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ȾŬŰɎɚɞɔɞɠ ůɡɛɓɧɚɤɜ 

CS(%) ɄɞůɞůŰɧ əŬŰɎ ɓɎɟɞɠ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ 
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qcs  ŬˊɞəɚɑɜɞɡůŬ ŰɎůɖ ůŰɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ 

qmax ɛɏɔɘůŰɖ ŬˊɞəɚɑɜɞɡůŬ ŰɎůɖ 

qult  ɞɟɘŬəɐ ŬˊɞəɚɑɜɞɡůŬ ŰɎůɖ 

scs ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ ůŰɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ 

su,max ɛɏɔɘůŰɖ ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ, su,max = qmax / 2 

su,ult ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ Űɘɛɐ 
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ɔd  ɝɖɟɧ Ůɘŭɘəɧ ɓɎɟɞɠ 
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1. ȺȽɆȷũɋũȼ 

H ˊŬɟɞɨůŬ ɇŮɢɜɘəɐ ȰəɗŮůɖ ŬˊɞŰŮɚŮɑ Űɖɜ 2ɖ Ȱəŭɞůɖ Űɞɡ ɄŬɟŬŭɞŰɏɞɡ 4 Űɞɡ 

ȺɟŮɡɜɖŰɘəɞɨ ɄɟɞɔɟɎɛɛŬŰɞɠ: 

ŪȷȿȼɆ - ɄȷɁȺɄȽɆɇȼɀȽɃ ŪȺɆɆȷȿȽȷɆ - çȷˊɞŰɟɞˊɐ ůŮɘůɛɘəɐɠ 

ɟŮɡůŰɞˊɞɑɖůɖɠ ŮŭɎűɞɡɠ ɗŮɛŮɚɑɤůɖɠ ɡűɘůŰɎɛŮɜɤɜ əŬŰŬůəŮɡɩɜ ɛɏůɤ 

ŮɛˊɚɞɡŰɘůɛɞɨ Űɞɡ ɡɔɟɞɨ ˊɧɟɤɜ ɛŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɠ ŬůűŬɚɐ ɜɎɜɞ-

ůɤɛŬŰɑŭɘŬè 

ɇɞ Ůɜ ɚɧɔɤ ȺɟŮɡɜɖŰɘəɧ ɄɟɧɔɟŬɛɛŬ ɏɢŮɘ əɤŭɘəɧ MIS 375618, əŬɘ ŮəˊɞɜŮɑŰŬɘ ɡˊɧ Űɞ 

ůɡɜŰɞɜɘůɛɧ Űɞɡ ȾŬɗɖɔɖŰɐ ɄŬɜŬɔɘɩŰɖ ɁŰŬəɞɨɚŬ (ȺˊɘůŰɖɛɞɜɘəɧɠ ɈˊŮɨɗɡɜɞɠ Ⱥ.Ɉ.), 

ɛŮ Űɖ ůŰŮɜɐ ůɡɜŮɟɔŬůɑŬ Űɞɡ ˊɟɩɖɜ Ⱥ.Ɉ. ȷɢɘɚɚɏŬ ɄŬˊŬŭɖɛɖŰɟɑɞɡ, Ⱥˊɑə. ȾŬɗɖɔɖŰɐ 

Ⱥ.ɀ.Ʉ. (ˊŬɟŬɘŰɐɗɖəŮ Ŭˊɧ Űɞ Ʉ.Ū. Űɞɜ ȷɨɔɞɡůŰɞ 2014). 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, Űɞ Ůɜ ɚɧɔɤ ɄŬɟŬŭɞŰɏɞ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖ ȹɟɎůɖ 4 Űɞɡ 

ɄɟɞɔɟɎɛɛŬŰɞɠ, ɖ ɞˊɞɑŬ ɏɢŮɘ ŰɑŰɚɞ ȹɞəɘɛɏɠ ɛɞɜɞŰɞɜɘəɐɠ (ŰɟɘŬɝɞɜɘəɐɠ) űɧɟŰɘůɖɠ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ. ȳˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞɜ ŰɑŰɚɞ Űɖɠ, əŬɘ ɧˊɤɠ 

ŬɜŬűɏɟŮŰŬɘ ůŰɖɜ ŮɔəŮəɟɘɛɏɜɖ ŬˊɧűŬůɖ ŮəŰɏɚŮůɖɠ ɛŮ ɑŭɘŬ ɛɏůŬ, ůŰɖ ȹɟɎůɖ 4 ɏɢŮɘ 

ŮəŰŮɚŮůɗŮɑ çɘəŬɜɧ ˊɚɐɗɞɠ ŰɟɘŬɝɞɜɘəɩɜ ŭɞəɘɛɩɜ ůŮ ůɡɜɐɗŮɘɠ əŬɘ ɛŮɔɎɚŮɠ ŰɎůŮɘɠ 

ůŰŮɟŮɞˊɞɑɖůɖɠ, ɛŮ ůŰɧɢɞ Űɖɜ əŬŰɞɢɨɟɤůɖ Űɖɠ ɛɞɜɞŰɞɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŮŭɎűɞɡɠè. 

ɀŮ ɓɎůɖ Űɖɜ ɑŭɘŬ ŬˊɧűŬůɖ, Űɞ ɄŬɟŬŭɞŰɏɞ 4 ůɡɜɑůŰŬŰŬɘ Ŭˊɧ ɛɑŬ çɇŮɢɜɘəɐ ȰəɗŮůɖ 

Ůˊɑ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Ŭˊɧ ɛɞɜɞŰɞɜɘəɏɠ ŭɞəɘɛɏɠ: (Ŭ) ŭɘŬŭɘəŬůɑŮɠ ŭɞəɘɛɩɜ əŬɘ 

ɓŬɗɛɞɜɧɛɖůɖ ůɡůəŮɡɩɜ, (ɓ) ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ ŰɟɘŬɝɞɜɘəɏɠ ŭɞəɘɛɏɠ ůŮ 

2 ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ɡˊɧ ůɡɜɐɗɖ əŬɘ ɡɣɖɚɎ ŮˊɑˊŮŭŬ ŰɎůŮɤɜ, 

ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɠ ŭɞəɘɛɏɠ ŬɜŬűɞɟɎɠ ůŮ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬè. 

ȰŰůɘ, ůŰɞ ȾŮűɎɚŬɘɞ 2 Űɞɡ ˊŬɟɧɜŰɞɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ, ɞɘ 

ŭɘŬŭɘəŬůɑŮɠ ŮəŰɏɚŮůɖɠ əŬɘ əɡɟɑɤɠ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ ɛɞɜɞŰɞɜɘəɏɠ ŰɟɘŬɝɞɜɘəɏɠ 

ŭɞəɘɛɏɠ ůŮ ůɡɜɐɗɖ ŮˊɑˊŮŭŬ ŰɎůŮɤɜ (ɛɏɢɟɘ 300kPa), Ůɜɩ ůŰɞ ȾŮűɎɚŬɘɞ 3 ɔɑɜŮŰŬɘ Űɞ 

ɑŭɘɞ ɔɘŬ ŬɜŰɑůŰɞɘɢŮɠ ŭɞəɘɛɏɠ (ŰɟɘŬɝɞɜɘəɐɠ əŬɘ ůŰɟŮˊŰɘəɐɠ ŭɘɎŰɛɖůɖɠ) ůŮ ɡɣɖɚɎ 

ŮˊɑˊŮŭŬ ŰɎůŮɤɜ (ɛɏɢɟɘ 2000kPa).  

ɆŰɧɢɞɠ Űɤɜ ˊɟɩŰɤɜ ŭɞəɘɛɩɜ ɐŰŬɜ ɜŬ əŬŰɞɢɡɟɤɗŮɑ ɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ ůŰŬ ůɡɜɐɗɖ ŮˊɑˊŮŭŬ ŰɎůŮɤɜ (əɎŰɤ Ŭˊɧ əŰɑɟɘŬ ɛŮ 

ŬɓŬɗŮɑɠ ɗŮɛŮɚɘɩůŮɘɠ), Ůɜɩ ůŰɘɠ ŭŮɨŰŮɟŮɠ ŭɘŮɟŮɡɜɎŰŬɘ əŬŰɎ ˊɧůɞ ɖ ɛɖɢŬɜɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ŮŭŬűɩɜ ŬɡŰɩɜ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ˊɞɘɞŰɘəɎ ůŮ ɡɣɖɚɎ ŮˊɑˊŮŭŬ 

ŰɎůŮɤɜ (ˊ.ɢ. əɎŰɤ Ŭˊɧ Űɖɜ Ŭɘɢɛɐ ˊŬůůɎɚɤɜ). ɈˊɞɔɟŬɛɛɑɕŮŰŬɘ ɧŰɘ ŮəŰŮɚɏůŰɖəŮ 

Ůˊɘˊɚɏɞɜ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ɛɞɜɞŰɞɜɘəɩɜ ŭɞəɘɛɩɜ ůŮ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ, 

ɩůŰŮ ɜŬ ŮəŰɘɛɖɗŮɑ ɎɛŮůŬ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ ůŰɖ ɛɖɢŬɜɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ ɛɖ-ůɡɜŮəŰɘəɩɜ ŮŭŬűɩɜ. 

ɆɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ 1ɖ Ȱəŭɞůɖ, ɖ ˊŬɟɞɨůŬ 2ɖ Ȱəŭɞůɖ Űɞɡ ɄŬɟŬŭɞŰɏɞɡ 4 

ůɡɛˊŮɟɘɚŬɛɓɎɜŮɘ Ůˊɘˊɚɏɞɜ ɛɞɜɞŰɞɜɘəɏɠ ŭɞəɘɛɏɠ (ŰɟɘŬɝɞɜɘəɏɠ əŬɘ ŬɚɚɎ əŬɘ 

ůŰɟŮˊŰɘəɐɠ ŭɘɎŰɛɖůɖɠ) ɔɘŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ɡˊɧ ůŰɟŬɔɔɘɕɧɛŮɜŮɠ 
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ůɡɜɗɐəŮɠ (əɡɟɑɤɠ), ˊɞɡ ɏɢɞɡɜ ŮɜůɤɛŬŰɤɗŮɑ ůŰɞ ȾŮű. 3 əŬɘ ůŰɞ ŮɛˊɚɞɡŰɘůɛɏɜɞ 

ɄŬɟɎɟŰɖɛŬ ȸ. 

ɇŬ ŮɟɔŬůŰɖɟɘŬəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ Ůŭɩ ˊɟɞɏəɡɣŬɜ Ŭˊɧ ŭɞəɘɛɏɠ 

ˊɞɡ ŮəŰŮɚɏůŰɖəŬɜ ůŰŬ əɎŰɤɗɘ ŮɟɔŬůŰɐɟɘŬ ɛɏɚɤɜ ȾȺɃ: 

¶ ȺɟɔŬůŰɐɟɘɞ ȺŭŬűɞɛɖɢŬɜɘəɐɠ, ŪŮɛŮɚɘɩůŮɤɜ əŬɘ ũŮɤŰŮɢɜɘəɐɠ ɆŮɘůɛɘəɐɠ 

ɀɖɢŬɜɘəɐɠ (ȺȺŪũɆɀ) Űɞɡ ȷ.Ʉ.Ū. 

¶ ȺɟɔŬůŰɐɟɘɞ ȺŭŬűɞɛɖɢŬɜɘəɐɠ (ȺȺ) Űɞɡ Ⱥ.ɀ.Ʉ. 

Ƀɘ ŮɟŮɡɜɖŰɘəɏɠ ŭɟŬůŰɖɟɘɧŰɖŰŮɠ Űɖɠ ȹɟɎůɖɠ 4, əŬɘ ɖ əŬŰŬɔɟŬűɐ Űɞɡɠ ůŰɞ ɄŬɟŬŭɞŰɏɞ 

4, ŮəŰŮɚɏůɗɖəŬɜ ɛŮ Űɖɜ ˊɞɚɨŰɘɛɖ ůɡɜŭɟɞɛɐ Űɤɜ əɎŰɤɗɘ: 

ɀɏɚɖ ȾȺɃ 

¶ ŪŮɞŭɩɟŬ ɇɑəŬ, ȾŬɗɖɔɐŰɟɘŬ, ɇɛɐɛŬ ɄɞɚɘŰɘəɩɜ ɀɖɢŬɜɘəɩɜ, ȷ.Ʉ.Ū. 

¶ ȸŬůɘɚɘəɐ ũŮɤɟɔɘɎɜɜɞɡ, ȾŬɗɖɔɐŰɟɘŬ, Ɇɢɞɚɐ ɄɞɚɘŰɘəɩɜ ɀɖɢŬɜɘəɩɜ, Ⱥ.ɀ.Ʉ. 

¶ ȹɖɛɐŰɟɘɞɠ ȷɢɘɚɘɎɠ, ȷɜŬˊɚɖɟɤŰɐɠ ȾŬɗɖɔɖŰɐɠ, ɇɛɐɛŬ ɉɖɛŮɑŬɠ, ȷ.Ʉ.Ū. 

¶ ȷɢɘɚɚɏŬɠ ɄŬˊŬŭɖɛɖŰɟɑɞɡ, Ⱥˊɑəɞɡɟɞɠ ȾŬɗɖɔɖŰɐɠ, ɇɛɐɛŬ ɄɞɚɘŰɘəɩɜ 

ɀɖɢŬɜɘəɩɜ Űɞɡ Ʉ.Ū. 

ɀɏɚɖ ɃȺɆ 

¶ ȷɜŰɘɔɧɜɖ ȸɟɎɜɜŬ, ɄɞɚɘŰɘəɧɠ ɀɖɢŬɜɘəɧɠ, Ɉˊɞɣ. ȹɘŭɎəŰɤɟ ȷ.Ʉ.Ū. 

¶ ũŮɩɟɔɘɞɠ Ⱦɞɜɑɜɖɠ, ɄɞɚɘŰɘəɧɠ ɀɖɢŬɜɘəɧɠ, ɆɡɜŮɟɔɎŰɖɠ ȷ.Ʉ.Ū. 

¶ ɄŬɜŬɔɘɩŰɖɠ ɇɟɘŬɜŰɎűɡɚɚɞɠ, ɄɞɚɘŰɘəɧɠ ɀɖɢŬɜɘəɧɠ, Ɉˊɞɣ. ȹɘŭɎəŰɤɟ Ⱥ.ɀ.Ʉ. 

¶ ɀŬɟɑŬ ȾɤɜůŰŬɜŰɑɜɞɡ, ȹɟ. ɄɞɚɘŰɘəɧɠ ɀɖɢŬɜɘəɧɠ, ɆɡɜŮɟɔɎŰɖɠ Ⱥ.ɀ.Ʉ. 

¶ ȽɤɎɜɜɖɠ-ɃɟɏůŰɖɠ ũŮɤɟɔɧˊɞɡɚɞɠ, ȹɟ. Ʉɞɚ. ɀɖɢŬɜɘəɧɠ, ɆɡɜŮɟɔɎŰɖɠ Ⱥ.ɀ.Ʉ. 

ȼ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ ɏɢŮɘ ůɡɔɢɟɖɛŬŰɞŭɞŰɖɗŮɑ Ŭˊɧ Űɖɜ ȺɡɟɤˊŬɥəɐ Ȱɜɤůɖ 

(ȺɡɟɤˊŬɥəɧ Ⱦɞɘɜɤɜɘəɧ ɇŬɛŮɑɞ ï ȺȾɇ) əŬɘ Ŭˊɧ Ůɗɜɘəɞɨɠ ˊɧɟɞɡɠ ɛɏůɤ Űɞɡ 

ȺˊɘɢŮɘɟɖůɘŬəɞɨ ɄɟɞɔɟɎɛɛŬŰɞɠ çȺəˊŬɑŭŮɡůɖ əŬɘ ȹɘŬ ȸɑɞɡ ɀɎɗɖůɖè Űɞɡ Ⱥɗɜɘəɞɨ 

ɆŰɟŬŰɖɔɘəɞɨ ɄɚŬɘůɑɞɡ ȷɜŬűɞɟɎɠ (ȺɆɄȷ) ï ȺɟŮɡɜɖŰɘəɧ ɉɟɖɛŬŰɞŭɞŰɞɨɛŮɜɞ Ȱɟɔɞ: 

ŪȷȿȼɆ. Ⱥˊɏɜŭɡůɖ ůŰɖɜ əɞɘɜɤɜɑŬ Űɖɠ ɔɜɩůɖɠ ɛɏůɤ Űɞɡ ȺɡɟɤˊŬɥəɞɨ Ⱦɞɘɜɤɜɘəɞɨ 

ɇŬɛŮɑɞɡ.  
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2.   ɀɃɁɃɇɃɁȽȾȺɆ ȹɃȾȽɀȺɆ ɆȺ ɆɈɁȼŪȼ ȺɄȽɄȺȹȷ ɇȷɆȺɋɁ 

 

2.1 ɄŮɟɘɔɟŬűɐ Ůɝɞˊɚɘůɛɞɨ əŬɘ ŭɘŬŭɘəŬůɑŬ ŮəŰɏɚŮůɖɠ ŭɞəɘɛɩɜ 

Ƀɘ ŰɟɘŬɝɞɜɘəɏɠ ɛɞɜɞŰɞɜɘəɏɠ ŭɞəɘɛɏɠ ůŮ ůɡɜɐɗɖ ŮˊɑˊŮŭŬ ŰɎůŮɤɜ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŰɖɜ ŰɟɘŬɝɞɜɘəɐ ůɡůəŮɡɐ ŬɜŬəɡəɚɘəɐɠ űɧɟŰɘůɖɠ (M.T.S. 

Systems Corporation) ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ȺŭŬűɞɛɖɢŬɜɘəɐɠ, 

ŪŮɛŮɚɘɩůŮɤɜ əŬɘ ũŮɤŰŮɢɜɘəɐɠ ɆŮɘůɛɘəɐɠ ɀɖɢŬɜɘəɐɠ (Ⱥ.Ⱥ.Ū-ũ.Ɇ.ɀ.) Űɞɡ ȷ.Ʉ.Ū. ȼ 

Ŭɟɢɐ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ůɡůəŮɡɐɠ ɓŬůɑɕŮŰŬɘ ůŰɖ ůɡɜŮɟɔŬůɑŬ Űɤɜ ŭɨɞ 

əɨɟɘɤɜ ůɡůŰɖɛɎŰɤɜ Űɖɠ, Űɞɡ ůŮɟɓɞ-ɡŭɟŬɡɚɘəɞɨ əŬɘ Űɞɡ ɖɚŮəŰɟɞɜɘəɞɨ, ɛŮ Űɖɜ 

ŮűŬɟɛɞɔɐ ŬŭɘɎɚɚŮɘˊŰɞɡ əŬɘ ˊɞɚɨ ɛŮɔɎɚɖɠ ůɡɢɜɧŰɖŰŬɠ Ůɚɏɔɢɞɡ əɚŮɘůŰɞɨ ɓɟɧɔɢɞɡ, 

ɔɘŬ Űɞɜ ɏɚŮɔɢɞ Űɖɠ əɑɜɖůɖɠ Űɞɡ Ůɛɓɧɚɞɡ űɧɟŰɘůɖɠ ɛŮ ŮɚŮɔɢɧɛŮɜɖ ɛŮŰŬŰɧˊɘůɖ ɐ 

ŭɨɜŬɛɖ, əŬɗɩɠ əŬɘ ɔɘŬ Űɖ ɟɨɗɛɘůɖ Űɖɠ ˊɑŮůɖɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɖɠ ŰɟɘŬɝɞɜɘəɐɠ 

əɡɣɏɚɖɠ, ɛŮ ˊɞɚɨ ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ (ɄŬˊŬŭɞˊɞɨɚɞɡ ȷ., 2008). ɆŰɖ ůɡůəŮɡɐ 

ɡˊɎɟɢŮɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ŮəŰɏɚŮůɖɠ ŭɞəɘɛɩɜ ɘůɧŰɟɞˊɖɠ ɐ ŬɜɘůɧŰɟɞˊɖɠ 

ůŰŮɟŮɞˊɞɑɖůɖɠ, ɛŮ ˊɚɐɟɖ ɏɚŮɔɢɞ Űɖɠ ŭɘŬŭɟɞɛɐɠ ŰɎůŮɤɜ ůŮ ůɡɜɗɐəŮɠ ɛɞɜɞŰɞɜɘəɐɠ 

ɐ/əŬɘ ŬɜŬəɡəɚɘəɐɠ űɧɟŰɘůɖɠ ɛŮ ŮɚŮɔɢɧɛŮɜɖ ŰɎůɖ ɐ ɛŮŰŬŰɧˊɘůɖ.  

ɇŬ ŬɜŬɚɡŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɩɜ Űɞɡ ˊŬɟɧɜŰɞɠ ȾŮűŬɚŬɑɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 

ůŰɞ ɄŬɟɎɟŰɖɛŬ ȷ, Ůɜɩ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 2.2 ŭɑɜɞɜŰŬɘ ůɡɔəŮɜŰɟɤŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 

ɔɘŬ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ ɛɖ ůɡɜŮəŰɘəɩɜ ŮŭŬűɩɜ ůŮ ůɡɜɐɗɖ ŮˊɑˊŮŭŬ 

ŰɎůŮɤɜ. 

2.1.1 ȹɘŬŭɘəŬůɑŬ ŭɞəɘɛɩɜ ůŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ 

ȼ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ əŬɘ ůŰŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ɛŮ əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ (CS), ɛŮɚŮŰɐɗɖəŮ ɛŮ Űɖ ŭɘŮɝŬɔɤɔɐ 

ŭɞəɘɛɩɜ ŰɟɘŬɝɞɜɘəɐɠ ɛɞɜɞŰɞɜɘəɐɠ ůɡɛˊɑŮůɖɠ ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ, ɏˊŮɘŰŬ 

Ŭˊɧ ɘůɧŰɟɞˊɖ ůŰŮɟŮɞˊɞɑɖůɖ (CU) ůŰɖɜ əŬɗŬɟɐ Ɏɛɛɞ ɀ31 (ůŮɘɟɎ ŭɞəɘɛɩɜ ȷ, fc = 

0%) əŬɗɩɠ əŬɘ ůŰɞ ɛŮɑɔɛŬ Űɖɠ əŬɗŬɟɐɠ Ɏɛɛɞɡ ɀ31 ɛŮ Űɖɜ ɘɚɡɩŭɖ Ɏɛɛɞ D6 ůŮ 

ˊɞůɞůŰɎ 85% əŬɘ 15% ŬɜŰɑůŰɞɘɢŬ (ůŮɘɟɎ ŭɞəɘɛɩɜ ȸ, fc = 10%) .  

ȼ ŭɘŬŭɘəŬůɑŬ Űɤɜ ŭɞəɘɛɩɜ ˊŮɟɘŮɚɎɛɓŬɜŮ ŰŬ ŬəɧɚɞɡɗŬ ůŰɎŭɘŬ: ˊɟɞŮŰɞɘɛŬůɑŬ 

ŭɞəɘɛɑɤɜ, əɞɟŮůɛɧɠ, ůŰŮɟŮɞˊɞɑɖůɖ əŬɘ űɧɟŰɘůɖ. ɇŬ əɡɚɘɜŭɟɘəɎ ŭɞəɑɛɘŬ (H/D å 

100mm/50mm) ɛŮ fc = 0% əŬɘ fc = 10% ˊɟɞŮŰɞɘɛɎůŰɖəŬɜ ůŮ ŭɘɎűɞɟŮɠ ˊɡəɜɧŰɖŰŮɠ 

ůɨɛűɤɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ɡˊɞůɡɛˊɨəɜɤůɖɠ (Ladd, 1978). ȼ ŭɘŬɛɧɟűɤůɖ Űɤɜ 

ŭɞəɘɛɑɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ŭɘɎůŰɟɤůɖ Űɞɡ ŮŭŬűɘəɞɨ ɡɚɘəɞɨ ɛŮ Ŭɟɢɘəɐ ɡɔɟŬůɑŬ 

w = 5 - 13% ůŮ 9 ůŰɟɩůŮɘɠ əŬɘ ůŰŬɗŮɟɧ Ŭɟɘɗɛɧ əŰɨˊɤɜ ŬɜɎ ůŰɟɩůɖ ɛŮ ŮɘŭɘəɎ 

ŭɘŬɛɞɟűɤɛɏɜɞ ůŰɏɚŮɢɞɠ. ɀŮ Űɖ ɛŮŰŬɓɞɚɐ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ əŰɨˊɤɜ ŬɜɎ ůŰɟɩůɖ, 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ ŭɘŬɛɧɟűɤůɖ ŭɞəɘɛɑɤɜ ŭɘŬűɧɟɤɜ ˊɡəɜɞŰɐŰɤɜ. Ƀ əɞɟŮůɛɧɠ Űɤɜ 

ŭɞəɘɛɑɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖ ŭɘɞɢɏŰŮɡůɖ ůŰŬ ŭɞəɑɛɘŬ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ 

(CO2) əŬɘ ŬˊŬŮɟɤɛɏɜɞɡ ɜŮɟɞɨ ŬɟɢɘəɎ. ȷəɞɚɞɨɗɤɠ ŮűŬɟɛɧůŰɖəŮ ɖ ɛɏɗɞŭɞɠ 

ŭɘŬŭɞɢɘəɐɠ Ŭɨɝɖůɖɠ Űɖɠ ŮůɤŰŮɟɘəɐɠ ˊɑŮůɖɠ Űɞɡ ɨŭŬŰɞɠ Űɤɜ ˊɧɟɤɜ Űɤɜ ŭɞəɘɛɑɤɜ, 
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ɛŮ ŰŬɡŰɧɢɟɞɜɖ Ŭɨɝɖůɖ Űɖɠ ˊɑŮůɖɠ Űɖɠ əɡɣɏɚɖɠ. ɆŮ ɧɚŮɠ Űɘɠ ŭɞəɘɛɏɠ ɖ ˊŬɟɎɛŮŰɟɞɠ 

Űɖɠ ˊɑŮůɖɠ Űɞɡ ɨŭŬŰɞɠ Űɤɜ ˊɧɟɤɜ, ȸ ŮɑɢŮ Űɘɛɏɠ ȸ Ó 95%. ɀŮŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɞɡ 

əɞɟŮůɛɞɨ, ŰŬ ŭɞəɑɛɘŬ ůŰŮɟŮɞˊɞɘɐɗɖəŬɜ ůŰɞ ŮˊɑˊŮŭɞ Űɖɠ ŮˊɘɗɡɛɖŰɐɠ ɘůɧŰɟɞˊɖɠ 

ŮɜŮɟɔɞɨ ŰɎůɖɠ, ůô0, ɑůɖɠ ɛŮ 100kPa ɐ 300kPa. ȼ Ůˊɘɓɞɚɐ Űɖɠ űɧɟŰɘůɖɠ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮŰɎ Ŭˊɧ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ŰɞɡɚɎɢɘůŰɞɜ ŭɘˊɚɎůɘɞ Űɞɡ ɢɟɧɜɞɡ 

ůŰŮɟŮɞˊɞɑɖůɖɠ. ɇɏɚɞɠ, əŬŰɎ Űɖɜ Ůˊɘɓɞɚɐ Űɖɠ ɛɞɜɞŰɞɜɘəɐɠ űɧɟŰɘůɖɠ, ŰŬ ŭɞəɑɛɘŬ 

ɡˊɞɓɚɐɗɖəŬɜ ůŮ Ŭɝɞɜɘəɐ ůɡɛˊɑŮůɖ ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ əŬɘ ɡˊɧ ůŰŬɗŮɟɧ 

ɟɡɗɛɧ ˊŬɟŬɛɧɟűɤůɖɠ 0.1% / min. 

2.1.2 ȹɘŬŭɘəŬůɑŬ ŭɞəɘɛɩɜ ůŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ, ŮəŰŮɚɏůŰɖəŬɜ ŰɟɘŬɝɞɜɘəɏɠ ŭɞəɘɛɏɠ 

ɛɞɜɞŰɞɜɘəɐɠ ůɡɛˊɑŮůɖɠ ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ əŬɘ ɢɤɟɑɠ ůŰŮɟŮɞˊɞɑɖůɖ (UU) 

ůŮ ŭɞəɑɛɘŬ Űɖɠ əŬɗŬɟɐɠ Ɏɛɛɞɡ ɀ31, ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ɛŮ ŭɘɎɚɡɛŬ Űɖɠ CS ůŮ əŬŰɎ 

ɓɎɟɞɠ ˊɞůɞůŰɎ 6% (ůŮɘɟɎ ŭɞəɘɛɩɜ SA6) əŬɘ 10% (ůŮɘɟɎ ŭɞəɘɛɩɜ SA10).  

ɇŬ ŭɞəɑɛɘŬ ˊɟɞŮŰɞɘɛɎůŰɖəŬɜ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ɡˊɞůɡɛˊɨəɜɤůɖɠ, ɧˊɤɠ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɤɜ ŭɞəɘɛɑɤɜ Űɤɜ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ. ɀŮŰɎ Űɖ ŭɘɞɢɏŰŮɡůɖ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ 

ɎɜɗɟŬəŬ (CO2) əŬɘ ŬˊŬŮɟɤɛɏɜɞɡ ɜŮɟɞɨ ůŰŬ ŭɞəɑɛɘŬ, ŬəɞɚɞɨɗɖůŮ ɖ ŭɘɞɢɏŰŮɡůɖ 

ŭɘŬɚɨɛŬŰɞɠ CS Ŭˊɧ Űɖ ɓɎůɖ ˊɟɞɠ Űɖɜ əɞɟɡűɐ Űɤɜ ŭɞəɘɛɑɤɜ, ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ 

ˊɑɜŬəŬ Ůɚɏɔɢɞɡ. ȼ ˊŬɟɞɢɐ ŭɘŬɚɨɛŬŰɞɠ CS ůŰŬ ŭɞəɑɛɘŬ ŭɘŬɟəŮɑ ɧůɞ ɢɟɞɜɘəɧ 

ŭɘɎůŰɖɛŬ ŬˊŬɘŰŮɑŰŬɘ ɩůŰŮ ɜŬ ŮɝɏɚɗŮɘ Ŭˊɧ Űɞ ŭɞəɑɛɘɞ ɧɔəɞɠ ŭɘŬɚɨɛŬŰɞɠ CS 

ŰŮŰɟŬˊɚɎůɘɞɠ Űɞɡ ɧɔəɞɡ Űɤɜ əŮɜɩɜ Űɞɡ ŭɞəɘɛɑɞɡ. ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ əŬŰɎ Űɖɜ ˊŬɟɞɢɐ 

Űɞɡ ŭɘŬɚɨɛŬŰɞɠ CS, Űɞ ɘɝɩŭŮɠ Űɞɡ, n, ŮɑɜŬɘ ɢŬɛɖɚɧ (n  < 3.5cP). Aəɞɚɞɨɗɤɠ əŬɘ ɛŮŰɎ 

Űɞ ˊɏɟŬɠ Űɞɡ ɢɟɧɜɞɡ ɔɏɚɖɠ Űɖɠ CS (11 əŬɘ 10 ɩɟŮɠ ɔɘŬ ŭɘɎɚɡɛŬ CS  = 6% əŬɘ 10% 

ŬɜŰɑůŰɞɘɢŬ), ŰŬ ŭɞəɑɛɘŬ ŰɞˊɞɗŮŰɐɗɖəŬɜ ɔɘŬ ɤɟɑɛŬɜůɖ ůŮ ɢɩɟɞ ůŰŬɗŮɟɐɠ 

ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɡɔɟŬůɑŬɠ. ȳɚŮɠ ɞɘ ŭɞəɘɛɏɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɏˊŮɘŰŬ Ŭˊɧ ɢɟɧɜɞ 

ɤɟɑɛŬɜůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ ŰŮŰɟŬˊɚɎůɘɞ Űɞɡ ɢɟɧɜɞɡ ɔɏɚɖɠ Űɖɠ CS (ɔɘŬ ŰŬ ŭɘŬɚɨɛŬŰŬ 

CS = 6% əŬɘ 10%, 55 ɩɟŮɠ əŬɘ 50 ɩɟŮɠ ŬɜŰɑůŰɞɘɢŬ, Ŭˊɧ Űɖ ůŰɘɔɛɐ ŭɘŬɛɧɟűɤůɖɠ 

Űɞɡ ŭɘŬɚɨɛŬŰɞɠ). 

ɀŮŰɎ Űɖɜ ɤɟɑɛŬɜůɖ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ, ŰŬ əŮɜɎ Űɤɜ ˊɧɟɤɜ Űɤɜ 

ŭɞəɘɛɑɤɜ ɐŰŬɜ ˊɚɖɟɤɛɏɜŬ ɛŮ CS. ɆɡɜŮˊɩɠ, ɞ əɞɟŮůɛɧɠ Űɤɜ ŭɞəɘɛɑɤɜ ˊɟɘɜ Űɖ 

űɧɟŰɘůɐ Űɞɡɠ ɗŬ ˊɟɞəŬɚɞɨůŮ ŭɘŬŰɎɟŬɝɖ əŬɘ əŬŰŬůŰɟɞűɐ Űɤɜ ŭŮůɛɩɜ ˊɡɟɘŰɑŬɠ əŬɘ 

ɤɠ Ůə ŰɞɨŰɞɡ ŭŮɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ. Ⱥˊɘˊɚɏɞɜ, ɖ ɛɏŰɟɖůɖ Űɖɠ ɧˊɞɘŬɠ ɛŮŰŬɓɞɚɐɠ 

Űɖɠ ˊɑŮůɖɠ Űɞɡ ɨŭŬŰɞɠ Űɤɜ ˊɧɟɤɜ Űɤɜ ŭɞəɘɛɑɤɜ ɐŰŬɜ ŬɜŬɝɘɧˊɘůŰɖ, ɚɧɔɤ Űɖɠ 

ɏɚɚŮɘɣɖɠ Űɞɡ ɨŭŬŰɞɠ Űɤɜ ˊɧɟɤɜ Ŭˊɧ ŰŬ ŭɞəɑɛɘŬ. ũɘŬ Űɞɜ ɑŭɘɞ ɚɧɔɞ ŭŮɜ ɏɔɘɜŮ 

ůŰŮɟŮɞˊɞɑɖůɖ Űɤɜ ŭɞəɘɛɑɤɜ, Ůɜɩ ɖ űɧɟŰɘůɐ Űɞɡɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɡˊɧ 

ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ. ȼ Ůˊɘɓɞɚɐ Űɖɠ ɛɞɜɞŰɞɜɘəɐɠ űɧɟŰɘůɖɠ ɏɔɘɜŮ ɛŮŰɎ Űɖɜ 

ŮűŬɟɛɞɔɐ ˊɑŮůɖɠ ůŰɖɜ əɡɣɏɚɖ, ů0, ɑůɖɠ ɛŮ 100kPa ɐ 300kPa, ɡˊɧ ůŰŬɗŮɟɧ ɟɡɗɛɧ 

ˊŬɟŬɛɧɟűɤůɖɠ 0.1% / min. 
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2.2 ȷˊɞŰŮɚɏůɛŬŰŬ ɛɞɜɞŰɞɜɘəɩɜ ŭɞəɘɛɩɜ 

2.2.1 ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ůŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ 

Ƀɘ ŮəŰŮɚŮůɗŮɑůŮɠ ŰɟɘŬɝɞɜɘəɏɠ ŭɞəɘɛɏɠ (CU) ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.1. ũɘŬ əɎɗŮ 

ŭɞəɘɛɐ ŭɑɜɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ əŬŰɎ ŰŬ ůŰɎŭɘŬ 

əɞɟŮůɛɞɨ, ůŰŮɟŮɞˊɞɑɖůɖɠ əŬɘ ɛɞɜɞŰɞɜɘəɐɠ űɧɟŰɘůɖɠ.  

ɆŰɖ ůɡɜɏɢŮɘŬ ŬəɞɚɞɡɗŮɑ ɖ ŬɜɎɚɡůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ŬɜŬűɞɟɘəɎ ɛŮ Űɖɜ 

ŮˊɑŭɟŬůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ, Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ əŬɘ Űɞɡ ˊɞůɞůŰɞɨ ɚŮˊŰɞəɧəəɤɜ, 

əŬɗɩɠ əŬɘ ɛŮ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ Űɤɜ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ. 

ȺˊɑŭɟŬůɖ ˊɡəɜɧŰɖŰŬɠ, ŮɜŮɟɔɞɨ ŰɎůɖɠ əŬɘ ˊɞůɞůŰɞɨ ɚŮˊŰɞəɧəəɤɜ 

ȼ ŮˊɑŭɟŬůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ əŬɘ Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ ůŰɖ ɛɞɜɞŰɞɜɘəɐ ŬɡɛˊŮɟɘűɞɟɎ 

Űɤɜ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 2.1-2.2. ũɘŬ əɎɗŮ 

ɏŭŬűɞɠ, Űɞ Ůɑŭɞɠ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ ŮɝŬɟŰɎŰŬɘ Űɧůɞ Ŭˊɧ Űɖɜ ˊɡəɜɧŰɖŰŬ ɧůɞ əŬɘ Ŭˊɧ 

Űɖɜ ŮɜŮɟɔɧ ŰɎůɖ. ũɘŬ ŭŮŭɞɛɏɜɖ ŮɜŮɟɔɧ ŰɎůɖ, ɖ Ŭɨɝɖůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ ɏɢŮɘ ɤɠ 

ůɡɜɏˊŮɘŬ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŭɘŬůŰɞɚɘəɐɠ ŰɎůɖɠ Űɞɡ ŮŭɎűɞɡɠ. ȼ ŬɚɚŬɔɐ Űɖɠ 

ůɡɛˊŮɟɘűɞɟɎɠ Ŭˊɧ əŬɗŬɟɐ ůɡůŰɞɚɘəɐ ůŮ ůɡůŰɞɚɘəɐ/ŭɘŬůŰɞɚɘəɐ əŬɘ ɔŮɜɘəɧŰŮɟŬ ɖ 

Ůɜɑůɢɡůɖ Űɖɠ ŭɘŬůŰɞɚɘəɐɠ ŰɎůɖɠ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ, ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ůŮ ůɢŮŰɘəɏɠ ˊɡəɜɧŰɖŰŮɠ Dr >å 31%, Űɧůɞ ůŰɖɜ əŬɗŬɟɐ Ɏɛɛɞ (fc = 0%) ɧůɞ əŬɘ ůŰɞ 

ɛŮɑɔɛŬ Ɏɛɛɞɡ - ɘɚɨɞɠ ɛŮ fc = 10%. 

ȳůɞɜ ŬűɞɟɎ ůŰɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɛɖ-

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ ůŮ ŭŮŭɞɛɏɜɖ ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ, Űɧůɞ ɔɘŬ Űɖɜ əŬɗŬɟɐ 

Ɏɛɛɞ ɛŮ fc = 0%  ɧůɞ əŬɘ ɔɘŬ Űɞ ɛŮɑɔɛŬ Ɏɛɛɞɡ - ɘɚɨɞɠ ɛŮ fc = 10%, ŭŮɜ 

ˊŬɟŬŰɖɟɐɗɖəŮ əŬɛɑŬ ůɖɛŬɜŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɞ Ůɑŭɞɠ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ.  

ɆŰɞ ɆɢɐɛŬ 2.3 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŮˊɑŭɟŬůɖ Űɞɡ ˊɞůɞůŰɞɨ ɚŮˊŰɞəɧəəɤɜ ůŰɖ 

ůɡɛˊŮɟɘűɞɟɎ Űɖɠ Ɏɛɛɞɡ ɛŮ ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ Dr = 24.1 õ 31.2%. ɄɟɞəɨˊŰŮɘ ɧŰɘ ɖ 

ˊŬɟɞɡůɑŬ ɚŮˊŰɞəɧəəɤɜ ůŰɖɜ Ɏɛɛɞ ɀ31 ůŮ ˊɞůɞůŰɧ fc = 10% ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɖɠ 

ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ Űɞɡ ŮŭɎűɞɡɠ əŬɘ ɔɘŬ Űɘɠ ŭɨɞ ŰɎůŮɘɠ ůŰŮɟŮɞˊɞɑɖůɖɠ, ůô0 = 100kPa 

əŬɘ 300kPa. ɇɞ ůɡɛˊɏɟŬůɛŬ ŬɡŰɧ ˊŬɟŬŰɖɟɐɗɖəŮ əŬɘ ɔɘŬ ɛŮɔŬɚɨŰŮɟŮɠ ůɢŮŰɘəɏɠ 

ˊɡəɜɧŰɖŰŮɠ. 

Ⱦɟɑůɘɛɖ ȾŬŰɎůŰŬůɖ 

ũɘŬ Űɘɠ ŬůŰɟɎɔɔɘůŰŮɠ ŭɞəɘɛɏɠ ɛɞɜɞŰɞɜɘəɐɠ űɧɟŰɘůɖɠ ɗŮɤɟɐɗɖəŮ ɧŰɘ ɖ  ŮɜŮɟɔɞˊɞɑɖůɖ 

Űɖɠ əɟɑůɘɛɖɠ əŬŰɎůŰŬůɖɠ ŬɜŰɘůŰɞɘɢŮɑ ůŰŬ ůɖɛŮɑŬ ŮəŮɑɜŬ Űɖɠ ŭɘŬŭɟɞɛɐɠ Űɤɜ ŰɎůŮɤɜ, 

ůŰŬ ɞˊɞɑŬ ɖ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ, ɖ ɛɏůɖ ŮɜŮɟɔɧɠ ŰɎůɖ, əŬɗɩɠ əŬɘ ɖ ˊɑŮůɖ Űɞɡ ɨŭŬŰɞɠ 

Űɤɜ ˊɧɟɤɜ ˊŬɟɏɛŮɘɜŬɜ ˊɟŬəŰɘəɩɠ ůŰŬɗŮɟɏɠ ɛŮ ůɡɜŮɢɘɕɧɛŮɜɖ Ŭɝɞɜɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ.  

ȳˊɤɠ ŮɑɜŬɘ ɔɜɤůŰɧ, ůŰɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ ɖ ɛɞɜɞůɐɛŬɜŰɖ ůɢɏůɖ ɛŮŰŬɝɨ Űɞɡ 

ŭŮɑəŰɖ ˊɧɟɤɜ, ecs, Űɖɠ ɛɏůɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ, pȭcs əŬɘ Űɖɠ ŬˊɞəɚɑɜɞɡůŬɠ ŰɎůɖɠ, qcs, 
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ůŰŬ ŮˊɑˊŮŭŬ Űɤɜ ecs - pȭcs əŬɘ qcs - pȭcs, ŮəűɎɕŮŰŬɘ Ŭˊɧ Űɘɠ ɔɟŬɛɛɏɠ əɟɑůɘɛɖɠ 

əŬŰɎůŰŬůɖɠ (ũȾɆ) ůɨɛűɤɜŬ ɛŮ Űɘɠ ˊŬɟŬəɎŰɤ ůɢɏůŮɘɠ: 

 ecs = ũcs ï ɚcs Ā lnpôcs             (2.1) 

ɧˊɞɡ ũcs ŮɑɜŬɘ ɖ Űɘɛɐ Űɞɡ ecs ɔɘŬ pôcs = 1kPa,  ɚcs ŮɑɜŬɘ ɖ əɚɑůɖ Űɖɠ ũȾɆ 

      qcs = Mcs Ā pôcs                        (2.2) 

ɧˊɞɡ Mcs ŮɑɜŬɘ ůŰŬɗŮɟɎ ɔɘŬ əɎɗŮ ŮŭŬűɘəɧ ɡɚɘəɧ ŮɝŬɟŰɩɛŮɜɖ Ŭˊɧ Űɖ ɔɤɜɑŬ Űɟɘɓɐɠ 

ůŰɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ, űôcs, ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊŬɟŬəɎŰɤ ůɢɏůɖ: 

     ɀcs = 6 sinűôcs / (3 - sinűôcs)                      (2.3) 

ɆŰɞɜ ɄɑɜŬəŬ 2.2 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ əɟɑůɘɛɖɠ əŬŰɎůŰŬůɖɠ ɔɘŬ ŰŬ ɛɖ-

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ɛŮ fc = 0% əŬɘ 10%.  

ɆŰɞ ɆɢɐɛŬ 2.4 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ũȾɆ Űɤɜ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ ɛŮ fc = 

0% əŬɘ fc = 10%. ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ˊŬɟŬˊɎɜɤ ɆɢɐɛŬ, ɞɘ ũȾɆ ɛŮŰŬəɘɜɞɨɜŰŬɘ ˊɟɞɠ 

ŰŬ əɎŰɤ ɛŮ ŬɡɝŬɜɧɛŮɜɞ ˊɞůɞůŰɧ fc. Ⱥˊɑůɖɠ ɔɘŬ Űɘɛɏɠ pôcs Ò 1000kPa, ɞɘ ũȾɆ ɔɘŬ ŰŬ 

ŮŭɎűɖ ɛŮ fc = 0% əŬɘ 10% ŮɑɜŬɘ ůɢŮŭɧɜ ˊŬɟɎɚɚɖɚŮɠ, Ůɜɩ ůɡɔəɚɑɜɞɡɜ ɔɘŬ 

ɛŮɔŬɚɨŰŮɟŮɠ Űɘɛɏɠ Űɖɠ pôcs. 

ɆŰɞ ɆɢɐɛŬ 2.5Ŭ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ Űɖɠ ŬůŰɟɎɔɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ 

ůŰɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ, scs = qcs / 2 = (pôMcs) / 2, ɛŮ Űɞ ecs. ũɘŬ ŭŮŭɞɛɏɜɖ ŮɜŮɟɔɧ 

ŰɎůɖ, əŬɘ ɔɘŬ ŰŬ ŭɨɞ ɛŮɚŮŰɖɗɏɜŰŬ ŮŭɎűɖ ɛŮ fc = 0% əŬɘ 10% ˊŬɟŬŰɖɟŮɑŰŬɘ ɛŮɑɤůɖ 

Űɖɠ scs ɛŮ Ŭɨɝɖůɖ Űɞɡ ecs. ɇɞ ɆɢɐɛŬ 2.5ɓ ˊŬɟɞɡůɘɎɕŮɘ Űɖ ɛŮŰŬɓɞɚɐ Űɖɠ 

əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖɠ ˊɟɞɠ Űɖɜ ŮɜŮɟɔɧ ŰɎůɖ ŬůŰɟɎɔɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ ůŰɖɜ 

əɟɑůɘɛɖ əŬŰɎůŰŬůɖ, ɛŮ Űɞ ecs. 

2.2.2 ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ůŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ 

Ƀɘ ŮəŰŮɚŮůɗŮɑůŮɠ ŰɟɘŬɝɞɜɘəɏɠ ŭɞəɘɛɏɠ (UU) ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.3. ũɘŬ əɎɗŮ 

ŭɞəɘɛɐ ŭɑɜɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ˊɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɖɠ 

ŭɞəɘɛɐɠ əŬɘ əŬŰɎ Űɖ ɛɞɜɞŰɞɜɘəɐ űɧɟŰɘůɖ. ɆŰɖ ůɡɜɏɢŮɘŬ ŬəɞɚɞɡɗŮɑ ɖ ŬɜɎɚɡůɖ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ ŬɜŬűɞɟɘəɎ ɛŮ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ, Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ əŬɘ 

Űɞɡ ˊɞůɞůŰɞɨ CS ůŰɖɜ ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ 

ŭɞəɘɛɑɤɜ əŬɗŬɟɐɠ Ɏɛɛɞɡ (fc = 0%). 

ȳˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ q - ŮŬ, ɖ ŬˊɞəɚɑɜɞɡůŬ ŰɎůɖ ŬɡɝɎɜŮŰŬɘ ŬɟɢɘəɎ 

ɛŮ ŬɡɝŬɜɧɛŮɜɖ Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ ɏɤɠ ŮŬ = 4õ7.9% ɛɏɢɟɘ ɛɘŬ ɛɏɔɘůŰɖ Űɘɛɐ qmax. 

ȷəɞɚɞɡɗŮɑ ɛɑŬ ɛɘəɟɐ ŬˊɞɛŮɑɤůɖ Űɖɠ q Űɖɠ ŰɎɝɖɠ Űɞɡ 6õ30% əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɖ ůŰŬɗŮɟɞˊɞɑɖůɐ Űɖɠ ůŮ Űɘɛɏɠ ɛɘəɟɧŰŮɟŮɠ ɐ əŬɘ ɛŮɔŬɚɨŰŮɟŮɠ Ŭəɧɛɖ 

Ŭˊɧ Űɖɜ qmax (ŬɜŬűɏɟŮŰŬɘ ɤɠ qult) ɛŮ ŬɡɝŬɜɧɛŮɜɖ ˊŬɟŬɛɧɟűɤůɖ Ŭˊɧ 10 ɏɤɠ 16%. 

ɆŰɞ ɆɢɐɛŬ 2.6 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əɨəɚɞɘ Mohr ɔɘŬ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ɛŮ fc 

= 0%. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ 

ˊŮɟɘɓɎɚɚɞɡůŬ ŰɎůɖ, əŬɗɩɠ əŬɘ Ŭˊɧ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ ŭɞəɘɛɑɤɜ. 
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ɇɞ ɆɢɐɛŬ 2.7 ˊŬɟɞɡůɘɎɕŮɘ Űɖ ɛŮŰŬɓɞɚɐ Űɖɠ ɛɏɔɘůŰɖɠ ŬůŰɟɎɔɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ 

ŬɜŰɞɢɐɠ, su,max = qmax/2 əŬɗɩɠ əŬɘ Űɖɠ ɞɟɘŬəɐɠ ŬůŰɟɎɔɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ 

su,ult = qult/2, ɧˊɞɡ ŬɡŰɐ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ Ŭˊɧ Űɖɜ su,max, ɛŮ Űɞ ŭŮɑəŰɖ ˊɧɟɤɜ, e Űɤɜ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ ɛŮ fc = 0% əŬɘ CS = 6% əŬɘ 10%. Ⱥˊɘˊɚɏɞɜ, ɔɘŬ 

ɚɧɔɞɡɠ ůɨɔəɟɘůɖɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ Űɘɛɏɠ su ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɘɠ ŭɞəɘɛɏɠ 

ŬɜŮɛˊɧŭɘůŰɖɠ ɗɚɑɣɖɠ (qu) ůŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ɛŮ fc = 0% əŬɘ CS = 6% əŬɘ 

10%. ũɘŬ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ɛŮ ŭɘɎɚɡɛŬ CS = 10%, ˊŬɟŬŰɖɟŮɑŰŬɘ ɛɑŬ 

ůɢŮŰɘəɐ ɛɘəɟɐ ɛŮɑɤůɖ Űɖɠ su,max ɛŮ ŬɡɝŬɜɧɛŮɜɖ Űɘɛɐ Űɞɡ e, ůŰɞ Ůɨɟɞɠ Űɤɜ 

ɛŮɚŮŰɖɗɏɜŰɤɜ Űɘɛɩɜ e = 0.684õ0.744 (Dr = 24.81õ48.95%) ůŰɖɜ ŮɜŮɟɔɐ ŰɎůɖ Űɤɜ 

100kPa. 

ũɘŬ ŰŬ ŭɞəɑɛɘŬ ɛŮ fc = 0% ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ɛŮ CS = 6% əŬɘ 10%, ɖ Ŭɨɝɖůɖ Űɖɠ 

ˊŮɟɘɓɎɚɚɞɡůŬɠ ŰɎůɖɠ Ŭˊɧ 0kPa ůŰŬ 100kPa ůɡɜŮˊɎɔŮŰŬɘ Űɖ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɖɠ 

su,max (ŮɜɜɘŬˊɚɎůɘŬ əŬɘ ˊŮɜŰŬˊɚɎůɘŬ ˊŮɟɑˊɞɡ, ŬɜŰɑůŰɞɘɢŬ). ȼ Ŭɨɝɖůɖ Űɖɠ ŰɎůɖɠ Ŭˊɧ 

100kPa ůŰŬ 300kPa ůɡɜŮˊɎɔŮŰŬɘ Űɞ ŭɘˊɚŬůɘŬůɛɧ ˊŮɟɑˊɞɡ Űɖɠ su,max Űɤɜ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ ɛŮ CS = 10%. ȼ ɛŮɑɤůɖ Űɞɡ ˊɞůɞůŰɞɨ CS ůŰɞ 

ŭɘɎɚɡɛŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ CS = 6% əŬɘ 

10% ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬˊɞɛŮɑɤůɖ ˊŮɟɑˊɞɡ əŬŰɎ 26.7% Űɖɠ su,max. 

ɆɖɛŮɘɩɜŮŰŬɘ Űɏɚɞɠ ɧŰɘ ɖ Űɘɛɐ su,max ˊŬɟŬŰɖɟɐɗɖəŮ ůŮ Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ Űɖɠ 

ŰɎɝɖɠ Űɞɡ 4õ20%. 

ɇɞ ɆɢɐɛŬ 2.8 ˊŬɟɞɡůɘɎɕŮɘ Űɖ ɛŮŰŬɓɞɚɐ Űɖɠ ŬůŰɟɎɔɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ ɛŮ Űɞ 

ŭŮɑəŰɖ ˊɧɟɤɜ, e, Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ fc = 0% əŬɘ CS = 0%, 6% əŬɘ 10%.  ɆŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɤɜ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ (CS = 0%), ɖ ŬůŰɟɎɔɔɘůŰɖ 

ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ əŬŰɎ Űɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ ŬɜŬűɏɟŮŰŬɘ ůŮ ˊɞɚɨ ɛŮɔɎɚŮɠ 

Ŭɝɞɜɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ, Űɖɠ ŰɎɝɖɠ Űɞɡ 10õ30%. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ ůŰɖɜ ŬɚɚŬɔɐ űɎůɖɠ Űɖɠ 

ŮŭŬűɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ (ŬɚɚŬɔɐ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Ŭˊɧ ůɡůŰɞɚɘəɐ ůŮ ŭɘŬůŰɞɚɘəɐ, 

ɖ ɞˊɞɑŬ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŮɚɎɢɘůŰɖ ŮɜŮɟɔɧ ŰɎůɖ), su,PT = qPT / 2, ˊɟɞɠ ůɨɔəɟɘůɖ ɛŮ 

Űɖɜ ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ, su,max, Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ. ɇɧůɞ 

ɖ su,PT ɧůɞ əŬɘ ɖ su,max ŬɜŬűɏɟɞɜŰŬɘ ůŮ Ŭɝɞɜɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ɛɘəɟɧŰŮɟŮɠ Űɞɡ 

10%. ɄɟɞəɨˊŰŮɘ ŰŮŰɟŬˊɚɎůɘŬ Ŭɨɝɖůɖ Űɖɠ ŬůŰɟɎɔɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ ůŰŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ɛŮ CS = 6% ůŮ ůɢɏůɖ ɛŮ ŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ, ɔɘŬ 

ɞɚɘəɐ ŰɎůɖ 100kPa. ȷɜŰɑůŰɞɘɢŬ, ɖ Ŭɨɝɖůɖ ɔɘŬ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ɛŮ CS = 

10% ŮɑɜŬɘ ˊŮɜŰŬˊɚɎůɘŬ ůŰŬ 100kPa əŬɘ ŮɜɜɘŬˊɚɎůɘŬ ůŰŬ 300kPa, ůŮ ůɨɔəɟɘůɖ ɛŮ 

ŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ. 
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ɄɑɜŬəŬɠ 2.1. ɉŬɟŬəŰɖɟɘůŰɘəɎ ŰɟɘŬɝɞɜɘəɩɜ ŭɞəɘɛɩɜ ɛɞɜɞŰɞɜɘəɐɠ űɧɟŰɘůɖɠ (CU) Űɤɜ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ 

    ȾɞɟŮůɛɧɠ ɆŰŮɟŮɞˊɞɑɖůɖ ɀŮŰɎ Űɖ ůŰŮɟŮɞˊɞɑɖůɖ 
ɀɞɜɞŰɞɜɘəɐ 
űɧɟŰɘůɖ 

ŭɞəɘɛɐ 
fc  

(%) 
ub 

(kPa) 
B  

(%) 
ů'0  

(kPa) 
H  

(mm) 
D 

(mm) 
ec 

Dr  
(%) 

ɟd 
(kg/m3) 

ɔd 
(kN/m3) 

pôcs  
(kPa) 

ȷ-50-1 0 499 98 50 107.83 49.02 0.747 23.5 1519.8 14.91 39.4 

ȷ-100-1 0 501 98 100 109.47 49.49 0.753 21.2 1514.8 14.86 168.6 

ȷ-100-2 0 497 98 100 109.63 49.14 0.741 25.8 1524.7 14.96 210.8 

ȷ-100-3 0 583 100 100 110.7 49.28 0.737 27.6 1528.7 15.00 356.9 

ȷ-100-4 0 700 100 100 110.55 49.45 0.710 38.4 1552.4 15.23 723.3 

ȷ-100-5 0 492 98 100 110.00 49.40 0.706 40.2 1556.5 15.27 750.5 

ȷ-100-6 0 692 100 100 110.08 49.45 0.666 56.4 1594.0 15.64 921.3 

ȷ-300-1 0 508 100 300 109.86 48.32 0.746 24.1 1521.0 14.92 222.2 

ȷ-300-2 0 606 100 300 109.20 48.90 0.686 48.1 1574.5 15.45 760.3 

ȷ-300-3 0 606 100 300 110.78 48.79 0.662 57.8 1597.2 15.67 908.8 

ȸ-100-1 10 495 98 100 111.11 49.33 0.659 8.6 1599.2 15.69 27.8 

ȸ-100-2 10 489 100 100 110.86 49.13 0.643 14.5 1614.7 15.84 35.7 

ȸ-100-3 10 498 100 100 111.67 48.64 0.640 15.6 1617.6 15.87 42.2 

ȸ-100-4 10 491 100 100 110.20 49.29 0.630 19.2 1627.1 15.96 91.5 

ȸ-100-5 10 500 98 100 111.35 49.09 0.598 31.2 1659.9 16.28 305.0 

ȸ-100-6 10 494 100 100 111.38 49.09 0.597 31.9 1661.7 16.30 332.8 

ȸ-100-7 10 593 96 100 111.47 49.74 0.530 56.6 1733.7 17.01 985.5 

ȸ-300-1 10 605 98 300 111.63 49.16 0.614 25.4 1643.9 16.13 357.9 

ȸ-300-2 10 504 98 300 111.65 48.99 0.606 28.4 1652.0 16.21 256.4 

ȸ-300-3 10 602 100 300 111.768 49.00 0.594 32.7 1664.0 16.32 430.1 

ȸ-300-4 10 502 98 300 110.58 48.79 0.591 34.1 1668.0 16.36 462.7 

ȸ-300-5 10 507 98 300 110.80 48.86 0.571 41.3 1688.3 16.56 502.7 

ȸ-300-6 10 608 96 300 111.15 49.09 0.528 57.6 1736.6 17.04 837.5 

ȸ-300-7 10 499 97 300 110.87 48.98 0.491 71.2 1779.0 17.45 1101.7 
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ɄɑɜŬəŬɠ 2.2. ɄŬɟɎɛŮŰɟɞɘ ɔɟŬɛɛɐɠ əɟɑůɘɛɖɠ əŬŰɎůŰŬůɖɠ Űɤɜ űɡůɘəɩɜ ŮŭŬűɩɜ 

ɏŭŬűɞɠ ũcs ɚcs M ű'cs (ɞ) 

fc = 0% 0.9630 0.0420 1.229 30.68 

fc = 10% 0.8389 0.0442 1.273 31.66 

 

 

ɄɑɜŬəŬɠ 2.3. ɉŬɟŬəŰɖɟɘůŰɘəɎ ŰɟɘŬɝɞɜɘəɩɜ ŭɞəɘɛɩɜ ɛɞɜɞŰɞɜɘəɐɠ űɧɟŰɘůɖɠ (UU) Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ  

                  ɀɞɜɞŰɞɜɘəɐ űɧɟŰɘůɖ 

ŭɞəɘɛɐ 
CS  
% 

ů0 
(kPa) 

H  
(mm) 

D  
(mm) 

e 
Dr  

(%) 
ɟd 

(kg/m3) 
ɔd 

(kN/m3) 
su,max  
(kPa) 

su,ult  
(kPa) 

SA6-100-1 6 100 107.75 49.32 0.723 33.36 1541.3 15.12 166.25 165.70 

SA6-100-2 6 100 108.65 49.52 0.720 34.45 1543.7 15.14 149.31 149.31 

SA10-100-1 10 100 112.025 49.433 0.744 24.81 1522.6 14.94 205.09 205.09 

SA10-100-2 10 100 109.78 48.74 0.735 28.38 1530.3 15.01 218.16 205.2 

SA10-100-3 10 100 111.94 49.37 0.732 29.69 1533.2 15.04 194.25 184.55 

SA10-100-4 10 100 112.65 49.73 0.718 35.31 1545.6 15.16 217.3 198.85 

SA10-100-5 10 100 110.025 48.091 0.710 38.51 1552.7 15.23 195.84 195.84 

SA10-100-6 10 100 109.88 49.016 0.710 38.36 1552.4 15.23 179.35 176.65 

SA10-100-7 10 100 110.18 49.76 0.684 48.95 1576.5 15.47 244.2 186.85 

SA10-300-1 10 300 112.3 49.03 0.735 28.43 1530.5 15.01 431.82 431.82 

SA10-300-2 10 300 110.67 49.35 0.733 29.18 1532.1 15.03 374.36 367.12 

SA10-300-3 10 300 112.58 49.76 0.72 34.59 1544.0 15.15 464.31 429.53 
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ɆɢɐɛŬ 2.1. ȺˊɑŭɟŬůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ ůŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ɛŮ fc = 0% (Ŭ, ɓ, ɔ) əŬɘ fc = 10% (ŭ, Ů, ůŰ) ɡˊɧ ŮɜŮɟɔɧ ŰɎůɖ 

ůŰŮɟŮɞˊɞɑɖůɖɠ, ůô0 = 100kPa.  
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ɆɢɐɛŬ 2.2. ȺˊɑŭɟŬůɖ Űɖɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ, ůô0, ůŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ɛŮ fc = 0% (Ŭ, ɓ, ɔ) əŬɘ fc = 10% (ŭ, 

Ů, ůŰ), ˊŬɟɧɛɞɘŬɠ ůɢŮŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ. 
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ɆɢɐɛŬ 2.3. ȺˊɑŭɟŬůɖ Űɞɡ ˊɞůɞůŰɞɨ ɚŮˊŰɞəɧəəɤɜ ůŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ˊŬɟɧɛɞɘŬɠ ůɢŮŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ, ůŮ ŮɜŮɟɔɧ 

ŰɎůɖ ůŰŮɟŮɞˊɞɑɖůɖɠ, ůô0 = 100kPa (Ŭ, ɓ, ɔ) əŬɘ 300kPa (ŭ, Ů, ůŰ). 



ɄŬɟŬŭɞŰɏɞ Ʉ4: ɇŮɢɜɘəɐ ȰəɗŮůɖ: ɀɞɜɞŰɞɜɘəɏɠ (ŰɟɘŬɝɞɜɘəɏɠ) ŭɞəɘɛɏɠ  

MIS 375618: ŪȷȿȼɆ ï ɄȷɁȺɄȽɆɇȼɀȽɃ ŪȺɆɆȷȿȽȷɆ              ƅ 16 

1 10 100 1000 10000

p'cs (kPa)

0.4

0.5

0.6

0.7

0.8

0.9

e
cs

(a)

emax = 0.682 (fc = 10%)

emin = 0.414 (fc = 10%)

fc = 0%

emax = 0.805 (fc = 0%)

emin = 0.558 (fc = 0%)
fc = 10%

0 250 500 750 1000 1250 1500

p'cs (kPa)

0

250

500

750

1000

1250

1500

q
c
s
 (

k
P

a
)

(b)

        fc = 0%     -  M = 1.229

         fc = 10%   -  M = 1.273

fc = 10%

fc = 0%

 

ɆɢɐɛŬ 2.4. ũɟŬɛɛɏɠ əɟɑůɘɛɖɠ əŬŰɎůŰŬůɖɠ ůŰɞ ŮˊɑˊŮŭɞ (a) ecs - pôcs əŬɘ (b) qcs - pôcs Űɤɜ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ ɛŮ fc = 0% 

əŬɘ fc = 10%. 
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ɆɢɐɛŬ 2.5 Ŭ). ɀŮŰŬɓɞɚɐ Űɖɠ ŬůŰɟɎɔɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ, scs ůŰɖɜ əɟɑůɘɛɖ 

əŬŰɎůŰŬůɖ ɛŮ Űɞ ŭŮɑəŰɖ ˊɧɟɤɜ, e ɔɘŬ ŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ɛŮ fc = 0% əŬɘ 

fc = 10%. ɓ). ɀŮŰŬɓɞɚɐ Űɖɠ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖɠ ˊɟɞɠ Űɖɜ ŮɜŮɟɔɧ ŰɎůɖ ŬůŰɟɎɔɔɘůŰɖɠ 

ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ, scs ůŰɖɜ əɟɑůɘɛɖ əŬŰɎůŰŬůɖ ɛŮ Űɞ ŭŮɑəŰɖ ˊɧɟɤɜ, e ɔɘŬ ŰŬ ɛɖ-

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ɛŮ fc = 0% əŬɘ fc = 10%. 
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ɆɢɐɛŬ 2.6. Ⱦɨəɚɞɘ Mohr ɔɘŬ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ Ɏɛɛɞɡ (fc = 0%) ɛŮ CS = 

6% əŬɘ 10%. 
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ɆɢɐɛŬ 2.7. ɀŮŰŬɓɞɚɐ Űɖɠ ŬůŰɟɎɔɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ, su,max əŬɘ su,ult ɛŮ Űɞ 

ŭŮɑəŰɖ ˊɧɟɤɜ, e, ɔɘŬ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ ɛŮ fc = 0% əŬɘ CS = 6% əŬɘ 10%, 

ůŰɘɠ ŰɎůŮɘɠ ů0 = 0kPa (qu ŭɞəɘɛɏɠ), 100kPa əŬɘ 300 kPa (UU ŭɞəɘɛɏɠ). 
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ɆɢɐɛŬ 2.8. ɀŮŰŬɓɞɚɐ Űɖɠ ŬůŰɟɎɔɔɘůŰɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ ɛŮ Űɞ ŭŮɑəŰɖ ˊɧɟɤɜ, e, 

ɔɘŬ ŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ (CS = 0%) ɛŮ fc = 0% əŬɘ ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ɛŮ 

CS = 6% əŬɘ 10%, ůŰɘɠ ŰɎůŮɘɠ ů0 = 100kPa əŬɘ 300 kPa. 
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3.   ɀɃɁɃɇɃɁȽȾȺɆ ȹɃȾȽɀȺɆ ɆȺ ɈɊȼȿȷ ȺɄȽɄȺȹȷ ɇȷɆȺɋɁ 

 

3.1 ɄŮɟɘɔɟŬűɐ Ůɝɞˊɚɘůɛɞɨ əŬɘ ŭɘŬŭɘəŬůɑŬ ŮəŰɏɚŮůɖɠ ŭɞəɘɛɩɜ 

ɆŰɞ əŮűɎɚŬɘɞ ŬɡŰɧ ˊŮɟɘɔɟɎűɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɛɞɜɞŰɞɜɘəɩɜ ŭɞəɘɛɩɜ 

ŰɟɘŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ, űɡůɘəɩɜ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ, ůŮ ɡɣɖɚɎ ŮˊɑˊŮŭŬ 

ŰɎůŮɤɜ. ɇŬ űɡůɘəɎ ŮŭŬűɘəɎ ɡɚɘəɎ ˊɞɡ ŭɞəɘɛɎůŰɖəŬɜ ŮɑɜŬɘ ɖ əŬɗŬɟɐ Ɏɛɛɞɠ ɀ31 əŬɘ 

Űɞ ɛɑɔɛŬ 85% ə.ɓ. Ɏɛɛɞɡ ɀ31 əŬɘ 15% ə.ɓ. ɘɚɨɞɠ D6( ɚŮˊŰɧəɞəəŬ fc=10%). ɇŬ 

ŮŭɎűɖ ŬɡŰɎ ůŰɖ ůɡɜɏɢŮɘŬ ůŰŬɗŮɟɞˊɞɘɐɗɖəŬɜ ɛŮ Űɞ əɞɚɚɞŮɘŭɏɠ ɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ( 

colloidal silica LUDOX SM-30), ( .́ɢ. Gallagher 2000, Gallagher & Mitchell 2002, 

Gallagher et al 2007, Spencer et al 2008) ůŮ ˊɞůɞůŰɎ ůŰŬɗŮɟɞˊɞɘɖŰɐ CS=6 əŬɘ 

10% ə.ɓ., əŬɘ űɞɟŰɑůŰɖəŬɜ. ɇŬ ŭɞəɑɛɘŬ ŮɑɢŬɜ ŭɘɎɛŮŰɟɞ 50 mm əŬɘ ɨɣɞɠ 100 mm əŬɘ 

ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ ŮɛɓɎˊŰɘůɖ ɝɖɟɞɨ ŮŭŬűɘəɞɨ ɡɚɘəɞɨ ůŮ ɜŮɟɧ ɐ ůŮ ɡɔɟɧɚɡɛŬ 

ŮɛˊɚɞɡŰɘůɛɏɜɞ ɛŮ ůŰŬɗŮɟɞˊɞɘɖŰɐ (Gallagher & Mitchell 2002). ɇɞ ɡɔɟɧɚɡɛŬ 

ˊŮɟɘŮɑɢŮ əŬŰɎɚɚɖɚɞ ˊɞůɞůŰɧ ŬɚɎŰɤɜ (0.03 N NaCl əŬɘ 0.18 Ɂ NaCl ɔɘŬ CS=10 əŬɘ 

6% ŬɜŰɑůŰɞɘɢŬ) əŬɘ Űɞ PH Űɞɡ ɟɡɗɛɑůŰɖəŮ ůŰɖɜ Űɘɛɐ 6 ɛŮ ɢɟɐůɖ ɧɝɘɜɞɡ ŭɘŬɚɨɛŬŰɞɠ 

HCl, ɩůŰŮ ɜŬ ŮɚŮɔɢɗŮɑ ɞ ɢɟɧɜɞɠ ůɢɖɛŬŰɘůɛɞɨ Űɖɠ ɔɏɚɖɠ əŬɘ ɖ ůɡɜŮˊŬɔɧɛŮɜɖ 

Ŭɨɝɖůɖ Űɞɡ ɘɝɩŭɞɡɠ (Gallagher et al 2007). ɇŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ŬűɏɗɖəŬɜ 

ɜŬ ɤɟɘɛɎůɞɡɜ ůŮ ŮɘŭɘəɎ ŭɘŬɛɞɟűɤɛɏɜŬ əŬɚɞɨˊɘŬ, ɡˊɧ ŬŮɟɞůŰŮɔŮɑɠ ůɡɜɗɐəŮɠ. Ƀ 

ůɡɜɞɚɘəɧɠ ɢɟɧɜɞɠ ɤɟɑɛŬɜůɖɠ ɔɘŬ ˊɞůɞůŰɧ ůŰŬɗŮɟɞˊɞɘɖŰɐ CS=6% ɐŰŬɜ 55 ɩɟŮɠ, 

Ůɜɩ ɔɘŬ ˊɞůɞůŰɧ CS=10% ɐŰŬɜ 50 ɩɟŮɠ.  

Ƀɘ ŭɞəɘɛɏɠ ŮəŰŮɚɏůŰɖəŬɜ ůŮ ɡɣɖɚɎ ŮˊɑˊŮŭŬ ŰɎůŮɤɜ ɛŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ɘůɧŰɟɞˊɖɠ 

ůŰŮɟŮɞˊɞɑɖůɖɠ piô=1000, 1500 əŬɘ 2000 kPa, ɛŮ ůəɞˊɧ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ 

ŮˊɑŭɟŬůɖɠ Űɤɜ ɡɣɖɚɩɜ ŰɎůŮɤɜ ˊɎɜɤ ůŰɞɡɠ ɢɖɛɘəɞɨɠ ŭŮůɛɞɨɠ Űɤɜ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ (Gallagher et al 2007), Ůɜɩ ŮəŰŮɚɏůŰɖəŬɜ əŬɘ ŭɞəɘɛɏɠ 

ůŮ ɢŬɛɖɚɧŰŮɟɖ ŰɎůɖ piô=300 kPa ɔɘŬ ŬɜŰɘˊŬɟɎɗŮůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮ ŮəŮɑɜŬ 

Űɞɡ ȾŮűŬɚŬɑɞɡ 2. ɇŬ ŬɜŬɚɡŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɩɜ Űɞɡ ˊŬɟɧɜŰɞɠ 

ȾŮűŬɚŬɑɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɄŬɟɎɟŰɖɛŬ ȸ, Ůɜɩ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 3.2 ŭɑɜɞɜŰŬɘ 

ůɡɔəŮɜŰɟɤŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ ɛɖ ůɡɜŮəŰɘəɩɜ 

ŮŭŬűɩɜ ůŮ ɡɣɖɚɎ ŮˊɑˊŮŭŬ ŰɎůŮɤɜ. 

Ƀɘ ůɢŮŰɘəɏɠ ˊɡəɜɧŰɖŰŮɠ Űɤɜ ŭɞəɘɛɑɤɜ űɡůɘəɐɠ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ ɀ31 

ɐŰŬɜ ůŰɞ Ůɨɟɞɠ Dr = 30 ɏɤɠ 40%, Ůɜɩ Űɤɜ ŭɞəɘɛɑɤɜ űɡůɘəɞɨ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ 

ɛɑɔɛŬŰɞɠ ɀ31-D6 Űɞ Ůɨɟɞɠ Űɖɠ Dr = 25 ɏɤɠ 35%. Ƀɘ ŭɞəɘɛɏɠ ŰɟɘŬɝɞɜɘəɐɠ ůɡɛˊɑŮůɖɠ 

ŮəŰŮɚɏůŰɖəŬɜ ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ ɛŮ ɟɡɗɛɧ ŭɘɎŰɛɖůɖɠ 0.30 mm/min. 

ɉɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ŰɟɘŬɝɞɜɘəɐ ůɡůəŮɡɐ ɡɣɖɚɩɜ ˊɘɏůŮɤɜ Űɞɡ ȺɟɔŬůŰɖɟɑɞɡ 

ȺŭŬűɞɛɖɢŬɜɘəɐɠ Űɞɡ Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ, ɖ ɞˊɞɑŬ ŭɘŬɗɏŰŮɘ əɡɣɏɚɖ 

ɛɏɔɘůŰɖɠ ˊɑŮůɖɠ 7 MPa əŬɘ ˊɚŬɑůɘɞ ɛɏɔɘůŰɞɡ Ŭɝɞɜɘəɞɨ űɞɟŰɑɞɡ 50 kN (ɓɚɏˊŮ ɆɢɐɛŬ 

3.1). ȼ ɛɏŰɟɖůɖ Űɤɜ Ŭɝɞɜɘəɩɜ ɛŮŰŬəɘɜɐůŮɤɜ ɏɔɘɜŮ ɛŮ ŮɝɤŰŮɟɘəɧ ɛŮŰɟɖŰɐ ŬɚɚɎ əŬɘ ɛŮ 

ŮůɤŰŮɟɘəɞɨɠ ɛŮŰɟɖŰɏɠ Ůˊɑ Űɞɡ ŭɞəɘɛɑɞɡ. ȳɚŬ ŰŬ ɛŮŰɟɖŰɘəɎ ɧɟɔŬɜŬ ɓŬɗɛɞɜɞɛɐɗɖəŬɜ 

ůŰɞ Ůɨɟɞɠ  Űɤɜ ŮˊɘɓŬɚɚɧɛŮɜɤɜ űɡůɘəɩɜ ɛŮɔŮɗɩɜ.    
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ɆɢɐɛŬ 3.1. ɇɟɘŬɝɞɜɘəɐ ůɡůəŮɡɐ ɡɣɖɚɩɜ ˊɘɏůŮɤɜ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɞ ȺɟɔŬůŰɐɟɘɞ 

ȺŭŬűɞɛɖɢŬɜɘəɐɠ Ⱥ.ɀ.Ʉ. əŬɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɘɠ ŭɞəɘɛɏɠ Űɞɡ ˊŬɟɧɜŰɞɠ 

əŮűŬɚŬɑɞɡ 

 

ɆɡɛˊɚɖɟɤɛŬŰɘəɎ, ŮəŰɧɠ Ŭˊɧ Űɘɠ ɛɞɜɞŰɞɜɘəɏɠ ŭɞəɘɛɏɠ ŰɟɘŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ ɡˊɧ 

ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ, ŮəŰŮɚɏůŰɖəŬɜ əŬɘ ŮɜŭŮɘəŰɘəɏɠ ɛɞɜɞŰɞɜɘəɏɠ ŭɞəɘɛɏɠ 

ŰɟɘŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ ůŮ əŬɗŬɟɐ Ɏɛɛɞ, ɡˊɧ ůŰɟŬɔɔɘɕɧɛŮɜŮɠ ůɡɜɗɐəŮɠ, əŬɗɩɠ əŬɘ 

ɛɞɜɞŰɞɜɘəɏɠ ŭɞəɘɛɏɠ ůŰɟŮˊŰɘəɐɠ ŭɘɎŰɛɖůɖɠ əŬɗŬɟɐɠ Ɏɛɛɞɡ ɡˊɧ ůŰɟŬɔɔɘɕɧɛŮɜŮɠ 

ůɡɜɗɐəŮɠ.      

 

3.2   ȷˊɞŰŮɚɏůɛŬŰŬ ɛɞɜɞŰɞɜɘəɩɜ ŭɞəɘɛɩɜ 

3.2.1 ȷˊɞŰŮɚɏůɛŬŰŬ ŭɞəɘɛɩɜ ůŰŬ ɛɖ-ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ 

ɄŬɟɞɡůɘɎɕɞɜŰŬɘ Ŭɟɢɘəɩɠ ŰŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ɏɔɘɜŬɜ ůŮ ŭɞəɑɛɘŬ əŬɗŬɟɐɠ Ɏɛɛɞɡ ɀ31 

ŰŬ ɞˊɞɑŬ ůŰŮɟŮɞˊɞɘɐɗɖəŬɜ ɘůɧŰɟɞˊŬ ůŮ Ŭɟɢɘəɏɠ ŮɜŮɟɔɏɠ ŰɎůŮɘɠ piô=1000, 1500, 

2000 əŬɘ 300 kPa əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŬəɞɚɞɨɗɖůŮ ˊŮɟɑɞŭɞɠ ɖɟŮɛɑŬɠ 1.5 ɩɟŬɠ. ȼ 
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ˊŮɟɑɞŭɞɠ ɖɟŮɛɑŬɠ ŮˊɘɚɏɢɗɖəŮ Űɧůɞ ŮəŰŮɜɐɠ, ɩůŰŮ ɜŬ ŮɑɜŬɘ ůɡɔəɟɑůɘɛɖ ɛŮ Űɖ ɢɟɞɜɘəɐ 

ŭɘɎɟəŮɘŬ ůŰɟɎɔɔɘůɖɠ Űɞɡ ɜŮɟɞɨ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ. 

Ƀɘ ůɢŮŰɘəɏɠ ˊɡəɜɧŰɖŰŮɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ ŮɑɜŬɘ ůŰɞ Ůɨɟɞɠ Dr = 30 ɏɤɠ 40%, Ůɜɩ ŰŬ 

ŭɘŬɔɟɎɛɛŬŰŬ ůŰŮɟŮɞˊɞɑɖůɖɠ e-logpô űŬɑɜɞɜŰŬɘ ůɡɔəŮɜŰɟɤŰɘəɎ ůŰɞ ɆɢɐɛŬ 3.2. 

ɄŬɟŬŰɖɟŮɑŰŬɘ Űɡˊɘəɐ ůɡɛˊŮɟɘűɞɟɎ Ɏɛɛɞɡ ɛŮ ˊŬɟɎɚɚɖɚŮɠ Űɘɠ (ůɢŮŭɧɜ) ŮɡɗŮɑŮɠ 

əŬɛˊɨɚŮɠ ůŰŮɟŮɞˊɞɑɖůɖɠ ůŰɖɜ ɖɛɘɚɞɔŬɟɘɗɛɘəɐ  əɚɑɛŬəŬ. 

 

ɆɢɐɛŬ 3.2. ȾŬɛˊɨɚŮɠ ɘůɧŰɟɞˊɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ ŭɞəɘɛɑɤɜ Ɏɛɛɞɡ ɀ31 ɔɘŬ ŭɘɎűɞɟŮɠ 

Ŭɟɢɘəɏɠ ˊɡəɜɧŰɖŰŮɠ 

 

ɀŮŰɎ Ŭˊɧ Űɖɜ ɘůɧŰɟɞˊɖ ůŰŮɟŮɞˊɞɑɖůɖ ɖ Ɏɛɛɞɠ ɀ31 űɞɟŰɑůŰɖəŮ ůŮ ŰɟɘŬɝɞɜɘəɐ 

ůɡɛˊɑŮůɖ ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ, ɛŮ ɟɡɗɛɧ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ɛŮŰŬŰɧˊɘůɖɠ 0.30 

mm/min. Ƀɘ ŮɜŮɟɔɏɠ ŭɘŬŭɟɞɛɏɠ ŰɎůŮɤɜ ůŰɞ ŮˊɑˊŮŭɞ q-pô űŬɑɜɞɜŰŬɘ ůɡɔəŮɜŰɟɤŰɘəɎ 

ůŰɞ ɆɢɐɛŬ 3.3. ȳˊɤɠ ˊɟɞəɨˊŰŮɘ, ɖ ůɡůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ Ɏɛɛɞɡ ŮɑɜŬɘ 

ŮɜŰɞɜɧŰŮɟɖ ɧůɞ ɖ Ŭɟɢɘəɐ ŮɜŮɟɔɧɠ ŰɎůɖ ŬɡɝɎɜŮŰŬɘ. ɆŮ ɧɚŬ ŰŬ ŮˊɑˊŮŭŬ ŮɜŮɟɔɩɜ 

ŰɎůŮɤɜ ɖ Ɏɛɛɞɠ ŮɛűŬɜɑɕŮɘ ŬɚɚŬɔɐ űɎůɖɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŰɎůɖ ɔɘŬ ŭɘŬůŰɞɚɐ əŬŰɎ 

ɛɐəɞɠ ɛɘŬɠ əɞɘɜɐɠ ˊŮɟɘɓɎɚɚɞɡůŬɠ ŬůŰɞɢɑŬɠ. ȼ ɔɤɜɑŬ ŬɚɚŬɔɐɠ űɎůɖɠ ɓɟɏɗɖəŮ űȭPTL 

= 31o, Ůɜɩ ɖ ɔɤɜɑŬ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ űȭ = 33o.  

ɆŰɞ ɆɢɐɛŬ 3.4 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůɡɔəŮɜŰɟɤŰɘəɎ ɞɘ əŬɛˊɨɚŮɠ Ŭˊɞəɚɘɜɞɡůɩɜ ŰɎůŮɤɜ-

ˊŬɟŬɛɞɟűɩůŮɤɜ q-Ůz (ɧˊɞɡ Ůz ɖ Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ). ɆŰɘɠ ɡɣɖɚɏɠ ŮɜŮɟɔɏɠ 

ŰɎůŮɘɠ ůŰŮɟŮɞˊɞɑɖůɖɠ (1000, 1500 əŬɘ 2000 kPa) ɖ Ɏɛɛɞɠ űŬɑɜŮŰŬɘ ɜŬ ŮɔəŬŰŬɚŮɑˊŮɘ 

Űɖ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɔɘŬ Ŭɝɞɜɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ 20% əŬɘ 

ɜŬ ůŰŬɗŮɟɞˊɞɘŮɑ Űɖɜ ŬˊɞəɚɑɜɞɡůŬ ŰɎůɖ q. ȷɜŰɑɗŮŰŬ, ɔɘŬ ŮɜŮɟɔɧ ŰɎůɖ 300 kPa ɖ 

Ɏɛɛɞɠ ˊŬɟŬɛɏɜŮɘ ŮɜŰɧɜɤɠ ŭɘŬůŰɞɚɘəɐ əŬɘ ůŰɘɠ ɡɣɖɚɏɠ Ŭɝɞɜɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ.  
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ɆɢɐɛŬ 3.3. ȺɜŮɟɔɏɠ ŭɘŬŭɟɞɛɏɠ ŰɎůŮɤɜ Ɏɛɛɞɡ ɀ31 Ŭˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ŭɞəɘɛɏɠ 

ŰɟɘŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ  

 

 

ɆɢɐɛŬ 3.4. Ɇɢɏůɖ Ŭˊɞəɚɘɜɞɡůɩɜ ŰɎůŮɤɜ ï Ŭɝɞɜɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ Ɏɛɛɞɡ ɀ31 

Ŭˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ŭɞəɘɛɏɠ ŰɟɘŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ  
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ɆɢɐɛŬ 3.5. Ɇɢɏůɖ ɡˊŮɟˊɑŮůɖɠ ɨŭŬŰɞɠ ˊɧɟɤɜ ï Ŭɝɞɜɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ Ɏɛɛɞɡ 

ɀ31 Ŭˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ŭɞəɘɛɏɠ ŰɟɘŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ  

 

Ƀɘ ɡˊŮɟˊɘɏůŮɘɠ Űɞɡ ɨŭŬŰɞɠ Űɤɜ ˊɧɟɤɜ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖɜ Ŭɝɞɜɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3.5. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ŬɚɚŬɔɐ űɎůɖɠ 

ŮɛűŬɜɑɕŮŰŬɘ ˊŮɟɑˊɞɡ ůŮ Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ 2-3% ɔɘŬ ɧɚŬ ŰŬ ŮˊɑˊŮŭŬ ŮɜŮɟɔɩɜ 

ŰɎůŮɤɜ ŮɔəɘɓɤŰɘůɛɞɨ, Ůɜɩ ɖ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ Ɏɛɛɞɡ ŭɘŬəɧˊŰŮŰŬɘ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɤɜ ɡɣɖɚɩɜ ŰɎůŮɤɜ, əŬɗɩɠ ɞɘ əŬɛˊɨɚŮɠ ɡˊŮɟˊɑŮůɖɠ ŰŮɑɜɞɡɜ ɜŬ 

ɞɟɘɕɞɜŰɘɤɗɞɨɜ. ȷɜŰɑɗŮŰŬ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ ɢŬɛɖɚɐɠ ŰɎůɖɠ ɖ əŬɛˊɨɚɖ ɡˊŮɟˊɑŮůɖɠ 

ŭŮɑɢɜŮɘ ɏɜŬɜ űɗɑɜɞɜŰŬ əɚɎŭɞ ˊɞɡ ůɡɜŮɢɑɕŮɘ əŬɘ ůŰŬ ɡɣɖɚɎ ŮˊɑˊŮŭŬ 

ˊŬɟŬɛɞɟűɩůŮɤɜ. ɄŬɟŬŰɖɟɞɨɛŮ ɧŰɘ, ůŮ əŬɛɑŬ ˊŮɟɑˊŰɤůɖ ŭŮɜ ˊɟɞɏəɡɣŮ 

ůɡɔəɏɜŰɟɤůɖ ŭɘŬŰɛɖŰɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ůŮ ŮˊɑˊŮŭɞ. ȺˊɘůɖɛŬɑɜŮŰŬɘ ɧŰɘ ɞ 

ɞˊŰɘəɧɠ ɏɚŮɔɢɞɠ Űɤɜ ŭɞəɘɛɑɤɜ ɏɔɘɜŮ ɛŮŰɎ Űɞ ˊɏɟŬɠ Űɤɜ ŭɞəɘɛɩɜ, Ŭűɞɨ ɖ əɡɣɏɚɖ 

ɏɢŮɘ ŬŭɘŬűŬɜɏɠ ˊŮɟɑɓɚɖɛŬ.  

ũɘŬ ɜŬ ŮɝŮŰŬůŰŮɑ ɖ ŮˊɑŭɟŬůɖ Űɖɠ Ŭɟɢɘəɐɠ ŮɜŮɟɔɞɨ ŰɎůɖɠ ůŰɖɜ Ŭˊɧəɟɘůɖ, ŰŬ 

ŭɘŬɔɟɎɛɛŬŰŬ Ŭˊɞəɚɘɜɞɡůɩɜ ŰɎůŮɤɜ ï Ŭɝɞɜɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ əŬɘ 

ɡˊŮɟˊɘɏůŮɤɜ ɨŭŬŰɞɠ ˊɧɟɤɜ ï Ŭɝɞɜɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ əŬɜɞɜɘəɞˊɞɘɐɗɖəŬɜ ɤɠ 

ˊɟɞɠ Űɖɜ Ŭɟɢɘəɐ ŮɜŮɟɔɧ ŰɎůɖ əŬɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 3.6 əŬɘ 3.7 

ŬɜŰɑůŰɞɘɢŬ. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ, ůŰɘɠ ɡɣɖɚɏɠ ŮɜŮɟɔɏɠ ŰɎůŮɘɠ 1500 əŬɘ 2000  kPa ɞɘ 

əŬɜɞɜɘəɞˊɞɘɖɛɏɜŮɠ əŬɛˊɨɚŮɠ q/piô-Ůz ŰŬɡŰɑɕɞɜŰŬɘ, Ůɜɩ ɖ əŬɛˊɨɚɖ Űɤɜ 1000 kPa 

ɡˊŮɟɏɢŮɘ ŮɚŬűɟɩɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ˊɡəɜɧŰŮɟɖ ŭɞɛɐ Űɖɠ Ɏɛɛɞɡ. 

ȷɜŬűɏɟɞɡɛŮ ɧŰɘ, Űɞ ŭɞəɑɛɘɞ ˊɞɡ ŮɝŮŰɎůŰɖəŮ ůŮ Ŭɟɢɘəɐ ŮɜŮɟɔɧ ŰɎůɖ 1000 kPa ŮɑɢŮ 

ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ Dr=40%, Ůɜɩ ŰŬ ŭɞəɑɛɘŬ Űɤɜ ŮɜŮɟɔɩɜ ŰɎůŮɤɜ 1500 əŬɘ 2000 

kPa ŮɑɢŬɜ ůɢŮŰɘəɐ ˊɡəɜɧŰɖŰŬ Dr=30%. ȼ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ əŬɛˊɨɚɖ Űɖɠ ŮɜŮɟɔɞɨ 
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ŰɎůɖɠ 300 kPa ŭɘŬɢɤɟɑɕŮŰŬɘ Ŭˊɧ Űɘɠ ɡˊɧɚɞɘˊŮɠ ɔɘŬ ˊŬɟŬɛɧɟűɤůɖ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ 

5%, əŬɗɩɠ Űɞ ŭɞəɑɛɘɞ ŬɡŰɧ ɐŰŬɜ ŮɜŰɧɜɤɠ ŭɘŬůŰɞɚɘəɧ ɛɏɢɟɘ ŰŬ ɡɣɖɚɎ ŮˊɑˊŮŭŬ 

ˊŬɟŬɛɞɟűɩůŮɤɜ. ȼ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ Űɘɛɐ q/piô ɔɘŬ Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ 5% 

əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 1.0 ɏɤɠ 1.1 ɔɘŬ ɧɚŬ ŰŬ ŮˊɑˊŮŭŬ ŰɎůŮɤɜ. ȳůɞɜ ŬűɞɟɎ Űɘɠ 

əŬɜɞɜɘəɞˊɞɘɖɛɏɜŮɠ əŬɛˊɨɚŮɠ ȹu/piô- Ůz, ŭŮɑɢɜɞɡɜ ůɨɔəɚɘůɖ ɔɘŬ Űɘɠ ŮɜŮɟɔɏɠ ŰɎůŮɘɠ 

1500 əŬɘ 2000  kPa, ɖ əŬɛˊɨɚɖ Űɤɜ 1000 kPa ŬˊɞəɚɑɜŮɘ ŮɚŬűɟɩɠ ˊɟɞɠ ŮɜŰɞɜɧŰŮɟɖ 

ŭɘŬůŰɞɚɐ ɚɧɔɤ ɡɣɖɚɧŰŮɟɖɠ ˊɡəɜɧŰɖŰŬɠ, Ůɜɩ ɖ əŬɛˊɨɚɖ Űɤɜ 300 kPa ŭɘŬɢɤɟɑɕŮŰŬɘ 

ŬɘůɗɖŰɎ ɚɧɔɤ Űɖɠ ɏɜŰɞɜɖɠ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ, ɖ ɞˊɞɑŬ ŮəŭɖɚɩɜŮŰŬɘ ůŰɘɠ ɢŬɛɖɚɧŰŮɟŮɠ 

ŰɎůŮɘɠ ůŰŮɟŮɞˊɞɑɖůɖɠ.  

ȼ ŭŮɨŰŮɟɖ ůŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ ɏɔɘɜŮ ůŮ ŭɞəɑɛɘŬ Ɏɛɛɞɡ ɀ31 ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ɛŮ 

əɞɚɚɞŮɘŭɐ ˊɡɟɘŰɑŬ (colloidal silica) ůŮ ˊɞůɞůŰɎ 6 əŬɘ 10% ə.ɓ., ɨůŰŮɟŬ Ŭˊɧ ɏɜŬɜ 

ɢɟɧɜɞ ɤɟɑɛŬɜůɖɠ 55 əŬɘ 50 ɤɟɩɜ ŬɜŰɑůŰɞɘɢŬ. ɇŬ ŭɞəɑɛɘŬ ɛŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ 

ɤɟɑɛŬɜůɖɠ ŬˊɞůˊɎůŰɖəŬɜ Ŭˊɧ ŰŬ əŬɚɞɨˊɘŬ əŬɘ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŰɖɜ ŰɟɘŬɝɞɜɘəɐ 

ůɡůəŮɡɐ. ȷəɞɚɞɨɗɖůŮ ɖ ɘůɧŰɟɞˊɖ ůŰŮɟŮɞˊɞɑɖůɖ Űɞɡɠ ɖ ɞˊɞɑŬ ɏɔɘɜŮ ɛŮ ɛɏŰɟɖůɖ Űɖɠ 

ˊɑŮůɖɠ ˊɧɟɤɜ (ɛŮ ɢɟɐůɖ ŮɝɤŰŮɟɘəɞɨ ɛŮŰɟɖŰɐ ůŰɖ ɔɟŬɛɛɐ Ŭɛɏůɤɠ ɛŮŰɎ Űɖ ɓɎůɖ Űɞɡ 

ŭɞəɘɛɑɞɡ), ŬɚɚɎ ɢɤɟɑɠ ɛɏŰɟɖůɖ Űɖɠ ɛŮŰŬɓɞɚɐɠ ɧɔəɞɡ, əŬɗɩɠ ɡˊɐɟɢŮ ɞ əɑɜŭɡɜɞɠ 

ŮəŰŮŰŬɛɏɜɖɠ əɡəɚɞűɞɟɑŬɠ Űɞɡ əɞɚɚɞŮɘŭɞɨɠ ɟŮɡůŰɞɨ ůŰɘɠ ůɤɚɖɜɩůŮɘɠ Űɖɠ ůɡůəŮɡɐɠ 

(ŬˊɞɛŬəɟɡůɛɏɜɞɠ ɞ ɛŮŰɟɖŰɐɠ ɛŮŰŬɓɞɚɐɠ ɧɔəɞɡ). ɇŬ ŭɞəɑɛɘŬ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ůŰŮɟŮɞˊɞɑɖůɖɠ ŬűɏɗɖəŬɜ ɜŬ ůŰɟŬɔɔɑɕɞɡɜ, ɛɏůɤ ŭŮɨŰŮɟɖɠ ůɤɚɐɜɤůɖɠ ůŰɖ ɓɎůɖ 

Űɞɡ ŭɞəɘɛɑɞɡ, ůŮ ŭŮɝŬɛŮɜɐ ˊɚɖɟɤɛɏɜɖ ɛŮ ɜŮɟɧ ɖ ɞˊɞɑŬ ŮˊɏɓŬɚŮ ɡŭɟɞůŰŬŰɘəɐ ˊɑŮůɖ 

ˊŮɟɑˊɞɡ 10 kPa. ɀŮŰɎ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ˊɑŮůɖɠ Űɖɠ əɡɣɏɚɖɠ ůŰŬ ŮˊɑˊŮŭŬ ŰɎůŮɤɜ 

1000, 1500, 2000 əŬɘ 300 kPa ŬəɞɚɞɨɗɖůŮ ˊŮɟɑɞŭɞɠ ůŰɟɎɔɔɘůɖɠ ŰɞɡɚɎɢɘůŰɞɜ 1.5 

ɩɟŬɠ.  

ȼ ůŰɟɎɔɔɘůɖ Űɞɡ ɜŮɟɞɨ ɛɏůŬ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ Űɖɠ ˊɡɟɘŰɑŬɠ ŮɑɜŬɘ Ŭɟɔɐ ŭɘŬŭɘəŬůɑŬ 

əŬɘ ɔɘŬ ɜŬ ŮɝŬəɟɘɓɤɗŮɑ Ŭɜ ɏɢŮɘ ɞɚɞəɚɖɟɤɗŮɑ, ŮəŰŮɚɏůŰɖəŮ ɞ Ůɝɐɠ ɏɚŮɔɢɞɠ. ȷɜɎ ŰŬəŰɎ 

ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ ŭɘŬəɧˊŰŮŰŬɘ ɖ ůŰɟɎɔɔɘůɖ ɛŮ əɚŮɑůɘɛɞ Űɖɠ ɓɎɜŬɠ Ůəɟɞɐɠ. ɇɞ 

ɜŮɟɧ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ Űɖɠ ˊɡɟɘŰɑŬɠ ɓɟɑůəŮŰŬɘ ɡˊɧ ˊɑŮůɖ əŬɘ ŰŮɑɜŮɘ ɜŬ ŮəŰɞɜɤɗŮɑ 

ˊɟɞɠ Űɞ ɜŮɟɧ ˊɞɡ ˊɚɖɟɩɜŮɘ Űɘɠ ůɤɚɖɜɩůŮɘɠ ɛɏɢɟɘ Űɞɜ ɛŮŰɟɖŰɐ ˊɑŮůɖɠ. ȼ ŮəŰɧɜɤůɖ 

ŭŮɜ ɔɑɜŮŰŬɘ ŬəŬɟɘŬɑŬ ŭɘɧŰɘ ɖ ɡɔɟɐ űɎůɖ Űɖɠ ɔɏɚɖɠ ˊɡɟɘŰɑŬɠ ŬɚɚɖɚŮˊɘŭɟɎ ɛŮ Űɖ 

ůŰŮɟŮɐ. ȼ ˊɑŮůɖ ˊɞɡ ɛŮŰɟɎŰŬɘ ŮəŰɧɠ ŭɞəɘɛɑɞɡ ŬɡɝɎɜŮŰŬɘ ɛŮ ɛŮɘɞɨɛŮɜɞ ɟɡɗɛɧ ɛɏɢɟɘ 

ɜŬ ůŰŬɗŮɟɞˊɞɘɖɗŮɑ ůŮ ɏɜŬ çˊɚŬŰɩè, ˊɞɡ ŮəűɟɎɕŮɘ Űɖɜ ˊɑŮůɖ ɘůɞɟɟɞˊɑŬɠ Űɤɜ ŭɨɞ 

ůɡɔəɞɘɜɤɜɞɨɜŰɤɜ ŭɞɢŮɑɤɜ. ȼ ˊɑŮůɖ ɘůɞɟɟɞˊɑŬɠ ɏɢŮɘ ŮˊɏɚɗŮɘ ɨůŰŮɟŬ Ŭˊɧ ɛŮŰŬűɞɟɎ 

ɛɘəɟɞˊɞůɧŰɖŰŬɠ ɡɔɟɐɠ ɛɎɕŬɠ Ŭˊɧ Űɞ ɏɜŬ ŭɞɢŮɑɞ (ˊɞɟɩŭŮɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ 

ŭɞəɘɛɑɞɡ) ůŰɞ Ɏɚɚɞ (ɜŮɟɧ ůɤɚɖɜɩůŮɤɜ ɛɏɢɟɘ Űɞɜ ɛŮŰɟɖŰɐ). ȷɜɞɑɔɞɜŰŬɠ Űɖ ɓɎɜŬ 

Ůəɟɞɐɠ ɛɑŬ ˊɞůɧŰɖŰŬ ˊŮˊɘŮůɛɏɜɞɡ ɜŮɟɞɨ ŮəɟɏŮɘ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ Űɖɠ ɔɏɚɖɠ əŬɘ Űɞɡ 

ŮŭɎűɞɡɠ əŬɘ Űɞ űɞɟŰɑɞ Űɞɡ ɛŮŰŬɓɘɓɎɕŮŰŬɘ ůŰɖ ůŰŮɟŮɐ űɎůɖ. ȾɎɗŮ ŮˊɧɛŮɜɖ űɞɟɎ 

ˊɞɡ əɚŮɑɜŮɘ ɖ ɓɎɜŬ Ůəɟɞɐɠ ɖ Űɘɛɐ Űɞɡ ɟɡɗɛɞɨ ŬɜɎˊŰɡɝɖɠ Űɖɠ ˊɑŮůɖɠ əŬɘ Űɞɡ 

çˊɚŬŰɩè ɘůɞɟɟɞˊɑŬɠ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ, ɡˊɞŭɖɚɩɜɞɜŰŬɠ ɧŰɘ ɛŮɔŬɚɨŰŮɟɞɠ ɧɔəɞɠ ɜŮɟɞɨ 

ɏɢŮɘ ŬˊɞɛŬəɟɡɜɗŮɑ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ Űɖɠ ɔɏɚɖɠ əŬɘ ɖ ˊŬɔɘŭŮɡɛɏɜɖ ˊɑŮůɖ ɏɢŮɘ 

ɛŮɟɘəɩɠ ŮəŰɞɜɤɗŮɑ. ȳŰŬɜ ɖ Űɘɛɏɠ Űɤɜ ŭɨɞ ŬɡŰɩɜ ɛŮɔŮɗɩɜ ɔɑɜɞɡɜ ŬɟəŮŰɎ ɛɘəɟɏɠ 

ɗŮɤɟŮɑŰŬɘ ɧŰɘ ɏɢŮɘ ɞɚɞəɚɖɟɤɗŮɑ ɖ ůŰŮɟŮɞˊɞɑɖůɖ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŭɞəɘɛɑɞɡ. 
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ȼ ˊŬɟŬˊɎɜɤ ŭɘŬŭɘəŬůɑŬ Ůɚɏɔɢɞɡ Űɞɡ ɓŬɗɛɞɨ ɞɚɞəɚɐɟɤůɖɠ Űɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ, 

ɛɏůɤ ˊŬɟŮɛˊɧŭɘůɖɠ Űɖɠ ůŰɟɎɔɔɘůɖɠ əŬɘ ˊŬɟŬəɞɚɞɨɗɖůɖɠ Űɖɠ ŬɜɎˊŰɡɝɖɠ Űɖɠ 

ˊɑŮůɖɠ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3.8. ɇɞ ůɢɐɛŬ ˊŬɟɞɡůɘɎɕŮɘ Űɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ůŮ 

ɏɜŬ əɞɑɚɞ əɡɚɘɜŭɟɘəɧ ŭɞəɑɛɘɞ, ůŰɖ ůɡůəŮɡɐ ůŰɟŮˊŰɘəɐɠ ŭɘɎŰɛɖůɖɠ. ɆŰŮɟŮɞˊɞɑɖůɖ 

Űɞɡ ŭɞəɘɛɑɞɡ ŮɝŮɚɑůůŮŰŬɘ ɧŰŬɜ ɖ ŬɜŰɑ-ˊɑŮůɖ (backpressure, ɛˊɚŮ ɔɟŬɛɛɐ) ŮɑɜŬɘ 

ůŰŬɗŮɟɐ əŬɘ ɑůɖ ɛŮ Űɖɜ ɡŭɟɞůŰŬŰɘəɐ ˊɑŮůɖ ˊɞɡ ŮˊɘɓɎɚɚŮɘ ɖ ŭŮɝŬɛŮɜɐ ŮəŰɧɜɤůɖɠ, 

ŭɖɚŬŭɐ ɧŰŬɜ ɡˊɎɟɢŮɘ ŮɚŮɨɗŮɟɖ ůŰɟɎɔɔɘůɖ ˊɟɞɠ Űɖ ŭŮɝŬɛŮɜɐ. ȳůɞ ˊɟɞɞŭŮɨŮɘ ɖ 

ůŰŮɟŮɞˊɞɑɖůɖ Űɧůɞ ɞ ɟɡɗɛɧɠ ŬɜɎˊŰɡɝɖɠ ˊɑŮůɖɠ əŬɘ ɖ ˊɑŮůɖ ɘůɞɟɟɞˊɑŬɠ ˊŬɑɟɜɞɡɜ 

ɛɘəɟɧŰŮɟɖ Űɘɛɐ, ůŮ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ ˊŬɟŮɛˊɧŭɘůɖɠ Űɖɠ ůŰɟɎɔɔɘůɖɠ. ɄŬɟŬŰɖɟɞɨɛŮ 

ɧŰɘ, Ŭɜ ɖ ůŰɟɎɔɔɘůɖ ŬˊɞŰɟŬˊŮɑ Ůɝ Ŭɟɢɐɠ əŬɘ ŬɜŬˊŰɡɢɗŮɑ ůŮ ɓɎɗɞɠ ɢɟɧɜɞɡ Űɞ ˊɚɐɟŮɠ 

çˊɚŬŰɩè ˊɑŮůɖɠ ɔɘŬ ɏɜŬ ɓɐɛŬ Ŭɨɝɖůɖɠ Űɖɠ ˊɑŮůɖɠ əɡɣɏɚɖɠ, ŰɧŰŮ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ 

ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ ˊŬɟɎɛŮŰɟɞɠ ȸ ˊɞɡ űŬɜŮɟɩɜŮɘ Űɞɜ əɞɟŮůɛɧ Űɞɡ ŭɞəɘɛɑɞɡ əŬɘ Űɤɜ 

ůɤɚɖɜɩůŮɤɜ. Ƀ ɓŬɗɛɧɠ əɞɟŮůɛɞɨ ˊɞɡ ɛŮŰɟɐɗɖəŮ ɐŰŬɜ Űɖɠ ŰɎɝɖɠ ȸ Ó 0.95.  

ɆŮ ɏɜŬ ŮɜŭŮɘəŰɘəɧ ˊŮɑɟŬɛŬ ůŰɖɜ ŰɟɘŬɝɞɜɘəɐ ůɡůəŮɡɐ (SA-1000-9) ɖ ůŰŮɟŮɞˊɞɑɖůɖ 

Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŭɞəɘɛɑɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ əŬŰŬɔɟŬűɐ Űɞɡ ɧɔəɞɡ ɜŮɟɞɨ 

ˊɞɡ ŮɝɏɟɟŮɡůŮ. ɇɞ ɆɢɐɛŬ 3.9 ˊŬɟɞɡůɘɎɕŮɘ Űɖ ůŰŮɟŮɞˊɞɑɖůɖ ůŰɖ ŰɟɘŬɝɞɜɘəɐ 

ůɡůəŮɡɐ Ůɜɧɠ ŭɞəɘɛɑɞɡ əŬɗŬɟɐɠ Ɏɛɛɞɡ ůŮ ŮɜŮɟɔɧ ŰɎůɖ 1000 kPa ɛŮ ŰŮɚɘəɐ ůɢŮŰɘəɐ 

ˊɡəɜɧŰɖŰŬ Dr=39.7% (ˊŮɑɟŬɛŬ ȷ-1000-1), ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖ ůŰŮɟŮɞˊɞɑɖůɖ Ůɜɧɠ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŭɞəɘɛɑɞɡ Ɏɛɛɞɡ ůŮ ŮɜŮɟɔɧ ŰɎůɖ 1000 kPa ɛŮ ŰŮɚɘəɐ ůɢŮŰɘəɐ 

ˊɡəɜɧŰɖŰŬ Dr=32.1% (ˊŮɑɟŬɛŬ Sȷ-1000-9). ɇɞ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ ŬűɏɗɖəŮ 

ɜŬ ɤɟɘɛɎůŮɘ ɔɘŬ 815 ɩɟŮɠ, ɩůŰŮ ɜŬ ɏɢŮɘ ůɢɖɛŬŰɘůŰŮɑ ůŰɞɡɠ ŮŭŬűɘəɞɨɠ ˊɧɟɞɡɠ ɔɏɚɖ 

ɛŮ ˊɡəɜɧ ůŰŮɟŮɧ ůəŮɚŮŰɧ əŬɘ ɜŬ ɛɖɜ ɡˊɎɟɢŮɘ ŬɛűɘɓɞɚɑŬ ɔɘŬ Űɖ ŭɡůɟŮɡůŰɧŰɖŰŬ Űɞɡ 

ɡɔɟɞɚɨɛŬŰɞɠ. ȼ əŬɗŬɟɐ, űɡůɘəɐ Ɏɛɛɞɠ ŬˊɞɓɎɚɚŮɘ ŰŬɢɨŰŬŰŬ Űɞ ɜŮɟɧ Ŭˊɧ Űɞɡɠ 

ˊɧɟɞɡɠ Űɖɠ, ɧŰŬɜ ŬɡɝɎɜŮŰŬɘ ɖ ˊɑŮůɖ ˊŮɟɑůűɘɔɝɖɠ. ȷɜŰɑɗŮŰŬ, ɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ 

Ɏɛɛɞɠ ůŰɟŬɔɔɑɕŮɘ ˊɞɚɨ ŬɟɔɎ, ŬɚɚɎ ɛŬəɟɞˊɟɧɗŮůɛŬ əŬŰŬɚɐɔŮɘ ůŮ ɞɔəɞɛŮŰɟɘəɏɠ 

ˊŬɟŬɛɞɟűɩůŮɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɖɠ űɡůɘəɐɠ Ɏɛɛɞɡ. ȼ Ůəɟɞɐ ɜŮɟɞɨ ɛɏůŬ Ŭˊɧ Űɞ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞ ŭɞəɑɛɘɞ ůɖɛŬɑɜŮɘ ɧŰɘ ɖ ɔɏɚɖ, ɤɠ ŭɘűŬůɘəɧ ɡɚɘəɧ, ŬˊɞɓɎɚɚŮɘ Űɞ 

ɜŮɟɧ ɛɏůŬ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ Űɖɠ, ɛŮ ŰŬɡŰɧɢɟɞɜɖ ůɡůŰɞɚɐ Űɖɠ ůŰŮɟŮɎɠ űɎůɖɠ( 

ŬɚɡůɑŭŮɠ ůɤɛŬŰɘŭɑɤɜ ˊɡɟɘŰɑŬɠ). ȷɡŰɐ ɖ ůɡůŰɞɚɐ Űɞɡ ůŰŮɟŮɞɨ ůəŮɚŮŰɞɨ Űɖɠ ɔɏɚɖɠ 

ˊɘɗŬɜɧŰŬŰŬ ɜŬ əŬŰŬůŰɟɏűŮɘ ɏɜŬɜ Ŭɟɘɗɛɧ Ŭˊɧ Űɞɡɠ ŭŮůɛɞɨɠ ůɘɚɞɝɎɜɖɠ ɛŮŰŬɝɨ Űɤɜ 

əɞɚɚɞŮɘŭɩɜ ůɤɛŬŰɘŭɑɤɜ ˊɡɟɘŰɑŬɠ əŬɘ ɜŬ ɞŭɖɔŮɑ ůŮ ɗɟŬɨůɖ ɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ Űɖɠ 

ůəŮɚŮŰɘəɐɠ ŭɞɛɐɠ. ɇŬɡŰɧɢɟɞɜŬ, ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ɜɏɞɘ ŭŮůɛɞɑ ůɘɚɞɝɎɜɖɠ əŬɘ ɜɏŮɠ 

ŬɚɡůɑŭŮɠ ůŰɞɜ ůŰŮɟŮɧ ůəŮɚŮŰɧ Űɖɠ ɔɏɚɖɠ, əŬɗɩɠ ůɡɔəɚɑɜɞɡɜ ůɤɛŬŰɑŭɘŬ ɛŮ ɛŮɔɎɚɞ 

ˊɚɐɗɞɠ ŮɜŮɟɔɩɜ ɞɛɎŭɤɜ ůɘɚŬɜɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡɠ. ȼ ɔɏɚɖ əɞɚɚɞŮɘŭɞɨɠ 

ˊɡɟɘŰɑŬɠ ˊŬɟɞɡůɘɎɕŮɘ ŬɡŰɧ-ɑŬůɖ ɚɧɔɤ Űɖɠ ˊɚɞɨůɘŬɠ ůŮ ɞɛɎŭŮɠ ůɘɚŬɜɧɚɖɠ 

ŮˊɘűɎɜŮɘŬɠ Űɤɜ ɛɘəɟɞůəɞˊɘəɩɜ ůɤɛŬŰɘŭɑɤɜ (Bergna and Roberts p.22, p.26, 

Brinker and Scherer p.408). 
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ɆɢɐɛŬ 3.8. Ɇɨɔəɟɘůɖ Űɖɠ ŬɜɎˊŰɡɝɖɠ Űɖɠ ˊɑŮůɖɠ ɘůɞɟɟɞˊɑŬɠ ɧŰŬɜ ˊŬɟŮɛˊɞŭɑɕŮŰŬɘ ɖ 

ůŰɟɎɔɔɘůɖ, ɛŮ Űɞ Űɘ ɛŮŰɟɎŰŬɘ əŬŰɎ Űɖɜ ůŰŮɟŮɞˊɞɑɖůɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŭɞəɘɛɑɞɡ 

Ɏɛɛɞɡ ɧŰŬɜ ŮˊɘŰɟɏˊŮŰŬɘ ɖ ůŰɟɎɔɔɘůɖ 

 

 

 

ɆɢɐɛŬ 3.9. Ɇɨɔəɟɘůɖ Űɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ Űɖɠ űɡůɘəɐɠ (ˊɟɘɜ Űɖ ŭɞəɘɛɐ A-1000-1) əŬɘ 

Űɖɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ (ˊɟɘɜ Űɖ ŭɞəɘɛɐ SA-1000-9).  

 



ɄŬɟŬŭɞŰɏɞ Ʉ4: ɇŮɢɜɘəɐ ȰəɗŮůɖ: ɀɞɜɞŰɞɜɘəɏɠ (ŰɟɘŬɝɞɜɘəɏɠ) ŭɞəɘɛɏɠ  

MIS 375618: ŪȷȿȼɆ ï ɄȷɁȺɄȽɆɇȼɀȽɃ ŪȺɆɆȷȿȽȷɆ              ƅ 28 

ɀŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ɘůɧŰɟɞˊɖɠ ůŰŮɟŮɞˊɞɑɖůɖɠ ŰŬ ŭɞəɑɛɘŬ Űɖɠ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ 

Ɏɛɛɞɡ ɀ31 ɡˊɞɓɚɐɗɖəŬɜ ůŮ ŰɟɘŬɝɞɜɘəɐ ůɡɛˊɑŮůɖ ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ, ɛŮ 

ɟɡɗɛɧ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ɛŮŰŬŰɧˊɘůɖɠ 0.30 mm/min. ɆŰɞ ɆɢɐɛŬ 3.10 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ 

ůɡɔəŮɜŰɟɤŰɘəɎ ɞɘ əŬɛˊɨɚŮɠ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ q-Ůz ɔɘŬ ŰŬ ŭɞəɑɛɘŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ. Ƀɘ əŬɛˊɨɚŮɠ ŮɑɜŬɘ ɞɛɞɘɧɗŮŰŮɠ ɡˊɞŭɖɚɩɜɞɜŰŬɠ ůŬűɐ əŬɘ 

ɏɜŰɞɜɖ ŮɝɎɟŰɖůɖ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŮŭɎűɞɡɠ Ŭˊɧ Űɞ 

ŮˊɑˊŮŭɞ Űɖɠ ŰɎůɖɠ ŮɔəɘɓɤŰɘůɛɞɨ. ɆŮ ɧɚŬ ŰŬ ŮˊɑˊŮŭŬ ŰɎůɖɠ əŬɘ ɔɘŬ ŰŬ ŭɨɞ ˊɞůɞůŰɎ 

ůŰŬɗŮɟɞˊɞɘɖŰɐ, ɖ ŬˊɞəɚɑɜɞɡůŬ ŰɎůɖ ɛŮɔɘůŰɞˊɞɘŮɑŰŬɘ əŬɘ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ ůŰɞ 

Ůɨɟɞɠ Űɤɜ Ŭɝɞɜɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ 8-12% əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŬəɞɚɞɡɗŮɑ ɛɑŬ 

ɞɛŬɚɐ ɛŮɑɤůɖ ˊɟɞɠ ɛɑŬ ˊŬɟŬɛɏɜɞɡůŬ Űɘɛɐ. ȺˊɘůɖɛŬɑɜɞɡɛŮ ɧŰɘ, ůŰŬ ˊŮɟɘůůɧŰŮɟŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŭɞəɑɛɘŬ ˊɟɞɏəɡɣŮ ůɡɔəɏɜŰɟɤůɖ ŭɘŬŰɛɖŰɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ 

ůŮ ŮˊɑˊŮŭɞ (shear band). ȼ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖŰɐ ŭŮɜ űŬɑɜŮŰŬɘ ɜŬ 

ɛŮŰŬɓɎɚɚŮɘ ɏɜŰɞɜŬ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ŮŭŬűɩɜ. 

Ƀɘ ɡˊŮɟˊɘɏůŮɘɠ Űɞɡ ɡɔɟɞɨ Űɤɜ ˊɧɟɤɜ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖɜ Ŭɝɞɜɘəɐ ˊŬɟŬɛɧɟűɤůɖ 

ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůɡɔəŮɜŰɟɤŰɘəɎ ůŰɞ ɆɢɐɛŬ 3.11, ɛŮ ɧɚŮɠ Űɘɠ ŬɛűɘɓɞɚɑŮɠ ůɢŮŰɘəɎ ɛŮ Űɘɠ 

ɛŮŰɟɞɨɛŮɜŮɠ Űɘɛɏɠ ŭŮŭɞɛɏɜɖɠ Űɖɠ űɨůɖɠ Űɖɠ ˊɡɟɘŰɑŬɠ əŬɘ Űɞɡ Ůɝɞˊɚɘůɛɞɨ ɛɏŰɟɖůɖ 

ˊɑŮůɖɠ ˊɧɟɤɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ. ɄŬɟŬŰɖɟɞɨɛŮ ɧŰɘ, ɖ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖ Ɏɛɛɞɠ 

ɀ31 ˊŬɟɞɡůɘɎɕŮɘ ˊɟɩŰŬ ůɡůŰɞɚɘəɐ əŬɘ ɨůŰŮɟŬ ŭɘŬůŰɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ əŬɘ 

ɡˊɎɟɢŮɘ ɛŮɔɎɚɖ ŭɘŬəɨɛŬɜůɖ ůŰɖɜ Űɘɛɐ Űɖɠ Ŭɝɞɜɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ ˊɞɡ ɞɟɘɞɗŮŰŮɑ 

Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŭɘŬůŰɞɚɐɠ (2-5%). ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ ɞɘ ɡˊŮɟˊɘɏůŮɘɠ ɨŭŬŰɞɠ 

ˊɧɟɤɜ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰŬ ŭɞəɑɛɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ Ɏɛɛɞɡ ŮɑɜŬɘ ˊɞɚɨ 

ɛɘəɟɧŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰŬ ŭɞəɑɛɘŬ űɡůɘəɐɠ Ɏɛɛɞɡ. 

Ƀɘ ˊɘɗŬɜɞɑ ɚɧɔɞɘ ˊɑůɤ Ŭˊɧ ŬɡŰɐɜ Űɖ ůɡɛˊŮɟɘűɞɟɎ ŬɜŬˊŰɨůůɞɜŰŬɘ ˊŬɟŬəɎŰɤ. 

ɄɟɩŰɞɜ, ɖ əɞɟŮůɛɏɜɖ ɔɏɚɖ əɞɚɚɞŮɘŭɞɨɠ ˊɡɟɘŰɑŬɠ ŮɑɜŬɘ ůɡɛˊɘŮůŰɐ ɤɠ ɡɚɘəɧ, 

Ůˊɞɛɏɜɤɠ əŬŰɎ Űɖ ŭɘɎŰɛɖůɖ Űɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŮŭɎűɞɡɠ ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ 

ůɡɜɗɐəŮɠ ɛŮɘɩɜŮɘ Űɞɜ ɧɔəɞ Űɖɠ əŬɘ ŬɜŬˊŰɨůůŮɘ ɛɘəɟɧŰŮɟɖ ˊɑŮůɖ, ůŮ ůɢɏůɖ ɛŮ Űɞ 

űɡůɘəɧ ɏŭŬűɞɠ ˊɞɡ ɏɢŮɘ ɜŮɟɧ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ (Towhata 2008). ȳɛɤɠ, ɖ 

əɞɟŮůɛɏɜɖ ɔɏɚɖ ŮɑɜŬɘ ɏɜŬ ŭɘűŬůɘəɧ ɡɚɘəɧ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞɜ ˊɟŬəŰɘəɎ 

ŬůɡɛˊɑŮůŰɞ ůŰŮɟŮɧ ůəŮɚŮŰɧ ůɤɛŬŰɘŭɑɤɜ ˊɡɟɘŰɑŬɠ əŬɘ Ŭˊɧ Űɞ, Ůˊɑůɖɠ, ˊɟŬəŰɘəɎ 

ŬůɡɛˊɑŮůŰɞ ɜŮɟɧ ˊɞɡ ůɡɔəɟŬŰŮɑŰŬɘ ůŰɞɡɠ ˊɧɟɞɡɠ Űɖɠ, Űɞ ůɨɜɞɚɞ ŮɑɜŬɘ ˊɟŬəŰɘəɎ 

ŬůɡɛˊɑŮůŰɞ ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ. ȾɎɗŮ ůɖɛŬɜŰɘəɐ ɛŮŰŬɓɞɚɐ ɧɔəɞɡ Űɖɠ 

ɔɏɚɖɠ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ Ůəɟɞɐ ɐ Ůɘůɟɞɐ ɜŮɟɞɨ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ Űɖɠ (Brinker and 

Scherer p.387, Baek and Pence, Treloar). ȷɜ ɖ əɞɟŮůɛɏɜɖ ɔɏɚɖ ɐŰŬɜ ɧɜŰɤɠ 

ůɡɛˊɘŮůŰɐ (ɡˊɧ ŬůŰɟɎɔɔɘůŰŮɠ ůɡɜɗɐəŮɠ), ŰɧŰŮ ɖ əŬɛˊɨɚɖ ŬɜŰɑ-ˊɑŮůɖɠ Űɞɡ ɆɢɐɛŬŰɞɠ 

3.8 ɗŬ ŮɑɢŮ ˊɞɚɨ ɢŬɛɖɚɧŰŮɟɖ Űɘɛɐ ůŰɞ çˊɚŬŰɩè (ɢŬɛɖɚɐ Űɘɛɐ ȸ). ȹŮɨŰŮɟɞɠ ˊɘɗŬɜɧɠ 

ɚɧɔɞɠ ˊɞɡ ŮɝɖɔŮɑ Űɖɜ ŬɜɎˊŰɡɝɖ ɛɘəɟɧŰŮɟɖɠ ˊɑŮůɖɠ ůŰɞ ɜŮɟɧ Űɤɜ ˊɧɟɤɜ Űɞɡ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ŮŭɎűɞɡɠ ŮɑɜŬɘ ɖ ˊŮɟɑˊŰɤůɖ ɜŬ ɡűɑůŰŬŰŬɘ əŬəɧɠ əɞɟŮůɛɧɠ ůŰɞ 

ŭɞəɑɛɘɞ ɐ/əŬɘ ůŰɘɠ ůɤɚɖɜɩůŮɘɠ. ȳɛɤɠ, ɖ ɡɣɖɚɐ Űɘɛɐ Űɖɠ ˊŬɟŬɛɏŰɟɞɡ ȸ ɡˊɞŭɖɚɩɜŮɘ 

əŬɚɧ əɞɟŮůɛɧ. 
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ɆɢɐɛŬ 3.10. Ɇɢɏůɖ Ŭˊɞəɚɘɜɞɡůɩɜ ŰɎůŮɤɜ ï Ŭɝɞɜɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ůŮ ŭɞəɑɛɘŬ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ  Ɏɛɛɞɡ ɀ31 (CS=6 & 10%) ɔɘŬ ŭɘɎűɞɟŮɠ Ŭɟɢɘəɏɠ ŰɎůŮɘɠ. 

 

ɆɢɐɛŬ 3.11. Ɇɢɏůɖ ɡˊŮɟˊɑŮůɖɠ ɡɔɟɞɨ ˊɧɟɤɜ ï Ŭɝɞɜɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ůŮ 

ŭɞəɑɛɘŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɖɠ  Ɏɛɛɞɡ ɀ31 (CS=6 & 10%) ɔɘŬ ŭɘɎűɞɟŮɠ Ŭɟɢɘəɏɠ ŰɎůŮɘɠ 


