac is the level of the crest of the armour layer relative to the still water 

level (m), BL is the vertical distance of the berm relative to the crest of the armour Ac (m), and β is the angle of wave 

attack (β=0° for perpendicular wave attack). Based on earlier research (Van Gent and Van der Werf, 2019; Van Gent, 

2022; Van Gent et al., 2022) the coefficients cf1 =0.7, cf2 =0.1, cb1 =18, cb2 =1.3, cb3 =0.34, cb4 =0.2, cv =0.45, c =0.35, and 

cswell =0.4 have been obtained for rubble mound breakwaters. 

The influence of wind on wave overtopping at structures with a protruding crest wall depends on the magnitude of the 

wave overtopping discharge itself. The effect of wind can be accounted by using the following expression in the case of 

perpendicular wave attack (Van Gent et al., 2024): 

Overtopping with wind:  𝑞𝑤 = 𝛾𝑤 𝑞 with 𝛾𝑤 = 1 + 𝑐𝑤1
ℎ𝑐

𝐻𝑚0
(𝑞∗)𝑐𝑤2  (7) 

where qw is the overtopping discharge including effects of onshore wind, q is the overtopping discharge without effects 

of wind (for instance obtained using Eq.2), and hc is the protruding part of the crest wall (hc = Rc - Ac). Note that qw =w q 

is equal to qw* =w q* since both discharges (qw* and q*) are made non-dimensional with the same wave height. Based on 

earlier research (Van Gent et al., 2024), the coefficients cw1 =0.075 and cw2 =-0.3 have been determined.  

The new tests in the present study are with structures without a berm (b =1) and without a protruding crest wall  

(v =1), for perpendicular wave attack (β =1), without effects of wind (w =1), and for sea states without a second wave 

field from another direction (Hm0-swell = 0). 

The described expressions (Eqs.1-7) were derived based on conditions without severe wave breaking on the foreshore. 

For effects of shallow foreshores on wave overtopping at rubble mound structures, reference is made to De Ridder et al. 

(2024, 2025). Although the new tests for various slope angles are for conditions without severe wave breaking on the 

foreshore, the comparison with test results by De Ridder et al. (2024) is described. 

3 Physical model tests 

3.1 Test programme 

The physical model tests were performed in a 55 m long section of the Scheldt Flume (110 m long, 1 m wide, and 1.2 

m high) at Deltares, Delft. The tests are described in detail in Van Marrewijk (2024). The wave generator is equipped 

with active reflection compensation, accounting for short-waves and long-waves reflection. This means that the motion 

of the wave paddle compensates for the waves reflected by the structure, preventing them from being re-reflected at the 

wave paddle and propagating towards the model. Second-order wave generation was applied. Wave gauges were 

positioned at the horizontal foreshore to separate incident and reflected waves from the measured surface elevations 
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(based on Zelt and Skjelbreia, 1992, and De Ridder et al., 2023); one set of seven wave gauges was positioned about 9 m 

from the wave generator and another set of seven wave gauges was positioned closer to the toe of the structures at 14 m 

from the wave generator, with the closest wave gauge at a distance 0.40 m from the toe. 

Five rubble mound structures with a permeable core were tested where the seaward slope was varied: 1:1.5, 1:2, 1:4, 

1:6 and 1:8. The rest of the structure configurations remained the same. The crest height was 0.900 m above the bottom 

of the flume. All structures consisted of an armour layer with a thickness of da=0.060 m, a stone diameter of Dn50 = 0.0317 

m, an underlayer with a thickness of du=0.030 m and a stone diameter of Dn50 = 0.0168 m, and a permeable core with a 

stone diameter of Dn50 = 0.0065 m. At the crest, on top of the core, a non-protruding crest wall with a total width of 0.140 

m was placed at Gc=0.100 m from the start of the armour at the crest (see Figure 1). No recurved parapet (bullnose) was 

applied on the crest wall. The rear side slope was 1:1.5. An overtopping chute was placed between the tip of the crest wall 

and the overtopping box. Stones were fixed such that no displacements of stones occurred. The upper part of the seaward 

slope (1.35 m) up to the transition to the horizontal crest was placed on a frame that was reused for each of the five slopes. 

This not only prevented potential movements of stones that could affect wave overtopping but also ensured that the 

orientation of the stones and permeability of the armour layer in the upper part of the slope was equal for each of the five 

slopes. A sketch of the structure with a 1:2 slope is shown in Figure 1. 

Figure 1: Sketch of the cross-section of the rubble mound structure with a 1:2 seaward slope. 

In all tests a JONSWAP wave spectrum was used (with the standard peak enhancement factor of 3.3). All tests 

consisted of about 1000 waves. Tests were performed with incident significant wave heights between Hm0 = 0.096 m and 

0.228 m (for all slopes). Three values of the wave steepness were used, leading to a wave steepness between sm-1,0 = 0.012 

and 0.042 (sm-1,0 = 2 Hm0 / (gTm-1,0
2)). Use is made of the spectral mean period Tm-1,0 since this wave period describes the 

influence of the spectral shape on for instance wave run-up, wave overtopping, and wave reflection at coastal structures 

(see Van Gent, 1999, 2001, and Dekker et al, 2007). The surf-similarity parameter (Iribarren number)  

m-1,0 = tan α /sm-1,0
0.5 varied between 0.612 and 6.04. Four water depths were applied (i.e. 0.600 m, 0.700 m, 0.750 m and 

0.825 m), leading to various levels of the freeboard (Rc). The non-dimensional freeboard was in the range between  

0.33 ≤ Rc / Hm0 ≤ 2.08. In total, 120 tests resulted in wave overtopping. Table 1 shows the ranges of the most important 

parameters of the test programme. Figure 2 shows pictures of wave action on various slopes. 

Table 1: Parameter ranges of the test programme. 

Parameter  Symbol Values/Ranges 

Seaward slope (-) cot α 1.5, 2, 4, 6, 8 

Armour stone diameter (m) Dn50 0.0317 

 
Water depth (m) h 0.600 - 0.825 

Incident significant wave height at toe (m) Hm0 0.096 - 0.228 

Wave steepness: sm-1,0=2 Hm0 /gTm-1,0
2 (-) sm-1,0 0.012 - 0.042 

Surf-similarity parameter: m-1,0 = tan α /sm-1,0
0.5 (-) m-1,0 0.612 - 6.04 

Freeboard (m) Rc 0.075 - 0.30 

Non-dimensional freeboard (-) Rc / Hm0 0.33 - 2.08 

Non-dimensional width of armour in front of non-protruding crest wall (-) Gc / Hm0 0.44 - 1.04 

Non-dimensional stone diameter (-) Dn50 / Hm0 0.14 - 0.33 
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Figure 2: Pictures of wave action on a 1:1.5 slope, 1:2 slope, 1:4 slope and 1:8 slope, respectively. 

3.2 Test results 

Out of the 120 tests performed, 14 tests led to minor wave overtopping. Here only tests with measured wave non-

dimensional overtopping discharges larger than q* ≥ 1·10-6 were used since smaller values are often less relevant and scale 

effects may be present. All 106 test results with q* ≥ 1·10-6 are shown in the upper left panel of Figure 3 with the freeboard 

(Rc /Hm0) at the horizontal axis and the non-dimensional overtopping discharges at the vertical axis. 

The results for the various slope angles (various symbols) clearly indicate that there is a dependency on the slope 

angle; the steeper the slope the larger the mean overtopping discharges. Some waves lead to breaking waves on the slope 

and other waves to non-breaking waves. In an irregular wave field, not all waves necessarily lead to breaking waves or 

all to non-breaking waves, but the surf-similarity parameter (or Iribarren number) can be used to distinguish between 

conditions with “breaking waves” and “non-breaking waves”. A value of the surf-similarity parameter of m-1,0 = 1.8 can 

be used as a first estimate with smaller values leading to “breaking waves” and larger values leading to “non-breaking 

waves”. All tests with 1:1.5 and 1:2 slopes resulted in “non-breaking waves”, all tests with 1:6 and 1:8 slopes resulted in 

“breaking waves”, while for a 1:4 slope about half of the conditions resulted in “breaking waves” and half in “non-

breaking waves”. The dashed line in the upper left panel of Figure 3 indicates the conditions with “breaking waves” on 
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All slopes: Slope 1:1.5 

Slope 1:2 Slope 1:4 

Slope 1:6 Slope 1:8 

Figure 3: Measured non-dimensional overtopping discharges (q*
 = q/(gHm0

3)0.5) versus the non-dimensional freeboard 

(Rc/Hm0) for various slopes and various wave steepnesses (for measured discharges larger than q*>1·10-6). Dashed line in 

upper left panel indicates “breaking waves” on left and “non-breaking waves” on right side of dashed line. 
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the left side of the dashed line and conditions with “non-breaking waves” on the right side. This figure clearly indicates 

that the dependency on the slope angle is present for both “breaking waves” and for “non-breaking waves”. 

The other five panels of Figure 3 show the test results for each slope angle separately, while the various symbols 

denote the wave steepness (low steepness: sm-1,0 ≤ 0.015; mid steepness: 0.015 < sm-1,0 < 0.03; high steepness sm-1,0 ≥ 0.03). 

The dependency on the wave steepness is clearly present but less clear for the steepest 1:1.5 slope (upper right panel) and 

very clear for the milder slopes 1:4, 1:6 and 1:8. For mild slopes, wave conditions with a low steepness can lead to 

discharges that are orders of magnitude larger than for conditions with a higher wave steepness. These figures indicate 

that the dependency on the wave steepness is present for all slopes, although less exposed for the steepest slopes (“non-

breaking waves”) and very significant for the mild slopes (“breaking waves”). 

Figure 3 illustrates that expressions to estimate wave overtopping discharges need to incorporate effects of the slope 

angle and wave steepness, both for “breaking waves” and for “non-breaking waves”.  

3.3 Analysis of test results 

In contrast to Eq.1, Eq.2 contains a dependency on the slope angle and the wave steepness via the surf-similarity 

parameter. Figure 4 shows the measured non-dimensional discharges as function of the non-dimensional freeboard 

divided by the surf-similarity parameter m-1,0. Figure 4 illustrates that by using the non-dimensional freeboard divided by 

the surf-similarity parameter m-1,0, there still is a dependency on the slope angle, indicating that the dependency of the 

slope is not sufficiently taken into account via the surf-similarity m-1,0 alone. Therefore, Eq.2 needs to be extended. Figure 

5 shows the non-dimensional discharges times the slope angle (q* cot α) versus the non-dimensional freeboard divided by 

the surf-similarity parameter m-1,0 for “breaking waves” and the non-dimensional freeboard divided by the surf-similarity 

parameter m-1,0 to the calibrated power 0.24 for “non-breaking waves”. The left panel of Figure 5 for “breaking waves” 

and the right panel of Figure 5 for “non-breaking waves” show that the data can be described reasonably well with straight 

lines in these graphs with logarithmic vertical axes. Calibrating the coefficients of these straight lines based on the present 

dataset leads to the following expressions: 

𝑞∗ =
𝑞

√𝑔𝐻𝑚0
3

= 6.8 (cot−1 𝛼) 𝑒𝑥𝑝 [−5.0 
𝑅𝑐  − 𝑐𝑠𝑤𝑒𝑙𝑙 𝐻𝑚0−𝑠𝑤𝑒𝑙𝑙

𝛾𝑓 𝛾𝑏 𝛾𝑣 𝛾𝛽  𝜉𝑚−1,0
  𝐻𝑚0

 ] (8) 

with a maximum: 

𝑞∗ =
𝑞

√𝑔𝐻𝑚0
3

= 0.8 (cot−1 𝛼) 𝑒𝑥𝑝 [−2.5 
𝑅𝑐  − 𝑐𝑠𝑤𝑒𝑙𝑙 𝐻𝑚0−𝑠𝑤𝑒𝑙𝑙

𝛾𝑓 𝛾𝑏 𝛾𝑣 𝛾𝛽  (𝜉𝑚−1,0)0.24  𝐻𝑚0
 ] (9) 

where Eq.8 can be seen as the expression for “breaking waves” and Eq.9 as the expression for “non-breaking waves”. 

Note that the present dataset does not contain conditions with a berm, protruding crest wall, oblique waves, wind, and no 

swell or infragravity waves in a second wave field (b =1, v =1, β =1, w =1, Hm0-swell = 0). Of the influence factors, only 

friction is present for which Eq.3 has been used with cf1=0.7 and cf2=0.05. 

 The performance of Eqs.8 and 9 is illustrated in Figure 6. The two upper panels show the measured versus the 

calculated non-dimensional discharges for “breaking waves” (Eq.8), the two middle panels show this comparison for the 

“non-breaking waves” (Eq.9), while the two lower panels show the combination of both subsets (“breaking” and “non-

breaking waves”). The symbols in the left panels indicate the slope angle while the symbols in the right panels indicate 

the wave steepness. All graphs show that Eqs.8 and 9 describe the data of the present dataset reasonably well. To quantify 

the performance of Eqs.8 and 9 use is made of the following error measure (for q* ≥ 1·10-6). 

RMSLE = √
∑ (𝑙𝑜𝑔(𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)−𝑙𝑜𝑔(𝑄𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑))2𝑛𝑡𝑒𝑠𝑡𝑠

𝑖=1

𝑛𝑡𝑒𝑠𝑡𝑠
 (10) 

The RMSLE value for “breaking waves” is 0.312, for “non-breaking waves” 0.232 and for the total dataset 

RMSLE=0.267. Here, a RMSLE value lower than 0.4 is considered as a good agreement, a value between 0.4 and 0.5 is 

considered as a reasonably good agreement and a value larger than 0.5 is considered as a relatively poor agreement.  
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Figure 4: Measured non-dimensional overtopping discharges (q*
 = q/(gHm0

3)0.5) versus the non-dimensional freeboard 

(Rc/Hm0) divided by the surf-similarity parameter m-1,0  (m-1,0 = tan α /sm-1,0
0.5). 

“Breaking waves”: “Non-breaking waves”: 

Figure 5: Measured non-dimensional overtopping discharges (q*
 = q/(gHm0

3)0.5) times the slope angle (cot α) versus the 

non-dimensional freeboard (Rc/Hm0) divided by the surf-similarity parameter m-1,0 to the power 1 for “breaking waves” 

(left panel) and the power 0.24 for “non-breaking waves” (right panel). 

3.4 Comparison with other datasets 

In the new data, the slope angle, wave height, wave steepness, and freeboard were varied. All tested conditions were 

without wave breaking on the foreshore. To verify the performance of the calibrated expression for conditions with a 

berm, a protruding crest wall, oblique waves, and conditions including severe wave breaking on the shallow foreshore, 

use is made of earlier datasets obtained in the same wave flume with similar test set-ups, wave generation, and 

measurement devices: 

• Van Gent et al. (2022) with structures including a berm, a crest wall, and a combination of both. 

• Van Gent and Van der Werf (2019) with structures with a crest wall under oblique wave attack. 

• De Ridder et al. (2024) with conditions including severe wave breaking on the foreshore.  
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“Breaking waves”:  

“Non-breaking waves”:   

All conditions:  

Figure 6: Measured versus calculated overtopping discharges (q*
 = q/(gHm0

3)0.5) for “breaking waves” (upper panels), 

“non-breaking waves” (middle panels) and both together (lower panels). Left and right panels refer to the same data but 

markers refer to either the slope (left panels) or to the wave steepness (right panels). 
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Since all these earlier tests correspond to conditions that can be considered as “non-breaking conditions”, only Eq.9 

in combination with the expressions for influence factors as described in Eqs.3-6 can be evaluated. Note that for the data 

described in De Ridder et al. (2024) severe wave breaking occurs on the foreshore but the surf-similarity parameter (based 

on the slope of the structure) was always larger than m-1,0 > 1.8 such that the conditions on the slope of the structure can 

be considered as “non-breaking waves” on the slope. Table 2 provides the ranges of the relevant parameters, including 

the new data and the mentioned three earlier datasets. 

Table 2: Parameter ranges of the combined dataset. 

Parameter  Symbol Values/Ranges 

Seaward slope (-) cot α 1.5, 2, 4, 6, 8 

Wave steepness: sm-1,0=2 Hm0 /(gTm-1,0
2) (-) sm-1,0 0.006 - 0.046 

Surf-similarity parameter: m-1,0 = tan α /sm-1,0
0.5 (-) m-1,0 0.61 - 19.7 

Non-dimensional crest freeboard (-) Rc / Hm0 0.33 - 2.85 

Non-dimensional crest level of armour (-) Ac / Hm0 0.33 - 2.85 

Non-dimensional width of armour in front of crest wall (-) Gc / Hm0 0 - 1.60 

Non-dimensional height of protruding part of crest wall: (Rc - Ac ) / Hm0 (-) hc / Hm0 0 - 0.75 

Non-dimensional berm width (-) B / Hm0 0 - 5.24 

Non-dimensional berm level (-) BL / Hm0 0 - 2.09 

Non-dimensional stone diameter (-) Dn50 / Hm0 0.12 - 0.89 

Non-dimensional water depth at toe (-) h / Hm0  0.57 – 11.2 

Angle of wave attack (°) β 0, 15, 30, 45, 60, 75 

The data by De Ridder et al. (2024) contains conditions with severe wave breaking on the foreshore with a 

considerable amount of energy in the low-frequencies. Therefore, the wave period at the toe based on the entire wave 

energy spectrum, can be very long, leading to a very low wave steepness and a high value of the surf-similarity parameter. 

For large values of the surf-similarity parameter, Bruce et al. (2009), EurOtop (2018) and Eldrup et al. (2022) proposed 

an influence factor for friction that reduces the influence of friction for large values of the surf-similarity parameter, in 

combination with an expression for wave overtopping like Eq.1 without another influence of the wave steepness and 

structure slope. EurOtop (2018) proposed a reduction of the influence for values larger than m-1,0 > 5, reaching f =1 for 

m-1,0 =10. In the combined dataset values larger than m-1,0 > 5 only occur in the subset by De Ridder et al. (2024). In that 

dataset the slope was not varied. Here, it is verified whether a friction influence factor that increases for very low wave 

steepnesses would improve the results using Eq.9 for estimates of the overtopping discharge. That indeed appeared to be 

the case, but this influence of the wave steepness is much more limited than suggested by, for instance, EurOtop (2018) 

and Eldrup et al. (2022). It is expected that this is partly due to the use of a wave overtopping expression (Eq.9) that 

already includes influences of the wave steepness and slope. Only for a wave steepness smaller than sm-1,0 < 0.012 the 

results improve if a slight increase in the influence factor (lower influence of friction) is accounted for. For values smaller 

than sm-1,0 < 0.012, the influence factor for friction obtained from Eq.3 can be modified as proposed here: 

 𝛾𝑓− 𝑙𝑜𝑤 𝑠𝑡𝑒𝑒𝑝𝑛𝑒𝑠𝑠 = 𝛾𝑓 + 12 ( 0.012 − 𝑠𝑚−1,0) ( 1 − 𝛾𝑓) (11) 

for 0.0006 < sm-1,0 < 0.012 while f is calculated using Eq.3. Figure 7 illustrates this expression for a situation in which 

Eq.3 would yield f =0.4. Whether this expression can also be applied to other structure slopes still needs to be verified. 
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Figure 7: Dependency of the influence factor for friction (f) on the wave steepness (sm-1,0). 

First, the data (152 tests with q* ≥ 1·10-6; “non-breaking waves”) by Van Gent et al. (2022) is compared to the new 

expressions (Eq.9 with Eqs.3-6). The tested structures consisted of straight 1:2 rock-armoured slopes, 1:2 slopes with a 

statically stable horizontal berm with various widths and various berm levels, structures with protruding crest walls, and 

structures with a combination of a berm and a protruding crest wall. The upper left panel of Figure 8 shows the comparison 

with the mentioned set of expressions. The match between the data and the set of expressions is good (RMSLE=0.285) 

and the match is comparable to the accuracy for the data described in Section 3.2 (RMSLE=0.267). 

Secondly, the data (101 tests with q* ≥ 1·10-6; “non-breaking waves”) by Van Gent and Van der Werf (2019) is 

compared to the new expressions (Eq.9 with Eqs.3-6). The tested structures consisted of a straight 1:2 rock-armoured 

slope with a protruding crest wall. The angle of wave attack was varied between perpendicular (β=0°), in steps of 15°, to 

very oblique waves (β=75°). Eq.6 was based on these tests, and this expression is considered valid only for conditions 

without severe wave breaking on the foreshore. The upper right panel of Figure 8 shows the comparison with the new set 

of expressions. The match between the data and the set of expressions is reasonably good (RMSLE=0.451). 

Thirdly, the data (133 tests with q* ≥ 1·10-6; “non-breaking waves”) by De Ridder et al. (2024) is compared to the new 

expressions (Eq.9 with Eqs.3-6). The tested structures consisted of a straight 1:2 rock-armoured slope with a non-

protruding crest wall. In contrast to the other subsets with a horizontal foreshore without wave breaking before the waves 

reach the structure, these tests included conditions with severe wave breaking on the tested sloping foreshores (1:20, 1:50 

and 1:100 slopes). De Ridder et al. (2024) evaluated a large number of expressions and concluded that an expression 

including the wave steepness based on wave parameters excluding the low frequencies, provides accurate results, although 

an expression with the wave steepness based on the entire wave energy spectrum only performs slightly less (Eq. 23 

versus Eq. 24 in De Ridder et al., 2024). Here, the wave steepness sm-1,0  is based on the entire wave energy spectrum. The 

optimal power of the wave steepness in the wave overtopping expression was 0.12 in Eq.23 of De Ridder et al. (2024). 

This corresponds to the optimal power for the new data (Eq.8) where the optimal power for the surf-similarity parameter 

for non-breaking waves is -0.24 (in the surf-similarity parameter, the wave steepness is raised to the power -0.5). Here, 

Eq.11 is used for those tests with a wave steepness lower than sm-1,0 < 0.012. The lower right panel of Figure 8 shows the 

comparison with the new set of expressions, with filled symbols for tests with sm-1,0 < 0.012 and open symbols for tests 

with sm-1,0 > 0.012. The match between the data and the set of expressions is good (RMSLE=0.392). If the dependency of 

the friction on the wave steepness, as shown in Eq.11 and Figure 7 would not be used, the match would be clearly less 

(RMSLE=0.504). 

The lower right panel of Figure 8 shows the data of all four subsets together. The match between the data and Eqs.8 

and 9 with influence factors in Eqs.3-6 and Eq.11 (492 tests with q* ≥ 1·10-6) is good (RMSLE=0.352). The dashed line 

in the lower right panel of Figure 8 shows an expression for a design including safety (5% of all tests are above the dashed 

line), as will be discussed in the next section.  
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Van Gent et al. (2022): Berms and crest walls Van Gent and Van der Werf (2019): Oblique waves 

De Ridder et al. (2024): Shallow water All: 

Figure 8: Measured versus calculated overtopping discharges (q*
 = q/(gHm0

3)0.5) for various datasets, including structures 

with a crest wall, with a berm, with shallow water conditions, and with oblique wave attack. Solid lines denote perfect 

agreement using Eqs. 8 and 9. Dashed line in lower right graph denotes expression for design purposes (Eq. B8). 

4 Discussion 

The comparison between the test results and the empirical expressions as described in the previous section shows a 

rather good agreement between both. However, two sources of potential underestimates of actual wave overtopping 

discharges using the derived expressions are discussed here: a) White spots in the applied dataset, and b) Applications 

outside the range of the dataset. 

The variations of each of the relevant parameters in the applied dataset is quite extensive, but that does not mean that 

all relevant combinations of parameters are well covered by the dataset. For a 1:2 slope (which is a very common slope 

for rock-armoured structures) a large range of configurations with various berms and various protruding crest walls was 

tested, as well as a wide range of angles of wave attack, but this was not done for the other slopes. The parameter ranges 

are quite well covered for “non-breaking waves”, but for “breaking waves” there are a number of combinations of 

parameters missing in the dataset. For instance, the dataset does not contain tests with mild slopes such as 1:8 and 1:6 

slopes with berms. Thus, the data does not cover all combinations, such that some combinations are well represented in 

the dataset and other combinations are not. The latter are so-called white spots in the dataset. Due to the presence of white  
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Box 1: Overview of empirical expressions to estimate wave overtopping discharges at rubble mound breakwaters with a 

permeable core (1·10-6 ≤ q*
 ≤ 1·10-1). 

spots in the dataset, for some configurations or wave loading special attention is required, especially if derived expressions 

may lead to important underestimates of the wave overtopping discharges. A second reason to be careful with applications 

of the derived expressions are applications for structure types that have not been analyzed here. Three important 

limitations are mentioned here. The first two are related to white spots in the dataset and the third is related to applications 

outside the ranges of the tests: 

• Oblique waves in combination with a shallow foreshore. All test conditions in the dataset with oblique waves were 

without wave breaking on the foreshore. Oblique wave attack generally leads to a reduction in wave overtopping. 

However, to what extent that reduction is valid in case of breaking waves on a shallow foreshore remains unknown. 

For instance, breaking waves that propagate in increasingly shallow water along rubble mound breakwaters under a 

large angle (for instance β > 70°) lead to quite a different wave interaction with the structure than if these waves are 

not breaking before they reach the structure. Shallow water with severe wave breaking can be characterized by the 

ratio between the deep-water wave height (Hm0-deep) and the depth at the toe of the structure (htoe): Hm0-deep / htoe ≥ 1 

(see Van Gent, 1999, and De Ridder et al., 2024). For conditions with severe wave breaking on the shallow foreshore, 

it is recommended not to apply a reduction factor due to oblique waves (β =1) until systematic data and adequate 

guidelines for such conditions become available. 

Wave overtopping discharges at rubble mound breakwaters: 

𝑞∗ =
𝑞

√𝑔𝐻𝑚0
3

= 6.8 (cot−1 𝛼) 𝑒𝑥𝑝 [−5.0 
𝑅𝑐  − 0.4 𝐻𝑚0−𝑠𝑤𝑒𝑙𝑙

𝛾𝑓 𝛾𝑏 𝛾𝑣 𝛾𝛽  𝜉𝑚−1,0
  𝐻𝑚0

 ] (B1) 

   (breaking waves) 

with a maximum of: 

𝑞∗ =
𝑞

√𝑔𝐻𝑚0
3

= 0.8 (cot−1 𝛼) 𝑒𝑥𝑝 [−2.5 
𝑅𝑐  − 0.4 𝐻𝑚0−𝑠𝑤𝑒𝑙𝑙

𝛾𝑓 𝛾𝑏 𝛾𝑣 𝛾𝛽  (𝜉𝑚−1,0)0.24  𝐻𝑚0
 ] (B2) 

   (non-breaking waves) 

with influence factors for 

Friction: 𝛾𝑓 = 𝛾𝑓1 = 1 − 0.7  (
𝐷𝑛50

𝐻𝑚0
)

0.05

   for sm-1,0 ≥ 0.012 (B3a) 

  𝛾𝑓 = 𝛾𝑓2 = 𝛾𝑓1 + 12 ( 0.012 − 𝑠𝑚−1,0) ( 1 − 𝛾𝑓1) for 0.0006 < sm-1,0 < 0.012 (B3b) 

Berm: 𝛾𝑏 = 1 − 18  (
𝑠𝑚−1,0 𝐵

𝐻𝑚0
)

1.3

(1 − 0.34 (
𝐵𝐿 

𝑠𝑚−1,0 𝐴𝑐
)

0.2

) for cot α ≤ 4 (B4) 

Protruding crest wall: 𝛾𝑣 = 1 + 0.45 (
𝑅𝑐−𝐴𝑐

𝑅𝑐
) for cot α ≤ 4 (B5a) 

 𝛾𝑣 = 1 + 0.1125 cot 𝛼 (
𝑅𝑐−𝐴𝑐

𝑅𝑐
) for cot α ≥ 4 (B5b) 

Oblique waves: 𝛾𝛽 = 0.65 cos2β + 0.35 for Hm0-deep / htoe < 1 (B6) 

Accounting for the influence of wind on wave overtopping for structures with a protruding crest wall: 

Overtopping with wind:  𝑞𝑤 = 𝛾𝑤 𝑞 with 𝛾𝑤 = 1 + 0.075
ℎ𝑐

𝐻𝑚0
(𝑞∗)−0.3  (B7) 

For design purposes (95% confidence level): 

  𝑞𝑑𝑒𝑠𝑖𝑔𝑛
∗ =  (𝑞∗)0.857   with q* using Eqs. B1 to B7 (B8) 
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• Mild slopes in combination with berm and/or protruding crest wall. All test conditions in the dataset with mild slopes 

(1:8 and 1:6) were for configurations without a berm and without a protruding crest wall. Adding a berm to such a 

mild slope may effectively lead to an average slope that is outside the range of the tests (milder than 1:8); it remains 

unclear whether this could lead to an overestimate of the discharge. A protruding crest wall could be somewhat less 

effective in redirecting the run-up tongue in the upward or seaward direction than a protruding crest wall on a structure 

with a steeper slope. For conditions with a slope that is milder than 1:4, it is advised not to apply a reduction factor 

due to a berm (for cot α ≥ 4, b =1) until systematic data and adequate guidelines for such conditions become available. 

For conditions with a slope that is milder than 1:4, it is advised to apply a coefficient in the influence factor for 

protruding crest walls that is larger than cv =0.45 in Eq.5: cv =0.1125·cot α for cot α ≥ 4, until systematic data and 

adequate guidelines for such conditions become available. 

• Impermeable core. All structures in the applied dataset had a permeable core. If the core would be impermeable (in 

practice for instance a revetment with a core of sand), the wave run-up and wave overtopping can be larger than for 

such a structure with a permeable core. Therefore, the set of expressions may lead to underestimates of the overtopping 

discharges for structures with an impermeable core. For estimates of wave overtopping discharges at rock-armoured 

slopes with an impermeable core, reference is made to Koosheh et al. (2022). For estimates of wave overtopping 

discharges at rock-armoured slopes with a permeable core as tested here, the derived expressions are considered valid. 

However, numerical modelling by Irías Mata and Van Gent (2023) and Castiglione et al (2023) indicate that for 

permeable structures with a relatively low permeability (non-standard), wave overtopping discharges can increase up 

to a factor two to three.  

Besides configurations or conditions that require special attention due to potential underestimates of the overtopping 

discharges, there are also some configurations or conditions for which the set of expressions can lead to overestimates of 

the overtopping discharges. There are indications that oblique waves in combination with a berm in the seaward slope 

leads to a somewhat larger reduction in the discharges than the expressions suggest; the berm is more effective for oblique 

waves (see also Van Gent, 2022).  

Effects of wind on water levels and the wave conditions at the toe need to be taken into account in the conditions that 

are used in the expressions for wave overtopping. Other effects of the wind are small or negligible, except for structures 

with a protruding crest wall. A protruding crest wall can direct the flow in an upward direction such that the water above 

the tip of the protruding crest wall becomes susceptible to wind. The expression referred to here (Eq.7) has been developed 

for perpendicular wave attack. For oblique wave attack the potential influence of onshore wind on wave overtopping 

discharges is less than for perpendicular wave attack. Thus, using Eq.7 may lead to overestimates of the wave overtopping 

discharges for oblique wave attack at structures with a protruding crest wall. 

Taking above considerations into account leads to the set of expressions shown in Box 1. Note that these expressions 

provide estimates of wave overtopping but do not contain a safety margin that is likely to be required for the actual design. 

The error measure RMLSE=0.352 (Eqs. B1 to B7) based on the applied dataset can be used in probabilistic design 

methods. For design purposes a 95% confidence level or 5%-exceedance level (i.e. 95% of the tests provide a lower 

discharge) can be used: qdesign
* = (q*)0.857 where q* is obtained using Eqs. B1 to B7 shown in Box 1. Note that since q* is 

smaller than one, the power (0.857) smaller than one leads to an increase of the design value qdesign
* compared to the best 

estimate value q*. The dashed line in the lower right panel of Figure 8 shows the expression (Eq. B8) for a design including 

safety. The graph shows that for only a few tests (5% of all tests), the measured values are larger than the values calculated 

with the expression for the design (dashed line). 

5 Conclusions and recommendations 

Mean wave overtopping discharges at rubble mound structures were measured for various rock-armoured slopes. In 

the physical model tests the structure slope was varied between 1: 1.5 and 1:8. The wave overtopping discharges appeared 

to be dependent on the slope (cot α) for both “breaking waves” and “non-breaking waves” on the slope. Existing 

expressions that also account for friction, a berm (if present), a protruding crest wall (if present), and the angle of wave 

attack, were extended by incorporating both the slope angle and the wave steepness of the incident waves at the toe. The 

derived empirical equations are summarized in Box 1. The match between the empirical equations and the new data 

(Figure 6) and the match between the expressions and data from earlier tests (Figure 8) is good. The equations in Box 1 
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can be used to estimate wave overtopping discharges for rubble mound structures with a permeable core. For design 

purposes, the uncertainty in the estimates needs to be accounted for by using a safety factor or by using a probabilistic 

method. 

The applied dataset has some limitations that require special attention for conditions that are not well represented in 

the dataset. This includes situations with obliquely incident waves in combination with severe wave breaking on the 

foreshore. It is recommended to study wave overtopping for such conditions with new systematic physical model tests. 

Although not often applied in practice, mild slopes (slopes more gentle than 1:4) in combination with a berm in the 

seaward slope, or in combination with a protruding crest wall, require further attention. Additional physical model tests 

for such conditions are also recommended. 

The guidelines to estimate wave overtopping discharges as presented here perform much better than existing 

guidelines since most existing guidelines for rubble mound breakwaters ignore the explicit influence of the structure slope 

and the wave steepness (e.g. EurOtop, 2018, Eq.5.6). Both for “breaking waves” and for “non-breaking waves” the slope 

and the wave steepness clearly affect wave overtopping discharges, and therefore expressions that ignore these effects 

should not be used if accurate estimates are required (see also upper left panel of Figure 3). 

It is recommended to use the obtained data to extend prediction methods for wave overtopping discharges based on 

machine learning techniques such as described in Den Bieman et al. (2021). The data and prediction method can also be 

applied to validate numerical models that simulate wave overtopping. 

The present study was focused on wave overtopping discharges. In addition to mean wave overtopping discharges 

also wave overtopping volumes, velocities, and flow depths in wave overtopping events are also of interest. It is 

recommended to analyse the influence of the studied parameters such as slope angle and wave steepness, also for 

individual overtopping events. 
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Notation  

 Name Symbol Unit 

slope angle of structure α  

angle of wave attack (β=0° for perpendicular wave attack) β  

influence factor for wave overtopping  - 

crest level of armour at crest, relative to still water level Ac m 

berm width B m 

berm level: the vertical distance of the berm relative to the crest of the armour Ac  BL m 

stone diameter Dn50 m 

width of the crest armour (seaward of crest wall)  Gc m 

gravitational acceleration g m/s2 

significant wave height of incident waves at toe of structures, based on wave energy spectrum  Hm0 m 

significant wave height of swell or infragravity waves in case of a second wave field  Hm0-swell m 

water depth h m 

protruding part of a crest wall (hc = Rc - Ac) hc m 

mean overtopping discharge q m3/s/m 

non-dimensional mean overtopping discharge q* - 

crest freeboard (crest height relative to still water level; negative for submerged structures) Rc m 

wave steepness calculated using sm-1,0 = 2 Hm0 /(gTm-1,0
2) sm-1,0 - 

spectral mean wave period of the incident waves Tm-1,0 s 
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