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1 Introduction 

This literature report introduces the theories and models of slope covers erosion 

during overtopping and influence of overtopping on grass erosion on the landward slope 

of dikes, which forms a basis for the author’s PhD research. This PhD research is part 

of a research program called ‘All-Risk: Implementation of new risk standards in the 

Dutch flood protection program P15-21’. Flood defense systems are essential to protect 

humans and infrastructures from surge storms attacks. To optimize these systems, 

multiple failure mechanisms for all sections within a dike ring should be combined to 

assess the total risk of flooding. The All-risk research program is proposed to 

investigate flood risks and how flood defenses can reduce this risk. This PhD research 

focuses on the wave overtopping at dikes, which is one of the aspects of flood defenses 

reliability. 

This report presents an overview of the current knowledge related to the wave 

overtopping and grass erosion. It can lay a fundamental for the PhD research. By 

reviewing prior research, five questions will be answered. 

1.1 Significance of wave overtopping for flood protection 

Against the background of enhanced hydraulic loads due to climate change, sea 

level-rise and land subsidence, there will be an increasing risk of coastal flood disasters 

all over the world (Figure 1.1), especially in low-lying countries like The Netherlands 

and densely populated countries such as China. Dikes are important coastal structures 

in the flood defense system protecting infrastructure and people in the coastal areas 

from storm attack. Damages to dikes would lead to major casualties and property losses. 

Dike breaching can develop due to different failure mechanisms. From the dike risk 

management point of view, breaching which may cause the inundation of flood zone is 

the most serious hazard. Some research have been conducted on the statistical analysis 

of the historical dike failure ( Fukunari, 2008; Van Baars and Van Kempen, 2009;Nagy, 

2012; Danka and Zhang, 2015) and historical statistics revealed that overtopping was 

one of the most important causes of dike breaching.  

Besides, wave overtopping is often used to determine the crest level and cross-

section geometry of dikes by ensuring that the average overtopping discharge is below 

acceptable limits. Hence, a reliable prediction of the average overtopping discharge is 

highly important for the design and safety assessment of dikes. There are many factors 
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that affect the overtopping discharge, such as dike geometries, wave conditions, 

protective revetments etc. Many empirical models and numerical models have been 

developed to predict the overtopping discharge and overtopping flow parameters. 

Therefore, reviewing previous research about the prediction models will lead to a better 

understanding of the physics of wave overtopping and influences of different factors on 

overtopping at dikes.  

 

Fig. 1 Distribution of cities with more than 200,000 people exposed to coastal flood risks by 
2070 worldwide (Temmerman et al., 2013) 

Wave overtopping discharge is currently the main parameter that determines slope 

cover erosion, therefore we briefly focus on the physical processes and models of dike 

cover erosion. Furthermore, Transitions in the dike cover from grass to roughness 

element, stairs, or geometric changes are commonly present in the slopes of dikes and 

transitions in the seaside slope have an effect on the wave overtopping further affecting 

the wave load on the crest and landward slope. Besides, prior research showed that these 

transitions might pose a threat to slope cover stability. Thus, existing knowledge of 

erosion models and transitions are also reviewed to investigate what parameters related 

to overtopping are required as the inputs for erosion models, which would lead to 

beneficial enlightenment for the PhD research.  

1.2 Objective and research questions 

The objective of this literature report is to gain a better understanding of wave-

overtopping process and slope cover erosion of flood defences.  

Q1: What are the existing empirical methods for predicting wave run-up, average 

overtopping discharge and estimating the influence factors (e.g. berms, roughness and 

oblique waves)? 
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Q2: What are the mainly used methods to describe wave overtopping parameters? 

Q3: What are the advantages and disadvantages of numerical models of simulating 

wave overtopping process? 

Q4: What erosion models were developed to estimate the grass cover erosion?  

Q5: In what way can transitions in dike covers be classified and which methods 

exist to estimate the effect of transitions on dike cover erosion? 

Chapter 2 introduces the empirical methods of predicting wave run-up and average 

overtopping discharge which is an important parameter for dike design and safety 

assessment. Empirical formulae of individual overtopping volume and overtopping 

flow parameters including flow velocity and layer thickness are described in Chapter 3. 

Knowledge about the numerical modeling of wave overtopping including the widely 

used CFD software packages and basic equations is included in Chapter 4. Chapter 5 

gives an overview of erosion models to estimate damage level of grass cover subject to 

overtopping. Categorization of transitions and effects of transitions on wave 

overtopping and grass erosion are reviewed in Chapter 6. Chapter 7 gives the 

conclusions of the literature report.  
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2 Average overtopping discharge 

When the wave run-up goes beyond the crest of dikes, wave overtopping occurs 

(Figure 2.1), which means that overtopping is closely related to wave run-up. Usually 

wave overtopping for dikes is described by an average wave overtopping discharge q, 

which is given in m3 𝑠⁄  per m width, or in 𝑙 𝑠⁄  per m width. During extreme events 

like storm surges, the probability of overtopping at dikes increases significantly, which 

might cause dike breaching and flooding. Besides, when designing a dike, overtopping 

is often used to determine the crest level and cross-section geometry by ensuring that 

the average overtopping discharge is below acceptable limits. Hence, a reliable 

estimation of overtopping discharge is important for dike design and safety assessment.  

It is hardly possible to describe the wave run-up and wave overtopping process for 

dikes in an exact deterministic way due to the stochastic nature of wave breaking and 

wave run-up (Eurotop, 2016). Wave run-up and overtopping discharge are determined 

mainly using empirical methods. Empirical models (overtopping formulae or neural 

network prediction methods) have been developed mainly based on physical model 

tests. Empirical formulations, showing the influence of the most important parameters, 

have been the main tool for costal structure design. Previous research (EurOtop, 2007) 

has shown that the amount of wave overtopping depends on many parameters, e.g. wave 

conditions, dike geometries and roughness of revetments.  

 

Fig. 2.1 Sketch of overtopping over a dike 

2.1 Wave run-up 

A reliable estimation of wave run-up is important since it is the basic input for 

calculation of the number of overtopping waves over a coastal structure, which is 

required to calculate overtopping volumes, overtopping velocities and flow thicknesses. 

Waves acting on the slope of a dike cause the water surface oscillating over a vertical 

range. The levels reached for each wave are known as run-up height, defined as a 
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vertical distance relative to still water level (Figure 2.2). Each wave will give a different 

run-up level resulted from the stochastic nature of waves. To properly describe the wave 

run-up height, the 𝑅𝑢2% run-up height is defined, which refers to the wave run-up 

height that is exceeded by 2% of the number of incoming waves at the toe of dikes. 

One of the parameters describing wave action on a slope is the surf similarity or 

breaker parameter, also known as the Iribarren number (Rock Manual, 2007). 

ξ =
tan𝛼

√𝑠0
=

tan𝛼

√(2𝜋𝐻𝑠)/(𝑔𝑇2)
                     (2.1) 

where 𝛼 is the gradient of the seaward slope, 𝐻𝑠 is the wave height, 𝑇 is the wave 

period. 𝑠0 is the fictitious wave steepness: 

𝑠0 =
2𝜋𝐻𝑠

𝑔𝑇2                             (2.2) 

in which 𝐻𝑠 is the local significant wave height [m]; L is the wavelength [m]; T is the 

wave period [m].  

The wave breaker parameter can be used to describe the form of wave breaking on 

a beach or structure. It should be indicated which characteristic wave height and period 

are applied when using this parameters, e.g. subscript ‘p’ if the peak period T𝑝 is used, 

and ‘m-1’ if the mean period T𝑚−1 is used.  

 

Fig. 2.2 Definition of wave run-up adapted from EurOtop (2016) 

The wave run-up is expressed as (EurOtop, 2016): 

𝑅𝑢2%

𝐻𝑚0
= 1.75 ∙ 𝛾𝑏 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ 𝜉𝑚−1,0   with 𝜉𝑚−1,0 =

tan𝛼

√𝑠𝑚−1,0
    (2.3) 

with a maximum of  

                  
𝑅𝑢2%

𝐻𝑚0
= 1.07 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ (4 −

1.5

√𝛾𝑏∙𝜉𝑚−1,0
)                (2.4) 

where 𝑅𝑢2% is the wave run-up height exceeded by 2% of the incoming waves [m], 𝛾𝑏 

is the influence factor for a berm, 𝛾𝑓 is the influence factor for roughness elements on 

a slope, 𝛾𝛽  is the influence factor for oblique wave attack and 𝑠𝑚−1,0 is the wave 
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steepness. 

 

Fig. 2.3 Relative 2%-wave run-up for relatively gentle slopes using Eq. (2.3) and (2.4) with 𝛾𝑓 =

𝛾𝛽 = 1 and the red dash lines show the 90% confidence interval of the equations 

For breaking waves, the relative wave run-up increases linearly with breakwater 

parameter increasing (Figure 2.3). The increase becomes less steep in the range of non-

breaking waves and hence the influence of the slope angle and the wave steepness on 

wave run-up becomes much smaller.  

For steep slopes, say 1:2 up to a vertical wall without shallow foreshores, the 

prediction of wave run-up is given as follows: 

𝑅𝑢2%

𝐻𝑚0
= 0.8 cot 𝛼 + 1.6  with a minimum of 1.8 and a maximum of 3.0  (2.5) 

Table 2.1 gives different empirical equations found in literature that predict wave 

run-up and comparison of these equations was made presented in Figure. 2.4. 
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Table 2.1 Summary of wave run-up equations with coefficients and application conditions 

Authors/manual Empirical equations Coefficients Application condition 

TAW (2002) 𝑅𝑢2%

𝐻𝑚0
= 1.65 ∙ 𝛾𝑏 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ 𝜉𝑚−1,0  

Maximum: 

 
𝑅𝑢2%

𝐻𝑚0
= 𝛾𝑓 ∙ 𝛾𝛽 ∙ (4.0 −

1.5

√∙𝜉𝑚−1,0
)  

1.65, 4.0, -1.5 0.5 < 𝛾𝑏 ∙ 𝜉𝑚−1,0 < 8~10 

Ahrens (1981) 𝑅𝑢2%

𝐻𝑚0
= 1.6𝜉𝑝 

1.6 𝜉𝑝 < 2.5 

𝑅𝑢2%

𝐻𝑚0
= 4.5 − 0.2𝜉𝑝 

4.5, -0.2 𝜉𝑝 > 2.5 

van Gent (2001) 𝑅𝑢,2%

𝐻𝑚0
= 𝑐0 ∙ 𝜉𝑚−1,0 

𝑐0 = 1.45 

𝑐1 = 3.8  for total 

wave energy spectra 

𝑐2 = 0.25
𝑐1
2

𝑐0
 

𝑝 = 0.5
𝑐1
𝑐0

 

𝜉𝑚−1,0 ≤ 𝑝 

𝑅𝑢,2%

𝐻𝑚0
= 𝑐1 −

𝑐2

𝜉𝑚−1,0
 

𝜉𝑚−1,0 ≥ 𝑝 

EurOtop (2016) 𝑅𝑢2%

𝐻𝑚0
= 1.75 ∙ 𝛾𝑏 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ 𝜉𝑚−1,0 

1.75 Relatively gentle slopes 

breaking waves 

With the maximum of  

𝑅𝑢2%

𝐻𝑚0
= 1.07 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ (4.0 −

1.5

√𝛾𝑏∙𝜉𝑚−1,0
)  

1.07, 4.0, -1.5 Non-breaking waves 

With (very) shallow foreshore 

𝑅𝑢2%

𝐻𝑚0
= 0.8 cot 𝛼 + 1.6,  

𝑅𝑢2%

𝐻𝑚0

= 1.8~3.0 

0.8, 1.6 Steep slopes without shallow 

foreshore 

 

 

Fig. 2.4 Comparison of relationships between relative wave run-up and breaker parameter, with 

𝛾𝑏 = 1, 𝛾𝑓 = 1 and 𝛾𝛽 = 1 
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From Figure 2.4, the results of van Gent (2002), TAW (2002) and EurOtop (2016) 

are very close. The TAW (2002) gives slightly higher values of wave run-up than 

EurOtop (2016). For ξ𝑚−1,0 < 2, the results of Ahrens (1981) almost coincide with 

EurOtop (2016) and TAW (2002). However, for larger ξ𝑚−1,0  (>5), the values of 

Ahrens (1981) are much smaller than those of other equations and show a decrease in 

wave run-up while the others show a slow increase. This difference maybe caused due 

to the fact that the wave runs for ξ𝑚−1,0 > 1.2 contained only 100-200 waves leading 

to considerable scattered data and Ahrens (1981) is not recommended for ξ𝑚−1,0 > 1.2.  

2.2 Overtopping discharge estimation 

2.2.1 Empirical methods of predicting average overtopping discharge 

The principal formula used for wave overtopping (EurOtop, 2016)is a Weibull-

shaped function: 

𝑞

√𝑔∙𝐻𝑚0
3
= 𝑎exp [−(𝑏

𝑅𝑐

𝐻𝑚0
)
𝑐

] for 𝑅𝑐 ≥ 0              (2.6)             

where 𝑅𝑐  is the vertical distance between the crest and still water line. The 

exponent c=1 was adopted by the EurOtop (2007) and c=1.3 was used in the EurOtop 

(2016). 

Compared to EurOtop (2007), the method in EurOtop (2016) to estimate the mean 

overtopping discharge for very low freeboards including zero freeboard has been 

adapted. For sloping structures, where the freeboard is at least half the wave height, the 

differences between the EurOtop (2007) and EurOtop (2016) are small. When the 

freeboards are smaller than 𝐻𝑚0 2⁄ , the wave overtopping equation in EurOtop (2007) 

will be invalid. The new equations in the updated manual are valid for 
𝑅𝑐

𝐻𝑚0
> 0.  

There are several empirical methods to estimate average wave overtopping 

discharge, including CLASH database, Neural Network, and empirical formulae, which 

are described in the following paragraphs. 

2.2.1.1 CLASH database 

The CLASH is the abbreviation of ‘Crest Level Assessment of Coastal Structures 

by full scale monitoring neural network prediction and Hazard analysis on permissible 

wave overtopping’. A database on wave overtopping was set up within CLASH and 

10532 tests from 163 independent test series were included in this database (Steendam 
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et al., 2005). Each overtopping test was described by means of 31 parameters which 

can be classified in three types: general parameters, hydraulic parameters and structural 

parameters. The database was updated later and the updated database consists of nearly 

18000 model-scale tests performed at several institutes. One of the objective of this 

database is to be used for the development of the Neural Network prediction method 

for wave overtopping. However, far more information included in the database than 

used for the NN, which means that users can select tests from the database with similar 

features with the structure that users want to study. The overtopping discharges found 

in this way are directly corresponding to the measured values at similar structure types 

and are not a prediction.  

2.2.1.2 Neural network 

Reliable estimation of wave overtopping is necessary for the design, safety 

assessment and rehabilitation of dikes. Often no suitable prediction methods are 

available for structures with non-standard shapes. Neural networks (NN) are data driven 

models and often used as generalized regression techniques for the modelling of cause-

effect relations (van Gent et al., 2007). A method based on a neural network has been 

developed to predict the average overtopping discharge for many types of coastal 

structures, including dikes, rubble-mound breakwater, vertical breakwaters and other 

non-standard structures. The CLASH database is used for the preparation of the neural 

network modelling. Multi-layer feed-forward neural networks were adopted. The NN 

model was prepared in two phrases, the training/learning phase and a testing/validation 

phase. The standard error back-propagation rule was used in the training process. A set 

of input-output cases not used for training was used to evaluate the performance of the 

resulting model, which is called testing phase of the NN.  

Bootstrap resampling was applied to do the uncertainty assessment of the NN 

predictions. The results showed a good agreement between the predicted overtopping 

discharge and measured values, which demonstrated that the NN modelling can 

successfully predict the average overtopping discharge. 

2.2.1.3 Empirical formulae 

Based on the physical model tests, many empirical overtopping equations in 

addition to EurOtop (2007, 2016) equations have been developed taking into account 

the most important parameters that affect the overtopping discharge. Several mainly 
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used empirical equations to calculate the average overtopping discharge are listed in 

Table 2.2.One of the differences between these equations is the range of validity in 

terms of wave steepness and breaker parameter. All the listed equations take into 

account the influence of crest level relative to the still water line and wave conditions 

on wave overtopping discharge. Apart from these influence factors, dike geometries 

with a berm or vertical wall and roughness of the slopes also have a significant effect 

on overtopping rates. Some overtopping equations such as EurOtop (2007, 2016) 

included these influences by introducing influence factors into the formulae.  

Table 2.2 Average overtopping discharge formulae 

Authors/manual Equations Application conditions 

Owen (1980) 
q

𝑇𝑚g𝐻𝑠
= Aexp(−B𝑅𝑐/(𝑇𝑚(g𝐻𝑠)

0.5))  0.05 < 𝑅𝑐/(𝑇𝑚(g𝐻𝑠)
0.5 < 0.30  

Ward and Ahrens (1992) 𝑞

√𝑔∙𝐻𝑚0
3
= 𝐶0exp(𝐶1𝑅𝑐/(𝐻𝑚0

3 𝐿𝑝)
1

3exp (𝐶2 cot 𝛼) 
0.25 ≤ 𝑅𝑐/(𝐻𝑚0

3 𝐿𝑝)
1
3 ≤ 0.43  

Hebsgaard et al. (1998) q

√𝑔𝐻𝑠
3
= 𝑘1ln (𝑆𝑜𝑝)exp (

𝑘2(cot 𝛼)0.3(2𝑅𝑐+0.35𝑏)

𝛾𝑓𝐻𝑠√cos(𝛽)
)  

Without foreshore 

Code of Hydrology for sea 

Harbour (1998)  
q = A𝛾𝑓

𝐻1/3
2

𝑇𝑝

(
𝑅𝑐

𝐻1/3

)

−1.7

[
1.5

√cot 𝛼

+ 𝑡ℎ(
𝑑

𝐻1/3

− 2.8)

2

] 𝑙𝑛√
𝑔𝑇𝑝

2 cot 𝛼

2𝜋𝐻1/3

 

A is an empirical coefficient. 

2.2 ≤ d/𝐻1
3
≤ 4.7 ; 0.02 ≤ 𝐻1

3
/𝐿𝑜𝑝 ≤

0.1 , 1.5 ≤ m ≤ 3.0 , 0.6 ≤ B/𝐻1
3
≤

1.4, 1.0 ≤ 𝑅𝑐/𝐻1
3
≤ 1.6 

TAW (2002) adopted in 

EurOtop (2007) 

𝑞

√𝑔 ∙ 𝐻𝑚0
3

=
0.067

√tan𝛼
𝛾𝑏 ∙ 𝜉𝑚−1,0

∙ exp [−(4.75
𝑅𝑐

𝜉𝑚−1,0 ∙ 𝐻𝑚0 ∙ 𝛾𝑏 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ 𝛾𝑣

)] 

 Breaking waves 

𝑅𝑐

𝐻𝑚0

≥ 0.5 

𝑞

√𝑔 ∙ 𝐻𝑚0
3
= 0.2 ∙ exp [−(2.6

𝑅𝑐

𝐻𝑚0 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ 𝛾∗
)] 

Non-breaking waves 

𝑅𝑐

𝐻𝑚0

≥ 0.5 

𝑞

√𝑔 ∙ 𝐻𝑚0
3
= 0.0537 ∙ 𝜉𝑚−1,0 

𝑅𝑐 = 0 

𝜉𝑚−1,0 < 2.0 

𝑞

√𝑔 ∙ 𝐻𝑚0
3
= (0.136 −

0.226

𝜉𝑚−1,0
3) 

𝑅𝑐 = 0 

𝜉𝑚−1,0 ≥ 2.0 

𝑞 = 0.6 ∙ √𝑔 ∙ |−𝑅𝑐
3| + 0.0537 ∙ 𝜉𝑚−1,0 ∙ √𝑔 ∙ 𝐻𝑚0

3 

𝑅𝑐 < 0 

𝜉𝑚−1,0 < 2.0 
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The breaker parameter is an important factor which is closely related to wave 

overtopping discharge. The relationship between overtopping discharge and breaker 

parameter is shown in Figure 2.5. Turning points are present near 1.8, which can be 

used to distinguish the breaking and non-breaking waves. With three different relative 

freeboards, the wave overtopping discharge increases as the breaker parameter 

increasing, until reaching the maximum for non-breaking waves in which case the 

breaker parameter has no effect on the average overtopping discharge. 

 

Fig. 2.5 Relationship between overtopping rate and breaker parameter with 𝑡𝑎𝑛 𝛼=1/3 and 

𝛾𝑏=𝛾𝑓=𝛾𝛽=𝛾𝑣=1 using TAW (2002) overtopping formulae 

0 1 2 3 4

10
-4

10
-3

10
-2

10
-1

9m!1;0

q
$

 

 

R
c
/H

m0
= 1.0

R
c
/H

m0
= 1.5

R
c
/H

m0
= 2.0

R
c
/H

m0
= 2.5

R
c
/H

m0
= 3.0

EurOtop (2016) 𝑞

√𝑔 ∙ 𝐻𝑚0
3

=
0.023

√tan𝛼
𝛾𝑏 ∙ 𝜉𝑚−1,0

∙ exp [−(2.7
𝑅𝑐

𝜉𝑚−1,0 ∙ 𝐻𝑚0 ∙ 𝛾𝑏 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ 𝛾𝑣

)

1.3

] 

Breaking waves 

cot 𝛼 > 2 

𝑅𝑐

𝐻𝑚0
≥ 0 

𝑞

√𝑔 ∙ 𝐻𝑚0
3
= 0.09 ∙ exp [−(1.5

𝑅𝑐

𝐻𝑚0 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ 𝛾∗
)

1.3

] 
Non-breaking waves 

cot 𝛼 > 2 
𝑅𝑐

𝐻𝑚0
≥ 0 

𝑞

√𝑔 ∙ 𝐻𝑚0
3

= 10−0.79 ∙ exp [−(
𝑅𝑐

𝐻𝑚0 ∙ 𝛾𝑓 ∙ 𝛾𝛽 ∙ (0.33 + 0.022 ∙ 𝜉𝑚−1,0)
)] 

 

With (very) shallow foreshore 

𝜉𝑚−1,0 > 7 

𝑠𝑚−1,0 < 0.01 

𝑞

√𝑔 ∙ 𝐻𝑚0
3
= 𝑎exp [−(𝑏

𝑅𝑐

𝐻𝑚0 ∙ 𝛾𝛽

)

1.3

] 
For steep slopes up to vertical 

walls  cotα ＜2 

q = 0.54 ∙ √𝑔 ∙ |−𝑅𝑐
3| + 𝑞𝑜𝑣𝑒𝑟𝑡𝑜𝑝 𝑅𝑐＜0 

breaking waves non-breaking waves 
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(a) Relationship between dimensionless overtopping discharge and relative freeboard at  

Tm-1,0=0.8s 

 

(b) Relationship between overtopping and freeboard Tm-1=1.0s 

Fig. 2.6 Four methods to estimate overtopping discharge with 𝑅𝑐=0.1m, 𝑡𝑎𝑛 𝛼=1/2, Tm-1,0=0.8s, 

0.9s, 1.0s and 𝛾𝑏=𝛾𝑓=𝛾𝛽=𝛾𝑣=1   

Figure 2.6 shows the relations calculated by four different approaches between 

dimensionless overtopping rate and relative freeboard with different wave periods. 

Code of Hydrology for sea Harbour (1998) is more conservative on the estimation of 

overtopping discharge, giving larger value of relative overtopping rate compared to 

other formulae. The estimated values given by EurOtop (2007) and EurOtop (2016) are 

similar. However, it is worth mentioning that the influence factors 𝛾𝑏, 𝛾𝑓, 𝛾𝛽 and 𝛾𝑣 

are based on the equations in EurOtop (2007) with these reduction factors to the power 

c=1 (Eq. (2.6)) while in EurOtop (2016) the same influence factors are applied to a 
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different power (c=1.3) leading to a larger impact of the reduction factors than can be 

justified based on the data on which these factors have been based (Van der Werf and 

Van Gent, 2018). Besides, Gallach-Sánchez (2018) calibrated coefficient c for relative 

free board 
𝑅𝑐

𝐻𝑚0
≥ 0 based on more extensive physical model tests and the best fit of 

the c coefficient is found to be c=1.1 instead of 1.3. Hence, the validity of EurOtop 

(2016) overtopping equations is still questionable. When the wave period is small, say 

0.8s, the difference between these equations is remarkable especially for smaller 

relative freeboards. With the wave period increasing, the curves of different equations 

become closer. Curve breaks can be observed in both EurOtop (2007) and EurOtop 

(2016) as a result of different overtopping discharge equations for non-breaking waves 

and breaking waves, as shown in Figure 2.5.  

2.2.2 Influence factors 

In addition to wave height, breaker parameter and relative freeboard, roughness of 

the protective revetments, a berm and oblique waves also have an effect on the wave 

run-up and overtopping discharge. The influence of these factors are described as 

influence factors in TAW (2002), EurOtop (2007) and EurOtop (2016). The influence 

factor is 1.0 when the influence is not present. A value smaller than one if a certain 

influence is present and wave run-up and wave overtopping discharge will decrease.  

2.2.2.1 Effect of roughness 

Seaward slopes of most dikes are protected by grass, asphalt, concrete or natural 

block revetments. There is a great variety of studies (TAW, 2002; Bruce et al., 2009; 

EurOtop, 2007; Capel, 2015; Van Steeg et al., 2016; EurOtop, 2016) that give values or 

estimation methods for roughness factors for many different kinds of dike revetment 

elements (Table 2.3). 

The value of the roughness factor of the slopes covered by grass can be regarded 

as 1.0 for wave heights larger than 0.75m. The equation for grass roughness is 

recommended by EurOtop (2016). 

𝛾𝑓 = 1.15𝐻𝑚0
0.5  for grass and 𝐻𝑚0 < 0.75m          (2.7) 

for a block or rib height 
𝑓ℎ

𝐻𝑚0
< 0.15, the roughness can be calculated by Eq. (2.8): 

𝛾𝑓 = 1 − (1 − 𝛾𝑓,𝑚𝑖𝑛) ∙ (
𝑓ℎ

0.15∙𝐻𝑚0
) for 

𝑓ℎ

𝐻𝑚0
< 0.15         (2.8) 

in which 𝛾𝑓,𝑚𝑖𝑛  is the minimum influence factor, 𝑓ℎ  is the height of the blocks. 
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Roughness elements are mostly applied for parts of the slope. The resulting influence 

factor 𝛾𝑓  can be estimated by weighting the various influence factors 𝛾𝑓,𝑖  and by 

including the lengths 𝐿𝑖 of the appropriate sections I between SWL-0.25 ∙ 𝑅𝑢2%𝑠𝑚𝑜𝑜𝑡ℎ 

and SWL+0.50 ∙ 𝑅𝑢2%𝑠𝑚𝑜𝑜𝑡ℎ as follows (EurOtop, 2016): 

𝛾𝑓 =
∑ 𝛾𝑓,𝑖∙𝐿𝑖

𝑛
𝑖=1

∑ 𝐿𝑖
𝑛
𝑖=1

                        (2.9) 

Van Steeg et al. (2016) researched the roughness of three new types of blocks, say 

Hillblock®，RONA®Taille and Verkalit®GOR, by conducting large-scale tests in the 

Delta flume at Deltares. The influence factor for these three systems can be described 

by: 

𝛾𝑓 =
0.0028𝐻𝑚0

𝑑𝑐ℎ𝑎𝑛𝑛𝑒𝑙
+ 𝑓0                    (2.10) 

where 𝑑𝑐ℎ𝑎𝑛𝑛𝑒𝑙 is the open volume per square meter protection [m]. 𝑓0=0.69, 0.72 and 

0.75 for Hillblock®，RONA®Taille and Verkalit®GOR respectively.  

Capel (2015) studied the effect of special roughness patterns in placed-block 

revetments on wave overtopping and wave run-up. The results showed that the effect 

of roughness decreased with the increasing of the mean overtopping discharge. The 

wave steepness at the toe of the structure also has an influence on the roughness factor, 

but not influenced by the slope gradient. A new parameter, roughness density is 

introduced to describe the characteristics of the roughness pattern (Table 2.3). Capel 

(2015) proposed new equation to assess the roughness influence coefficient of 

protrusive blocks (Table 2.3). 

Bruce et al. (2009) investigated the roughness influence factors of different types 

of armor by conducting small-scale physical model tests and presented a table of 𝛾𝑓 

values for 1:1.5 sloping structures. The results of this study showed that 𝛾𝑓 is slightly 

related to breaker parameter, which means that the value of 𝛾𝑓 is not fixed for a given 

slope.  

Molines and Medina (2015) proposed a method based on bootstrapping technique 

to calculate the optimum value of roughness factors of different types of armor taking 

five overtopping estimators into consideration. The CLASH database was used to 

conduct the bootstrapping samplings to determine different percentiles of roughness 

factors corresponding to the minimum of relative Mean Squared Error (rMSE). The 

results showed that the CLASH Neural Network gave the smallest rMSE for almost all 

cases. The relation between porosity and roughness factor was also investigated and the 
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roughness factor showed a linear relationship with porosity, which means that the 

roughness factor value decreases as the porosity increases.  

Table 2.3 Roughness factors given by prior research 

Armour type Packing 

density 

Coeveld et al. 

(2005) 

EurOtop 

(2007) 

Bruce et al. 

(2009) 

smooth - 1 1 1 

Rock (2L) 1.38 0.5 0.4 0.4 

Cube (2L, irregular) 1.17 0.5 0.47 0.47 

Cube (2L, flat) 1.17 - 0.47 0.47 

Cube (1L, flat) 0.7 - 0.5 0.49 

Antifer (2L) 1.17 0.5 0.47 0.5 

Tetrapod (2L) 1.04 0.4 0.38 0.38 

Accropode (1L) 0.62 0.49 0.46 0.46 

Core-Loc (1L) 0.56 0.47 0.44 0.44 

Xbloc (1L) 0.58 0.49 0.45 0.44 

Dolosse (2L) 0.83 0.43 0.43 0.43 

Protrusive blocks 
Capel (2015): 𝛾𝑓 = 1 − {0.585 ∙ √0.075 − 𝑠𝑚−1,0

′ ∙ 𝜌𝛾𝑓
0.5 ∙ [−𝑙𝑛 (

𝑞

√𝑔𝐻𝑠
3
)]} 

Hillblock® 
Van Steeg et al.(2016): 𝛾𝑓 =

0.0028𝐻𝑚0

𝑑𝑐ℎ𝑎𝑛𝑛𝑒𝑙
+ 0.69 

RONA®Taille 
Van Steeg et al.(2016):  𝛾𝑓 =

0.0028𝐻𝑚0

𝑑𝑐ℎ𝑎𝑛𝑛𝑒𝑙
+ 0.72 

Verkalit®GOR 
Van Steeg et al.(2016): 𝛾𝑓 =

0.0028𝐻𝑚0

𝑑𝑐ℎ𝑎𝑛𝑛𝑒𝑙
+ 0.75 

*2L=double-layer, 1L=single-layer. 𝜌𝛾𝑓
=

𝛾𝑓,𝑤∙sin𝛼∙ℎ𝑝𝑟𝑜𝑡

𝑅𝑐
 

2.2.2.2 Effect of berms 

A berm is often introduced to reduce wave run-up and wave overtopping if the 

wave height is large, which is often the case in sea dikes or lake dikes. A berm is defined 

by the width of the berm B, the vertical difference db between the middle of the berm 

and the still water level, and the characteristic berm length LBerm, which is shown in 

Figure 2.7 (EurOtop, 2016). The slope of a berm varies between horizontal and 1:15. 

The width of the berm B may not be larger than 0.25𝐿𝑚−1,0. 
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(a) Calculation of width B and height db of berm 

 

(b) Calculation of berm length LBerm 

Fig. 2.7 Definition of a berm (EurOtop, 2016) 

Van der Meer (2004) and Regeling et al. (2005) investigated the influence of a 

rock berm on overtopping discharge with a smooth upper slope to find a solution for 

the discontinuity in the roughness factor if the berm is around the water level. Next, 

they established a predictive method for overtopping discharge on a smooth structure 

with a rough berm around water level. Sigurdarson and Van der Meer (2012) used the 

𝛾𝐵𝐵 factor to describe the influence of reshaping berms based on the experimental data 

and the formula is given below: 

𝛾𝐵𝐵 = {
0.68 − 4.5𝑠𝑜𝑝 − 0.05𝐵

𝐻𝑚0
⁄        for HR and PR berm breakwater

0.70 − 9.0𝑠𝑜𝑝                     for FR berm breakwater
 (2.11) 

EurOtop (2007) also gave the methods to derive berm influence. The influence 

factor 𝛾𝑏 consists of two parts, given by 𝑟𝐵 and 𝑟𝑑𝑏. 

𝛾𝑏 = 1 − 𝑟𝐵(1 − 𝑟𝑑𝑏)  0.6 ≤ 𝛾𝑏 ≤ 1.0                     (2.12) 

 𝑟𝐵 =
𝐵

𝐿𝐵𝑒𝑟𝑚
                                                   

      𝑟𝑑𝑏 = 0.5 − 0.5 cos (𝜋
𝑑𝑏

𝑅𝑢2%
)  for a berm above still water line 

  𝑟𝑑𝑏 = 0.5 − 0.5 cos (𝜋
𝑑𝑏

2∙𝐻𝑚0
)  for a berm below still water line 

𝑟𝐵 represents the influence of the width B [m] and  𝑟𝑑𝑏 stands for the effect of db [m]. 
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According to the Eq. (2.12), the berm lying on the still water level is the most effective 

since the reduction of wave overtopping or wave run-up is the maximum for a berm on 

the still water line. A berm lying below 2𝐻𝑚0 or above 𝑅𝑢2% has no influence on 

wave run-up and wave overtopping. 

The other way to take the berm influence into account is to replace the slope by 

the characteristic slope considering the berm. The characteristic slope is determined 

between two levels, +cbermHm0 and –cbermHm0 where in Van Gent (1999) cberm=2 was 

used and in Pillai et al. (2017) cberm=1.5 was used. This method does not make use of 

the berm influence factor, which assumes that the berm position relative to the SWL 

has no effect on the overtopping discharge. 

 2.2.2.3 Effect of oblique waves 

Most of the existing experimental data on average overtopping discharge are from 

physical model tests subject to perpendicular wave attack. In reality waves are not 

always perpendicular to coastal structures. Oblique waves also has an influence on 

wave overtopping discharge. Prior research showed that oblique waves lead to less 

overtopping discharge and less severe overtopping events compared to perpendicular 

wave attack. The angle of wave attack is defined at the toe of the structure after any 

transformation on the foreshore by refraction or diffraction as the angle between the 

direction of the wave propagation and the perpendicular to the longitudinal direction of 

the dike as shown in Figure 2.8 (EurOtop, 2016). 

 

Fig. 2.8 Definition of angle of wave attack 𝛽 (EurOtop, 2016) 

Some research have been conducted on the influence of oblique waves on wave 

overtopping discharge. The influence factor for oblique waves 𝛾𝛽 is included in the 

overtopping formulae from TAW (2002) and EurOtop (2007, 2016) to describe the 
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effect of oblique waves on overtopping discharge. The existing empirical formulae for 

the influence factor 𝛾𝛽 are summarized in Table 2.4. 

A comparison of different methods of calculating oblique wave influence factor is 

shown in Figure 2.9. It is obvious that different wave loading (short-crested or long-

crested) have different influence on influence factor. The influence of wave obliquity 

calculated with the method by De Waal and Van der Meer (1993) is smaller than that 

by Lykke Andersen and Burcharth (2009). There is a large difference in reduction factor 

by using different methods. 

 

Fig. 2.9 Comparison of methods to derive influence of oblique waves (van Gent, 2014) 

Table 2.4 Empirical formulae for influence factor 𝛾𝛽 

  

short-crested waves long-crested waves 

impermeable 

structures 

permeable 

structures 
impermeable structures 

permeable 

structures 

De Waal and 

Van der Meer 

(1992) 

𝛾𝛽 = 1 − 0.0033𝛽  

𝛽 ≤ 80° 
— 

𝛾𝛽 = 1   0° ≤ 𝛽 ≤ 10° 

𝛾𝛽 = 𝑐𝑜𝑠2(𝛽 − 10°)  10° ≤ 𝛽 ≤ 50° 

𝛾𝛽 = 0.6  𝛽 ≥ 50° 

 — 

Galland (1995)  —  —  — 
𝛾𝛽 = 𝑐𝑜𝑠

1
3𝛽 

0° ≤ β ≤ 75° 

Lykke Andersen 

and Burcharth 

(2009) 

 — 
𝛾𝛽 = 1 − 0.0058𝛽 

𝛽 ≤ 60° 
 — 

  

𝛾𝛽

= 1 − 0.0077𝛽 

𝛽 ≤ 60° 

EurOtop (2016) 

𝛾𝛽 = 1 − 0.0033𝛽 

0° ≤ 𝛽 ≤ 80° 

𝛾𝛽 = 0.736 

𝛽 > 80° 

 — 

𝛾𝛽 = 𝑐𝑜𝑠2(𝛽 − 10°) 𝛽 ≥ 10° 

With a minimum of 𝛾𝛽 = 0.6 

𝛾𝛽 = 1   0° ≤ 𝛽 ≤ 10° 

 

 — 
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2.3 Summary 

According to the empirical formulae of wave run-up (listed in Table 2.1), the wave 

run-up on smooth straight slopes mainly depends on wave height and breaker parameter. 

Difference of calculated wave run-up height using different formulae is small for 

smaller breaker parameters (<2) while the results of Ahrens (1981) differ a lot from 

those of other formulae for breaker parameters larger than 5. CLASH database, Neutral 

Network and empirical formulae are the mainly used empirical methods to predict 

average overtopping discharge. The Neutral Network tool was developed based on the 

CLASH database and is applicable for a wide range of dike configurations. Different 

empirical equations (Table 2.2) for mean overtopping discharge were compared and the 

Chinese Seaport Hydrology Criterion is relatively conservative compared to other 

methods. Roughness factors vary with types of roughness elements and wave 

conditions and are not fixed for a given slope. Berm influence factors are related to the 

berm geometry and berm location relative to the still water line and the berm lying on 

the still water level is the most effective. Oblique waves result in less overtopping 

discharge and less severe overtopping events compared to perpendicular wave attack. 

As the wave attack angle increases the influence on reducing the wave overtopping 

discharge increases. It is worth noting that there is a large difference in oblique wave 

influence factor by using different empirical formulae.  
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3 Overtopping characteristics 

The average overtopping discharge described in the previous section is normally 

used as a design parameter. However, during extreme events, like storm, the largest 

overtopping volumes will most likely cause the damages to flood defenses. Franco et 

al. (1995) suggested to use the individual wave overtopping volumes as design criteria 

during a design storm, since it is believed to provide a better design measure than the 

average overtopping rate. Thus, the characteristic of individual overtopping wave is 

also important for the design and safety assessment of dikes.  

Average overtopping discharge cannot account for the interaction between the 

overtopping and the failure mechanisms of a dike. Also the overtopping volumes hardly 

describe the interaction directly. Prior research showed that dike failures on the 

landward slope are initiated by individual overtopping events, particularly by the 

overtopping flow velocities and thicknesses that are related to the prediction of erosion, 

infiltration and slip failure (Schüttrumpf and Oumeraci, 2005). Therefore, overtopping 

flow velocities and layer thickness are required for the stability analysis of dikes.  

3.1 Overtopping wave volumes 

The distribution of individual overtopping wave volumes obey the two parameter 

Weibull probability distribution (EurOtop, 2016). 

𝑃𝑉% = 𝑃(𝑉𝑖 ≥ 𝑉) = 𝑒𝑥𝑝 [−(
𝑉

𝑎
)
𝑏

] ∙ (100%) and 𝑃𝑉% = 𝑃𝑉 ∙ (100%)   (3.1) 

where 𝑃𝑉% and 𝑃𝑉 are the percentage and probability of wave overtopping volumes 

that exceed the specified volume 𝑉 [m³]. 𝑎 and 𝑏 are non-dimensional coefficients. 

Equation (3.1) is applied on the number waves that actually reach the crest and cause 

overtopping and it is not applied on the number of incident waves in a storm. To apply 

Equation (3.1) for a specific case, the probability of overtopping, 𝑃𝑜𝑣, or the number 

of overtopping waves, 𝑁𝑜𝑤 should be calculated. 

𝑃𝑜𝑣 =
𝑁𝑜𝑤

𝑁𝑤
                           (3.2) 

where 𝑁𝑤 is the total number of incident waves during a storm event. The probability 

of overtopping per wave can be calculated by assuming a Rayleigh-distribution of the 

wave run-up heights and taking 𝑅𝑢2% as a basis. 
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 𝑃𝑜𝑣 = 𝑒𝑥𝑝 [−(√−𝑙𝑛0.02
𝑅𝑐

𝑅𝑢2%
)
2

]             (3.3) 

The largest overtopping volume in a given distribution can be predicted by filling 

in the number of overtopping waves. 

𝑉𝑚𝑎𝑥 = 𝑎 ∙ [𝑙𝑛(𝑁𝑜𝑤)]1/𝑏                  (3.4) 

where 𝑉𝑚𝑎𝑥 is the maximum wave overtopping volume [m³]. 

3.2 Overtopping flow velocities and thicknesses 

Many researches have been carried out on the overtopping process and overflow 

parameters. At present, there are equations and methods for predicting wave run-up, 

average overtopping discharge, the overtopping volume distribution, overflow velocity 

and thickness. Schüttrumpf (2001) have conducted research on parameters of the 

overtopping water by performing physical model tests and theoretical analysis and 

derived equations for flow velocity and layer thickness along the seaward slope, crest 

and inner slope. Van Gent (2002)gave the equations for the thickness and velocity of 

overtopping flow along landward slope through model tests and mathematical model. 

More recently, equations for predicting instantaneous overtopping distribution, 

overtopping velocity and pressure have been proposed by Hughes and Nadal (2009), 

comprehensively considering a combination of sea waves and storm surges by 

conducting two-dimensional model tests. Based on the achievements of Van Gent and 

other scholars, Trung (2014) proposed modified equations of the velocity and thickness 

of overtopping flow. van Bergeijk et al. (2018) developed an analytical model based on 

derived formulas to predict the overtopping flow velocities on the crest and landward 

slope. This model was validated through experimental data and model results were 

compared with other formulas. The results showed that the model overall performed 

better for a wide range of dike geometries and revetments. 

The process of wave breaking, run-up and overtopping at a dike is shown in Figure 

3.1 and the entire flow domain is divided into five domains. The most widely used 

equations for wave overtopping flow parameters are proposed by Schüttrumpf (2001), 

van Gent (2002), which are combined by Schüttrumpf and van Gent (2004). 
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Fig. 3.1 wave breaking, run-up and overtopping at a dike (adapted from Schüttrumpf and 

Oumeraci, 2005) 

3.2.1 Flow velocity and thickness on the seaward slope 

Wave overtopping tests indicated that the overtopping flow velocity is an 

important parameter in initiating damage to a grass covered slope and determine the 

shear stress on the dike slope. Equations proposed by Schüttrumpf (2001) and van Gent 

(2002) are the most used equations to calculate the flow velocity and layer thickness.  

The equations for maximum run-up velocity and maximum flow thickness at a certain 

location on the outer slope are given below (Schüttrumpf and van Gent, 2004): 

𝑢𝐴,2%

√𝑔𝐻𝑠
= 𝑐𝐴,𝑢

∗ ∙ √
𝑅𝑢,2%−𝑧𝐴

𝐻𝑠
                      (3.5) 

ℎ𝐴,2%

𝐻𝑠
= 𝑐𝐴,ℎ

∗ ∙ √
𝑅𝑢,2%−𝑧𝐴

𝐻𝑠
                      (3.6) 

with:  

𝑢𝐴,2% = wave run-up velocity exceeded by 2% of the incoming waves [m/s]; 

ℎ𝐴,2% = layer thickness on the seaward slope exceeded by 2% of the incoming waves 

[m]; 

𝑐𝐴,𝑢
∗  = empirical coefficients for flow velocity; 

𝑐𝐴,ℎ
∗  =  empirical coefficients for layer thickness; 

𝑧𝐴  = position on the outer slope relative to still water level [m], as shown in Figure 

3.2. 

Values of 𝑐𝐴,𝑢
∗  and 𝑐𝐴,ℎ

∗  in Schüttrumpf (2001) and van Gent (2002) are different 

because these coefficients are determined based on different model tests (Table 3.1).  
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Fig. 3.2 Definitions of overtopping flow parameters on the dike (Schüttrumpf and van Gent, 2004) 

3.2.2 Flow velocity and thickness on the crest 

When wave run-up reaches the crest, overtopping flow will pass over the crest. 

The overtopping water that is full of air bubbles is very turbulent when arrives at the 

dike crest. Air in the overtopping water becomes less after the overtopping flow has 

crossed the crest. The overtopping flow velocity and flow thickness are decreasing as 

the air disappears. The initial conditions for the overtopping flow parameters on the 

dike crest are at the transition line between the seaward slope and dike crest. Flow 

velocity on the crest depends on the width of the crest, bottom friction and the location 

on the crest 𝑥𝐶 (Figure 3.2). The layer thickness decreases slightly behind the seaward 

edge of the crest. The equations for the overtopping flow velocity and layer thickness 

are given as Eq. (3.7) and Eq. (3.8) respectively (Schüttrumpf and van Gent, 2004).  

𝑢𝐶,2%

𝑢𝐴,2%(𝑅𝑐)
= 𝑒𝑥𝑝 (−𝑐𝑐,𝑢

∗ 𝑥𝐶∙𝑓

ℎ𝐶,2%
)                   (3.7) 

ℎ𝐶,2%

ℎ𝐴,2%(𝑅𝑐)
= 𝑒𝑥𝑝 (−𝑐𝑐,ℎ

∗ 𝑥𝐶

𝐶0
)                     (3.8) 

with: 

𝑢𝐶,2% = wave overtopping velocity exceeded by 2% of the incoming waves on the crest 

[m/s] 

ℎ𝐶,2% = layer thickness on the crest exceeded by 2% of the incoming waves [m]; 

𝑐𝑐,𝑢
∗  = empirical coefficient for flow velocity on the crest; 

𝑐𝑐,ℎ
∗  = empirical coefficient for layer thickness on the crest; 

𝑥𝐶 = position on the dike crest with respect to the beginning of the dike crest [m]; 

𝑓 = friction coefficient; 

C0 = crest width [m]. 

Values of 𝑐𝑐,𝑢
∗ , 𝑐𝑐,ℎ

∗  and 𝑓 adopted by Schüttrumpf (2001) and van Gent (2002) are 

given in Table 3.1. 
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3.2.3 Flow velocity and thickness on the landward slope 

The overtopping flow parameters are closely related to the erosion of covers on 

the inner slope of dikes. The flow velocity and layer thickness on the landward slope 

depend on the flow velocity and thickness at the rear edge of the crest, the gradient of 

the inner slope and friction coefficient of the surface. Different formulas were derived 

by the two authors. The formulae for overtopping flow velocity and layer thickness 

developed by Schüttrumpf (2001) are:  

𝑢𝐵,2% =
𝑢𝐵,2%(𝑠𝐵=0)+

𝑘1ℎ𝐵,2%
𝑓

tanh(
𝑘1𝑡

2
)

1+
𝑓𝑢𝐵,2%(𝑠𝐵=0)

ℎ𝐵,2%𝑘1
tanh(

𝑘1𝑡

2
)

              (3.9) 

with  

𝑡 ≈ −
𝑢𝐵,2%(𝑠𝐵=0)

𝑔 sin𝛽
+ √

𝑢𝐵,2%(𝑠𝐵=0)2

𝑔2 sin2 𝛽
+

2𝑠𝐵

𝑔 sin𝛽
 and 𝑘1 = √

2𝑓 sin𝛽

ℎ𝐵,2%
 

where 𝑢𝐵,2% is the overtopping flow velocity on the landward slope exceeded by 2% 

of the incoming waves [m/s]; ℎ𝐵,2% is the thickness on the landward slope exceeded 

by 2% of the incoming waves [m]; 𝑠𝐵 is the distance relative to the end of the crest 

[m]; 𝑓 is the friction coefficient which has to be determined experimentally. Since 

𝑢𝐵,2% and ℎ𝐵,2% are unknown, Eq. (3.9) needs iteration calculation.  

van Gent (2002) developed simpler equations for overtopping flow velocity and 

thickness on the landward slope. 

𝑢𝐵,2% =
𝑘2

𝑘3
+ 𝑘4𝑒𝑥𝑝(−3 ∙ 𝑘2 ∙ 𝑘3

2 ∙ 𝑠𝐵)                      (3.10) 

ℎ𝐵,2% = (ℎ0,2% ∙ 𝑢0,2%)/(
𝑘2

𝑘3
+ 𝑘4exp (−3𝑘2𝑘3

2𝑠𝐵))           (3.11) 

with:  

𝑢𝐵,2% = wave overtopping velocity exceeded by 2% of the incoming waves on the 

inner slope [m/s]; 

ℎ𝐵,2% = layer thickness on the inner slope exceeded by 2% of the incoming waves [m]; 

𝑢0,2% = wave overtopping velocity exceeded by 2% of the incoming waves on the 

landside edge of the crest [m/s]; 

ℎ0,2%  = layer thickness on the landside edge of the crest exceeded by 2% of the 

incoming waves [m]; 

These equations (Eq. (3.10) and (3.11)) requires no iteration and the calculated 

maximum velocity on the landward slope is the same as that by Schüttrumpf (2001). 

Three sets of equations listed in Table 3.1 are compared and plotted in Figure 3.3. 
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(a) Overtopping flow velocity 

 

(b) Overtopping flow thickness 

Fig. 3.3 overtopping flow parameters for a shametic dike with Rc=3.38m, Hm0=1.83m, Tm-1,0=8s, 

cotα=4, 𝑓=0.02 

The overtopping flow velocities on the seaward slope calculated from Schüttrumpf 

(2001) and van Gent (2002) are slightly different. This difference can be explained by 

different dike geometries, instruments and test programs. However, the flow thickness 

obtained from Schüttrumpf (2001) is almost twice that given by van Gent (2002). 

According to Bosman et al. (2009), this discrepancy is possibly caused by different 

seaward slopes. Flow velocities on the crest agree quite well despite flow depths being 

slightly different. The difference of flow velocities on the landward slope is possibly 

due to different assumptions which lead to different expressions. However, the flow 

thicknesses agree pretty well. Since the velocity and the overtopping discharge at the 

start of the crest are the two necessary inputs of the model by van Bergeijk et al. (2018), 

the calculated flow velocity and overtopping discharge using van Gent (2002) formulas 

are used as the boundary conditions. The model results are very close to those by van 

Gent (2002). 
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3.3 Summary 

The distribution of individual overtopping wave volumes obey a Weibull 

probability distribution and the largest overtopping volume in a given distribution can 

be predicted by filling in the number of overtopping waves. Three sets of formulas 

proposed by Schüttrumpf (2001), van Gent (2002) and van Bergeijk et al. (2018) are 

compared. Overall, results show good agreement on the crest and landward slope while 

a discrepancy of flow layer thickness on the seaward slope presents between 

Schüttrumpf (2001) and van Gent (2002).  
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4 Numerical modeling of wave overtopping 

Wave overtopping can be predicted with empirical methods or numerical models. 

Most of the empirical methods are based on the physical model tests. However, there is 

a wide range of structure configurations and wave conditions and the empirical methods 

often have their specific applicable conditions. It is uncertain whether the extrapolation 

of these methods is applicable. To extend the applicability of the empirical methods, 

numerical modeling as a complementary tool has been developed to predict the wave 

overtopping discharge. It is feasible to deal with the complicated configurations and a 

wide range of wave conditions in numerical models. Besides, the numerical models can 

simulate the overtopping process at prototype scale, which can avoid scale effects.  

4.1 CFD software packages 

There have been many CFD software packages developed in the last decades. 

Some widely-used CFD software packages are introduced in general in this section.   

4.1.1 SWASH 

SWASH is an acronym of Simulating Waves till Shore. The SWASH model has 

been developed to simulate non-hydrostatic, free-surface, rotational flows in one and 

two horizontal dimensions. It can be used for predicting transformation of surface 

waves and rapidly varied shallow water flows in coastal flooding (Zijlema et al., 2011). 

SWASH does not need special libraries since it includes pre- and post-processing.  

Wave overtopping can be predicted by SWASH model. Since this model has been 

developed based on the nonlinear shallow water equations including non-hydrostatic 

pressure, it is capable of predicting detailed overtopping with low computational cost. 

Martínez Pés (2013) performed a validation of SWASH for wave overtopping. The 

results showed that the overtopping discharges predicted by SWASH are smaller than 

the 5% lower limit of discharges by EurOtop (2007) and Neural Network while the 

values predicted by these three methods are at the same magnitude. Besides, the 

SWASH model cannot deal with the wave breaking very well especially when abrupt 

changes are present in the bottom geometry or steep slopes and the model will give 

underestimated results of overtopping discharge. Another disadvantage of this model is 

that it cannot model the porous structures accurately since porous structures are 
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regarded as a numerical dissipation box and not as a physical obstacle for incoming 

waves (Martínez Pés, 2013). Suzuki et al. (2017) also applied SWASH model to 

estimate the mean overtopping discharge for impermeable coastal structures in shallow 

foreshores. The validation results illustrated that this model can predict the average 

overtopping discharge accurately by comparing the model results to the experimental 

results. Besides, specific coastal structure configurations can be modeled in the 

SWASH model.  

4.1.2 Flow-3D 

Flow-3D is a general Computer Fluid Dynamic (CFD) code with multi purposes, 

developed by Flow Science Inc. (USA) and this CFD model is not open-source. The 

Flow-3D model has been developed on the basis on the full 3D Navier-Stokes (NS) 

equations. The turbulence is modeled based on the Reynolds-averaging of the NS 

equations (RANS) or Large-Eddy Simulation (LES). Volume of Fluid (VOF) is applied 

to track the free surface of flows. The AutoCAD program is often used to build the 

geometry of the coastal structure while the Flow-3D can be used to construct the mesh. 

It is important to ensure the stability of incident wave field to enable its operation as a 

numerical wave flume. Hence, an active absorption is applied to avoid re-reflective at 

the wave generation boundary which would cause the increase of the total wave energy 

and disturb the expected incident wave field. The waves can be generated by simulating 

the movements of a piston wavemaker, just as it is employed in an experimental wave 

flume. The governing equations are discretized using Eulerian structured grids with 

staggered mesh topology, approximating continuous functions of time and space with 

a finite amount of information (Vanneste, 2012). To deal with the problem of the 

representation of complex geometries obstacles are allowed to cut through the cells, 

which is called cut-cell method. This method can save computational cost and the 

amount of interaction needed from the user.  

 Musa et al. (2017) used Flow-3D model to simulate water flow over the 

overtopping breakwater for energy conversion device. Although there are some 

differences between the numerical results and experimental values, the outcomes of the 

numerical model showed a similar trend when compared with the experimental and 

empirical formulae results. It is concluded that Flow-3D is capable in evaluating 

overtopping wave parameters. The performance of Flow-3D in modeling wave 

interaction with a rubble mound breakwater has been extensively validated (Vanneste, 
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2012). However, this software is not open-source which limits the free access to this 

model. 

4.1.3 DualSPHysics 

DualSPHysics is an open-source CFD software package, developed based on the 

Smoothed Particle Hydrodynamics method (SPH). This is a grid-less Lagrangian 

method which provides excellent capability to track large deformations of the free 

surface and fluid continuity breaking with good accuracy discretizing the fluid into a 

set of particles. Each particle is a nodal point where physical quantities are calculated 

by interpolating the values of the nearest particles. The contribution of the nearest 

particles is weighted based on a smooth length and the mutual distance using a kernel 

function. The SPH has been widely used to model the free surface fluid in single phase 

or multiphase hydrodynamic problems with large deformation, complex boundary and 

material interface (Ni and Feng, 2013). The fluid in the standard SPH formalism is often 

treated as weakly compressible for modeling water flows and the Navier-Stokes 

equations are solved (Didier and Neves, 2009).  

SPH has been applied to simulate the wave overtopping on an impermeable coastal 

structure (Didier and Neves, 2009). The numerical results are compared with 

experimental data from physical model tests and good agreement is obtained for 

overtopping discharge over the structure. Ni and Feng (2013) also modeled the wave 

overtopping based on DualSPHysics. Satisfactory agreements are shown between 

numerical results and experimental data. Akbari (2017) modelled the wave overtopping 

at vertical and sloping seawall using an improved SPH method by modifying the 

viscosity of surface particles. Free surface boundary can be more accurately simulated 

by means of the introduced modification and the modelled wave overtopping discharges 

are more reliable. However, one of the disadvantages of the SPH is that this method is 

pretty computational expensive due to the fact that it requires a great number of 

particles and pretty small time steps (𝛰(10-5s)) to obtain enough accuracy.  

4.1.4 COMSOL Multiphysics 

COMSOL Multiphysics is a cross-platform finite element analyais, solver and 

Multiphysics simulation software. It can be used for a wide range of applications, 

including Electrical, Mechanical, Fluid, et al. The research about the application to 

simulating the overtopping process using COMSOL is very limited. Jeng et al. (2010) 
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simulated the ocean waves propagating over a submerged breakwater on a porous 

seabed and overall the COMSOL Multiphysics has a good ability in simulating the 

wave-soil-structure interaction phenomenon. applied COMSOL Multiphysics to model 

the water flow released by the wave overtopping simulator (Figure 4.1) and flow 

hydrodynamics along the crest and landward slope. This model is based on Reynolds-

Averaged Navier-Stokes (RANS) equations. The modelled shear stresses were used as 

the input for the erosion model by which the amount of scour was determined. Since 

this model resembles the principle of the wave overtopping simulator, it does not give 

a process of wave overtopping. In addition, the hydrodynamics in the simulator are 

complex and dependent on several factors, resulting in uncertainty in the model Bomers 

(2015). Therefore, it still remains unclear if the COMSOL Multiphysics can predict the 

overtopping discharge accurately.  

 

Fig. 4.1 Model of the CFD simulation (Bomers, 2015) 

4.1.5 OpenFOAM 

OpenFOAM (Open source Field Operation And Manipulation) is an open-source 

computational fluid dynamics toolbox, which allows users to run many tasks on an 

unlimited amount of processors for free. This software package has been attracting a 

growing community for coastal engineering. This modeling framework is a finite 

volume approach with collocated variable arrangement on unstructured grids (Jacobsen 

et al., 2015). Essentially, OpenFOAM is a collection of C++ code written in text files, 

which is operated by commands based on text instead of a user-friendly GUI. It is 

constantly extending and improving since it gives users freedom to modify upon the 

code, using libraries for different purposes. The open-source nature often leads to useful 

libraries and toolboxes which are freely shared in the public domain (Davidson et al., 

2015). The OpenFOAM CFD-toolbox solves the RANS equations for two 

incompressible phases and tracks the free surface using the VOF approach.  
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Some research on modeling the propagation and breaking of waves has been 

conducted by many researchers. Currently, there are two approaches available for 

generating and absorbing waves, the waves2Foam package developed by Jacobsen et 

al. (2012) and an approach that imposes the velocity field at the boundary with a 

Dirichlet type boundary condition (Higuera et al., 2013). Besides, OpenFOAM has 

been extended to be capable of simulating the interaction between waves and permeable 

structures. Higuera et al. (2013) applied the OpenFOAM framework to simulate the 

overtopping discharge and compared the numerical results with the experimental results. 

Conclusions showed that simulated overtopping discharge with regular waves 

compares reasonably well with the experimental data while the overtopping discharge 

with irregular waves is larger than observed in the physical model tests. A three-

dimensional numerical wave flume is developed based on the open source codes 

OpenFOAM by Higuera et al. (2013). A momentum distribution source term is 

introduced into the momentum equations for wave making. This study focused on the 

wave overtopping discharge with regular waves over breakwater. Comparisons between 

numerical outcomes and experimental data show good agreement.  

Considering the open-source nature and satisfactory accuracy on modeling the 

overtopping process, OpenFOAM is preferred to investigate the overtopping discharge 

in this PhD research project. 

4.2 Governing equations 

The performance of numerical model for interaction between waves and coastal 

structures including overtopping depends on the equations and solving technique. The 

above CFD software packages are based on different equations, including non-linear 

shallow water equations, particle methods and full Navier-Stokes equations. These 

equations are summarized in this section.  

4.2.1 Non-linear shallow water equations (NSWE) 

Many popular models (e.g. SWASH, X-beach) are based on the non-linear shallow 

water equations which are obtained by integrating the Navier-Stokes equations 

vertically. The NSWE are derived based on the assumptions that vertical velocity and 

acceleration are negligible and the fluid us is ideal (no friction effects). The non-linear 

shallow water equations (NSWE) are listed as follow. 
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𝜕ℎ

𝜕𝑡
+

𝜕

𝜕𝑥
(𝑢ℎ) = 0                            (4.1) 

𝜕(𝑢ℎ)

𝜕𝑡
+

𝜕

𝜕𝑥
(𝑢2ℎ +

𝑔ℎ2

2
) + 𝑔ℎ

𝜕𝐻

𝜕𝑥
= 0             (4.2) 

where u is the depth-integrated horizontal velocity, h is the instantaneous local depth 

and H is the elevation of the bottom above the datum level. The applicability of the 

NSWE can be extended by including frictional effects and frequency dispersion effects. 

To study overtopping at coastal structures, the bottom friction is often considered in the 

models. The momentum equation can be modified as below. 

𝜕(𝑢ℎ)

𝜕𝑡
+

𝜕

𝜕𝑥
(𝑢2ℎ +

𝑔ℎ2

2
) + 𝑔ℎ

𝜕𝐻

𝜕𝑥
= −

𝜏𝑏

𝜌
           (4.3) 

where 𝜏𝑏 is the bottom friction which can be expressed by 

𝜏𝑏 =
1

2
𝜌𝑓|𝑢|𝑢                     (4.4) 

where 𝑓 is the friction factor which needs to be determined empirically. 

Equations (4.1) and (4.3) are much easier to solve than the Navier-Stokes 

equations because only two state variables, say u and h are retained. Hence, models 

based on NSWE are very efficient and it is possible to simulate wave trains containing 

1000 waves very rapidly. However, there are some limitations of these models to real 

applications due to the assumptions behind the derivation of NSWE. One restriction is 

that high frequency components in in the incident wave spectrum can be addressed in 

the numerical models due to the fact that the offshore boundary condition has to be 

located close to the structure to satisfy the shallow water limit (Losada et al., 2008). 

This restriction might lead to errors in the estimation of the wave overtopping. Other 

limitations are related to the difficulty of modeling the breaking waves, porous media 

flow and complex free surfaces.  

4.2.2 Smooth Particle Hydrodynamic (SPH) method 

A more recent approach is the Smooth Particle Hydrodynamic (SPH) method in 

its different versions. In SPH model (e.g. DualSPHysics), an arbitrary field function 𝑓I 

(e.g. density field, temperature field) can be approximated by an integral interpolant 

(Ni and Feng, 2013): 

f(r) = ∫ 𝑓(𝑟′)𝑊(𝑟 − 𝑟′, 𝑙)𝑑𝑟′
Ω

              (4.5) 

where Ω is the integration domain of r; r is the space vector of an arbitrary point. 

𝑊(𝑟 − 𝑟′, ℎ) is the kernel function and l is its smooth length. By applying particle 

approximation to Eq. (4.5), the integral interpolant can be written as 
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f(𝑟𝑖) = ∑
𝑚𝑗

𝜌𝑗
𝑓(𝑟𝑗)𝑊𝑖𝑗

𝑁
𝑗=1                      (4.6) 

in which 𝑚𝑗, 𝜌𝑗 are the mass and density of neighbor particle 𝑗 (𝑗 = 1,2, … ,𝑁) and 

N is the number of particles in support region. 𝑊𝑖𝑗  equals to 𝑊(𝑟𝑖 − 𝑟𝑗 , 𝑙) . The 

principle of the SPH method is to rewrite the Navier-Stokes equations and boundary 

conditions by using Eq. (4.6) and its transformations and solve the partial differential 

equations explicitly.  

The governing equations including conservation equation and continuity equation 

are 

𝐷�⃑� 

𝐷𝑡
= −

1

𝜌
∇⃑⃑ 𝑝 + 𝑔 + 𝜈 ∇⃑⃑ 

2
𝑣                   (4.7) 

𝐷𝜌

𝐷𝑡
= −𝜌∇ v⃑                              (4.8) 

where v⃑  is the particle velocity, p is pressure and 𝜈 denotes the kinetic viscosity of 

laminar flow. Eqs (4.7) and (4.8) are rewritten as 

𝑑�⃑� 

𝑑𝑡
= −∑ 𝑚𝑗 (

𝑝𝑗

𝜌𝑗
2 +

𝑝𝑖

𝜌𝑖
2) ∇⃑⃑ 𝑖𝑊𝑖𝑗 + 𝑔 + ∑ 𝑚𝑗 [

4𝜈𝑟𝑖𝑗⃑⃑⃑⃑  ⃑∇⃑⃑ 𝑖𝑊𝑖𝑗

(𝜌𝑖+𝜌𝑗)|𝑟𝑖𝑗⃑⃑⃑⃑  ⃑|
2]

𝑁
𝑗=1

𝑁
𝑗=1 ∇⃑⃑ 𝑖𝑗   (4.9) 

𝑑𝜌𝑖

𝑑𝑡
= ∑ 𝑚𝑗

𝑁
𝑗=1 ∇⃑⃑ 𝑖𝑗∇⃑⃑ 𝑖𝑊𝑖𝑗                                    (4.10) 

Due to extremely low computational efficiency of the models based on SPH 

methods, limited validation is currently available. 

4.2.3 Navier-Stokes equations 

Some numerical models (e.g. OpenFOAM, Flow-3D) are based on the full Navier-

Stokes equations. These models can include the wave breaking by incorporating a 

turbulence model and considering Reynolds Average Navier-Stokes equations (RANS). 

A Volume of Fluid (VOF) technique is also included to track the free surface and it can 

deal with the large deformations of free surface. The RANS equations include 

continuity equation ad mass conservation equation. Pressure and velocity field can be 

obtained by simultaneously solving Eq. (4.11) and Eq. (4.12) while free surface is 

tracked by using Eq. (4.13). 

∇ ∙ 𝐔 = 0                              (4.11) 

𝜕𝜌𝑼

𝜕𝑡
+ ∇ ∙ (𝜌𝑼𝑼) − ∇ ∙ (𝜇𝑒𝑓𝑓∇𝑼) = −∇𝑝∗ − 𝒈 ∙ 𝑿∇𝜌 + ∇ ∙ [𝜇∇𝑼 + 𝜌𝝉] + 𝜎𝜅∇𝛼1 

(4.12) 

𝜕𝛼1

𝜕𝑡
+ ∇ ∙ 𝑼𝛼1 + ∇ ∙ 𝑼𝒄𝛼1(1 − 𝛼1) = 0                (4.13) 
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in which the bold letters refer to a vector field; 𝜇 is the dynamic molecular viscosity; 

𝑝∗ is the pseudodynamic pressure; 𝑿 is the position vector;  𝜎 is the surface tension 

coefficient; 𝜅 = ∇ ∙
∇𝛼1

|∇𝛼1|
 is the curvature of the interface; 𝛼1 is the VOF indicator 

function and is defined as the quantity of water per unit of volume at each cell; and 𝑼𝒄 

is a compression velocity. 𝝉 is the specific Reynolds stress tensor. 

Turbulence is important in the case of wave breaking. The Reynolds shear stresses 

require additional modeling to close the RANS equation for solving, which leads to 

some turbulence models, e.g. the standard 𝑘 − 𝜖 model, the ReNormalization Group 

(RNG) model, 𝑘 − 𝜔 closure model and 𝑘 − 𝜔 SST turbulence model.  

Although models like the Flow-3D and OpenFOAM as well as SPH models are 

all based on the full Navier-Stokes equations, unlike the SPH models implemented by 

Lagrangian method, the Flow-3D and OpenFOAM models are implemented 

numerically by Eulerian method. Models based on RANS equations are 

computationally more efficient than the SPH models. 

Advantages and limitations of numerical models based on different governing 

equations are summarized in Table 4.1. 

Table 4.1 Comparison of numerical models based on different equations 

Equations Advantages Limitations CFD software package 

NSWE High computational efficiency 

Have difficulty in 

modeling of wave 

breaking and 

complicated free 

surfaces 

SWASH, X-beach,… 

SPH  

Excellent capability to track 

deformations of the free 

surface  

Low computational 

efficiency 
DualSPHysics 

RANS 

1. Free of the limitation 

associated with using a given 

wave theory                

2. Capable of simulating wave 

breaking and large free 

surface deformations 

Relative low 

computational 

efficiency compared to 

NSWE models 

Flow-3D, 

OpenFOAM, 

COMSOL… 

4.3 Porous media flow 

In practical engineering, many coastal structures are permeable and it is necessary 

to include the flow in the porous media to ensure the accuracy of the numerical models. 
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There are currently two main ways to model flow through porous media in NS 

numerical models, namely the microscopic and macroscopic approaches. 

4.3.1 Microscopic approach of simulating porous media flow 

The microscopic approach is the most intuitive way to model the flow in the 

permeable media. In this approach, the geometries of the elements (e.g. blocks in the 

armor layer and stones in the filter layer) of the coastal structure are represented in 

detail as it happens in reality. A CAD procedure software system is often applied to 

model the geometries of the elements. Once the geometry is fully defined, the structure 

can be coupled into the CFD model to simulate the hydrodynamic interactions. Dentale 

et al. (2013) used the CAD software to build the 3D geometry model (Figure 4.2) and 

imported it into the Flow-3D to evaluate the hydrodynamic interactions.  

 

Fig. 4.2 3D model of stones and model of breakwater (from Dentale et al. (2013)) 

The flow between the blocks can directly be modeled without seepage flow 

approximation and this microscopic method might produce better results. However, this 

method requires a complete and detailed description of the geometry which is difficult 

to implement in some cases. Besides, a great number of computational nodes are needed 

to simulate the flow though the permeable structures, which is computational expensive 

especially when the elements are pretty complex. 

4.3.2 Macroscopic approach of simulating porous media flow 

Unlike the microscopic method, the macroscopic approach deals with the flow in 

porous media through the Darcy-Forchheimer approximation. Due to the complex 

structures of porous materials, it is usually not feasible to solve the NS equations 

directly. To deal with this problem, the NS equations are often averaged over a length 

scale or control volumes, which results in a mean behavior of the flow through the 



Literature report                              4 Numerical modeling of wave overtopping 

37 

porous media.  

The study of flow in the porous media can be dated to one century ago when Darcy 

(1856) proposed the formula Eq. (4.14) describing the 1D steady flow through sand and 

soil. 

I = 𝐾−1𝑢 = 𝑎𝑝𝑢                      (4.14) 

where I is the hydraulic gradient; K is the permeability; 𝑢 is the averaged velocity; 

and 𝑎𝑝 is an empirical coefficient. Eq. (4.14) is only applicable to the laminar flow. 

Forchheimer (1901) extended the Darcy’s law by including a quadratic term to describe 

turbulent flows in terms of larger Reynolds number. Polubarinova-Koch (2015) added 

a third term to account for the inertia acceleration for the unsteady flow and the final 

expression of the drag forces is presented as Eq. (4.15). 

I = 𝑎𝑝𝑢 + 𝑏𝑝|𝑢|𝑢 + 𝑐𝑝
𝜕𝑢

𝜕𝑡
                  (4.15) 

where 𝑏𝑝 and 𝑐𝑝 are empirical coefficients. 

The flow resistance resulting from the presence of permeable media is modeled by 

including a drag term in the momentum equations. Therefore, the Navier-Stokes 

equations for flows through porous media are stated here: 

(1 + 𝑐𝑚)
𝜕

𝜕𝑡

𝜌𝑼

𝑛
+

1

𝑛
∇ ∙

𝜌

𝑛
𝑼𝑼𝑇 = −∇𝑝∗ + 𝒈 ∙ 𝑿∇𝜌 +

1

𝑛
∇ ∙ (𝜇 + 𝜇𝑡)∇𝑼 − 𝑭𝑝  (4.16) 

where 𝜇 is the dynamic molecular viscosity and 𝜇𝑡 is the dynamic turbulent viscosity; 

n is the porosity. 𝑐𝑚, the added mass coefficient, is introduced to describe the inertia 

effects and 𝑭𝑝 represents the liner and quadratic drag resistances which are modeled 

by the Darcy-Forchheimer flow resistance. 𝑐𝑚 as suggested by Van Gent (1995) is 

presented as follows. 

𝑐𝑚 = 𝛾𝑝
1−𝑛

𝑛
                       (4.17) 

where 𝛾𝑝 is an empirical constant and 𝛾𝑝 = 0.34. 

The Darcy-Forchheimer flow resistance is given as 

𝑭𝑝 = 𝑎𝑝𝑼 + 𝑏𝑝|𝑼|𝑼                     (4.18) 

where 𝑎𝑝 and 𝑏𝑝 have the same definition as those in Eq. (4.15). They are described 

through the parametrization by Van Gent (1995): 

𝑎𝑝 = 𝛼1
(1−𝑛)2

𝑛3

𝜇

𝜌𝐷50
2                      (4.19) 

𝑏𝑝 = 𝛽1 (1 +
7.5

𝐾𝐶
)

1−𝑛

𝑛3

1

𝐷50
                (4.20) 

in which 𝛼1 and 𝛽1 are closure coefficients depending on the grading and shape of 
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the permeable material; 𝐷50 is the median grain diameter of the structure and 𝐾𝐶 is 

the Keulegan-Carpenter number for the stones.  

This chapter gives a brief introduction of numerical modeling of wave overtopping 

at coastal structures including CFD software packages, governing equations and porous 

media flow. Four CFD models, namely SWASH, DualSPHysics, Flow-3D and 

OpenFOAM, are introduced and each CFD package has its own advantages and 

disadvantages.   

4.4 Summary 

Performance of numerical models for simulating interaction between structures 

and waves depends on the governing equations, solving technique and validation. 

SWASH and X-beach based on NSWE have high computational efficiency but have 

difficulty in modeling wave breaking and complicated free surfaces. In contrast, 

DualSPHysics based on SPH has excellent capability to track free surface deformations 

but it is computationally expensive. Flow-3D and OpenFOAM based on RANS are 

capable of simulating wave breaking and large free surface deformations and have 

reasonable computational efficiency compared to DualSPHysics. Literature about the 

application of COMSOL to simulation of overtopping process is hardly found, so it 

remains unclear if the COMSOL can simulate the overtopping well. 

Porous media flow can be modeled in both microscopic and macroscopic ways. 

Currently, flow through porous media is often modeled with the Darcy-Forchheimer 

approximation in the models of waves interacting with the permeable structure, which 

is a macroscopic way. 
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5 Grass cover erosion  

Clay layers covered with grass on the crest, inner slope and outer slope are often 

used in Dutch river dikes. Grass as a sustainable, cost-effective and ecologically sound 

material is becoming increasingly important in the protection of dikes. The grass cover 

is consisted of top soil and subsoil (Figure 5.1). Wave loads caused by wave 

overtopping during storm surge events can lead to grass cover erosion. When the load 

exceeds the grass strength, erosion occurs. To predict grass cover erosion, it is important 

to predict wave loads and grass cover strength which are inputs for the erosion models. 

Many researches have been conducted to study the grass cover erosion on the landward 

slope subject to wave overtopping. 

 

Fig. 5.1 Schematic diagram of grass cover (adapted from TAW, 1997) 

5.1 Root model 

Considerable turbulence can be caused by the grass due to its roughness. The 

depth-averaged relative turbulence intensity 𝑟0  is defined as (Hoffmans and Booij, 

1993) 

𝑟0 =
√𝑘0

𝑈0
                              (5.1) 

where 

𝑘0 =
1

ℎ
∫

1

2
(𝑢𝑅𝑀𝑆′

2 + 𝑣𝑅𝑀𝑆′
2 + 𝑤𝑅𝑀𝑆′

2 )𝑑𝑧′ℎ

0
              (5.2) 

for uniform flow 𝑟0 given as follows: 

𝑟0 = 𝛼0
𝑢∗

𝑈0
= 𝛼0

√𝑔

𝐶
                          (5.3) 

in which C is Chezy coefficient, g is the acceleration due to gravity and 𝑢∗ [m/s] is the 

bed shear velocity. 𝛼0(= 1.2) is a coefficient. By schematizing overtopping wave as 
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a uniform flow, 𝑟0 can be rewritten as follows: 

𝑟0 = 1.2√𝑔ℎ𝑚(1 − 𝜂𝑎)𝑆𝑏/𝑈𝑚                     (5.4) 

where 𝜂𝑎 is the air concentration and 𝑆𝑏 = sin(𝛽) with 𝛽 is the angle of inner slope 

of dikes. The maximum flow depth ℎ𝑚  [m], the maximum depth-averaged flow 

velocity 𝑈𝑚 [m/s] and 𝜂𝑎 are obtained from measurements per wave volume. 

Shear failure of soil can be described by using Mohr-Coulomb equation, based on 

which the shear stress of a root-permeated can be modeled by introducing the root 

cohesion (𝑐𝑟 [N/m²]). 

𝜏𝑐 = 𝑐𝑒 cos𝜙𝑒 + 𝑐𝑟 + (𝜎𝑠 − 𝑝𝑤) sin𝜙𝑒                (5.5) 

where 𝑐𝑒  is the effective cohesion of soil [N/m²], 𝑝𝑤  is the pore water pressure 

[N/m²], 𝜎𝑠 is the soil normal stress [N/m²] and 𝜙𝑒 is the effective internal friction 

angle. 𝑐𝑟 can be estimated by the root equation of Wu et al. (1979). 

𝑐𝑟 =
𝐴𝑟𝑜𝑜𝑡

𝐴1
(𝜎𝑟𝑜𝑜𝑡,𝑣 tan𝜙 +𝜎𝑟𝑜𝑜𝑡,ℎ) = 𝜎𝑟𝑜𝑜𝑡

𝐴𝑟𝑜𝑜𝑡

𝐴1
(cos 𝜃 tan𝜙 + sin 𝜃)   (5.6) 

in which 𝜎𝑟𝑜𝑜𝑡  is the mean root tensile stress [N/m²]. 𝜎𝑟𝑜𝑜𝑡,𝑣 , 𝜎𝑟𝑜𝑜𝑡,ℎ  are parallel 

component and perpendicular component of 𝜎𝑟𝑜𝑜𝑡 respectively in a shear zone crossed 

by a root (Fig. 5.2). 
𝐴𝑟𝑜𝑜𝑡

𝐴1
 is the root area ratio and 𝜃 is the angle of shear rotation, 

ranging from 45° to 70°. The mean grass normal stress (𝜎𝑔𝑟𝑎𝑠𝑠) can be approximated 

by 

𝜎𝑔𝑟𝑎𝑠𝑠 =
𝐴𝑟𝑜𝑜𝑡

𝐴1
(𝜎𝑟𝑜𝑜𝑡,𝑣 + 𝜎𝑟𝑜𝑜𝑡,ℎ tan𝜙) = 𝜎𝑟𝑜𝑜𝑡

𝐴𝑟𝑜𝑜𝑡

𝐴1
(cos 𝜃 + sin 𝜃 tan𝜙)  (5.7) 

 

Fig. 5.2 Sketch of a grass root (adapted from ) 

Prior research (Sprangers, 1999) showed that 
𝐴𝑟𝑜𝑜𝑡

𝐴1
 decreases exponentially with depth. 

Therefore, the critical mean grass normal stress can be estimated by 

𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(𝑧) = 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(0)exp (
𝑧

𝜆𝑟𝑒𝑓
)                 (5.8) 

in which  

𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(0) =
𝐴𝑟𝑜𝑜𝑡(0)

𝐴1
𝜎𝑟𝑜𝑜𝑡,𝑐                       (5.9) 

θ

root σroot,h

σrootσroot,ν
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The quality of grass cover is closely related to number of roots, according to which four 

different qualities of grass cover have been classified in the Dutch guidelines for 

assessing primary dikes (VTV, 2006).  

5.2 Turf-element model 

Considering a turf element, the aggregate is stable when the load acting on the 

aggregate is less than the strength, as shown below:  

 

Fig. 5.3 Forces acting on the turf element adapted from (Hoffmans et al., 2009) 

Thus 

𝐹𝑝 ≥ 𝐹𝑤 + 4𝐹𝑐 + 𝐹𝑡                       (5.10) 

This equation can be rewritten as Eq. (5.11) with the assumption that 𝑝𝑤 decreases 

significantly with the depth and the penetration length is limited. 

𝑝𝑤 ≥ 𝜎𝑠𝑜𝑖𝑙(𝑧) = −(1 − 𝑛) [(𝜌𝑠 − 𝜌)𝑔𝑧 − 4(𝐶𝑐𝑙𝑎𝑦,𝑐 + 𝜏𝑔𝑟𝑎𝑠𝑠,𝑐) − (𝐶𝑐𝑙𝑎𝑦,𝑐 + 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(𝑧))]   (5.11) 

where 𝑛 is the porosity, 𝐶𝑐𝑙𝑎𝑦,𝑐  is the critical rupture strength of clay [N/m²] and 

𝜏𝑔𝑟𝑎𝑠𝑠,𝑐 is the critical mean grass shear stress [N/m²]. 

Incipient motion often occurs on the horizontal direction. Hence, horizontal forces 

should be taken into account. The turf aggregates reaches the critical status when 𝜏0 

equals to the critical mean bed shear. 

 𝜏0 ≥ 𝜏𝑐 = Ψ𝑐[(𝜌𝑠
− 𝜌)𝑔𝜆𝑟𝑒𝑓 + 4(𝐶𝑐𝑙𝑎𝑦,𝑐 + 𝜏𝑔𝑟𝑎𝑠𝑠,𝑐) + 𝐶𝑐𝑙𝑎𝑦,𝑐 + 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(−𝜆𝑟𝑒𝑓)] (5.12) 
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where Ψ𝑐  the critical Shields parameter. From Eq. (5.11) and Eq. (5.12), we can 

conclude that both the incipient motion and critical stage of clayey and turf aggregates 

can be predicted by the Shields method based on the vertical balance of forces. 

For clayey aggregates in a water-saturated state, the critical frictional forces on the 

side walls can be neglected based on the assumption that the critical condition for 

moving aggregates is reached at the weakest spots. Hence, the equilibrium of clayey 

aggregates depends on the submerged soil weight and true cohesion at the contact areas. 

𝜏𝑐 in Eq. (5.12) can be rewritten as 

𝜏𝑐 = Ψ𝑐[(𝜌𝑠
− 𝜌)𝑔𝑑𝑐𝑙𝑎𝑦 + 𝐶𝑐𝑙𝑎𝑦,𝑐]              (5.13) 

where 𝑑𝑐𝑙𝑎𝑦 is the representative size of the aggregate close to the bed [m]. With Δ =

(𝜌𝑠 − ρ)/ρ as the relative density, 𝑈𝑐 can be estimated by 

𝑈𝑐 = 𝛼0𝑟0
−1√Ψ𝑐(Δ𝑔𝑑𝑐𝑙𝑎𝑦 +

𝐶𝑐𝑙𝑎𝑦,𝑐

𝜌
)             (5.14) 

Considering unsaturated soil, suction forces may play an important role in 

increasing the critical mean tensile force on the bottom element. Compared to the 

suction force, the weight of the aggregate can be neglected. Thus, 𝜏𝑐 and 𝑈𝑐 can be 

written as 

𝜏𝑐 = Ψ𝑐𝐶𝑐𝑙𝑎𝑦,𝑐                           (5.15) 

𝑈𝑐 = 𝛼0𝑟0
−1√Ψ𝑐

𝐶𝑐𝑙𝑎𝑦,𝑐

𝜌
                 (5.16) 

Compared to clayey aggregates, grass can withstand higher velocity. If the grass 

cover in a saturated soil, the submerged weight and the strength of clay can be neglected. 

Then critical mean shear stress and critical depth- averaged velocity are written as 

𝜏𝑐 = Ψ𝑐[4(𝜏𝑔𝑟𝑎𝑠𝑠,𝑐) + 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(−𝜆𝑟𝑒𝑓)]          (5.17) 

𝑈𝑐 = 𝛼𝑔𝑟𝑎𝑠𝑠,𝑈𝑟0
−1√Ψ𝑐

𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(0)

𝜌
                (5.18) 

In unsaturated soils, suction pressures may increase the strength of the top soil. 

Thus, 𝜏𝑐 and 𝑈𝑐 can be calculated by 

𝜏𝑐 = Ψ𝑐[4(𝜏𝑔𝑟𝑎𝑠𝑠,𝑐) + 𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(−𝜆𝑟𝑒𝑓) − 𝑝
𝑤
]      (5.19) 

𝑈𝑐 = 𝛼𝑔𝑟𝑎𝑠𝑠,𝑈𝑟0
−1√Ψ𝑐

𝜎𝑔𝑟𝑎𝑠𝑠,𝑐(0)−𝑝𝑤

𝜌
              (5.20) 

The equations of predicting the equilibrium of clayey aggregates and turf 

aggregates can be summarized in the Table 5.1. 
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Table 5.1 Predictors of the clayey aggregates and turf aggregates 

Types of soil 
𝜏𝑐 

(N/m²) 

𝑈𝑐 

(m/s) 

Clay 
saturated Eq. (5.13) Eq. (5.14) 

unsaturated Eq. (5.15) Eq. (5.16) 

Grass 
saturated Eq. (5.17) Eq. (5.18) 

unsaturated Eq. (5.19) Eq. (5.20) 

5.3 Erosion models 

The erosion rate of the soil is firstly discussed. Partheniades (1965) proposed the 

equation of erosion rate of cohesive soil as function of time. 

dm

dt
+ 𝑀𝑝

𝜏0−𝜏𝑐

𝜏𝑐
= 0                     (5.21) 

where m  [kg/m²] is the mass of sediment on the bed, 𝑀𝑝  [=0.00001 to 0.0005 

kg/(m²s)] is a coefficient and t [s] is the time. Another relation similar to Eq. (5.21) 

was given by Hanson (1990) in terms of volume erosion 

dz

dt
+ 𝑘𝑑(𝜏0 − 𝜏𝑐) = 0                  (5.22) 

where 𝑘𝑑  [m³/(Ns)] is the erosion strength coefficient and z  [m] is the vertical 

erosion depth. An overall strength parameter 𝐶𝐸 [(m/s)-1] was defined by Verheij et al. 

(1995) to represent the magnitude of erosion of clay and grass. 

𝑀𝑝

𝜏𝑐
≡ 𝐶𝐸                          (5.23) 

As to cohesionless soils, the erosion rate may be written as Eq. (2.24) based on the 

Eq. (5.22) in which 𝐸 [m/s] is the pickup rate. 

dz

dt
+

1

1−𝑛
𝐸 = 0                       (5.24) 

In summary, indicative values of 𝐶𝐸, 𝜏𝑐 and 𝑈𝑐 for different types of soil are 

shown in Fig. 5.4 based on the data from Verheij et al. (1995). 

Based on the theories of erosion rate, erosion depth as function of time was 

investigated. Breusers (1966) put forward time-dependent scour equation. 

𝑧𝑚
′ = −𝜆 (

𝑡

𝑡1
)
𝛾𝑡

                       (5.25) 

where 𝑧𝑚
′  [m] is the maximum erosion depth, 𝜆 [m] is a characteristic length scale, 

𝛾𝑡 is a coefficient, and 𝑡1 is the characteristic time corresponding 𝑧𝑚
′ (= −𝜆). The 

erosion of clay and grass with the function of highly turbulent flow is 

𝑧𝑚
′ = −

(𝜗𝑈0
2−𝑈𝑐

2)𝑡

𝐸𝑠𝑜𝑖𝑙
                     (5.26) 
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in which 𝜗  is the transport amplification factor and 𝐸𝑠𝑜𝑖𝑙  [m/s] is an erosion 

parameter. 

 

Fig. 5.4 Indicative values of 𝐶𝐸, 𝜏𝑐 and 𝑈𝑐 for different types of soil 

5.3.1 Cumulative effective load model 

If the grass cover fails, the limiting velocity equation can be derived from Eq. 

(5.26). 

�̃�(𝑡) = √
1

𝜗
(
𝜆𝑟𝑒𝑓𝐸𝑠𝑜𝑖𝑙

𝑡
+ 𝑈𝑐

2)                (5.27) 

This equation could be used to explain physical process near the bed and to refine 

definitions (Hoffmans, 2012).  

Van der Meer et al. (2010) put forward cumulative hydraulic load method to 

describe the damage of inner slope of dikes due to wave overtopping. This method is 

modified from excess shear stress equation proposed by Dean et al. (2010) by excluding 

the effect of t.  

Cumulative hydraulic load: ∑ (𝑈𝑚,𝑖
2 − 𝑈𝑐

2)
𝑁1
𝑖=1           (5.28) 

According to Van der Meer et al. (2010), smaller overtopping waves did not cause 

further damage. Thus, 𝑁1 is the number of the overtopping waves for which 𝑈𝑚,𝑖 >

𝑈𝑐 . 

Failure is defined as the sand core underneath the soil layer becoming free and 
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damage developing fast. Four damage criteria were used: first damage, various 

damaged locations, failure and non-failure after testing. Based on the experimental data, 

the following damage criteria are defined 

First damage                           ∑ (𝑈𝑚,𝑖
2 − 𝑈𝑐

2)
𝑁1
𝑖=1 < 500 𝑚2/𝑠2 

Various damaged locations  500  m2/s2 < ∑ (𝑈𝑚,𝑖
2 − 𝑈𝑐

2)
𝑁1
𝑖=1 < 1500 m2/s2 

Failure                              ∑ (𝑈𝑚,𝑖
2 − 𝑈𝑐

2)
𝑁1
𝑖=1 > 3500  m2/s2 

5.3.2 Cumulative effective work model 

The cumulative effective work model, also known as levee erosional equivalence 

has been developed by Dean et al. (2010). Three indices of potential landside erosion 

were defined as follows: 

Erosion due to excess velocity: 𝐸𝑢 = 𝐾𝑢 ∑ [(𝑢𝑖 − 𝑢𝑐,𝑢)∆𝑡𝑖]
𝑁1
𝑖=1      [m/s] (5.29) 

Erosion due to excess shear stress: 𝐸𝜏 = 𝐾𝜏𝛼𝜏 ∑ [(𝑢𝑖
2 − u𝑐,𝜏

2 )∆𝑡𝑖]
𝑁1
𝑖=1 [m²/s] (5.30) 

Erosion due to excess work: 𝐸𝑤 = 𝐾𝑤𝛽𝑊 ∑ [(𝑢𝑖
3 − 𝑢𝑐,𝑊

3 )∆𝑡𝑖]
𝑁1
𝑖=1    [m³/s2] (5.31) 

where 𝐾𝑢, 𝐾𝜏 and 𝐾𝑤 are erosional coefficients related to velocity, shear stress and 

work respectively. 𝑢𝑐,𝑢, 𝑢𝑐,𝜏 and 𝑢𝑐,𝑊  are threshold velocities associated with the 

velocity, shear stress and work respectively. 𝛼𝜏 is a term including the mass density of 

water and a shear stress coefficient. 𝛽𝑊 is a grouping terms that includes mass density 

of water and a work coefficient. 𝑁1 is the number of overtopping waves for which the 

velocity is larger than critical velocity and ∆𝑡𝑖 is the corresponding duration.  

Eqs. (5.29-5.31) were fitted to the Hewlett et al. (1987) curves for grass covers 

including good cover, average cover and poor cover. Appropriate values for the 

threshold velocities 𝑢𝑐,𝑢 , 𝑢𝑐,𝜏 , 𝑢𝑐,𝑊  and erosion limits 𝐸𝑢/𝐾𝑢 , 𝐸𝜏/(𝐾𝜏𝛼𝜏), 𝐸𝑤 =

(𝐾𝑤𝛽𝑊) by applying the method of least squares. The results showed that cumulative 

work had the lowest standard error after these three equations were fitted to the curves 

and the best-fit values for the excess work indice were shown in Table 5.2.  

Table 5.2 Best-fit values for the excess work assumption 

Grass quality Critical velocity [m/s] Erosion limit [m³/s2] Standard error in 

velocities [m/s] 

Good cover 1.80 0.492×106 0.38 

Average cover 1.30 0.229×106 0.12 

Poor cover 0.76 0.103×106 0.04 
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Based on this result, Dean et al. (2010) concluded that the cumulative excess work 

done by the water was the physical mechanism accounting for the form of the curves. 

The criteria for tolerable erosion for grass covers would be: 

∑ [(𝑢𝑖
3 − 𝑢𝑐,𝑊

3 )∆𝑡𝑖]
𝑁1
𝑖=1 ≤ 𝐸𝑤/(𝐾𝑤𝛽𝑊,     𝑢𝑖 > 𝑢𝑐,𝑊       (5.32) 

It is worth noting that the Hewlett et al. (1987) curves are based on steady flow. 

To apply the method to the intermittent wave overtopping some modifications should 

be made. A conservative assumption was made by Dean et al. (2010) that the steady 

state momentum equation should provide an approximate measure of the behavior of 

overtopping flow on the landward slope and the overtopping flow velocity had reached 

the terminal velocity. The Eq. (5.32) can be expressed in terms of overtopping discharge 

under the assumption.  

∑ [(
8𝑔 sin𝜃0𝑞𝑖

𝑓
− 𝑢𝑐,𝑊

3 )∆𝑡𝑖]
𝑁1
𝑖=1 ≤ 𝐸𝑤/(𝐾𝑤𝛽𝑊,     𝑞𝑖 > (

𝑓𝑢𝑐,𝑊
3

8𝑔 sin𝜃0
)       (5.33) 

Based on the cumulative effective model, Hughes (2011) expressed it in terms of 

overtopping volume, which means ‘cumulative (or total) excess wave volume’. 

∑ [𝑉𝑊𝑖 − (𝑞𝑐∆𝑡𝑖)] ≤
𝐸𝑊

𝐾𝑊𝛽𝑊
(

𝑓𝐹

2𝑔 sin𝜃0
)

𝑁1
𝑖=1 ,     

𝑉𝑊𝑖

∆𝑡𝑖
> 𝑞𝑐       (5.34) 

Hughes (2011) applied the erosional equivalence methodology to wave-only 

overtopping, combined wave overtopping and surge overflow as well as time-varying 

waves and surge. The methodology was compared to wave overtopping simulator 

results and the conclusion showed that the critical velocities determined from the 

Hewlett et al. (1987) curves for steady flow could be somewhat conservative. This 

might be an indication that the critical velocity needs to be corrected using field and 

full-scale observations. Moreover, additional analyses are needed to assure if the 

erosional limit threshold is reasonable.  

5.3.3 Cumulative load model 

Different from cumulative effective load model, all overtopping waves during a 

storm are taken in to account in cumulative load model.  

𝑧𝑚
′ = −(𝐸𝑠𝑜𝑖𝑙)

−1 ∑ (𝛼𝑤𝜗𝑈𝑚,𝑖
2 − 𝑈𝑐

2)
𝑁2
𝑖=1 𝑡𝑤 ≈ −(𝐸𝑠𝑜𝑖𝑙)

−1 ∑ 𝛼𝑤𝜗𝑈𝑚,𝑖
2𝑁2

𝑖=1 𝑡𝑤  (5.35) 

where 𝑁2 is the number of all waves, 𝑡𝑤 is the characteristic wave overtopping time 

corresponding the maximum overtopping flow occurring. This equation can be 

rewritten by introducing 𝐶𝑑𝑎𝑚𝑎𝑔𝑒. 

∑ 𝑈𝑚,𝑖
2 =

𝑁2
𝑖=1 𝐶𝑑𝑎𝑚𝑎𝑔𝑒𝑈𝑐

2                 (5.36) 
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with damage 

𝐶𝑑𝑎𝑚𝑎𝑔𝑒 =
𝛼𝑠𝑜𝑖𝑙𝜆𝑟𝑒𝑓

𝛼𝑤𝜗𝑡𝑤√Δ𝑔𝑑𝑎
                 (5.37) 

The damage criteria based on this method are shown as follows and visualized in Figure 

5.5. 

Initial damage (𝜆𝑟𝑒𝑓 ≤ 0.05 m)                           𝐶𝑑𝑎𝑚𝑎𝑔𝑒 ≤ 850 

Various damaged locations (0.05 m < 𝜆𝑟𝑒𝑓 ≤ 0.10 m) 850 ≤ 𝐶𝑑𝑎𝑚𝑎𝑔𝑒 ≤ 1700 

Failure (𝜆𝑟𝑒𝑓 > 0.10 m)                               𝐶𝑑𝑎𝑚𝑎𝑔𝑒 > 1700 

 

Fig. 5.5 critical depth-averaged flow velocity as function of cumulative load adapted from 

Hoffmans (2012) 

5.4 Summary 

The element-turf element which should be considered as a conceptual approach 

was introduced. In some cases, suction pressures play an important role in the strength. 

But the exact relation between critical mean bed shear stress and suction pressure still 

remains unknown. Three erosion models to predict the damage level of slope covers 

subject to overtopping waves have been discussed. The computational results of these 

three models are different. Van der Meer et al. (2010) considered 𝑁1 as the number of 

the largest waves for which the velocity is beyond 𝑈𝑐. However, the effects of all the 

waves on the development of erosion are included in the cumulative load model. The 

erosion model given by Dean et al. (2010) is based on the excess of work instead of 

shear stress, which is the cumulative effective load model based on. The cumulative 

work model fitted better for continuous overflow. Hence, the critical depth-averaged 

velocity of these two models are different. It still remained unclear which erosion model 

is better to predict the erodibility of clay and grass cover, since available experimental 
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data is limited. More experiments are needed to compare and improve these models for 

different types of clay and grass. Finally, it is noted that objects present in the flood 

defences should be investigated, since transitions on dikes can increase the flow 

velocities and or the turbulence intensities (Hoffmans, 2012). 
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6 Transitions in flood defenses 

The stability of revetment protected slopes of dikes under wave attack is an aspect 

with respect to the strength of the entire dike. Transitions to objects, different slopes, 

different revetments (rocks, blocks) can be present in the slopes of the dike (Figure 6.1). 

These transitions can cause lower strength or higher loading of the slope covers and 

thus leading to the lower stability of the entire dike. Previous tests conducted with the 

Wave Overtopping Simulator showed that transitions on dikes may impose a weak spot 

(Steendam et al., 2014), but the effects of transitions on the wave overtopping discharge 

and associated location and evolution of dike cover erosion are highly uncertain 

(Warmink et al., 2018). Extra attention should be paid in the design, construction, 

maintenance and assessment of a flood defense. 

 

Fig. 6.1 A berm and different revetments on the seaward slope of a dike 

 (EurOtop, 2016) 

6.1 Categorization of transitions 

There are many types of transitions. A geometrical change can be regarded as a 

transition. Both a toe and the berm are geometrical transitions. A transition can also be 

formed by a change between two different types of revetments. Existence of objects in 

a slope forms a transition between the slope and the object. Van Steeg and Van Hoven 

(2013a, b) generally described the transitions in primary flood defenses. Transitions are 

defined as all conceivable spatial changes (i.e. no changes in time) on the top layer of 

a primary flood defense. Since this report focuses on the dikes, only the transitions 

related to the dikes are considered. It is necessary to make a proper classification of 

transitions to gain insight into a wide range of transitions present on the dikes. 
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According to Van Steeg (2014), the transitions on the dikes can be classified based on 

location, orientation, nodes as well as height differences and roughness differences 

(Figure 6.3), which are further elaborated in the following section. As shown in Figure 

(6.3), 81 types of transitions are possible if all the combinations are combined. 

6.1.1 Categorization based on location on the dike 

Wave impact zone and wave flow zone including wave run-up zone and wave 

overtopping zone, are distinguished on the dike (Figure 6.2) and transitions present in 

these two different zones should be treated differently.  

 

Fig. 6.2 Location on the dike (adapted from Schüttrumpf, 2001) 

The division between the wave impact zone and wave run-up zone is the still water 

level (Klein Breteler, 2015). Wave impact zone is located below the still water level and 

wave energy in this zone is relatively large, which means that the impact zone is often 

protected by a hard revetment. If a grass revetment is present in both the wave run-up 

zone and the wave impact zone, the assessment of the wave impact zone is decisive and 

the assessment of the run-up zone can be discarded. The upper boundary of the wave 

run-up zone is the seaward crest line. The wave overtopping zone and wave run-up zone 

are regarded as flow zone to reduce the number of combinations of transitions by Van 

Steeg (2014).  

6.1.2 Categorization based on orientation of the transitions 

Transitions can be oriented in different ways. In a schematic way this can be 

reduced to three basic principles: vertical, horizontal and (small) objects (Figure 6.4). 

 

wave impct zone wave run-up zone wave overtopping zone
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Fig. 6.4 Orientation of the transitions (adapted from Van Steeg, 2014) 

   

   a. stairs (Van Steeg et al., 2015)             b. road (Thornton et al., 2014) 

Fig. 6.5 Different orientations of transitions on the dike 

Stairs present on the slope of dikes can be regarded as vertical orientation, which 

is shown in Figure 6.5 (a). A road often exists on the crest or berm of dikes and it is 

horizontal orientation (Figure 6.5 (b)).  

6.1.3 Categorization based on nodes 

The transitions can be categorized according to the type of buckling present on the 

dike. Three categories can be made based on nodes, namely no node, convex and 

concave (Figure 6.6). For example, the junction between the down slope and the berm 

can be regarded as convex and the node of the upper slope and the berm can be treated 

as concave.   

 

Fig. 6.6 Nodes (adapted from Van Steeg, 2014) 
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Fig. 6.7 a berm on the dike slope (Steendam et al., 2016) 

The results from the wave run-up tests by Steendam et al. (2016) showed that the 

measured erosion at the transition from the berm to upper slope was at its maximum. 

Nevertheless, concave transitions have little influence on the stability of the revetment 

according to Van Steeg (2014).  

6.1.4 Categorization based on height and roughness differences 

Transitions can be categorized on the basis of the difference in height and 

roughness on both sides of the transition.  

 

Fig. 6.8 Classification of transitions based on height difference and roughness difference (adapted 
from Van Steeg, 2014) 

A transition between a concrete block revetment and a loose rock protection as 

well as a transition between blocks and asphalt, which can be regarded as no height 

difference, roughness difference, are shown in Figure (6.9). A board is placed between 

these two types of revetment to keep the blocks in place. This board can lead to a 

decreased strength because a split can occur due to subsidence of the soil. On the other 

hand, an increased load can also be caused by this board since the wave pressures 

against the blocks are higher due to locally insufficient drainage. 
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Fig. 6.9 General aspects of transitions (PIANC report 114, 2011) 

6.2 Influence of transitions on wave overtopping 

It is known from Chapter 5 that the overtopping flow velocity is an important input 

load for the erosion model. Transitions such as berms and roughness difference have an 

effect on the wave overtopping discharge and flow characteristics. As illustrated in 

Chapter 2, effects of a berm and roughness on overtopping discharge and wave run-up 

are described by influence factors. The relationship between the dimensionless average 

overtopping discharge and relative berm width is shown in Figure 6.10. It can be seen 

that with the increase of the berm width the overtopping discharge decreases 

significantly, which demonstrates that the existence of transitions can have a significant 

effect on the wave overtopping discharge. 

 

Fig. 6.10 Average overtopping discharge versus relative berm width with 𝐻𝑚0=1.8m, 

𝑇𝑚−1,0=5.74s and 𝑅𝑐=2.25m usisng TAW(2002) overtopping equation 

In practical engineering, different types of roughness elements are often combined 

as the revetment on the seaward slope. For the varying roughness along the slope, the 

various influence factors were weighted by including the lengths of the appropriate 
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sections of the slope. If three types of roughness elements with lengths of L1, L2 and 

L3 and influence factors of 𝛾𝑓,1, 𝛾𝑓,2 and 𝛾𝑓,3 respectively were applied along the 

slopes, then the weighted average is: 

𝛾𝑓 =
𝛾𝑓,1𝐿1+𝛾𝑓,2𝐿2+𝛾𝑓,3𝐿3

𝐿1+𝐿2+𝐿3
                      (6.1) 

Therefore, the roughness difference also has an influence on the overtopping discharge. 

However, this equation has not been validated systematically and therefore the accuracy 

of this formulae still remains unclear. 

In Chapter 3, the formulae of flow velocity along the seaward slope by 

Schüttrumpf (2001) and van Gent (2002) include the wave run-up height. Transitions 

like a berm and roughness also influence the wave run-up height thereby affecting the 

flow velocity and layer thickness. However, performed experiments are mostly on the 

flow velocity and layer thickness on the straight slopes. It is recommended to 

investigate the influence of transitions on the flow characteristics which are important 

input for erosion model for crest and landward slope. 

6.3 Influence of transitions on erosion in crest and landward slope 

As mentioned before, transitions on the grass cover with the function of the wave 

loads might be a potential weak part of a dike. Many researches on the influence of 

transitions have been conducted. Hoffmans et al. (2015) presented an erosion model for 

grass cover under pulsive flow conditions (wave overtopping and wave run-up /run-

down) taking the influence of transitions into consideration. The approach given by 

Hoffmans et al. (2015) focuses on the influence of transitions on the increasing the local 

hydraulic load and decreasing the strength of the grass cover. The identified effects on 

the local load is due to (1) roughness difference between both sides of the transition 

leading to higher turbulence (2) geometrical changes which leads to a jet (3) flow 

blocking objects which leads to different drag. Van Steeg et al. (2015) investigated the 

transition structures in grass covered slopes by using the wave impact generator. The 

results showed that secondary effect including construction process, maintenance and 

animal dig hole can influence the revetment stability directly. The influences of 

transitions on the slope has been described in depth by Steendam et al. (2014). The 

influence factors representing the effect of transitions or obstacles have been introduced 

to the cumulative overload method proposed by Van der Meer et al. (2010), which is 

further elaborated in the following section. Bomers et al. (2018) studied the influence 
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of a road in the scouring patterns of a grass covered dike derived from the wave 

overtopping process. A methodology developed by Aguilar-López (2018) allowed to 

include the influence of a road and its resultant turbulent effects in the wave overtopping 

probabilistic safety assessment of grass covered dikes. The results showed that the 

presence of a road reduces the safety against wave overtopping for extreme case storms. 

It is also concluded that the spatial grass quality distribution is more important for 

determining dike than spatial grass cover thickness distribution.  

Existing research about the transitions are mainly based on the tests. In the past, 

many tests have already been carried out with regard to transitional constructions. The 

Delta Flume or the simulators have often been used for this purpose. The Delta Flume 

is a large-scale wave channel that can be tested on a real scale. With the wave 

overtopping simulator, wave impact generator and wave run-up simulator, impact and 

acceleration processes can be simulated on location. 

6.3.1 Empirical model-cumulative overload method 

Van der Meer et al. (2010) has proposed the cumulative overload method to 

estimate the damage level of erosion in the crest and inner slopes of dikes with respect 

to the wave overtopping based on the wave overtopping simulator tests. The application 

of cumulative overload method into transitions was given by Steendam et al. (2014). 

The method was further developed, given by: 

D = ∑ 𝑚𝑎𝑥[(𝛼𝑀(𝛼𝑎𝑈𝑖)
2 − 𝛼𝑆𝑈𝑐

2); 0]𝑁
𝑖=1              (6.2) 

where: 

D = cumulative overload or damage number [m²/s²] 

𝑁 = number of overtopping waves  

𝑖 = number of the overtopping wave  

𝑈𝑖 = the maximum front velocity of the overtopping wave on the dike crest [m/s] 

𝛼𝑀 = influence factor on the velocity 𝑈𝑖 by transitions or obstacles 

𝛼𝑎 = acceleration factor for the front velocity depending on location at landward slope 

𝑈𝑐 = critical velocity of the grass slope (= strength) [m/s] 

𝛼𝑆 = influence factor on the critical velocity 𝑈𝑐 by transitions or obstacles 

This method was given for wave overtopping. 𝛼𝑀 and 𝛼𝑆 reflect the influence 

of transitions on the velocity and the critical velocity respectively. 𝛼𝑎 describing the 

flow acceleration on the landward slope can be estimated by 
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𝛼𝑎 =
𝑈𝑖,𝑠𝑙𝑜𝑝𝑒

𝑈𝑖,𝑐𝑟𝑒𝑠𝑡
                                 (6.3) 

𝑈𝑖,𝑠𝑙𝑜𝑝𝑒  is the overtopping flow velocity on the landward slope and 𝑈𝑖,𝑐𝑟𝑒𝑠𝑡 is the 

overtopping flow velocity at the transition of the crest of the dike to the landward slope. 

 According to Steendam et al. (2014), 𝛼𝑀 can be calculated by Eq. (6.4). 

𝛼𝑀 =
𝐹𝑚

𝐹
= 1 +

𝑑𝐹

𝐹
                      (6.4) 

where 𝑑𝐹 is the increase of the shear (or normal) force at the transition or obstacle; 𝐹 

which is related to (𝑈𝑖)
2, represents the shear (normal) force under flow conditions on 

a regular slope and 𝐹𝑚 is the maximum shear (normal) force.  

(a) Revetment transitions 

When the wave flow is directed from a smooth to a rough revetment the load 

increases, while the load will decrease if the wave flows from rough to smooth bed 

Hoffmans et al. (2015). In the direction from rough to smooth the load factor 𝛼𝑀,𝑠→𝑟 

can be written as (WTI-2013) 

𝛼𝑀,𝑠→𝑟 = 2 − (
𝑛𝑀,𝑠

𝑛𝑀,𝑟
)
6

(
𝑙𝑛(

10ℎ

(8√𝑔𝑛𝑀,𝑠)
6)

𝑙𝑛(
10ℎ

(8√𝑔𝑛𝑀,𝑟)6
)

)

2

              (6.5) 

in which ℎ is the flow depth and 𝑛𝑀 is the Manning coefficient (subscripts 𝑟 and 𝑠 

refer to rough bed and smooth bed). The load factor varies from 1 (no transition) to 2 

(extreme roughness difference at transitions). When the wave flows from rough cover 

to smooth cover the load factor can be written as  

𝛼𝑀,𝑟→𝑠 = 2 − 𝛼𝑀                        (6.6) 

It is recommended to evaluate Eq. (6.6) with experimental results as the effects of 

turbulence are neglected in the modelling. 

(b) Geometrical transitions 

For geometrical transitions from the inner slope to horizontal ground, 𝛼𝑀 can be 

written as function of the steepness of the inner slope (𝜃0) (Hoffmans et al., 2015) 

𝛼𝑀 = 1 + sin
1

2
𝜃0                      (6.77) 

If the flow direction changes at the transition from a horizontal crest to an inner slope 

then the load factor is (Steendam et al., 2014): 

𝛼𝑀 = 1 − sin
1

2
𝜃0                      (6.8) 

However, more prototype experiments are recommended to validate the theoretical 

equation (6.8).  
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(c) Flow blocking objects 

Prototype tests at Dutch dikes showed that the erosion of the grass cover at slender 

vertical objects of which diameter is less than 15 cm. Downstream of thick vertical 

objects there will be no direct mixing of water for super critical flow as present in wave 

overtopping conditions. Consequently, the load of the water upstream and along the 

vertical objects is decisive with respect to the load downstream the object. Based on 

expert judgement, the load factor upstream of the vertical object can be estimated by  

(Hoffmans et al., 2015) 

𝛼𝑀 = 1 + 1/4𝐶𝐷                     (6.9) 

Along the vertical object the load factor can be given by 

𝛼𝑀 = 1.4𝐾𝑠                         (6.10) 

𝐶𝐷 is the drag coefficient and 𝐾𝑠 is the shape factor. 

𝛼𝑆 can be determined by using the equation as follows based on the tensile force tests: 

𝛼𝑠 =
1.5𝐹𝑚,𝐵−0.5𝐹𝑚,𝐴

2𝐹𝑚,𝐵−𝐹𝑚,𝐴
                     (6.11) 

where 𝐹𝑚,𝐴 [N] is the maximum force for condition A (no additional strength from the 

sides) and 𝐹𝑚,𝐵 [N] is the maximum force for condition B (additional strength on two 

sides). The above factors are summarized in Table 6.1. 

Table 6.1 influence factors for different types of transitions 

Transitions 

Acceleration 

factor 

(range) 

Load factor (range) 
Strength factor 

(range) 

Revetment 

transitions 

𝛼𝑎 =
𝑈𝑖,𝑠𝑙𝑜𝑝𝑒

𝑈𝑖,𝑐𝑟𝑒𝑠𝑡

 

(1.2-1.5 close to the toe) 

𝛼𝑀,𝑠→𝑟 = 2 − (
𝑛𝑀,𝑠

𝑛𝑀,𝑟

)

6

(

 
 

𝑙𝑛 (
10ℎ

(8√𝑔𝑛𝑀,𝑠)
6
)

𝑙𝑛 (
10ℎ

(8√𝑔𝑛𝑀,𝑟)
6
)
)

 
 

2

 

𝛼𝑀,𝑟→𝑠 = 2 − 𝛼𝑀 
 

𝛼𝑠 =
1.5𝐹𝑚,𝐵 − 0.5𝐹𝑚,𝐴

2𝐹𝑚,𝐵 − 𝐹𝑚,𝐴

 

(0.82-0.97) 

Geometrical 

transitions 

𝛼𝑀 = 1 + sin
1

2
𝜃 

𝛼𝑀 = 1 − sin
1

2
𝜃 

Vertical objects       𝛼𝑀 = 1 + 1/4𝐶𝐷 (1.3-1.575) 

      𝛼𝑀 = 1.4𝐾𝑠 (1.12-1.68) 

 

6.3.2 Theoretical model-transition model (TM) 

A theoretical method consisted of a transition model (TM) and headcut erosion 

model (SSEA) has been developed by Valk (2009) to describe the erosion process at 
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the geometrical transition such as a berm or a toe. The method is based on the turf 

element model by Hoffmans et al. (2008) and jet theory. The water flow is strongly 

disturbed at transitions. The overtopping water not just flows over the bed like on the 

slope, but hits the horizontal bed like a jet impinging on the slope cover. The increased 

turbulence due to the transitions causes enhanced shear stresses on the bed. When the 

shear stress induced by the flow exceeds the critical bed shear stress, erosion of the 

grass cover occurs and a scour hole is formed. After the scour hole reaches a certain 

depth, headcut erosion can occur. Hence, two models are combined to predict the 

erosion process.  

The equation for the TM is given by 

𝑑𝑦

𝑑�̂�
=

(𝜔2𝜏0(𝑑)−𝜏𝑐(𝑑))

𝐸𝑠𝑜𝑖𝑙
                          (6.12) 

where 𝑦 is the erosion depth and �̂� is the characteristic overtopping time. 𝜏0(d) [N/m2] 

is the shear stress at depth d [m] and 𝜏𝑐(d) [N/m2] is the depth depending critical shear 

stress. 𝐸𝑠𝑜𝑖𝑙[m/s] is the soil parameter and inverse to the overall strength parameter 𝐶𝐸 

[(m/s)-1]as defined by Delft Cluster. It is worth noting that the depth strength of grass 

cover is not constant along the depth. In the upper 0.05m to 0.2m the strength is 

determined by grass roots and clay (Verheij et al., 2012). As the depth becomes large, 

the number of roots decreases and therefore the strength decreases. The strength 

decreases to a minimum at a depth of about 0.1m and below the minimum value the 

strength increases again. This varying strength with depth is included in the TM by 

using the dimensionless root area. 

𝜏𝑐(𝑑) = 𝐶𝑐𝑙𝑎𝑦,𝑐 + 𝐶𝑔𝑟𝑎𝑠𝑠,𝑐                         (6.13) 

in which 𝐶𝑐𝑙𝑎𝑦,𝑐 [N/m2] is the depth depending critical shear stress of clay and 𝐶𝑔𝑟𝑎𝑠𝑠,𝑐 

[N/m2] is the depth depending critical shear stress of grass. 

Valk (2009) also considered the decreasing hydraulic jet impact due to a scour hole 

filled with water. 

𝜏0(𝑑) = 𝜏0𝑒
−𝑤𝑑                                  (6.14) 

𝜏0 [N/m2] is the hydraulic load at the surface and d [m] is the depth. 𝑤 is the damping 

coefficient. This model allows to calculate the development of scour in time. The model 

results showed discrepancy compared to the experiments. One reason is that since the 

critical shear stress in the TM was determined by the cubic turf element, assumptions 

made in the cubic turf model might underestimate the strength characteristic. Hence, it 

is necessary to check whether the strength characteristics in the cubic turf model were 
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inaccurate and assumptions were reasonable. Moreover, the value of load coefficient 

describing the load in the TM follows from the theory of Beltaos (1976). The value was 

from figures and there is a certain error in this value. Therefore, the shear stress applied 

by the water tongue at the transition needs further research.  

6.4 Summary 

Transitions can have a negative influence on grass cover stability by decreasing 

cover strength or leading to higher loading of the slope covers. Categorization of 

transitions was made as shown in Figure 6.3 based on location, orientation, nodes as 

well as height difference and roughness difference. Transitions like a berm and 

roughness influence have a significant effect on the overtopping discharge and flow 

characteristics. For the cover erosion in the crest and landward slope, 𝛼𝑀  and 𝛼𝑆 

were introduced to cumulative load model to describe the influence of transitions on 

the velocity and the critical velocity respectively and methods to derive these influence 

factors are given in Table 6.1. Apart from empirical methods, a theoretical method 

consisted of a transition model (TM) and headcut erosion model (SSEA) developed by 

Valk (2009) is also capable of dealing with the influence of transitions such as a berm 

or a toe on grass erosion. Moreover, this model allows to calculate the development of 

scour in time. However, grass strength at the transitions is assumed the same along the 

slope in the model. Nevertheless, transitions can decrease the grass strength. How to 

describe the strength decrease in a theoretical model needs to be researched.     
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7 Conclusions 

This literature report gives an overview of current knowledge about wave 

overtopping and grass erosion. Empirical methods of predicting average overtopping 

discharge are introduced. In addition, individual overtopping volume and flow 

parameters including flow velocity and layer thickness are also included. Considering 

large amount of overtopping water can result in grass erosion on the landward slope of 

dikes, this report introduces the most used erosion models of estimating grass erosion. 

Based on that, the influences of transitions on the grass erosion are discussed. Five 

research questions are answered as following. 

Q1: What are the existing empirical methods for predicting wave run-up, average 

overtopping discharge and estimating the influence factors (e.g. berms, roughness and 

oblique waves)? 

Empirical equations of predicting wave run-up are given in Table 2.1. Wave run-

up depends on wave characteristics and dike configuration. There are three main 

empirical methods to predict average overtopping discharge, i.e. CLASH database, 

Neutral Network and empirical formulae. The Neutral Network tool was developed 

based on the CLASH database and is applicable for a wide range of dike configurations 

while it gave considerable underestimations of average overtopping discharge of berm 

structure (Pillai et al., 2017). Several widely used empirical overtopping equations are 

listed in Table 2.2. Influences of a berm, roughness and oblique waves were often 

described by influence factors. Roughness factors depend on types of roughness 

elements and wave characteristic, not fixed values for a given slope. Roughness factors 

of different types of armor units are given in Table 2.3. Berm influence factors depend 

on the berm geometry and berm location relative to the still water line (Eq. (2.12)) and 

the berm lying on the still water level is the most effective. As to oblique waves, as the 

wave attack angle increases the influence on reducing the wave overtopping discharge 

increases. There is a large difference in oblique wave influence factor by using different 

empirical formulae (Table 2.4).  

Q2: What are the mainly used methods to describe wave overtopping parameters? 

Individual overtopping wave volumes obey a Weibull probability distribution and 

the largest overtopping volume in a given distribution can be predicted by filling in the 
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number of overtopping waves during a storm event (Eurotop, 2016). The most used 

equations to calculate flow velocity and layer thickness were developed by van Gent 

(2002) and Schüttrumpf (2001). On the seaward slope, the flow parameters depend on 

the wave run-up and certain location on the slope. The decay of flow velocity along the 

crest is a function of the bottom friction and distance from the seaward edge while the 

layer thickness on the crest is independent on roughness but only influenced by the co-

ordinate on the crest. Flow velocity and layer thickness along the inner slope are related 

to the slope angle, bottom friction coefficient and distance from the rear edge of the 

crest. According to review of grass erosion, the wave overtopping flow velocity and 

layer thickness are essential inputs for erosion models. Therefore, a good prediction of 

flow parameters is highly important for estimating the grass erosion. 

Q3: What are the advantages and disadvantages of numerical models of simulating 

wave overtopping process? 

Navier-Stokes equations are the basic equations to model interactions between 

waves and structures. Models (SWASH and X-beach) based on non-linear shallow 

water equations (NSWE) simplified from the NS equations are very computational 

efficient but have many limitations on simulation of wave breaking and complex 

configurations of structures. Models (DualSPHysics, Flow-3D and OpenFOAM) on the 

basis of full NS equations give more detailed information on the hydrodynamics and 

higher accuracy of simulations, while they are computational expensive. However, 

OpenFOAM has a reasonable computationally efficiency compared to DualSPHysics 

and has a satisfactory accuracy on modeling the overtopping process. 

Q4: What erosion models were developed to estimate the grass cover erosion?  

Three erosion models, i.e. cumulative effective load model (Van der Meer et al., 

2010), cumulative effective work model (Dean et al., 2010) and cumulative load model  

(Hoffmans, 2012), have been developed to predict the damage level of slope covers 

subject to overtopping waves. Van der Meer et al. (2010) considered 𝑁1 as the number 

of the largest waves for which the velocity is beyond 𝑈𝑐. However, the effects of all 

the waves on the development of erosion are included in the cumulative load model. 

The erosion model given by Dean et al. (2010) is based on the excess of work instead 

of shear stress. The results of cumulative work model were compared to wave 

overtopping simulator results and the conclusion showed that the critical velocities 
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determined from the Hewlett et al. (1987) curves for steady flow could be somewhat 

conservative. This might be an indication that the critical velocity needs to be corrected 

using field and full-scale observations. More experiments are needed to compare and 

improve these models for different types of clay and grass. These three models can only 

give the estimation of damage level of grass covers instead of erosion depth or erosion 

profile.  

Q5: In what way can transitions in dike covers be classified and which methods exist 

to estimate the effect of transitions on dike cover erosion? 

Categorization of transitions was made as shown in Figure 6.3 and there are 81 

types of transitions in total. Transitions such as a berm and roughness difference have 

a great influence on the overtopping discharge and flow velocities as well as layer 

thickness. Physical model tests or numerical modelling are recommended to quantify 

the influence of transitions on flow velocity and layer thickness. Influence factors 𝛼𝑀 

and 𝛼𝑆  were introduced to cumulative load model to describe the influence of 

transitions in the wave overtopping zone on the velocity and the critical velocity 

respectively and equations to derive these influence factor are given in Table 6.1. Apart 

from empirical methods, a theoretical method consisted of a transition model (TM) and 

headcut erosion model (SSEA) was developed by Valk (2009) to deal with the influence 

of transitions such as a berm or a toe on grass erosion. Moreover, this model allows to 

calculate the development of scour in time. However, this model showed disparities 

between the modelled scour depths and measured ones. Hence, more reliable model to 

estimate the erosion is recommended to be investigated. 

By reviewing the existing knowledge of wave overtopping and grass erosion, 

several research gaps are identified. The amount of wave overtopping is affected by 

berms, roughness oblique waves that are parameterized as influence factors in empirical 

overtopping formulae. Reference values of roughness factors for different types of 

roughness elements were provided by TAW (2002) as constants for smaller breaker 

parameters (<1.8). Nevertheless, previous research showed that the roughness factors 

were not constant but depend on wave characteristics. To get a better prediction of 

overtopping discharge, it is necessary to improve existing methods of determining the 

roughness influence. Furthermore, the expression 𝛾𝑓𝛾b𝛾β in TAW (2002) has not been 

validated systematically and therefore the accuracy of the term is still unknown. More 

research is needed to validate the combined influence of a berm, roughness and oblique 
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waves. As to flow parameters which are important inputs for the erosion models, 

equations of flow velocity and layer thickness were derived based on straight slopes. 

Therefore, the influence of a berm or roughness different along the slopes on the flow 

parameters is still unclear. The combined influence of a berm, roughness and oblique 

waves on wave overtopping at dikes will be the main focus of this PhD research.  
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List of symbols 

B : berm width [m] 

C : Chezy coefficient [m1/2/s] 

C0 : crest width [m] 

𝑐𝐴,ℎ
∗  : empirical coefficients for layer thickness [-] 

𝑐𝐴,𝑢
∗  : empirical coefficients for flow velocity [-] 

𝐶𝑐𝑙𝑎𝑦 : rupture strength of clay [N/m²] 

𝑐𝑐,ℎ
∗  : empirical coefficient for layer thickness on the crest [-] 

𝑐𝑐,𝑢
∗  : empirical coefficient for flow velocity on the crest [-] 

𝐶𝐷 : drag coefficient [-] 

𝐶𝑑𝑎𝑚𝑎𝑔𝑒: damage number [-] 

𝐶𝐸 : overall strength parameter [(m/s)-1] 

𝑐𝑒 : effective cohesion of soil [N/m²] 

𝑐𝑚 : added mass coefficient [-] 

𝑐𝑟 : root cohesion [N/m²] 

𝑑 : water depth [m] 

𝐷50 : median grain diameter of the structure [m] 

db : berm level [m] 

𝐸𝑠𝑜𝑖𝑙 : erosion parameter [m/s] 

𝑓 : friction coefficient [-] 

𝑓ℎ : the height of the blocks [-] 

𝑭𝑝 : liner and quadratic drag resistances [m/s²] 

G : gravitational acceleration (=9.81) [m/s²] 

H : elevation of the bottom above the datum level [m] 

H : instantaneous local depth [m] 

ℎ0,2% : layer thickness on the landside edge of the crest exceeded by 2% of the incoming waves 

[m] 

ℎ𝐴,2% : layer thickness on the seaward slope exceeded by 2% of the incoming waves [m] 

ℎ𝐵,2% : layer thickness on the inner slope exceeded by 2% of the incoming waves [m] 

ℎ𝐶,2% : layer thickness on the crest exceeded by 2% of the incoming waves [m] 

𝐻𝑚0 : spectral wave height [m] 

𝐻𝑠 : significant wave height [m] 

I : hydraulic gradient [m/s] 

K : permeability [-] 

𝐾𝐶 : Keulegan-Carpenter number for the stones [-] 

𝑘𝑑 : erosion strength coefficient [m³/(Ns)] 

L : wave length [m] 

m : mass of sediment [kg/m²] 

n : porosity [-] 

𝑁𝑜𝑤 : number of overtopping waves [-] 

𝑁𝑤 : total number of incident waves during a storm event [-] 
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𝑃𝑜𝑣 : probability of overtopping [-] 

𝑃𝑉% : percentage of wave overtopping volumes [-] 

𝑃𝑉 : probability of wave overtopping volumes that exceed the specific volume [-] 

𝑝𝑤 : pore water pressure [N/m²] 

q : average overtopping discharge [m³/s/m] 

𝑟0 : depth-averaged relative turbulence intensity [-] 

𝑟𝐵 : influence of berm width [-] 

𝑅𝑐 : freeboard [m] 

𝑟𝑑𝑏 : influence of berm level [-] 

𝑅𝑒,𝑥 : erosion rate of grass cover with initial damage (a 20 cm deep eroded hole) [m/hour] 

𝑅𝑢2% : wave run-up height [m]                                                 

𝑠0 : fictitious wave steepness  [-] 

T : wave period [m] 

u : depth-integrated horizontal velocity [m/s]; 

𝐔 : flow velocity field [m/s] 

𝑢0,2% : wave overtopping velocity exceeded by 2% of the incoming waves on the landside edge 

of the crest [m/s]; 

𝑢𝐴,2% : wave run-up velocity on the seaward slope exceeded by 2% of the incoming waves 

[m/s] 

𝑢𝐵,2% : wave overtopping velocity exceeded by 2% of the incoming waves on the inner slope [m/s] 

𝑢𝐶,2% : wave run-up velocity on the crest exceeded by 2% of the incoming waves [m/s] 

𝑼𝒄 : compression velocity field [m/s] 

𝑈𝑚 : depth-averaged flow velocity on the slopes [m/s] 

𝑉𝑚𝑎𝑥 : maximum wave overtopping volume [m³] 

𝑤 : damping coefficient [-] 

𝑧𝐴 : position on the outer slope relative to still water level [m] 

𝑧𝑚
′  : maximum erosion depth [m] 

𝛼 : slope angle of seaward slope [°] 

𝛼𝑀 : influence factor on the velocity by transitions or obstacles [-]  

𝛼𝑆 : influence factor on the critical velocity by transitions or obstacles [-] 

𝛼𝑎 : acceleration factor for the front velocity depending on location at landward slope [-] 

𝛽 : wave attack angle [°] 

𝛾𝑏 : berm influence factor [-] 

𝛾𝑓 : roughness influence factor [-] 

𝛾𝑣 : influence factor of a vertical wall [-] 

𝛾𝛽 : oblique waves influence factor [-] 

𝜂𝑎 : air concentration [-] 

𝜃 : angle of shear rotation (=45-70) [°] 

𝜃0 : angle of landward slope [°] 

𝜇𝑡 : dynamic turbulent viscosity [-] 

𝜌 : water density [kg/m³] 

𝜌𝛾𝑓
 : roughness density [-] 
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𝜌𝑠 : soil density [kg/m³] 

𝜎 : surface tension coefficient [-] 

𝜎𝑔𝑟𝑎𝑠𝑠 : mean grass normal stress [N/m²] 

𝜎𝑟𝑜𝑜𝑡 : mean root tensile stress [N/m²] 

𝜎𝑠 : soil normal stress [N/m²] 

𝝉 : specific Reynolds stress tensor [N/m²] 

𝜏𝑏 : is the bottom friction [N/m²] 

𝜏𝑔𝑟𝑎𝑠𝑠 : mean grass shear stress [N/m²] 

𝜙𝑒 : effective internal friction angle [°] 

Δ : relative density (=(𝜌𝑠 − ρ)/ρ) [-] 

ξ : breaker parameter   [-] 

𝜆 : characteristic length scale [m] 

𝜇 : dynamic molecular viscosity [-] 

𝜈 : kinetic viscosity of laminar flow [-] 

Ψ𝑐 : critical Shields parameter [-] 

 


