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ȺəŰŮɜɐɠ Ⱥɚɚɖɜɘəɐ ɄŮɟɑɚɖɣɖ 

ɄɘɗŬɜɞŰɘəɧɠ ɆɢŮŭɘŬůɛɧɠ ɄŬɟɎəŰɘɤɜ Ȱɟɔɤɜ 

ȹɐɛɖŰɟŬ Ƚ. ɀŬɚɚɘɞɨɟɖ 

 

Ⱥɗɜɘəɧ ɀŮŰůɧɓɘɞ ɄɞɚɡŰŮɢɜŮɑɞ 

Ɇɢɞɚɐ ɄɞɚɘŰɘəɩɜ ɀɖɢŬɜɘəɩɜ 

ɇɞɛɏŬɠ ɈŭŬŰɘəɩɜ Ʉɧɟɤɜ əŬɘ ɄŮɟɘɓɎɚɚɞɜŰɞɠ 

ȺɟɔŬůŰɐɟɘɞ ȿɘɛŮɜɘəɩɜ Ȱɟɔɤɜ 

 

 

1. ȺɘůŬɔɤɔɐ 

ɆŰɖ ůɖɛŮɟɘɜɐ Ůˊɞɢɐ, ɔɑɜŮŰŬɘ ɞɚɞɏɜŬ əŬɘ ˊɘɞ ŬɜŰɘɚɖˊŰɧ ɧŰɘ ɞɘ ˊŬɟɎəŰɘŮɠ əŬŰŬůəŮɡɏɠ ɗŬ 

ˊɟɏˊŮɘ ɜŬ ůɢŮŭɘɎɕɞɜŰŬɘ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ɜŬ ɘəŬɜɞˊɞɘɞɨɜ ˊɟɞəŬɗɞɟɘůɛɏɜŬ ŮˊɑˊŮŭŬ 

ŬůűɎɚŮɘŬɠ əŬɘ Ŭˊɧŭɞůɖɠ, ŭɖɚ. ˊɟɞəŬɗɞɟɘůɛɏɜŬ ŮˊɑˊŮŭŬ ŬɝɘɞˊɘůŰɑŬɠ, ɏɢɞɜŰŬɠ ɚɎɓŮɘ ɡˊɧɣɖ 

ɧɚŮɠ Űɘɠ ŬɓŮɓŬɘɧŰɖŰŮɠ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ űɧɟŰɘůɖɠ, ŬɜŰɑůŰŬůɖɠ ɐ ŬɜŰɞɢɐɠ, 

əŬɘ Űɤɜ ŮɟɔŬɚŮɑɤɜ ůɢŮŭɘŬůɛɞɨ. ȷɡŰɧ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ ɛɑŬɠ 

əŬŰɎɚɚɖɚɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ɘəŬɜɐɠ ɜŬ ŮəŰɘɛɐůŮɘ ɛŮ ŬəɟɑɓŮɘŬ Űɞ ŮˊɑˊŮŭɞ ŬɝɘɞˊɘůŰɑŬɠ ɛɑŬɠ 

ˊŬɟɎəŰɘŬɠ əŬŰŬůəŮɡɐɠ, ŭɖɚ. Űɖɜ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɚŮɘŰɞɡɟɔɑŬ 

Űɖɠ, ɐ Ŭɚɚɘɩɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬɠ Űɖɠ ɕɤɐɠ Űɖɠ. ȼ ˊɘɗŬɜɧŰɖŰŬ ŬɡŰɐ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ 

ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ ɐ ɑůɖ Ŭˊɧ ɛɑŬ ŮˊɘŰɟŮˊɧɛŮɜɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ, ɖ ɞˊɞɑŬ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ŮˊɘˊŰɩůŮɤɜ Űɖɠ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ. ɋɠ Ůə ŰɞɨŰɞɡ, 

ɛɏɗɞŭɞɘ ɓŬůɘɕɧɛŮɜŮɠ ůŰɖɜ ŬɝɘɞˊɘůŰɑŬ ɗŬ ˊɟɏˊŮɘ ɜŬ ɡɘɞɗŮŰɖɗɞɨɜ ɔɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ Űɤɜ 

ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ. 

Ƀɘ ɛɏɗɞŭɞɘ ůɢŮŭɘŬůɛɞɨ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ ŬɝɘɞˊɘůŰɑŬ 

ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ŰɏůůŮɟɘɠ əŬŰɖɔɞɟɑŮɠ, ɞɘ ɞˊɞɑŮɠ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ŬəɟɑɓŮɘŬ ůŰɖɜ ŮəŰɑɛɖůɖ 

Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɤɜ ůŰɞɘɢŮɑɤɜ Űɖɠ əŬŰŬůəŮɡɐɠ əŬɘ ůŰɖ ɗŮɩɟɖůɖ Űɤɜ ŮɛˊɚŮəɧɛŮɜɤɜ 

ŬɓŮɓŬɘɞŰɐŰɤɜ, ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɘɠ ɗŬɚɎůůɘŮɠ űɞɟŰɑůŮɘɠ, əŬɘ ŬɜŬűɏɟɞɜŰŬɘ ˊŬɟŬəɎŰɤ [1]: 

Å ɁŰŮŰŮɟɛɘɜɘůŰɘəɏɠ ɛɏɗɞŭɞɘ (ȺˊɑˊŮŭɞ 0) 

Å ȼɛɘ-ˊɘɗŬɜɞŰɘəɏɠ ɛɏɗɞŭɞɘ (ȺˊɑˊŮŭɞ I) 



 

ii  

 

Å ɄɘɗŬɜɞŰɘəɏɠ ɛɏɗɞŭɞɘ ɛŮ ˊɟɞůŮɔɔɑůŮɘɠ (ȺˊɑˊŮŭɞ II) 

Å Ʉɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɏɠ ɛɏɗɞŭɞɘ (ȺˊɑˊŮŭɞ III ) 

ȼ ˊŬɟŬŭɞůɘŬəɐ ˊɟŬəŰɘəɐ ůɢŮŭɘŬůɛɞɨ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ ŮɑɜŬɘ ůɡɜɐɗɤɠ 

ɜŰŮŰŮɟɛɘɜɘůŰɘəɐɠ űɨůɖɠ (ȺˊɑˊŮŭɞ 0), ůɨɛűɤɜŬ ɛŮ Űɖɜ ɞˊɞɑŬ ɖ ŬɝɘɞˊɘůŰɑŬ Űɤɜ əŬŰŬůəŮɡɩɜ 

ɓŬůɑɕŮŰŬɘ ůŰɖɜ ˊɘɗŬɜɧŰɖŰŬ ɡˊɏɟɓŬůɖɠ Űɞɡ űɞɟŰɑɞɡ ůɢŮŭɘŬůɛɞɨ. ȺɘŭɘəɧŰŮɟŬ, ɡɘɞɗŮŰŮɑŰŬɘ ɖ 

ɏɜɜɞɘŬ Űɤɜ əɡɛŬŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůɢŮŭɘŬůɛɞɨ, əŬɘ ŮɘŭɘəɧŰŮɟŬ Űɞɡ ůɖɛŬɜŰɘəɞɨ ɨɣɞɡɠ 

əɨɛŬŰɞɠ, Űɞ ɞˊɞɑɞ ůɡɜŭɏŮŰŬɘ ɛŮ ɛɑŬ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑɞŭɞ ŮˊŬɜŬűɞɟɎɠ [2]. 

ȺəŰɧɠ Űɖɠ ɜŰŮŰŮɟɛɘɜɘůŰɘəɐɠ ɛŮɗɧŭɞɡ, ɖ ɛɏɗɞŭɞɠ Űɤɜ ɛŮɟɘəɩɜ ůɡɜŰŮɚŮůŰɩɜ ɛˊɞɟŮɑ, Ůˊɑůɖɠ, ɜŬ 

ŮűŬɟɛɞůŰŮɑ, ɖ ɞˊɞɑŬ ɓŬůɑɕŮŰŬɘ ůŮ ˊɟɧŰɡˊŬ [3]. ȼ ůɡɔəŮəɟɘɛɏɜɖ ˊɟɞůɏɔɔɘůɖ ůɢŮŭɘŬůɛɞɨ 

ŰŬɝɘɜɞɛŮɑŰŬɘ ůŰɘɠ ɖɛɘ-ˊɘɗŬɜɞŰɘəɏɠ ɛŮɗɧŭɞɡɠ (ȺˊɑˊŮŭɞ Ƚ), ŬɚɚɎ ɖ ˊɟɞůɏɔɔɘůɖ ŬɡŰɐ ŭŮɜ 

ŮˊɘŰɟɏˊŮɘ ɛɑŬ Ŭəɟɘɓɐ ŮəŰɑɛɖůɖ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɞɡ ůɢŮŭɘŬůɛɞɨ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɗŬ 

ɛˊɞɟɞɨůŬɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɏɠ ɛɏɗɞŭɞɘ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɡˊɧɣɖ Űɘɠ 

ŬɓŮɓŬɘɧŰɖŰŮɠ ɧɚɤɜ Űɤɜ ůŰɞɢŬůŰɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ űɧɟŰɘůɖɠ əŬɘ ŬɜŰɞɢɐɠ Űɖɠ əŬŰŬůəŮɡɐɠ. 

Ƀɘ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɏɠ ɛɏɗɞŭɞɘ (ȺˊɑˊŮŭɞ ȽȽȽ) Ŭɜɐəɞɡɜ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ ˊɟɞɖɔɛɏɜɤɜ 

ˊɘɗŬɜɞŰɘəɩɜ ɛŮɗɧŭɤɜ, ɞɘ ɞˊɞɑŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜ Űɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ 

ˊɘɗŬɜɧŰɖŰŬɠ ɧɚɤɜ Űɤɜ ŮɛˊɚŮəɧɛŮɜɤɜ ůŰɞɢŬůŰɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ. ɈˊɎɟɢɞɡɜ ŭɨɞ əɨɟɘŮɠ 

ɛɏɗɞŭɞɘ ˊɞɡ Ŭɜɐəɞɡɜ ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ əŬŰɖɔɞɟɑŬ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ɖ ɛɏɗɞŭɞɠ ȯɛŮůɖɠ 

Ƀɚɞəɚɐɟɤůɖɠ (DIM) əŬɘ ɖ ɛɏɗɞŭɞɠ Monte Carlo (MCM). ȺˊɘˊɟɧůɗŮŰŬ, ɛɑŬ Ɏɚɚɖ 

ŭɡɜŬŰɧŰɖŰŬ ŮəŰɑɛɖůɖɠ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ ůɢŮŭɘŬůɛɞɨ ɛɑŬ əŬŰŬůəŮɡɐɠ, ɖ ɞˊɞɑŬ ɗŮɤɟŮɑŰŬɘ 

ɤůŰɧůɞ ɚɘɔɧŰŮɟɞ Ŭəɟɘɓɐɠ, ˊŬɟɏɢŮŰŬɘ ɛɏůɤ Űɤɜ ɛŮɗɧŭɤɜ ɛŮ ˊɟɞůŮɔɔɑůŮɘɠ (ȺˊɑˊŮŭɞ ȽȽ). 

ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɖ ˊɘɗŬɜɞŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɖ ɗɏůɖ 

Űɤɜ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɐ ɔɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ Űɤɜ ɏɟɔɤɜ ŬɡŰɩɜ, ˊɞɡ 

ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŬɝɘɞˊɘůŰɑŬ. ɋůŰɧůɞ, ɡˊɎɟɢŮɘ ɏɚɚŮɘɣɖ ɛŬəɟɞˊɟɧɗŮůɛɤɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ 

ŭŮŭɞɛɏɜɤɜ ůŰɖ ɗɏůɖ Űɤɜ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ, ɖ ɞˊɞɑŬ ɓɟɑůəŮŰŬɘ ůɡɜɐɗɤɠ ůŰŬ ŮɜŭɘɎɛŮůŬ (ɤɠ 

ˊɟɞɠ Űɞ ɓɎɗɞɠ) ɜŮɟɎ, əŬɗɘůŰɩɜŰŬɠ ɘŭɘŬɑŰŮɟŬ ŭɨůəɞɚɖ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ Űɖɠ Ŭˊɧ 

əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ůŰɞɢŬůŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ. 

ɇɏŰɞɘŬ ŭŮŭɞɛɏɜŬ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ŮɑɜŬɘ ɛŮŰɟɐůŮɘɠ əɡɛŬŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ, ŭɘŬəɨɛŬɜůɖɠ Űɖɠ 

ůŰɎɗɛɖɠ Űɖɠ ɗɎɚŬůůŬɠ ˊ.ɢ. ɚɧɔɤ ŬůŰɟɞɜɞɛɘəɐɠ ɐ ɛŮŰŮɤɟɞɚɞɔɘəɐɠ ˊŬɚɑɟɟɞɘŬɠ, ŰŬɢɨŰɖŰŬ 

ɗŬɚɎůůɘɤɜ ɟŮɡɛɎŰɤɜ əɚˊ., ŰŬ ɞˊɞɑŬ ɗŬ ˊɟɏˊŮɘ ɜŬ ůɡɚɚɏɔɞɜŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɏɟɔɞɡ. ȷɡŰɎ 

ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ɓɟŮɗɞɨɜ Ŭˊɧ:  

(i) ɀŮŰɟɐůŮɘɠ ůŰɖ ɗɏůɖ Űɞɡ ɏɟɔɞɡ ˊɞɡ ɜŬ əŬɚɨˊŰɞɡɜ ɛɑŬ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ ŬɟəŮŰɩɜ ŮŰɩɜ. 

ɄɟɞűŬɜɩɠ, ŰɏŰɞɘŮɠ ɛŮŰɟɐůŮɘɠ ŮɑɜŬɘ ŭɡůŮɨɟŮŰŮɠ. 
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(ii ) ɀŮŰɟɐůŮɘɠ ɑŭɘɞɡ Űɨˊɞɡ ŬɚɚɎ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, ŮɎɜ ɖ ɗɏůɖ Űɤɜ ɏɟɔɤɜ ŮɑɜŬɘ ůŮ ˊɘɞ ɟɖɢɎ 

ɜŮɟɎ, ˊɞɡ ɜŬ əŬɚɨˊŰɞɡɜ ɛɑŬ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ ŬɟəŮŰɩɜ ŮŰɩɜ. ɇɧŰŮ, ŮɑŰŮ ɔɟŬɛɛɘəɎ (ˊ.ɢ. [4]) 

ŮɑŰŮ ɛɖ ɔɟŬɛɛɘəɎ ([5]; [6]; [7]) ɛɞɜŰɏɚŬ ŭɘɎŭɞůɖɠ əɡɛŬŰɘůɛɩɜ ɛˊɞɟɞɨɜ ɜŬ ŮűŬɟɛɞůɗɞɨɜ ɔɘŬ 

ɜŬ ɛŮŰŬűɏɟɞɡɜ əɎɗŮ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŮ ˊɘɞ ɟɖɢɎ ɜŮɟɎ.  

(iii ) ȺəŰɘɛɐůŮɘɠ Ŭˊɧ ɛŮɗɧŭɞɡɠ ŬɜɎɚɡůɖɠ ůŰɞ ˊŬɟŮɚɗɧɜ ɔɘŬ ŬɟəŮŰɎ ɏŰɖ ([8]; [1]). ȺɘŭɘəɧŰŮɟŬ, 

ɧůɞɜ ŬűɞɟɎ ůŰɞ ɛŬəɟɞˊɟɧɗŮůɛɞ əɡɛŬŰɘəɧ əɚɑɛŬ ůŰɖ ɗɏůɖ Űɤɜ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ, 

ŬɜŮɛɞɚɞɔɘəɎ ŭŮŭɞɛɏɜŬ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ əɡɛŬŰɞɔɏɜɜŮůɖɠ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ (ˊ.ɢ. 

[9]), ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɞ ŮɜŮɟɔɧ ŬɜɎˊŰɡɔɛŬ ˊŮɚɎɔɞɡɠ, ɔɘŬ ɜŬ ˊŬɟŬɢɗŮɑ ŬɡŰɐ ɖ ˊɚɖɟɞűɞɟɑŬ 

ɡˊɧ ɏɜŬ ˊɘɗŬɜɞŰɘəɧ ˊɚŬɑůɘɞ. 

ȺɑɜŬɘ ˊɚɏɞɜ ɝŮəɎɗŬɟɞ ɧŰɘ ůŰɧɢɞɠ Űɖɠ ˊɟɞŬɜŬűŮɟɧɛŮɜɖɠ ůɡɚɚɞɔɐɠ ŭŮŭɞɛɏɜɤɜ ŬˊɞŰŮɚŮɑ ɖ 

ŬˊɧəŰɖůɖ ɛɑŬɠ ˊɘɗŬɜɞŰɘəɐɠ ŬɜŬˊŬɟɎůŰŬůɖɠ Űɞɡ ɛŬəɟɞˊɟɧɗŮůɛɞɡ əɡɛŬŰɘəɞɨ əɚɑɛŬŰɞɠ, Űɖɠ 

ůŰɎɗɛɖɠ Űɖɠ ɗɎɚŬůůŬɠ əŬɘ Ɏɚɚɤɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɖ ɗɏůɖ Űɤɜ ˊŬɟɎəŰɘɤɜ 

ɏɟɔɤɜ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɧˊɞɡ ɡˊɎɟɢɞɡɜ ŭɘŬɗɏůɘɛŮɠ ɛŮŰɟɐůŮɘɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, ůɖɛŮɘɩɜŮŰŬɘ 

ɧŰɘ ŰŬ ɛɖ ɔɟŬɛɛɘəɎ ɛɞɜŰɏɚŬ ŮɑɜŬɘ ˊɘɞ Ŭəɟɘɓɐ Ŭˊɧ ŰŬ ɔɟŬɛɛɘəɎ, əŬɗɩɠ ɚŬɛɓɎɜɞɡɜ ɡˊɧɣɖ Űɘɠ 

ɛɖ ɔɟŬɛɛɘəɧŰɖŰŮɠ əŬɘ Űɘɠ ɔɟŬɛɛɘəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ Űɤɜ əɡɛŬŰɘůɛɩɜ. ɋůŰɧůɞ, ŰŬ ɛɖ 

ɔɟŬɛɛɘəɎ ɛɞɜŰɏɚŬ ɛˊɞɟŮɑ ɜŬ ɔɑɜɞɡɜ ɘŭɘŬɑŰŮɟŬ ŬˊŬɘŰɖŰɘəɎ ɡˊɞɚɞɔɘůŰɘəɎ əŬɘ ɢɟɞɜɞɓɧɟŬ, 

ŮɘŭɘəɎ ɧŰŬɜ ŬˊŬɘŰŮɑŰŬɘ ɖ ɛŮŰŬűɞɟɎ Űɞɡ ɛŬəɟɞˊɟɧɗŮůɛɞɡ əɡɛŬŰɘəɞɨ əɚɑɛŬŰɞɠ Ŭˊɧ ŰŬ ɓŬɗɘɎ 

ůŮ ˊɘɞ ɟɖɢɎ ɜŮɟɎ.  

ɆŰɖ ůɡɜŮɢŮɑŬ, ŰɞɜɑɕŮŰŬɘ, ɧŰɘ ɖ ˊɚɖɟɞűɞɟɑŬ ůɢŮŰɘəɎ ɛŮ Űɘɠ ůɡɜɗɐəŮɠ Űɖɠ ɗɎɚŬůůŬɠ ŮɑɜŬɘ 

ɞɡůɘŬůŰɘəɐ ɔɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ Űɤɜ ɡˊŮɟɎəŰɘɤɜ əŬɘ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ. ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ ɖ 

ˊɚɖɟɞűɞɟɑŬ, ůɢŮŰɘəɎ ɛŮ Űɘɠ ˊɘɞ ŬəɟŬɑŮɠ ɗŬɚɎůůɘŮɠ ůɡɜɗɐəŮɠ ˊɞɡ ɟ́ɞɓɚɏˊɞɜŰŬɘ ɜŬ ůɡɛɓɞɨɜ 

əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ Űɤɜ ɏɟɔɤɜ ŬɡŰɩɜ, ŭŮɜ ŮɑɜŬɘ ɖ ɛɧɜɖ ˊɞɡ ŮɑɜŬɘ ɢɟɐůɘɛɖ ɔɘŬ Űɞ 

ůɢŮŭɘŬůɛɧ. Ⱥɝɑůɞɡ ůɖɛŬɜŰɘəɐ ˊɚɖɟɞűɞɟɑŬ ŮɑɜŬɘ əŬɘ ŬɡŰɐ, ˊɞɡ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖ ůɡɢɜɧŰɖŰŬ 

ŮɛűɎɜɘůɖɠ ɧɚɤɜ Űɤɜ əŬŰŬůŰɎůŮɤɜ Űɖɠ ɗɎɚŬůůŬɠ, ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖɜ 

ŮəŰɑɛɖůɖ ˊɘɗŬɜɞŰɐŰɤɜ ɕɖɛɘɎɠ əŬɘ ŬůŰɞɢɑŬɠ Űɤɜ əŬŰŬůəŮɡɩɜ ɩůŰŮ ɜŬ ŮɝŬůűŬɚɘůɗŮɑ ɖ 

ŮɡůŰɎɗŮɘŬ Űɞɡɠ ůŰɖ ŭɘɎɟəŮɘŬ Űɖɠ ɕɤɐɠ Űɞɡɠ. 

ɆɡɜŮɢɑɕɞɜŰŬɠ, ůŰɞ ůɖɛŮɑɞ ŬɡŰɧ, ɖ ˊŮɟɘɔɟŬűɐ Űɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŮ 

ɛŮɔɎɚɞ ɓŬɗɛɧ ɛŮ Űɖɜ ˊɘɗŬɜɞŰɘəɐ əŬŰŬɜɞɛɐ Űɞɡ ůɖɛŬɜŰɘəɞɨ ɨɣɞɡɠ əɨɛŬŰɞɠ Hs, ɖ ɞˊɞɑŬ 

ɛˊɞɟŮɑ ɜŬ ŮəŰɘɛɖɗŮɑ Ŭˊɧ Űɖ ůŰŬŰɘůŰɘəɐ ŬɜɎɚɡůɖ ŭŮŭɞɛɏɜɤɜ ˊɞɡ əŬɚɨˊŰɞɡɜ ŭŮəɎŭŮɠ ɢɟɧɜɘŬ. 

ȽůɢɨŮɘ, ́ ɟɞűŬɜɩɠ, ɧŰɘ ɧůɞ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞɠ ˊɞɡ əŬɚɨˊŰɞɡɜ ŰŬ ŭŮŭɞɛɏɜŬ, 

Űɧůɞ ˊɘɞ ŬɝɘɧˊɘůŰɖ ŮɑɜŬɘ əŬɘ ɖ ˊŮɟɘɔɟŬűɐ Űɞɡ ɛŬəɟɞˊɟɧɗŮůɛɞɡ əɡɛŬŰɘəɞɨ əɚɑɛŬŰɞɠ, ˊɞɡ 

ŮɝɎɔŮŰŬɘ Ŭˊɧ Űɞ Ůɜ ɚɧɔɤ ůɨɜɞɚɞ ŭŮŭɞɛɏɜɤɜ [10].  

ɋůŰɧůɞ, Űɘɠ ŰŮɚŮɡŰŬɑŮɠ ŭŮəŬŮŰɑŬɠ ɏɢŮɘ ɔɑɜŮɘ ŬˊɞŭŮəŰɧɠ əŬɘ ɞ ɟɧɚɞɠ Ɏɚɚɤɜ əɡɛŬŰɘəɩɜ 

ˊŬɟŬɛɏŰɟɤɜ, ŮəŰɧɠ Űɞɡ Hs, ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬɘ ɡˊŮɟɎəŰɘɤɜ ɏɟɔɤɜ (ˊ.ɢ. [11], 
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[12]) əŬɘ əŬŰô ŮˊɏəŰŬůɖ ůŰɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɤɜ əŬŰŬůəŮɡɩɜ ŬɡŰɩɜ. ɆɡɜŮˊɩɠ, ɖ 

ˊɚɖɟɞűɞɟɑŬ ůɢŮŰɘəɎ ɛŮ Űɘɠ ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ ɏɢŮɘ ŮˊŮəŰŬɗŮɑ ůŮ 

ůɖɛŬɜŰɘəɧ ɓŬɗɛɧ, ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɠ Űɖ ɛɏůɖ əɡɛŬŰɘəɐ ˊŮɟɑɞŭɞ Tm, əŬɘ Űɖ ɛɏůɖ ɐ 

əɡɟɑŬɟɢɖ əŬŰŮɨɗɡɜůɖ ɗm, ˊɞɡ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ɛɑŬ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ. 

ȺˊɘˊɟɧůɗŮŰŬ, ɧɚŮɠ ɞɘ əɟɑůɘɛŮɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ, ŬɚɚɎ əŬɘ ɖ ɛŮŰŬɝɨ Űɞɡɠ 

ůŰŬŰɘůŰɘəɐ ůɡůɢɏŰɘůɖ (Ůűɧůɞɜ ŬɡŰɐ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ), ɗŬ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ɛŮ 

ŭɧəɘɛɞ Űɟɧˊɞ, əŬŰɎ Űɞɜ ůɢŮŭɘŬůɛɧ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ. ȰɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɧ 

ˊŬɟɎŭŮɘɔɛŬ ůŰŬŰɘůŰɘəɐɠ ůɡůɢɏŰɘůɖɠ ɛŮŰŬɝɨ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ŮɑɜŬɘ ŬɡŰɐ ˊɞɡ 

ˊŬɟŬŰɖɟŮɑŰŬɘ ůɡɜɐɗɤɠ ɛŮŰŬɝɨ Űɖɠ ɛɏůɖɠ əɡɛŬŰɘəɐɠ ˊŮɟɘɧŭɞɡ Tm, ɐ Űɖɠ ˊŮɟɘɧŭɞɡ Ŭɘɢɛɐɠ Tp, 

ɛŮ Űɞ ůɖɛŬɜŰɘəɧ ɨɣɞɠ əɨɛŬŰɞɠ Hs, əŬɘ ŬɡŰɐ ɛŮŰŬɝɨ Űɖɠ ˊŮɟɘɧŭɞɡ ɇ əŬɘ Űɞɡ ɨɣɞɡɠ əɨɛŬŰɞɠ ȼ 

ŮɜŰɧɠ ɛɑŬɠ ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ, ɧůɞɜ ŬűɞɟɎ ůŰɘɠ ɛŬəɟɞˊɟɧɗŮůɛŮɠ əŬɘ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ 

əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ, ŬɜŰɑůŰɞɘɢŬ. Ⱥˊɑůɖɠ, ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ 

əŬŰŮɨɗɡɜůɖɠ ůŰɘɠ ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ [13]. Ⱥˊɘˊɚɏɞɜ, Űɞ ůɖɛŬɜŰɘəɧ ɨɣɞɠ 

əɨɛŬŰɞɠ əŬɘ ɖ ŭɘŬəɨɛŬɜůɖ Űɖɠ ůŰɎɗɛɖɠ Űɖɠ ɗɎɚŬůůŬɠ ɚɧɔɤ ɛŮŰŮɤɟɞɚɞɔɘəɐɠ ˊŬɚɑɟɟɞɘŬɠ, Ŭˊɧ 

Űɖɜ ŮˊɑŭɟŬůɖ ɓŬɟɞɛŮŰɟɘəɩɜ ůɡůŰɖɛɎŰɤɜ əŬɘ ɘůɢɡɟɩɜ Ŭɜɏɛɤɜ, ŮɛűŬɜɑɕɞɡɜ ůɡɢɜɎ ůɡůɢɏŰɘůɖ 

ůŮ ɛŮɟɘəɧ ɓŬɗɛɧ. 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮəŰɘɛɖɗŮɑ ɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ Hs əŬɘ 

Tm, ŬˊŬɘŰŮɑŰŬɘ ɖ ŮűŬɟɛɞɔɐ ɛɞɜŰɏɚɤɜ ˊɘɗŬɜɞŰɘəɩɜ əŬŰŬɜɞɛɩɜ ŭɨɞ ɛŮŰŬɓɚɖŰɩɜ, ˊɞɡ 

ɚŬɛɓɎɜɞɡɜ ɡˊɧɣɖ Űɖ ůŰŬŰɘůŰɘəɐ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Űɞɡɠ. ɀɑŬ ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ ŮɑɢŮ 

ˊɟɞŰŬɗŮɑ Ŭˊɧ Űɞɜ Ochi [14], ɞ ɞˊɞɑɞɠ ɡɘɞɗɏŰɖůŮ Űɖ ɚɞɔŬɟɘɗɛɞəŬɜɞɜɘəɐ ˊɘɗŬɜɞŰɘəɐ əŬŰŬɜɞɛɐ 

ɔɘŬ ɜŬ ŬɜŬˊŬɟŬůŰɐůŮɘ ŰŬ Hs əŬɘ Tm, ɖ ɞˊɞɑŬ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ ɛɑŬ ŮəɗŮŰɘəɐ ɛŮŰŬŰɟɞˊɐ Űɖɠ 

əŬɜɞɜɘəɐɠ əŬŰŬɜɞɛɐɠ ŭɨɞ ɛŮŰŬɓɚɖŰɩɜ. ȷɡŰɐ ɖ ˊɟɞůɏɔɔɘůɖ, ˊŬɟɧɚɞ ˊɞɡ ŮɑɜŬɘ Ůɨəɞɚɖ ůŰɖɜ 

ŮűŬɟɛɞɔɐ, ɓŬůɑɕŮŰŬɘ ůŰɖɜ ɡˊɧɗŮůɖ ɧŰɘ ɞɘ ɚɞɔɎɟɘɗɛɞɘ Űɤɜ ŭŮŭɞɛɏɜɤɜ Ŭəɞɚɞɡɗɞɨɜ əŬɜɞɜɘəɐ 

əŬŰŬɜɞɛɐ, əŬɘ ˊŬɟɎ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ɘůɢɨŮɘ ɔɘŬ ɢŬɛɖɚɏɠ əŬɘ ɛŮůŬɑŮɠ Űɘɛɏɠ Űɞɡ 

Hs, ŭŮɜ ɘůɢɨŮɘ ɔɘŬ ɡɣɖɚɏɠ Űɘɛɏɠ Űɞɡ Hs. ɀɑŬ ɚɞɔŬɟɘɗɛɞəŬɜɞɜɘəɐ əŬɛˊɨɚɖ ŭɨɞ ɛŮŰŬɓɚɖŰɩɜ ɛŮ 

ŭɘɧɟɗɤůɖ ůŰɖɜ əɨɟŰɤůɖ [15] ɐŰŬɜ ɛɑŬ ˊɟɞůˊɎɗŮɘŬ ɓŮɚŰɑɤůɖɠ Űɞɡ ˊɟɞŬɜŬűŮɟɧɛŮɜɞɡ 

ɛɞɜŰɏɚɞɡ. ȺˊɘˊɟɧůɗŮŰŬ, ɏɜŬ ɛɞɜŰɏɚɞ, ˊɞɡ ůŰɖɟɑɕŮŰŬɘ ůŰɖɜ ˊŮɟɘɗɩɟɘŬ əŬŰŬɜɞɛɐ Űɞɡ Hs əŬɘ 

Űɖ ŭŮůɛŮɡɛɏɜɖ əŬŰŬɜɞɛɐ Űɞɡ Tp ŭŮŭɞɛɏɜɞɡ Űɞɡ Hs, ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŬɡɝɐůŮɘ Űɖɜ ŬəɟɑɓŮɘŬ 

əŬɘ Űɖɜ ŮɡŮɚɘɝɑŬ Űɞɡ, əŬɘ ɡɘɞɗŮŰɐɗɖəŮ Ŭˊɧ Űɞɜ Haver [16], əŬɘ Űɞɡɠ Bitner-Gregersen and 

Haver [17]. Ƀɘ Guedes Soares et al. [18], Lucas and Guedes Soares [19], əŬɘ Papanikolaou et 

al. [20] ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɐůŮɘ ɏɜŬ ˊŬɟɧɛɞɘɞ ɛɞɜŰɏɚɞ ůŰɖɟɘɕɧɛŮɜɞ ůŰɖɜ ˊŮɟɘɗɩɟɘŬ əŬŰŬɜɞɛɐ 

Űɞɡ Hs əŬɘ Űɖ ŭŮůɛŮɡɛɏɜɖ əŬŰŬɜɞɛɐ Űɞɡ Tm ŭŮŭɞɛɏɜɞɡ Űɞɡ Hs, Űɞ ɞˊɞɑɞ ɗŬ ŬɜŬűɏɟŮŰŬɘ ůŰɞ 

Ůɝɐɠ ɤɠ ɛɞɜŰɏɚɞ ŭŮůɛŮɡɛɏɜɖɠ ˊɘɗŬɜɧŰɖŰŬɠ. ȯɚɚŮɠ ˊɟɞůŮɔɔɑůŮɘɠ ɏɢɞɡɜ ˊŬɟɎɚɚɖɚŬ 

ŬɜŬˊŰɡɢɗŮɑ ɔɘŬ Űɞɜ ɑŭɘɞ ůəɞˊɧ (ˊ.ɢ. [21]). ɋůŰɧůɞ, ůŰɘɠ ˊŮɟɘˊŰɩůŮɘɠ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ Ŭˊɧ 

Űɞɡɠ Lucas and Guedes Soares [19] əŬɘ Papanikolaou et al. [20], ŬˊɞŭŮɑɢɗɖəŮ ɧŰɘ Űɞ ɛɞɜŰɏɚɞ 



 

v 

 

ŭŮůɛŮɡɛɏɜɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ɐŰŬɜ ɘəŬɜɧ ɜŬ ŬɜŬˊŬɟŬůŰɐůŮɘ ɛŮ ˊŮɟɘůůɧŰŮɟɖ ŬəɟɑɓŮɘŬ ŰŬ 

ŭŮŭɞɛɏɜŬ Űɤɜ Hs əŬɘ Tm Ŭˊɧ ŰŬ ɎɚɚŬ ɛɞɜŰɏɚŬ ˊɞɡ ŮɝɏŰŬůŬɜ. ɋɠ Ůə ŰɞɨŰɞɡ, ůŰɖɜ ˊŬɟɞɨůŬ 

ŭɘŬŰɟɘɓɐ Űɞ Ůɜ ɚɧɔɤ ɛɞɜŰɏɚɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ əŬŰŬɜɞɛɩɜ Űɤɜ Hs əŬɘ Tm 

ůŰŬ ŭɘŬɗɏůɘɛŬ ŭŮŭɞɛɏɜŬ. 

ȳůɞɜ ŬűɞɟɎ ůŰɖ ɓɟŬɢɡˊɟɧɗŮůɛɖ ˊɘɗŬɜɞŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ɗŬɚɎůůɘɤɜ əɡɛŬŰɘůɛɩɜ, ɞ 

Longuet-Higgins [22] ɐŰŬɜ ɞ ˊɟɩŰɞɠ ˊɞɡ Űɖɜ ŮɘůɐɔŬɔŮ, ŮˊŮəŰŮɑɜɞɜŰŬɠ Űɖɜ ŮɟɔŬůɑŬ Űɞɡ Rice 

[23] ˊɎɜɤ ůŰɞɜ ɖɚŮəŰɟɞɜɘəɧ ɗɧɟɡɓɞ, əŬɘ ɡˊɞɚɧɔɘůŮ Űɖ ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ 

ˊɘɗŬɜɧŰɖŰŬɠ Űɞɡ ɨɣɞɡɠ ȼ əŬɘ Űɖɠ ˊŮɟɘɧŭɞɡ əɨɛŬŰɞɠ ɇ ɔɘŬ əɡɛŬŰɘůɛɞɨɠ ůŰŮɜɞɨ ŮɜŮɟɔŮɘŬəɞɨ 

űɎůɛŬŰɞɠ. ɋůŰɧůɞ, ɏɜŬ ɛŮɘɞɜɏəŰɖɛŬ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ ɛɞɜŰɏɚɞɡ ɐŰŬɜ ɖ ůɡɛɛŮŰɟɑŬ Űɖɠ Ŭˊɧ 

əɞɘɜɞɨ əŬŰŬɜɞɛɐɠ Űɤɜ ȼ əŬɘ ɇ ɔɨɟɤ Ŭˊɧ ɛɑŬ ŬŭɘɎůŰŬŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ ˊŮɟɑɞŭɞ. ȷɟɔɧŰŮɟŬ, 

ɞ Longuet-Higgins [24] ŬɜŬŭɘŬŰɨˊɤůŮ Űɖ ɗŮɤɟɑŬ Űɞɡ [22], ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɖɜ ŰɎůɖ Űɤɜ 

əɡɛŬŰɘůɛɩɜ ɛŮ ɛɘəɟɐ ˊŮɟɑɞŭɞ ɜŬ ůɡɜŭɡɎɕɞɜŰŬɘ ɛŮ ɛɘəɟɎ ɨɣɖ, Ůɜɩ Űɤɜ əɡɛŬŰɘůɛɩɜ ɛŮ 

ɛŮɔɎɚŬ ɨɣɖ ɜŬ ůɡɜŭɏɞɜŰŬɘ ɛŮ ɛŮɔɎɚŮɠ ˊŮɟɘɧŭɞɡɠ. ȯɚɚɞɘ ŮɟŮɡɜɖŰɏɠ ˊɞɡ ɛŮɚɏŰɖůŬɜ Űɖ 

ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H əŬɘ T ɔɘŬ ůŰŮɜɎ űɎůɛŬŰŬ ɐŰŬɜ ɞɘ 

Cavanie Ӣet al. [25], Lindgren and Rychlik [26], əŬɘ Shum and Melville [27]. 

ȷɟɔɧŰŮɟŬ, ɞ Memos [28] ŬɜŬɗŮɩɟɖůŮ ŰŬ ɡˊɎɟɢɞɜŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ əŬɘ ˊɟɧŰŮɘɜŮ ɗŮɤɟɖŰɘəɏɠ 

ˊɟɞůŮɔɔɑůŮɘɠ Űɖɠ ůɡɜɎɟŰɖůɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H əŬɘ T, ɞɘ ɞˊɞɑŮɠ 

ŬűɞɟɞɨůŬɜ ůŮ ůŰŮɜɎ əŬɘ ŮɡɟɏŬ űɎůɛŬŰŬ əɡɛŬŰɘůɛɩɜ əŬɘ ˊɟɞůɏűŮɟŬɜ ɛɑŬ ˊɘɞ ɟŮŬɚɘůŰɘəɐ 

ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ɗŬɚɎůůɘɤɜ əɡɛŬŰɘůɛɩɜ Ŭˊɧ Űɘɠ ˊɟɞůŮɔɔɑůŮɘɠ ˊɞɡ ɡˊɏɗŮŰŬɜ ɛɧɜɞ ůŰŮɜɎ 

űɎůɛŬŰŬ. ȺˊɘˊɟɧůɗŮŰŬ, ɞɘ Memos and Tzanis [29], ůŰɖɟɘɕɧɛŮɜɞɘ ůŰɖ ɗŮɤɟɖŰɘəɐ ˊɟɞůɏɔɔɘůɖ 

Űɞɡ Memos [28], ˊŬɟɐɔŬɔŬɜ ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɓɟŬɢɡˊɟɧɗŮůɛɖɠ Ŭˊɧ əɞɘɜɞɨ 

əŬŰŬɜɞɛɐɠ Űɤɜ H əŬɘ T ɔɘŬ ŰŬ ɓŬɗɘɎ ɜŮɟɎ ɞˊɞɡŭɐˊɞŰŮ Ůɨɟɞɡɠ űɎůɛŬŰɞɠ. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ 

ŬˊŬɘŰɞɨɜŰŬɘ ɔɘŬ ɜŬ ˊɟɞůŭɘɞɟɑůɞɡɜ Űɖ ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ȼ 

əŬɘ ɇ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ůɡůɢɏŰɘůɖɠ r(H,T), ɐ ɖ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ Űɖɠ 

Ŭɜɨɣɤůɖɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ ɛɑŬ ɢŬɟŬəŰɖɟɘůŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ əɚɑůɖɠ Űɤɜ 

əɡɛŬŰɘůɛɩɜ. Ƀɘ Memos and Tzanis [30] ɏəŬɜŬɜ ɞɟɘůɛɏɜŮɠ ŰɟɞˊɞˊɞɘɐůŮɘɠ əŬɘ ŮˊŮəŰɎůŮɘɠ 

ůŰɖɜ ŮɟɔŬůɑŬ Űɞɡɠ ŬɡŰɐ, ŭɘŬɢɤɟɑɕɞɜŰŬɠ Űɞɡɠ əɡɛŬŰɘůɛɞɨɠ Ŭˊɧ-ɗɎɚŬůůŬɠ Ŭˊɧ Űɞɡɠ 

ɡˊɧɚɞɘˊɞɡɠ ɗŬɚɎůůɘɞɡɠ ŬɜŮɛɞɔŮɜŮɑɠ əɡɛŬŰɘůɛɞɨɠ əŬɘ ŮűɎɟɛɞůŬɜ ɏɜŬ əɟɘŰɐɟɘɞ ɗɟŬɨůɖɠ Űɤɜ 

əɡɛŬŰɘůɛɩɜ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ. 

Ƀ ɄɑɜŬəŬɠ 1 ˊŮɟɘɏɢŮɘ ŮɜŭŮɘəŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɛɏůɞɡ ɨɣɞɡɠ əɨɛŬŰɞɠ Hm, ɛŮ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ 

Űɡˊɘəɐɠ Ŭˊɧəɚɘůɖɠ Űɖɠ Ŭɜɨɣɤůɖɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɗɎɚŬůůŬɠ ůɖ, əŬɘ ɛŮ 

ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ ɔɟŬɛɛɘəɞɨ ůɡɜŰŮɚŮůŰɐ ůɡůɢɏŰɘůɖɠ r(H,T) [31]. ȺɜŭŮɘəŰɘəɎ, ŰɟɑŬ 

ɔɟŬűɐɛŬŰŬ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɖ ɛŮɗɞŭɞɚɞɔɑŬ Űɤɜ Memos and Tzanis [30] əŬɘ Űɞɡ Tzanis 

[31] ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 1. Ƀ ɄɑɜŬəŬɠ 1 ˊŮɟɘɏɢŮɘ Űɘɠ Űɘɛɏɠ Űɞɡ Hm, ɞɘ ɞˊɞɑŮɠ 



 

vi 

 

ŬɜŰɘůŰɞɘɢɑɕɞɜŰŬɘ ɛŮ ůɡɔəŮəɟɘɛɏɜŮɠ Űɘɛɏɠ Űɖɠ Ŭɜɨɣɤůɖɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ 

ɗɎɚŬůůŬɠ ůɖ, əŬɘ Űɘɛɏɠ ɔɟŬɛɛɘəɞɨ ůɡɜŰŮɚŮůŰɐ ůɡůɢɏŰɘůɖɠ r(H,T) [31]. 

 

ɄɑɜŬəŬɠ 1 ȾŬŰŬůŰɎůŮɘɠ Űɖɠ ɗɎɚŬůůŬɠ ɛŮ ůɡɔəŮəɟɘɛɏɜŮɠ Űɘɛɏɠ Űɤɜ ůɖ, r (H,T) and Hm  [31] 

ɇɡˊɘəɐ Ŭˊɧəɚɘůɖ ůɖ ɆɡɜŰŮɚŮůŰɐɠ ůɡůɢɏŰɘůɖɠ 

r(H,T) 

ɀɏůɞ ɨɣɞɠ əɨɛŬŰɞɠ ȼm 

0.5m 0.266 1.020m 

0.6m 0.383 1.103m 

0.7m 0.485 1.266m 

1.0m 0.495 2.187m 

1.5m 0.570 3.755m 

 

 

ȺɘəɧɜŬ 1 ɆɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H/Hm əŬɘ T/Tm ůŰŬ ɓŬɗɘɎ ɜŮɟɎ 

ɔɘŬ ůɡɔəŮəɟɘɛɏɜŮɠ Űɘɛɏɠ Űɤɜ ůɖ, Hm, r (H,T) ([30], [31]) 

 

Ʉɘɞ ˊɟɧůűŬŰŬ, ɞɘ Chondros and Memos [32] ŮˊɏəŰŮɘɜŬɜ Űɖɜ ŮɟɔŬůɑŬ Űɤɜ Memos and Tzanis 

[30] ˊɞɡ ŬűɞɟɞɨůŬɜ Űɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H əŬɘ T, 

ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɘɠ ɛɖ ɔɟŬɛɛɘəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ Űɤɜ əɡɛŬŰɘůɛɩɜ, əŬɘ ˊŬɟɐɔŬɔŬɜ 

ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ŮɘəɧɜŮɠ ůɡɜɎɟŰɖůɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H əŬɘ T ůŰŬ 

ŮɜŭɘɎɛŮůŬ əŬɘ ɟɖɢɎ ɜŮɟɎ ɔɘŬ ŭɘɎűɞɟŮɠ ŮɜŰɎůŮɘɠ Űɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ, əŬŰŮɡɗɨɜůŮɘɠ 

ˊɟɧůˊŰɤůɖɠ Űɤɜ əɡɛŬŰɘůɛɩɜ, əŬɘ əɚɑůŮɘɠ ˊɡɗɛɏɜŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ɛɞɜŰɏɚɞ ŭɘɎŭɞůɖɠ 

əɡɛŬŰɘůɛɩɜ, Űɨˊɞɡ Boussinesq. ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ůŰɖ ɛɏɗɞŭɧ Űɞɡɠ [32], ɖ əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬ 

Űɤɜ əɡɛŬŰɘůɛɩɜ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɚɐűɗɖəŮ ɡˊɧɣɖ, ɛɏůɤ ɛɑŬɠ ɗŮɤɟɖŰɘəɐɠ ɏəűɟŬůɖɠ 

ɡˊɞɗɏŰɞɜŰŬɠ ŬɜŮɝŬɟŰɖůɑŬ Űɤɜ ȼ əŬɘ ɇ Ŭˊɧ Űɞ ɗ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɖ ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ 

ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ȼ, ɇ əŬɘ Űɖɠ əŬŰŮɨɗɡɜůɖɠ Űɤɜ əɡɛŬŰɘůɛɩɜ ɗ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ 

ɛŮŰŬŰɟɎˊɖəŮ ůŮ ɛɑŬ ɢɟɞɜɞůŮɘɟɎ Ŭɜɨɣɤůɖɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɗɎɚŬůůŬɠ, ɩůŰŮ ɜŬ 
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ɢɟɖůɘɛɞˊɞɘɖɗŮɑ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ Boussinesq ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ Ŭˊɧ əɞɘɜɞɨ 

ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ȼ, ɇ əŬɘ ɗ ůŮ ˊɘɞ ɟɖɢɎ ɜŮɟɎ. 

 

2. ȾɑɜɖŰɟɞ, ůŰɧɢɞɘ əŬɘ əŬɘɜɞŰɧɛŬ ůɖɛŮɑŬ Űɖɠ ŭɘŬŰɟɘɓɐɠ 

ȷˊɧ ŰŬ ˊŬɟŬˊɎɜɤ, ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ŮɝŬɘŰɑŬɠ Űɖɠ ɏɚɚŮɘɣɖɠ ɛŬəɟɞˊɟɧɗŮůɛɤɜ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ ( .́ɢ., ɛŮŰɟɐůŮɘɠ, ˊŬɟŬŰɖɟɐůŮɘɠ) ůŰɖ ɗɏůɖ Űɤɜ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ 

(ˊɞɡ ůɡɜɐɗɤɠ ůɡɜŬɜŰɎŰŬɘ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ), ˊŬɟŬŰɖɟŮɑŰŬɘ ɛɑŬ ŭɡůəɞɚɑŬ ůŰɖɜ ŮəŰɑɛɖůɖ 

Űɖɠ ɛŬəɟɞˊɟɧɗŮůɛɖɠ ˊɘɗŬɜɞŰɘəɐɠ ŬɜŬˊŬɟɎůŰŬůɖɠ Űɤɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɖ 

ɗɏůɖ ŬɡŰɐ. ȼ ˊɚɖɟɞűɞɟɑŬ ŬɡŰɐ, ɧˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ŮɑɜŬɘ ˊɞɚɨ ɞɡůɘŬůŰɘəɐ ɔɘŬ Űɞɜ 

ůɢŮŭɘŬůɛɧ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ. Ⱥˊɘˊɚɏɞɜ, ɖ ŬɜɎɔəɖ Űɖɠ ůɖɛŮɟɘɜɐɠ Ůˊɞɢɐɠ ɔɘŬ Űɖɜ 

ŮəŰɑɛɖůɖ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ ŬˊŬɘŰŮɑ Űɖɜ ŬɜɎˊŰɡɝɖ əŬɘ ŮűŬɟɛɞɔɐ 

ɛɑŬɠ ˊɞɚɡˊŬɟŬɛŮŰɟɘəɐɠ ˊɘɗŬɜɞŰɘəɐɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ˊɞɡ ɜŬ ɢɟɖůɘɛɞˊɞɘŮɑ Űɖ ůɡɜɎɟŰɖůɖ Űɖɠ  

Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ űɧɟŰɘůɖɠ Űɤɜ 

əŬŰŬůəŮɡɩɜ ŬɡŰɩɜ.  

ɋɠ Ůə ŰɞɨŰɞɡ, ɞ əɨɟɘɞɠ ůŰɧɢɞɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ ŮɑɜŬɘ ɖ ŬɜɎˊŰɡɝɖ Ůɜɧɠ 

ůŰŬŰɘůŰɘəɞɨ ɛɞɜŰɏɚɞɡ əɡɛŬŰɘəɐɠ ŭɘɎŭɞůɖɠ ɏŰůɘ ɩůŰŮ ɞɘ ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ 

ůŰŬŰɘůŰɘəɏɠ ɜŬ ɛŮŰŬűɏɟɞɜŰŬɘ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŮ ˊɘɞ ɟɖɢɎ ɜŮɟɎ, ŭɖɚ. ůŰɖ ɗɏůɖ Űɤɜ ˊŬɟɎəŰɘɤɜ 

əŬŰŬůəŮɡɩɜ, əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɖ ɢɟɖůɘɛɞˊɞɑɖůɖ Űɖɠ ˊɚɖɟɞűɞɟɑŬɠ ŬɡŰɐɠ ůŮ ɛɑŬ 

ˊɞɚɡˊŬɟŬɛŮŰɟɘəɐ ˊɘɗŬɜɞŰɘəɐ ɛŮɗɞŭɞɚɞɔɑŬ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɤɜ ˊŬɟɎəŰɘɤɜ 

əŬŰŬůəŮɡɩɜ. Ƀɘ Ůˊɘɛɏɟɞɡɠ ůŰɧɢɞɘ əŬɗɩɠ əŬɘ ŰŬ ůɖɛŬɜŰɘəɧŰŮɟŬ əŬɘɜɞŰɧɛŬ ůɖɛŮɑŬ Űɖɠ 

ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ˊŬɟŬŰɑɗŮɜŰŬɘ ˊŬɟŬəɎŰɤ: 

¶ ȼ ŮűŬɟɛɞɔɐ ɛɑŬɠ ůŰŬŰɘůŰɘəɐɠ ŰŮɢɜɘəɐɠ ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛɑŬ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɞɡ 

ɧɔəɞɡ ŭŮŭɞɛɏɜɤɜ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɢɤɟɑɠ ŬˊɩɚŮɘŬ Űɤɜ ɏɜŰɞɜɤɜ ɗŬɚɎůůɘɤɜ 

əŬŰŬůŰɎůŮɤɜ əŬɘ Űɖɠ ŬəɟɑɓŮɘŬɠ ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ůɡɜɎɟŰɖůɖɠ Űɖɠ Ŭˊɧ əɞɘɜɞɨ 

ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ Hs, Tm əŬɘ ɗm. 

¶ ȼ ŮˊɏəŰŬůɖ Űɖɠ ɓɟŬɢɡˊɟɧɗŮůɛɖɠ ůɡɜɎɟŰɖůɖɠ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ 

ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H əŬɘ T ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɔɘŬ ɜŬ ŮɜůɤɛŬŰɩůŮɘ Űɖɜ əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬ 

Űɤɜ əɡɛŬŰɘůɛɩɜ ɛɏůɤ Űɖɠ ɢɟɐůɖɠ ɛɑŬɠ ɗŮɤɟɖŰɘəɐɠ ůɢɏůɖɠ ŭɘŬůˊɞɟɎɠ 

əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬɠ ˊɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ əɡɛŬŰɘəɐ ˊŮɟɑɞŭɞ əŬɘ ɗŮɤɟŮɑ ŰŬ ȼ,ɇ,ɗ 

ŮɝŬɟŰɖɛɏɜŬ ˊɘɗŬɜɞŰɘəɎ. 

¶ ȼ ɛŮŰŬűɞɟɎ Űɤɜ ɓɟŬɢɡˊɟɧɗŮůɛɤɜ əɡɛŬŰɘəɩɜ ůŰŬŰɘůŰɘəɩɜ, ˊ.ɢ. əɎɗŮ ɗŬɚɎůůɘŬɠ 

əŬŰɎůŰŬůɖɠ, Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŮ ˊɘɞ ɟɖɢɎ ɜŮɟɎ, ɛɏůɤ ɛɑŬɠ ŰŮɢɜɘəɐɠ əɨɛŬ ˊɟɞɠ əɨɛŬ əŬɘ 

Űɖɠ ŮűŬɟɛɞɔɐɠ Ůɜɧɠ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ əɡɛŬŰɘəɐɠ ŭɘɎŭɞůɖɠ. 
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¶ ȼ ɞɚɞəɚɐɟɤůɖ Űɤɜ ɓɟŬɢɡˊɟɧɗŮůɛɤɜ ɛŮ Űɘɠ ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ 

ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ ɛŮ ůŰɧɢɞ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ɛŬəɟɞˊɟɧɗŮůɛɤɜ ůɡɜŬɟŰɐůŮɤɜ 

ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H, T, ɗ əŬɘ Űɤɜ Hs, Tm, ɗm ůŰɖ ɗɏůɖ ŬɡŰɐ. 

¶ ȼ ɢɟɖůɘɛɞˊɞɑɖůɖ Űɖɠ ůŰŬŰɘůŰɘəɐɠ ŬɜɎɚɡůɖɠ ůŰɞ ůɨɜɞɚɞ Űɤɜ ɗŬɚɎůůɘɤɜ 

əŬŰŬůŰɎůŮɤɜ əŬɘ Űɖɠ ŬɜɎɚɡůɖɠ ŬəɟŬɑɤɜ Űɘɛɩɜ ɓŬůɘůɛɏɜɖ ůŮ ɔŮɔɞɜɧŰŬ ůŰɖɜ 

ŮəŰɑɛɖůɖ Űɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Űɤɜ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ ůŰɖ ŭɘɎɟəŮɘŬ Űɖɠ ɕɤɐɠ 

Űɞɡɠ. 

¶ ȼ ŬɜɎˊŰɡɝɖ ɛɑŬɠ ˊɞɚɡˊŬɟŬɛŮŰɟɘəɐɠ ŬɜɎɚɡůɖɠ ŬɝɘɞˊɘůŰɑŬɠ ɛɑŬɠ ˊŬɟɎəŰɘŬɠ 

əŬŰŬůəŮɡɐɠ, ůɡɜŭɡɎɕɞɜŰŬɠ ůŰɞɢŬůŰɘəɏɠ ɛŮŰŬɓɚɖŰɏɠ ɛŮ ɛɖŭŮɜɘəɧ əŬɘ ɛɖ ɛɖŭŮɜɘəɧ 

ɓŬɗɛɧ ŮˊɘəɘɜŭɡɜɧŰɖŰŬɠ, ɖ ɞˊɞɑŬ ɗŬ ŬɜŬűɏɟŮŰŬɘ ůŰɞ Ůɝɐɠ ɤɠ ɛɑŬ ůɡɜŭɡŬůɛɏɜɖ 

ŬɜɎɚɡůɖ ɢɟɞɜɘəɎ-ŬɜŮɝɎɟŰɖŰɤɜ əŬɘ ïŮɝŬɟŰɩɛŮɜɤɜ ɛŮŰŬɓɚɖŰɩɜ.  

¶ ȼ ŮɜůɤɛɎŰɤůɖ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ŬɜɎɚɡůɖɠ ŬɝɘɞˊɘůŰɑŬɠ ůŰɞ ůɢŮŭɘŬůɛɧ Űɤɜ 

ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ, ɛŮ ŬɜŬűɞɟɎ ůŰɞ ˊŬɟɎŭŮɘɔɛŬ Űɤɜ ůɡɛɓŬŰɘəɩɜ 

əɡɛŬŰɞɗɟŬɡůŰɩɜ ɛŮ ˊɟŬɜɐ.  

ȺˊɘˊɟɧůɗŮŰŬ, ůɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůɡɔəɟɑůŮɘɠ Űɞɡ ɛɞɜŰɏɚɞɡ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ [33], ůŮ ŮˊɑˊŮŭɞ ɓɟŬɢɡˊɟɧɗŮůɛɤɜ ɗŬɚɎůůɘɤɜ ůɡɜɗɖəɩɜ. Ƀɘ ůɡɔəɟɑůŮɘɠ 

ŬɡŰɏɠ Ŭűɞɟɞɨɜ Űɧůɞ ŰŬ ɓŬɗɘɎ ɜŮɟɎ, ɧˊɞɡ ɞɘ ŮəŰɘɛɐůŮɘɠ Űɤɜ Memos and Tzanis ([29], [30]) 

ůɡɔəɟɑɗɖəŬɜ ɛŮ ˊɟŬɔɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ əɡɛŬŰɘůɛɩɜ Ŭˊɧ ɤəŮŬɜɞɔɟŬűɘəɧ ˊɚɤŰɐɟŬ, ɧůɞ əŬɘ 

ŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ, ɧˊɞɡ ɞɘ ŮəŰɘɛɐůŮɘɠ Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ŭɘɎŭɞůɖɠ ůɡɔəɟɑɗɖəŬɜ ɛŮ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Ůɜɧɠ ɔɜɤůŰɞɨ əŬɘ Ůɛˊɞɟɘəɞɨ ɛɞɜŰɏɚɞɡ Boussinesq (Mike 21 ȸW/ Mike 

powered by DHI). Ƀɘ ůɡɔəɟɑůŮɘɠ ŬɡŰɏɠ ŬɜɏŭŮɘɝŬɜ Űɖɜ ˊŮɟɘɞɢɐ ŮɔəɡɟɧŰɖŰŬɠ əŬɘ Űɞɡɠ 

ˊŮɟɘɞɟɘůɛɞɨɠ ŮűŬɟɛɞɔɐɠ Űɞɡ ɛɞɜŰɏɚɞɡ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ. 

ɆŰɖɜ ŮˊɧɛŮɜɖ ˊŬɟɎɔɟŬűɞ, ɗŬ ˊŬɟɞɡůɘŬůŰŮɑ ɖ ɛŮɗɞŭɞɚɞɔɑŬ, ˊɞɡ ɡɘɞɗŮŰɐɗɖəŮ ůŰɖɜ ˊŬɟɞɨůŬ 

ŭɘŬŰɟɘɓɐ, ɛŮ ɏɛűŬůɖ ůŰŬ ˊɟɞŬɜŬűŮɟɧɛŮɜŬ əŬɑɟɘŬ əŬɘ əŬɘɜɞŰɧɛŬ ůɖɛŮɑŬ Űɖɠ. 

 

3. ɀŮɗɞŭɞɚɞɔɑŬ ˊɟɞůɏɔɔɘůɖɠ 

ȼ ůɡɔəŮəɟɘɛɏɜɖ ˊŬɟɎɔɟŬűɞɠ, ɖ ɞˊɞɑŬ ůŰɞɢŮɨŮɘ ůŰɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ 

ˊɟɞůɏɔɔɘůɖɠ, ɏɢŮɘ Űɖɜ Ůɝɐɠ ŭɞɛɐ: ȷɟɢɘəɎ, ɗŬ ˊŬɟɞɡůɘŬůŰŮɑ Űɞ ɔɟŬɛɛɘəɧ ɛɞɜŰɏɚɞ əɡɛŬŰɘəɐɠ 

ŭɘɎŭɞůɖɠ [33], ˊɞɡ ɞɚɞəɚɖɟɩɜŮɘ ɛŮ ɔɟɐɔɞɟɞ ůɢŮŰɘəɎ Űɟɧˊɞ Űɘɠ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ əŬɘ Űɘɠ 

ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ. ɇɞ ůɡɔəŮəɟɘɛɏɜɞ 

ɛɞɜŰɏɚɞ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŰɖɜ ŮəŰɑɛɖůɖ Űɞɡ ɛŬəɟɞˊɟɧɗŮůɛɞɡ əɡɛŬŰɘəɞɨ 

əɚɑɛŬŰɞɠ ůŰɖ ɗɏůɖ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ, ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůɡɜɐɗɤɠ ůŰŬ ŮɜŭɘɎɛŮůŬ 

ɜŮɟɎ. ɆŰɖ ůɡɜɏɢŮɘŬ, ŭɘŮɟŮɡɜɎŰŬɘ ɖ ɘəŬɜɧŰɖŰŬ Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ɜŬ ɛŮŰŬűɏɟŮɘ Űɖ 

ɓɟŬɢɡˊɟɧɗŮůɛɖ ůŰŬŰɘůŰɘəɐ ˊɚɖɟɞűɞɟɑŬ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ, ɛɏůɤ Űɖɠ 



 

ix 

 

ůɨɔəɟɘůɖɠ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡ ɛŮ ˊɟŬɔɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ ɔɘŬ ŰŬ ɓŬɗɘɎ əŬɘ ɛŮ ŰŬ 

ŬɜŰɑůŰɞɘɢŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ůɜɧɠ Ůɛˊɞɟɘəɞɨ əŬɘ ŬɝɘɧˊɘůŰɞɡ ɛɞɜŰɏɚɞɡ Űɨˊɞɡ Boussinesq (MIKE 

21 BW/ Mike powered by DHI) ɔɘŬ ŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ. ȷəɞɚɞɡɗŮɑ ɖ ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ 

ɛɑŬɠ ˊŬɟɎəŰɘŬɠ əŬŰŬůəŮɡɐɠ, ɛŮ ɏɛűŬůɖ ůŰɞɡɠ ůɡɛɓŬŰɘəɞɨɠ əɡɛŬŰɞɗɟŬɨůŰŮɠ ɛŮ ˊɟŬɜɐ (ɓɚ. 

ˊ.ɢ. [34], [35]). ɇɏɚɞɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŬɜɎɚɡůɖɠ ŬɝɘɞˊɘůŰɑŬɠ 

əŬɘ ůɢŮŭɘŬůɛɞɨ ůɡɛɓŬŰɘəɞɨ əɡɛŬŰɞɗɟŬɨůŰɖ ɛŮ ˊɟŬɜɐ əŬɘ ŬəɞɚɞɡɗŮɑ ůɡɕɐŰɖůɖ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡɠ. 

 

3.1 ɆɡɜŭɡŬůɛɧɠ ɓɟŬɢɡˊɟɧɗŮůɛɤɜ əŬɘ ɛŬəɟɞˊɟɧɗŮůɛɤɜ əɡɛŬŰɘəɩɜ ůŰŬŰɘůŰɘəɩɜ Ŭˊɧ ŰŬ 

ɓŬɗɘɎ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ 

ɇɞ ɛɞɜŰɏɚɞ ůŰɞɢŮɨŮɘ ůŰɞ ůɡɜŭɡŬůɛɧ ɓɟŬɢɡˊɟɧɗŮůɛɤɜ əŬɘ ɛŬəɟɞˊɟɧɗŮůɛɤɜ əɡɛŬŰɘəɩɜ 

ůŰŬŰɘůŰɘəɩɜ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ əŬɘ ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ Ŭˊɧ Űɞɡɠ Malliouri et al. 

[33]. ɇɞ ůɡɔəŮəɟɘɛɏɜɞ ɛɞɜŰɏɚɞ ɢɟɖůɘɛɞˊɞɘŮɑ Űɖ ɛŬəɟɞˊɟɧɗŮůɛɖ ˊɘɗŬɜɞŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ 

Űɤɜ Hs, Tm, ɗm ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, əŬɘ ɛɏůɤ Űɖɠ ŮűŬɟɛɞɔɐɠ Űɤɜ ɓɟŬɢɡˊɟɧɗŮůɛɤɜ əɡɛŬŰɘəɩɜ 

ůŰŬŰɘůŰɘəɩɜ ɔɘŬ əɎɗŮ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, ŮəŰɘɛɎŮɘ Űɘɠ ɛŬəɟɞˊɟɧɗŮůɛŮɠ 

əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ ůŮ ˊɘɞ ɟɖɢɎ ɜŮɟɎ. ȺɘŭɘəɧŰŮɟŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Ŭ) ŭŮŭɞɛɏɜŬ/ 

ɛŮŰɟɐůŮɘɠ Hs, Tm, ɗm ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, ɓ) Űɘɠ ŬŭɘɎůŰŬŰŮɠ ˊɘɗŬɜɞŰɘəɏɠ ŮɘəɧɜŮɠ Űɤɜ Memos and 

Tzanis [29], and Tzanis [31] ˊɞɡ Ŭűɞɟɞɨɜ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, ɔ) ɛɑŬ ɗŮɤɟɖŰɘəɐ ɏəűɟŬůɖ ɔɘŬ Űɖ 

ŭɘŬůˊɞɟɎ əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬɠ əɡɛŬŰɘůɛɩɜ ˊɟɞůŬɟɛɞůɛɏɜɖ ůŮ ɛɑŬ ůŰŬŰɘůŰɘəɐ ŬɜɎɚɡůɖ 

ɛŮɛɞɜɤɛɏɜɤɜ əɡɛŬŰɘůɛɩɜ ŮɜŰɧɠ əɎɗŮ ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ, əŬɘ  ŭ) ɛɑŬ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ 

ůɢɏůɖɠ Űɞɡ Battjes [36], ɖ ɓɟŬɢɡˊɟɧɗŮůɛɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ 

ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H, T, ɗ, ŮɜŰɧɠ əɎɗŮ ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ ɐ əɡɛŬŰɘəɐɠ əŬŰŬɘɔɑŭŬɠ, ŭɨɜŬŰŬɘ 

ɜŬ ˊŬɟŬɢɗŮɑ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ. ɇɧŰŮ, ɞɘ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ əŬɘ ɛŬəɟɞˊɟɧɗŮůɛŮɠ ůɡɜŬɟŰɐůŮɘɠ Űɖɠ 

Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H, T, ɗ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ŮəŰɘɛɖɗɞɨɜ ůŰŬ ŮɜŭɘɎɛŮůŬ 

ɜŮɟɎ, ɧˊɤɠ əŬɘ ɖ ɛŬəɟɞˊɟɧɗŮůɛɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ 

Hs, Tm, ɗm, ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɖ ŭɘɎŭɞůɖ əɎɗŮ ɛŮɛɞɜɤɛɏɜɞɡ əɡɛŬŰɘůɛɞɨ Ŭˊɧ ŰŬ ŬɜɞɘɢŰɎ 

ˊɟɞɠ ŰŬ ˊɘɞ ɟɖɢɎ ɜŮɟɎ, ůɨɛűɤɜŬ ɛŮ Űɖ ɔɟŬɛɛɘəɐ əɡɛŬŰɘəɐ ɗŮɤɟɑŬ. 

 

3.1.1 ɇŮɢɜɘəɐ ɛŮɑɤůɖɠ ɧɔəɞɡ ŭŮŭɞɛɏɜɤɜ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ 

ȷɟɢɘəɎ, ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůɗŮɑ ɛɑŬ ŰŮɢɜɘəɐ ɛŮɑɤůɖɠ Űɞɡ ɧɔəɞɡ ŭŮŭɞɛɏɜɤɜ ɔɘŬ ɜŬ 

ˊɟɞůŬɟɛɞůŰŮɑ ɖ ŬɜɎɚɡůɖ ůŰɘɠ ɡˊɞɚɞɔɘůŰɘəɏɠ ŭɡɜŬŰɧŰɖŰŮɠ Ůɜɧɠ əɞɘɜɞɨ ɡˊɞɚɞɔɘůŰɐ. ȷɡŰɐ 

ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ŮɑŰŮ 1) ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ɡˊɏɟɓŬůɖɠ əŬŰɤűɚɑɞɡ ŮɑŰŮ 2) ɛŮ Űɖ ɛɏɗɞŭɞ Űɞɡ 

ůŰɟɤɛŬŰɞˊɞɘɞɨɛŮɜɞɡ ŰɡɢŬɑɞɡ ŭŮɑɔɛŬŰɞɠ, ɐ 3) ɛŮ ůɡɜŭɡŬůɛɧ Űɤɜ ɛŮɗɧŭɤɜ (1) əŬɘ (2). ȼ 



 

x 

 

ˊɟɩŰɖ əŬɘ ɖ ŰɟɑŰɖ ɛɏɗɞŭɞɠ ŮɜŭŮɑəɜɡɜŰŬɘ ɔɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ ɛŮůŬɑɤɜ əŬɘ ŬəɟŬɑɤɜ ɗŬɚɎůůɘɤɜ 

əŬŰŬůŰɎůŮɤɜ, ˊɞɡ Ŭűɞɟɞɨɜ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ůŰɞɜ ůɢŮŭɘŬůɛɧ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ. ȰɜŬɠ 

ŭɘŬɢɤɟɘůɛɧɠ ŬɜɎɛŮůŬ ůŰɘɠ ŭɨɞ ŬɡŰɏɠ ɛŮɗɧŭɞɡɠ (1) əŬɘ (3) ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ɛŮ əɟɘŰɐɟɘɞ Űɞ 

ɛɏɔŮɗɞɠ Űɤɜ Ŭɟɢɘəɩɜ ŭŮŭɞɛɏɜɤɜ, Űɞ ɞˊɞɑɞ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ŰŬ ɏŰɖ ˊɞɡ əŬɚɨˊŰɞɡɜ ŰŬ ŭŮŭɞɛɏɜŬ 

əŬɘ Űɞ ɢɟɞɜɘəɧ ɓɐɛŬ ŬɜɎɛŮůŬ ůŰɘɠ ŭɘŬŭɞɢɘəɏɠ ɛŮŰɟɐůŮɘɠ. ȼ ŭŮɨŰŮɟɖ ɛɏɗɞŭɞɠ ŮɜŭŮɑəɜɡŰŬɘ ɔɘŬ 

Űɖɜ ˊŮɟɘɔɟŬűɐ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ ɢŬɛɖɚɐɠ əŬɘ ɛŮůŬɑŬɠ ɏɜŰŬůɖɠ. 

 

3.1.2 ȸɟŬɢɡˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ 

ȷɜŬűɞɟɘəɎ ɛŮ Űɘɠ ŬŭɘŬůŰŬŰɞˊɞɘɖɛɏɜŮɠ ŮɘəɧɜŮɠ Űɤɜ Memos and Tzanis [30] əŬɘ Tzanis [31], 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ɞ ɄɑɜŬəŬɠ 2 ˊŬɟɞɡůɘɎɕŮɘ Űɘɠ əɚɎůŮɘɠ Űɞɡ Hm, 

ɞɘ ɞˊɞɑŮɠ ɗŮɤɟɐɗɖəŬɜ [33] ɧŰɘ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɖɜ ɑŭɘŬ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ Űɖɠ Ŭɜɨɣɤůɖɠ Űɖɠ 

ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɗɎɚŬůůŬɠ ůɖ əŬɘ Űɞɜ ůɡɜŰŮɚŮůŰɐ ɔɟŬɛɛɘəɐɠ ůɡůɢɏŰɘůɖɠ Pearson 

ɛŮŰŬɝɨ Űɤɜ  H əŬɘ T, r(H,T). Ƀ ɄɑɜŬəŬɠ 2 əŬŰŬůəŮɡɎůŰɖəŮ ɩůŰŮ ɛɑŬ ŬŭɘɎůŰŬŰɖ ˊɘɗŬɜɞŰɘəɐ 

ŮɘəɧɜŬ Űɤɜ Memos and Tzanis [30] ɜŬ ŬɜŰɘůŰɞɘɢŮɑ ůŮ əɎɗŮ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ. Ⱥˊɑůɖɠ, ˊɘɞ 

ŬəɟŬɑŮɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ Ŭˊɧ ŬɡŰɏɠ Űɞɡ ɄɑɜŬəŬ 2 ɛˊɞɟɞɨɜ ɜŬ ɚɖűɗɞɨɜ ɡˊɧɣɖ ɛŮ Űɞɜ 

Űɟɧˊɞ ŬɡŰɧ, ŬɚɚɎ ŭŮɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, əŬɗɩɠ ŮɛűŬɜɑɕɞɜŰŬɘ ůˊɎɜɘŬ 

ůŰɖ ɀŮůɧɔŮɘɞ. 

 

ɄɑɜŬəŬɠ 2 ȾɚɎůŮɘɠ Űɞɡ Hm ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ůɡɔəŮəɟɘɛɏɜɖ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ Űɖɠ Ŭɜɨɣɤůɖɠ 

Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɗɎɚŬůůŬɠ əŬɘ ůɡɜŰŮɚŮůŰɐ ůɡůɢɏŰɘůɖɠ ɛŮŰŬɝɨ H əŬɘ T [33] 

ůɖ (m) r(H,T) ȼm (m) 

0.5 0.266 [0.1 - 1.062) 

0.6 0.383 [1.062 - 1.185) 

0.7 0.485 [1.185 - 1.727) 

1.0 0.495 [1.727 - 2.971) 

1.5 0.570 [2.971 ï 4.368) 

 

3.1.3 ŪŮɩɟɖůɖ əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬɠ əɡɛŬŰɘůɛɩɜ ůŮ ɛɑŬ ŬɜɎɚɡůɖ əɨɛŬ ˊɟɞɠ əɨɛŬ 

ɆŰɖ ůɡɜɏɢŮɘŬ, ɗŬ ɔɑɜŮɘ ŬɜŬűɞɟɎ ůŰɞ Űɟɧˊɞ ˊɞɡ əɎɗŮ ɛŮɛɞɜɤɛɏɜɞɠ əɡɛŬŰɘůɛɧɠ ůɡɜŭɡɎɕŮŰŬɘ 

ɛŮ ɛɑŬ əŬŰŮɨɗɡɜůɖ ŭɘɎŭɞůɖɠ, Ůűɧůɞɜ ɖ ɛɏůɖ əŬŰŮɨɗɡɜůɖ Űɤɜ əɡɛŬŰɘůɛɩɜ ŮɑɜŬɘ ɔɜɤůŰɐ Ůə 

Űɤɜ ˊɟɞŰɏɟɤɜ. ȳˊɤɠ ŮɑɜŬɘ ɔɜɤůŰɧ, ŮɑɜŬɘ ůɡɜɐɗɖɠ ˊɟŬəŰɘəɐ ɖ əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬ Űɤɜ 

əɡɛŬŰɘůɛɩɜ ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ůŮ ɛɑŬ űŬůɛŬŰɘəɐ ŬɜɎɚɡůɖ, ŭɖɚ. ůŰɖɜ ŬɜɎɚɡůɖ ůŰɖɜ 



 

xi 

 

ˊŮɟɘɞɢɐ Űɤɜ ůɡɢɜɞŰɐŰɤɜ, ůɨɛűɤɜŬ ɛŮ Űɞɜ ɞɟɘůɛɧ Űɖɠ əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬɠ. ɋůŰɧůɞ, ůɡɢɜɎ 

ɟ́ɞəɨˊŰŮɘ ɖ ŬɜɎɔəɖ ɜŬ ɗŮɤɟɖɗŮɑ ɖ əŬŰŮɡɗɡɜŰɘəɐ ŭɘŬůˊɞɟɎ Űɤɜ əɡɛŬŰɘůɛɩɜ ůŮ ɛɑŬ ŬɜɎɚɡůɖ 

əɨɛŬ ˊɟɞɠ əɨɛŬ. ũɘŬ ɜŬ ˊɟɞɢɤɟɐůɞɡɛŮ ůŮ ɛɑŬ ŰɏŰɞɘŬ ŬɜɎɚɡůɖ, ɞɘ ŬəɧɚɞɡɗŮɠ ɡˊɞɗɏůŮɘɠ ɗŬ 

ˊɟɏˊŮɘ ɜŬ ɚɖűɗɞɨɜ ŬɜŬűɞɟɘəɎ ɛŮ əɎɗŮ ɛɑŬ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ: 

- ɇŬ ɛŮɔɎɚŬ ɨɣɖ əɨɛŬŰɞɠ ȼ ŰŮɑɜɞɡɜ ɜŬ ůɡɜŭɡɎɕɞɜŰŬɘ ɛŮ əŬŰŮɡɗɨɜůŮɘɠ ˊɘɞ əɞɜŰɎ ůŰɖ ɛɏůɖ 

əŬŰŮɨɗɡɜůɖ 
mq. ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ ŰŬ əɨɛŬŰŬ ŬɡŰɎ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɧŰŮɟɖ əŬŰŮɡɗɡɜŰɘəɐ 

ŭɘŬůˊɞɟɎ, ɘůɢɡɟɑɕɞɜŰŬɠ ɧŰɘ ŰŬ H əŬɘ ɗ ŭŮɜ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŬ. ȼ ɡˊɧɗŮůɖ ŬɡŰɐ ɓɟɑůəŮŰŬɘ ůŮ 

ůɡɛűɤɜɑŬ ɛŮ Űɞɜ Tucker [37], ɞ ɞˊɞɑɞɠ ŬˊɏŭŮɘɝŮ ɧŰɘ ŰŬ ůɤɛŬŰɑŭɘŬ Űɞɡ ɜŮɟɞɨ ɛŮ ɡɣɖɚɧŰŮɟŮɠ 

ŰŬɢɨŰɖŰŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɧŰŮɟɞ Ůɨɟɞɠ əŬŰŮɡɗɡɜŰɘəɐɠ ŭɘŬůˊɞɟɎɠ ɔɨɟɤ Ŭˊɧ Űɖ 
mq , ůŮ 

ůɨɔəɟɘůɖ ɛŮ ůɤɛŬŰɑŭɘŬ ɛɘəɟɧŰŮɟɤɜ ŰŬɢɡŰɐŰɤɜ. 

-Ⱥűɧůɞɜ Űɞ ɞɚɞəɚɐɟɤɛŬ Űɖɠ ůɡɜɎɟŰɖůɖɠ əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬɠ ( )D f ,qɤɠ ˊɟɞɠ Űɞ ɗ, Ŭˊɧ ḯ  

ɏɤɠ ˊ ŮɑɜŬɘ ɛɞɜɎŭŬ, ɖ ( )D f ,q  ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ 

ŭŮůɛŮɡɛɏɜɖɠ ůɡɜɎɟŰɖůɖɠ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɞɡ ɗ ɔɘŬ ŭŮŭɞɛɏɜɖ ůɡɢɜɧŰɖŰŬ f, ɐ 

ɘůɞŭɨɜŬɛŬ ɔɘŬ ŭŮŭɞɛɏɜɖ ˊŮɟɑɞŭɞ əɨɛŬŰɞɠ T. 

-ɆɡɜŮˊɩɠ, ůŰɧɢɞɠ ŮɑɜŬɘ ɖ ŮəŰɑɛɖůɖ Űɞɡɠ Ůɨɟɞɡɠ Űɞɡ ɗ ́ɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɛɑŬ əɚɎůɖ Űɞɡ ȼ, 

ɔɘŬ ŭŮŭɞɛɏɜɞ ɇ. ɇɞ Ůɨɟɞɠ ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ, ŬɟɢɘəɎ ŰɞˊɞɗŮŰɩɜŰŬɠ ɧɚŮɠ Űɘɠ əɚɎůŮɘɠ 

Űɞɡ ȼ ɔɘŬ ŭŮŭɞɛɏɜɞ ɇ ůŮ űɗɑɜɞɡůŬ ůŮɘɟɎ ɤɠ ˊɟɞɠ Űɞ ȼ, əŬɘ ɨůŰŮɟŬ, ɛɏůɤ Űɖɠ Ŭəɧɚɞɡɗɖɠ 

Ůɝɑůɤůɖɠ [33]: 
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ɧˊɞɡ ( )i jfreq T ,H  ŮɑɜŬɘ ɖ ůɡɢɜɧŰɖŰŬ (ŬəɏɟŬɘɞɠ Ŭɟɘɗɛɧɠ ŮɛűɎɜɘůɖɠ) Űɖɠ Ŭˊɧ əɞɘɜɞɨ əɚɎůɖɠ 

Űɞɡ Ti əŬɘ Hj, əŬɘ iN  ɞ ůɡɜɞɚɘəɧɠ ŬəɏɟŬɘɞɠ Ŭɟɘɗɛɧɠ əɡɛɎŰɤɜ Űɖɠ əɚɎůɖɠ i Űɞɡ T ɔɘŬ əɎɗŮ H. 

Ⱥˊɑůɖɠ, ůŰɖɜ Ⱥɝɑůɤůɖ 1, ɧˊɞɡ ɖ ɎɔɜɤůŰɖ ɛŮŰŬɓɚɖŰɐ ŮɑɜŬɘ Űɞ 
jx , ɖ əɚɎůɖ j Űɞɡ H 

ŬɜŰɘůŰɞɘɢɑɕŮŰŬɘ ɛŮ ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ Ůɨɟɞɠ Űɞɡ ɗ, ŭɖɚ. [ m jxq - , m jxq + ], ɧŰŬɜ ɖ əɚɎůɖ i Űɖɠ 

əɡɛŬŰɘəɐɠ ůɡɢɜɧŰɖŰŬɠ f, ɐ ɘůɞŭɨɜŬɛŬ Űɞɡ T, ɗŮɤɟŮɑŰŬɘ ůŰŬɗŮɟɐ. ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ Űɞ ŭŮɝɑ 

ɛɏɟɞɠ Űɖɠ Ůɝɑůɤůɖɠ əŬɗɞɟɑɕŮɘ Űɖɜ ŬɗɟɞɘůŰɘəɐ ˊɘɗŬɜɧŰɖŰŬ Űɖɠ əɚɎůɖɠ j Űɞɡ H ɛŮ ɓɎůɖ Űɖ 

űɗɑɜɞɡůŬ ůŮɘɟɎ əŬŰɎŰŬɝɖɠ Űɖɠ əŮɜŰɟɘəɐɠ Űɘɛɐɠ Űɖɠ əɚɎůɖɠ, Ůɜɩ Űɞ ŬɟɘůŰŮɟɧ ɛɏɟɞɠ 

ˊɟɞůŭɘɞɟɑɕŮɘ Űɖɜ ˊɘɗŬɜɧŰɖŰŬ ˊɞɡ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɞ ůɡɔəŮəɟɘɛɏɜɞ Ůɨɟɞɠ Űɞɡ ɗ.  
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-ɆɡɜŮˊɩɠ, əɎɗŮ əɚɎůɖ Űɞɡ ȼ ůɡɜŭɡɎɕŮŰŬɘ ɛŮ ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ Ůɨɟɞɠ Űɞɡ ɗ, ɔɘŬ  əɎɗŮ əɚɎůɖ 

Űɞɡ ɇ, əŬɘ əŬŰô ŮˊɏəŰŬůɖ, Űɞ ɕŮɨɔɞɠ T əŬɘ H ˊɞɡ ɢŬɟŬəŰɖɟɑɕŮɘ əɎɗŮ ɛŮɛɞɜɤɛɏɜɞ əɨɛŬ ɛɑŬɠ 

ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɏɜŬ q ŮɜŰɧɠ Űɞɡ Ůɨɟɞɡɠ. 

ȼ ŮɔəɡɟɧŰɖŰŬ Űɤɜ ˊŬɟŬˊɎɜɤ ɡˊɞɗɏůŮɤɜ ůɡɛˊŮɟŬɑɜŮŰŬɘ Ŭˊɧ ŰŬ ɘůŰɞɔɟɎɛɛŬŰŬ ˊɡəɜɧŰɖŰŬɠ 

ˊɘɗŬɜɧŰɖŰŬɠ Űɞɡ ɗ, ŰŬ ɞɞ́ɑŬ ŮɑɜŬɘ ůɡɛɛŮŰɟɘəɎ ɔɨɟɤ Ŭˊɧ Űɖɜ ɛɏůɖ əŬŰŮɨɗɡɜůɖ ɛɑŬɠ 

ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ ɗm əŬɘ Ŭˊɧ Űɖ ůɨɔəɟɘůɖ Űɖɠ ɗm Űɞɡ ɘůŰɞɔɟɎɛɛŬŰɞɠ ɛŮ Űɖɜ Űɖ ɗm Űɤɜ 

ɛŮŰɟɐůŮɤɜ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ. ȳˊɤɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 2, Űɞ ɘůŰɧɔɟŬɛɛŬ Űɞɡ ɗ ŮɑɜŬɘ 

ˊŮɟɑˊɞɡ ůɡɛɛŮŰɟɘəɧ ɔɨɟɤ Ŭˊɧ Űɖɜ ŮəŰɘɛɩɛŮɜɖ ɗm, ɖ ɞˊɞɑŬ ˊɟɞůŮɔɔɑɕŮɘ ɘəŬɜɞˊɞɘɖŰɘəɎ Űɖɜ 

ŬɜŰɑůŰɞɘɢɖ ɛɏŰɟɖůɖ. 

 

 

ȺɘəɧɜŬ 2 ȺəŰɘɛɩɛŮɜŬ ɘůŰɞɔɟɎɛɛŬŰŬ Űɖɠ əŬŰŮɨɗɡɜůɖɠ Űɤɜ əɡɛŬŰɘůɛɩɜ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɛŮ 

ŭɘŬűɞɟŮŰɘəɏɠ ɛɏůŮɠ əŬŰŮɡɗɨɜůŮɘɠ [33] 

 

3.1.4 ȹɘɎŭɞůɖ əɎɗŮ ɛŮɛɞɜɤɛɏɜɞɡ əɡɛŬŰɘůɛɞɨ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ 

ɆŰɖɜ ˊɟɞůɏɔɔɘůɖ ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ, əɎɗŮ ɛŮɛɞɜɤɛɏɜɞɠ əɡɛŬŰɘůɛɧɠ, əŬɗɩɠ ŭɘŬŭɑŭŮŰŬɘ Ŭˊɧ ŰŬ 
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ɓŬɗɘɎ ˊɟɞɠ ŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ, ɡűɑůŰŬŰŬɘ ɛŮŰŬɓɞɚɐ Űɞɡ ɨɣɞɡɠ, Űɞɡ ɛɐəɞɡɠ əŬɘ Űɖɠ 

əŬŰŮɨɗɡɜůɖɠ Űɞɡ, Ůɜɩ ɖ ˊŮɟɑɞŭɧɠ Űɞɡ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ, ůɨɛűɤɜŬ ɛŮ Űɖ ɔɟŬɛɛɘəɐ 

əɡɛŬŰɘəɐ ɗŮɤɟɑŬ. ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ŰɏůůŮɟɘɠ əɡɛŬŰɘəɞɑ ɛɖɢŬɜɘůɛɞɑ ɚŬɛɓɎɜɞɜŰŬɘ 

ɡˊɧɣɖ: ɖ ɟɐɢɤůɖ, ɖ ŭɘɎɗɚŬůɖ, ɖ ɗɟŬɨůɖ, əŬɘ ɞ ŬɜŬůɢɖɛŬŰɘůɛɧɠ Űɤɜ əɡɛɎŰɤɜ ɛŮŰɎ Űɖ 

ɗɟŬɨůɖ, Ůɜɩ ɖ əɚɑůɖ Űɞɡ ˊɡɗɛɏɜŬ ɗŮɤɟŮɑŰŬɘ ɞɛɞɘɧɛɞɟűɖ ůŮ ɧɚɞ Űɞ əɡɛŬŰɘəɧ ˊŮŭɑɞ əŬɘ ɑůɖ 

ɛŮ Űɖ ɛɏůɖ əɚɑůɖ Űɞɡ ˊɡɗɛɏɜŬ Űɖɠ ŮɝŮŰŬɕɧɛŮɜɖɠ ˊŮɟɘɞɢɐɠ. 

ȺɘŭɘəɧŰŮɟŬ, Űɞ ɨɣɞɠ əɨɛŬŰɞɠ ůŰɖ ɗɟŬɨůɖ Ůɜɧɠ ɛŮɛɞɜɤɛɏɜɞɡ əɡɛŬŰɘůɛɞɨ əŬɗɞɟɑůŰɖəŮ Ŭˊɧ 

Űɖɜ ɖɛɘ-ŮɛˊŮɘɟɘəɐ ɏəűɟŬůɖ [38], Ůɜɩ Űɞ ɓɎɗɞɠ ˊɡɗɛɏɜŬ ůŰɞ ůɖɛŮɑɞ ɗɟŬɨůɖɠ ɡˊɞɚɞɔɑůŰɖəŮ 

Ŭˊɧ Űɖɜ ɏəűɟŬůɖ Űɞɡ Weggel [39] ɛŮ ɓɎůɖ Űɞɜ ŭŮɑəŰɖ ɗɟŬɨůɖɠ, ɖ ɞˊɞɑŬ ɓŬůɑůŰɖəŮ ůŮ 

ŮɟɔŬůŰɖɟɘŬəɎ ˊŮɘɟɎɛŬŰŬ ůŮ ɛɞɜɞɢɟɤɛŬŰɘəɞɨɠ əɡɛŬŰɘůɛɞɨɠ ůŮ ɐˊɘŬ əɚɑůɖ ˊɡɗɛɏɜŬ. ȼ 

ɏɜɜɞɘŬ Űɖɠ ɗɟŬɨůɖɠ əŬɘ Űɖɠ Ůɝɏɚɘɝɖɠ Űɞɡ əɡɛŬŰɘůɛɞɨ ˊɟɘɜ, ŮɜŰɧɠ, əŬɘ ɛŮŰɎ Űɖ ɗɟŬɨůɖ, ˊɞɡ 

ɡɘɞɗŮŰɐɗɖəŮ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 3. ɆɨɛűɤɜŬ ɛŮ Űɖɜ ȺɘəɧɜŬ 3, ɧŰŬɜ ɞ əɡɛŬŰɘůɛɧɠ 

ɗɟŬɨŮŰŬɘ, ɔɑɜŮŰŬɘ ɏɚŮɔɢɞɠ Ŭɜ ˊɟɧəŮɘŰŬɘ ɔɘŬ ɗɟŬɨůɖ Űɨˊɞɡ ñplungingò ɐ ñspillingò. Ƀ 

ŭɘŬɢɤɟɘůɛɧɠ ŬɡŰɧɠ ɔɑɜŮŰŬɘ ɓɎůŮɘ Űɖɠ əŬɛˊɡɚɧŰɖŰŬɠ Űɞɡ əɡɛŬŰɘůɛɞɨ ɝo ŬɜŬűŮɟɧɛŮɜɖɠ ůŰŬ 

ɓŬɗɘɎ ɜŮɟɎ [40]. ɆŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ, ɞ əɡɛŬŰɘůɛɧɠ ɛŮŰɎ Űɖ ɗɟŬɨůɖ ɢɎɜŮɘ ŮɜŰŮɚɩɠ Űɖɜ 

əɡɛŬŰɞɛɞɟűɐ Űɞɡ, Ůɜɩ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɗɟŬɨůɖɠ Űɨˊɞɡ ñspillingò, ɖ ɏɜɜɞɘŬ Űɖɠ Ůɝɏɚɘɝɖɠ 

əŬŰɎ Űɖ ɗɟŬɨůɖ ɓŬůɑɕŮŰŬɘ ůŰɖ ɛŮɑɤůɖ Űɖɠ əɡɛŬŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ əŬɘ Űɖɠ ɘůɞŭɡɜŬɛɑŬɠ Űɖɠ 

ŰŮɚŮɡŰŬɑŬɠ ɛŮ ŬɡŰɐ Űɞɡ ɡŭɟŬɡɚɘəɞɨ ɎɚɛŬŰɞɠ [41]. ȺɘŭɘəɧŰŮɟŬ, ɞɘ Horikawa and Kuo [42] 

ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ŮɟɔŬůŰɖɟɘŬəɎ ˊŮɘɟɎɛŬŰŬ ůŮ ɗɟŬɡɧɛŮɜɞɡɠ əɡɛŬŰɘůɛɞɨɠ əŬɘ ˊŬɟŬŰɐɟɖůŬɜ 

Űɖɜ ɨˊŬɟɝɖ ɛɑŬɠ ůŰŬɗŮɟɐɠ ɟɞɐɠ ŮɜɏɟɔŮɘŬɠ, ˊɞɡ ˊɟɞůŭɘɞɟɑɕŮɘ ɛɑŬ əŬŰɎůŰŬůɖ ɧˊɞɡ ɞ ɖ ɗɟŬɨůɖ 

Űɞɡ əɡɛŬŰɘůɛɞɨ ůŰŬɛŬŰɎŮɘ. ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ ɔɟŬɛɛɘəɐ əɡɛŬŰɘəɐ ɗŮɤɟɑŬ, əŬɘ ɗŮɤɟɩɜŰŬɠ 

ɧŰɘ Űɞ ůŰŬɗŮɟɧ ɨɣɞɠ əɨɛŬŰɞɠ 
stableH  ŮɑɜŬɘ ɔɟŬɛɛɘəɐ ůɡɜɎɟŰɖůɖ Űɞɡ ɓɎɗɞɡɠ ˊɡɗɛɏɜŬ d , 

ŭɖɚ.:  

stableH d=G (2) 

ɧˊɞɡ G ŮɑɜŬɘ ɏɜŬɠ ŬŭɘɎůŰŬŰɞɠ ůɡɜŰŮɚŮůŰɐɠ, ɞ ɞˊɞɑɞɠ ŰɏɗɖəŮ ɑůɞɠ ɛŮ 0.4 [43].  

 



 

xiv 

 

 

ȺɘəɧɜŬ 3 ɄŮɟɘɔɟŬűɐ Űɖɠ Ůɝɏɚɘɝɖɠ əɎɗŮ ɛŮɛɞɜɤɛɏɜɞɡ əɡɛŬŰɘůɛɞɨ əŬŰɎ Űɖ ɗɟŬɨůɖ [33] 

 

3.1.5 ɇɟɞˊɞˊɞɑɖůɖ Űɖɠ ůɢɏůɖɠ Űɞɡ Battjes [36] 

ȼ ɔɜɩůɖ Űɖɠ ɛŬəɟɞˊɟɧɗŮůɛɖɠ ůɡɜɎɟŰɖůɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ȼ əŬɘ ɇ 

ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ Űɤɜ ɡˊŮɟɎəŰɘɤɜ əŬɘ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ, əŬɗɩɠ 

ˊŬɟɏɢŮɘ ˊɚɖɟɞűɞɟɑŬ ɔɘŬ ŰŬ ɎɛŮůŬ űɞɟŰɑŬ ˊɞɡ əŬŰŬˊɞɜɞɨɜ Űɘɠ əŬŰŬůəŮɡɏɠ ŬɡŰɏɠ əŬɘ ŭŮɜ 

ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ Űɘɛɏɠ ˊɞɡ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ɏɜŬ ůɨɜɞɚɞ űɞɟŰɑɤɜ. ȼ 

ˊɚɖɟɞűɞɟɑŬ ŬɡŰɐ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ Űɧůɞ ůŰɞɜ ůɢŮŭɘŬůɛɧ Űɤɜ əŬŰŬůəŮɡɩɜ ŬɡŰɩɜ 

ŬɚɚɎ əŬɘ ůŰɖɜ ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ əŬɘ əɞˊɩůŮɤɠ Űɞɡɠ [33]. ȼ ɛŬəɟɞˊɟɧɗŮůɛɖ ˊɘɗŬɜɞŰɘəɐ 

əŬŰŬɜɞɛɐ Űɞɡ ȼ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞɜ Battjes [36], ůŬɜ ɏɜŬ ɎɗɟɞɘůɛŬ Űɤɜ ůŰŬŰɘůŰɘəɩɜ ɧɚɤɜ 

Űɤɜ ɓɟŬɢɡˊɟɧɗŮůɛɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ, ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɖ ůɡɢɜɧŰɖŰŬ 

ŮɛűɎɜɘůɖɠ əɎɗŮ ɓɟŬɢɡˊɟɧɗŮůɛɖɠ ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ, əŬɘ ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊŬɟŬəɎŰɤ: 

 

short long m s s m

long

long m s s m

f (H) f (T , H ) N dH  dT
f (H)

N f (T ,H ) dH  dT

Ö Ö
=

Ö

ññ

ññ
 (3) 

 

ɧˊɞɡ 
shortf (H)  ŮɑɜŬɘ ɖ ɓɟŬɢɡˊɟɧɗŮůɛɖ əŬŰŬɜɞɛɐ Űɞɡ H, N  ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ əɡɛŬŰɘůɛɩɜ 

ůŮ əɎɗŮ ɓɟŬɢɡˊɟɧɗŮůɛɖ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ ˊɞɡ ɗŮɤɟɐɗɖəŮ ůŰŬɗŮɟɧɠ, əŬɘ ɖ 
long m sf (T , H )  

ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɛŬəɟɞˊɟɧɗŮůɛɖ Ŭˊɧ əɞɘɜɞɨ əŬŰŬɜɞɛɐ Űɤɜ Hs əŬɘ Tm. 
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ɆŰɖ ůɡɜɏɢŮɘŬ, ɏɔɘɜŬɜ ŭɨɞ ůŰŬŭɘŬəɏɠ ŰɟɞˊɞˊɞɘɐůŮɘɠ Űɖɠ Ůɝɑůɤůɖɠ (3) ɛŮ ůŰɧɢɞ Űɖɜ ŮəŰɑɛɖůɖ 

Űɖɠ ɛŬəɟɞˊɟɧɗŮůɛɖɠ Ŭˊɧ əɞɘɜɞɨ əŬŰŬɜɞɛɐɠ Űɤɜ ȼ əŬɘ ɇ, ŬɚɚɎ əŬɘ Űɤɜ ȼ,ɇ,ɗ, ɞɘ ɞˊɞɑŮɠ 

ˊŮɟɘɔɟɎűɞɜŰŬɘ Ŭˊɧ Űɘɠ ȺɝɘůɩůŮɘɠ 4 əŬɘ 5: 

 

short long m s s m

long

long m s s m

f (T,H) f (T , H ) N dH  dT
f (T,H)

N f (T ,H ) dH  dT

Ö Ö
=

Ö

ññ

ññ
 (4) 

 

ɧˊɞɡ shortf (T,H)  ŮɑɜŬɘ ɖ ɓɟŬɢɡˊɟɧɗŮůɛɖ Ŭˊɧ əɞɘɜɞɨ əŬŰŬɜɞɛɐ Űɤɜ ɇ əŬɘ H, N  ŮɑɜŬɘ ɞ 

Ŭɟɘɗɛɧɠ Űɤɜ əɡɛŬŰɘůɛɩɜ ůŮ əɎɗŮ ɓɟŬɢɡˊɟɧɗŮůɛɖ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ ˊɞɡ ɗŮɤɟɐɗɖəŮ 

ůŰŬɗŮɟɧɠ, əŬɘ ɖ 
long m sf (T , H )  ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɛŬəɟɞˊɟɧɗŮůɛɖ Ŭˊɧ əɞɘɜɞɨ əŬŰŬɜɞɛɐ Űɤɜ Hs 

əŬɘ Tm. 

 

short long m s m s m m

long

long m s m s m m

f (T, H, ɗ) f (T , H , ɗ ) N dH  dT  dɗ  
f (T,  H, ɗ)

N f (T , H , ɗ ) dH  dT  dɗ
=
ñññ

ñññ
 (5) 

 

ɧˊɞɡ shortf (T, H, ɗ) ŮɑɜŬɘ ɖ ɓɟŬɢɡˊɟɧɗŮůɛɖ Ŭˊɧ əɞɘɜɞɨ əŬŰŬɜɞɛɐ Űɤɜ T, H, ɗ, N  ŮɑɜŬɘ ɞ 

Ŭɟɘɗɛɧɠ Űɤɜ əɡɛŬŰɘůɛɩɜ ůŮ əɎɗŮ ɓɟŬɢɡˊɟɧɗŮůɛɖ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ ɞ ɞˊɞɑɞɠ ɗŮɤɟɐɗɖəŮ 

ůŰŬɗŮɟɧɠ, əŬɘ long m s mf (T , H , ɗ ) ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɛŬəɟɞˊɟɧɗŮůɛɖ Ŭˊɧ əɞɘɜɞɨ əŬŰŬɜɞɛɐ Űɤɜ 

Tm, Hs, əŬɘ 
mɗ . Ƀɘ ŰɟɞˊɞˊɞɘɐůŮɘɠ Űɖɠ ůɢɏůɖɠ Űɞɡ Battjes [36] ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ ɑŭɘŬ ɚɞɔɘəɐ 

əŬɘ ɏɢɞɡɜ ŬˊɞŭŮɘɢɗŮɑ Ŭˊɧ Űɞɡɠ Malliouri et al. [33]. 

 

3.1.6 ɄŬɟŬŭŮɑɔɛŬŰŬ ŮűŬɟɛɞɔɐɠ 

ȼ ˊɟɞŬɜŬűŮɟɧɛŮɜɖ ɛŮɗɞŭɞɚɞɔɑŬ ŮűŬɟɛɧůŰɖəŮ ůŮ ɛŮŰɟɐůŮɘɠ Tm, Hs, əŬɘ 
mq , ɞɘ ɞˊɞɑŮɠ 

ˊɟɞɐɚɗŬɜ Ŭˊɧ 3 ɤəŮŬɜɞɔɟŬűɘəɞɨɠ ˊɚɤŰɐɟŮɠ ˊɞɡ Ŭɜɐəɞɡɜ ůŰɞ ůɨůŰɖɛŬ çɄɃɆȺȽȹɋɁè Űɞɡ 

Ⱥɚɚɖɜɘəɞɨ ȾɏɜŰɟɞɡ ŪŬɚŬůůɑɤɜ ȺɟŮɡɜɩɜ (ȺȿȾȺŪȺ) [44], [45]. Ƀɘ ˊɚɤŰɐɟŮɠ ŮɑɜŬɘ 

ŰɞˊɞɗŮŰɖɛɏɜɞɘ ůŮ ŰɟŮɑɠ ɗɏůŮɘɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, ŭɖɚ. (37.51
 ɞ
Ɂ, 25.46

 ɞ
E) ůŰɞ əŮɜŰɟɘəɧ ȷɘɔŬɑɞ 

ůŰŬ ŬɜɞɘɢŰɎ Űɖɠ ɀɡəɧɜɞɡ, (39.96
 ɞ
Ɂ, 24.72

 ɞ
E) ůŰɞ ɓɧɟŮɘɞ ȷɘɔŬɑɞ ůŰŬ ŬɜɞɘɢŰɎ Űɞɡ ȯɗɤ əŬɘ 

(36.25
 ɞ
Ɂ, 25.49

 ɞ
E) ůŰɞ ɜɧŰɘɞ ȷɘɔŬɑɞ ůŰŬ ŬɜɞɘɢŰɎ Űɖɠ ɆŬɜŰɞɟɑɜɖɠ. Ƀɘ ŰɟŮɘɠ ɗɏůŮɘɠ Űɤɜ 
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ɛŮŰɟɖŰɘəɩɜ ůŰŬɗɛɩɜ ɗŬ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞ Ůɝɐɠ ůŬɜ ɆŰŬɗɛɧɠ ɀ, ɆŰŬɗɛɧɠ ȷ, ɆŰŬɗɛɧɠ S, 

ŬɜŰɑůŰɞɘɢŬ, əŬɘ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 4.  

 

 

ȺɘəɧɜŬ 4 Ƀɘ ɗɏůŮɘɠ Űɤɜ Űɟɘɩɜ ɛŮŰɟɖŰɘəɩɜ ůŰŬɗɛɩɜ ůŰɞ ȷɘɔŬɑɞ (ȺɚɚɎŭŬ) 

 

ɆɢŮŰɘəɎ ɛŮ Űɘɠ ˊɘɞ əŬŰɎɚɚɖɚŮɠ əŬŰŬɜɞɛɏɠ ɔɘŬ Űɞ Hs ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, ŰɟŮɘɠ ɡˊɞɣɐűɘŮɠ 

əŬŰŬɜɞɛɏɠ ŮɝŮŰɎůŰɖəŬɜ, ɐŰɞɘ ɞɘ Weibull, Lognormal, əŬɘ Gamma, əŬɘ ŮˊɘɚɏɢɗɖəŮ ŬɡŰɐ ˊɞɡ 

ŬɜŬˊŬɟɘůŰɎ əŬɚɨŰŮɟŬ ŰŬ ŭŮŭɞɛɏɜŬ ɔɘŬ əɎɗŮ ůŰŬɗɛɧ. Ƀɘ ɡˊɞɣɐűɘŮɠ əŬŰŬɜɞɛɏɠ ɔɘŬ Űɞ Hs ůŮ  

ůɡɜŭɡŬůɛɧ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɘůŰɞɔɟɎɛɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 5. Ⱥˊɑůɖɠ, ŰŬ ɛɏŰɟŬ 

əŬɚɐɠ ŮűŬɟɛɞɔɐɠ (ȺɡəɚŮɑŭŮɘŬ ŬˊɧůŰŬůɖ) Űɤɜ ɡˊɞɣɐűɘɤɜ ˊŮɟɘɗɩɟɘɤɜ əŬŰŬɜɞɛɩɜ ůŰŬ 

ɘůŰɞɔɟɎɛɛŬŰŬ Űɞɡ Hs əŬɘ Űɤɜ ɛɞɜŰɏɚɤɜ ŭŮůɛŮɡɛɏɜɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɔɘŬ Űɞɡɠ 

ŰɟŮɘɠ ůŰŬɗɛɞɨɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 4.  
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ȺɘəɧɜŬ 5 ɄɟɞůŬɟɛɞɔɐ Űɤɜ ɡˊɞɣɐűɘɤɜ ˊŮɟɘɗɩɟɘɤɜ əŬŰŬɜɞɛɩɜ ůŰŬ ɘůŰɞɔɟɎɛɛŬŰŬ Űɞɡ Hs ůŰŬ 

ɓŬɗɘɎ ɜŮɟɎ ɔɘŬ Űɞɡɠ ůŰŬɗɛɞɨɠ M (1), A (2), əŬɘ S (3) [33] 

 

ɄɑɜŬəŬɠ 4 ɀɏŰɟŬ əŬɚɐɠ ŮűŬɟɛɞɔɐɠ Űɤɜ ɡˊɞɣɐűɘɤɜ ˊŮɟɘɗɩɟɘɤɜ əŬŰŬɜɞɛɩɜ ůŰŬ ɘůŰɞɔɟɎɛɛŬŰŬ 

Űɞɡ Hs əŬɘ ůŰŬ ɛɞɜŰɏɚŬ ŭŮůɛŮɡɛɏɜɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɔɘŬ Űɞɡɠ ůŰŬɗɛɞɨɠ M (1), A 

(2), əŬɘ S (3) [33] 

Ʉɖɔɐ ŭŮŭɞɛɏɜɤɜ ɈˊɞɣɐűɘŬ pdf ɔɘŬ 

Űɞ Hs 

ȺɡəɚŮɑŭŮɘŬ 

ŬˊɧůŰŬůɖ D
2
 Űɖɠ 

f(Hs) 

ȹŮůɛŮɡɛɏɜɖ pdf 

ɔɘŬ Űɖɜ Tm|Hs 

Ɇɡɜɞɚɘəɐ 

ȺɡəɚŮɑŭŮɘŬ 

ŬˊɧůŰŬůɖ 

Station M Weibull 0.0019 Lognormal 0.0013 

 Lognormal 0.0056 Lognormal 0.0021 

 Gamma 0.0020 Lognormal 0.0013 

Station A Weibull 0.0018 Lognormal 0.0008 

 Lognormal 0.0046 Lognormal 0.0014 

 Gamma 0.0012 Lognormal 0.0007 

Station S Weibull 0.0039 Lognormal 0.0022 
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 Lognormal 0.0033 Lognormal 0.0020 

 Gamma 0.0022 Lognormal 0.0015 

 

ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 6 əŬɘ ůŰɞɜ ɄɑɜŬəŬ 4, ɞɘ Ŭˊɧ əɞɘɜɞɨ ˊɘɗŬɜɞŰɘəɏɠ əŬŰŬɜɞɛɏɠ Űɤɜ 

Tm əŬɘ Hs, ˊɞɡ ŬɜŬˊŬɟɘůŰɞɨɜ əŬɚɨŰŮɟŬ ŰŬ ŭŮŭɞɛɏɜŬ Tm əŬɘ Hs ŮɝɐɢɗɖůŬɜ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ 

ŭŮůɛŮɡɛɏɜɖɠ ˊɘɗŬɜɧŰɖŰŬ, Űɞ ɞˊɞɑɞ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ əŬŰŬɜɞɛɐ Weibull ɔɘŬ Űɞ Hs ɔɘŬ Űɞɜ 

ůŰŬɗɛɧ M əŬɘ Űɖɜ əŬŰŬɜɞɛɐ Gamma ɔɘŬ Űɞ Hs ɔɘŬ Űɞɡɠ Ɏɚɚɞɡɠ ŭɨɞ ůŰŬɗɛɞɨɠ əŬɘ Űɖɜ 

əŬŰŬɜɞɛɐ Lognormal ɔɘŬ Űɞ Tm|Hs, Ŭűɞɨ ŮɑɢŬɜ Űɖ ɛɘəɟɧŰŮɟɖ ȺɡəɚŮɑŭŮɘŬ ȷˊɧůŰŬůɖ ůŮ ůɢɏůɖ 

ɛŮ Űɘɠ ɡˊɧɚɞɘˊŮɠ əŬŰŬɜɞɛɏɠ ˊɞɡ ŮɚɏɢɗɖůŬɜ. 

 

 

ȺɘəɧɜŬ 6 ɀŬəɟɞˊɟɧɗŮůɛŮɠ ůɡɜŬɟŰɐůŮɘɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ Tm əŬɘ Hs ůŰŬ 

ɓŬɗɘɎ ɜŮɟɎ ɔɘŬ Űɞɜ ůŰŬɗɛɧ M (ˊɎɜɤ ŬɟɘůŰŮɟɎ), ůŰŬɗɛɧ A (ˊɎɜɤ ŭŮɝɘɎ), əŬɘ Űɞɜ ůŰŬɗɛɧ S (əɎŰɤ) 

- ɓɐɛŬ əŬɛˊɨɚɖɠ ɑůɖɠ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ = 0.1 m
-1
s

-1
[33] 

 

ȺűŬɟɛɧɕɞɜŰŬɠ ŰɩɟŬ Űɖɜ Űɟɞˊɞˊɞɘɖɛɏɜɖ ˊɟɞůɏɔɔɘůɖ Űɞɡ Battjes (ɓɚ. Ⱥɝɑůɤůɖ 4), 

ˊɟɞəɨˊŰɞɡɜ ɞɘ ɛŬəɟɞˊɟɧɗŮůɛŮɠ ůɡɜŬɟŰɐůŮɘɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ T əŬɘ 

H ůŰŬ ɓŬɗɘɎ ɜŮɟɎ (ɓɚ. ȺɘəɧɜŬ 7). ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɘɠ ȺɘəɧɜŮɠ 6 əŬɘ 7, ɖ ůŰŬŰɘůŰɘəɐ 

ůɡůɢɏŰɘůɖ Űɤɜ T əŬɘ H ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ ŬɡŰɐ Űɤɜ Tm əŬɘ Hs əŬɘ ɔɘŬ Űɞɡɠ ŰɟŮɘɠ ůŰŬɗɛɞɨɠ.  
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ȺɘəɧɜŬ 7 ɀŬəɟɞˊɟɧɗŮůɛŮɠ ůɡɜŬɟŰɐůŮɘɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ T əŬɘ H ůŰŬ 

ɓŬɗɘɎ ɜŮɟɎ ɔɘŬ Űɞɜ ůŰŬɗɛɧ M (ˊɎɜɤ ŬɟɘůŰŮɟɎ), ůŰŬɗɛɧ A (ˊɎɜɤ ŭŮɝɘɎ), əŬɘ Űɞɜ ůŰŬɗɛɧ S (əɎŰɤ) 

- ɓɐɛŬ əŬɛˊɨɚɖɠ ɑůɖɠ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ = 0.1m
-1
s

-1
 [33] 

 

ɆŰɖ ůɡɜɏɢŮɘŬ, ɛŮ ɢɟɐůɖ Űɖɠ ˊŬɟŬˊɎɜɤ ˊɘɗŬɜɞŰɘəɐɠ ˊɚɖɟɞűɞɟɑŬɠ ɔɘŬ ŰŬ ɓŬɗɘɎ ɜŮɟɎ, ɞɘ 

ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ ɛˊɞɟɞɨɜ ɜŬ ŮəŰɘɛɖɗɞɨɜ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ. ɆŰɖɜ 

ˊŬɟɎɔɟŬűɞ ŬɡŰɐ, ɞɘ ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ ɗŬ ŮəŰɘɛɖɗɞɨɜ ůŰɞ ŮɜŭɘɎɛŮůɞ 

ɓɎɗɞɠ Űɤɜ 6 m.  

ɆɢŮŰɘəɎ ɛŮ Űɘɠ ˊɘɞ əŬŰɎɚɚɖɚŮɠ əŬŰŬɜɞɛɏɠ ɔɘŬ Űɞ Hs ůŰɞ ɓɎɗɞɠ Űɤɜ 6 m, ɞɘ ɑŭɘŮɠ ɡˊɞɣɐűɘŮɠ 

əŬŰŬɜɞɛɏɠ ŮɝŮŰɎůŰɖəŬɜ ɔɘŬ Űɞ Hs, ɧˊɤɠ əŬɘ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ. Ƀɘ ɡˊɞɣɐűɘŮɠ əŬŰŬɜɞɛɏɠ ɔɘŬ Űɞ 

Hs ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɘůŰɞɔɟɎɛɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 8. Ⱥˊɑůɖɠ, ŰŬ 

ɛɏŰɟŬ əŬɚɐɠ ŮűŬɟɛɞɔɐɠ (ȺɡəɚŮɑŭŮɘŬ ŬˊɧůŰŬůɖ) Űɤɜ ɡˊɞɣɐűɘɤɜ ˊŮɟɘɗɩɟɘɤɜ əŬŰŬɜɞɛɩɜ ůŰŬ 

ɘůŰɞɔɟɎɛɛŬŰŬ Űɞɡ Hs əŬɘ Űɤɜ ɛɞɜŰɏɚɤɜ ŭŮůɛŮɡɛɏɜɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ůŰɞ ɓɎɗɞɠ Űɤɜ 6 m ɔɘŬ 

Űɞɡɠ ŰɟŮɘɠ ůŰŬɗɛɞɨɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 5.  
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ȺɘəɧɜŬ 8 ɄɟɞůŬɟɛɞɔɐ Űɤɜ ɡˊɞɣɐűɘɤɜ ˊŮɟɘɗɩɟɘɤɜ əŬŰŬɜɞɛɩɜ ůŰŬ ɘůŰɞɔɟɎɛɛŬŰŬ Űɞɡ Hs ůŰɞ 

ɓɎɗɞɠ Űɤɜ 6 m ɔɘŬ Űɞɡɠ ůŰŬɗɛɞɨɠ M (1), A (2), əŬɘ S (3)  [33] 

 

ɄɑɜŬəŬɠ 5 ɀɏŰɟŬ əŬɚɐɠ ŮűŬɟɛɞɔɐɠ Űɤɜ ɡˊɞɣɐűɘɤɜ ˊŮɟɘɗɩɟɘɤɜ əŬŰŬɜɞɛɩɜ ůŰŬ ɘůŰɞɔɟɎɛɛŬŰŬ 

Űɞɡ Hs əŬɘ ůŰŬ ɛɞɜŰɏɚŬ ŭŮůɛŮɡɛɏɜɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ůŰŬ 6 m ɓɎɗɞɠ ɔɘŬ Űɞɡɠ ůŰŬɗɛɞɨɠ M (1), A (2), 

əŬɘ S (3) [33] 

Ʉɖɔɐ ŭŮŭɞɛɏɜɤɜ ɈˊɞɣɐűɘŬ pdf ɔɘŬ 

Űɞ Hs 

ȺɡəɚŮɑŭŮɘŬ 

ŬˊɧůŰŬůɖ D
2
 Űɖɠ 

f(Hs) 

ȹŮůɛŮɡɛɏɜɖ pdf 

ɔɘŬ Űɖɜ Tm|Hs 

Ɇɡɜɞɚɘəɐ 

ȺɡəɚŮɑŭŮɘŬ 

ŬˊɧůŰŬůɖ 

Station M Weibull 0.0009 Lognormal 0.0016 

 Lognormal 0.0068 Lognormal 0.0026 

 Gamma 0.0013 Lognormal 0.0017 

Station A Weibull 0.0033 Lognormal 0.0021 

 Lognormal 0.0127 Lognormal 0.0035 

 Gamma 0.0022 Lognormal 0.0020 

Station S Weibull 0.0026 Lognormal 0.0017 

 Lognormal 0.0066 Lognormal 0.0023 



 

xxi 

 

 Gamma 0.0007 Lognormal 0.0014 

 

ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 9 əŬɘ ůŰɞɜ ɄɑɜŬəŬ 5, ɞɘ ɓɏɚŰɘůŰŮɠ Ŭˊɧ əɞɘɜɞɨ ˊɘɗŬɜɞŰɘəɏɠ 

əŬŰŬɜɞɛɏɠ Űɤɜ Tm əŬɘ Hs ůŰɞ ɓɎɗɞɠ Űɤɜ 6 m ŮɝɐɢɗɖůŬɜ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ ŭŮůɛŮɡɛɏɜɖɠ 

ˊɘɗŬɜɧŰɖŰŬ, Űɞ ɞˊɞɑɞ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ əŬŰŬɜɞɛɐ Weibull ɔɘŬ Űɞ Hs ɔɘŬ Űɞ ůŰŬɗɛɧ M əŬɘ Űɖɜ 

əŬŰŬɜɞɛɐ Gamma ɔɘŬ Űɞ Hs ɔɘŬ Űɞɡɠ Ɏɚɚɞɡɠ ŭɨɞ ůŰŬɗɛɞɨɠ əŬɘ Űɖɜ əŬŰŬɜɞɛɐ Lognormal ɔɘŬ 

Űɞ Tm|Hs, ůŮ ůɡɛűɤɜɑŬ ɛŮ Űɘɠ ɓɏɚŰɘůŰŮɠ əŬŰŬɜɞɛɏɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ. Ⱥˊɑůɖɠ, ɞɘ ŮˊɘɚŮɔɛɏɜŮɠ 

Ŭˊɧ əɞɘɜɞɨ əŬŰŬɜɞɛɏɠ ɔɘŬ Űɞ ɓɎɗɞɠ Űɤɜ 6 m ɔɘŬ əɎɗŮ ůŰŬɗɛɧ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 9. 

 

 

ȺɘəɧɜŬ 9 ɀŬəɟɞˊɟɧɗŮůɛŮɠ ůɡɜŬɟŰɐůŮɘɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ Tm əŬɘ Hs ůŰɞ 

ŮɜŭɘɎɛŮůɞ ɓɎɗɞɠ Űɤɜ 6 m ɔɘŬ Űɞɜ ůŰŬɗɛɧ M (ˊɎɜɤ ŬɟɘůŰŮɟɎ), ůŰŬɗɛɧ A (ˊɎɜɤ ŭŮɝɘɎ), əŬɘ Űɞɜ 

ůŰŬɗɛɧ S (əɎŰɤ) - ɓɐɛŬ əŬɛˊɨɚɖɠ ɑůɖɠ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ = 0.1 m
-1
s

-1
[33] 

 

Ƀɘ ɛŬəɟɞˊɟɧɗŮůɛŮɠ ůɡɜŬɟŰɐůŮɘɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ T əŬɘ H ůŰɞ 

ŮɜŭɘɎɛŮůɞ ɓɎɗɞɠ Űɤɜ 6 m ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 10, ɧˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ əŬɘ ůŰŬ 

ŮɜŭɘɎɛŮůŬ ɜŮɟɎ ɖ ůŰŬŰɘůŰɘəɐ ůɡůɢɏŰɘůɖ Űɤɜ T əŬɘ H ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ ŬɡŰɐ Űɤɜ Tm əŬɘ Hs 

əŬɘ ɔɘŬ Űɞɡɠ ŰɟŮɘɠ ůŰŬɗɛɞɨɠ.  
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ȺɘəɧɜŬ 10 ɀŬəɟɞˊɟɧɗŮůɛŮɠ ůɡɜŬɟŰɐůŮɘɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ T əŬɘ H ůŰɞ 

ŮɜŭɘɎɛŮůɞ ɓɎɗɞɠ Űɤɜ 6 m ɔɘŬ Űɞɜ ůŰŬɗɛɧ M (ˊɎɜɤ ŬɟɘůŰŮɟɎ), ůŰŬɗɛɧ A (ˊɎɜɤ ŭŮɝɘɎ), əŬɘ Űɞɜ 

ůŰŬɗɛɧ S (əɎŰɤ) - ɓɐɛŬ əŬɛˊɨɚɖɠ ɑůɖɠ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ = 0.1 m
-1
s

-1
 [33] 

 

3.2 ȹɘŮɟŮɨɜɖůɖ Űɖɠ ˊŮɟɘɞɢɐɠ ɏɔəɡɟɖɠ ŮűŬɟɛɞɔɐɠ Űɞɡ ɛɞɜŰɏɚɞɡ [33] 

Ƀɘ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ, ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ Űɤɜ 

Malliouri et al. [33], ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŭɨɞ ɛɏɟɖ. ɆɡɔəŮəɟɘɛɏɜŬ, Űɞ ˊɟɩŰɞ ɛɏɟɞɠ ŬűɞɟɎ Űɖɜ 

ŬɜɎɚɡůɖ ɛɑŬɠ ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ ůŮ ŰɡɢŬɑɞɡɠ əɡɛŬŰɘůɛɞɨɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ˊɘɗŬɜɞŰɘəɐ ˊɚɖɟɞűɞɟɑŬ ɔɘŬ əɎɗŮ ɛɑŬ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ, 

əŬɘ Űɞ ŭŮɨŰŮɟɞ ŬűɞɟɎ Űɖ ŭɘɎŭɞůɖ Űɖɠ ˊɘɗŬɜɞŰɘəɐɠ ŬɡŰɐɠ Űɖɠ ˊɚɖɟɞűɞɟɑŬɠ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŰŬ 

ŮɜŭɘɎɛŮůŬ ɜŮɟɎ. ɆɡɜŮˊɩɠ, ɖ ŬɜɎŭŮɘɝɖ Űɖɠ ˊŮɟɘɞɢɐɠ ŮɔəɡɟɧŰɖŰŬɠ Űɞɡ Ůɜ ɚɧɔɤ ɛɞɜŰɏɚɞɡ ɗŬ 

ŮˊɘŰŮɡɢɗŮɑ, ɝŮɢɤɟɘůŰɎ ɔɘŬ ŰŬ ŭɨɞ ŬɡŰɎ ɛɏɟɖ, ɛɏůɤ ŬˊŬɟŬɑŰɖŰɤɜ ůɡɔəɟɑůŮɤɜ ɛŮ ɛŮŰɟɐůŮɘɠ ɐ 

ŬɜŰɑůŰɞɘɢŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ɏɚɚɤɜ ŬˊɞŭŮəŰɩɜ ɛɞɜŰɏɚɤɜ. 

 

3.2.1 ɆɡɔəɟɑůŮɘɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ 

ɆɢŮŰɘəɎ ɛŮ Űɖɜ ˊɘɗŬɜɞŰɘəɐ ˊɚɖɟɞűɞɟɑŬ ɛɑŬɠ ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, ɖ 

ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ȼ əŬɘ ɇ ɗŬ ˊɟɏˊŮɘ ɗŬ ˊŬɟŬɢɗŮɑ, ˊ.ɢ. 

ɛɏůɤ Űɖɠ ɗŮɤɟɖŰɘəɐɠ ůɡɜɎɟŰɖůɖɠ Űɤɜ Longuet-Higgins [24] ɐ ŮɜŬɚɚŬəŰɘəɎ Űɤɜ Memos and 

Tzanis ([29];[30]), ůŰɖɜ ɞˊɞɑŬ ŮɜůɤɛŬŰɩɜŮŰŬɘ ɛɑŬ ůɡɜɎɟŰɖůɖ ŭɘŬůˊɞɟɎɠ əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬɠ. 

ȾŬɘ ɞɘ ŭɨɞ ŬɡŰɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ŬɜŬűɏɟɞɜŰŬɘ ůŮ ɛɖ ɔɟŬɛɛɘəɞɨɠ ŬɜŮɛɞɔŮɜŮɑɠ əɡɛŬŰɘůɛɞɨɠ ůŰŬ 

ɓŬɗɘɎ ɜŮɟɎ. Ⱥˊɑůɖɠ, əŬɘ ůŰɘɠ ŭɨɞ ɛŮɗɧŭɞɡɠ, Űɞ ɨɣɞɠ əɨɛŬŰɞɠ ȼ ɗŮɤɟŮɑŰŬɘ ɤɠ ɖ ɡɣɞɛŮŰɟɘəɐ 
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ŭɘŬűɞɟɎ Űɖɠ Ŭɜɨɣɤůɖɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɗɎɚŬůůŬɠ Ŭˊɧ Űɖɜ əɞɟɡűɐ ůŰɖɜ 

əɞɘɚɑŬ, əŬɘ ɖ əɡɛŬŰɘəɐ ˊŮɟɑɞŭɞɠ ɇ ɤɠ ɖ əɡɛŬŰɘəɐ ˊŮɟɑɞŭɞɠ ɛɖŭŮɜɘəɐɠ ŭɘɎɓŬůɖɠ. ȳůɞɜ ŬűɞɟɎ 

ůŰɖ ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ȼ əŬɘ ɇ ůɨɛűɤɜŬ ɛŮ Űɞɜ Longuet-

Higgins [24], ɖ ɞˊɞɑŬ ŮɑɜŬɘ əŬŰɎɚɚɖɚɖ ɔɘŬ ůŰŮɜɎ űɎůɛŬŰŬ, ŰŬ ŭŮŭɞɛɏɜŬ ˊɞɡ ɢɟŮɘɎɕɞɜŰŬɘ ɔɘŬ 

Űɞɜ ůɢɖɛŬŰɘůɛɧ Űɖɠ ŮɑɜŬɘ űŬůɛŬŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ, ɐŰɞɘ ɖ ɛɖŭŮɜɘəɐ ɟɞˊɐ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ 

űɎůɛŬŰɞɠ, ɖ ˊŬɟɎɛŮŰɟɞɠ Ůɨɟɞɡɠ űɎůɛŬŰɞɠ əŬɘ ɖ ɛɏůɖ űŬůɛŬŰɘəɐ əɡɛŬŰɘəɐ ˊŮɟɑɞŭɞɠ. 

ɋůŰɧůɞ, ɖ ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ȼ əŬɘ ɇ Űɤɜ Memos and 

Tzanis ([29]; [30]) ɢɟɖůɘɛɞˊɞɘŮɑ Űɖɜ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ Űɖɠ Ŭɜɨɣɤůɖɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ 

ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɗɎɚŬůůŬɠ, ɐ Űɞ ɛɏůɞ ɨɣɞɠ əɨɛŬŰɞɠ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ 

ɢɟɧɜɞɡ əŬɘ ˊŬɟɎɔŮɘ ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ əɡɛŬŰɘůɛɞɨɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɔɘŬ űɎůɛŬŰŬ 

ɞˊɞɘɞɡŭɐˊɞŰŮ Ůɨɟɞɡɠ. ɋɠ Ůə ŰɞɨŰɞɡ, ŮɜŰɞˊɑɕɞɜŰŬɘ ɛŮɟɘəɏɠ ŭɘŬűɞɟɏɠ ůŰɘɠ ŭɨɞ ˊɟɞůŮɔɔɑůŮɘɠ ɤɠ 

ˊɟɞɠ ŰŬ ŭŮŭɞɛɏɜŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜ əŬɘ Űɖɜ ˊŮɟɘɞɢɐ ŮɔəɡɟɧŰɖŰŬɠ Űɞɡɠ. 

Ⱥűɧůɞɜ ɞɘ ŭɨɞ ɛɏɗɞŭɞɘ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟɎɔɞɡɜ ŭɘŬůŰŬŰɞˊɞɘɖɛɏɜŬ ɔɟŬűɐɛŬŰŬ Ŭˊɧ əɞɘɜɞɨ 

ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H əŬɘ T ɑŭɘɞɡ Űɨˊɞɡ, ɞɘ ŭɨɞ ɛɏɗɞŭɞɘ ɛˊɞɟɞɨɜ ɜŬ ůɡɔəɟɘɗɞɨɜ 

ɛŮŰŬɝɨ Űɞɡɠ əŬɘ ɛŮ əɡɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ. Ƀɘ ŰŮɚŮɡŰŬɑŮɠ ˊɟɞɐɚɗŬɜ Ŭˊɧ Űɞɜ 

ɤəŮŬɜɞɔɟŬűɘəɧ ˊɚɤŰɐɟŬ - ɆŰŬɗɛɧɠ S (ɓɚ. ȺɘəɧɜŬ 4) əŬɘ ɛŮŰɟɞɨɜ Űɖɜ Ŭɜɨɣɤůɖ Űɖɠ 

ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɗɎɚŬůůŬɠ ɔɘŬ Űɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ Űɤɜ 17 min ŬɜɎ 1 Hz əɎɗŮ 3 hr.  

ɆŰɖ ůɡɜɏɢŮɘŬ, ɛɑŬ ɛɏɗɞŭɞɠ ŬɜɎɚɡůɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɢɟɧɜɞɡ, ůɡɔəŮəɟɘɛɏɜŬ ɖ ɛɏɗɞŭɞɠ 

ɛɖŭŮɜɘəɐɠ-Ɏɜɤ ŭɘɎɓŬůɖɠ, ŮűŬɟɛɧůŰɖəŮ ůŰɖ ɢɟɞɜɞůŮɘɟɎ Űɤɜ ɛŮŰɟɐůŮɤɜ, ɩůŰŮ ɜŬ ŮəŰɘɛɖɗɞɨɜ 

ŰŬ ɇ əŬɘ ȼ, ŰŬ ɞˊɞɑŬ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ əɎɗŮ əɡɛŬŰɘůɛɧ ˊɞɡ ɛŮŰɟɐɗɖəŮ ŮɜŰɧɠ Űɞɡ ŭɘŬůŰɐɛŬŰɞɠ 

Űɤɜ 17 min. Ⱥˊɑůɖɠ, ɡˊɞɚɞɔɑůŰɖəŬɜ ɞɘ űŬůɛŬŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ Űɞɡ ɑŭɘɞɡ ůɡɜɧɚɞɡ 

ɛŮŰɟɐůŮɤɜ ɛɏůɤ űŬůɛŬŰɘəɐɠ ŬɜɎɚɡůɖɠ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ŮɝŮŰɎůŰɖəŬɜ ŰɟŮɘɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ, ɞɘ ɞˊɞɑŮɠ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɛŮ ŬɨɝɞɡůŬ ůŮɘɟɎ ɤɠ ˊɟɞɠ Űɖɜ ɏɜŰŬůɖ Űɞɡɠ. ȺɘŭɘəɧŰŮɟŬ, ɞɘ ůɡɔəɟɑůŮɘɠ Űɞɡ 

ŭɘŬɔɟɎɛɛŬŰɞɠ ŭɘŬůˊɞɟɎɠ Űɤɜ ȼ əŬɘ ɇ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ Űɞɡ ůŰŬɗɛɞɨ S ɔɘŬ Űɘɠ ŰɟŮɘɠ ɗŬɚɎůůɘŮɠ 

əŬŰŬůŰɎůŮɘɠ ɛŮ ŰŬ ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ (Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H əŬɘ 

T) əŬŰɎ Űɞɜ Longuet-Higgins [24] əŬɘ Űɤɜ Memos and Tzanis [29] ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɘɠ 

ȺɘəɧɜŮɠ 11 - 13.  

Ⱥˊɑůɖɠ, ˊŬɟɎɢɗɖəŮ ɏɜŬɠ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ŰɡɢŬɑɤɜ ŭŮɘɔɛɎŰɤɜ Űɤɜ H əŬɘ T ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ 

ůŰɖ ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ ɔɘŬ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ŭɨɞ ɛŮɗɧŭɞɡɠ. Ƀɘ 

ůŰŬŰɘůŰɘəɏɠ əɡɛŬŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ Ůəˊɟɞůɤˊɞɨɜ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɨɞ 

ˊɟɞůŮɔɔɑůŮɤɜ (ɐŰɞɘ ɞɘ ɛɏůŮɠ Űɘɛɏɠ Ŭˊɧ ŰŬ ŭŮɑɔɛŬŰŬ) əŬɘ ŬɡŰɏɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɘɠ 

ɛŮŰɟɐůŮɘɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 6. ȺˊɘˊɟɧůɗŮŰŬ, ůŰɞɜ ɄɑɜŬəŬ 7, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ 

ůɢŮŰɘəɐ ŭɘŬűɞɟɎ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɤɜ ŭɨɞ ɛŮɗɧŭɤɜ Ŭˊɧ ŬɡŰɎ Űɤɜ ɛŮŰɟɐůŮɤɜ. 
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ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ Ůɨɟɞɡɠ űɎůɛŬŰɞɠ ɔɘŬ Űɘɠ ŰɟŮɘɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ, ˊɞɡ 

ŮɝŮŰɎůŰɖəŬɜ, əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 0.33 ɏɤɠ 0.40, əŬɘ ɛŮŰŬɝɨ 0.53 əŬɘ 0.72, ŬɜŰɑůŰɞɘɢŬ. 

 

 

ȺɘəɧɜŬ 11 ɆɡɔəɟɑůŮɘɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɛŮŰŬɝɨ Űɤɜ əɡɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ (ɛˊɚŮ ůɖɛŮɑŬ) əŬɘ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬŰɎ Űɞɜ Longuet-Higgins [24] (ŭɘŬəŮəɞɛɛɏɜŮɠ ɔɟŬɛɛɏɠ) əŬɘ əŬŰɎ Űɤɜ Memos 

and Tzanis [29] (ůɡɜŮɢŮɑɠ ɔɟŬɛɛɏɠ) ɔɘŬ Űɖ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ ɛŮ H1/3=0.55 m, Hm=0.40 m əŬɘ 

Tm=3.67 s (ɓɐɛŬ əŬɛˊɡɚɩɜ ɑůɞ ɛŮ 0.05 1/m/s) 

 

 

ȺɘəɧɜŬ 12 ɆɡɔəɟɑůŮɘɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɛŮŰŬɝɨ Űɤɜ əɡɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ (ɛˊɚŮ ůɖɛŮɑŬ) əŬɘ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬŰɎ Űɞɜ Longuet-Higgins [24] (ŭɘŬəŮəɞɛɛɏɜŮɠ ɔɟŬɛɛɏɠ) əŬɘ əŬŰɎ Űɤɜ Memos 

and Tzanis [29] (ůɡɜŮɢŮɑɠ ɔɟŬɛɛɏɠ) ɔɘŬ Űɖ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ ɛŮ H1/3=1.56 m, Hm=1.01 m əŬɘ 

Tm=4.62 s (ɓɐɛŬ əŬɛˊɡɚɩɜ ɑůɞ ɛŮ 0.05 1/m/s) 
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ȺɘəɧɜŬ 13 ɆɡɔəɟɑůŮɘɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ɛŮŰŬɝɨ Űɤɜ əɡɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ (ɛˊɚŮ ůɖɛŮɑŬ) əŬɘ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬŰɎ Űɞɜ Longuet-Higgins [24] (ŭɘŬəŮəɞɛɛɏɜŮɠ ɔɟŬɛɛɏɠ) əŬɘ əŬŰɎ Űɤɜ Memos 

and Tzanis [29] (ůɡɜŮɢŮɑɠ ɔɟŬɛɛɏɠ) ɔɘŬ Űɖ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ ɛŮ H1/3=2.89 m, Hm=1.80 m əŬɘ 

Tm=5.96 s (ɓɐɛŬ əŬɛˊɡɚɩɜ ɑůɞ ɛŮ 0.05 1/m/s) 

 

ɄɑɜŬəŬɠ 6 ɄŬɟɎɛŮŰɟɞɘ Ůɨɟɞɡɠ űɎůɛŬŰɞɠ Űɤɜ Űɟɘɩɜ ɗŬɚŬůůɑɤɜ əŬŰŬůŰɎůŮɤɜ əŬɘ ůɡɔəɟɑůŮɘɠ 

Űɤɜ ůŰŬŰɘůŰɘəɩɜ əɡɛŬŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ɛŮŰŬɝɨ ɛŮŰɟɐůŮɤɜ əŬɘ ŬɡŰɩɜ ˊɞɡ ŮəŰɘɛɐɗɖəŬɜ Ŭˊɧ 

Űɘɠ ˊɟɞůŮɔɔɑůŮɘɠ 

ŪŬɚɎůůɘŬ 

ȾŬŰɎůŰŬů

ɖ 

ȹŮŭɞɛɏɜŬ/ 

ȷˊɞŰŮɚɏůɛŬŰŬ 

ɆŰŬŰɘůŰɘəɏɠ əɡɛŬŰɘəɏɠ 

ˊŬɟɎɛŮŰɟɞɘ 

ɄŬɟɎɛŮŰɟɞɘ Ůɨɟɞɡɠ 

űɎůɛŬŰɞɠ 

H1/3 (m) Hm (m) Tm (s) ɜ Ů 

1 

Wave 

measurements 
0.66 0.40 3.54 0.33 0.53 

L-H (1983) 0.76 0.53 3.08 
  

M & T (1994) 0.57 0.38 3.90 
  

2 

Wave 

measurements 
1.56 1.01 4.62 0.37 0.65 

L-H (1983) 1.76 1.17 4.19 
  

M & T (1994) 1.49 1.04 5.32 
  

3 

Wave 

measurements 
2.89 1.80 5.96 0.40 0.72 

L-H (1983) 2.98 1.96 5.44 
  

M & T (1994) 2.86 1.72 6.50 
  

 

ɄɑɜŬəŬɠ 7 ɆɢŮŰɘəɐ ˊɞůɞůŰɘŬɑŬ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɤɜ ŭɨɞ ɛŮɗɧŭɤɜ əŬɘ ŬɡŰɩɜ 

ˊɞɡ ŮɝɐɢɗɖůŬɜ ɎɛŮůŬ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ 

ŪŬɚɎůůɘŬ 

ȾŬŰɎůŰŬůɖ 

ȹŮŭɞɛɏɜŬ/ 

ȷˊɞŰŮɚɏůɛŬŰŬ 

ɆŰŬŰɘůŰɘəɏɠ əɡɛŬŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ɄŬɟɎɛŮŰɟɞɘ Ůɨɟɞɡɠ űɎůɛŬŰɞɠ 

H1/3 (m) Hm (m) Tm (s) ɜ Ů 

1 
L-H (1983) 15% 33% -13% 0.33 0.53 

M & T (1994) -14% -5% 10% 
  

2 
L-H (1983) 13% 16% -9% 0.37 0.65 

M & T (1994) -4% 3% 15% 
  

3 
L-H (1983) 3% 9% -9% 0.40 0.72 

M & T (1994) -1% -4% 9% 
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ȳˊɤɠ ˊŬɟŬŰɖɟɐɗɖəŮ Ŭˊɧ Űɘɠ ȺɘəɧɜŮɠ 11-13 əŬɘ Űɞɡɠ ɄɑɜŬəŮɠ 6 əŬɘ 7, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ 

ŭɨɞ ˊɟɞůŮɔɔɑůŮɤɜ ŭɘŬűɏɟɞɡɜ ɛŮɟɘəɩɠ ɛŮŰŬɝɨ Űɞɡɠ əŬɘ ɛŮ Űɘɠ ɛŮŰɟɐůŮɘɠ ɔɘŬ Űɘɠ ŰɟŮɘɠ 

ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ, ɞɘ ɞˊɞɑŮɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ Ŭˊɧ ɛɖ ůŰŮɜɎ űɎůɛŬŰŬ. ȺɘŭɘəɧŰŮɟŬ, ɞɘ 

ůŰŬŰɘůŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ Memos and Tzanis ([29]; 

[30]) ˊɟɞůŮɔɔɑɕɞɡɜ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ŬəɟɑɓŮɘŬ Űɘɠ ɛŮŰɟɐůŮɘɠ ɔɘŬ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘˊŰɩůŮɘɠ 

ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ, ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞɡ Longuet-Higgins [24]. ɀɑŬ Ůɡəɟɘɜɐɠ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ 

Űɤɜ ŭɨɞ ˊɟɞůŮɔɔɑůŮɤɜ ŮɜŰɞˊɑůŰɖəŮ ůŰɖ ɛɏůɖ ůŰŬŰɘůŰɘəɐ əɡɛŬŰɘəɐ ˊŮɟɑɞŭɞ, ɖ ɞˊɞɑŬ ŬűɞɟɎ 

ůŰɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H əŬɘ T əŬŰɎ 

Űɞɜ Longuet-Higgins [24] ůŮ ɛɑŬ ɔŮɘŰɞɜɘɎ ɔɨɟɤ Ŭˊɧ ɛɑŬ ɢŬɟŬəŰɖɟɘůŰɘəɐ ˊŮɟɑɞŭɞ (ŬɡŰɧ ɗŬ 

ɛˊɞɟɞɨůŮ ɜŬ ůɢŮŰɘůŰŮɑ ɛŮ Űɖɜ ɡˊɧɗŮůɖ Űɞɡ ůŰŮɜɞɨ űɎůɛŬŰɞɠ), Ůɜɩ ůŰɖ ɛɏɗɞŭɞ Űɤɜ Memos 

and Tzanis ([29]; [30]) ɞɘ əɡɛŬŰɘůɛɞɑ ɛŮ ɛŮɔɎɚŬ ȼ ŰŮɑɜɞɡɜ ɜŬ ɏɢɞɡɜ ɛŮɔɎɚŮɠ ɇ ůŮ 

ɛŮɔŬɚɨŰŮɟɞ ɓŬɗɛɧ Ŭˊɧ ɧŰɘ ůŰɖ ɛɏɗɞŭɞ Űɞɡ Longuet-Higgins. 

 

3.2.2 ɆɡɔəɟɑůŮɘɠ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ 

ȼ ˊŮɟɘɞɢɐ ŮűŬɟɛɞɔɐɠ Űɖɠ ɔɟŬɛɛɘəɐɠ ɗŮɤɟɑŬɠ ŮɑɜŬɘ ŮɡɟŮɑŬ, əŬɚɨˊŰɞɜŰŬɠ ůɢŮŭɧɜ ɧɚŬ ŰŬ 

ŮɜŭɘɎɛŮůŬ ɓɎɗɖ ˊɡɗɛɏɜŬ ɔɘŬ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ əŬɛˊɡɚɧŰɖŰŮɠ əɡɛŬŰɘůɛɩɜ ˊɞɡ ůɡɜŬɜŰɩɜŰŬɘ 

ůŰɖɜ ˊɟŬəŰɘəɐ Űɖɠ ɗŬɚɎůůɘŬɠ ɛɖɢŬɜɘəɐɠ əŬɘ ŬəŰɞɢɖɛŬɜɘəɐɠ. ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŬɟɎɔɟŬűɞ 

Űɞ ɔɟŬɛɛɘəɧ ɛɞɜŰɏɚɞ əɡɛŬŰɘəɐɠ ŭɘɎŭɞůɖɠ [33] ɗŬ ŮűŬɟɛɞůŰŮɑ ŮɜŰɧɠ əŬɘ ŮəŰɧɠ Űɤɜ ɞɟɑɤɜ 

ŮűŬɟɛɞɔɐɠ Űɖɠ ɔɟŬɛɛɘəɐɠ ɗŮɤɟɑŬɠ, əŬɘ ɗŬ ůɡɔəɟɘɗŮɑ ɛŮ ɏɜŬ ɛɞɜŰɏɚɞ Űɨˊɞɡ Boussinesq, Ŭˊɧ 

Űɞ ˊŬəɏŰɞ ɚɞɔɘůɛɘəɧ MIKE 21 BW Űɖɠ DHI. Ƀɘ ůɡɔəɟɑůŮɘɠ ɗŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗɞɨɜ ɛŮ ɓɎůɖ 

Űɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əɡɛŬŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɢɟɧɜɞɡ əŬɘ Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ 

ŭɘŬůˊɞɟɎɠ Űɞɡ ɨɣɞɡɠ əŬɘ Űɖɠ ˊŮɟɘɧŭɞɡ əɨɛŬŰɞɠ ŮɜŰɧɠ ɛɑŬɠ ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ. 

ɇɞ ˊŬəɏŰɞ ɚɞɔɘůɛɘəɞɨ MIKE 21 BW Űɖɠ DHI ůŰɖɟɑɕŮŰŬɘ ůŰɖɜ ŬɟɘɗɛɖŰɘəɐ Ůˊɑɚɡůɖ Űɖɠ 

ŭɘŬŰɨˊɤůɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɢɟɧɜɞɡ Űɤɜ ŮɝɘůɩůŮɤɜ Űɨˊɞɡ Boussinesq ůɨɛűɤɜŬ ɛŮ Űɞɡɠ 

Madsen et al. ([46]; [5]; [47]; [48]) əŬɘ Űɞɡɠ Sßrensen and Sßrensen [49] əŬɘ Sßrensen et al. 

[6]. Ƀɘ ŮɝɘůɩůŮɘɠ ŬɡŰɏɠ əŬɗɘůŰɞɨɜ ŰŬ ɛɞɜŰɏɚŬ əɡɛŬŰɘəɐɠ ŭɘɎŭɞůɖɠ ɘəŬɜɎ ɜŬ ˊɟɞůɞɛɞɘɩɜɞɡɜ 

Űɖ ŭɘɎŭɞůɖ ɛɖ ɔɟŬɛɛɘəɩɜ əŬŰŮɡɗɡɜŰɘəɩɜ əɡɛŬŰɘůɛɩɜ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŰŬ ɟɖɢɎ ɜŮɟɎ.  

ȼ ɛŮɗɞŭɞɚɞɔɑŬ, ˊɞɡ ɡɘɞɗŮŰɐɗɖəŮ ɔɘŬ Űɖ ůɨɔəɟɘůɖ Űɞɡ ɛɞɜŰɏɚɞɡ [33] ɛŮ Űɞ ɚɞɔɘůɛɘəɧ MIKE 

21 BW (DHI), ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊŬɟŬəɎŰɤ. ȷɟɢɘəɎ, ůɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ 

ɛɞɜŰɏɚɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ, ɤɠ ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ, ɖ ɢɟɞɜɞůŮɘɟɎ Űɖɠ Ŭɜɨɣɤůɖɠ Űɖɠ 

ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ, Ůɜɩ ůŰɞ ɛɞɜŰɏɚɞ Űɤɜ Malliouri et al. [33] ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɞɘ 

əɡɛŬŰɘůɛɞɑ ɧˊɤɠ ˊŬɟɎɢɗɖəŬɜ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ Űɖɠ ɢɟɞɜɞůŮɘɟɎɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɢɟɧɜɞɡ. 



 

xxvii  

 

Ⱥűɧůɞɜ ŰŬ ŭɨɞ ɛɞɜŰɏɚŬ ɗŬ ˊɟɏˊŮɘ ɜŬ ůɡɔəɟɘɗɞɨɜ ɡˊɧ əɞɘɜɏɠ ɡŭɟŬɡɚɘəɏɠ əŬɘ ɞɟɘŬəɏɠ 

ůɡɜɗɐəŮɠ, ɖ ɑŭɘŬ ɓŬɗɡɛŮŰɟɑŬ əŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ ȼ əŬɘ ɇ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ůŬɜ ɓɎůɖ ɔɘŬ ŰŬ ŭɨɞ ɛɞɜŰɏɚŬ. Ⱥˊɑůɖɠ, ɞɘ ɑŭɘɞɘ əɡɛŬŰɘəɞɑ ɛŮŰŬůɢɖɛŬŰɘůɛɞɑ ɚɐűɗɖəŬɜ ɡˊɧɣɖ, 

ɐŰɞɘ ɖ ɟɐɢɤůɖ, ɖ ŭɘɎɗɚŬůɖ, ɖ ɗɟŬɨůɖ əŬɘ ɞ ŬɜŬůɢɖɛŬŰɘůɛɧɠ ɛŮŰɎ Űɖ ɗɟŬɨůɖ Űɤɜ 

əɡɛŬŰɘůɛɩɜ. ȰˊŮɘŰŬ, ɖ Ŭɜɨɣɤůɖ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ ɞɘ əɡɛŬŰɘůɛɞɑ ɛŮŰŬűɏɟɗɖəŬɜ 

ůŮ ˊɘɞ ɟɖɢɎ ɜŮɟɎ. ɆŰɖ ůɡɜɏɢŮɘŬ, ŮűŬɟɛɧɕɞɜŰŬɠ Űɖ ɛɏɗɞŭɞ Ɏɜɤ ŭɘɎɓŬůɖɠ ůŰɖ ɢɟɞɜɞůŮɘɟɎ 

Ŭɜɨɣɤůɖɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮˊɘűɎɜŮɘŬɠ, ŮəŰɘɛɐɗɖəŬɜ Űɞ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ ɇ əŬɘ ȼ əŬɘ 

ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əɡɛŬŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɡŰɎ ůɡɔəɟɑɗɖəŬɜ ɛŮ ŮəŮɑɜŬ 

Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ŭɘɎŭɞůɖɠ.  

ɀɑŬ ůɢŮŰɘəɎ ɏɜŰɞɜɖ ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ ɛŮ əɎɗŮŰɖ ˊɟɧůˊŰɤůɖ ŮˊɘɚɏɢɗɖəŮ, Ŭˊɧ Űɘɠ ɎɚɚŮɠ 

15 ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ, ɜŬ ˊŬɟɞɡůɘŬůŰŮɑ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, 

Ůűɧůɞɜ ɗŮɤɟŮɑŰŬɘ ˊɘɞ ůɖɛŬɜŰɘəɐ ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ Űɤɜ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ. ȼ əɚɑůɖ ˊɡɗɛɏɜŬ 

ɗŮɤɟɐɗɖəŮ ɑůɖ ɛŮ 0.10 əŬɘ ůŰŬ ŭɨɞ ɛɞɜŰɏɚŬ. Ƀ ɢɤɟɘəɧɠ əɎɜɜŬɓɞɠ ɐŰŬɜ ɞɛɞɘɧɛɞɟűɞɠ ɛŮ 

ɓɐɛŬ ȹx = ȹy = 1 m ůŰɘɠ ŭɨɞ ɞɟɘɕɧɜŰɘŮɠ əɎɗŮŰŮɠ ŭɘŮɡɗɨɜůŮɘɠ x əŬɘ y.  

ɆŰɖɜ ȺɘəɧɜŬ 14 ŬˊŮɘəɞɜɑɕŮŰŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ ɇ əŬɘ ȼ Űɤɜ ŭɨɞ ɛɞɜŰɏɚɤɜ ůŰɞ 

ɓɎɗɞɠ Űɤɜ 20.95 m, əŬɘ ůŰɘɠ ȺɘəɧɜŮɠ 15 - 18, ŰŬ ŬˊɞŰŮɚɏůɛŬŰɎ Űɞɡɠ ɔɘŬ ŭɘɎűɞɟŬ ŮɜŭɘɎɛŮůŬ 

ɓɎɗɖ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬɘ ůɡɔəɟɑɜɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ. ɆŰɞɜ ɄɑɜŬəŬ 8 ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ 

ˊŬɟɎɛŮŰɟɞɘ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɢɟɧɜɞɡ Űɤɜ ŭɨɞ ɛɞɜŰɏɚɤɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 

əŬɘ ůɡɔəɟɑɜɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ, Ůɜɩ ůŰɞɜ ɄɑɜŬəŬ 9 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ůɢŮŰɘəɐ ŭɘŬűɞɟɎ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɤɜ ɤɠ ˊɟɞɠ ŬɡŰɩɜ Űɞɡ ɛɖ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ.  

 

 

ȺɘəɧɜŬ 14 ȹɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ T əŬɘ H ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Ŭˊɧ ŰŬ ŭɨɞ ɛɞɜŰɏɚŬ ůŰɞ 

ɓɎɗɞɠ Űɤɜ 20.95 m 
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ȺɘəɧɜŬ 15 Ɇɨɔəɟɘůɖ ŭɘŬɔɟɎɛɛŬŰɞɠ ŭɘŬůˊɞɟɎɠ Űɤɜ T əŬɘ H Űɞɡ ɛɖ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ (Mike by 

DHI ) ɛŮ ŬɡŰɧ Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ŭɘɎŭɞůɖɠ ůŰɞ ŮɜŭɘɎɛŮůɞ ɓɎɗɞɠ Űɤɜ 11.80 m  

 

 

ȺɘəɧɜŬ 16 Ɇɨɔəɟɘůɖ ŭɘŬɔɟɎɛɛŬŰɞɠ ŭɘŬůˊɞɟɎɠ Űɤɜ T əŬɘ H Űɞɡ ɛɖ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ (Mike by 

DHI ) ɛŮ ŬɡŰɧ Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ŭɘɎŭɞůɖɠ ůŰɞ ŮɜŭɘɎɛŮůɞ ɓɎɗɞɠ Űɤɜ 7.60 m 

 

 

ȺɘəɧɜŬ 17 Ɇɨɔəɟɘůɖ ŭɘŬɔɟɎɛɛŬŰɞɠ ŭɘŬůˊɞɟɎɠ Űɤɜ T əŬɘ H Űɞɡ ɛɖ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ (Mike by 

DHI ) ɛŮ ŬɡŰɧ Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ŭɘɎŭɞůɖɠ ůŰɞ ŮɜŭɘɎɛŮůɞ ɓɎɗɞɠ Űɤɜ 5.70 m 
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ȺɘəɧɜŬ 18 Ɇɨɔəɟɘůɖ ŭɘŬɔɟɎɛɛŬŰɞɠ ŭɘŬůˊɞɟɎɠ Űɤɜ T əŬɘ H Űɞɡ ɛɖ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ (Mike by 

DHI ) ɛŮ ŬɡŰɧ Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ŭɘɎŭɞůɖɠ ůŰɞ ŮɜŭɘɎɛŮůɞ ɓɎɗɞɠ Űɤɜ 3.80 m 

 

ȾɟɑɜɞɜŰŬɠ Ŭˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŭɘŬůˊɞɟɎɠ Űɤɜ T əŬɘ H, ŰŬ ɞˊɞɑŬ ˊŬɟɞɡůɘɎůŰɖəŬɜ ůŰɘɠ 

ˊŬɟŬˊɎɜɤ ŮɘəɧɜŮɠ, ɞɘ ůɡɔəɟɑůŮɘɠ Űɤɜ ŭɨɞ ɛɞɜŰɏɚɤɜ (ɔɟŬɛɛɘəɧ v.s. ɛɖ ɔɟŬɛɛɘəɧ) ŭŮɑɢɜɞɡɜ 

əŬɚɐ ůɡɛűɤɜɑŬ ůŰŬ ˊŮɟɘůůɧŰŮɟŬ ŮɜŭɘɎɛŮůŬ ɓɎɗɖ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ. ɀŮɔŬɚɨŰŮɟŮɠ 

ŬˊɞəɚɑůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɛɞɜŰɏɚɤɜ ˊŬɟŬŰɖɟɐɗɖəŬɜ ůŰŬ ˊɘɞ ɟɖɢɎ ŮɜŭɘɎɛŮůŬ ɓɎɗɖ ˊɞɡ 

ŮɝŮŰɎůŰɖəŬɜ (ŭɖɚ. ůŰɞ ɓɎɗɞɠ Űɤɜ 3.80 m) ŮɝŬɘŰɑŬɠ Űɤɜ ɛɖ ɔɟŬɛɛɘəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ Űɤɜ 

əɡɛŬŰɘůɛɩɜ əŬɘ Űɖɠ ɗɟŬɨůɖɠ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ˊɘɞ ɏɜŰɞɜŮɠ əɞɜŰɎ ůŰɖɜ ŬəŰɐ. 

ɆŰɞɡɠ ɄɑɜŬəŮɠ 8 əŬɘ 9, ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡ ˊŬəɏŰɞɡ 

ɚɞɔɘůɛɘəɞɨ MIKE 21 BW ůɡɔəɟɑɜɞɜŰŬɘ ɛŮ ŬɡŰɏɠ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ Malliouri et al. [33]. 

ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ŮəŰɧɠ Űɞɡ ɛɏůɞɡ ɨɣɞɡɠ əɨɛŬŰɞɠ Hm, Űɞɡ ůɖɛŬɜŰɘəɞɨ ɨɣɞɡɠ əɨɛŬŰɞɠ H1/3, 

əŬɘ Űɖɠ ɛɏůɖɠ əɡɛŬŰɘəɐɠ ˊŮɟɘɧŭɞɡ Tm, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ, Ůˊɑůɖɠ, Űɞ ɛɏůɞ ɛɐəɞɠ əɨɛŬŰɞɠ Lm, 

ˊɞɡ ŮəŰɘɛɐɗɖəŮ Ŭˊɧ Űɖ ɔɟŬɛɛɘəɐ Ůɝɑůɤůɖ ŭɘŬůˊɞɟɎɠ ůŮ ɧɟɞɡɠ Tm, ɖ ɛɏůɖ əŬɛˊɡɚɧŰɖŰŬ sm 

(H1/3/Lm), ɖ ɞˊɞɑŬ ŮəŰɘɛɐɗɖəŮ ůŮ ɧɟɞɡɠ H1/3 əŬɘ Lm, əŬɘ ɞ Ŭɟɘɗɛɧɠ Ursell, Ur ((H1/3*Lm
2
/d

3
) 

ˊɞɡ Ůˊɑůɖɠ ŮəŰɘɛɐɗɖəŮ ůŮ ɧɟɞɡɠ H1/3 əŬɘ Lm. 

 

ɄɑɜŬəŬɠ 8 Ɇɨɔəɟɘůɖ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡ ˊŬəɏŰɞɡ 

ɚɞɔɘůɛɘəɞɨ MIKE  21 BW ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ Malliouri  et al. [33] 

ɔɘŬ əɎɗŮŰɖ ˊɟɧůˊŰɤůɖ 

Model depth (m) Hm (m) H1/3 (m) Tm (s) L m (m) sm Ur  

MIKE  BW  20.95 2.99 4.63 8.40 96.61 4.79*10
-2
 4.70 

Malliouri  et al. 2019 20.95 2.99 4.63 8.40 96.61 4.79*10
-2
 4.70 

MIKE  BW 11.80 3.05 4.69 8.62 82.83 5.66*10
-2
 18.36 

Malliouri  et al. 2019 11.80 3.07 4.81 8.40 80.20 6.01*10
-2
 18.83 

MIKE  BW 7.60 3.17 4.73 8.84 71.33 6.63*10
-2
 54.82 

Malliouri  et al. 2019 7.60 3.15 4.82 8.40 67.27 7.17*10
-2
 49.68 



 

xxx 

 

MIKE  BW 5.70 3.10 4.51 8.97 63.88 7.06*10
-2
 99.37 

Malliouri  et al. 2019 5.70 3.07 4.60 8.39 59.35 7.75*10
-2
 89.85 

MIKE  BW 3.80 2.59 3.96 8.36 49.18 8.05*10
-2
 174.52 

Malliouri  et al. 2019 3.80 2.39 3.68 7.81 45.69 8.06*10
-2
 139.97 

 

ɄɑɜŬəŬɠ 9 ɆɢŮŰɘəɐ ŭɘŬűɞɟɎ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡ 

ɛɞɜŰɏɚɞɡ Űɤɜ Malliouri  et al. [33] ɤɠ ˊɟɞɠ ŬɡŰɩɜ Űɞɡ MIKE  21 BW ɔɘŬ əɎɗŮŰɖ ˊɟɧůˊŰɤůɖ 

d (m) d/L m Hm H1/3 Tm L m sm Ur  

11.80 0.22 0.01 0.03 -0.03 -0.03 0.06 0.03 

7.60 0.14 -0.01 0.02 -0.05 -0.06 0.08 -0.09 

5.70 0.11 -0.01 0.06 -0.07 -0.07 0.10 -0.10 

3.80 0.09 -0.08 -0.07 -0.07 -0.07 0.00 -0.20 

 

ȳˊɤɠ ŮəŰɘɛɐɗɖəŮ Ŭˊɧ Űɞɡɠ ɄɑɜŬəŮɠ 8 əŬɘ 9, ůŰŬ ˊɘɞ ɓŬɗɘɎ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ (ůɡɔəŮəɟɘɛɏɜŬ 

ůŰŬ ɓɎɗɖ Űɤɜ 11.40 m, 7.60 m, 5.70 m) Űɞ Hm, Űɞ ɞˊɞɑɞ ŮəŰɘɛɐɗɖəŮ Ŭˊɧ Űɞ ɔɟŬɛɛɘəɧ 

ɛɞɜŰɏɚɞ ŭɘɎŭɞůɖɠ əɡɛŬŰɘůɛɩɜ, ŮɑɜŬɘ ˊɘɞ əɞɜŰɎ ɛŮ ŬɡŰɧ Űɞɡ ɛɖ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ůŮ 

ůɢɏůɖ ɛŮ ˊɘɞ ɟɖɢɎ ɜŮɟɎ. Ƀɘ ůɡɔəɟɑůŮɘɠ ˊɞɡ Ŭűɞɟɞɨɜ ůŰɘɠ ɡˊɧɚɞɘˊŮɠ ˊŬɟŬɛɏŰɟɞɡɠ ŮɑɜŬɘ Ůɜ 

ɔɏɜŮɘ ɘəŬɜɞˊɞɘɖŰɘəɏɠ. ɋůŰɧůɞ, ɛŮɔŬɚɨŰŮɟŮɠ ŭɘŬűɞɟɏɠ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ůŰŬ Tm əŬɘ Lm, Ůɜɩ 

ŬəɧɛŬ ɛŮɔŬɚɨŰŮɟŮɠ ůŰŬ sm əŬɘ Ur. ȳˊɤɠ ɐŰŬɜ ŬɜŬɛŮɜɧɛŮɜɞ, ɞɘ ŬˊɞəɚɑůŮɘɠ ɛŮŰŬɝɨ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ Űɤɜ ŭɨɞ ɛɞɜŰɏɚɤɜ ɔɑɜɞɜŰŬɘ ˊɘɞ ɏɜŰɞɜŮɠ, ɧŰŬɜ ɞɘ əɡɛŬŰɘůɛɞɑ ŮɘůɏɟɢɞɜŰŬɘ ůŮ ˊɘɞ 

ɟɖɢɎ ɜŮɟɎ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ŮɝŮŰɎůŰɖəŬɜ, Ůˊɑůɖɠ, əŬɘ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ ɛŮ ˊɚɎɔɘŬ 

ˊɟɧůˊŰɤůɖ. ȳůɞɜ ŬűɞɟɎ Űɖɜ ˊɚɎɔɘŬ ˊɟɧůˊŰɤůɖ, ˊŬɟɧɛɞɘŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ 

ŮɝŬɢɗɞɨɜ ɧˊɤɠ ɛŮ Űɖɜ əɎɗŮŰɖ ˊɟɧůˊŰɤůɖ, ůɢŮŰɘəɎ ɛŮ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Hm, H1/3, Tm, Lm, sm, 

Ur. ɆɢŮŰɘəɎ ɛŮ Űɖ ɗm ůŰɖɜ ˊɚɎɔɘŬ ˊɟɧůˊŰɤůɖ, ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ, ɧůɞ ɖ ɔɤɜɑŬ ůŮ ůɢɏůɖ ɛŮ 

Űɖɜ əɎɗŮŰɖ ˊɟɧůˊŰɤůɖ ŬɡɝɎɜŮŰŬɘ, ɖ ɗm Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ŭɘŬűɏɟŮɘ ůŮ ɛŮɔŬɚɨŰŮɟɞ 

ɓŬɗɛɧ Ŭˊɧ ŬɡŰɐ ˊɞɡ ˊɟɞɏəɡɣŮ Ŭˊɧ Űɞ ˊŬəɏŰɞ ɚɞɔɘůɛɘəɞɨ MIKE 21 BW, Ůɜɩ ɞɘ ɡˊɧɚɞɘˊŮɠ 

ˊŬɟɎɛŮŰɟɞɘ ɏŭŮɘɝŬɜ əŬɚɨŰŮɟɖ ůɡɛűɤɜɑŬ. Ƀɘ ŭɘŬűɞɟɏɠ, ůŮ ɏɜŬ ɓŬɗɛɧ, Űɤɜ ŭɨɞ ɛɞɜŰɏɚɤɜ ɤɠ 

ˊɟɞɠ Űɖ ɗm, ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ Ŭˊɞŭɞɗɞɨɜ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ŬɡŰɐ ŬűɞɟɎ ɛɑŬ ůŰŬŰɘůŰɘəɐ 

ˊŬɟɎɛŮŰɟɞ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ Űɤɜ Malliouri et al. [33], Ůɜɩ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɞɡ MIKE 21 BW ɖ ˊŬɟɎɛŮŰɟɞɠ ŬɡŰɐ ŮɑɜŬɘ űŬůɛŬŰɘəɐ əŬɘ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɤɠ ɖ 

ɛɏůɖ əŬŰŮɨɗɡɜůɖ Űɞɡ əŬŰŮɡɗɡɜŰɘəɞɨ űɎůɛŬŰɞɠ. 

 

3.3 ȷɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ ůɡɛɓŬŰɘəɞɨ əɡɛŬŰɞɗɟŬɨůŰɖ ɛŮ ˊɟŬɜɐ 
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ɆŰɖɜ ˊŬɟɞɨůŬ ˊŬɟɎɔɟŬűɞ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɑŬ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɐ ɛŮɗɞŭɞɚɞɔɑŬ ɛŮ ůŰɧɢɞ Űɖɜ 

ŮəŰɑɛɖůɖ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ, ɧˊɤɠ ɞɘ ůɡɛɓŬŰɘəɞɑ əɡɛŬŰɞɗɟŬɨůŰŮɠ 

ɛŮ ˊɟŬɜɐ, ɓɎůŮɘ Űɖɠ ˊɘɗŬɜɞŰɘəɐɠ ŬɜŬˊŬɟɎůŰŬůɖɠ ˊŬɟŬɛɏŰɟɤɜ űɧɟŰɘůɖɠ əŬɘ ŬɜŰɑůŰŬůɖɠ. 

ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɏɜŬ Ŭˊɧ ŰŬ əŬɘɜɞŰɧɛŬ ůɖɛŮɑŬ əŬɘ ŬɜŰɘəŮɑɛŮɜŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ŮɑɜŬɘ 

ɖ ŮəŰɑɛɖůɖ Űɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Űɤɜ əŬŰŬůəŮɡɩɜ ɛŮ ɓɎůɖ Űɞ ɛŬəɟɞˊɟɧɗŮůɛɞ əɡɛŬŰɘəɧ 

əɚɑɛŬ ůŰɖ ɗɏůɖ Űɤɜ ɏɟɔɤɜ, ɖ ɞˊɞɑŬ ůɡɜɐɗɤɠ ɓɟɑůəŮŰŬɘ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ, 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ˊŬɟŬŰɖɟɐůŮɘɠ ɐ ɛŮŰɟɐůŮɘɠ əɡɛŬŰɘůɛɩɜ ůŮ ˊɘɞ ɓŬɗɘɎ ɜŮɟɎ. ȷɡŰɧ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ Űɖɠ ŮűŬɟɛɞɔɐɠ Ůɜɧɠ ůŰŬŰɘůŰɘəɞɨ ɛɞɜŰɏɚɞɡ əɡɛŬŰɘəɐɠ ŭɘɎŭɞůɖɠ ɛŮ ůŰɧɢɞ 

ɖ ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ ɧɚɤɜ Űɤɜ ůŰɞɢŬůŰɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ ɜŬ 

ŮəŰɘɛɖɗŮɑ ůŰɖ ɗɏůɖ Űɞɡ ɏɟɔɞɡ. ȺˊɘˊɟɧůɗŮŰŬ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ŬɜɎɚɡůɖ ŬəɟŬɑɤɜ Űɘɛɩɜ 

ˊɞɡ ůŰɖɟɑɕŮŰŬɘ ůŮ ɔŮɔɞɜɧŰŬ, əŬɘ ɖ ŬɜɎɚɡůɖ ůŰɘɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ ŮɜŰɧɠ Űɤɜ 

ɔŮɔɞɜɧŰɤɜ, ůŮ ɛɑŬ ɛŮɗɞŭɞɚɞɔɑŬ ŮəŰɑɛɖůɖɠ Űɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Űɤɜ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ. 

Ⱥˊɑůɖɠ, ŬˊɞŭŮɘəɜɨŮŰŬɘ ɧŰɘ əŬɘ ɞɘ ŭɨɞ ŬɡŰɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ ŮɜůɤɛŬŰɤɗɞɨɜ ůŰɖ 

ŭɘŬŭɘəŬůɑŬ ůɢŮŭɘŬůɛɞɨ Űɤɜ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ. ũɘŬ Űɞɜ ůəɞˊɧ ŬɡŰɧ, ŮűŬɟɛɧůŰɖəŬɜ əŬɘ 

ůɡɔəɟɑɗɖəŬɜ ɛŮŰŬɝɨ Űɞɡɠ ŭɨɞ ŭɘŬűɞɟŮŰɘəɏɠ ɛŮɗɞŭɞɚɞɔɑŮɠ, ɐŰɞɘ ɖ ɀɏɗɞŭɞɠ ȯɛŮůɖɠ 

Ƀɚɞəɚɐɟɤůɖɠ əŬɘ ɖ ɀɏɗɞŭɞɠ Monte Carlo, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬɜ ůɡɜŭɡŬůɛɧ ɛŮŰŬɓɚɖŰɩɜ 

ɛŮ ɛɖŭŮɜɘəɧ əŬɘ ɛɖ-ɛɖŭŮɜɘəɧ ɓŬɗɛɧ ŮˊɘəɘɜŭɡɜɧŰɖŰŬɠ. Ƀ ůɡɜŭɡŬůɛɧɠ ŬɡŰɧɠ ŬɜŬűɏɟŮŰŬɘ Ůŭɩ 

ɤɠ ɛɑŬ ůɡɜŭɡŬůɛɏɜɖ ŬɜɎɚɡůɖ ɢɟɞɜɘəɎ ɛŮŰŬɓŬɚɚɧɛŮɜɤɜ əŬɘ ɢɟɞɜɘəɎ ŬɛŮŰɎɓɚɖŰɤɜ 

ɛŮŰŬɓɚɖŰɩɜ. Ⱥˊɘˊɚɏɞɜ, ŭɘŮɟŮɡɜɎŰŬɘ Űɞ əŬŰɎɚɚɖɚɞ ɢɟɞɜɘəɧ ɓɐɛŬ ɞɟɘůɛɞɨ Űɖɠ ɗŬɚɎůůɘŬɠ 

əŬŰɎůŰŬůɖɠ ŮɜŰɧɠ Űɤɜ əŬŰŬɘɔɑŭɤɜ ůŰɖɜ ŬɜɎɚɡůɖ Űɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ, ɗŮɤɟɩɜŰŬɠ 

ɛŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ Űɖɜ ɘůŰɞɟɑŬ əŬɘ Űɖ ɛɞɟűɐ Űɤɜ əɡɛŬŰɘəɩɜ əŬŰŬɘɔɑŭɤɜ-ɔŮɔɞɜɧŰɤɜ. ɇɏɚɞɠ, 

ŭɘŮɟŮɡɜɎŰŬɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ɗŮɩɟɖůɖɠ ˊŮɟɘůůɧŰŮɟɤɜ ůŰɞɢŬůŰɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ ŭɘŬűɞɟŮŰɘəɞɨ 

Űɨˊɞɡ ůŰɖɜ ŮəŰɘɛɞɨɛŮɜɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ. 

 

3.3.1 ȷɟɢɘəɐ ˊɟɞůɏɔɔɘůɖ ůɢŮŭɘŬůɛɞɨ ɓɎůŮɘ Űɖɠ ŬɜɎɚɡůɖɠ ŬəɟŬɑɤɜ Űɘɛɩɜ ůŰɖɟɘɕɧɛŮɜɖ ůŮ 

ɔŮɔɞɜɧŰŬ 

ɀɑŬ ɛɞɜɞˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ŬəɟŬɑɤɜ Űɘɛɩɜ ɓŬůɘůɛɏɜɖ ůŮ ɔŮɔɞɜɧŰŬ, ɖ ɞˊɞɑŬ ŬɜŬűɏɟŮŰŬɘ 

ůŰɞ ɛɞɜŰɏɚɞ Űɤɜ ȷɘɢɛɩɜ ȯɜɤ ȾŬŰɤűɚɑɞɡ (Peak Over Threshold) POT, ɗŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ 

Ůŭɩ ɔɘŬ Űɞ Hs,p, ŭɖɚ. Űɞ ɛɏɔɘůŰɞ Hs ŮɜŰɧɠ Ůɜɧɠ ɔŮɔɞɜɧŰɞɠ ɐ Ŭɚɚɘɩɠ ɛɑŬɠ əɡɛŬŰɘəɐɠ əŬŰŬɘɔɑŭŬɠ, 

ŬəɞɚɞɡɗɩɜŰŬɠ Űɞ ɗŮɤɟɖŰɘəɧ ˊɚŬɑůɘɞ, Űɞ ɞˊɞɑɞ ŮɘůɐɔŬɔŬɜ ɞɘ Bernardara et al. [50]. ɆŰɖ 

ůɡɜɏɢŮɘŬ, Űɞ Hs,p ˊɞɡ ŬɜŬűɏɟŮŰŬɘ ůŮ ɛɑŬ ˊŮɟɑɞŭɞ ŮŬ́ɜŬűɞɟɎɠ ɗŬ ŬɜŰɘůŰɞɘɢɘůŰŮɑ ɛŮ Űɘɠ ˊɘɞ 

ůɡɢɜɏɠ Űɘɛɏɠ Űɖɠ ɛɏůɖɠ əɡɛŬŰɘəɐɠ ˊŮɟɑɞŭɞ əŬŰŬɘɔɑŭŬɠ, storm Tm, əŬɘ Űɖɠ ɛɏůɖɠ əŬŰŮɨɗɡɜůɖɠ 

əŬŰŬɘɔɑŭŬɠ, storm ɗm. 
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ȷɟɢɘəɎ, ɞɛɞɔŮɜɞˊɞɘɞɨɜŰŬɘ ŰŬ ŬɟɢɘəɎ əɡɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ, ŮˊɘŰɟɏˊɞɜŰŬɠ ɛŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ 

Űɞɜ ŭɘŬɢɤɟɘůɛɧ Űɤɜ ŭŮŭɞɛɏɜɤɜ/ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ ůŮ ŬɜŮɝɎɟŰɖŰŬ ɛŮŰŬɝɨ Űɞɡɠ 

ɔŮɔɞɜɧŰŬ. ȷɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖɜ Ůˊɘɚɞɔɐ Ůɜɧɠ Ŭɟɢɘəɞɨ əŬŰɤűɚɑɞɡ u1 ɔɘŬ Űɞ Hs 

ŭɘŬɢɤɟɑɕɞɜŰŬɠ Űɘɠ ŬůɗŮɜŮɑɠ Ŭˊɧ Űɘɠ ˊɘɞ ɘůɢɡɟɏɠ əŬŰŬɘɔɑŭŮɠ. Ⱥˊɑůɖɠ, ŮˊɘɚɏɢɗɖəŮ ɛɑŬ ŮɚɎɢɘůŰɖ 

ˊŮɟɑɞŭɞɠ çɖɟŮɛɑŬɠè, ́.ɢ. Űɤɜ 6 hr [51], ɛŮŰŬɝɨ ŭɨɞ ŭɘŬŭɞɢɘəɩɜ əŬŰŬɘɔɑŭɤɜ, ɔɘŬ ɜŬ 

ŮɝŬůűŬɚɑůŮɘ ɧŰɘ ŰŬ ŭɨɞ ɔŮɔɞɜɧŰŬ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŬ. ɀŮ ŬɡŰɐ Űɖ ŭɘŬŭɘəŬůɑŬ, ˊɟɞəɨˊŰŮɘ Űɞ 

ůɨɜɞɚɞ Űɤɜ Hs,p. ɆɢŮŰɘəɎ ɛŮ Űɖɜ Ůˊɘɚɞɔɐ Űɞɡ əŬŰɤűɚɑɞɡ u1, ŬɡŰɧ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŬɟəŮŰɎ 

ɡɣɖɚɧ, ɩůŰŮ ɜŬ ŭɘŬəɟɑɜŮɘ əŬɘ ɜŬ ŭɘŬɢɤɟɑɕŮɘ ŭɨɞ ŭɘŬŭɞɢɘəɏɠ əŬŰŬɘɔɑŭŮɠ, ŬɚɚɎ Ůˊɑůɖɠ ɜŬ ŮɑɜŬɘ 

ˊɘɞ ɢŬɛɖɚɧ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ Űɤɜ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ [52].  

ɇɞ ŭŮɨŰŮɟɞ ɓɐɛŬ ŮɑɜŬɘ ɖ Ůˊɘɚɞɔɐ Ůɜɧɠ Ɏɚɚɞɡ əŬŰɤűɚɑɞɡ u2, ɡɣɖɚɧŰŮɟɞɡ Ŭˊɧ Űɞ u1. ȼ 

Ůˊɘɚɞɔɐ Űɞɡ u2 ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ˊɘɞ Ŭəɟɘɓɐɠ Ŭˊɧ Űɞɡ u1, Ŭűɞɨ ŰŬ Hs,p ˊɞɡ ɡˊŮɟɓŬɑɜɞɡɜ Űɞ u2 ɗŬ 

ˊɟɏˊŮɘ ɜŬ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ ɑŭɘŬ ˊɘɗŬɜɞŰɘəɐ əŬŰŬɜɞɛɐ ŬəɟŬɑɤɜ Űɘɛɩɜ. ȷɜŬűɞɟɘəɎ ɛŮ Űɞ 

ɛɞɜŰɏɚɞ POT, o Pickands [53] ŬˊɏŭŮɘɝŮ ɧŰɘ ɖ ˊɘɗŬɜɞŰɘəɐ əŬŰŬɜɞɛɐ ŬəɟŬɑɤɜ Űɘɛɩɜ ɛˊɞɟŮɑ ɜŬ 

ˊɟɞůŮɔɔɘůŰŮɑ Ŭˊɧ Űɖɜ əŬŰŬɜɞɛɐ Generalized Pareto (GP) (ɓɚ. Ůˊɑůɖɠ [54]). ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ 

ɔɘŬ ,s p oH x> , ŭŮŭɞɛɏɜɞɡ ɧŰɘ , 2s pH u> , ɘůɢɨŮɘ: 
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ɧˊɞɡ: 
ox  ŮɑɜŬɘ ɛɑŬ Űɘɛɐ 

,s pH  ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɞ 
2u , ( ),xÍ -¤ +¤ əŬɘ 0s>  ŮɑɜŬɘ ɞɘ 

ˊŬɟɎɛŮŰɟɞɘ ůɢɐɛŬŰɞɠ əŬɘ əɚɑɛŬəŬɠ, ŬɜŰɑůŰɞɘɢŬ, Űɖɠ əŬŰŬɜɞɛɐɠ. 

Ƀɘ ŮˊɘůŰɟŮűɧɛŮɜŮɠ Űɘɛɏɠ Hs,p, ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ůɡɔəŮəɟɘɛɏɜŮɠ ˊŮɟɘɧŭɞɡɠ ŮˊŬɜŬűɞɟɎɠ 
rT , 

ŮɝŬɔɧɛŮɜŮɠ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ GP ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ: 
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ɆɡɜŮˊɩɠ, ɖ əŬŰŬɘɔɑŭŬ ůɢŮŭɘŬůɛɞɨ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɛɑŬ ŮˊɘůŰɟŮűɧɛŮɜɖ Űɘɛɐ ɔɘŬ Űɞ Hs,p, ɖ ɞˊɞɑŬ 

ůɡɜŭɡɎɕŮŰŬɘ ɛŮ Űɖɜ ˊɘɞ ˊɘɗŬɜɐ Űɘɛɐ Űɖɠ Tm əŬɘ Űɖɠ ɗm.  
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ũɘŬ ɜŬ ŮəŰɘɛɖɗŮɑ, ɚɞɘˊɧɜ, ɖ ˊɘɗŬɜɧŰɖŰŬ ɡ́ ɏɟɓŬůɖɠ Űɞɡ Hs,p ůɢŮŭɘŬůɛɞɨ ůŰɞ ŭŮɑɔɛŬ Űɤɜ Hs,p 

Űɤɜ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ ůŰɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ Űɞɡ ɏɟɔɞɡ L, ɖ ɞˊɞɑŬ ɗŮɤɟŮɑŰŬɘ Ůŭɩ ɤɠ ɛɑŬ 

ɘůɞŭɨɜŬɛɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ 
*

,e,f LP , ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɖ ˊŬɟŬəɎŰɤ Ůɝɑůɤůɖ: 
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3.3.2 Ʉɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɐ ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ ŮűŬɟɛɞůɛɏɜɖ ůŮ ŬəɟŬɑŬ ɔŮɔɞɜɧŰŬ  

ȼ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɐ ŬɜɎɚɡůɖ, ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊŬɟŬəɎŰɤ, ŮűŬɟɛɧɕŮŰŬɘ ɎɛŮůŬ ůŰɞɡɠ 

Ůəˊɟɞůɩˊɞɡɠ Űɤɜ əŬŰŬɘɔɑŭɤɜ, ŭɖɚŬŭɐ ŮɑŰŮ ůŰŬ Hs,p Űɤɜ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ, ŮɑŰŮ ůŰŬ Hs Űɖɠ 

ɛŮɗɧŭɞɡ Block Maxima. ũɘŬ Űɞɜ ůəɞˊɧ ŬɡŰɧ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŭɨɞ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɏɠ 

ɛɏɗɞŭɞɘ ŬɝɘɞˊɘůŰɑŬɠ, ɐŰɞɘ ɖ ɀɏɗɞŭɞɠ ȯɛŮůɖɠ Ƀɚɞəɚɐɟɤůɖɠ (DIM) əŬɘ ɖ ɀɏɗɞŭɞɠ Monte 

Carlo (MCM), ŮűŬɟɛɞůɛɏɜɖ ůŰŬ ŬɜŮɝɎɟŰɖŰŬ Hs,p Űɤɜ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ ɛɑŬɠ POT 

ŬɜɎɚɡůɖɠ. 

 

3.3.2.1 ɀɏɗɞŭɞɠ ȯɛŮůɖɠ Ƀɚɞəɚɐɟɤůɖɠ (DIM) 

ȼ ɛɏɗɞŭɞɠ ɎɛŮůɖɠ ɞɚɞəɚɐɟɤůɖɠ ɓɟɑůəŮŰŬɘ ˊɘɞ əɞɜŰɎ ɗŮɤɟɖŰɘəɎ ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ 

ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Ůɜɧɠ ůŰɞɘɢŮɑɞɡ ɛɑŬɠ əŬŰŬůəŮɡɐɠ. ȸŬůɑɕŮŰŬɘ ůŰɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

ůɡɜɎɟŰɖůɖɠ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ ůŮ ɧɚɞ Űɞ ˊŮŭɑɞ ɞɟɘůɛɞɨ Űɤɜ 

ůŰɞɢŬůŰɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ ɡˊɧ Űɖ ůɡɜɗɐəɖ ɧŰɘ Űɞ ɞɚɞəɚɐɟɤɛŬ ɡˊɞɚɞɔɑɕŮŰŬɘ ůŰɞ ɢɤɟɑɞ Űɖɠ 

ŬůŰɞɢɑŬɠ. 

ɆŮ ɛɑŬ ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ, ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ŮɛˊɚɏəɞɜŰŬɘ ɢɟɞɜɘəɎ ɛŮŰŬɓŬɚɚɧɛŮɜŮɠ ŬɚɚɎ 

əŬɘ ɢɟɞɜɘəɎ ŬɛŮŰɎɓɚɖŰŮɠ ɛŮŰŬɓɚɖŰɏɠ, ɛŮ Űɖɜ ɏɜɜɞɘŬ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ɛŮ ɛɖŭŮɜɘəɧ əŬɘ ɛɖ 

ɛɖŭŮɜɘəɧ ɟɡɗɛɧ ŮˊɘəɘɜŭɡɜɧŰɖŰŬɠ, ɞɘ ɞˊɞɑŮɠ ˊŬɑɕɞɡɜ əɎˊɞɘɞ ɟɧɚɞ ůŰɖɜ ŬɝɘɞˊɘůŰɑŬ ɐ ůŰɖɜ 

ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ ɛɑŬɠ ˊŬɟɎəŰɘŬɠ əŬŰŬůəŮɡɐɠ ,e,f LP  əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɕɤɐɠ Űɖɠ L. ȼ 

ůɡɔəŮəɟɘɛɏɜɖ ˊɘɗŬɜɧŰɖŰŬ ŮəŰɘɛɎŰŬɘ ůŰɞ ůɨɜɞɚɞ Űɤɜ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ. Ƀɘ ɛŮŰŬɓɚɖŰɏɠ ɛŮ 

ɛɖŭŮɜɘəɧ ɟɡɗɛɧ ŮˊɘəɘɜŭɡɜɧŰɖŰŬɠ, ɤůŰɧůɞ, ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŮɠ Ŭˊɧ Űɖɜ ˊŮɟɑɞŭɞ ŬɜŬűɞɟɎɠ L. 

ɆŰɖɜ ˊɟɎɝɖ, ŰɏŰɞɘŮɠ ɢɟɞɜɘəɎ ŬɛŮŰɎɓɚɖŰŮɠ ɛŮŰŬɓɚɖŰɏɠ ɛˊɞɟɞɨɜ ɜŬ ɗŮɤɟɖɗɞɨɜ ŬɡŰɏɠ ˊɞɡ 

ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ŬɜŰɞɢɐ/ŬɜŰɑůŰŬůɖ Űɖɠ əŬŰŬůəŮɡɐɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ůɡɜŭɡŬůɛɞɨ Űɤɜ 

ŭɨɞ ŬɡŰɩɜ Űɨˊɤɜ ɛŮŰŬɓɚɖŰɩɜ, ɖ ,e,f LP  ŮəŰɘɛɎŰŬɘ ɛɏůɤ Űɖɠ Ŭəɧɚɞɡɗɖɠ Ůɝɑůɤůɖɠ ɖ ɞˊɞɑŬ 

ŬɜŬˊŰɨɢɗɖəŮ Ůŭɩ: 
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ɧˊɞɡ: Ŭˊɧ Ůŭɩ əŬɘ ůŰɞ Ůɝɐɠ, ()R
f r ŮɑɜŬɘ ɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ 

ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ɛŮŰŬɓɚɖŰɩɜ ŬɜŰɑůŰŬůɖɠ r , (),e,X L
f x  ŮɑɜŬɘ ɖ ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ 

ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ɢɟɞɜɘəɎ ŮɝŬɟŰɩɛŮɜɤɜ ɛŮŰŬɓɚɖŰɩɜ űɧɟŰɘůɖɠ x  əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ɕɤɐɠ Űɞɡ ɏɟɔɞɡ ὒ, əŬɘ ( ),r xW  ŮɑɜŬɘ Űɞ ɢɤɟɑɞ ŬůŰɞɢɑŬɠ, Űɞ ɞˊɞɑɞ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ 

Ŭˊɧ Űɞ ˊŮŭɑɞ ɞɟɘůɛɞɨ ɧɚɤɜ Űɤɜ ŮɛˊɚŮəɧɛŮɜɤɜ ůŰɞɢŬůŰɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ ɡˊɧ Űɖ ůɡɜɗɐəɖ ɧŰɘ 

ɖ ɞɟɘŬəɐ ůɡɜɎɟŰɖůɖ ůɢŮŭɘŬůɛɞɨ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɞ ɛɖŭɏɜ, ŭɖɚ. ɔɘŬ ( ), 0<g r x .  

ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ŬɜɞɑɔŮɘ ɛɑŬ ˊŬɟɏɜɗŮůɖ: ȼ ůɡɜɎɟŰɖůɖ ɞɟɘŬəɐɠ əŬŰɎůŰŬůɖɠ (limit  state 

function) Ὣ Űɞɡ əɎɗŮ ůŰɞɘɢŮɑɞɡ Űɖɠ əŬŰŬůəŮɡɐɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞɜ Űɨˊɞ ůɢŮŭɘŬůɛɞɨ Űɞɡ 

ůŰɞɘɢŮɑɞɡ, ŭɘŬɛɞɟűɤɛɏɜɞ ůŰɖɜ Ŭəɧɚɞɡɗɖ ɔŮɜɘəɐ Űɞɡ ɛɞɟűɐ: 
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ɧˊɞɡ: Ὑ ɖ ůɡɜɎɟŰɖůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ŬɜŰɑůŰŬůɖɠ əŬɘ ὃ ɖ ůɡɜɎɟŰɖůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ 

űɧɟŰɘůɖɠ. ɆɡɜŮˊɩɠ, ɖ ůɡɜɎɟŰɖůɖ ɞɟɘŬəɐɠ əŬŰɎůŰŬůɖɠ Ůɜɧɠ ůŰɞɘɢŮɑɞɡ ˊŮɟɘɔɟɎűŮɘ Űɖɜ 

əŬŰɎůŰŬůɖ ůŰɖɜ ɞˊɞɑŬ ɓɟɑůəŮŰŬɘ, əŬɘ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ Ůɝɑůɤůɖ: 

 

ȾɚŮɑɜɞɜŰŬɠ ɚɞɘˊɧɜ Űɖɜ ˊŬɟɏɜɗŮůɖ, ́ ɟɞəɨˊŰŮɘ ɧŰɘ: 

 

( ) ( ){ }, , 0= <r x g r xW  (11) 

 

ȼ ŮűŬɟɛɞɔɐ Űɖɠ Ⱥɝɑůɤůɖɠ 9 ůŰɖɜ Ⱥɝɑůɤůɖ 8 ůɡɜŮˊɎɔŮŰŬɘ ɧŰɘ: 
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ɧˊɞɡ: (),e,1X y
f x ŮɑɜŬɘ ɖ əŬŰɎ ɛɏůɞ ɧɟɞ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ 

Űɤɜ x  ˊɞɡ ŬɜŬűɏɟŮŰŬɘ ůŰɖɜ ˊŮɟɑɞŭɞ ŬɜŬűɞɟɎɠ Űɞɡ Ůɜɧɠ ɏŰɞɡɠ, ŮɝŬɔɧɛŮɜɖ Ŭˊɧ Y ɏŰɖ 

ˊŬɟŬŰɖɟɐůŮɤɜ/ɛŮŰɟɐůŮɤɜ. ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɞɘ ɢɟɞɜɘəɎ ŮɝŬɟŰɩɛŮɜŮɠ ɛŮŰŬɓɚɖŰɏɠ űɧɟŰɘůɖɠ x  

ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ əɡɛŬŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ, ɧˊɤɠ ɞɘ Hs, əŬɘ Tm, ɐ ɎɚɚŮɠ ɧɛɞɘŮɠ, ɖ ŭɘŬəɨɛŬɜůɖ 

Űɖɠ ůŰɎɗɛɖɠ ɚɧɔɤ ɛŮŰŮɤɟɞɚɞɔɘəɐɠ ˊŬɚɑɟɟɞɘŬɠ SL, ɖ ŰŬɢɨŰɖŰŬ Űɤɜ ɗŬɚɎůůɘɤɜ ɟŮɡɛɎŰɤɜ 

əɚˊ. 

ȼ ˊɘɞ ůɡɢɜɐ ˊŮɟɘɓŬɚɚɞɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɞ əɡɛŬŰɘəɧ ˊŮŭɑɞ 

əŬɘ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ˊŬɟɎəŰɘŬ ɕɩɜɖ, ŮɑɜŬɘ ɖ ŭɘŬəɨɛŬɜůɖ Űɖɠ ɗŬɚɎůůɘŬɠ ůŰɎɗɛɖɠ ɚɧɔɤ 

Űɖɠ ŬůŰɟɞɜɞɛɘəɐɠ ˊŬɚɑɟɟɞɘŬɠ (TL). ȼ ɛŮŰŬɓɚɖŰɐ ŬɡŰɐ ŮɑɜŬɘ ɜŰŮŰŮɟɛɘɜɘůŰɘəɐ əŬɘ ŮɝŬɟŰɎŰŬɘ 

Ŭˊɧ Űɞɜ ˊŬɚɘɟɟɞɘŬəɧ əɨəɚɞ Űɖɠ ˊŮɟɘɞɢɐɠ ɛŮɚɏŰɖɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ůɡɜŭɡɎɕŮŰŬɘ ŰɡɢŬɑŬ ɛŮ Űɞɡɠ 

əɡɛŬŰɘůɛɞɨɠ, əŬɘ ůɡɜŮˊɩɠ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ůŬɜ ɛɑŬ ŰɡɢŬɑŬ ɛŮŰŬɓɚɖŰɐ. ɋůŰɧůɞ, ɖ TL ŭŮɜ 

ŮɑɜŬɘ ůŰŬŰɘůŰɘəɎ ůɡůɢŮŰɘůɛɏɜɖ ɛŮ Űɘɠ əɡɛŬŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ, ŬɚɚɎ ɞɘ ŰŮɚŮɡŰŬɑŮɠ, ɧŰŬɜ 

ˊŮɟɘɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɞ ɓɎɗɞɠ ˊɡɗɛɏɜŬ, ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɖ ůŰɎɗɛɖ Űɖɠ ɗɎɚŬůůŬɠ, ɖ ɞˊɞɑŬ 

ɛˊɞɟŮɑ ɜŬ ŮˊɖɟŮɎɕŮŰŬɘ ɏɜŰɞɜŬ Ŭˊɧ Űɖɜ ŬůŰɟɞɜɞɛɘəɐ ˊŬɚɑɟɟɞɘŬ, Űɖ ɛŮŰŮɤɟɞɚɞɔɘəɐ 

ˊŬɚɑɟɟɞɘŬ, əɚˊ. 

ȼ ŬůŰɟɞɜɞɛɘəɐ ˊŬɚɑɟɟɞɘŬ ůɢŮŰɑɕŮŰŬɘ əɡɟɑɤɠ ɛŮ Űɖ ůɢŮŰɘəɐ ɗɏůɖ Űɖɠ ɆŮɚɐɜɖɠ ɛŮ Űɖ ũɖ əŬɘ 

ŮɝŮɚɑůůŮŰŬɘ əɎɗŮ 50 ɚŮˊŰɎ Űɖɜ ɖɛɏɟŬ Ƀɘ ˊŬɚɑɟɟɞɘŮɠ, Ůˊɑůɖɠ, ɛŮŰŬɓɎɚɚɞɜŰŬɘ ŮˊɞɢɘŬəɎ, Ůɜɩ 

ɛɘəɟɧŰŮɟŮɠ ŭɘŬəɡɛɎɜůŮɘɠ ůɡɛɓŬɑɜɞɡɜ ŮəŰɧɠ Űɖɠ ɢɟɞɜɘəɐɠ ˊŮɟɘɧŭɞɡ Űɤɜ 19 ŮŰɩɜ ˊŮɟɑˊɞɡ [55]. 

ɋɠ Ůə ŰɞɨŰɞɡ, ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ 

əɡɛŬɑɜŮŰŬɘ ɛŮŰŬɝɨ 20-50 ŮŰɩɜ, ɖ ŬůŰɟɞɜɞɛɘəɐ ˊŬɚɑɟɟɞɘŬ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɤɠ ɛɑŬ ɢɟɞɜɘəɎ 

ɛɖ ŮɝŬɟŰɩɛŮɜɖ ɛŮŰŬɓɚɖŰɐ, əŬɘ ɖ əŬŰŬɜɞɛɐ Űɖɠ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɖɜ ˊŮɟɑɞŭɞ ŬɜŬűɞɟɎɠ. 

ɆɡɜŮˊɩɠ, ɖ ŮɜůɤɛɎŰɤůɖ Űɖɠ TL ůŰɖɜ Ⱥɝɑůɤůɖ 12 ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɤɠ Ŭəɞɚɞɨɗɤɠ: 
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ɧˊɞɡ: ()TLf tl  ŮɑɜŬɘ ɖ ůɡɜɎɟŰɖůɖ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɖɠ ŭɘŬəɨɛŬɜůɖ Űɖɠ ůŰɎɗɛɖɠ ɚɧɔɤ 

ŬůŰɟɞɜɞɛɘəɐɠ ˊŬɚɑɟɟɞɘŬɠ əŬɘ ( ), ,r x tlW  ŮɑɜŬɘ Űɞ ŮˊŮəŰŬɛɏɜɞ ɢɤɟɑɞ ŬůŰɞɢɑŬɠ. 

 



 

xxxvi 

 

ũɘŬ Űɖɜ Ŭəɟɘɓɐ ŮəŰɑɛɖůɖ Űɖɠ ,f LP , ŰŬ ɓɐɛŬŰŬ ɞɚɞəɚɐɟɤůɖɠ ɧɚɤɜ Űɤɜ ůŰɞɢŬůŰɘəɩɜ 

ɛŮŰŬɓɚɖŰɩɜ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɘəŬɜɞˊɞɘɖŰɘəɎ ɛɘəɟɎ. 

 

3.3.2.2 ɀŮŰŬɓɚɖŰɏɠ ŬɜŰɑůŰŬůɖɠ 

ɋɠ ɛŮŰŬɓɚɖŰɏɠ ŬɜŰɑůŰŬůɖɠ, ɗŮɤɟɞɨɜŰŬɘ ŮəŮɑɜŮɠ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ŬɜŰɞɢɐ ɐ ŬɜŰɑůŰŬůɖ 

ɛɑŬɠ əŬŰŬůəŮɡɐɠ əŬɘ ůɡɜɐɗɤɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɑŬ ŭɘŬůˊɞɟɎ ɔɨɟɤ Ŭˊɧ ɛɑŬ ɢŬɟŬəŰɖɟɘůŰɘəɐ 

Űɘɛɐ. ɆŰɖɜ əŬŰɖɔɞɟɑŬ ŬɡŰɐ Ŭɜɐəɞɡɜ ˊŬɟɎɛŮŰɟɞɘ, ɧˊɤɠ ɖ ˊɡəɜɧŰɖŰŬ Űɤɜ űɡůɘəɩɜ ɞɔəɞɚɑɗɤɜ, 

ɖ ˊɡəɜɧŰɖŰŬ Űɞɡ ɗŬɚŬůůɘɜɞɨ ɜŮɟɞɨ, ɞɘ ɔŮɤɛŮŰɟɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ɐ ŬəɧɛŬ əŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ 

Űɤɜ ŮɛˊŮɘɟɘəɩɜ Űɨˊɤɜ ůɢŮŭɘŬůɛɞɨ, ɞɘ ɞˊɞɑŮɠ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖ ɓŬɗɛɞɜɧɛɖůɐ Űɞɡɠ ɓɎůŮɘ 

ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮɚŮŰɩɜ. ɆŰɞɜ ˊɟɤŰŬɟɢɘəɧ ůɢŮŭɘŬůɛɧ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ, ɞɘ 

ɛŮŰŬɓɚɖŰɏɠ ŬɜŰɑůŰŬůɖɠ ŮəˊɟɞůɤˊɞɨɜŰŬɘ Ŭˊɧ Űɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ɐ ɛɏůŮɠ Űɘɛɏɠ Űɞɡɠ ůŰɞɡɠ 

Űɨˊɞɡɠ ůɢŮŭɘŬůɛɞɨ ɔɘŬ Űɞ əɎɗŮ ůŰɞɘɢŮɑɞ Űɖɠ əŬŰŬůəŮɡɐɠ. ɋůŰɧůɞ, ůŰɞɜ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɧ 

ůɢŮŭɘŬůɛɧ, ɞɘ ˊŬɟɎɛŮŰɟɞɘ ŬɜŰɑůŰŬůɖɠ ɛˊɞɟɞɨɜ əŬɘ ŬɡŰɏɠ ɜŬ Ŭəɞɚɞɡɗɞɨɜ ˊɘɗŬɜɞŰɘəɏɠ 

əŬŰŬɜɞɛɏɠ. ȰɜŬɠ Ŭˊɚɧɠ Űɟɧˊɞɠ ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ɖ ɛŮŰŬɓɚɖŰɧŰɖŰɎ Űɞɡɠ, əŬɘ əŬŰɎ 

ůɡɜɏˊŮɘŬ əŬɘ ɞɘ ˊɘɗŬɜɞŰɘəɏɠ Űɞɡɠ əŬŰŬɜɞɛɏɠ, ɔɑɜŮŰŬɘ ɛɏůɤ Űɖɠ ɗŮɩɟɖůɐɠ Űɞɡɠ ɤɠ əŬɜɞɜɘəɏɠ 

əŬŰŬɜɞɛɏɠ. 

 

3.3.2.3 ɀɏɗɞŭɞɠ Monte Carlo (MCM) 

ɆŰɖ ɛɏɗɞŭɞ MCM, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɖ ˊɡəɜɧŰɖŰŬ ůɡɢɜɧŰɖŰŬɠ Űɖɠ TL, əŬɘ ɞɘ ůɡɜŬɟŰɐůŮɘɠ 

Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ SL, ɗm, Tm, əŬɘ Hs, ɛŮ ůŰɧɢɞ Űɖɜ ˊŬɟŬɔɤɔɐ Ůɜɧɠ 

ŰɡɢŬɑɞɡ ŭŮɑɔɛŬŰɞɠ ɔɘŬ əɎɗŮ ɛŮŰŬɓɚɖŰɐ Űɞ ɞˊɞɑɞ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ˊɘɗŬɜɞŰɘəɐ Űɖɠ əŬŰŬɜɞɛɐ, 

ŬɚɚɎ, Ůˊɘˊɚɏɞɜ, ŭɘŬŰɖɟɩɜŰŬɠ Űɖ ůŰŬŰɘůŰɘəɐ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Űɤɜ ůŰɞɢŬůŰɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ 

ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ůɖɛŬɜŰɘəɐ ůɡůɢɏŰɘůɖ. ɆɡɜŮˊɩɠ, ɖ Ⱥɝɑůɤůɖ 13 ɘůɢɨŮɘ əŬɘ ůŰɖ ɛɏɗɞŭɞ 

ŬɡŰɐ. 

ȰɜŬɠ Űɟɧˊɞɠ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ Űɞɡ ŰɡɢŬɑɞɡ ŭŮɑɔɛŬŰɞɠ Űɖɠ MCM ŮɑɜŬɘ ɛɏůɤ Űɖɠ ŬɜŰɑůŰɟɞűɖɠ 

ůɡɜɎɟŰɖůɖɠ Űɖɠ ŬɗɟɞɘůŰɘəɐɠ əŬŰŬɜɞɛɐɠ, ɖ ɞˊɞɑŬ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŭɘŬŭɘəŬůɑŬ: 

ȾɎɗŮ ˊɟɞůɞɛɞɑɤůɖ ɝŮəɘɜɎ ɛŮ Űɖɜ Ůˊɘɚɞɔɐ Ůɜɧɠ ŰɡɢŬɑɞɡ ˊɟŬɔɛŬŰɘəɞɨ Ŭɟɘɗɛɞɨ Ŭˊɧ ɛɑŬ 

ɞɛɞɘɧɛɞɟűɖ əŬŰŬɜɞɛɐ Ὗπȟρ. ɀɏůɤ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ Ŭɟɘɗɛɞɨ (
ux ), ɛˊɞɟŮɑ ɜŬ ˊŬɟŬɢɗŮɑ 

ɏɜŬ ŭŮɑɔɛŬ Űɖɠ ɛŮŰŬɓɚɖŰɐɠ (X) ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ŬɜŰɑůŰɟɞűɖ ŬɗɟɞɘůŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ 

ɛŮŰŬɓɚɖŰɐɠ ()1

X
F x-

 ɤɠ Ůɝɐɠ: 
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1( )X uX F X-=  (14) 

 

ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɖ ŬɗɟɞɘůŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ X ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖ ůɡɜɎɟŰɖůɖ ˊɡəɜɧŰɖŰŬɠ 

ˊɘɗŬɜɧŰɖŰŬɠ ()Xf x  ɤɠ Ůɝɐɠ: 

 

() ()
x

X XF x f u du
-¤

=ñ  (15) 

 

Ⱥˊɑůɖɠ, ɖ ɛɏɗɞŭɞɠ ɓŬůɑɕŮŰŬɘ ůŰɖ ŭɘŮɝŬɔɤɔɐ Ůɜɧɠ ɛŮɔɎɚɞɡ Ŭɟɘɗɛɞɨ ˊɟɞůɞɛɞɘɩůŮɤɜ N , ɏɜŬ 

ɛɏɟɞɠ Űɤɜ ɞˊɞɑɤɜ ( fN ) ŮəűɟɎɕŮɘ Űɞ ɢɤɟɑɞ ŬůŰɞɢɑŬɠ Űɞɡ ůŰɞɘɢŮɑɞɡ. ɋɠ Ůə ŰɞɨŰɞɡ, ɛŮ Űɖɜ 

ˊɟɞɦˊɧɗŮůɖ ɧŰɘ ɞ N  ŮɑɜŬɘ ɘəŬɜɞˊɞɘɖŰɘəɎ ɛŮɔɎɚɞɠ ɗŮŰɘəɧɠ ŬəɏɟŬɘɞɠ Ŭɟɘɗɛɧɠ, 

 

f

f

N
P

N
=  (16) 

 

ȺɎɜ, ɚɞɘˊɧɜ, Űɞ ɛɏɔŮɗɞɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ Űɤɜ SL, TL əŬɘ Űɤɜ ɛŮŰŬɓɚɖŰɩɜ ŬɜŰɑůŰŬůɖɠ R, ɞ́ɡ 

ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ Űɖ ɛɏɗɞŭɞ MCM, ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ by Ns, Ntl, Nr ŬɜŰɑůŰɞɘɢŬ, ŰɧŰŮ Űɞ ŰŮɚɘəɧ 

ŬˊɞŰɏɚŮůɛŬ Űɖɠ ,e,f LP  ˊɟɞəɨˊŰŮɘ ůɡɜŭɡɎɕɞɜŰŬɠ Űɖɜ Ⱥɝɑůɤůɖ 16 ɛŮ Űɖɜ Ⱥɝɑůɤůɖ 17 ɤɠ 

Ŭəɞɚɞɨɗɤɠ: 
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ɧˊɞɡ: ,f iN  ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ ŮɛűŬɜɑůŮɤɜ Űɖɠ ŬůŰɞɢɑŬɠ Űɞɡ i-ɞůŰɞɨ ůŰɞɘɢŮɑɞɡ əŬɘ N  ŮɑɜŬɘ ɞ 

ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ Űɤɜ ˊɟɞůɞɛɞɘɩůŮɤɜ/ əŬŰŬɘɔɑŭɤɜ. 
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3.3.2.4 ɈˊɞɚɞɔɑɕɞɜŰŬɠ Űɖɜ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ȰɜŬɠ Ŭˊɚɧɠ Űɟɧˊɞɠ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɐ Ŭɚɚɘɩɠ ɖ 

ˊɘɗŬɜɧŰɖŰŬ Űɖɠ ɏɜɤůɖɠ Űɤɜ ŮɜŭŮɢɞɛɏɜɤɜ ŬůŰɞɢɑŬɠ Űɤɜ ůŰɞɘɢŮɑɤɜ Űɞɡ ůɡůŰɐɛŬŰɞɠ, ůŮ 

ˊŮɟɑˊŰɤůɖ ůŮɘɟɘŬəɞɨ ŭɘŬɔɟɎɛɛŬŰɞɠ ŬůŰɞɢɘɩɜ, ŮɑɜŬɘ ɞ ɏɚŮɔɢɞɠ ɧɚɤɜ Űɤɜ ůŰɞɘɢŮɑɤɜ ŮɎɜ ŬɡŰɎ 

ŬůŰɞɢɞɨɜ ɡˊɧ əɞɘɜɏɠ ůɡɜɗɐəŮɠ űɧɟŰɘůɖɠ. ȰɜŬ əŬŰŬŰɞˊɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ, Űɞ ɞˊɞɑɞ 

ŬɜŬűɏɟŮŰŬɘ ůŮ ɏɜŬ ůɨůŰɖɛŬ ŬůŰɞɢɘɩɜ ůŮ ůŮɘɟɎ Ůɜɧɠ ůɡɛɓŬŰɘəɞɨ əɡɛŬŰɞɗɟŬɨůŰɖ ɛŮ ˊɟŬɜɐ, 

ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ MCM, ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 10. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŰɩɟŬ Űɖɠ 

DIM, ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɞ ŬɜŰɑůŰɞɘɢɞɠ ɄɑɜŬəŬ 11. 

 

ɄɑɜŬəŬɠ 10 ȺəŰɑɛɖůɖ Űɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɛɏůɤ Űɖɠ ɏɜɤůɖɠ Űɤɜ 

ŮɜŭŮɢɞɛɏɜɤɜ ŬůŰɞɢɑŬɠ Űɤɜ ůŰɞɘɢŮɑɤɜ ([34], [56]) ɔɘŬ Űɖ ɛɏɗɞŭɞ MCM  

Ŭ/Ŭ 

ˊɟɞůɞɛɞɑɤůɖɠ 

ɗŬɚɎůůɘŬɠ 

əŬŰɎůŰŬůɖɠ 

ȷůŰɞɢɑŬ 

ˊɟɞůɐɜŮɛɞɡ 

ˊɟŬɜɞɨɠ 

ȷůŰɞɢɑŬ 

ˊɧŭŬ 

ȷůŰɞɢɑŬ 

ɈˊɐɜŮɛɞɡ 

ˊɟŬɜɞɨɠ 

ȷůŰɞɢɑŬ 

ůɡůŰɐɛŬŰɞɠ 

1 1 0 1 1 

2 0 0 0 0 

3 0 1 1 1 
. . . . . 

. . . . . 

. . . . . 

ὔ 1 0 0 1 

Ɇɨɜɞɚɞ .ȟ .ȟ .ȟ . 

 

ɄɑɜŬəŬɠ 11 ȺəŰɑɛɖůɖ Űɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɛɏůɤ Űɖɠ ɏɜɤůɖɠ Űɤɜ 

ŮɜŭŮɢɞɛɏɜɤɜ ŬůŰɞɢɑŬɠ Űɤɜ ůŰɞɘɢŮɑɤɜ ɔɘŬ Űɖ ɛɏɗɞŭɞ DIM  [35] 

ȷˊɧ əɞɘɜɞɨ 

ˊɘɗŬɜɧŰɖŰŬ 

ˊŬɟŬɛɏŰɟɤɜ 

űɧɟŰɘůɖɠ 

ȷůŰɞɢɑŬ 

ˊɟɞůɐɜŮɛɞɡ 

ˊɟŬɜɞɨɠ 

ȷůŰɞɢɑŬ 

ˊɧŭŬ 

ȷůŰɞɢɑŬ 

ɈˊɐɜŮɛɞɡ 

ˊɟŬɜɞɨɠ 

ȷůŰɞɢɑŬ 

ůɡůŰɐɛŬŰɞɠ 

p1 p1 0 p1 p1 

p2 0 0 0 0 

p3 0 p3 p3 p3 
. . . . . 

. . . . . 

. . . . . 

pn pn 0 0 pn 

Ɇɨɜɞɚɞ=1 ÐÆ ÐÆ ÐÆ ÐÆ 

 

ɆɡɜŮˊɩɠ, ůɨɛűɤɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ DIM, ɖ ́ɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ 
,e, ,sf LP , ˊ.ɢ. 3 

ůŰɞɘɢŮɑɤɜ (ɧˊɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɐ ɛŬɠ) ůŮ ůŮɘɟɎ, ɘůɞɨŰŬɘ ɛŮ: 
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Ƀɛɞɑɤɠ ɔɘŬ ˊŬɟɎɚɚɖɚɞ ůɨůŰɖɛŬ: 
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ȾŬŰɎ ŬɜŰɘůŰɞɘɢɑŬ, ůŰɖ ɛɏɗɞŭɞ MCM, ɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ 
,e, ,sf LP , ˊ.ɢ. 3 

ůŰɞɘɢŮɑɤɜ (ɧˊɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɐ ɛŬɠ) ůŮ ůŮɘɟɎ, ɘůɞɨŰŬɘ ɛŮ 
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ɧˊɞɡ Űɞ 
fN  ˊɟɞůŭɘɞɟɑɕŮŰŬɘ Ŭˊɧ Űɞɜ ɄɑɜŬəŬ 10. 

 

3.3.3 Ʉɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɐ ŬɜɎɚɡůɖ ŮűŬɟɛɞůɛɏɜɖ ůŰɘɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ 

ȼ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɐ ŬɜɎɚɡůɖ, ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊŬɟŬəɎŰɤ, ŮűŬɟɛɧɕŮŰŬɘ ɎɛŮůŬ ůŰŬ 

ŭɘŬŭɞɢɘəɎ əɡɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ɛŮ Űɖɜ ɡɘɞɗɏŰɖůɖ Ůɜɧɠ ɢɟɞɜɘəɞɨ ɓɐɛŬŰɞɠ, Űɞ ɞˊɞɑɞ ɞɟɑɕŮɘ Űɖ 

ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ. ɆŰɖɜ ŬɜɎɚɡůɖ ŬɡŰɐ, ɞɘ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ ŭŮɜ ŬˊŬɘŰŮɑŰŬɘ ɜŬ ŮɑɜŬɘ 

ŬɜŮɝɎɟŰɖŰŮɠ ɛŮŰŬɝɨ Űɞɡɠ. Ⱥˊɑůɖɠ, ɛŮ ɓɎůɖ Űɞɜ ůəɞˊɧ Űɖɠ ŬɜɎɚɡůɖɠ, Űɞ ɢɟɞɜɘəɧ ŬɡŰɧ ɓɐɛŬ 

ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɧ Ŭˊɧ Űɞ ɓɐɛŬ ɛɏŰɟɖůɖɠ. ɇɞ ɢɟɞɜɘəɧ ɓɐɛŬ ɞɟɘůɛɞɨ Űɖɠ ɗŬɚɎůůɘŬɠ 

əŬŰɎůŰŬůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ůŰɞɘɢŮɑɞ Űɖɠ əŬŰŬůəŮɡɐɠ ɔɘŬ Űɞ ɞˊɞɑɞ ɔɑɜŮŰŬɘ ɖ ŬɜɎɚɡůɖ. 

ȺɘŭɘəɧŰŮɟŬ, Űɞ ɓɐɛŬ ŬɡŰɧ, ůŮ ɛɑŬ ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ Ůɜɧɠ ůɡɛɓŬŰɘəɞɨ əɡɛŬŰɞɗɟŬɨůŰɖ ɛŮ 

ˊɟŬɜɐ, ůɡɜɘůŰɎŰŬɘ ɜŬ ŮɑɜŬɘ 3 hr, ɩůŰŮ ɜŬ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ 1000 əɨɛŬŰŬ ŬɜɎ 

ɗŬɚɎůůɘŬ əŬŰɎůŰŬůɖ, ɧˊɤɠ ˊɟɞŰŮɑɜŮŰŬɘ Ŭˊɧ ɛɑŬ ůɡɜɐɗɖ ůɡɜɎɟŰɖůɖ ɞɟɘŬəɐɠ əŬŰɎůŰŬůɖɠ 

[57] ɔɘŬ Űɖ ɗɤɟɎəɘůɖ Űɞɡ ˊɟɞůɐɜŮɛɞɡ ˊɟŬɜɞɨɠ. ȼ ůɡɔəŮəɟɘɛɏɜɖ ɗŮɩɟɖůɖ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ 

ɘəŬɜɧŰɖŰŬ Űɖɠ əŬŰŬůəŮɡɐɠ ɜŬ ŬɜŰɏɢŮɘ ůŮ ɛɑŬ əɡɛŬŰɘəɐ əŬŰŬɘɔɑŭŬ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ 
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ůɨɜɞɚɞ Ŭˊɧ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ. ȼ ɘəŬɜɧŰɖŰŬ ŬɡŰɐ ŭŮɜ ŮɔɔɡɎŰŬɘ ɛŮ Űɖ ɗŮɩɟɖůɖ 

ŬɡŰɧɜɞɛɤɜ ɓɟŬɢɏɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ ˊɞɡ ɞŭɖɔɞɨɜ ůŮ ɛɘəɟɐ ɕɖɛɘɎ ˊ.ɢ. ůŰɖ 

ɗɤɟɎəɘůɖ, ŬɚɚɎ ɛŮ Űɖ ɗŮɩɟɖůɖ ˊɘɞ ůɖɛŬɜŰɘəɩɜ űɞɟŰɑůŮɤɜ, ɘŭɑɤɠ ɧŰŬɜ ɞɘ ɗŬɚɎůůɘŮɠ 

əŬŰŬůŰɎůŮɘɠ ůɡɜɘůŰɞɨɜ ŰɛɐɛŬŰŬ ŬəɟŬɑɤɜ əɡɛŬŰɘəɩɜ ɔŮɔɞɜɧŰɤɜ. Ƀ ɚɧɔɞɠ ɔɘŬ ŬɡŰɧ ŮɑɜŬɘ ɧŰɘ 

ɛɑŬ əŬŰŬůəŮɡɐ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮˊɘŭɘɞɟɗɤɗŮɑ ŮɜŰɧɠ Ůɜɧɠ ŬəɟŬɑɞɡ ɔŮɔɞɜɧŰɞɠ ɛŮɔɎɚɖɠ ŭɘɎɟəŮɘŬɠ. 

ɆŰɖɜ ˊɞɚɡˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ůŰɘɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ, ɞɘ ɞˊɞɑŮɠ 

ůɡɜɐɗɤɠ ŭɑŭɞɜŰŬɘ ɛŮ ůɡɔəŮəɟɘɛɏɜɞ ɢɟɞɜɘəɧ ɓɐɛŬ ɛŮŰŬɝɨ Űɞɡɠ, Űɞ ɛɞɜŰɏɚɞ ŭŮůɛŮɡɛɏɜɖɠ 

ˊɘɗŬɜɧŰɖŰŬɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛŮ ůŰɧɢɞ ɜŬ ˊɟɞůŬɟɛɧůŮɘ ŭɘˊŬɟŬɛŮŰɟɘəɏɠ əŬŰŬɜɞɛɏɠ Űɤɜ Hs 

əŬɘ Tm ůŰŬ ŭɘŬɗɏůɘɛŬ ŭŮŭɞɛɏɜŬ əɎɗŮ əŬŰŮɡɗɡɜŰɘəɞɨ ŰɞɛɏŬ, ɤɠ Ŭəɞɚɞɨɗɤɠ:  

 

( ), , | |( , )( , , ) ( | ) ( | ( , ))q q q qq = q q q
m s m i m i s m i m s m ii i

T H m s m m H s m T H m s mf T H f f H f T H  (25) 

 

ɧˊɞɡ: ( )
m imfq q ŮɑɜŬɘ ɖ ˊɡəɜɧŰɖŰŬ ˊɘɗŬɜɧŰɖŰŬɠ Űɞɡ i-ɞůŰɞɨ əŬŰŮɡɗɡɜŰɘəɞɨ ŰɞɛɏŬ ɛŮ 

əŮɜŰɟɘəɐ Űɘɛɐ Űɖɜ 
miq  əŬɘ Ůɨɟɞɡɠ 

mdq , | ( | )
s m iH s mf Hq q ŮɑɜŬɘ ɖ ŭŮůɛŮɡɛɏɜɖ ůɡɜɎɟŰɖůɖ 

ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɞɡ 
sH  ɔɘŬ ŭŮŭɞɛɏɜɖ 

miq əŬɘ |( , )( | ( , ))
m s m ii

T H m s mf T Hq q  ŮɑɜŬɘ ɖ 

ŭŮůɛŮɡɛɏɜɖ ůɡɜɎɟŰɖůɖ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɖɠ 
mT  ŭŮŭɞɛɏɜɤɜ Űɤɜ 

sH  əŬɘ 
miq .  

ȼ ŭŮůɛŮɡɛɏɜɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ,m sT H  

, | ( , | )
s m m ii

H T m s mf T Hq q ɔɘŬ ŭŮŭɞɛɏɜɞ əŬŰŮɡɗɡɜŰɘəɧ ŰɞɛɏŬ ɛŮ 
miq  ɛɞɜŰŮɚɞˊɞɘɐɗɖəŮ ůɨɛűɤɜŬ 

ɛŮ Űɞɡɠ Mathisen and Bitner-Gregersen [58]. ȼ| ( | )q q
s mi iH s mf H  ɛˊɞɟŮɑ ɛŮ ɘəŬɜɞˊɞɘɖŰɘəɧ 

Űɟɧˊɞ ɜŬ ŬɜŬˊŬɟŬůŰŬɗŮɑ ɛŮ ɛɑŬ Weibull əŬŰŬɜɞɛɐ ůŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ [16], Ůɜɩ ɖ 

( )| | ( | , )
m s m ii

T H m s mf T Hq q  ɛˊɞɟŮɑ ɜŬ ŬɜŬˊŬɟŬůŰŬɗŮɑ Ŭˊɧ Űɖɜ əŬŰŬɜɞɛɐ lognormal, Űɖɠ ɞˊɞɑŬɠ 

ɞɘ ˊŬɟɎɛŮŰɟɞɘ ɗɏůɖɠ m əŬɘ əɚɑɛŬəŬɠ s ɛˊɞɟɞɨɜ ɜŬ ɔɟŬűŰɞɨɜ ɤɠ ůɡɜŬɟŰɐůŮɘɠ Űɞɡ Hs|ɗmi, 

ˊɟɞůŬɟɛɞůɛɏɜŮɠ Ůŭɩ ɔɘŬ ɜŬ ɚŬɛɓɎɜɞɡɜ ɡˊɧɣɖ əŬɘ Űɞ 
mq , ɧˊɤɠ ˊŬɟŬəɎŰɤ [58]: 
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ɧˊɞɡ 
1 2 3 1 2, , , ,a a a b b , əŬɘ 

3b  ŮɑɜŬɘ ůŰŬɗŮɟɏɠ, ɞɘ ɞˊɞɑŮɠ ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɖ ɓɏɚŰɘůŰɖ 

ˊɟɞůŬɟɛɞɔɐ Űɤɜ əŬɛˊɡɚɩɜ Űɖɠ ɛɞɟűɐɠ Űɤɜ ȺɝɘůɩůŮɤɜ 26 ůŰŬ ŭŮŭɞɛɏɜŬ. 

 

3.3.3.1 ɀɏɗɞŭɞɠ ȯɛŮůɖɠ Ƀɚɞəɚɐɟɤůɖɠ (DIM) 

ɆŰɖɜ ˊŬɟɞɨůŬ ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ, ŮɎɜ ɏɢɞɡɛŮ Ɉ ɏŰɖ ɛŮŰɟɐůŮɤɜ ɢɟɞɜɘəɎ ŮɝŬɟŰɩɛŮɜɤɜ 

ɛŮŰŬɓɚɖŰɩɜ, ɧˊɤɠ ɞɘ ŭɘŬŭɞɢɘəɏɠ əɡɛŬŰɘəɏɠ űŬůɛŬŰɘəɏɠ ɛŮŰŬɓɚɖŰɏɠ Hs, Tm ɛŮ ŮɜɎ ůŰŬɗŮɟɧ 

ɢɟɞɜɘəɧ ɓɐɛŬ, ɞɘ ɛŮŰŬɓɚɖŰɏɠ ŬɡŰɏɠ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ Y ɏŰɖ ɗŮɤɟɩɜŰŬɠ ůŰŬŰɘəɏɠ ůɡɜɗɐəŮɠ 

ɛŮŰŬɝɨ Űɤɜ ŮŰɩɜ. ɆɡɜŮˊɩɠ ůŰɖɜ ŬɜɎɚɡůɖ ŬɡŰɐ, ɖ ŭŮůɛŮɡɛɏɜɖ əŬɘ ɖ ɛɖ ŭŮůɛŮɡɛɏɜɖ 

ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůŰɞɘɢŮɑɞɡ ůŰŬ Ɉ ɏŰɖ ɛˊɞɟŮɑ ɜŬ ŮəŰɘɛɖɗŮɑ. ȼ ŭŮůɛŮɡɛɏɜɖ 

ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ ŬɜŬűɏɟŮŰŬɘ ůŰɞ ŭŮɑɔɛŬ ˊɞɡ ɡˊŮɟɓŬɑɜŮɘ ɏɜŬ ůŰŬɗŮɟɧ əŬŰɩűɚɘ. ȼ 

ɛŮŰɎɓŬůɖ Űɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Űɞɡ ůŰɞɘɢŮɑɞɡ Ŭˊɧ ŰŬ Ɉ ɏŰɖ ůŮ ɛŮɔŬɚɨŰŮɟɖ ŭɘɎɟəŮɘŬ ŭŮɜ 

ŮˊɘŰɟɏˊŮŰŬɘ əŬɗɩɠ ɞɘ Űɘɛɏɠ Űɤɜ ɛŮŰŬɓɚɖŰɩɜ ŬɡŰɩɜ ŭŮɜ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŮɠ. ɆɡɜŮˊɩɠ, ɖ ɛɖ 

ŭŮůɛŮɡɛɏɜɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůŰɞɘɢŮɑɞɡ ůŰŬ Ɉ ɏŰɖ ŮəŰɘɛɎŰŬɘ ɤɠ Ŭəɞɚɞɨɗɤɠ: 
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ɧˊɞɡ (),X Y
f x  ŮɑɜŬɘ ɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ɢɟɞɜɘəɎ 

ŮɝŬɟŰɩɛŮɜɤɜ ɛŮŰŬɓɚɖŰɩɜ x  ůŰɖɜ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ Y.  

ȼ ŮɜůɤɛɎŰɤůɖ Űɖɠ ˊŬɚɑɟɟɞɘŬɠ ůŰɖɜ ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖ ɞŭɖɔŮɑ ůŰɖɜ ˊŬɟŬəɎŰɤ ŭɘŬŰɨˊɤůɖ 

Űɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Űɞɡ ůŰɞɘɢŮɑɞɡ ůŰŬ Ɉ ɏŰɖ: 
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3.3.3.2 ɀɏɗɞŭɞɠ Monte Carlo (MCM) 

ȳůɞɜ ŬűɞɟɎ ůŰɖ ɛɏɗɞŭɞ MCM, ɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ 

ˊŮɟɘɔɟɎűŮŰŬɘ ɛŮ ŰŬ ŬəɧɚɞɡɗŬ ɓɐɛŬŰŬ: 1) ȷɟɢɘəɎ ˊŬɟɎɔŮŰŬɘ ɏɜŬ ŭŮɑɔɛŬ ɛŮ Űɘɛɏɠ Űɖɠ ɗm ˊɞɡ 

Ŭəɞɚɞɡɗɞɨɜ Űɖɜ əŬŰŬɜɞɛɐ Űɞɡɠ. 2) ɆŰɖ ůɡɜɏɢŮɘŬ, ɔɘŬ əɎɗŮ Űɘɛɐ Űɖɠ ɗm ɛŮ ɓɎůɖ Űɖɜ əɚɎůɖ 

Űɖɠ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɑŬ ŭŮůɛŮɡɛɏɜɖ ŬɜŰɑůŰɟɞűɖ ŬɗɟɞɘůŰɘəɐ əŬŰŬɜɞɛɐ Űɖɠ Hs|ɗm ɛŮ ůŰɧɢɞ 

Űɖɜ ˊŬɟŬɔɤɔɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ Űɞɡ Hs. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ, ůŮ əɎɗŮ Űɘɛɐ Űɖɠ ɗm, ŬɜŰɘůŰɞɘɢɑɕŮŰŬɘ 
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ɛɑŬ Űɘɛɐ Űɞɡ Hs, ɖ ɞˊɞɑŬ əŬɗɞɟɑɕŮɘ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ŭŮůɛŮɡɛɏɜɖɠ ŬɜŰɑůŰɟɞűɖɠ 

ŬɗɟɞɘůŰɘəɐɠ əŬŰŬɜɞɛɐɠ Űɖɠ Tm|Hs|ɗm. Ƀɘ ůɡɔəŮəɟɘɛɏɜŮɠ ˊŬɟɎɛŮŰɟɞɘ ŮɑɜŬɘ ůɡɜŬɟŰɐůŮɘɠ Űɞɡ 

Hs. ɆɡɜŮˊɩɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ Ⱥɝɑůɤůɖ 14, ˊŬɟɎɔɞɜŰŬɘ N ŰɟɘɎŭŮɠ Űɤɜ ɗm, Hs, Tm, ɧˊɞɡ 

N ŮɑɜŬɘ ɏɜŬɠ ŬɟəŮŰɎ ɛŮɔɎɚɞɠ ɗŮŰɘəɧɠ ŬəɏɟŬɘɞɠ Ŭɟɘɗɛɧɠ, ɞ ɞˊɞɑɞɠ ɗŮɤɟɖŰɘəɎ ˊɟɞůŮɔɔɑɕŮɘ Űɞɜ 

ˊɚɖɗɡůɛɧ Űɞɡɠ əŬɘ ŮˊɘŰɡɔɢɎɜŮɘ Űɖ ůɨɔəɚɘůɖ Űɖɠ ɚɨůɖɠ Űɖɠ ɛŮɗɧŭɞɡ.  

ɆɡɜŮˊɩɠ, ɖ ɛɖ ŭŮůɛŮɡɛɏɜɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůŰɞɘɢŮɑɞɡ ůŰŬ Ɉ ɏŰɖ ɛŮ Űɖ ɛɏɗɞŭɞ  

Monte Carlo ŮəŰɘɛɎŰŬɘ ɤɠ Ŭəɞɚɞɨɗɤɠ: 
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ɧˊɞɡ: ,f iN  ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ ŮɛűŬɜɑůŮɤɜ Űɖɠ ŬůŰɞɢɑŬɠ Űɞɡ i-ɞůŰɞɨ ůŰɞɘɢŮɑɞɡ əŬɘ N  ŮɑɜŬɘ ɞ 

ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ Űɤɜ ˊɟɞůɞɛɞɘɩůŮɤɜ/ ɗŬɚŬůůɑɤɜ əŬŰŬůŰɎůŮɤɜ. 

 

3.3.3.3 ɈˊɞɚɞɔɑɕɞɜŰŬɠ Űɖɜ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ɆɨɛűɤɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ DIM, ɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ
, ,sf YP , ˊ.ɢ. 3 ůŰɞɘɢŮɑɤɜ 

(ɧˊɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɐ ɛŬɠ) ůŮ ůŮɘɟɎ, ɘůɞɨŰŬɘ ɛŮ: 
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ȾŬŰɎ ŬɜŰɘůŰɞɘɢɑŬ, ůŰɖ ɛɏɗɞŭɞ MCM, ɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ
, ,sf YP , ˊ.ɢ. 3 

ůŰɞɘɢŮɑɤɜ (ɧˊɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɐ ɛŬɠ) ůŮ ůŮɘɟɎ, ɘůɞɨŰŬɘ ɛŮ: 
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ɧˊɞɡ Űɞ 
fN  ŮəŰɘɛɎŰŬɘ ůɨɛűɤɜŬ ɛŮ Űɞɜ ɄɑɜŬəŬ 10. 
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3.4 ɄŬɟɎŭŮɘɔɛŬ ŬɜɎɚɡůɖɠ ŬɝɘɞˊɘůŰɑŬɠ ůɡɛɓŬŰɘəɞɨ əɡɛŬŰɞɗɟŬɨůŰɖ ɛŮ ˊɟŬɜɐ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ ŮűŬɟɛɞɔɐɠ Űɖɠ ˊɟɞŬɜŬűŮɟɧɛŮɜɖɠ 

ɛŮɗɞŭɞɚɞɔɑŬɠ, ɛŮ ůŰɧɢɞ Űɖɜ ŮəŰɑɛɖůɖ ŬɝɘɞˊɘůŰɑŬɠ ɛɑŬɠ ˊŬɟɎəŰɘŬɠ əŬŰŬůəŮɡɐɠ. ȼ ˊŬɟɎəŰɘŬ 

əŬŰŬůəŮɡɐ ˊɞɡ ɛŮɚŮŰɎŰŬɘ ŮɑɜŬɘ ɏɜŬɠ ůɡɛɓŬŰɘəɧɠ əɡɛŬŰɞɗɟŬɨůŰɖɠ ɛŮ ˊɟŬɜɐ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŮ 

ɓɎɗɞɠ 6 m, Űɞɡ ɞˊɞɑɞɡ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 19. Ⱥűɧůɞɜ ɞɘ 

əɡɛŬŰɞɗɟŬɨůŰŮɠ ůɢŮŭɘɎɕɞɜŰŬɘ ůɡɜɐɗɤɠ ɔɘŬ Ŭɟɢɘəɐ ɕɖɛɘɎ əŬɘ ŭŮɜ əŬŰŬůŰɟɏűɞɜŰŬɘ Ŭɛɏůɤɠ 

ɛŮŰɎ Ŭˊɧ ɛɑŬ əŬŰŬɘɔɑŭŬ, ɖ ɞɟɘŬəɐ əŬŰɎůŰŬůɖ ůɢŮŭɘŬůɛɞɨ Űɖɠ ɡˊɧ ɛŮɚɏŰɖɠ əŬŰŬůəŮɡɐɠ 

ɗŮɤɟɐɗɖəŮ ɖ ɞɟɘŬəɐ əŬŰɎůŰŬůɖ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ ɔɘŬ ˊŮɟɘɞɟɘůɛɏɜɖ ɕɖɛɘɎ (Serviceability 

Limit  State - Limited Damage). ȺˊɘˊɟɧůɗŮŰŬ, ɞɘ ˊŮɟɘɗɩɟɘŮɠ ˊŮɟɑɞŭɞɘ ŮˊŬɜŬűɞɟɎɠ Űɞɡ Hs,p 

ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ ŮɑɜŬɘ ɞɘ ˊŮɟɑɞŭɞɘ Űɤɜ 10 əŬɘ Űɤɜ 100 ŮŰɩɜ əŬɘ ɔɘŬ ŰŬ ŭɨɞ ˊŬɟŬŭŮɑɔɛŬŰŬ. ɇŬ 

ŭɨɞ ŬɡŰɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŬɜŬűɏɟɞɜŰŬɘ ůŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ůɖɛŮɑŬ ůŰɖ ɀŮůɧɔŮɘɞ, Űɞ ˊɟɩŰɞ 

ŬɜŬűɏɟŮŰŬɘ ůŰŬ ŬɜɞɘɢŰɎ Űɖɠ ɀɎɚŬɔŬ (ȽůˊŬɜɑŬ), əŬɘ Űɞ ŭŮɨŰŮɟɞ ůŰŬ ŬɜɞɘɢŰɎ ůŰɞ əŮɜŰɟɘəɧ 

ȷɘɔŬɑɞ (ȺɚɚɎŭŬ). ũɘŬ ɚɧɔɞɡɠ ůɡɜŰɞɛɑŬɠ, ɛɧɜɞ Űɞ ˊɟɩŰɞ ˊŬɟɎŭŮɘɔɛŬ ɗŬ ˊŬɟɞɡůɘŬůŰŮɑ Ůŭɩ. 

 
ȺɘəɧɜŬ 19 ɀɑŬ Űɡˊɘəɐ ŭɘŬŰɞɛɐ Űɞɡ ůɡɛɓŬŰɘəɞɨ əɡɛŬŰɞɗɟŬɨůŰɖ [35] 

 

ɇŬ ŭŮŭɞɛɏɜŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɀɎɚŬɔŬ Ŭűɞɟɞɨɜ ɘůŰɞɟɘəɎ 

ŭŮŭɞɛɏɜŬ Űɤɜ Hs, Tm, əŬɘ ɗm ˊɞɡ əŬɚɨˊŰɞɡɜ Űɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ Ŭˊɧ 2010 ɏɤɠ 2017 əŬɘ 

ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ɏɜŬɜ ɤəŮŬɜɞɔɟŬűɘəɧ ˊɚɤŰɐɟŬ. ȼ ŭɘɎɟəŮɘŬ ɕɤɐɠ Űɞɡ ɏɟɔɞɡ ɗŮɤɟŮɑŰŬɘ ɑůɖ 

ɛŮ 15 ɏŰɖ, ɩůŰŮ ɜŬ ŮɑɜŬɘ ɚɑɔɞ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ɛŮŰɟɐůŮɤɜ. Ƀ ˊɚɤŰɐɟŬɠ ŮɑɜŬɘ 

ŰɞˊɞɗŮŰɖɛɏɜɞɠ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ůŰɞ ɓɎɗɞɠ Űɤɜ 15 m (36.69
o
 N, 4.42

o
 

W), əɞɜŰɎ ůŰɞ ɚɘɛɎɜɘ Űɖɠ ɀɎɚŬɔŬ. ɇɞ ɢɟɞɜɘəɧ ɓɐɛŬ Űɤɜ əɡɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ ŮɑɜŬɘ 1 h. 

Ⱥˊɑůɖɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɛŬəɟɞˊɟɧɗŮůɛŬ ŭŮŭɞɛɏɜŬ Űɖɠ ɗŬɚɎůůɘŬɠ ůŰɎɗɛɖɠ, ˊɞɡ 

əŬɚɨˊŰɞɡɜ Űɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ Ŭˊɧ 1992 ɏɤɠ 2019 əŬɘ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ˊŬɚɘɟɟɞɘɞɔɟɎűɞ ˊɞɡ 

ɓɟɑůəŮŰŬɘ ɛɏůŬ ůŰɞ ɚɘɛɎɜɘ Űɖɠ ɀɎɚŬɔŬ (ůɡɔəŮəɟɘɛɏɜŬ: 36.71
o
 N, 4.42

o
 W). ɇŬ ŭŮŭɞɛɏɜŬ 

ŬɡŰɎ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ůŮ ŭɨɞ ůɡɜɘůŰɩůŮɠ, ŭɖɚ. ůŰɖɜ ŬůŰɟɞɜɞɛɘəɐ ˊŬɚɑɟɟɞɘŬ TL əŬɘ Űɖ 

ɛŮŰŮɤɟɞɚɞɔɘəɐ ˊŬɚɑɟɟɞɘŬ SL ( storm surge). 
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ȳůɞɜ ŬűɞɟɎ ůŰɞ ŭɘɎɔɟŬɛɛŬ ŬůŰɞɢɘɩɜ (fault tree), ŮˊɘɚɏɢɗɖəŮ ɏɜŬ ůŮɘɟɘŬəɧ ŭɘɎɔɟŬɛɛŬ, ɧˊɤɠ 

ůɡɜɖɗɑɕŮŰŬɘ ɔɘŬ Űɘɠ ˊŬɟɎəŰɘŮɠ əŬŰŬůəŮɡɏɠ [1], Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟŮɘɠ ɛŮɛɞɜɤɛɏɜɞɡɠ 

ɛɖɢŬɜɘůɛɞɨɠ ŬůŰɞɢɑŬɠ: Űɖɜ ŬůŰɞɢɑŬ Űɞɡ ˊɟɞůɐɜŮɛɞɡ ˊɟŬɜɞɨɠ, Űɖɜ ŬůŰɎɗŮɘŬ Űɞɡ ˊɧŭŬ, əŬɘ 

Űɖɜ ŬůŰɞɢɑŬ Űɞɡ ɡˊɐɜŮɛɞɡ ˊɟŬɜɞɨɠ ŮɝŬɘŰɑŬɠ Űɖɠ əɡɛŬŰɘəɐɠ ɡˊŮɟˊɐŭɖůɖɠ. Ƀɘ Űɨˊɞɘ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɞ əɎɗŮ ůŰɞɘɢŮɑɞ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ Ŭˊɧ Űɞɡɠ Van der Meer [57], Van 

der Meer et al. [59], and Van Gent and Pozueta [60], ŬɜŰɑůŰɞɘɢŬ. 

Ⱥˊɑůɖɠ, ůɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ˊɚɎɔɘŬɠ ˊɟɧˊŰɤůɖɠ Űɤɜ əɡɛŬŰɘůɛɩɜ ůŰɖɜ ŮɡůŰɎɗŮɘŬ 

ŬɡŰɩɜ Űɤɜ Űɟɘɩɜ ůŰɞɘɢŮɑɤɜ ɚɐűɗɖəŮ ɡˊɧɣɖ ɛɏůɤ Űɖɠ ɢɟɐůɖɠ Űɞɡ ɘůɞŭɨɜŬɛɞɡ Hs əɎɗŮŰɖɠ 

ˊɟɧˊŰɤůɖɠ [12]. 

 

3.4.1 ɄŬɟɞɡůɑŬůɖ ŭŮŭɞɛɏɜɤɜ 

ɆɢŮŰɘəɎ ɛŮ Űɖ ůŰŬŰɘůŰɘəɐ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Űɤɜ əɡɛŬŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ, ɞ ůɡɜŰŮɚŮůŰɐɠ 

ɔɟŬɛɛɘəɐɠ ůɡůɢɏŰɘůɖɠ Pearson ɛŮŰŬɝɨ Űɤɜ Ὕ  əŬɘ Ὄ  ŮəŰɘɛɐɗɖəŮ ůŰŬ 0.68, Ůɜɩ 

ˊŬɟŬŰɖɟɐɗɖəŬɜ ŮˊɘŭɟɎůŮɘɠ Űɖɠ əŬŰŮɨɗɡɜůɖɠ Űɤɜ əɡɛŬŰɘůɛɩɜ ůŰɖɜ Ŭˊɧ əɞɘɜɞɨ əŬŰŬɜɞɛɐ 

Űɤɜ Ὕ  əŬɘ  Ὄ. ɇɞ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ  Ὕ  əŬɘ  Ὄ Űɤɜ ɛŮŰɟɐůŮɤɜ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɖɜ 

ȺɘəɧɜŬ 20.  

 

 

ȺɘəɧɜŬ 20 ȹɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ ɛŮŰɟɐůŮɤɜ ╣□ əŬɘ ╗▼ Ŭˊɧ Űɞɜ ɤəŮŬɜɞɔɟŬűɘəɧ ˊɚɤŰɐɟŬ 

[35] 
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Ƀ ůɡɜŰŮɚŮůŰɐɠ ɔɟŬɛɛɘəɐɠ ůɡůɢɏŰɘůɖɠ ɛŮŰŬɝɨ Ὓὒ əŬɘ Ὄ ɘůɞɨŰŬɘ ɛŮ 0.1 ́ Ůɟɑˊɞɡ əŬɘ ɔɘ ŬɡŰɧ 

ŭŮɜ ɗŮɤɟɐɗɖəŮ ůɖɛŬɜŰɘəɧɠ  ůŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ. ɇŬ ɘůŰɞɔɟɎɛɛŬŰŬ Űɤɜ Ὕὒ əŬɘ Ὓὒ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 21, ɧˊɤɠ ɛŮŰɟɐɗɖəŮ Ŭˊɧ Űɞɜ ˊŬɚɘɟɟɞɘɞɔɟɎűɞ. ȳˊɤɠ 

ˊŬɟŬŰɖɟɐɗɖəŮ ůŰɖɜ ȺɘəɧɜŬ 21, ɖ ŬůŰɟɞɜɞɛɘəɐ əŬɘ ɛŮŰŮɤɟɞɚɞɔɘəɐ ˊŬɚɑɟɟɞɘŬ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɖɠ ɀɎɚŬɔŬ ŮɑɜŬɘ ɛɘəɟɞɨ Ůɨɟɞɡɠ, ůɡɜŮˊɩɠ ɞɘ əɡɛŬŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ɛˊɞɟɞɨɜ ɜŬ 

ɗŮɤɟɖɗɞɨɜ ˊɘɞ əɟɑůɘɛɞɘ Ŭˊɧ ŬɡŰɞɨɠ Űɖɠ ɗŬɚɎůůɘŬɠ ůŰɎɗɛɖɠ ɔɘŬ Űɖɜ ɡˊɧ ɛŮɚɏŰɖ əŬŰŬůəŮɡɐ.  

 

 

ȺɘəɧɜŬ 21 ɄɞɚɨɔɤɜŬ ůɡɢɜɞŰɐŰɤɜ Űɤɜ ╣╛ əŬɘ ╢╛ ɧˊɤɠ ɛŮŰɟɐɗɖəŬɜ Ŭˊɧ Űɞɜ ˊŬɚɘɟɟɞɘɞɔɟɎűɞ [35] 

 

3.4.2 ȷɜŬɔɜɩɟɘůɖ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ - əŬŰŬɘɔɑŭɤɜ 

ȷɟɢɘəɎ, Ůɘ́ɚɏɢɗɖəŮ ɏɜŬ əŬŰɩűɚɘ u1 ɔɘŬ Űɞ Hs ŭɘŬɢɤɟɑɕɞɜŰŬɠ ŰŬ ŬůɗŮɜɐ Ŭˊɧ ŰŬ ɛŮůŬɑŬ əŬɘ 

ŬəɟŬɑŬ ɔŮɔɞɜɧŰŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ. Ⱥˊɑůɖɠ, ŮˊɘɚɏɢɗɖəŮ ɛɑŬ ŮɚɎɢɘůŰɖ ˊŮɟɑɞŭɞɠ ɖɟŮɛɑŬɠ/ɨűŮůɖɠ 

Űɤɜ 6 hr [51] ɛŮŰŬɝɨ ŭɨɞ ŭɘŬŭɞɢɘəɩɜ əŬŰŬɘɔɑŭɤɜ ï ɔŮɔɞɜɧŰɤɜ ɔɘŬ ɜŬ ŮɝŬůűŬɚɑůŮɘ ɧŰɘ ŰŬ ŭɨɞ 

ɔŮɔɞɜɧŰŬ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŬ ɛŮŰŬɝɨ Űɞɡɠ. ȷˊɧ Űɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ, ˊɟɞəɨˊŰŮɘ Űɞ ŭŮɑɔɛŬ Űɤɜ 

ɛɏɔɘůŰɤɜ ůɖɛŬɜŰɘəɩɜ ɡɣɩɜ əɨɛŬŰɞɠ Hs,p əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ əɎɗŮ əŬŰŬɘɔɑŭŬɠ. ɆŰɖɜ 

ˊŬɟɞɨůŬ ɛŮɚɏŰɖ, Űɞ Ŭɟɢɘəɧ əŬŰɩűɚɘ u1 ɐŰŬɜ ɑůɞ ɛŮ 1.65 m, ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ 

ˊɞůɞůŰɖɛɧɟɘɞ 98.5 Űɤɜ ŭŮŭɞɛɏɜɤɜ Űɞɡ Hs. ɇŬ ɘůŰɞɔɟɎɛɛŬŰŬ əŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ 

Űɖɠ ŭɘɎɟəŮɘŬɠ əŬɘ Űɞɡ Hs,p Űɤɜ ŬɜŮɝɎɟŰɖŰɤɜ ɔŮɔɞɜɧŰɤɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 22.  
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ȺɘəɧɜŬ 22 ȽůŰɞɔɟɎɛɛŬŰŬ əŬɘ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɖɠ ŭɘɎɟəŮɘŬɠ əŬɘ Űɞɡ Hs,p Űɤɜ ŬɜŮɝɎɟŰɖŰɤɜ 

ɔŮɔɞɜɧŰɤɜ ůŰɖ ɗɏůɖ Űɞɡ ɛŮŰɟɖŰɘəɞɨ ůŰŬɗɛɞɨ 

 

Ƀ ˊɡɗɛɏɜŬɠ Űɖɠ ɗɎɚŬůůŬɠ ɗŮɤɟɐɗɖəŮ ŮˊɑˊŮŭɞɠ ɛŮ əɚɑůɖ ɑůɖ ɛŮ Űɖ ɛɏůɖ əɚɑůɖ Űɞɡ, 5%. 

ɆɡɜŮˊɩɠ, ɖ ŭɘŬəɨɛŬɜůɖ Űɖɠ ɗŬɚɎůůɘŬɠ ůŰɎɗɛɖɠ ɚɧɔɤ ŬůŰɟɞɜɞɛɘəɐɠ əŬɘ ɛŮŰŮɤɟɞɚɞɔɘəɐɠ 

ˊŬɚɑɟɟɞɘŬɠ əŬɘ ŰŬ əɡɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ɢɟŮɘɎɕɞɜŰŬɘ ɜŬ ɛŮŰŬűŮɟɗɞɨɜ ůŰɖ ɗɏůɖ Űɖɠ 

əŬŰŬůəŮɡɐɠ, ŭɖɚ. ůŰɞ ɓɎɗɞɠ Űɤɜ 6 m. ɆŰɖɜ ȺɘəɧɜŬ 23, ɔɑɜŮŰŬɘ ůɨɔəɟɘůɖ Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ 

ŭɘŬůˊɞɟɎɠ Űɖɠ ŭɘɎɟəŮɘŬɠ əŬɘ Űɞɡ Hs,p Űɤɜ ŬɜŮɝɎɟŰɖŰɤɜ ɔŮɔɞɜɧŰɤɜ ůŰɖ ɗɏůɖ Űɞɡ ɛŮŰɟɖŰɘəɞɨ 

ůŰŬɗɛɞɨ əŬɘ ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ. Ⱥˊɑůɖɠ, ůŰɖɜ ȺɘəɧɜŬ 24, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ 

ɘůŰɞɔɟɎɛɛŬŰŬ əŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɞɡ Hs,p əŬɘ Űɖɠ ɗm  Űɤɜ ɔŮɔɞɜɧŰɤɜ ůŰɖ ɗɏůɖ Űɖɠ 

əŬŰŬůəŮɡɐɠ, ůŰɖɜ ɞˊɞɑŬ űŬɑɜŮŰŬɘ ɧŰɘ ɞɘ əŬŰŮɡɗɨɜůŮɘɠ ˊɟɞɏɚŮɡůɖɠ ɧɚɤɜ Űɤɜ ɔŮɔɞɜɧŰɤɜ 

ŬɡŰɩɜ ŬɜɐəŮɘ ůŰɞ ŭɘɎůŰɖɛŬ Ŭˊɧ 100 
o
 ɏɤɠ 125 

o
 Ŭˊɧ Űɞɜ ȸɞɟɟɎ əŬɘ ɖ ˊɘɞ ŬəɟŬɑŬ əŬŰŬɘɔɑŭŬ, 

ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŮ ůŰɞ ŭŮɑɔɛŬ, ɏɢŮɘ Űɖɜ əŬŰŮɨɗɡɜůɖ Űɤɜ 113 
o
 Ŭˊɧ Űɞɜ ȸɞɟɟɎ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ 

əɎɗŮŰɖ ůŰɘɠ ɘůɞɓŬɗŮɑɠ, ɧˊɤɠ əŬɘ ůŰɖɜ ŬəŰɞɔɟŬɛɛɐ. 

 

 

ȺɘəɧɜŬ 23 Ɇɨɔəɟɘůɖ Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ ŭɘŬůˊɞɟɎɠ Űɖɠ ŭɘɎɟəŮɘŬɠ əŬɘ Űɞɡ Hs,p Űɤɜ ŬɜŮɝɎɟŰɖŰɤɜ 

ɔŮɔɞɜɧŰɤɜ ůŰɖ ɗɏůɖ Űɞɡ ɛŮŰɟɖŰɘəɞɨ ůŰŬɗɛɞɨ (ɛˊɚŮ əɞɡəəɑŭŮɠ) əŬɘ ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ 

(əɧəəɘɜŮɠ əɞɡəəɑŭŮɠ) 
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ȺɘəɧɜŬ 24 ȽůŰɞɔɟɎɛɛŬŰŬ əŬɘ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ Hs,p əŬɘ ɗm  Űɤɜ ɔŮɔɞɜɧŰɤɜ ůŰɖ ɗɏůɖ Űɖɠ 

əŬŰŬůəŮɡɐɠ 

  

ɆŰɞ ŮˊɧɛŮɜɞ ɓɐɛŬ, ŮˊɘɚɏɔŮŰŬɘ ɏɜŬ ŭŮɨŰŮɟɞ əŬŰɩűɚɘ u2 ɡɣɖɚɧŰŮɟɞ Ŭˊɧ Űɞ u1. ɆɨɛűɤɜŬ ɛŮ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɨɞ ɛŮɗɧŭɤɜ (ɐŰɞɘ [61], [62]) ɔɘŬ Űɖɜ Ůˊɘɚɞɔɐ Űɞɡ u2 əŬɘ əŬŰô ŮˊɏəŰŬůɖ 

Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ əŬŰŬɜɞɛɐɠ GP, ɖ Űɘɛɐɠ Űɞɡ 2.409 m ŮˊɘɚɏɔŮŰŬɘ ɔɘŬ Űɞ u2, ˊɞɡ 

ŬɜŰɘůŰɞɘɢŮɑ  ůŰɖ ɗŮɩɟɖůɖ ˊŮɟɑˊɞɡ 3 ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ Űɞ ɏŰɞɠ. 

Ƀɘ ˊŮɟɑɞŭɞɘ ŮˊŬɜŬűɞɟɎɠ əŬɘ ɞɘ ŮˊɘůŰɟŮűɧɛŮɜŮɠ Űɘɛɏɠ ɔɘŬ Űɞ Hs,p ůɡɜŭɡŬůɛɏɜŮɠ ɛŮ Űɘɠ ˊɘɞ 

ˊɘɗŬɜɏɠ Űɘɛɏɠ Űɖɠ ɛɏůɖɠ ˊŮɟɘɧŭɞɡ əŬɘ əŬŰŮɨɗɡɜůɖɠ ɔŮɔɞɜɧŰɞɠ ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ, ɞɘ 

ɞˊɞɑŮɠ ŮˊɘɚɏɢɗɖəŬɜ ɔɘŬ Űɖɜ Ŭɟɢɘəɐ ˊɟɞůɏɔɔɘůɖ ůɢŮŭɘŬůɛɞɨ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 12. 

 

ɄɑɜŬəŬɠ 12 ɄŮɟɑɞŭɞɘ ŮˊŬɜŬűɞɟɎɠ əŬɘ ŮˊɘůŰɟŮűɧɛŮɜŮɠ Űɘɛɏɠ ɔɘŬ Űɞ Hs,p ůɡɜŭɡŬůɛɏɜŮɠ ɛŮ Űɘɠ ˊɘɞ 

ˊɘɗŬɜɏɠ Űɘɛɏɠ Űɖɠ ɛɏůɖɠ ˊŮɟɘɧŭɞɡ əŬɘ əŬŰŮɨɗɡɜůɖɠ ɔŮɔɞɜɧŰɞɠ ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ 

ɄŮɟɑɞŭɞɠ 

ŮˊŬɜŬűɞɟɎɠ Tr 

ɔɘŬ Hs,p (ɏŰɖ) 

Hs,p (m) Tm (s)  
ȹɘɎɟəŮɘŬ  

(hr) 

ɗm  

(
o
 Ŭˊɧ ȸɞɟɟɎ) 

10 4.03 6.25 3 113 

100 4.54 6.58 3 113 

 

ɆŰɞɜ ɄɑɜŬəŬ 13, ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ŮəŰɘɛɧɛŮɜɞ ɛɏůɞ ɓɎɟɞɠ Űɤɜ ůŰɞɘɢŮɑɤɜ Űɖɠ əŬŰŬůəŮɡɐɠ 

Ŭˊɧ Űɞɜ ˊɟɤŰŬɟɢɘəɧ ůɢŮŭɘŬůɛɧ ɔɘŬ Űɘɠ ŭɨɞ ˊŮɟɘɧŭɞɡɠ ŮˊŬɜŬűɞɟɎɠ Űɞɡ Hs,p. Ⱥˊɘˊɚɏɞɜ, ɞɘ 

ˊɘɗŬɜɧŰɖŰŮɠ ɡˊɏɟɓŬůɖɠ Űɤɜ Hs,p ɔɘŬ ŰŬ ŭɨɞ ůŮɜɎɟɘŬ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Ůɜɧɠ ɏŰɞɡɠ əŬɘ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ɕɤɐɠ Űɞɡ ɏɟɔɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 14.  
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ɄɑɜŬəŬɠ 13 ɀɏůɞ ɓɎɟɞɠ Űɤɜ ɛɞɜɎŭɤɜ Űɤɜ ůŰɞɘɢŮɑɤɜ Űɖɠ əŬŰŬůəŮɡɐɠ Ŭˊɧɜ Űɞɜ ˊɟɤŰŬɟɢɘəɧ 

ůɢŮŭɘŬůɛɧ 

Tr for Hs,p (years) Seaside armor units 

(kg) 

Rear-side armor units 

(kg) 

Toe units              

(kg) 

10 5018 1241 379 

100 6980 1915 542 

 

ɄɑɜŬəŬɠ 14 ɄɘɗŬɜɧŰɖŰŮɠ ŬůŰɞɢɑŬɠ ŬɜɎ ɏŰɞɠ əŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ Űɞɡ ɏɟɔɞɡ (15 ɏŰɖ), ɔɘŬ ŰŬ 

ůŮɜɎɟɘŬ ůɢŮŭɘŬůɛɞɨ Hs,p (Malaga) 

Tr for Hs,p (years) 
, , ,1s,pex H e yP  ,e,f LP  

10 3.20*10
-2
 7.82*10

-1
 

100 3.20*10
-3
 1.40*10

-1
 

 

ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ŭɘŮɝɐɢɗɖ ɛɑŬ ŬɜɎɚɡůɖ ŬəɟŬɑɤɜ Űɘɛɩɜ ɔɘŬ ɛɑŬ 

ɛŮŰŬɓɚɖŰɐ ɓŬůɘůɛɏɜɖ ůŮ ɔŮɔɞɜɧŰŬ, əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɞɘ ŮɝŬɔɧɛŮɜŮɠ ŮˊɘůŰɟŮűɧɛŮɜŮɠ Űɘɛɏɠ Űɖɠ 

ůɡɜŭɡɎůŰɖəŬɜ ɛŮ Űɘɠ ˊɘɞ ˊɘɗŬɜɏɠ Űɘɛɏɠ Ɏɚɚɤɜ ɛŮŰŬɓɚɖŰɩɜ, ɛɏůɤ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ 

ŭɘŬɔɟŬɛɛɎŰɤɜ ŭɘŬůˊɞɟɎɠ. ɋůŰɧůɞ, ɛɑŬ ˊɞɚɡˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ŬəɟŬɑɤɜ Űɘɛɩɜ (ˊ.ɢ. [63]) 

ůɡɜɘůŰɎŰŬɘ ɔɘŬ ɛɑŬ ˊɘɞ Ŭəɟɘɓɐ ŮəŰɑɛɖůɖ Űɤɜ Űɘɛɩɜ Űɤɜ ɚɞɘˊɩɜ ɛŮŰŬɓɚɖŰɩɜ. ȷɡŰɧ ŭŮɜ 

ŮˊɘɢŮɘɟŮɑŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, Ŭűɞɨ ɖ Ŭəɧɚɞɡɗɖ ŬɜɎɚɡůɖ Űɤɜ ɗŬɚɎůůɘɤɜ 

əŬŰŬůŰɎůŮɤɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɞɜ ˊɘɗŬɜɞŰɘəɧ ůɢŮŭɘŬůɛɧ Űɖɠ əŬŰŬůəŮɡɐɠ. 

 

3.4.2 ɆŰŬŰɘůŰɘəɐ ŬɜɎɚɡůɖ Űɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ 

ɆŮ ŬɡŰɧ Űɞ ɓɐɛŬ, ŭɘŮɝɐɢɗɖ ɖ ůŰŬŰɘůŰɘəɐ ŬɜɎɚɡůɖ Űɤɜ ŭɘŬŭɞɢɘəɩɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ 

ŮɜŰɧɠ Űɤɜ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ ɔɘŬ ɜŬ ɚɖűɗɞɨɜ ɤɠ űɞɟŰɑůŮɘɠ ůŰɖɜ ɡˊɧ ɛŮɚɏŰɖ əŬŰŬůəŮɡɐ. 

ȷɟɢɘəɎ, Űɞ ɑŭɘɞ əŬŰɩűɚɘ ŮűŬɟɛɧůŰɖəŮ ůŰŬ ŭŮŭɞɛɏɜŬ Űɞɡ Hs, ɧˊɤɠ ůŰɖɜ ŬɜɎɚɡůɖ ŬəɟŬɑɤɜ 

Űɘɛɩɜ ɓŬůɘůɛɏɜɖ ůŮ ɔŮɔɞɜɧŰŬ, ɔɘŬ ɜŬ űɘɚŰɟɎɟŮɘ Űɘɠ ˊɘɞ ůɖɛŬɜŰɘəɏɠ əŬɘ əɟɑůɘɛŮɠ ɗŬɚɎůůɘŮɠ 

əŬŰŬůŰɎůŮɘɠ ˊɞɡ ɗŬ ɛŮŰŬűŮɟɗɞɨɜ ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ, ɞɘ ˊɘɞ 

əɟɑůɘɛŮɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ ŭɘŬɢɤɟɑɕɞɜŰŬɘ Ŭˊɧ Űɞ ůɡɜɞɚɘəɧ ŭŮɑɔɛŬ, ŬɚɚɎ Ůˊɑůɖɠ əŬɘ ɞ 

ɧɔəɞɠ Űɤɜ ŭŮŭɞɛɏɜɤɜ əŬɘ ɞ ɡˊɞɚɞɔɘůŰɘəɧɠ űɧɟŰɞɠ ˊŮɟɘɞɟɑɕŮŰŬɘ ůɖɛŬɜŰɘəɎ.  
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ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 25, ɏɜŬ əŬŰɩűɚɘ ŮűŬɟɛɧůŰɖəŮ ůŰŬ ŭŮŭɞɛɏɜŬ Űɞɡ Hs, ɛŮ ůŰɧɢɞ ɜŬ 

űɘɚŰɟɎɟŮɘ Űɘɠ ˊɘɞ ůɖɛŬɜŰɘəɏɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ ˊɞɡ ɗŬ ɛŮŰŬűŮɟɗɞɨɜ ůŰɖ ɗɏůɖ Űɖɠ 

əŬŰŬůəŮɡɐɠ. ɀŮ Űɞ ůɡɔəŮəɟɘɛɏɜɞ Űɟɧˊɞ (ŭɖɚ. ɗɏŰɞɜŰŬɠ  Hs>1.65 m) Űɞ ůɨɜɞɚɞ Űɤɜ 

ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ ˊɞɡ ɗŬ ŭɘɞŭŮɡŰŮɑ Ŭˊɧ Űɞ ɓɎɗɞɠ Űɤɜ 15 m ůŰɞ ɓɎɗɞɠ Űɤɜ 6 m 

ŬˊɞŰŮɚŮɑ Űɞ 1.5% Űɞɡ Ŭɟɢɘəɞɨ ŭŮɑɔɛŬŰɞɠ. 

 

 

ȺɘəɧɜŬ 25 ȽůŰɞɔɟɎɛɛŬŰŬ əŬɘ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ Hs əŬɘ ɗm Űɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ 

ůŰɖ ɗɏůɖ Űɞɡ ɛŮŰɟɖŰɘəɞɨ ůŰŬɗɛɞɨ [35] 

 

ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ŮűŬɟɛɞɔɐ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɏɜŬ ɓɐɛŬ Űɟɘɩɜ ɤɟɩɜ ˊɞɡ ŬűɞɟɎ Űɖɜ 

ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ ůŰɖɜ ŬɝɘɞˊɘůŰɑŬ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ, 

ɏŰůɘ ɩůŰŮ ɞɘ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ ɜŬ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ˊŮɟɘůůɧŰŮɟɞ Ŭˊɧ 1000 əɡɛŬŰɘůɛɞɨɠ  

ŬɜɎ ɗŬɚɎůůɘŬ əŬŰŬůŰɎůɖ. ɆŰɖ ůɡɜɏɢŮɘŬ, ŮˊɘɚɏɔŮŰŬɘ Űɞ ɛɏɔɘůŰɞ Hs ůŮ ɛɑŬ ůŮɘɟɎ Űɟɘɩɜ 

ɛɞɜɧɤɟɤɜ ɛŮŰɟɐůŮɤɜ Űɞɡ Hs ŮɜŰɧɠ ɛɑŬɠ əŬŰŬɘɔɑŭŬɠ  ɔɘŬ ɜŬ ŬɜŬˊŬɟŬůŰɐůŮɘ Űɖ ɗŬɚɎůůɘŬ 

əŬŰɎůŰŬůɖ. 

ȺűŬɟɛɧɕɞɜŰŬɠ ŰɩɟŬ Űɞ ɑŭɘɞ ɛɞɜŰɏɚɞ əɡɛŬŰɘəɐɠ ŭɘɎŭɞůɖɠ [33] ɧˊɤɠ ɛŮ Űɘɠ əŬŰŬɘɔɑŭŮɠ - 

ɔŮɔɞɜɧŰŬ, Űɞ ɡˊɞůɨɜɞɚɞ Űɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ ɛŮŰŬűɏɟɗɖəŮ Ŭˊɧ Űɞ ɓɎɗɞɠ Űɤɜ 15 m 

ůŰŬ 6 m. ɇŬ ɘůŰɞɔɟɎɛɛŬŰŬ əŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ Hs əŬɘ ɗm ˊɞɡ ɛŮŰŬűɏɟɗɖəŬɜ 

ůŰɞ ɓɎɗɞɠ Űɤɜ 6 m ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 26. ȾɟɑɜɞɜŰŬɠ Ŭˊɧ Űɖɜ ȺɘəɧɜŬ 26, Űɞ ɗm 

ŬɡŰɩɜ Űɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ ŮɑɜŬɘ ůɡɔəŮɜŰɟɤɛɏɜɞ ůŮ ɏɜŬ ůŰŮɜɧ Ůɨɟɞɠ 

əŬŰŮɡɗɨɜůŮɤɜ, ɧɛɞɘɞ ɛŮ ŬɡŰɧ Űɤɜ əŬŰŬɘɔɑŭɤɜ. ɆɡɜŮˊɩɠ, ůŰɞ ůɖɛŮɑɞ ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ɖ 

Ŭˊɚɞˊɞɑɖůɖ ɧŰɘ ɧɚŮɠ ŬɡŰɏɠ ɞɘ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ ɏɢɞɡɜ əɞɘɜɐ ɗm, ˊɞɡ ůŰɖɜ ˊŮɟɑˊŰɤůɖ 

Űɖɠ ɀɎɚŬɔŬ ɏɢɞɡɜ əɎɗŮŰɖ ˊɟɧůˊŰɤůɖ ůŰɞ ɏɟɔɞ. 
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ȺɘəɧɜŬ 26 ȽůŰɞɔɟɎɛɛŬŰŬ əŬɘ ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ Hs əŬɘ ɗm Űɞɡ ɡˊɞůɡɜɧɚɞɡ Űɤɜ 

ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ 

 

ȺűŬɟɛɧɕɞɜŰŬɠ, ůŰɞ ůɖɛŮɑɞ ŬɡŰɧ, Űɞ ɛɞɜŰɏɚɞ ŭŮůɛŮɡɛɏɜɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ɔɘŬ ŭɨɞ ɛŮŰŬɓɚɖŰɏɠ, 

ɐŰɞɘ Hs əŬɘ Tm, ˊɟɞəɨˊŰŮɘ ɖ ŭŮůɛŮɡɛɏɜɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ Hs əŬɘ Tm, 

ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɞɘ ɚɖűɗŮɑůŮɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ Ŭɜɐəɞɡɜ ůŰɞ ŮˊɘɚŮɔɛɏɜɞ ɡˊɞůɨɜɞɚɞ ůŰɖ 

ɗɏůɖ Űɞɡ ɛŮŰɟɖŰɘəɞɨ ůŰŬɗɛɞɨ əŬɘ Űɞɡ ɏɟɔɞɡ. ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 27, ɧ́ ɞɡ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ŬɡŰɐ ɖ ůɨɔəɟɘůɖ, ɖ ŭŮůɛŮɡɛɏɜɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ Hs 

əŬɘ Tm ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ ŭɘŬűɏɟŮɘ Ŭˊɧ ŬɡŰɐ Űɞɡ ɛŮŰɟɖŰɘəɞɨ ůŰŬɗɛɞɨ, ˊŬɟɎ Űɞ 

ɔŮɔɞɜɧɠ ɧŰɘ əŬɘ ɞɘ ŭɨɞ ŬɡŰɏɠ ɗɏůŮɘɠ Ŭɜɐəɞɡɜ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ.  

 

 

ȺɘəɧɜŬ 27 ȹŮůɛŮɡɛɏɜɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ Hs əŬɘ Tm, ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɞɘ 

ɚɖűɗŮɑůŮɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ Ŭɜɐəɞɡɜ ůŰɞ Ůɘ́ɚŮɔɛɏɜɞ ɡˊɞůɨɜɞɚɞ, ůŰɖ ɗɏůɖ Űɞɡ ɛŮŰɟɖŰɘəɞɨ 

ůŰŬɗɛɞɨ (ŬɟɘůŰŮɟɎ) əŬɘ ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ (ŭŮɝɘɎ) (əŬɛˊɨɚŮɠ ɑůɖɠ ˊɡəɜɧŰɖŰŬɠ 

ˊɘɗŬɜɧŰɖŰŬɠ ɛŮ ɓɐɛŬ 0.05 1/s/m) 

 

3.4.3 ȺəŰɘɛɩɜŰŬɠ Űɖɜ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ ɛɏůɤ Űɖɠ DIM əŬɘ MCM 

Ⱥűɧůɞɜ ɏɜŬɜ Ŭˊɧ Űɞɡɠ ůŰɧɢɞɡɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ŬˊɞŰŮɚŮɑ əŬɘ ɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ 

ŮˊɑŭɟŬůɖɠ ŭɘŬűɧɟɤɜ Űɨˊɤɜ ˊŬɟŬɛɏŰɟɤɜ ɤɠ ůŰɞɢŬůŰɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ ůŰɖɜ ŮəŰɘɛɩɛŮɜɖ 

ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ, ŮɝŮŰɎůŰɖəŬɜ ɞɘ Ůɝɐɠ ŰɟŮɘɠ ˊŮɟɘˊŰɩůŮɘɠ. ȷɟɢɘəɎ, 



 

li  

 

ŮɝŮŰɎůŰɖəŬɜ ɛɧɜɞ ɞɘ əɡɛŬŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ, ůŰɖ ůɡɜɏɢŮɘŬ ɞɘ əɡɛŬŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ əŬɘ ɞɘ 

ˊŬɟɎɛŮŰɟɞɘ ɗŬɚɎůůɘŬɠ ůŰɎɗɛɖɠ əŬɘ Űɏɚɞɠ ɞɘ ˊɟɞɖɔɞɨɛŮɜŮɠ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ɛɑŬ ůŰɞɢŬůŰɘəɐ 

ˊŬɟɎɛŮŰɟɞ ŬɜŰɑůŰŬůɖɠ Űɖɠ əŬŰŬůəŮɡɐɠ. ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ůŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ ɞɘ 

ˊŬɟɎɛŮŰɟɞɘ SL əŬɘ TL ɗŮɤɟɐɗɖəŬɜ ɑůŮɠ ɛŮ Űɞ ɛɖŭɏɜ. 

ɆŰɖɜ ŰɟɑŰɖ ˊŮɟɑˊŰɤůɖ, ɤɠ ůŰɞɢŬůŰɘəɐ ɛŮŰŬɓɚɖŰɐ ɚɐűɗɖəŮ ɖ ˊɡəɜɧŰɖŰŬ ɛɎɕŬɠ Űɤɜ űɡůɘəɩɜ 

ɞɔəɞɚɑɗɤɜ. ȺˊŮɘŭɐ ɖ əŬŰŬɜɞɛɐ Űɖɠ ŮɑɜŬɘ ɎɔɜɤůŰɖ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ˊɘɗŬɜɞŰɘəɐ Űɖɠ 

ŬɜŬˊŬɟɎůŰŬůɖ ɛɑŬ əŬɜɞɜɘəɐ əŬŰŬɜɞɛɐ, Űɖɠ ɞˊɞɑŬɠ ɖ ɛɏůɖ Űɘɛɐ ŮɑɜŬɘ ɑůɖ ɛŮ 2650 kg/m
3
, əŬɘ 

ɖ Űɡˊɘəɐ Űɖɠ Ŭˊɧəɚɘůɖ ɑůɖ ɛŮ 10 kg/m
3
. 

ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɖ ˊŮɟɑˊŰɤůɖ Űɖɠ ɀɎɚŬɔŬ ŬűɞɟɎ ůŮ ɛɘəɟɏɠ ŭɘŬəɡɛɎɜůŮɘɠ Űɖɠ 

ɛŮŰŮɤɟɞɚɞɔɘəɐɠ əŬɘ ŬůŰɟɞɜɞɛɘəɐɠ ˊŬɚɑɟɟɞɘŬɠ, ɖ ůɢɏůɖ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Űɤɜ əɡɛŬŰɘəɩɜ 

ˊŬɟŬɛɏŰɟɤɜ ɛŮ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ůŰɎɗɛɖɠ TL, SL ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ ŭŮɜ ɏɢŮɘ ɚɖűɗŮɑ 

ɡˊɧɣɖ.  

ȳůɞɜ ŬűɞɟɎ ůŰɖɜ ŮűŬɟɛɞɔɐ Űɖɠ Ůɝɑůɤůɖɠ 28 ɛɏůɤ Űɖɠ ɛŮɗɧŭɞɡ DIM ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ 

ˊŮɟɑˊŰɤůɖ, ŰŬ ɓɐɛŬŰŬ ɞɚɞəɚɐɟɤůɖɠ dtl əŬɘ dsl ŮɚɐűɗɖůŬɜ ɑůŬ ɛŮ 0.05 m, əŬɘ ŰŬ dHs əŬɘ 

dTm ɑůŬ ɛŮ 0.10 m əŬɘ 0.10 s, ŬɜŰɑůŰɞɘɢŬ, ŰŬ ɞˊɞɑŬ ɗŮɤɟɐɗɖəŬɜ ɘəŬɜɞˊɞɘɖŰɘəɎ ɛɘəɟɎ. 

ɆŰɖ ɛɏɗɞŭɞ MCM, ́ ŬɟɎɢɗɖəŮ ɏɜŬ ŰɡɢŬɑɞ ŭŮɑɔɛŬ ɔɘŬ əɎɗŮ ɛŮŰŬɓɚɖŰɐ, Űɞ ɞˊɞɑɞ ŬəɞɚɞɡɗɞɨůŮ 

Űɖɜ əŬŰŬɜɞɛɐ Űɖɠ, ŬɚɚɎ ˊŬɟɎɚɚɖɚŬ ŭɘŬŰɖɟɩɜŰŬɠ Űɖ ůŰŬŰɘůŰɘəɐ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Űɤɜ 

ɛŮŰŬɓɚɖŰɩɜ ɛŮ ůɖɛŬɜŰɘəɐ ůɡůɢɏŰɘůɖ, ˊ.ɢ. Űɤɜ Tm əŬɘ Hs. ɆŰɖɜ ȺɘəɧɜŬ 28, ŬˊŮɘəɞɜɑɕŮŰŬɘ Űɞ 

ŭɘɎɔɟŬɛɛŬ ŭɘŬůˊɞɟɎɠ Űɤɜ Tm əŬɘ Hs ůŰɖ ɗɏůɖ Űɞɡ ɏɟɔɞɡ, ɖ ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ 

ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ ŭɨɞ ɛŮŰŬɓɚɖŰɩɜ, əŬɘ Űɞ ŭŮɑɔɛŬ Űɖɠ ɛŮɗɧŭɞɡ MCM, 

ˊŬɟɞɡůɘɎɕɞɜŰŬɠ əŬɚɐ ůɡɛűɤɜɑŬ. 

ȼ Ůˊɘɚɞɔɐ Űɞɡ ůɡɜɞɚɘəɞɨ Ŭɟɘɗɛɞɨ ˊɟɞůɞɛɞɘɩůŮɤɜ ɔɘŬ Űɖɜ əɎɗŮ ɛɑŬ ˊŬɟɎɛŮŰɟɞ ŮɝŬɟŰɎŰŬɘ 

Ŭˊɧ Űɖ ɛŮŰŬɓɚɖŰɧŰɖŰŬ əŬɘ Űɞɜ ˊɚɖɗɡůɛɧ Űɖɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ ɛŮɚɏŰɖ ɞ 

ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ ˊɟɞůɞɛɞɘɩůŮɤɜ ɔɘŬ Űɞɡɠ əɡɛŬŰɘůɛɞɨɠ ɐŰŬɜ ɑůɞɠ ɛŮ 1500, Ůɜɩ ɔɘŬ Űɞ SL 

əŬɘ TL 50, əŬɘ 20 ɔɘŬ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ŬɜŰɑůŰŬůɖɠ, Űɞ ɞˊɞɑɞ ůɡɜŮˊɎɔŮŰŬɘ 7.5*10
7
 

ŮˊŬɜŬɚɐɣŮɘɠ. ȷˊɧ ŰŬ ˊŬɟŬˊɎɜɤ, ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ɞɘ ɡˊɞɚɞɔɘůŰɘəɏɠ ŬˊŬɘŰɐůŮɘɠ Űɖɠ MCM 

ɛˊɞɟŮɑ ɜŬ ɔɑɜɞɡɜ ůɖɛŬɜŰɘəɎ ɡɣɖɚɏɠ. 
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ȺɘəɧɜŬ 28 Ɇɨɔəɟɘůɖ Űɞɡ ŰɡɢŬɑɞɡ ŭŮɑɔɛŬŰɞɠ Űɖɠ MCM  (əɧəəɘɜɞ) ɛŮ Űɞ ɡˊɞůɨɜɞɚɞ Űɞɡ ŭŮɑɔɛŬŰɞɠ 

ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ (ˊɟɎůɘɜɞ) (əŬɛˊɨɚŮɠ ɑůɖɠ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ ɛŮ ɓɐɛŬ 0.05 

1/s/m) 

 

3.4.4 ȷˊɞŰŮɚɏůɛŬŰŬ əŬɘ ůɡɕɐŰɖůɖ 

Ƀɘ ˊɟɞŰŮɘɜɧɛŮɜŮɠ ɚɨůŮɘɠ ůɢŮŭɘŬůɛɞɨ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ ˊɟɞůɏɔɔɘůɖ ůɢŮŭɘŬůɛɞɨ 

ɓɎůŮɘ Űɤɜ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ ůŰɖ ɗɏůɖ Űɖɠ əŬŰŬůəŮɡɐɠ ɔɑɜɞɜŰŬɘ ɞɘ Ŭɟɢɘəɏɠ ɚɨůŮɘɠ ɔɘŬ Űɖɜ  

DIM ɔɘŬ Űɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ. ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑˊŰɤůɖ, ɖ DIM ɗŮɤɟŮɑ ɛɧɜɞ Űɘɠ 

əɡɛŬŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ɤɠ ůŰɞɢŬůŰɘəɏɠ ɛŮŰŬɓɚɖŰɏɠ (ɓɚ. ɄɑɜŬəŬ 15). ȳˊɤɠ ˊŬɟŬŰɖɟŮɑŰŬɘ 

ůŰɞɜ ɄɑɜŬəŬ 13, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɗɧŭɞɡ DIM Ŭűɞɟɞɨɜ ůŰɖ ŭŮůɛŮɡɛɏɜɖ ˊɘɗŬɜɧŰɖŰŬ 

ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ ŭŮŭɞɛɏɜɖɠ Űɖɠ ɡˊɏɟɓŬůɖɠ əŬŰɤűɚɑɞɡ əŬɘ Űɖɠ ɛɖ ŭŮůɛŮɛŮɨɜɖɠ 

ˊɘɗŬɜɧŰɖŰɎɠ Űɖɠ ůŰŬ 8 ɏŰɖ ɛŮŰɟɐůŮɤɜ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ DIM ŭɘŬűɏɟɞɡɜ ůŮ ůɖɛŬɜŰɘəɧ 

ɓŬɗɛɧ Ŭˊɧ ŬɡŰɎ Űɖɠ Ŭɟɢɘəɐɠ ˊɟɞůɏɔɔɘůɖɠ ůɢŮŭɘŬůɛɞɨ ɓɎůŮɘ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ. ȷɡŰɧ ɗŬ 

ɛˊɞɟɞɨůŮ ɜŬ ŬˊɞŭɞɗŮɑ ůŰɞ ɧŰɘ ɞɘ ŭɨɞ ŬɡŰɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ɡˊɞɚɞɔɑɕɞɡɜ ˊɘɗŬɜɧŰɖŰŮɠ ŬůŰɞɢɑŬɠ 

ŭɘŬűɞɟŮŰɘəɞɨ Űɨˊɞɡ.  

 

ɄɑɜŬəŬɠ 15 ȹŮůɛŮɡɛɏɜɖ əŬɘ ɛɖ ŭŮůɛŮɡɛɏɜɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ/ əŬŰŬůəŮɡɐɠ 

ůŰŬ Ɉ=8 ɏŰɖ ɛɏůɤ Űɖɠ DIM  ɔɘŬ Űɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ 

ɄŮɟɑɞŭɞɠ ŮˊŬɜŬűɞɟɎɠ ɔɘŬ Űɞ 

Hs,p (ůŮ ɏŰɖ)  

ȹŮůɛŮɡɛɏɜɖ 

(ɄŮɟɑˊŰɤůɖ 1) 

ɀɖ ŭŮůɛŮɡɛɏɜɖ 

(ɄŮɟɑˊŰɤůɖ 1) 

10 2.42*10
-2
 3.97*10

-4
 

100 6.99*10
-3
 1.15*10

-4
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Ⱥˊɑůɖɠ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ DIM ɔɘŬ Űɘɠ ŰɟŮɘɠ ˊŮɟɘˊŰɩůŮɘɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 

16. ȾɟɑɜɞɜŰŬɠ Ŭˊɧ Űɞɜ ɄɑɜŬəŬ 16, ɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ ŮɑɜŬɘ ɡɣɖɚɧŰŮɟɖ 

ůŰɖ ŭŮɨŰŮɟɖ Ŭˊɧ ɧŰɘ ůŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ. ɄɟɞűŬɜɩɠ, ŬɡŰɧ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŬˊɞűŮɡɢɗŮɑ, 

ŮɎɜ ɖ əŬŰŬůəŮɡɐ ŮɑɢŮ ůɢŮŭɘŬůɗŮɑ ůŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ ɔɘŬ ɛɑŬ ɡɣɖɚɧŰŮɟɖ Űɘɛɐ Űɖɠ 

ŬůŰɟɞɜɞɛɘəɐɠ əŬɘ ɛŮŰŮɤɟɞɚɞɔɘəɐɠ Ŭ́ɚɑɟɟɞɘŬɠ. ȼ ɓŮɚŰɘůŰɞˊɞɑɖůɖ ŬɡŰɐ ůɡɜɘůŰɎŰŬɘ ɔɘŬ Űɞɜ 

ůɢŮŭɘŬůɛɧ Űɖɠ əŬŰŬůəŮɡɐɠ.  

ɆɢŮŰɘəɎ ɛŮ Űɖ ůɨɔəɟɘůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɤɜ ŭɨɞ ŰŮɚŮɡŰŬɑɤɜ ˊŮɟɘˊŰɩůŮɤɜ, ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ɑůŬ. ȷɡŰɧ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŮɝɖɔɖɗŮɑ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ůŰɖ 

ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ ɖ ˊŬɟɎɛŮŰɟɞɠ ŬɜŰɑůŰŬůɖɠ ɏɢŮɘ Űɖɜ ɑŭɘŬ Űɘɛɐ ɛŮ Űɖ ɛɏůɖ Űɘɛɐ Űɖɠ 

ˊŬɟŬɛɏŰɟɞɡ ůŰɖɜ ŰɟɑŰɖ ˊŮɟɑˊŰɤůɖ, əŬɘ ɖ əŬŰŬɜɞɛɐ Űɖɠ ůŰɖɜ ŰɟɑŰɖ ˊŮɟɑˊŰɤůɖ ŮɑɜŬɘ 

ůɡɛɛŮŰɟɘəɐ ɔɨɟɤ Ŭˊɧ ŬɡŰɐ Űɖ ɛɏůɖ Űɘɛɐ.  

 

ɄɑɜŬəŬɠ 16 ɀɖ ŭŮůɛŮɡɛɏɜɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ ůɡůŰɐɛŬŰɞɠ ɔɘŬ Ɉ=8 ɏŰɖ ɛɏůɤ Űɖɠ DIM  ɔɘŬ Űɘɠ 

ŰɟŮɘɠ ˊŮɟɑˊŰɤůŮɘɠ 

ɄŮɟɑɞŭɞɠ 

ŮˊŬɜŬűɞɟɎɠ ɔɘŬ Űɞ 

Hs,p (ůŮ ɏŰɖ) 

(ɄŮɟɑˊŰɤůɖ 1) (ɄŮɟɑˊŰɤůɖ 2) (ɄŮɟɑˊŰɤůɖ 3) 

10 3.97*10
-4
 4.03*10

-4
 4.05*10

-4
 

100 1.15*10
-4
 1.22*10

-4
 1.20*10

-4
 

 

ɆŰɞɜ ɄɑɜŬəŬ 17, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɑŬ ůɨɔəɟɘůɖ Űɤɜ ɛŮɗɧŭɤɜ DIM əŬɘ MCM ɔɘŬ Űɖɜ ŰɟɑŰɖ 

ˊŮɟɑˊŰɤůɖ. ȺɘŭɘəɧŰŮɟŬ, əŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɨɞ ɛŮɗɧŭɤɜ ˊɚɖůɘɎɕɞɡɜ ŬɟəŮŰɎ, ŬɚɚɎ Űɖɠ 

MCM ŮɑɜŬɘ ɚɑɔɞ ɡɣɖɚɧŰŮɟŬ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŬˊɞŭɞɗŮɑ ůŰɖ ŭɡůəɞɚɑŬ ˊɞɡ 

ˊɟɧŮəɡɣŮ ůŰɖ ůɨɔəɚɘůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɖɠ MCM ɤɠ ˊɟɞɠ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ 

ɟ́ɞůɞɛɞɘɩůŮɤɜ. ɄŬɟɎ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ DIM əɟɑɜŮŰŬɘ ˊɘɞ əŬŰɎɚɚɖɚɖ ůŰɖɜ ˊɟɞəŮɑɛŮɜɖ 

ˊŮɟɑˊŰɤůɖ ŮəŰɑɛɖůɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɖɠ Ůɜ ɚɧɔɤ əŬŰŬůəŮɡɐɠ, ůŮ ˊɘɞ ůɨɜɗŮŰŬ ˊɟɞɓɚɐɛŬŰŬ 

ɛɏɗɞŭɞɘ ɓŬůɘůɛɏɜŮɠ ůŮ ˊɟɞůɞɛɞɘɩůŮɘɠ, ɧˊɤɠ ɖ MCM, ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ɗŮɤɟɖɗɞɨɜ ˊɘɞ 

ŮɡɏɚɘəŰŮɠ əŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɏɠ.  

 

ɄɑɜŬəŬɠ 16 ɀɖ ŭŮůɛŮɡɛɏɜɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ ůɡůŰɐɛŬŰɞɠ ɔɘŬ Ɉ=8 ɏŰɖ ɛɏůɤ Űɖɠ DIM  əŬɘ 

Űɖɠ MCM  ɔɘŬ Űɖɜ ŰɟɑŰɖ ˊŮɟɑˊŰɤůɖ 

ɄŮɟɑɞŭɞɠ ŮˊŬɜŬűɞɟɎɠ ɔɘŬ Űɞ 

Hs,p (ůŮ ɏŰɖ) 
DIM  MCM  

10 4.05*10
-4
 4.79*10

-4
 



 

liv  

 

100 1.20*10
-4
 1.45*10

-4
 

 

ɇɏɚɞɠ, ŮəəɟŮɛŮɑ Űɞ ɓɐɛŬ Űɖɠ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ɓɎůŮɘ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ çůŰɧɢɞɡè, ɞɘəɞɜɞɛɘəɩɜ 

əŬɘ əɞɘɜɤɜɘəɩɜ əɟɘŰɖɟɑɤɜ, Űɞ ɞˊɞɑɞ ŮˊɘɓɎɚɚŮŰŬɘ ɔɘŬ Űɖɜ ŰŮɚɘəɐ Ůˊɘɚɞɔɐ Űɖɠ ůɢŮŭɘŬůŰɘəɐɠ 

ɚɨůɖɠ Űɖɠ əŬŰŬůəŮɡɐɠ. ɇɞ ɓɐɛŬ ŬɡŰɧ ŭŮɜ ɗŬ ˊŬɟɞɡůɘŬůŰŮɑ. 

 

4. ɆɡɛˊŮɟɎůɛŬŰŬ 

4.1 ɄŮɟɑɚɖɣɖ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɑŬ əŬɗɞɚɘəɐ ɛŮɗɞŭɞɚɞɔɑŬ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ 

ŬɝɘɞˊɘůŰɑŬɠ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ ɡˊɧ əɡɛŬŰɘəɐ űɧɟŰɘůɖ, ɖ ɞˊɞɑŬ ɝŮəɘɜɎŮɘ Ŭˊɧ Űɖ ůɡɚɚɞɔɐ 

əɡɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ ˊɞɡ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŬ ůɡɜɐɗɤɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ, əŬɘ əŬŰŬɚɐɔŮɘ ůŰɖɜ 

ŮəŰɑɛɖůɖ Űɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Űɤɜ əŬŰŬůəŮɡɩɜ ŬɡŰɩɜ ůŰɖ ŭɘɎɟəŮɘŬ Űɖɠ ɕɤɐɠ Űɞɡɠ. ɆŬɜ 

ŭŮɨŰŮɟɞ ɓɐɛŬ, ŬɜŬˊŰɨɢɗɖəŮ əŬɘ ŮűŬɟɛɧůŰɖəŮ ɏɜŬ ůŰŬŰɘůŰɘəɧ ɛɞɜŰɏɚɞ ɔɟŬɛɛɘəɐɠ əɡɛŬŰɘəɐɠ 

ŭɘɎŭɞůɖɠ, Űɞ ɞˊɞɑɞ ɞɚɞəɚɖɟɩɜŮɘ Űɘɠ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ ɛŮ Űɘɠ ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ 

ůŰŬŰɘůŰɘəɏɠ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ. ȼ ɘəŬɜɧŰɖŰŬ Űɞɡ ůŰŬŰɘůŰɘəɞɨ ɛɞɜŰɏɚɞɡ 

ɔɟŬɛɛɘəɐɠ əɡɛŬŰɘəɐɠ ŭɘɎŭɞůɖɠ ɜŬ ˊŬɟɎɔŮɘ ɛŮ ŭɧəɘɛɞ Űɟɧˊɞ Űɘɠ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ 

ůŰŬŰɘůŰɘəɏɠ ůŰŬ ɓŬɗɘɎ əŬɘ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ ŭɘŮɟŮɡɜɐɗɖəŮ ɛɏůɤ ůɡɔəɟɑůŮɤɜ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮ ɛŮŰɟɐůŮɘɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ əŬɘ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ůɜɧɠ Ůɛˊɞɟɘəɞɨ əŬɘ 

ŬɝɘɧˊɘůŰɞɡ ɛɞɜŰɏɚɞɡ Űɨˊɞɡ Boussinesq ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ. ȳůɞɜ ŬűɞɟɎ Űɖɜ ŬɜɎɚɡůɖ 

ŬɝɘɞˊɘůŰɑŬɠ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɑŬ ɚŮˊŰɞɛŮɟŮɘŬəɐ ˊɘɗŬɜɞŰɘəɐ 

ŬɜɎɚɡůɖ, ɖ ɞˊɞɑŬ ŮůŰɘɎɕŮɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ůɡɛɓŬŰɘəɩɜ əɡɛŬŰɞɗɟŬɡůŰɩɜ ɛŮ ˊɟŬɜɐ. 

ɇɏɚɞɠ, ŮɝŮŰɎůŰɖəŬɜ ˊŬɟŬŭŮɑɔɛŬŰŬ ŬɜɎɚɡůɖɠ ŬɝɘɞˊɘůŰɑŬɠ Ůɜɧɠ əɡɛŬŰɞɗɟŬɨůŰɖ Ŭˊɧ ŭɨɞ 

ůŰŬɗɛɞɨɠ ůŰɖ ɀŮůɧɔŮɘɞ ŭɘŮɡəɟɘɜɑɕɞɜŰŬɠ əɎˊɞɘŬ Ŭˊɧ ŰŬ ůɖɛŬɜŰɘəɎ ɗɏɛŬŰŬ ˊɞɡ Ŭűɞɟɞɨɜ Űɖɜ 

ŮəŰɑɛɖůɖ ŬɝɘɞˊɘůŰɑŬɠ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ. 

 

4.2 ɆɡɜŭɡɎɕɞɜŰŬɠ Űɘɠ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ ɛŮ Űɘɠ ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ Ŭˊɧ ŰŬ 

ɓŬɗɘɎ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ 

ȰɜŬ Ŭˊɧ ŰŬ əɡɟɘɧŰŮɟŬ ɗɏɛŬŰŬ Űɞɡ ˊɘɗŬɜɞŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ 

ŬˊɞŰŮɚŮɑ ɖ Ŭəɟɘɓɐɠ ˊŮɟɘɔɟŬűɐ Űɞɡ ɛŬəɟɞˊɟɧɗŮůɛɞɡ əɡɛŬŰɘəɞɨ əɚɑɛŬŰɞɠ ůŰŬ ŮɜŭɘɎɛŮůŬ 

ɜŮɟɎ, ɧˊɞɡ ůɡɜɐɗɤɠ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ŰŬ ɏɟɔŬ ŬɡŰɎ. ȷɡŰɧ ŮɑɜŬɘ əŬɘ ɏɜŬ Ŭˊɧ ŰŬ əɡɟɘɧŰŮɟŬ 

ŬɜŰɘəŮɑɛŮɜŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ. ȼ ˊŮɟɘɔɟŬűɐ Űɞɡ ɛŬəɟɞˊɟɧɗŮůɛɞɡ əɡɛŬŰɘəɞɨ əɚɑɛŬŰɞɠ 

ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ ŮˊɘŰɡɔɢɎɜŮŰŬɘ Ůŭɩ ɛɏůɤ Űɖɠ ŮűŬɟɛɞɔɐɠ ɛɑŬɠ ŰŮɢɜɘəɐɠ ɛŮɑɤůɖɠ Űɞɡ 
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ɧɔəɞɡ Űɤɜ ŭŮŭɞɛɏɜɤɜ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ əŬɘ Ůɜɧɠ ůŰŬŰɘůŰɘəɞɨ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ əɡɛŬŰɘəɐɠ 

ŭɘɎŭɞůɖɠ, Űɞ ɞˊɞɑɞ ůɡɜŭɡɎɕŮɘ Űɘɠ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ ɛŮ Űɘɠ ɛŬəɟɞˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ 

ůŰŬŰɘůŰɘəɏɠ Ŭˊɧ ŰŬ ɓŬɗɘɎ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ əŬɘ ŬɜŬˊŰɨɢɗɖəŮ ɔɘŬ Űɞ ůəɞˊɧ ŬɡŰɧ. 

ȳˊɤɠ Ŭ́ɟŬŰɖɟɐɗɖəŮ Ŭˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ɛɞɜŰɏɚɞɡ ůŰŬ ɓŬɗɘɎ əŬɘ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ, ɞɘ 

ůɡɜŬɟŰɐůŮɘɠ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ Tm əŬɘ Hs ůŰŬ ɓŬɗɘɎ ŭɘŬűɏɟɞɡɜ ůŮ 

ɏɜŬɜ ɓŬɗɛɧ Ŭˊɧ ŮəŮɑɜŮɠ ˊɞɡ ŮəŰɘɛɐɗɖəŬɜ ɔɘŬ ŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɘɠ 

ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ůŰɞɡɠ əɡɛŬŰɘůɛɞɨɠ ˊɞɡ ŭɘŬŭɑŭɞɜŰŬɘ ˊɟɞɠ Űɖɜ ŬəŰɐ, ɧˊɤɠ ɖ 

ɟɐɢɤůɖ, ɖ ŭɘɎɗɚŬůɖ, ɖ ɗɟŬɨůɖ, əɚˊ. ɋůŰɧůɞ, ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ɞ Űɨˊɞɠ Űɖɠ ˊŮɟɘɗɩɟɘŬɠ 

əŬŰŬɜɞɛɐɠ Űɞɡ Hs ˊɞɡ ŬɜŬˊŬɟɘůŰɞɨůŮ əŬɚɨŰŮɟŬ ŰŬ ŭŮŭɞɛɏɜŬ ɐŰŬɜ ɑŭɘɞɠ ɛŮ ŬɡŰɧɜ ůŰŬ 

ŮɜŭɘɎɛŮůŬ ɜŮɟɎ əŬɘ ɔɘŬ Űɞɡɠ ŰɟŮɘɠ ůŰŬɗɛɞɨɠ, ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ.  

Ⱥˊɑůɖɠ, Űɞ ɛɞɜŰɏɚɞ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ [33], ŮəŰɘɛɎ Űɖ ɛɏůɖ ůŰŬŰɘůŰɘəɐ əŬŰŮɨɗɡɜůɖ Űɤɜ 

əɡɛŬŰɘůɛɩɜ ɗm, ŮəŰɧɠ Űɤɜ Hs əŬɘ Tm, ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ůŬɜ ŭŮŭɞɛɏɜŬ ŰŬ 

Hs, Tm, ɗm ůŰŬ ɓŬɗɘɎ ɜŮɟɎ. ȷɡŰɧ Ůɘ́ŰŮɨɢɗɖ ɛɏůɤ ɛɑŬɠ Ůɝɑůɤůɖɠ ŮɜůɤɛɎŰɤůɖɠ Űɖɠ 

əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬ Űɤɜ əɡɛŬŰɘůɛɩɜ ůŮ ɛɑŬ ůŰŬŰɘůŰɘəɐ ŬɜɎɚɡůɖ əɨɛŬ ˊɟɞɠ əɨɛŬ. ȼ Ůɝɑůɤůɖ 

ŬɡŰɐ ŬɜŬˊŰɨɢɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ. ȼ Ůɜ ɚɧɔɤ ˊɟɞůɏɔɔɘůɖ ɓŬůɑɕŮŰŬɘ 

ůŰɖɜ ɡˊɧɗŮůɖ ɧŰɘ ɛŮŰŬɝɨ Űɤɜ əɡɛŬŰɘůɛɩɜ ɑŭɘŬɠ əɚɎůɖɠ ˊŮɟɘɧŭɞɡ, ŬɡŰɞɑ ˊɞɡ ůɡɜŭɡɎɕɞɜŰŬɘ 

ɛŮ ɛŮɔŬɚɨŰŮɟŬ ɨɣɖ əɨɛŬŰɞɠ ȼ ŰŮɑɜɞɡɜ ɜŬ ɏɢɞɡɜ əŬŰŮɡɗɨɜůŮɘɠ ˊɘɞ əɞɜŰɎ ůŰɖ ɗm ůŮ ůɢɏůɖ ɛŮ 

ŮəŮɑɜŬ ˊɞɡ ůɡɜŭɡɎɕɞɜŰŬɘ ɛŮ ɢŬɛɖɚɧŰŮɟŬ H, ɡˊɞŭŮɘəɜɨɞɜŰŬɠ ɧŰɘ ŰŬ H əŬɘ ɗ ŭŮɜ ŮɑɜŬɘ 

ŬɜŮɝɎɟŰɖŰŬ. ȷɡŰɐ ɖ ɡˊɧɗŮůɖ ůɡɛűɤɜŮɑ ɛŮ Űɞɜ Tucker [37]. 

ȺˊɘˊɟɧůɗŮŰŬ, Űɞ ɛɞɜŰɏɚɞ [33] ˊŬɟɏɢŮɘ ˊɚɖɟɞűɞɟɑŬ ůɢŮŰɘəɎ ɛŮ Űɖ ɛŬəɟɞˊɟɧɗŮůɛɖ 

ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ H, T, ɗ, ɧˊɤɠ əŬɘ Űɖ ɛŬəɟɞˊɟɧɗŮůɛɖ 

ůɡɜɎɟŰɖůɖ Ŭˊɧ əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ Hs, Tm, ɗm, ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ ɛɏůɤ 

Űɟɞˊɞˊɞɑɖůɖɠ Űɖɠ ůɢɏůɖɠ Űɞɡ Battjes [36], ɖ ɞˊɞɑŬ ŮˊŮəŰɎɗɖəŮ ɩůŰŮ ɜŬ ɗŮɤɟŮɑ, Ůˊɘˊɚɏɞɜ Űɞɡ 

ȼ, əŬɘ ŰŬ T əŬɘ ɗ. ȼ ˊɚɖɟɞűɞɟɑŬ ŬɡŰɐ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ɔɘŬ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ, ɧˊɤɠ ŮɑɜŬɘ ɖ 

ŬɜɎɚɡůɖ əɞˊɩůŮɤɠ, əŬɘ ɖ ŬɜɎɚɡůɖ ŮəŰɑɛɖůɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ. 

 

4.3 ȹɘŮɟŮɨɜɖůɖ Űɖɠ ˊŮɟɘɞɢɐɠ ɏɔəɡɟɖɠ ŮűŬɟɛɞɔɐɠ Űɞɡ ɛɞɜŰɏɚɞɡ 

ɆɢŮŰɘəɎ ɛŮ Űɘɠ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ ůŰŬ ɓŬɗɘɎ ɜŮɟɎ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ 

ɡˊɧɣɖ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ Űɤɜ Malliouri et al. [33], ŬˊɞŭŮɑɢɗɖəŮ ɧŰɘ ɖ ůɡɜɎɟŰɖůɖ Űɖɠ Ŭˊɧ 

əɞɘɜɞɨ ˊɡəɜɧŰɖŰŬɠ ˊɘɗŬɜɧŰɖŰŬɠ Űɤɜ T əŬɘ H ɛɑŬɠ ˊɟŬɔɛŬŰɘəɐɠ ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ ɗŬ 

ɛˊɞɟɞɨůŮ əŬɚɎ ɜŬ ŬɜŬˊŬɟŬůŰŬɗŮɑ Ŭˊɧ Űɘɠ ŬŭɘɎůŰŬůŰŮɠ ˊɘɗŬɜɞŰɘəɏɠ ŮɘəɧɜŮɠ Űɤɜ Memos and 

Tzanis ([29]; [30]). Ƀɘ ŮɘəɧɜŮɠ ŬɡŰɏɠ ŬɜŬűɏɟɞɜŰŬɘ ůŮ ɛɖ ɔɟŬɛɛɘəɞɨɠ əɡɛŬŰɘůɛɞɨɠ ůŰŬ ɓŬɗɘɎ 

ɜŮɟɎ. ɆɢŮŰɘəɎ ɛŮ Űɘɠ ɓɟŬɢɡˊɟɧɗŮůɛŮɠ əɡɛŬŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ ůŰŬ ŮɜŭɘɎɛŮůŬ ɜŮɟɎ ˊɞɡ 
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ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ Űɤɜ Malliouri et al. [33], ɞɘ ůɡɔəɟɑůŮɘɠ Űɞɡ Ůɜ ɚɧɔɤ 

ɛɞɜŰɏɚɞɡ ɛŮ Űɞ ɛɖ ɔɟŬɛɛɘəɧ ɛɞɜŰɏɚɞ Űɨˊɞɡ Boussinesq ɏŭŮɘɝŬɜ əŬɚɐ ůɡɛűɤɜɑŬ Űɤɜ ŭɨɞ 

ɛɞɜŰɏɚɤɜ ůŰɖ ɓŬɗɘɎ əŬɘ ɛŮůŬɑŬ ɕɩɜɖ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ɜŮɟɩɜ, əŬɗɘůŰɩɜŰŬɠ ŬɡŰɧ ɘəŬɜɧ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ ˊɚɖɗɩɟŬɠ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ. 

Ⱥˊɘˊɚɏɞɜ, ɏɜŬ ɔŮɜɘəɧŰŮɟɞ ůɡɛˊɏɟŬůɛŬ ŮɝɎɔŮŰŬɘ Ŭˊɧ Űɖɜ ˊŬɟɞɨůŬ ŬɜɎɚɡůɖ. ȷɡŰɧ 

ŬɜŬűɏɟŮŰŬɘ ɧŰɘ ŮɜŰɧɠ Űɖɠ ˊɟɞůŮɔɔɘůŰɘəɐɠ ˊŮɟɘɞɢɐɠ ŮűŬɟɛɞɔɐɠ Űɖɠ ɔɟŬɛɛɘəɐɠ ɗŮɤɟɑŬɠ (ɓɚ. 

ˊ.ɢ. [64]), ɐŰɞɘ ɔɘŬ Ur<40 əŬɘ sm<0.04, Űɞ ɔɟŬɛɛɘəɧ ɛɞɜŰɏɚɞ əɡɛŬŰɘəɐɠ ŭɘɎŭɞůɖɠ Űɤɜ 

Malliouri et al. [33] ŭɨɜŬŰŬɘ ɜŬ ˊɟɞůŮɔɔɑůŮɘ ɘəŬɜɞˊɞɘɖŰɘəɎ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ůɜɧɠ ɛɖ 

ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ Űɨˊɞɡ Boussinesq, ɧˊɤɠ ŬɡŰɧ ˊɞɡ ŮɛˊŮɟɘɏɢŮŰŬɘ ůŰɞ ˊŬəɏŰɞ ɚɞɔɘůɛɘəɞɨ 

MIKE 21 BW. ɋůŰɧůɞ, Űɞ ɔɟŬɛɛɘəɧ ŬɡŰɧ ɛɞɜŰɏɚɞ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ( .́ɢ. ɔɘŬ Űɞ 

ůɢŮŭɘŬůɛɧ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ) ůŮ ɛɑŬ ŮɡɟɨŰŮɟɖ ˊŮɟɘɞɢɐ, ɖ ɞˊɞɑŬ ŬűɞɟɎ ůŰɖ ɓŬɗɨŰŮɟɖ 

əŬɘ ɛŮůŬɑŬ ɕɩɜɖ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ɜŮɟɩɜ, ŬɜɎɜŰɖ Űɖɠ ɕɩɜɖɠ ɗɟŬɨůɖɠ.  

 

4.4 ȺɝŮŰɎɕɞɜŰŬɠ əŬɘ ůɡɔəɟɑɜɞɜŰŬɠ Űɖɜ ŬɜɎɚɡůɖ ůŰɘɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ ɛŮ Űɖɜ ŬɜɎɚɡůɖ 

ŬəɟŬɑɤɜ Űɘɛɩɜ ůŮ ɔŮɔɞɜɧŰŬ 

ɆɡɜŮɢɑɕɞɜŰŬɠ, ŬɜŬˊŰɨɢɗɖəŮ ɛɑŬ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɐ ɛŮɗɞŭɞɚɞɔɑŬ ŬɝɘɞˊɘůŰɑŬɠ ůɡɛɓŬŰɘəɞɨ 

əɡɛŬŰɞɗɟŬɨůŰɖ ˊɞɡ ŬűɞɟɎ Űɧůɞ ůŰɖɜ ŬɜɎɚɡůɖ ŬəɟŬɑɤɜ Űɘɛɩɜ, ˊɞɡ ůŰɖɟɑɕŮŰŬɘ ůŮ ɔŮɔɞɜɧŰŬ, 

ɧůɞ əŬɘ ůŰɖɜ ŬɜɎɚɡůɖ ůŰɘɠ ɗŬɚɎůůɘŮɠ əŬŰŬůŰɎůŮɘɠ. ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɖ ůɡɔəŮəɟɘɛɏɜɖ 

ɛŮɗɞŭɞɚɞɔɑŬ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ůŮ ɏɜŬ ɓŬɗɛɧ ɔɘŬ Űɘɠ ŭɨɞ ŬɡŰɏɠ ˊŮɟɘˊŰɩůŮɘɠ. ȷɡŰɧ ɏɢŮɘ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ ůŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ ɜŬ ŮəŰɘɛɎŰŬɘ ɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ 

əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɕɤɐɠ Űɖɠ ŮəŰɘɛɞɨɛŮɜɖ ůŰɞ ůɨɜɞɚɞ Űɤɜ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ. ɋůŰɧůɞ, 

ůŰɖ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ ɡˊɞɚɞɔɑɕŮŰŬɘ Űɞ ˊɞůɞůŰɧ Űɖɠ ˊŮɟɘɧŭɞɡ ŬɜŬűɞɟɎɠ (ˊ.ɢ. ŭɘɎɟəŮɘŬɠ 

ɛŮŰɟɐůŮɤɜ) ůŰɞ ɞˊɞɑɞ ɖ əŬŰŬůəŮɡɐ ɗŬ ŬůŰɞɢŮɑ. 

ȺˊɘˊɟɧůɗŮŰŬ, ůɖɛŮɘɩɜŮŰŬɘ ɧŰɘ əŬɘ ɞɘ ŭɨɞ ˊɟɞůŮɔɔɑůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ ŮɜůɤɛŬŰɤɗɞɨɜ ůŮ ɛɑŬ 

ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ əŬɘ ˊɘɗŬɜɞŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ. ɆŰŬ 

ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ ɛŮɗɧŭɞɡ ŬɝɘɞˊɘůŰɑŬɠ ɓɎůŮɘ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ ůɡɔəŬŰŬɚɏɔŮŰŬɘ əɡɟɑɤɠ 

Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ŮəŰɑɛɖůɖ Űɖɠ ˊɘɗŬɜɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ ůŰɖ 

ɕɤɐ Űɞɡ ɏɟɔɞɡ, ůŰɞ ůɨɜɞɚɞ Űɤɜ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ. ɋůŰɧůɞ, ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊɟɞůɏɔɔɘůɖ 

ɢɎɜŮŰŬɘ ɞɡůɘŬůŰɘəɐ ˊɚɖɟɞűɞɟɑŬ ˊɞɡ ŮɑɜŬɘ əɟɑůɘɛɖ ɔɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ, əŬɗɩɠ ŮɝŮŰɎɕɞɜŰŬɘ 

ɛɧɜɞ ɞɘ Ůəˊɟɧůɤˊɞɘ Űɤɜ ɔŮɔɞɜɧŰɤɜ, ŭɖɚ ŰŬ Hsp, əŬɘ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Űɞ ˊɞůɞůŰɧ 

Űɖɠ ɕɤɐɠ Űɞɡ ɏɟɔɞɡ ůŰɞ ɞˊɞɑɞ ɖ əŬŰŬůəŮɡɐ ɗŬ ŬůŰɞɢŮɑ.  

ȷɜŰɘɗɏŰɤɠ, ɖ ɛɏɗɞŭɞɠ ŬɝɘɞˊɘůŰɑŬɠ, ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ɧɚŮɠ Űɘɠ ɗŬɚɎůůɘŮɠ ůɡɜɗɐəŮɠ, 

ŬɝɘɞˊɞɘŮɑ ɧɚɖ Űɖɜ əɟɑůɘɛɖ ˊɚɖɟɞűɞɟɑŬ Űɤɜ űɞɟŰɑůŮɤɜ ůŰɘɠ ˊŬɟɎəŰɘŮɠ əŬŰŬůəŮɡɏɠ əŬɘ 

ŭɨɜŬŰŬɘ ɜŬ ŮəŰɘɛɐůŮɘ Űɞ ˊɞůɞůŰɧ ɛɑŬɠ ɢɟɞɜɘəɐɠ ˊŮɟɘɧŭɞɡ ŬɜŬűɞɟɎɠ ůŰɞ ɞˊɞɑɞ ɖ əŬŰŬůəŮɡɐ 
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ɗŬ ŬůŰɞɢŮɑ. ɇɞ ŮɝŬɔɧɛŮɜɞ ŬɡŰɧ ˊɞůɞůŰɧ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ɢɟɐůɘɛɞ, əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ 

ŮɜůɤɛŬŰɤɗŮɑ ŮɨɚɞɔŬ ůŮ ɛɑŬ ɞɚɞəɚɖɟɤɛɏɜɖ ŬɜɎɚɡůɖ ŮˊɘəɜŭɡɜɧŰɖŰŬɠ Űɤɜ ˊŬɟɎəŰɘɤɜ 

əŬŰŬůəŮɡɩɜ, ɗŮɤɟɩɜŰŬɠ Ůˊɑůɖɠ ɞɘəɞɜɞɛɘəɎ əŬɘ əɞɘɜɤɜɘəɎ əɟɘŰɐɟɘŬ. ɄŬɟɧɚŬ ŬɡŰɎ ŰŬ ɗŮŰɘəɎ 

ůŰɞɘɢŮɑŬ Űɖɠ Ůɜ ɚɧɔɤ ˊɟɞůɏɔɔɘůɖɠ, ɖ ɛɏɗɞŭɞɠ ŬɝɘɞˊɘůŰɑŬɠ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ɧɚŮɠ Űɘɠ 

ɗŬɚɎůůɘŮɠ ůɡɜɗɐəŮɠ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ɛŮŰŬűɏɟŮɘ Űɞ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŬůŰɞɢɑŬɠ Ŭˊɧ ɛɑŬ ˊŮɟɑɞŭɞ 

ŬɜŬűɞɟɎɠ ůŮ ɛɑŬ Ɏɚɚɖ, ŭɖɚ. ůŰɖ ɕɤɐ Űɞɡ ɏɟɔɞɡ. 

ɆɡɛˊŮɟŬůɛŬŰɘəɎ, ɖ ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ ˊɞɡ ŮűɟŬɛɧɕŮŰŬɘ ůŮ ɧɚŮɠ Űɘɠ ɗŬɚɎůůɘŮɠ ůɡɜɗɐəŮɠ 

ůɡɜɘůŰɎŰŬɘ ɔɘŬ Űɖɜ ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ əŬɘ Űɞɜ ůɢŮŭɘŬůɛɧ ˊŬɟɎəŰɘɤɜ ɏɟɔɤɜ, ɧŰŬɜ ɖ 

ˊŮɟɑɞŭɞɠ Űɤɜ ɛŮŰɟɐůŮɤɜ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ɑůɖ ɐ ɛŮɔŬɚɨŰŮɟɖ Űɖɠ ɕɤɐɠ Űɤɜ ɏɟɔɤɜ. ɆŮ ɎɚɚŮɠ 

ˊŮɟɘˊŰɩůŮɘɠ, ɖ ŬɜɎɚɡůɖ ŬɝɘɞˊɘůŰɑŬɠ ɓɎůŮɘ ŬəɟŬɑɤɜ ɔŮɔɞɜɧŰɤɜ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ Űɤɜ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ, ɚŬɛɓɎɜɞɜŰŬɠ ɤůŰɧůɞ ɡˊɧɣɖ 

ŰŬ ɛŮɘɞɜŮəŰɐɛŬŰɎ Űɖɠ, əŬɘ ɖ Ɏɚɚɖ ˊɟɞůɏɔɔɘůɖ ɔɘŬ Űɖɜ ŬɜɎɚɡůɖ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ Űɤɜ 

əŬŰŬůəŮɡɩɜ ŬɡŰɩɜ. 

 

4.5 ȺəŰɑɛɖůɖ ŬɝɘɞˊɘůŰɑŬɠ ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ 

ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ůŰɖɜ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɐ ɛŮɗɞŭɞɚɞɔɑŬ, ˊɞɡ ɡɘɞɗŮŰɐɗɖəŮ ůŰɖɜ 

ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ (ɖ ŰŮɚŮɡŰŬɑŬ ŬɜŬűɏɟŮŰŬɘ ɤɠ 

ůɨůŰɖɛŬ) ɛˊɞɟŮɑ ɜŬ ŮəŰɘɛɖɗŮɑ ɛɏůɤ Űɖɠ ɗŮɩɟɖůɖɠ Űɖɠ ɏɜɤůɖɠ Űɤɜ ŮɜŭŮɢɞɛɏɜɤɜ ŬůŰɞɢɑŬɠ 

Űɤɜ ůŰɞɘɢŮɑɤɜ Űɖɠ əŬŰŬůəŮɡɐɠ ůŮ ˊŮɟɑˊŰɤůɖ ůŮɘɟɘŬəɞɨ ŭɘŬɔɟɎɛɛŬŰɞɠ ŬůŰɞɢɘɩɜ. Ⱥˊɑůɖɠ, ŭɨɞ 

ŭɘŬűɞɟŮŰɘəɏɠ ˊɚɐɟɤɠ ˊɘɗŬɜɞŰɘəɏɠ ɛɏɗɞŭɞɘ, ɐŰɞɘ ɖ ɀɏɗɞŭɞɠ ȯɛŮůɖɠ Ƀɚɞəɚɐɟɤůɖɠ əŬɘ ɖ 

ɀɏɗɞŭɞɠ Monte Carlo, ŮűŬɟɛɧůɗɖəŬɜ əŬɘ ůɡɔəɟɑɗɖəŬɜ ɛŮŰŬɝɨ Űɞɡɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬɜ 

ůɡɜŭɡŬůɛɧ ɛŮŰŬɓɚɖŰɩɜ ɛŮ ɛɖŭŮɜɘəɧ əŬɘ ɛɖ-ɛɖŭŮɜɘəɧ ɓŬɗɛɧ ŮˊɘəɘɜŭɡɜɧŰɖŰŬɠ. Ƀ 

ůɡɜŭɡŬůɛɧɠ ŬɡŰɧɠ ŬɜŬűɏɟŮŰŬɘ Ůŭɩ ɤɠ ɛɑŬ ůɡɜŭɡŬůɛɏɜɖ ŬɜɎɚɡůɖ ɢɟɞɜɘəɎ ɛŮŰŬɓŬɚɚɧɛŮɜɤɜ 

əŬɘ ɢɟɞɜɘəɎ ŬɛŮŰɎɓɚɖŰɤɜ ɛŮŰŬɓɚɖŰɩɜ. Ⱥˊɘˊɚɏɞɜ, ŭɘŮɟŮɡɜɐɗɖəŮ Űɞ əŬŰɎɚɚɖɚɞ ɢɟɞɜɘəɧ ɓɐɛŬ 

ɞɟɘůɛɞɨ Űɖɠ ɗŬɚɎůůɘŬɠ əŬŰɎůŰŬůɖɠ ůŰɖɜ ŬɜɎɚɡůɖ Űɤɜ ɗŬɚɎůůɘɤɜ əŬŰŬůŰɎůŮɤɜ, ɗŮɤɟɩɜŰŬɠ 

ɛŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ Űɖɜ ɘůŰɞɟɑŬ əŬɘ Űɖ ɛɞɟűɐ Űɤɜ əɡɛŬŰɘəɩɜ əŬŰŬɘɔɑŭɤɜ-ɔŮɔɞɜɧŰɤɜ. ɇɏɚɞɠ, 

ŭɘŮɟŮɡɜɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ɗŮɩɟɖůɖɠ ˊŮɟɘůůɧŰŮɟɤɜ ůŰɞɢŬůŰɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ 

ŭɘŬűɞɟŮŰɘəɞɨ Űɨˊɞɡ ůŰɖɜ ŮəŰɘɛɞɨɛŮɜɖ ˊɘɗŬɜɧŰɖŰŬ ŬůŰɞɢɑŬɠ Űɖɠ əŬŰŬůəŮɡɐɠ. 

Ⱥɜ ůɡɜŰɞɛɑŬ, əɎˊɞɘŬ Ŭˊɧ ŰŬ ůɖɛŬɜŰɘəɎ ɗɏɛŬŰŬ ůŰɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɤɜ 

ˊŬɟɎəŰɘɤɜ əŬŰŬůəŮɡɩɜ ŭɘŮɡəɟɘɜɑůŰɖəŬɜ ɛŮ Űɖɜ ˊŬɟɞɡůɑŬůɖ ˊŬɟŬŭŮɘɔɛɎŰɤɜ, ŭɘŬɔɟŬɛɛɎŰɤɜ 

ɟɞɐɠ əŬɘ ɛŬɗɖɛŬŰɘəɩɜ ŮɝɘůɩůŮɤɜ, ˊɞɡ ˊŮɟɘɔɟɎűɞɡɜ Űɖ ŭɘŬŭɘəŬůɑŬ. ɋůŰɧůɞ, ˊŮɟɘůůɧŰŮɟŬ 

Ŭəɧɛɖ ɗɏɛŬŰŬ ɢɟŮɘɎɕŮŰŬɘ ɜŬ ŬɜŰɘɛŮŰɤˊɘůŰɞɨɜ ɩůŰŮ ɞɘ ɛɖɢŬɜɘəɞɑ ɜŬ ŭɨɜŬɜŰŬɘ ɜŬ ůɢŮŭɘɎɕɞɡɜ 

Űɘɠ Ůɜ ɚɧɔɤ əŬŰŬůəŮɡɏɠ ɩůŰŮ ɜŬ ɘəŬɜɞˊɞɘɞɨɜ ůɡɔəŮəɟɘɛɏɜŬ əŬɘ ˊɟɞəŬɗɞɟɘůɛɏɜŬ ŮˊɑˊŮŭŬ 

ŬɝɘɞˊɘůŰɑŬɠ. 
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Nowadays, more and more researchers and engineers have realized that coastal structures 

should be designed to meet predefined safety and performance levels, i.e. the reliability level. 

This can be accomplished by implementing a thorough methodology able to assess accurately 

the reliability level of a coastal structure, i.e. the probability of failure during its design 

operating lifetime. The latter should be equal or lower than a predefined allowable failure 

probability that depends on the consequence class of the structureôs failure. 

However, due to the lack of long-term environmental data (i.e. measurements, observations, 

etc.) at the coastal structuresô location (commonly in intermediate waters), there is a difficulty 

in estimating the long-term probabilistic representation of environmental parameters at this 

location, which is vital for the design of these structures. Besides, since more than one 

parameter play a significant role in coastal structureôs stability, the necessity to develop a 

multivariate methodology, able to assess accurately a coastal structureôs failure probability 

within its design lifetime via the use of the environmental parametersô joint probability 

distribution, is derived. 

Therefore, the research in the present thesis has been motivated by the abovementioned needs 

of reliability analysis of coastal structures. Particularly, an overall probabilistic methodology 

for reliability assessment of coastal structures under wave action is described, which starts 

from the step of wave data collection referring usually to deep waters, and ends to the 

estimation of failure probability of coastal structures during their design Lifetime.  
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In an intermediate step, a statistical linear wave propagation model that integrates short- with 

long-term wave statistics from deep to intermediate waters has been developed and applied. 

This is a wave model that uses the long-term wave statistics in deep waters as input data, and 

via the use of the short-term wave statistics for each sea state in deep waters, estimates the 

long-term wave statistics in shallower waters. Specifically, by using i) data/measurements of 

significant wave height Hs, mean wave period Tm, and mean wave direction ɗm e.g. obtained 

from an oceanographic buoy in deep waters, ii) the dimensionless short-term images by 

Memos and Tzanis in deep waters, iii) a theoretical expression for wave directionality 

adjusted in a statistical individual wave analysis, and iv) a modification of Battjes approach, 

the short-term joint distribution of individual wave height H, period T, and direction ɗ for 

every sea state or storm event could be produced in deep waters. Then, the short- and the 

long-term joint distribution of H, T, ɗ could be estimated in intermediate waters, as well as 

the long-term joint probability density function (pdf) of Hs, Tm, ɗm, by considering linear 

wave transformations of each individual wave, as waves propagate from the open sea towards 

shallower waters.  

The capability of the statistical linear wave propagation model to produce properly the short-

term wave statistics in deep and intermediate waters has been investigated via comparisons of 

its results with measurements in deep waters and the results of a commercial, and well-known 

for its accuracy, Boussinesq wave propagation model from deep to intermediate waters, 

respectively. As for the deep water short-term wave statistics considered by the model, it was 

shown that the joint pdf of individual wave period T and wave height H of a real sea state 

could be well represented by using the dimensionless probabilistic images by Memos and 

Tzanis. The latter refer to nonlinear deep water sea waves. Referring to intermediate watersô 

short-term wave statistics considered by the model, comparisons between the linear wave 

propagation model and the nonlinear Boussinesq-type model showed good agreement in most 

of the intermediate water depths examined for both normal and oblique incidence. At the 

shallower intermediate water depth tested, the results of the two models differed more 

significantly than in deeper intermediate water depths. Therefore, as it was expected and has 

been already mentioned, the linear model adopted could cover the deeper and medium zone of 

intermediate waters and thus could be used for many engineering design purposes. 

Also, it is noteworthy that a thorough probabilistic methodology is presented, aiming at 

estimating the reliability of coastal structures, such as rubble mound breakwaters during their 

lif etime, based on the probabilistic representation of load environmental and resistance 

variables. One of the innovative points and main objectives of this study is the estimation of 

the failure probability of a coastal structure based on the long-term wave climate at the 
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structureôs location, usually met in intermediate waters, using wave observations or 

measurements in deeper waters. This task is accomplished by applying the abovementioned 

wave propagation statistical model in order that the joint probability density function of all 

random load variables be estimated at the structureôs location.  

Moreover, two thorough probabilistic methodologies, i.e. the event-based extreme value 

analysis and the reliability analysis applied on all sea conditions, are presented, aiming at 

estimating the reliability of coastal structures, such as rubble mound breakwaters during their 

lifetime, based on the probabilistic representation of load environmental and resistance 

variables. Also, their pros and cons with respect to their outputs and constraints are discussed. 

The main differences between the two approaches are focused on the fact that the two 

methods estimate different types of failure probabilities. The first method estimates the failure 

probability in the sample of exreme events, and the second one the failure probability in the 

total sample of data. The latter can be translated as the percentage of the structureôs lifetime 

that the structure will be in a failure situation, which can be efficiently incorporated into a risk 

analysis with consideration of social and economic costs. 

The fully probabilistic reliability analysis, applied on all sea conditions, is recommended for 

reliability and design purposes of coastal structures, when the period of measurements or of 

data used is close to the lifetime of the structure. In other cases, the extreme event-based 

method could be used for the design of a coastal structure (e.g. ULS), considering however its 

cons, and the second method for the operation of the structure (e.g. SLS). 

In short, the problem of assessing failure probability of coastal structures was presented and 

attempted to be solved by giving application examples, flowcharts, and mathematical 

equations that describe the procedure, focusing on the case of rubble mound breakwaters. 
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1 Introduction  

1.1 Background, motivation, and research objectives 

Nowadays, more and more researchers and engineers have realized that coastal structures 

should be designed to meet predefined safety and performance levels, i.e. the reliability level, 

with due consideration of all uncertainties related to actions, resistance, and design tools. This 

can be accomplished by implementing a thorough methodology able to assess accurately the 

reliability level of a coastal structure, i.e. the probability of failure during its operating 

lifetime. The latter should be equal or lower than a predefined allowable failure probability 

that depends on the extent of consequences of the structureôs failure. Therefore, reliability 

based design methods should be adopted for coastal structures. 

These reliability based design methods for coastal structures are divided into four categories, 

related to the accuracy in determining the reliability of their elements and the consideration of 

uncertainties, cited below [1]: 

Å Deterministic Method (Level 0) 

Å Semi-Probabilistic Method (Level I) 

Å Probabilistic Methods with Approximations (Level II) 

Å Fully Probabilistic Methods (Level III) 

It is noted that another category of methods has been also developed. This Level IV method is 

a risk-based reliability method, which examines the consequences of a coastal structureôs 

failure and the resulting risk. However, this Level IV method is not a part of this PhD 

research.  

Conventional design practice for coastal structures is often deterministic in nature (Level 0), 

and its reliability is based on the exceedance probability of the design wave load. Specifically, 

the notion of design wave parameters and especially that of wave height associated with a 

certain return period is adopted [2]. 

In addition to the deterministic method, partial factors can be implemented for resistance and 

load parameters, based on standards [3]. This calculation is classified as a semi-probabilistic 

(Level I) method. However, this approach does not allow an accurate determination of the 

reliability of the design. In order to overcome this problem, more advanced probabilistic 

methods should be applied that consider the uncertainties of all stochastic variables of load 

and strength of the structure. 
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Fully probabilistic methods (Level III) belong in this category of advanced probabilistic 

methods, which consider the joint probability density function of all stochastic variables 

involved. There are two main methods classified as Level III methods, i.e. the Direct 

Integration Method (DIM) and Monte Carlo Method (MCM). Another possibility, though less 

accurate regarding the estimation of the reliability of the design, are methods with 

approximations (Level II). 

It is noted that the probabilistic representation of environmental parameters at the location of 

the design coastal structures is vital for the reliability based design of these structures. 

However, there is a lack of long-term environmental data at the location of coastal structures 

under design making thus difficult to estimate their joint probabilistic density function at this 

location. 

Such data could be measurements of wave parameters, sea level, current velocity etc., which 

should be collected at the project site. This can be implemented by: 

(i) Measurements at the structureôs location for a period of many years. Obviously, such 

requirement can be rarely met. 

(ii ) Measurements of the same type but in deep water if the location of the structure was in 

shallower water, during a time span ideally of the order of the structureôs design operating 

life. Then, either linear (e.g. [4]) or non-linear ([5]; [6]; [7]) models may be applied to transfer 

each sea state from deep towards shallower waters.  

(iii ) Hindcasting methods for a period of several years ([8]; [1]). Particularly, regarding the 

long-term wave climate at the structureôs location, wind data in the wave generation area (e.g. 

[9]) can be used to provide this information under a probabilistic framework. 

The target of the aforementioned input data collection is to gain a thorough probabilistic 

representation of the long-term wave climate, sea level conditions, and other environmental 

parameters, at the structureôs location. Referring to the case where measurements are 

available but in deep waters, it is worth mentioning that non-linear models might be more 

accurate than linear models, as they account for wave-wave interactions that may play a 

considerable role in the final outcome depending on water depth; however, non-linear models 

are quite demanding in terms of computing resources, especially when they have to account 

for reliability analysis based on fully probabilistic methods. 

Information on sea severity is inevitably significant for the design of coastal and marine 

structures. Specifically, information is necessary not only on the severest sea state expected to 

occur during the structuresô lifetime, but also on the frequency of occurrence of all sea states, 

the latter being necessary for evaluating more accurately the probability of damage levels and 

failure of these structures and for ensuring their resilience. 
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The most commonly available information on sea severity is the probability distribution of 

significant wave height Hs, which can be estimated from the statistical analysis of data 

accumulated over several years. "Of course, the greater the number of accumulations, the 

more reliable the data" [10]. However, nowadays, the role of other wave parameters except 

for significant wave height in the stability of coastal and marine structures has been also 

realized (e.g. [11]; [12]). Thus, the information on long-term wave statistics is broadened to a 

great extent by including, in addition to Hs, wave period, usually the average zero-crossing 

value of wave periods in a specific sea state Tm, and principal wave direction ɗm. 

Furthermore, all core environmental parameters and their statistical correlation should be 

taken into consideration in a proper manner. An illustrative example of statistical correlation 

between environmental parameters is that often observed between mean (or peak) wave 

period and significant wave height, and between wave period and wave height within a sea 

state, when referring to long- and short-term wave statistics, respectively. Besides, directional 

effects have been also noticed to long-term wave statistics [13]. Additionally, storm surge and 

significant wave height are often correlated to some extent. 

In order to estimate the joint probability density function (pdf) of Hs and Tm, the study of 

bivariate distribution models and correlation between the variables is required. One of the 

first approaches was proposed by Ochi [14], who adopted the bivariate lognormal distribution 

to represent Hs and Tm, resulting from an exponential transformation of the bivariate normal 

distribution. This approach although simple to apply, is based on the assumption that the 

logarithms of the data are normally distributed, and although this may happen for low and 

moderate values of Hs, it is not applicable for extreme Hs. A bivariate lognormal curve with 

correction for skewness [15] was an attempt to improve the bivariate lognormal model. 

Furthermore, a model, based on the marginal distribution of Hs and the conditional 

distribution of Tp for given Hs, could increase its flexibility and accuracy, and was adopted by 

Haver [16], and Bitner-Gregersen and Haver [17]. Guedes Soares et al. [18], Lucas and 

Guedes Soares [19], and Papanikolaou et al. [20] have used a similar model based on the 

marginal distribution of Hs and the conditional distribution of Tm, referred hereinafter as the 

conditional model. Other approaches have also been developed for the same purpose (e.g. 

[21] etc.). However, in the cases examined by Lucas and Guedes Soares [19] and 

Papanikolaou et al. [20], it was showed that the conditional model represented more 

accurately Hs and Tm data than the other models tested. Thus, in this thesis the conditional 

model is used to fit bivariate distributions of Hs and Tm to the available data sets. 

Except for the long-term wave statistics, the short-term wave statistics are also necessary for 

the complete description of individual sea waves. This is due to the significant role that the 
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joint pdf of wave height (H) and period (T) plays in predicting statistical properties of 

individual wave characteristics within each sea state. 

As far as the short-term joint distribution of wave height H and period T is concerned, 

Longuet-Higgins [22] was the first to introduce a probabilistic representation of sea waves, by 

extending the work of Rice [23] on electronic noise, and was able to calculate the joint pdf of 

H and T for narrow band spectrum. However, a disadvantage of that model was the symmetry 

of the joint pdf of H and T around some characteristic period, suggesting in this way a zero 

statistical correlation between the two parameters. Thus, Longuet-Higgins [24] considered the 

tendency that short-period waves have low heights, whereas high waves tend to be associated 

to longer periods, as it is observed in real sea states. Other researchers who studied the joint 

pdf of H and T by considering narrow band spectra were Cavanie Ӣ et al. [25], Lindgren and 

Rychlik [26], and Shum and Melville [27]. 

Furthermore, Memos [28] reviewed the existing results and proposed theoretical 

approximations valid also for narrow and broad band spectra, known to be a better 

representation of real sea states than those assuming only narrow band spectra. Besides, 

Memos and Tzanis [29], based on the theoretical approach by Memos [28], produced 

numerical results of the short-term joint distribution of H and T for deep water waves of any 

spectral bandwidth. The joint pdf was deduced for various correlation coefficients of H and T, 

denoted by r(H,T), providing characteristic probabilistic estimates in deep waters. Memos and 

Tzanis [30] extended their previous work by excluding swell from sea waves and the 

application of a wave breaking criterion in deep waters. The parameters that describe the 

methodology were the correlation coefficient between H and T, or the standard deviation of 

free surface elevation, and the representative wave steepness factor. 

More recently, Chondros and Memos [32] extended the work of Memos and Tzanis [30] 

concerning the joint pdf of H and T, by taking into account the nonlinear wave-wave 

interactions, and produced characteristic images of joint pdf of H and T in shallow waters for 

various storm intensities, wave incidence, and bed slopes, by using a Boussinesq wave 

propagation model. It is noted that in their method [32], wave directionality in deep waters 

was considered via the use of a theoretical expression of wave directional spreading, and the 

joint pdf of H, T, and wave direction ɗ in deep waters were transformed into time series of 

surface elevation, in order that the Boussinesq wave propagation model be implemented.  

From all the above, it is extracted that due to the lack of long-term environmental data (i.e. 

measurements, observations, etc.) at the costal structuresô location (commonly in intermediate 

waters or even in shallow waters in some cases), there is a difficulty in estimating the long-

term probabilistic representation of environmental parameters at this location, which is vital 
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for the design of these structures. Besides, the necessity to develop a multivariate 

methodology able to assess accurately a coastal structureôs failure probability within its 

design lifetime via the use of the environmental parameters joint probability distribution is 

derived. 

Thus, the prime objective of this research study is to develop a statistical wave propagation 

model in order that the long-term environmental statistics are transformed from deeper 

towards shallower waters, i.e. the location of a coastal structure, and then to use those data to 

apply a multivariate probabilistic design methodology of the structure. The specific research 

objectives are: 

¶ To apply a statistical technique in order that a considerable data reduction could be 

made to long-term wave data in deep waters without loss of accuracy, e.g. in 

determination of the joint distribution of Hs, Tm and ɗm. 

¶ To extend the short-term joint distribution of wave height H and period T in deep 

waters to incorporate wave directionality via the use of an energy spreading function 

dependent on wave period. 

¶ To transfer the short-term wave statistics, i.e. of each sea state, from deep to 

shallower waters. 

¶ To integrate short- with long-term wave statistics in shallower waters in order that the 

long-term joint pdf of H, T, ɗ and of Hs, Tm, ɗm be estimated at this location. 

¶ To use a total data sample analysis and an event-based extreme value analysis in a 

reliability analysis of a coastal structure. 

¶ To develop a combined multivariate structural reliability analysis using variables with 

zero and nonzero hazard rate, referred here as a combined time-invariant and time-

variant analysis. 

¶ To incorporate this reliability analysis into the design of coastal structures, e.g. of 

rubble mound breakwaters. 

 

1.2 Innovative points and highlights 

Some of the most significant innovative points and worth mentioning topics of the present 

thesis are listed below: 

ü One of the main issues with probabilistic design of coastal structures is how to 

properly and correctly describe the intermediate water long-term wave climate. Thus, 

in this PhD thesis, failure probability of coastal structures is attempted to be estimated 

based on the long-term wave climate at the structureôs location. 
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ü This is accomplished by applying a data reduction technique in deep waters and a 

statistical linear wave propagation model that integrates short- with long-term wave 

statistics from deep to intermediate waters, developed for this purpose. 

ü It is a common practice to consider wave directionality in a spectral wave analysis, as 

this is in accordance with the definition of wave directionality. However, the need to 

consider wave directional spreading in a probabilistic wave analysis often arises. The 

incorporation of wave directionality into a probabilistic wave analysis has been 

adopted in this study. 

ü A combined structural reliability analysis, using variables with zero and nonzero 

hazard rate, has been developed based on the general formulation of a fully 

probabilistic method. 

ü A total sample analysis and an event-based extreme value analysis are used in the 

reliability analysis of a coastal structure, aiming at discussing the differences, and the 

pros and cons of the two approaches. 

ü These two approaches have been also incorporated in the probabilistic design of 

coastal structures. 

Additionally, it is noted that comparisons have been made between the statistical model of 

wave propagation from deep to shallow waters, referring to short-term sea conditions, with 

wave measurements in deep waters and results in intermediate waters extracted from a 

Boussinesq wave propagation model (Mike by DHI). These comparisons showed the domain 

of validity and the limitations of the statistical wave propagation model developed. 

 

1.3 Structure of the dissertation 

Referring to the structure of the present thesis, the introductive Chapter 1 is followed by 

Chapter 2 that presents the existing knowledge background of the reliability analysis of 

coastal structures, the reliability of a coastal structureôs element, and the probabilistic design 

of coastal structures. Also, in Chapter 2, the hydraulic boundary conditions that need to be 

determined for the design of a coastal structure are discussed, focusing on the wave action 

and marine water level change. Besides, a literature review for long-term wave statistics 

derived from analysis of sea states, and extreme value analysis has been covered. 

Chapter 3 presents the methodology adopted and the results derived from the application 

cases. Specifically, a linear wave propagation statistical model that integrates short- with 

long-term wave statistics from deep to intermediate water depths will be described. This 

model could be utilized for estimating long-term wave climate at a coastal structureôs 

location, which is frequently met in intermediate water depths. Secondly, the capability of this 
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linear model, to transfer the probabilistic information concerning short-term wave statistics, 

has been investigated by comparing its results with wave measurements in deep waters and 

the results of the well-known and commercial phase-resolving Boussinesq wave model 

(MIKE 21 BW/ Mike powered by DHI). The results produced by the latter refer to 

intermediate water depths. The next section in this chapter refers to the reliability analysis of 

a coastal structure, focusing on the case of rubble mound breakwaters, and wave loadings. 

Finally, two illustrative examples of reliability analysis and probabilistic design of rubble 

mound breakwaters are presented, which are followed by discussion of the results produced. 

In short, this chapter deals with the existing gap in current practice for the probabilistic 

representation of long-term wave climate at the structureôs location, the use of a total sample 

analysis and an event-based extreme value analysis in the reliability assessment of a coastal 

structure, aiming at discussing the differences, the constraints, and the pros and cons of the 

two approaches. 

In Chapter 4, the conclusions drawn from this research work are summarized. Also, some 

important remarks and results are highlighted, and suggestions for further investigation are 

displayed. 
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2 Existing knowledge background 

2.1 Reliability  analysis of coastal structures 

The objective of the reliability analysis of coastal structures is to estimate the probability 

of a structure to meet predefined safety and performance levels, with due consideration of all 

uncertainties related to actions, resistance, and design tools. This means that the estimated 

probability of failure of a coastal structure within its design lifetime should be lower than a 

predefined allowable failure probability, i.e. the target reliability of the structure. 

In this chapter, the reliability analysis of a coastal structure, e.g. a breakwater, is briefly 

described. Firstly, the different types of breakwaters and an indicative fault tree concerning 

the case of a rubble mound breakwater will be presented. Then, the parameters that affect the 

selection of the allowable failure probability or else the target reliability of a coastal structure 

will be presented. 

 

2.1.1 Breakwater types 

Breakwaters are built either for coastal defense or to protect a harbour basin from attack by 

waves or currents. In the second case, breakwaters generally serve the purpose of providing 

quiet water conditions for anchorage and mooring of vessels. Rubble mound breakwaters are 

defined as structures built of quarried rock, usually protected by a cover layer of heavy 

armour stones or concrete armour units [55].  

The different types of breakwaters are presented in Figure 2.1. A conventional rubble mound 

breakwater is the most commonly used form of a breakwater and has a trapezoidal cross-

section. Conventional rubble mound breakwaters with crown wall are mainly used for port 

protection, and the crown wall often incorporates a roadway, allowing thus access along the 

breakwater. Regarding the berm breakwater, rock armor units form the seaward slope of the 

structure. Continuously, three types of a berm breakwater exist, based on the stability of its 

rock armor units, i.e. the non-reshaping statically shape berm breakwater, the reshaped 

statically stable berm breakwater, and the dynamically stable reshaping berm breakwater. 

Besides, low-crested (submerged) breakwaters usually serve the purpose of protection in 

areas where wave overtopping is acceptable, but wave conditions need to be modified, where 

horizontal visibility is required, e.g. for aesthetic reasons. Caisson type or vertically 

composite breakwater is a rubble mound breakwater combined with a caisson placed on top 
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of the mound. Finally, a horizontally composite breakwater is a combination of a rubble 

mound with a caisson placed behind the rubble mound seaward protection. 

 

Figure 2.1 Cross-sections of various types of rubble mound breakwaters [55] 

 

2.1.2 Components of a conventional rubble mound breakwater 

A typical cross-section of a conventional rubble mound breakwater is shown in Figure 2.2, 

which indicates its various components. The core of the rubble-mound breakwater is placed 

on the subsoil and on top of it usually a filter layer is placed, whose properties depend on the 

grading of the layer on top of it and the governing filter rules [55]. The top layer is the armour 

layer which is exposed severely to wave action. Besides, a toe is placed to increase the 

stability of the breakwater and the armour layer. At last, a crest height and width is properly 

selected, or often a crest element is placed on top of the breakwater, to reduce wave 

overtopping and increase the stability of the rear-side of the breakwater. 
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Figure 2.2 Cross-section of a typical rubble mound breakwater [55] 

 

2.1.3 Individual failure mechanisms 

To make a proper design of a coastal structure, all the possible failure mechanism should be 

known and considered. In figure 2.3, an overview is given of the failure mechanisms which 

can occur in the case of a rubble-mound breakwater with a crest element according to 

Burcharth [65]. 

 

 

Figure 2.3 Failure modes of a rubble mound breakwater with a crest element [65] 

 

2.1.4 System analysis 

To calculate a coastal structureôs reliability level, a system analysis is required. The failure 

probability of a system, e.g. a coastal structure, depends on the failure probability of its 

individual components, i.e. single failure modes, and on their correlations and inter-linking. A 

fault tree is often constructed that describes the aforementioned relations. A system can be 
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split into two types of fundamental systems depending on its fault tree connections, namely 

series systems and parallel systems. 

 

2.1.4.1 Fault tree 

A coastal structure can be regarded as a system of components that can either function or fail 

under certain conditions. Failure of one component (one mode of failure) may cause the 

failure of another component and even lead to failure of the system, i.e. the ULS of a rubble 

mound breakwater, e.g. protecting a harbour. A fault tree describes the interactions, i.e. 

correlations and linking between the modes of failure and their relation between the failure of 

a system (e.g. excessive wave transmission over the aforementioned breakwater) and the 

individual events that lead to this failure [1]. A simplified example of a fault tree of this 

breakwater is presented in Figure 2.4.  

 

 

Figure 2.4 Simplified fault tree of a breakwater [1] 

 

2.1.4.2 Series and parallel failure systems 
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A system can split into two types of fundamental systems, namely series and parallel systems, 

as illustrated in Figures 2.5 and 2.6 respectively. 

 

 

Figure 2.5 Series system [1] 

 

 

Figure 2.6 Parallel systems [1] 

 

In a series system, failure occurs if any of the elements i=1,2,é, n fails and the system failure 

probability is equal to the probability of the union of the elementsô failures. The upper and 

lower bounds of the failure probability of the series system are: 

 

Upper bound: ( )( )( )U

f f1 f 2 fnP s 1 1 P 1 P ... 1 P= - - - - (2.1) 

Lower bound: 
L

f fiP s max[P ]=  (2.2) 
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where: 
fimax[P ], is the largest failure probability among all elements. The upper bound 

corresponds to no correlation between the failure modes, while the lower bound to full 

correlation. Equation (1) is sometimes approximated by 
n

U

f fi

i 1

P s P
=

=ä , which is applicable 

only for small 
fiP , because 

U

fP s should not be greater than 1. 

It is noted that the OR-gates in a fault tree correspond to series components, which are 

dominant in breakwater fault trees. In fact, the AND-gate, shown in Figure 2.4, is included for 

illustration purposes, and in reality it should be an OR-gate [1]. 

In parallel systems failure occurs only if all components fail, thus the system failure 

probability is equal to the probability of the intersection of the elements failures. The upper 

bound corresponds to full correlation between the failure elements, and the lower bound to no 

correlation. The AND-gates in a fault tree represent parallel components. 

 

Upper bound: 
U

f fiP s min[P ]=  (2.3) 

Lower bound: 
L

f f1 f 2 fnP s P P ...P=  (2.4) 

 

To calculate the upper and lower failure probability bounds for a system, it is practical to 

decompose the overall system into series and parallel subsystems. 

The influence of correlation between two individual failure mechanisms on system failure 

probability is illustrated in thefollowing diagram referring to the case of a series system. 

 

 
Figure 2.7 The influence of correlation between two failure mechanisms on system failure 

probability  [66] 



CHAPTER 2 Existing knowledge background 

17 

 

2.1.5 Target Reliability  

The target reliability of a coastal structure is the basis of design for the structure under 

consideration. The parameters that play a significant role in the selection of the structureôs 

target reliability are its potential consequences of damage or failure, the design service life, 

the limit states/ design situations and the basic variables, which take place in the design 

formulas of the structureôs elements. Therefore, the chosen level of reliability for coastal 

structures is a function of the consequences of damage or failure, design service life, and 

return period sea conditions for each limit state. 

 

2.1.5.1 Consequences of damage or failure 

The potential consequences of damage and/ or failure of the coastal structure under 

consideration should be assessed before the design process of the structure. These 

consequences could be indicatively qualified considering loss of human life or personal 

injury and also economic, social or environmental impact of the structureôs damage or 

failure. 

Furthermore, structures with huge potential consequences of damage or failure should be 

designed to meet an extremely high target reliability level in order that the exceedance 

probability of the design actions of the structure be extremely low. This is commonly the 

case of national scale flood protection structures or structures providing a critical role at a 

nuclear facility, the damage consequences of which could belong to the highest class if an 

analogous classification was made. Continuously, normal potential consequences of damage 

or failure could be attributed to flood protection structures protecting small areas/ 

populations, e.g. embankments or breakwaters, whilst the lowest class could be attributed to 

structures with no significant economic, social or environmental protection role.  

From the above, it is concluded that the higher the potential consequences of a coastal 

structureôs damage or failure, the higher its target reliability level or the lower allowable 

probability of failure, and vice versa. 

 

2.1.5.2 Design service life 

The design service life, or design lifetime of a coastal structure should be selected at the 

beginning of the design process. 
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Port infrastructure including breakwaters for ports of nationally significant strategic or 

economic value or infrastructure for regional flood defense or coast protection are considered 

the most permanent of coastal structures. A common design lifetime attributed to this 

category could be 100 years. However the most commonly used design lifetime is that of 50 

years, which refers to port infrastructure for commercial and industrial ports including 

reclamation, shore protection, breakwaters or infrastructure for local flood defenses or coast 

protection. 

Lower design lifetimes than those associated to the aforementioned categories could be 

selected for more temporary or replaceable structures. 

 

2.1.5.3 Limit states/design situations 

As far as the unacceptable wave action is concerned, four different states of coastal structures 

can be distinguished. Specifically, limit states used for breakwater design are states, beyond 

which the structures no longer satisfy the requirements, and can be distinguished in ULS 

(Ultimate Limit States), FLS (Fatigue Limit States), PLS (Progressive collapse Limit States) 

and SLS (Serviceability Limit States). Ultimate limit states are concerned with safety for 

people (to prevent human loss or injury) and structural collapse (or states immediately prior to 

collapse). Serviceability limit states are associated with damage that is likely to adversely 

affect the durability or functioning of the structure or comfort of users and are distinguished 

as reversible or irreversible. 

A breakwater can have several functions, the most common of which is the protection of a 

certain coastal area against severe wave attack that can cause beach erosion or harbor basin 

protection against wave attack. The first case refers to detached breakwaters, while in the 

second case the main objective of the breakwater is to maintain the downtown of the harbor 

due to unacceptable wave attack to a requested minimum. 

In the present thesis, only the ULS and the SLS are presented. The former is assumed to 

happen under extreme marine conditions and is a state where the breakwater is damaged and 

loses its structural integrity, while the latter is a state where the breakwater is not seriously 

damaged but leads to port downtime Considering the Ultimate Limit State of a coastal 

structure, extrapolation of the marine variables to high enough return periods has to be 

performed. 
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An overview of these two limit states of a breakwater in relating to the port downtime is 

presented in Figure 2.8. 

 

 

Figure 2.8. Fault tree of a breakwater protecting a harborôs basin [67]  

 

2.1.5.4 Return period of design sea conditions and encounter/exceedance probability 

Based on the potential consequences of damage and/ or failure of a coastal structure under 

consideration and its predefined design service life, the appropriate return period should be 

used for estimating environmental sea conditions associated with design events for the 

design limit state. As it is expected, the higher the consequences of damage or failure and the 

design lifetime of a coastal structure, the higher the return period that should be selected. 

The three parameters (i.e. consequences of failure, design lifetime, and return period) 

determine the exceedance probability of the design sea conditions within the structureôs 

lifetime, which is directly related to the systemôs failure probability especially in 

deterministic design.  

Return values of environmental sea conditions associated to certain return periods are 

extracted from an extreme data value analysis applied to observations or measurements of 

environmental parameters. Assuming time-dependent environmental parameters (e.g. wave 

parameters, sea level, currents etc.) and stationary long-term conditions, a time-variant 

analysis should be performed in order that the exceedance probability of the design sea 

conditions be estimated within the design lifetime, denoted by ὒ.  
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In such an analysis, if we had ὣ years of observations/ measurements, the encounter 

probability of a design sea condition extracted from the dataset, i.e. the probability that this 

condition will be exceeded once in the mean within ὣ  years, is equal to the average 

encounter probability of this condition within 1 year. In deterministic design, the latter is 

usually considered as the average failure probability of 1 year denoted by 
*

, ,1f e yP
 
referred to 

the sample of extreme events. This may be extrapolated to larger time periods such as the 

design lifetime of the structure ὒ by assuming independent failure events from one year to 

another [1], [2]. The latter means that 
*

, ,1f e yP  is dependent on ὣ, but its value does not depend 

on the particular years that are included in the dataset. The aforementioned extrapolation can 

be accomplished by the following expressions, concerning the extreme sample: 

 

( )* *

,e, ,e,11 1= - -
L

f L f yP P  (2.5) 

 

This expression is based on the following relation [2] written in a more illustrative form here 

([35]): 

 

( ) ( ) ( )( ),1

, ,P ,= < Í =
e LN

L y

X e o L o X e oF x x x x extreme F x  (2.6) 

 

where: ( )X,e

L

oF x  and ( )1

,

y

X e oF x  are the average conditional cumulative probabilities of an 

extreme event ox 1
 within ὒ, and 1 year, respectively, estimated in the sample of extreme 

events, extracted from ὣ years of observations, and ὔȟ is the independent trials within ὒ, 

i.e. the independent extreme events during ὒ. 

Therefore, by considering Eq. 2.6, it is concluded that Eq. 2.5 implies that the number of 

extreme events considered per year is only one, which is commonly the maximum 

observation of each year, i.e. ὔȟ ὒ. However, Eq. 2.5 can be written in its general 

expression as follows: 

                                                      
1
 As an extreme event is considered the annual maximum observation or one that exceeds a relatively 

high threshold. 
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( )* *

,e, ,e,11 1= - -
eL

f L f yP P
l

 (2.7) 

 

where: ‗ is the number of extreme observations considered per year of observations, i.e. 

ὔȟ ‗ὒ. 

By using the notion of return periods, Eq. 2.6 and Eq. 2.8 can be written respectively as 

follows: 
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 (2.9) 

 

where: *

, ,ex e LP  is the exceedance probability of the return sea conditions that correspond to 

return period rT . 

Continuously, by applying Eq. 2.9, the exceedance probabilities of different return periods 

associated to different design lifetimes are presented in Table 2.1. For example, if the return 

period of 100 years is selected for the design of a coastal structure, whose design lifetime is 

50 years, then the exceedance probability of the return sea conditions is expected to be 0.39. 

This exceedance probability is high enough given that a considerably extreme sea condition, 

that of 100 years, is selected for the design. This contradiction could be attributed to the fact 

that this probability is extracted from the average failure probability of 1 year estimated from 

the extreme sample of observations/measurements. 

Also, it is recommended that regarding the extrapolation of data, aiming at getting the best 

possible estimates of extreme conditions at desired return periods, often the data must be 

extrapolated to probabilities beyond the record length Y to match design return periods. 

Extrapolation beyond 2-3 times the data record length should be avoided if possible [1], e.g. 

30 years of data should be used for estimating return values of 60-90 years or less. 
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Table 2.1 Exceedance probability of design return values associated to design lifetime L 

Return  period Design lifetime ╛ 

Tr (years) 

(years) 2 5 10 25 50 100 

2 0.75 0.97 1.00 1.00 1.00 1.00 

5 0.36 0.67 0.89 1.00 1.00 1.00 

10 0.19 0.41 0.65 0.93 0.99 1.00 

25 0.08 0.18 0.34 0.64 0.87 0.98 

50 0.04 0.10 0.18 0.40 0.64 0.87 

100 0.02 0.05 0.10 0.22 0.39 0.63 

200 0.01 0.02 0.05 0.12 0.22 0.39 

 

It is noted that, theoretically, the return period used in deterministic design refers to 

dependent (joint probability) sea conditions, e.g. of waves and water-levels and/or currents, 

where clear evidence exists that a modest or a significant degree of correlation is expected. 

However, when no correlation is expected, or in some cases where the structure response is 

not to be sensitive to combined sea actions, the independent sea action may be used, e.g. wave 

action only. 
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2.2 Reliability of an element 

The reliability based design methods for coastal structures are divided into four categories, 

related to the accuracy in determining the reliability (or failure probability) of the element 

design and the consideration of all involved uncertainties (see section 1.1). 

Conventional design practice for coastal structures, such as breakwaters, is often deterministic 

in nature, and its reliability is based on the exceedance probability of the design sea condition, 

defined by the wave load. In this approach, the notion of design wave parameters and 

especially that of significant wave height (Hs) associated with a certain return period, e.g. the 

expectation (mean) value of the 100-year return period extreme event, is adopted. The 

resistance of the structure is treated in a deterministic manner, and the exceedance probability 

of the design load is identical with the exceedance probability of the damage associated to this 

design load. This is attributed to the fact that most of the available design formulas give the 

relationship between wave characteristics and some structural response, i.e. armour damage, 

wave overtopping, run-up etc. [1]. Thereafter, it is noted that the deterministic design 

approach, classified as Level 0, is based on an extreme value analysis. However, all the 

uncertainties involved in the element design are not taken into consideration. 

Moreover, all coastal structure design formulas are semi-empirical, since they have derived 

from experiments and the estimation of the formulasô parameters is based mainly on central 

fitting to model test results. Thus, the often considerable scatter in test results is not taken into 

account in general. This leads to the fact that the mean or a characteristic value is applied in 

the design formulas for the resistance parameters, and not a lower fractile, as is usually used 

in other engineering problems [1]. Therefore, the only contribution to a safety margin in the 

design process is the selection of a certain return period for the design load, which is a 

considerable step towards a fully probabilistic design. 

In addition to the deterministic method, partial safety factors can be implemented for 

resistance and load, based on standards [3]. This calculation is classified as semi-probabilistic 

(Level I) method. However, this approach often results in overdesign of the structure and does 

not allow accurate determination of the reliability of the design. In order to overcome this 

problem, more advanced probabilistic methods must be applied that consider the uncertainties 

of all stochastic variables of load and strength of the structure. 

Fully probabilistic methods or Level III methods belong in this category of the advanced 

probabilistic methods, which consider the actual probabilistic distribution of all stochastic 

variables involved. When statistical correlation between the stochastic variables does exist, it 
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can be considered by these methods. Another possibility, though less accurate regarding the 

estimation of the reliability of the design, are methods with approximations or Level II 

methods. They generally transform correlated and non-normally distributed variables into 

uncorrelated and standard normal distributed variables, and reliability indices are used as 

measures of the reliability of the structure [1]. 

 

2.2.1 Limit state function 

The reliability of an element depends on the safety margin between the strength (i.e. 

resistance Ὑ) and the load (or action ὃ). The limit state function describes the relation 

between resistance and load of an element. 

In general, the reliability function of an element is formulated as follows: 

 

g R A= -  (2.10) 

 

where: as it has been aforementioned, Ὑ stands for strength and ὃ for action. Both are 

functions of several stochastic variables: 

 

( )1 2 mR R X ,X ,...X=  (2.11) 

( )1 2m m nA A X ,X ,...,X+ +=  (2.12) 

 

Therefore, the limit state function describes the state of the element, as presented in the 

following relation: 

 

( ) ( )
( )

1 2

0

0

0

<ë
î

= = = =ì
î>í

n

, failure

g g X ,X ,...,X g X , limit state

,no failure safe region

 (2.13) 
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Thus, the probability of failure of the element ( fP ) is defined by Eq. 2.14 and the reliability 

of the element ( fR ) by Eq. 2.15. 

 

( ) ( )0fP Prob g Prob A R= < = > (2.14) 

 

1f fR P= -  (2.15) 

 

2.2.2 Reliability methods 

The four categories of the reliability methods, based on the accuracy of the structural 

reliability estimation, are described in the following paragraphs. 

 

2.2.2.1 Deterministic Methods (Level 0) 

A deterministic calculation method uses nominal values of the basic variables. Often a global 

safety factor is applied to deal with the unknown uncertainties in the basic variables and to 

provide a safety margin between strength and load. Thus, the reliability inequality is 

formulated as: 

 

nom nomR  A²g  (2.16) 

 

The formula by Van der Meer [57] for surging waves and deep waters can be used as an 

example to describe a global safety factor, presented in the following equation: 

 

0.2
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where: sH  is the significant wave height of the design storm of a certain return period or 

probability of exceedance within the structure lifetime, D the relative buoyant density, 50nD  

the nominal stone diameter,  ὖ the notional permeability of the structure, dS  the damage 

level factor, ὔ the number of waves, a the armor slope, ‚  the surf similarity parameter 

based on the mean wave period, and ὧ is a constant for surging waves. 

To ensure the structureôs reliability, a global safety factor is included in the Van der Meer 

[57] formula via the parameter Ã, which is often a mean value with 95% confidence interval. 

Thus, the limit state function is not close to zero, but has a safety margin between strength 

and load. 

 

2.2.2.2 Semi-probabilistic Methods (Level I) 

This section presents the partial safety factors developed by PIANC [3], Burcharth [68] and 

Burcharth and Sßrensen [69]. This calculation is based on standards and partial safety factors 

are implemented for strength ( rg) as well for load ( Ag ) via the following relation, creating by 

this way a safety margin for the reliability of the element: 

 

nom
A nom

r

R
Ag

g
²  (2.18) 

 

The partial safety factors (ɾ) are related to characteristic values of the stochastic variables 

(ɯȟ ), and are usually larger than or equal to 1. The magnitude of ɾ reflects the uncertainty 

of the parameter ɯ and the relative importance of the latter in the limit state function [1]. A 

large value of ‎, e.g. ‎ = 1.4, indicates a relatively large sensitivity of the elementôs 

reliability or the corresponding failure probability to significant wave height, Ὄ, while a ‎ 

close to 1 indicates negligible sensitivity, and thus the partial safety factor should be omitted. 

An illustrative example of this method will be presented considering the Hudson formula [70] 

for rock armor layer. Specifically, the partial safety factors can be applied to each parameter 

(load or resistance) or to a combination of parameters, i.e. overall coefficients. The limit state 

function, determined by Hudson design formula, which must be greater than or equal to 1, 

referring to the case of partial safety factors applied to each parameter involved is given by: 
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Continuously, if the partial safety factors are applied to a combination of parameters, there 

might be only ‎ , and ‎ related to the first term on the right part of Eq. 2.20. Therefore, the 

design equation leading to a safety domain of the element would become:  

 

( )
1/3

, ,

1
cot 0

sch ch n ch D s chG A D K Ha g
g

H

Z

= D - ² (2.20) 

 

Equations 2.19 and 2.20 are equivalent. However, Eq. 2.20 is simpler than Eq. 2.19. The 

values of these partial safety factors are different for each design formula and are determined 

according to PIANC [3] via the following equations: 

 

3

1 1

'

TL
sPf fTL
s

s HL s

T k P

s s
FT

s f

k

P N

b

g s

è øå õH
+ -é ùæ ö
æ öHé ùç ÷ê ú

H

H
= + +
H

 (2.21) 

 

( )1 ln fk k Pa bgZ= -  (2.22) 

 

where: LT

sH  is the central estimate for Hs with a return period equal to the lifetime of the 

structure LT  (which in average is exceeded once every LT  years, 
Pf

T

sH  is the central estimate 

for Hs with a return period based on the allowable probability of failure during the structureôs 

lifetime, and 
3 LT

sH stands for the central estimate for Hs associated with a return period equal to 

three times the lifetime of the structure. Continuously, P
f

 is the allowable probability of 
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failure during the structureôs lifetime LT , N  is the number of wave data on which the 

extreme value wave analysis is based. Besides, the coefficient sk  depends on the type of the 

mechanism of failure and is found by optimization [3], '
Hs

Fs  declares the quality of measured 

wave data, i.e. high quality and low quality wave data could be represented by '
Hs

Fs  equal to 

0.05 and 0.20, corresponding to accelerometer buoy and Fetch diagram estimates 

respectively. The middle term of the right-hand side of Equation 2.21 takes into account the 

model uncertainty related to the quality of wave measurements. This is accomplished by 

implying a multiplicative stochastic variable 
sHF  assumed to be normally distributed with a 

mean value of 1.0 and a standard deviation of '
Hs

Fs . 

Finally, the coefficients ka  and kb have been derived by optimization for each failure 

mechanism and design formula by PIANC [3].  

The partial safety factor for the load variable given in Equation 2.21 consists of three terms. 

The first term estimates the partial safety coefficient given that no statistical uncertainty and 

measurements errors are present in Hs. This term signifies the encounter probability of the 

design significant wave height during the structureôs lifetime, caused by the natureôs vagaries. 

This is expressed by the central estimate of Hs for a certain return period, given a certain 

extreme value distribution for storms, e.g. a Weibull probability distribution [71]. 

The last term stands for the statistical uncertainty of the estimated extreme probability 

distribution of Hs. The latter depends on the number of wave data considered. In case that Hs 

has not derived from wave statistics, then the last term is omitted and the second term 

accounts for the inherent uncertainty. 

In short, according to PIANC [3], partial safety factors are calibrated with the following 

input: 

- Design Lifetime LT  (=20, 50 or 100 years) 

- Acceptable probability of failure P
f

 (=0.01, 0.05, 0.10, 0.20, or 0.40) 

- Coefficient of variation '
Hs

Fs  (=0.05 or 0.20) 

- Deep or shallow water conditions 

Wave loads determined with or without hydraulic model tests 
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Besides, the partial safety factors are as follows: 

- A load partial safety factor ‎  to be applied to LT

sH  

- A partial safety factor ‎ to be used to the combination of the mean values of the resistance 

parameters in the design equation. 

It is noted that the elementôs probability of failure cannot be calculated precisely via this 

design process, since it is selected a priori, and is defined as the allowable probability of 

failure of the element during the structureôs Lifetime Pf. This drawback can lead to 

underestimation or overestimation of the design structureôs elements characteristics. 

 

2.2.2.3 Probabilistic Methods with Approximations (Level II) 

Another possibility of estimating the reliability of an element is to use a level II method 

which is a probabilistic method with approximations. In the present thesis, only the concept of 

this method will be presented, since its calculation is based on a rather iterative and complex 

process, making thus Level II methods difficult to apply, especially if the random variables 

are non-normal and statistical correlated. Besides, only the first-order reliability methods 

(FORM) will be briefly described here. In these methods, the failure surface is approximated 

by a tangent hyperplane at the design point (see Figure 2.9). However, the second-order 

reliability methods (SORM) are considered more precise, but calculations are more complex 

than in FORM. Specifically, a quadratic approximation to the failure surface is used in 

SORM. 

 

Figure 2.9 Linearization and approximation of the failure surface by a tangent hyperplane at the 

design point [1] 
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Regarding the type of the failure function and the distributions of random variables three 

different cases of FORM methods can be distinguished, which are listed below in order of 

increasing complexity: 

¶ Linear failure functions of normally-distributed random variables 

¶ Nonlinear failure functions of normally-distributed random variables 

¶ Nonlinear failure functions of non-normal random variables 

It is noted that for correlated random variables, the transformation into non-correlated random 

variables should be performed before normalization. 

In the first case, which is the simplest one compared against the other two cases, the failure 

function for a single mode of failure, given by Equation 2.11, is estimated using only the 

mean values and standard deviations of the loading ()A x  and resistance ()R x . If ()A x  

and ()R x  are assumed to be independent normally distributed random variables with known 

means and standard deviations, the linear failure function is also normally distributed with 

mean value: 

 

g R Am m m= -  (2.23) 

 

and standard deviation: 

( )2 2

g R As s s= +  (2.24) 

 

The quantity ( ) /g gg m s-  will be unit standard normal, and consequently the failure 

probability of the element is estimated as follows: 
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where: 

 

g

g

m
b
s
=  (2.26) 

 

is referred to as the reliability index [72], since it is a measure of the failure probability and 

consequently of the reliability of the element. The reliability index is the inverse of the 

coefficient of variation, and can be defined as the distance (in terms of standard deviation) 

from the most probable value of g (in this case the mean value) to the failure surface, g=0 

(see Figure 2.10). 

 

Figure 2.10 Illustration of the reliability index for a linear failure function of normally-

distributed random variables [1] 

 

It is noted that if ()A x  and ()R x  are normally distributed and correlated, then Equation still 

holds, but the standard deviation of the linear failure function is given by 

 

( )2 2 2g R A RA R As = s +s + r s s (2.27) 
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where RAr  is the linear correlation coefficient between ()A x  and ()R x : 

 

( ),
RA

R A

Cov R A
r

s s
=  (2.28) 

 

where ( ),Cov R A  is the covariance between ()A x  and ()R x . 

As it is has been aforemenetioned, the calculation of the reliability of an element becomes 

rather complex in the other cases listed above, and consists of a number of transformations, 

e.g of nonlinear failure functions to equivalent linearized ones, of uncorrelated non-normal 

random variables to equivalent normal ones, etc. However, due to the difficulties that may 

arise during the reliability calculation process and to the probable loss of accuracy during 

these transformations, Level II methods will not be adopted in the present thesis and thus will 

not be further analysed here. 

 

2.2.2.4 Fully Probabilistic Methods (Level III) 

When a fully probabilistic method is applied, the failure probability of an element can be 

calculated accurately and is directly linked to the reliability of the element. There are two 

main methods classified as Level III methods, the Direct Integration Method (DIM) and 

Monte Carlo Method (MCM), which will be described below. 

 

Direct Integration Method (DIM)  

The core problem of DIM is the exact estimation of the joint pdf of all stochastic variables 

involved. Given that the marginal pdfs of the variables considered are known, the calculation 

of the joint pdf of the variables is necessary, only if these variables are correlated, otherwise 

the joint pdf is equal to the multiplication product of the marginal pdfs of the variables. 

In case of correlated variables, an efficient way to capture their correlation is to apply the 

conditional probability model in order to calculate the jpdf. The said model can be illustrated 

by the following probability law applied indicatively to two variables, e.g. two wave load 
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variables that are correlated, and can be also applied to more than two correlated variables as 

well: 

 

( ) ( ) ( )
1 2 1 2 2, 1 2 | 1 2 2, |X X X X Xf x x f x x f x=  (2.29) 

 

where ( )
1 2, 1 2,X Xf x x  is the jpdf of the stochastic variables 1 2,X X , ( )

1 2| 1 2|X Xf x x  is the 

conditional pdf of 2X  given 1X , and ( )
2 2Xf x  is the marginal pdf of 2X . 

Given that 
X

f  is the joint pdf of all stochastic variables involved, i.e. of the vector 

( )1 2, ,...,= nX X X X , Equation 2.14 can be expressed by: 

 

()
()0

f X

g x

P f x d x

<

=ñ  (2.30) 

 

Note that if only two variables ()R r and ()A a are taken into consideration, the above 

Equation reduces to: 

 

( ), ,f R S

R A

P f r a drda
¢

=ññ  (2.31) 

 

which is illustrated in Figure 2.11. 
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Figure 2.11 Illustration  of the two dimensional jpdf for loading s and resistance r [1] 

 

If more than two variables are involved, the joint pdf of the stochastic variables cannot be 

described as a surface, and the problem becomes multidimensional. Thus, Eq. 2.31 is given by 

the n-fold integral: 

 

( )
1 2, ,..., 1 2 1 2... , ,..., ...

nf X X X n n

R A

P f x x x dx dx dx
¢

=ññ ñ  (2.32) 

 

If all variables can be assumed independent, their jpdf is equal to the product of all marginal 

probability density functions (pdfs) and then Equation 2.32 can be simplified to: 

 

() ( ) ( )
1 21 2 1 2... ... ...

nf X X X n n

R A

P f x f x f x dx dx dx
¢

=ññ ñ  (2.33) 

 

If only two independent variables are considered, Equation 2.33 reduces to: 

 

() ()f R A

R A

P f r f a drda
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which by partial integration can be written as a single integral: 

 

() ()
0

f R AP F x f x dx

¤

=ñ  (2.35) 

 

where RF  is the cumulative distribution for resistance/strength R. Since negative resistance is 

not meaningful, -Ð has been replaced by 0 in the above equation. 

It should be noted that the computational requirements of DIM are very demanding especially 

if the number of stochastic variables, n, is greater than 5 [1]. 

 

Monte Carlo Method (MCM)  

This method is based on a large number of simulations N , a part of which ( fN ) leads to 

elementôs failure. Thus, it is assumed that provided N  is a high enough number, 

 

f

f

N
P

N
=  (2.36) 

 

NOTE: N  should be sufficiently large for fP  to attain acceptable convergence. 

One way (e.g. inverse CDF method) to generate the random sample for each variable is 

described here. Specifically, each simulation starts by drawing a random number from a 

uniform probability density function Ὗπȟρ. Through this number (
ux ), a sample of the 

variable (X ) can be produced by the latterôs inverse cumulative distribution function 

()1

X
F x-

 as follows: 

 

1( )X uX F X-=  (2.37) 
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The cumulative distribution function of X is calculated from its probability density function 

()Xf x  as follows: 

 

() ()
x

X XF x f u du
-¤

=ñ  (2.38) 

 

Function ()XF x  is linked to fP  of Equation 2.36 by letting ()Xf x  become 

multidimensional to represent the joint probability density function ()X
f x  of Eq. 2.30. 

Evaluation of function g( )x  should then be performed to assess the failure domain 

() (){ }0W = <x g x  in order to apply Equation 2.36. 

In Figure 2.12, the random sample generation process of the variable X, and the inverse 

cumulative distribution of which is denoted by ()XF x , is depicted. 

 

Figure 2.12 Random sample generation step for one variable in MCM [66] 

 

The procedure of Monte Carlo simulation after the random sample generation for each 

variable is presented in the following diagram (see Figure 2.13). 
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Figure 2.13 MC simulation (according to Schiereck [73]) 

 

Despite the fact that MC simulation is relatively simple, its computational demands increase, 

when more stochastic variables are involved and the total number of simulations N is very 

large. Besides, MC procedure becomes more complex and difficult to apply when correlation 

between variables is considered.  
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2.3 Probabilistic design process 

In this section, an overview is given of the probabilistic design of coastal structures. Firstly, a 

simplified flow chart of the design process and then a more detailed one are presented. 

 

2.3.1 Simplified flow chart of the design process 

In Figure 2.14, a simplified diagram for the probabilistic design process of marine coastal 

structures is presented. Firstly, the design requirements and the environmental boundary 

conditions are defined; secondly the design parameters are determined for preliminary 

(deterministic) and fully probabilistic design method. It is noted that the preliminary, i.e. 

deterministic, design is important for the beginning of the probabilistic design method, since 

the first one provides the latter with the initial solution, which will then be used for the more 

accurate calculation of the system reliability.  

 

 

Figure 2.14 Simplified flow chart of the design process (according to Everts [56]) 

 

As it can be observed in the above Figure (Figure 2.14), the three final steps develop an 

iterative procedure which ends only if the predefined design requirements are met. 

 

2.3.2 Detailed flow chart of the design process  

In Figure 2.15, a more detailed diagram of the design process is presented. Firstly, the design 

requirements need to be specified for the limit state, e.g. Ultimate Limit State (ULS) and the 

Serviceable Limit State (SLS), e.g. the structureôs Lifetime and the allowable probability of 

failure during the design lifetime, of a coastal structure. Then, the fault tree that describes the 

linking of failure mechanisms has to be constructed in a proper manner. The boundary 
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conditions, determined next, can be subdivided in hydraulic, geotechnical and geometric, etc. 

The mean or characteristic values of the structureôs resistance/strength parameters, or their 

probability distributions, should also be specified in order that both boundary conditions and 

the structural properties be used for preliminary or probabilistic design, respectively. 

Preliminary (deterministic) design uses deterministic input variables and a deterministic or a 

semi-probabilistic design method. Then, the preliminary design is subjected to a fully 

probabilistic reliability method, like Monte Carlo and Direct Integration Method. As noted in 

Figure 2.15, preliminary (deterministic) design is the basis for the fully probabilistic method, 

since the first uses the same variables as the latter, and can provide an initial solution, which 

will be checked via the probabilistic design method. However, instead of the deterministic 

input variables of the preliminary design, a fully reliability method uses the joint probability 

distribution of all these variables, now being stochastic ones. Thus, their marginal pdfs and 

the correlation between variables are taken into consideration in a fully probabilistic design 

process. 
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Figure 2.15 Detailed flowchart of the design process for a coastal structure [35] (based on Everts 

[56]) 

 

Before the total reliability of the system can be determined, the correlation and linking 

between the failure mechanisms should be considered. Then, after the reliability of whole 

system is calculated, the estimated reliability level is subjected to control over the design 

requirements. If the design requirements are met, further optimization can be made 

considering economic cost aspects. 
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2.4 Hydraulic  boundary conditions 

In this section, all the necessary environmental boundary conditions that need to be 

determined for the design of a coastal structure will be discussed. Apart from the 

environmental boundary conditions, there are also other boundary conditions like the 

geometric limitations that are imposed on the design structure. 

The category of environmental boundary conditions consists of hydraulic and geotechnical 

boundary conditions. The latter are not within the scope of the present thesis. 

The hydraulic boundary conditions define the load actions upon a coastal structure which are 

the sea conditions (i.e. wave actions and sea level). Some main load parameters associated to 

their units in SI system are presented in Table 2.2. 

 

Table 2.2 Main parameters representative of hydraulic boundary conditions 

Load parameters Symbol Units 

Significant water height H1/3, Hs m 

2% wave height H2% m 

Mean wave period Tm s 

Principal wave direction relative to 

North 
ɗm 

o 
N 

Spectral significant wave height Hmo m 

Spectral peak wave period Tp s 

Energy period Te s 

Water depth d m 

Water level variation due to tide TL m 

Water level variation due to storm 

surge 
SL m 

 

Usually, coastal structures are built in intermediate water depths, i.e. 0.05<d/Lm<0.5, where d 

is the water depth and Lm the mean wave length of a sea state at the structureôs location. This 

means that the hydraulic parameters, presented in the Table 2.2, must be determined at the 

structureôs location. 
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Hydraulic boundary conditions are caused either by meteorological forcing (winds, waves, 

storms surges etc.) or by astronomical forcing (tides), or by seismic forcing (tsunamis). The 

principal relationships between the above forces are shown in the Figure 2.16.  

 

 

Figure 2.16 Hydraulic boundary conditions for coastal structures [55] 

 

An example of combined loading includes water level and wave conditions determining the 

required armor units and the required crest level of an emerged breakwater or a seawall. 

Two main categories of hydraulic boundary conditions (i.e. wave and water level boundary 

conditions) are considered in the present thesis and will be described in the following 

sections. 

 

2.4.1 Wave action 
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Wind-generated ocean waves change randomly with time, i.e. both wave height and period 

vary randomly from one cycle to another. Their period ranges from 1 s to 30 s. Waves tend to 

break when the wave steepness exceeds a certain limit. Besides, it is often observed that 

during propagation of wind-generated waves from one location in the ocean to another in 

deep waters, far away from the wind field that generated the waves, swell waves propagate 

not necessarily at the local wind direction and are longcrested and their frequency spectrum is 

very narrow-banded. 

As waves move inshore, depth-induced wave transformations take place and a more distinct 

difference in the wave profile can be observed. Referring to severe seas, as shown in Figure 

2.17, the wave profile in deep water the wave profile in deep water is somewhat symmetrical 

relative to the mean water level, while in shallow waters peaks are much sharper than troughs, 

and the order of magnitude of the peaks is higher than that of the troughs. 

 

 

Figure 2.17 Wave profile in severe seas (a) in deep waters and (b) in shallow waters [10] 

 

In probabilistic approach, wave profile in deep waters is characterized as a Gaussian random 

process, since the sea surface displacement from its mean value can be represented by a 

normal probability distribution (see Figure 2.18a). This was first found by Rudnick [74] who 

analyzed measured data obtained in the Pacific Ocean. Furthermore, Pierson et al. [75],based 

on the central limit theorem, presented an illustrative sketch (shown in Figure 2.19), which 

indicates that ocean waves consist of an infinite number of monochromatic, or else sinusoidal, 

waves having the same height but different frequencies and directions. 

On the other hand, depth-limited waves follow a non-Gaussian random process, as seen in 

Figure 2.18b. However, waves in relatively shallow waters may be considered as a Gaussian 

random process if the sea severity is very mild [10]. 
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Figure 2.18 Wave profile histogram and the theoretical distribution (a) in deep waters and (b) in 

shallow waters [10] 

 

 

Figure 2.19 Structure of random sea [75] 
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Wave parameters can be determined either from a frequency-domain or a time-domain 

analysis of a wave record. These two categories of the analysis will be described next. 

 

2.4.1.1 Wave parameters from frequency-domain analysis of a wave record 

A detailed structure of wind waves and swell can be extracted from the frequency-domain 

analysis of a wave record. In this analysis, wave spectra are used to represent the total wave 

(potential and kinetic) energy at a certain location in the ocean, which is an accumulation of 

the energy of all waves propagating from various directions. 

 

Waves as a Gaussian random process 

In reality, only the major part of wind-generated wave energy does propagate in the wind 

direction [10]. Continuously, there is a directional spread of the energy which should be taken 

into consideration in the frequency-domain analysis of a wave record. Therefore, the notion of 

the directional spectral density function has been adopted denoted by ( ),S f q . Continuously, 

if the time average of wave energy at any frequency interval df  and directional interval dq 

is equal to 
21/ 2 jgr a, where ja  is a positive random variable, and by ignoring gr , it can 

be written: 

 

( ) 2, 1/ 2 jS f dfdq q a=  (2.39) 

 

The time average of the total energy of waves of all frequencies and propagating from various 

directions is given by: 

 

( )2

0

1
,

2
j

f

S f dfd

p

q p

a q q
¤

D D -

=ää ññ  (2.40) 
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Wave spectral formulations 

There are many formulations of wave spectra proposed (e.g. [76]; [77]; [78]; [79]; [80]; [81]  

etc.) used in engineering applications, which are based on wind speed, significant wave 

height, wave period, etc. Some of them will be briefly presented below: 

Referring to the case of fully developed seas, a widely used spectrum for wave hindcasting 

and forecasting is developed by Pierson and Moskowitz [82] given by: 

 

()
42

4 5

20.0081
exp 0.74

(2 )

w
PM

U fg
S f

f g

p

p

-è øå õ
= -é ùæ ö

é ùç ÷ê ú

 (2.41) 

 

where: 
wU  is the wind speed at 19.5 m above mean sea level. As seen in Eq. 2.41, the 

Pierson-Moskowitz spectral formulation is based on a single parameter, the wind speed. 

Another spectral formulation is the JONSWAP spectrum, which is based on an extensive 

wave measurement program known as the Joint North Sea Wave Project carried out in the 

North Sea Sylt Island in 1968 and 1969 [83]. The spectrum represents fetch-limited wind-

generated seas, thus wind speed and fetch length are input variables to this formulation: 
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where: 

0.33
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3.5p
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U

-

è ø
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 (2.44) 
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1 7g¢ ¢, called the peak-shape parameter (with the mean value of 3.3), and 

 

0.07,   

0.09,   

p

p

for f f

for f f

s

s

= ¢

= >
 (2.45) 

 

The TMA spectral formulation has been proposed by Bouws et al. [84] as an extension of the 

JONSWAP spectrum so that it can be applied to wind generated seas in finite water depths, 

based on the similarity law shown by Kitaigorodskii et al. [85].The TMA spectral formulation 

is given by: 

 

( ) () ( )*, ,TMA JONSWAPS d S dw w w= F  (2.46) 

 

where ( )
( )

1

*

1
2 2

1
, 1

sinh

K
d

K
f

w

w

-

è ø
F = +é ù

ê ú
 is the Kitaigorodoskii depth function and 

 

( ) ( ) ( ) ( )
2

* * 1 * * *, tanh , 2
d

f k d K f
g

w w w w w w-è ø= = =
ê ú

 (2.47) 

 

where: k  is the wave number. 

 

Directional spectra 

Wave spectrum represents energy distributed not only in the range of frequency, but also in 

the range of direction. This type of spectrum is called the directional wave spectrum S(f,ɗ) 

and can be expressed as the product of the frequency wave spectrum S(f) and the directional 

spreading function D(f|ɗ), where f is the frequency in Hz. The directional spectrum S(f,ɗ) is 

the general form of a wave spectrum, while the frequency spectrum S(f) is the integral of 
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S(f,ɗ) with respect to ɗ. The term f denotes the frequency and ɗ is the azimuth measured from 

some fixed axis of direction. Next, it can be written: 

 

( ) ()( ), |S f S f D fq q=  (2.48) 

 

and  

 

( )|  1D f d

p

p

q q
-

=ñ  (2.49) 

 

Regarding the units of wave spectra, the frequency wave spectrum S(f) has the dimension of 

m
2
s or equivalent units, since it expresses the wave energy density (being divided by the unit 

weight of water) in the frequency domain. The directional spreading function D(f|ɗ) expresses 

the wave energy density in the directional domain at a specific frequency f, dependent on the 

wave energy density at that frequency. Thus, the directional spreading function has no 

dimensions and its integration over the full range of azimuth is set at unity for every 

frequency. 

 

Estimation of wave directional spreading from data 

In order to obtain information on wave directionality, different types of instruments are 

currently available for measuring the directional characteristics of wave energy in the ocean 

or in laboratory basins. They can be divided into the following groups, depending on the 

number and the type of their signals [86]: 

(1) gauge arrays: In principle, these probes can be set up at any location of the wave field and 

may be identical, e.g. surface elevation probes or of various types. However, there are 

limitations to deploying such arrays in deep water depths, since when instruments are 

mounted on an offshore fixed structure they should be placed outside the area of influence of 

the supporting structures. Such a requirement is difficult to achieve, making deployment 

costly. 
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(2) single-point devices: They measure simultaneously several wave properties at a single 

location. The most widely known such device is the heave-pitch-roll buoy, which measures 

the sea surface elevation (heave) and two orthogonal slopes of sea-surface that produce pitch 

and roll [87]. An even more sophisticated single-point system is the cloverleaf buoy, which 

records the sea surface elevation, its slopes in two orthogonal directions and the curvature of 

the sea surface in these two directions [88]. 

(3) subsurface instruments: The simplest instruments in this category are high resolution 

pressure transducers which measure the pressure fluctuations due to the surface waves. 

Acoustic Doppler current profilers (ADCPs) are used for measurements of ocean currents and 

waves in coastal environments and can resolve the directional properties of ocean surface 

waves ([89]; [90]). 

(4) remote-sensing systems: These techniques include aerial stereo-photography techniques 

and microwave radars [91] and allow the measurement of ocean wave fields with both high 

resolution and large coverage. Topography of the surface has been retrieved, using stereo-

photographic data, by observing scenes perpendicular to the still surface, by Shemdin et al. 

[92], but in their case the observed scales are of limited extent, while those considered in 

airborne stereoscopy used by Holthuijsen [93] are rather large. Digital photography is now an 

opportunity to collect quantitative sea surface data more easily. As for the radar wave 

measurements, their main advantage is that the acquisition of active radar data is independent 

of daylight and cloud conditions. They are therefore believed to be most suited for operational 

use, as well as for many ongoing scientific investigations [94]. 

There have been developed many methods for estimating the wave directional spreading from 

data. The most commonly acknowledged methods for practical use are the maximum 

likelihood method, the maximum entropy method and the Bayesian approach method. 

 

Maximum likelihood method (MLM) 

This method, introduced by Capon et al. [95] in seismic wave detection and then extended by 

several authors (e.g. [96]; [97]), is based on the assumption that the estimate of directional 

spreading function ( )MLMD ,f qmay be expressed as a linear combination of the cross spectra: 

 

( )
()

( ) ()MLM

MLM

1
D , a , G

E
mn mn

m,n

f f f
f

q q= ä  (2.50) 
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where: ()MLME f is the frequency spectrum estimated by MLM, which is equal to the average 

of the auto-spectra at each pole, ( )a ,mn f q  is a coefficient as a function of frequency and 

angle of propagation, and ()Gmn f  is the cross power spectrum between the wave properties 

of the m-th and the n-th probe. 

The MLM estimate ( )MLMD ,f q  may be seen as the convolution product of the actual 

directional spreading function ( )D ,f q  by a window function ( )w , ȭq q, as described by the 

following relationship: 

 

( ) ( )( )
2

0

D , D , w ,MLM f f ȭ d ȭ

p

q q q q q=ñ  (2.51) 

 

where: ( ) ( ) ( ) ( )*

,

w , a , H , H ,mn m n

m n

ȭ f f ȭ f ȭq q q q q=ä  (2.52) 

 

with ( ) ( )*H , H , 1m nf ȭ f ȭq q= = for probes of free surface elevation, as in this case, where 

( )H ,m f ȭq , is the transfer function from water surface elevation to the m-th wave property 

and ( )*H ,n f ȭq  is the conjugate of the transfer function from water surface elevation to the n-

th wave property. 

The ( )D ,MLM f q  will best approach the actual directional spreading function ( )D ,f q , as the 

window function tends towards a Dirac function ( ), ȭd q q. 

The estimate that best satisfies the previous condition is found to be ([96]): 

 

( )
( ) () ( )1 *

,

D ,

H , G H ,
MLM

m mn n

m n

f

f ȭ f f ȭ
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q

q q-
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Öä
 (2.53) 

 

In the above expression ()1Gmn f- , stands for the elements of the inverse of the cross spectral 

matrix and ə is determined from the condition that the integral of the MLM estimate over [0, 

2ˊ] should be equal to 1. 
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Finally, the estimate of the directional wave spectrum is then given by the basic relationship: 

 

( ) ( ) ()MLM MLM MLMS , D , Ef f fq q=  (2.54) 

 

where ( )MLMS ,f q is the estimate of the directional spectrum. 

 

Maximum entropy method (MEM) 

This method is based on the definition of Shannon [98] for entropyc: 

 

( ) ( )( )
2

0

D , ln D ,f f d

p

c q q q=-ñ  (2.55) 

 

Entropy c is maximized under certain constraints given by the cross-spectra. The 

application to single-point systems or gauge arrays was described by Kobune and Hashimoto 

[99], Nwogu et al. [100] and Nwogu [101]. This entropy definition is different from the one 

used by other authors (e.g. [102]) which generally appears to be less powerful. 

Kobune and Hashimoto [99] applied the MEM for estimating directional wave energy 

spreading from a heave-pitch-roll buoy. In this case, the input data are three timeseries, one 

corresponding to surface elevation and the other two to orthogonal surface slopes at the probe 

location. By maximizing the entropy in Equation 2.55, the following estimated spreading 

function by MEM was derived [10]: 

 

( ) ()
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where: 
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and the Lagrangian multipliers
jl, dependent on f and ɗ, are determined from a Fourier series 

expansion of the energy spreading function and ()a j q  coefficients. 

By expressing ( )D ,f qMEM
 in terms of Fourier series and applying some constraints in its 

coefficients the following expression is arrived at: 
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For i=1,2,3,4, where the coefficients 
ib are written in the form: 

 

( ) ()
2

0

D , ai if d

p

b q q qMEM=ñ  (2.59) 

 

The unknown Lagrangian multipliers jl in Equation 2.56 can then be obtained after solving 

Equation 2.57. 

Note that if we consider only j=1 and 2, the estimated spreading function coincides with the 

formula proposed by Borgman [103] and Equation 2.56 becomes then: 

 

( ) [ ]0 1 2D , exp cos sinf q l l q l qMEM = - - -  (2.60) 

 

Hence, from here on, the MEM corresponding to j=1, 2, 3 and 4 will be denoted as MEM ï 

4ɚ, while the MEM corresponding to only j=1 and 2, as MEM ï 2ɚ. 

 

-The approximate technique [86] 
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At this point, the proposed approximate technique will be described, based on a simple 

alternative calculation of two orthogonal slopes of surface elevation, which was involved in 

the MEM [86]. Actually, the whole concept was to estimate the wave properties that a heave-

pitch-roll buoy records, using data measured by three surface elevation probes set up at an 

appropriate location. 

It is known that the motion of a rigid body, such as a floating buoy in sea water, has six 

degrees of freedom: three translations and three rotations. However for this analysis only 

three of them are required, i.e. heave, pitch and roll (see e.g. [104]). Assume that the curved 

surface, in Figure 2.20, represents the free sea surface and points (1), (2), (3) are three points 

that belong to it and form a right angle on a horizontal projection. Therefore, when plane 

O1'3' coincides with the still water surface, then 

 

z(1) (1)h= , 

z(2) (2)h= , 

z(3) (3)h= , 

 

where: (1)h  is the measurement of free sea surface displacement at point (1), etc. 

Continuously, the free surface elevation and its two slopes in orthogonal directions, at point 

(2), can be calculated at any time through the following relations, provided xD  and yD are 

small enough quantities: 

 

Heave : (2)h  

Pitch : ()
()

()

()3 (2) 3 (2)
2

3 (2)y y y y

h h h hh - -D
= =

D - D
 (2.61) 

Roll : ()
()

()

()1 (2) 1 (2)
2

1 (2)x x x x

h h h hh - -D
= =

D - D
 (2.62) 
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The above relations calculate approximately the wave properties that a heave-pitch-roll buoy 

delivers, if the distances xD and yD  are adequately small for the estimation of sea surfaceôs 

slopes. 

 

Figure 2.20 An approximate instant depiction of free sea surface [86] 

 

The approximate technique, by using an array of three probes, is close to the concept 

employed by Benoit and Teisson [105], who, however, used an array of four probes. The said 

technique employs probes of the same type, i.e. of surface elevation, and requires the 

minimum number of gauges. Besides, the measurement of the surface elevation is available at 

the triangle vertex, where the directional spectrum is finally estimated, in contrast to the 

method with four probes, in which the surface elevation at the point of the final estimation is 

calculated as an average of the four probesô measurements. 

 

Formulation of the wave energy directional spreading function 

A first approach was performed by Pierson et al. [106] who introduced the following 

directional spreading function, which has often been used for design of marine structures due 

to its simplicity: 
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Borgman [103] proposed the following formula which is called the circular normal 

probability distribution: 

 

()
()

( )0
0

1

2
D exp acos

I a
q q q

p
= -è øê ú (2.64) 

 

where a  is a positive constant, 0q  is the angle of propagation of the predominant wave 

energy, and ()0I  is the modified Bessel function of zero order. This formula agrees with the 

first approximation of the directional spreading function by Kobune and Hashimoto [99] 

estimated via Maximum Entropy Method. 

Longuet-Higgins et al. [107] proposed that ( )D | fq  is proportional to an even-numbered 

power of half of the directional angle. That is,  
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where q is the mean direction of energy spreading estimated via the following relation: 
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and ()G s is a normalizing factor determined from the condition that the integration of 

( )D f ,q  from ḯ Űɞ  ́with respect to q is unity. This yields: 
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where ()G Ö represents the Gamma function. 

 

Thus, Longuet-Higgins et al. [107] showed that the ( )D | fq  can be presented as follows: 
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where the parameter s  is a positive integer which controls the degree of concentration of 

energy around the mean value q. In reality, s  depends on frequency, wind speed, and fetch 

length. Mitsuyasu et al. [88] carried out further analysis for evaluating the value of s  and 

proposed the frequency dependency of the spread parameter s  as follows: 
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 (2.69) 

 

where 
pf  is the peak spectral frequency. 

Mitsuyasu et al.
 
[88] formulated the maximum value of spreading parameter 

maxs  as a 

function of the state of wind-wave growth. Goda and Suzuki [108] proposed values of 
maxs  

equal to 10, 25 and 75 for wind waves, swell with short decay distance, and swell with long 

decay distance, respectively. The proposed 
maxs  values are still employed in many case 

studies. 

From analysis of measured data, Hasselmann et al. [109] propose the same formula given in 

Eq. 2.69, but the s value in this equation is substituted by s1-value written as below: 
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where:  U  is the wind speed, mc  is the wave celerity at the modal frequency mf . The s1-value 

by Hasselmann et al. [109] derived from an extensive analysis of directional data obtained in 

the North Sea (JONSWAP site). 

 

Wave spectrum parameters 

By assuming that a wave spectrum is narrow-banded, and therefore obeys the Rayleigh 

probability distribution (Longuet-Higgins [110], [111], [24]), its n-th moment is estimated as 

the integral over frequency of the spectral density function multiplied by the n-th power of the 

frequency, either expressed in hertz (cycles per second) as: 

 

 ά Ὢ ᷿ Ὢ ὛὪὨὪ (2.71) 

 

or expressed in circular frequency (radians/second) as: 

 

ά ‫ ᷿ ‫ Ὓ‫Ὠ(2.72) ‫ 

 

where ὲ=0, 1, 2, 3, é 

 

Since ɤ = 2 ˊ f, the relationship between the two moment expressions is: 

 

 ά ʖ   ςʌά  Æ  (2.73) 

 

Using this definition, the spectral significant wave height for a Rayleigh distribution [110] 
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may be approximated by: 

 

Ὄ τά  (2.74) 

 

The period associated to the largest energy per frequency is known as the spectral peak wave 

period Tp and the mean period Ὕ  and energy period Ὕ can be approximated by: 

 

Ὕ  (2.75) 

 

Ὕ  (2.76) 

 

An approximation of zero-crossing mean wave period is estimated by: 

 

Ὕ  (2.77) 

 

Two parameters are frequently used concerning the spectral bandwidth, ɜ and Ů. Both of them 

range from 0 to 1. When these parameters tend to zero, i.e. ɜ<<1 and Ů<<1, the wave spectra 

are narrow-banded, while if they tend to unity, the spectra are broad-banded. The spectral 

band width parameters can be approximated by spectral moments by: 

 

2

2

1

1om m

m
n= - (2.78) 

 

2

2

4

1
o

m

m m
e= -  (2.79) 

 

2.4.1.2 Wave parameters from time-domain analysis of a wave record 

Wind-generated sea waves are essentially random in time and space. Heights and periods of 

individual waves in a short time span, which can represent a sea state, vary randomly over 
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wide ranges. It is necessary to define individual waves with some criterion and calculate 

characteristic individual wave heights and periods in a statistical manner in the time domain 

analysis. The zero-upcrossing or zero-downcrossing method is the standard technique to 

define individual waves, in which the two successive upcrossing or downcrossing points of 

the wave surface profile with the mean water level (zero-level) mark the start and the end of 

one individual wave, respectively. The significant wave height determined from this analysis 

is the mean value of the highest one-third waves denoted by H1/3. Besides, other characteristic 

wave heights can be determined from the same analysis, e.g. H1/10 and H2% etc. 

Except for characteristic wave height, other characteristic wave parameters are also used to 

describe a sea state. These parameters are usually the mean wave period Tm and the principal 

wave direction ɗm, defined as the mean value of individual wave periods and azimuths 

measured from some fixed axis of direction within a sea state, respectively. 

It is noted that there is not a unique definition of wave period; it can be defined as the time 

interval between either two neighboring wave crests or throughs. Another common definition 

of wave period is the time interval between successive upcrossing points, or downcrossing 

points, of the wave surface profile with mean water level, called as zero up-crossing period, 

or zero down-crossing period, respectively.  

Both zero-upcrossing and zero-downcrossing methods yield similar mean values of wave 

parameters [1]. There seems to be some preference for zero-downcrossing method [112], 

since it has been suggested that its definition of wave height, as the vertical distance from a 

wave trough to wave crest, may be better suited for extreme waves. 

As it is aforementioned, the analysis of individual waves from a wave record is generally 

made for a short time span of twenty minutes or so. Furthermore, the length of the time span 

is also determined by the Fourier transforms which will then be made on the raw recordings 

for the production of the spectrum. Also, it is chosen in order that the requirement of a short 

duration, to guarantee the constancy of sea state during the recording time period, and that of 

a long duration, to have a sufficient number of waves necessary for reliable estimates of 

significant wave height and other characteristic wave parameters, be met at the same time. 

The statistical analysis of individual waves within a sea state provides information on short-

term wave statistics, while the statistical analysis of sea states covering a period of some 

decades yields the long-term description of wave conditions at a particular site, called the 

long-term wave climate. 
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As for short-term wave statistics, since the individual waves within a sea state are extracted 

from the time-domain analysis of a wave record, the probability distribution or probability 

density function (pdf) of wave parameters can be estimated. The pdf 
Xf  of a random variable 

X is most commonly associated with an absolutely continuous univariate distribution, and it 

applies: 

 

( ) ()Pr

b

X

a

a X b f x dx¢ ¢ =ñ  (2.80) 

 

Hence, if 
XF  is the cumulative distribution of X (cdf), then  

 

() ()
x

X XF x f u du
-¤

=ñ  (2.81) 

 

and if 
Xf  is continuous at x: 

 

()
()X

X

dF x
f x

dx
=  (2.82) 

 

In simple words, the term ()Xf x dx can be considered as the probability of X within this 

interval of dx. 

The most commonly used probability distribution in the study of random ocean waves are the 

Gaussian (see Figure 2.21) and Rayleigh (see Figure 2.22) distributions suited for describing 

the short-term statistics of surface elevation and wave height, respectively, mainly in deep 

waters. It is noted that the Rayleigh distribution satisfies the condition of narrow band spectra, 

but seems to represent wave height satisfactory also for non narrow spectra. The Gaussian pdf 

is defined as: 
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where 
xm  is the mean of x and 

xs  the standard deviation. As it is aforementioned, the 

Gaussian cumulative distribution ()P x  is the integral of ()p x . Since a closed form of this 

interval is not possible, Gaussian distribution is often considered as the normal distribution 

(e.g. [113]) written as: 

 

() ( ),x xp x N m s=  (2.84) 

and 

() x

x

x
P x

m

s

å õ-
=Fæ ö
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 (2.85) 

 

For zero mean and unit standard deviation, the Gaussian pdf and cdf reduces to standard 

normal pdf ()p x  and cdf ()xF , respectively, written as below: 

 

()

2

21

2

x

p x e
p

å õ
-æ öæ ö
ç ÷=  (2.86) 

()
0

( )

x

x p y dyF =ñ  (2.87) 

 

where the last integral is the error function. 
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- Wave height distribution 

In engineering practice, the main interest is attracted by the wave height distribution rather 

than the surface elevation. Continuously, if wave energy is concentrated in a very narrow 

range of wave frequencies (or periods), and therefore the maxima of the wave profile coincide 

with wave crests and the minima with the troughs (this is termed a narrow-band condition), 

wave heights could be represented by the following Rayleigh distribution ([110]; [22]; [24]). 

The Rayleigh pdf and cdf are presented in Eqs 2.88 and 2.89: 
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P H e

å õ
-æ ö
æ ö
ç ÷= -  (2.89) 

 

where: 

 

2

1

1 N

rms i

i

H H
N =

= ä  (2.90) 

 

in which 
iH  is the ordered individual wave heights in a wave record. 

Various estimates of characteristic wave heights may then be obtained [1]: 

 

1/3 0

1/10 1/3 0

1/100 1/3 0

max 1/3

4.00 1.416

1.27 1.80 5.091

1.67 2.36 6.672

1.86

rms

rms

rms

H m H

H H H m

H H H m

H H   (for 1000 wave cycles in the record)

º =

= = =

= = =

=

 (2.91) 
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where: 
0m  is the zero moment of wave spectrum.  

The most probable maximum wave height related to 
rmsH  assuming N waves in a wave 

record is estimated [110] by: 

 

( )
max 3/2

0.2886 0.247
log

log log
rmsH N H

N N

è ø
= + -é ù
é ùê ú

 (2.92) 

 

It has been observed that deep wave height measurements from different oceans closely 

follow a Rayleigh distribution ([114]; [115]; [116]; [117]). However, studies of shallow-water 

wave records indicate the wave height histograms at these depths deviate from the Rayleigh, 

and other distributions seem to follow them better [118]; [119]; [120]. This is attributed to the 

bathymetric effects combined with non-linear wave-wave interactions that play a significant 

role in shallow-water depths. 

 

 

Figure 2.21 The Gaussian probability density function and cumulative distribution [1] 

 



CHAPTER 2 Existing knowledge background 

64 

 

 

Figure 2.22 The Rayleigh probability density function and cumulative distribution [1] 

 

- Wave period distribution 

Longuet-Higgins [121] and Bretschneider [122] derived the probabilistic distribution of wave 

period assuming that the wave period squared follows a Rayleigh distribution. This 

distribution is very similar to the normal distribution with a mean period by: 

 

Ὕȟ  (2.93) 

 

 

where the moments are defined in terms of cyclic frequency. 

The probability density function of wave period according to Longuet-Higgins [121] is given 

by: 
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( )
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 (2.94) 
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where 
0,1

0,1

T -T

T
t
n

=  and n is the spectral width parameter, which will be defined later. This 

pdf is symmetric about its maximum value at 0t= , and is similar to the normal distribution 

with a mean value equal to 0,1T . In general, the distribution for wave period is narrower than 

that of wave height and its spread lies mainly in the range of 0.5 to 2.0 times the mean wave 

period [1]. 

According to Bretschneider [122], the pdf of wave period is given by: 

 

()
4

3
( 0.675 )2.7 -=

m

T
p e

T

tt  (2.95) 

 

where: =
m

T

T
t  and mT  is the mean wave period. 

 

- Joint distribution of wave height and period 

Since wave height H and period T are somehow correlated, the following relation that 

estimates their joint pdf using only the marginal pdfs of H and T is inappropriate for ocean 

waves: 

 

( ), ( ) ( )p H T p H p T=  (2.96) 

 

Specifically, as far as the short-term joint distribution of wave height H and period T is 

concerned, Longuet-Higgins [22] was the first to introduce a probabilistic representation of 

sea waves, by extending the work of Rice [23] on electronic noise, and was able to calculate 

the joint pdf of H and T for narrow band spectrum. However, a disadvantage of that model 

was the symmetry of the joint pdf of H and T around some characteristic period, suggesting in 

this way a zero statistical correlation between the two parameters. Thus, Longuet-Higgins 

[24] considered the tendency that short-period waves have low heights, whereas high waves 

tend to be associated to longer periods, as it is observed in real sea states.  
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Particularly, assuming waves to be a Gaussian and a narrow-band random process, whose 

spectrum is concentrated in the vicinity of the mean frequency, the dimensionless joint pdf of 

wave amplitude and period is written by: 

 

( )
2 22

2

1 1 1
, exp 1 1

22
f L

v

x x
x h

h h np

ë ûè øå õ å õî î
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 (2.97) 

 

where: 

0/ mx r=  is the dimensionless amplitude 

/= mT Th  is the dimensionless wave period 

0 12 / 2 /= =mT m mp w p  is the mean wave period 

2

2

1

1om m

m
n= - 

 

and 
2

1
4

v
L= +  is a normalization required so that the integration of joint pdf over the entire 

sample becomes unity. 

Thus, the previous expression can be rewritten by: 
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 (2.98) 

 

where 0 x< <¤ and 0 h< <¤.
 

It is noted that the original expression differs slightly from the above expression. The first is 

given below by defining the dimensionless wave amplitude as 
0/ 2r mr= : 
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 (2.99) 

 

where 0 r< <¤ and 0 h< <¤.
 

In Figure 2.23, the contours of dimensionless joint probability density function of wave 

amplitude and period for ɜ=0.3 and ɜ=0.4. The results by Longuet-Higgins [24] showed good 

agreement with field data provided the spectrum is narrow banded and has a single peak 

[123]. Other researchers who studied the joint pdf of H and T by considering also narrow 

band spectra were Cavanie Ӣet al. [25], Lindgren and Rychlik [26], and Shum and Melville 

[27]. Besides, most of the researchers make the definition of wave period by the successive 

maxima and not on the basis of zero up- or down-crossing of surface elevation. The latter has 

broad application in engineering practice. 

 

Figure 2.23 Contours of dimensionless joint probability density function of wave amplitude and 

period for (a) ɜ=0.3 and (b) ɜ=0.4 [24] 

 

However, Memos [28] reviewed the existing results and proposed theoretical approximations, 

valid also for narrow and broad band spectra, known to be a better representation of real sea 

states than those assuming only narrow band spectra, and used the definition of wave period 



CHAPTER 2 Existing knowledge background 

68 

 

based on zero-crossing of surface elevation. Particularly, Memos and Tzanis [29], based on 

the theoretical approach by Memos [28], produced numerical results of the short-term joint 

distribution of H and T for deep water waves of any spectral bandwidth, based on the 

assumptions of ergodicity and normal distribution of free surface elevation. Their joint pdf 

was deduced for various correlation coefficients of H and T, denoted by r(H,T), providing 

characteristic probabilistic estimates in deep waters. Memos and Tzanis [30] extended their 

previous work by excluding swell from sea waves and the application of a wave breaking 

criterion in deep waters. The parameters that describe their methodology were the correlation 

coefficient between H and T, or the standard deviation of free surface elevation, and the 

representative wave steepness factor.  

Table 2.3 contains indicative values of mean wave height Hm, associated with the standard 

deviation of sea surface elevation, ůɖ, and the linear correlation coefficient r(H,T) [31]. 

Moreover, indicatively, three graphs derived from the methodology by Memos and Tzanis 

[30] and Tzanis [31] are presented in Figure 2.24.  

 

Table 2.3 Various sea states associated with specific values of ůɖ, r(H,T) and Hm [31] 

Standard Deviation ůɖ Correlation Coefficient 

r(H,T) 

Mean Wave Height ȼm 

0.5m 0.266 1.020m 

0.6m 0.383 1.103m 

0.7m 0.485 1.266m 

1.0m 0.495 2.187m 

1.5m 0.570 3.755m 

 

 

Figure 2.24 Joint pdfs of H/Hm and T/Tm in deep waters associated with specific values of 

standard deviation ůɖ or corr elation coefficient r(H,T) ([31]; [30]) 
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A detailed review concerning the wave parameters probabilistic distributions was made by 

Soares [124]. Improvement of Longuet-Higgins [24] Gaussian models was made by Stansell 

et al. [125] by proposing some new marginal and joint pdfs of wave envelope and local wave 

period. Furthermore, Zhang et al. [126] investigated the differences between marginal and 

joint pdf of wave parameters produced by the linear theoretical model by Longuet-Higgins 

[24] and the empirical ones, derived from waves produced in wave basins. 

 

- Probabilistic wave parameters in shallow waters 

In shallow waters, the solid boundary of the sea bottom plays a significant role in wave 

transformations, such as wave refraction, shoaling, breaking, and wave-wave interactions that 

make the estimation of wave parameters probabilistic distributions more complicated than in 

deep waters.  

As far as the probabilistic distribution of wave height in shallow waters is concerned, Collins 

[127], Mase and Iwagaki [128], and Dally and Dean [129] proposed a method for estimating 

this distribution by applying a monochromatic individual wave model for shoaling and 

breaking. Dally [130]; [131] and Kuriyama [132] also contributed to this approach. 

Glukhovskiy [133] and Klopman [134] proposed a pdf for wave heights that considers the 

impact of depth-limited wave breaking on the distribution, by making the exponent of the 

Rayleigh distribution an increasing function of the ratio of wave height towards the water 

depth. 

Battjes and Groenendijk [135] derived wave probabilistic distributions on shallow foreshores 

by analyzing laboratory data and proposed generalized empirical parameterizations as a 

function of local energy, water depth and bottom slope. Myrhaug and Fouques [136] provided 

a joint distribution of wave height and surf similarity parameter (or else Iribarren number) for 

individual waves within a sea state via the use of the joint pdf of wave height and wave 

steepness by Myrhaug and Kjeldsen [137] representing Norwegian continental shelf data. 

Regarding the joint pdf of wave height and period in intermediate and shallow waters, 

Chondros and Memos [32] extended the work of Memos and Tzanis [30] concerning the joint 

pdf of H and T, by taking into account the nonlinear wave-wave interactions, and produced 

characteristic images of joint pdf of H and T in shallow waters for various storm intensities, 

wave incidence, and bed slopes, by using a Boussinesq wave propagation model [7]. It is 
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noted that in their method [32], wave directionality in deep waters was also considered [138] 

via the use of a theoretical expression of wave directional spreading, and the joint pdf of H, T, 

and wave direction ɗ in deep waters were transformed into time series of surface elevation, in 

order that the Boussinesq wave propagation model be implemented. 

 

2.4.2 Marine water level 

Marine water level is important since: 

¶ most instances of coastal flooding and/or coastal structuresô damage occur during 

high water levels 

¶ wave transmission and wave overtopping on marine and coastal structures depend on 

the Still Water Level (SWL) 

¶ a coastal area or a structure may be exposed to different risks of vulnerability 

depending on SWL 

¶ wave conditions also depend on SWL since wave height is limited in a different way 

by different water depths. 

¶ wave forces upon coastal structures are usually affected by SWL 

¶ the overall water level regime affects coastal structuresô construction and 

maintenance. 

The existing water level consists of different components, which should be considered during 

a structureôs design process. Apart from the astronomical forcing (i.e. tide), rare seismic 

forcing (i.e. tsunami), there are also several meteorological effects, causing water level 

variations to be considered. The latter consist of storm surge, wind set-up, wave set-up etc.  

Besides, sea level rise due to climate change affects SWL at a long-term level, and should 

also be considered especially when a coastal structure lifetime is significantly large. 

Usually, the most important components of water level at any moment are the astronomical 

tide and the storm surge [55]. The former is cyclical with a period that depends on the relative 

significance of astronomical forces at a particular location (e.g. along the Atlantic European 

coasts tide lasts 12 hr and 26 min on average) and the latter occurs randomly, as an individual 

event with duration of approximately half a day to one day, peaking about mid-way [55]. 

The variation with time of water level due to astronomical tide and storm surge is depicted in 

Figure 2.25. 
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Figure 2.25 Variation with time of water level due to astronomical tide and storm surge [55] 

 

2.4.2.1 Mean sea level 

For coastal waters open to the open sea, the mean water level can be taken as a site-specific 

constant related to the mean sea level (MSL) of the oceans. For example, in some areas, like 

the eastern Mediterranean Sea, the MSL varies slightly, according to the time of the year, in a 

more or less predictable manner. Specifically, sea level changes vary between 0.05 m and 

0.15 m, whereas in the rest of the Mediterranean Sea differences up to 0.30 m may be 

observed in some locations [55]. 

 

2.4.2.2 Tidal sea level variations 

Tides are mainly generated by the gravitational attractions of the Moon and Sun, which are 

proportional to their masses and the inverse square of their distances from the Earth. Despite 

that the mass of the moon is much smaller than the Sun, the moon is closer to the earth; 

consequently it has a greater impact on tides compared against the Sun. Besides, near full 

moon and new moon, the Sun and Moon act in the same direction giving thus higher tides, i.e. 

spring tides.  

The orbits of the Moon around the Earth and of the Earth around the Sun are not circular. 

Therefore, tides appear seasonal variations, and obtain their maximum amplitude of the year 

at the spring and autumn equinoxes, i.e. when the Sun crosses the equator and night and day 

are everywhere of equal duration [55]. Minor variations also occur during an 18.6 year 

period due to the variable angular disposition of the Sun and the Moon. This time period is, in 
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the vast majority of coastal structures, well below the design service life of the structures. 

Hence, this variable is not included in the environmental factors that influence the 

modification of the failure occurrence with time. 

As it is aforementioned, the driving forces of tides are astronomical. This means that tide is 

entirely predictable, or otherwise that the tidal ranges and currents prediction is deterministic. 

Continuously, it must be noted that tides belong to long waves and they are amplified in 

shallow waters and estuaries due to resonance phenomena and shoaling effects. Specifically, 

the tidal range, which is equal to twice the tidal amplitude, is generally less than a meter in 

the open ocean and may increase considerably in shallow water areas, i.e. the continental 

shelf. Large tidal amplifications are observed, e.g. in bays along the coasts of England and 

Wales (spring tidal range of up to 12 m), in the bay of Fundy, Canada (spring tidal range of 

up to 13 m), and around Saint-Malo in Normandy, France (spring tidal range of up to 14 m), 

whereas a 3-4 m spring tidal range is common in the southern North Sea [55]. 

Besides, Coriolisô force plays a significant role in explaining the large tidal ranges differences 

between different locations. Particularly tide amplitude is zero at amphidromic points (i.e. the 

further away from the amphidromic point, the higher the tide will be) and tidal wave 

propagates around amphidromic points counter-clockwise in the northern hemisphere, while 

the tidal circulation in the southern hemispheres of the oceanic basins occurs clockwise. 

 

2.4.2.3 Storm surge 

Meteorological forces, namely atmospheric pressure and wind, may also affect sea level 

during storms. This section focuses on atmospheric pressure effects, because the wind driven 

effects on sea level (i.e. wind set-up) are described in the following section. 

Sea level varies depending also on the weather conditions. Pressure and wind effects are often 

combined during storms generating long waves, called storm surges, with a characteristic 

time-scale of several hours to one day and a wavelength that varies between 150 and 800 km 

[55]. In practice, the storm tide level term is used to include the astronomical tide (see Figures 

2.26, 2.27) and often and other meteorological effects.  

Continuously, atmospheric pressure has a direct influence on the sea level. Specifically, high 

atmospheric pressure exerts a force on the surroundings and results in water movement, i.e. 

high atmospheric pressure over a sea area corresponds to low sea level and conversely low 
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atmospheric pressure (a depression) results in higher sea levels. This is called the inverse 

barometer effect [139]. 

The atmospheric pressure is 1013.25 hPa in normal conditions. Since atmospheric pressure 

normally varies between 950 hPa and 1050 hPa during a year and a deviation of 1 hPa in 

atmospheric pressure results in change in water level by approximately 1cm, the expected 

variation in sea level due to air pressure is between +63 cm and -37 cm around mean sea 

level. This atmospheric pressure effect on sea level is described by the following formula: 

 

P h gD D r=  (2.100) 

 

where: PD  represents atmospheric pressure difference from normal conditions (i.e. 1013.25 

hPa), hD  is the corresponding change of seawater level due to pressure, r is the density of 

seawater, and g  is the gravity acceleration.  

In accordance to tidal long waves, the height of long waves caused by storm surges may 

increase considerably as a result of amplifications due to shoaling in the nearshore zones. 

 

 

Figure 2.26 Water level differences for storm surge, storm tide, and a normal (predicted) high 

tide compared to mean sea level 

(https://www.al.com/news/index.ssf/2018/09/hurricane_florence_storm_surge.html) 

https://www.al.com/news/index.ssf/2018/09/hurricane_florence_storm_surge.html
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Figure 2.27 Storm tide and its components 

(https://en.wiktionary.org/wiki/storm_tide) 

 

2.4.2.4 Wind set-up 

Shear stress exerted by wind on seawater surface causes a slope in the water surface (see 

Figure 2.28) and consequently wind set-up and set-down occur at downwind and upwind 

boundaries [55]. 

 

 

Figure 2.28 Wind set-up [55] 

 

The long wave equations can be used to describe the change in seawater level induced by 

wind blowing over bodies of water such as a continental shelf [140] or a lake. Although the 

wind stress is usually very small, its effect, when integrated over a large body of water, can be 

significantly increased.  

The wind stress acting on the water surface is represented as: 
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w
W Wt r= k  (2.101) 

 

where: r is the mass density of water, W  the wind speed vector at a reference elevation of 

10 m, and k  is a friction of order 10
-6
. Numerous studies have been made for k  (see [141]) 

and one of the more widely used sets of results is that of Van Dorn [142]: 
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 (2.102) 

 

where cW =5.6 m/s. 

 

For a bottom profile with straight and parallel bottom contours, and the wind blows at an 

angle ɗ to the coast normal (see Figure 2.29), then the offshore wind shear stress is 

cos
xw w
t t q= . The wind-induced gradient of the still water surface, along the x-axis (taken 

normal to the shoreline) can be computed via the following Equation: 

 

( ) xw

n

x g h

h
t

r h

µ
=

µ +
 (2.103) 

 

The factor n lumps the effect of the bottom friction in the wind shear stress. This factor is 

greater than 1, and typical values are 1.15 to 1.30 [118] . 
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Figure 2.29 Plan (left) and cross-sectional view of the coast [143] 

 

Two examples of bottom profiles are presented below aiming at calculating the wind set-up 

due to a constant and uniform wind (
xwt  is not a function of x) blowing over a continental 

shelf of width l. The first case (a) is that of a constant depth, 
oh  and the second one (b) is that 

h is a linear function of x: 1o

x
h h

l

å õ
= -æ ö
ç ÷

. 

(a) The governing equation (Eq. 2.104) can be written as: 

 

( ) xwn
h

x g

µ
+ =
µ

th
h

r
 (2.104) 

 

Since h is not a function of x, solving of Eq. 2.105 through integration gives: 

 

( )
2 2

xwn x
h C

g
+ = +

t
h

r
 (2.105) 

 

To evaluate the constant C of the integration, the wind set-up is assumed to be zero in deep 

waters, i.e. at x=0. Thus, after substitution for C, Eq. 2.106 is written as: 
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or 
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and in dimensionless form: 

 

() 2
1 1

o

x Ax

h l
=+ + -

h
 (2.108) 

 

where 
2
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o
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A
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t

r
 a ratio of shear to hydrostatic forces [143].  

 

(b) For a plane sloping bottom, the governing Eq. 2.104 can be rewritten as: 
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Separation of variables and evaluating C as before leads to: 
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or in dimensionless form: 
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These two solutions (Equations 2.109 & 2.112) are plotted in Figure 2.30 showing the effect 

of the bottom to the wind set-up. It is clear from both equations and Figure 2.33 that the 

sloping bottom causes an increase in the wind set-up compared against the flat bottom. 

Particularly, the governing Eq. 2.104 indicates that for a given wind stress, the water surface 

slope depends on the local water depth in such a way that the water surface slope is greater in 

shallower waters. 
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Figure 2.30 Dimensionless wind set-up surge versus dimensionless distance of a continental shelf 

for two cases of dimensionless wind shear stress [143] 

 

2.4.2.5 Wave set-up 

Wave set-up is mainly caused by energy dissipation caused by water depth-induced breaking 

of incoming waves (see Figure 2.31) and is localized near the shoreline. For a plane sloping 

bottom (straight and parallel contours), regarding 1D situation, the gradient of the wave set-up 

ɖ (m) along the x axis (taken normal to the shoreline) can be computed via the following 

equation: 

 

( )
1 xxS

x g h x

µ µ
=-

µ + µ

h

r h
 (2.112) 
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where xxS  (N/m) is the component of the radiation stress tensor normal to the coast which is 

estimated considering the linear wave theory as below: 

 

( )
21 1 2

8 2 sinh 2
xx

kd
S gH

kd

è ø
= +é ù

ê ú
r  (2.113) 

 

where H  is the wave height, k  is the corresponding wave number (rad/m), and d h= +h is 

the actual water depth. 

 

 

Figure 2.31 Wave set-up [55] 

 

Using linear wave theory for normally incident regular waves, Battjes [144] derived a first 

estimate of wave set-up at the shoreline. The following equation estimates the wave set-up: 

  

max 0.3 br bHh g=  (2.114) 
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where brg  is the breaker index or maximum wave height to water depth ratio, and bH  is the 

wave height at the breaker line for regular waves. 

For the case of a planar beach, Bowen et al. [145] used the shallow water linear wave theory 

for the radiation stress, used the approximate relation ( )brH h=g +h in the surf zone and 

derived the following relation for the wave set-up: 

 

( )
1

b bh h
K

h-h = -  (2.115) 

 

where 
2

8
1

3 br

K = +
g

 (2.116) 

 

Besides, Goda [4] proposed a chart, according to which the shoreline set-up can be estimated 

for uniformly beaches (slope varying from 1/100 to 1/10) as a function of Hoȭ/Lo, where Hoȭ is 

the equivalent deep water significant wave height obtained from the actual deep water 

significant wave height corrected for refraction effects. 

 

2.4.2.6 Seiches 

Seiches are standing wave oscillations caused by some excitation mechanism and trapped by 

the general geometry and bathymetry of a water domain like a harbour basin or a lake. 

Harbour oscillations are long period waves, since their periods vary between 2 min and 40 

min. Vertical motions are generally small in contrast to horizontal motions. Oscillations are 

most damaging when their period coincide with a natural resonant period of the basin.  

Seiches are normally observed in completely enclosed water bodies, e.g. lakes and closed 

seas. Regarding the simplest case, which corresponds to a rectangular closed basin of width, l, 

and constant water depth, h, the standing wave oscillations occur when the ratio of l to half of 

the wavelength L is an integer, as written below: 

/ 2l nL=  with 1,2,3,...n=  (2.117) 
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If the shallow water approximation is used in the dispersion relationship, the periods of 

seiches nT  can be estimated by the following equation [55]: 

 

2
n

l
T

n gh
=  with 1,2,3,...n=  (2.118) 

 

In a similar way, for a semi-enclosed basin, the periods of seiches nT are obtained by the 

system of the following two equations: 

 

4 2
L Ll n= +  with 0,1,2,3,...n=  (2.119) 

 

4

(2 1)
n

l
T

n gh
=

+
 with 0,1,2,3,...n=  (2.120) 

 

2.4.3 Assumptions in predicting wind-driven waves from offshore wind data 

The process of wave generation by wind can be explained by combining the resonance model 

developed by Phillips [146] and the shear flow model developed by Miles [147]. This topic 

will not be further analyzed here, since is not within the scope of the present thesis. 

There are three wave conditions that can be estimated by using simplified wave predictions 

[148]. The first occurs when the wind blows with a constant velocity and direction over a 

certain fetch length for sufficient time for the waves to travel the entire fetch length. In this 

situation, wave characteristics will only depend on the fetch length and wind velocity. These 

wave conditions are known as fetchȤlimited, and it is assumed that steady state wave 

conditions are achieved for that fetch length [1]. If the wind duration is less than the required 

time for the waves to travel the fetch length, the wave conditions will depend on duration, and 

such wave conditions are described as durationȤlimited. Wind blowing for an unlimited 

duration over an unlimited distance will have a limited fetch length, beyond which the waves 
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do not continue to grow. This limiting condition is called a fully developed sea, and the rate 

of energy input to the waves from the wind is balanced with dissipation by wave breaking and 

turbulence [1]. 

It is noted that in the followings sections, SI units will be used in all equations presented. 

The general equation for fetch-limited wave development for short fetches can be derived by 

combining the JONSWAP growth law for the peak frequency, an equation for the fully 

developed frequency, and an assumption that the group velocity of a local wave field is 

approximately equal to 0.85 times the spectral peakôs group velocity [1]. Consequently, the 

duration required for waves crossing a fetch length of X  under a wind speed u  to become 

fetch-limited is given by: 

 

0.67

, 0.34 0.33
77.23x u

X
t

u g
=  (2.121) 

 

Referring to the case of wave growth with fetch, the following equations provide estimations 

of the energÿ́ based significant wave height 
0mH , and peak period pT , based on wind 

speed, and fetch: 
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2

*

2

10

D

u
C

U
=  (2.124) 

( )100.001 1.1 0.035DC U= +  (2.125) 
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where: 

X  is a straight line fetch distance under the wind blows 

DC  is the drag coefficient 

10U  is the average wind speed at 10 m above the mean water level, and 

*u  is the friction velocity 

Assuming fully developed wave conditions, the following equations can be used to provide 

estimates of 
0mH , and pT : 

 

*

20

2
2.115 10mgH

u
= Ö  (2.126) 

2

*

2.398 10
pgT

u
= Ö  (2.127) 

 

Equations governing duration limited wave conditions can be obtained by converting duration 

t  into an equivalent fetch given by: 

 

*

3/2

3

2

*

5.23 10
gX gt

u u

-å õ
= Ö æ ö

ç ÷
 (2.128) 

 

The equivalent fetch X  estimated from Eq. 2.129 can then be substituted into the equations 

(Eqs 2.123 and 2.124) referring to fetch-limited wave conditions in order that duration-limited 

estimates of 
0mH  and pT  be obtained.  

Indicatively, in Figure 2.32 an example of wind data for the Station of XIOS island in Aegean 

(Greece) is presented, as provided by the Hellenic National Meteorological Service. Figure 

2.33 depicts the wind rose diagram extracted from the wind data, presented in Figure 2.32. 

These data could be used for wind-driven wave predictions in deep waters. 
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Figure 2.32 Wind data for the Station of HIOS island in Aegean (Greece)  

(Hellenic National Meteorological Service) 

 

 

Figure 2.33 Wind rose diagram for Station of Hios in the Aegean (Greece) estimated from the 

wind data for the Station of Hios island 
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2.5 Estimating long-term wave statistics from analysis of sea states 

2.5.1 Probability definition and  the perspective of statistics 

It is noted that the statistical method adopted in the present thesis is the classical perspective 

of statistics, i.e. the Frequentist. Frequentist statistics calculates the probability of an event as 

its proportion in the long run of an experiment (i.e. the experiment is theoretically repeated 

infinite number of times under the same conditions to obtain the outcome). An alternative 

approach to the problem of statistics is the Bayesian inherence, which use Bayes theorem to 

combine the prior probabilities and the likelihood from the data to get the posterior 

probability of an event. Bayesian probability is an interpretation of the concept of probability, 

in which, instead of frequency of some phenomenon, probability is interpreted as reasonable 

expectation [149] representing a state of knowledge [150] or as quantification of a personal 

belief [151].  

 

2.5.2 Univariate analysis 

Information on the statistical representation of sea severity is vital for the design of marine 

systems and coastal structures. Referring to sea severity, all sea conditions are taken into 

consideration and not only the severest storm expected to occur during a marine 

system/coastal structureôs lifetime [10]. The statistical analysis of all sea conditions is 

especially necessary for evaluating fatigue loadings and the cumulative damage of the system. 

The most commonly available information on sea severity is the probability distribution of 

one variable, the significant wave height Hs, which can be estimated from the statistical 

analysis of data accumulated over several years [33]. 

In fact, there is no scientific basis for selecting a specific distribution for Hs. This is because, 

wave measurements are site specific and sea severity depends on the geographical location 

where the data are obtained, the water depth, wind direction, frequency of occurrence of 

storms, etc., [10]. Thus, various probability distribution functions (pdfs) have been proposed 

which appear to best fit various observed datasets. These include the lognormal distribution 

[14], the three-parameter Weibull distribution ([152]; [58]), the Gamma distribution [153] etc. 

In general, the lognormal distribution represents well the greater part of data, but diverges 

from the data for extreme Hs which are critical for the design of marine and coastal structures. 

Specifically, the lognormal cumulative distribution often diverges to unity much slower than 

the data of Hs. Another general trend observed on the statistical distribution of Hs is that large 
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significant wave heights can well be represented by the Weibull distribution, but 

approximately 30 percent of the lower part of the dataset fails to follow [10]. 

Another attempt to find an appropriate distribution for the total range of Hs data was made by 

Ochi [154], who found from the statistical analysis of Hs data that the cumulative distribution 

of the standardized generalized gamma distribution is nearly equal to the lognormal 

distribution up to 0.90, but the former converges to unity much faster than the latter. Thus the 

generalized gamma distribution seemed to represent the total dataset much better than the 

lognormal distribution in his study. 

The parameters of these distributions are selected so that the likelihood function or the log-

likelihood function is maximized.  

The lognormal pdf is defined as follows: 

 

( )
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 (2.129) 

 

where: ɛ is a location parameter and s is a scale parameter, i.e. the mean value and the 

standard deviation of ()ln x .  

The 3-parameter Weibull pdf is defined as follows: 

  

1
x x

f (x; , , ) exp

b- bè øb -g -gå õ å õ
a b g = -é ùæ ö æ ö

a a aç ÷ ç ÷é ùê ú

 (2.130) 

 

where: a, b, and g are the scale, shape, and location parameter respectively. For 0g=, Eq. 

2.131 simplifies to Eq. 2.132, i.e. the 2-paremeter Weibull pdf: 
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The ɔ parameter of the 3-parameter Weibull distribution is regarded as a constant and known 

beforehand. 

Another candidate pdf for Hs is the 2-parameter Gamma distribution defined as follows: 

 

()
( )11

f (x; , ) x exp x / ,   x>0, Ŭ>0, ɓ>0a-

a
ab = - b

b G a
  (2.132) 

 

where: Ŭ is a shape parameter, b is a scale parameter, and G is the Gamma function. 

The pdf of the generalized gamma distribution (non-standardized form) is as follows: 

 

()
( )

ccm 1cmc
f (x; ,c,m) exp xx

m

-
l = - l

G
è øl ê ú (2.133) 

 

where: G is the Gamma function. 

 

2.5.3 Multivariate analysis 

Nowadays, the role of other variables except for Hs in the stability of coastal and marine 

structures has been realized, necessitating a multivariate analysis that involves a number of 

variables. In particular, the joint effect of Hs and Tm on those structuresô stability has been 

realized (e.g. [11]; [155]). Thus, the information on long-term wave statistics is broadened to 

a great extent by including, in addition to wave height, wave period, usually the average zero-

crossing value of wave periods in a specified sea state, denoted by Tm. 

In order to estimate the joint pdf of Hs and Tm, the study of bivariate distribution models and 

correlation between the variables is required. One of the first approaches was proposed by 

Ochi [14], who adopted the bivariate lognormal distribution to represent significant wave 

heights and average zero-crossing periods, resulting from an exponential transformation of 
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the bivariate normal distribution. This approach although simple to apply, is based on the 

assumption that the logarithms of the data are normally distributed, and although this may 

happen for low and moderate values of Hs, it is not applicable for extreme sea states. The joint 

pdf of this model can be written as: 
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in which , , ,
s m s mH Tl l d dT H

 are the location and scale parameters of the marginal pdfs of 

, H Ts m respectively [156] and r is their linear correlation coefficient. All of the parameters 

mentioned here are estimated using the Maximum Likelihood estimation procedure. 

A bivariate lognormal curve with correction for skewness [15] was an attempt to improve the 

bivariate lognormal model, when there is clear evidence of skewness in the log transformed 

data of Hs. The pdf of the bivariate log-normal model with correction of skewness is: 
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where: 
sHk  is the skewness coefficient for log sH  [156]. 

Furthermore, a model, based on the marginal distribution of Hs and the conditional 

distribution of Tp for given Hs, could increase its flexibility and accuracy, and was adopted by 
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Haver [16], and Bitner-Gregersen and Haver [17]. Guedes Soares et al. [18], Lucas and 

Guedes Soares [19], Papanikolaou et al. [20], and Malliouri et al. [33] have used a similar 

model based on the marginal distribution of Hs and the conditional distribution of Tm, referred 

hereinafter as the conditional model. Other approaches have also been developed for the same 

purpose (e.g. [21] etc.). However, in the cases examined by Lucas and Guedes Soares [19] 

and Papanikolaou et al. [20], it was showed that the conditional model represented more 

accurately Hs and Tm data than the other models tested. Thus, in the present thesis the 

conditional model is used to fit bivariate distributions of Hs and Tm to the available data sets, 

written as below:  

 

( )f H , T =f (T |H )f (H )s m m s s  (2.136) 

 

where f (T |H )m s  is the conditional pdf of Tm given Hs, and f (H )s  is the marginal 

distribution of Hs. Moreover, it was shown by Mathisen and Bitner-Gregersen [58], Guedes 

Soares et al. [18], and Lucas and Guedes Soares [19], that f (T |H )m s  can be modeled by a 

lognormal probability distribution, i.e., 
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where, according to Mathisen and Bitner-Gregersen [58], the parameters of the conditional 

lognormal pdf can be written as functions of Hs as below: 
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where 
1 2 3 1 2a ,a ,a ,b ,b, and 

3b  are constants determined from fitting of the curves described 

by Eq. 2.139  to the data. 

Furthermore, information on wave directionality is also important in representing accurately 

wave fields, since wind wave energy spreads over various directions, though the major part of 

the energy may propagate in the wind direction. Also, it is known that wave forces on 

maritime structures, computed assuming that the wave system is unidirectional, are not only 

overestimated but the associated coupled responses induced by waves propagating from other 

directions are also disregarded [10]. Besides, according to Laface et al. [13], it is important, 

for several marine applications, to consider directionality during storms in order to determine 

the long-term statistics for any directional sector. 

 

2.5.4 Integration of short- with long-term wave statistics  

The statistical properties of waves accumulated over a long period of time are of great interest 

and importance e.g. for the design of coastal and marine structures. The knowledge on the 

joint distribution of individual wave height H and period T of each short-term sea state over a 

long period of time provides vital information for the evaluation of the wave loads on these 

structures. In this way, information can be provided on the direct loadings towards the 

structures and not only on the representative loadings which come from the statistical analysis 

of the first, as in the case of the joint distribution of Hs and Tm [33]. This information can be 

very useful for the design of these structures. The long-term statistics of individual wave 

height or the long-term pdf of H was developed by Battjes [36], as an accumulation of the 

statistics for all short-term sea conditions, considering the frequency of occurrence of each 

short-term sea state. According to his approach, the long-term pdf of H is defined as: 

 

short long m s s m

long

long m s s m

f (H) f (T , H ) N dH  dT
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Ö Ö
=
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 (2.139) 

 

where 
shortf (H)  is the short-term pdf for H, N  is the number of waves in each short-term sea 

state that is considered constant, and 
long m sf (T , H )  corresponds to the long-term pdf of Hs 

and Tm. 
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2.6 Estimating extreme sea conditions 

Preliminary or deterministic design of coastal structures is based on the extreme value 

analysis of their environmental loadings. In this approach, appropriate return periods of the 

environmental parameters need to be specified, typically of 100 years or sometimes of 1000 

years or even more, in order to meet the reliability requirements. However the uncertainties 

associated with long return period criteria are usually large, as the available data (from 

measurements and/or hindcasts) usually cover a relatively small period [157]. 

 

2.6.1 Univariate extreme value analysis 

Univariate extreme value analysis theory includes models for block maxima (Block Maxima 

Method) and models for exceedances over an appropriately selected high threshold (Peak 

over Threshold ï POT method). In the following paragraphs, the two methods will be 

described. 

2.6.1.1 Block maxima method 

Block Maxima Method uses the Generalized Extreme Value (GEV) distribution, which 

combines the Gumbel, Fr®chet, and Weibull families into its one family. The cumulative 

distribution function (cdf) of GEV is written as below ([54]; [158]): 
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, for location parameter ( ),mÍ -¤ +¤, scale parameter 

0s> , and shape parameter ( ),xÍ -¤ +¤. The subset of the GEV family when 0x­  leads 

to the Gumbel family, with cumulative distribution: 
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The parameters of the GEV can be estimated using different techniques, i.e. the maximum 

likelihood estimation procedure, and the method of L-moments [159]. 

As far as the return periods and the corresponding return values are concerned, if the annual 

maxima are GEV distributed with parameters , ,s m and x, the return period 1/r pT= , 

where p  is the annual exceedance probability is defined by: 
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so that the corresponding return value is: 
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It is noted that in order to extrapolate the annual exceedance probability p , estimated in the 

sample of annual maximum observations, to longer reference period than one year, Eq. 2.6 

could be used by substituting 
*

,1 ,f y eP  with p . 

 

2.6.1.2 Peak over threshold method 

Referring to modeling from the perspective of peaks over threshold, Pickands [160] showed 

that the conditional cumulative distribution ()uF x  of a random variable X , of a continuous 
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cumulative distribution F , given exceedances X u>  of a sufficiently high threshold u , can 

be approximated by a Generalized Pareto distribution, which is written as below (see also 

[54]): 
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and 
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where: threshold ( ),uÍ -¤ +¤, scale parameter 0s> , and shape parameter ( ),xÍ -¤ +¤, 

1 0
x u
x
s

-
+ >. When 0x> , the distribution has a heavy and unbounded tail and belongs to 

Fr®chet domain, which means that its tail is not exponentially bounded, and extreme values 

have a higher probability than in distributions with exponential or higher tails. Continuously, 

when 0x< , the distribution implies a finite upper bound on the right (extreme area) by 

max /x u s x= +  [52] and belongs to the Weibull domain of attraction. Finally, when 0x= , the 

distribution is the exponential one. 

Since the GP distribution is an asymptotic law, its threshold must be high enough. However, 

the higher the threshold, the greater the uncertainties, because the amount of data left is 

smaller [52]. 

We have now considered that the exceedances of a sufficiently high threshold follow the GP 

distribution. Also, it is noted that the storm occurrence follows a Poisson distribution with 

parameter l, which is equal to the mean number of storms per year. Therefore, the GP-

Poisson model is adopted, and thus a Poisson distribution should be fitted to the data. 
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Poisson distribution 

It is noted that the Poisson distribution is a discrete probability distribution that expresses the 

probability of a given number of occurrence of events in a fixed interval of time or space, if 

these events occur with a known constant mean rate and independently of the time since the 

last event [161]. The probability mass function of the variable X that follows the Poisson 

distribution [162]: 

 

( ) ( ), Pr
!

ke
f k X k

k

ll
l

-

= = =  (2.146) 

 

where: 

e  is the Eulerôs number (e=2.71828...) 

!k  is the factorial of k  

The positive real number l is equal to the expected value of X, i.e. the mean value, and its 

variance: 

 

( ) ( )E X Var Xl= =  (2.147) 

 

Steps of POT Analysis 

(1) The first step is to extract homogenous data from buoy measurements or hindcast data, 

etc. Such homogenization could be the separation of data/sea states into independent wave 

systems, the separation in directional sectors or the seasonal analysis of those data [52]. 

According to Mathiesen et al. [163], homogenization may be the most important step in the 

extreme value theory analysis. 

(2) The second step is the extraction of storm peaks from the homogenous sea states (selected 

at step 1). To do this, we take into account that the POT assumptions of independent and 

identically distributed data should be satisfied. Firstly, a threshold u1 for Hs is selected to 
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select weak and strong storms from the dataset extracted at step 1. Besides, a minimum calm 

period between two consecutive storms should be selected to ensure that their storm peaks are 

independent (see Figure 2.34). For example, according to Li et al. [164], the minimum time 

interval between two successive storms was set at 6 hours, i.e. any two storms with time 

interval less than 6 hours were considered as one storm event. Therefore, the dataset of the 

maximum significant wave heights Hs,p is derived from this procedure. Referring to the 

selection of u1, it should be high enough to distinguish and separates two consecutive storms, 

but also low enough to be below the extreme area [52]. 

 

Figure 2.34 Definition of independent storm events [165] 

 

(3) The third step is the selection of another threshold u2 higher than u1. The selection of u2 

needs to be more precise than that of u1, since the storm peaks above u2 should follow the 

same extreme probability distribution. Using the properties of GP distribution (if storm peaks 

follow a GP distribution) to determine u2, two different methodologies are commonly used. 

Precisely, an appropriate threshold u2 value could be selected by examining the domain of 

stability of the shape parameter x , and the stability of modified scale parameter 

*

2us s x= -  or the linearity of the scale parameter s of the GP distribution with respect to 

2u  (see e.g. [61]). The domain of stability is the interval of u2 where the shape and modified 

shape parameters remain roughly constant, or the interval of u2 where the shape parameter 

remains constant and the scale parameter a linear function of u2. The second procedure for 

threshold selection is to search for the domain of threshold u2 where the mean residual life 

plot is approximately linear in u2 [62]. The mean residual life plot is defined as the locus of 

points: 
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where: ix  is i-th observation that exceeds 2u  and maxx  is the largest of 2X u> . 

In both methods, the interest is focused on the highest domain of stability (firstly mentioned 

method) or of linearity (secondly mentioned method), since this belongs to the extreme 

area/asymptotic domain. Moreover, the lowest value of this highest domain is the most 

appropriate, as does not limit the amount of data that is needed to be kept as large as possible 

to ensure reliable estimates of return values, extracted from the GP-distribution fitting to the 

dataset. 

Thus, if en  is number of observations (e.g. of Hs,p) that exceed 2u  and Y  is the number of 

years of observations, then the mean value of the Poisson distribution l is equal to: 

en

Y
l=  (2.149) 

Furthermore, Mazas and Hamm [52] recommend that l should stand approximately between 

2 and 5, i.e. if Y  is low a value around 5 is more appropriate, whilst if Y  is relatively large 

(around 40-50 years) a value close to 2 is more advisable. 

The second and third steps of over-threshold modelling of environmental time series, which 

were introduced by Bernardara et al. [50], provide a relevant event-based framework that 

stems from the standard practice that the analyst generally deals with a time series of discrete 

observations of a variable at a given time step, while the conventional tools provided by the 

extreme value theory assume that the dataset is independent and identically distributed [63]). 

Each event or else storm extracted from the dataset has a duration and other characteristic 

parameters such as Hs,p mentioned above, or average mean wave period Tm of storm, average 

significant wave height Hs,m of storm, etc.  

It is noted that this event-based framework for over-threshold modelling of environmental 

time series has been also used for multivariate analysis by Mazas and Hamm [63]. 
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Alternative distributions  

There are also some other models for describing exceedances x of a threshold u , e.g. fitting 

the conditional distribution ()uF x , i.e. the conditional cumulative distribution of a random 

variable X  given exceedances X u>  of a sufficiently high threshold u , with ()uF x  given 

by the Weibull cumulative distribution, written as below. 

 

() 1 expu

x u
F x

a

b

è øå õ-
= - -é ùæ ö

é ùç ÷ê ú

 (2.150) 

 

where: ( ), , , 0,u x ua bÍ -¤ +¤ > > and the Gumbel cumulative distribution; 

 

() exp expu

x u
F x

b

ë ûè øå õ-î î
= - -ì üé ùæ ö

ç ÷î îê úí ý
 (2.151) 

 

for ( ), , 0u bÍ -¤ +¤ >. 

For example, fitting using the Weibull distribution implies that the distribution is unbounded 

on the right hand side, whilst the use of the GP distribution avoids this constraint. For this 

reason, fitting using Weibull and GP distributions is expected to give similar estimates for 

return values associated with return periods of the order of that of the sample, but different 

estimates for longer return periods [157]. 

However, some researchers recommend the GP form for ()uF x  based on the goodness of fit 

alone (e.g. [166]) and many others based on theoretical considerations (e.g. [160]; [62]).  

 

Unconditional POT distribution  

The unconditional cumulative distribution F  of peaks over threshold is written as: 
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where, 
2up  is the exceedance probability of the threshold 2u . 

 

Return values of Hs and encounter probabilities 

It is a standard practice to interpret extreme value models in terms of quantiles or return 

levels. Thus, suppose a GP distribution with parameters s and x is a suitable model for 

exceedances of a threshold u  by a variable X , then for X u>  it applies [62]:  
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which follows that: 
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where: ( )ɕ Pru X u= > . Hence, the level 
mx  that is exceeded on average once every m 

observations is the following equation: 
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and thus,  
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If 0x= , we have: 

 

( )logm ux u ms z= +  (2.157) 

 

To provide return values on an annual scale, the 
rT -return level 

rTx , where 
rT  is the return 

period in years, is expressed as follows: 
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where l is the number of extreme observations per year, defined by Eq. 2.160. 

To connect with the previous theory, the threshold mentioned in this section denotes the 

threshold 
2u , thus 

2u u=  here. 

 

2.6.1.3 Parameters estimation 

Mathiesen et al. [163] mentioned three methods for the estimation of the extreme 

distributionsô parameters: least squares methods, the method of moments, and the Maximum 

Likelihood Estimator (MLE). The most efficient and handy method is to use the MLE, which 

maximizes the likelihood function of the fit, defined by: 
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where, fq is the joint density function (with parameter q) at the sample observations 
iX . 

Also, the log-likelihood function is usually used, since it is much easier to be estimated: 

 

( ) ( )( )1
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,..., | ln ;
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2.6.1.4 Best fit selection 

Once several candidate distributions are fitted to the data, the best fit should be determined. 

For this purpose, objective Bayesian criteria are used. The first one is the Bayesian 

Information Criterion (BIC), also known as the Schwarz Criterion [167], which minimizes the 

bias between the unknown ñrealò model and the fitted model. Assuming that the sample size 

N  is large enough, BIC is given by: 

 

BIC 2ln lnpL k N=- +  (2.161) 

 

where: L  is the likelihood of the fit, and 
pk  is the number of the parameters of the 

distribution tested. 

The second criterion is the closely related Akaike Information Criterion (AIC) that provides 

the best compromise between bias and variance [168]. Therefore it can be interpreted as the 

sum of two terms (the first term is the bias and the second one is the variance) given below: 

 

AIC 2ln 2 pL k=- +  (2.162) 

 

For both BIC and AIC, it is recommended to select the distribution that provides the lowest 

criteria. Most of the time, both criteria give the same result. If not, it is recommended to select 

the distribution that provides the most conservative return values [52]. 
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2.6.2 Multivariate extreme value analysis 

In accordance with long-term wave statistics of all sea conditions (sea severity), extreme sea 

conditions should also be specified jointly by adopting a joint extremal analysis. For example, 

wave climate can be described in terms of sea state variables, such as significant wave height 

Hs, spectral peak wave period Tp, or mean zero-crossing wave period Tm, and/or wave 

direction, and thus a multivariate analysis should be adopted. Due to the statistical correlation 

between those variables, e.g. between Hs and Tm, and the fact that physical arguments apply, 

we are interested in extreme values of Hs, and associated values for Tm at the extreme value of 

Hs. In this case, the conditional model by Haver [16] could be applied, but when no such 

physical arguments apply, other more complex models should be applied. 

Besides, availability of met-ocean data allows the effect of heterogeneity of extremes with 

respect to direction and location to be considered in estimation of design criteria [169]. 

Jonathan and Evans [170] review statistical modelling of extremes for the design of marine 

structures, capturing covariate effects in extreme sea states developing design criteria. There 

is a large body of statistical literature incorporating modelling of covariate effects in extreme 

value analysis (e.g. see [171]; [172]). 

Furthermore, in a multivariate extreme value analysis the asymptotic form of the multivariate 

distribution cannot be derived directly or theoretically in contrast to univariate EV theory 

using the Block Maxima or Peak over Threshold methods. Therefore there is a need to 

estimate the tail behavior of the multivariate distribution of the sample, based on the sample 

alone ([157]). For this purpose, there have been developed four possible approaches: the 

extremal dependence models, parametric models, conditional extremes models, and max-

stable models. 

The extremal dependence models introduce the different forms of extremal dependence, 

which are the asymptotic dependence, asymptotic independence and perfect asymptotic 

independence. Besides, a large number of parametric models have been developed based on 

the form of their extremal dependence (e.g. [173]; [174]; [175]; [176]; [177]). Furthermore, 

conditional models (e.g. [16]; [178]) provide the basis for modeling for all forms of extremal 

dependence. Multivariate max-stable models are also attractive, since they provide the basis 

for spatial extremes models. 

Referring at this point to the two different classes of joint tail behaviour that have very 

different implications: i.e. asymptotic independence suggesting that extreme events are 

unlikely to occur together, and asymptotic dependence implying that extreme events can 

occur simultaneously, Kereszturi et al. [179] developed good diagnostics to identify the 
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appropriate dependence class. It is vital to have such diagnostics of good quality, since if 

variables are asymptotically independent, incorrectly assuming their asymptotically 

dependentce can lead to overestimation of the joint risk of extreme events, and hence to 

overdesign of offshore structures [179]. 

 

Modeling dependence using Copula models 

The joint cumulative distribution F  of random variables 
1 2, ,..., px x x  may be written as 

[180]: 

 

( )1 2 1 1 2 2( , ,..., ) ( ), ( ),..., ( )p p pF x x x C F x F x F x=  (2.163) 

 

where 
1 2, ,..., pF F F  are univariate marginal cumulative distributions and C  is a p-

dimensional cumulative distribution, known as copula, defined in the domain [ ]0,1
p
. The 

copula C  is uniquely determined from well-behaved distributions F , and in this case it can 

be written that: 

 

( )1 1 1

1 2 1 1 2 2( , ,..., ) ( ), ( ),..., ( )p p pC u u u F F u F u F u- - -=  (2.164) 

 

for { } [ ]1 2, ,..., 0,1
p

pu u u Í  and 1

iF-  is the inverse cumulative distribution of the i-th variable. 

Referring to the case of two dimensional copulas, three one-parameter Archimedean copulas 

could be used, namely the Clayton, the Frank, and the Gumbel, characterized by lower tail 

dependence, no tail dependence, and strong upper tail dependence, respectively. The copula 

function for each case is defined by [181]: 
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where a  is the dependence parameter, which ranges in ( )0,¤  for the Calyton, in 

( ){}ln , / 0- -¤ ¤  for the Frank, and in [ )1,¤  for the Gumbel copula. 

Except for the Archimedean copulas, the bivariate Studentôs t  copula could be utilized, which 

is an Elliptical copula [182], written as follows: 

 

() ( )( )1 1

1 2 , 1 2( , ) ,t aC u u t t u t un n n

- -=  (2.168) 

 

where, 
,atn , with a  ranging in [ ]0,1 , and n is the degrees of freedom, is the bivariate 

distribution that corresponds to the univariate t  Student distribution tn [182]: 
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The dependence parameter a  of the copula functions could be estimated by the method by 

Joe and Xu [183]. 

As in the univariate extreme value analysis the most appropriate marginal distribution is 

selected that represents the data better than all other candidate marginal distributions, also in 

the multivariate extremal analysis the most appropriate copula function is selected among the 

aforementioned copula functions. To do this, Galiatsatou and Prinos [184] implemented the 

parametric boostrap procedure by Genest et al. [185]. 

 

Selection of design events 
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In multivariate extreme value theory, the joint return period can be estimated from the joint 

exceedance probability of a pair of events e.g. given by Bender et al [181]: 

 

( ) () ( ) ( )1 2,

1 1 2 2 1 1 2 2 1 2

1 1
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It is noted that an infinite number of combinations of the variables 
1 2,u u  corresponds to each 

joint return period [184]. Thus, to overcome the problem of selecting a design event 

represented by two variables, Salvadory et al. [186] proposed the most likely design event 

method, i.e. with the highest probability density among others of the same iso-probability 

contour [187]: 
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where 
1 2,X Xf  is the joint probability density function of the two variables 

1 2,X X  and 1F-  is 

the inverse cumulative distribution. 

Therefore, the design values 
1 2,x x  can then be estimated using the inverse marginal 

cumulative distributions: 

 

() ( )1 1

1 1 1 2 2 2,xx F u F u- -= =  (2.172) 

 

2.6.3 Combining statistics of extreme sea conditions by the the short-term distribution 

of the maximum wave height  

Good estimation of extremes of individual wave height H and of maximum wave height Hmax 

on some spatio-temporal domain, are essential for the design and assessment of marine and 

coastal structures [188]. There is a large literature related to this subject. A part of this 

literature consists of a variety of research studies motivated by observations and laboratory 

measurements. As noted in section 2.4.1.2, the distribution of H in deep waters has been 
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modelled using the Rayleigh distribution [110] and the Weibull distribution [189]. Also, 

Tayfun [114] generalised the asymptotic model of Boccotti [190] to include the effects of 

higher order non-linearities. Other studies are focused on the intermediate and shallow water 

short-term distribution of H and Hmax. Some of them are indicatively cited here, see e.g. [135];  

[191]; [119]; [120]; [188]. 

Thus, by combining statistics of individual waves during storm events with the statistics of 

extreme events, information on the maximum loadings upon marine and coastal structures can 

be obtained. This information is vital for the reliability assessment and design of those 

structures. 
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3 Methodology and results 

In this chapter, the methodology developed and adopted in the present PhD thesis is presented 

and described. Firstly, a linear wave propagation model that integrates short- with long-term 

wave statistics from deep to intermediate water depths will be described. This model could be 

utilized for estimating the long-term wave climate at a coastal structureôs location, which is 

frequently met in intermediate water depths. Secondly, the capability of this linear model, to 

transfer the probabilistic information concerning short-term wave statistics, will be 

investigated by comparing its results with wave measurements in deep waters and the results 

of the well-known and commercial phase-resolving Boussinesq wave model (MIKE 21 BW / 

Mike powered by DHI). The results produced by the latter refer to intermediate water depths. 

The next section deals with the reliability analysis of a coastal structure, focusing on the case 

of rubble mound breakwaters, and wave loadings. Finally, two illustrative examples of 

reliability analysis and probabilistic design of a rubble mound breakwater are presented, 

followed by discussion of the results produced. 

 

3.1 Integrating short- with long-term wave statistics from deep to 

intermediate waters 

The model that will be described here has been developed by Malliouri et al. [33]. This is a 

wave model that uses long-term wave statistics in deep waters as input data, and via the use of 

the short-term wave statistics for each sea state in deep waters, estimates the long-term wave 

statistics in shallower waters. Specifically, by using i) data/measurements of significant wave 

height Hs, mean wave period Tm, and mean wave direction ɗm e.g. obtained from an 

oceanographic buoy in deep waters, ii) the dimensionless short-term images by Memos and 

Tzanis [29], and Tzanis [31] in deep waters, iii) a theoretical expression for wave 

directionality adjusted in an individual wave statistical analysis, and iv) a modification of 

Battjes approach [36], the short-term joint distribution of individual wave height H, period T, 

and direction ɗ for every sea state or storm event could be produced in deep waters. Then, the 

short- and the long-term joint distribution of H, T, ɗ could be estimated in intermediate 

waters, as well as the long-term joint probability density function of Hs, Tm, ɗm, by 

considering linear wave transformation of each individual wave, as waves propagate from the 

open sea towards shallower waters.  
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The analysis refers to short-crested waves, thus wave directionality was accounted for in deep 

water wave input. It is noted that if there is not a wave probe array or an appropriate buoy 

(e.g. heave-pitch-roll buoy [107]), cloverleaf buoy [192], etc.), to evaluate wave 

directionality, and only the mean wave direction is available, an established theoretical 

spreading function could be applied. Besides, the nonlinear wave-wave interactionsô effects 

have not been taken into account in the present analysis. However, the effect of non-linear 

wave-wave interactions to wave transformations as waves move inshore has been investigated 

in section 3.2, by comparing the linear wave propagation model developed with a nonlinear 

one. 

A quite similar attempt was made by Chondros [193], and Chondros and Memos [32], but 

there are some significant differences between the approach by Malliouri et al. [33] and the 

approach adopted by them. As for the similarities, both approaches utilized the short-term 

dimensionless probabilistic images by Memos and Tzanis [30] and Tzanis [31], incorporated 

wave directionality in deep waters in a probabilistic manner via the use of a theoretical 

expression, and used a wave propagation model to transfer the short-term probabilistic 

information from deep to shallower waters. However, the main differences between these two 

approaches are focused on: 

¶ the theoretical expression implemented for the incorporation of wave directionality: 

Chondros [193], and Chondros and Memos [32] used the expression by Pierson et al. 

[106] that was not dependent on wave period and assumed independence of wave and 

period from direction, whilst in Malliouri et al. [33] approach the directional 

spreading function [107], used in a probabilistic expression derived by Malliouri et al. 

[33], is a function of wave frequency/period. Besides, in their approach, Malliouri et 

al. assumed dependence of wave height, period and direction. 

¶ the wave propagation model applied: Chondros [193] and Chondros and Memos [32] 

developed a 2DH highly non-linear Boussinenq-type wave model to propagate sea 

surface timeseries generated by the probabilistic images by Memos and Tzanis [30] in 

deep waters, thus considering non-linear wave-wave interactions, and hence 

estimating short-term wave statistics of H/Hm, T/Tm in intermediate and shallow 

waters. However, Malliouri et al. [33] developed an easier and faster statistical linear 

wave propagation model to transfer the same probabilistic images from deep to 

intermediate only waters but neglecting non-linearities in intermediate water depths. 

¶ the output of the analysis: The main interest of the study by Chondros [193] and 

Chondros and Memos [32] was focused on short-term wave statistics in intermediate 

and shallow waters, while in the study by Malliouri et al. [33] the accumulation of all 
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short-term wave statistics for each sea condition considered leads to the long-term 

wave statistics in intermediate waters. 

Therefore, the need to use a linear wave propagation model stemmed from the constraint of 

non-linear wave propagation models, like Boussinesq-type models, that are significantly more 

time-consuming than linear models, and also from the fact that the model used should be 

implemented for a large number of sea sates that represent the long-term wave climate. The 

latter is vital for applying fully probabilistic, reliability or design, methods for coastal 

structures. 

In Figure 3.1 the flowchart of the model by Malliouri et al. [33] applied in the present thesis is 

depicted consisting of five steps. The first step is optional and could be applied when the 

computational requirements exceed computer capacities. Continuously, step 1 contains the 

data reduction technique and the generation of a representative reduced sample of offshore 

long-term data.  

In step 2, the appropriate offshore dimensionless probabilistic image by Memos and Tzanis 

[30] is selected that corresponds to each sea state, based on the value of mean wave height Hm 

or the standard deviation of surface elevation ůn etc. Moreover, the multiplication of the 

coordinates of the offshore dimensionless probabilistic image by Tm and Hm leads to the 

dimensionalization of the image.  

In step 3, for every sea state of the long-term wave data sample, a sample of H and T pairs 

can be estimated, by randomly generating an integer number of groups of H and T between 

the limits of each joint class, equal to the new frequency of each class. Then wave 

directionality is taken into consideration, with the mean wave direction ɗm known ̈  priori, and 

groups of H, T and ɗ are obtained. 

Then, for every sea state a linear wave propagation model is applied for each individual wave 

of the dataset characterized by offshore H, T and ɗ parameters. Therefore, these individual 

wave parameters are estimated in intermediate waters, and statistical analysis of all individual 

waves within the sea state can lead to the characteristic statistical parameters of the sea state, 

i.e. Tm and Hm, Hs, ɗm, in intermediate waters.  

In the final step, the accumulation and statistical analysis of all transferred individual waves 

and sea states in intermediate waters enables the estimation of the long-term joint probability 

density function of Hm, Hs, ɗm, and also of H, T, and ɗ. 

These five steps will be further analyzed in the next paragraphs. 



CHAPTER 3 Methodology and results 

 

112 

 

 

Figure 3.1 Flowchart of the model applied by Malliouri et al. [33] 

 

3.1.1 Data reduction technique 

The aim of the data reduction technique is to reduce that long-term wave data and could be 

applied if the computational requirements by using the total dataset exceed the existing 
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computer capacities, as noted above. This technique can be summarized in the following five 

steps: 

(1) Calculation of the total number of sea sates in the dataset (denoted by ὔ ) in deep 

waters. 

(2) Grouping of the initial data into joint classes of — , Ὄ , Ὕ , and estimation of the 

number of occurrence (frequency) of each joint class. 

(3) Selection of the reduced sum of data of the new dataset (denoted by ὓ ) to optimize 

computational demands. 

(4) Calculation of the new frequencies of the joint classes of the new dataset by rounding 

to the nearest integer the product of the initial frequencies of each joint class by ὓ , 

divided by ὔ . 

(5) To obtain the new dataset of Ὄ , Ὕ , and — , a sample of ὓ  sea states can be 

estimated, by generating an integer number of groups of Ὄ, Ὕ , and —  between the 

limits of each joint class, equal to the new frequency of each class (step 4). 

The accuracy of the artificial sample depends on the bin size of the joint classes, which should 

be adequately small, and the total sum of the reduced sample ὓ  that should be adequately 

large. These two conditions make the probabilistic distribution, fitted to the random sample 

generated, able to represent the real population and also avoid elimination of the most 

extreme and rare events in the artificial sample. Also, it is recommended that the reduced 

sample ὓ  should not contain less than 10-15% of the population of the initial sample ὔ . 

 

3.1.2 Wave statistics in deep waters 

When referring to short- and long-term wave statistics, the joint probability density function 

of H, T, ɗ of individual waves within a sea state, which is representative of a time period (e.g. 

of 3hrs), and the joint probability density function of Hs, Tm, ɗm, which covers a time period 

of some decades (e.g. of 40 years), are meant respectively. 

As it has been mentioned above, the dimensionless short-term probabilistic images by Memos 

and Tzanis [30] and Tzanis [31] have been used in the present thesis. Table 3.1 has been 

derived from Table 2.3, and presents the classes of mean wave height Hm assumed to be 

associated with the same standard deviation of the free surface excursion ůɖ and the Pearson 

correlation coefficient between H and T r(H,T). It is noted that Table 3.1 has been constructed 

by Malliouri et al. [33] in order that an existing dimensionless probabilistic image in deep 

waters developed by Memos and Tzanis [30] be attributed to every sea state, represented by 
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these parameters. More extreme sea states than the last line of the table could also be included 

but have not been presented here, since they are rarely met in the Mediterranean Sea. 

 

Table 3.1 Classes of Hm assumed to be associated with the same standard deviation of the free 

surface excursion and correlation coefficient between H and T [33] 

Standard Deviation 

 ůɖ (m) 

Correlation Coefficient 

r(H,T) 

Mean Wave Height  

ȼm (m) 

0.5 0.266 [0.1 - 1.062) 

0.6 0.383 [1.062 - 1.185) 

0.7 0.485 [1.185 - 1.727) 

1.0 0.495 [1.727 - 2.971) 

1.5 0.570 [2.971 ï 4.368) 

 

Similarly to Chondros [193], digitization of iso-probability density curves yields the 

coordinates of each pair of H/Hm and T/Tm along with their respective probability density 

function. A sufficiently low discretization step d(T/Tm)=d(H/Hm)=0.1 is then chosen in order 

that relative frequency ,
m m

T H
fr

T H

å õ
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 be calculated at each node (Figure 3.2): 
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where 
,

m m
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f  is the joint pdf of ,
m m

T H

T H
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Figure 3.2 Grid of probabilistic calculation (step d(T/Tm))=d(H/H m)=0.1) [193] 

 

Then, an appropriate selection of an adequately large number N  (of the order of a few 

thousands) of individual waves is selected to represent a probabilistic image by Memos and 

Tzanis [30], and the number of occurrence attributed to the (i,j) cell of the Figure 3.2 is 

estimated by rounding to the nearest integer the multiplication product as of the cellôs 

frequency 
,i jf  by N , as follows: 

 

, ,( )i j i jn round f N=  (3.2) 

 

To obtain the sample of individual waves within a sea state, 
,i jn  pairs of H and T can be 

estimated for every cell (i,j), by generating 
,i jn  uniformly distributed random numbers 

between the limits of i-th class for T, and 
,i jn  uniformly distributed random numbers between 

the limits of j-th class for H. 

 

3.1.3 Consideration of wave directionality in deep waters 
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In this section, the methodology by Malliouri et al. [33] is presented aiming at associating 

each individual wave within a sea state with a certain azimuth angle of propagation. As it is 

aforementioned, the mean wave direction for each sea state is known. 

It is a common practice to consider wave directionality in a spectral wave analysis, as this is 

in accordance with the definition of wave directionality. However, the need to consider wave 

directional spreading in an individual wave analysis often arises. To proceed with this 

consideration, the following assumptions should be made with respect to every sea state: 

- The classes of higher values of H tend to have directions closer to 
mq ; that is, they show less 

directional spread, suggesting that H and ɗ are not independent. This assumption is in 

agreement with Tucker [37], who proved that the larger values of the magnitude of the 

resultant water particle velocity under directional waves show less directional spread around

mq , compared with lower values. 

-Since the integration of ( )D f ,q from ḯ  to ˊ with respect to ɗ is unity, ( )D f ,q could be 

used for the estimation of the conditional probability distribution of ɗ for given f, or 

equivalently T. This also suggests that the number of waves should be large enough in order 

that all waves within a certain T-rank would cover the whole range of wave directions 

determined by the directional spreading function ( )D f ,q, associated to the T-rank.  

-Specifically, this can be accomplished by estimating the range of ɗ that corresponds to each 

class of H for a given T. This range can be computed, by, firstly, arranging all classes of H for 

a given T in decreasing order of H, and, then, via the following equation [33]: 

 

( ) ( )
m j

m j

x j

i i j i

n 1x

D f , d freq T ,H /N

q +

=q -

q q=äñ  (3.3) 

 

where ( )i jfreq T ,H  is the frequency (number of occurrence) of the bivariate class of the i-th T 

and j-th H and iN  is the total number of waves of the i-th class of T for every H. Besides, in 

the above equation, in which the unknown variable is 
jx , the j-th class of H is associated with 

a certain range of ɗ, i.e. [m jxq - , m jxq + ], when the i-th class of  f, or equivalently of T, is 

considered fixed. It is noted that the right part of the above equation determines the 

cumulative probability of the j-th class of H based on the ranking position of the H classes in 
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decreasing order from the H class central value, and the left part determines the probability 

referred to this unique range of ɗ.  

-Therefore, for a fixed class of T, each class of H is combined with a certain range of q. 

Then, each pair of T and H of an individual wave in this specific sea state corresponds to a 

random value of q within this range.  

The validity of the above assumptions can be concluded by checking whether the histogram 

of ɗ in a sea state is symmetric around 
mq  and by comparing the measured 

mq  with the 

estimated 
mq , computed as the statistical mean direction of all individual waves considered. 

As can be noticed in Figure 3.3, the histogram of ɗ is approximately symmetric around 
mq  

and the estimated 
mq  is satisfactorily close to the measured 

mq  in both sea states with 

different measured 
mq  in deep waters. 

 

 

Figure 3.3 Estimated histograms of wave direction in two sea sates in deep waters with different 

[33] 
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3.1.4 Transforming wave statistics from deep to intermediate waters 

The height of each individual wave is modified as the latter propagates from deep into 

shallower waters, while the wave period is assumed to be constant according to linear wave 

theory. In the present study, four wave processes have been taken into account; wave 

shoaling, wave refraction, wave breaking, and wave reforming after breaking. These 

processes are considered for all individual waves, since H, T, and ɗ of each individual wave 

within a sea state are known in deep waters, derived from the aforementioned methodology. 

Moreover, the coastal slope is considered uniform and equal to a representative mean bed 

slope. In this step, an individual wave shoaling and a refraction process were applied, and a 

wave breaking criterion was adopted. Hence, Snellôs law was used here concerning the 

refraction process, the shoaling process selected is described in terms of Stokes first order 

wave theory, while the breaking wave height associated to each individual wave height H is 

determined by the semi-empirical expression by Komar and Gaughan [38] derived from linear 

wave theory: 

 

-1/5

b o

o o

H H
= 0.56

H L

å õ
æ ö
ç ÷

 (3.4) 

 

where oH  is the individual wave height in deep waters, bH  is the individual breaking wave 

height, and oL  is the individual wave length in deep waters. Regarding the depth of each 

individual wave breaking, this is estimated by the expression of Weggel [39] for the breaker 

index bg , based on laboratory data on monochromatic wave breaking on smooth, plane 

slopes, i.e.: 

 

() ()b b
b 2

b

H H
b m a m

d gT
g = = -  (3.5) 

 

where 

() ( )a m 43.8 1 exp 19m= - -è øê ú (3.6) 

()
( )

1.56
b m

1 exp 19.5m
=
+ -

 (3.7) 
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where: bd  is the depth at breaking, m  is the bed slope, and g  is the gravitational 

acceleration. Referring to bH  and bd , it is noted that a number of expressions (e.g. [194]; 

[195]; [196]) have been proposed for their estimation, but most of these equations are 

hampered by two obstacles. First, the breaker depth is usually required to compute its wave 

breaking height, and vice versa, and second, the equations consider either the deep water 

wave height to wavelength ratio or the sea bed slope, but not both [197].  

The concept of individual wave breaking and evolution before, in, and after the surf zone, 

adopted here, is described in the flowchart presented in Figure 3.4. According to this, when 

wave breaking occurs, waves are then examined whether they are plunging or spilling 

breaking waves. This distinction between plunging and spilling breakers is made by 

considering the surf similarity parameter ɝo, based on the offshore wave height and deep 

water wave length [40]. In the case of plunging breakers, waves lose their wave forms totally 

after breaking, thus waves are then excluded from the total set of H and T data. Regarding the 

spilling breakers, the concept of wave evolution in the surf zone is based on the decay of the 

wave energy in the surf zone and the equivalence between the energy decay in a spilling 

breaking wave and that of a hydraulic jump [41]. In particular, Horikawa and Kuo [42] 

conducted laboratory tests on breaking waves and determined the existence of a stable energy 

flux, which defines a state at which waves no longer break. Using linear wave theory and 

assuming that the stable wave height 
stableH  is a linear function of water depth d , i.e.  

 

stableH d=G (3.8) 

 

where G is a dimensionless coefficient, Dally et al. [43] determined that G is 0.4 for 

achieving minimum error to the data of Horikawa and Kuo [42]. Therefore, the wave 

evolution in the surf zone after an incipient spilling breaking is based on stableH . As for wave 

period, it remains equal to the corresponding one in deep waters. 
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Figure 3.4 Description of individual wave evolution through the surf zone adopted [33] 

 

3.1.5 Derivation of long-term wave statistics in intermediate waters 

Long-term wave statistics could be defined those described by the characteristic wave 

parameters, i.e. Tm, Hs, ɗm, and also by the direct loading parameters H, T, ɗ, derived from the 

statistical analysis of wave data accumulated over several years. In case of lack of those data 

at the location of interest (this is often in intermediate waters, when referring to coastal 

structures), wave data observed in deep waters could be used and transferred at this location 

using linear or non-linear wave propagation models. 

As for the long-term joint distribution of the characteristic parameters, i.e. Tm, Hs, ɗm in 

intermediate waters, a simple and proper manner to derive this three-parametersô joint 

distribution is to apply the conditional model described previously, using the transferred long-

term wave data of Tm, Hs, ɗm at this location. 

As far as the calculation of the long-term joint distribution of the direct loading parameters H 

and T is concerned, the main concept is that the short-term pdf shortf (H)  in Eq. 2.140 by 

Battjes [36] can be replaced by the joint short-term pdf shortf (T,H) , presented in the following 

equation: 

 

short long m s s m

long

long m s s m

f (T,H) f (T , H ) N dH  dT
f (T,H)

N f (T ,H ) dH  dT

Ö Ö
=

Ö

ññ

ññ
 (3.9) 
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where shortf (T,H)  is the short-term joint probability density function of T and H, N  is the 

average number of waves in each short-term sea state, which is assumed to be constant, and 

long m sf (T , H )  corresponds to the long-term joint pdf of Tm and Hs. This can be proved via the 

following process:  

The number of occurrence of the cell (i,j) of the short-term wave statistics  associated to the i-

th class of wave period, 
iT , and the j-th class of the wave height, 

jH , in the k-th sea state, for 

adequately small ȹT and ȹH is approximately calculated as: 

 

ijk i j kshort i j kn (T ,H )= f  (T ,H ) ȹT ȹH NÖ Ö Ö (3.10) 

 

where kN  represents the total number of waves in the k-th sea state, ȹT and ȹH are the bin 

widths of the classes of T and H respectively. 

The number of occurrences of the k-th sea state, for adequately small mȹT and sȹH, is 

estimated as: 

 

( ) ( )k m s klong m s m sm T ,H f T ,H ȹT ȹH M= Ö Ö Ö (3.11) 

 

where M  is the total number of sea states, ( )klong m sf T ,H  represents the long-term joint pdf of 

Tm and Hs at the k-th sea state, and ȹHs, ȹTm are the bin widths of the classes of Hs  and Tm 

respectively.  

The total number of occurrences of iT  and 
jH , taking into consideration the number of 

occurrences of the k-th sea state in the long-term wave statistics, is computed as: 

 

( )

( )

ijk i j ijk i j k m s

number of occurence of Ti and Hj in the sea state k number of occurence of sea state k 

kshort i j k klong m s m s

N (T ,H )= n (T ,H ) m T ,H

= f  (T ,H ) ȹT ȹH N    f T ,H ȹT ȹH M

Ö

Ö Ö Ö Ö Ö Ö

 (3.12) 
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Subsequently, the total number of occurrences of 
iT  and 

jH , taking into consideration the 

total number of sea states, M , is computed as: 

 

( )

( )

1short i j 1 1long m s m s

2short i j 2 2long m s m s

ijtotal

   f  (T ,H ) ȹT ȹH N f T ,H ȹT ȹH M

+ f  (T ,H ) ȹT ȹH N f T ,H ȹT ȹH M

        ..................................................................
N = 

        ...........

Ö Ö Ö Ö Ö Ö Ö

Ö Ö Ö Ö Ö Ö Ö

( )Mshort i j M Mlong m s m s

.......................................................

        ..................................................................

+ f  (T ,H ) ȹT ȹH N f T ,H ȹT ȹH M

ë û
î î
î î
î î
î î
ì ü
î î
î î
î î

Ö Ö Ö Ö Ö Ö Öî îí ý

 (3.13) 

 

The total number of individual waves that comprise the total number of sea states M, is given 

by the following equation: 

 

( )

( )

1 1long m s m s

2 2long m s m s

total

   N f T ,H ȹT ȹH M     

+ N f T ,H ȹT ȹH M

   .................................................  
N =     

    ................................................. 

    ..................

Ö Ö Ö Ö

Ö Ö Ö Ö

( )M Mlong m s m s

...............................

+ N f T ,H ȹT ȹH M

ë û
î î
î î
î î
î î
ì ü
î î
î î
î î

Ö Ö Ö Öî îí ý

 (3.14) 

 

The long-term relative frequency of iT  and 
jH  is given by the following equation: 

 

ijtotal

long i j

total

N
fr (T ,H )=

N
 (3.15) 

 

and the long-term joint pdf of iT  and 
jH  is then expressed as: 

 

long i j ijtotal

long i j

total

fr (T ,H ) N  
f (T ,H ) = 

ȹT ȹH N ȹT ȹH
=

Ö Ö Ö
. (3.16) 
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By substituting Eqs 3.13 and 3.14 in Eq. 3.16 and deleting the short- and long-term spatial 

and time steps, i.e. ȹH, ȹHs and ȹT, ȹTm (since they all appear in the numerator and the 

denominator of the fraction in the second part of Eq. 3.16), the following relation is derived:  

 

( ) ( )

( ) ( )
1short i j 1 1long m s Mshort i j M Mlong m s

long i j

1 1long m s M Mlong m s

f  (T ,H ) N f T ,H +...+f  (T ,H ) N f T ,H
f (T ,H ) =

 N f T ,H +...+N f T ,H    

Ö Ö Ö Ö

Ö Ö
 (3.17) 

 

Eq. 3.17 can also be written as: 

 

( )

( )

M

kshort i j k klong m sk=1
long i j M

k klong m sk=1

f  (T ,H ) N f T ,H
f (T ,H )=

 N f T ,H  

Ö Ö

Ö

ä

ä
 (3.18) 

 

which is similar to the modified equation of Battjes, i.e. Eq. 3.9. However, in Eq. 3.18, the 

total number of waves in each sea state kN  is not assumed to be constant. If the latter is 

regarded as constant, as in our case, Eqs 3.9 and 3.18 are equivalent. 

 

In a similar way, regarding the long-term joint distribution of H, T, and ɗ, Eq. 3.9 can be 

replaced by: 

 

short long m s m s m m

long

long m s m s m m

f (T, H, ɗ) f (T , H , ɗ ) N dH  dT  dɗ  
f (T,  H, ɗ)

N f (T , H , ɗ ) dH  dT  dɗ
=
ñññ

ñññ
 (3.19) 
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where shortf (T, H, ɗ) is the short-term joint probability density function of T, H, and ɗ, N  is 

the average number of waves in each short-term sea state, assumed to be given, and 

long m s mf (T , H , ɗ ) corresponds to the long-term joint pdf of Tm, Hs, and
mɗ . 

 

3.1.6 Examples of application 

3.1.6.1 Input data 

The aforementioned methodology that will be presented has been applied [33] to measured 

data of relative frequencies of Tm, Hs, and 
mɗ , obtained from 3 oceanographic buoys that 

belong to the POSEIDON Marine Monitoring Network operating under the responsibility of 

the Hellenic Centre of Marine Research (HCMR), see Soukissian and Chronis [44], 

Soukissian et al. [45]. These buoys were located at three locations in deep waters, i.e.: (37.51
 

ɞ
Ɂ, 25.46

 ɞ
E) in the central Aegean off Mykonos island; (39.96

 ɞ
Ɂ, 24.72

 ɞ
E) in the northern 

Aegean off Athos; and (36.25
 ɞ
Ɂ, 25.49

 ɞ
E) in the southern Aegean off Santorini island. These 

locations referred to hereinafter as Station M, Station A, and Station S, respectively, are 

depicted in Figure 3.5. 

 

 

Figure 3.5 The locations of the three oceanographic stations in the Aegean Sea, Greece 

 

Furthermore, the interval between successive measurements is 3 h and the wave 

measurements cover the period from 1.1.2000 to 12.31.2011. It is noted that, in principle, a 

long-term analysis requires longer time series that must cover more than few decades. 
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However, often the data are extrapolated to probabilities beyond the record length, i.e. 2-3 

times the record length [1].  

 

Regarding the wave measurements at M station, each pair of Tm and Hs represents a sea state, 

while the total number of sea states is 24946. The scatter diagram of Tm and Hs is presented in 

Figure 3.6. 

 

 

Figure 3.6 Measured Hs and Tm at M station (2000-2011) [44]; [45]; [33] 

 

The correlation coefficient m sr (T ,H )  between Tm and Hs is equal to 0.9023, suggesting a 

strong correlation. This was expected, since only wind waves and not swell have been 

considered. The exclusion of swell was made directly by the buoy. Therefore, there was no 

need to apply another swell exclusion criterion to this set of data. 

 

3.1.6.2 Data reduction based on a statistical technique 

It is noted that the dataset was organized in classes of equal width (i.e. ȹHs=0.25m, 

ȹTm=0.25s, 
mɗD =20

ɞ
), and then the class frequencies were modified in order that the total 

sum of the data be reduced from 24,946 to 1500 sea states, by maintaining, though, as much 

as possible the relative frequency of each class. The methodology developed here, in 
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compliance with the statistical method named ñStratified random Samplingò [198], for 

producing the reduced dataset of 1500 sea states, is summarised in the following steps: 

1) Calculation of the total sum of sea sates of the initial data set (e.g. 24,946 sea states for 

Station M); 

2) Grouping of the initial data set into joint classes of Tm, Hs, and
mɗ , and estimation of the 

frequency of each joint class; 

3) Selection of the reduced sum of sea states of the new dataset; 

4) Calculation of the new frequencies of the joint classes of the new dataset by rounding to 

the nearest integer the product of the initial frequencies of each joint class by the reduced sum 

of data (i.e. 1500) divided by the initial sum of sea states (i.e. 24,946); 

5) To obtain the new dataset of Tm, Hs, and
mɗ , a sample of 1500 sea states was estimated, by 

generating a number of groups of Tm, Hs, and
mɗ , between the limits of each class, linearly 

related to the frequency of each joint class. 

It is noted that the reduced total sum of sea states of the new dataset, selected in step 3 should 

be satisfactorily high. However, due to the rounding process, described in step 4, the low 

initial frequencies of the higher, and therefore, rare Hs may get zero values in the new dataset. 

Nevertheless, this shortcoming may be overlooked, if the fitted Hs pdf to the new dataset is 

representative of the initial data set. Therefore, this requirement should be checked before the 

selection of the reduced sum of sea states of the new dataset in step 3. This process has been 

adopted here and in Figure 3.7 the best fitted distribution of Hs to the new dataset is compared 

against the one derived from the initial dataset, estimated in deep waters and at the depth of 

6m. As it can be seen from Figure 3.7, the dataset reduced by the technique described 

previously can form a solid framework where best-fit exercises can be credibly developed.  

In Table 3.2, the Euclidean distance between the best fitted pdf of Hs derived from the 

original dataset and the initial data, as well as the Euclidean distance between the best fitted 

pdf of Hs derived from the new dataset and the initial data, have been estimated and 

compared. From the last column of Table 2, it is observed that the best fitted pdf of Hs derived 

from the new dataset can satisfactorily represent the initial data, since in deep waters its 

Euclidean distance from the initial dataset is improved, and at the depth of 6m the Euclidean 

distance is slightly higher compared against the best fitted pdf to the initial dataset. 
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Figure 3.7 Comparison of the best fitted distribution of Hs to the new data set against the one 

derived from the initial dataset, estimated in deep waters (up) and at a depth of 6m (below) at 

Station M [33] 

 

Table 3.2 Comparison of the Euclidean distances between the best fitted pdf of Hs derived from 

both the reduced data and the initial data at Station M [33] 

Depth (m) Euclidean distance D
2
 

Initial data 

(1) 

Euclidean distance D
2
 

Reduced data 

(2) 

Relative difference 

 

[(2)-(1)]/(1) 

140 0.00186 
 

0.00169 
 

-0.091 

6 0.00091 0.00098 0.077 

 

In this way, the reduced dataset can satisfactorily substitute the extensive raw data. The new 

sample generated is depicted in Figure 3.8. The correlation coefficient m sr (T ,H )  in the new 

dataset, is equal to 0.8999, i.e. very close to that of the raw data. This new data set in deep 

waters has been used as input data in the present methodology. Therefore, the computational 

demands have been significantly reduced (by almost 17 times) without altering to a great 

extent the information on the relative frequencies of the grouped raw data. 
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Figure 3.8 Sample of the new dataset of 1500 sea states (Tm and Hs) for Station M [33] 

 

It is highly recommended that when such a data reduction technique has to be applied for a 

reliability analysis of coastal structures to reduce computational cost, a relatively high 

threshold should be applied to filter the most significant sea states that should be transferred 

to the structureôs location (see section 3.3.5.2).  

 

3.1.6.3 Results and discussion 

Deep waters 

Regarding the most appropriate marginal distribution for Hs in deep waters, three candidate 

distributions, namely the Weibull, the Lognormal, and the Gamma pdfs, have been examined 

aiming at selecting the one that best represents the histogram of Hs. These candidate 

distributions for Hs along with the corresponding histogram are depicted in Figure 3.9. In 

order to select the most appropriate marginal distribution for Hs, two goodness of fit measures 

have been estimated, the Euclidean distance between each marginal distribution for Hs and Hs 

data, and the Euclidean distance between the joint probability distribution of Tm and Hs and 

Tm and Hs joint data. As it has been already mentioned, the joint probability distribution of Tm 

and Hs is associated with the marginal distribution for Hs and the conditional distribution for 

Tm|Hs, which follows a Lognormal distribution. These two measures of goodness of fit are 

presented in Table 3.3. The parameters of the best fitted pdf to Hs data for each Station are 

presented in Table 3.4. 
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Figure 3.9 Fitting of the candidate marginal distributions to the histogram of Hs data in deep 

waters for Station M (1), Station A (2), and Station S (3) [33] 

 

Table 3.3 Measures of goodness of fit of the candidate marginal distributions for Hs and the 

corresponding conditional model in deep waters using data from stations M, A, and S [33] 

Data Source Candidate pdf for 

Hs 

Euclidean 

distance D
2
 of 

f(Hs) 

Conditional pdf 

for Tm|Hs 

Total Euclidean 

distance 

Station M Weibull 0.0019 Lognormal 0.0013 

 Lognormal 0.0056 Lognormal 0.0021 

 Gamma 0.0020 Lognormal 0.0013 

Station A Weibull 0.0018 Lognormal 0.0008 

 Lognormal 0.0046 Lognormal 0.0014 

 Gamma 0.0012 Lognormal 0.0007 

Station S Weibull 0.0039 Lognormal 0.0022 
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 Lognormal 0.0033 Lognormal 0.0020 

 Gamma 0.0022 Lognormal 0.0015 

 

Table 3.4 Estimated parameters of the best fitted marginal distribution for Hs in deep waters 

using data from stations M, A, and S [33] 

Data Source Best fitted marginal 

distribution for Hs 

Shape parameter Scale parameter 

Station M Weibull pdf 1.3517 1.0122 

Station A Gamma pdf 1.4243 0.4957 

Station S Gamma pdf 3.0138 0.2789 

 

As it is shown in Figure 3.9 and Table 3.3, the joint distributions of Tm and Hs that best 

represent the Tm and Hs data are derived from the conditional model associated with 

combinations of a Weibull pdf for Hs for Station M and a Gamma distribution for Hs for the 

other two Stations and a Lognormal conditional distribution for Tm|Hs, since they have the 

lowest Euclidean distance compared to the other distributions tested. The joint pdfs of Tm and 

Hs are presented in Figure 3.10. 
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Figure 3.10 Joint pdf of Tm and Hs in deep waters estimated by applying the Conditional model 

for Station M (up left), Station A (up right), and Station S (below) - 0.1 m
-1
s

-1
 contour step [33] 

 

By applying the modified Battjes approach, the long-term joint distribution of T and H in 

deep waters is obtained for each Station; see Figure 3.11. The correlation coefficient between 

T and H is smaller than that of Tm and Hs at the same location for the three Stations. This 

indicates that the correlation between Tm and Hs is greater than the correlation between H and 

T.  
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Figure 3.11 Long-term joint pdf of T and H in deep waters for Station M (up left), Station A (up 

right), and Station S (below) - 0.1m
-1
s

-1
 contour step [33] 

 

Intermediate waters 

As it has been noted above, the long-term and short-term wave statistics in deep waters have 

been used in order that the long-term wave statistics be estimated in intermediate waters. In 

this section, the long-term wave statistics are estimated at the depth of 6m following the 

aforementioned methodology. This water depth corresponds to intermediate waters with 

respect to the wave length associated to the statistically mean Tm. 

Regarding the most appropriate marginal distribution for Hs at the depth of 6m, the same three 

candidate marginal distributions presented above have been examined, in similarity to deep 

waters. The candidate marginal distributions for Hs and the corresponding histogram at the 

depth of 6m are depicted in Figure 3.12. The two measures of goodness of fit for each 

marginal and bivariate model are presented in Table 3.5. 
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Figure 3.12 Fitting of the candidate marginal distributions to the histogram of Hs data at the 

depth of 6m for Station M (1), Station A (2), and Station S (3) [33] 

 

Table 3.5 Measures of goodness of fit of the candidate marginal distributions for Hs and the 

corresponding conditional model at the depth of 6m using data from Stations M, A, and S [33] 

Data Source Candidate pdf for 

Hs 

Euclidean 

distance D
2
 of 

f(Hs) 

Conditional pdf 

for Tm|Hs 

Total Euclidean 

distance 

Station M Weibull 0.0009 Lognormal 0.0016 

 Lognormal 0.0068 Lognormal 0.0026 

 Gamma 0.0013 Lognormal 0.0017 

Station A Weibull 0.0033 Lognormal 0.0021 

 Lognormal 0.0127 Lognormal 0.0035 

 Gamma 0.0022 Lognormal 0.0020 

Station S Weibull 0.0026 Lognormal 0.0017 

 Lognormal 0.0066 Lognormal 0.0023 

 Gamma 0.0007 Lognormal 0.0014 
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As it is shown in Figure 3.12 and Table 3.5, the joint distributions of Tm and Hs that best 

represent the Tm and Hs data for all three Stations are derived from the conditional model 

associated with combinations of a Weibull pdf for Hs for Station M and a Gamma pdf for Hs 

for the other two Stations and a Lognormal conditional distribution for Tm|Hs, in similarity 

with the best fitted pdfs for Hs in deep waters. The parameters of the best fitted pdf to Hs data 

for each Station are presented in Table 3.6. The joint pdfs of Tm and Hs for each Station are 

presented in Figure 3.13.  

 

Table 3.6 Estimated parameters of the best fitted marginal distribution for Hs at the depth of 6m 

using data from Stations M, A, and S [33] 

Data Source Best fitted marginal 

distribution for Hs 

Shape parameter Scale parameter 

Station M Weibull pdf 1.4150 0.8159 

Station A Gamma pdf 1.7476 0.2857 

Station S Gamma pdf 2.9828 0.2321 

 

 

Figure 3.13 Joint pdf of Tm and Hs at the depth of 6m estimated by applying the Conditional 

model for Station M (up left), Station A (up right), and Station S (below) - 0.1 m
-1
s

-1
 contour step 

[33] 
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The joint long-term distribution of T and H at 6m depth for each Station, computed by 

applying the modified Battjes approach, is depicted in Figure 3.14. The correlation coefficient 

between T and H is again smaller than that of Tm and Hs at the same location for the three 

Stations in accordance with deep waters.  

 

 

Figure 3.14 Long-term joint pdf of T and H at the depth of 6m for Station M (up left), Station A 

(up right), and Station S (below) - 0.1 m
-1
s

-1
 contour step [33] 

 

It is noted that the long-term joint pdfs of Tm and Hs and those of T and H presented in the 

above diagrams are of great significance for the calculation of coastal structures. Firstly, they 

are the basis for the computation of extreme sea conditions at desired return periods and the 

extrapolation of the data to probabilities beyond the record length to match desired return 

periods. The design of coastal structures based on the extreme conditions at design return 

periods is deterministic. However, nowadays, it is widely accepted that the fully probabilistic 

design gives more thorough insight in the relations and correlations between the variables, the 

failure behaviour and the probability of damage of these structures than deterministic and 

lower probabilistic design methods, by using the total joint distribution of Tm and Hs of all sea 

states. Moreover, the long-term joint distribution of T and H can be used in order that direct 

wave loadings of the structures and their probabilities of occurrence be estimated within the 

structuresô lifetime. This information is important for the design of coastal structures to 
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ensure their stability and resilience. Thus, via this methodology, the necessary tools can be 

provided for the deterministic and probabilistic calculation of coastal structures. 

In table 3.7, some statistics concerning the wave breaking and its type are presented at each 

depth, where it is observed that the number of breaking waves towards the total number of 

individual waves is increased as wave propagate from deep towards intermediate waters. 

Besides, in this case of 0.07 uniform bed slope, only spilling breakers appear at the depth of 

6m for all Stations. 

 

Table 3.7 Relative Frequency and type of wave breaking in deep waters and at the water depth of 

6m, for each Station [33] 

Data 

Source 

Depth 

(m) 

Number of 

breaking waves 

towards 

total number of waves 

Number of 

plunging breakers 

towards 

total number of waves  

Number of spilling 

breakers  

towards 

total number of waves 

Station M 140 - - - 

 6 4.69Ĭ10
-6
 - 4.69Ĭ10

-6
 

Station A 220 - - - 

 6 1.03Ĭ10
-5
 - 1.03Ĭ10

-5
 

Station S 320 - - - 

 6 5.07Ĭ10
-6
 - 5.07Ĭ10

-6
 

 

In Table 3.8 the correlation coefficients between i) Tm and Hs and ii) T and H in deep waters 

and at the water depth of 6m, for each Station are presented. r(Tm,Hs) and r(T,H) vary 

significantly between deep and intermediate waters. In general, r(Tm,Hs) reduces from deep to 

intermediate waters for all Stations. Similarly, r(T,H) seems to reduce from deep to 

intermediate waters for Stations M and A in contrast to Station S. Besides, both correlation 

coefficients are higher in the case of Station M and A than those of Station S for all depths.  

 

Table 3.8 Correlation coefficient between Tm and Hs and between T and H in deep waters and at 

the water depth of 6m, for each Station [33] 

Data Source Depth (m) r(Tm, Hs) r(T, H) 

Station M 140 0.90 0.59 

 6 0.86 0.50 

Station A 220 0.87 0.58 



CHAPTER 3 Methodology and results 

 

137 

 

 6 0.82 0.47 

Station S 320 0.81 0.32 

 6 0.76 0.37 

 

Indicatively, the wave direction pdf is presented at various water depths for one of the sea 

states. The angular pdf in deep waters has been estimated via the methodology presented in 

section 3.1.3, while the corresponding pdf in shallower waters has been estimated by applying 

the refraction process to each individual wave. This has been applied for all considered sea 

states in deep waters within the analyzed datasets. From Figure 3.15, it can be seen that as 

waves propagate from deep to shallower waters, the pdf becomes narrower, and the mean 

wave direction tends to come closer to the perpendicular to the iso-depths, as expected [32].  

 

 

Figure 3.15 Probability density of wave direction in a certain sea state propagating from deep to 

intermediate waters [33] 

 

In this way, significant information can be provided for the design of marine and coastal 

structures. As mentioned before, the consideration of directional waves is more realistic and, 

also, results in lower extreme forces upon the structures when compared against the uni-

directional case. The latter is very important since it can lead to a more economical but not 

less safe design of these structures. 

 














































































































































































































