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1. Scientific aim and background: 

A variety of structures has been built in the past to protect the adjacent areas during high 

water levels and storm surges from coastal or river flooding. Common use in practice is 

the application of smooth sloped dikes as well as steep or vertical walls. The knowledge 

of the design water level, wind surge, wave run-up and/or wave overtopping is used to 

determine the crest height of these structures. Due to the return interval considered of 

the design water level, the uncertainties in applied formula for wave run-up respectively 

wave overtopping and the incoming wave parameters, wave overtopping can not be 

avoided at all times. 

Relevant for the freeboard design in wide rivers, estuaries and at the coast, are the 

incoming wave parameters at the toe of the structure. At rivers these are probably 

influenced by local wind fields and sometimes by strong currents - occurring at high 

water levels mostly parallel to the structure (cross flow). In the past no investigations 

were made on the combined effects of wind and current on wave run-up and wave 

overtopping. Only few papers, dealing either with wind effects or current influence, are 

publicised. To achieve an improved design of structures these effects should not be 

neglected, otherwise the lack of knowledge may result in too high and expensive 

structures or in an under design of the flood protection structure which increases the risk 

of flooding. 

Therefore the objective of the EU-Hydralab-FlowDike-Project is to investigate the 

effects of wind and cross flow within experimental tests. For comparability and 

integration of test results in the already existing design approaches, data from former 

investigations are used, such as the KFKI- projects “Schräger Wellenauflauf an 
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Seedeichen” and “Belastung der Binnenböschung von Seedeichen durch 

Wellenüberlauf”. 

The experimental investigations on run-up and overtopping for smooth sloped dikes, 

which are typical for river and estuarine dikes, were performed at the DHI in Hørsholm. 

The tests for a 1:3 slope took place in January 2009 (titled FlowDike in the following). 

During the model test, the dike was divided into two separate parts to perform wave 

run-up and wave overtopping experiments simultaneously. This was done due to the 

fact that the measuring area within the basin and the testing time was limited. 

Overtopping was measured for two different crest heights (70 cm and 60 cm) in order to 

include the influence of the freeboard and acquire more data for the analysis. 

The test program covered model tests on wave set-up, wave run-up and wave 

overtopping. Combinations with and without currents and with and without wind for 

different wave conditions were scheduled. Wave conditions included long crested 

waves and perpendicular, respectively oblique wave attack. 

Acquired raw data are processed to determine the degree of dependence of wave run-up 

and wave overtopping on wind, current and oblique wave attack. Therefore the 

incoming wave parameters at the toe of the structure are measured for different 

variations of the influencing variables. Existent approaches and theoretical 

investigations will be used to verify and compare the data. Finally design formulae for 

freeboards of dikes are supposed to be developed or modified. 

2. User-Project Achievements and difficulties encountered: 

During testing problems with the AWACS occurred for some tests with wave spectra 

w5 and w6, perhaps because of the absorption function of the wave generator. But the 

exact reason for this problem is not known yet. 

Due to a more inclined wave direction (q=-45°) the wave run-up board was situated a 

little bit outside the part of the dike where the fully developed sea arrived. Moreover the 

almost diagonal up rushing waves could not develop their full run-up height because of 

the limitation in run-up board width. This will have to be considered during post 

processing and data analysis. 

3. Highlights important research results: 

The investigations of FlowDike concentrate on the effects of wind and parallel current 

on wave run-up and wave overtopping for perpendicular and oblique wave attack. The 

tests on perpendicular wave attack without influencing parameter validated the existing 

wave overtopping formulae from the EuroTop-Manual (2007). The data points of the 

reference tests fit well within the 90% confidence interval of the formula. The general 

trend is a little lower than the equation. 

All wind tests on wave overtopping confirmed the stated assumptions by Gonzalez-

Escriva (2006) and de Waal et al.(1996) concerning the significant wind impact on 

small overtopping discharge. 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). For the two different wind velocities no significant 

variation can be found. The current effects can be assumed to have a reducing influence 

on the wave overtopping. The tests give reasonable results, but some of them do not 

validate the average trend, this might depend on the small current and should be 

analysed more detailed. Tests on combined effects of wind and current showed a 

superposition of the opposite influences of both parameters. 

The influence of oblique waves on overtopping was analysed as a last resort. In a first 

attempt the results found for both investigations validate the trend for obliqueness to 

reduce wave overtopping. The reduction factors validate well the regression trend found 

for former investigations by Oumeraci et al. (2001). 

4. Publications, reports from the project: 

Brüning, A.; Gilli, S.; Lorke, S.; Pohl, R.; Schlüter, F.; Spano, M.; van der Meer, J.; 

Werk, S.; Schüttrumpf, H.; “Flowdike – Investigating the effect of wind and current on 

wave run-up and wave overtopping”, 4th SCACR - International Short Conference on 

APPLIED COASTAL RESEARCH, June 2009, Barcelona, Spain 

Brüning, A.; “Current and wind effects on wave run-up and wave overtopping 

(FlowDike)”, Master-Thesis, december 2009, Aachen, Germany, unpublished 

Brüning, A.; Gilli, S.; Lorke, S.; Pohl, R.; Schlüter, F.; Spano, M.; van der Meer, J.; 

Werk, S.; Schüttrumpf, H.; “Flowdike – Investigating the effect of wind and current on 

wave run-up and wave overtopping”, HYDRALAB III Closing Event, 2-4 February 

2010, Hanover, Germany 

Lorke, S.; Brüning, A.; Pohl, R.; Spano, M.; van der Meer, J.; Werk, S.; Schüttrumpf, 

H.; “On the effect of wind and current on wave run-up and wave overtopping”, ICCE - 

International Conference on Coastal Engeneering, Juni/July 2010, Shanghai, China 

5. Description: 

5.1. Description: 

The facility provided by the DHI in Hørsholm (Denmark) is a shallow water wave 

basin. It has a length of 35 m, a width of 25 m and can be flooded to a maximum 

water depth of 0.9 m. Along the east side (35 m in length) the basin is equipped with 

a 18 m long multidirectional wave maker composed of 36-segments (paddles). The 

0.5m wide and 1.2 m high segments can be programmed to generate multidirectional, 

long or short crested waves. Dynamic wave absorption is integrated in the DHI wave 

generation software by an automatic control system called AWACS (Active Wave 

Absorption Control System). This system uses the signal of wave gauges at each 

paddle, to receive the actual wave height to identify and absorb the reflected waves. 

For further absorption of reflection and diffraction effects gravel and metallic wave 

absorbers were placed on the upstream and downstream edges of the dike (see Figure 

5.1.1). 

http://www.hydralab.eu/facilities_view.asp?id=7
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Figure 5.1.1 Upstream edge of the dike with wave absorption and beverage racks; 

Metallic wave absorber in front of the weir 

The parallel current and constant water depth of 0.5 m were controlled by the flow 

capacity of the basin pump and an adjustable weir at the downstream edge of the 

basin. This weir had a length of 7.9 m and was adjusted by means of a long metal 

plate that could be adjusted in height. To provide aligned streamlines within the 

channel three rows of beverage crates were used as shown in Figure 5.1.1 to 

straighten the inflow. 

The wind field could be generated by six wind machines placed on metal stands (80 

cm above the basin floor) in front of the wave generator. Therefore two different 

frequencies were set to produce a homogenous wind field with an assumed mean 

velocity of 10 m/s (49 Hz) and a lower one of 5 m/s (25 Hz). 

Only a constant water temperature which is important for the calibration of all wave 

gauges and especially for the absorption system of the wave generator could be 

accepted for the accuracy of the tests. Therefore changes of water temperature during 

the beginning of a tests series with flow induced current was measured. 

Data storage was simplified by using the DHI Wave Synthesizer. A sampling 

frequency of 25 Hz was used to include all instrument-signals. All acquired data 

were stored in dfs0- and daf-files and calibration could easily be made for all 

instruments connected to an amplifier, such as wave gauges, load cells, micro 

propeller and pressure sensors. After installation of all measurement devices the 

whole basin was flooded. Therefore the data acquisition, amplifier, computer and 

spotlights, which are situated behind the dike, needed to be placed on platforms. An 

overall view of the data acquisition illustrates Figure 5.1.2. 
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Figure 5.1.2 Platform with data acquisition; Stand with amplifier and A/D converter 

  

The toe of the 1:3 dike was situated at a distance of 6.5 m and the SWL at a distance 

of 8.0 m from the initial position of the wave maker. The structure had a length over 

all of 26.5 m. This length depended on the allowable measuring sections for all wave 

directions of interest; thus for the investigations on current and wind influence a 

homogeneous wave field in front of the dike was necessary. The backside and crest 

of the dike are brick-built with a width of 0.28 m and its core was out of compacted 

gravel covered with a 50 mm concreted layer. 

In order to acquire wave overtopping data for freeboard heights of 0.1 m and 0.2 m 

the dike is divided in two sections. The first 15 m upstream from the weir have a 

crest height of 60 cm and 11.5 m further up the crest level is 70 cm from the basin 

floor. In Figure 5.1.3 variable crest is visualised that extend the 70 cm crest 7 m 

downstream. This additional part out of plywood is used to change the set-up 

configuration during the test programme. To prevent different roughness coefficients 

on the variable crest, on the run-up plate and in the gap between the concrete and 

plywood parts a polish with sand was used. 

For the wave run-up a “run-up board” out of plywood (2 m x 2.5 m) was mounted on 

the concrete crest to facilitate the up rush measurement by a capacity gauge and 

video analysis. This plate could be moved easily in its position during the changes of 

set-ups. The gap between run-up board and crest edge was filled either with a 

wooden piece and silicone or with a cement cover. 

  

  

 

Figure 5.1.3 Overtopping boxes in front of the variable crest (left); Run-up board 

and variable crest during construction (right) 

  

A cross-section for the wave overtopping unit is given in Figure 5.1.4. For sampling 

the overtopping water a plywood channel was mounted at the landward edge of the 

crest to lead the incoming water directly into one of the four overtopping tanks. 

There were two tanks per section (60 cm and 70 cm crest) and the amount of water 

was measured by the load cells and wave gauges of each tank. Standard pumps were 

used to empty the tanks during testing. Dry boxes (also named outer boxes) were 

constructed to contain the overtopping tanks, load cells and wave gauges and prevent 

these devices from uplift. The dry boxes had to be charged with concrete blocks to 

prevent themselves from uplift when the basin is flooded. 
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Figure 5.1.4 Cross section of overtopping unit for the 70cm crest 

  

5.2. Definition of the coordinate systems used: 

In the drawings the coordinate system is similar to that of the DHI. The x-coordinate 

is defined against the flow direction along the dike crest. The y-coordinate is 

perpendicular to the x-coordinate. It starts with zero at the wave generator side. The 

whole basin range from 0m – 25m, and in the x-direction the coordinates range from 

30 m – 65 m. 

Another coordinate system has been defined to measure the flow velocity: 

x. in flow and dike crest direction; against x-coordinate of the basin; 

perpendicular to y; lateral direction [m/s]  

y. perpendicular to the dike crest and x-coordinate; direction from the 

wavegenerator to the dike; in direction of wave propagation at an angle of 0° 

[m/s]  

z. vertical distance, up gives a positive velocity [m/s]  

5.3. Instruments used: 

For analysis of wind and current influence on wave run-up and wave overtopping in 

long crested sea state, several measurement devices were installed in the basin and 

on the dike. Better overall views of the placement of measurement devices are given 

in Figure 5.3.1. 

The drawings give a plan view of the basin with a flow direction of the current (blue 

arrows) from left to right. The light yellow bars at the upper side of the picutre 

indicate the acceptable measuring area for the set parameters of perpendicular or 

angled wave attack with or without currents. 

At the lower side of the drawing the wind and wave generator are situated. 

Approximately 2 m further upstream, the beam with two current meters and two 

micro propellers is indicated. Within the channel two wave arrays are displayed in 

the figure, each with its associated velocity meter. For the run up measurements a run 

up board with the mounted capacitive gauge is situated within the allowable 

measuring range for perpendicular wave attack with and without currents. The two 

step gauges are showed in their position in the slope of the 70 cm crest. On each crest 

two overtopping units are placed as depicted in the sketch. Between the inlet 

channels of these units, the instruments for flow velocity and flow depth 

measurement are marked. 
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Figure 5.3.1 Model set-up 1 (FlowDike 1) with instruments and flow direction (1:3 

sloped dike) 

  

Instruments: 

· Anemometer (TSI): 

Two anemometers for wind measurement provided by DHI were installed in the set 

up. These thin transducers with a small window for the sensor are able to record a 

range of 0 V – 10 V (0 m/s – 20 m/s) with a frequency of 0.2 seconds. 

· Capacitve gauge:  

The required equipment contained a submerged capacitor, a transducer and an A/D-

converter. The two electrodes of the capacitor were formed by one isolated and one 

non isolated wire each 3.5 m long. They were mounted on the run-up plate 

orthogonally to the dike base. The lower end was fixed about 0.25 m above the bed 

which is equal to 0.25 below still-water-level (SWL or RWS). The upper end was 

fitted to the highest point of the run-up plate. Thus it is possible to measure both the 

wave run-up and the run-down. To avoid a water film between the two electrodes 

after a wave runs down several rubber band spacers assure a constant distance of 

about 5 mm between the two wires. 

Air or water between the two wires forms the dielectric fluid. Water has a 

permittivity which is 80 times greater than the permittivity of the air. The variation of 

the water level produces a measurable variation of the electrical value of the 

capacitor. The transducer allows loading and unloading the capacitor 25 times per 

second which is equal to a measurement frequency of 25 Hz. Each value of the time 

constant τ would be transmitted to the A/D-converter as a voltage value. The scale of 

the voltage value ranged from 0 V to 5 V.  

The capacitive gauge was non-sensitive to environmental conditions like changes in 

water temperature. The calibration was conducted only one time before the tests 

start. Therefore three tests with regularly waves with a mean wave height of of 0.1 

m, 0.15 m and 0.2 m were run. The calibrated equation depends on the model set-up 

especially on the wire length and the mounting height. That is why the calibration 

has to be repeated for each model set-up. 

· Cameras : 
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One digital camera was a compact, professional USB 2.0 camera from VRmagic 

GmBH which is suitable for industrial purposes. The used model VRmC-3 + PRO 

contained a 1/3inch-CMOS-sensor which could record 69 frames per second. The 

picture resolution of 754 x 482 pixels was adequate for measurement purposes in the 

model tests presented herein. The other digital camera was a SONY Camcorder 

(Model: DCR-TRV900E PAL), with a 3CCD (Charge Coupled Device, ¼ inch). The 

objective had a focal distance between 4.3 and 51.6mm and a 12 x optical zoom. 

· Current meter (Acoustic Doppler Velocity meter (ADV): 

Both, ADV's and Vectrino, are a single point, Doppler current meters. Each of them 

has one ultrasound transmitter and three or even four receivers (ADV/ Vectrino). The 

current velocity is measured using the Doppler effect, that is, the shift of the 

frequency received with respect to the frequency transmitted when the source is 

moving relative to the receiver. The transmitter generates a short pulse of sound at a 

known frequency. The energy of the pulse passes through the so-called sampling 

volume (a small volume of water in which measurements are taken). Part of this 

energy is reflected by suspended matter along the axis of the receiver, where it is 

sampled by the velocity meter, whose electronics detect the shift in frequency. 

According to this, to obtain measurements with a velocity meter based on the 

Doppler effect, the presence of suspended matter is necessary for an accurate 

reflection of the pulse. The sampling volume was set to 25 Hz and a nominal velocity 

range of +/- 100cm/s. 

· Load cell: 

The cubic shaped weighing scale has a height of 10 cm and can be mounted to 

beneath the overtopping tank. They were used to measure the amounts of 

overtopping water. It is measuring in all 3 directions, but only the z-component with 

a maximum capacity of 2150 N (~ 220 kg), was used. Due to its accuracy, it was 

used for single event detection and oscillations in x and y directions were assumed to 

be negligible. Therefore it had to be calibrated every day with an occurrence of 20 kg 

per 1 Volt. 

· Micro propeller MiniWater 20 (Schiltknecht): 

Schildknecht micro propellers are based on the concept of an impeller. The rotations 

of the fan wheel will be measured and transformed to an output signal in Volt. The 

measuring range of MiniWater20 Micro lies within 0.04 m/s - 5 m/s and their 

accuracy is 2% of the full scale. The calibration of the micro propeller was done by 

the partner from Braunschweig (LWI) before using them in the Hydralab project. 

They evaluated for each of them its specified calibration curve containing the 

measured voltage for defined velocities within their flume. 

· Step gauges: 

The step gauges have a total length of 1m and include 4 successive parts with 24 

electrodes and a continuous wire. Wave run-up is measured by a signal when a short 

cut is caused between electrode and wire. A constant distance between the pins of 1 

cm gives for a slope of 1:3 a vertical precision of 0.32 cm. 

· Wave gauges: 

The water surface elevation and the flow depth on the crest were determined by wave 

gauges as a change of conductivity between two thin, parallel stainless steel 

electrodes. The conductivity changes proportionally to changes in the surface 



elevation of the water between the electrodes. An analogue output is taken from the 

Wave Meter conditioning module, where the wave gauge is connected to, and 

compiled in the data acquisition system. Calibration should be done for a constant 

water temperature and has to be repeated if it deviates more than 0.5°C. Hereby a 

calibration factor of 10 cm per 1 Volt was used. The calibration factor for the small 

wave gauges on the crest was 10 cm per 0.5 Volt. 

Table 5.3.1 gives an overview of the used measurements, its channels and the 

calibration curves. 

  

channel 

number 

row in 

*.dfs0-file 

Discription Position Calibration curve 

1 2 air temperature     

2 3 water temperature     

3 4 air flow on 70 cm crest 50Hz correspond to 

10m/s 

25 Hz corresponds to 

5m/s 

4 5 air flow near ADV in front of 70 cm 

crest 

5 6 wave gauge in front  

of the 70 cm crest 

position: 1.1 m (at dike 

side) 

  

6 7 position: 1 m   

7 8 position: 0.75 m   

8 9 position: 0.4 m   

9  position: 0 m (at wave 

machine side) 

  

10 11 wave gauges in 

front  

of the 60 cm crest 

position: 1.1 m (at dike 

side) 

  

11 12 position: 1 m   

12 13 position: 0.75 m   

13 14 position: 0.4 m   

14 15 position: 0 m (at wave 

machine side) 

  

15 16 wave gauge on landward side on the 70 

cm crest 

  

16 17 wave gauge on seaward side on the 70 

cm crest 

  

17 18 wave gauge on landward side on the 60   



cm crest 

18 19 wave gauge on seaward side on the 60 

cm crest 

  

19 20 Vx - ADV (DHI) near wavearray in front of 

the 70 cm crest 

  

20 21 Vy - ADV (DHI)   

21 22 Vz - ADV (DHI)   

22 23 Vx - ADV (DHI) near wavearray in front of 

the 70 cm crest 

  

23 24 Vy - ADV (DHI)   

25 25 Vx - ADV 

(RWTH) 

in the middle of the beam   

26 26 Vy - ADV 

(RWTH) 

  

27 27 Vz - ADV (RWTH)   

28 28 Vx - ADV 

(RWTH) 

in the middle of the beam   

29 29 Vy - ADV 

(RWTH) 

  

30 30 Vz - ADV (RWTH)   

31 31 micropropeller replaced ADV (19-21) v = 0.8616 ∙ signal 

32 32 micropropeller replaced ADV (22-24) v = 1.09 ∙ signal 

33 33 micropropeller 

MiniWater20 

on landward side on the 70 

cm crest 

v = 0.8296 ∙ signal 

34 34 micropropeller 

MiniWater20 

on seaward side on the 70 

cm crest 

v = 0.4871 ∙ signal 

35 35 micropropeller 

MiniWater20 

on landward side on the 60 

cm crest 

v = 0.4687 ∙ signal 

36 36 micropropeller 

MiniWater20 

on seaward side on the 60 

cm crest 

v = 0.4913 ∙ signal 

37 37 loadcell Vz of the overtopping-box 

behind 70 cm crest, 

upstream 

  

38 38 wavegauge in the overtopping-box 

behind 70 cm crest, 

upstream 

   



39 39 loadcell Vz of the overtopping-box 

behind 70 cm crest, 

downstream 

  

40 40 wavegauge in the overtopping-box 

behind 70 cm crest, 

downstream 

  

41 41 loadcell Vz of the overtopping-box 

behind 60 cm crest, 

upstream 

  

42 42 wavegauge in the overtopping-box 

behind 60 cm crest, 

upstream 

  

43 43 loadcell Vz of the overtopping-box 

behind 60 cm crest, 

downstream 

  

44 44 wavegauge in the overtopping-box 

behind 60 cm crest, 

downstream 

   

45 45 pump in the overtopping-box 

behind 70 cm crest, 

upstream 

  

46 46 pump in the overtopping-box 

behind 70 cm crest, 

downstream 

  

47 47 pump in the overtopping-box 

behind 60 cm crest, 

upstream 

  

48 48 pump in the overtopping-box 

behind 60 cm crest, 

downstream 

  

49 49 capacitive-gauge on the run-up-board setup1: 

R = 0.3748 ∙ signal + 

0.1679 

setup1: 

R = 0.3674 ∙ signal - 

0.171 

setup1: 

R = 0.3708 ∙ signal + 

0.1647 

R given in [m above 

water level] 



50 50 pump in the deep basin (to induce 

the flow) 

  

53 51 stepgauge stepgauge at 50m; 2m 

(upstream) 

  

54 52 stepgauge   

55 53 stepgauge   

56 54 stepgauge   

57 55 stepgauge stepgauge at 50m; 2m 

(downstream) 

  

58 56 stepgauge   

59 57 stepgauge   

60 58 stepgauge   

Table 5.3.1: instruments and its channels 

  

5.4. Definition of time origin and instrument synchronisation: 

N/A 

6. Definition and notation of the experimental parameters: 

6.1. Fixed parameters: 

Notation Name Unit Definition Remarks 

g acceleration due to gravity [m/s²] = 9.81   

a angle between structure slope and 

horizontal 

[°]     

Table 6.1.1 Fixed parameters 

6.2. Variable independent parameters: 

Notation Name Unit Definition Remarks 

Hs 
significant wave height defined as highest one-third of wave 

heights [m]     

Tp spectral peak wave period [s]     

Table 6.2.1 Wave parameters 

  

6.3. Derived parameters and relevant non-dimensional numbers: 



Notation Name Unit Definition Remarks 

Cr average reflection coefficient [-]     

H wave height [m]     

Hm0 estimate of significant wave height 

from spectral analysis 

[m]     

Hmax measured maximum wave height [m]     

L wave length measured in direction 

of wave propagation 

[m]     

L0m-1,0 deep water wave length based on 

Tm-1,0 

[m]     

N number of waves [-]     

POW probability of overtopping per wave [-]     

Q* dimensionless overtopping discharge [-]     

Q0 interception with the y-axis [-]     

Rc crest freeboard of structure [m]     

Ru run-up level, vertical measured with 

respect to the SWL 

[m]     

Ru,x% run-up level exceeded by x% of 

incident waves 

[m]     

R* dimensionless freeboard [-]     

T wave period [s]     

Tm average wave period [s]   from time-domain 

analysis 

Tm0,1 average wave period defined by 

m0/m1 

[s]     

Tm0,2 average wave period defined by 

(m0/m2)
1/2

 

[s]      

Tm-1,0 average wave period defined by m-

1/m0 

[s]     

b inclination of the slope of the graph [-]     

f frequency [Hz]     

fp spectral peak frequency [Hz]     



h water depth at the toe of the 

structure 

[m]     

hC layer thickness (flow depth) on the 

dike crest 

[m]     

mn nth moment of spectral density [m²/sn]     

q mean overtopping discharge per 

meter structure width 

[m³/(sm)]     

s wave steepness [-] = H/L   

sm-1,0 wave steepness with L0 based on Tm-

1,0 

[-]     

u wind velocity [m/s]     

v current velocity in x-direction [m/s]     

vc overtopping velocity (flow velocity) 

on the dike crest 

[m/s]     

β angle of wave attack relative to 

normal on structure 

[°]     

γ correction factor [-]     

γb correction factor for a berm [-]     

γf correction factor for surface 

roughness 

[-]     

γb correction factor for oblique wave 

attack 

[-]     

θ direction of wave propagation [°]     

ξm-1,0 breaker parameter based on sm-1,0 [-]     

ξtr surf parameter describing the 

transition between breaking and non 

breaking waves 

[-]     

Table 6.3.1 Control and derived parameters 

7. Description of the experimental campaign, list of experiments: 

The original test program for the Hydralab-FlowDike-Project contained 10 test series 

for investigation of wind and current effects on wave run-up and wave overtopping. 

Three different angles of wave attack -30°, -15°, 0° and +15°, +30°, +45° (in the 

datastorage “m” means minus and “p” means plus) should be determined under 



conditions with or without a current of 0.3 m/s and 0.15 m/s and wind of 5 m/s and 10 

m/s. Furthermore the test series containing wind were reduced to only the wave spectra 

1, 3 and 5 because a significant influence of wave steepness was expected. 

Generation and control of the wave maker was done by using the wave synthesizer, 

wherein a file for a set of six wave spectra could be stored. The wave spectra differ in 

two different wave steepness's and three different wave heights, covering the field of 

small (or no) overtopping to high overtopping. Each test series was foreseen to contain a 

set of the six wave spectra as illustrated in Table 7.1. 

For a better overview, evaluated data for the defined series of tests is unified separately 

for each wave spectra (w1-w6) in excel data process files. One process file includes i.e. 

the graphics for the spectral energy density, wave height distribution, as well as some 

exceedance curves for flow velocities and layer thickness. In section 8 the preliminary 

results of the processed data will be explained by means of test s1_01_00_w1_00_00.  

As explanation for the given filenames it is stated that they include the main 

information, such as set-up number, test series, current, wave spectra, wind speed and 

angle of wave attack. A template for all test series would be: set-up no_Test series 

no_current [cm/s]_waves pectra [i=1…6]_wind Hz]_angle of wave attack. For example 

the first test series is named: s1_01_00_wi_00_00. The term for angle of wave attack 

was changed from “-“ to “m” and from “+” to “p” within the system due to the fact that 

problems occurred during the data processing. In Table 7.2 all parameters of interest 

from the evaluation for the following data analysis are summarised. 

  

  

Wave 

spectra  

Significant wave 

height 

spectral peak 

period 
steepness duration 

no. of 

waves 
Remarks 

  Hs [m] Tp [s]  [-] [min] [-]   

w1 0.07 1.474 0.025 23 1021   

w2 0.07 1.045 0.05 16 1002   

w3 0.1 1.76 0.025 27 1004   

w4 0.1 1.243 0.05 19 1001   

w5 0.15 2.156 0.025 33 1002   

w6 0.15 1.529 0.05 24 1027   

Table 7.1 Jonswap wave spectra 

  

  

  

Testseries Name Experiment 

Date 
Wave 

direction [°] 

Current 

[cm/s] 

Wind 

speed 

[m/s] 

Wave spectra and 

its testnumber 

s1_03_30_wi_00_00 02.02.09 0 0.3 0 

w1 to w6 

114, 115, 116, 

117, 119, 120 



s1_08_30_wi_49_00 03.02.09 0 0.3 10 
w1, w3, w5 

121, 122, 123 

s1_19_30_wi_00_15m 03.02.09 -15 0.3 0 

w1 to w6 

124, 125, 126, 

127, 128, 129 

s1_16_30_wi_00_15p 04.02.09 +15 0.3 0 

w1 to w6 

131, 132, 133, 

134, 135, 136 

s1_08b_30_wi_25_00 04.02.09 0 0.3 5 
w1, w3, w5 

137, 138, 140 

s1_01_00_wi_00_00 05.02.09 0 0 0 

w1 to w6 

144, 145, 146, 

147, 148, 149 

s1_06b_00_wi_25_00 05.02.09 0 0 5 
w1, w3, w5 

150, 151, 152 

s1_06_00_wi_49_00 05.02.09 0 0 10 
w1, w3, w5 

153, 154, 155 

s1_12_00_wi_00_15m 06.02.09 -15 0 0 

w1 to w6 

156, 157, 158, 

159, 160, 161 

s1_11_15_wi_00_00 06.02.09 0 0.15 0 

w1 to w6 

162, 163, 164, 

165, 166, 167 

s1_13_15_wi_00_15m 09.02.09 -15 0.15 0 
w1 to w6 

168, 169, 170 

s1_15_15_wi_00_15p 09.02.09 +15 0.15 0 

w1 to w6 

174, 175, 176, 

177, 178, 179 

s2_02_00_wi_00_30m 11.02.09 -30 0 0 

w1 to w6 

180, 181, 182, 

183, 184, 185 

s2_07b_00_wi_25_30m 11.02.09 -30 0 5 
w1, w3, w5 

186, 187, 188 

s2_07_00_wi_49_30m 11.02.09 -30 0 10 w1, w3, w5 



189, 190, 191 

s2_20_15_wi_00_30m 12.02.09 -30 0.15 0 

w1 to w6 

192, 193, 194, 

195, 196, 197 

s2_04_30_wi_00_30m 12.02.09 -30 0.3 0 

w1 to w6 

202, 203, 204, 

205, 206, 207 

s2_09b_30_wi_25_30m 13.02.09 -30 0.3 5 
w1, w3, w5 

208, 209, 210 

s2_09_30_wi_49_30m 13.02.09 -30 0.3 10 
w1, w3, w5 

211, 212, 213 

s3_18_00_wi_00_45p 17.02.09 +45 0 0 

w1 to w5 

215, 216, 217, 

218, 220 

s3_05_30_wi_00_30p 18.02.09 +30 0.3 0 

w1 to w6 

222, 223, 224, 

225, 226, 227 

s3_14_30_wi_00_45p 18.02.09 +45 0.3 0 

w1 to w6 

228, 229, 230, 

231, 232, 233 

s3_21_15_wi_00_30p 19.02.09 +30 0.15 0 

w1 to w6 

234, 235, 236, 

237, 238, 239 

s3_17_15_wi_00_45p 19.02.09 +45 0.15 0 

w1 to w6 

240, 241, 242, 

243, 244, 245 

Table 7.2 list of experiments 

8. Data processing: 

8.1. Remarks 

An evaluation of the measured raw data of the wave field, run-up and overtopping is 

necessary intending to analyse and present the results in order to develop or modify 

the existing design formulae. As described previously the raw data are available from 

a digitalisation with Δt= 0.04 sec (fs = 25Hz). In order to reduce their extent to 



characteristic parameters, analyses driven by time domain or by frequency domain 

were used. 

As data processing tools the Wave Synthesizer from the DHI software package Mike 

Zero was used for reflection and crossing analysis. For calculation of the average 

overtopping volumes a Matlab script was created, that uses the available ascii files 

(*.daf). 

8.2. Evaluation methods 

Wind and current as main influencing variables were controlled separately from the 

data acquisition before starting the tests. A significant reason is that during testing 

the current recording would be influenced by the wave distribution, thus the length of 

the channel is limited. The wind could only be determined in one point; hence the 

distribution along the dike crest had to be validated before testing. 

In frequency domain the wave parameters were analysed using a reflection analysis. 

Herein the reflection coefficient Cr is determined at the same time. The time-series of 

water level elevation is transformed and analysed by a FOURIER-transformation 

giving the spectral energy density S(f) for incident and reflected wave and their 

average. Based on the moments mn of the spectral densities, the following 

characteristic wave parameters can be calculated: 

· wave height Hm0 = 4√m0 [m] 

· wave period Tm0,1 = m0/m1 [s] 

· wave period Tm0,2 = √(m0/m2) [s] 

· peak period Tp [s] 

Since Tm-1,0 could not be calculated with the used program, the relation between 

spectral and peak period for uniform single peaked spectra Tp = 1.1* Tm-1,0 is used 

(Eurotop, 2007). 

Determining the wave field in time domain, a zero-down crossing was applied, 

whereby single wave events were defined. From the certain quantity N of the 

measured surface elevation, related average values for the maximum wave height 

Hmax (peak to peak decomposition) and the mean wave period Tm (event duration), 

can be calculated. These values are the average of all wave gauges contributing to 

one of the wave arrays. Other averages for characteristic height parameters, such as 

the significant wave height Hs=H1/3, have not been analysed yet. 

Wave run-up events are the maximum elevations of the run-up tongue from the still 

water level. The wave run-up height is determined with a crossing analysis using a 

threshold level different from zero. Therefore the number of run-up events is 

different to the number of wave events. The calculation of statistical wave run-up 

characteristics has to be related to the number of waves. In the following only the 

analysis of the wave field and wave overtopping will be discussed, since detailed 

run-up analysis will be done in the near future. 

The overtopping is calculated by adding the lost pump volumes (recalculation from 

known capacity and working period) to the collected amount within the tank. By 

dividing the overtopping amount with the channel width of 0.1 m (0.118 m before 

sharpening the edges of the inlet) and the testing duration an average overtopping 

rate q in l/(sm) is determined for each tank. 



Crossing analysis with a defined threshold is done as well for the measurement 

devices on the crest. Here the flow velocity on the crest at the seaward vC,s and the 

landward edge vC,l, were measured by micro propellers, while the wave gauges gave 

the signals for the layer thickness hC,s and hC,l. As described earlier, statistical 

characteristics were determined as a relation of detected events and number of 

waves.  

For data analysis the following parameters were distinguished to be analysed in a 

first step: 

· Evaluation from wave measurements: 

· Frequency domain: Hm0, Tp, Tm0,1, Tm0,2, Tp, Cr, Tm-1,0 

· Time domain: Hmax, Tm, N 

· Plots: time series, energy density, reflection function 

· Analysis on wave run-up and wave overtopping: 

· Time domain: Ru,0.1%, Ru,2%, Ru,5%, Ru,10% 

percentage of waves overtopping the freeboard heights: POW-60, POW-70 

average overtopping rate q 

· Plots: time series, exceedance curves 

· Analysis on flow velocity and flow depth: 

· Time domain:  

          vC,0.1%, vC,2%, vC,5%, vC,10% each of them for seaward and landward edge  

hC,0.1%, hC,2%, hC,5%, hC,10% each of them for seaward and landward 

edge 

· Plots: time series, exceedance curves 

  

8.3. Preliminary results – parameters 

Wave field  
In the previous chapters it was mentioned, that a JONSWAP spectrum was used for 

the investigations. A typical raw data is illustrated in figure 8.3.1. The red line is the 

fixed crossing level at the SWL when the wave gauges should give no surface 

elevations. The shift between the peaks of each wave gauge is due to the defined 

distances within the alignment of 0 - 0.4 - 0.75 - 1.0 - 1.1 in the wave array. These 

defined distances have to be specified within MikeZero for the reflection analysis. 

For oblique wave attack the array was not changed in position to a perpendicular 

attack of the long crested waves, so the distance was recalculated with a factor of the 

cosine of the angle of wave attack. From the crossing analysis the maximum of 

detected events of all wave gauges is taken as number of waves N. 

  



 

Figure 8.3.1 Raw data for the wave array of gauges 9-5 

  

To validate the application of a homogenous JONSWAP-spectrum, the results from 

reflection and crossing analysis were evaluated. From the reflection analysis, which 

is done in frequency domain, the plotted distribution of energy density in figure 8.3.2 

corresponds to the theoretical assumption for a JONSWAP spectrum to be single 

peaked. 

  

 

Figure 8.3.2 Results for spectral energy density (frequency domain) 

  

As a result of the crossing analysis in time domain, figure 8.3.3 depicts the Raleigh 

distribution of wave heights for both wave arrays, as it is common JONSWAP 

spectra in for deep water. Here it is applied on the cumulative distribution of the 

wave height Hm0. The abscissa is fitted to a Raleigh scale by means of the relation: 

The fit is the reason why a linear curve is found. The similarity of their shape 

indicates the homogeneous arrangements for both crest heights. 
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Figure 8.3.3 Linear distribution of wave height Hm0 over a Raleigh scale for a 

Jonswap spectrum for wavearray 9-5 (left) and wave array 14-10 (right) 

  

Run-up  
For a first analysis the run-up measured by the capacitive gauge is processed to give 

an impression of the maximum run-up reached during a test series. Within the data 

processing with excel files the calibration curve of the capacitive gauge is used to 

transform the raw signal (see figure 8.3.4 (left)) from voltage readings to wave run-

up heights. Further analysis and data processing will be done by means of video-

analysis. 

The processing on run-up resembles to the down crossing analysis for the wave field. 

The choice of the threshold level is different from the analysis on wave height 

distribution. In the following example, a crossing level of 0.5 Volt is used (red line in 

the raw data). Only events that cross this red line will be detected and taken into 

account for the probability distribution. To find the probability of exceedance for the 

run up, the number of detected run-up events is related to the number of waves N; 

this relation give the percentage for one run-up event. For the correct run-up value 

the crossing level has to be added to the peak value, found in the crossing. Then the 

run-up height WS with WS = 0.3748 V + 0.4047 will be calibrated from the Voltage 

V readings and the final run-up level Ru can be calculated by subtracting the water 

depth of 0.5 m. 

In the graph (figure 8.3.4 (right)) the run-up heights above SWL are given against the 

percentage of the probability of exceedance. The 2% value for the run-up is Ru,2% = 

0.1977m (above the water level). From the crossing procedure described earlier, it 

becomes obvious that the detected events for run-up are always smaller than the 

number of waves. This affects the probability calculation and is the reason why the 

graph is limited to both sides. 

The calibration curve for the capacitive-gauges is different for every setup: 

setup 1: 0.3748 ∙ signal [Voltage] + 0.4129 = [m] above bottom 

setup 2: 0.3674 ∙ signal [Voltage] - 0.2279 = [m] above bottom 

setup 3: 0.3708 ∙ signal [Voltage] + 0.4095 = [m] above bottom 
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Figure 8.3.4 Raw data with threshold (left) and exceedance curve (right) for the run-

up evaluation 

  

Overtopping 

For the following analysis the amount of overtopping water was calculated. It occurs 

that the amounts of both overtopping boxes per crest heights differ a lot from each 

other. This would be noticeable as scattering in the analysis. Since for analysis an 

averaged amount of both tanks is used, this information will be lost in the analysing 

chapter. 

The figure 8.3.5 (left) shows the raw signal for the evaluated overtopping. This time 

no pumping was applied and the single events are visible, as well as the final 

overtopping amounts (65 kg for load cell 43). A total amount of overtopping is 

calculated from this raw data at the end of the test series. The load in kg (or l) is 

divided by the test duration and the width of the inlet channel. So, in this case the 

calculation for load cell 43 is: q = 65 l/(1350 s x 0.118 m) = 0.408 l/(sm). 

The accuracy of the load cell is within a non-linearity of < 0.05%. This means for a 

maximum measuring range of approximately 220 kg (2150 N) this gives a detectable 

load of 0.11kg. For the demonstrated test series, with generated wave spectra w1, the 

overtopping amount on the 70 cm crest is so small that it would not be taken into 

account in the analysis. As definition for “detectable” overtopping amounts, a value 

beneath 0.02 l/(sm) will be assumed to be negligible. 

  

 

Figure 8.3.5 Overtopping raw data (left) and calculated overtopping discharge 

(right) 

  

Flow velocity on the crest  
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In future the main interest will focus on the analysis and description of the single 

overtopping events. Therefore, the process of the overtopping on the crest will be 

analysed in detail. The micro propellers are processed in the same way as the run-up. 

Threshold levels (0.1 Volt and 1 Volt, see figure 8.3.6) were selected to identify the 

number of events. 

Afterwards the measured velocities are displayed within an exceedance curve (see 

figure 8.3.7). Here, values are calculated by adding the threshold and multiplication 

of the voltage readings with the defined calibration factor (see Annex). The 2%-value 

for the velocities on the 60 cm are 1.2 m/s (mp 35) and 1.33 (mp 36). For the 70 cm 

only for the seaward side some items were detected, but do not give any useful 

results. This fits well with the results from the overtopping. 

Some problems occurred during processing, so it has to be noticed, that it should not 

be trusted yet in most of the depicted graphs. Nevertheless it gives an idea of the 

distribution of the velocities on the crest. 

The following calibration curves where used to transform the voltage signal into 

meter per second: 

micropropeller 33: 0.9099 ∙ signal [Voltage] - 0.1056 = flow velocity [m/s] 

micropropeller 34: 0.4846 ∙ signal [Voltage] + 0.0059 = flow velocity [m/s] 

micropropeller 33: 0.4796 ∙ signal [Voltage] - 0.0257 = flow velocity [m/s] 

micropropeller 34: 0.4367 ∙ signal [Voltage] + 0.1292 = flow velocity [m/s] 

  

 

Figure 8.3.6 Raw data with crossing level - micro propellers on 70 cm crest (left); 

micro propeller on 60 cm crest (right) 

  

 

Figure 8.3.7 Exceedance curves for micro propellers 
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Flow depth on the crest  

The procedure in processing remained the same for the layer thickness, as it was 

done for run-up and flow velocities. The data from the DHI Wave Synthesizer was 

already given in m, therefore no calibration had to be added on it. 

As mentioned above for the micro propellers, items for the 70 cm crest are detected 

(see the raw data in figure 8.3.8), but the exceedance curves do not even reach the 

2%-value. This illustrates figure 8.3.9; the flow depths for both crest heights are 

given. Due to the different freeboard heights, the layer thickness on the 70 cm crest is 

lower than on the 60 cm crest. It is remarkable that the flow depth decreases over the 

width of the crest, since the wave gauges on the landward edge give smaller values 

than the ones on the seaward side. The 2%-values of the layer thickness on the 60 cm 

crest are 0.017 m (wg 17) and 0.026 m (wg 16). 

  

 

Figure 8.3.8 Raw data with crossing level – wave gauges on 70 cm crest (left); wave 

gauges on 60 cm crest (right) 

  

 

Figure 8.3.9 Exceedance curves for wave gauges 

  

  

9. Organisation of data files: 

The following structure was used for the organisation of the data files:
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Folder Subfolder / file Subfolder / file Content Description 

Auswertungen\ 

evaluation 

export_to_ascii     batch-files to open MikeZero 

results to export them 

mike_analyse_tools     Excel- and batch-files to analyse 

the data with MikeZero 

s1_01_00_wi_00_00 w1 analysed_data processed data in MikeZero 

RA_and_CA_ 

Mike.xls 

collocation of the processed data 

(analysed data) 

s1_01_00_w1_ 

00_00_144.xls 

analysed data 

w2 -see above-   

w3 -see above-   

w4 -see above-   

w5 -see above-   

w6 -see above-   

s1_...... -see above-     

s2_... -see above-     

s3_... -see above-     

template_of_excelsheets RA_and_CA_ 

Mike.xls 

  template of RA_and_CA_Mike.xls 

for all tests 

s1_01_00_w1_ 

00_00 

  template of s1_01_00_w1_00_00-



-144_template.xls 144.xls for all tests 

copy_excelsheet_ 

10_02_01.xls 

    helps to handle with the Processed 

data 

crossing_level.xls     Crossinglevels of all tests 

zero_level.xls     Zerolevels (Level at the beginning 

of the data storage) of all tests 

standardauswertung.xls     standard analysis of all tests 

Documentation photos     photos of the tests 

run_up_video AVI_testprogram1.xls   tetsprogram of the avi-files 

test_diary testdiary_remarks.xls   test_diary 

wavemaker_logfiles     logfiles of the wavemaker 

Simulationen_ 

Versuchsergebnisse 

raw_s1_01_00_wi_00_00   *log1.daf 

*log1.dfs0 

*log1.log 

*OSCN.log 

raw data of th testing 

raw_s1...   -see above- -see above- 

rwa_s2…   -see above- -see above- 

raw_s3…   -see above- -see above- 

Table 9.1 Organisation of data files 



10. Remarks about the experimental campaign, problems and things to 

improve: 

See 2. User-Project Achievements and difficulties encountered 

  

  

  

  

Window size: x  

Viewport size: x  

http://www.hydralab.eu/hydralabIII/data_management/export_html.asp?id=41#S2

