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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʨʦʛʥʦʟ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʚ 

ʥʘʛʨʫʞʝʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʠ ʢʦʥʩʪʨʫʢʮʠʷʭ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯʝʡ 

ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ʂʨʠʪʝʨʠʠ ʦʮʝʥʢʠ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʥʘʛʨʫʞʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʩʥʦʚʳʚʘʶʪʩʷ ʥʘ ʠʟʚʝʩʪʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʭ ʠʭ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʥʘ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ. ɼʣʷ ʚʳʨʘʙʦʪʢʠ ʪʘʢʠʭ 

ʢʨʠʪʝʨʠʝʚ ʥʝʦʙʭʦʜʠʤʦ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʅɼʉ) ʩ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʠʟʤʝʨʷʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

(ʥʘʧʨʠʤʝʨ, ʧʦʣʷʤʠ ʩʤʝʱʝʥʠʡ, ʧʣʦʪʥʦʩʪʴʶ ʜʠʩʣʦʢʘʮʠʡ, ʘʢʫʩʪʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠ ʪ.ʜ.). ɺ ʨʘʤʢʘʭ ʩʦʚʨʝʤʝʥʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʤʝʭʘʥʠʢʠ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʥʘʛʨʫʞʝʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʝʜʰʝʩʪʚʫʝʪ 

ʥʘʢʦʧʣʝʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʧʦʚʨʝʞʜʝʥʠʡ ʥʘ ʥʠʞʝʣʝʞʘʱʠʭ 

ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʣʷ ʧʨʝʜʫʧʨʝʞʜʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦ 

ʦʧʘʩʥʳʭ ʩʠʪʫʘʮʠʡ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤʫ ʨʘʟʨʫʰʝʥʠʶ, ʚʘʞʥʦ ʟʥʘʪʴ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʤʠʢʨʦ- ʠ ʤʝʟʦʫʨʦʚʥʷʭ, ʢʦʪʦʨʳʝ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʦʡ ʤʘʪʝʨʠʘʣʘ. 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʄʥʦʛʠʝ ʤʝʪʦʜʳ ʦʮʝʥʢʠ ʅɼʉ ʤʘʪʝʨʠʘʣʦʚ ʦʩʥʦʚʳʚʘʶʪʩʷ ʥʘ ʥʘʙʣʶʜʝʥʠʠ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʫʞʝʥʠʷ. ʉʨʘʚʥʠʚʘʷ ʪʝʢʫʱʝʝ ʠ 

ʧʨʝʜʰʝʩʪʚʫʶʱʝʝ ʩʦʩʪʦʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʤʦʞʥʦ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʧʦʣʷ ʩʤʝʱʝʥʠʡ, ʥʘ 

ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʟʘʪʝʤ ʚʳʯʠʩʣʷʶʪʩʷ ʧʦʣʷ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ, ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʠʥʝʤʘʪʠʯʝʩʢʠʤʠ ʠ ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ. ʇʦʣʷ 

ʩʤʝʱʝʥʠʡ ʤʦʛʫʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ 

ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʩʦʩʪʦʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʚʳʩʦʢʠʤ ʚʨʝʤʝʥʥʳʤ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. ʉʨʝʜʠ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ ʩʣʝʜʫʝʪ ʫʧʦʤʷʥʫʪʴ 

ʤʝʪʦʜ ʢʦʨʨʝʣʷʮʠʠ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʤʝʪʦʜ ʥʘʥʝʩʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʩʝʪʦʢ, ʘʥʘʣʠʟ ʩʧʝʢʣ-ʠʟʦʙʨʘʞʝʥʠʡ. ɹʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʵʪʠʭ ʤʝʪʦʜʦʚ ʠ 

ʚʳʷʚʣʝʥʠʝ ʩ ʠʭ ʧʦʤʦʱʴʶ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʣʦʢʘʣʠʟʘʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʧʨʠʥʘʜʣʝʞʠʪ ʨʘʙʦʪʘʤ ʃ.ɹ. ɿʫʝʚʘ, ɺ.ɽ. ʇʘʥʠʥʘ ʠ ʝʛʦ ʥʘʫʯʥʦʡ ʰʢʦʣʳ, ʉ.ɺ. ʇʘʥʠʥʘ ʠ 
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ʜʨ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ, ʪʨʝʙʫʶʱʠʭ ʥʝʧʨʝʨʳʚʥʳʡ 

ʤʦʥʠʪʦʨʠʥʛ ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʫʞʝʥʠʷ, ʥʝ ʚʩʝʛʜʘ ʚʦʟʤʦʞʥʦ ʚ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʨʝʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʢʦʥʩʪʨʫʢʮʠʡ. ɼʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ ʠʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʠ ʢʨʠʪʝʨʠʝʚ ʘʪʪʝʩʪʘʮʠʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʥʝ ʪʨʝʙʫʶʱʠʭ ʟʥʘʥʠʷ ʠʩʪʦʨʠʠ ʥʘʛʨʫʞʝʥʠʷ. 

ɺ ʵʪʦʡ ʩʚʷʟʠ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ 

ʠʟʤʝʥʝʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʛʨʫʞʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʛʨʫʞʝʥʥʳʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʩʚʷʟʘʥʦ ʩ ʥʘʢʦʧʣʝʥʠʝʤ ʥʝʦʜʥʦʨʦʜʥʦʡ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʤʠʢʨʦ- ʠ ʤʝʟʦʫʨʦʚʥʷʭ, ʢʦʪʦʨʘʷ ʨʘʟʚʠʚʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ 

ʚ ʧʣʦʩʢʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ, ʥʦ ʠ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʩʤʝʱʝʥʠʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʪʘʢʠʝ ʩʤʝʱʝʥʠʷ ʧʨʦʠʩʭʦʜʷʪ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʠʟʥʘʯʘʣʴʥʦ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦ ʥʠʤ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʥʘʢʦʧʣʝʥʥʫʶ 

ʜʝʬʦʨʤʘʮʠʶ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʠʩʧʦʣʴʟʦʚʘʪ ɹʪʘʢʠʝ 

ʜʘʥʥʳʝ ʚ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʘʪʪʝʩʪʘʮʠʠ ʅɼʉ. ɺ ʨʷʜʝ ʨʘʙʦʪ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ, ʬʦʨʤʠʨʫʶʱʠʡʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʚʦ 

ʚʨʝʤʷ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʠʥʜʠʢʘʪʦʨʦʤ ʠʭ 

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʚʠʪʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ ʝʛʦ ʩʚʷʟʠ ʩ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʅɼʉ ʚ ʢʦʥʢʨʝʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʠ ʫʩʣʦʚʠʷʭ ʥʘʛʨʫʞʝʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʩʚʷʱʝʥʥʳʝ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʷʤ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʯʝʩʢʠ ʜʝʬʦʨʤʠʨʫʝʤʳʭ ʤʝʪʘʣʣʦʚ, ʠʤʝʶʪ ʧʦʯʪʠ ʚʝʢʦʚʫʶ 

ʠʩʪʦʨʠʶ, ʚʦʩʭʦʜʷʱʫʶ ʢ ʨʘʙʦʪʘʤ ʘʢʘʜʝʤʠʢʘ ɸ.ʌ. ʀʦʬʬʝ ʠ ʝʛʦ ʢʦʣʣʝʛ. ɹʦʣʴʰʦʡ 

ʚʢʣʘʜ ʚ ʠʟʫʯʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʝʝ ʨʦʣʠ ʚ ʜʝʬʦʨʤʘʮʠʦʥʥʦʤ ʧʦʚʝʜʝʥʠʠ ʤʘʪʝʨʠʘʣʦʚ 

ʧʨʠʥʘʜʣʝʞʠʪ ʨʘʙʦʪʘʤ ɺ.ʇ. ɸʣʝʭʠʥʘ, ɸ.ʗ. ɹʝʣʝʥʴʢʦʛʦ, ɺ.ʀ. ɺʝʪʪʝʛʨʝʥʷ, ʄ.ɸ. 

ɺʘʩʠʣʴʝʚʘ, ɸ. ɿʘʥʛʚʠʣʣʘ, ʃ.ɻ. ʆʨʣʦʚʘ ʠ ʜʨ. ʇʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʚ ʥʘʛʨʫʞʝʥʥʦʤ ʪʚʝʨʜʦʤ ʪʝʣʝ ʢʘʢ ʦ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʡ 

ʧʣʘʥʘʨʥʦʡ ʧʦʜʩʠʩʪʝʤʝ ʙʳʣʠ ʨʘʟʚʠʪʳ ʚ ʨʘʙʦʪʘʭ ʘʢʘʜʝʤʠʢʘ ɺ.ɽ. ʇʘʥʠʥʘ ʠ ʝʛʦ ʢʦʣʣʝʛ 

[1]. 



6 

 

ɺ ʧʨʦʮʝʩʩʝ ʥʘʛʨʫʞʝʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʤʝʥʷʝʪʩʷ ʥʘ ʚʩʝʭ 

ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ, ʦʪ ʤʠʢʨʦ ʜʦ ʤʘʢʨʦ [1-7]. ʅʘ ʤʠʢʨʦʫʨʦʚʥʝ ʦʥ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 

ʚʠʜʝ ʩʣʝʜʦʚ ʩʢʦʣʴʞʝʥʠʷ ʚʥʫʪʨʠ ʟʝʨʝʥ, ʚʳʭʦʜʷʱʠʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ [8, 9]. 

ʄʠʢʨʦʨʝʣʴʝʬ, ʠʟʚʝʩʪʥʳʡ ʢʘʢ "ʵʬʬʝʢʪ ʘʧʝʣʴʩʠʥʦʚʦʡ ʢʦʨʢʠ" (orange peel effect), 

ʦʙʨʘʟʫʝʪʩʷ ʠʟ-ʟʘ ʩʤʝʱʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʟʝʨʝʥ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ [7, 10, 

11]. ʅʘ ʤʝʟʦʫʨʦʚʥʝ ʚʦʟʥʠʢʘʶʪ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʩʢʣʘʜʢʠ ʙʣʘʛʦʜʘʨʷ ʢʦʣʣʝʢʪʠʚʥʦʤʫ 

ʩʤʝʱʝʥʠʶ ʛʨʫʧʧ ʟʝʨʝʥ [1, 2, 3, 7, 11-16]. ʅʘ ʩʪʘʜʠʠ ʨʘʟʚʠʪʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʬʦʨʤʠʨʫʝʪʩʷ ʤʘʢʨʦʨʝʣʴʝʬ ʚ ʦʙʣʘʩʪʠ ʰʝʡʢʠ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʧʦʪʝʨʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ [1]. 

ɺ ʨʷʜʝ ʨʘʙʦʪ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʨʘʥʥʝʛʦ ʧʨʦʛʥʦʟʘ 

ʣʦʢʘʣʠʟʘʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʤʘʢʨʦʫʨʦʚʥʝ ʧʨʠʦʙʨʝʪʘʝʪ ʠʟʫʯʝʥʠʝ 

ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ [2, 3, 5, 17, 18], ʛʜʝ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʢʣʘʜʢʠ ʬʦʨʤʠʨʫʶʪʩʷ 

ʮʝʣʳʤʠ ʛʨʫʧʧʘʤʠ ʟʝʨʝʥ. ʄʝʟʦʫʨʦʚʝʥʴ ʷʚʣʷʝʪʩʷ ʩʚʷʟʫʶʱʠʤ ʟʚʝʥʦʤ ʤʝʞʜʫ 

ʤʠʢʨʦʫʨʦʚʥʝʤ, ʛʜʝ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʚʳʟʚʘʥʘ ʜʠʩʣʦʢʘʮʠʷʤʠ, ʠ 

ʤʘʢʨʦʫʨʦʚʥʝʤ, ʛʜʝ ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʷ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʝʜʰʝʩʪʚʫʝʪ 

ʨʘʟʨʫʰʝʥʠʶ. ɺ ʨʘʙʦʪʘʭ [3, 5, 18] ʥʘ ʦʙʨʘʟʮʘʭ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʪʠʪʘʥʘ ʙʳʣʘ 

ʫʩʪʘʥʦʚʣʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʨʝʣʴʝʬʘ ʩʦ ʩʪʝʧʝʥʴʶ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ ʠ ʩʜʝʣʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ 

ʚʦʟʤʦʞʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʘʜʠʠ ʥʘʛʨʫʞʝʥʠʷ ʠ ʤʝʩʪʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʰʝʡʢʠ ʧʦ 

ʵʪʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ. 

ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʢʘʯʝʩʪʚʝʥʥʳʝ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʟʘʚʠʩʷʪ ʦʪ ʤʥʦʛʠʭ ʬʘʢʪʦʨʦʚ, ʚʢʣʶʯʘʷ 

ʪʠʧ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʤʘʪʝʨʠʘʣʘ, ʬʦʨʤʫ ʠ ʨʘʟʤʝʨ ʟʝʨʝʥ, ʥʘʣʠʯʠʝ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ, ʝʝ ʪʠʧ ʠ ʦʩʪʨʦʪʫ, ʫʩʣʦʚʠʷ ʥʘʛʨʫʞʝʥʠʷ, 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʜʨ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʥʘʣʠʟ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ ʚʳʷʚʣʝʥʠʝ ʝʛʦ ʚʟʘʠʤʦʩʚʷʟʠ 

ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʅɼʉ ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʢʨʠʪʝʨʠʝʚ ʘʪʪʝʩʪʘʮʠʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʚʳʷʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ 

ʵʚʦʣʶʮʠʠ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ ʫʩʪʘʥʦʚʣʝʥʠʝ 
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ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʅɼʉ ʥʘ ʧʨʠʤʝʨʝ ʪʝʭʥʠʯʝʩʢʠ 

ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ 

ʟʘʜʘʯʠ: 

1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪ ɹ ʵʚʦʣʶʮʠ ʁ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʦʙʨʘʟʮʘʭ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ʚ ʫʩʣʦʚʠʷʭ 

ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʠ ʫʩʪʘʥʦʚʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʢʦʨʨʝʣʷʮʠʶ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦ ʩʪʝʧʝʥʴʶ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ; 

2. ʅʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʩʪʨʦʠʪʴ ʩʪʨʫʢʪʫʨʥʦ-

ʤʝʭʘʥʠʯʝʩʢʫ  ʁ ʤʦʜʝʣʴ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʘʣʶʤʠʥʠʷ ʩ ʷʚʥʳʤ ʫʯʝʪʦʤ ʛʝʦʤʝʪʨʠʠ ʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ, 

ʦʧʠʩʳʚʘʶʱʫʶ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ; 

3. ʏʠʩʣʝʥʥʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʵʚʦʣʶʮʠʶ ʧʦʣʝʡ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʜʝʬʦʨʤʘʮʠʡ ʚ ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʘʣʶʤʠʥʠʷ ʠ ʫʩʪʘʥʦʚʠʪʴ ʠʭ ʚʟʘʠʤʦʩʚʷʟʴ 

ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ; 

4. ʅʘ ʧʨʠʤʝʨʝ ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʪ ɹʚʣʠʷʥʠʝ 

ʦʩʪʨʦʪʳ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʚ 

ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ. 

ʆʨʠʛʠʥʘʣʴʥʦʩʪʴ ʠ ʥʦʚʠʟʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʫʩʪʘʥʦʚʣʝʥʠʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʩʦ ʩʪʝʧʝʥʴʶ ʣʦʢʘʣʴʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚʜʦʣʴ ʦʩʠ ʥʘʛʨʫʞʝʥʠʷ ʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʘʣʶʤʠʥʠʠ. ʅʦʚʳʤʠ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʪʨʝʭʤʝʨʥʳʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʩ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ (ɻʎʂ) ʨʝʰʝʪʢʦʡ ʩ ʫʯʝʪʦʤ 

ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʪʝʢʩʪʫʨʳ. ɺʧʝʨʚʳʝ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʩʚʷʟʴ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʟʝʨʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʪʝʢʩʪʫʨʳ ʠ ʥʝʦʜʥʦʨʦʜʥʳʤ ʅɼʉ ʥʘ ʤʝʟʦʫʨʦʚʥʝ. 
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ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʫʛʣʫʙʣʝʥʠʠ ʧʦʥʠʤʘʥʠʷ 

ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʚ ʤʝʪʘʣʣʘʭ ʩ 

ɻʎʂ ʨʝʰʝʪʢʦʡ, ʧʦʜʚʝʨʛʥʫʪʳʭ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʨʘʩʰʠʨʷʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʚʣʠʷʥʠʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʅɼʉ ʥʘ ʤʝʟʦʫʨʦʚʥʝ, 

ʧʨʠʚʦʜʷʱʠʝ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʫʩʪʘʥʦʚʣʝʥʥʘʷ 

ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʨʝʣʴʝʬʘ ʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʚ 

ʧʣʦʩʢʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʦʮʝʥʢʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʠ ʨʘʥʥʝʛʦ ʧʨʦʛʥʦʟʘ ʤʝʩʪʘ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʡʢʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘ 

ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ. ɺʳʷʚʣʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʝʪʦʜʦʚ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ 

ʜʣʷ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʦʪʨʘʩʣʝʡ, ʪʘʢʠʭ ʢʘʢ ʘʵʨʦʢʦʩʤʠʯʝʩʢʘʷ ʠ ʘʚʪʦʤʦʙʠʣʴʥʘʷ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ. 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʕʚʦʣʶʮʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʤ ʘʣʶʤʠʥʠʠ ʙʳʣʘ 

ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ. ɸʥʘʣʠʟ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʩʷ ʤʝʪʦʜʦʤ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʪʥʦ 

ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. ʕʚʦʣʶʮʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, 

ʬʦʨʤʠʨʫʶʱʝʛʦʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ, 

ʠʩʩʣʝʜʦʚʘʣʘʩɹ ʤʝʪʦʜʘʤʠ ʢʦʥʪʘʢʪʥʦʡ ʠ ʩʢʘʥʠʨʫʶʱʝʡ ʧʨʦʬʠʣʦʤʝʪʨʠʠ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʠʢʠ ʥʘʛʨʫʞʝʥʠʷ ʩ ʦʩʪʘʥʦʚʢʦʡ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʪʝʧʝʥʷʭ 

ʜʝʬʦʨʤʘʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʣʴʝʬʘ ʧʨʠ ʟʘʜʘʥʥʳʭ 

ʩʪʝʧʝʥʷʭ ʜʝʬʦʨʤʘʮʠʠ ʚʧʣʦʪʴ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʡʢʠ. ɼʣʷ ʩʝʨʠʠ ʧʨʦʬʠʣʦʛʨʘʤʤ 

ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʦʪ ʩʪʝʧʝʥʠ ʫʜʣʠʥʝʥʠʷ ʫʯʘʩʪʢʦʚ ʥʘʙʣʶʜʝʥʠʷ ʠ ʚʳʷʚʣʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ 

ʵʪʠʤʠ ʚʝʣʠʯʠʥʘʤʠ. 

ʏʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʪʨʝʭʤʝʨʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʷʭ ʩ ʷʚʥʳʤ ʫʯʝʪʦʤ 

ʪʨʝʭʤʝʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʟʝʨʝʥ ʠ ʠʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʚ ʦʙʨʘʟʮʝ. 
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ʆʧʠʩʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʟʝʨʝʥ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʝʡ 

ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ, ʫʯʠʪʳʚʘʶʱʠʭ ʦʩʦʙʝʥʥʦʩʪʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ ʠ ʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ ʩʢʦʣʴʞʝʥʠʷ ʚ ɻʎʂ ʤʝʪʘʣʣʘʭ. 

ɿʘʜʘʯʘ ʦʧʠʩʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʨʝʰʘʣʘʩʴ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ ABAQUS ʚ ʤʦʜʫʣʝ ABAQUS/Explicit. ɼʣʷ 

ʫʤʝʥʴʰʝʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʝ ʥʘʛʨʫʞʝʥʠʝ 

ʤʦʜʝʣʠʨʦʚʘʣʦʩʴ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʘʣʛʦʨʠʪʤʦʚ ʷʚʥʦʛʦ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ:  

1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʥʘʷ ʜʣʷ ʦʙʨʘʟʮʦʚ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ 

ʘʣʶʤʠʥʠʷ ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʦʪ ʩʪʝʧʝʥʠ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʚʜʦʣʴ ʦʩʠ ʨʘʩʪʷʞʝʥʠʷ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʝʪʝʨʤʠʥʘʮʠʠ 0,99  

2. ʄʠʢʨʦʤʝʭʘʥʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʧʦʩʪʨʦʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʬʠʟʠʯʝʩʢʦʡ 

ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ ʩ ʷʚʥʳʤ ʫʯʝʪʦʤ ʪʨʝʭʤʝʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ, ʧʦʟʚʦʣʷʶʱʘʷ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʭ ʩʢʣʘʜʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʠʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ. 

3. ʉʠʣʴʥʘʷ ʘʢʩʠʘʣʴʥʘʷ ʢʫʙʠʯʝʩʢʘʷ ʪʝʢʩʪʫʨʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ 

ʩʢʣʘʜʦʢ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʤʝʣʢʠʤʠ ʟʝʨʝʥʥʳʤʠ ʢʣʘʩʪʝʨʘʤʠ, ʥʦ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʦʙʨʘʟʦʚʘʥʠʶ ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʭ ʩʢʣʘʜʦʢ ʙʦʣʝʝ ʢʨʫʧʥʦʛʦ ʨʘʟʤʝʨʘ (ʚʦʣʥʠʩʪʦʩʪʠ), ʯʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʫʤʝʥʴʰʝʥʠʝʤ ʚʢʣʘʜʦʚ ʥʘʧʨʷʞʝʥʠʡ, ʜʝʡʩʪʚʫʶʱʠʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʩʪʨʦʪʳ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʠ ʦʙʦʩʥʦʚʘʥʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʚʳʚʦʜʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʚ ʨʘʙʦʪʝ, ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʝʨʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, 

ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʘʢʦʥʘʭ ʤʝʭʘʥʠʢʠ. ɺʘʣʠʜʘʮʠʷ ʠ ʚʝʨʠʬʠʢʘʮʠʷ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʩʦʛʣʘʩʠʝʤ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠ ʯʠʩʣʝʥʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʜʨʫʛʠʭ 
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ʘʚʪʦʨʦʚ, ʘ ʪʘʢʞʝ ʥʝʧʨʦʪʠʚʦʨʝʯʠʚʦʩʪʴʶ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩʫʱʝʩʪʚʫʶʱʠʤ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ ʦʙ ʠʩʩʣʝʜʫʝʤʳʭ ʷʚʣʝʥʠʷʭ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʩʦʩʪʦʠʪ ʚ ʩʦʚʤʝʩʪʥʦʡ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ 

ʧʦʩʪʘʥʦʚʢʝ ʮʝʣʠ ʠ ʟʘʜʘʯ, ʬʦʨʤʫʣʠʨʦʚʢʝ ʚʳʚʦʜʦʚ ʠ ʧʦʣʦʞʝʥʠʡ ʜʣʷ ʟʘʱʠʪʳ, ʘ ʪʘʢʞʝ 

ʚ ʥʘʧʠʩʘʥʠʠ ʩʪʘʪʝʡ ʧʦ ʪʝʤʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɸʚʪʦʨ ʚʥʸʩ ʦʧʨʝʜʝʣʷʶʱʠʡ ʚʢʣʘʜ ʚ 

ʧʨʦʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ, ʚ ʦʙʨʘʙʦʪʢʫ 

ʠ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʳʭ, 

ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ ʨʝʛʠʦʥʘʣʴʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ, ʚʢʣʶʯʘʷ: 

1. ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. ʄʘʪʝʨʠʘʣʳ 

ʩ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʠʝʨʘʨʭʠʯʝʩʢʠ ʦʨʛʘʥʠʟʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠè, ʛ. ʊʦʤʩʢ, 2021 ʛ.; 

2. ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɸʢʪʫʘʣʴʥʳʝ ʚʦʧʨʦʩʳ ʧʨʦʯʥʦʩʪʠ: 

LXIVè, ʛ. ɽʢʘʪʝʨʠʥʙʫʨʛ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʚʦʣʶʮʠʠ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʘʣʶʤʠʥʠʠ ʚ 

ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ, ʛ. ɽʢʘʪʝʨʠʥʙʫʨʛ, 2022 ʛ.; 

3. 11th International online symposium on materials in external fields (ISMEF 

2022), ʛ. ʅʦʚʦʢʫʟʥʝʮʢ, 2022 ʛ.; 

4. ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ ʤʘʪʝʨʠʘʣʦʚ. 

ʌʠʟʠʯʝʩʢʠʝ ʧʨʠʥʮʠʧʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʤʝʭʘʥʠʟʤʳ 

ʥʝʣʠʥʝʡʥʦʛʦ ʧʦʚʝʜʝʥʠʷè, ʛ. ʊʦʤʩʢ, 2022 ʛ.; 

5. ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. ʄʘʪʝʨʠʘʣʳ 

ʩ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʠʝʨʘʨʭʠʯʝʩʢʠ ʦʨʛʘʥʠʟʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠè, ʛ. ʊʦʤʩʢ, 2023 ʛ.; 

6. LXVII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ 

ʧʨʦʯʥʦʩʪʠè, ʛ. ɽʢʘʪʝʨʠʥʙʫʨʛ, 2024 ʛ. 
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ʇʫʙʣʠʢʘʮʠʠ 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʫʙʣʠʢʦʚʘʥʦ 14 ʨʘʙʦʪ, ʠʟ 

ʥʠʭ 5 ʩʪʘʪʝʡ ʚ ʞʫʨʥʘʣʘʭ, ʚʭʦʜʷʱʠʭ ʚ Web of Science ʠ/ʠʣʠ Scopus, 7 ʨʘʙʦʪ ʚ 

ʤʘʪʝʨʠʘʣʘʭ ʢʦʥʬʝʨʝʥʮʠʡ, ʚʭʦʜʷʱʠʭ ʚ Web of Science/Scopus; ʧʦʣʫʯʝʥʦ 1 

ʩʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤ rʜʣʷ ʕɺʄ. 

ʋʯʘʩʪʠʝ ʚ ʧʨʦʝʢʪʘʭ 

ʀʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, ʧʨʦʚʦʜʠʣʠʩʴ ʚ 

ʨʘʤʢʘʭ ʧʨʦʝʢʪʦʚ ʈʅʌ 20-19-00600 ʠ 20-19-00600ʇ (2020-2024) çɿʘʢʦʥʦʤʝʨʥʦʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʣʘʩʪʠʯʝʩʢʠ 

ʜʝʬʦʨʤʠʨʫʝʤʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʥʘ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭè ʠ ʧʨʦʝʢʪʘ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ FWRW-2021-0002 çʅʘʫʯʥʳʝ ʦʩʥʦʚʳ ʩʦʟʜʘʥʠʷ 

ʮʠʬʨʦʚʳʭ ʜʚʦʡʥʠʢʦʚ ʤʘʪʝʨʠʘʣʦʚ ʠ ʩʨʝʜ ʩ ʠʝʨʘʨʭʠʯʝʩʢʦʡ ʢʦʤʧʦʟʠʮʠʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʠ ʧʨʦʛʨʘʤʤʥʳʝ ʩʨʝʜʩʪʚʘ ʜʣʷ ʠʭ ʚʠʨʪʫʘʣʴʥʦʛʦ ʪʝʩʪʠʨʦʚʘʥʠʷ ʚ ʫʩʣʦʚʠʷʭ 

ʩʪʘʪʠʯʝʩʢʠʭ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡè, 2021ï2025 ʛʛ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 4 ʛʣʘʚ, 

ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ. ʆʙʲʝʤ ʨʘʙʦʪʳ ʩʦʩʪʘʚʣʷʝʪ 117 ʩʪʨʘʥʠʮ, ʚʢʣʶʯʘʷ 

46 ʨʠʩʫʥʢʦʚ ʠ 1 ʪʘʙʣʠʮʫ. ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʩʦʜʝʨʞʠʪ 141 ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʟʦʨ ʠʩʩʣʝʜʦʚʘʥʠʡ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ 

ʬʦʨʤʠʨʦʚʘʥʠ ̫ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʩ 

ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ, ʚ ʯʘʩʪʥʦʩʪʠ ʚ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʘʭ. 

ʆʧʠʩʳʚʘʶʪʩʷ ʦʩʥʦʚʥʳʝ ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ, ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʠʚʦʜʠʪʩʷ ʦʙʟʦʨ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʯʠʩʣʝʥʥʳʭ ʨʘʙʦʪ, ʧʦʢʘʟʳʚʘʶʱʠʭ ʩʚʷʟʴ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʩ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ. 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʦʧʠʩʳʚʘʝʪʩʷ ɻʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ 

ʦʙʨʘʟʮʘʭ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ʧʨʠ ʦʜʥʦʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ. ʇʨʠʚʝʜʝʥ 

ʘʥʘʣʠʟ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ (ɼʆʈʕ). ɺʳʷʚʣʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠ ʨʘʟʚʠʪʠʷ 
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ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ. ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʨʝʣʴʝʬʥʳʭ 

ʦʙʨʘʟʦʚʘʥʠʡ ʚʚʝʜʝʥ ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ. ʋʩʪʘʥʦʚʣʝʥʘ ʩʠʣʴʥʘ ̫ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʩʦ 

ʩʪʝʧʝʥʴʶ ʣʦʢʘʣʴʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʨʘʩʪʷʞʝʥʠʷ. ʇʦʢʘʟʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʢʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʥʘʢʦʧʣʝʥʥʦʡ ʚ ʤʘʪʝʨʠʘʣʝ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ ʨʘʩʪʷʞʝʥʠʷ, ʧʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. 

ʊʨʝʪʴʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ. 

ʌʦʨʤʫʣʠʨʫʝʪʩʷ ʪʨʝʭʤʝʨʥʘʷ ʢʨʘʝʚʘʷ ʟʘʜʘʯʘ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ. ʆʧʨʝʜʝʣʷʶʱʠʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʟʝʨʝʥ ʩʪʨʦʷʪʩʷ ʚ ʨʘʤʢʘʭ 

ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ (ʌʊʇʂ) ʩ ʫʯʝʪʦʤ ʘʥʠʟʦʪʨʦʧʠʠ 

ʫʧʨʫʛʠʭ ʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘ ʫʨʦʚʥʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ ʩʢʦʣʴʞʝʥʠʷ ɻʎʂ ʢʨʠʩʪʘʣʣʦʚ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʛʝʥʝʨʘʮʠʷ ʪʨʝʭʤʝʨʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʧʦʰʘʛʦʚʦʛʦ 

ʟʘʧʦʣʥʝʥʠʷ. ʆʙʩʫʞʜʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ ʩ 

ʷʚʥʳʤ ʫʯʝʪʦʤ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʧʘʢʝʪʝ ABAQUS/Explicit. ʇʨʠʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ. ʅʘ 

ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʩʪʦʚʳʭ ʨʘʩʯʝʪʦʚ ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʥʝʟʘʚʠʩʠʤʦʩʪʴ ʨʝʰʝʥʠʷ 

ʟʘʜʘʯʠ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʦʪ ʜʠʥʘʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ. 

ɺ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʘʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʘʣʶʤʠʥʠʷ ʧʨʠ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʤ ʦʜʥʦʦʩʥʦʤ ʥʘʛʨʫʞʝʥʠʠ. ʄʦʜʝʣʴ ʪʨʝʭʤʝʨʥʦʡ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʪʨʦʠʪʩʷ ʤʝʪʦʜʦʤ ʧʦʰʘʛʦʚʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʥʘ 

ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ɼʆʈʕ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ 

ʘʣʶʤʠʥʠʷ. ʋʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʟʝʨʝʥ ʦʧʠʩʳʚʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʌʊʇʂ ʜʣʷ ɻʎʂ ʢʨʠʩʪʘʣʣʦʚ. ʇʘʨʘʤʝʪʨʳ ʬʫʥʢʮʠʠ 

ʫʧʨʦʯʥʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʠʩʧʳʪʘʥʠʡ ʥʘ ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ. ɺʘʣʠʜʘʮʠʷ ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ ʥʘ ʤʝʟʦ- ʠ 

ʤʘʢʨʦʫʨʦʚʥʷʭ ʧʨʦʚʦʜʠʪʩʷ ʥʘ ʦʩʥʦʚʝ ʩʨʘʚʥʝʥʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ ʢʨʠʚʳʭ ʥʘʛʨʫʞʝʥʠʷ. ɺʳʷʚʣʝʥʦ 
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ʚʣʠʷʥʠʝ ʪʝʢʩʪʫʨ r ʥʘ ʨʘʟʚʠʪʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ. 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʧʦʣ̫ ʥʘʧʨʷʞʝʥʠʡ, ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʠ ʤʝʭʘʥʠʟʤʳ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʚ ʭʦʜʝ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʦʪʜʝʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʠ ʚʳʷʚʣʝʥʦ ʚʣʠʷʥʠʝ ʦʩʪʨʦʪʳ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʘʢʩʠʘʣʴʥʦʡ ʪʝʢʩʪʫʨʳ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʤʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʠʩʢʨʝʥʥʶʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʩʚʦʝʤʫ ʥʘʫʯʥʦʤʫ 

ʨʫʢʦʚʦʜʠʪʝʣʶ, ʜʦʢʪʦʨʫ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ ʈʦʤʘʥʦʚʦʡ ɺ.ɸ., ʠ 

ʢʦʣʣʝʢʪʠʚʫ ʣʘʙʦʨʘʪʦʨʠʠ ʤʝʭʘʥʠʢʠ ʩʪʨʫʢʪʫʨʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ ʟʘ ʧʦʣʝʟʥʳʝ 

ʜʠʩʢʫʩʩʠʠ, ʚʘʞʥʳʝ ʟʘʤʝʯʘʥʠʷ ʠ ʥʝʦʮʝʥʠʤʫʶ ʧʦʜʜʝʨʞʢʫ ʚ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʊʘʢʞʝ ʘʚʪʦʨ ʚʳʨʘʞʘʝʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʩʚʦʝʡ ʩʫʧʨʫʛʝ ʐʘʭʠʜʞʘʥʦʚʦʡ ʅ.ʆ. ʟʘ 

ʚʩʝʩʪʦʨʦʥʥʶʶ ʧʦʜʜʝʨʞʢʫ ʚ ʧʝʨʠʦʜ ʚʳʧʦʣʥʝʥʠʷ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. 
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1 ʆʉʆɹɽʅʅʆʉʊʀ ʌʆʈʄʀʈʆɺɸʅʀʗ ʀ ʈɸɿɺʀʊʀʗ 

ɼɽʌʆʈʄɸʎʀʆʅʅʆɻʆ ʈɽʃʔɽʌɸ ɺ ɻʎʂ ʄɽʊɸʃʃɸʍ 

1.1 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ 

ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ 

ʉ ʧʦʷʚʣʝʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʠʢ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʩʢʘʥʠʨʦʚʘʪʴ ʧʨʦʪʷʞʝʥʥʳʝ ʦʙʣʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʬʘʢʪʠʯʝʩʢʠ 

ʧʦʣʫʯʘʪʴ ʪʨʝʭʤʝʨʥʳʡ ʨʝʣʴʝʬ ʩ ʨʘʟʣʠʯʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ, ʙʳʣ ʚʳʷʚʣʝʥ ʮʝʣʳʡ 

ʩʧʝʢʪʨ ʥʦʚʳʭ ʷʚʣʝʥʠʡ, ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʛʨʫʞʝʥʥʳʭ ʪʚʝʨʜʳʭ ʪʝʣ 

ʥʘ ʤʝʟʦʫʨʦʚʥʝ. ʕʪʦ ʧʦʩʣʫʞʠʣʦ ʪʦʣʯʢʦʤ ʜʣʷ ʨʘʟʚʠʪʠʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʭ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʝʝ ʨʦʣʠ ʚ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʘʭ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʫʞʝʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ 

ʩʧʝʮʠʬʠʯʝʩʢʠʡ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʚ ʚʠʜʝ ʤʠʢʨʦʛʦʬʨʘ, ʜʚʦʡʥʳʭ ʠ 

ʦʜʠʥʘʨʥʳʭ ʩʧʠʨʘʣʝʡ, ʰʘʭʤʘʪʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʙʣʘʩʪʝʡ ʠʥʪʨʫʟʠʠ ʠ ʵʢʩʪʨʫʟʠʠ ʠ 

ʪ.ʜ. [1-7, 13-20]. 

ɹʦʣʴʰʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ ʙʳʣ ʧʦʣʫʯʝʥ ʜʣʷ 

ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ [2,4,6,8,9,11-13,15,16,21-29]. ɹʣʘʛʦʜʘʨʷ ʣʝʛʢʦʤʫ ʚʝʩʫ ʚ 

ʩʦʯʝʪʘʥʠʠ ʩ ʚʳʩʦʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʠ ʧʨʦʯʥʦʩʪʠ, ʩʦʚʨʝʤʝʥʥʳʝ 

ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʤʥʦʛʠʭ ʦʪʨʘʩʣʝʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʚʢʣʶʯʘʷ ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʝ ʠ ʘʚʠʘʢʦʩʤʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ. ʂʘʢ 

ʧʨʘʚʠʣʦ, ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʵʢʩʧʣʫʘʪʘʮʠʠ, 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʥʝʛʘʪʠʚʥʳʝ ʷʚʣʝʥʠʷ, ʩʦʧʨʷʞʝʥʥʳʝ ʩ ʢʦʩʤʝʪʠʯʝʩʢʠʤʠ 

ʜʝʬʝʢʪʘʤʠ, ʩʥʠʞʝʥʠʝʤ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ, ʫʭʫʜʰʝʥʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʘʪʝʨʠʘʣʘ, ʣʦʢʘʣʠʟʘʮʠʝʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʝʤ [23-25]. ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʠʟʫʯʝʥʠʝ ʤʝʭʘʥʠʟʤʦʚ 

ʠ ʦʧʨʝʜʝʣʷʶʱʠʭ ʬʘʢʪʦʨʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʚʠʪʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʩ 
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ʮʝʣʴʶ ʨʘʟʨʘʙʦʪʢʠ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʝʛʦ ʧʦʜʘʚʣʝʥʠʷ ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ. 

ʇʦ ʜʘʥʥʳʤ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʥʝʩʢʦʣʴʢʦ 

ʭʘʨʘʢʪʝʨʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʝʡ, ʥʘ ʢʦʪʦʨʳʭ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʘʮʠʠ ʩʚʷʟʘʥʳ ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ 

ʜʝʬʦʨʤʘʮʠʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʩʧʣʘʚʦʚ ʩ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʦʡ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʨʠ ʦʩʥʦʚʥʳʭ ʤʘʩʰʪʘʙʘ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʩʢʣʘʜʦʢ ʠ 

ʩʤʝʱʝʥʠʡ ï ʤʠʢʨʦ, ʤʝʟʦ ʠ ʤʘʢʨʦ [1, 6, 25-28]. 

ʅʘʠʤʝʥʴʰʠʝ ʧʦ ʚʳʩʦʪʝ ʩʤʝʱʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʜʠʩʣʦʢʘʮʠʦʥʥʳʤʠ 

ʩʪʫʧʝʥʴʢʘʤʠ, ʚʳʭʦʜʷʱʠʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ, ʥʘʙʣʶʜʘʶʪʩʷ ʢʘʢ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ, 

ʪʘʢ ʠ ʚ ʟʝʨʥʘʭ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ [8, 9, 25, 26, 28-41]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʤʘʪʝʨʠʘʣ, 

ʧʦʣʫʯʝʥʥʳʡ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ, ʧʦʟʚʦʣʠʣ ʚʳʜʝʣʠʪʴ ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ ʥʘ ʤʠʢʨʦʫʨʦʚʥʝ ʠ ʠʭ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʦʨʠʝʥʪʘʮʠʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ɿʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʠʟʫʯʝʥʠʝ ʦʙʨʘʟʦʚʘʥʠʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʩ ɻʎʂ ʨʝʰʝʪʢʦʡ ʧʨʠʥʘʜʣʝʞʠʪ 

ʊʦʤʩʢʦʡ ʰʢʦʣʝ ʤʝʪʘʣʣʦʬʠʟʠʢʦʚ [1, 8, 9, 38-41]. ɸʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʩʥʦʚʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʷʚʣʷʶʪʩʷ ʩʣʝʜʳ 

ʩʜʚʠʛʘ ʠ ʠʭ ʢʣʘʩʪʝʨʳ. ɽʜʠʥʠʯʥʳʝ ʩʜʚʠʛʠ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʚ ʥʘʯʘʣʝ ʧʣʘʩʪʠʯʝʩʢʦʛʦ 

ʪʝʯʝʥʠʷ, ʧʦ ʤʝʨʝ ʨʘʟʚʠʪʠʷ ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʟʫʶʪ ʤʠʢʨʦʧʘʯʢʠ. ɿʘʪʝʤ ʤʠʢʨʦʧʘʯʢʠ 

ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʢʣʘʩʪʝʨʳ, ʢʦʪʦʨʳʝ ʘʚʪʦʨʳ ʦʪʥʦʩʷʪ ʢ ʤʝʟʦʫʨʦʚʥʶ ʠ 

ʩʚʷʟʳʚʘʶʪ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʤʘʢʨʦʬʨʘʛʤʝʥʪʘʮʠʝʡ ʤʘʪʝʨʠʘʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʘʚʪʦʨʘʤʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʭʦʪʷ ʤʦʥʦʢʨʠʩʪʘʣʣʳ, ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤʠ 

ʦʙʲʝʢʪʘʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ, ʠʭ ʬʨʘʛʤʝʥʪʘʮʠʷ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʢʣʶʯʘʝʪ ʠʝʨʘʨʭʠʶ 

ʤʘʩʰʪʘʙʦʚ ʦʪ ʤʠʢʨʦ- ʜʦ ʤʘʢʨʦʫʨʦʚʥʷ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʩʦʙʝʥʥʦʩʪʠ 

ʬʨʘʛʤʝʥʪʘʮʠʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʨʠʝʥʪʘʮʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, 

ʛʝʦʤʝʪʨʠʝʡ ʦʙʨʘʟʮʘ ʠ ʫʩʣʦʚʠʷʤʠ ʥʘʛʨʫʞʝʥʠʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘʣʠʯʠʝʤ ʠʣʠ 

ʦʪʩʫʪʩʪʚʠʝʤ ʪʨʝʥʠʷ ʥʘ ʧʫʘʥʩʦʥʘʭ. 
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ʇʨʦʮʝʩʩʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʝʱʝ ʙʦʣʝʝ ʩʣʦʞʥʫʶ ʢʘʨʪʠʥʫ, 

ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʥʘʣʠʯʠʝʤ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʢʦʪʦʨʦʡ 

ʷʚʣʷʶʪʩʷ ʬʦʨʤʘ ʠ ʨʘʟʤʝʨ ʟʝʨʝʥ, ʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʥʘʣʠʯʠʝ ʠʣʠ 

ʦʪʩʫʪʩʪʚʠʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ ʠ ʜʨʫʛʠʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ 

ʤʝʞʟʝʨʝʥʥʳʤʠ ʛʨʘʥʠʮʘʤʠ. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʯʠʩʣʝʥʥʳʝ 

ʜʘʥʥʳʝ [1, 5, 6, 11, 13-19, 26, 42, 43], ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ 

ʧʨʠʥʘʜʣʝʞʠʪ ʧʨʦʮʝʩʩʘʤ ʥʝʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ, ʦʪʥʦʩʷʱʠʤʩʷ ʢ 

ʤʝʟʦʫʨʦʚʥʶ. ʅʘʠʤʝʥʴʰʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʪʘʢʠʭ ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʷʚʣʷʶʪʩʷ 

ʦʪʜʝʣʴʥʳʝ ʟʝʨʥʘ, ʠʩʧʳʪʳʚʘʶʱʠʝ ʩʤʝʱʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʢʨʫʞʘʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʨʘʟʫʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʨʝʣʴʝʬ 

çʘʧʝʣʴʩʠʥʦʚʦʡ ʢʦʨʢʠè (ʘʥʛʣ. orange peel pattern) [6, 7, 10, 11]. ʅʝʢʦʪʦʨʳʝ ʘʚʪʦʨʳ 

ʪʘʢʠʝ ʨʝʣʴʝʬʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʦʪʥʦʩʷʪ ʢ ʤʠʢʨʦʫʨʦʚʥʶ, ʜʨʫʛʠʝ ʩʯʠʪʘʶʪ, ʯʪʦ ʜʘʥʥʳʡ 

ʚʠʜ ʨʝʣʴʝʬʘ ʦʪʥʦʩʠʪʩʷ ʢ ʤʝʟʦʫʨʦʚʥʶ. 

ʇʨʦʮʝʩʩʳ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʷʚʣʷʶʪʩʷ ʩʚʷʟʫʶʱʠʤ ʟʚʝʥʦʤ ʤʝʞʜʫ ʤʠʢʨʦ- ʠ 

ʤʘʢʨʦʤʘʩʰʪʘʙʥʳʤ ʫʨʦʚʥʷʤʠ ʠ ʠʛʨʘʶʪ ʦʩʦʙʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʦʪʢʣʠʢʘ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɹʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʠʟʫʯʝʥʠʝ 

ʧʨʦʮʝʩʩʦʚ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʙʳʣ ʩʜʝʣʘʥ ʚ ʨʘʙʦʪʘʭ ɺ.ɽ. ʇʘʥʠʥʘ ʠ ʝʛʦ ʥʘʫʯʥʦʡ ʰʢʦʣʳ 

[1, 19, 44-50] ʚ ʨʘʤʢʘʭ ʢʦʥʮʝʧʮʠʠ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʝʡ 

ʜʝʬʦʨʤʘʮʠʠ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

ʤʝʟʦʫʨʦʚʝʥʴ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʢʦʣʣʝʢʪʠʚʥʳʤ ʩʤʝʱʝʥʠʝʤ ʛʨʫʧʧ ʟʝʨʝʥ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʌʦʨʤʘ ʠ ʨʘʟʤʝʨ ʦʙʨʘʟʫʶʱʠʭʩʷ 

ʩʢʣʘʜʯʘʪʳʭ ʩʪʨʫʢʪʫʨ ʟʘʚʠʩʠʪ ʦʪ ʮʝʣʦʛʦ ʨʷʜʘ ʬʘʢʪʦʨʦʚ, ʠʟʫʯʝʥʠʶ ʢʦʪʦʨʳʭ 

ʧʦʩʚʷʱʝʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪ. 

ɺ ʨʘʙʦʪʝ [27] ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʵʚʦʣʶʮʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ ʧʨʠ ʜʚʫʭʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ ʦʙʨʘʟʮʦʚ ʣʠʩʪʦʚʦʛʦ 

ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ɸɸ5052-ʅ32. ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʜʚʫʤʷ ʨʘʟʥʳʤʠ 

ʧʘʨʪʠʷʤʠ ʦʙʨʘʟʮʦʚ ʪʦʣʱʠʥʦʡ 1 ʤʤ ʚ ʩʦʩʪʦʷʥʠʠ ʧʦʩʪʘʚʢʠ. ʀʩʭʦʜʥʘʷ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʘʩʴ ʟʝʨʥʘʤʠ ʦʜʠʥʘʢʦʚʦʛʦ ʨʘʟʤʝʨʘ, ʨʘʚʥʦʦʩʥʳʤʠ ʚ 
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ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠ ʚʳʪʷʥʫʪʳʤʠ ʚ ʜʨʫʛʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ 

ʣʠʩʪʘ (ʨʠʩʫʥʦʢ 1.1ʘ, ʙ). ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʧʦʜʦʙʥʳʤʠ. 

  

ʘ      ʙ 

  

ʚ     ʛ 

ʈʠʩʫʥʦʢ 1.1 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʚ ʦʙʨʘʟʮʘʭ ɸɸ5052-ʅ32 ʧʨʠ ʜʚʫʭʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ [27]: ʘ ï ʩʪʨʫʢʪʫʨʘ 

ʧʦʧʝʨʝʢ ʧʨʦʢʘʪʢʠ, ʙ ï ʩʪʨʫʢʪʫʨʘ ʚʜʦʣʴ ʧʨʦʢʘʪʢʠ, ʚ ï ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ 0.1, ʛ ï ʟʘʚʠʩʠʤʦʩʪʴ hʝʨʦʭʦʚʘʪʦʩʪʠ Ra ʦʪ 

ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʧʨʦʬʠʣʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚʜʦʣʴ ʪʨʝʭ 

ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ 

ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʘʚʪʦʨʘʤʠ ʙʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʪʝʢʩʪʫʨʳ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʧʨʠʚʦʜʠʪ ʢ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʣʝ ʨʘʩʪʷʞʝʥʠʷ ʦʙʨʘʟʮʦʚ. ʆʮʝʥʢʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 
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ʨʝʣʴʝʬʘ, ʧʨʦʚʝʜʝʥʥʳʝ ʧʦ ʩʪʘʥʜʘʨʪʥʳʤ ʤʝʪʦʜʠʢʘʤ ʠʟʤʝʨʝʥʠʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ, 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʘ ʰʝʨʦʭʦʚʘʪʦʩʪʠ Ra ʧʨʦʧʦʨʮʠʦʥʘʣʥɹʘ ʩʪʝʧʝʥʠ 

ʧʨʠʣʦʞʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ (ʨʠʩʫʥʦʢ 1.1ʛ). ɹʦʣʝʝ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʰʝʨʦʭʦʚʘʪʦʩʪʠ 

ʩʚʷʟʘʥʘ ʩ ʥʘʣʠʯʠʝʤ ʙʦʣʝʝ ʦʩʪʨʦʡ ʢʦʤʧʦʥʝʥʪʳ ʪʝʢʩʪʫʨ r{220} . ɺʳʷʚʣʝʥʦ ʜʚʘ ʩʣʫʯʘʷ 

ʠʟʤʝʥʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ. 

ɸʚʪʦʨʘʤʠ ʙʳʣʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʠʟʤʝʥʝʥʠʝ ʪʝʢʩʪʫʨʳ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ ʠ ʫʩʪʘʥʦʚʣʝʥʘ ʝʝ ʩʚʷʟʴ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʝʬʦʨʤʠʨʫʝʤʳʭ ʦʙʨʘʟʮʦʚ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ 

ʚʦʟʥʠʢʘʣʠ ʝʜʠʥʠʯʥʳʝ ʨʝʣʴʝʬʥʳʝ ʩʢʣʘʜʢʠ ʫʞʝ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ 0,05, ʘ ʧʨʠ 0.1 

ʜʝʬʦʨʤʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʥʦʩʪʴʶ ʪʝʨʷʣʘ ʦʪʨʘʞʘʪʝʣʴʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʣʴʝʬʘ (ʨʠʩʫʥʦʢ 1.1ʚ). ɹʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʩʢʣʘʜʢʠ 

ʩʚʷʟʘʥʳ ʩ ʧʦʚʦʨʦʪʦʤ ʟʝʨʝʥ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ {001}<100>, 

ʥʘʙʣʶʜʘʝʤʦʡ ʚ ʣʠʩʪʝ ʚ ʩʦʩʪʦʷʥʠʠ ʧʦʩʪʘʚʢʠ, ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʚʜʦʣʴ ʧʨʦʢʘʪʢʠ. ɺʦ 

ʚʪʦʨʦʤ ʩʣʫʯʘʝ, ʩ ʨʦʩʪʦʤ ʜʝʬʦʨʤʘʮʠʠ ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʦʩʪʨʦʪʘ ʪʝʢʩʪʫʨʳ {220} ʚʧʣʦʪʴ 

ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʘ. ɸʚʪʦʨʳ ʪʘʢʞʝ ʟʘʤʝʪʠʣʠ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʟʝʨʝʥ ʥʝ 

ʚʣʠʷʝʪ ʥʘ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢ ʢʘʢ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʨʠʝʥʪʘʮʠʡ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʙʳʣʦ 

ʦʜʠʥʘʢʦʚʳʤ ʜʣʷ ʦʙʦʠʭ ʩʣʫʯʘʝʚ. ɸʚʪʦʨʳ ʧʨʠʰʣʠ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʦʪʜʝʣʴʥʳʭ ʟʝʨʝʥ ʠʣʠ ʛʨʫʧʧ ʟʝʨʝʥ ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʟʦʚʘʥʠʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. 

ɺ ʨʘʙʦʪʝ [7] ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʤ ʨʝʣʴʝʬʦʤ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ 

ʦʪʦʞʞʝʥʥʦʡ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʚ ʧʨʦʮʝʩʩʝ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ. 

ɸʚʪʦʨʳ ʠʩʩʣʝʜʦʚʘʣʠ ʵʚʦʣʶʮʠʶ ʧʘʨʘʤʝʪʨʦʚ ʰʝʨʦʭʦʚʘʪʦʩʪʠ Sa ʠ Sq, ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʥʘ ʚʳʙʨʘʥʥʳʭ ʫʯʘʩʪʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʣʠʯʥʦʛʦ ʨʘʟʤʝʨʘ. ɹʳʣʘ ʚʳʷʚʣʝʥʘ ʣʠʥʝʡʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʜʝʬʦʨʤʘʮʠʝʡ ʥʘ ʤʠʢʨʦ- ʠ 

ʤʘʢʨʦʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ ʜʦ 45% ʜʝʬʦʨʤʘʮʠʠ, ʧʨʝʜʰʝʩʪʚʫʶʱʝʡ ʨʘʟʨʫʰʝʥʠʶ 

(ʨʠʩʫʥʦʢ 1.2ʘ). 
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ʘ        ʙ 

ʈʠʩʫʥʦʢ 1.2 ï ɿʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ 

ʧʨʠ ʛʠʜʨʘʚʣʠʯʝʩʢʦʤ ʧʨʝʩʩʦʚʘʥʠʠ ʩʪʘʣʠ AISI 304 [7]: ʘ ï Sa ʠ Sq, ʙ ï Sz ʠ Sv 

ɸʚʪʦʨʳ [7] ʧʨʠʰʣʠ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʘʪʪʝʩʪʘʮʠʷ ʨʝʣʴʝʬʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʳʭ ʤʦʜʝʣʝʡ ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʠʥʩʪʨʫʤʝʥʪʘ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʣʦʢʘʣʴʥʳʭ 

ʜʝʬʦʨʤʘʮʠʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʜʘʚʣʝʥʠʝʤ ʣʠʩʪʦʚʦʛʦ ʤʝʪʘʣʣʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʘʚʪʦʨʘʤʠ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʰʝʨʦʭʦʚʘʪʦʩʪʴ, ʦʮʝʥʝʥʥʘʷ ʚ 

ʪʝʨʤʠʥʘʭ Sa ʠ Sq, ʫʩʠʣʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʬʦʨʤʦʚʘʥʠʠ 

ʟʘʛʦʪʦʚʦʢ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʚʳʩʦʪʳ ʧʠʢʘ (Sz) ʠ ʘʙʩʦʣʶʪʥʦʝ 

ʟʥʘʯʝʥʠʝ ʩʘʤʦʡ ʛʣʫʙʦʢʦʡ ʷʤʢʠ (Sv) ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʦʙʣʘʩʪʠ ʫʚʝʣʠʯʠʚʘʣʠʩʴ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʜʝʬʦʨʤʘʮʠʠ (ʨʠʩʫʥʦʢ 1.2ʙ). ɸʥʘʣʦʛʠʯʥʳʝ ʚʳʚʦʜʳ ʙʳʣʠ ʩʜʝʣʘʥʳ 

Olayinka et al. ʚ [51], ʛʜʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʘʥʘʣʦʛʠʯʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʥʘ ʤʠʢʨʦʤʘʩʰʪʘʙʥʦʤ ʫʨʦʚʥʝ. ɸʥʘʣʠʟ, ʧʨʦʚʝʜʝʥʥʳʡ ʚ ʨʘʙʦʪʘʭ [7, 

51] ʧʦʢʘʟʘʣ, ʯʪʦ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʙʘʣʘʥʩ ʤʝʞʜʫ ʧʠʢʘʤʠ ʠ ʚʧʘʜʠʥʘʤʠ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʟʘʛʦʪʦʚʦʢ, ʧʦʣʫʯʘʝʤʳʭ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ 

ʦʙʨʘʟʮʦʚ. 

ɺ ʨʘʙʦʪʝ [20] ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʨʘʟʚʠʪʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʨʦʮʝʩʩʝ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʨʘʩʪʷʞʝʥʠʷ (ʨʠʩʫʥʦʢ 1.3). ʇʦʣʠʨʦʚʘʥʥʳʝ ʠ ʥʝʧʦʣʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʣʠʩʪʘ ʠʟ 
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ʘʫʩʪʝʥʠʪʥʦʡ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ 316L ʧʦʜʚʝʨʛʘʣʠʩʴ ʨʘʩʪʷʞʝʥʠʶ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʦʙʨʘʟʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ ʦʮʝʥʢʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ 

ʦʩʥʦʚʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ Sa ʠ Ra. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʦʣʠʨʦʚʘʥʥʳʭ ʩʪʘʣʴʥʳʭ ʣʠʩʪʘʭ 

ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ Ra ʚʦʟʨʘʩʪʘʣʘ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʠʩʪʠʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʜʦ e = 0.14. ʇʦʩʣʝ ʵʪʦʛʦ ʜʦ ʜʝʬʦʨʤʘʮʠʠ e = 0,26 

ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʫʤʝʥʴʰʘʣʘʩʴ, ʘ ʟʘʪʝʤ ʦʩʪʘʚʘʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʜʝʬʦʨʤʘʮʠʠ. ʅʘʠʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʝ ʨʝʣʴʝʬʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʙʣʶʜʘʣʠʩʴ ʚ 

ʦʩʥʦʚʥʦʤ ʚʦʢʨʫʛ ʛʨʘʥʠʮ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʝʨʝʥ (ʨʠʩʫʥʦʢ 1.3ʙ). ʂʦʨʨʝʣʷʮʠʶ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʜʝʬʦʨʤʘʮʠʠ ʘʚʪʦʨʳ ʦʙʲʷʩʥʠʣʠ ʚʨʘʱʝʥʠʝʤ ʟʝʨʝʥ ʠ ʧʦʧʝʨʝʯʥʳʤ 

ʩʢʦʣʴʞʝʥʠʝʤ. 

  

ʘ     ʙ 

 

ʚ     ʛ 

ʈʠʩʫʥʦʢ 1.3 ï ʀʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʧʦʣʠʨʦʚʘʥʥʳʭ (ʘ, ʙ) ʠ 

ʧʦʣʠʨʦʚʘʥʥʳʭ (ʚ, ʛ) ʦʙʨʘʟʮʦʚ ʩʪʘʣʠ 316L, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, ʜʦ ʜʝʬʦʨʤʘʮʠʠ (ʘ, ʚ) ʠ ʧʦʩʣʝ ʨʘʩʪʷʞʝʥʠʷ ʜʦ 26% (ʙ, ʛ) 

[20] 
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ɸʚʪʦʨʳ [20] ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʥʝʧʦʣʠʨʦʚʘʥʥʳʝ ʣʠʩʪʳ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ 

ʧʦʯʪʠ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʜʝʬʦʨʤʘʮʠʝʡ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʠ 

ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʪʦʣʱʠʥʦʡ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 1 ʤʢʤ, ʧʦʜʘʚʣʷʶʱʝʛʦ ʵʬʬʝʢʪʳ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ. ɸʥʘʣʦʛʠʯʥʳʝ 

ʚʳʚʦʜʳ ʙʳʣʠ ʩʜʝʣʘʥʳ ʚ ʨʘʙʦʪʝ [17], ʛʜʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʪʦʥʢʦʛʦ 

ʘʤʦʨʬʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʤʠʢʨʦʨʝʣʴʝʬʘ, ʥʦ ʥʝ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʨʘʟʚʠʪʠʶ ʚʦʣʥʠʩʪʦʩʪʠ. ʇʨʠ ʨʘʩʪʷʞʝʥʠʠ ʥʘ ʧʨʦʬʠʣʦʛʨʘʤʤʘʭ 

ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʜʚʝ ʦʩʥʦʚʥʳʝ ʯʘʩʪʦʪʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ. 

ɺʳʩʦʢʦʯʘʩʪʦʪʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʙʳʣʘ ʩʚʷʟʘʥʘ ʩʦ ʩʤʝʱʝʥʠʷʤʠ, ʚʦʟʥʠʢʘʶʱʠʤʠ ʧʦ 

ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ ʚ ʦʢʩʠʜʥʦʤ ʩʣʦʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʨʘʱʝʥʠʷ ʥʠʞʝʣʝʞʘʱʠʭ ʟʝʨʝʥ. 

ʅʠʟʢʦʯʘʩʪʦʪʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʚʦʟʥʠʢʘʣʘ ʧʦʩʣʝ ʨʘʟʨʫʰʝʥʠʠ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʠʟ-ʟʘ 

ʝʛʦ ʙʦʣʝʝ ʥʠʟʢʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʥʘʢʣʦʥ ʟʘʚʠʩʠʤʦʩʪʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʦʪ ʠʩʪʠʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʪʘʢʞʝ ʩʚʷʟʘʥ ʩ 

ʦʨʠʝʥʪʘʮʠʝʡ ʟʝʨʝʥ. 

ɺ ʨʘʙʦʪʝ [13] ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʘ ʟʝʨʥʘ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʧʣʘʚʘ Alï8.5%Mg ʧʨʠ 

ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʪʷʞʝʥʠʝʤ (ʨʠʩʫʥʦʢ 1.4). ʈʘʟʤʝʨ ʟʝʨʥʘ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ 

ʠʟʤʝʥʷʣʩʷ ʦʪ 30 ʜʦ 90 ʤʢʤ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʪʝʤʧʝʨʘʪʫʨ ʠ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ. ɼʣʷ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʤʝʪʦʜ ʢʦʨʨʝʣʷʮʠʠ ʚʳʩʦʪ (ʘʥʛʣ. height-height correlation). ɸʚʪʦʨʳ ʩʜʝʣʘʣʠ ʚʳʚʦʜ, 

ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜʯʠʥʷʝʪʩʷ ʩʘʤʦʘʬʬʠʥʥʦʤʫ ʧʨʝʦʙʨʘʟʦʚʘʥʠʶ ʤʘʩʰʪʘʙʘ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʜʣʠʥʳ ʜʦ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʦʛʦ 

ʨʘʟʤʝʨʫ ʟʝʨʥʘ, ʚʳʰʝ ʢʦʪʦʨʦʛʦ ʢʦʨʨʝʣʷʮʠʷ ʧʦ ʚʳʩʦʪʝ ʦʪʩʫʪʩʪʚʦʚʘʣʘ (ʨʠʩʫʥʦʢ 1.5ʘ). 

ʇʦʢʘʟʘʪʝʣʴ ʩʘʤʦʘʬʬʠʥʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʫʚʝʣʠʯʠʚʘʣʩʷ ʩʦ 

ʩʪʝʧʝʥʴʶ ʨʘʩʪʷʞʝʥʠʷ ʠ ʜʦʩʪʠʛʘʣ ʟʥʘʯʝʥʠʷ ʦʢʦʣʦ 0.9. ɼʣʷ ʦʙʨʘʟʮʦʚ ʩ ʨʘʟʥʳʤ 

ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ ʥʘʙʣʶʜʘʣʘʩʴ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʦʤ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ RRMS ʠ ʜʝʬʦʨʤʘʮʠʝʡ (ʨʠʩʫʥʦʢ 1.5ʙ). ɸʚʪʦʨʳ ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ 

ʥʘʙʣʶʜʘʝʤʳʡ ʨʝʣʴʝʬ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʚʢʣʘʜʦʚ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʥʘ 

ʩʫʙʟʝʨʝʥʥʦʤ ʫʨʦʚʥʝ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʙʦʣʝʝ ʢʨʫʧʥʦʤ 

ʤʘʩʰʪʘʙʝ, ʚʳʟʚʘʥʥʳʭ ʨʘʟʣʠʯʠʷʤʠ ʚ ʦʨʠʝʥʪʘʮʠʠ ʩʦʩʝʜʥʠʭ ʟʝʨʝʥ.  
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ʘ     ʙ 

  

ʚ    ʛ 

ʈʠʩʫʥʦʢ 1.4 ïʕʚʦʣʶʮʠʷ ʧʨʦʬʠʣʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʦʙʨʘʟʮʘʭ Alï8.5%Mg ʩʦ ʩʨʝʜʥʠʤ 

ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ 30 ʤʢʤ (ʘ, ʙ) ʠ 90 ʤʢʤ (ʚ, ʛ) [13] 

ɸʚʪʦʨʳ [13] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʧʠʩʘʥʠʝ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʘ 

ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ ʩ ʧʦʤʦʱʴʶ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ, 

ʜʣʠʥʳ ʢʦʨʨʝʣʷʮʠʠ ʠ ʬʫʥʢʮʠʠ ʚʳʩʦʪ ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʨʦʠʩʭʦʞʜʝʥʠʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʣʝʞʘʱʠʭ ʚ ʝʝ ʦʩʥʦʚʝ ʬʠʟʠʯʝʩʢʠʭ 

ʤʝʭʘʥʠʟʤʘʭ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʠʥʘ ʢʦʨʨʝʣʷʮʠʠ ʜʣʷ ʵʪʦʛʦ 

ʩʘʤʦʘʬʬʠʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʙʳʣʘ ʩʚʷʟʘʥʘ ʩ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ 

ʧʨʝʜʧʦʣʦʞʝʥʦ, ʯʪʦ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʦʢʘʟʳʚʘʝʪ ʵʬʬʝʢʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʟʝʨʝʥ. ʇʨʠʯʠʥʘ ʨʘʟʚʠʪʠʷ ʨʝʣʴʝʬʘ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʪʦʨʦʛʦ 
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ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʢʘʢ ʦʪ 

ʜʝʬʦʨʤʘʮʠʠ, ʪʘʢ ʠ ʨʘʟʤʝʨʘ ʟʝʨʥʘ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʟʣʠʯʠʷʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʟʝʨʥʘʤʠ. ɹʦʣʝʝ ʤʷʛʢʠʝ ʟʝʨʥʘ ʙʫʜʫʪ ʜʝʬʦʨʤʠʨʦʚʘʪʴʩʷ 

ʩʠʣʴʥʝʝ, ʯʝʤ ʙʦʣʝʝ ʪʚʝʨʜʳʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʜʥʦʨʦʜʥʦʤʫ ʫʪʦʥʝʥʠʶ ʤʘʪʝʨʠʘʣʘ 

ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʪʷʞʝʥʠʝʤ ʠ ʢ ʨʘʟʚʠʪʠʶ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ. ɺʤʝʩʪʝ ʩ 

ʪʝʤ, ʬʠʟʠʯʝʩʢʠʝ ʧʨʠʯʠʥʳ ʨʘʟʚʠʪʠʷ ʩʘʤʦʘʬʬʠʥʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ 

ʩʫʙʟʝʨʝʥʥʦʤ ʤʘʩʰʪʘʙʝ ʦʩʪʘʣʠʩʴ ʥʝʚʳʷʩʥʝʥʥʳʤʠ. 

  

ʘ     ʙ 

ʈʠʩʫʥʦʢ 1.5 ï ʌʫʥʢʮʠʠ ʢʦʨʨʝʣʷʮʠʠ ʚʳʩʦʪ ʧʨʠ 15% ʜʝʬʦʨʤʘʮʠʠ (ʘ) ʠ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ RRMS ʦʪ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ (ʙ) ʜʣʷ ʦʙʨʘʟʮʦʚ 

Alï8.5%Mg ʩ ʨʘʟʣʠʯʥʳʤ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ [13] 

ɺ ʨʘʙʦʪʝ [11] ʘʚʪʦʨʘʤʠ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʝʣʴʝʬʘ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ (ʨʠʩʫʥʦʢ 1.6). 

ʇʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʚʳʨʝʟʘʥʳ ʠʟ ʣʠʩʪʦʚʦʛʦ ʘʣʶʤʠʥʠʷ AA6022 ʠ 

ʤʝʭʘʥʠʯʝʩʢʠ ʦʪʧʦʣʠʨʦʚʘʥʳ. ʇʝʨʝʜ ʜʝʬʦʨʤʘʮʠʝʡ ʙʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʥʘ 

ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʫʯʘʩʪʢʘʭ ʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʦʢʘʪʢʠ ʣʠʩʪʘ ʠ ʦʜʥʦʛʦ ʚ 

ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʂʘʨʪʠʥʳ ʥʘʠʙʦʣʴʰʠʭ ʩʤʝʱʝʥʠʡ ʚ ʤʦʨʬʦʣʦʛʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ 
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ʥʘʣʦʞʝʥʳ ʥʘ ʢʘʨʪʳ ʟʝʨʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʮʚʝʪʘʭ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ, ʯʪʦʙʳ 

ʠʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ ʜʝʬʦʨʤʘʮʠʠ. ʊʘʢʞʝ ʙʳʣʠ 

ʨʘʩʩʤʦʪʨʝʥʳ ʨʦʣʠ ʬʘʢʪʦʨʦʚ ʊʝʡʣʦʨʘ, ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʛʨʘʥʠʮ ʟʝʨʝʥ, ʥʘʠʙʦʣʴʰʠʭ 

ʬʘʢʪʦʨʦʚ ʐʤʠʜʘ, ʨʘʟʤʝʨʦʚ ʟʝʨʝʥ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʩʫʙʟʝʨʝʥ. 

 

ʈʠʩʫʥʦʢ 1.6 ï ʄʦʨʬʦʣʦʛʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʠʟ ʩʧʣʘʚʘ ɸɸ6022 ʧʦʩʣʝ 

ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ ʧʨʦʢʘʪʢʠ ʜʦ ʜʝʬʦʨʤʘʮʠʠ 

10% (ʘ), 15% (b), 22% (c) ʠ 26% (ʩʪʘʜʠʷ ʧʨʝʜʨʘʟʨʫʰʝʥʠʷ) (d) [11] 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʤʝʱʝʥʠʷ ʧʨʦʠʩʭʦʜʷʪ 

ʚʙʣʠʟʠ ʪʨʦʡʥʳʭ ʩʪʳʢʦʚ ʟʝʨʝʥ, ʥʘʠʙʦʣʝʝ ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ ʚʝʣʠʯʠʥʝ ʬʘʢʪʦʨʦʚ 
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ʊʝʡʣʦʨʘ. ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʨʝʣʴʝʬʘ ʠ 

ʣʦʢʘʣʠʟʘʮʠʝʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʚʦʜʠʣʩʷ ʚ ʪʝʨʤʠʥʘʭ ʤʘʢʩʠʤʘʣʴʥʳʭ ʦʪʢʣʦʥʝʥʠʡ 

ʧʠʢʦʚ ʠ ʚʧʘʜʠʥ ʦʪ ʩʨʝʜʥʝʡ ʣʠʥʠʠ, ʠʟʤʝʨʝʥʥʳʭ ʥʘ ʙʘʟʦʚʦʡ ʜʣʠʥʝ. ʀʣʣʶʩʪʨʘʮʠʷ 

ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.7. ʅʘ ʨʠʩʫʥʢʝ 1.7ʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ (ʨʠʩʫʥʦʢ 1.6ʛ) ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʦʪʢʣʦʥʝʥʠʷ ʦʪ 

ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ, ʘ ʤʘʢʩʠʤʘʣʴʥʳʝ ʠ ʤʠʥʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʦʪʢʣʦʥʝʥʠʡ ʧʨʠʚʝʜʝʥʳ 

ʥʘ ʨʠʩʫʥʢʝ 1.7ʙ. ɸʚʪʦʨʘʤʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʚʥʫʪʨʠʟʝʨʝʥʥʳʤʠ 

ʩʤʝʱʝʥʠʷʤʠ ʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʘʷ 

ʣʦʢʘʣʠʟʘʮʠʷ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʙʣʘʩʪʠ ʛʨʘʥʠʮ ʟʝʨʝʥ. 

 

ʘ     ʙ 

 

ʈʠʩʫʥʦʢ 1.7 ï ʇʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ ɸɸ6022 ʧʦʩʣʝ ʨʘʩʪʷʞʝʥʠʷ ʜʦ ʜʝʬʦʨʤʘʮʠʠ 

26% (ʘ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʳʭ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ 

ʧʠʢʦʚ ʠ ʚʧʘʜʠʥ ʦʪ ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ (ʙ) [11] 

ɸʚʪʦʨʳ [11] ʦʪʤʝʯʘʶʪ, ʯʪʦ ʚʳʚʦʜʳ ʦ ʚʣʠʷʥʠʠ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ ʥʘ 

ʣʦʢʘʣʠʟʘʮʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʩʤʝʱʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝ ʷʚʣʷʶʪʩʷ 

ʦʙʱʠʤʠ, ʧʦʩʢʦʣʴʢʫ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʬʘʢʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʣʠʷʪʴ ʥʘ 
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ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʠʩʢʣʶʯʘʶʪʩʷ ʠʟ ʘʥʘʣʠʟʘ. ɺʤʝʩʪʝ ʩ 

ʪʝʤ, ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʦʨʠʝʥʪʘʮʠʠ 

ʟʝʨʝʥ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʦʧʨʝʜʝʣʷʶʱʠʭ ʬʘʢʪʦʨʦʚ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ. 

ɺ ʨʘʙʦʪʘʭ [24, 48] ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʠʜʝʷ ʩʦʟʜʘʥʠʷ ʜʘʪʯʠʢʦʚ ʫʩʪʘʣʦʩʪʥʦʛʦ 

ʨʘʟʨʫʰʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʘʪʪʝʩʪʘʮʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

ʘʣʶʤʠʥʠʝʚʦʡ ʬʦʣʴʛʠ, ʥʘʥʝʩʝʥʥʦʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʌʦʣʴʛʘ, 

ʚʳʩʪʫʧʘʶʱʘʷ ʚ ʨʦʣʠ ʤʘʪʝʨʠʘʣʘ-çʩʚʠʜʝʪʝʣè̫, ʜʝʬʦʨʤʠʨʦʚʘʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ 

ʦʩʥʦʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʚ ʫʩʣʦʚʠʷʭ ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ, ʦʧʠʩʳʚʘʶʱʠʭ ʵʚʦʣʶʮʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʘʮʠʠ, ʙʳʣʠ 

ʚʳʙʨʘʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʨʘʢʪʘʣʴʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ, ʵʥʪʨʦʧʠʠ ʠ ʩʧʝʢʪʨʘʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ. ʅʝʣʠʥʝʡʥʳʡ ʨʦʩʪ ʚʩʝʭ ʧʘʨʘʤʝʪʨʦʚ 

ʥʘʙʣʶʜʘʣʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ~103 ʜʦ 104 ʮʠʢʣʦʚ. ɹʳʣʘ ʚʳʷʚʣʝʥʘ ʚʳʩʦʢʘʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʣʴʛʠ ʢ ʣʦʢʘʣʠʟʘʮʠʠ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʘʚʪʦʨʳ ʦʪʤʝʪʠʣʠ, ʯʪʦ ʥʝʜʦʩʪʘʪʢʦʤ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʬʨʘʢʪʘʣʴʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʜʣʷ ʦʮʝʥʢʠ ʨʝʣʴʝʬʘ ʷʚʣʷʝʪʩʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʢ ʢʘʯʝʩʪʚʫ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʦʣʠʨʦʚʢʠ. 

1.2 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ɻʎʂ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʦʷʚʣʝʥʠʝ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʤʝʱʝʥʠʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʦʜʥʦʨʦʜʥʦʤ ʠʟʦʪʨʦʧʥʦʤ ʤʘʪʝʨʠʘʣʝ ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʦʧʠʩʘʥʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ 

ʪʝʣʘ, ʧʦʩʢʦʣʴʢʫ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʩʫʪʩʪʚʫʶʪ ʩʠʣʳ ʩʧʦʩʦʙʥʳʝ ʚʳʟʚʘʪʴ ʵʪʠ 

ʩʤʝʱʝʥʠʷ. ʇʨʠʨʦʜʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʝɹʬʘ ʩʚʷʟʘʥʘ ʩʦ 

ʩʪʨʫʢʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʥʘ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ ʠ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʵʪʦʛʦ ʷʚʣʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳ ʤʦʜʝʣʠ, ʫʯʠʪʳʚʘʶʱʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʬʘʢʪʦʨʳ. 

ɿʘʜʘʯʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠʟʫʯʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʦʜʭʦʜʘ ʚ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠ ̫ʧʨʠʚʣʝʢʘʶʪ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ 
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ʫʯʝʥʳʭ ʚ ʈʦʩʩʠʠ ʠ ʟʘ ʨʫʙʝʞʦʤ. ʆʜʥʠʤ ʠʟ ʧʦʜʭʦʜʦʚ ʢ ʤʥʦʛʦʫʨʦʚʥʝʚʦʤʫ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʷʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝ ʢʨʘʝʚʳʭ ʟʘʜʘʯ ʩ ʚʚʝʜʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ 

ʚ ʷʚʥʦʤ ʚʠʜʝ ʯʝʨʝʟ ʟʘʚʠʩʠʤʦʩʪʴ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʪ ʢʦʦʨʜʠʥʘʪ 

[52-60]. ɺ ʨʘʤʢʘʭ ʪʘʢʦʡ ʧʦʩʪʘʥʦʚʢʠ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʦʧʠʩʘʥʠʝ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. 

ʇʝʨʚʳʝ ʨʘʙʦʪʳ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʚ ʜʚʫʤʝʨʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ. ʕʪʦ ʙʳʣʦ ʦʙʫʩʣʦʚʣʝʥʦ ʥʝʩʢʦʣʴʢʠʤʠ ʬʘʢʪʦʨʘʤʠ, ʦʩʥʦʚʥʳʤʠ ʠʟ 

ʢʦʪʦʨʳʭ ʷʚʣʷʣʠʩʴ ʦʛʨʘʥʠʯʝʥʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ ʠ 

ʧʨʦʙʣʝʤʘ ʚʚʝʜʝʥʠʷ ʚ ʨʘʩʯʝʪʳ ʪʨʝʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʨʘʙʦʪʝ ɹʝʢʢʝʨʘ ʩ 

ʩʦʘʚʪʦʨʘʤʠ [21] ʧʨʠ ʧʦʤʦʱʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʜʚʫʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ 

ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʨʘʟʚʠʪʠʝ ʨʝʣʴʝʬʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʚʠʜʘʭ ʥʘʛʨʫʞʝʥʠʷ. ɿʝʨʝʥʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʚ ʪʦʥʢʦʤ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʚʚʦʜʠʣʘʩʴ ʚ ʷʚʥʦʤ ʚʠʜʝ (ʨʠʩʫʥʦʢ 1.8ʘ), ʧʨʠ 

ʵʪʦʤ ʧʦʚʝʜʝʥʠʝ ʟʝʨʝʥ ʦʧʠʩʳʚʘʣʦʩʴ ʤʦʜʝʣʴʶ, ʧʦʩʪʨʦʝʥʥʦʡ ʥʘ ʦʩʥʦʚʝ ʬʠʟʠʯʝʩʢʦʡ 

ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ. ʏʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʪʠʧʘ ʨʝʰʝʪʢʠ 

ʠ ʚʠʜʘ ʥʘʛʨʫʞʝʥʠʷ ʥʘ ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʣʴʝʬʘ ʠ ʣʦʢʘʣʠʟʘʮʠʠ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ. ʏʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ 

[21] ʧʦʢʘʟʘʣʠ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ ʧʨʠʣʦʞʝʥʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ (ʨʠʩʫʥʦʢ 1.8ʙ, ʚ). ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, 

ʯʪʦ ʛʣʘʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʩʤʝʱʝʥʠʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʷʚʣʷʝʪʩʷ 

ʥʝʦʜʥʦʨʦʜʥʘʷ ʜʝʬʦʨʤʘʮʠʷ, ʚʦʟʥʠʢʘʶʱʘʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʥʫʪʨʠʟʝʨʝʥʥʦʛʦ 

ʩʢʦʣʴʞʝʥʠʷ ʚʜʦʣʴ ʦʧʨʝʜʝʣʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ. ɼʨʫʛʠʝ 

ʬʘʢʪʦʨʳ, ʪʘʢʠʝ ʢʘʢ ʬʦʨʤʘ ʟʝʨʝʥ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ. 

ʉʫʱʝʩʪʚʝʥʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʤʦʜʝʣʠ ɹʝʢʢʝʨʘ ʷʚʣʷʣʦʩʴ ʪʦ, ʯʪʦ ʩʤʝʱʝʥʠʷ 

ʟʝʨʝʥ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, ʧʨʦʠʩʭʦʜʠʣʠ 

ʪʦʣʴʢʦ ʚ ʧʣʦʩʢʦʩʪʠ ʤʦʜʝʣʠ. ʂʨʦʤʝ ʪʦʛʦ, ʘʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʚ ʠʭ ʤʦʜʝʣʠ ʷʚʥʦ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʦʣʴʢʦ ʟʝʨʥʘ ʚ ʪʦʥʢʦʤ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ. ɺʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ 

ʟʝʨʝʥ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʦ ʜʠʘʤʝʪʨʦʚ ʥʠʞʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʝ 

ʫʯʠʪʳʚʘʣʦʩʴ, ʠ ʣʦʢʘʣʠʟʘʮʠʷ ʜʝʬʦʨʤʘʮʠʠ ʧʨʝʢʨʘʱʘʣʘʩʴ ʥʘ ʛʣʫʙʠʥʝ ʦʢʦʣʦ 50 ʤʢʤ. 

ɸʚʪʦʨʳ ʪʘʢʞʝ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʦʧʠʩʘʥʠʝ ʧʦʣʦʩ ʣʦʢʘʣʠʟʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
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ʥʝʨʘʚʥʦʤʝʨʥʳʭ ʩʝʪʦʢ ʩʚʷʟʘʥʳ ʩ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʪʨʫʜʥʦʩʪʷʤʠ, ʧʦʩʢʦʣʴʢʫ ʠʟʚʝʩʪʥʦ, 

ʯʪʦ ʰʠʨʠʥʘ ʧʦʣʦʩ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʵʣʝʤʝʥʪʘ. ʕʬʬʝʢʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʜʝʪʘʣʠʟʘʮʠʝʡ ʩʝʪʢʠ ʠ ʛʝʦʤʝʪʨʠʝʡ ʟʝʨʥʘ ʥʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ. 

 

ʘ 

  

ʙ     ʚ 

ʈʠʩʫʥʦʢ 1.8 ï ʂʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʤʦʜʝʣʴ ʩ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚ 

ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ (ʘ) ʠ ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ Ra ʦʪ ʩʪʝʧʝʥʠ 

ʜʝʬʦʨʤʘʮʠʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʥʘʛʨʫʞʝʥʠʷ (ʙ) ʠ ʪʠʧʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ ʟʝʨʝʥ (ʚ) [21] 

ʅʝʩʤʦʪʨʷ ʥʘ ʫʧʨʦʱʝʥʥʳʝ ʧʨʠʙʣʠʞʝʥʠʷ ʠ ʥʝʜʦʩʪʘʪʢʠ ʤʦʜʝʣʠ ɹʝʢʢʝʨʘ, ʦʥʘ 

ʜʘʝʪ ʘʜʝʢʚʘʪʥʫʶ ʦʮʝʥʢʫ ʩʨʝʜʥʝʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʠʥʫ ʧʨʦʬʠʣʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʦʣʦ ʪʨʝʭ-ʧʷʪʠ ʜʠʘʤʝʪʨʦʚ ʟʝʨʥʘ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 
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ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʦʩʥʦʚʥʳʝ ʤʝʭʘʥʠʟʤʳ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʣʴʝʬʘ ʤʦʛʫʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʦʧʠʩʘʥʳ ʧʨʦʩʪʦʡ ʤʦʜʝʣʴʶ 

ʧʦʣʠʢʨʠʩʪʘʣʣʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʦʩʪʘʪʦʯʥʦ ʛʨʫʙʳʭ ʩʝʪʦʢ, ʥʦ ʘʜʝʢʚʘʪʥʳʤ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʅʘʠʙʦʣʝʝ ʚʘʞʥʳʤ ʥʘʙʣʶʜʝʥʠʝʤ ʵʪʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʪʝʩʥʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʣʦʢʘʣʠʟʘʮʠʝʡ ʜʝʬʦʨʤʘʮʠʠ. ʃʦʢʘʣʠʟʘʮʠʷ ʜʝʬʦʨʤʘʮʠʠ, ʧʦ ʧʨʝʜʧʦʣʦʞʝʥʠʶ ʘʚʪʦʨʘ, 

ʚʣʠʷʝʪ ʥʘ ʛʣʫʙʠʥʫ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʘʢʠʝ ʬʘʢʪʦʨʳ, ʢʘʢ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ, ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʪʝʢʩʪʫʨʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ, ʢʦʪʦʨʳʝ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʚʣʠʷʶʪ ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ ʜʝʬʦʨʤʘʮʠʠ, 

ʪʘʢʞʝ ʜʦʣʞʥʳ ʚʣʠʷʪ ɹʥʘ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ. ʅʘ ʦʩʥʦʚʝ ʵʪʠʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ɹʝʢʢʝʨ ʧʨʝʜʧʦʣʦʞʠʣ, ʯʪʦ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ 

ʫʤʝʥʴʰʝʥʘ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʠʣʠ ʤʦʜʠʬʠʢʘʮʠʠ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ ʧʦʜʭʦʜʷʱʝʡ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ, ʥʦ ʦʪʤʝʪʠʣ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ. 

ɹʦʣʝʝ ʢʦʨʨʝʢʪʥʦʝ ʦʧʠʩʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʪʨʝʙʫʝʪ ʫʯʝʪʘ 

ʪʨʝʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʷʚʥʦʤ ʚʠʜʝ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʪʨʝʭʤʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʧʨʠʦʙʨʝʪʘʝʪ ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʠʟʫʯʝʥʠʷ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʪʨʝʭʤʝʨʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʦʜʝʣʷʭ ʚ ʨʘʙʦʪʘʭ [2-5,14-18, 26, 29, 32, 42, 43, 61-64] ʦʙʝʩʧʝʯʠʣʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦ 

ʥʦʚʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʚʟʘʠʤʦʩʚʷʟʠ ʧʨʦʮʝʩʩʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚ ʦʙʲʝʤʝ. ɺʣʠʷʥʠʝ 

ʪʠʧʘ ʪʝʢʩʪʫʨʳ ʠ ʫʩʣʦʚʠʡ ʥʘʛʨʫʞʝʥʠʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʨʘʟʚʠʚʘʶʱʝʡʩʷ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʧʨʠ ʠʟʛʠʙʝ ʠ 

ʦʜʥʦʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ, ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚ ʨʘʙʦʪʝ Rossiter ʠ ʜʨ. [22] 

(ʨʠʩʫʥʢʠ 1.9-1.10). ɹʳʣʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʧʷʪʴ ʭʘʨʘʢʪʝʨʥʳʭ ʪʝʢʩʪʫʨ, ʢʦʪʦʨʳʝ 

ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʘʭ. ɺ ʨʘʩʯʝʪʘʭ ʠʟʛʠʙʘ ʘʚʪʦʨʳ [22] ʢʦʣʠʯʝʩʪʚʝʥʥʦ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦ ʥʘʙʦʨʫ ʧʨʦʬʠʣʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʘʨʘʣʣʝʣʴʥʦ ʠ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʠʟʛʠʙʘ. 

ʏʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʪʝʢʩʪʫʨʘ, ʩʪʝʧʝʥʴ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ, ʘ 

ʪʘʢʞʝ ʣʦʢʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʠʟʛʠʙʝ ʥʝ ʢʦʨʨʝʣʠʨʫʶʪ ʩ 
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ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʠ, ʠʟʤʝʨʝʥʥʦʡ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. 

ʆʜʥʘʢʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʘ ʩ 

ʨʘʟʥʠʮʝʡ ʚ ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʥʘʢʦʧʣʝʥʠʶ ʜʝʬʦʨʤʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪ ʪʝʢʩʪʫʨʳ 

ʚʥʫʪʨʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʛʨʝʛʘʪʘ. 

 

ʘ    ʙ    ʚ 

ʈʠʩʫʥʦʢ 1.9 ï ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʧʨʠ ʠʟʛʠʙʝ [22]: 

ʤʦʜʝʣʴ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʪʝʢʩʪʫʨʘ Brass+Goss (ʘ), ʨʝʣʴʝʬ (ʙ) ʠ ʠʟʦʣʠʥʠʠ 

ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (ʚ) 

ɸʚʪʦʨʳ ʚʳʷʚʠʣʠ ʩʣʝʜʫʶʱʠʡ ʧʦʨʷʜʦʢ ʢʦʤʧʦʥʝʥʪ ʪʝʢʩʪʫʨʳ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʟʥʘʯʝʥʠʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʤʝʥʷʶʪʩʷ ʦʪ ʩʘʤʦʛʦ ʚʳʩʦʢʦʛʦ ʢ ʩʘʤʦʤʫ 

ʥʠʟʢʦʤʫ: {110}<112> (Brass), {123}<634> (S1), {112}<111> (Copper), {100}<001> 

(Cube) ʠ {110}<001> (Goss). ʂʨʦʤʝ ʪʦʛʦ, ʦʨʠʝʥʪʘʮʠʠ, ʧʨʠ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʣʘʩʴ 

ʥʘʠʙʦʣʴʰʘʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʣʘʙʳʝ ʠʟʤʝʥʝʥʠʷ 

ʪʝʢʩʪʫʨʳ ʚʦ ʚʨʝʤʷ ʠʟʛʠʙʘ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʝ ʦʨʠʝʥʪʘʮʠʠ 

ʧʨʠʚʦʜʷʪ ʢ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʠʟʛʠʙʝ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʠʟʛʠʙʘ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʚʩʝ ʧʷʪʴ ʦʨʠʝʥʪʘʮʠʡ, ʧʨʝʜʩʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʫʚʝʣʠʯʝʥʠʝ ʠ ʫʤʝʥʴʰʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʢʦʤʧʦʥʝʥʪʳ { 110}<112> (Brass) ʚ ʤʘʪʝʨʠʘʣʝ 

ʫʚʝʣʠʯʠʚʘʝʪ ʠ ʫʤʝʥʴʰʘʝʪ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘʢʦʥʝʮ, 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʝʣʴʝʬʘ ʧʦ ʪʠʧʫ ʛʦʬʨʘ ʦʢʘʟʳʚʘʝʪʩʷ ʥʘʠʙʦʣʝʝ ʚʳʨʘʞʝʥʥʦʡ, ʢʦʛʜʘ 

ʢʦʤʧʦʥʝʥʪʳ ʪʝʢʩʪʫʨ rBrass ʩʤʝʰʠʚʘʣʠ ʩ ʢʦʤʧʦʥʝʥʪʘʤʠ Cube ʠʣʠ Goss, ʠ ʥʘʠʤʝʥʝʝ 

ʚʳʨʘʞʝʥʥʦʡ, ʢʦʛʜʘ ʩʤʝʰʠʚʘʣʠ ʪʝʢʩʪʫʨʳ Brass ʠ S1. 
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ʅʘ ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʦʚ ʥʘ ʨʘʩʪʷʞʝʥʠʝ, ʚ [22] ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʪʨʝʭʤʝʨʥʳʭ ʠ ʜʚʫʤʝʨʥʳʭ ʤʦʜʝʣʷʭ ʩ ʨʘʟʣʠʯʥʦʡ 

ʪʝʢʩʪʫʨʦʡ (ʨʠʩʫʥʦʢ 1.10). ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʘʚʪʦʨʘʤʠ ʙʳʣ ʩʜʝʣʘʥ 

ʚʳʚʦʜ ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʪʨʝʭʤʝʨʥʳʭ ʤʦʜʝʣʝʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʦʙʨʘʟʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, ʧʦʩʢʦʣʴʢʫ ʨʝʟʫʣʴʪʘʪʳ ʜʚʫʤʝʨʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʣʴʟʷ ʩʯʠʪʘʪʴ ʘʜʝʢʚʘʪʥʳʤʠ. 

 
a 

 
ʙ 

 
ʚ 

ʈʠʩʫʥʦʢ 1.10 ï ʉʨʘʚʥʝʥʠʝ ʠʟʦʣʠʥʠʡ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 3D- ʠ 2D-ʤʦʜʝʣʝʡ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʪʝʢʩʪʫʨʘʤʠ [22]: ʘ ï Brass, ʙ ï Goss, ʚ ï Brass+Goss 
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ʉʝʨʠʷ ʨʘʙʦʪ ʧʦ ʪʨʝʭʤʝʨʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʚʠʪʠʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʚ ʘʣʶʤʠʥʠʝʚʳʭ 

ʩʧʣʘʚʘʭ ʠ ʩʪʘʣʷʭ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʈʦʤʘʥʦʚʦʡ ʩ ʩʦʘʚʪʦʨʘʤʠ [2, 4, 29, 63, 64]. 

ɼʝʬʦʨʤʘʮʠʦʥʥʳʡ ʦʪʢʣʠʢ ʟʝʨʝʥ ʦʧʠʩʳʚʘʣʩʷ ʧʫʪʝʤ ʟʘʜʘʥʠʷ ʥʘʙʦʨʘ ʢʨʠʚʳʭ ʪʝʯʝʥʠʷ 

ʯʝʨʝʟ ʧʨʦʩʪʳʝ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʙʝʟ ʫʯʝʪʘ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʩʚʷʟʘʥʥʦʡ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ. ʅʦ ʜʘʞʝ 

ʪʘʢʦʡ ʧʨʦʩʪʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʣ ʦʧʠʩʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʳʭ ʤʘʪʝʨʠʘʣʘʭ. ɺ [29] ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ 

ʬʦʨʤʳ ʟʝʨʥʘ ʠ ʩʦʩʪʦʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ (ʨʠʩʫʥʦʢ 1.11). ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʠʯʠʥʦʡ 

ʩʤʝʱʝʥʠʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʷʚʣʷʝʪʩʷ 

ʥʝʦʜʥʦʨʦʜʥʦʝ ʅɼʉ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ, ʩʚʷʟʘʥʥʦʝ ʩ ʥʘʣʠʯʠʝʤ ʚʥʫʪʨʝʥʥʠʭ 

ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ. 

ɺ ʨʘʙʦʪʘʭ [3, 5, 17, 18] ʘʚʪʦʨʘʤʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʚʠʪʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 3D ʤʦʜʝʣʝʡ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʪʠʪʘʥʘ ʚ ʨʘʤʢʘʭ ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ 

ʢʨʠʩʪʘʣʣʦʚ. ʗʚʥʳʡ ʫʯʝʪ ʤʝʭʘʥʠʟʤʦʚ ʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ ʩʢʦʣʴʞʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʘʭ ʩ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʦʡ ʨʝʰʝʪʢʦʡ (ɻʇʋ) ʧʦʟʚʦʣʠʣ ʠʩʩʣʝʜʦʚʘʪʴ 

ʚʣʠʷʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘ ʤʠʢʨʦʫʨʦʚʥʝ ʠ ʪʝʢʩʪʫʨʳ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ Ŭ-ʪʠʪʘʥʘ ʥʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. ɹʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʩʠʣʴʥʦʡ 

ʙʘʟʠʩʥʦʡ ʪʝʢʩʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʤʠʢʨʦʨʝʣʴʝʬʘ ʠ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʭ ʩʢʣʘʜʦʢ [3]. ɸʥʘʣʦʛʠʯʥʳʡ ʵʬʬʝʢʪ ʙʳʣ ʩʚʷʟʘʥ ʩ ʥʘʣʠʯʠʝʤ 

ʠʟʦʪʨʦʧʥʦʛʦ ʘʤʦʨʬʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʘ [17]. ɺ [3, 17, 18] 

ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʦʮʝʥʢʘ ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʚ 

ʪʝʨʤʠʥʘʭ ʚʚʝʜʝʥʥʦʛʦ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ. ɺʘʞʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʚʳʧʦʣʥʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʠʝ 

ʢʦʨʨʝʣʷʮʠʠ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʩʦ ʩʪʝʧʝʥʴʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚʜʦʣʴ ʦʩʠ 

ʨʘʩʪʷʞʝʥʠʷ. 
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ʈʠʩʫʥʦʢ 1.11 ï ɼʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ (ʘ, ʙ) ʠ ʧʨʦʬʠʣʦʛʨʘʤʤʳ ʧʦʚʝʨʭʥʦʩʪʠ (ʚ, 

ʛ) ʚ ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʩʦ ʩʚʦʙʦʜʥʳʤʠ ʙʦʢʦʚʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ (ʘ, ʚ) ʠ 

ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠ̫ ʤʠ (ʙ, ʛ) ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʜʦ 0.18% [29] 

ʉʨʝʜʠ ʥʝʜʘʚʥʠʭ ʨʘʙʦʪ ʧʦ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʚ ʪʨʝʭʤʝʨʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʷʭ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʨʘʙʦʪʫ Zhu 

et al. [15] (ʨʠʩʫʥʢʠ 1.12-1.14). ɸʚʪʦʨʳ ʠʩʩʣʝʜʦʚʘʣʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʝ ʚʣʠʷʥʠʝ 

ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʩʣʦʞʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʚ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʘʣʶʤʠʥʠʝʚʦʡ ʪʨʫʙʳ 

ʚ ʧʨʦʮʝʩʩʝ ʛʠʜʨʦʬʦʨʤʠʥʛʘ (ʨʠʩʫʥʦʢ 1.13). ʋʩʣʦʚʠʷ ʥʘʛʨʫʞʝʥʠʷ ʬʨʘʛʤʝʥʪʦʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ 

ʤʘʢʨʦʦʙʨʘʟʮʘ, ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʠʟ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʜʣʷ ʬʨʘʛʤʝʥʪʘ 

ʪʨʫʙʳ (ʨʠʩʫʥʦʢ 1.14). 
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ʘ      ʙ 

ʈʠʩʫʥʦʢ 1.12 ï ʉʭʝʤʘ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʚ ʫʩʣʦʚʠʷʭ ʛʠʜʨʦʬʦʨʤʠʥʛʘ [15]: ʘ ï ʤʘʢʨʦʤʦʜʝʣʴ, ʙ ï ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʡ 

ʬʨʘʛʤʝʥʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 

 

    ʘ       ʙ 

ʈʠʩʫʥʦʢ 1.13 ï ɼʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʦʛʦ (ʘ) ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ (ʙ) ʦʙʨʘʟʮʦʚ, ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʧʨʠ ʛʠʜʨʦʬʦʨʤʠʥʛʝ [15] 

ʂʦʣʠʯʝʩʪʚʝʥʥʳʝ ʦʮʝʥʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʣʴʝʬʘ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʚ ʪʝʨʤʠʥʘʭ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ Ra. ɹʳʣʦ ʧʦʣʫʯʝʥʦ ʢʘʯʝʩʪʚʝʥʥʦʝ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ɸʚʪʦʨʳ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʜʠʘʛʨʘʤʤʳ 
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ʧʨʝʜʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʨʠ ʛʠʜʨʦʬʦʨʤʠʥʛʝ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʵʚʦʣʶʮʠʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ (ʨʠʩʫʥʦʢ 1.14). 

  

ʘ     ʙ 

ʈʠʩʫʥʦʢ 1.14 ï ɼʠʘʛʨʘʤʤʘ ʧʨʝʜʝʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ, ʧʦʩʪʨʦʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ 

ʦʮʝʥʦʢ ʰʝʨʦʭʦʚʘʪʦʩʪʠ (ʘ) ʠ ʩʭʝʤʘ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʨʝʘʣʠʟʫʶʱʠʭʩʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʪʨʫʙʳ ʚ ʫʩʣʦʚʠʷʭ ʛʠʜʨʦʬʦʨʤʠʥʛʘ [15] (ʙ) 

1.3 ɺʳʚʦʜʳ ʧʦ ʧʝʨʚʦʡ ʛʣʘʚʝ 

 ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʦʩʥʦʚʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʩʧʣʘʚʦʚ, ʢʦʪʦʨʳʝ ʦʙʨʘʙʘʪʳʚʘʶʪʩʷ 

ʧʫʪʝʤ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ (ʥʘʧʨʠʤʝʨ, ʰʪʘʤʧʦʚʢʦʡ, ʛʠʜʨʦʬʦʨʤʠʥʛʦʤ ʠ ʪ.ʧ.), 

ʠ ʛʜʝ ʵʪʦ ʷʚʣʝʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʥʝʞʝʣʘʪʝʣʴʥʦʝ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʩ ʮʝʣʴʶ ʨʘʟʨʘʙʦʪʢʠ 

ʤʝʪʦʜʦʚ ʝʛʦ ʧʦʜʘʚʣʝʥʠʷ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ ʠ ʩʪʘʣʝʡ. 

ʈʘʙʦʪʳ ʧʦ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʧʦʷʚʠʣʠʩʴ 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʟʜʥʝʝ ʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʛʦʨʘʟʜʦ ʤʝʥʝʝ ʰʠʨʦʢʦ, ʧʦʩʢʦʣʴʢʫ ʚ ʨʘʤʢʘʭ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʤʝʭʘʥʠʢʠ ʦʧʠʩʘʪʴ ʵʪʦ ʷʚʣʝʥʠʝ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʳʤ. ʆʧʠʩʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʩʪʘʣʦ 

ʚʦʟʤʦʞʥʳʤ ʙʣʘʛʦʜʘʨʷ ʨʘʟʚʠʪʠʶ ʧʦʜʭʦʜʦʚ ʤʠʢʨʦʤʝʭʘʥʠʢʠ, ʛʜʝ ʩʪʨʫʢʪʫʨʘ 

ʤʘʪʝʨʠʘʣʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʷʚʥʦʤ ʚʠʜʝ. ɿʜʝʩʴ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʨʘʙʦʪʫ ɹʝʢʢʝʨʘ, 

ʢʦʪʦʨʳʡ ʚʧʝʨʚʳʝ ʦʧʠʩʘʣ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʨʠʤʝʨʝ 
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ʜʚʫʤʝʨʥʦʡ ʤʦʜʝʣʠ ʩ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚ ʪʦʥʢʦʤ ʧʦʚʝʨʭʥʦʩʪʥʦʤ 

ʩʣʦʝ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʦʯʝʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʠʟʫʯʝʥʠʷ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠʦʙʨʝʪʘʝʪ ʪʨʝʭʤʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʦʩʢʦʣʴʢʫ 

ʪʦʣʴʢʦ ʚ ʨʘʤʢʘʭ ʪʨʝʭʤʝʨʥʳʭ ʤʦʜʝʣʝʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʨʘʩʩʤʦʪʨʝʥʠʝ 

ʪʨʝʭʤʝʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʚ ʷʚʥʦʤ ʚʠʜʝ. ʇʨʠ ʵʪʦʤ ʚʘʞʝʥ ʫʯʝʪ 

ʨʝʘʣʠʩʪʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ ʩʪʨʫʢʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ 

ʩʪʨʫʢʪʫʨʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ.  

 ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʨʠʚʦʜʠʪ ʢ ʚʳʚʦʜʫ ʦʙ ʦʩʦʙʦʡ ʨʦʣʠ ʧʨʦʮʝʩʩʦʚ 

ʥʘ ʤʝʟʦʫʨʦʚʥʝ, ʛʜʝ ʨʝʣʴʝʬʥʳʝ ʩʢʣʘʜʢʠ ʦʙʨʘʟʫʶʪʩʷ ʟʘ ʩʯʝʪ ʩʤʝʱʝʥʠʡ ʮʝʣʳʭ ʛʨʫʧʧ 

ʟʝʨʝʥ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʄʝʟʦʫʨʦʚʝʥʴ 

ʷʚʣʷʝʪʩʷ ʩʚʷʟʫʶʱʠʤ ʟʚʝʥʦʤ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ ʤʠʢʨʦʫʨʦʚʥʷ, ʛʜʝ ʧʣʘʩʪʠʯʝʩʢʘʷ 

ʜʝʬʦʨʤʘʮʠʷ ʦʙʫʩʣʦʚʣʝʥʘ ʜʠʩʣʦʢʘʮʠʦʥʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ, ʠ ʤʘʢʨʦʫʨʦʚʥʝʤ, ʛʜʝ 

ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʷ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʝʜʰʝʩʪʚʫʝʪ ʨʘʟʨʫʰʝʥʠʶ. ʅʘ 

ʦʩʥʦʚʝ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʠʤʝʥʥʦ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʡ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʜʣʷ 

ʨʘʥʥʝʛʦ ʧʨʦʛʥʦʟʘ ʣʦʢʘʣʠʟʘʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʥʘ 

ʤʘʢʨʦʫʨʦʚʥʝ. 

 ɺʤʝʩʪʝ ʩ ʪʝʤ, ʠʤʝʶʱʠʭʩʷ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʜʘʥʥʳʭ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʥʘʫʯʥʦ-ʦʙʦʩʥʦʚʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʘʪʪʝʩʪʘʮʠʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɼʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʜʠʩʢʫʩʩʠʦʥʥʳʤ ʚʦʧʨʦʩ ʦ ʤʝʭʘʥʠʟʤʘʭ ʠ 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʬʘʢʪʦʨʘʭ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʨʘʟʥʳʭ 

ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ. ɺʳʚʦʜʳ ʦ ʚʣʠʷʥʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʪʝʢʩʪʫʨʳ, ʨʘʟʤʝʨʘ ʠ 

ʬʦʨʤʳ ʟʝʨʥʘ, ʫʩʣʦʚʠʡ ʥʘʛʨʫʞʝʥʠʷ ʠ ʜʨʫʛʠʭ ʬʘʢʪʦʨʦʚ ʥʘ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʟʚʠʪʠʷ 

ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʟʘʯʘʩʪʫʶ ʷʚʣʷʶʪʩʷ ʧʨʦʪʠʚʦʨʝʯʠʚʳʤʠ. ʄʝʭʘʥʠʯʝʩʢʠʝ 

ʘʩʧʝʢʪʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ ʠ ʚʳʷʚʣʝʥʠʝ ʠʭ ʩʚʷʟʠ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʪʨʫʢʪʫʨʳ ʢʦʥʢʨʝʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʪʘʢʞʝ ʪʨʝʙʫʶʪ ʠʟʫʯʝʥʠʷ. ʇʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʫʩʪʘʥʦʚʣʝʥʠʝ 

ʢʦʨʨʝʣʷʮʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʣʴʝʬʘ ʩ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʤʘʪʝʨʠʘʣʘ ʠ 
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ʠʩʪʦʨʠʝʡ ʥʘʛʨʫʞʝʥʠʷ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʟʘʣʦʞʝʥʘ ʚ ʦʩʥʦʚʫ ʨʘʥʥʝʛʦ ʧʨʦʛʥʦʟʘ 

ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʠ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ. 
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2 ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʌʆʈʄʀʈʆɺɸʅʀʗ 

ʄɽɿʆʉʂʆʇʀʏɽʉʂʆɻʆ ɼɽʌʆʈʄɸʎʀʆʅʅʆɻʆ ʈɽʃʔɽʌɸ ɺ ʆɹʈɸɿʎɸʍ 

ʊɽʍʅʀʏɽʉʂʀ ʏʀʉʊʆɻʆ ɸʃʖʄʀʅʀʗ ʇʈʀ ʆɼʅʆʆʉʅʆʄ 

ʈɸʉʊʗɾɽʅʀʀ 

2.1 ɸʥʘʣʠʟ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨ r 

 ɼʣʷ ʠʟʫʯʝʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʚʠʪʠʷ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʧʨʦʚʝʜʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘ ʤʘʪʝʨʠʘʣʘʭ ʩ ʚʳʨʘʞʝʥʥʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʠ ʚʳʩʦʢʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʢ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʧʨʠ ʵʪʦʤ 

ʞʝʣʘʪʝʣʴʥʦ ʠʩʢʣʶʯʠʪʴ ʚʣʠʷʥʠʝ ʤʥʦʞʝʩʪʚʘ ʧʘʨʘʤʝʪʨʦʚ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ 

ʤʘʪʝʨʠʘʣʘʭ ʩʦ ʩʣʦʞʥʦʡ ʠʝʨʘʨʭʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʦʛʦ ʚ ʢʘʯʝʩʪʚʝ 

ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠ ̫ʙʳʣ ʚʳʙʨʘʥ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʳʡ ʣʠʩʪʦʚʦʡ ʘʣʶʤʠʥʠʡ 

ɸɼ0. 

 ɿʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʪʝʢʩʪʫʨʘ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʘʣʶʤʠʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ ʚ ʩʦʩʪʦʷʥʠʠ ʧʦʩʪʘʚʢʠ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʥʘ ʨʘʟʣʠʯʥʦʡ ʛʣʫʙʠʥʝ 

ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʦʜʦʤ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ɼʆʈʕ) ʚ 

ʧʣʦʩʢʦʩʪʠ, ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ, ʠ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ. ʊʘʢʦʡ 

ʤʝʪʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʷʭ ʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ɺʚʝʜʝʤ ʦʙʦʟʥʘʯʝʥʠʷ RD ʠ TD ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ 

ʚʜʦʣʴ ʠ ʧʦʧʝʨʝʢ ʧʨʦʢʘʪʢʠ, ʠ ND ï ʜʣʷ ʥʦʨʤʘʣʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʣʠʩʪʘ.  

ɿʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ND-TD ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ, 

ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.1ʘ. ʉʪʨʫʢʪʫʨʘ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʛʣʫʙʠʥʝ ʦʪ ʢʨʫʧʥʦʟʝʨʥʠʩʪʦʡ 

ʩ ʨʘʚʥʦʦʩʥʳʤʠ ʟʝʨʥʘʤʠ ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ ʧʦʨʷʜʢʘ 200 ʤʢʤ ʢ ʩʪʨʫʢʪʫʨʝ 

ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʧʦʨʷʜʢʘ 20-30 ʤʢʤ (ʨʠʩʫʥʦʢ 2.1ʙ). ɼʘʣʝʝ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ 

ʦʙʨʘʟʮʦʚ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ ʧʣʘʩʪʠʥʳ ʪʦʣʱʠʥʦʡ 1 ʤʤ ʩʨʝʟʘʣʩʷ, ʯʪʦʙʳ 

ʠʩʢʣʶʯʠʪʴ ʚʣʠʷʥʠʝ ʠʟʤʝʥʝʥʠʷ ʨʘʟʤʝʨʘ ʟʝʨʥʘ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʣʴʝʬʘ.  
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ʈʠʩʫʥʦʢ 2.1 ï ɿʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ND-TD ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʣʦʷ ʧʣʘʩʪʠʥʳ ɸɼ0 (ʧʦʩʪʘʚʢʘ) ʚ ʮʚʝʪʦʚʦʡ ʰʢʘʣʝ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʜʣʷ 

ʥʘʧʨʘʚʣʝʥʠʡ <hkl>||RD (ʘ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ ʥʘ ʛʣʫʙʠʥʝ 1 ʤʤ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ (ʙ) 

ɿʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʥʘ ʛʣʫʙʠʥʝ 1 ʠ 4 ʤʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʜʚʫʭ ʧʨʦʝʢʮʠʷʭ ï RD-TD ʠ ND-TD. ɿʝʨʝʥʥʘ ̫ʩʪʨʫʢʪʫʨʘ ʚ ʧʣʦʩʢʦʩʪʠ ʠ ʚ ʧʦʧʝʨʝʯʥʦʤ 

ʩʝʯʝʥʠʠ ʣʠʩʪʘ ʥʘ ʛʣʫʙʠʥʝ 1 ʤʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʘʭ 2.2ʘ,ʙ ʠ 

2.3ʘ,ʙ ʚ ʮʚʝʪʘʭ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ <hkl>||RD ʠ <hkl>||ND. 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʶʩʥʳʝ ʬʠʛʫʨʳ ʜʣʷ ʩʝʤʝʡʩʪʚʘ ʧʣʦʩʢʦʩʪʝʡ {100} ʠ {110} 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 2.2ʚ ʠ 2.3ʚ. ɸʥʘʣʦʛʠʯʥʳʝ ʜʘʥʥʳʝ ɼʆʈʕ ʘʥʘʣʠʟʘ ʜʣʷ 

ʩʝʯʝʥʠʡ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʛʣʫʙʠʥʝ 4 ʤʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 

2.4 ʠ 2.5. 

ɸʥʘʣʠʟ ʧʨʷʤʳʭ ʠ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʧʦʢʘʟʘʣ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ 

ʥʘʣʠʯʠʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢʚʘʟʠʨʘʚʥʦʦʩʥʳʭ ʟʝʨʝʥ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʩʪʨʫʢʪʫʨʳ 

ʦʪʞʠʛʘ, ʩ ʜʚʫʤʷ ʭʘʨʘʢʪʝʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ï ʢʨʫʧʥʳʝ ʟʝʨʥʘ ʜʠʘʤʝʪʨʦʤ 50-70 ʤʢʤ, 

ʦʢʨʫʞʝʥʥʳʝ ʙʦʣʝʝ ʤʝʣʢʠʤʠ ʟʝʨʥʘʤʠ ʜʠʘʤʝʪʨʦʤ 10-30 ʤʢʤ. ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ 

ʪʝʢʩʪʫʨʘ ʩʪʘʥʦʚʠʪʩʷ ʦʩʪʨʝʝ ʧʨʠ ʫʜʘʣʝʥʠʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚʛʣʫʙʴ ʧʣʘʩʪʠʥʳ ï 
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ʤʘʢʩʠʤʘʣʴʥʳʡ ʠʥʜʝʢʩ ʪʝʢʩʪʫʨʳ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 8 ʜʦ 16 (ʩʨ. ʨʠʩʫʥʢʠ 2.2 ʠ 2.4). 

ʇʨʠ ʵʪʦʤ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʘ ̫ʪʝʢʩʪʫʨʘ { 100}<001>+{112}<111> ʩʤʝʥʷʝʪʩʷ ʦʩʝʚʦʡ 

ʢʫʙʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʦʡ <100>||RD ʩ ʫʛʣʦʤ ʨʘʩʩʝʷʥʠʷ ʧʦʨʷʜʢʘ 15-20Ü. 

  

ʘ      ʙ 

 

ʚ 

ʈʠʩʫʥʦʢ 2.2 ï ɿʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ɸɼ0 (ʧʦʩʪʘʚʢʘ) ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʣʠʩʪʘ ʥʘ 

ʛʣʫʙʠʥʝ 1 ʤʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʮʚʝʪʘʭ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʜʣʷ 

ʥʘʧʨʘʚʣʝʥʠʡ <hkl>||RD (ʘ) ʠ <hkl>||ND (ʙ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʶʩʥʳʝ ʬʠʛʫʨʳ 

ʜʣʷ ʩʝʤʝʡʩʪʚʘ ʧʣʦʩʢʦʩʪʝʡ {100} ʠ {110} 
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ʚ 

ʈʠʩʫʥʦʢ 2.3 ï ɿʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ɸɼ0 (ʧʦʩʪʘʚʢʘ) ʚ ʧʣʦʩʢʦʩʪʠ ʣʠʩʪʘ ʥʘ ʛʣʫʙʠʥʝ 1 

ʤʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʮʚʝʪʘʭ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ 

<hkl>||RD (ʘ) ʠ <hkl>||ND (ʙ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʶʩʥʳʝ ʬʠʛʫʨʳ ʜʣʷ ʩʝʤʝʡʩʪʚʘ 

ʧʣʦʩʢʦʩʪʝʡ {100} ʠ {110} 
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ʚ 

ʈʠʩʫʥʦʢ 2.4 ï ɿʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ɸɼ0 (ʧʦʩʪʘʚʢʘ) ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʣʠʩʪʘ ʥʘ 

ʛʣʫʙʠʥʝ 4 ʤʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʮʚʝʪʘʭ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʜʣʷ 

ʥʘʧʨʘʚʣʝʥʠʡ <hkl>||RD (ʘ) ʠ <hkl>||ND (ʙ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʶʩʥʳʝ ʬʠʛʫʨʳ 

ʜʣʷ ʩʝʤʝʡʩʪʚʘ ʧʣʦʩʢʦʩʪʝʡ {100} ʠ {110} 
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ʈʠʩʫʥʦʢ 2.5 ï ɿʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ɸɼ0 (ʧʦʩʪʘʚʢʘ) ʚ ʧʣʦʩʢʦʩʪʠ ʣʠʩʪʘ ʥʘ ʛʣʫʙʠʥʝ 4 

ʤʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʮʚʝʪʘʭ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ 

<hkl>||RD (ʘ) ʠ <hkl>||ND (ʙ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʶʩʥʳʝ ʬʠʛʫʨʳ ʜʣʷ ʩʝʤʝʡʩʪʚʘ 

ʧʣʦʩʢʦʩʪʝʡ {100} ʠ {110} 

ʉʝʨʠʷ ʦʙʨʘʟʮʦʚ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʧʦʩʣʝ ʭʦʣʦʜʥʦʡ ʧʨʦʢʘʪʢʠ ʧʣʘʩʪʠʥʳ ʜʦ 

50%. ɼʘʥʥʳʝ ɼʆʈʕ ʘʥʘʣʠʟʘ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʧʣʦʩʢʦʩʪʠ ʧʨʦʢʘʪʢʠ ʧʨʠʚʝʜʝʥʳ 

ʥʘ ʨʠʩʫʥʢʝ 2.6. ɼʘʥʥʳʝ ɼʆʈʕ ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʢʘʪʢʠ 

ʦʙʨʘʟʦʚʘʣʘʩʴ ʚʳʩʦʢʦʜʝʬʝʢʪʥʘʷ ʩʪʨʫʢʪʫʨʘ. ɿʝʨʥʘ ʧʨʠʦʙʨʝʣʠ ʚʳʪʷʥʫʪʫʶ ʬʦʨʤʫ ʚ 
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ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʦʢʘʪʢʠ, ʠʭ ʩʨʝʜʥʠʡ ʧʦʧʝʨʝʯʥʳʡ ʨʘʟʤʝʨ ʫʚʝʣʠʯʠʣʩʷ ʜʦ 250 ʤʢʤ ʠ 

ʩʬʦʨʤʠʨʦʚʘʣʘʩʴ ʦʩʪʨʘʷ ʢʫʙʠʯʝʩʢʘʷ ʪʝʢʩʪʫʨʘ {100}<001> ʩ ʫʛʣʦʤ ʨʘʩʩʝʷʥʠʷ ʤʝʥʝʝ 

15Ü (ʨʠʩʫʥʦʢ 2.6ʚ). 

  

ʘ     ʙ 

 

ʚ 

ʈʠʩʫʥʦʢ 2.6 ï ɿʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ɸɼ0 ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʚ ʮʚʝʪʘʭ ʦʙʨʘʪʥʳʭ 

ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ <hkl>||RD (ʘ) ʠ <hkl>||ND (ʙ) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʶʩʥʳʝ ʬʠʛʫʨʳ ʜʣʷ ʩʝʤʝʡʩʪʚʘ ʧʣʦʩʢʦʩʪʝʡ {100} ʠ {110} (ʚ) 
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2.2 ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

ʆʙʨʘʟʮʳ ʜʣʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʚ ʬʦʨʤʝ 

ʜʚʫʩʪʦʨʦʥʥʠʭ ʣʦʧʘʪʦʢ ʩ ʨʘʙʦʯʝʡ ʯʘʩʪʴʶ 50Ĭ10Ĭ1.5 ʤʤ ʠʟ ʘʣʶʤʠʥʠʝʚʦʛʦ ʣʠʩʪʘ ʚ 

ʩʦʩʪʦʷʥʠʠ ʧʦʩʪʘʚʢʠ ʠ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʜʦ 50%. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʩʝʨʠʷ ʦʙʨʘʟʮʦʚ 

ʚʳʨʝʟʘʣʘʩʴ ʠʟ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʠ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʧʣʘʩʪʠʥʳ (ʦʙʨʘʟʮʳ 1 ʠ 2) ʥʘ 

ʛʣʫʙʠʥʝ 1 ʠ 4 ʤʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʩʣʫʯʘʝ ʧʨʦʢʘʪʘʥʥʦʡ ʧʣʘʩʪʠʥʳ ʦʙʨʘʟʮʳ 

ʚʳʨʝʟʘʣʠʩʴ ʠʟ ʝʝ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʚʜʦʣʴ ʠ ʧʦʧʝʨʝʢ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʦʢʘʪʢʠ (ʦʙʨʘʟʮʳ 3 

ʠ 4). ʉʭʝʤʘ ʛʝʦʤʝʪʨʠʠ ʦʙʨʘʟʮʦʚ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.7. 

 

ʈʠʩʫʥʦʢ 2.7 ï ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ 

ʆʙʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠʩʴ ʰʣʠʬʦʚʢʝ ʠ ʧʦʣʠʨʦʚʢʝ, ʨʘʙʦʯʘʷ ʯʘʩʪʴ ʚʜʦʣʴ ʦʩʠ 

ʨʘʩʪʷʞʝʥʠʷ ʨʘʟʜʝʣʷʣʘʩʴ ʥʘ ʫʯʘʩʪʢʠ ʜʣʠʥʦʡ 5 ʤʤ, ʥʘ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʠʩʴ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʦʙʨʘʟʝʮ ʩ ʨʘʟʤʝʪʢʦʡ 

ʥʘ ʫʯʘʩʪʢʠ ʠʟʤʝʨʝʥʠʷ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 2.8ʘ. 

ɹʘʟʦʚʘʷ ʜʣʠʥʘ ʫʯʘʩʪʢʦʚ ʠʟʤʝʨʝʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʚʳʚʦʜʦʚ 

ʨʘʙʦʪ [3, 5] ʦ ʨʘʟʤʝʨʝ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʪʠʪʘʥʝ. ɼʣʷ 

ʪʦʛʦ ʯʪʦʙʳ ʦʧʠʩʘʪʴ ʵʚʦʣʶʮʠʶ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ 

ʜʝʬʦʨʤʘʮʠʡ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʡʢʠ, ʠʩʭʦʜʷ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʙʦʪʘʭ [3, 5], ʙʘʟʦʚʘʷ ʜʣʠʥʘ ʜʦʣʞʥʘ ʚʢʣʶʯʘʪʴ ~5 ʭʘʨʘʢʪʝʨʥʳʭ 

ʧʝʨʠʦʜʦʚ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʯʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ 

ʪʠʪʘʥʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʳʡ ʧʝʨʠʦʜ ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʭ ʨʝʣʴʝʬʥʳʭ 

ʦʙʨʘʟʦʚʘʥʠʡ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʚʢʣʶʯʘʝʪ 2-3 ʟʝʨʥʘ. ʉ 
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ʨʘʟʚʠʪʠʝʤ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʟʝʨʝʥʥʳʝ ʢʣʘʩʪʝʨʳ, ʚʦʚʣʝʯʝʥʥʳʝ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ, ʫʢʨʫʧʥʷʶʪʩʷ ʠ ʜʦʩʪʠʛʘʶʪ 15ï20 ʟʝʨʝʥ ʥʘ 

ʩʪʘʜʠʠ, ʧʨʝʜʰʝʩʪʚʫʶʱʝʡ ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʠ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʙʘʟʦʚʦʡ ʜʣʠʥʳ ʫʯʘʩʪʢʦʚ ʠʟʤʝʨʝʥʠʷ ʚ ʠʩʩʣʝʜʫʝʤʳʭ 

ʦʙʨʘʟʮʘʭ ɸɼ0 ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʥʘ 

ʨʘʩʪʷʞʝʥʠʝ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʡʢʠ ʠ ʩʥʷʪʳ ʧʨʦʬʠʣʦʛʨʘʤʤʳ ʧʦʚʝʨʭʥʦʩʪʠ ʚʜʦʣʴ 

ʩʨʝʜʥʝʡ ʣʠʥʠʠ ʚʩʝʡ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʜʦ ʠ ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ (ʨʠʩʫʥʦʢ 2.8ʙ). ɸʥʘʣʠʟ 

ʧʨʦʬʠʣʷ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʩʪʘʜʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʡʢʠ ʧʦʢʘʟʘʣ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʳʡ 

ʧʝʨʠʦʜ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ ʥʘ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʘʭ ʥʝ ʧʨʝʚʳʰʘʣ 5 ʤʤ (ʚʢʣʶʯʘʷ 

ʰʝʡʢʫ, ʛʜʝ ʣʦʢʘʣʴʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʜʦʩʪʠʛʘʣʘ 70%). ʅʘ ʦʩʥʦʚʝ ʵʪʦʛʦ ʥʘʯʘʣʴʥʘʷ 

ʜʣʠʥʘ ʫʯʘʩʪʢʦʚ ʙʳʣʘ ʚʳʙʨʘʥʘ 5 ʤʤ. ɼʣʷ ʦʪʩʣʝʞʠʚʘʥʠʷ ʩʤʝʱʝʥʠʡ ʛʨʘʥʠʮ ʫʯʘʩʪʢʦʚ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʥʘʥʦʩʠʣʘʩʴ ʩʠʩʪʝʤʘ ʨʝʧʝʨʥʳʭ ʪʦʯʝʢ ʚʜʦʣʴ ʩʨʝʜʥʝʡ ʣʠʥʠʠ ʠ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 2 ʤʤ ʦʪ ʥʝʝ (ʨʠʩʫʥʦʢ 2.7). 

 

ʘ 

 

ʙ 
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ʕʚʦʣʶʮʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʤʝʪʦʜʠʢʦʡ, ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ [5]. ʈʘʩʪʷʞʝʥʠʝ ʦʙʨʘʟʮʦʚ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʥʘ 

ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʡ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ Instron-5582 ʩʦ ʩʢʦʨʦʩʪʴʶ 

ʧʝʨʝʤʝʱʝʥʠʷ ʧʦʜʚʠʞʥʦʛʦ ʟʘʭʚʘʪʘ 0.6 ʤʤ/ʤʠʥ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʩʢʦʨʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʠ 2 10-4ʩ-1. ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʟʘʜʘʥʥʦʡ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʟʮʳ 

ʠʟʚʣʝʢʘʣʠʩʴ ʠʟ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʳ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʬʠʣʦʛʨʘʤʤ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʢʦʥʪʘʢʪʥʦʛʦ ʧʨʦʬʠʣʦʤʝʪʨʘ Alpha-Step IQ, ʧʦʩʣʝ ʯʝʛʦ 

ʦʙʨʘʟʮʳ ʚʥʦʚʴ ʧʦʤʝʱʘʣʠʩʴ ʚ ʠʩʧʳʪʘʪʝʣʴʥʫʶ ʤʘʰʠʥʫ, ʠ ʠʭ ʥʘʛʨʫʞʝʥʠʝ 

ʧʨʦʜʦʣʞʘʣʦʩʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʨʦʬʠʣʠ ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʜʠʘʧʘʟʦʥʝ 

ʜʝʬʦʨʤʘʮʠʡ ʦʪ ʥʘʯʘʣʘ ʥʘʛʨʫʞʝʥʠʷ ʜʦ ʤʦʤʝʥʪʘ ʨʘʟʨʫʰʝʥʠʷ ʩ ʠʥʪʝʨʚʘʣʦʤ 2.5-5%. 

ʇʨʦʬʠʣʦʛʨʘʤʤʳ ʩʥʠʤʘʣʠʩʴ ʚʜʦʣʴ ʩʨʝʜʥʝʡ ʣʠʥʠʠ ʦʙʨʘʟʮʘ (A-A', ʨʠʩʫʥʦʢ 2.7) ʠ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 2 ʤʤ ʦʪ ʩʨʝʜʥʝʡ ʣʠʥʠʠ (ɺ-ɺ', ʨʠʩʫʥʦʢ 2.7ʘ).  

ʇʦʚʝʨʭʥʦʩʪʴ ʚʳʙʨʘʥʥʳʭ ʫʯʘʩʪʢʦʚ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʛʦ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʧʨʦʬʠʣʦʤʝʪʨʘ New-View. ʅʘ ʵʪʘʧʝ ʦʩʪʘʥʦʚʢʠ ʨʘʩʪʷʞʝʥʠʷ ʠ 

ʩʥʷʪʠʷ ʥʘʛʨʫʟʢʠ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʫʯʘʩʪʢʦʚ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʠʟʤʝʥʝʥʠʶ 

ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʨʝʧʝʨʥʳʤʠ ʪʦʯʢʘʤʠ ʧʦ ʬʦʨʤʫʣʝ ʣʠʥʝʡʥʦʛʦ ʫʜʣʠʥʝʥʠʷ 

0

1loc

L

L
e = -          (2.1) 

ʛʜʝ L ʠ L0 - ʥʘʯʘʣʴʥʘʷ ʠ ʪʝʢʫʱʘʷ ʜʣʠʥʳ ʫʯʘʩʪʢʘ. ʇʨʠ ʦʙʩʫʞʜʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʙʫʜʝʤ 

ʨʘʟʣʠʯʘʪʴ ʣʦʢʘʣʴʥʫʶ ʜʝʬʦʨʤʘʮʠʶ ʫʯʘʩʪʢʦʚ ʥʘʙʣʶʜʝʥʠʷ loce , ʦʧʨʝʜʝʣʷʝʤʫʶ ʠʟ 

ʩʦʦʪʥʦʰʝʥʠʷ (2.1), ʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ ʨʘʩʪʷʞʝʥʠʷ Ů, ʦʧʨʝʜʝʣʷʝʤʫʶ 

ʧʦ ʫʜʣʠʥʝʥʠʶ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʦʙʨʘʟʮʘ. 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʜʣʷ ʧʦʣʫʯʝʥʥʳʭ 

ʧʨʦʬʠʣʦʛʨʘʤʤ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ [29]. ʕʪʦʪ ʧʘʨʘʤʝʪʨ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʦʪʥʦʰʝʥʠʝ ʜʣʠʥʳ ʧʨʦʬʠʣʷ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ Lp ʢ ʜʣʠʥʝ 

ʙʘʟʦʚʦʡ ʣʠʥʠʠ Lb (ʨʠʩʫʥʦʢ 2.9ʙ) 

1
p

d

b

L
R

L
= -           (2.2)  
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ɺ ʠʥʞʝʥʝʨʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ ʜʣʷ ʦʮʝʥʢʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʘʨʘʤʝʪʨʳ, ʠʤʝʶʱʠʝ ʨʘʟʤʝʨʥʦʩʪʴ ʜʣʠʥʳ (ʥʘʧʨʠʤʝʨ, Ra), ʠ 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʩʨʝʜʥʝʝ ʦʪʢʣʦʥʝʥʠʝ ʧʠʢʦʚ ʠ ʚʧʘʜʠʥ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʫʯʘʩʪʢʝ 

ʠʟʤʝʨʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ. ʇʨʠ ʵʪʦʤ ʧʨʦʬʠʣʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʜʚʝʨʛʘʶʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʬʠʣʴʪʨʘʮʠʠ, ʚ ʧʨʦʮʝʩʩʝ ʢʦʪʦʨʦʡ 

ʦʪʬʠʣʴʪʨʦʚʳʚʘʶʪʩʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʦʩʮʠʣʣʷʮʠʠ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʳ ʠ 

ʥʠʟʢʦʯʘʩʪʦʪʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʢʘʢ ʚʦʣʥʠʩʪʦʩʪʴ (ʨʠʩʫʥʦʢ 2.9ʘ).  

 

ʘ 

 

ʙ 

ʈʠʩʫʥʦʢ 2.9 ï ʉʭʝʤʳ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʰʝʨʦʭʦʚʘʪʦʩʪʠ: ʘ ï ʬʠʣʴʪʨʘʮʠʷ 

ʧʨʦʬʠʣʷ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʰʝʨʦʭʦʚʘʪʦʩʪʠ Ra, ʙ ï ʦʧʨʝʜʝʣʝʥʠʝ ʙʝʟʨʘʟʤʝʨʥʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ Rd 

ʇʨʠʥʮʠʧʠʘʣʴʥʳʤ ʦʪʣʠʯʠʝʤ ʦʧʨʝʜʝʣʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ Rd ʦʪ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʦʮʝʥʢʠ 
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ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʬʠʣʴʪʨʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʬʠʣʣʦʛʨʘʤʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʫʯʝʪ ʚʢʣʘʜʦʚ ʤʝʭʘʥʠʟʤʦʚ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʚʩʝʡ 

ʠʝʨʘʨʭʠʠ ʤʘʩʰʪʘʙʦʚ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʦʙʣʘʩʪʠ ʠʟʤʝʨʝʥʠʷ. ʇʨʠ ʵʪʦʤ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʦʩʮʠʣʣʷʮʠʠ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʜʠʩʣʦʢʘʮʠʦʥʥʳʤʠ 

ʩʪʫʧʝʥʴʢʘʤʠ ʚ ʟʝʨʥʘʭ, ʦʪʬʠʣʴʪʨʦʚʳʚʘʶʪʩʷ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʦʛʨʘʥʠʯʝʥʥʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʢʦʥʪʘʢʪʥʦʛʦ ʧʨʦʬʠʣʦʤʝʪʨʘ, ʣʘʪʝʨʘʣʴʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ ʢʦʪʦʨʦʛʦ ʩʦʩʪʘʚʣʷʣʦ 0.5 ʤʢʤ. ʊʘʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʷʚʣʷʝʪʩʷ ʧʨʠʝʤʣʝʤʳʤ, 

ʧʦʩʢʦʣʴʢʫ ʦʩʮʠʣʣʷʮʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʪʫʧʝʥʝʢ ʚ 

ʟʝʨʥʘʭ, ʚʥʦʩʷʪ ʦʱʫʪʠʤʳʡ ʚʢʣʘʜ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʪʦʣʴʢʦ 

ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ, ʘ ʟʘʪʝʤ ʠʭ ʚʢʣʘʜ ʩʪʘʥʦʚʠʪʩʷ 

ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʦʣʝʝ ʢʨʫʧʥʳʤʠ ʨʝʣʴʝʬʥʳʤʠ ʦʙʨʘʟʦʚʘʥʠʷʤʠ 

[5]. ʂʦʩʚʝʥʥʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ Rd ʩʚʷʟʘʥʘ ʩʦ ʩʪʝʧʝʥʴʶ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʠʜʝʘʣʴʥʦʤ ʦʜʥʦʨʦʜʥʦʤ ʠʟʦʪʨʦʧʥʦʤ 

ʤʘʪʝʨʠʘʣʝ, ʛʜʝ ʧʦʚʝʨʭʥʦʩʪʴ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʦʩʪʘʝʪʩʷ ʧʣʦʩʢʦʡ, 

Rd=0. ʏʝʤ ʩʠʣʴʥʝʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ, ʪʝʤ ʙʦʣʝʝ ʩʣʦʞʥʦʝ ʅɼʉ ʚʦʟʥʠʢʘʝʪ 

ʚ ʦʙʲʝʤʝ ʤʘʪʝʨʠʘʣʘ, ʚʳʟʳʚʘʷ ʦʪʢʣʦʥʝʥʠʝ ʬʦʨʤʳ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪ ʧʣʦʩʢʦʩʪʠ, ʠ ʪʝʤ 

ʚʳʰʝ ʟʥʘʯʝʥʠʝ Rd. 

ɼʣʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ 

ʧʨʦʬʠʣʦʛʨʘʤʤ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ Rd ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʕɺʄ [65]. ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʧʨʦʬʠʣʣʦʛʨʘʤʤʳ, 

ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʜʣʷ ʦʙʨʘʟʮʦʚ 1-4 ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʜʠʘʧʘʟʦʥʘʭ 

ʜʝʬʦʨʤʘʮʠʠ, ʠ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʟʥʘʯʝʥʠʡ Rd ʦʪ ʩʪʝʧʝʥʠ ʧʨʠʣʦʞʝʥʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʠ ʫʜʣʠʥʝʥʠʷ ʫʯʘʩʪʢʦʚ ʥʘʙʣʶʜʝʥʠʷ. 

ɼʣʷ ʦʙʨʘʟʮʦʚ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʧʣʘʩʪʠʥʳ, ʧʨʦʢʘʪʘʥʥʦʡ ʜʦ 50%, ʥʘʨʷʜʫ ʩ 

ʢʦʥʪʘʢʪʥʦʡ ʧʨʦʬʠʣʦʤʝʪʨʠʝʡ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʢʦʨʨʝʣʷʮʠʠ 

ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ (Digital Image Correlation - DIC). ʆʜʥʘ ʠʟ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʦʙʨʘʟʮʘ ʙʳʣʘ ʧʦʜʛʦʪʦʚʣʝʥʘ ʜʣʷ ʩʥʷʪʠʷ ʧʨʦʬʠʣʣʦʛʨʘʤʤ ʧʦ ʩʭʝʤʝ, ʧʨʠʚʝʜʝʥʥʦʡ ʥʘ 

ʨʠʩʫʥʢʝ 2.7ʘ. ʇʨʦʪʠʚʦʧʦʣʦʞʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʙʳʣʘ ʧʦʜʛʦʪʦʚʣʝʥʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʝʪʦʜʦʤ ʢʦʨʨʝʣʷʮʠʠ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. ɼʣʷ ʵʪʦʛʦ ʥʘ ʥʝʝ ʥʘʥʦʩʠʣʩʷ ʢʦʥʪʨʘʩʪ 
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ʧʦ ʚʩʝʡ ʦʙʣʘʩʪʠ ʨʘʙʦʯʝʡ ʯʘʩʪʠ. ʅʘ ʵʪʘʧʘʭ ʨʘʩʪʷʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ, 

ʦʙʨʘʙʦʪʘʥʥʘʷ ʢʦʥʪʨʘʩʪʦʤ, ʩʥʠʤʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʮʠʬʨʦʚʦʡ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ 

Vic3D. ʇʨʠ ʟʘʜʘʥʥʳʭ ʩʪʝʧʝʥʷʭ ʜʝʬʦʨʤʘʮʠʠ ʥʘʛʨʫʞʝʥʠʝ ʦʩʪʘʥʘʚʣʠʚʘʣʦʩʴ ʠ ʫʯʘʩʪʢʠ 

ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʧʦʜʚʝʨʛʘʣʠʩʴ ʢʦʥʪʘʢʪʥʦʡ 

ʧʨʦʬʠʣʦʤʝʪʨʠʠ ʚʜʦʣʴ ʦʩʠ ʨʘʩʪʷʞʝʥʠʷ. 

2.3 ʕʚʦʣʶʮʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʦʙʨʘʟʮʘʭ ɸɼ0 

ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ 

ʂʨʠʚʳʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʥʘ ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʩ ʧʨʝʨʳʚʘʥʠʝʤ 

ʥʘʛʨʫʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʦʙʨʘʟʮʦʚ ɸɼ0 ʚ ʩʦʩʪʦʷʥʠʠ ʧʦʩʪʘʚʢʠ ʠ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ, 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.10ʘ-ʚ. ʃʠʥʝʡʥʳʝ ʫʯʘʩʪʢʠ ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʪʘʜʠʷʤ 

ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʚʦʟʦʙʥʦʚʣʝʥʠʠ ʨʘʩʪʷʞʝʥʠʷ ʧʦʩʣʝ ʩʥʷʪʠʷ ʧʨʦʬʠʣʦʛʨʘʤʤ 

ʥʘ ʫʯʘʩʪʢʘʭ ʠʟʤʝʨʝʥʠʷ (ʥʠʩʧʘʜʘʶʱʠʝ ʚʝʪʚʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʟʛʨʫʟʢʝ, ʥʝ 

ʧʨʠʚʝʜʝʥʳ). ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʢʨʠʚʘʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 2.10ʛ. ɼʘʣʝʝ ʵʪʘ ʢʨʠʚʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʢʘʣʠʙʨʦʚʢʠ ʧʘʨʘʤʝʪʨʦʚ 

ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. 

ʂʘʨʪʠʥʳ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʧʨʦʬʠʣʦʤʝʪʨʘ New-View ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.11. 

ʇʨʦʬʠʣʦʛʨʘʤʤʳ ʜʣʷ ʦʙʨʘʟʮʦʚ 1 ʠ 2, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʨʘʟʥʳʭ ʩʪʝʧʝʥʷʭ ʜʝʬʦʨʤʘʮʠʠ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 2.12 ʠ 2.13 ʜʣʷ ʪʨʝʭ ʚʳʙʨʘʥʥʳʭ ʫʯʘʩʪʢʦʚ. 

ɺ ʩʪʨʫʢʪʫʨʝ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʩʢʣʘʜʦʢ ʥʘʙʣʶʜʘʣʠʩʴ ʙʦʣʝʝ ʤʝʣʢʠʝ ʦʙʣʘʩʪʠ 

ʠʥʪʨʫʜʠʨʦʚʘʥʥʦʛʦ ʠ ʵʢʩʪʨʫʜʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʇʨʠ ʵʪʦʤ ʥʘ ʫʯʘʩʪʢʘʭ, 

ʧʨʠʤʳʢʘʶʱʠʭ ʢ ʟʘʭʚʘʪʘʤ, ʨʝʣʴʝʬ ʙʳʣ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʝʝ ʚʳʨʘʞʝʥ, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʠʭ ʙʦʣʝʝ ʥʠʟʢʦʡ ʣʦʢʘʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ 

ʨʠʩʫʥʢʝ 2.11 ʧʨʠʚʝʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʨʝʣʴʝʬʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʥʘ 

ʫʯʘʩʪʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʨʘʟʥʦʡ ʩʪʝʧʝʥʴʶ ʣʦʢʘʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʫʜʣʠʥʝʥʠʠ 

ʦʙʨʘʟʮʘ Ů=0.19.  
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ʈʠʩʫʥʦʢ 2.10 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʢʨʠʚʳʝ ʨʘʩʪʷʞʝʥʠʷ ʩ ʧʨʝʨʳʚʘʥʠʝʤ 

ʥʘʛʨʫʞʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʦʚ 1 (ʘ) ʠ 2 (ʙ) (ʧʦʩʪʘʚʢʘ) (ʘ) ʠ ʦʙʨʘʟʮʦʚ 3 ʠ 4 (ʧʨʦʢʘʪʢʘ) (ʚ) 

ʠ ʢʨʠʚʘʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʘ 1 (ʛ) 

ɼʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ɸɼ0, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʧʣʘʩʪʠʥʳ ʚ 

ʩʦʩʪʦʷʥʠʠ ʧʦʩʪʘʚʢʠ, ʙʳʣʠ ʚʳʜʝʣʝʥʳ ʦʙʱʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ 

ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. ʋʞʝ ʥʘ ʩʘʤʳʭ ʨʘʥʥʠʭ ʩʪʘʜʠʷʭ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʬʦʨʤʠʨʦʚʘʣʩʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʡ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʩʢʣʘʜʦʢ ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʤʘʩʰʪʘʙʘ, 

ʯʪʦ ʭʦʨʦʰʦ ʚʠʜʥʦ ʥʘ ʧʨʦʬʠʣʦʛʨʘʤʤʘʭ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʦʬʠʣʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʥʘ ʚʳʙʨʘʥʥʳʭ ʫʯʘʩʪʢʘʭ ʦʙʨʘʟʮʦʚ 1 ʠ 2 ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 2.12ʛ ʠ 2.13ʛ ʜʣʷ 

ʨʘʩʪʷʞʝʥʠʷ 4% ʠ 5%. 
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ʈʠʩʫʥʦʢ 2.11 ï ɼʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ, ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʚ ʦʙʨʘʟʮʝ ɸɼ0 ʧʨʠ 

ʨʘʩʪʷʞʝʥʠʠ ʜʦ 24.8% ʥʘ ʫʯʘʩʪʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʨʘʟʣʠʯʥʦʡ ʣʦʢʘʣʴʥʦʡ 

ʜʝʬʦʨʤʘʮʠʝʡ, loce : ʘ ï 0% (ʦʙʣʘʩʪʴ ʟʘʭʚʘʪʘ), ʙ ï 10%, ʚ ï 18% 

ʅʘ ʨʠʩʫʥʢʘʭ 2.12 ʠ 2.13 ʧʦʢʘʟʘʥʘ ʵʚʦʣʶʮʠʷ ʧʨʦʬʠʣʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ 3-ʭ 

ʚʳʙʨʘʥʥʳʭ ʫʯʘʩʪʢʘʭ ʦʙʨʘʟʮʦʚ 1 ʠ 2, ʚʢʣʶʯʘʷ ʦʙʣʘʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʡʢʠ (ʨʠʩʫʥʢʠ 

2.12ʘ ʠ 2.13ʘ) ʠ ʫʯʘʩʪʢʠ ʫ ʟʘʭʚʘʪʘ (ʨʠʩʫʥʦʢ 2.12ʚ ʠ 2.13ʚ). ʍʘʨʘʢʪʝʨʥʳʝ ʤʘʩʰʪʘʙʳ 

ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʭʦʨʦʰʦ ʚʳʜʝʣʷʶʪʩʷ ʥʘ ʧʨʦʬʠʣʦʛʨʘʤʤʘʭ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦ 

ʘʥʘʣʦʛʠʠ ʩ ʘʥʘʣʠʟʦʤ ʩʠʛʥʘʣʦʚ, ʜʣʷ ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʬʠʣʦʛʨʘʤʤ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʜʚʝ ʭʘʨʘʢʪʝʨʥʳʝ ʯʘʩʪʦʪʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʤʘʩʰʪʘʙʘ, ʢʦʪʦʨʳʝ ʩ 

ʩʘʤʦʛʦ ʥʘʯʘʣʘ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʩʪʨʫʢʪʫʨʝ ʨʝʣʴʝʬʘ (ʨʠʩʫʥʦʢ 2.12ʛ) ʠ 

ʵʚʦʣʶʮʠʦʥʠʨʫʶʪ ʧʦ ʤʝʨʝ ʨʘʟʚʠʪʠʷ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. 
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ʈʠʩʫʥʦʢ 2.12 ï ʕʚʦʣʶʮʠʷ ʧʨʦʬʠʣʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʦʙʨʘʟʮʝ 1 (ʧʦʩʪʘʚʢʘ) ʥʘ 

ʫʯʘʩʪʢʘʭ 2 (ʘ,ʛ), 5 (ʙ) ʠ 10 (ʚ) (ʩʤ. ʩʭʝʤʫ ʥʘ ʨʠʩʫʥʢʝ 2.7ʘ)  

ɺʢʣʘʜʳ ʨʘʟʣʠʯʥʳʭ ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʠʭ ʤʘʩʰʪʘʙʫ. ʅʘʠʙʦʣʝʝ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʦʩʮʠʣʣʷʮʠʠ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʠʤʝʣʠ ʭʘʨʘʢʪʝʨʥʳʡ ʧʝʨʠʦʜ 100-200 

ʤʢʤ. ʉʨʘʚʥʝʥʠʝ ʩ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʵʪʠ 

ʨʝʣʴʝʬʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʬʦʨʤʠʨʫʶʪʩʷ ʟʘ ʩʯʝʪ ʩʤʝʱʝʥʠʷ ʛʨʫʧʧ ʠʟ 3-5 ʟʝʨʝʥ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʢʨʫʞʘʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ. ɺʳʩʦʪʘ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ ʟʘ ʩʯʝʪ ʪʘʢʠʭ 

ʩʤʝʱʝʥʠʡ ʥʝ ʧʨʝʚʳʰʘʝʪ 2-3 ʤʢʤ ʚʦ ʚʩʝʤ ʨʘʩʩʤʦʪʨʝʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʝʬʦʨʤʘʮʠʡ. 

ʆʧʨʝʜʝʣʷʶʱʠʡ ʚʢʣʘʜ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʩ ʩʘʤʦʛʦ ʥʘʯʘʣʘ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʚʥʦʩʷʪ ʩʢʣʘʜʢʠ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʧʝʨʠʦʜʦʤ 
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0.7-1.2 ʤʤ. ɺʳʩʦʪʘ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ ʥʘ ʵʪʦʤ ʤʘʩʰʪʘʙʝ ʩʦʩʪʘʚʣʷʝʪ 4-5 ʤʢʤ ʧʨʠ 

ʜʝʬʦʨʤʘʮʠʠ 5% ʠ ʜʦʩʪʠʛʘʝʪ 8-10 ʤʢʤ ʚʙʣʠʟʠ ʟʘʭʚʘʪʘ (ʨʠʩʫʥʢʠ 2.12ʚ, 2.13ʚ) ʠ 30-40 

ʤʢʤ ʚ ʦʙʣʘʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʡʢʠ ʥʘ ʩʪʘʜʠʠ, ʧʨʝʜʰʝʩʪʚʫʶʱʝʡ ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʠ 

(ʨʠʩʫʥʦʢ 2.12ʘ, 2.13ʘ). ɺʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʩʪʨʫʢʪʫʨʘ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ ʥʘ ʜʘʥʥʦʤ 

ʤʘʩʰʪʘʙʝ ʢʘʯʝʩʪʚʝʥʥʦ ʥʝ ʤʝʥʷʣʘʩʴ ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʪ.ʝ. ʘʤʧʣʠʪʫʜʘ 

ʧʠʢʦʚ ʠ ʚʧʘʜʠʥ, ʩʬʦʨʤʠʨʦʚʘʚʰʠʭʩʷ ʥʘ ʨʘʥʥʝʡ ʩʪʘʜʠʠ, ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʩ ʨʦʩʪʦʤ 

ʜʝʬʦʨʤʘʮʠʠ, ʥʦ ʠʭ ʚʟʘʠʤʥʦʝ ʧʦʣʦʞʝʥʠʝ ʥʝ ʤʝʥʷʣʦʩʴ, ʯʪʦ ʭʦʨʦʰʦ ʚʠʜʥʦ ʠʟ 

ʧʨʦʬʠʣʦʛʨʘʤʤ (ʨʠʩʫʥʢʠ 2.12, 2.13). ʕʪʦʪ ʚʳʚʦʜ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʤʥʦʛʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ, ʥʘʧʨʠʤʝʨ, [3, 13, 16]. 
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ʈʠʩʫʥʦʢ 2.13 ï ʕʚʦʣʶʮʠʷ ʧʨʦʬʠʣʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʦʙʨʘʟʮʝ 2 (ʧʦʩʪʘʚʢʘ) ʥʘ 

ʫʯʘʩʪʢʘʭ 3 (ʘ), 7 (ʙ, ʛ) ʠ 10 (ʚ) (ʩʤ. ʩʭʝʤʫ ʥʘ ʨʠʩʫʥʢʝ 2.7ʘ) 
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ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʥʘʣʠʟ ʧʨʠʚʝʜʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʯʘʣʴʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ 

ʧʦʩʣʝʜʫʶʱʫʶ ʵʚʦʣʶʮʠʶ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʨʘʟʥʳʭ ʫʯʘʩʪʢʘʭ 

ʤʦʥʠʪʦʨʠʥʛʘ. ʍʦʪʷ ʥʘʯʘʣʴʥʘʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʦʪʣʠʯʘʣʘʩʴ ʥʘ ʨʘʟʥʳʭ ʫʯʘʩʪʢʘʭ 

ʥʘʙʣʶʜʝʥʠʷ ʚ ʧʨʝʜʝʣʘʭ ʥʝʩʢʦʣʴʢʠʭ ʧʨʦʮʝʥʪʦʚ, ʝʝ ʟʥʘʯʝʥʠʷ ʚ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ 

ʦʙʨʘʟʮʝ ʙʳʣʠ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʚ ʧʨʦʮʝʩʩʝ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ (ʨʠʩʫʥʦʢ 2.12ʛ). 

2.4 ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʢʦʨʨʝʣʷʮʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʩʦ 

ʩʪʝʧʝʥʴʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚʜʦʣʴ ʦʩʠ ʨʘʩʪʷʞʝʥʠʷ ʜʣʷ ʚʩʝʭ ʧʨʦʬʠʣʦʛʨʘʤʤ 

ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ Rd ʧʦ ʬʦʨʤʫʣʝ (2.2) ʠ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʜʝʬʦʨʤʘʮʠʷʤʠ 

ʫʯʘʩʪʢʦʚ ʥʘʙʣʶʜʝʥʠʷ ‐ . ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʥʘʯʝʥʠʡ Rd ʠ loce  

ʚʜʦʣʴ ʦʩʠ ʦʙʨʘʟʮʦʚ 1 ʠ 2 ʥʘ ʨʘʟʥʳʭ ʩʪʘʜʠʷʭ ʨʘʩʪʷʞʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.14. 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ 

ʣʦʢʘʣʴʥʳʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʦʪ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʟʮʦʚ 

ʧʦʩʪʨʦʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.15 ʜʣʷ ʚʩʝʭ ʫʯʘʩʪʢʦʚ ʥʘʙʣʶʜʝʥʠʷ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʦʙʨʘʟʮʘ 2 ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.16 ʚ ʚʠʜʝ ʛʠʩʪʦʛʨʘʤʤ. 

ɼʣʷ ʦʙʦʠʭ ʦʙʨʘʟʮʦʚ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʪʘʜʠʶ ʥʘʛʨʫʞʝʥʠʷ, ʥʘ ʢʦʪʦʨʦʡ 

ʫʜʣʠʥʝʥʠʝ ʚʩʝʭ ʫʯʘʩʪʢʦʚ ʥʘʙʣʶʜʝʥʠʷ ʧʨʦʠʩʭʦʜʠʣʦ ʣʠʥʝʡʥʦ ʩʦ ʩʪʝʧʝʥʴʶ 

ʧʨʠʣʦʞʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ Ů. ɼʣʷ ʦʙʨʘʟʮʦʚ 1 ʠ 2 ʵʪʘ ʩʪʘʜʠʷ ʧʨʦʜʦʣʞʘʣʘʩʴ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʦ 15 ʠ 25% ʨʘʩʪʷʞʝʥʠʷ (ʨʠʩʫʥʦʢ 2.15ʘ, ʚ). ʄʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘʙʣʶʜʘʣʘʩʴ ʥʘ ʫʯʘʩʪʢʘʭ, ʛʜʝ ʚʧʦʩʣʝʜʩʪʚʠʠ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʰʝʡʢʘ, ʘ 

ʤʠʥʠʤʘʣʴʥʘʷ - ʥʘ ʫʯʘʩʪʢʘʭ ʚʙʣʠʟʠ ʟʘʭʚʘʪʦʚ. ɺ ʦʙʨʘʟʮʝ 1 (ʨʠʩʫʥʦʢ 2.15ʘ) ʩʢʦʨʦʩʪʴ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʫʯʘʩʪʢʝ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʡʢʠ ʙʳʣʘ ʥʘʠʙʦʣʴʰʝʡ ʥʘ ʚʩʝʤ ʧʨʦʪʷʞʝʥʠʠ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʭʦʪʷ ʠ ʦʩʪʘʚʘʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ ʜʦ ʧʦʷʚʣʝʥʠʷ ʰʝʡʢʠ, ʦ ʯʝʤ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ( )loce e (ʨʠʩʫʥʦʢ 2.16ʘ). ʇʦʩʣʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʰʝʡʢʠ ʥʘ ʫʯʘʩʪʢʝ 2 (ʠ ʯʘʩʪʠʯʥʦ ʫʯʘʩʪʢʝ 1) ʨʦʩʪ ʜʝʬʦʨʤʘʮʠʠ 
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ʦʩʪʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʤʦʥʠʪʦʨʠʥʛʘ ʥʘʯʠʥʘʣ ʥʝʣʠʥʝʡʥʦ ʟʘʤʝʜʣʷʪʴʩʷ ʠ ʧʦʩʣʝ 22% 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʩʪʘʥʘʚʣʠʚʘʣʩʷ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʨʘʩʪʷʞʝʥʠʠ ʚʩʷ ʜʝʬʦʨʤʘʮʠʷ 

ʣʦʢʘʣʠʟʦʚʘʣʘʩʴ ʚ ʰʝʡʢʝ, ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʠʩʧʳʪʳʚʘʣʠ ʣʠʰʴ 

ʧʨʠʣʝʛʘʶʱʠʝ ʢ ʥʝʡ ʫʯʘʩʪʢʠ. ɺ ʦʙʨʘʟʮʝ 2 ʜʝʬʦʨʤʘʮʠʷ ʚʩʝʭ ʫʯʘʩʪʢʦʚ ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʦʙʣʘʩʪʝʡ ʫ ʟʘʭʚʘʪʦʚ ʨʘʟʚʠʚʘʣʘʩʴ ʨʘʚʥʦʤʝʨʥʦ ʩ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 

ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ ʜʦ 35% ʫʜʣʠʥʝʥʠʷ ʦʙʨʘʟʮʘ, ʧʦʩʣʝ ʯʝʛʦ ʥʘ ʫʯʘʩʪʢʝ 3 

ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʰʝʡʢʘ, ʘ ʦʩʪʘʣʴʥʳʝ ʫʯʘʩʪʢʠ ʧʨʝʢʨʘʱʘʣʠ ʫʜʣʠʥʝʥʠʝ. ʆʙʣʘʩʪʠ ʫ 

ʟʘʭʚʘʪʦʚ ʧʨʝʢʨʘʱʘʣʠ ʫʜʣʠʥʝʥʠʝ ʧʦʩʣʝ 25% ʨʘʩʪʷʞʝʥʠʷ. 

  

ʘ     ʙ 

 

ʚ     ʛ 

ʈʠʩʫʥʦʢ 2.14 ï ʕʚʦʣʶʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ (ʘ, ʚ) 

ʠ ʣʦʢʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ (ʙ, ʛ) ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʪʷʞʝʥʠʷ ʚ ʦʙʨʘʟʮʘʭ 1 (ʘ, ʙ) ʠ 2 (ʚ, ʛ) 
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ʘ      ʙ 

  

ʚ      ʛ 

ʈʠʩʫʥʦʢ 2.15 ï ɿʘʚʠʩʠʤʦʩʪʠ ʣʦʢʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʫʯʘʩʪʢʦʚ ʥʘʙʣʶʜʝʥʠʷ (ʘ, ʚ) ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ (ʙ, ʛ) ʦʪ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʪʷʞʝʥʠʷ 

ʦʙʨʘʟʮʦʚ 1 (ʘ, ʙ) ʠ 2 (ʚ, ʛ) 

ʉʨʘʚʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʫʜʣʠʥʝʥʠʷ ʫʯʘʩʪʢʦʚ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʦʪ ʩʪʝʧʝʥʠ ʨʘʩʪʷʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, 

ʯʪʦ ʵʪʠ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʨʨʝʣʠʨʫʶʪ ʥʝʣʠʥʝʡʥʳʤ ʦʙʨʘʟʦʤ (ʩʨ. ʨʠʩʫʥʢʠ 2.15ʘ, ʙ ʠ 

2.15ʚ, ʛ). ɺ ʦʙʨʘʟʮʝ 1 ʚ ʦʙʣʘʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʡʢʠ ʥʝʣʠʥʝʡʥʳʡ ʨʦʩʪ Rd ʥʘʙʣʶʜʘʣʩʷ 
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ʫʞʝ ʧʨʠ 10% ʧʨʠʣʦʞʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʯʪʦ ʭʦʨʦʰʦ ʚʠʜʥʦ ʥʘ ʛʠʩʪʦʛʨʘʤʤʘʭ 

(ʨʠʩʫʥʦʢ 2.16ʙ). ʅʘ ʦʩʪʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʨʦʩʪ Rd ʟʘʤʝʜʣʷʣʩʷ ʠ ʧʦʯʪʠ ʧʨʝʢʨʘʱʘʣʩʷ 

ʧʦʩʣʝ 15% ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʟʮʦʚ. ɸʥʘʣʦʛʠʯʥʳʝ ʚʳʚʦʜʳ ʙʳʣʠ ʩʜʝʣʘʥʳ ʜʣʷ ʚʪʦʨʦʡ 

ʩʝʨʠʠ ʦʙʨʘʟʮʦʚ (ʨʠʩʫʥʦʢ 2.15ʚ, ʛ). 

 

ʈʠʩʫʥʦʢ 2.16 ï ɿʘʚʠʩʠʤʦʩʪʠ ʣʦʢʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʫʯʘʩʪʢʦʚ (ʘ) ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ (ʙ) ʦʪ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʪʷʞʝʥʠʷ ʦʙʨʘʟʮʘ 1 

ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʫʯʘʩʪʢʦʚ ʥʘʙʣʶʜʝʥʠʷ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʪʦʯʢʠ ʙʳʣʠ ʧʨʠʚʝʜʝʥʳ ʥʘ ʦʜʥʦʤ ʛʨʘʬʠʢʝ 

(ʨʠʩʫʥʦʢ 2.17). ɼʣʷ ʦʙʦʠʭ ʦʙʨʘʟʮʦʚ ʧʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʙʳʣʠ 

ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤʠ ʬʫʥʢʮʠʷʤʠ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʜʝʪʝʨʤʠʥʘʮʠʠ 0.97-0.99, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʦ ʦ ʩʠʣʴʥʦʡ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 

ʢʦʨʨʝʣʷʮʠʠ ʠ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʩʚʷʟʠ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ Rd ʠ Ůloc. ʅʘʠʙʦʣʝʝ ʪʦʯʥʫʶ 

ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʦʙʝʩʧʝʯʠʚʘʣʠ ʟʘʚʠʩʠʤʦʩʪʠ, ʚʳʨʘʞʝʥʥʳʝ ʩʫʤʤʦʡ ʜʚʫʭ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʭ ʬʫʥʢʮʠʡ. ɸʧʧʨʦʢʩʠʤʘʮʠʦʥʥʘʷ ʬʫʥʢʮʠʷ ʜʣʷ ʦʙʨʘʟʮʘ 1 ʠʤʝʣʘ 

ʚʠʜ: 

( ) ( )( )( ) 5
dR 61.4exp ( 0.1) / 0.18 0.000237exp 0.1 / 0.027 3410-= - + - - ÖSub Sube e   (2.3) 
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ʇʝʨʚʳʡ ʯʣʝʥ ʩʫʤʤʳ ʦʧʠʩʳʚʘʣ ʨʦʩʪ ʟʥʘʯʝʥʠʡ Rd ʚ ʜʠʘʧʘʟʦʥʝ ʫʤʝʨʝʥʥʳʭ 

ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ, ʠʩʧʳʪʳʚʘʝʤʳʭ ʙʦʣʴʰʠʥʩʪʚʦʤ ʫʯʘʩʪʢʦʚ. ɺʪʦʨʦʡ ʯʣʝʥ 

ʦʧʠʩʳʚʘʣ ʩʪʘʜʠʶ ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʦʛʦ ʨʦʩʪʘ Rd ʚ ʰʝʡʢʝ ʟʘ ʩʯʝʪ ʚʢʣʘʜʘ ʚ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʢʦʤʧʦʥʝʥʪʳ. 

  

ʘ      ʙ 

ʈʠʩʫʥʦʢ 2.17 ï ɿʘʚʠʩʠʤʦʩʪʴ ʟʥʘʯʝʥʠʡ Rd ʦʪ ʣʦʢʘʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʨʘʩʪʷʞʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʦʚ 1 (ʘ) ʠ 2 (ʙ) 

ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʩʪʝʧʝʥʴʶ ʣʦʢʘʣʴʥʳʭ ʧʣʘʩʪʠʯʝʩʢʠʭ 

ʜʝʬʦʨʤʘʮʠʡ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ 

ʦʮʝʥʢʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʘʪʝʨʠʘʣʘ. ʊʘʢ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʜʣʷ ʦʙʨʘʟʮʦʚ 

1 ʠ 2 ʤʝʩʪʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʰʝʡʢʠ ʙʳʣʦ ʩʧʨʦʛʥʦʟʠʨʦʚʘʥʦ ʧʦ ʘʥʘʣʠʟʫ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

Rd ʚʜʦʣʴ ʦʩʠ ʦʙʨʘʟʮʘ ʫʞʝ ʧʨʠ 15% ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʜʦ ʚʠʜʠʤʳʭ 

ʧʨʦʷʚʣʝʥʠʡ ʣʦʢʘʣʠʟʘʮʠʠ ʥʘ ʤʘʢʨʦʫʨʦʚʥʝ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʥʝ ʷʚʣʷʝʪʩʷ 

ʦʧʪʠʤʘʣʴʥʳʤ ʢʘʥʜʠʜʘʪʦʤ ʜʣʷ ʪʘʢʦʡ ʘʪʪʝʩʪʘʮʠʠ, ʧʦʩʢʦʣʴʢʫ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ 

ʨʘʟʚʠʪʠʝ ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʠ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʦʤ ʨʝʞʠʤʝ. 

ɽʱʝ ʙʦʣʝʝ ʢʦʨʦʪʢʘʷ ʩʪʘʜʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʰʝʡʢʠ ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʦʙʨʘʟʮʘʭ 

3 ʠ 4, ʫ ʢʦʪʦʨʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʢʘʪʢʠ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʣʘʩʴ ʩʧʦʩʦʙʥʦʩʪʴ ʢ 
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ʧʣʘʩʪʠʯʝʩʢʦʤʫ ʜʝʬʦʨʤʠʨʦʚʘʥʠʶ (ʨʠʩʫʥʦʢ 2.18). ɼʣʷ ʨʘʥʥʝʛʦ ʧʨʦʛʥʦʟʘ 

ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʠ ʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʤʘʪʝʨʠʘʣʳ, ʚ ʢʦʪʦʨʳʭ 

ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʠ ʧʨʝʜʰʝʩʪʚʫʝʪ ʜʣʠʪʝʣʴʥʘʷ ʠ ʚʳʨʘʞʝʥʥʘʷ ʩʪʘʜʠʷ ʨʘʟʚʠʪʠʷ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. ɹʦʣʝʝ ʤʝʜʣʝʥʥʳʡ ʨʦʩʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʩʦ ʩʪʝʧʝʥʴʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥ ʧʦʩʪʝʧʝʥʥʳʤ ʚʦʚʣʝʯʝʥʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʙʦʣʝʝ 

ʢʨʫʧʥʦʛʦ ʤʘʩʰʪʘʙʘ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʵʪʦʛʦ, ʚ 

ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʤ ʘʣʶʤʠʥʠʠ ʚ ʩʦʩʪʦʷʥʠʠ ʧʦʩʪʘʚʢʠ ʨʝʣʴʝʬʥʳʝ ʩʢʣʘʜʢʠ, 

ʦʙʨʘʟʫʶʱʠʝʩʷ ʥʘ ʨʘʥʥʠʭ ʩʪʘʜʠʷʭ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʩʨʘʟʫ ʚʢʣʶʯʘʶʪ ʚʩʶ ʠʝʨʘʨʭʠʶ 

ʤʘʩʰʪʘʙʦʚ, ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʠ. ʉʠʪʫʘʮʠʷ ʝʱʝ ʙʦʣʝʝ 

ʫʩʫʛʫʙʣʷʝʪʩʷ ʜʣʷ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʭʦʣʦʜʥʦʡ ʧʨʦʢʘʪʢʠ, ʛʜʝ ʤʝʭʘʥʠʟʤʳ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʤʠʢʨʦʫʨʦʚʥʝ ʦʢʘʟʳʚʘʶʪʩʷ ʟʘʙʣʦʢʠʨʦʚʘʥʳ ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

 

ʘ ʙ  

ʈʠʩʫʥʦʢ 2.18 ï ʕʚʦʣʶʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ Rd ʚ ʧʨʦʮʝʩʩʝ 

ʨʘʩʪʷʞʝʥʠʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ 4 (ʘ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʝʬʦʨʤʘʮʠʡ Ůxx, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʢʦʨʨʝʣʷʮʠʠ ʮʠʬʨʦʚʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ ʥʘ ʩʪʘʜʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʰʝʡʢʠ (ʙ) 

2.5 ɺʳʚʦʜʳ ʧʦ ʚʪʦʨʦʡ ʛʣʘʚʝ 

ʇʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʚʠʪʠʷ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʠʟ 
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ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ɸɼ0 ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠ.̫ ɼʣʷ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʜʣʷ ʚʩʝʭ ʧʨʦʬʠʣʝʡ 

ʦʧʨʝʜʝʣʝʥ ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʦʪʥʦʰʝʥʠʝ ʜʣʠʥʳ ʠʟʤʝʨʝʥʥʦʛʦ ʧʨʦʬʠʣʷ ʢ ʜʣʠʥʝ ʝʛʦ 

ʧʨʦʝʢʮʠʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʠʢ ʠʟʤʝʨʝʥʠʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ, 

ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ Rd ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʣʷ ʧʨʦʬʠʣʝʡ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ 

ʬʠʣʴʪʨʘʮʠʠ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʯʝʩʪʴ ʚʢʣʘʜʳ ʚʩʝʭ ʤʝʭʘʥʠʟʤʦʚ ʜʝʬʦʨʤʘʮʠʠ. 

ɹʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʤʘʩʰʪʘʙʥʦʤ ʫʨʦʚʥʝ ʢʦʨʨʝʣʠʨʫʶʪ ʩʦ ʩʪʝʧʝʥʴʶ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚʜʦʣʴ ʦʩʠ ʥʘʛʨʫʞʝʥʠʷ. ɿʘʚʠʩʠʤʦʩʪʠ Rd ʦʪ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʝʬʦʨʤʘʮʠʡ ʨʘʩʪʷʞʝʥʠʷ ʫʯʘʩʪʢʦʚ ʘʧʧʨʦʢʩʠʤʠʨʫʶʪʩʷ ʝʜʠʥʦʡ 

ʢʨʠʚʦʡ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʝʪʝʨʤʠʥʘʮʠʠ 0.97-0.99, ʯʪʦ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʥʘʣʠʯʠʝ 

ʩʠʣʴʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʵʪʠʤʠ ʚʝʣʠʯʠʥʘʤʠ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʥʘʢʦʧʣʝʥʥʘʷ ʚ ʤʘʪʝʨʠʘʣʝ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʥʘ ʤʝʟʦʫʨʦʚʥʝ 

ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. 
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3 ʄɸʊɽʄɸʊʀʏɽʉʂɸʗ ʇʆʉʊɸʅʆɺʂɸ ɿɸɼɸʏʀ ʋʇʈʋɻʆ-

ʇʃɸʉʊʀʏɽʉʂʆɻʆ ɼɽʌʆʈʄʀʈʆɺɸʅʀʗ ʇʆʃʀʂʈʀʉʊɸʃʃʆɺ ʉ ɻʎʂ 

ʈɽʐɽʊʂʆʁ 

3.1 ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʧʦʩʪʘʥʦʚʢʘ ʜʠʥʘʤʠʯʝʩʢʦʡ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ  

ɿʘʜʘʯʠ ʤʠʢʨʦ- ʠ ʤʝʟʦʤʝʭʘʥʠʢʠ, ʢʦʪʦʨʳʝ ʫʯʠʪʳʚʘʶʪ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʘʣʘ ʚ 

ʷʚʥʦʤ ʚʠʜʝ, ʪʨʝʙʫʶʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʜʣʷ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʥʘ ʤʠʢʨʦ- ʠ 

ʤʝʟʦʫʨʦʚʥʷʭ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʝ ʤʦʜʝʣʠ, ʚʢʣʶʯʘʶʱʠʝ 

ʜʦʩʪʘʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʟʝʨʝʥ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦʡ 

ʪʦʯʥʦʩʪʠ ʨʝʰʝʥʠʷ, ʟʝʨʥʘ ʠ ʛʨʘʥʠʯʥʳʝ ʦʙʣʘʩʪʠ ʜʦʣʞʥʳ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʝʪʢʘʤʠ 

ʩ ʚʳʩʦʢʦʡ ʜʝʪʘʣʠʟʘʮʠʝʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʙʣʝʤʘ ʩʥʠʞʝʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʟʘʪʨʘʪ ʙʝʟ ʫʱʝʨʙʘ ʜʣʷ ʠʥʬʦʨʤʘʪʠʚʥʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʨʝʰʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ 

ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦʡ ʜʣʷ ʨʝʰʝʥʠʷ ʧʦʜʦʙʥʳʭ ʟʘʜʘʯ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ 

ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʪʨʝʙʦʚʘʥʠ ̫ʢ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʨʝʩʫʨʩʘʤ [52,53,56,57,66-72]. ɺ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʟʘʜʘʯʝ ʯʠʩʣʝʥʥʦ ʨʝʰʘʶʪʩʷ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ 

ʩʪʘʪʠʯʝʩʢʦʡ ʟʘʜʘʯʝ ʨʝʰʘʝʪʩʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʨʘʚʥʦʚʝʩʠʷ. ɺ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ, ʦʧʠʩʳʚʘʶʱʝʡ ʜʚʠʞʝʥʠʝ ʪʦʯʝʢ ʚ ʩʨʝʜʝ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʚʥʝʰʥʠʭ ʩʠʣ ʙʝʟ ʫʯʝʪʘ ʤʘʩʩʦʚʳʭ ʩʠʣ, ʢʣʶʯʝʚʳʤʠ ʷʚʣʷʶʪʩʷ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ. 

ʕʪʠ ʫʨʘʚʥʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʨʝʰʝʥʳ ʩ ʧʦʤʦʱʴʶ ʷʚʥʳʭ ʤʝʪʦʜʦʚ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ 

ʚʨʝʤʝʥʠ. ʗʚʥʳʝ ʤʝʪʦʜʳ ʦʙʣʘʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʥʝʷʚʥʳʤʠ, ʚʢʣʶʯʘʷ ʵʢʦʥʦʤʠʶ ʜʠʩʢʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʫʤʝʥʴʰʝʥʠʝ 

ʟʘʜʝʡʩʪʚʦʚʘʥʥʦʡ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʠ ʩʥʠʞʝʥʠʝ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʦʚ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ 

ʥʝ ʪʨʝʙʫʶʪ ʠʪʝʨʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʚʳʯʠʩʣʝʥʠʷ ʦʙʨʘʪʥʦʡ ʤʘʪʨʠʮʳ ʞʝʩʪʢʦʩʪʠ 

[72]. 

ʋʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʚ ʧʨʦʝʢʮʠʷʭ ʥʘ ʦʩʠ ʢʦʦʨʜʠʥʘʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ: 

1311 12
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1 2 3

u
x x x

ss s
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µµ µ
= + +
µ µ µ

,  
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2321 22
2

1 2 3

u
x x x

ss s
r

µµ µ
= + +
µ µ µ

,         (3.1) 

31 32 33
3

1 2 3

u
x x x

s s s
r

µ µ µ
= + +
µ µ µ

. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʪʘʢʞʝ ʚʢʣʶʯʘʝʪ ʫʨʘʚʥʝʥʠʝ ʥʝʨʘʟʨʳʚʥʦʩʪʠ 

31 2

1 2 3

uu uV

V x x x

µµ µ
= + +
µ µ µ

         (3.2) 

ʠ ʢʠʥʝʤʘʪʠʯʝʩʢʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʪʝʥʟʦʨʦʚ ʩʢʦʨʦʩʪʝʡ ʧʦʣʥʳʭ ʜʝʬʦʨʤʘʮʠʡ 
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ʠ ʪʝʥʟʦʨʘ ʩʧʠʥʘ 

11 22 33 0w w w= = =, 
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ɿʜʝʩ ɹ iu - ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ, 
0

V
r

r
=  - ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʦʙʲʝʤ, r ʠ 0r  ï 

ʪʝʢʫʱʘʷ ʠ ʥʘʯʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ, ijs  ʠ ije  - ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʦʚ 

ʥʘʧʨʷʞʝʥʠʡ ʠ ʧʦʣʥʳʭ ʜʝʬʦʨʤʘʮʠʡ, ijw  - ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʩʧʠʥʘ, ʪʦʯʢʘ ʥʘʜ 

ʩʠʤʚʦʣʦʤ ʦʙʦʟʥʘʯʘʝʪ ʤʘʪʝʨʠʘʣʴʥʫʶ ʧʨʦʠʟʚʦʜʥʫʶ ʧʦ ʚʨʝʤʝʥʠ. 

ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ ʪʦʯʝʢ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ ʤʦʞʥʦ ʨʘʟʣʦʞʠʪʴ ʥʘ ʜʚʝ 

ʩʦʩʪʘʚʣʷʶʱʠʝ: ʜʝʬʦʨʤʘʮʠʶ ʠ ʞʝʩʪʢʠʡ ʧʦʚʦʨʦʪ [73,74]. ʇʦʣʝ ʜʝʬʦʨʤʘʮʠʡ (3.3) 

ʯʝʨʝʟ ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʩʚʷʟʘʥʦ ʩ ʧʦʣʝʤ ʥʘʧʨʷʞʝʥʠʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʞʝʩʪʢʠʡ ʧʦʚʦʨʦʪ (3.4) ʥʝ ʚʥʦʩʠʪ ʚʢʣʘʜ ʚ ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. ɺ ʩʣʫʯʘʝ 

ʢʦʥʝʯʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʟʘʜʘʯʘ ʢʦʨʨʝʢʪʥʦʛʦ ʨʘʟʣʦʞʝʥʠ̫ ʜʚʠʞʝʥʠʷ ʥʘ ʜʝʬʦʨʤʘʮʠʶ ʠ 

ʧʦʚʦʨʦʪ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ (ʩʤ. ʥʘʧʨʠʤʝʨ, [73]). ɺ ʩʣʫʯʘʝ ʤʘʣʳʭ ʫʧʨʫʛʠʭ 

ʜʝʬʦʨʤʘʮʠʡ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʤʝʪʘʣʣʦʚ, ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʥʝʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʣʷ 
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ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ ʫʯʝʪʦʤ ʧʦʧʨʘʚʢʠ ʥʘ ʧʦʚʦʨʦʪ ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʧʨʦʠʟʚʦʜʥʘ ̫ʗʫʤʘʥʘ: 

*

11 11 12 12 13 132( )S S S Sw w= - + , 

*

22 22 21 21 23 232( )S S S Sw w= - + , 

*

33 33 31 31 32 322( )S S S Sw w= - + ,        (3.5) 

*

12 12 11 21 13 23 22 12 23 13S S S S S Sw w w w= - - - - , 

*

13 13 11 31 12 32 32 12 33 13S S S S S Sw w w w= - - - - , 

*

23 23 21 31 22 32 31 21 33 23S S S S S Sw w w w= - - - - , 

ʛʜʝ ijS - ʢʦʤʧʦʥʝʥʪʳ ʜʝʚʠʘʪʦʨʘ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (3.1)ï(3.5) ʟʘʤʳʢʘʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤʠ 

ʩʦʦʪʥʦʰʝʥʠʷʤʠ, ʢʦʪʦʨʳʝ ʫʩʪʘʥʘʚʣʠʚʘʶʪ ʩʚʷʟʴ ʤʝʞʜʫ ʪʝʥʟʦʨʦʤ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʪʝʥʟʦʨʦʤ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ ʜʣʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɼʣʷ ʘʥʠʟʦʪʨʦʧʥʳʭ 

ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʵʪʠ ʩʦʦʪʥʦʰʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʚʳʨʘʞʝʥʳ ʯʝʨʝʟ ʦʙʦʙʱʝʥʥʳʡ 

ʟʘʢʦʥ ɻʫʢʘ ʚ ʩʢʦʨʦʩʪʥʦʡ ʬʦʨʤʝ: 

* e

ij ijkl kl
Cs e= ,           (3.6) 

ʛʜʝ e

ij
e ï ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʩʢʦʨʦʩʪʝʡ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ, ijkl

C  ï ʤʘʪʨʠʮʘ 

ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ. 

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ, ʤʦʛʫʪ ʙʳʪʴ 

ʢʠʥʝʤʘʪʠʯʝʩʢʠʤʠ, ʢʦʛʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʝʢʪʘ ʫʢʘʟʘʥʳ ʧʝʨʝʤʝʱʝʥʠʷ ʠʣʠ 

ʩʢʦʨʦʩʪʠ, ʩʪʘʪʠʯʝʩʢʠʤʠ, ʢʦʛʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʝʢʪʘ ʫʢʘʟʘʥʳ ʩʠʣʳ ʠʣʠ 

ʩʤʝʰʘʥʥʳʤʠ. ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʥʘʧʨʷʞʝʥʠʷʭ ʤʦʛʫʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ 

ij j iS
n T

s

s = ,           (3.7) 

ʛʜʝ S
s  ï ʧʦʚʝʨʭʥʦʩʪʴ ʠʣʠ ʝʝ ʯʘʩʪʴ, i

n  ʠ i
T  ï ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʦʚ ʥʦʨʤʘʣʠ ʠ 

ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ ʢʠʥʝʤʘʪʠʯʝʩʢʠʝ 

ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʝʨʝʟ ʩʢʦʨʦʩʪʠ: 

u
i iS

u u=  ,           (3.8) 
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ʛʜʝ 
i
u ï ʟʘʜʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

u
S . 

ʂʠʥʝʤʘʪʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʟʘʜʘʶʪ ʫʩʣʦʚʠʷ ʟʘʢʨʝʧʣʝʥʠʷ ʠʣʠ ʧʝʨʝʤʝʱʝʥʠʷ 

ʪʦʯʝʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʟʘʜʘʥʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ. 

 3.2 ʆʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ɻʎʂ ʢʨʠʩʪʘʣʣʦʚ ʘʣʶʤʠʥʠʷ 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ 

ʟʘʚʠʩʷʪ ʦʪ ʪʠʧʘ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɼʣʷ ʘʥʘʣʠʟʘ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʯʝʪʦʤ ʩʪʨʦʝʥʠʷ ʠ ʦʨʠʝʥʪʘʮʠʠ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʨʠʤʝʥʷʶʪʩʷ ʤʦʜʝʣʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ 

ʧʣʘʩʪʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ (ʌʊʇʂ) [74-86]. ʕʪʠ ʤʦʜʝʣʠ ʜʝʣʷʪʩʷ ʥʘ ʜʚʝ ʦʩʥʦʚʥʳʝ 

ʢʘʪʝʛʦʨʠʠ. ʇʝʨʚʘʷ ʢʘʪʝʛʦʨʠʷ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʩʦʦʪʥʦʰʝʥʠʡ ʜʣʷ ʦʧʠʩʘʥʠʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʥʠʤʘʷ 

ʚʦ ʚʥʠʤʘʥʠʝ ʚʢʣʘʜ rʜʝʬʦʨʤʘʮʠʠ ʟʝʨʝʥ ʩ ʨʘʟʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ. ʌʘʢʪʠʯʝʩʢʠ ʜʘʥʥʳʝ 

ʤʦʜʝʣʠ ʩʚʦʜʷʪʩʷ ʢ ʦʧʠʩʘʥʠʶ ʢʨʠʚʦʡ ʥʘʛʨʫʞʝʥʠʷ ʧʨʠ ʟʘʜʘʥʥʦʡ ʠʩʪʦʨʠʠ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʇʨʠ ʵʪʦʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʪʳ ʥʘʭʦʜʷʪʩʷ ʚ ʫʩʣʦʚʠʷʭ 

ʦʜʠʥʘʢʦʚʦʡ ʧʨʠʣʦʞʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠʣʠ ʦʜʠʥʘʢʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ [81, 85]. ɺ 

ʢʦʥʮʝ 20-ʛʦ ʚʝʢʘ ʧʦʷʚʠʣʠʩʴ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʤʦʜʝʣʠ ʜʘʥʥʦʛʦ ʪʠʧʘ. ʆʥʠ ʧʦʟʚʦʣʷʶʪ 

ʫʯʝʩʪʴ ʚʢʣʘʜʳ ʥʘʧʨʷʞʝʥʠʡ ʩ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʤʝʟʦʫʨʦʚʝʥ.ɹ ʕʪʠ ʤʦʜʝʣʠ, ʩʦʟʜʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʦʜʭʦʜʘ, 

ʫʩʪʘʥʘʚʣʠʚʘʶʪ ʩʚʷʟʴ ʤʝʞʜʫ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʠʟʤʝʥʝʥʠʷʤʠ ʚ ʩʪʨʫʢʪʫʨʝ ʥʘ ʤʠʢʨʦ- ʠ ʤʝʟʦʫʨʦʚʥʷʭ, 

ʚʚʝʜʝʥʥʳʤʠ ʥʝʷʚʥʦ. ɺʘʞʥʳʡ ʚʢʣʘʜ ʚ ʨʘʟʨʘʙʦʪʢʫ ʵʪʠʭ ʤʦʜʝʣʝʡ ʙʳʣ ʚʳʧʦʣʥʝʥ ʚ 

ʥʘʫʯʥʦʡ ʰʢʦʣʝ ʇ.ɺ. ʊʨʫʩʦʚʘ [73, 74, 77-82]. ʆʜʥʦ ʠʟ ʢʣʶʯʝʚʳʭ ʧʨʝʠʤʫʱʝʩʪʚ 

ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʢʦʥʩʪʠʪʫʪʠʚʥʳʭ ʤʦʜʝʣʝʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʭ ʩʧʦʩʦʙʥʦʩʪʠ ʥʘ ʦʩʥʦʚʝ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʦʚ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʢʦʥʩʪʨʫʢʮʠʡ ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʘʮʠʠ, ʫʯʠʪʳʚʘʷ ʵʚʦʣʶʮʠʶ ʠʭ 

ʩʪʨʫʢʪʫʨʳ ʠ ʪʝʢʩʪʫʨʳ. ɹʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʪʘʢʠʝ ʤʦʜʝʣʠ ʠʤʝʶʪ ʜʣʷ ʠʥʞʝʥʝʨʥʳʭ 

ʧʨʠʣʦʞʝʥʠʡ, ʪʘʢ ʢʘʢ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʩʦʦʪʥʦʰʝʥʠʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʦʚʝʜʝʥʠʷ ʤʘʩʩʠʚʥʳʭ ʜʝʪʘʣʝʡ ʠ ʢʦʥʩʪʨʫʢʮʠʡ ʚ 
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ʧʨʦʮʝʩʩʝ ʠʥʪʝʥʩʠʚʥʦʛʦ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʩ ʫʯʝʪʦʤ 

ʪʝʢʩʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʠ ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

ɼʨʫʛʦʡ ʢʣʘʩʩ ʤʦʜʝʣʝʡ ʌʊʇʂ ʧʨʝʜʧʦʣʘʛʘʝʪ ʨʝʰʝʥʠʝ ʢʨʘʝʚʳʭ ʟʘʜʘʯ ʩ ʷʚʥʳʤ 

ʫʯʝʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ [42, 43, 52, 53, 57-60, 75, 84, 

87]. ʊʘʢʠʝ ʤʦʜʝʣʠ ʧʦʟʚʦʣʷʶʪ ʚ ʷʚʥʦʤ ʚʠʜʝ ʠʩʩʣʝʜʦʚʘʪʴ ʣʦʢʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʅɼʉ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʳʰʘʪʴ ʩʨʝʜʥʠʡ ʫʨʦʚʝʥʴ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʜʝʬʦʨʤʘʮʠʡ ʚ ʥʘʛʨʫʞʝʥʥʦʤ ʤʘʪʝʨʠʘʣʝ. ʀʥʬʦʨʤʘʮʠʷ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʯʠʩʣʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʚʳʨʘʙʦʪʢʠ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ 

ʦʧʪʠʤʠʟʘʮʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʧʫʪʝʤ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʤʦʜʝʣʠ, ʚ ʷʚʥʦʤ ʚʠʜʝ ʫʯʠʪʳʚʘʶʱʠʝ ʩʪʨʫʢʪʫʨʥʳʝ 

ʦʩʦʙʝʥʥʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ, ʚʢʣʶʯʘʷ ʨʘʟʣʠʯʥʳʝ 

ʢʦʤʧʦʟʠʪʳ, ʤʝʪʘʤʘʪʝʨʠʘʣʳ, ʘ ʪʘʢʞʝ ʤʝʪʘʣʣʳ ʠ ʩʧʣʘʚʳ [87-91]. ʆʩʦʙʦʝ ʟʥʘʯʝʥʠʝ 

ʤʦʜʝʣʠ ʩ ʷʚʥʳʤ ʫʯʝʪʦʤ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠʤʝʶʪ ʜʣʷ ʦʧʠʩʘʥʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. ɺ ʨʘʙʦʪʘʭ [2, 4, 29] ʘʚʪʦʨʳ ʦʧʠʩʘʣʠ ʨʘʟʚʠʪʠʝ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʳʭ ʘʣʶʤʠʥʠʝʚʳʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ, ʷʚʥʳʤ ʦʙʨʘʟʦʤ ʫʯʠʪʳʚʘʷ ʬʦʨʤʫ ʟʝʨʝʥ. ʆʜʥʘʢʦ ʜʝʬʦʨʤʘʮʠʷ ʟʝʨʝʥ 

ʦʧʠʩʳʚʘʣʘʩʴ ʚ ʨʘʤʢʘʭ ʧʨʦʩʪʳʭ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʙʝʟ ʫʯʝʪʘ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʩʚʷʟʘʥʥʦʡ ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʩʪʨʦʝʥʠʝʤ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʘʣʶʤʠʥʠʷ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʦʚ ʌʊʇʂ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪ ɹʵʬʬʝʢʪ r

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʠ ʪʝʢʩʪʫʨʳ ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. ɿʘ ʦʩʥʦʚʫ ʚʟʷʪ ʧʦʜʭʦʜ ʢ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ, ʨʘʟʚʠʪʳʡ ʚ ʨʘʙʦʪʘʭ [56, 66]. 

ʄʦʜʝʣʠ ʌʊʇʂ ʜʣʷ ʩʣʫʯʘʷ ʙʦʣʴʰʠʭ ʜʝʬʦʨʤʘʮʠʡ ʧʨʝʜʫʩʤʘʪʨʠʚʘʶʪ 

ʨʘʟʣʦʞʝʥʠʝ ʛʨʘʜʠʝʥʪʘ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʫʧʨʫʛʫʶ ʠ ʧʣʘʩʪʠʯʝʩʢʫʶ ʩʦʩʪʘʚʣʷʶʱʠʝ. 

ʕʪʦʪ ʧʨʦʮʝʩʩ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʧʝʨʝʭʦʜ ʠʟ ʥʘʯʘʣʴʥʦʛʦ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚ ʢʦʥʝʯʥʦʝ ʚ ʜʚʘ ʵʪʘʧʘ [75]. ʇʝʨʚʳʡ ʵʪʘʧ ʩʚʷʟʘʥ ʩ ʥʝʦʙʨʘʪʠʤʦʡ 

ʜʝʬʦʨʤʘʮʠʝʡ ʩʜʚʠʛʘ, ʘ ʚʪʦʨʦʡ - ʩ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʠ ʞʝʩʪʢʠʤ ʧʦʚʦʨʦʪʦʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ɺ ʨʘʤʢʘʭ ʢʦʥʮʝʧʮʠʠ ʌʊʇʂ ʥʝʦʙʨʘʪʠʤʘʷ ʜʝʬʦʨʤʘʮʠʷ, 
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ʩʚʷʟʘʥʥʘʷ ʩʦ ʩʢʦʣʴʞʝʥʠʝʤ ʜʠʩʣʦʢʘʮʠʡ, ʦʪʚʝʯʘʝʪ ʟʘ ʩʜʚʠʛ ʨʝʰʝʪʢʠ, ʘ ʦʙʨʘʪʠʤʘʷ 

ʫʧʨʫʛʘʷ ʜʝʬʦʨʤʘʮʠʷ ï ʟʘ ʨʘʩʪʷʞʝʥʠʝ ʠ ʧʦʚʦʨʦʪ ʨʝʰʝʪʢʠ. ʆʩʥʦʚʥʳʤʠ ʟʘʜʘʯʘʤʠ ʧʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʤʦʜʝʣʝʡ ʢʦʥʝʯʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʷʚʣʷʶʪʩʷ ʢʦʨʨʝʢʪʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ 

ʧʦʚʦʨʦʪʘ ʠ ʫʯʝʪ ʬʠʟʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ ʧʣʘʩʪʠʯʥʦʩʪʠ ʠ ʫʧʨʦʯʥʝʥʠʷ. 

ʇʨʠ ʤʘʣʳʭ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʷʭ ʪʝʦʨʠʷ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʧʨʦʩʪʦʡ. ɺ 

ʪʘʢʦʤ ʩʣʫʯʘʝ ʦʧʨʝʜʝʣʝʥʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʚʳʢʣʘʜʢʠ ʧʨʠʚʦʜʷʪ ʢ ʨʘʟʣʦʞʝʥʠʶ 

ʩʢʦʨʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʫʧʨʫʛʫʶ ʠ ʧʣʘʩʪʠʯʝʩʢʫʶ ʩʦʩʪʘʚʣʷʶʱʠʝ ʚ ʘʜʜʠʪʠʚʥʦʡ 

ʬʦʨʤʝ [72,75,76,84-87]: 

e p

ij ij ij
e e e= + ,          (3.9) 

ʛʜʝ p

ij
e  ï ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʩʢʦʨʦʩʪʝʡ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ. ʉ ʫʯʝʪʦʤ ʵʪʦʛʦ 

ʟʘʢʦʥ ɻʫʢʘ (3.6) ʧʨʠʥʠʤʘʝʪ ʚʠʜ: 

( )p

ij ijkl kl kl
Cs e e= - .          (3.10) 

ɼʣʷ ʟʘʧʠʩʠ ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ (3.10) ʫʜʦʙʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʦʨʪʦʛʦʥʘʣʴʥʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʫʶ ʩ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ. ɺ ʢʫʙʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʚʳʙʠʨʘʪʴ 

ʦʩʠ ʢʦʦʨʜʠʥʘʪ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ 1 || [100]x , 2 || [010]x  ʠ 3 || [001]x . ɺ ʧʨʠʚʝʜʝʥʥʳʭ ʜʘʣʝʝ 

ʩʦʦʪʥʦʰʝʥʠʷʭ ʥʠʞʥʠʝ ʠʥʜʝʢʩʳ 1, 2, 3 ʚ ʦʙʦʟʥʘʯʝʥʠʠ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʝʡ 

ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʦʪʥʦʩʷʪʩʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢ ʦʩʷʤ [100], [010] ʠ [001] 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ. 

ʀʩʭʦʜʷ ʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʨʠʩʪʘʣʣʦʚ ʘʣʶʤʠʥʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʫʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ, ʤʦʞʥʦ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʤʘʪʨʠʮʫ ʫʧʨʫʛʠʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ: 

1111 1122 1122

1122 1111 1122

1122 1122 1111

2323

2323

2323

0 0 0

0 0 0

0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

C C C

C C C

C C C

C

C

C

å õ
æ ö
æ ö
æ ö
æ ö
æ ö
æ ö
æ öæ ö
ç ÷
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ʇʦʜʩʪʘʚʠʚ ʜʘʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʚ ʟʘʢʦʥ ɻʫʢʘ (3.10), ʤʳ ʧʦʣʫʯʠʤ 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʚ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʝ: 

11 1111 11 1122 22 1122 33

e e eC C Cs e e e= + +   23 2323 23

eCs e=  

22 1122 11 1111 22 1122 33

e e eC C Cs e e e= + +   13 2323 13

eCs e=      (3.11) 

11 1122 11 1122 22 1111 33

e e eC C Cs e e e= + +   12 2323 12

eCs e=  

ʌʦʨʤʫʣʳ (3.3) ʜʣʷ ʩʢʦʨʦʩʪʝʡ ʧʦʣʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʷʚʣʷʶʪʩʷ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʢʠʥʝʤʘʪʠʯʝʩʢʠʤʠ ʠ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʬʠʟʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ 

ʜʝʬʦʨʤʘʮʠʠ ʚ ʢʦʥʢʨʝʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʵʪʦʛʦ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʩʢʦʨʦʩʪʝʡ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʪʨʝʙʫʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʦʜʝʣʝʡ, ʢʦʪʦʨʳʝ 

ʫʯʠʪʳʚʘʶʪ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ, ʫʩʣʦʚʠʷ ʥʘʛʨʫʞʝʥʠʷ, ʩʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠ 

ʜʨʫʛʠʝ ʬʘʢʪʦʨʳ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʢʦʥʢʨʝʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʤʦʜʝʣʝʡ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʭ ʠ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʘʭ (ʩʤ ʦʙʟʦʨʳ [75-78]). 

ɺ ʤʝʪʘʣʣʘʭ ʥʘ ʫʨʦʚʥʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʚʦʟʤʦʞʥʳ ʩʜʚʠʛʠ ʪʦʣʴʢʦ ʚ 

ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʣʦʩʢʦʩʪʷʭ ʠ ʧʦ ʦʧʨʝʜʝʣʝʥʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ [34,35,47,99-96]. ʕʪʠ 

ʢʦʤʙʠʥʘʮʠʠ ʧʣʦʩʢʦʩʪʝʡ ʠ ʥʘʧʨʘʚʣʝʥʠʡ ʬʦʨʤʠʨʫʶʪ ʩʠʩʪʝʤʳ ʩʢʦʣʴʞʝʥʠʷ 

ʢʨʠʩʪʘʣʣʘ. ʉʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ʐʤʠʜʘ [94], ʩʠʩʪʝʤʘ ʩʢʦʣʴʞʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʘʢʪʠʚʥʦʡ, 

ʢʦʛʜʘ ʧʨʠʣʦʞʝʥʥʦʝ ʢ ʥʝʡ ʩʜʚʠʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʜʦʩʪʠʛʘʝʪ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ 

(CRSS, ʦʪ ʘʥʛʣ. Critical Resolved Shear Stress). ɺ ʤʦʜʝʣʷʭ ʌʊʇʂ ʢʦʤʧʦʥʝʥʪʳ 

ʪʝʥʟʦʨʘ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʩʚʷʟʘʥʳ ʩʦ ʩʜʚʠʛʘʤʠ ʥʘ ʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤʘʭ 

ʩʢʦʣʴʞʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ: 

( ) ( )p

ij ij

a a

a

e g q=ä ,          (3.12) 

ʛʜʝ ( )ag  ï ʩʢʦʨʦʩʪʴ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ ʚ ʩʠʩʪʝʤʝ ʩʢʦʣʴʞʝʥʠʷ a, ( )

ij

aq  ï 

ʦʨʠʝʥʪʘʮʠʦʥʥʳʡ ʪʝʥʟʦʨ, ʢʦʪʦʨʳʡ ʦʪʚʝʯʘʝʪ ʟʘ ʦʨʠʝʥʪʘʮʠʶ ʩʠʩʪʝʤʳ ʩʢʦʣʴʞʝʥʠʷ 

ʯʝʨʝʟ ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʦʚ ʥʘʧʨʘʚʣʝʥʠʷ ʩʢʦʣʴʞʝʥʠʷ i
s  ʠ ʥʦʨʤʘʣʠ ʢ ʧʣʦʩʢʦʩʪʠ 

ʩʢʦʣʴʞʝʥʠʷ 
i

m  ʚ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʢʨʠʩʪʘʣʣʘ. ɺ ɻʎʂ ʢʨʠʩʪʘʣʣʘʭ ʧʣʘʩʪʠʯʝʩʢʠʝ 

ʩʜʚʠʛʠ ʤʦʛʫʪ ʧʨʦʠʩʭʦʜʠʪʴ ʚ ʯʝʪʳʨʝʭ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʷʭ ʩʝʤʝʡʩʪʚʘ {111}, 

ʚ ʪʨʝʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʩʝʤʝʡʩʪʚʘ <110> ʚ ʢʘʞʜʦʡ ʧʣʦʩʢʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 
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ʧʦʪʝʥʮʠʘʣʴʥʦ ʘʢʪʠʚʥʳʤʠ ʚ ɻʎʂ ʢʨʠʩʪʘʣʣʘʭ ʷʚʣʷʶʪʩʷ 12 ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ 

{111}<110>. ɺʝʢʪʦʨʘ ʩʝʤʝʡʩʪʚʘ ʥʘʧʨʘʚʣʝʥʠʡ <110> ʠʤʝʶʪ ʜʣʠʥʫ 2, ʘ ʥʦʨʤʘʣʠ ʢ 

ʧʣʦʩʢʦʩʪʷʤ {111} ï 3 . ɺr ʨʘʞʝʥʠʝ ʜʣʷ ʦʨʠʝʥʪʘʮʠʦʥʦʛʦ ʪʝʥʟʦʨʘ ʩ ʫʯʝʪʦʤ 

ʥʦʨʤʠʨʦʚʘʥʠʷ ʚʝʢʪʦʨʦʚ s ʠ m  ʥʘ ʠʭ ʜʣʠʥʫ ʠʤʝʝʪ ʚʠʜ: 

( )
( )

( ) 1

2 6
ij i j j i

s m s m
a

aq = + .        (3.13) 

ɺ ʪʘʙʣʠʮʝ 3.1 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʪʝʥʟʦʨʘ ʜʣʷ ʩʠʩʪʝʤ 

ʩʢʦʣʴʞʝʥʠʷ ʚ ɻʎʂ ʢʨʠʩʪʘʣʣʝ, ʟʘʜʘʥʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ. 

ʋʯʠʪʳʚʘʷ ʟʥʘʯʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ 3.1, ʚʳʨʘʞʝʥʠʷ ʜʣʷ 

ʩʢʦʨʦʩʪʝʡ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ (3.12), ʟʘʧʠʩʘʥʥʳʝ ʚ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ 

ʢʨʠʩʪʘʣʣʘ [100], [010] ʠ [001], ʙʫʜʫʪ ʠʤʝʪʴ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

 

 

     (3.14) 

 

 

 

ʉʢʦʨʦʩʪʴ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ  ʚ (3.12) ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʩʜʚʠʛʦʚʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʩʢʦʣʴʞʝʥʠʷ Ŭ (Ŭ=1..12): 

.          (3.15) 

ʇʦʜʩʪʘʚʠʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʥʘʯʝʥʠʷ  ʠ  ʚ ʫʨʘʚʥʝʥʠʝ (3.15), ʧʦʣʫʯʠʤ: 

    

    

(1) (3) (4) (6) (7) (9) (11) (12)

11

1
( )

6

pe g g g g g g g g= - - - + + - - -

(2) (3) (4) (5) (7) (8) (10) (12)

22

1
( )

6

pe g g g g g g g g= - + + + - - - +

(1) (2) (5) (6) (8) (9) (10) (11)

33

1
( )

6

pe g g g g g g g g= + - - + + + +

(1) (2) (5) (6) (8) (9) (10) (11)

12

1
( )

2 6

pe g g g g g g g g= - - + + + + + +

(2) (3) (4) (5) (7) (8) (10) (12)

13

1
( )

2 6

pe g g g g g g g g= - + + + + - +

(1) (3) (4) (6) (7) (9) (11) (12)

23

1
( )

2 6

pe g g g g g g g g= + - + + - + +

( )ag

i ij js mat s=

i
s

i
m

1

11 33 12 23t s s s s=- + - + 7

11 22 13 23t s s s s= - + +

2

22 33 12 13t s s s s=- + - + 8

22 33 12 13t s s s s=- + + +
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      (3.16) 

    

    

     

ʊʘʙʣʠʮʘ 3.1 ʂʦʤʧʦʥʝʥʪʳ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʪʝʥʟʦʨʘ ʚ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʢʨʠʩʪʘʣʣʘ 

 ʉʠʩʪʝʤʳ ʩʢʦʣʴʞʝʥʠʷ       

1 (111)[ ρ01] 
 

0 
  

0 
 

2 (111)[0ρ1] 0 
    

0 

3 (111)[ ρ10] 
  

0 0 
  

4 (11ρ)[ ρ10] 
  

0 0 
  

5 (11ρ)[011] 0 
    

π 

6 (11ρ)[101] 
 

0 
  

0 
 

7 (1ρ1)[110] 
  

0 0 
  

8 (1ρ1)[011] 0 
    

0 

9 (1ρ1)[ ρ01] 
 

0 
  

0 
 

10 (ρ11)[0ρ1] 0 
    

0 

11 (ρ11)[101] 
 

0 
  

0 
 

12 (ρ11)[110] 
  

0 0 
  

 

3

11 22 13 23t s s s s=- + - + 9

11 33 12 23t s s s s=- + + -

4

11 22 13 23t s s s s=- + + - 10

22 33 12 13t s s s s=- + + -

5

22 33 12 13t s s s s= - + + 11

11 33 12 23t s s s s=- + + +

6

11 33 12 23t s s s s= - + + 12

11 22 13 23t s s s s=- + + +

( )

11

aq ( )

22

aq ( )

33

aq ( )

12

aq ( )

13

aq ( )

23

aq

1

6
-

1

6

1

2 6
-

1

2 6

1

6
-

1

6

1

2 6
-

1

2 6

1

6
-

1

6

1

2 6
-

1

2 6

1

6
-

1

6

1

2 6

1

2 6
-

1

6

1

6
-

1

2 6

1

2 6

1

6

1

6
-

1

2 6

1

2 6

1

6

1

6
-

1

2 6

1

2 6

1

6
-

1

6

1

2 6

1

2 6

1

6
-

1

6

1

2 6

1

2 6
-

1

6
-

1

6

1

2 6

1

2 6
-

1

6
-

1

6

1

2 6

1

2 6

1

6
-

1

6

1

2 6

1

2 6
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ʇʨʠ ʥʘʣʠʯʠʠ ʙʦʣʝʝ ʰʝʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦ ʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ 

ʚʦʟʥʠʢʘʶʪ ʪʨʫʜʥʦʩʪʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʩʢʦʨʦʩʪʝʡ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ, ʪʘʢ 

ʢʘʢ ʥʘʙʦʨ ʜʝʡʩʪʚʫʶʱʠʭ ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʦʜʠʥʘʢʦʚʦʝ 

ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʥʝ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ. ɺʦʧʨʦʩʘʤ 

ʦʧʨʝʜʝʣʝʥʠʷ ʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ ʠʟ ʚʦʟʤʦʞʥʦʛʦ ʤʥʦʞʝʩʪʚʘ ʠ 

ʦʧʨʝʜʝʣʝʥʠʶ ʩʜʚʠʛʦʚ ʥʘ ʥʠʭ ʧʦʩʚʷʱʝʥʦ ʤʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʩʤ., ʥʘʧʨʠʤʝʨ, 

[85,94,97-108]). ʊʵʡʣʦʨ [94] ʧʨʝʜʣʦʞʠʣ ʚʳʙʠʨʘʪʴ ʘʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ ʩʢʦʣʴʞʝʥʠʷ ʥʘ 

ʦʩʥʦʚʝ ʧʨʠʥʮʠʧʘ ʤʠʥʠʤʫʤʘ ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ, ʪʦ ʝʩʪʴ ʧʨʠʥʮʠʧʘ ʤʠʥʠʤʘʣʴʥʦʡ 

ʚʥʫʪʨʝʥʥʝʡ ʨʘʙʦʪʳ. ʇʦʟʜʥʝʝ ɹʠʰʦʧ ʠ ʍʠʣʣ [109] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ 

ʤʘʢʩʠʤʫʤʫ ʨʘʙʦʪʳ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʦʜʠʥʘʢʦʚʦʤ ʫʧʨʦʯʥʝʥʠʠ ʥʘ ʚʩʝʭ 

ʩʠʩʪʝʤʘʭ ʩʢʦʣʴʞʝʥʠʷ. ɺ ʨʘʤʢʘʭ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʨʘʟʥʳʝ ʤʦʜʝʣʠ 

ʤʘʪʝʨʠʘʣʦʚ, ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʢʦʪʦʨʳʭ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʫʞʝʥʠʷ [76]. ʆʜʥʘʢʦ ʯʠʩʣʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʪʘʢʠʭ ʤʦʜʝʣʝʡ ʪʨʝʙʫʝʪ 

ʟʥʘʯʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ, ʪʘʢ ʢʘʢ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʦʪʨʝʪʴ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʢʦʤʙʠʥʘʮʠʠ 

ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ. 

ɽʱʝ ʦʜʠʥ ʤʝʪʦʜ, ʢʦʪʦʨʳʡ ʧʦʤʦʛʘʝʪ ʨʘʟʨʝʰʠʪʴ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴ ʚʳʙʦʨʘ 

ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ, ʦʩʥʦʚʘʥ ʥʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʷʟʢʦʧʣʘʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ (ʩʤ., ʥʘʧʨʠʤʝʨ, [74, 76, 82]). ɺ ʪʘʢʠʭ 

ʩʣʫʯʘʷʭ ʩʢʦʨʦʩʪʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʬʫʥʢʮʠʠ ʩʜʚʠʛʦʚʳʭ 

ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʩʠʩʪʝʤʘʭ ʩʢʦʣʴʞʝʥʠʷ ʩʣʝʜʫʶʱʝʛʦ ʚʠʜʘ: 

( )
( )

( ) ( )

( )
f sign

D

a

a a

a

å õt
æ ög = t
æ ö
ç ÷          (3.17) 

ʛʜʝ ( )( ) ( ) ( ), , ,...CRSSD g Ta a b= t g  ï ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʜʚʠʛʫ ʚ ʩʠʩʪʝʤʝ ʩʢʦʣʴʞʝʥʠʷ a, f  ï

ʬʫʥʢʮʠʷ, ʢʦʪʦʨʘʷ ʜʦʣʞʥʘ ʙʳʪʴ ʫʪʦʯʥʝʥʘ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʫʯʝʪʦʤ 

ʠʩʪʦʨʠʠ ʥʘʛʨʫʞʝʥʠʷ, ʫʧʨʦʯʥʝʥʠʷ, ʨʘʟʫʧʨʦʯʥʝʥʠʷ ʠ ʪ.ʜ. ɺʦ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʵʪʘ ʬʫʥʢʮʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʚ ʚʠʜʝ ʩʪʝʧʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ: 

( )
( )

( ) ( )

0 ( )

CRSS

sign

n
a

a a

a

t
g =g t

t
,        (3.18) 

ʛʜʝ 0g - ʥʘʯʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʩʜʚʠʛʘ, n ï ʧʘʨʘʤʝʪʨ ʩʢʦʨʦʩʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ.  
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ʇʦʤʠʤʦ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʩʢʦʨʦʩʪʠ 

ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ, ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʤʦʜʝʣʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʬʠʟʠʯʝʩʢʠʭ 

ʧʨʠʥʮʠʧʘʭ ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʢʠʥʝʪʠʢʠ. ɻʣʘʚʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʪʘʢʠʭ ʤʦʜʝʣʝʡ 

ʷʚʣʷʝʪʩʷ ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ, ʢʦʪʦʨʘʷ ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʫʞʝʥʠʷ. 

ʈʘʟʣʠʯʥʳʝ ʚʘʨʠʘʥʪʳ ʪʘʢʦʡ ʢʠʥʝʪʠʢʠ ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ [86, 99-

102]. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʩʣʝʜʫʝʪ ʫʜʝʣʠʪʴ ʨʘʙʦʪʘʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʢʦʥʮʝʧʮʠʠ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʥʝʦʙʭʦʜʠʤʳʭ ʜʠʩʣʦʢʘʮʠʡ [86,101-103]. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ, ʛʜʝ ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʪʝʢʫʱʠʤ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʚ ʪʦʯʢʝ, ʥʝʣʦʢʘʣʴʥʳʝ 

ʧʦʜʭʦʜʳ ʙʘʟʠʨʫʶʪʩʷ ʥʘ ʛʨʘʜʠʝʥʪʝ ʜʝʬʦʨʤʘʮʠʠ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʚʝʜʝʥʠʶ 

ʤʘʩʰʪʘʙʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚ ʤʦʜʝʣʴ. ʊʘʢʦʡ ʧʦʜʭʦʜ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʦʟʚʦʣʷʝʪ 

ʠʟʙʝʞʘʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ʰʠʨʠʥʳ ʦʙʣʘʩʪʝʡ ʣʦʢʘʣʠʟʘʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʪ 

ʨʘʟʤʝʨʦʚ ʰʘʛʘ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʧʨʠ ʨʝʰʝʥʠʠ ʢʨʘʝʚʳʭ ʟʘʜʘʯ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ ʤʦʜʝʣʠ, ʢʦʪʦʨʳʝ ʠʩʢʣʶʯʘʶʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʩʢʦʨʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʠ ʯʝʨʝʟ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ 

ʪʘʢʘʷ ʤʦʜʝʣʴ ʙʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ [104] ʠ ʠʩʧʦʣʴʟʦʚʘʥʘ ʚ ʨʘʙʦʪʘʭ [55, 105] ʜʣʷ 

ʘʥʘʣʠʟʘ ʮʠʢʣʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ ʧʨʠ ʤʘʣʳʭ ʠ ʢʦʥʝʯʥʳʭ ʜʝʬʦʨʤʘʮʠʷʭ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʩʢʦʨʦʩʪʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

( )( ) ( ) ( ), ( )eq CRSSf signa a ag e t t t= ,          (3.19) 

ʛʜʝ eqe  ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʚʠʘʪʦʨʘ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʡ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ 

ʤʦʜʝʣʝʡ ʧʦʟʚʦʣʷʝʪ ʧʦʯʪʠ ʧʦʣʥʦʩʪʴʶ ʫʩʪʨʘʥʠʪʴ ʚʣʠʷʥʠʝ ʩʢʦʨʦʩʪʠ ʥʘʛʨʫʟʢʠ ʥʘ 

ʩʚʦʡʩʪʚʘ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʤʘʢʨʦ- ʠ ʤʝʟʦʫʨʦʚʥʷʭ, ʯʪʦ ̫ʚʣʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ [66, 69, 72]. 

3.3 ʆʩʦʙʝʥʥʦʩʪʠ ʯʠʩʣʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ (3.1)-(3.8) ʙʳʣ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ 

ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʠ ʌʊʇʂ (3.9)-(3.16) ʚ ʯʠʩʣʝʥʥʦʤ 

ʘʥʘʣʠʟʝ ʙʳʣʦ ʚʚʝʜʝʥʦ ʜʚʝ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ. ɽʜʠʥʘʷ ʛʣʦʙʘʣʴʥʘʷ ʩʠʩʪʝʤʘ 
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ʢʦʦʨʜʠʥʘʪ (ɻʉʂ), ʧʨʠʚʷʟʘʥʥʘʷ ʢ ʛʝʦʤʝʪʨʠʠ ʦʙʨʘʟʮʘ ʠ ʝʛʦ ʫʩʣʦʚʠʷʤ ʥʘʛʨʫʞʝʥʠʷ, 

ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʦ ʚʩʝʡ ʤʦʜʝʣʠ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʅʘʨʷʜʫ ʩ ɻʉʂ, ʢʘʞʜʦʤʫ 

ʵʣʝʤʝʥʪʫ ʧʨʠʩʚʘʠʚʘʣʘʩʴ ʩʚʦʷ ʣʦʢʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʘʷ ʩ 

ʦʨʠʝʥʪʘʮʠʝʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ [100], [010], [001]. ʋʨʘʚʥʝʥʠʷ (3.1)-(3.4) 

ʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ (3.7)-(3.8) ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʚ ʛʣʦʙʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, 

ʪʦʛʜʘ ʢʘʢ ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʌʊʇʂ (3.9)-(3.16) ʟʘʧʠʩʳʚʘʶʪʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʢʨʠʩʪʘʣʣʘ. ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ 

ʢʦʦʨʜʠʥʘʪ ʚ ʢʘʞʜʦʤ ʵʣʝʤʝʥʪʝ ʧʦʜʚʝʨʛʘʝʪʩʷ ʞʝʩʪʢʦʤʫ ʧʦʚʦʨʦʪʫ ʚʤʝʩʪʝ ʩ 

ʤʘʪʝʨʠʘʣʦʤ, ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʩʚʦʶ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʴ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ 

ʩʦʦʪʥʦʰʝʥʠ ̫ (3.9)-(3.16) ʥʝ ʟʘʚʠʩʪ̫ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʩʝʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʟʮʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ, ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (3.1)-(3.4), (3.7), 

(3.8), (3.9)-(3.16), ʪʨʝʙʫʝʪʩʷ ʚʳʯʠʩʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʦʚ ʠ ʚʝʢʪʦʨʦʚ ʚ 

ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤʘʭ ʢʦʦʨʜʠʥʘʪ. ʇʨʝʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʪʦʨʦʛʦ ʨʘʥʛʘ 

ʧʨʠ ʧʦʚʦʨʦʪʝ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ij ki lj kl
T R R T¡=            (3.20) 

ʛʜʝ ij
T¡ ʠ ijT  - ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ, ʟʘʧʠʩʘʥʥʳʝ ʚ ʥʦʚʦʡ ʠ ʩʪʘʨʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ij
R  - ʢʦʤʧʦʥʝʥʪʳ ʤʘʪʨʠʮʳ ʧʦʚʦʨʦʪʘ. ɼʣʷ ʦʙʨʘʪʥʦʛʦ ʧʝʨʝʭʦʜʘ 

ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʬʦʨʤʫʣʳ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ: 

ij ik jl kl
T R R T¡=           (3.21) 

ʆʙʱʠʡ ʘʣʛʦʨʠʪʤ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

1) ʀʟ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ (3.1) ʚ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʦʙʨʘʟʮʘ 

ʧʦʣʫʯʘʝʪʩʷ ʧʦʣʝ ʩʢʦʨʦʩʪʝʡ, ʢʦʪʦʨʦʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʩʢʦʨʦʩʪʝʡ 

ʧʦʣʥʳʭ ʜʝʬʦʨʤʘʮʠʡ (3.3). ʂʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʧʦʣʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʧʨʠʚʦʜʷʪʩʷ ʢ 

ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʢʨʠʩʪʘʣʣʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (3.20) ʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʩʯʝʪʝ ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʌʊʇʂ (3.9)-(3.16). ʈʝʰʝʥʠʝ 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ (3.9)-(3.16) ʪʨʝʙʫʝʪ ʠʪʝʨʘʪʠʚʥʳʭ ʤʝʪʦʜʦʚ, ʪʘʢ ʢʘʢ 

ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʚʭʦʜʷʪ ʚ ʧʨʘʚʫʶ ʠ ʣʝʚʫʶ ʯʘʩʪʠ. 
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2) ʇʦʣʫʯʝʥʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʢ 

ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʦʙʨʘʟʮʘ ʩ ʧʦʤʦʱʴʶ ʬʦʨʤʫʣ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (3.21) ʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʩʯʝʪʝ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ (3.1) ʥʘ ʩʣʝʜʫʶʱʝʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ. 

ʕʪʘ ʧʨʦʮʝʜʫʨʘ ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ ʚʩʝʭ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʢʘʞʜʦʤ 

ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ. 

ʈʘʩʩʤʦʪʨʠʤ ʢʨʘʪʢʦ ʦʩʦʙʝʥʥʦʩʪʠ ʯʠʩʣʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʛʦ ʧʘʢʝʪʘ ABAQUS/Explicit [56, 72]. ʆʧʨʝʜʝʣʷʶʱʠʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʌʊʇʂ ʥʝ ʚʭʦʜʷʪ ʚ ʙʘʟʫ ʜʘʥʥʳʭ ʦʩʥʦʚʥʦʛʦ ʧʘʢʝʪʘ ʠ ʚʚʦʜʷʪʩʷ ʚ 

ʨʘʩʯʝʪʳ ʩ ʧʦʤʦʱʴʶ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʡ ʧʨʦʮʝʜʫʨʳ VUMAT. ʇʨʠ ʩʦʟʜʘʥʠʠ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʢʦʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ ʘʩʩʦʮʠʠʨʫʶʪʩʷ ʩ ʦʨʪʦʛʦʥʘʣʴʥʳʤʠ 

ʩʠʩʪʝʤʘʤʠ ʢʦʦʨʜʠʥʘʪ, ʟʘʜʘʶʱʠʤʠ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ. ʈʘʩʯʝʪ 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʚ ABAQUS/Explicit ʧʦ ʫʤʦʣʯʘʥʠʶ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʪʠʭ ʣʦʢʘʣʴʥʳʭ ʩʠʩʪʝʤ ʢʦʦʨʜʠʥʘʪ, ʢʦʪʦʨʳʝ ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʫʞʝʥʠʷ 

ʧʦʚʦʨʘʯʠʚʘʶʪʩʷ ʚʤʝʩʪʝ ʩ ʤʘʪʝʨʠʘʣʦʤ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʠʚʥʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʚ ʨʘʩʯʝʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʡ ʧʨʦʮʝʜʫʨʳ VUMAT ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʦʠʟʚʦʜʥʘʷ ʅʘʛʜʠ-ɻʨʠʥʘ. ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ VUMAT, ʤʦʛʫʪ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʚʩʪʨʦʝʥʥʳʤ ʤʦʜʝʣʷʤ 

ABAQUS, ʛʜʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʦʠʟʚʦʜʥʘʷ ʗʫʤʘʥʘ. ʆʜʥʘʢʦ ʵʪʘ ʨʘʟʥʠʮʘ ʧʨʦʷʚʣʷʝʪʩʷ 

ʣʠʰʴ ʜʣʷ ʛʠʧʝʨʫʧʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʳʪʳʚʘʶʱʠʭ ʙʦʣʴʰʠʝ ʢʦʥʝʯʥʳʝ 

ʜʝʬʦʨʤʘʮʠʠ ʠ ʧʦʚʦʨʦʪʳ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʦʨʨʝʢʪʠʨʦʚʢʘ ʥʘʧʨʷʞʝʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩ ʫʯʝʪʦʤ ʞʝʩʪʢʦʛʦ ʧʦʚʦʨʦʪʘ ʚ ABAQUS/Explicit ʧʨʦʠʩʭʦʜʠʪ ʚʥʝ 

ʧʨʦʮʝʜʫʨʳ ʨʘʩʯʝʪʘ ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ VUMAT, ʚ ʦʪʣʠʯʠʝ ʦʪ ʥʝʷʚʥʳʭ 

ʩʭʝʤ, ʛʜʝ ʚʳʯʠʩʣʝʥʠʝ ʧʦʚʦʨʦʪʘ ʜʦʣʞʥʦ ʙʳʪʴ ʚʳʧʦʣʥʝʥʦ ʚ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʡ 

ʧʨʦʮʝʜʫʨʝ UMAT. 

3.4 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ 

ʇʦʩʪʨʦʝʥʠʝ ʪʨʝʭʤʝʨʥʦʡ ʤʦʜʝʣʠ ʩʪʨʫʢʪʫʨʳ ʪʨʝʙʫʝʪ ʦʧʠʩʘʥʠʷ ʬʦʨʤʳ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʲʝʤʝ ʤʘʪʝʨʠʘʣʘ [53, 110]. ʇʦʣʫʯʠʪʴ 
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ʧʦʜʦʙʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦ. ʅʝʨʘʟʨʫʰʘʶʱʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʪʨʝʭʤʝʨʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʚʢʣʶʯʘʷ ʤʝʪʦʜʳ ʢʦʤʧʴʶʪʝʨʥʦʡ ʪʦʤʦʛʨʘʬʠʠ, 

ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʤʝʪʦʜʳ ʠ ʜʨʫʛʠʝ ʤʝʪʦʜʳ ʧʦʩʣʦʡʥʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʜʦʨʦʛʦʩʪʦʷʱʠ ʠ ʠʤʝʶʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʨʘʟʤʝʨʫ ʠʩʩʣʝʜʫʝʤʦʡ 

ʦʙʣʘʩʪʠ [110-112]. ɼʨʫʛʘʷ ʛʨʫʧʧʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʦʩʥʦʚʘʥʘ ʥʘ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʠ ʩʪʨʫʢʪʫʨʳ ʧʫʪʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʩʥʷʪʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʩʣʦʝʚ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʛʦʩʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʤ ʘʥʘʣʠʟʦʤ [113]. ʊʘʢʠʝ ʤʝʪʦʜʳ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʪʨʝʙʫʶʪ ʚʳʩʦʢʠʭ ʪʨʫʜʦʟʘʪʨʘʪ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ 

ʜʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ. 

ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʤʝʪʦʜʘʤ ʷʚʣʷʝʪʩʷ ʯʠʩʣʝʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʩ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʨʝʘʣʴʥʳʤ ʤʘʪʝʨʠʘʣʘʤ (ʬʦʨʤʘ, ʨʘʟʤʝʨ, ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ) [110]. Cʨʝʜʠ ʧʦʜʭʦʜʦʚ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 3D ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʠʤʠʪʘʮʠʦʥʥʳʝ, ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ, ʬʠʟʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʳʝ ʤʝʪʦʜʳ ʠ ʠʭ 

ʢʦʤʙʠʥʘʮʠʶ. ʂ ʧʝʨʚʦʡ ʛʨʫʧʧʝ ʦʪʥʦʩʠʪʩʷ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʡ ʤʝʪʦʜ ʢʣʝʪʦʯʥʳʭ 

ʘʚʪʦʤʘʪʦʚ [114-116]. ʉʨʝʜʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʘʛʨʝʛʘʪʦʚ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ 

ʤʦʟʘʠʢʠ ɺʦʨʦʥʦʛʦ ʠ ʝʛʦ ʤʦʜʠʬʠʢʘʮʠʠ [59, 60]. ʂ ʤʝʪʦʜʘʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ 

ʧʨʠʤʝʥʝʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, 

ʤʠʛʨʘʮʠʠ ʛʨʘʥʠʮ, ʠ ʜʨʫʛʠʭ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʦʪʥʦʩʷʪʩʷ, ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜʳ 

ʄʦʥʪʝ ʂʘʨʣʦ [118] ʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ [117]. ʀʟʚʝʩʪʥʳ ʪʘʢʞʝ ʛʠʙʨʠʜʥʳʝ ʤʝʪʦʜʳ, 

ʩʦʯʝʪʘʶʱʠʝ ʧʨʠʤʝʥʝʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʩ ʵʣʝʤʝʥʪʘʤʠ ʠʤʠʪʘʮʠʦʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ ʤʝʪʦʜʳ CAFD (Cellular Automata Finite Difference) 

ʠ CAFE (Cellular Automata Finite Element), ʧʨʠʤʝʥʝʥʥʳʝ ʚ [119] ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʵʚʦʣʶʮʠʠ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʧʨʦʮʝʩʩʝ 3D ʧʝʯʘʪʠ. ʉʨʝʜʠ 

ʤʝʪʦʜʦʚ ʛʝʥʝʨʘʮʠʠ ʤʦʜʝʣʝʡ ʢʦʤʧʦʟʠʪʦʚ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʛʨʘʚʠʪʘʮʠʦʥʥʳʡ ʤʝʪʦʜ 

[120]. ʅʘʢʦʥʝʮ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʥʝʜʘʚʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʨʦʜʫʢʪ 
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Dream.3D [121] ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʪʨʝʭʤʝʨʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʟʘʜʘʥʥʳʭ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʟʘʢʦʥʦʚ. 

ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʪʨʝʭʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ [122, 123] ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʧʦʰʘʛʦʚʦʛʦ ʟʘʧʦʣʥʝʥʠʷ (step-by-

step packing (SSP)), ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʢʦʤʙʠʥʘʮʠʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠ 

ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺ ʩʣʫʯʘʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨ ʧʨʦʮʝʜʫʨʘ SSP-ʛʝʥʝʨʘʮʠʠ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʩʣʝʜʫʶʱʠʝ ʵʪʘʧʳ. 3D-ʦʙʲʝʤ 

ʨʘʟʙʠʚʘʝʪʩʷ ʨʝʛʫʣʷʨʥʦʡ ʠʣʠ ʥʝʨʝʛʫʣʷʨʥʦʡ ʩʝʪʢʦʡ. ʆʧʨʝʜʝʣʝʥʥʳʝ ʵʣʝʤʝʥʪʳ ʩʝʪʢʠ 

ʚʳʙʠʨʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ çʟʘʨʦʜʳʰʝʡè ʙʫʜʫʱʠʭ ʟʝʨʝʥ. ʂʘʞʜʳʡ ʚʠʜ ʟʘʨʦʜʳʰʝʡ 

ʩʚʷʟʘʥ ʩ ʦʧʨʝʜʝʣʝʥʥʦʡ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʦʙʲʝʤ ʚʦʢʨʫʛ 

ʮʝʥʪʨʘ ʟʘʨʦʞʜʝʥʠʷ ʠʥʢʨʝʤʝʥʪʘʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʛʝʥʝʨʘʮʠʠ. ʂʘʞʜʦʝ 

ʟʝʨʥʦ ʨʘʩʪʝʪ ʟʘ ʩʯʝʪ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ, ʢʦʦʨʜʠʥʘʪʳ ʢʦʪʦʨʳʭ 

ʧʦʧʘʜʘʶʪ ʚ ʨʘʩʪʫʱʫʶ ʦʙʣʘʩʪʴ. ɻʝʥʝʨʘʮʠʷ ʧʨʦʜʦʣʞʘʝʪʩʷ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʨʘʩʪʫʱʠʝ 

ʟʝʨʥʘ ʥʝ ʟʘʧʦʣʥʷʪ ʟʘʜʘʥʥʳʡ ʦʙʲʝʤ. 

ʆʩʥʦʚʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʫʧʨʘʚʣʷʶʱʠʤʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʢʦʥʝʯʥʦʡ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʷʚʣʷʶʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʟʘʨʦʜʳʰʝʡ 

ʨʘʟʥʦʛʦ ʪʠʧʘ, ʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʘ ʪʘʢʞʝ ʟʘʢʦʥʳ ʨʦʩʪʘ. 

ʋʨʘʚʥʝʥʠʷ ʵʣʣʠʧʩʦʠʜʦʚ, ʩʬʝʨ ʠ ʜʨ. ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ 

ʬʫʥʢʮʠʷʤʠ, ʧʦʟʚʦʣʷʶʱʠʤʠ ʩʪʨʦʠʪʴ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ, ʭʘʨʘʢʪʝʨʥʳʝ 

ʜʣʷ ʤʥʦʛʠʭ ʤʝʪʘʣʣʦʚ [123] (ʨʠʩʫʥʦʢ 3.1ʘ). ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 3.1 (ʙ, ʚ) 

ʧʨʠʚʝʜʝʥʳ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʝ ʜʣʷ ʦʜʥʦʛʦ ʠ ʪʦʛʦ 

ʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʨʦʜʳʰʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʥʳʭ ʟʘʢʦʥʦʚ ʨʦʩʪʘ. ɼʣʷ 

ʛʝʥʝʨʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʥʘ ʨʠʩʫʥʢʝ 3.1ʙ ʟʝʨʥʘ ʨʦʩʣʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʬʝʨʠʯʝʩʢʠʤ 

ʟʘʢʦʥʦʤ. ʋʩʣʦʚʠʝ ʧʨʠʩʦʝʜʠʥʝʥʠʷ j-ʛʦ ʵʣʝʤʝʥʪʘ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ j

i
x  ʢ n-ʤʫ ʟʝʨʥʫ ʩ 

ʢʦʦʨʜʠʥʘʪʘʤʠ ʮʝʥʪʨʘ ʟʘʨʦʞʜʝʥʠʷ n

i
x  ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ 

( ) ( ) ( )
2 2 2

1 1 2 2 3 3

i n i n i n nx x x x x x R- + - + - ¢,       (3.22) 

ʛʜʝ ʨʘʜʠʫʩ nR  ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʨʦʮʝʜʫʨʳ ʛʝʥʝʨʘʮʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ ʚʝʣʠʯʠʥʫ 

nrD . ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʧʦʷʚʣʝʥʠʷ ʛʨʫʙʳʭ ʩʪʫʧʝʥʯʘʪʳʭ ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ 

ʤʘʢʩʠʤʘʣʴʥʳʡ ʠʥʢʨʝʤʝʥʪ rD  ʜʦʣʞʝʥ ʙʳʪʴ ʚ 3-4 ʨʘʟʘ ʤʝʥʴʰʝ ʰʘʛʘ ʩʝʪʢʠ. ɿʝʨʥʘ, 
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ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʥʦʛʦʛʨʘʥʥʠʢʠ ʩ ʧʣʦʩʢʠʤʠ 

ʛʨʘʥʷʤʠ, ʘʥʘʣʦʛʠʯʥʦ ʤʥʦʛʦʛʨʘʥʥʠʢʘʤ ɺʦʨʦʥʦʛʦ [59, 60]. 

ʀʥʪʝʨʝʩʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʣʫʯʘʡ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʨʦʩʪʘ 

ʟʝʨʝʥ ʫʨʘʚʥʝʥʠ ̫ʵʣʣʠʧʩʦʠʜʘ ʚʳʩʰʝʛʦ ʧʦʨʷʜʢʘ  

44 4

1 2 3

1 2 3

1
j n j n j n

i i i
x x x x x x

a a a

å õå õ å õ- - -
+ + ¢æ öæ ö æ ö

ç ÷ ç ÷ç ÷
,       (3.23) 

ʛʜʝ 
1

a  - ʢʦʥʩʪʘʥʪʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʩʪʦʨʦʥ ʨʘʩʪʫʱʝʛʦ ʟʝʨʥʘ. ɺ 

ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʟʘʢʦʥʘ ʨʦʩʪʘ (3.23) ʟʝʨʥʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʤʥʦʛʦʛʨʘʥʥʠʢʠ ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʩ ʚʳʧʫʢʣʳʤʠ ʠ ʚʦʛʥʫʪʳʤʠ ʛʨʘʥʷʤʠ, ʯʪʦ 

ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʤʥʦʛʠʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ. ʇʨʠʤʝʨ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 3.1ʚ. 

 

ʘ    ʙ    ʚ 

ʈʠʩʫʥʦʢ 3.1 ï ʉʭʝʤʘ ʨʦʩʪʘ ʟʝʨʝʥ (ʘ) ʠ ʧʨʠʤʝʨʳ ʩʪʨʫʢʪʫʨ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩ ʟʘʢʦʥʦʚ ʨʦʩʪʘ (3.22) (ʙ) ʠ (3.23) (ʚ) [52] 

ʄʦʜʝʣʠ ʩʪʨʫʢʪʫʨ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʦʤ ʧʦʰʘʛʦʚʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʥʘ 

ʟʘʜʘʥʥʳʭ ʩʝʪʢʘʭ, ʧʦ ʩʫʪʠ, ʫʞʝ ʷʚʣʷʶʪʩʷ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʳʤʠ ʤʦʜʝʣʷʤʠ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʙʳʪʴ ʠʤʧʦʨʪʠʨʦʚʘʥʳ ʚ ʂʕ ʨʘʩʯʝʪʳ. ɿʝʨʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʙʦʨ 

ʵʣʝʤʝʥʪʦʚ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʠʥʜʝʢʩʘʤʠ. ʉ ʢʘʞʜʳʤ ʟʝʨʥʦʤ 

ʘʩʩʦʮʠʠʨʫʝʪʩʷ ʥʘʙʦʨ ʫʛʣʦʚ ʕʡʣʝʨʘ, ʟʘʜʘʶʱʠʭ ʦʨʠʝʥʪʘʮʠʶ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʦʩʝʡ ʚ ʜʘʥʥʦʤ ʟʝʨʥʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʦʙʨʘʟʮʘ. 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ ʤʦʛʫʪ ʙʳʪʴ ʟʘʜʘʥʳ, ʥʘʧʨʠʤʝʨ, ʥʘ ʦʩʥʦʚʝ 
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ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ. 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚʩʝ ʟʸʨʥʘ ʠʤʝʶʪ 

ʦʜʠʥʘʢʦʚʳʝ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʧʣʦʪʥʦʩʪʴ, ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ, 

ʥʘʯʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʩʜʚʠʛʘ, ʘʢʪʠʚʠʨʫʶʱʠʝ ʜʠʩʣʦʢʘʮʠʦʥʥʦʝ ʩʢʦʣʴʞʝʥʠʝ ʠ ʜʨ.) 

ʠ ʦʪʣʠʯʘʶʪʩʷ ʪʦʣʴʢʦ ʦʨʠʝʥʪʘʮʠʝʡ ʣʦʢʘʣʴʥʳʭ ʩʠʩʪʝʤ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʦʩʷʤʠ. 

3.5 ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ 

ʅʝʦʙʭʦʜʠʤʦʡ ʧʨʦʮʝʜʫʨʦʡ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʷʚʣʷʝʪʩʷ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʝʰʝʥʠʷ ʥʘ ʩʝʪʦʯʥʫʶ ʩʭʦʜʠʤʦʩʪʴ. ɺ ʢʣʘʩʩʠʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ 

ʵʪʘ ʧʨʦʮʝʜʫʨʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʩʨʘʚʥʝʥʠʝ ʨʝʰʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʝʪʢʘʤʠ ʩ ʨʘʟʣʠʯʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. 

ʉʭʦʜʠʤʦʩʪʴ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʩʙʣʠʞʝʥʠʷ ʨʝʰʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ 

ʨʘʟʥʳʭ ʩʝʪʢʘʭ, ʥʝʣʠʥʝʡʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ ʵʣʝʤʝʥʪʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʝʬʦʨʤʘʮʠʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʧʨʦʚʦʜʠʣʠʩʴ ʤʥʦʛʠʤʠ ʘʚʪʦʨʘʤʠ (ʥʘʧʨʠʤʝʨ, 

[3,51,56,59,60,66,67,87]). ɺ ʨʘʙʦʪʝ [106] ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʥʘ ʦʩʥʦʚʝ ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʘʚʪʦʨʘʤʠ ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʥʘ ʩʝʪʦʯʥʫ  ʁʩʭʦʜʠʤʦʩʪʴ ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ, 

ʪʘʢʠʭ ʢʘʢ ʪʝʢʩʪʫʨʘ, ʤʦʜʝʣʠ ʫʧʨʦʯʥʝʥʠʷ ʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ʊʘʢʞʝ ʚ [106] 

ʠʩʩʣʝʜʦʚʘʣʩʷ ʚʦʧʨʦʩ ʦ ʨʘʟʤʝʨʘʭ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʲʝʤʘ 

ʠ ʥʝʦʙʭʦʜʠʤʦʤ ʜʣʷ ʵʪʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʟʝʨʝʥ (ʨʠʩʫʥʦʢ 3.2). ɸʚʪʦʨʳ ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ 

ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʨʘʟʣʠʯʥʳʭ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʳʭ ʩʝʪʢʘʭ, ʯʫʚʩʪʚʠʪʝʣʴʥʳ 

ʢ ʥʘʯʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ ʠ ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʷʤ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʧʨʠʭʦʜʷʱʠʭʩʷ ʥʘ 

ʟʝʨʥʦ, ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʩʝʪʢʠ ʜʣʷ ʪʦʯʥʦʛʦ ʦʧʠʩʘʥʠʷ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʥʫʪʨʠʟʝʨʝʥʥʦʛʦ ʅɼʉ. ʂʨʠʩʪʘʣʣʳ ʩ ʚʳʨʘʞʝʥʥʦʡ ʚʥʫʪʨʠʟʝʨʝʥʥʦʡ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ, ʧʨʦʷʚʠʣʠ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʨʘʟʨʝʰʝʥʠʶ ʩʝʪʦʢ. 
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ʊʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʝʪʢʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʚʳʙʦʨ 

ʤʦʜʝʣʠ ʫʧʨʦʯʥʝʥʠʷ. ʄʦʜʝʣʠ ʫʧʨʦʯʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʩʢʦʣʴʞʝʥʠʷ ʧʦʢʘʟʘʣʠ ʤʝʥʴʰʫʶ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʝʪʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʜʝʣʷʤʠ ʫʧʨʦʯʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʧʣʦʪʥʦʩʪʠ 

ʜʠʩʣʦʢʘʮʠʡ ʠ ʫʧʨʦʯʥʝʥʠʷ ʧʦ ʩʪʝʧʝʥʥʦʤʫ ʟʘʢʦʥʫ. ʅʘʢʦʥʝʮ, ʟʘʚʠʩʠʤʦʩʪʴ ʪʦʯʥʦʩʪʠ 

ʨʝʰʝʥʠʷ ʦʪ ʨʘʟʨʝʰʝʥʠʷ ʩʝʪʢʠ ʙʳʣʘ ʩʠʣʴʥʝʝ ʜʣʷ ʩʣʫʯʘʷ ʩʪʝʩʥʝʥʥʳʭ ʛʨʘʥʠʯʥʳʭ 

ʫʩʣʦʚʠʡ. ɸʚʪʦʨʳ [106] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʳʚʦʜʳ ʦ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ 

ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ, ʩʧʨʘʚʝʜʣʠʚʳ ʠ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. ʇʨʠʙʣʠʟʠʪʝʣʴʥʦ 104 

ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ 1 ʟʝʨʥʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʘʜʝʢʚʘʪʥʦʡ ʩʝʪʦʯʥʦʡ 

ʩʭʦʜʠʤʦʩʪʠ ʢʘʢ ʚ ʤʦʥʦ-, ʪʘʢ ʠ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʧʦʟʚʦʣʷʶʪ ʠʟʙʝʞʘʪʴ ʩʣʦʞʥʦʩʪʠ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʛʨʘʥʠʮʘʤʠ ʟʝʨʝʥ, ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʪʝʢʩʪʫʨʝ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʨʘʩʯʝʪʦʚ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ. 

 

ʈʠʩʫʥʦʢ 3.2 ï ɺʣʠʷʥʠʝ ʢʦʣʠʯʝʩʪʚʘ, ʨʘʟʤʝʨʘ ʠ ʬʦʨʤʳ ʟʝʨʝʥ ʥʘ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ 

ʦʪʢʣʠʢ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ [106] 

ɺ ʩʣʫʯʘʝ ʩʪʨʫʢʪʫʨ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʧʦʰʘʛʦʚʦʛʦ ʟʘʧʦʣʥʝʥʠʷ, 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʜʝʥʦ ʣʠʰʴ ʢʦʩʚʝʥʥʦ, 

ʧʦʩʢʦʣʴʢʫ ʦʜʥʘ ʠ ʪʘ ʞʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʘʷ ʥʘ 
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ʨʘʟʥʳʭ ʩʝʪʢʘʭ, ʧʦʚʪʦʨʷʝʪ ʛʝʦʤʝʪʨʠʶ ʛʨʘʥʠʮ ʟʝʨʝʥ ʣʠʰʴ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʨʘʟʤʝʨʘ 

ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʨʠʩʫʥʦʢ 3.3). ʍʦʪʷ ʧʨʠ ʩʛʫʱʝʥʠʠ ʩʝʪʢʠ ʛʝʦʤʝʪʨʠʯʝʩʢʘʷ 

ʬʦʨʤʘ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʪʨʝʤʠʪʩʷ ʢ ʧʨʝʜʝʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ, ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ ʠ ʪʦʯʢʠ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʨʘʟʥʳʭ 

ʩʝʪʢʘʭ, ʩʦʚʧʘʜʘʶʪ ʥʝ ʪʦʯʥʦ, ʧʦʵʪʦʤʫ ʧʨʷʤʦʝ ʧʦʵʣʝʤʝʥʪʥʦʝ ʩʨʘʚʥʝʥʠʝ ʧʦʣʝʡ 

ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʘʥʘʣʠʟ 

ʩʭʦʜʠʤʦʩʪʠ ʨʝʰʝʥʠʷ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʜʣʷ 

ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʜʝʥ ʢʘʯʝʩʪʚʝʥʥʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ, ʘʥʘʣʦʛʠʯʥʦ 

ʘʥʘʣʠʟʫ, ʧʨʦʚʝʜʝʥʥʦʤʫ ʚ ʨʘʙʦʪʘʭ [59, 60] ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ 

ʤʝʪʦʜʦʤ ɺʦʨʦʥʦʛʦ. 

ʈʘʩʩʤʦʪʨʠʤ, ʢʘʢ ʩʝʪʦʯʥʘʷ ʩʭʦʜʠʤʦʩʪʴ ʚʣʠʷʝʪ ʥʘ ʨʝʟʫʣʴʪʘʪʳ. ʉʨʘʚʥʠʤ 5 

ʦʜʠʥʘʢʦʚʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʩʦʩʪʦʷʱʠʭ ʠʟ 1000 ʟʝʨʝʥ. ʊʝʩʪʦʚʳʝ 

ʤʦʜʝʣʠ ʙʳʣʠ ʩʦʟʜʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʧʦʰʘʛʦʚʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʥʘ ʩʝʪʢʘʭ 

ʩ ʨʘʟʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ: 100Ĭ20Ĭ100, 125Ĭ25Ĭ125, 160Ĭ32Ĭ160, 200Ĭ40Ĭ200 ʠ 

250Ĭ50Ĭ250. ɺʩʝ ʤʦʜʝʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʠʩʴ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ 

ʛʝʦʤʝʪʨʠʝʡ ʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʟʝʨʝʥ. ʅʘ ʨʠʩʫʥʢʝ 3.3 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʦʜʝʣʠ, ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʥʳʝ ʩʝʪʢʘʤʠ ʩ ʥʘʠʤʝʥʴʰʝʡ ʠ ʥʘʠʙʦʣʴʰʝʡ 

ʩʪʝʧʝʥʴʶ ʜʝʪʘʣʠʟʘʮʠʠ.  

 

ʘ       ʙ 

ʈʠʩʫʥʦʢ 3.3 ï ʇʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʧʦʩʪʨʦʝʥʥʳʝ ʥʘ ʩʝʪʢʘʭ 100Ĭ20Ĭ100 

(a) ʠ 250Ĭ50Ĭ250 (ʙ) 
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ʉʨʘʚʥʝʥʠʝ ʚʩʝʭ ʩʪʨʫʢʪʫʨ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʘʟʣʠʯʠʷ ʚ ʩʝʪʦʯʥʦʤ ʨʘʟʨʝʰʝʥʠʠ 

ʦʢʘʟʳʚʘʶʪ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʦʣʫʯʘʝʤʫʶ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ. 

ʂʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʦʚ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ 

ʚʳʯʠʩʣʝʥʠʡ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʝʪʦʯʥʳʭ ʨʘʟʙʠʝʥʠʡ, ʙʳʣʠ ʩʦʧʦʩʪʘʚʣʝʥʳ ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʫʨʦʚʥʷʭ ʨʘʩʪʷʞʝʥʠʷ. ɼʣʷ ʧʨʠʤʝʨʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʣʘʩʪʠʯʝʩʢʠʭ 

ʜʝʬʦʨʤʘʮʠʡ ʜʣʷ ʪʨʝʭ ʚʳʙʨʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.4ʘ-ʚ. 

ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʜʣʷ ʤʦʜʝʣʝʡ, ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʩʝʪʢʘʭ, ʢʘʯʝʩʪʚʝʥʥʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʣʠʯʘʣʠʩʴ ʤʝʞʜʫ ʩʦʙʦʡ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ 

ʩʣʫʯʘʷ ʤʦʜʝʣʠ, ʧʦʩʪʨʦʝʥʥʦʡ ʥʘ ʩʘʤʦʡ ʢʨʫʧʥʦʡ ʩʝʪʢʝ (ʨʠʩʫʥʦʢ 3.4ʘ). 

 

ʘ     ʙ     ʚ 

 

ʛ     ʜ     ʝ 

ʈʠʩʫʥʦʢ 3.4 ï ʇʦʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ, 

ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʤʠ 100Ĭ20Ĭ100 (ʘ), 160Ĭ32Ĭ160 (ʙ) ʠ 250Ĭ50Ĭ250 (ʚ), 

ʢʨʠʚʳʝ ʥʘʛʨʫʞʝʥʠʷ (ʛ) ʠ ʯʘʩʪʦʪʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ (ʜ) 

ʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ (ʝ), ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʩʯʝʪʘʭ ʥʘ ʨʘʟʥʳʭ ʩʝʪʢʘʭ [52] 
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ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ 

ʯʘʩʪʦʪʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ. 

ʅʘ ʨʠʩʫʥʢʝ 3.4ʛ-ʝ ʧʦʢʘʟʘʥʳ ʢʨʠʚʳʝ ʥʘʛʨʫʞʝʥʠʷ ʤʦʜʝʣʝʡ ʠ ʯʘʩʪʦʪʥʳʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʩʯʝʪʘʭ ʥʘ ʨʘʟʣʠʯʥʳʭ ʩʝʪʢʘʭ. ʂʨʠʚʳʝ ʥʘʛʨʫʞʝʥʠʷ, 

ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʡ ʫʩʨʝʜʥʝʥʥʳʡ ʦʪʢʣʠʢ, 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʙʳʩʪʨʫʶ ʩʭʦʜʠʤʦʩʪʴ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʨʝʰʝʥʠʷ ʩʝʪʦʢ (ʨʠʩʫʥʦʢ 

3.4ʛ). ʏʘʩʪʦʪʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʧʣʘʩʪʠʯʝʩʢʠʭ 

ʜʝʬʦʨʤʘʮʠʡ ʪʘʢʞʝ ʩʙʣʠʞʘʶʪʩʷ, ʭʦʪʷ ʠ ʩ ʤʝʥʴʰʝʡ ʩʢʦʨʦʩʪʴʶ (ʨʠʩʫʥʦʢ 3.4ʜ, ʝ). 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʦʪʤʝʯʘʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʩʭʦʜʠʤʦʩʪʠ 

ʨʝʰʝʥʠʷ ʚ ʦʙʣʘʩʪʷʭ ʣʦʢʘʣʠʟʘʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ: ʰʠʨʠʥʘ ʧʦʣʦʩ 

ʣʦʢʘʣʠʟʘʮʠʠ ʠʟʤʝʥʷʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʠʟʤʝʥʝʥʠʶ ʰʘʛʘ ʩʝʪʢʠ [99, 107].  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘʣʠʯʠʝ ʩʭʦʜʠʤʦʩʪʠ ʚ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ 

ʦʙʫʩʣʦʚʣʝʥʦ ʧʨʠʤʝʥʝʥʠʝʤ ʤʦʜʝʣʝʡ ʌʊʇʂ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʷʚʥʳʤ ʫʯʝʪʦʤ ʛʨʘʥʠʮ 

ʟʝʨʝʥ. ɸʥʘʣʦʛʠʯʥʦʝ ʟʘʢʣʶʯʝʥʠʝ ʪʘʢʞʝ ʙʳʣʦ ʩʜʝʣʘʥʦ ʚ ʨʘʙʦʪʝ [67]. ʇʨʦʚʝʜʝʥʥʳʝ 

ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʘʞʝ ʩʘʤʘʷ ʛʨʫʙʘʷ ʠʟ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʝʪʦʢ ʧʦʟʚʦʣʷʝʪ 

ʢʘʯʝʩʪʚʝʥʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʅɼʉ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʥʘ 

ʤʝʟʦʫʨʦʚʥʝ. 

3.6 ʄʠʥʠʤʠʟʘʮʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʧʦʩʪʘʥʦʚʢʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʷʚʥʳʭ ʩʭʝʤ ʩʢʚʦʟʥʦʛʦ ʩʯʝʪʘ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ 

ʠʟʤʝʥʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠ ̫ ʚʳʯʠʩʣʷʶʪʩʷ ʥʘ ʢʘʞʜʦʤ 

ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ, ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʚʦʟʤʫʱʝʥʠʷ ʧʝʨʝʜʘʶʪʩʷ ʦʪ ʵʣʝʤʝʥʪʘ ʢ ʵʣʝʤʝʥʪʫ 

ʚ ʚʠʜʝ ʚʦʣʥ [67-72, 124-128]. ɼʘʥʥʳʝ ʤʝʪʦʜʳ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʷʚʣʷʶʪʩʷ 

ʫʩʣʦʚʥʦ ʫʩʪʦʡʯʠʚʳʤʠ. ʋʩʣʦʚʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʦʛʨʘʥʠʯʠʚʘʝʪ ʨʘʟʤʝʨ ʚʨʝʤʝʥʥʦʛʦ 

ʰʘʛʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʨʘʩʩʪʦʷʥʠʝ, ʧʨʦʡʜʝʥʥʦʝ ʫʧʨʫʛʦʡ ʚʦʣʥʦʡ ʟʘ ʦʜʠʥ 

ʚʨʝʤʝʥʥʦʡ ʰʘʛ, ʥʝ ʧʨʝʚʳʰʘʣʦ ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʵʣʝʤʝʥʪʦʚ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ. 

ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʚʝʣʠʯʠʥʘ ʚʨʝʤʝʥʥʦʛʦ ʰʘʛʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ 
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ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤʫ ʰʘʛʫ ʠ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʫʧʨʫʛʦʛʦ ʚʦʟʤʫʱʝʥʠʷ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ, ʤʝʥʴʰʠʤ ʝʜʠʥʠʮʳ. 

ʊʘʢʦʡ ʚʳʙʨʘʥʥʳʡ ʚʨʝʤʝʥʥʦʡ ʰʘʛ ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʤʘʣʳʤ, ʯʪʦ ʜʝʣʘʝʪ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝʚʦʟʤʦʞʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʧʨʠ 

ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʩʢʦʨʦʩʪʷʭ. ʏʘʱʝ ʚʩʝʛʦ ʩʢʦʨʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʠʩʢʫʩʩʪʚʝʥʥʦ 

ʟʘʚʳʰʘʶʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ [66, 67, 69, 72, 128].  

ɺ ʨʘʙʦʪʘʭ [56, 66, 67, 69] ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʧʦʩʪʘʥʦʚʢʘ ʢʨʘʝʚʳʭ ʟʘʜʘʯ ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʩ 

ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʪʦʯʥʦʩʪʠ. ʇʝʨʚʳʤ ʫʩʣʦʚʠʝʤ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ ʤʠʥʠʤʠʟʘʮʠʷ 

ʠʥʝʨʮʠʦʥʥʳʭ ʯʣʝʥʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ. ʆʩʥʦʚʥʦʡ ʚʢʣʘʜ ʫʩʢʦʨʝʥʠʝ 

ʚʥʦʩʠʪ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʥʘʛʨʫʞʝʥʠʷ, ʛʜʝ ʩʢʦʨʦʩʪʴ ʠʟʤʝʥʷʝʪʩʷ ʜʦ ʟʘʜʘʥʥʦʛʦ 

ʘʤʧʣʠʪʫʜʥʦʛʦ ʟʥʘʯʝʥʠʷ. ʄʠʥʠʤʠʟʠʨʦʚʘʪʴ ʫʩʢʦʨʝʥʠʝ ʥʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʧʦʟʚʦʣʷʝʪ 

ʧʣʘʚʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ, ʠʩʢʣʶʯʘʶʱʝʝ ʨʝʟʢʠʝ ʩʢʘʯʢʠ. ʇʨʠ ʧʦʩʪʦʷʥʥʦʡ 

ʩʢʦʨʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ ʚʣʠʷʥʠʝ ʫʩʢʦʨʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʩʚʦʜʠʪʩʷ ʢ ʥʫʣʶ, ʠ ʧʨʠ 

ʫʩʣʦʚʠʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʝʣʝʡ ʤʘʪʝʨʠʘʣʦʚ ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʢ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʫʞʝʥʠʷ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʘʷ ʠ ʜʠʥʘʤʠʯʝʩʢʘʷ ʧʦʩʪʘʥʦʚʢʘ ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʚʘʪʴ 

ʦʜʠʥʘʢʦʚʳʝ ʨʝʰʝʥʠʷ. 

ʇʨʠ ʩʪʘʪʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚʥʝʰʥʠʝ ʩʠʣʳ 

ʫʨʘʚʥʦʚʝʰʠʚʘʶʪʩʷ ʚʥʫʪʨʝʥʥʠʤʠ ʩʠʣʘʤʠ, ʚʳʟʚʘʥʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ ʚ ʤʘʪʝʨʠʘʣʝ. 

ɽʩʣʠ ʤʘʪʝʨʠʘʣ ʚʷʟʢʦʫʧʨʫʛʠʡ ʠʣʠ ʚʷʟʢʦʧʣʘʩʪʠʯʥʳʡ, ʪʦ ʥʘʧʨʷʞʝʥʠʷ ʟʘʚʠʩʷʪ ʦʪ 

ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʨʘʚʥʦʚʝʩʠʝ ʤʝʞʜʫ ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʦʡ ʠ 

ʨʝʘʢʮʠʝʡ ʤʘʪʝʨʠʘʣʘ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʚʨʝʤʷ, ʦʧʨʝʜʝʣʷʝʤʦʝ ʩʢʦʨʦʩʪʴʶ ʥʘʛʨʫʟʢʠ ʠ 

ʚʷʟʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ 

ʠʩʢʫʩʩʪʚʝʥʥʦ ʫʚʝʣʠʯʝʥʥʳʭ ʩʢʦʨʦʩʪʷʭ ʜʝʬʦʨʤʘʮʠʠ ʫʞʝ ʥʝ ʷʚʣʷʝʪʩʷ ʘʙʩʦʣʶʪʥʦ 

ʢʦʨʨʝʢʪʥʳʤ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚʘʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʦʚ, 

ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʢ ʩʢʦʨʦʩʪʠ ʥʘʛʨʫʟʢʠ. ʉ ʫʯʝʪʦʤ ʵʪʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʦʙʨʘʪʴ 

ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʝʡ ʌʊʇʂ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʚʷʟʢʦʧʣʘʩʪʠʯʝʩʢʠʭ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʯʪʦʙʳ ʠʩʢʣʶʯʠʪʴ ʠʭ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʩʢʦʨʦʩʪʠ. 
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ʀʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʨʘʙʦʪʘʭ [52, 56, 66], ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʵʬʬʝʢʪʠʚʥʦʝ ʠʩʢʣʶʯʝʥʠʝ ʩʢʦʨʦʩʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʦʮʝʥʢʠ ʩʢʦʨʦʩʪʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʥʘ 

ʘʢʪʠʚʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʩʢʦʣʴʞʝʥʠʷ, ʢʦʪʦʨʦʝ ʟʘʚʠʩʠʪ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʢʦʨʦʩʪʠ 

ʦʙʱʝʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʵʣʝʤʝʥʪʝ eqe : 

( )
( ) ( )

( )
sgn( )eq

CRSS

k

n
a

a a

a

å õt
g = e tæ ö

æ ötç ÷
.       (3.24) 

ʛʜʝ k ï ʢʦʥʩʪʘʥʪʘ, ʙʣʠʟʢʘʷ ʢ 1. ʆʪʤʝʪʠʤ, ʯʪʦ ʧʨʠ ʙʦʣʝʝ ʪʦʯʥʦʡ ʬʦʨʤʫʣʠʨʦʚʢʝ 

ʪʨʝʙʫʝʪʩʷ ʟʘʤʝʥʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʢʦʨʦʩʪʠ ʦʙʱʝʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʜʝʬʦʨʤʘʮʠʶ, 

ʧʨʠʚʝʜʝʥʥʫʶ ʢ ʩʠʩʪʝʤʝ ʩʢʦʣʴʞʝʥʠʷ, ʘʥʘʣʦʛʠʯʥʦ (3.15). 

ɼʣʷ ʦʮʝʥʢʠ ʚʦʟʜʝʡʩʪʚʠʷ ʩʢʦʨʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ ʜʝʬʦʨʤʘʮʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ (3.24) ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʠʩʢʣʶʯʘʝʪ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʩʢʦʨʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ ʩʢʦʨʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʠ ʜʦ 103 ʩ-1. ʕʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʘʥʘʣʠʟʦʤ ʢʨʠʚʳʭ ʥʘʛʨʫʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʩʢʦʨʦʩʪʷʭ ʜʝʬʦʨʤʘʮʠʠ (ʩʤ. ʨʠʩʫʥʦʢ 3.5).  
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ʈʠʩʫʥʦʢ 3.5 ï ʂʨʠʚʳʝ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʧʨʠ ʠʩʢʫʩʩʪʚʝʥʥʦ ʟʘʚʳʰʝʥʥʳʭ ʩʢʦʨʦʩʪʷʭ 

ʜʝʬʦʨʤʘʮʠʠ (ʘ) ʠ ʧʦʵʣʝʤʝʥʪʥʦʝ ʩʨʘʚʥʝʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʥʘʧʨʷʞʝʥʠʡ 
D
s  ʠ S

s , 

ʧʦʣʫʯʝʥʥʳʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʩʪʘʪʠʯʝʩʢʦʤ ʠ ʜʠʥʘʤʠʯʝʩʢʦʤ ʨʘʩʯʝʪʘʭ (ʙ) 
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ʅʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʢʨʠʚʳʝ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ ʜʣʷ 

ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʢʦʨʦʩʪʝʡ. ɺʣʠʷʥʠʝ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʷʚʣʷʝʪʩʷ ʣʠʰʴ 

ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʫʨʦʚʥʷʭ ʜʝʬʦʨʤʘʮʠʠ, ʧʨʠʚʦʜʷ ʢ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʨʘʩʭʦʞʜʝʥʠʶ 

ʢʨʠʚʳʭ ʥʘ ʫʨʦʚʥʝ ʜʦ 1%. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚʷʟʢʦʧʣʘʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʩʪʝʧʝʥʥʦʡ ʟʘʢʦʥ 

ʜʣʷ ʩʢʦʨʦʩʪʝʡ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ (ʫʨʘʚʥʝʥʠʝ 3.18), ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʫʶʪ 

ʵʬʬʝʢʪʠʚʥʦʤʫ ʩʥʠʞʝʥʠʶ ʩʢʦʨʦʩʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʥʘ ʤʘʢʨʦʫʨʦʚʥʝ ʧʨʠ 

ʧʨʘʚʠʣʴʥʦʤ ʧʦʜʙʦʨʝ ʧʘʨʘʤʝʪʨʦʚ 
0
g ʠ n. ɺ ʨʘʙʦʪʝ [56] ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, 

ʯʪʦ ʧʨʠ ʫʩʪʘʥʦʚʢʝ ʟʥʘʯʝʥʠʷ ʥʘ ʧʦʨʷʜʦʢ ʚʳʰʝ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʠ n>5 

ʢʨʠʚʳʝ ʥʘʛʨʫʞʝʥʠʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ ʦʪ 10 ʜʦ 104 ʩ-1 

ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʣʠ ʩ ʢʨʠʚʦʡ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ. ʆʜʥʘʢʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʥʘ ʫʨʦʚʥʝ ʟʝʨʝʥ ʦʪʣʠʯʘʣʠʩʴ. ʇʨʠ 

ʧʦʚʳʰʝʥʠʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʫʟʢʠ ʟʦʥʳ ʣʦʢʘʣʠʟʘʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʨʘʩʰʠʨʷʣʠʩʴ, ʘ ʟʥʘʯʝʥʠʷ ʜʝʬʦʨʤʘʮʠʡ ʚ ʟʦʥʘʭ ʩʜʚʠʛʘ ʫʤʝʥʴʰʘʣʠʩʴ. ʕʪʦ 

ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʣʦʢʘʣʴʥʳʝ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʚ ʦʙʣʘʩʪʷʭ ʣʦʢʘʣʠʟʘʮʠʠ 

ʤʦʛʫʪ ʙʳʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ 

ʚʳʙʨʘʥʥʳʝ ʧʦʩʪʦʷʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʥʝ ʩʧʦʩʦʙʥʳ ʦʙʝʩʧʝʯʠʪʴ ʜʦʩʪʠʞʝʥʠʝ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʥʘʛʨʫʟʢʦʡ ʠ ʨʝʘʢʮʠʝʡ ʤʘʪʝʨʠʘʣʘ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʦʦʪʥʦʰʝʥʠʡ (3.24) ʩʢʦʨʦʩʪʴ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʚʦʟʨʘʩʪʘʝʪ ʚ 

ʦʙʣʘʩʪʷʭ ʣʦʢʘʣʠʟʘʮʠʠ ʜʝʬʦʨʤʘʮʠʠ, ʛʜʝ ʩʢʦʨʦʩʪʴ ʧʦʣʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʝʚʳʰʘʝʪ 

ʩʨʝʜʥʠʡ ʫʨʦʚʝʥʴ. ʉʨʘʚʥʝʥʠʝ ʧʦʣʝʡ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʜʣʷ 

ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʵʣʝʤʝʥʪʦʚ ʟʥʘʯʝʥʠʷ ʅɼʉ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʠ 

ʩʪʘʪʠʯʝʩʢʦʤ ʨʘʩʯʝʪʘʭ, ʩʦʚʧʘʜʘʣʠ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 99,9%, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʪʜʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʫ ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ, ʛʜʝ ʥʘʙʣʶʜʘʣʦʩʴ ʨʘʩʭʦʞʜʝʥʠʝ ʥʘ ʫʨʦʚʥʝ 3-5% 

(ʨʠʩʫʥʦʢ 3.5ʙ). ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʜʪʚʝʨʜʠʣ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ 

ʟʘʚʠʩʠʤʦʩʪʠ (3.24) ʜʣʷ ʩʥʠʞʝʥʠʷ ʩʢʦʨʦʩʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʦʜʝʣʝʡ ʌʊʇʂ ʠ 

ʠʭ ʧʨʠʤʝʥʠʤʦʩʪʴ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʛʦ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʩ ʠʩʢʫʩʩʪʚʝʥʥʦ ʧʦʚʳʰʝʥʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʥʘʛʨʫʞʝʥʠʷ. 
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ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʢʚʘʟʠʩʪʘʪʠʢʠ, ʤʦʞʥʦ ʩʨʘʚʥʠʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʥʘ 

ʨʝʰʝʥʠʝ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʪʨʝʭʤʝʨʥʦʡ ʟʘʜʘʯʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʥʝʷʚʥʳʭ ʠ ʷʚʥʳʭ 

ʨʝʰʘʪʝʣʝʡ. ɺ [72] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʪʠʧʘ C3D8R 

ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʟʘʛʨʫʞʝʥʦ ʚ ʧʘʤʷʪʴ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʢʦʤʧʴʶʪʝʨʘ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʷʚʥʳʭ ʩʭʝʤ, ʚ 10-12 ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʘʥʘʣʦʛʠʯʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʥʝʷʚʥʳʭ ʨʝʰʘʪʝʣʝʡ. ʅʘʧʨʠʤʝʨ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʪʷʞʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʘ, 

ʠʟʦʙʨʘʞʝʥʥʦʛʦ ʥʘ ʨʠʩʫʥʢʝ 3.3ʙ, ʜʦ 8% ʜʝʬʦʨʤʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʷʚʥʳʭ ʩʭʝʤ 

ʟʘʥʠʤʘʝʪ ʦʢʦʣʦ 50 ʤʠʥʫʪ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩ ʥʝʷʚʥʳʤʠ ʨʝʰʘʪʝʣʷʤʠ ʪʨʝʙʫʝʪʩʷ ʙʦʣʝʝ 

53 ʯʘʩʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʷʚʥʳʭ ʩʭʝʤ ʩʫʱʝʩʪʚʝʥʥʦ 

ʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʷʭ [3,56,67]. 
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4 ʏʀʉʃɽʅʅʓʁ ɸʅɸʃʀɿ ʕɺʆʃʖʎʀʀ ɼɽʌʆʈʄɸʎʀʆʅʅʆɻʆ 

ʈɽʃʔɽʌɸ ɺ ʄʆɼɽʃʔʅʓʍ ʇʆʃʀʂʈʀʉʊɸʃʃɸʍ 

4.1 ʌʦʨʤʠʨʦʚʘʥʠʝ ʠ ʵʚʦʣʶʮʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʤʦʜʝʣɹ ʥʳʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ 

ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʚ ɻʣʘʚʝ 2 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ 

ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʠʥʠʷ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʤʝʪʦʜʦʤ ʧʦʰʘʛʦʚʦʛʦ ʟʘʧʦʣʥʝʥʠʷ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʜʨʦʙʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʦ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʘʭ ʠ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ, ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ 

ɼʆʈʕ ʘʥʘʣʠʟʘ. ʅʘ ʨʠʩʫʥʢʝ 4.1ʘ ʧʨʠʚʝʜʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʝʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʚ ʮʚʝʪʘʭ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ, ʥʦʨʤʘʣʴʥʳʭ ʢ ʧʣʦʩʢʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʆʩʥʦʚʘʥʥʘʷ ʥʘ ʵʪʠʭ ʜʘʥʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʨʘʟʤʝʨʘʤʠ 3Ĭ2.25Ĭ0.25 ʤʤ, ʩʦʜʝʨʞʘʱʘʷ 12000 ʨʘʚʥʦʦʩʥʳʭ ʟʝʨʝʥ, ʙʳʣʘ 

ʩʛʝʥʝʨʠʨʦʚʘʥʘ ʥʘ ʨʝʛʫʣʷʨʥʦʡ ʩʝʪʢʝ 600Ĭ450Ĭ50 (ʨʠʩʫʥʦʢ 4.1ʙ). ɺ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʜʫʨʳ ʛʝʥʝʨʘʮʠʠ ʥʘʯʘʣʴʥʳʝ ʮʝʥʪʨʳ ʟʘʨʦʞʜʝʥʠʷ ʙʳʣʠ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʚʩʪʨʦʝʥʥʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʩʣʫʯʘʡʥʳʭ ʯʠʩʝʣ. ʈʦʩʪ ʚʩʝʭ ʟʝʨʝʥ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ (3.23) ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ. 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ ʟʘʜʘʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʫʛʣʦʚ ʕʡʣʝʨʘ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ ʤʦʜʝʣʴʥʳʡ ʧʦʣʠʢʨʠʩʪʘʣʣ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʤʘʪʝʨʠʘʣʫ (ʩʨ. ʨʠʩʫʥʦʢ 4.1ʘ ʠ ʙ). 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʟʝʨʝʥ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʧʨʝʜʝʣʷʶʱʠʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʌʊʇʂ (3.10)-(3.16), (3.24). ʂʨʠʪʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʠʥʠʮʠʠʨʫʶʱʠʝ 

ʩʜʚʠʛ ʥʘ ʩʠʩʪʝʤʝ ʩʢʦʣʴʞʝʥʠʷ Ŭ ʦʧʨʝʜʝʣʷʣʠʩʴ ʚ ʚʠʜʝ ʩʫʤʤʳ ʚʢʣʘʜʦʚ ʨʘʟʣʠʯʥʳʭ 

ʤʝʭʘʥʠʟʤʦʚ [129-132] 

( ) ( )( )( )

0 1 1 0 1
1 exp /HP p p

CRSS eq eq

at t t t he e h t= + + + - - ,     (4.1) 
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ʛʜʝ 
0
t ï ʢʨʠʪʠʯʝʩʢʦʝ ʥʘʯʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩʜʚʠʛʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘ, ʦʜʠʥʘʢʦʚʦʝ ʜʣʷ 

ʚʩʝʭ ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ, HPt  - ʫʚʝʣʠʯʝʥʠʝ ʥʘʯʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʜʚʠʛʘ ʟʘ ʩʯʝʪ 

ʟʝʨʥʦʛʨʘʥʠʯʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ (ʟʘʢʦʥ ʍʦʣʣʘ-ʇʝʪʯʘ [95, 133]). 

ʊʨʝʪʠʡ ʯʣʝʥ ʩʫʤʤʳ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ (4.1) ʫʯʠʪʳʚʘʝʪ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ 

ʢʘʢ ʬʫʥʢʮʠʶ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʦʧʣʝʥʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʛʜʝ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦʜʙʠʨʘʣʠʩʴ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ 

ʥʘʛʨʫʞʝʥʠʷ (ʨʠʩʫʥʦʢ 2.10ʛ). ɺ ʧʨʠʚʝʜʝʥʥʳʭ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ 

ʢʦʥʩʪʘʥʪʳ ʠ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ: 0t=2 ʄʇʘ, 
HPt =33 ʄʇʘ, 1t=35 ʄʇʘ, 1h=30 ʄʇʘ 0h

=760 ʄʇʘ. 

ʂʠʥʝʤʘʪʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʩʢʦʨʦʩʪʷʭ (3.8) ʤʦʜʝʣʠʨʦʚʘʣʠ 

ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʚʜʦʣʴ ʦʩʠ X (ʨʠʩʫʥʦʢ 4.1ʙ). ʅʘ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʟʘʜʘʚʘʣʠʩʴ ʫʩʣʦʚʠʷ ʟʘʢʨʝʧʣʝʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ Z. ɺʝʨʭʥʷʷ ʠ ʙʦʢʦʚʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣʠ ʩʚʦʙʦʜʥʳʤʠ ʦʪ ʜʝʡʩʪʚʠʷ ʚʥʝʰʥʠʭ ʩʠʣ. 

 

ʘ       ʙ 

ʈʠʩʫʥʦʢ 4.1 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (ʘ) ʠ ʤʦʜʝʣʴʥʘʷ (ʙ) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʩʪʨʫʢʪʫʨʳ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ʚ ʮʚʝʪʘʭ ʦʙʨʘʪʥʳʭ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ ʜʣʷ 

ʥʘʧʨʘʚʣʝʥʠʡ <hkl>||Z 

ʇʦʜʪʚʝʨʞʜʝʥʠʝʤ ʢʦʨʨʝʢʪʥʦʩʪʠ ʤʦʜʝʣʠ ʥʘ ʤʘʢʨʦʫʨʦʚʥʝ ʩʣʫʞʠʪ ʩʦʛʣʘʩʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʯʠʩʣʝʥʥʦʡ ʢʨʠʚʳʭ ʥʘʛʨʫʞʝʥʠʷ, ʦʪʨʘʞʘʶʱʠʭ ʦʩʨʝʜʥʝʥʥʳʡ 

ʦʪʢʣʠʢ ʤʘʪʝʨʠʘʣʘ (ʨʠʩʫʥʦʢ 4.2). ʍʦʪʷ ʣʦʢʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʅɼʉ, 

ɸ 

Aô 
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ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʙʣʘʩʪʝʡ ʣʦʢʘʣʠʟʘʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʥʘʧʨʷʞʝʥʠʡ ʟʘʚʠʩʷʪ ʦʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʢʦʥʢʨʝʪʥʦʡ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʢʨʠʚʘʷ 

ʥʘʛʨʫʞʝʥʠʷ, ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʚʠʜʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʝʨʝʥ ʠ ʦʨʠʝʥʪʘʮʠʡ, ʧʨʠ ʫʩʣʦʚʠʠ, 

ʯʪʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʲʝʤ ʷʚʣʷʝʪʩʷ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʤ. ɺʦʧʨʦʩ ʦʙ 

ʦʧʨʝʜʝʣʝʥʠʠ ʨʘʟʤʝʨʦʚ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ ʦʙʩʫʞʜʘʣʩʷ ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ, 

ʥʘʧʨʠʤʝʨ [87, 106, 110, 134]. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ [87,106] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʜʦʩʪʘʪʦʯʥʦ 

100 ʟʝʨʝʥ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʤʦʜʝʣʴ ʷʚʣʷʝʪʩʷ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʡ ʥʘ 

ʤʘʢʨʦʫʨʦʚʥʝ. 

 

ʈʠʩʫʥʦʢ 4.2 ï ʈʘʩʯʝʪʥʘʷ ʢʨʠʚʘʷ ʥʘʛʨʫʞʝʥʠʷ ʤʦʜʝʣʴʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʘ (ʨʠʩʫʥʦʢ 

4.1ʙ), ʧʦʣʫʯʝʥʥʘʷ ʦʩʨʝʜʥʝʥʠʝʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʅɼʉ ʧʦ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʚ 

ʩʨʘʚʥʝʥʠʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ ʜʣʷ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ɸɼ0 

ʂʨʠʚʘʷ ʥʘʛʨʫʞʝʥʠʷ ʜʣʷ ʤʦʜʝʣʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʧʫʪʝʤ ʦʩʨʝʜʥʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦ ʨʘʩʯʝʪʥʦʤʫ ʦʙʲʝʤʫ. ɼʣʷ 

ʦʩʨʝʜʥʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠʤʝʥʷʣʦʩɹ ʩʦʦʪʥʦʰʝʥʠʝ 

( )eq i
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eq
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s< >=
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ä
         (4.2) 

ʛʜʝ iV  - ʦʙʲʝʤ i-ʛʦ ʵʣʝʤʝʥʪʘ, N ï ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʈʘʩʯʝʪ 

ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʩʤʝʱʝʥʠʷʤ ʫʟʣʦʚ ʧʦʚʝʨʭʥʦʩʪʝʡ ʥʘʛʨʫʞʝʥʠʷ ʢʘʢ 
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= ,           (4.3) 

ʛʜʝ 0l  ʠ l  - ʥʘʯʘʣʴʥʘʷ ʠ ʪʝʢʫʱʘʷ ʜʣʠʥʘ ʦʙʨʘʟʮʘ ʚʜʦʣʴ ʦʩʠ ʥʘʛʨʫʞʝʥʠʷ. ʉʨʘʚʥʝʥʠʝ 

ʢʨʠʚʳʭ ʥʘʛʨʫʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʯʠʩʣʝʥʥʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʧʦʢʘʟʘʣʦ ʩʦʛʣʘʩʠʝ 

ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ ʨʘʩʯʝʪʥʳʤʠ ʜʘʥʥʳʤʠ (ʨʠʩʫʥʦʢ 4.2), ʯʪʦ ʩʣʫʞʠʪ 

ʚʘʣʠʜʘʮʠʝʡ ʤʦʜʝʣʠ ʥʘ ʤʘʢʨʦʫʨʦʚʥʝ. 

ʂʨʠʪʝʨʠʠ ʚʘʣʠʜʘʮʠʠ ʤʦʜʝʣʠ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʩʥʦʚʘʥʳ ʥʘ 

ʘʥʘʣʠʟʝ ʠ ʩʨʘʚʥʝʥʠʠ ʢʘʨʪʠʥ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʳʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ. ʅʘʧʨʠʤʝʨ, ʘʥʘʣʠʟ ʠ ʩʨʘʚʥʝʥʠʝ ʢʘʨʪʠʥ ʣʦʢʘʣʠʟʘʮʠʠ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʩʪʷʞʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ 

ʧʦʣʝʡ ʚʝʢʪʦʨʦʚ ʩʤʝʱʝʥʠʡ, ʢʦʨʨʝʣʷʮʠʠ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ, ʩʧʝʢʣ-ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ [135-140]. ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʪʠ 

ʤʝʪʦʜʳ ʦʩʥʦʚʘʥʳ ʥʘ ʥʝʧʨʝʨʳʚʥʦʤ ʤʦʥʠʪʦʨʠʥʛʝ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ 

ʧʨʦʮʝʩʩʘ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʉ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʯʝʚʠʜʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠʤʝʝʪ 

ʘʥʘʣʠʟ ʠ ʩʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, ʢʦʪʦʨʳʡ 

ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʩʪʘʜʠʠ 

ʘʢʪʠʚʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʠ ʦʩʪʘʝʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʣʝ ʩʥʷʪʠʷ ʥʘʛʨʫʟʢʠ. ɸʥʘʣʠʟ 

ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ ʪʨʝʙʫʝʪ ʥʝʦʙʭʦʜʠʤʳʭ ʜʘʥʥʳʭ ʦ ʥʘʯʘʣʴʥʦʤ ʠ 

ʢʦʥʝʯʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ ʪʦʯʝʢ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʦʪʩʣʝʞʠʚʘʥʠʷ 

ʧʝʨʝʤʝʱʝʥʠʷ ʢʦʥʪʨʦʣʴʥʳʭ ʪʦʯʝʢ ʚʦ ʚʨʝʤʷ ʜʝʬʦʨʤʘʮʠʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʵʪʦʛʦ, 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʦʮʝʥʠʚʘʝʪʩʷ ʧʦ ʚʝʨʪʠʢʘʣʴʥʳʤ ʩʤʝʱʝʥʠʷʤ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʠʩʭʦʜʥʦ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʝʬʦʨʤʘʮʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʴʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʥʘ ʣʶʙʦʡ ʩʪʘʜʠʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. 

ʅʘ ʧʨʠʤʝʨʝ ʧʦʩʪʨʦʝʥʥʦʡ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥ r ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ ʵʚʦʣʶʮʠʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʪʷʞʝʥʠʷ ʠ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʈʠʩʫʥʦʢ 4.3 ʜʝʤʦʥʩʪʨʠʨʫʝʪ 
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ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ, ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ 19%. 

 

ʈʠʩʫʥʦʢ 4.3 ï ɼʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʦʛʦ 

ʧʦʣʠʢʨʠʩʪʘʣʣʘ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ʧʨʠ Ů=0.19 

ʂʘʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʚʳʷʚʠʣ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ, ʢʘʢ ʠ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʦʙʨʘʟʮʝ (ʩʤ. ʨʠʩʫʥʦʢ 2.11ʚ), ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʢʣʘʜʢʘʤʠ 

ʨʘʟʣʠʯʥʦʛʦ ʤʘʩʰʪʘʙʘ. ɹʦʣʝʝ ʤʝʣʢʠʝ ʥʝʨʦʚʥʦʩʪʠ, ʬʦʨʤʠʨʫʶʱʠʝ ʨʝʣʴʝʬ ʪʠʧʘ 

çʘʧʝʣʴʩʠʥʦʚʦʡ ʢʦʨʢʠè, ʚʦʟʥʠʢʘʶʪ ʠʟ-ʟʘ ʵʢʩʪʨʫʟʠʠ ʠ ʠʥʪʨʫʟʠʠ ʦʪʜʝʣʴʥʳʭ ʟʝʨʝʥ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʦʢʨʫʞʘʶʱʠʤ ʫʯʘʩʪʢʘʤ. ɹʦʣʝʝ ʢʨʫʧʥʳʝ ʩʢʣʘʜʢʠ ʦʙʨʘʟʫʶʪʩʷ 

ʙʣʘʛʦʜʘʨʷ ʢʦʣʣʝʢʪʠʚʥʦʤʫ ʩʤʝʱʝʥʠʶ ʛʨʫʧʧ ʟʝʨʝʥ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʯʪʦ ʦʪʥʦʩʠʪʩʷ ʢ ʷʚʣʝʥʠʷʤ ʤʝʟʦʫʨʦʚʥʷ. ʅʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ 

ʪʘʢʠʝ ʛʨʫʧʧʳ ʩʦʜʝʨʞʘʪ ʦʪ 2 ʜʦ 3 ʟʝʨʝʥ, ʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʝʬʦʨʤʘʮʠʠ ʤʦʛʫʪ 

ʥʘʩʯʠʪʳʚʘʪʴ 10-15 ʟʝʨʝʥ. ʕʪʠ ʩʢʣʘʜʢʠ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʶʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʜʝʬʦʨʤʘʮʠʠ ʜʦ ʤʦʤʝʥʪʘ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʰʝʡʢʠ. ɸʥʘʣʠʟ ʧʨʦʬʠʣʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʦʛʦ ʦʙʨʘʟʮʘ 

(ʨʠʩʫʥʦʢ 4.4ʘ) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩʬʦʨʤʠʨʦʚʘʚʰʠʝʩʷ ʚ ʥʘʯʘʣʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʧʠʢʠ ʠ ʚʧʘʜʠʥʳ ʠʟʤʝʥʷʶʪ ʩʚʦʶ ʘʤʧʣʠʪʫʜʫ ʚ ʭʦʜʝ ʜʝʬʦʨʤʘʮʠʠ, ʥʦ 
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ʩʦʭʨʘʥʷʶʪ ʩʚʦʝ ʚʟʘʠʤʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʪʘʢʞʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ (ʨʠʩʫʥʦʢ 2.12). 

 

ʘ      ʙ 

ʈʠʩʫʥʦʢ 4.4 ï ʈʘʩʯʝʪʳ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʘ (ʨʠʩʫʥʦʢ 4.1ʙ): ʘ ï

ʧʨʦʬʠʣʦʛʨʘʤʤʳ ʧʦʚʝʨʭʥʦʩʪʠ ʚʜʦʣʴ ʩʨʝʜʥʝʡ ʣʠʥʠʠ ɸ-ɸô ʧʨʠ ʨʘʟʥʳʭ ʩʪʝʧʝʥʷʭ 

ʜʝʬʦʨʤʘʮʠʠ, ʙ ï ʢʨʠʚʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ Rd ʦʪ ʩʪʝʧʝʥʠ 

ʜʝʬʦʨʤʘʮʠʠ (ʩʠʤʚʦʣʳ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʨʠʩʫʥʦʢ 2.17ʘ) 

ɸʥʘʣʦʛʠʯʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʤ, ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʧʦ ʧʨʦʬʠʣʦʛʨʘʤʤʘʤ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣ 

ʦʧʨʝʜʝʣʝʥ ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠʟ 

ʩʦʦʪʥʦʰʝʥʠʷ (2.2). ʅʘ ʨʠʩʫʥʢʝ 4.4ʙ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪ ɹʧʘʨʘʤʝʪʨʘ Rd ʦʪ 

ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʘ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʚ ʩʨʘʚʥʝʥʠʠ 

ʩ ʜʘʥʥʳʤʠ ʜʣʷ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ, ʧʦʣʫʯʝʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

(ʨʠʩʫʥʦʢ 2.17ʘ). ʇʨʠ ʫʤʝʨʝʥʥʳʭ ʜʝʬʦʨʤʘʮʠʷʭ ʥʘʙʣʶʜʘʝʪʩʷ ʩʦʛʣʘʩʠʝ ʤʝʞʜʫ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʆʜʥʘʢʦ, ʧʨʠ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʩʪʝʧʝʥʷʭ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘʙʣʶʜʘʶʪʩʷ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ ʯʠʩʣʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ Rd, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʨʘʟʤʝʨʦʚ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʦʜʝʣʠ. ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ [134] ʫʢʘʟʳʚʘʝʪʩʷ, 

ʯʪʦ ʘʜʝʢʚʘʪʥʦʝ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʪʨʝʙʫʝʪ 
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ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ 

ʜʝʬʦʨʤʘʮʠʠ, ʧʨʠʣʦʞʝʥʥʦʡ ʢ ʤʦʜʝʣʠ. ʉʧʦʩʦʙʥʦʩʪʴ ʤʦʜʝʣʠ ʢʦʨʨʝʢʪʥʦ 

ʚʦʩʧʨʦʠʟʚʦʜʠʪ ɹʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʩʦʭʨʘʥʷʝʪʩʷ 

ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʨʘʟʤʝʨʳ ʟʦʥ ʣʦʢʘʣʠʟʘʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʥʝ ʩʪʘʥʫʪ 

ʩʨʘʚʥʠʤʳ ʩ ʨʘʟʤʝʨʘʤʠ ʩʘʤʦʡ ʤʦʜʝʣʠ. 

ʂʦʣʠʯʝʩʪʚʝʥʥʦʝ ʠ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʢʦʨʨʝʢʪʥʦʩʪʴ ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ ʜʦ 20% ʜʝʬʦʨʤʘʮʠʠ. 

4.2 ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʦʩʪʨʦʪʳ ʪʝʢʩʪʫʨʳ ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʚ ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ 

ʏʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʫʯʠʪʴ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ 

ʬʘʢʪʦʨʳ, ʢʦʥʪʨʦʣʠʨʫʶʱʠʝ ʧʦʚʝʜʝʥʠʝ ʤʘʪʝʨʠʘʣʘ. ʏʪʦʙʳ ʦʪʜʝʣʠʪʴ ʵʬʬʝʢʪ ʚʣʠʷʥʠʷ 

ʦʩʪʨʦʪʳ ʪʝʢʩʪʫʨʳ ʦʪ ʜʨʫʛʠʭ ʬʘʢʪʦʨʦʚ, ʩʢʘʟʳʚʘʶʱʠʭʩʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʯʝʪʳʨʝʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʛʜʝ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ ʦʪʢʣʦʥʷʣʠʩʴ ʦʪ ʠʜʝʘʣʴʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ [100]||X ʥʘ 10, 20, 30 ʠ 90 ʛʨʘʜʫʩʦʚ (ʧʦʩʣʝʜʥʠʡ ʩʣʫʯʘʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʪʩʫʪʩʪʚʠʶ ʪʝʢʩʪʫʨʳ). ɺʩʝ ʦʩʪʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʘʩʯʝʪʦʚ, ʚʢʣʶʯʘʷ ʛʝʦʤʝʪʨʠʶ 

ʟʝʨʝʥ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʫʩʣʦʚʠʷ ʥʘʛʨʫʞʝʥʠʷ, ʙʳʣʠ ʦʜʠʥʘʢʦʚʳ ʜʣʷ ʚʩʝʭ 

ʤʦʜʝʣʝʡ. 

ʂʘʨʪʠʥʳ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʚ ʤʦʜʝʣʷʭ ʩ ʨʘʟʣʠʯʥʦʡ 

ʦʩʪʨʦʪʦʡ ʪʝʢʩʪʫʨʳ, ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.5 (ʜ-ʠ) ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ 15,8%. 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʦʬʠʣʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚʜʦʣʴ ʣʠʥʠʠ A-A' (ʨʠʩʫʥʦʢ 4.1ʙ), 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.5 (ʘ-ʚ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʪʝʧʝʥʝʡ ʨʘʩʪʷʞʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʩʪʨʦʪʘ ʪʝʢʩʪʫʨʳ ʟʘʤʝʪʥʦ ʚʣʠʷʝʪ ʥʘ ʤʦʨʬʦʣʦʛʠʶ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʤʝʟʦʫʨʦʚʥʝ: ʯʝʤ ʩʠʣʴʥʝʝ ʪʝʢʩʪʫʨʘ, ʪʝʤ ʙʦʣʝʝ ʩʛʣʘʞʝʥʥʳʡ ʨʝʣʴʝʬ 

ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ɸʥʘʣʦʛʠʯʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, ʜʣʷ ʚʩʝʭ 

ʤʦʜʝʣʝʡ ʥʘ ʧʨʦʬʠʣʦʛʨʘʤʤʘʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ ʦʩʥʦʚʥʳʝ ʯʘʩʪʦʪʥʳʝ 
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ʢʦʤʧʦʥʝʥʪ,r ʩʚʷʟʘʥʥʳʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʝʥʴʰʠʭ ʠ ʙʦʣʴʰʠʭ ʢʣʘʩʪʝʨʦʚ ʟʝʨʝʥ, ʚʢʣʘʜ 

ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ ʦʩʪʨʦʪʳ ʪʝʢʩʪʫʨʳ. 
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ʛ ʠ 

ʈʠʩʫʥʦʢ 4.5 ï ɿʘʚʠʩʠʤʦʩʪʴ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʦʪ ʦʩʪʨʦʪʳ ʪʝʢʩʪʫʨʳ: (ʘ-ʚ) 

ʧʨʦʬʠʣʦʛʨʘʤʤʳ, (ʜ-ʠ) ʢʘʨʪʠʥʳ ʨʝʣʴʝʬʘ ʧʨʠ Ů=15,8%, (ʛ) ʟʘʚʠʩʠʤʦʩʪʠ Rd ʦʪ 

ʜʝʬʦʨʤʘʮʠʠ 
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ʅʘʠʙʦʣʝʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʧʨʦʬʠʣʝʡ ʩ ʭʘʨʘʢʪʝʨʥʳʤ 

ʧʝʨʠʦʜʦʤ 2-3 ʜʠʘʤʝʪʨʘ ʟʝʨʥʘ ʚʳʷʚʣʷʶʪʩʷ ʥʘ ʧʨʦʬʠʣʷʭ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʘ ʙʝʟ 

ʪʝʢʩʪʫʨʳ ʩ ʩʘʤʦʛʦ ʥʘʯʘʣʘ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʠ ʜʦʩʪʠʛʘʶʪ ʚʳʩʦʪʳ 7-9 ʤʢʤ ʧʨʠ 

15.8% ʨʘʩʪʷʞʝʥʠʷ (ʨʠʩʫʥʦʢ 4.5ʘ). ʅʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʪʘʢʦʡ 

ʨʝʣʴʝʬ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʚʠʜʝ ʧʝʨʠʦʜʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʦʙʣʘʩʪʝʡ 

ʵʢʩʪʨʫʜʠʨʦʚʘʥʥʦʛʦ ʠ ʠʥʪʨʫʜʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʨʠʩʫʥʦʢ 4.5ʜ) ʠ ʦʙʳʯʥʦ 

ʢʣʘʩʩʠʬʠʮʠʨʫʝʪʩʷ ʢʘʢ ʨʝʣʴʝʬ çʘʧʝʣʴʩʠʥʦʚʦʡ ʢʦʨʢʠè. ʇʦʩʣʝ 10% ʜʝʬʦʨʤʘʮʠʠ 

ʧʨʦʬʠʣʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʘʟʳʚʘʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʩʢʣʘʜʦʢ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤ ʧʝʨʠʦʜʦʤ 700-1000 ʤʢʤ (ʩʠʥʷʷ ʣʠʥʠʷ ʥʘ ʨʠʩʫʥʢʝ 4.5ʘ). ʆʜʥʘʢʦ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚʩʝ ʝʱʝ ʧʨʠʥʘʜʣʝʞʠʪ ʨʝʣʴʝʬʫ çʘʧʝʣʴʩʠʥʦʚʦʡ ʢʦʨʢʠè. 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʦʩʪʨʦʪʳ ʪʝʢʩʪʫʨʳ ʭʘʨʘʢʪʝʨʥʳʡ ʧʝʨʠʦʜ ʩʢʣʘʜʦʢ, ʚʥʦʩʷʱʠʭ 

ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʨʝʣʴʝʬ, ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ɺ ʤʦʜʝʣʠ ʥʘ ʨʠʩʫʥʢʝ 4.5ʙ, ʝ ʨʝʣʴʝʬ 

çʘʧʝʣʴʩʠʥʦʚʦʡ ʢʦʨʢʠè ʦʙʨʘʟʫʝʪʩʷ ʢʣʘʩʪʝʨʘʤʠ ʟʝʨʝʥ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʦʤ 4-5 

ʜʠʘʤʝʪʨʦʚ ʟʝʨʝʥ. ʕʪʠ ʩʢʣʘʜʢʠ, ʧʦʷʚʠʚʰʠʝʩʷ ʥʘ ʨʘʥʥʠʭ ʩʪʘʜʠʷʭ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ, ʩʪʘʥʦʚʪ̫ʩʷ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʤʠ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʥʘʛʨʫʞʝʥʠʠ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʢʣʘʜʢʠ ʚ ʨʘʩʩʤʦʪʨʝʥʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʜʝʬʦʨʤʘʮʠʡ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʳʷʚʣʷʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʝ ʧʨʦʬʠʣʝʡ (ʨʠʩʫʥʦʢ 4.5 ʙ). 

ʇʦʚʝʨʭʥʦʩʪʴ ʚʳʛʣʷʜʠʪ ʙʦʣʝʝ ʛʣʘʜʢʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚ ʤʦʜʝʣʠ ʙʝʟ 

ʪʝʢʩʪʫʨʳ (ʨʠʩʫʥʦʢ 4.5 ʝ). 

ɼʨʫʛʘʷ ʩʠʪʫʘʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʤʦʜʝʣʷʭ ʩ ʙʦʣʝʝ ʦʩʪʨʦʡ ʪʝʢʩʪʫʨʦʡ, ʛʜʝ 

ʢʨʫʧʥʳʝ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʢʣʘʜʢʠ, ʩʦʜʝʨʞʘʱʠʝ ʦʪ 10 ʠ ʙʦʣʝʝ ʟʝʨʝʥ, ʭʦʨʦʰʦ ʚʠʜʥʳ 

ʥʘ ʧʨʦʬʠʣʷʭ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʩʘʤʦʛʦ ʥʘʯʘʣʘ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʈʝʣʴʝʬ 

ʘʧʝʣʴʩʠʥʦʚʦʡ ʢʦʨʢʠ ʚʥʦʩʠʪ ʦʱʫʪʠʤʳʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

ʪʦʣʴʢʦ ʥʘ ʨʘʥʥʠʭ ʩʪʘʜʠʷʭ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʝʨʝʩʪʘʝʪ 

ʨʘʟʚʠʚʘʪʴʩʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ. ʅʘʢʦʥʝʮ, 

ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʢʣʘʜʢʠ, ʩʦʜʝʨʞʘʱʠʝ ʦʪ 20 ʜʦ 30 ʠ ʙʦʣʝʝ ʟʝʨʝʥ ʠ ʩʦʧʦʩʪʘʚʠʤʳʝ ʧʦ 

ʨʘʟʤʝʨʫ ʩ ʨʘʟʤʝʨʘʤʠ ʤʦʜʝʣʠ, ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʠ 15,8% ʜʝʬʦʨʤʘʮʠʠ; ʦʥʠ ʩʚʷʟʘʥʳ ʩ 

ʥʘʯʘʣʦʤ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʜʝʬʦʨʤʘʮʠʠ ʠ ʤʦʛʫʪ ʙʳʪʴ 

ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʳ ʢʘʢ ʚʦʣʥʠʩʪʦʩʪ.ɹ 
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ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ, ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʚ 

ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ, ʜʣʷ ʚʩʝʭ ʨʘʩʯʝʪʥʳʭ ʧʨʦʬʠʣʦʛʨʘʤʤ ʙʳʣ ʦʧʨʝʜʝʣʝʥ 

ʧʘʨʘʤʝʪʨ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ Rd ʧʦ ʬʦʨʤʫʣʝ (2.2). 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ ʧʦʩʪʨʦʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.5 ʛ. ɺ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʢʨʠʚʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʥʝʣʠʥʝʡʥʳʡ ʨʦʩʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʉʨʘʚʥʝʥʠʝ ʢʨʠʚʳʭ Rd 

(ʨʠʩʫʥʦʢ 4.5ʛ) ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʢʘʨʪʠʥʘʤʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

(ʨʠʩʫʥʦʢ 4.5ʜ-ʠ) ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʙʱʫʶ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ: ʯʝʤ ʦʩʪʨʝʝ ʪʝʢʩʪʫʨʘ, ʪʝʤ 

ʤʝʥʝʝ ʚʳʨʘʞʝʥ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʠʞʝ ʟʥʘʯʝʥʠ ̫ Rd. 

ɼʘʥʥʳʡ ʚʳʚʦʜ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʩʨʘʚʥʝʥʠʝʤ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ï 

ʟʘʚʠʩʠʤʦʩʪʴ Rd ʜʣʷ ʦʙʨʘʟʮʘ 2 ʩ ʙʦʣʝʝ ʦʩʪʨʦʡ ʘʢʩʠʘʣʴʥʦʡ ʪʝʢʩʪʫʨʦʡ <100>||X 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʙʦʣʝʝ ʥʠʟʢʫʶ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʦʤ 1 (ʩʨ. 

ʢʨʠʚʳʝ ʥʘ ʨʠʩʫʥʢʝ 2.17 ʘ ʠ ʙ). ʉʣʝʜʫʝʪ, ʦʜʥʘʢʦ, ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʪʦʪ ʚʳʚʦʜ ʩʜʝʣʘʥ 

ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʩʣʫʯʘʷ ʘʢʩʠʘʣʴʥʦʡ ʪʝʢʩʪʫʨʳ <100>||X ʠ ʤʦʞʝʪ ʥʝ ʚʳʧʦʣʥʷʪʴʩʷ ʜʣʷ 

ʜʨʫʛʠʭ ʩʣʫʯʘʝʚ. ʅʘʧʨʠʤʝʨ, Wittridge ʠ Knutsen [141] ʧʦʢʘʟʘʣʠ ʥʘ ʧʨʠʤʝʨʝ ʜʚʫʭ 

ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ ʦʜʥʦʛʦ ʩʦʩʪʘʚʘ, ʯʪʦ ʚʳʨʘʞʝʥʥʘʷ ʢʣʘʩʪʝʨʠʟʘʮʠʷ ʪʝʢʩʪʫʨʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʧʨʠʚʝʣʘ ʢ ʨʘʟʚʠʪʠʶ ʚʳʨʘʞʝʥʥʳʭ ʤʝʟʦʤʘʩʰʪʘʙʥʳʭ ʛʨʝʙʥʝʡ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʨʘʩʪʷʞʝʥʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʩʣʫʯʘʝ ʙʦʣʝʝ 

ʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʢʩʪʫʨʥʳʭ ʢʦʤʧʦʥʝʥʪ ʟʘʤʝʪʥʦʡ ʤʝʟʦʤʘʩʰʪʘʙʥʦʡ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ɸʥʘʣʦʛʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʚʦʜʷʪʩʷ ʚ ʨʘʙʦʪʝ 

[16]. 

ʉʨʘʚʥʠʤ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʥʘ ʨʠʩʫʥʢʝ 4.5 ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ, ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 4.6, ʜʣʷ ʤʦʜʝʣʝʡ 

ʩ ʨʘʟʣʠʯʥʳʤʠ ʦʨʠʝʥʪʘʮʠʷʤʠ ʟʝʨʝʥ. ʆʙʱʠʤ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʧʦʣʷ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʘʙʦʨ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʧʦʣʦʩ, 

ʧʨʦʭʦʜʷʱʠʭ ʯʝʨʝʟ ʟʝʨʥʘ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʠʭ ʦʨʠʝʥʪʘʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʭ ʤʦʞʥʦ 

ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʢʘʢ ʥʝʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʤʦʜʳ ʜʝʬʦʨʤʘʮʠʠ, 

ʨʘʟʚʠʚʘʶʱʠʝʩʷ ʥʘ ʤʝʟʦʤʘʩʰʪʘʙʥʦʤ ʫʨʦʚʥʝ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʝʬʦʨʤʘʮʠʦʥʥʳʤ 

ʨʝʣʴʝʬʦʤ, ʩʪʝʧʝʥʴ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʦʨʠʝʥʪʘʮʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʭ ʧʦʣʦʩ 

ʟʘʚʠʩʷʪ ʦʪ ʦʩʪʨʦʪʳ ʪʝʢʩʪʫʨʳ. ɺ ʧʦʣʠʢʨʠʩʪʘʣʣʝ ʩʦ ʩʣʫʯʘʡʥʦʡ ʪʝʢʩʪʫʨʦʡ 
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ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʝ ʧʦʣʦʩʳ ʚʳʨʘʞʝʥʳ ʩʠʣʴʥʝʝ, ʯʝʤ ʚ ʜʨʫʛʠʭ ʤʦʜʝʣʷʭ, ʠ ʚ ʦʩʥʦʚʥʦʤ 

ʦʥʠ ʣʝʞʘʪ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʢ ʦʩʠ ʥʘʛʨʫʞʝʥʠʷ (ʨʠʩʫʥʦʢ 4.6ʘ). ɺ ʩʣʫʯʘʝ ʙʦʣʝʝ 

ʩʣʘʙʦʡ ʪʝʢʩʪʫʨʳ (ʨʠʩʫʥʦʢ 4.6ʙ) ʤʝʟʦʤʘʩʰʪʘʙʥʳʝ ʧʦʣʦʩʳ ʠʤʝʶʪ ʪʝʥʜʝʥʮʠʶ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʜ ʫʛʣʦʤ 45 ʛʨʘʜʫʩʦʚ ʢ ʦʩʠ ʥʘʛʨʫʞʝʥʠʷ. ʉʪʝʧʝʥʴ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʚ ʵʪʠʭ ʦʙʣʘʩʪʷʭ ʥʠʞʝ, ʯʝʤ ʚ ʤʦʜʝʣʠ ʙʝʟ ʪʝʢʩʪʫʨʳ. ɽʱʝ ʙʦʣʝʝ ʥʠʟʢʠʝ 

ʟʥʘʯʝʥʠʷ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʤʝʟʦʤʘʩʰʪʘʙʥʳʭ ʧʦʣʦʩ ʚ 

ʤʦʜʝʣʷʭ ʩ ʙʦʣʝʝ ʦʩʪʨʳʤʠ ʪʝʢʩʪʫʨʘʤʠ (ʨʠʩʫʥʦʢ 4.6ʚ,ʛ). ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʦʜʥʘʢʦ, 

ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʣʦʢʘʣʠʟʫʝʪʩʷ ʥʘ ʙʦʣʝʝ ʢʨʫʧʥʦʤ ʤʘʩʰʪʘʙʝ ʚ ʦʙʣʘʩʪʷʭ, 

ʧʨʦʭʦʜʷʱʠʭ ʯʝʨʝʟ ʚʩʶ ʪʦʣʱʠʥʫ ʦʙʨʘʟʮʘ ʠ ʥʘʢʣʦʥʝʥʥʳʭ ʧʦʜ ʫʛʣʦʤ ʢ ʦʩʠ 

ʥʘʛʨʫʞʝʥʠʷ. ɹʫʜʫʯʠ ʩʨʘʚʥʠʤʳʤʠ ʧʦ ʨʘʟʤʝʨʫ ʩ ʤʦʜʝʣʴʶ, ʠʭ ʤʦʞʥʦ 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʢʘʢ ʦʙʨʘʟʦʚʘʥʠʝ ʰʝʡʢʠ, ʩʚʷʟʘʥʥʦʝ ʩ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ 

ʵʬʬʝʢʪʘʤʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʤʝʟʦ- ʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʦʙʣʘʩʪʠ 

ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʬʦʨʤʠʨʫʶʪʩʷ ʥʝ ʚ ʚʝʨʰʠʥʘʭ ʠʣʠ 

ʚʧʘʜʠʥʘʭ, ʘ ʚ ʥʘʢʣʦʥʥʳʭ ʦʙʣʘʩʪʷʭ ʧʝʨʝʭʦʜʘ ʤʝʞʜʫ ʥʠʤʠ. 

 

ʈʠʩʫʥʦʢ 4.6 ï ʇʦʣʷ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʧʨʠ 15,8% 

ʨʘʩʪʷʞʝʥʠʷ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʝʣʷʭ ʩ ʫʛʣʦʤ ʨʘʩʩʝʷʥʠʷ ʪʝʢʩʪʫʨʳ <100>||X 

90Á (ʘ), 30Á (ʙ), 20Á (ʚ) ʠ 10Á (ʛ) 
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4.3 ʉʚʷʟʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʨʝʣʴʝʬʘ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʅɼʉ 

ɼʣʷ ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʦʩʪʨʦʪʦʡ ʪʝʢʩʪʫʨʳ ʙʳʣ 

ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʩʚʷʟʠ ʤʝʞʜʫ ʦʩʪʨʦʪʦʡ ʪʝʢʩʪʫʨʳ, ʢʦʤʧʦʥʝʥʪʘʤʠ ʪʝʥʟʦʨʘ 

ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʤ ʨʝʣʴʝʬʦʤ. ɼʣʷ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʦʪ ʚʩʪʨʝʯ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ. ʂʨʠʚʳʝ ʯʘʩʪʦʪ ʚʩʪʨʝʯ ʜʠʘʛʦʥʘʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ, ʧʦʩʪʨʦʝʥʥʳʝ ʩ 

ʰʘʛʦʤ ʚ 5 ʄʇʘ ʜʣʷ ʨʘʩʪʷʞʝʥʠʷ 9%, ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.7 ʜʣʷ ʪʨʝʭ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʤʦʜʝʣʝʡ. ʆʙʱʠʤ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʢʨʠʚʳʝ 

ʯʘʩʪʦʪ ʚʩʪʨʝʯ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʦʨʤʘʣʴʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷʤ. ʅʘʧʨʷʞʝʥʠʷ ůxx, ʜʝʡʩʪʚʫʶʱʠʝ ʚʜʦʣʴ ʦʩʠ ʨʘʩʪʷʞʝʥʠʷ (ʢʨʘʩʥʳʝ 

ʢʨʠʚʳʝ ʥʘ ʨʠʩʫʥʢʝ 4.7), ʩʠʤʤʝʪʨʠʯʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʥʘʯʝʥʠʡ, ʙʣʠʟʢʠʭ ʠʣʠ ʨʘʚʥʳʭ 

ʩʨʝʜʥʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ. ʇʦʩʣʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʚʳʯʠʩʣʝʥʳ ʧʦ ʢʨʠʚʳʤ 

ʥʘʛʨʫʞʝʥʠʷ ʧʨʠ 9% ʨʘʩʪʷʞʝʥʠ ̫ʠ ʦʙʦʟʥʘʯʝʥʳ ʧʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʥʘ ʛʨʘʬʠʢʘʭ 

(ʨʠʩʫʥʦʢ 4.7). 

 

ʘ     ʙ    ʚ 

ʈʠʩʫʥʦʢ 4.7 ï ʏʘʩʪʦʪʳ ʚʩʪʨʝʯ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʦʜʝʣʷʭ ʩ 

ʫʛʣʦʤ ʨʘʩʩʝʷʥʠʷ ʪʝʢʩʪʫʨʳ <100>||X 90Á(ʘ), 30Á (ʙ), ʠ 10Á (ʚ) 

ʏʘʩʪʦʪʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ůyy ʠ ůzz (ʟʝʣʝʥʳʝ ʠ ʩʠʥʠʝ ʢʨʠʚʳʝ ʥʘ 

ʨʠʩʫʥʢʝ 4.7), ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʦʨʤʘʣʴʥʦ ʢ ʦʩʠ ʨʘʩʪʷʞʝʥʠʷ, ʩʠʤʤʝʪʨʠʯʥʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʫʣʷ, ʧʨʠʯʝʤ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʠ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 
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ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʩʪʷʛʠʚʘʶʱʠʤ ʠ ʩʞʠʤʘʶʱʠʤ ʥʘʧʨʷʞʝʥʠʷʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʆʙʣʘʩʪʠ ʨʘʩʪʷʛʠʚʘʶʱʠʭ ʠ ʩʞʠʤʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ ʢʦʤʧʝʥʩʠʨʫʶʪ ʜʨʫʛ ʜʨʫʛʘ, ʪʘʢ 

ʯʪʦ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʨʘʚʥʳ ʥʫʣʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ 

ʫʩʣʦʚʠʷ ʨʘʚʥʦʚʝʩʠʷ ʧʨʠ ʦʜʥʦʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ ʚʳʧʦʣʥʷʶʪʩʷ. 

ɹʫʜʫʯʠ ʠʥʚʘʨʠʘʥʪʥʦʡ ʢʦʤʙʠʥʘʮʠʝʡ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ, 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʧʨʷʞʝʥʠʡ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʪʝʥʜʝʥʮʠʶ ʢ ʙʠʤʦʜʘʣʴʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷʤ (ʯʝʨʥʳʝ ʢʨʠʚʳʝ ʥʘ ʨʠʩʫʥʢʝ 4.7), ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʜʚʫʭ 

ʭʘʨʘʢʪʝʨʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ. ɹʠʤʦʜʘʣʴʥʘʷ 

ʬʦʨʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʦʙʫʩʣʦʚʣʝʥʘ ʩʫʤʤʘʨʥʳʤʠ 

ʚʢʣʘʜʘʤʠ ʦʜʥʦʤʦʜʘʣʴʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʳʝ, 

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʦʩʪʨʦʪʦʡ ʪʝʢʩʪʫʨʳ. ʕʪʦʪ ʚʳʚʦʜ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ 

ʩʪʦʣʙʯʘʪʦʡ ʜʠʘʛʨʘʤʤʦʡ ʥʘ ʨʠʩʫʥʢʝ 4.8, ʛʜʝ ʧʨʠʚʝʜʝʥʳ ʩʪʘʥʜʘʨʪʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʜʣʷ 

ʯʘʩʪʦʪʥʳʭ ʢʨʠʚʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʠʟʦʙʨʘʞʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 4.7. ʀʟ ʩʪʦʣʙʯʘʪʦʡ 

ʜʠʘʛʨʘʤʤʳ ʚʠʜʥʦ, ʯʪʦ ʯʝʤ ʩʣʘʙʝʝ ʪʝʢʩʪʫʨʘ, ʪʝʤ ʙʦʣʴʰʝ ʦʪʢʣʦʥʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʦʪ 

ʠʭ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʠ ʪʝʤ ʙʦʣʴʰʝ ʚʢʣʘʜʳ ʥʘʧʨʷʞʝʥʠʡ ůyy ʠ ůzz ʚ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ 

ʧʦʚʝʜʝʥʠʝ ʤʘʪʝʨʠʘʣʘ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠʟʤʝʥʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʧʠʢʘʤʠ 

ʥʘ ʢʨʠʚʳʭ ʯʘʩʪʦʪ ʚʩʪʨʝʯ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ (ʨʠʩʫʥʦʢ 4.7). 

 

ʈʠʩʫʥʦʢ 4.8 ï ʉʪʘʥʜʘʨʪʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʯʘʩʪʦʪʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʢʦʤʧʦʥʝʥʪ 

ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʜʦ 9 % 
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ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʘʧʨʷʞʝʥʠʷ ůzz, ʜʝʡʩʪʚʫʶʱʠʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʥʳʝ ʩ ʚʝʨʪʠʢʘʣʴʥʳʤʠ ʧʝʨʝʤʝʱʝʥʠʷʤʠ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʘʭ 4.9 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ůzz 

ʜʣʷ ʤʦʜʝʣʝʡ ʩ ʩʠʣʴʥʦʡ ʪʝʢʩʪʫʨʦʡ ʠ ʩʣʫʯʘʡʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʟʝʨʥʘʤʠ. ɿʜʝʩʴ 

ʦʙʣʘʩʪʠ, ʦʢʨʘʰʝʥʥʳʝ ʚ ʩʠʥʠʡ ʠ ʢʨʘʩʥʳʡ ʮʚʝʪʘ, ʦʙʦʟʥʘʯʘʶʪ ʦʪʨʠʮʘʪʝʣʴʥʳʝ 

(ʩʞʠʤʘʶʱʠʝ) ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʝ (ʨʘʩʪʷʛʠʚʘʶʱʠʝ) ʥʘʧʨʷʞʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

   ʘ       ʙ 

ʈʠʩʫʥʦʢ 4.9 ï ʅʘʧʨʷʞʝʥʠʷ ůzz, ʜʝʡʩʪʚʫʶʱʠʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʤʦʜʝʣʷʭ ʩ ʩʠʣʴʥʦʡ ʪʝʢʩʪʫʨʦʡ (ʘ) ʠ ʙʝʟ ʪʝʢʩʪʫʨʳ (ʙ), Ů=9% 

ɺ ʦʙʝʠʭ ʤʦʜʝʣʷʭ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ ʧʦʢʘʟʳʚʘʝʪ ʥʫʣʝʚʳʝ ʥʦʨʤʘʣʴʥʳʝ 

ʥʘʧʨʷʞʝʥʠʷ ʧʦʚʩʶʜʫ, ʢʨʦʤʝ ʦʙʣʘʩʪʝʡ ʦʢʦʣʦ ʛʨʘʥʠʮ ʟʝʨʝʥ. ʆʜʥʘʢʦ ʫʞʝ ʥʘ ʛʣʫʙʠʥʝ 

ʧʦʣʦʚʠʥʳ ʜʠʘʤʝʪʨʘ ʟʝʨʥʘ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʥʫʣʝʚʳʝ ʥʦʨʤʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ 

ʟʘʥʠʤʘʶʪ ʚʩʝ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʤʦʜʝʣʠ ʧʦʣʠʢʨʠʩʪʘʣʣʘ. ʆʙʣʘʩʪʠ ʨʘʩʪʷʛʠʚʘʶʱʠʭ 

ʠ ʩʞʠʤʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩʦ ʩʞʘʪʠʝʤ ʠ ʨʘʩʪʷʞʝʥʠʝʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʠʤʝʶʪ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ. ʈʘʩʪʷʛʠʚʘʶʱʠʝ ʠ ʩʞʠʤʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʜʝʡʩʪʚʫʶʱʠʝ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʚʷʟʘʥʳ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʚʦʟʚʳʰʝʥʠʡ 

ʠ ʚʧʘʜʠʥ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʨʠ ʵʪʦʤ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʠʢʘʤʠ ʠ ʚʧʘʜʠʥʘʤʠ 

ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʦʪʢʣʦʥʝʥʠʷʤʠ ʥʘʧʨʷʞʝʥʠʡ ʦʪ ʥʫʣʝʚʦʛʦ ʫʨʦʚʥʷ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʙʦʣʝʝ ʚʳʨʘʞʝʥ ʚ ʥʝʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʤ ʧʦʣʠʢʨʠʩʪʘʣʣʝ, ʛʜʝ 

ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʫʨʦʚʥʝ ʟʝʨʥʘ ʩʠʣʴʥʝʝ ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ. 
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ɿɸʂʃʖʏɽʅʀɽ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʵʚʦʣʶʮʠʠ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ 

ʘʣʶʤʠʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʠ ʫʩʪʘʥʦʚʣʝʥʘ ʩʚʷʟʴ ʤʝʞʜʫ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ 

ʤʝʟʦʫʨʦʚʥʝ. 

ɹʳʣʠ ʚʳʧʦʣʥʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʵʚʦʣʶʮʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʦʙʨʘʟʮʘʭ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ʚ ʫʩʣʦʚʠʷʭ 

ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʠ ʫʩʪʘʥʦʚʣʝʥʘ ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʢʦʨʨʝʣʷʮʠʷ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦ ʩʪʝʧʝʥʴʶ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ; 

2. ʅʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʩʪʨʦʝʥʘ ʩʪʨʫʢʪʫʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʠʥʠʷ ʩ ʷʚʥʳʤ ʫʯʝʪʦʤ ʛʝʦʤʝʪʨʠʠ ʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ, ʚʦʩʧʨʦʠʟʚʦʜʷʱʘʷ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ; 

3. ʏʠʩʣʝʥʥʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʣʦʢʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʅɼʉ ʠ ʫʩʪʘʥʦʚʣʝʥʘ 

ʠʭ ʩʚʷʟʴ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʤʦʜʝʣʴʥʳʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ; 

4. ʏʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʦʩʪʨʦʪʳ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ ʥʘ 

ʣʦʢʘʣʠʟʘʮʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ ʥʘ ʤʝʟʦʫʨʦʚʥʝ. 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʯʠʩʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣʠ 

ʩʜʝʣʘʥʳ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

1. ʇʦʢʘʟʘʥʦ ʯʪʦ, ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʘ ̫ ʤʦʜʝʣ ɹ ʥʘ ʦʩʥʦʚʝ ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ 

ʧʣʘʩʪʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ, ʫʯʠʪʳʚʘʶʱʘ ̫ ʚ ʷʚʥʦʤ ʚʠʜʝ ʤʦʨʬʦʣʦʛʠʶ ʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʫʶ ʦʨʠʝʥʪʘʮʠʶ ʟʝʨʝʥ, ʧʦʟʚʦʣʷʝʪ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʚʠʜʝ ʩʢʣʘʜʦʢ 
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ʨʘʟʣʠʯʥʦʛʦ ʨʘʟʤʝʨʘ ʠ ʬʦʨʤʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʘʣʶʤʠʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʫʞʝʥʠʷ. 

2. ʅʘ ʧʨʠʤʝʨʝ ʦʙʨʘʟʮʦʚ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ʚʳʷʚʣʝʥʦ ʥʘʣʠʯʠʝ 

ʩʠʣʴʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʨʝʣʴʝʬʘ RD ʩʦ ʩʪʝʧʝʥʴʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ, ʯʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʦʮʝʥʢʠ ʥʘʢʦʧʣʝʥʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦ 

ʚʝʣʠʯʠʥʝ ʧʘʨʘʤʝʪʨʘ RD 

3. ʏʠʩʣʝʥʥʦ ʫʩʪʘʥʦʚʣʝʥʦ ʯʪʦ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʘʣʶʤʠʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ ʩʚʷʟʘʥʦ ʩʦ ʩʣʦʞʥʳʤ ʅɼʉ ʥʘ ʫʨʦʚʥʝ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʢʦʪʦʨʦʛʦ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʚʦʟʥʠʢʘʶʪ ʢʦʣʣʝʢʪʠʚʥʳʝ ʩʤʝʱʝʥʠʷ ʛʨʫʧʧ ʟʝʨʝʥ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

4. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʯʠʩʣʝʥʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʝ ʩʢʣʘʜʢʠ ʥʘ 

ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʬʦʨʤʠʨʫʶʪʩʷ ʟʘ ʩʯʝʪ ʢʦʣʣʝʢʪʠʚʥʳʭ 

ʩʤʝʱʝʥʠʡ ʢʣʘʩʪʝʨʦʚ ʠʟ 3-5 ʟʝʨʝʥ ʠ ʫʢʨʫʧʥʷʶʪʩʷ ʜʦ 15-20 ʟʝʨʝʥ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ 

ʜʝʬʦʨʤʘʮʠʠ. ʆʧʨʝʜʝʣʷʶʱʠʡ ʚʢʣʘʜ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʝʣʴʝʬʘ ʚʥʦʩʷʪ ʩʢʣʘʜʢʠ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤ ʧʝʨʠʦʜʦʤ 0.7-1.2 ʤʤ, ʯʪʦ ʩʦʩʪʘʚʣʷʝʪ 10-15 ʟʝʨʝʥ. ɸʤʧʣʠʪʫʜʘ ʧʠʢʦʚ ʠ 

ʚʧʘʜʠʥ, ʩʬʦʨʤʠʨʦʚʘʚʰʠʭʩʷ ʥʘ ʨʘʥʥʝʡ ʩʪʘʜʠʠ, ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʩ ʨʦʩʪʦʤ 

ʜʝʬʦʨʤʘʮʠʠ, ʥʦ ʠʭ ʚʟʘʠʤʥʦʝ ʧʦʣʦʞʝʥʠʝ ʥʝ ʤʝʥʷʣʦʩʴ. 

5. ʇʦʣʫʯʝʥʦ, ʯʪʦ ʚʢʣʘʜʳ ʥʘʧʨʷʞʝʥʠʡ, ʜʝʡʩʪʚʫʶʱʠʭ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʘʭ ʥʘ 

ʟʝʨʝʥʥʦʤ ʫʨʦʚʥʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʫʤʝʥʴʰʘʶʪʩʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʦʩʪʨʦʪʳ ʪʝʢʩʪʫʨʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʣʴʥʘʷ ʢʫʙʠʯʝʩʢʘʷ ʪʝʢʩʪʫʨʘ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʤʠʢʨʦʨʝʣʴʝʬʘ, ʥʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ 

ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʭ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ ʙʦʣʝʝ ʢʨʫʧʥʦʛʦ ʨʘʟʤʝʨʘ (ʚʦʣʥʠʩʪʦʩʪʠ). 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʧʦʜʭʦʜʘ ʢ ʘʥʘʣʠʟʫ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠ ̫ ʤʝʪʦʜʦʚ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ 

ʢʦʥʪʨʦʣʷ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʦʪʨʘʩʣʝʡ, ʪʘʢʠʭ ʢʘʢ 

ʘʵʨʦʢʦʩʤʠʯʝʩʢʘʷ, ʘʚʪʦʤʦʙʠʣʴʥʘʷ, ʤʝʜʠʮʠʥʩʢʘʷ, ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʠ ʩʪʨʦʠʪʝʣʴʥʘʷ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ.  



103 

 

ʉʇʀʉʆʂ ʃʀʊɽʈɸʊʋʈʓ 

1 ʇʘʥʠʥ, ɺ. ɽ. ʇʦʚʝʨʭʥʦʩʪʥʳʝ ʩʣʦʠ ʠ ʚʥʫʪʨʝʥʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʚ 

ʛʝʪʝʨʦʛʝʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ : ʄʦʥʦʛʨʘʬʠʷ / ɺ. ɽ. ʇʘʥʠʥ. ï ʅʦʚʦʩʠʙʠʨʩʢ : ʉʠʙʠʨʩʢʦʝ 

ʦʪʜʝʣʝʥʠʝ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, 2006. ï 520 ʩ. ï ISBN 978-5-7692-0868-6. ï 

EDN SUTKGL.  

2 ɿʠʥʦʚʴʝʚʘ, ʆ. ʉ. ʄʝʭʘʥʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʛʨʫʞʝʥʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ: ʜʠʩ. 

ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ: 01.02.04 / ʆ. ʉ. ɿʠʥʦʚʴʝʚʘ. ï ʊʦʤʩʢ, 2015. ï 156 ʩ. 

3 ɽʤʝʣʴʷʥʦʚʘ ɽ. ʉ. ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʚʠʪʠʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʪʠʪʘʥʝ ʥʘ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʥʳʭ 

ʫʨʦʚʥʷʭ: ʜʠʩ. ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ : 1.1.8 / ɽ.ʉ. ɽʤʝʣʴʷʥʦʚʘ. ï ʊʦʤʩʢ, 2023. ï 154 ʩ.  

4 ʏʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ / ɺ. ɸ. 

ʈʦʤʘʥʦʚʘ, ʈ. ʈ. ɹʘʣʦʭʦʥʦʚ, ʅ. ʀ. ʂʘʨʧʝʥʢʦ, ʆ. ʉ. ɽʤʝʣʴʷʥʦʚʘ (ɿʠʥʦʚʴʝʚʘ), ɺ. ɸ. 

ʂʦʚʘʣʝʚ // ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. - 2011. - ʊ. 14, ˉ 5. - C. 55-64. 

5 Early prediction of macroscale plastic strain localization in titanium from 

observation of mesoscale surface roughening / Romanova V., Balokhonov R., 

Emelianova E., Sinyakova E., Kazachenok M. // Int. J. Mech. Sci. ï 2019. ï V. 161ï162. 

6 Grain-scale micromechanics of polycrystal surfaces during plastic straining / 

Raabe D., Sachtleber M., Weiland H., Scheele G., Zhao Z. // Acta Mater. ï 2003. ï V. 

51. ï P. 1539ï1560. 

7 Investigation of deformation induced micro to macro scale surface roughness / 

A. Olayinka, W. J. Emblom, S. W. Wagner, M. Khonsari, A. Haghshenas // Procedia 

Manufacturing. ï 2020. ï Vol. 48, ï P. 237-243. 

8 ʊʝʧʣʷʢʦʚʘ ʃ. ɸ. ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ ʤʘʢʨʦʣʦʢʘʣʠʟʘʮʠʠ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʘʣʶʤʠʥʠʷ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʦʩʠ ʩʞʘʪʠʷ [110] / ʊʝʧʣʷʢʦʚʘ ʃ. ɸ., 

ʃʳʯʘʛʠʥ ɼ. ɺ., ɹʝʩʧʘʣʦʚʘ ʀ. ɺ // ʌʠʟ. ʤʝʟʦʤʝʭ. ï 2004. ï ʊ. 7, ˉ 6. ï ʉ. 63-78. 



104 

 

9 ɸlfyorovʘ E. ɸ. Self-orgʘnizʘtion of plʘstic deformʘtion ʘnd deformʘtion relief 

in FCC single crystʘls / E.ɸ. ɸlfyorovʘ, D. V Lychʘgin // Mechʘnics of Mʘteriʘls. ï 2018. 

ï Vol. 117. ï P. 202ï213. 

10 Chʘrʘcterisʘtion of orʘnge peel on highly polished steel surfʘces / M.L. 

Mirʘndʘ-Medinʘ, P. Somkuti, D. Biʘnchi [et ʘl.] // Surfʘce Engineering. ï 2015. ï Vol. 

31. ï P. 519ï525. 

11 The fundamental relationships between grain orientation, deformation-

induced surface roughness and strain localization in an aluminum alloy / Stoudt M.R., 

Levine L.E., Creuziger A., Hubbard J.B. // Mater. Sci. Eng. A. ï 2011. ï V. 530. ï P. 

107ï116. 

12 ʕʚʦʣʶʮʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ ʣʦʢʘʣʴʥʳʭ 

ʜʝʬʦʨʤʘʮʠʡ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʪʷʞʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʠʥʠʷ / ɺ. ɸ. 

ʈʦʤʘʥʦʚʘ, ʈ. ʈ. ɹʘʣʦʭʦʥʦʚ, ɺ. ʉ. ʐʘʭʠʜʞʘʥʦʚ [ʠ ʜʨ.] // ʌʠʟʠʯʝʩʢʘʷ ʄʝʟʦʤʝʭʘʥʠʢʘ. 

ï 2021. ï ʊ. 24, ˉ 5. ï ʉ. 79ï88 

13 On the evolution of surface roughness during deformation of polycrystalline 

aluminum alloys / O. Wouters, W.P. Vellinga, R. Van Tijum, J.Th.M. de Hosson // Acta 

Materialia. ï 2005. ï Vol. 53, is 15. P. 4043ï4050. 

14 Meso-Scale Modelling on Ridging or Roping of Aluminium Alloys / L. Qin, 

M. Seefeldt, P. Van Houtte // Materials Science and Technology. ï 2013. ï P. 5-7. 

15 Effect of strain state on the surface roughening for hydroforming of aluminum 

alloy tube based on cross-scale numerical modeling / S. Zhu, W. Chen, J. Zhao, S. Yuan 

// Journal of Materials Research and Technology. ï 2024. ï Vol. 32, ï P. 2502ï2512. 

16 On the correlation between roping, texture, and morphology of aluminium 

alloy sheets / Y. Hu, G. Zhou, R. Liu [et al.] // Journal of Materials Research and 

Technology. ï 2023. ï Vol. 26, ï P. 571ï586. 

17 Numerical study of the surface hardening effect on the deformation-induced 

roughening in titanium polycrystals / V. Romanova, R. Balokhonov, O. Zinovieva, V. 

Shakhidjanov // Comput. Mater. Sci. ï 2016. ï Vol. 116. ï P. 96-102. 



105 

 

18 Micro- and mesomechanical aspects of deformation-induced surface 

roughening in polycrystalline titanium / Romanova V., Balokhonov R., Panin A., 

Kazachenok M., Kozelskaya A. // Mater. Sci. Eng. A. ï 2017. ï V. 697. ï P. 248ï258. 

19 Panin V.E. Overview on mesomechanics of plastic deformation and fracture 

of solids // Theor. Appl. Fract. Mech. 1998. V. 30. ˉ 1. P. 1-11. 

20 Ottenklev F. Non-monotonic evolution of surface roughness in a stainless steel 

during cold deformation / F. Ottenklev, M. Adell, D. Orlov // Materials Science and 

Engineering. ï 2021. ï P. 799. 

21 Becker, R. Effects of strain localization on surface roughening during sheet 

forming // Acta Materialia. ï 1998. ï Vol. 46, ˉ4. ï P. 1385ï1401. 

22 Numerical analyses of surface roughness during bending of FCC single 

crystals and polycrystals / J. Rossiter, A. Brahme, K. Inal, R. Mishra // International 

Journal of Plasticity. ï 2013. ï Vol. 46. ï P. 82ï93.  

23 Modeling of the ordered surface topography of statically deformed aluminum 

alloy / I. V. Lytvynenko, P.O. Maruschak, S.A. Lupenko, P. V. Popovych // Materials 

Science. ï 2016. ï Vol. 52. ï P. 113ï122. 

24 Multi -purpose fatigue sensor. Part 2. Physical backgrounds for damages 

accumulation and parameters of their assessment / M.V. Karuskevich, S.R. Ignatovich, 

T.P. Maslak, A. Menou [et al.] // Frattura Ed Integrit¨ Strutturale. ï 2016. ï Vol. 10. 

ï P. 205ï214. 

25 Maruschak P. Methods for evaluating fracture patterns of polycrystalline 

materials based on the parameter analysis of ductile separation dimples: A review / P. 

Maruschak, I. Konovalenko, A. Sorochak // Eng. Fail. Anal. ï 2023. ï Vol. 153. 

26 Experimental and Numerical Investigation of Mesoscale Deformation-

Induced Surface Roughening in Polycrystalline Metals and Alloys (Review) / 

E.S. Emelianova, O.S. Zinovieva, V.A.  Romanova [et al.]. ï Phys. Mesomech. ï 2024. 

ï Vol. 27. ï P. 16ï33. 

27 Bʘnovic S. W. Evolution of strʘin-induced microstructure ʘnd texture in 

commerciʘl ʘluminum sheet under bʘlʘnced biʘxiʘl stretching / S.W. Bʘnovic, T. Foecke 

// Metʘllurgicʘl ʘnd Mʘteriʘls Trʘnsʘctions ɸ. ï 2003. ï Vol. 34. ï P. 657ï671. 



106 

 

28 A review of deformation-induced roughness effects in metals / E. Emelianova, 

M. Pisarev, O. Zinovieva, V. Shakhidjanov // AIP Conf. Proc. ï 2022. Vol. 2509, ˉ1. 

29 Romanova V.A Numerical study of mesoscale surface roughening in 

aluminum polycrystals under tension / V.A. Romanova, R.R. Balokhonov, S. Schmauder 

// Mater. Sci.Eng. A. ï 2013. ï V. 564. ï P. 255ï263. 

30 Grain boundary sliding and rotational mechanisms of intragranular 

deformation at different creep stages of high-purity aluminum polycrystals at various 

temperatures and stresses / Panin V.E., Surikova N.S., Elsukova T.F., Vlasov I.V., 

Borisyuk D.V. // Mater. Sci. Eng. A. ï 2018. ï V. 733. ï P. 276ï284. 

31 On the evolution of surface roughness during deformation of polycrystalline 

aluminum alloys / O. Wouters, W. P.Vellinga, R. Van Tijum, J. T. M de Hosson // Acta 

Materialia. ï 2005 Vol. 53, is. 15. ï P. 4043ï4050.  

32 Numerical analyses of surface roughness during bending of FCC single 

crystals and polycrystals / J. Rossiter, A. Brahme, K. Inal, R. Mishra // International 

Journal of Plasticity. ï 2013. ï Vol. 46. ï P. 82ï93. 

33 ɸ compʘrison of collective dislocʘtion motion from single slip quʘntitʘtive 

topogrʘphic ʘnʘlysis during in-situ ɸFM room temperʘture tensile tests on Cu ʘnd Fe ʘ 

crystʘls / C. Kʘhloun, G. Monnet, S. Queyreʘu [et ʘl.] // Internʘtionʘl Journʘl of Plʘsticity. 

ï 2016. ï Vol. 84. ï P. 277ï298. 

34 ʍʦʥʠʢʦʤʙ ʈ. ʇʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʤʝʪʘʣʣʦʚ. ï ʄ.: ʄʠʨ, 1972. 

35 ɹʝʨʥʝʨ ʈ., ʂʨʦʥʤʶʣʣʝʨ ɻ. ʇʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. ï 

ʄ.: ʄʠʨ, 1969. 

36 Harren S.V. Shear band formation in plane strain compression / S.V. Harren, 

H.E. Deve, R.S. Asaro // Acta Metall. ï 1988. ï Vol. 36, ˉ9. ï P. 2436ï2480. 

37 Mechanical Aspects of Nonhomogeneous Deformation of Aluminum Single 

Crystals under Compression along [100] and [110] Directions. / V. Romanova [et al.] // 

Metals.  ï 2022. ï 12. 

38 ʊʝʧʣʷʢʦʚʘ, ʃ. ɸ. ʆʩʦʙʝʥʥʦʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʩʜʚʠʛʘ ʥʘ 

ʤʘʢʨʦʫʨʦʚʥʝ ʚ [111]-ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʘʣʶʤʠʥʠʷ / ʃ. ɸ. ʊʝʧʣʷʢʦʚʘ, ɼ. ɺ. ʃʳʯʘʛʠʥ, 

ʀ. ɺ. ɹʝʩʧʘʣʦʚʘ // ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. ï 2006. ï ʊ. 9, ˉ 2. ï ʉ. 63-72. 



107 

 

39 ʃʳʯʘʛʠʥ, ɼ. ɺ. ʆʙʨʘʟʦʚʘʥʠʝ ʩʢʣʘʜʦʢ ʚ ɻʎʂ-ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʤʝʪʘʣʣʦʚ 

ʧʨʠ ʩʞʘʪʠʠ / ɼ. ɺ. ʃʳʯʘʛʠʥ, ɽ. ɸ. ɸʣʬʝʨʦʚʘ // ʌʠʟʠʢʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ï 2015. ï ʊ. 

57, ˉ 10. ï ʉ. 1981-1985. 

40 ʊʝʧʣʷʢʦʚʘ, ʃ. ɸ. ʆʩʦʙʝʥʥʦʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʩʜʚʠʛʘ ʥʘ 

ʤʘʢʨʦʫʨʦʚʥʝ ʚ [-111]-ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʘʣʶʤʠʥʠʷ / ʃ. ɸ. ʊʝʧʣʷʢʦʚʘ, ɼ. ɺ. ʃʳʯʘʛʠʥ, 

ʀ. ɺ. ɹʝʩʧʘʣʦʚʘ // ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. ï 2006. ï ʊ. 9, ˉ 2. ï ʉ. 63-72. 

41 ʃʳʯʘʛʠʥ ɼ. ɺ. ʇʝʨʚʠʯʥʘʷ ʤʘʢʨʦʬʨʘʛʤʝʥʪʘʮʠʷ ʩʜʚʠʛʘ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ 

ʘʣʶʤʠʥʠʷ ʧʨʠ ʩʞʘʪʠʠ / ɼ. ɺ. ʃʳʯʘʛʠʥ, ʃ. ɸ. ʊʝʧʣʷʢʦʚʘ // ʇʠʩʴʤʘ ʚ ɾʫʨʥʘʣ 

ʪʝʭʥʠʯʝʩʢʦʡ ʬʠʟʠʢʠ. ï 2003. ï ʊ. 29, ˉ 12. ï ʉ. 68-73. 

42 Study of microstructurʘl grʘin ʘnd geometric size effects on plʘstic 

heterogeneities ʘt grʘin-level by using crystʘl plʘsticity modeling with high- fidelity 

representʘtive microstructures / H. Zhʘng, J. Liu, D. Sui // Internʘtionʘl Journʘl of 

Plʘsticity. ï 2018. ï Vol. 100. ï P. 69ï89. 

43 Zhao Z. A study of surface roughening in fcc metals using direct numerical 

simulation / Z. Zhao, R. Radovitzky, A. Cuiti¶o// Acta Mater. ï 2004. ï Vol. 52 5791ï

5804. 

44 ʇʘʥʠʥ ɺ.ɽ. ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ - ʥʦʚʘʷ ʧʘʨʘʜʠʛʤʘ ʥʘ ʩʪʳʢʝ 

ʬʠʟʠʢʠ ʠ ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ / ɺ.ɽ. ʇʘʥʠʥ, ʖ.ɺ. ɻʨʠʥʷʝʚ // 

ʌʠʟ. ʤʝʟʦʤʝʭ. 2003. ʊ. 6. ˉ 4. ʉ. 9-36. 

45 ʇʘʥʠʥ ɺ.ɽ. ʉʪʨʫʢʪʫʨʥʳʝ ʫʨʦʚʥʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ 

ʨʘʟʨʫʰʝʥʠʷ // ʅʦʚʦʩʠʙʠʨʩʢ: ʅʘʫʢʘ, ʉʠʙʠʨʩʢʦʝ ʦʪʜʝʣʝʥʠʝ, 1990. ʉ.123-186. 

46 V.E. Panin Physical mesomechanics of heterogeneous media and computer-

aided design of materials // Cambridge: Cambridge International Science Publishing Ltd, 

1998. ï 450 p. 

47 V.E. Panin Basic physical mesomechanics of plastic deformation and fracture 

of solids as hierarchically organized nonlinear systems / V.E. Panin, V.E. Egorushkin // 

Phys. Mesomech. ï 2015. ï Vol. 18. ï P. 377ï390. 

48 Fatigue damage evaluation of carbon fiber composite using aluminum foil 

based strain sensors / Panin, S.V., Burkov, M.V., Lyubutin [et. al] // Eng. Frac. Mech., 

129 (2014) 45-53. 



108 

 

49 V.E. Egorushkin The physical nature of plasticity / Egorushkin V.E., Panin 

V.E., Panin A.V. // Phys. Mesomech. ï 2021. ï Vol. 24. ï P. 1ï8. 

50 ɺ.ɽ. ʇʘʥʠʥ ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ: ʜʦʩʪʠʞʝʥʠʷ ʟʘ ʜʚʘ ʜʝʩʷʪʠʣʝʪʠʷ 

ʨʘʟʚʠʪʠʷ, ʧʨʦʙʣʝʤʳ ʠ ʧʝʨʩʧʝʢʪʠʚʳ / ʇʘʥʠʥ ɺ.ɽ., ɻʨʠʥʷʝʚ ʖ.ɺ., ʇʩʘʭʴʝ ʉ.ɻ. // ʌʠʟ. 

ʄʝʟʦʤʝʭ. ï 2004. ï ʊ. 7. ï ʉʧʝʮ. ʚʳʧʫʩʢ ʏ1. ï ʉ. I-25ïI-40. 

51 The Effect of Hydraulic Bulge Process on the Surface Topography of 

Annealed AISI 304 Stainless Steel / Ayotunde Olayinka, William J. Emblom, Thomas C. 

Pasacreta, Scott W. Wagner // Procedia Manufacturing. ï 2017. ï Vol. 10. ï P. 243-252. 

52 ʇʨʠʤʝʥʝʥʠʝ ʧʦʜʭʦʜʦʚ ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʧʦʩʪʘʥʦʚʢʝ / ɺ. ɸ. ʈʦʤʘʥʦʚʘ, ʈ. ʈ. ɹʘʣʦʭʦʥʦʚ, ɸ. ɹʦʨʦʜʠʥʘ, ɺ.ʉ. ʐʘʭʠʜʞʘʥʦʚ [ʠ 

ʜʨ.] // ɺʝʩʪʥʠʢ ʇʝʨʤʩʢʦʛʦ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʧʦʣʠʪʝʭʥʠʯʝʩʢʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ. ʄʝʭʘʥʠʢʘ. ï 2023. ï ˉ 5. ï ʉ. 57-73 

53 ʈʦʤʘʥʦʚʘ ɺ. ɸ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʚ 

ʪʨʝʭʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ: ʜʠʩ. ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ 

ʩʪʝʧʝʥʠ ʜ-ʨʘ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ. / ɺ. ɸ. ʈʦʤʘʥʦʚʘ. ï ʊʦʤʩʢ, 2008. ï 298 ʩ. 

54 ʈʦʤʘʥʦʚʘ ɺ.ɸ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʫʯʝʪʦʤ ʪʨʝʭʤʝʨʥʦʡ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ / ɺ.ɸ. ʈʦʤʘʥʦʚʘ, ʈ.ʈ. ɹʘʣʦʭʦʥʦʚ, ʅ.ʀ. 

ʂʘʨʧʝʥʢʦ // ʌʠʟ. ʤʝʟʦʤʝʭ. ï 2004. ï ʊ. 7. ï ˉ 2. ï ʉ. 71-79. 

55 Crystal plasticity modeling of the cyclic behavior of polycrystalline 

aggregates under non-symmetric uniaxial loading: Global and local analyses/Farooq H 

[et al.] // Int. J. Plast. ï2020. ï Vol.126. 

56 ɹʘʪʫʭʪʠʥʘ ɽ. ɽ. ʄʠʢʨʦʤʝʭʘʥʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʠʥʠʷ ʥʘ ʦʩʥʦʚʝ ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ 

ʧʣʘʩʪʠʯʥʦʩʪʠ: ʜʠʩ. ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ / ɽ.ɽ. ɹʘʪʫʭʪʠʥʘ. ï ʊʦʤʩʢ, 2019. ï 165 ʩ. 

57 Simulation of elasticïplastic deformation and fracture of materials at micro-, 

meso- and macrolevels / Makarov P.V., Schmauder S., Cherepanov O.I., Smolin I.Yu., 

[et. al] // Theor. Appl. Fract. Mech. ï 2001. ï Vol. 37. ï P. 183ï244. 

58 Evaluation of finite element based analysis of 3D multicrystalline aggregates 

plasticity: Application to crystal plasticity model identification and the study of stress and 



109 

 

strain fields near grain boundaries / O. Diard, S. Leclercq, G. Rousselier, G. Cailletaud // 

Int J Plast. ï 2005. ï Vol. 21. ï P. 691ï722. 

59 Intergranular and intragranular behavior of polycristalline aggregates. Part 1: 

F.E. model / F. Barbe [et al.] // Int J Plast. ï 2001. ï Vol. 17. ï P. 513ï536. 

60 F. Barbe Intergranular and intragranular behavior of polycrystalline 

aggregates.Part 2: Results / F. Barbe, S. Forest, G. Cailletaud // International Journal of 

Plasticity. ï 2001. ï Vol. 17, Is. 4. P. 537-563. 

61 Numerical study of the texture effect on deformation-induced surface 

roughening in titanium polycrystals / Romanova V., Balokhonov R., Emelianova E., 

Pisarev M., Dymnich E. // Eng. Fail. Anal. ï 2020. ï Vol. 110. 

62 ʄʠʢʨʦʤʝʭʘʥʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ / ɺ. ʈʦʤʘʥʦʚʘ, ʈ. ɹʘʣʦʭʦʥʦʚ, ɸ. ʇʘʥʠʥ, ɽ. 

ɹʘʪʫʭʪʠʥʘ, ʄ. ʂʘʟʘʯʝʥʦʢ, ɺ. ʐʘʭʠʜʞʘʥʦʚ // ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. ï 2017, 

ʊ. 20, ʩ. 81-90. 

63 ʌʦʨʤʠʨʦʚʘʥʠʝ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʴʥʳʭ 

ʦʙʨʘʟʮʦʚ ʧʨʠ ʦʜʥʦʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ: ʵʢʩʧʝʨʠʤʝʥʪ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ / ɺ. ɸ. 

ʈʦʤʘʥʦʚʘ, ʆ. ʉ. ɿʠʥʦʚʴʝʚʘ, ʈ. ʈ. ɹʘʣʦʭʦʥʦʚ, ɺ. ɸ. ʂʦʚʘʣʝʚ // ɼʝʬʦʨʤʘʮʠʷ ʠ 

ʨʘʟʨʫʰʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ. - 2012. - ˉ 5. - ʉ. 32-40. 

64 ʌʦʨʤʠʨʦʚʘʥʠʝ ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʭ ʩʢʣʘʜʯʘʪʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʩʪʘʣʠ ʕʂ-181 ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ / ɸ. ɺ. ʇʘʥʠʥ, ɺ. 

ɸ. ʈʦʤʘʥʦʚʘ, ʈ. ʈ. ɹʘʣʦʭʦʥʦʚ [ʠ ʜʨ.] //ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. ï 2011. ï T. 14, 

ˉ4. ï C. 57-68. 

65 ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ ˉ 

2021668487 ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ. ʇʨʦʛʨʘʤʤʘ ʨʘʩʯʝʪʘ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʧʦ ʧʨʦʬʠʣʦʛʨʘʤʤʘʤ ʧʦʚʝʨʭʥʦʩʪʠ / ɺ. ɸ. 

ʈʦʤʘʥʦʚʘ, ʈ. ʈ. ɹʘʣʦʭʦʥʦʚ, ɽ. ʉ. ɽʤʝʣʴʷʥʦʚʘ, ɺ.ʉ. ʐʘʭʠʜʞʘʥʦʚ, ʄ. ʇʠʩʘʨʝʚ, 

ʟʘʷʚʢʘ ˉ 2021667931; ʜʘʪʘ ʧʦʩʪʫʧʣʝʥʠʷ ï 12.11.2021; ʜʘʪʘ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ 

ʨʝʛʠʩʪʨʘʮʠʠ ʚ ʈʝʝʩʪʨʝ ʧʨʦʛʨʘʤʤ ʜʣʷ ʕɺʄ ï 17.11.2021 



110 

 

66 Microstructure-based simulations of quasistatic deformation using an explicit 

dynamic approach / V. Romanova [et al.] // Facta Universitatis, series: Mechanical 

Engineering. ï 2019. ï V. 17. ï pp. 243ï254. 

67 F.J. Harewood Comparison of the implicit and explicit finite element methods 

using crystal plasticity / Harewood F.J., McHugh P.E // Comput Mater Sci. ï 2007. ï 

Vol. 39. ï P. 481ï494. 

68 Simulation of crystal plasticity under dynamic loading / R. R. Balokhonov, 

P. V. Makarov, V. A. Romanova, I. Yu. Smolin // Computational Materials Science. ï 

1999. ï Vol. 16, No. 1-4. ï P. 355-361. 

69 ʆ ʨʝʰʝʥʠʠ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʤʠʢʨʦ- ʠ ʤʝʟʦʤʝʭʘʥʠʢʠ ʚ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ / ɺ.ʈʦʤʘʥʦʚʘ, ʈ. ɹʘʣʦʭʦʥʦʚ, ɽ. ɹʘʪʫʭʪʠʥʘ, ɽ. ɽʤʝʣʴʷʥʦʚʘ, 

ʄ. ʉʝʨʛʝʝʚ // ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. ï 2018. ï Vol. 21. ï P. 68-79. 

70 Slow-dynamic finite element simulation of manufacturing processes / 

L. M. Kutt, F.B. Pifko, J.A. Nardiello, J.M. Papazian // Computers and Structures. ï 1998, 

Vol. 66. ï P. 1-17. 

71 Comparison of explicit and implicit finite element methods in the quasistatic 

simulation of uniaxial tension / X. Hu, R.H. Wagoner, G.S. Daehn, S. Ghosh // 

Communications in Numerical Methods in Engineering. ï 1994. ï Vol. 410, P. 993-1003. 

72 Abaqus Analysis Userôs Guide, Dassault Systemes, 2013 

73 Motion decomposition, frame-indifferent derivatives, and constitutive 

relations at large displacement gradients from the viewpoint of multilevel modeling / 

Trusov P.V., Shveykin A.I., Yanz A.Y. // Phys. Mesomech. ï 2017. ï Vol. 20. ï P. 357ï

376. 

74 ʊʨʫʩʦʚ ʇ. ɺ. ʄʥʦʛʦʫʨʦʚʥʝʚʳʝ ʤʦʜʝʣʠ ʤʦʥʦ- ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ: ʪʝʦʨʠʷ, ʘʣʛʦʨʠʪʤʳ, ʧʨʠʤʝʨʳ ʧʨʠʤʝʥʝʥʠʷ : [ʤʦʥʦʛʨʘʬʠʷ] / ʇ. ɺ. 

ʊʨʫʩʦʚ, ɸ. ʀ. ʐʚʝʡʢʠʥ // ï ʅʦʚʦʩʠʙʠʨʩʢ : ʀʟʜ-ʚʦ ʉʆ ʈɸʅ. ï 2019. ï Vol. 604. 

75 Crystal plasticity finite element methods: in materials science and engineering 

/ F. Roters [et al.] // ï John Wiley & Sons. ï 2011. ï P. 197. 



111 

 

76 Overview of constitutive laws, kinematics, homogenization and multiscale 

methods in crystal plasticity finite-element modeling: Theory, experiments, applications 

/ D. D. Tjahjanto [et. al] // Acta Materialia. ï 2009. ï Vol. 58, ˉ 4. ï P. 1152-1211. 

77. ʌʠʟʠʯʝʩʢʠʝ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ / ʊʨʫʩʦʚ ʇ.ɺ., ɺʦʣʝʛʦʚ ʇ.ʉ., 

ʂʦʥʜʨʘʪʴʝʚ ʅ.ʉ. // ï ʇʝʨʤʴ. ï ʀʟʜ-ʚʦ ʇʅʀʇʋ. ï Vol. 2012. ï ʉ. 273. 

78 Multilevel models in physical mesomechanics of metals and alloys: results 

and prospects / P. V. Trusov [et al.] // Phys. Mesomech. ï 2021. ï Vol. 24. ï P. 391ï417. 

79 D.S Gribov Three-level dislocation-based model for describing the 

deformation of polycrystals: structure, implementation algorithm, examples for studying 

nonproportional cyclic loading / Gribov D.S., Trusov P.V. // Phys. Mesomech. ï 2022. ï 

Vol. 25. ï P. 557ï567. 

80 Prediction of crystallographic texture formation in polycrystalline samples 

under severe plastic deformation based on a two-level statistical elasto-viscoplastic model 

/ Ostapovich K.V., Trusov P.V., Yants A.Y. // Phys Mesomech. ï 2021. ï Vol. 24. ï P. 

225ï236. 

81 ʇ.ɺ. ʊʨʫʩʦʚ ʌʠʟʠʯʝʩʢʠʝ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ: ʪʝʦʨʠʷ ʠ ʧʨʠʣʦʞʝʥʠʷ ʢ 

ʦʧʠʩʘʥʠʶ ʥʝʫʧʨʫʛʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ. ʏ. 1: ʞʝʩʪʢʦʧʣʘʩʪʠʯʝʩʢʠʝ ʠ 

ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ / ʊʨʫʩʦʚ ʇ.ɺ., ɺʦʣʝʛʦʚ ʇ.ʉ. // ɺʝʩʪʥʠʢ ʇʅʀʇʋ. 

ʄʝʭʘʥʠʢʘ. ï 2011. ï ʊ. 1. ï ʉ. 5-45. 

82 ʇ. ɺ. ʊʨʫʩʦʚ ʌʠʟʠʯʝʩʢʠʝ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ: ʪʝʦʨʠʷ ʠ ʧʨʠʣʦʞʝʥʠʷ ʢ 

ʦʧʠʩʘʥʠʶ ʥʝʫʧʨʫʛʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ. ʏ. 2: ʚʷʟʢʦʧʣʘʩʪʠʯʝʩʢʠʝ ʠ 

ʫʧʨʫʛʦʚʷʟʢʦʧʣʘʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ / ʊʨʫʩʦʚ ʇ. ɺ., ɺʦʣʝʛʦʚ ʇ. ʉ. // ɺʝʩʪʥʠʢ ʇʅʀʇʋ. 

ʄʝʭʘʥʠʢʘ. ï 2011. ï ʊ. 2. ï ʉ. 101-131. 

83 Chaboche J.L. Time-independent constitutive theories for cyclic plasticity. // 

Int J Plast. ï 1986. ï Vol. 2. ï P. 149-188. 

84 Computational crystal plasticity: from single crystal to homogenized 

polycrystals / G. Cailletaud [et al.] // Technische Mechanik. ï 2003. ïVol. 1. ï P. 130ï

145. 



112 

 

85 Ricardo A. Lebensohn material modeling with the visco-plastic self-consistent 

(VPSC) approach theory and practical applications / Carlos N. Tome, Ricardo A. 

Lebensohn // Los Alamos, NM, United States. ï 2023 

86 Morton E. Gurtin Gradient single-crystal plasticity within a MisesïHill 

framework based on a new formulation of self- and latent-hardening / Morton E. Gurtin, 

B. Daya Reddy // Journal of the Mechanics and Physics of Solids. ï 2014. ï Vol. 68, 

P. 134-160. 

87 Three dimensional predictions of grain scale plasticity and grain boundaries 

using crystal plasticity finite element models/ M. Knezevic [et al.] // Computer Methods 

in Applied Mechanics and Engineering. ï 2014. ï V. 277. ï P. 239-259. 

88 ʄʘʢʘʨʦʚ, ʇ. ɺ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ 

ʨʘʟʨʫʰʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ ʥʘ ʤʝʟʦʫʨʦʚʥʝ / ʇ. ɺ. ʄʘʢʘʨʦʚ // ʌʠʟʠʯʝʩʢʘʷ 

ʤʝʟʦʤʝʭʘʥʠʢʘ. ï 2003. ï ʊ. 6, ˉ 4. ï ʉ. 111-124. 

89 ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʝ ʥʘʧʦʣʥʝʥʥʳʭ 

ʢʦʤʧʦʟʠʮʠʡ / ɹ.ɸ. ʃʶʢʰʠʥ [ʠ ʜʨ.] // ʀʟʜ-ʚʦ ʉʆ ʈɸʅ. ï ʅʦʚʦʩʠʙʠʨʩʢ. ï 2015. ï 

ʉ. 264 ʩ. 

90 Response Evolution of a Tetrachiral Metamaterial Unit Cell under 

Architectural Transformations / L. Akhmetshin, K. Iokhim, E. Kazantseva, I. Smolin // 

Symmetry. ï 2023. ï Vol. 15, No. 1. ï P. 14. 

91 Influence of topological defects on the mechanical response of unit cells of 

the tetrachiral mechanical metamaterial / L. Akhmetshin, K. Iokhim, E. Kazantseva, I. 

Smolin // Designs. ï 2023. ï Vol. 7, No. 6. ï P. 129. 

92 B.C. ʀʚʘʥʦʚʘ ʇʨʦʯʥʦʩʪʴ ʠ ʧʣʘʩʪʠʯʥʦʩʪʴ ʤʝʪʘʣʣʦʚ ʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ / 

ʀʚʘʥʦʚʘ B.C., ɽʨʤʠʰʢʠʥ ɺ.ɸ. // ʄʝʪʘʣʣʫʨʛʠʷ. ï 1976. ï ʉ. 90. 

93 ʎʠʤʤʝʨʤʘʥ ʈ. ʄʝʪʘʣʣʫʨʛʠʷ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ / ʈ. ʎʠʤʤʝʨʤʘʥ, ʂ. 

ɻʶʥʪʝʨ // ï ʄʝʪʘʣʣʫʨʛʠʷ. ï 1982. ï ʉ. 480. 

94 G. I. Taylor Plastic strain in metals // Journal of the Institute of Metals. ï 1938. 

ï Vol. 62. ï P. 307ï324 



113 

 

95 ʅ.ɸ. ʂʦʥʝʚʘ ʌʠʟʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʩʪʘʜʠʡʥʦʩʪʠ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ / ʂʦʥʝʚʘ ʅ.ɸ., ʂʦʟʣʦʚ ʕ.ɺ. // ʀʟʚʝʩʪʠʷ ʚʫʟʦʚ. ʌʠʟʠʢʘ. ï 1990. ï ˉ2. ï 

ʉ. 89-106. 

96 ɿʫʝʚ ʃ. ɹ. ʉʦʦʪʥʦʰʝʥʠʝ ʍʦʣʣʘ-ʇʝʪʯʘ ʠ ʧʘʨʘʤʝʪʨʳ ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ 

ʧʣʘʩʪʠʯʥʦʩʪʠ / ʃ. ɹ. ɿʫʝʚ, ʉ. ɸ. ɹʘʨʘʥʥʠʢʦʚʘ // ɼʝʬʦʨʤʘʮʠʷ ʠ ʨʘʟʨʫʰʝʥʠʝ 

ʤʘʪʝʨʠʘʣʦʚ. ï 2019. ï ˉ 7. ï ʉ. 2-7. 

97 E. P. Busso On the selection of active slip systems in crystal plasticity / Busso 

E. P., Cailletaud G. // Int. J. Plast. ï 2005. ï Vol. 21. ï P. 2212ï2231. 

98 ɻʣʘʜʢʠʭ ʇ. ɸ. ɺʣʠʷʥʠʝ ʚʳʙʦʨʘ ʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ ʚ 

ʜʚʫʭʫʨʦʚʥʝʚʳʭ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʷʭ ʪʠʧʘ ʊʝʡʣʦʨʘ - ɹʠʰʦʧʘ - ʍʠʣʣʘ ʥʘ 

ʦʪʢʣʠʢ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ / ʇ. ɸ. ɻʣʘʜʢʠʭ, ʇ. ɺ. ʊʨʫʩʦʚ // 

ʇʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘ ʠ ʚʦʧʨʦʩʳ ʫʧʨʘʚʣʝʥʠʷ. ï 2023. ï ˉ 3. ï ʉ. 22-38. 

99 Material rate dependence and localized deformation in crystalline solids / 

Peirce D., Asaro R. J., Needleman A. // Acta Metallurgica. ï 1983. - ˉ 31. ï P. 1951ï

1976.  

100 A. Arsenlis Modeling the evolution of crystallographic dislocation density 

in crystal plasticity / Arsenlis A., Parks D. M. // J. Mech. Phys. Solids. ï 2002. ï Vol. 50, 

ˉ 9. ï P. 1979ï2009.  

101 A. Ma Constitutive model for fcc single crystals based on dislocation 

densities and its application to uniaxial compression of aluminium single crystals / Ma 

A., Roters F. A // Acta Materialia. ï 2004. ï Vol. 52, ˉ 12. ï P. 3603ï3612.  

102. Ma A. A dislocation density based constitutive model for crystal plasticity 

FEM including geometrically necessary dislocations / A. Ma, F. Roters, D. Raabe // Acta 

Mater. ï 2006. -Vol. 54. ï P. 2169ï2179. 

103. Evers L.P. Non-local crystal plasticity model with intrinsic SSD and GND 

effects / L.P. Evers, W.A.M. Brekelmans, M.G.D Geers // J. Mech. Phys. Solids. ï 2004. 

ï Vol. 52, ˉ 10. ï P. 2379ï2401. 

104. Hollenstein M Modeling a smooth elasticïinelastic transition with a strongly 

objective numerical integrator needing no iteration / M. Hollenstein, M.ĿJabareen, M.B. 

Rubin // Comput Mech. ï 2013. ï Vol.52. ï P. 649ï667. 



114 

 

105 Forest S A rate-independent crystal plasticity model with a smooth elasticï

plastic transition and no slip indeterminacy / S. Forest, M.B Rubin // European J. Mech. 

ï A Solids. ï 2016. ïVol.55. P. 278-288. 

106 Investigating mesh sensitivity and polycrystalline RVEs in crystal plasticity 

finite element simulations / H. Lim, Corbett C. Battaile, Joseph E. Bishop, James W. 

Foulk // International Journal of Plasticity. ï Vol. 121. ï 2019, P. 101-115. 

107. An analysis of nonuniform and localized deformation in ductile single 

crystals / D. Peirce, R. J. Asaro, A. Needleman // Acta Metallurgica. ï 1982. - ˉ 30. ï 

P. 1087ï1119.  

108 Mecking H. Kinetics of flow and strain-hardening / H. Mecking, U.F. Kocks 

// Acta Metallurgica. ï 1981. ï Vol.29. ï P. 1865-1875. 

109 Bishop J. F. W. theoretical derivation of the plastic properties of a 

polycrystalline face centered metal / J. F. W. Bishop, R. Hill // Phil. Mag. ï 1951. ï ˉ 

42. ï P. 1298ï1307.  

110 Generation of 3D representative volume elements for heterogeneous 

materials: A review / Bargmann S., Klusemann B., Markmann J., Schnabel J.E. [et. Al] 

// Progr. Mater. Sci. ï 2018. ï Vol. 96. ï P. 322ï384. 

111 Abdulla Alawadi Measurement and modeling of micro residual stresses in 

zirconium crystals in three dimension / Abdulla Alawadi, Hamidreza Abdolvand // 

Journal of the Mechanics and Physics of Solids. ï 2019 

112 Dºbrich K.M Quantitative characterization of the three-dimensional 

microstructure of polycrystalline Al-Sn using X-ray microtomography. Metall Mater 

Trans A 35 / K.M Dºbrich, C. Rau, C.E. Krill  // Metall Mater Trans. ï 2004. ï P. 1953ï

1961. 

113 3D microstructural characterization of nickel superalloys via serial-

sectioning using a dual beam FIB-SEM / Uchic M.D., Groeber M.A., Dimiduk D.M., 

Simmons J.P. // Scripta Mater. ï 2006, Vol. 55, P. 23ï28. 

114 A cellular automaton finite volume method for microstructure evolution 

during additive manufacturing / Lian Y., Gan Z., Yu C., Kats D. [et. al] //  Mater Des. ï 

2019. ï Vol. 169. 



115 

 

115. Evolution of grain structure during laser additive manufacturing. Simulation 

by a cellular automata method / A. Zinoviev, O. Zinovieva, V. Ploshikhin, V. Romanova., 

R. Balokhonov // Mater. Des. ï 2016. ï Vol. 106. ï P. 321ï329. 

116 K.G.F. Janssens An introductory review of cellular automata modeling of 

moving grain boundaries in polycrystalline materials // Mathematics and Computers in 

Simulation. ï 2010. ï Vol. 80. ï P. 1361-1381. 

117 Moelans N. An introduction to phase-field modeling of microstructure 

evolution / N. Moelans, B. Blanpain, P. Wollants // Calphad. ï 2008. ï Vol. 32, Is. 2. ï 

P. 268-294. 

118 Anderson M. P. Computer simulation of normal grain growth in three 

dimensions / M. P. Anderson, G. S. Grest, D. J. Srolovitz // Philosophical Magazine B. ï 

1988. ï Vol. 59. ï P. 293ï329. 

119 A physically-based computational approach for processing-microstructure-

property linkage of materials additively manufactured by laser powder bed fusion / V. 

Romanova, M.S. Mohebbi, E. Dymnich, R. Balokhonov, V. Ploshikhin // Int. J. Mech. 

Sci. ï 2022. ï Vol 219. 

120 A gravitational approach to modeling the representative volume geometry of 

particle-reinforced metal matrix composites / Yu. V. Khalevitsky, A. V. Konovalov // 

Engineering with Computers. ï 2019. ï Vol. 35. ï P. 1037ï1044. 

121 Identifying structureïproperty relationships through DREAM.3D 

representative volume elements and DAMASK crystal plasticity simulations: an 

integrated computational materials engineering approach / M. Diehl, M. Groeber, C. 

Haase, D.A. Molodov, F. Roters, D. Raabe // JOM. ï 2017. ï Vol. 69. ï P. 848ï855 

122 Simulation of elasto-plastic behavior of an artificial 3D-structure under 

dynamic loading / V. Romanova, R. Balokhonov, P. Makarov, S. Schmauder, E. Soppa. 

// Comput. Mater. Sci. ï 2003. ï Vol. 28. ï P. 518ï528. 

123 Romanova V. A Method of step-by-step packing and its application in 

generating 3D microstructures of polycrystalline and composite materials / V. Romanova, 

R. Balokhonov // Engineering with Computers. ï 2021. ï Vol. 37. ï P. 241ï250. 



116 

 

124 ɺʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʫʜʘʨ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪ / ɻʝʨʘʩʠʤʦʚ 

ɸ.ɺ., ɻʣʘʟʳʨʠʥ ɺ.ʇ., ɿʝʣʝʧʫʛʠʥ ʉ.ɸ., ʂʦʥʷʝʚ ɸ.ɸ. [ʠ ʜʨ.] // ʊʦʤʩʢ. ï ʀʟʜ-ʚʦ ʅʊʃ. ï 

2016. ï ʉ. 568. 

125 Kinetic approach to the development of computational dynamic models for 

brittle solids / Grigoriev A.S., Shilko E.V., Skripnyak V.A., Psakhie S.G. // International 

Journal of Impact Engineering. ï 2019. ï Vol. 123. ï P. 14-25. 

126 Fish J. A first course in finite elements / Fish J., Belytschko T. // ï John 

Wiley & Sons, Ltd. ï 2007. 

127 Calculations of elastic-plastic flow / Wilkins M.L., B. Alder, S. Fernbach, 

M. Rotenberg // Methods in Computational Physics. ï 1964. ï Vol. 3. ï P. 211ï263. 

128 ʄʘʢʘʨʦʚ, ʇ. ɺ. ʗʚʣʝʥʠʝ ʧʨʝʨʳʚʠʩʪʦʡ ʪʝʢʫʯʝʩʪʠ ʢʘʢ ʙʘʟʦʚʘʷ ʤʦʜʝʣʴ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ / ʇ. ɺ. ʄʘʢʘʨʦʚ, ʄ. ʆ. 

ɽʨʝʤʠʥ // ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. ï 2013. ï ʊ. 16, ˉ 4. ï ʉ. 109-128. 

129 The relationship between mesoscale deformation-induced surface roughness, 

in-plane plastic strain and texture sharpness in an aluminum alloy / Romanova V., 

Balokhonov R., Zinovieva O, Shakhidzhanov V., Dymnich E., Nekhorosheva O. // Eng 

Fail Anal. ï 2022. ï Vol. 137. 

130 A crystal plasticity model for the deformation behavior of aluminum single 

crystals / Batukhtina E.E., Romanova V.A., Balokhonov R.R., Shakhijanov V.S. // AIP 

Conf. Proc. ï 2016. ï Vol. 1785 

131 ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ ʨʘʟʚʠʪʠʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ 

ʚ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʘʭ. ʕʢʩʧʝʨʠʤʝʥʪ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ / ʆ. ʅʝʭʦʨʦʰʝʚʘ, ɺ. ʉ. 

ʐʘʭʠʜʞʘʥʦʚ, ʈ. ʈ. ɹʘʣʦʭʦʥʦʚ, ɺ. ɸ. ʈʦʤʘʥʦʚʘ // ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ ʥʘʫʢʘʭ. ï 2021. ï ʊ. 1. ï ʉ. 186-188. 

132 A Correlation between Deformation-Induced Surface Roughness and In-

Plane Plastic Strain in an Aluminum Alloy at the Mesoscale / V. Romanova, V. 

Shakhidzhanov, O. Zinovieva, O. Nekhorosheva, R. Balokhonov // Procedia Structural 

Integrity. ï 2022. ï Vol.35. ï P. 66ï73. 

133 Armstrong R.W. Dislocation and Grain Size Roles in Physical 

Mesomechanics. // Phys. Mesomech. ï 2021. ï Vol. 24. ï P. 418ï425. 




