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ŮɛˊɘůŰɞůɨɜɖ ˊɞɡ ɛɞɡ ɏŭŮɘɝŮ, əŬɗɩɠ əŬɘ Űɖɜ ŮɡəŬɘɟɑŬ ɜŬ ŭɞɡɚɏɣɤ ůŮ ɛɑŬ ŭɘˊɚɤɛŬŰɘəɐ ůŰɞ 
ˊŮŭɑɞ Űɖɠ ȺɛɓɘɞɛɖɢŬɜɘəɐɠ. ŪŬ ɐɗŮɚŬ ɜŬ Űɞɜ ŮɡɢŬɟɘůŰɐůɤ əŬɘ ɔɘŬ ŰŬ ˊɟɞɖɔɞɨɛŮɜŬ ɏŰɖ, ŭɘɧŰɘ 

ŰɧŰŮ, ɛɏůɤ ŮəŮɑɜɞɡ əŬɘ ɛɏůɤ Űɤɜ ɛŬɗɖɛɎŰɤɜ Űɞɡ, ɔɜɩɟɘůŬ əŬɘ ŬɔɎˊɖůŬ Űɖɜ ɀɖɢŬɜɘəɐ əŬɘ 
ŭɖ, Űɖɜ ȺɛɓɘɞɛɖɢŬɜɘəɐ, ˊŮŭɑŬ ŰŬ ɞˊɞɑŬ ɜɞɖɛŬŰɞŭɧŰɖůŬɜ Űɘɠ ůˊɞɡŭɏɠ ɛɞɡ. 

 
ȽŭɘŬɑŰŮɟŮɠ ŮɡɢŬɟɘůŰɑŮɠ ɗŬ ɐɗŮɚŬ ɜŬ ŮəűɟɎůɤ ůŰɖɜ Ⱥˊɑəɞɡɟɞ ȾŬɗɖɔɐŰɟɘŬ Ⱥɟɛɘɧɜɖ 

ɄɎůɘɞɡ, ɖ ɞˊɞɑŬ ůŰɎɗɖəŮ ŭɑˊɚŬ ɛɞɡ ůŮ ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭɘŬŭɘəŬůɘɩɜ ɧůɞ 
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ɓɞɐɗŮɘŬ əŬɘ ˊɞɚɨŰɘɛŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ ůŮ əɎɗŮ ůŰɎŭɘɞ Űɖɠ ŮɟɔŬůɑŬɠ. 

 

ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɖɜ ȿŬɔɔɞɡɟɎɜɖ-ȾɤůŰŮɚɏŰɞɡ ɄŬɟŬůəŮɡɐ, 
ɛŮ Űɖɜ ɞˊɞɑŬ, ůŰŬ ˊɚŬɑůɘŬ Űɤɜ ůˊɞɡŭɩɜ Űɖɠ ɔɘŬ Űɖɜ ŬˊɧəŰɖůɖ ɛŮŰŬˊŰɡɢɘŬəɞɨ ŭɘˊɚɩɛŬŰɞɠ 
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ɧůɞ əŬɘ ɛɏůŬ Ŭˊɧ Űɘɠ ɘŬŰɟɘəɏɠ ɔɜɩůŮɘɠ əŬɘ əŬŰŮɡɗɨɜůŮɘɠ ˊɞɡ ɛɞɡ ˊŬɟŮɑɢŮ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 
Űɖɠ ŮɟɔŬůɑŬɠ. 
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ɄŮɟɑɚɖɣɖ 

 

ɄɟɤŰŬɟɢɘəɧɠ ůəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮɚɏŰɖɠ ŮɑɜŬɘ ɖ Ŭɝɘɞɚɧɔɖůɖ Űɞɡ ɛɐəɞɡɠ 
ůˊŮɘɟɩɛŬŰɞɠ əɞɢɚɘɩɜ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ ɛŮŰɎ Űɖɜ ŰɞˊɞɗɏŰɖůɐ Űɞɡɠ ůŮ ůɨɜɗŮŰɞ ɡɚɘəɧ, 
ɡˊɞəŬŰɎůŰŬŰɞ ɞůŰɞɨ, ɛŮ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ˊŮɟɘɚɎɛɓŬɜŮ Űɖɜ Ůˊɘɓɞɚɐ 

ŭɘŬŰɛɖŰɘəɐɠ űɧɟŰɘůɖɠ ůŰŬ ŭɞəɑɛɘŬ. ɄŬɟɎɚɚɖɚŬ, ŬɜŬˊŰɨɢɗɖəŮ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ɛŮ Űɖ 
ɛɏɗɞŭɞ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ, ɛŮ ůəɞˊɧ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ 
Ŭˊɧəɟɘůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ Űɖɜ ˊŬɟŬɛŮŰɟɘəɐ ŭɘŮɟŮɨɜɖůɖ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ŭŮɜ ɐŰŬɜ 
ŮűɘəŰɧ ɜŬ ŮɝŮŰŬůŰɞɨɜ ˊŮɘɟŬɛŬŰɘəɎ. 

ũɘŬ Űɞɜ ůəɞˊɧ ŬɡŰɧ, ŮɝŮŰɎůŰɖəŬɜ ŰŬ ɘŭɘŬɑŰŮɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ əɞɢɚɘɩɜ 
ɞůŰŮɞůɨɜɗŮůɖɠ ˊɞɡ ůɡɜŭɏɞɜŰŬɘ ɛŮ Űɖ ɔŮɤɛŮŰɟɑŬ əŬɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ əŬɘ ŭɘŮɟŮɡɜɐɗɖəŮ 
ɖ ŮˊɑŭɟŬůɖ əɟɑůɘɛɤɜ ˊŬɟŬɔɧɜŰɤɜ ůŰɖɜ ŮɛɓɘɞɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ. ȷɟɢɘəɎ, 
ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɞůŰɘəɞɨ ɘůŰɞɨ, Űɧůɞ ůŮ ɛɘəɟɞůəɞˊɘəɧ ŮˊɑˊŮŭɞ ɧůɞ əŬɘ ůŮ 

ɛŬəɟɞůəɞˊɘəɧ, əŬɗɩɠ əŬɘ ɖ ŮɛɓɘɞɛɖɢŬɜɘəɐ Űɞɡ Ŭˊɧəɟɘůɖ ɛŮ ůəɞˊɧ Űɖɜ əŬŰŬɜɧɖůɖ Űɤɜ 
ɗŮɛŮɚɘɤŭɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ˊɞɡ əŬɗɞɟɑɕɞɡɜ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ. ɆŰɖ ůɡɜɏɢŮɘŬ, 
ŬɜŬɚɨɞɜŰŬɘ ɞɘ Űɨˊɞɘ əŬŰŬɔɛɎŰɤɜ əŬɘ ɞɘ ŰŮɢɜɘəɏɠ ɞůŰŮɞůɨɜɗŮůɖɠ ˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ůŰɖɜ 
əɚɘɜɘəɐ ˊɟɎɝɖ, ɩůŰŮ ɜŬ ŬɜŬŭŮɘɢɗŮɑ ɖ ůɖɛŬůɑŬ Űɖɠ ůɤůŰɐɠ Ůˊɘɚɞɔɐɠ əŬɘ ŰɞˊɞɗɏŰɖůɖɠ Űɤɜ 

əɞɢɚɘɩɜ ɔɘŬ Űɖɜ ŮˊɘŰɡɢɑŬ Űɖɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ. ɇɏɚɞɠ, ŭɑɜŮŰŬɘ ɏɛűŬůɖ ůŰŬ ɔŮɤɛŮŰɟɘəɎ 
ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ əɞɢɚɘɩɜ ůˊɞɜŭɡɚɞŭŮůɑŬɠ əŬɘ Űɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ ŬɡŰɎ 
ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɐ Űɞɡɠ ɛŮ Űɞ ɞůŰɧ əŬɘ Űɖɜ ůɡɜɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ 
əŬŰŬůəŮɡɐɠ. 

ȷəɞɚɞɨɗɤɠ, ŭɘŮɟŮɡɜɐɗɖəŮ ŮɘŭɘəɧŰŮɟŬ ɏɜŬ ɛŮɛɞɜɤɛɏɜɞ ɔŮɤɛŮŰɟɘəɧ 
ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ əɞɢɚɘɩɜ, Űɞ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ, ɛɏůŬ Ŭˊɧ Űɞɜ ůɢŮŭɘŬůɛɧ əŬɘ Űɖɜ 
ŮəŰɏɚŮůɖ ŭɞəɘɛɩɜ ɡˊɧ ŭɘŬŰɛɖŰɘəɏɠ űɞɟŰɑůŮɘɠ. ũɘŬ Űɞɜ ůəɞˊɧ ŬɡŰɧ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 
əɞɢɚɑŮɠ ɛŮɟɘəɐɠ ůˊŮɑɟɤůɖɠ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ, ɛŮ əɨɟɘŬ ŭɘɎɛŮŰɟɞ 6,5 mm, ɞɘ ɞˊɞɑɞɘ 

ŭɘɏɗŮŰŬɜ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ɛɐəɖ ůˊŮɘɟɩɛŬŰɞɠ. ɆŰɖɜ ɞɛɎŭŬ ȷ ŰɞˊɞɗŮŰɐɗɖəŬɜ əɞɢɚɑŮɠ ɛŮ 
ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 16 mm, Ůɜɩ ůŰɖɜ ɞɛɎŭŬ ȸ ŬɜŰɑůŰɞɘɢŬ əɞɢɚɑŮɠ ɛŮ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 
32 mm. ɇŬ ŭɞəɑɛɘŬ ɡˊɞɓɚɐɗɖəŬɜ ůŮ ŭɘŬŰɛɖŰɘəɐ űɧɟŰɘůɖ ůŰɞ ˊɚŬɑůɘɞ MTS Insight, ɡˊɧ 
ůɡɜɗɐəŮɠ Ůɚɏɔɢɞɡ ɛŮŰŬŰɧˊɘůɖɠ, ɛŮ Űɖ ůɢŮŰɘəɐ ɞɚɑůɗɖůɖ ɜŬ ŮˊɘɓɎɚɚŮŰŬɘ ŬɜɎɛŮůŬ ůŰɞɡɠ 

ŭɨɞ əɨɓɞɡɠ ůɡɜɗŮŰɘəɞɨ ɞůŰɞɨ (sawbone). ũɘŬ əɎɗŮ ŭɞəɑɛɘɞ əŬŰŬɔɟɎűɖəŮ ɖ əŬɛˊɨɚɖ 
ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ, ɓɎůɖ Űɖɠ ɞˊɞɑŬɠ ɡˊɞɚɞɔɑůŰɖəŬɜ ɖ ŭɡůəŬɛɣɑŬ, Űɞ ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ, 
ɖ ůɡɛɓŬŰɘəɐ ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ əŬɘ ɖ ŬɜŰɑůŰɞɘɢɖ ɛŮŰŬŰɧˊɘůɖ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ 
ůɡɔəɟɑɗɖəŬɜ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ ɖ ɨˊŬɟɝɖ ůŰŬŰɘůŰɘəɎ 

ůɖɛŬɜŰɘəɩɜ ŭɘŬűɞɟɩɜ ůŰɘɠ ɡˊɧ ŮɝɏŰŬůɖ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. 
ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ˊɤɠ ɖ ɞɛɎŭŬ ȸ, ůŰɖɜ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ əɞɢɚɑŮɠ 

ɛŮ ɛɐəɞɠ 32 mm, ŮɑɢŮ ůŰŬŰɘůŰɘəɎ ůɖɛŬɜŰɘəɎ ɛŮɔŬɚɨŰŮɟɖ ŭɡůəŬɛɣɑŬ, ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ əŬɘ 
ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɞɛɎŭŬ ȷ, ůŰɖɜ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ əɞɢɚɑŮɠ ɛŮ 

ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 16 mm. ȹŮ ŭɘŬˊɘůŰɩɗɖəŮ ůŰŬŰɘůŰɘəɎ ůɖɛŬɜŰɘəɐ ŭɘŬűɞɟɎ ůŰɖ 
ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ. 

ɄŬɟɎɚɚɖɚŬ, ŬɜŬˊŰɨɢɗɖəŮ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ɛŮ Űɖ ɛɏɗɞŭɞ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ 
ůŰɞɘɢŮɑɤɜ, ɛŮ ůŰɧɢɞ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ Ŭˊɧəɟɘůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ Űɖ 

ŭɘŮɟŮɨɜɖůɖ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ŭŮɜ ɐŰŬɜ ŮűɘəŰɧ ɜŬ ŮɝŮŰŬůŰɞɨɜ ˊŮɘɟŬɛŬŰɘəɎ. ɇɞ ɛɞɜŰɏɚɞ 
ˊŮɟɘɚɎɛɓŬɜŮ Űɘɠ ɔŮɤɛŮŰɟɑŮɠ Űɤɜ əɞɢɚɘɩɜ ɛŮɟɘəɐɠ ůˊŮɑɟɤůɖɠ əŬɘ ůɡɜɗŮŰɘəɞɨ ůˊɞɔɔɩŭɞɡɠ 
ɞůŰɞɨ, ɧˊɤɠ ůŰɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɞəɘɛɏɠ, əŬɘ ɞɟɑůŰɖəŬɜ ɞɘ əŬŰɎɚɚɖɚŮɠ ůɡɜɗɐəŮɠ űɧɟŰɘůɖɠ 
əŬɘ ŮˊŬűɩɜ. ɀŮ ɓɎůɖ Űɞ ŮˊŬɚɖɗŮɡɛɏɜɞ ɛɞɜŰɏɚɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŮəŰŮŰŬɛɏɜɖ 

ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ, ŮɝŮŰɎɕɞɜŰŬɠ Űɘɠ ŮˊɘŭɟɎůŮɘɠ Űɤɜ ůɡɜɗɖəɩɜ űɧɟŰɘůɖɠ əŬɘ ŮˊŬűɩɜ, 
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Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ɡɚɘəɞɨ əŬɗɩɠ əŬɘ ɔŮɤɛŮŰɟɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ əɞɢɚɑŬ. ȷˊɧ Űɘɠ 
ŬɜŰɑůŰɞɘɢŮɠ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ ɡˊɞɚɞɔɑůŰɖəŬɜ ɞɘ ɛɖɢŬɜɘəɏɠ 
ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ȷɜ əŬɘ Űɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ əŬŰɎűŮɟŮ ɜŬ ˊɟɞůŮɔɔɑůŮɘ Űɖ 

ůɡɜɞɚɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ ɜŬ ŬˊɞŭɩůŮɘ ɛŮ ůɡɜɏˊŮɘŬ ɞɟɘůɛɏɜŮɠ ɓŬůɘəɏɠ 
Ŭɟɢɏɠ əŬɘ ɘŭɘɧŰɖŰŮɠ, ˊŬɟɞɡůɑŬůŮ əŬɘ ŬˊɞəɚɑůŮɘɠ Ŭˊɧ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 
ɗɏŰɞɜŰŬɠ ɓɎůŮɘɠ ɔɘŬ ůɡɕɐŰɖůɖ ůŮ ɛŮɚɚɞɜŰɘəɐ ŭɘŮɟŮɨɜɖůɖ ɛŮ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ. 

ȷˊɧ Űɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŭɘŬˊɘůŰɩɜŮŰŬɘ ˊɤɠ Űɞ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ ŬˊɞŰŮɚŮɑ ɏɜŬ 

ůɖɛŬɜŰɘəɧ ɔŮɤɛŮŰɟɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ əɞɢɚɘɩɜ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ 
ŮˊɖɟŮɎůŮɘ, ɧɢɘ ɛɧɜɞ Űɖ ŭɨɜŬɛɖ ŮɝɧɚəŮɡůɖɠ Űɤɜ əɞɢɚɘɩɜ, ɏŰůɘ ɧˊɤɠ ŭɘŬˊɘůŰɩɜŮŰŬɘ ůŰɖ 
ɓɘɓɚɘɞɔɟŬűɑŬ, ŬɚɚɎ əŬɘ Űɖ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ Űɖɠ ɞůŰŮɞůɨɜɗŮůɖɠ, ɧŰŬɜ ŬɡŰɐ ɡˊɧəŮɘŰŬɘ 
ůŮ űɞɟŰɑɞ ŭɘɎŰɛɖůɖɠ. ɄŬɟɎɚɚɖɚŬ, ɖ ŬɟɘɗɛɖŰɘəɐ ŬɜɎɚɡůɖ ˊɞɡ ɡɚɞˊɞɘɐɗɖəŮ ůɡɜɘůŰɎ ɛɘŬ 

ˊɟɩŰɖ ˊɟɞůˊɎɗŮɘŬ ˊɟɞůɞɛɞɑɤůɖɠ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ɛŮ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ əŬɘ 
ŬɜŬŭŮɘəɜɨŮɘ Űɘɠ ŭɡɜŬŰɧŰɖŰŮɠ ŬɚɚɎ əŬɘ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ ɛɘŬɠ ŰɏŰɞɘŬɠ ˊɟɞůɏɔɔɘůɖɠ, 
ŬɜɞɑɔɞɜŰŬɠ Űɞ ˊŮŭɑɞ ɔɘŬ ůɖɛŬɜŰɘəɏɠ ɓŮɚŰɘɩůŮɘɠ ůŮ ɛŮɚɚɞɜŰɘəɏɠ ɛŮɚɏŰŮɠ. ɆɡɜɞɚɘəɎ, ɖ 
ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ɛˊɞɟŮɑ ɜŬ ɗɏůŮɘ ŰŬ ɗŮɛɏɚɘŬ ɔɘŬ ˊŮɟŬɘŰɏɟɤ ɏɟŮɡɜŬ ˊɞɡ ɗŬ ŮɝŮŰɎůŮɘ 

ŮəŰŮɜɏůŰŮɟŬ Űɖ ůɡɛˊŮɟɘűɞɟɎ ŭɘŬűɧɟɤɜ əɞɢɚɘɩɜ ůŮ ɞůŰŮɞůɡɜɗɏůŮɘɠ ɡˊɧ ŭɘŬŰɛɖŰɘəɎ 
űɞɟŰɑŬ, Űɧůɞ ˊŮɘɟŬɛŬŰɘəɎ ɧůɞ əŬɘ ŬɟɘɗɛɖŰɘəɎ. 
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Abstract 
 

 

The primary purpose of this study is to evaluate the effect of thread length in 
cancellous bone screws after their placement in a synthetic bone substitute, using an 
experimental procedure that involved applying shear loading to the specimens. At the same 
time, a numerical model was developed using finite element method to simulate the 

mechanical response of the system and to investigate parameters that could not be 
examined experimentally. 

For this purpose, the specific characteristics of osteosynthesis screws related to 
their geometry and function were examined, and the influence of critical factors on their 

biomechanical behavior was investigated. Initially, the properties of bone tissue, both the 
microscopic and macroscopic level, as well as its biomechanical response, are presented to 
understand the fundamental characteristics that determine its behavior. Subsequently, the 
types of fractures and the osteosynthesis techniques applied in clinical practice are 

analyzed, highlighting the importance of proper screw selection and placement for 
successful stabilization. Finally, emphasis is placed on the geometrical characteristics of 
osteosynthesis screws and the way in which these characteristics affect their interaction 
with the bone and the overall behavior of the construct. 

Subsequently, a single geometrical characteristic of the screws, the thread length, 
was specifically investigated through the design and execution of tests under shear loading. 
Partially threaded cancellous screws with a major diameter of 6.5 mm and two different 
thread lengths were used. In Group A, screws with a thread length of 16 mm were inserted, 

while in Group B screws with a thread length of 32 mm were used. The specimens were 
subjected to shear loading in an MTS Insight testing frame under displacement-controlled 
conditions, with relative sliding applied between the two synthetic bone blocks. For each 
specimen, the force-displacement curve was recorded, based on which stiffness, 

proportional limit, yield force and the corresponding displacement were calculated. The 
results were compared between the two groups to determine whether statistically 
significant differences existed in the mechanical properties under investigation. 

The results showed that Group B, in which screws with a thread length of 32 mm 

were used, exhibited statistically significant higher stiffness, proportional limit and yield 
force compared to Group A, in which screws with a thread length of 16 mm were used. No 
statistically significant difference was observed in yield displacement between the two 
groups. 

In parallel, a numerical model was developed using finite element method, with the 
aim of simulating the mechanical response of the system and investigation parameters that 
could not be examined experimentally. The model included the geometries of partially 
threaded screws and synthetic cancellous bone substitutes, as in the experimental tests, and 

the appropriate loading and contact conditions were defined. Based on the validated model, 
an extensive parametric analysis was performed, examining the effects of loading and 
contact conditions, material properties, as well as geometrical characteristics of the screw. 
From the corresponding force-displacement curves, the mechanical properties of the 

system were calculated. Although the numerical model succeeded in approximating the 
overall response of the system and consistently reproducing certain basic principles and 
properties, it also showed discrepancies from the experimental results, laying the 
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groundwork for discussion in future finite elements investigation. 
From the present study it is concluded that thread length is an important geometrical 

characteristic of cancellous bone screws that can affect not only the pull-out strength of the 

screws, as reported in literature, but also the mechanical response of the osteosynthesis 
when subjected to shear loading. At the same time, the numerical analysis carried out 
represents both the potential and the limitations of such an approach, opening the way for 
significant improvements in future studies. Overall, this work may provide the basis for 

further research that will examine in greater depth the behavior of different screws in 
osteosynthesis under shear loading, both experimentally and numerically. 
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ȾȺūȷȿȷȽɃ 1ɞ: ȸȷɆȽȾȺɆ ȷɅɉȺɆ ɇȼɆ ȺɀȸȽɃɀȼɉȷɁȽȾȼɆ ï Ƀ 

ɃɆɇȽɇȼɆ ȽɆɇɃɆ 

 

1.1 ȺɀȸȽɃɀȼɉȷɁȽȾȼ 

 

ȼ ȺɛɓɘɞɛɖɢŬɜɘəɐ (Biomechanics) ŮɑɜŬɘ ɖ ŮˊɘůŰɐɛɖ ˊɞɡ ůɡɜŭɡɎɕŮɘ Űɘɠ Ŭɟɢɏɠ Űɖɠ 
ɛɖɢŬɜɘəɐɠ ɛŮ Űɖ ɛŮɚɏŰɖ Űɤɜ ɏɛɓɘɤɜ ɞɟɔŬɜɘůɛɩɜ, ŭɑɜɞɜŰŬɠ ɏɛűŬůɖ ůŰɖɜ ŬɜɎɚɡůɖ Űɖɠ 

ŭɞɛɐɠ əŬɘ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ əŬɘ ŮůŰɘɎɕɞɜŰŬɠ ůŰɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ ŭɡɜɎɛŮɤɜ 
əŬɘ ɚŮɘŰɞɡɟɔŮɘɩɜ. ȼ ŮˊɘůŰɐɛɖ ŬɡŰɐ ŮűŬɟɛɧɕŮŰŬɘ Ůɡɟɏɤɠ ůŰɖɜ ŬɜɎɚɡůɖ Űɖɠ Ŭɜɗɟɩˊɘɜɖɠ 
əɑɜɖůɖɠ, Űɖɜ ŬɜɎˊŰɡɝɖ ɘŬŰɟɘəɩɜ ůɡůəŮɡɩɜ, ŰŮɢɜɖŰɩɜ ŬɟɗɟɩůŮɤɜ əŬɘ ŰŮɢɜɖŰɩɜ ɞɟɔɎɜɤɜ 
əŬɘ ůɡɛɓɎɚɚŮɘ ůɖɛŬɜŰɘəɎ ůŰɖɜ ˊɟɧɚɖɣɖ ŰɟŬɡɛŬŰɘůɛɩɜ əŬɘ Űɖɜ ɛŮɚɏŰɖ Űɖɠ 

ŬˊɞəŬŰɎůŰŬůɖɠ ůŮ ˊɟɞɓɚɐɛŬŰŬ ɞůŰŮɞůɨɜɗŮůɖɠ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɏɜŬ ŭɘŮˊɘůŰɖɛɞɜɘəɧ ˊŮŭɑɞ 
ˊɞɡ ůɡɜŭɡɎɕŮɘ ɔɜɩůŮɘɠ Ŭˊɧ Űɖ ūɡůɘəɐ, ŰŬ ɀŬɗɖɛŬŰɘəɎ, Űɖ ȸɘɞɚɞɔɑŬ, Űɖɜ ȷɜŬŰɞɛɑŬ əŬɘ 
Űɖ ɉɖɛŮɑŬ ˊɟɞůűɏɟɞɜŰŬɠ əŬɘɜɞŰɧɛŮɠ ɚɨůŮɘɠ ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ɡɔŮɑŬɠ əŬɘ Űɖɠ ˊɞɘɧŰɖŰŬɠ 
ɕɤɐɠ [1].   

 

1.2 ȽɆɇɃɅȽȾȼ ȷɁȷȹɅɃɀȼ 

 

ɄŬɟɧɚɞ ˊɞɡ ɞ ɧɟɞɠ ȺɛɓɘɞɛɖɢŬɜɘəɐ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ ˊɟɩŰɖ űɞɟɎ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 
1970 ɔɘŬ ɜŬ ˊŮɟɘɔɟɎɣŮɘ əɎɗŮ ŮűŬɟɛɞɔɐ Űɖɠ ŮˊɘůŰɐɛɖɠ Űɞɡ ɛɖɢŬɜɘəɞɨ ůŰɖ ȸɘɞɚɞɔɑŬ əŬɘ 
Űɖɜ ȽŬŰɟɘəɐ, ɡˊɎɟɢɞɡɜ ŬɜŬűɞɟɏɠ ˊɞɡ ɝŮəɘɜɞɨɜ Ŭˊɧ Űɖɜ ŬɟɢŬɑŬ ȺɚɚɎŭŬ əŬɗɘůŰɩɜŰŬɠ Űɞɜ 
ɑůɤɠ Űɞɜ ŬɟɢŬɘɧŰŮɟɞ ŰɞɛɏŬ Űɖɠ ɓɘɞɥŬŰɟɘəɐɠ ŰŮɢɜɞɚɞɔɑŬɠ. 

Ƀɘ ˊɟɩŰŮɠ ŬɜŬűɞɟɏɠ ůŰɖ ůɢɏůɖ ɛŮŰŬɝɨ ɛɖɢŬɜɘəɐɠ əŬɘ ɓɘɞɚɞɔɑŬɠ ŮɛűŬɜɑɕɞɜŰŬɘ ůŰɞ 
ɏɟɔɞ Űɞɡ ȷɟɘůŰɞŰɏɚɖ (384-322 ˊ.ɉ.), çɄŮɟɑ ɕɩɤɜ əɘɜɐůŮɤɠè. Ƀ ȷɟɘůŰɞŰɏɚɖɠ ́ ŮɟɘɏɔɟŬɣŮ 

Űɖɜ əɑɜɖůɖ Űɤɜ ɕɩɤɜ əŬɘ ŬɜŰɘɛŮŰɩˊɘůŮ Űɞ ůɩɛŬ ůŬɜ ɛɖɢŬɜɘəɧ ůɨůŰɖɛŬ, ɤɠ ɏɜŬ ůɨɜɞɚɞ 
ɛɞɢɚɩɜ ŬɜŬɚɨɞɜŰŬɠ Űɖɜ əɑɜɖůɖ ɛŮ ɓɎůɖ Űɘɠ Ŭɟɢɏɠ Űɖɠ űɡůɘəɐɠ əŬɘ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ. Ƀɘ 
ˊɟɩŰŮɠ ɛŮɚɏŰŮɠ ȺɛɓɘɞɛɖɢŬɜɘəɐɠ ɗŮɤɟɞɨɜŰŬɘ ɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ŭɡɜɎɛŮɤɜ ˊɞɡ ŬůəɞɨɜŰŬɘ 
ůŰŬ ɎəɟŬ, ɖ ŬŮɟɞŭɡɜŬɛɘəɐ Űɖɠ ˊŰɐůɖɠ Űɤɜ ˊŰɖɜɩɜ əŬɗɩɠ əŬɘ ɖ ɡŭɟɞŭɡɜŬɛɘəɐ Űɖɠ əɑɜɖůɖɠ 

Űɤɜ ɣŬɟɘɩɜ [2]. 

ɆŰɖɜ ˊŮɟɑɞŭɞ Űɖɠ ɟɤɛŬɥəɐɠ ŬɡŰɞəɟŬŰɞɟɑŬɠ ɞ ũŬɚɖɜɧɠ (131-201 ɛ.ɉ.) ŮˊɏəŰŮɘɜŮ Űɘɠ 
ɔɜɩůŮɘɠ Űɖɠ Ůˊɞɢɐɠ ɔɘŬ Űɖɜ ŬɜŬŰɞɛɑŬ əŬɘ Űɖ űɡůɘɞɚɞɔɑŬ ɛŮ Űɞ ɏɟɔɞ Űɞɡ çɄŮɟɑ Űɖɠ 
ɚŮɘŰɞɡɟɔɑŬɠ Űɤɜ ŰɛɖɛɎŰɤɜè. ɀɏůŬ Ŭˊɧ Űɖ ŭɘŮɝŬɔɤɔɐ ˊŮɘɟŬɛɎŰɤɜ əŬɘ ŬɜŬŰɞɛɩɜ ůŮ ɕɩŬ, 
əŬŰɎűŮɟŮ ɜŬ əŬŰŬɔɟɎɣŮɘ Űɖ ŭɞɛɐ əŬɘ ɚŮɘŰɞɡɟɔɑŬ ɓŬůɘəɩɜ ɞɟɔɎɜɤɜ Űɞɡ ůɩɛŬŰɞɠ əŬɘ Ůɜɩ 
ɞɘ ɛŮɚɏŰŮɠ Űɞɡ  ŭŮɜ ɓŬůɑɕɞɜŰŬɜ ůɡɢɜɎ ŮˊɎɜɤ ůŮ Ŭɜɗɟɩˊɞɡɠ, ɞɘ ˊŬɟŬŰɖɟɐůŮɘɠ Űɞɡ 

ŬˊɞŰɏɚŮůŬɜ Űɖ ɓɎůɖ ɔɘŬ Űɖ əŬŰŬɜɧɖůɖ Űɖɠ Ŭɜɗɟɩˊɘɜɖɠ űɡůɘɞɚɞɔɑŬɠ ɔɘŬ ˊɎɜɤ Ŭˊɧ ɢɑɚɘŬ 
ɢɟɧɜɘŬ [3].  

ɇŬ ŮˊɧɛŮɜŬ ɓɐɛŬŰŬ ůŰɖɜ ȺɛɓɘɞɛɖɢŬɜɘəɐ ɏɔɘɜŬɜ ůŰɖɜ ˊŮɟɑɞŭɞ Űɖɠ ȷɜŬɔɏɜɜɖůɖɠ, Ŭˊɧ 
ŰŬ ɛɏůŬ Űɞɡ 15ɞɡ ŬɘɩɜŬ. ȼ ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ Űɤɜ ɕɤɜŰŬɜɩɜ ůɤɛɎŰɤɜ ɏɔɘɜŮ 
Ŭˊɧ Űɞɜ Leonardo da Vinci (1452-1519), ɞ ɞˊɞɑɞɠ ɏəŬɜŮ ŮəŰŮɜŮɑɠ ɛŮɚɏŰŮɠ ůŰɖɜ ŬɜŬŰɞɛɑŬ 
ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɚŮˊŰɞɛŮɟɐ ůɢɏŭɘŬ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ůɩɛŬŰɞɠ ŮɝɎɔɞɜŰŬɠ ˊɟɩɘɛŬ 

ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ Űɖɜ ɛŮŰɎŭɞůɖ Űɤɜ ŭɡɜɎɛŮɤɜ Ŭˊɧ Űɞɡɠ ɛɨŮɠ əŬɘ Űɖɜ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ 
ŬɟɗɟɩůŮɤɜ. ȿɑɔŬ ɢɟɧɜɘŬ ŬɟɔɧŰŮɟŬ Űɞ 1543 ŬɛűɘůɓɖŰɐɗɖəŮ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ɖ ŬɜŬŰɞɛɘəɐ 
ɖɔŮɛɞɜɑŬ Űɞɡ ũŬɚɖɜɞɨ ɧŰŬɜ ɞ ūɚŬɛŬɜŭɧɠ űɡůɘəɧɠ Andreas Vesalius (1514-1564) 
ŭɖɛɞůɑŮɡůŮ Űɞ ɏɟɔɞ Űɞɡ çOn the Structure of the Human Bodyè Űɞ ɞˊɞɑɞ ˊŬɟɞɡůɑŬɕŮ 
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ˊɟɤŰɞˊɞɟɘŬəɐ ŮɘəɞɜɞɔɟɎűɖůɖ əŬɘ ɘŭɏŮɠ. ɀŮɔɎɚɖ ůɡɛɓɞɚɐ ůŰɖɜ ȺɛɓɘɞɛɖɢŬɜɘəɐ ŮɑɢŮ əŬɘ 
ɞ Galileo Galilei (1564-1642). ɀŮɚɏŰɖůŮ Űɖ ɛɖɢŬɜɘəɐ ŭɞɛɐ Űɤɜ ɞůŰɩɜ əŬɘ Űɤɜ ɓŬůɘəɩɜ 
Ŭɟɢɩɜ Űɖɠ ŬɚɚɞɛŮŰɟɑŬɠ  əŬɗɩɠ ˊŬɟŬŰɐɟɖůŮ ˊɤɠ ɞɘ ɛɎɕŮɠ Űɤɜ ɕɩɤɜ ŬɡɝɎɜɞɜŰŬɘ 

ŭɡůŬɜɎɚɞɔŬ ɛŮ Űɞ ɛɏɔŮɗɧɠ Űɞɡɠ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ŰŬ ɞůŰɎ Űɞɡɠ ˊɟɏˊŮɘ Ůˊɑůɖɠ ɜŬ 
ŬɡɝɎɜɞɜŰŬɘ ŭɡůŬɜɎɚɞɔŬ ůŮ ˊŮɟɑɛŮŰɟɞ, ˊɟɞůŬɟɛɞůɛɏɜŬ ůŰɖ ɛŮŰŬűɞɟɎ űɞɟŰɑɤɜ əŬɘ ɧɢɘ 
Ŭˊɚɩɠ Űɞ ɛɏɔŮɗɧɠ Űɞɡɠ. ɇŬɡŰɧɢɟɞɜŬ, ɐŰŬɜ ɞ ˊɟɩŰɞɠ ˊɞɡ ɡˊɏɗŮůŮ ɧŰɘ ŰŬ əɧəŬɚŬ ŭŮɜ ŮɑɜŬɘ 
ůɡɛˊŬɔɐ ŬɚɚɎ ŮɑɜŬɘ ˊɞɟɩŭɖ ɩůŰŮ ɜŬ ŮɝŬůűŬɚɑůɞɡɜ Űɖ ɛɏɔɘůŰɖ ŬɜŰɞɢɐ əŬɘ ŮɚɎɢɘůŰɞ ɓɎɟɞɠ 

əŬɘ ˊɤɠ ŰŬ ɗŬɚɎůůɘŬ ˊɚɎůɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟŬ Ŭˊɧ ŰŬ ɢŮɟůŬɑŬ ŮˊŮɘŭɐ ɖ 
Ɏɜɤůɖ Űɞɡ ɜŮɟɞɨ ŬˊŬɚɚɎůůŮɘ Űɞɡɠ ɘůŰɞɨɠ Ŭˊɧ Űɞ ɓɎɟɞɠ Űɞɡɠ [4]. ȰɜŬ Ŭˊɧ ŰŬ ˊɟɩŰŬ 
ɞɚɞəɚɖɟɤɛɏɜŬ ŮˊɘůŰɖɛɞɜɘəɎ əŮɑɛŮɜŬ ůŰɖɜ ȺɛɓɘɞɛɖɢŬɜɘəɐ ŬˊɞŰŮɚŮɑ Űɞ ɏɟɔɞ Űɞɡ 
ɛŬɗɖɛŬŰɘəɞɨ əŬɘ ŬůŰɟɞɜɧɛɞɡ, əŬɘ ˊŬŰɏɟŬ Űɖɠ ȺɛɓɘɞɛɖɢŬɜɘəɐɠ, Giovanni Alfonso Borelli 

(1608-1679) «De Motu Animalium» (ȺɘəɧɜŬ 1.1), ɛŮ Űɞ ɞˊɞɑɞ ŮɘůɐɔŬɔŮ Űɖ ɛɖɢŬɜɘəɐ 
ˊɟɞůɏɔɔɘůɖ ůŰɖ ɛŮɚɏŰɖ Űɖɠ əɑɜɖůɖɠ əŬɘ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ůɩɛŬŰɞɠ. ȼ 
əŬɘɜɞŰɞɛɑŬ Űɞɡ Borelli ɐŰŬɜ ɖ ɢɟɐůɖ Űɤɜ ɛŬɗɖɛŬŰɘəɩɜ əŬɘ űɡůɘəɩɜ ɜɧɛɤɜ ɔɘŬ Űɖɜ 
ˊŮɟɘɔɟŬűɐ Űɖɠ ɓɘɞɚɞɔɘəɐɠ ɚŮɘŰɞɡɟɔɑŬɠ, ŬɜŬɚɨɞɜŰŬɠ Űɖɜ ɘůɞɟɟɞˊɑŬ əŬɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ 

ŬɟɗɟɩůŮɤɜ, Űɖ ŭɞɛɐ əŬɘ Űɖ ŭɟɎůɖ Űɤɜ ɛɡɩɜ, əŬɗɩɠ əŬɘ Űɖ ůɖɛŬůɑŬ Űɖɠ ůˊɞɜŭɡɚɘəɐɠ 
ůŰɐɚɖɠ ɔɘŬ Űɖ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ əɑɜɖůɖɠ [5]. 

 

 
ȺɘəɧɜŬ 1.1:  ȷˊɞůˊɎůɛŬŰŬ Ŭˊɧ Űɞɡɠ ɡˊɞɚɞɔɘůɛɞɨɠ Űɞɡ Alfonso Borelli [5]  

Ƀɘ ŬˊŬɘŰɐůŮɘɠ Űɖɠ ˊŮɟɘɧŭɞɡ Űɖɠ ȸɘɞɛɖɢŬɜɘəɐɠ ȺˊŬɜɎůŰŬůɖɠ ɩɗɖůŬɜ Űɞɡ 
ɛɖɢŬɜɘəɞɨɠ Űɖɠ Ůˊɞɢɐɠ ůŰɖɜ ŬɜɎˊŰɡɝɖ ůɨɔɢɟɞɜɤɜ ɛŮɗɧŭɤɜ ŬɜɎɚɡůɖɠ əŬɘ ɔɟŬűɘəɐɠ 
ŬˊŮɘəɧɜɘůɖɠ Űɤɜ əŬŰŬˊɞɜɐůŮɤɜ ˊɞɡ ŭɏɢɞɜŰŬɘ əŬŰŬůəŮɡɏɠ əŬɘ ɡɚɘəɎ. Ƀ ũŮɟɛŬɜɧɠ 

ɛɖɢŬɜɘəɧɠ Karl Culmann (1821-1881) ŬɜɏˊŰɡɝŮ Űɖ çũɟŬűɘəɐ ɆŰŬŰɘəɐè, ɛɑŬ ɛɏɗɞŭɞ ˊɞɡ 
ŬˊɞŰɨˊɤɜŮ Űɘɠ ŰɎůŮɘɠ ůŮ ŭɞɛɏɠ ɛŮ Űɖ ɢɟɐůɖ ɔɟŬűɘəɩɜ ŬɜŬɚɨůŮɤɜ ŮˊɖɟŮɎɕɞɜŰŬɠ 
ůɖɛŬɜŰɘəɎ Űɖɜ ůɢŮŭɑŬůɖ ɛɖɢŬɜɘəɩɜ əŬŰŬůəŮɡɩɜ. ɀɏůŬ Ŭˊɧ Űɖ ůŰŮɜɐ Űɞɡɠ ůɡɜŮɟɔŬůɑŬ ɞ 
ŬɜŬŰɧɛɞɠ Georg Hermann von Meyer (1815-1892) ŮűɎɟɛɞůŮ Űɘɠ ɘŭɏŮɠ Űɞɡ Karl Culmann 

ɔɘŬ ɜŬ ŮɟɛɖɜŮɨůŮɘ Űɘɠ ŭɞɛɏɠ Űɤɜ ɞůŰɩɜ əŬɘ ɞŭɐɔɖůŮ ůŰɖɜ ůɨɚɚɖɣɖ Űɖɠ ɘŭɏŬɠ ɧŰɘ ɖ ŭɞɛɐ 
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Űɤɜ ɞůŰɩɜ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɘɠ ɛɖɢŬɜɘəɏɠ ŬˊŬɘŰɐůŮɘɠ əŬɘ Űɘɠ ŭɡɜɎɛŮɘɠ ˊɞɡ ŬůəɞɨɜŰŬɘ ˊɎɜɤ 
Űɞɡɠ. ȷɡŰɏɠ ɞɘ ˊŬɟŬŰɖɟɐůŮɘɠ ŬˊɞŰɏɚŮůŬɜ Űɖ ɓɎůɖ ɔɘŬ Űɞɜ ɛŮŰŬɔŮɜɏůŰŮɟɞ çɁɧɛɞ Űɞɡ 
Wolffè ˊɞɡ ŭɘŬŰɡˊɩɗɖəŮ Ŭˊɧ Űɞɜ ũŮɟɛŬɜɧ ŬɜŬŰɧɛɞ əŬɘ ɢŮɘɟɞɨɟɔɞ Julius Wolff  (1836-

1902), ůɨɛűɤɜŬ ɛŮ Űɞɜ ɞˊɞɑɞ ɖ ŭɞɛɐ Űɤɜ ɞůŰɩɜ ŭŮɜ ŮɑɜŬɘ ŰɡɢŬɑŬ ŬɚɚɎ ŭɘŬɛɞɟűɩɜŮŰŬɘ 
ɛŬɗɖɛŬŰɘəɎ əŬɘ ŬɜŰŬˊɞəɟɑɜŮŰŬɘ ůŰɘɠ ɛɖɢŬɜɘəɏɠ ŬɜɎɔəŮɠ ˊɞɡ Űɞɡ ŮˊɘɓɎɚɚɞɜŰŬɘ [6]. ȸŬůɘəɧ 
ˊŮŭɑɞ ˊɟɞɓɚɖɛŬŰɘůɛɞɨ, ůŰɞ ˊŮŭɑɞ Űɖɠ ȺɛɓɘɞɛɖɢŬɜɘəɐɠ, ɛɏɢɟɘ ŰŬ Űɏɚɖ Űɞɡ 19ɞɡ ŬɘɩɜŬ 
ŬˊɞŰɏɚŮůŮ əŬɘ ɞ ŰɞɛɏŬɠ Űɖɠ əɘɜɖůɘɞɚɞɔɑŬɠ. ɀŮ Űɖ ɢɟɐůɖ əɘɜɖɛŬŰɞɔɟŬűɘəɩɜ ŰŮɢɜɘəɩɜ ɞɘ 

Christian Wilhelm Braune (1831-1892) əŬɘ Otto Fischer (1861-1917) ŬɜɏˊŰɡɝŬɜ ɏɜŬ 
ŰɟɘůŭɘɎůŰŬŰɞ ɛŬɗɖɛŬŰɘəɧ ɛɞɜŰɏɚɞ Űɖɠ Ŭɜɗɟɩˊɘɜɖɠ ɓɎŭɘůɖɠ, Űɞ ɞˊɞɑɞ ˊŮɟɘɚɎɛɓŬɜŮ 
ŭɩŭŮəŬ ŰɛɐɛŬŰŬ Űɞɡ ůɩɛŬŰɞɠ. Ɇəɞˊɧɠ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ɐŰŬɜ ɞ əŬɗɞɟɘůɛɧɠ 
ŬɜɗɟɤˊɞɛŮŰɟɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ, ɧˊɤɠ Űɞ əɏɜŰɟɞ ɓɎɟɞɡɠ Űɤɜ Ůˊɘɛɏɟɞɡɠ ŰɛɖɛɎŰɤɜ əŬɘ Űɞɡ 

ůɡɜɞɚɘəɞɨ ůɩɛŬŰɞɠ. ɇɞ ɛɞɜŰɏɚɞ ɛˊɞɟɞɨůŮ ɜŬ əŬŰŬɔɟɎɣŮɘ ɛŮŰŬŰɞˊɑůŮɘɠ, ŰŬɢɨŰɖŰŮɠ, 
ŮˊɘŰŬɢɨɜůŮɘɠ əŬɘ ŭɡɜɎɛŮɘɠ əŬŰɎ Űɞ ɓɎŭɘůɛŬ əŬɘ Űɞ ɏɟɔɞ Űɞɡɠ «Der Gang des Menschen» 
(ɇɞ ȷɜɗɟɩˊɘɜɞ ȸɎŭɘůɛŬ) ɗŮɤɟŮɑŰŬɘ ɗŮɛŮɚɘɩŭŮɠ ůŰɖɜ ŬɜɎɚɡůɖ əŬɘ əŬŰŬɜɧɖůɖ Űɖɠ 
Ŭɜɗɟɩˊɘɜɖɠ ɓɎŭɘůɖɠ ɛɏɢɟɘ əŬɘ ůɐɛŮɟŬ [7].  

 

 
ȺɘəɧɜŬ 1.2:  ȹɘŬɔɟɎɛɛŬŰŬ Ŭˊɧ Űɘɠ ůɖɛŮɘɩůŮɘɠ Űɞɡ Wolff [6]  

ɆŰɖɜ ůɖɛŮɟɘɜɐ Ůˊɞɢɐ ɖ ŬɜɎˊŰɡɝɖ Űɖɠ ȺɛɓɘɞɛɖɢŬɜɘəɐɠ ɏɢŮɘ ŮɜɘůɢɡɗŮɑ ůɖɛŬɜŰɘəɎ 
Ŭˊɧ Űɖɜ ˊɟɧɞŭɞ ůŰɞɡɠ ɖɚŮəŰɟɞɜɘəɞɨɠ ɡˊɞɚɞɔɘůŰɏɠ əŬɘ ůŰŬ ɣɖűɘŬəɎ ɛɞɜŰɏɚŬ. ɆɨɔɢɟɞɜŮɠ 

ŰŮɢɜɞɚɞɔɑŮɠ ɧˊɤɠ ɖ ɡˊɞɚɞɔɘůŰɘəɐ ɛɖɢŬɜɘəɐ əŬɘ ŰŬ ɛɞɜŰɏɚŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ 
ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ˊɟɞůɞɛɞɘɩůɞɡɜ Űɖ ɓɘɞɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ 
ůɩɛŬŰɞɠ ɛŮ ŬəɟɑɓŮɘŬ əŬɘ ɚŮˊŰɞɛɏɟŮɘŬ. ɇŬɡŰɧɢɟɞɜŬ, ˊɟɞůűɏɟɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ 
ŭɘŮɝŬɔɤɔɐɠ ˊɞɚɚŬˊɚɩɜ ˊŮɘɟŬɛɎŰɤɜ ůŮ ůɨɜɗŮŰŬ ɛɞɜŰɏɚŬ, ŰŬ ɞˊɞɑŬ ŬɜŰɘəŬɗɘůŰɞɨɜ Űɖɜ 

ŬɜɎɔəɖ ɔɘŬ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ˊɟŬɔɛŬŰɘəɩɜ ŭŮɘɔɛɎŰɤɜ, ŬɜŰɘɛŮŰɤɑ́ɕɞɜŰŬɠ ɏŰůɘ ˊŮɟɘɞɟɘůɛɞɨɠ 
ˊɟŬəŰɘəɞɨɠ, ɞɘəɞɜɞɛɘəɞɨɠ ɐ ɖɗɘəɞɨɠ. ɀŮɔɎɚɞ ŰŮɢɜɞɚɞɔɘəɧ ɓɐɛŬ ɔɘŬ Űɖ ɀɖɢŬɜɘəɐ Űɤɜ 
Ɉɚɘəɩɜ əŬɘ əŬŰô ŮˊɏəŰŬůɖ ůŰɞɜ ŰɞɛɏŬ Űɖɠ ȺɛɓɘɞɛɖɢŬɜɘəɐɠ ŮɑɜŬɘ ɖ ŬɜɎˊŰɡɝɖ Űɖɠ ŰŮɢɜɘəɐɠ 
çɆɡůɢɏŰɘůɖ ɊɖűɘŬəɩɜ Ⱥɘəɧɜɤɜè (Digital Image Correlation) ɛɏůŬ Ŭˊɧ Űɖɜ ɞˊɞɑŬ ɞɘ 

ŮˊɘůŰɐɛɞɜŮɠ ɛˊɞɟɞɨɜ ɜŬ ɛŮɚŮŰɞɨɜ ɛŮŰŬəɘɜɐůŮɘɠ əŬɘ ˊŬɟŬɛɞɟűɩůŮɘɠ ůŮ ɛɘəɟɞůəɞˊɘəɧ 
ŮˊɑˊŮŭɞ əŬɘ ɓɞɖɗɎ ůŰɖɜ Ŭəɟɘɓɐ ˊɟɞůɞɛɞɑɤůɖ Űɤɜ ɞůŰɩɜ ɧŰŬɜ ŮəŮɑɜŬ ŬɜŬɚɨɞɜŰŬɘ ůŮ 
ɣɖűɘŬəɎ ɛɞɜŰɏɚŬ [8]. 
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1.3 Ƀ ɃɆɇȽɇȼɆ ȽɆɇɃɆ 

 

1.3.1 ũŮɜɘəɎ ɆŰɞɘɢŮɑŬ əŬɘ ȸŬůɘəɐ ȷɜŬŰɞɛɑŬ 

 

ɇŬ ɞůŰɎ ŬˊɞŰŮɚɞɨɜ Űɖ ɓŬůɘəɐ ŭɞɛɘəɐ ůŰɐɟɘɝɖ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ůɩɛŬŰɞɠ əŬɘ Űɤɜ 
ůˊɞɜŭɡɚɤŰɩɜ ɞɟɔŬɜɘůɛɩɜ ɔŮɜɘəɧŰŮɟŬ. ɆŮ ɧɚŬ ŰŬ ɏɛɓɘŬ ɧɜŰŬ, ɖ űɨůɖ ɏɢŮɘ ŬɜŬˊŰɨɝŮɘ 

ŭɘŬűɞɟŮŰɘəɞɨɠ ɛɖɢŬɜɘůɛɞɨɠ ɔɘŬ Űɖ ůŰɐɟɘɝɖ əŬɘ Űɖɜ ˊɟɞůŰŬůɑŬ Űɤɜ ůɤɛɎŰɤɜ Űɞɡɠ. ɆŰŬ 
ɗŬɚɎůůɘŬ ŬůˊɧɜŭɡɚŬ, ɧˊɤɠ ɞɘ ŰůɞɨɢŰɟŮɠ, ɖ ɡˊɞůŰɐɟɘɝɖ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ Űɖɠ 
ɘůɞɟɟɞˊɑŬɠ Űɖɠ ŮůɤŰŮɟɘəɐɠ əŬɘ ŮɝɤŰŮɟɘəɐɠ ˊɑŮůɖɠ Űɞɡ ɜŮɟɞɨ. ɆŰŬ ɛɘəɟɧŰŮɟŬ ɕɩŬ, ɧˊɤɠ 
ŰŬ ɏɜŰɞɛŬ əŬɘ ɞɘ ŬůŰŬəɞɑ, ɖ ɚŮɘŰɞɡɟɔɑŬ ŬɡŰɐ ŬɜŬɚŬɛɓɎɜŮŰŬɘ Ŭˊɧ Űɞɜ ŮɝɤůəŮɚŮŰɧ ˊɞɡ 

ˊɟɞůŰŬŰŮɨŮɘ əŬɘ ůŰɖɟɑɕŮɘ ŰŬ ŮůɤŰŮɟɘəɎ Űɞɡɠ ɧɟɔŬɜŬ. ɋůŰɧůɞ, ɖ Ŭɨɝɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ əŬɘ 
Űɞɡ ɓɎɟɞɡɠ Űɤɜ ɢŮɟůŬɑɤɜ ɕɩɤɜ əŬɘ Űɤɜ ɕɤŰɘəɩɜ Űɞɡɠ ɞɟɔɎɜɤɜ ŬˊŬɘŰŮɑ Űɖɜ ŬɜɎˊŰɡɝɖ 
ŮɜŭɞůəŮɚŮŰɞɨ (ŮůɤŰŮɟɘəɧ ůəŮɚŮŰɧ), ŭɖɚŬŭɐ Ůɜɧɠ ŮůɤŰŮɟɘəɞɨ ůɡůŰɐɛŬŰɞɠ ɡˊɞůŰɐɟɘɝɖɠ 
ˊɞɡ ŮɝŬůűŬɚɑɕŮɘ Űɖ ůŰŬɗŮɟɧŰɖŰŬ əŬɘ Űɖɜ ŬɜɗŮəŰɘəɧŰɖŰŬ ůŰɘɠ ɛɖɢŬɜɘəɏɠ əŬŰŬˊɞɜɐůŮɘɠ əŬɘ 

Űɞɡɠ ŰɟŬɡɛŬŰɘůɛɞɨɠ.  

Ƀ ůəŮɚŮŰɧɠ ůŰɞɡɠ Ŭɜɗɟɩˊɞɡɠ ɏɢŮɘ ˊɞɚɡŭɘɎůŰŬŰɖ ɚŮɘŰɞɡɟɔɑŬ. ȺɜŮɟɔŮɑ ɤɠ ɎəŬɛˊŰɞ 
ůɨůŰɖɛŬ ɛɞɢɚɩɜ ˊɞɡ ɛŮŰŬűɏɟŮɘ ŭɨɜŬɛɖ Ŭˊɧ Űɞɡɠ ɛɨŮɠ əŬɘ ˊŬɟɏɢŮɘ ˊɟɞůŰŬůɑŬ ůŰŬ ɕɤŰɘəɎ 
ɧɟɔŬɜŬ ɧˊɤɠ, ɖ əŬɟŭɘɎ, ɞ ŮɔəɏűŬɚɞɠ əŬɘ ɞɘ ˊɜŮɨɛɞɜŮɠ. Ⱥˊɘˊɚɏɞɜ, ɞ ůəŮɚŮŰɧɠ əŬŰɏɢŮɘ 
ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖ ɛŮŰŬűɞɟɎ əŬɘ Űɖɜ ŬˊɞɗɐəŮɡůɖ ɗɟŮˊŰɘəɩɜ ůŰɞɘɢŮɑɤɜ, ɧˊɤɠ Űɞ 
ŬůɓɏůŰɘɞ əŬɘ Űɞ űɩůűɞɟɞ, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ɞ ɛɡŮɚɧɠ Űɤɜ ɞůŰɩɜ ŮɑɜŬɘ ɡˊŮɨɗɡɜɞɠ ɔɘŬ Űɖɜ 

ˊŬɟŬɔɤɔɐ ɚŮɡəɩɜ əŬɘ əɧəəɘɜɤɜ ŬɘɛɞůűŬɘɟɑɤɜ. ȷəɧɛɖ, ŰŬ ɞůŰɎ ůɡɛɓɎɚɚɞɡɜ ůŰɖ 
ɛŮŰɎŭɞůɖ Űɞɡ ɐɢɞɡ, ůŰɖɜ ɎɛɡɜŬ əŬŰɎ Űɖɠ ɞɝŮɑŭɤůɖɠ əŬɘ ɏɢɞɡɜ Ŭəɧɛɖ əŬɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ 
ɜŬ ŬˊɞɗɖəŮɨůɞɡɜ - ˊŬɔɘŭŮɨůɞɡɜ ɓŬɟɏŬ ɛɏŰŬɚɚŬ əŬɘ Űɞɝɘəɏɠ ɞɡůɑŮɠ, ɧˊɤɠ ɞ ɛɧɚɡɓŭɞɠ, ůŮ 
ˊŮɟɑˊŰɤůɖ ˊɞɡ Ůɘůɏɚɗɞɡɜ ůŰɞ ůɩɛŬ ɔɘŬ ŰŬ ɞˊɞɑŬ ŭŮɜ ɡˊɎɟɢŮɘ əɎˊɞɘɞɠ ɛɖɢŬɜɘůɛɧɠ 

Ŭˊɧɟɟɘɣɖɠ, ˊɟɞůűɏɟɞɜŰŬɠ ɏɜŬɜ ŬəɧɛŬ ɛɖɢŬɜɘůɛɧ ɎɛɡɜŬɠ ɔɘŬ Űɞɜ ɞɟɔŬɜɘůɛɧ. ɀɑŬ 
ŮɜŭɘŬűɏɟɞɡůŬ ˊŬɟŬŰɐɟɖůɖ ŮɑɜŬɘ ˊɤɠ ŰŬ ɞůŰɎ, ɚɧɔɤ Űɖɠ ŬɜŰɞɢɐɠ Űɞɡɠ ůŰɞɜ ɢɟɧɜɞ əŬɘ ůŰɘɠ 
əɟɞɨůŮɘɠ, əŬŰɎ Űɖɜ ˊɟɞɥůŰɞɟɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɜ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ŮɟɔŬɚŮɑɤɜ, ɧˊɚɤɜ 
ŬəɧɛŬ əŬɘ ɏɟɔɤɜ Űɏɢɜɖɠ. 

Ƀ Ŭɜɗɟɩˊɘɜɞɠ ůəŮɚŮŰɧɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊŮɟɑˊɞɡ 206 ɞůŰɎ, ŰŬ ɞˊɞɑŬ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ 
ŭɘɎűɞɟŮɠ əŬŰɖɔɞɟɑŮɠ ŬɜɎɚɞɔŬ ɛŮ Űɞ ůɢɐɛŬ əŬɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ. ɇŬ ɛŬəɟɎ (Ůˊɘɛɐəɖ) 

ɞůŰɎ, ɧˊɤɠ ɞ ɛɖɟɘŬɑɞɠ, ŭɟɞɡɜ ɤɠ ɛɞɢɚɞɑ ɔɘŬ Űɖɜ əɑɜɖůɖ əŬɘ ŰŬ ɓɟŬɢɏŬ ɞůŰɎ, ɧˊɤɠ ɞɘ 
ůˊɧɜŭɡɚɞɘ, ˊɟɞůűɏɟɞɡɜ ɡˊɞůŰɐɟɘɝɖ əŬɘ ůŰŬɗŮɟɧŰɖŰŬ. ɇŬ ˊɚŬŰɏŬ ɞůŰɎ, ɧˊɤɠ ɖ ɤɛɞˊɚɎŰɖ, 
ˊɟɞůŰŬŰŮɨɞɡɜ ŰŬ ɕɤŰɘəɎ ɧɟɔŬɜŬ, Ůɜɩ ŰŬ ŬəŬɜɧɜɘůŰŬ ɞůŰɎ, ɧˊɤɠ ŰŬ ɞůŰɎ Űɖɠ 
ˊɞŭɞəɜɖɛɘəɐɠ Ɏɟɗɟɤůɖɠ, ɏɢɞɡɜ ůɨɜɗŮŰŬ ůɢɐɛŬŰŬ ˊɞɡ ŮɝɡˊɖɟŮŰɞɨɜ ŮɝɘŭŮɘəŮɡɛɏɜŮɠ 

ɚŮɘŰɞɡɟɔɑŮɠ. ɇɏɚɞɠ, ɡˊɎɟɢɞɡɜ ŰŬ ŬŮɟɞűɧɟŬ ɞůŰɎ, ɧˊɤɠ ŰŬ ɕɡɔɤɛŬŰɘəɎ, ˊɞɡ ŭɘŬɗɏŰɞɡɜ 
əɞɘɚɧŰɖŰŮɠ ˊɞɡ ɛŮɘɩɜɞɡɜ Űɞ ůɡɜɞɚɘəɧ Űɞɡɠ ɓɎɟɞɠ ɢɤɟɑɠ ɜŬ ɛŮɘɩɜɞɡɜ Űɖɜ ŬɜŰɞɢɐ Űɞɡɠ əŬɘ 
ɞɘ ˊɚŮɡɟɏɠ, ɞɘ ɞˊɞɑŮɠ ŭŮɜ Ŭɜɐəɞɡɜ ůŮ əŬɛɑŬ Ŭˊɧ Űɘɠ ˊŬɟŬˊɎɜɤ əŬŰɖɔɞɟɑŮɠ. 

ɇŬ ɞůŰɎ ŮɜɩɜɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛɏůɤ Ůɘŭɘəɩɜ ůɡɜŭɏůɛɤɜ ˊɞɡ ɞɜɞɛɎɕɞɜŰŬɘ 
ŬɟɗɟɩůŮɘɠ, ɧˊɞɡ ˊŬɟɏɢɞɡɜ, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ɗɏůɖ Űɞɡɠ ůŰɞ ůɩɛŬ, ůŰŬ ɞůŰɎ ŭɘŬűɞɟŮŰɘəɞɨɠ 
ɓŬɗɛɞɨɠ ŮɚŮɡɗŮɟɑŬɠ. Ƀɘ ŬɟɗɟɩůŮɘɠ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ əɘɜɖŰɏɠ, ɧˊɤɠ ɖ Ɏɟɗɟɤůɖ Űɞɡ ɩɛɞɡ, 

ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ əɘɜɐůŮɘɠ ůŮ ˊɞɚɚɏɠ əŬŰŮɡɗɨɜůŮɘɠ, ɖɛɑůŮɘŮɠ, ɧˊɤɠ ůˊɧɜŭɡɚɞɘ, ˊɞɡ ŮəŰŮɚɞɨɜ 
ˊŮɟɘɞɟɘůɛɏɜŮɠ əɘɜɐůŮɘɠ əŬɘ ůŮ ŬəɑɜɖŰŮɠ, ɧˊɤɠ ɞɘ ŬɟɗɟɩůŮɘɠ Űɞɡ əɟŬɜɑɞɡ. ɇɞ ůɨůŰɖɛŬ Űɤɜ 
ŬɟɗɟɩůŮɤɜ əŬɘ ɞůŰɩɜ ŬˊŬɟŰɑɕɞɡɜ Űɞɜ ůəŮɚŮŰɧ (ȺɘəɧɜŬ 1.3), ˊɎɜɤ ůŰɞɜ ɞˊɞɑɞ 
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ˊɟɞůűɨɞɜŰŬɘ ɞɘ ɛɨŮɠ əŬɘ ɛŬɕɑ ŭɞɛɞɨɜ Űɞ ɛɡɞůəŮɚŮŰɘəɧ ůɨůŰɖɛŬ [9],[10]. 

 
ȺɘəɧɜŬ 1.3:  Ƀ Ŭɜɗɟɩˊɘɜɞɠ ůəŮɚŮŰɧɠ [11] 

1.3.2 ɀɘəɟɞůəɞˊɘəɐ ȹɞɛɐ əŬɘ ɉɖɛɘəɐ ɆɨůŰŬůɖ Űɤɜ ɃůŰɩɜ 

 

ɇɞ ɞůŰɧ ŮɑɜŬɘ ɏɜŬ ůɨɜɗŮŰɞ ɡɚɘəɧ ɢɤɟɑɠ ŮɜɘŬɑŬ ɢɖɛɘəɐ ůɨůŰŬůɖ. ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

ˊŮɟɑˊɞɡ 22% ŬůɓɏůŰɘɞ (Ca), 10% űɩůűɞɟɞ (P) ŰŬ ɞˊɞɑŬ ůɡɜŮɘůűɏɟɞɡɜ ůŰɖ ůəɚɖɟɧŰɖŰŬ 
əŬɘ ŬɜɗŮəŰɘəɧŰɖŰŬ Űɞɡ ɘůŰɞɨ. Ⱥˊɘˊɚɏɞɜ, ˊŮɟɘɏɢŮɘ ɛɘəɟɧŰŮɟŮɠ ˊɞůɧŰɖŰŮɠ ɛŬɔɜɖůɑɞɡ, 
ɜŬŰɟɑɞɡ əŬɘ əŬɚɑɞɡ ůŰɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ɞůŰɘəɐɠ ɞɛɞɘɧůŰŬůɖɠ əŬɘ Űɖɠ ɛŮŰŬɓɞɚɘəɐɠ Űɞɡ 
ɚŮɘŰɞɡɟɔɑŬɠ [12]. 

ũŮɜɘəɎ, ɖ ɛɘəɟɞůəɞˊɘəɐ ŭɞɛɐ Űɤɜ ɞůŰɩɜ ˊŮɟɘɚŬɛɓɎɜŮɘ ŭɨɞ ɓŬůɘəɎ ɛɏɟɖ, Űɖɜ 
ŮɝɤəɡŰŰɎɟɘŬ ɗŮɛɏɚɘŬ ɞɡůɑŬ əŬɘ ŰŬ əɡŰŰŬɟɘəɎ ůɡůŰŬŰɘəɎ. ȼ ŮɝɤəɡŰŰɎɟɘŬ ɗŮɛɏɚɘŬ ɞɡůɑŬ 
ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞ ɞɟɔŬɜɘəɧ ŰɛɐɛŬ, ˊɞɡ ŬˊɞŰŮɚŮɑ ˊŮɟɑˊɞɡ Űɞ 35% Űɖɠ ɛɎɕŬɠ Űɞɡ ɘůŰɞɨ 
əŬɘ Űɞ ŬɜɧɟɔŬɜɞ ŰɛɐɛŬ ˊɞɡ ŬˊɞŰŮɚŮɑ Űɞ ɡˊɧɚɞɘˊɞ 65%. ɇɞ ɞɟɔŬɜɘəɧ ŰɛɐɛŬ ůɡɜɑůŰŬŰŬɘ 

əɡɟɑɤɠ Ŭˊɧ əɞɚɚŬɔɧɜɞ Űɨˊɞɡ Ƚ (Ůɑŭɞɠ ˊɟɤŰŮȶɜɖɠ), ɧˊɞɡ ŬˊɞŰŮɚŮɑ Űɞ 90% Űɖɠ ɞɟɔŬɜɘəɐɠ 
ɛɎɕŬɠ Űɞɡ ɘůŰɞɨ, ˊɟɞůŭɑŭɞɜŰŬɠ Űɞɡ ŮɚŬůŰɘəɧŰɖŰŬ əŬɘ ŬɜɗŮəŰɘəɧŰɖŰŬ əŬɘ 
ɔɚɡəɞɕŬɛɘɜɞɔɚɡəɎɜŮɠ, ɧˊɤɠ ɖ ɞůŰŮɞəŬɚůɑɜɖ əŬɘ ɖ ɞůŰŮɞŮəŰɑɜɖ, ɞɘ ɞˊɞɑŮɠ ŬɜŬɚŬɛɓɎɜɞɡɜ 
ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖ ůɨɜɗŮůɖ əŬɘ ɞɟɔɎɜɤůɖ Űɖɠ ɗŮɛɏɚɘŬɠ ɞɡůɑŬɠ. ɇɞ ŬɜɧɟɔŬɜɞ ŰɛɐɛŬ 

ˊŮɟɘɏɢŮɘ əɡɟɑɤɠ əɟɡůŰɎɚɚɞɡɠ ɡŭɟɞɝɡŬˊŬŰɑŰɖ (Ca10(PO4)6(OH)2), ɧˊɞɡ ŬˊɞŰŮɚɞɨɜ əŬɘ Űɞ 
əɨɟɘɞ ůɡůŰŬŰɘəɧ Űɞɡ ůɛɎɚŰɞɡ Űɤɜ ŭɞɜŰɘɩɜ, əŬɘ ɎɚŬŰŬ ɧˊɤɠ űɤůűɞɟɘəɧ ŬůɓɏůŰɘɞ, 
űɤůűɞɟɘəɧ ɛŬɔɜɐůɘɞ əŬɘ ŬɜɗɟŬəɘəɧ ŬůɓɏůŰɘɞ. ȼ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɤɜ ɞɟɔŬɜɘəɩɜ 
əŬɘ ŬɜɧɟɔŬɜɤɜ ůɡůŰŬŰɘəɩɜ əŬɗɘůŰɎ Űɞ ɞůŰɧ ɏɜŬ ɛɞɜŬŭɘəɧ ɡɚɘəɧ ˊɞɡ ůɡɜŭɡɎɕŮɘ 

ŬɜɗŮəŰɘəɧŰɖŰŬ əŬɘ ŮɚŬůŰɘəɧŰɖŰŬ. 

 

 
ȺɘəɧɜŬ 1.1:  ȷɜ ŬˊɞɛŬəɟɡɜɗɞɨɜ ŰŬ ɛŮŰŬɚɚɘəɎ ɎɚŬŰŬ Űɞ ɞůŰɧ ɔɑɜŮŰŬɘ ˊɞɚɨ ŮɨəŬɛˊŰɞ (b), Ůɜɩ Ŭɜ ŬˊɞɛŬəɟɡɜɗŮɑ Űɞ 

əɞɚɚŬɔɧɜɞ Űɞ ɞůŰɧ ɔɑɜŮŰŬɘ ˊɞɚɨ ŮɨɗɟŬɡůŰɞ (c) [13]  
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ɇɞ əɡŰŰŬɟɘəɧ ɛɏɟɞɠ Űɤɜ ɞůŰɩɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɞɡɠ ɞůŰŮɞɓɚɎůŰŮɠ, Űɞɡɠ 
ɞůŰŮɞəɚɎůŰŮɠ əŬɘ ŰŬ ɞůŰŮɞəɨŰŰŬɟŬ ˊɞɡ Ŭɜ əŬɘ ŬˊɞŰŮɚɞɨɜ ɛɧɜɞ Űɞ 2% Űɞɡ ɧɔəɞɡ Űɞɡ 
ɞůŰɞɨ ɏɢɞɡɜ ɘŭɘŬɑŰŮɟŬ ůɖɛŬɜŰɘəɐ ɚŮɘŰɞɡɟɔɑŬ əŬɗɩɠ ŮɡɗɨɜɞɜŰŬɘ ɔɘŬ Űɖɜ ŭɘŬŭɘəŬůɑŬ 

ɞůŰɘəɐɠ ŬɜɎˊɚŬůɖɠ əŬɘ ŬɜŬəŬŰŬůəŮɡɐɠ. ȾŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ɔɑɜŮŰŬɘ ɖ ŬˊɞůɨɜɗŮůɖ 
əŬɘ ɖ Ŭˊɞɟɟɧűɖůɖ Űɤɜ ɜŮəɟɩɜ ɞůŰɘəɩɜ əɡŰŰɎɟɤɜ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ɜɏŬ 
ɞůŰŮɞəɨŰŰŬɟŬ ŮˊɘŭɘɞɟɗɩɜɞɜŰŬɠ ɛŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ Űɘɠ ɕɖɛɘɏɠ Űɤɜ ɞůŰɩɜ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, 
ɖ ŭɘŬŭɘəŬůɑŬ ŬɟɢɑɕŮɘ ɧŰŬɜ ɞɘ ɞůŰŮɞəɚɎůŰŮɠ, ˊɞɚɡˊɨɟɖɜŬ əɨŰŰŬɟŬ ɛŮ ɏɜŰɞɜɖ ŬˊɞɟɟɞűɖŰɘəɐ 

ŭɟɎůɖ, ŭɘŬůˊɞɨɜ Űɞ ˊŬɚɘɧ ɐ əŬŰŬůŰɟŬɛɛɏɜɞ ɘůŰɧ, ˊɟɞŮŰɞɘɛɎɕɞɜŰŬɠ Űɞ ɏŭŬűɞɠ ɔɘŬ Űɖɜ 
ŬɜŬəŬŰŬůəŮɡɐ. ɀŮ Űɖɜ ůŮɘɟɎ Űɞɡɠ ɞɘ ɞůŰŮɞɓɚɎůŰŮɠ, ŰŬ əɨɟɘŬ əɨŰŰŬɟŬ ůɨɜɗŮůɖɠ Űɞɡ 
ɞůŰɑŰɖ ɘůŰɞɨ, ɛɏůŬ Ŭˊɧ Űɖɜ ˊŬɟŬɔɤɔɐ əɞɚɚŬɔɧɜɞɡ əŬɘ Űɖɜ ŮɜŬˊɧɗŮůɖ ŬɜɧɟɔŬɜɤɜ 
ůɡůŰŬŰɘəɩɜ ůɡɜɗɏŰɞɡɜ Űɞɜ əŬɘɜɞɨɟɔɘɞ ɘůŰɧ. ȳŰŬɜ ɞɚɞəɚɖɟɩůɞɡɜ Űɖɜ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ, 

ŮɔəɚɤɓɑɕɞɜŰŬɘ ůŰɖ ɛɐŰɟŬ Űɞɡ əɞɚɚŬɔɧɜɞɡ əŬɘ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ ɞůŰŮɞəɨŰŰŬɟŬ. ɇŬ 
ɞůŰŮɞəɨŰŰŬɟŬ ŬˊɞŰŮɚɞɨɜ Űɘɠ çɛɞɜɎŭŮɠ Ůɚɏɔɢɞɡè Űɞɡ ɞůŰɞɨ, ŬɜɘɢɜŮɨɞɜŰŬɠ ɛɖɢŬɜɘəɏɠ 
űɞɟŰɑůŮɘɠ əŬɘ ɟɡɗɛɑɕɞɜŰŬɠ Űɖɜ ɞɛɞɘɧůŰŬůɖ Űɞɡ ŬůɓŮůŰɑɞɡ əŬɘ űɤůűɧɟɞɡ. ȼ ůɡɜŮɢŮɑɠ 
ŬɜŬəŬŰŬůəŮɡɐ Űɞɡ ɞůŰɑŰɖ ɘůŰɞɨ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ɡɔŮɑŬɠ əŬɘ Űɖɠ 

ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ Űɞɡ ůəŮɚŮŰɘəɞɨ ůɡůŰɐɛŬŰɞɠ. ɆŮ ɏɜŬɜ ŮɜɐɚɘəŬ, ɞɘ ŭɘŬŭɘəŬůɑŮɠ 
əŬŰŬůəŮɡɐɠ əŬɘ Ŭˊɞɟɟɧűɖůɖɠ ɓɟɑůəɞɜŰŬɘ ůŮ ɘůɞɟɟɞˊɑŬ, Ůɜɩ ɛŮŰɎ Űɖɜ ɖɚɘəɑŬ Űɤɜ 35-40 
ŮŰɩɜ ɖ ŭɟŬůŰɖɟɘɧŰɖŰŬ Űɤɜ ɞůŰŮɞəɚŬůŰɩɜ ɡˊŮɟŰŮɟŮɑ Ŭˊɧ ŮəŮɑɜɖ Űɤɜ ɞůŰŮɞɓɚŬůŰɩɜ, 
ɞŭɖɔɩɜŰŬɠ ůŮ ŬˊɩɚŮɘŬ ɞůŰɘəɐɠ ɛɎɕŬɠ [9],[10]. 

 
ȺɘəɧɜŬ 1.2:  ȷˊŮɘəɧɜɘůɖ űɡůɘɞɚɞɔɘəɞɨ əŬɘ ɞůŰŮɞˊɤɟɞŰɘəɞɨ ɘůŰɞɨ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɘůɢɑɞɡ [14] 

1.3.3 ɀŬəɟɞůəɞˊɘəɐ ȹɞɛɐ Űɤɜ ɃůŰɩɜ 

ȰɜŬɠ ŭɘŬɢɤɟɘůɛɧɠ Űɞɡ ɞůŰɑŰɖ ɘůŰɞɨ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ Ŭˊɧ Űɘɠ ŭɨɞ əɨɟɘŮɠ ˊŬɟŬɚɚŬɔɏɠ 
Űɞɡ: Űɞ ˊɟɤŰɞɔŮɜɏɠ ɐ Ŭɜɩɟɘɛɞ, ɔɜɤůŰɧ əŬɘ ɤɠ ŭɘəŰɡɤŰɧ ɞůŰɧ əŬɘ Űɞ ŭŮɡŰŮɟɞɔŮɜɏɠ ɐ 
ˊŮŰŬɚɘɩŭŮɠ ɞůŰɧ. ɇŬ ˊɟɤŰɞɔŮɜɐ ɞůŰɎ ŮɛűŬɜɑɕɞɜŰŬɘ əŬŰɎ Űɖɜ Ůɛɓɟɡɥəɐ ŬɜɎˊŰɡɝɖ, Űɖɜ 

Ůˊɞɨɚɤůɖ əŬŰŬɔɛɎŰɤɜ əŬɘ ɎɚɚŮɠ ŮˊɘŭɘɞɟɗɤŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ. ȹɘŬəɟɑɜɞɜŰŬɘ Ŭˊɧ Űɖɜ 
ɢŬɞŰɘəɐ ŭɘɎŰŬɝɖ ɘɜɩɜ əɞɚɚŬɔɧɜɞɡ əŬɘ ɢŬɛɖɚɐ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ŬɜɧɟɔŬɜŬ ɎɚŬŰŬ, 
əŬɗɘůŰɩɜŰŬɠ Űɞ ɞůŰɧ ŮɨəŬɛˊŰɞ əŬɘ ŬɜɗŮəŰɘəɧ, ɘŭɘɧŰɖŰŮɠ ɢɟɐůɘɛŮɠ ɔɘŬ ŰŬ ˊɟɩŰŬ ůŰɎŭɘŬ 
ŬɜɎˊŰɡɝɖɠ əŬɘ ůŰɖɜ ŬˊɞəŬŰɎůŰŬůɖ ŰɟŬɡɛŬŰɘůɛɩɜ.  

ɇŬ ŭŮɡŰŮɟɞɔŮɜɐ ɐ ˊŮŰŬɚɘɩŭɖ ɞůŰɎ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɖɜ ŮɝŮɚɘɔɛɏɜɖ əŬɘ ɩɟɘɛɖ 
əŬŰɎůŰŬůɖ Űɞɡ ɞůŰɘəɞɨ ɘůŰɞɨ ˊɞɡ ůɡɜŬɜŰɎŰŬɘ ůŰɞɡɠ ŮɜɐɚɘəŮɠ. ȼ ɛŬəɟɞůəɞˊɘəɐ Űɞɡɠ ŭɞɛɐ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ əɨɟɘŬ ɛɏɟɖ, Űɞ űɚɞɘɩŭŮɠ (cortical) əŬɘ Űɞ ůˊɞɔɔɩŭŮɠ (cancellous ɐ 
trabecular) ɞůŰɧ (ȺɘəɧɜŬ 1.6). ɇɞ űɚɞɘɩŭŮɠ ɐ ůɡɛˊŬɔɏɠ ɞůŰɧ, ɓɟɑůəŮŰŬɘ əɡɟɑɤɠ əŬŰɎ 
ɛɐəɞɠ Űɞɡ əɡɚɘɜŭɟɘəɞɨ ŰɛɐɛŬŰɞɠ Űɤɜ ɛŬəɟɩɜ ɞůŰɩɜ əŬɘ ůŰɘɠ ŮɝɤŰŮɟɘəɏɠ ŮˊɘűɎɜŮɘŮɠ Űɤɜ 
Ɏɚɚɤɜ ɞůŰɩɜ. ȹɘŬɗɏŰŮɘ ɛŮɔɎɚɖ ˊɡəɜɧŰɖŰŬ əŬɘ ŭɘŬəɟɑɜŮŰŬɘ ɔɘŬ Űɖɜ ŬɜŰɞɢɐ Űɞɡ ůŰɘɠ 

ɗɚɘˊŰɘəɏɠ ŭɡɜɎɛŮɘɠ, ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ɞűŮɑɚɞɜŰŬɘ ůŰɖ ŭɞɛɐ Űɞɡ ɖ ɞˊɞɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ 



18 

 

Űɞɡɠ ɞůŰŮɩɜŮɠ (ȺɘəɧɜŬ 1.7). Ƀɘ ɞůŰŮɩɜŮɠ, ɔɜɤůŰɞɑ əŬɘ ɤɠ ŬɓɏɟůŮɘɞɘ ůɤɚɐɜŮɠ ŮɑɜŬɘ 
əɡɚɘɜŭɟɘəɏɠ ŭɞɛɏɠ ŮɡɗɡɔɟŬɛɛɘůɛɏɜŮɠ ɛŮ Űɘɠ ůŰɞɘɓɎŭŮɠ Űɞɡ ɞůŰɞɨ (ˊŮŰɎɚɘŬ) əŬɘ ŮɑɜŬɘ 
ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɞɘ ˊɟɞɠ Űɖɜ əɨɟɘŬ ŭɘŮɨɗɡɜůɖ ˊɞɡ űɏɟŮɘ Űɞ ɓɎɟɞɠ Űɞɡ ɞůŰɞɨ, ɔɘŬ 

ˊŬɟɎŭŮɘɔɛŬ əŬŰɎ ɛɐəɞɠ Űɞɡ Ůˊɘɛɐəɖ ɎɝɞɜŬ Űɞɡ ɛɖɟɘŬɑɞɡ ɞůŰɞɨ. ɄŬɟɎɚɚɖɚŬ ɞ əɎɗŮ 
ɞůŰŮɩɜŬɠ ˊŮɟɘɓɎɚɚŮɘ ɏɜŬɜ əŮɜŰɟɘəɧ ɢŬɓŮɟůɘŬɜɧ ůɤɚɐɜŬ, ɞ ɞˊɞɑɞɠ ˊŮɟɘɏɢŮɘ ŬɘɛɞűɧɟŬ 
ŬɔɔŮɑŬ əŬɘ ɜŮɡɟɘəɏɠ ɑɜŮɠ, ˊŬɟɏɢɞɜŰŬɠ ɗɟɏɣɖ əŬɘ ɜŮɡɟɘəɧ ŭɑəŰɡɞ ůŰɞ ɞůŰɧ. ȯɚɚŮɠ ŭɑɞŭɞɘ 
ˊɞɡ ŰŮɑɜɞɡɜ ɜŬ ŮɑɜŬɘ əɎɗŮŰŮɠ ůŰɞɡɠ ŬɓɏɟůŮɘɞɡɠ ůɤɚɐɜŮɠ, ŬˊɞəŬɚɞɨɜŰŬɘ əŬɜɎɚɘŬ 

Volkmann, əŬɘ ŮˊɘŰɟɏˊɞɡɜ ůŰŬ ŬɘɛɞűɧɟŬ ŬɔɔŮɑŬ ɜŬ ůɡɜŭɏɞɜŰŬɘ ŭɘŬɛɏůɞɡ Űɞɡ ɞůŰɞɨ əŬɘ 
ɜŬ ŭɘŬɛɞɟűɩɜɞɡɜ ɏɜŬ ŭɑəŰɡɞ ůŮ ɞɚɧəɚɖɟɞ Űɞ ɞůŰɧ. ɇɏɚɞɠ, ŮɜŭɘɎɛŮůŬ ůŰɞɡɠ ɞůŰŮɩɜŮɠ 
ɡˊɎɟɢɞɡɜ ˊŮɟɘɞɢɏɠ ŮˊɞɜɞɛŬɕɧɛŮɜŮɠ ɤɠ ɛŮůɞůŰŮɤɜɘŬəɎ ˊŮŰɎɚɘŬ ˊɞɡ ůɡɛˊɚɖɟɩɜɞɡɜ Űɖ 
ŭɞɛɐ əŬɘ ŮɝŬůűŬɚɑɕɞɡɜ Űɖɜ ɞɛɞɘɞɛɞɟűɑŬ Űɞɡ űɚɞɘɩŭɞɡɠ ɞůŰɞɨ. 

ɇɞ ůˊɞɔɔɩŭŮɠ ɞůŰɧ, ˊɞɡ ŮˊɘəŬɚɨˊŰŮŰŬɘ Ŭˊɧ Űɞ űɚɞɘɩŭŮɠ, ŮɑɜŬɘ ŬɟəŮŰɎ ˊɞɟɩŭŮɠ ɛŮ 
ɛɘəɟɐ ˊɡəɜɧŰɖŰŬ, ɛŮɘɩɜɞɜŰŬɠ ůɖɛŬɜŰɘəɎ Űɞ ůɡɜɞɚɘəɧ ɓɎɟɞɠ Űɞɡ ɞůŰɞɨ, əŬɘ ɘŭɘɧŰɖŰŮɠ ˊɞɡ 

ŭɘŬűɏɟɞɡɜ Űɧůɞ Ŭˊɧ Űɖɜ ŬɜŬŰɞɛɘəɐ ˊŮɟɘɞɢɐ ˊɞɡ ɓɟɑůəŮŰŬɘ ɧůɞ əŬɘ Ŭˊɧ ɎŰɞɛɞ ůŮ ɎŰɞɛɞ. 
ɆɡɜŬɜŰɎŰŬɘ əɡɟɑɤɠ ůŰɘɠ ŮˊɘűɨůŮɘɠ Űɤɜ ɛŬəɟɩɜ ɞůŰɩɜ, ůŰŬ ɓɟŬɢɏŬ əŬɘ ŮˊɑˊŮŭŬ ɞůŰɎ əŬɘ 
ŬˊɞŰŮɚŮɑ ůɖɛŬɜŰɘəɧ ɛɏɟɞɠ Űɤɜ ɞůŰɩɜ Űɖɠ əŮűŬɚɐɠ. ȼ ŭɞɛɐ Űɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ 
ŭɑəŰɡɞ ŭɞəɑŭɤɜ, ɚŮˊŰɩɜ ɞůŰɘəɩɜ ŬəŰɘɜɩɜ, ˊɞɡ ŭɘŬŰɎůůɞɜŰŬɘ ůŮ ɛɞŰɑɓŬ ɛŮ Űɟɧˊɞ ɩůŰŮ ɜŬ 

ŮɡɗɡɔɟŬɛɛɑɕɞɜŰŬɘ ɛŮ Űɘɠ ɛɖɢŬɜɘəɏɠ ŭɡɜɎɛŮɘɠ ˊɞɡ ŬůəɞɨɜŰŬɘ ůŰɞ ɞůŰɧ, ŮɝŬůűŬɚɑɕɞɜŰŬɠ Űɖ 
ɛɏɔɘůŰɖ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ ɛŮ Űɖɜ ŮɚɎɢɘůŰɖ ŬˊŬɘŰɞɨɛŮɜɖ ɛɎɕŬ. Ƀɘ əŮɜɞɑ ɢɩɟɞɘ ɛŮŰŬɝɨ Űɤɜ 
ŭɞəɑŭɤɜ ˊɚɖɟɞɨɜŰŬɘ ɛŮ Ůɟɡɗɟɧ ɛɡŮɚɧ ɞ ɞˊɞɑɞɠ ŮɑɜŬɘ ɡˊŮɨɗɡɜɞɠ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ 
Ůɟɡɗɟɩɜ əŬɘ ɚŮɡəɩɜ ŬɘɛɞˊŮŰŬɚɑɤɜ [9],[10]. 

 

 
ȺɘəɧɜŬ 1.3: ɇɞ űɚɞɘɩŭŮɠ ɞůŰɧ, Űɞ ůˊɞɔɔɩŭŮɠ ɞůŰɧ əŬɘ ɖ ɛŮŰɎɓŬůɖ Ŭˊɧ Űɞ ɏɜŬ ůŰɞ Ɏɚɚɞ (15) 

 
ȺɘəɧɜŬ 1.4:  ȹɞɛɘəɐ ɛɞɜɎŭŬ Űɞɡ ɘůŰɞɨ: ɃůŰŮɩɜŬɠ (16) 
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1.4 ȺɀȸȽɃɀȼɉȷɁȽȾȼ ɇɋɁ ɃɆɇɋɁ 

Ƀɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɞůŰɩɜ ŭɘŬűɏɟɞɡɜ ŬɜɎɚɞɔŬ ɛŮ Űɞɜ Űɨˊɞ Űɞɡ ɞůŰɞɨ 
(ůˊɞɔɔɩŭŮɠ ůŮ ůɨɔəɟɘůɖ ɛŮ űɚɞɘɩŭŮɠ) ɧůɞ əŬɘ Ŭˊɧ Űɖɜ ůɡɔəŮəɟɘɛɏɜɖ ŬɜŬŰɞɛɘəɐ Űɞɡ ɗɏůɖ 

(ɛɖɟɘŬɑɞ ɞůŰɧ ůɡɔəɟɘŰɘəɎ ɛŮ ŰŬ ˊɚŮɡɟɎ). ȺɝŬɘŰɑŬɠ ŬɡŰɐɠ Űɖɠ ɛŮɔɎɚɖɠ ˊɞɘəɘɚɞɛɞɟűɑŬɠ ŭŮɜ 
ɡűɑůŰŬɜŰŬɘ ŬˊɧɚɡŰŮɠ ůŰŬɗŮɟɏɠ Űɘɛɏɠ ɔɘŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɧˊɤɠ ɖ ŬɜŰɞɢɐ ɐ Űɞ ɛɏŰɟɞ 
ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ɞůŰɞɨ. ɋɠ Ůə; ŰɞɨŰɞɡ, ɖ ɛŮɚɏŰɖ Űɖɠ ɛɖɢŬɜɘəɐɠ Űɤɜ ɞůŰɩɜ ŬˊŬɘŰŮɑ Űɖ 
ŭɘŮɟŮɨɜɖůɖ Űɤɜ ɛɞɜŬŭɘəɩɜ ɘŭɘɞŰɐŰɤɜ əɎɗŮ ůɡɔəŮəɟɘɛɏɜɞɡ ɞůŰɞɨ ˊɞɡ ŮɝŮŰɎɕŮŰŬɘ. ɄŬɟɧɚŬ 

ŬɡŰɎ, ɖ əŬŰŬɜɧɖůɖ ɞɟɘůɛɏɜɤɜ ɗŮɛŮɚɘɤŭɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ ɞůŰɘəɞɨ ɘůŰɞɨ ɛˊɞɟŮɑ ɜŬ 
ŮˊɘŰɟɏɣŮɘ Űɖɜ ˊɟɧɓɚŮɣɖ Űɖɠ ɔŮɜɘəɐɠ Űɞɡ ůɡɛˊŮɟɘűɞɟɎɠ ŮɘŭɘəɎ ɧŰŬɜ ɖ ŬɜɎɚɡůɖ ŮůŰɘɎɕŮŰŬɘ 
ůŰɖ ŭɞɛɘəɐ Űɞɡ ɚŮɘŰɞɡɟɔɑŬ [9]. 
 ɇɞ ˊɘɞ ůɖɛŬɜŰɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɞɡ ɞůŰɞɨ ŮɑɜŬɘ ɖ ɘəŬɜɧŰɖŰɎ Űɞɡ ɜŬ 

ˊɟɞůŬɟɛɧɕŮɘ Űɖɜ ˊɡəɜɧŰɖŰŬ, Űɞ ůɢɐɛŬ əŬɘ Űɘɠ ɛɖɢŬɜɘəɏɠ Űɞɡ ɘŭɘɧŰɖŰŮɠ ŬɜɎɚɞɔŬ ɛŮ Űɘɠ 
ŭɡɜɎɛŮɘɠ ˊɞɡ ŭɏɢŮŰŬɘ. ɆɨɛűɤɜŬ ɛŮ Űɞɜ ɜɧɛɞ Űɞɡ Julius Wolff , Űɞ ɞůŰɧ ůŮ ɏɜŬɜ ɡɔɘɐ 
ɞɟɔŬɜɘůɛɧ ˊɟɞůŬɟɛɧɕŮŰŬɘ ůŰŬ űɞɟŰɑŬ ˊɞɡ Űɞɡ ŬůəɞɨɜŰŬɘ. ȳŰŬɜ ɖ űɧɟŰɘůɖ ŬɡɝɎɜŮŰŬɘ, Űɞ 
ɞůŰɧ ɡűɑůŰŬŰŬɘ ŭɘŬŭɘəŬůɑŮɠ ŬɜŬŭɘɞɟɔɎɜɤůɖɠ (remodeling) ɛŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ, 

ŮɜɘůɢɨɞɜŰŬɠ Űɖ ŭɞɛɐ Űɞɡ ɩůŰŮ ɜŬ ŬɜŰŬˊŮɝɏɚɗŮɘ əŬɚɨŰŮɟŬ ůŰɘɠ ɜɏŮɠ ŬˊŬɘŰɐůŮɘɠ. ȷɡŰɐ ɖ 
ŭɘŬŭɘəŬůɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ˊɟɞůŬɟɛɞůŰɘəɏɠ ŬɚɚŬɔɏɠ ůŰɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɞɡ ůˊɞɔɔɩŭɞɡɠ 
ɘůŰɞɨ, ɞɘ ɞˊɞɑŮɠ ůɡɜɞŭŮɨɞɜŰŬɘ Ŭˊɧ ŭŮɡŰŮɟɞɔŮɜŮɑɠ ŰɟɞˊɞˊɞɘɐůŮɘɠ ůŰɞ űɚɞɘɩŭŮɠ ɞůŰɧ, 
ɞŭɖɔɩɜŰŬɠ ůŮ ˊɘɗŬɜɐ ˊɎɢɡɜůɖ Űɖɠ ŮɝɤŰŮɟɘəɐɠ Űɞɡ ůŰɘɓɎŭŬɠ. ȷɜŰɑɗŮŰŬ, ɧŰŬɜ ɖ űɧɟŰɘůɖ 

ɛŮɘɩɜŮŰŬɘ Űɞ ɞůŰɧ ŬˊɞŭɡɜŬɛɩɜŮŰŬɘ, ɛŮɘɩɜɞɜŰŬɠ Űɖ ɛɎɕŬ Űɞɡ ɔɘŬ ɜŬ ˊŮɟɘɞɟɑůŮɘ Űɞ 
ŮɜŮɟɔŮɘŬəɧ əɧůŰɞɠ Űɖɠ ŭɘŬŰɐɟɖůɖɠ. ɋɠ ɕɤɜŰŬɜɧɠ ɘůŰɧɠ Űɞ ɞůŰɧ ŬɜŰɘŭɟɎ ůŰŬ ɛɖɢŬɜɘəɎ 
ŮɟŮɗɑůɛŬŰŬ ˊɞɡ ŭɏɢŮŰŬɘ, ɔŮɔɞɜɧɠ ˊɞɡ ŮɝɖɔŮɑ Űɘɠ ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ ůŰɘɠ ɛɖɢŬɜɘəɏɠ 
ɘŭɘɧŰɖŰŮɠ Űɤɜ ŭɘɎűɞɟɤɜ ɞůŰɩɜ ŬɜɎɚɞɔŬ Űɖ ɗɏůɖ əŬɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, 

ůŰɞ ɛɖɟɘŬɑɞ ɞůŰɧ ɖ űɧɟŰɘůɖ ŬůəŮɑŰŬɘ ůŰɖɜ əŮűŬɚɐ Űɞɡ, ɛŬəɟɘɎ Ŭˊɧ Űɞɜ əɨɟɘɞ ɎɝɞɜɎ Űɞɡ, 
ˊɟɞəŬɚɩɜŰŬɠ ɏəəŮɜŰɟɖ űɧɟŰɘůɖ. ȷɡŰɧ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬɜɎˊŰɡɝɖ əŬɛˊŰɘəɩɜ, 
əŬŰɎ ůɡɜɏˊŮɘŬ əŬɘ ŮűŮɚəɡůŰɘəɩɜ, əŬɘ ůŰɟŮˊŰɘəɩɜ ŭɡɜɎɛŮɤɜ ŮəŰɧɠ Űɤɜ ɗɚɘˊŰɘəɩɜ ˊɞɡ 
ɐŭɖ ɡűɑůŰŬɜŰŬɘ. Ⱥˊɞɛɏɜɤɠ, Űɞ ɛɖɟɘŬɑɞ ɞůŰɧ ŮɝŮɚɑɢɗɖəŮ ɜŬ ŬɜŰɏɢŮɘ ˊɞɚɚŬˊɚɞɨɠ Űɨˊɞɡɠ 

űɧɟŰɘůɖɠ Ŭəɧɛɖ əŬɘ Űɖɜ ŮˊŬɚɚɖɚɑŬ ɧɚɤɜ Űɤɜ ˊŬɟŬˊɎɜɤ (ȺɘəɧɜŬ 1.8). 

 
ȺɘəɧɜŬ 1.5:  Ɂɧɛɞɠ Űɞɡ Wolff ůŰɞ ɛɖɟɘŬɑɞ ɞůŰɧ  [17]  
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ɄɞɚɚɎ ůɡɜɖɗɘůɛɏɜŬ ŭɞɛɘəɎ ɡɚɘəɎ, ɧˊɤɠ ɞ ɢɎɚɡɓŬɠ ɐ Űɞ ŬŰůɎɚɘ, ŮɑɜŬɘ ɘůɞŰɟɞˊɘəɎ ɡɚɘəɎ, 

ŭɖɚŬŭɐ ŮɑɜŬɘ ɡɚɘəɎ ɧˊɞɡ ɞɘ ɛɖɢŬɜɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ ɧˊɤɠ ɖ ŬɜŰɞɢɐ əŬɘ ɖ ŮɚŬůŰɘəɧŰɖŰŬ ŮɑɜŬɘ ɑŭɘŮɠ 
ˊɟɞɠ ɧɚŮɠ Űɘɠ əŬŰŮɡɗɨɜůŮɘɠ. ũɘŬ ɜŬ ˊŮɟɘɔɟŬűɞɨɜ ŰɏŰɞɘŬ ɡɚɘəɎ ɢɟŮɘŬɕɧɛŬůŰŮ ɛɧɜɞ 2 ůŰŬɗŮɟɏɠ, Űɞ 

ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Young (Ⱥ), ɧˊɞɡ ˊŮɟɘɔɟɎűŮɘ ˊɟŬəŰɘəɎ Űɖɜ ŬəŬɛɣɑŬ Űɞɡ ɡɚɘəɞɨ əŬɘ ɧůɞ 

ɛɘəɟɧŰŮɟɞ Űɞ Ⱥ Űɧůɞ ˊɘɞ ŮɚŬůŰɘəɧ ŮɑɜŬɘ Űɞ ɡɚɘəɧ əŬɘ ɞ ɚɧɔɞɠ Poisson (ɜ) ɞ ɞˊɞɑɞɠ ůɡɜŭɏŮɘ Űɖɜ 

ŮɔəɎɟůɘŬ ɛŮ Űɖ ŭɘŬɛɐəɖ ˊŬɟŬɛɧɟűɤůɖ.  ȷɜŰɑɗŮŰŬ, Űɞ ɞůŰɧ ŮɑɜŬɘ ŬɜɘůɧŰɟɞˊɞ ɡɚɘəɧ Űɞɡ ɞˊɞɑɞɡ ɞɘ 

ɛɖɢŬɜɘəɏɠ əŬɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŭɘŬűɏɟɞɡɜ ŬɜɎɚɞɔŬ Űɖɜ ɛŮ Űɖ ŭɘŮɨɗɡɜůɖ ɛɏŰɟɖůɐɠ Űɞɡɠ əŬɘ 
ɢɟŮɘɎɕɞɜŰŬɘ 21 ůŰŬɗŮɟɏɠ ɔɘŬ ɜŬ ˊŮɟɘɔɟŬűɞɨɜ ŮˊŬɟəɩɠ.  ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ, Űɞ űɚɞɘɩŭŮɠ ɞůŰɧ 

ŮɑɜŬɘ ˊɘɞ ůŰɘɓŬɟɧ ɛŮ ɡɣɖɚɐ ŬɜŰɞɢɐ ŬɚɚɎ ɛɘəɟɐ ɞɚəɘɛɧŰɖŰŬ (ˊɟɞůŮɔɔɑɕɞɜŰŬɠ ŰŬ ɣŬɗɡɟɎ ɡɚɘəɎ 

ɧˊɤɠ Űɞ ɛˊŮŰɧ) ůŮ ůɢɏůɖ ɛŮ Űɞ ůˊɞɔɔɩŭŮɠ ˊɞɡ ŭŮɜ ŭɘŬəɟɑɜŮŰŬɘ ɔɘŬ Űɖɜ ŬɜŰɞɢɐ əŬɘ Űɖɜ ůŰɘɓŬɟɧŰɖŰŬ, 

ŬɚɚɎ Ŭˊɧ Űɖɜ ɞɚəɘɛɧŰɖŰŬ əŬɘ Űɖɜ ɡɣɖɚɐ ŭɡɜŬŰɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ ŮɜɏɟɔŮɘŬɠ ɚɧɔɤ Űɖɠ ˊɞɟɩŭɞɡɠ 

ɛɞɟűɐɠ Űɞɡ. Ƀ ůɡɜŭɡŬůɛɧɠ Űɤɜ ŭɨɞ Űɨˊɤɜ ɞůŰɩɜ ɛŬəɟɞůəɞˊɘəɎ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ ɏɜŬ ɛɖ 

ɞɛɞɔŮɜɏɠ ŬɜɘůɧŰɟɞˊɞ əŬɘ ɘɝɤŭɞŮɚŬůŰɘəɧ ɡɚɘəɧ, ɏɜŬ ɡɚɘəɧ ɧˊɞɡ ɖ ůɢɏůɖ ɛŮŰŬɝɨ ŰɎůɖɠ əŬɘ 
ˊŬɟŬɛɧɟűɤůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ŭɘɎɟəŮɘŬ əŬɘ Űɖ ŰŬɢɨŰɖŰŬ ŮűŬɟɛɞɔɐɠ Űɖɠ ŭɨɜŬɛɖɠ. ɋůŰɧůɞ, 

ɡˊɎɟɢɞɡɜ ŬɜɘůɧŰɟɞˊŬ ɡɚɘəɎ Űɤɜ ɞˊɞɑɤɜ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŮɑɜŬɘ ˊŬɟŮɛűŮɟɐ ůŮ ɧɚŮɠ Űɘɠ 

ŭɘŮɡɗɨɜůŮɘɠ Űɞɡ ŮɔəɎɟůɘɞɡ Ůˊɘˊɏŭɞɡ əŬɘ ɞɜɞɛɎɕɞɜŰŬɘ ŮɔəŬɟůɑɤɠ ɘůɧŰɟɞˊŬ, ŮɑɜŬɘ ŰŬ ɡɚɘəɎ ˊɞɡ 

ŮɛűŬɜɑɕɞɡɜ ɘůɞŰɟɞˊɑŬ ůŮ ɧɚŮɠ Űɘɠ ŭɘŮɡɗɨɜůŮɘɠ Ůɜɧɠ Ůˊɘˊɏŭɞɡ ŬɚɚɎ ŭɘŬűɞɟŮŰɘəɏɠ ůŰɖɜ əɎɗŮŰɖ ˊɟɞɠ 

ŬɡŰɧ ŭɘŮɨɗɡɜůɖ əŬɘ ŰŬ ɞɟɗɧŰɟɞˊŬ ɡɚɘəɎ ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ůŰɘɠ ŰɟŮɘɠ 
ŭɘŮɡɗɨɜůŮɘɠ. ɇɞ ɞůŰɧ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɤɠ ɞɟɗɧŰɟɞˊɞ ɡɚɘəɧ ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ŬˊɚɞɨůŰŮɟŬ Ŭˊɧ ŰŬ 

ŬɜɘůɧŰɟɞˊŬ əŬɘ ŬˊŬɘŰɞɨɜŰŬɘ 9 ůŰŬɗŮɟɏɠ ɔɘŬ Űɖɜ ˊɚɐɟɖ ˊŮɟɘɔɟŬűɐ Űɞɡɠ (ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, 

ɜɧɛɞɠ Poisson  əŬɘ ɛɏŰɟɞ ŬəŬɛɣɑŬɠ əŬɘ ůŰɘɠ 3 ŭɘŮɡɗɨɜůŮɘɠ), Ůɜɩ ɔɘŬ ɏɜŬ ŮɔəŬɟůɑɤɠ ɘůɧŰɟɞˊɞ ɡɚɘəɧ 

ŬˊŬɘŰɞɨɜŰŬɘ ɛɧɜɞ 5 (2 ɛɏŰɟŬ ŮɚŬůŰɘəɧŰɖŰŬɠ, 2 ɜɧɛɞɡɠ Poisson əŬɘ ŰɏɛɜɞɡůŬ ŬəŬɛɣɑŬ). ɆɡɢɜɎ, 

ɧɛɤɠ, ŰŬ əɧəŬɚŬ ˊɟɞůɞɛɞɘɩɜɞɜŰŬɘ ůŮ ˊŮɘɟɎɛŬŰŬ ŬɟəŮŰɎ ɘəŬɜɞˊɞɘɖŰɘəɎ Ŭˊɧ ɔɟŬɛɛɘəɩɠ ŮɚŬůŰɘəɎ-
ŬˊɞɚɨŰɤɠ ˊɚŬůŰɘəɎ ɡɚɘəɎ ɧˊɤɠ ˊɞɚɡɞɡɟŮɗŬɜɘəɧɠ Ŭűɟɧɠ (polyurethane foam/sawbone). 

 

 
ȺɘəɧɜŬ 1.9:  ɀɖɟɘŬɑɞ űɚɞɘɩŭŮɠ ɞůŰɧ ɡˊɧ ŮűŮɚəɡůɛɧ: ɖ ŭɘŬɛɐəɖɠ ŭɘŮɨɗɡɜůɖ ŮɑɜŬɘ ɘůɢɡɟɧŰŮɟɖ, ůŰɘɓŬɟɧŰŮɟɖ ŬɚɚɎ əŬɘ 

ɞɚəɘɛɧŰŮɟɖ [16]  

ȹŮŭɞɛɏɜɞɡ ɧŰɘ Űɞ ɞůŰɧ ɛˊɞɟŮɑ ɜŬ ɢŬɟŬəŰɖɟɘůŰŮɑ ɤɠ ɞɟɗɧŰɟɞˊɞ ŮɑŰŮ ɤɠ ŮɔəŬɟůɑɤɠ 
ɘůɞŰɟɞˊɘəɧ ɡɚɘəɧ, ŬˊŬɘŰŮɑŰŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ ˊŮɟɘůůɧŰŮɟɤɜ ůŰŬɗŮɟɩɜ ˊɏɟŬ Ŭˊɧ Űɞ ɛɏŰɟɞ 
ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ Young əŬɘ Űɞɡ ɜɧɛɞɡ Poisson. ɆɡɔəŮəɟɘɛɏɜŬ, Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 
ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɜŬ əŬɗɞɟɘůŰŮɑ ɔɘŬ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ŰɟŮɘɠ əɨɟɘŮɠ ŭɘŮɡɗɨɜůŮɘɠ, Űɖɜ Ůˊɘɛɐəɖ, 

Űɖɜ ŬəŰɘɜɘəɐ əŬɘ Űɖɜ ˊŮɟɘɛŮŰɟɘəɐ. ɆŰŬ űɚɞɘɩŭɖ ŬɜɗɟɩˊɘɜŬ ɞůŰɎ, Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 
əŬŰɎ ɛɐəɞɠ Űɞɡ Ůˊɘɛɐəɖ ɎɝɞɜŬ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 17 ɏɤɠ 27 GPa əŬɘ ůŰɘɠ ˊŮɟɘɛŮŰɟɘəɏɠ ɐ 
ŬəŰɘɜɘəɏɠ ŭɘŮɡɗɨɜůŮɘɠ Ŭˊɧ ˊŮɟɑˊɞɡ 7 ɏɤɠ 20 GPa. ɀŮ ɚɑɔŬ ɚɧɔɘŬ ɖ ůŰɘɓŬɟɧŰɖŰŬ Űɞɡ ɞůŰɞɨ 
əŬŰɎ Űɞɜ ŮɔəɎɟůɘɞ ɎɝɞɜŬ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ɖ ɛɘůɐ Ŭˊɧ ŬɡŰɐ ůŰɞɜ Ůˊɘɛɐəɖ ɎɝɞɜŬ. ȺɜŭŮɘəŰɘəɎ 

ˊŬɟɏɢɞɜŰŬɘ Űɘɛɏɠ ɔɘŬ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ɔɜɤůŰɩɜ əŬŰŬůəŮɡŬůŰɘəɩɜ ɡɚɘəɩɜ: ɔɘŬ Űɞɜ 
ɢɎɚɡɓŬ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 200 GPa, 70 GPa ɔɘŬ Űɞ Ŭɚɞɡɛɑɜɘɞ əŬɘ 2 GPa ɔɘŬ Űɞ ŰůɘɛɏɜŰɞ. Ƀɘ 
Űɘɛɏɠ Űɞɡ ɚɧɔɞɡ Poisson ŮɑɜŬɘ Ůɝɑůɞɡ ůɖɛŬɜŰɘəɏɠ, ŬɚɚɎ ŮɑɜŬɘ ˊɞɚɨ ˊɘɞ ŭɨůəɞɚɞ ɜŬ 
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ɡˊɞɚɞɔɘůŰɞɨɜ əŬɘ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ əŬɘ ŭŮɜ ŬɜŬűɏɟɞɜŰŬɘ Ůŭɩ. ɆŮ ɧ,Űɘ ŬűɞɟɎ Űɞ 
ůˊɞɔɔɩŭŮɠ ɘůŰɧ, ɞɘ ŮɚŬůŰɘəɏɠ Űɞɡ ůŰŬɗŮɟɏɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɘŭɘŬɑŰŮɟŮɠ ˊɟɞəɚɐůŮɘɠ əŬɗɩɠ 
ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɖɜ ŭɞɛɐ, Űɖ ŭɘŮɨɗɡɜůɖ əŬɘ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ ŭɞəɑŭɤɜ ˊɞɡ Űɞ 

ůɡɜɗɏŰɞɡɜ. ɀɑŬ ɛŮɛɞɜɤɛɏɜɖ ŭɞəɑŭŬ Űɞɡ ůˊɞɔɔɩŭɞɡɠ ɘůŰɞɨ ɛˊɞɟŮɑ ɜŬ ɏɢŮɘ ɛɖɢŬɜɘəɏɠ 
ɘŭɘɧŰɖŰŮɠ ˊŬɟɧɛɞɘŮɠ ɛŮ ŬɡŰɏɠ Űɞɡ űɚɞɘɩŭɞɡɠ ɞůŰɞɨ, ɧɛɤɠ ɧŰŬɜ ˊɞɚɚɏɠ ŭɞəɑŭŮɠ ůɡɜŭɏɞɜŰŬɘ 
əŬɘ ůɢɖɛŬŰɑɕɞɡɜ ɏɜŬ ŭɘəŰɡɤŰɧ ůɨůŰɖɛŬ ɞɘ ůɡɜɞɚɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ ŬɚɚɎɕɞɡɜ 
ůɖɛŬɜŰɘəɎ. ɄŮɘɟŬɛŬŰɘəɏɠ ɛŮɚɏŰŮɠ ɏɢɞɡɜŮ ŭŮɑɝŮɘ ɧŰɘ ɡˊɎɟɢŮɘ ůɢɏůɖ ɛŮŰŬɝɨ Űɞɡ ɛɏŰɟɞɡ 

ůɡɛˊɑŮůɖɠ əŬɘ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ ɡɚɘəɞɨ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɞ Hayes ŭɑɜŮɘ ɛɑŬ Ůɝɑůɤůɖ 
ˊɞɡ ůɡůɢŮŰɑɕŮɘ Űɞ ɛɏŰɟɞ ůɡɛˊɑŮůɖɠ Űɞɡ Young ůŰɞ ůˊɞɔɔɩŭŮɠ ɘůŰɧ (Ⱦ) ɛŮ Űɖɜ ˊɡəɜɧŰɖŰŬ 
(ɟ) Űɞɡ ɤɠ Ůɝɐɠ:  

 

Ⱦ = 2,915ɟ3. 

 

ȼ ɏɟŮɡɜŬ ɔɘŬ Űɘɠ ŮɚŬůŰɘəɏɠ ůŰŬɗŮɟɏɠ Űɧůɞ Űɞɡ űɚɞɘɩŭɞɡɠ ɧůɞ əŬɘ Űɞɡ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ 
ŮɑɜŬɘ ůŮ Ůɝɏɚɘɝɖ [10]. 

 ȼ ɛɏɔɘůŰɖ ŬɜŰɞɢɐ Űɞɡ ɞůŰɞɨ ŮɝŬɟŰɎŰŬɘ Űɧůɞ Ŭˊɧ Űɖ ɛɏɗɞŭɞ ŭɞəɘɛɐɠ ɧůɞ əŬɘ Ŭˊɧ 
Űɞɜ Űɨˊɞ Űɞɡ ɞůŰɞɨ. ɆŰɖ ŭɘŬɛɐəɖ əŬŰŮɨɗɡɜůɖ, ɖ ŬɜŰɞɢɐ ůŮ ŮűŮɚəɡůɛɧ Űɞɡ űɚɞɘɩŭɞɡɠ 

ɞůŰɞɨ əɡɛŬɑɜŮŰŬɘ ˊŮɟɑˊɞɡ Ŭˊɧ 100 ɏɤɠ 150 MPa ɐ əŬɘ ɡɣɖɚɧŰŮɟŬ. ȷɜŰɑůŰɞɘɢŬ, ɖ ɛɏɔɘůŰɖ 
ŬɜŰɞɢɐ ůŮ ɗɚɑɣɖ ůŰɖɜ ɑŭɘŬ ŭɘŮɨɗɡɜůɖ ŮɑɜŬɘ Ŭəɧɛɖ ɛŮɔŬɚɨŰŮɟɖ űŰɎɜɞɜŰŬɠ əŬɘ ˊŬɟŬˊɎɜɤ 
Ŭˊɧ 230 MPa. ũɘŬ ɚɧɔɞɡɠ ůɨɔəɟɘůɖɠ, ɖ ɛɏɔɘůŰɖ ŬɜŰɞɢɐ Űɞɡ ɢɎɚɡɓŬ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 400 
MPa, ɔɘŬ Űɞ Ŭɚɞɡɛɑɜɘɞ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 310 MPa əŬɘ Űɞɡ ɡɚɘəɞɨ ˊɚɐɟɤůɖɠ Űɞɡ ɞůŰɞɨ ŮɑɜŬɘ 

25 ɏɤɠ 40 MPa. 

ȰɜŬ ŬəɧɛŬ ůɖɛŬɜŰɘəɧ űŬɘɜɧɛŮɜɞ ˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ůŰŬ ɞůŰɎ ŮɑɜŬɘ əŬɘ Űɞ űŬɘɜɧɛŮɜɞ 
Űɖɠ əɧˊɤůɖɠ. ȼ Ůˊɘɓɞɚɐ űɞɟŰɑɤɜ, Ŭəɧɛɖ əŬɘ ˊɞɚɨ ɢŬɛɖɚɧŰŮɟɤɜ Ŭˊɧ Űɞ űɞɟŰɑɞ ˊɞɡ 
ˊɟɞəŬɚŮɑ ŭɘŬɟɟɞɐ ůŰɞ ɡɚɘəɧ, ɛŮ ɡɣɖɚɐ ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞəŬɚɏůɞɡɜ 
ŬůŰɞɢɑŬ. ȼ ŬůŰɞɢɑŬ Űɞɡ ɡɚɘəɞɨ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɛŮ Űɖɜ ˊɟɧɞŭɞ Űɤɜ əɨəɚɤɜ 
űɧɟŰɘůɖɠ, Űɞ ɞůŰɧ ŰŮɑɜŮɘ ɜŬ ŬˊɞəŰɐůŮɘ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɣŬɗɡɟɞɨ ɡɚɘəɞɨ. Ⱥˊɘˊɚɏɞɜ, ɖ 

ůɡɜɏɜɤůɖ ɛɘəɟɞɟɤɔɛɩɜ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɞůŰɞɨ ŮɜɘůɢɨŮɘ Űɖ 
ŭɘŬŭɘəŬůɑŬ ŬůŰɞɢɑŬɠ, əŬɗɘůŰɩɜŰŬɠ Űɞ ɡɚɘəɧ ˊɘɞ ŮˊɘɟɟŮˊɏɠ ůŮ ɟɐɝɖ. ɇɞ ɛɏŰɟɞ Űɖɠ 
ŭɡɜŬŰɧŰɖŰŬɠ Ůɜɧɠ ɡɚɘəɞɨ ɜŬ ŬɜŰɘůŰŬɗŮɑ ůŰɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ɟɤɔɛɩɜ ŮɎɜ ɛɘŬ ɟɤɔɛɐ ɏɢŮɘ 
ɐŭɖ ɝŮəɘɜɐůŮɘ ŮɑɜŬɘ ɖ ŭɡůɗɟŬɡůŰɧŰɖŰŬ (fracture toughness). Ƀɘ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ 

ŭɡůɗɟŬɡůŰɧŰɖŰŬɠ ůŰɞ ɞůŰɧ ˊŬɟɞɡůɘɎɕɞɡɜ ůɖɛŬɜŰɘəɐ ŭɘŬəɨɛŬɜůɖ, əɡɛŬɘɜɧɛŮɜŮɠ Ŭˊɧ 
ˊŮɟɑˊɞɡ 3,3 ɏɤɠ 6,4 MPa·m1/2, ŬɜɎɚɞɔŬ ɛŮ Űɖ ɛŮɚɏŰɖ, Űɖ ɗɏůɖ Űɞɡ ɞůŰɞɨ ŬɜŬŰɞɛɘəɎ əŬɘ 
Űɘɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ɛŮɗɧŭɞɡɠ ɛɏŰɟɖůɖɠ. ɋɠ ŬˊɞŰɏɚŮůɛŬ, ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ əŬɗɞɟɘůŰŮɑ 
ɛɑŬ ŮɜɘŬɑŬ Űɘɛɐ ɔɘŬ Űɖɜ ŭɡůɗɟŬɡůŰɧŰɖŰŬ Űɞɡ ɞůŰɞɨ Ůɜɩ ɔɘŬ ˊɞɚɚɏɠ ɗɏůŮɘɠ Űɤɜ ɞůŰɩɜ ŭŮɜ 

ɏɢŮɘ ɛŮŰɟɖɗŮɑ ŬəɧɛŬ. ȷɜŬűɞɟɘəɎ, Űɞ ɛɏŰɟɞ ŭɡůɗɟŬɡůŰɧŰɖŰŬɠ Űɞɡ ɢɎɚɡɓŬ ŮɑɜŬɘ 70 ɏɤɠ 140 
MPa·m1/2, Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ 20 ɏɤɠ 30 MPa·m1/2 əŬɘ Ůɜɧɠ əŮɟŬɛɘəɞɨ ɧˊɤɠ ɖ ŬɚɞɡɛɑɜŬ ŮɑɜŬɘ 
2,7 ɏɤɠ 4,8 MPa·m1/2. 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ˊɟɞɖɔɞɡɛɏɜɤɠ, ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɞůŰɞɨ 
ŮˊɖɟŮɎɕɞɜŰŬɘ ɧɢɘ ɛɧɜɞ Ŭˊɧ Űɖɜ əŬŰŮɨɗɡɜůɖ Űɖɠ űɧɟŰɘůɖɠ ŬɚɚɎ əŬɘ Ŭˊɧ Űɞɜ ɟɡɗɛɧ əŬɘ Űɖɜ 
ŰŬɢɨŰɖŰŬ ɛŮ Űɖɜ ɞˊɞɑŬ Űɞ ɞůŰɧ ɡˊɧəŮɘŰŬɘ ůŮ űɧɟŰɘůɖ, ɢŬɟŬəŰɖɟɘůŰɘəɧ ˊɞɡ ɞűŮɑɚŮŰŬɘ ůŰɖɜ 

ɘɝɤŭɞŮɚŬůŰɘəɐ Űɞɡ űɨůɖ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ůɨɜɗŮůɐ Űɞɡɠ, ɖ ɞˊɞɑŬ 
ˊŮɟɘɚŬɛɓɎɜŮɘ əɞɚɚŬɔɧɜɞ Űɨˊɞɡ Ƚ əŬɘ ɡŭɟɞɝɡŬˊŬŰɑŰɖ. ɇɞ əɞɚɚŬɔɧɜɞ ŮɑɜŬɘ ɡˊŮɨɗɡɜɞ ɔɘŬ 
Űɖɜ ŭɡɜŬŰɧŰɖŰŬ Űɞɡ ɞůŰɞɨ ɜŬ ŬɜŰɏɢŮɘ ɛŮɔŬɚɨŰŮɟŬ űɞɟŰɑŬ ˊɞɡ ɝŮˊŮɟɜɎɜŮ Űɞ ɧɟɘɞ ŬɜŰɞɢɐɠ 
ɧŰŬɜ ŬɡŰɎ ŮɛűŬɜɑɕɞɜŰŬɘ ɛŮ ɛŮɔɎɚɖ ŰŬɢɨŰɖŰŬ əŬɘ ɔɘŬ ɛɘəɟɧ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ. ɄŬɟɎɚɚɖɚŬ, 
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ɖ ɘɝɤŭɞŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɞůŰɞɨ ˊɟɞůűɏɟŮɘ ŮɡŮɚɘɝɑŬ ůŰɖ ŭɘŬɢŮɑɟɘůɖ ɛɘəɟɧŰŮɟɤɜ 
űɞɟŰɑɤɜ ɔɘŬ ɛŮɔɎɚŮɠ ɢɟɞɜɘəɏɠ ˊŮɟɘɧŭɞɡɠ ɢɤɟɑɠ ɜŬ ˊɟɞəŬɚŮɑŰŬɘ ŬůŰɞɢɑŬ. ũŮɜɘəɧŰŮɟŬ, ɏɢŮɘ 
ˊŬɟŬŰɖɟɖɗŮɑ ˊɤɠ ɧůɞ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ ŰŬɢɨŰɖŰŬ űɧɟŰɘůɖɠ Űɧůɞ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ 

ŬɜŰɞɢɐ əŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ɞůŰɞɨ [18]. 

ɇɏɚɞɠ, ŮɑɜŬɘ ůɖɛŬɜŰɘəɧ ɜŬ ŬɜŬűŮɟɗŮɑ ˊɤɠ ɖ ɔŮɤɛŮŰɟɑŬ əŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 
Űɤɜ ɞůŰɩɜ ɡűɑůŰŬɜŰŬɘ ůɖɛŬɜŰɘəɏɠ ŬɚɚŬɔɏɠ ɛŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ, ŮˊɖɟŮŬɕɧɛŮɜŮɠ Ŭˊɧ 
Űɖɜ ɖɚɘəɑŬ əŬɘ ŰŬ ŮˊɑˊŮŭŬ űɡůɘəɐɠ ŭɟŬůŰɖɟɘɧŰɖŰŬɠ. ɀŮ Űɖɜ ɖɚɘəɑŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛŮɑɤůɖ 
ůŮ ɓŬůɘəɏɠ ɛɖɢŬɜɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ, ɧˊɤɠ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ, Űɞ ɞˊɞɑɞ ɛŮɘɩɜŮŰŬɘ 
əŬŰɎ ˊŮɟɑˊɞɡ 2 ɛŮ 2,5% ŬɜɎ ŭŮəŬŮŰɑŬ ɝŮəɘɜɩɜŰŬɠ ˊŮɟɑˊɞɡ ůŰɖɜ ɖɚɘəɑŬ Űɤɜ 35 ŮŰɩɜ. 

ɄŬɟɎɚɚɖɚŬ, ɖ ŭɡůɗɟŬɡůŰɧŰɖŰŬ əŬɘ ɖ ŬɜŰɞɢɐ ůŮ əɎɛɣɖ ŮɛűŬɜɑɕɞɡɜ ɛŮɑɤůɖ, 
ɡˊɞŭŮɘəɜɨɞɜŰŬɠ Ŭɡɝɖɛɏɜɞ əɑɜŭɡɜɞ ɗɟŬɨůɖɠ əŬɗɩɠ ŰŬ ɞůŰɎ ɔɑɜɞɜŰŬɘ ˊɘɞ ŮɨɗɟŬɡůŰŬ əŬɘ 
ɚɘɔɧŰŮɟɞ ŬɜɗŮəŰɘəɎ ůŰɘɠ ɛɖɢŬɜɘəɏɠ əŬŰŬˊɞɜɐůŮɘɠ. ȷɡŰɏɠ ɞɘ ŬɚɚŬɔɏɠ ŬˊɞŭɑŭɞɜŰŬɘ Űɧůɞ ůŰɖ 
ɛŮɑɤůɖ Űɖɠ ŬɜɧɟɔŬɜɖɠ űɎůɖɠ Űɞɡ ɞůŰɞɨ ɧůɞ əŬɘ ůŰɖ ɛŮŰŬɓɞɚɐ Űɖɠ ɛɘəɟɞŬɟɢɘŰŮəŰɞɜɘəɐɠ 

Űɞɡ. ȼ űɡůɘəɐ ŭɟŬůŰɖɟɘɧŰɖŰŬ əŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ űɞɟŰɑůŮɘɠ ɚŬɛɓɎɜɞɡɜ əŬɗɞɟɘůŰɘəɧ ɟɧɚɞ 
ůŰɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ɞůŰɘəɐɠ ɛɎɕŬɠ əŬɘ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ. ȼ Ŭɡɝɖɛɏɜɖ űɧɟŰɘůɖ 
əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ŭɟŬůŰɖɟɘɞŰɐŰɤɜ ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɖɠ ɞůŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ əŬɘ 
ŭɞɛɐɠ, Ůɜɩ ŬɜŰɑɗŮŰŬ ɖ ŬəɘɜɖůɑŬ ɐ ɛŮɘɤɛɏɜɖ ŭɟŬůŰɖɟɘɧŰɖŰŬ ́ ɟɞəŬɚɞɨɜ ŬˊɩɚŮɘŬ ɞůŰɘəɐɠ 

ɛɎɕŬɠ. ȼ ɞůŰŮɞˊɧɟɤůɖ ŮɑɜŬɘ ɛɑŬ ˊɎɗɖůɖ ˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ůɡɢɜɧŰŮɟŬ ůŰɞɡɠ ɖɚɘəɘɤɛɏɜɞɡɠ. 
ȷˊɞŰŮɚŮɑ ɛɑŬ ɢɟɧɜɘŬ ŭɘŬŰŬɟŬɢɐ Űɞɡ ɛŮŰŬɓɞɚɘůɛɞɨ Űɤɜ ɞůŰɩɜ, ɖ ɞˊɞɑŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ 
Ŭˊɧ ˊɟɞɞŭŮɡŰɘəɐ ɛŮɑɤůɖ Űɖɠ ɞůŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ. ȷɡŰɐ ɖ ŭɘŬŭɘəŬůɑŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ 
ŬɜɘəŬɜɧŰɖŰŬ Űɤɜ ɞůŰŮɞɓɚŬůŰɩɜ ɜŬ ůɢɖɛŬŰɑůɞɡɜ Űɞ ɜɏɞ ɞůŰɧ ŮˊŬɟəɩɠ ɩůŰŮ ɜŬ 

əŬɚɡűɗɞɨɜ ŰŬ əŮɜɎ ˊɞɡ Ŭűɐɜɞɡɜ ɞɘ ɞůŰŮɞəɚɎůŰŮɠ [9]. 
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ȾȺūȷȿȷȽɃ 2ɞ: ɃɆɇȺɃɆɈɁŪȺɆȼ ȾȷȽ ɉȷɅȷȾɇȼɅȽɆɇȽȾȷ ȾɃɉȿȽɋɁ 

ɃɆɇȺɃɆɈɁŪȺɆȼɆ 

 

2.1 ɃɆɇȺɃɆɈɁŪȺɆȼ ȾȷɇȷũɀȷɇɋɁ 

 

2.1.1 ȾŬŰɎɔɛŬŰŬ 

 

ɆŰŬ ɞůŰɎ, ɞ ɧɟɞɠ ŬůŰɞɢɑŬ ŰŬɡŰɑɕŮŰŬɘ ɛŮ Űɖɜ ɏɜɜɞɘŬ Űɞɡ əŬŰɎɔɛŬŰɞɠ, Űɞ ɞˊɞɑɞ 
ŬɜŬűɏɟŮŰŬɘ ůŰɖ ɛŮɟɘəɐ ɐ ˊɚɐɟɖ ɟɐɝɖ Űɖɠ ɞůŰɘəɐɠ ŭɞɛɐɠ əŬɘ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞəɨɣɞɡɜ ŮɑŰŮ 

ɤɠ ŬˊɞŰɏɚŮůɛŬ ŰɟŬɡɛŬŰɘůɛɞɨ, ŮɑŰŮ ɚɧɔɞ ˊŬɗɞɚɞɔɘəɩɜ əŬŰŬůŰɎůŮɤɜ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ 
ɡɔŮɑŬ Űɞɡ ɞůŰɞɨ (ɞůŰŮɞˊɧɟɤůɖ). ȼ əŬŰɖɔɞɟɘɞˊɞɑɖůɖ Űɤɜ əŬŰŬɔɛɎŰɤɜ ŮɑɜŬɘ ɛɑŬ ůɨɜɗŮŰɖ 
ŭɘŬŭɘəŬůɑŬ əŬɗɩɠ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ůɡɜŭɡŬůɛɏɜɖ ŬɜɎɚɡůɖ Űɖɠ ŬɜŬŰɞɛɘəɐɠ Űɞɡɠ ɗɏůɖɠ əŬɘ 
Űɤɜ ɛɞɟűɞɚɞɔɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ. ũɘŬ Űɖɜ ŰŬɝɘɜɧɛɖůɖ Űɤɜ əŬŰŬɔɛɎŰɤɜ ŬˊŬɘŰŮɑŰŬɘ ɖ 

ɗɏůɖ Űɞɡ (Űɞ ŬɜŬŰɞɛɘəɧ ŰɛɐɛŬ Űɞɡ ɞůŰɞɨ: ůŰɖɜ Ůˊɑűɡůɖ, ŭɘɎűɡůɖ ɐ ɛŮŰɎűɡůɖ Űɞɡ ɞůŰɞɨ), 
ɞ Űɨˊɞɠ əŬŰɎɔɛŬŰɞɠ (Ŭˊɚɧ, ůűɖɜɞŮɘŭɏɠ, ůɨɜɗŮŰɞ əŰɚ.) əŬɗɩɠ əŬɘ ɞɘ ɛɞɟűɞɚɞɔɘəɏɠ 
ɚŮˊŰɞɛɏɟŮɘŮɠ ˊɞɡ Űɞ ɢŬɟŬəŰɖɟɑɕɞɡɜ (ŭɘŬɛɐəŮɠ, ŮɔəɎɟůɘɞ, ůˊŮɘɟɞŮɘŭɏɠ əŰɚ.). 

Ƀɘ ŬɜŬŰɞɛɘəɏɠ ˊŮɟɘɞɢɏɠ Űɤɜ ɛŬəɟɩɜ ɞůŰɩɜ ŭɘŬűɏɟɞɡɜ ŬɜɎɛŮůŬ ůŰɞɡɠ ŮɜɐɚɘəŮɠ əŬɘ 
ŰŬ ˊŬɘŭɘɎ. ɆŰɖɜ ˊŬɘŭɘəɐ ɖɚɘəɑŬ, ɖ ŰŬɝɘɜɧɛɖůɖ ŮɑɜŬɘ ˊɘɞ ŬɜŬɚɡŰɘəɐ, əŬɗɩɠ əɎɗŮ ɛŬəɟɨ ɞůŰɧ 
ŭɘŬəɟɑɜŮŰŬɘ ůŮ ɛɑŬ ŭɘɎűɡůɖ, ŭɨɞ ɛŮŰŬűɨůŮɘɠ əŬɘ ŭɨɞ ŮˊɘűɨůŮɘɠ. ȷɜŰɑɗŮŰŬ, ůŰɞɡɠ ŮɜɐɚɘəŮɠ 

ɖ Ůˊɑűɡůɖ əŬɘ ɖ ɛŮŰɎűɡůɖ ŬɜŰɘɛŮŰɤˊɑɕɞɜŰŬɘ ɤɠ ɛɑŬ ŮɜɘŬɑŬ ŭɞɛɐ. Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ 
ɗɏůɖɠ Ůɜɧɠ əŬŰɎɔɛŬŰɞɠ ɓŬůɑɕŮŰŬɘ ůŰɞɜ ŮɜŰɞˊɘůɛɧ Űɞɡ əɏɜŰɟɞɡ Űɞɡ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ůɡɜɐɗɤɠ 
ŮɡŭɘɎəɟɘŰɖ ůŮ ŬˊɚɎ əŬŰɎɔɛŬŰŬ, Ůɜɩ ůŮ ˊɘɞ ˊŮɟɑˊɚɞəŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɛˊɞɟŮɑ ɜŬ ŬˊŬɘŰŮɑŰŬɘ 
Ŭɝɘɞɚɧɔɖůɖ ɛŮŰɎ Űɖɜ ŬɜŬůɨɜɗŮůɖ Űɖɠ ɓɚɎɓɖɠ.  

 

 
ȺɘəɧɜŬ 2.1:  ȷɜŬŰɞɛɘəɏɠ ŭɘŬűɞɟɏɠ ůŰɞ ɛŬəɟɨ ɞůŰɧ Ůɜɖɚɘəɩɜ əŬɘ ˊŬɘŭɘɩɜ [19] 

ɇŬ əŬŰɎɔɛŬŰŬ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ˊŮɟŬɘŰɏɟɤ ɓɎůŮɘ Űɞɡ Űɨˊɞɡ əŬɘ Űɖ ɛɞɟűɞɚɞɔɑŬ Űɞɡɠ. 
Ƀɘ əɨɟɘɞɘ Űɨˊɞɘ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŰŬ ŬˊɚɎ, ŰŬ ůűɖɜɞŮɘŭɐ əŬɘ ŰŬ ůɨɜɗŮŰŬ əŬŰɎɔɛŬŰŬ. ɇŬ 

ŬˊɚɎ əŬŰɎɔɛŬŰŬ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŭɘŬɛɐəɖ, ŮɔəɎɟůɘŬ əŬɘ ɚɞɝɎ əŬŰɎɔɛŬŰŬ, Ůɜɩ ŰŬ 
ůűɖɜɞŮɘŭɐ (wedge fracture) ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ Űɟɘɔɤɜɘəɞɨ ɐ 
ůűɖɜɞŮɘŭɞɨɠ ɗɟŬɨůɛŬŰɞɠ ůŰɞ ɞůŰɧ əŬɘ ůɡɛɓŬɑɜɞɡɜ ůɡɢɜɎ ɚɧɔɤ ůɡɛˊɑŮůɖɠ ˊɞɡ ŬůəŮɑŰŬɘ 
əŬŰɎ ɛɐəɞɠ Űɞɡ ɞůŰɞɨ. ɇŬ ůɨɜɗŮŰŬ əŬŰɎɔɛŬŰŬ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ˊɞɚɚŬˊɚɎ ɞůŰɘəɎ 
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ɗɟŬɨůɛŬŰŬ əŬɘ ůɡɜŭɏɞɜŰŬɘ ɛŮ ɛŮɔŬɚɨŰŮɟŮɠ ɗŮɟŬˊŮɡŰɘəɏɠ ŭɡůəɞɚɑŮɠ əŬɘ ˊɞɚɡˊɚɞəɧŰɖŰŬ 
ůŰɖɜ ˊɟɧɔɜɤůɖ. ȽŭɘŬɑŰŮɟɖ ˊɟɞůɞɢɐ ŭɑɜŮŰŬɘ ůŰŬ ŮɜŭɞŬɟɗɟɘəɎ əŬŰɎɔɛŬŰŬ, ɧˊɞɡ ɖ 
ŬˊɞəŬŰɎůŰŬůɖ Űɖɠ Ɏɟɗɟɤůɖɠ ŬˊɞŰŮɚŮɑ ɓŬůɘəɐ ˊɟɞŰŮɟŬɘɧŰɖŰŬ ŬɜŮɝŬɟŰɐŰɤɠ Űɤɜ Ɏɚɚɤɜ 

ůɡɛɛŮŰŮɢɧɜŰɤɜ ŰɛɖɛɎŰɤɜ.  

 

 
ȺɘəɧɜŬ 2.2:  ȹɘŬűɞɟŮŰɘəɞɑ Űɨˊɞɘ əŬŰŬɔɛɎŰɤɜ ɓɎůɖ Űɖɠ ŬɜŬŰɞɛɘəɐɠ Űɞɡɠ ɗɏůɖɠ, Űɤɜ ɛɞɟűɞɚɞɔɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ, Űɞɜ 

Ŭɟɘɗɛɧ əŬɘ Űɖɜ ɗɏůɖ Űɤɜ ɞůŰɘəɩɜ ɗɟŬɡůɛɎŰɤɜ [20] 

ȰɜŬɠ ŬəɧɛŬ Űɟɧˊɞɠ əŬŰɖɔɞɟɘɞˊɞɑɖůɖɠ Űɤɜ əŬŰŬɔɛɎŰɤɜ ŬűɞɟɎ Űɞɜ ɛɖɢŬɜɘůɛɧ 
ˊɟɧəɚɖůɐɠ Űɞɡɠ. ɇŬ əŬŰɎɔɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ ŰŬɝɘɜɞɛɖɗɞɨɜ ůŮ ɡɣɖɚɐɠ ɐ ɢŬɛɖɚɐɠ 
ŮɜɏɟɔŮɘŬɠ, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ɏɜŰŬůɖ Űɞɡ ŰɟŬɨɛŬŰɞɠ. Ⱥˊɑůɖɠ, ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ůŰŬɗŮɟɎ əŬɘ 
ŬůŰŬɗɐ, ɛŮ ɓɎůɖ Űɖɜ ɘəŬɜɧŰɖŰŬ Űɞɡɠ ɜŬ ŭɘŬŰɖɟɐůɞɡɜ Űɖ ɗɏůɖ Űɞɡɠ ɢɤɟɑɠ ɢŮɘɟɞɡɟɔɘəɐ 

ůŰŬɗŮɟɞˊɞɑɖůɖ. ɇɏɚɞɠ, ŰŬ ˊŬɗɞɚɞɔɘəɎ əŬŰɎɔɛŬŰŬ ŰŬ ɞˊɞɑŬ ˊɟɞəŬɚɞɨɜŰŬɘ Ŭˊɧ 
ɡˊɞəŮɑɛŮɜŮɠ ŬůɗɏɜŮɘŮɠ ɐ ŰŬ əŬŰɎɔɛŬŰŬ ˊɞɡ ɞűŮɑɚɞɜŰŬɘ ůŰɞ űŬɘɜɧɛŮɜɞ Űɖɠ əɧˊɤůɖɠ, 
ŬˊɞŰŮɚɞɨɜ ɝŮɢɤɟɘůŰɏɠ əŬŰɖɔɞɟɑŮɠ ɛŮ ɛɞɜŬŭɘəɏɠ ˊɟɞəɚɐůŮɘɠ ůŰɖ ŭɘɎɔɜɤůɖ əŬɘ Űɖ 
ɗŮɟŬˊŮɑŬ [20]. 

 

2.1.2 ȹɘŬŭɘəŬůɑŬ ɃůŰŮɞůɨɜɗŮůɖɠ ȾŬŰŬɔɛɎŰɤɜ 

 

ɇɞ ɞůŰɧ, ɤɠ ɕɤɜŰŬɜɧɠ ɘůŰɧɠ, ŭɘŬɗɏŰŮɘ ɛɞɜŬŭɘəɐ ɘəŬɜɧŰɖŰŬ ŬɜŬɔɏɜɜɖůɖɠ əŬɘ 
ŬɜŬŭɧɛɖůɖɠ ůŮ ˊŮɟɘˊŰɩůŮɘɠ əŬŰɎɔɛŬŰɞɠ, ŬəɞɚɞɡɗɩɜŰŬɠ ŭɨɞ əɨɟɘɞɡɠ Űɨˊɞɡɠ Ůˊɞɨɚɤůɖɠ: 
Űɖɜ ˊɟɤŰɞɔŮɜɐ əŬɘ ŭŮɡŰŮɟɞɔŮɜɐ. ȼ ˊɟɤŰɞɔŮɜɐɠ Ůˊɞɨɚɤůɖ əŬŰŬɔɛɎŰɤɜ, ɔɜɤůŰɐ əŬɘ ɤɠ 
ɎɛŮůɖ Ůˊɞɨɚɤůɖ, ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ŬɜŬŭɧɛɖůɖ Űɖɠ ɞůŰɘəɐɠ ŭɞɛɐɠ ɢɤɟɑɠ Űɖ 
ɛŮůɞɚɎɓɖůɖ əɎɚɞɡ. ȷɡŰɐ ɖ ŭɘŬŭɘəŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɧŰŬɜ ŰŬ ɞůŰɘəɎ ɗɟŬɨůɛŬŰŬ ŮɑɜŬɘ 

ŮɡɗɡɔɟŬɛɛɘůɛɏɜŬ ɛŮ ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ əŬɘ ɡˊɎɟɢŮɘ ŬˊɧɚɡŰɖ ůŰŬɗŮɟɧŰɖŰŬ ŬɜɎɛŮůɎ Űɞɡɠ 
əŬɘ ŮɑɜŬɘ ůɡɜɖɗɏůŰŮɟɖ ůŮ ˊŮɟɘˊŰɩůŮɘɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰŬɗŮɟɞˊɞɘɖŰɘəɏɠ ɛɏɗɞŭɞɘ, 
ɧˊɤɠ ˊɚɎəŮɠ əŬɘ əɞɢɚɑŮɠ ˊɞɡ ŮɝŬůűŬɚɑɕɞɡɜ ŬˊɧɚɡŰɖ ŬəŬɛɣɑŬ. ȼ ˊɟɤŰɞɔŮɜɐɠ Ůˊɞɨɚɤůɖ 
ɓŬůɑɕŮŰŬɘ ůŰɖ ŭɟɎůɖ ɞůŰŮɞəɚŬůŰɩɜ əŬɘ ɞůŰŮɞɓɚŬůŰɩɜ, ɞɘ ɞˊɞɑɞɘ ɛɏůɤ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ 

ɞůŰɘəɩɜ ɛɘəɟɞɛɞɜɎŭɤɜ ŬɜŬŭɘŬɛɧɟűɤůɖɠ (BMUs) ŬˊɞəŬɗɘůŰɞɨɜ Űɖɜ ɞůŰɘəɐ ŭɞɛɐ. 
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ȼ ŭŮɡŰŮɟɞɔŮɜɐɠ Ůˊɞɨɚɤůɖ, ɐ ɏɛɛŮůɖ Ůˊɞɨɚɤůɖ, ŮɑɜŬɘ ɞ ůɡɜɖɗɏůŰŮɟɞɠ Űɨˊɞɠ 
ŭɘŬŭɘəŬůɑŬɠ əŬɘ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɧŰŬɜ ɖ ŬˊɧɚɡŰɖ ůŰŬɗŮɟɧŰɖŰŬ ŭŮɜ ŮɑɜŬɘ ŮűɘəŰɐ, ŭɖɚŬŭɐ 
ɧŰŬɜ ɡˊɎɟɢŮɘ ůɢŮŰɘəɐ əɑɜɖůɖ ɛŮŰŬɝɨ Űɤɜ ɗɟŬɡůɛɎŰɤɜ. ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŬ ŰɏůůŮɟŬ 

ɓŬůɘəɎ ůŰɎŭɘŬ ɛŮ ˊɟɩŰɞ ůŰɎŭɘɞ Űɖɜ űɎůɖ Űɖɠ űɚŮɔɛɞɜɐɠ ˊɞɡ ɝŮəɘɜɎŮɘ Ŭɛɏůɤɠ ɛŮŰɎ Űɞɜ 
ŰɟŬɡɛŬŰɘůɛɧ əŬɘ ůɡɜŮɢɑɕŮŰŬɘ ɔɘŬ 1-7 ɛɏɟŮɠ. ȾŬŰɎ Űɖ ŭɘɎɟəŮɘɎ Űɖɠ, ůɢɖɛŬŰɑɕŮŰŬɘ ŬɘɛɎŰɤɛŬ 
ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ əŬŰɎɔɛŬŰɞɠ əŬɘ ŰŬ ɟɐɔɛŬŰŬ ůŰŬ ŬɘɛɞűɧɟŬ ŬɔɔŮɑŬ ˊɡɟɞŭɞŰɞɨɜ Űɖɜ 
Űɡˊɘəɐ űɚŮɔɛɞɜɘəɐ ŬɚɚɖɚɞɡɢɑŬ. ȼ ɜɏəɟɤůɖ Űɞɡ ɞůŰɞɨ ŮɑɜŬɘ ŮɛűŬɜɐɠ ůŰŬ ɎəɟŬ Űɤɜ 

ɗɟŬɡůɛɎŰɤɜ. 

ɀŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ, Űɞ ŬɘɛɎŰɤɛŬ Űɞɡ əŬŰɎɔɛŬŰɞɠ ŬɜŰɘəŬɗɑůŰŬŰŬɘ ůŰŬŭɘŬəɎ 
Ŭˊɧ Űɞɜ əɞəəɘɩŭɖ ɘůŰɧ. ȾŬɗɩɠ ɖ Ůˊɞɨɚɤůɖ ˊɟɞɢɤɟɎ, 2 ɛŮ 3 ŮɓŭɞɛɎŭŮɠ ɛŮŰɎ Űɞ əɎŰŬɔɛŬ, 
ɞ ˊɧɜɞɠ əŬɘ Űɞ ˊɟɐɝɘɛɞ ɡˊɞɢɤɟɞɨɜ ůŰŬŭɘŬəɎ əŬɘ ůɢɖɛŬŰɑɕŮŰŬɘ ɛŬɚŬəɧɠ əɎɚɞɠ ˊŬɟɏɢɞɜŰŬɠ 
Űɖɜ ůŰŬɗŮɟɧŰɖŰŬ əŬɗɩɠ ŰŬ ɗɟŬɨůɛŬŰŬ Űɞɡ ɞůŰɞɨ ɢɎɜɞɡɜ Űɖɜ əɘɜɖŰɘəɧŰɖŰɎ Űɞɡɠ. Ƀ 
ɛŬɚŬəɧɠ əɎɚɞɠ ůɢɖɛŬŰɑɕŮŰŬɘ ɛɏůɤ ŮɜŭɞɛŮɛɓɟŬɜɩŭɞɡɠ ɞůŰŮɞˊɞɑɖůɖɠ, ɛŮ Űɖɜ ŬɜɎˊŰɡɝɖ 

Űɞɡ ɜɏɞɡ ɞůŰɞɨ ɜŬ ɝŮəɘɜɎ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ɛŬəɟɘɎ Ŭˊɧ Űɞ ɢɎůɛŬ Űɞɡ 
əŬŰɎɔɛŬŰɞɠ. ȷɜŬˊŰɨůůŮɘ ůŰŬŭɘŬəɎ ɏɜŬ ˊɡəɜɧ ůɨůŰɖɛŬ ŬɔɔŮɑɤɜ, əŬɗɩɠ ŰŬ ŰɟɘɢɞŮɘŭɐ 
ŬɔɔŮɑŬ ˊɞɚɚŬˊɚŬůɘɎɕɞɜŰŬɘ ɛɏůŬ Űɞɡ əŬɘ ŰŬ ɛŮůŮɔɢɡɛŬŰɘəɎ ˊɟɧŭɟɞɛŬ əɨŰŰŬɟŬ, əɨŰŰŬɟŬ 
ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɞɜ ɛŮůŮɔɢɡŰɘəɧ ɘůŰɧ (Űɨˊɞɠ Ůɛɓɟɡɥəɞɨ ůɡɜŭŮŰɘəɞɨ ɘůŰɞɨ), Ŭɟɢɑɕɞɡɜ 

ɜŬ ŬɡɝɎɜɞɜŰŬɘ, ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɞ ŬɘɛɎŰɤɛŬ. 

ȳŰŬɜ ɞ ɛŬɚŬəɧɠ əɎɚɞɠ ůɡɜŭɏůŮɘ ŰŬ ɎəɟŬ Űɞɡ ůˊŬůɛɏɜɞɡ ɞůŰɞɨ, ɝŮəɘɜɎ Űɞ ůŰɎŭɘɞ 
Űɖɠ ŬɜɎˊŰɡɝɖɠ Űɞɡ ůəɚɖɟɞɨ əɎɚɞɡ, Űɞ ɞˊɞɑɞ ŭɘŬɟəŮɑ ˊŮɟɑˊɞɡ 3 ɛŮ 4 ɛɐɜŮɠ, ɛɏɢɟɘ ŰŬ 
ɗɟŬɨůɛŬŰŬ ɜŬ Ůɜɤɗɞɨɜ ˊɚɐɟɤɠ Ŭˊɧ Űɞ ɜɏɞ ɞůŰɧ. ɆŰɖ ŭɘɎɟəŮɘŬ ŬɡŰɐɠ Űɖɠ űɎůɖɠ, ɖ 
ŮɜŭɞɛŮɛɓɟŬɜɩŭɖɠ ɞůŰŮɞˊɞɑɖůɖ ůɡɜŮɢɑɕŮŰŬɘ əŬɘ ɞ ɛŬɚŬəɧɠ ɘůŰɧɠ ɡűɑůŰŬŰŬɘ ŮɜŭɞɢɧɜŭɟɘŬ 
ɞůŰŮɞˊɞɑɖůɖ, ɛŮŰŬŰɟɏˊɞɜŰŬɠ Űɞɜ əɎɚɞ ůŮ ɎəŬɛˊŰɞ ŬůɓŮůŰɞˊɞɘɖɛɏɜɞ ɘůŰɧ (ŭɘəŰɡɤŰɧ 

ɞůŰɧ). ȼ ŭɘŬŭɘəŬůɑŬ ɝŮəɘɜɎ Ŭˊɧ Űɖɜ ˊŮɟɘűɏɟŮɘŬ Űɖɠ ɗɏůɖɠ Űɞɡ əŬŰɎɔɛŬŰɞɠ əŬɘ ůŰŬŭɘŬəɎ 
ˊɟɞɢɤɟɎ ˊɟɞɠ Űɞ əɏɜŰɟɞ, ɛŮɘɩɜɞɜŰŬɠ Űɖɜ ŰɎůɖ ůŰɞ əŮɜŰɟɘəɧ ŰɛɐɛŬ Űɞɡ ɢɎůɛŬŰɞɠ. 

ȼ ŰŮɚŮɡŰŬɑŬ űɎůɖ ŮɑɜŬɘ ŮəŮɑɜɖ Űɖɠ ŬɜŬŭɧɛɖůɖɠ, ɧˊɞɡ Űɞ ŭɘəŰɡɤŰɧ ɞůŰɧ 
ŬɜŰɘəŬɗɑůŰŬɜŰŬɘ ůŰŬŭɘŬəɎ Ŭˊɧ ŰŬ űɨɚɚŬ ɞůŰɘəɞɨ ɘůŰɞɨ ɛɏůɤ ŬɜŬŭɧɛɖůɖɠ Űɤɜ ɞůŰŮɩɜɤɜ. 
ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɡŰɐɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ, ɖ ŭɞɛɐ əŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɞůŰɞɨ 
ŬˊɞəŬɗɑůŰŬɜŰŬɘ ˊɚɐɟɤɠ, ŮˊŬɜŬűɏɟɞɜŰŬɠ Űɖɜ ˊŮɟɘɞɢɐ ůŰɖɜ Ŭɟɢɘəɐ Űɖɠ əŬŰɎůŰŬůɖ. ȷɡŰɐ 

ɖ ŭɘŬŭɘəŬůɑŬ ɛˊɞɟŮɑ ɜŬ ŭɘŬɟəɏůŮɘ Ŭˊɧ ŬɟəŮŰɞɨɠ ɛɐɜŮɠ ɛɏɢɟɘ əŬɘ ɢɟɧɜɘŬ, ŬɜɎɚɞɔŬ ɛŮ Űɖɜ 
ɏəŰŬůɖ Űɖɠ ɓɚɎɓɖɠ əŬɘ Űɘɠ ůɡɜɗɐəŮɠ Ůˊɞɨɚɤůɖɠ [21]. 

 

2.1.3 ȼ ɗŮɤɟɑŬ ˊŬɟŬɛɧɟűɤůɖɠ Űɞɡ Perren 

 

ȼ ɗŮɤɟɑŬ ŰɎůŮɤɜ Űɞɡ Ɇɞɡɖŭɞɨ ɢŮɘɟɞɨɟɔɞɡ Stephan M. Perren (1932-2019) 
(Perrenôs Strain Theory) ŮɑɜŬɘ ɗŮɛŮɚɘɩŭɖɠ ɔɘŬ Űɖɜ əŬŰŬɜɧɖůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ əŬɘ 
ɓɘɞɚɞɔɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ ɘůŰɩɜ əŬŰɎ Űɖɜ Ůˊɞɨɚɤůɖ Űɤɜ əŬŰŬɔɛɎŰɤɜ. ȼ ɗŮɤɟɑŬ 

ŮůŰɘɎɕŮɘ ůŰɘɠ ŬɜŬˊŰɡůůɧɛŮɜŮɠ ŰɎůŮɘɠ ůŰɞɡɠ ɘůŰɞɨɠ ˊɞɡ ɔŮűɡɟɩɜɞɡɜ Űɞ ɢɎůɛŬ Űɞɡ 
əŬŰɎɔɛŬŰɞɠ, ŬɜŬɔɜɤɟɑɕɞɜŰŬɠ ˊɤɠ ɖ ŬɜŰɞɢɐ Űɤɜ ɘůŰɩɜ ůŰɖɜ ˊŬɟŬɛɧɟűɤůɖ ŮɑɜŬɘ 
əŬɗɞɟɘůŰɘəɐ ɔɘŬ Űɖɜ ŮˊɘŰɡɢɐ Ůˊɞɨɚɤůɖ. ȾɎɗŮ ɘůŰɧɠ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ ŮɜŰɧɠ Űɞɡ ɢɎůɛŬŰɞɠ 
Űɞɡ əŬŰɎɔɛŬŰɞɠ  ɛˊɞɟŮɑ ɜŬ ŮˊɘɓɘɩůŮɘ əŬɘ ɜŬ ŮɝŮɚɘɢɗŮɑ ɛɧɜɞ ŮɎɜ ɞɘ ŰɎůŮɘɠ ˊɞɡ ɡűɑůŰŬɜŰŬɘ 

ŭŮɜ ɡˊŮɟɓŬɑɜɞɡɜ Űɖɜ ŬɜŰɞɢɐ Űɞɡ. ɆŮ ɛɘəɟɎ ɢɎůɛŬŰŬ, Ŭəɧɛɖ əŬɘ ɖ ɛɘəɟɐ əɘɜɖŰɘəɧŰɖŰŬ 
ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ɡɣɖɚɏɠ ŰɎůŮɘɠ, Ůɜɩ ůŮ ɛŮɔŬɚɨŰŮɟŬ ɢɎůɛŬŰŬ ɞɘ ŰɎůŮɘɠ əŬŰŬɜɏɛɞɜŰŬɘ 
əŬɚɨŰŮɟŬ, ŭɘŮɡəɞɚɨɜɞɜŰŬɠ Űɖɜ ŭɘŬűɞɟɞˊɞɑɖůɖ Űɤɜ ɘůŰɩɜ. Ⱥˊɞɛɏɜɤɠ, ůŰŬ ˊɟɩŰŬ ůŰɎŭɘŬ 
Űɖɠ Ůˊɞɨɚɤůɖɠ ůɢɖɛŬŰɑɕŮŰŬɘ ɞ əɞəəɘɩŭɖɠ ɘůŰɧɠ, ˊɞɡ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ɘəŬɜɧŰɖŰɎ 



26 

 

Űɞɡ ɜŬ ɡˊɞůŰŮɑ ŮəŰŮŰŬɛɏɜɖ ˊŬɟŬɛɧɟűɤůɖ ɢɤɟɑɠ ɜŬ ŮˊɏɚɗŮɘ ɟɐɝɖ, ůɢɖɛŬŰɑɕɞɜŰŬɠ ɛɑŬ 
ŮɨəŬɛˊŰɖ ɔɏűɡɟŬ əŬɘ ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖɜ ůɢŮŰɘəɐ əɑɜɖůɖ Űɤɜ ɗɟŬɡůɛɎŰɤɜ. ȾŬɗɩɠ ɖ 
Ůˊɞɨɚɤůɖ ůɡɜŮɢɑɕŮŰŬɘ, ɞɘ ɘůŰɞɑ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ ˊɘɞ ŬɜɗŮəŰɘəɞɨɠ, ˊŮɟɘɞɟɑɕɞɜŰŬɠ 

ůŰŬŭɘŬəɎ Űɖɜ əɘɜɖŰɘəɧŰɖŰŬ ɛŮŰŬɝɨ Űɤɜ ɗɟŬɡůɛɎŰɤɜ əŬɘ əŬŰô ŮˊɏəŰŬůɖ Űɤɜ ŰɎůŮɤɜ ˊɞɡ 
ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰɞɜ ɢɩɟɞ Űɞɡ əŬŰɎɔɛŬŰɞɠ. ȷɡŰɐ ɖ ɛŮɑɤůɖ Űɖɠ ˊŬɟŬɛɧɟűɤůɖɠ ŮˊɘŰɟɏˊŮɘ 
ŰŬ ŮˊɧɛŮɜŬ ůŰɎŭɘŬ ŭɘŬűɞɟɞˊɞɑɖůɖɠ Űɞɡ ɘůŰɞɨ, ɧˊɤɠ ɖ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ɘɜɩŭɞɡɠ ɘůŰɞɨ, 
ˊɞɡ ɞŭɖɔŮɑ ůŰɞɜ ůɢɖɛŬŰɘůɛɧ əɎɚɞɡ. ɆŰɖ ŭŮɡŰŮɟɞɔŮɜɐ Ůˊɞɨɚɤůɖ, ɞ ůɢɖɛŬŰɘůɛɧɠ əŬɘ ɖ 

ŭɖɛɘɞɡɟɔɑŬ Űɞɡ əɎɚɞɡ ŬɡɝɎɜŮɘ Űɖ ŭɘɎɛŮŰɟɞ Űɞɡ ɢɎůɛŬŰɞɠ, ɛŮɘɩɜɞɜŰŬɠ ɛŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ 
əŬɘ Űɘɠ ˊŬɟŬɔɧɛŮɜŮɠ ŰɎůŮɘɠ. ȼ Ŭɟɢɐ ŬɡŰɐ ˊɟɞůɞɛɞɘɎɕŮɘ Űɖ ɛŮɑɤůɖ Űɤɜ ŭɘŬŰɛɖŰɘəɩɜ 
ŰɎůŮɤɜ ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŮ ɛɑŬ ɟɎɓŭɞ ŬɡɝɎɜɞɜŰŬɠ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ŭɘŬŰɞɛɐɠ Űɖɠ, ɔŮɔɞɜɧɠ 
ˊɞɡ ŮɝɖɔŮɑ ɔɘŬŰɑ ɖ ŬɜɎˊŰɡɝɖ Űɞɡ əɎɚɞɡ ŬˊɞŰŮɚŮɑ ɗŮɛŮɚɘɩŭŮɠ ůŰɞɘɢŮɑɞ ůŰɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

Ůˊɞɨɚɤůɖɠ. ɇɏɚɞɠ, ɖ ɗŮɤɟɑŬ Űɞɡ Perren ˊŬɟɏɢŮɘ əŬŰŮɡɗɡɜŰɐɟɘŮɠ ɔɟŬɛɛɏɠ ɔɘŬ Űɖ ɢɟɐůɖ 
ůŰŬɗŮɟɞˊɞɘɖŰɘəɩɜ ɡɚɘəɩɜ, ŰɞɜɑɕɞɜŰŬɠ ɧŰɘ ɖ ɡˊŮɟɓɞɚɘəɐ ɐ ŬɜŮˊŬɟəɐɠ ůŰŬɗŮɟɧŰɖŰŬ ɛˊɞɟŮɑ 
ɜŬ ŮˊɖɟŮɎůŮɘ ŬɟɜɖŰɘəɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ Ůˊɞɨɚɤůɖɠ [22]. 

 

2.2 ɇȺɉɁȽȾȺɆ ɃɆɇȺɃɆɈɁŪȺɆȼɆ 

 

ȼ Ůˊɘɚɞɔɐ Űɖɠ əŬŰɎɚɚɖɚɖɠ ŰŮɢɜɘəɐɠ ɞůŰŮɞůɨɜɗŮůɖɠ ɓŬůɑɕŮŰŬɘ ůŮ ŭɘɎűɞɟɞɡɠ 
ˊŬɟɎɔɞɜŰŮɠ, ɧˊɤɠ ɖ ŰɞˊɞɗŮůɑŬ əŬɘ ɖ űɨůɖ Űɞɡ əŬŰɎɔɛŬŰɞɠ, ɖ ˊɞɘɧŰɖŰŬ Űɞɡ ɞůŰɘəɞɨ ɘůŰɞɨ, 
ɖ ɖɚɘəɑŬ Űɞɡ ŬůɗŮɜɐ, ɛŮ ůəɞˊɧ Űɖɜ ŬˊɞəŬŰɎůŰŬůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ əŬɘ Űɖ 
ŭɘŮɡəɧɚɡɜůɖ Űɖɠ űɡůɘəɐɠ Ůˊɞɨɚɤůɖɠ. Ƀɘ ɓŬůɘəɏɠ ŰŮɢɜɘəɏɠ ɞůŰŮɞůɨɜɗŮůɖɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ 

əɞɢɚɑŮɠ ůɡɛˊɑŮůɖɠ (lag screw), ˊɚɎəŮɠ ɞůŰŮɞůɨɜɗŮůɖɠ, ŮɜŭɞɛɡŮɚɘəɏɠ ɟɎɓŭɞɡɠ, ŮɝɤŰŮɟɘəɎ 
ůɡůŰɐɛŬŰŬ ůŰŬɗŮɟɞˊɞɑɖůɖɠ əŬɘ Űɘɠ ŭɡɜŬɛɘəɏɠ ŰŮɢɜɘəɏɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ, əɎɗŮ ɛɑŬ ɛŮ Űɘɠ 
ŭɘəɏɠ Űɖɠ ɛɖɢŬɜɘəɏɠ əŬɘ ɓɘɞɚɞɔɘəɏɠ ɘŭɘŬɘŰŮɟɧŰɖŰŮɠ.  

Ƀɘ ˊɚɎəŮɠ ɞůŰŮɞůɨɜɗŮůɖɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ůŰŬɗŮɟɞˊɞɑɖůɖ əŬŰŬɔɛɎŰɤɜ 
ɛɏůɤ Űɖɠ ŮűŬɟɛɞɔɐɠ ɎɛŮůɖɠ ɐ ůɢŮŰɘəɐɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ. Ƀɘ ˊɚɎəŮɠ ůɡɛˊɑŮůɖɠ (dynamic 
compression plates) ́ ɟɞůűɏɟɞɡɜ ŬˊɧɚɡŰɖ ůŰŬɗŮɟɧŰɖŰŬ ɛɏůɤ Űɖɠ ůɡɛˊɑŮůɖɠ Űɤɜ ɞůŰɘəɩɜ 

ɗɟŬɡůɛɎŰɤɜ, Ůɜɩ ɞɘ ˊɚɎəŮɠ ɔɤɜɘŬəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ (locking plates) ŮɝŬůűŬɚɑɕɞɡɜ 
ůŰŬɗŮɟɧŰɖŰŬ Ŭəɧɛɖ əŬɘ ůŮ əŬŰŬůŰɎůŮɘɠ əŬəɐɠ ˊɞɘɧŰɖŰŬɠ ɞůŰɞɨ, əŬɗɩɠ ɞɘ əɞɢɚɑŮɠ 
əɚŮɘŭɩɜɞɡɜ Űɖɜ ˊɚɎəŬ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏɜŬ ɎəŬɛˊŰɞ ůɨůŰɖɛŬ. ȷɡŰɐ ɖ ŰŮɢɜɘəɐ ŮɑɜŬɘ 
ɢɟɐůɘɛɖ ůŮ ˊŮɟɘˊŰɩůŮɘɠ ɞůŰŮɞˊɧɟɤůɖɠ ɐ ůŮ ˊɞɚɡəŬŰŬɔɛŬŰɘəɏɠ əŬəɩůŮɘɠ. 

Ƀɘ ŮɜŭɞɛɡŮɚɘəɏɠ ɟɎɓŭɞɘ (intramedullary nails) ŬˊɞŰŮɚɞɨɜ ɛɑŬ ŰŮɢɜɘəɐ ɔɘŬ Űɖɜ 
ŬɜŰɘɛŮŰɩˊɘůɖ əŬŰŬɔɛɎŰɤɜ Űɤɜ ɛŬəɟɩɜ ɞůŰɩɜ, ɧˊɤɠ Űɞ ɛɖɟɘŬɑɞ, ɖ əɜɐɛɖ əŬɘ ɞ ɓɟŬɢɑɞɜŬɠ. 

ȼ ɟɎɓŭɞɠ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɞɜ ŮɜŭɞɛɡŮɚɘəɧ ůɤɚɐɜŬ, ˊŬɟɏɢɞɜŰŬɠ ůŰŬɗŮɟɧŰɖŰŬ ɛɏůɤ Űɖɠ 
ŮˊŬűɐɠ ɛŮ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ɞůŰɞɨ əŬɘ Űɖ ɢɟɐůɖ ŮɔəɎɟůɘɤɜ əɞɢɚɘɩɜ ɔɘŬ Űɖɜ ŬˊɞŰɟɞˊɐ 
Űɖɠ ˊŮɟɘůŰɟɞűɘəɐɠ ŬůŰɎɗŮɘŬɠ. ȼ ŰŮɢɜɘəɐ ŬɡŰɐ ˊɟɞůűɏɟŮɘ ůɢŮŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ, 
ŮˊɘŰɟɏˊɞɜŰŬɠ ɛɘəɟɞəɘɜɐůŮɘɠ ˊɞɡ ŭɘŮɔŮɑɟɞɡɜ Űɖɜ ŭŮɡŰŮɟɞɔŮɜɐ Ůˊɞɨɚɤůɖ ɛŮ Űɞɜ 

ůɢɖɛŬŰɘůɛɧ əɎɚɞɡ. ɄŬɟɎɚɚɖɚŬ, ɖ ŮɚɎɢɘůŰɖ ŮˊŮɛɓŬŰɘəɐ űɨůɖ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ůɡɛɓɎɚɚŮɘ 
ůŰɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ŬɘɛɎŰɤůɖɠ əŬɘ ůŰɖ ɛŮɑɤůɖ Űɞɡ əɘɜŭɨɜɞɡ ɚɞɘɛɩɝŮɤɜ. 

ɇŬ ŮɝɤŰŮɟɘəɎ ůɡůŰɐɛŬŰŬ ůŰŬɗŮɟɞˊɞɑɖůɖɠ (external fixators) ŮűŬɟɛɧɕɞɜŰŬɘ 
əɡɟɑɤɠ ůŮ ŬɜɞɘɢŰɎ əŬŰɎɔɛŬŰŬ, ůŮ ˊŮɟɘˊŰɩůŮɘɠ ɛɧɚɡɜůɖɠ ɐ ɧŰŬɜ ŬˊŬɘŰŮɑŰŬɘ ˊɟɞůɤɟɘɜɐ 
ůŰŬɗŮɟɞˊɞɑɖůɖ. ȷˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɓŮɚɧɜŮɠ ɐ əɞɢɚɑŮɠ ˊɞɡ ŭɘŬˊŮɟɜɞɨɜ Űɞ ŭɏɟɛŬ əŬɘ Űɞ 
ɞůŰɧ, ůɡɜŭŮɧɛŮɜŮɠ ɛŮ ɏɜŬɜ ŮɝɤŰŮɟɘəɧ ůəŮɚŮŰɧ. ȼ ɟɨɗɛɘůɖ Űɖɠ ůŰŬɗŮɟɧŰɖŰŬɠ ɔɑɜŮŰŬɘ 

ŮɝɤŰŮɟɘəɎ, ŮˊɘŰɟɏˊɞɜŰŬɠ ˊɟɞůŬɟɛɞɔɏɠ ɢɤɟɑɠ Ůˊɘˊɚɏɞɜ ŮˊŮɛɓɎůŮɘɠ ůŰɞ ůɖɛŮɑɞ Űɞɡ 
əŬŰɎɔɛŬŰɞɠ. ȼ ŰŮɢɜɘəɐ ŬɡŰɐ ˊŬɟɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ůŰŬŭɘŬəɐɠ űɧɟŰɘůɖɠ Űɞɡ ɞůŰɞɨ, 
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ŭɘŮɡəɞɚɨɜɞɜŰŬɠ Űɖɜ ŬɜŬŭɘŬɛɧɟűɤůɖ əŬɘ ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖɜ ˊŬɟŬəɞɚɞɨɗɖůɖ Űɖɠ 
ŭɘŬŭɘəŬůɑŬɠ Ůˊɞɨɚɤůɖɠ ɢɤɟɑɠ Űɖɜ ŬɜɎɔəɖ ŬűŬɑɟŮůɖɠ Űɖɠ ůɡůəŮɡɐɠ. 

Ƀɘ ŭɡɜŬɛɘəɏɠ ŰŮɢɜɘəɏɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ (dynamic fixation techniques) 
ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɛŮɗɧŭɞɡɠ ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ŮɚŮɔɢɧɛŮɜɖ ɛɘəɟɞəɑɜɖůɖ ůŰɞ ůɖɛŮɑɞ Űɞɡ 
əŬŰɎɔɛŬŰɞɠ, ŭɘŮɔŮɑɟɞɜŰŬɠ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ Ůˊɞɨɚɤůɖɠ ɛɏůɤ ɛɖɢŬɜɘəɩɜ ŮɟŮɗɘůɛɎŰɤɜ. 

ȰɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŮɑɜŬɘ ɞ ŭɡɜŬɛɘəɧɠ ŮɜŭɞɛɡŮɚɘəɧɠ ɐɚɞɠ (dynamic hip 
screw), ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əɡɟɑɤɠ ůŮ əŬŰɎɔɛŬŰŬ Űɞɡ ɛɖɟɘŬɑɞɡ ɞůŰɞɨ. Ⱥˊɘˊɚɏɞɜ, ůŮ 
ůɡůŰɐɛŬŰŬ ɧˊɤɠ ɞɘ ŭɡɜŬɛɘəɏɠ ˊɚɎəŮɠ ůŰŬɗŮɟɞˊɞɑɖůɖɠ, ɖ ŭɡɜŬŰɧŰɖŰŬ ŮɚŮɔɢɧɛŮɜɖɠ 
əɘɜɖŰɘəɧŰɖŰŬɠ ŮˊɘŰɟɏˊŮɘ Űɖɜ əŬɚɨŰŮɟɖ əŬŰŬɜɞɛɐ Űɤɜ űɞɟŰɑɤɜ, ɛŮɘɩɜɞɜŰŬɠ Űɘɠ 

ɡˊŮɟɓɞɚɘəɏɠ ŰɎůŮɘɠ əŬɘ ŬˊɞŰɟɏˊɞɜŰŬɠ Űɖɜ ŬŰɟɞűɑŬ Űɞɡ ɞůŰɞɨ ɚɧɔɤ ŬɢɟɖůɑŬɠ. ȼ 
ŭɡɜŬŰɧŰɖŰŬ ˊɟɞůŬɟɛɞɔɐɠ Űɖɠ ůŰŬɗŮɟɧŰɖŰŬɠ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮˊɑŰŮɡɝɖ Űɖɠ ɘůɞɟɟɞˊɑŬɠ ɛŮŰŬɝɨ 
ɛɖɢŬɜɘəɐɠ ɡˊɞůŰɐɟɘɝɖɠ əŬɘ ɓɘɞɚɞɔɘəɐɠ ŭɟŬůŰɖɟɘɧŰɖŰŬɠ, ˊɟɞůűɏɟɞɜŰŬɠ ŮɡŮɚɘɝɑŬ ůŰɖɜ 
ŬɜŰɘɛŮŰɩˊɘůɖ ŭɘŬűɞɟŮŰɘəɩɜ Űɨˊɤɜ əŬŰŬɔɛɎŰɤɜ. 

ȼ ŰŮɢɜɘəɐ ɞůŰŮɞůɨɜɗŮůɖɠ ɛŮ ŰɎůɖ (tension band osteosynthesis) ŮűŬɟɛɧɕŮŰŬɘ ůŮ 
əŬŰɎɔɛŬŰŬ ɧˊɞɡ ɞɘ ŮűŮɚəɡůŰɘəɏɠ ŭɡɜɎɛŮɘɠ ˊɟɏˊŮɘ ɜŬ ɛŮŰŬŰɟŬˊɞɨɜ ůŮ ɗɚɘˊŰɘəɏɠ. 

ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɨɟɛŬŰŬ ˊɞɡ ŰɞˊɞɗŮŰɞɨɜŰŬɘ əŬŰɎ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ɜŬ ɚŮɘŰɞɡɟɔɞɨɜ 
ɤɠ çɕɩɜŮɠ ŰɎůɖɠè, ŬɡɝɎɜɞɜŰŬɠ Űɖ ůŰŬɗŮɟɧŰɖŰŬ əŬɘ ŭɘŮɡəɞɚɨɜɞɜŰŬɠ Űɖɜ Ůˊɞɨɚɤůɖ. ȷɡŰɐ 
ɖ ŰŮɢɜɘəɐ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ůŮ əŬŰɎɔɛŬŰŬ ŮˊɘɔɞɜŬŰɑŭŬɠ əŬɘ ɤɚɏɜɖɠ, ɧˊɞɡ ɞɘ 
ɛɡɥəɏɠ ŭɡɜɎɛŮɘɠ ŰŮɑɜɞɡɜ ɜŬ ŬˊɞɛŬəɟɨɜɞɡɜ ŰŬ ɗɟŬɨůɛŬŰŬ.  

ȼ ůŰŮɟɏɤůɖ ɛŮ ůɨɟɛŬŰŬ Kirschner (K-wires) ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əɡɟɑɤɠ ɔɘŬ Űɖɜ 
ˊɟɞůɤɟɘɜɐ ɐ əŬɘ ɛɧɜɘɛɖ ůŰŬɗŮɟɞˊɞɑɖůɖ ɛɘəɟɩɜ ɞůŰɘəɩɜ ɗɟŬɡůɛɎŰɤɜ, ɘŭɘŬɑŰŮɟŬ ůŮ 

əŬŰɎɔɛŬŰŬ Űɤɜ ɢŮɟɘɩɜ əŬɘ Űɤɜ ˊɞŭɘɩɜ. ɇŬ ůɨɟɛŬŰŬ ŬɡŰɎ ɛˊɞɟɞɨɜ ɜŬ ůɡɜŭɡŬůŰɞɨɜ ɛŮ 
Űɖɜ ŰŮɢɜɘəɐ tension band ɔɘŬ Ůˊɘˊɚɏɞɜ ůŰŬɗŮɟɧŰɖŰŬ, Ůɜɩ ůɡɢɜɎ ŬűŬɘɟɞɨɜŰŬɘ ɛŮŰɎ Űɖɜ 
Ůˊɞɨɚɤůɖ Űɞɡ əŬŰɎɔɛŬŰɞɠ. 

ȼ ŰŮɢɜɘəɐ ɛŮ əɞɢɚɑŮɠ ůɡɛˊɑŮůɖɠ (lag screw) ůŰɞɢŮɨŮɘ ůŰɖɜ ŮˊɑŰŮɡɝɖ ůɡɛˊɑŮůɖɠ 
ɛŮŰŬɝɨ Űɤɜ ŮˊɘűŬɜŮɘɩɜ Űɞɡ əŬŰɎɔɛŬŰɞɠ. Ƀ əɞɢɚɑŬɠ ŰɞˊɞɗŮŰŮɑŰŬɘ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ɜŬ 
ŭɘŬˊŮɟɜɎ Űɞ ɏɜŬ ɞůŰɘəɧ ɗɟŬɨůɛŬ əŬɘ ɜŬ çůűɖɜɩɜŮɘè ůŰɞ ŬˊɏɜŬɜŰɘ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ 

ůɡɛˊɘŮůŰɘəɏɠ ŭɡɜɎɛŮɘɠ əŬŰɎ ɛɐəɞɠ Űɖɠ ɔɟŬɛɛɐɠ Űɞɡ əŬŰɎɔɛŬŰɞɠ. ȷɡŰɐ ɖ ůɡɛˊɑŮůɖ 
ˊɟɞɎɔŮɘ Űɖɜ ˊɟɤŰɞɔŮɜɐ Ůˊɞɨɚɤůɖ, ŮɚŬɢɘůŰɞˊɞɘɩɜŰŬɠ Űɖɠ əɘɜɖŰɘəɧŰɖŰŬ ůŰɞ ůɖɛŮɑɞ Űɖɠ 
ɓɚɎɓɖɠ. ȼ ŰŮɢɜɘəɐ ŬɡŰɐ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ůŮ ɚɞɝɎ ɐ ůˊŮɘɟɞŮɘŭɐ əŬŰɎɔɛŬŰŬ, 
ɧˊɞɡ ɖ ɔɟŬɛɛɐ Űɞɡ əŬŰɎɔɛŬŰɞɠ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮűŬɟɛɞɔɐ ůɡɛˊɑŮůɖɠ ɢɤɟɑɠ ɜŬ ɡˊɎɟɢŮɘ 

əɑɜŭɡɜɞɠ ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ɗɟŬɡůɛɎŰɤɜ. ɆŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ůɡɜŭɡɎɕŮŰŬɘ ɛŮ 
ɢŮɘɟɞɡɟɔɘəɏɠ ˊɚɎəŮɠ, ɓŮɚŰɘɩɜɞɜŰŬɠ Űɖ ůɡɜɞɚɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ əŬŰŬůəŮɡɐɠ. ȼ ɓŬůɘəɐ 
Ŭɟɢɐ ŬɡŰɐɠ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ ŮɑɜŬɘ ɖ ůɡɛˊɚɖɟɤɛŬŰɘəɐ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ŭɨɞ ůŰɞɘɢŮɑɤɜ: ɖ lag 
screw ŮɝŬůűŬɚɑɕŮɘ Űɖɜ ŬɜŬɔəŬɑŬ ůɡɛˊɑŮůɖ, Ůɜɩ ɖ ˊɚɎəŬ ˊɟɞůɗɏŰŮɘ ɡˊɞůŰɐɟɘɝɖ, 

ˊɟɞůŰŬŰŮɨɞɜŰŬɠ Ŭˊɧ Űɘɠ ŭɡɜɎɛŮɘɠ əɎɛɣɖɠ əŬɘ ŭɘɎŰɛɖůɖɠ ˊɞɡ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ 
ˊɟɞəŬɚɏůɞɡɜ ŬůŰɞɢɑŬ ůŰɞɜ əɞɢɚɑŬ. Ƀ ůɡɜŭɡŬůɛɧɠ ŬɡŰɧɠ ŮűŬɟɛɧɕŮŰŬɘ əɡɟɑɤɠ ůŮ 
əŬŰɎɔɛŬŰŬ ɛŬəɟɩɜ ɞůŰɩɜ, ɧˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ŬˊɧɚɡŰɖ ůŰŬɗŮɟɧŰɖŰŬ əŬɘ ŬˊɞŰɟɞˊɐ ŬůŰɞɢɑŬɠ 
Űɤɜ ɞůŰɘəɩɜ ɗɟŬɡůɛɎŰɤɜ.  

ɇɏɚɞɠ, ɛɘŬ ŮɝŮɚɘůůɧɛŮɜɖ ˊɟɞůɏɔɔɘůɖ ŮɑɜŬɘ ɖ ɞůŰŮɞůɨɜɗŮůɖ ɛŮ ɢɟɐůɖ ɓɘɞɦɚɘəɩɜ 
ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ɢɟɐůɖ ɡɚɘəɩɜ ɧˊɤɠ ɓɘɞŬˊɞɟɟɞűɐůɘɛŮɠ əɞɢɚɑŮɠ əŬɘ ˊɚɎəŮɠ, ŰŬ ɞˊɞɑŬ 

ŬˊɞɟɟɞűɩɜŰŬɘ Ŭˊɧ Űɞɜ ɞɟɔŬɜɘůɛɧ ɛŮŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ Ůˊɞɨɚɤůɖɠ. ȷɡŰɧ ɛŮɘɩɜŮɘ 
Űɖɜ ŬɜɎɔəɖ ɔɘŬ ŮˊɧɛŮɜŮɠ ɢŮɘɟɞɡɟɔɘəɏɠ ŮˊŮɛɓɎůŮɘɠ əŬɘ ŮɚŬɢɘůŰɞˊɞɘŮɑ Űɞɜ əɑɜŭɡɜɞ 
Ůˊɘˊɚɞəɩɜ Ŭˊɧ Űɖɜ ˊŬɟɞɡůɑŬ ɛɧɜɘɛɤɜ ŮɛűɡŰŮɡɛɎŰɤɜ [23].   
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ȺɘəɧɜŬ 2.3:  ɄɚɎəŬ əɚŮɘŭɩɛŬŰɞɠ ůŰŮɜɐɠ ůɡɛˊɑŮůɖɠ ɛŮ Űɞɡɠ ŬɜŰɑůŰɞɘɢɞɡɠ əɞɢɚɑŮɠ [24]  

 
ȺɘəɧɜŬ 2.4:  ɄɚɎəŮɠ əɚŮɘŭɩɛŬŰɞɠ ɇ ůɢɐɛŬŰɞɠ ɛŮ Űɞɡɠ ŬɜŰɑůŰɞɘɢɞɡɠ əɞɢɚɑŮɠ [25]  

 

2.3 ȼ ȷɁȷɇɃɀȽȷ ɇɃɈ ȾɃɉȿȽȷ 

 

 Ƀ ůɢŮŭɘŬůɛɧɠ Űɤɜ əɞɢɚɘɩɜ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ɓŬůɑɕŮŰŬɘ ůŰɘɠ Ŭɟɢɏɠ ˊɞɡ 
ŭɘŬɛɞɟűɩɗɖəŬɜ Ŭˊɧ Űɖɜ ɞɛɎŭŬ AO Foundation (Arbeitsgemeinschaft für 
Osteosynthesefragen) ůŰŬ Űɏɚɖ Űɖɠ ŭŮəŬŮŰɑŬɠ Űɞɡ 1950, ɛŮ ůŰɧɢɞ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ 
ɛɖɢŬɜɘəɐɠ Űɞɡɠ Ŭˊɧŭɞůɖɠ. ɄŬɟɎɛŮŰɟɞɘ ɧˊɤɠ Űɞ ɓɐɛŬ əŬɘ Űɞ ɛɐəɞɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ 
əŬɗɞɟɑɕɞɡɜ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡ əɞɢɚɑŬ ɛŮ Űɞ ɞůŰɧ əŬɘ Űɞɜ Űɟɧˊɞ əŬŰŬɜɞɛɐɠ Űɤɜ 

űɞɟŰɑɤɜ. Ƀɘ ɓŬůɘəɏɠ ɔŮɤɛŮŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ əɞɢɚɘɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ 
ɞůŰŮɞůɨɜɗŮůɖ əŬŰŬɔɛɎŰɤɜ Ŭəɞɚɞɡɗɞɨɜ ůɡɔəŮəɟɘɛɏɜŮɠ Ŭɟɢɏɠ ůɢŮŭɘŬůɛɞɨ. 

 

 
ȺɘəɧɜŬ 2.5:  ȼ ŬɜŬŰɞɛɑŬ Űɞɡ əɞɢɚɑŬ 
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Ƀɘ əɞɢɚɑŮɠ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ŭɨɞ ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ, Űɞɡɠ əɞɢɚɑŮɠ 
űɚɞɘɩŭɞɡɠ ɞůŰɞɨ (cortical screw) əŬɘ Űɞɡɠ əɞɢɚɑŮɠ ůˊɞɔɔɩŭɞɡɠ ɘůŰɞɨ (cancellous screw). 
Ƀɘ əɞɢɚɑŮɠ űɚɞɘɩŭɞɡɠ ɞůŰɞɨ ɏɢɞɡɜ ůɢŮŭɘŬůŰŮɑ ɔɘŬ ɜŬ ŬɔəɡɟɩɜɞɜŰŬɘ ůŰɖ ŭɘɎűɡůɖ Űɞɡ 

ɞůŰɞɨ, ɧˊɞɡ Űɞ ɞůŰɧ ŮɑɜŬɘ ˊɘɞ ˊɡəɜɧ əŬɘ ɏɢŮɘ ŬɜɎɔəɖ Ŭˊɧ ɡɣɖɚɐ ŬɜŰɞɢɐ. ȷɜŰɑɗŮŰŬ, ɞɘ 
əɞɢɚɑŮɠ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ ŬɚɚɖɚŮˊɘŭɟɎɜŮ ɛŮ Űɖɜ ɛŮŰɎűɡůɖ ɐ Ůˊɑűɡůɖ Űɞɡ ɞůŰɞɨ, Űɞ 
ɞˊɞɑɞ ůɡɜŬɜŰɎŰŬɘ ůɡɢɜɎ ůŮ ŮɜŭŬɟɗɟɘəɎ əŬŰɎɔɛŬŰŬ Űɖɠ ɛŮŰɎűɡůɖɠ. Ƀɘ ɢŮɘɟɞɡɟɔɘəɞɑ 
əɞɢɚɑŮɠ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ŮɑŰŮ Ŭˊɧ ŬɜɞɝŮɑŭɤŰɞ ŬŰůɎɚɘ (stainless steel) ɐ Ŭˊɧ əɟɎɛŬ 

ŰɘŰŬɜɑɞɡ (Ti-6Al-7Nb), ɡɚɘəɎ ˊɞɡ ˊɟɞůűɏɟɞɡɜ ɡɣɖɚɐ ŬɜŰɞɢɐ Űɧůɞ ůŰŬ űɞɟŰɑŬ ɧůɞ əŬɘ 
ůŰɖ ŭɘɎɓɟɤůɖ. 

Ƀɘ əɞɢɚɑŮɠ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ɛˊɞɟɞɨɜ ɜŬ ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɏɠ ɚŮɘŰɞɡɟɔɑŮɠ, ŬɜɎɚɞɔŬ 
ɛŮ Űɞɜ ůɢŮŭɘŬůɛɧ Űɞɡɠ əŬɘ Űɞɜ Űɟɧˊɞ ŮűŬɟɛɞɔɐɠ Űɞɡɠ. ɆŰɖɜ ˊɘɞ ůɡɜɖɗɘůɛɏɜɖ ɢɟɐůɖ 
ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ɞɘ əɞɢɚɑŮɠ ́ ɚɎəŬɠ (plate screws), ɞɘ ɞˊɞɑŮɠ ŭɘɏɟɢɞɜŰŬɘ ɛɏůŬ Ŭˊɧ ˊɚɎəŮɠ 
ɢɤɟɑɠ ɛɖɢŬɜɘůɛɧ əɚŮɘŭɩɛŬŰɞɠ. Ƀɘ əɞɢɚɑŮɠ ůɡɛˊɑŮůɖɠ (lag screws) ŮűŬɟɛɧɕɞɜŰŬɘ ɛŮ ůŰɧɢɞ 

ɜŬ ˊɟɞəŬɚɏůɞɡɜ ůɡɛˊɑŮůɖ Űɤɜ ɛŮŰŬɝɨ Űɤɜ əŬŰŬɔɛŬŰɘəɩɜ ɗɟŬɡůɛɎŰɤɜ, ˊɟɞɎɔɞɜŰŬɠ Űɖɜ 
ˊɟɤŰɞɔŮɜɐ Ůˊɞɨɚɤůɖ ɢɤɟɑɠ ůɢɖɛŬŰɘůɛɧ əɎɚɞɡ. Ƀɘ əɞɢɚɑŮɠ ɗɏůɖɠ (position screws) 
ŭɘŬŰɖɟɞɨɜ ŰŬ ɗɟŬɨůɛŬŰŬ Űɞɡ ɞůŰɞɨ ůŰɖ ɗɏůɖ Űɞɡɠ ɢɤɟɑɠ ɜŬ ŬůəɞɨɜŮ ůɡɛˊɑŮůɖ. ɇɏɚɞɠ, ɞɘ 
əɞɢɚɑŮɠ əɚŮɘŭɩɛŬŰɞɠ (locking head screws) ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ˊɚɎəŮɠ 

ůɡɛˊɑŮůɖɠ ɛŮ ɛɖɢŬɜɘůɛɧ əɚŮɘŭɩɛŬŰɞɠ (locking compression plates), ŮɝŬůűŬɚɑɕɞɜŰŬɠ Űɖ 
ůŰŬɗŮɟɧŰɖŰŬ ɛɏůɤ Űɖɠ ɛɖɢŬɜɘəɐɠ ůɨɕŮɡɝɖɠ Űɖɠ əŮűŬɚɐɠ Űɞɡ əɞɢɚɑŬ ɛŮ Űɖɜ ˊɚɎəŬ. 

ȷɜɎɚɞɔŬ ɛŮ Űɖ ɔŮɤɛŮŰɟɑŬ Űɞɡɠ, ɞɘ əɞɢɚɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ŮɑɜŬɘ ˊɚɐɟɤɠ ɐ ɛŮɟɘəɩɠ 
ůˊŮɘɟɤɛŬŰɞˊɞɘɖɛɏɜɞɘ. Ƀɘ ɛŮɟɘəɩɠ, ŭɘŬɗɏŰɞɡɜ ɏɜŬ ŰɛɐɛŬ ɢɤɟɑɠ ůˊŮɑɟɤɛŬ (shaft), Űɞ ɞˊɞɑɞ 
ůɡɢɜɎ ɏɢŮɘ ɛŮɔŬɚɨŰŮɟɖ ŭɘɎɛŮŰɟɞ Ŭˊɧ Űɞɜ ˊɡɟɐɜŬ Űɞɡ əɞɢɚɑŬ, ɧˊɞɡ ˊɡɟɐɜŬɠ Űɞɡ əɞɢɚɑŬ 
əŬɚŮɑŰŬɘ Űɞ ŮůɤŰŮɟɘəɧ ŰɛɐɛŬ Űɞɡ, Űɞ ɞˊɞɑɞ ˊŬɟŬɛɏɜŮɘ ɛŮŰɎ Űɖɜ ŬűŬɑɟŮůɖ Űɤɜ 

ůˊŮɘɟɤɛɎŰɤɜ. ȼ ɛŮŰɎɓŬůɖ Ŭˊɧ Űɞ ůˊŮɑɟɤɛŬ ůŰɞ ɚŮɑɞ ŰɛɐɛŬ Űɞɡ əɞɢɚɑŬ ŬˊɞŰŮɚŮɑ ɏɜŬ 
ŭɡɜɖŰɘəɎ ŬŭɨɜŬɛɞ ůɖɛŮɑɞ, əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ ŬˊɞŰŮɚɏůŮɘ ŮůŰɑŬ ůɡůůɩɟŮɡůɖɠ ŰɎůŮɤɜ əŬɘ 
ɜŬ ɞŭɖɔɖɗŮɑ Űɞ ɡɚɘəɧ ůŮ ŬůŰɞɢɑŬ. Ⱥˊɞɛɏɜɤɠ, ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ŬɜŰɞɢɐɠ ůŮ ŬɡŰɐ Űɖ 
ˊŮɟɘɞɢɐ, Űɞ ůɖɛŮɑɞ ůɨɜŭŮůɖɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ ɛˊɞɟŮɑ ɜŬ ŮɜɘůɢɡɗŮɑ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ 

ŭɘŬɛɏŰɟɞɡ Űɞɡ ˊɡɟɐɜŬ [26]. 

ȼ əŮűŬɚɐ Űɤɜ əɞɢɚɘɩɜ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ŮˊɘŰŮɚŮɑ ŭɨɞ əɨɟɘŮɠ ɚŮɘŰɞɡɟɔɑŮɠ. ȷɟɢɘəɎ, 
ŮˊɘŰɟɏˊŮɘ Űɖ ůɨɜŭŮůɖ ɛŮ Űɞ əŬŰɎɚɚɖɚɞ ŮɟɔŬɚŮɑɞ, əŬŰůŬɓɑŭɘ ɐ əɚŮɘŭɑ, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ 
ŬˊŬɟŬɑŰɖŰɞ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɖɠ ˊŮɟɘůŰɟɞűɘəɐɠ əɑɜɖůɖɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ 
ˊɟɞɩɗɖůɖ Űɞɡ əɞɢɚɑŬ ɛɏůŬ ůŰɞ ɞůŰɧ. ȼ ɡˊɞŭɞɢɐ ɔɘŬ Űɖɜ Ůɑůɞŭɞ Űɞɡ ŮɟɔŬɚŮɑɞɡ ŮɑɜŬɘ 
ůɡɜɐɗɤɠ ŬůŰŮɟɞŮɘŭɞɨɠ ɐ ŮɝŬɔɤɜɘəɞɨ ůɢɐɛŬŰɞɠ. Ⱥˊɘˊɚɏɞɜ, ɖ əŮűŬɚɐ ŬˊɞŰɟɏˊŮɘ Űɖɜ 

ɡˊŮɟɓɞɚɘəɐ ŭɘŮɑůŭɡůɖ Űɞɡ əɞɢɚɑŬ ˊɏɟŬ Ŭˊɧ Űɞ ŮˊɘɗɡɛɖŰɧ ɓɎɗɞɠ. Ⱥˊɑůɖɠ, ɞɘ əɞɢɚɑŮɠ 
ůˊɞɜŭɡɚɞŭŮůɑŬɠ ŰŬɝɘɜɞɛɞɨɜŰŬɘ ɛŮ ɓɎůɖ Űɞ ůɢŮŭɘŬůɛɧ Űɖɠ əŮűŬɚɐɠ Űɞɡɠ, ůŮ ůɡɛɓŬŰɘəɞɨɠ 
əɞɢɚɑŮɠ (conventional screws) əŬɘ əɞɢɚɑŮɠ əɚŮɘŭɩɛŬŰɞɠ (locking screws). Ƀɘ əɞɢɚɑŮɠ 
əɚŮɘŭɩɛŬŰɞɠ ɏɢɞɡɜ ůˊŮɘɟɩɛŬŰŬ ůŰɖ əŮűŬɚɐ Űɞɡɠ əŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŬˊɞəɚŮɘůŰɘəɎ ůŮ 

ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ˊɚɎəŬ ɛŮ ɛɖɢŬɜɘůɛɧ əɚŮɘŭɩɛŬŰɞɠ (locking plates). ɀŮ 
ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ɖ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ůɨɜŭŮůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ɛɖɢŬɜɘəɐ ɕŮɨɝɖ 
(mechanical coupling) Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɖɠ əŮűŬɚɐɠ əŬɘ Űɖɠ ɞˊɐɠ Űɖɠ ˊɚɎəŬɠ 
əɚŮɘŭɩɛŬŰɞɠ, ŮɝŬůűŬɚɑɕɞɜŰŬɠ ɔɤɜɘŬəɐ ůŰŬɗŮɟɧŰɖŰŬ. ȷɜŰɑɗŮŰŬ, ɞɘ ůɡɛɓŬŰɘəɞɑ əɞɢɚɑŮɠ ŭŮɜ 

ɏɢɞɡɜ ůˊŮɘɟɩɛŬŰŬ ůŰɖ əŮűŬɚɐ Űɞɡɠ, ŬɚɚɎ ɖ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ɞůŰŮɞůɨɜɗŮůɖɠ ɓŬůɑɕŮŰŬɘ 
ůŰɖɜ ŬɜŬˊŰɡůůɧɛŮɜɖ ŭɨɜŬɛɖ ůɨůűɘɝɖɠ (clamping force) ɛŮŰŬɝɨ ˊɚɎəŬɠ əŬɘ ɞůŰɞɨ. 

ɇɞ ůɡɜɞɚɘəɧ ɛɐəɞɠ Űɞɡ əɞɢɚɑŬ ɛŮŰɟɘɏŰŬɘ Ŭˊɧ Űɞ ŬɜɩŰŮɟɞ ůɖɛŮɑɞ Űɖɠ əŮűŬɚɐɠ Űɞɡ 
ɏɤɠ Űɖɜ Ɏəɟɖ Űɞɡ. ɇɞ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ əŬɗɞɟɑɕŮɘ əŬɘ Űɞ ŬɜŰɑůŰɞɘɢɞ ɛɐəɞɠ Ůɛˊɚɞəɐɠ 
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Űɖɠ ůŰɞ ɞůŰɧ. ɆŮ ɡɚɘəɎ ɧˊɤɠ Űɞ ůˊɞɔɔɩŭŮɠ ɞůŰɧ əŬɘ ŰŬ ɡˊɞəŬŰɎůŰŬŰɎ Űɞɡ, ɖ ɏəŰŬůɖ Űɖɠ 
Ůɛˊɚɞəɐɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ ůɡɔəɟɎŰɖůɖɠ 
Űɞɡ əɞɢɚɑŬ. ɀŮɚɏŰŮɠ ŭŮɑɢɜɞɡɜ ɧŰɘ ɖ Ŭɨɝɖůɖ Űɞɡ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ ůɡɛɓɎɚɚŮɘ ůŰɖɜ 

Ůɜɑůɢɡůɖ Űɖɠ ŬɜŰɞɢɐɠ ŮɝŬɔɤɔɐɠ Űɞɡ əɞɢɚɑŬ Ŭˊɧ Űɞ ɞůŰɧ, ɔŮɔɞɜɧɠ ˊɞɡ əŬɗɘůŰɎ Űɞ ɛɐəɞɠ 
Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ ɏɜŬɜ əɟɑůɘɛɞ ˊŬɟɎɔɞɜŰŬ ɔɘŬ Űɖ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ɞůŰŮɞůɨɜɗŮůɖɠ 
[27,28]. 

ȰɜŬɠ ůɖɛŬɜŰɘəɧɠ ɔŮɤɛŮŰɟɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ůŰɞɜ ůɢŮŭɘŬůɛɧ Űɞɡ əɞɢɚɑŬ ŮɑɜŬɘ əŬɘ ɖ 
ɔɤɜɑŬ ɏɚɘəŬɠ (helix angle). ɄɟɧəŮɘŰŬɘ ɔɘŬ Űɖ ɔɤɜɑŬ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ ɛŮŰŬɝɨ Űɖɠ 
ŭɘŮɨɗɡɜůɖɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ əŬɘ ɛɘŬɠ ɜɞɖŰɐɠ əɎɗŮŰɖɠ ɔɟŬɛɛɐɠ əɎɗŮŰɖɠ ůŰɞɜ ŭɘŬɛɐəɖ 

ɎɝɞɜŬ Űɞɡ əɞɢɚɑŬ. ɃɡůɘŬůŰɘəɎ, ŮɑɜŬɘ ɖ ɔɤɜɑŬ ɛŮ Űɖɜ ɞˊɞɑŬ Űɞ ůˊŮɑɟɤɛŬ ŬɜŬˊŰɨůůŮŰŬɘ 
ŮɚɘəɞŮɘŭɩɠ ɔɨɟɤ Ŭˊɧ Űɞɜ ɎɝɞɜŬ Űɞɡ əɞɢɚɑŬ. ȰɟŮɡɜŮɠ ɏɢɞɡɜ ŭŮɑɝŮɘ ɧŰɘ ɧůɞ ɛŮɔŬɚɨŰŮɟɖ ɖ 
ɔɤɜɑŬ ɏɚɘəŬɠ Űɧůɞ ˊɘɞ Ůɨəɞɚɖ ɖ ŮɘůŬɔɤɔɐ Űɖɠ, əŬɗɩɠ ɖ ɟɞˊɐ ˊɟɞɩɗɖůɐɠ Űɖɠ ŮɑɜŬɘ 
ŬɜŰɘůŰɟɧűɤɠ ŬɜɎɚɞɔɖ ɛŮ Űɖɜ ɔɤɜɑŬ ɏɚɘəŬɠ. ȷɜŰɑɗŮŰŬ, ɛɘŬ ɛɘəɟɧŰŮɟɖ ɔɤɜɑŬ ŬɡɝɎɜŮɘ Űɖɜ 

ŰɎůɖ ɛŮŰŬɝɨ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ əŬɘ Űɞɡ ɞůŰɞɨ, ŮɜɘůɢɨɞɜŰŬɠ Űɖɜ ŬɜŰɞɢɐ ůŰɖɜ ŮɝŬɔɤɔɐ Űɞɡ 
əɞɢɚɑŬ [29]. 

ȼ ŭɘɎɛŮŰɟɞɠ Űɞɡ ˊɡɟɐɜŬ Ůɜɧɠ əɞɢɚɑŬ (core diameter ɐ minor diameter) ůɢŮŰɑɕŮŰŬɘ 
ɎɛŮůŬ ɛŮ Űɖɜ ŬɜŰɞɢɐ Űɖɠ ůŰɖɜ ůŰɟɏɣɖ əŬɘ ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ ůɡɔəɟɎŰɖůɐɠ Űɖɠ. Ƀ ˊɡɟɐɜŬɠ 
əɞɢɚɘɩɜ űɚɞɘɩŭɞɡɠ ɞůŰɞɨ (cortical screws) ŭɘŬɗɏŰɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ŭɘɎɛŮŰɟɞ, əŬɗɩɠ Űɞ 
űɚɞɘɩŭŮɠ ɞůŰɧ ŮɑɜŬɘ ŬɟəŮŰɎ ˊɡəɜɧ əŬɘ ŬˊŬɘŰŮɑ ɏɜŬɜ ŬɜɗŮəŰɘəɧ əɞɢɚɑŬ ɔɘŬ ɜŬ ŭɘŬɢŮɘɟɘůŰŮɑ 

Űɘɠ ɡɣɖɚɧŰŮɟŮɠ ɟɞˊɏɠ ůŰɟɏɣɖɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ əŬŰɎ Űɖɜ ŮɘůŬɔɤɔɐ. Ƀ ˊɡɟɐɜŬɠ əɞɢɚɑŬ 
ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ (cancellous screws) ɏɢŮɘ ɛɘəɟɧŰŮɟɖ ŭɘɎɛŮŰɟɞ, ŭŮŭɞɛɏɜɞɡ ˊɤɠ Űɞ 
ůˊɞɔɔɩŭŮɠ ɞůŰɧ ˊɟɞůűɏɟŮɘ ɢŬɛɖɚɧŰŮɟɖ ŬɜŰɑůŰŬůɖ ůŰɖɜ ˊɟɞɩɗɖůɖ Űɞɡ əɞɢɚɑŬ, 
əŬɗɘůŰɩɜŰŬɠ ˊŮɟɘŰŰɐ Űɖɜ ŬɜɎɔəɖ ɔɘŬ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŰɖ ůŰɟɏɣɖ. ɇɏɚɞɠ, ɖ ŭɘɎɛŮŰɟɞɠ Űɞɡ 

ˊɡɟɐɜŬ əŬɗɞɟɑɕŮɘ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ŰɟɨˊŬɠ ɞŭɖɔɞɨ (pilot hole) ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ 
ŰɞˊɞɗɏŰɖůɖ Űɞɡ əɞɢɚɑŬ [27]. 

ũɘŬ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ əɞɢɚɑŬ ůŰɞ ɞůŰɧ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɜŬ ˊɟɞŮŰɞɘɛŬůŰŮɑ ɛɑŬ ɞˊɐ 
ɞŭɖɔɞɨ (pilot hole). ɆɨɛűɤɜŬ ɛŮ Űɖ ɛŮɚɏŰɖ Űɤɜ Hughes əŬɘ Jordan ɡˊɎɟɢŮɘ ɏɜŬ ɓɏɚŰɘůŰɞ 
ɛɏɔŮɗɞɠ ɞˊɐɠ ɞŭɖɔɞɨ, ŬɜŮɝɎɟŰɖŰɞ Ŭˊɧ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ, əŬɗɩɠ 
ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ɛŮɔɎɚɖ ŭɘɎɛŮŰɟɞ Űɞɡ əɞɢɚɑŬ (major diameter). ȳŰŬɜ ɖ ŭɘɎɛŮŰɟɞɠ Űɖɠ 

ɞˊɐɠ ɞŭɖɔɞɨ ɝŮˊŮɟɜɎŮɘ ɛɑŬ əɟɑůɘɛɖ Űɘɛɐ (critical diameter), ɖ ɘəŬɜɧŰɖŰŬ ůɡɔəɟɎŰɖůɖɠ Űɞɡ 
əɞɢɚɑŬ ɛŮɘɩɜŮŰŬɘ ůɖɛŬɜŰɘəɎ. ȼ ɡˊŮɟɓɞɚɘəɐ Ŭɨɝɖůɖ Űɖɠ ŭɘŬɛɏŰɟɞɡ ɞŭɖɔŮɑ ůŮ ɞɚɑůɗɖůɖ 
Űɞɡ əɞɢɚɑŬ, ɛŮɘɩɜɞɜŰŬɠ Űɖ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ɞůŰŮɞůɨɜɗŮůɖɠ. ȷɜŰɑɗŮŰŬ, ɛɘŬ ˊɞɚɨ ɛɘəɟɐ 
ɞˊɐ ɞŭɖɔɧɠ ŬɡɝɎɜŮɘ ůɖɛŬɜŰɘəɎ Űɖ Űɟɘɓɐ əŬɘ Űɘɠ ŭɘŬŰɛɖŰɘəɏɠ ŭɡɜɎɛŮɘɠ, ɔŮɔɞɜɧɠ ˊɞɡ ɛˊɞɟŮɑ 

ɜŬ ɞŭɖɔɐůŮɘ ůŮ ŮɜŭŮɢɧɛŮɜɞ ɗɟŬɨůɛŬ Űɞɡ ɞůŰɞɨ ɐ ŬəɧɛŬ əŬɘ Űɞɡ əɞɢɚɑŬ [30]. 

ɇɞ ɓɐɛŬ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ (pitch) Ůɜɧɠ əɞɢɚɑŬ ɞɟɑɕŮŰŬɘ ɤɠ ɖ ŬˊɧůŰŬůɖ ŭɨɞ 
ŭɘŬŭɞɢɘəɩɜ əɞɟɡűɩɜ ůˊŮɘɟɩɛŬŰɞɠ. ȳŰŬɜ ɖ ŬˊɧůŰŬůɖ ŬɡŰɐ ɛŮɔŬɚɩɜŮɘ Űɞ ůˊŮɑɟɤɛŬ 
ɔɑɜŮŰŬɘ ˊɘɞ ŬɟŬɘɧ, Ůɜɩ ŬɜŰɑůŰɞɘɢŬ ɧŰŬɜ ɖ ŬˊɧůŰŬůɖ ŬɡŰɐ ɛŮɘɩɜŮŰŬɘ Űɞ ůˊŮɑɟɤɛŬ ɔɑɜŮŰŬɘ 
ˊɘɞ ˊɡəɜɧ. Ƀɘ əɞɢɚɑŮɠ űɚɞɘɩŭɞɡɠ ɞůŰɞɨ (cortical screws) ŭɘŬɗɏŰɞɡɜ ˊɘɞ ɛɘəɟɧ ɓɐɛŬ ůŮ 
ůɢɏůɖ ɛŮ Űɞɡɠ əɞɢɚɑŮɠ Űɞɡ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ (cancellous screws), əŬɗɩɠ ɖ ɛŮɑɤůɖ Űɞɡ 

ɓɐɛŬŰɞɠ ɞŭɖɔŮɑ ůŮ ŮɚɎŰŰɤůɖ Űɖɠ ŬˊŬɘŰɞɨɛŮɜɖɠ ɟɞˊɐɠ ɔɘŬ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ əɞɢɚɑŬ. ȷɡŰɧ 
Űɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ůɖɛŬɜŰɘəɧ ůŰɞ űɚɞɘɩŭŮɠ ɞůŰɧ, Űɞ ɞˊɞɑɞ ˊŬɟɞɡůɘɎɕŮɘ 
ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɑůŰŬůɖ ůŰɖɜ ŮɘůŬɔɤɔɐ Űɞɡ əɞɢɚɑŬ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞ ůˊɞɔɔɩŭŮɠ 
ɞůŰɧ. ɇɏɚɞɠ, ɖ ɛŮɑɤůɖ Űɞɡ ɓɐɛŬŰɞɠ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ŬɡɝɎɜŮɘ əŬɘ Űɖ ŭɨɜŬɛɖ ŮɝɧɚəŮɡůɖɠ 

(pullout strength) Űɞɡ əɞɢɚɑŬ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ, ŭɘɧŰɘ ˊŮɟɘůůɧŰŮɟŬ ůˊŮɘɟɩɛŬŰŬ ɏɟɢɞɜŰŬɘ ůŮ 
ŮˊŬűɐ ɛŮ Űɞ ɞůŰɧ, əŬŰŬɜɏɛɞɜŰŬɠ ɞɛɞɘɧɛɞɟűŬ ŰŬ űɞɟŰɑŬ əŬɘ ɛŮɘɩɜɞɜŰŬɠ Űɞɜ əɑɜŭɡɜɞ 
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ŬŭɡɜŬɛɑŬɠ ůɡɔəɟɎŰɖůɖɠ [29]. 

ɈˊɎɟɢɞɡɜ ŰɟŮɘɠ ɓŬůɘəɞɑ Űɨˊɞɘ Ɏəɟɤɜ əɞɢɚɑŬ, ɞɘ ɛɖ ŬɡŰɞəɧˊŰɞɡůŮɠ ɐ ůɡɛɓŬŰɘəɏɠ 
(non-self-tapping or standard), ɞɘ ŬɡŰɞəɧˊŰɞɡůŮɠ (self-tapping) əŬɘ ɞɘ ŬɡŰɞŰɟɡˊŬɜɞɨɛŮɜŮɠ 
(self-drilling) (ȺɘəɧɜŬ 2.6). Ƀɘ ůɡɛɓŬŰɘəɞɑ əɞɢɚɑŮɠ ŭɘŬɗɏŰɞɡɜ ůŰɟɞɔɔɡɚŮɛɏɜɞ Ɏəɟɞ əŬɘ 
ŬˊŬɘŰŮɑ ɔɘŬ Űɖɜ ŮɘůŬɔɤɔɐ Űɖɠ ɛɑŬ ɞˊɐ ɞŭɖɔɧ (pilot hole). Ƀ ŬɡŰɞəɞˊŰɧɛŮɜɞɠ  əɞɢɚɑŬɠ 

ŬˊŬɘŰŮɑ Ůˊɑůɖɠ ɞˊɐ ɞŭɖɔɧ, ŬɚɚɎ ŭɘŬɗɏŰŮɘ əɞˊŰɘəɎ ŬɡɚɎəɘŬ ůŰɖɜ Ɏəɟɖ Űɖɠ, ŮˊɘŰɟɏˊɞɜŰɎɠ 
Űɖɠ ɜŬ ŭɘŬɛɞɟűɩůŮɘ ŰŬ ŭɘəɎ Űɖɠ ůˊŮɘɟɩɛŬŰŬ əŬŰɎ Űɖɜ ŮɘůŬɔɤɔɐ. Ƀɘ ŬɡŰɞŰɟɡˊŬɜɞɨɛŮɜɞɘ 
əɞɢɚɑŮɠ ŭŮɜ ɢɟŮɘɎɕɞɜŰŬɘ əŬɛɑŬ ˊɟɞŮŰɞɘɛŬůɑŬ Űɞɡ ɞůŰɞɨ ɔɘŬ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡɠ, əŬɗɩɠ 
ůɡɜŭɡɎɕɞɡɜ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ Űɖɠ ɞˊɐɠ əŬɘ Űɖɜ əɞˊɐ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ ůŮ ɛɑŬ ɛɧɜɞ 

ŭɘŬŭɘəŬůɑŬ. Ⱥˊɘˊɚɏɞɜ, ɞɘ əɞɢɚɑŮɠ űɚɞɘɩŭɞɡɠ ɞůŰɞɨ (cortical screws) ˊɟɏˊŮɘ ɜŬ 
ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɞ űɚɞɘɩŭŮɠ ɞůŰɧ ɛŮŰɎ Űɖ ŭɖɛɘɞɡɟɔɑŬ ůˊŮɘɟɩɛŬŰɞɠ ŮɜŰɧɠ Űɞɡ ɞůŰɞɨ 
(tapping) ɛŮ Ůɘŭɘəɧ ŮɟɔŬɚŮɑɞ (ȺɘəɧɜŬ 2.7), ɩůŰŮ ɜŬ ŮɝŬůűŬɚɑɕŮŰŬɘ ɖ ɞɛŬɚɐ ŭɘŮɑůŭɡůɐ Űɞɡɠ. 
ȷɜŰɑɗŮŰŬ, ɞɘ Ŭɡɚɞűɧɟɞɘ əɞɢɚɑŮɠ (cannulated screws) ŮɑɜŬɘ ŬɡŰɞŰɟɡˊŬɜɞɨɛŮɜɞɘ əŬɘ ɞɘ 

əɞɢɚɑŮɠ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ (cancellous screws) ŮɑɜŬɘ ŬɡŰɞəɞˊŰɧɛŮɜɞɘ, ɔŮɔɞɜɧɠ ˊɞɡ Űɞɡɠ 
ŮˊɘŰɟɏˊŮɘ ɜŬ ŭɖɛɘɞɡɟɔɞɨɜ ŰŬ ŭɘəɎ Űɞɡɠ ůˊŮɘɟɩɛŬŰŬ ůŰɞ ɞůŰɧ ɢɤɟɑɠ ɜŬ ŬˊŬɘŰŮɑŰŬɘ 
ˊɟɞɖɔɞɨɛŮɜɖ ŮˊŮɝŮɟɔŬůɑŬ Űɖɠ ɞˊɐɠ. ȼ ŭɖɛɘɞɡɟɔɑŬ ůˊŮɘɟɩɛŬŰɞɠ ŮɜŰɧɠ Űɞɡ ůˊɞɔɔɩŭɞɡɠ 
ɞůŰɞɨ (tapping) ŭŮɜ ůɡɜɘůŰɎŰŬɘ əŬɗɩɠ ɞɘ ŬɜŰɑůŰɞɘɢɞɘ əɞɢɚɑŮɠ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ 

ŭɘŬɗɏŰɞɡɜ ůˊŮɘɟɞŮɘŭɐ əɤɜɘəɎ ɎəɟŬ, ŰŬ ɞˊɞɑŬ ɓɞɖɗɞɨɜ ůŰɖ ŭɘŬɛɧɟűɤůɖ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ 
əŬŰɎ Űɖɜ ŮɘůŬɔɤɔɐ. Ⱥˊɘˊɚɏɞɜ, ŭŮɜ ůɡɜɘůŰɎŰŬɘ əŬɗɩɠ ɛɏůŬ Ŭˊɧ Űɖ ŭɘŬŭɘəŬůɑŬ ŭɖɛɘɞɡɟɔɑŬɠ 
ůˊŮɘɟɩɛŬŰɞɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɞůŰɞɨ, ŬűŬɘɟŮɑŰŬɘ Ůˊɘˊɚɏɞɜ ɡɚɘəɧ Ŭˊɧ Űɖɜ ɞˊɐ Űɞɡ 
ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ, ŭɘŮɡɟɨɜɞɜŰɎɠ Űɖɜ əŬɘ ɛŮɘɩɜɞɜŰŬɠ Űɞɜ ůɡɜɞɚɘəɧ ɧɔəɞ Űɞɡ ɞůŰɞɨ. ɋɠ 

ŬˊɞŰɏɚŮůɛŬ, Űɞ ɓɎɗɞɠ Űɤɜ ŮůɤŰŮɟɘəɩɜ ůˊŮɘɟɤɛɎŰɤɜ ɛŮɘɩɜŮŰŬɘ, ɔŮɔɞɜɧɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ 
ɞŭɖɔɐůŮɘ ůŰɖ ɛŮɑɤůɖ Űɖɠ ůɡɜɞɚɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɖɠ əŬɗɩɠ əŬɘ Űɖ ŭɨɜŬɛɖ ŮɝɧɚəŮɡůɖɠ 
[26]. 

 
ȺɘəɧɜŬ 2.6: A. Ƀ əɞɢɚɑŬɠ ůŰɖɜ əɞɟɡűɐ Űɖɠ ŬɟɘůŰŮɟɐɠ ŮɘəɧɜŬɠ ŮɑɜŬɘ ŬɡŰɞŰɟɡˊŬɜɞɨɛŮɜɖ (self-drilling ). ȼ Ŭɘɢɛɖɟɐ, 

ŭɘŬɢɤɟɘůɛɏɜɖ Ɏəɟɖ ɚŮɘŰɞɡɟɔŮɑ ůŬɜ ŰɟɡˊɎɜɘ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɞˊɐɠ ɛŮ Űɞ əŬŰɎɚɚɖɚɞ ɛɏɔŮɗɞɠ. ɆŰɖ əɞɟɡűɐ ŬɡŰɐɠ 

Űɖɠ Ɏəɟɖɠ, ŰŬ ůˊŮɘɟɩɛŬŰŬ ɓŬɗɛɘŬɑŬ ŬɡɝɎɜɞɜŰŬɘ, ŬˊɞŰŮɚɩɜŰŬɠ Űɞ əɞɛɛɎŰɘ Űɞɡ əɞɢɚɑŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŭɖɛɘɞɡɟɔŮɑ 

ůˊŮɘɟɩɛŬŰŬ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɡɚɘəɞɨ (self-tapping). ȳɚɞɘ ɞɘ ŬɡŰɞŰɟɡˊŬɜɞɨɛŮɜɞɘ əɞɢɚɑŮɠ ɏɢɞɡɜ Űɖɜ ɘəŬɜɧŰɖŰŬ 

ɜŬ ŭɖɛɘɞɡɟɔɞɨɜ ůˊŮɘɟɩɛŬŰŬ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɡɚɘəɞɨ (əɎɗŮ self-drilling  əɞɢɚɑŬ ŮɑɜŬɘ əŬɘ self-tapping). ȸ. Ƀɘ 

ŮˊɧɛŮɜɞɘ ŰɟŮɘɠ əɞɢɚɑŮɠ ůŰɖɜ ŬɟɘůŰŮɟɐ ŮɘəɧɜŬ, ɏɢɞɡɜ ŬɛɓɚŮɑŬ Ɏəɟɖ əŬɘ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ Űɟɡˊɐůɞɡɜ ɛɧɜɞɘ Űɞɡɠ, 

ŬˊŬɘŰɞɨɜ ŭɖɚŬŭɐ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ ɛɘŬɠ ɞˊɐɠ ɞŭɖɔɞɨ. ȹɘŬɗɏŰɞɡɜ ɧɛɤɠ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŭɖɛɘɞɡɟɔɐůɞɡɜ ŰŬ ŭɘəɎ 

Űɞɡɠ ůˊŮɘɟɩɛŬŰŬ (self-tapping). ũ. ɆŰɖɜ ŮɘəɧɜŬ ŭŮɝɘɎ ɓɚɏˊɞɡɛŮ ɏɜŬ ůɡɛɓŬŰɘəɧ əɞɢɚɑŬ ɖ ɞˊɞɑŬ ŭŮɜ ŭɘŬɗɏŰŮɘ Ɏəɟɖ 

ŭɘɎŰɟɖůɖɠ, ɞɨŰŮ ɏɢŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ ŭɖɛɘɞɡɟɔɑŬɠ ůˊŮɘɟɤɛɎŰɤɜ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɡɚɘəɞɨ. ȷˊŬɘŰɞɨɜ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

ɛɑŬɠ ɞˊɐɠ ɞŭɖɔɞɨ əŬɗɩɠ əŬɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ ůˊŮɘɟɤɛɎŰɤɜ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɡɚɘəɞɨ ɛŮ Ůɘŭɘəɧ ŮɟɔŬɚŮɑɞ. 
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ȺɘəɧɜŬ 2.7:  Ⱥɘŭɘəɧ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ ůˊŮɘɟɩɛŬŰɞɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɞůŰɞɨ 

ȼ ŮɝɤŰŮɟɘəɐ ɐ əɨɟɘŬ ŭɘɎɛŮŰɟɞɠ (outer or major diameter) ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ŭɘɎɛŮŰɟɞ 
ˊɞɡ ɏɢɞɡɜ ŰŬ ůˊŮɘɟɩɛŬŰŬ. Ɇɡɜɐɗɤɠ, ɞɘ əɞɢɚɑŮɠ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ ŭɘŬɗɏŰɞɡɜ ɛŮɔŬɚɨŰŮɟɖ 

ŮɝɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞɡɠ əɞɢɚɑŮɠ űɚɞɘɩŭɞɡɠ ɞůŰɞɨ. Ⱥˊɑůɖɠ, ɖ ŭɘɎɛŮŰɟɞɠ 
Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ ɏɢŮɘ ůɡůɢŮŰɘůŰŮɑ ɎɛŮůŬ ɛŮ Űɖ ŭɨɜŬɛɖ ŮɝɧɚəŮɡůɖɠ, əŬɗɩɠ ɖ Ŭɨɝɖůɖ Űɖɠ 
ŭɘŬɛɏŰɟɞɡ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɞɢɐɠ Űɞɡ əɞɢɚɑŬ ůŰɖɜ ŮɝŬɔɤɔɐ [31]. 

ɇɞ ɓɎɗɞɠ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ (thread depth) ɡˊɞɚɞɔɑɕŮŰŬɘ ɤɠ ɖ ɖɛɘŭɘŬűɞɟɎ Űɖɠ 
ŮɝɤŰŮɟɘəɐɠ (ɐ əɨɟɘŬɠ) ŭɘŬɛɏŰɟɞɡ ɛŮ Űɖɜ ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞ Űɞɡ əɞɢɚɑŬ. ɇɞ ɓɎɗɞɠ Űɤɜ 
ůˊŮɘɟɤɛɎŰɤɜ əŬŰɏɢɞɡɜ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ ɘəŬɜɧŰɖŰŬ ůɡɔəɟɎŰɖůɖɠ Űɞɡ əɞɢɚɑŬ 

(holding power) ɛɏůŬ ůŰɞ ɞůŰɧ, ɤůŰɧůɞ ɏɢŮɘ ŮɚɎɢɘůŰɖ ŮˊɑŭɟŬůɖ ůŰɖɜ ŬɜŰɞɢɐ Űɞɡ əɞɢɚɑŬ 
ůŰɖɜ ůŰɟɏɣɖ. Ƀɘ əɞɢɚɑŮɠ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ ɏɢɞɡɜ ůˊŮɘɟɩɛŬŰŬ ɛŮ Ŭɡɝɖɛɏɜɖ ŭɘɎɛŮŰɟɞ, 
Ůɜɩ ɖ ŭɘɎɛŮŰɟɞɠ Űɞɡ ˊɡɟɐɜŬ ŮɑɜŬɘ ɛŮɘɤɛɏɜɖ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɖɛɘɞɡɟɔɖɗŮɑ ɛŮɔŬɚɨŰŮɟɞ 
ɓɎɗɞɠ ůˊŮɘɟɩɛŬŰɞɠ ůɡɔəɟɘŰɘəɎ ɛŮ Űɞɡɠ əɞɢɚɑŮɠ űɚɞɘɩŭɞɡɠ ɞůŰɞɨ. 

 

 

2.4 ɆɈɁɃɊȼ 
 

ɆŰɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ ŬɜŬɚɨɗɖəŬɜ ɞɘ ɓŬůɘəɏɠ Ŭɟɢɏɠ Űɖɠ ɞůŰŮɞůɨɜɗŮůɖɠ əŬɘ ɞ ɟɧɚɞɠ 
Űɤɜ əɞɢɚɘɩɜ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ůŰɖ ůŰŬɗŮɟɞˊɞɑɖůɖ əŬŰŬɔɛɎŰɤɜ. ȷɜŬɚɨɗɖəŬɜ ɞɘ ɘŭɘɧŰɖŰŮɠ 

Űɞɡ ɞůŰɘəɞɨ ɘůŰɞɨ, ɞ ɞˊɞɑɞɠ ˊŬɟɞɡůɘɎɕŮɘ ŭɘŬűɞɟŮŰɘəɐ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ, 
ŭɘŬűɞɟɞˊɞɘɞɨɛŮɜɖ ɛŮŰŬɝɨ űɚɞɘɩŭɞɡɠ əŬɘ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ. ȹŮŭɞɛɏɜɖɠ Űɖɠ ŭɘŬűɞɟɎɠ 
ŬɡŰɐɠ, ɞ ůɢŮŭɘŬůɛɧɠ Űɤɜ əɞɢɚɘɩɜ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ́ ɟɞůŬɟɛɧɕŮŰŬɘ ŬɜɎɚɞɔŬ, ɛŮ ůəɞˊɧ Űɖɜ 
ŮˊɑŰŮɡɝɖ Űɖɠ ɛɏɔɘůŰɖɠ ŭɡɜŬŰɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ. ȷɡŰɐ ɖ ůŰŬɗŮɟɧŰɖŰŬ ɓɟɏɗɖəŮ ɜŬ 

ŮˊɖɟŮɎɕŮŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Ŭˊɧ ŰŬ ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɞůŰɘəɩɜ əɞɢɚɘɩɜ 
əŬɗɩɠ əŬɘ ɛŮ Űɘɠ ůɡɜɗɐəŮɠ űɧɟŰɘůɖɠ. ɄŬɟɧɚɞ ˊɞɡ ɖ ɗŮɤɟɖŰɘəɐ ŬɜɎɚɡůɖ Űɤɜ ˊŬɟŬˊɎɜɤ 
ɛɖɢŬɜɘůɛɩɜ ˊŬɟɏɢŮɘ ůɖɛŬɜŰɘəɏɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ əɞɢɚɑŬ 
ůˊɞɜŭɡɚɞŭŮůɑŬɠ ůŰɞ ɞůŰɧ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ˊŮɘɟŬɛŬŰɘəɐ ŮˊɘɓŮɓŬɑɤůɖ Űɤɜ ɗŮɤɟɖŰɘəɩɜ 

ŮɡɟɖɛɎŰɤɜ. ɆŰɞ ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ˊɞɡ 
ŬəɞɚɞɡɗɐɗɖəŮ, ɛŮ ůŰɧɢɞ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ ɔŮɤɛŮŰɟɘəɩɜ 
ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ əɞɢɚɑŬ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ ɞůŰŮɞůɨɜɗŮůɖɠ.  
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ȾȺūȷȿȷȽɃ 3ɞ: ȺɀȸȽɃɀȼɉȷɁȽȾȼ ȹȽȺɅȺɈɁȼɆȼ ɇȼɆ ȺɄȽȹɅȷɆȼɆ 

ɇɃɈ ɀȼȾɃɈɆ ɆɄȺȽɅɋɀȷɇɃɆ Ɇɇȼ ɆɇȺɅȺɋɆȼ ɆɄɃũũɋȹɃɈɆ 

ȽɆɇɃɈ ɈɄɃ ȹȽȷɇɀȼɇȽȾȷ ūɃɅɇȽȷ 

 

ɆŰɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛɑŬ ŮəŰŮɜɐɠ ŬɜɎɚɡůɖ Űɤɜ 
ŭɘŬűɧɟɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ ůɢŮŭɘŬůɛɞɨ Űɤɜ əɞɢɚɘɩɜ ůˊɞɜŭɡɚɞŭŮůɑŬɠ əŬɘ Űɖɠ 
ŮˊɑŭɟŬůɖɠ Űɖɠ Ŭˊɧŭɞůɐɠ Űɞɡɠ. ɆŰɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ, ŭɘŮɟŮɡɜɎŰŬɘ ɖ ŮˊɑŭɟŬůɖ ɛɘŬɠ 

ůɡɔəŮəɟɘɛɏɜɖɠ ˊŬɟŬɛɏŰɟɞɡ Űɞɡ ůɢŮŭɘŬůɛɞɨ Űɤɜ əɞɢɚɘɩɜ, Űɞ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ, ɛɏůɤ 
ˊŮɘɟŬɛɎŰɤɜ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ŮɝŮŰɎɕŮŰŬɘ ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɛɐəɞɡɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ ůŰɖ 
ůŰŬɗŮɟɧŰɖŰŬ ůŰŮɟɏɤůɖɠ ɡˊɧ ŭɘŬŰɛɖŰɘəɎ űɞɟŰɑŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛŮɟɘəɩɠ ůˊŮɘɟɤŰɞɑ 
əɞɢɚɑŮɠ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ (partially threaded cancellous screws) ɛŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ 

ɛɐəɖ ůˊŮɘɟɩɛŬŰɞɠ. ɆɖɛŮɘɩɜŮŰŬɘ ˊɤɠ Űɞ ɡɚɘəɧ Ŭˊɧ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ űŰɘŬɔɛɏɜɞɘ ɞɘ əɞɢɚɑŮɠ ɛŮ 
ŰŬ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ɛɐəɖ ůˊŮɘɟɩɛŬŰɞɠ ́ ŬɟŬɛɏɜŮɘ ɑŭɘɞ ůŮ ɧɚɖ Űɖɜ ŬɜɎɚɡůɖ əŬɘ ŬˊɞŰŮɚŮɑ 
ɏɜŬ ŬɜɞɝŮɑŭɤŰɞ əɟɎɛŬ ŰɘŰŬɜɑɞɡ (Ti-6Al-7Nb).  
 

3.1 ȺȽɆȷũɋũȼ 

 

Ƀɘ ɛŮɟɘəɩɠ ůˊŮɘɟɤŰɞɑ əɞɢɚɑŮɠ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ 

ɤɠ əɞɢɚɑŮɠ ůɡɛˊɑŮůɖɠ (lag screw) ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ŬˊɧɚɡŰɖɠ ůŰŬɗŮɟɧŰɖŰŬɠ ůŮ əŬŰɎɔɛŬŰŬ 
ůŰɖ ɛŮŰɎűɡůɖ Űɤɜ ɞůŰɩɜ. ȼ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ɓŬůɑɕŮŰŬɘ ůŰɖ ŭɘɎɜɞɘɝɖ ɛɑŬɠ ɞˊɐɠ ɞŭɖɔɞɨ 
(pilot hole) ůŰŬ ŰɛɐɛŬŰŬ Űɞɡ əŬŰɎɔɛŬŰɞɠ. ȼ ɚŮɑŬ ŮˊɘűɎɜŮɘŬ Űɞɡ əɞɢɚɑŬ (shaft) ɚŮɘŰɞɡɟɔŮɑ 
ɤɠ ŮˊɘűɎɜŮɘŬ ɞɚɑůɗɖůɖɠ, Ůɜɩ Űɞ ůˊŮɘɟɤŰɧ ŰɛɐɛŬ Űɞɡ əɞɢɚɑŬ ŮɛˊɚɏəŮŰŬɘ ɛŮ Űɞ 

ŬˊɞɛŬəɟɡůɛɏɜɞ ɞůŰɘəɧ ɗɟŬɨůɛŬ. ȾŬŰɎ Űɖ ůɨůűɘɝɖ, ɖ əŮűŬɚɐ Űɞɡ əɞɢɚɑŬ ́ ɘɏɕŮɘ Űɞɜ Ůɔɔɨ 
űɚɞɘɧ Űɞɡ ɞůŰɞɨ, ˊɟɞəŬɚɩɜŰŬɠ  ŭɘŬəŬŰŬɔɛŬŰɘəɐ ůɡɛˊɑŮůɖ. 

ȼ ŭɘŬəŬŰŬɔɛŬŰɘəɐ ůɡɛˊɑŮůɖ ŮɜɘůɢɨŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ŬɜŰɑůŰŬůɖ ůŰɘɠ ŭɘŬŰɛɖŰɘəɏɠ 
ŭɡɜɎɛŮɘɠ, əŬɗɘůŰɩɜŰŬɠ Űɖɜ ŰŮɢɜɘəɐ ɞůŰŮɞůɨɜɗŮůɖɠ ɛŮ əɞɢɚɑŬ ůɡɛˊɑŮůɖɠ (lag screw 

fixation technique) ɘŭŬɜɘəɐ ɔɘŬ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ŬˊɧɚɡŰɖ ůŰŬɗŮɟɧŰɖŰŬ. ɆŮ 
ŬɡŰɏɠ Űɘɠ ůɡɜɗɐəŮɠ, ɖ Ůˊɞɨɚɤůɖ Űɞɡ əŬŰɎɔɛŬŰɞɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɖɠ ˊɟɤŰɞɔŮɜɞɨɠ 
ŭɘŬŭɘəŬůɑŬɠ ɞůŰŮɞůɨɜɗŮůɖɠ, ɢɤɟɑɠ ŭɖɚŬŭɐ Űɖɜ ŬɜɎˊŰɡɝɖ əɎɚɞɡ. 

ȼ ɢɟɐůɖ ɛŮɟɘəɩɠ ůˊŮɘɟɤŰɩɜ əɞɢɚɘɩɜ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ ɛŮ ůɡɛˊŬɔɐ ˊɡɟɐɜŬ 

(solid-core partially threaded cancellous screws) ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŭɘŬŭŮŭɞɛɏɜɖ ůŰɖ 
ůŰŬɗŮɟɞˊɞɑɖůɖ əŬŰŬɔɛɎŰɤɜ ůŰɖ ɛŮŰɎűɡůɖ Űɤɜ ɞůŰɩɜ, ŮɘŭɘəɎ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ˊɚɎəŮɠ 
ɞůŰŮɞůɨɜɗŮůɖɠ, ɔɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ ŮɜŭŬɟɗɟɘəɩɜ əŬŰŬɔɛɎŰɤɜ Űɤɜ ɛŬəɟɩɜ ɞůŰɩɜ, ɧˊɤɠ 
ŰŬ əŬŰɎɔɛŬŰŬ Űɖɠ əɜɐɛɖɠ əŬɘ ŰŬ ɛŮůɞəɞɜŭɨɚɘŬ əŬŰɎɔɛŬŰŬ Űɞɡ ɛɖɟɘŬɑɞɡ. 

ɇɞ ɛɐəɞɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ ŬˊɞŰŮɚŮɑ əɟɑůɘɛɞ ɔŮɤɛŮŰɟɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɞɡ 
əɞɢɚɑŬ, əŬɗɩɠ əŬɗɞɟɑɕŮɘ Űɞ ɛɐəɞɠ Űɖɠ Ůɛˊɚɞəɐɠ Űɞɡ əɞɢɚɑŬ ůŰɞ ɞůŰɧ. ɆŮ ˊɞɟɩŭɖ ɡɚɘəɎ, 
ɧˊɤɠ Űɞ ůˊɞɔɔɩŭŮɠ ɞůŰɧ əŬɘ ŰŬ ůɡɜɗŮŰɘəɎ ɡˊɞəŬŰɎůŰŬŰɎ Űɞɡ, Űɞ ɛɐəɞɠ Ůɛˊɚɞəɐɠ Űɞɡ 
ůˊŮɘɟɩɛŬŰɞɠ ɏɢŮɘ ůɡůɢŮŰɘůŰŮɑ ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ ůɡɔəɟɎŰɖůɖɠ Űɞɡ əɞɢɚɑŬ. ɋůŰɧůɞ, ɖ 

ŮˊɑŭɟŬůɖ Űɞɡ ɛɐəɞɡɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ ůŰɖɜ ŬɜŰɞɢɐ Űɖɠ ůɨɜŭŮůɖɠ ɡˊɧ ŭɘŬŰɛɖŰɘəɐ 
űɧɟŰɘůɖ, ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ ůɡɛˊɑŮůɖɠ, ŭŮɜ ɏɢŮɘ ŭɘŮɟŮɡɜɖɗŮɑ ŮˊŬɟəɩɠ.  

ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ, ŮɝŮŰɎůŰɖəŬɜ ɛŮɟɘəɩɠ ůˊŮɘɟɤŰɞɑ əɞɢɚɑŮɠ ůˊɞɔɔɩŭɞɡɠ 
ɞůŰɞɨ, ɛŮ əɨɟɘŬ ŭɘɎɛŮŰɟɞ (major diameter) 6.5mm, ɛŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ɛɐəɖ ůˊŮɘɟɩɛŬŰɞɠ 

(16mm əŬɘ 32mm), ůŰɞ ˊɚŬɑůɘɞ ůŰŮɟɏɤůɖɠ ůŮ ɡˊɞəŬŰɎůŰŬŰɞ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ 
(cancellous bone substitute-sawbone). ɆɡɔəŮəɟɘɛɏɜŬ, ŬɟɢɘəɎ ŮˊɘŰŮɨɢɗɖəŮ Ŭɝɞɜɘəɐ 
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ůɡɛˊɑŮůɖ ɛŮŰŬɝɨ ŭɨɞ ŭɞəɘɛɑɤɜ sawbone əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŮɝŮŰɎůŰɖəŮ ɖ ɛɖɢŬɜɘəɐ 
Ŭˊɧəɟɘůɖ Űɖɠ əŬŰŬůəŮɡɐɠ ɡˊɧ ŭɘŬŰɛɖŰɘəɐ űɧɟŰɘůɖ.  

ȼ ŬɜɎɚɡůɖ Űɤɜ ŭŮŭɞɛɏɜɤɜ ŮˊɘəŮɜŰɟɩɗɖəŮ ůŰɖɜ ŮˊɑŭɟŬůɖ Űɞɡ ɛɐəɞɡɠ Űɞɡ 

ůˊŮɘɟɩɛŬŰɞɠ ůŰɖ ŭɡůəŬɛɣɑŬ (stiffness), ůŰɞ ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ (proportionality limit ), ůŰɖ 
ůɡɛɓŬŰɘəɐ ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ (conventional yield force) əŬɘ ůŰɖ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ 
(yield displacement). ɇŬ ŮɟɔŬůŰɖɟɘŬəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ŮˊŮɝŮɟɔɎůŰɖəŬɜ əŬɘ 
ůɡůɢŮŰɑůŰɖəŬɜ ɛŮ Űɘɠ əɚɘɜɘəɏɠ ŮˊɘˊŰɩůŮɘɠ Űɤɜ ŮɡɟɖɛɎŰɤɜ.  

 

3.2 ɈȿȽȾȷ ȾȷȽ ɀȺŪɃȹɃȽ  

 

ɇŬ ŭɞəɑɛɘŬ sawbone, əŬŰŬůəŮɡŬůɛɏɜŬ Ŭˊɧ ůɡɛˊŬɔɐ ɎəŬɛˊŰɞ Ŭűɟɧ 
ˊɞɚɡɞɡɟŮɗɎɜɖɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɤɠ ɡˊɞəŬŰɎůŰŬŰɞ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ. Ƀ 
ȷɛŮɟɘəɎɜɘəɞɠ ɃɟɔŬɜɘůɛɧɠ ɔɘŬ Űɖ ȹɞəɘɛɐ Ɉɚɘəɩɜ (ASTM F1839-08) ɏɢŮɘ əŬɗɞɟɑůŮɘ Űɞɜ 

ůɡɛˊŬɔɐ Ŭűɟɧ ˊɞɚɡɞɡɟŮɗɎɜɖɠ ɤɠ Űɡˊɞˊɞɘɖɛɏɜɞ ɡɚɘəɧ ɔɘŬ Űɖ ŭɞəɘɛɐ ɞɟɗɞˊŮŭɘəɩɜ 
ŮɛűɡŰŮɡɛɎŰɤɜ əŬɘ ŮɟɔŬɚŮɑɤɜ, ɚɧɔɤ Űɖɠ ɞɛɞɘɧŰɖŰɎɠ Űɞɡ ɛŮ Űɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ 
ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ [32]. 

ɆŰɖ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Ŭűɟɧɠ ˊɞɚɡɞɡɟŮɗɎɜɖɠ ɛŮ ˊɡəɜɧŰɖŰŬ 20 

PCF (0,32 g/cm3). ȼ ŬɜŰɞɢɐ Űɞɡɠ ůŮ ŮűŮɚəɡůɛɧ ŮɑɜŬɘ ůy = 5,6 MPa əŬɘ ůŮ ɗɚɑɣɖ ůy = 8,4 
MPa. MɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ = 250 MPa əŬɘ ɜɧɛɞ Poisson ůŰŬ ɜ = 0,3 (ůɨɛűɤɜŬ ɛŮ Űɞ 
ˊɟɧŰɡˊɞ ASTM D1621 ɞ ɞˊɞɑɞɠ ˊɟɞůɞɛɞɘɩɜŮɘ Űɞ ůˊɞɔɔɩŭŮɠ ɞůŰɧ ɡɣɖɚɐɠ ˊɡəɜɧŰɖŰŬɠ). 
ɇŬ ŬɟɢɘəɎ ŭŮəŬɞəŰɩ ŭɞəɑɛɘŬ sawbone, ŭɘŬůŰɎůŮɤɜ 90 mm x 40 mm x 40 mm 

(ŰŮŰɟŬɔɤɜɘəɐɠ ŭɘŬŰɞɛɐɠ), əɧˊɖəŬɜ ɛŮ ŬəɟɑɓŮɘŬ ůŮ ŰɛɐɛŬŰŬ ɛɐəɞɡɠ 30 mm əŬɘ 60 mm ɔɘŬ 
Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɤɜ ŭɞəɘɛŬůŰɘəɩɜ əŬŰŬůəŮɡɩɜ.  

ũɘŬ Űɖ ůŰŮɟɏɤůɖ Űɤɜ ŭɨɞ əɞɛɛŬŰɘɩɜ ůŮ əɎɗŮ ŭɞəɑɛɘɞ, ŮűŬɟɛɧůŰɖəŮ əɞɢɚɑŬɠ 
ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ ɛŮ ɛŮɟɘəɐ ůˊŮɑɟɤůɖ əŬɘ ůɡɛˊŬɔɐ ˊɡɟɐɜŬ ɛɐəɞɡɠ 75 mm, 

əŬŰŬůəŮɡŬůɛɏɜɖ Ŭˊɧ əɟɎɛŬ ŰɘŰŬɜɑɞɡ (Ti-6Al-7Nb). ɉɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɨɞ ɑŭɘɞɘ əɞɢɚɑŮɠ 
ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ, ɛŮ ŭɘŬűɞɟŮŰɘəɎ ɛɐəɖ ůˊŮɘɟɩɛŬŰɞɠ (16 mm əŬɘ 32 mm), ɔɘŬ Űɖ 
ŭɘŬŭɘəŬůɑŬ ůŰŮɟɏɤůɖɠ (ȺɘəɧɜŬ 3.1ȷ). Ƀɘ əɞɢɚɑŮɠ ŮɘůɐɢɗɖůŬɜ Ŭˊɧ Űɞ ɛˊɚɞə Űɤɜ 30 mm, 
ŮɝŬůűŬɚɑɕɞɜŰŬɠ ɧŰɘ Űɞ ůˊŮɘɟɤŰɧ Űɞɡɠ ŰɛɐɛŬ ɡˊŮɟɓŬɑɜŮɘ Űɞ ŮˊɑˊŮŭɞ əŬŰɎɔɛŬŰɞɠ. Ⱥˊɘˊɚɏɞɜ, 

ɖ ŮɘůŬɔɤɔɐ Űɞɡɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɏŰůɘ ɩůŰŮ ɞ ɎɝɞɜŬɠ Űɞɡ əɞɢɚɑŬ ɜŬ ˊŬɟŬɛŮɑɜŮɘ əɎɗŮŰɞɠ 
ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ Űɤɜ ŭɨɞ ɛˊɚɞə, ˊɟɞəŬɚɩɜŰŬɠ Ŭɝɞɜɘəɐ ůɡɛˊɑŮůɖ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ 
ůŰŮɟŮɤɛɏɜɤɜ ɛˊɚɞə. ũɘŬ Űɖ ŭɘɎəɟɘůɖ Űɤɜ ŭɞəɘɛɑɤɜ, ɞɘ əŬŰŬůəŮɡɏɠ ˊɞɡ ůŰŮɟŮɩɗɖəŬɜ ɛŮ 
əɞɢɚɑŮɠ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 16 mm ŰŬɝɘɜɞɛɐɗɖəŬɜ ɤɠ ɞɛɎŭŬ ȷ, Ůɜɩ ŮəŮɑɜŮɠ ɛŮ əɞɢɚɑŮɠ 

ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 32 mm ŰŬɝɘɜɞɛɐɗɖəŬɜ ɤɠ ɞɛɎŭŬ ȸ. ȾɎɗŮ ŭɞəɑɛɘɞ Ŭˊɧ Űɖɜ ɞɛɎŭŬ ȷ 
ůɖɛŮɘɩɗɖəŮ ɤɠ ȷ1, ȷ2,é, ȷ9 əŬɘ ŬɜŰɑůŰɞɘɢŬ Ŭˊɧ Űɖɜ ɞɛɎŭŬ ȸ ɤɠ ȸ1, ȸ2,é, ȸ9. 

ȼ ŭɘŬŭɘəŬůɑŬ ŮɘůŬɔɤɔɐɠ Űɤɜ əɞɢɚɘɩɜ ŮɑɢŮ ɤɠ Ůəəɑɜɖůɖ Űɖ ŭɘɎɜɞɘɝɖ ɞˊɐɠ ɞŭɖɔɞɨ 
(pilot hole) ŭɘŬɛɏŰɟɞɡ 3,2 mm, ůɨɛűɤɜŬ ɛŮ Űɘɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɞɡ əŬŰŬůəŮɡŬůŰɐ (ȺɘəɧɜŬ 

3.1ȸ). ɆŰɖ ůɡɜɏɢŮɘŬ ɞɘ əɞɢɚɑŮɠ ŮɘůɐɢɗɖůŬɜ ɛŮ ŮɝɎɔɤɜɞ əŬŰůŬɓɑŭɘ (hexagonal screwdriver 
shaft), ůɡɜŭŮŭŮɛɏɜɞ ɛŮ əŬŰůŬɓɑŭɘ ˊŮɟɘɞɟɘůɛɞɨ ɟɞˊɐɠ (ȺɘəɧɜŬ 3.1ũ). ũɘŬ Űɞɡɠ əɞɢɚɑŮɠ ɛŮ 
ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 16 mm ŮűŬɟɛɧůŰɖəŮ ɟɞˊɐ ůɨůűɘɝɖɠ 2 Nm, Ůɜɩ ɔɘŬ Űɞɡɠ əɞɢɚɑŮɠ ɛŮ 
ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 32 mm ŮűŬɟɛɧůŰɖəŮ ɟɞˊɐ ůɨůűɘɝɖɠ 2,5 Nm, ɛŮ ůŰɧɢɞ ɜŬ 

ŭɘŬůűŬɚɘůŰŮɑ ɖ ɞɛɞɘɧɛɞɟűɖ ůɨůűɘɝɖ ŮɜŰɧɠ Űɖɠ əɎɗŮ ɞɛɎŭŬɠ. ȰɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɧ ɖɢɖŰɘəɧ 
əɚɘə Ŭˊɧ Űɞ ŮɟɔŬɚŮɑɞ ŮɘůŬɔɤɔɐɠ ɡˊɞŭɐɚɤɜŮ ɧŰɘ ɞ əɞɢɚɑŬɠ ɏɢŮɘ ŮɘůŬɢɗŮɑ ůɤůŰɎ. ũɘŬ ɜŬ 
ŬˊɞŰɟŬˊŮɑ ɖ ˊŮɟŬɘŰɏɟɤ ŮɛɓɎɗɡɜůɖ Űɤɜ əɞɢɚɘɩɜ ɛɏůŬ ůŰŬ sawbones əŬŰɎ Űɖɜ ŮɘůŬɔɤɔɐ 
əŬɘ Űɖ űɧɟŰɘůɖ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɟɞŭɏɚŬ (washer). 

ȼ űɧɟŰɘůɖ Űɤɜ ŭɞəɘɛɑɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ MTS 
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(Material Testing System) Insight, ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ əŬŰŬəɧɟɡűɞɡ űɞɟŰɑɞɡ ˊŬɟɎɚɚɖɚŬ 
ˊɟɞɠ Űɖ ŭɘŮˊɘűɎɜŮɘŬ Űɤɜ ŭɨɞ ɛˊɚɞə. ȼ ŭɨɜŬɛɖ ŮűŬɟɛɧůŰɖəŮ ůŰɞ ɛˊɚɞə Űɤɜ 30 mm, ɛŮ 
ɟɡɗɛɧ űɧɟŰɘůɖɠ 0,5 mm/s, əɎɗŮŰŬ ˊɟɞɠ Űɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡ (ȺɘəɧɜŬ 3.2). ȾŬŰŬɔɟɎűɖəŮ ɖ 

əŬɛˊɨɚɖ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ (force-displacement), ɓɎůɖ Űɖɠ ɞˊɞɑŬɠ ɡˊɞɚɞɔɑůŰɖəŬɜ ɞɘ 
Ůɝɐɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ: ŭɡůəŬɛɣɑŬ (stiffness), ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ (proportionality limit ), 
ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ (yield force) əŬɘ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ (yield displacement). 
 ȼ ŭɡůəŬɛɣɑŬ ɞɟɑůŰɖəŮ ɤɠ ɖ əɚɑůɖ Űɖɠ ŮɡɗŮɑŬɠ ˊɞɡ ˊɟɞůŬɟɛɧɕŮŰŬɘ ůŰɖ ɔɟŬɛɛɘəɐ 

ˊŮɟɘɞɢɐ Űɖɠ əŬɛˊɨɚɖɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ. ɇɞ ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ Űɘɛɐ Űɖɠ 
ŭɨɜŬɛɖɠ ˊɏɟŬ Ŭˊɧ Űɖɜ ɞˊɞɑŬ ɖ ůɢɏůɖ ɛŮŰŬɝɨ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ˊŬɨŮɘ ɜŬ ŮɑɜŬɘ 
ɔɟŬɛɛɘəɐ, ůɖɛŬŰɞŭɞŰɩɜŰŬɠ Űɞ Űɏɚɞɠ Űɖɠ ŮɚŬůŰɘəɐɠ ˊŮɟɘɞɢɐɠ Űɞɡ ɡɚɘəɞɨ. ȼ ŭɨɜŬɛɖ 
ŭɘŬɟɟɞɐɠ ˊɟɞůŭɘɞɟɑůŰɖəŮ ŮűŬɟɛɧɕɞɜŰŬɠ ɛɑŬ ˊŬɟɎɚɚɖɚɖ ɛŮŰŬəɑɜɖůɖ Űɖɠ ŮɡɗŮɑŬɠ 

ŭɡůəŬɛɣɑŬɠ əŬŰɎ 0,015 mm [33, 34]. ȼ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ ɞɟɑɕŮŰŬɘ ɤɠ ɖ Űɘɛɐ Űɖɠ 
ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɖɜ ɞˊɞɑŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɖ ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ.  
  

 
 

ȺɘəɧɜŬ 3.1:  A. Ƀɘ ŭɨɞ ŭɘŬűɞɟŮŰɘəɞɑ əɞɢɚɑŮɠ ɛŮɟɘəɐɠ ůˊŮɑɟɤůɖɠ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ. Ƀ ˊɎɜɤ əɞɢɚɑŬɠ ɏɢŮɘ ɛɐəɞɠ 

ůˊŮɘɟɩɛŬŰɞɠ 16 ɢɘɚɘɞůŰɎ əŬɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖɜ ůɨɜɗŮůɖ Űɤɜ ŭɞəɘɛɑɤɜ Űɖɠ ɞɛɎŭŬɠ ȷ, Ůɜɩ ɞ Ɏɚɚɞɠ əɞɢɚɑŬɠ ɏɢŮɘ 

ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 32 ɢɘɚɘɞůŰɎ əŬɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖ ůɨɜɗŮůɖ Űɤɜ ŭɞəɘɛɑɤɜ Űɖɠ ɞɛɎŭŬɠ ȸ. ȸ. ɇɞ ŰɟɡˊɎɜɘ 

ŭɘŬɛɏŰɟɞɡ 3,2 ɢɘɚɘɞůŰɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ Űɖɠ ŰɟɨˊŬɠ ɞŭɖɔɞɨ. C. Ƀ ŮɝŬɔɤɜɘəɧɠ ɎɝɞɜŬɠ Űɞɡ 

əŬŰůŬɓɘŭɘɞɨ. 

 
 

ȺɘəɧɜŬ 3.2:  ȷ. ɄŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ ůɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ ůŰɞ ˊŮɑɟŬɛŬ. ɇɞ TL 

ŬɜŬűɏɟŮŰŬɘ ůŰɞ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ, Űɞ ɞˊɞɑɞ ɐŰŬɜ 16 mm ɔɘŬ Űɖɜ ɞɛɎŭŬ ȷ əŬɘ 32 mm ɔɘŬ Űɖɜ ɞɛɎŭŬ ȸ. ɇɞ L ůɡɛɓɞɚɑɕŮɘ 

Űɞ ůɡɜɞɚɘəɧ ɛɐəɞɠ Űɞɡ əɞɢɚɑŬ, Űɞ ɞˊɞɑɞ ɐŰŬɜ 75 mm əŬɘ ɔɘŬ Űɘɠ ŭɨɞ ɞɛɎŭŮɠ. ɇɞ ɛˊɚŮ ɓɏɚɞɠ ɡˊɞŭŮɘəɜɨŮɘ Űɖ ŭɘŮɨɗɡɜůɖ Űɞɡ 

ŮűŬɟɛɞɕɧɛŮɜɞɡ űɞɟŰɑɞɡ. ȷűɞɨ ŰŬ ŭɨɞ ɛˊɚɞə ůŰŮɟŮɩɗɖəŬɜ, ŮɑŰŮ ɛŮ Ůɜɧɠ ɛŮɟɘəɩɠ ůˊŮɘɟɤŰɞɨ əɞɢɚɑŬ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 

16 mm (ɞɛɎŭŬ ȷ) ŮɑŰŮ ɛŮ ŬɜŰɑůŰɞɘɢɞ əɞɢɚɑŬ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 32 mm (ɞɛɎŭŬ ȸ), Űɞ ɛˊɚɞə Űɤɜ 60 mm ůŰŬɗŮɟɞˊɞɘɐɗɖəŮ. 

ɇɞ ɛˊɚɞə Űɤɜ 30 mm ɡˊɞɓɚɐɗɖəŮ ůŮ Ŭɝɞɜɘəɐ űɧɟŰɘůɖ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮŰŬŰɞˊɘůŰŮɑ əŬŰŬəɧɟɡűŬ ˊɟɞɠ Űɞ ɏŭŬűɞɠ. ɇɞ 

űɞɟŰɑɞ ŮűŬɟɛɧůŰɖəŮ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ Űɞ ɛˊɚɞə Űɤɜ 30 mm ɜŬ ɛˊɞɟŮɑ ɜŬ əɘɜɖɗŮɑ ˊŬɟɎɚɚɖɚŬ ˊɟɞɠ Űɞ ɛˊɚɞə Űɤɜ 60 

mm, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ŭɘŬŰɛɖŰɘəɐ ŰɎůɖ ůŰɖ ůɡɜɞɚɘəɐ əŬŰŬůəŮɡɐ. ȸ. ɄŬɟɞɡůɘɎɕɞɜŰŬɘ űɤŰɞɔɟŬűɑŮɠ ˊɞɡ ŬˊŮɘəɞɜɑɕɞɡɜ Űɖ 

ŭɘɎŰŬɝɖ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ. 
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3.3 ȷɄɃɇȺȿȺɆɀȷɇȷ  

 ȼ ŬɜɎɚɡůɖ ɓŬůɑůŰɖəŮ ůŮ ŭŮŭɞɛɏɜŬ ˊɞɡ ŮɚɐűɗɖůŬɜ Ŭˊɧ 18 ŭŮɑɔɛŬŰŬ, Ůə Űɤɜ 
ɞˊɞɑɤɜ 9 Ŭɜɐəɞɡɜ ůŰɖɜ ɞɛɎŭŬ ȷ əŬɘ 9 ůŰɖɜ ɞɛɎŭŬ ȸ. ȼ ɛŮɗɞŭɞɚɞɔɑŬ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ 

ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ ŬˊɞŰŮɚŮůɛɎŰɤɜ ŮɑɜŬɘ əɞɘɜɐ ɔɘŬ ɧɚŬ ŰŬ ŭŮɑɔɛŬŰŬ. ȺɜŭŮɘəŰɘəɎ, ɔɘŬ Űɖɜ 
Ŭ́ɟɞɡůɑŬůɐ Űɖɠ ŬɝɘɞˊɞɘŮɑŰŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ŭɨɜŬɛɖɠ - ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ ŭɞəɘɛɑɞɡ ȸ3 

(ȺɘəɧɜŬ 3.3). ȷɜŬɚɡŰɘəɏɠ ɔɟŬűɘəɏɠ ŬˊŮɘəɞɜɑůŮɘɠ ɧɚɤɜ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ 
ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞ ɄŬɟɎɟŰɖɛŬ. 

 
ȺɘəɧɜŬ 3.3 ȹɘɎɔɟŬɛɛŬ ȹɨɜŬɛɖɠ - ɀŮŰŬŰɧˊɘůɖɠ Űɞɡ ŭɞəɘɛɑɞɡ ȸ3 

ȼ ɛŮɗɞŭɞɚɞɔɑŬ ŮɝŬɔɤɔɐɠ Űɤɜ ɕɖŰɞɨɛŮɜɤɜ ɛɖɢŬɜɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Ŭˊɧ ŰŬ 
ˊŮɘɟŬɛŬŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɞɜ ŮɜŰɞˊɘůɛɧ əŬɘ Űɖɜ Ŭˊɞɛɧɜɤůɖ Űɖɠ ɔɟŬɛɛɘəɎ 

ŮɚŬůŰɘəɐɠ ˊŮɟɘɞɢɐɠ Űɖɠ əŬɛˊɨɚɖɠ ŭɨɜŬɛɖɠ ï ɛŮŰŬŰɧˊɘůɖɠ  (ȺɘəɧɜŬ 3.4). ɆŰɖ ůɡɜɏɢŮɘŬ 
ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɔɟŬɛɛɘəɐ ˊŬɚɘɜŭɟɧɛɖůɖ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ŮɡɗŮɑŬɠ əŬɚɨŰŮɟɖɠ 
ˊɟɞůŬɟɛɞɔɐɠ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ ŰŬ ŭŮŭɞɛɏɜŬ Űɖɠ ŮɚŬůŰɘəɐɠ ˊŮɟɘɞɢɐɠ. ȼ əɚɑůɖ Űɖɠ Ůɜ ɚɧɔɤ 
ŮɡɗŮɑŬɠ ŮɑɜŬɘ Űɞ ˊɟɩŰɞ ɛɖɢŬɜɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ ˊɞɡ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ əŬɘ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ 

ŭɡůəŬɛɣɑŬ Űɖɠ əŬŰŬůəŮɡɐɠ.  
 

 
 

ȺɘəɧɜŬ 3.4 ȼ ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɐ ˊŮɟɘɞɢɐ Űɞɡ ŭɞəɘɛɑɞɡ B3 ŬˊɞɛɞɜɩɜŮŰŬɘ əŬɘ ŬɜŬɚɨŮŰŬɘ ɛɏůɤ ɔɟŬɛɛɘəɐɠ ˊŬɚɘɜŭɟɧɛɖůɖɠ, 

Ŭˊɧ Űɖɜ ɞˊɞɑŬ ˊɟɞəɨˊŰŮɘ ɖ Ůɝɑůɤůɖ Űɖɠ ŮɡɗŮɑŬɠ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ Űɖ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 

ȹɞəɑɛɘɞ ȸ3 
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Ƀ ɡɣɖɚɧɠ ůɡɜŰŮɚŮůŰɐɠ ůɡůɢɏŰɘůɖɠ (R2 = 0,9999) ŮˊɘɓŮɓŬɘɩɜŮɘ Űɖɜ əŬɚɐ ˊɟɞůŬɟɛɞɔɐ Űɖɠ 
ŮɡɗŮɑŬɠ. ȼ ŭɡůəŬɛɣɑŬ Űɖɠ əŬŰŬůəŮɡɐɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ůŰŬ 480 N/mm. ɆŰɖ ůɡɜɏɢŮɘŬ ɖ 
Ůɝɑůɤůɖ Űɖɠ ŮɚŬůŰɘəɐɠ ˊŮɟɘɞɢɐɠ ŬˊŮɘəɞɜɑůŰɖəŮ Ůə ɜɏɞɡ ůŰɞ Ŭɟɢɘəɧ ŭɘɎɔɟŬɛɛŬ (ȺɘəɧɜŬ 

3.5). ɇɞ ŰŮɚŮɡŰŬɑɞ ůɖɛŮɑɞ ɧˊɞɡ ɞɘ ŭɨɞ əŬɛˊɨɚŮɠ ŰŬɡŰɑɕɞɜŰŬɘ ůɖɛŬŰɞŭɞŰŮɑ Űɞ ˊɏɟŬɠ Űɖɠ 
ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɐɠ ˊŮɟɘɞɢɐɠ əŬɘ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ɛɖ ɔɟŬɛɛɘəɐɠ/ˊɚŬůŰɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ. 
ȷɡŰɧ Űɞ ůɖɛŮɑɞ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɤɠ Űɞ ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ. 
 

 
ȺɘəɧɜŬ 3.5 Ɉˊɞɚɞɔɘůɛɧɠ Űɞɡ ɞɟɑɞɡ ŬɜŬɚɞɔɑŬɠ Űɞɡ ŭɞəɘɛɑɞɡ ȸ3 

ɇɞ ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ ɔɘŬ Űɞ ŭɞəɑɛɘɞ ȸ3 ɡˊɞɚɞɔɑůŰɖəŮ ůŰŬ 430 Ɂ. ɇɏɚɞɠ, ůɢŮŭɘɎůŰɖəŮ ůŰɞ 

Ŭɟɢɘəɧ ŭɘɎɔɟŬɛɛŬ ɛɑŬ ŮɡɗŮɑŬ ˊŬɟɎɚɚɖɚɖ ɛŮ Űɖɜ ŮɡɗŮɑŬ Űɖɠ ŮɚŬůŰɘəɐɠ ˊŮɟɘɞɢɐɠ, 
ɛŮŰŬŰɞˊɘůɛɏɜɖ əŬŰɎ 0,015 mm (ȺɘəɧɜŬ 3.6), ɛŮ ůəɞˊɧ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ůɡɛɓŬŰɘəɐɠ 
ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ əŬɘ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ɛŮŰŬŰɧˊɘůɖ. 
 

 
ȺɘəɧɜŬ 3.6 Ɉˊɞɚɞɔɘůɛɧɠ Űɖɠ ŭɨɜŬɛɖɠ ŭɘŬɟɟɞɐɠ əŬɘ Űɖɠ ŬɜŰɑůŰɞɘɢɖɠ ɛŮŰŬŰɧˊɘůɖɠ 

ȼ ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ ɡˊɞɚɞɔɑɕŮŰŬɘ ůŰŬ 440 N əŬɘ ɖ ŬɜŰɑůŰɞɘɢɖ ɛŮŰŬŰɧˊɘůɖ ůŰŬ 1,17 mm. 

ɲˇˁʾ˃ʽˇ ɰоΥ ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ 

0,43 kN 

ɾʶˍʰˍˈˉʽˋʹ [mm] 

y = 0,472x ς 0,113 
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ɃɟɘůɛɏɜŬ ŭɞəɑɛɘŬ ŬˊɞəɚŮɑůŰɖəŬɜ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ ɚɧɔɤ ůɖɛŬɜŰɘəɩɜ ŬˊɞəɚɑůŮɤɜ 
Ŭˊɧ ŰŬ ɡˊɧɚɞɘˊŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ. ɇɞ ˊɟɩŰɞ ŭɞəɑɛɘɞ Űɖɠ ɞɛɎŭŬɠ ȷ (ȷ1) 
ŮɝŬɘɟɏɗɖəŮ, əŬɗɩɠ ɖ ŭɞəɘɛɐ Űɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ɟɡɗɛɧ űɧɟŰɘůɖɠ ůɖɛŬɜŰɘəɎ 

ɡɣɖɚɧŰŮɟɞɡ Űɞɡ ŮˊɘɗɡɛɖŰɞɨ, ɔŮɔɞɜɧɠ ˊɞɡ ɞŭɐɔɖůŮ ůŮ ɛɖ ŬɝɘɧˊɘůŰɞɡɠ ɡˊɞɚɞɔɘůɛɞɨɠ Űɤɜ 
ɛŮŰɟɞɨɛŮɜɤɜ ɛŮŰŬɓɚɖŰɩɜ. ɀŮŰɎ Űɖɜ ˊŬɟŬŰɐɟɖůɖ ŬɡŰɐ ɞ ɟɡɗɛɧɠ űɧɟŰɘůɖɠ ɞɟɑůŰɖəŮ ůŰŬ 
0,5 mm/sec. ɇɞ ŭŮɑɔɛŬ ȸ8 ŬˊɞəɚŮɑůŰɖəŮ Ůˊɑůɖɠ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ, əŬɗɩɠ ɖ ŭɘŬŭɘəŬůɑŬ 
űɧɟŰɘůɐɠ Űɞɡ ŭɘŬəɧˊɖəŮ, ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ŬˊɞűɧɟŰɘůɖ əŬɘ ŮˊŬɜŬűɧɟŰɘůɖ, ɔŮɔɞɜɧɠ ˊɞɡ 

ŮˊɖɟɏŬůŮ Űɖ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ ŭɞəɘɛɑɞɡ, əŬɗɘůŰɩɜŰŬɠ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɛɖ 
ŬɝɘɧˊɘůŰŬ. ɆŰɖɜ ȺɘəɧɜŬ 3.7 ɏɢɞɡɛŮ Űɘɠ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ Űɖɠ 
ɞɛɎŭŬɠ ȷ ůɡɔəŮɜŰɟɤɛɏɜŬ ůŮ ɏɜŬ ŮɜɘŬɑɞ ŭɘɎɔɟŬɛɛŬ əŬɘ ŬɜŰɑůŰɞɘɢŬ ůŰɖɜ ȺɘəɧɜŬ 3.8, Űɘɠ 
əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ Űɖɠ ɞɛɎŭŬɠ ȸ. ɆŰɞɜ ɄɑɜŬəŬ 3.1 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɧɚŬ ŰŬ ɏɔəɡɟŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ˊɞɡ ůɡɛˊŮɟɘɚɐűɗɖəŬɜ ůŰɖɜ 
ŬɜɎɚɡůɖ. 

 
ȺɘəɧɜŬ 3.7 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ŭɞəɘɛɑɤɜ Űɖɠ ɞɛɎŭŬɠ ȷ. ɇɞ ŭɞəɑɛɘɞ ȷ1 ɏɢŮɘ ŬűŬɘɟŮɗŮɑ. 

 

 
ȺɘəɧɜŬ 3.8 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ŭɞəɘɛɑɤɜ Űɖɠ ɞɛɎŭŬɠ ȸ. ɇɞ ŭɞəɑɛɘɞ ȸ8 ɏɢŮɘ ŬűŬɘɟŮɗŮɑ. 
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ɲʶʾʴ˃ʰ 

ɲˎˋˁʰ˃˕ʾʰ 
[N/mm]  

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ 
[N] 

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ 
[N] 

ɾʶˍʰˍˈˉʽˋʹ 
ɲʽʰˊˊˇʺˌ ώƳƳϐ 

ʁ˃ʱʵʰ 
ɮ 

ʁ˃ʱʵʰ 
ɰ 

ʁ˃ʱʵʰ 
ɮ 

ʁ˃ʱʵʰ 
ɰ 

ʁ˃ʱʵʰ 
ɮ 

ʁ˃ʱʵʰ 
ɰ 

ʁ˃ʱʵʰ 
ɮ 

ʁ˃ʱʵʰ 
ɰ 

1 ɿɮ 757 ɿɮ 690 ɿɮ 610 ɿɮ 1,1 
2 251 581 251 600 680 620 NA 1,25 

3 324 473 324 430 600 450 1,75 1,2 
4 418 629 418 690 430 710 1,1 1,35 
5 414 616 414 660 450 690 1,2 NA 

6 408 854 408 600 420 630 1 1,1 
7 406 688 406 610 590 630 1,2 1,4 

8 564 ɿɮ 564 ɿɮ 500 ɿɮ 1,4 ɿɮ 
9 579 669 579 510 480 540 0,95 1,2 

ɄɑɜŬəŬɠ 3.1 ɄŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ɔɘŬ Űɘɠ ɕɖŰɞɨɛŮɜŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŭɞəɘɛɑɤɜ Űɤɜ ɞɛɎŭɤɜ ȷ əŬɘ ȸ. ȼ ɏɜŭŮɘɝɖ 

Ɂȷ (not available ï ɛɖ ŭɘŬɗɏůɘɛɞɠ) ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ɞɘ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ ŬˊɞəɚŮɑůŰɖəŬɜ Ŭˊɧ Űɖɜ 

ŬɜɎɚɡůɖ, əŬɗɩɠ ŬɜŬɔɜɤɟɑůŰɖəŬɜ ɤɠ ůŰŬŰɘůŰɘəɎ ŬəɟŬɑŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ. 

Ƀɘ ɛɏůŮɠ Űɘɛɏɠ, ɞɘ Űɡˊɘəɏɠ ŬˊɞəɚɑůŮɘɠ əŬɘ ŰŬ ŰɡˊɘəɎ ůűɎɚɛŬŰŬ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ ɔɘŬ Űɘɠ ɕɖŰɞɨɛŮɜŮɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ́ ŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 3.2. ɀɘŬ ɔɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ Űɤɜ ɛɏůɤɜ Űɘɛɩɜ 
Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ŭɞəɘɛɑɤɜ ŭɑɜɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 3.9 ɛŮ ȺɘəɧɜŬ 3.12.  

 

  ʁ˃ʱʵʰ ɾʷˋˇˌ ʂˊˇˌ 
ʆˎˉʽˁʺ 
ɮˉˈˁ˂ʽˋʹ 

ʆˎˉʽˁˈ 
ˋ˒ʱ˂˃ʰ  
˃ʷˋˇˎ  

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ 
ɮ 420,50 100,66 38,77  

ɰ 658,38 114,64 40,53  

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ 
ɮ 493,75 91,02 32,18  

ɰ 598,75 90,15 31,87  

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ 
ɮ 518,75 94,03 33,24  

ɰ 610,00 82,64 29,22  

ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ 
[mm] 

ɮ 1,23 0,49 0,10  

ɰ 1,23 0,26 0.04  

ɄɑɜŬəŬɠ 3.2 ɀɏůɞɠ ɧɟɞɠ, Űɡˊɘəɐ Ŭˊɧəɚɘůɖ əŬɘ Űɡˊɘəɧ ůűɎɚɛŬ ɛɏůɞɡ ɔɘŬ əɎɗŮ ɛɖɢŬɜɘəɐ ɘŭɘɧŰɖŰŬ Űɤɜ ŭɞəɘɛɑɤɜ ȷ əŬɘ ȸ 

 
                 ȺɘəɧɜŬ 3.9 Ɇɨɔəɟɘůɖ Űɖɠ ɛɏůɖɠ Űɘɛɐɠ Űɖɠ ŭɡůəŬɛɣɑŬɠ ŬɜɎɛŮůŬ ůŰɘɠ ɞɛɎŭŮɠ ȷ əŬɘ ȸ 
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            ȺɘəɧɜŬ 3.10 Ɇɨɔəɟɘůɖ Űɞɡ ɛɏůɞɡ ɧɟɞɡ Űɞɡ ɞɟɑɞɡ ŬɜŬɚɞɔɑŬɠ ŬɜɎɛŮůŬ ůŰɘɠ ɞɛɎŭŮɠ ȷ əŬɘ ȸ 

 
             ȺɘəɧɜŬ 3.11 Ɇɨɔəɟɘůɖ Űɞɡ ɛɏůɞɡ ɧɟɞɡ Űɖɠ ŭɨɜŬɛɖɠ ŭɘŬɟɟɞɐɠ ŬɜɎɛŮůŬ ůŰɘɠ ɞɛɎŭŮɠ ȷ əŬɘ ȸ 

 
                ȺɘəɧɜŬ 3.12 Ɇɨɔəɟɘůɖ Űɞɡ ɛɏůɞɡ ɧɟɞɡ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ŭɘŬɟɟɞɐɠ ŬɜɎɛŮůŬ ůŰɘɠ ɞɛɎŭŮɠ ȷ əŬɘ ȸ 

ȳɟɘɞ ȷɜŬɚɞɔɑŬɠ 

ȹɨɜŬɛɖ ȹɘŬɟɟɞɐɠ 

ɀŮŰŬŰɧˊɘůɖ ȹɘŬɟɟɞɐɠ 



41 

 

ȿɧɔɤ Űɞɡ ɛɘəɟɞɨ ˊɚɐɗɞɡɠ Űɤɜ ŭɘŬɗɏůɘɛɤɜ ɛŮŰɟɐůŮɤɜ, ɖ ŬɜŬɔɜɩɟɘůɖ əŬɘ 
ŭɘŬɢŮɑɟɘůɖ ˊɘɗŬɜɩɜ ŬəɟŬɑɤɜ Űɘɛɩɜ ŬˊŬɘŰŮɑ ɘŭɘŬɑŰŮɟɖ ˊɟɞůɞɢɐ, ɩůŰŮ ɜŬ ŭɘŬůűŬɚɘůŰŮɑ ɖ 
ŬɝɘɞˊɘůŰɑŬ Űɤɜ ůŰŬŰɘůŰɘəɩɜ ůɡɛˊŮɟŬůɛɎŰɤɜ. ũɘŬ Űɞɜ ůəɞˊɧ ŬɡŰɧ ŮűŬɟɛɧůŰɖəŬɜ ŰɟŮɘɠ 

ŭɘŬűɞɟŮŰɘəɞɑ ůŰŬŰɘůŰɘəɏɠ ɛɏɗɞŭɞɘ ŮɜŰɞˊɘůɛɞɨ ŬəɟŬɑɤɜ Űɘɛɩɜ. 
Ƀ ɏɚŮɔɢɞɠ Grubbs (1969) ŮűŬɟɛɧɕŮŰŬɘ ůŮ ɛɞɜɞŭɘɎůŰŬŰŬ ůɨɜɞɚŬ ŭŮŭɞɛɏɜɤɜ ˊɞɡ 

ˊɟɞůŮɔɔɑɕɞɡɜ Űɖɜ əŬɜɞɜɘəɐ əŬŰŬɜɞɛɐ əŬɘ ůŰɞɢŮɨŮɘ ůŰɞɜ ŮɜŰɞˊɘůɛɧ ɛɑŬɠ ɛŮɛɞɜɤɛɏɜɖɠ 
ŬəɟŬɑŬɠ Űɘɛɐɠ. ȼ ɛŮɗɞŭɞɚɞɔɑŬ ɓŬůɑɕŮŰŬɘ ůŰɖ ůɨɔəɟɘůɖ Űɖɠ ɛɏɔɘůŰɖɠ ŬˊɧɚɡŰɖɠ Ŭˊɧəɚɘůɖɠ 

Ŭˊɧ Űɖ ɛɏůɖ Űɘɛɐ Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŮ ɛɞɜɎŭŮɠ Űɡˊɘəɐɠ Ŭˊɧəɚɘůɖɠ. ȼ ɛɖŭŮɜɘəɐ ɡˊɧɗŮůɖ H 0  

ɡˊɞůŰɖɟɑɕŮɘ Űɖɜ ŬˊɞɡůɑŬ ŬəɟŬɑɤɜ Űɘɛɩɜ, ɏɜŬɜŰɘ Űɖɠ ŮɜŬɚɚŬəŰɘəɐɠ ɡˊɧɗŮůɖɠ H 1  ˊɞɡ 

ˊɟɞŰŮɑɜŮɘ Űɖɜ ˊŬɟɞɡůɑŬ ɛɑŬɠ. ȼ Űɘɛɐ Űɞɡ ůŰŬŰɘůŰɘəɞɨ Ůɚɏɔɢɞɡ ůɡɔəɟɑɜŮŰŬɘ ɛŮ əŬŰɎɚɚɖɚɖ 

əɟɑůɘɛɖ Űɘɛɐ Űɖɠ əŬŰŬɜɞɛɐɠ Student-t, ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬɘ 
Űɞ ŮˊɑˊŮŭɞ ůɖɛŬɜŰɘəɧŰɖŰŬɠ [35]. 

Ƀ ɏɚŮɔɢɞɠ Dixon (1950) ŬˊɞŰŮɚŮɑ ɛɑŬ Ŭˊɧ Űɘɠ ˊɘɞ əɚŬůɘəɏɠ ůŰŬŰɘůŰɘəɏɠ ɛŮɗɧŭɞɡɠ ɔɘŬ 
Űɞɜ ŮɜŰɞˊɘůɛɧ ɛŮɛɞɜɤɛɏɜɤɜ ŬəɟŬɑɤɜ Űɘɛɩɜ ůŮ ɛɘəɟɎ ŭŮɑɔɛŬŰŬ ŭŮŭɞɛɏɜɤɜ. ȼ 

ɛŮɗɞŭɞɚɞɔɑŬ Űɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖ ůɨɔəɟɘůɖ Űɖɠ ŬˊɧůŰŬůɖɠ Űɖɠ ɨˊɞˊŰɖɠ ˊŬɟŬŰɐɟɖůɖɠ Ŭˊɧ 
Űɖɜ ˊɚɖůɘɏůŰŮɟɖ Űɘɛɐ, ůŮ ůɢɏůɖ ɛŮ Űɞ Ůɨɟɞɠ Űɤɜ ˊŬɟŬŰɖɟɐůŮɤɜ Űɞɡ ŭŮɑɔɛŬŰɞɠ. Ƀ ɚɧɔɞɠ 
ŬɡŰɧɠ (Q-ratio) ůɡɔəɟɑɜŮŰŬɘ ɛŮ ˊɟɞəŬɗɞɟɘůɛɏɜŮɠ əɟɑůɘɛŮɠ Űɘɛɏɠ ˊɞɡ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞ 

ˊɚɐɗɞɠ Űɤɜ ŭŮŭɞɛɏɜɤɜ əŬɘ Űɞ ŮˊɑˊŮŭɞ ůɖɛŬɜŰɘəɧŰɖŰŬɠ. ȼ ɛɖŭŮɜɘəɐ ɡˊɧɗŮůɖ H 0  

ɡˊɞůŰɖɟɑɕŮɘ Űɖɜ ŬˊɞɡůɑŬ ŬəɟŬɑɤɜ Űɘɛɩɜ, Ůɜɩ ɖ Ŭˊɧɟɟɘɣɐ Űɖɠ ɞŭɖɔŮɑ ůŰɞɜ ɢŬɟŬəŰɖɟɘůɛɧ 
Űɖɠ ŮɝŮŰŬɕɧɛŮɜɖɠ Űɘɛɐɠ ɤɠ ůŰŬŰɘůŰɘəɎ ŬůɡɜɐɗɘůŰɖɠ. Ƀ ɏɚŮɔɢɞɠ ŮűŬɟɛɧɕŮŰŬɘ ůŮ əŬɜɞɜɘəɎ 
əŬŰŬɜŮɛɖɛɏɜŬ ůɨɜɞɚŬ ŭŮŭɞɛɏɜɤɜ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ (n<25) əŬɘ ŭŮɜ ŮɜŭŮɑəɜɡŰŬɘ ɔɘŬ Űɞɜ 
ŮɜŰɞˊɘůɛɧ ˊɞɚɚŬˊɚɩɜ ŬəɟŬɑɤɜ ˊŬɟŬŰɖɟɐůŮɤɜ [36]. 

ɇɞ əɟɘŰɐɟɘɞ Űɞɡ Chauvenet (1863) ŮűŬɟɛɧɕŮŰŬɘ ɔɘŬ Űɞɜ ŮɜŰɞˊɘůɛɧ ɛŮɛɞɜɤɛɏɜɤɜ 
Űɘɛɩɜ ɞɘ ɞˊɞɑŮɠ Ŭˊɞəɚɑɜɞɡɜ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖɜ ŬɜŬɛŮɜɧɛŮɜɖ əŬŰŬɜɞɛɐ Űɤɜ ŭŮŭɞɛɏɜɤɜ, 
ɗŮɤɟɩɜŰŬɠ ɧŰɘ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ əŬɜɞɜɘəɐ əŬŰŬɜɞɛɐ. ȼ ɛŮɗɞŭɞɚɞɔɑŬ ŬˊɞůəɞˊŮɑ ůŰɞɜ 
ŮɜŰɞˊɘůɛɧ ˊŬɟŬŰɖɟɐůŮɤɜ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ Ŭˊɧəɚɘůɖ ŰɏŰɞɘŬ ɩůŰŮ ɖ ˊɘɗŬɜɧŰɖŰŬ 

ŮɛűɎɜɘůɐɠ Űɞɡɠ ɜŬ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ 1/(2Ɂ), ɛŮ Ɂ Űɞ ˊɚɐɗɞɠ Űɤɜ ˊŬɟŬŰɖɟɐůŮɤɜ ůŰɞ 
ŭŮɑɔɛŬ. ȼ Űɘɛɐ əɎɗŮ ˊŬɟŬŰɐɟɖůɖɠ ůɡɔəɟɑɜŮŰŬɘ ɛŮ Űɞɜ ɛɏůɞ ɧɟɞ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬɘ ɖ 
Ŭˊɧəɚɘůɖ ŮəűɟɎɕŮŰŬɘ ɤɠ ɚɧɔɞɠ ˊɟɞɠ Űɖɜ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ. ȷɜ ɞ ɡˊɞɚɞɔɘůɛɏɜɞɠ ɚɧɔɞɠ 
ɡˊŮɟɓŬɑɜŮɘ Űɞ ŬɜŰɑůŰɞɘɢɞ z-score ́ ɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ əɟɑůɘɛɖ ˊɘɗŬɜɧŰɖŰŬ, ɖ ˊŬɟŬŰɐɟɖůɖ 

ɗŮɤɟŮɑŰŬɘ ůŰŬŰɘůŰɘəɎ ŬəɟŬɑŬ əŬɘ ɛˊɞɟŮɑ ɜŬ ŬˊɞəɚŮɘůŰŮɑ [37]. 
ũɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ˊŬɟŬˊɎɜɤ ůŰŬŰɘůŰɘəɩɜ Ůɚɏɔɢɤɜ, ŬɝɘɞɚɞɔɐɗɖəŮ Űɞ əŬŰɎ 

ˊɧůɞɜ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ɘəŬɜɞˊɞɘɞɨɜ Űɖɜ ˊɟɞɦˊɧɗŮůɖ Űɖɠ əŬɜɞɜɘəɧŰɖŰŬɠ, ɖ ɞˊɞɑŬ 
ŬˊɞŰŮɚŮɑ ɓŬůɘəɐ ˊɟɞɦˊɧɗŮůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ɛŮɗɧŭɤɜ. ȼ əŬɜɞɜɘəɧŰɖŰŬ Űɤɜ ŭŮŭɞɛɏɜɤɜ 

ŬɝɘɞɚɞɔɐɗɖəŮ ɛɏůɤ Űɖɠ ɞˊŰɘəɐɠ ŮˊɘɗŮɩɟɖůɖɠ ŭɘŬɔɟŬɛɛɎŰɤɜ Q-Q əŬɘ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ 
Ůɚɏɔɢɞɡ Shapiro-Wilk  (1965) ɞ ɞˊɞɑɞɠ ŮɑɜŬɘ əŬŰɎɚɚɖɚɞɠ ɔɘŬ ɛɘəɟɎ ŭŮɑɔɛŬŰŬ. 

ɇŬ ŭɘŬɔɟɎɛɛŬŰŬ QQ-plot (Quantile-Quantile) ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ɔɟŬűɘəɐ ůɨɔəɟɘůɖ 
Űɖɠ əŬŰŬɜɞɛɐɠ Ůɜɧɠ ůɡɜɧɚɞɡ ŭŮŭɞɛɏɜɤɜ ɛŮ ɛɑŬ ɗŮɤɟɖŰɘəɐ əŬŰŬɜɞɛɐ, ɧˊɤɠ ɖ əŬɜɞɜɘəɐ. 

ȼ əŬŰŬůəŮɡɐ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŬˊŮɘəɧɜɘůɖ Űɤɜ ˊɞůɞůŰɖɛɞɟɑɤɜ, ɛɘŬ Űɘɛɐ 
ˊɞɡ ŭɘŬɘɟŮɑ ɏɜŬ ůɨɜɞɚɞ ŭŮŭɞɛɏɜɤɜ ůŮ ŭɘŬůŰɐɛŬŰŬ ɑůɖɠ ˊɘɗŬɜɧŰɖŰŬɠ (ŭɖɚŬŭɐ ŮɑɜŬɘ Űɞ 
ůɖɛŮɑɞ əɎŰɤ Ŭˊɧ Űɞ ɞˊɞɑɞ ɓɟɑůəŮŰŬɘ ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ ˊɞůɞůŰɧ Űɤɜ ˊŬɟŬŰɖɟɐůŮɤɜ), Űɤɜ 
ˊŬɟŬŰɖɟɞɨɛŮɜɤɜ Űɘɛɩɜ ɏɜŬɜŰɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ɗŮɤɟɖŰɘəɩɜ ˊɞůɞůŰɖɛɞɟɑɤɜ Űɖɠ 

ŮˊɘɚŮɔɛɏɜɖɠ əŬŰŬɜɞɛɐɠ. ɆŮ ˊŮɟɑˊŰɤůɖ ůɡɛűɤɜɑŬɠ Űɤɜ ŭɨɞ əŬŰŬɜɞɛɩɜ, ŰŬ ůɖɛŮɑŬ Űɞɡ 
ŭɘŬɔɟɎɛɛŬŰɞɠ əŬŰŬɚɐɔɞɡɜ ɜŬ ŰɞˊɞɗŮŰɞɨɜŰŬɘ əɞɜŰɎ ůŰɖɜ ŮɡɗŮɑŬ [38].  

Ƀ ɏɚŮɔɢɞɠ Shapiro-Wilk  ɗŮɤɟŮɑŰŬɘ Ŭˊɧ Űɞɡɠ ˊɘɞ ŬɝɘɧˊɘůŰɞɡɠ Ůɚɏɔɢɞɡɠ 
əŬɜɞɜɘəɧŰɖŰŬɠ ɔɘŬ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ ŭŮɑɔɛŬŰŬ. ȺɚɏɔɢŮɘ Űɖ ɛɖŭŮɜɘəɐ ɡˊɧɗŮůɖ ɧŰɘ Űɞ ŭŮɑɔɛŬ 
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ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ əŬɜɞɜɘəɎ əŬŰŬɜŮɛɖɛɏɜɞ ˊɚɖɗɡůɛɧ, ɛɏůɤ Űɖɠ ůɡůɢɏŰɘůɖɠ Űɤɜ 
ŰŬɝɘɜɞɛɖɛɏɜɤɜ Űɘɛɩɜ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŬɜŬɛŮɜɧɛŮɜŮɠ Űɘɛɏɠ ˊɞɡ ɗŬ 
ˊɟɞɏˊɡˊŰŬɜ Ŭˊɧ əŬɜɞɜɘəɎ əŬŰŬɜŮɛɖɛɏɜɞ ŭŮɑɔɛŬ ɑŭɘɞɡ ɛŮɔɏɗɞɡɠ [39]. 

ȼ ŬɜɎɚɡůɖ ŭŮŭɞɛɏɜɤɜ ɏɔɘɜŮ ɛŮ Űɖɜ ɢɟɐůɖ Űɞɡ ɚɞɔɘůɛɘəɞɨ R-statistics əŬɘ ɔɘŬ Űɖɜ 
ˊŬɟɞɡůɑŬůɖ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŬɜɎɚɡůɖɠ ŮˊɘɚɏɔŮŰŬɘ, ŮɜŭŮɘəŰɘəɎ, Űɞ ůɨɜɞɚɞ ŭŮŭɞɛɏɜɤɜ ˊɞɡ 
ŬűɞɟɎ Űɖ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ Űɤɜ ŭɞəɘɛɑɤɜ Űɖɠ ɞɛɎŭŬɠ ȸ. ɇŬ ŬɜŬɚɡŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 
ɔɘŬ Űɘɠ ɡˊɧɚɞɘˊŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŭɞəɘɛɑɤɜ Űɤɜ ɞɛɎŭɤɜ ȷ əŬɘ ȸ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞ 

ɄŬɟɎɟŰɖɛŬ.  

 
ȺɘəɧɜŬ 3.13 Normal Q-Q Plot Űɤɜ ŭŮŭɞɛɏɜɤɜ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ŭɘŬɟɟɞɐɠ ɔɘŬ ŰŬ ŭɞəɑɛɘŬ Űɖɠ ɞɛɎŭŬɠ ȸ 

ɆŰɖɜ ȺɘəɧɜŬ 3.13 ́ ŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ Űɘɛɏɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŮɡɗɡɔɟŬɛɛɑɕɞɜŰŬɘ 
ŮˊŬɟəɩɠ ɛŮ Űɖ ɗŮɤɟɖŰɘəɐ ŮɡɗŮɑŬ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ Q-Q, ɛŮ ŮɝŬɑɟŮůɖ Űɖɜ Űɘɛɐ 1,90 mm 
ɖ ɞˊɞɑŬ ŮɛűŬɜɑɕŮŰŬɘ ŮɝŬɟɢɐɠ ɤɠ ŬəɟŬɑŬ ˊŬɟŬŰɐɟɖůɖ ɛŮŰŬŰɧˊɘůɖɠ ŭɘŬɟɟɞɐɠ. ȼ ŮűŬɟɛɞɔɐ 

Űɞɡ Ůɚɏɔɢɞɡ Shapiro-Wilk  (ɞ ɞˊɞɑɞɠ ɡɚɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɖɠ ůɡɜɎɟŰɖůɖɠ shapiro.test()) ɔɘŬ 
Űɖɜ əŬɜɞɜɘəɧŰɖŰŬ Űɤɜ ŭŮŭɞɛɏɜɤɜ ŬˊɏŭɤůŮ p-value = 0.01758 (ȺɘəɧɜŬ 3.14ȷ), ɔŮɔɞɜɧɠ 
ˊɞɡ ˊŬɟɏɢŮɘ ɘůɢɡɟɏɠ ŮɜŭŮɑɝŮɘɠ ɔɘŬ Űɖɜ Ŭˊɧɟɟɘɣɖ Űɖɠ ɡˊɧɗŮůɖɠ əŬɜɞɜɘəɧŰɖŰŬɠ. ɀŮŰɎ Űɞɜ 
ŬˊɞəɚŮɘůɛɧ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ Űɘɛɐɠ əŬɘ Űɖɜ ŮˊŬɜɎɚɖɣɖ Űɞɡ Ůɚɏɔɢɞɡ, ɡˊɞɚɞɔɑůŰɖəŮ ɖ 

ɜɏŬ Űɘɛɐ p-value = 0.4518 (ȺɘəɧɜŬ 3.14ȸ), ɔŮɔɞɜɧɠ ˊɞɡ ŭŮɜ ˊŬɟɏɢŮɘ ɘůɢɡɟɏɠ ŮɜŭŮɑɝŮɘɠ 
ůɖɛŬɜŰɘəɐɠ Ŭˊɧəɚɘůɖɠ Ŭˊɧ Űɖɜ əŬɜɞɜɘəɐ əŬŰŬɜɞɛɐ. ɇɞ Ůɜ ɚɧɔɤ ůɨɜɞɚɞ ŭŮŭɞɛɏɜɤɜ 
ŬˊɞŰŮɚŮɑ Űɖ ɛɞɜŬŭɘəɐ ˊŮɟɑˊŰɤůɖ ůŰɞ ŭŮɑɔɛŬ ɧˊɞɡ ŭɘŬˊɘůŰɩɗɖəŮ ŰɏŰɞɘŬ ůɡɛˊŮɟɘűɞɟɎ. 

 

 
ȺɘəɧɜŬ 3.14 ȷ) Shapiro-Wilk normality test əɟŬŰɩɜŰŬɠ Űɖɜ ˊŬɟŬŰɐɟɖůɖ 1,90 mm.                                                                                    

ȸ) Shapiro-Wilk normality test ŬűŬɘɟɩɜŰŬɠ Űɖɜ ˊŬɟŬŰɐɟɖůɖ 1,90 mm. 

ȷ ȸ 



43 

 

ȰˊŮɘŰŬ Ŭˊɧ Űɖɜ ŮˊɘɓŮɓŬɑɤůɖ Űɖɠ əŬɜɞɜɘəɧŰɖŰŬɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ˊɟŬɔɛŬŰɞˊɞɘɖɗɐəŬɜ ɞɘ 
ŰɟŮɘɠ ůŰŬŰɘůŰɘəɞɑ ɏɚŮɔɢɞɘ ɔɘŬ Űɞɜ ŮɜŰɞˊɘůɛɧ ŮɜŭŮɢɧɛŮɜɤɜ ŬəɟŬɑɤɜ Űɘɛɩɜ. Ƀɘ ɏɚŮɔɢɞɘ 
Dixon əŬɘ Grubbs ŮűŬɟɛɧůŰɖəŬɜ ɛɏůɤ Űɤɜ ůɡɜŬɟŰɐůŮɤɜ dixon.test() əŬɘ grubbs.test() Űɖɠ 

R, Ůɜɩ Űɞ əɟɘŰɐɟɘɞ Űɞɡ Chauvenet ɡɚɞˊɞɘɐɗɖəŮ ɛɏůɤ Űɖɠ ůɡɜɎɟŰɖůɖɠ chauvenet(), ɖ ɞˊɞɑŬ 
ŬɜŬˊŰɨɢɗɖəŮ ůŮ əŬŰɎɚɚɖɚɞ script əŬɘ ˊŬɟŬŰɑɗŮŰŬɘ ůŰɞ ɄŬɟɎɟŰɖɛŬ. ɇɞ ŰŮůŰ Dixon 
(ɄɑɜŬəŬɠ 3.3) əŬɘ Űɞ ŰŮůŰ Grubbs (ɄɑɜŬəŬɠ 3.3), ɛŮ ɡˊɞɣɐűɘŬ ŬəɟŬɑŬ Űɘɛɐ Űɞ 1,90 mm 
ŬˊɏŭɤůŬɜ p-value = 0,044 əŬɘ p-value = 0,006 ŬɜŰɑůŰɞɘɢŬ. ɆŮ ŮˊɑˊŮŭɞ ůɖɛŬɜŰɘəɧŰɖŰŬɠ 

5%, ɏɢɞɡɛŮ ɘůɢɡɟɏɠ ŮɜŭŮɑɝŮɘɠ ŮɜɎɜŰɘŬ Űɖɠ ɛɖŭŮɜɘəɐɠ ɡˊɧɗŮůɖɠ, Ůˊɞɛɏɜɤɠ ŭŮɢɧɛŬůŰŮ ˊɤɠ 
ɖ ˊŬɟŬŰɐɟɖůɖ ɗŮɤɟŮɑŰŬɘ ŬəɟŬɑŬ. ɇɞ əɟɘŰɐɟɘɞ Űɞɡ Chauvenet ŮűŬɟɛɧɕŮŰŬɘ ůŮ əɎɗŮ 
ˊŬɟŬŰɐɟɖůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŬɜŮɝɎɟŰɖŰŬ. ȼ Űɘɛɐ 1,90 ˊŬɟɞɡůɑŬůŮ p-value = 0,024 (ɄɑɜŬəŬɠ 
3.3), Űɞ ɞˊɞɑɞ ŭŮɜ ɡˊŮɟɓŬɑɜŮɘ Űɞ əɟɑůɘɛɞ ɧɟɘɞ (threshold) 0,125 ɔɘŬ ŭŮɑɔɛŬ ɛŮɔɏɗɞɡɠ Ɂ = 

7. ɆɡɜŮˊɩɠ, ɓɎůɖ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ əɟɘŰɖɟɑɞɡ ɖ Űɘɛɐ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ ŬəɟŬɑŬ. 
Ⱥˊɞɛɏɜɤɠ ɧɚŬ ŰŬ əɟɘŰɐɟɘŬ ɢŬɟŬəŰɖɟɑɕɞɡɜ Űɖɜ Űɘɛɐ 1,90 mm Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ŭɘŬɟɟɞɐɠ 
ŬəɟŬɑŬ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ɡˊɧɚɞɘˊŮɠ ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŬɜ əŬɘ Ůˊɞɛɏɜɤɠ ŬűŬɘɟŮɑŰŬɘ Ŭˊɧ ŰŬ 
ŭŮŭɞɛɏɜŬ. 

 

 
ɄɑɜŬəŬɠ 3.3 ȷˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ůŰŬŰɘůŰɘəɩɜ Ůɚɏɔɢɤɜ ɔɘŬ Űɖɜ ŬɜɑɢɜŮɡůɖ ŬəɟŬɑɤɜ Űɘɛɩɜ ůŰɖ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ Űɤɜ 

ŭɞəɘɛɑɤɜ Űɖɠ ɞɛɎŭŬɠ ȸ. Ƀɘ ůɢŮŰɘəɏɠ ŬˊɞűɎůŮɘɠ ɏɚŬɓŬɜ ŮˊɑˊŮŭɞ ůɖɛŬɜŰɘəɧŰɖŰŬɠ 5%. 

ɈˊɎɟɢɞɡɜ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ŰŬ əɟɘŰɐɟɘŬ ŭŮɜ ůɡɛűɤɜɞɨɜ ɔɘŬ əɎˊɞɘŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ. 
ȹŮŭɞɛɏɜɞɡ ɧŰɘ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŮɑɜŬɘ ɛɘəɟɧ, ɧŰŬɜ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ Ůɚɏɔɢɤɜ 
ŭŮɜ ůɡɔəɚɑɜɞɡɜ, əɟɑɗɖəŮ ůəɧˊɘɛɞ ɞɘ ˊŬɟŬŰɖɟɐůŮɘɠ ɜŬ ŭɘŬŰɖɟɞɨɜŰŬɘ ůŰɞ ůɨɜɞɚɞ Űɤɜ 

ŭŮŭɞɛɏɜɤɜ ɔɘŬ Űɖɜ ˊŮɟŬɘŰɏɟɤ ŬɜɎɚɡůɖ. 
ȷűɞɨ ɏɢɞɡɜ ŮɜŰɞˊɘůŰŮɑ əŬɘ ŬˊɞəɚŮɘůŰŮɑ ɞɘ ůŰŬŰɘůŰɘəɎ ŬəɟŬɑŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ, 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ ůɨɔəɟɘůɖ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŮɟŮɡɜɖɗŮɑ ɖ 
ɨˊŬɟɝɖ ůŰŬŰɘůŰɘəɎ ůɖɛŬɜŰɘəɩɜ ŭɘŬűɞɟɩɜ ůŰɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ əŬŰŬůəŮɡɩɜ Űɤɜ 

ŭɨɞ ɞɛɎŭɤɜ. ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɖ əŬŰŬɜɞɛɐ Űɤɜ ŭŮŭɞɛɏɜɤɜ ɏɢŮɘ ŬɝɘɞɚɞɔɖɗŮɑ ɤɠ əŬɜɞɜɘəɐ, Űɞ 
ŮˊɧɛŮɜɞ ɓɐɛŬ ŬűɞɟɎ Űɞɜ ɏɚŮɔɢɞ Űɖɠ ɞɛɞůəŮŭŬůŰɘəɧŰɖŰŬɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ŭŮɘɔɛɎŰɤɜ, 
ŭɖɚŬŭɐ Űɖɜ ŮəŰɑɛɖůɖ Űɞɡ əŬŰɎ ˊɧůɞ ɞɘ ŭɘŬůˊɞɟɏɠ Űɞɡɠ ɛˊɞɟɞɨɜ ɜŬ ɗŮɤɟɖɗɞɨɜ ɑůŮɠ. ȷɡŰɧ 
ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖɜ ɢɟɐůɖ Űɞɡ Ůɚɏɔɢɞɡ F (F-test) əŬɘ Űɞ Levenôs test əŬɘ ɡɚɞˊɞɘɞɨɜŰŬɘ 

ůŰɖɜ R ɛɏůɤ Űɤɜ ůɡɜŬɟŰɐůŮɤɜ var.test() əŬɘ leveneTest() ŬɜŰɑůŰɞɘɢŬ. 
Ƀ ɏɚŮɔɢɞɠ F ŮɑɜŬɘ ɏɜŬɠ ůŰŬŰɘůŰɘəɧɠ ɏɚŮɔɢɞɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɞ ˊɚŬɑůɘɞ Űɖɠ 

ŮˊŬɚɐɗŮɡůɖɠ ɡˊɞɗɏůŮɤɜ ɛŮ ůəɞˊɧ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ əŬŰɎ ˊɧůɞ ɞɘ ŭɘŬůˊɞɟɏɠ ŭɨɞ ŭŮɘɔɛɎŰɤɜ 
ɛˊɞɟɞɨɜ ɜŬ ɗŮɤɟɖɗɞɨɜ ɑůŮɠ. Ƀ ɏɚŮɔɢɞɠ ɓŬůɑɕŮŰŬɘ ůŰɖɜ əŬŰŬɜɞɛɐ F əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑ Űɞ 

ŬɜŰɑůŰɞɘɢɞ ůŰŬŰɘůŰɘəɧ ɛɏɔŮɗɞɠ, Űɞ ɞˊɞɑɞ ˊɟɞəɨˊŰŮɘ ɤɠ ɚɧɔɞɠ Űɤɜ ŭɨɞ ŭɘŬůˊɞɟɩɜ əŬɘ ŮɑɜŬɘ 
ˊɎɜŰŬ ɗŮŰɘəɧ. ȷɜɎɚɞɔŬ ɛŮ Űɞ ŮɟɩŰɖɛŬ Űɖɠ ŬɜɎɚɡůɖɠ, ɞ ɏɚŮɔɢɞɠ F ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ 
ɛɞɜɧˊɚŮɡɟɞɠ, ɧŰŬɜ ŮɜŭɘŬűɏɟŮɘ Ŭɜ ɖ ɛɑŬ ŭɘŬůˊɞɟɎ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ Ɏɚɚɖ, ɐ 
ŭɑˊɚŮɡɟɞɠ, ɧŰŬɜ ŮɝŮŰɎɕŮŰŬɘ ɔŮɜɘəɎ ɖ ɘůɧŰɖŰŬ Űɤɜ ŭɘŬůˊɞɟɩɜ. ȼ ɛɖŭŮɜɘəɐ ɡˊɧɗŮůɖ Űɞɡ 

Ůɚɏɔɢɞɡ F ŭɘŬŰɡˊɩɜŮɘ ɧŰɘ ɞɘ ŭɘŬůˊɞɟɏɠ Űɤɜ ŭɨɞ ˊɚɖɗɡůɛɩɜ ŮɑɜŬɘ ɑůŮɠ, Ůɜɩ ɖ ŮɜŬɚɚŬəŰɘəɐ 
ɡˊɧɗŮůɖ ˊɟɞŰŮɑɜŮɘ ɧŰɘ ɞɘ ŭɘŬůˊɞɟɏɠ ŭɘŬűɏɟɞɡɜ [40]. 

Ƀ ɏɚŮɔɢɞɠ Levene (1960) ŬˊɞŰŮɚŮɑ ɛɘŬ ůŰŬŰɘůŰɘəɐ ŭɞəɘɛɐ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ 
ɘůɧŰɖŰŬɠ Űɤɜ ŭɘŬůˊɞɟɩɜ ɛŮŰŬɝɨ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟɤɜ ŭŮɘɔɛɎŰɤɜ. ȼ ɛɖŭŮɜɘəɐ ɡˊɧɗŮůɖ Űɞɡ 

Ůɚɏɔɢɞɡ ɡˊɞůŰɖɟɑɕŮɘ ˊɤɠ ɞɘ ŭɘŬůˊɞɟɏɠ ŮɑɜŬɘ ɑůŮɠ, Ůɜɩ ɖ ŮɜŬɚɚŬəŰɘəɐ ˊɟɞŰŮɑɜŮɘ Űɖɜ ɨˊŬɟɝɖ 
ŰɞɡɚɎɢɘůŰɞɜ Ůɜɧɠ ɕŮɨɔɞɡɠ ŭŮɘɔɛɎŰɤɜ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬůˊɞɟɏɠ. ɇɞ ůŰŬŰɘůŰɘəɧ ˊɟɞəɨˊŰŮɘ 

ʇˉˇ˕ʺ˒ʽʰ ʆʽ˃ʺ ʆʽ˃ʺ ʅˍʰˍʽˋˍʽˁˇˏκ¢ƘǊŜǎƘƻƭŘp-value ɮˉˈ˒ʰˋʹ όр҈ύ

Dixon 1,90 Q = 0,625 0,044 ɿʰʽ

Grubbs 1,90 G = 2,258 0,006 ɿʰʽ

Chauvenet 1,90 Threshold = 0,125 0,024 ɿʰʽ

ʁ˃ʱʵʰ ɰ
ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ
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Ŭˊɧ Űɖ ůɨɔəɟɘůɖ Űɤɜ ŬˊɧɚɡŰɤɜ ŬˊɞəɚɑůŮɤɜ əɎɗŮ ˊŬɟŬŰɐɟɖůɖɠ Ŭˊɧ Űɞɜ ɛɏůɞ ɧɟɞ (ɐ 
ŮɜŬɚɚŬəŰɘəɎ Ŭˊɧ Űɖ ŭɘɎɛŮůɞ) Űɖɠ ɞɛɎŭŬɠ ˊɞɡ ŬɜɐəŮɘ. ȼ ŬˊɧűŬůɖ ɚŬɛɓɎɜŮŰŬɘ 
ůɡɔəɟɑɜɞɜŰŬɠ Űɖɜ Űɘɛɐ Űɞɡ ůŰŬŰɘůŰɘəɞɨ W ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ əɟɑůɘɛɖ Űɘɛɐ Űɖɠ əŬŰŬɜɞɛɐɠ 

F, ɔɘŬ ůɡɔəŮəɟɘɛɏɜɞɡɠ ɓŬɗɛɞɨɠ ŮɚŮɡɗŮɟɑŬɠ əŬɘ ˊɟɞəŬɗɞɟɘůɛɏɜɞ ŮˊɑˊŮŭɞ ůɖɛŬɜŰɘəɧŰɖŰŬɠ. 
ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞɜ ɏɚŮɔɢɞ F, ŭŮɜ ŬˊŬɘŰŮɑ Űɖɜ əŬɜɞɜɘəɧŰɖŰŬ Űɤɜ ŭŮŭɞɛɏɜɤɜ, ˊŬɟɎ ɛɧɜɞ ŰŬ 
ŭŮɑɔɛŬŰŬ ɜŬ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŬ əŬɘ əŬɗɩɠ ɞɘ ˊŬɟŬŰɖɟɐůŮɘɠ ŮɑɜŬɘ ůɢŮŰɘəɎ ɚɑɔŮɠ ůŮ Ŭɟɘɗɛɧ 
əɟɑɗɖəŮ ŬˊŬɟŬɑŰɖŰɞ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ŭŮɨŰŮɟɞɠ ɏɚŮɔɢɞɠ [41]. 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɨɞ Ůɚɏɔɢɤɜ ɔɘŬ Űɖɜ ɞɛɞůəŮŭŬůŰɘəɧŰɖŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 
ůŰɞɜ ɄɑɜŬəŬ 3.4. 

 

 
ɄɑɜŬəŬɠ 3.4 ɆŰŬŰɘůŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞɡɠ Ůɚɏɔɢɞɡɠ F əŬɘ Levene ɔɘŬ Űɘɠ ɕɖŰɞɨɛŮɜŮɠ ɛɖɢŬɜɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ.  

Ƀɘ ɏɚŮɔɢɞɘ ɘůɧŰɖŰŬɠ ŭɘŬůˊɞɟɩɜ ŭŮɜ ŬɜɏŭŮɘɝŬɜ ůŰŬŰɘůŰɘəɎ ůɖɛŬɜŰɘəɏɠ ŮɜŭŮɑɝŮɘɠ 
ŭɘŬűɞɟɞˊɞɑɖůɖɠ ŬɜɎɛŮůŬ ůŰɘɠ ŭɨɞ ɞɛɎŭŮɠ ɧůɞɜ ŬɜŬűɞɟɎ Űɖɜ ŭɡůəŬɛɣɑŬ, Űɞ ɧɟɘɞ 
ŬɜŬɚɞɔɑŬɠ, Űɖ ŭɨɜŬɛɖ əŬɘ Űɖ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ. ɆɡɜŮˊɩɠ, ɔɘŬ Űɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŬˊɞŭŮɢɧɛŬůŰŮ Űɖɜ ɡˊɧɗŮůɖ Űɖɠ ɞɛɞůəŮŭŬůŰɘəɧŰɖŰŬɠ əŬɘ ŮɑɜŬɘ 
ŬˊɞŭŮəŰɐ ɖ ŮűŬɟɛɞɔɐ ˊŬɟŬɛŮŰɟɘəɩɜ Ůɚɏɔɢɤɜ, ɧˊɤɠ ɞ two-sample t-test. 
 Ƀ ɏɚŮɔɢɞɠ two-sample t-test ŬˊɞŰŮɚŮɑ ɛɑŬ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ˊŬɟŬɛŮŰɟɘəɐ 
ɛɏɗɞŭɞ ɔɘŬ Űɖ ůɨɔəɟɘůɖ Űɤɜ ɛɏůɤɜ ɧɟɤɜ ŭɨɞ ŬɜŮɝɎɟŰɖŰɤɜ ɞɛɎŭɤɜ. ɈˊɞɗɏŰŮɘ ɧŰɘ ɞɘ 

ˊŬɟŬŰɖɟɐůŮɘɠ əɎɗŮ ŭŮɑɔɛŬŰɞɠ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŮɠ, ŰŬ ŭŮŭɞɛɏɜŬ əŬŰŬɜɏɛɞɜŰŬɘ əŬɜɞɜɘəɎ əŬɘ 
ɧŰɘ ɞɘ ŭɘŬůˊɞɟɏɠ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ ŮɑɜŬɘ ɑůŮɠ. ȼ ɛɖŭŮɜɘəɐ ɡˊɧɗŮůɖ ŭɘŬŰɡˊɩɜŮŰŬɘ ɤɠ ɘůɧŰɖŰŬ 
Űɤɜ ɛɏůɤɜ, Ůɜɩ ɖ ŮɜŬɚɚŬəŰɘəɐ ɡˊɧɗŮůɖ ɛˊɞɟŮɑ ɜŬ ŬűɞɟɎ Űɖɜ ŭɘŬűɞɟɎ Űɤɜ ɛɏůɤɜ (two 
sided) ɐ ɧŰɘ əɎˊɞɘɞɠ ɛɏůɞɠ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞɠ Ŭˊɧ Űɞɜ Ɏɚɚɞ (one sided). ȼ ůŰŬŰɘůŰɘəɐ Űɞɡ 

Ůɚɏɔɢɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖ ŭɘŬűɞɟɎ Űɤɜ ɛɏůɤɜ əŬɘ ůŰŬ ɛŮɔɏɗɖ ŭɘŬůˊɞɟɎɠ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ 
[42]. 

ɆŰɞɜ ɄɑɜŬəŬ 3.5 ůɡɜɞɣɑɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ Ůɚɏɔɢɤɜ ɔɘŬ Űɖ ůɨɔəɟɘůɖ Űɤɜ 
ɛɏůɤɜ Űɘɛɩɜ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ɞɛɎŭɤɜ ȷ əŬɘ ȸ. 

 

 
ɄɑɜŬəŬɠ 3.5 ȷˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ůŰŬŰɘůŰɘəɩɜ Ůɚɏɔɢɤɜ ɔɘŬ Űɖ ůɨɔəɟɘůɖ Űɤɜ ɛɏůɤɜ ɧɟɤɜ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ɛŮŰŬɝɨ 

Űɤɜ ɞɛɎŭɤɜ ȷ əŬɘ ȸ. 

ɴ˂ʶʴ˔ˇʅ̩ˍʰˍʽˋˍʽˁˈp-value

F-test F = 0,92 0,91

Levene's Test F = 0,08 0,79

F-test F = 1,02 0,98

Levene's Test F = 0,07 0,8

F-test F = 1,29 0,74

Levene's Test F = 0,39 0,54

F-test F = 5,67 0,053

Levene's Test F = 1,70 0,22

ɲˎˋˁʰ˃˕ʾʰ 

ʂˊʽˇ 

ʰ˄ʰ˂ˇʴʾʰˌ

ɲˏ˄ʰ˃ʹ 

ɲʽʰˊˊˇʺˌ

ɾʶˍʰˍˈˉʽˋʹ 

ɲʽʰˊˊˇʺˌ

ɴ˂ʶʴ˔ˇʅ̩ˍʰˍʽˋˍʽˁˈp-value

0,0008

0,04

0,06

1

two-sample t-

test

two-sample t-

test

two-sample t-

test

two-sample t-

test

t = -4,24

t = -2,32

t = -2,06

t = 0

ɲˎˋˁʰ˃˕ʾʰ 

ʂˊʽˇ 

ʰ˄ʰ˂ˇʴʾʰˌ

ɲˏ˄ʰ˃ʹ 

ɲʽʰˊˊˇʺˌ

ɾʶˍʰˍˈˉʽˋʹ 

ɲʽʰˊˊˇʺˌ
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ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ Ůɚɏɔɢɤɜ ɡˊɞŭŮɘəɜɨɞɡɜ ůŰŬŰɘůŰɘəɎ ɘůɢɡɟɏɠ ŮɜŭŮɑɝŮɘɠ Ŭˊɧɟɟɘɣɖɠ Űɖɠ 
ɛɖŭŮɜɘəɐɠ ɡˊɧɗŮůɖɠ ɘůɧŰɖŰŬɠ Űɤɜ ɛɏůɤɜ Űɘɛɩɜ ɛŮŰŬɝɨ Űɤɜ ɞɛɎŭɤɜ ȷ əŬɘ ȸ, ɔɘŬ Űɘɠ 
ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɡůəŬɛɣɑŬɠ əŬɘ Űɞɡ ɞɟɑɞɡ ŬɜŬɚɞɔɑŬɠ ůŮ ŮˊɑˊŮŭɞ ůɖɛŬɜŰɘəɧŰɖŰŬɠ 5% əŬɘ Űɖɠ 

ŭɨɜŬɛɖɠ ŭɘŬɟɟɞɐɠ ůŮ ŮˊɑˊŮŭɞ ůɖɛŬɜŰɘəɧŰɖŰŬɠ 10%. ũɘŬ Űɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ 
ɘŭɘɧŰɖŰŮɠ, ɖ ɞɛɎŭŬ ȷ ŮɛűɎɜɘůŮ ɛɘəɟɧŰŮɟŮɠ Űɘɛɏɠ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖɜ ɞɛɎŭŬ ȸ. ȷɜŰɘɗɏŰɤɠ, 
ɞ ɛɏůɞɠ ɧɟɞɠ Űɖɠ ɛŮŰŬŰɧˊɘůɖɠ ŭɘŬɟɟɞɐɠ ɓɟɏɗɖəŮ Ŭəɟɘɓɩɠ ɞ ɑŭɘɞɠ əŬɘ ɔɘŬ Űɘɠ ŭɨɞ ɞɛɎŭŮɠ 
Ůˊɞɛɏɜɤɠ ŭŮɜ ɡˊɎɟɢŮɘ əŬɛɑŬ ůŰŬŰɘůŰɘəɐ ŭɘŬűɞɟɎ ɔɘŬ Űɖ ůɡɔəŮəɟɘɛɏɜɖ ɛɖɢŬɜɘəɐ ɞɛɎŭŬ 

ŬɜɎɛŮůŬ ůŰɘɠ ŭɨɞ ɞɛɎŭŮɠ. Ƀɘ ŮɜŭŮɑɝŮɘɠ ŬɡŰɏɠ ŭŮɜ ŮɑɜŬɘ ŮˊŬɟəɩɠ ɘůɢɡɟɏɠ əŬɘ ɖ ŮɝŬɔɤɔɐ 
ɞɟɘůŰɘəɞɨ ůɡɛˊŮɟɎůɛŬŰɞɠ ɗŬ ŬˊŬɘŰɞɨůŮ Űɖ ɢɟɐůɖ ɛŮɔŬɚɨŰŮɟɞɡ Ŭɟɘɗɛɞɨ ŭŮɘɔɛɎŰɤɜ. 
 ȼ ůŰŬŰɘůŰɘəɐ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ ŬɜɏŭŮɘɝŮ ůŬűŮɑɠ ŭɘŬűɞɟɏɠ 
ůŰɖ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ Űɤɜ ŭɨɞ ɞɛɎŭɤɜ, ɛŮ Űɞ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ ɜŬ ŮˊɖɟŮɎɕŮɘ 

ůɖɛŬɜŰɘəɎ Űɖ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ, Űɞ ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ əŬɘ Űɖ ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ. ȷɜ 
əŬɘ ɖ ˊŮɘɟŬɛŬŰɘəɐ ɛŮɗɞŭɞɚɞɔɑŬ ŬˊɞŰɡˊɩɜŮɘ Űɖɜ Ŭˊɧəɟɘůɖ Űɖɠ əŬŰŬůəŮɡɐɠ ůŮ ůɡɜɗɐəŮɠ 
ˊɞɡ ˊɟɞůŮɔɔɑɕɞɡɜ Űɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ, ˊŬɟɞɡůɘɎɕŮɘ ˊŮɟɘɞɟɘůɛɏɜɖ ŭɡɜŬŰɧŰɖŰŬ Ůɚɏɔɢɞɡ 
Ůˊɘɛɏɟɞɡɠ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ əŬɘ ɡˊɧəŮɘɜŰŬɘ ůŮ ˊŮɟɘɞɟɘůɛɞɨɠ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ 

ɛŮ Űɖɜ ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ, Űɖɜ ŬəɟɑɓŮɘŬ ɛɏŰɟɖůɖɠ əŬɘ Űɖɜ Ůˊɘɟɟɞɐ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ŭŮɜ 
ɛˊɞɟɞɨɜ ɜŬ ŮɚŮɔɢɗɞɨɜ ˊɚɐɟɤɠ (ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɖ ɞˊɐ ɛˊɞɟŮɑ ɜŬ ɛɖɜ ɔɑɜŮɘ Ŭəɟɘɓɩɠ ůŰɞ 
əɏɜŰɟɞ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɡˊɎɟɢɞɡɜ əŬɘ ɛɖ ŮˊɘɗɡɛɖŰɏɠ ɟɞˊɏɠ). ɆŰɞ ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ, 
ŬɜŬˊŰɨůůŮŰŬɘ ɏɜŬ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ɛŮ Űɖ ɛɏɗɞŭɞ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ (FEA) 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŮɟŮɡɜɖɗŮɑ ˊŮɟŬɘŰɏɟɤ ɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ əŬŰŬůəŮɡɐɠ ɡˊɧ 
ŭɘŬŰɛɖŰɘəɐ űɧɟŰɘůɖ. ȼ ɢɟɐůɖ ɡˊɞɚɞɔɘůŰɘəɐɠ ˊɟɞůɞɛɞɑɤůɖɠ ŮˊɘŰɟɏˊŮɘ Űɖɜ Ŭˊɞɛɧɜɤůɖ 
əɟɑůɘɛɤɜ ˊŬɟŬɛɏŰɟɤɜ, Űɞɜ Ŭəɟɘɓɐ əŬɗɞɟɘůɛɧ ɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ əŬɗɩɠ əŬɘ Űɖɜ ŮəŰɏɚŮůɖ 
ůɡůŰɖɛŬŰɘəɐɠ ˊŬɟŬɛŮŰɟɘəɐɠ ŬɜɎɚɡůɖɠ, ůɡɛɓɎɚɚɞɜŰŬɠ Űɧůɞ ůŰɖɜ Ůˊɘəɨɟɤůɖ Űɤɜ 

ˊŮɘɟŬɛŬŰɘəɩɜ ˊŬɟŬŰɖɟɐůŮɤɜ ɧůɞ əŬɘ ůŰɖɜ Ůɘɠ ɓɎɗɞɠ əŬŰŬɜɧɖůɖ Űɞɡ ɟɧɚɞɡ Űɤɜ ˊɞɘəɑɚɤɜ 
ɔŮɤɛŮŰɟɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɤɜ əɞɢɚɘɩɜ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ůŰɖ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ 
ɞůŰŮɞůɨɜɗŮůɖɠ. 
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ȾȺūȷȿȷȽɃ 4ɞ: ɀɃɁɇȺȿɃɄɃȽȼɆȼ ȾȷȽ ȷɁȷȿɈɆȼ ɀȺ ɇȼ ɀȺŪɃȹɃ 

ɄȺɄȺɅȷɆɀȺɁɋɁ ɆɇɃȽɉȺȽɋɁ  

 

4.1 ȺȽɆȷũɋũȼ Ɇɇȼ ɀȺŪɃȹɃ ɇɋɁ ɄȺɄȺɅȷɆɀȺɁɋɁ ɆɇɃȽɉȺȽɋɁ 

 

ȼ Ůˊɑɚɡůɖ ˊɟɞɓɚɖɛɎŰɤɜ Űɖɠ ɛɖɢŬɜɘəɐɠ ɛŮ ŬɜŬɚɡŰɘəɏɠ ɛŮɗɧŭɞɡɠ ŮɑɜŬɘ ŮűɘəŰɐ ɛɧɜɞ 
ůŮ ɞɟɘůɛɏɜŮɠ ɘŭŬɜɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ, ɧˊɞɡ ɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ ŬɜŰɘəŮɑɛŮɜɞɡ, ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ 
ɡɚɘəɞɨ əŬɘ ɞɘ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ŮɑɜŬɘ ŬˊɚɞˊɞɘɖɛɏɜŮɠ. ɋůŰɧůɞ, ůŰŬ ˊŮɟɘůůɧŰŮɟŬ 
ˊɟŬɔɛŬŰɘəɎ ˊɟɞɓɚɐɛŬŰŬ, ɧˊɞɡ əɡɟɘŬɟɢɞɨɜ ˊɞɚɨˊɚɞəŮɠ ɔŮɤɛŮŰɟɑŮɠ, ŬɜɞɛɞɘɞɔŮɜɐ ɡɚɘəɎ, 

ɛɖ ɔɟŬɛɛɘəɏɠ ůɡɛˊŮɟɘűɞɟɏɠ ɐ űɞɟŰɑůŮɘɠ ˊɞɡ ɛŮŰŬɓɎɚɚɞɜŰŬɘ ůŰɞɜ ɢɟɧɜɞ, ŬˊŬɘŰŮɑŰŬɘ ɖ 
ɢɟɐůɖ ŬɟɘɗɛɖŰɘəɩɜ ɛŮɗɧŭɤɜ ˊɟɞůɏɔɔɘůɖɠ Űɖɠ ɚɨůɖɠ. ȼ ˊɚɏɞɜ ŭɘŬŭŮŭɞɛɏɜɖ əŬɘ Ůɡɟɏɤɠ 
ŮűŬɟɛɞɕɧɛŮɜɖ ɛɏɗɞŭɞɠ ůŮ ŰɏŰɞɘɞɡ Ůɑŭɞɡɠ ˊɟɞɓɚɐɛŬŰŬ ŮɑɜŬɘ ɖ ɀɏɗɞŭɞɠ Űɤɜ 
ɄŮˊŮɟŬůɛɏɜɤɜ ɆŰɞɘɢŮɑɤɜ (Finite Element Method, FEM), ɖ ɞˊɞɑŬ ˊŬɟɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ 

Ůˊɑɚɡůɖɠ ůɨɜɗŮŰɤɜ ˊɟɞɓɚɖɛɎŰɤɜ ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɛɏůɤ ɛŮɟɘəɩɜ ŭɘŬűɞɟɘəɩɜ 
ŮɝɘůɩůŮɤɜ.  

ȼ ɗŮɛŮɚɘɩŭɖɠ ɘŭɏŬ Űɖɠ FEM ɓŬůɑɕŮŰŬɘ ůŰɖ ŭɘŬəɟɘŰɞˊɞɑɖůɖ Űɞɡ Űɖɠ Ŭɟɢɘəɐɠ 
ɔŮɤɛŮŰɟɑŬɠ, ŭɖɚŬŭɐ ɖ ɡˊɞŭɘŬɑɟŮůɖ Űɖɠ ůɡɜŮɢɞɨɠ ɔŮɤɛŮŰɟɑŬɠ ůŮ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ 

(elements), əŬɗɏɜŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ˊŮɟɘɔɟɎűŮŰŬɘ ɛŮ Ŭˊɚɏɠ, ŰɞˊɘəɎ ɞɟɘůɛɏɜŮɠ ůɡɜŬɟŰɐůŮɘɠ. 
ɇɞ ůɨůŰɖɛŬ Űɤɜ ŮɝɘůɩůŮɤɜ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ Űɖ ůɡɛˊŮɟɘűɞɟɎ əɎɗŮ ůŰɞɘɢŮɑɞɡ 
ůɡɜŬɟɛɞɚɞɔŮɑŰŬɘ ůŮ ɏɜŬ ůɡɜɞɚɘəɧ ůɨůŰɖɛŬ, Űɞ ɞˊɞɑɞ ŮˊɘɚɨŮŰŬɘ ŬɟɘɗɛɖŰɘəɎ ɛŮ əŬŰɎɚɚɖɚŮɠ 
ŰŮɢɜɘəɏɠ (ɔɟŬɛɛɘəɏɠ ɐ ɛɖ ɔɟŬɛɛɘəɏɠ, ůŰŬŰɘəɏɠ ɐ ŭɡɜŬɛɘəɏɠ). ȼ ŬəɟɑɓŮɘŬ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ ŭɘŬəɟɘŰɞˊɞɑɖůɖɠ, Űɖ ɛɞɟűɐ Űɤɜ ůɡɜŬɟŰɐůŮɤɜ ˊɞɡ 
ˊɟɞůŮɔɔɑɕɞɡɜ Űɖ ɚɨůɖ əŬɘ Űɖɜ ɘəŬɜɧŰɖŰŬ ŬˊɞŰɨˊɤůɖɠ Űɤɜ ɞɟɘŬəɩɜ əŬɘ Ŭɟɢɘəɩɜ ůɡɜɗɖəɩɜ 
Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ. 

 ȼ FEM ˊɟɞůűɏɟŮɘ ůɖɛŬɜŰɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ, ɛŮŰŬɝɨ Űɤɜ ɞˊɞɑɤɜ ɖ ŮɡəɞɚɑŬ 

ˊɟɞůŬɟɛɞɔɐɠ ůŮ ŬɡɗŬɑɟŮŰŮɠ ɔŮɤɛŮŰɟɑŮɠ, ɖ ŭɡɜŬŰɧŰɖŰŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ ŬɜɞɛɞɘɞɔŮɜɩɜ ɐ 
ŬɜɘůɧŰɟɞˊɤɜ ɡɚɘəɩɜ, ɖ ŮɡŮɚɘɝɑŬ ůŰɖɜ Ůˊɘɓɞɚɐ ˊɞɚɨˊɚɞəɤɜ űɞɟŰɑůŮɤɜ əŬɘ ŮˊŬűɩɜ, əŬɗɩɠ 
əŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ŮəŰɑɛɖůɖɠ ˊŬɟŬɔɧɜŰɤɜ ɧˊɤɠ ɖ ˊŬɟŬɛɧɟűɤůɖ, ɖ ŰɎůɖ, ɖ ɗŮɟɛɞəɟŬůɑŬ 
ɐ əŬɘ ɖ ŰŬɢɨŰɖŰŬ ůŮ ŭɘŬűɞɟŮŰɘəɎ ůɖɛŮɑŬ Űɞɡ ůɩɛŬŰɞɠ. ȽŭɘŬɑŰŮɟɖ ůɖɛŬůɑŬ ɏɢŮɘ əŬɘ ɖ 

ɘəŬɜɧŰɖŰɎ Űɖɠ ɜŬ ˊŮɟɘɔɟɎűŮɘ űŬɘɜɧɛŮɜŬ ɧˊɤɠ ɖ ˊɚŬůŰɘəɧŰɖŰŬ, ɟɤɔɛɩůŮɘɠ, ŬůŰɞɢɑŬ ɐ 
ɗŮɟɛɘəɐ ůɨɕŮɡɝɖ. ȼ ŬɟɘɗɛɖŰɘəɐ űɨůɖ Űɖɠ FEM ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮɝŬɔɤɔɐ ˊɚɖɟɞűɞɟɘɩɜ ɛŮ 
ˊɞɚɨ ɢŬɛɖɚɧŰŮɟɞ əɧůŰɞɠ əŬɘ ɢɟɞɜɘəɐ ŬˊŬɑŰɖůɖ ůŮ ůɢɏůɖ ɛŮ ŬɜŰɑůŰɞɘɢŬ ˊŮɘɟɎɛŬŰŬ, 
əŬɗɘůŰɩɜŰŬɠ Űɖɜ ŮɝŬɘɟŮŰɘəɎ ɢɟɐůɘɛɖ ɔɘŬ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ɞɘ ŮɟɔŬůŰɖɟɘŬəɏɠ ŭɞɛɏɠ ŮɑɜŬɘ 

ɢɟɞɜɞɓɧɟŮɠ, ŭŬˊŬɜɖɟɏɠ ɐ ˊɟŬəŰɘəɎ ŭɨůəɞɚŮɠ. 
ũɘŬ Űɖɜ ɡɚɞˊɞɑɖůɖ Űɖɠ FEM ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɝŮɘŭɘəŮɡɛɏɜŬ ɚɞɔɘůɛɘəɎ ˊŬəɏŰŬ, 

ɧˊɤɠ Űɞ ANSYS əŬɘ Űɞ ABAQUS. ȷɡŰɎ ŰŬ ˊŬəɏŰŬ ˊɟɞůűɏɟɞɡɜ ˊɟɞɖɔɛɏɜŬ ŮɟɔŬɚŮɑŬ ɔɘŬ 
Űɖ ŭɖɛɘɞɡɟɔɑŬ ɔŮɤɛŮŰɟɘəɩɜ ɛɞɜŰɏɚɤɜ, Űɞɜ ɞɟɘůɛɧ Űɤɜ ɡɚɘəɩɜ, Űɖɜ ŮűŬɟɛɞɔɐ ůɡɜɞɟɘŬəɩɜ 

ůɡɜɗɖəɩɜ əŬɘ űɞɟŰɑůŮɤɜ, Űɖɜ Ůˊɘɚɞɔɐ ɛŮɗɧŭɤɜ Ůˊɑɚɡůɖɠ əŬɘ Űɖɜ ɛŮŰŬ-ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ 
ŬˊɞŰŮɚŮůɛɎŰɤɜ. ȼ ŭɘŬŭɘəŬůɑŬ ɝŮəɘɜɎ ɛŮ Űɖ ɔŮɤɛŮŰɟɘəɐ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ 
əŬɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ əŬɜɜɎɓɞɡ, Ůɜɩ ůŰɖ ůɡɜɏɢŮɘŬ əŬɗɞɟɑɕɞɜŰŬɘ ŰŬ űɡůɘəɎ 
ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɡɚɘəɩɜ, ɞɘ Űɨˊɞɘ Űɤɜ űɞɟŰɑůŮɤɜ əŬɘ ŰŬ ůɖɛŮɑŬ ŮűŬɟɛɞɔɐɠ Űɞɡɠ. ȷűɞɨ 

ŭɘŬɛɞɟűɤɗŮɑ Űɞ ɛŬɗɖɛŬŰɘəɧ əŬɘ ɡˊɞɚɞɔɘůŰɘəɧ ɛɞɜŰɏɚɞ, ŬəɞɚɞɡɗŮɑ ɖ Ůˊɑɚɡůɖ Űɞɡ 
ůɡůŰɐɛŬŰɞɠ Űɤɜ ŮɝɘůɩůŮɤɜ əŬɘ ɖ ŮɝŬɔɤɔɐ Űɤɜ ŮˊɘɗɡɛɖŰɩɜ ɛŮɔŮɗɩɜ.  

ȼ ŮˊɘŰɡɢɑŬ ɛɘŬɠ ŬɜɎɚɡůɖɠ ɛŮ Űɖ ɛɏɗɞŭɞ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŮɝŬɟŰɎŰŬɘ 
Ŭˊɧ Űɖɜ ɞɟɗɧŰɖŰŬ Űɞɡ űɡůɘəɞɨ ɛɞɜŰɏɚɞɡ, Űɖɜ ˊɞɘɧŰɖŰŬ Űɞɡ əŬɜɜɎɓɞɡ, Űɖɜ Ůˊɘɚɞɔɐ Űɤɜ 
əŬŰɎɚɚɖɚɤɜ ɛɞɜŰɏɚɤɜ ɡɚɘəɞɨ əŬɘ Űɖ ůɤůŰɐ ŮɟɛɖɜŮɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ. Ƀ ɢɟɐůŰɖɠ 
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ɞűŮɑɚŮɘ ɜŬ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ŬɝɘɞɚɞɔɐůŮɘ Űɖɜ ŬəɟɑɓŮɘŬ Űɤɜ ŬɟɘɗɛɖŰɘəɩɜ ɚɨůŮɤɜ əŬɘ ɜŬ 
ŮˊɘɚɏɝŮɘ Űɖɜ əŬŰɎɚɚɖɚɖ ɛŮŰŮˊŮɝŮɟɔŬůɑŬ, ŮɑŰŮ ɛŮ ŭɘŬɔɟɎɛɛŬŰŬ ŮɑŰŮ ɛŮ ůɡɔəɟɘŰɘəɐ ˊɞůɞŰɘəɐ 
ŬɜɎɚɡůɖ. ȼ FEM ŭŮɜ ŬˊɞŰŮɚŮɑ Ŭˊɚɩɠ ɏɜŬ ŮɟɔŬɚŮɑɞ ɡˊɞɚɞɔɘůɛɞɨ, ŬɚɚɎ ɛɑŬ ɞɚɧəɚɖɟɖ 

ˊɟɞůɏɔɔɘůɖ ŬɜɎɚɡůɖɠ ˊɞɡ ŬˊŬɘŰŮɑ əɟɑůɖ, ŰŮɢɜɘəɐ əŬŰɎɟŰɘůɖ əŬɘ əŬɚɐ ɔɜɩůɖ Űɞɡ űɡůɘəɞɨ 
ˊɟɞɓɚɐɛŬŰɞɠ. 
 

4.2 ȹȼɀȽɃɈɅũȽȷ ɀɃɁɇȺȿɃɈ  
 
 ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɜɧŰɖŰŬ ˊŮɟɘɔɟɎűŮŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Űɤɜ ůŰŬŰɘəɩɜ 

ŭɞəɘɛɩɜ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ Űɞɡ ANSYS®. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛɞɜŰɏɚŬ ˊɞɡ 
ˊɟɞůɞɛɞɘɩɜɞɡɜ Űɖ ɔŮɤɛŮŰɟɑŬ əŬɘ Űɘɠ ɘŭɘɧŰɖŰɏɠ Űɤɜ ˊɟŬɔɛŬŰɘəɩɜ ŭɞəɘɛɩɜ, ɛŮ ůəɞˊɧ Űɖɜ 
Ůˊɑɚɡůɖ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ əŬɘ Űɖɜ ŮɝŬɔɤɔɐ ŬˊɞŰŮɚŮůɛɎŰɤɜ ˊɞɡ ˊɟɞůŮɔɔɑɕɞɡɜ ŮəŮɑɜŬ ˊɞɡ 
ŮɚɐűɗɖůŬɜ Ŭˊɧ Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɞəɘɛɏɠ. 

 
4.2.1 Ⱥˊɘɚɞɔɐ ɄŮˊŮɟŬůɛɏɜɤɜ ɆŰɞɘɢŮɑɤɜ 

 

 ȼ Ůˊɘɚɞɔɐ Űɞɡ əŬŰɎɚɚɖɚɞɡ Űɨˊɞɡ ůŰɞɘɢŮɑɞɡ ŬˊɞŰŮɚŮɑ Űɞ ˊɟɩŰɞ ɞɡůɘɩŭŮɠ ɓɐɛŬ ůŰɖ 

ŭɘŬŭɘəŬůɑŬ Űɖɠ ŬɟɘɗɛɖŰɘəɐɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ. ȷɜɎɚɞɔŬ ɛŮ Űɖ űɨůɖ əŬɘ Űɘɠ ŬˊŬɘŰɐůŮɘɠ Űɞɡ 
ŮəɎůŰɞŰŮ ˊɟɞɓɚɐɛŬŰɞɠ ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ ɛˊɞɟŮɑ ɜŬ ɓŬůɘůŰŮɑ ŮɑŰŮ ůŮ ŭɘůŭɘɎůŰŬŰŬ ůŰɞɘɢŮɑŬ 
(2D Plane Elements), ŮɑŰŮ ůŮ ŰɟɘůŭɘɎůŰŬŰŬ (3D Solid Elements). ɆŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ 
ŮˊɘɚɏɔɞɜŰŬɘ ŰŬ ŰɟɘůŭɘɎůŰŬŰŬ ůŰɞɘɢŮɑŬ, əŬɗɩɠ ˊɟɞůűɏɟɞɡɜ Ŭɡɝɖɛɏɜɖ ɡˊɞɚɞɔɘůŰɘəɐ 

ŬəɟɑɓŮɘŬ əŬɘ ŮɑɜŬɘ əŬŰŬɚɚɖɚɧŰŮɟŬ ɔɘŬ Űɖɜ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ əŬɘ Űɖɠ 
ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ ŬɜŰɘəŮɘɛɏɜɤɜ ˊɞɡ ŮɝŮŰɎɕɞɜŰŬɘ.  

ɇɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ Űɞɡ ɛɞɜŰɏɚɞɡ ŬˊɞŭɧɗɖəŮ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ 
ůŰɞɘɢŮɑɞɡ SOLID186, Űɞ ɞˊɞɑɞ ˊŮɟɘɚŬɛɓɎɜŮŰŬɘ ůŰɖ ɓɘɓɚɘɞɗɐəɖ Űɞɡ ɚɞɔɘůɛɘəɞɨ ANSYS 

əŬɘ ŬˊɞŰŮɚŮɑ ŰɟɘůŭɘɎůŰŬŰɞ ůŰɞɘɢŮɑɞ ŭŮɡŰɏɟŬɠ ŰɎɝɖɠ (quadratic element). ɄŮɟɘɏɢŮɘ Ůɑəɞůɘ 
əɧɛɓɞɡɠ, ɛŮ ŰɟŮɘɠ ɓŬɗɛɞɨɠ ŮɚŮɡɗŮɟɑŬɠ ŬɜɎ əɧɛɓɞ (ɛŮŰŬŰɞˊɑůŮɘɠ ůŰɘɠ ŭɘŮɡɗɨɜůŮɘɠ x, y əŬɘ 
z) əŬɘ ŮűŬɟɛɧɕŮŰŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɎ Űɧůɞ ůŮ ɞɛɞɔŮɜɐ ɧůɞ əŬɘ ůŮ ˊɞɚɨůŰɟɤŰŬ ŭɞɛɘəɎ 
ůŰŮɟŮɎ. ɇɞ ůŰɞɘɢŮɑɞ ɡˊɞůŰɖɟɑɕŮɘ ŬɜŬɚɡŰɘəɎ ɡɚɘəɎ ɛɞɜŰɏɚŬ ɛŮ ˊɚŬůŰɘəɧŰɖŰŬ, 

ɡˊŮɟŮɚŬůŰɘəɧŰɖŰŬ, Ůɟˊɡůɛɧ (creep), ɛŮɔɎɚŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ ɛŮŰŬŰɞˊɑůŮɘɠ əŬɘ 
ˊɟɞɓɚɐɛŬŰŬ ɏɜŰɞɜɖɠ ɛɖ ɔɟŬɛɛɘəɧŰɖŰŬɠ. ȽŭɘŬɑŰŮɟɞ ˊɚŮɞɜɏəŰɖɛŬ Űɞɡ SOLID186 ŬˊɞŰŮɚŮɑ 
ɖ ɔŮɤɛŮŰɟɘəɐ Űɞɡ ŮɡŮɚɘɝɑŬ, əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ ɡɘɞɗŮŰɐůŮɘ Űɖ ɛɞɟűɐ ˊŬɟŬɚɚɖɚŮˊɘˊɏŭɞɡ 
(brick), ŰŮŰɟŬɏŭɟɞɡ (tetrahedral), ˊɡɟŬɛɑŭŬɠ (pyramid) əŬɘ ˊɟɑůɛŬŰɞɠ (prism), ɔŮɔɞɜɧɠ 

ˊɞɡ Űɞ əŬɗɘůŰɎ əŬŰɎɚɚɖɚɞ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ əŬɜɜɎɓɞɡ Űɧůɞ əŬɜɞɜɘəɩɜ ɧůɞ əŬɘ 
ˊɞɚɨˊɚɞəɤɜ ɐ ŬəŬɜɧɜɘůŰɤɜ ɔŮɤɛŮŰɟɘɩɜ. ɇɞ ůŰɞɘɢŮɑɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ 
ˊɟɞůɞɛɞɑɤůɖ ŰɛɖɛɎŰɤɜ Űɞɡ Ŭűɟɞɨ ˊɞɚɡɞɡɟŮɗɎɜɖɠ (sawbone) əŬɘ Űɞɡ əɞɢɚɑŬ 
ɞůŰŮɞůɨɜɗŮůɖɠ, ŬɝɘɞˊɞɘɩɜŰŬɠ Űɖɜ ɛɞɟűɐ ˊŬɟŬɚɚɖɚŮˊɘˊɏŭɞɡ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ 

ŭɞɛɖɛɏɜɞɡ əŬɜɜɎɓɞɡ (structured mesh). ɆŰɖɜ ȺɘəɧɜŬ 4.1 ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ůŰɞɘɢŮɑɞ 
SOLID186 ůŮ ɧɚŮɠ Űɘɠ ůɢɖɛŬŰɘəɏɠ ˊŬɟŬɚɚŬɔɏɠ Űɞɡ əŬɘ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɞɘ ɗɏůŮɘɠ Űɤɜ 
əɧɛɓɤɜ Űɞɡ [43]. 
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ȺɘəɧɜŬ 4.1 ȷˊŮɘəɧɜɘůɖ Űɞɡ ůŰɞɘɢŮɑɞɡ SOLID186 [44]  

ɇɞ ůŰɞɘɢŮɑɞ SOLID187 ŮɑɜŬɘ ŰɟɘůŭɘɎůŰŬŰɞ ŰŮŰɟŬŮŭɟɘəɧ ůŰɞɘɢŮɑɞ ŭɏəŬ əɧɛɓɤɜ 
Ůˊɑůɖɠ ŭŮɡŰɏɟŬɠ ŰɎɝɖɠ əŬɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŮ ˊŮɟɘɞɢɏɠ ɢŬɛɖɚɧŰŮɟɖɠ ɛɖɢŬɜɘəɐɠ 

ůɖɛŬůɑŬɠ, ɧˊɤɠ ůŮ ŰɛɐɛŬ Űɞɡ Ŭűɟɞɨ ˊɞɚɡɞɡɟŮɗɎɜɖɠ əŬɘ ůŰɖɜ əŮűŬɚɐ Űɞɡ əɞɢɚɑŬ 
ɞůŰŮɞůɨɜɗŮůɖɠ, ɧˊɞɡ ɏɜŬɠ ŭɞɛɖɛɏɜɞɠ əɎɜɜŬɓɞɠ ɗŬ ˊɟɧůɗŮŰŮ ˊŮɟɘŰŰɏɠ ɡˊɞɚɞɔɘůŰɘəɏɠ 
ŬˊŬɘŰɐůŮɘɠ. ɇŬɡŰɧɢɟɞɜŬ ŮɑɜŬɘ əŬŰɎɚɚɖɚɞ ɔɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ ŬəŬɜɧɜɘůŰɤɜ ɔŮɤɛŮŰɟɘɩɜ 
ɛɏůɤ ɛɖ ŭɞɛɖɛɏɜɞɡ əŬɜɜɎɓɞɡ (unstructured mesh), ɧˊɞɡ ŭɖɚŬŭɐ ŭŮɜ ɡˊɎɟɢŮɘ ŭɡɜŬŰɧŰɖŰŬ 

əŬŰŬůəŮɡɐɠ ŭɞɛɖɛɏɜɞɡ, əŬɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ ŰŬ ůˊŮɘɟɩɛŬŰŬ Űɤɜ əɞɢɚɘɩɜ. ɇɞ 
ůŰɞɘɢŮɑɞ SOLID187 ŭɘŬɗɏŰŮɘ ŰɟŮɘɠ ɓŬɗɛɞɨɠ ŮɚŮɡɗŮɟɑŬɠ ŬɜɎ əɧɛɓɞ (ɛŮŰŬŰɧˊɘůɖ əŬŰɎ Űɞɡɠ 
ɎɝɞɜŮɠ x, y əŬɘ z) əŬɘ ɡˊɞůŰɖɟɑɕŮɘ ˊɚŬůŰɘəɐ, ɡˊŮɟŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ, Ůɟˊɡůɛɧ, 
ɛŮɔɎɚŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ ɛŮŰŬŰɞˊɑůŮɘɠ [44]. 

 
ȺɘəɧɜŬ 4.2 ȷˊŮɘəɧɜɘůɖ Űɞɡ ůŰɞɘɢŮɑɞɡ SOLID187 [44]  

ũɘŬ Űɖɜ ŬɟɘɗɛɖŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ ŭɨɞ ůɤɛɎŰɤɜ ůŰɞ 

ɛɞɜŰɏɚɞ, ɏɔɘɜŮ ɖ ɢɟɐůɖ Űɤɜ ɓɞɖɗɖŰɘəɩɜ ůŰɞɘɢŮɑɤɜ CONTA174 əŬɘ TARGE170. ɇŬ 
ůŰɞɘɢŮɑŬ ŬɡŰɎ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘűŬɜŮɘŬəɐɠ ŮˊŬűɐɠ (contact) 
ɛŮŰŬɝɨ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟɤɜ ůŰŮɟŮɩɜ. 

ɇɞ ůŰɞɘɢŮɑɞ TARGE170 ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ŬɜŬˊŬɟɎůŰŬůɖ ŮˊɘűŬɜŮɘɩɜ 

ůŰɧɢɤɜ (target surfaces) ɛŮ ůəɞˊɧ Űɖɜ ŮɝɡˊɖɟɏŰɖůɖ Űɖɠ ŮˊŬűɐɠ ɛŮŰŬɝɨ ůɤɛɎŰɤɜ ůŰɞ 
ɛɞɜŰɏɚɞ. ȼ ŮˊɘűɎɜŮɘŬ ůŰɧɢɞɠ ŭɘŬəɟɘŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ Ůɜɧɠ ůɡɜɧɚɞɡ ůŰɞɘɢŮɑɤɜ əŬɘ 
ŬɜŰɘůŰɞɘɢɑɕŮŰŬɘ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ (contact surface) ɛɏůɤ Ůɜɧɠ əɞɘɜɞɨ ůɡɜɧɚɞɡ 
ˊɟŬɔɛŬŰɘəɩɜ ůŰŬɗŮɟɩɜ (real constant set). ɇɞ ůŰɞɘɢŮɑɞ ɛˊɞɟŮɑ ɜŬ ŭŮɢɗŮɑ ɛŮŰŬűɞɟɘəɏɠ ɐ 
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əŬɘ ůŰɟɞűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ, ɗŮɟɛɞəɟŬůɑŮɠ əŬɘ ɟŮɨɛŬŰŬ ɐ ɛŬɔɜɖŰɘəɎ ŭɡɜŬɛɘəɎ [45]. 
 

  
ȺɘəɧɜŬ 4.3 ȷˊŮɘəɧɜɘůɖ Űɞɡ ůŰɞɘɢŮɑɞɡ TARGE170 [45]  

ɇɞ ůŰɞɘɢŮɑɞ CONTA174 ŮɑɜŬɘ ŮˊɘűŬɜŮɘŬəɧ ůŰɞɘɢŮɑɞ ŮˊŬűɐɠ, Űɞ ɞˊɞɑɞ ŰɞˊɞɗŮŰŮɑŰŬɘ 
ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ ŰɟɘůŭɘɎůŰŬŰɤɜ ůŰɞɘɢŮɑɤɜ Űɨˊɞɡ solid ɐ shell əŬɘ ŮˊɘŰɟɏˊŮɘ Űɖɜ 
ˊɟɞůɞɛɞɑɤůɖ űŬɘɜɞɛɏɜɤɜ ŮˊŬűɐɠ əŬɘ ɞɚɑůɗɖůɖɠ ɛŮŰŬɝɨ ůɤɛɎŰɤɜ. ȹɘŬɗɏŰŮɘ ɞəŰɩ 
əɧɛɓɞɡɠ əŬɘ ŮɑɜŬɘ ˊɚɐɟɤɠ ůɡɛɓŬŰɧ ɛŮ ůŰɞɘɢŮɑŬ ˊɞɡ ŭɘŬɗɏŰɞɡɜ əɧɛɓɞɡɠ ůŰɞ ɛɏůɞ Űɤɜ 

Ŭəɛɩɜ Űɞɡɠ ɧˊɤɠ ŮɑɜŬɘ Űɞ SOLID187. ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ ɕŮɨɔɖ ɛŮ Űɞ ůŰɞɘɢŮɑɞ 
TARGE170 əŬɘ ɡˊɞůŰɖɟɑɕŮɘ ˊɞɘəɘɚɑŬ ɛɞɜŰɏɚɤɜ Űɟɘɓɐɠ, ɛŮŰŬɝɨ Űɤɜ ɞˊɞɑɤɜ ɘůɞŰɟɞˊɘəɐ 
əŬɘ ŬɜɘůɞŰɟɞˊɘəɐ, əŬɗɩɠ əŬɘ ɛɞɜŰŮɚɞˊɞɑɖůɖ ůɡɔəɧɚɚɖůɖɠ ɐ Ŭˊɞəɧɚɚɖůɖɠ ŮˊɘűŬɜŮɘɩɜ 
(debonding) [46]. 

 
ȺɘəɧɜŬ 4.4 ȷˊŮɘəɧɜɘůɖ Űɞɡ ůŰɞɘɢŮɑɞɡ CONTA174 [46]  

ȾŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Űɤɜ ŮˊŬűɩɜ, ŰŬ ůŰɞɘɢŮɑŬ TARGE170 
ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ Űɤɜ ůɤɛɎŰɤɜ ˊɞɡ ɐŰŬɜ ŮɑŰŮ ůŰŬɗŮɟɎ, ŮɑŰŮ ɡɚɘəɎ 

ůəɚɖɟɧŰŮɟŬ ůŮ ůɢɏůɖ ɛŮ Űɞ ůɩɛŬ ˊɞɡ ɏɟɢɞɜŰŬɘ ůŮ ŮˊŬűɐ, ɧˊɤɠ ůɡɛɓŬɑɜŮɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ 
Űɤɜ əɞɢɚɘɩɜ ůŮ ŮˊŬűɐ ɛŮ Űɞɜ Ŭűɟɧ, ɧˊɞɡ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɤɜ 
ɛŮŰɎɚɚɤɜ əŬɗɘůŰɎ Űɖɜ ɛŮŰŬɚɚɘəɐ ŮˊɘűɎɜŮɘŬ əŬŰŬɚɚɖɚɧŰŮɟɖ ɤɠ ůŰɧɢɞ. ɇŬ ůŰɞɘɢŮɑŬ 
CONTA174 ŰɞˊɞɗŮŰɐɗɖəŬɜ ŬɜŰɑůŰɞɘɢŬ ůŰɘɠ ˊɚŮɡɟɏɠ Űɤɜ ůɤɛɎŰɤɜ ˊɞɡ ŮɛűŬɜɑɕɞɡɜ 

ůɢŮŰɘəɐ ɛŮŰŬŰɧˊɘůɖ ɐ ɢŬɛɖɚɧŰŮɟɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ. 
ɇɏɚɞɠ, ɔɘŬ Űɖɜ Ůˊɘɓɞɚɐ Űɖɠ ˊɟɞɏɜŰŬůɖɠ Űɞɡ əɞɢɚɑŬ ůŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ, 

ŮˊɘɚɏɢɗɖəŮ ɖ ŮűŬɟɛɞɔɐ ŮˊɘűŬɜŮɘŬəɐɠ ˊɑŮůɖɠ ɛɏůɤ Űɖɠ ɢɟɐůɖɠ Űɞɡ ůŰɞɘɢŮɑɞɡ SURF154. 
ɇɞ ůɡɔəŮəɟɘɛɏɜɞ ůŰɞɘɢŮɑɞ ˊɟɞůɞɛɞɘɩɜŮɘ ŮˊɘűŬɜŮɘŬəɎ ɐ ɔɟŬɛɛɘəɎ űɞɟŰɑŬ ůŮ 

ŰɟɘůŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ əŬɘ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ŮɝɤŰŮɟɘəɏɠ ŮˊɘűɎɜŮɘŮɠ Űɤɜ ůŰŮɟŮɩɜ, ɢɤɟɑɠ 
ɜŬ ŮˊɖɟŮɎɕŮɘ Űɖ ɔŮɤɛŮŰɟɑŬ ɐ Űɞɜ əɎɜɜŬɓɞ. ɇɞ ůŰɞɘɢŮɑɞ ɞɟɑɕŮŰŬɘ Ŭˊɧ ŰɏůůŮɟɘɠ ɏɤɠ ɞəŰɩ 
əɧɛɓɞɡɠ əŬɘ ɡˊɞůŰɖɟɑɕŮɘ űɧɟŰɘůɖ əŬŰɎ Űɖɜ x,y əŬɘ z ŭɘŮɨɗɡɜůɖ, ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ɟɡɗɛɑůŮɘɠ 
Űɤɜ ˊŬɟŬɛɏŰɟɤɜ [47].  
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ȺɘəɧɜŬ 4.5 ȷˊŮɘəɧɜɘůɖ Űɞɡ ůŰɞɘɢŮɑɞɡ SURF154 [47]  

4.2.2 ȷɜɎɗŮůɖ Ɉɚɘəɩɜ əŬɘ ȾŬɗɞɟɘůɛɧɠ ȽŭɘɞŰɐŰɤɜ 

 

 ɆŰɞ ŮˊɧɛŮɜɞ ɓɐɛŬ Űɖɠ əŬŰŬůəŮɡɐɠ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ ŮɝŮŰɎɕɞɜŰŬɘ ɞɘ 
ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡɚɘəɩɜ ˊɞɡ ŮɛˊɚɏəɞɜŰŬɘ ůŰɖɜ ˊɟɞůɞɛɞɑɤůɖ. ɇŬ ɡɚɘəɎ ˊɞɡ 

ŬɝɘɞˊɞɘɞɨɜŰŬɘ ůŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ŮɑɜŬɘ ɞ Ŭűɟɧɠ ˊɞɚɡɞɡɟŮɗɎɜɖɠ Űɨˊɞɡ Sawbone, ɞ 
ɞˊɞɑɞɠ ˊɟɞůɞɛɞɘɩɜŮɘ Űɞɜ ůˊɞɔɔɩŭɖ ɞůŰɘəɧ ɘůŰɧ əŬɘ Űɞ əɟɎɛŬ ŰɘŰŬɜɑɞɡ Ti-6Al-7Nb, Ŭˊɧ 
Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ ɞ əɞɢɚɑŬɠ ɞůŰŮɞůɨɜɗŮůɖɠ. 
 Ƀ Ŭűɟɧɠ Sawbone ́ ɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ ŮɛˊɞɟɘəɎ ŭɞəɑɛɘŬ (1522-

03 Pacific Research Laboratories, Vashon Island, WA, USA) ɛŮ ŭɘŬůŰɎůŮɘɠ 40 x 130 x 180 
mm əŬɘ ˊɡəɜɧŰɖŰŬ 0,32 kg/m3 (20 pcf), ɧˊɤɠ ŭɘŬŰɑɗŮɜŰŬɘ Ŭˊɧ Űɖɜ ŮŰŬɘɟŮɑŬ Sawbones®. 
Ƀɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŭɞəɘɛɑɤɜ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŮɠ Ŭˊɧ Űɞɜ əŬŰŬůəŮɡŬůŰɐ əŬɘ 
ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɞəɘɛɏɠ ɛɞɜɞŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ŬɜŬűɏɟŮŰŬɘ 

ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ = 210 MPa, ɧɟɘɞ ŭɘŬɟɟɞɐɠ ůy = 8,4 MPa əŬɘ ɚɧɔɞ Poisson ɜ = 0,3. 
ɇŬ ŭɞəɑɛɘŬ ˊŬɟɞɡůɘɎɕɞɡɜ ŭɘŬűɞɟŮŰɘəɐ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ ůŮ ŮűŮɚəɡůɛɧ əŬɘ ɗɚɑɣɖ, ɧˊɤɠ 
ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɞ ɔɘŬ Ŭűɟɩŭɖ ɡɚɘəɎ. Ⱥɜ ˊɟɞəŮɘɛɏɜɤ, ŮˊɘɚɏɢɗɖəŬɜ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 
ˊɞɡ ˊŮɟɘɔɟɎűɞɡɜ Űɖ ɗɚɘˊŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ, əŬɗɩɠ Űɞ ɡɚɘəɧ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ɡˊɞůŰŮɑ 

əŬŰŬˊɧɜɖůɖ əɡɟɑɤɠ Ŭˊɧ ɗɚɘˊŰɘəɎ űɞɟŰɑŬ əŬɘ ɧɢɘ Ŭˊɧ ŮűŮɚəɡůŰɘəɎ, Űɧůɞ ůŰɞ ˊŮŭɑɞ Űɖɠ 
ŮˊŬűɐɠ ɛŮ Űɞɜ əɞɢɚɑŬ ɧůɞ əŬɘ ůŰɖ ůɡɜɞɚɘəɐ Ŭˊɧəɟɘůɖ Űɖɠ əŬŰŬůəŮɡɐɠ. ȼ ɛɖɢŬɜɘəɐ 
ůɡɛˊŮɟɘűɞɟɎ Űɞɡ Sawbone ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɛɑŬ Ŭɟɢɘəɐ ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɐ ˊŮɟɘɞɢɐ, 
ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ŮəŰŮŰŬɛɏɜɖ ˊɚŬůŰɘəɐ űɎůɖ əŬŰɎ Űɖɜ ɞˊɞɑŬ ɖ ŰɎůɖ ˊŬɟŬɛɏɜŮɘ ůɢŮŭɧɜ 

ůŰŬɗŮɟɐ Ůɜɩ ɖ ˊŬɟŬɛɧɟűɤůɖ ŬɡɝɎɜŮŰŬɘ ůɖɛŬɜŰɘəɎ. ȷɡŰɐ ɖ Ŭˊɧəɟɘůɖ ɞűŮɑɚŮŰŬɘ ůŰɞɜ 
ɛɖɢŬɜɘůɛɧ ůŰŬŭɘŬəɐɠ əŬŰɎɟɟŮɡůɖɠ Űɤɜ əɡɣŮɚɞŮɘŭɩɜ ŭɞɛɩɜ Űɞɡ Ŭűɟɞɨ, ɢɤɟɑɠ ɜŬ 
ůɡɜŭɡɎɕŮɘ Űɖɜ Ŭɨɝɖůɖ ŬɜŰɞɢɐɠ Űɞɡ ɡɚɘəɞɨ. ȳˊɤɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɞɡɠ Tu, Shim əŬɘ 
Lim [48], ɖ ˊɚŬůŰɘəɐ űɎůɖ Űɤɜ ɎəŬɛˊŰɤɜ Ŭűɟɩɜ ˊɞɚɡɞɡɟŮɗɎɜɖɠ ɡˊɧ ůŰŬŰɘəɐ űɧɟŰɘůɖ 

ŮɑɜŬɘ ˊŬɟŬŰŮŰŬɛɏɜɖ əŬɘ ŭŮɜ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ůɖɛŬɜŰɘəɐ ůəɚɐɟɡɜůɖ, Ůɜɩ ɞɘ Thompson et 
al. [49] əŬŰŬɔɟɎűɞɡɜ Űɖ ɛɘəɟɐ ɛŮŰŬɓɞɚɐ Űɖɠ ŰɎůɖɠ ŮɜŰɧɠ Űɖɠ ˊɚŬůŰɘəɐɠ ˊŮɟɘɞɢɐɠ əŬɘ Űɖɜ 
ŬˊɞɡůɑŬ ŬˊɧŰɞɛɖɠ ˊŬɟŬɛɧɟűɤůɖɠ. ȸɎůŮɘ Űɤɜ ˊŬɟŬˊɎɜɤ, ɖ ŬɟɘɗɛɖŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ 
Űɞɡ ɡɚɘəɞɨ ɡɚɞˊɞɘɐɗɖəŮ ɛŮ ŭɘŬɔɟŬɛɛɘəɧ ŮɚŬůŰɞˊɚŬůŰɘəɧ ɛɞɜŰɏɚɞ (bilinear isotropic 

hardening) ɛŮ ɛɘəɟɧ ɛɏŰɟɞ əɟɎŰɡɜůɖɠ H = 1 MPa. 
 Ƀ əɞɢɚɑŬɠ ɞůŰŮɞůɨɜɗŮůɖɠ ŮɑɜŬɘ əŬŰŬůəŮɡŬůɛɏɜɞɠ Ŭˊɧ Űɞ əɟɎɛŬ ŰɘŰŬɜɑɞɡ Ti-6Al-
7Nb, ɏɜŬ ɓɘɞɥŬŰɟɘəɧ ɡɚɘəɧ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ůŮ ŮɛűɡŰŮɨɛŬŰŬ ɚɧɔɤ Űɖɠ ɡɣɖɚɐɠ 
ɛɖɢŬɜɘəɐɠ ŬɜŰɞɢɐɠ, Űɖɠ ɓɘɞůɡɛɓŬŰɧŰɖŰŬɠ əŬɘ Űɖɠ ŮɝŬɘɟŮŰɘəɐɠ ŬɜŰɞɢɐɠ ůŰɖ ŭɘɎɓɟɤůɖ. 

ȺɛűŬɜɑɕŮɘ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Ⱥ = 105 GPa , ɧɟɘɞ ŭɘŬɟɟɞɐɠ ůy = 900 MPa əŬɘ ɚɧɔɞ 
Poisson ɜ = 0,36 [50]. 
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4.2.3 ũŮɤɛŮŰɟɑŬ ɀɞɜŰɏɚɞɡ 

 

 ɇɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ ůŰɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ ɛɞɜŰɏɚɞɡ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŮɑɜŬɘ ɖ 

ůɢŮŭɑŬůɖ Űɤɜ ɔŮɤɛŮŰɟɘəɩɜ ŭɘŬŰɎɝŮɤɜ ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ. ɆŰɘɠ ŭɘŬŰɎɝŮɘɠ ŬɡŰɏɠ 
ŬɜŬˊŬɟɑůŰŬŰŬɘ ɖ ɛɞɟűɞɚɞɔɑŬ Űɤɜ ůɤɛɎŰɤɜ ˊɞɡ ɛɞɜŰŮɚɞˊɞɘɞɨɜŰŬɘ əŬɘ Űɖɠ ůɢŮŰɘəɐɠ Űɞɡɠ 
ɗɏůɖɠ ůŰɞɜ ɢɩɟɞ. 
 ȼ ɔŮɤɛŮŰɟɑŬ Űɞɡ əɞɢɚɑŬ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ůɢŮŭɘɎůŰɖəŮ ůŰɞ Autodesk Inventor, 

ůɨɛűɤɜŬ ɛŮ Űɘɠ ŭɘŬůŰɎůŮɘɠ Űɞɡ ˊɟɞŰɨ́ ɞɡ ISO 5835:1991, ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ Űɖ ŭɖɛɘɞɡɟɔɑŬ 
Ůɜɧɠ ůɡɛˊŬɔɞɨɠ ɛɞɜŰɏɚɞɡ Ůə ˊŮɟɘůŰɟɞűɐɠ. ȷɟɢɘəɎ əŬŰŬůəŮɡɎůŰɖəŮ ůŮ ŭɘůŭɘɎůŰŬŰɞ 
ŮˊɑˊŮŭɞ Űɞ ˊɚɐɟŮɠ ŮɔəɎɟůɘɞ ˊɟɞűɑɚ Űɞɡ əɞɢɚɑŬ (ȺɘəɧɜŬ 4.6, ȺɘəɧɜŬ 4.7). ɇɞ ůəɑŰůɞ 
ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ɛɞɟűɐ Űɖɠ əŮűŬɚɐɠ, Űɖ ɛɞɟűɐ Űɖɠ ɛɨŰɖɠ əŬɗɩɠ əŬɘ Űɖ ɛŮŰɎɓŬůɖ ˊɟɞɠ 

Űɞɜ əɨɟɘɞ əɞɟɛɧ Űɞɡ əɞɢɚɑŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɛŮ Űɖ ɢɟɐůɖ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ çRevolve», Űɞ 
ˊɟɞűɑɚ ́ ŮɟɘůŰɟɎűɖəŮ ɔɨɟɤ Ŭˊɧ Űɞɜ ŭɘŬɛɐəɖ ɎɝɞɜŬ xôx ŭɖɛɘɞɡɟɔɩɜŰŬɠ Űɞɜ ŰɟɘůŭɘɎůŰŬŰɞ, 
ůɡɛˊŬɔɐ əɞɢɚɑŬ ɢɤɟɑɠ ůˊŮɑɟɤɛŬ (ȺɘəɧɜŬ 4.8).  
 

 
ȺɘəɧɜŬ 4.6 ȺɔəɎɟůɘɞ ˊɟɞűɑɚ Űɞɡ əɞɢɚɑŬ 

 
ȺɘəɧɜŬ 4.7 ɀɞɟűɐ Űɖɠ əŮűŬɚɐɠ əŬɘ Űɖɠ ɛɨŰɖɠ Űɞɡ əɞɢɚɑŬ 

 
ȺɘəɧɜŬ 4.8 ɇɟɘůŭɘɎůŰŬŰɖ ŬˊŮɘəɧɜɘůɖ Űɞɡ əɞɢɚɑŬ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ɛŮŰɎ Űɖɜ ˊŮɟɘůŰɟɞűɐ Űɞɡ ŮɔəɎɟůɘɞɡ ˊɟɞűɑɚ, ˊɟɘɜ Űɖɜ 

ˊɟɞůɗɐəɖ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ. 

ũɘŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ, ůɢŮŭɘɎůŰɖəŮ ɝŮɢɤɟɘůŰɎ Űɞ ŮɔəɎɟůɘɞ ˊɟɞűɑɚ Űɖɠ 
ůˊŮɘɟɞŮɘŭɞɨɠ Ůɔəɞˊɐɠ. ɇɞ ˊɟɞűɑɚ ŰɞˊɞɗŮŰɐɗɖəŮ ůŰɞ Űɏɚɞɠ Űɞɡ ɎɝɞɜŬ Űɞɡ əɞɢɚɑŬ, ůŰɞ 

əŬŰɎɚɚɖɚɞ ůɖɛŮɑɞ ɛˊɟɞůŰɎ Ŭˊɧ Űɖɜ əɤɜɘəɐ ɛɨŰɖ (ȺɘəɧɜŬ 4.9). ɆŰɖ ůɡɜɏɢŮɘŬ 
ŮűŬɟɛɧůŰɖəŮ ɖ ɚŮɘŰɞɡɟɔɑŬ ŮɚɘəɞŮɘŭɞɨɠ ŭɘŬŭɟɞɛɐɠ (coil feature), ɩůŰŮ Űɞ ˊɟɞűɑɚ ɜŬ 
ŬəɞɚɞɡɗɐůŮɘ ŮɚɘəɞŮɘŭɩɠ Űɖ ɔŮɤɛŮŰɟɘəɐ ŰɟɞɢɘɎ əŬŰɎ ɛɐəɞɠ Űɞɡ ɎɝɞɜŬ. ȾŬŰɎ Űɖ ŭɘŬŭɟɞɛɐ 
ŬɡŰɐ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŬűŬɑɟŮůɖ ɡɚɘəɞɨ Ŭˊɧ Űɞ ůɩɛŬ Űɞɡ əɞɢɚɑŬ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ 
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ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ. ȾŬŰŬůəŮɡɎůŰɖəŮ ŬɟɢɘəɎ ɞ əɞɢɚɑŬɠ ɛŮ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 
16 mm, ɧˊɤɠ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 4.10. 
 

 
ȺɘəɧɜŬ 4.9 ȺɔəɎɟůɘɞ ˊɟɞűɑɚ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ 

 
ȺɘəɧɜŬ 4.10 ȾɞɢɚɑŬɠ ůˊɞɜŭɡɚɞŭŮůɑŬɠ ɛŮ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 16 ɢɘɚɘɞůŰɎ  

ɆŰɖ ůɡɜɏɢŮɘŬ, ɖ ɔŮɤɛŮŰɟɑŬ Ůɝɐɢɗɖ ůŮ ŬɟɢŮɑɞ ɛɞɟűɐɠ IGES (Initial Graphics 
Exchange Specification), Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑ ɞɡŭɏŰŮɟɞ ˊɟɧŰɡˊɞ ŬɜŰŬɚɚŬɔɐɠ ɔŮɤɛŮŰɟɘəɩɜ 

ŭŮŭɞɛɏɜɤɜ, ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖ ɛŮŰŬűɞɟɎ əŬɛˊɡɚɩɜ, ŮˊɘűŬɜŮɘɩɜ əŬɘ ɔŮɜɘəɧŰŮɟŬ 
ɔŮɤɛŮŰɟɘəɩɜ ɞɜŰɞŰɐŰɤɜ ɛŮŰŬɝɨ ŭɘŬűɞɟŮŰɘəɩɜ ɚɞɔɘůɛɘəɩɜ CAD əŬɘ CAE, ɛŮ ůəɞˊɧ ɜŬ 
ŮɘůŬɢɗŮɑ əŬɘ ɜŬ ŬɜŬɔɜɤɟɘůŰŮɑ Ŭˊɧ Űɞ ˊŮɟɘɓɎɚɚɞɜ Űɞɡ ANSYS. 
 ȷűɞɨ ɞɚɞəɚɖɟɤɗŮɑ ɖ ŮɘůŬɔɤɔɐ Űɞɡ ŬɟɢŮɑɞɡ ɛɞɟűɐɠ IGES ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ 

ɔŮɤɛŮŰɟɑŬ Űɞɡ əɞɢɚɑŬ, ɖ ŭɘŬŭɘəŬůɑŬ ůɡɜŮɢɑɕŮŰŬɘ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ Űɞɡ Design Modeler Űɞɡ 
ANSYS. ȺəŮɑ, ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɛɘŬ ŰŮŰɟŬɔɤɜɘəɐ ŮˊɘűɎɜŮɘŬ ɛŮ ˊɚŮɡɟɎ 40 mm, ŰɞˊɞɗŮŰɖɛɏɜɖ 
ɏŰůɘ ɩůŰŮ Űɞ əɏɜŰɟɞ Űɖɠ ɜŬ ůɡɛˊɑˊŰŮɘ ɛŮ ŮəŮɑɜɞ Űɞɡ əɞɢɚɑŬ, ůŮ ŬˊɧůŰŬůɖ 4,6 mm əŬŰɎ 
ɛɐəɞɠ Űɞɡ ɎɝɞɜɎ Űɞɡ, ŭɖɚŬŭɐ ůŰɞ ůɖɛŮɑɞ Űɞ ɞˊɞɑɞ ɞ əɞɢɚɑŬɠ ŮɑɢŮ ŭɘŮɘůŭɨůŮɘ ůŰɞ 

ˊŮɘɟŬɛŬŰɘəɧ ŭŮɑɔɛŬ. ȼ ŮˊɘűɎɜŮɘŬ ŬɡŰɐ ŮɝɤɗŮɑŰŬɘ əŬŰɎ ɛɐəɞɠ Űɞɡ əɞɢɚɑŬ əŬŰɎ 90 mm 
ɛɏůɤ Űɖɠ ŮɜŰɞɚɐɠ Ůɝɩɗɖůɖɠ (extrude), ɛŮ Űɖ ɟɨɗɛɘůɖ Add Frozen, ɩůŰŮ ŰŬ ŭɨɞ ůŰŮɟŮɎ 
ůɩɛŬŰŬ, ɞ əɞɢɚɑŬɠ əŬɘ Űɞ block Űɞɡ sawbone, ɜŬ ˊŬɟŬɛŮɑɜɞɡɜ ŭɘŬəɟɘŰɎ (ȺɘəɧɜŬ 4.11).  
 

 
ȺɘəɧɜŬ 4.11 ȼ əŬŰɎůŰŬůɖ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ ɛŮŰɎ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ block 

   ȰˊŮɘŰŬ, ŮűŬɟɛɧɕŮŰŬɘ ɔŮɤɛŮŰɟɘəɐ ɚɞɔɘəɐ ˊɟɎɝɖ (Boolean) ɛŮ Ůˊɘɚɞɔɐ ŬűŬɑɟŮůɖɠ 
(subtract), ɛŮ ůŰɧɢɞ Űɖɜ ŬűŬɑɟŮůɖ Űɞɡ ɧɔəɞɡ Űɞɡ əɞɢɚɑŬ Ŭˊɧ Űɞ block. ɀŮ ŬɡŰɧɜ Űɞɜ 
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Űɟɧˊɞ, ŭɖɛɘɞɡɟɔŮɑŰŬɘ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ block ɖ Ŭəɟɘɓɐɠ ŬɟɜɖŰɘəɐ ɔŮɤɛŮŰɟɑŬ Űɞɡ əɞɢɚɑŬ, 
ɢɤɟɑɠ ŮˊɘəɎɚɡɣɖ (overlap) Űɤɜ ŭɨɞ ůŰŮɟŮɩɜ ůɤɛɎŰɤɜ, ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖɜ əŬŰɎɚɚɖɚɖ 
ɞɔəɞɛŮŰɟɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ůŰɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ Űɖɠ ŬɜɎɚɡůɖɠ.  

 ɇɏɚɞɠ, ɔɘŬ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ əŬŰɎɔɛŬŰɞɠ ŮűŬɟɛɧɕŮŰŬɘ ɖ ŮɜŰɞɚɐ slice material 
ůŰɞ block, ŭɘŬɢɤɟɑɕɞɜŰŬɠ Űɞ ůŮ ŭɨɞ ŬɜŮɝɎɟŰɖŰŬ ŰɛɐɛŬŰŬ, əŬŰɎ Űɟɧˊɞ ŬɜɎɚɞɔɞ ɛŮ Űɖ 
ŭɘɎŰŬɝɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɞ ˊŮɑɟŬɛŬ, ɢɤɟɑɠ ɜŬ ŮˊɖɟŮŬůŰŮɑ ɔŮɤɛŮŰɟɘəɎ ɞ əɞɢɚɑŬɠ 
(ȺɘəɧɜŬ 4.12).  

 

 
ȺɘəɧɜŬ 4.12 ȼ əŬŰɎůŰŬůɖ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ ɛŮŰɎ Űɖ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ əŬŰɎɔɛŬŰɞɠ 

 ɆŮ ŬɡŰɧ Űɞ ůŰɎŭɘɞ, ɖ ɔŮɤɛŮŰɟɑŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ ŮɑɜŬɘ ˊɚɏɞɜ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ Űɖɠ 

ˊŮɘɟŬɛŬŰɘəɐɠ ŭɘɎŰŬɝɖɠ. ɋůŰɧůɞ, ɔɘŬ ɜŬ əŬŰŬůŰŮɑ ŭɡɜŬŰɐ ɖ ˊŬɟŬɔɤɔɐ ŭɞɛɖɛɏɜɞɡ 
ɡˊɞɚɞɔɘůŰɘəɞɨ əŬɘ ůɡɛɛŮŰɟɘəɞɨ əŬɜɜɎɓɞɡ ŬˊŬɘŰŮɑŰŬɘ ˊŮɟŬɘŰɏɟɤ ŮˊŮɝŮɟɔŬůɑŬ əŬɘ 
ˊɟɞŮŰɞɘɛŬůɑŬ. ȷɟɢɘəɎ, ɞ əɞɢɚɑŬɠ ŭɘŬɢɤɟɑɕŮŰŬɘ ůŮ ŰɟɑŬ Ůˊɘɛɏɟɞɡɠ ůŰŮɟŮɎ ůɩɛŬŰŬ, Űɖɜ 
əŮűŬɚɐ, Űɞɜ əɞɟɛɧ (shaft) əŬɘ Űɖɜ ˊŮɟɘɞɢɐ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ, ɛɏůɤ Űɖɠ ŮɜŰɞɚɐɠ Slice 

Material. ɆŰɖ ůɡɜɏɢŮɘŬ, ŰŬ ŰɟɑŬ ŬɡŰɎ ůɩɛŬŰŬ ůɡɜŮɜɩɜɞɜŰŬɘ ůŮ ŮɜɘŬɑɞ Part ɛŮ Űɖ ɢɟɐůɖ 
Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Form New Part, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɛűŬɜɑɕɞɜŰŬɘ ɤɠ ɏɜŬ ŮɜɘŬɑɞ ůɩɛŬ ůŰɞ 
ˊŮɟɘɓɎɚɚɞɜ Űɞɡ ANSYS. ȼ ŮɜɏɟɔŮɘŬ ŬɡŰɐ ŮɝŬůűŬɚɑɕŮɘ ɧŰɘ ɞɘ əɞɘɜɏɠ ɔŮɤɛŮŰɟɘəɏɠ 
ŮˊɘűɎɜŮɘŮɠ Űɤɜ Ůˊɘɛɏɟɞɡɠ ŰɛɖɛɎŰɤɜ ŭɘŬŰɖɟɞɨɜŰŬɘ ůɡɜŮɢŮɑɠ, əŬɗɩɠ Űɞ ɚɞɔɘůɛɘəɧ ŰŬɡŰɑɕŮɘ 

ŬɡŰɧɛŬŰŬ Űɞɡɠ əɧɛɓɞɡɠ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ŭɖɛɘɞɡɟɔɑŬɠ Űɞɡ əŬɜɜɎɓɞɡ. ɀŮ ŬɡŰɧɜ Űɞɜ 
Űɟɧˊɞ, ŬˊɞűŮɨɔŮŰŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ŬůɡɜŮɢŮɘɩɜ ɐ ŬɜɎɔəɖ ɞɟɘůɛɞɨ ˊɟɧůɗŮŰɤɜ ˊŮɟɘɞɢɩɜ 
ŮˊŬűɐɠ ɛŮŰŬɝɨ Űɤɜ ŭɘŬəɟɘŰɩɜ ɔŮɤɛŮŰɟɘəɩɜ ˊŮɟɘɞɢɩɜ, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ŭɑɜŮŰŬɘ ɖ 
ŭɡɜŬŰɧŰɖŰŬ ˊŬɟŬɔɤɔɐɠ əŬɜɜɎɓɞɡ ɔɘŬ əɎɗŮ ŰɛɐɛŬ ɝŮɢɤɟɘůŰɎ, Ŭəɧɛɖ əŬɘ ɛŮ ŭɘŬűɞɟŮŰɘəɐ 

ɛŮɗɞŭɞɚɞɔɑŬ ɧŰŬɜ ŬɡŰɧ əɟɑɜŮŰŬɘ ŬˊŬɟŬɑŰɖŰɞ. 
ȷɜŰɑůŰɞɘɢɖ ŮˊŮɝŮɟɔŬůɑŬ ŮűŬɟɛɧɕŮŰŬɘ əŬɘ ůŰɞ ɔŮɤɛŮŰɟɘəɧ ɛɞɜŰɏɚɞ Űɞɡ sawbone. 

ɇɞ ŭŮɝɑ ɛˊɚɞə Űɤɜ 60 mm, ˊɞɡ ˊŮɟɘɓɎɚɚŮɘ ŰɛɐɛŬ Űɞɡ əɞɟɛɞɨ Űɞɡ əɞɢɚɑŬ əŬɘ ŰŬ 
ůˊŮɘɟɩɛŬŰŬ, ŭɘŬɢɤɟɑɕŮŰŬɘ Ůˊɘˊɚɏɞɜ ůŮ ŭɨɞ ŰɛɐɛŬŰŬ, ůŰɞ ŮˊɑˊŮŭɞ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ 

ɛŮŰɎɓŬůɖ ɛŮŰŬɝɨ Űɞɡ əɞɟɛɞɨ əŬɘ Űɖɠ ůˊŮɘɟŮɘŭɞɨɠ ˊŮɟɘɞɢɐɠ Űɞɡ əɞɢɚɑŬ, ɧˊɤɠ Ŭəɟɘɓɩɠ 
ɏɔɘɜŮ ɔɘŬ Űɞɜ ŭɘŬɢɤɟɘůɛɧ Űɞɡ ɑŭɘɞɡ Űɞɡ əɞɢɚɑŬ. Ƀ ŭɘŬɢɤɟɘůɛɧɠ ŬɡŰɧɠ ŬˊɞůəɞˊŮɑ ůŰɖɜ 
əŬɚɨŰŮɟɖ ŭɘŬɢŮɑɟɘůɖ Űɞɡ əŬɜɜɎɓɞɡ ůŰɘɠ əɟɑůɘɛŮɠ ˊŮɟɘɞɢɏɠ ŮəŬŰɏɟɤɗŮɜ Űɞɡ əŬŰɎɔɛŬŰɞɠ. 
ɇɞ ŬɟɘůŰŮɟɧ block Űɤɜ 30 mm ŬɟɘůŰŮɟɎ Űɞɡ əŬŰɎɔɛŬŰɞɠ əŬɘ Űɞ ɛŮůŬɑɞ block ŭŮɝɘɎ Űɞɡ 

əŬŰɎɔɛŬŰɞɠ ɢɤɟɑɕɞɜŰŬɘ ˊŮɟŬɘŰɏɟɤ ɛŮ Űɞɛɏɠ əŬŰɎ ɛɐəɞɠ Űɤɜ ŭɨɞ ŭɘŬɔɩɜɘɩɜ Űɞɡɠ, 
ŭɖɛɘɞɡɟɔɩɜŰŬɠ ŰɏůůŮɟŬ Ůˊɘɛɏɟɞɡɠ ůɩɛŬŰŬ ůŰɞ əɎɗŮ ɏɜŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, ŰŬ ŰɏůůŮɟŬ 
ůɩɛŬŰŬ Űɞɡ ŬɟɘůŰŮɟɞɨ block ŮɜɩɜɞɜŰŬɘ ůŮ ŮɜɘŬɑɞ Part, ŭɘŬŰɖɟɩɜŰŬɠ Űɖɜ ɔŮɤɛŮŰɟɘəɐ 
ůɡɜɏɢŮɘŬ. ȷɜŰɑůŰɞɘɢŬ, ŰŬ ŰɏůůŮɟŬ ůɩɛŬŰŬ Űɞɡ ɛŮůŬɑɞɡ block ŮɜɩɜɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ, 

ŬɚɚɎ əŬɘ ɛŮ Űɞ ŭŮɝɘɧ ůɩɛŬ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŬɟɜɖŰɘəɐ ɔŮɤɛŮŰɟɑŬ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ, 
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ůɢɖɛŬŰɑɕɞɜŰŬɠ ɏɜŬ ŮɜɘŬɑɞ Part ɔɘŬ Űɞ ůɡɜɞɚɘəɧ block Űɤɜ 60 mm. ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ, Űɞ 
ɚɞɔɘůɛɘəɧ ŬɜŬɔɜɤɟɑɕŮɘ Űɞ block ɤɠ ŮɜɘŬɑɞ ɔŮɤɛŮŰɟɘəɧ ŬɜŰɘəŮɑɛŮɜɞ, ˊŬɟɧɚɞ ˊɞɡ ɏɢŮɘ 
ŭɘŬɢɤɟɘůŰŮɑ ůŮ Ůˊɘɛɏɟɞɡɠ ůɩɛŬŰŬ ɔɘŬ Űɖɜ ŮɝɡˊɖɟɏŰɖůɖ ŭɖɛɘɞɡɟɔɑŬɠ Űɞɡ əŬɜɜɎɓɞɡ. 

ȼ ˊŬɟŬˊɎɜɤ ŭɘŬŭɘəŬůɑŬ ŬˊɞůəɞˊɞɨůŮ ůŰɖ ŭɘŬɛɧɟűɤůɖ Űɤɜ ŭɨɞ ŰɛɖɛɎŰɤɜ Űɞɡ 
sawbone ́ ɞɡ ɓɟɑůəɞɜŰŬɘ ŮəŬŰɏɟɤɗŮɜ Űɞɡ əŬŰɎɔɛŬŰɞɠ, ŭɖɚŬŭɐ Űɞɡ ŬɟɘůŰŮɟɞɨ block Űɤɜ 
30 mm əŬɘ Űɞɡ ɛŮůŬɑɞɡ ŰɛɐɛŬŰɞɠ Űɞɡ ŭŮɝɘɞɨ block Űɤɜ 60 mm, ɛŮ Űɟɧˊɞ ɩůŰŮ ɜŬ əŬŰŬůŰŮɑ 
ŭɡɜŬŰɐ ɖ ŭɖɛɘɞɡɟɔɑŬ ŭɞɛɖɛɏɜɞɡ, ŮɝŬŮŭɟɘəɞɨ əŬɘ ůɡɛɛŮŰɟɘəɞɨ əŬɜɜɎɓɞɡ ɡɣɖɚɐɠ 

ˊɞɘɧŰɖŰŬɠ ůŰɘɠ əɟɑůɘɛŮɠ ˊŮɟɘɞɢɏɠ Űɞɡ ɛɞɜŰɏɚɞɡ. ȷɜŰɑɗŮŰŬ, Űɞ ŭŮɝɘɧŰŮɟɞ ŰɛɐɛŬ Űɞɡ block, 
Űɞ ɞˊɞɑɞ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŬɟɜɖŰɘəɐ ɔŮɤɛŮŰɟɑŬ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ, ɚɧɔɤ Űɖɠ 
ɔŮɤɛŮŰɟɘəɐɠ Űɞɡ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ, ŭŮɜ ŮˊɘŰɟɏˊŮɘ Űɖɜ ˊŬɟŬɔɤɔɐ ŭɞɛɖɛɏɜɞɡ əŬɜɜɎɓɞɡ ɛŮ 
ŮɝŬŮŭɟɘəɎ ůŰɞɘɢŮɑŬ əŬɘ Ůˊɞɛɏɜɤɠ ˊɟɞɞɟɑɕŮŰŬɘ ɔɘŬ əɎɜɜŬɓɞ ɛŮ ŰŮŰɟŬŮŭɟɘəɎ ůŰɞɘɢŮɑŬ. 

ɆɡɜɞɚɘəɎ, ɖ ŰŮɚɘəɐ ɔŮɤɛŮŰɟɘəɐ ŭɘɎŰŬɝɖ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟɑŬ ŭɘŬəɟɘŰɎ Parts, Űɞɜ əɞɢɚɑŬ, 
Űɞ ŬɟɘůŰŮɟɧ block Űɤɜ 30 mm əŬɘ Űɞ ŭŮɝɘɧ block Űɤɜ 60 mm. 

Ʉɟɘɜ Űɖɜ ɞɟɘůŰɘəɞˊɞɑɖůɖ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ əŬɘ Űɖ ɛŮŰɎɓŬůɖ ůŰɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ, 
ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɔŮɤɛŮŰɟɘəɧɠ ɏɚŮɔɢɞɠ əŬɘ Ůˊɘŭɘɧɟɗɤůɖ (repair) ůŰɞ ˊŮɟɘɓɎɚɚɞɜ Űɞɡ 

SpaceClaim Űɞɡ ANSYS. ȾŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ, ŮɜŰɞˊɑůŰɖəŬɜ ŭɨɞ ůɖɛŮɑŬ ɛŮ 
ŬůɡɜɏɢŮɘŮɠ Ŭəɛɩɜ (split edges) əŬɘ ŰɟɘŬɜŰŬɏɜŬ ůɖɛŮɑŬ ɛŮ ŬɜŬəɟɘɓŮɑɠ ɔŮɤɛŮŰɟɘəɏɠ 
ůɡɜŭɏůŮɘɠ (inexact edges), ŰŬ ɞˊɞɑŬ ŮˊɘŭɘɞɟɗɩɗɖəŬɜ ŬɡŰɧɛŬŰŬ ɛɏůɤ Űɤɜ ŭɘŬɗɏůɘɛɤɜ 
ŮɟɔŬɚŮɑɤɜ ŮˊŮɝŮɟɔŬůɑŬɠ. ɀŮ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɤɜ ŮˊŮɛɓɎůŮɤɜ ŬɡŰɩɜ, ɖ ɔŮɤɛŮŰɟɑŬ 

ŭɘŬɛɞɟűɩɗɖəŮ ůŮ ˊɚɐɟɤɠ ŬˊɞŭŮəŰɐ əŬŰɎůŰŬůɖ əŬɘ ŮɑɜŬɘ ˊɚɏɞɜ ɏŰɞɘɛɖ ɜŬ ŬɝɘɞˊɞɘɖɗŮɑ ůŰɞ 
ŮˊɧɛŮɜɞ ůŰɎŭɘɞ Űɖɠ ɡˊɞɚɞɔɘůŰɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ. ȷəɟɘɓɩɠ ɑŭɘŬ ŭɘŬŭɘəŬůɑŬ ŮˊŬɜŬɚɐűɗɖəŮ 
ɔɘŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ Űɖɠ ŬɜŰɑůŰɞɘɢɖɠ ɔŮɤɛŮŰɟɑŬɠ ɛŮ Űɞɜ əɞɢɚɑŬ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 32 
mm. 

   

 
ȺɘəɧɜŬ 4.13 ɇŮɚɘəɐ ɛɞɟűɐ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ ˊɞɡ ɗŬ ŬɝɘɞˊɞɘɖɗŮɑ ɔɘŬ Űɖɜ ŬɜɎɚɡůɖ. ȾɞɢɚɑŬɠ ɛŮ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 16 mm 

4.2.4 ȹɖɛɘɞɡɟɔɑŬ ȾŬɜɜɎɓɞɡ 

 

 ȰɜŬ Ŭˊɧ ŰŬ ˊɘɞ ůɖɛŬɜŰɘəɎ ůŰɎŭɘŬ Űɖɠ ɛŮɚɏŰɖɠ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŮɑɜŬɘ ɖ 
ŭɖɛɘɞɡɟɔɑŬ əŬŰɎɚɚɖɚɞɡ ɡˊɞɚɞɔɘůŰɘəɞɨ əŬɜɜɎɓɞɡ (mesh). ȼ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ɞɡůɘŬůŰɘəɎ 
ŭɘŬəɟɘŰɞˊɞɘŮɑ Űɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ ůŮ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ, ŰŬ ɞˊɞɑŬ ŬˊɞŰŮɚɞɨɜ 
Űɘɠ ɗŮɛŮɚɘɩŭŮɘɠ ɛɞɜɎŭŮɠ ŮˊɎɜɤ ůŰɘɠ ɞˊɞɑŮɠ ŮˊɘɚɨɞɜŰŬɘ ɞɘ ŮɝɘůɩůŮɘɠ ɘůɞɟɟɞˊɑŬɠ əŬɘ 

ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ ŬˊɞəɟɑůŮɘɠ. ȼ ˊɞɘɧŰɖŰŬ, ɖ ˊɡəɜɧŰɖŰŬ əŬɘ ɖ ɛɞɟűɞɚɞɔɑŬ Űɞɡ 
əŬɜɜɎɓɞɡ ŮˊɖɟŮɎɕɞɡɜ əŬɗɞɟɘůŰɘəɎ Űɖɜ ŬəɟɑɓŮɘŬ əŬɘ Űɖ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ŬɟɘɗɛɖŰɘəɩɜ 
ŬˊɞŰŮɚŮůɛɎŰɤɜ, əŬɗɩɠ əŬɘ Űɞɜ ɡˊɞɚɞɔɘůŰɘəɧ ɢɟɧɜɞ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ 
Űɖɠ ŬɜɎɚɡůɖɠ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, ɖ ŭɖɛɘɞɡɟɔɑŬ əŬŰɎɚɚɖɚɞɡ əŬɜɜɎɓɞɡ ˊɟɞůŬɟɛɞůɛɏɜɞɡ 
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ůŰɘɠ ɔŮɤɛŮŰɟɘəɏɠ əŬɘ ɛɖɢŬɜɘəɏɠ ɘŭɘŬɘŰŮɟɧŰɖŰŮɠ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ ŬˊɞŰŮɚŮɑ ŬɜŬˊɧůˊŬůŰɞ 
əŬɘ əŬɗɞɟɘůŰɘəɧ ůŰɎŭɘɞ Űɖɠ ůɡɜɞɚɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ ˊɟɞůɞɛɞɑɤůɖɠ, ŭɘəŬɘɞɚɞɔɩɜŰŬɠ Űɖɜ 
ŮəŰŮɜɐ ŮˊŮɝŮɟɔŬůɑŬ Űɖɠ Ŭɟɢɘəɐɠ ɔŮɤɛŮŰɟɑŬɠ. 

 ȼ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ɡˊɞɚɞɔɘůŰɘəɞɨ əŬɜɜɎɓɞɡ ůɢŮŭɘɎůŰɖəŮ ɩůŰŮ ɜŬ ůɡɜŭɡɎɕŮɘ 
ŭɞɛɖɛɏɜɞ əŬɘ ŬŭɧɛɖŰɞ ˊɚɏɔɛŬ, ɛŮ ůŰɧɢɞ Űɖ ɓɏɚŰɘůŰɖ Ŭˊɧŭɞůɖ Űɧůɞ ůŮ ŬəɟɑɓŮɘŬ ɧůɞ əŬɘ 
ůŮ ɡˊɞɚɞɔɘůŰɘəɐ ŬˊɞŭɞŰɘəɧŰɖŰŬ. ȿɧɔɤ Űɖɠ ɞɟɗɐɠ ŭɘŬɛɧɟűɤůɖɠ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ, ɖ 
ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ Űɞɡ əŬɜɜɎɓɞɡ ůŰɘɠ ŭɞɛɖɛɏɜŮɠ ˊŮɟɘɞɢɏɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖɜ 

ˊɟɞŮˊɘɚŮɔɛɏɜɖ ɛɏɗɞŭɞ Sweep (əŬŰɎ Űɖɜ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ŬɟɢɘəɎ ůŮ ɛɘŬ ŮˊɘɚŮɔɛɏɜɖ 
ŮˊɘűɎɜŮɘŬ ɞ əɎɜɜŬɓɞɠ ɖ ɞˊɞɑŬ ůŰɖ ůɡɜɏɢŮɘŬ ůŬɟɩɜŮŰŬɘ əŬŰɎ ɛɐəɞɠ Űɞɡ ɧɔəɞɡ ůɩɛŬŰɞɠ, 
ŭɘŬŰɖɟɩɜŰŬɠ Űɖ ŭɘɎŰŬɝɖ əŬɘ Űɞɜ Űɨˊɞ ůŰɞɘɢŮɑɤɜ), ɢɤɟɑɠ Űɖɜ ŬɜɎɔəɖ ɢŮɘɟɞəɑɜɖŰɖɠ 
ˊŬɟɏɛɓŬůɖɠ ɐ Ůˊɘɚɞɔɐɠ ŮɜŬɚɚŬəŰɘəɩɜ ɛŮɗɧŭɤɜ, əŬɗɩɠ ɖ ŰɞˊɞɚɞɔɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ 

ŮˊɏŰɟŮˊŮ Űɖɜ ŬɡŰɧɛŬŰɖ ŮűŬɟɛɞɔɐ Űɖɠ əŬŰɎɚɚɖɚɖɠ ŰŮɢɜɘəɐɠ. ȽŭɘŬɑŰŮɟɖ ɏɛűŬůɖ ŭɧɗɖəŮ 
ůŰɖɜ ɞɛɞɘɞɛɞɟűɑŬ əŬɘ ůŰɖ ůɡɛɛŮŰɟɑŬ Űɞɡ əŬɜɜɎɓɞɡ ůŮ ɧɚɞ Űɞ ɛɐəɞɠ Űɧůɞ Űɞɡ 30 mm 
block ɧůɞ əŬɘ Űɞɡ ɛŮůŬɑɞɡ block Űɤɜ 60 mm. ȼ ŬˊŬɑŰɖůɖ ŬɡŰɐ ˊɟɞɏəɡɣŮ ŬűŮɜɧɠ Ŭˊɧ Űɖ 
ůɖɛŬůɑŬ ŬɡŰɩɜ Űɤɜ ˊŮɟɘɞɢɩɜ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ Ŭˊɧəɟɘůɖɠ əŬɘ ŬűŮŰɏɟɞɡ 

Ŭˊɧ Űɖɜ ŬɜɎɔəɖ ɖ ŮˊŬűɐ ɛŮŰŬɝɨ Űɞɡ əɞɟɛɞɨ Űɞɡ əɞɢɚɑŬ əŬɘ Űɖɠ ŮůɤŰŮɟɘəɐɠ ŮˊɘűɎɜŮɘŬɠ 
Űɤɜ ɞˊɩɜ Űɤɜ blocks ɜŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ůŰɞɘɢŮɑŬ ɑŭɘɞɡ ɛŮɔɏɗɞɡɠ ůŮ ɧɚɞ Űɞ ɛɐəɞɠ Űɖɠ, 
ɩůŰŮ ɜŬ ŭɘŬůűŬɚɘůŰŮɑ ɖ ɞɛɞɘɞɔŮɜɐɠ əŬŰŬɜɞɛɐ Űɤɜ əɧɛɓɤɜ əŬɘ ɖ ŬɝɘɧˊɘůŰɖ ˊŮɟɘɔɟŬűɐ Űɖɠ 
ŮˊŬűɐɠ.  

 Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɞɟɑůŰɖəŬɜ 40 ůɡɜɞɚɘəɏɠ ŭɘŬɘɟɏůŮɘɠ (divisions) ůŰɘɠ Ŭəɛɏɠ Űɖɠ 
ɞˊɐɠ Űɤɜ blocks ŮəŬŰɏɟɤɗŮɜ Űɞɡ əŬŰɎɔɛŬŰɞɠ əŬɘ ŮűŬɟɛɧůŰɖəŮ ɔŮɜɘəɧ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ 
1 mm ɛɏůɤ Űɖɠ ɟɨɗɛɘůɖɠ Body Sizing. ȼ Ůˊɘɚɞɔɐ Űɞɡ ɔŮɜɘəɞɨ ɛŮɔɏɗɞɡɠ ůŰɞɘɢŮɑɞɡ 
ˊɟɞɏəɡɣŮ əŬŰɧˊɘɜ ůɡɔəɟɘŰɘəɩɜ ŭɞəɘɛɩɜ, ůŰɞ ˊɚŬɑůɘɞ ɛŮɚɏŰɖɠ ůɨɔəɚɘůɖɠ əŬɜɜɎɓɞɡ. 

ȺɝŮŰɎůŰɖəŬɜ ŭɘŬűɞɟŮŰɘəɎ ɛŮɔɏɗɖ ůŰɞɘɢŮɑɞɡ əŬɘ Ŭɟɘɗɛɞɑ ŭɘŬɘɟɏůŮɤɜ, ɛŮ ůŰɧɢɞ Űɖɜ 
Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ əŬɜɜɎɓɞɡ ůŰŬ ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ. ȼ ŰŮɚɘəɐ Ůˊɘɚɞɔɐ 
ɓŬůɑůŰɖəŮ ůŰɖɜ ˊŬɟŬŰɐɟɖůɖ ɧŰɘ ɔɘŬ Űɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ ɟɡɗɛɑůŮɘɠ Űɞ ɛɞɜŰɏɚɞ ŮɛűŬɜɑɕŮɘ 
ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ Űɘɛɩɜ ŮɜŭɘŬűɏɟɞɜŰɞɠ, ɔŮɔɞɜɧɠ ˊɞɡ ɡˊɞŭɖɚɩɜŮɘ Űɖ ůɨɔəɚɘůɖ Űɖɠ ɚɨůɖɠ 

(ȺɘəɧɜŬ 4.14). 
 

 
 

ȺɘəɧɜŬ 4.14 ȹɞɛɖɛɏɜɞ, ɞɛɞɘɧɛɞɟűɞ əŬɘ ůɡɛɛŮŰɟɘəɧ ˊɚɏɔɛŬ ůŰɞ block Űɤɜ 30 mm 

 ȷɜŰɑɗŮŰŬ, ɔɘŬ Űɞ ŭŮɝɘɧŰŮɟɞ ŰɛɐɛŬ Űɞɡ block Űɤɜ 60 mm, ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ 
ŬɟɜɖŰɘəɐ ɔŮɤɛŮŰɟɑŬ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ, ŭɘŬŰɖɟɐɗɖəŬɜ ɞɘ ˊɟɞŮˊɘɚŮɔɛɏɜŮɠ ɟɡɗɛɑůŮɘɠ 
ɛŮɔɏɗɞɡɠ Űɤɜ ůŰɞɘɢŮɑɤɜ, ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖ ɢɟɐůɖ ɛŮɔŬɚɨŰŮɟɤɜ ŰŮŰɟŬŮŭɟɘəɩɜ ůŰɞɘɢŮɑɤɜ. ȼ 
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Ůˊɘɚɞɔɐ ŬɡŰɐ ˊŮɟɘɞɟɑɕŮɘ Űɞɜ ůɡɜɞɚɘəɧ Ŭɟɘɗɛɧ ůŰɞɘɢŮɑɤɜ ůŮ ɛɑŬ ˊŮɟɘɞɢɐ ŭŮɡŰŮɟŮɨɞɡůŬɠ 
ůɖɛŬůɑŬɠ ɔɘŬ Űɖ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ, ůɡɛɓɎɚɚɞɜŰŬɠ ůŰɖ ɛŮɑɤůɖ Űɞɡ ɡˊɞɚɞɔɘůŰɘəɞɨ 
əɧůŰɞɡɠ əŬɘ ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖ ůɨɜŭŮůɖ Űɞɡ əŬɜɜɎɓɞɡ Ŭˊɧ Űɞ ŭɞɛɖɛɏɜɞ ˊɟɞɠ Űɞ ŬŭɧɛɖŰɞ 

ɛɏɟɞɠ Űɞɡ (ȺɘəɧɜŬ 4.15). ɇɞ ˊɚɏɞɜ əɟɑůɘɛɞ ŰɛɐɛŬ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ block ŮɑɜŬɘ ɖ 
ˊŮɟɘɞɢɐ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŬɟɜɖŰɘəɐ ɔŮɤɛŮŰɟɑŬ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ, əŬɗɩɠ 
ůŮ ŬɡŰɐ Űɖ ɕɩɜɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɖ ŮˊŬűɐ ɛŮ Űɘɠ ˊɚŮɡɟɘəɏɠ ŮˊɘűɎɜŮɘŮɠ (flanks) Űɤɜ 
ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ. ȼ ŮˊŬűɐ ŬɡŰɐ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ˊɞɚɡɎɟɘɗɛŮɠ 

ɛɘəɟɞɛŮŰŬəɘɜɐůŮɘɠ əŬɘ ɏɜŰɞɜŬ ɛɖ-ɔɟŬɛɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɚɧɔɞ Űɟɘɓɐɠ, ɔŮɔɞɜɧɠ ˊɞɡ 
əŬɗɘůŰɎ ŬˊŬɟŬɑŰɖŰɖ Űɖ ɢɟɐůɖ ɘŭɘŬɑŰŮɟŬ ˊɡəɜɞɨ ˊɚɏɔɛŬŰɞɠ. ȼ Ůˊɘɚɞɔɐ ŬɡŰɐ ŬˊɞůəɞˊŮɑ 
ůŰɞ ɜŬ ˊŬɟɏɢŮɘ ůŰɞɜ ŮˊɘɚɡŰɐ Űɖ ɔŮɤɛŮŰɟɘəɐ ɚŮˊŰɞɛɏɟŮɘŬ əŬɘ ŬɟɘɗɛɖŰɘəɐ ŬəɟɑɓŮɘŬ ˊɞɡ 
ŬˊŬɘŰɞɨɜŰŬɘ ɔɘŬ ɜŬ ŭɘŬɢŮɘɟɘůŰŮɑ ŬˊɞŰŮɚŮůɛŬŰɘəɎ Űɘɠ ˊɞɚɨˊɚɞəŮɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ˊɞɡ 

ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɘɞɢɐ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ űɧɟŰɘůɖɠ. ũɘŬ ŬɡŰɧɜ 
Űɞɜ ůəɞˊɧ ŮűŬɟɛɧůŰɖəŮ Űɞˊɘəɐ ˊɨəɜɤůɖ ŮˊŬűɐɠ (contact sizing) ɛŮ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ 
0,6 mm ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ŮˊŬűɐɠ (ȺɘəɧɜŬ 4.16). 
 

 
ȺɘəɧɜŬ 4.15 ɄɚɎɔɘŬ ɧɣɖ Űɞɡ ˊɚɏɔɛŬŰɞɠ Űɞɡ ɛɞɜŰɏɚɞɡ ɛŮ əɞɢɚɑŬ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 16 mm. ɇŮŰɟŬŮŭɟɘəɎ ůŰɞɘɢŮɑŬ ůŰɞ 

ŭŮɝɘɧŰŮɟɞ ŰɛɐɛŬ Űɞɡ block 

 
ȺɘəɧɜŬ 4.16 ɇɞˊɘəɐ ˊɨəɜɤůɖ ůŰɖɜ ŮˊŬűɐ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ ɛŮ Űɞ block Űɞɡ sawbone 

 ȷɜŰɑůŰɞɘɢɖ ůŰɟŬŰɖɔɘəɐ ŬəɞɚɞɡɗɐɗɖəŮ əŬɘ ɔɘŬ Űɞɜ əɞɢɚɑŬ. ȼ ˊŮɟɘɞɢɐ əŮűŬɚɐɠ, ɖ 
ɞˊɞɑŬ ŭŮɜ ŬˊɞŰŮɚŮɑ ˊŮɟɘɞɢɐ ŮɜŭɘŬűɏɟɞɜŰɞɠ, əŬɗɩɠ ŭŮɜ ůɡɛɛŮŰɏɢŮɘ ůŰɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ 

ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ, ŭɘŬəɟɘŰɞˊɞɘɐɗɖəŮ ɢɤɟɑɠ Űɖɜ ŮűŬɟɛɞɔɐ ůɡɔəŮəɟɘɛɏɜɞɡ 
ɛŮɔɏɗɞɡɠ ůŰɞɘɢŮɑɞɡ, ŬɝɘɞˊɞɘɩɜŰŬɠ Űɘɠ ˊɟɞŮˊɘɚŮɔɛɏɜŮɠ ɟɡɗɛɑůŮɘɠ Űɞɡ ɚɞɔɘůɛɘəɞɨ. ȼ 
Ůˊɘɚɞɔɐ ŬɡŰɐ ŭɘŮɡəɞɚɨɜŮɘ Űɖ ɛŮŰɎɓŬůɖ Ŭˊɧ Űɞɜ ŬŭɧɛɖŰɞ, ɛŮ ŰŮŰɟŬŮŭɟɘəɎ ůŰɞɘɢŮɑŬ, 
əɎɜɜŬɓɞ ůŰɞɜ ŭɞɛɖɛɏɜɞ, ɛŮ ŮɝŬŮŭɟɘəɎ ůŰɞɘɢŮɑŬ, əɎɜɜŬɓɞ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ ɞ əɞɟɛɧɠ Űɞɡ 

əɞɢɚɑŬ (ȺɘəɧɜŬ 4.17). Ƀ əɞɟɛɧɠ Űɞɡ əɞɢɚɑŬ ŭɘŬəɟɘŰɞˊɞɘɐɗɖəŮ ŬɡŰɧɛŬŰŬ ɛŮ Űɖ ɛɏɗɞŭɞ 
Sweep, ˊŬɟɎɔɞɜŰŬɠ ŭɞɛɖɛɏɜɞ ŮɝŬŮŭɟɘəɧ əɎɜɜŬɓɞ, ɛŮ ůɡɜɞɚɘəɎ 20 ŭɘŬɘɟɏůŮɘɠ ůŰɘɠ 
əɡəɚɘəɏɠ Ŭəɛɏɠ Űɞɡ. ȼ ŭɘɎŰŬɝɖ ŬɡŰɐ ŭɘŬůűŬɚɑɕŮɘ Űɖ ůɡɛɓŬŰɧŰɖŰŬ Űɞɡ ˊɚɏɔɛŬŰɞɠ ɛŮ ŰŬ 
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ŬɜŰɑůŰɞɘɢŬ ůŰɞɘɢŮɑŬ ůŰɘɠ ŮůɤŰŮɟɘəɏɠ ŮˊɘűɎɜŮɘŮɠ Űɤɜ blocks Űɞɡ sawbone (ȺɘəɧɜŬ 4.17). 
ɇɏɚɞɠ, ɖ ůˊŮɘɟɞŮɘŭɐɠ ˊŮɟɘɞɢɐ (threaded part) ŭɘŬəɟɘŰɞˊɞɘɐɗɖəŮ ɛŮ ɔŮɜɘəɧ ɛɏɔŮɗɞɠ 
ůŰɞɘɢŮɑɞɡ 0,6 mm əŬɗɩɠ ˊɟɧəŮɘŰŬɘ ɔɘŬ ɛɘŬ ŬɟəŮŰɎ ˊŮɟɑˊɚɞəɖ ɔŮɤɛŮŰɟɑŬ əŬɘ əɟɑɗɖəŮ 

ŬˊŬɟŬɑŰɖŰɖ ɖ ɢɟɐůɖ ɛɘəɟɩɜ ůŮ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɤɜ ɔɘŬ Űɖɜ ɟŮŬɚɘůŰɘəɐ Ŭˊɧŭɞůɖ Űɖɠ 
ɔŮɤɛŮŰɟɑŬɠ. ɆŰɘɠ ˊɚŮɡɟɘəɏɠ ŮˊɘűɎɜŮɘŮɠ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ, ɧˊɤɠ əŬɘ ůŰɘɠ ŬɜŰɑůŰɞɘɢŮɠ 
ŬɡɚŬəɩůŮɘɠ Űɞɡ sawbone ɧˊɤɠ ŬɜŬűɏɟɗɖəŮ ˊɟɞɖɔɞɡɛɏɜɤɠ, ŮűŬɟɛɧůŰɖəŮ ɐŭɖ 
ˊŮɟɘɔɟŬűŮɑůŬ Űɞˊɘəɐ ˊɨəɜɤůɖ ˊɚɏɔɛŬŰɞɠ ɛŮ ɛɏɔŮɗɞɠ 0,6 mm ɔɘŬ Űɖɜ ɓŮɚŰɑɤůɖ Űɖɠ 

Ŭˊɧŭɞůɖɠ əŬɘ Űɖɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɖɠ ɛɖ-ɔɟŬɛɛɘəɐɠ ŮˊŬűɐɠ ɛŮ Űɟɘɓɐ (ȺɘəɧɜŬ 4.18). ȳɛɞɘŬ 
ŭɘŬŭɘəŬůɑŬ ŬəɞɚɞɡɗɐɗɖəŮ əŬɘ ɔɘŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ əŬɜɜɎɓɞɡ ůŰɞ ɛɞɜŰɏɚɞ ɛŮ Űɞɜ əɞɢɚɑŬ ɛŮ 
ɛɐəɞɠ ůˊŮɘɟɤɛɎŰɤɜ 16 mm. 

 

 
ȺɘəɧɜŬ 4.17 ɀɖ ŭɞɛɖɛɏɜɞɠ ŰŮŰɟŬŮŭɟɘəɧɠ əɎɜɜŬɓɞɠ Űɖɠ əŮűŬɚɐɠ  əŬɘ ŭɞɛɖɛɏɜɞɠ ŮɝŬŮŭɟɘəɧɠ əɎɜɜŬɓɞɠ Űɞɡ əɞɟɛɞɨ 

 
ȺɘəɧɜŬ 4.18 ɀɖ ŭɞɛɖɛɏɜɞɠ ŰŮŰɟŬŮŭɟɘəɧɠ əɎɜɜŬɓɞɠ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ əŬɘ ɖ Űɞˊɘəɐ ˊɨəɜɤůɖ ůŰŬ flanks  

 

4.2.5 Ƀɟɘůɛɧɠ ȺˊŬűɩɜ 

 

 ȷűɞɨ ɞɚɞəɚɖɟɩɗɖəŮ ɖ ɔŮɤɛŮŰɟɘəɐ ɛɞɜŰŮɚɞˊɞɑɖůɖ əŬɘ ɞ ɞɟɑůŰɖəŬɜ ɞɘ Ůˊɘɛɏɟɞɡɠ 
ɧɔəɞɘ Űɞɡ ůɡůŰɐɛŬŰɞɠ, Űɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ ŬűɞɟɎ Űɞɜ əŬɗɞɟɘůɛɧ Űɤɜ ɛŮŰŬɝɨ Űɞɡɠ 
ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛɏůɤ Űɖɠ əŬŰɎɚɚɖɚɖɠ ŭɘŬɢŮɑɟɘůɖɠ Űɤɜ ŮˊŬűɩɜ. Ƀɘ ŮˊŬűɏɠ ŬˊɞŰŮɚɞɨɜ 

ɗŮɛŮɚɘɩŭŮɠ ůŰɞɘɢŮɑɞ ůŰɖ ɛɏɗɞŭɞ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ, əŬɗɩɠ ŮˊɘŰɟɏˊɞɡɜ Űɖ 
ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɤɜ ŭɘŬəɟɘŰɩɜ ůɤɛɎŰɤɜ ɧŰŬɜ ŬɡŰɎ ɏɟɢɞɜŰŬɘ 
ůŮ ŮˊŬűɐ. ɀɏůɤ Űɞɡ əŬŰɎɚɚɖɚɞɡ ɞɟɘůɛɞɨ Űɞɡɠ, ɔɑɜŮŰŬɘ ŮűɘəŰɐ ɖ ˊɟɞůɞɛɞɑɤůɖ ɛɖɢŬɜɘəɩɜ 
űŬɘɜɞɛɏɜɤɜ ɧˊɤɠ ɖ ɛŮŰɎŭɞůɖ ŭɡɜɎɛŮɤɜ, ɖ ŬɜɎˊŰɡɝɖ Űɖɠ Űɟɘɓɐɠ, ɖ ůɨɛˊɚŮɝɖ ɐ ɖ 

ŭɘŬɢɤɟɘůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ŮˊɘűŬɜŮɘɩɜ, ŰŬ ɞˊɞɑŬ ŮˊɖɟŮɎɕɞɡɜ ɎɛŮůŬ Űɖ ɛɖɢŬɜɘəɐ 
Ŭˊɧəɟɘůɖ Űɖɠ ůɡɜɞɚɘəɐɠ əŬŰŬůəŮɡɐɠ.  
 ȼ ˊɟɩŰɖ ŮˊŬűɐ ˊɞɡ ɞɟɑůŰɖəŮ ŮɑɜŬɘ ŮəŮɑɜɖ ɛŮŰŬɝɨ Űɞɡ əɞɟɛɞɨ ɢɤɟɑɠ ůˊŮɘɟɩɛŬŰŬ 
Űɞɡ əɞɢɚɑŬ (shaft) əŬɘ Űɤɜ ɞˊɩɜ Űɤɜ ŭɞəɘɛɑɤɜ sawbone. ȼ ŮˊŬűɐ ŬɡŰɐ ŮˊɘɚɏɢɗɖəŮ ɜŬ ŮɑɜŬɘ 

ɢɤɟɑɠ Űɟɘɓɐ (frictionless), əŬɗɩɠ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ŮɘůŬɔɤɔɐɠ Űɞɡ əɞɢɚɑŬ ůŰɞ ˊŮɑɟŬɛŬ, 
Űɞ ůˊŮɑɟɤɛŬ ˊɟɞɖɔŮɑŰŬɘ Űɞɡ əɞɟɛɞɨ əŬɘ ŭɘŬɜɞɑɔŮɘ ɞˊɐ ɛŮ ŭɘɎɛŮŰɟɞ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŮəŮɑɜɖ 
Űɞɡ əɞɟɛɞɨ. ɋɠ ŬˊɞŰɏɚŮůɛŬ, ɞ əɞɟɛɧɠ ŭŮɜ ŬůəŮɑ ɛɖɢŬɜɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ůŰŬ ŰɞɘɢɩɛŬŰŬ 
Űɖɠ ɞˊɐɠ, ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖɜ ŮɚŮɨɗŮɟɖ ɞɚɑůɗɖůɖ ɢɤɟɑɠ Űɖɜ ŬɜɎˊŰɡɝɖ Űɟɘɓɐɠ. Ⱥˊɘˊɚɏɞɜ, 
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əŬŰɎ Űɖɜ ŮɘůŬɔɤɔɐ əŬɘ ɛɏɢɟɘ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡ űɞɟŰɑɞɡ, ɞ əɞɟɛɧɠ ŭŮɜ űŬɑɜŮŰŬɘ ɜŬ ɏɟɢŮŰŬɘ 
ůŮ ŮˊŬűɐ ɛŮ Űɞ ŮůɤŰŮɟɘəɧ Űɖɠ ɞˊɐɠ, ɔŮɔɞɜɧɠ ˊɞɡ əŬɗɘůŰɎ əŬŰɎɚɚɖɚɖ Űɖɜ Ůˊɘɚɞɔɐ ɛɘŬɠ 
ŮˊŬűɐɠ ɢɤɟɑɠ Űɟɘɓɐ ɔɘŬ Űɖ ůɡɔəŮəɟɘɛɏɜɖ ŭɘŮˊɘűɎɜŮɘŬ. ɆŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ, ɖ 

ŮˊɘűɎɜŮɘŬ Űɞɡ əɞɟɛɞɨ ɞɟɑůŰɖəŮ ɤɠ target, Ůɜɩ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɞˊɩɜ Űɞɡ sawbone 
ɞɟɑůŰɖəŬɜ ɤɠ contact, ɩůŰŮ ɜŬ ŬˊɞŭɞɗŮɑ ůɤůŰɎ ɖ əŬŰŮɨɗɡɜůɖ Űɖɠ ŮˊŬűɐɠ ůɨɛűɤɜŬ ɛŮ Űɖ 
űɡůɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ůɤɛɎŰɤɜ (ȺɘəɧɜŬ 4.19)  
 

 
ȺɘəɧɜŬ 4.19 ȷˊŮɘəɧɜɘůɖ Űɖɠ ŮˊŬűɐɠ ɢɤɟɑɠ Űɟɘɓɐ ɛŮŰŬɝɨ Űɞɡ əɞɟɛɞɨ Űɞɡ əɞɢɚɑŬ əŬɘ Űɤɜ ɞˊɩɜ ůŰŬ ŭɞəɑɛɘŬ sawbone 

 ȼ ŮˊŬűɐ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ŭɞəɘɛɑɤɜ sawbone ŮəŬŰɏɟɤɗŮɜ Űɖɠ ˊŮɟɘɞɢɐɠ Űɞɡ 
əŬŰɎɔɛŬŰɞɠ ɞɟɑůŰɖəŮ ɤɠ ŮˊŬűɐ Űɟɘɓɐɠ (frictional), ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɜŬˊŬɟŬůŰŬɗŮɑ ɖ 
ɛɖɢŬɜɘəɐ ŬɜŰɑůŰŬůɖ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ɧŰŬɜ ɞɘ ŭɨɞ ŮˊɘűɎɜŮɘŮɠ ɏɟɢɞɜŰŬɘ ůŮ ŮˊŬűɐ əŬɘ ɖ 
ɛɑŬ ŰŮɑɜŮɘ ɜŬ əɘɜɖɗŮɑ ɤɠ ˊɟɞɠ Űɖɜ Ɏɚɚɖ. ȾŬŰɎ Űɖ ůɢŮŭɑŬůɖ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ ŭɖɛɘɞɡɟɔɐɗɖəŮ 

ɛɘəɟɧ əŮɜɧ 0,1 mm ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ŮˊɘűŬɜŮɘɩɜ əŬɘ ŬɜŰɘɛŮŰɤˊɑůŰɖəŮ ɛɏůɤ Űɖɠ ŮɜŰɞɚɐɠ 
Adjust to Touch Űɞɡ ANSYS, ɩůŰŮ ɞɘ ŮˊɘűɎɜŮɘŮɠ ɜŬ ɏɟɗɞɡɜ ůŮ ˊɚɐɟɖ ŮˊŬűɐ ůŰɖɜ Ŭɟɢɘəɐ 
əŬŰɎůŰŬůɖ Űɖɠ ŬɜɎɚɡůɖɠ. Ƀ ůɡɜŰŮɚŮůŰɐɠ Űɟɘɓɐɠ ɞɟɑůŰɖəŮ ɑůɞɠ ɛŮ ɛ = 0,6. ȼ 
ůɡɔəŮəɟɘɛɏɜɖ Űɘɛɐ ŮˊɘɚɏɢɗɖəŮ ɓɎůŮɘ ɓɘɓɚɘɞɔɟŬűɘəɩɜ ŭŮŭɞɛɏɜɤɜ ɧˊɞɡ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ɏŭŮɘɝŬɜ ˊɤɠ ɞ ůɡɜŰŮɚŮůŰɐɠ Űɟɘɓɐɠ ŬɜɎɛŮůŬ ůŮ Ŭűɟɞɨɠ ˊɞɚɡɞɡɟŮɗɎɜɖɠ 
əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 0,65 Ñ 0,2 [51]. Ⱥˊɘˊɚɏɞɜ, ɤɠ target ŮˊɘɚɏɢɗɖəŮ ɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ůŰŬɗŮɟɞɨ 
(ŭŮɝɘɞɨ) ŰɛɐɛŬŰɞɠ Űɞɡ sawbone, Ůɜɩ ɤɠ contact ɞɟɑůŰɖəŮ ɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ɛɘəɟɞɨ 
(ŬɟɘůŰŮɟɞɨ) ŰɛɐɛŬŰɞɠ, Űɞ ɞˊɞɑɞ ɡˊɧəŮɘŰŬɘ ůŰɖ űɧɟŰɘůɖ əŬɘ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ɛŮŰŬŰɞˊɘůŰŮɑ 

əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŬɜɎɚɡůɖɠ (ȺɘəɧɜŬ 4.20). 
 

 
ȺɘəɧɜŬ 4.20 ȷˊŮɘəɧɜɘůɖ Űɖɠ ŮˊŬűɐɠ Űɟɘɓɐɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ŮˊɘűŬɜŮɘɩɜ Űɤɜ blocks ŮəŬŰɏɟɤɗŮɜ Űɞɡ əŬŰɎɔɛŬŰɞɠ 

 ɇɏɚɞɠ, ɖ ˊɘɞ əɟɑůɘɛɖ ŮˊŬűɐ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ ŬűɞɟɎ Űɖɜ ŮˊŬűɐ ɛŮŰŬɝɨ 
Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ əŬɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ Ůɔəɞˊɩɜ ˊɞɡ ŭɘŬɛɞɟűɩɜɞɜŰŬɘ ůŰɖɜ ɞˊɐ 
Űɞɡ sawbone (ȺɘəɧɜŬ 4.21). ũɘŬ Űɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ ŮˊŬűɐɠ ŮˊɘɚɏɢɗɖəŮ ŮˊŬűɐ Űɟɘɓɐɠ 
(frictional contact) ɛŮ ůŰŬŰɘəɧ ůɡɜŰŮɚŮůŰɐ Űɟɘɓɐɠ 0,2. ȼ Űɘɛɐ ŬɡŰɐ ɡɘɞɗŮŰɐɗɖəŮ ɓɎůŮɘ Űɞɡ 

ɡˊɞɚɞɔɘůŰɘəɞɨ ɛɞɜŰɏɚɞɡ ˊɞɡ ˊŬɟɞɡůɘɎůŰɖəŮ Ŭˊɧ Űɞɡɠ Liu et al., ůŰɞ ɞˊɞɑɞ ŭɘŮɟŮɡɜɐɗɖəŮ 
ɖ ɏɚɝɖ əɞɢɚɑŬ Ŭˊɧ əɟɎɛŬ ŰɘŰŬɜɑɞɡ ŮɜŰɧɠ ɛˊɚɞə Ŭˊɧ Ŭűɟɧ ˊɞɚɡɞɡɟŮɗɎɜɖɠ. ȼ ˊɟɞůɞɛɞɑɤůɖ 
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ɓŬůɑůŰɖəŮ ůŮ ŮˊŬűɐ Űɨˊɞɡ surface-to-surface (ŮˊɘűɎɜŮɘŬ ɛŮ ŮˊɘűɎɜŮɘŬ) ɛŮ ůɡɜŰŮɚŮůŰɐ 
Űɟɘɓɐɠ 0,2, Űɘɛɐ ˊɞɡ ŮˊɘɚɏɢɗɖəŮ ůɨɛűɤɜŬ ɛŮ ˊɟɞɖɔɞɨɛŮɜŮɠ ɛŮɚɏŰŮɠ əŬɘ əɟɑɗɖəŮ 
əŬŰɎɚɚɖɚɖ ɔɘŬ ɜŬ ŬˊɞŭɩůŮɘ ɟŮŬɚɘůŰɘəɎ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɞɡ əɞɢɚɑŬ əŬɘ Űɞɡ 

ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ [52]. 
 

 
ȺɘəɧɜŬ 4.21 ȺˊŬűɐ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ůˊŮɘɟɞŮɘŭɐɠ Ůůɞɢɏɠ Űɞɡ block 

 

4.2.6 ūɞɟŰɑůŮɘɠ əŬɘ ɆɡɜɞɟɘŬəɏɠ ɆɡɜɗɐəŮɠ 

 

 ȼ ŮˊɧɛŮɜɖ űɎůɖ ůŰɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ ŬűɞɟɎ Űɞɜ ɞɟɘůɛɧ Űɤɜ 

Ŭɟɢɘəɩɜ ůɡɜɗɖəɩɜ əŬɘ Űɤɜ ŮɝɤŰŮɟɘəɩɜ űɞɟŰɑůŮɤɜ ˊɞɡ ŮˊɘɓɎɚɚɞɜŰŬɘ ůŰɞ ůɨůŰɖɛŬ. Ƀɘ 
Ŭɟɢɘəɏɠ ůɡɜɗɐəŮɠ əŬɗɞɟɑɕɞɡɜ Űɖɜ əŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ ɐ ˊɟɞɏɜŰŬůɖɠ ůŰɖɜ ɞˊɞɑŬ 
ɓɟɑůəŮŰŬɘ Űɞ ɛɞɜŰɏɚɞ ˊɟɘɜ Űɖɜ ŮűŬɟɛɞɔɐ ɞˊɞɘɞɡŭɐˊɞŰŮ ŮɝɤŰŮɟɘəɞɨ űɞɟŰɑɞɡ. ɇŬ űɞɟŰɑŬ 
ŬɜŬˊŬɟɘůŰɞɨɜ Űɘɠ ŮɝɤŰŮɟɘəɏɠ ŮˊɘŭɟɎůŮɘɠ ˊɞɡ ŬůəɞɨɜŰŬɘ ůŰɞ ůɨůŰɖɛŬ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɖɠ ŬɜɎɚɡůɖɠ. ȷɡŰɎ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɛŮŰŬŰɞˊɑůŮɘɠ, ŭɡɜɎɛŮɘɠ, ˊɘɏůŮɘɠ ɐ ɎɚɚŮɠ 
ɛɖɢŬɜɘəɏɠ ŭɟɎůŮɘɠ ˊɞɡ ŮˊɘɓɎɚɚɞɜŰŬɘ ɛŮ ůəɞˊɧ ɜŬ ˊɟɞůɞɛɞɘɤɗɞɨɜ ɞɘ ˊɟŬɔɛŬŰɘəɏɠ 
ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. Ƀ ůɡɜŭɡŬůɛɧɠ Űɤɜ Ŭɟɢɘəɩɜ ůɡɜɗɖəɩɜ əŬɘ Űɤɜ 
űɞɟŰɑůŮɤɜ ŮɑɜŬɘ əɟɑůɘɛɞɠ ɔɘŬ Űɖɜ ɞɟɗɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ űɡůɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ 

ɛɞɜŰɏɚɞɡ. 
 ɀɑŬ Ŭˊɧ Űɘɠ ɓŬůɘəɏɠ űɞɟŰɑůŮɘɠ ˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ůŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ŬűɞɟɎ 
Űɖɜ Ůˊɘɓɞɚɐ ɛŮŰŬŰɧˊɘůɖɠ ůŮ əŬŰŮɨɗɡɜůɖ əɎɗŮŰɖ ˊɟɞɠ Űɞɜ ŭɘŬɛɐəɖ ɎɝɞɜŬ Űɞɡ əɞɢɚɑŬ, ɛŮ 
ůəɞˊɧ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ űɧɟŰɘůɖɠ ˊɞɡ ŮűŬɟɛɧůŰɖəŮ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɞɡ ˊŮɘɟɎɛŬŰɞɠ. ȷɜŰɑ Űɖɠ ɎɛŮůɖɠ Ůˊɘɓɞɚɐɠ ŭɨɜŬɛɖɠ, ŮˊɘɚɏɢɗɖəŮ ɖ ɢɟɐůɖ ŮˊɘɓŬɚɚɧɛŮɜɖɠ 
ɛŮŰŬŰɧˊɘůɖɠ, əŬɗɩɠ ɖ ŮɛˊŮɘɟɘəɐ ˊŬɟŬŰɐɟɖůɖ ɏŭŮɘɝŮ ɧŰɘ ɞ ŬɟɘɗɛɖŰɘəɧɠ ŮˊɘɚɡŰɐɠ (solver) 
Űɞɡ ANSYS ˊŬɟɞɡůɘɎɕŮɘ Ŭɡɝɖɛɏɜɖ ŬɟɘɗɛɖŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ əŬɘ ɓŮɚŰɘɤɛɏɜɖ ůɨɔəɚɘůɖ 
ɡˊɧ ůɡɜɗɐəŮɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ɛŮŰŬŰɧˊɘůɖɠ. ȼ ˊɟɞůɏɔɔɘůɖ ŬɡŰɐ ŮˊɘŰɟɏˊŮɘ Űɞɜ ɏɚŮɔɢɞ Űɖɠ 

ˊŬɟŬɛɧɟűɤůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ŬɝɘɞˊɘůŰɑŬ, ŬˊɞűŮɨɔɞɜŰŬɠ ˊɟɞɓɚɐɛŬŰŬ 
ŬůŰɎɗŮɘŬɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮɛűŬɜɘůŰɞɨɜ, ɧŰŬɜ ŮűŬɟɛɧɕɞɜŰŬɘ űɞɟŰɑŬ ůŮ ɛɞɜŰɏɚŬ ɛŮ 
ˊɞɚɨˊɚɞəŮɠ ŮˊŬűɏɠ əŬɘ ɔŮɤɛŮŰɟɑŮɠ. ɆŰɞ ˊɚŬɑůɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮɚɏŰɖɠ, ɖ ŮˊɘɓŬɚɚɧɛŮɜɖ 
ɛŮŰŬŰɧˊɘůɖ ɚŬɛɓɎɜŮɘ Űɘɛɐ 2 mm, ɤɠ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ ŮəŰɑɛɖůɖ Űɖɠ ůɢŮŰɘəɐɠ 

ɛŮŰŬəɑɜɖůɖɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ blocks ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŮ ˊŮɘɟŬɛŬŰɘəɎ. 
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ȺɘəɧɜŬ 4.22 ȺˊɘɓŬɚɚɧɛŮɜɖ ɛŮŰŬŰɧˊɘůɖ əɎɗŮŰŬ ůŰɞɜ ŭɘŬɛɐəɖ ɎɝɞɜŬ Űɞɡ əɞɢɚɑŬ 

 ȼ ŭŮɨŰŮɟɖ űɧɟŰɘůɖ ˊɞɡ ŮűŬɟɛɧůŰɖəŮ ůŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ŬűɞɟɎ Űɖɜ 
ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ŭɘŬəŬŰŬɔɛŬŰɘəɐɠ ůɡɛˊɑŮůɖɠ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜ ɞɘ əɞɢɚɑŮɠ 

ůˊɞɜŭɡɚɞŭŮůɑŬɠ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ůɨůűɘɝɐɠ Űɞɡɠ. ȼ ˊɟɞɏɜŰŬůɖ Űɞɡ əɞɢɚɑŬ ŭŮɜ 
ˊɟɞůɞɛɞɘɩɗɖəŮ ɛɏůɤ Ůɘŭɘəɩɜ ůŰɞɘɢŮɑɤɜ PRETS179 ɧŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ bolt pretension, 
ŬɚɚɎ ɛɏůɤ Ůˊɘɓɞɚɐɠ ůŰŬɗŮɟɐɠ ŮˊɘűŬɜŮɘŬəɐɠ ˊɑŮůɖɠ ůŰɖɜ ŮűŬˊŰɧɛŮɜɖ ŮˊɘűɎɜŮɘŬ Űɞɡ 
ŬɟɘůŰŮɟɞɨ block ɛŮ Űɖɜ əŮűŬɚɐ Űɞɡ əɞɢɚɑŬ. ȷɡŰɐ ɖ ˊɑŮůɖ ˊɟɞəɨˊŰŮɘ ɏɛɛŮůŬ ɛɏůɤ 

ŬɟɘɗɛɖŰɘəɞɨ Űɨˊɞɡ ˊɞɡ ůɡɜŭɏŮɘ Űɖɜ ɟɞˊɐ ůɨůűɘɝɖɠ (torque) ɛŮ Űɖ ŭɨɜŬɛɖ ůɨůűɘɝɖɠ 
(clamp force), ůɨɛűɤɜŬ ɛŮ Űɖ ůɢɏůɖ:  
 

Ὕ ὊϽὑϽὨ 
 

ɇ ŮɑɜŬɘ ɖ ɟɞˊɐ (Nm), F ɖ ɕɖŰɞɨɛŮɜɖ ŭɨɜŬɛɖ ůɨůűɘɝɖɠ (N), d ŮɑɜŬɘ ɖ əɨɟɘŬ ŭɘɎɛŮŰɟɞɠ Űɞɡ 

əɞɢɚɑŬ (mm) əŬɘ K ŮɑɜŬɘ ŮɛˊŮɘɟɘəɧɠ ůɡɜŰŮɚŮůŰɐɠ. ȿɨɜɞɜŰŬɠ ɤɠ ˊɟɞɠ Űɖɜ ŭɨɜŬɛɖ ůɨůűɘɝɖɠ 
əŬɘ ŭɘŬɘɟɩɜŰŬɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ ˊɎɜɤ ůŰɖɜ ɞˊɞɑŬ ŬůəŮɑŰŬɘ, ŮɛűŬɜɑɕŮŰŬɘ ɖ ɕɖŰɞɨɛŮɜɖ 
ɟɞˊɐ. ȼ ůɢɏůɖ ŬɡŰɐ, Ŭɜ əŬɘ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ, ˊŬɟɞɡůɘɎɕŮɘ ůɖɛŬɜŰɘəɐ 
ŬɓŮɓŬɘɧŰɖŰŬ əŬɗɩɠ ɖ Űɘɛɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ Ⱦ ŮɜůɤɛŬŰɩɜŮɘ ˊɚɐɗɞɠ ɔŮɤɛŮŰɟɘəɩɜ 

ˊŬɟŬɔɧɜŰɤɜ əŬɘ ˊŬɟŬɔɧɜŰɤɜ Űɟɘɓɐɠ, ɞɘ ɞˊɞɑɞɘ ŭŮɜ ŮɑɜŬɘ Ůɨəɞɚɞ ɜŬ ŮəŰɘɛɖɗɞɨɜ ɛŮ 
ŬəɟɑɓŮɘŬ. Ⱥˊɘˊɚɏɞɜ, ůŰɖ ˊɟɎɝɖ ˊŬɟŬɛɏɜŮɘ ŭɨůəɞɚɞ əŬɘ Ůɜ ɛɏɟŮɘ ɎɔɜɤůŰɞ ˊɞɘŮɠ Ŭəɟɘɓɩɠ 
ŮˊɘűɎɜŮɘŮɠ Űɞɡ əɞɢɚɑŬ əŬɘ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ űɏɟɞɡɜ ŰŬ űɞɟŰɑŬ ˊɟɞɏɜŰŬůɖɠ əŬɘ ɛŮ ˊɞɘŮɠ 
əŬŰŮɡɗɨɜůŮɘɠ ɩůŰŮ ɜŬ əŬŰŬůŰŮɑ ŮűɘəŰɧɠ ɞ Ŭəɟɘɓɐɠ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ əŬŰŬɜɞɛɐɠ Űɞɡɠ  [54]. 

ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ ɡɘɞɗŮŰɐɗɖəŮ ůŰɞ ɛɞɜŰɏɚɞ Űɘɛɐ ˊɑŮůɖ 0,75 MPa. ȼ Űɘɛɐ Űɖɠ ŭɨɜŬɛɖɠ 
ůɨůűɘɝɖɠ ɡˊɞɚɞɔɑůŰɖəŮ ɔɘŬ ɟɞˊɐ ůɨůűɘɝɖɠ 2 Nm, ɧˊɤɠ ɡˊɞɚɞɔɑůŰɖəŮ ůŰɞ ˊŮɑɟŬɛŬ, d = 
6,5 mm əŬɘ ůɡɜŰŮɚŮůŰɐ  Ⱦ = 0,26, ɛŮ Űɘɛɐ F = 1188 Ɂ. Ⱥűɧůɞɜ ɐŰŬɜ ŬŭɨɜŬŰɞ ɜŬ 
ŮűŬɟɛɞůŰŮɑ ɤɠ ˊɟɞɏɜŰŬůɖ ůŰɞɜ əɞɢɚɑŬ ɖ ŭɨɜŬɛɖ ŬůəɐɗɖəŮ ɞɛɞɘɧɛɞɟűŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ Sawbone, ŰŮŰɟŬɔɤɜɘəɐ ŮˊɘűɎɜŮɘŬ 40 x 40 mm ɛŮ əɡəɚɘəɐ ɞˊɐ ůŰɞ əɏɜŰɟɞ ŭɘŬɛɏŰɟɞɡ 
4,5 mm, ɛŮ ŰŮɚɘəɐ Űɘɛɐ ˊɑŮůɖɠ ůŰŬ 0,75 MPa.  
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ȺɘəɧɜŬ 4.23 ɄŮɟɘɞɢɐ əŬɘ əŬŰŮɨɗɡɜůɖ ŮűŬɟɛɞɔɐɠ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ˊɑŮůɖɠ ůŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ. ɆɖɛŮɘɩɜŮŰŬɘ ˊɤɠ Űɞ 

əɧəəɘɜɞ ɓɏɚɞɠ ŭŮɑɢɜŮɘ Űɖɜ əŬŰŮɨɗɡɜůɖ Űɖɠ ˊɑŮůɖɠ əŬɘ ɧɢɘ Űɞ ůɖɛŮɑɞ ŮűŬɟɛɞɔɐɠ Űɖɠ, əŬɗɩɠ ɖ ˊɑŮůɖ əŬŰŬɜɏɛŮŰŬɘ ɞɛɞɘɧɛɞɟűŬ 

ůŰɖɜ ŮˊɘɚŮɔɛɏɜɖ ŮˊɘűɎɜŮɘŬ. 

 ȼ ŰɟɑŰɖ əŬɘ ŰŮɚŮɡŰŬɑŬ ůɡɜɗɐəɖ ˊɞɡ ŮűŬɟɛɧůŰɖəŮ ůŰɞ ɛɞɜŰɏɚɞ ŬűɞɟɎ Űɞɜ 

əŬɗɞɟɘůɛɧ Űɤɜ ˊŮɟɘɞɢɩɜ ɧˊɞɡ ɗŬ ˊŮɟɘɞɟɘůŰɞɨɜ ɧɚɞɘ ɞɘ ɓŬɗɛɞɑ ŮɚŮɡɗŮɟɑŬɠ, ɛŮŰŬŰɧˊɘůɖɠ 
əŬɘ ˊŮɟɘůŰɟɞűɩɜ. ɃɟɑůŰɖəŮ ɛŮ ɛɖŭŮɜɘəɐ ɛŮŰŬŰɧˊɘůɖ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ x ɖ ˊɑůɤ ŭɘŬŰɞɛɐ 
Űɞɡ ɛŮɔɎɚɞɡ ŭɞəɘɛɑɞɡ sawbone, ɩůŰŮ ɜŬ ŬɜŰɘŭɟɎ ůɤůŰɎ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ˊɑŮůɖ ˊɞɡ 
ŮűŬɟɛɧɕŮŰŬɘ əŬɘ ˊɟɞůɞɛɞɘɩɜŮɘ Űɘɠ ˊɘɏůŮɘɠ ůɨůűɘɝɖɠ (ȺɘəɧɜŬ 4.24). ȰˊŮɘŰŬ, ůŰɞ əɎŰɤ 

ŮˊɑˊŮŭɞ Űɞɡ ɑŭɘɞɡ ŭɞəɘɛɑɞɡ ŮˊɘɓɚɐɗɖəŮ ɛɖŭŮɜɘəɐ ɛŮŰŬŰɧˊɘůɖ əŬŰɎ Űɖ ŭɘŮɨɗɡɜůɖ y, 
ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɜŰɘŭɟɎ ůŰɖ ɛŮŰŬŰɧˊɘůɖ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ůŰɞ Ɏɜɤ ɛɏɟɞɠ Űɞɡ ɛɘəɟɞɨ 
sawbone (ȺɘəɧɜŬ 4.24). ɇɏɚɞɠ, ɔɘŬ Űɖɜ ˊɚɐɟɖ ŬəɘɜɖŰɞˊɞɑɖůɖ Űɞɡ ůŰŮɟŮɞɨ əŬɘ Űɖɜ 
ŮɝŬůűɎɚɘůɖ ŬɟɘɗɛɖŰɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ, ŮűŬɟɛɧůŰɖəŮ ɛɖŭŮɜɘəɐ ɛŮŰŬŰɧˊɘůɖ əŬɘ ůŰɖ 

ŭɘŮɨɗɡɜůɖ z, ŬɜŬˊŬɟɎɔɞɜŰŬɠ Űɖɜ əŬŰɎůŰŬůɖ ˊɚɐɟɞɡɠ ˊɎəŰɤůɖɠ ˊɞɡ ɑůɢɡŮ ůŰɞ ˊŮɑɟŬɛŬ. 
 

  
ȺɘəɧɜŬ 4.24 ȺűŬɟɛɞɔɐ ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ 

4.2.7 Ɇɨɔəɚɘůɖ ȾŬɜɜɎɓɞɡ 

 

 ũɘŬ Űɖɜ ŬɝɘɞˊɘůŰɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ɛɏɗɞŭɞ Űɤɜ 
ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞɠ ɞ ɏɚŮɔɢɞɠ ůɨɔəɚɘůɖɠ Űɞɡ əŬɜɜɎɓɞɡ. ȼ ɛŮɚɏŰɖ 
ŬɡŰɐ ŭɘŬůűŬɚɑɕŮɘ ɧŰɘ ɖ ŬɟɘɗɛɖŰɘəɐ ɚɨůɖ ŭŮɜ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ůŰɞɘɢŮɑɤɜ ŬɚɚɎ 
ŬɜŰŬɜŬəɚɎ Űɖɜ ˊɟŬɔɛŬŰɘəɐ ɛɖɢŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɛɞɜŰɏɚɞɡ. ɆŰɞ ˊɚŬɑůɘɞ ŬɡŰɧ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ŭɘŬŭɞɢɘəɏɠ ŬɜŬɚɨůŮɘɠ ɛŮ ůŰŬŭɘŬəɐ Ŭɨɝɖůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ 
əŬɜɜɎɓɞɡ, əɟŬŰɩɜŰŬɠ ůŰŬɗŮɟɏɠ Űɘɠ ɡˊɧɚɞɘˊŮɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ ɛɞɜŰɏɚɞɡ, əŬɘ 
ůɡɔəɟɑɗɖəŬɜ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɤɠ ˊɟɞɠ Űɖ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ. ȼ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ 
ůɨɔəɚɘůɖɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖ ɛɏɗɞŭɞ ůɨɔəɚɘůɖɠ əŬŰɎ ɛɐəɞɠ ɔɟŬɛɛɐɠ (path 

convergence), ˊŬɟŬəɞɚɞɡɗɩɜŰŬɠ Űɖɜ əŬŰŬɜɞɛɐ Űɤɜ ŰɎůŮɤɜ əŬŰɎ ɛɐəɞɠ ˊɟɞəŬɗɞɟɘůɛɏɜɖɠ 
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ɔɟŬɛɛɐɠ ŮɜŭɘŬűɏɟɞɜŰɞɠ. ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ əŬɗɞɟɑůŰɖəŮ Űɞ əŬŰɎɚɚɖɚɞ ŮˊɑˊŮŭɞ 
ŭɘŬəɟɘŰɞˊɞɑɖůɖɠ ˊɞɡ ůɡɜŭɡɎɕŮɘ ŬəɟɑɓŮɘŬ əŬɘ ŬˊɞŭɞŰɘəɧŰɖŰŬ ɡˊɞɚɞɔɘůŰɘəɞɨ ɢɟɧɜɞɡ, Ŭˊɧ 
Űɞ ɞˊɞɑɞ ˊɟɞɏəɡɣŬɜ əŬɘ ɞɘ ŰŮɚɘəɏɠ Űɘɛɏɠ ɛŮɔɏɗɞɡɠ ůŰɞɘɢŮɑɞɡ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ůŮ 

ˊɟɞɖɔɞɨɛŮɜɖ ŮɜɧŰɖŰŬ ɔɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɞɡ əŬɜɜɎɓɞɡ. 
 ũɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ ůɨɔəɚɘůɖɠ ŮˊɘɚɏɢɗɖəŬɜ ŰɟŮɘɠ ɛɞɜɞˊɎŰɘŬ 
ŮɜŭɘŬűɏɟɞɜŰɞɠ. ɇɞ ˊɟɩŰɞ ŬəɞɚɞɡɗŮɑ Űɖɜ ˊŮɟɑɛŮŰɟɞ Űɖɠ ŮůɤŰŮɟɘəɐɠ əɡəɚɘəɐɠ ɞˊɐɠ Űɞɡ 
ɛɘəɟɞɨ block sawbone, ɧˊɞɡ ŮɛűŬɜɑɕɞɜŰŬɘ ɞɘ ɛŮɔŬɚɨŰŮɟŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ, ɛŮ ůəɞˊɧ ɜŬ 

ŮɚŮɔɢɗŮɑ ɖ ŮˊɎɟəŮɘŬ Űɖɠ ŭɘŬɛɏɟɘůɖɠ ɔɨɟɤ Ŭˊɧ Űɞ əɟɑůɘɛɞ ɔŮɤɛŮŰɟɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ. ɇɞ 
ŭŮɨŰŮɟɞ ŮəŰŮɑɜŮŰŬɘ əŬŰɎ ɛɐəɞɠ Űɞɡ ɑŭɘɞɡ ŭɞəɘɛɑɞɡ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ Űɞ ɔŮɜɘəɧ 
ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ ˊɞɡ ŮˊɘɚɏɢɗɖəŮ ɔɘŬ Űɞ ɛɞɜŰɏɚɞ. ɇɏɚɞɠ, Űɞ ŰɟɑŰɞ ŰɞˊɞɗŮŰɐɗɖəŮ ůŰɖɜ 
Ŭəɛɐ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ, ɞɨŰɤɠ ɩůŰŮ ɜŬ ŮˊɘɚŮɢɗŮɑ Űɞ əŬŰɎɚɚɖɚɞ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ ɔɘŬ Űɖɜ 

ŮˊŬűɐ ɛŮŰŬɝɨ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ əŬɘ Űɞɡ ŮůɤŰŮɟɘəɞɨ Űɞɡ sawbone. 
 ũɘŬ Űɞ ɛɞɜɞˊɎŰɘ Űɖɠ ɞˊɐɠ ŮɝŮŰɎůŰɖəŬɜ ŭɘŬŭɞɢɘəɎ əɎɜɜŬɓɞɘ ɛŮ 16, 24, 40 əŬɘ 48 
ŭɘŬɛŮɟɑůŮɘɠ əŬɘ ůŰɞ Ŭəɧɚɞɡɗɞ ŭɘɎɔɟŬɛɛŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬŰŬɜɞɛɏɠ Űɖɠ ŰɎůɖɠ əŬŰɎ 
ɛɐəɞɠ Űɞɡ ɛɞɜɞˊŬŰɘɞɨ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬɛŮɟɑůŮɘɠ. 

 

 
ȺɘəɧɜŬ 4.25 ȾŬŰŬɜɞɛɐ ŰɎůɖɠ əŬŰɎ ɛɐəɞɠ Űɞɡ ɛɞɜɞˊŬŰɘɞɨ ɔɨɟɤ Ŭˊɧ Űɖɜ ɞˊɐ ɔɘŬ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬɛŮɟɑůŮɘɠ Űɞɡ əŬɜɜɎɓɞɡ 

ȷˊɧ Űɖ ɛŮɚɏŰɖ ˊɟɞɏəɡɣŮ ɧŰɘ ɞɘ əŬɛˊɨɚŮɠ ɔɘŬ 40 əŬɘ 48 ŭɘŬɛŮɟɑůŮɘɠ ŰŬɡŰɑɕɞɜŰŬɘ 

ɞɡůɘŬůŰɘəɎ, ɔŮɔɞɜɧɠ ˊɞɡ ŭŮɑɢɜŮɘ ɧŰɘ ɖ ɚɨůɖ ɏɢŮɘ ůɡɔəɚɑɜŮɘ. ɄŬɟɎɚɚɖɚŬ əŬɘ ɞɘ ɛɏɔɘůŰŮɠ 
Űɘɛɏɠ Űɤɜ ŰɎůŮɤɜ ůŰŬɗŮɟɞˊɞɘɞɨɜŰŬɘ ůŮ ŮˊɑˊŮŭŬ ůɡɛɓŬŰɎ ɛŮ Űɞ ɧɟɘɞ ŭɘŬɟɟɞɐɠ Űɞɡ ɡɚɘəɞɨ 
(8,4 MPa), ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɖ ɛɘəɟɐ əɟɎŰɡɜůɖ Űɖɠ ŰɎɝŮɤɠ Űɞɡ 1 MPa. 
 ũɘŬ Űɞ ɛɞɜɞˊɎŰɘ ˊɞɡ ɓɟɑůəŮŰŬɘ əŬŰɎ ɛɐəɞɠ Űɞɡ ŭɞəɘɛɑɞɡ ŮɝŮŰɎůŰɖəŬɜ ŭɘŬŭɞɢɘəɎ 

əɎɜɜŬɓɞɘ ɛŮ ɔŮɜɘəɧ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ 2 mm, 1,5 mm, 1mm əŬɘ 0,8 mm əŬɘ ůŰɞ ˊŬɟŬəɎŰɤ 
ŭɘɎɔɟŬɛɛŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬŰŬɜɞɛɏɠ Űɖɠ ŰɎůɖɠ əŬŰɎ ɛɐəɞɠ Űɞɡ ɛɞɜɞˊŬŰɘɞɨ ɔɘŬ Űɘɠ 
ŭɘŬűɞɟŮŰɘəɏɠ ˊɡəɜɩůŮɘɠ.  
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ȺɘəɧɜŬ 4.26 ȾŬŰŬɜɞɛɐ Űɖɠ ŰɎůɖɠ əŬŰɎ ɛɐəɞɠ Űɞɡ ɛɘəɟɞɨ sawbone 

ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɔɘŬ ŰŬ ůɡɜɞɚɘəɎ ɛŮɔɏɗɖ ůŰɞɘɢŮɑɤɜ 1 mm əŬɘ 0,8 mm ɞɘ əŬɛˊɨɚŮɠ ůɢŮŭɧɜ 

ŰŬɡŰɑɕɞɜŰŬɘ. Ƀ əɎɜɜŬɓɞɠ ɛŮ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɤɜ 1 mm ˊŬɟɞɡůɘɎɕŮɘ ŮɚŬűɟɩɠ ɡɣɖɚɧŰŮɟŮɠ 
Űɘɛɏɠ ůŰɖɜ Ŭɟɢɐ Űɞɡ ɛɞɜɞˊŬŰɘɞɨ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ɡˊɧɚɞɘˊŮɠ, ɤůŰɧůɞ ɖ ůɡɜɞɚɘəɐ Űɞɡ ɛɞɟűɐ 
ůɡɔəɚɑɜŮɘ ɛŮ ŮəŮɑɜɖ Űɞɡ ˊɡəɜɧŰŮɟɞɡ. ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɧůɞ Űɖɜ ŬəɟɑɓŮɘŬ ɧůɞ əŬɘ Űɞ 
ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ, ŮˊɘɚɏɢɗɖəŮ ɤɠ ɓɏɚŰɘůŰɖ ɚɨůɖ ɞ əɎɜɜŬɓɞɠ ɛŮ ůɡɜɞɚɘəɧ ɛɏɔŮɗɞɠ 

ůŰɞɘɢŮɑɞɡ 1 mm. 
 ɇɏɚɞɠ, ɔɘŬ Űɞ ɛɞɜɞˊɎŰɘ ˊɞɡ ŬűɞɟɎ Űɞ ůˊŮɑɟɤɛŬ Űɞɡ əɞɢɚɑŬ, ɛɏůɤ Űɞˊɘəɐɠ 
ˊɨəɜɤůɖɠ ůŰɘɠ ˊŮɟɘɞɢɏɠ ŮˊŬűɐɠ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ŰɏůůŮɟɘɠ əɎɜɜŬɓɞɘ ɛŮ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ 
1 mm, 0,6 mm, 0,4 mm əŬɘ 0,2 mm. ɄŬɟɞɡůɘɎɕɞɜŰŬɘ ŭɨɞ ŭɘŬɔɟɎɛɛŬŰŬ: Űɞ ˊɟɩŰɞ 

ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ əŬɛˊɨɚŮɠ Ŭˊɧ ɧɚŮɠ Űɘɠ ˊɡəɜɩůŮɘɠ, Ůɜɩ ůŰɞ ŭŮɨŰŮɟɞ ɏɢŮɘ ˊŬɟŬɚŮɘűɗŮɑ ɖ 
əŬɛˊɨɚɖ ɛŮ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ 0,2 mm, əŬɗɩɠ ɞ ɏɜŰɞɜɞɠ ŬɟɘɗɛɖŰɘəɧɠ ɗɧɟɡɓɞɠ Űɖɠ 
ŭɡůəɞɚŮɨŮɘ Űɖɜ ŬɜŬɔɜɩɟɘůɖ Űɤɜ ɡˊɧɚɞɘˊɤɜ əŬɛˊɡɚɩɜ. 
 

 
ȺɘəɧɜŬ 4.27 ȾŬŰŬɜɞɛɐ Űɖɠ ŰɎůɖɠ əŬŰɎ ɛɐəɞɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ Űɞɡ əɞɢɚɑŬ ɔɘŬ ɧɚŬ ŰŬ ɛŮɔɏɗɖ ůŰɞɘɢŮɑɞɡ 
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ȺɘəɧɜŬ 4.28 ȾŬŰŬɜɞɛɐ Űɖɠ ŰɎůɖɠ əŬŰɎ ɛɐəɞɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ Űɞɡ əɞɢɚɑŬ, ɛŮ ˊŬɟɎɚŮɘɣɖ Űɖɠ ˊɨəɜɤůɖɠ 0,2 mm 

ȼ ɛŮɚɏŰɖ ɏŭŮɘɝŮ, ɧŰɘ ˊŬɟɎ Űɘɠ ɏɜŰɞɜŮɠ ɔɤɜɑŮɠ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ, ɖ ɚɨůɖ ŭŮɜ 

ˊŬɟɞɡůɑŬůŮ ŬɟɘɗɛɖŰɘəɐ çɏəɟɖɝɖè, ɔŮɔɞɜɧɠ ˊɞɡ ŮɜɘůɢɨŮɘ Űɖɜ ŬɝɘɞˊɘůŰɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ. Ƀɘ 
əŬɛˊɨɚŮɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ˊɡəɜɩůŮɘɠ ɏɢɞɡɜ ŬˊɞəɚŮɑůŮɘɠ əŬɘ ŭŮɜ 
ˊŬɟŬŰɖɟŮɑŰŬɘ əɎˊɞɘŬ ůŰŬŭɘŬəɐ ůɨɔəɚɘůɖ, ˊŬɟɎ Űɖɜ ˊŮɟŬɘŰɏɟɤ ˊɨəɜɤůɖ. ȼ əŬɛˊɨɚɖ ɛŮ 
ɛɏɔŮɗɞɠ 0,2 mm ˊŬɟɞɡůɑŬůŮ ɏɜŰɞɜɞ ŬɟɘɗɛɖŰɘəɧ ɗɧɟɡɓɞ, Ůɜɩ əŬɘ ɖ 0,4 mm ŮɛűɎɜɘůŮ 

Űɞˊɘəɏɠ Ŭɘɢɛɏɠ. ȼ əŬɛˊɨɚɖ ɛŮ ɛɏɔŮɗɞɠ 0,6 mm, ˊŬɟɧŰɘ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ɢŬɟŬəŰɖɟɘůŰŮɑ 
ŬˊɞɚɨŰɤɠ ɞɛŬɚɐ, ŮɛűŬɜɑɕŮŰŬɘ ˊɘɞ ůŰŬɗŮɟɐ ůɡɔəɟɘŰɘəɎ ɛŮ Űɘɠ ɡˊɧɚɞɘˊŮɠ əŬɘ ŭɘŬŰɖɟŮɑŰŬɘ 
əɞɜŰɎ ůŰɖɜ ŬɜŰɑůŰɞɘɢɖ Űɖɠ 0,4 mm ůŰŬ ˊŮɟɘůůɧŰŮɟŬ ůɖɛŮɑŬ. ũɘŬ Űɞɡɠ ɚɧɔɞɡɠ ŬɡŰɞɨɠ əŬɘ 
ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ɧŰɘ ɞɘ ŭɘŬűɞɟɏɠ ŭŮɜ ŮɑɜŬɘ Űɧůɞ ɛŮɔɎɚŮɠ ɔɘŬ ɜŬ ɗŮɤɟɖɗɞɨɜ əɟɑůɘɛŮɠ ɤɠ 

ˊɟɞɠ Űɖɜ ůɡɜɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ əŬɘ ŬɝɘɞˊɘůŰɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ, ŮˊɘɚɏɢɗɖəŮ ɤɠ ɓɏɚŰɘůŰɞɠ ɞ 
əɎɜɜŬɓɞɠ ɛŮ ɛɏɔŮɗɞɠ ůŰɞɘɢŮɑɞɡ 0,6 mm. 

 

4.3 ɀȺɇȺɄȺɂȺɅũȷɆȽȷ 

 

 ȼ ɛŮŰŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ŬˊɞŰŮɚŮɑ Űɞ ŰŮɚɘəɧ ůŰɎŭɘɞ Űɖɠ ŬɟɘɗɛɖŰɘəɐɠ 
ŬɜɎɚɡůɖɠ, ɧˊɞɡ ŬɝɘɞˊɞɘɞɨɜŰŬɘ ŰŬ ŭŮŭɞɛɏɜŬ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

Ůˊɑɚɡůɖɠ. ɆŰɖ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ, ɖ ɏɛűŬůɖ ŭɧɗɖəŮ ůŰɖɜ ŮɝŬɔɤɔɐ Űɖɠ ŭɨɜŬɛɖɠ ɤɠ 
ůɡɜɎɟŰɖůɖ Űɖɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ɛŮŰŬŰɧˊɘůɖɠ, ɛɏůɤ Űɖɠ əŬŰŬɔɟŬűɐɠ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ ůŮ 
əɎɗŮ ɡˊɞɓɐɛŬ Űɖɠ űɧɟŰɘůɖɠ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ əŬŰɏůŰɖ ŭɡɜŬŰɐ ɖ ŬˊŮɘəɧɜɘůɖ əŬɛˊɡɚɩɜ 
ŭɨɜŬɛɖɠ ï ɛŮŰŬŰɧˊɘůɖɠ, ɞɘ ɞˊɞɑŮɠ ůɡɔəɟɑɜɞɜŰŬɘ ɎɛŮůŬ ɛŮ Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ ɔɘŬ Űɖɜ 

Ŭɝɘɞɚɧɔɖůɖ ŬəɟɑɓŮɘŬɠ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ.  
ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɔɟŬűɘəɐ ˊŬɟɎůŰŬůɖ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ˊɞɡ 

ˊɟɞɏəɡɣŮ Ŭˊɧ Űɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ůŮ ůɨɔəɟɘůɖ Űɖɠ ɛŮ Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ əŬɛˊɨɚŮɠ, 
əŬɗɩɠ əŬɘ ɞ ˊɑɜŬəŬɠ ɛŮ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɧˊɤɠ ŬɡŰɏɠ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ 

ŬɟɘɗɛɖŰɘəɐ ŬɜɎɚɡůɖ. 
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ȺɘəɧɜŬ 4.29 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ ï ɛŮŰŬŰɧˊɘůɖɠ Ŭˊɧ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭɞəɑɛɘŬ (ȷ4-ȷ9) əŬɘ Űɖɜ ŬɟɘɗɛɖŰɘəɐ ˊɟɞůɞɛɞɑɤůɖ 

(ɛŬɨɟɖ ɔɟŬɛɛɐ) 

 
ɄɑɜŬəŬɠ 4.1 ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ˊɟɞəɨɣŬɜ Ŭˊɧ Űɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ 

ȼ ůɨɔəɟɘůɖ Űɖɠ ŬɟɘɗɛɖŰɘəɐɠ ŬɜɎɚɡůɖɠ ɛŮ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ 
ɞɛɎŭŬɠ ȷ ŬɜŬŭŮɘəɜɨŮɘ ŭɘŬűɞɟɏɠ əŬɘ ŬˊɞəɚɑůŮɘɠ ŬɚɚɎ əŬɘ ůɖɛŮɑŬ ɘəŬɜɞˊɞɘɖŰɘəɐɠ 
ůɡɛűɤɜɑŬɠ. ɆŰɖɜ ŮɚŬůŰɘəɐ ˊŮɟɘɞɢɐ, ɖ ŬɟɘɗɛɖŰɘəɐ əŬɛˊɨɚɖ ŮɛűŬɜɑɕŮɘ ɡɣɖɚɧŰŮɟɖ 

ŭɡůəŬɛɣɑŬ (535 N/mm) ůŮ ůɢɏůɖ ɛŮ Űɞɜ ˊŮɘɟŬɛŬŰɘəɧ ɛɏůɞ ɧɟɞ (421 N/mm), ɔŮɔɞɜɧɠ ˊɞɡ 
ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ Ŭˊɧ Űɖɜ ɡɣɖɚɧŰŮɟɖ əɚɑůɖ Űɤɜ ŬɟɘɗɛɖŰɘəɐɠ ɚɨůɖɠ. ɇɞ ŬˊɞŰɏɚŮůɛŬ ŬɡŰɧ 
ŮɑɜŬɘ ɚɞɔɘəɧ, əŬɗɩɠ ŰŬ ŬɟɘɗɛɖŰɘəɎ ɛɞɜŰɏɚŬ ɚŮɘŰɞɡɟɔɞɨɜ ɛŮ ɘŭŬɜɘəɐ ɔŮɤɛŮŰɟɑŬ əŬɘ 
ɞɛɞɘɞɔŮɜɏɠ ɡɚɘəɧ əŬɘ ŰŮɑɜɞɡɜ ɜŬ ɡˊŮɟŮəŰɘɛɞɨɜ Űɖɜ ŬəŬɛɣɑŬ əŬɘ ɜŬ Ŭˊɞŭɑŭɞɡɜ ˊɘɞ 

ɔɟŬɛɛɘəɏɠ əŬɛˊɨɚŮɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɖ ɛŮŰɎɓŬůɖ ˊɟɞɠ Űɖ ɛɖ ɔɟŬɛɛɘəɐ űɎůɖ ůŰɞ 
ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ɔɑɜŮŰŬɘ ůŮ ɢŬɛɖɚɧŰŮɟɞ űɞɟŰɑɞ (330 N) ůŮ ůɢɏůɖ ɛŮ Űɞɜ ˊŮɘɟŬɛŬŰɘəɧ 
ɛɏůɞ ɧɟɞ (494 N), ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ůɖɛŬɜŰɘəɐ ɡˊɞŮəŰɑɛɖůɖ. ɇɞ ɑŭɘɞ ůɡɛɓŬɑɜŮɘ əŬɘ ůŰɖ 
ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ (350 Ɂ ɏɜŬɜŰɘ Űɤɜ 519 Ɂ), ŬɚɚɎ əŬɘ ůŰɖ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ (0,7 mm 

ɏɜŬɜŰɘ Űɤɜ 1,2 mm). Ƀɘ ŬˊɞəɚɑůŮɘɠ ŬɡŰɏɠ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜŮɠ, əŬɗɩɠ Űɞ ˊŮɘɟŬɛŬŰɘəɧ ɡɚɘəɧ 
ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ŬɜɞɛɞɘɞɔɏɜŮɘŬ əŬɘ ůŰŬŭɘŬəɐ əŬŰɎɟɟŮɡůɖ Űɤɜ əɡɣŮɚɩɜ, Ůɜɩ Űɞ 
ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ɓŬůɑɕŮŰŬɘ ůŮ ŮɝɘŭŬɜɘəŮɡɛɏɜŮɠ ˊŬɟŬŭɞɢɏɠ əŬɘ ŮɝɞɛŬɚɨɜŮŰŬɘ ɖ 
ˊɟŬɔɛŬŰɘəɐ ɛɖ ɔɟŬɛɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ. Ⱥˊɘˊɚɏɞɜ, ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ 

ɧˊɤɠ ɞɘ ůɡɜŰŮɚŮůŰɏɠ Űɟɘɓɐɠ ůŰɘɠ ŮˊŬűɏɠ, ɖ Űɘɛɐ Űɖɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ˊɑŮůɖɠ ŬˊɞŰŮɚɞɨɜ 
ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ŭŮɜ ɡˊɞɚɞɔɑůŰɖəŬɜ ůŰŬ ˊŮɘɟɎɛŬŰŬ əŬɘ ŬəɧɛŬ əŬɘ ɖ ɑŭɘŬ ɖ ˊŬɟŬŭɞɢɐ 
Ůˊɘɓɞɚɐɠ Űɖɠ ˊɑŮůɖɠ ɤɠ ŮɝɤŰŮɟɘəɐɠ űɧɟŰɘůɖɠ ŬɜŰɑ Űɖɠ ˊɟɞɏɜŰŬůɖɠ ůŰŬ ůˊŮɘɟɩɛŬŰŬ 
ŬˊɞŰŮɚŮɑ Ŭˊɚɞˊɞɑɖůɖ Űɖɠ ˊɟŬɔɛŬŰɘəɐɠ əŬŰɎůŰŬůɖɠ. Ƀɘ Ůˊɘɚɞɔɏɠ ŬɡŰɏɠ, Ŭɜ əŬɘ ŬɜŬɔəŬɑŮɠ 

ɔɘŬ Űɖɜ Ůˊɑɚɡůɖ Űɞɡ ɛɞɜŰɏɚɞɡ, ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ŬəɟɑɓŮɘŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬɘ 
ůɡɛɓɎɚɚɞɡɜ ůŰɘɠ ŬˊɞəɚɑůŮɘɠ ˊɞɡ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ůŮ ůɢɏůɖ ɛŮ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ. 
 ɄŬɟɎ Űɘɠ ŬɓŮɓŬɘɧŰɖŰŮɠ, ɞɘ ˊɟɞɓɚŮˊɧɛŮɜŮɠ ɛɏɔɘůŰŮɠ Űɘɛɏɠ ɓɟɑůəɞɜŰŬɘ ŮɜŰɧɠ Űɞɡ 
ˊŮɘɟŬɛŬŰɘəɞɨ Ůɨɟɞɡɠ əŬɘ ɖ ɔŮɜɘəɐ ɛɞɟűɐ Űɖɠ ŬɟɘɗɛɖŰɘəɐɠ əŬɛˊɨɚɖɠ ŬəɞɚɞɡɗŮɑ ŰŬ ɓŬůɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ, ŬˊɞŭŮɘəɜɨɞɜŰŬɠ ɧŰɘ Űɞ ɛɞɜŰɏɚɞ ŮɑɜŬɘ ɘəŬɜɧ ɜŬ 

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ535

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ330

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ350

ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ0,70

ɾʶˍʰˍˈˉʽˋʹ ώmm] 
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ŬˊɞŭɩůŮɘ ŮˊŬɟəɩɠ Űɖ ůɡɜɞɚɘəɐ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ, ˊŬɟɎ Űɘɠ ŬɜŬˊɧűŮɡəŰŮɠ 
ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ ˊɞɡ ɞűŮɑɚɞɜŰŬɘ ůŰɖ űɨůɖ Űɞɡ ɡɚɘəɞɨ əŬɘ ůŰɘɠ ŬˊɚɞɡůŰŮɨůŮɘɠ Űɖɠ 
ˊɟɞůɞɛɞɑɤůɖɠ. 

 ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ɞɚɞəɚɖɟɩɗɖəŮ ɖ ŬɜɎˊŰɡɝɖ əŬɘ ɖ Ŭɟɢɘəɐ Ŭɝɘɞɚɧɔɖůɖ Űɞɡ 
ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ. ɆŰɞ ŮˊɧɛŮɜɞ 
əŮűɎɚŬɘɞ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ, ɛŮ ůəɞˊɧ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ 
Űɤɜ ɓŬůɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ əŬɘ ɔŮɤɛŮŰɟɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ əɞɢɚɑŬ ůŰɖ ɛɖɢŬɜɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 
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ȾȺūȷȿȷȽɃ 5ɞ: ɄȷɅȷɀȺɇɅȽȾȼ ȷɁȷȿɈɆȼ 

 

 ȼ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ůəɞˊɧ ɜŬ ŮəŰɘɛɖɗŮɑ ɖ ŮɡŬɘůɗɖůɑŬ 
Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ ůŮ əɟɑůɘɛŮɠ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ ɎɛŮůŬ Űɖ ɛɖɢŬɜɘəɐ 
ůɡɛˊŮɟɘűɞɟɎ. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɧůɞ Űɘɠ ůɡɜɗɐəŮɠ 

űɧɟŰɘůɖɠ əŬɘ ŮˊŬűɐɠ (ŮˊɘɓŬɚɚɧɛŮɜɖ ˊɑŮůɖ, ůɡɜŰŮɚŮůŰɐɠ Űɟɘɓɐɠ ɛŮŰŬɝɨ Űɤɜ blocks Űɞɡ 
sawbone), ɧůɞ əŬɘ ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ əɞɢɚɑŬ ůˊɞɜŭɡɚɞŭŮůɑŬɠ (əɨɟɘŬ 
ŭɘɎɛŮŰɟɞɠ, ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ), əŬɗɩɠ əŬɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ sawbone (ɛɏŰɟɞ 
ŮɚŬůŰɘəɧŰɖŰŬɠ, ɚɧɔɞɠ Poisson, ŰɎůɖ ŭɘŬɟɟɞɐɠ əŬɘ ɛɏŰɟɞ əɟɎŰɡɜůɖɠ). 

 ȼ ɛŮɗɞŭɞɚɞɔɑŬ ůŰɖɟɑɢŰɖəŮ ɧŰɘ əɎɗŮ űɧɟŬ ɛŮŰŬɓɎɚɚŮŰŬɘ ɛɧɜɞ ɛɑŬ ˊŬɟɎɛŮŰɟɞɠ, Ůɜɩ 
ɧɚŮɠ ɞɘ ɡˊɧɚɞɘˊŮɠ ˊŬɟŬɛɏɜɞɡɜ ůŰŬɗŮɟɏɠ ůŰɘɠ Űɘɛɏɠ ŬɜŬűɞɟɎɠ ˊɞɡ ɞɟɑůŰɖəŬɜ ůŰɞ 
ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ Ŭˊɞɛɧɜɤůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ 
əɎɗŮ ˊŬɟɎɔɞɜŰŬ əŬɘ ɖ ŮəŰɑɛɖůɖ Űɖɠ ůɢŮŰɘəɐɠ Űɞɡɠ ůɖɛŬůɑŬɠ ůŰɖ ůɡɜɞɚɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ. ũɘŬ əɎɗŮ ůŮɜɎɟɘɞ ŮɝɎɔɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ əŬɘ 
ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ ŬɜŰɑůŰɞɘɢŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ (ŭɡůəŬɛɣɑŬ, ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ, ŭɨɜŬɛɖ 
əŬɘ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ), ɩůŰŮ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ɎɛŮůɖ ůɨɔəɟɘůɖ Űɧůɞ ɛŮ ŰŬ 
ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɧůɞ əŬɘ ɛŮ Űɞ ɓŬůɘəɧ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ. 

 

5.1 ɆɈɁŪȼȾȺɆ ūɃɅɇȽɆȼɆ ȾȷȽ ȺɄȷūȼɆ 

 

 ɆŰɖɜ ŮɜɧŰɖŰŬ ŬɡŰɐ ŮɝŮŰɎɕɞɜŰŬɘ ŭɨɞ ɓŬůɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ 
ˊɟɞůɞɛɞɑɤůɖ Űɖɠ űɧɟŰɘůɖɠ əŬɘ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ block sawbone, ɖ 
ŮˊɘɓŬɚɚɧɛŮɜɖ ˊɑŮůɖ əŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ Űɟɘɓɐ. ȷɡŰɏɠ ɞɘ ˊŬɟɎɛŮŰɟɞɘ ŭŮɜ ˊɟɞəɨˊŰɞɡɜ ɎɛŮůŬ 

Ŭˊɧ ɛŮŰɟɐůŮɘɠ ŬɚɚɎ ŮɘůɎɔɞɜŰŬɘ ůŰɞ ɛɞɜŰɏɚɞ ɤɠ ˊɟɞůŮɔɔɑůŮɘɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɡˊɎɟɢŮɘ 
ŬɓŮɓŬɘɧŰɖŰŬ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ əɟɑɗɖəŮ ŬˊŬɟŬɑŰɖŰɖ ɖ ˊŬɟŬɛŮŰɟɘəɐ ŭɘŮɟŮɨɜɖůɖ Űɖɠ 
ŮˊɑŭɟŬůɐɠ Űɞɡɠ, ɩůŰŮ ɜŬ ŮəŰɘɛɖɗŮɑ ɞɟɗɎ ɞ ɓŬɗɛɧɠ ůŰɞɜ ɞˊɞɑɞ ŮˊɖɟŮɎɕɞɡɜ Űɖ ůɡɜɞɚɘəɐ 
ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ. 

 

5.1.1 ȺˊɑŭɟŬůɖ ȺɝɤŰŮɟɘəɐɠ ɄɑŮůɖɠ 

 

 ȼ ŮˊɘɓŬɚɚɧɛŮɜɖ ˊɑŮůɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ ˊɑŮůɖɠ, ˊɞɡ 

ůɢŮŰɑɕŮŰŬɘ  ɛŮ Űɖɜ ˊɟɞɏɜŰŬůɖ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ əŬŰɎ Űɖɜ ůɨůűɘɝɖ Űɞɡ əɞɢɚɑŬ ůŰŬ 

blocks Űɞɡ sawbone, ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɖ Ŭəɟɘɓɐ Űɘɛɐ Űɖɠ ɧˊɤɠ ɏɢŮɘ 

ŬɜŬűŮɟɗŮɑ əŬɘ ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, ŮɝŮŰɎůŰɖəŮ ɖ 
ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ˊɑŮůɖɠ, ɩůŰŮ ɜŬ ŮəŰɘɛɖɗŮɑ ɞ 

ɓŬɗɛɧɠ ŮˊɑŭɟŬůɖɠ Űɞɡ ɛŮɔɏɗɞɡɠ ŬɡŰɞɨ ůŰɖɜ Ŭˊɧəɟɘůɖ Űɞɡ ɛɞɜŰɏɚɞɡ.  

 ɆɡɔəŮəɟɘɛɏɜŬ, ŬɜŬɚɨɗɖəŬɜ ɞɘ Űɘɛɏɠ 0,375 MPa, 0,750 MPa əŬɘ 1,500 MPa. 
ɆŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůɡɔəɟɘŰɘəɎ ɞɘ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-

ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ Ůˊɘɛɏɟɞɡɠ ˊŮɟɘˊŰɩůŮɘɠ, Ůɜɩ ůŰɞɜ ŬɜŰɑůŰɞɘɢɞ ˊɑɜŬəŬ 

ˊŬɟŬŰɑɗŮɜŰŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ 
ŬˊɞŰŮɚŮůɛɎŰɤɜ. 
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ȺɘəɧɜŬ 5.1 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɖɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ˊɑŮůɖɠ 

 
ɄɑɜŬəŬɠ 5.1 ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɖɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ˊɑŮůɖɠ 

 ȼ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ɏŭŮɘɝŮ ɧŰɘ ɖ ɛŮŰŬɓɞɚɐ Űɖɠ ŮɝɤŰŮɟɘəɐɠ ˊɑŮůɖɠ ŭŮɜ 
ŮˊɖɟŮɎɕŮɘ ɞɡůɘŬůŰɘəɎ Űɖ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ, ɖ ɞˊɞɑŬ ˊŬɟŬɛɏɜŮɘ ůɢŮŭɧɜ ůŰŬɗŮɟɐ. 

ȼ ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ əŬɘ Űɞ ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ ˊŬɟɞɡůɑŬůŬɜ Ŭɨɝɖůɖ ɛŮŰɎ Űɞɜ ŭŮɨŰŮɟɞ 
ŭɘˊɚŬůɘŬůɛɧ Űɖɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ˊɑŮůɖɠ. ȷɡŰɧ ɛˊɞɟŮɑ ɜŬ ůɡɛɓŬɑɜŮɘ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ 
ŮɝɤŰŮɟɘəɐ ˊɑŮůɖ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ˊɟɞɏɜŰŬůɖ, ˊɟɞəŬɚɩɜŰŬɠ ɛɘŬ Ŭɟɢɘəɐ ɗɚɘˊŰɘəɐ 
ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ɡɚɘəɞɨ, ɖ ɞˊɞɑŬ ŭɟŬ ŬɜŰɑɟɟɞˊŬ ɤɠ ˊɟɞɠ ŮəŮɑɜɖ Űɖɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ 

ɛŮŰŬŰɧˊɘůɖɠ əŬɘ əŬɗɡůŰŮɟŮɑ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŭɘŬɟɟɞɐɠ. 
 ȷˊɧ əɚɘɜɘəɐ Ɏˊɞɣɖ, Űɞ ŬˊɞŰɏɚŮůɛŬ ŬɡŰɧ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ɡˊɞŭŮɘəɜɨŮɘ ɧŰɘ 
ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ əɞɢɚɑŮɠ ɞɘ ɞˊɞɑɞɘ ŮˊɘŰɡɔɢɎɜɞɡɜ ɡɣɖɚɧŰŮɟɖ ůɡɛˊɑŮůɖ əŬŰɎ Űɖɜ 
ůˊɞɜŭɡɚɞŭŮůɑŬ ɞŭɖɔɞɨɜ ůŮ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ ˊɟɘɜ Űɖ ŭɘŬɟɟɞɐ, ůŰɞɘɢŮɑɞ ˊɞɡ ɗŬ 

ɛˊɞɟɞɨůŮ ɜŬ ůɡɛɓɎɚɚŮɘ ůŮ ůŰŬɗŮɟɧŰŮɟɖ ɞůŰŮɞůɨɜɗŮůɖ. ɋůŰɧůɞ ɖ ˊŬɟŬŰɐɟɖůɖ ŬɡŰɐ 
ˊɟɏˊŮɘ ɜŬ ŮɟɛɖɜŮɡɗŮɑ ɛŮ ˊɟɞůɞɢɐ, əŬɗɩɠ ůŰɞ ˊŬɟɧɜ ɛɞɜŰɏɚɞ ɖ ˊɑŮůɖ ŮűŬɟɛɧɕŮŰŬɘ 
ŮɝɤŰŮɟɘəɎ əŬɘ ɧɢɘ ɛɏůɤ Űɞɡ ɑŭɘɞɡ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ˊɟɞɏɜŰŬůɖɠ Űɞɡ əɞɢɚɑŬ əŬɘ Ůˊɞɛɏɜɤɠ 
ŭŮɜ ŬɜŰɘəŬŰɞˊŰɟɑɕŮɘ ˊɚɐɟɤɠ Űɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ. 

 
5.1.2 ȺˊɑŭɟŬůɖ Űɞɡ ɆɡɜŰŮɚŮůŰɐ ɇɟɘɓɐɠ 

 

 Ƀ ůɡɜŰŮɚŮůŰɐɠ Űɟɘɓɐɠ ůŰɖɜ ŮˊŬűɐ ɛŮŰŬɝɨ Űɤɜ ŭɞəɘɛɑɤɜ sawbone ŬˊɞŰŮɚŮɑ əɟɑůɘɛɖ 

ŬɚɚɎ ŬɓɏɓŬɘɖ ˊŬɟɎɛŮŰɟɞ. Ƀɘ Űɘɛɏɠ ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ ɔɘŬ Ŭűɟɩŭɖ ɡɚɘəɎ 

ʃʾʶˋʹ ώatŀϐ0,38 0,75 1,50

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ320 330 370

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ525 535 528

ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ0,65 0,7 0,75

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ340 350 390
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əŬɘ ŮɘŭɘəɎ ɔɘŬ Ŭűɟɞɨɠ ˊɞɚɡɞɡɟŮɗɎɜɖɠ ŭɖɚɩɜɞɡɜ Űɖɜ ɨˊŬɟɝɖ ůɖɛŬɜŰɘəɐɠ ŭɘŬůˊɞɟɎɠ. ũɘŬ 
Űɞɜ ɚɧɔɞ ŬɡŰɧ ŭɘŮɟŮɡɜɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ ŭɘŬűɞɟŮŰɘəɩɜ Űɘɛɩɜ Űɞɡ ůɡɜŰŮɚŮůŰɐ Űɟɘɓɐɠ ůŰɖ 
ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ ɛɞɜŰɏɚɞɡ. 

 ɆɡɔəŮəɟɘɛɏɜŬ, ŮɝŮŰɎůŰɖəŬɜ ɞɘ Űɘɛɏɠ 0,2, 0,6 əŬɘ 1. ɆŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ 
(ȺɘəɧɜŬ 5.2) ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůɡɔəɟɘŰɘəɎ ɞɘ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŰɟŮɘɠ 
ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ Űɟɘɓɐɠ. ɆŰɞɜ ɄɑɜŬəŬ 5.2 ˊŬɟŬŰɑɗŮɜŰŬɘ ɞɘ 
ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ ɔɘŬ əɎɗŮ Űɘɛɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ Űɟɘɓɐɠ. 

 

 
ȺɘəɧɜŬ 5.2 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ Űɘɛɏɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ Űɟɘɓɐɠ 

 
ɄɑɜŬəŬɠ 5.2 ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɔɘŬ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ Űɟɘɓɐɠ 

ȷˊɧ Űɖɜ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ˊɟɞɏəɡɣŮ ɧŰɘ ɖ ɛŮŰŬɓɞɚɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ Űɟɘɓɐɠ 
ŭŮɜ ŭɘŬűɞɟɞˊɞɘŮɑ ɞɡůɘŬůŰɘəɎ Űɖ ůɡɜɞɚɘəɐ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ. Ƀɘ 
əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ˊŬɟŬɛɏɜɞɡɜ ůɢŮŭɧɜ ŰŬɡŰɧůɖɛŮɠ əŬɘ ɞɘ ɛɖɢŬɜɘəɏɠ 
ɘŭɘɧŰɖŰŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɧɜɞ ɛɘəɟɏɠ ŬɡɝɞɛŮɘɩůŮɘɠ. ɇɞ ŮɨɟɖɛŬ ŬɡŰɧ ɡˊɞŭɖɚɩɜŮɘ ɧŰɘ ɖ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɛɞɜŰɏɚɞɡ ŮɑɜŬɘ ůɢŮŰɘəɎ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɖɜ Ŭəɟɘɓɐ Űɘɛɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ 
Űɟɘɓɐɠ, ɔŮɔɞɜɧɠ ˊɞɡ ɏɢŮɘ ɘŭɘŬɑŰŮɟɖ ůɖɛŬůɑŬ əŬɗɩɠ ůŰɖɜ ˊɟɎɝɖ ɞɘ ŮˊɘűɎɜŮɘŮɠ ŮˊŬűɐɠ 
ɛŮŰŬɝɨ Ŭűɟɤŭɩɜ ɡɚɘəɩɜ əŬɘ ɞůŰɞɨ, ŭŮɜ ˊŬɟɞɡůɘɎɕɞɡɜ ůŰŬɗŮɟɧ ůɡɜŰŮɚŮůŰɐ Űɟɘɓɐɠ ŬɚɚɎ 
ɛŮŰŬɓɎɚɚɞɜŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɘɠ Űɞˊɘəɏɠ ůɡɜɗɐəŮɠ, Űɖ ŰɟŬɢɨŰɖŰŬ əŬɘ Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ. 
 

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʆˊʽʲʺˌ0,20 0,60 1,00

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ

ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ

525

350

529 532

320 330 360

360 380

0,70 0,70 0,75
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5.2 ɀȼɉȷɁȽȾȺɆ ȽȹȽɃɇȼɇȺɆ ɇɃɈ SAWBONE 

 
 Ƀɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ sawbone ŬˊɞŰŮɚɞɨɜ əɟɑůɘɛɞɡɠ ˊŬɟɎɔɞɜŰŮɠ ɔɘŬ Űɖɜ 
ŬɟɘɗɛɖŰɘəɐ ˊɟɞůɞɛɞɑɤůɖ, əŬɗɩɠ əŬɗɞɟɑɕɞɡɜ ɎɛŮůŬ Űɖɜ ŬəŬɛɣɑŬ əŬɘ Űɖɜ ůɡɜɞɚɘəɐ 
ŬɜŰɞɢɐ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ɇɞ ɡɚɘəɧ, ɤɠ ŬɜŬˊŬɟɎůŰŬůɖ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ, ɢŬɟŬəŰɖɟɑɕŮŰŬɘ 

Ŭˊɧ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɛŮŰŬɓɎɚɚɞɜŰŬɘ ůɖɛŬɜŰɘəɎ, ŮɑŰŮ ɚɧɔɤ əŬŰŬůəŮɡŬůŰɘəɩɜ 
ŭɘŬűɞɟɩɜ Űɤɜ ŭɞəɘɛɑɤɜ, ŮɑŰŮ ůŮ ˊɟŬɔɛŬŰɘəɏɠ ɓɘɞɚɞɔɘəɏɠ ůɡɜɗɐəŮɠ, ɧˊɤɠ ɖ ˊŬɟɞɡůɑŬ 
ɞůŰŮɞˊɧɟɤůɖɠ ɐ ŬɜŰɑɗŮŰŬ Ŭɡɝɖɛɏɜɖɠ ɞůŰɘəɐɠ ˊɡəɜɧŰɖŰŬɠ. ũɘŬ Űɞɡɠ ɚɧɔɞɡɠ ŬɡŰɞɨɠ 
əɟɑɗɖəŮ ŬˊŬɟŬɑŰɖŰɖ ɖ ˊŬɟŬɛŮŰɟɘəɐ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ, ɛŮ ůŰɧɢɞ ɜŬ 

ŬˊɞŰɘɛɖɗŮɑ ɖ ŮˊɑŭɟŬůɖ Űɖɠ əɎɗŮ ɛɖɢŬɜɘəɐɠ ˊŬɟŬɛɏŰɟɞɡ ůŰɖɜ ůɡɜɞɚɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ 
ɛɞɜŰɏɚɞɡ. 
 
5.2.1 ȺˊɑŭɟŬůɖ Űɞɡ ɀɏŰɟɞɡ ȺɚŬůŰɘəɧŰɖŰŬɠ 

 
 ɇɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŬˊɞŰŮɚŮɑ Űɖ ɓŬůɘəɧŰŮɟɖ ɘŭɘɧŰɖŰŬ ˊɞɡ əŬɗɞɟɑɕŮɘ Űɖɜ 
ŬəŬɛɣɑŬ Űɞɡ ɡɚɘəɞɨ əŬɘ ŮˊɖɟŮɎɕŮɘ ɎɛŮůŬ Űɖɜ Ŭɟɢɘəɐ əɚɑůɖ Űɖɠ əŬɛˊɨɚɖɠ ŭɨɜŬɛɖɠ-
ɛŮŰŬŰɧˊɘůɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ sawbone, ɞ əŬŰŬůəŮɡŬůŰɐɠ ŭɑɜŮɘ Űɘɛɐ ůŰŬ 210 MPa, 

ɤůŰɧůɞ ɖ ˊɟŬɔɛŬŰɘəɐ Űɘɛɐ ɛˊɞɟŮɑ ɜŬ ŭɘŬűɏɟŮɘ. ɀŮɘɤɛɏɜɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 
ŬɜŰɘůŰɞɘɢŮɑ ůŮ ˊɘɞ ɛŬɚŬəɧ ɞůŰɧ, Ůɜɩ ɡɣɖɚɧŰŮɟɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ˊɘɞ 
ˊɡəɜɧ əŬɘ ůəɚɖɟɧ ɞůŰɘəɧ ɘůŰɧ. 
 ũɘŬ Űɖ ŭɘŮɟŮɨɜɖůɖ ŮɝŮŰɎůŰɖəŬɜ ɞɘ Űɘɛɏɠ 150 MPa, 180 MPa, 210 MPa, 240 MPa, 

270 MPa əŬɘ 300 MPa. ɆŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ (ȺɘəɧɜŬ 5.3) ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůɡɔəɟɘŰɘəɎ 
ɞɘ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, 
Ůɜɩ ůŰɞɜ ɄɑɜŬəŬ 5.3 ɞɘ ŬɜŰɑůŰɞɘɢŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 
 

 
ȺɘəɧɜŬ 5.3 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɐɠ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ 
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ɄɑɜŬəŬɠ 5.3 ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ȼ ŬɜɎɚɡůɖ ɏŭŮɘɝŮ ɧŰɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŬˊɞŰŮɚŮɑ Űɞɜ əŬɗɞɟɘůŰɘəɧŰŮɟɞ 

ˊŬɟɎɔɞɜŰŬ ɔɘŬ Űɖɜ ŬəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ȼ ŭɡůəŬɛɣɑŬ ŬɡɝɐɗɖəŮ ůŰŬɗŮɟɎ ɛŮ Űɖɜ 
Ŭɨɝɖůɖ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɠ Űɖɜ ɎɛŮůɖ ůɡůɢɏŰɘůɖ Űɖɠ 
ˊŬɟŬɛɏŰɟɞɡ ŬɡŰɐɠ ɛŮ Űɖɜ Ŭɟɢɘəɐ əɚɑůɖ Űɖɠ əŬɛˊɨɚɖɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ. ɄŬɟɎɚɚɖɚŬ, 
ɖ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ ɛŮɘɩɗɖəŮ ŬɘůɗɖŰɎ, ŭŮɑɢɜɞɜŰŬɠ ɧŰɘ ŰŬ ˊɘɞ ɎəŬɛˊŰŬ ɡɚɘəɎ ŭɘŬɟɟɏɞɡɜ 

ůŮ ɛɘəɟɧŰŮɟŮɠ ɛŮŰŬŰɞˊɑůŮɘɠ (ɐ ˊŬɟŬɛɞɟűɩůŮɘɠ). ȷɜŰɑɗŮŰŬ, ɖ ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ əŬɘ Űɞ ɧɟɘɞ 
ŬɜŬɚɞɔɑŬɠ ˊŬɟɏɛŮɘɜŬɜ ůɢŮŭɧɜ ůŰŬɗŮɟɎ, ɔŮɔɞɜɧɠ ˊɞɡ ŭŮɑɢɜŮɘ ɧŰɘ ůŰɞ ˊŬɟɧɜ ɛɞɜŰɏɚɞ ɖ 
ɛŮŰŬɓɞɚɐ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ŭŮɜ ŮˊɖɟŮɎɕŮɘ ɞɡůɘŬůŰɘəɎ Űɖɜ ŬɜŰɞɢɐ ůŮ űɞɟŰɑɞ. 

ɇŬ ŮɡɟɐɛŬŰŬ ůɡɜɎŭɞɡɜ ɛŮ Űɖɜ əɚɘɜɘəɐ ŮɛˊŮɘɟɑŬ ˊɤɠ ŰŬ ɞůŰɎ ɛŮ ɛŮɘɤɛɏɜɖ ŬəŬɛɣɑŬ 

ŮɛűŬɜɑɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ˊŬɟŬɛɧɟűɤůɖ ɡˊɧ űɧɟŰɘůɖ. ȼ ɓɘɓɚɘɞɔɟŬűɑŬ ŭŮɑɢɜŮɘ ɧŰɘ ůŰɖɜ 
ˊɟŬɔɛŬŰɘəɧŰɖŰŬ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ŬɜŰɞɢɐ Űɞɡ ɞůŰɞɨ ůɡɜŭɏɞɜŰŬɘ ɎɛŮůŬ. 
ɆɨɛűɤɜŬ ɛŮ Űɖɜ ŮɟɔŬůɑŬ Űɤɜ Carter əŬɘ Hayes [53], ɞůŰɎ ɛŮ ɡɣɖɚɧŰŮɟɖ ˊɡəɜɧŰɖŰŬ 
ˊŬɟɞɡůɘɎɕɞɡɜ ɧɢɘ ɛɧɜɞ Ŭɡɝɖɛɏɜɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŬɚɚɎ əŬɘ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ űŰɎɜɞɡɜ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ ŰɎůŮɘɠ əŬɘ ŭɡɜɎɛŮɘɠ ŭɘŬɟɟɞɐɠ. ȷɜŰɘɗɏŰɤɠ, 
ɞůŰŮɞˊɞɟɤŰɘəɎ ɐ ŬɜŬŭɞɛɖɛɏɜŬ ɞůŰɎ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɢŬɛɖɚɧŰŮɟŮɠ Űɘɛɏɠ Űɧůɞ Űɞɡ 
ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ɧůɞ əŬɘ Űɖɠ ŬɜŰɞɢɐɠ, ɞŭɖɔɩɜŰŬɠ ůŮ ɛŮɘɤɛɏɜɖ ŭɡůəŬɛɣɑŬ əŬɘ 
ɢŬɛɖɚɧŰŮɟɖ ŬɜŰɞɢɐ. 

ɆɡɜɞɚɘəɎ, Űɞ ˊŬɟɧɜ ɛɞɜŰɏɚɞ ŬˊɞŰɡˊɩɜŮɘ ɛŮ ůɡɜɏˊŮɘŬ Űɖɜ ɓŬůɘəɐ ŰɎůɖ Űɖɠ 
ŮˊɑŭɟŬůɖɠ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ůŰɖ ŭɡůəŬɛɣɑŬ əŬɘ ůŰɖ ŭɡɜŬŰɧŰɖŰŬ ˊŬɟŬɚŬɓɐɠ 
ˊŬɟŬɛɞɟűɩůŮɤɜ, ɛŮ ɢŬɛɖɚɏɠ Űɘɛɏɠ ɜŬ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ɞůŰɎ ɛŮɘɤɛɏɜɖɠ ˊɡəɜɧŰɖŰŬɠ, ɧˊɤɠ 
ůŰɖɜ ɞůŰŮɞˊɧɟɤůɖ, əŬɘ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ ůŮ ɞůŰɎ ɛŮ Ŭɡɝɖɛɏɜɖ ˊɡəɜɧŰɖŰŬ ɧˊɤɠ ŮɑɜŬɘ 

ŮəŮɑɜŬ Űɤɜ ŬɗɚɖŰɩɜ. ɄŬɟɎɚɚɖɚŬ, ɖ ůɨɔəɟɘůɖ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ ŬɜŬŭŮɘəɜɨŮɘ Űɞɜ 
ˊŮɟɘɞɟɘůɛɧ Űɖɠ ɡˊɧɗŮůɖɠ Űɞɡ ůŰŬɗŮɟɞɨ ɞɟɑɞɡ ŭɘŬɟɟɞɐɠ əŬɗɩɠ ɗŬ ɐŰŬɜ ŬɜŬɔəŬɑŬ ɖ 
ŰŬɡŰɧɢɟɞɜɖ ˊŬɟŬɛŮŰɟɘəɐ ɛŮŰŬɓɞɚɐ Űɧůɞ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ɧůɞ əŬɘ Űɖɠ ŰɎůɖɠ 
ŭɘŬɟɟɞɐɠ.  

 

5.2.2 ȺˊɑŭɟŬůɖ Űɞɡ Ɂɧɛɞɡ Poisson 

 
 Ƀ ɚɧɔɞɠ Poisson ŬˊɞŰŮɚŮɑ ɗŮɛŮɚɘɩŭɖ ɛɖɢŬɜɘəɐ ˊŬɟɎɛŮŰɟɞ Űɞɡ ɡɚɘəɞɨ, ɖ ɞˊɞɑŬ 

ˊŮɟɘɔɟɎűŮɘ Űɖ ůɢɏůɖ ɛŮŰŬɝɨ Űɖɠ ŭɘŬɛɐəɞɡɠ əŬɘ ŮɔəɎɟůɘŬɠ ˊŬɟŬɛɧɟűɤůɖɠ. ũɘŬ ŰŬ ŭɞəɑɛɘŬ 
sawbone, ɖ Űɘɛɐ Űɞɡ, ɧˊɤɠ ŭɑɜŮŰŬɘ Ŭˊɧ Űɞɜ əŬŰŬůəŮɡŬůŰɐ, ŮɑɜŬɘ ɜ = 0,3. ɀɘəɟɏɠ 
ŬˊɞəɚɑůŮɘɠ ɛˊɞɟŮɑ ŮɑɜŬɘ ˊɘɗŬɜɏɠ ɚɧɔɤ ŭɘŬűɞɟɩɜ ůŰɖɜ ˊɡəɜɧŰɖŰŬ əŬɘ ůŰɖ ŭɞɛɐ Űɤɜ 
ŭɞəɘɛɑɤɜ. ɇɞ Ůɨɟɞɠ ˊɞɡ ŭɑɜŮŰŬɘ ɔɘŬ Űɞɜ ɜɧɛɞ Poisson ůŮ ŰɏŰɞɘɞ Ůɑŭɞɡɠ ɡɚɘəɎ əɡɛŬɑɜŮŰŬɘ 

ŬɜɎɛŮůŬ ůŰŬ ɧɟɘŬ ɜ = 0,25 əŬɘ ɜ = 0,33.  
 ȺɝŮŰɎůŰɖəŬɜ ɞɘ Űɘɛɏɠ ɜ = 0,25, 0,30, 0,33 əŬɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůɡɔəɟɘŰɘəɎ ɞɘ 

ɾʷˍˊˇ ɳ˂ʰˋˍʽˁˈˍʹˍʰˌ ώatŀϐ150 180 210 240 270 300

320 320 320 340

681

340

360

0,55ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ0,90 0,75 0,70 0,65 0,60

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ340 340 350 360 360

340

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ395 453 525 557 640

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ
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əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ Űɤɜ ŭɨɞ ŬəɟŬɑɤɜ ˊŮɟɘˊŰɩůŮɤɜ (ȺɘəɧɜŬ 5.4), ɔɘŬ 
ŮɡəɟɑɜŮɘŬ, əŬɗɩɠ əŬɘ ɞɘ ŰɟŮɘɠ əŬɛˊɨɚŮɠ ůɢŮŭɧɜ ŰŬɡŰɑɕɞɜŰŬɘ, əŬɘ ůŰɞɜ ɄɑɜŬəŬ 5.4 ɞɘ 
ŬɜŰɑůŰɞɘɢŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 

 

 
 

ȺɘəɧɜŬ 5.4 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŬəɟŬɑŮɠ Űɘɛɏɠ Űɞɡ ɜɧɛɞɡ Poisson 

 

 
ɄɑɜŬəŬɠ 5.4 ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɜɧɛɞɡ Poisson 

ȼ ŬɜɎɚɡůɖ ɏŭŮɘɝŮ ɧŰɘ ɖ ɛŮŰŬɓɞɚɐ Űɞɡ ɚɧɔɞɡ Poisson ŭŮɜ ŭɘŬűɞɟɞˊɞɘŮɑ əŬɗɧɚɞɡ Űɖ 

ůɡɜɞɚɘəɐ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ȳɚŮɠ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊŬɟɏɛŮɘɜŬɜ 
ůŰŬɗŮɟɏɠ ɢɤɟɑɠ ɜŬ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŭɘŬűɞɟɏɠ əŬɘ ŬɡɝɞɛŮɘɩůŮɘɠ. ɇɞ ɛɞɜŰɏɚɞ ŭŮɑɢɜŮɘ ŭɖɚŬŭɐ 
ɜŬ ŮɑɜŬɘ ˊɚɐɟɤɠ ŬɜŮɝɎɟŰɖŰɞ Ŭˊɧ Űɖɜ Űɘɛɐ Űɞɡ ɚɧɔɞɡ Poisson.  
 

5.2.3 ȺˊɑŭɟŬůɖ Űɖɠ ɇɎůɖɠ ȹɘŬɟɟɞɐɠ 

  

 ȼ ŰɎůɖ ŭɘŬɟɟɞɐɠ ŬˊɞŰŮɚŮɑ ɓŬůɘəɐ ɛɖɢŬɜɘəɐ ɘŭɘɧŰɖŰŬ Ůɜɧɠ ɡɚɘəɞɨ, əŬɗɩɠ əŬɗɞɟɑɕŮɘ 
Űɞ ůɖɛŮɑɞ ɛŮŰɎɓŬůɖɠ Ŭˊɧ Űɖɜ ŮɚŬůŰɘəɐ ůŰɖ ˊɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ũɘŬ Űɞ ɓŬůɘəɧ 

ɛɞɜŰɏɚɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ Űɘɛɐ ˊɞɡ ŭɑɜŮɘ ɞ əŬŰŬůəŮɡŬůŰɐɠ, ɤůŰɧůɞ ŮɝŮŰɎůŰɖəŮ ɖ 
Ŭˊɧəɟɘůɖ Űɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ŭɘŬɟɟɞɐɠ, ŬɜŰŬɜŬəɚɩɜŰŬɠ ɞɡůɘŬůŰɘəɎ Űɖ 
ŭɘŬűɞɟɞˊɞɑɖůɖ Űɖɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ 

ɽˈʴˇˌ tƻƛǎǎƻƴ0,25 0,30 0,33

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ350 350 350

ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ0,70 0,70 0,70

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ525 525 525

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ320 320 320
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ɓɘɞɚɞɔɘəɏɠ ůɡɜɗɐəŮɠ, ɧˊɤɠ ɖ ɞůŰŮɞˊɧɟɤůɖ ɐ ɖ Ŭɡɝɖɛɏɜɖ ɞůŰɘəɐ ˊɡəɜɧŰɖŰŬ. 
 ũɘŬ Űɖ ŭɘŮɟŮɨɜɖůɖ ŮɝŮŰɎůŰɖəŬɜ ɞɘ Űɘɛɏɠ ůy = 8 MPa, 10 MPa əŬɘ 15 MPa əŬɘ 
ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůɡɔəɟɘŰɘəɎ ɞɘ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ 

Űɖɠ ŰɎůɖɠ ŭɘŬɟɟɞɐɠ (ȺɘəɧɜŬ 5.5) əŬɘ ůŰɞɜ ɄɑɜŬəŬ 5.5 ɞɘ ŬɜŰɑůŰɞɘɢŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ 
Űɞɡ ůɡůŰɐɛŬŰɞɠ. 
 

 
 

ȺɘəɧɜŬ 5.5 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɖɠ ŰɎůɖɠ ŭɘŬɟɟɞɐɠ 

 
ɄɑɜŬəŬɠ 5.5 ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɐɠ Űɖɠ ŰɎůɖɠ ŭɘŬɟɟɞɐɠ 

ȼ ŬɜɎɚɡůɖ ɔɘŬ Űɖɜ ŰɎůɖ ŭɘŬɟɟɞɐɠ ɏŭŮɘɝŮ ɧŰɘ ɖ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ 
ˊŬɟŬɛɏɜŮɘ ůɢŮŭɧɜ ŬɛŮŰɎɓɚɖŰɖ, ɔŮɔɞɜɧɠ ˊɞɡ ɡˊɞŭɖɚɩɜŮɘ ɧŰɘ ɖ ˊŬɟɎɛŮŰɟɞɠ ŬɡŰɐ ŭŮɜ 
ŮˊɖɟŮɎɕŮɘ ɞɡůɘŬůŰɘəɎ Űɖɜ ŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ, ɔŮɔɞɜɧɠ ŬɜŬɛŮɜɧɛŮɜɞ. ȷɜŰɑɗŮŰŬ, Űɞ 
ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ əŬɘ ɖ ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ ˊŬɟɞɡůɑŬɕŬɜ ůŬűɐ Ŭɨɝɖůɖ əŬɗɩɠ ɛŮɔɎɚɤɜŮ ɖ 

ŰɎůɖ ŭɘŬɟɟɞɐɠ, ŬɜŬŭŮɘəɜɨɞɜŰŬɠ Űɞɜ əŬɗɞɟɘůŰɘəɧ Űɖɠ ɟɧɚɞ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ 
ůɡůŰɐɛŬŰɞɠ ůŰɖ ɛɖ-ɔɟŬɛɛɘəɐ ˊŮɟɘɞɢɐ. ȼ ɛŮŰŬŰɧˊɘůɖ ŭɘŬɟɟɞɐɠ ŬɡɝɐɗɖəŮ Ůˊɑůɖɠ 
ˊɟɞɞŭŮɡŰɘəɎ, ůŰɞɘɢŮɑɞ ˊɞɡ ŮɟɛɖɜŮɨŮŰŬɘ ɤɠ ɎɛŮůɖ ůɡɜɏˊŮɘŬ Űɖɠ Ŭɨɝɖůɖɠ Űɖɠ ŭɨɜŬɛɖɠ 
ŭɘŬɟɟɞɐɠ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ůɢŮŭɧɜ ůŰŬɗŮɟɐ ŭɡůəŬɛɣɑŬ, ɛŮŰŬəɘɜɩɜŰŬɠ Űɞ ůɖɛŮɑɞ 

ɛŮŰɎɓŬůɖɠ Ŭˊɧ Űɖ ɔɟŬɛɛɘəɐ ůŰɖ ɛɖ-ɔɟŬɛɛɘəɐ ˊŮɟɘɞɢɐ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ ɛŮŰŬŰɞˊɑůŮɘɠ əŬɘ 
ˊŬɟŬɛɞɟűɩůŮɘɠ.  

ȷˊɧ əɚɘɜɘəɐɠ ˊɚŮɡɟɎɠ, Űɞ ŮɨɟɖɛŬ ŬɡŰɧ ůɡɜŭɏŮŰŬɘ ɛŮ ŰŬ ŭŮŭɞɛɏɜŬ ˊɞɡ ɏɢɞɡɜ ɐŭɖ 

ʆʱˋʹ ɲʽʰˊˊˇʺˌ ώatŀϐ7 10 13 15

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ280 460350

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ525 544538

ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ0,6 0,900,70

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ300 490370

543

420

450

0,85
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ŬɜŬűŮɟɗŮɑ ůɢŮŰɘəɎ ɛŮ Űɖɜ ˊɞɘɧŰɖŰŬ Űɞɡ ɞůŰɞɨ, ɧˊɞɡ ůŮ ɞůŰɎ Ŭɡɝɖɛɏɜɖɠ ˊɡəɜɧŰɖŰŬɠ 
ˊŬɟŬŰɖɟŮɑŰŬɘ Ŭɡɝɖɛɏɜɖ ŰɎůɖ ŭɘŬɟɟɞɐɠ, ɞŭɖɔɩɜŰŬɠ ůŮ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ əŬɘ 
əŬɗɡůŰɏɟɖůɖ Űɖɠ ˊɚŬůŰɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ. ȳˊɤɠ ɏɢŮɘ ŮˊɘůɖɛŬɜɗŮɑ əŬɘ ůŰɖ ˊŮɟɑˊŰɤůɖ 

Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ, ɛŮɚɏŰŮɠ ɏɢɞɡɜ ŭŮɑɝŮɘ ˊɤɠ ŰŬ ˊɘɞ ɡɔɘɐ ɞůŰɎ ɏɢɞɡɜ ŰŬɡŰɧɢɟɞɜɖ 
Ŭɨɝɖůɖ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɖɠ ŰɎůɖɠ ŭɘŬɟɟɞɐɠ. ɀŮɚɚɞɜŰɘəɎ, ɖ ŭɘŮɟŮɨɜɖůɖ 
Űɤɜ ŭɨɞ ˊŬɟŬɛɏŰɟɤɜ ɗŬ ɐŰŬɜ ŬˊŬɟŬɑŰɖŰɖ, əŬɗɩɠ ůŰɞ ˊŬɟɧɜ ɛɞɜŰɏɚɞ ŮɝŮŰɎůŰɖəŬɜ 
ŬɜŮɝɎɟŰɖŰŬ. 

ɆɡɜɞɚɘəɎ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭŮɑɢɜɞɡɜ ɧŰɘ ɖ ŰɎůɖ ŭɘŬɟɟɞɐɠ əŬɗɞɟɑɕŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ 
Űɞɡ ůɡůŰɐɛŬŰɞɠ ɜŬ ˊŬɟŬɚŬɛɓɎɜŮɘ űɞɟŰɑɞ ˊɟɘɜ ŬɟɢɑůŮɘ ɜŬ ŭɘŬɟɟɏŮɘ, ɢɤɟɑɠ ɜŬ ŮˊɖɟŮɎɕŮɘ 
ůɖɛŬɜŰɘəɎ Űɖ ůɡɜɞɚɘəɐ ŭɡůəŬɛɣɑŬ. 
 

5.2.4 ȺˊɑŭɟŬůɖ Űɞɡ ɀɏŰɟɞɡ ȾɟɎŰɡɜůɖɠ 

 

 ɇɞ ɛɏŰɟɞ əɟɎŰɡɜůɖɠ ŮɑɜŬɘ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ əŬɗɞɟɑɕŮɘ Űɖ ˊɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ 
əŬɘ ŮəűɟɎɕŮɘ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɞɢɐɠ ɛŮŰɎ Űɖɜ ɏɜŬɟɝɖ ŭɘŬɟɟɞɐɠ, ˊŮɟɘɔɟɎűɞɜŰŬɠ 

ɞɡůɘŬůŰɘəɎ Űɖɜ əɚɑůɖ Űɖɠ əŬɛˊɨɚɖɠ ŰɎůɖ-ˊŬɟŬɛɧɟűɤůɖ ůŰɖ ˊɚŬůŰɘəɐ ˊŮɟɘɞɢɐ. ɆŰŬ 
ŭɞəɑɛɘŬ sawbone ɖ Ŭˊɧəɟɘůɖ ˊɞɡ ŬɜŬűɏɟŮŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ŮɑɜŬɘ ůɢŮŭɧɜ ɘŭŮŬŰɎ 
ˊɚŬůŰɘəɐ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ŭŮɜ ɡˊɎɟɢŮɘ ŬɜŬűɞɟɎ ɔɘŬ ŬɡŰɐ Ŭˊɧ Űɞɜ əŬŰŬůəŮɡŬůŰɐ. ũɘŬ Űɞɡɠ 
ɚɧɔɞɡɠ ŬɡŰɞɨɠ, ůŰɞ ˊŬɟɧɜ ɛɞɜŰɏɚɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɘɛɐ H = 1 MPa, ́ ɞɡ ŬˊɞŭɑŭŮɘ ůɢŮŭɧɜ 

ˊɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ, Ůɜɩ ˊŬɟɎɚɚɖɚŬ ŮɝŮŰɎůŰɖəŬɜ ˊŬɟŬɛŮŰɟɘəɎ əŬɘ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ, 
H = 10 MPa əŬɘ 20 MPa, ɩůŰŮ ɜŬ ŭɘŮɟŮɡɜɖɗŮɑ ůŮ Űɘ ɓŬɗɛɧ ɛˊɞɟŮɑ ɖ ˊɘɗŬɜɐ Ŭˊɧəɚɘůɖ Ŭˊɧ 
Űɞ ɘŭŮŬŰɧ ˊɚŬůŰɘəɧ ůŮɜɎɟɘɞ ɜŬ ŮˊɖɟŮɎůŮɘ Űɖ ůɡɜɞɚɘəɐ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ 
ůɡůŰɐɛŬŰɞɠ. 

 ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ (ȺɘəɧɜŬ 5.6) əŬɘ 
ůŰɞɜ ɄɑɜŬəŬ 5.6 ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ 
ɛɏŰɟɞɡ əɟɎŰɡɜůɖɠ. 
 

 
 

ȺɘəɧɜŬ 5.6 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ əɟɎŰɡɜůɖɠ 
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ɄɑɜŬəŬɠ 5.6 ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɐɠ Űɞɡ ɛɏŰɟɞɡ əɟɎŰɡɜůɖɠ 

ȼ ŬɜɎɚɡůɖ ɔɘŬ Űɞ ɛɏŰɟɞ əɟɎŰɡɜůɖɠ ɏŭŮɘɝŮ ɧŰɘ ɖ ɛŮŰŬɓɞɚɐ Űɖɠ ˊŬɟŬɛɏŰɟɞɡ ŭŮɜ 

ŮˊɖɟŮɎɕŮɘ əŬɛɑŬ Ŭˊɧ Űɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɛɞɜŰɏɚɞɡ, əŬɗɩɠ ŬɡŰɏɠ 
ˊŬɟŬɛɏɜɞɡɜ ŬˊɞɚɨŰɤɠ ůŰŬɗŮɟɏɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɛɏŰɟɞɡ. ȼ ŮˊɑŭɟŬůɖ 
ŮɛűŬɜɑɕŮŰŬɘ ɛɧɜɞ ůŰɘɠ ɛɏɔɘůŰŮɠ Űɘɛɏɠ Űɤɜ əŬɛˊɡɚɩɜ ůŰɖɜ ɛɖ-ɔɟŬɛɛɘəɐ ˊŮɟɘɞɢɐ, ɧˊɞɡ 
ˊŬɟŬŰɖɟɐɗɖəŬɜ ɛɘəɟɏɠ ŬɡɝɐůŮɘɠ Űɖɠ ŰɎɝŮɤɠ Űɞɡ 2-4%. ɇɞ ŬˊɞŰɏɚŮůɛŬ ŬɡŰɧ ɐŰŬɜ 

ŬɜŬɛŮɜɧɛŮɜɞ, əŬɗɩɠ ɞ ɟɧɚɞɠ Űɞɡ ɛɏŰɟɞɡ əɟɎŰɡɜůɖɠ əŬɗɞɟɑɕŮɘ Űɖɜ ŬɜŰɞɢɐ ɛŮŰɎ Űɖ 
ŭɘŬɟɟɞɐ, ɢɤɟɑɠ ɜŬ ŮˊɖɟŮɎɕŮɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɟɘɜ Űɖ ŭɘŬɟɟɞɐ.  
 

5.3 ũȺɋɀȺɇɅȽȾȷ ɉȷɅȷȾɇȼɅȽɆɇȽȾȷ ɇɃɈ ȾɃɉȿȽȷ 

 
 ɇŬ ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ əɞɢɚɑŬ ŬˊɞŰŮɚɞɨɜ ɓŬůɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ ɔɘŬ 
Űɖ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ɞůŰŮɞůɨɜɗŮůɖɠ, əŬɗɩɠ ŮˊɖɟŮɎɕɞɡɜ ɎɛŮůŬ Űɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ 

ɛŮŰŬűɏɟŮŰŬɘ əŬɘ ˊŬɟŬɚŬɛɓɎɜŮŰŬɘ Űɞ űɞɟŰɑɞ ŬɜɎɛŮůŬ ůŰɞɜ əɞɢɚɑŬ əŬɘ Űɞ ɞůŰɧ. 
ɄŬɟɎɛŮŰɟɞɘ ɧˊɤɠ Űɞ ɛɐəɞɠ Űɞɡ ůˊŮɘɟɩɛŬŰɞɠ əŬɘ ɖ əɨɟɘŬ ŭɘɎɛŮŰɟɞɠ, ŭɘŬűɞɟɞˊɞɘɞɨɜ Űɖ 
ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ əŬɘ ɛˊɞɟɞɨɜ ɜŬ əŬɗɞɟɑůɞɡɜ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ůɨůűɘɝɖɠ 
əŬɘ Űɖɜ ŬɜŰɞɢɐ ůŮ ŭɘŬŰɛɖŰɘəɐ űɧɟŰɘůɖ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ əɟɑɗɖəŮ ŬˊŬɟŬɑŰɖŰɖ ɖ 

ˊŬɟŬɛŮŰɟɘəɐ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ əɞɢɚɑŬ, ɛŮ ůəɞˊɧ ɜŬ ŬˊɞŰɡˊɤɗŮɑ ɖ 
ůɡɛɓɞɚɐ Űɞɡɠ ůŰɖ ůɡɜɞɚɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ ɛɞɜŰɏɚɞɡ. 
 

5.3.1 ȺˊɑŭɟŬůɖ Űɞɡ ɀɐəɞɡɠ ɆˊŮɘɟɩɛŬŰɞɠ  

 

 ɇɞ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ ŬˊɞŰŮɚŮɑ ɏɜŬ Ŭˊɧ ŰŬ ˊɘɞ ůɖɛŬɜŰɘəɎ ɔŮɤɛŮŰɟɘəɎ 
ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ əɞɢɚɑŬ ůˊɞɜŭɡɚɞŭŮůɑŬɠ, əŬɗɩɠ əŬɗɞɟɑɕŮɘ Űɖɜ ɏəŰŬůɖ Űɖɠ Ůɛˊɚɞəɐɠ 
Űɞɡ əɞɢɚɑŬ ůŰɞ ɞůŰɧ əŬɘ ŬˊɞŰŮɚŮɑ ˊŬɟɎɔɞɜŰŬ ˊɞɡ ŮˊɖɟŮɎɕŮɘ Űɖɜ ůɡɜɞɚɘəɐ ůŰŬɗŮɟɧŰɖŰŬ 

Űɖɠ ɞůŰŮɞůɨɜɗŮůɖɠ. ɄŬɟɧŰɘ ɖ ŮˊɑŭɟŬůɐ Űɞɡ ɏɢŮɘ ɛŮɚŮŰɖɗŮɑ ůŮ ŭɞəɘɛɏɠ ŮɝŬɔɤɔɐɠ (pull-out), 
ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ŬˊɞɡůɘɎɕɞɡɜ ŬɜŰɑůŰɞɘɢŮɠ ɛŮɚɏŰŮɠ ˊɞɡ ɜŬ ŮɝŮŰɎɕɞɡɜ Űɞɜ ɟɧɚɞ Űɞɡ ůŮ 
ůɡɜɗɐəŮɠ ŭɘɎŰɛɖůɖɠ. ȼ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŮɟŮɨɜɖůɖ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ ˊɚŬɑůɘɞ Űɖɠ 
ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ ŮˊɘəŮɜŰɟɩɗɖəŮ ůŰɖ ůɨɔəɟɘůɖ əɞɢɚɘɩɜ ɛŮ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 16 mm 

əŬɘ 32 mm, ɩůŰŮ ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ ŮɎɜ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖ 
ɓŮɚŰɑɤůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɡˊɧ ŭɘŬŰɛɖŰɘəɐ űɧɟŰɘůɖ. ɀɏůɤ Űɖɠ 
ŬɟɘɗɛɖŰɘəɐɠ ˊɟɞůɞɛɞɑɤůɖɠ ŭɧɗɖəŮ Ůˊɘˊɚɏɞɜ ɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮɝŮŰŬůŰŮɑ əŬɘ ɛɑŬ 
ŮɜŭɘɎɛŮůɖ ˊŮɟɑˊŰɤůɖ, ɛŮ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 24 mm, ɖ ɞˊɞɑŬ ŭŮɜ ɐŰŬɜ ŭɘŬɗɏůɘɛɖ 

ˊŮɘɟŬɛŬŰɘəɎ, ˊɟɞůűɏɟɞɜŰŬɠ ɏŰůɘ ɛɘŬ ˊɘɞ ɞɚɞəɚɖɟɤɛɏɜɖ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ Űɖɠ 
ůɡɔəŮəɟɘɛɏɜɖɠ ɛŮŰŬɓɚɖŰɐɠ. 
 ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ (ȺɘəɧɜŬ 5.7) əŬɘ 

ɾʷˍˊˇ ɼˊʱˍˎ˄ˋʹˌ ώatŀϐ1 10 20

ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ0,70 0,70 0,70

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ525 525 525

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ320 320 320

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ350 350 350
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ůŰɞɜ ɄɑɜŬəŬ 5.7 ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ 
ɛɏŰɟɞɡ əɟɎŰɡɜůɖɠ. 
 

 
 

ȺɘəɧɜŬ 5.7 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 

 
ɄɑɜŬəŬɠ 5.7 ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 

 ȷˊɧ Űɖ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ˊɟɞɏəɡɣŮ ɧŰɘ ɖ Ŭɨɝɖůɖ Űɞɡ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 
ŭŮɜ ɞŭɐɔɖůŮ ůŰɖ ɓŮɚŰɑɤůɖ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ůɡůŰɐɛŬŰɞɠ, ŬɚɚɎ ŬɜŰɑɗŮŰŬ 
ůɡůɢŮŰɑůŰɖəŮ ɛŮ ŮɚŬűɟɘɎ ɛŮɑɤůɖ Űɖɠ ŭɡůəŬɛɣɑŬɠ əŬɘ ɏɜŰɞɜɖ ɛŮɑɤůɖ Űɞɡ ɞɟɑɞɡ ŬɜŬɚɞɔɑŬɠ 

əŬɘ Űɖɠ ŭɨɜŬɛɖɠ ŭɘŬɟɟɞɐɠ. ȷˊɧ Űɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ˊɟɞəɨˊŰɞɡɜ ŬˊɞŰŮɚɏůɛŬŰŬ ŰŬ 
ɞˊɞɑŬ Ůɡɜɞɞɨɜ Űɞɡɠ əɞɢɚɑŮɠ ɛŮ ɛɘəɟɧŰŮɟɞ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ. 
 ȼ ŰɎůɖ ŬɡŰɐ ɏɟɢŮŰŬɘ ůŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ Űɖɠ ˊŬɟɞɨůŬɠ 
ŮɟɔŬůɑŬɠ, ɧˊɞɡ ɞɘ əɞɢɚɑŮɠ ɛŮ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 32 mm ŮɛűɎɜɘůŬɜ ɓŮɚŰɑɤůɖ Űɖɠ 

ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡɠ ůŮ ɧɚŮɠ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ. ȼ Ŭˊɧəɚɘůɖ ŬɡŰɐ ůɢŮŰɑɕŮŰŬɘ ɛŮ 
Űɘɠ ˊŬɟŬŭɞɢɏɠ əŬɘ Űɘɠ ŬˊɚɞˊɞɘɐůŮɘɠ Űɞɡ ɛɞɜŰɏɚɞɡ.  
 Ƀ ɓŬůɘəɧŰŮɟɞɠ ɚɧɔɞɠ ˊɞɡ Űɞ ɛɞɜŰɏɚɞ ŬůŰɞɢŮɑ ɜŬ ŬɜŬˊŬɟɎɔŮɘ Űɖɜ ɤűɏɚɘɛɖ 
ŮˊɑŭɟŬůɖ Űɞɡ ɛŮɔŬɚɨŰŮɟɞɡ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ, ŮɑɜŬɘ ɖ Ŭˊɚɞˊɞɑɖůɖ Űɞɡ ɛɖɢŬɜɘůɛɞɨ 

ɛɖɢŬɜɘəɐɠ Ůɛˊɚɞəɐɠ Űɞɡ əɞɢɚɑŬ ɛŮ Űɞ ŭɞəɑɛɘɞ. ɄŬɟɧŰɘ ɖ ɔŮɤɛŮŰɟɑŬ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ 
ůɢŮŭɘɎůŰɖəŮ ɟŮŬɚɘůŰɘəɎ, ɞ ɞɟɘůɛɧɠ Űɖɠ ŮˊŬűɐɠ ɤɠ ŮˊŬűɐ Űɟɘɓɐɠ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ 
Ɏůəɖůɖ Űɖɠ ŮɝɤŰŮɟɘəɐɠ ˊɑŮůɖɠ ŮɑɜŬɘ ɛɘŬ ˊɞɚɨ Ŭˊɚɞˊɞɘɖɛɏɜɖ ˊɟɞůɏɔɔɘůɖ ɔɘŬ Űɖɜ 

ɾʺˁˇˌ ʅˉʶʽˊ˗˃ʰˍˇˌ ώƳƳϐ16 24 32

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ525 517 512

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ320 300 240

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ350 320 280

ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ0,70 0,70 0,60

ɾʶˍʰˍˈˉʽˋʹ ώmm] 
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ˊŮɟɘɔɟŬűɐ Űɞɡ űŬɘɜɞɛɏɜɞɡ. ɆŰŬ ˊɟŬɔɛŬŰɘəɎ ŭɞəɑɛɘŬ ɖ Ŭɨɝɖůɖ Űɞɡ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ 
ŮˊɘŰɟɏˊŮɘ ůŮ ˊŮɟɘůůɧŰŮɟŮɠ ůˊŮɑɟŮɠ ɜŬ ůɡɛɛŮŰɏɢɞɡɜ ůŰŬŭɘŬəɎ ůŰɖ ɛŮŰŬűɞɟɎ űɞɟŰɑɞɡ əŬɘ 
ɖ ŬůŰɞɢɑŬ ŮɛűŬɜɑɕŮŰŬɘ ɛɏůɤ Űɖɠ ˊɟɞɞŭŮɡŰɘəɐɠ ŭɘɎŰɛɖůɖɠ əŬɘ Űɞˊɘəɐɠ ůɨɜɗɚɘɣɖɠ Űɞɡ 

ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ (ɐ əɎˊɞɘɞɡ ɡˊɞəŬŰɎůŰŬŰɞɡ) ɔɨɟɤ Ŭˊɧ Űɘɠ ůˊŮɑɟŮɠ (thread stripping). 
ȰŰůɘ, ɧůɞ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ Ůɛˊɚɞəɐ Űɧůɞ ˊŮɟɘůůɧŰŮɟŮɠ ůˊŮɑɟŮɠ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖ 
ŭɘŬŭɘəŬůɑŬ əŬɘ ŬɡɝɎɜŮŰŬɘ ɖ ůɡɜɞɚɘəɐ ŬɜŰɑůŰŬůɖ. ɆŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ, ŬɡŰɐ ɖ 
ˊɟɞɞŭŮɡŰɘəɐ ŮɜŮɟɔɞˊɞɑɖůɖ ŭŮɜ ŬˊɞŭɑŭŮŰŬɘ, ɞɘ ŰɎůŮɘɠ ɔɨɟɤ Ŭˊɧ ŰŬ threads ŮɑɜŬɘ ŬɟəŮŰɎ 

ɢŬɛɖɚɏɠ, ˊɞɡ ůɖɛŬɑɜŮɘ ˊɤɠ Űɞ ɛɞɜŰɏɚɞ ŬˊɞŰɡɔɢɎɜŮɘ ɜŬ ˊɟɞůŮɔɔɑůŮɘ Űɞɜ ɛɖɢŬɜɘůɛɧ 
ɛɖɢŬɜɘəɐɠ Ůɛˊɚɞəɐɠ əŬɘ ˊɤɠ Űɞ űɞɟŰɑɞ Ŭˊɚɩɠ ɛŮŰŬűɏɟŮŰŬɘ ɓŬɗɨŰŮɟŬ ɢɤɟɑɠ Űɞ 
ŬɜŬɛŮɜɧɛŮɜɞ ɧűŮɚɞɠ Ŭˊɧ Űɘɠ Ůˊɘˊɚɏɞɜ ůˊŮɑɟŮɠ. 
 ɆŰɖɜ ˊɟɞůˊɎɗŮɘŬ ɜŬ ˊɟɞůɞɛɞɘɩůɞɡɛŮ ˊɘɞ ɟŮŬɚɘůŰɘəɎ Űɖ ůɨůűɘɝɖ əŬɘ ɜŬ 

ŮɛˊɚɏɝɞɡɛŮ ŰŬ ůˊŮɘɟɩɛŬŰŬ, ŮˊɘɢŮɘɟɐɗɖəŮ ůŰɞ ɛɞɜŰɏɚɞ ɖ ɢɟɐůɖ Űɞɡ ŮɟɔŬɚŮɑɞɡ ˊɟɞɏɜŰŬůɖɠ 
(preload), Űɞ ɞˊɞɑɞ ŮˊɘɓɎɚɚŮɘ ŮůɤŰŮɟɘəɐ ŮűŮɚəɡůŰɘəɐ ŰɎůɖ ůŰɞɜ əɞɢɚɑŬ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ 
ɗɚɘˊŰɘəɏɠ ŰɎůŮɘɠ ůɨůűɘɝɖɠ ůŰŬ ŭɞəɑɛɘŬ ɛɏůɤ Űɖɠ əŮűŬɚɐɠ əŬɘ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ 
əɞɢɚɑŬ. ȼ ɡɚɞˊɞɑɖůɖ ɛɘŬɠ ŰɏŰɞɘŬɠ ˊɟɞůɏɔɔɘůɖɠ ŬˊŬɘŰɞɨůŮ Űɞɜ ɞɟɘůɛɧ ˊɟɧůɗŮŰɖɠ ŮˊŬűɐɠ 

ŬɜɎɛŮůŬ ůŰɖɜ əŮűŬɚɐ Űɞɡ əɞɢɚɑŬ əŬɘ Űɞɡ sawbone ɔŮɔɞɜɧɠ ˊɞɡ ŮˊɘɓɎɟɡɜŮ ɡˊɞɚɞɔɘůŰɘəɎ 
Űɞ ɛɞɜŰɏɚɞ. ɆŰɖ ˊŮɟɑˊŰɤůɖ Űɤɜ əɞɢɚɘɩɜ ɔɘŬ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ Ɏɜɤ Űɤɜ 16 mm ɞɘ 
ɡˊɞɚɞɔɘůŰɘəɞɑ ˊɧɟɞɘ ˊɞɡ ŬɜŬɛɏɜɞɜŰŬɜ ɔɘŬ Űɞ ɛɞɜŰɏɚɞ ɝŮˊŮɟɜɞɨůŬɜ Űɞɡɠ ŭɘŬɗɏůɘɛɞɡɠ, 
ɔŮɔɞɜɧɠ ˊɞɡ ɞŭɐɔɖůŮ ůŰɖɜ ŬŭɡɜŬɛɑŬ ɡɚɞˊɞɑɖůɖɠ Űɖɠ ɘŭɏŬɠ. ȷəɧɛŬ əŬɘ ůŰɘɠ ˊŮɟɘˊŰɩůŮɘɠ 

Űɤɜ əɞɢɚɘɩɜ ɛŮ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ 16 mm, ˊŬɟɞɡůɘŬɕɧŰŬɜ ɏɜŰɞɜɖ ˊɚŬůŰɘəɧŰɖŰŬ ůŰɞ 
sawbone ɔɨɟɤ Ŭˊɧ Űɖ əŮűŬɚɐ Űɞɡ əɞɢɚɑŬ, əŬɗɩɠ ɖ ŰɞˊɞɗɏŰɖůɖ ɟɞŭɏɚŬɠ ŬɜɎɛŮůŬ ůŰɖɜ 
əŮűŬɚɐ Űɞɡ əɞɢɚɑŬ əŬɘ ůŰɞ ŭɞəɑɛɘɞ ɗŬ ŬˊŬɘŰɞɨůŮ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ ŬəɧɛŬ ŭɨɞ ˊɟɧůɗŮŰɤɜ 
ŮˊŬűɩɜ, ŬɡɝɎɜɞɜŰŬɠ Űɖɜ ŬɜɎɔəɖ ɔɘŬ ɡˊɞɚɞɔɘůŰɘəɞɨɠ ˊɧɟɞɡɠ ɞɘ ɞˊɞɑɞɘ ŭŮɜ ɐŰŬɜ 

ŭɘŬɗɏůɘɛɞɘ. ȰŰůɘ, Ŭɜ əŬɘ ɖ ˊɟɞɏɜŰŬůɖ ŬˊɞŰŮɚŮɑ ɗŮɤɟɖŰɘəɎ Űɖɜ ˊɘɞ əŬŰɎɚɚɖɚɖ ɛɏɗɞŭɞ ɔɘŬ 
Űɖɜ Ůɛˊɚɞəɐ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ ɛŮ Űɞ ŭɞəɑɛɘɞ, ŭŮɜ əŬŰɏůŰɖ ŮűɘəŰɧ ɜŬ ŬɝɘɞˊɞɘɖɗŮɑ 
ůɡůŰɖɛŬŰɘəɎ ůŰɞ ˊɚŬɑůɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ŬɜɎɚɡůɖɠ. 
 

5.3.2 ȺˊɑŭɟŬůɖ Űɖɠ ȾɨɟɘŬɠ ȹɘŬɛɏŰɟɞɡ 

 

 ȼ əɨɟɘŬ ŭɘɎɛŮŰɟɞɠ Űɞɡ əɞɢɚɑŬ ŮɑɜŬɘ ɏɜŬ Ŭˊɧ ŰŬ ɓŬůɘəɎ ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 
ˊɞɡ əŬɗɞɟɑɕɞɡɜ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ɄɟɧəŮɘŰŬɘ ɔɘŬ Űɖ ŭɘɎɛŮŰɟɞ ˊɞɡ 

ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ŮɝɤŰŮɟɘəɧ ˊŮɟɑɔɟŬɛɛŬ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ əŬɘ ůɡɜŭɏŮŰŬɘ ɎɛŮůŬ ɛŮ Űɖɜ 
ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ ɛŮŰŬɝɨ Űɞɡ əɞɢɚɑŬ əŬɘ Űɞɡ ŭɞəɘɛɑɞɡ əŬɘ ɖ ɛŮŰŬɓɞɚɐ Űɖɠ ŮˊɖɟŮɎɕŮɘ 
ɎɛŮůŬ Űɖɜ ɘəŬɜɧŰɖŰŬ ůɡɔəɟɎŰɖůɖɠ əŬɘ Űɖ ůŰŬɗŮɟɧŰɖŰŬ əŬŰŬůəŮɡɐɠ. Ƀɘ ˊŮɟɘůůɧŰŮɟŮɠ 
ɛŮɚɏŰŮɠ ˊɞɡ ɏɢɞɡɜ ɔɑɜŮɘ ɔɨɟɤ Ŭˊɧ Űɖɜ ˊŬɟɎɛŮŰɟɞ ŬɡŰɐ Ŭűɞɟɞɨɜ ˊŮɘɟɎɛŬŰŬ ŮɝɧɚəŮɡůɖɠ 

əŬɘ ɗŮɤɟŮɑŰŬɘ ůəɧˊɘɛɞ ɜŬ ŮɝŮŰŬůŰŮɑ əŬɘ ůŰŬ ˊɚŬɑůɘŬ Ůˊɘɓɞɚɐɠ ŭɘŬŰɛɖŰɘəɩɜ űɞɟŰɑɤɜ. 
ȹɖɛɘɞɡɟɔɐɗɖəŬɜ Ůˊɘˊɚɏɞɜ əɞɢɚɑŮɠ, ůɨɛűɤɜŬ ɛŮ Űɞ ɑŭɘɞ ˊɟɤŰɧəɞɚɚɞ, ɛŮ əɨɟɘŬ ŭɘɎɛŮŰɟɞ 
5,5 mm əŬɘ 7,5 mm. 
 ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ (ȺɘəɧɜŬ 5.8) əŬɘ 

ůŰɞɜ ɄɑɜŬəŬ 5.8 ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɖɠ əɨɟɘŬɠ 
ŭɘŬɛɏŰɟɞɡ. 
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ȺɘəɧɜŬ 5.8 ȾŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɖɠ əɨɟɘŬɠ ŭɘŬɛɏŰɟɞɡ 

 
ɄɑɜŬəŬɠ 5.8 ɀɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɖɠ əɨɟɘŬɠ ŭɘŬɛɏŰɟɞɡ 

 ȷˊɧ Űɖɜ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ Űɖɠ əɨɟɘŬɠ ŭɘŬɛɏŰɟɞɡ, ˊɟɞɏəɡɣŮ ɧŰɘ ɛɘŬ ůŬűɐɠ 
ŰɎůɖ ɓŮɚŰɑɤůɖɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ůɡůŰɐɛŬŰɞɠ  ɛŮ Űɖɜ Ŭɨɝɖůɐ Űɖɠ. ȼ 

ŭɡůəŬɛɣɑŬ, Űɞ ɧɟɘɞ ŬɜŬɚɞɔɑŬɠ əŬɘ ɖ ŭɨɜŬɛɖ ŭɘŬɟɟɞɐɠ ˊŬɟɞɡůɑŬůŬɜ ˊɟɞɞŭŮɡŰɘəɐ Ŭɨɝɖůɖ 
ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ əɨɟɘŬɠ ŭɘŬɛɏŰɟɞɡ. ȼ ɛŮɔŬɚɨŰŮɟɖ ŭɘɎɛŮŰɟɞɠ ɞŭɖɔŮɑ ůŮ Ŭɡɝɖɛɏɜɖ 
ŮˊɘűɎɜŮɘŬ Ůɛˊɚɞəɐɠ əŬɘ əŬɚɨŰŮɟɖ əŬŰŬɜɞɛɐ Űɞɡ űɞɟŰɑɞɡ. 
 ɄŬɟɧŰɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭŮɑɢɜɞɡɜ ˊɘɞ ɟŮŬɚɘůŰɘəɐ ŰɎůɖ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŰɎůɖ ˊɞɡ 

űɎɜɖəŮ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ, ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɝŮŰŬůŰɞɨɜ ɛŮ 
ˊɟɞůɞɢɐ. Ƀɘ ŬˊɚɞɡůŰŮɨůŮɘɠ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ɛɖɢŬɜɘəɐɠ Ůɛˊɚɞəɐɠ 
ŮɝŬəɞɚɞɡɗɞɨɜ ɜŬ ɡˊɎɟɢɞɡɜ əŬɘ ˊɘɗŬɜɩɜ ŰŬ ˊɘɞ ɟŮŬɚɘůŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɟɞəɨˊŰɞɡɜ 
Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ŭɘɎɛŮŰɟɞɠ ŮˊɖɟŮɎɕŮɘ ɎɛŮůŬ Űɖ ɔŮɤɛŮŰɟɑŬ əŬɘ Űɖɜ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ, 

ɢɤɟɑɠ ɜŬ ŬˊŬɘŰŮɑŰŬɘ ɚŮˊŰɞɛŮɟɐɠ ŬɜŬˊŬɟɎůŰŬůɖ Űɞɡ Űɟɧˊɞɡ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɤɜ 
ůˊŮɘɟɤɛɎŰɤɜ. ɀŮ ŬɡŰɐ Űɖɜ ɏɜɜɞɘŬ, ɖ ˊŬɟɎɛŮŰɟɞɠ Űɖɠ əɨɟɘŬɠ ŭɘŬɛɏŰɟɞɡ űŬɑɜŮŰŬɘ ɜŬ 
ˊŮɟɘɔɟɎűŮŰŬɘ ˊɘɞ ŬɝɘɧˊɘůŰŬ ůŰɞ ˊɚŬɑůɘɞ Űɤɜ ˊŮɟɘɞɟɘůɛɩɜ Űɞɡ ɛɞɜŰɏɚɞɡ. 
 ɆŮ əɚɘɜɘəɧ ŮˊɑˊŮŭɞ, ɖ ůɖɛŬůɑŬ Űɖɠ əɨɟɘŬɠ ŭɘŬɛɏŰɟɞɡ ɏɢŮɘ ŮˊɘɓŮɓŬɘɤɗŮɑ Ŭˊɧ 

ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮɚɏŰŮɠ, ɧˊɞɡ ɖ Ŭɨɝɖůɖ Űɖɠ ɞŭɖɔŮɑ ůŮ ɡɣɖɚɧŰŮɟɖ ɘəŬɜɧŰɖŰŬ ůɡɔəɟɎŰɖůɖɠ 
əŬɘ ɛŮɔŬɚɨŰŮɟɖ ůŰŬɗŮɟɧŰɖŰŬ ɛŮ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɧŰɘ Űɞ ɞůŰɧ ɛˊɞɟŮɑ ɜŬ ɡˊɞůŰɖɟɑɝŮɘ Űɖɜ 
ɛŮɔŬɚɨŰŮɟɖ ɞˊɐ ɢɤɟɑɠ ɜŬ ŬˊɞŭɡɜŬɛɤɗŮɑ. ɇŬ ŮɡɟɐɛŬŰŬ Űɖɠ ˊŬɟɞɨůŬɠ ŬɜɎɚɡůɖɠ 

ɼˏˊʽʰ ɲʽʱ˃ʶˍˊˇˌ ώƳƳϐ5,5 6,5 7,5

ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ0,60 0,70 0,70

ɲˎˋˁʰ˃˕ʾʰ ώbκƳƳϐ515 525 532

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώbϐ300 320 340

ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώbϐ320 350 360

ɾʶˍʰˍˈˉʽˋʹ ώmm] 
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ŮɜŬɟɛɞɜɑɕɞɜŰŬɘ ɛŮ ŬɡŰɐ Űɖ əŬŰŮɨɗɡɜůɖ, ŭŮɑɢɜɞɜŰŬɠ ˊɤɠ ɖ əɨɟɘŬ ŭɘɎɛŮŰɟɞɠ ŬˊɞŰŮɚŮɑ 
əɟɑůɘɛɖ ˊŬɟɎɛŮŰɟɞ əŬɘ ɔɘŬ ŭɘŬŰɛɖŰɘəɎ űɞɟŰɑŬ əŬɘ ɗŬ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ůŰɞɜ 
ůɢŮŭɘŬůɛɧ əŬɘ Űɖɜ Ůˊɘɚɞɔɐ Űɤɜ əɞɢɚɘɩɜ ɔɘŬ ůˊɞɔɔɩŭŮɠ ɞůŰɧ. 

 
5.4 Ɇɡɜɞɚɘəɐ ȷˊɞŰɑɛɖůɖ ɄŬɟŬɛŮŰɟɘəɐɠ ȷɜɎɚɡůɖɠ 

 
 ɆɡɜɞɣɑɕɞɜŰŬɠ, ɖ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ŬɜɏŭŮɘɝŮ ŭɘŬűɞɟŮŰɘəɧ ɓŬɗɛɧ ŬɝɘɞˊɘůŰɑŬɠ 

Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ˊŬɟɎɛŮŰɟɞ ˊɞɡ ŮɝŮŰɎůŰɖəŮ. ɆŰɘɠ ɛɖɢŬɜɘəɏɠ 
ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ Űɞ ɛɞɜŰɏɚɞ ˊŬɟŮɑɢŮ ŬˊɞŰŮɚɏůɛŬŰŬ ůɡɛɓŬŰɎ ɛŮ Űɘɠ ˊɟɞůŭɞəɑŮɠ, 
ŬɜŬŭŮɘəɜɨɞɜŰŬɠ ŰŬ ˊɘɞ ɡɔɘɐ ɞůŰɎ ŮəŮɑɜŬ ɛŮ Űɘɠ əŬɚɨŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ɔŮɔɞɜɧɠ 
ˊɞɡ ŮɜɘůɢɨŮɘ Űɖɜ ŬɝɘɞˊɘůŰɑŬ Űɞɡ ɤɠ ŮɟɔŬɚŮɑɞ ŭɘŮɟŮɨɜɖůɖɠ. ȷɜŰɑɗŮŰŬ, ůŰɞ ɛɐəɞɠ 

ůˊŮɘɟɩɛŬŰɞɠ, ɧˊɞɡ ɖ ŮˊɑŭɟŬůɖ ŮɝŬɟŰɎŰŬɘ ůŮ ŰŮɟɎůŰɘɞ ɓŬɗɛɧ Ŭˊɧ Űɞɜ ɛɖɢŬɜɘůɛɧ 
ɛɖɢŬɜɘəɐɠ Ůɛˊɚɞəɐɠ, ɞɘ ŬˊɚɞɡůŰŮɨůŮɘɠ ˊɞɡ ɏɔɘɜŬɜ ɞŭɐɔɖůŬɜ ůŮ ŬɜŰɑůŰɟɞűɖ ŰɎůɖ ɛŮ ŰŬ 
ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ. ɇɏɚɞɠ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ əɨɟɘŬɠ ŭɘŬɛɏŰɟɞɡ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ 
ŬˊɞŭŮɑɢɗɖəŬɜ ˊɘɞ ůɡɜŮˊɐ, əŬɗɩɠ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ŭɘɎůŰŬůɖɠ ŬɡŰɐɠ ŬˊɞŰɡˊɩɜŮŰŬɘ ˊɘɞ 

ɎɛŮůŬ ɛɏůɤ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ əŬɘ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ. 
 ɇɞ ɛɞɜŰɏɚɞ ɛˊɞɟŮɑ ɜŬ ŬˊɞŭɩůŮɘ ɛŮ ɘəŬɜɞˊɞɘɖŰɘəɐ ŬəɟɑɓŮɘŬ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ 
ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɡɚɘəɩɜ əŬɘ Űɘɠ ɔŮɤɛŮŰɟɑŮɠ, ŬɚɚɎ ˊŬɟɞɡůɘɎɕŮɘ 
ˊŮɟɘɞɟɘůɛɞɨɠ ɧŰŬɜ əŬɚŮɑŰŬɘ ɜŬ ˊɟɞůɞɛɞɘɩůŮɘ ůɨɜɗŮŰɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ 

ɛŮŰŬɝɨ əɞɢɚɑŬ əŬɘ ɡˊɞŭɞɢɏŬ. ȼ ŭɘɎəɟɘůɖ ŬɡŰɐ ŮɑɜŬɘ əɟɑůɘɛɖ ɔɘŬ Űɖɜ ŮɟɛɖɜŮɑŬ Űɤɜ 
ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬɘ ɗɏŰŮɘ ɓɎůŮɘɠ ɔɘŬ ˊɘɗŬɜɏɠ ɓŮɚŰɘɩůŮɘɠ ůŮ ɛŮɚɚɞɜŰɘəɐ ɏɟŮɡɜŬ. 
 

5.5 ɉɟɤɛŬŰɘəɐ ȷ́ Ůɘəɧɜɘůɖ ɄŮŭɑɤɜ ɇɎůŮɤɜ əŬɘ ɄŬɟŬɛɞɟűɩůŮɤɜ 

 

 ɆŰɖɜ ŮɜɧŰɖŰŬ ŬɡŰɐ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŮɜŭŮɘəŰɘəɎ ɢɟɤɛŬŰɘəɎ ˊŮŭɑŬ ŰɎůŮɤɜ əŬɘ 

ˊŬɟŬɛɞɟűɩůŮɤɜ, ɛŮ ůŰɧɢɞ Űɖ ɢɤɟɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ əŬŰŬɜɞɛɐɠ Űɞɡɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ 
ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ. ȼ Ŭɝɘɞɚɧɔɖůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŮ ˊɞɘɞŰɘəɐ 
ŮɟɛɖɜŮɑŬ, əŬɗɩɠ ɖ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŮɟŮɨɜɖůɖ ŰɎůŮɤɜ əŬɘ ˊŬɟŬɛɞɟűɩůŮɤɜ ŭŮɜ 
ŮˊɘɢŮɘɟɐɗɖəŮ ůŰɞ ˊɚŬɑůɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ. 

 
5.5.1 ɉɟɤɛŬŰɘəɏɠ ȷ́ ŮɘəɞɜɑůŮɘɠ ůŰɞ ȸŬůɘəɧ ȷɟɘɗɛɖŰɘəɧ ɀɞɜŰɏɚɞ 

 
 ȷɟɢɘəɎ ŮɝŮŰɎɕŮŰŬɘ Űɞ ɓŬůɘəɧ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ůŰɞ ɞˊɞɑɞ ŰŬ ŭɨɞ blocks 

sawbone ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ŭɘŬɢɤɟɘůɛɏɜŬ ůŰɞ ŮˊɑˊŮŭɞ Űɞɡ əŬŰɎɔɛŬŰɞɠ əŬɘ ɢɤɟɑɠ Űɖɜ 
ˊŬɟɞɡůɑŬ Űɞɡ əɞɢɚɑŬ, əŬɗɘůŰɩɜŰŬɠ ŭɡɜŬŰɐ Űɖɜ ɎɛŮůɖ ˊŬɟŬŰɐɟɖůɖ Űɖɠ əŬŰŬɜɞɛɐɠ Űɤɜ 
ŰɎůŮɤɜ əŬɘ ˊŬɟŬɛɞɟűɩůŮɤɜ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ ŮˊŬűɐɠ. 
 ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɞɘ ŮɘəɞɜɘɕɧɛŮɜŮɠ ŰɎůŮɘɠ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ɘůɞŭɨɜŬɛɖ ŰɎůɖ əŬŰɎ von 

Mises ůŮ ɛɞɜɎŭŮɠ MPa (ȺɘəɧɜŬ 5.9), Ůɜɩ ɞɘ ˊŬɟŬɛɞɟűɩůŮɘɠ Ŭűɞɟɞɨɜ Űɖɜ ŮɚŬůŰɘəɐ 
(ȺɘəɧɜŬ 5.10) əŬɘ ˊɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ (ȺɘəɧɜŬ 5.11). 
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ȺɘəɧɜŬ 5.9 ɇɎůɖ əŬŰɎ von Mises (MPa) 

ȺɘəɧɜŬ 5.10 ȺɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ 
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 ɆŰɖ ůɡɜɏɢŮɘŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɑŬ əŬŰŬəɧɟɡűɖ Űɞɛɐ Űɞɡ ɛɞɜŰɏɚɞɡ, ɖ ɞˊɞɑŬ 
ŭɘɏɟɢŮŰŬɘ Ŭˊɧ Űɞ əɏɜŰɟɞ Űɖɠ əŬŰŬůəŮɡɐɠ, ɛŮ ůəɞˊɧ Űɖɜ Ŭ́ Ůɘəɧɜɘůɖ Űɖɠ ŮůɤŰŮɟɘəɐɠ 
əŬŰŬɜɞɛɐɠ Űɤɜ ŰɎůŮɤɜ əŬɘ ˊŬɟŬɛɞɟűɩůŮɤɜ. 

 

 
 

 
  

ȺɘəɧɜŬ 5.11 ɄɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ 

ȺɘəɧɜŬ 5.12 ɇɎůɖ əŬŰɎ von Mises (MPa) ůŮ əŬŰŬəɧɟɡűɖ Űɞɛɐ Űɖɠ əŬŰŬůəŮɡɐɠ 
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ȺɘəɧɜŬ 5.13 ȺɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŮ əŬŰŬəɧɟɡűɖ Űɞɛɐ Űɖɠ əŬŰŬůəŮɡɐɠ 

ȺɘəɧɜŬ 5.14 ɄɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ ůŮ əŬŰŬəɧɟɡűɖ Űɞɛɐ Űɖɠ əŬŰŬůəŮɡɐɠ 
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 ȷˊɧ Űɘɠ ɢɟɤɛŬŰɘəɏɠ ŬˊŮɘəɞɜɑůŮɘɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ŮəŰŮŰŬɛɏɜɖ ɡˊɏɟɓŬůɖ Űɞɡ ɞɟɑɞɡ 
ŭɘŬɟɟɞɐɠ Űɞɡ ɡɚɘəɞɨ sawbone, ɛŮ ɏɜŰɞɜɖ ŬɜɎˊŰɡɝɖ ˊɚŬůŰɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ əɡɟɑɤɠ 
ůŰɖɜ ˊŮɟɘɞɢɐ ɔɨɟɤ Ŭˊɧ Űɖɜ ɞˊɐ, Ůɜɩ ŬɜŰɘɗɏŰɤɠ ůŰɖɜ ˊŮɟɘɞɢɐ ɧˊɞɡ ɏɟɢɞɜŰŬɘ ůŮ ŮˊŬűɐ ŰŬ 

ůˊŮɘɟɩɛŬŰŬ Űɞɡ əɞɢɚɑŬ ɛŮ Űɞ sawbone ˊŬɟŬŰɖɟɞɨɛŮ ɛɧɜɞ ŮɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ. 
 ɄɏɟŬɜ Űɖɠ əŬŰŬɜɞɛɐɠ Űɤɜ ŰɎůŮɤɜ əŬɘ ˊŬɟŬɛɞɟűɩůŮɤɜ ůŰŬ blocks sawbone, 
ŮɝŮŰɎɕŮŰŬɘ əŬɘ ɖ əŬŰŬɜɞɛɐ Űɞɡɠ ůŰɞɜ əɞɢɚɑŬ.  
 

 
ȺɘəɧɜŬ 5.15 ɇɎůɖ əŬŰɎ von Mises (MPa) 

 
ȺɘəɧɜŬ 5.16 ɄɚɎɔɘŬ ɧɣɖ Űɞɡ əɞɢɚɑŬ ï ɇɎůɖ əŬŰɎ von Mises 

 
ȺɘəɧɜŬ 5.17 ȾɎŰɞɣɖ Űɞɡ əɞɢɚɑŬ ï ɇɎůɖ əŬŰɎ von Mises 

 
ȺɘəɧɜŬ 5.18 ɄɚɎɔɘŬ ɧɣɖ əŬɘ əɎŰɞɣɖ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ ï ɇɎůɖ əŬŰɎ von Mises 

 
ȺɘəɧɜŬ 5.19 ȾŬŰŬəɧɟɡűɖ Űɞɛɐ Űɞɡ əɞɢɚɑŬ ï ɇɎůɖ əŬŰɎ von Mises 
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ȺɘəɧɜŬ 5.20 ȾɎŰɞɣɖ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ ï ȺɚŬůŰɘəɐ ˊŬɟŬɛɧɟűɤůɖ 

 ȷˊɧ Űɘɠ ŬˊŮɘəɞɜɑůŮɘɠ ŭɘŬˊɡůŰɩɜŮŰŬɘ ɧŰɘ ɞɘ ɡɣɖɚɞŰŮɟŮɠ ŰɎůŮɘɠ ŮɛűŬɜɑɕɞɜŰŬɘ ůŰɖ 
ɓɎůɖ Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ Űɞɡ əɞɢɚɑŬ, ůŰɞ ůɖɛŮɑɞ ŭɖɚŬŭɐ ɧˊɞɡ ŮɜɜɩɜŮŰŬɘ ɞ əɞɟɛɧɠ Űɞɡ 
əɞɢɚɑŬ ɛŮ ŰŬ ůˊŮɘɟɩɛŬŰŬ əŬɘ ŬˊɞŰŮɚŮɑ Űɞ ůɖɛŮɑɞ ɛŮ Űɖɜ ɛŮɔŬɚɨŰŮɟɖ ŮɚŬůŰɘəɐ 

ˊŬɟŬɛɧɟűɤůɖ. ɇɞ ɧɟɘɞ ŭɘŬɟɟɞɐɠ Űɞɡ əɞɢɚɑŬ ŮɑɜŬɘ ůŰŬ 900 MPa Ůˊɞɛɏɜɤɠ ŭŮɜ ɡˊɎɟɢɞɡɜ 
ˊɚŬůŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ůŰɞɜ əɞɢɚɑŬ, ɔɜɤɟɑɕɞɜŰŬɠ ˊɤɠ ɖ ɛɏɔɘůŰɖ ˊŬɟŬŰɖɟɞɨɛŮɜɖ ŰɎůɖ 
ŮɑɜŬɘ 720,4 MPa. 
 

5.5.2 ȹɘŬŭɞɢɘəɏɠ ȹɘŬŰɞɛɏɠ əŬŰɎ ɀɐəɞɠ Űɖɠ ȾŬŰŬůəŮɡɐɠ 
  
 Ƀɘ ɢɟɤɛŬŰɘəɏɠ ŬˊŮɘəɞɜɑůŮɘɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŮ ŭɘŬŭɞɢɘəɏɠ ŭɘŬŰɞɛɏɠ, ɝŮəɘɜɩɜŰŬɠ 
Ŭˊɧ Űɞ ɛɘəɟɧ block sawbone əŬɘ ˊɟɞɢɤɟɩɜŰŬɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɖɠ əŬŰŬůəŮɡɐɠ. 

ɆɡɔəŮəɟɘɛɏɜŬ, ɖ ˊɟɩŰɖ ŭɘŬŰɞɛɐ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɗɏůɖ x = 0, Ůɜɩ Ŭəɞɚɞɡɗɞɨɜ ŭɘŬŰɞɛɏɠ 
ůŰɘɠ ɗɏůŮɘɠ x = 7 cm, x = 20 cm əŬɘ x = 30 cm.  

 

  

ȺɘəɧɜŬ 5.21 ȹɘŬŰɞɛɐ ɔɘŬ x = 0 ȺɘəɧɜŬ 5.22 ȹɘŬŰɞɛɐ ɔɘŬ x = 7 cm 

ȺɘəɧɜŬ 5.24 ȹɘŬŰɞɛɐ ɔɘŬ x = 30 cm ȺɘəɧɜŬ 5.23 ȹɘŬŰɞɛɐ ɔɘŬ x = 20 cm 

MPa 
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 ɆŰɘɠ ŭɘŬŰɞɛɏɠ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ɛŬəɟɘɎ Ŭˊɧ Űɞ ŮˊɑˊŮŭɞ əŬŰɎɔɛŬŰɞɠ (x = 0), ɖ 
ɗɚɘˊŰɘəɐ əŬŰŬˊɧɜɖůɖ ŮɛűŬɜɑɕŮŰŬɘ əɡɟɑɤɠ ůŰɞ əɎŰɤ ŰɛɐɛŬ Űɞɡ block ɔɨɟɤ Ŭˊɧ Űɖɜ ɞˊɐ. 
ȾŬɗɩɠ ɛŮɘɩɜŮŰŬɘ ɖ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ ŮˊɑˊŮŭɞ Űɞɡ əŬŰɎɔɛŬŰɞɠ ůŰɖɜ ɗɏůɖ x = 30 cm ɖ 

ˊŮɟɘɞɢɐ ůɡɔəɏɜŰɟɤůɖɠ Űɖɠ ɗɚɘˊŰɘəɐɠ űɧɟŰɘůɖɠ ɛŮŰŬŰɞˊɑɕŮŰŬɘ ˊɟɞɠ Űɞ Ɏɜɤ ŰɛɐɛŬ Űɖɠ 
ŭɘŬŰɞɛɐɠ, ɚɧɔɤ Űɖɠ ŭɟɎůɖɠ Űɞɡ əɞɢɚɑŬ. 
 ɄŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŭɘŬŭɞɢɘəɏɠ ŭɘŬŰɞɛɏɠ əŬɘ ůŰɞ ɛŮɔŬɚɨŰŮɟɞ block. 

 

 

 

  

ȺɘəɧɜŬ 5.24 ȹɘŬŰɞɛɐ ɔɘŬ x = 30 cm ȺɘəɧɜŬ 5.25 ȹɘŬŰɞɛɐ ɔɘŬ x = 45 cm 

ȺɘəɧɜŬ 5.26 ȹɘŬŰɞɛɐ ɔɘŬ x = 53 cm ȺɘəɧɜŬ 5.27 ȹɘŬŰɞɛɐ ɔɘŬ x = 60 cm 

ȺɘəɧɜŬ 5.27 ȹɘŬŰɞɛɐ ɔɘŬ x = 70 cm 
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 ɆŰɞ ɛŮɔɎɚɞ block sawbone ɖ ɗɚɘˊŰɘəɐ əŬŰŬˊɧɜɖůɖ ůɡɔəŮɜŰɟɩɜŮŰŬɘ əɡɟɑɤɠ ůŰɖ 
ˊŮɟɘɞɢɐ əɞɜŰɎ ůŰɞ ŮˊɑˊŮŭɞ Űɞɡ əŬŰɎɔɛŬŰɞɠ, əŬɗɩɠ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞ 
əɎŰŬɔɛŬ (x = 30 cm) ˊŬɟŬŰɖɟɞɨɜŰŬɘ ɧɚɞ əŬɘ ɛɘəɟɧŰŮɟŮɠ Űɘɛɏɠ ŰɎůŮɤɜ. 

 
5.5.3 ɉɟɤɛŬŰɘəɐ ȷˊŮɘəɧɜɘůɖ ɄŮŭɑɤɜ ɔɘŬ ȹɘŬűɞɟŮŰɘəɏɠ ȽŭɘɧŰɖŰŮɠ Ɉɚɘəɞɨ 

 

 ɆŰɖ ˊŬɟɞɨůŬ ŮɜɧŰɖŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɢɟɤɛŬŰɘəɏɠ ŬˊŮɘəɞɜɑůŮɘɠ ˊŮŭɑɤɜ ŰɎůŮɤɜ 

əŬɘ ˊŬɟŬɛɞɟűɩůŮɤɜ ɔɘŬ ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ sawbone. ȺɝŮŰɎɕɞɜŰŬɘ 
ŮɜŭŮɘəŰɘəɎ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ, Űɞ ɓŬůɘəɧ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ (H = 1 MPa, 
ůyield = 8,4 MPa), ɏɜŬ ɛɞɜŰɏɚɞ ɛŮ Ŭɡɝɖɛɏɜɞ ɛɏŰɟɞ əɟɎŰɡɜůɖɠ (H = 20 MPa, ůyield = 8,4 
MPa) əŬɘ ɏɜŬ ɛɞɜŰɏɚɞ ɛŮ Ŭɡɝɖɛɏɜɞ ɧɟɘɞ ŭɘŬɟɟɞɐɠ (H = 1 MPa, ůyield = 15 MPa). 

 

 
 

 

 
ȺɘəɧɜŬ 5.31 H = 1 MPa, ůyield = 8,4 MPa  

ȺɘəɧɜŬ 5.28 H = 1 MPa, ůyield = 8,4 MPa  ȺɘəɧɜŬ 5.29 H = 20 MPa, ůyield = 8,4 MPa  ȺɘəɧɜŬ 5.30 H = 1 MPa, ůyield = 15 MPa  

MPa 
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ȺɘəɧɜŬ 5.32 H = 20 MPa, ůyield = 8,4 MPa 

 
ȺɘəɧɜŬ 5.33 H = 1 MPa, ůyield = 15 MPa 

 ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ůɡɜɞɚɘəɐ ɛɞɟűɐ Űɖɠ əŬŰŬɜɞɛɐɠ Űɤɜ ŰɎůŮɤɜ ˊŬɟŬɛɏɜŮɘ 
ˊŬɟɧɛɞɘŬ əŬɘ ůŰɘɠ ŰɟŮɘɠ ŮɝŮŰŬɕɧɛŮɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ɛŮ Űɘɠ ɡɣɖɚɧŰŮɟŮɠ Űɘɛɏɠ ɜŬ 
ŮɜŰɞˊɑɕɞɜŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ ɔɨɟɤ Ŭˊɧ Űɖɜ ɞˊɐ əŬɘ əɞɜŰɎ ůŰɘɠ ɕɩɜŮɠ ŮˊŬűɐɠ ɛŮ Űɞɜ əɞɢɚɑŬ. 
Ƀɘ ŭɘŬűɞɟɏɠ ɛŮŰŬɝɨ Űɤɜ ɛɞɜŰɏɚɤɜ Ŭűɞɟɞɨɜ əɡɟɑɤɠ Űɖɜ ɏɜŰŬůɖ əŬɘ Űɖɜ ɏəŰŬůɖ Űɤɜ 

ˊŮɟɘɞɢɩɜ ɛŮ Ŭɡɝɖɛɏɜɖ ŰɎůɖ əŬɘ ɧɢɘ Űɖɜ əŬŰŬɜɞɛɐ Űɞɡɠ.  
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ȾȺūȷȿȷȽɃ 6ɞ: ɆɈɁɃɄɇȽȾȼ ȷɁȷɆȾɃɄȼɆȼ 

 
 ȼ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ŮˊɘəŮɜŰɟɩɗɖəŮ ůŰɖ ɛŮɚɏŰɖ Űɖɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ 
ůɡůŰɖɛɎŰɤɜ ɞůŰŮɞůɨɜɗŮůɖɠ ɛŮ əɞɢɚɑŮɠ ɛŮɟɘəɐɠ ůˊŮɑɟɤůɖɠ ůŮ ɡˊɞəŬŰɎůŰŬŰŬ ůˊɞɔɔɩŭɞɡɠ 
ɞůŰɞɨ, ɡˊɧ ůɡɜɗɐəŮɠ ŭɘɎŰɛɖůɖɠ. ɇŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŬɟŮɑɢŬɜ ůŬűɐ ŮɘəɧɜŬ 

Űɖɠ Ŭˊɧəɟɘůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ ŭɘŬűɞɟŮŰɘəɎ ɛɐəɖ ůˊŮɘɟɩɛŬŰɞɠ, Ůɜɩ ɖ ŬɟɘɗɛɖŰɘəɐ 
ˊɟɞůɞɛɞɑɤůɖ ŮˊɏŰɟŮɣŮ Űɖ ŭɘŮɟŮɨɜɖůɖ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ŭŮɜ ɐŰŬɜ ŭɡɜŬŰɧɜ ɜŬ ŮɝŮŰŬůŰɞɨɜ 
ůŰɞ ŮɟɔŬůŰɐɟɘɞ. ȼ ůɨɔəɟɘůɖ Űɤɜ ŭɨɞ ɛŮɗɧŭɤɜ ŬɜɏŭŮɘɝŮ ŬűŮɜɧɠ Űɖ ůɖɛŬůɑŬ Űɖɠ Ůɛˊɚɞəɐɠ 
Űɤɜ ůˊŮɘɟɤɛɎŰɤɜ ůŰɖɜ Ŭˊɧəɟɘůɖ Űɖɠ əŬŰŬůəŮɡɐɠ əŬɘ ŬűŮŰɏɟɞɡ Űɖ ŭɡɜŬŰɧŰɖŰŬ ˊɞɡ ɏɢŮɘ 

ɏɜŬ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ɔɘŬ Űɖɜ ŮəŰɏɚŮůɖ ˊɞɚɚŬˊɚɩɜ ˊŮɘɟŬɛɎŰɤɜ əŬɘ ŮɝŬɔɤɔɐɠ 
ůɡɛˊŮɟŬůɛɎŰɤɜ ˊɏɟŬ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ, əŬɗɩɠ əŬɘ ŰŬ ɧɟɘŬ Űɞɡ ˊŬɟɧɜŰɞɠ ɛɞɜŰɏɚɞɡ 
ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ. 
 ɆŰɞ ˊŮɘɟŬɛŬŰɘəɧ ůəɏɚɞɠ, ɞɘ ŭɞəɘɛɏɠ ŭɘɎŰɛɖůɖɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ 

ɡˊɞəŬŰɎůŰŬŰŬ ůˊɞɔɔɩŭɞɡɠ ɞůŰɞɨ ɛŮ əɞɢɚɑŮɠ ɛŮɟɘəɐɠ ůˊŮɑɟɤůɖɠ ɛɐəɞɡɠ 16 mm əŬɘ 32 
mm ŬɜɏŭŮɘɝŬɜ ɛŮ ůŬűɐɜŮɘŬ Űɖ ůɖɛŬůɑŬ Űɞɡ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ ůŰɖɜ ɘəŬɜɧŰɖŰŬ Űɖɠ 
əŬŰŬůəŮɡɐɠ ɜŬ ˊŬɟŬɚŬɛɓɎɜŮɘ űɞɟŰɑɞ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ ɞɘ əɞɢɚɑŮɠ ɛŮ 
ɛŮɔŬɚɨŰŮɟɖ Ůɛˊɚɞəɐ ŮɛűɎɜɘůŬɜ ɓŮɚŰɘɤɛɏɜŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůŰŬ ˊŮɘɟɎɛŬŰŬ 

ŭɘɎŰɛɖůɖɠ, ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɠ Űɞ ɔŮɔɞɜɧɠ ˊɤɠ ɧůŮɠ ˊŮɟɘůůɧŰŮɟŮɠ ůˊŮɑɟŮɠ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖ 
ɛŮŰŬűɞɟɎ Űɞɡ űɞɟŰɑɞɡ ŭɖɛɘɞɡɟɔɞɨɜ əŬɘ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ ůŰɖɜ ůɡɜɞɚɘəɐ əŬŰŬůəŮɡɐ. 
 ȼ Ůˊɘɚɞɔɐ Űɤɜ əɞɢɚɘɩɜ ɛŮ ŮˊŬɟəɏɠ ɛɐəɞɠ ůˊŮɘɟɩɛŬŰɞɠ ůŮ ůˊɞɔɔɩŭŮɠ ɞůŰɧ ɛˊɞɟŮɑ 
ɜŬ ůɡɛɓɎɚŮɘ ɞɡůɘŬůŰɘəɎ ůŰɖ ɓŮɚŰɑɤůɖ Űɖɠ ɘəŬɜɧŰɖŰŬɠ ůɡɔəɟɎŰɖůɖɠ əŬɘ Űɖɠ űɏɟɞɡůŬɠ 

ɘəŬɜɧŰɖŰŬɠ ůŮ ŭɘŬŰɛɖŰɘəɎ űɞɟŰɑŬ, ˊɞɡ ŬˊɞŰŮɚɞɨɜ əɟɑůɘɛɞɡɠ ˊŬɟɎɔɞɜŰŮɠ ůŰɘɠ ŮˊŮɛɓɎůŮɘɠ 
ɞůŰŮɞůɨɜɗŮůɖɠ. ɄŬɟɎɚɚɖɚŬ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮɚɏŰɖɠ Ůɜɘůɢɨɞɡɜ Űɖɜ 
ˊŬɟɞɨůŬ ɔɜɩůɖ, əŬɗɩɠ ɖ ˊɚŮɘɞɜɧŰɖŰŬ Űɤɜ ˊɟɞɖɔɞɨɛŮɜɤɜ ŮɟŮɡɜɩɜ ɔɘŬ Űɞ ɛɐəɞɠ 
ůˊŮɘɟɩɛŬŰɞɠ ŬűɞɟɞɨůŮ ŭɞəɘɛɏɠ ŮɝɧɚəŮɡůɖɠ (pull-out), Ůɜɩ ŭŮŭɞɛɏɜŬ ɡˊɧ ŭɘŬŰɛɖŰɘəɐ 

űɧɟŰɘůɖ ˊŬɟŬɛɏɜɞɡɜ ˊŮɟɘɞɟɘůɛɏɜŬ. 
 ɆŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɏɟɞɠ, ɖ ŬɜɎˊŰɡɝɖ Űɞɡ ɛɞɜŰɏɚɞɡ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ 
ŮˊɏŰɟŮɣŮ Űɖ ůɡůŰɖɛŬŰɘəɐ ŭɘŮɟŮɨɜɖůɖ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ŭŮɜ ɐŰŬɜ ŮűɘəŰɧ ɜŬ ŮɝŮŰŬůŰɞɨɜ 
ˊŮɘɟŬɛŬŰɘəɎ, ˊɟɞůűɏɟɞɜŰŬɠ ɛɘŬ ŮɡɟɨŰŮɟɖ ŮɘəɧɜŬ ɔɘŬ Űɖ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ. ɇɞ ɛɞɜŰɏɚɞ ˊɟɞůɏɔɔɘůŮ Űɖɜ ŮɡɟɨŰŮɟɖ ůɡɛˊŮɟɘűɞɟɎ əŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ 
Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ ɞɘ ɏˊŮɘŰŬ ˊŬɟŬɛŮŰɟɘəɏɠ ŬɜŬɚɨůŮɘɠ ɔɘŬ Űɘɠ ůɡɜɗɐəŮɠ űɧɟŰɘůɖɠ əŬɘ 
ŮˊŬűɩɜ, Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡɚɘəɩɜ əŬɘ ɔŮɤɛŮŰɟɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ əɞɢɚɑŬ ŮɑɢŬɜ 
ůŰɧɢɞ Űɖɜ ˊŬɟɞɢɐ Ůˊɘˊɚɏɞɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ. ɇŬ ŮɡɟɐɛŬŰŬ ŭŮɑɢɜɞɡɜ ɧŰɘ Űɞ ŬɟɘɗɛɖŰɘəɧ 

ɛɞɜŰɏɚɞ ˊɟɞůŮɔɔɑɕŮɘ Űɖ ůɡɜɞɚɘəɐ Ŭˊɧəɟɘůɖ əŬɘ Űɘɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ 
ŭɘɎŰŬɝɖɠ. ȼ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ əŬŰɏɔɟŬɣŮ ŬɜŬɛŮɜɧɛŮɜŬ ŬˊɞŰŮɚɏůɛŬŰŬ ůŰɘɠ 
ˊŮɟɘˊŰɩůŮɘɠ ˊɞɡ Ŭűɞɟɞɨɜ Űɘɠ ɡɚɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ, ŬɜŬŭŮɘəɜɨɞɜŰŬɠ ɧŰɘ ɖ ɓŮɚŰɑɤůɖ Űɖɠ 
ŬɜŰɞɢɐɠ Űɞɡ ɡɚɘəɞɨ ɞŭɖɔŮɑ ůŮ əŬɚɨŰŮɟɖ ůɡɜɞɚɘəɐ ɛɖɢŬɜɘəɐ Ŭˊɧəɟɘůɖ, ůŮ ůɡɛűɤɜɑŬ ɛŮ 

ɧůŬ ɘůɢɨɞɡɜ ɔɘŬ ŰŬ ˊɘɞ ɡɔɘɐ ɞůŰɎ. 
 ɋůŰɧůɞ, ɖ ˊŮɟɑˊŰɤůɖ Űɞɡ ɛɐəɞɡɠ ůˊŮɘɟɩɛŬŰɞɠ ŬɜɏŭŮɘɝŮ ɛŮ ůŬűɐɜŮɘŬ Űɞɡɠ 
ˊŮɟɘɞɟɘůɛɞɨɠ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ. ȼ Ŭˊɚɞˊɞɑɖůɖ Űɖɠ ŮˊŬűɐɠ ɤɠ Ŭˊɚɐ ŮˊŬűɐ Űɟɘɓɐɠ ůŮ 
ůɡɜŭɡŬůɛɧ ɛŮ Űɖ ɢɟɐůɖ ŮɝɤŰŮɟɘəɐɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ˊɑŮůɖɠ, ɛŮ ůŰɧɢɞ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ 

Űɖɠ ˊɟɞɏɜŰŬůɖɠ əŬɘ Űɖɠ ɛɖɢŬɜɘəɐɠ Ůɛˊɚɞəɐɠ Űɞɡ əɞɢɚɑŬ ɛŮ Űɞ ŭɞəɑɛɘɞ, ŬˊɞŰɡɔɢɎɜŮɘ ɜŬ 
ŬɜŬˊŬɟɎɔŮɘ Űɖɜ Ůɡɜɞɥəɐ ŮˊɑŭɟŬůɖ Űɤɜ ɛŮɔŬɚɨŰŮɟɤɜ ůˊŮɘɟɤɛɎŰɤɜ ˊɞɡ əŬŰŬɔɟɎűɖəŮ 
ˊŮɘɟŬɛŬŰɘəɎ. ɄŬɟɎ Űɘɠ ŬˊɞəɚɑůŮɘɠ ŬɡŰɏɠ, ɖ ŬɜɎɚɡůɖ ˊŬɟŮɑɢŮ ɢɟɐůɘɛŮɠ ŮɜŭŮɑɝŮɘɠ ɔɘŬ Űɞ 
ˊɞɘŮɠ ˊŬɟɎɛŮŰɟɞɘ ɛˊɞɟɞɨɜ ɜŬ ˊŮɟɘɔɟŬűɞɨɜ ŬɝɘɧˊɘůŰŬ əŬɘ ɔɘŬ Űɞ ˊɞɨ ŮɜŰɞˊɑɕɞɜŰŬɘ ŰŬ ɧɟɘŬ 

Űɖɠ ˊɟɞůɏɔɔɘůɖɠ. 
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 ɀŮɚɚɞɜŰɘəɐ ɏɟŮɡɜŬ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŮˊɘəŮɜŰɟɤɗŮɑ ůŰɖ ɓŮɚŰɑɤůɖ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ 
ɛɞɜŰɏɚɞɡ ɛŮ Űɟɧˊɞɡɠ ˊɞɡ ɗŬ ŮˊɘŰɟɏɣɞɡɜ ɟŮŬɚɘůŰɘəɧŰŮɟɖ ˊŮɟɘɔɟŬűɐ Űɖɠ ɛɖɢŬɜɘəɐɠ 
Ůɛˊɚɞəɐɠ. ȼ ŮɘůŬɔɤɔɐ ˊɟɞɏɜŰŬůɖɠ ůŰɞɜ əɞɢɚɑŬ ɩůŰŮ ɜŬ ůɡɛɛŮŰɏɢɞɡɜ ŮɜŮɟɔɎ ŰŬ 

ůˊŮɘɟɩɛŬŰŬ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŬˊɞŭɩůŮɘ ɑůɤɠ əŬɚɨŰŮɟŬ Űɞ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ůɨůűɘɝɖɠ. 
ɄŬɟɎɚɚɖɚŬ, ůŮ ɧ,Űɘ ŬűɞɟɎ Űɞ ɡˊɞəŬŰɎůŰŬŰɞ Űɞɡ ɞůŰɞɨ, ɖ Ŭɝɘɞˊɞɑɖůɖ ˊɘɞ ůɨɜɗŮŰɤɜ 
ɛɞɜŰɏɚɤɜ ɡɚɘəɞɨ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɡˊɧɣɖ Űɘɠ ɘŭɘŬɘŰŮɟɧŰɖŰŮɠ Űɞɡ Ŭűɟɞɨ ˊɞɚɡɞɡɟŮɗɎɜɖɠ əŬɘ 
ɖ ɢɟɐůɖ ŰŮɢɜɘəɩɜ ˊɞɡ əŬŰŬůŰɟɏűɞɡɜ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ, ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ Ŭˊɞŭɩůɞɡɜ 

ˊɘɞ ɟŮŬɚɘůŰɘəɎ Űɖ ůŰŬŭɘŬəɐ ŬůŰɞɢɑŬ əŬɘ ɗɟŬɨůɖ Űɞɡ ɡɚɘəɞɨ ˊɞɡ ˊŬɟŬŰɖɟɞɨɜŰŬɘ 
ˊŮɘɟŬɛŬŰɘəɎ. ɇŬɡŰɧɢɟɞɜŬ, ɛɘŬ ůɡɜŭɡŬůŰɘəɐ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ, ɧˊɞɡ ɛŮŰŬɓɎɚɚɞɜŰŬɘ 
ŰŬɡŰɧɢɟɞɜŬ ˊŮɟɘůůɧŰŮɟŮɠ ˊŬɟɎɛŮŰɟɞɘ, əŬɗɩɠ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ɖ ɛŮŰŬɓɞɚɐ ɛɑŬɠ 
ˊŬɟŬɛɏŰɟɞɡ ŮˊɖɟŮɎɕŮɘ əŬɘ ɎɚɚŮɠ, ɗŬ ɐŰŬɜ ůŮ ɗɏůɖ ɜŬ ŬˊɞŰɡˊɩůŮɘ ˊɘɞ ɟŮŬɚɘůŰɘəɎ Űɖɜ 

Ŭˊɧəɟɘůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ ˊɘɞ ůŰɞɢŮɡɛɏɜɖ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ. ɇɏɚɞɠ, ɖ ŮˊɏəŰŬůɖ 
Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ɓɎůɖɠ ɛŮ ɛŮŰɟɐůŮɘɠ Űɖɠ ůɡɛˊɑŮůɖɠ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜ ɞɘ əɞɢɚɑŮɠ, əŬɗɩɠ 
əŬɘ ɎɛŮůŮɠ ɛŮŰɟɐůŮɘɠ ŰɎůŮɤɜ ɐ ˊŬɟŬɛɞɟűɩůŮɤɜ ůŰɞ ŭɞəɑɛɘɞ, ɗŬ ˊɟɧůűŮɟŮ ˊɘɞ ŬɝɘɧˊɘůŰŬ 
ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ əŬɘ ˊɟɧůɗŮŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ůɨɔəɟɘůɖɠ ɛŮ ŰŬ ŬɟɘɗɛɖŰɘəɎ, ŮɜɘůɢɨɞɜŰŬɠ 

ůɖɛŬɜŰɘəɎ Űɖɜ ŬɝɘɞˊɘůŰɑŬ əŬɘ Űɖ ɢɟɖůɘɛɧŰɖŰŬ Űɞɡ ɛɞɜŰɏɚɞɡ.  
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ɄȷɅȷɅɇȼɀȷ 

 

ȾŬɛˊɨɚŮɠ ȹɨɜŬɛɖɠ-ɀŮŰŬŰɧˊɘůɖɠ ï Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

 
ɄŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ ŭɨɜŬɛɖɠ-ɛŮŰŬŰɧˊɘůɖɠ ɔɘŬ Űɘɠ ɞɛɎŭŮɠ ȷ əŬɘ ȸ. 
 
 

 
 

 

 
 

 

 
 

 

 

 

 

 

A1 

A1: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

A2 

A2: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 
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A3 

A3: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 
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A4 

A4: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 
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A5 

A5: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

ɾʶˍʰˍˈˉʽˋʹ ώmm] ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

kN
] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

k
N

] 
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A6 

A6: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

A7: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

A7 
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A8 

A8: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 
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A9: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

A9 

ɾʶˍʰˍˈˉʽˋʹ ώmm] ɾʶˍʰˍˈˉʽˋʹ ώmm] 

B1: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 
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B2: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

B2 
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ɾʶˍʰˍˈˉʽˋʹ ώmm] ɾʶˍʰˍˈˉʽˋʹ ώmm] 
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B3: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

B3 
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B4 

B4: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 
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B5 

B5: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 
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B6: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

B6 
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ɾʶˍʰˍˈˉʽˋʹ ώmm] ɾʶˍʰˍˈˉʽˋʹ ώmm] 
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B7 

B7: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 
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ɾʶˍʰˍˈˉʽˋʹ ώmm] ɾʶˍʰˍˈˉʽˋʹ ώmm] 

B8: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 

B8 

B9 

B9: Ɉˊɞɚɞɔɘůɛɧɠ ȹɡůəŬɛɣɑŬɠ 
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ɆŰŬŰɘůŰɘəɎ ȷˊɞŰŮɚɏůɛŬŰŬ 

 

ȰɚŮɔɢɞɠ ɔɘŬ Űɖɜ əŬɜɞɜɘəɧŰɖŰŬ Űɤɜ ˊŬɟŬŰɖɟɐůŮɤɜ. 

 
 

 
 

 

 
 

 

 
 

 

ɃɛɎŭŬ ȷ: ȹɡůəŬɛɣɑŬ 

ɃɛɎŭŬ ȷ: ȳɟɘɞ ȷɜŬɚɞɔɑŬɠ 

ɃɛɎŭŬ ȷ: ȹɨɜŬɛɖ ȹɘŬɟɟɞɐɠ 

ɃɛɎŭŬ ȷ: ɀŮŰŬŰɧˊɘůɖ ȹɘŬɟɟɞɐɠ 
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ɃɛɎŭŬ B: ȹɡůəŬɛɣɑŬ 

ɃɛɎŭŬ ȸ: ȳɟɘɞ ȷɜŬɚɞɔɑŬɠ 

ɃɛɎŭŬ ȸ: ȹɨɜŬɛɖ ȹɘŬɟɟɞɐɠ 

ɃɛɎŭŬ ȸ: ɀŮŰŬŰɧˊɘůɖ ȹɘŬɟɟɞɐɠ 
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ȾɟɘŰɐɟɘɞ Chauvenet 

 

 
 

ȷˊɞŰŮɚɏůɛŬŰŬ Űɤɜ tests ɔɘŬ outliers. 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

ʇˉˇ˕ʺ˒ʽʰ ʆʽ˃ʺ ʆʽ˃ʺ ʅˍʰˍʽˋˍʽˁˇˏκ¢ƘǊŜǎƘƻƭŘp-value ɮˉˈ˒ʰˋʹ όр҈ύ

Dixon 251 Q = 0.233 0,904 ʂ˔ʽ

Grubbs 251 G = 1,546 0,391 ʂ˔ʽ

Chauvenet 251 Threshold = 0,125 0,122 ɿʰʽ

ʁ˃ʱʵʰ ɮ
ɲˎˋˁʰ˃˕ʾʰ ώƪbκƳƳϐ

ʇˉˇ˕ʺ˒ʽʰ ʆʽ˃ʺ ʆʽ˃ʺ ʅˍʰˍʽˋˍʽˁˇˏκ¢ƘǊŜǎƘƻƭŘp-value ɮˉˈ˒ʰˋʹ όр҈ύ

Dixon 650 Q = 0,280 0,728 ʂ˔ʽ

Grubbs 650 G = 1,717 0,226 ʂ˔ʽ

Chauvenet 650 Threshold = 0,125 0,086 ɿʰʽ

ʁ˃ʱʵʰ ɮ
ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώƪbϐ

ʇˉˇ˕ʺ˒ʽʰ ʆʽ˃ʺ ʆʽ˃ʺ ʅˍʰˍʽˋˍʽˁˇˏκ¢ƘǊŜǎƘƻƭŘp-value ɮˉˈ˒ʰˋʹ όр҈ύ

Dixon 680 Q = 0.320 0,594 ʂ˔ʽ

Grubbs 680 G = 1,715 0,227 ʂ˔ʽ

Chauvenet 680 Threshold = 0,125 0,086 ɿʰʽ

ʁ˃ʱʵʰ ɮ
ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώƪbϐ

ʇˉˇ˕ʺ˒ʽʰ ʆʽ˃ʺ ʆʽ˃ʺ ʅˍʰˍʽˋˍʽˁˇˏκ¢ƘǊŜǎƘƻƭŘp-value ɮˉˈ˒ʰˋʹ όр҈ύ

Dixon 2,4 Q = 0,464 0,226 ʂ˔ʽ

Grubbs 2,4 G = 2,111 0,028 ɿʰʽ

Chauvenet 2,4 Threshold = 0,125 0,035 ɿʰʽ

ʁ˃ʱʵʰ ɮ
ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ

ʇˉˇ˕ʺ˒ʽʰ ʆʽ˃ʺ ʆʽ˃ʺ ʅˍʰˍʽˋˍʽˁˇˏκ¢ƘǊŜǎƘƻƭŘp-value ɮˉˈ˒ʰˋʹ όр҈ύ

Dixon 854 Q = 0,355 0,484 ʂ˔ʽ

Grubbs 854 G = 1,706 0,234 ʂ˔ʽ

Chauvenet 854 Threshold = 0,125 0,088 ɿʰʽ

ʁ˃ʱʵʰ ɰ
ɲˎˋˁʰ˃˕ʾʰ ώƪbκƳƳϐ

ʇˉˇ˕ʺ˒ʽʰ ʆʽ˃ʺ ʆʽ˃ʺ ʅˍʰˍʽˋˍʽˁˇˏκ¢ƘǊŜǎƘƻƭŘp-value ɮˉˈ˒ʰˋʹ όр҈ύ

Dixon 430 Q = 0,308 0,633 ʂ˔ʽ

Grubbs 430 G = 1,872 0,119 ʂ˔ʽ

Chauvenet 430 Threshold = 0,125 0,061 ɿʰʽ

ʂˊʽˇ ɮ˄ʰ˂ˇʴʾʰˌ ώƪbϐ
ʁ˃ʱʵʰ ɰ

ʇˉˇ˕ʺ˒ʽʰ ʆʽ˃ʺ ʆʽ˃ʺ ʅˍʰˍʽˋˍʽˁˇˏκ¢ƘǊŜǎƘƻƭŘp-value ɮˉˈ˒ʰˋʹ όр҈ύ

Dixon 450 Q = 0,375 0,427 ʂ˔ʽ

Grubbs 450 G = 1,936 0,087 ʂ˔ʽ

Chauvenet 450 Threshold = 0,125 0,053 ɿʰʽ

ʁ˃ʱʵʰ ɰ
ɲˏ˄ʰ˃ʹ ɲʽʰˊˊˇʺˌ ώƪbϐ
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ɄŬɟŬɛŮŰɟɘəɐ ȷɜɎɚɡůɖ 

 

ɄɑŮůɖ: 

 

 
 

 

 
 

 

 

 

 

 

 

 

ʇˉˇ˕ʺ˒ʽʰ ʆʽ˃ʺ ʆʽ˃ʺ ʅˍʰˍʽˋˍʽˁˇˏκ¢ƘǊŜǎƘƻƭŘp-value ɮˉˈ˒ʰˋʹ όр҈ύ

Dixon 1,9 Q = 0,625 0,044 ɿʰʽ

Grubbs 1,9 G = 2,258 0,006 ɿʰʽ

Chauvenet 1,9 Threshold = 0,125 0,024 ɿʰʽ

ʁ˃ʱʵʰ ɰ
ɾʶˍʰˍˈˉʽˋʹ ɲʽʰˊˊˇʺˌ ώƳƳϐ
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ɆɡɜŰŮɚŮůŰɐɠ ɇɟɘɓɐɠ 

 

 
 

 

 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 
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ώ

kN
] 



100 

 

 

 
 

ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ 

 

 
 

 

 
 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

k
N

] 

˃ Ґ лΣс 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

kN
] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

kN
] 

ɳ Ґ мрл MPa 

ɳ Ґ мул MPa 
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ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

k
N

] 
ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

kN
] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

kN
] 

ɳ Ґ нмл MPa 

ɳ Ґ нпл MPa 

ɳ Ґ нтл MPa 
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Ɂɧɛɞɠ Poisson 

 

 
 

 

 
 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

k
N

] 
ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

kN
] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

kN
] 

ɳ Ґ олл MPa 

˄ Ґ лΣнр 

˄ Ґ лΣоо 
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ɇɎůɖ ȹɘŬɟɟɞɐɠ 

 

 
 

 

 
 

 

 
 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɾʶˍʰˍˈˉʽˋʹ ώmm] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

k
N

] 
ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

kN
] 

ɲ
ˏ
˄
ʰ
˃
ʹ
 
ώ

kN
] 

ỳ = 7 MPa 

ỳ = 10 MPa 

ỳ = 13 MPa 


