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ȺɈɉȷɅȽɆɇȽȺɆ 
 

ȼ ŮˊɑŰŮɡɝɖ əŬɘ ɞɚɞəɚɐɟɤůɖ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ Űɖɠ Ŭɟɤɔɐɠ 

əŬɘ ůɡɛˊŬɟɎůŰŬůɖɠ ɧɚɞɡ Űɞɡ ˊɟɞůɤˊɘəɞɨ Űɞɡ ɇɞɛɏŬ ɇŮɢɜɞɚɞɔɑŬɠ Űɤɜ ȾŬŰŮɟɔŬůɘɩɜ. 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɘŭɘŬɑŰŮɟŬ Űɞɜ ə. ȹɖɛɐŰɟɘɞ ɀŬɜɤɚɎəɞ ɔɘŬ Űɖ ˊɞɚɨŰɘɛɖ 

ŮɜɗɎɟɟɡɜůɖ əŬɘ ůŰɐɟɘɝɐ Űɞɡ əŬɗôɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Ůəˊɧɜɖůɖɠ Űɖɠ ŮɟɔŬůɑŬɠ. ȺɡɢŬɟɘůŰɩ 

Ŭˊɧ əŬɟŭɘɎɠ Űɞɜ ə. ɄɟɤŰŮůɑɚŬɞ ȾɤůŰɎɕɞ ɔɘŬ Űɖ ŭɘŮɝŬɔɤɔɐ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ, Űɘɠ 

ůɡɛɓɞɡɚɏɠ ˊɎɜɤ ůŰɖɜ ŬɟɘɗɛɖŰɘəɐ ˊɟɞůoɛɞɑɤůɖ, ɎɚɚŬ əŬɘ Űɞ ˊɚɐɗɞɠ ɔɜɩůŮɤɜ ˊɞɡ 

ŬˊɞəɧɛɘůŬ əŬŰɎ Űɖ ůɡɜŮɟɔŬůɑŬ ɛŬɕɑ Űɞɡ. ɇɏɚɞɠ, ŭŮɜ ɗŬ ɛˊɞɟɞɨůŬ  ɜŬ ˊŬɟŬɚŮɑɣɤ Űɞɜ 

ə.ȾɩůŰŬ ȾŮɟŬůɘɩŰɖ ɔɘŬ Űɖɜ Ŭɛɏůɖ ɓɞɐɗŮɘŬ Űɞɡ ůŮ ɧˊɞɘɞ ˊɟɧɓɚɖɛŬ ŬɜŰɘɛŮŰɩˊɘůŬ əŬŰɎ 

Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ əŬɘ əɡɟɑɤɠ Űɞɜ ə. Ɂɑəɞ ɀŮɚɘůůɎ ɔɘŬ Űɘɠ ŬŰŮɚŮɑɤŰŮɠ ɩɟŮɠ 

ŮˊɞɘəɞŭɞɛɘŰɩɜ ůɡɕɖŰɐůŮɤɜ ɛŬɕɑ Űɞɡ ůŮ ŰŮɢɜɘəɧ əŬɘ ɧɢɘ ɛɧɜɞ ŮˊɑˊŮŭɞ. 
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ɄȺɅȽȿȼɊȼ 

 
Ƀɘ ɚŮˊŰɧŰɞɘɢŮɠ ɛŮŰŬɚɚɘəɏɠ ŭɞɛɏɠ ɏɢɞɡɜ ŰŮɟɎůŰɘŬ ŮűŬɟɛɞɔɐ ůŰɞɜ ŰɞɛɏŬ Űɖɠ 

ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬɠ ɔɘŬ Űɖɜ ˊɟɞůŰŬůɑŬ Ŭɜɗɟɩˊɤɜ əŬɘ əŬŰŬůəŮɡɩɜ ůŮ əŬŰŬůŰɎůŮɘɠ 

ˊɟɧůəɟɞɡůɖɠ, əŬɗɩɠ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ Ŭˊɞɟɟɞűɞɨɜ ŰŮɟɎůŰɘŬ ˊɞůɎ ŮɜɏɟɔŮɘŬɠ. 

ɀŮɚŮŰɐɗɖəŮ ɖ ůɡɛˊŮɟɘűɞɟɎ ɛŮŰŬɚɚɘəɩɜ əŮɚɡűɩɜ ˊɞɚɚŬˊɚɞɨ ŰɞɘɢɩɛŬŰɞɠ, 

ůˊŮɘɟɞŮɘŭɞɨɠ ŭɘŬŰɞɛɐɠ, ŰŬ ɞˊɞɑŬ ŭɘŬɛɞɟűɩɗɖəŬɜ ɛŮ əɡɚɘɜŭɟɘəɐ əɎɛɣɖ ůŰɖɜ əŬɛˊŰɘəɐ 

ɛɖɢŬɜɐ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ. ȼ ŮɡəɞɚɑŬ ůŰɖɜ ˊɟɞŮŰɞɘɛŬůɑŬɠ Űɞɡɠ, ɖ ɞɘəɞɜɞɛɘəɐ 

ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɞɡɠ ɔɘŬ ɛɘəɟɐɠ əɚɑɛŬəŬɠ ˊŬɟŬɔɤɔɐ, ŬɚɚɎ əŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ Űɞɡɠ ɜŬ 

ŭɘŬɛɞɟűɤɗɞɨɜ ůŮ ˊɞɘəɘɚɑŬ ůɢɖɛɎŰɤɜ əŬɘ ŭɘŬŰɞɛɩɜ, ŰŬ əŬɗɘůŰɎ ɡˊɞůɢɧɛŮɜŬ ůɢŮŰɘəɎ ɛŮ 

Űɖɜ ŮɡɟŮɑŬ ŮűŬɟɛɞɔɐ Űɞɡɠ ůŮ ˊɞɚɚɞɨɠ ŰɞɛŮɑɠ Űɖɠ ɛɖɢŬɜɘəɐɠ.ɇŬ əŮɚɨűɖ ŮɑɜŬɘ 

əŬŰŬůəŮɡŬůɛɏɜŬ Ŭˊɧ Ŭɚɞɡɛɑɜɘɞ əŬɘ ɡˊɞɓɚɐɗɖəŬɜ ůŮ Ŭɝɞɜɘəɐ ɞɘɞɜŮɑ ůŰŬŰɘəɐ űɧɟŰɘůɖ 

ůŰɖ ɛɖɢŬɜɐ ŭɞəɘɛɩɜ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ. ɇŬ əŮɚɨűɖ ˊɞɡ ɛŮɚŮŰɩɜŰŬɘ, ŭɘɎűŮɟɞɡɜ ůŰɖɜ 

ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ ɤɠ ˊɟɞɠ Űɞ ŭɘŬŭɞɢɘəɧ Ŭɟɘɗɛɧ Űɤɜ ůˊŮɘɟɩɜ əŬɘ ůŰɖɜ ŭŮɨŰŮɟɖ, ɤɠ 

ˊɟɞɠ Űɖ ŭɘŬɛŮŰɟɧ Űɞɡɠ, ɏɢɞɜŰŬɠ ůŰŬɗŮɟɐ ŮɜŮɟɔɐ ŭɘŬŰɞɛɐ. ȰɔɘɜŮ ůɨɔəɟɘůɖ Űɤɜ 

ˊŮɘɟŬɛŬŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ˊɞɡ ˊɟɞɏəɡɣŬɜ ůŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ əŬɘ ůɢɞɚɘŬůɛɧɠ Ůˊɑ 

ŬɡŰɩɜ. ɄŬɟɎɚɚɖɚŬ, ɏɔɘɜŮ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ əŬŰɎɟɟŮɡůɖɠ 

ůɡɔəŮəɟɘɛɏɜɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭɘŬŰɞɛɩɜ ɛŮ ɢɟɐůɖ KɩŭɘəŬ 

ɄŮˊŮɟŬůɛɏɜɤɜ ɆŰɞɘɢŮɑɤɜ, LS-DYNA, əŬɗɩɠ əŬɘ ˊŮɟŬɘŰɏɟɤ ŭɘŮɟŮɨɜɖůɖ ɔɘŬ ɘůɞŭɨɜŬɛŬ 

əŮɚɨűɖ əɚŮɘůŰɐɠ ŭɘŬŰɞɛɐɠ ɛŮ ɑŭɘŬ ŮɜŮɟɔɧ ŭɘŬŰɞɛɐ. ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůɡɔəɟɘŰɘəɧɠ 

ůɢɞɚɘŬůɛɧɠ ɛŮŰŬɝɨ ˊŮɘɟŬɛŬŰɘəɩɜ əŬɘ ŬɟɘɗɛɖŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮ Űɖɜ ŮɝŬɔɤɔɐ 

ɤűɏɚɘɛɤɜ ůɡɛˊŮɟŬůɛɎŰɤɜ.  
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ABSTRACT 
 

Thin-walled metallic tubes are widely applied in vehicle engineering fields for safety 

protection of people or structures against impact event, as they can absorb a great 

amount of energy. The crushing behavior of multi-walled (spiral cross-section) metallic 

shells fabricated by roll bending, using a roll bending machine, is studied in this case. 

Since these tubes are easily prepared, cost-effective for small-scale production and 

flexible in both sectional shape and geometric parameters, they are quite promising to 

be applied widely in various engineering fields. Tubes are prepared by roll bending 

aluminum sheets and quasi-static axial crushing tests are then performed with universal 

material testing machine. Two types of tubes are investigated, with the first ones varying 

as far as the number of consecutive spirals is concerned, and the other ones differing 

in diameter, whilst having the same amount of effective cross section area. A 

comparison of the experimental results on each occasion along with a further 

discussion on them was conducted. Meanwhile, the Finite Element Code Ls-Dyna 

was employed to simulate the crushing behavior of certain typical shells, while 

further investigation was conducted for equivalent closed-section shells of the same 

effective cross section area. A detailed comparison of the obtained experimental and 

numerical results was conducted and useful concluding remarks were drawn.  
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ȾŮűɎɚŬɘɞ 1 : ŪŮɤɟɖŰɘəɧ ɀɏɟɞɠ 
 

Ɇɨɜɞɣɖ 

ɇɞ ˊŬɟŬəɎŰɤ əŮűɎɚŬɘɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɘŬ ɓɘɓɚɘɞɔɟŬűɘəɐ ŬɜŬůəɧˊɖůɖ ˊɎɜɤ ůŰɞ ŬɜŰɘəŮɑɛŮɜɞ 

Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ,əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɛɘŬ ŬɜɎɚɡůɖ Űɞɡ ůəɞˊɞɨ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ. 

Ⱥˊɑůɖɠ, ɗŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ɓŬůɘəɎ ůŰɞɘɢŮɑŬ ɗŮɤɟɑŬɠ ˊɞɡ Ŭűɞɟɞɨɜ Űɖɜ əɡɚɘɜŭɟɘəɐ əɎɛɣɖ əŬɘ Űɖɜ 

Ŭɝɞɜɘəɐ əŬŰɎɟɟŮɡůɖ. 

 

1.1 ȺɘůŬɔɤɔɐ [1,2] 
 

ũɘŬ Űɖɜ ŬɜŬůəɧˊɖůɖ ˊɞɡ ŬəɞɚɞɡɗŮɑ, ŮˊɘɚɏɢɗɖəŬɜ ŰŬ ɎɟɗɟŬ Űɤɜ Xiong Zhang, 

Hui Zhang əŬɘ Weijie Ren, ŰŬ ɞˊɞɑŬ ŬˊɞŰŮɚɞɨɜ Űɖ ɓŬůɘəɐ əŬɘ ˊɘɞ ˊɟɧůűŬŰɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ,ɧůɞɜ ŬűɞɟɎ Űɖɜ əŬŰŬůəŮɡɐ ůɤɚɖɜɩɜ ɛɏůɤ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɖɠ əɎɛɣɖɠ. 

  Ƀɘ ɚŮˊŰɧŰɞɘɢŮɠ ɛŮŰŬɚɚɘəɏɠ ŭɘŬŰɞɛɏɠ ɏɢɞɡɜ ɛŮɔɎɚɖ ŮűŬɟɛɞɔɐ ůŰɞɜ ŰɞɛŮɎ Űɖɠ 

ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬɠ ɔɘŬ Űɖɜ ˊɟɞůŰŬůɑŬ əŬɘ ŬůűɎɚŮɘŬ Ŭɜɗɟɩˊɤɜ əŬɘ əŬŰŬůəŮɡɩɜ ůŮ 

əŬŰŬůŰɎůŮɘɠ ˊɟɧůəɟɞɡůɖɠ, əŬɗɩɠ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ Ŭˊɞɟɟɞűɞɨɜ ŰŮɟɎůŰɘŬ 

ˊɞůɎ ŮɜɏɟɔŮɘŬɠ ɘŭɘŬɑŰŮɟŬ əŬŰɎ Űɖɜ Ŭɝɞɜɘəɐ Űɞɡɠ əŬŰɎɟɟŮɡůɖ [3]. ȼ ŮűŬɟɛɞɔɐ ŬɡŰɐ ůŰɘɠ 

ɛɏɟŮɠ ɛŬɠ ɔɑɜŮŰŬɘ ŬəɧɛŬ ɛŮɔŬɚɨŰŮɟɖ, Ŭűɞɨ ŮɚŬűɟɎ ɡɚɘəɎ ɧˊɤɠ Űɞ Ŭɚɞɡɛɑɜɘɞ ɓɞɖɗɞɨɜ 

ůŰɖɜ Ůɝɞɘəɞɜɧɛɖůɖ ɓɎɟɞɡɠ Űɖɠ ɧɚɖɠ əŬŰŬůəŮɡɐɠ Űɞɡ ŬɡŰɞəɘɜɐŰɞɡ, Űɞ ɞˊɞɑɞ ɛŮ Űɖ ůŮɘɟɎ 

Űɞɡ ůɡɜŮˊɎɔŮŰŬɘ ɛŮɑɤůɖ ůŰɘɠ Ůəˊɞɛˊɏɠ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ. ɇɞ ŰŮɚŮɡŰŬɑɞ ŮɘŭɘəɎ, 

ɛŮ Űɞɡɠ ůɨɔɢɟɞɜɞɡɠ ŬɡůŰɖɟɞɨɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ əŬɜɞɜɘůɛɞɨɠ, ŬˊɞəŰɎ Ůɘŭɘəɐ ɘůɢɨ.  

 ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, ɞɘ ŮˊɘůŰɖɛɞɜɘəɏɠ ɏɟŮɡɜŮɠ ŮˊɘəŮɜŰɟɩɜɞɜŰŬɘ ůŰɖɜ 

ˊɟɞůˊɎɗŮɘŬ Ŭɨɝɖůɖɠ Űɖɠ ŬɜŰɞɢɐɠ Űɤɜ ůɤɚɖɜɩɜ ůŮ əɟɞɨůɖ,ɛŮ əɨɟɘɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ 

Űɖ ŭɘŬűɞɟɞˊɞɘɐůɖ Űɤɜ ŭɘŬŰɞɛɩɜ Űɞɡɠ [3-11]. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɏɢɞɡɜ ɛŮɚŮŰɖɗŮɑ 

ˊŮɟɘˊŰɩůŮɘɠ ůɤɚɖɜɩɜ ɛŮ ˊɞɚɚŬˊɚɏɠ ɔɤɜɑŮɠ [5-7], ɛŮ ŬűɟɩŭŮɠ ɡɚɘəɧ ůŰɞ ŮůɤŰŮɟɘəɧ 

Űɞɡɠ [12-14], ɛŮ ˊɞɚɚŬˊɚɎ əŮɚɨűɖ [15-18] əŬɘ ɛŮ ɛŮŰŬɓɚɖŰɧ ˊɎɢɞɠ [19-22]. ȺɘŭɘəɧŰŮɟŬ, 

ɞɘ ŭɨɞ ŰŮɚŮɡŰŬɑŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ŬˊɞŰŮɚɞɨɜ Űɖɜ əŬɚɨŰŮɟɖ ɛɏɗɞŭɞ ɔɘŬ 

Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɤɜ ɚŮˊŰɧŰɞɘɢɤɜ ŭɘŬŰɞɛɩɜ ůŮ Ŭɝɞɜɘəɐ əŬŰŬˊɧɜɖůɖ. 

ɄŬɟôɧɚŬ ŬɡŰɎ, ɏɜŬ ůɖɛŬɜŰɘəɧ əŬɘ ůɨɜɖɗŮɠ Ůɛˊɧŭɘɞ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ ŬɡŰɩɜ Űɤɜ 

ɛŮɗɧŭɤɜ ŮɑɜŬɘ ɖ ŭɡůəɞɚɑŬ əŬɘ ɖ ˊɞɚɡˊɚɞəɧŰɖŰŬ ˊɞɡ ˊŬɟɞɡůɑŬɕŮŰŬɘ ůŰɖɜ əŬŰŬůəŮɡɐ 

ŰɏŰɞɘɤɜ ŭɞɛɩɜ. Ⱥˊɑůɖɠ,ɖ ˊŬɟŬɔɤɔɐ ůɤɚɖɜɩɜ Ŭɚɞɡɛɘɜɑɞɡ ůŮ ŭɘɎűɞɟŬ ůɢɐɛŬŰŬ 

ŭɘŬŰɞɛɐɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɖɠ ŭɘɏɚŬůɖɠ [23]. Ⱥˊɞɛɏɜɤɠ, 

ɞˊɞɘŬŭɐˊɞŰŮ ŬɚɚŬɔɐ ůŮ ůɢɐɛŬ əŬɘ ŭɘɎůŰŬůɖ, ŬˊŬɘŰŮɑ ŬɚɚŬɔɐ ůŰɞ ůɢŮŭɘŬůɛɧ Űɞɡ 

əŬɚɞɡˊɘɞɨ.  

 ɄŮɟɘɏɟɔɤɠ, ŬɡŰɧ ŭŮɜ ŬˊɞŰŮɚŮɑ ˊɟɧɓɚɖɛŬ ɔɘŬ Űɞɡɠ ůɤɚɐɜŮɠ ˊɞɡ ɏɢɞɡɜ 

ŭɘŬɛɞɟűɤɗŮɑ ɛɏůɤ Űɖɠ əɎɛɣɖɠ ɛŮŰŬɚɚɘəɩɜ ŮɚŬůɛɎŰɤɜ. ɇŬ ɞɡůɘŬůŰɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ 

Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ Űɨˊɞɡ ůɤɚɖɜɩɜ ŮɑɜŬɘ ɖ ŮɡəɞɚɑŬ ůŰɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɞɡɠ, ɖ 

ɞɘəɞɜɞɛɘəɐ ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɞɡɠ ůŮ ˊŬɟŬɔɤɔɐ ɛɘəɟɐɠ əɚɑɛŬəŬɠ əŬɘ  ɖ ŮɡŮɚɘɝɑŬ Űɞɡɠ ɧůɞɜ 

ŬűɞɟɎ ŭɘŬűɞɟŮŰɘəɎ ůɢɐɛŬŰŬ ŭɘŬŰɞɛɩɜ,ŬɚɚɎ əŬɘ ůŮ ɔŮɤɛŮŰɟɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ. ɇɞ 

ŰŮɚŮɡŰŬɑɞ ůŰɞɘɢŮɑɞ ŬˊɞŰŮɚŮɑ əŬɘ Űɞ ɓŬůɘəɧ ˊɟɞŰɏɟɖɛŬ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɖɠ əɎɛɣɖɠ ɏɜŬɜŰɘ 

Űɖɠ ŭɘɏɚŬůɖɠ, əŬɗɩɠ ɡˊɎɟɢŮɘ ɖ ŭɡɜŬŰɧŰɖŰŬ əŬŰŬůəŮɡɐɠ ŭɞɛɩɜ ɡɣɖɚɐɠ 

ŬˊɞŭɞŰɘəɧŰɖŰŬɠ, ŮɡəɞɚɧŰŮɟŬ əŬɘ űɗɖɜɧŰŮɟŬ, ůŬɜ əɘ ŬɡŰɏɠ ˊɞɡ ˊŮɟɘɔɟɎɣŬɛŮ 

ˊŬɟŬˊɎɜɤ, ŮɑŰŮ ɛŮ ˊɞɚɚŬˊɚɎ əŮɚɨűɖ,ŮɑŰŮ ɛŮ Űɖ ɛŮŰŬɓɞɚɐ Űɞɡ ˊɎɢɞɡɠ. 
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ȺɘəɧɜŬ 1.1 ȷˊŮɘəɧɜɘůɖ əɎɛɣɖɠ (ůŰɟŬɜŰɕɎɟɘůɛŬ) əŬɘ ůɢɏŭɘɞ ŭɘŬɛɞɟűɤɛɏɜɤɜ ůɤɚɖɜɩɜ ˊɞɚɚŬˊɚɞɨ 

ŰɞɘɢɩɛŬŰɞɠ əŬɘ ˊɞɚɚŬˊɚɞɨ əŮɚɨűɞɡɠ [1] 

 ɄŬɟôɧɚŬ ŬɡŰɎ,ɞɘ ůɡɔəŮəɟɘɛɏɜɞɘ ůɤɚɐɜŮɠ ŮɔŮɑɟɞɡɜ əɎˊɞɘɞɡɠ ˊɟɞɓɚɖɛŬŰɘůɛɞɨɠ 

ɔɘŬ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ əŬŰɎ Űɖɜ Ŭɝɞɜɘəɐ əŬŰŬˊɧɜɖůɖ, əŬɗɩɠ ˊɟɧəŮɘŰŬɘ ɔɘŬ ŭɞɛɘəɎ 

ɛɏɟɖ ŬɜɞɘɢŰɐɠ ŭɘŬŰɞɛɐɠ. ȺɘŭɘəɧŰŮɟŬ, ɞɘ Kotelko əŬɘ Mania ɛŮɚŮŰɩɜŰŬɠ Űɖ ůɡɛˊŮɟɘűɞɟɎ 

ɚŮˊŰɧŰɞɘɢɤɜ ŭɞɛɩɜ Ŭˊɚɐɠ ŬɜɞɘɢŰɐɠ ŭɘŬŰɞɛɐɠ, ŭɘŬɛɞɟűɤɛɏɜɤɜ ɛɏůɤ ɣɡɢɟɐɠ ɏɚŬůɖɠ, 

əŬŰɏɚɖɝŬɜ ůŰɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ŬɡŰɏɠ ɞɘ ŭɞɛɏɠ ŮɑɜŬɘ ˊɎɜŰŬ ɏŰɞɘɛŮɠ ɜŬ ˊŬɟŬɛɞɟűɤɗɞɨɜ 

ŬəŬɜɧɜɘůŰŬ ɐ ɜŬ əŬŰŬɟɟŮɨůɞɡɜ ɛɏůɤ ɚɡɔɘůɛɞɨ [24]. ȺɎɜ, ɧɛɤɠ, ŰŬ ɛŮŰŬɚɚɘəɎ ŮɚɎůɛŬŰŬ 

əŬɛűɗɞɨɜ əŬɘ ŭɘˊɚɤɗɞɨɜ ůŰɖ ɛɞɟűɐ ůɤɚɖɜɩɜ əɚŮɘůŰɐɠ ŭɘŬŰɞɛɐɠ, ŰɧŰŮ ůɡɜŬɔɤɜɑɕɞɜŰŬɘ 

Űɞɡɠ ůɡɜɖɗɘůɛɏɜɞɡɠ ůɤɚɐɜŮɠ, ɧˊɤɠ ŮˊɘɓŮɓŬɘɩɜŮɘ ɞ Zhang ɛɏůɤ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ əŬɘ 

Űɤɜ ɡˊɞɚɞɔɘůŰɘəɩɜ ɛɞɜŰɏɚɤɜ Űɞɡ ɔɘŬ Űɖɜ ŬɜŰɞɢɐ ůŮ əɎɛɣɖ. ɇɏɚɞɠ, ŮˊɘůɖɛŬɑɜŮɘ ɧŰɘ ɖ 

ɛɞɜŰŮɚɞˊɞɑɖůɖ əŬɘ ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ŬˊɞŰɡˊɩɜŮɘ ůŮ ˊɞɚɨ əŬɚɧ ɓŬɗɛɧ Űɖ 

ůɡɛˊŮɟɘűɞɟɎ ŰɏŰɞɘɤɜ ůɤɚɖɜɩɜ ůŮ ůɢɏůɖ ɛŮ Űɞ ˊŮɑɟŬɛŬ, ŮəŰɧɠ Ŭˊɧ Űɖɜ ˊŮɟɑˊŰɤůɖ 

ˊɞɡ ɖ əŬŰŬůəŮɡɐ ɛŬɠ ˊŬɟŬɛɞɟűɤɗŮɑ ŬəŬɜɧɜɘůŰŬ [2].  

 

1.2 Ɇəɞˊɧɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ 
 

ȼ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ɛŮɚŮŰɎ Űɖɜ Ŭɝɞɜɘəɐ əŬŰɎɟɟŮɡůɖ ɛŮŰŬɚɚɘəɩɜ əŮɚɡűɩɜ 

ˊɞɚɚŬˊɚɞɨ ŰɞɘɢɩɛŬŰɞɠ (ůˊŮɘɟɞŮɘŭɞɨɠ ŭɘŬŰɞɛɐɠ) ŭɘŬɛɞɟűɤɛɏɜɤɜ ɛŮ əɡɚɘɜŭɟɘəɐ 

əɎɛɣɖ, əŬɘ ɘŭɘŬɑŰŮɟŬ ɖ ɘəŬɜɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ ŮɜɏɟɔŮɘŬɠ Űɞɡɠ ůŮ ɞɘɤɜŮɑ ůŰŬŰɘəɏɠ 

ůɡɜɗɐəŮɠ ˊŮɘɟŬɛŬŰɘəɎ ŬɚɚɎ əŬɘ ɛŮ Űɖ ɢɟɐůɖ ŬɟɘɗɛɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ. ɀŮ ŰŬ 

ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ əŬŰŬůəŮɡɐɠ ŭɞəɘɛɑɤɜ ɛŮ əɎɛɣɖ ɜŬ ŮɑɜŬɘ ˊɞɚɚŬˊɚɎ, ɧˊɤɠ 

ŬɜŬűɏɟɗɖəŬɜ ůŰɖɜ ŮɘůŬɔɤɔɐ, ŮˊɘɚɏɢɗɖəŮ ɖ ŭɘŬɛɧɟűɤůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ əɡɚɘɜŭɟɘəɐ 

əɎɛɣɖ əɎɗɤɠ Űɞ ŮɟɔŬůŰɐɟɘɞ ŭɘŬɗɏŰŮɘ əɡɚɘɜŭɟɘəɐ əŬɛˊŰɘəɐ ɛɖɢŬɜɐ 3 ɟɎɞɡɚɤɜ. ɇɞ 

ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŭɘŬɛɧɟűɤůɖɠ ŬɡŰɐɠ ŮɑɜŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ɛɘŬɠ ůˊŮɘɟɞŮɘŭɞɨɠ ŭɘɎŰŬɝɖɠ. ȼ 

ůˊŮɘɟɞŮɘŭɐɠ ŭɘɎŰŬɝɖ ŮˊɘɚɏɢɗɖəŮ ɔɘŬŰɑ ŭŮɜ ŮɑɜŬɘ Ůɨəɞɚɞɠ ɞ ŮɜŰɞˊɘůɛɧɠ əŬɘ ɖ ˊɟɞɛɐɗŮɘŬ 

əŮɚɡűɩɜ ɛŮ Űɧůɞ əɞɜŰɘɜɏɠ (ŭɘŬŭɞɢɘəɏɠ) ŭɘŬɛɏŰɟɞɡɠ əŬɘ ɑŭɘŬ ˊɎɢɖ ŰɞɘɢɤɛɎŰɤɜ, ɩůŰŮ ɜŬ 

ŮɝŬůűŬɚɑɕŮŰŬɘ ɖ ɛɖɢŬɜɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡɠ əŬŰɎ Űɖɜ əŬŰɎɟɟŮɡůɐ Űɞɡɠ, ɜŬ ɏɢɞɡɛŮ 

ŭɖɚŬŭɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɚɞɓɩɜ. Ⱥɜɩ,ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑˊŰɤůɖ ŬɡŰɧ ŮɝŬůűŬɚɑɕŮŰŬɘ,  

əŬɗɩɠ ŮɑɜŬɘ ůŮ ɎɛŮůɖ ŮˊŬűɐ ŰŬ ŭɘŬŭɞɢɘəɎ ŰɞɘɢɩɛŬŰŬ ɛŮŰŬɝɨ Űɞɡɠ. ȾŬɘ ůŰɖɜ ˊɘɗŬɜɐ 

ˊŮɟɑˊŰɤůɖ ɧɛɤɠ, ˊɞɡ ŰŬ ŭɘŬŭɞɢɘəɎ ŰɞɘɢɩɛŬŰŬ ŭŮɜ ŮɑɜŬɘ ůŮ ɎɛŮůɖ ŮˊŬűɐ, ɏɢɞɡɛŮ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ ɚɧɔɤ Űɖɠ ůˊŮɘɟɞŮɘŭɞɨɠ ŭɘɎŰŬɝɖɠ əŬɘ Űɖɠ ůɨɜŮɢŮɘŬɠ Űɞɡ ɡɚɘəɞɨ.  

ȰŰůɘ ŮˊɘɚɏɢɗɖəŮ ɖ əŬŰŬůəŮɡɐ 2 ůŮɘɟɩɜ ŭɞəɘɛɑɤɜ ɛŮ ŰŬ Ůɝɐɠ ɢŬɟŬəŰɖɟɘůŰɘəɎ: 

 

¶ ȹɞəɑɛɘŬ ůŰŬɗŮɟɐɠ ŭɘŬɛɏŰɟɞɡ ŬɚɚɎ ŭɘŬŭɞɢɘəɩɜ ŬəŮɟŬɑɤɜ ůˊŮɘɟɩɜ 

¶ ȹɞəɑɛɘŬ ɑŭɘŬɠ ŮɜŮɟɔɐɠ ŭɘŬŰɞɛɐɠ ŬɚɚɎ ŭɘŬűɞɟŮŰɘəɩɜ ůˊŮɘɟɩɜ/ŭɘŬɛɏŰɟɞɡ 

 

Ƀɘ ůŮɘɟɏɠ ŬɡŰɏɠ ɏɢɞɡɜ ɤɠ ůəɞˊɧ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ 

ůˊŮɘɟɞŮɘŭɞɨɠ (ŬɜɞɘɢŰɐɠ) ŭɘŬŰɞɛɐɠ ůŰɖɜ ɘəŬɜɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ. ȼ ůɨɔəɟɘůɖ əŬɘ 

Ŭɝɘɞɚɧɔɖůɖ ɗŬ ɔɑɜŮɘ ɛŮɛɞɜɞɛɏɜŬ ɔɘŬ əɎɗŮ ůŮɘɟɎ ŭɞəɘɛɑɤɜ. ɇɏɚɞɠ, ɗŬ ɔɑɜŮɘ 

ɛɞɜŰŮɚɞˊɞɑɖůɖ ůɡɔəŮəɟɘɛɏɜɤɜ ŭɞəɘɛɑɤɜ Ŭˊɧ Űɘɠ ˊŬɟŬˊɎɜɤ ůŮɑɟŮɠ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ 

ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡɠ ůŮ ůɢɏůɖ ɛŮ Űɞ ˊŮɑɟŬɛŬ, əŬɗɩɠ əŬɘ ˊŮɟŬɘŰɏɟɤ ŭɘŮɟŮɨɜɖůɖ 
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1.3 Ⱦɡɚɘɜŭɟɘəɐ ȾɎɛɣɖ 
 

ȼ əɡɚɘɜŭɟɘəɐ əɎɛɣɖ ŬˊɞŰŮɚŮɑ ɏɜŬ Ůɑŭɞɠ əɎɛɣɖɠ Űɞ ɞˊɞɑɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ 

ˊɟɞůŭɩůŮɘ əŬɛˊɡɚɧŰɖŰŬ ůŮ ɏɜŬ ɛŮŰŬɚɚɘəɧ ɏɚŬůɛŬ. ɇŬ ŮɚɎůɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ 

ŭɘŬɛɞɟűɤɗɞɨɜ ɛŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ əŬŰɎ əɨɟɘɞ ɚɧɔɞ ŮɑŰŮ ůŮ əɡɚɘɜŭɟɘəɎ,ŮɑŰŮ ůŮ əɤɜɘəɎ. 

ȷɚɚɎ ɛŮ Űɖ ŭɘŬűɞɟɞˊɞɑɖůɖ Űɖɠ ŬəŰɑɜŬɠ əŬɛˊɡɚɧŰɖŰŬɠ, ŭɑɜŮŰŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ 

ŭɖɛɘɞɡɟɔɑŬɠ ˊɚɖɗɩɟŬɠ ůɢɖɛɎŰɤɜ ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɖ ůˊŮɘɟɞŮɘŭɐɠ ŭɘɎŰŬɝɖ ůŰɞ 

ˊŮɘɟŬɛɎ.  ȼ əɎɛɣɖ ŬɡŰɐ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ əŬɛˊŰɘəɩɜ ɛɖɢŬɜɩɜ 

(əɞɡɟɛˊŬŭɧɟɤɜ), ɧˊɞɡ ɛŮŰŬɚɚɘəɧ ɏɚŬůɛŬ ŰɞˊɞɗŮŰŮɑŰŬɘ ɛŮŰŬɝɨ Űɤɜ ɟɎɞɡɚɤɜ Űɖɠ 

ɛɖɢŬɜɐɠ əŬɘ ɛŮ əŬŰɎɚɚɖɚɖ ÕŮŰɎɗŮůɖ əŬɘ ˊŮɟɘůŰɟɞűɐ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ ŭɘŬɛɧɟűɤůɖ Űɞɡ 

ŮɚɎůɛŬŰɞɠ [31].  Ƀɘ əŬɛˊŰɘəɏɠ ɛɖɢŬɜɏɠ, ŬɜɎɚɞɔŬ ɛŮ Űɞɜ Ŭɟɘɗɛɧ ɟɎɞɡɚɤɜ ˊɞɡ 

ŭɘŬɗɏŰɞɡɜ, ɢɤɟɑɕɞɜŰŬɘ ůŮ 3 ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ : 

¶ 2 ɟɎɞɡɚɤɜ 

¶ 3 ɟɎɞɡɚɤɜ  

¶ 4 ɟɎɞɡɚɤɜ 

Ƀɘ əŬɛˊŰɘəɏɠ ɛɖɢŬɜɏɠ 2 ɟɎɞɡɚɤɜ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɏɜŬ ˊŮɟɘůŰɟŮűɧɛŮɜɞ ɟɎɞɡɚɞ 

ɛŮɔɎɚɖɠ ŭɘŬɛɏŰɟɞɡ,ŮˊŮɜŭŮŭɡɛɏɜɞ ɛŮ ɞɡɟŮɗɎɜɖ,Űɞ ɞˊɞɑɞ əɘɜŮɑŰŬɘ əŬŰŬəɧɟɡűŬ əŬɘ ɏɜŬ 

ůŰŬɗŮɟɧ ɛŮŰŬɚɚɘəɧ ɟɎɞɡɚɞ ɛɘəɟɐɠ ŭɘŬɛɏŰɟɞɡ ůŰɞ ˊɎɜɤ ɛɏɟɞɠ.  

 
ȺɘəɧɜŬ 1.2 ȾŬɛˊŰɘəɐ ɀɖɢŬɜɐ 2 ɟɎɞɡɚɤɜ [33] 

Ƀɘ əŬɛˊŰɘəɏɠ ɛɖɢŬɜɏɠ 3 ɟɎɞɡɚɤɜ ɛŮ Űɖ ůŮɘɟɎ Űɞɡɠ ɢɤɟɑɕɞɜŰŬɘ ůŮ 2 əŬŰɖɔɞɟɑŮɠ :  

¶ Pinch-type 

¶ Pyramid-type 

ɆŰɘɠ pinch-type əŬɛˊŰɘəɏɠ ɛɖɢŬɜɏɠ, Űɞ ɏɚŬůɛŬ ůɡɔəɟŬŰŮɑŰŬɘ ɛŮŰŬɝɨ 2 əŬŰŬəɧɟɡűɤɜ 

ɟɎɞɡɚɤɜ əŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ Ůɜɧɠ ŰɟɑŰɞɡ (ɟɎɞɡɚɞ ŭɘŬɛɧɟűɤůɖɠ) əŬɗɞɟɑɕŮŰŬɘ ɖ 

əŬɛˊɡɚɧŰɖŰŬ Űɞɡ ŰŮɚɘəɞɨ ŮɚɎůɛŬŰɞɠ. 

 
ȺɘəɧɜŬ 1.3 ȾŬɛˊŰɘəɐ ɛɖɢŬɜɐ 3 ɟɎɞɡɚɤɜ, pinch-type [33] 
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ɆŰɘɠ pyramid-type əŬɛˊŰɘəɏɠ ɛɖɢŬɜɏɠ, ɏɢɞɡɛŮ 2 ůŰɎɗŮɟŬ ɟɎɞɡɚŬ ůŰɞ əɎŰɤ ɛɏɟɞɠ əŬɘ 

ůŰɞ ˊɎɜɤ ɛɏɟɞɠ Űɞ ˊŮɟɘůŰɟŮűɧɛŮɜɞ ɟɎɞɡɚɞ Űɞ ɞˊɞɑɞ ɛŮŰŬəɘɜŮɑŰŬɘ əŬŰŬəɧɟɡűŬ. 

 
ȺɘəɧɜŬ 1.4 ȾŬɛˊŰɘəɐ ɛɖɢŬɜɐ 3 ɟɎɞɡɚɤɜ, pyramid-type [33] 

Ƀɘ əŬɛˊŰɘəɏɠ ɛɖɢŬɜɏɠ 4 ɟɎɞɡɚɤɜ ɛɞɘɎɕɞɡɜ ŬɟəŮŰɎ ůŰɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ ɛŮ Űɘɠ ɛɖɢŬɜɏɠ 

3 ɟɎɞɡɚɤɜ pinch-type, əŬɗɩɠ ɖ ɛɧɜɖ Űɞɡɠ ŭɘŬűɞɟɎ ŮɑɜŬɘ ɖ ɨˊŬɟɝɖ ɏɜɞɠ ɟɎɞɡɚɞɡ 

ŭɘŬɛɧɟűɤůɖɠ ůŰɖɜ Ŭɟɢɐ. ȸɏɓŬɘŬ, ŬɡŰɐ ɖ ŭɘŬűɞɟɎ ŮɑɜŬɘ əŬɘ Űɞ ůɖɛŬɜŰɘəɧŰŮɟɞ 

ˊɚŮɞɜɏəŰɖɛŬ ŬɡŰɐɠ Űɖɠ ɛɖɢŬɜɐɠ əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ŭɘŬɛɧɟűɤůɖ əɘ Ŭˊɧ Űɘɠ 2 

ˊɚŮɡɟɏɠ [34].  

 
ȺɑəɞɜŬ 1.5 ȾŬɛˊŰɘəɐ ɛɖɢŬɜɐ 4 ɟɎɞɡɚɤɜ [32] 

 

1.4 ȹŮɑəŰŮɠ Crashworthiness 
 

ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůɡɛˊŮɟɘűɞɟɎɠ Ůɜɧɠ ɡɚɘəɞɨ ɏɜŬɜŰɘ ˊɟɧůəɟɞɡůɖɠ ɞɜɞɛɎɕɞɜŰŬɘ 

crashworthiness characteristics, əŬɘ ŬˊɞŰŮɚɞɨɜ Űɖ ɓɎůɖ ɔɘŬ Űɖ ůɨɔəɟɘůɖ Űɖɠ ɘəŬɜɧŰɖŰŬɠ 

Ŭˊɞɟɟɧűɖůɖɠ ŮɜɏɟɔŮɘŬɠ Ůɜɧɠ ɡɚɘəɞɨ ɛɏůɤ Űɖɠ ˊŬɟŬɛɧɟűɤůɐɠ Űɞɡ ɐ Űɖɠ ɗɟŬɨůɖɠ Űɞɡ 

[26]. ɇŬ ɛŮɔɏɗɖ ŬɡŰɎ ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ ɛɏůɤ Űɤɜ ɛŮŰɟɐůŮɤɜ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ˊɞɡ ŭɘŬɛɞɟűɩɜɞɡɜ əŬɘ Űɖɜ əŬɛˊɨɚɖ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ əŬɘ 

ŮɑɜŬɘ ŰŬ Ůɝɐɠ :  

 

ü ɀɏůɞ ūɞɟŰɑɞ (Mean Crush Load) Pm 

 

ȷɜŰɘůŰɞɘɢŮɑ ůŰɞ ɚɧɔɞ Űɞɡ ŬɗɟɞɑůɛŬŰɞɠ Űɤɜ Ůˊɘɛɏɟɤɜ ɛŮŰɟɐůŮɤɜ Űɞɡ űɞɟŰɑɞɡ Pi ˊɟɞɠ 

Űɞ ůɨɜɞɚɞ Űɤɜ ɛŮŰɟɐůŮɤɜ n ˊɞɡ ŮɚɐűɗɖůŬɜ  

 

ὖ Ὧὔ
В ὖὯὔ

ὲ
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ü ɀɏɔɘůŰɞ ūɞɟŰɑɞ (Peak Crush Load) Pmax 

 

ȷɜŰɘůŰɞɘɢŮɑ ůŰɖ ɛɏɔɘůŰɖ Űɘɛɐ űɞɟŰɑɞɡ ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŮ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ 

ˊŮɘɟɎɛŬŰɞɠ 

ὖ Ὧὔ ÍÁØ ὖ Ὧὔ 

 

ü ȺɜɏɟɔŮɘŬ ȷˊɞɟɟɧűɖůɖɠ ( Energy Absorption) Eabs 

 

ȷɜŰɘůŰɞɘɢŮɑ ůŰɖ ůɡɜɞɚɘəɐ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊɞɟɟɞűɎ Űɞ ɡɚɘəɧ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ˊɟɧůəɟɞɡůɖɠ. ȼ Űɘɛɐ Űɞɡ ɛˊɞɟŮɑ ɜŬ ɓɟŮɗŮɑ ɛɏůɤ Űɞɡ ɡˊɞɚɞɔɘůɛɞɨ Űɞɡ ŮɛɓŬŭɞɨ Űɖɠ 

əŬɛˊɨɚɖɠ űɞɟŰɑɞɡ-ɛŮŰŬŰɧˊɘůɖɠ.  

Ὁ  ὐ ὖίὯὔ Ὠίάά 

 

ü ȹŮɑəŰɖɠ ɃɛɞɘɞɛɞɟűɑŬɠ ūɞɟŰɑɞɡ ( Crush Force Efficiency) CFE 

 

ȷɜŰɘůŰɞɘɢŮɑ ůŰɞ ɚɧɔɞ ɀɏůɞɡ ūɞɟŰɑɞɡ Pm ˊɟɞɠ Űɞ ɀɏɔɘůŰɞ ūɞɟŰɑɞ Pmax əŬɘ ŮɑɜŬɘ 

ŮˊɘɗɡɛɖŰɧ, ɞ ɚɧɔɞɠ ŬɡŰɧɠ, ɧůɞ ŮɑɜŬɘ ŮűɘəŰɧ, ɜŬ ŰŮɑɜŮɘ ůŰɞ 1. 

ὅὊὉϷ
ὖ Ὧὔ

ὖ Ὧὔ
ρππ 

 

ü Ⱥɘŭɘəɐ ȺɜɏɟɔŮɘŬ ȷˊɞɟɟɧűɖůɖɠ (Specific Energy Absorption) SEA 

 

AɜŰɘůŰɞɘɢŮɑ ůŰɞ ɚɧɔɞ Űɖɠ ůɡɜɞɚɘəɐɠ ŮɜɏɟɔŮɘŬɠ Ŭˊɞɟɟɧűɖůɖɠ Ⱥabs Űɞɡ ɡɚɘəɞɨ ˊɟɞɠ Űɞ 

ˊɞůɞůŰɧ Űɖɠ ɛɎɕŬɠ ˊɞɡ ɏɢŮɘ əŬŰŬɟɟŮɨůŮɘ mc. 

ὛὉὃ 
ὐ
Ὣὶ

Ὁ ὐ

ά Ὣὶ
 

 

 

1.5 ȷɝɞɜɘəɐ əŬŰɎɟɟŮɡůɖ ůɤɚɐɜɤɜ əɡəɚɘəɐɠ ŭɘŬŰɞɛɐɠ 
 

ȳŰŬɜ ůŮ ɏɜŬɜ əɡəɚɘəɧ ɚŮˊŰɧŰɞɘɢɞ ůɤɚɐɜŬ ŬůəŮɑŰŬɘ Ŭɝɞɜɘəɧ ɗɚɘˊŰɘəɧ űɞɟŰɑɞ, 
əŬŰŬɟɟɏŮɘ ɛŮ ŬɝɞɜɞůɡɛɛŮŰɟɘəɧ (ŮəŰŬŰɧɠ) ɐ ɛɖ ůɡɛɛŮŰɟɘəɧ (ɛɖ-ŮəŰŬŰɧɠ) Űɟɧˊɞ ˊɞɡ 
ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ ɚɧɔɞ Űɖɠ ŭɘŬɛɏŰɟɞɡ ˊɟɞɠ Űɞ ˊɎɢɞɠ Űɞɡ (Ὀ/ὸ). Ƀ ŬɝɞɜɞůɡɛɛŮŰɟɘəɧɠ 
Űɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ ŮɑɜŬɘ ɔɜɤůŰɧɠ əŬɘ ɤɠ űɡůŬɟɛɧɜɘəŬ (concertina mode). ȾŬŰɎ Űɞɜ 
ůɢɖɛŬŰɘůɛɧ Űɤɜ ŮəŰŬŰɩɜ ɚɞɓɩɜ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɏəŰŬůɖ əŬŰɎ ˊɚɎŰɞɠ Űɞɡ ŭɞəɘɛɑɞɡ ɛŮ 
ŬˊɞŰɏɚŮůɛŬ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŰŮɚɘəɐɠ ŭɘŬɛɏŰɟɞɡ Űɞɡ ŭɞəɘɛɑɞɡ. Ƀ ɛɖ ůɡɛɛŮŰɟɘəɧɠ Űɟɧˊɞɠ 
əŬŰɎɟɟŮɡůɖɠ ŮɑɜŬɘ ɔɜɤůŰɧɠ ɤɠ ŭɘŬɛɎɜŰɘ (diamond mode). ɇɞ ɛɞŰɑɓɞ əŬŰɎɟɟŮɡůɖɠ 
ŭɘŬɛŬɜŰɘɞɨ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ˊŮɟɘűŮɟŮɘŬəɩɜ ɚɞɓɩɜ ˊɞɡ ůŰɘɠ 

ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘˊŰɩůŮɘɠ əɡɛŬɑɜŮŰŬɘ ɛŮŰŬɝɨ ŭɨɞ əŬɘ ˊɏɜŰŮ [3] . ȾɎɗŮ ɚɞɓɧɠ ˊɞɡ 

ůɢɖɛŬŰɑɕŮŰŬɘ ɏɢŮɘ Űɖɜ ɑŭɘŬ ŭɞɛɐ ɛŮ Űɞɜ ˊɟɞɖɔɞɨɛŮɜɞ. ȿɧɔɤ Űɖɠ ŬɚɚŬɔɐɠ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ 
Űɞɡ ɡˊɞɓɎɗɟɞɡ ɧɛɤɠ , ůɢɖɛŬŰɑɕŮŰŬɘ ɡˊɧ ɛɘŬ ɔɤɜɑŬ ůŮ ůɢɏůɖ ɛŮ Űɞɜ ˊɟɞɖɔɞɨɛŮɜɞ. ȼ 
ɔɤɜɑŬ ˊŮɟɘůŰɟɞűɐɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ɛɞɟűɐ Űɞɡ ɚɞɓɞɨ əŬɘ ɡˊɞɚɞɔɑɕŮŰŬɘ ɓɎůŮɘ Űɞɡ 
Ůɝɐɠ Űɨˊɞɡ : 
 

ῲʚ‌  ‐”―„†”‛•ʙ‟ ὶὥὨ  , ɧˊɞɡ ɜ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɚɞɓɩɜ’‫ 
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ũɘŬ ůɡɔəŮəɟɘɛɏɜŮɠ Űɘɛɏɠ Űɞɡ (Ὀ/ὸ) ůŮ ɏɜŬ ůɤɚɐɜŬ, ɛˊɞɟŮɑ ɖ əŬŰɎɟɟŮɡůɖ ɜŬ ɝŮəɘɜɐůŮɘ ɛŮ 
ɛɞŰɑɓɞ ŭŬɢŰɡɚɘŭɘɞɨ əŬɘ ɜŬ ŬɚɚɎɝŮɘ ůŮ ɛɞŰɑɓɞ ŭɘŬɛŬɜŰɘɞɨ, ŭɖɚŬŭɐ, ˊŬɟɞɡůɘɎɕɞɡɜ ɏɜŬɜ 
ɛɘəŰɧ Űɟɧˊɞ əŬŰɎɟɟŮɡůɖɠ. ȸɎůɖ ˊɞɚɚɩɜ ˊŮɘɟŬɛɎŰɤɜ ɛŮ ůɤɚɐɜŮɠ ŭɘŬűɧɟɤɜ 
ŭɘŬůŰɎůŮɤɜ, ɛˊɞɟŮɑ ɜŬ ŮɝŬɢɗŮɑ ɏɜŬ ŭɘɎɔɟŬɛɛŬ əŬŰɎŰŬɝɖɠ  Űɞɡ Űɟɧˊɞɡ əŬŰɎɟɟŮɡůɖɠ 

[25]  ŬɜɎɚɞɔŬ ɛŮ Űɞ ɡɚɘəɧ Ŭˊɧ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ əŬŰŬůəŮɡŬůɛɏɜɞɘ. ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ Űɞ 

ɛɞŰɑɓɞ əŬŰɎɟɟŮɡůɖɠ ŭɘŬɛŬɜŰɘɞɨ ůɡɛɓŬɑɜŮɘ ɔɘŬ ɚɧɔɞ (Ὀ/ὸ) ɛŮɔŬɚɨŰŮɟɞ Űɞɡ 80. ũɘŬ (Ὀ/ὸ) 
ɛɘəɟɧŰŮɟɞ Űɞɡ 50 əŬɘ ɚɧɔɞ ɛɐəɞɡɠ ˊɟɞɠ Űɞ ˊɎɢɞɠ (ὒ/ὸ) ɛɘəɟɧŰŮɟɞ Űɞɡ 2, ˊŬɟɞɡůɘɎɕŮŰŬɘ 
Űɞ ɛɞŰɑɓɞ ŭŬɢŰɡɚɘŭɘɞɨ, Ůɜɩ ɔɘŬ Űɞ ɑŭɘɞ (Ὀ/ὸ) ŬɚɚɎ ɛŮ (ὒ/ὸ) ɛŮɔŬɚɨŰŮɟɞ Űɞɡ 2 ŮɛűŬɜɑɕŮŰŬɘ 
ɞ ɛɘəŰɧɠ Űɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ. ɇɏɚɞɠ, ɔɘŬ əɡɚɑɜŭɟɞɡɠ ɛŮ ɛŮɔɎɚɞ ɛɐəɞɠ ůɡɛɓŬɑɜŮɘ ɞ 

ɚɡɔɘůɛɧɠ Űɨˊɞɡ Euler [3] . 

 

 
 

ȺɘəɧɜŬ 1.6 ȷɝɞɜɞůɡɛɛŮŰɟɘəɧɠ, ɀɖ ůɡɛɛŮŰɟɘəɧɠ əŬɘ ɀɘəŰɧɠ Űɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 
 

ȺɘəɧɜŬ 1.7 ȹɘɎɔɟŬɛɛŬ əŬŰɎŰŬɝɖɠ Űɤɜ ɛɞɟűɩɜ əŬŰɎɟɟŮɡůɖɠ (deformation mode) əɡɚɘɜŭɟɘəɩɜ 
ůɤɚɐɜɤɜ Ŭˊɧ əɟɎɛŬ Ŭɚɞɡɛɘɜɑɞɡ. [25] 
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1.6 ȹɘŬɛɧɟűɤůɖ Ɏəɟɤɜ (triggering) 
 

Ƀ ɛɖɢŬɜɘůɛɧɠ triggering ŮɑɜŬɘ ɖ ŭɘŬŭɘəŬůɑŬ əŬŰɎ Űɖɜ ɞˊɞɑŬ ŬűŬɘɟŮɑŰŬɘ ˊɟɞɞŭŮɡŰɘəɎ 

ɡɚɘəɧ Ŭˊɧ Űɞ ŰɞɑɢɤɛŬ Űɞɡ ŭɞəɘɛɑɞɡ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ əŬɘ ŭɘŬɛɧɟűɤůɖ Ůɜɧɠ ˊɘɞ 

óôűɘɚɘəɞɨôô ˊɟɞɠ əŬŰɎɟɟŮɡůɖ Ŭɟɢɘəɞɨ Ɏəɟɞɡ. ɀɏůɤ Űɖɠ ŭɘŬɛɧɟűɤůɖɠ ŬɡŰɐɠ, 

ŮˊɘŰɡɔɢɎɜɞɜŰŬɘ əŬɚɨŰŮɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŮɜŮɟɔŮɘŬəɐɠ Ŭˊɞɟɟɧűɖůɖɠ. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ, ɓɞɖɗɎ ůŰɖɜ ŮˊɑŰŮɡɝɖ Ůɜɧɠ ɛɘəɟɧŰŮɟɞɡ Ŭɟɢɘəɞɨ űɞɟŰɑɞɡ, Űɞ ɞˊɞɑɞ 

ɛŮŰŬűɟɎɕŮŰŬɘ ůŮ ɛŮɔŬɚɨŰŮɟɞ ŭŮɑəŰɖ ɞɛɞɘɞɛɞɟűɑŬɠ űɞɟŰɑɞɡ CFE. Tɏɚɞɠ, ɛɏůɤ Űɖɠ 

ŭɘŬɛɧɟűɤůɖɠ ŬɡŰɐɠ ŭɑɜŮŰŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮɚŬɢɘůŰɞˊɞɖɗɞɨɜ ɞɘ ́ɘɗŬɜɧŰɖŰŮɠ 

əŬŰɎɟɟŮɡůɖɠ Ůɜɧɠ ŭɞəɘɛɑɞ ɛɏůɤ ɚɡɔɘůɛɞɨ [26]. 

 

 
ȺɘəɧɜŬ 1.8 ȹɘŬɔɟŬɛɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛɖɢŬɜɘůɛɞɨ triggering [27] 
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ȾŮűɎɚŬɘɞ 2 : ɄŮɘɟŬɛŬŰɘəɧ ɀɏɟɞɠ 
 

Ɇɨɜɞɣɖ 

ɆŰɞ ˊŬɟŬəɎŰɤ əŮűɎɚŬɘɞ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ Űɖɠ ŮəɎůŰɞŰŮ ůŮɘɟɎɠ ŭɞəɘɛɑɤɜ 

ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ əɡɚɘŭɟɘəɐɠ əɎɛɣɖɠ (roll bending). Ⱥˊɑůɖɠ, ŮˊɘůɖɛŬɑɜŮŰŬɘ ɖ ɞɜɞɛŬŰɞɚɞɔɑŬ əŬɘ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ŭɞəɘɛɑɤɜ, ɞ ˊŮɘɟŬɛŬŰɘəɧɠ Ůɝɞˊɚɘůɛɧɠ, əŬɗɩɠ əŬɘ ɞɘ ůɡɜɗɐəŮɠ Űɞɡ 

ˊŮɘɟɎɛŬŰɞɠ. 

 

2.1 ȹɞəɑɛɘŬ 
 

ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬɘ ɞɘ ŰŮɚɘəɏɠ ŭɘŬůŰɎůŮɘɠ Űɤɜ ŭɞəɘɛɑɤɜ ɏɔɘɜŬɜ ůŮ ůɡɜŮɜɜɧɖůɖ 

ɛŮ Űɞɡɠ ŮˊɘɓɚɏˊɞɜŰŮɠ əŬɗɖɔɖŰɏɠ. ɇŬ ŭɞəɑɛɘŬ ŮɑɜŬɘ Ŭˊɧ Ŭɚɞɡɛɑɜɘɞ ˊɎɢɞɡɠ t=0,5 mm.ȼ 

ŭɘŬɛɧɟűɤůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɏɔɘɜŮ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ əɡɚɘɜŭɟɘəɐɠ əŬɛˊŰɘəɐɠ ɛɖɢŬɜɐɠ 

(əɞɡɟɛˊŬŭɧɟɞɡ) ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɞ ŮɟɔŬůŰɐɟɘɞ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ɛɖɢŬɜɐ əɎɛɣɖɠ 3 

ɟɎɞɡɚɤɜ (3-roll bending machine pinch-type) Űɖɠ ŮŰŬɘɟŮɑŬɠ Optimum (Ůɘə. 2.1-2.3), ɖ 

ɞˊɞɑŬ ůɡɔəɟŬŰŮɑŰŬɘ ůŮ ɛɏɔɔŮɜɖ.  

 

 

 
(a) 

 
(b) 
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                                       (c)                                                                         (d) 

 

ȺɘəɧɜŬ 2.1 ȾŬɛˊŰɘəɐ ɀɖɢŬɜɐ ȺɟɔŬůŰɖɟɑɞɡ (a) ȽůɞɛŮŰɟɘəɐ ȳɣɖ, (b) ɄɚɎɔɘŬ Ʉɟɞɓɞɚɐ, (c) ɄɚɎɔɘŬ ȳɣɖ, 

(d)ɀŮŰɟɖŰɘəɐ ȹɘɎŰŬɝɖ ɔɘŬ Űɖ ɟɨɗɛɘůɖ Űɖɠ ɗɏůɖɠ Űɞɡ ɟɎɞɡɚɞɡ ȷ 

 

ȼ ɧɚɖ əŬŰŬůəŮɡɐ ɛˊɞɟŮɑ ɜŬ ŬˊɚɞˊɞɘɖɗŮɑ ůŰɞ əɎŰɤɗɘ ůɢɏŭɘɞ. ɇɞɜɑɕŮŰŬɘ ɧŰɘ Űɞ 

ɟɎɞɡɚɞ ũ ,ɛŮŰɎ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ ɟɨɗɛɘůɖ Űɞɡ,ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɧ əŬɗôɧɚɖ Űɖ ŭɘɎɟəŮɘŬ 

Űɖɠ əŬŰŬůəŮɡɐɠ Űɤɜ ŭɞəɘɛɑɤɜ ɔɘŬ Űɖɜ Ŭˊɞűɡɔɐ ˊɞɚɨˊɚɞəɤɜ ɟɡɗɛɑůŮɤɜ, ůɡɜŮɢɐ 

ŭɖɚŬŭɐ ɏɚŮɔɢɞ ůŰɖ ŭɘŬɛɧɟűɤůɖ Űɤɜ ŮˊɧɛŮɜɤɜ ůˊŮɘɟɩɜ. ɇɞ ɟɎɞɡɚɞ ȷ ŮɑɜŬɘ ŬɡŰɧ Űɞ 

ɞˊɞɑɞ ŬɚɚɎɕŮɘ əɎɗŮ űɞɟɎ ůŰŬ ˊɞɚɚŬˊɚɎůɘŬ Űɞɡ ˊɎɢɞɠ Űɞɡ ŭɞəɘɛɑɞɡ ɔɘŬ Űɖ ŭɘŬɛɧɟűɤůɖ 

Űɖɠ ŮəɎůŰɞŰŮ ůˊŮɑɟŬɠ (Ůɘə.2.4). 

 

 

 
ȺɘəɧɜŬ 2.2 ɆɢŮŭɘɎɔɟŬɛɛŬ ɄɚɎɔɘŬɠ ȳɣɖɠ Űɖɠ əŬɛˊŰɘəɐɠ ɛɖɢŬɜɐɠ əŬŰɎ Űɖɜ əɎɛɣɖ  
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2.1.1 ȹɞəɑɛɘŬ ůŰŬɗŮɟɐɠ ŭɘŬɛɏŰɟɞɡ,ŭɘŬŭɞɢɘəɩɜ ŬəŮɟŬɑɤɜ ůˊŮɘɟɩɜ 
 

ȼ ˊɟɩŰɖ ůŮɘɟɎ ŭɞəɘɛɑɤɜ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ əŮɚɨűɖ ůŰŬɗŮɟɐɠ ŭɘɎɛŮŰɟɞɡ əŬɘ 

ŭɘŬŭɞɢɘəɩɜ ŬəɏɟŬɘɤɜ ůˊŮɘɟɩɜ əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɛɑŬɠ ɏɤɠ əŬɘ ˊɏɜŰŮ. ȼ 

ůɡɔəŮəɟɘɛɏɜɖ ůŮɘɟɎ ŭɞəɘɛɑɤɜ ŭɖɛɘɞɡɟɔɐɗɖəŮ ɛŮ ůəɞˊɧ ɜŬ ŭɘŬůŬűɖɜɘůŰŮɑ ɖ ůɢɏůɖ Űɤɜ 

ůˊŮɘɟɩɜ ɛŮ Űɖɜ ŮɜɏɟɔŮɘŬ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ əɎɗŮ əŮɚɨűɞɡɠ,əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ Ŭɜ 

ˊɞɚɚŬˊɚɎůɘŮɠ ůˊŮɑɟŮɠ ůɡɜŮˊɎɔɞɜŰŬɘ ˊɞɚɚŬˊɚɎůɘŬ ŮɜɏɟɔŮɘŬ Ŭˊɞɟɟɧűɖůɖɠ.  ȳɚŬ ŰŬ 

ŭɞəɑɛɘŬ ɏɢɞɡɜ ɨɣɞɠ ɑůɞ ɛŮ 120 ɢɘɚɘɞůŰɎ , ȼ=120 mm.  

ȷɟɢɘəɎ, ɔɑɜŮŰŬɘ ɖ ɟɨɗɛɘůɖ Űɖɠ əŬɛˊŰɘəɐɠ ɛɖɢŬɜɐɠ. ɀŮ ŭŮŭɞɛɏɜɖ Űɖɜ Ŭɟɢɘəɐ ɗɏůɖ 

Űɞɡ ɟɎɞɡɚɞɡ ȷ ůŰɖ ɗɏůɖ Űɤɜ 0,5 ɢɘɚɘɞůŰɩɜ (ˊɎɢɞɠ ŮɚɎůɛŬŰɞɠ), ɟɡɗɛɑɕŮŰŬɘ ɖ ŬˊɧůŰŬůɖ 

ɛŮŰŬɝɨ Űɤɜ ɟɎɞɡɚɤɜ ȷ əŬɘ ũ, ŭɖɚŬŭɐ Űɞ ŭɘɎəŮɜɞ, ɑůɞ ɛŮ 2 ɢɘɚɘɞůŰɎ, ŭ = 2 mm. H 

ůɡɔəŮəɟɘɛɏɜɖ Űɘɛɐ ŮˊɘɚɏɢɗɖəŮ ɔɘŬ ɚɧɔɞɡɠ ŬˊɟɧůəɞˊŰɖɠ əŬŰŮɟɔŬůɑŬɠ əɎɛɣɖɠ əŬɘ ůŰŬ 

ŮˊɧɛŮɜŬ ˊɎůŬ. Ⱥˊɑůɖɠ, ɛŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɘŬ Ŭɟɢɘəɐ 

əŬɛˊɡɚɧŰɖŰŬ/ŭɘɎɛŮŰɟɞ ɖ ɞˊɞɑŬ ŮɑɜŬɘ əŬɚɐ əŬɘ ɔɘŬ Űɖɜ ŰɞˊɞɗɏŰɖůɖ Űɤɜ ŭɞəɘɛɑɤɜ ůŰŬ 

ɏɛɓɞɚŬ Űɖɠ INSTRON ( Ï150 ) . ɆŰɖ ůɡɜɏɢŮɘŬ, Űɞ ɏɚŬůɛŬ ŰɞˊɞɗŮŰŮɑŰŬɘ ŬɜɎɛŮůŬ ůŰŬ 

ɟɎɞɡɚŬ ȷ, ȸ ɛɏɢɟɘ ɜŬ ŰŮɟɛŬŰɑůŮɘ ˊɎɜɤ ůŰɞ ɟɎɞɡɚɞ ũ. ũɘŬ əŬɚɨŰŮɟɖ ůɡɔəɟɎŰɖůɖ əŬɘ 

əŬŰôŮˊɏəŰŬůɖ ˊɟɞɩɗɖůɖ Űɞɡ ŮɚɎůɛŬŰɞɠ, ɛŮɘɩɜŮŰŬɘ ɖ ŬˊɧůŰŬůɖ ȷ-ȸ ůŰŬ 0,45 ɢɘɚɘɞůŰɎ 

ˊŮɟɑˊɞɡ. ɀŮŰɎ ˊŮɟɘůŰɟɏűŮŰŬɘ ɞ ɛɞɢɚɧɠ Űɞɡ ɟɎɞɡɚɞɡ ȸ ɛɏɢɟɘ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

ˊɟɩŰɖɠ ůˊŮɑɟŬɠ. ȰˊŮɘŰŬ, ɛŮɔŬɚɩɜŮɘ əɎɗŮ űɞɟɎ ɖ ŬˊɧůŰŬůɖ ȷ-ȸ (Ůɘə. 2.4) ůŰɞ 

ˊɞɚɚŬˊɚɎůɘɞ Űɞɡ ˊɎɢɞɡɠ ɔɘŬ əɎɗŮ ůˊŮɑɟŬ əŬɘ ŬɜŰɑůŰɞɘɢŬ ɛŮɘɩɜŮŰŬɘ ŮɚɎɢɘůŰŬ ɔɘŬ 

əŬɚɨŰŮɟɖ ůɡɔəɟɎŰɖůɖ.  

ȾŬŰɎ Űɖ ŭɘŬɛɧɟűɤůɖ ɛɘɎɠ ŭɞəɘɛŬůŰɘəɐɠ ůˊŮɑɟŬɠ ɛŮ ŭɘɎəŮɜɞ ŭ=2 mm, ɛŮŰɟɐɗɖəŮ 

ɛɘŬ ŭɘɎɛŮŰɟɞɠ ˊŮɟɑˊɞɡ ɑůɖ ɛŮ 41mm. ɀŮ ɓɎůɖ ŬɡŰɐ Űɖ ŭɘɎɛŮŰɟɞ, ɛˊɞɟŮɑ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ 

Űɞ ɗŮɤɟɖŰɘəɧ ɛɐəɞɠ Űɤɜ ŮɚŬůɛɎŰɤɜ ɛŮ Űɞɜ Űɨˊɞ, L = n x  ́x D , ɧˊɞɡ n ɞ Ŭɟɘɗɛɧɠ Űɤɜ 

ůˊŮɘɟɩɜ. 

 ɆŮ ɧɚŬ ŰŬ ŭɞəɑɛɘŬ Űɖɠ ˊɟɩŰɖɠ ůŮɘɟɎɠ ɧɛɤɠ, ŮˊɘɚɏɢɗɖəŮ ɛɘŬ ŮˊɘəɎɚɡɣɖ Űɖɠ ŰɎɝɖɠ 

Űɤɜ 30Á ɛŮŰŬɝɨ Űɖɠ ŮůɤŰŮɟɘəɐɠ əŬɘ Űɖɠ ŰŮɚɘəɐɠ ŮɝɤŰŮɟɘəɐɠ ůˊŮɑɟŬɠ. Ƀ ɚɧɔɞɠ ˊɞɡ 

ŮˊɘɚɏɢɗɖəŮ ɖ ŮˊɘəɎɚɡɣɖ ɐŰŬɜ ɔɘŬ ɜŬ ɛɖɜ ɡˊɎɟɢŮɘ ůŬűɐɠ ŬůɡɜɏɢŮɘŬ ɧůɞɜ ŬűɞɟɎ Űɖ 

ůɡɜɞɢɐ ɡɚɘəɞɨ ůŰɖ ŭɘŬŰɞɛɐ ɛŬɠ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ, ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɘŬ ŮɘəɧɜŬ ˊŮɟɑˊɞɡ 

əɚŮɘůŰɐɠ ŭɘŬŰɞɛɐɠ ɛŮ ɞɛɞɘɧɛɞɟűɖ əŬŰŬɜɞɛɐ ɡɚɘəɞɨ. ũɘŬ ɜŬ ůɡɛɓŮɑ ŬɡŰɧ ŮˊɘɚɏɢɗɖəŮ ɏɜŬ 

ɛɐəɞɠ ( B ) ůɢŮŰɘəɎ ɛŮɔŬɚɨŰŮɟɞɡ Ŭˊɧ Űɞ ɡˊɞɚɞɔɘůɗɏɜ ɔɘŬ Űɞɜ əɎɗŮ Ŭɟɘɗɛɧ ůˊŮɘɟɩɜ. 

ɄɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ əɎɛɣɖ Űɞɡ ɏɚŬůɛŬŰɞɠ ɛɏɢɟɘ ɚɑɔɞ ˊɟɘɜ Űɖɜ ŰŮɚɘəɐ ůˊŮɑɟŬ, ůŰɖ 

ůɡɜɏɢŮɘŬ ŬˊɞɛŬəɟɨɜŮŰŬɘ Űɞ ɏɚŬůɛŬ Ŭˊɧ Űɖɜ əŬɛˊŰɘəɐ ɛɖɢŬɜɐ əŬɘ Űɏɚɞɠ, ɛŮŰɟɎŰŬɘ ɛŮ 

ŮɨəŬɛˊŰɖ ɛŮŰɟɖŰɘəɐ ŰŬɘɜɑŬ Űɞ ɛɐəɞɠ Űɞɡ ŮɚɎůɛŬŰɞɠ ( Lô ) ˊɞɡ ɡˊɞɚŮɑˊŮŰŬɘ  ɛɏɢɟɘ Űɖ 

ůɡɛˊɚɐɟɤůɖ Űɖɠ ůˊŮɑɟŬɠ. ɇɞ Ůˊɘˊɚɏɞɜ ɛɐəɞɠ Űɖɠ ŮˊɘəɎɚɡɣɖɠ 30Á ŮɑɜŬɘ ɑůɞ ɛŮ ╛  Ȣ 

ɀŮ ŭŮŭɞɛɏɜɞ L ɆɈɁ = Lô +  ╛  , ɛˊɞɟŮɑ ɜŬ ɓɟŮɗŮɑ Űɞ ɛɐəɞɠ ˊɞɡ ˊɟɏˊŮɘ ɜŬ Ŭˊɞəɞ Ů́ɑ 

ůŰɞ ɣŬɚɑŭɘ, ɧˊɞɡ ŮɑɜŬɘ ɑůɞ ɛŮ ȸ - L ɆɈɁ , ɔɘŬ Űɖ ŭɘŬɛɧɟűɤůɖ Űɞɡ ŰŮɚɘəɞɨ ɛɐəɞɡɠ 

ŮɚɎůɛŬŰɞɠ. ɇɏɚɞɠ, ɔɑɜŮŰŬɘ ŮˊŬɜŬŰɞˊɞɗɏŰɖůɖ Űɞɡ ŭɞəɑɛɘɞɡ ůŰɖɜ əŬɛˊŰɘəɐ ɛɖɢŬɜɐ əŬɘ 

ɞɚɞəɚɖɟɩɜŮŰŬɘ ɖ əɎɛɣɖ ɛŮ Űɖɜ ˊŮɟɘůŰɟɞűɐ Űɞɡ ɛɞɢɚɞɨ Űɞɡ ɟɎɞɡɚɞɡ ȸ. ɇŬ ŭɞəɑɛɘŬ 

ůɡɔəɟŬŰɐɗɖəŬɜ ɛŮ ŰŬɘɜɑŬ ɛŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ əŬŰŮɟɔŬůɑŬɠ, ɛɏɢɟɘ Űɖ ůŰɘɔɛɐ Űɖɠ Ŭɝɞɜɘəɐɠ 

əŬŰɎɟɟŮɡůɖɠ ůŰɖ ɛɖɢŬɜɐ ŭɞəɘɛɩɜ, ɛŮ ɔɤɜɑŬ ŮˊɘəɎɚɡɣɖɠ ɚɑɔɞ ɛŮɔŬɚɨŰŮɟɖ Űɤɜ 30Á, 

ɩůŰŮ Ŭűɞɨ ŮɚŮɡɗŮɟɤɗɞɨɜ əŬɘ ɚɧɔɤ Űɞɡ spring back, ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ŮˊɘɗɡɛɖŰɐ ɔɤɜɑŬ 

ŮˊɘəɎɚɡɣɖɠ 30Á. ũɘôŬɡŰɧ Űɞ ɚɧɔɞ,ůŰɞɜ ˊɑɜŬəŬ 1 ɏɢɞɡɜ əŬŰŬɔɟŬűŮɑ ɞɘ ŭɘɎɛŮŰɟɞɘ initial əŬɘ 

final, ɞɘ ɞˊɞɑŮɠ ŬɜŬűɏɟɞɜŰŬɘ ůŰŬ ŭɞəɑɛɘŬ ɧŰŬɜ ŮɑɜŬɘ ůɡɔəɟŬŰɖɛɏɜŬ əŬɘ ŮɚŮɨɗŮɟŬ. 

ȰŰůɘ ŭɘŬɛɞɟűɩɗɖəŮ ɞ əɎŰɤɗɘ ˊɑɜŬəŬɠ ɛŮ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ˊɟɩŰɖɠ ůŮɑɟŬɠ 

ŭɞəɘɛɑɤɜ,ŰŬ ɞˊɞɑŬ ɞɜɞɛŬŰɑůŰɖəŬɜ ɓɎůŮɘ Űɤɜ Ŭɟɘɗɛɩɜ ůˊŮɘɟɩɜ Űɞɡɠ : 
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ɲˇˁʾ˃ʽʰ 
ɾʺˁˇˌ 

ɳ˂ʱˋ˃ʰˍˇˌ [ 
(mm) 

ɾʱʸʰ 
m (gr) 

ɾʷˋʹ ʵʽʱ˃ʶˍˊˇˌ 5 Ƴ 
(mm) initial 

ɾʷˋʹ ʵʽʱ˃ʶˍˊˇˌ 5 Ƴ 
(mm) final 

ʇ˕ˇˌ 
H 

(mm) 

ʃʱ˔ˇˌ 
ʶ˂ʱˋ˃ʰˍˇˌ 

t (mm) ɳˋ˖ˍʶˊʽˁʺ ɳ˅˖ˍʶˊʽˁʺ ɳˋ˖ˍʶˊʽˁʺ ɳ˅˖ˍʶˊʽˁʺ 

1 155 24,5 

41 

42,7 45 46 

120 0,5 

2 300 47,6 44,3 43,7 46,8 

3 444 70,9 46 42,5 48 

4 592 94,1 47,8 41,7 49,1 

5 737 117 48,6 40,9 51,4 

 

ɄɑɜŬəŬɠ 2.1: ȹɘŬůŰɎůŮɘɠ əŬɘ ɉŬɟŬəŰɖɟɘůŰɘəɎ 1ɖɠ ɆŮɘɟɎɠ ȹɞəɘɛɑɤɜ  

 

   

  
(a) 

 
(b) 
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(c) 

ȺɘəɧɜŮɠ 2.3 ȳɣŮɘɠ 1ɖɠ ůŮɘɟɎɠ ŭɞəɘɛɑɤɜ (a)ȾŬŰɧɣŮɘɠ ůɡɔəɟŬŰɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ, 

(b)ȽůɞɛŮŰɟɘəɐ ȳɣɖ ůɡɔəɟŬŰɖɛɏɜɤɜ ŭɞəɘɛɑɤɜ, (c)ȾŬŰɧɣŮɘɠ ŮɚŮɨɗŮɟɤɜ ŭɞəɘɛɑɤɜ 

2.1.2 ȹɞəɑɛɘŬ ɑŭɘŬɠ ŮɜŮɟɔɐɠ ŭɘŬŰɞɛɐɠ, ŭɘŬűɞɟŮŰɘəɩɜ ůˊŮɘɟɩɜ/ŭɘŬɛɏŰɟɞɡ 
 

ȼ ŭŮɨŰŮɟɖ ůŮɘɟɎ ŭɞəɘɛɑɤɜ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ əŮɚɨűɖ ɛŮ ɑŭɘŬ ŮɜŮɟɔɐ ŭɘŬŰɞɛɐ, 

ŭɘŬűɞɟɞˊɞɘɩɜŰŬɠ ɧɛɤɠ Űɖɜ əŬɛˊɡɚɧŰɖŰŬ Űɞɡ ŮɚɎůɛŬŰɞɠ ɛɏůɤ Űɞɡ ŭɘŬəɏɜɞɡ ŭ, Űɞ 

ɞˊɞɑɞ ůɡɜŰŮɚŮɑ ůŮ ŭɘŬűɞɟŮŰɘəɧ, ɧɢɘ ŬˊŬɟŬɑŰɖŰŬ ŬəŮɟŬɑɞ, Ŭɟɘɗɛɧ ůˊŮɘɟɩɜ əŬɘ ŭɘŬɛɏŰɟɞɡ. 

ɆŰɖɜ ɞɡůɑŬ ůŰɧɢɞɠ ŮɑɜŬɘ ɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ ůˊŮɘɟɩɜ əŬɘ Űɖɠ ŭɘŬɛɏŰɟɞɡ ůŰŬ 

ˊŮɘɟŬɛŬŰɘəɎ ɛŮɔɏɗɖ,ŭɘŬŰɖɟɩɜŰŬɠ ɧˊɤɠ ŬɜŬűɏɟɗɖəŮ Űɖɜ ŮɜŮɟɔɐ ŭɘŬŰɞɛɐ ůŰŬɗŮɟɐ. ɋɠ 

əɏɚɡűɞɠ ŬɜŬűɞɟɎɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ ŭɞəɑɛɘɞ 3, əŬɗɩɠ ůŰŬ ŭɞəɑɛɘŬ 4 əŬɘ 5 

ˊŬɟŬŰɖɟŮɑŰŬɘ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ůűɡɟɖɚɎŰɖůɖɠ ůŰɞ Űɏɚɞɠ. Ⱥˊɑůɖɠ, ɏɢɞɜŰŬɠ ɤɠ ɓɎůɖ 

Űɤɜ ŭɞəɘɛɑɤɜ ɛŬɠ Űɞ ɛɐəɞɠ Űɤɜ 444 ɢɘɚɘɞůŰɩɜ (L3=444 mm) əŬɘ ɛŮ ŭŮŭɞɛɏɜɖ Űɖ ɛɏɔɘůŰɖ 

ŭɡɜŬŰɐ ŭɘɎɛŮŰɟɞ Űɞɡ Ůɛɓɧɚɞɡ Űɖɠ INSTRON (Ï150) , ɡˊɎɟɢŮɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ 

əŬŰŬůəŮɡŬůŰŮɑ ŭɞəɑɛɘɞ ɛŮ 1 ůˊŮɑɟŬ əŬɘ ŭɘɎɛŮŰɟɞ D=120mm. ɃˊɧŰŮ ŭŮɜ ɡűɑůŰŬŰŬɘ 

əɑɜŭɡɜɞɠ ɜŬ ɢɎůŮɘ ŮˊŬűɐ Űɞ əɏɚɡűɞɠ əŬŰɎ Űɖ űɎůɖ Űɖɠ ůɡɛˊɑŮůɖɠ,Űɞ ɞˊɞɑɞ ɗŬ ɞŭɖɔɐůŮɘ 

ůŮ ɚɎɗɞɠ ɛɏŰɟɖůɖ. 

 ũɘŬ Űɖ ɟɨɗɛɘůɖ Űɖɠ ɛɖɢŬɜɐɠ ɛŬɠ, ɛŮ ŭŮŭɞɛɏɜɞ ˊɘŬ Űɞ ɛɐəɞɠ ɑůɞ ɛŮ 444mm, 

ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ŬɚɚŬɔɏɠ ůŰɘɠ Űɘɛɏɠ Űɞɡ ŭɘɎəŮɜɞɡ ŭ (ŬˊɧůŰŬůɖ ɟɎɞɡɚɤɜ ȷ-ũ) 

ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ 1,5mm əŬɘ űɗɎɜɞɜŰŬɠ ɛɏɢɟɘ ŰŬ 6,5mm, ɛŮ ɓɐɛŬ 0,5mm. ȷɡŰɧ ɞŭɖɔŮɑ 

ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŬɛŮŰɟɞɨɠ əŮɚɡűɩɜ, ŭɘŬűɞɟŮŰɘəɧ Ŭɟɘɗɛɧ ůˊŮɘɟɩɜ əŬɘ ŭɘŬűɞɟŮŰɘəɏɠ 

ŮˊɘəŬɚɨɣŮɘɠ. ȼ ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɨɖɠ ŮɑɜŬɘ ˊŬɟɧɛɞɘŬ ɛŮ ŬɡŰɐ Űɖɠ ˊɟɩŰɖɠ ůŮɘɟɎɠ 

ŭɞəɘɛɑɤɜ. ɃɟɑɕŮŰŬɘ ɖ Ŭɟɢɘəɐ ŬˊɧůŰŬůɖ ȷ-ȸ ůŰɞ ˊɎɢɞɠ Űɞɡ ŮɚɎůɛŬŰɞɠ (t=0,5mm), əŬɘ 

ɛŮŰɎ ɟɡɗɛɑɕŮŰŬɘ Űɞ ɟɎɞɡɚɞ ũ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ Űɞɡ ŮˊɘɗɡɛɖŰɞɨ ŭɘɎəŮɜɞɡ ŭ. ȷɜŰɑůŰɞɘɢŬ ɛŮ 

ˊɟɘɜ,Űɞ ɟɎɞɡɚɞ ũ ɛɏɜŮɘ ůŰŬɗŮɟɧ ɛŮŰɎ Űɖɜ Ŭɟɢɘəɐ ɟɨɗɛɘůɖ. ɇɞ ɏɚŬůɛŬ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɖ 

ɛɖɢŬɜɐ ɛɏɢɟɘ  ɜŬ ŰŮɟɛŬŰɑůŮɘ ˊɎɜɤ ůŰɞ ɟɎɞɡɚɞ ũ əŬɘ ɛŮɘɩɜŮŰŬɘ ɖ ŬˊɧůŰŬůɖ ȷ-ȸ ,ɧˊɤɠ 

əŬɘ ˊɟɘɜ, ůŰŬ 0,45 mm ɔɘŬ əŬɚɨŰŮɟɖ ůɡɔəɟɎŰɖůɖ. ɄɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ˊŮɟɘůŰɟɞűɐ Űɞɡ 

ɛɞɢɚɞɨ Űɞɡ ɟɎɞɡɚɞɡ ȸ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɖɠ ˊɟɩŰɖɠ ůˊŮɑɟŬɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ, 

ŬɡɝɎɜŮŰŬɘ ɖ ŬˊɧůŰŬůɖ Űɤɜ ɟɎɞɡɚɤɜ ůŰŬ ˊɞɚɚŬˊɚɎůɘŬ Űɞɡ ˊɎɢɞɡɠ ɔɘŬ Űɖɜ 
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ɞɚɞəɚɐɟɤůɖ Űɤɜ ŮˊɧɛŮɜɤɜ ůˊŮɘɟɩɜ. ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ ˊɟɩŰɖ ůŮɘɟɎ ŭɞəɘɛɑɤɜ, Ůŭɩ 

ŭŮ ɢɟŮɘɎɕŮŰŬɘ ɖ Ŭˊɞɓɞɚɐ ˊŮɟɑůůŮɘŬɠ ɡɚɘəɞɨ ůŰɞ Űɏɚɞɠ ɔɘŬŰɑ Űɞ ɛɐəɞɠ ŮɚɎůɛŬŰɞɠ ŮɑɜŬɘ 

ŭŮŭɞɛɏɜɞ.  

 ɆŰɖ ůɡɜɏɢŮɘŬ, ɛŮ Űɖ ɓɞɐɗŮɘŬ ɛŮŰɟɖŰɘəɐɠ ŰŬɘɜɑŬɠ ɔɑɜŮŰŬɘ ɛɏŰɟɖůɖ Űɖɠ ŮůɤŰŮɟɘəɐɠ 

əŬɘ ŮɝɤŰŮɟɘəɐɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ŭɞəɘɛɑɤɜ əŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞɜ Űɨˊɞ L = n x  ́x D , 

ɛŮ ɔɜɤůŰɧ L, ɔɑɜŮŰŬɘ ɔɜɤůŰɧɠ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůˊŮɘɟɩɜ Űɞɡ əɎɗŮ ŭɞəɘɛɑɞɡ. ɇɏɚɞɠ, ɛŮ 

ɢɟɐůɖ ɛɞɘɟɞɔɜɤɛɧɜɘɞɡ, ɔɑɜŮŰŬɘ ɛɏŰɟɖůɖ Űɤɠ ɔɤɜɘɩɜ ŮˊɘəɎɚɡɣɖɠ.  

ɲˇˁʾ˃ʽʰ 
ɮˊ˔ʽˁˈ 
ʵʽʱˁʶ˄ˇ ʵ 

(mm) 

ɾʱʸʰ Ƴ 
(gr) 

ɾʷˋʹ ɲʽʱ˃ʶˍˊˇˌ 5 Ƴ 
(mm) 

ɱ˖˄ʾʰ 
ɳˉʽˁʱ˂ˎ˕ʹˌ 
ʻόϲύ 

ɮˊʽʻ˃ˈˌ 
ʅˉʶʽˊ˗˄ 

n 

ʇ˕ˇˌ 
ɳ˂ʱˋ˃ʰˍˇˌ 

H (mm) 

ɾʺˁˇˌ 
ɳ˂ʱˋ˃ʰˍˇˌ 

L (mm) ɳˋ˖ˍʶˊʽˁ ̋ ɳ˅˖ˍʶˊʽˁʺ 

3.1 1,5 70,7 37,5 42 191 3,56 

120 444 

3.2 2 70,7 40 48 72 3,21 

3.3 2,5 70,7 45,5 53 320 2,87 

3.4 3 70,4 51 58 210 2,59 

3.5 3,5 70,6 58 62 125 2,36 

3.6 4 70,5 60 64 86 2,28 

3.7 4,5 70,9 68 74 350 1,99 

3.8 5 70,2 81 87 252 1,68 

3.9 5,5 70,9 94 100 180 1,46 

3.10 6 70,3 110,5 113 101 1,27 

3.11 6,5 70,7 118 120 62 1,19 

ɄɑɜŬəŬɠ 2.2: ȹɘŬůŰɎůŮɘɠ əŬɘ ɉŬɟŬəŰɖɟɘůŰɘəɎ 2ɖɠ ɆŮɘɟɎɠ ȹɞəɘɛɑɤɜ 

 
(a) 
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(b) 

ȺɘəɧɜŬ 2.4 ȳɣŮɘɠ 2ɖɠ ůŮɘɟɎɠ ŭɞəɘɛɑɤɜ (a) ȾɎŰɞɣɖ, (b) ȽůɞɛŮŰɟɘəɐ ȳɣɖ 

2.1.3 ɉŬɟŬəŰɖɟɘůŰɘəɎ-ɀɖɢŬɜɘəɏɠ ȽŭɘɧŰɖŰŮɠ Ɉɚɘəɞɨ 
 

ɇŬ ŭɞəɑɛɘŬ ɛŬɠ əŬŰŬůəŮɡɎůŰɖəŬɜ Ŭˊɧ əɟɎɛŬ Ŭɚɞɡɛɘɜɑɞɡ. ɇŬ əɨɟɘŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ. 

ɀɏŰɟɞ ȺɚŬůŰɘəɧŰɖŰŬɠ (GPa) ȿɧɔɞɠ Poisson ɜ ɄɡəɜɧŰɖŰŬ ɟ (▌►╬□ϳ ) 

69 0,33 2,7 

 Ⱥɜɩ ɖ ůɡɜɞɚɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ ůŮ ŭɞəɘɛɐ ŮűŮɚəɡůɛɞɨ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ əŬɛˊɨɚɖ ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ ˊɞɡ ŬəɞɚɞɡɗŮɑ. 

 

ȺɘəɧɜŬ 2.5 ȾŬɛˊɨɚɖ ɇɎůŮɤɜ-ɄŬɟŬɛɞɟűɩůŮɤɜ Űɞɡ ɡɚɘəɞɨ 
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ɇɞɜɑɕŮŰŬɘ, Ůˊɑůɖɠ, ɧŰɘ ɖ əɎɛɣɖ ɔɑɜŮŰŬɘ ůŰɖ ŭɘŮɨɗɡɜůɖ ɏɚŬůɖɠ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ. 

Ⱥˊɞɛɏɜɤɠ, Űɞ ɏɚŬůɛŬ Űɤɜ əŮɚɡűɩɜ,ɚɧɔɤ Űɖɠ ŬˊŬɟŬɑŰɖŰɖɠ əɎɛɣɖɠ ŭɘŬɛɧɟűɤůɖɠ, 

ɡˊɧəŮɘŰŬɘ ůŮ ˊŮɟŬɘŰɏɟɤ əŬŰŮɟɔŬůɑŬ (work-hardening) ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŮˊɘŰŮɡɢɗŮɑůŬ 

əŬɛˊɡɚɧŰɖŰŬ. ɃˊɧŰŮ, ɡˊɎɟɢŮɘ ɛɘŬ ɛɘəɟɐ ŭɘŬűɞɟɎ ůŰɘɠ ŰŮɚɘəɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ 

ɡɚɘəɞɨ Űɞɡ əŮɚɨűɞɡɠ  ŬɜɎɚɞɔŬ ɛŮ Űɖ ŭɘŬɛŮŰɟɧ Űɞɡ, ɔɘŬŰɑ ɛɘəɟɧŰŮɟɖ ŭɘɎɛŮŰɟɞɠ ůɖɛŬɑɜŮɘ 

ɛɘəɟɧŰŮɟɖ ŬəŰɑɜŬ əŬɛˊɡɚɧŰɖŰŬɠ, ɎɟŬ ɛŮɔŬɚɨŰŮɟɖ əŬɛˊɡɚɧŰɖŰŬ əŬɘ ɛŮɔŬɚɨŰŮɟɖ 

əɟɎŰɡɜůɖ. ȺˊŮɘŭɐ ,ɧɛɤɠ, Űɞ ˊɎɢɞɠ Űɞɡ ŮɚɎůɛŬŰɞɠ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɧ (t=0,5mm) əŬɘ ɖ 

ŬəŰɑɜŬ əŬɛˊɨɚɞŰɖŰŬɠ ůɢŮŰɘəɎ ɛɘəɟɐ, ɖ ŭɘŬűɞɟɞˊɞɑɖůɖ ŬɡŰɐ ŮɑɜŬɘ ůɢŮŭɧɜ ŬɛŮɚɖŰɏŬ.  

 

2.2 ɄŮɘɟŬɛŬŰɘəɧɠ Ⱥɝɞˊɚɘůɛɧɠ 
 

ɇŬ ˊŮɘɟɎɛŬŰŬ ɏɚŬɓŬɜ ɛɏɟɞɠ ůŰɖɜ ŬɑɗɞɡůŬ ɀɖɢŬɜɘəɩɜ ȹɞəɘɛɩɜ ůŰɞɜ ˊɟɩŰɞ 

ɧɟɞűɞ Űɞɡ ŰɞɛɏŬ. ȼ Ŭɝɞɜɘəɐ əŬŰŬˊɧɜɖůɖ Űɤɜ ŭɞəɘɛɑɤɜ ɏɔɘɜŬɜ ůŰɖɜ ˊɟɏůŬ ŭɞəɘɛɩɜ 

INSTRON 4482 Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ, ɞɜɞɛŬůŰɘəɞɨ űɞɟŰɑɞɡ 10 ȾɁ.  

 
ȺɘəɧɜŬ 2.6 ɀɖɢŬɜɐ ŭɞəɘɛɩɜ INSTRON 4482 
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ȼ ˊɟɏůŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 3 əɡɟɑɤɠ ɛɏɟɖ: 

Á ɇɞ ˊɚŬɑůɘɞ, ɛɞɟűɐɠ Ƀ, Űɞ ɞˊɞɑɞ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɞɡɠ ɞŭɖɔɞɨɠ,əŬŰɎ ɛɐəɞɠ Űɤɜ 

ɞˊɞɑɤɜ əɘɜŮɑŰŬɘ ɖ əɘɜɖŰɐ əŮűŬɚɐ, əŬɘ Űɖɜ ŰɟɎˊŮɕŬ, ɧˊɞɡ űɘɚɞɝŮɜŮɑŰŬɘ ɖ əɎŰɤ 

ˊɚɎəŬ ůɡɛˊɑŮůɖɠ . 

Á ɇɖɜ əɘɜɖŰɐ əŮűŬɚɐ, ɧˊɞɡ ŮɑɜŬɘ ŮɔəŬŰŮůŰɖɛɏɜɞ Űɞ ŭɡɜŬɛɧɛŮŰɟɞ əŬɘ ˊɎɜɤ ůŮ 

ŬɡŰɧ ůŰŮɟŮɩɜŮŰŬɘ ɖ ˊɎɜɤ ˊɚɎəŬ ůɡɛˊɑŮůɖɠ 

Á ɇɞɜ ˊɑɜŬəŬ Ůɚɏɔɢɞɡ, ɞ ɞˊɞɑɞɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɞ əŬɚɘɛˊɟɎɟɘůɛŬ Űɤɜ 

Ŭɟɢɘəɩɜ ůɡɜɗɖəɩɜ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ. 

ɇɏɚɞɠ, ɖ ˊɟɏůŬ ůɡɜŭɏŮŰŬɘ ɛŮ ɖɚŮəŰɟɞɜɘəɧ ɡˊɞɚɞɔɘůŰɐ, ɞ ɞˊɞɑɞɠ ɛɏůɤ əŬŰɎɚɚɖɚɞɡ 

ɚɞɔɘůɛɘəɞɨ (bluehill) ɛŬɠ ŭɑɜŮɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ əŬɘ ŰŬ ŬˊŬɟŬɑŰɖŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Űɞɡ 

ˊŮɘɟɎɛŬŰɞɠ. Ⱥˊɑůɖɠ, ɞɟɑɕɞɜŰŬɘ ɞɘ ůɡɜɗɐəŮɠ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ɧˊɤɠ ɖ ŰŬɢɨŰɖŰŬ ˊɟɧɤůɖɠ 

Űɖɠ əɘɜɖŰɐɠ əŮűŬɚɐɠ [26]. 

 

 
 

ȺɘəɧɜŬ 2.7 ɄŮɘɟŬɛŬŰɘəɐ ȹɘɎŰŬɝɖ ůŰɖɜ ŬɑɗɞɡůŬ ɛɖɢŬɜɘəɩɜ ŭɞəɘɛɩɜ Űɞɡ ɇɞɛɏŬ 

ȾŬŰŮɟɔŬůɘɩɜ Űɞɡ ȺɀɄ. 

 

2.3 ɆɡɜɗɐəŮɠ ɄŮɘɟŬɛɎŰɤɜ 
 

ɇŬ ŭɞəɑɛɘŬ ůɡɛˊɘɏůŰɖəŬɜ əŬŰɎ 80mm, ůŰŬ ςσϳ  Űɞɡ ůɡɜɞɚɘəɞɨ ɨɣɞɡɠ ŭɞəɘɛɑɤɜ. ȼ  

ŰŬɢɨŰɖŰŬ űɧɟŰɘůɖɠ ɞɟɑůŰɖəŮ ůŰŬ 20 άά
άὭὲ , ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ ɜŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɞɘɞɜŮɑ 

ůŰŬŰɘəɐ. Ⱥˊɑůɖɠ, əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ɔɘɜɧŰŬɜ ɖ ɚɐɣɖ űɤŰɞɔɟŬűɘɩɜ ŬɜɎ 

ŰŬəŰɎ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ ɔɘŬ Űɖɜ ŬˊŮɘəɧɜɘůɖ Űɞɡ Űɟɧˊɞɡ əŬŰɎɟɟŮɡůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ. 
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ȾŮűɎɚŬɘɞ 3: ɄŮɘɟŬɛŬŰɘəɎ ȷˊɞŰŮɚɏůɛŬŰŬ 
 

3.1 ȹɞəɑɛɘŬ ůŰŬɗŮɟɐɠ ŭɘŬɛɏŰɟɞɡ, ŭɘŬŭɞɢɘəɩɜ ŬəŮɟŬɑɤɜ ůˊŮɘɟɩɜ 
 

ü ȹɞəɑɛɘɞ 1 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

          
  (1)                       (2)                        (3)                           (4)                            (5)                           (6) 

    
              (7)                             (8)                            (9)                             (10)                                   (11) 

 

ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 
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ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 24,5 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 2,26 KN 

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 7,9 KN 

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 181 J 

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 11,08 J/gr 

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 28,63 % 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

 

  
                                                      ȾɎŰɞɣɖ                                              ȯɜɞɣɖ 

 

   

          ɄɚɎɔɘŬ ȳɣɖ(ŬɟɘůŰŮɟɎ)                                      Ʉɟɧɞɣɖ                                          ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

ȼ ŭɘŬŭɘəŬůɑŬ əŬŰɎɟɟŮɡůɖɠ ɝŮəɘɜɎŮɘ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ˊɟɩŰɞɡ ɚɞɓɞɨ ůŰɞ əɎŰɤ 

ɛɏɟɞɡɠ Űɞɡ ŭɞəɘɛɑɞɡ əŬɘ ůɡɜŮɢɑɕŮŰŬɘ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɖ ŮəŰŬŰɩɜ ɚɞɓɩɜ ˊɟɞɠ ŰŬ 

ŮˊɎɜɤ. Ƀ Űɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ ɛˊɞɟŮɑ ˊɟɞůŮɔɔɘůŰɘəɎ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɤɠ ɛɖ 

ŬɝɞɜɞůɡɛɛŮŰɟɘəɧɠ, əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɤɠ 3-D, ɛɞŰɑɓɞɡ ŭɘŬɛŬɜŰɘɞɨ. ɇɏɚɞɠ, 

ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ɛŮŰŬɝɨ Űɤɜ űɎůŮɤɜ 8-9, ɢɎɜŮŰŬɘ ɖ ŮˊŬűɐ ɛŮŰŬɝɨ ŮůɤŰŮɟɘəɐɠ əŬɘ 

ŮɝɤŰŮɟɘəɐɠ ůˊŮɑɟŬɠ əŬɘ ŬɡŰɧ ɞŭɖɔŮɑ ůŰɖ ůŰŬŭɘŬəɐ ɛŮɑɤůɖ Űɞɡ űɞɟŰɑɞɡ ɧˊɤɠ 

űŬɑɜŮŰŬɘ ůŰɞ ŭɘɎɔɟŬɛɛŬ, əŬɗɩɠ ŭŮ ɓɞɖɗɎ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɚɞɓɞɨ. 

 

 

 

 

 

 

 



25 
 

ü ȹɞəɑɛɘɞ 2 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

                                  
          (1)                       (2)                          (3)                        (4)                             (5)                            (6) 

     
            (7)                                  (8)                               (9)                            (10)                               (11) 

  
                                                       (12)                                   (13) 

ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 
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ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

 

  
                                           ȾɎŰɞɣɖ                                                ȯɜɞɣɖ 

 

     

               ɄɚɎɔɘŬ ȳɣɖ (ŬɟɘůŰŮɟɎ)                                 Ʉɟɧɞɣɖ                                       ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

ɇɞ ŭɞəɑɛɘɞ 2 ŬɜɏˊŰɡɝŮ ŬɟɢɘəɎ ɛɏŰɤˊɞ əŬŰɎɟɟŮɡůɖɠ ůŰɞ ˊɎɜɤ ɛɏɟɞɠ, ɛŮ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ Űɤɜ ˊɟɩŰɤɜ ɛɖ ŮəŰŬŰɩɜ ɚɞɓɩɜ. Ƀ Űɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ ŮɑɜŬɘ ɛɖ 

ŬɝɞɜɞůɡɛɛŮŰɟɘəɧɠ əŬɘ ˊɟɞůŮɔɔɑɕŮɘ ɛɞŰɑɓɞ ŭɘŬɛŬɜŰɘɞɨ, əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ 3-D. 

ȳɛɤɠ, əŬŰɎ Űɖ űɎůɖ Űɖɠ ůɡɛˊɑŮůɖɠ Ŭˊɧ ŰŬ 25 ɢɘɚɘɞůŰɎ əŬɘ ɛŮŰɎ (ůŰɘɔɛɘɧŰɡˊɞ 6), 

ɏɢɞɡɛŮ əŬɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ˊɚɐɟɞɡɠ ɛɖ ŮəŰŬŰɞɨ ɚɞɓɞɨ ůŰɞ əɎŰɤ ɛɏɟɞɠ Űɞɡ 

ŭɞəɘɛɑɞɡ. ɄŬɟɎɚɚɖɚŬ, ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ůŮ ůɢɏůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ 1 (ɛɑŬɠ ůˊŮɑɟŬɠ) 

ɏɢɞɡɛŮ ŬɜŰɑůŰɞɘɢŬ ŭɘˊɚɎůɘɞ ɛɏůɞ əŬɘ ɛɏɔɘůŰɞ űɞɟŰɑɞ ɔɘŬ ŭɘˊɚɎůɘŮɠ ůˊŮɑɟŮɠ. 

 

 

 

 

 

 

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 47,6 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 5,02 KN 

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 16,1 KN 

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 401,5 J 

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 12,65 J/gr 

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 31,17 % 
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ü ȹɞəɑɛɘɞ 3 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

          
        (1)                      (2)                         (3)                           (4)                             (5)                                 (6) 

      
                     (7)                                (8)                               (9)                               (10)                              (11) 

   
                                                                                        (12) 

ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 
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ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

 

  
                                     ȾɎŰɞɣɖ                                                     ȯɜɞɣɖ 

 

     

             ɄɚɎɔɘŬ ȳɣɖ (ŬɟɘůŰŮɟɎ)                                          Ʉɟɧɞɣɖ                                          ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

ȼ əŬŰɎɟɟŮɡůɖ Űɞɡ ŭɞəɘɛɑɞɡ ɝŮəɘɜɎŮɘ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ˊɟɩŰɞɡ ɚɞɓɞɨ ůŰɞ əɎŰɤ 

ɛɏɟɞɠ əŬɘ ůɡɜŮɢɑɕŮŰŬɘ ɛŮ Űɞɡɠ ɡˊɧɚɞɘˊɞɡɠ ɛɖ ŮəŰŬŰɞɨɠ ɚɞɓɞɨɠ ˊɟɞɠ ŰŬ ŮˊɎɜɤ. Ƀ 

Űɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ ŮɑɜŬɘ ɛɖ ŬɝɞɜɞůɡɛɛŮŰɟɘəɧɠ əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ ŬəɞɚɞɡɗŮɑ 

ɛɞŰɑɓɞ 4-D ,ŭɘŬɛŬɜŰɘɞɨ. ȷɜŰɑůŰɞɘɢŬ ɛŮ ˊɟɘɜ, ɏɢɞɡɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ 3 ɛɖ ɏəŰŬŰɤɜ 

ɚɞɓɩɜ ůŰɞ ŮˊɎɜɤ ɛɏɟɞɠ Űɞɡ ŭɞəɘɛɑɞɡ ɛŮŰɎ ŰŬ ˊɟɩŰŬ 40 ɢɘɚɘɞůŰɎ ůɡɛˊɑŮůɖɠ 

(ůŰɘɔɛɘɧŰɡˊɞ 7). ɇɏɚɞɠ, ůɖɛŮɘɩɜɞɡɛŮ ɧŰɘ Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ ŮɑɜŬɘ ŰɟɘˊɚɎůɘɞ ɔɘŬ 

ŰɟɘˊɚɎůɘɞ Ŭɟɘɗɛɧ ůˊŮɘɟɩɜ, Ůɜɩ əŬɘ Űɞ ɛɏůɞ űɞɟŰɑɞ ˊŬɟɞɡůɘɎɕŮɘ ŬɜŰɑůŰɞɘɢɖ əŬɘ 

əŬɚɨŰŮɟɖ ůɡɛˊŮɟɘűɞɟɎ ůŮ ŬɜŰɘůŰɞɘɢɑŬ ɛŮ Űɞ ŭɞəɑɛɘɞ 1.  

 

 

 

 

 

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 70,9 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 8,16 KN 

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 23,46 KN 

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 652,47 J 

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 13,8 J/gr 

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 34,77 % 
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ü ȹɞəɑɛɘɞ 4 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

      
         (1)                      (2)                          (3)                         (4)                             (5)                                (6) 

     
       (7)                              (8)                              (9)                               (10)                              (11)       

 

ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 
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ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

 

  
                                               ȾɎŰɞɣɖ                                                                 ȯɜɞɣɖ 

 

     

           ɄɚɎɔɘŬ ȳɣɖ (ŬɟɘůŰŮɟɎ)                                         Ʉɟɧɞɣɖ                                                   ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

ɇɞ ŭɞəɑɛɘɞ 4 ˊŬɟɞɡůɑŬůŮ Ŭɟɢɘəɧ ɛɏŰɤˊɞ əŬŰɎɟɟŮɡůɖɠ ůŰɞ ˊɎɜɤ ɛɏɟɞɠ Űɞɡ, ɛŮ 

Űɞɡɠ 2 ˊɟɩŰɞɡɠ ɚɞɓɞɨɠ ɜŬ ŮɑɜŬɘ ŮəŰŬŰɞɑ əŬɘ ɞ Űɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ ɜŬ 

ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ŬɝɞɜɞůɡɛɛŮŰɟɘəɧɠ (concertina) ɔɘŬ ŰŬ ˊɟɩŰŬ 10 ɢɘɚɘɞůŰɎ 

ůɡɛˊɑŮůɖɠ. ȷˊɧ Űɞɜ ŰɟɑŰɞ ɚɞɓɧ əŬɘ ɨůŰŮɟŬ, ɏɢɞɡɛŮ ɛɖ ŬɝɞɜɞůɡɛɛŮŰɟɘəɧ Űɟɧˊɞ 

əŬŰɎɟɟŮɡůɖɠ, ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɖ ŮəŰŬŰɩɜ ɚɞɓɩɜ ůŮ ɛɞŰɑɓɞ ŭɘŬɛŬɜŰɘɞɨ, 4-D. ɀŮŰɎ 

ŰŬ 45 ɢɘɚɘɞůŰɎ ůɡɛˊɑŮůɖɠ (ůŰɘɔɛɘɧŰɡˊɞ 7) ,ɏɢɞɡɛŮ Űɖɜ ŰŬɡŰɧɢɟɞɜɖ əŬŰɎɟɟŮɡůɖ Űɞɡ 

ŭɞəɘɛɑɞɡ ůŰɞ əɎŰɤ ɛɏɟɞɠ Űɞɡ, Űɞ ɞˊɞɑɞ ůŰɞ Űɏɚɞɠ ɛŬɠ ɞŭɖɔŮɑ ůŮ űŬɘɜɧɛŮɜɞ 

ůűɡɟɖɚɎŰɖůɖɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ əɘ Ŭˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ(ɛˊɚŮ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ). 

ũɘȭŬɡŰɧ Űɞ ɚɧɔɞ, ŬˊɞűŬůɑůŰɖəŮ ɜŬ ˊɎɟɞɡɛŮ ɡˊɧɣɘɜ ɛŬɠ Űɞ ŭɘɎɔɟŬɛɛŬ ɔɘŬ Űɖɜ 

ŮɨɟŮůɖ Űɞɡ ɛɏůɞɡ űɞɟŰɑɞɡ ɛɏɢɟɘ Ůɜɧɠ ůɖɛŮɑɞɡ, ˊɞɡ ŮɑɜŬɘ ůŮ ŬɜŰɘůŰɞɘɢɑŬ ɛŮ Űɞ 

ŬɜɩŰŬŰɞ ɧɟɘɞ ˊɞɡ ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ ůŰɞɡɠ ŭŮɡŰŮɟŮɨɞɜŰŮɠ ɚɞɓɞɨɠ, ɛŮ Űɖɜ ŰŮɚɘəɐ 

ŭɘŬűɞɟɎ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ɜŬ ɛɖɜ ŮɑɜŬɘ Űɧůɞ ɛŮɔɎɚɖ. ɇŬ ɛɏůŬ əŬɘ ɛɏɔɘůŰŬ 

űɞɟŰɑŬ Űɞɡ ŭɞəɘɛɑɞɡ 4 ůˊŮɘɟɩɜ ˊŬɟŬɛɏɜɞɡɜ ůŮ ŬɜŰɘůŰɞɘɢɑŬ ɛŮ ŬɡŰɎ Űɖɠ ɛɑŬɠ, əŬɗɩɠ 

ɏɢɞɡɛŮ ůɢŮŭɧɜ ŰŮŰɟŬˊɚɎůɘŮɠ Űɘɛɏɠ ɔɘŬ ŰŮŰɟŬˊɚɎůɘŮɠ ůˊŮɑɟŮɠ. 

 

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 91,4 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 10,93 KN  

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 31,72 KN  

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 874,18 J  

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 13,93 J/gr  

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 34,45 %  
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ü ȹɞəɑɛɘɞ 5 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

     
           (1)                         (2)                          (3)                            (4)                            (5)         

     
     (6)                              (7)                              (8)                                (9)                               (10) 

   
                                                                             (11)                                (12) 

 

ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 

 

13,67

P m_old

36,6

P max

12,36
P m

11

12

0

5

10

15

20

25

30

35

40

0 10 20 30 40 50 60 70 80 90

ʊ
ˇ
ˊ
ˍ
ʾ
ˇ
 

(k
N

)

ɾʶˍʰˍˈˉʽˋʹ όmm)

ɲˇˁʾ˃ʽˇ р



32 
 

ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

 

   
                                            ȾɎŰɞɣɖ                                                     ȯɜɞɣɖ 

 

     

                   ɄɚɎɔɘŬ ȳɣɖ (ŬɟɘůŰŮɟɎ)                                       Ʉɟɧɞɣɖ                                            ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

ɇɞ ŭɞəɑɛɘɞ 5 ɎɟɢɘůŮ ɜŬ əŬŰŬɟɟɏŮɘ Ŭˊɧ ˊɎɜɤ ŬɝɞɜɞůɡɛɛŮŰɟɘəɎ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ 

ˊɟɩŰɞɡ ŮəŰŬŰɞɨ ɚɞɓɞɨ. ɆŰɖ ůɡɜɏɢŮɘŬ ɧɛɤɠ, ŬəɞɚɞɡɗŮɑ ɛɖ ŬɝɞɜɞůɡɛɛŮŰɟɘəɐ 

əŬŰɎɟɟŮɡůɖ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɖ ŮəŰŬŰɩɜ ɚɞɓɩɜ ůŮ ɛɞŰɑɓɞ ŭɘŬɛŬɜŰɘɞɨ, 4-D. ȼ 

əŬŰɎɟɟŮɡůɖ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɞ əɎŰɤ ɛɏɟɞɠ ɝŮəɘɜɎŮɘ ɛŮŰɎ ŰŬ ˊɟɩŰŬ 40 ɢɘɚɘɞůŰɎ 

ůɡɛˊɑŮůɖɠ (ůŰɘɔɛɘɧŰɡˊɞ 7) əŬɘ ɞɚɞəɚɖɟɩɜŮŰŬɘ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ 3 ɛɖ ŮəŰŬŰɩɜ 

ɚɞɓɩɜ ůŮ ɛɞŰɑɓɞ ŭɘŬɛŬɜŰɘɞɨ, 4-D. ɇɞ ŭɞəɑɛɘɞ ɛŬɠ ˊŬɟɞɡůɘɎɕŮɘ űŬɘɜɧɛŮɜɞ 

ůűɡɟɖɚɎŰɖůɖɠ ůŰɞ Űɏɚɞɠ əŬɘ ŬɜŰɑůŰɞɘɢŬ ɛŮ ˊɟɘɜ, ɞɟɑůŬɛŮ ɏɜŬ ŰŮɚɘəɧ ůɖɛŮɑɞ ůŰɞ 

ŭɘɎɔɟŬɛɛŬ, ůɨɛűɤɜŬ ɛŮ Űɞ ŬɜɩŰŬŰɞ ɧɟɘɞ Űɤɜ ŭŮɡŰŮɟŮɡɧɜŰɤɜ ɚɞɓɩɜ, ɔɘŬ Űɖɜ 

ŮɨɟŮůɖ Űɞɡ ɛɏůɞɡ űɞɟŰɑɞɡ. ɆŮ ůɢɏůɖ ɛŮ Űɞ ŭɞəɑɛɘɞ 4, ɖ ŭɘŬűɞɟɎ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ 

ŬɜɎɛŮůɎ ůŮ ɛɖ ŭɘɞɟɗɤɛɏɜɞ əŬɘ ŭɘɞɟɗɤɛɏɜɞ ɛɏůɞ űɞɟŰɑɞ əŬɗɩɠ ŮɑɜŬɘ ˊɘɞ ɏɜŰɞɜɞ Űɞ 

űŬɘɜɧɛŮɜɞ Űɖɠ ůűɡɟɖɚɎŰɖůɖɠ. ɇɏɚɞɠ, Űɞ ɛɏůɞ űɞɟŰɑɞ ɔɘŬ 5 ůˊŮɑɟŮɠ ŮɑɜŬɘ ůɢŮŭɧɜ 

ˊŮɜŰŬˊɚɎůɘɞ Ŭˊɧ Űɞ ŬɜŰɑůŰɞɘɢɞ ɛɘŬɠ ůˊŮɑɟŬɠ, ŬɚɚɎ ŭŮ ůɡɛɓŬɑɜŮɘ ˊɘŬ Űɞ ɑŭɘɞ əŬɘ ɔɘŬ 

Űɞ ɛɏɔɘůŰɞ űɞɟŰɑɞ.  

 

    
 

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 117 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 12,36 KN  

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 36,6 KN  

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 998,65 J  

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 12,67 J/gr  

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 33,75 %  
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3.2 ȹɞəɑɛɘŬ ɑŭɘŬɠ ŮɜŮɟɔɐɠ ŭɘŬŰɞɛɐɠ, ŭɘŬűɞɟŮŰɘəɩɜ ůˊŮɘɟɩɜ/ 

ŭɘŬɛɏŰɟɞɡ 

ü ȹɞəɑɛɘɞ 3.1 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

      
        (1)                    (2)                         (3)                            (4)                             (5)                          (6) 

     

         (7)                          (8)                        (9)                         (10)                         (11)       

                     

ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 
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ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

 

  
ȾɎŰɞɣɖ                                                               ȯɜɞɣɖ 

 

    

                         ɄɚɎɔɘŬ ȳɣɖ (ŬɟɘůŰŮɟɎ)                        Ʉɟɧɞɣɖ                                      ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

ɇɞ ŭɞəɑɛɘɞ 3.1 ŬɜɏˊŰɡɝŮ ɛɏŰɤˊɞ ŬɝɞɜɞůɡɛɛŮŰɟɘəɐɠ əŬŰɎɟɟŮɡůɖɠ ůŰɞ əɎŰɤ ɛɏɟɞɠ 

Űɞɡ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ŮəŰŬŰɞɨ ɚɞɓɞɨ . ȷˊɧ Űɞ ŭŮɨŰŮɟɞ ɚɞɓɧ əŬɘ ɏˊŮɘŰŬ,ɏɢɞɡɛŮ 

Űɞ ůɢɖɛŬŰɘůɛɧ ɛɖ ŮəŰŬŰɩɜ ɚɞɓɩɜ ɛɖ ŬɝɞɜɞůɡɛɛŮŰɟɘəɐɠ əŬŰŬɜɞɛɐɠ, ůŮ ɛɞŰɑɓɞ 

ŭɘŬɛŬɜŰɘɞɨ 4-D.  

  

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 70,7 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 8,1 KN 

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 23,96 KN  

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 648,5 J  

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 13,76 J/gr  

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 33,8 %  
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ü ȹɞəɑɛɘɞ 3.2 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

       
        (1)                    (2)                         (3)                          (4)                            (5)                            (6) 

     

            (7)                            (8)                          (9)                          (10)                          (11)         

 ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 
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ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

   
                                                                    ȾɎŰɞɣɖ                                                     ȯɜɞɣɖ 

 

   

                  ɄɚɎɔɘŬ ȳɣɖ (ŬɟɘůŰŮɟɎ)                                     Ʉɟɧɞɣɖ                                        ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

ȼ əŬŰɎɟɟŮɡůɖ Űɞɡ ŭɞəɘɛɑɞɡ ɝŮəɘɜɎŮɘ ŬɝɞɜɞůɡɛɛŮŰɟɘəɎ Ŭˊɧ ˊɎɜɤ ɛŮ Űɞ ůɢɖɛŬŰɑůɛɞ 

Űɞɡ ˊɟɩŰɞɡ ɚɞɓɞɨ əŬɘ ůɡɜŮɢɑɕŮŰŬɘ ɛɖ ŬɝɞɜɞůɡɛɛŮŰɟɘəɎ Ŭˊɧ Űɞɜ ŭŮɨŰŮɟɞ ɚɞɓɧ əŬɘ 

ɨůŰŮɟŬ. Ƀ Űɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ ɛˊɞɟŮɑ ɜŬ ɢŬɟŬəŰɖɟɘůŰŮɑ ɛɞŰɑɓɞɡ ŭɘŬɛŬɜŰɘɞɨ əŬɘ 

ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ 4-D. ɀŮŰɎ ŰŬ ˊɟɩŰŬ 50mm ůɡɛˊɑŮůɖɠ, ɏɢɞɡɛŮ ŰŬɡŰɧɢɟɞɜɖ 

əŬŰɎɟɟŮɡůɖ Űɞɡ əŮɚɨűɞɡɠ ůŰɞ əŬŰɩ ɛɏɟɞɠ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɚɞɓɞɨ, ɛɞŰɑɓɞɡ  

ŭɘŬɛŬɜŰɘɞɨ, 3-D. 

  

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 70,7 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 8 KN 

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 22,36 KN  

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 639,85 J  

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 13,65 J/gr  

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 35,7 %  
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ü ȹɞəɑɛɘɞ 3.3 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

     
        (1)                          (2)                              (3)                                (4)                           (5)      

                       

             (6)                              (7)                                (8)                              (9)                                (10)         

 

                                                                     (11)                             (12) 

 

ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 
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ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

 

  
                                           ȾɎŰɞɣɖ                                                                ȯɜɞɣɖ 

 

    

               ɄɚɎɔɘŬ ȳɣɖ (ŬɟɘůŰŮɟɎ)                                    Ʉɟɧɞɣɖ                                               ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

ɇɞ ŭɞəɑɛɘɞ 3.3 ŬɜŬˊŰɨůŮɘ ɛɏŰɤˊɞ əŬŰɎɟɟŮɡůɖɠ ůŰɞ əɎŰɤ ɛɏɟɞɠ Űɞɡ ɛŮ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ ɛɖ ɏəŰŬŰɤɜ ɚɞɓɩɜ ˊɞɡ ůɡɜŮɢɑɕɞɜŰŬɘ əŬɗôɧɚɞ Űɞ ɨɣɞɠ Űɞɡ ŭɞəɘɛɑɞɡ. 

ɄɟɧəŮɘŰŬɘ ɔɘŬ ɛɖ ŬɝɞůɡɛɛŮŰɟɘəɐ əŬŰɎɟɟŮɡůɖ, ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɢŬɟŬəŰɖɟɘůŰŮɑ ɤɠ 

ɛɞŰɑɓɞɡ ŭɘŬɛŬɜŰɑɞɡ, 4-D. ɆŰŬ ŰŮɚŮɡŰŬɑŬ 10mm ůɡɛˊɑŮůɖɠ, ɏɢɞɡɛŮ Űɖɜ ŰŬɡŰɧɢɟɞɜɖ 

əŬŰɎɟɟŮɡůɖ Űɞɡ ŭɞəɑɛɞɡ Ŭˊɧ ˊɎɜɤ ɛŮ Űɞ ůɢɖɛŬŰɘůɛɞɨ Ůɜɧɠ ɚɞɓɞɨ ŭɘŬɛŬɜŰɘɞɨ,3-

D.  

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 70,7 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 7,38 KN 

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 20,93 KN  

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 590,9 J  

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 12,5 J/gr  

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 35,29 %  
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ü ȹɞəɑɛɘɞ 3.4 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

     
          (1)                            (2)                                (3)                                   (4)                                 (5)      

     
             (6)                                     (7)                                 (8)                                   (9)                                 

   

                                                                    (10)                               (11) 

ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 
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ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

 

   
                                               ȾɎŰɞɣɖ                                                                  ȯɜɞɣɖ 

 

   
                ɄɚɎɔɘŬ ȳɣɖ (ŬɟɘůŰŮɟɎ)                                   Ʉɟɧɞɣɖ                                             ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

To ŭɞəɑɛɘɞ 3.4 ŬɟɢɑɕŮɘ ɜŬ əŬŰŬɟɟɏŮɘ ɛɖ ŬɝɞɜɞůɡɛɛŮŰɟɘəɎ ůŰɞ əɎŰɤ ɛɏɟɞɠ Űɞɡ ɛŮ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ˊɟɩŰɞɡ ɚɞɓɞɨ ɛɞŰɑɓɞɡ ŭɘŬɛŬɜŰɘɞɨ, 5-D əŬɘ ůɡɜŮɢɑɕŮɘ ɛŮ Űɞ ůɢɖɛŬŰɘůɛɧ 

ɛɖ ŮəŰŬŰɩɜ ɚɞɓɩɜ Űɨˊɞɡ ŭɘŬɛŬɜŰɘɞɨ, 4-D ɏɤɠ Űɞ ˊɏɟŬɠ Űɖɠ ůɡɛˊɑŮůɖɠ. ɀŮŰɎ ŰŬ ˊɟɩŰŬ 

50mm ůɡɛˊɑŮůɖɠ, ŬɟɢɑɕŮɘ ɖ əŬŰɎɟɟŮɡůɖ Űɞɡ ŭɞəɘɛɑɞɡ Ŭˊɧ ˊɎɜɤ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ 

ɚɞɓɞɨ ɛɞŰɑɓɞɡ ŭɘŬɛŬɜŰɘɞɨ, 3-D, əŬɘ ˊŬɟŬŰɖɟŮɑŰŬɘ ɏɜŬ űŬɘɜɧɛŮɜɞ buckling ɛŮɔŬɚɨŰŮɟɖɠ 

ɏəŰŬůɖɠ ɛŮ Űɖɜ ŬɚɚŬɔɐ Űɖɠ əɚɑůɖɠ Űɞɡ ŭɞəɘɛɑɞɡ, ˊɞɡ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɛŮŰŬŰɧˊɘůɖ ɎɝɞɜŬ 

ůɡɛɛŮŰɟɑŬɠ Űɞɡ əŮɚɡűɞɨɠ ůŮ ůɢɏůɖ ɛŮ Űɞɜ ɎɝɞɜŬ űɧɟŰɘůɖɠ.  

 

 

 

 

 

 

 

 

 

 

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 70,4 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 6,59 KN 

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 20,06 KN  

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 527,15 J  

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 11,26 J/gr  

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 32,85 %  
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ü ȹɞəɑɛɘɞ 3.5 

ɄɟɞɞŭŮɡŰɘəɏɠ űɎůŮɘɠ əŬŰɎɟɟŮɡůɖɠ 

      
           (1)                           (2)                               (3)                              (4)                             (5)      

     

              (6)                                        (7)                                       (8)                                     (9)                            

     

                                                                 (11)                                      (12) 

ȹɘɎɔɟŬɛɛŬ ūɞɟŰɑɞɡ-ɀŮŰŬŰɧˊɘůɖɠ 
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ȹŮŭɞɛɏɜŬ əŬɘ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɇŮɚɘəɏɠ ȳɣŮɘɠ ȹɞəɘɛɑɞɡ 

 

     
                                                          ȾɎŰɞɣɖ                                                        ȯɜɞɣɖ 

 

     

                        ɄɚɎɔɘŬ ȳɣɖ (ŬɟɘůŰŮɟɎ)                                        Ʉɟɧɞɣɖ                                 ɄɚɎɔɘŬ ȳɣɖ (ŭŮɝɘɎ) 

 

ɆɢɞɚɘŬůɛɧɠ -ɇɟɧˊɞɠ əŬŰɎɟɟŮɡůɖɠ 

 

ɇɞ ŭɞəɑɛɘɞ 3.5 ŬɜɏˊŰɡɝŮ ɛɏŰɤˊɞ əŬŰɎɟɟŮɡůɖɠ ůŰɞ əɎŰɤ ɛɏɟɞɠ Űɞɡ ɛŮ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

ˊɞɚɚŬˊɚɩɜ ɚɞɓɩɜ əŬɘ ɛŮ Űɞ ɛɞŰɑɓɞ əŬŰɎɟɟŮɡůɐɠ Űɞɡ ɜŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ ɛɖ-

ůɡɛɛŮŰɟɘəɧ,ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ 5-D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ɲʽʰʵˊˇ˃ʺ ɳ˃ʲˈ˂ˇˎ  S max = 80 mm 

ɾʱʸʰ m = 70,6 gr 

ɾʷˋˇ ʊˇˊˍʾˇ Pm = 6,31 KN 

ɾʷʴʽˋˍˇ ʊˇˊˍʾˇ P max = 22,7 KN  

ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ E abs = 504,8 J  

ɳʽʵʽˁʺ ɳ˄ʷˊʴʶʽʰ ʃʰˊʰ˃ˈˊ˒˖ˋʹˌ SEA = 10,68 J/gr  

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ʁ˃ˇʽˇ˃ˇˊ˒ʾʰˌ ʊˇˊˍʾˇˎ CFE = 27,8 %  




























































































