
 
 

 
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 1:3b  and 1:6b  of tests without current and wind (cf. Fig. 60 to 
Fig. 61). 

dike slope wave conditions 
wave attack 

0° 15° 30° 45° 

1:3 breaking waves -5.189 -5.465 -5.876 -7.632 

1:3 non-breaking 
waves -2.677 -2.725 -3.180 -4.388 

1:6 breaking waves -4.779 -5.179 -5.949 -6.708 

54

Die Küste, 80 (2013), 1-78



 
 

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 ib  was determined for every measured value separately. The procedure is clarified 
in Fig. 63 while ib  can be calculated by 

 i
c

qln
ab

R
  [-] (28) 

with  *q  dimensionless overtopping rate [-] 
a  regression coefficient with a   0.067 for breaking conditions and

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

 
Figure 63: Determination of the slopes of the graphs for each data point ib  and the slope of the 
graph considering all data points allb   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 ib , an influence factor i  is determined 
separately for each data point and defined by the following formula: 

 
0,all

i
i b

b [-] (29) 

Like given in Tab. 2 the parameter all,0b  are determined as follows: 
� 1:3 sloped dike, breaking waves:  all,0b  = -5.189 
� 1:3 sloped dike, non-breaking waves: all,0b  = -2.677 
� 1:3 sloped dike, breaking waves:  all,0b  = -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). 

 
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  can be determined by com-
paring the exponential coefficients b  for normal wave attack (   0 ) and oblique wave 
attack (   0 ): 

 
0b

b
i  (30) 

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 current, the influence factors cu  was intro-
duced to take the influence of current xv  into account: 

 
0cu

cu
cu b

b  (31) 

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 current velocity of 0.3 m/s. 
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Figure 67: Influence of the current on wave overtopping, angle of wave attack 0 , no wind. 

These influence factors and their statistical spreading against the current are plotted in 
Fig. 68 and Fig. 69. 

 
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). 

       
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 w1, w3 and w5 with a lower steepness than the wave spectra w2, w4 and w6. 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 w1 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. 

 
Figure 70: Wind influence on wave overtopping; left: 1:3 sloped dike – FlowDike 1; 1:6 sloped 
dike – FlowDike 2. 

 
Figure 71: Statistical spreading of tests with wind; left: 1:6 sloped dike (breaking conditions); 
right: 1:3 sloped dike (non-breaking conditions). 

59

Die Küste, 80 (2013), 1-78



 
 

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 

 
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 (0.15 m/s), diamonds 
(0.30 m/s) and squares (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. 

 
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 period only changes the influence factor ,cu  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 abs,m 1,0T . The non-filled data points 
were determined by using the relative wave period rel,m 1,0T . 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: Current influence on wave overtopping including the relative wave period, 1:3 sloped 
dike, br. waves. 

 
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 e . 
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. 

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

 
Figure 79: Current influence on wave overtopping including the angle of wave energy, 1:6 sloped 
dike, br. waves. 
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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 ࡳ
-for breaking waves an insignificant increasing of wave overtopping is identifia ࡳ

ble for current > 0 m/s 
 for non-breaking waves (1:3 sloped dike): the wave overtopping increases with ࡳ

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 ࡳ

parameters 
� angle of wave energy and absolute wave parameters 

  influence factors correspond more or less with the formula for  by ࡳ
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  
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  for oblique wave attack. 

 
angle of wave 
attack 

1:3 sloped dike 1:6 sloped dike 

run-up overtopping 
br. waves 

overtopping 
non-br. 
waves 

run-up overtopping 
br. 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 0.98 0.80 
+45° 0.69 0.68 0.61 0.75 0.71 
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Table 4: Influence factors cu  for current. 

 
current 

1:3 sloped dike 1:6 sloped dike 

run-up overtopping 
br. waves 

overtopping 
non-br. 
waves 

run-up overtopping 
br. waves 

0 m/s 1.00 1.00 1.00 1.00 1.00 
0.15 m/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 w  for wind. 

wind 

1:3 sloped dike 1:6 sloped dike 

run-up overtopping 
br. waves 

overtopping 
non-br. 
waves 

run-up overtopping 
br. waves 

0 m/s 1.00 - 1.00 1.00 1.00 
4 m/s or 5 m/s 1.00 - 1.02 0.98 1.02 
8 m/s or 10 
m/s 1.01 - 1.07 0.95 1.05 

Table 6: Influence factors ,cu  for current, oblique wave attack 45 , 0 m/s wind. 

current 

1:3 sloped dike 1:6 sloped dike 

run-up overtopping 
br. waves 

overtopping 
non-br. 
waves 

run-up overtopping 
br. waves 

0 m/s 0.69 0.68 0.61 0.75 0.71 
0.15 m/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 ,cu for current, oblique wave attack 30 , 0 m/s wind. 

current 

1:3 sloped dike 1:6 sloped dike 

run-up overtopping 
br. waves 

overtopping 
non-br. 
waves 

run-up overtopping 
br. waves 

0 m/s 0.86 0.88 0.84 0.98 0.80 
0.15 m/s 0.94 0.91 0.88 0.92 0.92 
0.30 m/s 0.89 0.95 0.98 0.87 0.97 
0.40 m/s - - - 0.80 0.97 

 

 

 

65

Die Küste, 80 (2013), 1-78



 
 

Table 8: Influence factors ,cu  for current, oblique wave attack 15 , 0 m/s wind. 

current 

1:3 sloped dike 1:6 sloped dike 

run-up overtopping 
br. waves 

overtopping 
non-br. 
waves 

run-up overtopping 
br. waves 

0 m/s 0.94 0.95 0.98 0.96 0.92 
0.15 m/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 ,cu  for current, oblique wave attack 15 , 0 m/s wind. 

current 

1:3 sloped dike 1:6 sloped dike 

run-up overtopping 
br. waves 

overtopping 
non-br. 
waves 

run-up overtopping 
br. waves 

0 m/s 0.94 0.95 0.98 0.96 0.92 
0.15 m/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 ,cu  for current, oblique wave attack 30 , 0 m/s wind. 

current 

1:3 sloped dike 1:6 sloped dike 

run-up overtopping 
br. waves 

overtopping 
non-br. 
waves 

run-up overtopping 
br. waves 

0 m/s 0.86 0.88 0.84 0.98 0.80 
0.15 m/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. SCHÜTTRUMPF (2001) and VAN GENT (2002) describe 
these processes related to wave run-up and wave overtopping by flow parameters such as 
flow depth 2%h  and flow velocity 2%v . A formula resulting from a simplified energy 
equation is given to determine the flow depths on the seaward dike crest 2%h  which are 
exceeded by 2 % of the incoming waves with the formula 

 
s

cu
h

s H
RRc

H
h %2%2 [-] (32) 

with  sH  significant wave height [m] 
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u2%R  run-up height exceeded by 2 % of the incoming waves [m] 
cR  freeboard height [m] 

hc  empirical coefficient determined by model tests[-] 
Additionally flow velocities on the seaward dike crest 2%v  are given by 

 
s

cu
v

s H
RRc

Hg
v %2%2 [-] (33) 

  vc   empirical coefficient determined by model tests [-] 
Experimental investigations on the overtopping flow parameters were 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 hc  and vc  were 
determined by using the described formula (32) and (33) by SCHÜTTRUMPF 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 hc  and vc  for all four dike configurations on the seaward 
side. These coefficients hc  and vc  are determined using the mentioned formula by 
SCHÜTTRUMPF and VAN GENT (2003): 

 
%2

%2

h
H

H
RRc s

s

cu
h [-] (34) 

 
%2

%2

v
Hg

H
RRc s

s

cu
v [-] (35) 

 
with  sH  significant wave height [m] 

u2%R  run-up height exceeded by 2 % of the incoming waves [m] 
cR  freeboard height [m] 

hc  empirical coefficient determined by model tests [-] 
In Fig. 80 and Fig. 81 the standard-deviations ±Ƴ, ±2Ƴ and ±3Ƴ of the coefficients hc  
and vc  are plotted respectively. 
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Figure 80: Coefficient hc  as a function of 2% m0h / H  without tests with wind or flow depth un-
der 1 cm. 

 
Figure 81: Coefficient vc  as a function of 0,5

2% m0v / 9.81H  without tests with wind or flow 
depth under 1 cm. 

Furthermore, as a result of these distributions the data which are located outside the 3Ƴ-
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 vc  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 vc . Fig. 83 shows the new distribution of coefficients 
and the final constant empirical coefficients hc  and vc : 

hc  0.21    and   vc  0.94   
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Figure 82: Average coefficients of every single dike configuration and of all configurations to-
gether. 

 
Figure 83: Average coefficients of every single dike configuration and of all configurations to-
gether excluding vc  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  
SCHÜTTRUMPF and VAN GENT (2003). 

Fig. 84 shows that the new empirical coefficient hc  0.21  is lower than the coeffi-
cient by SCHÜTTRUMPF (2001) hc  0.33  and is slightly higher than the value by VAN 
GENT (2002) hc  0.15 .  The coefficient vc  0.94  for the results of FlowDike 1 and 
FlowDike 2 is lower than the coefficients by SCHÜTTRUMPF (2001) vc  1.37 and VAN 
GENT (2002) vc  1.30 . The coefficients by SCHÜTTRUMPF (2001) have been determined 

69

Die Küste, 80 (2013), 1-78



 
 

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. 

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

With the new empirical coefficients hc  and vc  flow depths 2%h  and flow velocities 2%v  
were calculated and plotted against the measured values (Fig. 85). According to the modi-
fication of empirical coefficients used in formulas by SCHÜTTRUMPF 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. 

 
Figure 85: Measured and calculated flow depths 2%h  and flow velocities 2%v  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 2%h  and flow velocities 2%v  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: 

 
sH

hh %2*  [-] (36) 

with 2%h  flow depths on seaward dike crest, which is exceeded by 2 % of the 
incoming waves [m] 

sH  significant wave height [m] 
Fig. 87 and Fig. 88 give the dependency between the dimensionless flow depth h *  and 
the dimensionless freeboard height cR *  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 2%h  have the same value as the significant 
wave height sH . 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 cR * . 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). 

 
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 carried out in the 
shallow water wave basin at DHI (Hørsholm, 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 
current. 

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 , cu  and w . 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 GONZÁLEZ-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. (1996). 

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 ,cu . Using therefore the relative wave 
period rel,m 1,0T  instead of the absolute wave period abs,m 1,0T  leads to rather high values 
and does not account the current influence on wave overtopping. Instead of that the in-
fluence-factor ,cu  can be determined by using the angle of wave energy e  instead of 
the angle of wave attack . 

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 formulae by  
SCHÜTTRUMPF 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-IV project CornerDike. 
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8 List of abbreviations 

br  breaking wave conditions 
nbr  non-breaking wave conditions 
SWL  still water level 
w1 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 

ra  [-] coefficient depending at least on the dike slope to determine the 
influence factor  

ball, ball,0° [-] slope of the graph considering all data points (for normal wave 
attack) 

ib  [-] slopes of the graphs for each data point 
rb  [-] coefficient depending at least on the dike slope to determine the 

influence factor  
ref ,1:3b  [-] slopes of the graph of the reference test (1:3 sloped dike) 
ref ,1:6b  [-] slopes of the graph of the reference test (1:6 sloped dike) 

b  [-] exponential coefficients for normal or oblique wave attack 
absc  [m/s] absolute velocity of waves 
g,absc  [m/s] absolute group velocity of waves 
g,relc  [m/s] relative group velocity of waves 
hc  [-] empirical coefficient determined by model tests concerning flow 

depth on crest 
relc  [m/s] relative velocity of waves 
vc  [-] empirical coefficient determined by model tests 
wc  [-] constant factor to determine the wind speed by GONZÁLES-

ECRIVÁ (2006) 
d  [m] flow depth, water depth 

bd  [m] flow depth at breaker point without wind 
)b(windd  [m] flow depth at breaker point with wind 

g  [m/s²] acceleration due to gravity (= 9.81 m/s²) 
h *  [-] dimensionless flow depth on seaward dike crest 

2%h  [m] flow depth on dike crest exceeded by 2 % of the incoming waves 
2%H  [m] wave height exceeded by 2 % of the waves 
m0H  [m] significant wave height from spectral analysis 
sH  [m] significant wave height 
sH  [m] significant wave height (defined as highest one-third of wave 

heights) 
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k  [rad/m] wave number with k 2 /  
RK  [-] reflection coefficient 

relk  [rad/m] relative wave number relk 2  /  

m 1,0L  [m] deep water wave length m 1,0
m 1,0

T
L

2
 

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

corresponds to m units horizontal 
0m  [m²/s] zero order moment of spectral density 
0,incidentm  [m²/s] energy density of the incident wave spectrum 
0,reflectedm  [m²/s] energy density of the reflected wave spectrum 

1m  [m²] minus first moment of spectral density 
p  [-] probability of wave overtopping event 
q  [m³/(sm)] mean overtopping rate per meter structure width 

*q  [-] dimensionless overtopping discharge 
0Q  [-] interception with the y-axis 
cR  [m] freeboard height of the structure 
c*R  [-] dimensionless freeboard height 
u2%R  [m] run-up height exceeded by 2 % of the incoming waves 

m 1,0s  [-] wave steepness defined by m 1,0 m0 m 1,0s   H / L  
absT  [s] absolute wave period 
m 1,0T  [s] spectral wave period defined by m 1,0 1 0T   m / m  
pT  [s] spectral peak wave period 

u  [m/s] wind velocity 
10u  [m/s] wind velocity 10 m above still water level 

v  [m/s] current velocity parallel to the dike crest 
2%v  [m/s] flow velocity on dike crest exceeded by 2 % of the incoming waves 
crest,no windv [m/s] flow velocity on the dike crest, wind u10 = 0 m/s 
crest,windv  [m/s] flow velocity on the dike crest, wind u10  

v  [m/s] component of current velocity in the direction of wave propaga-
tion 

w  [m/s] wind speed by GONZÁLES-ECRIVÁ (2006) 
pw  [m/s] prototype wind speed by GONZÁLES-ECRIVÁ (2006) 

x  [m] horizontal coordinate parallel to the dike crest 
x’  [-] probability of exceedance – Rayleigh distributed [%] 
y  [m] horizontal coordinate perpendicular to the dike crest 
z  [m] 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:   0  
e  [°] angle of wave energy relative to normal on structure 
cu ,cu,   [-] correction factor to take the influence of current xv  (and the angle 

of wave attack) into account 
i  [-] influence factor of each data point 
w  [-] correction factor to take the influence of wind into account 
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 [-] correction factor for oblique wave attack considering run-up and 
ov. design 

  [-] surf similarity parameter 
m 1,0  [-] surf similarity parameter based on m 1,0s  
 (varying) standard deviation 
 [rad/s] angular frequency 
abs  [rad/s] absolute angular frequency 
rel  [rad/s] relative angular frequency 

10 References 

ARTHUR, R. S.: Refraction of shallow water waves: The combined effect of currents and 
underwater topography, Transactions, American Geophysical Union, Vol. 31-4, 
549–552, doi: 10.1029/TR031i004p00549, 1950.  

BATTJES, J. A.: Computation of set-up, longshore currents, run-up and overtopping due 
to wind-generated waves, Vol. 74-2, Delft, Netherlands, 1974. 

DE ROUCK, J.; BOONE, C. and VAN DE WALLE, B.: The optimisation of crest level de-
sign of sloping coastal structures through prototype monitoring and modelling: 
OPTICREST; Detailed scientific and technical report, Ghent, Belgium, Ghent Uni-
versity, (contract; MAS3-CT97-0116), 2001. 

DE ROUCK, J.; TROCH, P.; VAN DE WALLE, B.; VAN GENT, M. R. A.; VAN DAMME, L.; 
DE RONDE, J.; FRIGAARD, P. and MURPHY, J.: Wave run-up on sloping coastal 
structures prototype measurements versus scale model tests, Proceedings of the in-
ternational Conference on Breakwaters, coastal structures and coastlines, 233–244, 
London, England, 2002. 

DE WAAL, J. P. and VAN DER MEER, J. W.: Wave runup and overtopping on coastal 
structures, Proceedings of the 23rd International Conference on Coastal Engineer-
ing, 1772–1784, 1992. 

DE WAAL, J. P.; TÖNJES, P. and VAN DER MEER, J. W.: Wave overtopping of vertical 
structures including wind effect, Proceedings of the 25th International Conference 
on Coastal Engineering, 2216–2229, Singapore, Singapore, 1996. 

DHI WASY WATER & ENVIRONMENT: WS Wave Analysis Tools – User Guide, [DHI 
Software 2007], 2007.  
http://www.hydroasia.org/jahia/webdav/site/hydroasia/ 
shared/Document_public/Project/Manuals/WRS/MIKEZero_WSWAnalysisTool
s.pdf (access on 27th October 2011) 

EUROTOP-MANUAL; PULLEN, T.; ALLSOP, N. W. H.; BRUCE, T.; KORTENHAUS, A.; 
SCHÜTTRUMPF, H. and VAN DER MEER, J. W.: EurOtop, wave overtopping of sea 
defences and related structures: Assessment manual, Die Küste, 73, 2007. 
http://www.overtopping-manual.com/eurotop.pdf (04-18-12) 

FÜHRBÖTER, A. and WITTE, H.-H.: Wellenbelastung an Seedeichen – Strömungsge-
schwindigkeiten beim Wellenauflauf auf einer Böschung der Neigung 1 : n = 1 : 6 
(Experimentelle Untersuchungen im Großen Wellenkanal Hannover), In: Sonder-
druck aus dem Jahrbuch der Hafentechnischen Gesellschaft, Band 44, 176–194, 
1989. 

76

Die Küste, 80 (2013), 1-78



 
 

GALLOWAY, J. S.; COLLINS, M.B. and MORAN, A. D.: Onshore/offshore influence on 
breaking waves: An Empirical Study. Coastal Engineering 13. Elsevier Science Pub-
lishers, 1989. 

GONZÁLES-ECRIVÁ, J. A.: The role of wind in wave runup and wave overtopping of 
coastal structures, Proceedings of the 30th International Conference, Vol. 5, 4766–
4778, Singapore, 2006. 

HEDGES, T. S.: Combinations of Waves and Currents – An Introduction, Proceedings of 
the Institution of Civil Engineers Part 1-Design and Construction, Vol. 82, 567–
585, London, England, 1987. 

HEYER, T. und POHL, R.: Der Auflauf unregelmäßiger Wellen im Übergangsbereich zwi-
schen branden und Schwingen, Wasser und Abfall, Vol. 5, 34–38, Sindelfingen, 
Germany, 2005. 

HOLTHUIJSEN, L. H.: Waves in oceanic and coastal waters, New York, 2007. 
JENSEN, M. S. and FRIGAARD, P.: The optimisation of crest level design of sloping 

coastal structures through prototype monitoring and modelling: OPTICREST; Final 
edition; Zeebrugge model: Wave runup under simulated prototype storms (II); The 
influence on wave run-up introducing a current, Aalborg, Denmark, Aalborg Uni-
versity (contract; MAS3-CT97-0116), 2000. 

LE MÉHAUTÉ, B.: Similitude in Coastal Engineering. Journal of the Waterways, Harbors 
and Coastal Engineering, Vol. 102, 317–335, 1976. 

MEDINA, J.: Wind effects on run-up and breakwater crest design. Proceedings Interna-
tional conference on coastal engineering. Copenhagen, 1998. 

MURPHY, J.; SCHÜTTRUMPF, H. and LEWIS, T.: Wave run-up and overtopping of sea 
dikes: results from new model studies, In: Fourth International Symposium on 
Ocean Wave Measurement and Analysis: September 2-6, 2001 in San Francisco, 
California, United States / Edge, Billy L., Hemsley, J. Michael [Ed.] – New York, 
American Society of Civil Engineers, 1575–1584, 2001. 

OUMERACI, H.; SCHÜTTRUMPF, H.; SAUER, W.; MÖLLER, J. and DROSTE, T.: Physical 
model tests on wave overtopping with natural sea states – 2D model tests with sin-
gle, double and multi peak wave energy spectra, Vol. LWI-Bericht 852, Braun-
schweig, Germany, 2000. 

OUMERACI, H.; MÖLLER, J.; SCHÜTTRUMPF, H.; ZIMMERMANN, C.; DAEMRICH, K.-F. 
und OHLE, N.: Schräger Wellenauflauf an Seedeichen, Vol. LWI 881, FI 643/V, 
Braunschweig, Germany, 2002. 

SCHÜTTRUMPF, H.: Wellenüberlaufströmung bei Seedeichen – Experimentelle und theo-
retische Untersuchungen, Braunschweig, Germany, 2001. 

SCHÜTTRUMPF, H. and VAN GENT, M. R. A.: Wave overtopping at seadikes, 431–443, 
Vicksburg, MS, 2003. 

TRELOAR, P. D.: Spectral wave refraction under the influence of depth and current, 
Coastal Engineering, Vol. 9, Issue 5, 439–452, Amsterdam, Netherlands, 1986. 

VAN DER MEER, J. W.: Hydralab-Flowdike; Influence of wind and current on wave run-
up and wave overtopping; detailed analysis on the influence of current on wave 
overtopping, Heerenveen, The Netherlands: Van der Meer Consulting B.V., Coastal 
Engineering Consultancy & Research, (Project number; vdm08310), 2010. 

VAN GENT, M. R. A.: Wave overtopping events at dikes, Proceedings of the 28th Inter-
national Conference, Singapore, 2002. 

77

Die Küste, 80 (2013), 1-78



 
 

WAGNER, H. und BÜRGER, W.: Kennwerte zur Seedeichbemessung, Wasserwirtschaft 
Wassertechnik, Vol. 23, Issue 6, 204–207, Berlin, Germany, 1973. 

WARD, D. L.; ZHANG, J.; WIBNER, C. G. and CINOTTO, C. M.: Wind effects on runup 
and overtopping of coastal structures, Proceedings of the 29th International Con-
ference on Coastal Engineering, 2206–2215, Singapore, 1996. 

YAMASHIRO, M.; YOSHIDA, A.; HASHIMOTO, H. and IRIE, I.: Conversion ratio of wind 
velocity from prototype to experimental model on wave overtopping. Proceedings 
of the International Conference on Coastal Engineering, San Diego, 2006. 

 

78

Die Küste, 80 (2013), 1-78




