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ɺɺɽɼɽʅʀɽ 

 

ʇʨʦʮʝʩʩʳ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ (ʆʄɼ) ʥʘʭʦʜʷʪ ʰʠʨʦ-

ʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚʦ ʤʥʦʛʠʭ ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ: ʤʘʰʠʥʦʩʪʨʦʝ-

ʥʠʠ, ʘʚʠʘʩʪʨʦʝʥʠʠ, ʚʘʛʦʥʦʩʪʨʦʝʥʠʠ, ʩʫʜʦʩʪʨʦʝʥʠʠ ʠ ʜʨ. ʂ ʧʨʠʤʝʨʫ, 

ʘʚʪʦʤʦʙʠʣʴ ʥʘ 80-85 % ʩʦʩʪʦʠʪ ʠʟ ʜʝʪʘʣʝʡ ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʦʙ-

ʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ. 

ʂ ʧʨʦʮʝʩʩʘʤ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ ʦʪʥʦʩʷʪ ʧʨʦʮʝʩʩʳ 

ʛʦʨʷʯʝʡ ʠ ʭʦʣʦʜʥʦʡ ʰʪʘʤʧʦʚʢʠ, ʦʩʘʜʢʠ, ʢʦʚʢʠ, ʧʨʦʢʘʪʢʠ, ʚʳʪʷʞʢʠ, 

ʧʨʦʰʠʚʢʠ, ʛʠʙʢʠ ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ. ʂ ʦʪʜʝʣʴʥʳʤ ʤʝʪʦʜʘʤ ʦʙʨʘʙʦʪʢʠ 

ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʧʨʦʮʝʩʩʳ ʠʟʛʦʪʦʚʣʝʥʠʷ ʛʥʫʪʳʭ 

ʧʨʦʬʠʣʝʡ ʧʦʣʫʯʘʝʤʳʭ ʥʘ ʛʠʙʦʯʥʦ-ʧʨʦʢʘʪʥʳʭ ʩʪʘʥʘʭ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʆʄɼ ʩʘʤʠ ʧʨʦʮʝʩʩʳ 

ʝʱʝ ʥʝʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʳ, ʯʪʦ ʩʜʝʨʞʠʚʘʝʪ ʨʘʟʨʘʙʦʪʢʫ ʦʧʪʠʤʘʣʴʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʝʪʘʣʝʡ ʠ ʩʥʠʟʠʪʴ ʨʘʩʭʦʜʳ ʜʣʷ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ. ɺ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʵʪʦ ʩʚʷʟʘʥʦ ʩʦ ʩʣʦʞʥʦʩʪʴʶ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷ-

ʱʠʭ ʧʨʠ ʧʣʘʩʪʠʯʝʩʢʦʤ ʪʝʯʝʥʠʠ ʤʝʪʘʣʣʘ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʤʝʪʘʣʣʦʚ ʜʘʚ-

ʣʝʥʠʝʤ. ʀʩʩʣʝʜʦʚʘʥʠʶ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʧʦʩʚʷʱʝʥʦ ʥʝʤʘʣʦ 

ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʳ, ʛʜʝ ʚʳʚʦʜʷʪʩʷ ʨʘʩʯʝʪʥʳʝ ʬʦʨʤʫʣʳ ʜʣʷ ʨʘʟʣʠʯ-

ʥʳʭ ʧʨʦʮʝʩʩʦʚ ʆʄɼ. ʂ ʩʦʞʘʣʝʥʠʶ, ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʤʦʞʥʦ 

ʚʳʚʝʩʪʠ ʪʦʣʴʢʦ ʜʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʩʦ ʟʥʘʯʠʪʝʣʴ-

ʥʳʤʠ ʜʦʧʫʱʝʥʠʷʤʠ, ʥʘʧʨʠʤʝʨ, ʢ ʧʨʦʮʝʩʩʘʤ ʛʠʙʢʠ, ʚʳʪʷʞʢʠ, ʦʩʘʜʢʠ ʠ 

ʢ ʟʘʛʦʪʦʚʢʘʤ ʧʨʦʩʪʦʡ ʬʦʨʤʳ: ʮʠʣʠʥʜʨ, ʢʨʫʛʣʦʡ ʬʦʨʤʳ, ʧʣʦʩʢʦʛʦ 

ʢʚʘʜʨʘʪʥʦʛʦ ʣʠʩʪʘ. ʇʨʠ ʧʨʠʤʝʥʝʥʠʠ ʟʘʛʦʪʦʚʦʢ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʬʦʨʤʳ 

ʠ ʧʨʠʤʝʥʝʥʠʶ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʭ ʤʝʪʦʜʦʚ ʆʄɼ ʪʘʢʠʝ ʬʦʨʤʫʣʳ ʫʞʝ 

ʥʝ ʨʘʙʦʪʘʶʪ ʠʣʠ ʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʠ ʥʝ ʤʦʛʫʪ ʧʨʠʤʝ-

ʥʷʪʴʩʷ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʦʧʪʠʤʘʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʇʨʠʤʝʥʷʝʤʳʝ ʚ ʪʝʦ-

ʨʠʠ ʆʄɼ ʨʘʟʣʠʯʥʳʝ ʧʨʠʙʣʠʞʝʥʥʳʝ ʤʝʪʦʜʳ ʩʣʦʞʥʳ ʚ ʦʩʚʦʝʥʠʠ ʠ 

ʪʨʝʙʫʶʪ ʪʱʘʪʝʣʴʥʦʛʦ ʧʦʜʭʦʜʘ ʧʨʠ ʠʭ ʧʨʠʤʝʥʝʥʠʠ. 

ɺʳʭʦʜʦʤ ʠʟ ʵʪʦʡ ʩʠʪʫʘʮʠʠ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʧʨʦʛʨʘʤʤ ʦʩ-

ʥʦʚʘʥʥʳʭ ʥʘ ʤʝʪʦʜʝ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʘʭ. ʅʘʠʣʫʯʰʘʷ ʚ ʩʚʦʝʡ ʦʙʣʘʩʪʠ 
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ï  ʵʪʦ ʧʨʦʛʨʘʤʤʘ ANSYS/LS-DYNA. ʇʨʦʛʨʘʤʤʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ 

ʨʘʩʯʝʪʦʚ ʙʳʩʪʨʦʪʝʢʫʱʠʭ ʠ ʜʠʥʘʤʠʯʥʳʭ ʟʘʜʘʯ ʬʠʟʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ, 

ʠʤʝʶʱʠʭ ʟʥʘʯʠʪʝʣʴʥʫʶ ʥʝʣʠʥʝʡʥʦʩʪʴ, ʠ ʠʜʝʘʣʴʥʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʨʝ-

ʰʝʥʠʷ ʟʘʜʘʯ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ, ʧʦʩʢʦʣʴʢʫ ʧʨʦʮʝʩʩʳ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʨʦʮʝʩʩʘʭ ʆʄɼ ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʦʡ ʥʝʣʠ-

ʥʝʡʥʦʩʪʴʶ ʠ ʙʳʩʪʨʦʪʝʯʥʳ. 

ANSYS/LS-DYNA ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ 

ʧʨʦʮʝʩʩʳ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ, ʥʘʯʠʥʘʷ ʦʪ ʧʨʦʩʪʦʡ ʛʠʙʢʠ 

ʠʣʠ ʦʩʘʜʢʠ ʟʘʛʦʪʦʚʢʠ, ʟʘʢʘʥʯʠʚʘʷ ʜʝʬʦʨʤʘʮʠʝʡ ʤʥʦʛʦʩʣʦʡʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ ʠʣʠ ʰʪʘʤʧʦʚʢʦʡ ʚʟʨʳʚʦʤ. ʇʨʠ ʵʪʦʤ ʚ ʦʪʣʠʯʠʝ ʦʪ ʪʝʦʨʝʪʠʯʝ-

ʩʢʠʭ ʨʘʩʯʝʪʦʚ, ʛʜʝ ʝʩʪʴ ʩʫʱʝʩʪʚʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʨʘʟʤʝʨʘʤ ʠ 

ʬʦʨʤʝ ʟʘʛʦʪʦʚʢʠ, ʟʜʝʩʴ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʪ ʦʛʨʘʥʠʯʝʥʠʡ ʧʦ ʨʘʟʤʝʨʘʤ ʠ 

ʬʦʨʤʘʤ ʟʘʛʦʪʦʚʦʢ. ʉʚʷʟʘʥʦ ʵʪʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʢʦʥʝʯʥʦ-

ʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʙʠʝʥʠʝ ʟʘʛʦʪʦʚʢʠ ʣʶʙʦʡ ʩʣʦʞʥʦ-

ʩʪʠ ʥʘ ʵʣʝʤʝʥʪʘʨʥʳʝ ʷʯʝʡʢʠ (ʪʨʝʫʛʦʣʴʥʠʢʠ, ʯʝʪʳʨʝʭʫʛʦʣʴʥʠʢʠ, ʧʠʨʘ-

ʤʠʜʳ ʠ ʜʨ.). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʷʷ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝ-

ʥʠʠ ʵʪʦʡ ʧʨʦʛʨʘʤʤʳ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʆʄɼ ʚ ʧʨʦʛʨʘʤʤʝ ANSYS/LS-DYNA 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʚʩʝ ʥʝʦʙʭʦʜʠʤʳʝ ʧʘʨʘʤʝʪʨʳ: ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʟʘʛʦʪʦʚʢʠ ʠ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʣʶʙʦʡ ʪʦʯʢʝ 

ʠ ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʘ ʪʘʢʞʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦ-

ʮʝʩʩʘ, ʚʝʣʠʯʠʥʳ ʫʩʠʣʠʡ ʠ ʤʦʤʝʥʪʦʚ, ʥʦʨʤʘʣʴʥʳʭ ʠ ʢʘʩʘʪʝʣʴʥʳʭ ʩʠʣ, 

ʢʦʥʪʘʢʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʘ ʠ ʤʥʦʛʦ ʜʨʫʛʦʝ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʦʧʪʠʤʘʣʴʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʜʣʷ ʛʣʫʙʦʢʦʛʦ 

ʘʥʘʣʠʟʘ ʠ ʧʦʥʠʤʘʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʟʘʛʦʪʦʚʢʝ ʧʨʠ ʧʣʘ-

ʩʪʠʯʝʩʢʦʤ ʪʝʯʝʥʠʠ ʤʘʪʝʨʠʘʣʘ. 

ʆʩʥʦʚʥʳʝ ʩʣʦʞʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʨʦʛʨʘʤʤʝ ANSYS/LS-

DYNA ʵʪʦ ʥʘʣʠʯʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʤʝʥʶ ʠ ʧʘ-

ʨʘʤʝʪʨʦʚ, ʪʨʝʙʫʶʱʠʭ ʚʚʦʜʘ, ʯʪʦ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʡ ʧʦʜʛʦʪʦʚʢʠ ʠ ʛʣʫ-

ʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʧʨʦʮʝʩʩʘ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴ-

ʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʠʭ ʨʝʰʝʥʠʷ. 
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ɻʃɸɺɸ 1 

 

ʇʆɼʍʆɼʓ ʂ ʄɸʊɽʄɸʊʀʏɽʉʂʆʄʋ ʄʆɼɽʃʀʈʆɺɸʅʀʖ 

ʇʈʆʎɽʉʉʆɺ ʆʄɼ 

 

1.1. ʆʙʱʠʡ ʦʙʟʦʨ 

 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʩʨʝʜ-

ʩʪʚʦʤ ʘʥʘʣʠʟʘ ʠ ʧʦʥʠʤʘʷ ʨʘʟʣʠʯʥʳʭ ʦʙʲʝʢʪʦʚ ʥʘʰʝʛʦ ʤʠʨʘ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʩʦʚʝʨʰʝʥ-

ʥʳʤ ʠ ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʪʢʨʳʚʘʷ ʧʫʪʴ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʤʦʱʥʳʭ ʤʝʪʦʜʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʪʝʤʘʪʠʢʠ ʠ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢʦʣʠ-

ʯʝʩʪʚʝʥʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʥʠʢʘʶʪ ʧʨʘʢʪʠʯʝʩʢʠ ʚʦ ʚʩʝ ʩʬʝ-

ʨʳ ʯʝʣʦʚʝʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ, ʘ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʩʪʘʥʦʚʷʪʩʷ 

ʩʨʝʜʩʪʚʦʤ ʧʦʟʥʘʥʠʷ ʦʩʥʦʚʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʨʝʘʣʴʥʦʛʦ ʤʠʨʘ. 

ɹʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʤʝʪʦʜʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʨʦʮʝʩʩʦʚ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ ʚʥʝʩʣʠ ʦʪʝʯʝʩʪʚʝʥʥʳʝ ʠ ʟʘ-

ʨʫʙʝʞʥʳʝ ʫʯʸʥʳʝ - ɺ. ɼʞʦʥʩʦʥ, ʕ. ʊʦʤʩʝʥ, ʈ. ʍʠʣʣ, ɸ.ʀ. ʎʝʣʠʢʦʚ, 

ʇ.ʀ. ʇʦʣʫʭʠʥ, ʀ.ʗ. ʊʘʨʥʦʚʩʢʠʡ, ɻ.ʗ. ɻʫʥ, ɸ.ɸ. ʇʦʟʜʝʝʚ, ɺ.ʇ. ʇʦʣʫ-

ʭʠʥ, ɸ.ʇ. ʏʝʢʤʘʨʝʚ, ɺ.ʇ. ʉʝʚʝʨʜʝʥʢʦ, ɻ.ɸ. ʉʤʠʨʥʦʚ-ɸʣʷʝʚ, ɺ.ʉ. 

ʉʤʠʨʥʦʚ, ʀ.ʃ. ʇʝʨʣʠʥ, ɸ.ɼ. ʊʦʤʣʝʥʦʚ, ɹ.ɺ. ʂʫʯʝʨʷʝʚ ʠ ʜʨ. ɸʥʘʣʠʟʫ 

ʩʦʚʨʝʤʝʥʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʦʙʨʘʙʦʪʢʠ ʤʝ-

ʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ ʧʦʩʚʷʱʝʥʳ ʨʘʙʦʪʳ ɻ.ʗ. ɻʫʥʘ, ɸ.ʇ. ɻʨʫʜʝʚʘ, ɹ.ɺ. 

ʂʫʯʝʨʷʝʚʘ, ʉ.ɽ. ʈʦʢʦʪʷʥʘ, ɸ.ɺ. ɺʳʜʨʠʥʘ ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ [1]. 

ʅʘʯʘʣʦ 80-ʭ ʛʦʜʦʚ XX ʚʝʢʘ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʚʨʝʤʝʥʝʤ ʧʝʨʚʦʛʦ 

ʚʥʝʜʨʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʆʄɼ ʚ ʧʨʦ-

ʤʳʰʣʝʥʥʦʩʪʴ. ʊʦʛʜʘ ʥʝʩʢʦʣʴʢʦ ʤʘʰʠʥʦʩʪʨʦʠʪʝʣʴʥʳʭ ʢʦʤʧʘʥʠʡ ʉʐɸ 

ʥʘʯʘʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ALPID (Analysis of Large 

Plastic Incremental Deformation), ʨʘʟʨʘʙʦʪʘʥʥʳʡ ɹʘʪʪʝʣʴʩʢʠʤ ʤʝʤʦʨʠ-

ʘʣʴʥʳʤ ʠʥʩʪʠʪʫʪʦʤ ʧʨʠ ʩʦʜʝʡʩʪʚʠʠ ɺɺʉ ʉʐɸ. ʕʪʦʪ ʧʨʦʛʨʘʤʤʥʳʡ 

ʧʨʦʜʫʢʪ ʠʤʝʣ ʤʥʦʞʝʩʪʚʦ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ, ʥʘʧʨʠʤʝʨ, ʪʘʢʠʭ ʢʘʢ 
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ʤʘʣʘʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʧʨʝʧʨʦʮʝʩʩʦʨʘ ʠ ʙʦʣʴʰʠʝ ʚʨʝʤʝʥʥʳʝ ʟʘʪʨʘ-

ʪʳ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʰʪʘʤʧʦʚʢʠ ʧʦʢʦʚʦʢ ʜʘʞʝ ʧʨʦʩʪʦʡ ʬʦʨʤʳ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʰʪʘʤʧʦʚʢʠ ʜʠʩʢʘ ʪʫʨʙʠʥʳ ʧʨʦ-

ʩʪʝʡʰʝʡ ʬʦʨʤʳ ʟʘʥʠʤʘʣʦ ʥʝʩʢʦʣʴʢʦ ʜʥʝʡ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʵʪʦʪ ʧʝʨʠʦʜ 

ʧʦʣʴʟʦʚʘʪʝʣʶ ʧʨʠʭʦʜʠʣʦʩʴ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʦʩʪʘʥʘʚʣʠʚʘʪʴ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʝ, ʯʪʦʙʳ ʚʥʝʩʪʠ ʥʝʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳʝ ʧʦʧʨʘʚʢʠ ʚ ʠʩʭʦʜʥʳʝ ʜʘʥ-

ʥʳʝ. ʇʘʢʝʪ ALPID ʧʦʟʚʦʣʷʣ ʨʝʰʘʪʴ ʣʠʰʴ ʜʚʫʤʝʨʥʳʝ ʟʘʜʘʯʠ (2D), ʘ 

ʠʤʝʥʥʦ ð ʤʦʜʝʣʠʨʦʚʘʪʴ ʪʝʯʝʥʠʝ ʤʝʪʘʣʣʘ ʧʨʠ ʰʪʘʤʧʦʚʢʝ ʦʩʝʩʠʤʤʝʪ-

ʨʠʯʥʳʭ ʜʝʪʘʣʝʡ. ʊʨʝʭʤʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʪʦ ʚʨʝʤʷ ʢʘʟʘʣʦʩʴ ʥʝ-

ʚʦʟʤʦʞʥʳʤ ʚʩʣʝʜʩʪʚʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʫʨʦʚʥʷ ʨʘʟʚʠʪʠʷ ʚʳʯʠʩʣʠ-

ʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ, ʩʣʦʞʥʦʩʪʝʡ ʩ ʛʝʥʝʨʘʮʠʝʡ ʩʝʪʢʠ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʠ ʪ.ʧ. ʅʝʩʤʦʪʨʷ ʥʘ ʚʩʝ ʵʪʠ ʧʨʦʙʣʝʤʳ, ALPID ʧʦʢʘʟʘʣ ʚʝʩʴʤʘ ʜʦʩʪʦʡ-

ʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʨʝʜʧʨʠʷʪʠʷʤ-ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʵʢʦʥʦʤʠʪʴ ʩʨʝʜʩʪʚʘ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ. ʐʘʛ ʟʘ ʰʘʛʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʆʄɼ ʩʪʘʣʦ ʚʘʞ-

ʥʳʤ ʵʣʝʤʝʥʪʦʤ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ʉʝʛʦʜʥʷ ʙʦ-

ʣʝʝ 80% ʢʨʫʧʥʳʭ (250 ʠ ʙʦʣʝʝ ʩʦʪʨʫʜʥʠʢʦʚ), ʙʦʣʝʝ 75% ʩʨʝʜʥʠʭ (100-

249 ʩʦʪʨʫʜʥʠʢʦʚ) ʠ ʙʦʣʝʝ 50% ʤʝʣʢʠʭ (50-99 ʩʦʪʨʫʜʥʠʢʦʚ) ʤʘʰʠʥʦ-

ʩʪʨʦʠʪʝʣʴʥʳʭ ʢʦʤʧʘʥʠʡ ʉʐɸ ʠʩʧʦʣʴʟʫʶʪ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ 

ʆʄɼ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ [2]. 

ʉʦʚʨʝʤʝʥʥʘʷ ʬʦʨʤʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ - ʵʪʦ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʝ ʥʘ ʢʦʤʧʴʶʪʝʨʝ. ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʤʘʰʠʥʳ ʜʘʣʠ ʫʯʸʥʳʤ 

ʤʦʱʥʦʝ ʩʨʝʜʩʪʚʦ ʜʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʈʘʟʚʠʪʠʝ ʤʝ-

ʪʦʜʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʦʙ-

ʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʰʠʨʦʢʠʤ ʚʥʝʜʨʝʥʠʝʤ ʧʝʨ-

ʩʦʥʘʣʴʥʳʭ ʢʦʤʧʴʶʪʝʨʦʚ ʧʦʟʚʦʣʷʶʪ ʩʦʟʜʘʚʘʪʴ ʫʥʠʢʘʣʴʥʳʝ ʧʨʦʛʨʘʤ-

ʤʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʚ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʨʝʞʠʤʝ ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʨʦ-

ʮʝʩʩʳ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʬʦʨʤʦʠʟʤʝʥʝʥʠʷ, ʠʩʩʣʝʜʦʚʘʪʴ ʥʘʧʨʷʞʸʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʦʣʷ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʤʝ-

ʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ [3]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʦʜʠʤʳʝ ʚ ʧʨʦʛʨʘʤʤʘʭ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʪ ʧʦʜʦʙʨʘʪʴ ʦʧʪʠʤʘʣʴʥʳʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ 
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ʧʨʦʮʝʩʩ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ, ʦʧʪʠʤʘʣʴʥʳʝ, ʨʘʮʠʦ-

ʥʘʣʴʥʳʝ ʤʘʨʢʠ ʤʘʪʝʨʠʘʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʦʥʩʪʨʫʢʮʠʠ, ʨʘʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ 

ʠ ʬʦʨʤʫ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʫʜʘʨʘ ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʠ 

ʜʨ. 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪʩʷ ʚʳʷʚʠʪʴ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʢʘʢ ʩʘʤʦʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʪʘʢ ʠ ʬʦʨʤʫʶ-

ʱʝʛʦ ʵʣʝʤʝʥʪʘ ʚ ʣʶʙʦʡ ʪʦʯʢʝ ʤʦʜʝʣʠ ʠ ʣʶʙʦʡ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ; 

ʢʨʠʪʠʯʝʩʢʠʝ, ʦʧʘʩʥʳʝ ʟʦʥʳ ʠ ʫʯʘʩʪʢʠ ʤʦʜʝʣʠ, ʚ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʨʘʟʨʫʰʝʥʠʷ ʠʣʠ ʜʝʬʦʨʤʘʮʠʠ ʢʦʥʩʪʨʫʢʮʠʠ; ʩʠʣʦʚʳʝ, 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ, ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ, ʢʦʥʪʘʢʪʥʳʝ ʚʝʣʠʯʠʥʳ ʧʨʠ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʠ ʯʘʩʪʝʡ ʤʦʜʝʣʠ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. 

ɺʥʝʜʨʝʥʠʝ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ ʩʦ-

ʧʨʦʚʦʞʜʘʣʦʩʴ ʩʝʨʴʝʟʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʚ ʧʦʜʭʦʜʝ ʢ ʨʘʟʨʘʙʦʪʢʝ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ɼʚʘʜʮʘʪʴ ʧʷʪʴ ʣʝʪ ʥʘʟʘʜ ʦʯʝʥʴ ʥʝʤʥʦʛʠʝ 

ʪʝʭʥʦʣʦʛʠ ʧʦʣʴʟʦʚʘʣʠʩʴ ʪʘʢʠʤʠ ʧʦʥʷʪʠʷʤʠ, ʢʘʢ ʥʘʧʨʷʞʝʥʠʝ ʪʝʢʫʯʝ-

ʩʪʠ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʡ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʢʦʨʦʩʪʝʡ ʜʝʬʦʨʤʘ-

ʮʠʡ. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʆʄɼ ʵʪʠ ʧʦʢʘʟʘʪʝʣʠ ʚʝʩʴʤʘ ʩʫ-

ʱʝʩʪʚʝʥʥʳ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚʫʟʳ ʠ ʧʨʦʤʳʰʣʝʥʥʳʝ ʧʨʝʜʧʨʠʷʪʠʷ 

ʦʩʦʟʥʘʣʠ ʚʘʞʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʆʄɼ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʚ ʩʚʷʟʠ ʩ ʵʪʠʤ ʫʜʝʣʷʶʪ ʜʘʥʥʦʤʫ ʚʦʧʨʦ-

ʩʫ ʚʩʝ ʙʦʣʴʰʝ ʚʥʠʤʘʥʠʷ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʆʄɼ ʚ ʚʫʟʘʭ ʯʘ-

ʩʪʦ ʚʳʜʝʣʷʝʪʩʷ ʚ ʦʪʜʝʣʴʥʫʶ ʜʠʩʮʠʧʣʠʥʫ. ɺʦ-ʧʝʨʚʳʭ, ʵʪʦ ʧʦʟʚʦʣʷʝʪ 

ʩʪʫʜʝʥʪʘʤ ʣʫʯʰʝ ʦʩʚʦʠʪʴ ʪʝʦʨʠʶ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ ð 

ʥʝ ʪʦʣʢɹʦ ʧʦ ʨʠʩʫʥʢʘʤ ʠ ʜʠʘʛʨʘʤʤʘʤ ʠʟ ʩʧʨʘʚʦʯʥʠʢʦʚ, ʥʦ ʠ ʥʘ ʦʩʥʦʚʝ 

ʨʘʩʯʝʪʦʚ ʠ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ. ɺʦ-ʚʪʦʨʳʭ, ʧʨʦʚʝʜʝʥʠʝ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʨʘʙʦʪ ʧʦʤʦʛʘʝʪ ʩʪʫʜʝʥʪʘʤ ʣʫʯʰʝ ʧʦʥʷʪʴ ʩʧʝʮʠʬʠʢʫ ʢʘʞʜʦʛʦ ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ, ʠʟʫʯʠʪʴ ʝʛʦ ʦʩʦʙʝʥʥʦʩʪʠ ʠ 

ʧʨʦʙʣʝʤʳ. ɺ ʪʨʝʪʴʠʭ, ʨʘʙʦʪʘ ʥʘ ʢʦʤʧʴʶʪʝʨʝ ʜʣʷ ʩʦʚʨʝʤʝʥʥʳʭ ʩʪʫʜʝʥ-

ʪʦʚ ʥʘʤʥʦʛʦ ʧʨʠʚʣʝʢʘʪʝʣʥɹʝʝ ʨʘʙʦʪʳ ʚ ʯʠʪʘʣʴʥʦʤ ʟʘʣʝ ʙʠʙʣʠʦʪʝʢʠ 

[2].  
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1.2. ʆʩʥʦʚʳ ʪʝʦʨʠʠ ʷʚʥʦʛʦ ʤʝʪʦʜʘ ʜʠʥʘʤʠʢʠ 

 

ʗʚʥʳʤʠ (Explicit) ʤʝʪʦʜʘʤʠ ʥʘʟʳʚʘʶʪ ʤʝʪʦʜʳ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝ-

ʥʠʡ ʜʠʥʘʤʠʢʠ, ʥʝ ʩʚʷʟʘʥʥʳʝ ʩ ʨʝʰʝʥʠʝʤ ʩʠʩʪʝʤ ʫʨʘʚʥʝʥʠʡ, ʥʦ ʠʩʧʦʣʴ-

ʟʫʶʱʠʝ ʨʝʢʫʨʨʝʥʪʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ, ʢʦʪʦʨʳʝ ʚʳʨʘʞʘʶʪ ʧʝʨʝʤʝʱʝʥʠʷ, 

ʩʢʦʨʦʩʪʠ ʠ ʫʩʢʦʨʝʥʠʷ ʥʘ ʜʘʥʥʦʤ ʰʘʛʝ ʯʝʨʝʟ ʠʭ ʟʥʘʯʝʥʠʷ ʥʘ ʧʨʝʜʰʝ-

ʩʪʚʫʶʱʠʭ ʰʘʛʘʭ. ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʠʘʛʦʥʘʣʴʥʦʡ ʤʘʪʨʠʮʳ ʤʘʩʩ 

(ʚʤʝʩʪʦ ʩʪʘʥʜʘʨʪʥʦʡ ï ʩʦʛʣʘʩʦʚʘʥʥʦʡ ʨʘʟʨʷʞʝʥʥʦʡ) ʫʜʘʝʪʩʷ ʝʝ ñʦʙʨʘ-

ʪʠʪʴò, ʫʧʨʦʩʪʠʚ ʪʝʤ ʩʘʤʳʤ ʨʘʩʯʝʪ ʠ ʤʥʦʛʦʢʨʘʪʥʦ ʫʤʝʥʴʰʠʚ ʚʨʝʤʷ ʦʜ-

ʥʦʡ ʠʪʝʨʘʮʠʠ (ʧʦʩʨʝʜʩʪʚʦʤ ʟʘʤʝʥʳ ʪʨʠʘʥʛʫʣʷʮʠʠ ʤʘʪʨʠʮ ʩ ʨʝʰʝʥʠʷʤʠ 

ʧʨʠ ʧʝʨʝʤʝʥʥʳʭ ʫʨʘʚʥʦʚʝʰʠʚʘʶʱʠʭ ʥʘʛʨʫʟʢʘʭ ʥʘ ʤʘʪʨʠʯʥʳʝ ʫʤʥʦ-

ʞʝʥʠʷ). ʊʘʢʘʷ ʤʝʪʦʜʠʢʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʤʘʣʳʝ ʰʘʛʠ ʠ ʜʦʩʪʘʪʦʯʥʦ ʤʝʣ-

ʢʫʶ ʨʘʟʙʠʚʢʫ, ʯʪʦʙʳ ʧʨʘʚʠʣʴʥʦ ʦʧʠʩʘʪʴ ʜʠʘʛʦʥʘʣʴʥʦʡ ʤʘʪʨʠʮʝ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʤʘʩʩ. ɺ ʢʘʯʝʩʪʚʝ ʢʦʤʧʝʥʩʘʮʠʠ, ʤʘʣʳʡ ʰʘʛ ʧʦʟʚʦʣʷʝʪ ʦʪ-

ʩʣʝʜʠʪʴ ʚʩʝ ʠʟʤʝʥʝʥʠʷ ʚ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʚ ʝʝ ʧʦʚʝʜʝ-

ʥʠʠ. ɺʩʝ ʥʝʣʠʥʝʡʥʦʩʪʠ (ʚʢʣʶʯʘʷ ʢʦʥʪʘʢʪ) ʫʯʠʪʳʚʘʶʪʩʷ ʚ ʚʝʢʪʦʨʝ 

ʚʥʫʪʨʝʥʥʠʭ ʩʠʣ. ʆʩʥʦʚʥʦʝ ʚʨʝʤʷ ʟʘʥʠʤʘʝʪ ʥʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ ʦʙʨʘ-

ʱʝʥʠʝ ʤʘʪʨʠʮ, ʘ ʚʳʯʠʩʣʝʥʠʝ ʵʪʦʛʦ ʚʝʢʪʦʨʘ. ʀʟ-ʟʘ ʦʯʝʥʴ ʤʘʣʦʛʦ ʨʘʟʤʝ-

ʨʘ ʰʘʛʘ (ʥʘ ʧʨʘʢʪʠʢʝ 10
-7
 ï 10

-6
) ʷʚʥʳʝ ʤʝʪʦʜʳ ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʶʪʩʷ 

ʪʦʣɹʢʦ ʜʣʷ ʨʘʩʯʝʪʘ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ɺ ANSYS/LS-DYNA 

ʧʨʠ ʷʚʥʦʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʮʝʥʪʨʘʣʴʥʳʭ ʨʘʟʥʦʩʪʝʡ, 

ʢʦʛʜʘ ʫʩʢʦʨʝʥʠʝ ʧʦʣʘʛʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ ʚ ʪʝʯʝʥʠʝ ʰʘʛʘ. ɼʣʷ ʪʨʝʭ ʧʦ-

ʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ ʧʨʠʥʠʤʘʝʪʩʷ ʢʚʘʜʨʘʪʠʯʥʘʷ ʘʧʧʨʦʢ-

ʩʠʤʘʮʠʷ ʚʝʢʪʦʨʘ ʧʝʨʝʤʝʱʝʥʠʡ [4].  

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʷʚʥʦʛʦ ʤʝʪʦʜʘ ʨʝʰʝʥʠʷ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ 

ʮʝʥʪʨʘʣʴʥʳʭ ʨʘʟʥʦʩʪʝʡ [5] ï ʵʪʦ ʫʩʢʦʨʝʥʠʝ, ʦʮʝʥʝʥʥʦʝ ʟʘ ʚʨʝʤʷ t: 

[]( )( )( )int1

t

ext

tt FFMa -=
-

; 

ʛʜʝ ta  - ʚʝʢʪʦʨ ʫʩʢʦʨʝʥʠʷ; 

       
ext

tF  - ʧʨʠʣʦʞʝʥʠʝ ʚʥʝʰʥʝʡ ʩʠʣʳ; 

       
int

tF  - ʚʥʫʪʨʝʥʥʠʝ ʩʠʣʳ; 

  
conthg

n

T

t FFdBF +
ö
ö

÷

õ

æ
æ

ç

å
+WÖÖ=äñ

W

sint
; 
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  ʛʜʝ 
hgF  - ʩʠʣʘ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠʩʢʘʞʝʥʠʶ hourglass; 

        
contF  - ʢʦʥʪʘʢʪʥʘʷ ʩʠʣʘ. 

ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʫʩʢʦʨʝʥʠʡ (ta) ʚʳʯʠʩʣʷʶʪʩʷ 

ʩʢʦʨʦʩʪʠ ʠ ʧʝʨʝʤʝʱʝʥʠʷ: 

{ }{ }{} tttttt taVV D+= D-D+ 2/2/ ; { }{}{ } 2/2/ ttttttt tVUU D+D+D+ D+= ; 

ʛʜʝ ( )tttt tt D+D+ D+D=D t2/ t5,0 ; 

        ( )tttt tt D+D- D-D=D t2/ t5,0 ; 

ɻʝʦʤʝʪʨʠʷ ʦʙʥʦʚʣʷʝʪʩʷ ʜʦʙʘʚʣʝʥʠʝʤ ʧʨʠʨʘʱʝʥʠʷ ʧʝʨʝʤʝʱʝʥʠʷ 

ʠ ʠʩʭʦʜʥʦʡ ʛʝʦʤʝʪʨʠʠ {}0x : 

{ }{}{ }tttt uxx D+D+ += 0  

ʅʝʢʦʪʦʨʳʝ ʟʘʤʝʯʘʥʠ:̫ 

- ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʦʙʨʘʱʝʥʠʷ ʤʘʪʨʠʮ ʪʨʝʙʫʝʪʩʷ ʜʠʘʛʦʥʘʣʴʥʘʷ 

ʤʘʪʨʠʮʘ ʤʘʩʩ; 

- ʫʨʘʚʥʝʥʠʷ ʩʪʘʥʦʚʷʪʩʷ ʨʘʟʲʝʜʠʥʝʥʥʳʤʠ ʠ ʤʦʛʫʪ ʙʳʪʴ ʨʝʝhʥʳ 

ʷʚʥʦ; 

- ʥʝ ʪʨʝʙʫʝʪʩʷ ʦʙʨʘʱʝʥʠʝ ʤʘʪʨʠʮʳ ʞʝʩʪʢʦʩʪʠ, ʚʩʝ ʥʝʣʠʥʝʡʥʦʩʪʠ 

(ʚʢʣʶʯʘʷ ʢʦʥʪʘʢʪ) ʚʢʣʶʯʝʥʳ ʚ ʚʝʢʪʦʨ ʚʥʫʪʨʝʥʥʠʭ ʩʠʣ; 

- ʥʝ ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʨʢʘ ʩʭʦʜʠʤʦʩʪʠ, ʪ.ʢ. ʫʨʘʚʥʝʥʠʷ ʥʝʩʚʷʟʘʥʥʳ; 

- ʜʣʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝh ʝʥʠʷ ʪʨʝʙʫʶʪʩʷ ʦʯʝʥʴ ʤʘʣʳʝ ʚʨʝʤʝʥʥʳʝ 

ʰʘʛʠ. 

ʈʝʰʝʥʠʝ ʙʫʜʝʪ ʫʩʪʦʡʯʠʚʦ, ʪʦʣʴʢʦ ʝʩʣʠ ʚʨʝʤʝʥʥʦʡ ʰʘʛ (ʪʘʢʪ) 

ʤʝʥʴʰʝ ʢʨʠʪʠʯʝʩʢʦʛʦ: 

max

2

w
=D¢D crittt ; 

ʛʜʝ maxw - ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʦʙʩʪʚʝʥʥʘʷ ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ. 

ʇʦʩʢʦʣʴʢʫ ʵʪʦʪ ʰʘʛ ʦʯʝʥʴ ʤʘʣ, ʪʦ ʷʚʥʳʡ ʤʝʪʦʜ ʧʨʠʤʝʥʷʝʪʩʷ 

ʪʦʣʴʢʦ ʜʣʷ ʦʯʝʥʴ ʙʳʩʪʨʳʭ ʧʨʦʮʝʩʩʦʚ. 

ʂʨʠʪʠʯʝʩʢʠʡ ʰʘʛ ʜʣʷ ʫʯʘʩʪʢʘ ʜʣʠʥʦʡ L ʙʫʜʝʪ ʨʘʚʝʥ: 

c

L
=Dcritt ; 
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ʛʜʝ ʩ ï ʩʢʦʨʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ ʟʚʫʢʘ ʜʣʷ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʘʪʝʨʠ-

ʘʣʘ. 

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʠʩʧʦʣʴʟʫʶʪ ʧʦ ʫʤʦʣʯʘ-

ʥʠʶ ʤʘʩʰʪʘʙʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 0,9: 

c

L
9,0=Dcritt . 

ɼʣʷ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚʝʣʠʯʠʥʘ L ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʢʦʥʝʯʥʦ-

ʛʦ ʵʣʝʤʝʥʪʘ: 

  ʜʣʷ ʦʙʦʣʦʯʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ: 
( )4321 ,,,max LLLL

ɸ
L= ; 

ʜʣʷ ʪʨʝʫʛʦʣʴʥʳʭ ʦʙʦʣʦʯʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ: 

( )321 ,,max

2

LLL

ɸ
L= . 

 

1.3. ʇʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʜʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠ̫ ʧʨʦʮʝʩʩʦʚ ʆʄɼ 

 

ʈʘʩʩʤʦʪʨʠʤ  ʘʥʘʣʦʛʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʷ ʤʘʪʝʤʘʪʠ-

ʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʆʄɼ, ʠʭ ʢʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ. ʕʪʦ ʪʘ-

ʢʠʝ ʧʘʢʝʪʳ ʢʘʢ MSC Nastran, Marc, Dytran, PAM-STAMP 2G, 

QForm 3D, ANSYS [6] (ʪʘʙʣ. 1.1). 

ANSYS/LS-DYNA - ʤʥʦʛʦʮʝʣʝʚʘʷ ʧʨʦʛʨʘʤʤʘ, ʠʩʧʦʣʴʟʫʶɦ ʘʷ 

ʷʚʥʫʶ ʧʦʩʪʘʥʦʚʢʫ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ (explicit finite element 

program) - ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʘʥʘʣʠʟʘ ʥʝʣʠʥʝʡʥʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʦʪ-

ʢʣʠʢʘ ʪʨʝʭʤʝʨʥʳʭ ʥʝʫʧʨʫʛʠʭ ʩʪʨʫʢʪʫʨ. ʇʦʣʥʦʩʪʴʶ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥ-

ʥʳʡ ʧʨʦʮʝʩʩ ʨʝʰʝʥʠʷ ʢʦʥʪʘʢʪʥʳʭ ʟʘʜʘʯ, ʘ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʦ ʬʫʥʢʮʠʡ 

ʧʦ ʧʨʦʚʝʨʢʝ ʧʦʣʫʯʘʝʤʦʛʦ ʨʝʰʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʠʥʞʝʥʝʨʘʤ ʫʩʧʝʥhʦ 

ʨʝʰʘʪʴ ʩʣʦʞʥʝʡʰʠʝ ʟʘʜʘʯʠ ʫʜʘʨʘ, ʨʘʟʨʫʰʝʥʠʷ ʠ ʬʦʨʤʦʚʘʥʠʷ (ʧʨʦ-

ʮʝʩʩʦʚ ʆʄɼ). 

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʧʨʦʛʨʘʤʤʳ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʫʥʠʚʝʨʩʘʣʥɹʳʝ 

ʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ. ʋʥʠʚʝʨʩʘʣʴʥʳʝ ʧʦʟʚʦʣʷʶʪ ʨʝʰʘʪʴ ʙʦʣʝʝ ʰʠ-

ʨʦʢʠʡ ʢʨʫʛ ʟʘʜʘʯ, ʙʦʣʝʝ ʛʠʙʢʠ ʢ ʥʝʩʪʘʥʜʘʨʪʥʳʤ ʠ ʩʣʦʞʥʳʤ ʟʘʜʘʯʘʤ. 

ʆʜʥʘʢʦ, ʪʘʢʠʝ ʧʨʦʛʨʘʤʤʳ ʩʣʦʞʥʳ ʚ ʦʙʫʯʝʥʠʠ, ʪʨʝʙʫʶʪ ʥʘʣʠʯʠʷ ʩʧʝ- 
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ʇʨʦʛʨʘʤʤʳ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʭ ʢʨʘʪʢʦʝ 

ʦʧʠʩʘʥʠʝ 
 

ʅʘʟʥʘʯʝʥʠʝ 

ʇ
ʨ
ʠ
ʤ
.
 
ʚ
 
ʆ
ʄ
ɼ
*

 

ʋ
ʥ
ʠ
ʚ
ʝ

ʨ
ʩ
ʘ
ʣ
ʴ
ʥ
ʘ
ʷ
/
 

ʩ
ʧ
ʝ
ʮ
ʠ
ʣ
ʠ
ʟ

ʠ
ʨ
ʦ
ʚ
.

 

1 2 3 

MSC Nastran 

ʆʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʥʳʡ ʥʘʙʦʨ ʨʘʩʯʝʪʦʚ, ʚʢʣʶʯʘʷ ʨʘʩ-

ʯʝʪ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʟʘʧʘʩʦʚ 

ʧʨʦʯʥʦʩʪʠ, ʩʦʙʩʪʚʝʥʥʳʭ ʯʘʩʪʦʪ ʠ ʬʦʨʤ ʢʦʣʝʙʘʥʠʡ, ʘʥʘ-

ʣʠʟ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʩʪʘʥʦʚʠʚʰʠʭʩʷ ʠ ʥʝ-

ʫʩʪʘʥʦʚʠʚʰʠʭʩʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʨʝʰʝʥʠʝ ʟʘ-

ʜʘʯ ʪʝʧʣʦʧʝʨʝʜʘʯʠ, ʘʢʫʩʪʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ, ʥʝʣʠʥʝʡʥʳʭ 

ʩʪʘʪʠʯʝʩʢʠʭ ʠ ʥʝʣʠʥʝʡʥʳʭ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʘʥʘ-

ʣʠʟ ʩʣʦʞʥʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʨʘʩʯʝʪ ʢʨʠ-

ʪʠʯʝʩʢʠʭ ʯʘʩʪʦʪ ʠ ʚʠʙʨʘʮʠʡ ʨʦʪʦʨʥʳʭ ʤʘʰʠʥ, ʘʥʘʣʠʟ 

ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʩʣʫʯʘʡʥʳʭ 

ʥʘʛʨʫʟʦʢ ʠ ʠʤʧʫʣʴʩʥʦʛʦ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʘʵʨʦʫʧʨʫʛʦʩʪʠ ʥʘ ʜʦʟʚʫʢʦʚʳʭ ʠ ʩʚʝʨʭʟʚʫ-

ʢʦʚʳʭ ʩʢʦʨʦʩʪʷʭ. 

4 
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Marc  

ʇʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʥʠʚʝʨʩʘʣʴʥʫʶ ʢʦʥʝʯʥʦ-

ʵʣʝʤʝʥʪʥʫʶ ʧʨʦʛʨʘʤʤʫ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʫʛʣʫʙʣʝʥʥʦʛʦ 

ʘʥʘʣʠʟʘ ʚʳʩʦʢʦʥʝʣʠʥʝʡʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʢʦʥʩʪʨʫʢʮʠʡ ʠ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʪʝʧʣʦʧʝʨʝʜʘʯʠ. ʆʥʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʣʷ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʧʨʦʢʘʪʢʠ, ʧʨʝʩʩʦʚʘʥʠʷ, ʣʠʩʪʦʚʦʛʦ ʠ ʦʙʲʝʤʥʦ-

ʛʦ ʬʦʨʤʦʚʘʥʠʷ, ʧʨʦʠʟʚʦʜʩʪʚʘ ʰʠʥ, ʩʫʧʝʨʧʣʘʩʪʠʯʝʩʢʦʛʦ 

ʬʦʨʤʦʚʘʥʠʷ ʠ ʪ.ʜ. 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 1.1 

1 2 3 

Dytran  

ʉʠʩʪʝʤʘ ʘʥʘʣʠʟʘ ʚʳʩʦʢʦʥʝʣʠʥʝʡʥʳʭ ʙʳʩʪʨʦʪʝʢʫʱʠʭ 

ʧʨʦʮʝʩʩʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʢʦʥʩʪʨʫʢʮʠʠ ʠ 

ʞʠʜʢʦʩʪʠ (ʛʘʟʘ) ʠʣʠ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʢʦʥʩʪʨʫʢʮʠʠ. ʇʨʦ-

ʛʨʘʤʤʘ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʟʘʜʘʯ, ʩʚʷʟʘʥ-

ʥʳʭ ʩ ʙʳʩʪʨʦʪʝʢʫʱʠʤʠ ʧʨʦʮʝʩʩʘʤʠ (ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʩʪʦʣʢʥʦʚʝʥʠʷ ʢʦʥʩʪʨʫʢʮʠʡ, ʨʘʟʨʫʰʝʥʠʷ ʣʦʧʘʪʢʠ ʠ ʪ.ʜ.). 

Dytran ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ, ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ, 

ʦʙʦʨʦʥʥʦʡ, ʦʙʨʘʙʘʪʳʚʘʶʱʝʡ ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʦʪʨʘʩʣʷʭ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

4 
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PAM-STAMP 2G 

ʉʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʝ, ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʝ ʠ ʤʘʩʰʪʘ-

ʙʠʨʫʝʤʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʣʠʩʪʦʚʦʡ ʰʪʘʤʧʦʚʢʠ. ʆʥʦ ʤʦʜʝ-

ʣʠʨʫʝʪ ʚʝʩʴ ʧʨʦʮʝʩʩ ʠʟʛʦʪʦʚʣʝʥʠʷ ʦʩʥʘʩʪʢʠ ʦʪ ʧʨʦʝʢʪʠ-

ʨʦʚʘʥʠʷ ʨʘʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʰʪʘʤʧʘ ʜʦ ʘʥʘʣʠʟʘ ʬʦʨ-

ʤʦʦʙʨʘʟʫʶʱʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩ ʧʨʦʚʝʨʢʦʡ ʧʨʘʚʠʣʴʥʦʩʪʠ 

ʨʝʰʝʥʠʷ, ʚʢʣʶʯʘʷ ʘʥʘʣʠʟ ʠ ʢʦʤʧʝʥʩʘʮʠʶ ʧʨʫʞʠʥʝʥʠʷ. 

PAM-STAMP 2G ð ʩʧʝʮʠʘʣʴʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʝ ʩʨʝʜ-

ʩʪʚʦ ʨʘʟʨʘʙʦʪʢʠ ʠ ʘʥʘʣʠʟʘ ʜʣʷ ʧʨʦʝʢʪʥʳʭ ʦʨʛʘʥʠʟʘʮʠʡ, 

ʂɹ ʠ ʧʨʝʜʧʨʠʷʪʠʡ ɸʚʪʦʤʦʙʠʣʴʥʦʡ ʠ ɸʵʨʦʢʦʩʤʠʯʝʩʢʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 
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QForm 3D 

ʆʩʥʦʚʘʥʘ ʥʘ ʤʝʪʦʜʝ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʷʜʨʦ ʩʠ-

ʩʪʝʤʳ), ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʦʩʥʘʩʪʢʠ, 

ʰʪʘʤʧʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʰʪʘʤʧʦʚʢʠ, 

ʢʦʚʢʠ ʠ ʜʨʫʛʠʭ ʧʨʦʮʝʩʩʦʚ ʆʄɼ, ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ʂʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʳʝ ʘʣʛʦʨʠʪʤʳ 

ʩʧʝʮʠʘʣʴʥʳʤ ʦʙʨʘʟʦʤ ʘʜʘʧʪʠʨʦʚʘʥʳ ʜʣʷ ʨʘʩʯʝʪʘ ʧʨʦ-

ʮʝʩʩʦʚ ʬʦʨʤʦʠʟʤʝʥʝʥʠʷ. 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 1.1 

1 2 3 

DEFORM   

ʉʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʡ ʠʥʞʝʥʝʨʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ 

ʢʦʤʧʣʝʢʩ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʩʦʚ ʦʙ-

ʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ, ʪʝʨʤʠʯʝʩʢʦʡ ʠ ʤʝʭʘʥʠʯʝ-

ʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʨʘʢʪʠʯʝʩʢʠ 

ʚʩʝ ʧʨʦʮʝʩʩʳ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʦʙʨʘʙʦʪʢʝ ʤʝʪʘʣʣʦʚ ʜʘʚ-

ʣʝʥʠʝʤ (ʢʦʚʢʘ, ʰʪʘʤʧʦʚʢʘ, ʧʨʦʢʘʪʢʘ, ʧʨʝʩʩʦʚʘʥʠʝ ʠ ʜʨ.), 

ʘ ʪʘʢʞʝ ʦʧʝʨʘʮʠʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ (ʟʘʢʘʣʢʘ, ʩʪʘ-

ʨʝʥʠʝ, ʦʪʧʫʩʢ ʠ ʜʨ.) ʠ ʤʝʭʘʥʦʦʙʨʘʙʦʪʢʠ (ʬʨʝʟʝʨʦʚʘʥʠʝ, 

ʩʚʝʨʣʝʥʠʝ ʠ ʜʨ.). 
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ANSYS 

ʋʥʠʚʝʨʩʘʣʴʥʘʷ ʧʨʦʛʨʘʤʤʥʘʷ ʩʠʩʪʝʤʘ ʢʦʥʝʯʥʦ-

ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ, ʩʫʱʝʩʪʚʫʶʱʘʷ ʠ ʨʘʟʚʠʚʘʶʱʘʷʩʷ 

ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʧʦʩʣʝʜʥʠʭ 30 ʣʝʪ. ʗʚʣʷʝʪʩʷ ʜʦʚʦʣʴʥʦ ʧʦ-

ʧʫʣʷʨʥʦʡ ʫ ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘʩʪʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʠʥ-

ʞʠʥʠʨʠʥʛʘ (CAE, Computer-Aided Engineering) ʠ ʂʕ ʨʝ-

ʰʝʥʠʷ ʣʠʥʝʡʥʳʭ ʠ ʥʝʣʠʥʝʡʥʳʭ, ʩʪʘʮʠʦʥʘʨʥʳʭ ʠ ʥʝʩʪʘ-

ʮʠʦʥʘʨʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʟʘʜʘʯ ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠ-

ʨʫʝʤʦʛʦ ʪʚʸʨʜʦʛʦ ʪʝʣʘ ʠ ʤʝʭʘʥʠʢʠ ʢʦʥʩʪʨʫʢʮʠʡ (ʚʢʣʶʯʘʷ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʠ ʬʠʟʠʯʝʩʢʠ ʥʝʣʠʥʝʡ-

ʥʳʝ ʟʘʜʘʯʠ ʢʦʥʪʘʢʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʤʝʥʪʦʚ ʢʦʥ-

ʩʪʨʫʢʮʠʡ), ʟʘʜʘʯ ʤʝʭʘʥʠʢʠ ʞʠʜʢʦʩʪʠ ʠ ʛʘʟʘ, ʪʝʧʣʦʧʝʨʝ-

ʜʘʯʠ ʠ ʪʝʧʣʦʦʙʤʝʥʘ, ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ, ʘʢʫʩʪʠʢʠ, ʘ ʪʘʢʞʝ 

ʤʝʭʘʥʠʢʠ ʩʚʟ̫ʘʥʥʳʭ ʧʦʣʝʡ. 
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* - ʦʮʝʥʢʘ ʧʦ 5-ʠ ʙʘʣʴʥʦʡ ʩʠʩʪʝʤʝ 

 

ʩʧʝʮʠʘʣʴʥʳʭ ʟʥʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʟʘʜʘʯ ʠ ʦʩʥʦʚ ʢʦʥʝʯʥʦ-

ʵʣʝʤʝʥʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʦʜʭʦʜʷʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʠ 

ʥʘʫʯʥʳʭ ʦʨʛʘʥʠʟʘʮʠʡ, ʜʣʷ ʛʣʫʙʦʢʦʛʦ ʘʥʘʣʠʟʘ ʠʩʩʣʝʜʫʝʤʳʭ ʧʨʦʮʝʩʩʦʚ. 

ʉʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʡ ʢʣʘʩʩ ʟʘʜʘʯ, ʧʨʦ-

ʩʪʳ ʚ ʦʙʫʯʝʥʠʠ ʠ ʥʝ ʪʨʝʙʫʶʪ ʛʣʫʙʦʢʦʛʦ ʟʥʘʥʠʷ ʧʨʦʮʝʩʩʘ ʠ ʦʪʜʝʣʴʥʳʭ 
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ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʟʥʘʥʠʡ, ʦʪʣʠʯʥʳʭ ʦʪ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʨʦʮʝʩʩʘ. ʆʜʥʘʢʦ 

ʪʘʢʠʝ ʧʨʦʛʨʘʤʤʳ ʥʝ ʦʙʣʘʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦʡ ʛʠʙʢʦʩʪʴʶ ʠ ʧʦʟʚʦʣʷʶʪ 

ʨʝʰʘʪʴ ʣʠʰʴ ʦʧʨʝʜʝʣʝʥʥʳʡ ʫʟʢʠʡ ʢʣʘʩʩ ʟʘʜʘʯ. ʉʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ 

ʧʨʦʛʨʘʤʤʳ ʧʦʜʭʦʜʷʪ ʜʣʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʪʜʝʣʦʚ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ 

ʦʨʛʘʥʠʟʘʮʠʡ ʟʘʥʠʤʘʶʱʠʭʩʷ ʢʦʥʢʨʝʪʥʳʤ ʢʣʘʩʩʦʤ ʟʘʜʘʯ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʆʄɼ ʠ ʨʘʟʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʤʝʪʦ-

ʜʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʦʛʨʘʤʤʘ ANSYS/LS-DYNA, 

ʧʦʟʚʦʣʷʶʱʘʷ ʠʩʩʣʝʜʦʚʘʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʦʡ ʠʟ ʧʨʦʮʝʩʩʦʚ ʦʙʨʘʙʦʪ-

ʢʠ ʜʘʚʣʝʥʠʝʤ. 

 

1.4. ʆʧʠʩʘʥʠʝ ʧʨʦʛʨʘʤʤʳ ANSYS/LS-DYNA 

   

ʇʘʢʝʪ ANSYS/LS-DYNA ʦʙʲʝʜʠʥʷʝʪ ʚ ʩʝʙʝ ʨʘʩʯʝʪʥʳʡ ʤʦʜʫʣʴ 

LS-DYNA ʩʦ ʩʨʝʜʩʪʚʘʤʠ ʧʦʜʛʦʪʦʚʢʠ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʠ ʦʙʨʘʙʦʪʢʠ 

ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʧʘʢʝʪʝ ANSYS. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʝ ʚʳʭʦʜʷ ʠʟ ʩʝʩʩʠʠ 

ANSYS, ʤʦʞʥʦ ʩʦʟʜʘʚʘʪʴ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʫʶ ʤʦʜʝʣʴ ʚ ʧʨʝʧʨʦʮʝʩʩʦ-

ʨʝ ANSYS, ʧʦʣʫʯʘʪʴ ʨʝʰʝʥʠʝ ʧʦ ʷʚʥʦʡ ʩʭʝʤʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ʠʩ-

ʧʦʣʴʟʫʷ LS-DYNA, ʠ ʧʨʦʩʤʘʪʨʠʚʘʪʴ ʨʝʟʫʣʴʪʘʪʳ ʩ ʧʦʤʦʱʴʶ ʩʪʘʥʜʘʨʪ-

ʥʳʭ ʧʦʩʪʧʨʦʮʝʩʩʦʨʦʚ ANSYS [4]. 

ʉʪʘʥʜʘʨʪʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ANSYS ʠ ʧʘʢʝʪ ANSYS/LS-DYNA 

ʜʦʧʦʣʥʷʶʪ ʜʨʫʛ ʜʨʫʛʘ. ɺ ANSYS ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ ʥʝʷʚʥʳʝ (implicit) 

ʤʝʪʦʜʳ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʩʭʝʤʫ ʅʴʶʤʘʨʢʘ. 

ʈʘʩʯʝʪ ʩʚʦʜʠʪʩʷ ʢ ʩʝʨʠʠ ʨʝʰʝʥʠʡ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʩ ʥʘʛʨʫʟʢʘ-

ʤʠ, ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʚʨʝʤʝʥʠ. ɺʨʝʤʝʥʥʦʡ ʰʘʛ ʤʦʞʝʪ ʙʳʪʴ ʥʝ ʦʯʝʥʴ ʤʘ-

ʣʳʤ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʢʘʞʜʦʤ ʰʘʛʝ ʚʳʧʦʣʥʷʝʪʩʷ ʨʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʫʨʘʚ-

ʥʝʥʠʡ ʠ ʧʨʦʚʦʜʷʪʩʷ ʫʨʘʚʥʦʚʝʰʠʚʘʶʱʠʝ ʠʪʝʨʘʮʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʤʘʪ-

ʨʠʯʥʳʤʠ ʦʧʝʨʘʮʠʷʤʠ. ʇʨʠ ʣʠʥʝʡʥʦʡ ʤʘʪʨʠʮʝ ʞʝʩʪʢʦʩʪʠ ʠʥʪʝʛʨʠʨʦʚʘ-

ʥʠʝ ʷʚʣʷʝʪʩʷ, ʙʝʟʫʩʣʦʚʥʦ, ʫʩʪʦʡʯʠʚʳʤ. ɼʣʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʧʨʦʮʝʩ-

ʩʦʚ (ʧʨʦʪʝʢʘʶʱʠʭ ʦʙʳʯʥʦ ʥʝʩʢʦʣʴʢʦ ʤʠʣʣʠʩʝʢʫʥʜ) ʠ ʧʨʠ ʦʯʝʥʴ ʙʦʣʴ-

ʰʠʭ ʜʝʬʦʨʤʘʮʠʷʭ ʧʨʠʭʦʜʠʪʩʷ ʜʝʣʘʪʴ ʰʘʛʠ ʚʝʩʴʤʘ ʤʘʣʳʤʠ, ʯʪʦʙʳ ʦʪ-

ʩʣʝʜʠʪʴ ʠʟʤʝʥʝʥʠʝ ʥʘʛʨʫʟʢʠ ʠ ʧʦʚʝʜʝʥʠʝ ʢʦʥʩʪʨʫʢʮʠʠ. ʀʥʝʨʮʠʦʥʥʳʝ 

ʥʘʛʨʫʟʢʠ ʚʝʣʠʢʠ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʩʢʦʨʝʥʠʷʤʠ ʢʦʥʩʪʨʫʢʮʠʠ. ɼʣʷ ʙʦʣʝʝ 

ʪʦʯʥʦʛʦ ʠʭ ʨʘʩʯʝʪʘ ʵʬʬʝʢʪʠʚʥʦ ʙʫʜʝʪ ʚʚʦʜʠʪʴ ʫʩʢʦʨʝʥʠʷ (ʠ ʩʢʦʨʦʩʪʠ) 
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ʚ ʯʠʩʣʦ ʫʟʣʦʚʳʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʠ ʚʳʯʠʩʣʷʪʴ ʠʟ ʥʘʧʨʷʤʫʶ, ʘ ʥʝ 

ʜʚʘʞʜʳ, ʜʝʬʝʨʝʥʮʠʨʫʷ ʧʝʨʝʤʝʱʝʥʠʷ. ɺ ʩʣʫʯʘʝ ʚʳʥʫʞʜʝʥʥʳʭ ʧʦʩʪʦʷʥ-

ʥʳʭ ʧʝʨʝʩʯʝʪʦʚ ʤʘʪʨʠʮ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʣʥʦʡ ʤʘʪʨʠʮʳ ʠ ʝʝ ʤʥʦʛʦ-

ʢʨʘʪʥʦʝ ʨʝh ʝʥʠʝ ʧʨʠ ʧʝʨʝʤʝʥʥʳʭ ʥʘʛʨʫʞʝʥʠʷʭ ʥʝʵʬʬʝʢʪʠʚʥʳ. ʂʨʠʪʝ-

ʨʠʡ ʩʭʦʜʠʤʦʩʪʠ ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʧʦ ʫʤʦʣʯʘʥʠʶ, ʥʘʩʪʨʦʝʥʳ ʥʘ ʜʦʩʪʘ-

ʪʦʯʥʦ ʜʣʠʪʝʣʴʥʳʝ ʟʘʜʘʯʠ, ʧʦʵʪʦʤʫ ʠʭ ʧʦʜʙʦʨ ʥʘ ʧʨʘʢʪʠʢʝ ʚʝʩʴʤʘ ʪʨʫ-

ʜʦʝʤʦʢ (ʘ ʧʦʨʦʡ ʥʝʚʦʟʤʦʞʝʥ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʤʘʣʦʤ ʰʘʛʝ ʨʝʰʝ-

ʥʠʷ ʟʘʜʘʯ (ʥʘʧʨʠʤʝʨ, ʫʜʘʨʘ) ʤʦʞʝʪ ʧʦʪʨʝʙʦʚʘʪʴ ʙʦʣʴʰʝ (ʚ ʜʝʩʷʪʢʠ-

ʩʦʪʥʠ ʨʘʟ) ʚʨʝʤʝʥʠ ʕɺʄ, ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʷʚʥʳʭ ʤʝʪʦʜʦʚ, ʣʠʙʦ 

ʥʝ ʩʦʡʪʠʩʴ [4].  

ɺ ʦʪʣʠʯʠʝ ʦʪ ANSYS ʨʘʩʯʝʪʥʳʡ ʤʦʜʫʣʴ LS-DYNA ʠʩʧʦʣʴʟʫʝʪ 

ʷʚʥʫʶ ʧʦʩʪʘʥʦʚʢʫ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʠ ʧʦʟʚʦʣʷʝʪ ʫʩʧʝʰʥʦ ʨʝʰʘʪʴ ʢʨʘʪ-

ʢʦʚʨʝʤʝʥʥʳʝ ʠ ʙʳʩʪʨʦʪʝʢʫʯʠʝ ʟʘʜʘʯʠ, ʪʘʢʠʝ ʢʘʢ ʫʜʘʨʳ, ʩʪʦʣʢʥʦʚʝʥʠʷ 

ʠ ʟʘʜʘʯʠ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ. 

ʆʩʦʙʝʥʥʦʩʪʠ ANSYS/LS-DYNA[4]:  

¶ ɺ ʧʨʦʛʨʘʤʤʝ ANSYS/LS-DYNA ʥʝ ʦʯʝʥʴ ʤʥʦʛʦ ʪʠʧʦʚ ʵʣʝʤʝʥʪʦʚ, 

ʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ ʠʤʝʝʪʩʷ ʚʳʙʦʨ ʤʥʦʞʝʩʪʚʘ ʬʦʨʤʫʣʠʨʦʚʦʢ, 

ʠ ʧʦʯʪʠ ʚʩʝ ʦʥʠ ʧʦʜʜʝʨʞʠʚʘʶʪ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʨʘʟʨʝʰʝʥʥʳʝ 

ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʦʚ; 

¶ ʍʦʪʷ ʧʨʝʧʨʦʮʝʩʩʦʨ ANSYS ʧʦʜʜʝʨʞʠʚʘʝʪ ʜʘʣʝʢʦ ʥʝ ʚʩʝ ʠʟ ʙʦʣʝʝ 

ʯʝʤ 230 ʤʦʜʝʣʝʡ ʤʘʪʝʨʠʘʣʦʚ LS-DYNA, ʠʭ ʤʦʞʥʦ ʚʚʝʩʪʠ çʚʨʫʯ-

ʥʫʶè, ʦʪʨʝʜʘʢʪʠʨʦʚʘʚ ʬʘʡʣ *.k. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʩʪʘʚʣ̫ -

ʝʤʳʡ ʤʦʜʫʣʴ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʚʩʝ ʟʘʜʘʯʠ, ʥʝ ʧʦʜʜʝʨʞʠʚʘʝʤʳʡ 

ANSYS/LS-DYNA. ʇʦʣʴʟʦʚʘʪʝʣʷʤ ʧʨʝʜʩʪʘʚʣʝ̫ʪʩʷ ʧʦʣʥʘʷ ʚʝʨʩʠʷ 

LS-DYNA (ʩ ʤʦʜʝʣʷʤʠ ʧʦʜʫʰʝʢ ʠ ʨʝʤʥʝʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʚʟʨʳʚ-

ʯʘʪʢʠ ʠ ʪ.ʧ., ʩʣʦʞʥʳʤʠ ʤʦʜʝʣʤ̫ʠ ʤʘʪʝʨʠʘʣʦʚ). 

¶ ɺ ʦʪʣʠʯʠʝ ʦʪ ANSYS Implicit ʦʯʝʥʴ ʤʥʦʛʠʝ ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʦʚ 

ʧʦʜʜʝʨʞʠʚʘʶʪ ʨʘʟʨʫʰʝʥʠʝ. 

¶ ʅʘʨʷʜʫ ʩ ʧʨʠʚʳʯʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʤʥʦʛʠʝ ʢʦʤʘʥʜʳ ʧʦʜʨʘʟʫ-

ʤʝʚʘʶʪ ʚʚʦʜ ʯʘʩʪʝʡ (Part) ð ʛʨʫʧʧ ʵʣʝʤʝʥʪʦʚ, ʠʤʝʶʱʠʭ ʦʜʠʥʘ-

ʢʦʚʳʝ ʘʪʨʠʙʫʪʳ: ʪʠʧ ʵʣʝʤʝʥʪʦʚ, ʥʦʤʝʨ ʤʘʪʝʨʠʘʣʘ ʠ ʥʦʤʝʨ ʥʘʙʦʨʘ 

ʜʝʡʩʪʚʫʶʱʠʭ ʧʦʩʪʦʷʥʥʳʭ. ɻʨʫʧʧʳ Part ʩʦʟʜʘʶʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ 

ʧʦʩʣʝ ʚʚʦʜʘ ʵʣʝʤʝʥʪʦʚ. 
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¶ ʈʝʰʝʥʠʝ ʢʦʥʪʘʢʪʥʳʭ ʟʘʜʘʯ ʚ ANSYS/LS-DYNA ʦʨʛʘʥʠʟʦʚʘʥʦ 

ʫʜʦʙʥʝʝ, ʯʝʤ ʚ ʦʙʳʯʥʦʤ ANSYS. ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʢʦʥ-

ʪʘʢʪʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʚʤʝʩʪʦ ʩʧʝʮʠʘʣʴʥʳʭ ʢʦʥʪʘʢʪʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʥʘʟʥʘʯʘʶʪʩʷ ʢʦʥʪʘʢʪʥʳʝ ʧʘʨʳ (ʚʦʟʤʦʞʝʥ ʠ ʘʚʪʦʤʘʪʠʯʝʩʢʠʡ ʧʦ-

ʠʩʢ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʧʘʨ). ɿʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ, ʧʨʠʥʷʪʳʝ ʧʦ 

ʫʤʦʣʯʘʥʠʶ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʙʝʩʧʝʯʠʚʘʶʪ ʭʦʨʦʰʫʶ ʩʭʦʜʠʤʦʩʪʴ. 

¶ ʇʨʠʤʝʥʝʥʠʝ ʢʦʥʮʝʧʮʠʠ ʞʝʩʪʢʠʭ ʪʝʣ (Rigid Body) ʜʣʷ ʪʝʣ, ʥʘʧʨʷ-

ʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʢʦʪʦʨʳʭ ʚ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʥʝʘʢʪʫʘʣʴ-

ʥʦ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʧʘʜʝʥʠʠ ʚʧʣʦʪʴ ʜʦ ʤʦʤʝʥʪʘ ʢʦʥʪʘʢʪʘ, ʣʠʙʦ ʠʥ-

ʩʪʨʫʤʝʥʪʘ ʚ ʧʨʦʮʝʩʩʘʭ ʆʄɼ), ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʵʢʦʥʦʤʠʪʴ 

ʤʘʰʠʥʥʳʝ ʨʝʩʫʨʩʳ. ʇʨʠ ʵʪʦʤ ʪʝʣʘ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʯʝʪʘ ʤʦʛʫʪ ʧʝ-

ʨʝʚʦʜʠʪʴʩʷ ʠʟ ʞʝʩʪʢʠʭ ʚ ʜʝʬʦʨʤʠʨʫʝʤʳʝ ʠ ʦʙʨʘʪʥʦ. 

¶ ʅʘʛʨʫʟʢʠ ʚʩʝʛʜʘ ʚʚʦʜʷʪʩʷ ʤʘʩʩʠʚʘʤʠ ʧʦ ʚʨʝʤʝʥʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʦʜʥʦʤʫ ʰʘʛʫ ʥʘʛʨʫʞʝʥʠʷ. 

¶ ʈʘʩʯʝʪʳ ANSYS/LS-DYNA ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʠ ʚ ʩʪʘʥʜʘʨʪʥʦʡ ʣʘ-

ʛʨʘʥʞʝʚʦʡ ʧʦʩʪʘʥʦʚʢʝ, ʠ ʚ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʣʘʛʨʘʥʞ-ʵʡʣʝʨʦʚʦʡ 

(Arbitrary Lagrange-Euler) ʧʦʩʪʘʥʦʚʢʝ. ɺ LS-DYNA ʧʦʜʜʝʨʞʠʚʘ-

ʝʪʩʷ ʠ ʧʦʣʥʘʷ ʵʡʣʝʨʦʚʘ ʧʦʩʪʘʥʦʚʢʘ, ʜʣʷ ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ ʜʦʧʦʣ-

ʥʠʪʴ ʬʘʡʣ, ʧʦʜʛʦʪʦʚʣʝʥʥʳʡ ʧʨʝʧʨʦʮʝʩʩʦʨʦʤ ANSYS. ʃʘʛʨʘʥʞʝ-

ʚʘ̫ ʧʦʩʪʘʥʦʚʢʘ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʜʝʬʦʨʤʠʨʫʝʤʫʶ ʩʝʪʢʫ, ʘ ʧʨʠ ʵʡ-

ʣʝʨʦʚʦʡ ð ʩʝʪʢʘ ʥʝʧʦʜʚʠʞʥʘ ʠ ʜʦʣʞʥʘ ʩʦʟʜʘʚʘʪʴʩʷ ʚʩʶʜʫ, ʛʜʝ 

ʚʦʟʤʦʞʥʦ ʥʘʭʦʞʜʝʥʠʝ ʢʦʥʩʪʨʫʢʮʠʠ. ʕʣʝʤʝʥʪʳ ʚ ʵʡʣʝʨʦʚʦʡ ʩʝʪʢʝ 

ʤʦʛʫʪ ʙʳʪʴ ʟʘʧʦʣʥʝʥʳ ʠ ʚʦʟʜʫʭʦʤ ʠ ʤʘʪʝʨʠʘʣʦʤ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ 

ʯʘʩʪʠʯʥʦ. ALE-ʬʦʨʤʫʣʠʨʦʚʢʘ ï ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʚʘʨʠʘʥʪ ʤʝʞʜʫ 

ʣʘʛʨʘʥʞʝʚʦʡ ʠ ʝʡʣʝʨʦʚʦʡ ʧʦʩʪʘʥʦʚʢʦʡ. ɺ ALE ʬʦʨʤʫʣʠʨʦʚʢʝ 

ʩʝʪʢʘ ʜʚʠʛʘʝʪʩʷ ʚʤʝʩʪʝ ʩ ʤʘʪʝʨʠʘʣʦʤ (ʧʨʦʠʩʭʦʜʠʪ ʘʜʚʝʢʮʠʷ ʩʝʪ-

ʢʠ). 

¶ ʀʩʧʦʣʥʷʝʤʳʤ ʬʘʡʣʦʤ ʜʣʷ LS-DYNA ʷʚʣʷʝʪʩʷ Jobname.k-

ʚʭʦʜʥʦʡ ʬʘʡʣ, ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩʦʟʜʘʚʘʝʤʳʡ ANSYS ʧʨʠ ʠʩʧʦʣʥʝ-

ʥʠʠ ʢʦʤʘʥʜʳ SOLVE. ʌʘʡʣ ʩʦʜʝʨʞʠʪ ʧʦʣʥʫʶ ʛʝʦʤʝʪʨʠʶ, 

ʥʘʛʨʫʟʢʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʩʫʪʩʪʚʫʶɦ ʠʝ ʚ ʙʘʟʝ 

ʜʘʥʥʳʭ ANSYS. ʌʘʡʣ ʥʘ 100% ʩʦʚʤʝʩʪʠʤ ʩ LS-DYNA.  
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¶ ʇʦʩʣʝ ʟʘʧʫʩʢʘ ʧʦʷʚʣʷʝʪʩʷ DOS-ʦʢʥʦ ʩ ʫʢʘʟʘʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʟʘ-

ʜʘʯʠ ʠ ʩ ʦʮʝʥʢʦʡ ʚʨʝʤʝʥʠ ʩʯʝʪʘ (ʥʘ ʦʩʥʦʚʝ ʥʘʯʘʣʴʥʦʛʦ ʰʘʛʘ). 

ʐʘʛ ʧʦ ʚʨʝʤʝʥʠ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ, ʠʩʭʦʜʷ ʠʟ ʤʠ-

ʥʠʤʘʣʴʥʦʛʦ ʪʝʢʫʱʝʛʦ ʨʘʟʤʝʨʘ ʵʣʝʤʝʥʪʘ ʠ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʝʛʦ 

ʤʘʪʝʨʠʘʣʝ. ɺ ʧʨʦʮʝʩʩʝ ʨʝʰʝʥʠʷ ʤʦʞʥʦ ʟʘʧʨʦʩʠʪʴ ʫʪʦʯʥʝʥʥʫʶ 

ʦʮʝʥʢʫ ʚʨʝʤʝʥʠ ʩʯʝʪʘ. 

¶ ɼʦʚʦʣʴʥʦ ʫʜʦʙʥʦ ʩʜʝʣʘʥʦ ʧʨʝʨʳʚʘʥʠʝ ʨʝʰʝʥʠʷ ð ʝʛʦ ʤʦʞʥʦ 

ʚʳʧʦʣʥʠʪʴ ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ ʩ ʘʚʪʦʤʘʪʠʯʝʩʢʠʤ ʩʦʟʜʘʥʠʝʤ ʬʘʡʣʘ 

ʨʝʩʪʘʨʪʘ.  

¶ ɺ ʧʦʩʪʧʨʦʮʝʩʩʦʨ ANSYS ʤʦʞʥʦ ʧʝʨʝʜʘʪʴ ʢʘʢ ʥʘʧʨʷʞʝʥʠʷ, ʧʝʨʝ-

ʤʝɦ ʝʥʠʷ ʠ ʜʝʬʦʨʤʘʮʠʠ, ʪʘʢ ʠ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ LS-

DYNA: ʩʫʤʤʘʨʥʳʝ ʢʦʥʪʘʢʪʥʳʝ ʩʠʣʳ, ʢʠʥʝʪʠʯʝʩʢʫʶ ʠ ʠʥʳʝ 

ʵʥʝʨʛʠʠ ʠ ʪ.ʜ. ʉʦʟʜʘʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʧʦʣʥʦʝ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ð ʬʘʡʣ *.rst, ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʘʥʠ-

ʤʘʮʠʠ, ʥʘʧʨʠʤʝʨ ʧʦ 100 ʰʘʛʘʤ, ʥʦ ʠ ʦʩʦʙʳʡ ʬʘʡʣ *.his, ʚʢʣʯʁʘ-

ʶʱʠʡ ʨʝʟʫʣʴʪʘʪʳ, ʥʘʧʨʠʤʝʨ 10 ʪʳʩ. ʰʘʛʦʚ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʟʘ-

ʜʘʥʥʳʭ ʫʟʣʦʚ (ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʦʩʪʨʦʝʥʠʷ ʛʨʘʬʠʢʦʚ).  

 

ʉʨʝʜʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʛʨʘʤʤʳ ANSYS-LS-DYNA ʧʨʠʤʝʥʠ-

ʪʝʣʴʥʦ ʢ ʆʄɼ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʩʣʝʜʫʶʱʠʝ [7]: 

¶ ʤʦʜʝʣʠ ʘʥʠʟʦʪʨʦʧʥʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ (Hill , Barlat); 

¶ ʘʙʩʦʣʶʪʥʦ ʞʝʩʪʢʠʡ ʠʥʩʪʨʫʤʝʥʪ; 

¶ ʩʝʤʴ ʩʧʝʮʠʘʣʴʥʳʭ ʪʠʧʦʚ ʢʦʥʪʘʢʪʘ, ʚʢʣʶʯʘʷ ʪʝʨʤʠʯʝʩʢʠʡ ʢʦʥ-

ʪʘʢʪ; 

¶ ʘʚʪʦʤʘʪʠʯʝʩʢʘʷ ʦʨʠʝʥʪʘʮʠʷ ʩʝʛʤʝʥʪʦʚ; 

¶ ʩʚʷʟʘʥʥʳʡ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʡ ʘʥʘʣʠʟ; 

¶ ʘʥʘʣʠʟ ʧʨʫʞʠʥʝʥʠʷ; 

¶ ʧʨʦʠʟʚʦʣʴʥʳʝ ʣʘʛʨʘʥʞʝʚʦ-ʵʡʣʝʨʦʚʳʝ ʩʝʪʢʠ; 

¶ ʠʩʢʣʶʯʝʥʠʝ ʨʘʟʨʫʰʠʭʩʷ ʵʣʝʤʝʥʪʦʚ. 
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ɻʃɸɺɸ 2 

 

ʆʉʅʆɺʓ ʈɸɹʆʊʓ ɺ ʇʈʆɻʈɸʄʄɽ ANSYS/LS-DYNA  

ʇʈʀʄɽʅʀʊɽʃʔʅʆ ʂ ʇʈʆʎɽʉʉɸʄ ʆʄɼ 

 

 

2.1. ʆʧʠʩʘʥʠʝ ʛʨʘʬʠʯʝʩʢʦʛʦ ʠʥʪʝʨʬʝʡʩʘ ʧʨʦʛʨʘʤʤʳ ANSYS/LS-

DYNA 

 

ɻʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ (ʨʠʩ. 2.1) ʩʣʫʞʠʪ ʜʣʷ ʫʜʦʙʩʪʚʘ ʨʘʙʦʪʳ 

ʧʦʣʴʟʦʚʘʪʝʣʷ ʚ ʧʨʦʛʨʘʤʤʝ ANSYS/LS-DYNA, ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚ-

ʣʪ̫ʴ ʚʩʝ ʥʝʦʙʭʦʜʠʤʳʝ ʜʝʡʩʪʚʠʷ ʜʣʷ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ. 

 

 
 
ʈʠʩ. 2.1. ɻʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʤʳ ANSYS/LS-DYNA: 1 ï 

ʛʨʘʬʠʯʝʩʢʦʝ ʦʢʥʦ, 2 ï ʛʣʘʚʥʦʝ ʤʝʥʶ (Ansys Main Menu), 3 ï ʩʝʨʚʠʩʥʦʝ 

ʤʝʥʶ (Ansys Utility  Menu), 4 ï ʩʪʘʥʜʘʨʪʥʦʝ ʤʝʥʶ, 5 ï ʣʠʥʝʡʢʘ ʠʥʩʪʨʫ-

ʤʝʥʪʦʚ (Ansys toolbar), 6 ï ʤʝʥʶ ʠʟʤʝʥʝʥʠʷ ʚʠʜʘ ʤʦʜʝʣʠ ʥʘ ʵʢʨʘʥʝ 
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ɻʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ ʧʦʣʴʟʦʚʘʪʝʣʷ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ: 

1 ï ʛʨʘʬʠʯʝʩʢʦʝ ʦʢʥʦ; 

2 ï ʛʣʘʚʥʦʝ ʤʝʥʶ (Ansys Main Menu); 

3 ï ʩʝʨʚʠʩʥʦʝ ʤʝʥʶ (Ansys Utility Menu); 

4 ï ʩʪʘʥʜʘʨʪʥʦʝ ʤʝʥʶ; 

5 ï ʣʠʥʝʡʢʫ ʠʥʩʪʨʫʤʝʥʪʦʚ (ANSYS toolbar); 

6 ï ʤʝʥʶ ʠʟʤʝʥʝʥʠʷ ʚʠʜʦʚ. 

 

ɻʣʘʚʥʦʝ ʤʝʥʶ (Main Menu) ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʜʦʩʪʫʧ ʢʦ 

ʚʩʝʤ ʦʩʥʦʚʥʳʤ ʤʦʜʫʣʷʤ ʠ ʦʧʝʨʘʮʠʷʤ ʧʨʦʛʨʘʤʤʳ, ʥʘʯʠʥʘʷ ʦʪ ʩʦʟʜʘ-

ʥʠʷ ʤʦʜʝʣʠ ʠ ʟʘʢʘʥʯʠʚʘʷ ʚʳʚʦʜʦʤ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʥʘ 

ʢɻʨʘʥ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ANSYS/LS-DYNA ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʜʦʣʞʝʥ 

ʙʳʪʴ ʥʘʩʪʨʦʝʥ ʬʠʣʴʪʨ Preferences (ʨʠʩ. 2.2) ʢʦʪʦʨʳʡ ʨʘʩʧʦʣʦʞʝʥ ʚ 

ʩʘʤʦʤ ʥʘʯʘʣʝ ʛʣʘʚʥʦʛʦ ʤʝʥʶ. 

 

 
 
ʈʠʩ. 2.2. ɺʳʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʬʠʣʴʪʨʘ Preferences ʜʣʷ ʨʝʰʝʥʠʷ ʟʘ-

ʜʘʯ ANSYS/LS-DYNA 

 
ɻʣʘʚʥʦʝ ʤʝʥʶ (Main Menu) ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʦʩʥʦʚʥʳʭ 

ʤʦʜʫʣʝʡ (ʨʠʩ. 2.3): 

ʄʦʜʫʣʴ Preprocessor (ʨʠʩ. 2.3.ʘ) ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʧʦʜʛʦʪʦʚʢʠ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʠ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ, ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ 

ʵʣʝʤʝʥʪʦʚ, ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʘ ʠ  ʜʨʫʛʠʭ ʥʝʦʙʭʦʜʠʤʳʭ ʧʘʨʘʤʝʪʨʦʚ. 
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ʄʦʜʫʣʴ Solution (ʨʠʩ. 2.3.ʙ) ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʧʦʜʛʦʪʦʚʢʠ ʤʦʜʝ-

ʣʠ ʢ ʨʘʩʯʝʪʫ, ʦʧʨʝʜʝʣʝʥʠʷ ʦʛʨʘʥʠʯʝʥʠʡ ʠ ʥʘʛʨʫʟʦʢ, ʧʘʨʘʤʝʪʨʦʚ ʚʨʝ-

ʤʝʥʠ ʨʘʩʯʝʪʘ, ʚʳʭʦʜʥʳʭ ʜʘʥʥʳʭ ʠ ʧʨʦʚʝʜʝʥʠʝ ʩʘʤʦʛʦ ʨʘʩʯʝʪʘ. 

ʄʦʜʫʣʴ General Postproc (ʨʠʩ. 2.3.ʚ) ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʛʨʘʬʠ-

ʯʝʩʢʦʛʦ ʠ ʪʝʢʩʪʦʚʦʛʦ ʚʳʚʦʜʘ ʥʘ ʵʢʨʘʥ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝ-

ʪʘ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʰʘʛʘ. 

ʄʦʜʫʣʴ TimeHist Postproc ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʛʨʘʬʠʯʝʩʢʦʛʦ ʠ 

ʪʝʢʩʪʦʚʦʛʦ ʚʳʚʦʜʘ ʥʘ ʵʢʨʘʥ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʜʣʷ ʚʩʝ-

ʛʦ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ʚʠʜʝ ʛʨʘʬʠʢʦʚ ñʠʩʩʣʝʜʫʝʤr ʡ ʧʘ-

ʨʘʤʝʪʨò - ʚʨʝʤ.̫ 

 

   
ʘ ʙ ʚ 

 

ʈʠʩ. 2.3. ʆʩʥʦʚʥʳʝ ʤʦʜʫʣʠ ʠ ʧʫʥʢʪʳ ʛʣʘʚʥʦʛʦ ʤʝʥʶ (Ansys Main 

Menu): ʘ ï ʤʦʜʫʣʴ ʧʨʝʧʨʦʮʝʩʩʦʨʥʦʡ ʧʦʜʛʦʪʦʚʢʠ, ʙ ï ʤʦʜʫʣʴ ʨʝʰʝ-

ʥʠʷ, ʚ ï ʤʦʜʫʣʴ ʧʦʩʪʧʨʦʮʝʩʩʦʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ 
 

ʄʦʜʫʣʴ Preprocessor ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʦʩʥʦʚʥʳʭ ʧʫʥʢʪʦʚ. 

Element Type - ʚʳʙʦʨ ʪʠʧʦʚ ʵʣʝʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʠʩʧʦʣʴ-

ʟʦʚʘʥʳ ʚ ʤʦʜʝʣʠ. 
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Real Constants - ʦʧʨʝʜʝʣʝʥʠʝ ʧʦʩʪʦʷʥʥʳʭ ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪ-

ʩʷ ʩʦʚʤʝʩʪʥʦ ʩ ʪʠʧʘʤʠ ʵʣʝʤʝʥʪʦʚ. 

Material  Props - ʚʳʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʝʡ ʤʘʪʝʨʠʘʣʦʚ ʠ ʟʘʜʘ-

ʥʠʝ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

Modeling - ʩʦʟʜʘʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. 

Meshing - ʧʨʠʩʚʦʝʥʠʝ ʘʪʨʠʙʫʪʦʚ ʚʩʝʤ ʯʘʩʪʷʤ ʤʦʜʝʣʠ (ʪʠʧ ʵʣʝ-

ʤʝʥʪʘ, ʧʦʩʪʦʷʥʥʳʝ, ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʘ) ʠ ʩʦʟʜʘʥʠʝ ʢʦʥʝʯʥʦ-

ʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ. 

LS-DYNA Options - ʟʘʜʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʨʠʤʝʥʠʪʝʣʴʥʦ 

ʢ ʧʨʦʛʨʘʤʤʝ LS-DYNA. 

ʄʦʜʫʣʴ Solution ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʦʩʥʦʚʥʳʭ ʧʫʥʢʪʦʚ. 

Constraints - ʦʧʨʝʜʝʣʝʥʠʝ ʦʛʨʘʥʠʯʝʥʠʡ ʯʘʩʪʝʡ, ʵʣʝʤʝʥʪʦʚ ʠʣʠ 

ʫʟʣʦʚ ʤʦʜʝʣʠ. 

Initial  - ʟʘʜʘʥʠʝ ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʯʘʩʪʝʡ ʠʣʠ ʫʟʣʦʚ 

ʤʦʜʝʣʠ. 

Loading Option - ʟʘʜʘʥʠʝ ʥʘʛʨʫʟʦʢ ʥʘ ʯʘʩʪʠ, ʵʣʝʤʝʥʪʳ ʠ ʫʟʣʳ 

ʤʦʜʝʣʠ. 

Analysis option - ʟʘʜʘʥʠʝ ʦʧʮʠʠ ʨʘʩʯʝʪʘ, ʧʘʨʘʤʝʪʨʦʚ ʨʝʩʪʘʨʪʘ, 

ʢʦʥʪʨʦʣʷ ʠʩʢʘʞʝʥʠʷ ʠ ʜʨ. 

Time controls - ʟʘʜʘʥʠʝ ʚʨʝʤʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʝʪʘ: ʚʨʝʤʷ 

ʟʘʚʝʨh ʝʥʠʷ, ʤʘʩʩʦʚʦʝ ʩʢʘʣʠʨʦʚʘʥʠʝ ʠ ʜʨ. 

Output  Controls - ʦʧʨʝʜʝʣʝʥʠʝ ʚʳʭʦʜʥʳʭ ʬʘʡʣʦʚ ʧʘʨʘʤʝʪʨʦʚ 

ʵʥʝʨʛʠʠ, ʨʝʟʫʣʴʪʠʨʫʶʱʠʭ ʩʠʣ, ʧʝʨʝʤʝʱʝʥʠʷ ʫʟʣʦʚ ʠ ʵʣʝʤʝʥʪʦʚ, ʯʘ-

ʩʪʦʪ  rʟʘʧʠʩʠ ʵʪʠʭ ʬʘʡʣʦʚ.  

Write  Jobname.k - ʩʦʭʨʘʥʝʥʠʝ k-ʬʘʡʣʘ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʨʘʩʯʝʪʘ 

ʚ ʧʨʦʛʨʘʤʤʝ LS-DYNA. 

Solve - ʟʘʧʫʩʢ ʧʨʦʮʝʩʩʘ ʨʘʩʯʝʪʘ. 

ʄʦʜʫʣʴ General Postproc ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʦʩʥʦʚʥʳʭ ʧʫʥʢ-

ʪʦʚ. 

Read results - ʯʪʝʥʠʝ ʩʦʭʨʘʥʝʥʥʳʭ ʜʘʥʥʳʭ ʨʘʩʯʝʪʘ ʜʣʷ ʦʧʨʝʜʝ-

ʣʝʥʥʦʛʦ ʰʘʛʘ ʠʣʠ ʚ ʦʧʨʝʜʝʣʝʥʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. 

Plot results - ʚʳʚʦʜ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʥʘ ʵʢʨʘʥ ʚ ʚʠʜʝ ʮʚʝʪʥʳʭ 

ʢʦʥʪʫʨʦʚ. 
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 List  results - ʚʳʚʦʜ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʥʘ ʵʢʨʘʥ ʚ ʪʝʢʩʪʦʚʦʤ 

ʚʠʜʝ. 

ʉʝʨʚʠʩʥʦʝ ʤʝʥʶ (ANSYS Utility  Menu) ʧʨʝʜʥʘʟʥʘʯʝʥʦ ʜʣʷ ʨʘ-

ʙʦʪʳ ʩ ʬʘʡʣʘʤʠ ʤʦʜʝʣʠ, ʚʳʙʦʨʘ ʥʝʦʙʭʦʜʠʤʳʭ ʦʙʲʝʢʪʦʚ ʤʦʜʝʣʠ, 

ʫʧʨʘʚʣʝʥʠʝʤ ʦʪʦʙʨʘʞʝʥʠʷ ʤʦʜʝʣʠ ʥʘ ʵʢʨʘʥʝ ʠ ʜʨ. (ʨʠʩ. 2.4). 

 

 
 

ʈʠʩ. 2.4. ʉʝʨʚʠʩʥʦʝ ʤʝʥʶ (ANSYS Utility  Menu) 
 

File - ʩʪʘʥʜʘʨʪʥʦʝ ʤʝʥʶ ʜʣʷ ʨʘʙʦʪʳ ʩ ʬʘʡʣʘʤʠ. 

Select - ʦʩʫʱʝʩʪʚʣʝʥʠʝ ʚʳʙʦʨʘ ʥʝʦʙʭʦʜʠʤʳʭ ʦʙʲʝʢʪʦʚ ʤʦʜʝʣʠ. 

List  - ʚʳʚʦʜ ʩʧʠʩʢʦʚ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʲʝʢʪʘ ʚ ʪʝʢʩʪʦʚʦʤ ʚʠʜʝ. 

Plot - ʦʪʦʙʨʘʞʝʥʠʝ ʤʦʜʝʣʠ ʚ ʚʠʜʝ ʪʦʯʝʢ, ʣʠʥʠʡ, ʧʣʦʩʢʦʩʪʝʡ, 

ʦʙʲʝʤʘ ʠ ʜʨ. ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ ʠʟ ʯʝʛʦ ʩʦʩʪʦʠʪ ʤʦʜʝʣʴ. 

PlotCtrls  - ʦʩʫʱʝʩʪʚʣʝʥʠʝ ʜʝʡʩʪʚʠʷ ʧʦ ʦʪʦʙʨʘʞʝʥʠʶ ʤʦʜʝʣʠ ʥʘ 

ʵʢʨʘʥʝ. 

WorkPlane - ʫʧʨʘʚʣʝʥʠʝ ʨʘʙʦʯʝʡ ʧʣʦʩʢʦʩʪʴʶ ʤʦʜʝʣʠ ʠ ʩʠʩʪʝ-

ʤʘʤʠ ʢʦʦʨʜʠʥʘʪ. 

Parameters - ʦʧʨʝʜʝʣʝʥʠʝ ʙʘʟʳ ʜʘʥʥʳʭ ʚ ʚʠʜʝ ʤʘʩʩʠʚʦʤ, ʧʝʨʝ-

ʤʝʥʥʳʭ ʠ ʜʨ. 

Help ï ʧʦʤʦʱʴ. 

 

2.2. ɽʜʠʥʠʮʳ ʠʟʤʝʨʝʥʠʷ 

 

ɼʣʷ ʨʘʙʦʪʳ ʚ ʧʨʦʛʨʘʤʤʝ ANSYS/LS-DYNA ʥʝʦʙʭʦʜʠʤʦ ʢʦʨ-

ʨʝʢʪʥʦ ʟʘʜʘʚʘʪʴ ʚʩʝ ʠʩʧʦʣʴʟʫʝʤʳʝ ʝʜʠʥʠʮʳ ʠʟʤʝʨʝʥʠʡ. ʈʘʟʤʝʨʥʦʩʪʴ 

ʢʘʞʜʦʡ ʝʜʠʥʠʮʳ ʜʦʣʞʥʘ ʙʳʪʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦʡ ʠ ʩʦʛʣʘʩʦʚʳʚʘʪʴʩʷ ʩ 

ʦʙʱʠʤʠ ʧʨʘʚʠʣʘʤʠ [8, 9]: 

- [ʫʩʠʣʠʝ] = [ʤʘʩʩʘ]*[ʫʩʢʦʨʝʥʠʝ]; 

- [ʫʩʢʦʨʝʥʠʝ] = [ʜʣʠʥʘ]/[ʚʨʝʤʷ
2
]. 

ʇʨʠʤʝʨʳ ʥʝʢʦʪʦʨʳʭ ʠʟ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʝʜʠʥʠʮ ʠʟʤʝʨʝʥʠʡ ʧʨʠ-

ʚʝʜʝʥʳ ʚ ʪʘʙʣ. 2.1. 
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ʊʘʙʣʠʮʘ 2.1 

ʇʨʠʤʝʨʳ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʝʜʠʥʠʮ ʠʟʤʝʨʝʥʠʡ 

 

 ̄ ʤʘʩʩʘ ʜʣʠʥʘ ʚʨʝʤ  ̫ ʫʩʠʣʠʝ ʥʘʧʨʷʞ. ʧʣʦʪʥ. 
ʄʦʜ. 

ʖʥʛʘ 

ʋʩʢ. 

ʩʚ. ʧʘʜ. 

1 ʢʛ ʤ ʩ H ʇʘ 7,83ʝ+3 2,1ʝ11 9,8 

2 ʛ ʩʤ ʤʢʩ 1ʝ+7 ʄʙʘʨ 7,83 2,1 9,8ʝ-10 

3 ʪʦʥʥʘ ʤʤ ʩ ʅ ʄʇʘ 7,83ʝ-9 2,1ʝ5 9,8ʝ3 

 
ʉʠʩʪʝʤʘ ʝʜʠʥʠʮ ʠʟʤʝʨʝʥʠʡ ˉ1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʠʩʪʝʤʝ ʉʀ. ɺ ʨʷ-

ʜʝ ʩʣʫʯʘʝʚ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʝ ʥʝ ʩʦʚʩʝʤ ʫʜʦʙʥʦ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʥʝʙʦʣʴ-

ʰʠʭ ʨʘʟʤʝʨʘʭ ʤʦʜʝʣʠ ʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʭ ʧʨʦ-

ʮʝʩʩʦʚ. 

ʉʠʩʪʝʤʘ ʝʜʠʥʠʮ ʠʟʤʝʨʝʥʠʡ ˉ2 ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʧʨʦʮʝʩ-

ʩʘʭ ʜʣʷʱʠʭʩʷ ʦʯʝʥʴ ʤʘʣʦʝ ʚʨʝʤʷ (ʤʢʩ ʠ ʤʩ), ʥʘʧʨʠʤʝʨ, ʚ ʧʨʦʮʝʩʩʘʭ 

ʚʟʨʳʚʘ (ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʣʥʦʡ LS-DYNA). 

ʉʠʩʪʝʤʘ ʝʜʠʥʠʮ ʠʟʤʝʨʝʥʠʡ ˉ3 ʥʘʠʙʦʣʝʝ ʫʜʦʙʥʘ ʚ ʧʨʦʮʝʩʩʘʭ 

ʆʄɼ, ʧʦʵʪʦʤʫ ʚʩʝ ʚʚʦʜʠʤʳʝ ʜʘʣʝʝ ʧʘʨʘʤʝʪʨʳ ʙʫʜʫʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ 

ʵʪʦʡ ʩʠʩʪʝʤʝ ʠʟʤʝʨʝʥʠʡ. 

 

2.3. ʆʧʝʨʘʮʠʠ ʫʧʨʘʚʣʝʥʠʷ ʤʦʜʝʣʴʶ ʥʘ ʵʢʨʘʥʝ 

 

ɺʨʘʱʝʥʠʝ ï ʧʨʘʚʘʷ ʢʥʦʧʢʘ ʤʳʰʠ + ʢʥʦʧʢʘ Ctrl. 

ʇʝʨʝʤʝʱʝʥʠʝ ï ʣʝʚʘʷ ʢʥʦʧʢʘ ʤʳʰʠ + ʢʥʦʧʢʘ Ctrl. 

ʄʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ï ʢʦʣʝʩʠʢʦ ʤʳʰʠ. 

ʄʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʠ ʚʨʘʱʝʥʠʝ ï ʩʨʝʜʥʷʷ ʢʥʦʧʢʘ ʤʳʰʠ + ʢʥʦʧʢʘ 

Ctrl. 

 

ɺʳʙʦʨ ʦʙʲʝʢʪʦʚ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʣʝʚʦʡ 

ʢʥʦʧʢʦʡ ʤʳʰʠ.  

ʆʪʤʝʥʘ ʚʳʙʨʘʥʥʳʭ ʦʙʲʝʢʪʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʝʨʝʢʣʶʯʝʥʠʝʤ 

ʚʠʜʘ ʢʫʨʩʦʨʘ ʧʨʠ ʧʦʤʦʱʠ ʧʨʘʚʦʡ ʢʥʦʧʢʠ ʤʳʰʠ. 
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2.4. ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

 

ɺʳʧʦʣʥʝʥʠʝ ʧʨʦʮʝʩʩʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʩʪʦʠʪ ʠʟ 3-ʭ ʦʩʥʦʚʥʳʭ 

ʵʪʘʧʦʚ: 

- ʧʨʝʧʨʦʮʝʩʩʦʨʥʘʷ ʧʦʜʛʦʪʦʚʢʘ; 

- ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ; 

- ʧʦʩʪʧʨʦʮʝʩʩʦʨʥʘʷ ʦʙʨʘʙʦʪʢʘ. 

ʇʨʝʧʨʦʮʝʩʩʦʨʥʘʷ ʧʦʜʛʦʪʦʚʢʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʩʦʟʜʘʥʠʝ ʛʝʦ-

ʤʝʪʨʠʯʝʩʢʦʡ ʠ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ ʧʨʦʮʝʩʩʘ, ʦʧʨʝʜʝʣʝʥʠʝ 

ʪʠʧʦʚ ʵʣʝʤʝʥʪʘ, ʤʦʜʝʣʝʡ ʤʘʪʝʨʠʘʣʘ, ʢʦʥʪʘʢʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩ-

ʩʘ, ʚʚʝʜʝʥʠʝ ʦʛʨʘʥʠʯʝʥʠʡ ʠ ʥʘʛʨʫʟʦʢ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʤʦʜʝʣʴ, ʦʧʨʝ-

ʜʝʣʝʥʠʝ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ ʠ ʚʩʝʭ ʜʨʫʛʠʭ ʥʝʦʙʭʦʜʠʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ 

ʚʳʧʦʣʥʝʥʠʷ ʨʘʩʯʝʪʘ. 

ʈʝʰʝʥʠʝ ʟʘʜʘʯʠ ʧʦʟʚʦʣʷʝʪ ʟʘʧʫʩʪʠʪʴ ʠ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ 

ʨʝh ʝʥʠʷ. 

ʇʦʩʪʧʨʦʮʝʩʩʦʨʥʘʷ ʦʙʨʘʙʦʪʢʘ ʧʦʟʚʦʣʷʝʪ ʚ ʛʨʘʬʠʯʝʩʢʦʤ ʚʠʜʝ 

ʧʦʣʫʯʠʪʴ ʨʝʟʫʣʴʪʘʪʳ ʚʳʧʦʣʥʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ʧʫʪʝʤ ʧʦʩʪʨʦʝʥʠʷ ʛʨʘʬʠ-

ʢʦʚ ʠ ʵʧʶʨ ʠʩʩʣʝʜʫʝʤʳʭ ʧʨʦʮʝʩʩʦʚ, ʩʦʟʜʘʥʠʷ ʘʥʠʤʘʮʠʠ ʧʨʦʮʝʩʩʘ ʠ 

ʧʨʦʯʝʝ. 

ɺ ʧʨʦʛʨʘʤʤʝ ANSYS/LS-DYNA ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʧʨʦʮʝʩʩʦʨʘ ʠ 

ʧʦʩʪʧʨʦʮʝʩʩʦʨʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʠʧʦʚʳʝ ʤʦʜʫʣʠ Ansys, ʘ ʧʨʠ ʨʝʰʝʥʠʠ 

ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʝʰʘʪʝʣʴ ʧʨʦʛʨʘʤʤʳ LS-DYNA. 

 

2.5. ʊʠʧʳ ʵʣʝʤʝʥʪʦʚ Shell ʠ Solid 

 

ʇʨʦʛʨʘʤʤʘ ANSYS /LS-DYNA ʠʤʝʝʪ ʥʝʩʢʦʣʴʢʦ ʪʠʧʦʚ ʵʣʝʤʝʥʪʘ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʦʚ ʵʣʝʤʝʥʪʘ ʚ ʛʨʘʬʠʯʝʩʢʦʤ ʠʥʪʝʨʬʝʡʩʝ ANSYS 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʢʦʤʘʥʜʘ: 

 

Ansys main menu Ƃ Preprocessor Ÿ Element Type Ÿ 

Add/Edit/Delete  

 

ʅʝʦʙʭʦʜʠʤʳʝ ʪʠʧʳ ʵʣʝʤʝʥʪʘ ʚʳʙʠʨʘʶʪʩʷ ʠʟ ʙʠʙʣʠʦʪʝʢʠ ʪʠʧʦʚ 

ʵʣʝʤʝʥʪʘ (ʨʠʩ. 2.5). 
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ʇʨʠ ʨʝʰʝʥʠʠ ʪʨʝʭʤʝʨʥʳʭ ʟʘʜʘʯ ʆʄɼ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʠʧʳ ʵʣʝʤʝʥʪʘ Solid 164 ʠ Shell 163 [5]. 

ʊʠʧ ʵʣʝʤʝʥʪʘ Solid 164 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 8-ʠ ʫʟʣʦʚʦʡ ʦʙʲʝʤ-

ʥʳʡ ʵʣʝʤʝʥʪ, ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ 2 ʧʦʜʭʦʜʘ ʢ ʠʥʪʝʛʨʠʨʦʚʘʥʠʶ 

ʢʦʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ: ʧʦʥʠʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ʢʦʛʜʘ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʦʜʥʘ ʪʦʯʢʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʠ ʧʦʣʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ (ʨʠʩ. 2.6).  

 

 
 
ʈʠʩ. 2.5. ɹʠʙʣʠʦʪʝʢʘ ʪʠʧʦʚ ʵʣʝʤʝʥʪʘ (ʚʳʚʦʜʠʪʩʷ ʧʦ ʢʥʦʧʢʝ Add) 

 
ʇʦʥʠʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʚʨʝʤʷ ʨʘʩʯʝ-

ʪʘ, ʪʘʢʦʡ ʵʣʝʤʝʥʪ ʫʩʪʦʡʯʠʚ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʙʦʣʴʰʠʭ ʜʝʬʦʨʤʘʮʠʡ, ʥʦ ʚ 

ʪʦʞʝ ʚʨʝʤʷ ʪʨʝʙʫʝʪ ʚʢʣʶʯʝʥʠʷ ʢʦʥʪʨʦʣʷ ʠʩʢʘʞʝʥʠʷ ʪʠʧʘ ʧʝʩʦʯʥʳʭ 

ʯʘʩʦʚ Hourglass. 

ʇʦʣʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʥʝ ʪʨʝʙʫʝʪ ʢʦʥʪʨʦʣʷ ʠʩʢʘʞʝʥʠʷ, ʥʦ ʫʚʝ-

ʣʠʯʠʚʘʝʪ ʚʨʝʤʷ ʨʘʩʯʝʪʘ. 

 

 
 

ʈʠʩ. 2.6. ʆʧʮʠʠ ʪʠʧʘ ʵʣʝʤʝʥʪʘ SOLID 164 
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ʊʠʧ ʵʣʝʤʝʥʪʘ Shell 163 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 3-ʭ ʠʣʠ 4-ʭ ʫʟʣʦʚʦʡ 

ʪʨʝʭʤʝʨʥʳʡ ʦʙʦʣʦʯʝʥʥʳʡ ʵʣʝʤʝʥʪ ʩ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʤʝʤʙʨʘʥʥʳʭ ʩʚʦʡʩʪʚ. 

 ʕʣʝʤʝʥʪ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʙʨʘʪʴ ʦʜʠʥ ʠʟ 12 ʵʣʝʤʝʥʪʥʳʭ 

ʬʦʨʤʫʣʠʨʦʚʦʢ (ʨʠʩ. 2.7). 

 

 
 

ʈʠʩ. 2.7. ʆʧʮʠʠ ʪʠʧʘ ʵʣʝʤʝʥʪʘ SHELL 163 

 
ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ Hughes-Liu  (1) ʠʩʧʦʣʴʟʫʝʪ ʧʦʥʠ-

ʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʩ ʥʝʢʦʪʦʨʳʤ ʢʦʥʪʨʦʣʝʤ ʠʩʢʘʞʝʥʠʷ hourglass. 

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ Belytschko-Tsay (0, 2) ʩʘʤʘʷ ʙʳʩʪʨʘʷ 

ʠʟ ʚʩʝʭ ʬʦʨʤʫʣʠʨʦʚʦʢ (ʧʨʠʤʝʥʷʝʪʩʷ ʧʦ ʫʤʦʣʯʘʥʠʶ). ʀʩʧʦʣʴʟʫʝʪ ʧʦ-

ʥʠʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʵʣʝʤʝʥʪʘ ʩ ʢʦʥʪʨʦʣʝʤ ʠʩʢʘʞʝʥʠʷ hourglass. 

ʅʝ ʜʦʣʞʥʘ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ, ʢʦʛʜʘ ʵʣʝʤʝʥʪʳ ʠʩʧʳʪʳʚʘʶʪ ʙʦʣʴʰʠʝ ʜʝ-

ʬʦʨʤʘʮʠʠ. 

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ BCIZ  Triangular  Shell (3) ʦʩʥʦʚʘʥʘ 

ʥʘ ʪʝʦʨʠʠ ʧʣʘʩʪʠʥ Kirchhoff, ʚʢʣʶʯʘʝʪ ʧʦʥʠʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ 

ʵʣʝʤʝʥʪʘ. 

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ C
0
 Triangular  Shell (4) ʦʩʥʦʚʘʥʘ ʥʘ 

ʪʝʦʨʠʠ ʧʣʘʩʪʠʥ Mindlin-Reissner, ʧʨʠʤʝʥʷʝʪ ʧʦʥʠʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦ-

ʚʘʥʠʝ. ʌʦʨʤʫʣʠʨʦʚʢʘ ʜʦʚʦʣʴʥʦ ʞʝʩʪʢʘʷ. 

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ Belytschko-Tsay membrane (5) ʘʥʘ-

ʣʦʛ Belytschko-Tsay, ʥʦ ʙʝʟ ʞʝʩʪʢʦʩʪʠ ʧʨʠ ʠʟʛʠʙʝ. ʀʩʧʦʣʴʟʫʝʪ ʧʦʥʠ-

ʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ. ʕʬʬʝʢʪʠʚʥʘ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʤʝʤʙʨʘʥʥʳʭ 

ʧʨʠʣʦʞʝʥʠʡ. ʇʨʠʤʝʥʷʝʪʩʷ ʛʜʝ ʦʙʨʘʟʦʚʘʥʠʝ ʩʢʣʘʜʦʢ ʥʝʞʝʣʘʪʝʣʴʥʦ. 



 

 30 

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ S/R Hughes-Liu  (6) ʘʥʘʣʦʛ Hughes-

Liu, ʥʦ ʧʨʠʤʝʥʷʝʪ ʚʳʙʦʨʦʯʥʦʝ ʧʦʥʠʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ, ʚʨʝʤʷ 

ʨʘʩʯʝʪʘ ʫʚʝʣʠʯʝʥʦ ʚ 3-4 ʨʘʟʘ, ʬʦʨʤʫʣʠʨʦʚʢʘ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʛʘʪʴ ʥʝʢʦ-

ʪʦʨʦʛʦ ʠʩʢʨʠʚʣʝʥʠʷ ʬʦʨʤʳ ʵʣʝʤʝʥʪʘ.  

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ S/R corotational Hughes-Liu  (7) 

ʙʣʠʟʢʘ ʢ ʬʦʨʤʫʣʠʨʦʚʢʝ S/R Hughes-Liu, ʠʤʝʝʪ ʧʦʣʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘ-

ʥʠʝ. ʈʝʢʦʤʝʥʜʫʝʪʩʷ ʝʩʣʠ ʚ ʟʘʜʘʯʝ ʙʫʜʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʠʩʢʘʞʝʥʠʷ ʬʦʨ-

ʤʳ.   

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ Belytschko-Leviathan (8) ʧʦʜʦʙʥʘ 

Belytschko-Wong-Chiang, ʠʤʝʝʪ ʧʦʥʠʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʵʣʝʤʝʥ-

ʪʘ, ʥʦ ʩʦʜʝʨʞʠʪ ʢʦʥʪʨʦʣʴ ʠʩʢʘʞʝʥʠʡ.  

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ Fully -integrated Belytschko-Tsay 

membrane (9) ʧʦʣʥʦʩʪʴʶ ʠʥʪʝʛʨʠʨʦʚʘʥʥʘʷ ʤʝʤʙʨʘʥʥʘʷ ʵʣʝʤʝʥʪʥʘʷ 

ʬʦʨʤʫʣʠʨʦʚʢʘ. ʅʝ ʠʤʝʝʪ ʠʩʢʘʞʝʥʠʷ ʬʦʨʤʳ, ʥʦ ʤʝʜʣʝʥʥʘʷ ʧʨʠ ʨʘʩʯʝʪʝ 

ʠ ʙʦʣʝʝ ʞʝʩʪʢʘʷ ʧʨʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʠ. 

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ Belytschko-Wong-Chiang (10) ʩʦ-

ʜʝʨʞʠʪ ʧʦʥʠʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ, ʘʥʘʣʦʛ Belytschko-Tsay, ʥʦ ʣʠ-

ʰʝʥʘ ʥʝʜʦʩʪʘʪʢʦʚ ʧʨʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʠ ʢʦʥʩʪʨʫʢʮʠʠ.   

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ Fast (corotational) Hughes-Liu  (11) 

ʘʥʘʣʦʛ Hughes-Liu, ʠʩʧʦʣʴʟʫʝʪ ʧʦʥʠʞʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʠ corota-

tional ʩʠʩʪʝʤʫ.  

ʕʣʝʤʝʥʪʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ Fully -integrated Belytschko-Tsay 

(12) ʧʦʣʥʦʩʪʴʶ ʠʥʪʝʛʨʠʨʦʚʘʥʥʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ, ʥʝ ʥʫʞʜʘʝʪʩʷ ʚ ʢʦʥ-

ʪʨʦʣʝ ʠʩʢʘʞʝʥʠʷ ʬʦʨʤʳ. 

ɼʣʷ ʧʨʦʮʝʩʩʦʚ ʆʄɼ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʬʦʨʤʫʣʠ-

ʨʦʚʢʠ 10 ʠ 12. 

Shell 163 ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʚʚʦʜ ʩʣʝʜʫʶʱʠʭ ʢʦʥʩʪʘʥʪ (Real 

Constants) (ʨʠʩ. 2.8). 

 

Ansys main menu Ƃ Preprocessor Ÿ Real Constants  
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ʈʠʩ. 2.8. ʆʧʨʝʜʝʣʝʥʠʝ ʢʦʥʩʪʘʥʪ ʜʣʷ ʵʣʝʤʝʥʪʘ shell 163 

 
SHRF ï ʧʦʧʨʘʚʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʣʷ ʧʦʧʝʨʝʯʥʳʭ ʢʘʩʘʪʝʣʴʥʳʭ 

ʥʘʧʨʷʞʝʥʠʡ, ʧʦ ʫʤʦʣʯʘʥʠʶ, ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʟʥʘʯʝʥʠʷ 5/6. 

NIP ï ʢʦʣʠʯʝʩʪʚʦ ʪʦʯʝʢ ʠʥʪʝʛʨʘʮʠʠ ʧʦ ʪʦʣʱʠʥʝ ʵʣʝʤʝʥʪʘ. ʇʦ 

ʫʤʦʣʯʘʥʠʶ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʟʥʘʯʝʥʠʝ 2. ɺ ʧʨʦʮʝʩʩʘʭ ʆʄɼ ʚ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ ʜʝʬʦʨʤʘʮʠʠ ʨʝʢʦʤʝʥʜʫʝʪ-

ʩʷ ʥʘʟʥʘʯʝʥʠʝ 3, 5 ʠʣʠ 7 ʪʦʯʝʢ ʠʥʪʝʛʨʘʮʠʠ ʧʦ ʪʦʣʱʠʥʝ. 

T1-T4 ï ʪʦʣʱʠʥʘ ʦʙʦʣʦʯʢʠ ʚ ʢʘʞʜʦʤ ʠʟ 4-ʭ ʫʟʣʦʚ. 

 

2.6. ʄʦʜʝʣʠ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʨʦʮʝʩʩʦʚ ʆʄɼ 

 

ANSYS/LS-DYNA ʚʢʣʶʯʘʝʪ ʙʦʣʴʰʦʡ ʨʷʜ ʤʦʜʝʣʝʡ ʤʘʪʝʨʠʘʣʘ. 

ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʳʝ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴ-

ʟʫʶʪʩʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʆʄɼ (ʪʘʙʣ. 2.2). 
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Ansys main menu Ƃ Preprocessor Ÿ Material Props Ÿ Material 

Models 

 
ɺ ʜʠʘʣʦʛʦʚʦʤ ʦʢʥʝ Define Material  Model Behavior ʤʦʞʥʦ ʚr-

ʙʨʘʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʦʚ. 

 

 
 

ʈʠʩ. 2.9. ʆʢʥʦ ʚʳʙʦʨʘ ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʘ 

 
ʊʘʙʣʠʮʘ 2.2 

ʄʦʜʝʣʠ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʨʦʮʝʩʩʦʚ ʆʄɼ 

 

 ̄ ʄʦʜʝʣʴ 

ʤʘʪʝʨ-ʣʘ 

ʆʙʱʠʡ ʚʠʜ ʠ ʧʫʪʴ ʢʦʤʘʥʜʳ ʇʘʨʘʤʝʪʨ  r

ʤʘʪʝʨʠʘʣʘ 

1 ʀʟʦʪʨʦʧ-

ʥʳʡ ʫʧʨʫ-

ʛʠʡ 

 

LSDYNAƂLinearƂElasticƂIsot

ropic 

DENS ï ʧʣʦʪʥʦʩʪʴ; 

EX ï ʤʦʜʫʣʴ ʖʥʛʘ; 

NUXY ï ʢʦʵʬʬʠʮʠ-

ʝʥʪ ʇʫʘʩʩʦʥʘ. 

 

ɻʨʘʬʠʢ ʥʘ ʨʠʩ. 2.10.ʘ 
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ʇʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʳʡ ʧʦʜʯʠʥʷʝʪʩʷ 

ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ ɻʫʢʘ. ʀʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʵʣʝʤʝʥ-

ʪʦʚ ʢʦʥʩʪʨʫʢʮʠʠ ʨʘʙʦʪʘʶʱʠʭ ʚ ʫʧʨʫʛʠʭ ʜʠʘʧʘʟʦʥʘʭ* . 

2 ɹʠʣʠʥʝʡ-

ʥʳʡ ʠʟʦ-

ʪʨʦʧʥʳʡ 

 

LS-DYNAƂNonlinearƂInelasticƂ 

Kinematic HardeningƂBilinear 

Kinematic 

 

DENS ï ʧʣʦʪʥʦʩʪʴ; 

EX ï ʤʦʜʫʣʴ ʖʥ-

ʛʘ; 

NUXY ï ʢʦʵʬʬʠ-

ʮʠʝʥʪ ʇʫʘʩʩʦʥʘ; 

Yield Stress ï ʧʨʝ-

ʜʝʣ ʪʝʢʫʯʝʩʪʠ; 

Tangent Modulus - 

ʤʦʜʫʣʴ ʧʣʘʩʪʠʯʥʦ-

ʩʪʠ. 

 

ɻʨʘʬʠʢ ʥʘ ʨʠʩ. 

2.10.ʙ 

ʇʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ -

ʊs  

ʄʦʜʫʣʴ ʧʣʘʩʪʠʯ-

ʥʦʩʪʠ 
ʊ

ʊ

ee

ss

-

-

ɺ

ɺ

  

ʀʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ. 

ʂʨʠʚʘʷ ʤʦʜʝʣʠ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʵʣʝʤʝʥʪʦʚ ï ʫʧʨʫʛʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶɦ ʝʡ.  

ɹʠʣʠʥʝʡʥʘʷ ʤʦʜʝʣʴ ʤʦʞʝʪ ʙʳʪʴ ʠʟʦʪʨʦʧʥʘʷ ʠ ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ. 

ʕʪʠ ʤʦʜʝʣʠ ʦʪʣʠʯʘʶʪʩʷ ʥʘʣʠʯʠʝʤ/ʦʪʩʫʪʩʪʚʠʝʤ ʵʬʬʝʢʪʘ ɹʘʫʰʠʥʛʝ-

ʨʘ. 

ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʤʦʜʫʣʷ ʧʣʘʩʪʠʯʥʦʩʪʠ ʥʫʞʥʦ ʫʯʝʩʪʴ, ʯʪʦ ʨʘʩ-

ʯʝʪ ʥʫʞʥʦ ʚʝʩʪʠ ʚ ʠʩʪʠʥʥʳʭ (ʣʘʛʨʘʥʞʝʚʳʭ), ʘ ʥʝ ʚ ʠʥʞʝʥʝʨʥʳʭ ʧʘ-

ʨʘʤʝʪʨʘʭ [10].   
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3 ʇʣʘʩʪʠʯʝ-

ʩʢʠʡ ʢʠ-

ʥʝʤʘʪʠʯʝ-

ʩʢʠʡ 

 

LSDYNAƂNonlinearƂInelastic

ƂKinematic HardeningƂPlastic 

Kinematic 

DENS ï ʧʣʦʪʥʦʩʪʴ; 

EX ï ʤʦʜʫʣʴ ʖʥʛʘ; 

NUXY ï ʢʦʵʬʬʠʮʠ-

ʝʥʪ ʇʫʘʩʩʦʥʘ; 

Failure Strain - ʜʝ-

ʬʦʨʤʘʮʠʷ ʨʘʟʨʫʰ. 

ɻʨʘʬʠʢ ʥʘ ʨʠʩ. 

2.10.ʚ 

 

 

 

 ʄʦʜʝʣʴ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʙʠʣʠʥʝʡʥʳʭ ʤʦʜʝʣʝʡ ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʚʚʝʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢʠʭ ʢʘʢ, ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ, ʦʧʨʝʜʝʣʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ʨʘʟʨʫh ʝʥʠʷ ʠ ʜʨ. 

ʀʟʦʪʨʦʧʥʘʷ, ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ ʠʣʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʘʷ ʤʦʜʝʣʴ ʠʟʦ-

ʪʨʦʧʥʦʛʦ ʠ ʢʠʥʝʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʩ ʟʘʚʠʩʠʤʳʤ ʦʪ ʩʪʝʧʝʥʠ 

ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʝʤ. ʀʟʦʪʨʦʧʥʳʝ ʠ ʢʠʥʝʤʘʪʠʯʝʩʢʠʝ ʢʦʤʙʠ-

ʥʘʮʠʠ ʤʦʛʫʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ, ʨʝʛʫʣʠʨʫʷ ʧʘʨʘʤʝʪʨ ʫʧʨʦʯʥʝʥʠʷ ɓ ʤʝʞ-

ʜʫ 0 (ʪʦʣʴʢʦ ʢʠʥʝʤʘʪʠʯʝʩʢʦʝ ʫʧʨʦʯʥʝʥʠʝ) ʠ 1 (ʪʦʣʴʢʦ ʠʟʦʪʨʦʧʥʦʝ 

ʫʧʨʦʯʥʝʥʠʝ). 

4 ʇʣʘʩʪʠʯʝ-

ʩʢʠʡ ʚ 

ʩʪʝʧʝʥʥʦʤ 

ʚʠʜʝ 

 

LSDYNAƂNonlinearƂInelastic

ƂPower Law 

DENS ï ʧʣʦʪʥʦʩʪʴ; 

EX ï ʤʦʜʫʣʴ ʖʥʛʘ; 

NUXY ï ʢʦʵʬʬʠʮʠ-

ʝʥʪ ʇʫʘʩʩʦʥʘ; 

Strength Coeff - ʢʦ-

ʵʬʬʠʮʠʝʥʪ ʧʨʦʯʥ.; 

Hardening Coef - ʢʦ-

ʵʬʬʠʮʠʝʥʪ ʫʧʨʦʯ-

ʥʝʥʠʷ. 

ɻʨʘʬʠʢ ʥʘ ʨʠʩ. 

2.10.ʛ 
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ʇʣʘʩʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʟʘʚʠʩʠʤʘʷ ʦʪ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ ʦʙʳʯ-

ʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʤʝʪʘʣʣʘ ʠ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ʄʦʜʝʣʴ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʫʧʨʫʛʦ-ʧʣʘʩʪʠʯʝʩʢʠʤ ʧʦʚʝʜʝʥʠʝʤ ʩ ʠʟʦʪʨʦʧʥʳʤ 

ʫʧʨʦʯʥʝʥʠʝʤ, ʠʤʝʝʪ ʩʪʝʧʝʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ 

Cowper-Symonds ʤʥʦʞʠʪʝʣʠ ʜʣʷ ʨʘʩʯʝʪʘ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ. 

5 ʇʦʧʝʨʝʯ-

ʥʦ ʘʥʠʟʦ-

ʪʨʦʧʥʳʡ 

ʫʧʨʦʯʥ̫ -

ʶ ʠɦʡ 

 

LSDYNAƂNonlinearƂInelasticƂ

Anisotropic HardeningƂTransverse 

Anisotropic 

DENS ï ʧʣʦʪʥʦʩʪʴ; 

EX ï ʤʦʜʫʣʴ ʖʥ-

ʛʘ; 

NUXY ï ʢʦʵʬʬʠ-

ʮʠʝʥʪ ʇʫʘʩʩʦʥʘ; 

Load Curve ï ʢʨʠ-

ʚʘʷ ʥʘʛʨʫʞʝʥʠʷ. 

ʇʦʣʥʦʩʪʴʶ ʠʪʝʨʘʮʠʦʥʥʘʷ ʘʥʠʟʦʪʨʦʧʥʘʷ ʧʣʘʩʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʪʦʣʴʢʦ ʜʣʷ ʦʙʦʣʦʯʥʳʭ ʠ 2ïD ʵʣʝʤʝʥʪʦʚ. ɺ ʵʪʦʡ ʤʦʜʝʣʠ ʚ ʧʦʣʝ 

ʬʫʥʢʮʠʠ ʜʘʝʪʩʷ ʧʘʨʘʤʝʪʨ Hill  ʠ ʝʩʪʴ ʧʦʥʠʞʝʥʠʝ ʜʣʷ ʩʣʫʯʘʷ ʧʣʦʩʢʦ-

ʛʦ ʥʘʧʨʞ̫ʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

6 3-ʭ ʧʘʨʘ-

ʤʝʪʨʥʘʷ 

BARTAL 

 

LSDYNAƂNonlinearƂInelasticƂ

Bartal 

DENS ï ʧʣʦʪʥʦʩʪʴ; 

EX ï ʤʦʜʫʣʴ ʖʥ-

ʛʘ; 

NUXY ï ʢʦʵʬʬʠ-

ʮʠʝʥʪ ʇʫʘʩʩʦʥʘ; 

Hardening Rule - 

ʧʨʘʚʠʣʦ ʫʧʨʦʯʥʝ-

ʥʠʷ; 

Yld Strs ï ʧʨʝʜʝʣ 

ʪʝʢʫʯʝʩʪʠ; 

Bartal Expon - ʵʢʩ-

ʧʦʥʝʥʪʘ Bartal. 


