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Figure 62: Influence of oblique wave attack on wave overtopping; 1:3 sloped dike (non-breaking
conditions).

On the 1:6 sloped dike the trend lines and results for oblique wave attack for breaking
conditions are illustrated in Fig. 61. A similar effect is obvious. The increase in oblique-
ness results in the reduction of overtopping, but this time the reduction, especially be-
tween 30° and 45°, is not as large as for the 1:3 sloped dike. It was mentioned before, that
small overtopping amounts were expected and also recognized during testing due to the
slope inclination. An explanation for less difference in the overtopping graphs for
FlowDike 2 could be as well the smoother slope of the dike that leads to early breaking
on the dike.

At a closer look one finds that the trend line slope b shows for all different angles of
wave attack a shift between the 1:3 slope and the 1:6 slope. The shift was already per-
ceived for the perpendicular waves (sec. 6.3.1) and will stay the same through the whole
analysis (Tab. 2).

Table 2: Inclinations of the slopes by and by of tests without current and wind (cf. Fig. 60 to
Fig. 61).

wave attack

dike slope | wave conditions

0° 15° 30° 45°
1:3 breaking waves -5.189 | -5.465 | -5.876 -7.632
1:3 non-breaking 2677 | 2725 |-3.180 | -4.388
waves
1:6 breaking waves -4.779 | -5.179 -5.949 -6.708
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6.3.4 Statistical spread of tests

The slopes of the trend lines b (cf. figures above) are determined using the regression
formula of Microsoft Excel 2010. To determine the statistical spreading of these values b
a slope b; was determined for every measured value separately. The procedure is clarified
in Fig. 63 while b; can be calculated by

In (£j
h=—9dl 28
Sl @)
with g« dimensionless overtopping rate [-]
a regression coefficient with a = 0.067 for breaking conditions and

b = 0.2 for non-breaking conditions [-]
R dimensionless freeboard height [-]

1.E-01 +
+ +00° wave attack; 0 m/s current; 0 m/s wind
regression curves of each data point

. 1.E-02 4 — regression curve of all data point
k=2
o
] 1.E-03 +
o
£
Q
S 1.E-04
®
8
T 1.E-05 -

1.E-06 T T T T

0 0.5 1 1.5 2

rel. freeboard height R.* [-]

Figure 63: Determination of the slopes of the graphs for each data point b; and the slope of the
graph considering all data points b,; =b exemplary for the reference test on the 1:3 sloped dike
(breaking conditions).

For each data point i and its slope of the graph b, an influence factor y; is determined
separately for each data point and defined by the following formula:

vi=——1l (29)

all ,0°

Like given in Tab. 2 the parameter b, - are determined as follows:

* 1:3 sloped dike, breaking waves: byyee = -5.189
* 1:3 sloped dike, non-breaking waves: by e = -2.677
* 1:3 sloped dike, breaking waves: by e = -4.779

These influence factors are plotted in Fig. 64 to Fig. 65 against the angle of wave attack.
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Figure 64: Influence of oblique wave attack on wave overtopping: statistical spreading of tests
with oblique wave attack; breaking conditions (left: 1:3 sloped dike; right: 1:6 sloped dike).
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Figure 65: Influence of oblique wave attack on wave overtopping: statistical spreading of tests
with oblique wave attack; 1:3 sloped dike (non-breaking wave conditions).

6.3.5 Comparison with former investigations

Influence factors for wave overtopping for obliqueness yg can be determined by com-
paring the exponential coefficients by for normal wave attack (B=0) and oblique wave
attack (B#0):

b

yi=t (30)

by o

The results of FlowDike 1 and FlowDike 2 validate well the trend of the former results
like DE WAAL and VAN DER MEER (1992) (cf. Fig. 66). Most data points fall a little bit
below the regression line.
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Figure 66: Comparison of influence factors for obliqueness — FlowDike 1 and FlowDike 2 (1:3
and 1:6 sloped dike) with former investigations.

6.3.6 Influence of current

To determine the influence of the longshore cutrent, the influence factors y,, was intro-
duced to take the influence of current v, into account:

b
= 31
7(‘1{ b ( )

cu=0

This influence factor is defined for tests with perpendicular wave attack and without
wind. Fig. 67 gives these influence factors plotted against the current velocity for breaking
and non-breaking conditions of each dike. The influence factors differ between 0.965 and
1.025, with the exception of the test on the 1:3 sloped dike under non-breaking wave
conditions with a curtent velocity of 0.3 m/s.
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Figure 67: Influence of the cutrent on wave overtopping, angle of wave attack 8 =0°, no wind.

These influence factors and their statistical spreading against the current are plotted in

Fig. 68 and Fig. 69.
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Figure 68: Influence of the current on wave overtopping: statistical spreading of tests with cur-
rent, breaking conditions (left: 1:3 sloped dike; right: 1:6 sloped dike).
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Figure 69: Influence of the current on wave overtopping: statistical spreading of tests with cur-
rent; 1:3 sloped dike (non-breaking wave conditions).
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6.3.7 Influence of wind

From the test program it can be seen that the test series on wind contain merely the wave
spectra wl, w3 and w5 with a lower steepness than the wave spectra w2, w4 and wo. The
steepness is a limiting factor for the surf similarity parameter, which is an input variable in
the overtopping formulae. Due to this the generated waves for wind tests give only re-
sults for non-breaking conditions during FlowDike 1. For FlowDike 2 the influence of
the slope was governing and still only breaking waves occurred. Another difference be-
tween FlowDike 1 and FlowDike 2 is the missing wind test for u = 4 m/s, only two tests
on this wind speed exist.

Though the effect in overtopping could be measured the detected events marked as
points in the graphs show almost no influence for small and high overtopping events for
the 1:3 sloped dike (cf. Fig. 70, left; lying nearly on the points of the reference test and in
the 95 % confidence range of DE WAAL and VAN DER MEER (1992)). This does not corre-
late to the statement by WARD et al. (1996) and DE WAAL et al. (1996) that for smaller
overtopping amounts a small increasing trend for the average overtopping can be estab-
lished while no influence is noticeable for higher overtopping rates.

For FlowDike 2 the effect of increasing average overtopping amounts for the smaller
wave spectra, such as wl can be stated again. The first data points for high waves in the
graph match again the points from the reference test. The regression curves are nearly the
same, so that no influence of wind is recognizable (cf. Fig. 70, right). The influence fac-
tors and their statistical spreading are plotted in Fig. 71 against the wind.
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Figure 70: Wind influence on wave overtopping; left: 1:3 sloped dike — FlowDike 1; 1:6 sloped
dike — FlowDike 2.
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Figure 71: Statistical spreading of tests with wind; left: 1:6 sloped dike (breaking conditions);
right: 1:3 sloped dike (non-breaking conditions).
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6.3.8 Influence of oblique wave attack and current

To present the results of oblique wave attack and current on wave overtopping a distinc-
tion has to be done between the results for the 1:3 sloped dike for breaking and non-
breaking waves (cf. Fig. 73) and the results for the breaking waves on the 1:6 sloped dike
(cf. Fig. 74). In the following the results are presented for different combinations of the
angle of wave attack and the angle of wave energy respectively the absolute and relative
wave parameters (cf. Fig. 72):

* angle of wave attack and absolute wave parameters
* angle of wave attack and relative wave parameters
* angle of wave energy and absolute wave parameters

CreI-Sin[3
—_—

u
_—
Crel H
c.'SinB+u
CraCOSP tanB, =2 m
. B Cabs Be Crel *COS B
B X

Figure 72: Relationship of the angle of wave attack, angle of wave energy, relative group velocity
and absolute group velocity (cf. Fig. 25).

6.3.9 Angle of wave attack and absolute wave parameters

In a first step, a characteristic factor was applied to determine the influence of a combina-
tion of oblique waves and longshore current. The absolute wave parameters are used. The
triangles show the influence factors for tests without current. An increase of the influence
factor for increasing current velocity, shown by the circles (0.15m/s), diamonds
(0.30 m/s) and squates (0.40 m/s only 1:6 dike) is noticeable for breaking wave condi-
tions. For non-breaking wave conditions (1:3 sloped dike) the influence factor increases
for angles of wave attack of -45°, -30° and +15° and decreases for angles of wave attack
of -15° and +30°. For non-breaking waves the influence factor of the tests under perpen-
dicular wave attack and with a current of 0.30 m/s is quite smaller than with no current
or a current of 0.15 m/s.
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Figure 73: Current influence on wave overtopping, 1:3 sloped dike, left: breaking waves; right:
non-breaking waves.
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Figure 74: Current influence on wave overtopping, 1:6 sloped dike, breaking waves.

6.3.10 Angle of wave attack and relative wave parameters

For non-breaking waves the dimensionless overtopping rate and the dimensionless free-
board height were determined independent of the wave period (cf. Fig. 57 and Fig. 58).
Hence using the relative wave petiod only changes the influence factor yg, for breaking
wave conditions and not for non-breaking conditions. The corresponding graphs are giv-
en below for the 1:3 and the 1:6 sloped dike (Fig. 75 and Fig. 76). The filled data points
are results considering the absolute wave period T ,10- The non-filled data points
were determined by using the relative wave period T, 9. The influence factor decreas-
es for positive angles of wave attack. For negative angles of wave attack the relative wave
periods become smaller. Consequently the influence factors increase to high values and
cannot be used for describing the influence of currents. The here presented data corre-
sponding to the relative wave period investigation are preliminary data and do not fit the
data of further graphs.
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Figure 75: Cutrent influence on wave overtopping including the relative wave period, 1:3 sloped
dike, br. waves.
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Figure 76: Current influence on wave overtopping including the relative wave period, 1:6 sloped
dike, br. waves.

6.3.11 Angle of wave energy and absolute wave parameters

In the following, the theory of the wave energy direction is applied to the test results in
Fig. 77 to Fig. 79 for the 1:3 and 1:6 sloped dike for breaking and non-breaking (only 1:3
sloped dike) waves. The filled data points are plotted against the angle of wave energy B, .
The data using the direction of wave energy lie further to the right than the data points
that consider only the wave direction and not its energy direction and correspond fairly
well to the graph of DE WAAL and VAN DER MEER (1992).
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Figure 77: Current influence on wave overtopping including the angle of wave energy, 1:3 sloped

dike, br. waves.
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Figure 78: Current influence on wave overtopping incl. the angle of wave energy, 1:3 sloped dike,

non-br. waves.
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Figure 79: Current influence on wave overtopping including the angle of wave energy, 1:6 sloped

dike, br. waves.

63



Die Kuste, 80 (2013), 1-78

6.3.12 Conclusion

The influence of a longshore current combined with oblique wave attack has been ana-
lyzed. In the following a brief conclusion will be given for the three different combina-
tions of the angle of wave attack and the angle of wave energy respectively the absolute
and relative wave parameters:

* angle of wave attack and absolute wave parameters:
- no significant influence of the current on wave overtopping could be measured
- for breaking waves an insignificant increasing of wave overtopping is identifia-
ble for current > 0 m/s
- for non-breaking waves (1:3 sloped dike): the wave overtopping increases with
a higher current velocity with negative angles of wave attack; the wave over-
topping decreases with a higher current velocity with positive angles of wave
attack
* angle of wave attack and relative wave parameters
- the dimensionless overtopping rate increases inexplicable using relative wave
patameters
* angle of wave energy and absolute wave parameters
- influence factors cotrespond more or less with the formula for yg by
EUROTOP-MANUAL (2007)

Because of the slight influence of a longshore current on wave overtopping it is recom-
mended to use the angle of wave attack and absolute wave parameters as analyzing
method.

6.4 Comparison of wave run-up and wave overtopping

This section summarizes the influences of the angle of wave attack, the longshore current
and wind on wave run-up and wave overtopping. For every data set the influence factor y
is given in Tab. 3 to Tab. 10 for the 1:3 sloped (breaking and non-breaking wave condi-
tions) dike and the 1:6 sloped dike (breaking wave conditions). The influence factors de-
termined by the analysis on wave run-up correspond well with the influence factors de-
termined by wave overtopping analysis. As described in sec. 6.2 for wave run-up and 6.3
for wave overtopping only some tests give unclear influence factors. These factors are
written in gray in the following tables.

Table 3: Influence factors v for oblique wave attack.

1:3 sloped dike 1:6 sloped dike
angle of wave . overtopping .
i run-up overtopping non_br run-up overtopping
br. waves ’ br. waves
waves
0° 1.00 1.00 1.00 1.00 1.00
15 0.94 0.95 0.98 0.96 0.92
-30° 0.86 0.88 0.84 0.80
+45° 0.69 0.68 0.61 0.75 0.71
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Table 4: Influence factors vy, for current.

1:3 sloped dike 1:6 sloped dike

. overtopping .
t > >
cutren runcup overtopping | run-up overtopping
bt. waves br. waves
waves
0m/s 1.00 1.00 1.00 1.00 1.00
0.15m/s 1.02 0.97 1.01 1.00 0.99
0.30 m/s 0.98 0.97 0.85 1.01 1.02
0.40 m/s - - - 1.01 0.99
Table 5: Influence factors 7y, for wind.
1:3 sloped dike 1:6 sloped dike
wind tODDI overtopping tObD
run-up OVEtOPPING | o b, run-up overtopping
br. waves br. waves
waves
0m/s 1.00 - 1.00 1.00 1.00
4m/sor5m/s |1.00 - 1.02 0.98 1.02
§m/sord0 ) o - 1.07 0.95 1.05
m/s

Table 6: Influence factors v, for current, oblique wave attack

B=-45°,0 m/s wind.

1:3 sloped dike

1:6 sloped dike

current overtopping overtopping overtopping
run-up br. waves non-br. run-up bt. waves
waves
0m/s 0.69 0.68 0.61 0.75 0.71
0.15m/s 0.69 0.75 0.73 0.79 0.76
0.30 m/s 0.78 0.72 0.76 0.89 0.81
0.40 m/s - - - 0.71 0.76

Table 7: Influence factors v, for current, oblique wave attack 3 =-30°, 0 m/s wind.

1:3 sloped dike

1:6 sloped dike

current overtopping overtopping overtopping
an-up bt. waves non-br. an-up br. waves
waves
0m/s 0.86 0.88 0.84 0.98 0.80
0.15m/s 0.94 0.91 0.88 0.92 0.92
0.30 m/s 0.89 0.95 0.98 0.97
0.40 m/s - - - 0.97
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Table 8: Influence factors v, for current, oblique wave attack p=—-15°,0 m/s wind.

1:3 sloped dike 1:6 sloped dike

current overtopping overtopping overtopping
run-up br. waves non-br. run-up br. waves
waves
0m/s 0.94 0.95 0.98 0.96 0.92
0.15m/s 0.95 0.92 0.93 - -
0.30 m/s 0.94 0.90 0.91 0.88 0.90
0.40 m/s - - - - -

Table 9: Influence factors v, for current, oblique wave attack B=+15°,0 m/s wind.

1:3 sloped dike 1:6 sloped dike

current . overtopping .
overtopping overtopping
run-up br. waves non-br. run-up br. waves
) waves ) )
0m/s 0.94 0.95 0.98 0.96 0.92
0.15m/s 0.86 0.95 1.01 - -
0.30 m/s 0.78 1.01 1.06 0.85 0.97
0.40 m/s - - - - -

Table 10: Influence factors vy, for current, oblique wave attack p=+30°,0 m/s wind.

1:3 sloped dike 1:6 sloped dike

current . overtopping .
run-up Eje\r;)feimg non-br. run-up gze‘r;;)f eps g
’ waves ’
0m/s 0.86 0.88 0.84 0.98 0.80
0.15m/s 0.80 0.93 0.80 0.97 0.91
0.30 m/s 0.86 0.91 0.74 0.96 0.89
0.40 m/s - - - 0.93 0.86

6.5 Analysis of flow processes on dike crests
6.5.1 Plausibility of the measured data

Nowadays, the research on wave run-up and wave overtopping intends to describe also
the flow processes on the crest. SCHUTTRUMPF (2001) and VAN GENT (2002) describe
these processes related to wave run-up and wave overtopping by flow parameters such as
flow depth h,,, and flow velocity vy, . A formula resulting from a simplified energy
equation is given to determine the flow depths on the seaward dike crest h,,, which are
exceeded by 2 % of the incoming waves with the formula

hz% _ RuZ% -R

g, D] (2)

s s

with H significant wave height [m]

s
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R 5y, run-up height exceeded by 2 % of the incoming waves [m]
R,  freeboard height [m]
cy empirical coefficient determined by model tests[-]

Additionally flow velocities on the seaward dike crest v, are given by
Y, (R R (%)
Ve H, H,
c, empirical coefficient determined by model tests [-]
Experimental investigations on the overtopping flow parameters wetre performed in small
and large wave flumes but the three dimensionality of the process was not investigated so
far.

For each test of the 1:3 and 1:6 sloped dike the coefficients ¢, and c¢, were
determined by using the described formula (32) and (33) by SCHUTTRUMPF and VAN
GENT (2003). To exclude measuring errors a selection of tests was made: flow velocities
of wind tests and with a corresponding flow depth on the crest lower than 1 cm are not
usable because the micro propeller was not able to deliver correct results under these
conditions. These flow velocities are not considered in the following analysis. Fig. 80 and
Fig. 81 show the coefficients ¢, and c, for all four dike configurations on the seaward
side. These coefficients ¢, and c, are determined using the mentioned formula by
SCHUTTRUMPF and VAN GENT (2003):

R

R, H

¢, = u2% i . S o[ 3 4
TR (34
Ru % _R(' g .HS
‘ =\/ sk el 65)
s Voo,
with H, significant wave height [m]

R 59, run-up height exceeded by 2 % of the incoming waves [m]
R,  freeboard height [m]
Cp empitical coefficient determined by model tests [-]
In Fig. 80 and Fig. 81 the standard-deviations *o, £20 and £30 of the coefficients ¢,

and c, are plotted respectively.
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08 .

a 1:3 sloped dike - 60 cm crest
06 » 1:3 sloped dike - 70 cm crest
* 1:6 sloped dike - 60 cm crest

1:6 sloped dike - 70 cm crest

—FlowDike mean value

0 0.2 04 0.6
hsy/Hmo measured [-]

Figure 80: Coefficient ¢y, as a function of h,,, /H,,, without tests with wind or flow depth un-
der 1 cm.

25

4 1:3 sloped dike - 60 cm crest
2 1 A ~ 1:3 sloped dike - 70 cm crest
+ 1:6 sloped dike - 60 cm crest

< 1:6 sloped dike - 70 cm crest

—FlowDike mean value

Cy [']

V50,/(9.81H0)%-% measured [-]

Figure 81: Coefficient ¢, as a function of vy, /(9.81Hm0 )0’5 without tests with wind or flow
depth under 1 cm.

Furthermore, as a result of these distributions the data which are located outside the 30-
interval are excluded from the following analysis and new mean values are determined.

To verify the coefficients for each dike configuration the average coefficient of each
dike configuration and the average coefficient of all dike configurations are shown in
Fig. 82. The standard deviation refers to every single test. The coefficient ¢, of the 1:6
sloped and 0.7 m high dike gives quite different values than the other dike configurations
(cf. red-lined circle in Fig. 82). Therefore this dike configuration will be omitted for the
determination of the coefficient c, . Fig. 83 shows the new distribution of coefficients
and the final constant empirical coefficients ¢, and c,;:

c,= 021 and c,= 094
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Figure 82: Average coefficients of every single dike configuration and of all configurations to-
gether.
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Figure 83: Average coefficients of every single dike configuration and of all configurations to-
gether excluding ¢, of 1:6 sloped and 0.7 m high dike.

It is possible to determine the flow depths and flow velocities on the seaward side by
using the modification of empirical coefficients used in formula (32) and (33) by
SCHUTTRUMPF and VAN GENT (2003).

Fig. 84 shows that the new empirical coefficient ¢, = 0.21 is lower than the coeffi-
cient by SCHUTTRUMPF (2001) ¢, = 0.33 and is slightly higher than the value by VAN
GENT (2002) ¢, = 0.15. The coefficient ¢, = 0.94 for the results of FlowDike 1 and
FlowDike 2 is lower than the coefficients by SCHUTTRUMPF (2001) ¢, = 1.37and VAN
GENT (2002) ¢, = 1.30. The coefficients by SCHUTTRUMPF (2001) have been determined
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by flow depth and flow velocities on the dike slope, while flow depths on the dike crest
have been used in FlowDike 1 and FlowDike 2.

1.5
m Schittrumpf (2001)
OVan Gent (2002)
FlowDike - D
— 1
S
©
C
®©
5
0.5
0

Ch Cy

Figure 84: Coefficients ¢, and ¢, of former investigations compared with the new coefficients
by FlowDike 1 and FlowDike 2.

With the new empirical coefficients ¢, and ¢, flow depths h,,, and flow velocities vy,
were calculated and plotted against the measured values (Fig. 85). According to the modi-
fication of empirical coefficients used in formulas by SCHUTTRUMPF and VAN GENT
(2003) it is possible to determine the flow depths and flow velocities on the seaward side
of the crest on the 1:3 sloped dike (Fig. 85) and 1:6 sloped dike (Fig. 86). Further analysis
considering the influence of current and wind on flow processes on dike crests has not
been carried out yet.

01 2 1:3 sloped dike - 60 cm crest 0.4 - 41:3slopeddike - 60 cm crest
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) A Van Gent 0.15 = 3 VanGent  1.30
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0 ‘ T 1 ‘ 0 ‘
0 0.02 0.04 0.06 0.08 0.1 0 0.1 0.2 0.3 04
h,e, calculated [m] Voo, calculated [m/s]

Figure 85: Measured and calculated flow depths h,y, and flow velocities vy, on the seaward
side of the dike crests using the new empirical coefficients, 1:3 sloped dike.
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Figure 86: Measured and calculated flow depths h,y, and flow velocities Vo4, on the seaward
side of the dike crests using the new empirical coefficients, 1:6 sloped dike.

6.5.2 Influence of oblique wave attack on flow processes on dike crests

In the following section the influence of oblique wave attack on flow depth on dike crests
will be analyzed. Following the previous chapter, the flow velocities on the dike crests do
not give clear results. Therefore they will not be used for the determination of the influ-
ence of oblique wave attack on flow processes on dike crests.

The dimensionless flow depth h* can be determined using the following formula:

h
b =2 [ 36
il 66)
with h,y,  flow depths on seaward dike crest, which is exceeded by 2 % of the
incoming waves [m)]
H,  significant wave height [m]

Fig. 87 and Fig. 88 give the dependency between the dimensionless flow depth h* and
the dimensionless freeboard height R * for the different angles of wave attack. The in-
terception with the y-axis of the regression curves is defined as h*=1. This means that
the flow depths on the seaward dike crest h,y, have the same value as the significant
wave height H,. The inclination of the graphs of the tests with perpendicular wave attack
is lower than the slopes of the graphs of the test with oblique wave attack. The higher the
angle of wave attack the smaller is the dimensionless flow depth h* for unchanged di-
mensionless freeboard height R, *. This behavior corresponds well with the characteristic
of the wave overtopping rate (cf. section 6.3).
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Figure 87: Influence of oblique wave attack on flow depth on dike crests; 1:3 sloped dike (left:
breaking conditions; right non-breaking conditions).
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Figure 88: Influence of oblique wave attack on flow depth on dike crests; 1:6 sloped dike (break-
ing conditions).

7 Conclusion

The investigations of FlowDike 1 and FlowDike 2 focussed on the effects of onshore
wind and longshore current on wave run-up and wave overtopping for perpendicular and
oblique wave attack. These variables were two of the missing effects in freeboard design
and therefore a main interest for design purposes. Model tests were catried out in the
shallow water wave basin at DHI (Hoersholm, Denmark) and included the configuration
of a 1:3 sloped dike (FlowDike 1) and a 1:6 sloped dike (FlowDike 2).

The data analysis on wave run-up was based on an advanced data extraction from vid-
eo films considering 10 separate stripes of the run-up board which provided additional
measurement results. In a first step the measured wave run-up was analyzed with respect
to the influence of a single parameter: oblique wave attack, onshore wind and a longshore
cutrent.

Results considering oblique wave attack confirm former empirical investigations. The
increasing effect of onshore wind on wave run-up as described regarding former model
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tests with monochromatic waves could not be validated by the FlowDike test results. The
investigated onshore wind speed of < 10 m/s had no significant effect on the wave run-
up in the model tests with the 1:3 sloped dike and a very slightly decreasing effect in the
model tests with the 1:6 sloped dike. Furthermore no significant effect on wave run-up in
case of a longshore current velocity < 0.4 m/s and a perpendicular wave attack was ob-
tained.

In a second step the combined effect of oblique wave attack and a longshore current
was investigated. The results show non obvious dependencies but it has to be considered
that the relative wave run-up height is a very sensitive parameter.

The third step within data analysis was the comparison between measured and calcu-
lated relative wave run-up. Calculation was done using the formula of EUROTOP-
MANUAL (2007) together with the estimated influence factors v, y,, and v,,. The com-
parison shows a good agreement between the measured and the calculated values. All
pairs of values are in a range of £ 20 %.

The tests on perpendicular wave attack without influencing parameter were validated
with existing wave overtopping formulae from the EUROTOP-MANUAL (2007). For both
model tests the data points of the reference tests fit well within the 95 % confidence
range of the formula.

All wind tests confirmed the stated assumptions by GONZALEZ-ECRIVA (2006) and
DE WAAL et al. (1996) concerning the significant wind impact on small overtopping dis-
charges. For high overtopping discharges practically no influence is noticeable as the data
points for wind match those of the reference test, this validates the stated theory of
WARD et al. (1990).

The influence of oblique waves on overtopping was analyzed as a last resort. In a first
attempt the results found for both investigations validate the trend for obliqueness to
reduce wave overtopping. The influence factors found for FlowDike 1 validate well the
regression trend found for former investigations.

For wave overtopping the combination of oblique wave attack and longshore current
was analyzed by determining an influence factor vy, . Using therefore the relative wave
period Ty, 10 instead of the absolute wave period Ty 1o leads to rather high values
and does not account the current influence on wave overtopping. Instead of that the in-
fluence-factor v, can be determined by using the angle of wave energy . instead of
the angle of wave attack f3.

The influence factors for the angle of wave attack, the longshore current and wind on
wave run-up correspond well to the influence factors on wave overtopping. For both
analysis on wave run-up and wave overtopping the absolute wave parameters and the
angle of wave attack should be used.

According to the modification of empirical coefficients used in formulaec by
SCHUTTRUMPF and VAN GENT (2003) it is possible to determine the flow depths and flow
velocities on the seaward side of the crest. Additionally, the dimensionless flow depths
for different dimensionless freeboard height and different angles of wave attack have
been analyzed. The higher the angle of wave attack the smaller is the dimensionless flow
depth for unchanged dimensionless freeboard heights. This behavior corresponds well
with the characteristics of the wave overtopping rate.

Further investigations on very oblique wave attack with > 45° are planned within
the HYDRALAB-1IV project CornerDike.
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8 List of abbreviations

br breaking wave conditions

nbr  non-breaking wave conditions
SWL still water level

wl  wave condition number 1

w2  wave condition number 2

w3  wave condition number 3

w4  wave condition number 4

w5  wave condition number 5

w6  wave condition number 6

9 Notation

a [-] regression coefficient with a=0.067 for breaking conditions and
a=0.2 for non-breaking conditions

a, [-] coefficient depending at least on the dike slope to determine the
influence factor v

bat, bare  [-] slope of the graph considering all data points (for normal wave
attack)

b; [-] slopes of the graphs for each data point

b, [-] coefficient depending at least on the dike slope to determine the

influence factor y

brer 13 [-] slopes of the graph of the reference test (1:3 sloped dike)

brer 16 [-] slopes of the graph of the reference test (1:6 sloped dike)

by [-] exponential coefficients for normal or oblique wave attack

Cbs [m/s] absolute velocity of waves

Cy abs [m/s] absolute group velocity of waves

Cy rel [m/s] relative group velocity of waves

Cp [-] empirical coefficient determined by model tests concerning flow
depth on crest

Crel [m/s] relative velocity of waves

c, [-] empirical coefficient determined by model tests

Cy [-] constant factor to determine the wind speed by GONZALES-
ECRIVA (2000)

d [m] flow depth, water depth

dy [m] flow depth at breaker point without wind

dp(wingy  [m] flow depth at breaker point with wind

g [m/s?] acceleration due to gravity (= 9.81 m/s?)

h* [-] dimensionless flow depth on seaward dike crest

h,o, [m] flow depth on dike crest exceeded by 2 % of the incoming waves

H,,, [m] wave height exceeded by 2 % of the waves

H,,o [m] significant wave height from spectral analysis

H, [m] significant wave height

H, [m] significant wave height (defined as highest one-third of wave

heights)
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relative wave number k=21 /oy

m-1,0
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slope of the dike: 1 unit vertical corresponds to m units horizontal

adapted slope of the dike for oblique wave attack: 1 unit vertical
corresponds to m units horizontal

zero order moment of spectral density

energy density of the incident wave spectrum

energy density of the reflected wave spectrum

minus first moment of spectral density

probability of wave overtopping event

mean overtopping rate per meter structure width

dimensionless overtopping discharge

interception with the y-axis

freeboard height of the structure

dimensionless freeboard height

run-up height exceeded by 2 % of the incoming waves

wave steepness defined by s o=H o /L, 0

absolute wave period

spectral wave period defined by T, o=m_,; /m,

spectral peak wave period

wind velocity

wind velocity 10 m above still water level

current velocity parallel to the dike crest

flow velocity on dike crest exceeded by 2 % of the incoming waves
flow velocity on the dike crest, wind uio = 0 m/s

flow velocity on the dike crest, wind uio # 0 m/s

component of current velocity in the direction of wave propaga-
tion

wind speed by GONZALES-ECRIVA (20006)

prototype wind speed by GONZALES-ECRIVA (2006)

horizontal coordinate parallel to the dike crest

probability of exceedance — Rayleigh distributed [%o]

horizontal coordinate perpendicular to the dike crest

vertical coordinate

slope of the front face of the structure

adapted slope of the dike for oblique wave attack

angle of wave attack relative to normal on structure; perpendicular
wave attack: $=0°; oblique wave attack: B#0°

angle of wave energy relative to normal on structure

correction factor to take the influence of current v, (and the angle
of wave attack) into account

influence factor of each data point

correction factor to take the influence of wind into account

deep water wave length L | =
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g [-] correction factor for oblique wave attack considering run-up and
ov. design

& [] surf similarity parameter

Em-10 [-] surf similarity parameter based on s,

c (varying) standard deviation

® [rad/s]  angular frequency

Dyps [rad/s] absolute angular frequency

Oy [rad/s] relative angular frequency
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