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ȺȾɇȺɁȼɆ ɄȺɅȽȿȼɊȼ 

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɏɢŮɘ ɤɠ ŬɜŰɘəŮɑɛŮɜɞ Űɖɜ ˊŬɗɖŰɘəɐ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ 

Ŭɛɛɤŭɩɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ. ȼ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ 

ɟŮɡůŰɞˊɞɘɐůɘɛɤɜ ŮŭŬűɩɜ ɛŮ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ŬˊɞŰŮɚŮɑ ɛɘŬ ŮɜŬɚɚŬəŰɘəɐ 

ɛɏɗɞŭɞ ˊŮɟɘɞɟɘůɛɞɨ Űɞɡ əɘɜŭɨɜɞɡ ɟŮɡůŰɞˊɞɑɖůɖɠ, ůŮ ˊŮɟɘɞɢɏɠ ɛŮ ŮɡŬɑůɗɖŰŮɠ ůŮ 

ɟŮɡůŰɞˊɞɑɖůɖ ɡˊɞŭɞɛɏɠ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɏɜŬ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɞ ůŰŬɗŮɟɞˊɞɘɖŰɐ, ɛɘŬɠ əŬɘ 

ɛˊɞɟŮɑ ɜŬ ŮɘůˊɘɏɕŮŰŬɘ əɎŰɤ Ŭˊɧ ɡűɘůŰɎɛŮɜŮɠ əŬŰŬůəŮɡɏɠ əŬɘ ɜŬ ŭɘɞɢŮŰŮɨŮŰŬɘ ůŰɖ 

ɟŮɡůŰɞˊɞɘɐůɘɛɖ ŮŭŬűɘəɐ ɛɎɕŬ ɛɏůɤ űɡůɘəɐɠ ɐ ŰŮɢɜɖŰɐɠ ɟɞɐɠ Űɞɡ ɡˊɞɔŮɑɞɡ ɜŮɟɞɨ. 

ȺˊɘˊɟɧůɗŮŰŬ, Űɞ ɡɔɟɧɚɡɛŬ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ɏɢŮɘ ɛɘəɟɧ ɘɝɩŭŮɠ əŬɘ ɏɜŬ ɛŮɔɎɚɞ 

Ůɨɟɞɠ ŮɚŮɔɢɧɛŮɜɞɡ ɢɟɧɜɞɡ ˊɐɝɖɠ. ɆŰɖɜ ɏɟŮɡɜŬ ŬɡŰɐ, ɔɘŬ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ŮˊɑŭɟŬůɖ Űɞɡ 

ůŰŬɗŮɟɞˊɞɘɖŰɐ ůŰŬ ɛɖ ůɡɜŮəŰɘəɎ ŮŭɎűɖ ŮəŰŮɚɏůŰɖəŬɜ ŭɞəɘɛɏɠ ůɡɛˊɘŮůɧɛŮŰɟɞɡ əŬɘ Ŭˊô 

ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ ůŮ űɡůɘəɏɠ əŬɘ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŮɠ Ɏɛɛɞɡɠ ɀ31, Longstone əŬɘ 

Fontainebleau. Ƀɘ ɓŬůɘəɞɑ ůŰɧɢɞɘ Űɖɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɖ ɛŮɚɏŰɖ Űɖɠ Ůˊɘɟɟɞɐɠ Űɖɠ 

ůŰŬɗŮɟɞˊɞɑɖůɖɠ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ ůŰɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ əɞɟŮůɛɏɜɤɜ 

ɚŮˊŰɧəɞəəɤɜ Ŭɛɛɤŭɩɜ ɡɚɘəɩɜ, ŬɚɚɎ əŬɘ ˊɤɠ Űɞ ůɢɐɛŬ əŬɘ Űɞ ɛɏɔŮɗɞɠ Űɤɜ əɧəəɤɜ Űɞɡɠ 

ŮˊɖɟŮɎɕŮɘ Űɖɜ Ŭˊɧəɟɘůɖ Űɞɡɠ. 

ȼ əɞɚɚɞŮɘŭɐɠ ˊɡɟɘŰɑŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ, ɛŮ Űɖɜ Ůɛˊɞɟɘəɐ ɞɜɞɛŬůɑŬ LudoxÈ SM, 

ŮɑɜŬɘ ɛɑŬ ɡŭɎŰɘɜɖ ŭɘŬůˊɞɟɎ (ɡɔɟɧɚɡɛŬ) ŭɘŬəɟɘŰɩɜ, ůɡɛˊŬɔɩɜ (ɛɖ ˊɞɟɤŭɩɜ), ůűŬɘɟɘəɩɜ 

ůɤɛŬŰɘŭɑɤɜ Ɏɛɞɟűɖɠ ˊɡɟɘŰɑŬɠ, ɛŮ ŭɘŬůŰɎůŮɘɠ ůŰɞ əɎŰɤ ɧɟɘɞ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ əɚɑɛŬəŬɠ. 

ɇŬ ůɤɛŬŰɑŭɘŬ, ɡˊɧ əŬŰɎɚɚɖɚŮɠ ˊɟɞɦˊɞɗɏůŮɘɠ, ɛˊɞɟɞɨɜ ɜŬ ŬɜŬˊŰɨɝɞɡɜ ˊɞɚɨ ɘůɢɡɟɞɨɠ 

ŭŮůɛɞɨɠ ůɡɜɎűŮɘŬɠ əŬɘ ůɡɜɞɢɐɠ. ȼ ŭɘɎɛŮŰɟɞɠ Űɤɜ əɞɚɚɞŮɘŭɩɜ ůűŬɘɟɩɜ ŮɑɜŬɘ 7 nm əŬɘ ɖ 

Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡɠ ŮɑɜŬɘ ɑůɖ ɛŮ 345 m
2
 / g. ɇɞ ɡɔɟɧɚɡɛŬ LudoxÈ SM ɏɢŮɘ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ SiO2 ɑůɖ ɛŮ 30% əŬŰɎ ɓɎɟɞɠ əŬɘ ŮɑɜŬɘ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ůŮ ŬɚəŬɚɘəɧ pH=10. Ƀ ˊŬɟɎɔɞɜŰŬɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ Űɞɡ ɡɔɟɞɚɨɛŬŰɞɠ 

ŮɑɜŬɘ Űɞ ɞɝŮɑŭɘɞ Űɞɡ ɜŬŰɟɑɞɡ Na2O. Ƀ ɧɟɞɠ çůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ɏŭŬűɞɠè ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ 

ɏŭŬűɞɠ ɏɢŮɘ ůɢɖɛŬŰɘůɛɏɜɖ ɔɏɚɖ ˊɡɟɘŰɑŬɠ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ. ȼ ɢɖɛɘəɐ ŬɜŰɑŭɟŬůɖ 

ůɢɖɛŬŰɘůɛɞɨ Űɤɜ ŭŮůɛɩɜ ɞɜɞɛɎɕŮŰŬɘ ůɡɛˊɨəɜɤůɖ, ůɨɛűɤɜŬ ɛŮ Űɖɜ ɞˊɞɑŬ ŭɨɞ ɞɛɎŭŮɠ 

ůɘɚŬɜɧɚɖɠ Si-OH ůŰɖɜ ŮˊɘűɎɜŮɘŬ ŭɨɞ ůɤɛŬŰɘŭɑɤɜ ůɡɜŭɏɞɜŰŬɘ əŬɘ ůɢɖɛŬŰɑɕɞɡɜ ɏɜŬɜ 

ŭŮůɛɧ ůɘɚɞɝɎɜɖɠ SiïOïSi əŬɘ ɏɜŬ ɛɧɟɘɞ ɜŮɟɞɨ H2O. ȼ ŬɜŰɑŭɟŬůɖ Űɖɠ ůɡɛˊɨəɜɤůɖɠ, ɧˊɤɠ 

ŬˊɞəŬɚɨˊŰŮɘ ɞ ɑŭɘɞɠ ɞ ɧɟɞɠ, ɞŭɖɔŮɑ ůŮ ůɡůŰɞɚɐ Űɖɠ ůŰŮɟŮɎɠ ˊɡɟɘŰɘəɐɠ űɎůɖɠ əŬɘ ůŮ 

Ŭˊɞɓɞɚɐ əŬɘ ŮəŰɞˊɘůɛɧ ɜŮɟɞɨ. Ƀɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɞɜ ɟɡɗɛɧ ůɡɛˊɨəɜɤůɖɠ 

ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɞɑ, əŬɗɩɠ Űɞ ɡɔɟɧɚɡɛŬ ˊɡɟɘŰɑŬɠ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŮɔɢɡɗŮɑ ůŰɖɜ ŮŭŬűɘəɐ 

ɛɎɕŬ, ůŰɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ˊɞɡ Űɞ ɘɝɩŭŮɠ Űɞɡ ɏɢŮɘ ɢŬɛɖɚɐ Űɘɛɐ (ɢŬɛɖɚɧŰŮɟɖ Ŭˊɧ 3.5ï4.0 
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cP). ɀŮŰɎ Ŭˊɧ Űɖ ůɨɜŰɞɛɖ ˊŮɟɑɞŭɞ ɏɔɢɡůɖɠ Űɞ ɡɔɟɧɚɡɛŬ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ɛŮŰŬŰɟŬˊŮɑ 

ŬˊɧŰɞɛŬ ůŮ ɔɏɚɖ, ˊɟɞŰɞɨ ŬˊɞɛŬəɟɡɜɗŮɑ Ŭˊɧ Űɖ ůŰɞɢŮɡɧɛŮɜɖ ˊŮɟɘɞɢɐ. ȳůɞ ɡɣɖɚɧŰŮɟɖ 

ŮɑɜŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ, ɖ ůɡɔəɏɜŰɟɤůɖ ˊɡɟɘŰɑŬɠ əŬɘ ŬɚɎŰɤɜ, Űɧůɞ ˊɘɞ ŰŬɢɨɠ ŮɑɜŬɘ ɞ ɟɡɗɛɧɠ 

ůɢɖɛŬŰɘůɛɞɨ ŭŮůɛɩɜ ůɘɚɞɝɎɜɖɠ. Ƀ ɟɧɚɞɠ Űɞɡ pH ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ ůɨɜɗŮŰɞɠ əŬɘ ɖ 

ŮˊɑŭɟŬůɖ Űɞɡ ŭŮɜ ŮɑɜŬɘ ɛɞɜɧŰɞɜɖ əŬɘ ŬɜŬɛɏɜŮŰŬɘ ɞ ɢɟɧɜɞɠ ˊɐɝɖɠ Űɖɠ ɔɏɚɖɠ ɜŬ ŮɑɜŬɘ 

ŮɚɎɢɘůŰɞɠ ůŮ ŮɜŭɘɎɛŮůŮɠ Űɘɛɏɠ pH (5<pH<7). ɇɞ ˊŬɢɨɟŮɡůŰɞ ɡɔɟɧɚɡɛŬ ɛŮŰŬŰɟɏˊŮŰŬɘ 

ůŰŬŭɘŬəɎ ůŮ ɛɑŬ ŮɚŬůŰɘəɐ ɔɏɚɖ. ȼ əɞɟŮůɛɏɜɖ ɔɏɚɖ ŮɑɜŬɘ ɏɜŬ ŭɘűŬůɘəɧ ɡɚɘəɧ ˊɞɡ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞɜ ůŰŮɟŮɧ ˊɡɟɘŰɘəɧ ůəŮɚŮŰɧ əŬɘ Űɖɜ ˊŬɔɘŭŮɡɛɏɜɖ ɡŭɎŰɘɜɖ űɎůɖ. ɇɞ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ əɞəəɩŭŮɠ ɏŭŬűɞɠ ŬɜŬˊŰɨůůŮɘ ɏɜŬ Ůɑŭɞɠ ůɡɜŮəŰɘəɧŰɖŰŬɠ ɛŮŰɎ Űɞɜ 

ůɢɖɛŬŰɘůɛɧ Űɖɠ ɔɏɚɖɠ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ. ȼ əɞɚɚɞŮɘŭɐɠ ˊɡɟɘŰɑŬ ŭɘɞɢŮŰŮɨŮŰŬɘ ɞɛɞɘɧɛɞɟűŬ 

ůŰɞ ŮŭŬűɘəɧ ɡɚɘəɧ əŬɘ əŬɚɨˊŰŮɘ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ əɧəəɤɜ ˊɟɞůŭɑŭɞɜŰŬɠ Űɘɠ 

ŮɡŮɟɔŮŰɘəɏɠ Űɖɠ ɘŭɘɧŰɖŰŮɠ ůŮ ɧɚɖ Űɖɜ ɏəŰŬůɖ Űɞɡ ɡɚɘəɞɨ.  

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ, ɛɑŬ ůŮɘɟɎ Ŭˊɧ ŭɞəɘɛɏɠ ůɡɛˊɘŮůɧɛŮŰɟɞɡ 

ŮəŰŮɚɏůŰɖəŬɜ ůŮ űɡůɘəɏɠ əŬɘ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŮɠ Ɏɛɛɞɡɠ ɀ31, Longstone əŬɘ 

Fontainebleau. ɇŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ ŮɛɓɎˊŰɘůɖ ɝɖɟɞɨ 

ŮŭŬűɘəɞɨ ɡɚɘəɞɨ ɛɏůŬ ůŰɞ ˊɚɖɟɤɛɏɜɞ ɛŮ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ŭŬɢŰɡɚɑŭɘ 

ůŰŮɟŮɞˊɞɑɖůɖɠ əŬɘ űɞɟŰɑůŰɖəŬɜ ɛŮ ɡɣɖɚɏɠ ŰɎůŮɘɠ (ɏɤɠ 14 MPa ˊŮɟɑˊɞɡ). ȼ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞɠ ɀ31 ŮɛűɎɜɘůŮ ɛŮɔŬɚɨŰŮɟɖ ŮɜŭɞůɘɛɧŰɖŰŬ Ŭˊɧ Űɖ űɡůɘəɐ. 

ȷɜŰɑůŰɞɘɢŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭɤůŬɜ əŬɘ ɞɘ ŭɞəɘɛɏɠ ůŰɖɜ Ɏɛɛɞ Fontainebleau. ȷɜŰɑɗŮŰŬ, ůŰɖ 

ɔɤɜɘɩŭɖ Ɏɛɛɞ Longstone, ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ŭŮɜ ŮˊɖɟɏŬůŮ Űɖɜ əŬɗɑɕɖůɖ Űɞɡ ɡɚɘəɞɨ, 

ɞŭɖɔɩɜŰŬɠ ůŰɞ ůɡɛˊɏɟŬůɛŬ ˊɤɠ Űɞ ůɢɐɛŬ Űɞɡ əɧəəɞɡ Űɖɠ Ɏɛɛɞɡ ŮˊɖɟŮɎɕŮɘ Űɖɜ 

ŮɜŭɞůɘɛɧŰɖŰŬ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ɡɚɘəɞɨ. ɉŬɟŬəŰɖɟɘůŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ űŬɑɜɞɜŰŬɘ 

ůŰɞ ɆɢɐɛŬ 1. 
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ɆɢɐɛŬ 1.  ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ůɡɛˊɘŮůɧɛŮŰɟɞɡ ɔɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ (əɧəəɘɜŮɠ əŬɛˊɨɚŮɠ) əŬɘ 

űɡůɘəɎ (ɛˊɚŮ əŬɛˊɨɚŮɠ) ŭɞəɑɛɘŬ Ɏɛɛɞɡ (Ŭ) ɀ31, (ɓ) Longstone əŬɘ (ɔ) Fontainebleau. 

 

ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ, Ůˊɑůɖɠ, ɛɑŬ ůŮɘɟɎ ŭɞəɘɛɩɜ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ ůŮ űɡůɘəɏɠ əŬɘ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŮɠ Ɏɛɛɞɡɠ ɀ31 əŬɘ Longstone. ȼ ɛɏɗɞŭɞɠ ˊŬɟŬůəŮɡɐɠ Űɤɜ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ ɐŰŬɜ ˊŬɟɧɛɞɘŬ ɛŮ ŬɡŰɐɜ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰŬ ŭɞəɑɛɘŬ 

Űɤɜ ŭɞəɘɛɩɜ ůɡɛˊɘŮůɧɛŮŰɟɞɡ. ȼ ŭɘɎŰɛɖůɖ ŮəŰŮɚɏůŰɖəŮ ɛŮ Ůˊɘɓɞɚɐ ůŰŬɗŮɟɐɠ ŰŬɢɨŰɖŰŬɠ 

0,005 mm/min ɔɘŬ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ əŬɘ 0,5 mm/min ɔɘŬ ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ. ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ůɢŮŭɘɎɕɞɜŰŬɘ ɤɠ əŬɛˊɨɚŮɠ ɚɧɔɞɡ ŰɎůŮɤɜ Ű/ůôv ï ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ 

əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ. ȼ ɓŬůɘəɐ ŭɘŬűɞɟɎ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ əŬɘ Űɞɡ űɡůɘəɞɨ ŮŭŬűɘəɞɨ ŭɞəɘɛɑɞɡ ŮɑɜŬɘ ɧŰɘ Űɞ ˊɟɩŰɞ ŮɛűŬɜɑɕŮɘ 

Ŭɡɝɖɛɏɜɖ ŬɜŰɞɢɐ ůŮ ŭɘɎŰɛɖůɖ əŬɗɩɠ əŬɘ ɛŮɔŬɚɨŰŮɟɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ əŬɘ ůɡɜɞɚɘəɐ 

ŭɘŬůŰɞɚɐ. ȼ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɖɠ 

űɧɟŰɘůɖɠ, ɖ Ŭɨɝɖůɖ Űɖɠ ɞˊɞɑŬɠ ůɡɜŮˊɎɔŮŰŬɘ ɛŮɑɤůɖ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ əŬɘ Űɖɠ 

ŭɘŬůŰɞɚɐɠ Űɞɡ ɡɚɘəɞɨ. ȷɡŰɧ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ, ɖ ˊŮɟɘɓɎɚɚɞɡůŬ ŬůŰɞɢɑŬɠ ɜŬ ŮɑɜŬɘ ɛɘŬ 

əŬɛˊɨɚɖ ɔɟŬɛɛɐ. ɇɏɚɞɠ, ˊŬɟŬŰɖɟɐɗɖəŮ ˊɤɠ ɖ Ŭˊɧəɟɘůɖ Űɖɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ 

ŭŮɜ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ůɢɐɛŬ Űɤɜ əɧəəɤɜ Űɖɠ Ɏɛɛɞɡ, ˊŬɟɎ ɛɧɜɞ əŬŰɎ Űɖɜ əɟɑůɘɛɖ 

əŬŰɎůŰŬůɖ. ɉŬɟŬəŰɖɟɘůŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ űŬɑɜɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 2. 
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ɆɢɐɛŬ 2. ȹɘŬɔɟɎɛɛŬŰŬ Ű/ůôv - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ (ŬɟɘůŰŮɟɎ) əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ (ŭŮɝɘɎ) Ŭˊɧ ŭɞəɘɛɏɠ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ Ɏɛɛɞ ɀ31 (əɧəəɘɜŮɠ 

əŬɛˊɨɚŮɠ) əŬɘ ůŮ ɛɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞ ɀ31 (ɛˊɚŮ əŬɛˊɨɚŮɠ). 
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EXTENDED SUMMARY  

In this Diploma Thesis the effect of passive stabilization of non-cohesive soils on their 

subsequent behavior is examined using a stabilizing colloidal substance. This is an 

alternative method for non-invasive and non-disruptive mitigation of liquefaction risk, at 

developed sites susceptible to liquefaction. Colloidal silica is a potential stabilizer because 

it can be injected underneath existing structures and be delivered through the liquefiable 

soil mass using the natural or enhanced groundwater flow. Furthermore, colloidal silica 

grout has a low viscosity and a wide range of controllable gel times. In this Diploma 

Thesis, in order to investigate the effect of colloidal silica on the response of non-cohesive 

soils, oedometer and direct shear tests were performed on treated and untreated M31, 

Longstone and Fontainebleau sands. The main goals of the project are to investigate the 

influence of stabilization with colloidal silica grout on the mechanical behavior of 

saturated fine sands, and to assess how the grain shape and angularity affects their 

response. 

The colloidal silica used in this project, under the commercial LudoxÈ SM brand, is a 

water dispersion (aquasol) of discrete, compact (not porous), spherical particles of 

amorphous silica, with dimensions at the lower end of the colloidal scale. The particles can 

develop, under certain conditions, very strong adhesive and cohesive bonds. The diameter 

of the solid colloidal spheres is 7 nm and their specific surface is equal to 345 m
2 
/ g. The 

LudoxÈ SM sol has a concentration of silicon dioxide SiO2 equal to 30% wt. and is 

stabilized at alkaline pH=10. The stabilizing agent of the sol is sodium oxide Na2O. The 

term ñstabilized soilò means that the soil has formed silica gel inside the pores. The 

chemical reaction of bond formation is called condensation, according to which two 

surface silanol groups SiïOH of two different particles are connected to form a siloxane 

bond SiïOïSi and a water molecule H2O. The condensation reaction, as the term actually 

indicates, leads to contraction of the solid silica phase and expulsion of the liquid phase. 

The factors that affect the condensation rate are very important, as the silica sol is expected 

to be injected into the soil mass, as long as the viscosity is low (lower than 3.5ï4.0 cP). 

After the short period injection time the sol is expected to quickly transform into a gel, 

before it is leached away from the target region. The higher the temperature and the 

concentration of silica and salt, the faster the rate of formation of siloxane bonds is. The 

role of pH is more complicated and its influence is not monotonic and at intermediate 

values of pH (5<pH<7) the gel time is expected to be minimum. The viscous sol 
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progressively turns into an elastic gel. The saturated gel is a two-phase material made of a 

solid silica skeleton which encloses the liquid phase. The stabilized granular soil develops 

some kind of cohesion after the gel formation inside the soil pores. The colloidal silica is 

channeled evenly in the soil and covers the whole surface of the grains offering them its 

beneficial properties.  

As part of this thesis, a series of oedometer tests were conducted on natural and 

stabilized M31, Longstone and Fontainebleau sands. The stabilized specimens were 

produced by pluviation of dry soil material into the oedometer ring filled with silica sol 

and were tested under high pressures (up to approximately 14MPa). The treated M31 sand 

showed increased compressibility in comparison with the untreated. Similar results were 

noticed when testing Fontainebleau sand. On the contrary, stabilizing the angular 

Longstone sand did not affect the settlement of the material, leading to the conclusion, that 

the grain shape plays an important role on the compressibility of a treated specimen. 

Typical test results are shown in Figure 1. 

 

 

Figure 3.  Oedometer test results for treated (red curves) and untreated (blue curves) specimens of 

(a) M31 sand, (b) Longstone sand and (c) Fontainebleau sand. 

(a) 

(c) 

(b) 
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A series of direct shear tests on natural and stabilized M31 and Longstone sand were, 

also, conducted in our laboratory, as part of this dissertation. The preparation method of 

the treated specimens was similar to this used in the oedometer tests. In the shear box 

strain rates of 0.005 mm/min and 0.5 mm/min were applied on the treated and the 

untreated specimens, respectively. The results are depicted as stress ratio Ű/ůôv against 

horizontal displacement and vertical displacement against horizontal displacement curves. 

The main difference between the response of the treated and untreated sand specimen is 

that the former one shows higher peak strength, dilatancy rate and final dilation than the 

latter. The mechanical behavior of the treated sand depends on the stress level, the increase 

of which results in lower peak strength and dilation of the material. Finally, it was noticed 

that the grain shape does not affect the response of the treated sand, except during the 

critical state. Typical test results are illustrated in Figure 2. 

 

Figure 2.  Stress ratio Ű/ůôv against horizontal displacement curves (left) and vertical displacement 

against horizontal displacement curves (right) from direct shear tests on treated (red curves) and 

untreated (blue curves) M31 sand specimens. 
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ȿɑůŰŬ Ɇɡɛɓɧɚɤɜ 

c Ɇɡɜɞɢɐ cohesion 

D50 ȹɘɎɛŮŰɟɞɠ ɛɏůɞɡ əɧəəɞɡ mean particle size 

Dr ɆɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ relative density 

e ȹŮɑəŰɖɠ ˊɧɟɤɜ void ratio after consolidation 

emax ɀɏɔɘůŰɞɠ ŭŮɑəŰɖɠ ˊɧɟɤɜ maximum void ratio 

emin ȺɚɎɢɘůŰɞɠ ŭŮɑəŰɖɠ ˊɧɟɤɜ minimum void ratio 

Gs Ⱥɘŭɘəɧ ɓɎɟɞɠ specific gravity 

Ůvol ɃɔəɞɛŮŰɟɘəɐ ˊŬɟŬɛɧɟűɤůɖ volumetric strain 

ů'v0 ȷɟɢɘəɐ əŬŰŬəɧɟɡűɖ ŮɜŮɟɔɧɠ ŰɎůɖ initial normal effective stress 

ů'v ȾŬŰŬəɧɟɡűɖ ŮɜŮɟɔɧɠ ŰɎůɖ current normal effective stress 

ů'vp 
ȾŬŰŬəɧɟɡűɖ ŮɜŮɟɔɧɠ ŰɎůɖ əŬŰɎ 

Űɖɜ əɞɟɡűŬɑŬ ŬɜŰɞɢɐ 
normal effective stress at peak strength 

ů'vu 
ȾŬŰŬəɧɟɡűɖ ŮɜŮɟɔɧɠ ŰɎůɖ əŬŰɎ 

Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ 

normal effective stress at ultimate 

strength 

Ű ȹɘŬŰɛɖŰɘəɐ ŰɎůɖ shear stress 

Űp 
ȹɘŬŰɛɖŰɘəɐ ŰɎůɖ əŬŰɎ Űɖɜ 

əɞɟɡűŬɑŬ ŬɜŰɞɢɐ 
shear stress at peak strength 

Űu 
ȹɘŬŰɛɖŰɘəɐ ŰɎůɖ əŬŰɎ Űɖɜ əɟɑůɘɛɖ 

əŬŰɎůŰŬůɖ 
shear stress at ultimate strength 

űu 
ũɤɜɑŬ Űɟɘɓɐɠ əŬŰɎ Űɖɜ əɟɑůɘɛɖ 

əŬŰɎůŰŬůɖ 

angle of shearing resistance at ultimate 

strength 

űp 
ũɤɜɑŬ Űɟɘɓɐɠ əŬŰɎ Űɖɜ əɞɟɡűŬɑŬ 

ŬɜŰɞɢɐ 

angle of shearing resistance at peak 

strength 
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1 ȺȽɆȷũɋũȼ 

 

1.1. ȷɜŰɘəŮɑɛŮɜɞ Űɖɠ ɏɟŮɡɜŬɠ 

Ƀ əɑɜŭɡɜɞɠ ŬůŰɞɢɑŬɠ ɛɖ ůɡɜŮəŰɘəɩɜ əɞəəɤŭɩɜ ŮŭŬűɘəɩɜ ůɢɖɛŬŰɘůɛɩɜ Ŭˊɧ 

ɟŮɡůŰɞˊɞɑɖůɖ, ůɡɜɐɗɖɠ ŬˊɧɟɟɞɘŬ Űɤɜ ůŮɘůɛɘəɩɜ ŭɞɜɐůŮɤɜ, ŮɑɜŬɘ ɛŮɑɕɤɜ əŬɘ ɢɟɐɕŮɘ 

ŬɜŰɘɛŮŰɩˊɘůɖɠ. ɇɘɠ ŰŮɚŮɡŰŬɑŮɠ ŭŮəŬŮŰɑŮɠ, ɏɢɞɡɜ ˊɟɞŰŬɗŮɑ ˊɞɚɚɏɠ ɛɏɗɞŭɞɘ ɛŮŰɟɘŬůɛɞɨ 

ŬɡŰɞɨ Űɞɡ űŬɘɜɞɛɏɜɞɡ, ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ Ůə Űɤɜ ɞˊɞɑɤɜ Ŭűɞɟɞɨɜ Űɖɜ ˊŬɗɖŰɘəɐ 

ůŰŬɗŮɟɞˊɞɑɖůɖ Űɞɡ ŮŭɎűɞɡɠ. ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɏɢŮɘ ɤɠ ŬɜŰɘəŮɑɛŮɜɞ Űɖɜ 

ˊŬɗɖŰɘəɐ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ Ŭɛɛɤŭɩɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ. ȼ 

ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ ɟŮɡůŰɞˊɞɘɐůɘɛɤɜ ŮŭŬűɩɜ ɛŮ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ 

ŬˊɞŰŮɚŮɑ ɛɘŬ ŮɜŬɚɚŬəŰɘəɐ ɛɏɗɞŭɞ ˊŮɟɘɞɟɘůɛɞɨ Űɞɡ əɘɜŭɨɜɞɡ ɟŮɡůŰɞˊɞɑɖůɖɠ, ůŮ ˊŮɟɘɞɢɏɠ 

ɛŮ ŮɡŬɑůɗɖŰŮɠ ůŮ ɟŮɡůŰɞˊɞɑɖůɖ ɡˊɞŭɞɛɏɠ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɏɜŬɜ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɞ 

ůŰŬɗŮɟɞˊɞɘɖŰɐ, ɛɘŬɠ əŬɘ ɛˊɞɟŮɑ ɜŬ ŮɘůˊɘɏɕŮŰŬɘ əɎŰɤ Ŭˊɧ ɡűɘůŰɎɛŮɜŮɠ əŬŰŬůəŮɡɏɠ əŬɘ ɜŬ 

ŭɘɞɢŮŰŮɨŮŰŬɘ ůŰɖ ɟŮɡůŰɞˊɞɘɐůɘɛɖ ŮŭŬűɘəɐ ɛɎɕŬ ɛɏůɤ űɡůɘəɐɠ ɐ ŰŮɢɜɖŰɐɠ ɟɞɐɠ Űɞɡ 

ɡˊɞɔŮɑɞɡ ɜŮɟɞɨ (ɆɢɐɛŬ 1.1). ȺˊɘˊɟɧůɗŮŰŬ, Űɞ ɡɔɟɧɚɡɛŬ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ɏɢŮɘ 

ɛɘəɟɧ ɘɝɩŭŮɠ əŬɘ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ ŮɚŮɔɢɧɛŮɜɞɡ ɢɟɧɜɞɡ ˊɐɝɖɠ (Gallagher (2000)). ɇɞ 

ɛŮɔŬɚɨŰŮɟɞ ˊɚŮɞɜɏəŰɖɛŬ Űɖɠ ɛŮɗɧŭɞɡ, ůŮ ůɢɏůɖ ɛŮ ɎɚɚŮɠ ɛŮɗɧŭɞɡɠ ŬˊɞəŬŰɎůŰŬůɖɠ əŬɘ 

Ɏɛɓɚɡɜůɖɠ Űɞɡ əɘɜŭɨɜɞɡ ɟŮɡůŰɞˊɞɑɖůɖɠ, ŮɑɜŬɘ Űɞ ɢŬɛɖɚɧ əɧůŰɞɠ.  

 

ɆɢɐɛŬ 1.1  ɄŬɗɖŰɘəɐ ůŰŬɗŮɟɞˊɞɑɖůɖ ŮŭɎűɞɡɠ ɔɘŬ Űɖɜ Ɏɛɓɚɡɜůɖ Űɞɡ əɘɜŭɨɜɞɡ ɟŮɡůŰɞˊɞɑɖůɖɠ. 

Ʉɖɔɐ: Gallagher (2000). 
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1.2. ɆŰɧɢɞɘ Űɖɠ ɏɟŮɡɜŬɠ 

Ƀɘ ɓŬůɘəɞɑ ůŰɧɢɞɘ Űɖɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɖ ɛŮɚɏŰɖ Űɖɠ Ůˊɘɟɟɞɐɠ Űɖɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ ɛŮ 

əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ ůŰɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɚŮˊŰɧəɞəəɤɜ Ŭɛɛɤŭɩɜ ɡɚɘəɩɜ, ŬɚɚɎ əŬɘ 

ˊɤɠ Űɞ ůɢɐɛŬ əŬɘ Űɞ ɛɏɔŮɗɞɠ Űɤɜ əɧəəɤɜ Űɞɡɠ ŮˊɖɟŮɎɕŮɘ Űɖɜ Ŭˊɧəɟɘůɖ Űɞɡɠ. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ, ŮəŰŮɚɏůŰɖəŬɜ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ əŬɘ űɡůɘəɎ ŭɞəɑɛɘŬ Ɏɛɛɤɜ ɀ31, 

Longstone əŬɘ Fontainebleau ŭɞəɘɛɏɠ: 

1. ɆɡɛˊɘŮůɧɛŮŰɟɞɡ, ɛŮ ůəɞˊɧ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ŮɜŭɞůɘɛɧŰɖŰŬɠ Űɤɜ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ Ɏɛɛɞɡ əŬɘ ůɨɔəɟɘůɖ Űɖɠ ɛŮ ŬɡŰɐ Űɤɜ űɡůɘəɩɜ. 

2. ȷˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ, ɛŮ ůəɞˊɧ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ŭɘŬŰɛɖŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ 

Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ əŬɘ Űɤɜ űɡůɘəɩɜ ŭɞəɘɛɑɤɜ Ɏɛɛɞɡ, əŬɗɩɠ əŬɘ Űɖ 

ůɨɔəɟɘůɖ Űɖɠ Ŭˊɧəɟɘůɖɠ Űɞɡɠ əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ. 

1.3. ȹɞɛɐ Űɖɠ ŮɟɔŬůɑŬɠ 

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŬˊɞŰŮɚŮɑŰŬɘ ůɡɜɞɚɘəɎ Ŭˊɧ ɞəŰɩ əŮűɎɚŬɘŬ, 

ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɞɡ Űɞɡ ˊŬɟɧɜŰɞɠ. ȺˊɘɔɟŬɛɛŬŰɘəɎ: 

ɆŰɞ ȾŮűɎɚŬɘɞ 2 ŬɜŬˊŰɨůůŮŰŬɘ, ůɡɜɞˊŰɘəɎ, ɖ ŮˊɘůŰɐɛɖ Űɤɜ əɞɚɚɞŮɘŭɩɜ, ŮˊŮɝɖɔɞɨɜŰŬɘ 

ɓŬůɘəɞɑ ɢɖɛɘəɞɑ ɧɟɞɘ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ŮɟɔŬůɑŬ əŬɘ ŬɜŬɚɨɞɜŰŬɘ ɛŮɟɘəɏɠ 

űɡůɘəɞɢɖɛɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ əŬɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɔɟɞɚɨɛŬŰɞɠ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 3 ŬɜŬɚɨŮŰŬɘ ɖ ɓɘɓɚɘɞɔɟŬűɘəɐ Ůˊɘůəɧˊɖůɖ ůŮ ˊŬɚŬɘɧŰŮɟŮɠ ɛŮɚɏŰŮɠ, ɞɘ 

ɞˊɞɑŮɠ əŬŰɎ əɨɟɘɞ ɚɧɔɞ Ŭűɞɟɞɨɜ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ Ŭɛɛɤŭɩɜ ɡɚɘəɩɜ 

əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ, Űɞɡɠ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖ ɛɖɢŬɜɘəɐ Űɞɡɠ ůɡɛˊŮɟɘűɞɟɎ 

əŬɗɩɠ əŬɘ Űɖɜ Ůˊɘɟɟɞɐ Űɖɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ ůŰɖɜ ŮŭŬűɘəɐ Ŭˊɧəɟɘůɖ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 4 ˊŮɟɘɔɟɎűɞɜŰŬɘ ŬɜŬɚɡŰɘəɎ ŰŬ űɡůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ŮŭŬűɘəɩɜ 

ɡɚɘəɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɘɠ ŭɞəɘɛɏɠ, əŬɗɩɠ əŬɘ ɞɘ ŭɘŬŭɘəŬůɑŮɠ ˊɞɡ 

ŬəɞɚɞɡɗɐɗɖəŬɜ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡɠ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 5 ˊŮɟɘɔɟɎűŮŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ ŮəŰɏɚŮůɖɠ Űɖɠ ŭɞəɘɛɐɠ ɛɞɜɞŭɘɎůŰŬŰɖɠ 

ůɡɛˊɑŮůɖɠ, ɞ Űɟɧˊɞɠ ˊŬɟŬůəŮɡɐɠ Űɤɜ ŭɞəɘɛɑɤɜ əŬɗɩɠ əŬɘ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ůɡůəŮɡɐɠ. 

ɄŬɟŬŰɑɗŮɜŰŬɘ əŬɘ ˊŮɟɘɔɟɎűɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɩɜ əŬɘ ɔɑɜŮŰŬɘ ɖ ˊɟɞůˊɎɗŮɘŬ 

ŮɟɛɖɜŮɑŬɠ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡɠ. 

 ɆŰɞ ȾŮűɎɚŬɘɞ 6 ˊŮɟɘɔɟɎűŮŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ ŮəŰɏɚŮůɖɠ Űɖɠ ŭɞəɘɛɐɠ Ŭˊô ŮɡɗŮɑŬɠ 

ŭɘɎŰɛɖůɖɠ əŬɘ ŮˊŮɝɖɔŮɑŰŬɘ, Ůˊɑůɖɠ, ɞ Űɟɧˊɞɠ ˊŬɟŬůəŮɡɐɠ Űɤɜ ŭɞəɘɛɑɤɜ əŬɘ ɞ Űɟɧˊɞɠ 
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ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ůɡůəŮɡɐɠ. ȷɜŬɚɨɞɜŰŬɘ əŬɘ ůɢɞɚɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɩɜ 

əŬɘ ŮˊɘɢŮɘɟŮɑŰŬɘ ɖ ůɨɔəɟɘůɖ əŬɘ ɖ ŮɟɛɖɜŮɑŬ Űɞɡɠ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 7 ˊŬɟŬŰɑɗŮɜŰŬɘ ŰŬ ůɡɛˊŮɟɎůɛŬŰŬ Űɘɠ ŮɟɔŬůɑŬɠ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 8 ˊŮɟɘɚŬɛɓɎɜŮŰŬɘ ɖ ɓɘɓɚɘɞɔɟŬűɑŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ɏɟŮɡɜŬɠ. 

ɇɏɚɞɠ, ůɡɛˊŮɟɘɚŬɛɓɎɜŮŰŬɘ ˊŬɟɎɟŰɖɛŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɧɚɤɜ Űɤɜ ŭɞəɘɛɩɜ ˊɞɡ 

ŮəŰŮɚɏůŰɖəŬɜ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ. 
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2 ȾɃȿȿɃȺȽȹȼɆ ɄɈɅȽɇȽȷ 

 

2.1. ȺˊɘůŰɐɛɖ Űɤɜ ȾɞɚɚɞŮɘŭɩɜ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŮɜɧŰɖŰŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ ȺˊɘůŰɐɛɖɠ Űɤɜ ȾɞɚɚɞŮɘŭɩɜ 

əŬɗɩɠ əŬɘ ɖ əɚɑɛŬəŬ Űɤɜ ɛŮɔŮɗɩɜ ůŰɖɜ ɞˊɞɑŬ ŮɝŮɚɑůůɞɜŰŬɘ ŰŬ əɞɚɚɞŮɘŭɐ űŬɘɜɧɛŮɜŬ. 

ȺˊŮɝɖɔɞɨɜŰŬɘ, Ůˊɑůɖɠ əɎˊɞɘɞɘ ɢɟɐůɘɛɞɘ ɢɖɛɘəɞɑ ɧɟɞɘ əŬɘ ŬɜŬɚɨɞɜŰŬɘ ŰŬ Ůɑŭɖ Űɖɠ 

əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ. ɆŰɖɜ ŮˊɧɛŮɜɖ ŮɜɧŰɖŰŬ (2.2), ɔɑɜŮŰŬɘ ɚɧɔɞɠ ɔɘŬ Űɘɠ űɡůɘəɞɢɖɛɘəɏɠ 

Űɞɡɠ ɘŭɘɧŰɖŰŮɠ əŬɘ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŭɘŬŭɘəŬůɑŮɠ. 

2.1.1. ȼ əɞɚɚɞŮɘŭɐɠ əɚɑɛŬəŬ ɛŮɔŮɗɩɜ 

ȼ əɞɚɚɞŮɘŭɐɠ ŮˊɘůŰɐɛɖ ɛŮɚŮŰɎ ŰŬ ɞɛɞɔŮɜɐ ůɡůŰɐɛŬŰŬ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɛɘəɟɞůəɞˊɘəɎ 

ůɤɛŬŰɑŭɘŬ ɛɘŬɠ ɢɖɛɘəɐɠ ɞɡůɑŬɠ, ɞɛɞɘɧɛɞɟűŬ ŭɘŬůəɞɟˊɘůɛɏɜŬ ɛɏůŬ ůŮ ɛɘŬ Ɏɚɚɖ, əŬɘ ˊɞɡ 

ˊŬɟŬɛɏɜɞɡɜ ɛɖ ŬɜŬɛɑɝɘɛŬ (ɉŬŰɕɖɘɤɎɜɜɞɡ (1993)). ȾɞɚɚɞŮɘŭɐ  ůɤɛŬŰɑŭɘŬ ɗŮɤɟɞɨɜŰŬɘ 

ɧůŬ ɏɢɞɡɜ ɛɏɔŮɗɞɠ ɛɘəɟɧŰŮɟɞ Ŭˊɧ 1 ɛm əŬɘ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ 1 nm, ɏŰůɘ ɩůŰŮ ɜŬ ɛɖɜ 

ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ Űɘɠ ɓŬɟɡŰɘəɏɠ ŭɡɜɎɛŮɘɠ. ɇŬ əɞɚɚɞŮɘŭɐ ůɡůŰɐɛŬŰŬ ŭɘŬűɞɟɞˊɞɘɞɨɜŰŬɘ 

Ŭˊɧ ŰŬ ŬɘɤɟɐɛŬŰŬ, ůŰŬ ɞˊɞɑŬ ŰŬ ŬɘɤɟɞɨɛŮɜŬ ůɤɛŬŰɑŭɘŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŬɟəŮŰɎ ɛŮɔɎɚŬ 

(>1000 nm) əŬɘ Ŭˊɧ ŰŬ ́ɟŬɔɛŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ. ɇŬ ůɤɛŬŰɑŭɘŬ ŬɡŰɎ ɛˊɞɟŮɑ ɜŬ ɏɢɞɡɜ ɛɑŬ, 

ŭɨɞ ɐ ŰɟŮɑɠ ŭɘŬůŰɎůŮɘɠ ůŰɖɜ əɚɑɛŬəŬ Űɤɜ əɞɚɚɞŮɘŭɩɜ əŬɘ ɜŬ ŮɑɜŬɘ ŭɘŬəɟɘŰɎ, ɧˊɤɠ, ɔɘŬ 

ˊŬɟɎŭŮɘɔɛŬ, ɏɜŬ ˊɚɐɗɞɠ ůəŮŭŬůɛɏɜɤɜ ůɤɛŬŰɘŭɑɤɜ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ɛɏůŬ ůŰɞɜ 

ɡŭɎŰɘɜɞ ŭɘŬůˊɞɟɏŬ, ɐ ɛɖ ŭɘŬəɟɘŰɎ, ɧˊɤɠ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɏɜŬ ůɡɜŮɢɏɠ ŭɑəŰɡɞ Ŭˊɧ 

ŭɘŬůɡɜŭŮɛɏɜŬ əɞɚɚɞŮɘŭɐ ůɤɛŬŰɑŭɘŬ ˊɡɟɘŰɑŬɠ. ɇŬ ɎŰɞɛŬ Ůɜɧɠ əɞɚɚɞŮɘŭɞɨɠ ůɤɛŬŰɘŭɑɞɡ 

ɛˊɞɟŮɑ ɜŬ ŭɘŬŰɎůůɞɜŰŬɘ ůŮ əɟɡůŰŬɚɚɘəɐ ɐ Ɏɛɞɟűɖ ŭɞɛɐ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.1. 

Ƀɘ ɛɘəɟɞůəɞˊɘəɏɠ ŭɘŬůŰɎůŮɘɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ əŬŰɎůŰŬůɖɠ 

ɡˊɞŭɖɚɩɜɞɡɜ ŰŮɟɎůŰɘɞɡɠ ɚɧɔɞɡɠ ŮˊɘűɎɜŮɘŬɠ/ɧɔəɞɡ ɐ ŮˊɘűɎɜŮɘŬɠ/ ɛɎɕŬɠ. ȷɡŰɎ, ɚɞɘˊɧɜ, ŰŬ 

ůɤɛŬŰɑŭɘŬ ŬɚɚɖɚŮˊɘŭɟɞɨɜ ɛŮ ɏɜŬ ɘŭɘŬɑŰŮɟɞ Űɟɧˊɞ ˊɞɡ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ 

ŮˊɘűŬɜŮɘɩɜ əŬɘ Űɤɜ ŭɘŮˊɘűŬɜŮɘɩɜ. Ƀɘ ŭɡɜɎɛŮɘɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ŮɑɜŬɘ əɡɟɑɤɠ 

ɖɚŮəŰɟɞůŰŬŰɘəɏɠ (ŬˊɤůŰɘəɏɠ) ɚɧɔɤ Űɖɠ űɞɟŰɘůɛɏɜɖɠ ůŰɟɩůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡɠ əŬɘ 

ŭɡɜɎɛŮɘɠ Űɨˊɞɡ Van der Waals (ŮɚəŰɘəɏɠ) ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ŮɝŬɘŰɑŬɠ Űɖɠ ɛɧɜɘɛɖɠ ɐ 

ˊŬɟɞŭɘəɐɠ ˊɧɚɤůɖɠ. ȳŰŬɜ ɡˊŮɟŰŮɟɞɨɜ ɞɘ ˊɟɩŰŮɠ ŰŬ ůɤɛŬŰɑŭɘŬ ˊŬɟŬɛɏɜɞɡɜ ůəŮŭŬůɛɏɜŬ 

ůŰɞɜ ɡɔɟɧ ŭɘŬůˊɞɟɏŬ (ɡɔɟɧɚɡɛŬ), Ůɜɩ ɧŰŬɜ ɡˊŮɟŰŮɟɞɨɜ ɞɘ ŭŮɨŰŮɟŮɠ ŰŬ ůɤɛŬŰɑŭɘŬ 

ůɡɜŮɜɩɜɞɜŰŬɘ əŬɘ Űɞ ɡɔɟɧɚɡɛŬ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɔɏɚɖ. ȼ ůɡɜɎűŮɘŬ Űɖɠ ɔɏɚɖɠ (ˊɞɡ ɏɢŮɘ 
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ůɢɖɛŬŰɘůŰŮɑ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ŮŭɎűɞɡɠ) ɛŮ Űɞɡɠ əɧəəɞɡɠ Űɞɡ ŮŭŬűɘəɞɨ ůɢɖɛŬŰɘůɛɞɨ 

ˊɟɞůŭɑŭŮɘ ɏɜŬ Ůɑŭɞɠ ůɡɜŮəŰɘəɧŰɖŰŬɠ ůŰɖɜ ŮŭŬűɘəɐ ɛɎɕŬ əŬɘ Űɖɜ ˊɟɞůŰŬŰŮɨŮɘ Ŭˊɧ Űɖɜ 

əŬŰɎɟɟŮɡůɖ ɚɧɔɤ ůŮɘůɛɘəɐɠ ɟŮɡůŰɞˊɞɑɖůɖɠ. 

 

ɆɢɐɛŬ 2.1  ȾɟɡůŰŬɚɚɘəɐ əŬɘ Ɏɛɞɟűɖ ŭɘɎŰŬɝɖ Űɖɠ ɓŬůɘəɐɠ ŰŮŰɟŬŮŭɟɘəɐɠ ŭɞɛɘəɐɠ ɘɞɜŰɘəɐɠ ɛɞɜɎŭŬɠ 

[SiO4]
4-
.  Ʉɖɔɐ: Bergna əŬɘ Roberts (2006). 

 

2.1.2. ɃɟɞɚɞɔɑŬ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŬɜŬűɏɟɞɜŰŬɘ ɢɖɛɘəɞɑ ɧɟɞɘ, ŮɑŰŮ ůŰɖɜ Ůɚɚɖɜɘəɐ ŮɑŰŮ 

ůŰɖɜ Ŭɔɔɚɘəɐ ɔɚɩůůŬ, ɞˊɧŰŮ ɗŮɤɟɐɗɖəŮ ŬˊŬɟŬɑŰɖŰɖ ɖ ŮˊŮɝɐɔɖůɖ əŬɘ ɖ  ŬˊɞůŬűɐɜɘůɖ 

ŬɡŰɩɜ Űɤɜ ɧɟɤɜ. ɀŮ Űɞɜ ɧɟɞ ñɡɔɟɧɚɡɛŬò ɐ ñsolò ŬɜŬűŮɟɧɛŬůŰŮ ůŮ ɛɑŬ ůŰŬɗŮɟɐ 

ŭɘŬůˊɞɟɎ ůŰŮɟŮɩɜ əɞɚɚɞŮɘŭɩɜ ůɤɛŬŰɘŭɑɤɜ ůŮ ɡɔɟɧ ŭɘŬůˊɞɟɏŬ. ȳŰŬɜ ɞ ɡɔɟɧɠ ŭɘŬůˊɞɟɏŬɠ 

ŮɑɜŬɘ Űɞ ɜŮɟɧ ŰɧŰŮ Űɞ ɡɔɟɧɚɡɛŬ ɞɜɞɛɎɕŮŰŬɘ ñaquasolò ɐ ñhydrosolò Ůɜɩ ɧŰŬɜ ŮɑɜŬɘ 

ɞɟɔŬɜɘəɧɠ ɖ ŭɘŬůˊɞɟɎ ɞɜɞɛɎɕŮŰŬɘ ñorganosolò (Bergna əŬɘ Roberts (2006)).  ũɏɚɖ ɐ ñgelò 

ɞɜɞɛɎɕŮŰŬɘ Űɞ ůɨůŰɖɛŬ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ůɡɜŮɢɐ ůŰŮɟŮɧ ůəŮɚŮŰɧ, ɞ ɞˊɞɑɞɠ 

ůɡɜŰɑɗŮŰŬɘ Ŭˊɧ əɞɚɚɞŮɘŭɐ ůɤɛŬŰɑŭɘŬ ɐ ˊɞɚɡɛŮɟɐ əŬɘ ˊŮɟɘɓɎɚɚŮɘ ɛɘŬ ůɡɜŮɢɐ ɡɔɟɐ űɎůɖ, 

ŭɖɚŬŭɐ ˊŮɟɘɏɢŮɘ ˊɧɟɞɡɠ ůŰɖ ɛɎɕŬ Űɖɠ. Ƀɘ ˊɧɟɞɘ ŬɡŰɞɑ ŮɑɜŬɘ ŬɟɢɘəɎ ɔŮɛɎŰɞɘ ɛŮ ɡɔɟɧ 

ŭɘŬůˊɞɟɏŬ əŬɘ ɛŮ əɎˊɞɘŬ ˊɞůɧŰɖŰŬ ŬɘɤɟɞɨɛŮɜɖɠ əɞɚɚɞŮɘŭɞɨɠ ɞɡůɑŬɠ, ˊɞɡ ŭŮɜ ɏɢŮɘ ŮɜɤɗŮɑ 

ŬəɧɛŬ ɛŮ Űɖɜ ůŰŮɟŮɐ ůəŮɚŮŰɘəɐ ŭɞɛɐ, əŬɘ  əŬŰɎ Űɖɜ ˊɐɝɖ ɐ ñgelationò ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɏɜŬ 

ɛŮɛɞɜɤɛɏɜɞ, ɛŮɔɎɚɞ ůɨɛˊɚŮɔɛŬ Ŭɚɡůɑŭɤɜ ůŮ ŬɜŰɑɗŮůɖ ɛŮ ɎɚɚŮɠ ŭɘŬŭɘəŬůɑŮɠ 

ůɡůůɤɛɎŰɤůɖɠ ɧˊɤɠ ɖ əɟɞəɑŭɤůɖ, ɧˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ɛɖ ůɡɜŭŮŭŮɛɏɜŬ 

ůɡůůɤɛŬŰɩɛŬŰŬ ŰŬ ɞˊɞɑŬ əŬɗɘɕɎɜɞɡɜ. ȼ ɝɐɟŬɜůɖ Űɖɠ ɔɏɚɖɠ ɛɏůɤ ŮɝɎŰɛɘůɖɠ ɡˊɧ 

ůɡɜɐɗŮɘɠ ůɡɜɗɐəŮɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ˊɑŮůɖɠ ɛŮŰŬŰɟɏˊŮɘ Űɖ ɔɏɚɖ ůŮ ɝɖɟɞ-ɔɏɚɖ ɐ 

ñxerogelò. ȼ ɝɖɟɞ-ɔɏɚɖ ɛŮɘɩɜŮɘ Űɞɜ ɧɔəɞ Űɖɠ 5 ɏɤɠ 10 űɞɟɏɠ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ɡɔɟɐ ɔɏɚɖ. 
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ȼ ůɡɟɟɑəɜɤůɖ ɞűŮɑɚŮŰŬɘ ůŰɘɠ ŰɟɘɢɞŮɘŭŮɑɠ ŭɡɜɎɛŮɘɠ ˊɞɡ ŬůəɞɨɜŰŬɘ ůŰɞɜ ůəŮɚŮŰɧ əŬɘ Űɞɜ 

ůɡɛˊɘɏɕɞɡɜ əŬɗɩɠ ɖ ɡɔɟɐ űɎůɖ ŮɔəŬŰŬɚŮɑˊŮɘ Űɞɡɠ ˊɧɟɞɡɠ. ȼ ɝɖɟɞ-ɔɏɚɖ ˊŮɟɘɏɢŮɘ ŬəɧɛŬ 

ɛɑŬ ˊɞůɧŰɖŰŬ ɢɖɛɘəɎ ŭŮůɛŮɡɛɏɜɞɡ ɜŮɟɞɨ (Bergna əŬɘ Roberts (2006), Brinker əŬɘ Scherer 

(1990)). ȼ ɝɐɟŬɜůɖ Űɖɠ ɡɔɟɐɠ ɔɏɚɖɠ ůŮ ŬŮɟɞůŰŮɔɐ əɚɑɓŬɜɞ ɡˊɧ ůɡɜɗɐəŮɠ ˊɏɟŬɜ Ŭˊɧ Űɞ 

əɟɑůɘɛɞ ůɖɛŮɑɞ Űɞɡ ɡɔɟɞɨ Űɤɜ ˊɧɟɤɜ ŮɝŬűŬɜɑɕŮɘ Űɖɜ ˊɑŮůɖ Ŭˊɧ ŰɟɘɢɞŮɘŭŮɑɠ ŭɡɜɎɛŮɘɠ əŬɘ 

Ůˊɞɛɏɜɤɠ ˊŮɟɘɞɟɑɕŮɘ Űɖɜ ůɡɟɟɑəɜɤůɖ ɝɐɟŬɜůɖɠ. ɇɞ ˊɟɞɥɧɜ ˊɞɡ ˊɟɞəɨˊŰŮɘ ŬˊɞŰŮɚŮɑŰŬɘ 

əɡɟɑɤɠ Ŭˊɧ ŬɏɟŬ, ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ůŰŮɟŮɐ űɎůɖ Űɖɠ ŰɎɝŮɤɠ 0.10% əŬŰô ɧɔəɞ əŬɘ 

ɞɜɞɛɎɕŮŰŬɘ ŬŮɟɞ-ɔɏɚɖ (aerogel). ȷɝɑɕŮɘ ɜŬ ˊŬɟŬŰɖɟɐůɞɡɛŮ ɧŰɘ ɖ ŮɝŬűɎɜɘůɖ Űɖɠ ˊɘɏůŮɤɠ 

Ŭˊɧ ŰɟɘɢɞŮɘŭŮɑɠ ŭɡɜɎɛŮɘɠ ˊɞɡ ŬɜŬűɏɟŮɘ ɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ˊɏɟŬɜ 

Ŭˊɧ Űɞ əɟɑůɘɛɞ ůɖɛŮɑɞ( P>Pcr əŬɘ T>Tcr) ůŰɞ ŭɘɎɔɟŬɛɛŬ űɎůɖɠ ˊɑŮůɖɠ Pï ɗŮɟɛɞəɟŬůɑŬɠ ɇ 

(ŭɖɚŬŭɐ ɔɘŬ ůŰŬɗŮɟɧ ɧɔəɞ V=ůŰŬɗ.) ɡˊɎɟɢŮɘ ɖ ˊŮɟɘɞɢɐ Űɞɡ ɡˊŮɟəɟɑůɘɛɞɡ ɟŮɡůŰɞɨ. ɆŮ 

ŬɡŰɐɜ Űɖɜ əŬŰɎůŰŬůɖ ɖ ɡɔɟɐ əŬɘ ɖ ŬɏɟɘŬ űɎůɖ ŮɑɜŬɘ ŬŭɘŬɢɩɟɘůŰŮɠ. ɇɞ ɡɚɘəɧ ŰŮɑɜŮɘ ɜŬ 

ŮɘůɏɚɗŮɘ ůŰɖɜ ŬɏɟɘŬ űɎůɖ ɚɧɔɤ ɡɣɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ, ŬɚɚɎ ˊŬɟɎɚɚɖɚŬ ŰŮɑɜŮɘ əŬɘ ˊɟɞɠ 

Űɖɜ ɡɔɟɐ űɎůɖ ɚɧɔɤ Űɖɠ ɡɣɖɚɐɠ ˊɑŮůɖɠ. Ⱥˊɞɛɏɜɤɠ, ɖ ˊɑŮůɖ ɚɧɔɤ Űɤɜ ŰɟɘɢɞŮɘŭɩɜ 

ŭɡɜɎɛŮɤɜ, ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ əŬŰɎ Űɖɜ ɝɐɟŬɜůɖ ɡˊɧ űɡůɘɞɚɞɔɘəɏɠ ůɡɜɗɐəŮɠ, ŮɝŬɚŮɑűŮŰŬɘ 

ɡˊɧ ɡˊŮɟəɟɑůɘɛŮɠ ůɡɜɗɐəŮɠ. 

2.1.3. ɇɞ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ Ludox SM 

ȼ əɞɚɚɞŮɘŭɐɠ ˊɡɟɘŰɑŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɔɘŬ 

Űɖɜ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ ŮŭŬűɘəɩɜ ŭɞəɘɛɑɤɜ ɏɢŮɘ Űɖɜ Ůɛˊɞɟɘəɐ ɞɜɞɛŬůɑŬ LudoxÈ SM 

(ˊɟɞɥɧɜ Űɖɠ Sigma - AldrichÈ) əŬɘ ŮɑɜŬɘ ɛɑŬ ɡŭɎŰɘɜɖ ŭɘŬůˊɞɟɎ ŭɘŬəɟɘŰɩɜ, ůűŬɘɟɘəɩɜ 

ůɤɛŬŰɘŭɑɤɜ Ɏɛɞɟűɖɠ ˊɡɟɘŰɑŬɠ, ɛŮ ɛɏɔŮɗɞɠ 7 nm. ɇŬ ůɤɛŬŰɑŭɘŬ ŮɑɜŬɘ ůɡɛˊŬɔɐ əŬɘ ŭŮɜ 

ŮɛűŬɜɑɕɞɡɜ ˊŮɟɘɞŭɘəɐ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ (Ludox Colloidal Silica brochure (2012)). ȼ 

Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ŮɑɜŬɘ 345 m
2
/g. ɇɞ ɡɔɟɧɚɡɛŬ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ 

ɏɢŮɘ ůɡɔəɏɜŰɟɤůɖ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ SiO2 30% wt. əŬɘ ŮɑɜŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ůŮ 

pH=10 ɛŮ ɢɟɐůɖ Űɞɡ ŬɚəŬɚɘəɞɨ ˊŬɟɎɔɞɜŰŬ ɞɝŮɘŭɑɞɡ Űɞɡ ɜŬŰɟɑɞɡ Na2Ƀ. ɇɞ ɘɝɩŭŮɠ Űɞɡ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ˊɡəɜɞɨ ɡɔɟɞɚɨɛŬŰɞɠ ŮɑɜŬɘ 5.5 cP. ȼ Űɘɛɐ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ 

Űɞɡ ɜŮɟɞɨ, Űɞ ɞˊɞɑɞ ɘůɞɨŰŬɘ ɛŮ 1 cP ůŮ ůɡɜɐɗɖ ɗŮɟɛɞəɟŬůɑŬ. ɀŮŰɎ Űɖɜ ŬɟŬɑɤůɖ Űɞɡ 

ɡɔɟɞɚɨɛŬŰɞɠ, Űɞ ɘɝɩŭŮɠ Űɞɡ ˊŬɑɟɜŮɘ ŬəɧɛŬ ɛɘəɟɧŰŮɟɖ Űɘɛɐ. ɀŮ Űɞɜ ɧɟɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ 

ɡɔɟɧɚɡɛŬ ŮɜɜɞɞɨɛŮ ɧŰɘ ɞɘ ŬˊɤůŰɘəɏɠ ŭɡɜɎɛŮɘɠ ŬˊɞŰɟɏˊɞɡɜ Űɖ ůɡůůɤɛɎŰɤůɖ Űɤɜ 

əɞɚɚɞŮɘŭɩɜ ůűŬɘɟɘŭɑɤɜ əŬɘ Űɖɜ ˊɐɝɖ, Ůɜɩ ɛŮ Űɞɜ ɧɟɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ɏŭŬűɞɠ ŮɜɜɞɞɨɛŮ 

Űɞ ɏŭŬűɞɠ ˊɞɡ ɏɢŮɘ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ɔɏɚɖ ˊɡɟɘŰɑŬɠ. ɇɞ ůɤɛŬŰɑŭɘɞ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ 

ˊɡɟɘŰɑŬɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.2. 
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ɆɢɐɛŬ 2.2  ȹɘůŭɘɎůŰŬŰɖ ŬˊŮɘəɧɜɘůɖ Ůɜɧɠ ůűŬɘɟɘəɞɨ ůɤɛŬŰɘŭɑɞɡ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ. ɇɞ ŰɏŰŬɟŰɞ 

ɞɝɡɔɧɜɞ Űɖɠ ɓŬůɘəɐɠ ŰŮŰɟŬŮŭɟɘəɐɠ ɛɞɜɎŭŬɠ SiO4 ɓɟɑůəŮŰŬɘ ŮəŰɧɠ Űɞɡ Ůˊɘˊɏŭɞɡ Űɖɠ ůŮɚɑŭŬɠ. Ʉɖɔɐ: 

Gallagher (2010) 

 

Ƀɘ Brinker əŬɘ Scherer (1990) ŬɜŬűɏɟɞɡɜ ˊɤɠ əɎɗŮ ɎŰɞɛɞ ˊɡɟɘŰɑɞɡ Si ŰŮɑɜŮɘ ɜŬ 

ŭɖɛɘɞɡɟɔɐůŮɘ ɔɨɟɤ Űɞɡ ŰɏůůŮɟɘɠ ŭŮůɛɞɨɠ ůɘɚɞɝɎɜɖɠ (ſSi-O-Siſ) ɡˊɧ ŮɝɩɗŮɟɛɖ 

ŬɜŰɑŭɟŬůɖ ůɡɛˊɨəɜɤůɖɠ Ůɜɩ ŰŬ ůɤɛŬŰɑŭɘŬ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɞ əɎŰɤ ɧɟɘɞ Űɞɡ 

əɞɚɚɞŮɘŭɞɨɠ Ůɨɟɞɡɠ ɏɢɞɡɜ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ 50% Űɤɜ ŬŰɧɛɤɜ ˊɡɟɘŰɑɞɡ Si ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡɠ, ɞˊɧŰŮ ˊɟɏˊŮɘ ɜŬ ɏɢɞɡɜ ɏɜŬɜ ɐ ˊŮɟɘůůɧŰŮɟɞɡɠ ŭŮůɛɞɨɠ ůɘɚŬɜɧɚɖɠ (ſSi-OH). ȼ 

ŮˊɘűɎɜŮɘŬ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ŬˊɞɓɎɚŮɘ ˊɟɤŰɧɜɘŬ ȼ
+
 əŬɘ 

űɞɟŰɑɕŮŰŬɘ ŬɟɜɖŰɘəɎ ɧŰŬɜ ɞ ŭɘŬůˊɞɟɏŬɠ ŮɑɜŬɘ ŬɚəŬɚɘəɧɠ əŬɘ ŬˊɞɡůɘɎɕɞɡɜ ŰŬ ɎɚŬŰŬ. ȼ 

ɖɚŮəŰɟɞůŰŬŰɘəɐ Ɏˊɤůɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ɚɧɔɤ ŬɡŰɐɠ Űɖɠ ůŰɟɩůɖɠ ŮɝŬůűŬɚɑɕŮɘ Űɖɜ 

ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ŭɘŬůˊɞɟɎɠ. ȼ ŮɚŮɔɢɧɛŮɜɖ ˊɐɝɖ Űɖɠ ŭɘŬůˊɞɟɎɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖ 

ɟɨɗɛɘůɖ Űɞɡ pH əŬɘ Űɖɜ ˊɟɞůɗɐəɖ ŬɚɎŰɤɜ ˊɞɡ ůɡɟɟɘəɜɩɜɞɡɜ Űɖ űɞɟŰɘůɛɏɜɖ ůŰɟɩůɖ. ɇŬ 

ɓŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.1. 

 

ɆɢɐɛŬ 2.3 ɆŮ ŮɜŭɘɎɛŮůŮɠ Űɘɛɏɠ pH Űɞ ɘɧɜ ɡŭɟɞɝɡɚɑɞɡ ɚŮɘŰɞɡɟɔŮɑ ɤɠ əŬŰŬɚɨŰɖɠ ůŰɖɜ ŬɜŰɑŭɟŬůɖ Űɖɠ 

ůɡɛˊɨəɜɤůɖɠ. Ʉɖɔɐ: Brinker əŬɘ Scherer (1990). 
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ɄɑɜŬəŬɠ 2.1.  ȸŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ Ludox-SM. Ʉɖɔɐ: ɇɟɘŬɜŰɎűɡɚɚɞɠ 

(2015). 

 

2.2. ūɡůɘəɞɢɖɛɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ Űɤɜ ɡɔɟɞɚɡɛɎŰɤɜ əŬɘ Űɤɜ ɔŮɚɩɜ 

ˊɡɟɘŰɑŬɠ 

ɆŰɞ ɆɢɐɛŬ 2.4. ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɛŮɟɘəɏɠ ɓŬůɘəɏɠ űɡůɘəɞɢɖɛɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ Űɤɜ ɡɔɟɩɜ 

ŭɘŬˊɞɟɩɜ əŬɘ Űɤɜ ɔŮɚɩɜ. ȼ əɞɚɚɞŮɘŭɐɠ ˊɡɟɘŰɑŬ ŬˊɞŰŮɚŮɑ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ɏɜŬ 

ɘŭɘŬɑŰŮɟŬ ɚŮɘŰɞɡɟɔɘəɧ ɛɏůɞ ůŰŬɗŮɟɞˊɞɑɖůɖɠ, Ŭűɞɨ ɛŮ ůɤůŰɐ ŭɘŬɢŮɑɟɘůɖ, ɛŮŰŬűɞɟɎ əŬɘ 

ŬˊɞɗɐəŮɡůɖ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɖɗŮɑ ůŮ ŮɚŮɔɢɧɛŮɜɖ ˊɐɝɖ.  Ⱥˊɑůɖɠ, ŭɘɞɢŮŰŮɨŮŰŬɘ ŮɨəɞɚŬ ůŰɞ 

ɏŭŬűɞɠ (ŬəɧɛŬ əŬɘ ɡˊɧ ɢŬɛɖɚɐ ɡŭɟŬɡɚɘəɐ əɚɑůɖ) ɚɧɔɤ Űɞɡ ŬɟɢɘəɎ ɢŬɛɖɚɞɨ ɘɝɩŭɞɡɠ Űɖɠ. 

ȰɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ɞŭɖɔɖɗŮɑ ůŮ ŰŬɢŮɑŬ ˊɐɝɖ ɏˊŮɘŰŬ Ŭˊɧ ˊɟɞůɗɐəɖ ŬɚɎŰɤɜ əŬɘ 

ɟɨɗɛɘůɖ Űɞɡ pH Űɖɠ, ŮɝŬůűŬɚɑɕɞɜŰŬɠ ɏŰůɘ Űɖɜ ˊŬɟŬɛɞɜɐ Űɖɠ ůŰɞɡɠ ŮŭŬűɘəɞɨɠ ˊɧɟɞɡɠ, 

ɢɤɟɑɠ ɜŬ əɘɜŭɡɜŮɨŮɘ Ŭˊɧ ŬɜŰɘəŬŰɎůŰŬůɖ Űɖɠ Ŭˊɧ Űɞ ɜŮɟɧ Űɞɡ ɡˊɧɔŮɘɞɡ ɡŭɟɞűɧɟɞɡ 

ɞɟɑɕɞɜŰŬ ɐ Űɖɜ ŬɟŬɑɤůɖ Űɖɠ ɚɧɔɤ ŭɘɎɢɡůɖɠ. 

2.2.1. ɆɡůɢɏŰɘůɖ ŭɘŬŭɘəŬůɘɩɜ ɛŮ Űɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ɟŮɡůŰɞˊɞɘɐůɘɛɤɜ ŮŭŬűɩɜ 

ȼ ɔɏɚɖ ŬˊɞŰŮɚŮɑ ɏɜŬ ŭɘűŬůɘəɧ əŬɘ, ůŮ əɎˊɞɘŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ŰɟɘűŬůɘəɧ ɡɚɘəɧ. 

ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ůŰŮɟŮɧ ůəŮɚŮŰɧ ˊɞɡ ˊŮɟɘəɚŮɑŮɘ ɛɘŬ ɡɔɟɐ űɎůɖ. ȷɜ ɡˊɞůŰŮɑ ɛŮɟɘəɐ 

ɝɐɟŬɜůɖ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘəɚŮɑŮɘ əŬɘ ɡɔɟɐ əŬɘ ŬɏɟɘŬ űɎůɖ. ɆŮ ɧůŬ ˊŮɘɟɎɛŬŰŬ ŮəŰŮɚɏůŰɖəŬɜ 

ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ, ŰŬ ŭɞəɑɛɘŬ ɤɟɑɛŬůŬɜ ůŮ ŬŮɟɞůŰŮɔŮɑɠ 

əŬɘ ɛŮ ůŰŬɗŮɟɐ ɡɔɟŬůɑŬ əŬɘ ɗŮɟɛɞəɟŬůɑŬ ůɡɜɗɐəŮɠ ɔɘŬ Űɖɜ Ŭˊɞűɡɔɐ Űɖɠ ɝɐɟŬɜůɖɠ. ȷɜ Űɞ 

ŭɞəɑɛɘɞ ɡˊɞůŰŮɑ ɝɐɟŬɜůɖ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.5., ŰɧŰŮ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ůŬɜ űɡůɘəɐ 

Ɏɛɛɞɠ, Ŭűɞɨ ɖ ɔɏɚɖ ŭŮɜ ŭɘŬŰɖɟŮɑ Űɖ ŭɞɛɐ əŬɘ Űɖɜ ɡˊɞŰɡˊɩŭɖ ůɡɜŮəŰɘəɧŰɖŰŬ Űɖɠ ɛŮ 
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ŬˊɞŰɏɚŮůɛŬ Űɞ ŭɞəɑɛɘɞ ɜŬ ŬˊɞəŰɐůŮɘ ůŰŬŭɘŬəɎ Űɖɜ Ŭɟɢɘəɐ ɣŬɗɡɟɐ əŬɘ ŮɨɗɟɡˊŰɖ ŭɞɛɐ 

Űɞɡ.  

ȼ ɔɏɚɖ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ŬˊɞŰŮɚŮɑ ɛɘŬ ɛŬɚŬəɐ, ŮɚŬůŰɘəɐ, ɡŭŬɟɐ ɛɎɕŬ ɖ ɞˊɞɑŬ 

ŮɑɜŬɘ ˊɟŬəŰɘəɩɠ ŬůɡɛˊɑŮůŰɖ ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ, ɛɘŬɠ əŬɘ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ 

ůŰŮɟŮɧ ŬůɡɛˊɑŮůŰɞ ůəŮɚŮŰɧ (ŰŬ ůɤɛŬŰɑŭɘŬ Űɖɠ ˊɡɟɘŰɑŬɠ ŮɑɜŬɘ ůɡɛˊŬɔɐ əŬɘ Űɞ ŮůɤŰŮɟɘəɧ 

Űɞɡɠ ŮɑɜŬɘ ɛɘŬ ˊɡəɜɐ ŭɘɎŰŬɝɖ SiO2 ) ˊɞɡ ˊŮɟɘəɚŮɑŮɘ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ɜŮɟɧ əŬɘ ŬɘɤɟɞɨɛŮɜŬ 

ůɤɛŬŰɑŭɘŬ ˊɡɟɘŰɑŬɠ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ əŬɘ ŬɡŰɎ ŬůɡɛˊɑŮůŰŬ. ȸɏɓŬɘŬ, Ŭɜ ŮˊɘŰɟŬˊŮɑ ɖ 

ůŰɟɎɔɔɘůɖ, ŬˊɞɓɎɚɚŮŰŬɘ ɜŮɟɧ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ Űɖɠ əŬɘ Űɞ ůəŮɚŮŰɘəɧ ŭɑəŰɡɞ ŮɜŭɑŭŮɘ ɡˊɧ 

ɘůɧŰɟɞˊɖ ˊɑŮůɖ (Brinker əŬɘ Scherer (1990)). ɄŬɟɞɡůɘɎɕŮɘ Ůˊɑůɖɠ ŬɛŮɚɖŰɏŬ ɛɏŰɟŬ 

ŭɘɎŰɛɖůɖɠ əŬɘ ŮɚŬůŰɘəɧŰɖŰŬɠ (ɇowhata (2008)). 

 

ɆɢɐɛŬ 2.4  Ɇɨɜɞɣɖ Űɤɜ űɡůɘəɞɢɖɛɘəɩɜ ŭɘŬŭɘəŬůɘɩɜ Űɤɜ ɡɔɟɩɜ ŭɘŬůˊɞɟɩɜ əŬɘ Űɤɜ ɔŮɚɩɜ. (2), 

(3): ɡŭɟɧɚɡůɖ əŬɘ ůɡɛˊɨəɜɤůɖ, (4): ŭɖɛɘɞɡɟɔɑŬ ůɤɛŬŰɘŭɑɤɜ Ŭˊɧ ɡɔɟɏɠ ŭɘŬůˊɞɟɏɠ əŬɘ ɔɏɚŮɠ, (5): 

ˊɐɝɖ ɔɏɚɖɠ, (6): ɤɟɑɛŬɜůɖ ɔŮɚɩɜ, (7): ɗŮɤɟɑŬ ˊŬɟŬɛɞɟűɩůŮɤɜ əŬɘ ɟɞɐɠ ůŰɘɠ ɔɏɚŮɠ, (8): ɝɐɟŬɜůɖ, 

(9): ŬɜɎˊŰɡɝɖ ŭɞɛɐɠ əŬŰɎ Űɖɜ ůŰŮɟŮɞˊɞɑɖůɖ, (10): ɢɖɛŮɑŬ ŮˊɘűŬɜŮɘɩɜ əŬɘ ɢɖɛɘəɏɠ ŰɟɞˊɞˊɞɘɐůŮɘɠ, 

(11): ůɡůůɤɛɎŰɤůɖ əŬɘ ůɡɛˊɨəɜɤůɖ ɛŮ ɛŮɑɤůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ůŰŮɟŮɐɠ ï ŬɏɟɘŬɠ űɎůɖɠ, ɡˊɧ 

əŬɗŮůŰɩɠ ɡɣɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ, (12): ůɨɔəɟɘůɖ əŮɟŬɛɘəɩɜ ˊɞɡ ˊŬɟɐɢɗɖůŬɜ Ŭˊɧ ɔɏɚɖ əŬɘ 

ůɡɛɓŬŰɘəɩɜ əŮɟŬɛɘəɩɜ, (13): ůɢɖɛŬŰɘůɛɧɠ űɘɚɛ, (14): ŮűŬɟɛɞɔɏɠ. Ʉɖɔɐ: Brinker əŬɘ Scherer 

(1990). 
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ɆɢɐɛŬ 2.5 ɆŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ Ɏɛɛɞɡ ɛŮ CS=10%wt. ɄɎɜɤ ŬɟɘůŰŮɟɎ əŬɘ ůŰɖ ɛɏůɖ: Űɞ 

ŭɞəɑɛɘɞ Ŭɛɏůɤɠ ɛŮŰɎ Űɖɜ ɤɟɑɛŬɜůɖ Űɤɜ 30 ɖɛŮɟɩɜ, ɢɤɟɑɠ ɜŬ ɡˊɞůŰŮɑ ŭɘɎŰɛɖůɖ. ɄɎɜɤ ŭŮɝɘɎ: Űɞ 

ŭɞəɑɛɘɞ ɛŮŰɎ Űɖɜ ŬˊɞɗɐəŮɡůɖ ɛɏůŬ ůŮ ɜŮɟɧ ɔɘŬ 45 ɖɛɏɟŮɠ. ȾɎŰɤ ŬɟɘůŰŮɟɎ: Űɞ ŭɞəɑɛɘɞ 

ŮəŰŮɗŮɘɛɏɜɞ ůŰɞɜ ŬɏɟŬ ɔɘŬ 8 ɩɟŮɠ. ȾɎŰɤ ůŰɖ ɛɏůɖ əŬɘ ŭŮɝɘɎ: ɇɞ ŭɞəɑɛɘɞ ŮəŰŮɗŮɘɛɏɜɞ ůŰɞɜ ŬɏɟŬ 

ɔɘŬ 3 ɖɛɏɟŮɠ. ȼ Ɏɛɛɞɠ əŬŰŬɟɟɏŮɘ ɛŮ Űɞ ɎɔɔɘɔɛŬ. Ʉɖɔɐ: ɇɟɘŬɜŰɎűɡɚɚɞɠ (2015). 

 

2.2.2. Ʉɐɝɖ Űɖɠ ɔɏɚɖɠ  

ɆɨɛűɤɜŬ ɛŮ Űɞɡɠ Brinker əŬɘ Scherer (1990), ́ ɐɝɖ Űɖɠ ɔɏɚɖɠ ɐ ñgelationò ŮɑɜŬɘ ɖ 

ŭɘŬŭɘəŬůɑŬ əŬŰɎ Űɖɜ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůɡɛˊɚɏɔɛŬŰŬ Ŭˊɧ Űɖɜ ůɡɛˊɨəɜɤůɖ Űɤɜ 

ˊɞɚɡɛŮɟɩɜ ɐ Űɖ ůɡůůɤɛɎŰɤůɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ɛɏɢɟɘ Űɖ ůŰɘɔɛɐ ˊɞɡ ŰŬ ůɡɛˊɚɏɔɛŬŰŬ 

ůɡɔəɟɞɨɞɜŰŬɘ. ɇɧŰŮ, ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ŭŮůɛɞɑ ɛŮŰŬɝɨ Űɤɜ ůɡɛˊɚŮɔɛɎŰɤɜ əŬɘ ůɢɖɛŬŰɑɕŮŰŬɘ 

ɏɜŬ ɛŮɛɞɜɤɛɏɜɞ ɔɘɔŬɜŰɘŬɑɞ ůɨɛˊɚŮɔɛŬ ˊɞɡ ɞɜɞɛɎɕŮŰŬɘ ɔɏɚɖ. ɇɖ ůŰɘɔɛɐ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ 

ɖ ɔɏɚɖ, ŬɟəŮŰɎ ůɡɛˊɚɏɔɛŬŰŬ ɓɟɑůəɞɜŰŬɘ ůəŮŭŬůɛɏɜŬ ůŰɖɜ ɡɔɟɐ űɎůɖ, ɢɤɟɑɠ ɜŬ ɏɢɞɡɜ 

ŬəɧɛŬ ŮɜɤɗŮɑ ůŰɖ ůəŮɚŮŰɘəɐ ŭɞɛɐ. ɀŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ ůɡɜŭɏɞɜŰŬɘ ˊɟɞɞŭŮɡŰɘəɎ 

ɛŮ Űɞ ŭɑəŰɡɞ əŬɘ ɖ ŭɡůəŬɛɣɑŬ Űɖɠ ɔɏɚɖɠ ŬɡɝɎɜŮŰŬɘ. ɆɨɛűɤɜŬ ɛŮ ŬɡŰɐ Űɖɜ ŭɘŬŭɘəŬůɑŬ, ɖ 

ɔɏɚɖ ŮɛűŬɜɑɕŮŰŬɘ ɧŰŬɜ ɞ ŰŮɚŮɡŰŬɑɞɠ ŭŮůɛɧɠ ůɢɖɛŬŰɑɕŮŰŬɘ ɛŮŰŬɝɨ ŭɨɞ ɛŮɔɎɚɤɜ 

ůɡɛˊɚŮɔɛɎŰɤɜ əŬɘ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɏŰůɘ ɖ ŮɜɘŬɑŬ ůəŮɚŮŰɘəɐ ŭɞɛɐ Űɖɠ ůŰŮɟŮɎɠ űɎůɖɠ. Ƀ 

ŰŮɚŮɡŰŬɑɞɠ ŭŮůɛɧɠ ŭŮɜ ŭɘŬűɏɟŮɘ ůŮ ŰɑˊɞŰŬ Ŭˊɧ Űɞɡɠ ŬɜŬɟɑɗɛɖŰɞɡɠ Ɏɚɚɞɡɠ ˊɞɡ 

ůɢɖɛŬŰɑɕɞɜŰŬɘ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞ ůɖɛŮɑɞ ˊɐɝɖɠ Űɖɠ ɔɏɚɖɠ, ˊɏɟŬɜ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ŮɑɜŬɘ Űɞ 
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ɞɟɧůɖɛɞ ɏɜŬɟɝɖɠ Űɖɠ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ůɡɜŮɢɞɨɠ ůŰŮɟŮɞɨ ůəŮɚŮŰɞɨ. ɆŰɞ ůɖɛŮɑɞ ˊɐɝɖɠ 

Űɖɠ ɔɏɚɖɠ, Űɞ ɘɝɩŭŮɠ ŬɡɝɎɜŮŰŬɘ ŬˊɧŰɞɛŬ əŬɘ ɖ ɔɏɚɖ ŬɟɢɑɕŮɘ ɜŬ ŬˊɞəɟɑɜŮŰŬɘ ŮɚŬůŰɘəɎ. 

Ƀɘ Gallagher əŬɘ Mitchell (2002) ɡˊɞɔɟŬɛɛɑɕɞɡɜ ˊɤɠ ɞ ɢɟɧɜɞɠ ˊɐɝɖɠ Űɖɠ ɔɏɚɖɠ (ñgel 

timeò) ŮɑɜŬɘ ɎɟɟɖəŰŬ ůɡɜŭŮŭŮɛɏɜɞɠ ɛŮ Űɞɜ ɟɡɗɛɧ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɠ Űɤɜ əɧəəɤɜ Űɖɠ 

ˊɡɟɘŰɑŬɠ. ȰŰůɘ, ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɡɔɟɞɚɨɛŬŰɞɠ ůŮ ůŰŮɟŮɞɨɠ əɧəəɞɡɠ, 

Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ əɧəəɤɜ, Ŭˊɧ Űɞ pH Űɞɡ ɡɔɟɞɚɨɛŬŰɞɠ əŬɘ Ŭˊɧ Űɖɜ 

ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɎɚŬŰɞɠ ůŰɞ ɡɔɟɧɚɡɛŬ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɞ ɢɟɧɜɞɠ ˊɐɝɖɠ ŬɡɝɎɜŮŰŬɘ ɛŮ 

Űɖɜ ɛŮɑɤůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɤɜ ůŰŮɟŮɩɜ əɧəəɤɜ əŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ 

Űɤɜ əɧəəɤɜ Űɞɡ. ȳůɞɜ ŬűɞɟɎ Űɞ pH, ɞɘ ɛŮɔɎɚŮɠ əŬɘ ɞɘ ɛɘəɟɏɠ Űɘɛɏɠ Űɞɡ ɞŭɖɔɞɨɜ ůŮ 

Ŭɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ ˊɐɝɖɠ. ȼ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɞɡ ˊɟɞəɨˊŰŮɘ ɔɘŬ Űɘɛɏɠ pH ɛŮŰŬɝɨ 5 əŬɘ 6 

(ɆɢɐɛŬ 2.6.). ɇɏɚɞɠ, ɞ ɢɟɧɜɞɠ ˊɐɝɖɠ Űɖɠ ɔɏɚɖɠ ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ ɛŮɑɤůɖ Űɖɠ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ Űɞɡ ɎɚŬŰɞɠ ůŰɞ ŭɘɎɚɡɛŬ.  

 

ɆɢɐɛŬ 2.6  ȾŬɛˊɨɚŮɠ ɢɟɧɜɞɡ ˊɐɝɖɠ ɔɏɚɖɠ - pH ɡɔɟɞɚɨɛŬŰɞɠ  Ludox-SM ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 10% wt 

.ɔɘŬ ŭɘɎűɞɟŮɠ Űɘɛɏɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ɎɚŬŰɞɠ (NaCl). Ʉɖɔɐ: Gallagher (2000). 

 

Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡ ɢɟɧɜɞɡ ˊɐɝɖɠ (ñgel timeò) ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ Űɖɜ ɛŮɚɏŰɖ Űɖɠ 

ɘɝɤŭɞŮɚŬůŰɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ɡɔɟɞɚɨɛŬŰɞɠ əŬŰɎ Űɖɜ ɛŮŰŬŰɟɞˊɐ Űɞɡ ůŮ ɔɏɚɖ, ɛŮ Űɖ 

ɢɟɐůɖ ɘɝɤŭɞɛɏŰɟɞɡ (Brinker əŬɘ Scherer (1990)). Ƀɘ Gallagher (2000) əŬɘ Agapoulaki əŬɘ 

Papadimitriou (2015) ˊŬɟɞɡůɑŬůŬɜ Űɘɠ əŬɛˊɨɚŮɠ ɘɝɩŭɞɡɠ-ɢɟɧɜɞɡ (ɆɢɐɛŬ 2.7.) 

ˊŬɟŬŰɖɟɩɜŰŬɠ ˊɤɠ Ůɜɩ Űɞ ɡɔɟɧɚɡɛŬ ŮɑɢŮ ŬɟɢɘəɎ ˊɞɚɨ ɛɘəɟɧ ɘɝɩŭŮɠ (ɚɑɔɞ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ 

Űɞɡ ɜŮɟɞɨ), ɡˊɐɟɝŮ ɝŬűɜɘəɐ əŬɘ ŬˊɧŰɞɛɖ Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ ůŮ ɛŮɟɘəɏɠ ɢɘɚɘɎŭŮɠ cP. 

ȷɡŰɧ ůɡɜŭɏɗɖəŮ ɛŮ Űɞ ůɢɖɛŬŰɘůɛɧ əŬɘ Űɖɠ ɔɏɚɖɠ əŬɘ ɡˊɞɚɞɔɑůŰɖəŮ ɞ ɢɟɧɜɞɠ ˊɐɝɖɠ Űɖɠ 
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ɔɏɚɖɠ ɤɠ ɞ ɢɟɧɜɞɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɜŬ ŬˊɞəŰɐůŮɘ Űɞ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ɘɝɩŭŮɠ 

ɛŮɔŬɚɨŰŮɟɞ Űɤɜ 100 cP (ɇɟɘŬɜŰɎűɡɚɚɞɠ, 2015). 

ȺɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɧ ɜŬ ɡˊɞɔɟŬɛɛɑůɞɡɛŮ ˊɤɠ ˊɞɚɨ ɛŮɔɎɚɞ ɟɧɚɞ ůŰɞɜ ɢɟɧɜɞ ˊɐɝɖɠ 

ˊŬɑɕŮɘ ɖ ɗŮɟɛɞəɟŬůɑŬ. ȼ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ɛŮɑɤůɖ Űɞɡ ɢɟɧɜɞɡ 

ˊɐɝɖɠ Űɖɠ ɔɏɚɖɠ. ȺɑɜŬɘ ŮɜŭŮɘəŰɘəɧ ˊɤɠ ɔɘŬ ˊŮɟɑˊɞɡ əɎɗŮ 10 
0
C ɛŮɑɤůɖɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ, 

ɞ ɢɟɧɜɞɠ ŬɡŰɧɠ ŭɘˊɚŬůɘɎɕŮŰŬɘ (Bergna əŬɘ Roberts (2006)). 

 

ɆɢɐɛŬ 2.7 ȷɟɘůŰŮɟɎ: ȾŬɛˊɨɚŮɠ ɘɝɩŭɞɡɠ - ɢɟɧɜɞɡ ɔɘŬ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ (Ludox-SM 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 10% wt.) ɢɤɟɑɠ Űɖɜ ˊɟɞůɗɐəɖ ɎɚŬŰɞɠ ɔɘŬ Űɘɛɏɠ pH=3.00 - 6.88. ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ 

Űɘɛɐ Űɞɡ pH, ɖ əŬɛˊɨɚɖ ɛŮŰŬŰɞˊɑɕŮŰŬɘ ŭŮɝɘɧŰŮɟŬ ůŰɞ ŭɘɎɔɟŬɛɛŬ. Ʉɖɔɐ: Agapoulaki əŬɘ 

Papadimitriou (2015). ȹŮɝɘɎ: ȾŬɛˊɨɚŮɠ ɘɝɩŭɞɡɠ - ɢɟɧɜɞɡ ɔɘŬ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ 

(Ludox-SM ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 10% wt.) ɛŮ əŬɜɞɜɘəɧŰɖŰŬ 0,03 Ɂ ɔɘŬ Űɘɛɏɠ pH=3.01 ï 7.55. Ʉɖɔɐ: 

ɇɟɘŬɜŰɎűɡɚɚɞɠ (2015). 

2.2.3. ɋɟɑɛŬɜůɖ 

ȰɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ ˊɤɠ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ɔɏɚɖɠ ůɡɜŮɢɑɕɞɡɜ ɜŬ ɛŮŰŬɓɎɚɚɞɜŰŬɘ 

ŬəɧɛŬ əŬɘ ɔɘŬ ɛŮɔɎɚɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ɛŮŰɎ Űɞ ɢɟɧɜɞ ˊɐɝɖɠ Űɖɠ . ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ŭɘɧŰɘ 

ŬəɧɛŬ əŬɘ ɛŮŰɎ Űɖɜ ˊɐɝɖ ɡˊɎɟɢŮɘ ɛɘŬ ˊɞůɧŰɖŰŬ ɞɚɘɔɞɛŮɟɩɜ ˊɞɡ ŮɑɜŬɘ ŮɚŮɨɗŮɟŬ ɜŬ 

ůɡɔəɟɞɡůŰɞɨɜ əŬɘ ɜŬ ˊɟɞəɨɣɞɡɜ, ɏŰůɘ, ŬɜŰɘŭɟɎůŮɘɠ ůɡɛˊɨəɜɤůɖɠ (Brinker əŬɘ Scherer 

(1990)). ȼ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ɞɜɞɛɎɕŮŰŬɘ ɤɟɑɛŬɜůɖ ɐ ñagingò əŬɘ ɞŭɖɔŮɑ ůŮ ɏɜŬ ˊɘɞ ůŰɘɓŬɟɧ 

ůŰŮɟŮɧ ůəŮɚŮŰɘəɧ ŭɑəŰɡɞ. ȷɟəŮŰɞɑ (Gallagher əŬɘ Mitchell (2002), Yonekura et al. (2001), 

Porcino et al. (2012)) ɛɏŰɟɖůŬɜ Űɖɜ ŬɜŰɞɢɐ ůŮ ŬɜŮɛˊɧŭɘůŰɖ ɗɚɑɣɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ 

Ɏɛɛɞɡ (ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ ɐ ˊɡɟɘŰɘəɧ ɜɎŰɟɘɞ ɤɠ ůŰŬɗŮɟɞˊɞɘɖŰɏɠ). ɄŬɟŬŰɐɟɖůŬɜ ˊɤɠ 

ɧůɞ ŬɡɝɎɜɞɜŰŬɜ ɞɘ ɛɏɟŮɠ ɤɟɑɛŬɜůɖɠ, ŬɡɝŬɜɧŰŬɜ əŬɘ ɖ ŬɜŰɞɢɐ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ 

ŭɞəɘɛɑɞɡ ůŮ ŬɜŮɛˊɧŭɘůŰɖ ɗɚɑɣɖ (ɆɢɐɛŬ 2.8.). ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ŮˊŬɚɖɗŮɨŮŰŬɘ Űɞ 
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ɔŮɔɞɜɧɠ ˊɤɠ ɖ ɤɟɑɛŬɜůɖ Űɖɠ ɔɏɚɖɠ ɔɘŬ ɛŮɔɎɚɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ɞŭɖɔŮɑ ůŮ ɓŮɚŰɘɤɛɏɜŮɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ŬɜŰɞɢɐ. 

 

ɆɢɐɛŬ 2.8 ȺˊɑŭɟŬůɖ Űɞɡ ɢɟɧɜɞɡ ɤɟɑɛŬɜůɖɠ Űɖɠ ɔɏɚɖɠ ůŰɖɜ ŬɜŰɞɢɐ ůŮ ŬɜŮɛˊɧŭɘůŰɖ ɗɚɑɣɖ Űɞɡ 

ŮŭŬűɘəɞɨ ɡɚɘəɞɨ. Ʉɖɔɐ: Yonekura et al.  (2001) əŬɘ Miwa et al. (2001). 

2.2.4. ɂɐɟŬɜůɖ 

ɀŮ Űɞɜ ɧɟɞ ɝɐɟŬɜůɖ ɐ ñdryingò ŬɜŬűŮɟɧɛŬůŰŮ ůŰɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ɜŮɟɞɨ Ŭˊɧ Űɞɡɠ 

ˊɧɟɞɡɠ Űɖɠ ɔɏɚɖɠ ɡˊɧ ůɡɜɐɗɖ ɗŮɟɛɞəɟŬůɑŬ. ȷɟɢɘəɎ, Űɞ ɜŮɟɧ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɔɏɚɖɠ 

ŮɝŬŰɛɑɕŮŰŬɘ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɞ ˊɟɞɞŭŮɡŰɘəɧ ɎŭŮɘŬůɛŬ Űɤɜ ˊɧɟɤɜ əŬɘ ŰŮɚɘəɎ Űɖɜ 

ůɡɟɟɑəɜɤůɖ Űɞɡɠ. Ƀɘ ŬɜɞɛɞɘɧɛɞɟűŮɠ ŰɎůŮɘɠ ɝɐɟŬɜůɖɠ ɞŭɖɔɞɨɜ Űɖ ɔɏɚɖ ůŰɖ ɛŮɑɤůɖ Űɖɠ 

ŮɡəŬɛɣɑŬɠ Űɖɠ əŬɘ ŰŮɚɘəɎ ůŰɖ ɟɤɔɛɎŰɤůɖ Űɖɠ (ɆɢɐɛŬ 2.9.). ȼ əɞɟŮůɛɏɜɖ ɔɏɚɖ ŬˊɞŰŮɚŮɑ 

ɏɜŬ ŭɘűŬůɘəɧ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ɛŮŰɎ Űɖɜ ɝɐɟŬɜůɖ Űɖɠ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ŰɟɘűŬůɘəɧ, Ŭűɞɨ 

ŮɛűŬɜɑɕɞɜŰŬɘ ˊɚɏɞɜ ŬəɧɟŮůŰɞɘ ˊɧɟɞɘ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ŬɏɟŬ. ȷɡŰɐ ɖ ůɡɟɟɑəɜɤůɖ Űɖɠ ɔɏɚɖɠ, 

Űɖɠ ŮˊɘŰɟɏˊŮɘ ɜŬ ŭɖɛɘɞɡɟɔŮɑ ɜɏɞɡɠ ŭŮůɛɞɨɠ ɛŮŰŬɝɨ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɖɠ Ŭűɞɨ ɖ ůɡůŰɞɚɐ 

Űɖɠ űɏɟɜŮɘ ˊɘɞ əɞɜŰɎ ŮɜŮɟɔɏɠ ɞɛɎŭŮɠ ůɘɚŬɜɧɚɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ 

ɜɏŮɠ ŬɜŰɘŭɟɎůŮɘɠ ůɡɛˊɨəɜɤůɖɠ (Brinker əŬɘ Scherer (1990)). ɇɞ ŭɑəŰɡɞ ˊɞɡ ɗŬ ˊɟɞəɨɣŮɘ 

ɗŬ ŮɑɜŬɘ ůŰɘɓŬɟɧŰŮɟɞ əŬɘ ɚɘɔɧŰŮɟɞ ŭɘŬˊŮɟŬŰɧ Ŭˊɧ Űɞ ˊɟɞɖɔɞɨɛŮɜɞ. ȺɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ 

ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ɜɏɞɘ ŭŮůɛɞɑ ůɘɚɞɝɎɜɖɠ, ˊŬɟɧɚɞ ˊɞɡ ɖ ůɡůŰɞɚɐ ŰɟŬɡɛŬŰɑɕŮɘ Űɞɡɠ ˊɘɞ 

ŭɨůəŬɛˊŰɞɡɠ ŭŮůɛɞɨɠ Űɖɠ ůŰŮɟŮɎɠ űɎůɖɠ Űɖɠ ɔɏɚɖɠ, əŬɘ ɜŬ ŮɛűŬɜɑɕŮɘ, ɏŰůɘ, ɖ ɔɏɚɖ ŬɡŰɧ-

ɑŬůɖ (self-healing). 

2.2.5. ȷɡŰɞȶŬůɖ 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ˊɟɞɖɔɞɡɛɏɜɤɠ, ɖ ɔɏɚɖ ɏɢŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ ŬɜŬŭɖɛɘɞɡɟɔŮɑ 

ŭŮůɛɞɨɠ ůɘɚɞɝɎɜɖɠ ɛŮŰŬɝɨ Űɤɜ ɛɞɟɑɤɜ Űɖɠ ɛŮŰɎ Ŭˊɧ Űɖɜ ůŰŮɟŮɞˊɞɑɖůɖ əŬɘ Űɖ ůɡůŰɞɚɐ 

Űɖɠ ɚɧɔɤ Űɖɠ ɨˊŬɟɝɖɠ ŮɜŮɟɔɩɜ ɞɛɎŭɤɜ ůɘɚŬɜɧɚɖɠ. Ⱦɘ ŬɡŰɧ ŭɘɧŰɘ ŮɚŮɨɗŮɟŬ ůɤɛŬŰɑŭɘŬ 

ɏɟɢɞɜŰŬɘ ůŮ əɞɜŰɘɜɧŰŮɟɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɞɡɠ, ŭɘŮɡəɞɚɨɜɞɜŰŬɠ ɛŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ Űɖ 
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ůɨɔəɟɞɡůɐ Űɞɡɠ əŬɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɜɏɤɜ ůŰŮɟŮɩɜ Ŭɚɡůɑŭɤɜ. ȺɝŮŰɎɕɞɜŰŬɠ Űɖ ɗŮɤɟɑŬ ŬɡŰɐ 

ůŮ ˊɟɞɓɚɐɛŬŰŬ ɛɖɢŬɜɘəɞɨ, ŮɑɜŬɘ ˊɘɗŬɜɧ ůŮ ŮˊŮɘůɧŭɘŬ ůŮɘůɛɞɨ, ɧˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ 

ůɨɔəɚɘůɖ Űɖɠ ɔɏɚɖɠ (ɐ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ɛŮ ɔɏɚɖ ŮŭŬűɘəɞɨ ůəŮɚŮŰɞɨ) Ŭˊɧ Űɘɠ 

ɛŮɔɎɚŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ Űɖɜ ůɡůŰɞɚɐ Űɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ, ɜŬ ŬɜŬŭɘŬŰŬɢŰɞɨɜ ɞɘ 

ůŰŮɟŮɏɠ Űɖɠ ŬɚɡůɑŭŮɠ əŬɘ ɜŬ ˊɟɞŬɢɗɞɨɜ ŬɜŰɘŭɟɎůŮɘɠ ůɡɛˊɨəɜɤůɖɠ. ȼ ɡˊɧɗŮůɖ ŬɡŰɐ 

ŮɝŮŰɎɕŮŰŬɘ ůŮ ˊŬɟŬəɎŰɤ ŮɜɧŰɖŰŬ.  

Ƀ ɇɟɘŬɜŰɎűɡɚɚɞɠ (2015), ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊŬɚɖɗŮɨůŮɘ Űɞɜ ˊŬɟŬˊɎɜɤ ɛɖɢŬɜɘůɛɧ 

ˊŬɟŬůəŮɨŬůŮ ŬɟŬɘɧ ɡɔɟɧɚɡɛŬ ˊɡɟɘŰɑŬɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 6% wt., Űɞ ɞˊɞɑɞ ɢɟɖůɘɛɞˊɞɑɖůŮ 

ɔɘŬ ɜŬ Űɖɜ ůŰŬɗŮɟɞˊɞɑɖůɖ ŭɞəɘɛɑɞɡ Ɏɛɛɞɡ ɀ31. ɇɞ ɡɔɟɧɚɡɛŬ ˊɞɡ ˊŮɟɑůůŮɣŮ ŬűɏɗɖəŮ ɔɘŬ 

50 ɩɟŮɠ ůŮ ɏɜŬ ŭɞɢŮɑɞ. ȰˊŮɘŰŬ, əŬŰɏůŰɟŮɣŮ Űɞɜ ůəŮɚŮŰɧ Űɖɠ ɔɏɚɖɠ ɛŮ ɛɖɢŬɜɘəɐ ŬɜɎŭŮɡůɖ 

ˊɞɡ ŮɑɢŮ ɤɠ ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊɟɞəɨɣŮɘ ɏɜŬ ˊŬɢɨɟŮɡůŰɞ ɡɔɟɧ Űɞ ɞˊɞɑɞ ŬűɏɗɖəŮ ɎɚɚŮɠ 25 

ɩɟŮɠ ůŰɞ ŭɞɢŮɑɞ. ȷɡŰɧ ˊɞɡ ˊŬɟŬŰɐɟɖůŮ ɐŰŬɜ ˊɤɠ, ɛŮŰɎ Ŭˊɧ ŬɡŰɧ Űɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ, Űɞ 

ˊŬɢɨɟŮɡůŰɞ ɡɔɟɧ ŮɑɢŮ ɛŮŰŬŰɟŬˊŮɑ ɝŬɜɎ ůŮ ůŰɘɓŬɟɐ ɔɏɚɖ. ɄɟɞůɗɏŰŮɘ, Ůˊɑůɖɠ, ˊɤɠ ɖ ˊɚɐɟɖɠ 

ŬɜɎəŬɛɣɖ Űɖɠ ɔɏɚɖɠ ŮɡɜɞɐɗɖəŮ, ůŰɖɜ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑˊŰɤůɖ, Ŭˊɧ Űɖɜ ɏɜŰɞɜɖ ůɡůŰɞɚɐ 

Űɖɠ ɝɐɟŬɜůɖɠ. 

ɄɟɞůˊɎɗɖůŮ ɜŬ ŮˊɘɓŮɓŬɘɩůŮɘ Űɞɜ ɛɖɢŬɜɘůɛɧ Űɖɠ ŬɡŰɞȶŬůɖɠ ɛŮ ɛɘŬ ŬəɧɛŬ ɛɏɗɞŭɞ, ɖ 

ɞˊɞɑŬ ŭŮɜ ɗŬ ŮˊɏŰɟŮˊŮ, ŬɡŰɐ Űɖ űɞɟɎ, Űɖɜ ůɡůŰɞɚɐ ɚɧɔɤ ɝɐɟŬɜůɖɠ. ɆŰŬɗŮɟɞˊɞɑɖůŮ ɛŮ 

əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ 6% wt. ŭɞəɑɛɘɞ Ɏɛɛɞɡ ɀ31 əŬɘ ˊɟŬɔɛŬŰɞˊɞɑɖůŮ ŬɜŬəɡəɚɘəɐ ŭɞəɘɛɐ 

ůŰɟŮˊŰɘəɐɠ ŭɘɎŰɛɖůɖɠ. ȾŬŰɎ Űɖɜ ŬɜŬəɡəɚɘəɐ ŭɞəɘɛɐ, ŮˊɘɓɚɐɗɖəŮ ŬɟɛɞɜɘəɎ 

ɛŮŰŬɓŬɚɚɧɛŮɜɖ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ ɛŮ ˊŮɟɑɞŭɞ ɇ=10 s, ˊɚɎŰɞɠ ȹŰ=62 kPa əŬɘ Ŭɟɢɘəɐ 

ɘůɧŰɟɞˊɖ ŮɜŮɟɔɧ ŰɎůɖ pô0=300 kPa (CSR=ȹŰ/pô0=0.21). ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ɆɢɐɛŬ 

2.10., ŮɛűŬɜɑůŰɖəŬɜ ůɖɛŬɜŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ Ŭˊɧ Űɞɡɠ ˊɟɩŰɞɡɠ əɘɧɚŬɠ əɨəɚɞɡɠ, Űɞ 

ɞˊɞɑɞ ůɖɛŬɑɜŮɘ ˊɤɠ Űɞ ůŰŮɟŮɧ ŭɑəŰɡɞ Űɖɠ ɔɏɚɖɠ ŮɑɢŮ ůɑɔɞɡɟŬ ŰɟŬɡɛŬŰɘůŰŮɑ ŬɟəŮŰɎ. 

ɄŬɟɧɚŬ ŬɡŰɎ, Űɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ɏŭŬűɞɠ ůɡɜɏɢɘɕŮ ɜŬ ŬɜŰɘůŰɏəŮŰŬɘ ůŰɖɜ ŮˊɘɓŬɚɚɧɛŮɜɖ 

ŰɎůɖ. ɀŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ŭɞəɘɛɐɠ (əŬŰɎ Űɖɜ ɞˊɞɑŬ ŭŮɜ ŮəŭɖɚɩɗɖəŮ əŬŰɎɟɟŮɡůɖ Űɞɡ 

ŭɞəɘɛɑɞɡ), Űɞ ŭɞəɑɛɘɞ ŬűɏɗɖəŮ ɔɘŬ 12 ɩɟŮɠ ůŮ ůɡɜɗɐəŮɠ ŮɛˊɞŭɘɕɧɛŮɜɖɠ ůŰɟɎɔɔɘůɖɠ əŬɘ 

ɏˊŮɘŰŬ ŮˊŬɜɏɚŬɓŮ Űɖ ŭɞəɘɛɐ. ɇɞ ŭɞəɑɛɘɞ ˊŬɟɞɡůɑŬůŮ ɎɛŮůɖ Ŭˊɧəɟɘůɖ ŭŮɑɢɜɞɜŰŬɠ ˊɤɠ ɖ 

ŬˊɞəŬŰɎůŰŬůɖ Űɞɡ ɘůŰɞɨ Űɖɠ ɔɏɚɖɠ ŭŮɜ ŮɑɢŮ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ, ŭŮɜ ŮɜŮɟɔɞˊɞɘɐɗɖəŮ ŭɖɚŬŭɐ 

ɞ ɛɖɢŬɜɘůɛɧɠ ŬɡŰɞȶŬůɖɠ. ɇɏɚɞɠ, ˊɟɞŰŮɑɜŮɘ ɧŰɘ ɖ ŬˊɞəŬŰɎůŰŬůɖ ŮɑɜŬɘ ɏɜŬ űŬɘɜɧɛŮɜɞ Űɞ 

ɞˊɞɑɞ ɛˊɞɟŮɑ ɜŬ ŬˊŬɘŰŮɑ ɢɟɞɜɘəɧ ɞɟɑɕɞɜŰŬ ɖɛŮɟɩɜ əŬɘ ɧɢɘ ɤɟɩɜ. 
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ɆɢɐɛŬ 2.9 ɄɟɩŰɖ ůŮɘɟɎ Ŭˊɧ ŬɟɘůŰŮɟɎ ˊɟɞɠ ŰŬ ŭŮɝɘɎ: Űɞ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ CS=10% 

wt. Űɖ ůŰɘɔɛɐ ˊɞɡ ˊŬɟŬůəŮɡɎɕŮŰŬɘ, Űɖ ůŰɘɔɛɐ ˊɞɡ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ŮɚŬůŰɘəɐ ɔɏɚɖ əŬɘ ɏˊŮɘŰŬ, əŬŰɎ 

Űɖɜ ɤɟɑɛŬɜůɖ. ȹŮɨŰŮɟɖ ůŮɘɟɎ: ůɡůŰɞɚɐ ɝɐɟŬɜůɖɠ Űɖɠ ɔɏɚɖɠ. ɇɟɑŰɖ ůŮɘɟɎ Ŭˊɧ ŬɟɘůŰŮɟɎ ˊɟɞɠ ŰŬ 

ŭŮɝɘɎ: əŬɗŬɟɐ əɞɚɚɞŮɘŭɐɠ ˊɡɟɘŰɑŬ CS=10% wt. ɛŮŰɎ Ŭˊɧ ɛŮɟɘəɐ ɝɐɟŬɜůɖ ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ŭɤɛŬŰɑɞɡ, ˊɡɟɘŰɑŬ ɛŮŰɎ Ŭˊɧ ˊɚɐɟɖ ɝɐɟŬɜůɖ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ əŬɘ, Űɏɚɞɠ, ɖ əɞɚɚɞŮɘŭɐɠ 

ˊɡɟɘŰɑŬ ůŮ ɛŮɟɘəɐ əŬɘ ˊɚɐɟɖ ɝɐɟŬɜůɖ Űɖɠ ɔɏɚɖɠ. Ʉɖɔɐ: ɇɟɘŬɜŰɎűɡɚɚɞɠ (2015). 
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ɆɢɐɛŬ 2.10 ȹɞəɘɛɐ ŬɜŬəɡəɚɘəɐɠ ůŰɟŮˊŰɘəɐɠ ŭɘɎŰɛɖůɖɠ əɞɑɚɞɡ əɡɚɘɜŭɟɘəɞɨ ŭɞəɘɛɑɞɡ ɡˊɧ 

ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ. Ʉɖɔɐ: ɇɟɘŬɜŰɎűɡɚɚɞɠ (2015). 
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ɆɢɐɛŬ 2.11 ɆɨɜŭŮůɖ ŭɨɞ ůɤɛŬŰɘŭɑɤɜ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ əŬŰɎ Űɖɜ ˊɐɝɖ Űɖɠ ɔɏɚɖɠ. Ʉɖɔɐ: 

Gallagher (2000). 

 

 

 

ɆɢɐɛŬ 2.12 ȼ ɢɖɛɘəɐ ŬɜŰɑŭɟŬůɖ Űɖɠ ůɡɛˊɨəɜɤůɖɠ. Ʉɖɔɐ: Brinker əŬɘ Scherer (1990). 
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ɆɢɐɛŬ 2.13 ȷɜŮɛˊɧŭɘůŰɖ ɗɚɑɣɖ ŭɞəɘɛɑɞɡ əŬɗŬɟɐɠ ˊɡɟɘŰɑŬɠ CS=6.5%, ɨůŰŮɟŬ Ŭˊɧ ɤɟɑɛŬɜůɖ 30 

ɖɛŮɟɩɜ ɛɏůŬ ůŮ ɜŮɟɧ. ɄŬɟɞɡůɘɎɕɞɜŰŬɘ: (Ŭ) ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɖɠ ŭɞəɘɛɐɠ əŬɘ 

(ɓ) űɤŰɞɔɟŬűɑŮɠ Űɞɡ ŭɞəɘɛɑɞɡ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖ ŭɞəɘɛɐ. Ʉɖɔɐ: Towhata (2008). 

 

 

 

ɆɢɐɛŬ 2.14 ȾŬɛˊɨɚŮɠ ɘɝɩŭɞɡɠ ï ɢɟɧɜɞɡ ɔɘŬ ɡɔɟɞɚɨɛŬŰŬ ɛŮ pH=6.00, ɛŮ əŬɜɞɜɘəɧŰɖŰŬ 0.03 Ɂ əŬɘ 

ɛŮ ŭɘɎűɞɟŮɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ CS (%). Ʉɖɔɐ: ɇɟɘŬɜŰɎűɡɚɚɞɠ (2015). 
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3 ȸȽȸȿȽɃũɅȷūȽȾȼ ȺɄȽɆȾɃɄȼɆȼ 

  

ɆŰɖɜ ˊŬɟɞɨůŬ ŮɜɧŰɖŰŬ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞɘɢŮɑŬ ˊŬɚŬɘɧŰŮɟɤɜ ɛŮɚŮŰɩɜ, ůɢŮŰɘəɩɜ ɛŮ Űɖɜ 

Ŭˊɧəɟɘůɖ űɡůɘəɩɜ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ɛɖ ůɡɜŮəŰɘəɩɜ ɡɚɘəɩɜ əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ. ȼ 

Ůˊɘůəɧˊɖůɖ Űɞɡɠ əɟɑɗɖəŮ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɘůɢɡɟɞɨ ɗŮɤɟɖŰɘəɞɨ 

ɡˊɞɓɎɗɟɞɡ ɛŮ ůəɞˊɧ Űɖɜ əŬŰŬɜɧɖůɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ŮŭɎűɞɡɠ.  

3.1. ɆɡɛˊŮɟɘűɞɟɎ űɡůɘəɞɨ ŮŭɎűɞɡɠ əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ 

3.1.1. Ɂɧɛɞɠ Űɖɠ ŬůŰɞɢɑŬɠ 

ɉŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŬůŰɞɢɑŬɠ Űɞɡ ŮŭɎűɞɡɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3.1, Űɞ 

ɞˊɞɑɞ ŬˊŮɘəɞɜɑɕŮɘ Űɖɜ ŮˊŬűɐ ɛŮŰŬɝɨ ŭɨɞ əɧəəɤɜ Ŭɛɛɩŭɞɡɠ ɡɚɘəɞɨ əŬɘ Űɘɠ ɞɟɗɏɠ (N) əŬɘ 

ŭɘŬŰɛɖŰɘəɏɠ (T) ŭɡɜɎɛŮɘɠ ˊɞɡ ŬůəɞɨɜŰŬɘ ɛŮŰŬɝɨ ŬɡŰɩɜ. ɆɨɛűɤɜŬ ɛŮ Űɞ ɗŮɛŮɚɘɩŭɖ ɜɧɛɞ 

Űɖɠ ɛɖɢŬɜɘəɐɠ Űɟɘɓɐɠ ɘůɢɨŮɘ ɧŰɘ: 

ɇ=ɁĬtan(ű) 

Ƀ ůɡɜŰŮɚŮůŰɐɠ tanű ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɘɛɐ Űɤɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ, ɖ ɞˊɞɑŬ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ Űɨˊɞ əŬɘ Űɖɜ ɞɛŬɚɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ ɛŮŰŬɝɨ Űɤɜ əɧəəɤɜ. ȼ 

ɔɤɜɑŬ űu ɞɜɞɛɎɕŮŰŬɘ ˊɟŬɔɛŬŰɘəɐ ɔɤɜɑŬ Űɟɘɓɐɠ Űɞɡ ɡɚɘəɞɨ Űɤɜ əɧəəɤɜ. 

ȷˊɧ Űɖɜ ˊŬɟŬˊɎɜɤ ɛŬɗɖɛŬŰɘəɐ ůɢɏůɖ, ɛŮŰŬűɟɎɕɞɜŰŬɠ Űɘɠ ŭɡɜɎɛŮɘɠ ůŮ ɧɟɞɡɠ ŮɜŮɟɔɩɜ 

ŰɎůŮɤɜ, ˊɟɞəɨˊŰŮɘ ɞ ɜɧɛɞɠ ŬůŰɞɢɑŬɠ (ɐ ɜɧɛɞɠ Űɞɡ Coulomb) ˊɞɡ əŬɗɞɟɑɕŮɘ ɧɚɞɡɠ Űɞɡɠ 

əɟɑůɘɛɞɡɠ ůɡɜŭɡŬůɛɞɨɠ Űɤɜ ŮɜŮɟɔɩɜ ŰɎůŮɤɜ əŬŰɎ Űɖɜ ŬůŰɞɢɑŬ. ȼ ɛŬɗɖɛŬŰɘəɐ Űɞɡ 

ɏəűɟŬůɖ ŭɑɜŮŰŬɘ Ŭˊɧ Űɞɜ Űɨˊɞ: 

Ű =ůǋ Ĭtanű    

ɄɟɞəɨˊŰŮɘ ɚɞɔɘəɎ Ŭˊɧ Űɞɜ ˊŬɟŬˊɎɜɤ ɛŬɗɖɛŬŰɘəɧ Űɨˊɞ ɧŰɘ, ɔɘŬ ŰŬ əɞəəɩŭɖ ŮŭɎűɖ, Űɞ 

ɏŭŬűɞɠ ŭŮɜ ŬůŰɞɢŮɑ əŬŰɎ ɛɐəɞɠ Űɞɡ Ůˊɘˊɏŭɞɡ ůŰɞ ɞˊɞɑɞ ŬɜŬˊŰɨůůŮŰŬɘ ɖ ɛɏɔɘůŰɖ 

ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ, ŬɚɚɎ əŬŰɎ ɛɐəɞɠ Ůɜɧɠ Ůˊɘˊɏŭɞɡ ůŰɞ ɞˊɞɑɞ ɞ ɚɧɔɞɠ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ 

ŰɎůɖɠ (Ű) ˊɟɞɠ Űɖɜ ɞɟɗɐ ŰɎůɖ (ůǋ) ŮɑɜŬɘ ɑůɞɠ ɛŮ tanű.  

ȼ ɔɟŬűɘəɐ ˊŬɟɎůŰŬůɖ Űɞɡ ɜɧɛɞɡ ŬůŰɞɢɑŬɠ Űɞɡ Coulomb ŮɑɜŬɘ ŮɡɗŮɑŬ ɛŮ əɚɑůɖ ű əŬɘ 

ɞɜɞɛɎɕŮŰŬɘ ˊŮɟɘɓɎɚɚɞɡůŬ Coulomb ɐ ˊŮɟɘɓɎɚɚɞɡůŬ ŬůŰɞɢɑŬɠ. ɆŰɞ ɆɢɐɛŬ 3.2 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ ˊŮɟɘɓɎɚɚɞɡůŬ ŬůŰɞɢɑŬɠ əŬɘ ŭɨɞ əɨəɚɞɘ Mohr. Ƀ əɨəɚɞɠ Ƚ ˊɟɞəɨˊŰŮɘ 
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Ŭˊɧ Űɖɜ ŮɜŰŬŰɘəɐ əŬŰɎůŰŬůɖ Ůɜɧɠ ŮŭŬűɘəɞɨ ůŰɞɘɢŮɑɞɡ ˊɞɡ ŮɑɜŬɘ ŮɡůŰŬɗɏɠ, Ŭűɞɨ ɞ əɨəɚɞɠ 

ŭŮɜ ŮűɎˊŰŮŰŬɘ ůŰɖɜ ˊŮɟɘɓɎɚɚɞɡůŬ. ȷɜŰɑɗŮŰŬ, ɞ əɨəɚɞɠ ȽȽ, ˊɞɡ ŮűɎˊŰŮŰŬɘ, ˊŬɟɘůŰɎɜŮɘ ɏɜŬ 

ůŰɞɘɢŮɑɞ Űɞ ɞˊɞɑɞ ɏɢŮɘ ŬůŰɞɢɐůŮɘ. Ƀ əɟɑůɘɛɞɠ ůɡɜŭɡŬůɛɧɠ ŰɎůŮɤɜ ůŰɞɜ əɨəɚɞ ȽȽ 

ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ ŮˊɑˊŮŭɞ ŬŬ əŬɘ ɞɘ Űɘɛɏɠ Űɖɠ ɞɟɗɐɠ əŬɘ ŭɘŬŰɛɖŰɘəɐɠ ŭɨɜŬɛɖɠ ŭɑɜɞɜŰŬɘ Ŭˊɧ 

Űɖɠ ůɡɜŰŮŰŬɔɛɏɜŮɠ Űɞɡ ůɖɛŮɑɞɡ ŮˊŬűɐɠ Űɞɡ əɨəɚɞɡ ɛŮ Űɖɜ ˊŮɟɘɓɎɚɚɞɡůŬ ŬůŰɞɢɑŬɠ 

(ůɖɛŮɑɞ ȷ). 

 

 

ɆɢɐɛŬ 3.1  ȹɡɜɎɛŮɘɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰɖɜ ŮˊŬűɐ ŭɨɞ əɧəəɤɜ Ůɜɧɠ Ŭɛɛɩŭɞɡɠ ɡɚɘəɞɨ. Ʉɖɔɐ: 

ȾŬɓɓŬŭɎɠ (2005). 

 

 

 

 

ɆɢɐɛŬ 3.2  ɇɡˊɘəɧ ŭɘɎɔɟŬɛɛŬ Mohr-Coulomb. Ʉɖɔɐ: ȾŬɓɓŬŭɎɠ (2005). 

 

3.1.2. ȹɘŬůŰɞɚɘəɧŰɖŰŬ 

ȰɜŬ Ŭˊɧ ŰŬ ůɖɛŬɜŰɘəɧŰŮɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ŰŬ əɞəəɩŭɖ ŮŭɎűɖ əŬŰɎ 

Űɖ ŭɘɎŰɛɖůɖ Űɞɡɠ ŮɑɜŬɘ ɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ. ȹɘŬůŰɞɚɘəɧŰɖŰŬ ŮɑɜŬɘ ɖ ŰɎůɖ Űɤɜ əɞəəɤŭɩɜ 

ŮŭŬűɩɜ ɜŬ ŬɡɝɎɜɞɡɜ Űɞɜ ɧɔəɞ Űɞɡɠ əŬŰɎ Űɖ ŭɘŬŰɛɖŰɘəɐ Űɞɡɠ ˊŬɟŬɛɧɟűɤůɖ. ȷɡŰɧ 
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ůɡɛɓŬɑɜŮɘ ŮˊŮɘŭɐ ɞɘ əɧəəɞɘ ŭŮɜ ɏɢɞɡɜ Űɖɜ ŮɚŮɡɗŮɟɑŬ ɜŬ əɘɜɞɨɜŰŬɘ ɞ ɏɜŬɠ ɔɨɟɤ Ŭˊɧ Űɞɜ 

Ɏɚɚɞ ɛŮ ŬˊɞŰɏɚŮůɛŬ, ɧŰŬɜ űɞɟŰɑɕɞɜŰŬɘ, ɞɘ əɧəəɞɘ ɜŬ ɡˊŮɟˊɖŭɞɨɜ Űɞɡɠ ɔŮɘŰɞɜɘəɞɨɠ Űɞɡɠ 

əɧəəɞɡɠ əŬɘ Űɞ ɏŭŬűɞɠ ɜŬ ŭɘŬůŰɏɚɚŮŰŬɘ. ȷɜŰɑɗŮŰŬ, ɧŰŬɜ Űɞ əɞəəɩŭŮɠ ɡɚɘəɧ ɏɢŮɘ ˊɞɚɨ 

ɢŬɚŬɟɐ ŭɞɛɐ ɛˊɞɟŮɑ ŬɟɢɘəɎ ɜŬ ůɡůŰɏɚɚŮŰŬɘ ŬɜŰɑ ɜŬ ŭɘŬůŰɏɚɚŮŰŬɘ ɡˊɧ ŭɘɎŰɛɖůɖ. 

ȹɘŬůŰɞɚɘəɧ, ɚɞɘˊɧɜ, ɞɜɞɛɎɕŮŰŬɘ ɏɜŬ ɡɚɘəɧ ˊɞɡ ŬɡɝɎɜŮɘ Űɞɜ ɧɔəɞ Űɞɡ ɧŰŬɜ ŬɡɝɎɜŮŰŬɘ ɖ 

ŭɘɎŰɛɖůɖ Űɞɡ (Reynolds (1885)). ȰɜŬɠ Ɏɚɚɞɠ ɞɟɘůɛɧɠ Űɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ ŮɑɜŬɘ ŬɡŰɧɠ 

Űɞɡ Bolton (1986), ɧˊɞɡ ɖ ɔɤɜɑŬ Űɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ ŭɑɜŮŰŬɘ Ŭˊɧ Űɞɜ Ůɝɐɠ Űɨˊɞ (ɧˊɤɠ 

űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ɆɢɐɛŬ): 

 

 

 Ƀɘ Rowe (1962) əŬɘ Bolton (1986) ůɡůɢɏŰɘůŬɜ Űɖɜ ɔɤɜɑŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ (ɣ) ɛŮ Űɖɜ 

ɛɏɔɘůŰɖ ɔɤɜɑŬ Űɟɘɓɐɠ (űmax=arctan(Ű/ůôv)max) əŬɘ Űɖɜ ɔɤɜɑŬ Űɟɘɓɐɠ əŬŰɎ Űɖɜ əɟɑůɘɛɖ 

əŬŰɎůŰŬůɖ (űcrit) Űɖɠ Ɏɛɛɞɡ. ȼ ɛŬɗɖɛŬŰɘəɐ ůɢɏůɖ ˊɞɡ ůɡɜŭɏŮɘ Űɘɠ ŰɟŮɘɠ ŬɡŰɏɠ ɔɤɜɑŮɠ 

ŮɑɜŬɘ: 

űmax=űcrit + ɣ 

ȺɑɜŬɘ ˊɟɞűŬɜɏɠ, ɚɞɘˊɧɜ, ˊɤɠ ɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ Űɞɡ ŮŭɎűɞɡɠ ˊŬɑɕŮɘ ˊɟɤŰŮɨɞɜŰŬ ɟɧɚɞ 

ůŰɖɜ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ, ɛɘŬɠ əŬɘ ɖ ɔɤɜɑŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖ ɔɤɜɑŬ Űɟɘɓɐɠ 

Űɞɡ. ɀˊɞɟŮɑ, ŬəɧɛŬ, ɜŬ ˊŬɑɕŮɘ əɡɟɑŬɟɢɞ ɟɧɚɞ ůŰɖɜ Ŭˊɧəɟɘůɖ Űɞɡ ŮŭɎűɞɡɠ ůŮ ɏɟɔŬ 

ɄɞɚɘŰɘəɞɨ ɀɖɢŬɜɘəɞɨ, ɧˊɤɠ ɖ ŭɘɎɜɞɘɝɖ ůɐɟŬɔɔŬɠ, ɖ ɗŮɛŮɚɑɤůɖ ˊŬůůɎɚɤɜ ə.Ŭ. (Houlsby  

(1991)). Ⱥɜ əŬŰŬəɚŮɑŭɘ, ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ ɔɤɜɑŬɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ Űɖɠ Ɏɛɛɞɡ əɟɑɜŮŰŬɘ 

ŮˊɘŰŬəŰɘəɧɠ ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ Ůɜɧɠ ɏɟɔɞɡ əŬɘ Űɖɜ ˊɟɧɓɚŮɣɖ Űɖɠ Ŭˊɧəɟɘůɖɠ Űɞɡ ŮŭɎűɞɡɠ 

ɔɨɟɤ Ŭˊɧ ŬɡŰɧ. 

3.1.3. ɇɡˊɘəɐ ůɡɛˊŮɟɘűɞɟɎ Ŭɛɛɤŭɩɜ ŮŭŬűɩɜ əŬŰɎ Űɖ ŭɞəɘɛɐ Ŭˊô ŮɡɗŮɑŬɠ 

ŭɘɎŰɛɖůɖɠ  

ɆŰɖ ŭɞəɘɛɐ Űɖɠ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ, Űɞ ŮˊɑˊŮŭɞ ɗɟŬɨůɖɠ ŮɑɜŬɘ ˊɟɞəŬɗɞɟɘůɛɏɜɞ. Ƀɘ 

ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ Ůˊɘɓɞɚɐɠ Űɞɡ ɞɟɘɕɧɜŰɘɞɡ űɞɟŰɑɞɡ ůŰɞ ŭɞəɑɛɘɞ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ 

ˊɞɚɨˊɚɞəŮɠ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ, ɖ ŮɜŰŬŰɘəɐ əŬŰɎůŰŬůɖ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ůŰɞ ŭɞəɑɛɘɞ 

tanɣ=
dz

dy
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ŮɑɜŬɘ Ŭɜɞɛɞɘɧɛɞɟűɖ. Ⱥˊɘˊɚɏɞɜ, əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ ŮɑɜŬɘ ɔɜɤůŰɏɠ ɛɧɜɞɜ ɞɘ ŮɜŮɟɔɏɠ ŰɎůŮɘɠ 

ůŰɞ ɞɟɘɕɧɜŰɘɞ ŮˊɑˊŮŭɞ. ȺˊŮɘŭɐ, ɚɞɘˊɧɜ, ŮɑɜŬɘ ɔɜɤůŰɏɠ ɞɘ ŰɎůŮɘɠ ɛɧɜɞ ůŮ ɏɜŬ ŮˊɑˊŮŭɞ, ŭŮɜ 

ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ůɢŮŭɘŬůɗŮɑ ɖ ŰŬůɘəɐ ŭɘŬŭɟɞɛɐ ɞɨŰŮ ɞɘ ŬɜŰɑůŰɞɘɢɞɘ əɨəɚɞɘ Mohr əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ŭɞəɘɛɐɠ. ȰŰůɘ, ɞɘ ŭɞəɘɛɏɠ Ŭˊɞůəɞˊɞɨɜ ůŰɖɜ əŬŰŬůəŮɡɐ Űɖɠ ˊŮɟɘɓɎɚɚɞɡůŬɠ 

ŬůŰɞɢɑŬɠ əŬɘ ůŰɖɜ ŮɟɛɖɜŮɑŬ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ɡɚɘəɞɨ əŬŰɎ Űɖɜ ŭɘɎŰɛɖůɖ. 

ȼ Ŭɟɢɘəɐ ŭɞɛɐ Űɤɜ əɧəəɤɜ Űɞɡ ŮŭɎűɞɡɠ ˊŬɑɕŮɘ ˊɞɚɨ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ŮŭɎűɞɡɠ əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ. ȼ ɢŬɚŬɟɐ ŭɞɛɐ ůɡɜŮˊɎɔŮŰŬɘ ɛŮ Ŭɟɢɘəɐ 

ůɡůŰɞɚɐ Űɞɡ ŮŭŬűɘəɞɨ ŭŮɑɔɛŬŰɞɠ, Űɞ ɞˊɞɑɞ ŭŮɜ ŮɛűŬɜɑɕŮɘ ŭɘŬűɞɟɎ ůŰɖɜ əɞɟɡűŬɑŬ ŬɜŰɞɢɐ 

Űɞɡ əŬɘ ůŰɖɜ ŬɜŰɞɢɐ əŬŰɎ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ. ȷɜŰɑɗŮŰŬ, ɏɜŬ ŬɟɢɘəɎ ˊɡəɜɧ ŭɞəɑɛɘɞ 

ŭɘŬůŰɏɚɚŮŰŬɘ, ŬɜŬˊŰɨůůŮɘ ɛŮɔŬɚɨŰŮɟɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ əŬɘ ůɡɜŮˊɩɠ əɘɜɖŰɞˊɞɘŮɑ ɛɘŬ 

ɔɤɜɑŬ Űɟɘɓɐɠ, ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŬɡŰɐ Űɖɠ əɟɑůɘɛɖɠ əŬŰɎůŰŬůɖɠ (Terzaghi əŬɘ Peck (1948), 

Taylor (1948)). ȼ əɟɑůɘɛɖ ɔɤɜɑŬ Űɟɘɓɐɠ, ŭɖɚŬŭɐ ɖ ɔɤɜɑŬ Űɟɘɓɐɠ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ɧŰŬɜ Űɞ 

ɏŭŬűɞɠ ɡűɑůŰŬŰŬɘ ŭɘɎŰɛɖůɖ ɡˊɧ ůŰŬɗŮɟɧ ɧɔəɞ, ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɐ ɔɘŬ əɎɗŮ ɏŭŬűɞɠ əŬɘ 

ŮɑɜŬɘ ůɡɜɎɟŰɖůɖ Űɖɠ əɞəəɞɛŮŰɟɑŬɠ Űɞɡ (Bolton (1986)). ɆɨɛűɤɜŬ ɛŮ Űɞɡɠ Roscoe et al. 

(1958), Űɞ ůɡůůɤɛɎŰɤɛŬ Űɤɜ əɧəəɤɜ əŬŰŬɚɐɔŮɘ, əŬŰɎ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ, ůŰɞɜ ɑŭɘɞ 

ŭŮɑəŰɖ ˊɧɟɤɜ, ŬɜŮɝŬɟŰɐŰɤɠ Űɖɠ Ŭɟɢɘəɐɠ ŭɞɛɐɠ Űɞɡɠ, Űɞɡ ɞˊɞɑɞɡ ɖ Űɘɛɐ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ 

ůɢɐɛŬ əŬɘ Űɞ ɛɏɔŮɗɞɠ Űɤɜ əɧəəɤɜ. 

Ƀɘ Terzaghi əŬɘ Peck (1948) ɡˊɞůŰɐɟɘɝŬɜ ˊɤɠ, ɧɢɘ ɛɧɜɞ ɖ ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ Űɞɡ 

ŭɞəɘɛɑɞɡ, ŬɚɚɎ əŬɘ ɖ ŮˊɘɓŬɚɚɧɛŮɜɖ əŬŰŬəɧɟɡűɖ ŮɜŮɟɔɧɠ ŰɎůɖ ŮˊɖɟŮɎɕŮɘ Űɖɜ 

ŭɘŬůŰɞɚɘəɧŰɖŰŬ əŬɘ Űɖɜ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ Űɞɡ ŮŭɎűɞɡɠ. ɄɟŬɔɛŬŰɞˊɞɑɖůŬɜ ŭɨɞ 

ˊŮɘɟɎɛŬŰŬ ůŮ ŰɟɘŬɝɞɜɘəɐ ůɡůəŮɡɐ, ŰŬ ɞˊɞɑŬ ŮɑɢŬɜ Űɞɜ ɑŭɘɞ Ŭɟɢɘəɧ ŭŮɑəŰɖ ˊɧɟɤɜ ŬɚɚɎ 

ŭɘŬűɞɟŮŰɘəɐ ˊɑŮůɖ əɡɣɏɚɖɠ (210 əŬɘ 4500 kPa). ɇɞ ŭɞəɑɛɘɞ ɛŮ Űɖɜ ɛɘəɟɐ ˊɑŮůɖ əɡɣɏɚɖɠ 

ůɡɛˊŮɟɘűɏɟɗɖəŮ ůŬɜ ˊɡəɜɧ ŭɞəɑɛɘɞ, ŮɛűŬɜɑɕɞɜŰŬɠ ůɖɛŬɜŰɘəɐ ŭɘŬůŰɞɚɐ ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ 

Ɏɚɚɞ ŭɞəɑɛɘɞ, Űɞ ɞˊɞɑɞ ŮɛűɎɜɘůŮ ůɡůŰɞɚɐ. ɆŮ ɛŮɔɎɚŮɠ ŰɎůŮɘɠ, ɖ ɗɟŬɨůɖ Űɤɜ əɧəəɤɜ 

ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡɚɘəɞɨ əŬŰɎ Űɖɜ ŭɘɎŰɛɖůɖ. ȷɜ ɞɘ əɧəəɞɘ ɐŰŬɜ 

ŰŮɚŮɑɤɠ ůəɚɖɟɞɑ əŬɘ ɎəŬɛˊŰɞɘ, ŰɧŰŮ ɛɧɜɞ ɖ ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ ɗŬ ŮˊɖɟɏŬɕŮ Űɖ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ (Bolton (1986)). ȼ Ŭɨɝɖůɖ, ɧɛɤɠ, Űɖɠ ˊɑŮůɖɠ ɞŭɖɔŮɑ ůŰɖ ɗɟŬɨůɖ Űɤɜ 

əɧəəɤɜ əŬɘ Űɖ ɛŮɑɤůɖ Űɤɜ ɔɤɜɘɩɜ Űɟɘɓɐɠ əŬɘ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ (Bishop (1972), Vesic əŬɘ 

Clough (1968)). 
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ȰɜŬɠ ŬəɧɛŬ ˊŬɟɎɔɞɜŰŬɠ, ˊɞɡ űŬɑɜŮŰŬɘ ɜŬ ŮˊɖɟŮɎɕŮɘ Űɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ Űɤɜ ɛɖ 

ůɡɜŮəŰɘəɩɜ ŮŭŬűɩɜ, ŮɑɜŬɘ ɖ ŰŬɢɨŰɖŰŬ Ůˊɘɓɞɚɐɠ ŭɘŬŰɛɖŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ. ɆŮ, 

ůŰɟŬɔɔɘɕɧɛŮɜŬ əŬɘ ɛɖ, ŰɟɘŬɝɞɜɘəɎ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ɏɢɞɡɜ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ůŰɞ ˊŬɟŮɚɗɧɜ, 

ɏɢŮɘ ŮˊŬɚɖɗŮɡŰŮɑ ˊɤɠ ɖ Ŭɨɝɖůɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ ůɡɜŮˊɎɔŮŰŬɘ ɛŮɟɘəɐ Ŭɨɝɖůɖ Űɖɠ 

ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ Űɞɡ əɞəəɩŭɞɡɠ ŮŭɎűɞɡɠ (Casagrande əŬɘ Shannon (1948), Seed əŬɘ 

Lundgren (1954), Yamamuro et al. (2011)). ɀɘŬ ˊɟɧůűŬŰɖ ɛŮɚɏŰɖ ɏɔɘɜŮ Ŭˊɧ Űɞɡɠ 

Yamamuro et al. (2011), ɞɘ ɞˊɞɑɞɘ ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ŰɟɘŬɝɞɜɘəɏɠ ŭɞəɘɛɏɠ ůŮ ɏɜŬ 

ɗɟɡɛɛŬŰɘůɛɏɜɞ əɞɟŬɚɚɘɞɔŮɜɏɠ ɛɖ ůɡɜŮəŰɘəɧ ɏŭŬűɞɠ ɛŮ Gs=2.86, emax=1.20,  emin=0.74 əŬɘ 

D50=0.32 mm. ɇŬ ˊŮɘɟɎɛŬŰŬ ɐŰŬɜ ůŰɟŬɔɔɘɕɧɛŮɜŬ əŬɘ, ŮˊŮɘŭɐ ɞɘ ɛŮɔɎɚŮɠ ŰŬɢɨŰɖŰŮɠ ɗŬ 

ŮˊɖɟɏŬɕŬɜ ɛŮɟɘəɩɠ (ɐ ˊɚɐɟɤɠ) Űɖɜ ůŰɟɎɔɔɘůɖ, ŭɖɛɘɞɨɟɔɖůŬɜ ɡˊɞˊɑŮůɖ (98 kPa) ůŰŬ əŮɜɎ 

Űɤɜ əɧəəɤɜ. ɇŬ ŭɞəɑɛɘŬ ŮɑɢŬɜ ůɢŮŰɘəɏɠ ˊɡəɜɧŰɖŰŮɠ 38% əŬɘ 58% əŬɘ ŰɏɗɖəŬɜ ɡˊɧ ŮɜŮɟɔɧ 

ˊɑŮůɖ 98 əŬɘ 350 kPa. ũɘŬ ɜŬ ˊŮŰɨɢɞɡɜ ɛŮɔɎɚŮɠ ŰŬɢɨŰɖŰŮɠ ˊŬɟŬɛɧɟűɤůɖɠ əŬŰŬůəŮɨŬůŬɜ 

ɏɜŬ ůɨůŰɖɛŬ, ůŰɞ ɞˊɞɑɞ ɏɜŬ ɓŬɟɑŭɘɞ ɏˊŮűŰŮ (ɚɧɔɤ ɓŬɟɨŰɖŰŬɠ) Ŭˊɧ ŭɘɎűɞɟŬ ɨɣɖ (ɛɏɢɟɘ 

5,5 m) əŬɘ ŮˊɏɓŬɚɚŮ, ɛŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ, Űɘɠ ŮəɚŮɔɛɏɜŮɠ ŰŬɢɨŰɖŰŮɠ ůŰɞ ŭɞəɑɛɘɞ. Ƀɘ 

ŰŬɢɨŰɖŰŮɠ əɡɛŬɑɜɞɜŰŬɜ Ŭˊɧ 0,0021%/s ɤɠ 1750%/s. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 3.3 əŬɘ 3.4. ȺɑɜŬɘ ůŬűɏɠ ˊɤɠ, ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ŰŬɢɨŰɖŰŬ: 

1. ȼ ŬůŰɞɢɑŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ɛɘəɟɧŰŮɟŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ. 

2. ȼ ŭɘŬůŰɞɚɘəɧŰɖŰŬ ŬɡɝɎɜŮŰŬɘ ŬɘůɗɖŰɎ, ůŮ ˊŬɟŬɛɞɟűɩůŮɘɠ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ Űɞ 

ůɖɛŮɑɞ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ ŬůŰɞɢɑŬ (ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ əɞəəɤŭɩɜ 

ŮŭŬűɩɜ, ɧˊɤɠ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ əɘ Ůŭɩ ɔɘŬ ɛɘəɟɏɠ ŰŬɢɨŰɖŰŮɠ). 

3.  ȼ ɞɔəɞɛŮŰɟɘəɐ ŭɘŬůŰɞɚɐ ŬɡɝɎɜŮŰŬɘ. 

 

ɆŮ ŬɜŰɑůŰɞɘɢŬ ůɡɛˊŮɟɎůɛŬŰŬ əŬŰɏɚɖɝŬɜ ɞɘ Mamo əŬɘ Dey (2014), ɞɘ ɞˊɞɑɞɘ 

ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ŭɞəɘɛɏɠ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ ůŮ űɡůɘəɐ Ɏɛɛɞ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ 

ŭɞəɘɛɩɜ Űɞɡɠ ɏŭŮɘɝŬɜ ˊɤɠ ɖ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ŭɘɎŰɛɖůɖɠ ůɡɜŮˊɎɔŮŰŬɘ əŬɘ Ŭɨɝɖůɖ Űɖɠ 

ŮůɤŰŮɟɘəɐɠ ɔɤɜɑŬɠ Űɟɘɓɐɠ Űɞɡ ɡɚɘəɞɨ, ɛŮ Űɖ ŭɘŬűɞɟɎ ɜŬ ɛŮɘɩɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ 

ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ Űɤɜ ŭɞəɘɛɑɤɜ. 
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ɆɢɐɛŬ 3.3  ȷˊɞŰŮɚɏůɛŬŰŬ ůŰɟŬɔɔɘɕɧɛŮɜɤɜ ŰɟɘŬɝɞɜɘəɩɜ ŭɞəɘɛɩɜ ůŮ ŭɘɎűɞɟŮɠ ŰŬɢɨŰɖŰŮɠ 

ŭɘŬŰɛɖŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ. ȷɟɘůŰŮɟɎ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ŭɘŬűɞɟɎɠ əɡɟɑɤɜ ŰɎůŮɤɜ- 

Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ (ŮˊɎɜɤ) əŬɘ ɞɔəɞɛŮŰɟɘəɐɠ-Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ (əɎŰɤ) ɔɘŬ ɢŬɚŬɟɎ 

ŭɞəɑɛɘŬ ɡˊɧ ŮɜŮɟɔɧ ˊɑŮůɖ 98 kPa. ȹŮɝɘɎ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ŭɘŬűɞɟɎɠ əɡɟɑɤɜ ŰɎůŮɤɜ- 

Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ (ŮˊɎɜɤ) əŬɘ ɞɔəɞɛŮŰɟɘəɐɠ-Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ (əɎŰɤ) ɔɘŬ ɛɏůɖɠ 

ˊɡəɜɧŰɖŰŬɠ ŭɞəɑɛɘŬ ɡˊɧ ŮɜŮɟɔɧ ˊɑŮůɖ 98 kPa. Ʉɖɔɐ: Yamamuro et al. (2011) 
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ɆɢɐɛŬ 3.4  ȷˊɞŰŮɚɏůɛŬŰŬ ůŰɟŬɔɔɘɕɧɛŮɜɤɜ ŰɟɘŬɝɞɜɘəɩɜ ŭɞəɘɛɩɜ ůŮ ŭɘɎűɞɟŮɠ ŰŬɢɨŰɖŰŮɠ 

ŭɘŬŰɛɖŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ. ȷɟɘůŰŮɟɎ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ŭɘŬűɞɟɎɠ əɡɟɑɤɜ ŰɎůŮɤɜ- 

Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ (ŮˊɎɜɤ) əŬɘ ɞɔəɞɛŮŰɟɘəɐɠ-Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ (əɎŰɤ) ɔɘŬ ɢŬɚŬɟɎ 

ŭɞəɑɛɘŬ ɡˊɧ ŮɜŮɟɔɧ ˊɑŮůɖ 350 kPa. ȹŮɝɘɎ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ŭɘŬűɞɟɎɠ əɡɟɑɤɜ ŰɎůŮɤɜ- 

Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ (ŮˊɎɜɤ) əŬɘ ɞɔəɞɛŮŰɟɘəɐɠ-Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ (əɎŰɤ) ɔɘŬ ɛɏůɖɠ 

ˊɡəɜɧŰɖŰŬɠ ŭɞəɑɛɘŬ ɡˊɧ ŮɜŮɟɔɧ ˊɑŮůɖ 350 kPa. Ʉɖɔɐ: Yamamuro et al. (2011) 

 

 

3.2. ɆɡɛˊŮɟɘűɞɟɎ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŮŭɎűɞɡɠ  

ȼ ɔɏɚɖ, ˊɏɟŬ Ŭˊɧ ŰŬ ŮɚəɡůŰɘəɎ űɡůɘəɞɢɖɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ŮɛűŬɜɑɕŮɘ, 

ˊŬɟɞɡůɘɎɕŮɘ əŬɘ ɘŭɘŬɑŰŮɟŬ ŮɡŮɟɔŮŰɘəɐ ŭɟɎůɖ ůŰɖ ɓŮɚŰɑɤůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ 

Űɞɡ ŮŭŬűɘəɞɨ ůəŮɚŮŰɞɨ. ȼ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡ ůŰŮɟŮɞɨ ůəŮɚŮŰɞɨ Űɖɠ ɔɏɚɖɠ ɛŮ Űɞɜ 

ŮŭŬűɘəɧ ůəŮɚŮŰɧ ŮɑɜŬɘ ɎɟɟɖəŰŬ ůɡɜŭŮŭŮɛɏɜɖ ɛŮ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ŮŭŬűɘəɐɠ Ŭˊɧəɟɘůɖɠ. Ƀɘ 

Gallagher əŬɘ Mitchell (2002) əŬɘ ɞɘ Porcino et al. (2011) ˊŬɟŬŰɐɟɖůŬɜ ˊɤɠ ɖ 

ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ ɚŮˊŰɧəɞəəɤɜ ɛɖ ůɡɜŮəŰɘəɩɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ ɛŮ ɢɖɛɘəɎ ŮɜɏɛŬŰŬ 

ˊɡɟɘŰɑŬɠ ɓŮɚŰɑɤůŮ ůɖɛŬɜŰɘəɎ Űɖɜ ŬɜŰɞɢɐ Űɞɡɠ ɏɜŬɜŰɘ ɟŮɡůŰɞˊɞɑɖůɖɠ. Ƀɘ ˊɟɩŰɞɘ, ɛŮŰɎ Ŭˊɧ 

ɛɘŬ ůŮɘɟɎ ŬɜŬəɡəɚɘəɩɜ ŰɟɘŬɝɞɜɘəɩɜ ŭɞəɘɛɩɜ əŬŰɏɚɖɝŬɜ ůŰɞ ůɡɛˊɏɟŬůɛŬ ˊɤɠ Űɞ űɡůɘəɧ 

ɡɚɘəɧ ŬˊɞəŰɎ ɛŮɔɎɚŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ əŬŰŬɟɟɏŮɘ ůŮ ˊɞɚɨ ɛɘəɟɧŰŮɟɞ ɢɟɞɜɘəɧ 

ŭɘɎůŰɖɛŬ Ŭˊɧ Űɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ, Űɞ ɞˊɞɑɞ əŬɘ ŭŮɜ əŬŰŬɟɟɏŮɘ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ŰŬ ɛɖ 
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ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ɟŮɡůŰɞˊɞɘɐɗɖəŬɜ ůŮ 1 ɛŮ 2 əɨəɚɞɡɠ ɧŰŬɜ əŬɘ ŬɜɏˊŰɡɝŬɜ 

ˊŬɟŬɛɧɟűɤůɖ 2% ŭɘˊɚɞɨ ˊɚɎŰɞɡɠ (ɖ ɛɏɔɘůŰɖ, ŭɖɚŬŭɐ, Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ ˊɞɡ 

ŮɛűŬɜɑɕŮŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Ůɜɧɠ ˊɚɐɟɞɡɠ əɨəɚɞɡ ɗɚɑɣɖɠ əŬɘ ŮűŮɚəɡůɛɞɨ). ȷɜŰɑɗŮŰŬ, ŰŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ŬɜɏˊŰɡɝŬɜ ɛŮɔɎɚŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ɛŮŰɎ Ŭˊɧ ŬɟəŮŰɞɨɠ əɨəɚɞɡɠ 

ŬɚɚɎ ůɡɜɏɢɘůŬɜ ɜŬ ˊŬɟŬɚŬɛɓɎɜɞɡɜ ŬɜŰɑůŰɞɘɢɞɡ ɛŮɔɏɗɞɡɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ɔɘŬ ˊɞɚɚɞɨɠ 

ŬəɧɛŬ əɨəɚɞɡɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 3.5 əŬɘ 3.6. 

 

 

ɆɢɐɛŬ 3.5 ȹɘŬɔɟɎɛɛŬŰŬ ŬɜŬəɡəɚɘəɐɠ ŭɞəɘɛɐɠ Ɏɛɛɞɡ Monterey ɛŮ Dr=22%, CSR=0.27. Ʉɖɔɐ: 

Gallagher əŬɘ Mitchell (2002). 
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ɆɢɐɛŬ 3.6 ȹɘŬɔɟɎɛɛŬŰŬ ŬɜŬəɡəɚɘəɩɜ ŭɞəɘɛɩɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ Monterey ɛŮ  (Ŭ) 10% 

wt. əŬɘ (ɓ) 5% wt. əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ. Ʉɖɔɐ: Gallagher əŬɘ Mitchell (2002). 
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 Ƀɘ Porcino et al. (2011) əŬɘ (2012) əŬŰɏɚɖɝŬɜ Ůˊɑůɖɠ ůŰɞ ůɡɛˊɏɟŬůɛŬ ˊɤɠ ɖ 

ůŰŬɗŮɟɞˊɞɑɖůɖ Űɞɡ ɛɖ ůɡɜŮəŰɘəɞɨ ŮŭŬűɘəɞɨ ɡɚɘəɞɨ ɛŮ ŭɘɎɚɡɛŬ ˊɡɟɘŰɘəɞɨ ɜŬŰɟɑɞɡ 

ɞŭɐɔɖůŮ ůŮ ˊɘɞ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ əŬɘ ůŮ Ŭɝɘɧɚɞɔɖ Ŭɨɝɖůɖ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ 

ŬɜŰɞɢɐɠ Űɞɡ ɡɚɘəɞɨ. ȺɝɏŰŬůŬɜ űɡůɘəɎ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ (ɛŮ ɡɔɟɧɚɡɛŬ ˊɡɟɘŰɘəɞɨ 

ɜŬŰɟɑɞɡ 10% wt.) ŭɞəɑɛɘŬ Ɏɛɛɞɡ Ticino River (TS), ɛŮ ɢŬɟŬəŰɖɟɘůŰɘəɎ Gs=2.68, 

ɔmax=16.67,  ɔmin=13.64 əŬɘ D50=0.6 mm, ůŮ ŰɟɘŬɝɞɜɘəɏɠ ŭɞəɘɛɏɠ əŬɘ ůŮ ŭɞəɘɛɏɠ Ŭˊɚɐɠ 

ŭɘɎŰɛɖůɖɠ. ɇŬ ŭɞəɑɛɘŬ ɐŰŬɜ ˊɚɐɟɤɠ əɞɟŮůɛɏɜŬ (ȸ Ó 0.96) əŬɘ ŮɑɢŬɜ ɧɚŬ ˊŬɟɧɛɞɘŬ 

ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ, Dr=45%, ŮəŰɧɠ Ŭˊɧ əɎˊɞɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ, ŰŬ ɞˊɞɑŬ ŮɑɢŬɜ Dr=75%, 

ɩůŰŮ ɜŬ ŮɝŮŰŬůŰŮɑ ɖ Ŭˊɧəɟɘůɖ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ ɔɘŬ ˊɡəɜɏɠ Ŭɟɢɘəɏɠ ŭɞɛɏɠ. 

Ƀɘ ŭɞəɘɛɏɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ůŰɖɜ ŰɟɘŬɝɞɜɘəɐ ůɡůəŮɡɐ ɐŰŬɜ ůŮ ůŰɟŬɔɔɘɕɧɛŮɜŮɠ 

ůɡɜɗɐəŮɠ əŬɘ ɖ ůŰŮɟŮɞˊɞɑɖůɖ ɐŰŬɜ ɘůɧŰɟɞˊɖ. Ƀɘ ˊɘɏůŮɘɠ əɡɣɏɚɖɠ ŮɑɢŬɜ Ůɨɟɞɠ 50-300 kPa 

ɔɘŬ ŰŬ űɡůɘəɎ əŬɘ 20-400 kPa ɔɘŬ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ. ɆŰɞ ɆɢɐɛŬ 3.7 (a) əŬɘ (b) 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ Űɖɠ ɘůɧŰɟɞˊɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ ɔɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ əŬɘ ɛɖ 

Ɏɛɛɞ əŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ɛŮŰŬɓɞɚɐɠ Űɞɡ bulk modulus ůŮ ůɢɏůɖ ɛŮ Űɞ pô, ŬɜŰɑůŰɞɘɢŬ. 

ɄŬɟŬŰɐɟɖůŬɜ ˊɤɠ, Űɞ bulk modulus ɛŮɘɩɜŮŰŬɘ ŬɟɢɘəɎ ůŰɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ, ɛɘŬɠ 

əŬɘ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ əɞəəɩŭɖ ŮŭɎűɖ, ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ˊŮɟɘɞɟɑɕŮɘ ŬɟɢɘəɎ Űɖɜ ŮɡɟŮɑŬ 

ɗɟŬɨůɖ Űɤɜ əɧəəɤɜ, ŭɑɜɞɜŰŬɠ ůŰɞ ɏŭŬűɞɠ ˊŮɟɑˊɞɡ ŮɚŬůŰɘəɐ Ŭˊɧəɟɘůɖ. ȷˊɧ ɛɘŬ Űɘɛɐ 

ˊɑŮůɖɠ əŬɘ ɛŮŰɎ (pôy), ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ˊŬɨŮɘ ɜŬ ŮˊɖɟŮɎɕŮɘ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ bulk 

modulus əŬɘ Űɞ ŭɞəɑɛɘɞ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ůŬɜ Űɞ űɡůɘəɧ. 

 

 

ɆɢɐɛŬ 3.7  ȹɘŬɔɟɎɛɛŬŰŬ: (a) ɘůɧŰɟɞˊɖɠ ůɡɛˊɑŮůɖɠ ɔɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ əŬɘ ɛɖ Ɏɛɛɞ TS, (b) 

ɛŮŰŬɓɞɚɐɠ Űɞɡ bulk modulus ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŮɜŮɟɔɧ ŰɎůɖ ɔɘŬ  ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ əŬɘ ɛɖ Ɏɛɛɞ TS. 

Ʉɖɔɐ: Porcino et al. (2012). 
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ɆŰɞ ɆɢɐɛŬ 3.8 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ q - Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ Ůa əŬɘ 

ɞɔəɞɛŮŰɟɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ Ůvol - Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ Ůa, ɧˊɞɡ q=ů1-ů3 (ů1,ů3: 

əɨɟɘŮɠ ŰɎůŮɘɠ). ɄŬɟŬŰɐɟɖůŬɜ ůɖɛŬɜŰɘəɏɠ ŭɘŬűɞɟɏɠ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ ŰɎůɖɠ-

ˊŬɟŬɛɧɟűɤůɖɠ ɛŮŰŬɝɨ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ əŬɘ Űɤɜ űɡůɘəɩɜ ŮŭŬűɘəɩɜ ŭŮɘɔɛɎŰɤɜ, 

ɧˊɤɠ: ɛŮɔŬɚɨŰŮɟɖ ɣŬɗɡɟɧŰɖŰŬ, Ŭɡɝɖɛɏɜɖ ɞɔəɞɛŮŰɟɘəɐ ŭɘŬůŰɞɚɐ əŬɘ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ 

Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ. ȼ ɛŮɔŬɚɨŰŮɟɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ, ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɚɧɔɤ Űɖɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ, ˊŬɟɞɡůɘɎɕŮŰŬɘ əŬɘ ůŰɞ ɆɢɐɛŬ 3.9, ɧˊɞɡ ɞ ɛɏɔɘůŰɞɠ ɚɧɔɞɠ q/pô 

ɛŮɘɩɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ, ɧˊɞɡ ɞ 

ɚɧɔɞɠ ˊŬɟŬɛɏɜŮɘ Ůɝô Ŭɟɢɐɠ ůŰŬɗŮɟɧɠ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ Űɘɛɏɠ. 

 

 

ɆɢɐɛŬ 3.8  ɀɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ (a) ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ əŬɘ (b) ɛɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ TS ɔɘŬ 

ŭɘɎűɞɟŮɠ Űɘɛɏɠ ŮɜŮɟɔɩɜ ˊɘɏůŮɤɜ. Ʉɖɔɐ: Porcino et al. (2012). 
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ɆɢɐɛŬ 3.9  Ⱥˊɘɟɟɞɐ Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ ůŰɞ ɛɏɔɘůŰɞ q/pô ɔɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ əŬɘ ɛɖ Ɏɛɛɞ TS 

(Ŭˊɧ ůŰɟŬɔɔɘɕɧɛŮɜŮɠ ŰɟɘŬɝɞɜɘəɏɠ ŭɞəɘɛɏɠ). Ʉɖɔɐ: Porcino et al. (2012). 

 

 

ȳůɞɜ ŬűɞɟɎ Űɖɜ ŬůŰɞɢɑŬ, ɞɘ  Porcino et al. (2012)  ɡˊɞůŰɐɟɘɝŬɜ ˊɤɠ,  ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ 

Űɖɠ Ɏɛɛɞɡ Űɖɠ ˊɟɞůŭɑŭŮɘ ɛɘŬ ɛɘəɟɐ ůɡɜɞɢɐ əŬɘ, ŰŬɡŰɧɢɟɞɜŬ. ɞɘ ˊŮɟɘɓɎɚɚɞɡůŮɠ ŬůŰɞɢɑŬɠ 

Űɞɡ űɡůɘəɞɨ əŬɘ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŮŭɎűɞɡɠ ŮɑɜŬɘ ˊŬɟɎɚɚɖɚŮɠ (ɆɢɐɛŬ 3.10). ȾŬŰɎ 

Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ, ɓɏɓŬɘŬ, ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ŭŮɜ ŮˊɖɟŮɎɕŮɘ Űɖɜ ŬɜŰɞɢɐ əŬɘ ɧɚŬ ŰŬ 

ŭɞəɑɛɘŬ əŬŰŬɚɐɔɞɡɜ ůŰɖɜ ɑŭɘŬ ˊŮɟɘɓɎɚɚɞɡůŬ (ɔɘŬ ɛŮɔɎɚŮɠ Ŭɝɞɜɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ), 

ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3.11. 

ɇɏɚɞɠ, ůɢŮŭɘɎɕɞɜŰŬɠ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ (ɚɧɔɞɠ ɞɔəɞɛŮŰɟɘəɐɠ ˊɟɞɠ Űɖɜ 

Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ) ï q/pô (ɆɢɐɛŬ 3.12), ɘůɢɡɟɑůŰɖəŬɜ ˊɤɠ Űɞ ɏŭŬűɞɠ ˊŬɟɞɡůɘɎɕŮɘ Űɖ 

ɛɏɔɘůŰɖ Űɘɛɐ Űɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ əŬŰɎ Űɖ ɛɏɔɘůŰɖ Űɘɛɐ q/pô, ŮɑŰŮ ŮɑɜŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ 

ŮɑŰŮ ɧɢɘ. ȷˊɧ Űɞ ůɢɐɛŬ ɔɑɜŮŰŬɘ Ůˊɑůɖɠ ůŬűɐɠ əŬɘ ɖ ɛŮɔŬɚɨŰŮɟɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ Űɞɡ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŮŭŬűɘəɞɨ ŭŮɑɔɛŬŰɞɠ. 
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ɆɢɐɛŬ 3.10  ɄŮɟɘɓɎɚɚɞɡůŮɠ ŬůŰɞɢɑŬɠ əŬŰɎ Űɖɜ əɞɟɡűŬɑŬ əŬŰɎůŰŬůɖ ɔɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ əŬɘ ɛɖ 

Ɏɛɛɞ TS. Ʉɖɔɐ: Porcino et al. (2012). 

  

 

 

ɆɢɐɛŬ 3.11  ɄŮɟɘɓɎɚɚɞɡůŬ əŬŰɎ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ ɔɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ əŬɘ ɛɖ Ɏɛɛɞ TS. 

Ʉɖɔɐ: Porcino et al. (2012). 
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ɆɢɐɛŬ 3.12  ȹɘɎɔɟŬɛɛŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ-ɚɧɔɞɡ q/pô ɔɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ (ŬɟɘůŰŮɟɎ) əŬɘ ɛɖ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ (ŭŮɝɘɎ) Ɏɛɛɞ TS. Ʉɖɔɐ: Porcino et al. (2012). 
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4 ūɈɆȽȾȷ ȾȷȽ ɆɇȷŪȺɅɃɄɃȽȼɀȺɁȷ 

ȺȹȷūȽȾȷ ɈȿȽȾȷ 

 

ȼ ɔɜɩůɖ Űɤɜ űɡůɘəɩɜ ɘŭɘɞŰɐŰɤɜ Ůɜɧɠ ŮŭŬűɘəɞɨ ɡɚɘəɞɨ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɞɜ 

ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ. Ƀɘ ɛɖɢŬɜɘəɏɠ Űɞɡ ɘŭɘɧŰɖŰŮɠ ŭŮɜ ůɡɜŭɏɞɜŰŬɘ 

ɎɛŮůŬ ɛŮ Űɘɠ űɡůɘəɏɠ, ŬɚɚɎ ɛɏůɤ ŮɛˊŮɘɟɘəɩɜ ůɢɏůŮɤɜ ŮˊɘŰɟɏˊŮŰŬɘ ɞ ˊɟɞůŮɔɔɘůŰɘəɧɠ 

ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡɠ. Ƀ Ŭɟɘɗɛɧɠ Űɤɜ űɡůɘəɩɜ ɘŭɘɞŰɐŰɤɜ ˊɞɡ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞɠ ɔɘŬ Űɞɜ 

ˊɚɐɟɖ ɢŬɟŬəŰɖɟɘůɛɧ Űɞɡ ŮŭɎűɞɡɠ ŮɑɜŬɘ ŬɟəŮŰɎ ɛŮɔɎɚɞɠ, Ŭűɞɨ ŮɑɜŬɘ ɏɜŬ ɡɚɘəɧ ˊɞɡ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟŮɘɠ űɎůŮɘɠ (ůŰŮɟŮɐ, ɡɔɟɐ əŬɘ ŬɏɟɘŬ), əɎɜɞɜŰŬɠ Űɖɜ ɛŮɚɏŰɖ Űɞɡ 

ŭɡůəɞɚɧŰŮɟɖ Ŭˊɧ Űɤɜ ɡˊɞɚɞɑˊɤɜ ɡɚɘəɩɜ. ɆŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ ŬɜŬˊŰɨůůɞɜŰŬɘ əɎˊɞɘŮɠ 

ɓŬůɘəɏɠ ɛɏɗɞŭɞɘ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ űɡůɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ, əŬɗɩɠ əŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡɠ. 

4.1. ɄŮɘɟŬɛŬŰɘəɧɠ ˊɟɞůŭɘɞɟɘůɛɧɠ ɛŮɔɏɗɞɡɠ əɧəəɤɜ  

ɇɞ ɛɏɔŮɗɞɠ Űɤɜ ŮŭŬűɘəɩɜ əɧəəɤɜ ŮɑɗɘůŰŬɘ ɜŬ ŮəűɟɎɕŮŰŬɘ ůŬɜ ŭɘɎɛŮŰɟɞɠ Űɞɡ əɧəəɞɡ. 

ɇɞ Ůɨɟɞɠ Űɤɜ ɛŮɔŮɗɩɜ ˊɞɘəɑɚŮɘ ɔɘŬ ŰŬ ůɡɜɐɗɖ ŮŭŬűɘəɎ ɡɚɘəɎ Ŭˊɧ 0,00001 mm ɤɠ 10 mm. 

ũɘŬ ŰŬ Ŭɛɛɩŭɖ ŮŭŬűɘəɎ ɡɚɘəɎ, ɖ ŭɘɎɛŮŰɟɞɠ Űɞɡ əɧəəɞɡ Űɞɡɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ɤɠ Űɞ ɛɏɔŮɗɞɠ 

Űɖɠ ɛɘəɟɧŰŮɟɖɠ ŰŮŰɟŬɔɤɜɘəɐɠ ɞˊɐɠ Űɞɡ əɧůəɘɜɞɡ, ŭɘŬ ɛɏůɞɡ Űɞɡ ɞˊɞɑɞɡ ŭɘɏɟɢŮŰŬɘ ɞ 

əɧəəɞɠ. ȷɡŰɐ ɖ ŭɘɎɛŮŰɟɞɠ ŭŮɜ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŬ ɖ ɛɘəɟɧŰŮɟɖ Ůə Űɤɜ Űɟɘɩɜ əŬɗɏŰɤɜ 

ŭɘŬůŰɎůŮɤɜ Űɞɡ əɧəəɞɡ, ŬɚɚɎ əɎˊɞɘŬ ŮɜŭɘɎɛŮůɖ, ɏŰůɘ ɩůŰŮ ɖ ɛŮɔŬɚɨŰŮɟɖ ŭɘɎůŰŬůɖ ɜŬ 

ŮɑɜŬɘ əɎɗŮŰɖ ůŰɖɜ ɞˊɐ Űɞɡ əɧůəɘɜɞɡ. ɇɞ ɛɏɔŮɗɞɠ Űɞɡ əɧəəɞɡ Űɞɡɠ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 0,06 

mm ɏɤɠ əŬɘ 2 mm, ŬɟəŮŰɎ ɛŮɔɎɚɞ, ŭɖɚŬŭɐ, ɩůŰŮ ɞɘ ŭɡɜɎɛŮɘɠ ɓŬɟɨŰɖŰŬɠ ɜŬ ˊŬɑɕɞɡɜ 

əŬɗɞɟɘůŰɘəɧ ɟɧɚɞ ůŰɖɜ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɩɜ Űɤɜ ɡɚɘəɩɜ əŬɘ ɜŬ ˊŬɟɞɡůɘɎɕɞɡɜ, 

ɏŰůɘ, ŰŮɚŮɑɤɠ ŭɘŬűɞɟŮŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Ŭˊɧ ŰŬ əɞɚɚɞŮɘŭɐ. 

Ƀɘ əɧəəɞɘ ůŰŬ ŮŭɎűɖ ˊɞɘəɑɚɞɡɜ ɧɢɘ ɛɧɜɞ ɤɠ ˊɟɞɠ Űɞ ɛɏɔŮɗɞɠ, ŬɚɚɎ əŬɘ ɤɠ ˊɟɞɠ Űɞ 

ůɢɐɛŬ Űɞɡɠ. ȹɨɞ ŮɑɜŬɘ ɞɘ ɓŬůɘəɏɠ ŭɘŬəɟɑůŮɘɠ ɤɠ ˊɟɞɠ Űɞ ůɢɐɛŬ Űɤɜ əɧəəɤɜ: ɞɘ ˊŮɟɑˊɞɡ 

ůűŬɘɟɘəɞɨ ůɢɐɛŬŰɞɠ əɧəəɞɘ, ˊɞɡ ɞɘ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ Űɞɡɠ ŮɑɜŬɘ Űɖɠ ɑŭɘŬɠ ŰɎɝɖɠ ɛŮɔɏɗɞɡɠ, 

əŬɘ ɞɘ ˊɚŬŰɨɠ əɧəəɞɘ, ɛŮ ˊɎɢɞɠ ˊɞɚɨ ɛɘəɟɧŰŮɟɞ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɞɡɠ. Ƀɘ ůűŬɘɟɞŮɘŭɐɠ 

əɧəəɞɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬŰɎ əŬɜɧɜŬ ůŰŬ Ŭɛɛɩŭɖ ŮŭɎűɖ əŬɘ ŰŬ ŬɛɛɞɢɎɚɘəŬ Ůɜɩ ɞɘ ˊɚŬŰɨɠ 

ůɡɜŬɜŰɩɜŰŬɘ, əɡɟɑɤɠ, ůŰɘɠ ɘɚŮɑɠ əŬɘ Űɘɠ Ŭɟɔɑɚɞɡɠ. ɇŬ Ŭɛɛɩŭɖ ŮŭɎűɖ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ 
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ˊŮɟɑˊɞɡ ůűŬɘɟɘəɞɨɠ əɧəəɞɡɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɏɢɞɡɜ ůŰɟɞɔɔɡɚɧ ɐ ɔɤɜɘɩŭŮɠ ůɢɐɛŬ. ȺɑɜŬɘ 

ŭɡɜŬŰɧɜ ɜŬ űɏɟɞɡɜ ɛŮɔɎɚŬ ůŰŬŰɘəɎ űɞɟŰɑŬ əŬɘ ɜŬ ˊɟɞəŬɚɞɨɜŰŬɘ ůɢŮŰɘəɎ ɛɘəɟɏɠ 

ˊŬɟŬɛɞɟűɩůŮɘɠ (ɘŭɘŬɑŰŮɟŬ ɧŰŬɜ ɞɘ əɧəəɞɘ Űɞɡɠ ŮɑɜŬɘ ɔɤɜɘɩŭŮɘɠ). Ⱥˊɑůɖɠ, ɛŮ Űɖɜ ŮˊɑŭɟŬůɖ 

ŭɞɜɐůŮɤɜ ŰŬ ŮŭɎűɖ ŬɡŰɎ ɡűɑůŰŬɜŰŬɘ ŮɨəɞɚŬ ɛŮŰŬŰɞˊɑůŮɘɠ əŬɘ ŬɜŬŭɘɎŰŬɝɖ Űɤɜ əɧəəɤɜ 

Űɞɡɠ. 

4.1.1.  ȾɞəəɞɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ɛŮ əɧůəɘɜŬ 

ȼ əŬŰŬɜɞɛɐ Űɤɜ əɧəəɤɜ əŬɘ Űɞ ůɢɐɛŬ ˊɞɡ ɔŮɜɘəɎ ŮˊɘəɟŬŰŮɑ ůŰŬ ŮŭɎűɖ ŮɑɜŬɘ Ŭˊɧ ŰŬ 

ɓŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ŭɘŬəɟɑɜɞɡɜ Űɞɡɠ ŭɘɎűɞɟɞɡɠ Űɨˊɞɡɠ ŮŭŬűɩɜ əŬɘ ˊŬɑɕɞɡɜ ˊɞɚɨ 

ɞɡůɘɩŭɖ ɟɧɚɞ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ. ũɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ ŬɡŰɐɠ Űɖɠ əŬŰŬɜɞɛɐɠ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ əɞəəɞɛŮŰɟɘəɏɠ ŬɜŬɚɨůŮɘɠ ɛŮ ŬɛŮɟɘəɎɜɘəŬ ˊɟɧŰɡˊŬ əɧůəɘɜŬ, 

ůɨɛűɤɜŬ ɛŮ Űɞɡɠ əŬɜɞɜɘůɛɞɨɠ ASTM D422-63 əŬɘ BS-1377. ɇŬ əɧůəɘɜŬ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 4.1. 

ȼ ́ɞůɧŰɖŰŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ əɞəəɞɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ŭŮɜ 

ŮɑɜŬɘ ůŰŬɗŮɟɐ əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ɛŮɔɑůŰɞɡ əɧəəɞɡ Űɞɡ ŮŭɎűɞɡɠ. ɆɨɛűɤɜŬ 

ɛŮ Űɞɡɠ əŬɜɞɜɘůɛɞɨɠ, ɖ ŮɚɎɢɘůŰɖ ŬˊŬɘŰɞɨɛŮɜɖ ˊɞůɧŰɖŰŬ ŮŭŬűɘəɞɨ ɡɚɘəɞɨ, ˊɞɡ 

ŰɞɡɚɎɢɘůŰɞɜ ˊɞůɞůŰɧ 95% ŭɘɏɟɢŮŰŬɘ Ŭˊɧ Űɞ əɧůəɘɜɞ Ɂ
ɞ
 8 (ɞˊɐ ŭɘŬɛɏŰɟɞɡ 2,38 mm), ŮɑɜŬɘ 

100 gr. ɆŮ əɎɗŮ əɞəəɞɛŮŰɟɘəɐ ŬɜɎɚɡůɖ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ˊŮɟɑˊɞɡ 200 gr űɡůɘəɞɨ ɡɚɘəɞɨ. 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ əɞəəɞɛŮŰɟɘəɐɠ ŬɜɎɚɡůɖɠ Űɤɜ ŮŭŬűɩɜ ɛˊɞɟŮɑ ɜŬ Ŭɝɘɞˊɞɘɖɗɞɨɜ, 

ŮəűɟɎɕɞɜŰŬɠ ŰŬ əɞəəɞɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡɠ, ɛŮ ůɢɏůŮɘɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜ 

ŬɟɘɗɛɖŰɘəɏɠ Űɘɛɏɠ Űɤɜ ŭɘŬɛɏŰɟɤɜ Űɤɜ əɧəəɤɜ Űɖɠ əŬɛˊɨɚɖɠ ŭɘŬɓɎɗɛɘůɖɠ. ȰɜŬɠ ůɡɜɐɗɖɠ 

Űɟɧˊɞɠ ɏəűɟŬůɖɠ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ŬɡŰɩɜ ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ Cu (ɐ ůɡɜŰŮɚŮůŰɐɠ 

Hazen) əŬɘ ŮɑɜŬɘ ŮɜŭŮɘəŰɘəɧɠ Űɞɡ ɓŬɗɛɞɨ ɞɛɞɘɞɛɞɟűɑŬɠ Ůɜɧɠ ŮŭɎűɞɡɠ. ȷɜ ɞ ŭŮɑəŰɖɠ ŮɑɜŬɘ 

ɛɘəɟɧŰŮɟɞɠ Űɞɡ 5, Űɞ ɏŭŬűɞɠ ɗŮɤɟŮɑŰŬɘ ɞɛɞɘɧɛɞɟűɞ Ůɜɩ ɔɘŬ 5<Cu<15 ɗŮɤɟŮɑŰŬɘ ɛɏůɖɠ 

ɞɛɞɘɞɛɞɟűɑŬɠ. Ƀ ůɡɜŰŮɚŮůŰɐɠ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ɏəűɟŬůɖ: 

Cu=
10

60

D

D
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ɃɜɞɛŬůɑŬ əɧůəɘɜɞɡ ȹɘɎɛŮŰɟɞɠ ɞˊɐɠ əɧůəɘɜɞɡ (mm) 

Ɂ
ɞ
 10 2,000 

Ɂ
ɞ
 20 0,850 

Ɂ
ɞ
 40 0,425 

Ɂ
ɞ
 50 0,300 

Ɂ
ɞ
 60 0,250 

Ɂ
ɞ
 70 0,212 

Ɂ
ɞ
 100 0,150 

Ɂ
ɞ
 200 0,075 

ɄɑɜŬəŬɠ 4.1 ȹɘŬůŰɎůŮɘɠ ɞˊɩɜ əɞůəɑɜɤɜ. 

 

4.2. Ɉˊɞɚɞɔɘůɛɧɠ ɛɏɔɘůŰɞɡ əŬɘ ŮɚɎɢɘůŰɞɡ ŭŮɑəŰɖ ˊɧɟɤɜ 

ũɜɤɟɑɕɞɜŰŬɠ Űɖ ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ (Dr) ɐ Űɞ ŭŮɑəŰɖ ˊɧɟɤɜ (e) ɛɘŬɠ əŬɗŬɟɐɠ Ɏɛɛɞɡ 

ɛˊɞɟɞɨɛŮ ɜŬ ŮəŰɘɛɐůɞɡɛŮ Űɖɜ Ŭˊɧəɟɘůɐ Űɖɠ. Ƀ ŭŮɑəŰɖɠ ˊɧɟɤɜ Ůɜɧɠ ŮŭŬűɘəɞɨ ɡɚɘəɞɨ 

ɞɟɑɕŮŰŬɘ ɤɠ ɞ ɚɧɔɞɠ Űɞɡ ɧɔəɞɡ Űɤɜ əŮɜɩɜ (Vv) ˊɟɞɠ Űɞɜ ɧɔəɞ Űɤɜ ůŰŮɟŮɩɜ əɧəəɤɜ (Vs) 

əŬɘ ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ ůɢɏůɖ: 

e=
s

v

V

V
=

n-1

n
 , ɧˊɞɡ n: ˊɞɟɩŭŮɠ 

ɇŬ ɛɖ ůɡɜŮəŰɘəɎ ŮŭŬűɘəɎ ɡɚɘəɎ ɛˊɞɟŮɑ ɜŬ ŮɛűŬɜɘůŰɞɨɜ ůŰɖ űɨůɖ ɛŮ ŭɘɎűɞɟŮɠ Űɘɛɏɠ 

Űɞɡ ŭŮɑəŰɖ ˊɧɟɤɜ, ŬɜɎɚɞɔŬ ɛŮ Űɖ ŭɘɎŰŬɝɖ Űɤɜ əɧəəɤɜ Űɞɡɠ. ȼ ˊɚɏɞɜ ɢŬɚŬɟɐ ŭɘɎŰŬɝɖ Űɤɜ 

əɧəəɤɜ, ÕŮ Űɞ ɛɏɔɘůŰɞ ˊɞůɞůŰɧ əŮɜɩɜ, ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŮɚɎɢɘůŰɖ ˊɡəɜɧŰɖŰŬ Ůɜɩ  ɖ ˊɚɏɞɜ 

ˊɡəɜɐ ŭɘɎŰŬɝɖ Űɤɜ əɧəəɤɜ, ÕŮ Űɞ ŮɚɎɢɘůŰɞ ˊɞůɞůŰɧ əŮɜɩɜ, ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɛɏɔɘůŰɖ 

ˊɡəɜɧŰɖŰŬ. ȰɜŬ ɢɟɐůɘɛɞ ɛɏɔŮɗɞɠ ɔɘŬ Űɞ ɢŬɟŬəŰɖɟɘůɛɧ Űɖɠ əŬŰɎůŰŬůɖɠ ɛɘŬɠ Ɏɛɛɞɡ ůŮ 

ůɢɏůɖ ÕŮ Űɖɜ ŮɚɎɢɘůŰɖ əŬɘ Űɖ ɛɏɔɘůŰɖ ˊɡəɜɧŰɖŰŬ ŮɑɜŬɘ ɖ ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ (Dr), ɖ ɞˊɞɑŬ 

ɞɟɑɕŮŰŬɘ ɤɠ Ůɝɐɠ: 

Dr=
minmax

max

e-e

e-e
 

ȾɟɑɜŮŰŬɘ, ɚɞɘˊɧɜ, ŬˊŬɟŬɑŰɖŰɞɠ, ɞ ˊŮɘɟŬɛŬŰɘəɧɠ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡ ɛɏɔɘůŰɞɡ (emax) əŬɘ 

Űɞɡ ŮɚɎɢɘůŰɞɡ (emin) ŭŮɑəŰɖ ˊɧɟɤɜ. 

Ƀ ɛɏɔɘůŰɞɠ ŭŮɑəŰɖɠ ˊɧɟɤɜ ˊɟɞůŭɘɞɟɑůŰɖəŮ ɛŮ Űɖ ɛɏɗɞŭɞ Űɞɡ Kolbuszewskɘ (1948). ɆŮ 

ŭɘɎűɞɟɞɡɠ ɔɡɎɚɘɜɞɡɠ ɞɔəɞɛŮŰɟɘəɞɨɠ ůɤɚɐɜŮɠ ŬˊɞŰɏɗɖəŬɜ ˊɞɘəɑɚŮɠ ˊɞůɧŰɖŰŮɠ ɝɖɟɞɨ 
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ŮŭŬűɘəɞɨ ɡɚɘəɞɨ əŬɘ Űɞ Ɏəɟɞ Űɞɡɠ əŬɚɨűɗɖəŮ ɛŮ ŮɚŬůŰɘəɐ ɛŮɛɓɟɎɜɖ. ɆŰɘɠ ůɤɚɐɜŮɠ 

ŮˊɘɓɚɐɗɖəŮ ɢŮɘɟɞəɑɜɖŰɖ ŬɜɎŭŮɡůɖ, ŬɜŬˊɞŭɞɔɡɟɑůŰɖəŬɜ ɛŮɟɘəɏɠ űɞɟɏɠ əŬɘ ŮˊɏůŰɟŮɣŬɜ 

ůŰɖɜ Ŭɟɢɘəɐ Űɞɡɠ ɗɏůɖ. ȼ ŭɘŬŭɘəŬůɑŬ ŮˊŬɜŬɚɐűɗɖəŮ 5 űɞɟɏɠ ɔɘŬ əɎɗŮ ŭɧəɘɛɐ. ɀŮŰɎ Űɞ 

Űɏɚɞɠ Űɖɠ ŭɞəɘɛɐɠ, əŬŰŬɔɟɎűɖəŮ ɖ ɏɜŭŮɘɝɖ Űɞɡ ɞɔəɞɛŮŰɟɘəɞɨ ůɤɚɐɜŬ əŬɘ Űɞ ŮŭŬűɘəɧ 

ɡɚɘəɧ ɕɡɔɑůŰɖəŮ.  ɀɏůɤ Űɞɡ ɧɔəɞɡ Űɞɡ ŭɞəɘɛɑɞɡ, Űɞɡ Ůɘŭɘəɞɨ ɓɎɟɞɡɠ (Gs) əŬɘ Űɖɠ ɛɎɕŬɠ 

Űɖɠ Ɏɛɛɞɡ ɡˊɞɚɞɔɑůŰɖəŮ ɞ ɛɏɔɘůŰɞɠ ŭŮɑəŰɖɠ ˊɧɟɤɜ. 

Ƀ ŮɚɎɢɘůŰɞɠ ŭŮɑəŰɖɠ ˊɧɟɤɜ ˊɟɞůŭɘɞɟɑůŰɖəŮ ɤɠ Ůɝɐɠ: ůŮ Ůɘŭɘəɧ ŭɞɢŮɑɞ əɡɚɘɜŭɟɘəɞɨ 

ůɢɐɛŬŰɞɠ ŬˊɞŰɏɗɖəŮ ůŮ ˊɏɜŰŮ ŭɘŬŭɞɢɘəɏɠ ůŰɟɩůŮɘɠ ɖ ŮɝŮŰŬɕɧɛŮɜɖ Ɏɛɛɞɠ. ȾɎɗŮ ůŰɟɩůɖ 

ůɡɛˊɡəɜɩɗɖəŮ ɛŮ ůɡɜŮɢɐ ɢŰɡˊɐɛŬŰŬ Űɖɠ Ɏɛɛɞɡ (100 ˊŮɟɑˊɞɡ ŬɜɎ ůŰɟɩůɖ), Ŭˊɧ Ůɘŭɘəɧ 

ɢŮɘɟɞəɑɜɖŰɞ ɧɟɔŬɜɞ. ɆŰɖ ůɡɜɏɢŮɘŬ əŬŰŬɔɟɎűɖəŮ ɞ ůɡɜɞɚɘəɧɠ ɧɔəɞɠ Űɞɡ ŭɞəɘɛɑɞɡ əŬɘ 

ɕɡɔɑůŰɖəŮ Űɞ ŮŭŬűɘəɧ ɡɚɘəɧ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ. ȷɜŰɑůŰɞɘɢŬ ɛŮ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ 

ɛɏɔɘůŰɞɡ ŭŮɑəŰɖ ˊɧɟɤɜ, ɡˊɞɚɞɔɑɕŮŰŬɘ əŬɘ ɞ ŮɚɎɢɘůŰɞɠ ŭŮɑəŰɖɠ ˊɧɟɤɜ. 

4.3. ūɡůɘəɎ ɛɖ ůɡɜŮəŰɘəɎ ŮŭŬűɘəɎ ɡɚɘəɎ 

ɆŰŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ŮəŰŮɚɞɨɜŰŬɘ ůŰɞ ŮɟɔŬůŰɐɟɘɞ ůɡɜɐɗɤɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

ŮɟɔŬůŰɖɟɘŬəɐ Ɏɛɛɞɠ, əŬɘ ɧɢɘ ŮŭŬűɘəɎ ɡɚɘəɎ ˊɞɡ ɛˊɞɟɞɨɛŮ ɜŬ ůɡɚɚɏɝɞɡɛŮ Ŭˊɧ Űɞ űɡůɘəɧ 

ˊŮɟɘɓɎɚɚɞɜ. ȷɡŰɎ ŰŬ ŮŭŬűɘəɎ ɡɚɘəɎ ŮɑɜŬɘ əŬŰɎɚɚɖɚŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ɩůŰŮ ɜŬ ŮɑɜŬɘ 

əŬɗŬɟɎ (ɢɤɟɑɠ ˊɟɞůɛɑɝŮɘɠ ɛŮ ɎɚɚŬ ɡɚɘəɎ), ůɢŮŰɘəɎ ɞɛɞɘɞɔŮɜɐ, əŬŰɎɚɚɖɚŬ ŭɘŬɓŬɗɛɘůɛɏɜŬ 

əŬɘ ɜŬ ˊŮɟɘɏɢɞɡɜ əɧəəɞɡɠ ɛŮ ɢŬɟŬəŰɖɟɘůŰɘəɧ ɛɏɔŮɗɞɠ əŬɘ ůɢɐɛŬ. ȼ ɢɟɐůɖ ŰɏŰɞɘɤɜ 

ŮŭŬűɘəɩɜ ɡɚɘəɩɜ ɞŭɖɔŮɑ ůŮ Ŭəɟɘɓɐ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ Űɖɜ ŮŭŬűɘəɐ Ŭˊɧəɟɘůɖ əŬɗɩɠ ŮɑɜŬɘ 

ɔɜɤůŰɎ ɧɚŬ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬɘ ɞɘ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ. ɇŬ ŮŭŬűɘəɎ ɡɚɘəɎ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɘɠ ŭɞəɘɛɏɠ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɖ Ɏɛɛɞɠ ɀ31, ɖ Ɏɛɛɞɠ 

Longstone əŬɘ ɖ Ɏɛɛɞɠ Fontainebleau. ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡɠ Ŭ́ɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ 

ɄɑɜŬəŬ 4.2 əŬɘ ɞɘ əɞəəɞɛŮŰɟɘəɏɠ əŬɛˊɨɚŮɠ Űɞɡɠ ůŰɞ ɆɢɐɛŬ 4.2. 

4.3.1. ȯɛɛɞɠ ɀ31 

ȼ ŬɜɎɚɡůɖ ůŰɞ ɛɘəɟɞůəɧˊɘɞ (ɆɢɐɛŬ 4.1) ɏŭŮɘɝŮ ɧŰɘ ɖ Ɏɛɛɞɠ ɀ31 ˊɟɧəŮɘŰŬɘ ɔɘŬ əŬɗŬɟɐ 

Ɏɛɛɞ, ɛŮ ůɢŮŰɘəɎ ɞɛɞɘɧɛɞɟűŬ ůŰɘɚɓɤɛɏɜɞɡɠ əɧəəɞɡɠ, ɛŮ Ŭɜɞɛɞɘɧɛɞɟűɖ ůŰɟɞɔɔɡɚɧŰɖŰŬ 

əŬɘ ůűŬɘɟɘəɧŰɖŰŬ. ȼ ůŰɑɚɓɤůɖ ŬˊɞŰŮɚŮɑ ɏɜŭŮɘɝɖ ˊɟɞɏɚŮɡůɖɠ Ŭˊɧ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ. Ƀɘ 

əɧəəɞɘ ůŰɖɜ ɚ́ŮɘɞɜɧŰɖŰɎ Űɞɡɠ ŮɑɜŬɘ ŭɘŬɡɔŮɑɠ. ɇɞ Ůɘŭɘəɧ ɓɎɟɞɠ Űɖɠ ɏɢŮɘ Űɘɛɐ Gs=2.66, ɞ 

ɛɏɔɘůŰɞɠ əŬɘ ɞ ŮɚɎɢɘůŰɞɠ ŭŮɑəŰɖɠ ˊɧɟɤɜ Űɖɠ ŮɑɜŬɘ emax=0.844 əŬɘ emin=0.505 ŬɜŰɑůŰɞɘɢŬ. 

ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ əɞəəɞɛŮŰɟɘəɎ Űɖɠ ɛŮɔɏɗɖ ŮɑɜŬɘ D10=0.218 mm, D30=0.275 mm, 

D50=0.314 mm, D60=0.359 mm əŬɘ Cu=1.66. 
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4.3.2.  ȯɛɛɞɠ Longstone 

ȼ Ɏɛɛɞɠ Longstone ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɚŮˊŰɞɨɠ əŬɘ ɔɤɜɘɩŭŮɘɠ əɧəəɞɡɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ 

ůŰɞ ɆɢɐɛŬ 4.1. ɇɞ Ůɘŭɘəɧ ɓɎɟɞɠ Űɖɠ ɏɢŮɘ Űɘɛɐ Gs=2.64, ɞ ɛɏɔɘůŰɞɠ əŬɘ ɞ ŮɚɎɢɘůŰɞɠ ŭŮɑəŰɖɠ 

ˊɧɟɤɜ Űɖɠ ŮɑɜŬɘ emax=0.995 əŬɘ emin=0.614 ŬɜŰɑůŰɞɘɢŬ, Űɘɛɏɠ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ Űɘɠ 

ɡˊɧɚɞɘˊŮɠ Ɏɛɛɞɡɠ ɚɧɔɤ Űɤɜ ɔɤɜɘɤŭɩɜ əɧəəɤɜ Űɖɠ. ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ əɞəəɞɛŮŰɟɘəɎ Űɖɠ 

ɛŮɔɏɗɖ ŮɑɜŬɘ D10=0.118 mm, D30=0.161 mm, D50=0.176 mm, D60=0.184 mm əŬɘ Cu=1.56. 

4.3.3. ȯɛɛɞɠ Fontainebleau 

ȼ Fontainebleau ŮɑɜŬɘ ɛɘŬ ɚŮɡəɐ ˊɡɟɘŰɘəɐ Ɏɛɛɞɠ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɚŮˊŰɞɨɠ 

ůŰɟɞɔɔɡɚɞɨɠ əɧəəɞɡɠ (ɆɢɐɛŬ 4.1). ȰɢŮɘ Ůɘŭɘəɧ ɓɎɟɞɠ Gs=2.64, ɛɏɔɘůŰɞ əŬɘ ŮɚɎɢɘůŰɞ 

ŭŮɑəŰɖ ˊɧɟɤɜ emax=0.866 əŬɘ emin=0.540 əŬɘ ŰŬ əɞəəɞɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɛŮɔɏɗɖ Űɖɠ 

ŮɑɜŬɘ D10=0.165 mm, D30=0.214 mm, D50=0.236 mm, D60=0.246 mm əŬɘ Cu=1.49. 

 

 

 

ɆɢɐɛŬ 4.1 ūɤŰɞɔɟŬűɑŮɠ Ŭˊɧ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ (ůɡɜŰŮɚŮůŰɐɠ ɛŮɔɏɗɡɜůɖɠ 100Ĭ) Űɤɜ 

əɧəəɤɜ Űɖɠ (Ŭ) Ɏɛɛɞɡ ɀ31, (ɓ) Ɏɛɛɞɡ Longstone əŬɘ (ɔ) Ɏɛɛɞɡ Fontainebleau. Ʉɖɔɐ: Tsomokos 

əŬɘ Georgiannou (2010). 

(Ŭ) (ɓ) 

(ɔ) 
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ɆɢɐɛŬ 4.2 ȾɞəəɞɛŮŰɟɘəɏɠ əŬɛˊɨɚŮɠ. 

 

4.4. ɆŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭŬűɘəɎ ɡɚɘəɎ 

ũɘŬ ɜŬ ˊŬɟŬŰɖɟɐůɞɡɛŮ ůŮ ɛɘəɟɞůəɞˊɘəɐ əɚɑɛŬəŬ Űɞ ɡɚɘəɧ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ 

əŬɘ ɜŬ əŬŰŬɜɞɐůɞɡɛŮ Űɞɜ Űɟɧˊɞ ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞ űɡůɘəɧ ɏŭŬűɞɠ, ŭɞəɑɛɘŬ əŬɗŬɟɐɠ 

əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ Ɏɛɛɞɡ ˊŬɟŬŰɖɟɐɗɖəŬɜ 

ůŮ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ Űɞɡ ȺɀɄ əŬɘ Űɞɡ Imperial College of London. ȼ əɞɚɚɞŮɘŭɐɠ 

ˊɡɟɘŰɑŬ ŭɘɞɢŮŰŮɨŮŰŬɘ ɞɛɞɘɧɛɞɟűŬ ůŰɞ ŮŭŬűɘəɧ ɡɚɘəɧ əŬɘ əŬɚɨˊŰŮɘ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ 

əɧəəɤɜ ˊɟɞůŭɑŭɞɜŰŬɠ Űɘɠ ŮɡŮɟɔŮŰɘəɏɠ Űɖɠ ɘŭɘɧŰɖŰŮɠ ůŮ ɧɚɖ Űɖɜ ɏəŰŬůɖ Űɞɡ ɡɚɘəɞɨ. ɆŰɞ 

ɆɢɐɛŬ 4.3 ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ŭŮɑɔɛŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ, ůŮ űɤŰɞɔɟŬűɑŬ Ŭˊɧ Űɞ 

ɛɘəɟɞůəɧˊɘɞ Űɞɡ ȺɀɄ ŬɟɘůŰŮɟɎ əŬɘ Űɞɡ Imperial College ŭŮɝɘɎ.  
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ɆɢɐɛŬ 4.3 ūɤŰɞɔɟŬűɑŮɠ (Ŭˊɧ ɛɘəɟɞůəɧˊɘɞ) ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ ɀ31 Ɏɛɛɞɡ. 

 

Sand M31 Longstone Fontainebleau 

Gs 2.66 2.64 2.64 

emin 0.505 0.614 0.540 

emax 0.844 0.995 0.866 

D10 (mm) 0.218 0.118 0.165 

D30 (mm) 0.275 0.161 0.214 

D50 (mm) 0.314 0.176 0.236 

D60 (mm) 0.359 0.184 0.246 

Cu 1.66 1.56 1.49 

ɄɑɜŬəŬɠ 4.2  ɉŬɟŬəŰɖɟɘůŰɘəɎ Ɏɛɛɤɜ M31, Longstone əŬɘ Fontainebleau. 
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5 ȹɃȾȽɀȼ ɀɃɁɃȹȽȷɆɇȷɇȼɆ ɆɈɀɄȽȺɆȼɆ 

 

ȰɜŬ Ŭˊɧ ŰŬ ůɖɛŬɜŰɘəɧŰŮɟŬ űŬɘɜɧɛŮɜŬ ˊɞɡ ŮɝŮŰɎɕŮɘ ɞ əɚɎŭɞɠ Űɖɠ ȺŭŬűɞɛɖɢŬɜɘəɐɠ 

ŮɑɜŬɘ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ. ɇɞ űŬɘɜɧɛŮɜɞ Űɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ Űɤɜ ŮŭŬűɩɜ 

ɞűŮɑɚŮŰŬɘ ůŰɖɜ ˊɞɚɡűŬůɘəɧŰɖŰŬ Űɞɡɠ əŬɘ, ŮɘŭɘəɧŰŮɟŬ, ůŰɖ ɛŮɔɎɚɖ ŭɘŬűɞɟɎ 

ůɡɛˊɘŮůŰɧŰɖŰŬɠ ɛŮŰŬɝɨ Űɞɡ ŮŭŬűɘəɞɨ ůəŮɚŮŰɞɨ əŬɘ Űɞɡ ɜŮɟɞɨ Űɤɜ ˊɧɟɤɜ. ɆŰɞ ȾŮűɎɚŬɘɞ 

ŬɡŰɧ ɛŮɚŮŰɎŰŬɘ ɖ ɛɞɜɞŭɘɎůŰŬŰɖ ůɡɛˊɑŮůɖ Ŭɛɛɤŭɩɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ. ɀɞɜɞŭɘɎůŰŬŰɖ 

ůɡɛˊɑŮůɖ ŮɑɜŬɘ ɖ űɧɟŰɘůɖ Ůɜɧɠ ŮŭŬűɘəɞɨ ůŰɞɘɢŮɑɞɡ əŬŰɎ Űɖɜ ɞˊɞɑŬ Űɞɡ ŮˊɘɓɎɚɚŮŰŬɘ ɞɟɗɐ 

ˊŬɟŬɛɧɟűɤůɖ ůŰɞɜ əŬŰŬəɧɟɡűɞ ɎɝɞɜŬ ÕŮ ŰŬɡŰɧɢɟɞɜɖ ˊŬɟŮɛˊɧŭɘůɖ Űɤɜ ɞɟɗɩɜ 

ˊŬɟŬɛɞɟűɩůŮɤɜ ůŰɞɡɠ ɞɟɘɕɧɜŰɘɞɡɠ ɎɝɞɜŮɠ əŬɗɩɠ əŬɘ ɧɚɤɜ Űɤɜ ŭɘŬŰÕɖŰɘəɩɜ 

ˊŬɟŬɛɞɟűɩůŮɤɜ. ȼ ɛɞɜɞŭɘɎůŰŬŰɖ ůɡɛˊɑŮůɖ ŮɑɜŬɘ ůɡɜɐɗɖɠ Űɟɧˊɞɠ ˊŬɟŬɛɧɟűɤůɖɠ Ůɜɧɠ 

ŮŭŬűɘəɞɨ ɡɚɘəɞɨ. ɄŬɟŬŰɖɟŮɑŰŬɘ, ˊŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɘɜ, ůŮ ŰŮɢɜɘəɎ ɏɟɔŬ ɧˊɞɡ əŬŰŬəɧɟɡűŮɠ 

űɞɟŰɑůŮɘɠ ɛŮɔɎɚɖɠ ɏəŰŬůɖɠ ŬůəɞɨɜŰŬɘ ůŰɘɠ ŮŭŬűɘəɏɠ ůŰɟɩůŮɘɠ, ˊŬɟŮɛˊɞŭɑɕɞɜŰŬɠ Űɘɠ 

ɞɟɘɕɧɜŰɘŮɠ ˊɚŮɡɟɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ (ˊ.ɢ. ɏɟɔŬ ɞŭɞˊɞɘɑŬɠ, ɛŮɔɎɚŮɠ ɗŮɛŮɚɘɩůŮɘɠ).  

5.1. ɄŮɟɘɔɟŬűɐ Ůɝɞˊɚɘůɛɞɨ əŬɘ ŭɘŬŭɘəŬůɑŬɠ ˊŬɟŬůəŮɡɐɠ ŭɞəɘɛɑɤɜ 

5.1.1. ɄŮɟɘɔɟŬűɐ ůɡůəŮɡɐɠ  

ȼ ŭɞəɘɛɐ Űɖɠ ɛɞɜɞŭɘɎůŰŬŰɖɠ ůɡɛˊɑŮůɖɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɖ ůɡůəŮɡɐ Űɞɡ 

ůɡɛˊɘŮůɧɛŮŰɟɞɡ (Wykeham Farrance N
o
 24255), ˊɞɡ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 5.1. ȼ ůɡůəŮɡɐ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɘŬ ůɡůəŮɡɐ űɧɟŰɘůɖɠ əŬɘ Ŭˊɧ ɏɜŬ əɡɚɘɜŭɟɘəɧ ŭɞɢŮɑɞ ˊɞɡ ɞɜɞɛɎɕŮŰŬɘ 

əɡɣɏɚɖ ůŰŮɟŮɞˊɞɑɖůɖɠ.  

ȼ ůɡůəŮɡɐ űɧɟŰɘůɖɠ ɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮűŬɟɛɧůŮɘ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ ɞɟɗɩɜ 

ŰɎůŮɤɜ ůŰɞ ŭɞəɑɛɘɞ, ŬɜɎɚɞɔɞ Űɤɜ əɘɚɩɜ ˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ɢŮɘɟɞəɑɜɖŰŬ Ŭˊɧ Űɞɜ 

ˊŮɘɟŬɛŬŰɘůŰɐ, əŬɗɩɠ, əŬɘ Ŭˊɧ Űɞ ɛɞɢɚɞɓɟŬɢɑɞɜŬ Űɞɡɠ. ɆŰɞɜ ɄɑɜŬəŬ 5.1 ́ ŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ 

ŰɎůŮɘɠ ˊɞɡ ɛŮŰŬɓɘɓɎɕŮɘ ɖ ůɡůəŮɡɐ ůŰɞ ŭɞəɑɛɘɞ ɛŮ Űɖɜ ŰɞˊɞɗɏŰɖůɖ 1 kg ůŮ 3 ŭɘŬűɞɟŮŰɘəɏɠ 

ɗɏůŮɘɠ (ɛŮ ŭɘŬűɞɟŮŰɘəɧ ɛɞɢɚɞɓɟŬɢɑɞɜŬ), ɔɘŬ 3 ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ŭɘŬɛɏŰɟɞɡ Űɞɡ 

ŭŬɢŰɡɚɘŭɘɞɨ. ɇɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŬɜŬɚɎɓŮɘ ɖ ůɡůəŮɡɐ ŮɑɜŬɘ 400 kg. 

ȼ əɡɣɏɚɖ ůŰŮɟŮɞˊɞɑɖůɖɠ ŬˊŬɟŰɑɕŮŰŬɘ Ŭˊɧ ɏɜŬ ŭŬɢŰɡɚɑŭɘ ůŰŮɟŮɞˊɞɑɖůɖɠ (ɚŮɑɞ 

ŮůɤŰŮɟɘəɎ, əŬŰŬůəŮɡŬůɛɏɜɞ Ŭˊɧ ŬɜɞɝŮɑŭɤŰɞ ŬŰůɎɚɘ ɔɘŬ ɜŬ ˊŬɟŮɛˊɞŭɑɕŮŰŬɘ ɖ ŬɜɎˊŰɡɝɖ 

ˊɚŮɡɟɘəɩɜ Űɟɘɓɩɜ əŬɘ ˊŬɟŬɛɞɟűɩůŮɤɜ), Ŭˊɧ ɛɘŬ ůŰŮɔŬɜɐ ɓɎůɖ əŬɘ ůɩɛŬ əɡɣɏɚɖɠ, Ŭˊɧ 
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ŭɨɞ ˊɞɟɧɚɘɗɞɡɠ (ɔɘŬ ɜŬ ŮˊɘŰɟɏˊŮŰŬɘ ɖ ůŰɟɎɔɔɘůɖ) əŬɘ Ŭˊɧ ɏɜŬ ɛŮŰŬɚɚɘəɧ əŮűŬɚɧŭŮůɛɞ 

űɧɟŰɘůɖɠ.  

5.1.2. ɄŬɟŬůəŮɡɐ ŭɞəɘɛɑɤɜ 

ũɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ ŭɞəɘɛɑɤɜ ŬəɞɚɞɡɗɐɗɖəŬɜ ŭɨɞ ɛɏɗɞŭɞɘ. ȼ ˊɟɩŰɖ ŬűɞɟɎ Űɖɜ 

ˊŬɟŬůəŮɡɐ ŭɞəɘɛɑɞɡ ɛɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ (űɡůɘəɐɠ) əŬɘ ɖ Ɏɚɚɖ Űɖɠ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ. Ƀɘ əŬɜɞɜɘůɛɞɑ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŬɜ ɐŰŬɜ ɞɘ BS 1377:1975, Test 17, 

ŬɚɚɎ ɚɐűɗɖəŬɜ ɡˊɧɣɘɜ əŬɘ ɞɘ ŬɛŮɟɘəŬɜɘəɞɑ əŬɜɞɜɘůɛɞɑ (ASTM D2435). ũɘŬ Űɘɠ ŬɜɎɔəŮɠ 

Űɤɜ ˊŮɘɟŬɛɎŰɤɜ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭŬɢŰɡɚɑŭɘŬ ůŰŮɟŮɞˊɞɑɖůɖɠ, ɛŮ ŭɘŬɛɏŰɟɞɡɠ d=50 mm 

əŬɘ d=75 mm (ɄɑɜŬəŬɠ 5.2). 

ȳůɞɜ ŬűɞɟɎ ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ, ɖ ˊŬɟŬůəŮɡɐ Űɞɡ ŭɞəɘɛɑɞɡ ŮəŰŮɚɏůŰɖəŮ ŮɜŰɧɠ Űɖɠ 

əɡɣɏɚɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ. ȼ əɡɣɏɚɖ ŰɞˊɞɗŮŰɐɗɖəŮ, ŬɟɢɘəɎ, ůŰɖ ůɡůəŮɡɐ Űɞɡ 

ůɡɛˊɘŮůɧɛŮŰɟɞɡ əŬɘ ŮűŬɟɛɧůŰɖəŬɜ ɛɏůŬ ůŮ ŬɡŰɐ ɏɜŬɠ ůŰŮɔɜɧɠ ˊɞɟɧɚɘɗɞɠ ůŰɖ ɓɎůɖ əŬɘ 

ˊɎɜɤ Űɞɡ Űɞ ŭŬɢŰɡɚɑŭɘ ůŰŮɟŮɞˊɞɑɖůɖɠ. ȰˊŮɘŰŬ, ɛŮ Űɖ ɓɞɐɗŮɘŬ Ůɜɧɠ ɢɤɜɘɞɨ ŬˊɞŰɏɗɖəŮ ɛɘŬ 

ˊɞůɧŰɖŰŬ Ɏɛɛɞɡ ɛɏůŬ ůŰɞ ŭŬɢŰɡɚɑŭɘ, ɛɏɢɟɘ Űɖɜ ˊɚɐɟɤůɐ Űɞɡ. ɇɏɚɞɠ, ŰɞˊɞɗŮŰɐɗɖəŬɜ ɞ 

Ɏɚɚɞɠ ˊɞɟɩŭɖɠ ŭɑůəɞɠ, ɛɘŬ ŭɘɎŰŬɝɖ ůŰŬɗŮɟɞˊɞɑɖůɖɠ Űɞɡ ŭŬəŰɡɚɑɞɡ ɛŮ ɓɑŭŮɠ əŬɘ ɏɜŬɠ 

ɛŮŰŬɚɚɘəɧɠ əŮűŬɚɧŭŮůɛɞɠ űɧɟŰɘůɖɠ (top cap). ɇŬ ŭɞəɑɛɘŬ ɕɡɔɑůŰɖəŬɜ ɛŮŰɎ Űɞ ˊɏɟŬɠ Űɤɜ 

ŭɞəɘɛɩɜ. 

ɇŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ ŮɛɓɎˊŰɘůɖ ɝɖɟɞɨ ŮŭŬűɘəɞɨ ɡɚɘəɞɨ 

ůŮ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ. ɇɞ ɡɔɟɧɚɡɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŬˊɞůŰŬɔɛɏɜɞ ɜŮɟɧ ůŰɞ 

ɞˊɞɑɞ ɏɢŮɘ ˊɟɞůŰŮɗŮɑ ůŰŬɗŮɟɞˊɞɘɖŰɐɠ (LUDOX SM-30), ůŮ ˊɞůɞůŰɧ 10% wt., əŬɘ 

əŬŰɎɚɚɖɚɞ ˊɞůɞůŰɧ ŬɚɎŰɤɜ (0,03 Ɂ NaCl). ɇɞ pH Űɞɡ ɟɡɗɛɑůŰɖəŮ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ 

ŬɟŬɘɞɨ ŭɘŬɚɨɛŬŰɞɠ HCl ɩůŰŮ ɜŬ ɏɢŮɘ Űɘɛɏɠ pH=5õ6. ɆŮ ɏɜŬ ŭɞɢŮɑɞ ŰɞˊɞɗŮŰɐɗɖəŮ Űɞ 

ŭŬɢŰɡɚɑŭɘ ůŰŮɟŮɞˊɞɑɖůɖɠ əŬɘ Űɞ ɡɔɟɧɚɡɛŬ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ əŬɘ ŮɛɓŬˊŰɑůŰɖəŮ Űɞ 

ɝɖɟɧ ŮŭŬűɘəɧ ɡɚɘəɧ. ɇɞ ŭɞəɑɛɘɞ ˊŬɟɏɛŮɘɜŮ ůŮ ŬŮɟɞůŰŮɔŮɑɠ ůɡɜɗɐəŮɠ ɔɘŬ 50 ɩɟŮɠ, ɢɟɧɜɞɠ 

ˊɞɡ ůɖɛŬŰɞŭɞŰŮɑ Űɞ Űɏɚɞɠ Űɖɠ ˊɐɝɖɠ Űɞɡ ɡɔɟɞɚɨɛŬŰɞɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, Űɞ ŭŬɢŰɡɚɑŭɘ ɛŮ Űɞ 

ŮŭŬűɘəɧ ɡɚɘəɧ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɛŮŰŬűɏɟɗɖəŮ əŬɘ ŰɞˊɞɗŮŰɐɗɖəŮ ůŰɖ ůɡůəŮɡɐ, 

ˊɟɞůˊŬɗɩɜŰŬɠ ɜŬ ɛɖɜ ɡˊɎɟɝɞɡɜ ŭɘŬŰŬɟɎɝŮɘɠ əŬŰɎ Űɖ ɛŮŰŬűɞɟɎ. Ƀɘ ˊɞɟɧɚɘɗɞɘ ɐŰŬɜ 

əɞɟŮůɛɏɜɞɘ əŬɘ, ɛŮŰɎ Űɖɜ ŰɞˊɞɗɏŰɖůɖ ɧɚɤɜ Űɤɜ ŮɝŬɟŰɖɛɎŰɤɜ ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɖɜ 

ˊŬɟŬůəŮɡɐ Űɞɡ űɡůɘəɞɨ ŭɞəɘɛɑɞɡ, ɖ əɡɣɏɚɖ ˊɚɖɟɩɗɖəŮ ɛŮ ŬˊɞůŰŬɔɛɏɜɞ ɜŮɟɧ, ůŮ 

ůɡɜɐɗŮɘɠ ɗŮɟɛɞəɟŬůɑŮɠ (ɗŮɟɛɞəɟŬůɑŮɠ ŭɤɛŬŰɑɞɡ). 
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ɆɢɐɛŬ 5.1 ɆɡůəŮɡɐ Wykeham Farrance No 24255. 

 

5.2. ȺəŰɏɚŮůɖ Űɖɠ ŭɞəɘɛɐɠ 

5.2.1. Ɇɡɛɛɧɟűɤůɖ ůɡůəŮɡɐɠ 

Ʉɟɘɜ Űɖɜ ŮəŰɏɚŮůɖ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɖ ŭɞəɘɛɐ ůɡɛɛɧɟűɤůɖɠ Űɖɠ 

ůɡůəŮɡɐɠ. ȼ ůɡůəŮɡɐ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛŮŰŬɚɚɘəɎ ŬɜŰɘəŮɑɛŮɜŬ ɛŮ əɞɢɚɘɤŰɏɠ ůɡɜŭɏůŮɘɠ, 

ɞˊɧŰŮ ɐŰŬɜ ŬˊŬɟŬɑŰɖŰɖ ɖ ɛɏŰɟɖůɖ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ˊɞɡ ɞűŮɑɚŮŰŬɘ ůŰɖ ůɡůəŮɡɐ əŬɘ 

ɧɢɘ ůŰɖɜ əŬɗɑɕɖůɖ Űɞɡ ŭɞəɘɛɑɞɡ. ũɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ŬɡŰɧ, ŰɞˊɞɗŮŰɐɗɖəŮ ůŰɖ ůɡůəŮɡɐ ɖ 

əɡɣɏɚɖ ůŰŮɟŮɞˊɞɑɖůɖɠ, ɖ ɞˊɞɑŬ ˊŮɟɘŮɑɢŮ ɏɜŬ ɛŮŰŬɚɚɘəɧ, ůɢŮŰɘəɩɠ ɎəŬɛˊŰɞ ŭɞəɑɛɘɞ. ɇɞ 

ŭɞəɑɛɘɞ ŬɡŰɧ űɞɟŰɑůŰɖəŮ əŬɘ ŬˊɞűɞɟŰɑůŰɖəŮ ɛŮ ɏɜŬ Ůɨɟɞɠ əɘɚɩɜ əŬɘ əŬŰŬɔɟɎűɖəŬɜ 

ɖɚŮəŰɟɞɜɘəɎ ɞɘ ŬˊɞəɟɑůŮɘɠ Űɞɡ ɛɖəɡɜůɘɧɛŮŰɟɞɡ. ȼ ŭɞəɘɛɐ ŮˊŬɜŬɚɐűɗɖəŮ ŭɨɞ űɞɟɏɠ əŬɘ 

ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ űŬɑɜɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 5.2.  
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ɆɢɐɛŬ 5.2 ȷˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŭɞəɘɛɐɠ ůɡɛɛɧɟűɤůɖɠ. 

 

5.2.2. ȹɘŬŭɘəŬůɑŬ ŮəŰɏɚŮůɖɠ Űɖɠ ŭɞəɘɛɐɠ 

ȷűɞɨ ŰŬ ŭɞəɑɛɘŬ ˊŬɟŬůəŮɡŬůŰɞɨɜ ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊŬɟŬˊɎɜɤ ŭɘŬŭɘəŬůɑŬ, ɝŮəɘɜɎŮɘ ɖ 

ŮəŰɏɚŮůɖ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ. ȷɟɢɘəɎ, ɘůɞɟɟɞˊŮɑŰŬɘ ɖ ŭɞəɧɠ űɧɟŰɘůɖɠ əŬɘ ŰɞˊɞɗŮŰŮɑŰŬɘ Űɞ 

ɖɚŮəŰɟɞɜɘəɧ ɛɖəɡɜůɘɧɛŮŰɟɞ ůŰɞ ůɨůŰɖɛŬ Űɖɠ əɡɣɏɚɖɠ. ɇɞ ŮŭŬűɘəɧ ŭɞəɑɛɘɞ űɞɟŰɑɕŮŰŬɘ 

ɢŮɘɟɞəɑɜɖŰŬ ɛŮ Űɖɜ ŰɞˊɞɗɏŰɖůɖ əɘɚɩɜ ůŰɞ ɔɎɜŰɕɞ űɧɟŰɘůɖɠ Űɖɠ ůɡůəŮɡɐɠ, ůɨɛűɤɜŬ ɛŮ 

Űɖɜ Ůɝɐɠ ŬɚɚɖɚɞɡɢɑŬ: 0.5, 1, 2, 4, 8, 16, 32, 64, 128 əŬɘ 256 kg. ȾɎɗŮ űɧɟŰɘůɖ ŭɘŬɟəŮɑ 24 

ɩɟŮɠ əŬɘ əŬŰŬɔɟɎűɞɜŰŬɘ ɞɘ əŬɗɘɕɐůŮɘɠ Űɞɡ ŭɞəɘɛɑɞɡ (ɛŮ ŬəɟɑɓŮɘŬ 0,001 mm) ɔɘŬ ɢɟɞɜɘəɎ 

ŭɘŬůŰɐɛŬŰŬ 6, 15, 30 ŭŮɡŰŮɟɞɚɏˊŰɤɜ, 1, 2, 4, 8, 15, 30, 60, 120, 240, 480 ɚŮˊŰɩɜ əŬɘ 24 

ɤɟɩɜ ɛŮŰɎ Űɖɜ Ůˊɘɓɞɚɐ Űɖɠ űɧɟŰɘůɖɠ. ȷɟɢɘəɎ, ŮɑɢŮ əŬŰŬɔɟŬűŮɑ ɖ ɏɜŭŮɘɝɖ Űɞɡ 

ɛɖəɡɜůɘɧɛŮŰɟɞɡ ˊɟɘɜ Űɖɜ Ůˊɘɓɞɚɐ Űɤɜ űɞɟŰɑɤɜ ɏŰůɘ ɩůŰŮ ɜŬ ŬűŬɘɟŮɗŮɑ Ŭˊɧ Űɘɠ ŮˊɧɛŮɜŮɠ 

Űɘɛɏɠ. ɆŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ŭɞəɘɛɏɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛɘŬ ɐ əŬɘ ŭɨɞ ŬˊɞűɞɟŰɑůŮɘɠ əŬɘ 

ŮˊŬɜŬűɞɟŰɑůŮɘɠ Űɞɡ ŭɞəɘɛɑɞɡ. ɀŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ŭɞəɘɛɐɠ, ŰŬ ŮŭŬűɘəɎ ŭɞəɑɛɘŬ 

ɝɖɟŬɑɜɞɜŰŬɘ (ŮɎɜ ŮɑɜŬɘ ɝɖɟɎ ˊŬɟŬɚŮɑˊŮŰŬɘ ŬɡŰɧ Űɞ ůŰɎŭɘɞ) əŬɘ ɏˊŮɘŰŬ ɕɡɔɑɕɞɜŰŬɘ. ȷɜɎɚɞɔŬ 

ɛŮ Űɖ ŭɘɎɛŮŰɟɞ əŬɘ Űɞ ɨɣɞɠ Űɤɜ ŭŬəŰɡɚɘŭɘɩɜ, Űɞ űɞɟŰɑɞ ɛŮŰŬŰɟɎˊɖəŮ ůŮ ɞɟɗɐ ŰɎůɖ əŬɘ ɖ 

əŬŰŬəɧɟɡűɖ ɛŮŰŬŰɧˊɘůɖ ůŮ ɛŮŰŬɓɞɚɐ Űɞɡ ŭŮɑəŰɖ ˊɧɟɤɜ.  
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Wykeham Farrance Model: 24255 

W=1 kg 
1
ɖ
 ɞˊɐ 

(1:9.62) 

2
ɖ
 ɞˊɐ 

(1:9.82) 

3
ɖ
 ɞˊɐ 

(1:11.04) 

d=50 mm 48.063 kPa 49.063 kPa 55.158 kPa 

d= 70 mm 24.522 kPa 25.032 kPa 28.142 kPa 

d= 75 mm 21.361 kPa 21.806 kPa 24.515 kPa 

ɄɑɜŬəŬɠ 5.1  ɇɎůŮɘɠ ˊɞɡ ŮűŬɟɛɧɕŮɘ ɖ ůɡůəŮɡɐ ůŰɞ ŭɞəɑɛɘɞ ɔɘŬ űɧɟŰɘůɖ 1 kg. 

 

ȹŬɢŰɡɚɑŭɘ d (mm) h (mm) W (gr) 

ȷ 74.89 19.13 121.83 

ȸ 74.90 18.95 118.38 

50 49.90 17.60 54.10 

ɄɑɜŬəŬɠ 5.2  ɉŬɟŬəŰɖɟɘůŰɘəɎ ŭŬəŰɡɚɘŭɘɩɜ ůɡɛˊɘŮůɧɛŮŰɟɞɡ.  

 

 

5.3. ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ůɡɛˊɘŮůɧɛŮŰɟɞɡ 

ɆŮ ŬɡŰɐ Űɖɜ ŮɜɧŰɖŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ, ŬɜŬɚɨɞɜŰŬɘ əŬɘ ůɢɞɚɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

Űɤɜ ŭɞəɘɛɩɜ Űɞɡ ɞɘŭɐɛŮŰɟɞɡ. ɇŬ ɓŬůɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ɔɘŬ əɎɗŮ ɡɚɘəɧ ŮɑɜŬɘ ŰŬ 

ŭɘŬɔɟɎɛɛŬŰŬ ŭŮɑəŰɖ ˊɧɟɤɜ ï ɚɞɔŬɟɑɗɛɞɡ Űɖɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ əŬɘ 

ɞɔəɞɛŮŰɟɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ ï ŮˊɘɓŬɚɚɧɛŮɜɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ. ɇŬ ɓŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

ɧɚɤɜ Űɤɜ ŭɞəɘɛɩɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 5.3. 

5.3.1. ȯɛɛɞɠ ɀ31 

ɇɞ ɆɢɐɛŬ 5.3 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ɛŮŰŬɓɞɚɐɠ Űɞɡ ŭŮɑəŰɖ ˊɧɟɤɜ Űɤɜ ŭɞəɘɛɑɤɜ 

Ɏɛɛɞɡ ɀ31 ůŮ ůɢɏůɖ ɛŮ Űɞ ɚɞɔɎɟɘɗɛɞ Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ. Ƀɘ ŰɟŮɘɠ əŬɛˊɨɚŮɠ ŮɑɜŬɘ 

ˊŬɟɎɚɚɖɚŮɠ ɔɘŬ ɧɚɞ Űɞ Ůɨɟɞɠ Űɤɜ ŮɜŮɟɔɩɜ ŮˊɘɓŬɚɚɧɛŮɜɤɜ ŰɎůŮɤɜ, ˊŬɟɎ Űɞɜ ŭɘŬűɞɟŮŰɘəɧ 

Ŭɟɢɘəɧ ŭŮɑəŰɖ ˊɧɟɤɜ (ŭɘŬűɞɟŮŰɘəɐ Ŭɟɢɘəɐ ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ) Űɤɜ ŭɞəɘɛɑɤɜ. ȷɟɢɘəɩɠ ŰŬ 

ŭɞəɑɛɘŬ ŭŮɜ ˊŬɟŬɚŬɛɓɎɜɞɡɜ ɛŮɔɎɚŮɠ əŬɗɘɕɐůŮɘɠ, ɚɧɔɤ Űɖɠ ɛɘəɟɐɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ, ŬɚɚɎ ɖ 

əɚɑůŮɘɠ Űɤɜ əŬɛˊɡɚɩɜ ŬɡɝɎɜɞɡɜ ůŰŬŭɘŬəɎ əŬɘ ɔɑɜɞɜŰŬɘ ŬəɧɛŬ ˊɘɞ ɏɜŰɞɜŮɠ əɡɟɑɤɠ ɛŮŰɎ Űɞ 

1 MPa.  ɄŬɟɎɚɚɖɚŮɠ Ůˊɑůɖɠ ŮɑɜŬɘ əŬɘ ɞɘ əŬɛˊɨɚŮɠ ŬˊɞűɧɟŰɘůɖɠ Űɤɜ Űɟɘɩɜ ŬɡŰɩɜ 

ŭɞəɘɛɩɜ. ɇŬ ŬɜŰɑůŰɞɘɢŬ ůɡɛˊŮɟɎůɛŬŰŬ ŮɝɎɔɞɜŰŬɘ Ŭˊɧ Űɞ ɆɢɐɛŬ 5.4 ɔɘŬ ŰŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ ŭɞəɑɛɘŬ Ɏɛɛɞɡ ɀ31.  ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɞɜ 
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ɄɑɜŬəŬ 5.3, ŰŬ ŭɞəɑɛɘŬ OSM31-3 əŬɘ OSM31-4 ɡˊɞɓɎɚɚɞɜŰŬɘ ůŮ űɧɟŰɘůɖ ŬɜɎ 30 ɚŮˊŰɎ, 

ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ OSM31-2, ůŰɞ ɞˊɞɑɞ ɖ əɎɗŮ űɧɟŰɘůɖ ˊŬɟŬɛɏɜŮɘ ɔɘŬ 24 ɩɟŮɠ. 

ɄŬɟɧɚŬ ŬɡŰɎ, əŬɘ ŰŬ ŰɟɑŬ ŭɞəɑɛɘŬ ˊŬɟɞɡůɘɎɕɞɡɜ ˊŬɟɧɛɞɘŬ əɚɑůɖ. ȷɡŰɧ ɛˊɞɟŮɑ ɜŬ 

ŮˊɘɓŮɓŬɘɤɗŮɑ əŬɘ Ŭˊɧ Űɞ ɆɢɐɛŬ 5.5, ɞˊɞɨ űŬɑɜŮŰŬɘ ˊɤɠ Űɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ 

ˊŬɟŬɚŬɛɓɎɜŮɘ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɖɠ əŬɗɑɕɖůɖɠ Űɞɡ Ŭˊɧ ŰŬ ˊɟɩŰŬ ŭŮɡŰŮɟɧɚŮˊŰŬ 

(å90% Űɖɠ ůɡɜɞɚɘəɐɠ əŬɗɑɕɖůɖɠ ůŰŬ 30 ˊɟɩŰŬ ɚŮˊŰɎ). 

 ȳŰŬɜ, ɧɛɤɠ, ɞɘ əŬɛˊɨɚŮɠ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ (əɧəəɘɜɞ ɢɟɩɛŬ)  əŬɘ Űɤɜ űɡůɘəɩɜ 

(ɛˊɚŮ ɢɟɩɛŬ) ŭɞəɘɛɑɤɜ Ɏɛɛɞɡ ɀ31  ŰɞˊɞɗŮŰɖɗɞɨɜ ůŰɞ ɑŭɘɞ ŭɘɎɔɟŬɛɛŬ (ɆɢɐɛŬ 5.6), 

ɔɑɜŮŰŬɘ ɝŮəɎɗŬɟɞ ˊɤɠ, ɛŬəɟɞůəɞˊɘəɎ əɎɗŮ Ɏɚɚɞ ˊŬɟɎ ˊŬɟɎɚɚɖɚŮɠ ŮɑɜŬɘ ɛŮŰŬɝɨ Űɞɡɠ. Ƀɘ 

əŬɛˊɨɚŮɠ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ ɏɢɞɡɜ ɛŮɔŬɚɨŰŮɟŮɠ əɚɑůŮɘɠ Ŭˊɧ ŬɡŰɏɠ Űɤɜ 

űɡůɘəɩɜ, ŬˊɞŭŮɘəɜɨɞɜŰŬɠ ˊɤɠ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ŮɛűŬɜɑɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ 

ŮɜŭɞůɘɛɧŰɖŰŬ. ɇɞ ůɡɛˊɏɟŬůɛŬ ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ˊɟɞəɨɣŮɘ ŮɡəɞɚɧŰŮɟŬ Ŭˊɧ Űɞ ɆɢɐɛŬ 5.7, 

ɞˊɞɨ ŮɑɜŬɘ ŮɛűŬɜɏɠ ˊɤɠ Ůɜɩ ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ ɛŮɘɩɜɞɡɜ Űɞɜ ɧɔəɞ Űɞɡɠ əŬŰɎ 2-3% ůŰŬ 

6500 kPa ˊŮɟɑˊɞɡ, ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ɛŮɘɩɜɞɡɜ Űɞɜ ɧɔəɞ Űɞɡɠ əŬŰɎ ˊŮɟɑˊɞɡ 5% ůŰɖɜ 

ɑŭɘŬ ŮɜŮɟɔɧ ŰɎůɖ. ȺɑɜŬɘ ŮɜŭɘŬűɏɟɞɜ ɜŬ ůɡɛˊɚɖɟɤɗŮɑ ˊɤɠ, ɞɘ əŬɛˊɨɚŮɠ ŬˊɞűɧɟŰɘůɖɠ-

ŮˊŬɜŬűɧɟŰɘůɖɠ ŮɑɜŬɘ ɧɚŮɠ ɛŬəɟɞůəɞˊɘəɎ ˊŬɟɎɚɚɖɚŮɠ, ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɖ ůŰŬɗŮɟɞˊɞɑɖůɖ 

ɐ ɧɢɘ Űɞɡ ŭɞəɘɛɑɞɡ. ȷˊɧ ŰŬ ˊŬɟŬˊɎɜɤ, ůɡɜɎɔŮŰŬɘ ŮɨɚɞɔŬ Űɞ ůɡɛˊɏɟŬůɛŬ, ˊɤɠ ɖ 

ůŰŬɗŮɟɞˊɞɑɖůɖ Űɖɠ Ɏɛɛɞɡ ɀ31 Űɖɠ ˊɟɞůŭɑŭŮɘ ɛɘŬ ˊɘɞ Ůɜŭɧůɘɛɖ ůɡɛˊŮɟɘűɞɟɎ ůŮ ůɡɜɗɐəŮɠ 

ɛɞɜɞŬɝɞɜɘəɐɠ ŬɜɘůɧŰɟɞˊɖɠ ůɡɛˊɑŮůɖɠ. 

 

ɆɢɐɛŬ 5.3  ȹɘɎɔɟŬɛɛŬ ŭŮɑəŰɖ ˊɧɟɤɜ ï log(ůôv) ɔɘŬ Űɖɜ Ɏɛɛɞ ɀ31. 
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ɆɢɐɛŬ 5.4   ȹɘɎɔɟŬɛɛŬ ŭŮɑəŰɖ ˊɧɟɤɜ ï log(ůôv) ɔɘŬ Űɖɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞ ɀ31. 

 

 

ɆɢɐɛŬ 5.5  ȾŬɛˊɨɚɖ ŰŮŰɟŬɔɤɜɘəɐɠ ɟɑɕŬɠ ɢɟɧɜɞɡ-əŬɗɑɕɖůɖɠ ɔɘŬ űɞɟŰɑɞ 256 kg (6276 kPa) ůŮ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ Ɏɛɛɞɡ ɀ31. 
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ɆɢɐɛŬ 5.6   ɆɡɔəŮɜŰɟɤŰɘəɧ ŭɘɎɔɟŬɛɛŬ ŭŮɑəŰɖ ˊɧɟɤɜ ï log(ůôv) ɔɘŬ ŭɞəɑɛɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ əŬɘ 

ɛɖ Ɏɛɛɞɡ ɀ31. Ƀɘ ɛˊɚŮ əŬɛˊɨɚŮɠ ůɡɛɓɞɚɑɕɞɡɜ ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ Ůɜɩ ɞɘ əɧəəɘɜŮɠ ŰŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ. 

 

ɆɢɐɛŬ 5.7  ȹɘɎɔɟŬɛɛŬ ɞɔəɞɛŮŰɟɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ ï ŮɜŮɟɔɞɨ ŰɎůɖɠ ɔɘŬ ŭɞəɑɛɘŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ əŬɘ ɛɖ Ɏɛɛɞɡ ɀ31. 



 

51 

 

5.3.2. ȯɛɛɞɠ Longstone 

ɆŰɖɜ ˊɟɞůˊɎɗŮɘŬ ŮˊɘɓŮɓŬɑɤůɖɠ Űɞɡ ˊŬɟŬˊɎɜɤ ůɡɛˊŮɟɎůɛŬŰɞɠ, ŮɝŮŰɎůŰɖəŮ ɖ 

Ŭˊɧəɟɘůɖ ɛɘŬɠ ˊɘɞ ɚŮˊŰɧəɞəəɖɠ əŬɘ ɔɤɜɘɩŭɞɡɠ Ɏɛɛɞɡ (Longstone) ůŰɖ ŭɞəɘɛɐ Űɞɡ 

ůɡɛˊɘŮůɧɛŮŰɟɞɡ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɩɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 5.8 əŬɘ 

5.9.  ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ Ɏɛɛɞ ɀ31, ɞɘ əŬɛˊɨɚŮɠ ɛŮŰŬɓɞɚɐɠ Űɞɡ ŭŮɑəŰɖ ˊɧɟɤɜ ɤɠ ˊɟɞɠ Űɖɜ 

ɞɟɗɐ ŮɜŮɟɔɧ ŰɎůɖ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ (əɧəəɘɜɞ ɢɟɩɛŬ) əŬɘ űɡůɘəɩɜ (ɛˊɚŮ ɢɟɩɛŬ) 

ŭɞəɘɛɑɤɜ Ɏɛɛɞɡ Longstone ŮɑɜŬɘ, əŬɗô ɧɚɞ Űɞ ɛɐəɞɠ Űɞɡɠ, ˊŬɟɎɚɚɖɚŮɠ. ȺɘŭɘəɧŰŮɟŬ, ůŰɞ 

ɆɢɐɛŬ 5.9 űŬɑɜŮŰŬɘ ˊɤɠ, əŬɘ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ əŬɘ ŰŬ űɡůɘəɎ ŮŭŬűɘəɎ ŭɞəɑɛɘŬ Ůɜŭɑŭɞɡɜ 

əŬŰɎ Űɞ 4-5% Űɞɡ Ŭɟɢɘəɞɨ Űɞɡɠ ɧɔəɞɡ ůŰŬ ˊŮɟɑˊɞɡ 6500 kPa əŬŰŬəɧɟɡűɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ. 

ȺɑɜŬɘ ɔɜɤůŰɧ ˊɤɠ, Űɞ ůɢɐɛŬ əŬɘ Űɞ ɛɏɔŮɗɞɠ Űɤɜ əɧəəɤɜ Űɖɠ Ɏɛɛɞɡ ˊŬɑɕɞɡɜ ɛŮɔɎɚɞ ɟɧɚɞ 

ůŰɖɜ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ ŮŭɎűɞɡɠ (Georgiannou əŬɘ Tsomokos (2008), Altuhafi et al. 

(2016)). ȺɑɜŬɘ ˊɘɗŬɜɧ, ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɖɠ Ɏɛɛɞɡ ɛŮ ɔɏɚɖ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ  ɜŬ Űɖɠ 

ŮˊɘŰɟɏˊŮɘ ɜŬ ɞŭɖɔɖɗŮɑ ŮɡəɞɚɧŰŮɟŬ ůŮ ɛɘŬ ˊɘɞ ˊɡəɜɐ ŭɞɛɐ. ȼ ɔɤɜɘɧŰɖŰŬ Űɤɜ əɧəəɤɜ, ɗŬ 

ɛˊɞɟɞɨůŮ ɜŬ ŬˊɞŰɟɏɣŮɘ ɛɘŬ ŰɏŰɞɘŬ ůɡɛˊŮɟɘűɞɟɎ, əŬɗɩɠ ɖ ŬɚɚɖɚɞŮɛˊɚɞəɐ Űɤɜ əɧəəɤɜ ɗŬ 

ŭɡůɢɏɟŬɘɜŮ Űɖɜ ŬɜŬŭɘɎŰŬɝɖ Űɞɡɠ əŬɘ, ŰŮɚɘəɩɠ, Űɖɜ ˊɨəɜɤůɖ Űɖɠ ŭɞɛɐɠ Űɞɡɠ.  

 

ɆɢɐɛŬ 5.8  ɆɡɔəŮɜŰɟɤŰɘəɧ ŭɘɎɔɟŬɛɛŬ ŭŮɑəŰɖ ˊɧɟɤɜ ï log(ůôv) ɔɘŬ ŭɞəɑɛɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ əŬɘ 

ɛɖ Ɏɛɛɞɡ Longstone. Ƀɘ ɛˊɚŮ əŬɛˊɨɚŮɠ ůɡɛɓɞɚɑɕɞɡɜ ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ Ůɜɩ ɞɘ əɧəəɘɜŮɠ ŰŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ. 
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ɆɢɐɛŬ 5.9  ȹɘɎɔɟŬɛɛŬ ɞɔəɞɛŮŰɟɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ ï ŮɜŮɟɔɞɨ ŰɎůɖɠ ɔɘŬ ŭɞəɑɛɘŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ əŬɘ ɛɖ Ɏɛɛɞɡ Longstone. 

 

5.3.3. ȯɛɛɞɠ Fontainebleau 

ũɘŬ Űɖɜ ŮˊɘɓŮɓŬɑɤůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ɘůɢɡɟɘůɛɩɜ, ŮəŰŮɚɏůŰɖəŬɜ ŭɞəɘɛɏɠ ɛɞɜɞŬɝɞɜɘəɐɠ 

ŬɜɘůɧŰɟɞˊɖɠ ůɡɛˊɑŮůɖɠ ůŮ ɛɘŬ ŰɟɑŰɖ Ɏɛɛɞ, ɛŮ ůŰɟɞɔɔɡɚŮɛɏɜɞɡɠ əɧəəɞɡɠ, Űɖɜ 

Fontainebleau. ȷɜ əŬɘ ɞɘ ŭɞəɘɛɏɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ 

ŮɑɢŬɜ ɢɟɧɜɞ űɧɟŰɘůɖɠ 30 ɚŮˊŰɎ (Ůɜɩ Űɞ űɡůɘəɧ ŭɞəɑɛɘɞ ŮɑɢŮ 24 ɩɟŮɠ), űŬɑɜŮŰŬɘ ɜŬ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ ůɡɛˊŮɟɘűɞɟɎ, ˊŬɟɧɛɞɘŬ ɛŮ ŬɡŰɐ Űɖɠ Ɏɛɛɞɡ ɀ31. ɆŰŬ ɆɢɐɛŬŰŬ 5.10 

əŬɘ 5.11, ɞɘ əŬɛˊɨɚŮɠ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ (əɧəəɘɜɞ ɢɟɩɛŬ) ˊŬɟɞɡůɘɎɕɞɡɜ 

ŮɚŬűɟɩɠ ɛŮɔŬɚɨŰŮɟɖ əɚɑůɖ Ŭˊɧ Űɞ űɡůɘəɧ. ȱŭɖ Ŭˊɧ ŰŬ 30 ˊɟɩŰŬ ɚŮˊŰɎ, ɞɘ əŬɗɘɕɐůŮɘɠ 

Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ ɡˊŮɟɏɢɞɡɜ ŬɡŰɩɜ Űɞɡ űɡůɘəɞɨ. ȸɏɓŬɘŬ, Ŭɜ əŬɘ ɞɘ 

ŭɞəɘɛɏɠ ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ Ɏɛɛɞ ŮɑɜŬɘ ɚɘɔɞůŰɏɠ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ əŬɘ 

ɢɟɐɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖɠ ŭɘŮɟŮɨɜɖůɖɠ, űŬɑɜŮŰŬɘ ɜŬ Ůɜɘůɢɨɞɡɜ Űɖɜ ɞɟɗɧŰɖŰŬ Űɤɜ ˊŬɟŬˊɎɜɤ 

ɘůɢɡɟɘůɛɩɜ.  
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ɆɢɐɛŬ 5.10   ɆɡɔəŮɜŰɟɤŰɘəɧ ŭɘɎɔɟŬɛɛŬ ŭŮɑəŰɖ ˊɧɟɤɜ ï log(ůôv) ɔɘŬ ŭɞəɑɛɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ 

əŬɘ ɛɖ Ɏɛɛɞɡ Fontainebleau. Ƀɘ ɛˊɚŮ əŬɛˊɨɚŮɠ ůɡɛɓɞɚɑɕɞɡɜ ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ Ůɜɩ ɞɘ əɧəəɘɜŮɠ 

ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ. 

 

 

ɆɢɐɛŬ 5.11 ȹɘɎɔɟŬɛɛŬ ɞɔəɞɛŮŰɟɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ ï ŮɜŮɟɔɞɨ ŰɎůɖɠ ɔɘŬ ŭɞəɑɛɘŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ əŬɘ ɛɖ Ɏɛɛɞɡ Fontainebleau. 
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ȳɜɞɛŬ 

ŭɞəɘɛɐɠ 
ȼɛŮɟɞɛɖɜɑŬ Dr (%) e0 ȯɛɛɞɠ 

ɉɟɧɜɞɠ 

űɧɟŰɘůɖɠ 

OM31-1 22/7/2016 17,11 % 0,786 M31 30 min 

OM31-2 29/8/2016 22,71 % 0,767 M31 30 min 

OM31-3 12/9/2016 48,38 % 0,680 M31 30 min 

OM31-4 14/9/2016 28,91 % 0,746 M31 24 h 

OSM31-2 17/10/2016 44,25 % 0,694 
M31 

(ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ) 
24 h 

OSM31-3 16/11/2016 35,69 % 0,723 
M31 

(ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ) 
30 min 

OSM31-4 24/11/2016 29,20 % 0,745 
M31 

(ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ) 
30 min 

OLS-1 17/12/2016 23,88 % 0,904 Longstone 10 min 

OLS-2 4/1/2017 23,10 % 0.907 Longstone 24 h 

OSLS-1 16/12/2016 53,28 % 0,792 
Longstone 

(ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ) 
30 min 

OSLS-2 16/12/2016 36,75 % 0,855 
Longstone 

(ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ) 
30 min 

OSLS-3 26/1/2017 47,77 % 0,813 
Longstone 

(ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ) 
24 h 

OF-1 20/2/2017 46,01 % 0,716 Fontainebleau 24 h 

OSF-1 19/1/2017 57,36 % 0,679 
Fontainebleau 

(ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ) 
30 min 

OSF-2 8/2/2017 39,88 % 0,736 
Fontainebleau 

(ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ) 
30 min 

 

ɄɑɜŬəŬɠ 5.3  ɆɡɔəŮɜŰɟɤŰɘəɧɠ ˊɑɜŬəŬɠ ůŰɞɘɢŮɑɤɜ Űɤɜ ŭɞəɘɛɩɜ ůɡɛˊɘŮůɧɛŮŰɟɞɡ. 
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6 ȹɃȾȽɀȼ ȷɄô ȺɈŪȺȽȷɆ ȹȽȷɇɀȼɆȼɆ 

 

ɇŬ əɞəəɩŭɖ ŮŭŬűɘəɎ ɡɚɘəɎ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŬůɨɜŭŮŰɞɡɠ ɐ ɢŬɚŬɟɎ ůɡɜŭŮŭŮɛɏɜɞɡɠ 

ůŰŮɟŮɞɨɠ əɧəəɞɡɠ ˊɞɡ ůɢɖɛŬŰɑɕɞɡɜ Űɞɜ ŮŭŬűɘəɧ ůəŮɚŮŰɧ. Ƀ ŮŭŬűɘəɧɠ ŬɡŰɧɠ ůəŮɚŮŰɧɠ 

ŬɜŬɚŬɛɓɎɜŮɘ ɧɚŬ ŰŬ ŮɝɤŰŮɟɘəɩɠ ŮˊɘɓŬɚɚɧɛŮɜŬ űɞɟŰɑŬ ɛŮ Űɖɜ ŬɜɎˊŰɡɝɖ ɞɟɗɩɜ əŬɘ 

ŭɘŬŰɛɖŰɘəɩɜ ŭɡɜɎɛŮɤɜ. ȷɡŰɏɠ ɞɘ ŭɡɜɎɛŮɘɠ ŬůəɞɨɜŰŬɘ ɛŮŰŬɝɨ Űɤɜ əɧəəɤɜ əŬɘ ˊɟɞəŬɚɞɨɜ 

Űɖ ůɢŮŰɘəɐ ɞɚɑůɗɖůɖ Űɞɡɠ, ɖ ɞˊɞɑŬ ɛŮŰŬűɟɎɕŮŰŬɘ ůŮ ˊŬɟŬɛɧɟűɤůɖ. ȼ Űɟɘɓɐ ɛŮŰŬɝɨ Űɤɜ 

əɧəəɤɜ ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ Űɤɜ Ŭɛɛɤŭɩɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ, Ŭűɞɨ ɖ 

ŬɜɎˊŰɡɝɖ ɖɚŮəŰɟɞɢɖɛɘəɩɜ ŭɡɜɎɛŮɤɜ (ˊɞɡ ůɡɜŮˊɎɔŮŰŬɘ ɛŮ Űɖɜ ůɡɜɞɢɐ) ɛŮŰŬɝɨ Űɤɜ 

əɧəəɤɜ ŮɑɜŬɘ ŬɛŮɚɖŰɏŬ. ũɘŬ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ ɞɘ ˊŬɟɎɛŮŰɟɞɘ ŬɜŰɞɢɐɠ Űɤɜ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ əŬɘ ɛɖ Ŭɛɛɤŭɩɜ ɡɚɘəɩɜ, əŬɗɩɠ əŬɘ ɔɘŬ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ůɡɛˊŮɟɘűɞɟɎ 

Űɞɡɠ əŬŰɎ Űɖɜ Ůˊɘɓɞɚɐ ŮɝɤŰŮɟɘəɩɜ ɞɟɗɩɜ əŬɘ ŭɘŬŰɛɖŰɘəɩɜ ŭɡɜɎɛŮɤɜ, 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ŭɞəɘɛɏɠ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ. ɆŰɘɠ ˊŬɟŬəɎŰɤ ŮɜɧŰɖŰŮɠ ŬɜŬɚɨŮŰŬɘ ɖ 

ŭɘŬŭɘəŬůɑŬ Űɖɠ ŭɞəɘɛɐɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɩɜ əŬɘ ůɢɞɚɘɎɕɞɜŰŬɘ.  

6.1. ɄŮɟɘɔɟŬűɐ Ůɝɞˊɚɘůɛɞɨ əŬɘ ŭɘŬŭɘəŬůɑŬɠ ˊŬɟŬůəŮɡɐɠ ŭɞəɘɛɑɤɜ. 

6.1.1. ɄŮɟɘɔɟŬűɐ Ůɝɞˊɚɘůɛɞɨ 

ɇŬ ˊŮɘɟɎɛŬŰŬ Űɖɠ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŰɖ ůɡůəŮɡɐ Wykeham 

Farrance No 25402 (ɆɢɐɛŬ 6.1). ȼ ůɡůəŮɡɐ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮűŬɟɛɞɔɐ əŬŰŬəɧɟɡűɞɡ 

űɞɟŰɑɞɡ ůŰɞ ŭɞəɑɛɘɞ ɛɏůɤ ɛɞɢɚɞɓɟŬɢɑɞɜŬ, ɔŮɔɞɜɧɠ ˊɞɡ ŭɘŮɡəɞɚɨɜŮɘ Űɖ ŭɘŬŭɘəŬůɑŬ 

ŰɞˊɞɗɏŰɖůɖɠ ɓŬɟɩɜ. ɇɞ ɓɎɟɞɠ ŭɑɜŮɘ ŭŮəŬˊɚɎůɘŬ ŭɨɜŬɛɖ ɛŮ Űɖɜ ɞˊɞɑŬ űɞɟŰɑɕŮŰŬɘ əɎɗŮ 

űɞɟɎ Űɞ ŭɞəɑɛɘɞ. ɆŰɞ ɆɢɐɛŬ 6.2 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ ŭɘŬŰɞɛɐ Űɖɠ ůɡůəŮɡɐɠ, ɖ ɞˊɞɑŬ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŬ Ůɝɐɠ ŰɛɐɛŬŰŬ: 

1. ȾɘɓɩŰɘɞ Casagrande (shear box), Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ŭŬəŰɡɚɑɞɡɠ 

ŭɘɎŰɛɖůɖɠ, ɞɘ ɞˊɞɑɞɘ ɧŰŬɜ ŮűŬɟɛɧɕɞɡɜ ŭɖɛɘɞɡɟɔɞɨɜ ɏɜŬ əŮɜɧ ůɢɐɛŬŰɞɠ 

əɡəɚɘəɞɨ ˊɟɑůɛŬŰɞɠ ɛŮ ŭɘɎɛŮŰɟɞ 6 cm. Ƀɘ ŭŬəŰɨɚɘɞɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŬˊɚɎ ɔɘŬ 

Űɖɜ ˊɚŮɡɟɘəɐ ůŰɐɟɘɝɖ Űɞɡ ŭɞəɘɛɑɞɡ əŬɘ ŭŮɜ ɛŮŰŬɓɘɓɎɕɞɡɜ ŭɘŬŰɛɖŰɘəɏɠ ŰɎůŮɘɠ. 

2. ȾɞɢɚɑŬɠ ˊɞɡ əɘɜŮɑŰŬɘ ɛŮ ůŰŬɗŮɟɐ ŮəɚŮɔɛɏɜɖ ŰŬɢɨŰɖŰŬ ɛŮ Űɖ ɓɞɐɗŮɘŬ 

ɖɚŮəŰɟɞɜɘəɞɨ ɛɞŰɏɟ (electric motor). 
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3.  Ⱦɡɣɏɚɖ ˊɞɡ əɘɜŮɑŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ əɞɢɚɑŬ (cell). ȼ əɡɣɏɚɖ ɏɢŮɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɜŬ ɞɚɘůɗŬɑɜŮɘ ˊɎɜɤ ůŮ ɛŮŰŬɚɚɘəɞɨɠ ɛˊɘɚɘɞűɧɟɞɡɠ ɞŭɖɔɞɨɠ. 

4. ȾɞɢɚɑŬɠ ɞ ɞˊɞɑɞɠ ŬəɘɜɖŰɞˊɞɘŮɑ Űɞɜ əɎŰɤ ŭŬəŰɨɚɘɞ ŭɘɎŰɛɖůɖɠ. 

5. ȹɡɜŬɛɧɛŮŰɟɞ (loadcell), Űɞ ɞˊɞɑɞ əŬŰŬɔɟɎűŮɘ Űɖɜ ŬɜŰɑůŰŬůɖ ůŮ ɗɟŬɨůɖ Űɞɡ 

ŭɞəɘɛɑɞɡ. 

6. ɀɖəɡɜůɘɧɛŮŰɟɞ (vertical DCDT), Űɞ ɞˊɞɑɞ ŰɞˊɞɗŮŰŮɑŰŬɘ əɎɗŮŰŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ŭɞəɘɛɑɞɡ əŬɘ əŬŰŬɔɟɎűŮɘ Űɘɠ əŬŰŬəɧɟɡűŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ Űɞɡ. 

7. ȹɨɞ ɓɑŭŮɠ ˊɞɡ əɟŬŰɎɜŮ ŬɛŮŰŬəɑɜɖŰɞɡɠ Űɞɡɠ ŭɨɞ ŭŬəŰɡɚɑɞɡɠ ŭɘɎŰɛɖůɖɠ əŬɘ ŭɨɞ 

ˊɞɡ ŬɜŬůɖəɩɜɞɡɜ ŮɚŬűɟɩɠ Űɞɜ ˊɎɜɤ ŭŬəŰɨɚɘɞ.  

   ȺˊŮɘŭɐ ɞɘ ɛŮŰɟɐůŮɘɠ Űɞɡ ŭɡɜŬɛɧɛŮŰɟɞɡ əŬɘ Űɞɡ ɛɖəɡɜůɘɧɛŮŰɟɞɡ əŬŰŬɔɟɎűɞɜŰŬɘ 

ɖɚŮəŰɟɞɜɘəɎ ůŮ ɛɞɜɎŭŮɠ ŰɎůɖɠ Űɞɡ ɟŮɨɛŬŰɞɠ (Volt), ɏɔɘɜŬɜ ɓŬɗɛɞɜɞɛɐůŮɘɠ ůŰŬ ɧɟɔŬɜŬ 

ɔɘŬ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɞ ůɡɜŰŮɚŮůŰɐɠ ɛŮŰŬŰɟɞˊɐɠ Űɤɜ ŮɜŭŮɑɝŮɤɜ ůŮ ɛɞɜɎŭŮɠ ŭɨɜŬɛɖɠ (Ɂ) əŬɘ 

ɛɐəɞɡɠ (m) ŬɜŰɑůŰɞɘɢŬ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɓŬɗɛɞɜɞɛɐůŮɤɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰŬ 

ɆɢɐɛŬŰŬ 6.3 əŬɘ 6.4. 

 

 

ɆɢɐɛŬ 6.1  ɆɡůəŮɡɐ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ Wykeham Farrance N
o
 25402 .  
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ɆɢɐɛŬ 6.2   ȹɘŬŰɞɛɐ ůɡůəŮɡɐɠ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ. 

 

 

 

ɆɢɐɛŬ 6.3  ȷˊɞŰŮɚɏůɛŬŰŬ ɓŬɗɛɞɜɧɛɖůɖɠ əŬŰŬəɧɟɡűɞɡ ɛɖəɡɜůɘɧɛŮŰɟɞɡ. 
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ɆɢɐɛŬ 6.4  ȷˊɞŰŮɚɏůɛŬŰŬ ɓŬɗɛɞɜɧɛɖůɖɠ ŭɡɜŬɛɧɛŮŰɟɞɡ. 

 

6.1.2. ɄŬɟŬůəŮɡɐ ŭɞəɘɛɑɤɜ 

Ƀɛɞɑɤɠ ɛŮ Űɖ ŭɞəɘɛɐ Űɞɡ ůɡɛˊɘŮůɧɛŮŰɟɞɡ, ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ ŭɞəɘɛɑɤɜ 

ŬəɞɚɞɡɗɐɗɖəŬɜ ŭɨɞ ɛɏɗɞŭɞɘ. ȼ ˊɟɩŰɖ ŬűɞɟɎ Űɖɜ ˊŬɟŬůəŮɡɐ ɛɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ 

ŭɞəɘɛɑɤɜ Ɏɛɛɞɡ əŬɘ ɖ ŭŮɨŰŮɟɖ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ.  

ȳůɞɜ ŬűɞɟɎ ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ, ɖ ˊŬɟŬůəŮɡɐ Űɞɡ ŭɞəɘɛɑɞɡ ŮəŰŮɚɏůŰɖəŮ ŮɜŰɧɠ Űɤɜ 

ůŰŮɟŮɞˊɞɘɖɛɏɜɤɜ ŭŬəŰɡɚɑɤɜ ŭɘɎŰɛɖůɖɠ. ȷűɞɨ Űɞ əɘɓɩŰɘɞ Casagrande ŰɞˊɞɗŮŰɖɗŮɑ ůŰɖ 

ůɡůəŮɡɐ, ŰɞˊɞɗŮŰŮɑŰŬɘ ɞ əɎŰɤ ŬəɧɟŮůŰɞɠ ˊɞɟɩŭɖɠ ŭɑůəɞɠ əŬɘ ɛŮŰɟɎŰŬɘ Űɞ ŮɚŮɨɗŮɟɞ ɨɣɞɠ 

Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əɘɓɤŰɑɞɡ. ɆŰɖ ůɡɜɏɢŮɘŬ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɢɤɜɘɞɨ ŮɜŬˊɞŰɑɗŮŰŬɘ ɛɘŬ 

ˊɞůɧŰɖŰŬ Ɏɛɛɞɡ ɛɏůŬ ůŰɞ əɘɓɩŰɘɞ, ɛɏɢɟɘ ɚɑɔɞ ˊɟɘɜ Űɖɜ ˊɚɐɟɤůɐ Űɞɡ. ɇɏɚɞɠ, ŰɞˊɞɗŮŰŮɑŰŬɘ 

ɞ Ɏɚɚɞɠ ŬəɧɟŮůŰɞɠ ˊɞɟɩŭɖɠ ŭɑůəɞɠ əŬɘ, ɛŮŰɎ Űɖ ɛɏŰɟɖůɖ Űɞɡ ŮɜŬˊɞɛŮɑɜŬɜŰɞɠ ŮɚŮɨɗŮɟɞɡ 

ɨɣɞɡɠ, ŰɞˊɞɗŮŰŮɑŰŬɘ ɞ ɛŮŰŬɚɚɘəɧɠ əŮűŬɚɧŭŮůɛɞɠ űɧɟŰɘůɖɠ (top cap). ɇɞ ŭɞəɑɛɘɞ ɕɡɔɑɕŮŰŬɘ 

ɛŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ŭɞəɘɛɐɠ. 

ɇŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ ŮɛɓɎˊŰɘůɖ ɝɖɟɞɨ ŮŭŬűɘəɞɨ ɡɚɘəɞɨ 

ůŮ ɡɔɟɧɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ. ɇɞ ɡɔɟɧɚɡɛŬ ˊŬɟŬůəŮɡɎɕŮŰŬɘ ůɨɛűɤɜŬ ɛŮ Űɖ 

ŭɘŬŭɘəŬůɑŬ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɞ ŮŭɎűɘɞ 5.1.2. ɆŮ ɏɜŬ ŭɞɢŮɑɞ ŰɞˊɞɗŮŰŮɑŰŬɘ ɏɜŬ ɚŮɑɞ 

ɛŮŰŬɚɚɘəɧ ŭŬɢŰɡɚɑŭɘ, ŮůɤŰŮɟɘəɐɠ ŭɘŬɛɏŰɟɞɡ 60 mm, əŬɘ Űɞ ɡɔɟɧɚɡɛŬ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ 

ˊɡɟɘŰɑŬɠ əŬɘ ŮɛɓŬˊŰɑɕŮŰŬɘ Űɞ ɝɖɟɧ ŮŭŬűɘəɧ ɡɚɘəɧ (ɆɢɐɛŬ 6.5). ɇɞ ŭɞəɑɛɘɞ ˊŬɟŬɛɏɜŮɘ ůŮ 

ŬŮɟɞůŰŮɔŮɑɠ ůɡɜɗɐəŮɠ ɔɘŬ 50 ɩɟŮɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, Űɞ ŭŬɢŰɡɚɑŭɘ ŬűŬɘɟŮɑŰŬɘ əŬɘ Űɞ ŮŭŬűɘəɧ 
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ɡɚɘəɧ ɛŮŰŬűɏɟŮŰŬɘ əŬɘ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɞ əɘɓɩŰɘɞ ŭɘɎŰɛɖůɖɠ, ˊɟɞůˊŬɗɩɜŰŬɠ ɜŬ ɛɖɜ 

ɡˊɎɟɝɞɡɜ ŬɜŬŰŬɟŬɢɏɠ əŬŰɎ Űɖ ɛŮŰŬűɞɟɎ. Ƀɘ ˊɞɟɧɚɘɗɞɘ ŮɑɜŬɘ əɞɟŮůɛɏɜɞɘ əŬɘ, ɛŮŰɎ Űɖɜ 

ŰɞˊɞɗɏŰɖůɖ ɧɚɤɜ Űɤɜ ŮɝŬɟŰɖɛɎŰɤɜ ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɖɜ ˊŬɟŬůəŮɡɐ Űɞɡ űɡůɘəɞɨ 

ŭɞəɘɛɑɞɡ, Űɞ əɘɓɩŰɘɞ ˊɚɖɟŮɑŰŬɘ ɛŮ ŬˊɞůŰŬɔɛɏɜɞ ɜŮɟɧ, ůŮ ůɡɜɐɗŮɘɠ ɗŮɟɛɞəɟŬůɑŮɠ 

(ɗŮɟɛɞəɟŬůɑŮɠ ŭɤɛŬŰɑɞɡ). 

 

 

ɆɢɐɛŬ 6.5 ɄŬɟŬůəŮɡɐ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŭɞəɘɛɑɞɡ Ɏɛɛɞɡ ɔɘŬ Űɖɜ ŭɞəɘɛɐ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ. 

Ƀɘ ŭɘŬŭɘəŬůɑŮɠ əŬŰɎ ůŮɘɟɎ ŮɑɜŬɘ: (Ŭ) ɖ ˊŬɟŬůəŮɡɐ ɡɔɟɞɚɨɛŬŰɞɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ, (ɓ) ɖ 

ɛɏŰɟɖůɖ Űɞɡ pH əŬɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɞɡ ɡɔɟɞɚɨɛŬŰɞɠ, (ɔ) ɖ ŰɞˊɞɗɏŰɖůɖ Űɞɡ ɡɔɟɞɚɨɛŬŰɞɠ əŬɘ 

Űɞɡ ŭŬəŰɡɚɑɞɡ Űɖɠ ůɡůəŮɡɐɠ ůŮ ɛŮŰŬɚɚɘəɧ ŭɞɢŮɑɞ əŬɘ (ŭ) ɖ ɝɖɟɐ ŮɛɓɎˊŰɘůɖ Űɞɡ ɡɚɘəɞɨ.  
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6.2. ȹɘŬŭɘəŬůɑŬ ŮəŰɏɚŮůɖɠ Űɖɠ ŭɞəɘɛɐɠ 

  ɆŰɖɜ əɡɣɏɚɖ ŰɞˊɞɗŮŰŮɑŰŬɘ əŬɘ ůŰŮɟŮɩɜŮŰŬɘ Űɞ əɘɓɩŰɘɞ Casagrande, Űɞ ɞˊɞɑɞ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ŭŬəŰɡɚɑɞɡɠ ŭɘɎŰɛɖůɖɠ. Ƀɘ ŭɨɞ ŬɡŰɞɑ ŭŬəŰɨɚɘɞɘ ŮɑɜŬɘ ŬɟɢɘəɎ 

ůɡɜŭŮŭŮɛɏɜɞɘ ɛŮ ŭɨɞ ɓɑŭŮɠ, ˊɞɡ ɧŰŬɜ ŬűŬɘɟŮɗɞɨɜ, ŮˊɘŰɟɏˊŮŰŬɘ ɖ ɛŮɟɘəɐ əɑɜɖůɖ Űɞɡ Ůɜɧɠ 

ŭŬəŰɡɚɑɞɡ ɤɠ ˊɟɞɠ Űɞɜ Ɏɚɚɞ. ȼ ůɡůəŮɡɐ ˊɚɖɟŮɑŰŬɘ ɛŮ ŬˊɞůŰŬɔɛɏɜɞ ɜŮɟɧ (ɛɧɜɞ ůŰɘɠ 

ŭɞəɘɛɏɠ ˊɞɡ Űɞ ŭɞəɑɛɘɞ ɐŰŬɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ), ɩůŰŮ Űɞ ŭɞəɑɛɘɞ ɜŬ 

ŮɑɜŬɘ ŮɛɓŬˊŰɘůɛɏɜɞ. ɇɞ ɜŮɟɧ, ɧɛɤɠ, ɏɢŮɘ Űɖɜ ŬŰɛɞůűŬɘɟɘəɐ ˊɑŮůɖ. ȾŬŰɎ ůɡɜɏˊŮɘŬ, ɞɘ 

ɡŭŬŰɘəɏɠ ˊɘɏůŮɘɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ŭɞəɘɛɑɞɡ ŭŮɜ ŮɚɏɔɢɞɜŰŬɘ əŬɘ ŭŮɜ ɛˊɞɟŮɑ ɜŬ 

ŮɝŬůűŬɚɘůɗŮɑ ɞ əɞɟŮůɛɧɠ Űɞɡ ŭɞəɘɛɑɞɡ ɞɨŰŮ ɜŬ ŮɚŮɔɢɗɞɨɜ ɞɘ ůɡɜɗɐəŮɠ ůŰɟɎɔɔɘůɖɠ.  

ɀŮŰɎ Űɖɜ ŰɞˊɞɗɏŰɖůɖ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɖ ůɡůəŮɡɐ, ŮűŬɟɛɧɕŮŰŬɘ Űɞ əŬŰŬəɧɟɡűɞ űɞɟŰɑɞ 

ɛŮ Űɖɜ ŰɞˊɞɗɏŰɖůɖ ɓŬɟɩɜ ůŰɞɜ ɔɎɜŰɕɞ űɧɟŰɘůɖɠ, ɞˊɧŰŮ Űɞ ŭɞəɑɛɘɞ ɡűɑůŰŬŰŬɘ ɛɞɜɞŬɝɞɜɘəɐ 

ůɡɛˊɑŮůɖ (ůŰŮɟŮɞˊɞɑɖůɖ) ɛŮ ˊŬɟŮɛˊɧŭɘůɖ Űɖɠ ˊɚŮɡɟɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ, ŮˊŮɘŭɐ ɞ 

ŭŬəŰɨɚɘɞɠ ŮɑɜŬɘ ŬɜɏɜŭɞŰɞɠ ůŰɖɜ ɞɟɘɕɧɜŰɘŬ ŭɘŮɨɗɡɜůɖ. ɇŬ ŭɞəɑɛɘŬ ŬűɐɜɞɜŰŬɘ ůŮ ŬɡŰɧ Űɞ 

ůŰɎŭɘɞ ɔɘŬ 24 ɩɟŮɠ, ɩůŰŮ ɜŬ ŮˊɏɚɗŮɘ ɘůɞɟɟɞˊɑŬ ůŰɞ ŭŮɑɔɛŬ, əŬɘ əŬŰŬɔɟɎűɞɜŰŬɘ ɞɘ 

ůɡɜɞɚɘəɏɠ əŬɗɘɕɐůŮɘɠ   

ɀŮŰɎ Űɞ Űɏɚɞɠ Űɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ, ɞɘ ɓɑŭŮɠ ˊɞɡ əɟŬŰɞɨůŬɜ ůɡɜŭŮŭŮɛɏɜɞɡɠ Űɞɡɠ ŭɨɞ 

ŭŬəŰɡɚɑɞɡɠ ŬűŬɘɟɞɨɜŰŬɘ əŬɘ, ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɤɜ Ɏɚɚɤɜ ŭɨɞ ɓɘŭɩɜ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ 

ɓɘŭɤɗɞɨɜ ɛɧɜɞ ůŰɞɜ ˊɎɜɤ ŭŬəŰɨɚɘɞ ŭɘɎŰɛɖůɖɠ (ɞɘ ɞˊɏɠ ŭŮɜ ůɡɜŮɢɑɕɞɜŰŬɘ ůŰɞɜ əɎŰɤ 

ŭŬəŰɨɚɘɞ), ŬɜŬůɖəɩɜŮŰŬɘ ɘůɢɜɎ ɞ ˊɎɜɤ ŭŬəŰɨɚɘɞɠ, ɏŰůɘ ɩůŰŮ ɜŬ ŮɝŬůűŬɚɘůɗŮɑ ɖ ŭɘɎŭɞůɖ 

Űɤɜ ŰɎůŮɤɜ ɛɧɜɞ ɛɏůɤ Űɞɡ ŮŭŬűɘəɞɨ ŭŮɑɔɛŬŰɞɠ əŬɘ ɧɢɘ ɛɏůɤ Űɖɠ ŮˊŬűɐɠ Űɤɜ ŭɨɞ 

ŭŬəŰɡɚɑɤɜ. ɆɨɛűɤɜŬ ɛŮ Űɞɡɠ Yamamuro et al. (2011) əŬɘ Űɞɡɠ Mamo əŬɘ Dey (2014), ɞ 

ɟɡɗɛɧɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ɛŮŰŬŰɧˊɘůɖɠ ŮˊɖɟŮɎɕŮɘ Űɖɜ Ŭˊɧəɟɘůɖ Űɞɡ űɡůɘəɞɨ ɡɚɘəɞɨ, ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɞɡ ɞˊɞɑɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ əŬɘ Ŭɨɝɖůɖ Űɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ əŬɘ Űɖɠ əɞɟɡűŬɑŬɠ 

ŬɜŰɞɢɐɠ . ũɘ ŬɡŰɧ Űɞ ɚɧɔɞ, ŮəɚɏɢɗɖəŮ ɛɘŬ ɛɏůɖ, ůŰŬɗŮɟɐ ɔɘŬ ɧɚŮɠ Űɘɠ ŭɞəɘɛɏɠ, ŰŬɢɨŰɖŰŬ 

(ůŰɘɠ ŭɞəɘɛɏɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ŮˊɘɚɏɢɗɖəŬɜ 0,5 mm/min 

(ɄŬˊŬɢŬɟɑůɖɠ (2010)) ɔɘŬ ŰŬ űɡůɘəɎ əŬɘ 0,005 mm/min (ɩůŰŮ ɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ˊɚɐɟɤɠ ɖ 

ůŰɟɎɔɔɘůɖ) ɔɘŬ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ Ɏɛɛɞɡ). ɀɏůɤ Űɞɡ ˊɟɞɔɟɎɛɛŬŰɞɠ LabVIEW 

əŬŰŬɔɟɎűɞɜŰŬɘ ɞɘ əŬŰŬəɧɟɡűŮɠ ɛŮŰŬəɘɜɐůŮɘɠ əŬɘ ɞɘ ŭɘŬŰɛɖŰɘəɏɠ ŬɜŰɘůŰɎůŮɘɠ Űɤɜ ŭɞəɘɛɑɤɜ 

əŬɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ, ŰŬɡŰɧɢɟɞɜŬ, ŰŬ ŰɟɏɢɞɜŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ůŰɖɜ ɞɗɧɜɖ, ɛŮ Űɖ ɛɞɟűɐ 

ŭɘŬɔɟŬɛɛɎŰɤɜ. ɇɞ ˊɏɟŬɠ Űɤɜ ŭɞəɘɛɩɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ, ɧŰŬɜ Űɞ ŭɞəɑɛɘɞ ɏɢŮɘ ɛŮŰŬəɘɜɖɗŮɑ 

ɞɟɘɕɧɜŰɘŬ əŬŰɎ 6,35 mm (Olson (1989)). ȷɡŰɧ ˊŬɟŬŰɖɟɐɗɖəŮ əŬɘ ůŰŬ ˊŮɘɟɎɛŬŰŬ ŬɡŰɐɠ 

Űɖɠ ŮɟɔŬůɑŬɠ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɞˊɞɑɤɜ ŭŮ ɗŮɤɟɐɗɖəŬɜ ŬɝɘɧˊɘůŰŬ ɔɘŬ ɞɟɘɕɧɜŰɘŮɠ 

ɛŮŰŬŰɞˊɑůŮɘɠ ɛŮɔŬɚɨŰŮɟŮɠ Űɤɜ 6,35 mm. 
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ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɞəɘɛɐɠ, ɖ əɞɘɜɐ ŮˊɘűɎɜŮɘŬ Űɤɜ ŭɨɞ ŰɛɖɛɎŰɤɜ Űɞɡ ŮŭŬűɘəɞɨ 

ŭŮɑɔɛŬŰɞɠ  ɛŮɘɩɜŮŰŬɘ. ɆŰɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ, ɞɘ ɞɟɗɏɠ əŬɘ ɞɘ ŭɘŬŰɛɖŰɘəɏɠ 

ŭɡɜɎɛŮɘɠ ŭɘŬɘɟɏɗɖəŬɜ ɛŮ Űɖ ŭɘɞɟɗɤɛɏɜɖ ŮˊɘűɎɜŮɘŬ ȷ=FĬA0 , ɧˊɞɡ F ŮɑɜŬɘ ůɡɜŰŮɚŮůŰɐɠ 

ˊɞɡ ŭɑɜŮŰŬɘ Ŭˊɧ Űɞɜ ˊŬɟŬəɎŰɤ Űɨˊɞ (Olson (1989)): 

 

6.3. ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ 

ɆŮ ŬɡŰɐ Űɖɜ ŮɜɧŰɖŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ, ŬɜŬɚɨɞɜŰŬɘ əŬɘ ůɢɞɚɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

Űɤɜ ŭɞəɘɛɩɜ Űɖɠ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ. ɇŬ ɓŬůɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ɔɘŬ əɎɗŮ ɡɚɘəɧ ŮɑɜŬɘ ŰŬ 

ŭɘŬɔɟɎɛɛŬŰŬ ɚɧɔɞɡ ŭɘŬŰɛɖŰɘəɐɠ ˊɟɞɠ ɞɟɗɐɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ ï ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ əŬɘ 

əŬŰŬəɧɟɡűɖɠ ï ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ. ɇŬ ɓŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɧɚɤɜ Űɤɜ ŭɞəɘɛɩɜ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŬɜŬɚɡŰɘəɎ ůŰɞ ɄŬɟɎɟŰɖɛŬ. 

6.3.1. ɆɡɛˊŮɟɘűɞɟɎ űɡůɘəɩɜ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ Ɏɛɛɞɡ əŬŰɎ Űɖ 

ŭɘɎŰɛɖůɖ 

ȳˊɤɠ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ ůŰɖɜ ȺɜɧŰɖŰŬ 3.1, ɞ Ŭɟɢɘəɧɠ ŭŮɑəŰɖɠ ˊɧɟɤɜ Űɤɜ ŭɞəɘɛɑɤɜ əŬɗɩɠ 

əŬɘ ɖ ŮˊɘɓŬɚɚɧɛŮɜɖ ůŮ ŬɡŰɎ űɧɟŰɘůɖ ŬˊɞŰŮɚɞɨɜ Űɞɡɠ ŭɨɞ ůɖɛŬɜŰɘəɧŰŮɟɞɡɠ ˊŬɟɎɔɞɜŰŮɠ, ɞɘ 

ɞˊɞɑɞɘ əŬɗɞɟɑɕɞɡɜ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ. ȼ ŮˊɘɓŮɓŬɑɤůɖ ŬɡŰɞɨ 

űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 6.6. ȹɞəɑɛɘŬ Ɏɛɛɞɡ ɀ31, ŭɘŬűɞɟŮŰɘəɩɜ Ŭɟɢɘəɩɜ ŭŮɘəŰɩɜ ˊɧɟɤɜ əŬɘ 

ŮˊɘɓŬɚɚɧɛŮɜɖɠ ɞɟɗɐɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ, ɡˊɞɓɚɐɗɖəŬɜ ůŮ ŭɘɎŰɛɖůɖ. ũɘŬ Űɖɜ ɑŭɘŬ ɞɟɗɐ ŮɜŮɟɔɧ 

ŰɎůɖ (125 kPa), ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ Ŭɟɢɘəɞɨ ŭŮɑəŰɖ ˊɧɟɤɜ Ŭˊɧ 0,55 (ˊɡəɜɧ ŭɞəɑɛɘɞ) ůŮ 

0,696 (ɢŬɚŬɟɧ ŭɞəɑɛɘɞ) ˊŬɟŬŰɖɟŮɑŰŬɘ ɝŮəɎɗŬɟɖ ˊŰɩůɖ Űɖɠ ɛɏɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ 

(Ű/ůôv), ɖ ɞˊɞɑŬ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ɛŮɑɤůɖ Űɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůɡɜɞɚɘəɐɠ 

ŭɘŬůŰɞɚɐɠ. ȷɜŰɑůŰɞɘɢŬ, ɔɘŬ ˊŬɟɧɛɞɘɞɡɠ Ŭɟɢɘəɞɨɠ ŭŮɑəŰŮɠ ˊɧɟɤɜ, ɖ Ŭɨɝɖůɖ Űɖɠ ŮɜŮɟɔɞɨ 

ŰɎůɖɠ Ŭˊɧ ŰŬ 125 kPa ůŰŬ 555 kPa ůɡɜŮˊɎɔŮŰŬɘ, Ůˊɑůɖɠ, ɛŮɑɤůɖ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ, 

Űɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ůɡɜɞɚɘəɐɠ ŭɘŬůŰɞɚɐɠ. ȷɝɑɕŮɘ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ ˊɤɠ, ɖ 

ɛŮŰŬɓɞɚɐ ůŰɖɜ Űɘɛɐ Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖ ɛŮŰŬɓɞɚɐ Űɞɡ Ŭɟɢɘəɞɨ ŭŮɑəŰɖ 
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ˊɧɟɤɜ ŮˊɖɟŮɎɕŮɘ ůŮ ˊɞɚɨ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ Űɖɜ Ŭˊɧəɟɘůɖ Űɞɡ ŮŭɎűɞɡɠ. ɉŬɟŬəŰɖɟɘůŰɘəɧ 

ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ Űɞ ɔŮɔɞɜɧɠ ˊɤɠ, ŭɞəɑɛɘŬ ɛŮ ɞɟɗɐ ŮɜŮɟɔɧ ŰɎůɖ 125 əŬɘ 232 kPa əŬɘ 

ˊŬɟɧɛɞɘɞɡɠ ŭŮɑəŰŮɠ ˊɧɟɤɜ ˊŬɟɞɡůɘɎɕɞɡɜ ůɢŮŭɧɜ ŰŬɡŰɧůɖɛɖ ůɡɛˊŮɟɘűɞɟɎ. 

 

 

ɆɢɐɛŬ 6.6  ȹɘŬɔɟɎɛɛŬŰŬ Ű/ůôv - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ (ŮˊɎɜɤ) əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ (əɎŰɤ) Ŭˊɧ ŭɞəɘɛɏɠ ůŮ Ɏɛɛɞ ɀ31. 
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ɆɢɐɛŬ 6.7  ɄŮɟɘɓɎɚɚɞɡůŮɠ Mohr-Coulomb ɔɘŬ ŭɞəɘɛɏɠ ůŮ Ɏɛɛɞ ɀ31 ůŮ ůɡɜɗɐəŮɠ əɟɑůɘɛɖɠ 

əŬŰɎůŰŬůɖɠ, əɞɟɡűŬɑŬɠ ŬɜŰɞɢɐɠ ŭɞəɘɛɑɤɜ ɛɏůɖɠ ůɢŮŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ əŬɘ əɞɟɡűŬɑŬɠ ŬɜŰɞɢɐɠ 

ˊɡəɜɩɜ ŭɞəɘɛɑɤɜ.    

 

Ƀɘ ɓŬůɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ŬɜŰɞɢɐɠ Űɖɠ Ɏɛɛɞɡ ɀ31 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 6.7. ȼ 

ůɡɜɞɢɐ Űɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ ɛɖŭŮɜɘəɐ, Ŭűɞɨ ŬˊɞŰŮɚŮɑ ɏɜŬ əɞəəɩŭŮɠ ɛɖ ůɡɜŮəŰɘəɧ ŮŭŬűɘəɧ 

ɡɚɘəɧ. ȼ ɔɤɜɑŬ Űɟɘɓɐɠ ɔɘŬ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ ɡˊɞɚɞɔɑůŰɖəŮ 30.3
0
, ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ 

Űɘɠ Ŭɟɢɘəɏɠ ůɡɜɗɐəŮɠ ˊɡəɜɧŰɖŰŬɠ əŬɘ űɧɟŰɘůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ. ȷɜŰɑɗŮŰŬ, ɖ ɔɤɜɑŬ Űɟɘɓɐɠ 

əŬŰɎ Űɖ ɛɏɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ ŭɞɛɐ Űɤɜ əɧəəɤɜ Űɞɡ 

ɡɚɘəɞɨ. ũɘŬ ɛɏůɖɠ ˊɡəɜɧŰɖŰŬɠ ŭɞəɑɛɘŬ Ɏɛɛɞɡ ɀ31 (Drå50%), ɖ ɛɏɔɘůŰɖ ŬɡŰɐ ɔɤɜɑŬ 

ˊŬɑɟɜŮɘ Űɖɜ Űɘɛɐ 32.5
0
 Ůɜɩ ɔɘŬ ˊɡəɜɧŰŮɟŬ ŭɞəɑɛɘŬ (Drå80%), ɖ Űɘɛɐ ŬɡŰɐ ŬɜɏɟɢŮŰŬɘ ůŰɘɠ 

36.7
0
. ȼ ŮˊɘŰɟŮˊŰɐ Ŭˊɧəɚɘůɖ ůŰɘɠ ˊŬɟŬˊɎɜɤ Űɘɛɏɠ ŮɑɜŬɘ Ñ0.10

0
 (Bareither et al. (2008)). 

ɆɨɛűɤɜŬ ɛŮ Űɞɜ Rowe (1962), ɖ ŭɘŬűɞɟɎ Űɖɠ ɛɏɔɘůŰɖɠ Ŭˊɧ Űɖɜ əɟɑůɘɛɖ ɔɤɜɑŬ Űɟɘɓɐɠ ŭɑɜŮɘ 

Űɖ ɔɤɜɑŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ. ȰŰůɘ, ɖ ɔɤɜɑŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ ɔɘŬ ŰŬ ɛɏůɖɠ ˊɡəɜɧŰɖŰŬɠ 

ŭɞəɑɛɘŬ Ɏɛɛɞɡ ɀ31 ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ 2.2
0
, Űɘɛɐ ˊɞɡ ůɢŮŭɧɜ ŰɟɘˊɚŬůɘɎɕŮŰŬɘ (6.4

0
) ɔɘŬ ŰŬ 

ˊɡəɜɎ ŭɞəɑɛɘŬ. 

ȷɜŰɑůŰɞɘɢɖ ůɡɛˊŮɟɘűɞɟɎ ˊŬɟɞɡůɘɎɕŮɘ əŬɘ ɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞɠ ɀ31. ȺɝŮŰɎůŰɖəŮ 

ɖ ŮˊɑŭɟŬůɖ Űɖɠ űɧɟŰɘůɖɠ ůŮ ŭɞəɑɛɘŬ ɛŮ ŭŮɑəŰŮɠ ˊɧɟɤɜ 0.644Ñ0.010. ɆɨɛűɤɜŬ ɛŮ Űɞ 

ɆɢɐɛŬ 6.8, ɔɘŬ ɏɜŬ ɛɘəɟɧ Ůɨɟɞɠ űɧɟŰɘůɖɠ (196-268 kPa), ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ůɢŮŭɧɜ 



 

64 

 

ůɡɛˊɑˊŰɞɡɜ. ȸɏɓŬɘŬ, ɧŰŬɜ ŭɘŮɡɟɡɜɗŮɑ ɖ ŭɘŬűɞɟɎ ůŰɖ űɧɟŰɘůɖ, ɔɑɜŮŰŬɘ ˊɘɞ ŬɘůɗɖŰɐ ɖ 

Ůˊɘɟɟɞɐ Űɖɠ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ŭɞəɘɛɑɞɡ, ŬəɞɚɞɡɗɩɜŰŬɠ ˊɎɜŰŬ Űɞ ɛɞŰɑɓɞ ˊɞɡ 

ˊŮɟɘɔɟɎűɖəŮ əŬɘ ɔɘŬ ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Űɞɡ 

ɆɢɐɛŬŰɞɠ 6.9 ɔɘŬ Űɘɛɏɠ ɞɟɗɐɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ 125 əŬɘ 555 kPa. ȷɡŰɐ ɖ ŮɝɎɟŰɖůɖ Űɖɠ 

Ŭˊɧəɟɘůɖɠ Ŭˊɧ Űɖ űɧɟŰɘůɖ ɞűŮɑɚŮŰŬɘ, ɑůɤɠ, ůŰɖɜ ɡˊɞɓɎɗɛɘůɖ ˊɞɡ ɡűɑůŰŬŰŬɘ ɖ ŭɞɛɐ Űɖɠ 

ɔɏɚɖɠ, əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ɖ ŭɞɛɐ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŭɞəɘɛɑɞɡ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ŭŮɜ 

ŮɑɜŬɘ Űɧůɞ ɏɜŰɞɜɞ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ űɡůɘəɩɜ ŭɞəɘɛɑɤɜ. ȯɚɚɤůŰŮ, Űɞ ŮɝŮŰŬɕɧɛŮɜɞ 

Ůɨɟɞɠ ŮˊɘɓŬɚɚɧɛŮɜɤɜ ŰɎůŮɤɜ ŭŮɜ ɞŭɖɔŮɑ ůŮ ɗɟŬɨůɖ Űɤɜ əɧəəɤɜ Űɖɠ Ɏɛɛɞɡ. ȳˊɤɠ 

űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 6.10, ɖ əɞəəɞɛŮŰɟɑŬ Űɖɠ Ɏɛɛɞɡ ˊŬɟŬɛɏɜŮɘ ŬɚɩɓɖŰɖ, ŬəɧɛŬ əŬɘ ɛŮŰɎ 

Ŭˊɧ ŭɘɎŰɛɖůɖ ɡˊɧ 1 MPa ɞɟɗɐɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ.  ȳˊɤɠ ɏɢɞɡɜ ɘůɢɡɟɘůŰŮɑ ɞɘ Porcino et al. 

(2012), ɏŰůɘ əɘ Ůŭɩ, ɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞɠ ˊŬɟɞɡůɘɎɕŮɘ ɛŮɔɎɚɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ əŬɘ 

ɏɜŰɞɜŬ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ɇɞ ɆɢɐɛŬ 6.9 ŮˊɘŭŮɘəɜɨŮɘ Űɘɠ ŭɘŬűɞɟɏɠ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ 

Űɖɠ űɡůɘəɐɠ Ŭˊɧ Űɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞ. ȷɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ɞɟɗɐɠ 

ŮɜŮɟɔɞɨ ŰɎůɖɠ, ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ, ŬɟɢɘəɎ, ůɡůŰɏɚɚɞɜŰŬɘ, ůŮ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ 

Ŭˊɧ ŰŬ ŬɜŰɑůŰɞɘɢɖɠ ůɢŮŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ űɡůɘəɎ ŭɞəɑɛɘŬ, əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ˊŬɟɞɡůɘɎɕɞɡɜ 

ŮɝŬɘɟŮŰɘəɎ ɛŮɔɎɚŮɠ Űɘɛɏɠ ɛɏɔɘůŰɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ, ɖ ɞˊɞɑŮɠ ˊŬɟŬŰɖɟɞɨɜŰŬɘ əŬŰɎ Űɖ 

əɞɟɡűŬɑŬ ŬɜŰɞɢɐ. ȷɝɘɞůɖɛŮɑɤŰɞ ŮɑɜŬɘ ˊɤɠ, ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ əŬŰŬɚɐɔɞɡɜ, 

əŬŰɎ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ, ůŮ ˊɞɚɨ ɛŮɔɎɚɖ ůɡɜɞɚɘəɐ ŭɘŬůŰɞɚɐ, ˊŮɟɘůůɧŰŮɟɞ Ŭˊɧ 4 

űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ŭɘŬůŰɞɚɐ Űɤɜ űɡůɘəɩɜ ŭɞəɘɛɑɤɜ. ɆŰɞ ɑŭɘɞ ůɢɐɛŬ, 

ɛɧɜɞ Űɞ ˊɞɚɨ ˊɡəɜɧ ŭɞəɑɛɘɞ Ɏɛɛɞɡ (e=0.55) ɛˊɞɟŮɑ ɜŬ ůɡɔəɟɘɗŮɑ ůŰɖɜ Ŭɟɢɘəɐ ůɡůŰɞɚɐ, 

ůŰɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ əŬɘ ůŰɖ ŭɘŬůŰɞɚɐ ɛŮ Űɞ ɛɏůɖɠ ˊɡəɜɧŰɖŰŬɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ 

Ɏɛɛɞɡ (e=0.639) ɡˊɧ Űɖɜ ɑŭɘŬ ŮɜŮɟɔɧ ŰɎůɖ. ȺɝŬɘɟŮŰɘəɎ ŮɜŭɘŬűɏɟɞɜ ŮɑɜŬɘ, Ůˊɑůɖɠ, Űɞ 

ɔŮɔɞɜɧɠ ˊɤɠ, Űɞ ˊɡəɜɧ əŬɘ ɡˊɧ ɛɘəɟɐ əŬŰŬəɧɟɡűɖ ŮɜŮɟɔɧ ŰɎůɖ ŭɞəɑɛɘɞ Ɏɛɛɞɡ ŮɛűŬɜɑɕŮɘ 

əŬŰŬəɧɟɡűɖ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ŰɎɝɖɠ Űɞɡ ɛŮɔɏɗɞɡɠ Ůɜɧɠ ɛɏůɞɡ əɧəəɞɡ Űɞɡ ɡɚɘəɞɨ (å0.3õ0.4 

mm) ůŮ ˊɚɐɟɖ ŬɜŰɑɗŮůɖ ɛŮ Űɞ ɛɏůɖɠ ˊɡəɜɧŰɖŰŬɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ, Űɞ ɞˊɞɑɞ ɝŮˊŮɟɜɎ 

əŬŰɎ ˊɞɚɨ ŬɡŰɐ Űɖɜ Űɘɛɐ. ȷˊɧ Űɞ ɔŮɔɞɜɧɠ ŬɡŰɧ űŬɑɜŮŰŬɘ ˊɤɠ, əŬŰɎ Űɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ɛŮ 

əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůɡůůɤɛŬŰɩɛŬŰŬ əɧəəɤɜ, ŰŬ ɞˊɞɑŬ , əŬŰɎ Űɖ ŭɘŬůŰɞɚɐ, 

Ŭˊɞŭɑŭɞɡɜ ůŰɞ ŭɞəɑɛɘɞ ɛŮɔŬɚɨŰŮɟɖ əŬŰŬəɧɟɡűɖ ŭɘɧɔəɤůɖ. ɆŰɖɜ əɟɑůɘɛɖ, ɧɛɤɠ, 

əŬŰɎůŰŬůɖ, əŬŰŬůŰɟɏűŮŰŬɘ ɖ ŭɞɛɐ Űɖɠ ɔɏɚɖɠ,  ɖ ɞˊɞɑŬ ɢɎɜŮɘ Űɞ ɛŮɔɎɚɞ ɘɝɩŭŮɠ Űɖɠ, ɧˊɤɠ 

ɛˊɞɟŮɑ ɜŬ ŭɘŬəɟɑɜŮɘ əŬɜŮɑɠ ůŰɘɠ űɤŰɞɔɟŬűɑŮɠ Űɞɡ ɆɢɐɛŬŰɞɠ 6.11, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɞ ɡɚɘəɧ 

ɜŬ ˊŬɟɞɡůɘɎɕŮɘ, ˊɚɏɞɜ, ɑŭɘŬ ŬɜŰɞɢɐ ɛŮ Űɞ űɡůɘəɧ. 
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ɆɢɐɛŬ 6.8  ȹɘŬɔɟɎɛɛŬŰŬ Ű/ůôv - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ (ŮˊɎɜɤ) əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ (əɎŰɤ) Ŭˊɧ ŭɞəɘɛɏɠ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ Ɏɛɛɞ ɀ31. 
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ɆɢɐɛŬ 6.9   ȹɘŬɔɟɎɛɛŬŰŬ Ű/ůôv - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ (ŮˊɎɜɤ) əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ (əɎŰɤ) Ŭˊɧ ŭɞəɘɛɏɠ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ Ɏɛɛɞ ɀ31 (əɧəəɘɜŮɠ 

əŬɛˊɨɚŮɠ) əŬɘ ůŮ ɛɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞ ɀ31 (ɛˊɚŮ əŬɛˊɨɚŮɠ). 
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ɆɢɐɛŬ 6.10  ȾɞəəɞɛŮŰɟɘəɏɠ əŬɛˊɨɚŮɠ Ɏɛɛɞɡ ɀ31ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖ ŭɘɎŰɛɖůɖ ɡˊɧ 1 ɀPa ɞɟɗɐɠ 

ŮɜŮɟɔɞɨ ŰɎůɖɠ. 

 

 

 

 

ɆɢɐɛŬ 6.11  ūɤŰɞɔɟŬűɑŮɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ ŭɞəɘɛɑɤɜ Ɏɛɛɞɡ ɀ31, ɛŮŰɎ 

Ŭˊɧ Űɖ ŭɘɎŰɛɖůɖ. 
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ɆɢɐɛŬ 6.12  ɄŮɟɘɓɎɚɚɞɡůŮɠ Mohr-Coulomb ɔɘŬ ŭɞəɘɛɏɠ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ ɛŮ əɞɚɚɞŮɘŭɐ 

ˊɡɟɘŰɑŬ Ɏɛɛɞ ɀ31 ůŮ ůɡɜɗɐəŮɠ əɟɑůɘɛɖɠ əŬŰɎůŰŬůɖɠ əŬɘ əɞɟɡűŬɑŬɠ ŬɜŰɞɢɐɠ ŭɞəɘɛɑɤɜ ɛɏůɖɠ 

ůɢŮŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ.    

 

ȼ ůɡɜŮɢɐɠ ɛŮɑɤůɖ Űɞɡ ɚɧɔɞɡ Ű/ůôv ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ɔɘŬ 

ůôv0 = 125õ555 kPa ůɡɜɎŭŮɘ ɛŮ Űɖ ůɡɜŮɢɐ ɡˊɞɓɎɗɛɘůɖ Űɖɠ ŭɞɛɐɠ ɛŮŰŬɝɨ Űɤɜ əɧəəɤɜ 

ŬɚɚɎ əŬɘ ůŰɞ ŮůɤŰŮɟɘəɧ Űɤɜ ˊɧɟɤɜ. ȹŮŭɞɛɏɜɞɡ, ɚɞɘˊɧɜ, ˊɤɠ ɖ əɞɟɡűŬɑŬ ŬɜŰɞɢɐ Űɤɜ 

űɡůɘəɩɜ ŭɞəɘɛɑɤɜ ŮɑɜŬɘ ůɢŮŭɧɜ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɖɜ əŬŰŬəɧɟɡűɖ ŰɎůɖ (ɔɘŬ Űɞ 

ŮɝŮŰŬɕɧɛŮɜɞ Ůɨɟɞɠ), ɛˊɞɟŮɑ ŮɨəɞɚŬ ɜŬ ˊɟɞəɨɣŮɘ Űɞ ůɡɛˊɏɟŬůɛŬ ˊɤɠ, ŰŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ɏɢɞɡɜ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ əŬɘ ŭɘŬůŰɞɚɘəɧŰɖŰŬ Ŭˊɧ ŰŬ 

űɡůɘəɎ, ɛŮ Űɖ ŭɘŬűɞɟɎ Űɞɡɠ ɜŬ ɛŮɘɩɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɞɟɗɐɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ. ȼ 

ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ Űɖɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ ɞŭɖɔŮɑ ůŮ ɛɘŬ əŬɛˊɡɚɤɛɏɜɖ 

ˊŮɟɘɓɎɚɚɞɡůŬ ŬůŰɞɢɑŬɠ Mohr-Coulomb (ɆɢɐɛŬ 6.12). ȼ əŬɛˊɨɚɤůɖ Űɖɠ ŮɑɜŬɘ ŮɜŰɞɜɧŰŮɟɖ 

ůŰɘɠ ɢŬɛɖɚɏɠ ŰɎůŮɘɠ, Ůɜɩ ŮɝɞɛŬɚɨɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡɠ. ȼ ůɡɜɞɢɐ ŮɑɜŬɘ ɛɖŭŮɜɘəɐ, 

ɧˊɤɠ əŬɘ ůŰɖ ɛɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞ, Ůɜɩ ɖ ɔɤɜɑŬ Űɟɘɓɐɠ ɔɘŬ ɛɏůɖɠ ˊɡəɜɧŰɖŰŬɠ 

ŭɞəɑɛɘŬ əŬŰɎ Űɖɜ əɞɟɡűŬɑŬ ŬɜŰɞɢɐ ŮɑɜŬɘ 41.3
0
 ɔɘŬ ůôv0 = 125 kPa, Űɘɛɐ ˊɞɡ ɛŮɘɩɜŮŰŬɘ 

ŭɟŬɛŬŰɘəɎ ůŰɘɠ 34.9
0 
ɔɘŬ ůôv0 = 555 kPa, ˊɚɖůɘɎɕɞɜŰŬɠ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ɔɤɜɑŬ Űɟɘɓɐɠ Űɖɠ 

Ɏɛɛɞɡ (32.5
0
). ȷɡŰɐ ɖ əŬɛˊɡɚɤɛɏɜɖ ˊŮɟɘɓɎɚɚɞɡůŬ ɗɡɛɑɕŮɘ Űɘɠ ˊŮɟɘɓɎɚɚɞɡůŮɠ ŬůŰɞɢɑŬɠ 
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ɔɘŬ ŰŬ ɓɟŬɢɩŭɖ ɡɚɘəɎ, ɧˊɞɡ ɖ ŰɟŬɢɨŰɖŰŬ ɛŮŰŬɝɨ Űɤɜ ŮˊŬűɩɜ Űɤɜ ŰɛɖɛɎŰɤɜ Űɞɡ 

ɓɟŬɢɩŭɞɡɠ ɡɚɘəɞɨ ˊŬɑɕŮɘ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɘɠ ɢŬɛɖɚɏɠ ŰɎůŮɘɠ əŬɘ ˊŮɟɘɞɟɑɕŮŰŬɘ ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɞɡɠ (Barton (1973)). ɇɏɚɞɠ, ɖ ˊŬɟŬŰɐɟɖůɖ ˊɤɠ, əŬŰɎ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ, ɖ 

ŮˊŬűɐ ɛŮŰŬɝɨ Űɤɜ əɧəəɤɜ Űɖɠ Ɏɛɛɞɡ ŭɘŬŰɖɟŮɑŰŬɘ, ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɖɜ ůŰŬɗŮɟɞˊɞɑɖůɖ, 

ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ Ŭˊɧ Űɖɜ ɔɤɜɑŬ Űɟɘɓɐɠ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ əŬŰɎ Űɖɜ əɟɑůɘɛɖ 

əŬŰɎůŰŬůɖ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ɑůɖ ɛŮ 30.1
0
, Űɘɛɐ ˊɞɡ ůɡɛˊɑˊŰŮɘ ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɐ Űɘɛɐ Űɞɡ 

űɡůɘəɞɨ ɡɚɘəɞɨ (30.3
0
). 

ɆŰɞ ɆɢɐɛŬ 6.13 ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ -dy/dx (Bolton (1986)) 

ůŮ ůɢɏůɖ ɛŮ Űɞ ɚɧɔɞ Ű/ůôv ɔɘŬ ůôv0 = 125 kPa. ȼ ɛɏɔɘůŰɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ ŮɛűŬɜɑɕŮŰŬɘ əŬŰɎ  

Űɖ ɛɏɔɘůŰɖ Űɘɛɐ Űɞɡ ɚɧɔɞɡ Ű/ůôv əŬɘ ɔɘŬ Űɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ əŬɘ ɔɘŬ Űɞ űɡůɘəɧ ŭɞəɑɛɘɞ 

Ɏɛɛɞɡ, ɛŮ Űɖɜ Űɘɛɐ Űɖɠ ɛɏɔɘůŰɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ɜŬ ŮɑɜŬɘ ˊɞɚɨ 

ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŬɡŰɐ Űɞɡ űɡůɘəɞɨ. ȼ ŭɘŬűɞɟɎ ŬɡŰɐ ůŰɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ, ɧˊɤɠ 

ŬɜŬűɏɟɗɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ, ɛŮɘɩɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ. ȷɡŰɧ űŬɑɜŮŰŬɘ 

əŬɘ ůŰɞ ɆɢɐɛŬ 6.14, ɧˊɞɡ Ůɜɩ ɖ Ɏɛɛɞɠ ŭɘŬŰɖɟŮɑ ůŰŬɗŮɟɐ ŭɘŬůŰɞɚɘəɧŰɖŰŬ ɔɘŬ ɧɚɞ Űɞ Ůɨɟɞɠ 

űɧɟŰɘůɖɠ, ɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ ŮɛűŬɜɑɕŮɘ ɞɚɞɏɜŬ ɛɘəɟɧŰŮɟŮɠ Űɘɛɏɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ, ɏɤɠ ɧŰɞɡ ˊɚɖůɘɎůɞɡɜ ůŰɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ Űɖɠ Ɏɛɛɞɡ. 

 

 

ɆɢɐɛŬ 6.13  ȾŬɛˊɨɚŮɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ- Ű/ůôv űɡůɘəɐɠ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ ɀ31. 
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ɆɢɐɛŬ 6.14   ȹɘɎɔɟŬɛɛŬ ɛɏɔɘůŰɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ - ɞɟɗɐɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ. 

 

ɄŬɟɧɛɞɘŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ ɛŮ Űɘɠ ˊŬɟŬˊɎɜɤ ŮɝɎɔɞɜŰŬɘ əŬɘ ɔɘŬ Űɖɜ Ŭˊɧəɟɘůɖ əŬŰɎ Űɖ 

ŭɘɎŰɛɖůɖ Űɖɠ ɔɤɜɘɩŭɞɡɠ Ɏɛɛɞɡ Longstone. ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ɆɢɐɛŬ 6.15, ɖ Ŭɨɝɖůɖ 

Űɖɠ ůɢŮŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ ŬɡɝɎɜŮɘ Űɖɜ ŭɘŬůŰɞɚɘəɧŰɖŰŬ əŬɘ Űɖ ůɡɜɞɚɘəɐ ŭɘŬůŰɞɚɐ Űɖɠ 

Ɏɛɛɞɡ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ űɧɟŰɘůɖɠ, ɖ ɞˊɞɑŬ ɛŮɘɩɜŮɘ ŬɡŰɏɠ Űɘɠ 

ŭɨɞ ˊŬɟŬɛɏŰɟɞɡɠ. ȼ ŭɘŬűɞɟɎ ůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ ɔɘŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ŭɞəɑɛɘŬ ɛŮ 

e=0.703õ0.790 əŬɘ ůôv0=232õ555 kPa ŮɑɜŬɘ ŬɛŮɚɖŰɏŬ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖɜ Ɏɛɛɞ ɀ31. 

ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ŭɘɧŰɘ, ɖ Ɏɛɛɞɠ Longstone ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɚŮˊŰɞɨɠ ɔɤɜɘɩŭɖɠ əɧəəɞɡɠ, ɞɘ 

ɞˊɞɑɞɘ ŮɛűŬɜɑɕɞɡɜ ɛŮɔɎɚɖ ŬɚɚɖɚŮɛˊɚɞəɐ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŭɡůɢŮɟŬɑɜŮŰŬɘ ɖ ɞɚɑůɗɖůɖ 

Űɤɜ əɧəəɤɜ əŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ɛɘŬɠ ˊɡəɜɧŰŮɟɖɠ ŭɞɛɐɠ. ȰŰůɘ, ŰŬ ɡˊɧ ŮɝɏŰŬůɖ ŭɞəɑɛɘŬ 

ɛɞ́ɟɞɨɜ ŰɡˊɘəɎ ɜŬ ɗŮɤɟɖɗɞɨɜ ɢŬɚŬɟɎ, Ůɝ ɞɡ əŬɘ ŭŮɜ ŮɛűŬɜɑɕɞɡɜ ŬˊɧŰɞɛɖ ɛŮŰɎˊŰɤůɖ Ŭˊɧ 

Űɖɜ əɞɟɡűŬɑŬ ůŰɖɜ əɟɑůɘɛɖ ŬɜŰɞɢɐ. ɇŬ ŭŮ ɢŬɚŬɟɎ ŭɞəɑɛɘŬ ˊɞɡ ɡˊɧəŮɘɜŰŬɘ ůŮ ŮɜŮɟɔɧ ŰɎůɖ 

555 kPa, ɛŮŰɎ Űɖɜ Ŭɟɢɘəɐ Űɞɡɠ ůɡůŰɞɚɐ, ŮɛűŬɜɑɕɞɡɜ ɛɘŬ ɛɘəɟɐ ŭɘŬůŰɞɚɘəɧŰɖŰŬ ŬɚɚɎ ɖ 

ŭɞɛɐ Űɞɡɠ əŬŰɎ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ ˊŬɟŬɛɏɜŮɘ ˊɡəɜɧŰŮɟɖ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ Űɞɡɠ ŭɞɛɐ. 

ȼ ɛɘəɟɐ ŭɘŬűɞɟɎ əɞɟɡűŬɑŬɠ əŬɘ əɟɑůɘɛɖɠ ŬɜŰɞɢɐɠ ɔɘŬ ˊŬɟɧɛɞɘɞɡɠ ŭŮɑəŰŮɠ ˊɧɟɤɜ 

ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ əŬɘ Ŭˊɧ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ŭɘŬŰɛɖŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ Ɏɛɛɞɡ 

(ˊŮɟɘɓɎɚɚɞɡůŮɠ Mohr-Coulomb, ɆɢɐɛŬ 6.16), ɧˊɞɡ ɖ ɛɏɔɘůŰɖ ɔɤɜɑŬ Űɟɘɓɐɠ Űɖɠ Ɏɛɛɞɡ ŭŮɜ 

ŭɘŬűɏɟŮɘ ůɢŮŭɧɜ əŬɗɧɚɞɡ Ŭˊɧ Űɖɜ əɟɑůɘɛɖ ɔɤɜɑŬ Űɟɘɓɐɠ, 30.6
0
 əŬɘ 30.3

0
 ŬɜŰɑůŰɞɘɢŬ. 
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ɆɢɐɛŬ 6.15   ȹɘŬɔɟɎɛɛŬŰŬ Ű/ůôv - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ (ŮˊɎɜɤ) əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ (əɎŰɤ) Ŭˊɧ ŭɞəɘɛɏɠ ůŮ Ɏɛɛɞ Longstone. 
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ɆɢɐɛŬ 6.16  ɄŮɟɘɓɎɚɚɞɡůŮɠ Mohr-Coulomb ɔɘŬ ŭɞəɘɛɏɠ ůŮ Ɏɛɛɞ Longstone ůŮ ůɡɜɗɐəŮɠ əɟɑůɘɛɖɠ 

əŬŰɎůŰŬůɖɠ əŬɘ əɞɟɡűŬɑŬɠ ŬɜŰɞɢɐɠ ŭɞəɘɛɑɤɜ ɛɏůɖɠ ůɢŮŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ.    

 

ȷɜŰɑůŰɞɘɢɞ ɛɞŰɑɓɞ ůɡɛˊŮɟɘűɞɟɎɠ ɛŮ Űɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞ ɀ31 ˊɟɞůŭɑŭŮɘ ɖ 

ůŰŬɗŮɟɞˊɞɑɖůɖ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ əŬɘ ůŰɖɜ Ɏɛɛɞ Longstone. ɇŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ 

ŭɞəɑɛɘŬ Ɏɛɛɞɡ Longstone, ɛŮ Ŭɟɢɘəɞɨɠ ŭŮɑəŰŮɠ ˊɧɟɤɜ e=0.742Ñ0.021, ˊŬɟɞɡůɘɎɕɞɡɜ 

ˊŬɟɧɛɞɘŬ əɞɟɡűŬɑŬ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ, ůŰɖɜ ɑŭɘŬ ɞɟɘɕɧɜŰɘŬ ˊŬɟŬɛɧɟűɤůɖ, ɔɘŬ ɏɜŬ Ůɨɟɞɠ 

űɧɟŰɘůɖɠ ůôv0=340õ555 kPa, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 6.17. ɄŬɟɧɚɞ ˊɞɡ, ɧˊɤɠ űŬɑɜŮŰŬɘ 

əŬɘ ůŰɞ ɆɢɐɛŬ 6.17, ɖ ŭɘŬűɞɟɎ əɞɟɡűŬɑŬɠ əŬɘ əɟɑůɘɛɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ Űɞɡɠ ŮɑɜŬɘ 

ŬɛŮɚɖŰɏŬ, ŰŬ ŭɞəɑɛɘŬ ŬɡŰɎ ŮɛűŬɜɑɕɞɡɜ ɛŮɔɎɚɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ əŬɘ, Ůɜɩ ŬɟɢɘəɎ 

ůɡůŰɏɚɚɞɜŰŬɘ, əŬŰŬɚɐɔɞɡɜ ɜŬ ŬˊɞəŰɞɨɜ ɛŮɔɎɚɖ Ŭɝɞɜɘəɐ ŭɘɧɔəɤůɖ əŬŰɎ Űɖɜ əɟɑůɘɛɖ 

əŬŰɎůŰŬůɖ. ȺɑɜŬɘ ŬɝɘɞůɖɛŮɑɤŰɞ ˊɤɠ, ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ůɢŮŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ (e=0.654), 

Űɞ ɡɚɘəɧ ɔɑɜŮŰŬɘ ˊɘɞ ɣŬɗɡɟɧ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ˊŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɖ ŭɘŬůŰɞɚɐ, 

ˊŮɟɑˊɞɡ ŭɨɞ űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŬɡŰɐ Űɞɡ ŭɞəɘɛɑɞɡ ɛɏůɖɠ ˊɡəɜɧŰɖŰŬɠ, ɔɘŬ Űɖɜ ɑŭɘŬ 

ŮɜŮɟɔɧ ŰɎůɖ. 
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ɆɢɐɛŬ 6.17   ȹɘŬɔɟɎɛɛŬŰŬ Ű/ůôv - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ (ŮˊɎɜɤ) əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ (əɎŰɤ) Ŭˊɧ ŭɞəɘɛɏɠ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ Ɏɛɛɞ Longstone. 
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ɆɢɐɛŬ 6.18  ȹɘŬɔɟɎɛɛŬŰŬ Ű/ůôv - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ (ŮˊɎɜɤ) əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ (əɎŰɤ) Ŭˊɧ ŭɞəɘɛɏɠ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ Ɏɛɛɞ Longstone 

(əɧəəɘɜŮɠ əŬɛˊɨɚŮɠ) əŬɘ ůŮ ɛɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞ Longstone (ɛˊɚŮ əŬɛˊɨɚŮɠ). 
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ȳˊɤɠ ůŰɖɜ Ɏɛɛɞ ɀ31, ɏŰůɘ əŬɘ ůŰɖɜ Ɏɛɛɞ Longstone, ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɖɠ ɛŮ 

əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ ŭɟŬ ŮɡŮɟɔŮŰɘəɎ ůŰɖɜ Ŭˊɧəɟɘůɖ Űɖɠ ɏɜŬɜŰɘ ŭɘŬŰɛɐůŮɤɠ, ˊɟɞůŭɑŭɞɜŰŬɠ 

Űɖɠ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ əŬɘ ŭɘŬůŰɞɚɘəɧŰɖŰŬ. ūɡůɘəɎ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ Ɏɛɛɞɡ 

Longstone, ɛŮ ˊŬɟɧɛɞɘŬ Ŭɟɢɘəɐ ŭɞɛɐ, ŰɏɗɖəŬɜ ɡˊɧ ŭɘɎŰɛɖůɖ ɛŮ ɞɟɗɐ ŮɜŮɟɔɧ ŰɎůɖ 340 

əŬɘ 555 kPa. ȳˊɤɠ, ŮɨɚɞɔŬ, ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ ɆɢɐɛŬ 6.18, ɖ ɓŮɚŰɑɤůɖ ˊɞɡ ŮˊɏɟɢŮŰŬɘ ůŰɘɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŮŭɎűɞɡɠ ɛŮ Űɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ŮɑɜŬɘ ůˊɞɡŭŬɑŬ. ȼ ůɡɜɞɚɘəɐ 

əŬŰŬəɧɟɡűɖ ɛŮŰŬŰɧˊɘůɖ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ ɝŮˊŮɟɜɎ (əŬɘ Ůŭɩ) Űɖ ɛɏůɖ 

ŭɘɎɛŮŰɟɞ Űɞɡ əɧəəɞɡ Űɖɠ Ɏɛɛɞɡ, ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɠ Űɖɜ ɗŮɤɟɑŬ ˊɤɠ, əŬŰɎ Űɖ 

ůŰŬɗŮɟɞˊɞɑɖůɖ, ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůɡůůɤɛŬŰɩɛŬŰŬ əɧəəɤɜ Ɏɛɛɞɡ əŬɘ ɔɏɚɖɠ əɞɚɚɞŮɘŭɞɨɠ 

ˊɡɟɘŰɑŬɠ, ŰŬ ɞˊɞɑŬ ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ ɏɜŬɠ ɛŮɔŬɚɨŰŮɟɞɠ əɧəəɞɠ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ŭɘŬůŰɞɚɐɠ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ˊɤɠ, ŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ ŮɑɜŬɘ ɘŭɘŬɘŰɏɟɤɠ ŮɡŬɑůɗɖŰŬ ůŰɖ 

ɛŮŰŬɓɞɚɐ Űɖɠ Ŭɟɢɘəɐɠ ůɢŮŰɘəɐɠ Űɞɡɠ ˊɡəɜɧŰɖŰŬɠ əŬɘ ɧɢɘ ůŰɖ ɛŮŰŬɓɞɚɐ Űɖɠ Ŭɟɢɘəɐɠ 

űɧɟŰɘůɖɠ, ɖ ɞˊɞɑŬ űŬɑɜŮŰŬɘ ɜŬ ɛɖɜ ŮˊɖɟŮɎɕŮɘ ɞɨŰŮ Űɖɜ Ŭˊɧəɟɘůɖ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ 

ŭɞəɘɛɑɤɜ, ɔɘŬ Űɞ ŮɝŮŰŬɕɧɛŮɜɞ Ůɨɟɞɠ ŰɎůŮɤɜ. 

ɆɡɜɞɣɑɕɞɜŰŬɠ, ɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ, ɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ əŬɘ ɖ ŭɘŬůŰɞɚɐ Űɤɜ Ŭɛɛɤŭɩɜ 

ŮŭŬűɩɜ ŮɝŬɟŰɎŰŬɘ ůŮ ɛŮɔŬɚɨŰŮɟɞ ɓŬɗɛɧ Ŭˊɧ Űɖ Ŭɟɢɘəɐ ŭɞɛɐ Űɤɜ əɧəəɤɜ (ŭŮɑəŰɖɠ ˊɧɟɤɜ) 

əŬɘ ůŮ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɖɠ əŬŰŬəɧɟɡűɖɠ űɧɟŰɘůɖɠ. ȼ ůŰŬɗŮɟɞˊɞɑɖůɖ 

Űɞɡɠ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ ŭɟŬ ˊɟɞůŬɡɝɖŰɘəɎ ůŰɘɠ ˊŬɟŬˊɎɜɤ ˊŬɟŬɛɏŰɟɞɡɠ ɛŮ ɓŬůɘəɐ 

ŭɘŬűɞɟɎ ˊɤɠ, ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɖɠ űɧɟŰɘůɖɠ ŮɑɜŬɘ, ˊɚɏɞɜ, Űɧůɞ ůɖɛŬɜŰɘəɐ, ɩůŰŮ ɖ 

ˊŮɟɘɓɎɚɚɞɡůŬ ŬůŰɞɢɑŬɠ ɜŬ ˊɟɞůɞɛɞɘɎɕŮŰŬɘ əŬɚɨŰŮɟŬ ɛŮ ɛɘŬ əŬɛˊɨɚɖ ɔɟŬɛɛɐ, ɖ ɞˊɞɑŬ 

ˊŬɟɞɡůɘɎɕŮɘ ɏɜŰɞɜɖ əŬɛˊɡɚɧŰɖŰŬ ůŰɘɠ ɛɘəɟɏɠ ŰɎůŮɘɠ əŬɘ ŰŮɑɜŮɘ ˊɟɞɠ Űɖɜ ˊŮɟɘɓɎɚɚɞɡůŬ 

ŬůŰɞɢɑŬɠ Űɖɠ Ɏɛɛɞɡ ůŰɘɠ ɛŮɔɎɚŮɠ ŰɎůŮɘɠ.  

6.3.2. ȺˊɑŭɟŬůɖ ůɢɐɛŬŰɞɠ əɧəəɞɡ Ɏɛɛɞɡ 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ ŮŭɎűɘɞ, ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ɛŮ əɞɚɚɞŮɘŭɐ 

ˊɡɟɘŰɑŬ ŭɖɛɘɞɡɟɔŮɑ ůɡɛˊɚɏɔɛŬŰŬ əɧəəɤɜ, ŰŬ ɞˊɞɑŬ, əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ, ˊɟɞůŭɑŭɞɡɜ ůŰɞ 

ɡɚɘəɧ ɛŮɔɎɚɖ ŭɘŬůŰɞɚɐ. ȰŰůɘ, əɟɑɗɖəŮ ŬˊŬɟŬɑŰɖŰɞ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ, ŮɎɜ ɖ ɔɤɜɘɧŰɖŰŬ Űɤɜ 

əɧəəɤɜ Űɖɠ Ɏɛɛɞɡ, ůɡɜŮˊŬɔɧŰŬɜ ɛŮ ŬəɧɛŬ ˊɘɞ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ, ɚɧɔɤ Űɖɠ ŰɟŬɢɨŰɖŰŬɠ ˊɞɡ ɗŬ ŮɛűŬɜɘɕɧŰŬɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

ŮˊŬűɐɠ Űɤɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ. ȳˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ Űɖɠ 

Ɏɛɛɞɡ ɛŮ ůŰɟɞɔɔɡɚŮɛɏɜɞɡɠ əɧəəɞɡɠ (ɀ31) əŬɘ Űɖɠ ɔɤɜɘɩŭɞɡɠ (Longstone) Ɏɛɛɞɡ (ɆɢɐɛŬ 

6.19), ɖ ŮˊɑŭɟŬůɖ Űɞɡ ůɢɐɛŬŰɞɠ Űɞɡ əɧəəɞɡ ŮɑɜŬɘ ŬɛŮɚɖŰɏŬ ůŰɖ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ 

Űɞɡ ɡɚɘəɞɨ. Ⱥɜɩ ɖ űɡůɘəɐ ɔɤɜɘɩŭɖɠ Ɏɛɛɞɠ ŮɛűŬɜɑɕŮɘ ŮɚŬűɟɩɠ ɛŮɔŬɚɨŰŮɟɖ 

ŭɘŬůŰɞɚɘəɧŰɖŰŬ Ŭˊɧ Űɖ ůŰɟɞɔɔɡɚɐ (ɔɘŬ Űɖɜ ɑŭɘŬ ŮɜŮɟɔɧ ŰɎůɖ əŬɘ ɛŮ ́Ŭɟɧɛɞɘɞɡɠ Ŭɟɢɘəɞɨɠ 
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ŭŮɑəŰŮɠ ˊɧɟɤɜ), ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ əŬɘ Űɤɜ ŭɨɞ Ɏɛɛɤɜ ŭŮ ŭɘŬűɏɟɞɡɜ. ȷɡŰɧ 

ɛˊɞɟŮɑ ɜŬ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ˊɤɠ, Űɞ ůɨɛˊɚŮɔɛŬ Űɤɜ əɧəəɤɜ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ 

ˊŬɟɞɡůɘɎɕŮɘ, ɐŭɖ, ɛŮɔɎɚɖ ŬɚɚɖɚŮɛˊɚɞəɐ ɛŮ ŰŬ ɎɚɚŬ ůɡɛˊɚɏɔɛŬŰŬ, ɩůŰŮ ɖ Ŭɟɢɘəɐ 

ŰɟŬɢɨŰɖŰŬ Űɤɜ əɧəəɤɜ Űɖɠ Ɏɛɛɞɡ ɜŬ ɛɖɜ ŮˊɖɟŮɎɕŮɘ Űɖɜ ŭɘŬůŰɞɚɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ ɡɚɘəɞɨ. 

ȺˊŬəɧɚɞɡɗɞ ŬɡŰɞɨ, ŮɑɜŬɘ ˊɤɠ, ŮˊŮɘŭɐ ɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ 

ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɞ ůɢɐɛŬ Űɤɜ əɧəəɤɜ Űɖɠ Ɏɛɛɞɡ, ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ɓŮɚŰɘɩɜŮɘ ůŮ 

ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ ŰŬ ɔɤɜɘɩŭɖ ɡɚɘəɎ, Ŭˊô ɧŰɘ ŰŬ ɡɚɘəɎ ɛŮ ůŰɟɞɔɔɡɚɞɨɠ əɧəəɞɡɠ. 

 

 

ɆɢɐɛŬ 6.19  ȾŬɛˊɨɚŮɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ- Ű/ůôv űɡůɘəɐɠ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ ɀ31 əŬɘ 

Ɏɛɛɞɡ Longstone. 
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6.3.3.  ȺˊɑŭɟŬůɖ ɡɔɟŬůɑŬɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ 

ȳɚŮɠ ɞɘ ŭɞəɘɛɏɠ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖɠ ůŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛŮ ˊɚɐɟɤůɖ Űɖɠ əɡɣɏɚɖɠ ɛŮ ŬˊɞůŰŬɔɛɏɜɞ ɜŮɟɧ, ɩůŰŮ ɜŬ ˊŬɟŬɛɏɜɞɡɜ 

ŰŬ ŭɞəɑɛɘŬ əɞɟŮůɛɏɜŬ. ɆŮ ˊɟŬɔɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ, ŮɑɜŬɘ ˊɘɗŬɜɧɜ, ůŮ ˊŮɟɘɧŭɞɡɠ ɝɖɟŬůɑŬɠ 

(ˊɞɡ ůɡɜŮˊɎɔŮŰŬɘ ɛŮɟɘəɐ ˊŰɩůɖ Űɞɡ ɡŭɟɞűɧɟɞɡ ɞɟɑɕɞɜŰŬ), Űɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ɛŮ 

əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ ɏŭŬűɞɠ ɜŬ ɛɖɜ ŮɑɜŬɘ ˊɚɐɟɤɠ əɞɟŮůɛɏɜɞ. ŪɏɚɞɜŰŬɠ ɜŬ ŮəŰɘɛɖɗŮɑ ɖ 

Ŭˊɧəɟɘůɖ Űɞɡ ŮŭɎűɞɡɠ ůŮ ŬɡŰɏɠ Űɘɠ ůɡɜɗɐəŮɠ, əŬŰŬůəŮɡɎůŰɖəŮ ŭɞəɑɛɘɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ 

Ɏɛɛɞɡ Longstone əŬɘ ŬűɏɗɖəŮ 100 ɩɟŮɠ ŬəɎɚɡˊŰɞ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, ɩůŰŮ ɜŬ 

ŮˊɘŰɟɏˊŮŰŬɘ ɖ ŮɝɎŰɛɘůɖ Űɞɡ ɜŮɟɞɨ. ɇɞ ŬˊɞŰɏɚŮůɛŬ ɐŰŬɜ ɜŬ ŮɛűŬɜɘůŰɞɨɜ ɟɤɔɛɏɠ ůŰɖ ɔɏɚɖ 

ˊɞɡ ɡˊɐɟɢŮ ɛɏůŬ ůŰɞ ɛŮŰŬɚɚɘəɧ əɞɡŰɑ, Ůɜɩ Űɞ ŭɞəɑɛɘɞ ŭŮɜ ˊŬɟɞɡůɑŬɕŮ əŬɛɑŬ ůɡɜɞɢɐ əŬɘ 

ŭŮ ŭɘŬŰɖɟɞɨůŮ Űɖ ŭɞɛɐ Űɞɡ ɢɤɟɑɠ ˊŮɟɑůűɘɝɖ (ɆɢɐɛŬ 6.21). ɇɞ ŭɞəɑɛɘɞ ŰɏɗɖəŮ ɡˊɧ 

ŭɘɎŰɛɖůɖ ɢɤɟɑɠ ɜŬ ˊɚɖɟɤɗŮɑ ɖ əɡɣɏɚɖ ɛŮ ɜŮɟɧ. ȼ Ŭˊɧəɟɘůɖ ŬɡŰɞɨ Űɞɡ ŭɞəɘɛɑɞɡ 

ˊŬɟɘůŰɎɜŮŰŬɘ (ɛŮ Űɖɜ ˊɟɎůɘɜɖ əŬɛˊɨɚɖ) ůŰɞ ɆɢɐɛŬ 6.20 ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖɜ Ŭˊɧəɟɘůɖ 

Ůɜɧɠ űɡůɘəɞɨ əɘ Ůɜɧɠ ˊɚɐɟɤɠ əɞɟŮůɛɏɜɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŭɞəɘɛɑɞɡ Ɏɛɛɞɡ Longstone, 

ɧɚŬ ɡˊɧ űɞɟŰɑɞ 555 kPa. ȷɜ əŬɘ Űɞ ɛŮɟɘəɩɠ ɝɖɟɧ ŭɞəɑɛɘɞ ŮɑɢŮ ˊɞɚɨ ɢŬɚŬɟɧŰŮɟɖ Ŭɟɢɘəɐ 

ŭɞɛɐ Ŭˊɧ ŰŬ ɎɚɚŬ ŭɨɞ, ˊŬɟɞɡůɑŬůŮ Űɖɜ ɑŭɘŬ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɛŮ Űɞ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ əŬɘ əŬŰɎ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɖ əɞɟɡűŬɑŬ ŬɜŰɞɢɐ əŬɘ Ŭˊɧ ŰŬ ŭɨɞ. ȷɡŰɧ 

ɛˊɞɟŮɑ ɜŬ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ˊɤɠ, əŬŰɎ Űɖɜ ɝɐɟŬɜůɖ, ɞɘ ŭŮůɛɞɑ Űɖɠ ɔɏɚɖɠ ˊɞɡ 

ɓɟɑůəŮŰŬɘ ůŰɞɡɠ ˊɧɟɞɡɠ əŬŰŬůŰɟɏűɞɜŰŬɘ əŬɘ ŰŬ ůɤɛŬŰɑŭɘŬ ˊɡɟɘŰɑɞɡ çůɡɔəɞɚɚɞɨɜŰŬɘè 

ůŰɞɡɠ əɧəəɞɡɠ Űɖɠ Ɏɛɛɞɡ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɜɏɞɡɠ ɢɖɛɘəɞɨɠ ŭŮůɛɞɨɠ. ȷɡŰɧ ɏɢŮɘ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɞɡ əɧəəɞɡ əŬɗɩɠ əŬɘ Űɖɠ ŰɟŬɢɨŰɖŰŬɠ ůŰɘɠ 

ŮˊɘűɎɜŮɘŮɠ ŮˊŬűɐɠ Űɤɜ əɧəəɤɜ (Ŭűɞɨ ˊɚɏɞɜ ɞɘ əɧəəɞɘ ŮɛűŬɜɑɕɞɡɜ ɏɜŰɞɜŮɠ ˊɟɞŮɝɞɢɏɠ) ɛŮ 

ŮˊŬəɧɚɞɡɗɞ Űɖɜ ɏɜŰɞɜŬ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ȼ űɤŰɞɔɟŬűɑŬ Űɞɡ ŭɞəɘɛɑɞɡ ɛŮŰɎ Űɖ 

ŭɘɎŰɛɖůɖ ŭɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 6.21 , ɧˊɞɡ ŮɑɜŬɘ ɝŮəɎɗŬɟɞ ˊɤɠ ɖ ŭɞɛɐ Űɞɡ ŮɑɜŬɘ ˊɘɞ əɞɜŰɎ ɛŮ 

Űɞ űɡůɘəɧ ŭɞəɑɛɘɞ, ŬˊɏɢɞɜŰŬɠ ˊɞɚɨ Ŭˊɧ Űɖ ůɡɜɞɢɐ Űɞɡ əɞɟŮůɛɏɜɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ 

ŭɞəɘɛɑɞɡ. ūŬɑɜŮŰŬɘ, Ůˊɑůɖɠ, ˊɤɠ Űɞ ŭɞəɑɛɘɞ ŮɑɢŮ ɛɘŬ ůɢŮŰɘəɐ ɡɔɟŬůɑŬ, ˊɟɎɔɛŬ ˊɞɡ 

ůɖɛŬɑɜŮɘ ˊɤɠ, ɡˊɎɟɢŮɘ ˊŮɟɑˊŰɤůɖ ɜŬ ɡˊɐɟɢŬɜ əɎˊɞɘɞɘ əɞɟŮůɛɏɜɞɘ ŬŭɘŬŰɎɟŬəŰɞɘ ˊɡɟɐɜŮɠ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ɡɚɘəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ŭɘɎŰɛɖůɖɠ, ɞɘ ɞˊɞɑɞɘ ɜŬ ɏˊŬɘɝŬɜ ůɖɛŬɜŰɘəɧ 

ɟɧɚɞ ůŰɖɜ Ůɜɑůɢɡůɖ Űɖɠ ŭɘŬůŰɞɚɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ.  
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ɆɢɐɛŬ 6.20 ȹɘŬɔɟɎɛɛŬŰŬ Ű/ůôv - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ (ŮˊɎɜɤ) əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ (əɎŰɤ) Ŭˊɧ ŭɞəɘɛɏɠ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ Ɏɛɛɞ Longstone 

(əɧəəɘɜɖ əŬɛˊɨɚɖ) əŬɘ ůŮ ɛɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞ Longstone (ɛˊɚŮ əŬɛˊɨɚɖ). ȼ ˊɟɎůɘɜɖ 

əŬɛˊɨɚɖ ˊŬɟɘůŰɎɜŮɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ ˊɞɡ ɏɢŮɘ ɡˊɞůŰŮɑ ɛŮɟɘəɐ ɝɐɟŬɜůɖ. 
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ɆɢɐɛŬ 6.21  ūɤŰɞɔɟŬűɑŮɠ ˊɟɘɜ (ŮˊɎɜɤ) əŬɘ ɛŮŰɎ (əɎŰɤ) Űɖ ŭɘɎŰɛɖůɖ ɛŮɟɘəɩɠ əɞɟŮůɛɏɜɞɡ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŭɞəɘɛɑɞɡ Ɏɛɛɞɡ Longstone. 
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6.3.4. ȷɡŰɞȶŬůɖ (self-healing) 

ȰɜŬ Ɏɚɚɞ űŬɘɜɧɛŮɜɞ, Űɞɡ ɞˊɞɑɞɡ ɞ ɢɖɛɘəɧɠ ɞɟɘůɛɧɠ ŬɜŬɚɨɗɖəŮ ůŰɞ ȾŮűɎɚŬɘɞ 2, ˊɞɡ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖ ɔɏɚɖ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ŮɑɜŬɘ ɖ ŬɡŰɞȶŬůɖ. ȼ ɔɏɚɖ ɏɢŮɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŬɜŬŭɖɛɘɞɡɟɔŮɑ ɢɖɛɘəɞɨɠ ŭŮůɛɞɨɠ ɛŮŰŬɝɨ Űɤɜ ůŰŮɟŮɩɜ Ŭɚɡůɑŭɤɜ Űɖɠ ɛŮ Űɞ 

ˊɏɟŬůɛŬ Űɞɡ ɢɟɧɜɞɡ. ɀŮ ŬɡŰɐ Űɖ ɚɞɔɘəɐ, ɧŰŬɜ ɏɜŬ ŭɞəɑɛɘɞ Ɏɛɛɞɡ, ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ɛŮ 

əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ, ɡˊɞɓɚɖɗŮɑ ůŮ ŭɘɎŰɛɖůɖ, ɡˊɎɟɢŮɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ŮˊŬɜŮɛűɎɜɘůɖɠ Űɤɜ 

əŬŰŮůŰɟŬɛɛɏɜɤɜ (ɚɧɔɤ ŭɘɎŰɛɖůɖɠ) ɢɖɛɘəɩɜ ŭŮůɛɩɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ŭɘɎŰɛɖůɖɠ. ȷɡŰɧ ɗŬ 

ůɡɜŮˊŬɔɧŰŬɜ ɛŮ Űɖɜ ŬɜɎəŬɛɣɖ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ Űɞɡ ŭɞəɘɛɑɞɡ. ũɘô ŬɡŰɧ Űɞ ɚɧɔɞ, 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ Ɏɛɛɞɡ ɀ31 ɛŮ Ŭɟɢɘəɧ ŭŮɑəŰɖ ˊɧɟɤɜ e=0.627 ɡ́ ɞɓɚɐɗɖəŮ ůŮ 

ŭɘɎŰɛɖůɖ ɛŮ ɞɟɗɐ ŮɜŮɟɔɧ ŰɎůɖ 340 kPa. ɆŰɞ ŭɞəɑɛɘɞ ŮˊɘɓɚɐɗɖəŮ ɟɡɗɛɧɠ ˊŬɟŬɛɧɟűɤůɖɠ 

0.005 mm/min, ɏɤɠ ɧŰɞɡ űŰɎůŮɘ ůŰɖɜ əɟɑůɘɛɖ ˊŮɟɘɞɢɐ (ˊŮɟɑˊɞɡ ůŰŬ 4 mm ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ). ȰˊŮɘŰŬ, Űɞɡ ŮˊɘɓɚɐɗɖəŮ ɞ ɛɘəɟɧŰŮɟɞɠ ŭɡɜŬŰɧɠ ɟɡɗɛɧɠ ˊŬɟŬɛɧɟűɤůɖɠ 

(0.00001 mm/min), ɏŰůɘ ɩůŰŮ ɜŬ ɛɖ ůŰŬɛŬŰɐůŮɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŭɘɎŰɛɖůɖɠ Űɞɡ, əŬɘ, 

ŰŬɡŰɧɢɟɞɜŬ, ŮɜŬɚɚŬůůɧŰŬɜ Űɞ ɜŮɟɧ Űɖɠ əɡɣɏɚɖɠ ɛŮ ɜŮɟɧ ɗŮɟɛɞəɟŬůɑŬɠ 80 
0
C , ɩůŰŮ ɜŬ 

ŭɘŬŰɖɟŮɑŰŬɘ ůɡɜŮɢɩɠ ɗŮɟɛɧ ˊŮɟɘɓɎɚɚɞɜ ɔɨɟɤ Ŭˊɧ Űɞ ŭɞəɑɛɘɞ. ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ, 

ŮˊɘŰɟɏˊŮŰŬɘ ɖ ŰŬɢɨŰŮɟɖ əɑɜɖůɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ ˊɡɟɘŰɑɞɡ əŬɘ, əŬŰɎ ůɡɜɏˊŮɘŬ, 

ŭɘŮɡəɞɚɨɜŮŰŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ɜɏɤɜ ɢɖɛɘəɩɜ ŭŮůɛɩɜ. ȰˊŮɘŰŬ Ŭˊɧ 30 ɩɟŮɠ, ŮˊɘɓɚɐɗɖəŮ ɝŬɜɎ 

ůŰɞ ŭɞəɑɛɘɞ ɞ Ŭɟɢɘəɧɠ ɟɡɗɛɧɠ ˊŬɟŬɛɧɟűɤůɖɠ Űɞɡ ɛɏɢɟɘ ɜŬ űŰɎůŮɘ, ˊɎɚɘ, ůŰɖɜ əɟɑůɘɛɖ 

ˊŮɟɘɞɢɐ. ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 6.22, Űɞ ŭɞəɑɛɘɞ ŭŮɜ ŮɛűɎɜɘůŮ əŬɛɑŬ ɛŮŰŬɓɞɚɐ ůŰɖ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡ. ɆɡɜɎɔŮŰŬɘ, ɏŰůɘ, Űɞ ůɡɛˊɏɟŬůɛŬ ˊɤɠ ɖ ɔɏɚɖ ˊɞɡ ɡˊɐɟɢŮ ůŰŬ əŮɜɎ Űɤɜ 

ˊɧɟɤɜ əŬɘ ŮɑɢŮ ŰɟŬɡɛŬŰɘůŰŮɑ əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ Űɞɡ ŭɞəɘɛɑɞɡ, ŭŮɜ əŬŰɎűŮɟŮ ɜŬ 

ŬɜŬŭɖɛɘɞɡɟɔɐůŮɘ Űɞɡɠ ɢɖɛɘəɞɨɠ ŭŮůɛɞɨɠ ɛŮŰŬɝɨ Űɤɜ Ŭɚɡůɑŭɤɜ Űɖɠ əŬɘ ɜŬ ˊɟɞůŭɩůŮɘ ůŰɞ 

ŭɞəɑɛɘɞ ɜɏŬ ŬɜŰɞɢɐ. ȸɏɓŬɘŬ, ɛˊɞɟŮɑ ɞɘ 30 ɩɟŮɠ ɜŬ ɛɖɜ ɐŰŬɜ ŬɟəŮŰɏɠ ɔɘŬ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ 

ŬɡŰɞȶŬůɖ, ŬɚɚɎ ɐŰŬɜ ŬɟəŮŰɏɠ ɔɘŬ ɜŬ ŬˊɞəɚŮɑůɞɡɜ Űɖɜ ɎɛŮůɖ ŮɛűɎɜɘůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ 

ŬɡŰɞɨ. 
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ɆɢɐɛŬ 6.22  ȹɘŬɔɟɎɛɛŬŰŬ Ű/ůôv - ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ (ŮˊɎɜɤ) əŬɘ əŬŰŬəɧɟɡűɖɠ - ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ (əɎŰɤ) Ŭˊɧ ŭɞəɘɛɐ ŬɡŰɞȶŬůɖɠ ůŮ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ Ɏɛɛɞ M31.  
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7 ɆɈɀɄȺɅȷɆɀȷɇȷ 

 

ɆŮ ŬɡŰɐ Űɖ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ, ɛŮɚŮŰɐɗɖəŮ, ɛɏůɤ ɛɘŬɠ ůŮɘɟɎɠ ŮɟɔŬůŰɖɟɘŬəɩɜ 

ŭɞəɘɛɩɜ, ɖ ŮˊɑŭɟŬůɖ Űɖɠ ɢɖɛɘəɐɠ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɚŮˊŰɧəɞəəɤɜ 

Ŭɛɛɤŭɩɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŭɘɎɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ɤɠ 

ůŰŬɗŮɟɞˊɞɘɖŰɐ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɘɠ ɏɟŮɡɜŬɠ ɏŭŮɘɝŬɜ ɧŰɘ: 

1. ȾŬŰɎ Űɖ ɛɞɜɞŬɝɞɜɘəɐ ůɡɛˊɑŮůɖ Űɖɠ Ɏɛɛɞɡ ɀ31 ɛŮ ůŰɟɞɔɔɡɚŮɛɏɜɞɡɠ əɧəəɞɡɠ, 

ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ˊɟɞůŭɑŭŮɘ ůŰɞ ŭɞəɑɛɘɞ ɛŮɔŬɚɨŰŮɟɖ ŮɜŭɞůɘɛɧŰɖŰŬ əŬɗɩɠ ɖ 

ɔɏɚɖ Űɖɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰŬ əŮɜɎ Űɤɜ ˊɧɟɤɜ űŬɑɜŮŰŬɘ, 

ɧŰŬɜ ŰɟŬɡɛŬŰɑɕŮŰŬɘ ɖ ŭɞɛɐ Űɖɠ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɠ Űɞ ŭŮůɛŮɡɛɏɜɞ ɜŮɟɧ, ɜŬ 

ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ ˊɨəɜɤůɖ Űɖɠ ŭɞɛɐɠ Űɞɡ ŮŭŬűɘəɞɨ ůəŮɚŮŰɞɨ.  

2. ɇɞ ůɢɐɛŬ Űɤɜ əɧəəɤɜ Űɖɠ Ɏɛɛɞɡ ˊŬɑɕŮɘ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ Ŭˊɧəɟɘůɖ Űɤɜ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ əŬŰɎ Űɖ ɛɞɜɞŬɝɞɜɘəɐ ůɡɛˊɑŮůɖ Űɞɡɠ. ɆŰɘɠ 

ɔɤɜɘɩŭŮɘɠ Ɏɛɛɞɡɠ, əŬŰɎ Űɖɜ ůŰɟɎɔɔɘůɖ Űɞɡ ɜŮɟɞɨ ˊɞɡ ŬˊŮɚŮɡɗŮɟɩɜŮɘ ɖ ɔɏɚɖ 

ɛŮŰɎ Űɞɜ ŰɟŬɡɛŬŰɘůɛɧ Űɖɠ, ɖ ŬɚɚɖɚŮɛˊɚɞəɐ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ɛŮŰŬɝɨ Űɤɜ 

əɧəəɤɜ ŮɛˊɞŭɑɕŮɘ Űɖɜ ɛŮŰŬəɑɜɖůɖ Űɞɡɠ əŬɘ Űɖɜ ŬɜŬŭɘɎŰŬɝɖ Űɞɡɠ ůŮ ɛɘŬ ˊɞɚɨ 

ˊɡəɜɧŰŮɟɖ ŭɞɛɐ. 

3. ȾŬŰɎ Űɖɜ Ŭˊô ŮɡɗŮɑŬɠ ŭɘɎŰɛɖůɖ, ɞ Ŭɟɢɘəɧɠ ŭŮɑəŰɖɠ ˊɧɟɤɜ Űɤɜ űɡůɘəɩɜ 

ŭɞəɘɛɑɤɜ Ɏɛɛɞɡ ŮˊɖɟŮɎɕŮɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ, Ůɜɩ ŬɡŰɐ 

ŮɑɜŬɘ ůɢŮŭɧɜ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɖɠ Ŭɟɢɘəɐɠ űɧɟŰɘůɖɠ (ɔɘŬ Űɞ 

ŮɝŮŰŬɕɧɛŮɜɞ Ůɨɟɞɠ 125õ555 kPa). ȷɜŰɘɗɏŰɤɠ, ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ 

ŮɛűŬɜɑɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ŮɡŬɘůɗɖůɑŬ ůŰɖ ɛŮŰŬɓɞɚɐ Űɖɠ Ŭɟɢɘəɐɠ űɧɟŰɘůɖɠ, ɛŮ 

Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɞˊɞɑŬɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛŮɑɤůɖ Űɖɠ ŬɜŰɞɢɐɠ əŬɘ Űɖɠ 

ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ Űɤɜ ŭɞəɘɛɑɤɜ. 

4.  ȼ ˊɟɞůɗɐəɖ Űɖɠ ɔɏɚɖɠ ůŰŬ əŮɜɎ Űɤɜ ˊɧɟɤɜ Űɖɠ Ɏɛɛɞɡ ŬɡɝɎɜŮɘ Űɖ ŭɘŬŰɛɖŰɘəɐ 

ŬɜŰɞɢɐ Űɖɠ, ˊɟɞůŭɑŭɞɜŰŬɠ, Ůˊɑůɖɠ, ůŰɞ ɡɚɘəɧ ɛŮɔŬɚɨŰŮɟɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ.  

5. ȼ ɛɏɔɘůŰɖ ˊŬɟŬŰɖɟɖɗŮɑůŬ əŬŰŬəɧɟɡűɖ ɛŮŰŬŰɧˊɘůɖ ˊɞɡ ŮɛűɎɜɘůŮ ɖ Ɏɛɛɞɠ 

(ˊɡəɜɧ ŭɞəɑɛɘɞ əŬɘ ɡˊɧ ɛɘəɟɐ űɧɟŰɘůɖ) ŭŮɜ ɝŮˊŮɟɜɞɨůŮ ůŮ ɛɏɔŮɗɞɠ Űɖ ŭɘɎɛŮŰɟɞ 

Űɞɡ ɛɏůɞɡ əɧəəɞɡ Űɖɠ. ɇɞɡɜŬɜŰɑɞɜ, ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ Ɏɛɛɞɡ, ɛɏůɖɠ 

ˊɡəɜɧŰɖŰŬɠ əŬɘ ɡˊɧ Űɖɜ ɑŭɘŬ űɧɟŰɘůɖ ɛŮŰŬŰɞˊɑůŰɖəŮ əŬŰŬəɧɟɡűŬ ˊŮɟɑˊɞɡ ŰɟŮɘɠ 
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űɞɟɏɠ Űɖ ɛɏůɖ ŭɘɎɛŮŰɟɞ əɧəəɞɡ Űɖɠ Ɏɛɛɞɡ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ɡˊɞŭŮɘəɜɨŮɘ 

ŭɖɛɘɞɡɟɔɑŬ ůɡůůɤɛŬŰɤɛɎŰɤɜ əɧəəɤɜ əŬɘ ɔɏɚɖɠ, ŰŬ ɞˊɞɑŬ ŭɟɞɡɜ 

ˊɟɞůŬɡɝɖŰɘəɎ ůŰɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ. 

6. ȼ ŭɘŬůŰɞɚɘəɧŰɖŰŬ ˊɞɡ ŮɛűŬɜɑɕŮɘ ɏɜŬ ɢŬɚŬɟɧ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ Ɏɛɛɞɡ 

ɡˊɧ ŭɘɎŰɛɖůɖ ɛˊɞɟŮɑ ɜŬ ůɡɔəɟɘɗŮɑ ɛŮ Űɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ Ůɜɧɠ ˊɡəɜɞɨ ŭɞəɘɛɑɞɡ 

Ɏɛɛɞɡ ůŰɖɜ ɑŭɘŬ əŬŰŬəɧɟɡűɖ ŮɜŮɟɔɧ ŰɎůɖ, ˊŬɟɎ Űɖɠ ŭɘŬűɞɟɏɠ Űɞɡɠ ůŰɖɜ 

ŬɜŰɞɢɐ, Űɖɜ Ŭɟɢɘəɐ ůɡůŰɞɚɐ əŬɘ Űɖɜ ŰŮɚɘəɐ ŭɘŬůŰɞɚɐ. 

7. ȾŬŰɎ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ, ɖ ŮˊŬűɐ Űɤɜ əɧəəɤɜ Űɖɠ Ɏɛɛɞɡ ˊŬɑɕŮɘ, ˊɚɏɞɜ, 

Űɞɜ əɡɟɑŬɟɢɞ ɟɧɚɞ ůŰɖɜ ŮŭŬűɘəɐ Ŭˊɧəɟɘůɖ, Ŭűɞɨ ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ˊŬɨŮɘ ɜŬ 

ŮˊɖɟŮɎɕŮɘ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡɚɘəɞɨ. ȷɡŰɧ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ Ŭˊɧ Űɘɠ 

ˊŮɟɘɓɎɚɚɞɡůŮɠ Mohr-Coulomb, ɧˊɞɡ ɞɘ ɔɤɜɑŮɠ Űɟɘɓɐɠ əŬŰɎ Űɖɜ əɟɑůɘɛɖ 

əŬŰɎůŰŬůɖ ŮɑɜŬɘ 30.3
0
 əŬɘ 30.1

0
 ɔɘŬ Űɞ űɡůɘəɧ əŬɘ Űɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ 

ŮŭŬűɘəɧ ɡɚɘəɧ, ŬɜŰɑůŰɞɘɢŬ.  

8. ȼ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɖɠ Ɏɛɛɞɡ, Űɖɠ ˊɟɞůŭɑŭŮɘ ɛŮɔŬɚɨŰŮɟɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ, ɖ 

ɞˊɞɑŬ ɓŮɚŰɑɤůɖ ɛŮɘɩɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ əŬŰŬəɧɟɡűɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ. 

ȷɡŰɧ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ, ɖ ˊŮɟɘɓɎɚɚɞɡůŬ Mohr-Coulomb, ůŮ ůɡɜɗɐəŮɠ 

əɞɟɡűŬɑŬɠ ŬɜŰɞɢɐɠ, ɔɘŬ Űɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞ ɜŬ ŮɑɜŬɘ əŬɛˊɨɚɖ, 

ŮɛűŬɜɑɕɞɜŰŬɠ ɛŮɔŬɚɨŰŮɟɖ əŬɛˊɡɚɧŰɖŰŬ ůŰɘɠ ɢŬɛɖɚɏɠ ŰɎůŮɘɠ əŬɘ ŰŮɑɜɞɜŰŬɠ ůŰɖɜ 

ŬɜŰɑůŰɞɘɢɖ ˊŮɟɘɓɎɚɚɞɡůŬ Űɖɠ űɡůɘəɐɠ Ɏɛɛɞɡ ůŰɘɠ ɡɣɖɚɏɠ. 

9. ȼ ɛɏɔɘůŰɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ ŮɛűŬɜɑɕŮŰŬɘ əŬŰɎ 

Űɖɜ əɞɟɡűŬɑŬ ŬɜŰɞɢɐ, Ŭəɟɘɓɩɠ ɧˊɤɠ əŬɘ ůŰŬ űɡůɘəɎ ŭɞəɑɛɘŬ Ɏɛɛɞɡ. 

10. ɇɞ ůɢɐɛŬ Űɞɡ əɧəəɞɡ Űɖɠ Ɏɛɛɞɡ ŭŮɜ ŮˊɖɟŮɎɕŮɘ Űɖ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ 

Űɖɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ əŬɘ Ůˊɞɛɏɜɤɠ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ˊɤɠ ɖ 

ůŰŬɗŮɟɞˊɞɑɖůɖ ɓŮɚŰɘɩɜŮɘ ůŮ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ Űɖ ŭɘŬůŰɞɚɘəɧŰɖŰŬ Űɤɜ 

ɔɤɜɘɤŭɩɜ Ɏɛɛɤɜ, ɞɘ ɞˊɞɑŮɠ ŮɛűŬɜɑɕɞɡɜ Ůɜ ɔɏɜŮɘ ɏɜŰɞɜɖ ŭɘŬůŰɞɚɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ. 

11. ȹɞəɑɛɘŬ Ɏɛɛɞɡ, ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ůŰŬɗŮɟɞˊɞɘɖɗŮɑ ɛŮ ŭɘɎɚɡɛŬ əɞɚɚɞŮɘŭɞɨɠ 

ˊɡɟɘŰɑŬɠ əŬɘ ɏɢɞɡɜ ŬűŮɗŮɑ ɜŬ ɝŮɟŬɗɞɨɜ ɛŮɟɘəɩɠ, ŮɛűŬɜɑɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ 

ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ əŬɘ ˊŬɟɧɛɞɘŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬ əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ Ŭˊɧ ŰŬ 

əɞɟŮůɛɏɜŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ, ɧɛɞɘŬɠ Ŭɟɢɘəɐɠ ŭɞɛɐɠ əŬɘ űɧɟŰɘůɖɠ. 
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12. ɇɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŬɡŰɞȶŬůɖɠ Űɖɠ ɔɏɚɖɠ ŭŮɜ ˊŬɟŬŰɖɟɐɗɖəŮ, əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ 

əɞɟŮůɛɏɜɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŭɞəɘɛɑɞɡ Ɏɛɛɞɡ, ɛɏůŬ ůŮ ŭɘɎůŰɖɛŬ 30 ɤɟɩɜ 

əŬɘ ŭɘŬŰɐɟɖůɖɠ ɗŮɟɛɞɨ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. 
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ūɡůɘəɎ ŭɞəɑɛɘŬ Ɏɛɛɞɡ M31 

ȳɜɞɛŬ ȼɛŮɟɞɛɖɜɑŬ ů'v0 Dr (%)  e0 űp (
ɞ
) űu (

ɞ
) Űp (kPa) ů'vp (kPa) Űu (kPa) ů'vu (kPa) 

A-DS-125-1 12/11/2016 125 kPa 59,88 % 0,641 33,61 31,57 86,00 129,38 83,68 136,18 

A-DS-125-2 12/11/2016 125 kPa 86,73 % 0,55 37,44 31,96 97,98 127,97 85,44 136,97 

A-DS-125-3 12/11/2016 125 kPa 43,66 % 0,696 30,42 29,48 76,18 129,74 75,62 133,79 

A-DS-125-4 12/11/2016 125 kPa 91,15 % 0,535 37,17 32,60 97,47 128,56 85,57 133,79 

A-DS-125-5 9/11/2016 125 kPa 76,70 % 0,584 38,89 31,34 103,68 128,56 87,69 144,00 

A-DS-196-1 14/11/2016 196 kPa 56,05 % 0,654 32,96 30,90 132,29 204,03 131,80 220,19 

A-DS-232-1 12/11/2016 232 kPa 56,93 % 0,651 32,66 30,50 155,77 243,02 151,09 256,53 

A-DS-232-2 12/11/2016 232 kPa 53,98 % 0,661 31,45 30,88 148,92 243,48 153,40 256,53 

A-DS-232-3 12/11/2016 232 kPa 93,22 % 0,528 36,85 32,10 179,13 239,05 166,69 265,71 

A-DS-232-6 14/11/2016 232 kPa 64,31 % 0,626 36,09 30,49 176,11 241,57 155,62 264,25 

A-DS-340-1 14/11/2016 340 kPa 54,87 % 0,658 33,01 30,01 231,07 355,64 223,22 386,51 

A-DS-555-2 15/11/2016 555 kPa 55,46 % 0,656 32,19 30,57 365,88 581,17 372,81 631,04 

A-DS-555-3 22/7/2016 555 kPa 85,55 % 0,554 36,56 29,67 425,31 573,47 355,90 624,79 

A-DS-1056-1 15/7/2016 1056 kPa 78,76 % 0,577 32,83 30,83 717,10 1111,28 710,05 1189,70 
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ɆŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ Ɏɛɛɞɡ M31 

ȳɜɞɛŬ ȼɛŮɟɞɛɖɜɑŬ ů'v0 Dr (%)  e0 űp (
ɞ
) űu (

ɞ
) Űp (kPa) ů'vp (kPa) Űu (kPa) ů'vu (kPa) 

SA-DS-53-2 2/12/2016 53 kPa 55,75 % 0,655 39,89 30,33 46,94 56,16 36,34 62,11 

SA-DS-125-1 16/11/2016 125 kPa 60,47 % 0,639 41,25 31,39 114,14 130,16 87,89 144,03 

SA-DS-196-1 22/10/2016 196 kPa 61,06 % 0,637 40,61 30,71 177,43 206,96 133,46 224,70 

SA-DS-232-1 16/9/2016 232 kPa 58,11 % 0,647 39,50 30,13 199,11 241,51 150,85 259,92 

SA-DS-232-2 6/10/2016 232 kPa 68,44 % 0,612 41,49 30,18 211,51 239,13 152,98 263,03 

SA-DS-232-3 20/11/2016 232 kPa 72,86 % 0,597 40,50 30,57 205,05 240,08 158,18 267,79 

SA-DS-268-1 19/10/2016 268 kPa 59,29 % 0,643 38,28 30,64 219,97 278,75 177,57 299,71 

SA-DS-340-1 23/9/2016 340 kPa 58,41 % 0,646 37,60 29,85 273,43 355,08 217,50 379,07 

SA-DS-340-2 10/10/2016 340 kPa 48,08 % 0,681 36,02 30,09 256,88 353,25 220,15 379,92 

SA-DS-340-3 25/2/2017 340 kPa 64,01 % 0,627 37,01 30,65 268,68 356,40 229,07 386,58 

SA-DS-555-1 5/7/2016 555 kPa 62,54 % 0,632 34,91 29,83 405,51 581,03 356,34 621,50 
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ūɡůɘəɎ ŭɞəɑɛɘŬ Ɏɛɛɞɡ Longstone 

ȳɜɞɛŬ ȼɛŮɟɞɛɖɜɑŬ ů'v0 Dr (%)  e0 űp (
ɞ
) űu (

ɞ
) Űp (kPa) ů'vp (kPa) Űu (kPa) ů'vu (kPa) 

LS-DS-232-1 12/12/2016 232 kPa 61,68 % 0,76 30,72 30,23 150,12 252,59 154,00 264,25 

LS-DS-340-1 10/1/2017 340 kPa 56,43 % 0,78 30,81 30,43 219,76 368,48 225,94 384,70 

LS-DS-340-2 24/1/2017 340 kPa 53,02 % 0,793 31,54 30,94 224,21 365,33 231,97 386,90 

LS-DS-340-3 24/1/2017 340 kPa 76,64 % 0,703 31,85 30,60 220,43 354,82 227,06 383,90 

LS-DS-340-4 2/3/2017 340 kPa 82,41 % 0,681 31,55 30,53 222,80 362,85 228,00 386,66 

LS-DS-555-1 12/12/2016 555 kPa 58,79 % 0,771 30,53 30,28 351,36 595,78 368,50 631,04 

LS-DS-555-3 23/1/2017 555 kPa 53,81 % 0,79 30,68 30,32 351,54 592,41 370,91 634,34 

LS-DS-555-4 23/1/2017 555 kPa 55,38 % 0,784 30,72 30,46 359,39 604,72 373,02 634,34 

LS-DS-555-5 23/1/2017 555 kPa 67,72 % 0,737 30,57 29,59 343,71 581,87 355,98 626,77 

LS-DS-555-6 

(v=9mm/min) 
6/3/2017 555 kPa 50,39 % 0,803 30,66 29,71 351,22 592,41 362,02 634,36 

 

ɆŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ Ɏɛɛɞɡ Longstone 

ȳɜɞɛŬ ȼɛŮɟɞɛɖɜɑŬ ů'v0 Dr (%)  e0 űp (
ɞ
) űu (

ɞ
) Űp (kPa) ů'vp (kPa) Űu (kPa) ů'vu (kPa) 

SLS-DS-340-1 14/12/2016 340 kPa 60,37 % 0,765 35,90 32,56 265,73 367,02 249,16 390,23 

SLS-DS-340-2 9/1/2017 340 kPa 89,50 % 0,654 36,51 31,96 271,64 367,02 241,97 387,83 

SLS-DS-340-3 

(v=9mm/min) 
22/2/2017 340 kPa 68,24 % 0,735 37,76 32,10 277,74 358,59 241,08 384,36 

SLS-DS-340-4 28/2/2017 340 kPa 60,89 % 0,763 34,76 32,01 253,96 365,96 245,30 392,37 

SLS-DS-411-1 23/1/2017 411 kPa 71,92 % 0,721 34,70 31,92 298,80 431,55 294,33 472,47 

SLS-DS-555-1 12/12/2016 555 kPa 61,68 % 0,76 34,64 32,11 406,89 588,91 396,87 632,51 

SLS-DS-555-2  

(ɝɖɟɧ) 
8/2/2017 555 kPa 50,13 % 0,804 39,30 31,98 488,61 596,97 392,15 627,97 
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