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Ʉɟɧɚɞɔɞɠ 
 

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŮəˊɞɜɐɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ Űɞɡ ŭɘŬŰɛɖɛŬŰɘəɞɨ 

ˊɟɞɔɟɎɛɛŬŰɞɠ ɛŮŰŬˊŰɡɢɘŬəɩɜ ůˊɞɡŭɩɜ çɆɢŮŭɘŬůɛɧɠ əŬɘ ȾŬŰŬůəŮɡɐ ɈˊɞɔŮɑɤɜ 

Ȱɟɔɤɜè Űɞɡ Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ ɡˊɧ Űɖɜ ŮˊɑɓɚŮɣɖ Űɞɡ ə. ɀɘɢŬɐɚ 

ȾŬɓɓŬŭɎ ȾŬɗɖɔɖŰɐ Űɖɠ Ɇɢɞɚɐɠ ɄɞɚɘŰɘəɩɜ ɀɖɢŬɜɘəɩɜ (Ⱥ.ɀ.Ʉ.). ȼ ˊŬɟɞɨůŬ 

ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŭŮɜ ŮɑɢŮ ɞɚɞəɚɖɟɤɗŮɑ ɢɤɟɑɠ Űɖ ůɡɛˊŬɟɎůŰŬůɖ əŬɘ Űɖ ɓɞɐɗŮɘŬ 

Ůɜɧɠ ůɖɛŬɜŰɘəɞɨ Ŭɟɘɗɛɞɨ ˊɟɞůɩˊɤɜ.  

ȷɟɢɘəɎ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ əŬɗɖɔɖŰɐ ɛɞɡ, ə ɀɘɢɎɚɖ ȾŬɓɓŬŭɎ ˊɞɡ ɛɞɡ 

ɏŭɤůŮ Űɖɜ ŮɡəŬɘɟɑŬ ɜŬ ůɡɜŮɟɔŬůŰɞɨɛŮ əŬɘ ɛɞɡ ŬɜɏɗŮůŮ Űɞ ˊŬɟɧɜ ɗɏɛŬ. ȼ ŬɛɏɟɘůŰɖ 

əŬɘ ůɡɜŮɢɐɠ ɓɞɐɗŮɘŬ əŬɘ əŬɗɞŭɐɔɖůɖ Űɞɡ ɐŰŬɜ ŬˊŬɟŬɑŰɖŰŮɠ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

ŮɟɔŬůɑŬɠ. Ⱥɚˊɑɕɤ ɜŬ űɎɜɖəŬ ɎɝɘŬ Űɤɜ ˊɟɞůŭɞəɘɩɜ Űɞɡ. 

ȷəɧɛɖ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ə. ūɑɚɘˊˊɞ ɉɧɟŰɖ ɔɘŬ Űɖɜ ˊŬɟɞɢɐ ɡɚɘəɞɨ 

ŮəɛɎɗɖůɖɠ Űɞɡ ɚɞɔɘůɛɘəɞɨ  Abaqus əŬɘ Űɞɜ ə. ȷɚɏɝŬɜŭɟɞ ȾŬɚɧ ɔɘŬ Űɘɠ ůɡɛɓɞɡɚɏɠ 

Űɞɡ əŬɘ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ ɔŮɜɘəŮɡɛɏɜɞɡ əɟɘŰɖɟɑɞɡ HoekïBrown ůŰɞ ˊŮɟɘɓɎɚɚɞɜ 

Űɞɡ ˊɟɞɔɟɎɛɛŬŰɞɠ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ. 

ȽŭɘŬɑŰŮɟŬ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɞɜ ə ȹɖɛɐŰɟɖ ũŮɤɟɔɑɞɡ ɡˊɞɣɐűɘɞ 

ŭɘŭɎəŰɞɟŬ Űɞɡ ũŮɤŰŮɢɜɘəɞɨ ɇɞɛɏŬ Űɖɠ Ɇɢɞɚɐɠ ɄɞɚɘŰɘəɩɜ ɀɖɢŬɜɘəɩɜ  Űɞɡ Ⱥ.ɀ.Ʉ  

əŬɘ ůɡɜɞŭɞɘˊɧɟɞ Ŭˊɧ Űɖ Ɇɢɞɚɐ Űɤɜ ɀɖɢŬɜɘəɩɜ ɀŮŰŬɚɚŮɘɞɚɧɔɤɜ-ɀŮŰŬɚɚɞɡɟɔɩɜ 

ɛɏɢɟɘ ɜŬ ɛŮ űɏɟŮɘ ɞ ŭɟɧɛɞɠ ɛɞɡ ɤɠ Ůŭɩ. ɀɞɡ ˊŬɟŮɑɢŮ Űɖɜ ŮˊɘůŰɖɛɞɜɘəɐ Űɞɡ ɔɜɩůɖ, 

ŮˊɘɚɨɞɜŰŬɠ əɎɗŮ ˊɟɧɓɚɖɛŬ ˊɞɡ ˊɟɞɏəɡˊŰŮ. ɀŮ ŭɑŭŬɝŮ Űɖ ɢɟɐůɖ Űɞɡ ɚɞɔɘůɛɘəɞɨ 

Abaqus əŬɘ ůɡɜɏɓŬɚŮ ɛŮ Űɘɠ ɡˊɞŭŮɑɝŮɘɠ Űɞɡ ůŰɖɜ ɞɚɞəɚɐɟɤůɖ əŬɘ ɞɟɔɎɜɤůɖ Űɖɠ 

ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ. ɇɞɜ ŮɡɢŬɟɘůŰɩ Ůˊɑůɖɠ ɔɘŬ Űɖɜ ɡˊɞůŰɐɟɘɝɖ Űɞɡ əŬɘ Űɖɜ 

Ŭűɘɏɟɤůɖ ɛŮɔɎɚɞɡ ɛɏɟɞɡɠ Űɞɡ ˊɟɞůɤˊɘəɞɨ Űɞɡ ɢɟɧɜɞɡ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ŬɡŰɞɨ Űɞɡ 

ŮɔɢŮɘɟɐɛŬŰɞɠ.   

ȰɜŬ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ɞűŮɑɚɤ ůŰɞɡɠ ɜɏɞɡɠ űɑɚɞɡɠ ɛɞɡ Ŭˊɧ Űɞ ɛŮŰŬˊŰɡɢɘŬəɧ ɔɘŬ Űɖɜ 

ůɡɛˊŬɟɎůŰŬůɖ Űɞɡɠ əŬɗôɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ůˊɞɡŭɩɜ. Ɂɘɩɗɤ ŰɡɢŮɟɐ ˊɞɡ Űɞɡɠ 

ɔɜɩɟɘůŬ əŬɘ ŬˊɏəŰɖůŬ ɧɚŮɠ ŬɡŰɏɠ Űɘɠ ɧɛɞɟűŮɠ ŬɜŬɛɜɐůŮɘɠ əŬɘ ɛɏɜɤ ɛŮ Űɖɜ ŮɚˊɑŭŬ ɧŰɘ 

ɗŬ ůɡɜŮɢɑůɞɡɛŮ ɜŬ űŰɘɎɢɜɞɡɛŮ ɜɏŮɠ. ȺɡɢŬɟɘůŰɩ ɧɚɞɡɠ ɛɞɡ Űɞɡɠ űɑɚɞɡɠ  ˊɞɡ ɛŮ 

ůŰɐɟɘɝŬɜ əŬɘ ɛŮ ůŰɖɟɑɕɞɡɜ əɎɗŮ ůŰɘɔɛɐ ůŮ ɧŰɘ əɎɜɤ. Ⱥˊɑůɖɠ ɞűŮɑɚɤ ɏɜŬ ɛŮɔɎɚɞ 

ŮɡɢŬɟɘůŰɩ ůŰɞ ũɘɎɜɜɖ ȸɚŬɢɧˊɞɡɚɞ ˊɞɡ ɏɛŮɘɜŮ ŭɑˊɚŬ ɛɞɡ ɓɞɖɗɩɜŰŬɠ ɛŮ ɜŬ 

ˊɟɞůˊŮɟɎůɤ əɎɗŮ Ůɛˊɧŭɘɞ əŬɘ ɛŮ ůŰɐɟɘɝŮ ɛŮ ŬɔɎˊɖ əŬɘ ɡˊɞɛɞɜɐ. 

ɇɏɚɞɠ, Űɞ ɛŮɔŬɚɨŰŮɟɞ ŮɡɢŬɟɘůŰɩ Űɞ ɞűŮɑɚɤ ůŰɖɜ ɞɘəɞɔɏɜŮɘŬ ɛɞɡ, ůŰɞɡɠ ɔɞɜŮɑɠ ɛɞɡ 

ɆŬɛɎɜŰ əŬɘ ȯɜɜŬ əŬɘ ůŰɖɜ ŬŭŮɟűɐ ɛɞɡ ɆɞűɑŬ, ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡɠ ɢɎɟŬɝŬ Űɞ ŭɟɧɛɞ 

ɛɞɡ ɤɠ Ůŭɩ əŬɘ ůɡɜŮɢɑɕɤ ɜŬ ɢŬɟɎɕɤ ůŮ ɎɔɜɤůŰŬ ɛɞɜɞˊɎŰɘŬ ɢɤɟɑɠ ɜŬ űɞɓɎɛŬɘ. ȺɑɜŬɘ 

ŮəŮɑ, ́ ɎɜŰŬ əŬɘ ˊŬɜŰɞɨ. 



 

 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
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ɄŮɟɑɚɖɣɖ 
 

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŮɝŮŰɎɕŮɘ Űɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ əŬɘ 

Űɘɠ ɛŮɗɧŭɞɡɠ ɡˊɞůŰɐɟɘɝɖɠ Űɞɡ. ȷűɞɟɎ ɓŬɗɘɏɠ ůɐɟŬɔɔŮɠ, ŭɖɚŬŭɐ ůɐɟŬɔɔŮɠ ůŮ ɓɎɗɞɠ 

ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ ŭɨɞ ɐ ŰɟŮɑɠ ŭɘŬɛɏŰɟɞɡɠ ɧˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ˊɚɐɟɤɠ Űɞ űŬɘɜɧɛŮɜɞ 

Űɞɡ ɗɧɚɞɡ, ɞɘ ɞˊɞɑŮɠ  ŭɘŬɜɞɑɔɞɜŰŬɘ ɛŮ ůɡɛɓŬŰɘəɐ ŮəůəŬűɐ. 

ɄɘɗŬɜɐ ŬůŰɞɢɑŬ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ Űɖɠ ůɐɟŬɔɔŬɠ ɛˊɞɟŮɑ ɜŬ ŭɖɛɘɞɡɟɔɐůŮɘ ɛɘŬ 

ůŮɘɟɎ Ŭˊɧ ŬɜŮˊɘɗɨɛɖŰŬ ˊɟɞɓɚɐɛŬŰŬ ɧˊɤɠ əŬŰŬůŰɟɞűɏɠ ůŰɖɜ ɡˊɞůŰɐɟɘɝɖ Űɖɠ 

ůɐɟŬɔɔŬɠ əŬɘ ůŰɞ ɛɖɢŬɜɞɚɞɔɘəɧ Ůɝɞˊɚɘůɛɧ, əŬɗɩɠ əŬɘ ŰɟŬɡɛŬŰɘůɛɞɨɠ ůŰɞ 

ˊɟɞůɤˊɘəɧ ˊɞɡ ŮɟɔɎɕŮŰŬɘ əɞɜŰɎ ůŰɞ ɛɏŰɤˊɞ. ȽŭɘŬɑŰŮɟŬ ůŰɘɠ ɓŬɗɘɏɠ ůɐɟŬɔɔŮɠ, ɖ 

ŬůŰɞɢɑŬ Űɞɡ ɛŮŰɩˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮˊɖɟŮɎůŮɘ Űɞɜ ŬůŰɘəɧ ɘůŰɧ  ɛŮ ɓɚɎɓŮɠ ůŰŬ əŰɑɟɘŬ ˊɞɡ 

ɓɟɑůəɞɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, ůŰŬ ɞŭɘəɎ ŭɑəŰɡŬ ə.Ŭ. ɆɡɜŮˊɩɠ ɔɑɜŮŰŬɘ əŬŰŬɜɞɖŰɧ ɧŰɘ ɖ 

ɛŮɚɏŰɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ɛŮŰɩˊɞɡ, ŬɚɚɎ əŬɘ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɤɜ ɛɏůɤɜ 

ɡˊɞůŰɐɟɘɝɖɠ Űɞɡ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ɩůŰŮ ɜŬ ŮɝŬůűŬɚɑɕŮŰŬɘ ɏɜŬ ŬůűŬɚɏɠ ŮɟɔŬůɘŬəɧ 

ˊŮɟɘɓɎɚɚɞɜ ɔɘŬ Űɞ ˊɟɞůɤˊɘəɧ əŬɘ ɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ Űɞ ɛɏɔɘůŰɞ ɧűŮɚɞɠ Ŭˊɧ Űɖɜ 

əŬŰŬůəŮɡɐ Űɖɠ ůɐɟŬɔɔŬɠ. 

Ƀ ůəɞˊɧɠ ŬɡŰɐɠ Űɖɠ ɛŮɚɏŰɖɠ ŮɑɜŬɘ : 

o ɁŬ ŮɝŮŰŬůŰŮɑ ɖ Ůˊɘɟɟɞɐ Űɖɠ ŰɛɖɛŬŰɘəɐɠ ŮəůəŬűɐɠ ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ 

o ɁŬ ŮɝŮŰŬůŰŮɑ ɖ Ůˊɘɟɟɞɐ Űɤɜ ɛɏŰɟɤɜ ˊɟɞůŰŬůɑŬɠ ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ. ɋɠ 

ɛɏɗɞŭɞɘ ɡˊɞůŰɐɟɘɝɖɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬ ŰŬ ŬɔəɨɟɘŬ ɛŮŰɩˊɞɡ, ɞɘ ŭɞəɞɑ ˊɟɞˊɞɟŮɑŬɠ 

ɐ ɞ ůɡɜŭɡŬůɛɧɠ Űɤɜ ŭɨɞ, Ŭűɞɨ ŮɑɜŬɘ ŰŬ ˊɘɞ ůɡɢɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ əŬŰɎ Űɖ 

ŭɘɎɜɞɘɝɖ ůɖɟɎɔɔɤɜ. 

o ɁŬ əŬɗɞɟɘůŰɞɨɜ ŰŬ ɧɟɘŬ ŮűŬɟɛɞɔɐɠ Űɤɜ ˊŬɟŬˊɎɜɤ ɛŮɗɧŭɤɜ ɛŮ ůəɞˊɧ ɜŬ 

ŮˊɘŰŮɡɢɗŮɑ ɞ ɞɘəɞɜɞɛɘəɧɠ ůɢŮŭɘŬůɛɧɠ Űɖɠ ɡˊɞůŰɐɟɘɝɖɠ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ. 

ȼ ́ ŬɟɞɨůŬ ɏɟŮɡɜŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛɏůɤ ŰɟɘůŭɘɎůŰŬŰɤɜ ˊŬɟŬɛŮŰɟɘəɩɜ 

ŬɜŬɚɨůŮɤɜ. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ ɐŰŬɜ ŭɘŬűɞɟŮŰɘəɞɑ Űɨˊɞɘ ɓɟŬɢɧɛŬɕŬɠ, 

ŭɘŬűɞɟŮŰɘəɎ ɓɎɗɖ, ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ɞɟɘɕɧɜŰɘɤɜ ɤɗɐůŮɤɜ Ⱦ, əŬɗɩɠ 

əŬɘ ŭɘɎűɞɟɞɘ ɛɏɗɞŭɞɘ ɡˊɞůŰɐɟɘɝɖɠ ɛŮŰɩˊɞɡ (ŭɞəɞɑ ˊɟɞˊɞɟŮɑŬɠ, ŬɔəɨɟɘŬ Ŭˊɧ 

ɡŬɚɞɜɐɛŬŰŬ). ȷəɧɛɖ ŮɝŮŰɎůŰɖəŮ ɞ Ŭɟɘɗɛɧɠ Űɤɜ űɎůŮɤɜ ŮəůəŬűɐɠ əŬɘ ɖ ɛŮŰŬɝɨ Űɞɡɠ 

ŬˊɧůŰŬůɖ. ȳɚŮɠ ɞɘ ŬɜŬɚɨůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛɏůɤ Űɞɡ əɩŭɘəŬ ˊŮˊŮɟŬůɛɏɜɤɜ 

ůŰɞɘɢŮɑɤɜ Abaqus Simulia. ȾŬŰɎ Űɖɜ Ů́ ŮɝŮɟɔŬůɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮɚŮŰɐɗɖəŬɜ 

ɖ Ůɝɩɗɖůɖ Űɞɡ ɛŮŰɩˊɞɡ, ɖ ɛŮŰŬəɑɜɖůɖ Űɖɠ ůŰɏɣɖɠ Űɖɠ ůɐɟŬɔɔŬɠ, ɖ ŬɜɎˊŰɡɝɖ 

ˊɚŬůŰɘəɐɠ ɕɩɜɖɠ ˊɑůɤ Ŭˊɧ Űɞ ɛɏŰɤˊɞ əŬɗɩɠ əŬɘ ɞɘ ŭɡɜɎɛŮɘɠ ˊɞɡ ŭɏɢɞɜŰŬɘ Űɧůɞ ŰŬ 

ŬɔəɨɟɘŬ ɧůɞ əŬɘ ɞɘ ŭɞəɞɑ ˊɟɞˊɞɟŮɑŬɠ. 

ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ůɢɏůɖ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ Ůɝɩɗɖůɖɠ ŮɑɜŬɘ 

Űɤɜ Georgiou and Kalos (2019) ɖ ɞˊɞɑŬ ɓŬůɑůŰɖəŮ ůŮ ˊɟɞɖɔɞɨɛŮɜɖ ɏɟŮɡɜŬ Űɞɡ 

ɄɟɞɡɜŰɕɧˊɞɡɚɞɡ (2012) ˊɎɜɤ ůŮ ŬɓŬɗŮɑɠ ůɐɟŬɔɔŮɠ. ȼ ůɢɏůɖ Űɤɜ Georgiou and 

Kalos (2019) ŮűŬɟɛɧɕŮŰŬɘ ůŮ ɓŬɗɘɏɠ ůɐɟŬɔɔŮɠ əŬɘ ůɡůɢŮŰɑɕŮɘ Űɖɜ ŬŭɘɎůŰŬŰɖ Ůɝɩɗɖůɖ 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɋ ɛŮ Űɞɜ ŬŭɘɎůŰŬŰɞ ůɡɜŰŮɚŮůŰɐ ŮŭɎűɞɡɠ əŬɘ ɓɎɗɞɡɠ ȿF. Ⱥˊɘˊɚɏɞɜ ɖ ůɡɛˊŮɟɘűɞɟɎ 

Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɞ çɔŮɜɘəŮɡɛɏɜɞè əɟɘŰɐɟɘɞ ŬůŰɞɢɑŬɠ HoekïBrown.  

ɇŬ ɓŬůɘəɎ ůɡɛˊŮɟɎůɛŬŰŬ ˊɞɡ ŮɝɐɢɗɖůŬɜ ɛŮŰŬɝɨ Ɏɚɚɤɜ ŮɑɜŬɘ: 

o ȼ ŰɛɖɛŬŰɘəɐ ŮəůəŬűɐ ůɡɜŮɘůűɏɟŮɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ ůŰɖ ɛŮɑɤůɖ Űɤɜ ŮɝɤɗɐůŮɤɜ 

Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ 

o ȼ Ŭɨɝɖůɖ Űɖɠ ŬˊɧůŰŬůɖɠ ɛŮŰŬɝɨ Űɤɜ űɎůŮɤɜ ŭŮɜ ŮˊɖɟŮɎɕŮɘ ɞɨŰŮ Űɖɜ ŮɡůŰɎɗŮɘŬ 

Űɞɡ ɛŮŰɩˊɞɡ ŬɚɚɎ ɞɨŰŮ əŬɘ ŰŬ ɛŮŰŬŰɞˊɘůɘŬəɎ űŬɘɜɧɛŮɜŬ 

o Ƀɘ ŭɞəɞɑ ˊɟɞˊɞɟŮɑŬɠ ůɡɜŮɘůűɏɟɞɡɜ əɡɟɑɤɠ ůŰɖ ɛŮɑɤůɖ Űɤɜ ɞɟɘɕɧɜŰɘɤɜ 

ɛŮŰŬəɘɜɐůŮɤɜ. 

o ȼ ŭɘɎŰŬɝɖ Űɤɜ Ŭɔəɡɟɑɤɜ ŬˊŬɘŰŮɑŰŬɘ ɜŬ ŮɑɜŬɘ ˊɡəɜɧŰŮɟɖ əɞɜŰɎ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ 

ůɐɟŬɔɔŬɠ. 

ȸɎůŮɘ Űɤɜ ůɡɛˊŮɟŬůɛɎŰɤɜ ŭɑɜɞɜŰŬɘ əɎˊɞɘŮɠ ɞŭɖɔɑŮɠ ɔɘŬ ŰŬ ɧɟɘŬ ŮűŬɟɛɞɔɐɠ Űɖɠ əɎɗŮ 

ɛŮɗɧŭɞɡ əŬɘ ˊɟɞŰŮɑɜɞɜŰŬɘ ˊŮɟɘůůɧŰŮɟŬ ɗɏɛŬŰŬ ˊɟɞɠ ɛŮɚɏŰɖ ɧˊɤɠ ɜŬ ɛŮɚŮŰɖɗɞɨɜ 

ŭɘŬűɞɟŮŰɘəɎ ɓɎɗɖ, ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ Ŭɔəɡɟɑɤɜ, ŭɘŬűɞɟŮŰɘəɏɠ ŬˊɞůŰɎůŮɘɠ 

ɛŮŰŬɝɨ Űɤɜ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ, ˊŮɟɘůůɧŰŮɟŮɠ űɎůŮɘɠ ŮəůəŬűɐɠ ə.Ŭ. 
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Abstract 
 

The present thesis is about the numerical investigation of the tunnel excavation face 

stability and the face supporting methods during conventional tunneling, with an 

emphasis on deep tunnels (where the overburden is greater than 2 to 3 times the 

tunnel diameter so as the arch effect is fully developed over the tunnel crown)  

A potential instability and collapse of the tunnel face can cause several unfavourable 

implications such as damages to tunnel supporting and excavations machines and also 

injuries to staff working near the tunnel face area. Additionally, in case of shallow 

tunnels, tunnel failure may influence the urban environment by causing damages to 

buildings, public transportation system etc.. So, itôs of utmost importance to study 

both the deformational behavior of tunnel face and the effectiveness of the supporting 

measures in order to provide a safe working environment for employees and gain 

maximum profit from tunnel construction. 

The purpose of this study is to: 

o Examine the effect of the successive excavation to face stability. 

o Examine the effect of the protection of excavation face with the usage ofa forepole 

umbrella, fiberglass nails or both to face stability. The reason why forepoles and 

fiberglass are under research is that, usually, they are the  applied methods for face 

supporting.  

o Determine the limit of application of forenamed measures in order to design 

economically the excavation face support. 

This investigation was conducted via three-dimensional finite element analyses. The 

analyses were performed with varying rock mass properties, depth overburden, 

horizontal stresses factor K and face reinforcement (forepoles, fiberglass nails). Other 

parameters which were examined are the number of the excavation phases and the 

distance between them. All the analyses were performed using Abaqus Simulia 

software. During the processing of results, emphasis was placed on face extrusion, 

vertical deformations (crown displacement), plastic zone and tensions in both 

forepoles and fiberglass.  

It is worth noting that the equation which describes the face extrusion phenomenon is 

Georgiou and Kalos (2019) equation based on Prountzopoulos (2012) research for 

swallow tunnels. The Georgiou and Kalos (2019) equation is applied to deep tunnels 

and derives the normalized extrusion ɋ based on a normalized rock and depth factor 

ȿF. Also, the rock behavior is described by the Generalized HoekïBrown failure 

criterion. 
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The main results of this study, among others, are summarized below:  

o The successive phases of tunnel excavation greatly reduce the horizontal 

deformation, in other words the face extrution.  

o The increase of the distance between the excavation phases affects neither the 

stability of the excavation face nor the horizontal and vertical deformations. 

o The forepoles mainly contribute to vertical deformations. 

o The arrangements of fiberglass are required to be denser near the tunnel walls. 

Based on the analyses result, guidelines are given for the limits of applications of face 

supporting methods. Moreover, it is necessary to further examine some parameters via 

parametrical analysis. Those parameters may be the tunnel depth, different fiberglass 

arrangements, different forepoles spacing, more excavation phases e.t.c.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Key words: tunnel, parametrical analysis, ȷbaqus, conventional tunneling, NATM, 

face stability, rockmass, extrusion, excavation phases, plastic zone, crown 

displacement. 
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ɇŬ ɡˊɧɔŮɘŬ ɏɟɔŬ ˊɎɜŰŬ ŬˊɞŰŮɚɞɨůŬɜ ɏɜŭŮɘɝɖ ˊɞɚɘŰɘůɛɘəɐɠ, ŰŮɢɜɞɚɞɔɘəɐɠ ŬɜɎˊŰɡɝɖɠ 

əŬɘ ɞɘəɞɜɞɛɘəɐɠ ŮɡɖɛŮɟɑŬɠ. ȷˊɧ ˊŬɚŬɘɧŰŮɟŬ, ŰŬ ɏɟɔŬ ŬɡŰɎ ɏɢɞɡɜ ůɡɜŭŮɗŮɑ  əɡɟɑɤɠ ɛŮ 

Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ɛŮŰŬűɞɟɘəɐɠ ɘəŬɜɧŰɖŰŬɠ Űɤɜ ůɡɔəɞɘɜɤɜɘŬəɩɜ ŭɘəŰɨɤɜ ŬɚɚɎ əŬɘ ɛŮ 

Űɖɜ ŬˊɞɗɐəŮɡůɖ ɡɚɘəɩɜ. ɋůŰɧůɞ ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɘ ɔɘŬ Ɏɚɚɞɡ Ůɑŭɞɡɠ 

ŮɔəŬŰŬůŰɎůŮɘɠ ɧˊɤɠ ŮɟŮɡɜɖŰɘəɎ əɏɜŰɟŬ, əɞɚɡɛɓɖŰɐɟɘŬ, ŮˊŮɝŮɟɔŬůɑŬ ɚɡɛɎŰɤɜ ə.Ŭ. 

ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ŭɑɜŮŰŬɘ ɚɨůɖ ůŰɞ ˊɟɧɓɚɖɛŬ Űɖɠ ɏɚɚŮɘɣɖɠ ɢɩɟɞɡ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

ˊɞɡ ŬɜŰɘɛŮŰɤˊɑɕɞɡɜ ɞɘ ůɨɔɢɟɞɜŮɠ əɞɘɜɤɜɑŮɠ. ɇŬ ɡˊɧɔŮɘŬ ɏɟɔŬ ˊɞɡ ŮɑɜŬɘ ˊɘɞ 

ŭɘŬŭŮŭɞɛɏɜŬ Űɧůɞ Ŭˊɧ Ɏˊɞɣɖ əŬŰŬůəŮɡɐɠ ɧůɞ əŬɘ ůŰɖ ɢɟɐůɖ ŮɑɜŬɘ ɞɘ ůɐɟŬɔɔŮɠ, 

ŭɖɚŬŭɐ ɞɟɘɕɧɜŰɘŮɠ ŮəůəŬűɏɠ ɐ ůɢŮŭɧɜ ɞɟɘɕɧɜŰɘŮɠ ˊɞɡ Űɞ əɎɗŮ Ɏəɟɞ Űɞɡɠ ŮɑɜŬɘ 

ŬɜɞɘɢŰɧ əŬɘ ŮˊɘəɞɘɜɤɜŮɑ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ. 

ȹɡůəɞɚɑŬ ůŰɖɜ əŬŰŬůəŮɡɐ Űɤɜ ůɖɟɎɔɔɤɜ ŬɚɚɎ əŬɘ əɎɗŮ Ůɑŭɞɡɠ ɡˊɧɔŮɘɞ ɏɟɔɞ 

ŬˊɞŰŮɚŮɑ ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡɠ ɛŮ Űɞɡɠ ˊŮɟɘɓɎɚɚɞɜŰŮɠ ɔŮɤɚɞɔɘəɞɨɠ ůɢɖɛŬŰɘůɛɞɨɠ. 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ Űɞ ɡˊɏŭŬűɞɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ůɢɖɛŬŰɘůɛɞɨɠ ŬɜɞɛɞɘɞɔŮɜŮɑɠ əŬɘ 

ŬɜɘůɧŰɟɞˊɞɡɠ, Űɤɜ ɞˊɞɑɤɜ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ 

ŮˊŬəɟɘɓɩɠ. Ƀ ůɡɜŭɡŬůɛɞɨɠ Űɞɡ ɡɣɖɚɞɨ əɧůŰɞɡɠ əŬŰŬůəŮɡɐɠ əŬɘ Űɖɠ ŬɓŮɓŬɘɧŰɖŰŬɠ 

ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ Ŭˊɧ Űɖ ŭɨůəɞɚɖ ˊɟɧɓɚŮɣɖ ˊɚɐɟɤɠ Űɤɜ ɔŮɤŰŮɢɜɘəɩɜ ůɡɜɗɖəɩɜ, 

əŬɗɘůŰɎ ŬˊŬɟŬɑŰɖŰɖ Űɖɜ ɚŮˊŰɞɛŮɟɐ ɛŮɚɏŰɖ.  

ɇŬ əɡɟɘɧŰŮɟŬ ˊɟɞɓɚɐɛŬŰŬ ˊɞɡ ŭɨɜŬŰŬɘ ɜŬ ŬɜŰɘɛŮŰɤˊɑůŮɘ ɏɜŬɠ ɛɖɢŬɜɘəɧɠ əŬŰɎ Űɞ 

ůɢŮŭɘŬůɛɧ əŬɘ əŬŰŬůəŮɡɐ Űɖɠ ůɐɟŬɔɔŬɠ ŮɑɜŬɘ ɖ ŮɡůŰɎɗŮɘŬ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ əŬɘ ɖ 

ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ, Ŭűɞɨ ɖ ŮɛˊŮɘɟɑŬ ɏɢŮɘ ŭŮɑɝŮɘ ɧŰɘ ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ 

ŬůŰɞɢɑŮɠ ůɡɛɓŬɑɜɞɡɜ ůŰɖ ˊŮɟɘɞɢɐ Űɞɡ ɛŮŰɩˊɞɡ ɐ ˊɚɖůɑɞɜ ŬɡŰɞɨ. ȺɘŭɘəɎ ůŮ ŬɓŬɗŮɑɠ 

ůɐɟŬɔɔŮɠ əŬɘ əŬŰŬůəŮɡŬůɛɏɜŮɠ ŮɜŰɧɠ Űɞɡ ŬůŰɘəɞɨ ɘůŰɞɨ ˊɏɟŬɜ Űɖɠ əŬŰŬůŰɟɞűɐɠ Űɞɡ 

Ůɝɞˊɚɘůɛɞɨ əŬɘ Űɖɠ ɡˊɞůŰɐɟɘɝɖɠ, ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ ůɞɓŬɟɎ ˊɟɞɓɚɐɛŬŰŬ ůŰɘɠ 

əŬŰŬůəŮɡɏɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ. ɇŬ ˊŬɟŬˊɎɜɤ ɞŭɖɔɞɨɜ ůŮ ůɞɓŬɟɏɠ 

əŬŰŬůəŮɡŬůŰɘəɏɠ əŬɗɡůŰŮɟɐůŮɘɠ əŬɘ ůɖɛŬɜŰɘəɏɠ ɞɘəɞɜɞɛɘəɏɠ ŮˊɘɓŬɟɨɜůŮɘɠ . 

ɇɞ ɕɐŰɖɛŬ Űɖɠ ŮɡůŰɎɗŮɘŬɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ ŭŮɜ ŬˊɞŰŮɚŮɑ ˊɚɏɞɜ ˊɟɧəɚɖůɖ Ŭűɞɨ ɏɢŮɘ 

ˊɟɞůŮɔɔɘůŰŮɑ ŮɟŮɡɜɖŰɘəɎ ˊɞɘəɘɚɞŰɟɧˊɤɠ əŬɘ ɡˊɎɟɢŮɘ ůɡůůɤɟŮɡɛɏɜɖ əŬŰŬůəŮɡŬůŰɘəɐ 

ŮɛˊŮɘɟɑŬ, Ůɜɩ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ɛŮɚŮŰɖɗŮɑ ŬɜŬɚɡŰɘəɎ ůŰɘɠ ŭɨɞ ŭɘŬůŰɎůŮɘɠ ɛɏůɤ 

ˊɟɞɔɟŬɛɛɎŰɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ. ȷˊɧ Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ, ɖ ŮɡůŰɎɗŮɘŬ Űɞɡ 

ɛŮŰɩˊɞɡ ŬˊɞŰŮɚŮɑ ˊɘɞ ŬˊŬɘŰɖŰɘəɧ ɕɐŰɖɛŬ Ŭűɞɨ ŭŮɜ ɡˊɎɟɢɞɡɜ ɚɨůŮɘɠ çəɚŮɘůŰɞɨ 

Űɨˊɞɡè ˊɞɡ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ˊɞůɞŰɘəɞˊɞɘɐůɞɡɜ Űɖ ůɨɜɗŮŰɖ ŮɜŰŬŰɘəɐ-ˊŬɟŬɛɞɟűɤůɘŬəɐ 

əŬŰɎůŰŬůɖ Űɞɡ ɛŮŰɩˊɞɡ, Ůɜɩ ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ˊɟɞůɏɔɔɘůɖ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ ŬɡŰɞɨ 

ůŰɘɠ ŭɨɞ ŭɘŬůŰɎůŮɘɠ. ɇɞ ůɢŮŭɘŬůɛɧ əŬɘ Űɖ ɛŮɚɏŰɖ Űɞɡ ɓŮɚŰɘɩɜɞɡɜ ůɖɛŬɜŰɘəɎ ɞɘ 

ŰɟɘůŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ, əŬɗɩɠ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůɞɛɞɘɩůɞɡɜ ˊɚɐɟɤɠ Űɘɠ ůɡɜɗɐəŮɠ 

əŬŰŬůəŮɡɐɠ, ŭɖɚŬŭɐ Űɞ ɔŮɤɡɚɘəɧ, ŰŬ ɛɏůŬ ɡˊɞůŰɐɟɘɝɖɠ, ŰŬ űɎůŮɘɠ ŭɘɎɜɞɘɝɖɠ ə.Ŭ.   
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɋůŰɧůɞ ɞ ɢɟɧɜɞɠ Ůˊɑɚɡůɖɠ Űɤɜ ŬɜŬɚɨůŮɤɜ əŬɘ ɞ ɧɔəɞɠ Űɤɜ ˊŬɟŬɔɧɛŮɜɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ ɏɢŮɘ ˊŮɟɘɞɟɑůŮɘ Űɖ ɢɟɐůɖ Űɞɡɠ əɡɟɑɤɠ ůŮ ŮɟŮɡɜɖŰɘəɞɨɠ ůəɞˊɞɨɠ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮəˊɞɜɐɗɖəŬɜ ŬɟɘɗɛɖŰɘəɏɠ ŬɜŬɚɨůŮɘɠ ɛŮ Űɞɜ əɩŭɘəŬ 

ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ Simulia Abaqus ɔɘŬ ɓŬɗɘɏɠ ůɐɟŬɔɔŮɠ əŬŰŬůəŮɡŬůɛɏɜŮɠ 

ŮɜŰɧɠ ŬůɗŮɜɩɜ ɓɟŬɢɧɛŬɕɤɜ, ˊɞɡ ŭɨɜŬɜŰŬɘ ɧˊɤɠ ŮˊɘŰɟɏɣɞɡɜ Űɖɜ ˊɘůŰɐ ŮűŬɟɛɞɔɐ Űɞɡ 

əŬŰŬůŰŬŰɘəɞɨ əɟɘŰɖɟɑɞɡ Generalized Hoek ï Brown. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ 

ɟ́ɞůɞɛɞɘɩɗɖəŮ ůɐɟŬɔɔŬ ˊŮŰŬɚɞŮɘŭɞɨɠ ŭɘŬŰɞɛɐɠ ŭɘŬɛɏŰɟɞɡ 10m ůŮ ɓɎɗɖ 100m əŬɘ 

200m Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ. ɆŰɘɠ ŬɜŬɚɨůŮɘɠ ˊŬɟŬɛŮŰɟɞˊɞɘɐɗɖəŬɜ ŭɘɎűɞɟŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ɧˊɤɠ ɖ ˊɞɘɧŰɖŰŬ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ, Űɞ ˊɚɐɗɞɠ Űɤɜ űɎůŮɤɜ ŮəůəŬűɐɠ 

əŬɘ ɖ ɛŮŰŬɝɨ Űɞɡɠ ŬˊɧůŰŬůɖ. Ⱥˊɑůɖɠ ˊɟɞůɞɛɞɘɩɗɖəŬɜ ŰŬ ůɡɜɐɗɖ ɛɏŰɟŬ Ůɜɑůɢɡůɖɠ 

Űɞɡ ɛŮŰɩˊɞɡ, ŭɖɚŬŭɐ ɞɘ ŭɞəɞɑ ˊɟɞˊɞɟŮɑŬɠ əŬɘ ŰŬ ŬɔəɨɟɘŬ ɛŮŰɩˊɞɡ. ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŬɜŬɚɨůŮɤɜ ŬűɞɟɞɨůŬɜ Űɧůɞ ŰŬ ɛŮŰŬŰɞˊɘůɘŬəɎ űŬɘɜɧɛŮɜŬ ůŰɖ 

ˊŮɟɘɞɢɐ Űɞɡ ɛŮŰɩˊɞɡ ɧůɞ əŬɘ ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ɛɏŰɟɤɜ ɡˊɞůŰɐɟɘɝɖɠ ɛŮ Űɖɜ 

ˊŮɟɘɓɎɚɚɞɡůŬ ɓɟŬɢɧɛŬɕŬ. 

ȼ ɏɟŮɡɜŬ ŬɡŰɐ ŬˊɞůəɞˊŮɑ ůŰɖɜ ˊŬɟŬŰɐɟɖůɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ɛŮŰɩˊɞɡ əŬŰɎ 

Űɖɜ ŭɘɎɜɞɘɝɖ. ȸŬůɘəɧɠ ůŰɧɢɞɠ ɐŰŬɜ ɞ ɏɚŮɔɢɞɠ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɧůɞ Űɤɜ ɛɏůɤɜ 

ɡˊɞůŰɐɟɘɝɖɠ Űɞɡ ɛŮŰɩˊɞɡ ɧůɞ əŬɘ Űɟɧˊɞɡ ŭɘɎɜɞɘɝɖɠ (ɞɚɞɛɏŰɤˊɖ ɐ ŰɛɖɛŬŰɘəɐ) ůŰɖɜ 

ŮɡůŰɎɗŮɘŬ ɛŮŰɩˊɞɡ. ȺˊɘˊɟɧůɗŮŰŬ ŭɘŮɟŮɡɜɐɗɖəŮ ɞ Űɟɧˊɞɠ əŬŰŬˊɧɜɖůɖɠ Űɤɜ 

ŭɘɎűɞɟɤɜ ɛɏŰɟɤɜ Ůɜɑůɢɡůɖɠ Ŭűɞɨ ŮɑɜŬɘ ůɖɛŬɜŰɘəɧɠ ůŰɖ ŭɘŬɛɧɟűɤůɖ Űɖɠ 

ɡˊɞůŰɐɟɘɝɖɠ Űɧůɞ Ŭˊɧ Ɏˊɞɣɖ ɔŮɤɛŮŰɟɑŬɠ ɧůɞ əŬɘ Ŭˊɧ Ɏˊɞɣɖ Űɖɠ ŬɜŰɞɢɐɠ Űɖɠ. 

Ⱥˊɑůɖɠ ɏɔɘɜŮ ˊɟɞůˊɎɗŮɘŬ ŮɨɟŮůɖɠ Űɞɡ Ůɨɟɞɡɠ Űɘɛɩɜ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ (ˊɞɘɧŰɖŰŬ 

ɓɟŬɢɧɛŬɕŬɠ, ɓɎɗɞɠ) ɔɘŬ ŰŬ ŮɑɜŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ɖ ɢɟɐůɖ Űɞɡ əɎɗŮ ɛɏŰɟɞɡ Ůɝ ŬɡŰɩɜ 

ɐ Űɖɠ ŮˊŬɚɚɖɚɑŬɠ Űɞɡɠ. 

ȷəɞɚɞɡɗŮɑ ůɡɜɞˊŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɤɜ əŮűŬɚŬɑɤɜ ˊɞɡ ŬˊŬɟŰɑɕɞɡɜ Űɖɜ ˊŬɟɞɨůŬ 

ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ.    

ȾŮűɎɚŬɘɞ 2
ɞ
 : ɀŮ ůəɞˊɧ ɜŬ ŬɜŬŭŮɘɢɗŮɑ ɖ ůɖɛŬůɑŬ Űɖɠ əŬŰŬůəŮɡɐɠ ůɖɟɎɔɔɤɜ, 

ŬɟɢɘəɎ ɔɑɜŮŰŬɘ ɛɘŬ ůɨɜŰɞɛɖ ɘůŰɞɟɘəɐ ŬɜŬŭɟɞɛɐ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɩůŰŮ ɜŬ ɔɑɜɞɡɜ 

əŬŰŬɜɞɖŰɞɑ ɞɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮˊɘŭɟɎůɞɡɜ ŬɟɜɖŰɘəɎ ůŰɖɜ ŮɡůŰɎɗŮɘŬ ɛɘŬɠ 

ůɐɟŬɔɔŬɠ, ŬɚɚɎ əŬɘ ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ, ɗŬ ŮɝŮŰŬůŰɞɨɜ ɞɘ ɓŬůɘəɏɠ Ŭɟɢɏɠ 

ůɢŮŭɘŬůɛɞɨ (ŬɜŬɚɡŰɘəɏɠ ɛɏɗɞŭɞɘ, ůɡůŰɐɛŬŰŬ ŰŬɝɘɜɧɛɖůɖɠ əŬɘ əɟɘŰɐɟɘŬ ŬůŰɞɢɑŬɠ 

ɓɟŬɢɧɛŬɕŬɠ), ɞɘ ɛɏɗɞŭɞɘ ŭɘɎɜɞɘɝɖɠ (ɛɖɢŬɜɘəɐ əŬɘ ůɡɛɓŬŰɘəɐ ŭɘɎɜɞɘɝɖ)  əŬɘ ŰŬ 

ˊɟɞɓɚɐɛŬŰŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɝɞɡɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɡŰɐɠ. 

ȾŮűɎɚŬɘɞ 3
ɞ
 : ɆŰɖ űɎůɖ ŬɡŰɐ ˊŮɟɘɔɟɎűŮŰŬɘ ŬɜŬɚɡŰɘəɎ ɞ Űɟɧˊɞɠ ŬůŰɞɢɑŬɠ Űɞɡ 

ɛŮŰɩˊɞɡ əŬɘ ɞɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ Űɞɜ ŭɘɏˊɞɡɜ. Ⱥˊɑůɖɠ ɔɑɜŮŰŬɘ ŮəŰŮɜɐɠ ˊŮɟɘɔɟŬűɐ Űɤɜ 

ɛŮɗɧŭɤɜ ɓŮɚŰɑɤůɖɠ Űɖɠ ŮɡůŰɎɗŮɘŬɠ Űɞɡ əŬɘ ˊɘɞ ŮəŰŮɜɩɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ŰŬ ɛɏŰɟŬ 

ɡˊɞůŰɐɟɘɝɖɠ ˊɞɡ ˊɟɞůɞɛɞɘɩɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ, ŭɖɚŬŭɐ ɞɘ ŭɞəɞɑ 

ˊɟɞˊɞɟŮɑŬɠ əŬɘ ŰŬ ŬɔəɨɟɘŬ ɛŮŰɩˊɞɡ. ɇɏɚɞɠ ˊŬɟŬŰɑɗŮɜŰŬɘ ŭɘɎűɞɟŮɠ ˊɟɞůŮɔɔɑůŮɘɠ 

(ˊŮɘɟŬɛŬŰɘəɏɠ, ŬɜŬɚɡŰɘəɏɠ əŬɘ ŬɟɘɗɛɖŰɘəɏɠ) Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ, Ŭˊɧ Űɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ, 
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ˊɞɡ ˊŮɟɘɔɟɎűɞɡɜ Űɧůɞ Űɞ ɛɖɢŬɜɘůɛɧ ŬůŰɞɢɑŬɠ ɧůɞ əŬɘ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ 

ŭɘɎűɞɟɤɜ ɛɏŰɟɤɜ ɡˊɞůŰɐɟɘɝɖɠ Űɞɡ. 

ȾŮűɎɚŬɘɞ 4
ɞ
 : ȵůŰŮ ɜŬ ɔɑɜɞɡɜ əŬŰŬɜɞɖŰɎ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɜ ŬɜŬɚɨůŮɤɜ, ůŰɞ 

əŮűɎɚŬɘɞ ŬɡŰɧ ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ɛɞɜŰɏɚɞ ˊɞɡ ˊɟɞůɞɛɞɘɩɗɖəŮ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ Űɞɡ 

ˊɟɞɔɟɎɛɛŬŰɞɠ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ Abaqus Simulia. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɔɑɜŮŰŬɘ 

ˊŮɟɘɔɟŬűɐ Űɤɜ ɔŮɤɛŮŰɟɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ ɛɞɜŰɏɚɞɡ əŬɘ Űɤɜ ɡɚɘəɩɜ ˊɞɡ 

ˊɟɞůɞɛɞɘɩɗɖəŬɜ (ɓɟŬɢɧɛŬɕŬ, ɛɏŰɟŬ ɡˊɞůŰɐɟɘɝɖɠ ə.Ŭ.), ŬɚɚɎ əŬɘ Űɤɜ ɓŬůɘəɩɜ 

ɛŮɔŮɗɩɜ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ.  

ȾŮűɎɚŬɘɞ 5
ɞ
 : ɆŰɞ əŮűɎɚŬɘɞ ŬɡŰɧ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɟɩŰɖɠ 

ɞɛɎŭŬɠ ŬɜŬɚɨůŮɤɜ ˊɞɡ ŬűɞɟɎ ůɐɟŬɔɔŮɠ ɛŮ ŬɜɡˊɞůŰɐɟɘəŰɞ ɛɏŰɤˊɞ ˊɞɡ ŭɘŬɜɞɑɔɞɜŰŬɘ 

ŮɑŰŮ ɞɚɞɛɏŰɤˊŬ, ŮɑŰŮ ŰɛɖɛŬŰɘəɎ ŭɖɚŬŭɐ ůŮ űɎůŮɘɠ ŮəůəŬűɐɠ ȷ&ȸ, Ůɜɩ ŮɝŮŰɎɕŮŰŬɘ 

əŬɘ ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ űɎůŮɤɜ. ɀŮ ɓɎůɖ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ 

ŮɝŮŰɎɕɞɜŰŬɘ ŰŬ ɛŮŰŬŰɞˊɘůɘŬəɎ űŬɘɜɧɛŮɜŬ, Űɞ ˊɟɞűɑɚ Űɖɠ Ůɝɩɗɖůɖɠ Űɞɡ ɛŮŰɩˊɞɡ 

əŬɗɩɠ əŬɘ ɖ ŬɜɎˊŰɡɝɖ ˊɚŬůŰɘəɐɠ ɕɩɜɖɠ. ɆŰɧɢɞɠ ŮɑɜŬɘ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ ɞ ɓŬɗɛɧɠ 

Ůˊɘɟɟɞɐɠ Űɤɜ ˊŬɟŬˊɎɜɤ ŰŮɢɜɘəɩɜ ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ. 

ȾŮűɎɚŬɘɞ 6
ɞ
 : Ⱥɜ ůɡɜŮɢŮɑŬ Űɤɜ ˊŬɟŬˊɎɜɤ, ˊŬɟŬŰɑɗŮɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ 

ŬɜŬɚɨůŮɤɜ Űɖɠ ŭŮɨŰŮɟɖɠ ɞɛɎŭŬɠ ŬɜŬɚɨůŮɤɜ ˊɞɡ ŬűɞɟɎ ůɐɟŬɔɔŮɠ ɛŮ 

ɡˊɞůŰɖɟɘɕɧɛŮɜɞ ɛɏŰɤˊɞ ɛŮ ɢɟɐůɖ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ, Ŭɔəɡɟɑɤɜ əŬɘ Űɤɜ ůɡɜŭɡŬůɛɧ 

Űɤɜ ŭɨɞ. ɆŰɖ űɎůɖ ŬɡŰɐ ˊɏɟŬɜ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ əŬɘ Űɤɜ ˊɚŬůŰɘəɞˊɞɘɐůŮɤɜ 

ŮɝŮŰɎɕɞɜŰŬɘ ɞ Űɟɧˊɞɠ əŬŰŬˊɧɜɖůɖɠ Űɤɜ ˊŬɟŬˊɎɜɤ ɛɏŰɟɤɜ, ɖ ŮˊɎɟəŮɘŬ Űɞɡɠ, ŬɚɚɎ 

əŬɘ ɞ Űɟɧˊɞɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Űɞɡɠ. ɆŰɧɢɞɠ ŮɑɜŬɘ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ ɞ ɓŬɗɛɧɠ Ůˊɘɟɟɞɐɠ 

Űɤɜ ɛɏŰɟɤɜ ŬɡŰɩɜ ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ.  

ȾŮűɎɚŬɘɞ 7
ɞ
 :  ɆŰɞ əŮűɎɚŬɘɞ ŬɡŰɧ ˊŬɟŬŰɑɗŮɜŰŬɘ ŰŬ ɓŬůɘəɎ ůɡɛˊŮɟɎůɛŬŰŬ Űɖɠ 

ɏɟŮɡɜŬɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ əŬɘ ˊɟɞŰŮɑɜɞɜŰŬɘ ɓɎůɖ ŬɡŰɩɜ ɞɘ ɓɏɚŰɘůŰɞɘ Űɟɧˊɞɘ 

ŭɘɎɜɞɘɝɖɠ əŬɘ ɡˊɞůŰɐɟɘɝɖɠ. ɇɏɚɞɠ, ɓɎůŮɘ Űɤɜ ˊɟɞɓɚɖɛŬŰɘůɛɩɜ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ 

Űɧůɞ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ɓɘɓɚɘɞɔɟŬűɘəɐɠ ŬɜŬɕɐŰɖůɖɠ ɧůɞ əŬɘ əŬŰɎ Űɖɜ ŬɟɘɗɛɖŰɘəɐ 

ŬɜɎɚɡůɖ, ɔɑɜɞɜŰŬɘ ˊɟɞŰɎůŮɘɠ ɔɘŬ ˊŮɟŬɘŰɏɟɤ ɏɟŮɡɜŬ. 
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ȾŮűɎɚŬɘɞ 2
ɞ 
- ɆɖɟŬɔɔɞˊɞɘɑŬ 

2.1 ȺɘůŬɔɤɔɐ 
 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ, ɧˊɤɠ ɏɢŮɘ ɐŭɖ ŬɜŬűŮɟɗŮɑ, ɗŬ ŮɝŮŰŬůŰŮɑ ɖ 

ŮɡůŰɎɗŮɘŬ ɛŮŰɩˊɞɡ ɓŬɗɘɎɠ ůɐɟŬɔɔŬɠ. ɀŮ ůəɞˊɧ Űɖɜ əŬŰŬɜɧɖůɖ Űɤɜ ɛɖɢŬɜɘůɛɩɜ ˊɞɡ 

ɛˊɞɟŮɑ ɜŬ ŮˊɘŭɟɎůɞɡɜ ŬɟɜɖŰɘəɎ ůŰɖɜ ŮɡůŰɎɗŮɘŬ ɛɘŬɠ ůɐɟŬɔɔŬɠ, ɗŬ ŬɜŬɚɡɗɞɨɜ ůŰɘɠ 

ŮˊɧɛŮɜŮɠ ŮɜɧŰɖŰŮɠ ɞɘ ɓŬůɘəɏɠ Ŭɟɢɏɠ ůɢŮŭɘŬůɛɞɨ, ɞɘ ɛɏɗɞŭɞɘ ŭɘɎɜɞɘɝɖɠ əŬɘ ŰŬ 

ˊɟɞɓɚɐɛŬŰŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɝɞɡɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɡŰɐɠ. 

2.2 ȽůŰɞɟɘəɐ ȷɜŬŭɟɞɛɐ 
 

ȼ əŬŰŬůəŮɡɐ ůɖɟɎɔɔɤɜ ˊŬɟɞɡůɘɎɕŮɘ ɛŮɔɎɚɖ ŬɜɎˊŰɡɝɖ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, Űɧůɞ 

ŮɝŬɘŰɑŬɠ Űɖɠ ŰŮɢɜɞɚɞɔɘəɐɠ ŬɜɎˊŰɡɝɖɠ ɧůɞ əŬɘ Űɤɜ ŬɡɝŬɜɧɛŮɜɤɜ ŬɜŬɔəɩɜ ɔɘŬ 

ɡˊɞŭɞɛɏɠ.  

ɋůŰɧůɞ ɖ ůɖɟŬɔɔɞˊɞɘɑŬ ŭŮɜ ŬˊɞŰŮɚŮɑ ŮˊɑŰŮɡɔɛŬ Űɖɠ ůɨɔɢɟɞɜɖɠ Ůˊɞɢɐɠ. 

ɄɘɗŬɜɞɚɞɔŮɑŰŬɘ ɧŰɘ ɞɘ ˊɟɩŰŮɠ ˊɟɞůˊɎɗŮɘŮɠ ɔɘŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ ɢɩɟɤɜ ɛɏůŬ ůŰɞ 

ˊɏŰɟɤɛŬ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ Ŭˊɧ Űɞɡɠ Ŭɜɗɟɩˊɞɡɠ Űɖɠ ɄɟɞɥůŰɞɟɘəɐɠ Ⱥˊɞɢɐɠ ůŮ ɛɘŬ 

ˊɟɞůˊɎɗŮɘŬ ŮˊɏəŰŬůɖɠ Űɤɜ ůˊɖɚŬɑɤɜ Űɞɡɠ. ȸɏɓŬɘŬ, ɞɘ ˊɟɩŰŮɠ ůɐɟŬɔɔŮɠ 

əŬŰŬɔɟɎűɞɜŰŬɘ ɔɨɟɤ ůŰɞ 3000 ˊ.ɉ. ůŰɖ ɀɎɚŰŬ əŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɜ ɔɘŬ Űɖɜ 

ˊɟɧůɓŬůɖ ůŮ ɢɩɟɞɡɠ ɚŬŰɟŮɑŬɠ ɗŮɩɜ. ȯɚɚŬ ŬɜŰɑůŰɞɘɢŬ ɏɟɔŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ əŬɘ 

ůŰɖɜ ȷɟɢŬɑŬ ȷɑɔɡˊŰɞ. ɆŰɖ ȸŬɓɡɚɩɜŬ ˊŮɟɑ Űɞ 2180 ˊ.ɉ ŭɘŬɜɞɑɢɗɖəŮ ůɐɟŬɔɔŬ ɛɐəɞɡɠ 

930 ɛɏŰɟɤɜ ɛŮ Űɖɜ ɛɏɗɞŭɞ Űɖɠ ŮˊŬɜŮˊɑɢɤůɖɠ
1
 əɎŰɤ Ŭˊɧ Űɞɜ ˊɞŰŬɛɧ ȺɡűɟɎŰɖ, 

ɨůŰŮɟŬ Ŭˊɧ ˊɟɞůɤɟɘɜɐ ŮəŰɟɞˊɐ Űɞɡ, ɖ ɞˊɞɑŬ ɏɜɤɜŮ Űɞ ˊŬɚɎŰɘ ɛŮ Űɞ ɜŬɧ. ȼ ůɐɟŬɔɔŬ 

Űɞɡ ȺɡűɟɎŰɖ ŮɑɜŬɘ ɖ ˊɟɩŰɖ ŬɚɚɎ əŬɘ ɖ ɛɧɜɖ ɡˊɧɔŮɘŬ ŭɘɎɓŬůɖ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŮ 

əɎŰɤ Ŭˊɧ ˊɞŰɎɛɘ  ɛɏɢɟɘ Űɖɜ ŮˊɧɛŮɜɖ ˊɟɞůˊɎɗŮɘŬ Űɞɡ Brunel Űɞ 1842. 

Ƀɘ ɅɤɛŬɑɞɘ əŬɘ ɞɘ ȰɚɚɖɜŮɠ, ɏəŬɜŬɜ ŮəŰŮŰŬɛɏɜɖ ɢɟɐůɖ Űɤɜ ůɖɟɎɔɔɤɜ, ɔɘŬ 

ůŰɟŬŰɖɔɘəɞɨɠ ůəɞˊɞɨɠ ŬɚɚɎ əŬɘ ɔɘŬ Űɖɜ ɨŭɟŮɡůɖ Űɤɜ ˊɧɚŮɤɜ. ɇɞ ůɖɛŬɜŰɘəɧŰŮɟɞ 

ɏɟɔɞ Űɖɠ Ůˊɞɢɐɠ ŮɑɜŬɘ Űɞ ȺɡˊŬɚɑɜŮɘɞ ȳɟɡɔɛŬ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ůɐɟŬɔɔŬ ɛɐəɞɡɠ 1036 

ɛɏŰɟɤɜ əŬɘ ŭɘŬŰɞɛɐɠ ˊŮɟɑˊɞɡ 3,5 m
2
  ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŮ Űɞɜ 6

ɞ
 ŬɘɩɜŬ ˊ.ɉ ɛŮ 

ůəɞˊɧ ɜŬ ˊŬɟɞɢŮŰŮɨůŮɘ ɛŮ ɜŮɟɧ Űɖɜ ˊɧɚɖ Űɖɠ ɆɎɛɞɡ.  

ɇɞ ȺɡˊŬɚɑɜŮɘɞ ȳɟɡɔɛŬ ŬˊɞŰɏɚŮůŮ ůŰŬɗɛɧ ůŰɖɜ əŬŰŬůəŮɡɐ ůɖɟɎɔɔɤɜ, əŬɗɩɠ ɐŰŬɜ ɖ 

ˊɟɩŰɖ ůɐɟŬɔɔŬ ɖ ɞˊɞɑŬ ŭɘŬɜɞɑɢɗɖəŮ ŰŬɡŰɧɢɟɞɜŬ Ŭˊɧ ŭɨɞ ɛɏŰɤˊŬ ɛŮ ůɡɜɎɜŰɖůɖ ůŰɞ 

ɛɏůɞ Űɖɠ ŭɘŬŭɟɞɛɐɠ əŬɘ ɛŮ Űɖ ɢɟɐůɖ ɔŮɤɛŮŰɟɘəɐɠ ˊɟɞůɏɔɔɘůɖɠ. ɇɞ ɧɜɞɛŬ Űɖɠ 

ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɞɜ ɛɖɢŬɜɘəɧ ȺɡˊŬɚɑɜɞ ˊɞɡ ɏəŬɜŮ Űɞ ůɢŮŭɘŬůɛɧ Űɖɠ əŬɘ ˊɏŰɡɢŮ 

ůɡɜɎɜŰɖůɖ Űɤɜ ŭɨɞ ˊɚŮɡɟɩɜ ɛŮ ŮəˊɚɖəŰɘəɐ ŬəɟɑɓŮɘŬ əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɛŮ 

Ŭˊɧəɚɘůɖ ɛɧɚɘɠ 0,8 m. ȯɚɚŬ ŰŮɢɜɘəɎ ɏɟɔŬ ůŬɜ ŬɡŰɧ, ůŰɞɜ ȺɚɚŬŭɘəɧ ɢɩɟɞ ŮɑɜŬɘ Űɞ 

ȷŭɟɘɎɜŮɘɞ ɡŭɟŬɔɤɔŮɑɞ, ɏɜŬ ŮəŰŮŰŬɛɏɜɞ ŭɑəŰɡɞ ɡˊɧɔŮɘɤɜ ůɖɟɎɔɔɤɜ ˊɞɡ 

əŬŰŬůəŮɡɎůŰɖəŮ Űɞɜ 2
ɞ
 ŬɘɩɜŬ ɛ.ɉ. ůŰɞ ɚŮəŬɜɞˊɏŭɘɞ ȷɗɖɜɩɜ, əŬɗɩɠ əŬɘ ŭɨɞ 

ɡŭŬŰŬɔɤɔŮɑɠ ůɐɟŬɔɔŮɠ Űɖɜ ɑŭɘŬ ˊŮɟɑɞŭɞ ůŰɖɜ ɃɟŮɘɜɐ ȾɞɟɘɜɗɑŬ ɔɘŬ Űɖɜ ɨŭɟŮɡůɖ Űɖɠ 

Ⱦɞɟɑɜɗɞɡ. 
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ȺɘəɧɜŬ 2.1: ɀɖəɞŰɞɛɐ əŬɘ əɎŰɞɣɐ Űɞɡ ȺɡˊŬɚɑɜŮɘɞɡ ɃɟɨɔɛŬŰɞɠ (ɀˊŮɜɎɟŭɞɠ,2010). 

 

 

ȺɘəɧɜŬ 2.2: ȯˊɞɣɖ Űɖɠ ůɖɛŮɟɘɜɐɠ ɛɞɟűɐɠ Űɞɡ ȺɡˊŬɚɑɜŮɘɞɡ ɃɟɨɔɛŬŰɞɠ(kathimerini .gr). 

ɀɏɢɟɘ əŬɘ Űɞɜ 18
ɞ
 ŬɘɩɜŬ ůɐɟŬɔɔŮɠ əŬŰŬůəŮɡɎɕɞɜŰŬɜ, əŬŰɎ əɨɟɘɞ ɚɧɔɞ, ůŰŬ ˊɚŬɑůɘŬ 

ɛŮŰŬɚɚŮɡŰɘəɩɜ ɏɟɔɤɜ, Ůɜɩ Űɞ 19
ɞ
 ŬɘɩɜŬ ůɖɛŬŰɞŭɞŰŮɑŰŬɘ ɖ ɏɜŬɟɝɖ ŭɘɎɜɞɘɝɖɠ 

ůɖɟɎɔɔɤɜ ůɡɔəɞɘɜɤɜɘŬəɞɨ ɢŬɟŬəŰɐɟŬ. ȼ ůɐɟŬɔɔŬ Űɞɡ ũɎɚɚɞɡ ɛɖɢŬɜɘəɞɨ ɀ. Brunel 

ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŮ ɔɘŬ Űɖɜ ŭɘɏɚŮɡůɖ Űɞɡ ˊɞŰŬɛɞɨ ɇɎɛŮůɖ Űɞ 1825-1842, ŮɑɜŬɘ ɖ 

ˊɟɩŰɖ ˊɞɡ ŭɘŬɜɞɑɔŮŰŬɘ ɛŮ Űɖ ɢɟɐůɖ ŬůˊɑŭŬɠ. ȼ ŬůˊɑŭŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
34 
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2.3  əŬɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɩůŰŮ ɜŬ ɡˊɞůŰɖɟɑɝŮɘ Űɧůɞ Űɞ ˊɏŰɟɤɛŬ ˊŮɟɘɛŮŰɟɘəɎ ɧůɞ əŬɘ 

Űɞ ɛɏŰɤˊɞ ŮəůəŬűɐɠ. 

 

ȺɘəɧɜŬ 2.3: ɀɞɟűɐ ŬůˊɑŭŬɠ Brunel (ɆɞűɘŬɜɧɠ,2018). 

ȼ ˊɟɩŰɖ ůɘŭɖɟɞŭɟɞɛɘəɐ ůɐɟŬɔɔŬ əŬŰŬůəŮɡɎůŰɖəŮ ůŰɖ ũŬɚɚɑŬ Űɞ 1826. Ⱥɜɩ Űɞ 1829 

ɞɚɞəɚɖɟɩɜŮŰŬɘ ɖ ůɐɟŬɔɔŬ Wapping ůŰɖɜ ȷɔɔɚɑŬ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ɖ ˊɟɩŰɖ ˊɞɡ 

ŭɘŬɜɞɑɢɗɖəŮ əɎŰɤ Ŭˊɧ Űɖɜ ˊɧɚɖ. ɇɖɜ ŮˊŬɜɎůŰŬůɖ ůŰɖ ŭɘɎɜɞɘɝɖ ůɖɟɎɔɔɤɜ ɛŮ Űɖ 

ɢɟɐůɖ ɜɏɤɜ ɛŮɗɧŭɤɜ, ŰŮɢɜɞɚɞɔɘɩɜ ŬɚɚɎ əŬɘ ůɡůůɩɟŮɡůɖɠ ɔɜɩůɖɠ ɏűŮɟŬɜ ɞɘ 

ɛŮɔɎɚɞɡ ɛɐəɞɡɠ ȷɚˊɘəɏɠ ůɐɟŬɔɔŮɠ. Ʉɘɞ ůɖɛŬɜŰɘəɏɠ Ŭˊɧ ŬɡŰɏɠ ŮɑɜŬɘ ɖ ůɐɟŬɔɔŬ Mont 

Cenis (1857-1871) ɛɐəɞɡɠ 13,7 km ɧˊɞɡ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ˊɡɟɑŰɘŭŬ, 

ŬŮɟɞůɡɛˊɘŮůŰɐɠ  əŬɘ  ŬŮɟɧůűɡɟŬ ɔɘŬ  Űɖɜ  ɧɟɡɝɖ  Űɤɜ  ŭɘŬŰɟɖɛɎŰɤɜ, ɖ  ůɐɟŬɔɔŬ 

Arlberg ɛɐəɞɡɠ 10,3 km əŬŰɎ Űɖɜ ŭɘɎɜɞɘɝɖ Űɖɠ ɞˊɞɑŬɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ɓŮɚŰɘɤɛɏɜŮɠ ɛɖɢŬɜɏɠ ŭɘɎŰɟɖůɖɠ əŬɘ ɖɚɩůŮɘɠ ɔɘŬ Űɖ ůŰɐɟɘɝɖ Űɤɜ ˊŮŰɟɤɛɎŰɤɜ  əŬɘ ɖ 

Simplon 19,8 km ɧˊɞɡ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ůɡůɢŮŰɑůŰɖəŮ ɖ  ůɡɜɗɚɑɓɞɡůŬ  ůɡɛˊŮɟɘűɞɟɎ  

Űɖɠ  ɓɟŬɢɧɛŬɕŬɠ  ɛŮ  Űɖ  ŭɖɛɘɞɡɟɔɑŬ  ˊɚŬůŰɘəɐɠ  ɕɩɜɖɠ  ˊɏɟɘɝ  Űɞɡ  ɡˊɧɔŮɘɞɡ 

ŬɜɞɑɔɛŬŰɞɠ. Ⱥˊɑůɖɠ ˊŬɟŬŰɖɟɐɗɖəŮ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŬˊɞŰɧɜɤůɖɠ Űɖɠ ɛŮ Űɖɜ 

ůɨɔəɚɘůɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ. 

ūŰɎɜɞɜŰŬɠ ůŰɞɜ 20
ɞ
 ŬɘɩɜŬ, ɖ əŬŰŬůəŮɡɐ ůɖɟɎɔɔɤɜ ˊŬɟɞɡůɘɎɕŮɘ ɛŮɔɎɚɖ ŭɡɜŬɛɘəɐ 

əŬɘ ŬɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ Űɖɠ ŰŮɢɜɞɚɞɔɑŬɠ əŬɘ ůŰɖ ůɡůůɩɟŮɡůɖ ɔɜɩůɖɠ əŬɘ 

ŮɛˊŮɘɟɑŬɠ Űɤɜ ˊɟɞɖɔɞɡɛɏɜɤɜ ŮŰɩɜ. Ʉɚɏɞɜ ŭŮɜ ɡˊɎɟɢɞɡɜ ŰŮɢɜɘəɎ ˊɟɞɓɚɐɛŬŰŬ ˊɞɡ 

ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ Ůˊɘɚɡɗɞɨɜ əŬɘ ɛɧɜɞ ŬɜŬůŰŬɚŰɘəɧ ˊŬɟɎɔɞɜŰŬ ůŰɖɜ əŬŰŬůəŮɡɐ Ůɜɧɠ 

ɡˊɞɔŮɑɞɡ ɏɟɔɞɡ ŬˊɞŰŮɚŮɑ Űɞ əɧůŰɞɠ.  
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2.3 ɀɏɗɞŭɞɘ ɆɢŮŭɘŬůɛɞɨ ɆɖɟɎɔɔɤɜ 
 

ȼ əŬŰŬůəŮɡɐ Űɤɜ ůɖɟɎɔɔɤɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ çɛɏůŬè ůŰɞ ɡˊɏŭŬűɞɠ, ɏŰůɘ əɟɑɜŮŰŬɘ 

ŬˊŬɟŬɑŰɖŰɞ ɖ ɔɜɩůɖ Űɤɜ ˊŬɟŬɔɧɜŰɤɜ ŮəŮɑɜɤɜ ˊɞɡ ˊɟɧəŮɘŰŬɘ ɜŬ ŮˊɖɟŮɎůɞɡɜ Űɖ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡ. ȼ Ŭəɟɘɓɐɠ ŮəŰɑɛɖůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ŮəŮɑɜɤɜ ˊɞɡ əŬɗɞɟɑɕɞɡɜ Űɖɜ  

Ŭˊɧəɟɘůɖ Űɞɡ ɔŮɤɚɞɔɘəɞɨ ůɢɖɛŬŰɘůɛɞɨ, ɞɟɘɞɗŮŰŮɑ Űɘɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ŬˊŬɘŰɐůŮɘɠ 

Űɞɡ ɡˊɧɔŮɘɞɡ ŰŮɢɜɘəɞɨ ɏɟɔɞɡ (ɛɏŰɟŬ ɡˊɞůŰɐɟɘɝɖɠ, Űɟɧˊɞɠ ŭɘɎɜɞɘɝɖɠ əɚˊ.).  

ũɘŬ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŬɡŰɧ, ˊɞɚɚɏɠ ɛɏɗɞŭɞɘ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ɞɘ ɞˊɞɑŮɠ ɓŬůɑɕɞɜŰŬɘ 

ŮɑŰŮ ůŮ ŬɜŬɚɡŰɘəɐ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ŮɑŰŮ ůŮ ŮɛˊŮɘɟɑŬ ˊɞɡ 

ɏɢŮɘ ŬˊɞəŰɖɗŮɑ ɛɏůŬ Ŭˊɧ Űɖɜ əŬŰŬůəŮɡɐ ůɖɟɎɔɔɤɜ ŰŬ ˊɟɞɖɔɞɨɛŮɜŬ ɢɟɧɜɘŬ. Ƀɘ 

ɛɏɗɞŭɞɘ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ əŬŰɖɔɞɟɘɞˊɞɘɖɗɞɨɜ ůŮ ŰɟŮɑɠ Ůˊɘɛɏɟɞɡɠ əŬŰɖɔɞɟɑŮɠ : Ŭ) ɆŰŬ 

əɟɘŰɐɟɘŬ ŬůŰɞɢɑŬɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ, ɓ) ůŰŬ ůɡůŰɐɛŬŰŬ ŰŬɝɘɜɧɛɖůɖɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ 

əŬɘ ɔ) ůŰɘɠ ŬɜŬɚɡŰɘəɏɠ ɛŮɗɧŭɞɡɠ ŮəŰɑɛɖůɖɠ Űɖɠ Ŭˊɧəɟɘůɖɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ. 

Ƀɘ ŭɘɎűɞɟɞɘ Űɟɧˊɞɘ ůɢŮŭɘŬůɛɞɨ ˊɞɡ ɗŬ ŬɜŬɚɡɗɞɨɜ ˊŮɟŮŰŬɑɟɤ ůŰɘɠ ŮˊɧɛŮɜŮɠ 

ŮɜɧŰɖŰŮɠ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ űɞɟɏɠ ůɡɜŭɡŬůŰɘəɎ, ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ 

ɖ əŬɚɨŰŮɟɖ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ˊɞɡ ˊŮɟɘɓɎɚɚŮɘ Űɖ 

ůɐɟŬɔɔŬ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ɜŬ ŭɘŬůŰŬůɘɞɚɞɔɖɗɞɨɜ ɛŮ ŬəɟɑɓŮɘŬ ŰŬ ŬˊŬɘŰɞɨɛŮɜŬ 

ɛɏŰɟŬ ɡˊɞůŰɐɟɘɝɖɠ Űɖɠ. 

 

2.3.1 ȾɟɘŰɐɟɘŬ ȷůŰɞɢɑŬɠ ȸɟŬɢɧɛŬɕŬɠ 

 

ũɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ Űɤɜ ɡˊɞɔŮɑɤɜ ɏɟɔɤɜ əɨɟɘɞ ɕɐŰɖɛŬ ŬˊɞŰŮɚŮɑ ɖ Ŭəɟɘɓɐɠ ŮəŰɑɛɖůɖ 

Űɖɠ ŬɜŰɞɢɐɠ Űɞɡ ˊŮŰɟɩɛŬŰɞɠ ˊɞɡ ŰŬ ˊŮɟɘɓɎɚɚŮɘ. ɋɠ Ůə ŰɞɨŰɞɡ, ˊɞɚɚɎ ŮɑɜŬɘ ŰŬ 

əɟɘŰɐɟɘŬ ŬůŰɞɢɑŬɠ ˊɞɡ ɏɢɞɡɜ ŭɘŬŰɡˊɤɗŮɑ, ŬɚɚɎ ŰŬ ˊɘɞ ůɡɢɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ əŬɘ 

ŬɡŰɎ ˊɞɡ ɗŬ ɛŬɠ ŬˊŬůɢɞɚɐůɞɡɜ ŮɑɜŬɘ Űɞ əɟɘŰɐɟɘɞ Mohr-Coulomb (M-C) əŬɘ Hoek-

Brown (H-B). 

2.3.1.1 ȾɟɘŰɐɟɘɞ ȷůŰɞɢɑŬɠ Mohr-Coulomb (M-C) 

 

To əɟɘŰɐɟɘɞ M-C ŮɑɜŬɘ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞ əŬɗɩɠ ůɡɜŭɡɎɕŮɘ Űɖɜ Ŭˊɚɐ 

ɛŬɗɖɛŬŰɘəɐ ŭɘŬŰɨˊɤůɖ ɛŮ Űɖɜ ɝŮəɎɗŬɟɖ űɡůɘəɐ ůɖɛŬůɑŬ Űɤɜ ɛɖɢŬɜɘəɩɜ  

ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɡɚɘəɞɨ (ɔɤɜɑŬ  Űɟɘɓɐɠ əŬɘ ůɡɜɞɢɐ ).  

ȿŮɘŰɞɡɟɔŮɑ ˊɞɚɨ əŬɚɎ ɔɘŬ ůɐɟŬɔɔŮɠ ɞɘ ɞˊɞɑŮɠ ŭɘŬɜɞɑɔɞɜŰŬɘ ůŮ ɔŬɘɩŭŮɠ ɡɚɘəɧ, Űɞ 

ɞˊɞɑɞ  ŬɜŰɘɛŮŰɤˊɑɕŮŰŬɘ ɤɠ ɘůɧŰɟɞˊɞ əŬɘ ɞɛɞɘɞɔŮɜɏɠ. ȳůɞɜ ŬűɞɟɎ Űɘɠ ɓɟŬɢɧɛŬɕŮɠ, Űɞ 

əɟɘŰɐɟɘɞ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟɎɣŮɘ əŬɚɎ Űɖɜ ŮɜŰŬŰɘəɐ əŬŰɎůŰŬůɖ əŬŰɎ Űɖɜ ŬůŰɞɢɑŬ, ɛɧɜɞ 

ɧŰŬɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŮɡɛŮɜŮɑɠ ɔŮɤŰŮɢɜɘəɏɠ ůɡɜɗɐəŮɠ. ɆɡɜŮˊɩɠ ůŮ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɓɟŬɢɧɛŬɕŬ ɛŮ ŬɟəŮŰɎ ůɡůŰɐɛŬŰŬ ŬůɡɜŮɢŮɘɩɜ, Űɞ ɓɏɚŰɘůŰɞ ŮɑɜŬɘ ɜŬ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɞ əɟɘŰɐɟɘɞ ŬůŰɞɢɑŬɠ  Hoek-Brown (H-B) (ɓɚɏˊŮ ȺɜɧŰɖŰŬ 2.3.1.2) 

 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
36 
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ȼ ŭɘŬŰɨˊɤůɖ Űɞɡ əɟɘŰɖɟɑɞɡ ůŰɞ ŮˊɑˊŮŭɞ ɞɟɗɐɠ (ůn)  əŬɘ ŭɘŬŰɛɖŰɘəɐɠ ŰɎůɖɠ (Ű) ŭɑɜŮŰŬɘ 

Ŭˊɧ Űɖɜ ůɢɏůɖ : 

Ű = c + ůntanű 

ɧˊɞɡ c ŮɑɜŬɘ ɖ ůɡɜɞɢɐ Űɞɡ ˊŮŰɟɩɛŬŰɞɠ əŬɘ ű ŮɑɜŬɘ ɖ ɔɤɜɑŬ ŮůɤŰŮɟɘəɐɠ Űɟɘɓɐɠ. 

 

 

ɆɢɐɛŬ 2.1: ɄŮɟɘɓɎɚɚɞɡůŬ ŬůŰɞɢɑŬɠ əɟɘŰɖɟɑɞɡ Mohr -Coulomb (M-C) (Ʉ.Ɂɞɛɘəɧɠ,2015) 

 

2.3.1.2 ȾɟɘŰɐɟɘɞ ȷůŰɞɢɑŬɠ Hoek-Brown (H-B). 

ɇɞ əɟɘŰɐɟɘɞ Hoek-Brown ŮɑɜŬɘ ɏɜŬ ŮɛˊŮɘɟɘəɧ, ɛɖ ɔɟŬɛɛɘəɧ əɟɘŰɐɟɘɞ ŬůŰɞɢɑŬɠ Űɞ 

ɞˊɞɑɞ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟɎɣŮɘ əŬɚɨŰŮɟŬ Űɖ ůɡɛˊŮɟɘűɞɟɎ  ɓɟŬɢɩŭɞɡɠ ɡɚɘəɞɨ ˊɞɡ  

ŭɘŬŰɏɛɜŮŰŬɘ Ŭˊɧ ˊɞɚɚŬˊɚɎ ůɡůŰɐɛŬŰŬ ŬůɡɜŮɢŮɘɩɜ əŬŰɎ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ɜŬ ɛɖɜ 

ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ əŬŰŬůŰɎůŮɘɠ ŭɡɜɖŰɘəɐɠ ŬůŰɎɗŮɘŬɠ. 

ȴůŰŮɟŬ Ŭˊɧ ŰɟɞˊɞˊɞɘɐůŮɘɠ əŬɘ ɓŮɚŰɘɩůŮɘɠ Űɞ ˊɟɞůɞɛɞɑɤɛŬ  Hoek-Brown (1980-

2002)  ɏɚŬɓŮ Űɖɜ çɔŮɜɘəŮɡɛɏɜɖè Űɞɡ ɛɞɟűɐ ɖ ɞˊɞɑŬ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɖɜ ˊŬɟŬəɎŰɤ 

ůɢɏůɖ : 

 

ȳˊɞɡ : 

ůci :  ɖ ŬɜŰɞɢɐ ůŮ ɛɞɜɞŬɝɞɜɘəɐ ɗɚɑɣɖ Űɞɡ ˊŮŰɟɩɛŬŰɞɠ, 

mb, s əŬɘ Ŭ : ůŰŬɗŮɟɏɠ ˊɞɡ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ, 

 

ȼ ŮəŰɑɛɖůɖ Űɤɜ ůŰŬɗŮɟɩɜ mb əŬɘ s ŬˊɞŰŮɚŮɑ ɓŬůɘəɧ ɕɐŰɖɛŬ ɔɘŬ Űɖɜ Ůˊɑɚɡůɖ Űɞɡ 

əɟɘŰɖɟɑɞɡ H-B.  
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

Ƀ Űɟɧˊɞɠ ɡˊɞɚɞɔɘůɛɞɨ Űɞɡɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɘɠ ˊŬɟŬəɎŰɤ ůɢɏůŮɘɠ: 

 

 

 

ȳˊɤɠ űŬɑɜŮŰŬɘ ɞɘ ˊŬɟŬˊɎɜɤ ůŰŬɗŮɟɏɠ ůɡɜŭɏɞɡɜ Űɞ əɟɘŰɐɟɘɞ ɛŮ Űɞ ŭŮɑəŰɖ ɔŮɤɚɞɔɘəɐɠ 

ŬɜŰɞɢɐ GSI (ɓɚɏˊŮ ȺɜɧŰɖŰŬ2.3.2.5), Űɞɜ ˊŬɟɎɔɞɜŰŬ ŭɘŬŰɎɟŬɝɖɠ D (ɄɑɜəŬɠ 2.1), ɞ 

ɞˊɞɑɞɠ ɚŬɛɓɎɜŮɘ Űɘɛɏɠ Ŭˊɧ 0 ɏɤɠ 1 ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŭɘŬŰɎɟŬɝɖ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ əŬɘ 

Űɞɜ Űɨˊɞ Űɞɡ ɏɟɔɞɡ (ůɐɟŬɔɔŮɠ, ˊɟŬɜɐ, ŬɜɞɘəŰɏɠ ŮəůəŬűɏɠ ůŮ ɞɟɡɢŮɑŬ) əŬɘ Űɖɜ 

ůŰŬɗŮɟɎ mi ɖ ɞˊɞɑŬ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɞɜ Űɨˊɞ Űɞɡ ˊŮŰɟɩɛŬŰɞɠ  ɓɎůɖ Űɞɡ 

ɄɑɜŬəŬ 2.2. 

ɁŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ Űɞ əɟɘŰɐɟɘɞ ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůŰŮɑ əŬɘ ɔɘŬ Űɞ ŭŮɑəŰɖ RMR (ɓɚɏˊŮ 

ȺɜɧŰɖŰŬ 2.) Ŭűɞɨ əŬŰɎ Hoek, Kaiser and Bawden (1995) ɘůɢɨŮɘ: RMR=GSI-5. 

 

ɆɢɐɛŬ 2.2: Ɇɢɏůɖ ɞɟɗɩɜ əŬɘ ˊɚŮɡɟɘəɩɜ ŰɎůŮɤɜ ɔɘŬ ŰŬ əɟɘŰɐɟɘŬ H-B əŬɘ M-C (Hoek et 

al,2002). 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
38 
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ȾŬɗɩɠ ˊɞɚɚɎ ɔŮɤŰŮɢɜɘəɎ ˊɟɞɔɟɎɛɛŬŰŬ ŭŮɜ ɏɢɞɡɜ ŬəɧɛŬ ŮɜůɤɛŬŰɤɛɏɜɞ Űɞ əɟɘŰɐɟɘɞ 

ȼ-ȸ, ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ŮɝŬɔɤɔɐ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ű əŬɘ c  Űɞɡ əɟɘŰɖɟɑɞɡ ɀ-C, Űɞ ɞˊɞɑɞ 

ɚɧɔɤ Űɖɠ ˊŬɚŬɘɧŰɖŰŬɠ əŬɘ Űɖɠ ŬˊɚɧŰɖŰŬɠ Űɞɡ ŮɑɜŬɘ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɞ. ɋůŰɧůɞ ɖ 

ˊŮɟɘɞɢɐ ɛɏůŬ ůŰɖɜ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ŬɡŰɐ ɖ ɛŮŰŬŰɟɞˊɐ, ŬɜŬűɏɟŮŰŬɘ ůŮ ɢŬɛɖɚɏɠ 

əɨɟɘŮɠ ŰɎůŮɘɠ ɞɘ ɞˊɞɑŮɠ ɘəŬɜɞˊɞɘɞɨɜ Űɖɠ ůɢɏůɖ ůt < ů3 <ů
ȭ
3max ɧˊɤɠ ˊɟɞəɨˊŰŮɘ əŬɘ 

Ŭˊɧ Űɞ ɆɢɐɛŬ 2.2. 

ɄɑɜŬəŬɠ 2.1: Ʉɟɞůŭɘɞɟɘůɛɧɠ ůɡɜŰŮɚŮůŰɐ ŭɘŬŰɎɟŬɝɖɠ D. 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

   

ɄɑɜŬəŬɠ 2.2: ɇɘɛɏɠ Űɖɠ ůŰŬɗŮɟɎɠ mi ɔɘŬ ɎɟɟɖəŰɞ ɓɟɎɢɞ əŬŰɎ ɚɘɗɞɚɞɔɘəɧ Űɨˊɞ 

ˊŮŰɟɩɛŬŰɞɠ (Hoek and  Marinos, 2000). 

 

  



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
40 

 

 
ȹ.Ʉ.ɀ.Ɇ Ɇ.Ⱦ.Ɉ.Ⱥ ȺɀɄ-2019 

 

2.3.2 ɆɡůŰɐɛŬŰŬ ɇŬɝɘɜɧɛɖůɖɠ ȸɟŬɢɧɛŬɕŬɠ 

 

ȼ ŮəŰɑɛɖůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ŬˊɞŰŮɚŮɑ ɏɜŬ ŬɟəŮŰɎ 

ŭɨůəɞɚɞ ŬɜŰɘəŮɑɛŮɜɞ əŬɗɩɠ ɞ əŬɗɞɟɘůɛɧɠ Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ˊɚɐɗɞɠ 

ɔŮɤɚɞɔɘəɩɜ ˊŬɟŬɔɧɜŰɤɜ. ȼ ŬɜɎˊŰɡɝɖ Űɤɜ ŰŬɝɘɜɞɛɐůŮɤɜ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ɐɟɗŮ ɜŬ 

ůɡɛˊɚɖɟɩůŮɘ Űɞ çəŮɜɧè Űɖɠ ɗŮɤɟɖŰɘəɐɠ ɔɜɩůɖɠ ɛŮ ŮɛˊŮɘɟɘəɐ ɔɜɩůɖ Ŭˊɧ 

ˊɟɞɦˊɎɟɢɞɡůŮɠ əŬŰŬůəŮɡɏɠ. ɁŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ˊŬɟŬəɎŰɤ ŭŮɜ ŬɜŬɚɨɞɜŰŬɘ ɧɚŮɠ ɞɘ 

ɛɏɗɞŭɞɘ ŰŬɝɘɜɧɛɖůɖɠ, ŬɚɚɎ ɞɘ ůɖɛŬɜŰɘəɧŰŮɟŮɠ Ůɝ ŬɡŰɩɜ. 

2.3.2.1 ɆɨůŰɖɛŬ ɇŬɝɘɜɧɛɖůɖɠ əŬŰɎ Terzaghi (1946) 

 

ɇɞ ůɨůŰɖɛŬ ŰŬɝɘɜɧɛɖůɖɠ ˊɞɡ ˊɟɧŰŮɘɜŮ ɞ ɇerzaghi Űɞ 1946 ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŮɛˊŮɘɟɑŬ 

Űɞɡ əɡɟɑɤɠ ůŮ ůɘŭɖɟɞŭɟɞɛɘəɏɠ ůɐɟŬɔɔŮɠ ŬɜɞɑɔɛŬŰɞɠ 5-10 ɛɏŰɟŬ. ɆɨɛűɤɜŬ ɛŮ Űɖɜ 

ɛɏɗɞŭɞ ɡˊɞɚɞɔɑɕŮŰŬɘ ɏɜŬ ɘůɞŭɨɜŬɛɞ ɨɣɞɠ űɧɟŰɘůɖɠ Hp  Űɖɠ ɓɟŬɢɧɛŬɕŬɠ Űɞ ɞˊɞɑɞ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ əŬɘ ŰŬ ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ɡˊɧɔŮɘɞɡ 

ŬɜɞɑɔɛŬŰɞɠ (ˊɚɎŰɞɠ b əŬɘ ɨɣɞɠ h). ȸɎůɖ Űɞɡ ɄɑɜŬəŬ 2.3 ŭɑɜɞɜŰŬɘ ɞɘ ůɢɏůŮɘɠ 

ŮəŰɑɛɖůɖɠ Űɞɡ ɘůɞŭɨɜŬɛɞɡ ɨɣɞɡɠ űɧɟŰɘůɖɠ Hp ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ŭɘɎűɞɟŮɠ əŬŰɖɔɞɟɑŮɠ 

ˊɞɘɧŰɖŰŬɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ.  

ɈˊɞɚɞɔɑɕɞɜŰŬɠ Űɖɜ əŬŰŬəɧɟɡűɖ ɔŮɤůŰŬŰɘəɐ ŰɎůɖ ˊɞɡ ŬůəŮɑŰŬɘ ůŰɖɜ ɞɟɞűɐ Űɖɠ 

ůɐɟŬɔɔŬɠ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ɑůɖ ɛŮ Űɞ ɔɘɜɧɛŮɜɞ Űɞɡ ɘůɞŭɨɜŬɛɞɡ ɨɣɞɡɠ əŬɘ Űɞ űŬɘɜɧɛŮɜɞ 

ɓɎɟɞɠ Űɞɡ ɔŮɤɚɞɔɘəɞɨ ůɢɖɛŬŰɘůɛɞɨ, ˊɟɞəɨˊŰɞɡɜ ŰŬ ɛɏŰɟŬ ɡˊɞůŰɐɟɘɝɖɠ ŰŬ ɞˊɞɑŬ ɗŬ 

ɛˊɞɟɞɨɜ ɜŬ ˊŬɟŬɚɎɓɞɡɜ ŰŬ Ůɜ ɚɧɔɤ űɞɟŰɑŬ. ɁŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŮˊŮɘŭɐ ɖ ɛɏɗɞŭɞɠ 

ɇerzaghi ŮɑɜŬɘ Ŭˊɧ Űɘɠ ˊɟɩŰŮɠ ɢɟɞɜɞɚɞɔɘəɎ əŬŰŬɚɐɔŮɘ ůŮ ˊɞɚɨ ůɡɜŰɖɟɖŰɘəɎ 

ŬˊɞŰŮɚɏůɛŬŰŬ. 

 

ɆɢɐɛŬ 2.3: ɆɢɖɛŬŰɘəɐ ˊŬɟɞɡůɑŬůɖ Űɖɠ ɕɩɜɖɠ űɧɟŰɘůɖɠ ɡˊɧɔŮɘŬɠ ŮəůəŬűɐɠ əŬŰɎ 

Terzaghi (1946). 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɄɑɜŬəŬɠ 2.3: ȷɜŰɘůŰɞɑɢɘůɖ ɘůɞŭɨɜŬɛɞɡ ɨɣɞɡɠ űɧɟŰɘůɖɠ ɛŮ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ 

ɓɟŬɢɧɛŬɕŬɠ əŬŰɎ Terzaghi (1946). 

 

 

2.3.2.2 ȹŮɑəŰɖɠ ɄɞɘɧŰɖŰŬɠ RQD, Deere (1964) 

Ƀ ŭŮɑəŰɖɠ ˊɞɘɧŰɖŰŬɠ ɓɟŬɢɧɛŬɕŬɠ ŭɘŬŰɡˊɩɗɖəŮ Ŭˊɧ Űɞɜ Deere Űɞ 1964 əŬɘ ŮəűɟɎɕŮɘ 

Űɞ ˊɞůɞůŰɧ Űɤɜ ŬŭɘŬŰɎɟŬəŰɤɜ ŰŮɛŬɢɩɜ ˊŮŰɟɩɛŬŰɞɠ ɛŮ ɛɐəɞɠ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ 

100mm ůŰɞ ůɡɜɞɚɘəɧ ɛɐəɞɠ ˊɡɟɐɜŬ ŭŮɘɔɛŬŰɞɚɖˊŰɘəɐɠ ɔŮɩŰɟɖůɖɠ, ɧˊɤɠ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.4. ȳůɞ ɛŮɔŬɚɨŰŮɟɞ ŮɑɜŬɘ Űɞ ˊɞůɞůŰɧ, Űɧůɞ əŬɚɨŰŮɟɖ 

ŮɑɜŬɘ ɖ ˊɞɘɧŰɖŰŬ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ (ɄɑɜŬəŬɠ 2.4). 

 

ɆɢɐɛŬ 2.4 : Ɉˊɞɚɞɔɘůɛɧɠ Űɞɡ ŭŮɑəŰɖ ˊɞɘɧŰɖŰŬɠ ɓɟŬɢɧɛŬɕŬɠ RQD. 

 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
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ɄɑɜŬəŬɠ 2.4: ɄɞɘɧŰɖŰŬ ɓɟŬɢɧɛŬɕŬɠ ůɨɛűɤɜŬ ɛŮ Űɞ ŭŮɑəŰɖ RQD əŬŰɎ Deere (1964). 

       R.Q.D (%) ɄɞɘɧŰɖŰŬ ȸɟŬɢɧɛŬɕŬɠ 

0-25 Ʉɞɚɨ ˊŰɤɢɐ 

25-50 ɄŰɤɢɐ 

50-75 ɀɏŰɟɘŬ 

75-90 ȾŬɚɐ 

90-100 ȺɝŬɘɟŮŰɘəɐ 

 

Ƀ ŭŮɑəŰɖɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůɡɜŭɡŬůŰɘəɎ ɛŮ ɎɚɚŮɠ ɛŮɗɧŭɞɡɠ əŬɗɩɠ ŭŮɜ ˊŬɟɏɢŮɘ ɧɚŮɠ 

Űɘɠ ŬˊŬɟŬɑŰɖŰŮɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖɜ ůɡůŰɖɛŬŰɘəɐ ŰŬɝɘɜɧɛɖůɖ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ. 

ɋůŰɧůɞ ɏɢŮɘ ŭɖɛɘɞɡɟɔɖɗŮɑ ɞ ɄɑɜŬəŬɠ 2.5 Ŭ́ ɧ Űɞɜ Deere ůŰɞɜ ɞˊɞɑɞ 

ˊɟɞŭɘŬɔɟɎűɞɜŰŬɘ, ŬɜɎɚɞɔŬ ɛŮ Űɞ ɓŬɗɛɧ Űɞɡ ŭŮɑəŰɖ RQD əŬɘ Űɞɜ Űɟɧˊɞ ŭɘɎɜɞɘɝɖɠ Űɖɠ 

ůɐɟŬɔɔŬɠ (ɛɖɢŬɜɘəɐ ɧɟɡɝɖ ɐ TBM), ŰɟɑŬ ŭɘŬűɞɟŮŰɘəɎ ɛɏŰɟŬ ɡˊɞůŰɐɟɘɝɖɠ 

(ŮəŰɞɝŮɡɧɛŮɜɞ ůəɡɟɧŭŮɛŬ, ŬɔəɨɟɘŬ əŬɘ ɛŮŰŬɚɚɘəɎ ˊɚŬɑůɘŬ) . 

ɄɑɜŬəŬɠ 2.5: ɀɏŰɟŬ ɡˊɞůŰɐɟɘɝɖɠ ůɨɛűɤɜŬ ɛŮ Űɞɜ ŭŮɑəŰɖ RQD əŬŰɎ Deere (1970). 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

2.3.2.3 ɆɨůŰɖɛŬ ɇŬɝɘɜɧɛɖůɖ RMR əŬŰɎ Bieniawski (1989) 

ȼ ŰŬɝɘɜɧɛɖůɖ RMR (Rock Mass Rating) ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞɜ Bieniawski Űɞ 1973 əŬɘ 

ɨůŰŮɟŬ Ŭˊɧ ɓŮɚŰɘɩůŮɘɠ (1976 əŬɘ 1979) ˊŬɟɞɡůɘɎůŰɖəŮ Ůə ɜɏɞɡ Űɞ 1989. ȷˊɞŰŮɚŮɑ Űɞ 

ˊɟɩŰɞ ůɨůŰɖɛŬ ŰŬɝɘɜɧɛɖůɖɠ ˊɞɡ ŮɝŮŰɎɕŮɘ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ ɛɘŬ ˊŬɟŬɛɏŰɟɞɡɠ ɔɘŬ 

Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ŬɡŰɞɑ ŮɑɜŬɘ: (1) ȼ ŬɜŰɞɢɐ ůŮ 

ɛɞɜɞŬɝɞɜɘəɐ ɗɚɑɣɖ Űɞɡ ɎɟɟɖəŰɞɡ ˊŮŰɟɩɛŬŰɞɠ, (2) ɞ ŭŮɑəŰɖɠ ˊɞɘɧŰɖŰŬɠ ɓɟŬɢɧɛŬɕŬɠ 

RQD, (3) ɖ ŬˊɧůŰŬůɖ Űɤɜ ŬůɡɜŮɢŮɘɩɜ, ɖ əŬŰɎůŰŬůɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ Űɤɜ 

ŬůɡɜŮɢŮɘɩɜ, (5) ɞɘ ůɡɜɗɐəŮɠ ɡˊɧɔŮɘɞɡ ɜŮɟɞɨ əŬɘ (6) ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɤɜ 

ŬůɡɜŮɢŮɘɩɜ. ȼ Űɘɛɐ Űɞɡ ŭŮɑəŰɖ RMR ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ ɎɗɟɞɘůɛŬ Űɤɜ ˊɏɜŰŮ ˊɟɩŰɤɜ 

ˊŬɟŬɛɏŰɟɤɜ. ɆŰɖ ůɡɜɏɢŮɘŬ ŮɘůɎɔŮŰŬɘ ɖ ɏəŰɖ ˊŬɟɎɛŮŰɟɞɠ ɖ ɞˊɞɑŬ ůɡůɢŮŰɑɕŮɘ Űɞ ŭŮɑəŰɖ  

ɛŮ Űɞ Ůɑŭɞɠ Űɞɡ ŰŮɢɜɘəɞɨ ɏɟɔɞɡ (ůɐɟŬɔɔŮɠ, ɞɟɡɢŮɑŬ, ɗŮɛŮɚŮɘɩůŮɘɠ əŬɘ ˊɟŬɜɐ). ȳůɞ 

ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ Űɘɛɐ RMR ˊɞɡ ˊɟɞəɨˊŰŮɘ Űɧůɞ əŬɚɨŰŮɟɖɠ ˊɞɘɧŰɖŰŬɠ ɗŮɤɟŮɑŰŬɘ ɖ 

ɓɟŬɢɧɛŬɕŬ. Ⱥˊɘˊɚɏɞɜ, ˊŬɟɏɢɞɜŰŬɘ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɞ ɢɟɧɜɞ ŬɡŰɞɡˊɞůŰɐɟɘɝɖɠ Űɞɡ 

ŬɜɞɑɔɛŬŰɞɠ (ɆɢɐɛŬ 2.), Űɖ ůɡɜɞɢɐ əŬɘ Űɖ ɔɤɜɑŬ Űɟɘɓɐɠ Űɞɡ ˊŮŰɟɩɛŬŰɞɠ.  

ȼ ɧɚɖ ɛŮɗɞŭɞɚɞɔɑŬ ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ŰŬɝɘɜɧɛɖůɖɠ űŬɑɜŮŰŬɘ ŬɜŬɚɡŰɘəɎ ůŰɞɜ ɄɑɜŬəŬ 2.7. 

ɇɞ ůɨůŰɖɛŬ RMR ɏɢŮɘ ɛŮɔɎɚɖ ŮűŬɟɛɞɔɐ ůŰŬ ɏɟɔŬ ůɖɟŬɔɔɞˊɞɘɑŬɠ, ɤůŰɧůɞ ɏɢŮɘ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ əŬɘ ůŮ ɎɚɚŬ  ŰŮɢɜɘəɎ ɏɟɔŬ Ůə Űɤɜ ɞˊɞɑɤɜ ˊɟŬɜɐ, ɗŮɛŮɚŮɘɩůŮɘɠ əŬɘ 

ɛŮŰŬɚɚŮɑŬ. ɃɡůɘŬůŰɘəɎ ɛŮ Űɖ ɢɟɐůɖ Űɖɠ ɓŬɗɛɞɜɧɛɖůɖɠ ɞɟɘɞɗŮŰŮɑŰŬɘ ɖ ɛɖɢŬɜɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ˊɞɡ ɞŭɖɔŮɑ Ůɜ ŰɏɚŮɘ ůŰɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŬˊŬɘŰɐůŮɤɜ 

ɡˊɞůŰɐɟɘɝɖɠ. 

ɆŰɞɜ ɄɑɜŬəŬ 2.6  ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ůɢɏůŮɘɠ ɓɎůɖ Űɤɜ ɞˊɞɑɤɜ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɖ 

ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ. 

ɄɑɜŬəŬɠ 2.6: ɆɢɏůŮɘɠ ˊɟɞůŭɘɞɟɘůɛɞɨ ɛɖɢŬɜɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ɓɎůɖ Űɞɡ 

RMR. 

ɀɏŰɟɞ 

ˊŬɟŬɛɞɟűɤůɘɛɧŰɖŰŬɠ 

ȸɟŬɢɧɛŬɕŬɠ ůŮ GPa 

Ⱥɀ = 2RMR-100 

(RMR>50) 
Bieniawski, 1978 

Ⱥɀ =ρππ  Serafim and Pereira,1983 

Ⱥ=
ʎÃÉ
‌ÌÏÇ  Hoek, 1997 

ɄŬɟɎɛŮŰɟɞɘ ŭɘŬŰɛɖŰɘəɐɠ 

ŬɜŰɞɢɐɠ ɓɟŬɢɧɛŬɕŬɠ 

c (kPa) = 5RMR 

ű(
ɞ
) = 0.5RMR+5 

Trunk and Honisch,1990 

 

 

 

 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
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ɄɑɜŬəŬɠ 2.7: ɆɨůŰɖɛŬ ŰŬɝɘɜɧɛɖůɖɠ ɓɟŬɢɧɛŬɕŬɠ RMR əŬŰŬ Bieniawski (1989). 
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Ⱥˊɑůɖɠ, ŬɜɎɚɞɔŬ ɛŮ Űɞɜ ɓŬɗɛɧ Űɞɡ ŭŮɑəŰɖ ŮɑɜŬɘ ŭɡɜŬŰɧɠ ɞ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ ŭɘŬůŰŬůɘɞɚɧɔɖůɖɠ  ůɖɟɎɔɔɤɜ əŬɗɩɠ əŬɘ ŰŬ ɛɏŰɟŬ ɛɧɜɘɛɖɠ ɡˊɞůŰɐɟɘɝɖɠ. 

(ɄɑɜŬəŬɠ 2.8). Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ Űɞ 1983 ɞ Unal ŮɘůɎɔŮɘ Űɖɜ Ŭəɧɚɞɡɗɖ ůɢɏůɖ ɓɎůɖ 

Űɖɠ ɞˊɞɑŬɠ ɡˊɞɚɞɔɑɕŮŰŬɘ Űɞ űɞɟŰɑɞ ɞɟɞűɐɠ P(kPa) , Űɞ ɞˊɞɑɞ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ 

ŭŮɑəŰɖ RMR, Űɞ ˊɚɎŰɞɠ (ŭɘɎɛŮŰɟɞ) Űɖɠ ůɐɟŬɔɔŬɠ ȸ (m) əŬɘ Űɞ Ůɘŭɘəɧ ɓɎɟɞɠ ɔ 

(kN/m
3
). 

ūɞɟŰɑɞ Ƀɟɞűɐɠ ɆɐɟŬɔɔŬɠ (Unal, 1983) :  P = 
100-RMR

100
ȸɔ 

ɄɏɟŬɜ Űɞɡ űɞɟŰɑɞɡ ɞɟɞűɐɠ ˊɟɞəɨˊŰŮɘ ɞ ɢɟɧɜɞɠ ŬɡŰɞɡˊɞůŰɐɟɘɝɖɠ Űɖɠ ůɐɟŬɔɔŬɠ ɓɎůɖ 

ɆɢɐɛŬŰɞɠ 2.5 , ɞ ɞˊɞɑɞɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ Ůɨɟɞɠ Űɞɡ ɛŮŰɩˊɞɡ Űɖɠ ůɐɟŬɔɔŬɠ əŬɘ Űɞɜ 

ŭŮɑəŰɖ RMR.    

ɄɑɜŬəŬɠ 2.8: ɄɟɞŰŮɘɜɧɛŮɜɞɠ Űɟɧˊɞɠ ŮəůəŬűɐɠ əŬɘ ɛɧɜɘɛɖɠ ɡˊɞůŰɐɟɘɝɖɠ ůɖɟɎɔɔɤɜ  

əŬŰɎ Bieniawski (1989). ȷɜŬűɏɟŮŰŬɘ ɔɘŬ ůɐɟŬɔɔŬ ŭɘŬɛɏŰɟɞɡ 10 m, ɛŮ əŬŰŬəɧɟɡűŮɠ 

ŰɎůŮɘɠ <25,ˊŮŰŬɚɞŮɘŭɞɨɠ ŭɘŬŰɞɛɐɠ ˊɞɡ ŭɘŬɜɞɑɔŮŰŬɘ ɛŮ ůɡɛɓŬŰɘəɧ Űɟɧˊɞ ŮəůəŬűɐɠ 

(Ⱦɞɨəɖɠ əŬɘ ɆŬɛˊŬŰɎəɖɠ, 2007). 
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ɆɢɐɛŬ 2.5 : ɆɡůɢɏŰɘůɖ Űɞɡ ɢɟɧɜɞɡ ŬɡŰɞɡˊɞůŰɐɟɘɝɖɠ əŬɘ Űɞɡ ɛɐəɞɡɠ ŬɜɡˊɞůŰɐɟɘəŰɞɡ 

ŰɛɐɛŬŰɞɠ ɔɘŬ Űɘɠ ŭɘɎűɞɟŮɠ əŬŰɖɔɞɟɑŮɠ ɓɟŬɢɧɛŬɕŬɠ əŬŰɎ RMR (Bieniawski, 1989). 

 

2.3.2.4 ɆɨůŰɖɛŬ ɇŬɝɘɜɧɛɖůɖɠ Q Barton Lien Lunde 

Ƀɘ Barton, Lien, Lunde (1974) Űɞɡ Ɂɞɟɓɖɔɘəɞɨ ũŮɤŰŮɢɜɘəɞɨ ȽɜůŰɘŰɞɨŰɞɡ  (N.G.I) 

ɓŬůɘůɛɏɜɞɘ ůŰɖɜ ˊɞɚɡɎɟɘɗɛɖ əŬŰŬůəŮɡɐ ɡˊɞɔŮɑɤɜ ɏɟɔɤɜ (ˊŮɟɑˊɞɡ 212) ůŰɖɜ 

ɆəŬɜŭɘɜŬɓɑŬ ŬɜɏˊŰɡɝŬɜ ɏɜŬ ůɨůŰɖɛŬ ŰŬɝɘɜɧɛɖůɖɠ ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŰɞɜ ˊɞůɞŰɘəɧ 

ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ ŭŮɑəŰɖ ˊɞɘɧŰɖŰŬɠ ɓɟŬɢɧɛŬɕŬɠ Q. 

Ƀ ŭŮɑəŰɖɠ Q ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ  ˊŬɟŬəɎŰɤ ůɢɏůɖ  :  

ὗ                                           

ȳˊɞɡ :  

RQD : ŭŮɑəŰɖɠ ˊɞɘɧŰɖŰŬɠ ɓɟŬɢɧɛŬɕŬɠ 

Jn : ůɡɜŰŮɚŮůŰɐɠ Ŭɟɘɗɛɞɨ ůɡůŰɖɛɎŰɤɜ ŬůɡɜŮɢŮɘɩɜ 

Jr : ůɡɜŰŮɚŮůŰɐɠ ŰɟŬɢɨŰɖŰŬɠ ŬůɡɜŮɢŮɘɩɜ 

Ja : ůɡɜŰŮɚŮůŰɐɠ ŬˊɞůɎɟɗɟɤůɖɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɤɜ ŬůɡɜŮɢŮɘɩɜ  

Jw : ůɡɜŰŮɚŮůŰɐɠ ŬˊɞɛŮɑɤůɖɠ ɚɧɔɤ ɨˊŬɟɝɖɠ ɜŮɟɞɨ 

SRF : ůɡɜŰŮɚŮůŰɐɠ ŰŬůɘəɐɠ əŬŰŬɜɞɛɐɠ 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɄɑɜŬəŬɠ 2.9: ɆɨůŰɖɛŬ ŰŬɝɘɜɧɛɖůɖɠ ɓɟŬɢɧɛŬɕŬɠ Q əŬŰɎ Barton et al (1974). 
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ɆɡɜŮˊɩɠ ɖ ˊŬɟŬˊɎɜɤ ůɢɏůɖ ɚŬɛɓɎɜŮɘ ɡˊɧɣɖ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ŭɖɛɘɞɡɟɔɞɨɛŮɜɤɜ 

ŰŮɛŬɢɩɜ ˊŮŰɟɩɛŬŰɞɠ, ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ Űɤɜ ŬůɡɜŮɢŮɘɩɜ 

ˊɞɡ ŰŬ ɞɟɑɕɞɡɜ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɞ ŰŬůɘəɧ ˊŮŭɑɞ. ȳůɞ ɛŮɔŬɚɨŰŮɟɞɠ ŮɑɜŬɘ ɞ 

ůɡɜŰŮɚŮůŰɐɠ Q , Űɧůɞ əŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ ˊɞɘɧŰɖŰŬ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ.   

ȼ ɛŮɗɞŭɞɚɞɔɑŬ ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ ɔɘŬ Űɖ ɓŬɗɛɞɜɧɛɖůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.9.  

Ƀɘ Barton Lien Lunde ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ çɚɧɔɞɡ ɡˊɞůŰɐɟɘɝɖɠ ŮəůəŬűɐɠè 

(Excavation Support Ratio, ESR) ɏəŬɜŬɜ ůŬűɐ Űɖ ŭɘɎəɟɘůɖ Űɖɠ ŮűŬɟɛɞɔɐɠ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ɔɘŬ ŰŬ ŭɘɎűɞɟŬ ɡˊɧɔŮɘŬ ɏɟɔŬ. Ƀ ůɡɜŰŮɚŮůŰɐɠ ESR ůɢŮŰɑɕŮŰŬɘ ɛŮ Ůɑŭɞɠ 

Űɞɡ ŰŮɢɜɘəɞɨ ɏɟɔɞɡ (ůŰɞɏɠ ɛŮŰŬɚɚŮɑɤɜ, ɞŭɘəɏɠ ůɐɟŬɔɔŮɠ, əɚˊ) əŬɘ ŰŬ ɔŮɤɛŮŰɟɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ (ůɢɐɛŬ ŭɘŬŰɞɛɐɠ) Űɞɡ. Ƀɘ Űɘɛɏɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŭɑɜɞɜŰŬɘ ůŰɞɜ 

ɄɑɜŬəŬ 2.10, Ůɜɩ ůŰɞ ɆɢɐɛŬ 2.6  Ŭ́ɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ˊɟɞŰŮɘɜɧɛŮɜŬ ɛɏŰɟŬ 

ɡˊɞůŰɐɟɘɝɖɠ ŰŬ ɞˊɞɑŬ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ŮɛˊŮɘɟɘəɎ ɓɎůɖ Űɞɡ ŭŮɑəŰɖ Q əŬɘ Űɖɠ 

ɘůɞŭɨɜŬɛɖɠ ŭɘŬɛɏŰɟɞɡ De, ŭɖɚŬŭɐ Űɞɡ ˊɖɚɑəɞɡ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɖɠ ůɐɟŬɔɔŬɠ əŬɘ Űɞɡ 

ůɡɜŰŮɚŮůŰɐ ESR . 

ɄɑɜŬəŬɠ 2.10: ȺəŰɑɛɖůɖ Űɞɡ ɚɧɔɞɡ ɡˊɞůŰɐɟɘɝɖɠ ŮəůəŬűɐɠ (ESR). 

 

Ƀ ŭŮɑəŰɖɠ Q  ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɧůɞ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ 

Űɖɠ ɓɟŬɢɧɛŬɕŬɠ əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ űɞɟŰɑɞɡ ɞɟɞűɐɠ ŬɚɚŬ 

əŬɘ Űɞɡ ɛɏɔɘůŰɞɡ ɛɐəɞɡɠ Űɞɡ ŬɜɡˊɞůŰɐɟɘəŰɞɡ ŰɛɐɛŬŰɞɠ. Ƀɘ ůɢŮŰɘəɏɠ ůɢɏůŮɘɠ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.11. 

 

ɄɑɜŬəŬɠ 2.11 :ɆɢɏůŮɘɠ ɡˊɞɚɞɔɘůɛɞɨ ˊŬɟŬɛɏŰɟɤɜ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɖɠ 

ɓɟŬɢɧɛŬɕŬɠ əŬɘ ˊŬɟŬɛɏŰɟɤɜ ŭɘŬůŰŬůɘɞɚɧɔɖůɖɠ ůɖɟɎɔɔɤɜ ɓɎůɖ ɛŮɗɧŭɞɡ Q. 

ɀɏůɞ ɛɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ (GPa) 

ɀɏɔɘůŰɞ ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ(GPa) 

Ⱥɀ=25log10Q 

Ⱥɀ=25log10Q 

Grimstand and 

Barton,1993 

ūɞɟŰɑɞ Ƀɟɞűɐɠ (Kgr/cm
2
) Proof = 

ς*Î 1-ρȾσ

σ*Î
 

Barton, Lien and Lunde, 

1974 

ɀɏɔɘůŰɞ ȷɜɡˊɞůŰɐɟɘəŰɞ ȯɜɞɘɔɛŬ (m) S= 2(ESR)Q
0.40

 ˊɖɔɐ : (Ⱦɞɨəɖɠ, 2007) 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

 

ɆɢɐɛŬ 2.6:ȹɘɎɔɟŬɛɛŬ ŬɜŰɘůŰɐɟɘɝɖɠ ɡˊɞɔŮɑɤɜ ɏɟɔɤɜ ɧˊɞɡ ŮəŰɘɛɩɜŰŬɘ ɎɛŮůŬ ŰŬ ɛɏŰɟŬ 

ɡˊɞůŰɐɟɘɝɖɠ ůɖɟɎɔɔɤɜ (Grimstand & Barton,1993). 

 

2.3.2.5 ũŮɤɚɞɔɘəɧɠ ȹŮɑəŰɖɠ ȷɜŰɞɢɐɠ GSI 

Ƀ ŭŮɑəŰɖɠ GSI ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞɡɠ Hoek et al (1992) ɔɘŬ ůəɚɖɟɎ ɟɤɔɛŬŰɤɛɏɜŬ 

ˊŮŰɟɩɛŬŰŬ əŬɘ ůŰɖɜ ůɡɜɏɢŮɘŬ ŮˊŮəŰɎɗɖəŮ Ŭˊɧ Űɞɡɠ  Marinos & Hoek (2000) ɩůŰŮ ɜŬ 

ůɡɛˊŮɟɘɚɎɓŮɘ Ůˊɘˊɚɏɞɜ ŬůɗŮɜŮɑɠ əŬɘ ŮŰŮɟɞɔŮɜŮɑɠ ɓɟŬɢɧɛŬɕŮɠ. Ƀ ŭŮɑəŰɖɠ 

ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɛŬəɟɞůəɞˊɘəɎ ɛŮ ɓɎůɖ Űɖɜ ŭɞɛɐ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ (Ŭɟɘɗɛɧɠ 

ůɡůŰɖɛɎŰɤɜ ŭɘŬəɚɎůŮɤɜ əŬɘ Űɟɧˊɞɠ ŬɚɚɖɚɞəɚŮɘŭɩɛŬŰɞɠ ɓɟŬɢɩŭɤɜ ŰŮɛŬɢɩɜ) əŬɘ 

Űɖɜ əŬŰɎůŰŬůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ŬůɡɜŮɢŮɘɩɜ (ŰɟŬɢɨŰɖŰŬ əŬɘ ŬˊɞůɎɟɗɟɤůɖ). 

ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ůŰɖɜ əŬŰŬůəŮɡɐ ůɖɟɎɔɔɤɜ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ 

ˊŬɟŬɛɏŰɟɤɜ ŬɜŰɞɢɐɠ ůɡɛɛŮŰɏɢɞɜŰŬɠ ůŰɞ əɟɘŰɐɟɘɞ ŬůŰɞɢɑŬɠ Hoek-Brown əŬɘ Űɞɜ 

ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ. Ⱥˊɑůɖɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ ŮəŰɘɛɖɗŮɑ ɖ 
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ˊɟŬɔɛŬŰɘəɐ ŬɜŰɞɢɐ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ůcm, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ůɡɜɎɟŰɖůɖ Űɞɡ ŭŮɑəŰɖ GSI əŬɘ 

Űɖɠ ůŰŬɗŮɟɎɠ mi, ŭɖɚŬŭɐ Űɖɠ ŭɘŬŰŬɟŬɢɐɠ əŬɘ Űɞɡ ɚɘɗɞɔɟŬűɘəɞɨ ɢŬɟŬəŰɐɟŬ Űɖɠ 

ɓɟŬɢɧɛŬɕŬɠ.  

ɄɑɜŬəŬɠ 2.12 : ȺəŰɑɛɖůɖ Űɞɡ ũŮɤɚɞɔɘəɞɨ ȹŮɑəŰɖ ȷɜŰɞɢɐɠ (GSI) ɛŮ ɓɎůɖ Űɖ ɔŮɤɚɞɔɘəɐ 

ˊŮɟɘɔɟŬűɐ əŬɘ ˊŬɟŬŰɐɟɖůɖ. (Hoek & Marinos, 2000). 

 

Ƀ ɔŮɤɚɞɔɘəɧɠ ŭŮɑəŰɖɠ ŬɜŰɞɢɐɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ůɡɔəɚɑůŮɤɜ Űɞɡ 

ˊŮɟɘɔɟɎɛɛŬŰɞɠ Űɖɠ ůɐɟŬɔɔŬɠ ɛŮ ɓɎůɖ Űɖ ɔŮɜɘəŮɡɛɏɜɖ ŬɜŰɞɢɐ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ əŬɘ Űɞ 

ɛɏɔŮɗɞɠ Űɞɡ ŰŬůɘəɞɨ ˊŮŭɑɞɡ ůɨɛűɤɜŬ ɛŮ Űɞ ɆɢɐɛŬ 2.7 . ȸɎůɖ Űɤɜ ůɡɔəɚɑůŮɤɜ ˊɞɡ 

ˊɟɞəɨˊŰɞɡɜ ˊɟɞŰŮɑɜɞɜŰŬɘ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɛɏŰɟŬ ɡˊɞůŰɐɟɘɝɖɠ (ŮəŰɞɝŮɡɧɛŮɜɞ 

ůəɡɟɧŭŮɛŬ, ˊɚŬɑůɘŬ, ŭɞəɞɑ ˊɟɞˊɞɟŮɑŬɠ ə.Ŭ.) ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.13. 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

 

ɆɢɐɛŬ 2.7: ɆɡůɢɏŰɘůɖ Űɖɠ ůɨɔəɚɘůɖɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ ɛŮ Űɞ ɚɧɔɞ 

ɔŮɜɘəŮɡɛɏɜɖɠ ŬɜŰɞɢɐɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ˊɟɞɠ Űɞ ɚɧɔɞ Űɤɜ ŮˊɘŰɧˊɞɡ ŰɎůŮɤɜ  (Hoek &  

Marinos, 2000). 

ɄɑɜŬəŬɠ 2.13: ũŮɜɘəɏɠ ɞŭɖɔɑŮɠ ɔɘŬ Űɞɜ Űɨˊɞ Űɤɜ ɔŮɤŰŮɢɜɘəɩɜ ˊɟɞɓɚɖɛɎŰɤɜ əŬɘ Űɖɠ 

ŮəŰɑɛɖůɖɠ Űɤɜ ɛɏŰɟɤɜ ɡˊɞůŰɐɟɘɝɖɠ ŬɜɎɚɞɔŬ ɛŮ Űɖ ůɨɔəɚɘůɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ 

ůɐɟŬɔɔŬɠ (Hoek & Marinos, 2000). 
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ɆŰɞ ɆɢɐɛŬ 2.8 ɞɘ Hoek & Marinos ˊŬɟɞɡůɘɎɕɞɡɜ Űɖɜ ɓŮɚŰɘɤɛɏɜɖ ɏəŭɞůɖ Űɞɡ 

ɆɢɐɛŬŰɞɠ 2.7 ůŰɞ ɞˊɞɑɞ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɛŮɑɤůɖ Űɤɜ ůɡɔəɚɑůŮɤɜ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ 

Űɖɠ ůɐɟŬɔɔŬɠ ɔɘŬ ŭŮŭɞɛɏɜɞ ɚɧɔɞ ůcm/pɞ əŬɗɩɠ ŬɡɝɎɜŮɘ ɖ ˊɑŮůɖ ɎɛŮůɖɠ ɡˊɞůŰɐɟɘɝɖɠ 

pi . 

 

ɆɢɐɛŬ 2.8: ɆɡůɢɏŰɘůɖ ůɨɔəɚɘůɖɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ ɛŮ Űɞ ɚɧɔɞ 

ɔŮɜɘəŮɡɛɏɜɖɠ ŬɜŰɞɢɐɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ˊɟɞɠ Űɞ ɚɧɔɞ Űɤɜ ŮˊɘŰɧˊɞɡ ŰɎůŮɤɜ, ɧŰŬɜ ɡˊɎɟɢŮɘ 

ˊɑŮůɖ ɎɛŮůɖɠ ɡˊɞůŰɐɟɘɝɖɠ pi   (Hoek &  Marinos, 2000). 

 

2.3.3 ȷɜŬɚɡŰɘəɏɠ ɀɏɗɞŭɞɘ 

 

ɆŰŬ ˊɚŬɑůɘŬ Űɞɡ ůɢŮŭɘŬůɛɞɨ Űɤɜ ůɖɟɎɔɔɤɜ əɟɑɜŮŰŬɘ ŬˊŬɟŬɑŰɖŰɞɠ ɞ ɏɚŮɔɢɞɠ Űɖɠ 

ŮɡůŰɎɗŮɘŬɠ Űɖɠ ŭɘŬŰɞɛɐɠ əŬɗɩɠ əŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɛɏŰɟɤɜ ɎɛŮůɖɠ 

ɡˊɞůŰɐɟɘɝɖɠ ɩůŰŮ ɜŬ ŬˊɞűŮɡɢɗŮɑ ɖ ɡˊŮɟɓɞɚɘəɐ ɢŬɚɎɟɤůɖ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ŬɚɚɎ 

ŰŬɡŰɧɢɟɞɜŬ ɜŬ ŮɜŮɟɔɞˊɞɘɖɗŮɑ ɖ ŬɜŰɞɢɐ Űɖɠ.  

ɇŬ ůɡůŰɐɛŬŰŬ ŰŬɝɘɜɧɛɖůɖɠ ŭŮɜ ɚŬɛɓɎɜɞɡɜ ɡˊɧɣɘɜ Űɞɡɠ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɟɧˊɞɡɠ 

ŮəůəŬűɐɠ (Ůˊɘɛɏɟɞɡɠ űɎůŮɘɠ, ˊɚŮɡɟɘəɏɠ ůŰɞɏɠ əɚˊ.) əŬɘ ɔŮɤɡɚɘəɎ ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ 

ůɡɛˊŮɟɘűɞɟɎ ɛŬɚŬəɞɨ ɓɟɎɢɞɡ-ůəɚɖɟɞɨ ŮŭɎűɞɡɠ ɐ əŬɘ ŮŭɎűɞɡɠ. ɇŬɡŰɧɢɟɞɜŬ ŰŬ 

ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ŬɡŰɎ ŭŮɜ ɏɢɞɡɜ ɓŮɚŰɘɤɗŮɑ ɩůŰŮ ɜŬ ůɡɛˊŮɟɘɚɎɓɞɡɜ ůɨɔɢɟɞɜŮɠ 

ɛŮɗɧŭɞɡɠ ɎɛŮůɖɠ ɡˊɞůŰɐɟɘɝɖɠ. 

ȰŰůɘ ɔɘŬ Űɖɜ Ŭəɟɘɓɐ ŮəŰɑɛɖůɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ əŬŰɎ Űɖɜ ŮəůəŬűɐ 

Űɖɠ ůɐɟŬɔɔŬɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ŭɘůŭɘɎůŰŬŰŮɠ əŬɘ ŰɟɘůŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ ɛŮ 

ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ ɛŮ Űɖ ɢɟɐůɖ Ůɘŭɘəɩɜ ɚɞɔɘůɛɘəɩɜ. ɇŬ ˊɘɞ ůɡɢɜɎ 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ ˊɟɞɔɟɎɛɛŬŰŬ ŮɑɜŬɘ Űɞ PHASES, Űɞ PLAXIS, Űɞ TUNNEL, Űɞ 

SOFISTIK əŬɘ Űɞ ABAQUS, Űɞ ɞˊɞɑɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ Űɤɜ 

ˊŬɟŬɛŮŰɟɘəɩɜ ŬɜŬɚɨůŮɤɜ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ. 

ɇŬ ˊɟɞɔɟɎɛɛŬŰŬ ŬɡŰɎ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůɞɛɞɘɎůɞɡɜ ŰŬ ŭɘŬŭɞɢɘəɎ ůŰɎŭɘŬ ŮəůəŬűɐɠ, 

ŰŬ ɛɏůŬ ɎɛŮůɖɠ ɡˊɞůŰɐɟɘɝɖɠ, Ůɜɩ ɛˊɞɟɞɨɜ ɜŬ ɡˊɞɚɞɔɑůɞɡɜ Űɘɠ ˊŬɟŬɛɞɟűɩůŮɘɠ Űɤɜ 

ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ, Űɖɜ ɏəŰŬůɖ Űɖɠ ˊɚŬůŰɘəɐɠ ɕɩɜɖɠ əŬɘ Űɘɠ əŬɗɘɕɐůŮɘɠ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ.  

Ƀɘ ŬɜŬɚɡŰɘəɏɠ ɛɏɗɞŭɞɘ ŬˊɞŰŮɚɞɨɜ ŬɝɘɧˊɘůŰɞ ɛɏůɞ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɞɡ Űɟɧˊɞɡ 

ŭɘɎɜɞɘɝɖɠ Űɖɠ ůɐɟŬɔɔŬɠ əŬɘ Űɖ ŭɘŬůŰŬůɘɞɚɧɔɖůɖ Űɤɜ ɛɏŰɟɤɜ ɡˊɞůŰɐɟɘɝɖɠ Űɖɠ, ɧŰŬɜ 

ɓɏɓŬɘŬ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɞɘ ůɤůŰɏɠ ˊŬɟŬŭɞɢɏɠ. 

 

2.4 ɇŮɢɜɘəɏɠ ȹɘɎɜɞɘɝɖɠ ɆɖɟɎɔɔɤɜ 

2.4.1 ȹɘɎɜɞɘɝɖ ɆɖɟɎɔɔɤɜ ɛŮ ɇȸɀ 
 

ɇŬ ɛɖɢŬɜɐɛŬŰŬ ŮəůəŬűɐɠ ůɖɟɎɔɔɤɜ (Tunnel Boring Machines-TBM) ŮɑɜŬɘ Ůˊɘɛɐəɖɠ 

ɛɖɢŬɜɏɠ, ɞɘ ɞˊɞɑŮɠ ˊɟɞůɓɎɚɚɞɡɜ ɧɚɖ Űɖɜ ɏəŰŬůɖ Űɞɡ ɛŮŰɩˊɞɡ Űɖɠ ůɐɟŬɔɔŬɠ. 

ȺəůəɎˊŰɞɡɜ ůɐɟŬɔɔŮɠ ɛŮ əɡəɚɘəɐ ŭɘŬŰɞɛɐ ɛŮ Űɖ ɢɟɐůɖ əŮűŬɚɐɠ ˊɞɡ ɏɢŮɘ ŭɘɎɛŮŰɟɞ 

ˊŮɟɑˊɞɡ ɑůɖ ɛŮ ŬɡŰɐ Űɖɠ ůɐɟŬɔɔŬɠ əŬɘ űɏɟŮɘ ŭɑůəɞɡɠ əɞˊɐɠ əŬɘ əɞˊɑŭɘŬ, Űɤɜ ɞˊɞɑɤɜ 

ɞ Ŭɟɘɗɛɧɠ əŬɘ ɖ ŭɘɎŰŬɝɖ ˊɞɘəɑɚŮɘ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ˊɞɘɧŰɖŰŬ əŬɘ Űɖɜ ůəɚɖɟɧŰɖŰŬ Űɖɠ 

ɓɟŬɢɧɛŬɕŬɠ. ɇɞ ŮəůəŬˊŰɧɛŮɜɞ ɡɚɘəɧ ŮɘůɏɟɢŮŰŬɘ ůŰŬ ŬɜɞɑɔɛŬŰŬ Űɖɠ əŮűŬɚɐɠ əŬɘ 

ŬˊɞɛŬəɟɨɜŮŰŬɘ ɛɏůɤ  ˊɟɞůŬɟŰɖɛɏɜɞɡ ůɡůŰɐɛŬŰɞɠ ɛŮŰŬűɞɟɘəɩɜ ŰŬɘɜɘɩɜ. ȾŬŰɎ Űɖɜ 

ŮəůəŬűɐ, ŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ ůɐɟŬɔɔŬɠ ˊɑůɤ Ŭˊɧ Űɖɜ əŮűŬɚɐ ɡˊɞůŰɖɟɑɕɞɜŰŬɘ ɛŮ 

ˊɟɞəŬŰŬůəŮɡŬůɛɏɜŬ ůŰɞɘɢŮɑŬ ůəɡɟɞŭɏɛŬŰɞɠ, ŰŬ ɞˊɞɑŬ ůɢɖɛŬŰɑɕɞɡɜ ɏɜŬ ŭŬəŰɨɚɘɞ. 

ɃɟɘůɛɏɜŬ TBM ŭɘŬɗɏŰɞɡɜ əŬɘ ŬůˊɑŭŬ, ɛɞɜɐ ɐ ŭɘˊɚɐ, ɔɘŬ Űɖɜ ˊɟɞůɤɟɘɜɐ ůɡɔəɟɎŰɖůɖ 

Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ. ɆŰɞ ɆɢɐɛŬ 2.9 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ Űɡˊɘəɐ ŭɞɛɐ 

ɛɖɢŬɜɐɛŬŰɞɠ ɞɚɞɛɏŰɤˊɖɠ əɞˊɐɠ. 

ũɘŬ ŰŬ ůəɚɖɟɎ ˊŮŰɟɩɛŬŰŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŰŬ Hard Rock TBM ŮɑŰŮ ɢɤɟɑɠ ŬůˊɑŭŬ 

ɔɘŬ Űɖɜ ˊɟɞůɤɟɘɜɐ ůɡɔəɟɎŰɖůɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ ɧŰŬɜ ˊɟɧəŮɘŰŬɘ ɔɘŬ əŬɚɐɠ ˊɞɘɧŰɖŰŬɠ 

ɓɟŬɢɧɛŬɕŬ, ŮɑŰŮ ɛŮ ɛɞɜɐ ɐ ŭɘˊɚɐ ŬůˊɑŭŬ ɔɘŬ ɓɟŬɢɧɛŬɕŮɠ ɛɏŰɟɘŬɠ əŬɘ ˊŰɤɢɐɠ 

ˊɞɘɧŰɖŰŬɠ. ȳŰŬɜ ɖ ůɐɟŬɔɔŬ ŭɘŬɜɞɑɔŮŰŬɘ ůŮ ɛŬɚŬəɧ ɓɟɎɢɞ ɐ ůəɚɖɟɧ ɏŭŬűɞɠ ɐ ɏŭŬűɞɠ 

ŰɧŰŮ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŰŬ Soft Ground TBM, ŰŬ ɞˊɞɑŬ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ Slurry ɇBM 

əŬɘ EPB. ɇŬ ůɡɔəŮəɟɘɛɏɜŬ Ůɝɘůɞɟɟɞˊɞɨɜ Űɖɜ ŮŭŬűɘəɐ ˊɑŮůɖ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ 

ůəŬɛɛɏɜɞ ɡɚɘəɧ, Űɞ ɞˊɞɑɞ ɏɢŮɘ ŬɜŬɛɘɢɗŮɑ ɛŮ ɟɡɗɛɘůŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ (Ŭűɟɧ ɔɘŬ ŰŬ 

ȺɅȸ əŬɘ ɛˊŮŰɞɜɑŰɖ ɔɘŬ ŰŬ Slurry), ɤɠ ɛɏůɞ ɡˊɞůŰɐɟɘɝɖɠ Űɞɡ ɛŮŰɩˊɞɡ ůɡɛɓɎɚɚɞɜŰŬɠ 

ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ əŬɘ ŬˊɞŰɟɏˊɞɜŰŬɠ űŬɘɜɧɛŮɜŬ əŬɗɘɕɐůŮɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ŮŭɎűɞɡɠ. 
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ɆɢɐɛŬ 2.9: ɇɡˊɘəɐ ŭɞɛɐ ɛɖɢŬɜɐɠ ɞɚɞɛɏŰɤˊɖɠ əɞˊɐɠ ï ɇȸɀ (www.cbbt.com). 

 

ɆɢɐɛŬ 2.10: Ƀɘ ŭɘɎűɞɟɞɘ Űɨˊɞɘ ɇȸɀ ɔɘŬ ŭɘɎűɞɟŮɠ ŬɜŰɞɢɏɠ ůɢɖɛŬŰɘůɛɩɜ 

(ɀɘɢŬɚŬəɧˊɞɡɚɞɠ, 2015) 

http://www.cbbt.com/
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

 

ȺɘəɧɜŬ 2.4: ȾɞˊŰɘəɏɠ əŮűŬɚɏɠ ŭɘŬűɧɟɤɜ Űɨˊɤɜ ɇȸɀ (www.terratec.co). 

ȳˊɤɠ ˊɟɞəɨˊŰŮɘ, ɔɘŬ Űɖɜ Ůˊɘɚɞɔɐ Űɞɡ əŬŰŬɚɚɖɚɧŰŮɟɞɡ Űɨˊɞɡ ɇȸɀ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ 

ɖ Ŭəɟɘɓɐɠ ŮəŰɑɛɖůɖ Űɤɜ ɔŮɤɚɞɔɘəɩɜ ůɡɜɗɖəɩɜ ˊɞɡ ŮˊɘəɟŬŰɞɨɜ əŬŰɎ ɛɐəɞɠ Űɞɡ 

ɎɝɞɜŬ Űɖɠ ůɐɟŬɔɔŬɠ. ɆŰɞ ɆɢɐɛŬ 2.11 ˊŬɟɞɡůɘɎɕŮŰŬɘ ŭɘɎɔɟŬɛɛŬ ɛŮ Űɖɜ Ŭˊɧŭɞůɖ 

əɎɗŮ Űɨˊɞɡ ɇȸɀ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ əŬŰɎ RMR. ɇɞ 

ŭɘɎɔɟŬɛɛŬ Ŭˊɧ ɛɧɜɞ Űɞɡ  ŭŮɜ ɛˊɞɟŮɑ ɜŬ əŬɗɞɟɑůŮɘ Űɞɜ əŬŰɎɚɚɖɚɞ Űɨˊɞ ɇȸɀ, ŬɚɚɎ 

ɛɧɜɞ ɜŬ ŭɩůŮɘ ɛɘŬ ɔŮɜɘəɐ ŮəŰɑɛɖůɖ. 

ȼ ŭɘɎɜɞɘɝɖ ɛŮ Űɖ ɛɏɗɞŭɞ ɇȸɀ ˊŬɟɞɡůɘɎɕŮɘ ɛŮɔŬɚɨŰŮɟɞɡɠ ɟɡɗɛɞɨɠ ˊɟɞɢɩɟɖůɖɠ ůŮ 

ůɢɏůɖ ɛŮ Űɖɠ əɚŬůůɘəɏɠ ɛŮɗɧŭɞɡɠ ɧɟɡɝɖɠ əŬɘ ɛŮɘɤɛɏɜɞ əɧůŰɞɠ ɔɘŬ ɛŮɔɎɚɞɡ ɛɐəɞɡɠ 

ůɐɟŬɔɔŮɠ. Ⱥˊɑůɖɠ ɛŮ Űɖ ɢɟɐůɖ ɛɖɢŬɜɩɜ ɞɚɞɛɏŰɤˊɖɠ əɞˊɐɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ 

ŭɘŬɛɧɟűɤůɖ ɞɛɞɘɧɛɞɟűɞɡ ɡˊɞůŰɖɟɘɔɛɏɜɞɡ ŬɜɞɑɔɛŬŰɞɠ ɛŮ Űɖɜ ŮɚɎɢɘůŰɖ 

ˊŬɟŬɛɧɟűɤůɖ Űɖɠ ˊŮɟɘɓɎɚɚɞɡůŬɠ ɓɟŬɢɧɛŬɕŬɠ əŬɘ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɤɜ 

ɡˊŮɟŮůəŬűɩɜ. Ⱥɜɩ ŰŬɡŰɧɢɟɞɜŬ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ɛŮɘɤɛɏɜŮɠ ŭɞɜɐůŮɘɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŰŬ 

əŬɗɘůŰɎ ɘŭŬɜɘəɎ ɔɘŬ əŬŰŬůəŮɡɐ ůɖɟɎɔɔɤɜ ůŮ ŬůŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ. 

 

ɆɢɐɛŬ 2.11: ɆɡůɢɏŰɘůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɤɜ ŭɘɎűɞɟɤɜ Űɨˊɤɜ ɇȸɀ ɛŮ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ 

ɓɟŬɢɧɛŬɕŬɠ əŬŰɎ RMR (ɀɘɢŬɚŬəɧˊɞɡɚɞɠ, 2015). 

http://www.terratec.co/
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ɄŬɟɎ Űɖɜ ˊɚɖɗɩɟŬ ˊɚŮɞɜŮəŰɖɛɎŰɤɜ ˊɞɡ ˊɟɞůűɏɟŮɘ, ɖ ɛɏɗɞŭɞɠ Űɞɡ ɇȸɀ ŭŮɜ ɛˊɞɟŮɑ 

ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɧŰŬɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊɞɚɚɏɠ ŮɜŬɚɚŬɔɏɠ ůŰɖɜ ɔŮɤɚɞɔɑŬ Űɞɡ 

ˊŮɟɘɓɎɚɚɞɜŰŬ ůɢɖɛŬŰɘůɛɞɨ ɐ ɧŰŬɜ ŬˊŬɘŰŮɑŰŬɘ ɧɟɡɝɖ ůɐɟŬɔɔŬɠ ɛŮ ŭɘŬŰɞɛɐ 

ŭɘŬűɞɟŮŰɘəɐ Űɖɠ əɡəɚɘəɐɠ. Ⱥˊɑůɖɠ, Űɞ ɡɣɖɚɧ əɧůŰɞɠ ŬɔɞɟɎɠ Űɞɡ ɇȸɀ, əŬɗɘůŰɎ 

ŬŭɨɜŬŰɖ Űɖ ɢɟɐůɖ Űɞɡ ůŮ ɛɘəɟɞɨ ɛɐəɞɡɠ ůɐɟŬɔɔŮɠ əŬɗɩɠ ŭŮɜ ˊɟɞɚŬɓŬɑɜŮɘ ɜŬ ɔɑɜŮɘ 

ŬˊɧůɓŮůɖ ɛɖɢŬɜɐɛŬŰɞɠ. ɇɏɚɞɠ Űɞ ɟɑůəɞ Ůˊɏɜŭɡůɖɠ əɟɑɜŮŰŬɘ  ɛŮɔɎɚɞ ɧŰŬɜ ŭŮɜ ɏɢɞɡɜ 

əŬɗɞɟɘůŰŮɑ ˊɚɐɟɤɠ ɞɘ ɔŮɤŰŮɢɜɘəɏɠ ůɡɜɗɐəŮɠ, əŬɗɩɠ ɖ ɧˊɞɘŬ ɚɎɗɞɠ Ůˊɘɚɞɔɐ ɇȸɀ 

ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ Ŭɡɝɖɛɏɜɞɡɠ ɢɟɧɜɞɡɠ əŬŰŬůəŮɡɐɠ, Ŭɡɝɖɛɏɜɞ əɧůŰɞɠ ɐ ŬəɧɛŬ 

əŬɘ Ůɔəɚɤɓɘůɛɧ Űɞɡ ɇȸɀ ůŰɞɜ ůɢɖɛŬŰɘůɛɧ, űŬɘɜɧɛŮɜɞ ˊɞɡ ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ əŬŰɎ 

Űɖ ɢɟɖůɘɛɞˊɞɑɖůɖ ɇȸɀ ůɢŮŭɘŬůɛɏɜɞ ɔɘŬ ůəɚɖɟɎ ˊŮŰɟɩɛŬŰŬ ůŮ ɛŬɚŬəɎ əŬɘ ŬůŰŬɗɐ.  

ɆɡɜŮˊɩɠ ɧŰŬɜ ůɡɜŰɟɏɢɞɡɜ ɞɘ ˊŬɟŬˊɎɜɤ ůɡɜɗɐəŮɠ, ŮɑɜŬɘ əŬɚɨŰŮɟɞ ɜŬ ˊɟɞŰɘɛɩɜŰŬɘ ɞɘ 

ůɡɛɓŬŰɘəɏɠ ɛɏɗɞŭɞɘ  ŭɘɎɜɞɘɝɖɠ ůɖɟɎɔɔɤɜ Ůə Űɤɜ ɞˊɞɑɤɜ ɖ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɖ ŮɑɜŬɘ ɖ 

Ɂȷɇɀ (Ɂew Austrian Tunnelling Method). 

 
ɆɢɐɛŬ 2.12: ɇɡˊɘəɐ ŭɞɛɐ EPB əŬɘ Slurry TBM ( ɇůŬˊɏəɖɠ, 2019). 

 

2.4.2 ȹɘɎɜɞɘɝɖ ɆɖɟɎɔɔɤɜ ɛŮ Űɖ ɀɏɗɞŭɞ Ɂȷɇɀ  
 

ȼ ɁɏŬ ȷɡůŰɟɘŬəɐ ɀɏɗɞŭɞɠ ȹɘŬɜɞɑɝŮɤɠ ɆɖɟɎɔɔɤɜ (New Austrian Tunneling 

Method-Ɂȷɇɀ)  ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ůɨɜɞɚɞ ɛŮɗɞŭɞɚɞɔɘɩɜ əŬɘ ŰŮɢɜɘəɩɜ ŭɘɎɜɞɘɝɖɠ 

əŬɘ ɡˊɞůŰɐɟɘɝɖɠ ůɖɟɎɔɔɤɜ. ȼ ɛɏɗɞŭɞɠ Ɂȷɇɀ ˊɟɞŭɘŬɔɟɎűŰɖəŮ əŬɘ ɏɚŬɓŮ Űɞ ɧɜɞɛŬ 

Űɖɠ Ŭˊɧ Űɞɡɠ ɛɖɢŬɜɘəɞɨɠ Rabcewicz, Mueller, Brunner əŬɘ Pacher, ˊŮɟɑ Űɞ 1960, Ŭɜ 

əŬɘ ˊɞɚɚɏɠ Ŭˊɧ Űɘɠ ŰŮɢɜɘəɏɠ Űɖɠ ŮɑɢŬɜ ŮűŬɟɛɞůŰŮɑ ɐŭɖ ˊɟɘɜ Ŭˊɧ ŮəŮɑɜɖ Űɖɜ 

ɖɛŮɟɞɛɖɜɑŬ.  
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

Ʉɞɚɚɞɑ ɞɟɘůɛɞɑ ɏɢɞɡɜ ŭɞɗŮɑ ɔɘŬ Űɖ əŬŰŬɜɧɖůɖ Űɖɠ ɛŮɗɧŭɞɡ Ɂȷɇɀ. ȾɡɟɘɧŰŮɟɞɘ ɧɛɤɠ 

ŮɑɜŬɘ ɞɘ ˊŬɟŬəɎŰɤ (Karakuĸ and Fowell, 2004)   : 

1. L.v. Rabcewicz  Űɞ 1964 : ȷ new method consisting of a thin sprayed concrete 

lining, closed at the earliest possible moment by an invert to a complete ring ï

called an ñauxiliary archò- the deformation of which is measured as a function of 

time until equilibrium is obtainedò 

2. ȷɡůŰɟɘŬəɐ Ⱥɗɜɘəɐ ȺˊɘŰɟɞˊɐ ɈˊɞɔŮɑɤɜ ȾŬŰŬůəŮɡɩɜ (Austrian National 

Committee on ñUnderground Constructionò of the International Tunnelling 

Association Űɞ 1980 : ñThe New Austrian Tunnelling Method (NATM) is based 

on a concept whereby the ground (rock or soil) surrounding an underground 

opening becomes a load bearing structural component through activation of a ring 

like body of supporting groundò  

3. Sauer Űɞ 1988 : ñA method of producing underground space by using all available 

means to develop the maximum self-supporting capacity of the rock or soil itself 

to provide the stability of the underground opening.ò 

ȼ ɛɏɗɞŭɞɠ Ɂȷɇɀ ɏɢŮɘ ŮˊɘəɟŬŰɐůŮɘ ˊŬɔəɞůɛɑɤɠ ůŰɖ ŭɘɎɜɞɘɝɖ ůɖɟɎɔɔɤɜ əŬɗɩɠ ɏɢŮɘ 

ŮˊŮəŰŬɗŮɑ ůɖɛŬɜŰɘəɎ ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɠ ɧɚŮɠ Űɘɠ ůɨɔɢɟɞɜŮɠ ŰŮɢɜɘəɏɠ ŭɘɎɜɞɘɝɖɠ, 

ɡˊɞůŰɐɟɘɝɖɠ əŬɘ ŮɜɧɟɔŬɜɖɠ ˊŬɟŬəɞɚɞɨɗɖůɖɠ Űɤɜ ůɖɟɎɔɔɤɜ. ȷɜ əŬɘ ŭŮɜ ɡˊɎɟɢŮɘ 

ŬˊɞŭŮəŰɧɠ ɞɟɘůɛɧɠ Űɖɠ çɛŮɗɧŭɞɡè, ɛˊɞɟɞɨɛŮ ɜŬ ŭŮɢŰɞɨɛŮ ɧŰɘ ɞɘ ɛɧɜɞɘ Űɟɧˊɞɘ 

ŭɘɎɜɞɘɝɖɠ ˊɞɡ ŭŮɜ ŮɜŰɎůůɞɜŰŬɘ ůŮ ŬɡŰɐɜ ŮɑɜŬɘ ɖ ŭɘɎɜɞɘɝɖ ɛŮ : (Ŭ) ɇȸɀ, (ɓ) ɛŮ 

ˊɟɞůŰŬŰŮɡŰɘəɐ ŬůˊɑŭŬ əŬɘ (ɔ) ɛŮ ɎɛŮůɖ ɡˊɞůŰɐɟɘɝɖ ˊɞɡ ŭŮɜ ˊŮɟɘɚŬɛɓɎɜŮɘ ŬɔəɨɟɘŬ ɐ 

ŮəŰɞɝŮɡɧɛŮɜɞ ůəɡɟɧŭŮɛŬ (ˊ.ɢ ɡˊɞůŰɐɟɘɝɖ ɛɧɜɞ ɛŮ ɛŮŰŬɚɚɘəɎ ˊɚŬɑůɘŬ ɐ 

ˊɟɞəŬŰŬůəŮɡŬůɛɏɜŬ ůŰɞɘɢŮɑŬ). 

ȼ ɓŬůɘəɐ çűɘɚɞůɞűɑŬè Űɖɠ ɛŮɗɧŭɞɡ Ɂȷɇɀ ŮɑɜŬɘ ɧŰɘ ɖ ɡˊɞůŰɐɟɘɝɖ ŭŮɜ 

ˊŬɟŬɚŬɛɓɎɜŮɘ ɧɚŬ ŰŬ ɔŮɤůŰŬŰɘəɎ űɞɟŰɑŬ ŬɚɚɎ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŬɜŬəŬŰŬɜɞɛɐ Űɤɜ 

űɞɟŰɑɤɜ ůŰɖɜ ˊŮɟɘɓɎɚɚɞɡůŬ Űɖɠ ŮəůəŬűɐɠ ɓɟŬɢɧɛŬɕŬ, ɖ ɞˊɞɑŬ ŬɜŬəŬŰŬɜɞɛɐ ɞŭɖɔŮɑ 

ŰŮɚɘəɎ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ŭŬəŰɡɚɑɞɡ ɔɨɟɤ Ŭˊɧ Űɞ ɎɜɞɘɔɛŬ ˊɞɡ ɗŬ ɚŮɘŰɞɡɟɔɐůŮɘ ɤɠ 

ŰɞɝɤŰɧɠ űɞɟɏŬɠ. ȷɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ Űɖɠ ŮɚŮɔɢɧɛŮɜɖɠ ůɨɔəɚɘůɖɠ Űɤɜ 

ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ ůɨɔəɚɘůɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ 

ůɐɟŬɔɔŬɠ ŮˊɘŰɟɏˊŮŰŬɘ ůŰɞ ɓŬɗɛɧ ŮəŮɑɜɞ ɧˊɞɡ ɖ ɡˊɞůŰɐɟɘɝɖ ɗŬ ˊŬɟŬɚɎɓŮɘ ŰŬ 

ŮɚɎɢɘůŰŬ űɞɟŰɑŬ ɢɤɟɑɠ ɜŬ ŬˊɞŭɘɞɟɔŬɜɤɗŮɑ ɖ ˊŮɟɘɓɎɚɚɞɡůŬ ŭɞɛɐ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ. 

ɆŰɞ ɆɢɐɛŬ 2.12 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ˊŬɟŬˊɎɜɤ ŭɘŬŭɘəŬůɑŬ ɛɏůɤ Űɖɠ əŬɛˊɨɚɖɠ 

ůɨɔəɚɘůɖɠ- ŬˊɞŰɧɜɤůɖɠ (convergence-confinement curve) Űɖɠ ɓɟŬɢɧɛŬɕŬɠ, ɖ ɞˊɞɑŬ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ ˊŮɟɘɔɟɎɣŮɘ əŬɘ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ 

ŬˊɞůɡɛˊɑŮůɖɠ ɐ Ŭɚɚɘɩɠ ŬˊɞŰɧɜɤůɖɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ əŬɘ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Űɖɠ ɛŮ 

Űɖɜ ɎɛŮůɖ ɡˊɞůŰɐɟɘɝɖ.  
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ɆɢɐɛŬ 2.13: Ⱥˊɘɟɟɞɐ Űɞɡ ɢɟɧɜɞɡ ŰɞˊɞɗɏŰɖůɖɠ Űɤɜ ɛɏŰɟɤɜ ˊɟɞůɤɟɘɜɐɠ ɡˊɞůŰɐɟɘɝɖɠ 

ůŰɖɜ ˊɑŮůɖ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ Ůˊɑ Űɖɠ ɡˊɞůŰɐɟɘɝɖɠ Űɖɠ ůɐɟŬɔɔŬ (ȾŬɓɓŬŭɎɠ, 2007). 

Ƚ: Ʉɞɚɨ ɜɤɟɑɠ. ȼ ˊɑŮůɖ ůŰɖɜ ɎɛŮůɖ ɡˊɞůŰɐɟɘɝɖ (p1) ŮɑɜŬɘ ˊɞɚɨ ɛŮɔɎɚɖ. 

ȽȽ: ȾŬɜɞɜɘəɧɠ ɢɟɧɜɞɠ əŬŰŬůəŮɡɐɠ Űɖɠ ɎɛŮůɖɠ ɡˊɞůŰɐɟɘɝɖɠ. ȼ ˊɑŮůɖ (p2) ɏɢŮɘ ɛŮɘɤɗŮɑ 

ůɖɛŬɜŰɘəɎ. 

ȽȽȽ: Ʉɞɚɨ ŬɟɔɎ. ȼ ˊɑŮůɖ (p3) ɏɢŮɘ ŬɡɝɖɗŮɑ ɚɧɔɤ ŬˊɞŭɘɞɟɔɎɜɤůɖɠ-ɢŬɚɎɟɤůɖɠ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ, 

ɛŮ ůɡɜɏˊŮɘŬ Űɞɜ əɑɜŭɡɜɞ əŬŰɎɟɟŮɡůɖɠ 

 

ɀŬɗɖɛŬŰɘəɎ, Űɞ ˊɟɧɓɚɖɛŬ Űɖɠ ůɨɔəɚɘůɖɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ ɛˊɞɟŮɑ ɜŬ 

ˊŮɟɘɔɟɎűŮɘ Ŭˊɧ Űɖ ůɢɏůɖ : 

pi =(1-ɚ) po 

ȳˊɞɡ  

po: ɖ ˊɑŮůɖ Űɞɡ ŮɜŰŬŰɘəɞɨ ˊŮŭɑɞɡ  

pi: ɖ ˊɑŮůɖ ˊɞɡ ŬɜŰɘůŰɖɟɑɕŮɘ Űɞ ˊɏŰɟɤɛŬ  

ɚ : ɞ ůɡɜŰŮɚŮůŰɐɠ ŬˊɞŰɧɜɤůɖɠ (deconfinement ratio), ɞ ɞˊɞɑɞɠ ˊŮɟɘɔɟɎűŮɘ Űɞ 

ˊɞůɞůŰɧ ůɨɔəɚɘůɖɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ. 

ȳŰŬɜ ɖ ˊɑŮůɖ pi ˊɞɡ ŬůəŮɑ Űɞ ɛɏůɞ ɡˊɞůŰɐɟɘɝɖɠ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɖɜ ˊɑŮůɖ Űɞɡ 

ŮɜŰŬŰɘəɞɨ ˊŮŭɑɞɡ ŰɧŰŮ Űɞ ˊŮɟɘɓɎɚɚɞɜ ˊɏŰɟɤɛŬ ůɡɜŮɢɑɕŮɘ ɜŬ ŮəŰɞɜɩɜŮŰŬɘ ɛɏɢɟɘ ɜŬ 

ŮˊɏɚɗŮɘ ɘůɞɟɟɞˊɑŬ. ũɘŬ ŬɡŰɐ Űɖɜ əŬŰɎůŰŬůɖ ɞ ůɡɜŰŮɚŮůŰɐɠ ŬˊɞŰɧɜɤůɖɠ ɚ ɚŬɛɓɎɜŮɘ 

Űɘɛɏɠ 0<ɚ<1. ȳŰŬɜ Űɞ ˊɏŰɟɤɛŬ ˊŬɟɞɡůɘɎɕŮɘ ɛɖŭŮɜɘəɐ ŬˊɞŰɧɜɤůɖ ɚ=0 ŰɧŰŮ ŮɑŰŮ ŭŮɜ 

ɏɢŮɘ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŮəůəŬűɐ ŬəɧɛŬ ŮɑŰŮ ɏɢŮɘ ŰɞˊɞɗŮŰŮɑ ɡˊɞůŰɐɟɘɝɖ ˊɞɡ 

ˊŬɟŬɚŬɛɓɎɜŮɘ ɧɚɞ Űɞ ɔŮɤůŰŬŰɘəɧ űɞɟŰɑɞ. Ⱥɜɩ ɧŰŬɜ ɞ ůɡɜŰŮɚŮůŰɐɠ ŬˊɞŰɧɜɤůɖɠ 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɘůɞɨŰŬɘ ɛŮ ɚ=1 ŰɧŰŮ Űɞ ˊɏŰɟɤɛŬ ɏɢŮɘ ɚɎɓŮɘ ɧɚŮɠ Űɞɡ Űɘɠ ˊŬɟŬɛɞɟűɩůŮɘɠ Ŭűɞɨ ŭŮɜ 

ɡˊɎɟɢŮɘ ɖ ŭɟɎůɖ ɡˊɞůŰɐɟɘɝɖɠ.  

 

ɆɢɐɛŬ 2.14: ȾŬɛˊɨɚŮɠ ůɨɔəɚɘůɖɠ-ŬˊɞŰɧɜɤůɖɠ əŬɘ əŬɛˊɨɚŮɠ Panet ůŮ ůɐɟŬɔɔŬ 

ɡˊɞůŰɖɟɘɕɧɛŮɜɖ ɛŮ ŮəŰɞɝŮɡɧɛŮɜɞ ůəɡɟɧŭŮɛŬ (ȾŬɓɓŬŭŬɠ, 2007). 

ȰɜŬ ůɖɛŬɜŰɘəɧ ˊɞůɞůŰɧ Űɖɠ ůɨɔəɚɘůɖɠ ůɡɛɓŬɑɜŮɘ ˊɑůɤ Ŭˊɧ Űɞ ɛɏŰɤˊɞ Űɖɠ ůɐɟŬɔɔŬɠ 

ŭɖɚŬŭɐ ˊɟɘɜ ŬəɧɛŬ ɖ ŮəůəŬűɐ űŰɎůŮɘ ůŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ. ɇŬɡŰɧɢɟɞɜŬ ɞɘ 

ˊŬɟŬɛɞɟűɩůŮɘɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ ŬɡɝɎɜɞɡɜ ŰŬɢɨŰŬŰŬ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ 

ɛŮŰɩˊɞɡ. ȰŰůɘ, əɟɑɜŮŰŬɘ ŬˊŬɟŬɑŰɖŰɞɠ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ ŬˊɧůŰŬůɖɠ ŰɞˊɞɗɏŰɖůɖɠ 

Űɤɜ ɛɏŰɟɤɜ ɡˊɞůŰɐɟɘɝɖɠ  Ŭˊɧ Űɞ  ɛɏŰɤˊɞ ɩůŰŮ ɜŬ ɛɖɜ ɝŮˊŮɟŬůŰŮɑ ɖ ɛɏɔɘůŰɖ 

əŬŰŬůəŮɡŬůŰɘəɎ ŬˊɞŭŮəŰɐ ůɨɔəɚɘůɖ ŰɞɘɢɤɛɎŰɤɜ ůɐɟŬɔɔŬɠ. Ƀ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ 

ɗɏůɖɠ ɔɑɜŮŰŬɘ Ůɨəɞɚɞɠ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ ɓŬɗɛɞɨ ŬˊɞŰɧɜɤůɖɠ əŬɘ Űɤɜ əŬɛˊɡɚɩɜ Panet 

ˊɞɡ ůɡůɢŮŰɑɕɞɡɜ Űɖ ɛŮŰŬəɑɜɖůɖ Űɞɡ ŰɞɘɢɩɛŬŰɞɠ Űɖɠ ůɐɟŬɔɔŬɠ ůŮ ŭɘɎűɞɟŮɠ ɗɏůŮɘɠ 

ˊɑůɤ əŬɘ ɛˊɟɞůŰɎ Ŭˊɧ Űɞ ɛɏŰɤˊɞ ŮəůəŬűɐɠ (ɆɢɐɛŬ 2.13). ɀŮ ɓɎůɖ Űɘɠ ˊŬɟŬˊɎɜɤ 

Ŭɟɢɏɠ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŮɔɔɘůŰɞɨɜ ɛŮ ɛŮɔɎɚɖ ŮˊɘŰɡɢɑŬ Ŭˊɧ ŭɘůŭɘɎůŰŬŰŬ ɛɞɜŰɏɚŬ ŰŬ 

ɛɏŰɟŬ ɡˊɞůŰɐɟɘɝɖɠ Űɤɜ ůɖɟɎɔɔɤɜ əŬɘ ɖ ɗɏůɖ ŰɞˊɞɗɏŰɖůɖɠ Űɞɡɠ. 

ɆɡɜɞɣɑɕɞɜŰŬɠ ɖ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ Ɂȷɇɀ ůŰɖ ůɖɟŬɔɔɞˊɞɘɑŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ 

Ŭˊɧ əɎˊɞɘŮɠ ɓŬůɘəɏɠ Ŭɟɢɏɠ, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ : 

o ȺəůəŬűɐ əŬɘ ŭɘɎɜɞɘɝɖ Űɖɠ ůɐɟŬɔɔŬɠ ɛŮ ɛɖɢŬɜɘəɐ ŮəůəŬűɐ ɐ ɢɟɐůɖ ŮəɟɖəŰɘəɩɜ 

ɖ ɞˊɞɑŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ɛɘŬ ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ űɎůŮɘɠ ɩůŰŮ ɜŬ ɛŮɘɤɗɞɨɜ ɞɘ 

ůɡɔəɚɑůŮɘɠ əŬɘ ɜŬ ɓŮɚŰɘɤɗŮɑ ɖ ŮɡůŰɎɗŮɘŬ Űɖɠ ůɐɟŬɔɔŬɠ. 

o ȯɛŮůɖ ɡˊɞůŰɐɟɘɝɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ ɛŮ Űɖ ɢɟɐůɖ ŮəŰɞɝŮɡɧɛŮɜɞɡ 

ůəɡɟɞŭɏɛŬŰɞɠ, Ŭɔəɡɟɑɤɜ əŬɘ ŬəɧɛŬ Ŭɜ ŬˊŬɘŰŮɑŰŬɘ ɛŮŰŬɚɚɘəɩɜ ˊɚŮɔɛɎŰɤɜ əŬɘ 

ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ. ȼ ɡˊɞůŰɐɟɘɝɖ ɗŬ ˊɟɏˊŮɘ ɜŬ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ɛɘəɟɐ ŬˊɧůŰŬůɖ 

Ŭˊɧ Űɞ ɛɏŰɤˊɞ ɩůŰŮ ɜŬ ŬɜŬɚɎɓŮɘ ŰŬ űɞɟŰɑŬ əŬŰɎ Űɞ ŭɡɜŬŰɧɜ ŰŬɢɨŰŮɟŬ 

ˊŮɟɘɞɟɑɕɞɜŰŬɠ Űɖɜ ˊŮɟŬɘŰɏɟɤ ůɨɔəɚɘůɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ. 
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o ȾɚŮɑůɘɛɞ Űɞɡ ŭŬəŰɡɚɑɞɡ ŮəůəŬűɐɠ ɛŮ Űɖɜ ŰɞˊɞɗɏŰɖůɖ ŮəŰɞɝŮɡɧɛŮɜɞɡ 

ůəɡɟɞŭɏɛŬŰɞɠ ůŰɞ ůɨɜɞɚɞ Űɖɠ ŭɘŬŰɞɛɐɠ (ŭɖɚŬŭɐ əŬɘ ůŰɞ ŭɎˊŮŭɞ). ȼ ŭɖɛɘɞɡɟɔɑŬ 

Űɞɡ ŭŬəŰɡɚɑɞɡ ůɡɜŰŮɚŮɑ ůŰɞ ˊŮɟɘɞɟɘůɛɧ Űɖɠ ůɨɔəɚɘůɖɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ 

ůɐɟŬɔɔŬɠ ɘŭɘŬɑŰŮɟŬ ɧŰŬɜ ɖ ˊŮɟɘɓɎɚɚɞɡůŬ ɓɟŬɢɧɛŬɕŬ ɏɢŮɘ ˊŰɤɢɎ ɛɖɢŬɜɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ. ɁŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ůəɡɟɞŭɏŰɖůɖ Űɞɡ ŭŬˊɏŭɞɡ ŭŮɜ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɖ ɧŰŬɜ ɖ ůɐɟŬɔɔŬ ŭɘŬɜɞɑɔŮŰŬɘ ůŮ əŬɚɐɠ ˊɞɘɧŰɖŰŬɠ ɓɟŬɢɧɛŬɕŬ. 

o ȺɜɧɟɔŬɜɖ ˊŬɟŬəɞɚɞɨɗɖůɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɖɠ ˊŮɟɘɓɎɚɚɞɡůŬɠ ɓɟŬɢɧɛŬɕŬɠ 

ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ŮɚŮɔɢɧɛŮɜɖ ůɨɔəɚɘůɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ əŬɘ ɜŬ 

ɔɑɜŮɘ ɖ ŮűŬɟɛɞɔɐ Űɖɠ ɎɛŮůɖɠ ɡˊɞůŰɐɟɘɝɖɠ ůŰɖ əŬŰɎɚɚɖɚɖ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ 

ɛɏŰɤˊɞ ŮəůəŬűɐɠ. 

2.5 ɄɟɞɓɚɐɛŬŰŬ əŬŰɎ Űɖ ȹɘɎɜɞɘɝɖ ɆɖɟɎɔɔɤɜ əŬɘ ɇɟɧˊɞɘ 

ŬɜŰɘɛŮŰɩˊɘůɖɠ  

2.5.1 ȺɡůŰɎɗŮɘŬ ɆɐɟŬɔɔŬɠ  

 

ɇɞ ůɖɛŬɜŰɘəɧŰŮɟɞ ˊɟɧɓɚɖɛŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŬˊŬůɢɞɚɐůŮɘ ɏɜŬ ɛɖɢŬɜɘəɧ əŬŰɎ Űɖ 

ŭɘɎɜɞɘɝɖ ɛɘŬɠ ůɐɟŬɔɔŬɠ ŮɑɜŬɘ ɖ ŮɡůŰɎɗŮɘŬ Űɖɠ ůɐɟŬɔɔŬɠ. ɀɘŬ ůɐɟŬɔɔŬ ŭɨɜŬŰŬɘ ɜŬ 

ŮəŭɖɚɩůŮɘ ŬůŰɞɢɑŮɠ ɓŬɟɡŰɘəɞɨ ɐ ŰŬůɘəɞɨ Űɨˊɞɡ.  

ȸŬɟɡŰɘəɞɨ Űɨˊɞɡ ŬůŰɞɢɑŮɠ ŬɜŬˊŰɨůůɞɜŰŬɘ ɧŰŬɜ ŰŬ ůɡůŰɐɛŬŰŬ Űɤɜ ŬůɡɜŮɢŮɘɩɜ 

ˊŬɟɞɡůɘɎɕɞɡɜ ŭɡůɛŮɜɐ ŭɞɛɘəɐ ŭɘɎŰŬɝɖ ɤɠ ˊɟɞɠ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɖɠ ůɐɟŬɔɔŬɠ 

ŭɖɛɘɞɡɟɔɩɜŰŬɠ ŮˊɘůűŬɚɐɠ ɧɔəɞɡɠ ˊŮŰɟɩɛŬŰɞɠ ɐ Ŭɚɚɘɩɠ ůűɐɜŮɠ. Ƀɘ ůűɐɜŮɠ ɛˊɞɟɞɨɜ 

ɜŬ ŭɘŬɛɞɟűɤɗɞɨɜ Ŭˊɧ ŭɨɞ ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ ŬůɡɜɏɢŮɘŮɠ ůŰɖɜ ɞɟɞűɐ ɐ ŰŬ ŰɞɘɢɩɛŬŰŬ 

Űɖɠ ůɐɟŬɔɔŬɠ əŬɘ ŭɨɜŬŰŬɘ ɜŬ ŬůŰɞɢɐůɞɡɜ ɛŮ əŬŰɎˊŰɤůɖ ɐ ɞɚɑůɗɖůɖ ŬɜŰɑůŰɞɘɢŬ. ũɘŬ 

ɜŬ ŬˊɞűŮɡɢɗŮɑ Űɞ űŬɘɜɧɛŮɜɞ, ɞɘ ůűɐɜŮɠ  ůŰŬɗŮɟɞˊɞɘɞɨɜŰŬɘ ɛŮ Űɖɜ Ŭɔəɨɟɤůɖ Űɞɡɠ 

ůŰɞ ɡɔɘɏɠ ˊɏŰɟɤɛŬ. ȹɖɚŬŭɐ ɔɑɜŮŰŬɘ ɢɟɐůɖ Ŭɔəɡɟɑɤɜ/ɐɚɤɜ ŮɑŰŮ əŬŰɎ ˊŮɟɑˊŰɤůɖ ŮɑŰŮ 

ůŮ əɎɜɜŬɓɞ ɧŰŬɜ ŭŮɜ ŮɑɜŬɘ ɔɜɤůŰɐ ɖ Ŭəɟɘɓɐɠ ɗɏůɖ Űɤɜ ŮˊɘůűŬɚɩɜ ŰŮɛŬɢɩɜ. Ʉɞɚɚɏɠ 

űɞɟɏɠ ɔɑɜŮŰŬɘ ɞ ůɡɜŭɡŬůɛɧɠ Űɤɜ ˊŬɟŬˊɎɜɤ ɛɏŰɟɤɜ ɡˊɞůŰɐɟɘɝɖɠ  ɛŮ ůɡɟɛŬŰɧˊɚŮɔɛŬ. 

ɇŬůɘəɞɨ Űɨˊɞɡ ŬůŰɞɢɑŮɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɧŰŬɜ ɖ ɓɟŬɢɧɛŬɕŬ ŮɑɜŬɘ ŬɟəŮŰɎ 

ŭɘŬəɚŬůɛɏɜɖ ɩůŰŮ ɜŬ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ɤɠ ɞɛɞɘɞɔŮɜɏɠ ɡɚɘəɧ. Ƀɘ ŰŬůɘəɞɨ Űɨˊɞɡ 

ŬůŰɞɢɑŮɠ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞ űŬɘɜɧɛŮɜɞ Űɖɠ ůɨɔəɚɘůɖɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ. 

ũɘŬ ɜŬ ŬɜŰɘɛŮŰɤˊɘůŰŮɑ Űɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ˊɟɞŰŮɑɜŮŰŬɘ ɖ ŭɘɎɜɞɘɝɖ Űɖɠ ůɐɟŬɔɔŬɠ ůŮ 

ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟŮɠ űɎůŮɘɠ, ɢɟɐůɖ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ əŬɘ ɧŰŬɜ ɞɘ ˊŬɟŬɛɞɟűɩůŮɘɠ 

ˊɞɡ ˊɟɧəŮɘŰŬɘ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗɞɨɜ ŮɑɜŬɘ ɛŮɔɎɚŮɠ (űŬɘɜɧɛŮɜɞ ůɨɜɗɚɘɣɖɠ) əɟɑɜŮŰŬɘ 

əŬŰɎɚɚɖɚɖ ɖ ɢɟɐůɖ ɞɚɘůɗŬɑɜɞɡůɤɜ ůɡɜŭɏůŮɤɜ ŮɔəŬŰŮůŰɖɛɏɜŮɠ ůŮ ɢŬɚɨɓŭɘɜŬ 

ˊɚŬɑůɘŬ  ɐ ŬəɧɛŬ əŬɘ ɡˊŮɟŬůəŬűɐ ɛŮ ůɢɘůɛɏɠ ůɨɜɗɚɘɣɖɠ ůŰɞ əɏɚɡűɞɠ. 

ɆŰɞ ɄɑɜŬəŬ 2.14 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŰŮɢɜɘəɞɔŮɤɚɞɔɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ 

əŬŰɎ Űɖɜ ŭɘɎɜɞɘɝɖ ɖ ɞˊɞɑŬ ůɡůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ ɓɎůɖ GSI, 

Űɖɜ ŬɜŰɞɢɐ Űɞɡ ɎɟɟɖəŰɞɡ ɓɟɎɢɞɡ əŬɘ Űɞ ŰŬůɘəɧ ˊŮŭɑɞ (ɨɣɞɠ ɡˊŮɟəŮɘɛɏɜɤɜ). 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɄɑɜŬəŬɠ 2.14: ɇŮɢɜɘəɞɔŮɤɚɞɔɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ əŬŰɎ Űɖɜ ŭɘɎɜɞɘɝɖ- TBC 

(Tunnel Behaviour Chart) (ȸ. ɀŬɟɑɜɞɠ, 2010). 

 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
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2.5.2 ȺəɟɖəŰɘəɐ ŪɟɎůɖ ɄŮŰɟɤɛɎŰɤɜ (Rockblusting) 

 

ȼ ŮəɟɖəŰɘəɐ ɗɟɎůɖ ŮɑɜŬɘ űŬɘɜɧɛŮɜɞ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŮ ɛŮɔɎɚŬ ɓɎɗɖ ůɡɜɐɗɤɠ 

ˊɎɜɤ Ŭˊɧ 1000 ɛɏŰɟŬ ɧŰŬɜ Űɞ ˊɏŰɟɤɛŬ ŮɑɜŬɘ ůɡɛˊŬɔɏɠ ŭɖɚŬŭɐ ɛŮ ɚɑɔŮɠ ŬůɡɜɏɢŮɘŮɠ ɐ 

ɢɤɟɑɠ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ˊŬɟɞɡůɘɎɕŮɘ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŮ ɛɞɜɞŬɝɞɜɘəɐ ɗɚɑɣɖ əŬɘ ɛŮɔɎɚɞ 

ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ. ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑˊŰɤůɖ Űɞ ˊɏŰɟɤɛŬ ˊŬɟŬɚŬɛɓɎɜŮɘ ŰŬ 

űɞɟŰɑŬ ˊɟɞůŮɔɔɑɕɞɜŰŬɠ Űɖɜ ŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ əŬɘ ůŰɞ Űɏɚɞɠ ŬůŰɞɢŮɑ ŮəɟɖəŰɘəɎ 

əŮɟɛŬŰɘɕɧɛŮɜɞ (ɣŬɗɡɟɎ). ȷɡŰɧɠ ɞ Űɨˊɞɠ ŬůŰɞɢɑŬɠ ŮəŰɧɠ Ŭˊɧ Űɞ ɧŰɘ ɛˊɞɟŮɑ ɜŬ 

ˊɟɞəŬɚɏůŮɘ ůɖɛŬɜŰɘəɎ ˊɟɞɓɚɐɛŬŰŬ ůŰɖ ůɐɟŬɔɔŬɠ, ŬˊɞŰŮɚŮɑ ɛŮɔɎɚɞ əɑɜŭɡɜɞ ɧůɞɜ 

ŬűɞɟɎ Űɖɜ ŬůűɎɚŮɘŬ Űɞɡ ˊɟɞůɤˊɘəɞɨ.  

ũɘŬ ɜŬ ŬɜŰɘɛŮŰɤˊɘůŰŮɑ Űɞ űŬɘɜɧɛŮɜɞ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ŰɞˊɞɗɏŰɖůɖ ˊŬɟŬɛɞɟűɩůɘɛɖɠ 

ɡˊɞůŰɐɟɘɝɖɠ, ɧˊɤɠ ŬɔəɨɟɘŬ swellex ɐ split ɛŮ ɛŮɔɎɚɖ ˊɚɎəŬ əŮűŬɚɐɠ, ɩůŰŮ ɜŬ 

ɛŮɘɤɗŮɑ ɖ ŬˊŮɚŮɡɗŮɟɞɨɛŮɜɖ ŮɜɏɟɔŮɘŬ. ɋɠ ɡˊɞůŰɐɟɘɝɖ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ 

ůɡɜŭɡŬůŰɘəɎ ŮɜŮɛŬŰɤɛɏɜŬ ŬɔəɨɟɘŬ ɔɘŬ Űɖɜ ůɡɔəɟɎŰɖůɖ ŰŮɛŬɢɩɜ əŬɘ ɘůɢɡɟɧ ˊɚɏɔɛŬ. 

ȷˊɞŰɧɜɤůɖ Űɞɡ ɓɟɎɢɞɡ ɛˊɞɟŮɑ Ůˊɑůɖɠ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛŮ ŮɚŮɔɢɧɛŮɜŮɠ ŮəɟɐɝŮɘɠ əŬŰɎ 

Űɖɜ ŭɘɎɜɞɘɝɖ. 

 

 

ɆɢɐɛŬ 2.15 : ȺəɟɖəŰɘəɐ ɗɟŬɨůɖ ˊŮŰɟɤɛɎŰɤɜ : (Ŭ) ɛɖɢŬɜɘůɛɞɑ ,(b) ŮˊɑˊŮŭŬ 

ůɞɓŬɟɧŰɖŰŬɠ ŬůŰɞɢɑŬɠ (Ʉ.ɀŬɟɑɜɞɠ, 2019). 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

2.5.3 ȹɘɧɔəɤůɖ  

 

ȼ ŭɘɧɔəɤůɖ ŮɑɜŬɘ ɖ ɢɟɞɜɘəɎ ŮɝŬɟŰɩɛŮɜɖ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɞɡ ɧɔəɞɡ Űɞɡ 

ˊŮŰɟɩɛŬŰɞɠ, ɖ ɞˊɞɑŬ ůɡɛɓŬɑɜŮɘ ŮɝŬɘŰɑŬɠ űɡůɘəɞɢɖɛɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ ɛŮ ɜŮɟɧ. ɇɞ 

ɜŮɟɧ ɛˊɞɟŮɑ ŮɑŰŮ ɜŬ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɞ ɑŭɘɞ Űɞ ˊɏŰɟɤɛŬ ŮɑŰŮ ɜŬ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ ɎɚɚŮɠ 

ŮɟɔŬůɑŮɠ ˊɞɡ ɏɢɞɡɜ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŮɜŰɧɠ Űɖɠ ůɐɟŬɔɔŬɠ ɧˊɤɠ ɚŮɘŰɞɡɟɔɑŬ 

ɛɖɢŬɜɖɛɎŰɤɜ əŬɘ ŮɟŮɡɜɖŰɘəɏɠ ŭɘŬŰɟɐůŮɘɠ.  

ɇɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŭɘɧɔəɤůɖɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɘɠ ˊŮɟɘˊŰɩůŮɘɠ ŮŭŬűɩɜ əŬɘ ˊŮŰɟɤɛɎŰɤɜ 

ˊɞɡ ůŰɖ ŭɞɛɐ Űɞɡɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŭɘɞɔəɞɨɛŮɜŬ ɞɟɡəŰɎ (ŬɟɔɘɚɘəɎ ɐ ŬɜɡŭɟɑŰɖ). 

ɇɏŰɞɘɞɘ ůɢɖɛŬŰɘůɛɞɑ ŮɑɜŬɘ ŬɟəŮŰɞɑ Ůə Űɤɜ ɞˊɞɑɤɜ ɞɘ ˊɘɞ ůɖɛŬɜŰɘəɞɑ ŮɑɜŬɘ ɞ ɔɨɣɞɠ, ɖ 

ɛɎɟɔŬ, ɞ Ŭɟɔɘɚɘəɧɠ ůɢɘůŰɧɚɘɗɞɠ əŬɘ ɞɘ Ɏɟɔɘɚɞɘ. 

ȼ Ŭɨɝɖůɖ Űɞɡ ɧɔəɞɡ Űɞɡ ˊŮŰɟɩɛŬŰɞɠ ɞŭɖɔŮɑ ůŮ ɛɘŬ ůɡɔəɚɑɜɞɡůŬ əɑɜɖůɖ Űɖɠ 

ˊŮɟɘɛɏŰɟɞɡ Űɖɠ ůɐɟŬɔɔŬɠ. ɇŬ ˊɟɞɓɚɐɛŬŰŬ ůɡɜɐɗɤɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ŭɎˊŮŭɞ Űɤɜ 

ŬɜɡˊɞůŰɐɟɘəŰɤɜ ůɖɟɎɔɔɤɜ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, əŬŰɎ Űɖɜ ŬˊɞůɨɜɗŮůɖ Űɞɡ 

ˊŮŰɟɩɛŬŰɞɠ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ŬɜŰɞɢɐ Űɞɡ ɛŮɘɩɜɞɜŰŬɘ ɞŭɖɔɩɜŰŬɠ ůŮ ůŰɖɜ 

Ŭ́ ɞůɎɟɗɟɤůɖ Űɞɡ ŭŬˊɏŭɞɡ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ Ŭɨɝɖůɖ Űɞɡ ůŰŬŰɘəɞɨ ɨɣɞɡɠ Űɖɠ 

ůɐɟŬɔɔŬɠ ˊɞɡ ŮˊɘűɏɟŮɘ ˊŮɟɘůůɧŰŮɟɖ ɢŬɚɎɟɤůɖ ůŰɖ ˊŮɟɑɛŮŰɟɞ Űɖɠ. 

Ƀɘ Űɟɧˊɞɘ ŬɜŰɘɛŮŰɩˊɘůɖɠ Űɤɜ ˊɟɞɓɚɖɛɎŰɤɜ ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ ŬɜŰɘůŰɐɟɘɝɖ Űɞɡ 

ŭŬˊɏŭɞɡ ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŮɑŰŮ ɎəŬɛˊŰɖ ɧˊɞɡ ɞɘ ŰɎůŮɘɠ ɗŬ ˊŬɟŬɚŬɛɓɎɜɞɜŰŬɘ 

Ŭˊɧ Űɖɜ Ůˊɏɜŭɡůɖ, ŮɑŰŮ ŮɨəŬɛˊŰɖ ɧˊɞɡ ŮˊɘŰɟɏˊŮŰŬɘ ɖ ŬɜŬəŬŰŬɜɞɛɐ Űɤɜ ŰɎůŮɤɜ əŬɘ ɖ 

ŮɚŮɨɗŮɟɖ əɑɜɖůɖ Űɞɡ ŮŭɎűɞɡɠ. ɆŰɞɡɠ ɎəŬɛˊŰɞɡɠ Űɨˊɞɡɠ ŭŬˊɏŭɞɡ ŭɘŬəɟɑɜɞɜŰŬɘ Űɞ 

ɎəŬɛˊŰɞ ŭɎˊŮŭɞ ŬɜɎůŰɟɞűɞɡ Űɧɝɞɡ əŬɘ Űɞ Ŭɔəɡɟɤɛɏɜɞ, Ůɜɩ ůŰɞɡɠ ŮɨəŬɛˊŰɞɡɠ 

Űɨˊɞɡɠ Űɞ ŮɨəŬɛˊŰɞ ŭɎˊŮŭɞ əŬɘ Űɞ ŭɎˊŮŭɞ ŬɜɎůŰɟɞűɞɡ Űɧɝɞɡ ˊɎɜɤ Ŭˊɧ ůŰɟɩɛŬ 

ˊŬɟŬɛɞɟűɩůɘɛɞɡ ɡɚɘəɞɨ. 

2.5.4 ȺɡůŰɎɗŮɘŬ ɆŰɞɛɑɤɜ ɆɐɟŬɔɔŬɠ 

 

ɇŬ ůŰɧɛɘŬ Űɤɜ ůɖɟɎɔɔɤɜ ŬˊɞŰŮɚɞɨɜ Űɞ ŰɛɐɛŬ ůɡɜɎɜŰɖůɖɠ Űɞɡ ɡˊɧɔŮɘɞɡ əŬɘ Űɞɡ 

ŮˊɑɔŮɘɞɡ ɏɟɔɞɡ ŰŬ ɞˊɞɑŬ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ŮəůəŬűɐɠ. ȾŬŰɎ 

Űɖɜ əŬŰŬůəŮɡɐ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůɖɛŬɜŰɘəɎ ˊɟɞɓɚɐɛŬŰŬ ŰŬ ɞˊɞɑŬ ˊɟɞəɨˊŰɞɡɜ əɡɟɑɤɠ 

Ŭˊɧ Űɖ ɔŮɤɚɞɔɑŬ Űɞɡ ˊɟɞɠ ŭɘɎɜɞɘɝɖ ůɢɖɛŬŰɘůɛɞɨ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɞɘ ůɢɖɛŬŰɘůɛɞɑ 

ˊɞɡ ɓɟɑůəɞɜŰŬɘ əɞɜŰɎ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ 

ŬˊɞůŬɟɗɟɩɛŮɜɞɘ, Ůɜɩ ŮɝŬɘŰɑŬɠ Űɞɡ ɛɘəɟɞɨ ˊɎɢɞɡɠ ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ˊɚɐɟɖɠ 

ŬɜɎˊŰɡɝɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɞɡ ɗɧɚɞɡ. ȰŰůɘ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ˊɟɞəɚɖɗɞɨɜ ůɖɛŬɜŰɘəɎ 

ˊɟɞɓɚɐɛŬŰŬ ɧˊɤɠ ŬůŰɞɢɑŬ Űɞɡ űɡůɘəɞɨ ˊɟŬɜɞɨɠ əŬɘ əŬŰɎɟɟŮɡůɖ Űɤɜ ůŰɞɛɑɤɜ. 

ũɘŬ ɜŬ ŬɜŰɘɛŮŰɤˊɘůŰɞɨɜ ŰŬ ˊŬɟŬˊɎɜɤ ůɡɜɐɗɤɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůəɡɟɞŭɏŰɖůɖ əŬɘ 

Ŭɔəɨɟɤůɖ Űɞɡ  ˊɟŬɜɞɨɠ ɔɨɟɤ Ŭˊɧ Űɞ ɛɏŰɤˊɞ ˊɟɞůɓɞɚɐɠ, ɢɟɐůɖ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ 

əŬɘ ɛŮŰŬɚɚɘəɩɜ ˊɟɞˊɚŬɘůɑɤɜ əŬɘ ŰɞˊɞɗɏŰɖůɖ ɎɛŮůɖɠ ɡˊɞůŰɐɟɘɝɖɠ ˊɞɡ 

ˊŬɟŬɚŬɛɓɎɜŮɘ ɧɚŬ ŰŬ ɔŮɤůŰŬŰɘəɎ űɞɟŰɑŬ ŬˊɞŰɟɏˊɞɜŰŬɠ Űɖ ɛŮŰŬəɑɜɖůɖ Űɞɡ 

ůɢɖɛŬŰɘůɛɞɨ. ȯɚɚŮɠ ɛɏɗɞŭɞɘ ˊɟɞůŰŬůɑŬɠ ŬˊɞŰŮɚɞɨɜ ɖ ŬɜŰɘůŰɐɟɘɝɖ Űɞɡ ˊɟŬɜɞɨɠ ɛŮ 
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ůɡɟɛŬŰɞəɘɓɩŰɘŬ, ɖ ŬˊɞůŰɟɎɔɔɘůɖ ɛŮ ŭɖɛɘɞɡɟɔɑŬ ɞˊɩɜ, əŬŰŬůəŮɡɐ ůŰŮɔɎůŰɟɤɜ əŬɘ 

ɓɟŬɢɞˊŬɔɑŭɤɜ ɔɘŬ Űɘɠ ɓɟŬɢɧˊŰɤůŮɘɠ ə.Ŭ. 

2.5.5 ȺɡůŰɎɗŮɘŬ ɀŮŰɩˊɞɡ 

 

ȼ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ ŮɑɜŬɘ ɏɜŬ Ŭˊɧ ŰŬ ůɖɛŬɜŰɘəɧŰŮɟŬ ɕɖŰɐɛŬŰŬ ˊɞɡ 

ɗŬ əɚɘɗŮɑ ɜŬ ŬɜŰɘɛŮŰɤˊɑůŮɘ ɞ ɛɖɢŬɜɘəɧɠ ɡˊɞɔŮɑɤɜ ɏɟɔɤɜ. ɇɞ ɛɏŰɤˊɞ ŭɨɜŬŰŬɘ ɜŬ 

ŬůŰɞɢɐůŮɘ ɛŮ ŭɨɞ Űɟɧˊɞɡɠ ŬɜɎɚɞɔŬ ɛŮ Űɖ űɨůɖ Űɞɡ ɔŮɤɚɞɔɘəɞɨ ůɢɖɛŬŰɘůɛɞɨ. ɆŰɖ 

ˊŮɟɑˊŰɤůɖ Űɤɜ ɛɖ ůɡɜŮəŰɘəɩɜ ŮŭŬűɩɜ ɖ ɓɟŬɢɧɛŬɕŬ ŬˊɞŭɘɞɟɔŬɜɩɜŮŰŬɘ əŬɘ 

əŬŰŬɟɟɏŮɘ ɛŮ Űɖ ɛɞɟűɐ çəŬɛɘɜɎŭŬɠè (chimney failure) ɖ ɞˊɞɑŬ ŮˊŮəŰŮɑɜŮŰŬɘ ˊɎɜɤ 

Ŭˊɧ Űɞ ɛɏŰɤˊɞ Űɖɠ ůɐɟŬɔɔŬɠ. Ⱥɜɩ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ůɡɜŮəŰɘəɩɜ ŮŭŬűɩɜ, 

ŮɛűŬɜɑɕɞɜŰŬɘ ɛŮɔɎɚŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ůŰɞ ɛɏŰɤˊɞ ɡˊɧ Űɖ ɛɞɟűɐ Ůɝɩɗɖůɖɠ 

ŮˊɖɟŮɎɕɞɜŰŬɠ ɛŮɔɎɚɞ ɛɏɟɞɠ ŮŭŬűɘəɞɨ ɡɚɘəɞɨ ˊɑůɤ əŬɘ ˊɎɜɤ Ŭˊɧ ŬɡŰɧ. 

ȼ ŬůŰɞɢɑŬ Űɞɡ ɛŮŰɩˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮˊɘűɏɟŮɘ ɛŮɔɎɚŬ ˊɟɞɓɚɐɛŬŰŬ Ůə Űɤɜ ɞˊɞɑɤɜ ŰŬ 

ˊɘɞ ůɖɛŬɜŰɘəɎ ŮɑɜŬɘ: 

o ȾŬŰŬůŰɟɞűɐ Űɖɠ ɡˊɎɟɢɞɡůŬɠ ɡˊɞůŰɐɟɘɝɖɠ əɞɜŰɎ ůŰɞ ɛɏŰɤˊɞ 

o ȾŬŰŬůŰɟɞűɐ Ůɝɞˊɚɘůɛɞɨ ůɐɟŬɔɔŬɠ (ˊ.ɢ. ɛɖɢŬɜɏɠ ŮəůəŬűɐɠ ɐ Ůɔəɚɤɓɘůɛɧɠ ɇȸɀ) 

o ɇɟŬɡɛŬŰɘůɛɧɠ ˊɟɞůɤˊɘəɞɨ ˊɞɡ ŮɟɔɎɕŮŰŬɘ əɞɜŰɎ ůŰɞ ɛɏŰɤˊɞ 

o ɀɖ ŬˊɞŭŮəŰɏɠ əŬɗɘɕɐůŮɘɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ ůŰɘɠ ɟɖɢɏɠ ůɐɟŬɔɔŮɠ 

o ȾŬɗɡůŰɏɟɖůɖ Űɤɜ əɨəɚɤɜ ŮɟɔŬůɘɩɜ 

o ȾɧůŰɞɠ ŬˊɞəŬŰɎůŰŬůɖɠ Űɤɜ ˊŬɟŬˊɎɜɤ ˊɟɞɓɚɖɛɎŰɤɜ (ŬˊɞəŬŰɎůŰŬůɖ 

ɛɖɢŬɜɖɛɎŰɤɜ əŬɘ ɡˊɞůŰɐɟɘɝɖɠ, ŬˊɞɕɖɛɘɩůŮɘɠ ɔɘŬ ɓɚɎɓŮɠ ůŮ əŰɑɟɘŬ əɚˊ.) 

Ƀɘ Űɟɧˊɞɘ Ŭˊɞűɡɔɐɠ Űɞɡ űŬɘɜɞɛɏɜɞɡ ŬɡŰɞɨ ŮɑɜŬɘ ˊɞɚɚɞɑ ɧˊɤɠ ɢɟɐůɖ Ŭɔəɡɟɑɤɜ 

ɛŮŰɩˊɞɡ əŬɘ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ, ŮəůəŬűɐ ůŮ űɎůŮɘɠ, ůəɡɟɞŭɏŰɖůɖ Űɞɡ ɛŮŰɩˊɞɡ, 

ɢɟɐůɖ ɛɖɢŬɜɖɛɎŰɤɜ ɞɚɞɛɏŰɤˊɖɠ əɞˊɐɠ ɛŮ Ůɝɘůɞɟɟɧˊɖůɖ Űɖɠ ŮŭŬűɘəɐɠ ˊɑŮůɖɠ ə.Ŭ. 

ȼ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ ɓŬɗɘɎɠ ůɐɟŬɔɔŬɠ əŬŰɎ Űɖɜ ŭɘɎɜɞɘɝɖ ɛŮ ůɡɛɓŬŰɘəɐ 

ŮəůəŬűɐ ŮɑɜŬɘ Űɞ ɕɐŰɖɛŬ ˊɞɡ ɗŬ ŬˊŬůɢɞɚɐůŮɘ Űɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 3 əŬɘ ȺɜɧŰɖŰŬ 3.2.1 ɗŬ ŭɞɗɞɨɜ ˊŮɟɘůůɧŰŮɟŮɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɞɡɠ 

ɛɖɢŬɜɘůɛɞɨɠ ŬůŰɞɢɑŬɠ Űɞɡ ɛŮŰɩˊɞɡ əŬɗɩɠ əŬɘ Űɤɜ ɛɏŰɟɤɜ ŬɜŰɘɛŮŰɩˊɘůɖɠ, Ůɜɩ ůŰɖ 

ůɡɜɏɢŮɘŬ ɗŬ ŬəɞɚɞɡɗɐůŮɘ ŮəŰŮɜɐɠ ɏɟŮɡɜŬ ɔɘŬ Űɖɜ Ůˊɘɟɟɞɐ Űɤɜ ŭɘɎűɞɟɤɜ ɛɏŰɟɤɜ 

ɓŮɚŰɑɤůɖɠ (fiberglass əŬɘ forepoles)  Űɖɠ ŮɡůŰɎɗŮɘŬɠ Űɞɡ.  

2.5.6 ȾŬɗɘɕɐůŮɘɠ 

 

ȰɜŬ ůɖɛŬɜŰɘəɧ ˊɟɧɓɚɖɛŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ əŬŰɎ Űɖ ŭɘɎɜɞɘɝɖ ŬɓŬɗɩɜ ɡˊɧɔŮɘɤɜ 

ŬɜɞɘɔɛɎŰɤɜ ŮɑɜŬɘ ɖ əŬɗɘɕɐůŮɘɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ. ȷɡŰɧ Űɞ ɕɐŰɖɛŬ ŬˊɞəŰɎ 

ɘŭɘŬɑŰŮɟɖ ůɖɛŬůɑŬ ɧŰŬɜ ɞɘ ŮɟɔŬůɑŮɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŰɞɜ ŬůŰɘəɧ ɘůŰɧ əŬɗɩɠ 

ɛˊɞɟŮɑ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ ůɞɓŬɟɎ ˊɟɞɓɚɐɛŬŰŬ ůŰɘɠ ɡˊŮɟəŮɑɛŮɜŮɠ əŬŰŬůəŮɡɏɠ əŬɘ 

ůŰŬ ůɡɔəɞɘɜɤɜɘŬəɎ ŭɑəŰɡŬ. ȷɜɎɚɞɔŬ ɛŮ Űɞ Ůɑŭɞɠ Űɞɡ əŰɘɟɑɞɡ əŬɘ Űɖɜ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ 

ŬɚɚɎɕɞɡɜ ŰŬ ɧɟɘŬ Űɤɜ ŮˊɘŰɟŮˊɧɛŮɜɤɜ əŬɗɘɕɐůŮɤɜ. ɄŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɘɜ ɔɘŬ əŰɑɟɘŬ 

ɘůŰɞɟɘəɐɠ ɐ ˊɞɚɘŰɘůŰɘəɐɠ ůɖɛŬůɑŬɠ ɐ ɔɘŬ əŰɑɟɘŬ ŰŬ ɞˊɞɑŬ űɘɚɞɝŮɜɞɨɜ ŮɡŬɑůɗɖŰŮɠ 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɛɖɢŬɜɞɚɞɔɘəɏɠ ŮɔəŬŰŬůŰɎůŮɘɠ ŰŬ ɧɟɘŬ Űɤɜ ŬɜŮəŰɩɜ əŬɗɘɕɐůŮɤɜ ŮɑɜŬɘ ŬɟəŮŰɎ ůŰŮɜɎ. 

ȵůŰŮ ɜŬ ɞˊŰɘəɞˊɞɘɖɗɞɨɜ ŰŬ ˊŬɟŬˊɎɜɤ, ůŰɞ ɆɢɐɛŬ 2.16 ˊŬɟɞɡůɘɎɕŮŰŬɘ ŭɘɎɔɟŬɛɛŬ ɛŮ 

ŰŬ ɧɟɘŬ ɔɤɜɘŬəɩɜ ůŰɟɞűɩɜ ŭɖɚŬŭɐ Űɖɠ ŬɚɚŬɔɐɠ Űɖɠ əɚɑůɖɠ Űɖɠ ɔɟŬɛɛɐɠ ˊɞɡ ůɡɜŭɏŮɘ 

ŭɨɞ ůɖɛŮɑŬ ɗŮɛŮɚɑɤůɖɠ Ůɜɧɠ əŰɘɟɑɞɡ ŮɝŬɘŰɑŬɠ Űɖɠ ŭɘŬűɞɟɘəɐɠ əŬɗɑɕɖůɖɠ ɛŮŰŬɝɨ Űɤɜ 

ůɖɛŮɑɤɜ ŬɡŰɩɜ. 

ȳˊɤɠ ɔɑɜŮŰŬɘ əŬŰŬɜɞɖŰɧ ɖ ŮəŰɑɛɖůɖ ɛŮɔɏɗɞɡɠ Űɖɠ ɡˊɞɢɩɟɖůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ 

ŮŭɎűɞɡɠ ŬˊɞŰŮɚŮɑ ɛŮɑɕɤɜ ɕɐŰɖɛŬ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ůɖɟɎɔɔɤɜ. ɋůŰɧůɞ ɞ Ŭəɟɘɓɐɠ 

ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɡˊɞɢɤɟɐůŮɤɜ ŬɡŰɩɜ ŭŮɜ ŮɑɜŬɘ Ŭˊɚɧɠ, əŬɗɩɠ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ 

ˊɚɖɗɩɟŬ ˊŬɟŬɔɧɜŰɤɜ ɧˊɤɠ : 

1. Űɞ Ůɑŭɞɠ əŬɘ ŰŬ ɛɖɢŬɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ŮŭɎűɞɡɠ  

2. Űɖ ɔŮɤɛŮŰɟɑŬ əŬɘ Űɞ ɓɎɗɞɠ Űɞɡ ɡˊɧɔŮɘɞɡ ŬɜɞɑɔɛŬŰɞɠ 

3. Űɖ ɛɏɗɞŭɞ ŭɘɎɜɞɘɝɖɠ (ůɡɛɓŬŰɘəɐ, ɛɏɗɞŭɞɠ ɇȸɀ əɚˊ.) 

4. Űɞɜ Űɟɧˊɞ ɡˊɞůŰɐɟɘɝɖɠ Űɖɠ ůɐɟŬɔɔŬɠ əŬɘ Űɖɠ ŬˊɧůŰŬůɖɠ ŰɞˊɞɗɏŰɖůɖɠ Űɖɠ Ŭˊɧ Űɞ 

ɛɏŰɤˊɞ  

 

ɆɢɐɛŬ 2.16: ȳɟɘŬ ŭɘŬűɞɟɘəɩɜ əŬɗɘɕɐůŮɤɜ əŬɘ ɔɤɜɘŬəɩɜ ůŰɟɞűɩɜ əŬŰɎ NAVFAC  DM 

71/1982  (ȸ.ɄŬˊŬŭɧˊɞɡɚɞɠ, 2017). 

Ƀɘ ɛŮŰŬəɘɜɐůŮɘɠ Űɖɠ ŮŭŬűɘəɐɠ ɛɎɕŬɠ əŬŰɎ Űɖ ŭɘɎɜɞɘɝɖ ůɖɟɎɔɔɤɜ ůɡɜŭɏɞɜŰŬɘ Űɧůɞ ɛŮ 

Űɖɜ Ůɝɩɗɖůɖ Űɞɡ ɛŮŰɩˊɞɡ ɧůɞ əŬɘ ɛŮ Űɖɜ ůɨɔəɚɘůɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ůɐɟŬɔɔŬɠ. 

ȰŰůɘ ɔɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ əŬŰɎ Űɖ ŭɘɎɜɞɘɝɖ ɛŮ ůɡɛɓŬŰɘəɐ ɛɏɗɞŭɞ 
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ˊɟɏˊŮɘ ɜŬ ŰɞˊɞɗŮŰɖɗŮɑ ɎəŬɛˊŰɖ ɡˊɞůŰɐɟɘɝɖ ůŮ əɞɜŰɘɜɐ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ ɛɏŰɤˊɞ ˊɞɡ 

ŭŮɜ ɗŬ ŮˊɘŰɟɏˊŮɘ ůŰɖɜ ɔŮɩɛŬɕŬ ɜŬ ŬˊɞŰɞɜɤɗŮɑ. ȺɜŭŮɑəɜɡŰŬɘ ɖ ɢɟɐůɖ ŭɞəɩɜ 

ˊɟɞˊɞɟŮɑŬɠ əŬɘ Ŭɔəɡɟɑɤɜ ɛŮŰɩˊɞɡ (fiberglass) ɩůŰŮ ɜŬ ɛŮɘɤɗŮɑ ɖ Ůɝɩɗɖůɖ Űɞɡ 

ɛŮŰɩˊɞɡ əŬɘ ɞɘ ɛŮŰŬəɘɜɐůŮɘɠ ˊɞɡ ůɡɛɓŬɑɜɞɡɜ ˊɑůɤ Ŭˊɧ ŬɡŰɧ.  

 

 

ɆɢɐɛŬ 2.17: ɇɟɘůŭɘɎůŰɖ ŬˊŮɘəɧɜɘůɖ ɚŮəɎɜɖɠ əŬɗɘɕɐůŮɤɜ əŬŰŬ Attewell 1986 (M. Obel 

et al, 2016). 

Ⱥˊɑůɖɠ ˊŮɟŮŰŬɑɟɤ ɛŮɑɤůɖ Űɤɜ ůɡɔəɚɑůŮɤɜ ɗŬ ŮˊɘűɏɟŮɘ ɖ ŭɘɎɜɞɘɝɖ Űɖɠ ůɐɟŬɔɔŬɠ ůŮ 

űɎůŮɘɠ. ȯɚɚɞɘ Űɟɧˊɞɘ ŮɚɎŰŰɤůɖɠ Űɞɡ űŬɘɜɞɛɏɜɞɡ ŮɑɜŬɘ ŰŮɢɜɘəɏɠ ɓŮɚŰɑɤůɖɠ Űɞɡ 

ŮŭɎűɞɡɠ ɧˊɤɠ ŰůɘɛŮɜŰŮɜɏůŮɘɠ əŬɘ əŬŰŬůəŮɡɐ ˊɘɚɞŰɘəɐɠ ůɐɟŬɔɔŬɠ.  

ȸɏɓŬɘŬ ɖ ˊɘɞ ůɡɢɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ɛɏɗɞŭɞɠ ŭɘɎɜɞɘɝɖɠ ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ 

ŮɑɜŬɘ ɛŮ ɢɟɐůɖ ɛɖɢŬɜɖɛɎŰɤɜ ɞɚɞɛɏŰɤˊɖɠ əɞˊɐɠ ɧˊɞɡ ŮˊɘɚɏɔɞɜŰŬɘ ɇȸɀ Űɨˊɞɡ  

Slurry ɐ EPB ŰŬ ɞˊɞɑŬ ŬɜŰɘůŰɖɟɑɕɞɡɜ Űɞ ɛɏŰɤˊɞ Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ɡˊɞůŰɖɟɑɕɞɡɜ 

ɎɛŮůŬ ŰŬ ŰɞɘɢɩɛŬŰŬ ɛŮ ˊɟɞəŬŰŬůəŮɡŬůɛɏɜŬ ůŰɞɘɢŮɑŬ ůəɡɟɞŭɏɛŬŰɞɠ.  

2.5.7 Ⱥɘůɟɞɐ ɈŭɎŰɤɜ 

 

ȼ Ůɘůɟɞɐ ɡŭɎŰɤɜ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ Űɖɠ ůɐɟŬɔɔŬɠ ɛˊɞɟŮɑ ɜŬ ŭɘŬŰŬɟɎɝŮɘ Űɞɡɠ əɨəɚɞɡɠ 

ŮɟɔŬůɘɩɜ əŬɗɩɠ əŬɘ ɜŬ ŬɡɝɐůŮɘ ůɖɛŬɜŰɘəɎ Űɞ əɧůŰɞɠ ŭɘɎɜɞɘɝɖɠ Űɖɠ. ȼ ɨˊŬɟɝɖ ɜŮɟɞɨ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ɔŮɤɚɞɔɘəɏɠ ůɡɜɗɐəŮɠ əŬɘ ɖ ˊŬɟɞɢŮŰŮɡŰɘəɧŰɖŰŬ Űɞɡ ɛˊɞɟŮɑ ɜŬ 

ˊɞɘəɑɚŮɘ Ŭˊɧ ˊɞɚɨ ɛɘəɟɐ (ɛŮ Űɖ ɛɞɟűɐ ůŰŬɔɧɜɤɜ) ɏɤɠ ˊɞɚɨ ɛŮɔɎɚɖ (ɛŮ Űɖ ɛɞɟűɐ 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ŬɜɎɓɚɡůɖɠ). ȼ ɟɞɐ Űɞɡ ŮɜŰɧɠ Űɖɠ ůɐɟŬɔɔŬɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŮɑŰŮ ɛɏůɤ Űɘɠ 

ŮˊɘəɞɘɜɤɜɑŬɠ ŬůɡɜŮɢŮɘɩɜ Űɖɠ ɓɟŬɢɧɛŬɕŬɠ, ŮɑŰŮ ɛɏůɤ Űɞɡ ˊɞɟɩŭɞɡɠ Űɞɡ ɔŮɤɡɚɘəɞɨ. 

ȼ Ŭəɟɘɓɐɠ ˊɟɧɓɚŮɣɖ Űɖɠ ˊɞůɧŰɖŰŬɠ Űɤɜ Ůɘůɟɞɩɜ ŮɑɜŬɘ ŬɟəŮŰɎ ŭɨůəɞɚɖ. ɀɘŬ ˊɟɩŰɖ 

ŮəŰɑɛɖůɖ ɛˊɞɟŮɑ ɜŬ ŭɩůŮɘ ɖ ɛŮɚɏŰɖ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɖɠ ɡŭɟɞɔŮɤɚɞɔɘəɐɠ 

ɚŮəɎɜɖɠ. ũɘŬ ɜŬ ŬɜŰɘɛŮŰɤˊɘůŰɞɨɜ ŰŬ ˊɟɞɓɚɐɛŬŰŬ Űɤɜ Ůɘůɟɞɩɜ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ 

ŭɘŬŭɘəŬůɑŮɠ ůŰŮɔɎɜɤůɖɠ Űɖɠ ůɐɟŬɔɔŬɠ ɛŮ ŮɘŭɘəɎ ŮɜɏɛŮŰŬ əŬɘ ŭɘŬŭɘəŬůɑŮɠ 

ŬˊɞůŰɟɎɔɔɘůɖɠ ɧˊɤɠ ŬˊɞůŰɟŬɔɔɘůŰɘəɏɠ ɞˊɏɠ, ůɡůŰɐɛŬŰŬ ɎɜŰɚɖůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ŮŭɎűɞɡɠ ə.Ŭ. ɇŬ ˊŬɟŬˊɎɜɤ ɛɏŰɟŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɑŰŮ ůɡɜŭɡŬůŰɘəɎ ŮɑŰŮ 

ɛŮɛɞɜɤɛɏɜŬ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɞɡɠ ůɡɜɡˊɞɚɞɔɑɕŮŰŬɘ ůŰɞɜ ůɢŮŭɘŬůɛɧ Űɤɜ ɛɏŰɟɤɜ 

ɡˊɞůŰɐɟɘɝɖɠ.  

2.5.8 ȾŬŰŬˊŰɩůŮɘɠ ȸɟŬɢɤŭɩɜ ɇŮɛŬɢɩɜ 

 

Ƀɘ əŬŰŬˊŰɩůŮɘɠ ɓɟɎɢɤɜ ŮɑɜŬɘ ɏɜŬ ůɡɢɜɧ ˊɟɧɓɚɖɛŬ əŬŰɎ Űɖ ŭɘɎɜɞɘɝɖ ɡˊɞɔŮɑɤɜ ɏɟɔɤɜ, 

ˊŬɟô ɧɚŬ ŬɡŰɎ ŭŮɜ ŬˊɞŰŮɚŮɑ əɑɜŭɡɜɞ ɔɘŬ Űɖɜ ůŰŬŰɘəɧŰɖŰŬ Űɖɠ ůɐɟŬɔɔŬɠ ŬɚɚɎ ɔɘŬ Űɖɜ 

ŬůűɎɚŮɘŬ Űɤɜ ŮɟɔŬɕɞɛɏɜɤɜ. ȼ ŬɜŰɘɛŮŰɩˊɘůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ ɓŬůɑɕŮŰŬɘ ůŰɞ əŬɚɧ 

çɝŮůəɎɟɤɛŬè ŭɖɚŬŭɐ Űɖɜ ŬűŬɑɟŮůɖ Űɤɜ ŮˊɘůűŬɚɩɜ ŰŮɛŬɢɩɜ əŬɘ Ŭɜ ŬɡŰɧ əɟɘɗŮɑ 

ŮˊɘůűŬɚɏɠ ůŰɖɜ ŰɞˊɞɗɏŰɖůɖ ˊɚɏɔɛŬŰɞɠ ɐ əŬɘ ɚŮˊŰɐɠ ůŰɟɩůɖɠ ůəɡɟɞŭɏɛŬŰɞɠ.  

2.5.9 ɄŬɟɞɡůɑŬ ȷŮɟɑɤɜ 

 

ȾŬŰɎ Űɖɜ əŬŰŬůəŮɡɐ ɛɘŬɠ ůɐɟŬɔɔŬɠ ɞ ŬɏɟŬɠ ŭɨɜŬŰŬɘ ɜŬ ɛɞɚɡɜɗŮɑ Ŭˊɧ ŰŬ ŬɏɟɘŬ Űɤɜ 

ŮəɟɐɝŮɤɜ əŬɘ Űɖ ůəɧɜɖ, ŰŬ ˊŬɟŬɔɧɛŮɜŬ ŬɏɟɘŬ Űɤɜ ɛɖɢŬɜɩɜ əŬɗɩɠ əŬɘ ŰŬ ŬɏɟɘŬ ŰŬ 

ɞˊɞɑŬ ɓɟɑůəɞɜŰŬɘ ŮɔəɚɤɓɘůɛɏɜŬ ɛŮ Űɖɜ ɛɞɟűɐ ɗɡɚɎəɤɜ ɛɏůŬ ůŰɞ ɑŭɘɞ Űɞ ˊɏŰɟɤɛŬ. 

ȳůɞɜ ŬűɞɟɎ ŰŬ ŬɏɟɘŬ ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɞɡɠ ɔŮɤɚɞɔɘəɞɨɠ ůɢɖɛŬŰɘůɛɞɨɠ, ŰŬ ˊɘɞ 

ůɡɢɜɎ ŬˊŬɜŰɩɛŮɜŬ ŮɑɜŬɘ Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ (CO2),Űɞ ɛŮɗɎɜɘɞ (CH4), Űɞ 

ŭɘɞɝŮɑŭɘɞ Űɞɡ ɗŮɑɞɡ (SO2) əŬɘ Űɞ ɡŭɟɞɝŮɑŭɘɞ Űɞɡ ɗŮɑɞɡ (H2S). ȼ ˊŬɟɞɡůɑŬ Űɞɡɠ 

ůɡɜŭɏŮŰŬɘ ɛŮ ŬɜŰɘŭɟɎůŮɘɠ ɞɝŮɑŭɤůɖɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ ɖűŬɘůŰŮɘŬəɎ, 

ŬɜɗɟŬəɘəɎ əŬɘ ˊŮŰɟŮɚŬɘɞűɧɟŬ ˊŮŰɟɩɛŬŰŬ, Ůɜɩ ˊɞɚɚɏɠ űɞɟɏɠ ŰɏŰɞɘŬ ŬɏɟɘŬ 

ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖ ůɐɣɖ ɞɟɔŬɜɘəɩɜ ɚŮɘɣɎɜɤɜ əŬŰɎ əɨɟɘɞ ɚɧɔɞ ůŮ ɘɕɖɛŬŰɞɔŮɜɐ 

ˊŮŰɟɩɛŬŰŬ. 

ȼ ˊŬɟɞɡůɑŬ Űɤɜ ŬŮɟɑɤɜ ɛˊɞɟɞɨɜ ɜŬ ŮˊɖɟŮɎůɞɡɜ Űɞɡɠ ŮɟɔŬɕɞɛɏɜɞɡɠ Űɧůɞ ůŮ 

ɣɡɢɞɚɞɔɘəɧ, ɧůɞ əŬɘ ůŮ űɡůɘəɧ ŮˊɑˊŮŭɞ. ɄɞɚɚɎ Ŭˊɧ ŬɡŰɎ ɧˊɤɠ Űɞ ɛŮɗɎɜɘɞ əŬɘ Űɞ 

ɡŭɟɞɝŮɑŭɘɞ Űɞɡ ɗŮɑɞɡ ŮəŰɧɠ Ŭˊɧ ŰɞɝɘəɎ ŮɑɜŬɘ əŬɘ ŮəɟɖəŰɘəɎ ɧŰŬɜ ŬɜŬɛɘɔɜɨɞɜŰŬɘ ɛŮ 

Űɞɜ ŬɏɟŬ. ɆɡɜŮˊɩɠ ŭɨɜŬŰŬɘ ɜŬ ˊɟɞəŬɚɏůɞɡɜ ůɞɓŬɟɞɨɠ ŰɟŬɡɛŬŰɘůɛɞɨɠ ůŰɞɡɠ 

ŮɟɔŬɕɞɛɏɜɞɡɠ ŬɚɚɎ əŬɘ ɜŬ əŬɗɡůŰŮɟɐůɞɡɜ Űɞɡɠ əɨəɚɞɡɠ ŮɟɔŬůɘɩɜ. 

Ƀ ŮɜŰɞˊɘůɛɧɠ Űɤɜ Ůˊɘəɑɜŭɡɜɤɜ ŬŮɟɑɤɜ ɗŬ ˊɟɏˊŮɘ ɜŬ ɔɑɜŮŰŬɘ ɛŮ ɔŮɤŰɟɐůŮɘɠ. Ⱥɜɩ ɖ 

ŬɜŰɘɛŮŰɩˊɘůɖ əŬɘ ɖ ˊɟɧɚɖɣɖ ŬɜŮˊɘɗɨɛɖŰɤɜ ˊŮɟɘůŰŬŰɘəɩɜ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ 

əŬŰɎɚɚɖɚŬ ůɡůŰɐɛŬŰŬ ŬŮɟɘůɛɞɨ əŬɘ ˊŬɟŬəɞɚɞɨɗɖůɖɠ Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɞɡ ŬɏɟŬ.
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ȾŮűɎɚŬɘɞ 3
ɞ
 ï BɘɓɚɘɞɔɟŬűɘəɐ ȷɜŬůəɧˊɖůɖ ȺɡůŰɎɗŮɘŬɠ 

ɀŮŰɩˊɞɡ 
 

3.1 ȺɘůŬɔɤɔɐ 
 

ɆŰɞ əŮűɎɚŬɘɞ ŬɡŰɧ ɗŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŮəŰŮɜɐɠ ˊŬɟɞɡůɑŬůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ 

əŬŰɎɟɟŮɡůɖɠ Űɞɡ ɛŮŰɩˊɞɡ. ɄɏɟŬɜ Űɖɠ ˊŮɟɘɔɟŬűɐɠ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ Űɖɠ ŮɡůŰɎɗŮɘŬ 

Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ əŬɘ Űɤɜ ɓŬůɘəɩɜ Űɟɧˊɤɜ Ůˊɑɚɡůɖɠ Űɞɡ, ɗŬ ŬɜŬűŮɟɗɞɨɜ ɞɘ 

ůɖɛŬɜŰɘəɧŰŮɟŮɠ ɏɟŮɡɜŮɠ ɛŮ ɓɎůɖ Űɘɠ ɞˊɞɑŮɠ ɏɢŮɘ əŬɗɞɟɘůŰŮɑ ɖ ɓŬůɘəɐ ɛɞɟűɐ Űɖɠ 

ŬůŰɞɢɑŬɠ Űɞɡ  (ɛɞɟűɐ ɓɞɚɓɞɨ ɐ əŬɛɘɜɎŭŬɠ) əŬɘ ɖ Ůˊɘɟɟɞɐ Űɤɜ ŭɘɎűɞɟɤɜ ɛɏŰɟɤɜ 

ɡˊɞůŰɐɟɘɝɖɠ Űɞɡ. Ⱥˊɑůɖɠ ɓɎůŮɘ ŬɡŰɩɜ ɏɢɞɡɜ ˊɟɞŰŬɗŮɑ ŭɘɎűɞɟɞɘ Űɟɧˊɞɘ ůɢŮŭɘŬůɛɞɨ 

Űɖɠ ɡˊɞůŰɐɟɘɝɖɠ Űɞɡ ɛŮŰɩˊɞɡ  əŬɘ ůɡɜŰŮɚŮůŰɏɠ ŬůűŬɚŮɑŬɠ ɏɜŬɜŰɘ ŬůŰɞɢɑŬɠ Űɞɡ. ɁŬ 

ůɖɛŮɘɤɗŮɑ ɧŰɘ ŭŮɜ ɗŬ ŬɜŬűŮɟɗɞɨɜ ɧɚŮɠ ɞɘ ɏɟŮɡɜŮɠ ˊɞɡ ɏɢɞɡɜ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŬɚɚɎ 

ɛɧɜɞ ɞɘ ůɖɛŬɜŰɘəɧŰŮɟŮɠ Ůɝ ŬɡŰɩɜ. 

3.2 ɇɞ ɄɟɧɓɚɖɛŬ Űɖɠ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ  

3.2.1 ŪŮɤɟɖŰɘəɐ Ⱥɝɐɔɖůɖ ɄɟɞɓɚɐɛŬŰɞɠ 

 

ȳˊɤɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɞɜ Cantieni ůŰɞ ɆɢɐɛŬ 3.1, əŬŰɎ Űɖɜ ŮəůəŬűɐ Űɖɠ 

ůɐɟŬɔɔŬɠ ɖ ɛɑŬ ˊɚŮɡɟɘəɐ ŰɎůɖ ɛɖŭŮɜɑɕŮŰŬɘ ˊɟɞɞŭŮɡŰɘəɎ. ȰŰůɘ Űɞ ɏŭŬűɞɠ ŬɟɢɑɕŮɘ ɜŬ 

ˊŬɟŬɛɞɟűɩɜŮŰŬɘ ɚɧɔɤ Űɤɜ əŬŰŬəɧɟɡűɤɜ ŰɎůŮɤɜ  ŬəŰɘɜɘəɎ əŬɘ ɖ ɛŮŰŬəɘɜɞɨɛŮɜɖ 

ɛɎɕŬ ˊɟɞɤɗŮɑŰŬɘ ˊɟɞɠ Űɞɜ əŮɜɧ ɢɩɟɞ ŭɖɚŬŭɐ Űɞɜ ŮůɤŰŮɟɘəɧ ɢɩɟɞ Űɖɠ ůɐɟŬɔɔŬɠ ɛŮ 

Űɖ ɛɞɟűɐ Ůɝɩɗɖůɖɠ.   

 

ɆɢɐɛŬ 3.1: ɆɢɖɛŬŰɘəɧɠ ɛɖɢŬɜɘůɛɧɠ ŭɖɛɘɞɡɟɔɑŬɠ Ůɝɩɗɖůɖɠ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ 

(Cantieni, 2011). 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɆɨɛűɤɜŬ ɛŮ Űɞ Lunardi (2000) ɞ ɧɔəɞɠ Űɞɡ ɔŮɤɡɚɘəɞɨ ˊɑůɤ Ŭˊɧ Űɞ ɛɏŰɤˊɞ ˊɞɡ 

ŰŮɑɜŮɘ ɜŬ ɛŮŰŬəɘɜɖɗŮɑ ˊɟɞɠ Űɞ ŮůɤŰŮɟɘəɧ Űɖɠ ůɐɟŬɔɔŬɠ ɞɜɞɛɎɕŮŰŬɘ ḉ ɡɟɐɜŬɠ 

ˊɟɞɩɗɖůɖɠè əŬɘ ɏɢŮɘ əɡɚɘɜŭɟɘəɧ ůɢɐɛŬ ɛŮ ŭɘɎɛŮŰɟɞ ɑůɖ ɛŮ Űɖ ŭɘɎɛŮŰɟɞ Űɖɠ 

ůɐɟŬɔɔŬɠ. ȸɎůŮɘ Űɖɠ ˊŬɟŬˊɎɜɤ ɗŮɩɟɖůɖɠ ŬɚɚɎ əŬɘ Űɞɡ Űɟɧˊɞɡ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ 

ɡɚɘəɞɨ , ŭɘɏəɟɘɜŮ ŰɟŮɑɠ əŬŰɖɔɞɟɑŮɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ɛŮŰɩˊɞɡ ɧˊɤɠ ŬɡŰɏɠ 

ˊɟɞəɨˊŰɞɡɜ  Ŭˊɧ Űɞ ɆɢɐɛŬ 3.2 : 

o ɆŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ, ɞ ůɢɖɛŬŰɘůɛŬŰɘůɛɧɠ ɏɢŮɘ ŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ əŬɘ 

ɛˊɞɟŮɑ ɜŬ ˊŬɟŬɚɎɓŮɘ ŰŬ ɔŮɤůŰŬŰɘəɎ űɞɟŰɑŬ əŬɘ ɜŬ ŰŬ ɛŮŰŬɓɘɓɎůŮɘ ɔɨɟɤ Ŭˊɧ Űɞ 

ɎɜɞɘɔɛŬ ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɛɘŬ əŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ. 

o ɆŰɖ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ, ɞ ůɢɖɛŬŰɘůɛɧɠ ɏɢŮɘ ŮɚŬůŰɞˊɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ȷɡŰɧ 

ůɡɛɓŬɑɜŮɘ ɧŰŬɜ ůŮ ŬůɗŮɜɐ ɔŮɤɡɚɘəɎ, ɖ ŰŮɚɘəɐ ŮɜŰŬŰɘəɐ əŬŰɎůŰŬůɖ ˊɞɡ ŮˊɘɓɎɚɚŮɘ 

ɖ ŮəůəŬűɐ  ɡˊŮɟɓŬɑɜŮɘ Űɖɜ ŬɜŰɞɢɐ Űɞɡɠ ůŰɞɜ ˊɡɟɐɜŬ ˊɟɞɩɗɖůɖɠ. ȰŰůɘ ɖ ˊŮɟɘɞɢɐ 

Űɞɡ ɛŮŰɩˊɞɡ ˊɚŬůŰɘəɞˊɞɘŮɑŰŬɘ, ŮɝɤɗŮɑŰŬɘ əŬɘ ŬɜŬˊŰɨůůŮŰŬɘ ɔɨɟɤ Ŭˊɧ Űɞ ɎɜɞɘɔɛŬ 

ɛɘŬ ɕɩɜɖ ŭɘŬŰɎɟŬɝɖɠ, ŭɖɚŬŭɐ Űɞ űŬɘɜɧɛŮɜɞ Űɞɡ ɗɧɚɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ɛŬəɟɘɎ Ŭˊɧ 

Űɖɜ ŭɘŬŰɞɛɐ Űɖɠ ůɐɟŬɔɔŬɠ. ɆŮ ŬɡŰɐ Űɖ ˊŮɟɑˊŰɤůɖ ɖ ŮɡůŰɎɗŮɘŬ Űɞɡ ŬɜɞɑɔɛŬŰɞɠ 

ɗŮɤɟŮɑŰŬɘ ˊɟɞůɤɟɘɜɐ Ŭűɞɨ ɏɔəŮɘŰŬɘ ŬˊɞəɚŮɘůŰɘəɎ ůŰɖɜ ˊŬɟŬɛɏɜɞɡůŬ ŬɜŰɞɢɐ Űɞɡ 

ůɢɖɛŬŰɘůɛɞɨ. 

o ɆŰɖɜ ŰɟɑŰɖ ˊŮɟɑˊŰɤůɖ, Űɞ ɛɏŰɤˊɞ ŬůŰɞɢŮɑ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ůŮ ˊɞɚɨ ŬůɗŮɜɐɠ 

ůɢɖɛŬŰɘůɛɞɨɠ ɧˊɞɡ ɖ ɢŬɛɖɚɐ ŬɜŰɞɢɐ Űɞɡɠ ŭŮɜ ŮˊɘŰɟɏˊŮɘ Űɖɜ ˊɚɐɟɖ ŬɜŬəŬŰŬɜɞɛɐ 

Űɤɜ ŰɎůŮɤɜ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ ɛˊɞɟŮɑ ɜŬ ŬɜŬˊŰɡɢɗŮɑ Űɞ űŬɘɜɧɛŮɜɞ Űɞɡ ɗɧɚɞɡ 

(arch effect, ɆɢɐɛŬ3.3) 

 

 

ɆɢɐɛŬ 3.2: ɇɟŮɘɠ Űɟɧˊɞɘ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ əŬŰɎ Űɖɜ ŭɘɎɜɞɘɝɖ əŬŰɎ 

Lunardi  (2000). 

ɆɡɜŮˊɩɠ əŬŰɎ Űɖɜ ŭɘɎɜɞɘɝɖ Űɖɠ ůɐɟŬɔɔŬɠ ɞ ɔŮɤɚɞɔɘəɧɠ ůɢɖɛŬŰɘůɛɧɠ ˊŬɟŬɚŬɛɓɎɜŮɘ 

ŰŬ ɔŮɤůŰŬŰɘəɎ űɞɟŰɑŬ əŬɘ ŰŬ ŬɜŬəŬŰŬɜɏɛŮɘ ɔɨɟɤ Ŭˊɧ Űɞ ɡˊɧɔŮɘɞ ɎɜɞɘɔɛŬ ˊɞɡ ɗŬ 

ɚŮɘŰɞɡɟɔɐůŮɘ əŬɘ ɤɠ ŰɞɝɤŰɧɠ űɞɟɏŬɠ. ɇɞ ˊŬɟŬˊɎɜɤ űŬɘɜɧɛŮɜɞ əŬɚŮɑŰŬɘ çűŬɘɜɧɛŮɜɞ 

Űɞɡ ɗɧɚɞɡè (arch effect) (ɆɢɐɛŬ 3.3). ɆŰɘɠ ɟɖɢɏɠ ůɐɟŬɔɔŮɠ əŬŰɎ əɨɟɘɞ ɚɧɔɤ ŭŮɜ 

ˊɟɞɚŬɓŬɑɜŮɘ ɜŬ ŬɜŬˊŰɡɢɗŮɑ ˊɚɐɟɤɠ ɞ ɗɧɚɞɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ əŬŰɎɟɟŮɡůɖ Űɖɠ 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
70 

 

 
ȹ.Ʉ.ɀ.Ɇ Ɇ.Ⱦ.Ɉ.Ⱥ ȺɀɄ-2019 

 

ůɐɟŬɔɔŬɠ. ũɘŬ ɜŬ ŬˊɞűŮɡɢɗŮɑ Űɞ ́ŬɟŬˊɎɜɤ űŬɘɜɧɛŮɜɞ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ 

ˊɟɞŮɜɑůɢɡůɖ Űɞɡ ɛŮŰɩˊɞɡ ɩůŰŮ ɜŬ ɛˊɞɟɏůŮɘ ɜŬ ŬɜŬɚɎɓŮɘ ŰŬ űɞɟŰɑŬ Űɖɠ ŮəůəŬűɐɠ.  

 

 

ɆɢɐɛŬ 3.3: ȷɜɎˊŰɡɝɖ űŬɘɜɞɛɏɜɞɡ ɗɧɚɞɡ (arch effect) əŬŰɎ Lunardi  (2000). 

 

3.2.2 ɄŬɟŬŭŮɑɔɛŬŰŬ ȷůŰɞɢɘɩɜ ɀŮŰɩˊɞɡ  

 

ȼ ŮɜŭŮɢɧɛŮɜɖ əŬŰɎɟɟŮɡůɖ Űɞɡ ɛŮŰɩˊɞɡ Űɖɠ ůɐɟŬɔɔŬɠ ŮɔəɡɛɞɜŮɑ ˊɞɚɚɞɨɠ əɘɜŭɨɜɞɡɠ 

Űɧůɞ ɔɘŬ Űɞ ˊɟɞůɤˊɘəɧ ˊɞɡ ŮɟɔɎɕŮŰŬɘ əɞɜŰɎ ůŮ ŬɡŰɧ, ɧůɞ əŬɘ ɔɘŬ ŰŬ ɛɖɢŬɜɐɛŬŰŬ. 

ɄɏɟŬɜ Űɖɠ əŬŰŬůŰɟɞűɐɠ Űɤɜ ɛɖɢŬɜɖɛɎŰɤɜ, ˊɟɞəŬɚɞɨɜŰŬɘ ŬůŰɞɢɑŮɠ əŬɘ ůŰɖɜ ɎɛŮůɖ 

ɡˊɞůŰɐɟɘɝɖ əɞɜŰɎ ůŰɞ ɛɏŰɤˊɞ.  

ɆŰɘɠ ɟɖɢɏɠ ůɐɟŬɔɔŮɠ ɖ ŬůŰɞɢɑŬ Űɞɡ ɛŮŰɩˊɞɡ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ɛŮɔɎɚŮɠ 

əŬɗɘɕɐůŮɘɠ ˊɞɡ ɛˊɞɟŮɑ ŬəɧɛŬ ɜŬ űɗɎůɞɡɜ ɛɏɢɟɘ Űɖɜ ɞɚɘəɐ əŬŰɎɟɟŮɡůɖ Űɞɡ ŮŭɎűɞɡɠ 

ˊɎɜɤ Ŭˊɧ Űɞ ɛɏŰɤˊɞ ˊɟɞəŬɚɩɜŰŬɠ ˊɟɞɓɚɐɛŬŰŬ ůŰɘɠ ɡˊɞŭɞɛɏɠ Űɞɡ ŬůŰɘəɞɨ ɘůŰɞɨ əŬɘ 

ɗɏŰɞɜŰŬɠ ůŮ əɑɜŭɡɜɞ Űɖɜ ŬůűɎɚŮɘŬ Űɤɜ ˊɞɚɘŰɩɜ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɘɠ ȺɘəɧɜŮɠ 3.1 əŬɘ 

3.2 . 

ȳˊɤɠ ɔɑɜŮŰŬɘ əŬŰŬɜɞɖŰɧ ɖ ŬˊɞəŬŰɎůŰŬůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ˊɟɞɓɚɖɛɎŰɤɜ ɛˊɞɟŮɑ ɜŬ 

ŬɡɝɐůŮɘ ůɖɛŬɜŰɘəɎ Űɞ əɧůŰɞɠ əŬɘ Űɞ ɢɟɧɜɞ əŬŰŬůəŮɡɐɠ Űɞɡ ɏɟɔɞɡ, Ŭűɞɨ ɗŬ ˊɟɏˊŮɘ ɜŬ 

Ůˊɘŭɘɞɟɗɤɗɞɨɜ ɧɚŮɠ ɡɚɘəɏɠ ɕɖɛɘɏɠ (ŬˊɞəŬŰɎůŰŬůɖ Űɖɠ ˊɟɞɦˊɎɟɢɞɡůŬɠ ɡˊɞůŰɐɟɘɝɖɠ, 

ŬˊŮɔəɚɤɓɘůɛɧɠ ɛɖɢŬɜɖɛɎŰɤɜ, ŬˊɞəŬŰɎůŰŬůɖ əŰɘɟɑɤɜ ə.Ŭ.) . 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

 

 

(Ŭ) 

 

(ɓ) 

 

ȺɘəɧɜŬ 3.1: ȷůŰɞɢɑŬ ɛŮŰɩˊɞɡ ŬɓŬɗɞɨɠ ůɐɟŬɔɔŬɠ əŬŰɎ Űɖɜ əŬŰŬůəŮɡɐ Űɞɡ ɀɏŰɟɞ Űɖɠ 

ȿɤɕɎɜɖɠ :  (Ŭ) Ɏˊɞɣɖ ɛŮŰɩˊɞɡ əŬɘ (ɓ) ŮˊɘűŬɜŮɘŬəɏɠ ɕɖɛɘɏɠ (ɄɟɞɡɜŰɕɧˊɞɡɚɞɠ, 2012). 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 
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ȺɘəɧɜŬ 3.2: ȷůŰɞɢɑŬ ůŰɖɜ ˊɚŬŰŮɑŬ ȾŬɟŬɥůəɎəɖ ɚɧɔɤ űŬɘɜɞɛɏɜɞɡ əŬɛɘɜɎŭŬɠ ˊɎɜɤ Ŭˊɧ 

Űɞ ɛɏŰɤˊɞ Űɖɠ ůɐɟŬɔɔŬɠ Űɞɡ ɀŮŰɟɧ ȷɗɖɜɩɜ (ɇůŬˊɏəɖɠ, 2019) 

 

ȺɘəɧɜŬ 3.3: ɆŰɖɜ ɑŭɘŬ ůɐɟŬɔɔŬ, ɞɘ ŬɚɚŬɔɏɠ ůŰɘɠ ŮˊɘŰɧˊɞɡ ŰɎůŮɘɠ ŭɨɜŬŰŬɘ ɜŬ ɞŭɖɔɐůɞɡɜ 

ůŮ ŮɡůŰŬɗɏɠ ɛɏŰɤˊɞ (ŬɟɘůŰŮɟɎ) ɐ ŬůŰŬɗɏɠ ɛɏŰɤˊɞ (ŭŮɝɘɎ)  (ɄɟɞɡɜŰɕɧˊɞɡɚɞɠ, 2012). 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

 

ȺɘəɧɜŬ 3.4: ȾŬŰɎɟɟŮɡůɖ ɛŮŰɩˊɞɡ ůŰɞɎɠ ůŮ ɛŮŰŬɚɚŮɑɞ ůŰɖɜ ȸɧɟŮɘŬ ȺɚɚɎŭŬ 

(ȸɚŬɢɧˊɞɡɚɞɠ, 2014). 

 

ȺɘəɧɜŬ 3.5: ȷůŰɞɢɑŬ ɛŮŰɩˊɞɡ ůɘŭɖɟɞŭɟɞɛɘəɐɠ ůɐɟŬɔɔŬɠ ȾŬɚɚɘŭɟɧɛɞɡ 

(ȾŬɓɓŬŭɎɠ,2012). 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 
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3.3  ɀɏŰɟŬ ȸŮɚŰɑɤůɖɠ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ 

 

ȾŬɗɩɠ ɖ ˊɚŮɡɟɘəɐ ŰɎůɖ ů3 ɛɖŭŮɜɑɕŮŰŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ɛŮŰŬˊɑ́ŰŮɘ ůŮ ɛɘŬ  ŬůŰŬɗɐ 

əŬŰɎůŰŬůɖ, ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŰɖɜ ŬůŰɞɢɑŬ Űɞɡ ŬɜɎɚɞɔŬ ɓɏɓŬɘŬ əŬɘ ɛŮ ŰŬ 

ɛɖɢŬɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůɨɛűɤɜŬ ɛŮ Űɞ əɟɘŰɐɟɘɞ Mohr-

Coulomb ŮɎɜ ɛɖŭŮɜɘůŰŮɑ ɖ ů3 ŰɧŰŮ ɞ ɜɏɞɠ əɨəɚɞɠ Űɞɡ ɀohr ɗŬ ŰɏɛɜŮɘ Űɖɜ 

ˊŮɟɘɓɎɚɚɞɡůŬ ŬůŰɞɢɑŬɠ, ŭɖɚŬŭɐ Űɞ ɛɏŰɤˊɞ ɗŬ ŬůŰɞɢŮɑ.  ũɘŬ Űɖɜ Ŭˊɞűɡɔɐ 

űŬɘɜɞɛɏɜɤɜ əŬŰɎɟɟŮɡůɖɠ Űɞɡ ɛŮŰɩˊɞɡ Űɖɠ ůɐɟŬɔɔŬɠ  ɗŬ ˊɟɏˊŮɘ ɜŬ ɚɖűɗɞɨɜ ŰŬ 

ŬˊŬɟŬɑŰɖŰŬ ɛɏŰɟŬ. 

 
ɆɢɐɛŬ 3.4: ɆɢɖɛŬŰɘəɐ ȷˊŮɘəɧɜɘůɖ ȸŮɚŰɑɤůɖɠ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ɛɏůɤ Ⱦɨəɚɤɜ 

Mohr (ȾŬɓɓŬŭɎɠ, 2007). 

 

ȰŰůɘ ůɨɛűɤɜŬ ɛŮ Űɞ ɆɢɐɛŬ 3.4  ŭɘŬəɟɑɜɞɜŰŬɘ ɞɘ ˊŬɟŬəɎŰɤ Űɟɧˊɞɘ Ŭˊɞűɡɔɐɠ Űɞɡ 

űŬɘɜɞɛɏɜɞɡ ɓŬůɘɕɧɛŮɜɞɘ ůŰɞ əɟɘŰɐɟɘɞ ŬůŰɞɢɑŬɠ M-C : 

o ȸŮɚŰɑɤůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ ŮŭɎűɞɡɠ, ŭɖɚŬŭɐ Űɖɠ ůɡɜɞɢɐ  c 

əŬɘ Űɖɠ ɔɤɜɑŬɠ ŮůɤŰŮɟɘəɐɠ Űɟɘɓɐɠ ű. ɆɡɜŮˊɩɠ, ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɜɏŬ ˊŮɟɘɓɎɚɚɞɡůŬ 

ŬůŰɞɢɑŬɠ ɛŮŰŬŰɞˊɘůɛɏɜɖ ˊɟɞɠ ŰŬ ˊɎɜɤ (ɛŮɔŬɚɨŰŮɟɖ ŰɎůɖ ŬůŰɞɢɑŬɠ). 

o ȷɜŬˊɚɐɟɤůɖ Űɖɠ ů3 ŬůəɩɜŰŬɠ ˊɑŮůɖ ůŰɞ ɛɏŰɤˊɞ. 

o ɀŮɑɤůɖ Űɖɠ əŬŰŬəɧɟɡűɖɠ ŰɎůɖɠ ů1 ɛŮ ɢɟɐůɖ ůŰɞɘɢŮɑɤɜ ˊɞɡ ɗŬ ˊŬɟŬɚŬɛɓɎɜɞɡɜ 

ɛɏɟɞɠ Űɞɡ űɞɟŰɑɞɡ ŬɡŰɞɨ. 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɆɨɛűɤɜŬ ɛŮ ŰŬ ˊŬɟŬˊɎɜɤ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬəɟɘɗɞɨɜ ŰɟŮɑɠ Űɟɧˊɞɘ ɓŮɚŰɑɤůɖɠ Űɖɠ 

ŮɡůŰɎɗŮɘŬɠ Űɞɡ ɛŮŰɩˊɞɡ ɞɘ ɞˊɞɑɞɘ ŮɑɜŬɘ : (Ŭ) ɛɏŰɟŬ ɓŮɚŰɑɤůɖɠ Űɞɡ ŮŭɎűɞɡɠ, (ɓ) ɛɏŰɟŬ 

ŬɜŰɘůŰɐɟɘɝɖɠ Űɞɡ ɛŮŰɩˊɞɡ əŬɘ (ɔ) ɛɏŰɟŬ ˊɟɞůŰŬůɑŬɠ Űɞɡ ɛŮŰɩˊɞɡ. 

3.3.1 ɀɏŰɟŬ ȸŮɚŰɑɤůɖɠ Űɞɡ ȺŭɎűɞɡɠ 

  

ɇŬ ɛɏŰɟŬ ɓŮɚŰɑɤůɖɠ Űɞɡ ŮŭɎűɞɡɠ ɏɢɞɡɜ ɩɠ ůəɞˊɧ Űɖɜ ɓŮɚŰɑɤůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ 

ŬɜŰɞɢɐɠ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ ɛŮŰŬŰɞˊɑɕɞɜŰŬɠ Űɖɜ əŬɛˊɨɚɖ ŬůŰɞɢɑŬɠ Mohr-Coulomb 

ɛŮŰŬŰɞˊɑɕŮŰŬɘ ˊɟɞɠ ŰŬ ˊɎɜɤ (ɆɢɐɛŬ 3.4).  

ɆŰɘɠ ɛŮɗɧŭɞɡɠ ɓŮɚŰɑɤůɖɠ Űɞɡ ŮŭɎűɞɡɠ ůɡɔəŬŰŬɚɏɔɞɜŰŬɘ ɛŮŰŬɝɨ Ɏɚɚɤɜ : 

ü Űɞ ˊɎɔɤɛŬ Űɞɡ ŮŭɎűɞɡɠ (soil freezing) : ŮˊɘŰɡɔɢɎɜŮŰŬɘ ˊŬɟɞŭɘəɐ ɓŮɚŰɑɤůɖ Űɖɠ 

ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ ɛɏůɤ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ ɜŮɟɞɨ ůŰɞɡɠ ˊɧɟɞɡɠ ɐ 

Űɖɠ ɟɤɔɛɏɠ Űɞɡ ůŮ ˊɎɔɞ, ɞ ɞˊɞɑɞɠ ŮɛűŬɜɑɕŮɘ ɡɣɖɚɏɠ ŬɜŰɞɢɏɠ əŬɘ ɚŮɘŰɞɡɟɔŮɑ 

ŰŬɡŰɧɢɟɞɜŬ ůŬɜ ůɡɜŭŮŰɘəɧ ɡɚɘəɧ.   

ü ɖ ŮɘůˊɑŮůɖ ŮɜɏɛŬŰɞɠ (grouting) ɛˊɟɞůŰɎ Ŭˊɧ Űɞ ɛɏŰɤˊɞ ŮəůəŬűɐɠ : ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ůŰŬɗŮɟɞˊɞɑɖůɖ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ  ɛɏůɤ Űɖɠ ˊɚɐɟɤůɖ Űɤɜ əŮɜɩɜ Űɞɡ (ɟɤɔɛɩɜ, 

ˊɧɟɤɜ). 

ü ɞɘ ŰůɘɛŮɜŰŮɜɏůŮɘɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ: ɧˊɤɠ əŬɘ ůŰɖɜ ŰŮɚŮɡŰŬɑŬ 

ˊŮɟɑˊŰɤůɖ. 

Ƀɘ ˊŬɟŬˊɎɜɤ ŰŮɢɜɘəɏɠ ŮɑɜŬɘ ŬɟəŮŰɎ ŭŬˊŬɜɖɟɏɠ əŬɘ ůɡɜɑůŰŬŰŬɘ ɖ Ůˊɘɚɞɔɐ Űɞɡɠ ůŰɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ŭŮɜ ɡˊɎɟɢŮɘ Ɏɚɚɖ ŮɜŬɚɚŬəŰɘəɐ ɚɨůɖ. 

 

3.3.2 ɀɏŰɟŬ ȷɜŰɘůŰɐɟɘɝɖɠ ɀŮŰɩˊɞɡ 

 

Ƀɘ ɛɏɗɞŭɞɘ ŬɜŰɘůŰɐɟɘɝɖɠ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ ůŰɞɢŮɨɞɡɜ, ɧˊɤɠ ˊŮɟɘɔɟɎűŮŰŬɘ əŬɘ 

ůŰɖɜ ˊŬɟŬˊɎɜɤ ŮɜɧŰɖŰŬ, ɜŬ ŬɜŰɘəŬŰŬůŰɐůɞɡɜ Űɖɜ ɛɘŬ ˊɚŮɡɟɘəɐ ŰɎůɖ ů3 ˊɞɡ ɛŮ Űɖɜ 

ŮəůəŬűɐ ɛɖŭŮɜɑɕŮŰŬɘ ˊɟɞɞŭŮɡŰɘəɎ. ȰŰůɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ů3 ɛŮɘɩɜŮŰŬɘ ɞ əɨəɚɞɠ 

Űɞɡ Mohr  əŬɘ Űɞ ɛɏŰɤˊɞ ŭŮɜ ŬůŰɞɢŮɑ (ɆɢɐɛŬ 3.4).  

ȼ Ŭɨɝɖůɖ Űɖɠ  ˊɚŮɡɟɘəɐɠ ŰɎůɖɠ ů3 ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖɜ ɢɟɐůɖ ŬɟəŮŰɩɜ ɛŮɗɧŭɤɜ, ɛŮ 

ůɖɛŬɜŰɘəɧŰŮɟŮɠ Ůɝ ŬɡŰɩɜ Űɖɜ ɢɟɐůɖ Ŭɔəɡɟɑɤɜ Ŭˊɧ ɡŬɚɞɜɐɛŬŰŬ (fiberglass) əŬɘ Űɖɜ 

ŭɘɎɜɞɘɝɖ ɛŮ ɇȸɀ ˊɞɡ ɏɢɞɡɜ ɚŮɘŰɞɡɟɔɑŬ Ůɝɘůɞɟɟɧˊɖůɖɠ Űɖɠ ˊɑŮůɖɠ. ɆŮ ɛɘəɟɞɨ ɛɐəɞɡɠ 

ůɐɟŬɔɔŮɠ ˊɞɚɚɏɠ űɞɟɏɠ ůɡɜŬɜŰɎŰŬɘ əŬɘ ɖ ɢɟɐůɖ ŬůˊɑŭŬɠ ɛŮ ˊɚɎəŮɠ ŬɜŰɘůŰɐɟɘɝɖɠ ɞɘ 

ɞˊɞɑŮɠ ˊɟɞɤɗɞɨɜŰŬɘ ɡŭɟŬɡɚɘəɎ əŬɘ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ˊɟɞůɓɞɚɐ Űɞɡ ɛŮŰɩˊɞɡ Ŭˊɧ ŰŬ 

ɛɖɢŬɜɐɛŬŰŬ ůɖɛŮɘŬəɐɠ əɞˊɐɠ. 

 

  



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 

(Forepoles) əŬɘ ȷɔəɡɟɑɤɜ ɀŮŰɩˊɞɡ (Fiberglass) 
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ɉɟɐůɖ ɀɖɢŬɜɖɛɎŰɤɜ ɃɚɞɛɏŰɤˊɖɠ Ⱦɞˊɐɠ (ɇȸɀ) 

ũɘŬ Űɖɜ ŬɜŰɘůŰɐɟɘɝɖ Űɞɡ ɛŮŰɩˊɞɡ, ŮɘŭɘəɎ ůŮ ŬůŰɘəɏɠ ˊŮɟɘɞɢɏɠ ɧˊɞɡ Űɞ ɛɏɔŮɗɞɠ Űɤɜ 

ɛŮŰŬəɘɜɐůŮɤɜ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ɛɘəɟɧŰŮɟɞ, ɔɑɜŮŰŬɘ ɖ ɢɟɐůɖ EPB ɐ 

Slurry TBM (ɓɚŮˊɏ ȺɜɧŰɖŰŬ 2.4.1). ɇŬ ɛɖɢŬɜɐɛŬŰŬ ˊŬɟɎɚɚɖɚŬ ɛŮ Űɖɜ ŮəůəŬűɐ 

Ŭůəɞɨɜ ˊɑŮůɖ ůŰɞ ɛɏŰɤˊɞ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ ŮəůəŬˊŰɧɛŮɜɞ ɡɚɘəɧ ɤɠ ɛɏůɞ 

ɡˊɞůŰɐɟɘɝɖɠ. 

 

ɆŮ ɛŬɚɎəŬ əŬɘ ˊɚŬůŰɘəɎ ŮŭɎűɖ (ɛɑɔɛŬŰŬ Ŭɟɔɑɚɤɜ, ɘɚɨɤɜ əŬɘ Ɏɛɛɤɜ) ɢɟɖůɘɛɞˊɞɘɏɘŰŬɘ 

Slurry TBM, ɧˊɞɡ Űɞ ŮəůəŬˊŰɧɛŮɜɞ ɡɚɘəɧ ŬɜŬɛŮɘɔɜɨŮŰŬɘ ɛŮ ɛˊŮŰɞɜɑŰɖ ˊɟɞɠ 

ůɢɖɛŬŰɘůɛɧ çɚɎůˊɖɠè. Ȱɜɤ ůŮ Ŭɛɛɩŭɖ əŬɘ ɢŬɚɘəɩŭɖ ŮŭɎűɖ ɢɟɖůɘɛɞˊɞɘɏɘŰŬɘ ȺɅB, 

ɧˊɞɡ Űɞ ŮəůəŬˊŰɧɛŮɜɞ ɡɚɘəɧ ŬɜŬɛŮɘɔɜɨŮŰŬɘ ɛŮ Ŭűɟɧ ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ çˊɞɚűɞɨè. 

 

ɉɟɐůɖ ȷɔəɡɟɑɤɜ ɀŮɔɎɚɞɡ ɀɐəɞɡɠ 

ɇŬ ŬɔəɨɟɘŬ ɛŮŰɩˊɞɡ (fiberglass) ŮɑɜŬɘ Űɞ əŬŰôŮɝɞɢɐɜ ɛɏŰɟɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ 

Űɖɜ ɡˊɞůŰɐɟɘɝɖ Űɞɡ ɛŮŰɩˊɞɡ əŬŰɎ Űɖɜ ŭɘɎɜɞɘɝɖ ůɖɟɎɔɔɤɜ ɛŮ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ, 

əŬɗɩɠ ŰŬ ŬɔəɨɟɘŬ ŬɡŰɎ ůɡɜŭɡɎɕɞɡɜ ɡɣɖɚɐ ŮűŮɚəɡůŰɘəɐ ŬɜŰɞɢɐ əŬɘ ɛŮɔɎɚɖ 

ɣŬɗɡɟɧŰɖŰŬ ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖɜ Ůɜɑůɢɡůɖ Űɞɡ ˊɡɟɐɜŬ ˊɟɞɩɗɖůɖɠ ŬɚɚɎ əŬɘ Űɖɜ 

Ůɨəɞɚɖ əɞˊɐ Űɞɡɠ.  

 

ȺɘəɧɜŬ 3.6: ȯˊɞɣɖ ɛŮŰɩˊɞɡ Ůɜɘůɢɡɛɏɜɞ ɛŮ ŬɔəɨɟɘŬ Ŭˊɧ ɡŬɚɞɜɐɛŬŰŬ (fiberglass), 

(Lunardi , 2000). 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ɇŬ ɡɚɘəɎ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ŭɘŬɛɧɟűɤůɖ Űɞɡ ɞˊɚɘůɛɞɨ Ŭˊɧ ɡŬɚɞȶɜŮɠ 

ɏɢɞɡɜ ɤɠ ɓɎůɖ ɛɑŬ ɗŮɟɛɞůəɚɖɟɘɜɧɛŮɜɖ ˊɞɚɡŮůŰŮɟɘəɐ ɟɖŰɑɜɖ, ɛŮ ɏɤɠ əŬɘ 50% 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ əŬŰɎ ɓɎɟɞɠ ůŮ ɑɜŮɠ ɡɎɚɞɡ. Ƀ ɞˊɚɘůɛɧɠ ŭɨɜŬŰŬɘ ɜŬ ɏɢŮɘ Űɖ ɛɞɟűɐ 

ůɤɚɐɜŬ ɐ ɟɎɓŭɞɡ ŭɘŬűɧɟɤɜ ɛɖəɩɜ, ˊɞɡ ŭɨɜŬɜŰŬɘ ɜŬ Ůɜɤɗɞɨɜ ɛŮ ɛɞɨűŮɠ Ůűɧůɞɜ 

ŬˊŬɘŰɖɗŮɑ. ȼ ŮˊɘűɎɜŮɘŬ Űɤɜ ůɤɚɐɜɤɜ ɏɢŮɘ ůɡɜɐɗɤɠ ůˊŮɘɟɞŮɘŭɐ ŬɡɚɎəɤůɖ ɔɘŬ Űɖ 

ɓŮɚŰɑɤůɖ Űɖɠ ŬɜŰɞɢɐɠ ůŮ ɞɚɑůɗɖůɖ, əŬɘ Űɞ ɛɏɔɘůŰɞ ɛɐəɞɠ əɎɗŮ ŰɏŰɞɘɞɡ ůŰɞɘɢŮɑɞɡ 

ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ 15 ɏɤɠ 18 m, Ůɜɩ ɞɘ ɟɎɓŭɞɘ ɛˊɞɟŮɑ ɜŬ ɏɢɞɡɜ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɞ ɛɐəɞɠ 

(ɆɞűɘŬɜɧɠ, 2018). ȳŰŬɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡɜŭɡŬůŰɘəɎ ɛŮ ŭɞəɞɨɠ ˊɟɞˊɞɟŮɑŬɠ ŰŬ 

ɛɐəɖ Űɞɡɠ ŰŬɡŰɑɕɞɜŰŬɘ. ɆŰɖɜ ȺɘəɧɜŬ 3.7 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ Űɡˊɘəɏɠ ɛɞɟűɏɠ Űɤɜ 

Ŭɔəɡɟɑɤɜ Ŭˊɧ ɡŬɚɞɜɐɛŬŰŬ.  

ũɘŬ Űɖɜ ŮɔəŬŰɎůŰŬůɖ Űɤɜ  Ŭɔəɡɟɑɤɜ ɛŮŰɩˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɖ ŭɘɎɜɞɘɝɖ ůŮɘɟɎɠ Ŭˊɧ 

ɞɛɞɘɧɛɞɟűŬ əŬŰŬɜŮɛɖɛɏɜŮɠ ɞˊɏɠ ˊŬɟɎɚɚɖɚŮɠ ˊɟɞɠ Űɞɜ ɎɝɞɜŬ Űɖɠ ůɐɟŬɔɔŬɠ. ȺɜŰɧɠ 

Űɤɜ ɞˊɩɜ ŮɘůɏɟɢɞɜŰŬɘ ɞɘ ɟɎɓŭɞɘ Ŭˊɧ ɡŬɚɞȶɜŮɠ əŬɘ Ŭɛɏůɤɠ ŮɘůˊɘɏɕŮŰŬɘ ŰůɘɛŮɜŰɏɜŮɛŬ. 

ȳŰŬɜ ɛŮŰɎ Űɖɜ ˊɟɞɢɩɟɖůɖ Űɖɠ ůɐɟŬɔɔŬɠ Űɞ Ŭˊɞɛɏɜɞɜ ɛɐəɞɠ Űɤɜ Ŭɔəɡɟɑɤɜ ŭŮɜ 

ŮˊŬɟəŮɑ ɔɘŬ ɜŬ ŮɝŬůűŬɚɑůŮɘ Űɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ, ŰɧŰŮ ŰɞˊɞɗŮŰŮɑŰŬɘ ɖ ŮˊɧɛŮɜɖ 

ůŮɘɟɎ ɟɎɓŭɤɜ ůŮ ŭɘŬűɞɟŮŰɘəɎ ůɖɛŮɑŬ, Ŭűɞɨ ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ Ŭɜɞɘɢɗɞɨɜ ɜɏŮɠ 

ɞˊɏɠ ˊɎɜɤ ůŰɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ. Ɇɡɜɐɗɤɠ ŬɡŰɧ Űɞ ɛɐəɞɠ ˊɞɡ əŬɚŮɑŰŬɘ çɛɐəɞɠ 

ŬɚɚɖɚŮˊɘəɎɚɡɣɖɠè űŰɎɜŮɘ ŰŬ 4m.  

 

Ƀɘ əɨɟɘŮɠ ˊŬɟɎɛŮŰɟɞɑ ˊɞɡ əŬɗɞɟɑɕɞɡɜ Űɖɜ ŮˊɘŰɡɢɑŬ Űɖɠ ŮɔəŬŰɎůŰŬůɖ Űɤɜ ɐɚɤɜ Ŭˊɧ 

ɡŬɚɞȶɜŮɠ ŮɑɜŬɘ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ŭɘŬŰɞɛɐɠ Űɖɠ ɞˊɐɠ əŬɘ ɖ Ůˊɘɚɞɔɐ Űɞɡ ůɤůŰɞɨ 

ŰůɘɛŮɜŰŮɜɏɛŬŰɞɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɖ ŭɘɎɛŮŰɟɞɠ Űɤɜ ɞˊɩɜ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŬɟəŮŰɎ 

ɛɘəɟɐ, ŬɚɚɎ ŰŬɡŰɧɢɟɞɜŬ ɜŬ ŮˊɘŰɟɏˊŮɘ Űɖɜ Ůɨəɞɚɖ ŮɜŮɛɎŰɤůɖ əŬɘ ŰɞˊɞɗɏŰɖůɖ Űɞɡ 

ɞˊɚɘůɛɞɨ. Ⱥɜɩ Űɞ ŰůɘɛɏɜŰɞ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮˊɘɚɏɔŮŰŬɘ, ɩůŰŮ ɖ ŮɚɎɢɘůŰɖ ŬɜŰɞɢɐ ɛŮŰɎ 

Ŭˊɧ 48 ɩɟŮɠ ɜŬ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ 5MPa. 

 

ȵůŰŮ ɜŬ ɛɖɜ ŬˊɞůŬɟɗɟɤɗŮɑ əŬɘ ŬˊɞŭɡɜŬɛɤɗŮɑ Űɞ ɛɏŰɤˊɞ, ŭŮɜ ˊŬɟŬɛɏɜɞɡɜ 

ˊŬɟŬˊɎɜɤ Ŭˊɧ 5 ŭɘŬŰɟɐɛŬŰŬ ɢɤɟɑɠ ɡˊɞůŰɐɟɘɝɖ (ɟɎɓŭɞ), Ůɜɩ ɖ ŭɘɎŰɟɖůɖ Űɞɡɠ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɡˊɧ ɝɖɟɏɠ ůɡɜɗɐəŮɠ. 

ȳŰŬɜ ɞɘ ůɐɟŬɔɔŮɠ ŮɑɜŬɘ ˊɞɚɨ ɟɖɢɏɠ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ŰɞˊɞɗɏŰɖůɖ fiberglass 

əŬŰŬəɧɟɡűŬ ůŰɞɜ ɎɝɞɜŬ Űɖɠ ůɐɟŬɔɔŬɠ. ȼ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ, ŮɑɜŬɘ ˊŬɗɖŰɘəɐ, ŭɖɚŬŭɐ 

ɧŰŬɜ ɞ ůɢɖɛŬŰɘůɛɧɠ ŰŮɑɜŮɘ ɜŬ əɘɜɖɗŮɑ, ɞɘ ɟɎɓŭɞɘ ŮűŮɚəɨɞɜŰŬɘ ŬˊɞŰɟɏˊɞɜŰŬɠ Űɖɜ 

əɑɜɖůɖ Űɞɡ ˊɟɞɠ Űɞ ŮůɤŰŮɟɘəɧ Űɖɠ ůɐɟŬɔɔŬɠ. 

ɇŬ ůŰɞɘɢŮɑŬ ŰŬ ɞˊɞɑŬ ɗŬ əŬɗɞɟɑůɞɡɜ Űɖɜ ůɡɛɓɞɚɐ Űɤɜ Ŭɔəɡɟɑɤɜ ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ 

ɛŮŰɩˊɞɡ ŮɑɜŬɘ ŰŬ ɔŮɤɛŮŰɟɘəɎ Űɞɡɠ ɢŬɟŬəŰɖɟɘůŰɘəɎ (ɛɐəɞɠ əŬɘ ŭɘŬŰɞɛɐ), ɖ ˊɡəɜɧŰɖŰŬ 

əŬɘ əŬŰŬɜɞɛɐ Űɞɡɠ (əɎɜɜŬɓɞɠ).  
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ȺɘəɧɜŬ 3.7: ɀɞɟűɏɠ ɐɚɤɜ Ŭˊɧ ɡŬɚɞɜɐɛŬŰŬ.(ɆɞűɘŬɜɧɠ, 2015). 

 

ȺɘəɧɜŬ 3.8: ɆɡůəŮɡŬůɛɏɜŬ ŬɔəɨɟɘŬ ɛŮŰɩˊɞɡ (ɆɞűɘŬɜɧɠ, 2018). 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

 

ȺɘəɧɜŬ 3.9: ȺɔəŬŰɎůŰŬůɖ Ŭɔəɡɟɑɤɜ ɛŮŰɩˊɞɡ (ŬɟɘůŰŮɟɎ) əŬɘ ůɤɚɐɜŬɠ ŮɜŮɛɎŰɤůɖɠ 

Ŭɔəɡɟɑɞɡ (ŭŮɝɘɎ), (ɆɞűɘŬɜɧɠ, 2018). 

 

ȺɘəɧɜŬ 3.10: Ɂɏɞɠ ɔɨɟɞɠ ŰɞˊɞɗɏŰɖůɖɠ ɐɚɤɜ ɛŮŰɩˊɞɡ Ŭˊɧ ɡŬɚɞɜɐɛŬŰŬ (ɆɞűɘŬɜɧɠ, 2015). 
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3.3.3 ɀɏŰɟŬ ɄɟɞůŰŬůɑŬɠ Űɞɡ ȺŭɎűɞɡɠ 

 

ɇŬ ɛɏŰɟŬ ˊɟɞůŰŬůɑŬɠ Űɞɡ ŮŭɎűɞɡɠ ɏɢɞɡɜ ɤɠ ůəɞˊɧ Űɖɜ ɛŮŰŬɓɞɚɐ Űɞɡ ɛɖɢŬɜɘůɛɞɨ 

ŬɜŬəŬŰŬɜɞɛɐɠ Űɤɜ ŰɎůŮɤɜ ˊɞɡ ůɡɜŰŮɚŮɑŰŬɘ ɚɧɔɤ Űɖɠ ŭɘɎɜɞɘɝɖɠ ˊŬɟŬɚŬɛɓɎɜɞɜŰŬɠ 

ɛɏɟɞɠ Űɞɡ ɔŮɤůŰŬŰɘəɞɨ űɞɟŰɑɞɡ. ȰŰůɘ ɛŮ Űɖɜ ɛŮɑɤůɖ Űɖɠ ů1 ɛŮɘɩɜŮŰŬɘ ɞ əɨəɚɞɠ Űɞɡ 

Mohr  əŬɘ Űɞ ɛɏŰɤˊɞ ŭŮɜ ŬůŰɞɢŮɑ. (ɆɢɐɛŬ 3.4). 

ɆɖɛŬɜŰɘəɧŰŮɟŮɠ Ŭˊɧ Űɘɠ ŰŮɢɜɘəɏɠ ŬɡŰɏɠ ŮɑɜŬɘ ɖ ŬˊɞůŰɟɎɔɔɘůɖ (ɛŮɑɤůɖ ɡŭɟɞůŰŬŰɘəɩɜ 

ŰɎůŮɤɜ), Űɞ jet-grouting (əŬŰŬəɧɟɡűɖ ŮɜŮɛɎŰɤůɖ ɛŮ ŭɖɛɘɞɡɟɔɑŬ ůŰɨɚɤɜ 

ɓŮɚŰɘɤɛɏɜɞɡ ŮŭɎűɞɡɠ), ɖ əŬŰŬůəŮɡɐ ɞɛˊɟɏɚŬɠ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ əŬɘ ɖ ŰɛɖɛŬŰɘəɐ 

ŭɘɎɜɞɘɝɖ. 

ȹɞəɞɑ ɄɟɞˊɞɟŮɑŬɠ (Forepoles) 

ȼ ɞɛˊɟɏɚŬ Űɤɜ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ ŬɜŬɚŬɛɓɎɜŮɘ ɛɏɟɞɠ Űɤɜ ɎɜɤɗŮɜ ɔŮɤůŰŬŰɘəɩɜ 

űɞɟŰɑɤɜ ůɡɜŮɘůűɏɟɞɜŰŬɠ Űɧůɞ ůŰɖɜ ŬˊɞűɧɟŰɘůɖ Űɞɡ ŬɜɞɑɔɛŬŰɞɠ ɧůɞ əŬɘ ůŰɖɜ 

ɛŮɑɤůɖ Űɖɠ ˊɚŬůŰɘəɐɠ ɕɩɜɖɠ ˊɏɟɘɝ ŬɡŰɞɨ (ɆɢɐɛŬ 3.5).  

ɇɞ ůɨůŰɖɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ůɤɚɖɜɤŰɏɠ ɢŬɚɨɓŭɘɜŮɠ ŭɞəɞɨɠ ɞɘ ɞˊɞɑŮɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ 

ůŰɖ ůŰɏɣɖ Űɖɠ ůɐɟŬɔɔŬɠ  ɡˊɧ əɚɑůɖ  ůɢɖɛŬŰɑɕɞɜŰŬɠ Űɖɜ ɞɛˊɟɏɚŬ ˊɟɞˊɞɟŮɑŬɠ. ȼ 

ŰɞˊɞɗɏŰɖůɖ Űɤɜ ŭɘŬŭɞɢɘəɩɜ ɞɛˊɟŮɚɩɜ ɔɑɜŮŰŬɘ ůɡɜɐɗɤɠ ɛŮ ŬɚɚɖɚŮˊɘəɎɚɡɣɖ 4m. ũɘŬ 

Űɖɜ ŮɔəɎŰŬůŰŬůɖ Űɖɠ ɞɛˊɟɏɚŬɠ ŭɘŬɜɞɑɔɞɜŰŬɘ ŭɘŬŰɟɐɛŬŰŬ ɛɏůŬ ůŰŬ ɞˊɞɑŬ 

ŰɞˊɞɗŮŰɞɨɜŰŬɘ ɞɘ ůɤɚɐɜŮɠ. ɆŰɖ ůɡɜɏɢŮɘŬ ɞɘ ɛŮŰŬɚɚɘəɞɑ ůɤɚɐɜŮɠ ˊɚɖɟɩɜɞɜŰŬɘ ɛŮ 

ɏɜŮɛŬ, Űɞ ɞˊɞɑɞ ɝŮɢŮɘɚɑɕŮɘ ɛɏůɤ Űɤɜ ɞˊɩɜ ˊɞɡ űɏɟɞɡɜ ůŮ ŭɘɎűɞɟŬ ůɖɛŮɑŬ, ɩůŰŮ ɜŬ 

ŮˊɘŰŮɡɢɗŮɑ ɖ ůɨɕŮɡɝɖ ɛŮ Űɞɜ ˊŮɟɘɓɎɚɚɞɜŰŬ ůɢɖɛŬŰɘůɛɧ.  

 

ɆɢɐɛŬ 3.5: ɀɖɢŬɜɘůɛɧɠ ŬɜɎɚɖɣɖɠ űɞɟŰɑɤɜ Ŭˊɧ ŭɞəɞɨɠ ˊɟɞˊɞɟŮɑŬɠ (ɇůŬˊɏəɖɠ, 2019). 

Ƀ ůɤɚɐɜŬɠ ŮɑɜŬɘ ŮɝɤŰŮɟɘəɐɠ ŭɘŬɛɏŰɟɞɡ Ó76.1mm, ɎɜŮɡ ɟŬűɐɠ (tubo) ɐ ɛŮ ɟŬűɐ, Ŭˊɧ 

ɢɎɚɡɓŬ S235JR. ɇɡˊɘəɏɠ ŭɘŬŰɞɛɏɠ ŮɑɜŬɘ 88.9/8, 101.6/10, 114.3/10, 139.7/10, ŬɚɚɎ 

ɧŰŬɜ ŬˊŬɘŰŮɑŰŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɘ ɞɘ ɓŬɟɨŰŮɟŮɠ 159.0/10, 168.3/10, 219.1/12.7 

(ɆɞűɘŬɜɧɠ,2015). Ɇɡɜɐɗɤɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ŭɞəɞɑ ɛɐəɞɡɠ 12m Ůɜɩ ɖ əɚɑůɖ 

ŰɞˊɞɗɏŰɖůɖɠ ɤɠ ˊɟɞɠ Űɞɜ ɎɝɞɜŬ Űɖɠ ůɐɟŬɔɔŬɠ ŮɑɜŬɘ ɛɘəɟɐ Ŭˊɧ 3
ɞ
 ɏɤɠ 7

ɞ
 . 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

 

ȺɘəɧɜŬ 3.11: ȹɏůɛɖ ŭɞəɩɜ ůŮ ůɐɟŬɔɔŬ ˊŬɟŬəɎɛɣɖɠ ɄŬŰɟɩɜ (ɆɞűɘŬɜɧɠ, 2015). 

 

 

ȺɘəɧɜŬ 3.12: ɇɞˊɞɗɏŰɖůɖ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ ůŰɞ ɀŮŰɟɧ Űɖɠ ȷɗɐɜŬɠ (ȷɜŬɔɜɩůŰɞɡ, 

1997). 



ȷɜɎɚɡůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ ȸŬɗɘɎɠ ɆɐɟŬɔɔŬɠ ɛŮ ɉɟɐůɖ ȹɞəɩɜ ɄɟɞˊɞɟŮɑŬɠ 
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ȺɘəɧɜŬ 3.13: ɆəɡɟɞŭɏŰɖůɖ ɏŭɟŬůɖɠ ˊɚŬɘůɑɞɡ əɎŰɤ Ŭˊɧ Űɖɜ ˊɟɞůŰŬůɑŬ ɜɏŬɠ ůŮɘɟɎɠ 

ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ əŬɘ ɐɚɤɜ ɛŮŰɩˊɞɡ (Hoek, 2001). 

 

 

ɆɢɐɛŬ 3.6: ɀɞɟűɐ ɞɛˊɟɏɚŬɠ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ ɧˊɞɡ ŭɘŬəɟɑɜɞɜŰŬɘ ŰŬ ɛɐəɖ 

ŬɚɚɖɚŮˊɘəɎɚɡɣɖɠ (www.railsystem.net). 

http://www.railsystem.net/
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

 

ȺɘəɧɜŬ 3.14: ȹɘɎŰɟɖůɖ ŭɘŬŰɟɖɛɎŰɤɜ ɔɘŬ Űɖɜ ŰɞˊɞɗɏŰɖůɖ Űɞɡɠ (www.railsystem.net). 

ȼ ŰɞˊɞɗɏŰɖůɖ Űɤɜ ůɤɚɐɜɤɜ ɡˊɧ əɚɑůɖ ɞűŮɑɚŮŰŬɘ ůŮ əŬŰŬůəŮɡŬůŰɘəɞɨɠ ɚɧɔɞɡɠ Ŭűɞɨ 

ŭŮɜ ɡˊɎɟɢŮɘ ɢɩɟɞɠ ɩůŰŮ Űɞ ŭɘŬŰɟɖŰɘəɧ ɛɖɢɎɜɖɛŬ ɜŬ ŭɘŬŰɟɐůŮɘ ɞɟɘɕɧɜŰɘŬ Ŭəɟɘɓɩɠ 

əɎŰɤ Ŭˊɧ Űɞ ŰɞɑɢɤɛŬ Űɖɠ ůɐɟŬɔɔŬɠ. ɆɡɜŮˊɩɠ, ɖ əŬŰŬůəŮɡɐ Űɤɜ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ 

ŭɖɛɘɞɡɟɔŮɑ ɛŮɔɎɚŮɠ ɡˊŮɟŮəůəŬűɏɠ ɞɘ ɞˊɞɑŮɠ ůŰɖɜ ůɡɜɏɢŮɘŬ ɗŬ ˊɟɏˊŮɘ ɜŬ ˊɚɖɟɤɗɞɨɜ 

ɛŮ ůəɡɟɧŭŮɛŬ ŬɡɝɎɜɞɜŰŬɠ ůɖɛŬɜŰɘəɎ Űɞ əɧůŰɞɠ ɢɟɐůɖɠ Űɞɡɠ. 

ɇɛɖɛŬŰɘəɐ ȹɘɎɜɞɘɝɖ 

ȳŰŬɜ ɛɑŬ ůɐɟŬɔɔŬ ŭɘŬɜɞɑɔŮŰŬɘ ŰɛɖɛŬŰɘəɎ ŰɧŰŮ ɛŮɘɩɜŮŰŬɘ ɖ ŮəɎůŰɞŰŮ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮɘɩɜɞɜŰŬɘ  ɞɘ ůɡɔəɚɑůŮɘɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɖɠ 

ůɐɟŬɔɔŬɠ əŬɘ ɜŬ ŬɡɝɎɜŮŰŬɘ ɖ ŮɡůŰɎɗŮɘŬ Űɞɡ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɧůɞ ɛɘəɟɧŰŮɟɞ ŮɑɜŬɘ 

Űɞ ɎɜɞɘɔɛŬ ɞɘ ŰɎůŮɘɠ ŬɜŬəŬŰŬɜɏɛɞɜŰŬɘ ɔɟɖɔɞɟɧŰŮɟŬ ɔɨɟɤ Ŭˊɧ Űɞ ɎɜɞɘɔɛŬ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛŮɔɎɚŮɠ ɛŮŰŬəɘɜɐůŮɘɠ əŬɘ ɜŬ ɛɖɜ űɞɟŰɑɕŮŰŬɘ 

ˊɞɚɨ ɖ ůŰɏɣɖ.  

 
 

 

(Ŭ) (ɓ) 

ɆɢɐɛŬ 3.7: ɇɛɖɛŬŰɘəɐ ŭɘɎɜɞɘɝɖ ůɐɟŬɔɔŬɠ ůŮ (Ŭ) 3 űɎůŮɘɠ 

(tunnelingshortcourse.com) əŬɘ (ɓ) ůŮ 4 űɎůŮɘɠ (Khalajmasoumi, 2012). 

http://www.railsystem.net/
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Ƀ ůɢŮŭɘŬůɛɧɠ Űɤɜ Ůˊɘɛɏɟɞɡɠ űɎůŮɤɜ ŭɘɎɜɞɘɝɖɠ ŮɝŬɟŰɎŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ 

Űɖɠ ŭɘŬŰɞɛɐɠ Űɞɡ ɡˊɧɔŮɘɞɡ ŰŮɢɜɘəɞɨ ɏɟɔɞɡ əŬɘ Űɖɜ ˊɞɘɧŰɖŰŬ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ. ȼ ˊɘɞ 

ůɡɜɖɗɘůɛɏɜɖ ˊŮɟɑˊŰɤůɖ ŰɛɖɛŬŰɘəɐɠ ŮəůəŬűɐɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ŰɟŮɑɠ űɎůŮɘɠ 

(ɆɢɐɛŬ 3.7Ŭ), ɧˊɞɡ ɖ ˊɟɩŰɖ űɎůɖ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŰɞɝɤŰɐ Ɏɜɤ ɖɛɘŭɘŬŰɞɛɐ Űɖɠ 

ůɐɟŬɔɔŬɠ (top heading), ɖ ŭŮɨŰŮɟɖ űɎůɖ Űɞ ŭɎˊŮŭɞ Űɖɠ ŮəůəŬűɐɠ (bench) əŬɘ ɖ ŰɟɑŰɖ 

űɎůɖ Űɞ ŬɜŮůŰɟŬɛɛɏɜɞ Űɧɝɞ (invert). ɆŮ ɛŮɔŬɚɨŰŮɟɖɠ əɚɑɛŬəŬɠ ɏɟɔŬ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŰɛɖɛŬŰɘəɐ ŮəůəŬűɐ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ ˊɚŮɡɟɘəɩɜ ůŰɞɩɜ ˊɞɡ 

ŬəɞɚɞɡɗŮɑŰŬɘ Ŭˊɧ Űɖɜ ŮəůəŬűɐ Űɞɡ ɗɧɚɞɡ, Űɞɡ ŭŬˊɏŭɞɡ əŬɘ ŰŮɚɘəɩɠ Űɞɡ 

ŬɜŮůŰɟŬɛɛɏɜɞɡ Űɧɝɞɡ (ɆɢɐɛŬ 3.7ɓ). 

 

ȺɘəɧɜŬ 3.15: ȹɘɎɜɞɘɝɖ ůɐɟŬɔɔŬɠ ůŮ ŭɨɞ űɎůŮɘɠ (Marinos, 2019). 

ũɑɜŮŰŬɘ əŬŰŬɜɞɖŰɧ ɧŰɘ ɖ ŭɘɎɜɞɘɝɖ Űɖɠ ůɐɟŬɔɔŬɠ ɛŮ ŰɛɖɛŬŰɘəɐ ŮəůəŬűɐ ɏɢŮɘ 

ŬɜŮɓŬůɛɏɜɞ əɧůŰɞɠ Ŭűɞɨ əɎɗŮ ɛɘəɟɧŰŮɟɖ ŭɘŬŰɞɛɐ ɗŬ ˊɟɏˊŮɘ ɜŬ ɡˊɞůŰɖɟɑɕŮŰŬɘ ɛŮ 

ɢɟɐůɖ ŮəŰɞɝŮɡɧɛŮɜɞɡ ůəɡɟɞŭɏɛŬŰɞɠ ŬɡɝɎɜɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ əŬɘ Űɞɡɠ ɢɟɧɜɞɡɠ Űɤɜ 

əɨəɚɤɜ ŮɟɔŬůɘɩɜ. Ⱥˊɑůɖɠ əŬŰɎ Űɞɜ ůɢŮŭɘŬůɛɧ ɗŬ ˊɟɏˊŮɘ ɜŬ ɓɟŮɗŮɑ ɞ Űɟɧˊɞɠ 

Ŭɝɘɞˊɞɑɖůɖɠ Űɞɡ ŭɘŬɗɏůɘɛɞɡ Ůɝɞˊɚɘůɛɞɨ ɩůŰŮ ɜŬ ɛɖɜ ɡˊɎɟɢɞɡɜ ɜŮəɟɞɑ ɢɟɧɜɞɘ əŬŰɎ 

Űɖɜ ŭɘɎɟəŮɘŬ əŬŰŬůəŮɡɐɠ. ɇɏɚɞɠ ɗŬ ˊɟɏˊŮɘ ɜŬ ɚɖűɗŮɑ Ůɘŭɘəɐ ɛɏɟɘɛɜŬ ɔɘŬ Űɖɜ əɑɜɖůɖ 

Űɤɜ ɛɖɢŬɜɖɛɎŰɤɜ əŬɘ Űɤɜ ŮɟɔŬɕɞɛɏɜɤɜ ɛŮŰŬɝɨ Űɤɜ űɎůŮɤɜ ˊɟɞɠ Ŭˊɞűɡɔɐɜ 

ŮɟɔŬŰɘəɩɜ ŬŰɡɢɖɛɎŰɤɜ  
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

3.4 ȷɜŬɚɡŰɘəɏɠ ɄɟɞůŮɔɔɑůŮɘɠ  

3.4.1 Horn (1961) 

 

ȼ ɛɏɗɞŭɞɠ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŮɜɧŰɖŰŬ ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞ Horn (1961), 

ɛŮ ůəɞˊɧ ɜŬ ˊŮɟɘɔɟɎɣŮɘ Űɞ ɛɖɢŬɜɘůɛɧ ŬůŰɞɢɑŬɠ Űɞɡ ɛŮŰɩˊɞɡ. 

Ƀ ɛɖɢŬɜɘůɛɧɠ ŬůŰɞɢɑŬɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ůŰŮɟŮɎ ůɩɛŬŰŬ ŰŬ ɞˊɞɑŬ ɏɟɢɞɜŰŬɘ ůŮ 

ŮˊŬűɐ ɛŮ Űɞɜ ˊŮɟɘɓɎɚɚɞɜŰŬ ɢɩɟɞ əŬɘ ŰŮɑɜɞɡɜ ɜŬ əɘɜɖɗɞɨɜ ɛŮŰŬɝɨ Űɞɡɠ. ȳˊɤɠ 

űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3.8 ŰŬ ůŰŮɟŮɎ ůɩɛŬŰŬ ŬɡŰɎ ŮɑɜŬɘ : 

ü ȰɜŬ Űɟɘɔɤɜɘəɧ ˊɟɑůɛŬ Űɞ ɞˊɞɑɞ ůɢɖɛŬŰɑɕŮɘ ɔɤɜɑŬ ɗ ɛŮ Űɞɜ ɞɟɘɕɧɜŰɘɞ ɎɝɞɜŬ Űɖɠ 

ůɐɟŬɔɔŬɠ əŬɘ ɏɢŮɘ ɨɣɞɠ ȼ ɑůɞ ɛŮ Űɖ ŭɘɎɛŮŰɟɞ Űɖɠ ůɐɟŬɔɔŬɠ. ɇɞ ɛɐəɞɠ Űɞɡ 

ˊɟɑůɛŬŰɞɠ L ɡˊɞɚɞɔɑɕŮŰŬɘ ŰɟɘɔɤɜɞɛŮŰɟɘəɎ ɓɎůɖ Űɖɠ ɔɤɜɑŬɠ ɗ, Ŭűɞɨ ɗ=45
ɞ
+ű/2 

ˊŮɟɑˊɞɡ. 

ü ȰɜŬ əŬŰŬəɧɟɡűɞ ɞɟɗɞɔɩɜɘɞ ˊŬɟŬɚɚɖɚŮˊɑˊŮŭɞ ˊɞɡ ŮəŰŮɑɜŮŰŬɘ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ Űɟɘɔɤɜɘəɞɨ ˊɟɑůɛŬŰɞɠ ɏɤɠ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ. 

ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ˊɟɞůɞɛɞɘɩɜŮŰŬɘ ɖ ɛŮŰŬəɘɜɞɨɛŮɜɖ ɔŮɩɛŬɕŬ ɏɛˊɟɞůɗŮɜ Űɞɡ 

ɛŮŰɩˊɞɡ əŬɘ ɖ ɓɡɗɘɕɧɛŮɜɖ ɡˊŮɟəŮɑɛŮɜɖ ɔŮɩɛŬɕŬ. 

 

ɆɢɐɛŬ 3.8: ɀɖɢŬɜɘůɛɧɠ ŬůŰɞɢɑŬɠ əŬŰɎ Horn (1961) : (Ŭ) ɀɖɢŬɜɘůɛɧɠ ŬůŰɞɢɑŬɠ əŬɘ (ɓ) 

ȰŭɟŮɠ ˊɞɡ ɞɟɑɕɞɡɜ Űɞ ɛɖɢŬɜɘůɛɧ (ɆɞűɘŬɜɧɠ, 2018).  

ɆŰɘɠ ɏŭɟŮɠ Űɤɜ ŭɨɞ ŬɡŰɩɜ ˊɟɘůɛɎŰɤɜ ŭɟɞɡɜ ŭɡɜɎɛŮɘɠ Ɂ, ɇ, C & F, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ 

ɞɟɗɏɠ, ŭɘŬŰɛɖŰɘəɏɠ ɚɧɔɤ Űɟɘɓɐɠ, ŭɘŬŰɛɖŰɘəɏɠ ɚɧɔɤ ůɡɜɞɢɐɠ əŬɘ ůɡɜɘůŰŬɛɏɜŮɠ Űɤɜ N 

& T, ŬɜŰɑůŰɞɘɢŬ. ȺɎɜ ŮˊɘəɟŬŰɞɨɜ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ əŬŰɎ Űɖɜ ŭɘɎɜɞɘɝɖ, ůŰɞɜ 

ɡˊɞɚɞɔɘůɛɧ ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ Wi (ůɡɟŰɘəɏɠ ŭɡɜɎɛŮɘɠ ɟɞɐɠ ɜŮɟɞɨ) əŬɘ Wf 

(ɡŭɟɞůŰŬŰɘəɏɠ ŭɡɜɎɛŮɘɠ). ɇŬ ˊŬɟŬˊɎɜɤ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3.9. 
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ɆɢɐɛŬ 3.9: ȹɟɩůŮɠ ŭɡɜɎɛŮɑɠ ůŰɞ Űɟɘɔɤɜɘəɧ ˊɟɑůɛŬ çɅè : (Ŭ) ȹɡɜɎɛŮɘɠ ŭɟɩůŮɠ ůŰɞ 

ˊɟɑůɛŬ əŬɘ (ɓ) ȹɡɜŬɛɞˊɞɚɨɔɤɜɞ, (ɆɞűɘŬɜɧɠ, 2018). 

ȼ ŬˊŬɘŰɞɨɛŮɜɖ ŭɨɜŬɛɖ ɡˊɞůŰɐɟɘɝɖɠ Nf  ˊɟɞəɨˊŰŮɘ ɓɎůŮɘ Űɞɡ ŭɡɜŬɛɞˊɞɚɨɔɤɜɞɡ Űɞɡ 

ɆɢɐɛŬŰɞɠ 3.9Ŭ   əŬɘ ɡˊɞɚɞɔɑɕŮŰŬɘ ɛɏůɤ ŮɝɘůɩůŮɤɜ ɘůɞɟɟɞˊɑŬɠ ŬɔɜɞɩɜŰŬɠ Űɘɠ 

ŭɡɜɎɛŮɘɠ Wf & W i ˊɞɡ ɞűŮɑɚɞɜŰŬɘ ůŰɞ ɜŮɟɧ ɤɠ Ůɝɐɠ:  

ὔὪ(—)=(ὔὦ+Ὃὖ) Ͻὸὥὲ(—ī•)ī(2ὅὸ+2Ὕὸ+ὅί) Ͻ  - ὅὦīὝὦ 

ȳˊɞɡ : 

Nb=ův,z=ȻϽBϽHϽcotɗ 

Tb=NbϽtanű 

Cb=cϽBϽHϽcotɗ 

GP=  ϽɔǋϽBϽH2Ͻcotɗ 

Ɂὸ=KP ϽcotɗϽH2 Ͻ (ɔH+2ův,z=Z) 

Ὕὸ=tan•Ͻὔὸ 

ὅὸ=  Ͻcot—ϽὌ2Ͻὧ 

Cs=cϽBϽ  

ȼ ŰɎůɖ ův,z=Ȼ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ Nb əŬɘ əŬŰô 

ŮˊɏəŰŬůɖ Űɖɠ ŭɨɜŬɛɐɠ ὔὪ ˊɟɞəɨˊŰŮɘ ɛŮ ɓɎůɖ Űɖ ɗŮɤɟɑŬ Űɞɡ ůɘɚɧ əŬŰɎ Janssen (1895) 

ɧˊɤɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3.10. 
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ɆɢɐɛŬ 3.10: Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ův,z=Z ɛɏůɤ Űɖɠ ɗŮɤɟɑŬɠ ůɘɚɧ ɛŮ ɓɎůɖ Űɖ ɚɨůɖ Űɞɡ 

Janssen (1895), (ɆɞűɘŬɜɧɠ, 2018). 

 

3.4.2. Davis et al (1980) 

 

Ƀɘ Davis et al (1980) ŮɝɏŰŬůŬɜ Űɖɜ ŮɡůŰɎɗŮɘŬ ŬɓŬɗɞɨɠ ůɐɟŬɔɔŬɠ ɛŮ ɛɖɢŬɜɞˊɞɘɖɛɏɜɖ 

ŭɘɎɜɞɘɝɖ ŮɜŰɧɠ Ŭɛɘɔɩɠ ůɡɜŮəŰɘəɞɨ ŮŭɎűɞɡɠ, ɛɏůɤ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŮɡůŰɎɗŮɘŬɠ Ɂ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɑɖůŬɜ ɞɘ Broms & Bennenmark (1967) əŬɘ ŬɟɔɧŰŮɟŬ ɞɘ Kimura & Mair 

(1981) . ɆŰɞ ɆɢɐɛŬ 3.11 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɞ ɛɖɢŬɜɘůɛɧɠ ŬůŰɞɢɑŬɠ Űɞɡ ɛŮŰɩˊɞɡ Űɖɠ 

ůɐɟŬɔɔŬɠ ɛŮ ɓŬůŮɘ Űɞɡɠ Davis et al (1980). 

Ƀ ůɡɜŰŮɚŮůŰɐɠ ŮɡůŰɎɗŮɘŬɠ Ɂ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ  ɚɧɔɞ Űɞɡ ɓɎɗɞɡɠ ˊɟɞɠ Űɖ  ŭɘɎɛŮŰɟɞ 

Űɖɠ ůɐɟŬɔɔŬɠ C/D əŬɘ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ Űɞɡ ɆɢɐɛŬŰɞɠ 3.12 ɞ́ɡ 

əŬŰŬůəŮɨŬůŬɜ ɞɘ  Davis et al (1980) ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ɛŮɚɏŰɖɠ Űɞɡɠ. 

 

 

ɆɢɐɛŬ 3.11: ũŮɜɘəɐ ɗŮɩɟɖůɖ ˊɟɞɓɚɐɛŬŰɞɠ ɛɖɢŬɜɞˊɞɘɖɛɏɜɖɠ ɧɟɡɝɖɠ ŬɓŬɗɞɨɠ ůɐɟŬɔɔŬɠ 

əŬɘ ˊɟɞŰŮɘɜɧɛŮɜɞɠ ɛɖɢŬɜɘůɛɧɠ əŬŰɎɟɟŮɡůɖɠ ɛŮŰɩˊɞɡ (Davis et al., 1980). 
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ɆɢɐɛŬ 3.12: ɇɘɛɏɠ ůɡɜŰŮɚŮůŰɐ ŮɡůŰɎɗŮɘŬɠ Ɂ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ ɔɘŬ ůɡɜɗɐəŮɠ Ɏɜɤ 

əŬɘ əɎŰɤ ɞɟɑɞɡ (Davis et al., 1980). 

 

3.4.3 Leca & Dormieux (1990) 

 

Ƀɘ Leca & Dormieux (1990), ŮɝŮŰɎɕɞɡɜ Űɖɜ ŮɡůŰɎɗŮɘŬ ŬɓŬɗɩɜ ůɖɟɎɔɔɤɜ ˊɞɡ 

ŭɘŬɜɞɑɔɞɜŰŬɘ ůŮ ůŬɗɟɧ, ɢŬɚŬɟɧ ŮŭŬűɘəɧ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ˊŬɟɞɡůɘɎɕŮɘ ɛɘəɟɐ ɏɤɠ 

əŬɗɧɚɞɡ ůɡɜŮəŰɘəɧŰɖŰŬ. ȷˊɧ Űɘɠ ŮˊɘɚɨůŮɘɠ Űɞɡɠ ˊɟɞəɨˊŰɞɡɜ ŰɟŮɑɠ ɛɖɢŬɜɘůɛɞɑ 

ŬůŰɞɢɑŬɠ ɞɘ ɞˊɞɑɞɘ ˊŮɟɘɔɟɎűɞɜŰŬɘ Ŭˊɧ  Űɞ ɆɢɐɛŬ 3.13. 

Ƀɘ ɛɖɢŬɜɘůɛɞɑ (Ŭ) əŬɘ (b) Űɞɡ ůɢɐɛŬŰɞɠ ˊŮɟɘɔɟɎűɞɡɜ Űɞɜ Űɟɧˊɞ əŬŰɎɟɟŮɡůɖɠ Űɞɡ 

ɛŮŰɩˊɞɡ ŮɝŬɘŰɑŬɠ ŮɜŮɟɔɖŰɘəɩɜ űɞɟŰɑůŮɤɜ, Ůɜɩ ɞ ɛɖɢŬɜɘůɛɧɠ (c) ˊŮɟɘɔɟɎűŮɘ Űɖɜ 

ŬůŰɞɢɑŬ Űɞɡ ɛŮŰɩˊɞɡ ŮɝŬɘŰɑŬɠ ˊŬɗɖŰɘəɐɠ űɧɟŰɘůɖɠ, ŭɖɚŬŭɐ Űɞ ɛɏŰɤˊɞ ŭɏɢŮŰŬɘ ˊɑŮůɖ 

ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ ˊɞɡ Űɞɡ Ŭůəɞɨɜ ŰŬ ɡˊŮɟəŮɑɛŮɜŬ ůŰɟɩɛŬŰŬ. ɆɨɛűɤɜŬ ɛŮ Űɞɡɠ 

ɛɖɢŬɜɘůɛɞɨɠ ɞɘ ŬůŰɞɢɑŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ŮɑŰŮ ɚɧɔɤ əŬɗɑɕɖůɖɠ ŮɝŬɘŰɑŬɠ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ 

Ůɜɧɠ ɐ ŭɨɞ əɧɚɞɡɟɤɜ əɩɜɤɜ (ɛɖɢŬɜɘůɛɞɑ Ŭ əŬɘ b), ŮɑŰŮ ɚɧɔɤ Ŭɜɨɣɤůɖɠ (ɛɖɢŬɜɘůɛɧɠ 

c).  

ȼ əɘɜɖɛŬŰɘəɐ Ůˊɑɚɡůɖ Űɤɜ Leca & Dormieux (1990) ŬˊɞŰŮɚŮɑ Űɖɜ ŮəŰɑɛɖůɖ ˊɞɡ 

ˊɟɞůŮɔɔɑɕŮɘ ɘəŬɜɞˊɞɘɖŰɘəɧŰŮɟŬ Űɞɜ ˊɟŬɔɛŬŰɘəɧ Űɟɧˊɞ ŬůŰɞɢɑŬɠ Űɞɡ ɛŮŰɩˊɞɡ 

ŮəůəŬűɐɠ. ɋůŰɧůɞ, ŮɝŬɘŰɑŬɠ Űɤɜ ˊɞɚɨˊɚɞəɤɜ əŬɘ ɢɟɞɜɞɓɧɟɤɜ ɡˊɞɚɞɔɘůɛɩɜ ˊɞɡ 

ŬˊŬɘŰɞɨɜŰŬɘ ɔɘŬ Űɖ ɢɟɖůɘɛɞˊɞɑɖůɖ Űɞɡ ɛɖɢŬɜɘůɛɞɨ, ůɡɜɐɗɤɠ ŮˊɘɚɏɔŮŰŬɘ ɖ ɢɟɐůɖ 

ŬˊɚɞɨůŰŮɟɤɜ ɛɖɢŬɜɘůɛɩɜ ɧˊɤɠ ŬɡŰɧɠ Űɞɡ Horn (1961). 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

 

ɆɢɐɛŬ 3.13: ɀɖɢŬɜɘůɛɞɑ ŬůŰɞɢɑŬɠ əŬŰɎ Leca & Dormieux (1990),(ȽŬŰɟɎəɖɠ, 2011). 

 

3.4.4 Sternath & Bauman (1997) 

 

Ƀɘ Sternath & Bauman (1997) ˊɟɧŰŮɘɜŬɜ ɛɖɢŬɜɘůɛɧ ŬůŰɞɢɑŬɠ ŬɜɎɚɞɔɞ ɛŮ ŬɡŰɞɜ Űɞɡ 

Horn (1961) ůɨɛűɤɜŬ ɛŮ Űɞɜ ɞˊɞɑɞ ɗŮɤɟŮɑŰŬɘ əɡəɚɘəɐ ŭɘŬŰɞɛɐ ůɐɟŬɔɔŬɠ əŬɘ 

ɡˊŮɟəŮɑɛŮɜɞ Űɞ ɞˊɞɑɞ ůɡɜɑůŰŬŰŬɘ Ŭˊɧ ŭɡɞ ŭɘŬűɞɟŮŰɘəɎ ŮŭɎűɖ. 

ȸɎůŮɘ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬůŰɞɢɑŬɠ ˊɟɧŰŮɘɜŬɜ ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ ɏɜŬɜŰɘ ŬůŰɞɢɑŬɠ 

Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ ůŰɞɜ ɞˊɞɑɞ ɡˊŮɘůɏɟɢŮŰŬɘ ɖ Ůˊɘɟɟɞɐ Űɞɡ ɡˊɧɔŮɘɞɡ ɨŭŬŰɞɠ. Ƀ 

ɛɖɢŬɜɘůɛɧɠ ŬůŰɞɢɑŬɠ əŬɘ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 

3.14. 
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ɆɢɐɛŬ 3.14: ɀɖɢŬɜɘůɛɧɠ ŬůŰɞɢɑŬɠ ɛŮŰɩˊɞɡ əŬɘ ůɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ çɖwè əŬŰɎ 

Sternath & Bauman (1997), (Bauman et al, 1997). 

 

3.5 ɄŮɘɟŬɛŬŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ 
 

3.5.1 Broms & Bennenmark (1967) 

 

Ƀɘ Broms & Bennenmark (1967) ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ˊŮɘɟɎɛŬŰŬ ůŰɞ ŮɟɔŬůŰɐɟɘɞ 

ŮɝŮŰɎɕɞɜŰŬɠ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ůɖɟɎɔɔɤɜ əŬɘ Ŭɔɤɔɩɜ ŮɜŰɧɠ Ŭɟɔɘɚɘəɩɜ 

ůɢɖɛŬŰɘůɛɩɜ. ȷˊɧ Űɖɜ ɏɟŮɡɜŬ ŬɡŰɐ ˊɟɞɏəɡɣŮ ɧŰɘ ɡˊɎɟɢŮɘ ɛɘŬ ůŰŬɗŮɟɐ ɞɟɘŬəɐ Űɘɛɐ  

Űɞɡ ɚɧɔɞɡ Ɂ=6 ɖ ɞˊɞɑŬ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ˊŬɟŬəɎŰɤ ůɢɏůɖ : 

ɦ
ʎ ʎ

Ã
 

ȳˊɞɡ, 

ůȻ : ɖ ˊɑŮůɖ Űɤɜ ɡˊŮɟəŮɘɛɏɜɤɜ ůŰɞɜ ɎɝɞɜŬ Űɖɠ ůɐɟŬɔɔŬɠ, 

ůɇ : ɖ ˊɑŮůɖ ŬɜŰɘůŰɐɟɘɝɖɠ Űɞɡ ɛŮŰɩˊɞɡ, 

cu :ɖ ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ Űɞɡ ŮŭɎűɞɡɠ, 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

3.5.2 Kimura  & Mair  (1981) 

 

Ƀɘ  Kimura & Mair (1981) ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ˊŮɘɟɎɛŬŰŬ ůŮ űɡɔɞəŮɜŰɟɘůŰɐ ůŮ 

ůɐɟŬɔɔŮɠ ɛŮ ŭɘɎɛŮŰɟɞ 60mm ŮɜŰɧɠ Ŭɟɔɘɚɘəɞɨ ůɢɖɛŬŰɘůɛɞɨ, ɔɘŬ Űɘɠ ɞˊɞɑŮɠ 

ŮɝŮŰɎůŰɖəŬɜ ɞɘ Űɘɛɏɠ Űɞɡ ɚɧɔɞɡ Űɞɡ ɓɎɗɞɡɠ ˊɟɞɠ Űɖ  ŭɘɎɛŮŰɟɞ Űɖɠ ůɐɟŬɔɔŬɠ C/D Ŭˊɧ 

1,5 ɏɤɠ 3 əŬɘ ɞɘ Űɘɛɏɠ ŬɜɡˊɞůŰɐɟɘəŰɞɡ ŰɛɐɛŬŰɞɠ ˊɟɞɠ Űɖ ŭɘɎɛŮŰɟɞ Űɖɠ Ʌ/D Ŭˊɧ 0 ɏɤɠ 

3. Ƀɘ ŭɘŬůŰɎůŮɘɠ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŭɘɎŰŬɝɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ ŰŬ ˊŮɘɟɎɛŬŰŬ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3.15. 

 

ɆɢɐɛŬ 3.15 : ȸŬůɘəɏɠ ŭɘŬůŰɎůŮɘɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŭɘɎŰŬɝɖɠ  Űɤɜ ˊŮɘɟŬɛɎŰɤɜ Űɤɜ Kimura 

& Mair ( 1981), (ɄɟɞɡɜŰɕɧˊɞɡɚɞɠ, 2012). 

Ɇəɞˊɧɠ Űɞɜ ˊŮɘɟŬɛɎŰɤɜ ɐŰŬɜ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŮɡůŰɎɗŮɘŬɠ əŬŰɎ Űɖɜ 

ŬůŰɞɢɑŬ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ůɡɜɞɣɑůŰɖəŬɜ ůŮ ŭɘŬɔɟɎɛɛŬŰŬ 

ɛŮŰŬɓɞɚɐɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŮɡůŰɎɗŮɘŬɠ əŬŰɎ Űɖɜ ŬůŰɞɢɑŬ Ɂ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ 

ɆɢɐɛŬ 3.16. ɄɟɞɏəɡɣŮ, Ůˊɑůɖɠ, ɧŰɘ  ɖ ɞɟɘŬəɐ Űɘɛɐ Ɂ=6 ˊɞɡ ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞɡɠ 

Broms & Bennenmark (1967) ŮɑɜŬɘ ůɡɜŰɖɟɖŰɘəɐ ɔɘŬ P<D. 

 

ɆɢɐɛŬ 3.16: ɀŮŰŬɓɞɚɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŮɡůŰɎɗŮɘŬɠ əŬŰɎ Űɖɜ ŬůŰɞɢɑŬ ɛŮ Űɞ ɓɎɗɞɠ 

Űɖɠ ůɐɟŬɔɔŬɠ C/D əŬɘ Űɞ ɛɐəɞɠ Űɞɡ ŬɜɡˊɞůŰɐɟɘəŰɞɡ ŰɛɐɛŬŰɞɠ P/D  əŬŰɎ 

Kimura & Mair (1981), (ɄɟɞɡɜŰɕɧˊɞɡɚɞɠ, 2012). 
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3.5.3 Chambon & Cort® (1994) 

 

Ƀɘ Chambon & Cort® (1994) ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ˊŮɘɟɎɛŬŰŬ ɛɘəɟɐɠ əɚɑɛŬəŬɠ ůŮ 

űɡɔɞəŮɜŰɟɘůŰɐ ɛŮ ůəɞˊɧ ɜŬ ˊɟɞɓɚɏɣɞɡɜ Űɖɜ ŮůɤŰŮɟɘəɐ ˊɑŮůɖ ůŰɞ ɛɏŰɤˊɞ ɩůŰŮ ŬɡŰɧ 

ɜŬ ŮɡůŰŬɗŮɑ, ɜŬ ŮɝŮŰɎůɞɡɜ Űɞɜ ɛɖɢŬɜɘůɛɧ ŬůŰɞɢɑŬɠ Űɞɡ ɛŮŰɩˊɞɡ əŬɗɩɠ əŬɘ ˊɞɘɞɑ 

ˊŬɟɎɔɞɜŰŮɠ Űɞɜ ŮˊɖɟŮɎɕɞɡɜ. ɉɟɖůɘɛɞˊɞɑɖůŬɜ ŭɨɞ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ. ɆŰɖɜ 

ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ ɖ ɎɛŮůɖ ɡˊɞůŰɐɟɘɝɖ ɏűŰŬɜŮ ɛɏɢɟɘ Űɞ ɛɏŰɤˊɞ əŬɘ ůŰɖɜ ŭŮɨŰŮɟɖ 

ɡˊɐɟɢŮ ŬɜɡˊɞůŰɐɟɘəŰɞ ŰɛɐɛŬ ɑůɞ ɛŮ Űɞ ɛɐəɞɠ Űɖɠ ŬůˊɑŭŬɠ ɛɖɢŬɜɐɛŬŰɞɠ ɞɚɞɛɏŰɤˊɖɠ 

əɞˊɐɠ (ɇȸɀ). 

 

ɆɢɐɛŬ 3.17: ȺˊɑŭɟŬůɖ Űɖɠ ȹɘŬɛɏŰɟɞɡ Űɖɠ ɆɐɟŬɔɔŬɠ ůŰɖɜ ɄɑŮůɖ ȾŬŰɎɟɟŮɡůɖɠ pf əŬŰɎ 

Chambon & Cort® (1994) (ɄɟɞɡɜŰɕɧˊɞɡɚɞɠ, 2012) 

 

ɆɢɐɛŬ 3.18: ȸɞɚɓɞɑ ŬůŰɞɢɑŬɠ ɔɘŬ ˊɚɐɟɤɠ ɡˊɞůŰɖɟɘɔɛɏɜɖ ůɐɟŬɔɔŬ ɛŮ ɡˊŮɟəŮɑɛŮɜɞ 

C/D=2 (ŬɟɘůŰŮɟɎ) əŬɘ ɓɞɚɓɞɑ ŬůŰɞɢɑŬɠ (ɇɞɛɏɠ ůŰɞɜ ɎɝɞɜŬ ůɡɛɛŮŰɟɑŬɠ Űɖɠ ůɐɟŬɔɔŬɠ) 

ɔɘŬ ŭɘɎűɞɟŮɠ Űɘɛɏɠ Űɞɡ ɚɧɔɞɡ C/D (ŭŮɝɘɎ) Ŭˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ Űɤɜ Chambon & Cort® 

(1994), (ɄɟɞɡɜŰɕɧˊɞɡɚɞɠ, 2012). 



93 ȾŮűɎɚŬɘɞ 3ɞ ï BɘɓɚɘɞɔɟŬűɘəɐ ȷɜŬůəɧˊɖůɖ ȺɡůŰɎɗŮɘŬɠ ɀŮŰɩˊɞɡ 

 

 
ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

ȷˊɧ Űɘɠ ŬɜŬɚɨůŮɘɠ Űɤɜ Chambon & Cort® ˊɟɞɏəɡɣŮ ɧŰɘ ɖ ŭɘɎɛŮŰɟɞɠ Űɖɠ ůɐɟŬɔɔŬɠ 

ŮɑɜŬɘ ɖ ůɖɛŬɜŰɘəɧŰŮɟɖ ˊŬɟɎɛŮŰɟɞɠ ɔɘŬ Űɖɜ ŭɘŬɛɧɟűɤůɖ Űɖɠ Űɘɛɐɠ Űɖɠ ɞɟɘŬəɐɠ ˊɑŮůɖɠ 

pf əŬɗɩɠ ɧˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ Űɞ ɆɢɐɛŬ 3.17 ɖ ɞɟɘŬəɐ ˊɑŮůɖ pf ŮɑɜŬɘ ˊɟŬəŰɘəɎ Ůɡɗɏɤɠ 

ŬɜɎɚɞɔɖ Űɖɠ ŭɘŬɛɏŰɟɞɡ. ȳůɞɜ ŬűɞɟɎ Űɞ ɓɎɗɞɠ Űɖɠ ŮəůəŬűɐ C əŬɘ Űɞ Ůɘŭɘəɧ ɓɎɟɞɠ 

Űɞɡ ɏŭŬűɞɠ ŭŮɜ űŬɑɜŮŰŬɘ ɜŬ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ Űɘɛɐ Űɖɠ pf  

ȳůɞɜ ŬűɞɟɎ Űɞ ɛɖɢŬɜɘůɛɧ ŬůŰɞɢɑŬɠ, ůŮ əɎɗŮ ŬɜɎɚɡůɖ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŮɑɢŮ 

Űɖ ɛɞɟűɐ ɓɞɚɓɞɨ, ɞ ɞˊɞɑɞɠ ŮəŰŮɑɜŮŰŬɘ ˊŮɟɑˊɞɡ ɛɘůɐ ŭɘɎɛŮŰɟɞ ɛˊɟɞůŰɎ Ŭˊɧ Űɞ 

ɛɏŰɤˊɞ əŬɘ ůɡɜŮɢɑɕŮɘ ůŰɞɜ əŬŰŬəɧɟɡűɞ ɎɝɞɜŬ ůŮ ɏɜŬ ɨɣɞɠ ˊŮɟɑˊɞɡ ɛɘŬɠ ŭɘŬɛɏŰɟɞɡ 

ˊɎɜɤ Ŭˊɧ ŬɡŰɧ. ɆŰŬ ɛɘəɟɎ ɓɎɗɖ C/D<1 ɞ ɓɞɚɓɧɠ ŮˊŮəŰŮɑɜŮŰŬɘ ɛɏɢɟɘ Űɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ŮŭɎűɞɡɠ. ɆŰɞ ɆɢɐɛŬ 3.18 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɞ ɛɖɢŬɜɘůɛɧɠ ŬůŰɞɢɑŬɠ ɛŮ Űɞ 

ůɢɖɛŬŰɘůɛɧ ɓɞɚɓɞɨ ɖ Ŭɚɚɘɩɠ Űɖ ɛɞɟűɐ əŬɛɘɜɎŭŬɠ. 

ɇɏɚɞɠ ŭɘŮɟŮɡɜɐɗɖəŮ ɖ Ůˊɘɟɟɞɐ Űɖɠ ŬˊɧůŰŬůɖɠ ŰɞˊɞɗɏŰɖůɖɠ Űɤɜ ɛɏŰɟɤɜ ɡˊɞůŰɐɟɘɝɖɠ 

Ŭˊɧ Űɞ ɛɏŰɤˊɞ ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ. ɆŰɞ ɆɢɐɛŬ 3.19 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɏəŰŬůɖ Űɖɠ 

ɕɩɜɖɠ ŬůŰɞɢɑŬɠ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖɜ ŬˊɧůŰŬůɖ ŰɞˊɞɗɏŰɖůɖɠ Űɖɠ ɡˊɞůŰɐɟɘɝɖɠ. 

ɄɟɞɏəɡɣŮ ɧŰɘ ɔɘŬ Űɘɛɏɠ : 

ü L/D <0,1 ɖ ŬˊɧůŰŬůɖ ŰɞˊɞɗɏŰɖůɖɠ Űɤɜ ɛɏŰɟɤɜ ŭŮɜ ŮˊɖɟŮɎɕŮɘ Űɖɜ ɛɞɟűɐ Űɖɠ 

ŬůŰɞɢɑŬɠ. 

ü 0,1< L/D <0,4 : ɖ ŬůŰɞɢɑŬ ŮˊɖɟŮɎɕŮɘ Űɞ ɛɏŰɤˊɞ ŮəůəŬűɐɠ. 

ü L/D > 0,4 ɖ ŬůŰɞɢɑŬ ŮˊɖɟŮɎɕŮɘ ˊɟɩŰŬ Űɞ ŬɜɡˊɞůŰɐɟɘəŰɞ ŰɛɐɛŬ əŬɘ ɨůŰŮɟŬ Űɞ 

ɛɏŰɤˊɞ.  

 

ɆɢɐɛŬ 3.19 : ȺˊɑŭɟŬůɖ Űɞɡ ŬɜɡˊɞůŰɐɟɘəŰɞɡ ɛɐəɞɡɠ L (L/D=0.1, 0.2 əŬɘ 0.4) Űɖɠ 

ůɐɟŬɔɔŬɠ ůŰɖɜ ɏəŰŬůɖ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬůŰɞɢɑŬɠ ɔɘŬ ɡˊŮɟəŮɑɛŮɜɞ C/D=4 Ŭˊɧ ŰŬ 

ˊŮɘɟɎɛŬŰŬ Űɤɜ Chambon & Cort® (1994), ɄɟɞɡɜŰɕɧˊɞɡɚɞɠ, 2012). 
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3.5.4 Mashimo & Suzuki (1998) 

 

Ƀɘ Mashimo & Suzuki (1998) ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ˊŮɘɟɎɛŬŰŬ ůŮ űɡɔɞəŮɜŰɟɘůŰɐ, ɔɘŬ 

ůɐɟŬɔɔŮɠ ŮɜŰɧɠ Ŭɛɛɤŭɩɜ ŮŭŬűɩɜ ůŮ ɓɎɗɞɠ Ŭˊɧ Űɖ ůŰɏɣɖ Űɖɠ ůɐɟŬɔɔŬɠ ȼ ɑůɞ ɛŮ 1,2 

əŬɘ 3 ŭɘŬɛɏŰɟɞɡɠ. ɀŮ ɓɎůɖ ŰŬ ˊŮɘɟɎɛŬŰŬ ɞɘ ŮɟŮɡɜɖŰɏɠ əŬŰɏɚɖɝŬɜ ůŰɞ ɛɖɢŬɜɘůɛɧ 

ŬůŰɞɢɑŬɠ ɞ ɞˊɞɑɞɠ ɏɢŮɘ ůɢɐɛŬ ɓɞɚɓɞɨ.  

ɄɟɞɏəɡɣŮ ɧŰɘ ɖ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ ˊŮɟɘůůɧŰŮɟɞ Űɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ 

ŮɑɜŬɘ ɖ ŭɘɎɛŮŰɟɞɠ Űɖɠ ůɐɟŬɔɔŬɠ əŬɘ ɖ ŬɜŰɞɢɐ Űɞɡ ŮŭɎűɞɡɠ. ȰŰůɘ ˊɟɞŰɎɗɖəŮ Űɞ 

ŭɘɎɔɟŬɛɛŬ Űɞɡ ɆɢɐɛŬŰɞɠ 3.20 ůŰɞ ɞˊɞɑɞ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ŬˊŬɟŬɑŰɖŰŮɠ ůɡɜɗɐəŮɠ 

ɩůŰŮ Űɞ ɛɏŰɤˊɞ ɜŬ ŮɑɜŬɘ ŮɡůŰŬɗɏɠ ɔɘŬ ŭɘɎűɞɟɞɡɠ ɚɧɔɞɡɠ ȼ/D.  

 

ɆɢɐɛŬ 3.20: ȷˊŬɘŰɞɨɛŮɜŮɠ Űɘɛɏɠ ű əŬɘ c/ɔD ɔɘŬ ŮɡůŰŬɗɏɠ ɛɏŰɤˊɞ ɓɎůŮɘ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ 

Űɤɜ Mashimo & Suzuki (1998), (ɄɟɞɡɜŰɕɧˊɞɡɚɞɠ, 2012). 

 

3.5.5 Kamata & Mashimo (2003) 

 

Ƀɘ  Kamata & Mashimo (2003) ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ˊŮɘɟɎɛŬŰŬ ůŮ űɡɔɞəŮɜŰɟɘůŰɐ ɔɘŬ 

Ŭɛɛɩŭɖ ŮŭɎűɖ əŬɘ ɏɔɘɜŮ ɖ ůɨɔəɟɘůɖ Űɞɡɠ ɛŮ ŬɟɘɗɛɖŰɘəɏɠ ŬɜŬɚɨůŮɘɠ. ȼ ˊŮɘɟŬɛŬŰɘəɐ 

ŭɘɎŰŬɝɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3.21.  
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ɆɢɐɛŬ 3.21: ɄŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ɛŮ ɛɞɜŰɏɚɞ ůɐɟŬɔɔŬɠ Űɤɜ Kamata & Mashimo 

(2003),  (ɄɟɞɡɜŰɕɧˊɞɡɚɞɠ, 2012). 

 

Ɇəɞˊɧɠ Űɖɠ ɛŮɚɏŰɖɠ Űɤɜ ŭɨɞ ŮɟŮɡɜɖŰɩɜ ɐŰŬɜ ɜŬ ŭɘŮɟŮɡɜɖɗŮɑ ɖ ŮˊɑŭɟŬůɖ ŭɘɎűɞɟɤɜ 

ŭɘŬŰɎɝŮɤɜ Ŭɔəɡɟɑɤɜ ɛŮŰɩˊɞɡ, əŬŰŬəɧɟɡűɤɜ Ŭɔəɡɟɑɤɜ əŬɘ ŭɞəɩɜ ˊɟɞˊɞɟŮɑŬɠ ůŰɖɜ 

ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ . ȷˊɧ Űɖɜ ɏɟŮɡɜŬ ˊɟɞɏəɡɣŬɜ ŰŬ ˊŬɟŬəɎŰɤ: 

 

ü ȼ ɛɖɢŬɜɘůɛɧɠ ŬůŰɞɢɑŬɠ ɏɢŮɘ Űɖɜ ɛɞɟűɐ ɓɞɚɓɞɨ ɐ əŬɛɘɜɎŭŬɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ 

ŮˊŮəŰŬɗŮɑ ŬɜɎɚɞɔŬ Űɘɠ ůɡɜɗɐəŮɠ Ŭˊɧ 0,2D ɏɤɠ 0,4D ɛˊɟɞůŰɎ Ŭˊɧ Űɖɜ ůŰɏɣɖ Űɖɠ 

ůɐɟŬɔɔŬɠ əŬɘ ɛɏɢɟɘ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ. 

ü ɇŬ ŬɔəɨɟɘŬ ɛŮŰɩˊɞɡ ɓŮɚŰɘɩɜɞɡɜ Űɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ ŮəůəŬűɐɠ ɛɧɜɞ 

ɧŰŬɜ Űɞ ɛɐəɞɠ ŮɑɜŬɘ L 0,5D. ũɘŬ ɛɘəɟɧŰŮɟɞɡ ɛɐəɞɡɠ ŬɔəɨɟɘŬ ɛŮɘɩɜŮŰŬɘ ɛɧɜɞ ɖ 

ɏəŰŬůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŬůŰɞɢɑŬɠ ɛˊɟɞůŰɎ əŬɘ ˊɎɜɤ Ŭˊɧ Űɞ ɛɏŰɤˊɞ, ɢɤɟɑɠ ɜŬ 

ɓŮɚŰɘɩɜŮŰŬɘ ɖ ŮɡůŰɎɗŮɘŬ Űɞɡ. 

ü ȼ ɞɛˊɟɏɚŬ ˊɟɞˊɞɟŮɑŬɠ ɛŮɘɩɜŮɘ Űɘɠ əŬɗɘɕɐůŮɘɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ əŬɗɩɠ 

ɛŮɘɩɜŮɘ Űɖɜ ɏəŰŬůɖ Űɖɠ ŬůŰɞɢɑŬɠ ɛˊɟɞůŰɎ əŬɘ ˊɎɜɤ Ŭˊɧ Űɞ ɛɏŰɤˊɞ, ŬɚɚɎ 

űŬɑɜŮŰŬɘ ɧŰɘ ŭŮɜ ɏɢŮɘ ɞɡůɘŬůŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɖɜ ɓŮɚŰɑɤůɖ Űɖɠ ŮɡůŰɎɗŮɘŬɠ Űɞɡ. 

 

3.6 ȷɟɘɗɛɖŰɘəɏɠ ɄɟɞůŮɔɔɑůŮɘɠ  
 

3.6.1 Atkinson & Mair  (1981) 

 

Ƀɘ Atkinson & Mair (1981) ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ŬɜŬɚɨůŮɘɠ ɔɘŬ əɞɟŮůɛɏɜŬ ŬɟɔɘɚɘəɎ 

ŮŭɎűɖ ɛɘəɟɐɠ ˊŮɟŬŰɧŰɖŰŬɠ. ɄɟɞɏəɡɣŮ ɧŰɘ ɖ ŮɡůŰɎɗŮɘŬ Űɞɡ ŮŭɎűɞɡɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ 

ůɢŮŰɘəɧ ɓɎɗɞɠ C/D (ɡˊŮɟəŮɑɛŮɜɞ ɓɎɗɞɠ ˊɎɜɤ Ŭˊɧ Űɖ ůŰɏɣɖ Űɖɠ ůɐɟŬɔɔŬɠ/ŭɘɎɛŮŰɟɞ 

ůɐɟŬɔɔŬɠ) əŬɘ Űɞ ůɡɜŰŮɚŮůŰɐ ŮɡůŰɎɗŮɘŬɠ ɇc.  
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ȸɎůŮɘ Űɤɜ ˊŬɟŬˊɎɜɤ ˊɟɞɏəɡɣŮ ɖ ŬˊŬɘŰɞɨɛŮɜɖ ˊɑŮůɖ ůŰɐɟɘɝɖɠ ɛŮŰɩˊɞɡ ůɨɛűɤɜŬ ɛŮ 

Űɖɜ ˊŬɟŬəɎŰɤ ůɢɏůɖ : 

ὧόTὧ+ὴ0>ὴὪ>īὧόTὧ+ὴ0 

Ƀ ůɡɜŰŮɚŮůŰɐɠ ŮɡůŰɎɗŮɘŬɠ ɇc ɡˊɞɚɞɔɑɕŮŰŬɘ ɓɎůŮɘ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ Űɞɡ ɆɢɐɛŬŰɞɠ 

3.22 ɞ́ɡ əŬŰŬůəŮɨŬůŬɜ ɞɘ Atkinson & Mair (1981) ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ɏɟŮɡɜŬɠ Űɞɡ. 

ɆɡɛűɩɜŬ ɛŮ ŬɡŰɧ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ůɡɜŰŮɚŮůŰɐ  ɇc ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ əŬɘ Űɞ 

ɛɐəɞɠ Űɞɡ ŬɜɡˊɞůŰɐɟɘəŰɞɡ ŰɛɐɛŬŰɞɠ Ʌ.  

 

 

ɆɢɐɛŬ 3.22: ɆɡɜŰŮɚŮůŰɐɠ ŮɡůŰɎɗŮɘŬɠ ɇc  (Atkinson & Mair ,1981). 

 

3.6.2 Anagnostou & Kovari  (1994,1996) 

 

Ƀɘ  Anagnostou & Kovari (1994,1996) ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ ůɢɏůŮɘɠ Ŭˊɧ Űɖɜ 

ɘůɞɟɟɞˊɑŬ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬůŰɞɢɑŬɠ Űɞɡ Horn (1961) əŬɘ əɎɜɞɜŰŬɠ ˊŬɟŬɛŮŰɟɘəɏɠ 

ŬɜŬɚɨůŮɘɠ əŬŰɏɚɖɝŬɜ ůŮ 4 ɜɞɛɛɞɔɟɎɛɛŬŰŬ (ŬɜŰɑůŰɞɘɢŬ Űɖɠ űɏɟɞɡůŬɠ ɘəŬɜɧŰɖŰŬɠ Űɤɜ 

ɗŮɛŮɚɘɩůŮɤɜ) Ŭˊɧ ŰŬ ɞˊɞɑŬ ɡˊɞɚɞɔɑɕŮŰŬɘ ɖ ŬˊŬɘŰɞɨɛŮɜɖ ˊɑŮůɖ ɡˊɞůŰɐɟɘɝɖɠ pf Űɞɡ 

ɛŮŰɩˊɞɡ. ɇŬ ɜɞɛɞɔɟɎɛɛŬŰŬ, ɔɘŬ ɘůɞŭɨɜŬɛɖ ŰŮŰɟŬɔɤɜɘəɐ ůɐɟŬɔɔŬ ˊɚŮɡɟɎɠ D, 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3.23 əŬɘ ɖ ŬˊŬɘŰɞɨɛŮɜɖ ˊɑŮůɖ pf ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ 

ˊŬɟŬəɎŰɤ ůɢɏůɖ: 

pfȭ= pf-wf = (NɔÅɔȭÅD) - (NcÅc) +  (F2ÅɔȭÅȹh) ï (F3ÅcÅ 
ȹh

D
) 
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ɀŮŰŬˊŰɡɢɘŬəɐ ȹɘˊɚɤɛŬŰɘəɐ ȺɟɔŬůɑŬ ɀŬɔŭŬɚɖɜɐ ɀˊŮɜɕŮɚɞɨɜ-ȷɟŬɛˊɑ 

 

Ƀɘ ůɡɜŰŮɚŮůŰɏɠ Nɔ , Nc  , F2 əŬɘ F3 ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ŭˊɧ ŰŬ ɜɞɛɞɔɟɎɛɛŬŰŬ (ɆɢɐɛŬ 

3.23), Ůɜɩ ɧŰŬɜ ŮˊɘəɟŬŰɞɨɜ ůŰɟŬɔɔɘůɛɏɜŮɠ-ɝɖɟɏɠ ůɡɜɗɐəŮɠ ɞɘ ŭɨɞ ŰŮɚŮɡŰŬɑɞɘ 

ˊŬɟɎɔɞɜŰŮɠ Űɖɠ ůɢɏůɖɠ ɛɖŭŮɜɑɕɞɜŰŬɘ. 

 

ɆɢɐɛŬ 3.23 : ɁɞɛɞɔɟɎɛɛŬŰŬ ɔɘŬ Űɞɡɠ ŬŭɘɎůŰŬŰɞɡɠ ůɡɜŰŮɚŮůŰɏɠ Nɔ, Nc , F2 əŬɘ F3 əŬŰŬ 

Anagnostou & Kovari  (1996), (ɆɞűɘŬɜɧɠ, 2018). 

 

3.6.3 Yoo (2002) 

 

Ƀ Yoo (2002) ɛŮɚɏŰɖůŮ Űɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ɛŮŰɩˊɞɡ ɛɏůɤ ŰɟɘůŭɘɎůŰŬŰɤɜ 

ˊŬɟŬɛŮŰɟɘəɩɜ ŬɜŬɚɨůŮɤɜ ůŮ əɡəɚɘəɐ ůɐɟŬɔɔŬ ŭɘŬɛɏŰɟɞɡ 8 m ˊɞɡ ŮəůəɎˊŰŮŰŬɘ ůŮ 

ɞɛɞɘɞɔŮɜɏɠ ŬůɗŮɜɏɠ ɡɚɘəɧ əŬɘ Űɖɠ ɞˊɞɑŬɠ ɖ ɡˊɞůŰɐɟɘɝɖ űŰɎɜŮɘ ɛɏɢɟɘ Űɞ ɛɏŰɤˊɞ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ əɩŭɘəŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ DIANA. ɇŬ ɔŮɤɛŮŰɟɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬɘ ɞ əɎɜɜŬɓɞɠ Űɞɡ ɛɞɜŰɏɚɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3.24. 

Ⱦɨɟɘɞ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ ɛŮɚɏŰɖɠ ŬˊɞŰɏɚŮůŮ ɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ Ůˊɘɟɟɞɐɠ Űɖɠ ˊɡəɜɧŰɖŰŬɠ 

ȿ (Ŭɟɘɗɛɧɠ Ŭɔəɡɟɑɤɜ Np ˊɟɞɠ Űɞ ŮɛɓŬŭɧɜ ŮˊɘűŬɜŮɑŬɠ Űɞɡ ɛŮŰɩˊɞɡ At) , Űɞɡ ɛɐəɞɡɠ 

Lp əŬɘ Űɖɠ ŬəŬɛɣɑŬɠ Űɤɜ Ŭɔəɡɟɑɤɜ ɛŮŰɩˊɞɡ Jp (ɔɘɜɧɛŮɜɞ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ 

Ep əŬɘ Űɖɠ ŭɘŬŰɞɛɐɠ Űɞɡ Ŭɔəɡɟɑɞɡ Ap) ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ 

ŮɝŮŰɎůŰɖəŬɜ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ɏɟŮɡɜŬɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 3.1.  

 

 


































































































































































































































