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Executive summary 
 

Wave penetration inside a harbour is one of the main challenges that port planners and engineers had 

to tackle in recent years. Wave conditions near the harbour entrance and inside the harbour basins 

determine vesselsô safe sailing and mooring, possibly causes unwanted vessel movements, and 

unequivocally regulate the execution of port operations. Wave penetration can be described in a 

complete way by means of physical scale modelling. However, the construction of a physical scale 

model is expensive and time consuming. For this reason, in recent past maritime and port engineers 

have used several numerical models to describe wave penetration in ports, affected by multiple 

processes such as diffraction, partial reflection, etc.  

 

In this study, the simulation of wave penetration with the non-hydrostatic model SWASH is 

examined. To validate the numerical model, output of an open benchmark dataset of Deltares 

(Deltares, 2016) is used, consisting of physical scale model tests of schematic port layouts. As wave 

penetration is a summation of physical processes, each process should be described accurately by 

SWASH. This thesis focuses on assessing how SWASH models wave penetration per wave process 

first separately by means of simplified models and then combined in a model describing the full 

harbour layout resulting to the final wave field inside a port. As the amount of processes influencing 

wave penetration increases for higher layout complexity, the research was targeted at the simplest port 

layout considered in the benchmark dataset (Deltares, 2016). Moreover, only regular waves were 

taken into account, as in this case wave penetration becomes less complex. Thus, when comparing 

computational results to measurement results differences are most easily identified.  

 

The main topics of interest of the formulated research questions are the ability of SWASH to simulate 

wave propagation, wave celerity and the effect of two dominant wave processes: reflection and 

diffraction. Hence, the first part of the research aimed to obtain knowledge about these topics from the 

measurements. Consequently, this information was used as comparison material to evaluate the 

SWASH results.  

 

To better understand the influence of reflection the waves, two simplified one-dimensional SWASH 

models were designed. The first model simulated reflection in front of a gravel slope, located outside 

the harbour basin, and the second model reflection in front of the harbour basin end, consisting of a 

gravel slope and a concrete quay wall behind it. The results suggest that outside the basin the 

reflection off the gravel slope has a minor effect in comparison to the reflection off a vertical quay 

wall. Inside the harbour basin, wave reflection played a dominant role on the resulting wave field 

there. It should be emphasised that the standing wave heights were altering fast within a short 

horizontal distance. As a consequence, the precise wave height values were strongly influenced by the 

exact location of the output points examined. 

 

The importance of diffraction inside the harbour was demonstrated by a simplified two-dimensional 

model in which the harbour end, at which waves get reflected, was not included. The information that 

could be obtained from the measurements about the wave height changes due to diffraction was 

limited. However, the initial trends due to diffraction were also identified in SWASH. From the 

comparison of the wave height in the SWASH model, influenced only by diffraction, to the respective 

measured value, it was confirmed that the total measured wave penetration inside the harbour was 

significantly influenced by diffraction. Nevertheless, reflection off the harbour end played also an 

important role inside the basin and both wave processes should be modelled accurately to reproduce 

the wave field in the measurements. 

 

The comparison of the measurements to the results of the final SWASH model, which included the 

full version of the simplest physical model, showed that the overall wave field pattern is in agreement. 

The numerical model was able to reproduce the diffraction and reflection patterns observed in the 
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measurements. At many output locations in SWASH the measured wave height values were simulated 

with high accuracy. On the downside, at other locations the measured and the modelled wave height 

deviated significantly. The large deviations can be explained by the fact that the standing wave 

patterns change within a short distance and thus the wave height can vary significantly at the area 

close to a specific output point. It may be possible that the measured wave height at a specific point 

can be identified in SWASH in the region close to the exact point coordinates. All in all, it was 

concluded that for non-breaking, relatively low waves, with    wave-height-to-water-depth ratio lower 

than 0.2, the accuracy of SWASH in modelling the wave processes of reflection and diffraction is 

sufficiently well for engineering purposes. For relatively high waves and/or breaking waves, 

numerical instabilities were detected. It is assumed that the numerical instabilities can be attributed to 

the relatively low number of grid cells per wave length. However, this assumption has not been 

verified within this study. 

 

This study advances our understanding of the wave penetration simulation in SWASH. The approach 

followed allows investigating the ability of the model to simulate, separately and combined, two wave 

processes which predominantly contribute to wave penetration in harbour: reflection and diffraction. 

With further validation to guarantee the model stability, the strategy of this thesis can be a useful tool 

to understand the performance of SWASH in modeling wave penetration per wave process and in 

combination. The knowledge obtained enlightens the possible reasons leading to deviations between 

the measurements and the model outputs. This can be valuable assistance in the course of further 

improving the model accuracy. The next step would be to apply the technique of examining wave 

penetration in SWASH as a summation of different wave processes in more complex layouts and 

wave conditions. 
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Executive summary in Greek/ ɄŮɟɑɚɖɣɖ 
 

ȼ əɡɛŬŰɘəɐ ŭɘŮɑůŭɡůɖ ŬˊɞŰŮɚŮɑ ɛɘŬ Ŭˊɧ Űɘɠ əɡɟɘɧŰŮɟŮɠ ˊɟɞəɚɐůŮɘɠ ˊɞɡ ɞɘ ůɢŮŭɘŬůŰɏɠ əŬɘ ɛɖɢŬɜɘəɞɑ 

ɚɘɛɏɜɤɜ əŬɚɞɨɜŰŬɘ ɜŬ ŬɜŰɘɛŮŰɤˊɑůɞɡɜ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ. Ƀɘ əɡɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ əɞɜŰɎ ůŰɖɜ 

Ůɑůɞŭɞ Űɞɡ ɚɘɛɏɜŬ əŬɘ ɛɏůŬ ůŰɖ ɚɘɛŮɜɞɚŮəɎɜɖ əŬɗɞɟɑɕɞɡɜ Űɖɜ ŬůűŬɚɐ ˊɚŮɨůɖ əŬɘ ˊɟɧůŭŮůɖ Űɤɜ 

ˊɚɞɑɤɜ, ŮɜŭŮɢɞɛɏɜɤɠ ˊɟɞəŬɚɞɨɜ ŬɜŮˊɘɗɨɛɖŰŮɠ əɘɜɐůŮɘɠ Űɞɡɠ əŬɘ ŬŭɘŬɛűɘůɓɐŰɖŰŬ ɟɡɗɛɑɕɞɡɜ Űɖɜ 

ŮəŰɏɚŮůɖ Űɤɜ ŭɟŬůŰɖɟɘɞŰɐŰɤɜ Űɞɡ ɚɘɛɏɜŬ. ȼ əɡɛŬŰɘəɐ ŭɘŮɑůŭɡůɖ ŭɨɜŬŰŬɘ ɜŬ ˊŮɟɘɔɟŬűŮɑ ˊɚɐɟɤɠ ɛŮ 

ɢɟɐůɖ Ůɜɧɠ űɡůɘəɞɨ ɞɛɞɘɩɛŬŰɞɠ. ɄŬɟɧɚŬ ŬɡŰɎ ɖ əŬŰŬůəŮɡɐ Ůɜɧɠ ɡŭɟŬɡɚɘəɞɨ ɞɛɞɘɩɛŬŰɞɠ ŮɑɜŬɘ 

ŭŬˊŬɜɖɟɐ əŬɘ ɢɟɞɜɞɓɧɟŬ. ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ,  ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ɞɘ ɜŬɡˊɖɔɞɑ ɛɖɢŬɜɘəɞɑ əŬɘ ɞɘ 

ɡŭɟŬɡɚɘəɞɑ ɛɖɢŬɜɘəɞɑ ɚɘɛɏɜɤɜ ɢɟɖůɘɛɞˊɞɘɞɨɜ ŭɘɎűɞɟŬ ŬɟɘɗɛɖŰɘəɎ ɛɞɜŰɏɚŬ ɔɘŬ ɜŬ ˊŮɟɘɔɟɎɣɞɡɜ Űɖɜ 

əɡɛŬŰɘəɐ ŭɘŮɑůŭɡůɖ ůŰŬ ɚɘɛɎɜɘŬ, ɖ ɞˊɞɑŬ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɞ ˊɚɖɗɩɟŬ ŭɘŬŭɘəŬůɘɩɜ ɧˊɤɠ ˊŮɟɑɗɚŬůɖ, 

ɛŮɟɘəɐ ŬɜɎəɚŬůɖ əɚˊ.  

 

ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŮɝŮŰɎɕŮŰŬɘ ɖ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ əɡɛŬŰɘəɐɠ ŭɘŮɑůŭɡůɖɠ ɛŮ ɢɟɐůɖ Űɞɡ ɛɖ-

ɡŭɟɞůŰŬŰɘəɞɨ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ SWASH. ũɘŬ Űɖɜ ŮˊɘɓŮɓŬɘɩůɖ Űɖɠ ɞɟɗɧŰɖŰŬɠ Űɞɡ ɛɞɜŰɏɚɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ůɜɧɠ ůɖɛŮɑɞɡ ŬɜŬűɞɟɎɠ ůɡɜɧɚɞɡ ŭŮŭɞɛɏɜɤɜ (Deltares, 2016), 

ŮɚŮɨɗŮɟŬ ŭɘŬɗɏůɘɛŬ, ŰŬ ɞˊɞɑŬ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŰŬ ˊŮɘɟɎɛŬŰŬ ůŮ ɏɜŬ űɡůɘəɧ ɞɛɞɑɤɛŬ ůɢɖɛŬŰɘəɩɜ 

ŭɘŬŰɎɝŮɤɜ ɚɘɛɏɜŬ.  ȾŬɗɩɠ ɖ əɡɛŬŰɘəɐ ŭɘŮɑůŭɡůɖ ŮɑɜŬɘ ɏɜŬɠ ůɡɜŭɡŬůɛɧɠ űɡůɘəɩɜ ŭɘŮɟɔŬůɘɩɜ, əɎɗŮ 

Ůˊɘɛɏɟɞɡɠ ŭɘŮɟɔŬůɑŬ ˊɟɏˊŮɘ ɜŬ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ ɛŮ ŬəɟɑɓŮɘŬ Ŭˊɧ Űɞ SWASH. ȼ ˊŬɟɞɨůŬ 

ŭɘˊɚɤɛŬŰɘəɐ ŮůŰɘɎɕŮɘ ůŰɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɞɡ Űɟɧˊɞɡ ɛŮ Űɞɜ ɞˊɞɑɞ Űɞ SWASH  ˊŮɟɘɔɟɎűŮɘ Űɖɜ 

əɡɛŬŰɘəɐ ŭɘŮɑůŭɡůɖ ŬɜɎ əɡɛŬŰɘəɐ ŭɘŮɟɔŬůɑŬ, ˊɟɩŰŬ ɝŮɢɤɟɘůŰɎ ɛŮ ɢɟɐůɖ ŬˊɚɞɡůŰŮɡɛɏɜɤɜ ɛɞɜŰɏɚɤɜ 

əŬɘ ɨůŰŮɟŬ ůɡɜŭɡŬůŰɘəɎ ůŮ ɏɜŬ ɛɞɜŰɏɚɞ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ˊɚɐɟɖ ŭɘɎŰŬɝɖ ɚɘɛɏɜŬ, ɞŭɖɔɩɜŰŬɠ 

ůŰɞ ŰŮɚɘəɧ əɡɛŬŰɘəɧ ˊŮŭɑɞ ŮɜŰɧɠ əŬɘ ˊɚɖůɑɞɜ Űɞɡ ɚɘɛɏɜŬ. ȾŬɗɩɠ ɞ Ŭɟɘɗɛɧɠ Űɤɜ űɡůɘəɩɜ ŭɘŮɟɔŬůɘɩɜ 

ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ əɡɛŬŰɘəɐ ŭɘŮɑůŭɡůɖ ŬɡɝɎɜŮɘ ɧŰŬɜ ɖ ŭɘɎŰŬɝɖ Űɞɡ ɚɘɛɏɜŬ ɔɘɜŮŰŬɘ ˊɘɞ ˊɞɚɨˊɚɞəɖ, ɖ 

ɏɟŮɡɜŬ ŮůŰɑŬůŮ ůŰɖɜ ŬˊɚɞɨůŰŮɟɖ ŭɘɎŰŬɝɖ ɚɘɛɏɜŬ ˊɞɡ ˊŮɟɘɚŬɛɓŬɜɧŰŬɜ ůŰɞ ůɨɜɞɚɞ ŭŮŭɞɛɏɜɤɜ 

(Deltares, 2016). ȺˊɘˊɟɞůɗɏŰɤɠ, ɛɧɜɞ ɛɞɜɞɢɟɤɛŬŰɘəɞɑ əɡɛŬŰɘůɛɞɑ ŮɚɐűɗɖůŬɜ ɡˊɧɣɖ əŬɗɩɠ ůŮ ŬɡŰɐ 

Űɖɜ ˊŮɟɑˊŰɤůɖ ɞɘ ŭɘŬűɞɟɏɠ ɛŮŰŬɝɨ ŬɟɘɗɛɖŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬɘ Űɘɠ ɛŮŰɟɐůŮɤɜ ŮɜŰɞˊɑɕɞɜŰŬɘ ˊɘɞ 

ŮɨəɞɚŬ. 

 

ɇŬ əɨɟɘŬ ɗɏɛŬŰŬ ŮɜŭɘŬűɏɟɞɜŰɞɠ Űɤɜ ŮɟŮɡɜɖŰɘəɩɜ ŮɟɤŰɐůŮɤɜ ˊɞɡ ŭɘŬɛɞɟűɩɗɖəŬɜ ŮɑɜŬɘ ɖ 

ŭɡɜŬŰɧŰɖŰŬ Űɞɡ SWASH ɜŬ ˊɟɞůɞɛɞɘɩůŮɘ Űɖɜ əɡɛŬŰɘəɐ ŭɘŮɑůŭɡůɖ, Űɖɜ ŰŬɢɨŰɖŰŬ Űɤɜ 

ɛɞɜɞɢɟɤɛŬŰɘəɩɜ əɡɛŬŰɘůɛɩɜ əŬɘ Űɖɜ ŮˊɑŭɟŬůɖ ŭɨɞ əɡɟɑŬɟɢɤɜ əɡɛŬŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ: Űɖɠ 

ŬɜɎəɚŬůɖɠ əŬɘ Űɖɠ ˊŮɟɑɗɚŬůɖɠ. Ⱥˊɞɛɏɜɤɠ, Űɞ ˊɟɩŰɞ ɛɏɟɞɠ Űɖɠ ɏɟŮɡɜŬɠ ůŰɧɢŮɡŮ ůŰɖ ůɡɚɚɞɔɐ 

ˊɚɖɟɞűɞɟɘɩɜ ɔɘŬ ŬɡŰɎ ŰŬ ɗɏɛŬŰŬ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɞɘ ˊɚɖɟɞűɞɟɑŮɠ ŬɡŰɏɠ 

ůɡɔəɟɑɗɖəŬɜ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ ɖ Ŭˊɧŭɞůɖ 

Űɞɡ SWASH. 

 

ũɘŬ Űɖɜ əŬɚɨŰŮɟɖ əŬŰŬɜɧɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɖɠ ŬɜɎəɚŬůɖɠ Űɤɜ əɡɛɎŰɤɜ, ŭɨɞ ŬˊɚɞɡůŰŮɡɛɏɜŬ 

ɛɞɜɞŭɘɎůŰŬŰŬ ɛɞɜŰɏɚŬ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ůŰɞ SWASH. ɇɞ ˊɟɩŰɞ ɛɞɜŰɏɚɞ ˊɟɞůɞɛɞɑɤɜŮ Űɖɜ 

ŬɜɎəɚŬůɖ Ŭˊɧ ɏɜŬ əŮəɚɘɛɏɜɞ ˊɟŬɜɏɠ ɛŮ ˊɏŰɟŮɠ, ŮɡɓɟɘůəɧɛŮɜɞ ŮəŰɧɠ Űɖɠ ɚɘɛŮɜɞɚŮəɎɜɖɠ, Ůɜɩ Űɞ 

ŭŮɨŰŮɟɞ ɛɞɜŰɏɚɞ ˊɟɞůɞɛɞɑɤɜŮ Űɖɜ ŬɜɎəɚŬůɖ ůŰɞ əɚŮɘůŰɧ Űɏɚɞɠ Űɖɠ ɚɘɛŮɜɞɚŮəɎɜɖɠ, ˊɞɡ 

ŬˊɞŰŮɚɞɨɜŰŬɜ Ŭˊɧ ɏɜŬ ˊɟŬɜɏɠ ɛŮ ˊɏŰɟŮɠ əŬɘ ɏɜŬ əɟɖˊɘŭɧŰɞɘɢɞ Ŭˊɧ ůəɡɟɧŭŮɛŬ Ŭəɟɘɓɩɠ Ŭˊɧ ˊɑůɤ. ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ ůŰɖɜ ˊŮɟɘɞɢɐ ŮəŰɧɠ Űɖɠ ɚɘɛŮɜɞɚŮəɎɜɖɠ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ŬɜɎəɚŬůɖɠ Ŭˊɧ Űɞ 

əŮəɚɘɛɏɜɞ ˊɟŬɜɏɠ ɛŮ ˊɏŰɟŮɠ ŮɑɜŬɘ ɛɘəɟɐ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŮˊɑŭɟŬůɖ Ůɜɞɠ əŬŰŬəɧɟɡűɞɡ əɟɖˊɘŭɧŰɞɘɢɞɡ. 

ȺɜŰɧɠ Űɖɠ ɚɘɛŮɜɞɚŮəɎɜɖɠ, ɖ əɡɛŬŰɘəɐ ŬɜɎəɚŬůɖ ŭɘŬŭɟŬɛŬŰɑɕŮɘ əɡɟɑŬɟɢɞ ɟɧɚɞ ůŰɞ ŰŮɚɘəɧ əɡɛŬŰɘəɧ 

ˊŮŭɑɞ. ȷɝɑɕŮɘ ɜŬ ŰɞɜɘůŰŮɑ ɧŰɘ Űɞ ɨɣɞɠ əɨɛŬŰɞɠ  Űɤɜ ůŰɎůɘɛɤɜ əɡɛɎŰɤɜ ɛŮŰŬɓŬɚɚɧŰŬɜ ůɖɛŬɜŰɘəɎ 

ŮɜŰɧɠ ɛɘəɟɞɨ ɞɟɘɕɧɜŰɘɞɡ ŭɘŬůŰɐɛŬŰɞɠ. ɆɡɜŮˊɩɠ, ɞɘ ŬəɟɘɓŮɑɠ Űɘɛɏɠ Űɞɡ ɨɣɞɡɠ əɨɛŬŰɞɠ ŮˊɖɟŮɎɕɞɜŰŬɘ 

ɏɜŰɞɜŬ Ŭˊɧ Űɖɜ Ŭəɟɘɓɐ ɗɏůɖ Űɤɜ ůɖɛŮɑɤɜ ˊɞɡ ŮɝŮŰɎɕɞɜŰŬɘ. 

 

ȼ ŮˊɑŭɟŬůɖ Űɖɠ ˊŮɟɑɗɚŬůɖɠ ŮɜŰɧɠ Űɞɡ ɚɘɛɏɜŬ ŬɜŬŭŮɑɢɗɖəŮ ɛɏůɤ Ůɜɧɠ ŬˊɚɞɡůŰŮɡɛɏɜɞɡ ɛɞɜŰɏɚɞɡ Űɞ 

ɞˊɞɑɞ ŭŮɜ ˊŮɟɘŮɚɎɛɓŬɜŮ Űɞ əɚŮɘůŰɧ Ɏəɟɞ Űɞɡ ɚɘɛɏɜŬ ůŰɞ ɞˊɞɑɞ ŰŬ əɨɛŬŰŬ ŬɜŬəɚɩɜŰŬɘ.Ƀɘ 

ˊɚɖɟɞűɞɟɑŮɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ ůɢŮŰɘəɎ ɛŮ Űɘɠ ŬɚɚŬɔɏɠ Űɞɡ ɨɣɞɡɠ əɨɛŬŰɞɠ ɚɧɔɤ 
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ˊŮɟɑɗɚŬůɖɠ ɐŰŬɜ ˊŮɟɘɞɟɘůɛɏɜŮɠ. ɄŬɟɧɚŬ ŬɡŰɎ ɞɘ Ŭɟɢɘəɏɠ ŰɎůŮɘɠ ɚɧɔɤ ˊŮɟɑɗɚŬůɖɠ ŮɜŰɞˊɑůŰɖəŬɜ əŬɘ 

ůŰɞ SWASH. ȷˊɧ Űɖ ůɨɔəɟɘůɖ Űɞɡ ɨɣɞɡɠ əɨɛŬŰɞɠ ůŰɞ SWASH, ŮˊɖɟŮŬůɛɏɜɞ ɛɧɜɞ Ŭˊɧ Űɞ 

űŬɘɜɧɛŮɜɞ Űɖɠ ˊŮɟɑɗɚŬůɖɠ, ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ɛŮŰɟɖɗŮɑůŬ Űɘɛɐ, ŮˊɘɓŮɓŬɘɩɗɖəŮ ɧŰɘ ɖ ůɡɜɞɚɘəɐ 

ɛŮŰɟɖɗŮɑůŬ əɡɛŬŰɘəɐ ŭɘŮɑůŭɡůɖ ŮˊɖɟŮɎɕŮŰŬɘ ŬɘůɗɖŰɎ Ŭˊɧ Űɖɜ ˊŮɟɑɗɚŬůɖ. ɋůŰɧůɞ, əŬɘ ɖ ŬɜɎəɚŬůɖ 

ůŰɞ əɚŮɘůŰɧ Ɏəɟɞ Űɞɡ ɚɘɛɏɜŬ ŭɘŬŭɟŬɛŬŰɑɕŮɘ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ŮɜŰɧɠ Űɖɠ ɚɘɛŮɜɞɚŮəɎɜɖɠ. Ⱥˊɞɛɏɜɤɠ, 

ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɜŬ ˊɟɞůɞɛɞɘɩɜɞɜŰŬɘ ɛŮ ŬəɟɑɓŮɘŬ əŬɘ ɞɘ ŭɨɞ ŭɘŮɟɔŬůɑŮɠ, ˊŮɟɑɗɚŬůɖ əŬɘ ŬɜɎəɚŬůɖ, 

ɩůŰŮ ɜŬ ŬɜŬˊŬɟŬɢɗŮɑ ůŰɞ ɛɞɜŰɏɚɞ Űɞ əɡɛŬŰɘəɧ ˊŮŭɑɞ Űɤɜ ɛŮŰɟɐůŮɤɜ.   

 

ȼ ůɨɔəɟɘůɖ Űɤɜ ɛŮŰɟɐůŮɤɜ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ŰŮɚɘəɞɨ ɛɞɜŰɏɚɞɡ ůŰɞ SWASH, Űɞ ɞˊɞɑɞ 

ˊŮɟɘŮɚɎɛɓŬɜŮ Űɖɜ ˊɚɐɟɖ ɏəŭɞůɖ Űɖɠ ŬˊɚɞɨůŰŮɟɖɠ ŭɘɎŰŬɝɖɠ ɚɘɛɏɜŬ, ɏŭŮɘɝŮ ɧŰɘ Ůɜ ɔɏɜŮɘ ŰŬ əɡɛŬŰɘəɎ 

ˊŮŭɑŬ ŮɑɜŬɘ ůŮ ůɡɛűɤɜɑŬ. ɇɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ŮɑɜŬɘ Ůɜ ɔɏɜŮɘ ůŮ ɗɏůɖ ɜŬ ˊɟɞůɞɛɞɘɩůŮɘ Űɘɠ 

ɛŮŰɟɖɗŮɑůŮɠ Űɘɛɏɠ, ˊɞɡ ŬˊɞŰŮɚɞɨɜ ůɡɜŭɡŬɛɧ ŭɨɞ əɡɟɑŬɟɢɤɜ űŬɘɜɞɛɏɜɤɜ: Űɖɠ ˊŮɟɑɗɚŬůɖɠ əŬɘ Űɖɜ 

ŬɜɎəɚŬůɖɠ. ɆŮ ˊɞɚɚɏɠ ɗɏůŮɘɠ əŬŰŬɔɟŬűɐɠ ŬˊɞŰŮɚŮůɛɎŰɤɜ ůŰɞ SWASH ɞɘ ɛŮŰɟɖɗŮɑůŮɠ Űɘɛɏɠ Űɞɡ 

ɨɣɞɡɠ əɨɛŬŰɞɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɛŮ ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ. ȷˊɧ Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ, ůŮ ŬɟəŮŰɏɠ ɗɏůŮɘɠ ɞɘ 

ɛŮŰɟɖɗŮɑůŮɠ Űɘɛɏɠ Űɞɡ ɨɣɞɡɠ əɨɛŬŰɞɠ əŬɘ ɞɘ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ 

ˊŬɟɞɡůɘɎɕɞɡɜ ůɖɛŬɜŰɘəɐ Ŭˊɧəɚɘůɖ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ůŰɖɜ ˊŬɟɞɨůŬ ˊɟɞůɏɔɔɘůɖ ɞɘ ɛŮŰɟɐůŮɘɠ 

əŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ SWASH ůɡɔəɟɑɜɞɜŰŬɘ ůŰɘɠ ŬəɟɘɓŮɑɠ ɗɏůŮɘɠ Űɤɜ ɛŮŰɟɖŰɘəɩɜ ɞɟɔɎɜɤɜ. 

ȳɛɤɠ, ɧˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ůŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ Űɞ ɨɣɞɠ ůŰŬ ůŰɎůɘɛŬ 

əɨɛŬŰŬ ŬɚɚɎɕŮɘ ŮɜŰɧɠ ɛɘəɟɐɠ ɞɟɘɕɧɜŰɘŬɠ ŬˊɧůŰŬůɖɠ. Ⱥˊɞɛɏɜɤɠ, Űɞ ɨɣɞɠ əɨɛŬŰɞɠ ŮɜŭɏɢŮŰŬɘ ɜŬ 

ŭɘŬűɏɟŮɘ ůɖɛŬɜŰɘəɎ ůŰɖɜ ˊŮɟɘɞɢɐ əɞɜŰɎ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ ůɖɛŮɑɞ ˊɞɡ ŮɝŮŰɎɕŮŰŬɘ. ȷɡŰɐ ɖ 

ˊŬɟŬŰɐɟɖůɖ ŬˊɞŰŮɚŮɑ ɛɘŬ əŬɚɐ Ůɝɐɔɖůɖ ɔɘŬ Űɘɠ ŬˊɞəɚɑůŮɘɠ ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŬɜ ůŮ ŬɟəŮŰɎ ůɖɛŮɑŬ. 

ȺɑɜŬɘ ˊɘɗŬɜɧ Űɞ ɛŮŰɟɖɗɏɜ ɨɣɞɠ əɨɛŬŰɞɠ ůŮ ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ ŰɞˊɞɗŮůɑŬ ɜŬ ŮɜŰɞˊɑɕŮŰŬɘ ůŰɞ SWASH 

ůŰɖɜ ˊŮɟɘɞɢɐ əɞɜŰɎ ůŰɖɜ Ŭəɟɘɓɐ ŰɞˊɞɗŮůɑŬ ˊɞɡ ŮɝŮŰɎɕŮŰŬɘ. Ⱥɜ ɔɏɜŮɘ, ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ɔɘŬ ɛɖ-

ɗɟŬɡɧɛŮɜɞɡɠ, ůɢŮŰɘəɎ ŬůɗŮɜŮɑɠ  əɡɛŬŰɘůɛɞɨɠ, ɛŮ ɚɧɔɞ ɨɣɞɡɠ-əɨɛŬŰɞɠ-ˊɟɞɠ-ɓɎɗɞɠ ɛɘəɟɧŰŮɟɞ Űɞɡ 

0.2, ɖ ŬəɟɑɓŮɘŬ Űɞɡ SWASH ůŰɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɤɜ əɡɛŬŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ Űɖɠ ŬɜɎəɚŬůɖɠ əŬɘ Űɖɠ 

ˊŮɟɑɗɚŬůɖɠ ŮɑɜŬɘ ŮˊŬɟəɩɠ Ŭəɟɘɓɐɠ ɔɘŬ ɛŮɚɏŰŮɠ ɛɖɢŬɜɘəɞɨ. ũɘŬ ůɢŮŰɘəɎ ɘůɢɡɟɞɨɠ əɡɛŬŰɘůɛɞɨɠ əŬɘ/ɐ 

ɗɟŬɡɧɛŮɜɞɡɠ əɡɛŬŰɘůɛɞɨɠ, ˊŬɟŬŰɖɟɐɗɖəŬɜ ŬɟɘɗɛɖŰɘəɏɠ ŬůŰɎɗŮɘŮɠ. ŪŮɤɟŮɑŰŬɘ ɧŰɘ ɞɘ ŬɟɘɗɛɖŰɘəɏɠ 

ŬůŰɎɗŮɘŮɠ ɛˊɞɟɞɨɜ ɜŬ Ŭˊɞŭɞɗɞɨɜ ůŰɞɜ ůɢŮŰɘəɎ ɢŬɛɖɚɧ Ŭɟɘɗɛɧ əŮɚɘɩɜ ŬɜɎ ɛɐəɞɠ əɨɛŬŰɞɠ.  

 

ȼ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ ŭɘŮɡɟɨɜŮɘ Űɖɜ əŬŰŬɜɧɖůɖ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ Űɖɠ əɡɛŬŰɘəɐɠ ŭɘŮɑůŭɡůɖɠ ɛɏůɤ Űɞɡ 

ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ SWASH.  ȼ ˊɟɞůɏɔɔɘůɖ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ ŮˊɘŰɟɏˊŮɘ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ 

ɘəŬɜɧŰɖŰŬɠ ˊɟɞůɞɛɞɑɤůɖɠ Űɞɡ ɛɞɜŰɏɚɞɡ, ɝŮɢɤɟɘůŰɎ əŬɘ ůŮ ůɡɜŭɡŬůɛɧ, ŭɨɞ əɡɛŬŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ 

ˊɞɡ ůɡɛɓɎɚɚɞɡɜ ˊɟɤŰŬɟɢɘəɎ ůŰɖɜ əɡɛŬŰɘəɐ ŭɘŮɑůŭɡůɖ ůŮ ɚɘɛɏɜŮɠ: Űɖɜ ŬɜɎəɚŬůɖ əŬɘ Űɖɜ ˊŮɟɑɗɚŬůɖ. 

ɀŮ Ůˊɘˊɚɏɞɜ ŮˊŬɚɐɗŮɡůɖ, ˊɞɡ ɗŬ ŮɝŬůűŬɚɑůŮɘ Űɖɜ ŬɟɘɗɛɖŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ ɛɞɜŰɏɚɞɡ, ɖ 

ůŰɟŬŰɖɔɘəɐ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ɛˊɞɟŮɑ ɜŬ ŬˊɞŰɏɚŮůŮɘ ŮɜŬ ɢɟɐůɘɛɞ ŮɟɔŬɚŮɑɞ əŬŰŬɜɧɖůɖɠ Űɖɠ 

Ŭˊɧŭɞůɖɠ Űɞɡ SWASH ůŰɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ əɡɛŬŰɘəɐɠ ŭɘŮɑůŭɡůɖɠ ŬɜɎ əɡɛŬŰɘəɐ ŭɘŮɟɔŬůɑŬ əŬɘ 

ůɡɜɞɚɘəɎ. ȼ ŬˊɞəŰɖɗŮɑůŬ ɔɜɩůɖ ŭɘŬűɤŰɑɕŮɘ ůɢŮŰɘəɎ ɛŮ Űɞɡɠ ˊɘɗŬɜɞɨɠ ɚɧɔɞɡɠ ˊɞɡ ɞŭɖɔɞɨɜ ůŮ 

ŬˊɞəɚɑůŮɘɠ ŬɜɎɛŮůŬ ůŰɘɠ ɛŮŰɟɐůŮɘɠ əŬɘ ŰŬ ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ. ɀˊɞɟŮɑ ɜŬ ŬˊɞŰŮɚɏůŮɘ 

ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘŬ ůŰɖɜ ˊɞɟŮɑŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ Űɖɠ ŬəɟɑɓŮɘŬɠ Űɞɡ ɛɞɜŰɏɚɞɡ. ɇɞ ŮˊɧɛŮɜɞ ɓɐɛŬ 

ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɖ ŮűŬɟɛɞɔɐ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮɗɧŭɞɡ ŮɝɏŰŬůɖɠ Űɖɠ əɡɛŬŰɘəɐɠ ŭɘŮɑůŭɡŭɖɠ ůŰɞ SWASH 

ɤɠ ɎɗɟɞɘůɛŬ ŭɘŬűɞɟŮŰɘəɩɜ əɡɛŬŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ ůŮ ˊɘɞ ůɨɜɗŮŰŮɠ ŭɘŬŰɎɝŮɘɠ ɚɘɛɏɜŬ əŬɘ ˊɘɞ 

ˊɞɚɨˊɚɞəŮɠ əɡɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ.  
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Chapter 1   Introduction 
 

Financially, downtime in ports is of major importance as it refers to the period of time when normal 

port operations cannot be executed. Depending on the type of vessels in a port there are limits to a 

number of wave parameters below which safe sailing and mooring is guaranteed. Moreover, during 

severe wave conditions it may not be safe for vessels to stay at a berth. The wave field inside a 

harbour is one of the most important parameters required to estimate the downtime of a port. Other 

factors influencing a portôs downtime may be wind conditions, collapse of a structure or damage 

repair operations (Allsop, 1998).  

Different phenomena affect the wave penetration into ports including diffraction, refraction, shoaling, 

reflection and transmission (Holthuijsen, 2007). The importance of each wave process depends on the 

design and the special characteristics of a specific port. Complex geometry and specific bathymetry 

influences, such as the effect of dredged entrance channels, may also play a role. Other processes that 

influence wave propagation into ports are harbour oscillations, low frequency waves, wave breaking, 

dispersion and non-linear wave-wave interactions. It is obvious that calculating the wave field inside a 

port area is not straightforward. 

Wave penetration can be described in a complete way by means of physical scale modelling. The high 

costs and the long construction process of a scale model, as well as the need to check alternative port 

layouts in early design stages may lead an engineer to use numerical tools. Several types of numerical 

wave models can potentially be used to predict wave penetration. Even though the wave models have 

generally been validated in detail for wave propagation and wave growth in open water, validation of 

their performance for representing wave penetration into harbours has been rather limited.  

1.1  Problem description  

A numerical wave model is considered suitable depending on the application for which it is applied. 

To assess the model performance on a specific application, it is common practice to compare the 

model results to measurements. In this thesis the application examined is wave penetration in 

harbours. A set of experiments in a physical scale model conducted by Deltares in 2014 aimed to form 

a complete dataset for numerical model validation for wave penetration in ports (Deltares, 2016). The 

available datasets include test series of three schematic port layouts. A certain part of the datasets has 

been used previously by a few master students in Delft University of Technology for their graduation 

thesis (e.g. Van Mierlo, 2014, Monteban, 2016 etc.). 

 

A limited number of tests for the most complex port layout (layout 3) and spectrum wave conditions 

are simulated with the mild slope model PHAROS (Deltares, 2013), the Boussinesq type model 

TRITON (Deltares, 2008) and the non-hydrostatic wave model SWASH (Zijlema, Stelling and Smit, 

2011) by Van Mierlo (2014). One test from the same sub-dataset and a different test also for layout 2 

with spectral wave conditions have been used by Monteban (2016) to compare the performance of the 

Boussinesq-type model MIKE 21BW (DHI, 2007) to the non-hydrostatic wave model SWASH. The 

computed values by the models are considered accurate if the relative bias percentages and/or the 

mean absolute percentage error are less than ±15% deviating from the measured values. In both 

master theses, the performance of the models regarding the wave height of primary waves was 

examined.  

 



       

2 

 

The performance of the non-hydrostatic model, SWASH, for modelling wave penetration in ports is 

chosen to be studied in this thesis. As both master students, Van Mierlo and Monteban, modelled a 

part of the dataset of the schematic port layouts using SWASH their work is carefully examined and is 

considered a stepping stone for this thesis. According to both studentsô conclusions, SWASH has been 

proven able to describe accurately the propagation of primary waves. The wave height of primary 

waves was predicted with an error lower than 15%. Finally, if two vertical layers are used, the model 

is considered robust and no numerical instabilities are expected.  

 

In the aforementioned theses, tests for the most complex layouts were examined. This means that a lot 

of physical processes influence simultaneously the wave field that enters the harbour. Therefore, the 

final errors in wave prediction inside the port are attributed to a group of processes modelled in 

SWASH. Using the previous work results it is not possible to evaluate if SWASH is able to describe 

accurately each wave process that contributes to the total wave penetration. To improve the model 

performance and obtain more accurate results it is necessary to find the reasons causing the errors. 

Moreover, the errors can be related to the ability of the model to describe the governing wave 

processes influencing wave penetration. 

1.2  Strategy 

This thesis focuses on explaining how SWASH models wave penetration per wave process and 

finding the possible factors causing errors in the predictions. To better understand the performance of 

SWASH in calculating waves in ports, it is necessary to identify which physical processes contribute 

to wave penetration. As wave penetration is a summation of physical processes, each process should 

be described accurately by SWASH. As the complexity of the layout increases, the amount of 

processes influencing wave penetration is also increased. To be able to identify the separate wave 

processes, the research is therefore focused on the simplest port layout. In the chosen layout the most 

important wave processes involved in wave penetration are examined separately and combined.  

 

The previous theses focus on complex wave conditions. The water level time series used as input in 

SWASH are derived form a JONSWAP spectrum (Hasselmann et al., 1973). This means that the 

water level entering the domain consists of a series of superpositioned regular waves with different 

characteristics and duration. As every few seconds the wave characteristics are changing, it is not 

possible to check if the model can perform well for all wave heights and wave periods. An alternative 

approach is to study only monochromatic wave conditions. If only regular waves are taken into 

account, wave penetration becomes less complex and when comparing computational results to 

measurement results differences are most easily identified.  

 

The strategy of this thesis is to decompose the test cases in very simplified models for which 

behaviour of waves can be predicted in advance. This means that the simplified tests will be 

performed for regular wave conditions in simplistic layouts to obtain results, which can be more 

easily understood and related to specific wave processes.  
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1.3  The dataset of schematic port layouts (Deltares, 2014) and the 

selection of specific group of tests 

The open benchmark dataset of schematic port layouts (Deltares, 2016) is designed for examining 

wave penetration in ports. Three different layouts are studied. The layouts and the relevant physical 

processes are increasing stepwise in complexity. The simplest layout, layout 1, consists of a main 

harbour basin. In addition to the main basin, in layout 2 a side basin is included. In the most complex 

layout, layout 3, a breakwater is added at the harbour entrance. The three harbour layouts and the 

relevant wave process contributing to wave penetration in each case are presented in Table 1.1.  

Table 1.1 The three schematic port layouts of the physical model and the wave processes that influence wave 

penetration (Adapted from Van Mierlo, 2014). 

Wave processes influencing 

wave penetration 

  

Reflection 

 at the main basin end    

at the harbour head walls    

at the side basin end -   

at the breakwater slope - -  

Diffraction 
as waves enter the main basin    

as waves enter the side basin -   

Refraction over the breakwater - -  

Transmission through the breakwater - -  

Harbour 

oscillations 
    

Transversal 

reflections 

in the main basin    

in the side basin -   

 

With respect to the geometry, a real port may be complex, consisting of multiple basins. For 

simplicity the layout examined in detail is Layout 1. A sketch of Layout 1 as constructed in the 

physical scale model is presented in Figure 1.1. By choosing a simple layout the amount of wave 

processes involved in wave penetration is minimized.   

 

The governing wave processes taking place in the harbour basin of Layout 1 are stated in Table 1.1. 

The processes that consider influencing mainly the wave field are reflection in the main basin and the 

harbour head walls and diffraction as waves enter the harbour. The harbour oscillations and the 

transversal reflections are considered to have a minor effect. In the area outside the harbour basin 

reflection at the outer slopes 2a and 2b are considered of major importance. The transversal 

reflections at slopes 3a and 3b influence mainly the adjacent area. These transversal reflections are not 

important for in the mooring area and the harbour entrance and thus they can be ignored. As the water 

depth in the physical model is constant wave processes, such as shoaling and refraction are not 

relevant for the specific layout.  

 



       

4 

 

 

Figure 1.1-Sketch of physical scale model for Layout 1 in prototype scale. The scale used is scale 1:45. (Figure 

adapted from Deltares, 2016). 

 

The wave conditions examined for the three layouts are by increasing complexity: monochromatic, bi-

chromatic and spectral (JONSWAP spectrum). Only for layout 3 various sea and swell wave 

conditions are examined. In reality, a port is attacked by a wave spectrum, which is the summation of 

regular waves with different wave heights, periods and wave directions. Regular waves, also called 

monochromatic waves, are the simplest waves forms used as initial step of defining the majority of 

wave theories. To keep the cases as simple as possible this thesis is focused on studying the 

monochromatic wave conditions approaching the harbour with a 90
o
 angle of incidence.  

  

From the tests performed in the physical scale model, seven tests are selected to be studied and 

modelled in SWASH. In the following table basic information about the seven tests that have been 

conducted in the physical scale model (Deltares, 2016) is presented. To provide general conclusions 

the selected tests cover a wide range of wave heights and periods.  

 

Table 1.2-The characteristics of the selected set of tests in prototype scale. 

Test Wave conditions Layout H [m]  T [s] Depth [m]  Angle [º] 

T001 Monochromatic 1 0.99 7.51 19.8 90 

T002 Monochromatic 1 1.44 10.00 19.8 90 

T003 Monochromatic 1 2.39 16.97 19.8 90 

T010 Monochromatic 1 2.97 5.03 19.8 90 

T011 Monochromatic 1 3.02 8.99 19.8 90 

T012 Monochromatic 1 2.75 15.03 19.8 90 

T013 Monochromatic 1 1.94 4.49 19.8 90 

 

During the experiments the water level time series are measured at 21 measurement locations. The 

measurement devices are placed in the centre of the harbour and in the mooring areas close to the 

quay walls as well as in the area in front of the harbour.  A complete overview of the full dataset and 

the measurement locations is provided in Section 2.2 .  Moreover, the details about the seven selected 

tests are discussed in Section 2.3 . 



       

5 

 

1.4  Research questions  

The open benchmark dataset for wave penetration in ports conducted in Deltares in 2014 includes a 

wide range of layouts and wave conditions (Deltares, 2016). This thesis is focused on a specific set of 

tests for the simplest layout and the simple monochromatic wave conditions. As described in Section 

1.3 , the selected set of tests consists of 7 cases. The following research questions are referring to this 

specific set of tests.  

 

Question 1: How accurate can SWASH reproduce wave propagation, the incoming wave height and 

the wave celerity of individual waves measured in the physical scale model tests? 

 

Question 2: Can wave reflection and diffraction, measured in the physical scale model tests,              

be modelled accurately by SWASH? 

  

Question 3: Can a two-dimensional SWASH model representing the simplest layout of the physical 

scale model tests, describe the wave height changes (temporally and spatially) in the measured water 

level time series?  

 

1.5  Research approach 

The approach formed to answer the research questions stated in the previous section consists of data 

analysis and numerical modelling. The strategy followed is discussed separately for each question. An 

essential remark is that the analysis of the measured data and the SWASH simulations are conducted 

in prototype scale. This choice is clarified in Section 2.5 . It should be mentioned that all the graphs in 

this report are in prototype scale. 

 

Question 1: How accurate can SWASH reproduce wave propagation, the incoming wave height 

and the wave celerity of individual waves measured in the physical scale model tests?  

 

SWASH outputs can be considered as accurate, if they are in agreement with the measurements. 

Hence, the first step is to examine the wave propagation, the wave celerity and the incoming wave 

height in the measurements. Ideally the propagation of waves in one direction is inspected in a wave 

flume. Alternatively, a line of measurement devices perpendicular to the wave maker is studied as it is 

considered to resemble a wave flume. It is assumed that the simple monochromatic waves follow the 

linear wave theory. It is anticipated that the waves travel from the wave maker towards the closest 

measurement locations without any disturbance. After the waves at measurement locations start to be 

influenced by diffraction and reflections at the different structures, the measurement devices signal 

does not any longer match with the incoming wave maker signal. The undisturbed part of the time 

series is used in the calculations of the incoming wave height. 

 

The aforementioned approach is also applied in SWASH. A 1D SWASH model representing the same 

line of measurement devices used in the measurements analysis is created. As in the 1D model waves 

propagate in one direction it is considered to represent a wave flume. In the 1D model the geometry of 

the physical scale model is reproduced. Moreover, the wave conditions are the same as in the 

experiments. Finally, the SWASH results are compared to the measured water level time series. This 

enables the assessment of SWASH performance. 

 

Question 2: Can wave reflection and diffraction, measured in the physical scale model tests,              

be modelled accurately by SWASH? 

 

As discussed in Section 1.2, a group of wave processes governs wave penetration in layout1. 

Modelling in SWASH the full layout 1 results in a wave field influenced by many wave processes 

simultaneously. To investigate the impact of each wave process it is necessary to consider simplified 



       

6 

 

SWASH models focusing on one wave process at a time. As simplified SWASH models are defined 

the models containing only a part of the full layout. The design of a simplified model aims to focus on 

a specific wave process, which is consider as dominant and to minimize the influence of other wave 

phenomena.  

 

This approach of dividing the complex phenomenon of wave penetration into simplified cases leads to 

the formulation of 2 sub-questions. 

 

Sub question 2a. : Is it possible to accurately reproduce the correct amount of reflection in SWASH, 

using the porosity and stone values from the scale model? 

 

Sub question 2b. : Is it possible to accurately reproduce the diffraction of wave energy into a harbor 

basin in SWASH? 

 

Based on, the travelling time of the waves from a specific location to another it is possible to estimate 

the time interval during which the water level time series at the different wave gauges are influenced 

by a specific wave process (e.g reflection, diffraction). By doing so, it is possible to divide the 

measured and simulated time series in separate parts, in which one part consists of only incoming 

waves and another part consists of a combination of incoming, diffracted and reflected waves. By 

analysing these different parts of the time series separately, the impact of each individual physical 

process on the wave height changes can be identified. 

 

Sub question 2a. : Is it possible to accurately reproduce the correct amount of reflection in SWASH, 

using the porosity and stone values from the scale model? 

 

There are two different cases of reflection at a gravel slope. The first case is at the outer slopes outside 

the harbour. The second case is reflection at the end of the harbour basin. In the latter case the waves 

get reflected at the inner gravel slope and the concrete wall located behind it. The two cases are 

treated separately. It is worth mentioning that the inner and the outer slope consist from the same 

material and are constructed with the same technique in the physical scale model. Hence, the two 

slopes are considered to have the same properties for porosity and stone size diameter.  

 

1. Reflection off the outer gravel slope 

 

As a first step a simplified 1D model representing only the reflection phenomenon off the outer slope 

is designed. Initially the porosity and stone size values used in the physical scale model are defined in 

the SWASH simulation. Consequently, the changes in reflection for runs with different porosity and 

stone size values are investigated. In all cases, the measured time series are used to evaluate the 

simplified SWASH model performance. For every SWASH case it is examined if the main trends due 

to reflection in the water level time series are reproduced. Finally, a conclusion about the optimal 

values for SWASH simulations for both parameters is drawn. 

 

2. Reflection off the harbour end 

 

A 1D SWASH model is created representing a cross section including the inner slope and the concrete 

wall behind it. The output locations are chosen to be the same as in the cross section line in the 

physical scale model. As a result, SWASH outputs can be compared to the measurements. A critical 

view is required as the measurements are also influenced by other processes, such as diffraction. The 

goal is to identify the basic trends due to reflection in front of the harbour end. 

 

The changes of the water level time series due to reflection in the two aforementioned cases can be 

compared. Moreover, it is also possible to investigate if the impact of reflection is larger in the outer 

gravel slope case or in the case of the inner slope and the concrete wall at the harbour end. 
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Sub question 2b. : Is it possible to accurately reproduce the diffraction of wave energy into a harbor 

basin in SWASH? 

 

The objective of this sub question is to study the diffraction phenomenon irrespective of reflections. 

For this purpose the following assumption applies: from the moment waves enter the harbour basin in 

until the arrival of the reflected wave from the harbour end, the waves measured by the wave gauges 

at the measurement locations are only influenced by the phenomenon of diffraction. This time interval 

is determined in the measurements and it is used to obtained information about the wave height 

changes due to diffraction. However, this time interval may not be long enough to come to 

conclusions regarding the impact of diffraction on the wave height. 

 

In SWASH a 2D model that helps demonstrate the influence of diffraction on the wave field inside 

the basin is created. This means that the inner gravel slope and the concrete wall at the end of the 

harbour basin, on which waves get reflected, are removed. The model includes only the side concrete 

walls and the head walls at the harbour basin entrance. The simulated time in SWASH should be 

longer than the calculated interval in the measurements for which diffraction is the dominant process. 

If the duration of the time series part used to calculate the wave height influenced by diffraction is 

larger, the results are considered more reliable. Apart from the wave height calculation, the effects of 

diffraction in the water level can be determined qualitatively, by visual inspections of the time series 

inside the basin. Finally, the SWASH results can be compared to the measurements to evaluate 

SWASH performance in describing diffraction.  

 

Question 3:  Can a two-dimensional SWASH model representing the simplest layout of the physical 

scale model tests, describe the wave height changes (temporally and spatially) in the measured water 

level time series?  

 

To answer the final research question, a 2D SWASH model representing the full simplest layout 

(layout 1), as constructed in the physical scale model is required. The goal is to model simultaneously 

in SWASH all wave processes taking place in the measured tests. The wave height changes in 

SWASH should be compared to the measured values quantitatively as well as qualitatively by 

observing the main water level trends. The performance of the simplified models focusing on a certain 

wave process at a time can be compared to the performance of the full model simulating all the 

prevailing wave processes. Conclusions about which processes play a dominant role in the final wave 

field can be drawn. 

 

Figure 1.2 summarises the general approach followed in this thesis to address the research questions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



       

8 

 

 

 
 

   

Figure 1.2 ï Work flow diagram  (source of the photo of Layout 1: Deltares). 
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Chapter 2  Literature Review 
 

An overview of the background information necessary to address the complex phenomenon of wave 

penetration in ports is provided in this chapter. Firstly, the physical processes contributing to the 

formation of the wave field in ports are summarised in Section 2.1  Secondly, key information about 

the open benchmark dataset of port layouts provided by Deltares, part of which is studied in depth in 

this thesis, is presented in Section 2.2 . The characteristics of the aforementioned dataset subset 

studied in this thesis are deliberated in Section 2.3 . The previous work done using a part of the open 

benchmark data set is briefly discussed in Section 2.4 . Moreover, Section 2.5 deals with the 

comparison of the numerical wave models regarding the application of wave penetration. Finally, the 

role of scaling in a physical scale model experiment and the decision of working in prototype scale 

are explained in Section 2.6 . 

2.1  Wave processes related to wave propagation in ports 

The most important wave processes related to wave propagation in harbours are in presented in Table 

2.1.These phenomena occur in the shallow area connected to the port, in the entrance channel and 

inside the port area are described. A brief description of the most important wave processes related to 

wave propagation in harbours is attempted in Appendix A. For a more complete and detailed 

explanation of the relevant phenomena the reader is referred to Holthuijsen (2007). 

 

Table 2.1 - Governing processes in wave propagation in ports 

1. Shoaling 

2. Refraction 

3. Reflection 

4. Transmission 

5. Diffraction 

6. Wave breaking 

7. Low frequency waves 

8. Harbour oscillations 

9. Dispersion 

10. Non-linear wave-wave interactions 

 

2.2  Overview of the full open benchmark dataset of schematic port 

layouts (Deltares, 2016) 

To validate the ability of wave models to reproduce wave penetration, field measurement datasets are 

usually used. These datasets are often limited in duration and space, refer to present situations instead 

of future designs and they are unlikely to include extreme conditions. On the contrary, scale model 

tests provide higher measurement accuracy than field measurements and allow testing of specific and 

well defined conditions. However, the majority of scale model measurements are performed for 

commercial projects, they are usually confidential or they do not include all the necessary details for 

validation purposes. 

 

Deltares proposed an alternative method to validate numerical wave penetration models by using a 

collection of open benchmark datasets (Van der Ven et al., 2018). There is a set of experiments 

performed in physical scale model basins that include a wide range of controlled wave conditions and 

several measurement points at strategic locations of the layout. The available datasets include test 

series of schematic port layouts. The dataset of this project (Deltares, 2016) is studied in detail in this 
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master thesis. The most important information about the experiments, which are relevant for this 

thesis, is summarised in this section. 

 

The modelled port is fictitious and consists of a main basin, a closable side basin and an optional 

breakwater. The dataset obtained can be used to validate cases for different wave penetration 

software. The physical model is constructed in the extended directional wave basin of Deltares (Delta 

Basin), which has outer dimensions of 50x50m and a 40m wide wave maker. The tests are performed 

at scale 1:45 for three schematic layouts presented in Figure 2.1. 

 

 

Figure 2.1 - The three layouts of the physical model considered for the dataset (Adapted from Van Mierlo, 2014). 

 

In total, 56 tests are included in the dataset. To represent mild as well as severe wave conditions, a 

wide range of incoming wave heights (0.5m to 9.5m) and wave periods (4.5s to 17s) is incorporated. 

The wave conditions applied on each test are provided in Appendix B. The four different types of 

wave conditions applied in the tests are described below.  

1. Monochromatic  

Monochromatic wave conditions are the simplest wave conditions for validation purposes.  

 

2. Bi-chromatic  

In case of Bi-chromatic wave conditions low frequency waves are generated. Moreover, the 

primary waves can be chosen such that low frequency component induces a particular harbour 

basin oscillation (seiche).  

 

3. Spectral 

The most realistic wave field is the application of a JONSWAP spectrum, using a distribution in 

frequency and in some cases a directional spreading.  

 

4. Sea and Swell (applied only for Layout 3) 

Finally, a combination of a sea state from one direction with a swell from a different direction is 

also included in the dataset. 

 

The incoming waves are imposed at the offshore boundary by a wave maker consisting of 100 

individual paddles (Figure 2.2). The paddles can force spread waves into the basin. To avoid excess 

reflection against the side gravel slopes 3, paddles (1-5) and (96-100), located at the external sides of 

the wave maker, are not used in full power. Additionally, the wave maker is equipped with an ARC 

(Active Reflection Compensation) to prevent re-reflection by absorbing nearly all the wave energy 

hitting the wave maker. 

 

For each test, the incoming wave field is saved in a txt file. This file contains the water surface 

elevation time series generated by the wave maker displacements in the physical model. For the 

analytical steps about deriving the files the reader in referred to Appendix B, Van Mierlo (2014). It is 

worth mentioning that the wave maker displacements signal is created before the start of the 

experiments. Hence, the signal is not influenced by the active reflection compensation imposed on the 

maker. 
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A top view of Layout 1, on which this thesis is focused, is provided in Figure 2.2. Moreover, the 

properties of the structures in Layout 1 shown in Figure 2.2 are presented in Table 2.2.  

 

 

Figure 2.2- Top view of the physical scale mode in prototype scale (scale 1:45). This figure is a repetition of Figure 1.1.  

Table 2.2 - The properties of the structures in Layout 1 in prototype scale.  

 Quay wall Inner slope 1 Outer slopes 2a and 2b Slopes 3a and 3b 

Material 
Concrete block 

(Block length: 45m) 
Gravel Gravel Gravel 

Width [m] 0.3 2.8 5 1.8 

Height [m] 1.3 0.7 0.7 0.9 

Stone size [m] - 0.675 0.675 0.675 

Slope Vertical 1:2 Front 1:4, Back 1:3 1:2 

  

Measurement devices are placed in front and inside the port. A total of 16 wave height probes 

(accuracy 0.5%) were used to measure the wave heights and five directional wave height probes (1% 

accuracy) provided information about the wave heights and the x and y velocities. The measurement 

set up is presented in Figure 2.3 and the exact locations of the measurement devices are included in 

Appendix B. 

 

 

Figure 2.3-Measurement setup in the scale model (wave gauge 3 is located between wave gauges 4 and 24). Outer 

slopes 3a and 3b are not shown. (Adapted from Van Mierlo, 2014) 
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The devices are mainly placed close to the quay wall, where the ships are typically moored. The wave 

height in these locations and in the middle of the basin is required to identify the harbour oscillations. 

The incoming wave height is measured by 9 devices in front of the harbour area placed forming a 

cross: a line parallel to the wave direction (gauges 10, 4, 3, 24 and 5) and a line perpendicular to it, 

which is parallel to the wave maker (gauges 1, 23, 24, 25 and 2). Devices 17 to 20 (in total 6 wave 

gauges) are placed inside the side basin measuring waves for layout 2 and 3. For layout 1there is a 

wooden plate preventing waves from entering the side basin.  

2.3  The characteristics of the selected dataset  

The set of test selected to be studied in detail is presented in Table 2.3. All seven tests are performed 

for monochromatic wave conditions, in layout 1 (Figure 2.4) and the angle of incidence is 90
o
.  Since 

layout 1 only has one main basin, it is considered the simplest layout to predict and understand the 

behaviour of waves in the basin.   

 

Table 2.3 - The characteristics of the seven selected tests. This table is a repetition of Table 1.1, including three 

additional columns : the wave length L, the kd value and the wave steepness H/L.  

Test Wave conditions Layout H [m]  T [s] Depth [m]  Angle [Ј] L  [m]  kd H/L  

T001 Monochromatic 1 0.99 7.51 19.8 90 80.48 1.55 0.001 

T002 Monochromatic 1 1.44 10.00 19.8 90 120.74 1.03 0.012 

T003 Monochromatic 1 2.39 16.97 19.8 90 225.59 0.55 0.011 

T010 Monochromatic 1 2.97 5.03 19.8 90 39.38 3.16 0.075 

T011 Monochromatic 1 3.02 8.99 19.8 90 104.71 1.19 0.029 

T012 Monochromatic 1 2.75 15.03 19.8 90 197.05 0.63 0.014 

T013 Monochromatic 1 1.94 4.49 19.8 90 31.52 3.95 0.061 

 

 

Figure 2.4 -Photograph of the physical scale model for layout 1. In the photograph is captured the start of test T001. 

(source: Deltares) 

  

It would have been reasonable to study full spectrum cases as they represent better the wave field that 

enters in a port in reality. However, the purpose of this study is to find out if the numerical model is 

capable of simulating a simple monochromatic wave and if the outputs are in agreement with the 

theoretical expectations. Complex wave condition can be interpreted as a summation of individual 

monochromatic waves. Although it is easier to understand the physical behaviour of only one 

monochromatic wave it can be more difficult for the numerical model to describe it accurately. For 

the monochromatic case the numerical diffusion effect is stronger. Moreover, the wave height and the 

wave direction are constant in time and it is relatively easier to spot errors in the water level time 



       

13 

 

series.  On the other hand, in a spectrum the wave height and the wave direction vary in time. It is 

possible that different errors in the simulation of individual waves might add up and the total final 

error of the water level time series is smaller. 

 

To better understand the physics of each test some physical parameters are also included in Table 2.3: 

the wave length L, the kd value, the wave steepness H/L. The kd value is used as an estimate of the 

computational effort required for each test. A rule of thumb is that tests with higher kd value are more 

computationally demanding. Moreover, for higher kd values the non-linear effects become more 

important. For each test the kd value is determined by the maximum water depth, which in all the 

cases is 19.8m and by the wave period as it results from the wave maker motion. The wave steepness 

is an indicator of the wave breaking. If the wave steepness exceeds the value 0.07, then waves start to 

break.  

 

There are several criteria to specify if the waves are in deep or shallow water.  The basin criteria 

according to Bosboom and Stive (2011) are presented in Table 2.4. The kd values criterion is used to 

classify the waves of the seven tests in deep, intermediated or shallow water. 

Table 2.4-Criteria for deep and shallow water waves with an error of the order of 1% (Bosboom and Stive, 2011). 

Shallow water  Deep water 

d/L0 d/L kd  d/L0 d/L kd 

< 0.015 <1/20(=0.05) <ˊ/10  >0.5 >0.5 >  ́

 

The seven selected tests can be divided in three groups with similar values of specific parameters. 

These parameters are the kd value, the wave length L and the wave steepness H/L. The first group 

consists from test T003 and T012 (Table 2.5). Both tests have a low kd value and represent 

intermediate water conditions. However, their kd values are close to the shallow water limit (kd< 

0.314). Moreover, the two tests have the longest waves, as their wave length values are close or 

higher than 200m. The second group of tests consists of tests with average kd values from 1.03 to 

1.55 (Table 2.6). These are tests T001, T002 and T011. Their wave conditions are classified in 

intermediate water. Furthermore, their wave length values vary from 80 to 120m. The last group of 

test are T010 and T013 with kd values higher than  ́ (Table 2.7). Both tests represent deep water 

conditions. As the kd values are relatively high these test cases are considered computationally 

demanding. Finally it is worth mentioning that for test T010 the waves have already started breaking 

while in T013 the wave steepness value is close to the breaking limit. 

Table 2.5 ï The first group of tests for low kd values. 

Test L [m]  kd Wave conditions H/L  Wave breaking 

T003 225.59 0.55 Intermediate/shallow water 0.011 - 

T012 197.05 0.63 Intermediate/shallow water 0.014 - 

 

Table 2.6 ï The second group of tests for average kd values. 

Test L [m]  kd Wave conditions H/L  Wave breaking 

T001 80.48 1.55 Intermediate water 0.001 - 

T002 120.74 1.03 Intermediate water 0.012 - 

T011 104.71 1.19 Intermediate water 0.029 - 

 

Table 2.7 ï The third  group of tests for high kd values. 

Test L [m]  kd Wave conditions H/L  Wave breaking 

T010 39.38 3.16 Deep/Intermediate water 0.075 yes 

T013 31.52 3.95 Deep water 0.061 close to the breaking limit 
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2.4  Previous work using the benchmark test of schematic port layouts 

A part of the dataset described in Section 2.2 has been processed by a number of master students at 

Delft University of Technology. The students selected certain tests to assess the value and accuracy of 

numerical wave penetration models. Van Mierlo (2014) used the mild slope model PHAROS 

(Deltares, 2013), the Boussinesq type model TRITON (Deltares, 2008) and the non-hydrostatic wave 

model SWASH (Zij lema, Stelling and Smit, 2011). Monteban (2016) worked with SWASH and also 

the Boussinesq type model Mike21 BW (DHI, 2007). The non-hydrostatic phase resolving setting of 

the wave model, XBEACH (Roelvink, 2010) was selected by Wong (2016) for wave penetration 

simulations. SWASH and XBEACH are both non-hydrostatic wave models. In this thesis for the 

category of non-hydrostatic models SWASH (version 3.14) is chosen to be studied in more depth. 

Therefore, the literature review is focused only on two of the aforementioned thesis: in the thesis of 

Van Mierlo and Monteban. The tests studied by Van Mierlo are T076, T079, T080, T081, T084 and 

T085. The tests studied by Monteban are T035 and T079. For details about the wave conditions of the 

aforementioned tests the reader is referred to Appendix B. 

 

The main conclusions of the research of Van Mierlo and Monteban are in agreement: wave 

penetration can be modelled quite accurately for practical engineering purposes, whereas long waves 

and resonant modes are generally computed with less accuracy. Important remarks mentioned in these 

MSc reports include data analysis methods (e.g. spectral resolutions), reflection settings in the 

numerical models, numerical stability, the influence of layout inaccuracies in the physical scale model 

and averaging of computed wave heights within a circle around a measurement location. 

Consequently, further research is recommended on validating and improving numerical wave 

penetration models. 

2.5  The wave models performance in simulating wave penetration in 

harbours 

This section summarizes the work of two MSc students, F. Van Mierlo (2014) and D. Monteban 

(2016) about the performance or wave models regarding the application of wave penetration. The 

section starts with the criteria used to evaluate the models performance. The three wave models used 

by Van Mierlo are presented in Section 2.5.2 , while the two wave models examined by Monteban in 

Section 2.5.3 . The models are compared in terms of theoretical abilities and limitations as well as 

about the simulation outputs. Lastly, the abilities and the restrictions for the wave model studied in 

this thesis, SWASH, are discussed. A theoretical comparison of the available wave models and the 

selection of the most suitable models to simulate wave penetration is provided in Appendix C. 

2.5.1  Evaluation criteria of wave penetration simulation by a wave model 

To evaluate the ability of a wave model in simulating wave penetration the following factors should 

be taken into account: 

¶ Ability to describe the most relevant processes related to wave penetration 

¶ Model limitations, for example kd value, minimum water level 

¶ Accurate predictions regarding: 

primary waves (spectral waves)    low frequency waves    harbour oscillations 

¶ Computational cost  

 

Since this thesis focuses on monochromatic sea waves, the performance of the models regarding low 

frequency waves and harbour oscillations is not relevant and thus is not discussed in the following 

section. Information about the models abilities in simulating modelling of low frequency waves and 

harbour oscillations can be found in the thesis of F. Van Mierlo(2014) and D. Monteban(2016). 
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2.5.2  Comparison of PHAROS, TRITON and SWASH 

In this thesis a subset of the dataset for schematic ports layouts (Deltares, 2014) is studied thoroughly. 

A selection of physical model tests from the same dataset is simulated with PHAROS (Deltares, 

2013), TRITON (Deltares, 2008) and SWASH (Zijlema, Stelling and Smit, 2011) by F. Van Mierlo. 

Taking into account his findings a comparison of the three numerical models is attempted. The type of 

the three wave models ass wells as the organisation that developed them is presented in Table 2.8. In 

Table 2.9 selection of the most relevant processes modelled in the three models is shown. 

 

Table 2.8 - Information about the three wave models used by Van Mierlo. 

Wave model and 

Acronym 

Model type Developed 

by 

Capable to model (among other) 

PHAROS (Program for 

HARbour Oscillations) 

Mild slope  Deltares  harbour oscillations and wind waves penetration, 

in harbours with complex geometries  

TRITON  (-) 

 

Boussinesq  Deltares wave propagation in nearshore regions and 

harbours 

SWASH (Simulating 

WAves till Shore) 

Non-hydrostatic TU Delft waves transformation from offshore towards the 

shore or into a harbour 

 

Table 2.9-Overview of the wave processes related to wave penetration that can be modelled in PHAROS, TRITON 

and SWASH.(sources Deltares (2013) , Deltares (2008), The SWASH Team (2016). 

Wave process PHAROS TRITON  SWASH 

Shoaling    

Refraction    
Diffraction     
Dispersion    
Non-linear wave 

interactions 

-   

Wave breaking    
Wave run-up and run-down -   
Partial reflection    
Transmission  -  
Wave-current interaction   -  
Wave induces currents -   

 

According to Van Mierlo conclusions PHAROS is at least one order of magnitude faster than 

TRITON and SWASH. SWASH is more efficient than TRITON as the parallelisation option requced 

significantly the required computational effort. The following sketch provides some insight about the 

accuracy and the computational efficiency of the three wave models examined. 

 

 

Figure 2.5-A comparison of the three wave models PHAROS, TRITON and SWASH regarding computational cost 

and accuracy. 
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Based on the simulations outcomes for the selected six tests, Van Mierlo concludes that TRITON and 

SWASH can model primary waves more accurate than PHAROS. The errors in wave height for the 

two models are on average less than 15%, for all examined wave conditions. It is mentioned that 

PHAROS overestimated the wave height in areas which sheltered from direct wave attack by 

breakwaters and are enclosed by highly reflective boundaries. The overestimation is highly related to 

the reflection coefficients that are set by the user. Moreover, numerical instabilities were observed in 

TRITON simulations for significant wave heights (up to a quarter of the water depth). Therefore, the 

wave height prediction by SWASH is more accurate for all the simulations, including tests with high 

significant wave height. 

 

Taking into account the errors in wave penetration predictions some conclusions the performance of 

the three models can be drawn. PHAROS can be very useful for obtaining a quick estimate of wave 

heights in ports. Its main advantages are computational efficiency and robustness. Attention should be 

paid in determining the reflection coefficients. TRITON and SWASH should be preferred when 

accurate values are necessary. Due to the numerical instabilities in TRITON performance, SWASH 

can be considered more robust. Van Mierlo also mentions that for breakwaters in ports, the resulting 

computation time for SWASH is significantly lower. 

2.5.3  Comparison of MIKE 21 BW and SWASH 

The same dataset of schematic port layouts was used, among others, from D. Monteban to compare 

the performance of MIKE 21 BW (DHI, 2007) to SWASH (Zijlema, Stelling and Smit, 2011). The 

model type of the two wave models are presented in Table 2.10 In the following paragraphs some of 

his results and conclusions will be discussed. 

 

Monteban compared the limitations of the two models. One of the main differences between SWASH 

and MIKE 21 BW is the application range of kd value, show in in Table 2.10. Using 2 vertical layers 

in SWASH can lead to more accurate results, but also to high computation cost. As in SWASH there 

is no limit about maximum frequency the model is able to resolve the total wave spectrum. Moreover, 

it can model sloping boundaries in full detail, as there is no minimum water depth restriction. On the 

contrary, MIKE 21 BW is a commercial model which provides customer support and can be used 

when the computational power is limited (i.e. the available computer has less than 10 processors). 

 

Table 2.10 - Information about the two wave models used by Monteban. The application limits based on the kd value. 

Wave model Model type Developed 

by 

Suitable model based on the kd value 

kd<0.5 0.5<kd<3.1 kd>3.1 

MIKE 21 BW Boussinesq DHI   - 

SWASH Non-hydrostatic TU Delft   
(using 1 

vertical layer) 

 
(using 2 

vertical layers) 

 
(using 2 or more 

vertical layers) 

 

To avoid scaling effects Monteban started running his simulations at physical model scale, but the 

results for both models show numerical instabilities, especially in MIKE 21 BW. The main problems 

were a strange symmetrical pattern in front of the breakwater in SWASH and in MIKE 21 BW an 

unwanted resonant standing wave in the side basin. A possible explanation can be that the models 

work with double precision and for small scales rounding errors may be important.  However, double 

precision results in output files with significantly larger size. 

 

The rest of the analysis was performed in prototype scale. The accuracy of predicting primary waves 

(f >0.067 Hz) using prototype scale was considerably higher than for the simulations using physical 

model scale.  For both numerical wave models the deviation from the measured primary waves is 

below ± 15%. The significant wave height was computed with mean average percentage errors 8% 

and 7.8% in SWASH and MIKE 21 BW respectively. 
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2.5.4  Selection of using SWASH  

Taking into account the relatively good performance of SWASH in describing wave penetration as 

well as the recommendations of further investigating the wave height errors, it was decided to focus in 

this thesis on the wave model SWASH. This thesis can be considered as a continuation of the theses 

of F.Van Mierlo (2014) and D.Monteban (2016). While the previous theses aimed in examining the 

performance of SWASH in describing wave penetration in a harbour under various complex wave 

conditions, this thesis focuses more in understanding which of the wave processes influencing the 

total wave penetration can be modelled accurately by SWASH. Whereas, in the previous theses more 

complex port layouts and wave conditions were examined, in this thesis the simplest layout 1 and the 

simplest monochromatic wave conditions are elaborated. By doing so, the amount of the relevant 

wave processes is reduced and the wave penetration becomes less complex, making the identification 

of the differences between the SWASH outputs and the measurement more straightforward. 

 

SWASH has an open source code which can freely be downloaded from 

http://SWASH.sourceforge.net. In previous theses version 3.14 is used. In this thesis the new version 

of the software package SWASH 4.01 is used. In the two SWASH versions the method of solving the 

shallow water equations remains the same. As the differences between the two versions are not 

fundamental, it can be claimed that the main performance of SWASH regarding wave propagation 

towards and inside the port is the same. Hence, it can be assumed that the main findings of the 

previous research also hold for the current version.  

 

According to the previous theses, SWASH has been proven to can describe the propagation of 

primary waves with a good level of accuracy, as the errors are on average less than 15%.Based also 

on the theoretical comparison (Table 2.9), the most important processes related to wave penetration 

are included in SWASH. Moreover, it was mentioned that by using two vertical layers the model is 

considered robust and no numerical instabilities are expected. Furthermore, it should be kept in mind 

that SWASH is a computational demanding model.  Nevertheless, the higher computational time is 

considered acceptable, as this thesis is carried out for academic purposes and the time restrictions are 

not so strict as in a commercial project.  

2.6  Scaling  

The physical scale model of port layouts is designed on model scale to be small enough to fit inside a 

laboratory. However, the dimensions of a port in reality are much larger, for example two orders of 

magnitude larger, than the physical scale model dimensions. A real port is described by prototype 

scale. To switch from model scale to prototype scale and vice versa, scaling laws are applied. 

2.6.1  Scaling laws 

In hydraulic experiments, the most commonly used similitude laws are Froude and Reynolds 

similarity. Reynolds similarity guarantees the correct scaling of inertia and viscous forces. The Froude 

scaling assumes that gravity is the governing force balancing the inertia forces. The schematic port 

layouts physical scale model was conducted based on Froude scaling. The most important scaling 

factors for Froude scaling are presented in Table 2.11. 

 

Table 2.11-Froude scaling. Note that Ŭ is the scaling factor when a scale 1 : Ŭ is used, ɟm is the density on model scale 

and ɟf  the density on full scale or prototype scale. (Monteban, 2016) 

Physical parameters Unit  Multiplication factor  

Length [m] Ŭ 

Volume [m
3
] Ŭ

3 

Structural mass [kg] Ŭ
3
 * ɟf / ɟm 

Time [s] Ѝ‌ 

Frequency [Hz] ρȾЍ‌ 

http://swash.sourceforge.net/
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2.6.2  Scale effects 

Scale effects are observed when the employed scaling law does not correctly reproduce the physical 

conditions from prototype at model scale. For the schematic port layouts physical scale model Froude 

scaling is assumed as the correct scaling of gravity and inertia forces is important to model precisely 

wave propagation. Other processes, such as viscosity, elasticity and surface tension are considered to 

play a minor role and the fact that they are not scaled correctly is considered acceptable. However, 

this can lead to scale effects related to the physical processes of wave penetration, wave transmission, 

wave energy frictional dissipation and wave breaking dissipation.  

 

To prevent significant scale effects on wave reflection, the physical model scale should be sufficiently 

large. It is logical that for a small scale, for example 1:100, the scale effects are becoming important 

and influence the examined application of wave penetration. On the contrary, constructing a physical 

model based on a large scale, i.e. 1:10, is relatively costly and time consuming. The selected scale for 

the schematic port layouts physical model is 1:45. This scale is considered large enough to consider 

the scale effects as insignificant. Moreover, it the resulting construction cost is acceptable. This scale 

is a good compromise and it is often used in this type of studies. For an analytical description of 

scaling laws and scale effects the reader is referred to Frostick et al., 2011. 

2.6.3  Selection of prototype scale for the measurement analysis and SWASH simulations 

In this thesis it is chosen to perform the measurement analysis and SWASH simulations in prototype 

scale. It is obvious that measured data and the numerical model data must be compared using the 

same scale. To be consisted in the whole report, the information about the open benchmark dataset is 

provided in prototype scale. Appendix B includes data about the harbour contour, the location of the 

wave gauges and the wave conditions for all 56 tests conducted in prototype scale. 

 

The use of prototype scale is supported by three arguments. Firstly, it is desirable to demonstrate 

SWASH ability to model the wave phenomena related to wave penetration in real scale. After all, in 

common engineering practice numerical models, such as SWASH, are used to describe or predict 

wave penetrations for a real port design project. Secondly, as discussed in Section 2.6.2 scale effects 

are considered significantly small or not relevant for the purpose of this thesis. Finally, the full scale 

is chosen to avoid numerical instabilities, observed by Monteban (2016), when running the simulation 

in model scale for SWASH. 
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Chapter 3  Methodology of measurement 
processing 
 

The formulated research questions aim to evaluate SWASH performance regarding wave penetration. 

For this purpose, the SWASH outputs should be compared to the physical scale model measurements, 

as they considered representing reality. 

 

The main topics of interest of the formulated research questions are the ability of SWASH to simulate 

wave propagation, wave celerity and the effect of two dominant wave processes: reflection and 

diffraction. Hence, it is desirable to obtain knowledge about these topics from the measurements. The 

approach to analyse the measured data is amply illustrated in this chapter. 

 

To begin with, the initial measurement processing required is briefly described in Section 3.1 . In 

Section 3.2 the equation for calculating the wave celerity according to the linear wave theory is 

provided. Furthermore, the approach used for calculating the wave celerity in the measurements is 

extensively clarified. In addition, the method of calculating the fully developed incoming wave height 

measured at the wave gauges is discussed. The wave gauges inside the harbour basin that are 

influenced by diffraction are treated separately from the wave gauges outside the basin. In Section 3.3 

is presented a methodology about determining the time moments when wave get reflected and when 

they arrive at the measurement locations along the model centreline. Finally, in Section 3.4 the 

method of determining the steady state at all measurement locations is presented.   

3.1  Preliminary measurement processing 

For each of the seven selected experiments, the water level in time is measured at 27 locations. To 

obtain useful information from the data some initial preparations is done. The preliminary analysis of 

the measurements includes the following three steps. 

  

Step 1: Removing the average 

According to theory, the mean water level at each wave gauge represents the still water level and 

should be equal to zero. To achieve that the wave height meters are calibrated by setting the water 

surface at two different levels. Nevertheless, in a laboratory experiment the average water level is 

expected to deviate slightly from zero. This is also the case for the selected experiments. For water 

level measurements it is common practice to set the water level oscillating around zero. The average 

water level value is calculated separately at each wave gauge for each test. Then, the average water 

level values are subtracted from the time series of each wave gauge for the seven selected tests.  

 

Step 2: Detrending 

After removing the average, a linear trend is observed in the measurements. This trend can be 

attributed to the behaviour of the wave probes.  The probe of each wave height meter device is 

constructed of two parallel stainless steel rods. The rods act like electrodes of an electric conduction 

meter (Deltares, 2016). As more and more waves are being measured the rods temperature is 

increased linearly. This explains the linear increase of the still water level in time. However, this 

linear trend does not represent the physical behaviour of the still water level which remains constants 

during the experiments as no water is added or removed by the basin. Therefore, the linear trend is 

also removed from the measured water level time series.  

 

Step 3: Switching from model to prototype scale 

After processing the measurements to oscillate around zero, the next step is to convert them into 

prototype scale. As discussed in Section 2.6 , it is chosen the measurement analysis and the SWASH 

simulations to be performed in prototype scale. The scale used in the open benchmark dataset of port 
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layouts is 1:45. Thus, the wave gauges measurements for the selected 7 tests are expressed in 

prototype scale by multiplying the water level values with 45 and the time values by Ѝτυ (for the 

multiplication factors see Table 2.11). 

 

An example of the water level time series after the initial processing is shown in Figure 3.1. 

 

 

Figure 3.1 The final time series oscillating around the still water level (dashed red line) at Point 11 for T001.  

 

In Figure 3.1 it is observed that the water level does not show a constant behaviour.  Waves reach at 

Point 11 after the first 160 seconds. This time interval is describing the initial time when the wave 

gauges are recording, but the wave maker has not started operating and the time required from the 

waves to travel from the wave maker to the point. In this initial part from t=0s until t=160s, an offset 

of approximately +0.01m is observed, while the water level is expected to be equal to zero. This 

offset is considered small compared to the incoming wave height and thus can be ignored. As shown 

in Figure 3.2, the wave height is gradually increasing until approximately t=240 s. This is because a 

taper function is applied to the wave maker motion. By doing so, the waves enter the basing gradually 

and the occurrence of shock waves is prevented.  

 

 

Figure 3.2-The initial part of the water level time series at wave gauge 11 for T001.  

 

The wave height at Point 11 starts becoming lower at t=3750 s as shown in Figure 3.3. The wave 

height is reduced gradually as a taper function is applied again to the wave makerôs motion. After 

stopping the wave makerôs motion the water level is not reduced to zero and oscillating patterns still 

can be observed. Although new waves are not generated from the wave maker, the already existing 
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waves in the basin continue propagating and get reflected at the port walls and the gravel slopes. From 

Figure 3.1 it can be estimated that the water level drops to zero at t =6500 s approximately. 

 

The reflections part at the end of the record shows that the waves get reflected at the harbour walls, 

the damping slopes and the wave maker. This behaviour verifies that only a part of the wave energy is 

absorbed by ARC (Active Reflection Compensation) applied at the wave maker. Moreover, at the 

damping material at inner slope slope1 and outer slopes 2 only a part of the wave energy is damped or 

transmitted. The rest of the energy is re-reflected towards the experiment area. The same holds for the 

concrete walls of the harbour. The only difference is that there is no wave energy transmission trough 

the walls. 

 

 

Figure 3.3-The water level time series at wave gauge 11 for T001 when the wave maker stops operating. 

 

In all the remaining five tests, apart from T010, the water level time series are similar to the time 

series already presented in Figure 3.1.for wave gauge 11 and test T001: a time delay until the waves 

reach the location, a gradual increase, a constant part (Figure 3.4), a gradual decrease and a long 

period until the reflections in the basin become negligible and finally the water level drops to zero. 

However, in the time series for test T010 there is not a clear constant part as in the rest of the cases. 

This is shown in Figure 3.5. This behaviour can be explained by the high H/L ratio, equal to 0.075, for 

which wave breaking starts occurring. 

 

  

Figure 3.4- The measured water level time series at Point 11 for T001. This figure is a repetition of Figure 3.1 

including a read area that represents the constant part when a temporal steady state is reached. 
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Figure 3.5-Water level time series at Point 11 for T010. 

 

When the wave height in the measurements remains constant a temporal steady state is reached. 

During the constant part the changes in the wave height are not significant. It is selected to study the 

first 15 minutes (900 s) of the measurements. The first reason of this choice is that useful knowledge 

can be obtained by studying either the first few minutes of the constant part or the whole constant 

part. Secondly, the end part of multiple reflections is out of interest for engineering purposes. Finally, 

as SWASH is a computationally demanding model, this choice aims to reduce the time required for 

SWASH simulations.  

 

3.2  Computation of the wave celerity in the measurements 

3.2.1  Computation of the theoretical celerity according to the linear wave theory 

The comparison of the wave celerity in the measurements and in SWASH is the objective of the first 

research question. This section focuses on determining the wave celerity in the measurements.  It is 

assumed that the monochromatic waves in the examined experiments follow the linear theory. Instead 

of calculating explicitly the wave celerity, first the theoretical celerity determined by linear wave 

theory is calculated. Then it is examined if the theoretical wave celerity, calculated by using the wave 

parameters of each test, is in agreement with the measurement outputs. By doing so the measurements 

follow the linear wave theory and hence the measured and the theoretical celerity coincide. 

 

The first step of the method is the calculation of the theoretical wave celerity according to 

Equation 3.1. It is worth mentioning that the radian frequency in the formula results from the linear 

dispersion relationship. 

 

 Ἣ
Ἐ

ἢ ἳ
 
Ἧ

ἳ
 ἼἩἶἰἳἬ

Ἧ ἢ
 ἼἩἶἰἳἬ                     (3.1) 

       

where: c = the wave celerity (m/s) L= the wave length (m)  T= the wave period (s) 

 radian frequency (rad/s) k= the wave number (rad/m) d= the water depth (m) = ‫ 

 g = gravitational acceleration (m/Ó)  
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3.2.2  An example of the calculation method of the wave celerity in the measurement: a 

wave flume case 

In every test the wave period and the water depth remain constant during the test. Assuming linear 

waves, it holds that the wave celerity is considered constant during each test. The principles of motion 

with constant speed are used to confirm that the computed celerity matches with the measurements. 

The method is illustrated for a simple example in a wave flume.  

 

In the wave flume depicted in Figure 3.6 there is a wave maker to the left, two wave gauges in the 

middle and an outflow in the centre. The distance between the two wave gauges is equal to x. The 

bottom of the flume is horizontal and the water depth is constant. A linear sinusoidal wave of constant 

wave height is generated by the wave m. The wave gauges are measuring the water level in time. 

 

 

Figure 3.6-A simple example of monochromatic waves in a wave flume. 

 

Figure 3.7-a. Water level in time at wave gauge 1,  b. Water level in time at wave gauge 2. 

 

As shown in Figure 3.7 a. and Figure 3.7 b., the time series in wave gauge 2 is exactly the same as in 

wave gauge 1 simply shifted in time. The wave pattern arrives at Point 2 with a delay of ȹt. For a 

constant celerity, it holds: ȹt=ȹx/c. The wave celerity can be calculated by Equation 3.1. If the time 

series at wave gauge 2 is shifted ȹt seconds earlier in time, it coincides with the time series at wave 

gauge 2. This can be illustrated by plotting the original time series at wave gauge 1 and the shifted 

time series at wave gauge 2 in the same graph. The following graph can only be created if  

measurements follow the linear theory and hence the measurements celerity is equal to the theoretical 

celerity. In a different case, the two time series will not match.  

 

Figure 3.8-Original time series at wave gauge 1 and time series at wave gauge 2 shifted in time. 
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To sum up, the method requires:  

¶ assuming that linear wave theory applies 

¶ computing the theoretical wave celerity by Equation 3.1 

¶ plotting the times series of different points in the same graph by shifting them in time 

¶ checking if there is a good agreement between the time series 

¶ confirming that the initially assumed celerity is correct or not 

3.2.3  The calculation method of the wave celerity in the measurements 

The same process described in the example of Section 3.2.2 can be applied for the wave gauges in the 

schematic port layout tests. For every point in model centre line (line AAô) the wave pattern is the 

same as in the previous point shifted in time. Line AAô is parallel to the basin length and is located in 

the middle of the basin width dividing the basin in two symmetrical parts (Figure 3.9). Points 10, 4, 3, 

5, 26, 11, 27 and 12 are considered to lie on this line. 

 

 

Figure 3.9-Model centre line (AAô) is located in the middle of the basin in terms of width. Outer slopes 3a and 3b are 

not shown. 

 

The times series of points on line AAô will be plotted in the same graph for Point 10 by shifting them 

in time. Instead of Point 10, another location to shift the time series would be the wave maker. 

However, there is no information when the wave maker started operating relative to the wave gauges 

records. A possible estimation about the starting moment of the wave maker would introduce 

additional errors in the process. Thus, the time series are not shifted at the wave maker location, but at 

wave gauge 10, which is located closest to the wave make. By doing so, all the records are shifted 

earlier in time. 

 

The time for the wave to travel from Point 10 to every other point in line AAô, ɝÔ , is 

calculated as follows: 

 

ɝÔ                                   (3.2) 

 

where:  ɝÔ Ḋ travelling time from Point 10 to another point. 

 c                   : the wave celerity for the selected test. 

 Ù            : y coordinate of the point in question. 

 Ù                 : y coordinate of Point 10. 
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The time series of wave gauges on line AAô can be plotted at the same graph for Point 10 by shifting 

each point time series earlier in time by ɝÔ . The water level time series are expected to be the 

same for the part of the measurements that is not influenced by reflections, as this phenomenon causes 

changes in the wave height. To apply the proposed methodology it is required to define when the 

wave records are starting to be influenced by reflections. The method used to determine the arrival of 

the reflected waves is explained in Section 3.2.5 .  

 

The methodology of computing the wave celerity in the measurements is elaborated here for T001. 

The same approach is applied for the rest of the selected tests of which the results are presented in 

Chapter 4 . Initially, the theoretical wave celerity is calculated. According to Equation 3.1 the wave 

celerity is equal to Ã ρπȢχρ ÍȾÓ. The output after shifting the time series of each point at line 

AAô earlier in time by ɝÔ  is presented Figure 3.10.  

 

 

Figure 3.10-T001, measured water level time series of points on Line AAô shifted earlier in time to match with      

Point 10. The vertical blued dashed line represents the arrival of reflected waves from outer slopes 2 at Point 5.  The 

vertical light brown dashed line represents the arrival of reflected waves from inner slope 1 at Point 12. 

 

In Figure 3.10 the first vertical dashed line (colour: blue) represents the arrival of the reflected wave 

from outer slopes 2 at Point 5, which is located closer to this slope. The rest of the points outside the 

basin are expected to be influenced a few seconds later by the reflected waves from outer slopes 2. 

The second vertical dashed line (colour: light brown) represents the arrival of the reflected wave from 

inner slope 1 at Point 12, which is located closer to this slope. The rest of the wave records are 

expected to be influenced a few seconds later by the reflected waves from slope 1. Detailed 

information about how the reflection areas are defined is provided in Section 3.2.5 . A zoomed in part 

of Figure 3.10  is shown in Figure 3.11, in which it is easier to observe the changes after the 

reflections.  

 

Focusing on the general trends of Figure 3.10 and Figure 3.11, it can be said that there is a good 

match with regard to the wave period. This does not hold for the first 170 s, but this behaviour is 

explained in Section 0. If the first 170 seconds are not taken into account, it is observed that the phase 

shift between the time series of the different points is negligible (170-250 s) or there is a small time 

shift (from 250 s until the end). The varying phase shift between the different points is detected after 

the arrival of reflected waves from inner slope 1. Moreover, the wave height values vary significantly 

mainly after the arrival of reflected waves. This holds especially in the case of reflections coming 

back from inner slope 1. This phenomenon is reasonable as in the wave record not only the incoming 

wave is measured, but also the reflected waves. However, after the first 500 seconds the wave height 

at the different points and the phase shift between the time series of the points are remaining constant. 

A temporal steady state has then been developed in the test. 
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Figure 3.11- T001, measured water level time series of points on Line AAô shifted earlier in time at Point 10. This 

figure is a zoomed part of Figure 3.10. 

 

The initial part of the wave records before the arrival of reflected waves, indicated by the vertical 

dashed blue line at t=210s (Figure 3.11) is not disturbed by reflections. Therefore, it is expected this 

initial part to be very similar to the wave signal generated by the wave machine. The result is 

expected to be similar to Figure 3.8 for the wave flume case. Despite the expectations the part of the 

measurements before any reflection is not exactly the same. There is a first part (t<170s ) in which the 

time series do not match and a second part (170s<t<210s) where there is a good agreement between 

the records. In the first part the wave height is varying, while in the second part it remains constant in 

time.  

 

It is important to realize that points outside the basin are influenced first by reflection at slope 2 and 

later by reflection at slope 1. However, the points inside the basin are not influenced by reflection at 

slope 2. This holds if perfect absorption of the ARC (Active Reflection Compensation) mode of the 

wave maker is assumed. The first reflected waves recorded at the gauges inside the harbour basin are 

coming from slope 1. The vertical dashed line representing reflected waves from slope 2 is not 

relevant for points inside the harbour. Hence, it is useful to examine separately the two groups of 

points: points inside the harbour basin and points outside the basin. 

 

Figure 3.12 shows the time series of the points outside the harbour basin are plotted, while Figure 

3.13 shows the time series of points inside the basin. In both group of points the same pattern is 

observed: There is a not a good match of the initial part of the time series, but in the second part the 

time series almost coincide. The good agreement in the second part indicates that for T001 the 

assumption of linear wave theory is correct and the wave celerity in the measurements is equal to the 

theoretical wave celerity.  

 



       

27 

 

 

Figure 3.12- T001, measured water level time series of points outside the harbour basin on Line AAô shifted earlier in 

time at Point 10, before the arrival of the first reflected wave from outer slopes 2 (time axis: 50-210 s) 

 

 

Figure 3.13- T001, measured water level time series of points inside the harbour basin on Line AAô shifted earlier in 

time at Point 10, before the arrival of the first reflected wave from outer slopes 2 (time axis: 50-270 s) 

 

According to Figure 3.12, the wave height reaches a constant value at t=135s for Point 4, while this 

occurs at t=160s for Point 5. For all the points outside the basin the wave height remains constant 

until the arrival of reflected waves from outer slope 3 at t=210s (blue dashed line).  Thus, the duration 

of the fully developed wave height part differs from a point to another. The comparison between the 

different points becomes easier, if the time interval of the constant fully developed incoming wave is 

longer. The constant wave height at the points outside the basin is determined in Section 3.2.5 . 

 

As can be seen in Figure 3.13 for Point 26 the wave height remains constant from t=180s to t=210s 

and for point 12 from t=195s to t=210s. Although the reflected waves starting influencing the records 

after the dashed, light brown vertical line the waves are already influenced by diffraction as they enter 

the harbour basin. The waves enter the basin a few seconds before the vertical dashed blue line, so 

approximately at t=200s. The constant wave height at the points outside the basin is computed in 

Section 3.2.6 . 
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3.2.4  The behaviour of the taper function part 

To interpret the behaviour of waves before the arrival of reflected waves, the wave signal generated 

by the wave machine must be studied. To avoid a shock wave in the basin a taper function has been 

applied at the start-up of the wave generator, so that the wave height increases gradually to finally 

reach a constant value (Figure 3.14). Based on this observation the undisturbed incoming wave time 

interval can be divided in the taper function part and the fully developed incoming part. It is worth 

mentioning that the zero of the wave maker motion is not related to the zero of the wave gauges 

records. It is not known when exactly the wave maker motion started relative to the wave records at 

the wave gauges. However, the travelling time of a wave with celerity Ã  from the wave machine 

to wave gauge 10 is 19s. Therefore, it is estimated that the wave machine started generating waves at 

approximately 80 s using the time reference of the wave records of the gauges. 

 

 

Figure 3.14 - Wave signal generated by wave maker motion for T001. The time axis differs from the wave records. 

 

In Figure 3.11, Figure 3.12 and Figure 3.13 the same trends are observed. In every case it is clear that 

there is a good agreement in the constant fully developed incoming wave height. However, this is not 

the case for the taper function part. It is observed that the wave celerity in the taper function part is 

higher than celerity calculated based on the linear wave theory. Moreover, the wave amplitudes are 

becoming smaller as the distance from the wave generator increases. For an increasing distance 

between the examined point and the wave maker, the taper function part is becoming longer and the 

increase of the wave height until it reaches the full developed incoming wave height is slower. All in 

all, a non-linear behaviour is observed for the taper function part. It is important to realize that this 

non- linear behaviour of the taper function part results in the distorted wave signal that is different 

from the original signal of the wave maker and also changes from one point to another. This non-

linear effect explains the non-good agreement in the first part of the plot with the time series shifted at 

Point 10 (Figure 3.11).  

 

As it does not remain constant, the duration of the taper function has to be calculated at each point. 

The beginning of the taper function is defined as the start point (first zero down crossing) of the first 

wave with a wave height larger than 0.02m. This limit is set to exclude the part of the wave record 

before the arrival of the waves generated from the wave machine. Before the wave arrival, the wave 

gauges are measuring the still water level. As observed in Figure 3.11 the initial, still water level part 

is not a straight horizontal line, but there are small fluctuations occurring. These fluctuations can be 

described as white noise and are related to the accuracy of the measurement device and can be clearly 

seen in Figure 3.15, in which is the first 100s of Figure 3.11are shown. When the water level is 

fluctuating it may change sign from negative to positive or the opposite and this is defined as zero 

crossing. So waves defined in the still water level part are not realistic waves, but measurement errors. 

The accuracy of the wave gauges used in the experiments is 0.5% of the measuring range (Deltares, 
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2016). To avoid taking into account these non-realistic waves, the wave height threshold of 0.02m is 

set.  

 

 

Figure 3.15-White noise observed during the first 100s of the time series of all points of line AAô shifted earlier in 

time to match with point 10. This figure is a zoomed part of Figure 3.10 and Figure 3.11. 

 
 

The end of the taper function for Point 10 is the beginning of the first wave after which the wave 

height remains constant. The wave height is considered constant if the following condition holds: 

 

 < 2%                        (3.3) 

 

where: i is the sequence number of the wave in the record (i.e., i = 1 is the first wave in the record,      

i = 2 is the second wave, etc.). 

 

In Figure 3.16 the start of the taper function for Point 10 is plotted by the vertical line 1a and the end 

of the taper function by the vertical line 1b. For this figure the limitation of Equation 3.3 can be 

explained. The wave height of the 6
th
 wave the wave height of the 7

th
 wave differ less than 2%. The 

same holds for the wave height of the 7
th
 and the 8

th
 wave, and so forth. The beginning of the 6

th
 wave 

is the end of the taper function. For the rest of the wave gauges the end of the taper function is 

computed by adding the additional travelling time from 10 to the specific point ɝÔ        

(Equation 3.2) to the ending time of taper function at Point 10. In the graphs of the time series of each 

point the start of the taper function is defined as ñMoment 1aò and the end of the taper function as 

ñMoment 1bò. 

 

 

Figure 3.16 - Measured water level time series at Point 10 for T001. The taper function is defined between the two 

blue vertical lines. The individual waves are indicated by numbers (1, 2, 3, 4 and so froth).  
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It is essential to realize that the taper function part behaves in a different way than the fully incoming 

wave part. Therefore, the two parts should be examined separately. However, it should be kept in 

mind that the taper function is applied only at the first seconds of the wave machine signal and after 

the occurrence of the first few reflections all the energy of this part is damped. So after this moment 

the waves of the taper function part are not found in the basin while at the same time the wave 

machine produces only waves with the fully developed wave height.  

 

The interaction between the taper function part of the incoming wave and the corresponding reflected 

wave, as well as the interaction between the fully developed incoming wave and the taper function 

reflected wave result in maximum wave height values which are not critical for the wave field in the 

harbour. On the contrary, the interaction between the fully developed incoming waves and the 

corresponding reflected waves are of major importance as their summation can lead to high wave 

height values. This case is critical for the safety of the vessels in the port. Consequently, this thesis is 

mainly focused on the fully developed waves. 

3.2.5  Calculation of the measured fully developed incoming wave height at the wave 

gauges outside the basin 

After the end of the taper function and before the arrival of reflected waves, the wave gauges outside 

the basin measure only the constant full developed incoming wave height. The wave height for the 

constant part should be equal to the incoming wave height coming from the wave machine. This 

constant part measured at all the gauges can be used to verify the good agreement in terms of wave 

height of the different time series plotted at the same graph.  

 

It is expected that the time series of the different points, plotted in the same graph, do not coincide 

perfectly in terms of height, as in the simplified example of the two wave gauges in the flume. As the 

time series in the basin are measured data, errors are included in the records. The deviations in the 

incoming wave height, calculated based on the time series of the different points are expected to be 

within a limit of 2%.  

 

By comparing the part of the different time series before the occurrence of reflections, information 

about the incoming wave height can be obtained. It is necessary to verify that the incoming wave 

height at the wave gauges locations is indeed equal to the wave height generated by the wave 

machine. For this purpose, the average wave height of the part of the time series measuring only the 

fully developed incoming wave is calculated at all the wave gauges. For a point outside the harbour 

basin this part starts at the end of the taper function (Moment 1b in Figure 3.16) until the moment of 

the arrival of the reflected wave from outer slopes 2. This latter moment is different for every wave 

gauge. The method for calculating this arrival moment (later refer as Moment 2a) is explained in 

Section 3.3. 

 

In Table 3.1 the results for the five measurement locations outside the basin on model centre line AAô 

are presented. At each wave gauge, the mean wave height is calculated after determining the wave 

height of the individual waves is the wave record. The individual waves are identified by zero 

crossing analysis. This process is explained in detail in Appendix B. It is worth mentioning that for 

Point 5 there is no part of the wave record describing only the full developed incoming wave. This 

can be attributed to the fact that the distance from outer slopes 2 to Point 5 is small compared to the 

rest of the points. Therefore, the reflected waves come back within a short time and influence the 

wave record and no solely incoming part can be distinguished. 

 

Table 3.1 includes also the standard deviation determined from the wave height values at the four 

wave gauges. Moreover, the last column of the table is the ratio ( ȟ Ⱦ( ȟ   , 

which can be used to compare the average incoming wave height measured at the wave gauges 

outside the harbour basin to the incoming wave height generated by the wave maker. The two values 

are considered to coincide if the ratio lies within the limits from 0.98 to 1.02. 
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Table 3.1-Mean, measured wave height values for the incoming wave part at wave gauges outside the basin for T001. 

For these gauges computation of average measured wave height and standard deviation. Comparison to the incoming 

wave height generated by the wave maker. 

T001 

Point ( ȟ  (m) 

10 0.99 

4 1.00 

3 1.01 

24 1.01 

5 - 

( ȟ  =  1.00 m 

Std. deviation    =  0.01 m 

( ȟ    =  0.99 m 

( ȟ Ⱦ( ȟ    =1.012 

 

For T001, the ratio ( ȟ Ⱦ( ȟ    is smaller 1.02 and thus it is considered 

acceptable. Moreover, the standard deviation of the wave height in the measurement locations is in 

the order of centimetre. It can be confirmed that the wave signal generated from the wave machine for 

T001 travels towards the harbour basin and it is represented in the signal before the occurrence of 

reflections at the wave gauges 10, 4, 3 and 24 located outside the basin. The results for the rest of the 

tests are discussed in Section 4.2 . 

3.2.6  The influence of diffraction on the incoming wave height measured at the wave 

gauges inside the basin 

After the end of the taper function (Moment 1b in Figure 3.16) and before the arrival of reflected 

waves, the wave gauges inside the basin measure only the constant full developed incoming wave 

height. However, this part is not expected to be equal to the incoming wave height generated by the 

wave maker, as it is influenced by diffraction. By comparing the part of the different time series 

before the occurrence of reflections, information about the influence of diffraction on the wave height 

can be obtained. For this purpose, the average wave height of the part of the time series undisturbed 

from reflections is calculated at all the wave gauges. This part starts at the end of the taper function 

until the moment of the arrival of the reflected wave from inner slope 1. This latter moment is 

different for every wave gauge. The method for calculating this arrival moment (later refer as moment 

4a) is explained in Section 3.2.5  

 

In Table 3.2 the results for the four measurement locations inside the basin on line AAô are presented. 

At each wave gauge, the mean wave height is calculated after determining the wave height of the 

individual waves is the wave record. The method of zero crossing analysis used for determining the 

wave height is illustrated in Appendix C. In Table 3.2 there is a wave height value only for two of the 

wave gauges. For Points 27 and 12, the reflected waves from inner slope 1 return within a short time 

and influence the wave record and no solely incoming part can be distinguished. These points are 

located close to the harbour end and the reflected waves arrive first at these locations.  

 

Table 3.2 includes also the standard deviation determined from the wave height values at the two 

wave gauges. Moreover, the last column of the table is the ratio ( ȟ   /( ȟ , 

which can be used to compare the incoming wave height generated by the wave maker to the average 

incoming wave height measured at the wave gauges outside the harbour basin. 
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Table 3.2- Mean, measured wave height values for the incoming wave part at wave gauges inside the basin for T001. 

For these gauges computation of average measured wave height and standard deviation. Comparison to the incoming 

wave height generated by the wave maker. 

T001 

Point ( ȟ  (m) 

26 0.93 

11 0.81 

27 - 

12 - 

( ȟ  =  0.87 m 

Std. deviation    =  0.21 m 

( ȟ    =  0.99 m 

( ȟ   /( ȟ  =0.88 

 

For T001, the ratio ( ȟ Ⱦ( ȟ    is equal to 0.88. This value is much smaller than 

the limit 0.98 set for the points outside the basin. For this experiment, diffraction causes a reduction in 

the wave height. Moreover, the standard deviation of the wave height in the measurement locations is 

in the order of decimetre. So the spread is higher than for the points outside the basin. The results for 

the rest of the tests are discussed in Section 4.3 . 

3.3  Estimation of the reflection locations and the return time of the 

resulting reflected waves at the measurement locations 

In this chapter is described how to calculate the arrival of reflected waves at the wave gauges. The 

units in all the equations provided are meters for length, m/s for the celerity and s for time. 

3.3.1  Estimation of the arrival time of the incoming waves at the wave gauges 

As explained by the example of the wave flume in Section 3.2  the travelling time from one location 

or a point to another is calculated by assuming that the wave celerity is constant. It is important to 

define which measured point will be the starting point for the calculations to which the additional 

traveling time will be added to. 

 

It can be claimed to use t=0s as a reference point for the calculations. However, t=0s is just the 

moment when all the wave gauges started recording simultaneously and it does not coincide with the 

start of the wave maker motion. Thus, t=0s is not related to the wave behaviour. An alternative option 

would be to use the first zero-down-crossing at Point 10 as reference point. Point 10 is the first point 

at which the incoming waves arrive, as it is the closest to the wave maker. The next step would be to 

check how this zero-crossing pattern travels in space and arrives at different gauges. Though, this is 

not possible due to the distortion of the wave pattern over taper function part of the incoming signal. 

The part of the wave signal which does not alter during travelling is the fully developed incoming 

wave part. Consequently, the chosen reference point for the calculations is the beginning of the fully 

developed incoming wave at wave gauge 10 (Ô ). To sum up, using as a reference point Ô  and 

assuming that the wave celerity c is constant , the arrival time of the fully developed incoming wave 

arrives at a specific point (ÔȢȢ ȟ ) can be calculated. This is done by adding to the reference 

point the time for the wave to travel from Point 10 to the point examined (Equation 3.4). 

 

ÔȢȢ ȟ   Ô                          (3.4) 
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3.3.2  The main reflection locations  

By observing the water level time series as measured at all the wave gauges, it is obvious that the 

wave height is not constant in time. It is observed that there are parts during which the wave height is 

increasing, decreasing or remaining constant.  An approach to explain these variations in the water 

level time series is presented in this chapter. As reflection is one of the main wave processes 

influencing the wave field, the approach is focussed on determining where the reflection occurs and 

when the reflected waves are coming back at the measurement locations. The time intervals during 

which the waves are only influenced by diffraction are also defined. 

 

It is important to determine first the locations where reflection occurs. These locations, presented in 

Figure 3.17, are the following:  

 

1. Outer slopes 2a and 2b and harbour head walls ( at line y=693m ) 

2. Inner slope 1( y=1300m ) 

3. Wave maker 

 

Figure 3.17-The three most important locations where reflection occurs : 1. Outer slopes 2a and 2b and harbour head 

walls, 2.Inner slope 1, 3.Wave maker. Axes units: m. In the picture outer slopes 3a and 3b are not shown. 

 

As explained in Section 2.2 the paddles of the wave maker located in front of outer slopes 3a and 3b 

(Figure 2.2) are not functioning in full power. As discussed also in Section 1.3, the influence of 

reflection off slopes 3a and 3b is considered to be minor and therefore the two slopes are not included 

in the reflection study in the following paragraphs.  

3.3.3  The first reflection at the outer slopes 2 and the harbour head walls 

The first location where the reflection occurs is the outer slopes 2a and 2b and tips of the concrete 

quay walls of the harbour. For simplification it is considered that the reflection occurs at the 

horizontal line at the y= 693 m which coincides with the line of the quay wall and the bottom line of 

slope 2. It is assumed that the waves hit the structures on this line and return. In Figure 3.18 the 

incoming wave lines and the reflected wave lines sketched are representing the crests of the waves. 

The theoretical reflection line is interrupted by the harbour entrance in which no reflection occurs. So, 

as the waves return, there is a lack of energy in front of the harbour basin. As sketched in Figure 3.18 

the reflected waves will undergo diffraction. However, in the selected approach the curved lines 
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caused by diffraction are simplified by straight lines. As the goal is to calculate when the reflected 

waves will come back the use of straight lines is in favour of safety, as the waves arrive relatively 

earlier if the curvature of the line is ignored. Moreover, the time difference between the arrival of the 

curved line and the straight line will be small and not significant based on the accuracy achieved 

while examining the phenomenon. It should be kept in mind that this is a simplified approach as in 

reality the reflection over the cross section of the porous slope. Furthermore, it has to be clarified that 

for simplicity the reflection occurring at line y= 693 m is most of the times referred as reflection at 

outer slopes 2. 

 

 

 

Figure 3.18 The reflected waves undergoe diffraction (left panel). The reflected wave crestlines are simplified to 

straight lines (right panel). Axes units: m. 

 

For this reflection case the time for a wave to travel from the wave gauge hit outer slopes 2 and return 

at the gauge is calculated. The arrival of the reflected wave at a specific wave gauge occurs at time 

Ôȟ ȟ  is calculated by Equation 3.5. In the graphs of the time series of each point this moment is 

defined as ñMoment 2ò. The reflected waves from outer slopes 2 influence directly only the points 

outside of the basin. Thus, Equation 3.5 is applied for points with y coordinate smaller than 693m, so 

for wave gauges located outside the harbour basin. It should be noticed that in the following equation 

the term Ù   represents the reflection line at 693m, so it holds Ù  φωσÍȢ 

 

Ôȟ ȟ ȟ ÔȢȢ ȟ ςz  
                  (3.5) 

3.3.4  The first reflection at the inner slope 1 

The second location where reflection occurs is inner slope 1 at the closed end of the main harbour 

basin. It is considered that the reflection occurs at a fictitious wall located at the cross section line 

between the still water level (SWL) and the inner slope 1. A cross section parallel to the basin length 

(Figure 3.19) provides more insight about the imaginary wall simplification. The grey wall located 

close to x=0m is the real concrete wall at the closed end of the basin. The light brown slope depicts 

the rubble mound slope. The light blue wall is the fictitious wall on which it is assumed that the 

reflection takes place. The fictitious wall is located at 1300m. 
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Figure 3.19 Cross section of the main basin including the fictitious wall at which reflection is assumed to take place. 

 

It is important to point out that the incoming wave entering the basin and also the reflected wave 

coming out of the basin are influenced by diffraction. However, for estimating the moments when the 

wave reflects at inner slope 1 and returns at the wave gauges the diffraction phenomena are being 

ignored here. Again, the curved lines are simplified and replaced by straight lines. This simplification 

is shown in the right sketches of Figure 3.20 and Figure 3.21. 

 

 

 

Figure 3.20 ï Sketches of the incoming waves entering the harbour. In the harbour, waves are influenced by 

diffraction (left panel ). In the simplified approach the crest lines are straight lines (right  panel). Axes units: m. 
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Figure 3.21 Sketches of the simplified incoming wave height entering the basin and the reflected wave travelling out 

of the basin. Outside the harbour  basin the reflected waves will be influenced by diffraction (left panel). In the 

simplified approach the crest lines are straight lines (right panel).Axes units: m. 

 

For this reflection case the time for the wave to travel from a specific point to the slope, reflect and 

then return at the point is calculated. The arrival of the reflected wave at a specific point occurs at 

time Ôȟ ȟ ȟ  is calculated by Equation 3.6. In the graphs of the time series of each point this 

moment is defined as ñMoment 4ò. The term  Ù   represents the fictitious wall, so it 

holds Ù  ρσππÍȢ  

 

Ôȟ ȟ ȟ ÔȢȢ ȟ ςz  
                  (3.6) 

 

As shown in Figure 3.20, the incoming waves experience diffraction after entering the harbour basin. 

For the reflection calculation simplifications are made and the influence of diffraction is not taken 

into account. However, the wave gauges inside the basin are measuring the waves undertaking 

diffraction. The waves inside the basin are only influenced by diffraction before the occurrence of 

reflection at inner slope 1. To obtain information about the diffraction phenomenon only the wave 

record from the arrival of the fully developed incoming wave until the arrival of the reflected wave at 

inner slope 1 should be studied. 

3.3.5  The second reflections at the wave maker and the third reflections at the slopes 

The last location examined where reflection occurs is the wave machine. When the incoming waves 

hit either inner slope 1 or outer slope 2, a part of the energy is damped and the rest of the energy 

returns back through the reflected waves. The reflected waves travel towards the wave machine. The 

wave machine is set in an ARC mode (Active Reflection Compensation mode), absorbing partially 

the reflected wave energy. When the waves hit the wave board nearly all their energy is absorbed. 

However, the remaining energy travels again in forms of waves towards the basin. It is the second 

time that the wave gets reflected. In every reflection wave energy is lost. In other words, when the 

waves hit either inner slope 1 or outer slope 2, the wave amplitude of the reflected wave is lower than 

the incoming one. When the reflected wave hits the wave board, the reflected wave amplitude is 

further decreased.  

 

Both reflected waves at inner slope 1 and outer slope 2will travel towards the wave maker reflect and 

come back. Both secondary reflected waves can influence all the wave gauges. This case differs from 

the reflected wave caused by the first reflection at outer slope 2, because then the points inside the 

main harbour basin are not influenced by the reflected wave. 
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Figure 3.22 Left panel: A simplified approach as the reflected waves at outer slopes 2 hit the wave maker resulting 

into new reflected waves. Right panel: A simplified approach as the reflected waves at inner slope 1 hit the wave 

maker resulting into new reflected waves. Axes units: m. 

 

The arrival of the new reflected wave at the wave maker resulting from the reflected wave at 

outer slopes 2 occurs at time Ô ȟ ȟ . This moment is calculated by Equation 3.7 for points 

outside the harbour basin and by Equation 3.8 for points inside the basin. In the graphs of the time 

series of each point this moment is defined as ñMoment 3ò.  

 

Ô ȟ ȟ ÔȢȢ ȟ ςz  
 +  ςz                               (3.7) 

 

Ô ȟ ȟ ÔȢȢ ȟ ςz
 

 +  ςz  +                                    (3.8) 

 

The new reflected wave is travelling towards outer slopes 2 and gets again reflected. This is the 3
rd
 

reflection this wave experiences. It is calculated by Equation 3.9. In the graphs of the time series of 

each point this moment is defined as ñMoment 5ò. The reflected waves from outer slopes 2 influence 

directly only the points outside of the basin. Thus, Equation 3.9 is applied for points with y coordinate 

smaller than 693m.  

 

Ôȟ ȟ ÔȢȢ ȟ τz  
 +  ςz                                           (3.9) 

 

After getting reflected at outer slopes 2 and later at the wave maker the wave travels towards inner 

slope 1 and gets reflected for third time. The arrival of the reflected wave at inner slope 1 moment is 

defined as ñMoment 6ò and influences only the points inside the basin.  The exact time is calculated 

by the following equation. 

 

Ôȟ ȟ ÔȢȢ ȟ ς  
 +  ς  +ς  

                    (3.10) 

 

 

The arrival of the new reflected wave at the wave maker resulting from the reflected wave at inner 

slope 1 occurs at time Ô ȟ ȟ  is calculated by Equation 3.11. In the graphs of the time series 

of each point this moment is defined as ñMoment 7ò.  
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Ô ȟ ȟ ÔȢȢ ȟ ςz  
 +  ςz                                           (3.11)

           

3.3.6  The graph with the arrival moments of reflected waves 

The graph created for all the wave gauges measuring for experiment T001 includes seven vertical 

lines representing the seven characteristic moments in time (picture A in Figure 3.23) 

 

All the aforementioned calculations for the reflected waves are executed for the fully developed 

incoming wave. At every point the taper function part arrives before the fully developed wave. This 

holds for any examined location at which reflection occurs. To calculate the moment when the 

reflected taper function part comes back in every case the taper function duration at the specific point 

is extracted from the moment when the reflected fully developed incoming wave arrives. The 

moments 3 to 7 discussed previously take the suffix  b which represents the arrival of the beginning of 

the fully developed incoming wave part. The arrival of the beginning of the taper function part of the 

incoming wave is represented by the suffix a. The calculation method is illustrated clearly by the 

following equation. 

 

Ôȟȟ ȟ Ôȟȟ ȟ ÔÁÐÅÒ ÆÕÎÃÔÉÏÎ                          (3.12) 

 

Picture B in in Figure 3.23 is the final plot with all the characteristic moments in time. 

 

A.  

B.  

              

Figure 3.23 The seven characteristic moments in time for the water level time series of point 10 for test T001 
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As observed in both pictures of Figure 3.23, after moment 7b the wave height remains constant. A 

steady state has been developed in the basin for this specific experiment. This steady state condition is 

detected in all the wave gauges records. 

 

3.4  Computation of the steady state wave height at all measurement 

locations 

The characteristic moments indicating the arrival of reflected waves (Section 3.3 ) were determined 

for the wave gauges located along the model centreline AAô (Figure 3.9). These lines help identifying 

the part of the time series influenced by reflected waves off a specific structure and also the intervals 

that are no influenced by reflected waves but are mainly influenced by diffraction. The analysis of the 

water level time series at the rest of the measurement locations is less detailed. More precisely, at the 

wave gauges that are not located along the model centreline, only the time moment when the steady 

state part begins is determined.   

 

The start of the steady state part is defined as the moment in time after which the wave height remains 

constant until the end of the time series at t=900s. The wave height is considered constant if the 

following condition holds: 

 

 < 2%                                         (3.13) 

 

where: i is the sequence number of the wave in the record (i.e., i = 1 is the first wave in the record,      

i = 2 is the second wave, etc.). 

 

The same condition was used for defining Moment 1b (Equation 3.3). However, in this case an extra 

restriction is applied. The wave height of the first individual wave after the beginning of the steady 

state moment and the wave height of the final individual wave before the end of the time series at 

t=900s should also differ less than 2%. This is done to guarantee than not only each wave does not 

differ in terms of height form the previous one but also the wave height remains constant and does not 

change gradually. To ensure that in between the two moments in time the wave height does not 

change the graphs for all the points and all the tests are also visually inspected. Figure 3.24 shows two 

examples of the steady state beginning moment for test T001: at Point 9, located inside the harbour 

basin and at Point 25, located outside the basin.  

 

In Section 4.1.3 it will be explained that for T010, in which wave breaking occurs a temporal steady 

state condition is not reached. For this tests it was decided to consider as ósteady stateô the last 300s of 

the water level time series from t=600s to t=900s.  

 

The time interval from the steady state beginning until the end of the time series at t=900s is used to 

determine the constant steady state wave height at all points that are not located along the model 

centreline. For the points along the model centreline the time interval from Moment 7b until t-=900s 

is used. Subsequently, the steady state wave height at each location is divided by the incoming wave 

height for the specific test examined. The incoming wave height generated by the wave maker is used, 

because as it will be discussed in Section 4.2 it differs less than 2% from the average fully developed 

wave height measured at the wave gauges outside the harbor basin. The ratio 

(  ȟ  /(  is calculated for all the seven tests. By dividing with the incoming wave 

height the results for all the seven tests examined can be compared. To demonstrate how the wave 

height differs at various locations it was decided to create a top view showing the steady state at each 

output location.  Figure 3.24 is a top view in which the value of the ratio at every point is indicated by 

colours. The exact values of the ratio are presented in Table 3.3. The results for the remaining 6 test 

are presented in Appendix E. 
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A.  

B.  

Figure 3.24- The steady state beginning at water level time series generated by the 2D simplified SWASH model at 

Point 9 and Point 25 for test T001. 

 

 

 

Table 3.3 - The exact values of the ratio 
ἒἻἼἭἩἬὁ ἻἼἩἼἭ/ἒἱἶἫἷἵἱἶἯ          in the measurements for T001. 

Outside the harbour basin 

Wave 

Gauge 

Measured 

Hsteady state/ 

Hinc. 

Wave 

Gauge 

Measured 

Hsteady state /Hinc. 

1 1.20 10 1.08 

2 1.18 23 1.28 

3 1.03 24 1.14 

4 1.26 25 1.32 

5 1.17   

    

Inside the harbour basin 

Wave 

Gauge 

Measured 

Hsteady state 

Wave 

Gauge 

Measured 

Hsteady state 

6 1.00 13 1.07 

7 1.27 14 0.94 

8 1.21 15 0.87 

9 1.15 16 0.98 

11 1.10 26 1.07 

12 1.03 27 1.20 

 

 

Figure 3.25 ï Top view of the ratio ἒἻἼἭἩἬὁ ἻἼἩἼἭ/ἒἱἶἫἷἵἱἶἯ          

in the measurements for T001. 
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Chapter 4  Results of measurement analysis 
 

In Chapter 3 the process followed to analyse the measurement outputs for T001 is described in detail. 

The same approach is applied to all the selected tests. In Section 4.1 the results for the remaining six 

tests are presented.  Possible similarities between the different tests are commented at the end of the 

section. In Section 4.2 , the measured incoming wave height at the wave gauges outside the basin is 

determined. Moreover, in Section 4.3 the influence of diffraction on the wave height as measured at 

the wave gauges inside the harbour basin is discussed. Finally, in Section 4.4  the trends observed in 

the measurements outside and inside the basin are explained based on the vertical lines representing 

the arrival of reflected waves (determined in Section 3.3 ).  

4.1  Computation of the wave celerity in the measurements 

To confirm if linear theory holds and indeed the theoretical celerity matches with the measurements a 

plot including the time series of points of  model centre line AAô(Figure 3.9.) shifted earlier in time to 

match with Point 10 is created. Two versions of this plot are presented for every test: one from 50 s to 

600s and a zoomed version from 50s to 300s. The wave behaviour is discussed for all the cases. For 

an overview of the incoming water level generated by the wave maker the reader is refer to    

Appendix F. This is the signal that in theory is expected to arrive at the wave gauges. By comparing 

the theoretical signal with the measurements, the plots with all the wave signals at Point 10 can be 

more easily understood. 

 

The values of the incoming wave height, the wave period and the theoretical wave celerity for the six 

tests are presented in Table 4.1.  

Table 4.1 The wave celerity according to linear wave theory and the characteristics of the seven selected tests. 

Test ἒἱἶἫἷἵἱἶἯ ἢἱἶἫἷἵἱἶἯ ἫἴἱἶἭἩἺ kd Wave condition H/L 

T001 0.99m 7.51s 10.71 m/s 1.55 Intermediate water 0.001 

T002 1.44 m 10.00 s 12.08 m/s 1.03 Intermediate water 0.012 

T003 2.39 m 16.97 s 13.29 m/s 0.55 Intermediate/Shallow water 0.011 

T010 2.97 m 5.03 s 7.83 m/s 3.16 Deep/Intermediate water 0.075 

T011 3.02 m 8.99 s 11.65 m/s 1.19 Intermediate water 0.029 

T012 2.75 m 15.03 s 13.11 m/s 0.63 Intermediate/Shallow water 0.014 

T013 1.94 m 4.49 s 7.01 m/s 3.95 Deep water 0.061 

 

4.1.1  Wave celerity in the measurements for T002 

Figure 4.1 and Figure 4.2 are created assuming that the wave celerity equal to Ã =12.08 ÍÓϳ. A 

general remark for both figures is that the zero crossings as well as the wave crests and wave troughs 

occur either at the same time or with a small time shift. However, this is not the case for the taper 

function part. For all the points it holds that the taper function part travels faster than the wave celerity 

Ã  and the wave becomes smaller in amplitude. Until all the points reach the constant incoming 

wave height at approximately 140s it is clear that the signals do not match. It is worth mentioning that 

for the points outside the basin the constant incoming wave height has been reached relatively earlier 

at 125s.  

 

In Figure 4.2, the wave height for Point 5 starts decreasing (at t=150s) before the arrival of the 

reflected wave from outer slopes 2 calculated using the celerity Ã . This can be attributed to the 

fact that the reflected wave resulting from the taper function part has already arrived at Point 5. This 

wave travels with a faster speed than the theoretical celerity used to determine the vertical dashed, 

light brown line defining the reflected waves from slope 2. It is logical that this change is observed at 

Point 5 which is closer to outer slopes 2. As the light brown dashed line of reflection off                
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outer slopes 2 is calculated for this specific point the rest of the points are not influenced yet by the 

reflected waves. 

 

 

Figure 4.1 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T002. 

 

 

Figure 4.2 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T002. This figure is 

a zoomed part of Figure 4.1. 

 

After the first reflections (blue and light brown dashed vertical lines) changes in the wave height are 

detected for all the points. Significant changes in the wave height are observed for Points 24 and 5. 

After the first dashed line the wave gauges are recording the summation of the incoming wave and the 

reflected wave. The wave height of the resulting standing waves may be higher than the incoming 

wave height, if the incoming and the reflected wave enhance each other or lower, if the waves cancel 

each other. After the reflected waves arrival higher of lower wave heights are observed in the wave 

record. The increase or decrease of the wave height is related to the location of the point. If at a 

specific location the incoming and the reflected wave are in phase, the wave height is increased. On 

the contrary, if they are out of phase the total wave height is decreased. It is worth mentioning that 

after the blue dashed line the points outside the basin are influenced by reflection, while the points 

inside the basin are influenced by diffraction. For the points inside the basin reflection plays a role 

after the second vertical line representing the arrival of reflected waves from inner slope 1. 
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After the first 510 seconds (coinciding with Moment 7b for Point 10) it can be noticed that the wave 

height at the different points and the phase shift between the time series of the points is remaining 

constant (Figure 4.1). For this specific experiment a steady state has been reached. It is worth 

mentioning that the highest wave crest value is observed at Point 24 and the lowest at Point 5. The 

difference between the two crest values is larger than 0.5m.  

 

4.1.2  Wave celerity in the measurements for T003 

From the selected monochromatic experiments, test T003 is the test with the longest wave conditions 

and the maximum wave period value. Moreover, the wave celerity for this test has the highest value, 

Ã 13.29 άίϳ. As the waves travel faster the number of wave crests before any reflection is only 

5. In contrast, for a test with smaller wave speed, such as T002, the number of crests before any 

reflections is 7. Due to the high speed the taper function disappears faster from the measurements. 

Focusing on the taper function part (approximately from 85 s to 115s) the wave behaviour is clear: the 

waves travel faster than the celerity based on the linear theory and the wave height is decreases over 

the distance from the wave machine. This means that the wave height in the taper function part for 

Point 12 is smaller than Point 27, which is located closer to the wave machine and so on. 

 

An essential observation about the waveôs shape is that the crests are sharp and higher, while the 

troughs are smooth and elongated. This is the typical form of the waves in shallow water. According 

to Table 4.1, the waves in T003 are indeed classified in intermediate to shallow water. 

 

An important remark about the graphs for test T003 is the shape of the wave troughs after the arrival 

of reflected waves. For Points 10, 4 and 3, in the intervals of negative water level there are two local 

minimum values. This effect is a result of the summation of two shallow water waves travelling in 

opposite direction. At the locations of the three points, the peaks and the troughs of the incoming and 

the reflected wave do not occur at simultaneously. This means that for some intervals the water level 

for the incoming wave is negative and for the reflected wave positive and vice versa. This deformed 

shape only for troughs observed for T003, can be attributed to the shallow water wave shape with 

elongated troughs. As the crests are sharper and have shorter duration there is not enough time to 

observe the distortion due to time delay of the reflected wave.  

 

 

Figure 4.3 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T003.  
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Figure 4.4 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T003. This figure is 

a zoomed part of Figure 4.3. 

 

4.1.3  Wave celerity in the measurements for T010 

Observing Figure 4.5 and Figure 4.6 it is difficult to detect sinusoidal individual waves. Both pictures 

create the impression of chaotic wave field. The water level time series for T010 is clearly different 

than the previous tests examined. Overall, in both pictures the wave signals of the wave gauges appear 

as random lines. This behaviour can be attributed to wave breaking. In T010 the wave height to wave 

length ratio H/L exceeds 0.007 and the waves start breaking. 

 

In Figure 4.6 it is observed that the waves are water level is varying from 1.8 to -1.2m. At the arrival 

of the waves at Points 10, 4, 3, 24 a peak value is detected (140-150s) that is not shown in the signal 

from the wave machine. 

 

As shown in Figure 4.5, after t=350 s the wave crests become higher than 1.8 with peaks higher than 

3m. Moreover, the wave troughs become lower than -1.2m with minimum values smaller than -2m. It 

is clear after t=350 s, that the wave gauges with the higher wave height values are Point 10, 4 and 3, 

which are all located outside the harbour basin. Contrary to the previous test examined for T010 a 

steady state is not noticed. 

 

Due to the difficulty to detect the individual waves it is not feasible to examine a match among the 

water level signals at the different wave gauges. Therefore it is not possible to come to conclusions 

whether the theoretical wave celerity is in agreement with the achieved wave celerity in the 

experiment.  
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Figure 4.5 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T010.  

 

 

Figure 4.6 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T010. This figure is 

a zoomed part of Figure 4.5. 

 

4.1.4  Wave celerity in the measurements for T011  

In Figure 4.8 the most important observations made for the previous tests, apart from T010, can be 

detected. Firstly, the taper function part (90-150s) travels faster than the theoretical celerity. As the 

distance of the point from the wave machine increases, the decrease of the wave height of the taper 

function part is also increased. Secondly, from 150 s until 184s, when the first reflected signal arrives, 

there is a good agreement between the wave signals in terms of height and there is no phase shift 

between the different time series. This verifies that the waves in the experiment travel with a celerity 

equal to the theoretical celerity Ã ρρȢφυ m/s. After the arrival of the reflected waves from slope 

2 and before the arrival of the reflected waves from slope 1, there is still a good agreement in terms of 

phase shift as the zero crossings occur almost simultaneously. However, this is not the case for the 

wave height which varies for the different points. 
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In Figure 4.7 the same wave pattern is repeated for every wave gauge after t = 400s, so after this 

moment a steady state is reached. Moreover, there is a wide spread of wave height values at the 

different wave gauges. The highest peaks occur with decreasing order at Point 24, 3, 26, 11, 10, 27, 

12 and finally at Point 4. It is worth mentioning that for T011 there is a good agreement between the 

measured wave signals and is relatively easy to detect the different trends. This is also the case for 

T001. The difference between the wave celerity values for the tests is 8%, as Ã ρρȢφυ m/s and 

Ã ρπȢχρ m/s. 

 

For Points 4, 11, 27 and 12 there are two local minimums in the intervals of negative water level 

instead of one minimum value, which would be the trough. The same behaviour was also observed for 

a number of wave gauges for T003. For T011 this behaviour occurs for the wave signal after the 

arrival of the reflected wave from inner slope 1. This behaviour can be explained by the summation of 

an incoming and a reflected wave.  

 

 

Figure 4.7 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T011. 

 

 

Figure 4.8 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T011. This figure is 

a zoomed part of Figure 4.7.  
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4.1.5  Wave celerity in the measurements for T012 

The wave celerity for test T012 is the second highest celerity for all the examined tests. Moreover, as 

waves are in intermediate to shallow water (Table 4.1) for test T012 the wave signal shows the 

characteristic of shallow water waves with sharp, high crests and relatively flat, elongated troughs. 

The taper function part behaviour is similar to the one described for the previous tests. The taper 

function celerity is higher than the linear celerity, while the taper function wave amplitude decreases 

over the distance from the wave maker. From t=110s to t=170s the time shift between the time series 

is small. However, the agreement in terms of wave height is not so well, especially for Point 5.  

 

Already before the arrival of reflected waves the wave trough are distorted. This can be explained by 

the fact that the wave signal is a summation of the incoming and the reflected wave. The later arrives 

with a time delay as reflection does not occur instantaneously. The fact that the distortion is observed 

for a few points before the first dashed line can be attributed to the fact that the line is calculated using 

the theoretical celerity. It is known that the reflected taper function parts travel faster. The distortion 

of the wave trough is clear for Points 4, 24, 5, 11 and 27. 

 

 

Figure 4.9 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T012.  

 

 

Figure 4.10 Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T012. This figure 

is a zoomed part of Figure 4.10. 
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4.1.6  Wave celerity in the measurements for T013 

In T013 the kd value is 3.95, indicating a non-linear behaviour of the waves. This kd value is the 

highest form all the seven tests. Moreover, for T013 the incoming wave height and the incoming wave 

period are the minimum compared to the values for the other tests. In the Figure 4.11 and Figure 4.12 

it is clear that there is not a good match in the wave records. Due to the chaotic wave field in T013 it 

is not possible to come to conclusions if the theoretical wave celerity is in agreement with the wave 

celerity in the experiment. 

 

Figure 4.11 and Figure 4.12 for T013 resemble Figure 4.5 and Figure 4.6 for T010. In the pictures of 

both tests an impression of chaotic wave field is created. Although it is easier for T013 to spot the 

sinusoidal waves the measurements, still the time shift between the wave signals is so different that 

the measurements undoubtedly do not match. A possible explanation of this wave signals is the waves 

are becoming non-linear and the wave celerity deviates from the value calculated according to the 

linear theory.  

 

Figure 4.12 shows that before the occurrence of reflections the wave crests and the wave through 

occur approximately for the same water level values. The wave height values start deviating close to 

the first dash line for reflection from outer slopes 2. For example, the wave height at wave gauges 4 

and 24 are increasing. Although in Figure 4.11 there is no good agreement in the wave signals as 

observed in other tests, it can be claimed that after t=450s the wave patterns remain constant. The 

peaks and troughs have constant amplitude and also the phase shift between the wave gauges signals 

remains constant. A steady state seems to be reached.  

 

 

Figure 4.11 - Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T013. 
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Figure 4.12 - Time series of all points of Line AAô shifted earlier in time to match with Point 10, for T013. This figure 

is a zoomed part of Figure 4.11. 

4.1.7  Remarks about the wave celerity in the measurements for the selected tests 

In the previous sections the graphs of the water level measured at the different wave gauges shifted at 

Point 10 for all the seven selected test are studied in detail. Test T001 is described in Section 3.2 , 

while the rests of the tests are analysed in Sections 4.1.1 - 4.1.6 . The most important information 

obtained from the analysis is summarised here. 

 

¶ The method of verifying the wave celerity by examining the agreement of the wave signals 

shifted at the same locations cannot be applied for tests with wave height to wave length ratio 

higher than the breaking limit 0.007 and for kd values higher than 3. For H/L values higher than 

0.007 the waves are breaking. For kd values higher than 3 the waves become non-linear. In both 

cases the picture of the different wave signals is chaotic and does not resemble the simple 

example of the wave flume presented in Section 3.2 . This phenomenon is observed for tests T010 

and T013. Both tests are classified to the third group of tests with high kd values in Table 2.7. 

 

¶ For the rest of the tests the method provides good results. The agreement of the wave signal is 

examined for the time interval after the end of the taper function and before the arrival of the 

reflected waves. For tests with low or average kd values (Table 2.5 and Table 2.6 respectively) 

there is a good match in terms of wave height and the phase shift between the different wave 

gauges time series is small or negligible. It can be confirmed that the wave celerity in the 

measurements is equal to the theoretical wave celerity calculated according to the linear wave 

theory. 

 

¶ For tests with low or average kd values it is observed that water level time series capturing the 

taper function signal generated by the wave machine behaves different than the fully developed 

incoming wave part. The taper function part travels faster than the theoretical wave celerity and 

the wave crests and troughs are smaller in amplitude. As the distance of the point from the wave 

machine increases, the decrease of the wave height of the taper function part is also increased. 

These observations can be attributed to the non-linear behaviour of the taper function part.  

 

¶ The wave conditions for T003 and T012 represent intermediate /shallow water. Both tests are 

classified in the first group of tests for low kd values presented in Table 2.5. For these tests the 

wave crests are sharper and higher, while the troughs are smooth and elongated .This is the 

typical wave shape for shallow water. 
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¶ For tests T003, T011 and T012 it is observed for many wave gauges signals that the wave troughs 

are distorted showing two local minimums. This occurs after the arrival of reflected waves. Thus, 

the wave gauges measure the summation of the incoming and the reflected wave. A possible 

explanation of this deformed shape is the shallow water shape of the waves. The aforementioned 

tests are classified into intermediate water, but their kd values are close to the shallow water limit. 

As the crests are sharper and have shorter duration there is not enough time to observe the 

distortion due to time delay of the reflected wave. Therefore, the distorted shape is observed only 

for the wave troughs which are elongated and shorter in amplitude. 

 

¶ For the six tests a steady state is reached. However, in one test, T010, a steady state is not reached 

at the first 900s of the experiment. At a specific moment in time, which varies among the tests, 

the wave patterns are repeated. The wave crests and trough amplitude as wells as the phase shift 

between the different wave gauges signals remain constant.  

 

4.2  Calculation of the fully developed incoming wave height at the 

measurement locations 

As discussed in Section 3.2.5 , the wave gauges measure the constant full developed incoming wave 

height, for the time interval after the end of the taper function (Moment 1b) and before the arrival of 

reflected waves (Moment 2a). The mean wave height measured within this interval (( ȟ ) 

at the wave gauges outside the basin (gauges 10, 4, 3 and 5) is presented in Table 4.2. For Point 5 

Moment 2a occurs before Moment 1b and no wave height can be determined. As Point 5 is the closest 

to outer slopes 2, it is the first point to be influenced by the reflected waves. 

 

In Table 4.2 the averaged measured incoming wave height ( ȟ   is calculated by averaging 

the measured wave height ( ȟ  values for each test. In the next row the standard deviation 

of is presented. ( ȟ    is the fully developed wave height generated by the wave maker. The 

ratio ( ȟ  / ( ȟ    is used to evaluate the agreement between the wave height 

produced by wave maker and the measured value. If this ratio is within the limits from 0.98 to 1.02 

the two terms are considered equal. This means that the two values differ less than 2%. A ratio value 

from 0.98 to 1 means the measured wave height is lower than the wave height generated from the 

wave maker, while for a ratio from 1 to 1.2 the measured wave height is higher. The results for the six 

tests are included in the Table 4.2, while the results for T001 can be found in Table 3.1. 

 

Table 4.2 ï The measured incoming wave height at the wave gauges outside the basin. 

 T001 T002 T003 T010 T011 T012 T013 

( ȟ  (m) Point 10 0.99 1.42 2.37 3.10 3.00 2.74 1.94 

Point 4 1.00 1.42 2.38 3.14 3.09 2.71 1.93 

Point 3 1.01 1.42 2.36 2.95 3.06 - 1.92 

Point 24 1.01 1.40 2.34 2.63 3.04 - 1.90 

Point 5 - - - - - -  

( ȟ   (m) 1.00 1.42  2.36 2.96 3.05 2.72 1.92 

Std. deviation    (m) 0.01  0.01  0.02 0.02 0.04 0.02 0.02 

( ȟ    (m) 0.99 1.44  2.39 2.97 3.02 2.75 1.94 

ἒἵἭἩἶȟἵἭἩἻἽἺἭἬȾἒἱἶἫȟἿἩἾἭ ἵἩἳἭἺ  1.01  0.99 0.99 1.00 1.01 0.99 0.99 

 

For the seven examined tests, the ratio ( ȟ  / ( ȟ    is within the limits from 0.98 

to 1.02. For all the tests, excepted from T011, the measured wave height is lower than the wave height 

from the wave maker. Therefore, the average fully developed wave height measured at the wave 
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gauges outside the harbor basin differs less than 2% from the corresponding wave height generated by 

the wave machine. For all the cases the standard deviation of the measurement is in the order of 

centimeter, with a maximum value of 0.04 for T011. It can be supported that there is a good match in 

terms of wave height between the measurements and the incoming wave signal. This verifies the good 

agreement in terms of wave height before the arrival of reflected waves at the plots in which the time 

series are shifted at Point 10. 
 

4.3  The influence of diffraction on the incoming wave height measured at 

the wave gauges inside the basin 

Table 4.3 includes the same terms shown in Table 4.2 with the only difference that in Table 4.3 shows 

the results for the wave gauges inside the basin. For the point inside the harbour basin the time 

interval for which the wave height is not influenced by reflections, starts at the end of the taper 

function (Moment 1b) and ends with the arrival of reflected waves from outer slopes 2 (Moment 4a).  

Again the ratio ( ȟ  / ( ȟ    is used to compare the measured wave height to the 

wave height generated by wave maker. However, in this case the two values are not expected to be 

equal as diffraction plays a role inside the harbour basin. This ratio indicates the influence of 

diffraction on the wave height. It should be kept in mind that for none of the tests it was possible to 

determine a time interval that is not disturbed by reflections for Point 26, and in many cases for     

Point 27. 

 

Table 4.3 - The measured incoming wave height at the wave gauges inside the basin. 

 T001 T002 T003 T010 T011 T012 T013 

( ȟ  (m) Point 26 0.93 1.36 2.69 1.89 2.97 3.17 2.01 

Point 11 0.81 1.40 2.04 0.13 2.99 1.98 2.04 

Point 27 - 1.02 - - 2.18 - 2.21 

Point 12 - - - - - - - 

( ȟ   (m) 0.87 1.26 2.36 1.01 2.71 2.57 2.09 

Std. deviation    (m) 0.21 0.28 0.46 3.02 0.61 0.86 0.23 

( ȟ    (m) 0.99 1.44 2.39 2.97 3.02 2.75 1.94 

ἒἵἭἩἶȟἵἭἩἻἽἺἭἬȾἒἱἶἫȟἿἩἾἭ ἵἩἳἭἺ  0.88 0.88 0.99 0.34 0.90 0.94 1.08 

 

For the seven examined tests, the ratio ( ȟ Ⱦ( ȟ   varies from 0.341 to 1.078. It 

should be noticed that the standard deviation of the measurement wave height varies from the order of 

meter to decimeter.  As shown in Table 4.3, the mean wave height values for a specific test may differ 

significantly between the different points. For example, for T011 vary from 2.99 to 2.18. For test 

T003, the ratio ( ȟ Ⱦ( ȟ    is low (0.991), but the wave heights vary by 0.46 m. 

All in all, the high values of standard deviation indicate that critical view of the results is required. 

 

It is known that the wave height inside the basin is influenced by diffraction. However, it is not safe to 

determine the role of diffraction on the wave height from the measurements. There are several 

problems in the approach followed. First, no information can be obtained from Point 12 and in some 

cases from Point 27. The points are located close to the harbour end and there is no time interval 

measuring the incoming wave height without the influence of reflection. Secondly, the measured 

mean wave height varies significantly among the different gauges, as expressed by the high standard 

deviation values. Moreover, the wave heights for the duration after the end of the taper function and 

before the arrival of reflected waves from inner slope 1 are not constant (see also Section 4.4.2 ). The 

phenomenon of diffraction is examined separately in Chapter 7 by a two-dimensional SWASH model.  
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4.4  Characteristic moments at every wave gauge for all the tests 

4.4.1  Wave gauges outside the harbour basin 

The incoming wave height can be determined by the wave record at the following wave gauges 

outside the basin: 10, 4, 3 and 24. For these points the duration between the end of the taper function 

and the arrival of reflected waves is enough to determine the wave height of individual waves and 

finally calculate the average value. However, as shown in Table 4.2, for T012 the incoming wave 

height cannot be determined at Point 3 and 24, because the time interval is not sufficiently long. For 

all the examined tests, for wave gauge 5 there is not a time interval in the wave record measuring only 

the fully developed incoming wave height.  

 

The behaviour of the wave records are discussed in detail for two characteristic cases for T002. In 

Figure 4.13 the water level time series for Point 24 are presented. The first measured zero crossing 

occurs at moment 1a. The water level increases until the end of the taper function at moment 1b. For 

the definition of moments 1a and 1b the reader is referred to Section 3.2.4 and Figure 3.16. From 

Moment 1b to 2a the wave height remains constant. This is the time interval used to derive the 

measured fully developed incoming wave height. This time interval is longer for points located 

further for outer slopes 2. 

 

After moment 3a the wave gauge measures the summation of the incoming wave and the reflected 

wave from outer slopes 2. The wave height of the standing waves measured may be higher or lower 

than the incoming wave height. The increase or decrease of the wave height is related to the location 

of the point. If at a specific location the incoming and the reflected wave are in phase the wave height 

is increased. On the contrary, if they are out of phase the total wave height is decreased. 

 

After moment 5b the wave height starts decreasing. After moment 7b the wave signal remains 

constant. As it is expected a steady state is developed. 

 

 

       

Figure 4.13 The measured water level time series at wave gauge 24 for test T002 

 

In Figure 4.14 the water level time series for Point 5 is plotted. The taper function part is measured 

from Moment 1a to Moment 1b. As Moments 1b and 2a are almost coinciding the time interval 

between these moments cannot be used to determine the fully developed wave height. This is because 

the wave gauge is the closest to outer slopes 2 and the harbour head walls and the reflected waves 

arrive at the gauge within short time. After Moment 2b the wave height starts decreasing until 10 

seconds before Moment 3a. From Moment 3a until Moment 4b there is a slight increase of the wave 

height. It is reasonable to observe change in the wave height when the reflected waves arrive at the 
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gauge. After Moment 7b the wave signal remains constant. Thus, it is considered that a steady state is 

reached. 

 

 

         

Figure 4.14 The measured water level time series at wave gauge 5 for test T002. 

 

For a full overview of the wave records for all the seven examined tests the reader is referred to 

Appendix C. 

4.4.2  Wave gauges inside the harbour basin 

To study the effect of diffraction on the wave height, information about the incoming wave height at 

the wave gauges inside the basin is required. However, for the points inside the basin the duration of 

the wave record describing only the incoming wave height is not always long enough. At the point 

with the furthest distance from the wave maker, Point 12, in every test the reflected taper function 

wave arrives before the incoming wave can be fully developed. This is illustrated by the water level 

time series for Point 12 for tests T012 presented in picture D of Figure 4.15. For the majority of the 

test cases at Point 27 there is no individual wave between the Moments 1b and 4a (picture C of Figure 

4.15). For Points 26 and 11 the part of the wave record describing only the fully developed wave 

height starts at Moment 1b and ends at Moment 4a. In pictures A and B of Figure 4.15, it is clear that 

during this interval the wave height does not remain constant. The same behaviour is observed for the 

rest of the selected tests cases. This behaviour is in conflict with the expectations as the wave signal 

generated from the wave machine is constant after the end of the taper function part. Taking into 

account the results about the measured incoming wave height inside the basin, it is clear that 

information about the influence of diffraction inside the basin obtained from the measurements is 

limited. However, this information can be useful in evaluating the SWASH ability to describe 

diffraction examined in Chapter 7. Finally, it is worth mentioning that for all the four points inside the 

basin a steady state is indeed reached after Moment 7b. 
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A.  

 

B.  

 

C.  

D.  

             

Figure 4.15 - The measured water level time series for test T002 at wave gauge 26 (picture A), at wave gauge 11 

(picture B), at wave gauge 27 (picture C) and at wave gauge 12 (picture D). 
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Chapter 5  The influence of porosity and stone 
size of a gravel slope on reflection simulated 

with SWASH 
 

Chapter 5 is the first of a series of chapters (Chapters 5 to 8) in which the setup and the output of 

SWASH simulations are discussed. Chapter 5 focuses on answering to sub-question 2a. Sub-question 

2a aims on testing whether the values of porosity and stone size of the gravel slopes in the physical 

scale model can be used in SWASH simulations. The gravel slope properties for which the correct 

amount of reflection is reproduced in SWASH are selected here. In this chapter the reflection off the 

outer slopes located outside the harbour is assessed. Section 5.1 presents the cross section in the 

physical scale model selected to be modelled in SWASH. In Section 5.2 the 1D model set up and the 

examined nine runs for various settings are specified. The results of the model runs are discussed in 

Section 5.3 . The resulting conclusions that help answering sub-question 2a are summarized in   

Section 5.4 . Finally, some additional remarks based on the SWASH results are mentioned in Section 

5.5 .   

5.1  The one-dimensional model in SWASH 

With respect to sub-question 2a, gravel slopes reflection is considered to be modelled accurately, if 

SWASH results are in agreement with the measurements. This means that the wave height trends 

(increase, decrease or constant part) in time and in space should be reproduced. The steady state wave 

height observed in the measurement should be reproduced by SWASH within an error of 20%.  

 

To provide an answer to sub-question 2a, it selected to focus on a sub area of the full layout1 that 

contains a gravel slope and for which the reflection phenomenon is dominant, while the rest of the 

processes are expected to be negligible. The outer and the inner slopes in layout 1 consist from the 

same material and are constructed with the same technique in the physical scale model. Hence, the 

two slopes are considered to have the same properties for porosity and stone size. It is important to 

mention that the gravel material used in the experiments for the schematic port layouts was previously 

used in other experiments. The stone size is not measured before the specific experiment examined 

but earlier. The stones may have been composed out of different rock grading over time. Thus, the 

gravel sieve curve may have changed and the stone size ($ ) may be slightly different then the 

value described in the measurements report (Deltares, 2016). 

 

The inner slope 1 is not selected to be modelled for two reasons. Firstly, the reflected wave at the end 

of the basin results from the incoming wave that hits not only the inner slope 1, but also the concrete 

wall behind it. Moreover, the measurement devices in front of the inner slope 1 are located inside the 

harbour basin and thus are influenced also by diffraction. Therefore, it was decided to focus on the 

outer slopes 2a and 2b. 

 

As mentioned above, the aim within this chapter is to compare the SWASH water level time series to 

the measured time series at a location that is only influenced by reflection. As discussed in Section 

3.3, the reflected waves from inner slope 1 travel out of the basin and their energy gets diffracted 

(Figure 3.26). It is assumed that the influence of diffraction is important in within in an angle of 15
o
 

from the harbour entrance. In Figure 5.1 the cone of influence of diffraction in front of the harbour 

exit is drawn. Wave gauges 1 and 2 lie out of the cone area. Therefore, it is assumed that wave gauges 

1 and 2 are not influenced by the diffracted reflected waves from the inner slope 1.The reflected 

waves from the harbour head walls are also spread by an angle of 15
o
 due to diffraction. The area 

influenced by this phenomenon is indicated by red lines. Again Points 1 and 2 are not expected to be 

influenced by the reflection at the harbour head walls, as the lie out of the red lines. 
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As shown in Figure 5.1, Point 1 is located in front of outer slope 2a and Point 2 in front of slope 2b. 

Both wave gauges measure the summation of the incoming wave and the reflected wave from the 

respective outer slopes. However, behind outer slope 2b the harbour side basin is located. The waves 

that travel through outer slope 2b may get reflected on the concrete walls of the side basin, travel 

again trough slope 2b and arrive at wave gauge 2. It is expected that this reflected wave is small in 

amplitude, since the wave energy is damped two times when passing through the gravel slope. This 

phenomenon might cause disturbance in the record of wave gauge 2. Therefore, it was chosen to 

model the outer slope 2a and use the wave record of wave gauge 1 to evaluate SWASH outputs. In 

Figure 5.1 the blue line represents the cross section chosen to be reproduced in the 1D SWASH 

model. In this chapter outer slope 2a is described as outer slope 2, gravel slope or slope 2 for 

simplicity. 

 

 

Figure 5.1 - The reflected waves from the harbour end are spread due to diffraction in the area between the two 

green inclined lines forming an angle of 15o with the harbour exit. The reflected waves from the harbour head walls 

are spread due to diffraction in the area between the two red inclined lines. 

 

 

Figure 5.2 ï Top view of layout 1. The blue line represents the cross section chosen to be reproduced in the 1D 

SWASH model. 
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5.2  The 1D SWASH model setup 

The 1D SWASH model domain has a total length of 1152m. A sketch of the model bathymetry is 

shown in Figure 5.3.The waves enter the domain at y=0m. The only structure included in the model is 

the outer slope 2a. The porosity and the stone size of the gravel slope are equal to the respective 

values of the gravel slopes in the physical scale model. Thus, the porosity is 0.4 and the stone size is 

6.75m. At the end of the domain a sponge layer is defined. The model boundary behind the sponge 

layer is set by default as a closed fully-reflective boundary. 

 

An output location is specified at Point 1, as the water level time series at this location will be 

compared to the measured time series. An extra output location, Point 30, is added behind the gravel 

slope. This point does not exist as a measurement point in the scale model tests. Point 30 is added for 

two reasons. The first reason is to confirm that the waves are damped after passing through the outer 

gravel slope. The second reason is to check if the sponge layer placed at the left end of the cross 

section (Figure 5.3) is sufficiently large to absorb the transmitted wave energy.  

 

 

Figure 5.3 ï A sketch of the bathymetry of the 1D SWASH model. 

 

Information about the grid resolution, the time step, the bathymetry, the number of layers (2 vertical 

layers) and other modelling parameters as well as the SWASH command file are provided in 

Appendix H. The only modelling parameter discussed in this section is the sponge layer length, as the 

ability of the layer to absorb the wave energy will be examined.  

 

According to SWASH user manual (The SWASH Team, 2016), the sponge layer should have a width 

of 3 to 5 typical wave lengths to prevent reflections at the open boundaries. To reduce the domain size 

and thus the computational effort, the sponge layer length was selected to be equal to the largest wave 

length from all the selected experiments, i.e. T003. The sponge layer width, thus, is equal to 225m to 

achieve an integer number of cells in the x direction of the cross section. In Table 5.1 is shown that 

for the rest of the tests this sponge layer might be equal up to 7.1 times the wave length. With the grid 

boundary behind the sponge layer acting as a closed boundary, the sponge layer becomes double 

effective as the waves reflect at that boundary and travel back through the sponge layer and their 

energy gets again absorbed. 

 

Table 5.1 -The number of waves that fit in the sponge layer for all the selected tests. 

Test Wave length L (m) Ratio Lsponge layer/L  

T001 80.48 2.8 

T002 120.74 1.9 

T003 225.59 1.0 

T010 39.38 5.7 

T011 104.71 2.1 

T012 197.05 1.1 

T013 31.52 7.1 
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From the seven selected tests, described in Section 1.3  it is chosen to study only one representative 

test. T010 and T013 are excluded as the ratio H/L is high and waves start breaking. The criteria taken 

into account for the test selection are the wave height and the kd value. The goal is to choose 

representative, average values and not very high or low values. The final test selected is T002, for 

which the wave height value is an average value among the tests (H=1.44m). For T002, the kd value 

is equal to 1.03, which indicates an average computational effort. Finally, according to Table 2.6, for 

this kd value the waves are classified in intermediate water. 

 

In total, nine runs with different combinations of parameter settings are examined: run 1 for the 

original values of porosity and stone size, runs 2, 3 and 4, in which the porosity values are varied, 

runs 5 to 8, in which the stone size values are varied and run 9, in which the outer slope is replaced by 

a closed wall. The 9 runs are presented in the Table 5.2. 

 

Table 5.2 The nine runs for various porosity and stone size values simulated with SWASH. 

Run Porosity (-) Porosity change (%) Stone size  (m) Stone size change (%)  

1 (original)  0.40 - 6.75 - 

2 0.44 +10% 6.75 - 

3 0.36 -10% 6.75 - 

4 0.20 -50% 6.75 - 

5 0.40 - 7.425 +10% 

6 0.40 - 6.075 -10% 

7 0.40 - 10.125 +100% 

8 0.40 - 3.375 -50% 

9 (wall) 0.001 -99.75% 0.045 -99.33% 

 
As explained previously, the SWASH water level time series at wave gauge 1 should be compared to 

the measured time series. The measured water level time series at wave gauge 1 for test T002 are 

shown in Figure 5.4. For the derivation of the vertical lines the reader is referred to Section 3.3 . 

Vertical lines with suffix a represent the arrival of the beginning of the taper function part, while the 

lines with suffix b represent the arrival of the fully developed wave. The measured incoming wave 

height equals 1.48m (period between Moment 1b and 2a), which differs by 2.7% from the wave 

height of 1.44m produced by the wave maker. After Moment 2a, the wave height starts to increase 

until Moment 5b and then remains constant and equal to 2.34m. 

 

 

         

Figure 5.4 ï Measured water level time series at Point 1 for T002. 
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5.3  Results 

The SWASH results for the nine runs described in Table 5.2 are the following: 

¶ Water level time series at Point 1 

¶ Water level time series at Point 30 

¶ Envelope of the water level during the steady state part of the test (t > Moment 5b). 

5.3.1  Water level time series at Points 1 and 30 

The water level time series calculated by SWASH for Run 1, in which original values of porosity and 

stone size are used, is presented in Figure 5.5. The wave height between moment 1b and moment 2a is 

too short to determine the incoming wave height value. To have a quick estimate whether the 

incoming wave height at the output location is in agreement with the wave maker wave height defined 

in the SWASH boundary, the wave height of the first wave after Moment 1b is calculated. This wave 

is indicated by a brown rectangle in Figure 5.5 and it is assumed that the influence of the reflection is 

sufficiently small to be ignored. As shown in Figure 5.5, the increase of the wave height after moment 

2a is barely visible. The calculated wave height of the first wave after Moment 1b is 1.47m, which 

deviates by 2% from the wave maker incoming wave height imposed at the boundary (1.44m). 

However, After moment 5b, a steady state has been developed during which the wave height,             

 ( steady state,Point 1, is constant and equal to 1.518m. However, the respective value in the measurements is 

2.34m. The final constant values of the steady state wave height (( steady state,Point 1) for all the runs are 

summarised in Table 5.3. Moreover, the difference of the measured ( steady state,Point 1 and the respective 

value resulting from SWASH is included in the table. 

 

 

         

Figure 5.5 ï Run 1, water level in  time at Point 1 generated by SWASH for T002. The brown rectangle indicates the 

first wave after Moment 1b. 

Table 5.3 ï The steady state wave heigt at Points 1 and 30 for the nine runs. In the fifth collumn the difference 

between the wave height value at Point 1. 

Run 

 
Porosity  

(-)                      

Stone size 

(m) 

ἒ steady state, Point 1         

(m)          

Difference from the measured               

ἒ steady state, Point 1 (%)  
ἒ steady state, Point 30          

(m) 

1 (original)  0.40 6.750 1.52 35.0 0.58 

2 0.44 6.750 1.51 35.0 0.67 

3 0.36 6.750 1.53 34.0 0.49 

4 0.20 6.750 1.64 30.0 0.15 

5 0.40 7.425 1.52 35.0 0.62 

6 0.40 6.075 1.52 35.0 0.55 

7 0.40    10.125 1.50 36.0 0.83 

8 0.40 3.375 1.15 51.9 < 0.05 m  

9 (wall)   0.001 0.045 0.20 92.0 < 0.05 m 




































































































































































































































































































