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Abstract

Conventionally, allowable mean overtopping discharge is used as a design criterion for coastal
structures. The mean overtopping discharge needs to be limited to ensure structural stability as
well as the safety of people, vehicles, and properties behind the structure. Nowadays, limits for
the maximum individual overtopping volumes are also specified in the design manuals, which
requires the study of wave overtopping in wave-by-wave form. In some cases, in order to
achieve more reliable safety for pedestrians and vehicles or to assess the stability of the inner
slope, the maximum velocity and thickness of the overtopping flow need to be considered as
well. The present paper aims to review the basic concepts of the individual wave overtopping
such as the estimation of the probability of overtopping and the statistical methods to study the
distribution of individual overtopping volumes. The temporal evolutions of the overtopping
flow thickness / velocity along with the calculation of the overtopping discharge are discussed.
Moreover, since the continuous recording of parameters is required for the study of individual
wave overtopping, the most common experimental measurement and data analysis techniques
with an emphasis on their advantages and limitations are discussed.

Keywords: wave overtopping; individual wave overtopping volume; probability of
overtopping; overtopping flow thickness; overtopping flow velocity

1. Introduction

Due to continued population growth and the associated development of coastal areas,
protection of people, infrastructures, and properties have become increasingly important
concerns for coastal engineers and managers. In addition, climate change induced sea-level rise
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and changing wave climate have increased the emphasis being placed on coastal protection
structures. Accurate prediction of wave overtopping responses of these structures is a key factor
for engineers in the creation of economical safe designs. Wave overtopping at coastal
protection structures is a complex phenomenon influenced by many parameters such as the
nearshore wave climate and the geometry and materials of the structure.

In order to estimate the extent of wave overtopping of these structures, many different
overtopping parameters can be considered depending on the structure type and project’s needs
[1]. These include mean overtopping discharge, (q), individual maximum overtopping volume
(Vmax), overtopping flow velocity (u) and thickness (h) over the crest, as well as post-
overtopping flow velocity / thickness on the leeward slope. With the exception of the mean
overtopping discharge, all the other responses are parameters related to individual wave
overtopping events and are obtained via ‘wave-by-wave’ analysis. Since overtopping is a
complex random process, analytical methods based on somewhat simplified expressions of the
processes e. g.[2—4] do not necessarily always give reliable predictions [5]. Hence, estimations
of overtopping parameters are mostly based on empirical methods relating overtopping
response to wave and structural parameters. The existing empirical methods in overtopping
manuals e. g.[1,6,7] are mostly derived from laboratory measurements using dimensional
analysis and scaling arguments. The CLASH database [8] is one of the most comprehensive
databases which includes datasets collected during the CLASH European project [9]. This
database mostly focuses on average overtopping rates and very limited data related to wave-
by-wave analysis are provided.

Historically, mean overtopping discharge has been considered the key parameter to describe
the overtopping and it is generally used as the main criterion for the geometric design of
structures. However, the results of experimental and field observations show that the maximum
wave overtopping discharge during an overtopping event may be a thousand times larger than
the mean overtopping discharge [10]. Therefore, the estimation of overtopping parameters
associated with individual overtopping events is considered a critical factor for improved, safer
design, see also [11-13]. In particular, waves with large volumes can be a serious threat for
pedestrians or vehicles utilising the crest of the structure and for the inundation of infrastructure
in the lee of the structure, even if the mean overtopping discharge is quite small. Hence, in
recent design manuals e. g. [1], tolerable Vmax values are specified for different structures and
purposes such as structure stability, the safety of pedestrians, and vehicles. Lastly, the methods
to estimate the maximum overtopping volume are only available for a limited number of
structure types and are less well-validated [5].

Since individual wave overtopping events are random by nature, they should be described by
their exceedance probability distribution which is then commonly related to the mean
overtopping discharge (q), the probability of overtopping (Pow) and the storm duration [14]. A
two-parameter Weibull distribution has been suggested to describe the distribution of
individual wave overtopping volumes and predict the maximum probable overtopping volume
for sloping structures [10] and vertical walls [15]. In the case of protection of the leeward slope
of dikes against erosion or the safety of people and vehicles, overtopping flow velocity and
water layer thickness also become important. Their threshold values are examined for safe
design, analogous to the criteria presented for human stability in river flood flows and urban
drainage manuals e.g. [16-20].



Whilst the study of wave-by-wave overtopping has increased in recent years e.g. [21-23], gaps
in knowledge exist in terms of the range of wave-structure parameter combinations that have
been studied. Consequently, this paper provides a detailed review of publicly available studies
on individual wave overtopping at sea defence structures with the aim of identifying current
knowledge gaps to inform future studies. Although overtopping risk models may provide a
high-level modelling e.g. [24,25], the present study is primarily dedicated to the review of
measurement techniques and challenges, and risk modelling has been overviewed shortly. The
paper is structured as follows: section 2 discusses the different aspects of individual wave
overtopping volume including measurement techniques, probability distributions and the
estimation of maximum overtopping volume. Section 3 focuses on the hydraulic parameters of
overtopping flow namely velocity, thickness and discharge. Finally, the summary and
discussions, and the main findings and recommendations for future studies are given in section
4,

2. Individual wave overtopping volume
2.1. Measurement techniques

All of the existing techniques for laboratory tests are based on the principle of measuring the
temporal evolution of the overtopped water volume typically collected via a chute into a
container behind the structure [26]. The volume in the container is then determined via
measurement of either the water level or the mass. In general, there are two overtopping types,
“(1) runs up the face of the structure and over the crest in coherent water mass (green water),
(2) spray overtopping tends to occur when waves break seaward of the structure or break onto
its seaward face (white water)”’[1]. The second type may not contribute significantly to
overtopping volumes especially when there is no significant wind velocity [1] . The water level
in the container can be obtained using a surface piercing wave gauge e.g. [27,28] or a
subsurface pressure transducer e.g. [29,30]. The main issues with this approach, are the water
level fluctuations in the container due to the overtopping water effects. Possible solutions to
filter out this unwanted ‘noise’ in the water level signal include: averaging the signal from
multiple gauges spread throughout the container; installing a ‘stilling” wall in the centre of the
container which allows water to pass underneath thus reducing the oscillations behind the wall
e.g. [31]. The alternative technique of determining the volume is by measuring the mass of
overtopped water in the container using a weigh cell. The weigh cell can be positioned below
the container [32] or the container may be suspended from the weigh cell [33]. In the case that
the weigh cell is below the container, it is recommended that the container be kept in a dry area
to eliminate the Archimedes force effect on the readings of the weigh cell. The accuracy of
these types of measurements may differ, especially for small discharges. However, mean
discharges less than 10° m®s/m in small-scale experiments are commonly disregarded in the
analysis since those discharges are negligible and possibly affected by scale-effects e.g.
[34,35].

For measurements of significant discharges, the water level at the seaward side of the structure
needs to be controlled in order to avoid that the still water level at the seaward side reduces. If
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the water level in the wave flume decreases due to overtopping volumes or if the volume of the
overtopping container is limited in comparison to the total volume of overtopping water, a
pump can be installed preferably without any contact with the bottom of the container (see
[36]). Using a pump can greatly increase the complexity of the experiment since its effect on
the water level needs to be carefully accounted for in the recorded signals. For more details
about the calibration of the pumping system and activating / deactivating the pump during the
experiment, readers are referred to references [26,32,37].

Limited field measurements of wave overtopping especially in wave-by-wave form can be
found in the literature. These kinds of studies may be quite different from small-scale studies
in terms of both implemented instruments and measurement techniques. For the assessment of
scale effects, the evaluation of the influence of measurement uncertainties and model effects
[38] are also required to distinct the various sources of differences between prototype and
model [39]. De Rouck et al. [40] investigated the scale effects on the measurement of wave
overtopping discharge for different types of structures such as vertical walls [41] and rubble
mound structures [30,42,43]. For vertical walls, they found good agreement between the
prediction of overtopping at field and laboratory models where the negligible differences can
be explained by model effects. However, a clear difference was observed for rubble mound
structures, especially for the small overtopping values. This difference becomes more
significant for longer and flatter slopes where scale model tests predict zero overtopping for an
overtopped prototype situation. Regarding the measurement techniques, field studies are costly
and complicated in terms of installation, maintenance, and monitoring. In situ measurements
conventionally consist of a water tank at the crest or the lee side of the structure in which the
water head is calculated using a pressure transducer e. g. [30,41,44,45]. Because of water level
sloshing, spatially averaged measurement of water depths is needed. When measuring large
overtopping volumes, the tank needs to be drained after reading an individual event. Estimating
the maximum overtopping volume before the test is recommended to ensure that the tank will
never overflow during the storm. Since the waves are often short-crested and the volume per
wave varies considerably in time, overtopping events can vary along the structure [30]. Hence,
the width of the tank (in the direction parallel to shoreline) should be large enough to have a
representative calculation of discharge per metre of crest width. Recently, a new in-situ system
based on a series of wires, WireWall [46], has been proposed to measure wave overtopping in
the wave-by-wave form to provide site-specific calibration of overtopping tools and develop
safety tolerances for flood risk management. This system is agile and easy to set up as no tank
is needed to collect overtopping volumes. A series of capacitance wires are placed in the
direction of wave attack to estimate different overtopping parameters such as the number of
overtopping events, volume, flow thickness and velocity. In order to ensure the reliability and
capability of this instrument for different field conditions, more studies and investigations are
required to assess its advantages and disadvantages in comparison to the water tank system.

2.2 Overtopping event detection

The identification of an individual overtopping event based on the acquired data is another
challenge in the wave-by-wave analysis. No robust technique is reported for the identification
of the individual overtopping event. The existing techniques are mostly focused on innovative
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solutions to improve the identification process. To identify individual overtopping events,
different parameters such as overtopping flow thickness or discharge can be used. This depends
on the case, instrumentation used, the goals of the study, and the required accuracy. Even if the
occurrence of small events seems to be unimportant at the first sight, it should be noted that for
the analysis of the probability of overtopping (Pow), as well as the distribution of individual
overtopping volumes (which lead to estimation of Vmax), the number of overtopping events
(Now) plays a significant role. These issues will be discussed more in the next sections.

One of the easiest ways of identifying overtopping is using individual wave volumes to derive
the cumulative volume curve. This method was first adopted by Franco et al. [15] based on the
assumption that each sudden increase in the volume shows the occurrence of an overtopping
event. The recordings are usually noisy and hence a smooth curve is not easily obtained
especially not if two subsequent events occur quickly after each other. In the case of large
overtopping rates (e. g. low or negative crest freeboard structures) where the pumping system
is needed due to the limited capacity of the container, the identification of individual
overtopping events becomes more complicated. Extreme leaps and descending parts are
observed in the cumulative volume curve and need to be accounted for in the analysis because
of the pumping system and the large impact of water entering the container. Another challenge
in the identification process is the delay between the occurrence of the overtopping event at the
crest and the recorded signal in the container. Placing a wave gauge [47] or using two parallel
strips of metal tape at the seaward edge of the crest [48] are some good examples of the
identification systems. In these cases, the instruments (wave gauge or metal strips) are only
used to detect the correct occurrence.

Fig. 1 shows the schematic time series of cumulative volume and the signal detected from the
wave gauge at the structure crest. As can be seen, the recorded data from the detection system
has a random nature and to obtain useful information, some interpretations are required. In
order to identify the overtopping events automatically, “up / down crossing analysis” is usually
applied by the definition of a constant threshold value. When the record exceeds (up-crosses)
the threshold (green points), the overtopping begins and when it down-crosses (red points) the
threshold, the overtopping ends (see Fig. 1). Hughes and Thornton [49] used an automatic up-
crossing technique to identify overtopping events and controlled their results with manual
observations (human supervised). However, the comparison of the results revealed that a
considerable number of events were lost in the automatic identification system. This is because
the automatic identification system was not able to identify all events (due to the signal
complexity).

Some examples of the overtopping events which cannot be detected by the automatic
identification system are discussed below. As seen in Fig. 1, a small event between t=204 s
and t=205 s, cannot be detected because of having an amplitude lower than the threshold. The
wave gauge signals between t=206 s and t=208 s, shows a large overtopping event. However,
in this case, before the falling part of the signal reaches the threshold, another event begins,
and the system cannot detect the occurrence of the new event. Hence, two subsequent
overtopping events are considered as one. Also, two overtopping events are detected between
t=209 s and t=210 s. Because the occurrence time of the mentioned events are close (in
comparison to the signal pattern), it seems that they belong to one event. Obviously, the
automatic up / down crossing method is sensitive to the threshold value and the selection of the
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appropriate value of the threshold is somehow subjective and may need a trial and error process.
As discussed in these examples, a low value of the threshold may merge a large overtopping
event with the next events, while a high threshold value misses the small events. Platteeuw [50]
proposed using the average of the five-hundredth lowest volume values as the identification

threshold.
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Fig. 1. Schematic overview of automatic overtopping identification using up / down crossing

Molines et al. [21] proposed an improved methodology for the automatic detection of the
individual overtopping event. They defined qz, the derivative of the volume as:

(ti+ TTm) - Vo(ty)

Tm
2

Vo
q:(t;) = 1)

where T, is mean wave period. The following triangular moving average function was applied
as a filter to eliminate frequencies higher than 3Hz (noise) in the derivative of volume:

q2(t;) = 0.25q1(¢;-1) + 0.5q4(t;) +0.25q; (t;41) (2
Overtopping events were identified when the recorded volume is higher than a threshold, V.
If a recorded overtopped volume is below the threshold, two scenarios may occur: (a) Some
subsequent small overtopping events are detected with increasing time delay between their
peak values. This shows that the detected values are the continuation of a large overtopping
event and (b) There is a small local overtopping event with a higher value than those of
surrounding small events which is a real small overtopping event. Finally, the overtopping
events including those higher than the threshold and detected through the second scenario are
re-analysed and the events closer than 0.8T,,, are modified.
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Formentin and Zanuttigh [23] also developed a semi-automatic procedure including two steps
which is applicable for any recorded signal (e.g. overtopping flow thickness, discharge, ...)
from experimental or numerical tests. The first step is the wave identification based on the
threshold up / down- crossing method where the lower threshold (lin) and upper threshold (ut)
are defined. The implementation of the mentioned technique using two thresholds is
schematically presented in Fig. 2(a). When the recorded signal down-crosses the lower
threshold (lt), an overtopping event is detected (hollow circles). The upper threshold (utw) is
always greater than the lower threshold (l) and eliminates the small oscillations in the signal
which have the amplitude lower than thresholds differences (uw - ). For example, the signal
between t=205 s and t=206 s is discarded because it does not up-cross the higher threshold
(uth). On the other hand, some signals were discarded because they do not up-cross the lower
threshold (l) (see the signal near the time = 210 s). The selection of the threshold values needs
to be customized based on both structural and wave characteristics. For example, the difference
of thresholds (uw - lt) depends on the incident significant wave height (Hs) and for emerged
structures (R¢ > 0) it should be lower than that of the submerged structures (R < 0).

The second step is the coupling system in which at least two wave gauges are required to be
installed on the crest of the structure with a certain distance (dw) in the direction of overtopping
flow. An example of the coupled signals of two wave gauges is given in Fig. 2(b). First, the
threshold up / down - crossing method is applied to both wave gauges as discussed. Then, for
each detected wave at the first wave gauge, its corresponding pair must be found at the second
wave gauge signal provided that the coupling criteria are satisfied. Since each coupling pairs
from two wave gauges belong to a unique overtopping event that travels between the gauges,
the time lag of their detection must be between dtmin and dtmax:

dy 1

dtmin = Max (Cd, 5;

(3)
dw

dtmax = (4)

Cs

where ¢4 = Lo, / T, is the maximum wave celerity. Also, the sampling frequency (Sy), can
affect the analysis and it is recommended to be more than c;/ d,,. The minimum possible
celerity in shallow water (c) is computed based on the minimum value of the measured flow
thickness at the first wave gauge (himin) as:

Cs = ghmin (5)

Any detected event that its corresponding pair is not found in the other gauge’s signal or the
found pair did not occur within [dtmin, dtmax] iS discarded. For example, for the detected signals
between t=202 s and t=203 s (first wave gauge) and between t=205 s and t=206 s (second
wave gauge) in Fig. 2, no corresponding pair can be found in the other gauge. Also, two
detected signals between t=211 s and t=212 s were discarded because their occurrence time
delay is greater than dtmax. Another point that can be inferred from Fig. 2, is the lower
amplitudes of recorded signals at the second wave gauge in comparison with those of the first
wave gauge. This phenomenon can be observed in the structures with a permeable crest in



which a portion of overtopping water percolates into the structure body. Thus, some events
may not be detected in the second wave gauge at all or discarded due to having an amplitude
less than (utw - i) in the up / down- crossing steps of the second wave gauge.
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Fig.2. Semi-automatic detection of individual overtopping event, (a): threshold  up/
down- crossing method. (b): the coupling of two wave gauges signal (schematic)

2.3. Probability distribution

The simplest way to estimate the probability distribution of individual overtopping waves is by
sorting overtopping volumes in descending order. The exceedance probability of each

overtopping wave can be expressed as [51,52]:

p=_—" 6)

Now+1




where i is the rank of an individual wave volume and N,,, is the number of overtopping events.
Van der Meer and Janssen [10] and Franco et al. [15] suggested the Weibull distribution to
describe the probability distribution of individual overtopping volumes (V). Hence, the
exceedance probability of each overtopping volume (Py) can be estimated as:

P=exp [-()"] (7)

The parameters a and b are known as the scale and shape factors of the Weibull distribution.
The shape factor (b) as a non-dimensional parameter adjusts the extreme tail of the distribution,
while the scale factor (a) as a dimensional scale normalizes the distribution [1]. According to
the Weibull distribution, Van der Meer and Janssen [10] estimated the maximum individual
overtopping volume based on the number of the overtopping waves (Now) as :

Vinax = @ [ (Ngy,) b ()

A similar formula was later suggested by Lykke Andersen et al. [27] as:

Vi = @ [In(Ngy, + D] )

Small value of b (e.g. b = 0.75) shows that overtopping events are mostly small and only a few
large overtopping events may occur. Most of the structures with large crest freeboards follow
this pattern of distribution. On the other hand, larger values of b (e. g. b = 3) mean that
overtopping waves become significant and a more uniform distribution can be observed for the
overtopping volumes [53]. This condition can be observed in the submerged structures such as
levees where a layer of the overflow always exists on the structure crest.

By assuming the equality of measured mean overtopping volume (V,,.,s) and the theoretical
mean overtopping volume (V;.,,), Franco and Franco [14] derived the scale factor of Weibull
distribution as:

— 1 qNwTm _ 1 aTm
=— = — (10)
F(1+E) Now F(1+E) Pow

where I' stands for the mathematical gamma function:

r(x)=Jf, t*te tdt (11)

The ratio of the number of overtopping waves (Now) to the number of incident waves (Nw), P,,,
is known as the probability of overtopping. Eq. (10) shows that the scale factor (a) and the
shape factor (b) are not independent of each other and the mean overtopping is a key parameter
in the distribution of the individual overtopping volume. Victor [37] suggested a hyperbolic

tangent fit for the coefficient @’ = I'(1 + %):

@ = 1.13 tanh(1.32b) (12)



The review of the early studies shows that the constant value of b = 0.75 was suggested for
emergent structures such as sloped structures [10] and vertical walls [15]. Although the effect
of wave steepness on the Weibull shape factor was considered in some studies (e.g. [47,54,55])
no definite relationship has been established between them. Victor et al. [56] pointed out that
the influence of wave steepness on the shape factor is unclear and proposed the following
formula for the shape factor:

b= exp (-2.0 --) + 0.15cot @ + 0.56 (13)

where R, and H,,, stand for crest freeboard and significant wave height, respectively. Later,
Gallach-Sanchez [26] proposed another similar formula which gives more accurate results than
the method by Victor et al. [56]:

b= (0.59 + 0.23cot a)exp (-2.2 ) + 0.83 (14)
mo

There are also some other types of Weibull shape factor formulae e. g. [21,53,57] based on
dimensionless mean overtopping discharge with the assumption that the effect of relative crest
freeboard, slope angle and wave steepness exist implicitly in the mentioned parameter (see
Appendix A). In the case of shallow water conditions in which the conventional formulae may
give inferior results, Ngrgaard et al. [58] suggested that:

0.75 Bmo = 02 or Hpy/Hi < 0.848
he 10

—6.1 + 8.082mo Bmo ~ 0.2 and Hno/ Hi > 0.848
H1 h¢ 10

10

where h; is water depth at the toe of the structure and Huo is the average of 1/10 highest
incident waves, The Weibull analysis may not provide an accurate fit for the higher values of
the volume. Therefore, some researchers preferred to use only the upper part of overtopping
volumes to improve the Weibull fitting. There is however no consensus about the threshold
value to be used for data selection. Unlike most of the previous studies, instead of the
elimination of some data, Molines et al. [21] implemented the quadratic utility function in
which all data is considered in the analysis in a weighted form. In this process, each overtopping
volume (Vi) has the weight of wi = (Vi /Vimax)? in the range of 0 < w; <1.

The structures with negative crest freeboard such as levees and submerged dikes are subjected
to combined wave overtopping and storm surge overflow. The average discharge (qws) can be
written as the sum of the overtopping discharge (qw) and the surge overflow discharge (qs):

Qws = qw + qs (16)

Moreover, Eg. (10) is no longer valid and the Weibull parameters can be calculated through
Eqg. (A.7). Table 1 shows a summary of the proposed shape factors for different structures as
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well as their characteristics. Fig. 3 compares different proposed shape factor equations. As
seen, all given curves follow a similar pattern where for structures with -1 < Ro/Hmo < 1, a
decreasing trend is observed. For the emerged structures with Rc/Hmo > 1, a constant value for
shape factor can be adopted. For equations in which the effect of the slope is considered, curves
are provided for both upper and lower limits of the range of applicability. Based on the
proposed equations by Victor et al. [56] and Gallach-Séanchez [26] , it can be inferred that by
increasing the slope (decrease of cot ), the shape factor decreases. In Victor et al. [56]
equation, the curves given for cot o = 2 and cot o = 0.36 diverge as R¢/Hmo increases. By
contrast, the curves given by Gallach-Sanchez [26] converge as relative crest freeboard
increase; implying that the effect of structure slope becomes less as Rc/Hmo increases. Hence,
the effect of seaward slope variations on the Weibull shape factor needs to be investigated for
different structure types, preferably within the same test set-up and using the same
measurement and analysis techniques.

Most of studies in Table 1 (all except [15,59]) are based on (small-scale) 2D experiments
representing head-on waves (as the worst condition for overtopping) and long-crested waves
[58]. In the field, however, waves can be oblique and/or short-crested. If methods to account
for the effects of obliqgue waves and short-crested waves that have been developed for
overtopping discharges are adopted for other wave overtopping parameters, potential
inaccuracies are introduced. The combination of wind waves from one direction and swell from
another direction, can also be a challenge for estimating wave overtopping parameters such as
the volume per overtopping wave. Researchers should also be aware of the changes that can
occur due to wave interactions with the bathymetry, such as wave shoaling, wave refraction
and wave breaking. Characteristics of incident waves should be measured at the toe of the
structure. If not possible, incident waves at the toe position can be obtained from tests with the
correct bathymetry but without the structure in position. Alternatively, numerical models can
be calibrated and then used to transfer offshore wave to the toe of the structure e. g.[22].

With respect to the test programmes of wave overtopping studies, it is important that the key
parameters (e. g. Rc/ Hmo, cot a) are within the practical ranges of these parameters, in order
to provide relevant practical guidance.
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Table 1: Summary of the studies of individual wave overtopping distribution

Reference Shape factor (b) Structure type Relative crest freeboard Slope angle Portion of used
upper data (%)
Van der Meer and 0.75 Sloped — rough & smooth - - - -
Janssen [10] impermeable
Franco et al. [15] 0.75 Vertical breakwater — smooth - 0.8<R./H;<2.8 cota=0 -

Besley [47]

Bruce et al. [55]

Hughes and Nadal
[60]

Victor et al. [56]
Hughes et al. [61]
Zanuttigh et al.

[53]

Ngrgaard et al.
[62]

Pan et al. [59]
Gallach-Sanchez
[26]

Juetal. [63]
Molines et al. [21]

Mares-Nasarre et
al. [57]

Egs. (A.1) and

(A2)
0.74

Eq. (A-3)

Eq. (13)

Eq. (A4)

Egs. (A.5) and

(A.6)
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Fig. 3. Weibull shape function for different studies vs. relative crest freeboard

2.4. Probability of overtopping

The Weibull analysis of the individual wave overtopping volume and the estimation of the
maximum individual overtopped volume rely on the number of the overtopping waves (Now).
This quantity is usually expressed in the form of the probability of overtopping defined at the
exposed structure:

NOW
Pow - (17)

Ny

where N,, is the number of incident waves. The estimation of the P, is challenging when very
small overtopping events occur. The probability of overtopping is commonly related to relative
crest freeboard (R./H,y,) as:
1 R
P,, =exp (-(=—%)? 1
o = XD (-C7)?) (18)

The coefficient y can be calculated as:

— 1 Ruz%
X= J=11(0.02) Hmo (19)

R0, 1S the run-up height which is exceeded by 2% of incident waves at the toe of the structure.
The estimation of R,,,/H,,o Needs to be calibrated for different structures under different wave
conditions since many uncertainties exist and methods to predict R,,, are simply not
available, especially for complex structures.
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Fig. 4 compares the proposed equations for the estimation of the overtopping probability (7,,,)
as a function of relative crest freeboard (R./H,,o)(Appendix B). In general, the overtopping
probability values of sloped structures (e.g. Van der Meer and Janssen [10]; Victor et al. [56])
are higher than those of (deep water) vertical walls (e. g. Franco et al. [15]; theoretical curve)
for a certain value of relative crest freeboard. By increasing R./H,y,, the vertical structures
curve shows a very sharp decrease and the overtopping probability becomes zero for R./H,,,
> 2. The equation proposed by EurOtop [1] for vertical walls and that of Franco et al. [15], give
slightly higher overtopping probabilities in comparison to the theoretical curve. Surprisingly,
the curve of Victor et al. [56] with cota = 0.36 (steep slope) has a P,,, lower than those
proposed by EurOtop [1] and Franco et al. [15] for vertical walls but higher than the theoretical
ones. This contradiction may be due to the differences in their approaches of formulae
derivation as Victor et al. [56] used a regression model through key parameters to derive P,,,
formula instead of using relative run-up directly (Eq. 19).In contrast to EurOtop [1] and Franco
et al. [15] in which P,,, was conventionally related to the relative run-up, Victor et al. [56]
directly investigated the effect of three parameters namely slope angle, relative crest freeboard
(Re/Hmo) and wave steepness on P,,,,. Accordingly, they found that the effect of wave steepness
on the probability of overtopping is negligible and provided an equation based on only cot a
and R¢/Hmo (see Appendix B for details).

van der Meer and Janssen [10]

—— Victor etal. [56] - Cot(a)=0.36

e
oo

Victor etal. [56] - Cot(a) =2.75

Theoretical vertical wall

e
&

"""" Franco et al. [ 15] - vertical wall

O EurOtop [1] - Verticall wall - non-
impulsive wave

e
'S

The probability of overtopping (Pow)

o
to

0 1 2 3 4

0

Fig. 4. Relative crest freeboard against the probability of overtopping, different studies

14



3. Overtopping flow thickness, velocity and discharge

In cases where the safety of people or vehicles at the crest of the structure is important, more
information other than simply the volume of severe overtopping waves is required [64,65].
Even if the maximum overtopping volume is acceptable, there is no guarantee that an
overtopping event with excessive flow depth (thickness) (h) or velocity (u) will not endanger
people and vehicles safety. Determining safety criteria for people or vehicles requires an
understanding of their failure mechanisms and the nature of the flow. The product of flow
velocity (u) and thickness (h), u.h, is the most common parameter used to define the safety
limits for different hazard regimes. For example, based on the recommendation of Ball et al.
(ARR) [19], u.h values less than 0.4 m?/s and 0.6 m?/s provide low hazards for children and
adults respectively while u.h > 1.2 m?/s imposes extreme hazards for any pedestrians. Similar
safety limits for vehicles based on u.h values can be found in other studies e. g. [19,66] in
which different instability modes such as sliding, toppling or floating have been considered.
Fig. 5 demonstrates the thresholds for overtopping flow velocity and thickness on the crest of
breakwater proposed [64] for the safety of pedestrians. Generally speaking, these curves imply
that the product of overtopping flow thickness and velocity should be limited. Ball et al. [19]
pointed out that the flow velocity and thickness should be limited to 3 m/s and 0.5 m (for
children). These values are large and are likely not conservative; more detailed studies to derive
accurate estimates of critical velocities, critical layer thickness, and critical volumes are
needed. In the cases that the structure itself is potentially vulnerable, overtopping flow velocity
plays a major role. The large forces due to the jumping of overtopping flow on the crest [67]
or the surface erosion of dikes (leeward slope) due to the accelerating overtopping flow [68]
are examples of the other cases in which overtopping flow velocity / thickness needs to be
considered.

1.2 s
o
1 n
0.8
] h‘
==
06 | o

e
o
T

Tumbling and slipping (adults)

Tiptoe lifting (adults)

Overtopping flow thickness (#7) [m]

e
(]
T

Overtopping flow velocity («) [m/s]
Fig. 5. Overtopping flow velocity and thickness limits for pedestrian stability given by Bae et
al. [64] at the crest of breakwater
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The overtopping responses (flow thickness and velocity) are temporally and spatially variable
over the structure. Hence, by considering the vulnerable points or aspects of the project in terms
of protection (e.g. people, vehicles) or structural stability, overtopping responses can be studies.
The theoretical formula to calculate the depth of overtopping flow was first proposed by Cox
and Machemehl [69] which was later modified by Wallace et al. [70] (Appendix D).
Schittrumpf and Van Gent [11] suggested that both overtopping flow thickness (hzy,(x.=0))
and velocity (uz0,(x,=0)) at the seaward edge of the crest (x, is position on the crest with respect
to its beginning) depend on the difference between 2% run-up height and freeboard crest as:

hz%(xc=0) — 1 (Ruzy— R,
= o () (20)
U2%(xc=0) _ 1 |Ruze— Rc
Uanoxe=0) _ o [Ruzn= Re 21
V9Hs u Hg ( )

where ¢}, and c,, are empirical coefficients which depend on the geometry of the structure.
Table 2 summarizes the values of these coefficients for the seaward side of the crest obtained
by different studies. The coefficient c;, proposed by Schiittrumpf [12] is more than twice of
that of Van Gent [13]. Bosman [71] analysed the data of both mentioned studies and concluded
that the measured velocity values of large-scale experiments of Schittrumpf [12] were
incorrect, mainly due to high turbulent and air containing flow. Bosman [71] and Bosman et
al. [72] incorporated the effect of the seaside slope of the structure and proposed c;= 0.01/sina
and c,;, = 0.3/sin a for dikes with cota = 3,4 and 6. Van der Meer et al. [73] conducted
experiments on dikes and pointed out that the overtopping flow thickness at the seaward crest
is 50% larger than the flow thickness along the crest. They considered the seaward slope effect
(only on the overtopping flow velocity) and proposed c,, = 0.35 cota . EurOtop [1]
recommends c,= 0.2 and c,= 0.3 for sloped structures (cot @ = 3,4 and 6 respectively). Based
on several experimental and numerical tests on dikes (2 < cota < 6), Formentin et al. [74]
proposed the following power equations instead of traditional linear forms with bo = 1:

_ b
hoopx.=0) = an (Ruze, — R (22)

U06(x,=0) = au(\/g(RuZ% — R (23)

where a; = 0.085cot a, a,, =0.12cota + 0.41 and b, = 1.35.
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Table 2: The proposed values of coefficients c;, and c,, by several authors

Author(s) ch c, Structure Type
Schittrumpf [12] 0.35 1.37 Dike - cota = 3,4
Van Gent [13] 0.15 1.33 Dike - cota =4

Bosman [71] 0.01/ sina 0.3/sina Dike - cota =4, 6
Van der Meer et al. [73] 0.35 cota Dike - cota =3, 4,6
EurOtop [1] {0.2 {Dike — cota = 3,4
0.3 Dike — cota = 6
Mares-Nasarre et al. [22] 0.52 Breakwater - cota = 1.5

U (xc, 1) = Upgpqny (1 —

3.1. Overtopping variation in time (temporal evolution)

h X ,t — h . 1 _ ; bp
( c ) 2%(x¢) ( Lov,2% (x¢)
—t b

tov,2% (x¢)
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As discussed in the previous sections, the record of an individual overtopping event (thickness,
velocity or discharge) is bell-shaped with rising and falling limbs (see Fig. 6). Zanuttigh and
Martinelli [75] described the temporal evolution of an overtopping events by defining the rise
time (t,-) and the duration time (t,;) parameters. Later, Formentin and Zanuttigh [23] concluded
that the ratio ¢t,./t; does not exceed 0.5, and is mostly between 0.15 and 0.35. They also found
that t,./t; gradually increases as the overtopping flow evolves across the crest. In several
mathematical equations proposed for the temporal variation of overtopping parameters e. g.
[71,76,77], the rising limb is commonly neglected due to the short duration. Equations (24) and
(25) are the power functions proposed by Hughes and Shaw [77] for overtopping flow thickness
and velocity variations:

(24)
(25)
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Fig. 6. Temporal variation of flow thickness during a single overtopping event (schematic)

Using the volume (V) and occurrence duration (t,,) of a single overtopping event, its mean
overtopping discharge g, = Vf/t,, can be easily calculated. However, in order to visualize an
overtopping event in a better way, the momentary discharge of an overtopping event q(t)
which is the product of overtopping flow thickness and velocity is used:

ar®=h (). u () (26)

Fig. 7 shows the time series of given parameters in Eq. (26), for five consecutive overtopping
events. Hughes et al. [61] noticed that the maximum overtopping flow thickness and maximum
velocity do not occur at the same time. Hence, the occurrence times of maximum discharge,
maximum thickness and maximum velocity could be different. Hughes and Thornton [49] used
the following two-parameter Weibull distribution for the time variation of individual
overtopping discharge on dikes:

ar(t) = L (S lexp[-(H)"] (27)

Here, the shape factor is assumed to be equal to 2 and the scale factor is a function of q,,, and
V¢ (the total volume of a single overtopped wave). Accordingly, the theoretical g, r and its
occurrence time were derived as:

b-1.1
tmax = a(T)b (28)

Veb p—1.b1 _
Gmax.f = —= (52 7 exp[-(50)] (29)

Similar to q,,, gmax,r for each single wave seems to be directly related to its V; and duration
of occurrence (Vr X gmqx,r-tov). Although some studies (Appendix C) have experimentally
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correlated gpq. ¢ to the slope of structure and the volume of individual event (V), no clear
relationship has been suggested between g4, and common wave and structural parameters.

Finding the relationship between the distributions of wave overtopping volumes and the
maximum momentary discharges can be the aim of future studies.
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Fig. 7. Time series of (a) overtopping flow thickness, (b) velocity and (c) discharge
(schematic)

3.2. Measurement techniques

The measurement of the velocity for a non-uniform and unsteady overtopping flow with rapid
variations is difficult especially when the flow is turbulent and aerated at the seaward edge of
the crest [12]. Besides the inherent complex nature of the overtopping, some other challenges
exist in small-scale experiments (e. g. boundary effects). The simplest way to measure the
overtopping velocity is by using a micro-propeller e. g.[13,22,62](Fig. 8). Despite being one
of the widely used instruments, care needs to be taken to ensure that the propeller is working
properly and responds instantaneously when a layer of water reaches the propeller. If there is
a gap between the circular frame of the micro-propeller and the structure surface, the flows
with the depth less than the gap thickness cannot be detected. However, this can be solved as
for instance by embedding the propellers’ frame partially where there is no gap between the
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propeller and the slope [13]. Even if the probe is partially submerged, the data should be used
cautiously and the flow direction should be known, especially when a backward flow may
occur. Validation of the equipment is important to increase the reliability of acquired data from
a micro-propeller. The micro-propeller should be calibrated for conditions where the velocity
is known. For example, two micro-propellers can be installed at the structure crest with a
specific distance in the direction of the flow. Based on the assumption that the overtopping
event at most of the emerged structures (e. g. dikes) occurs in breaking wave conditions [78],
the flow velocity (u) and the velocity of propagation of the wave front known as celerity (c)
should be approximately equal [23].

Another class of velocity measurement instrument uses the Doppler effect which calculates the
velocity of a moving object through the difference in the received frequency in comparison to
the stationary state. Ultrasonic Doppler Velocimeter (UDV)[79], Acoustic Doppler
Velocimeter (ADV)e. g. [80] and Laser Doppler Velocimeter (LDV)(e.g. [60,77]) are some
examples of the Doppler effect-based instrumentations used to measure the velocity at a single
point. Some other types of instrumentations based on the Doppler effect known as the profilers
are able to measure the profile of the velocity along an arbitrary direction e. g. [74,81].
Although the Doppler effect-based instrumentations have higher accuracy than the mechanical
ones, they have also some limitations. For example, UDVs are designed only for liquid
mediums and can be used only in the submerged form. If the sensor is placed above the free
surface of water or the water contains air bubbles, the detected signal will not be reliable.
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Fig. 8: Micro-propeller [82]

The third technique to measure the flow velocity is using the remote sensing approaches in
which the flow movement is recorded by high-speed cameras and the captured images are
processed. The calculation of velocity through image processing was initially employed in the
basic study of fluid mechanics e. g. [83,84] and then developed for breaking wave conditions
e. g. [85-87]. Particle Image Velocimetry (PIV) is one of the most widely used techniques of
remote sensing velocimetry e. g. [88]. In PIV methods, the flow is illuminated (usually by a
laser light sheet) and the velocity is measured by tracing the paths of objects which naturally
exist in the flow (e. g. foam) or are seeded intentionally [89]. Chang and Liu [90] reported that
when the wave breaks and entrains air bubbles, the PIV technique is restricted to only outside
the aerated area and the breaking wave front is lost. Introduced by Ryu et al. [91], Bubble
Image Velocimetry (BIV) is a modified version of PIV which correlates consecutive bubble
images to determine their velocities. Since the BIV technique does not require illumination, its
set up has a lower cost in comparison to PIV. Even though BIV is conceptually simple, there
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are important details that must be considered for the application of this method to obtain
reliable results. The successful application of the BIV technique for wave overtopping problem
in aerated flow can be found in [92,93]. Raby et al. [93] used BIV to estimate velocity, wave
overtopping discharge and hence overtopping volumes. Fig. 9 compares the performances of
BIV with those of weir analogy and numerical model.
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Fig. 9: Estimated overtopping volumes compared with measured overtopping volumes for
steep fronted wave, after [93]

For overtopping flow depth or thickness (h) measurements, different techniques have been
reported. Wave gauges have been widely used in overtopping experiments to measure flow
depth e. g.[13]. Generally, the mechanism of the wave gauges is based on measuring the
electrical resistance between two parallel wires. When flows are turbulent, perhaps due to
spray, a wave gauge may record a higher flow thickness / depth than the actual values [71]. A
multi-pin depth gauge is another instrument to measure flow depths in which a series of small
pins are mounted at a given spacing (for example 1 cm) on a vertical board e. g. [12]. The flow
thickness (depth) can be measured based on the number of submerged pins. The main problem
of the multi-pin depth gauge is that records appear in a stepped graph in increments of the pin
height. Since the depth gauge has a similar mechanism to the wave gauge as mentioned,
measurement of the aerated flow thicknesses/depths may be challenging. Therefore, a video
camera is usually suggested to be installed along with the wave gauge or depth gauge in order
to increase the experiment’s reliability. Pressure cells installed at the surface of the structure
have also been used to estimate the flow thickness. Schuttrumpf [12] and Bosman [71] assumed
hydrostatic pressures and showed that pressure cells miss some overtopping events or they
underestimate the maximum thickness. Recently, LIDARs (Light Detection And Ranging)
have successfully been used to record time-varying free-surface profiles e. g. [94,95]. A
LIDAR is a laser measurement sensor that reads the free surface based on the time of flight
principle. This instrument is suitable for continuous measurement of water surface profile as it
can replace large arrays of conventional point-reader probes (e. g. wave gauges). Blenkinsopp
et al. [94] concluded that the location of the instrument is very important and if it is positioned
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appropriate for the main area of interest, the results will be reliable. The capability of LIDARs
to record the free surface of turbulent and fully-aerated flow has been reported by Montano et
al. [96] and Montano and Felder [97].

4. Summary and Conclusions

Wave-by-wave analysis is a step forward in the study of wave overtopping on coastal
structures. The mean overtopping discharge may not give enough information in many cases
and the critical conditions caused by the larger waves should be assessed. The probability
distribution of individual overtopping volumes determines the probability of a single
overtopping event with a certain volume based on structural and wave parameters. The
temporal evolution of the characteristics of an individual overtopping event, such as thickness
and velocity need to be studied as their maximum values should be considered as design
criteria. At present, the amount of accurate data on wave-by-wave overtopping, and the
thickness and velocities in individual overtopping events, is significantly less than for the mean
overtopping discharge. As discussed, wave-by-wave studies are more time consuming and
expensive as more instrumentations are required in order to measure the characteristics of a
single overtopping event. Moreover, for the continuous detection of records (time series), the
adoption of some techniques to remove the noise and interpret the obtained data is necessary.
A summary of the main findings and the existing challenges of individual wave overtopping
studies as well as some prospects for future studies are given below:

e Measurement of an individual overtopping volume:

The volume of an individual overtopping event is one of the important parameters that
needs to be measured using a container behind the structure. In general, there are three
techniques to measure overtopping volumes in overtopping containers in a laboratory,
using: 1) wave gauges, 2) pressure transducer, or 3) weighing systems. In this paper,
the capabilities and drawbacks of the mentioned techniques were discussed. The
selection of the most appropriate method depends on the project’s needs and
characteristics. A researcher should be aware of the existing limitations of each
technique and know how to minimize the measuring errors by providing a suitable
experimental design. For wave-by-wave measurements in the field, studies are very
limited. As a traditional method, placing a tank at the crest of structure to collect
overtopping water with a continuous draining system is the simplest way to study
overtopping in wave-by-wave form. Recently, the WireWall system has been used to
measure overtopping parameters as an alternative to the traditional in-situ systems
using a collection tank. As yet, the capability of this technique has not been fully proven
as only preliminary results from field measurements have been reported so far. The
comparative assessment of Wirewall against traditional water tank systems in different
conditions can be the aim of future studies.

The results of the analysis suggest that scale effects are more significant for rubble
mound structures than for vertical walls. Hence, investigating the source of the
inconsistencies between small-scale and field measurements and generating field
measurement data for model validation are suggested for future studies.
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Identification of an individual wave overtopping event:

During an experiment, the occurrence of the overtopping events should be detected
using continuous records. The records can be the time series of overtopping flow
thickness obtained from a wave gauge installed at the crest of the structure (or inside
the container) or the cumulative volume curve. Due to potential noise in the measured
signals, identifying overtopping events using the cumulative volume curve is
complicated, especially when a pumping system is used during an overtopping event.
When using the wave gauge signal, some automatic techniques use up / down crossing.
Even though the selection of an appropriate threshold for up / down crossing can
improve the process, observations showed that a considerable number of (small) events
are not detected, although the most important (large) volumes are likely to be captured.
The wave coupling system in which at least two wave gauges are installed on the crest
of structure with a certain distance in the direction of overtopping flow can efficiently
increase the accuracy of the detection system because of the double-check procedure to
remove noises. Besides the automatic techniques, manual (human supervised) control
is highly recommended because some unpredictable conditions may lead to imprecise
identification. Moreover, for future studies, it is suggested to investigate the role of very
small overtopping events as their detection is difficult and expensive. In addition, the
possibility of ignoring small events in the measurement and using the extrapolation of
frequency histogram from the lower threshold down to the zero needs to be studied.

Probability distribution (volume)

The Weibull function with two adjustable parameters (shape and scale factors) is
generally used to describe the distribution of individual wave overtopping volumes and
estimate the maximum probable individual overtopping volume (V,4.)- In the early
studies of wave overtopping Weibull shape factor (b) was considered as a constant value
(e. g. b=0.75). Recently, several studies were conducted to correlate the Weibull shape
factor to different wave and structural parameters where the most popular ones are those
considering the relative crest freeboard (Rc./Hmo) and the slope angle (cot ). Generally,
structures with the negative crest freeboard (submerged) (Re/Hmo < 0) have higher b
values. For emerged structures, by increasing the relative crest freeboard the shape
factor decreases until it reaches to a constant value for Re/Hmo =1. Structures with steep
slopes (smaller cot a) have slightly larger b values in comparison to structures with
gentle slopes. Given that most of the available results are based on 2D laboratory tests,
it is not yet fully understood how 3D effects such as oblique wave and short-crested
waves affect the overtopping volumes, velocities, and layer thickness. Therefore, future
studies can aim to investigate how the mentioned aspects can affect the results and what
can be done to improve the existing design guidelines in terms of the estimation of the
critical overtopping conditions.

Probability of overtopping

The probability of overtopping (P,,,) plays an important role in the distribution of the
overtopping volumes. In general, P,,, is related to the relative crest freeboard (R./H,,,o)
and the coefficient y using an exponential function. The y coefficient depends on the
relative run-up (R,,q, /Hp,) and eventually to the Iribarren number. For the structures
with zero crest freeboard, P,,, is assumed to be unity and by increasing R./H,,q, Pyw
reduces rapidly. For vertical walls, P,,, decreases sharply when R./H,,, increases So

23



that for R./H,,, = 2 no overtopping is likely to occur while sloped structures may
experience overtopping even for R./H,,, = 4.

Temporal variation of overtopping parameters

The records of overtopping flow thickness / velocity show a sharp increase when the
front arrives while later on the thickness / velocity more gradually reduces. A mean
discharge of an individual overtopping event (q,,) can be calculated through its total
volume (V) and the duration of occurrence (t,,). In order to obtain the maximum
momentary discharge of a single overtopping event (Qmax f), the time series of
overtopping flow thickness and velocity are required. As limited studies on the
relationship between gmaxf and other wave and structural parameters are reported,
future research on this topic may be useful.

The probability distributions of individual wave parameters such as flow thickness and
velocity have not been reported in the literature. Future studies can investigate the
relationships between the distribution of these parameters and that of the overtopping
volume. The estimation of the distribution of individual overtopping discharge and the
maximum overtopping discharge based on the distribution of individual overtopping
volume are also recommended to be studied for different types of structures.

Measurement of overtopping flow velocity

Three main used methods are: 1) mechanical (micro-propeller), 2) Doppler effect-based
and 3) remote sensing ones. Using a micro-propeller is the easiest and the most in-
expensive way to measure overtopping flow velocities. A micro-propeller can be used
as a reliable instrument provided all mentioned practical points to be checked to ensure
their correct recordings. These points include the position of the instrument on the crest,
the turbulence of flow and, the submergence and the response-time of the propellers.
Several instruments (e.g. UDVs, AVDs, LDVs, ...) of Doppler-based approaches are
used in the wave overtopping studies which can be categorized into two main groups:
point readers and profilers. These instruments are generally designed for a uniform
medium (liquid) and may not be appropriate for flows with a large amount of entrained
air or bubbles. Remote sensing approaches are based on image processing using (high-
speed) cameras where the user needs to be experienced enough to conduct all procedure
including lightening (if applicable), the capturing and processing of images
appropriately. As a suggestion for future studies, the accuracy of the mentioned
techniques for the measurement of overtopping flow velocity can be compared.

Measurement of overtopping flow thickness

Overtopping flow thicknesses are usually measured by a wave gauge. A depth / step
gauge can also be used on the structure crest which gives the records in a step form.
One of the common problems in using these instruments is that sprays and bubbles in
aerated flows (where the flow depth is read) may show more than the actual water depth.
Therefore, the use of a video camera can help to detect the existence of such spray
and/or bubbles. LIDARs can also be used as an alternative to the arrays of wave gauges
which reads the longitudinal free surface profile of water flow.
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a: Weibull scale factor

g;: continuous record of the derivative of the volume

@ F(1+5)

q*: dimensionless mean overtopping discharge defined by
q/gHsTmfl 0

b: Weibull shape factor

R20,: run-up level exceeded by the 2% of the coming waves

B: berm length

Ry,: dimensionless crest freeboard defined by R;, = (%)( %):’:;‘

c: wave celerity

R.: crest freeboard

cg: maximum wave celerity

S. sampling frequency

¢,: minimum possible celerity in shallow water

Sm10. Wave steepness defined by 2mH,,,/gT2_10

d,: water depth on the berm

Sep- Wave steepness defined by 2mH,/gT?

dtmin: minimum lag between the detected events in the coupling
process

T,,: mean wave period

dtmax: maximum lag between the detected events in the coupling
process

Tma0. Spectral wave period

dy: distance between two wave gauges at the crest of structure in
the direction of flow

T,: peak wave period

g: acceleration due to gravity

T: wave period to be added

Humo: spectral wave height

t: time

Hs: significant wave height

toy: Overtopping time

Hyi0: average of the 1/10 highest incident waves

u: flow velocity

h: flow thickness

Usn: lower threshold of up/down- crossing method

hmax: maximum overtopping flow thickness

V: mean overtopping volume

h,: water depth at the structure toe

V: overtopping volume

Bt ﬂ (Znht
' Hg ‘gTA
s 9Im

Vs volume of an individual overtopping event

himin: measured flow thickness at the first wave gauge

V, :accumulated overtopping volume

Ly,_1,: deep water wavelength defined by 1.56T2_, o

Vmax: maximum individual wave overtopping volume

Lo, p: deep water wavelength

Vineas: Measured mean overtopping volume

lin: lower threshold of up/down- crossing method

Vr: threshold value to identify the overtopping events

Nw: number of waves

Vineor: theoretical mean overtopping volume

Now: number of overtopping waves

x.: position on the dike crest with respect to the beginning of the
dike crest

P: exceedance probability of each overtopping wave

a: angle of seaward slope of structure

P,: exceedance probability of each overtopping volume

¥»,sr: Teduction factor for berm effect on shape factors

Pow: probability of overtopping

¥»,»- Teduction factor for berm effect on probability of
overtopping

g: mean overtopping discharge

¥y roughness factor

gr: momentary discharge of an individual overtopping event per
unit length

Y¢—surs+ Modified roughness factor

qn: Mean overtopping discharge of a single wave

- shallow foreshore factor

Omax - Maximum momentary discharge of individual overtopping
event

yg: oblique wave factor

Qw: overtopping discharge at submerged structures

yp: berm factor

Qus: average discharge at submerged structures

&, Iribarren number defined by tan a/\/H,/L,

gs: surge overflow discharge

&n-10: Iribarren number defined by tan a/\/H,0/Lym-1,
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Appendix A. Weibull shape and scale factors

Author Weibull parameters Equation
Besley [47] b=
—_— dition (h* > 0.3 0.66 s, = 0.02 Al
non — impulsive condition (h* > 0.3): {0.82 Sop = 0.04
impulsive condition (h* < 0.3): 0.85
Besley [47] b= 076  sop =0.02
- {0.92 Sop = 0.04 A2
Hughes and Nadal a 0.79 qysT, A3
[60] b=15.7 ( )0 35 _ 9, 3 ( )0 .79
gHmO3
Hughes et al. [61] b = [exp(—0.6 i)]l-s +0.64 A4
Zanuttigh et al. b =0.85 + 1500 (7)1-3 A.5
HmoTm-1,0
[53]
Zanuttigh et al. b=0.73 +55 (ﬁ)w A6
[53] moim-1,0
Pan et al. [59] a=1.017 qysTim-10 AT
(Large-scale) 73.55 ( dws Y076 R~ _03
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54.58 (—2)063 _ 03 <2 < 0
9HmoTp Hmo
Molines et al. [21] b=0.63 + 1.25 exp ((-3x 10°) ¢*) A.8
_ 1
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Mares- Nasarre et b=0.8+exp ((-2x 10°) g*) A9
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Appendix B. Probability of overtopping

Author Ryz9 P, Structure type
HmO
Van der Meer L5 Vu¥rVpVnlp exp (- (1 Rc ) ) sloped
and Janssen [10]  with the maximum of
3YnYrYp
Owen[98] - exp (K1 L )2) smoothed slopes
ng with 1l < cota <4
and armoured
63.8 cota =1 . N
K, = [37.8 cota = 2 slopes with 1 <
1105 cota = 4 cot a <2
Besley [47] - {55-4 q.>%*  0<gq. <8x10™ sloped
25q,%1% 8x10™* < q, < 1072
1 107 < qu 0.05< TmJg_Hs
0.3
TAW [7] 1.65 Yu¥sYpYbém-1,0 exp (- (1 Re 2 sloped
with the maximum of 05<ypém-10<8
1.5
YnYbYp (4 - m) to 10
Victor et al. [56] - r steep low crest
0.71-0.15cot
slopes
0.36<cota <
2.75
Ngrgaard et al. - K, exp (K1( )2) sloped
[62] vy Tm ng cota =1.5
K, = proposed by Owen [98]
KZ:
1 ”,Z°< 0.2 or Hpo/Hi < 0.848
—6.65 +9.02 Hpo/H ”h—":"> 0.2 and Hpo/H1 > 0.848
EurOtop [1] 1.65 Yn¥s_surfYgYbém-1,0 exp (- (1 Re ) ) sloped
SMOOtN: Y¢_syrr = ¥f
rubble mound: yy_gy,r =
Vet Emor0 — 18) (- )5
Mares — Nasarre - exp (- 03) Sloped
[57] (breakwater)
Juetal. [63] - exp (_0_56(i L)Z) Sea dikes with
berm
Ybp —exp(4—+002 )
Theoretical 14 vertical walls

exp (-(1.4 H—mo) )
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Franco et al. 1.78 exp (-(1.1 &)2) vertical walls
Hmo
[15]
(Large-scale)
- 5 -
Besley [47] non-impulsive condition (h* > 0.3): exp (— (1.098 H'i) ) vertlcz;I wall
mo 0.03<-=£<32
impulsive condition (h* < 0.3): 0.031R;*%° Hs
EurOtop [1] - non — impulsive condition: exp (—1.21(;4)2) vertical wall
mo
impulsive condition: 0.024 [#ENHR”O]

with the minimum of non — impulsive equation
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Appendix C. Empirical equations proposed by Hughes and Thornton [49] using the data
set of Lorke et al. [80,99]:

G = 0.066 /g V;*/* 1)
_ 173V

tmax = ~eama (C.2)

max = 0.352Vf3/41/g tana (C.3)
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Appendix D. Theoretical formula for the calculation of overtopping flow thickness over
the crest ([69,70]):

d (re)= R = Re = sl (D)

d (x.): Overtopping flow thickness on the crest
R,: Run-up

A: Inland slope factor

m: positive upward inland slope

T: wave period
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