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Abstract: The probability of overtopping over the crest of dikes increases significantly during
extreme events. Wave overtopping over dikes can initiate breaching of the dike. Hence, a reliable
estimation of the overtopping discharge is important for the dike design and safety assessment. Berms
and roughness elements are widely used around the world to reduce the wave overtopping discharge
over dikes. This study focuses on the berm influence and roughness influence on the average
overtopping discharge over dikes by means of physical model tests. The experimental results show
that there is a large difference between measured influence factors and calculated ones by using the
existing equations. New equations are necessary to improve the predictive accuracy of berm and
roughness influence factors thereby improving the prediction of average overtopping discharge.
Keywords: average overtopping discharge, block revetment, berm, roughness, model tests
1 Introduction
Dikes are important coastal structures in the flood defense system protecting infrastructure and people
in the coastal areas from flooding. When the wave run-up goes beyond the crest of dikes, wave
overtopping occurs (Figure 1). With 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. The probability of overtopping the crest of dikes increases significantly during
extreme events, which may initiate dike breaching. Usually wave overtopping is described by the
average overtopping discharge which represents the volume of overtopped water per second per meter
width. The average overtopping discharge is regarded as a key parameter to determine the crest level
and geometry of dikes. Therefore, it is of vital importance to make a reliable estimation of the average
overtopping discharge.

Fig. 1.

Wave overtopping at dikes (EurOtop, 2018).
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Many researches (e.g. Owen, 1980; De Waal and Van der Meer, 1993; Franco et al., 1995; Hebsgaard
et al., 1999; TAW, 2002; Van Gent et al., 2007; Goda, 2009; Jafari and Etemad-Shahidi, 2011; Van
der Meer and Bruce, 2014) have been conducted on wave overtopping in the last decades, contributing
to a variety of empirical overtopping formulae and models. Wave conditions and configurations of
coastal structures are important factors that affect the overtopping discharge. Influences of roughness
elements, berms, vertical walls and oblique waves are parameterized as influence factors in some
empirical overtopping models.
Roughness elements and berms are applied worldwide to reduce the wave overtopping over
dikes. Concrete blocks, grass and rocks are often used as revetments on the waterside slope of dikes.
TAW (2002) provided reference values of roughness influence factors as constants for different types
of roughness elements. However, research (Capel, 2015; Van Steeg et al., 2018) showed that the
roughness influence factors are not static but vary with wave conditions and dike configurations. In
addition, various roughness elements can be combined in the protection. Most of the existing
overtopping predictors are limited to only one type of roughness element that is applied on the entire
slope surface. It remains unclear how to determine the influence factor for varying roughness along
the slopes.
Application of berms can also significantly reduce the wave overtopping discharge. TAW (2002)
gave an equation to estimate the berm influence. This equation was developed for the smooth
impermeable berm. Sigurdarson and Van der Meer (2012) derived a new formula on the basis of
experimental data to describe the influence of permeable (reshaping) berms on the wave overtopping
discharge. Etemad-Shahidi and Jafari (2015) developed an overtopping formulae applicable for berm
breakwaters based on selected data from the CLASH database (Verhaeghe et al., 2003; Steendam et
al., 2005; Van der Meer et al., 2009) by using regression analysis. In this overtopping formula, the
berm influence was included by using an equivalent slope. Research about the influence of permeable
berms on wave overtopping is still limited.
The existing research mainly considered the individual influence of roughness elements or berms
on the wave overtopping discharge. However, there are little (or no) studies that systematically
consider the berm and roughness influence in combination, because influence factors are derived by
only varying the roughness elements or the berm, and seldom in combination. In TAW (2002),
EurOtop (2007) and EurOtop (2018), it is assumed that both factors are valid in combination, but this
is never consistently tested. The goal of this study is to investigate the roughness influence, berm
influence, and combined influence of both on the average overtopping discharge by conducting
physical model tests and to improve the predictive accuracy of overtopping discharge. The focus of
this paper is to provide a literature review on existing overtopping formulations and to present the
setup and test programs of physical models. The paper is outlined as follows. Section 2 gives reviews
of the mainly used overtopping predictors and the empirical formulas for estimating the roughness
influence and berm influence respectively. Section 3 presents the test facility and test program. In
Section 4, the existing overtopping equations and formulas for roughness influence and berm
influence are evaluated by comparing with the experimental data. The main findings from the analysis
are summarized in Section 5.
2 State of art
2.1

Empirical methods for overtopping discharge

There are many empirical models available to predict wave overtopping at coastal structures. TAW
(2002) provided the following formulas, as also used in EurOtop (2007), to calculate the average
overtopping discharge at dikes taking several influence factors (e.g. roughness, berms, oblique waves,
vertical wall) into account, which is widely used around the world.
𝑞𝑞

�𝑔𝑔∙𝐻𝐻𝑚𝑚0

3

=

0.067
𝛾𝛾𝑏𝑏
√𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼

∙ 𝜉𝜉𝑚𝑚−1,0 ∙ exp �− �4.75

𝑅𝑅𝑐𝑐

𝜉𝜉𝑚𝑚−1,0∙𝐻𝐻𝑚𝑚0 ∙𝛾𝛾𝑏𝑏 ∙𝛾𝛾𝑓𝑓 ∙𝛾𝛾𝛽𝛽 ∙𝛾𝛾𝑣𝑣
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with a maximum of
𝑞𝑞
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= 0.2 ∙ exp �− �2.6

𝑅𝑅𝑐𝑐

𝐻𝐻𝑚𝑚0 ∙𝛾𝛾𝑓𝑓 ∙𝛾𝛾𝛽𝛽

��

(2)

where q is the average overtopping discharge, Rc is the freeboard which is the vertical distance of the
tan 𝛼𝛼
) is the breaker parameter,
dike crest relative to the Still Water Level (SWL), 𝜉𝜉𝑚𝑚−1,0 (=
2
)
�2𝜋𝜋𝐻𝐻𝑚𝑚0 /(𝑔𝑔𝑇𝑇𝑚𝑚−1,0

𝛾𝛾𝑏𝑏 is the influence factor for berms, 𝛾𝛾𝑓𝑓 is the roughness factor, 𝛾𝛾𝛽𝛽 is the influence factor for oblique
waves, 𝛾𝛾𝑣𝑣 is the influence factor for vertical walls at the crest, and 𝛾𝛾 ∗ is a combined factor for
geometrical influences. Eq. (1) is applicable for breaking waves and Eq. (2) is for non-breaking waves
reflected by 𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0. The transition between these two equations lies around 𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 = 1.8.
EurOtop (2018) adapted the TAW (2002) overtopping formulae especially for the low freeboards
including the zero freeboard. The formula provided by EurOtop (2018) is similar to the one suggested
by TAW (2002) but has a power function in the exponent and other values for the empirical
coefficients.
𝑞𝑞

�𝑔𝑔∙𝐻𝐻𝑚𝑚0 3

=

0.023

𝛾𝛾𝑏𝑏
√𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼

with a maximum of
𝑞𝑞

�𝑔𝑔∙𝐻𝐻𝑚𝑚0 3

∙ 𝜉𝜉𝑚𝑚−1,0 ∙ exp �− �2.7

= 0.09 ∙ exp �− �1.5

𝑅𝑅𝑐𝑐

𝐻𝐻𝑚𝑚0 ∙𝛾𝛾𝑓𝑓 ∙𝛾𝛾𝛽𝛽 ∙𝛾𝛾

𝑅𝑅𝑐𝑐

𝜉𝜉𝑚𝑚−1,0 ∙𝐻𝐻𝑚𝑚0 ∙𝛾𝛾𝑏𝑏 ∙𝛾𝛾𝑓𝑓∙𝛾𝛾𝛽𝛽 ∙𝛾𝛾𝑣𝑣

1.3

� �

1.3

�
∗�

(3)

(4)

in which 𝛾𝛾 ∗ is a combined factor for geometrical influences. It is worth mentioning that the influence
factors 𝛾𝛾𝑏𝑏 , 𝛾𝛾𝑓𝑓 , 𝛾𝛾𝛽𝛽 and 𝛾𝛾𝑣𝑣 are based on the equations in TAW (2002) with these reduction factors to the
power c=1 (Eq. (1)) while in EurOtop (2018) the same influence factors are applied to a different
power (c=1.3). Gallach-Sánchez (2018) calibrated coefficient c for relative free board 𝑅𝑅𝑐𝑐 /𝐻𝐻𝑚𝑚0 ≥ 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, there is still some dispute over the optimal value for the c coefficient. TAW
(2002) and EurOtop (2018) give different equations for both breaking waves and non-breaking waves,
Eq. (1) versus Eq. (3) for breaking waves and Eq. (2) versus Eq. (4) for non-breaking waves.
Capel (2015) developed the following overtopping equation based on the wave run-up Ru2% in
order to better represent the difference in waterside slope gradients and this equation is applicable for
both breaking and non-breaking waves.
𝑞𝑞

�𝑔𝑔∙𝐻𝐻𝑚𝑚0 3

=

0.027

√𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼

∙ 𝜉𝜉𝑚𝑚−1,0 ∙ exp �− �6.5

𝑅𝑅𝑐𝑐

��

(5)

− 1.04 𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼𝑡𝑡𝑣𝑣𝑎𝑎 − 4.975�

(6)

3.45∙𝑡𝑡𝑡𝑡𝑡𝑡ℎ(0.65∙𝜉𝜉𝑚𝑚−1,0 )∙𝐻𝐻𝑚𝑚0 ∙𝛾𝛾𝑓𝑓

Although the influence of the berm is not included in Eq. (5), it is feasible to extend the equation to
include the berm influence through the berm influence factor (Capel, 2015). The new equation gives a
better match than the EurOtop (2007) equation with the experimental data by Capel (2015).
To enhance the robustness and reliability of the overtopping prediction, Etemad-Shahidi and Jafari
(2015) developed the overtopping formulae applicable for breakwaters with a berm based on a
comprehensive dataset extracted from the CLASH database by using regression analysis.
𝑞𝑞

�𝑔𝑔∙𝐻𝐻𝑚𝑚0 3

= exp �−0.97

in which

tan 𝛼𝛼𝑡𝑡𝑣𝑣𝑎𝑎 =

𝑅𝑅𝑐𝑐

𝐻𝐻𝑚𝑚0 𝛾𝛾𝑓𝑓

− 0.4

𝐺𝐺𝑐𝑐

𝐻𝐻𝑚𝑚0

3𝐻𝐻𝑚𝑚0

(7)

((1.5𝐻𝐻𝑚𝑚0 −ℎ𝑏𝑏 ) 𝑐𝑐𝑐𝑐𝑡𝑡 𝛼𝛼𝑢𝑢 +(1.5𝐻𝐻𝑚𝑚0 +ℎ𝑏𝑏 ) 𝑐𝑐𝑐𝑐𝑡𝑡 𝛼𝛼𝑑𝑑 )

where Gc is the crest width. Instead of introducing a berm factor, this formula accounts for the
influence of a berm through the tan αave .
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The abovementioned empirical formulas are summarized in Table 1.
Tab. 1.

Summary of the overtopping empirical formulae

Reference

Equations

TAW (2002)

𝑞𝑞

�𝑔𝑔𝐻𝐻𝑚𝑚0
𝑞𝑞

�𝑔𝑔𝐻𝐻𝑚𝑚0

Capel (2015)
Etemad-Shahidi
and Jafari
(2015)
EurOtop (2018)

𝑞𝑞

�𝑔𝑔𝐻𝐻𝑚𝑚0
𝑞𝑞

�𝑔𝑔𝐻𝐻𝑚𝑚0

3

3

3

3

𝑞𝑞

�𝑔𝑔𝐻𝐻𝑚𝑚0 3
𝑞𝑞

�𝑔𝑔𝐻𝐻𝑚𝑚0 3

2.2

=

0.067
𝑅𝑅𝑐𝑐
𝛾𝛾 𝜉𝜉
exp �− �4.75
��
𝜉𝜉𝑚𝑚−1,0 𝐻𝐻𝑚𝑚0 𝛾𝛾𝑏𝑏 𝛾𝛾𝑓𝑓 𝛾𝛾𝛽𝛽 𝛾𝛾𝑣𝑣
√𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼 𝑏𝑏 𝑚𝑚−1,0
𝑅𝑅𝑐𝑐

= 0.2exp �− �2.6 𝐻𝐻

𝑚𝑚0 𝛾𝛾𝑓𝑓 𝛾𝛾𝛽𝛽

=

0.027
𝜉𝜉
√𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼 𝑚𝑚−1,0

𝑅𝑅𝑐𝑐

𝑅𝑅𝑐𝑐

3.45tanh(0.65𝜉𝜉𝑚𝑚−1,0 )𝐻𝐻𝑚𝑚0 𝛾𝛾𝑓𝑓

��

𝐺𝐺

𝑚𝑚0

0.023

√𝑡𝑡𝑡𝑡𝑡𝑡

𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 > 1.8

− 0.4 𝐻𝐻 𝑐𝑐 − 1.04 𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼𝑡𝑡𝑣𝑣𝑎𝑎 − 4.975�

𝑚𝑚0 𝛾𝛾𝑓𝑓

=

��

exp �− �6.5

= exp �−0.97 𝐻𝐻

𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 < 1.8

𝛾𝛾 𝜉𝜉
exp �− �2.7
𝛼𝛼 𝑏𝑏 𝑚𝑚−1,0

= 0.09exp �− �1.5 𝐻𝐻

𝑅𝑅𝑐𝑐

𝑚𝑚0 𝛾𝛾𝑓𝑓 𝛾𝛾𝛽𝛽

𝑅𝑅𝑐𝑐

𝜉𝜉𝑚𝑚−1,0 𝐻𝐻𝑚𝑚0 𝛾𝛾𝑏𝑏 𝛾𝛾𝑓𝑓 𝛾𝛾𝛽𝛽 𝛾𝛾𝑣𝑣

1.3

� �

1.3

� �
𝛾𝛾 ∗

𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 < 1.8
𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 > 1.8

Existing methods to deal with the roughness and berm influence

TAW (2002) has given reference values of roughness factors for different types of roughness
elements. The recommended values of influence factors for roughness elements apply for 𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 <
1.8, increasing linearly up to 1.0 for 𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 = 10 and remain constant for larger values (TAW,
2002), which can be written as Eq. (8).
𝛾𝛾𝑓𝑓−𝑟𝑟𝑎𝑎𝑐𝑐

𝛾𝛾𝑓𝑓 = � 𝛾𝛾𝑓𝑓−𝑟𝑟𝑎𝑎𝑐𝑐 + �𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 − 1.8� ∙
1.0

1−𝛾𝛾𝑓𝑓−𝑟𝑟𝑟𝑟𝑐𝑐
8.2

𝑓𝑓𝑓𝑓𝑓𝑓 𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 < 1.8

𝑓𝑓𝑓𝑓𝑓𝑓 1.8 < 𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 < 10

(8)

𝑓𝑓𝑓𝑓𝑓𝑓 𝛾𝛾𝑏𝑏 𝜉𝜉𝑚𝑚−1,0 > 10

in which 𝛾𝛾𝑓𝑓−𝑟𝑟𝑎𝑎𝑐𝑐 [-] refers to the recommended values of the roughness factor by TAW (2002). Bruce et
al. (2009) investigated the roughness influence factors by conducting small-scale physical model tests
and determined the values of roughness factors for various types of armor. Capel (2015) studied the
roughness influence of protruding blocks on wave overtopping and wave run-up and found that the
roughness influence factors are not static. A new parameter, i.e. roughness density 𝜌𝜌𝛾𝛾𝑓𝑓 is introduced to
describe the characteristics of the roughness pattern. A new equation to assess the roughness influence
coefficient of protruding blocks was proposed.
′
∙ 𝜌𝜌𝛾𝛾0.5
∙ �−ln �
𝛾𝛾𝑓𝑓 = 1 − �0.585 ∙ �0.075 − 𝑠𝑠𝑚𝑚−1,0
𝑓𝑓

with

𝜌𝜌𝛾𝛾𝑓𝑓 =

𝑞𝑞

�𝑔𝑔𝐻𝐻𝑠𝑠3

𝛾𝛾𝑓𝑓,𝑤𝑤 ∙sin 𝛼𝛼∙ℎ𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝

���

(9)

(10)

𝑅𝑅𝑐𝑐

1089

′
[-] is the local wave steepness; 𝜌𝜌𝛾𝛾𝑓𝑓 [-] is the roughness density parameter; 𝛾𝛾𝑓𝑓,𝑤𝑤 [-] is the
where 𝑠𝑠𝑚𝑚−1,0
dimensionless roughness width, which refers to the total width of the exposed elements per meter
dike; ℎ𝑝𝑝𝑟𝑟𝑐𝑐𝑡𝑡 [-] is the height of protrusion. 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:

𝛾𝛾𝑓𝑓 =

0.0028𝐻𝐻𝑚𝑚0
𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎

+ 𝑓𝑓0

(11)

where 𝑑𝑑𝑐𝑐ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎 [m] is the open volume per square meter protection. 𝑓𝑓0 =0.69, 0.72 and 0.75 for
Hillblock®, RONA®Taille and Verkalit®GOR respectively. Eq. (11) indicates that the roughness
factors vary with wave conditions and properties of roughness elements instead of fixed values. It is
necessary to investigate the roughness factors for other types of revetments. For the varying roughness
along the slope, the various influence factors were weighted by including the lengths of the
appropriate sections of the slope. If three types of roughness elements with lengths of L1, L2 and L3
and influence factors of 𝛾𝛾𝑓𝑓,1 , 𝛾𝛾𝑓𝑓,2 and 𝛾𝛾𝑓𝑓,3 respectively were applied along the slopes, then the
weighted average is (TAW, 2002):

𝛾𝛾𝑓𝑓 =

𝛾𝛾𝑓𝑓,1𝐿𝐿1 +𝛾𝛾𝑓𝑓,2 𝐿𝐿2 +𝛾𝛾𝑓𝑓,3 𝐿𝐿3

(12)

𝐿𝐿1 +𝐿𝐿2 +𝐿𝐿3

However, this equation has not been validated systematically and therefore the accuracy of this
formula remains unclear.
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 (Figure 2). There are two main
ways to account for the berm influence. One is to introduce the berm influence factor and the
characteristic slope is determined excluding the berm (Figure 3a). The influence factor γb (TAW,
2002) for a berm is defined below.
𝛾𝛾𝑏𝑏 = 1 − 𝑓𝑓𝐵𝐵 (1 − 𝑓𝑓𝑑𝑑ℎ ) 0.6 ≤ 𝛾𝛾𝑏𝑏 ≤ 1.0
𝑓𝑓𝐵𝐵 =

(13)

𝐵𝐵

𝐿𝐿𝐵𝐵𝑟𝑟𝑟𝑟𝑚𝑚

𝑑𝑑ℎ

𝑓𝑓𝑑𝑑ℎ = 0.5 − 0.5 𝑐𝑐𝑓𝑓𝑠𝑠 �𝜋𝜋 𝑅𝑅

𝑢𝑢2%

𝑑𝑑

�

𝑓𝑓𝑑𝑑ℎ = 0.5 − 0.5 𝑐𝑐𝑓𝑓𝑠𝑠 �𝜋𝜋 2∙𝐻𝐻ℎ �
𝑚𝑚0

for a berm above the still water level
for a berm below the still water level

where 𝑓𝑓𝐵𝐵 represents the influence of the width B and 𝑓𝑓𝑑𝑑ℎ stands for the effect of the dh.

Fig. 2.

Definition of a berm (EurOtop, 2018).

Fig. 3.

Characteristic slope a) without considering the berm b) considering the berm (Pillai et al., 2017).
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The other way to take the berm influence into account is to use the characteristic slope by including
the berm (Figure 3b). 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 when the berm is located between
+cbermHm0 above and –cbermHm0 below the still water line. Owen (1980) also studied the berm
influence on the average overtopping discharge and provided a table for calculation of coefficients A
and B, which are two empirical factors in the overtopping equation, for different berm lengths and
berm elevations to account for the berm influence. Sigurdarson and Van der Meer (2012) suggests that
the wave steepness also has an effect on the berm influence, but the wave steepness has not been
included in the estimation method of the berm influence factor. Additionally, research about the
method for the influence of permeable berms of dikes is very limited and therefore it remains unclear
how to estimate the influence of permeable berms.
The roughness factors depend on parameters such as wave height, wave steepness and properties of
roughness elements instead of constant values given by TAW (2002), EurOtop (2007) and EurOtop
(2018). In addition, research about the influence of permeable berms of dikes is limited. To
summarize, it is necessary to improve the estimation methods for roughness influence factor and berm
influence factor. Research about the influence of combined roughness elements along the slopes and
berms on the wave overtopping discharge is quite limited and the only available equation (Eq. (12))
has not been validated with experimental data. Physical model tests are conducted to investigate the
combined berm influence and roughness influence. These tests aim to improve the understanding of
the influence of berms and roughness on the average overtopping discharge.
3 Laboratory experiment setup
3.1

Facilities and model setup

Small-scale model tests were conducted in the Pacific Basin (located at Deltares in the Netherlands)
with dimensions 18.6 m×14.0 m×1.25 m (length×width×height) (Figure 4). The wave generator is
capable of generating both regular and irregular waves. A passive wave damping beach with a 1:2
slope was applied to prevent the reflected waves from re-reflecting at the wave board. A second-order
wave control was also used to compensate for the interference waves, which reduces the generation of
spurious waves. All the tests were performed with irregular waves based on the JONSWAP spectrum
with a peak enhancement factor of 3.3. Wave conditions were measured by using three wave gauges at
the toe of the structure. Incident and reflected waves were separated by applying the method by
Mansard and Funke (1980). The wave elements including the spectral significant wave height 𝐻𝐻𝑚𝑚0
and the mean energy wave period 𝑇𝑇𝑚𝑚−1,0 were obtained from the wave energy spectra of incident
waves at the toe of the structure.

Fig. 4. Overview of the model setup
(https://www.deltares.nl/en/facilities/pacific-basin-2/)

Fig. 5. Overtopping boxes and chutes

Three sections with impermeable cores are tested simultaneously in the Pacific Basin and the width of
each section is 1 m. Wooden boards were installed between tested sections to avoid influence of the
adjacent models. Three wooden boxes were placed behind the models to collect the overtopped water
which was led into the boxes by using chutes placed at the rear edge of the crest (Figure 5). One wave
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gauge was installed in each box to measure the variation of water surface in which way the
overtopped water volume can be determined. Both straight slopes with a 1:3 slope gradient without a
berm and slopes with a berm were tested in this experiment program. The berm width of 0.2m was
kept constant for all the sections that have a berm. Four types of roughness element are considered in
the test, i.e. smooth slopes representing asphalt or grass, blocks with protrusion (i.e. a placed-block
revetment without open spaces), and blocks with open spaces (i.e. cubes in a single layer as proposed
in Van Gent et al, 1999). With the hypothetical geometrical model scale of 1:15, 5 cm blocks
represented the size of 0.75m ×0.75m in prototype scale. The protruding set is created by placing a
concrete tile of 10 mm thick underneath and the protrusion is the thickness of the concrete tile
(Figure 6a). Cubes with small gaps between each other were placed on the filter layer (Figure 6b).

Fig. 6.

Roughness elements with h=10 mm and d=20 mm.

Four sets of sections including straight slopes (S) and composite slopes with a berm (B) were tested as
shown in Figure 7. PB and OB represent protruding blocks and open blocks respectively (see Figure 2
in Warmink et al. 2018). Numbers in the codes of sections imply the locations of blocks, i.e. 1 upper
slope, 2 upper slope and berm and 3 entire slopes. OB2-d represents the section with open blocks
applied on the berm and down slope. COM means the combination of protruding blocks (PB) on the
upper slope and open blocks (OB) on the berm and down slope.

Set 1
smooth

Set 2

Set 3

Set 4

crest

crest

protruding blocks

upper slope

open blocks

slope

berm
down slope

(S-REF) (S-PB) (S-OB)

Fig. 7.

3.2

(B-REF) (PB3) (OB3)

(PB1) (PB2) (OB2)

(OB1) (OB2-d)(COM)

Schematic diagram of tested configurations with various types of roughness elements.

Test program

Physical model tests were conducted by changing the wave height Hm0, wave period Tm-1,0 which
resulted in the variation of wave steepness sm-1,0 from 0.027 to 0.049. The berm level dh was varied by
±0.015 m each time through changing the water depth between 0.57-0.63 m with the berm position
fixed. To generate the same wave condition for different configurations, the same steering file was
used. The ranges of the parameters varied in this experiment program are listed in Table 2. Wave
overtopping during each test is measured for at least 1000 waves. In total, 420 tests have been
conducted.
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Tab. 2. Parameters varied in the tests

S-REF

𝑹𝑹𝒄𝒄 [m]

0.12-0.18

𝒅𝒅𝒉𝒉 [m]

—

𝑯𝑯𝒎𝒎𝒎𝒎 [m]

0.09-0.123

𝒔𝒔𝒎𝒎−𝟏𝟏,𝒎𝒎 [-]

0.027-0.049

𝝃𝝃𝒎𝒎−𝟏𝟏,𝒎𝒎 [-]
1.50-2.03

𝒒𝒒𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 [l/s/m]

S-PB

0.12-0.18

—

0.09-0.123

0.027-0.049

1.50-2.03

0.8-58

S-OB

0.12-0.18

—

0.09-0.123

0.027-0.049

1.50-2.03

0.5-48

B-REF

0.12-0.18

-0.03-0.03

0.09-0.133

0.027-0.040

1.67-2.03

2.4-52

PB1

0.12-0.18

-0.03-0.03

0.1-0.133

0.027-0.042

1.63-2.03

0.7-24

PB2

0.12-0.18

-0.03-0.03

0.1-0.133

0.027-0.042

1.63-2.03

0.5-21

PB3

0.12-0.18

-0.03-0.03

0.1-0.133

0.027-0.040

1.67-2.03

0.7-20

OB1

0.12-0.18

-0.03-0.03

0.09-0.12

0.027-0.042

1.63-2.03

0.3-13

OB2

0.12-0.18

-0.03-0.03

0.09-0.12

0.027-0.040

1.67-2.03

0.5~15

OB2-d

0.12-0.18

-0.03-0.03

0.09-0.12

0.027-0.042

1.63-2.03

3.0-62

OB3

0.12-0.18

-0.03-0.03

0.09-0.133

0.027-0.040

1.67-2.03

0.7-17

COM

0.12-0.18

-0.03-0.03

0.09-0.12

0.027-0.042

1.63-2.03

0.4-26

Dataset

4.8-85

4 Analysis of results
4.1

Evaluation of the existing overtopping equations

The empirical overtopping formulas listed in Table 1 are compared with the experimental data as
shown in Figure 8. The equation for roughness influence of open blocks is not given in Capel (2015)
and the roughness influence is not studied by Etemad-Shahidi and Jafari (2015), therefore, the
roughness influence factors are calculated by using the TAW (2002) roughness equation. Besides,
since the Capel (2015) overtopping equation does not include the berm factor, herein we extend this
equation by introducing the berm factor in it. The roughness factor for protruding blocks is 0.73 as
given in EurOtop (2018) and 0.49 is adopted as the roughness factor for open blocks according to
Bruce et al. (2009).

Fig. 8.

Comparison between measured dimensionless overtopping discharges and estimated values using the existing
overtopping prediction methods with a) TAW (2002), b) EurOtop (2018), c) Capel (2015) and d) EtemadShahidi and Jafari (2015).
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Overall, there is large scatter between the calculated overtopping discharges and measured ones for
these four overtopping equations. The calculated statistical indicator 𝑁𝑁𝑁𝑁𝑁𝑁 estimates are 0.25 (TAW,
2002), 0.17 (EurOtop, 2018), 0.39 (Capel, 2015) and -0.58 (Etemad-Shahidi and Jafari, 2015). For the
smooth straight section (S-REF), TAW (2002) and EurOtop (2018) give similar estimations and both
of them can predict the overtopping discharges generally well. Capel (2015) slightly underestimate the
overtopping discharges larger than 10-3. Etemad-Shahidi and Jafari (2015) equation deviates quite a
∗
lot from the measured overtopping discharges and it overestimates the large discharges (𝑞𝑞𝑚𝑚𝑎𝑎𝑡𝑡𝑚𝑚𝑚𝑚𝑟𝑟𝑎𝑎𝑑𝑑
>
∗
−4
−4
10 ) and underestimates the small overtopping discharges (𝑞𝑞𝑚𝑚𝑎𝑎𝑡𝑡𝑚𝑚𝑚𝑚𝑟𝑟𝑎𝑎𝑑𝑑 < 10 ).

Data points (black circles) in Figure 8a, b representing the overtopping discharges over smooth
section with a berm (B_REF) lie below the y=x line, which means that the Eq. (13) underestimates the
berm influence factors. Additionally, it was found that the data points (S-PB; blue symbols x) in
Figure 8a, b deviate from the y=x line gradually as the overtopping discharges decrease. This indicates
that the roughness influence of protruding blocks increases with the decreasing discharges. Hence, the
assumption of static values of roughness influence factors given by TAW (2002) and EurOtop (2018)
might not be optimal. There are large disparities between the calculated and measured discharges for
the rest sections especially for the sections (partially) covered by open blocks, which implies that the
existing equations for influence factors fail to give good estimations of the berm influence, the
roughness influence, and the combined influences of both. Somewhat larger scatter can be found in
Figure 9b than that in Figure 9a. This might be because the power (1.3) is applied to the influence
factors in EurOtop (2018) overtopping equation resulting in slightly exaggerated influence of
roughness and berms on the wave overtopping discharges. This finding is in accordance with Van der
Werf and Van Gent (2018).
4.2

Progress of data analysis

Further data analysis is in progress and the flow chart of the data analysis is shown in Figure 9. Since
TAW (2002) is the most used method to predict the overtopping discharge and there is still some
dispute on the power factor c=1.3 in EurOtop (2018) overtopping equation (Eq. (3,4)), TAW (2002)
overtopping equations will be recalibrated as a reference to calibrate the influence factors. The
calibrated influence factors are obtained by solving the TAW (2002) equations directly by substituting
the measured overtopping discharge into the equations. With the calibrated influence factors, it is
possible to fit the experimental data and derive the new equations for the influence factors. The new
equations will be validated by comparing the calculated values with the calibrated ones.

Fig. 9.

Flow chart of data analysis.
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5 Conclusions
Analysis of experimental data shows that the TAW (2002) and EurOtop (2018) can reasonably well
estimate the overtopping discharges over smooth and straight sections. However, the equation to
account for effects of smooth and impermeable berms expressed in an influence factor provided by
TAW (2002) and EurOtop (2018) slightly underestimates the berm influence. The roughness influence
factors show variations with the overtopping discharges instead of static values as given by TAW
(2002) and EurOtop (2018). There is large scatter between measured and calculated overtopping
discharges over sections that have a combination of various roughness elements and berms. Therefore,
the berm influence and roughness influence require further investigation. Adapting the existing
equations to account for the berm influence and the roughness influence, especially for the varying
roughness along slopes, and combined influence of both, can improve the predictive accuracy of the
average overtopping discharge.
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