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OVERTOPPING OF BREAKWATERS WITH A PERMEABLE CREST

Mads Rage Eldrup', Thomas Lykke Andersen', Jonas Bjerg Thomsen' and Hans Falk
Burcharth'

In model tests, the wave overtopping discharge is typically measured at the rear corner of the armour crest. So far, all
overtopping formulae have been calibrated to predict this specific overtopping discharge. The EurOtop Manual however
proposed a formula to include also the discharge trough the permeable armour crests. The total overtopping including
the discharge trough the crest armour is relevant in relation to rear armour stability. The discharge trough the armour
depends also on the permeability of the core material. In order to study this effect, new model tests were performed
with a permeable and an impermeable core. A method for the prediction of the total overtopping discharge is given.

Keywords: wave overtopping discharge; relative freeboard; permeable crest

INTRODUCTION

Wave overtopping on rubble mound breakwaters influences the rear slope stability as well as the
safety of operations and installation on and behind the breakwater. The wave overtopping discharge is
thus the governing parameter when designing the height of a rubble mound breakwater. The armour
freeboard, 4., the crest freeboard, R., and the crest width, G, are main structural parameters used in the
prediction of the overtopping discharge g. The crest freeboard is in the EurOtop Manual by Van der Meer
et al. (2016) defined as the height on the structure from where the water can no longer flow back to the
seaside, see Fig. 1. This could, for example, be the crown wall freeboard (R.wai) or the freeboard of an
impermeable or only slightly permeable core (Rc core)-

The wave overtopping discharge is dependent on where it is measured. Fig. 1 shows three different
locations. The discharge caused by wave overtopping is given by gcrest, While the extra discharge through
the permeable crest is gamour- Typically, the discharge has been measured only at the armour crest or at
the crown wall. In the existing database of overtopping tests, gerestt¢armour NEVeEr seems to have been
measured for structures without a crown wall. For such cases, reliable estimations of gerestt@armour are
essential for predictions of the total overtopping volume behind a revetment in order to estimate the
needed drainage capacity. Molines et al. (2018) use gerest to predict the wave loads on crown walls, but
this means that if gerest = 0 then the forces are also zero. This is clearly not correct as water can still flow
in the permeable crest and cause loads on the crown wall. Therefore, it might be better to estimate the
wave forces on a crown wall on the basis of geresttgamour. This discharge is also relevant for rear slope
stability. The wave overtopping discharge at the armour crest gamour iS the relevant parameter for
estimating loads on installations on top of the armour crest and for assessing of operations behind the
breakwater.

The EurOtop Manual (Pullen et al., 2007) has recently been updated (Van der Meer et al. 2016). The
2007 version used the crest freeboard, Rc core O Rewail to predict the overtopping gerestt@armour, se€ Fig. 1.
The second version has for cases without a crown wall changed the procedure to use an average between
the armour freeboard, A. and the core freeboard, Rccore. They argue that using 4. would provide an
underestimation, and using Rccor. Would provide an overestimation of the wave overtopping. This is
contradictory to all other formulae that have used gcrest. For cases with a crown wall, the second version
recommends the use of the maximum of 4. and Rc wan. This recommendation is not in line with structures
without a crown wall and can lead to underestimations of the overtopping discharge if 4. is larger than
Rcwan as shown in Fig. 1b. Also, it might lead to strange designs where crown walls are added without
any real purpose.

From above is seen that different freeboard recommendations are given in EurOtop for estimating
the wave overtopping behind the breakwater (gcresctqarmour), but it has not been validated for cases without
crown wall. The manual does not provide any guidelines on estimating gt Which is the important
parameter for some overtopping hazards. For example, using the recommendation given by the second
version of the EurOtop Manual to design the height of the cross-section shown in Fig. 1a the result would
end in a too high structure as the estimation would be for gerestt@amour if the design criteria is given as
{crest.

The scope of the present paper is to investigate the validity of the given recommendations in EurOtop
for predicting the discharges gcrest and GeresttGarmour fOr cross-sections without a crown wall. The paper
first presents the recent wave overtopping discharge formulae by Van der Meer et al. (2016) and the
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modifications made by Eldrup and Lykke Andersen (2018b). After this, a description of the model test
setup and the test conditions are given. Finally, the wave overtopping discharge results and related
conclusions are presented.
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Figure 1. lllustration of armour crest freeboard A, core freeboard R ..., Wall freeboard R .1 and crest width
G.. Overtopping discharge passing the crest g..st, trough the permeable crest, g.rmour and trough the core, gcore-

EUROTOP (2016) AND ELDRUP AND LYKKE ANDERSEN (2018b) MODIFICATION

In the recent years, a significant increase in the reliability of formulae for predicting wave
overtopping discharges for surging waves is seen. The first version of the EurOtop Manual (Pullen et al.,
2007) used a constant roughness factor, y;. Christensen et al. (2014) showed that the roughness factor
was dependent on the breaker parameter, &m.1,0. They used a varying roughness factor, yrurging, that was
already defined in the EurOtop Manual, but only used in relation to wave run-up. This varying roughness
factor increases the roughness factor for &m.10 > 1.8, thus indicating that the dissipation on the slope is
reduced in surging waves compared to plunging waves. This change significantly improved the reliability
of the predictions, especially for low steepness waves. The second edition of the EurOtop Manual (Van
der Meer et al., 2016) included a different varying roughness factor, ysmod, but this factor only influenced
predictions for &n.10 > 5 although only based on data by Bruce et al. (2009) consisting of &y.1,0 in the
range 2.8 - 4.5. The data by Bruce et al. (2009) was initially used to estimate yr for different armour units.
Eldrup and Lykke Andersen (2018b) refitted yr, but with use of Ysurging based on the tests by Bruce et al.
(2009), Christensen et al. (2014) and their own data.

The Eurotop Manual includes the crest width reduction factor, C,, by Besley (1999). The manual
states that the crest width reduction factor should only be used if the crest width is larger than three
armour units. Eldrup and Lykke Andersen (2018b) found that the reliability of the predictions was further
increased if the crest reduction factor was used for all cases. However, their conclusion was based on
data with a limited variation in the crest width, the main part having a crest width of approximately three
armour units. Thus, it still remains to be examined if the reduction factor by Besley (1999) is valid for
wider crests and low steepness waves. The formulation for wave overtopping discharge by Van der Meer
et al. (2016) is shown in Eq. 1.
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where 7, is the reduction factor for a berm, yp is the reduction factor for wave obliquity. vy is the
reduction factor for a wall at the end of the slope and y" is the reduction factor for a storm wall on a slope
or promenade for non-breaking waves.

The formulation by Eldrup and Lykke Andersen is shown in Eq. 2.
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Eldrup and Lykke Andersen (2018b) used only data with gcrest and defined the freeboard to be used
in the formula as the maximum of 4. and R.. Most of the data had however R wan = Ac. Fig. 2 shows the
data by Bruce et al. (2009). The middle part of the figure shows that the scatter is slightly reduced when
using Yrurging as proposed by Christensen et al. (2014) compared to the use of Ysmod as shown in the top
part of the figure. This shows that even for &u.10 in the range 2.8 - 4.5 there is an improvement when
using Yrurging instead of ymmod. Christensen et al. (2014) is though overestimating the wave overtopping
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discharge and therefore a refit of the yr was performed by Eldrup and Lykke Andersen (2018b) seen in
the lower part of the figure. Note that Eldrup and Lykke Andersen (2018b) used the crest width reduction
factor C; in all cases.

EurOtop Manual (2016)
T

R c/(Hm07 fmod)

Christensen et al. (2014)
T

(]
)

0 1 2 3 4 5 6
Rc/(HmO,yfsurging)
o Eldrup and Lykke Andersen (2018b)
107 T T T T T
E ¢

0 1 2 3 4 5 6
Rc/(HmO’yfsurging)
A Coreloc Q@ Xbloc O Cube rough % Haro + Tetrapod
9 Accropode O Cube flat X Anitfer ] Cube 1-layer O Rock

Figure 2. Comparison between different varying roughness factors with the data by Bruce et al. (2009). (a)
shows the approach by EurOtop (2016), (b) Christensen et al. (2014) and (c) Eldrup and Lykke Andersen
(2018b). The continuous line shows the mean value approach and the dashed lines shows the 90% confidence
band.

The present test programme included steep and low steepness waves. Therefore, the formulation
given by Eldrup and Lykke Andersen (2018b) is used for comparison with the present results. It is
investigated which freeboard height should be used for predicting wave overtopping at the armour crest
(gerest) and at the core freeboard (GeresttGarmour)-
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MODEL TEST SETUP AND TEST CONDITIONS

The present study includes new model tests performed in the wave flume at Aalborg University with
dimensions of 18.2 m x 1.5 m x 1.5 m (I x w x h). The floor was horizontal for the first two meters in
front of the wavemaker followed by a 1:30 foreshore to the toe of the breakwater, see Fig. 3.

Wavemaker
_—

Wave gauge toe

Wave gauge array
rorrm

1.50

Horizontal part 1:30 foreshore

TR P T T e A 3
200 | 971

Two overtopping
ramps and tanks

x=0.00
i x=19.01
9.69

X
o=
x=

_Wavemaker =

L1 |- passive "7
m ..7.absorber” " "7t

0500

1.50
i

R

18.17

Figure 3. Flume setup.

Wave gauges were placed in front of the breakwater in order to separate waves into incident and
reflected waves. The wave separation method by Eldrup and Lykke Andersen (2019) was used, which is
a nonlinear method that separates the wave components not only into incident and reflected components
but also into free and bound components. The method has on mild foreshore slopes shown to be reliable
for the entire interval from linear to highly nonlinear waves. The waves were also measured without the
structure in place, and an additional wave gauge was placed at the toe of the structure. The incident waves
with the structure in place and the total waves without the structure were almost identical in the wave
gauge array. However, due to the relatively steep foreshore, the waves might change significantly from
the array to the toe of the structure either due to shoaling or to wave breaking. Comparing the total waves
without the structure for wave gauge, x = 11.00 with the wave gauge at x = 11.71 (cf. Fig. 3), an increase
in wave height is seen for all tests with a maximum increase of 7%. Therefore, the wave data measured
by the wave gauge at x = 11.71 without the structure in place, is used for the following analysis in this

paper.

The waves were generated with a piston-type wavemaker which was controlled by the AwaSys (2018)
software. The waves were generated with a JONSWAP spectrum with a peak enhancement factor of y =
3.3. Due to the generation of nonlinear waves in the present tests, the guidelines on the applicability of
wavemaker theories given by Eldrup and Lykke Andersen (2018a) was followed. For the mildly
nonlinear cases, second-order theory was used (S < 2), but for the highly nonlinear case (S > 2), the Zhang
et al. (2007) method was used. The method by Zhang uses the surface elevation and the depth-averaged
velocity as input, which was calculated with the Celeris Boussinesq wave model by Tavakkol and Lynett
(2017). Both wavemaker methods are implemented in AwaSys (2018). The active wave absorption by
Lykke Andersen et al. (2016) was used in the present tests, which has shown to have good performance
for linear and nonlinear waves, cf. Lykke Andersen et al. (2018).

One cross-section with a permeable core, and one with an impermeable core were tested, cf. Fig. 4. Two
overtopping ramps of 0.3 m width were installed, one at the armour rear crest shoulder and one at the
core rear crest shoulder. The ramp located at the core crest had a protective net to prevent rocks from
sliding into the overtopping tank. The water depth, 4, at the toe of the structure was 37 cm, and 4. was
18 cm in all tests. For the cross-section with a permeable core, the core freeboard was Rccore = 9.6 cm
and for the impermeable core it was R core = 7.5 cm. The core material had Dyso = 1.5 cm and gradation
Digs/Dnis = 1.36. The spectral significant wave height (Hio) varied between 9 cm and 11 cm. The choice
of model core material size might be motivated as follows: if for example the length scale of the applied
model is 1:30, the prototype Hmo = 3 m and the core material can be characterised by Dnso = 26 cm and
n = 0.38, a characteristic pore velocity will be approximately 7 cm/s, see Burcharth et al. (1999). If
compensating for viscous scale effects the core material should, if well narrow graded, have a Dyso =
0.14 cm. The actually used core material in the model had Dyso = 0.15 cm, i.e. very close to the estimated
Dyso = 0.14 cm. Thus, the scaling of the core material seems realistic.
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Figure 4. Tested cross-sections. Measures in cm.

Six sea states with identical wave steering signals were used in the present study for both cross-
sections. Thus, 12 tests were performed in total. The tested ranges are shown in Table 1.

Table 1. Test ranges.

Re/Hmo 0.90-1.11
AcHmo 1.68-2.09
Go/Hmo 1.18-1.46
Hmolh 0.23-0.29
Em-1.0 2.58-6.71

OVERTOPPING RESULTS

Fig. 5 shows a comparison between the measured wave overtopping discharge gerest and Geresttqarmour
for the permeable and impermeable breakwater. The figure shows which proportion of the overtopping
discharge (ex. discharge through the core) goes through the armour layer in the two models with
permeable and impermeable cores. The proportion is much higher in the case of the impermeable core.
However, the two cases permeable and impermeable are not directly comparable because the core
freeboard R core is 9.6 cm and 7.5 cm, respectively. Also, the discharge through the core in the model
with permeable core is unknown. Even so, a relatively much higher discharge seems to go through the
armour layer in the case of the impermeable core, actually a factor of up to 15 as compared to a factor of
four. The results show that there is a clear difference in measured overtopping discharge at the armour
crest (Gerest) and at the core (Geresttqarmour). This is especially the case when the core is impermeable and
therefore hinder infiltration from the permeable crest into the core. Thus, more water will reach the
overtopping tank connected to the core shoulder.
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Figure 5. Comparison of measured dimensionless overtopping discharge at the armour crest and the core
crest, Q" = q/(gHm®)"°.

COMPARISON OF EUROTOP RECOMMENDATIONS FOR DISCHARGE TROUGH ARMOUR

The previously discussed recommendations given in the EurOtop manual for the predictions of the
wave overtopping discharge through the permeable armour layer is tested. The recommendations are
tested against the wave overtopping discharge measured on the armour crest level (gerest) for the
permeable and impermeable cross-sections, see Fig. 6. The continuous line illustrates the predicted wave
overtopping discharge with use of the formulae (2) by Eldrup and Lykke Andersen (2018b) and the
dashed lines shows the 90% confidence band. Using a relative freeboard R* = Ac/(HmoYssurging) in the
formulae (2), the predictions fit well with the measured overtopping discharge with all the data inside
the 90% confidence band. Like all other overtopping formulae, formulae (2) predicts an increase in
discharge with a decrease in the freeboard. Therefore, if using the lower relative freeboard by Pullen et
al. (2007) (R* = Ro/(HmoYsurging)) the overtopping discharge is overestimated when using the tested
formulae (2). Similarly, when using the relative freeboard recommended by Van der Meer et al. (2016)
(R" = (AcHR)/(2HmoYsureing)) in (2) the overtopping discharge is also overestimated, however to a lesser
degree. Based on the test results, it can be concluded that A. should be used as the freeboard for estimating
the wave overtopping discharge gcres: for cases without a crown wall.
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Figure 6. Comparison between measured and predicted overtopping discharge with different dimensionless
freeboard definitions. Data is for the measurements on top of the armour crest. The continuous line shows the
predicted wave overtopping discharge by Eldrup and Lykke Andersen (2018b), and the dashed lines show the
90% confidence band.

Fig. 7 shows the wave overtopping measured at the core (gcresttqarmour). Using A, as the freeboard in
the formulae, slightly smaller values of the wave overtopping discharge are estimated compared to the
measured discharge. Using the definition by Van der Meer et al. (2016), the data is well predicted by (2)
with all data inside the 90% confidence band. It should be noted that the formulae provide slightly larger
overtopping values for the tests with an impermeable core and slightly smaller values with a permeable
core. Using the freeboard definition by Pullen et al. (2007) in the formulae (2), significantly larger wave
overtopping discharges are estimated at the core rear shoulder (gerestt@armour). From the present tests, the
freeboard recommendation given by Van der Meer et al. (2016) seems to be valid when predicting wave
overtopping discharge gerestt@armour by formulae (2) even though they did not have tests to validate it.

There is a clear separation of the results for the impermeable and the permeable core when
estimating the wave overtopping discharge at the core. More tests with permeable and impermeable cores
are needed in order to investigate the influence from the core permeability on the discharge gcresttqarmour-
Furthermore, an even larger difference between geresttqarmour and Garmour 1S €xpected for wider crests than
tested which is not included in the crest width reduction factor by Besley (1999).
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Figure 7. Comparison between measured and predicted overtopping discharge with different dimensionless
freeboard definitions. Data is for the measurements on top of the core. The continuous line shows the
predicted wave overtopping discharge by Eldrup and Lykke Andersen (2018b), and the dashed lines show the
90% confidence band.

DISCUSSION

New model tests with measurements of wave overtopping discharge at the rear shoulder of the
armour crest and the core crests were made. Models with permeable and impermeable core were used.
The results showed that in the model with impermeable core, relatively much larger discharges through
the armour layer took place than in the model with permeable core. The results also showed that reliable
predictions of the discharge over the armour crest plus the discharge through the armour layer can be
obtained when using (4R core)/2 as the relative freeboard in the formula by Eldrup and Lykke Andersen
(2018b). Furthermore, the results showed that the discharge overtopping the armour crest could be
estimated by using A as freeboard in the formula by Eldrup and Lykke Andersen (2018b).

Recommendations given in the first and the second editions of the EurOtop Manual with respect to
the relative freeboard in wave overtopping predictions are discussed. The manual recommends only one
value for estimation of the wave overtopping, while the present paper recommends more freeboards to
be used dependent on the failure mode under investigation. For example, installations on top of the
armour crest are only exposed to discharges over the armour crest, while the rear slope is also exposed
to the discharge through the armour layer.

As the present research included a limited number of tests more tests should be performed in order
to verify the recommendation for relative freeboard in prediction of overtopping discharges through the
armour layer. Furthermore, it is recommended to study the influence of the discharge on the rear slope
stability.
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