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ʇʈɽɼɻʆɺʆʈ 
 
 
 
 
 
ɿʘ ʨʝʘʣʠʟʘʮʠʿʫ ʦʚʦʛ ʨʘʜʘ ʟʘʭʚʘˀʫʿʝʤ: 

 

- ʧʨʦʬ. ʜʨ ɸʣʝʢʩʘʥʜʨʫ ʉʝʜʤʘʢʫ ʥʘ ʢʦʨʠʩʥʠʤ ʩʘʚʝʪʠʤʘ ʫ ʪʦʢʫ ʠʟʨʘʜʝ ʪʝʟʝ 

- ʧʨʦʬ. ʜʨ ɿʦʨʘʥʫ ʈʘʜʘʢʦʚʠ˂ʫ ʥʘ ʟʘʿʝʜʥʠʯʢʦʤ ʧʫʙʣʠʢʦʚʘˁʫ ʚʠʰʝ ʨʘʜʦʚʘ ʢʦʿʠ ʩʫ 

ʙʠʣʠ ʦʜ ʟʥʘʯʘʿʘ ʟʘ ʠʟʨʘʜʫ ʪʝʟʝ 

- ʜʨ ɹʣʘʛʦʿʫ ʇʝʪʨʦʚʩʢʦʤ ʧʨʠ ʨʘʟʤʘʪʨʘˁʫ ʪʝʤʝ ʠ ʧʦʤʦ˂ʠ ʫ ʪʦʢʫ ʠʟʨʘʜʝ ʠʩʪʝ 

- ʩʚʠʤ ʯʣʘʥʦʚʠʤʘ ʢʦʤʠʩʠʿʝ ʧʨʦʬ. ʜʨ ɻʦʨʜʘʥʠ ɹʘʢʠ˂, ʧʨʦʬ. ʜʨ ɲʫʙʠʮʠ ʄʠʣʦʚʠ˂, 

ʜʨ ʂʘʪʘʨʠʥʠ ʏʦʣʠ˂ ʥʘ ʢʦʨʠʩʥʠʤ ʩʘʚʝʪʠʤʘ ʠ ʢʦʨʝʢʮʠʿʘʤʘ ʧʨʠ ʠʟʨʘʜʠ ʜʠʩʝʨʪʘʮʠʿʝ 

- ʧʦʩʝʙʥʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʢʦʣʝʛʠ ʉʠʤʦʥʫ ʉʝʜʤʘʢʫ ʥʘ ʠʟʫʟʝʪʥʦʤ ʢʦʣʝʛʠʿʘʣʥʦʤ 

ʦʜʥʦʩʫ ʠ ʥʝʩʝʙʠʯʥʦʿ ʧʦʤʦ˂ʠ ʥʘ ʫʣʦʞʝʥʦʤ ʪʨʫʜʫ ʪʦʢʦʤ ʠʟʨʘʜʝ ʩʠʤʫʣʘʮʠʿʝ 

ʟʘʚʘʨʝʥʦʛ ʭʝʪʝʨʦʛʝʥʦʛ ʩʧʦʿʘ 

- ʧʦʨʦʜʠʮʠ, ʧʨʠʿʘʪʝˀʠʤʘ, ʩʚʠʤ ʢʦʣʝʛʘʤʘ ʠ ʩʘʨʘʜʥʠʮʠʤʘ ʥʘ ʧʦʜʨʰʮʠ ʩʚʠʭ ʦʚʠʭ 

ʛʦʜʠʥʘ a ʧʦʩʝʙʥʦ ʚʝʣʠʢʦ ʭʚʘʣʘ ʧʨʠʿʘʪʝˀʫ ʠ ʢʦʣʝʛʠ ɺʣʘʜʠ ɻʘʰʠ˂ʫ  
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ʉʇʀʉɸʂ ʉʃʀʂɸ 
 

ʉʣʠʢʘ 1.1 ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʤʝʪʦʜʦʣʦʛʠʿʝ ʠʩʪʨʘʞʠʚʘˁʘ  

ʉʣʠʢʘ 1.2 ʇʦʣʘʟʥʘ ʠʜʝʿʘ 

ʉʣʠʢʘ 2.1ʘ ʀʟʛʣʝʜ ʧʨʝʣʦʤʘ ʙʨʦʜʘ ĂLibertyò  

ʉʣʠʢʘ 2.1ʙ ʀʟʛʣʝʜ ʧʨʝʣʦʤʘ ʙʨʦʜʘ ĂLibertyò  

ʉʣʠʢʘ 2.2 ʆʩʥʦʚʥʠ ʦʙʣʠʮ ʧʦʤʝʨʘˁʘ ʝʣʝʤʝʥʘʪʘ ʢʦʿʝ ʦʙʫʭʚʘʪʘ ʚʨʭ ʧʨʩʣʠʥʝ  

ʉʣʠʢʘ 2.3 ʈʘʩʧʦʜʝʣʘ ʥʦʨʤʘʣʥʦʛ ʥʘʧʦʥʘ ʫ ʦʢʦʣʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ  

ʉʣʠʢʘ 3.1 ʇʨʩʣʠʥʘ ʧʦ ʮʝʣʦʿ ʜʝʙˀʠʥʠ ʫ ʙʝʩʢʦʥʘʯʥʦ ʰʠʨʦʢʦʿ ʧʣʦʯʠ ʠʟʣʦʞʝʥʦʿ 

ʜʦʚʦˀʥʦ ʫʜʘˀʝʥʦʤ ʟʘʪʝʟʥʦʤ ʥʘʧʦʥʫ  

ʉʣʠʢʘ. 3.2 ʊʠʧʦʚʠ ʧʨʩʣʠʥʘ ʫ ʟʘʚʘʨʝʥʦʤ ʩʧʦʿʫ ʤʝʪʘʣʘ  

ʉʣʠʢʘ 3.3 ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ɱ ʦʪʧʦʨʥʦʩʪ ʢʨʠʚʝ ʟʘ ʞʠʣʘʚ ʤʘʪʝʨʠʿʘʣ  

ʉʣʠʢʘ. 3.4 ʋʪʠʮʘʿ ʧʣʘʩʪʠʯʥʦʩʪʠ ʥʘ ʧʦˀʝ ʥʘʧʦʥʘ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ - ʪʝʯʝˁʝ ʤʘʣʠʭ 

ʨʘʟʤʝʨʘ  

ʉʣʠʢʘ 3.5 ʋʪʠʮʘʿ ʧʣʘʩʪʠʯʥʦʩʪ ʥʘ ʧʦˀʝ ʥʘʧʦʥʘ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ ʝʣʘʩʪʦ-

ʧʣʘʩʪʠʯʥʦʩʪ  

ʉʣʠʢʘ 4.1 ɿʦʥʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ 

ʉʣʠʢʘ 4.2 ʄʦʛʫ˂ʠ ʠʟʛʣʝʜ ʧʨʦʬʠʣʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ 

ʉʣʠʢʘ 4.3 ɺʨʭ ʭʣʘʜʥʝ ʧʨʩʣʠʥʝ 

 ʉʣʠʢʘ 4.4 ʇʨʠʤʝʨ ʭʣʘʜʥʝ ʧʨʩʣʠʥʝ ʥʘʩʪʘʣʝ ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ 

 ʉʣʠʢʘ 4.5 ɿʋʊ 

 ʉʣʠʢʘ 4.6 ʆʩʥʦʚʥʠ ʤʘʪʝʨʠʿʘʣ 

 ʉʣʠʢʘ 4.7 ʇʦʿʘʚˀʠʚʘˁʝ ʪʦʧʣʠʭ ʧʨʩʣʠʥʘ ʦʙʟʠʨʦʤ ʥʘ ʦʜʥʦʩ ʧʝʥʝʪʨʘʮʠʿʝ ʠ ʰʠʨʠʥʘ          

ʧʨʩʣʠʥʝ ʧʨʝʤʘ ʩʘʜʨʞʘʿʫ ʫʛˀʝʥʠʢʘ ʫ ʰʘʚʫ 

 ʉʣʠʢʘ 4.8 ʂʦʤʧʘʢʪʥʝ ʝʧʨʫʚʝʪʝ ʟʘ ʟʘʪʝʟʘˁʝ  

 ʉʣʠʢʘ 4.9 Oʙʣʘʩʪ ʧʦʿʘʩʘ ʧʦʩʫʜʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ 



iii  
 

ʉʣʠʢʘ 4.10 ʇʨʩʣʠʥʘ ʫ ʧʨʠʨʫʙʥʠʮʠ ʛʣʘʚʝ ʦʜʚʦʜʘ ʢʦʿʘ ʿʝ ʠʟʘʟʚʘʣʘ ʟʘʤʦʨʥʠ ʣʦʤ 

ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʧʫʤʧʝ 

ʉʣʠʢʘ 4.11 ʇʨʦʙʣʝʤʠ ʩʘ ʢʚʘʣʠʪʝʪʦʤ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ ʫʩʣʝʜ ʥʝʦʜʛʦʚʘʨʘʿʫ˂ʠʭ 

ʧʨʝʣʘʟʘ, ʥʝʧʦʢʣʘʧʘˁʘ ʠ ʧʨʘʢʩʠ ʫ ʟʘʚʘʨʠʚʘˁʫ ʮʝʚʠ ʚʝʣʠʢʦʛ ʧʨʝʯʥʠʢʘ 

ʉʣʠʢʘ 5.1 Schaefflerov ʜʠʿʘʛʨʘʤ  

ʉʣʠʢʘ 5.2 ʉʪʨʫʢʪʫʨʝ ʫ ʞʘʨʝʥʦʤ ʯʝʣʠʢʫ ʧʨʠ ʟʘʛʨʝʚʘˁʫ ʠ ʭʣʘʹʝˁʫ ʪʦʢʦʤ 

ʟʘʚʘʨʠʚʘˁʘ  

ʉʣʠʢʘ 5.3 ʉʪʨʫʢʪʫʨʝ ʫ ʭʣʘʜʥʦʚʘˀʘʥʦʤ ʯʝʣʠʢʫ ʧʨʠ ʟʘʛʨʝʚʘˁʫ ʠ ʭʣʘʹʝˁʫ ʪʦʢʦʤ 

ʟʘʚʘʨʠʚʘˁʘ  

ʉʣʠʢʘ 5.4 ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ KHZ ʜʠʿʘʛʨʘʤʘ ʟʘ ʫʯˀʝʥʠʯʥʠ ʯʝʣʠʢ  

ʉʣʠʢʘ 6.1 SUMITEN 80  

ʉʣʠʢʘ 6.2 ɿʘʚʘʨʝʥʠ ʩʧʦʿ SUMITEN-a ʞʠʮʦʤ INOX R 19/9 Nb  

ʉʣʠʢʘ 6.3 ʄʝʨʝˁʝ ʠʟʜʫʞʝˁʘ ʧʨʝʢʦ ʪʨʠ ʝʢʩʪʝʥʟʦʤʝʪʨʘ 

ʉʣʠʢʘ 6.4 ɽʧʨʫʚʝʪʘ SM 80-1 ʟʥʘʪʥʦ ʚʝ˂ʝ ʞʠʣʘʚʦʩʪʠ ʜʦʢ ʿʝ ʢʦʜ SM 80-2 ʣʦʤ 

ʩʢʦʨʦ ʩʢʨʦʟ ʢʨʪ 

ʉʣʠʢʘ 6.5 ɽʧʨʫʚʝʪʘ ʪʠʧʘ ʟʘʪʝʟʥʝ ʧʣʦʯʝ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʧʦʥʘʰʘˁʘ ʟʘʚʘʨʝʠʦʛ 

ʩʧʦʿʘ ʠ ˁʝʛʦʚʠʭ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʧʨʠ ʟʘʪʝʟʘˁʫ 

ʉʣʠʢʘ 6.6 ɼʠʿʘʛʨʘʤ ʟʘʚʠʩʥʦʩʪʠ ʩʠʣʝ ʠ ʠʟʜʫʞʝˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʤʝʨʘˁʝʥʘʧʘʜʥʝ 

ʣʠʥʠʿʝ ʩʠʣʝ 

ʉʣʠʢʘ 6.7 ɿʘʚʠʩʥʦʩʪ J ʠʥʪʝʛʨʘʣʘ ʦʜ ʧʦʨʘʩʪʘ ʜʫʞʠʥʝ ʧʨʩʣʠʥʝ ʤʘʪʝʨʠʿʘʣʘ SM80 

BM SP 80-1 

ʉʣʠʢʘ 6.8 ɿʘʚʠʩʥʦʩʪ CTOD ʦʜ ʧʦʨʘʩʪʘ ʜʫʞʠʥʝ ʧʨʩʣʠʥʝ ʤʘʪʝʨʠʿʘʣʘ SM80 BM 

SP 80-1 

ʉʣʠʢʘ 6.9 ɽʧʨʫʚʝʪʘ ʟʘ ʩʘʚʠʿʘˁʝ ʫ ʪʨʠ ʪʘʯʢʝ 

ʉʣʠʢʘ 6.10 ɿʘʪʝʟʥʘ ʧʣʦʯʘ ʩʘ ʧʨʩʣʠʥʘʤʘ 
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ʉʣʠʢʘ 6.11 ɿʘʚʠʩʥʦʩʪ CTOD ʦʜ ʧʦʨʘʩʪʘ ʜʫʞʠʥʝ ʧʨʩʣʠʥʝ 

ʉʣʠʢʘ 6.12 ɿʘʚʠʩʥʦʩʪ ʩʠʣʝ ʠ ʠʟʜʫʞʝˁʘ ʫ ʦʜʥʦʩʫ ʥʘ CMOD ʠ LLD 

ʉʣʠʢʘ 6.13 ɿʘʚʠʩʥʦʩʪ CMOD ʦʜ ʧʦʤʝʨʘˁʘ ʥʘʧʘʜʥʝ ʣʠʥʠʿʝ ʩʠʣʝ 

ʉʣʠʢʘ 6.14 ɼʠʿʘʛʨʘʤ ʟʘʚʠʩʥʦʩʪʠ ʩʠʣʝ ʠ ʠʟʜʫʞʝˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʤʝʨʘˁʝ ʥʘʧʘʜʥʝ 

ʣʠʥʠʿʝ ʩʠʣʝ 

ʉʣʠʢʘ 6.15 ɿʘʚʠʩʥʦʩʪ J ʠʥʪʝʛʨʘʣʘ ʦʜ ʧʦʨʘʩʪʘ ʜʫʞʠʥʝ ʧʨʩʣʠʥʝ 

ʉʣʠʢʘ 6.16 ɻʨʘʥʠʯʥʠ ʫʩʣʦʚʠ, ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʤʨʝʞʝ: ʛʦʨʝ ï ʆʄ ʤʦʜʝʣ, ʩʨʝʜʠʥʘ ï 

ʩʠʤʝʪʨʠʯʥʠ ʟʘʚʘʨʝʥʠ ʩʧʦʿ, ʜʦʣʝ ï ʘʩʠʤʝʪʨʠʯʥʠ ʟʘʚʘʨʝʥʠ ʩʧʦʿ 

ʉʣʠʢʘ 6.17 ʅʘʧʦʥʩʢʦ ʩʪʘˁʝ ʫ ʤʦʜʝʣʫ ʆʄ 

ʉʣʠʢʘ 6.18 ʇʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʫ ʤʦʜʝʣʫ ʆʄ 

ʉʣʠʢʘ 6.19 ʇʦʤʝʨʘˁʘ ʫ ʤʦʜʝʣʫ ʆʄ 

ʉʣʠʢʘ 6.20 ʅʘʧʦʥʩʢʦ ʩʪʘˁʝ ʫ ʤʦʜʝʣʫ ʩʘ ʩʠʤʝʪʨʠʯʥʠʤ ʩʧʦʿʝʤ 

ʉʣʠʢʘ 6.21 ʇʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʫ ʤʦʜʝʣʫ ʩʘ ʩʠʤʝʪʨʠʯʥʠʤ ʩʧʦʿʝʤ 

ʉʣʠʢʘ 6.22 ʇʦʤʝʨʘˁʘ ʫ ʤʦʜʝʣʫ ʩʘ ʩʠʤʝʪʨʠʯʥʠʤ ʩʧʦʿʝʤ 

ʉʣʠʢʘ 6.23 ʅʘʧʦʥʩʢʦ ʩʪʘˁʝ ʫ ʤʦʜʝʣʫ ʩʘ ʘʩʠʤʝʪʨʠʯʥʠʤ ʩʧʦʿʝʤ 

ʉʣʠʢʘ 6.24 ʇʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʫ ʤʦʜʝʣʫ ʩʘ ʘʩʠʤʝʪʨʠʯʥʠʤ ʩʧʦʿʝʤ  

ʉʣʠʢʘ 6.25 ʇʦʤʝʨʘˁʘ ʫ ʤʦʜʝʣʫ ʩʘ ʘʩʠʤʝʪʨʠʯʥʠʤ ʩʧʦʿʝ 
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ʉʇʀʉɸʂ ʊɸɹɽʃɸ 
 

ʊʘʙʝʣʘ 2.1 ʌʘʢʪʦʨʠ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ ʟʘ ʥʝʢʝ ʿʝʜʥʦʩʪʘʚʥʝ ʛʝʦʤʝʪʨʠʿʝ  

ʊʘʙʝʣʘ 4.1 ʇʨʠʤʝʨʠ ʚʨʩʪʘ ʧʨʩʣʠʥʘ  

ʊʘʙʝʣʘ 6.1 ɿʘʪʝʵʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʯʝʣʠʢʘ SUMIʊEN 80ʈ ʠ ˁʝʛʦʚʠʭ ʩʧʦʿʝʚʘ 

ʟʘʚʘʨʝʥʠʭ ʧʦʜ ʧʨʘʰʢʦʤ 

ʊʘʙʝʣʘ 6.2 ʈʝʟʫʣʪʘʪʠ ʠʩʧʠʪʠʚʘˁʘ BM SM80 

ʊʘʙʝʣʘ 6.3 ʇʦʜʘʮʠ ʟʘ TPB J-TEST, SP U-1, ʘʥʜʝʨʤʝʯʠʥʛ, WM 

ʊʘʙʝʣʘ 6.4 ʇʦʜʘʮʠ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ 
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ʆɿʅɸʂɽ 

 

 

KIc,      ʢʨʠʪʠʯʥʠ ʬʘʢʪʦʨ ʠʥʪʝʟʠʪʝʪʘ ʥʘʧʦʥʘ 

Y      ʙʝʟʜʠʤʝʥʟʠʦʥʠ ʬʘʢʪʦʨ ʛʝʦʤʝʪʨʠʿʝ,  

a       ʜʫʞʠʥʘ ʧʨʩʣʠʥʝ 

es       ʢʨʠʪʠʯʥʦ ʥʘʧʨʝʟʘˁʝ, 

 ɽ      ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ,  

g ʝʥʝʨʛʠʿʘ ʧʦʚʨʰʠʥʩʢʦʛ ʥʘʧʦʥʘ-ʧʦʪʨʝʙʥʘ   

ʜʘ  ʩʝ ʩʪʚʦʨʝ ʜʚʝ ʥʦʚʝ ʧʦʚʨʰʠʥʝ ʧʨʝʣʦʤʘ  

KI, KII, KIII  ʬʘʢʪʦʨ ʠʥʪʝʟʠʪʝʪʘ ʥʘʧʦʥʘ ʟʘ ʦʙʣʠʢʝ I, II 

ʠ III  

G       ʩʠʣʘ ʨʘʟʚʦʿʘ ʧʨʩʣʠʥʝ 

J      ɱ ʠʥʪʝʛʨʘʣ 

sij       ʪʝʥʟʦʨ ʥʘʧʦʥʘ 

k       ʢʦʥʩʪʘʥʪʘ, 

 fij       ʙʝʟʜʠʤʝʥʟʠʦʥʘ ʬʫʥʢʮʠʿʘ ʦʜ q 

q      ʧʦʣʘʨʥʘ ʢʦʦʨʜʠʥʘʪʘ 

CTOD (Crack Tip Opening Displacement)  ʦʪʚʘʨʘˁʝ ʚʨʭʘ ʧʨʩʣʠʥʝ 

ry      ʀʨʚʠʥʦʚʘ ʢʦʨʝʢʮʠʿʘ ʫʩʣʝʜ ʧʣʘʩʪʠʯʥʦʩʪʠ 

m      ʙʝʟʜʠʤʝʥʟʠʦʥʘ ʢʦʥʩʪʘʥʪʘ 

P       ʧʦʪʝʥʮʠʿʘʣʥʘ ʝʥʝʨʛʠʿʘ 

U      ʜʝʬʦʨʤʘʮʠʦʥʘ ʝʥʝʨʛʠʿʘ 

W
S
       ʨʘʜ ʩʧʦˀʥʠʭ ʩʠʣʘ 

Re       ʥʘʧʦʥ ʪʝʯʝˁʘ 

Rm       ʟʘʪʝʟʥʘ ʯʚʨʩʪʦ˂ʘ 

ʃɽʄʃ      ʣʠʥʝʘʨʥʦ-ʝʣʘʩʪʠʯʥʘ ʤʝʭʘʥʠʢʘ ʣʦʤʘ 

GTAW (Gas Tungsten Arc Welding) ʟʘʚʘʨʠʚʘˁʝ TIG ʧʦʩʪʫʧʢʦʤ 

EBW (Electron Beam Welding)  ʟʘʚʘʨʠʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʠʤ ʟʨʘʢʦʤ 

JIc       ʞʠʣʘʚʦʩʪ ʣʦʤʘ 

SRs       ʩʨʝʜˁʠ ʥʘʧʦʥ 

A AF As = /     ʘʤʧʣʠʪʫʜʘ ʜʠʥʘʤʠʯʢʝ ʯʚʨʩʪʦ˂ʝ ʝʧʨʫʚʝʪʝ 



vii  
 

ND       ʛʨʘʥʠʯʥʠ ʙʨʦʿ ʮʠʢʣʫʩʘ  

N ʙʨʦʿ ʮʠʢʣʫʩʘ ʢʦʿʠ ʠʩʧʠʪʠʚʘʥʘ ʝʧʨʫʚʝʪʘ 

ʠʟʜʨʞʠ ʜʦ ʧʦʿʘʚʝ ʧʨʩʣʠʥʝ 

Ns       ʜʠʥʘʤʠʯʢʘ ʠʟʜʨʞˀʠʚʦʩʪ 

ůD      ʜʠʥʘʤʠʯʢʘ ʯʚʨʩʪʦ˂ʘ 

ʂʍɿ       ʢʦʥʪʠʥʫʘʣʥʦ ʭʣʘʹʝˁʝ ʧʨʠ ʟʘʚʘʨʠʚʘˁʫ 
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ʈʝʟʠʤʝ 
 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʘʥʘʣʠʟʠʨʘˁʝ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʫ ʧʦʿʝʜʠʥʠʤ 

ʢʦʥʩʪʠʪʫʝʥʪʠʤʘ ʟʘʚʘʨʝʥʥʭ ʩʧʦʿʝʚʘ ʢʦʤʧʣʝʢʩʥʦ ʣʝʛʠʨʘʥʥʭ ʯʝʣʠʢʘ ʚʠʩʦʢʝ 

ʯʚʨʩʪʦ˂ʝ ʥʘ ʝʧʨʫʚʝʪʘʤʘ ʠ ʫ ʨʝʘʣʥʠʤ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ, ʢʘʦ ʠ ʫʪʠʮʘʿ ʨʘʩʪʘ 

ʧʨʩʣʠʥʝ ʥʘ ʩʠʛʫʨʥʦʩʪ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʫʧʨʘʚʦ ʿʝ ʮʠˀ ʦʚʦʛ ʨʘʜʘ. ɼʘ ʙʠ ʩʝ 

ʦʤʦʛʫhʠʣʦ ʟʘʚʘʨʠʚʘˁʝ ʪʘʢʚʠʭ ʢʦʥʩʪʨʫʢʮʠʿʩʢʠʭ ʯʝʣʠʢʘ, ʜʦʜʘʪʥʠ ʤʘʪʝʨʠʿʘʣ ʟʘ 

ʟʘʚʘʨʠʚʘˁʝ ʩʝ ʧʨʦʿʝʢʪʫʿʝ ʪʘʢʦ ʜʘ ʤʝʪʘʣ ʰʘʚʘ ʥʘʢʦʥ ʟʘʚʘʨʠʚʘˁʘ ʠʤʘ ʥʝʰʪʦ 

ʤʘˁʫ ʯʚʨʩʪʦ˂ʫ ʦʜ ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ (ʘʥʜʝʨʤʝʯʠʥʛ ʝʬʝʢʪ). ʋ ʪʘʢʦ ʟʘʚʘʨʝʥʦʤ 

ʩʧʦʿʫ ʜʦ ʧʣʘʩʪʠʯʥʦʛ ʪʝʯʝˁʘ ˂ʝ ʜʦ˂ʠ ʧʨʚʦ ʫ ʤʝʪʘʣʫ ʰʘʚʘ. ʊʝʢ ʥʘʢʦʥ ʦʿʘʯʘʚʘˁʘ 

ʄʐ ʜʦ ʥʠʚʦʘ ʛʨʘʥʠʮʝ ʪʝʯʝˁʘ ʆʄ ʜʦʣʘʟʠ ʜʦ ʧʧʘʩʪʠʯʥʦʛ ʜʝʬʦʨʤʠʩʘˁʘ ʆʄ. 

ʎʠˀ ʦʚʦʛ ʨʘʜʘ ʿʝ ʜʘ ʩʝ ʧʦʢʘʞʫ ʥʫʤʝʨʠʯʢʠ ʤʦʜʝʣʠ, ʜʦʧʨʠʥʦʩ ʘʥʘʣʠʟʠ ʧʨʦʙʣʝʤʘ 

ʠʟ ʨʝʬʝʨʝʥʪʥʝ ʦʙʣʘʩʪʠ ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʫʧʨʘʚʦ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʩʝ ʥʘ ʙʨʟ ʠ 

ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʘʥ ʥʘʯʠʥ ʨʘʟʚʦʿʘ ʤʦʜʝʣʘ ʢʦʿʠ ˂ʝ ʥʘ ʤʝʨʦʜʘʚʘʥ ʥʘʯʠʥ 

ʧʨʝʜʩʪʘʚʠʪʠ ʨʝʘʣʥʦ ʧʦʥʘʰʘˁʝ ʝʧʨʫʚʝʪʘ,, ʫ ʧʦʛʣʝʜʫ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʘʧʦʥʘ ʠ 

ʧʦˀʘ ʜʝʬʦʨʤʘʮʠʿʘʪʦʢʦʤ ʨʝʣʝʚʘʥʪʥʠʭ ʦʧʪʝʨʝ˂ʝˁʘ. ʅʫʤʝʨʠʯʢʦʤ ʘʥʘʣʠʟʦʤ 

ʤʦʛʫ˂ʝ ʿʝ ʧʨʠʢʘʟʘʪʠ ʠ ʰʠʨʝˁʝ ʧʨʩʣʠʥʝ, ʦʜʥʦʩʥʦ ʧʨʦʤʝʥʘ ˁʝʥʝ ʜʫʞʠʥʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʠʥʠʮʠʿʘʣʥʫ ʚʨʝʜʥʦʩʪ ʦʜ 2.3 mm. ʆʚʠ ʨʝʟʫʣʪʘʪʠ ʩʝ ʪʘʢʦʹʝ ʤʦʛʫ 

ʠʩʢʦʨʠʩʪʠʪʠ ʠ ʢʘʦ ʦʩʥʦʚʘ ʟʘ ʙʫʜʫ˂ʘ ʠʩʪʨʘʞʠʚʘˁʘ, ʢʦʿʘ ʙʠ ʤʦʛʣʘ ʜʘ ʩʝ ʙʘʚʝ 

ʠʩʧʠʪʠʚʘˁʝʤ ʧʦʥʘʰʘˁʘ ʦʚʘʢʚʠʭ ʝʧʨʫʚʝʪʘ ʥʘ ʟʘʤʦʨʥʦ ʦʧʪʝʨʝ˂ʝˁʝ, ʩ ʦʙʟʠʨʦʤ 

ʜʘ ʩʫ ʧʦʩʫʜʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ (ʦʙʣʘʩʪ ʧʨʠʤʝʥʝ ʦʚʘʢʚʠʭ ʤʘʪʝʨʠʿʘʣʘ) ʫʧʨʘʚʦ 

ʠʟʣʦʞʝʥʝ ʦʚʘʢʚʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʠ ʥʘʿʯʝʰ˂ʝ ʦʪʢʘʟʫʿʫ ʫʩʣʝʜ ʠʩʪʦʛ. 

 

ɼʘʢʣʝ, ʧʨʚʦ ʩʫ ʧʨʠʤʝˁʝʥʝ ʤʝʪʦʜʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʢʘʦ ʥʫʤʝʨʠʯʢʘ 

ʤʝʪʦʜʘ, ʢʘʦ ʠ ʜʚʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʤʝʪʦʜʝ ʤʝʪʦʜʘ ʤʝʨʥʠʭ ʪʨʘʢʘ ʠ ʤʝʪʦʜʘ ʟʘ 

ʜʠʛʠʪʘʣʥʫ ʢʦʨʝʣʘʮʠʿʫ ʩʣʠʢʘ. ɼʝʪʘˀʥʦ ʿʝ ʩʘʢʫʧˀʝʥʘ, ʧʨʦʫʯʝʥʘ ʠ 

ʩʠʩʪʝʤʘʪʠʟʦʚʘʥʘ ʥʘʫʯʥʘ ʣʠʪʝʨʘʪʫʨʘ ʠʟ ʦʙʣʘʩʪʠ ʚʝʟʘʥʘ ʟʘ ʩʚʝ ʘʩʧʝʢʪʝ ʦʚʝ 

ʜʠʩʝʨʪʘʮʠʿʝ. ɸʥʘʣʠʟʠʨʘʥʘ ʿʝ ʨʘʟʣʠʢʘ ʫ ʧʦʥʘʰʘˁʫ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʢʘʦ ʮʝʣʠʥʝ ʠ 

ˁʝʛʦʚʠʭ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʠ ʟʘʪʝʟʘˁʝʤ ʩʫ ʠʩʧʠʪʘʥʝ ʝʧʨʫʚʝʪʝ ʩʘ ʤʝʪʘʣʦʤ ʰʘʚʘ 

ʤʘˁʝ ʠ ʚʝ˂ʝ ʯʚʨʩʪʦ˂ʝ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʥʦʚʥʠ ʤʝʪʘʣ  ʰʪʦ ʿʝ ʚʘʞʥʦ ʠ ʟʘ ʦʮʝʥʫ 

ʦʪʧʦʨʥʦʩʪʠ ʧʨʝʤʘ ʰʠʨʝˁʫ ʧʨʩʣʠʥʝ, ʜʘʿʝ ʦʩʥʦʚʥʝ ʧʦʜʘʪʢʝ ʦ ʧʦʥʘʰʘˁʫ 

ʤʘʪʝʨʠʿʘʣʘ ʧʨʠ ʦʧʪʝʨʝ˂ʠʚʘˁʫ. ʉʘ ʮʠˀʝʤ ʜʦʢʘʟʠʚʘˁʘ ʦʚʝ ʧʨʝʪʧʦʩʪʘʚʢʝ, ʧʨʚʦ 

ʩʫ .ʥʘ ʦʩʥʦʚʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʨʝʟʫʣʪʘʪʘ, ʫʨʘʹʝʥʘ ʿʝ ʥʫʤʝʨʠʯʢʘ ʩʠʤʫʣʘʮʠʿʘ 



xi 
 

ʧʦʥʘʰʘˁʘ ʝʧʨʫʚʝʪʝ ʧʨʠ ʩʘʚʠʿʘˁʫ ʫ ʪʨʠ ʪʘʯʢʝ ʧʨʠʤʝʥʦʤ ʩʦʬʚʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ 

ABAQUS. 

Mʝʪʦʜʦʤ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʿʝ ʜʦʢʘʟʘʥʘ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʘ ʟʘʚʘʨˀʠʚʦʩʪ 

ʯʝʣʠʢʘ ʩʘ ʤʝʪʘʣʦʤ ʰʘʚʘ ʥʠʞʝ ʯʚʨʩʪʦ˂ʝ (ʘʥʜʝʨʤʝʯʠʥʛ) ʠ ʦʪʧʦʨʥʦʩʪ ʧʨʝʤʘ 

ʧʨʩʣʠʥʘʤʘ ʠ ʢʨʪʦʤ ʣʦʤʫ. ʇʦʢʘʟʘʥʘ ʿʝ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʩʝ ʥʘ ʙʨʟ ʠ ʨʝʣʘʪʠʚʥʦ 

ʿʝʜʥʦʩʪʘʚʘʥ ʥʘʯʠʥ ʨʘʟʚʠʿʝ ʤʦʜʝʣ ʢʦʿʠ ˂ʝ ʥʘ ʤʝʨʦʜʘʚʘʥ ʥʘʯʠʥ ʧʨʝʜʩʪʘʚʠʪʠ 

ʨʝʘʣʥʦ ʧʦʥʘʰʘˁʝ ʝʧʨʫʚʝʪʘ, ʫ ʧʦʛʣʝʜʫ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʘʧʦʥʘ ʠ ʜʝʬʦʨʤʠʩʘˁʘ 

ʪʦʢʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘ. ʀʟ ʦʚʠʭ ʤʦʜʝʣʘ ʩʝ ʪʘʢʦʹʝ ʤʦʞʝ ʿʘʩʥʦ ʚʠʜʝʪʠ ʠ 

ʥʘʧʨʝʜʦʚʘˁʝ ʧʨʩʣʠʥʝ, ʦʜʥʦʩʥʦ ʧʨʦʤʝʥʘ ˁʝʥʝ ʜʫʞʠʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʯʝʪʥʫ 

ʚʨʝʜʥʦʩʪ.   

ɼʝʬʠʥʠʩʘʥʘ ʿʝ ʧʨʦʮʝʜʫʨʘ ʟʘ ʝʢʧʝʨʠʤʝʥʪʘʣʥʫ ʘʥʘʣʠʟʫ ʘ ʥʘ ʦʩʥʦʚʫ 

ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʧʦʪʚʨʹʝʥʦ ʿʝ ʜʘ ʥʘʧʦʥʠ ʠ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʜʦʩʪʠʞʫ 

ʥʘʿʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʤʝʩʪʫ ʜʝʣʦʚʘˁʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʢʘʦ ʠ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ, ʰʪʦ ʿʝ ʠ 

ʙʠʣʦ ʦʯʝʢʠʚʘʥʦ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʠʩʧʠʪʠʚʘˁʠʤʘ ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ  ʤʘʢʩʠʤʘʣʥʝ 

ʚʨʝʜʥʦʩʪʠ ʧʣʘʩʪʠʯʥʠʭ ʜʝʬʦʨʤʘʮʠʿʘ ʧʦʿʘʚˀʫʿʫ ʥʘ ʤʝʩʪʫ ʜʝʣʦʚʘˁʘ ʦʧʪʝʨʝ˂ʝˁʘ ʫ 

ʩʠʤʝʪʨʠʯʥʦʤ ʤʦʜʝʣʫ, ʚʨʭʫ ʧʨʩʣʠʥʝ ʫ ʆʄ ʤʦʜʝʣʫ ʠ ʪʘʯʥʦ ʠʟʥʘʜ ʟʘʨʝʟʘ ʫ 

ʘʩʠʤʝʪʨʠʯʥʦʤ ʤʦʜʝʣʫ. ʇʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ ʫ ʧʨʚʘ ʜʚʘ 

ʤʦʜʝʣʘ ʩʫ ʠʤʘʣʝ ʚʨʝʜʥʦʩʪʠ ʦʢʦ 0.225, ʜʦʢ ʿʝ ʫ ʩʣʫʯʘʿʫ ʘʩʠʤʝʪʨʠʯʥʦʛ ʤʦʜʝʣʘ 

ʧʣʘʩʪʠʯʥʘ ʜʝʬʦʨʤʘʮʠʿʘ ʚʨʭʘ ʧʨʩʣʠʥʝ ʙʠʣʘ ʟʥʘʯʘʿʥʦ ʤʘˁʘ. ʩʫ ʧʨʠʢʘʟʘʥʠ 

ʥʫʤʝʨʠʯʢʠ ʤʦʜʝʣʠ, ʜʦʧʨʠʥʦʩ ʘʥʘʣʠʟʠ ʧʨʦʙʣʝʤʘ ʠʟ ʨʝʬʝʨʝʥʪʥʝ ʦʙʣʘʩʪʠ, ʢʦʿʠ ʩʝ 

ʩʘʩʪʦʿʠ ʫʧʨʘʚʦ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʩʝ ʥʘ ʙʨʟ ʠ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʘʥ ʥʘʯʠʥ ʨʘʟʚʠʿʝ 

ʤʦʜʝʣ ʢʦʿʠ ˂ʝ ʥʘ ʤʝʨʦʜʘʚʘʥ ʥʘʯʠʥ ʧʨʝʜʩʪʘʚʠʪʠ ʨʝʘʣʥʦ ʧʦʥʘʰʘˁʝ ʝʧʨʫʚʝʪʘ, ʫ 

ʧʦʛʣʝʜʫ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʘʧʦʥʘ ʠ ʧʦˀʘ ʜʝʬʦʨʤʘʮʠʿʘʪʦʢʦʤ ʨʝʣʝʚʘʥʪʥʠʭ 

ʦʧʪʝʨʝ˂ʝˁʘ. ʅʫʤʝʨʠʯʢʦʤ ʘʥʘʣʠʟʦʤ ʤʦʛʫ˂ʝ ʿʝ ʧʨʠʢʘʟʘʪʠ ʠ ʰʠʨʝˁʝ 

ʧʨʩʣʠʥʝ,ʦʜʥʦʩʥʦ ʧʨʦʤʝʥʘ ˁʝʥʝ ʜʫʞʠʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʠʥʠʮʠʿʘʣʥʫ ʚʨʝʜʥʦʩʪ ʦʜ 2.3 

mm. ʆʚʠ ʨʝʟʫʣʪʘʪʠ ʩʝ ʪʘʢʦʹʝ ʤʦʛʫ ʠʩʢʦʨʠʩʪʠʪʠ ʠ ʢʘʦ ʦʩʥʦʚʘ ʟʘ ʙʫʜʫ˂ʘ 

ʠʩʪʨʘʞʠʚʘˁʘ, ʢʦʿʘ ʙʠ ʤʦʛʣʘ ʜʘ ʩʝ ʙʘʚʝ ʠʩʧʠʪʠʚʘˁʝʤ ʧʦʥʘʰʘˁʘ ʦʚʘʢʚʠʭ 

ʝʧʨʫʚʝʪʘ ʥʘ ʟʘʤʦʨʥʦ ʦʧʪʝʨʝ˂ʝˁʝ, ʩ ʦʙʟʠʨʦʤ ʜʘ ʩʫ ʧʦʩʫʜʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ (ʦʙʣʘʩʪ 

ʧʨʠʤʝʥʝ ʦʚʘʢʚʠʭ ʤʘʪʝʨʠʿʘʣʘ) ʫʧʨʘʚʦ ʠʟʣʦʞʝʥʝ ʦʚʘʢʚʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʠ ʥʘʿʯʝʰ˂ʝ 

ʦʪʢʘʟʫʿʫ ʫʩʣʝʜ ʠʩʪʦʛ ʨʘʟʣʦʛʘ. 
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CRACK DEVELOPMENT IN HETEROGENEOUS WELDED JOINTS  

Abstract 

The main goal in this research is the experimental crack growth analysis for 

certain welded joint constituents of complex high strength alloyed steels, concerning 

both the specimens and real structures, as well as the influence of crack growth on the 

safety of the welded joint. In order to perform the welding of such structural steels, the 

welding filler material is designed to obtain a somewhat lower value of the weld metal 

strength than the strength of the parent metal (PM) (undermatching effect). The onset of 

plastic flow in this type of welded joint occurs initially in the weld metal (WM). Thus, 

plastic deformation in the PM does not occur until the deformation hardening of the 

WM reaches the plasticity limit of the PM. 

First, the finite element method is applied as a numerical tool, followed by two 

experimental methods: the strain gauge method, and the digital image correlation 

method. Literature connected to all the disciplines concerning this research has been 

collected, studied and systematized in detail. The difference in the welded joint 

behaviour as a whole and its constituents has been analysed through tension testing of 

specimens produced with both overmatched and undermatched weld metal, which is 

important for assessing the crack growth resistance, since it brings major results on the 

material behaviour of the loaded structure. In the effort to prove this assumption, at first 

- based on experimental results the numerical simulation is performed by applying 

ABAQUS software on three-point bending specimen behaviour. 

The application of the finite element method has proved an acceptable weldability 

of the undermatched steel weld and the resistance to crack growth and brittle fracture. 

The possibilities for a fast and relatively simple model development are shown, 

representing competent realistic specimen behaviour, both concerning stress 

concentrations and deformation fields in external loading experimental conditions. 

These models clearly depict the crack propagation. 

The procedure for experimental analysis is defined, and based on the results 

obtained, the stresses and plastic deformations have been confirmed to reach the highest 

levels at locations of acting loads and crack tips, as has been expected. Experimental 

tests have shown that the maximal values of plastic deformation appear at locations of 

applied loading in the symmetrical model, crack tip in the PM model, and instantly 
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above the groove in the asymmetrical model. Plastic deformation values of around 

0.225 appeared in the crack tip of the first two models, while the plastic deformation in 

the crack tip was significantly smaller in case of the asymmetrical model. 

The goal in this work is to perform numerical modelling and present contributions 

to problem analysis in the referent field, composed of possibilities for fast and relatively 

simple model development, presenting a competent realistic specimen behaviour ï 

concerning the stress concentrations and deformation fields upon conditions of external 

loading. Numerical analysis may describe the crack propagation, or its extension from 

the initial 2.3 mm value. These results may also be used as the basis for further research, 

dealing with the specimen behavior in fatigue loading, since i.e. pressure vessels 

(manufactured with these materials and this technology) are similarly loaded and exhibit 

failures as a result. 

Keywords: heterogenous welded joint, undermatching, finite element method, strength, 

numerical simulation, plastic deformation, strain gauge method 

Scientific field: technical science field 

Narrow scienti fic field: materials and technology, fracture mechanics 
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1. ʋɺʆɼ  

 

   ʉʤʠʩʘʦ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʥʘʿʙʦˀʝ ʠʣʫʩʪʨʠʿʝ ʠʟʨʝʢʘ ʧʦʟʥʘʪʦʛ ʥʝʤʘʯʢʦʛ ʥʘʫʯʥʠʢʘ 

A. Kochendorfera:  

"ʌʠʣʦʟʦʬʠʿʘ ʤʝʢʘʥʠʢʝ ʣʦʤʘ ʟʥʘʯʠ ʞʠʚʝʪʠ ʩʘ ʛʨʝʰʢʦʤ ʫ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ, ʘʣʠ 

ˁʠʤʘ ʪʘʢʦ ʦʚʣʘʜʘʪʠ ʜʘ ʥʝ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʢʘʪʘʩʪʨʦʬʘ" 

ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʧʨʝʜʩʪʘʚˀʘ ʜʠʩʮʠʧʣʠʥʫ ʫ ʢʦʿʦʿ ʿʝ ʥʝʠʟʙʝʞʥʦ ʧʦʚʝʟʠʚʘˁʝ 

ʪʝʦʨʠʿʩʢʠʭ ʨʘʟʤʘʪʨʘˁʘ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ, ʩʘ ʿʝʜʥʝ ʩʪʨʘʥʝ, ʩʘ 

ʧʦʿʘʚʦʤ ʣʦʤʦʚʘ ʠ ʭʘʚʘʨʠʿʘ ʫ ʝʢʩʧʣʦʘʪʘʮʠʿʠ ʢʦʥʩʪʨʫʢʮʠʿʘ, ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ. [1] 

ɼʝʬʠʥʠʩʘˁʝ ʥʦʚʠʭ ʠʩʧʠʪʠʚʘˁʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʚʝʣʠʯʠʥʝ ʧʘʨʘʤʝʪʘʨʘ ʢʘʢʦ ʙʠ ʩʝ 

ʦʮʝʥʠʣʘ ʩʢʣʦʥʦʩʪ ʢʘ ʨʘʟʚʦʿʫ ʧʨʩʠʣʠʥʘ ʠ ʢʨʠʪʠʯʥʠ ʫʩʣʦʚʠ ʙʨʟʦʛ ʨʘʟʚʦʿʘ ʣʦʤʘ 

ʪʘʢʦʹʝ ʿʝ ʦʤʦʛʫ˂ʠʣʘ ʤʝʭʘʥʠʢʘ ʣʦʤʘ.[2] ʆʥʘ ʩʝ ʦʜʥʦʩʠ ʠ ʥʘ ʠʩʪʨʘʞʠʚʘˁʝ ʫʩʣʦʚʘ 

ʨʘʟʚʦʿʘ ʧʨʩʣʠʥʘ ʘʣʠ ʦʙʫʭʚʘʪʘ ʫ ʰʠʨʝʤ ʩʤʠʩʣʫ ʠ ʜʝʦ ʦʪʧʦʨʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ 

ʩʝ ʦʜʥʦʩʠ ʥʘ ʟʘʚʨʰʥʫ ʬʘʟʫ ʧʨʦʮʝʩʘ ʜʝʬʦʨʤʠʩʘˁʘ ʧʦʜ ʜʝʿʩʪʚʦʤ ʦʧʪʝʨʝ˂ʝˁʘ. 

ʇʘʨʘʤʝʪʨʠ ʤʝʭʘʥʠʢʝ ʣʦʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʢʨʠʪʠʯʥʘ ʚʝʣʠʯʠʥʘ ʬʘʢʪʦʨʘ ʠʥʪʝʟʠʪʝʪʘ 

ʥʘʧʦʥʘ, ʧʦʤʝʨʝˁʝ ʦʪʚʦʨʘ ʧʨʩʣʠʥʝ ʠ ʈʘʿʩʦʚ ʢʦʥʪʫʨʥʠ ʠʥʪʝʛʨʘʣ [3] ʥʘʩʪʘʣʠ ʩʫ ʠʟ 

ʪʝʦʨʠʿʩʢʠʭ ʘʥʘʣʠʟʘ ʠ ʤʘʪʝʤʘʪʠʯʢʠʭ ʤʦʜʝʣʘ ʨʘʟʣʠʯʠʪʠʭ ʦʙʣʠʢʘ ʪʝʣʘ ʩʘ ʧʨʩʣʠʥʦʤ. 

ʇʨʝʜʩʪʘʚˀʘʿʫ ʦʧʪʝʨʝ˂ʝˁʝ ʠ ʛʝʦʤʝʪʨʠʿʫ ʢʦʥʩʪʨʫʢʮʠʿʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʛʝʦʤʝʪʨʠʿʫ 

ʧʨʩʣʠʥʝ (ʩʘ ʿʝʜʥʝ ʩʪʨʘʥʝ) ʘ ʩʚʦʿʩʪʚʦ ʤʘʪʝʨʠʿʘʣʘ, ʪʿ. ˁʝʛʦʚʫ ʦʪʧʦʨʥʦʩʪ ʥʘ ʨʘʩʪ 

ʧʨʩʣʠʥʝ, (ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ).  

ɼʘ ʙʠ ʩʝ ʧʦʪʧʫʥʦ ʫʧʦʟʥʘʣʦ ʧʦʥʘʰʘˁʝ ʤʘʪʝʨʠʿʘʣʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʫʧʦʨʝʜʠʪʠ 

ˁʝʛʦʚʝ ʦʩʦʙʠʥʝ ʫ ʪʨʝʥʫʪʢʫ ʫʛʨʘʜˁʝ ʠ ʧʦʩʣʝ ʦʜʨʝʹʝʥʦʛ ʚʨʝʤʝʥʘ ʝʢʩʧʣʦʘʪʘʮʠʿʝ. 

ʆʜʨʝʹʠʚʘˁʝ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʜʝʬʠʥʠʩʘˁʫ 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʘʧʦʥʘ ʫ ʦʢʦʣʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ. ɱʝʜʥʦ ʦʜ ʦʧʰʪʝ ʧʨʠʭʚʘ˂ʝʥʠʭ 

ʧʨʘʚʠʣʘ ʟʘ ʢʦʨʠʰ˂ʝˁʝ ʘʥʘʣʠʪʠʯʢʠʭ ʤʝʪʦʜʘ ʧʨʠ ʦʜʨʝʹʠʚʘˁʫ. ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʿʝ ʪʝʟʘ ʦ ʘʫʪʦʥʦʤʥʦʩʪʠ ʧʨʩʣʠʥʝ ʠʣʠ ʢʦʥʮʝʧʪ ʩʣʠʯʥʦʛ ʧʦʥʘʰʘˁʘ.[4] 

ʊʝʟʘ ʦ ʘʫʪʦʥʦʤʥʦʩʪʠ ʿʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʧʨʝʪʧʦʩʪʘʚʮʠ ʜʘ ʧʦˀʝ ʥʘʧʦʥʘ ʫ ʦʢʦʣʠʥʠ ʚʨʭʘ 

ʧʨʩʣʠʥʝ ʟʘʚʠʩʠ ʦʜ ʚʨʝʜʥʦʩʪʠ ʩʨʝʜˁʠʭ ʥʘʧʦʥʘ, ʝʣʘʩʪʠʯʥʠʭ ʩʚʦʿʩʪʘʚʘ ʤʘʪʝʨʠʿʘʣʘ ʠ 

ʦʙʣʠʢʘ ʧʨʩʣʠʥʝ. ʆʚʘ ʪʝʟʘ ʿʝ ʧʨʠʭʚʘʪˀʠʚʘ ʫʢʦʣʠʢʦ ʿʝ ʂ-ʟʦʥʘ ʤʘʣʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʜʠʤʝʥʟʠʿʝ ʧʨʩʣʠʥʝ [5], ʛʜʝ ʩʝ ʧʦʜ K-ʟʦʥʦʤ ʧʦʜʨʘʟʫʤʝʚʘ ʦʙʣʘʩʪ ʫ ʦʢʦʣʠʥʠ ʚʨʭʘ 
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ʧʨʩʣʠʥʝ ʫ ʢʦʿʦʿ ʤʦʞʝ ʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʪʝʦʨʠʿʘ ʘʩʠʤʧʪʦʪʩʢʦʛ ʥʘʧʦʥʩʢʦʛ ʧʦˀʘ, 

ʜʨʫʛʠʤ ʨʝʯʠʤʘ, ʂ-ʟʦʥʘ ʿʝ ʩʠʥʛʫʣʘʨʥʦ ʜʦʤʠʥʘʥʪʥʘ ʦʙʣʘʩʪ. 

 

1.1 ʆʩʥʦʚʠ ʤʝʭʘʥʠʢʝ ʣʦʤʘ, ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ  

ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʿʝ ʜʝʬʠʥʠʩʘʣʘ ʧʘʨʘʤʝʪʨʝ ʠ ʫʚʝʣʘ ʥʦʚʝ ʤʝʪʦʜʝ ʠʩʧʠʪʠʚʘˁʘ, ʘ ʩʚʝ 

ʫ ʮʠˀʫ ʜʘ ʩʝ ʰʪʦ ʙʦˀʝ ʦʜʨʝʜʠ ʩʢʣʦʥʦʩʪ ʢʘ ʨʘʟʚʦʿʫ ʧʨʩʣʠʥʘ, ʢʨʠʪʠʯʥʠʭ ʫʩʣʦʚʘ 

ʙʨʟʦʛ ʨʘʟʚʦʿʘ ʣʦʤʘ, ʦʪʧʦʨʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʢʘ ʙʨʟʦʿ ʧʨʦʧʘʛʘʮʠʿʠ ʧʨʩʣʠʥʝ, ʠʣʠ 

ʜʨʫʛʠʤ ʨʝʯʠʤʘ, ʜʘ ʩʝ ʦʮʝʥʠ ʧʦʥʘʰʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʠ ʩʠʛʫʨʥʦʩʪ ʢʦʥʩʪʨʫʢʮʠʿʝ ʫ 

ʧʨʠʩʫʩʪʚʫ ʧʨʩʣʠʥʘ ʠʣʠ ʜʨʫʛʠʭ ʩʨʦʜʥʠʭ ʛʨʝʰʘʢʘ. ʋ ʨʘʜʫ [6] ʦʧʠʩʘʥʠ ʩʫ 

ʩʪʘʥʜʘʨʜʥʠ ʧʦʩʪʫʧʮʠ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ 

ʠʩʧʠʪʠʚʘˁʝʤ ʝʧʨʫʚʝʪʘ ʩʘ ʧʨʩʣʠʥʦʤ: ʞʠʣʘʚʦʩʪʠ ʢʦʤʘ KIc, ʦʪʚʘʨʘˁʘ ʧʨʩʣʠʥʝ 

CTOD ʠ ɱ ʠʥʪʝʛʨʘʣʘ, ʥʝʟʘʚʠʩʥʦʛ ʦʜ  ʧʫʪʘˁʝ. ɸʥʘʣʠʟʠʨʘʥʘ ʿʝ ʞʠʣʘʚʦʩʪ ʣʦʤʘ 

ʦʜʨʝʹʝʥʘ ʠʩʧʠʪʠʚʘˁʝʤ ɱ ʠʥʪʝʛʨʘʣʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʯʝʣʠʢʘ Ļ 4730 ʠ ʫʪʠʮʘʿ 

ʭʝʪʝʨʦʛʝʥʦʩʪʠ ʩʪʨʫʢʪʫʨʝ ʠ ʤʝʭʘʥʠʯʢʠʭ ʦʩʦʙʠʥʘ. ʋ ʨʘʜʫ [7] ʿʝ ʜʘʪ ʦʧʰʪʠ ʧʨʠʩʪʫʧ 

ʦʜʨʝʹʠʚʘˁʫ ʧʨʝʦʩʪʘʣʝ ʯʚʨʩʪʦ˂ʝ ʠ ʚʝʢʘ ʢʦʥʩʪʨʫʢʮʠʿʝ ʧʨʠʤʝʥʦʤ ʧʘʨʘʤʝʪʘʨʘ 

ʤʝʭʘʥʠʢʝ ʣʦʤʘ. ʇʦʩʝʙʥʦ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʤʝʭʘʥʠʟʤʠ ʥʘʩʪʘʥʢʘ ʠ ʨʘʩʪʘ ʦʰʪʝ˂ʝˁʘ, 

ʢʘʦ ʰʪʦ ʩʫ ʟʘʤʦʨ, ʧʫʟʘˁʝ ʠ ʢʦʨʦʟʠʿʘ. ʂʘʦ ʧʨʠʤʝʨʠ ʟʘ ʠʣʫʩʪʨʘʮʠʿʫ ʦʧʠʩʘʥʠʭ 

ʧʨʦʮʝʜʫʨʘ, ʘʥʘʣʠʟʠʨʘʥʠ ʩʫ ʢʦʣʝʢʪʦʨʠ ʧʘʨʝ ʫ ʪʝʨʤʦʝʣʝʢʪʨʘʥʠ ʠ ʜʠʩʢʦʚʠ ʤʣʘʟʥʠʭ 

ʤʦʪʦʨʘ. ʊʘʢʦʹʝ ʩʫ ʘʥʘʣʠʟʠʨʘʥʝ ʧʦʩʫʜʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ ʠ ʟʘʚʘʨʝʥʠ ʩʧʦʿʝʚʠ, ʢʘʦ 

ʪʠʧʠʯʥʠ ʧʨʠʤʝʨʠ ʢʦʥʩʪʨʫʢʮʠʿʘ ʯʠʿʠ ʠʥʪʝʛʨʠʪʝʪ ʪʨʝʙʘ ʧʨʦʮʝʥʠʪʠ.  

ʋ ʨʘʜʫ [8] ʠʩʧʠʪʘʥʘ ʿʝ ʝʧʨʫʚʝʪʘ ʨʘʜʠ ʘʥʘʣʠʟʝ ʧʦʥʘʰʘˁʘ ʧʨʩʣʠʥʘ ʫ ʟʘʚʘʨʝʥʠʤ 

ʩʧʦʿʝʚʠʤʘ ʧʦʩʫʜʘ ʧʦʜ ʧʨʠʪʠʩʢʦʤ ʠʟʨʘʹʝʥʠʤ ʦʜ ʤʠʢʨʦʣʝʛʠʨʘʥʦʛ ʯʝʣʠʢʘ, ʧʨʠʤʝʥʦʤ 

ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ. ʏʝʣʠʢ NIOMOL 490ʂ ʿʝ ʥʘʤʝˁʝʥ ʟʘ ʠʟʨʘʜʫ ʟʘʚʘʨʝʥʠʭ 

ʢʦʥʩʪʨʫʢʮʠʿʘ ʠʟʣʦʞʝʥʠʭ ʜʠʥʘʤʠʯʢʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʠ ʥʠʩʢʦʿ ʪʝʤʧʝʨʘʪʫʨʠ, ʟʙʦʛ 

ʯʝʛʘ, ʦʩʠʤ ʜʦʚʦˀʥʝ ʯʚʨʩʪʦ˂ʝ, ʤʦʨʘ ʠʤʘʪʠ ʠ ʧʨʠʭʚʘʪˀʠʚʫ ʞʠʣʘʚʦʩʪ. ʆʚʘʿ ʨʘʜ 

ʪʨʝʙʘ ʜʘ ʜʦʧʨʠʥʝʩʝ ʨʘʟʚʦʿʫ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʢʨʠʪʝʨʠʿʫʤʘ ʧʨʠʭʚʘʪˀʠʚʦʩʪʠ 

ʛʨʝʰʘʢʘ ʪʠʧʘ ʧʨʩʣʠʥʘ ʢʦʜ ʧʦʩʫʜʘ ʧʦʜ ʧʨʠʪʠʩʢʦʤ ʥʘʤʝˁʝʥʠʭ ʟʘ ʨʘʜ ʫ ʫʩʣʦʚʠʤʘ 

ʥʠʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʘʛʨʝʩʠʚʥʠʭ ʩʨʝʜʠʥʘ.  

ʋ ʨʘʜʫ [9] ʧʨʠʢʘʟʘʥ ʿʝ ʜʝʦ ʨʝʟʫʣʪʘʪʘ ʢʦʤʧʣʝʢʩʥʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʘʥʘʣʠʟʝ 

(ʤʝʨʝˁʝ ʪʚʨʜʦ˂ʝ, ʠʩʧʠʪʠʚʘˁʝ ʟʘʪʝʟʘˁʝʤ ʛʣʘʪʢʠʭ ʠ ʟʘʨʝʟʘʥʠʭ ʝʧʨʫʚʝʪʘ, ʫʜʘʨʥʘ 

ʞʠʣʘʚʦʩʪ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʬʨʘʢʪʦʛʨʘʬʠʿʘ) ʜʚʘ ʥʠʩʢʦ ʣʝʛʠʨʘʥʘ, ʟʘʚʘʨˀʠʚʘ 

ʯʝʣʠʢʘ ʚʠʩʦʢʝ ʯʚʨʩʪʦ˂ʝ, ʟʘʪʝʟʥʝ ʯʚʨʩʪʦ˂ʝ ům ʦʢʦ 900 MPa, ʧʨʦʠʟʚʝʜʝʥʘ 



3 
 

ʨʘʟʣʠʯʠʪʠʤ ʧʦʩʪʫʧʮʠʤʘ. ʊʘʢʦʹʝ ʩʫ ʧʨʠʢʘʟʘʥʠ ʨʝʟʫʣʪʘʪʠ ʠʩʧʠʪʠʚʘˁʘ 

ʠʥʩʪʨʫʤʝʥʪʠʨʘʥʠʤ ʢʣʘʪʥʦʤ ʫ ʧʦʜʨʫʯʿʫ ʪʝʤʧʝʨʘʪʫʨʘ ʠʟʤʝʹʫ +20 ʜʦ -100°C, ʫ 

ʢʦʿʠʤʘ ʿʝ ʨʘʟʤʘʪʨʘʥʘ ʝʥʝʨʛʠʿʘ ʟʘ ʠʥʠʮʠʿʘʮʠʿʫ ʠ ʨʘʩʪ ʧʨʩʣʠʥʝ. ɸʥʘʣʠʟʘ ʿʝ ʦʪʢʨʠʣʘ 

ʟʥʘʯʘʿʥʫ ʨʘʟʣʠʢʫ ʫ ʝʥʝʨʛʠʿʠ ʫʜʘʨʘ ʧʦʪʨʝʙʥʦʿ ʟʘ ʣʦʤ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʠ ʪʝʤʝʧʨʘʪʫʨʝ ʠʩʧʠʪʠʚʘˁʘ, ʰʪʦ ʿʝ ʧʨʘ˂ʝʥʦ ʨʘʟʣʠʯʠʪʠʤ ʦʜʥʦʩʠʤʘ 

ʝʥʝʨʛʠʿʝ ʠʥʠʮʠʿʘʮʠʿʝ ʠ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʠ ʨʘʟʣʠʢʘʤʘ ʫ ʠʟʛʣʝʜʫ ʧʦʚʨʰʠʥʝ ʧʨʝʣʦʤʘ.   

1.2 ɿʘʚʘʨʝʥʠ ʩʧʦʿʝʚʠ, ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ 

ʋ ʩʣʫʯʘʿʫ ʟʘʚʘʨʝʠʭ ʩʧʦʿʝʚʘ, ʥʘʚʝʜʝʥʠ ʧʘʨʘʤʝʪʨʠ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʤʦʨʘʿʫ ʫʟʝʪʠ ʫ 

ʦʙʟʠʨ ʭʝʪʝʨʦʛʝʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʟʘ ʟʘʚʘʨʝʥʝ ʩʧʦʿʝʚʝ, ʦ ʯʝʤʫ ˂ʝ 

ʚʠʰʝ ʙʠʪʠ ʨʝʯʠ ʫ ʥʘʨʝʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ ʦʚʦʛ ʨʘʜʘ. 

ʇʨʦʙʣʝʤ ʧʨʩʣʠʥʘ ʫ ʟʘʚʘʨʝʥʠʤ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ ʜʘʪʠʨʘ ʜʫʛʠ ʥʠʟ ʛʦʜʠʥʘ ʠ ʧʨʠʚʣʘʯʠ 

ʚʝʣʠʢʫ ʧʘʞˁʫ ʠʩʪʨʘʞʠʚʘʯʘ ʫ ʩʚʝʪʫ ʿʝʨ ʜʦʚʦʜʠ ʜʦ ʫʯʝʩʪʘʥʦʩʪʠ ˁʠʭʦʚʦʛ ʦʪʢʘʟʘ ʠ 

ʭʘʚʘʨʠʿʘ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ. ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʿʝ ʥʘ ʧʨʝʣʘʟʫ ʦʜ ʯʠʩʪʦ ʢʨʪʦʛ 

ʣʦʤʘ ʢʘ ʢʚʘʟʠ-ʢʨʪʦʤ (ʞʠʣʘʚʦ ʢʨʪʦʤ)  ʣʦʤʫ ʤʦʨʘʣʘ ʜʘ ʧʨʦʫʯʘʚʘ ʠ ʜʝʬʦʨʤʘʮʠʿʫ ʢʦʿʘ 

ʧʨʝʪʭʦʜʠ ʣʦʤʫ. ʉʘ ʧʦʚʝ˂ʘˁʝʤ ʧʨʠʤʝʥʝ ʤʝʪʘʣʘ ʫ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ ʧʦʚ˂ʘʚʘ ʩʝ ʠ 

ʫʯʝʩʪʘʥʦʩʪ ʣʦʤʦʚʘ. ɿʘʙʝʣʝʞʝʥʠ ʩʫ ʙʨʦʿʥʠ ʩʣʫʯʘʿʝʚʠ ʧʦʿʘʚʝ ʣʦʤʘ ʢʦʿʠ ʩʫ ʫʚʝʢ 

ʧʨʠʚʣʘʯʠʣʠ ʧʘʞˁʫ ʧʨʦʿʝʢʪʘʥʘʪʘ ʠ ʧʨʦʠʟʚʦʹʘʯʘ ʤʘʪʝʨʠʿʘʣʘ. ɼʦʢʪʦʨʩʢʘ 

ʜʠʩʝʨʪʘʮʠʿʘ [10]  ʙʘʚʠ ʩʝ ʧʨʦʫʯʘʚʘˁʝʤ ʧʦʥʘʰʘˁʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʥʠʩʢʦʣʝʛʠʨʘʥʦʛ 

ʯʝʣʠʢʘ ʧʦʚʠʰʝʥʝ ʯʚʨʩʪʦ˂ʝ NIONIKRAL 70 ʫʩʣʝʜ ʜʝʿʩʪʚʘ ʥʠʩʢʦʮʠʢʣʠʯʥʦʛ ʟʘʤʦʨʘ. 

ʇʦʤʦ˂ʫ ʦʚʝ ʜʚʝ ʢʨʠʚʝ ʩʫ ʠʟʨʘʯʫʥʘʪʝ ʮʠʢʣʠʯʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʟʘ ʦʮʝʥʫ ʧʦʥʘʰʘˁʘ 

ʤʘʪʝʨʠʿʘʣʘ ʠ ʧʘʨʘʤʝʪʨʠ ʥʠʩʢʦʮʠʢʣʠʯʥʦʛ ʟʘʤʦʨʘ ʟʘ ʧʨʦʨʘʯʫʥ ʟʘʤʦʨʥʦʛ ʚʝʢʘ. ɿʙʦʛ 

ʩʪʠʮʘˁʘ ʰʠʨʝ ʩʣʠʢʝ ʦ ʥʘʩʪʘʿʘˁʫ ʠ ʨʘʟʚʦʿʫ ʟʘʤʦʨʥʠʭ ʧʨʩʣʠʥʘ ʫ ʟʘʚʘʨʝʥʦʤ ʩʧʦʿʫ, 

ʢʘʦ ʭʝʪʝʨʦʛʝʥʦʿ ʩʪʨʫʢʪʫʨʠ ʟʙʦʛ ʩʚʦʿʝ ʛʝʦʤʝʪʨʠʿʩʢʝ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʫʩʣʝʜ 

ʟʘʚʘʨʠʚʘˁʘ, ʫʨʘʹʝʥʘ ʩʫ ʠʩʧʠʪʠʚʘˁʘ ʧʦʤʦ˂ʫ ʝʣʘʩʪʦ-ʧʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ. 

ʋʥʠʚʝʨʟʘʣʥʠ ʧʘʨʘʤʝʪʘʨ ɱ ʠʥʪʝʛʨʘʣ ʠ ˁʝʛʦʚʘ ʢʨʠʪʠʯʥʘ ʚʨʝʜʥʦʩʪ JIc ʩʫ ʧʨʠʤʝˁʝʥʠ 

ʟʘ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ ʢʘ ʩʪʚʘʨʘˁʫ ʧʨʩʣʠʥʝ. ʋ ʨʘʜʫ [11] ʿʝ ʧʨʠʢʘʟʘʥʘ ʘʥʘʣʠʟʘ 

ʠʟʣʦʞʝʥʘ ʧʨʠʤʝʥʠ ʣʠʥʝʘʨʥʦ ʝʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʥʘ ʧʨʝʜʚʠʹʘˁʝ ʨʘʩʪʘ 

ʟʘʤʦʨʥʝ ʧʨʩʣʠʥʝ ʥʘ ʧʨʠʤʝʨʫ ʧʦʚʨʰʠʥʩʢʠʭ ʧʨʩʣʠʥʘ ʢʦʜ ʯʝʣʠʢʘ BS 4360-50D ʠ ʫ 

ʤʝʪʘʣʫ ʰʘʚʘ ˁʝʛʦʚʦʛ ʩʫʯʝʦʥʦʛ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʧʨʠ ʩʘʚʠʿʘˁʫ ʫ 4 ʪʘʯʢʝ. ɿʘ 

ʧʨʦʨʘʯʫʥ ʨʘʩʧʦʥʘ ʬʘʢʪʦʨʘ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ ʢʦʨʠʰ˂ʝʥʘ ʩʫ ʨʝʰʝˁʘ ʫ ʘʥʘʣʠʟʠ 

ʉʢʦʪʘ ʠ ʊʦʨʧʘ. ʈʘʟʚʠʿʝʥʠ ʩʫ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤʠ ʟʘ ʦʚʦ ʧʨʝʜʚʠʹʘˁʝ. ʇʨʝʜʚʠʹʘˁʝ 

ʧʨʦʬʠʣʘ ʧʨʩʣʠʥʝ ʿʝ ʧʦʢʘʟʘʣʦ ʜʘ ʩʝ ʢʦʥʘʯʥʠ ʣʦʤ ʝʧʨʫʚʝʪʝ ʿʘʚˀʘ ʢʘʜʘ ʿʝ ʧʨʩʣʠʥʝ 
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ʜʫʞ ʧʦʚʨʰʠʥʘ ʜʦʩʪʠʛʣʘ ʠʚʠʯʥʝ ʩʪʨʘʥʝ ʝʧʨʫʚʝʪʝ. ʆʙʣʠʮʠ ʧʨʦʬʠʣʘ ʟʘʚʠʩʝ ʦʜ 

ʜʝʙˀʠʥʝ, ʰʠʨʠʥʝ ʠ ʧʦʯʝʪʥʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʧʨʩʣʠʥʝ. 

ʋ ʨʘʜʫ [12] ʿʝ ʘʥʘʣʠʟʠʨʘʥʘ ʤʦʛʫ˂ʥʦʩʪ ʧʨʠʤʝʥʝ ʤʠʢʨʦʤʝʭʘʥʠʯʢʦʛ ʧʨʠʩʪʫʧʘ ʫ 

ʩʠʤʫʣʘʮʠʿʠ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʧʨʠ ʞʠʣʘʚʦʤ ʣʦʤʫ. ɿʘʚʘʨʝʥʚʘˁʝʤ  ʩʧʦʿʝʚʘ ʨʘʟʣʠʯʠʪʝ 

ʰʠʨʠʥʝ ʠ ʩʪʨʫʢʪʫʨʝ ʦʩʪʚʘʨʝʥʘ ʿʝ ʧʨʝʥʦʩʠʚʦʩʪ ʢʘʣʠʙʨʠʩʘʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʘ ʛʣʘʪʢʝ 

ʝʧʨʫʚʝʪʝ ʥʘ ʝʧʨʫʚʝʪʫ ʩʘ ʧʦʯʝʪʥʦʤ ʧʨʩʣʠʥʦʤ. ʄʠʩʤʝʯʠʥʛ ʝʬʝʢʘʪ ʿʝ ʘʥʘʣʠʟʠʨʘʥ 

ʨʘʟʤʘʪʨʘˁʝʤ ʦʚʝʨʤʝʯ (ʆʄ) ʠ ʘʥʜʝʨʤʝʯ (ʋʄ) ʟ ʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ. ʋʪʠʮʘʿ 

ʛʝʦʤʝʪʨʠʿʝ ʿʝ ʫʟʝʪ ʚʘʨʠʨʘˁʝʤ ʰʠʨʠʥʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ. ʋ ʨʘʜʫ [13] ʧʨʠʢʘʟʘʥʝ ʩʫ 

ʚʝʣʠʯʠʥʝ ʢʦʿʝ ʫʪʠʯʫ ʥʘ ʟʘʚʘʨˀʠʚʦʩʪ, ʩ ʧʦʩʝʙʥʠʤ ʦʩʚʨʪʦʤ ʥʘ ʟʘʚʘʨˀʠʚʦʩʪ 

ʤʠʢʨʦʣʝʛʠʨʘʥʠʭ ʯʝʣʠʢʘ ʠ ʯʝʣʠʢʘ ʟʘ ʧʦʙʦˀʰʘʚʘˁʝ. ʇʨʦʚʝʜʝʥʘ ʩʫ ʠʩʧʠʪʠʚʘˁʘ 

ʩʠʤʫʣʘʮʠʿʦʤ ʪʦʧʣʠʥʩʢʦʛ ʟʘʚʘʨʠʚʘʯʢʦʛ ʮʠʢʣʫʩʘ ʥʘ ʩʠʤʫʣʘʪʦʨʫ ʪʠʧʘ Smitweld TCS 

1405, ʠ ʤʝʪʦʜʘʤʘ ʀʤʧʣʘʥʪ i Teʢʢeʥ ʫ ʩʚʨʭʫ ʫʪʚʨʹʠʚʘˁʘ ʩʢʣʦʥʦʩʪʠ 

ʤʠʢʨʦʣʝʛʠʨʘʥʠʭ ʠ ʧʦʙʦˀʰʘʥʠʭ ʯʝʣʠʢʘ ʭʣʘʜʥʠʤ ʧʨʩʣʠʥʘʤʘ 

ʋ ʨʘʜʫ [14] ʿʝ ʫʩʪʘʥʦʚˀʝʥ ʢʦʥʮʝʧʪ ʩʧʨʝʤʥʦʩʪʠ ʟʘ ʫʧʦʪʨʝʙʫ ʠ ʧʨʠʤʝʥʠ ʥʘ Fɸ 

ʩʧʦʿʝʚʝ, ʢʘʦ ʢʨʠʪʠʯʥʘ ʤʝʩʪʘ ʫ ʟʘʚʘʨʝʥʠʤ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ ʠ ʜʦʙʠʿʝʥ ʿʝ ʧʨʝʮʠʟʘʥ 

ʦʜʛʦʚʦʨ ʥʘ ʧʠʪʘˁʝ ʦ ʠʥʪʝʛʨʠʪʝʪʫ Fɸ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ. ʆʩʥʦʚʥʝ ʭʠʧʦʪʝʟʝ ʩʫ 

ʙʘʟʠʨʘʥʝ ʥʘ ʢʦʥʮʝʧʪʫ ɽʇʄʃ, ʢʦʿʠ ʫʢˀʫʯʫʿʝ ʧʨʝʪʧʦʩʪʘʚʢʫ ʦ ʩʪʘʙʣʠʥʦʤ ʨʘʩʪʫ 

ʧʨʩʣʠʥʝ ʧʨʠ ʠʟʿʝʜʥʘʯʝˁʫ ʩʠʣʝ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʦʪʧʦʨʥʦʩʪʠ 

ʤʘʪʝʨʠʿʘʣʘ, ʠ ʥʝʩʪʘʙʠʣʥʦʤ ʨʘʩʪʫ ʧʨʩʣʠʥʝ ʢʘʜʘ ʩʠʣʘ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʧʦʩʪʘʥʝ ʚʝ˂ʘ ʦʜ 

ʦʪʧʦʨʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ.  

ʋ ʨʘʜʫ [15] ʧʨʝʜʣʦʞʝʥ ʿʝ ʧʦʩʪʫʧʘʢ ʦʜʨʝʹʠʚʘˁʘ ʧʨʝʦʩʪʘʣʝ ʥʦʩʠʚʦʩʪʠ ʥʘ ʙʘʟʠ    

ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ ʧʨʦʮʝʥʫ ʧʦʛʦʜʥʦʩʪʠ ʩʫʜʘ ʟʘ ʜʘˀʫ 

ʝʢʩʧʣʦʘʪʘʮʠʿʫ, ʫʢʦʣʠʢʦ ʿʝ ʫ ˁʝʤʫ ʫʪʚʨʹʝʥʘ ʘʢʩʠʿʘʣʥʘ ʧʨʩʣʠʥʘ ʦʜʨʝʹʝʥʠʭ 

ʜʠʤʝʥʟʠʿʘ. ʂʘʢʦ ʩʝ ʠʟʚʝʜʝʥʠ ʨʘʜ ʦʜʥʦʩʠ ʥʘ ʟʘʚʘʨʝʥʝ ʮʠʣʠʥʜʨʠʯʥʝ ʩʫʜʦʚʝ ʩʘ 

ʘʢʩʠʿʘʣʥʦʤ ʧʨʩʣʠʥʦʤ, ʪʦ ʠʟʛʣʝʜʘ ʦʧʨʘʚʜʘʥʦ ʜʘˀʝ ʨʘʟʚʠʿʘˁʝ ʧʦʩʪʫʧʢʘ ʨʘʜʠ 

ʧʨʠʤʝʥʝ ʥʘ ʜʨʫʛʝ ʦʙʣʠʢʝ ʩʫʜʦʚʘ (ʩʬʝʨʥʝ) ʠ ʟʘ ʜʨʫʛʝ ʦʙʣʠʢʝ ʠ ʧʦʣʦʞʘʿʝ ʛʨʝʰʘʢʘ.   

 

1.3. ɾʠʣʘʚʦʩʪ ʣʦʤʘ, ʧʨʝʛʣʝʜ ʨʘʜʦʚʘ 

ʏʚʨʩʪʦ˂ʘ ʠ ʞʠʣʘʚʦʩʪ ʥʠʩʫ ʿʝʜʥʦʟʥʘʯʥʠ ʧʦʿʤʦʚʠ ʿʝ ʠ ʧʦʪʨʝʙʥʦ ʠʭ ʿʝ ʜʝʬʠʥʠʩʘʪʠ  

ʬʫʥʜʘʤʝʥʪʘʣʥʠʤ ʤʝʭʘʥʠʯʢʠʤ ʦʩʘʦʙʠʥʘʤʘ ʤʘʪʝʨʠʿʘʣʘ, ʢʦʿʝ ʧʨʝʜʩʪʘʚˀʘʘʿʫ 

ʜʠʿʘʛʨʘʤ ʥʘʧʦʥ-ʜʝʬʦʨʤʘʮʠʿʘ ʟʘ ʤʘʢʨʦʩʢʦʧʩʢʠ ʥʘʧʦʥʩʘʢʠ ʝʣʝʤʝʥʪ, ʟʘ ʨʘʟʥʝ 

ʩʪʝʧʝʥʝ ʪʨʦʦʩʥʦʩʪʠ ʥʘʧʨʝʟʘˁʘ, ʟʘ ʨʘʟʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʙʨʟʠʥʝ ʜʝʬʦʨʤʘʮʠʿʝ, ʩʚʝ ʜʦ 
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ʣʦʤʘ. ʂʘʜʘ ʢʘʞʝʤʦ ʯʚʨʩʪʦ˂ʘ ʦʙʠʯʥʦ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʟʘʪʝʟʥʘ ʯʚʨʩʪʦ˂ʘ ʢʦʿʘ, ʢʦʜ 

ʜʫʢʪʠʣʥʠʭ ʤʝʪʘʣʘ, ʧʨʝʜʩʪʘʚˀʘ ʧʣʘʩʪʠʯʥʫ ʥʝʩʪʘʙʠʣʥʦʘʩʪ. ʂʦʜ ʣʦʤʘ ʤʘʪʝʨʠʿʘʣʘ 

ʮʝʣʠʩʭʦʜʘʥ ʿʝ ʠʟʨʘʟ ʣʦʤʥʘ ʯʚʨʘʩʪʦ˂ʘ, ʘʢʦ ʛʦʚʦʨʠʤʦ ʦ ʢʨʪʦʤ, ʞʠʣʘʚʦʤ ʠ 

ʤʝʰʦʚʠʪʦʤ ʣʦʤʫ. ʊʘʢʦʹʝ ʿʝ ʠ  ʛʨʘʥʠʮʘ ʝʣʘʩʪʠʯʥʦʩʪʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʯʚʨʩʪʦ˂ʝ. 

ʇʦʿʘʤ ʞʠʣʘʚʦʩʪʠ ʦʙʠʯʥʦ ʿʝ ʫ ʚʝʟʠ ʩʘ ʦʪʧʦʨʦʤ ʤʘʪʝʨʠʿʘʣʘ ʧʨʝʤʘ ʥʝʩʪʘʙʠʣʥʦʤ 

ʰʠʨʝˁʫ ʰʨʩʣʠʥʝ. ʄʝʹʫʪʠʤ, ʦʚʘʿ ʦʪʧʦʨ ʿʝ ʢʦʤʧʣʠʢʦʚʘʥʝ ʧʨʠʨʦʜʝ ʟʙʦʛ ʪʨʦʦʩʥʦʛ 

ʥʘʧʦʥʩʢʦʛ ʩʪʘˁʘ, ʧʘ ʛʘ ʿʝ ʫ ʦʩʥʦʚʠ ʙʦˀʝ ʚʝʟʘʪʠ ʟʘ ʝʣʘʩʪʦ-ʧʣʘʩʪʠʯʥʠ ʨʘʜ, ʜʦʙʠʿʝʥ 

ʠʥʪʝʛʨʘʮʠʿʦʤ ʜʠʿʘʛʨʘʤʘ ʠʩʧʠʪʠʚʘˁʘ ʤʝʪʘʣʘ ʟʘ ʿʝʜʥʦʦʩʥʦ ʥʘʧʦʥʩʢʦ ʩʪʘˁʝ ʩʚʝ ʜʦ 

ʣʦʤʘ. ʋ ʨʘʜʫ [16] ʩʫ ʧʨʠʢʘʟʘʥʝ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʜʠʥʘʤʠʯʢʝ ʞʠʣʘʚʦʩʪʠ ʣʦʤʘ, 

KIc. ʄʝʪʦʜʝ ʜʠʥʘʤʠʯʢʦʛ ɱ ʠʥʪʝʛʨʘʣʘ, ʠ ʝʢʚʠʚʘʣʝʥʪʘ ʝʥʝʨʛʠʿʝ ʩʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ 

ʧʦʪʚʨʹʝʥʝ ʠʩʧʠʪʠʚʘˁʝʤ ʯʝʣʠʢʘ Ļ 5432 ʠ Ļ 4734. ʆʚʘʿ ʨʘʜ ʧʨʝʜʩʪʘʚˀʘ ʜʦʧʨʠʥʦʩ ʫ 

ʦʚʣʘʜʘʚʘˁʫ ʤʝʪʦʜʘʤʘ ʢʦʿʝ ʜʝʬʠʥʠʰʫ ʧʦʥʘʰʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʫ ʜʠʥʘʤʠʯʢʠʤ 

ʫʩʣʦʚʠʤʘ ʨʘʩʪʘ ʧʨʩʣʠʥʝ. ʇʨʠʤʝʥʘ ʦʚʠʭ ʤʝʪʦʜʘ ʟʘʿʝʜʥʦ ʩʘ ʦʩʪʘʣʠʤ ʤʝʪʦʜʘʤʘ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʘʥ ʜʦʧʨʠʥʦʩ 

ʠʩʪʨʘʞʠʚʘˁʫ ʧʦʥʘʰʘˁʘ ʢʦʥʩʪʨʫʢʮʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʫ ʧʨʠʩʫʩʪʚʫ ʧʨʩʣʠʥʝ ʋ ʨʘʜʫ 

ʿʝ ʧʨʠʢʘʟʘʥʦ ʢʘʢʦ ʧʨʠʤʝʥʘ ʿʝʜʥʘʯʠʥʘ ʠ ʠʩʧʠʪʘʠʚʘˁʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʫ ʦʚʦʤ 

ʩʣʫʯʘʿʫ ʿʘʩʥʦ ʧʦʢʘʟʫʿʫ ʜʘ ʧʨʩʣʠʥʝ ʫ ɿʋʊ ʫʯʚʨʰ˂ʝˁʘ ʥʝ ʫʛʨʦʞʘʚʘʿʫ ʩʠʛʫʨʥʦʩʪ 

ʩʬʝʨʥʦʛ ʨʝʟʝʨʚʦʘʨʘ ʫ ʝʢʩʧʣʦʘʪʘʮʠʿʠ. ɼʘˀʘ ʝʢʩʧʣʦʘʪʘʮʠʿʘ ʠʧʘʢ ʥʠʿʝ ʜʦʧʫʰʪʝʥʘ ʿʝʨ 

ʿʝ ʫʩʣʦʚˀʝʥʦ ʩʢʠʜʘˁʝ ʫʯʚʨʰ˂ʝˁʘ ʠ ʣʦʢʘʣʥʦ ʦʪʢʣʘˁʘˁʝ ʧʨʩʣʠʥʘ ʙʨʫʰʝˁʝʤ ʜʦ   

20 mm ʜʝʙˀʠʥʝ ʩʘ ʙʣʘʛʠʤ ʧʨʝʣʘʟʦʤ ʯʠʤʝ ʿʝ ʩʤʘˁʝʥ ʩʪʝʧʝʥ ʩʠʛʫʨʥʦʩʪʠ ʥʘ 1,2 ʰʪʦ 

ʿʝ ʙʠʣʦ ʧʨʠʭʚʘʪˀʠʚʦ.[17] 

ʆʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʥʝʩʪʘʙʠʣʥʠ ʨʘʩʪ ʧʨʩʣʠʥʝ ʩʝ ʫ ʦʢʚʠʨʫ ʣʠʥʝʘʨʥʦ 

ʝʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ, ʧʨʝʜʩʪʘʚˀʘ ʢʨʠʪʠʯʥʦʤ ʚʨʝʜʥʦʰ˂ʫ ʬʘʢʪʦʨʘ ʠʥʪʝʥʟʠʪʝʪʘ 

ʥʘʧʦʥʘ ʫ ʫʩʣʦʚʠʤʘ ʨʘʚʥʦʛ ʩʪʘˁʘ ʜʝʬʦʨʤʘʮʠʿʝ KIc, ʦʜʥʦʩʥʦ ʩʚʦʿʩʪʚʦʤ ʤʘʪʝʨʠʿʘʣʘ 

ʥʘʟʚʘʥʠʤ ʞʠʣʘʚʦʩʪ ʣʦʤʘ. ʂʦʜ ʭʦʤʦʛʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʨʦʮʝʜʫʨʘ ʦʜʨʝʹʠʚʘˁʘ 

ʞʠʣʘʚʦʩʪʠ ʣʦʤʘ ʫ ʫʩʣʦʚʠʤʘ ʨʘʚʥʦʛ ʩʪʘˁʘ ʜʝʬʦʨʤʘʮʠʿʝ ʿʝ ʜʝʪʘˀʥʦ ʠ ʧʨʝʮʠʟʥʦ 

ʫʩʪʘʥʦʚˀʝʥʘ ʫ ʩʪʘʥʜʘʨʜʫ ASTM E 399.  [18] 

ʋ ʨʘʜʫ [29] ʘʥʘʣʠʟʠʨʘʥ ʿʝ ʫʪʠʮʘʿ ʛʝʦʤʝʪʨʠʿʝ (ʧʦʣʦʞʘʿ ʧʨʩʣʠʥʝ, ʜʠʤʝʥʟʠʿʝ ʠ ʦʙʣʠʢ 

ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ, ʜʠʤʝʥʟʠʿʘ ʫʟʦʨʢʘ) ʠ ʭʝʪʝʨʦʛʝʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʧʦʥʘʰʘˁʝ ʠ 

ʦʮʝʥʫ ʠʥʪʝʛʨʠʪʝʪʘ ʟʘʚʘʨʝʥʠʭ ʧʣʦʯʘ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʘʥʘʣʠʟʦʤ ʦʙʫʭʚʘ˂ʝʥʝ ʩʫ 

ʧʣʦʯʝ ʩʘ ʤʘʣʦʤ ʠ ʚʝʣʠʢʦʤ ʧʦʚʨʰʠʥʩʢʦʤ ʧʨʩʣʠʥʦʤ, ʢʦʿʘ ʩʝ ʥʘʣʘʟʝ ʥʘ ʨʘʟʣʠʯʠʪʠʤ 

ʤʝʩʪʠʤʘ ʫ ʟʘʚʘʨʝʥʦʤ ʩʧʦʿʫ. ɿʘ ʨʝʰʘʚʘˁʝ ʦʚʦʛ ʧʨʦʙʣʝʤʘ ʧʨʠʤʝˁʝʥʝ ʩʫ ʘʥʘʣʠʟʝ 
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ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠʤ ʢʦʥʘʯʥʠʤ ʝʣʝʤʝʥʪʠʤʘ, ʘ ʜʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʩʫ ʫʧʦʨʝʹʝʥʠ ʩʘ 

ʝʢʩʧʝʨʠʤʝʥʪʦʤ ʯʠʤʝ ʿʝ ʦʤʦʛʫ˂ʝʥ ʜʝʪʘˀʥʠʿʠ ʫʚʠʜ ʫ ʧʦʥʘʰʘˁʝ ʟʘʚʘʨʝʥʝ ʧʣʦʯʝ ʢʘʦ 

ʠ ʤʦʛʫ˂ʥʦʩʪ ʧʨʦʮʝʥʝ ʠʥʪʝʛʨʠʪʝʪʘ. 

1.4. ʇʦʩʫʜʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ, ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ 

ʋ ʨʘʜʫ [19] ʿʝ ʜʘʪ ʧʨʠʢʘʟ ʧʦʩʪʫʧʢʘ ʠʩʧʠʪʠʚʘˁʘ ʮʝʣʦʛ ʨʝʟʝʨʚʦʘʨʘ ʟʘ ʪʝʯʥʠ Cʆ2 

ʠ ʧʨʘ˂ʝˁʘ ʩʪʘˁʘ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ ʥʦʚʠʭ ʧʨʠʢˀʫʯʘʢʘ ʪʦʢʦʤ ʝʢʩʧʣʦʘʪʘʮʠʿʝ. 

ʈʝʟʝʨʚʦʘʨ ʿʝ ʠʟʨʘʹʝʥ ʦʜ ʤʠʢʨʦʣʝʛʠʨʘʥʦʛ ʯʝʣʠʢʘ ʧʦʚʠʰʝʥʝ ʯʚʨʩʪʦ˂ʝ NIOVAL 47, ʘ 

ʧʨʠʢˀʫʯʮʠ ʦʜ ʚʠʩʦʢʦʣʝʛʠʨʘʥʦʛ ʘʫʩʪʝʥʠʪʥʦʛ ʯʝʣʠʢʘ. ʅʦʚʦʫʛʨʘʹʝʥʠ ʟʘʚʘʨʝʥʠ 

ʩʧʦʿʝʚʠ ʩʫ ʠʩʧʠʪʘʥʠ ʤʝʪʦʜʘʤʘ ʙʝʟ ʨʘʟʘʨʘˁʘ ʫ ʮʠˀʫ ʫʪʚʨʹʠʚʘˁʘ ˁʠʭʦʚʝ 

ʝʢʩʧʣʦʘʪʘʮʠʿʩʢʝ ʩʠʛʫʨʥʦʩʪʠ. ʉʚʦʿʩʪʚʘ ʤʘʪʝʨʠʿʘʣʘ ʬʝʨʠʪʥʦ-ʘʫʩʪʝʥʠʪʥʦʛ ʩʧʦʿʘ 

ʥʘʤʝ˂ʫ ʦʛʨʘʥʠʯʝˁʘ ʫ ʧʨʠʤʝʥʠ ʦʚʠʭ ʠʩʧʠʪʠʚʘˁʘ, ʧʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʢʦʨʠʰ˂ʝˁʝ 

ʜʦʧʫʥʩʢʠʭ ʤʝʪʦʜʘ (ʨʝʧʣʠʢʘ, ʤʝʨʝˁʘ ʪʚʨʜʦ˂ʘ). ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʿʝ ʩʘʤʦ ʪʘʢʦ ʤʦʛʫ˂ʝ 

ʜʦʙʠʪʠ ʜʦʚʦˀʥʦ ʧʦʜʘʪʘʢʘ ʟʘ ʧʦʫʟʜʘʥʫ ʧʨʦʮʝʥʫ ʩʠʛʫʨʥʦʩʪʠ ʩʧʦʿʝʚʘ ʫ 

ʝʢʩʧʣʦʘʪʘʮʠʿʠ.. ʋ ʨʘʜʫ [20] ʩʫ ʧʦʢʘʟʘʥʦ ʜʘ ʩʫ ʠʟʚʝʜʝʥʘ ʠʩʧʠʪʠʚʘˁʘ ʠ ʘʥʘʣʠʟʝ 

ʠʤʘʣʘ ʟʘ ʮʠˀ ʠʩʪʨʘʞʠʚʘˁʝ ʜʝʣʦʚʘˁʘ ʟʘʦʩʪʘʣʠʭ ʥʘʧʦʥʘ ʦʜ ʟʘʚʘʨʠʚʘˁʘ ʠ ʜʨʫʛʠʭ 

ʫʪʠʮʘʿʥʠʭ ʬʘʢʪʦʨʘ ʥʘ ʧʦʥʘʰʘˁʝ ʧʦʩʫʜʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ ʩʘ ʧʦʚʨʰʠʥʩʢʦʤ 

ʧʨʩʣʠʥʦʤ ʠ ʘʥʘʣʠʟʫ ʧʦʛʦʜʥʦʩʪʠ ʧʨʠʤʝʥʝ ʧʣʦʯʘʩʪʠʭ ʝʧʨʫʚʝʪʘ ʠ ʧʦʿʝʜʠʥʠʭ 

ʥʫʤʝʨʠʯʢʠʭ ʧʨʠʩʪʫʧʘ ʟʘ ʧʨʝʜʚʠʹʘˁʝ ʢʨʠʪʠʯʥʝ ʩʠʣʝ ʨʘʟʚʦʿʘ ʧʨʩʣʠʥʝ ʟʘ ʟʘʚʘʨʝʥʫ 

ʧʦʩʫʜʫ ʩʘ ʧʦʚʨʰʠʥʩʢʦʤ ʧʨʩʣʠʥʦʤ.  CMOD ʿʝ ʧʦʛʦʜʘʥ ʧʘʨʘʤʝʪʘʨ ʤʝʭʘʥʠʢʝ ʣʦʤʘ  

ʟʘ ʧʨʦʮʝʥʫ ʧʦʥʘʰʘˁʘ ʧʨʩʣʠʥʝ ʫ ʟʘʚʘʨʝʥʦʤ ʩʧʦʿʫ ʥʘʧʨʘʚˀʝʥʦʛ ʦʜ ʤʝʪʘʣʘ 

ʠʟʨʘʞʝʥʦʛ ʥʠʚʦʘ ʧʣʘʩʪʠʯʥʦʩʪʠ. ʊʝʨʤʠʯʢʘ ʦʙʨʘʜʘ ʥʘʢʦʥ ʟʘʚʘʨʠʚʘˁʘ ʧʦʚʦˀʥʦ 

ʫʪʠʯʝ ʥʘ ʧʦʥʘʰʘˁʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʩʘ ʧʨʩʣʠʥʦʤ ʫ ʝʣʘʩʪʠʯʥʦʿ ʦʙʣʘʩʪʠ ʠ ʧʨʠ 

ʧʨʝʣʘʟʫ ʫ ʧʣʘʩʪʠʯʥʦ ʧʦʥʘʰʘˁʝ ʟʘʭʪʝʚʘʥʦʿ ʧʦʫʟʜʘʥʦʩʪʠ ʟʘ ʜʘʪʠ ʨʝʞʠʤ 

ʦʧʪʝʨʝ˂ʝˁʘ. ʋ ʨʘʜʫ [21] ʘʥʘʣʠʟʠʨʘʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʠʩʧʠʪʠʚʘˁʘ ʧʦʩʫʜʘ ʧʦʜ 

ʧʨʠʪʠʩʢʦʤ-ʩʬʝʨʥʠʭ ʨʝʫʝʨʚʦʘʨʘ ʠʟʛʨʘʹʝʥʠʭ ʦʜ ʩʠʪʥʦʟʨʥʠʭ ʤʠʢʨʦʣʝʛʠʨʘʥʠʭ 

ʯʝʣʠʢʘ. ʇʦʩʝʙʥʘ ʧʘʞˁʘ ʿʝ ʧʦʩʚʝ˂ʝʥʘ ʥʘʣʘʟʠʤʘ ʢʦʿʠ ʛʦʚʦʨʝ ʜʘ ʚʠʰʝʢʨʘʪʥʦ 

ʠʩʧʠʪʠʚʘˁʝ ʭʣʘʜʥʠʤ ʚʦʜʝʥʠʤ ʧʨʠʪʠʩʢʦʤ ʦʧʨʝʤʝ ʫ ʝʢʩʧʣʦʘʪʘʮʠʿʠ ʤʦʞʝ ʙʠʪʠ 

ʫʟʨʦʯʥʠʭ ʧʦʿʘʚʘ ʧʨʩʣʠʥʘ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʿʝ ʠʩʧʠʪʘʥʠ ʧʨʠʪʠʩʘʢ ʿʝʜʥʘʢ ʧʨʠʪʠʩʢʫ 

ʧʨʦʧʠʩʘʥʦʤ ʟʘ ʥʦʚʫ ʦʧʨʝʤʫ. ʋ ʨʘʜʫ [22] ʘʥʘʣʠʟʠʨʘʥ ʿʝ ʠʥʪʝʛʨʠʪʝʪ ʩʬʝʨʥʠʭ 

ʨʝʟʝʨʚʦʘʨʘ ʟʘ ʘʤʦʥʠʿʘʢ (ʟʘʧʨʝʤʠʥʝ 1000 m
3
, ʧʨʝʯʥʠʢʘ 12400 mm, ʜʝʙˀʠʥʘ ʟʠʜʘ   

30 mm, ʟʘʪʦ ʰʪʦ ʩʫ ʦʪʢʨʠʚʝʥʝ ʧʨʩʣʠʥʝ ʥʘ ʣʠʥʠʿʠ ʩʪʘʧʘˁʘ, ʜʫʞʠʥʝ ʜʦ 300 mm, 

ʨʘʟʣʠʯʠʪʝ ʜʫʙʠʥʝ. ɼʠʨʝʢʪʥʠʤ ʤʝʨʝˁʝʤ ɱ ʠʥʪʝʛʨʘʣʘ ʦʜʨʝʹʝʥʝ ʩʫ ɱ-R ʢʨʠʚʝ ʟʘ ʜʚʘ 
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ʧʦʣʦʞʘʿʘ ʚʨʭʘ ʧʨʩʣʠʥʝ (ʬʠʥʦʟʨʥʠ ʠ ʛʨʫʙʦʟʨʥʠ ɿʋʊ). ʆʚʝ ʢʨʠʚʝ ʩʫ ʫʧʦʨʝʹʝʥʝ ʩʘ 

ʩʠʣʘʤʘ ʨʘʩʪʘ ʧʨʩʣʠʥʝ, ʜʦʙʠʿʝʥʠʤ ʘʥʘʣʠʪʠʯʢʠ, ʜʘ ʙʠ ʩʝ ʧʨʦʮʝʥʠʣʘ ʢʨʠʪʠʯʥʘ 

ʚʨʝʜʥʦʩʪ ʧʨʠʪʠʩʢʘ. ʋ ʨʘʜʫ [23] ʧʨʠʢʘʟʘʥʘ ʩʫ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʤʝʭʘʥʠʟʤʘ ʣʦʤʘ 

ʪʘʥʢʦʟʠʜʥʠʭ ʟʘʚʘʨʝʥʠʭ ʧʦʩʫʜʘ ʧʦʜ ʧʨʠʪʠʩʢʦʤ ʠʟʨʘʹʝʥʠʭ ʦʜ ʯʝʣʠʢʘ ʠʩʪʝ ʜʝʙˀʠʥʝ 

ʟʠʜʘ (8mm). ɼʦ ʢʨʪʦʛ ʣʦʤʘ ʿʝ ʜʦʰʣʦ ʧʨʠ ʧʨʚʦʤ ʠʩʧʠʪʠʚʘˁʫ ʧʨʠʪʠʩʢʦʤ  ʛʘʩʦʚʠʪʠʤ 

ʘʟʦʪʦʤ ʨʝʟʝʨʚʦʘʨʘ ʦʜ ʢʦʥʩʪʨʫʢʮʠʦʥʦʛ ʯʝʣʠʢʘ S355ɱ2G3 (ɽN 10025), ʯʠʿʘ ʿʝ 

ʧʨʝʣʘʟʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ï20ÁC. ɿʙʦʛ ʧʨʝʦʧʪʝʨʝ˂ʝˁʘ ʠ ʧʦʨʘʩʪʘ ʪʝʤʧʝʨʘʪʫʨʝ ʪʦʢʦʤ  

ʚʦʞˁʝ ʤʝʭʘʥʠʟʤʦʤ ʞʠʣʘʚʦʛ  ʣʦʤʘ ʿʝ ʦʪʢʘʟʘʣʘ ʮʠʩʪʝʨʥʘ ʟʘ ʧʨʝʚʦʟ ʘʤʦʥʠʿʘʢʘ ʥʘ 

ʚʦʟʠʣʫ, ʠʟʨʘʹʝʥʘ ʦʜ ʬʠʥʦʟʨʥʦʛ ʢʦʥʩʪʨʫʢʮʠʦʥʦʛ ʯʝʣʠʢʘ TSt 460 (DIN ɽN 10113-2). 

ʋ ʦʙʘ ʩʣʫʯʘʿʘ, ʠʘʢʦ ʩʫ ʠʩʧʦˀʝʥʠ ʨʘʟʣʠʯʠʪʠ ʤʝʭʘʥʠʟʤʠ ʣʦʤʘ, ʧʦʯʝʪʥʘ ʧʨʩʣʠʥʘ ʩʝ 

ʧʦʿʘʚʠʣʘ ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ. ʋ ʨʘʜʫ [24] ʧʨʠʢʘʟʘʥʝ ʩʫ ʧʨʩʣʠʥʝ 

IV ʛʨʫʧʝ ʢʦʿʝ ʩʝ ʿʘʚˀʘʿʫ ʫ ʟʘʚʘʨʝʥʠʤ ʩʧʦʿʝʚʠʤʘ ʯʝʣʠʢʘ ʦʪʧʦʨʥʠʭ ʥʘ ʧʫʟʘˁʝ, ʢʦʿʝ 

ʩʫ ʫʦʯʝʥʝ ʢʦʜ ʯʝʣʠʢʘ ʩʘ 9ï12% ʭʨʦʤʘ.ʟʙʦʛ ʧʦʚʝ˂ʘʥʝ ʙʨʟʠʥʝ ʬʦʨʤʠʨʘˁʘ ʰʫʧˀʠʥʘ 

ʫ ʧʨʠʩʫʩʪʚʫ ʯʝʩʪʠʮʘ ʢʨʫʧʥʦʟʨʥʠʭ ʢʘʨʙʠʜʘ ʫ ʬʠʥʦʟʨʥʠʤ ʠ ʠʥʪʝʨʢʨʠʪʠʯʥʠʤ 

ʞʘʨʝʥʠʤ ʧʦʜʨʫʯʿʠʤʘ ʟʦʥʝ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ. ʇʨʦʙʣʝʤ ʩʝ ʤʦʞʝ ʝʣʠʤʠʥʠʩʘʪʠ 

ʪʝʨʤʠʯʢʦʤ ʦʙʨʘʜʦʤ ʧʦʥʦʚʥʦʤ ʘʫʩʪʝʥʠʪʠʟʘʮʠʿʦʤ ʠ ʦʪʧʫʰʪʘˁʝʤ, ʘʣʠ ʿʝ ʪʦ ʨʝʪʢʦ 

ʠʟʚʦʜˀʠʚʦ ʠ ʟʘʪʦ ʩʝ ʢʦʤʧʦʥʝʥʪʝ ʤʦʨʘʿʫ ʧʨʦʿʝʢʪʦʚʘʪʠ ʪʘʢʦ ʜʘ ʩʝ ʫʟʤʝ ʫ ʦʙʟʠʨ 

ʩʤʘˁʝˁʝ ʯʚʨʩʪʦ˂ʝ ʧʫʟʘˁʘ ʠ ʚʝʢʘ. ʋ ʨʘʜʫ [25] ʿʝ ʜʘʪ ʧʨʝʛʣʝʜ ʠ ʦʩʥʦʚʥʘ ʦʙʝʣʝʞʿʘ 

ʥʦʚʦʛ ʠ ʦʧʰʪʝʛ ʧʨʠʩʪʫʧʘ ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʠ ʠ ʪʝʭʥʠʯʢʦʤ ʫʩʘʛʣʘʰʘʚʘˁʫ ʟʘ ʦʧʨʝʤʫ 

ʧʦʜ ʧʨʠʪʠʩʢʦʤ. ɿʘ ʦʧʨʝʤʫ ʧʦʜ ʧʨʠʪʠʩʢʦʤ, ʢʦʤʧʦʥʝʥʝʪʝ ʢʦʿʝ ʩʫ ʥʝʨʘʟʜʚʦʿʠʚʦ 

ʩʧʦʿʝʥʝ ʠ ʢʦʿʝ ʜʦʧʨʠʥʦʩʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʧʨʠʪʠʩʘʢ ʠ ʢʦʤʧʦʥʝʥʪʝ ʢʦʿʝ ʩʫ ʤʫ 

ʜʠʨʝʢʪʥʦ ʠʟʣʦʞʝʥʝ, ʤʦʨʘʿʫ ʙʠʪʠ ʠʟʚʝʜʝʥʝ ʦʜ ʩʪʨʘʥʝ ʢʚʘʣʠʬʠʢʦʚʘʥʦʛ ʦʩʦʙˀʘ 

ʧʨʝʤʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʨʘʜʥʠʤ ʧʨʦʮʝʜʫʨʘʤʘ. ʋ ʨʘʜʫ [26] ʠʩʧʠʪʘʥʘ ʩʫ ʜʚʘ ʤʦʜʝʣʘ, ʥʘ 

ʤʦʜʝʣʠʤʘ ʧʦʩʫʜʘ ʧʦʜ ʧʨʠʪʠʩʢʦʤ, ʠʟʨʘʹʝʥʠʭ ʦʜ ʰʘʚʥʠʭ ʮʝʚʠ ʦʜ ʯʝʣʠʢʘ X55, ʿʝʜʘʥ 

ʩʘ ʧʨʩʣʠʥʦʤ ʫ ʤʝʪʘʣʫ ʰʘʚʘ, ʜʨʫʛʠ ʩʘ ʧʨʩʣʠʥʦʤ ʫ ɿʋʊ. ʈʝʟʫʣʪʘʪʠ ʠʩʧʠʪʠʚʘˁʘ ʩʫ 

ʫʢʘʟʘʣʠ ʥʘ ʚʝ˂ʫ ʦʪʧʦʨʥʦʩʪ ʥʘ ʨʘʩʪ ʧʨʩʣʠʥʝ ʫ ʩʣʫʯʘʿʫ ʧʦʩʫʜʝ ʩʘ ʧʨʩʣʠʥʦʤ ʫ ɿʋʊ. 

ɿʘ ʪʘʿ ʩʣʫʯʘʿ ʿʝ ʨʘʟʤʘʪʨʘʥʘ ʥʝ ʩʠʤʝʪʨʠʿʘ ʩʚʦʿʩʪʘʚʘ ʤʘʪʝʨʠʿʘʣʘ, ʯʝʤʫ ʿʝ ʧʨʠʣʘʛʦʹʝʥʘ 

ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʨʦʮʝʜʫʨʘ. ʂʦʜ ʦʙʘ ʤʦʜʝʣʘ ʩʝ ʧʦʢʘʟʘʣʦ ʜʘ ʩʫ ʫ ʫʢʫʧʥʦʤ ɱ 

ʠʥʪʝʛʨʘʣʫ ʜʦʤʠʥʘʥʪʥʠ ʟʘʪʝʟʥʦ-ʩʘʚʦʿʥʠ ʯʣʘʥʦʚʠ. ʋ ʨʘʜʫ [27] ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʿʝ ʟʘ 

ʧʨʘʚʠʣʥʫ ʦʮʝʥʫ ʧʦʫʟʜʘʥʦʩʪʠ ʢʦʨʠʰ˂ʝʥʘ ʤʝʪʦʜʘ ʤʘʪʝʤʘʪʠʯʢʝ ʩʪʘʪʠʩʪʠʢʝ ʠ 

ʨʘʟʚʠʿʝʥʠ ʤʦʜʝʣʠ ʧʦʫʟʜʘʥʦʩʪʠ ʟʘ log-ʥʦʨʤʘʣʥʫ ʠ ɺʝʿʙʫʣʦʚʫ ʨʘʩʧʦʜʝʣʫ. ʋʥʫʪʘʨ 

ʠʥʪʝʨʚʘʣʘ ʧʦʤʝʨʘˁʘ ʩʚʘʢʘ ʢʨʠʚʘ ʟʘʤʦʨʘ ʠʤʘ ʧʨʠʧʘʜʘʿʫ˂ʫ ʚʝʨʦʚʘʪʥʦ˂ʫ ʢʦʿʘ ʤʦʞʝ 
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ʦʩʮʠʣʦʚʘʪʠ ʫʥʫʪʘʨ ʧʦʜʨʫʯʿʘ ʧʦʫʟʜʘʥʦʩʪʠ. ʆʥ ʜʘʿʝ ʢʦʥʟʝʨʚʘʪʠʚʥʠʿʫ ʛʨʘʥʠʯʥʫ 

ʙʨʟʠʥʫ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʦʜ ʤʦʜʝʣʘ ɺʝʿʙʫʣʦʚʝ ʨʘʩʧʦʜʝʣʝ.  

ʋ ʨʘʜʫ [28] ʿʝ ʧʨʠʢʘʟʘʥʘ ʧʨʘʢʪʠʯʥʘ ʧʨʠʤʝʥʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʥʘ ʥʘʩʪʘʥʘʢ ʠ ʨʘʩʪ 

ʟʘʤʦʨʥʠʭ ʧʨʩʣʠʥʘ ʫ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ ʟʘʚʘʨʝʥʠʤ ʧʨʠʤʝʥʦʤ ʬʨʠʢʮʠʦʥʦʛ  

ʟʘʚʘʨʠʚʘˁʘ ʤʝʰʘˁʝʤ (FSW). ʇʦʩʝʙʘʥ ʥʘʛʣʘʩʘʢ ʿʝ ʜʘʪ ʥʘ ʪʘʥʢʦʟʠʜʥʝ ʩʪʨʫʢʪʫʨʝ ʦʜ 

ʣʝʛʫʨʘ ʘʣʫʤʠʥʠʿʫʤʘ. ʈʘʟʤʘʪʨʘʥ ʿʝ ʨʘʩʪ ʧʨʩʣʠʥʝ ʫ ʥʝʦʿʘʯʘʥʘʤʠʤ ʠ ʦʿʘʯʘʥʠʤ 

ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ. ʇʨʠ ʪʦʤʝ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʥʫʤʝʨʠʯʢʘ  ʤʝʪʦʜʘ ʙʘʟʠʨʘʥʘ ʥʘ ʢʦʥʘʯʥʠʤ 

ʝʣʝʤʝʥʪʠʤʘ, ʪʟʚ. ʧʨʦʰʠʨʝʥʘ ʤʝʪʦʜʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ɸʥʘʣʠʟʠʨʘʥ ʿʝ ʨʘʩʪ 

ʧʨʩʣʠʥʝ ʫ FSW ʩʧʦʿʫ, ʢʨʦʟ ʟʦʥʝ ʩʧʦʿʘ. ʇʨʠ ʪʦʤʝ ʿʝ ʢʦʨʠʰ˂ʝʥ ʩʦʬʪʚʝʨ Abaqus, ʢʘʦ 

ʠ ʄʦʨʬʝʦ ʟʘ ʧʨʠʢʘʟ ʜʦʙʠʿʝʥʠʭ ʧʦʜʘʪʘʢʘ. 

ʋʚʦʹʝˁʝ ʟʘʚʘʨˀʠʚʠʭ ʯʝʣʠʢʘ ʚʠʩʦʢʝ ʯʚʨʩʪʦ˂ʝ ʟʘ ʠʟʨʘʜʫ ʮʝʚʦʚʦʜʘ ʜʦʥʦʩʠ ʟʥʘʯʘʿʥʝ 

ʫʰʪʝʜʝ, ʘʣʠ ʩʝ ʟʘʭʪʝʚʘ ʦʪʧʦʨʥʦʩʪ ʧʨʝʤʘ ʧʨʩʣʠʥʘʤʘ, ʥʘʨʦʯʠʪʦ ʧʨʝʤʘ ʢʨʪʦʤ ʣʦʤʫ, 

ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ, ʤʝʪʘʣʘ ʰʘʚʘ ʠ ʟʦʥʝ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ ʦʚʦʤ 

ʨʘʜʫ [29]. ɿʘ ʮʝʚʦʚʦʜ ʭʠʜʨʦʝʣʝʢʪʨʘʥʝ ñɹʘʿʠʥʘ ɹʘʰʪʘò ʿʝ ʢʦʨʠʰ˂ʝʥ ʟʘʚʘʨˀʠʚ ʯʝʣʠʢ 

ʚʠʩʦʢʝ ʯʚʨʩʪʦ˂ʝ (ʜʦ 700 MPa ʥʘʟʠʚʥʦʛ ʥʘʧʦʥʘ ʪʝʯʝˁʘ), ʧʘ ʿʝ ʠʥʚʝʩʪʠʪʦʨ ʪʨʘʞʠʦ 

ʜʦʢʘʟʝ ʦ ˁʝʛʦʚʦʿ ʦʪʧʦʨʥʦʩʪʠ ʧʨʝʤʘ ʧʨʩʣʠʥʘʤʘ ʠ ʢʨʪʦʤ ʣʦʤʫ. ʇʨʠʢʘʟʘʥʠ ʩʫ 

ʨʝʟʫʣʪʘʪʠ ʠʩʧʠʪʠʚʘˁʘ ʤʦʜʝʣʘ ʮʝʚʦʚʦʜʘ ʠ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ, ʢʦʿʠʤʘ ʿʝ ʜʦʢʘʟʘʥʘ 

ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʘ ʟʘʚʘʨˀʠʚʦʩʪ ʯʝʣʠʢʘ ʩʘ ʤʝʪʘʣʦʤ ʰʘʚʘ ʥʠʞʝ ʯʚʨʩʪʦ˂ʝ 

(ʘʥʜʝʨʤʝʯʠʥʛ) ʠ ʦʪʧʦʨʥʦʩʪ ʧʨʝʤʘ ʧʨʩʣʠʥʘʤʘ ʠ ʢʨʪʦʤ ʣʦʤʫ. ʄʦʜʝʣ ʮʝʚʦʚʦʜʘ ʧʫʥʝ 

ʨʘʟʤʝʨʝ ʿʝ ʧʨʦʠʟʚʝʜʝʥ ʦʜ ʟʘʚʘʨˀʠʚʦʛ ʥʠʩʢʦʣʝʛʠʨʘʥʦʛ ʯʝʣʠʢʘ ʚʠʩʦʢʝ ʯʚʨʩʪʦ˂ʝ 

SUMITEN 80P (SM 80P) ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ ʨʘʜʫ [30]. ʏʝʣʠʢ SM 80P ʧʨʠʧʘʜʘ 

ʛʨʫʧʠ ʯʝʣʠʢʘ ʢʦʿʠ ʠʤʘʿʫ ʟʘʪʝʟʥʫ ʯʚʨʩʪʦ˂ʫ ʠʟʥʘʜ 800 MPa ʠ ʥʘʧʦʥ ʪʝʯʝˁʘ ʠʟʥʘʜ 

700 MPa. ɿʘʪʝʟʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʫ ʧʦʩʣʝʜʠʮʘ ʢʘˀʝˁʘ ʠ ʦʪʧʫʰʪʘˁʘ, ʩʪʦʛʘ ʩʝ 

ʧʨʠʣʠʢʦʤ ʧʨʦʮʝʩʘ ʟʘʚʘʨʠʚʘˁʘ ʤʦʨʘ ʠʩʧʦʰʪʦʚʘʪʠ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʧʨʦʮʝʜʫʨʘ 

ʋ ʨʘʜʫ [31] ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʿʝ ʟʘʿʝʜʥʠʯʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʥʦʟʨʥʠʭ 

ʢʦʥʩʪʨʫʢʮʠʦʥʠʭ ʯʝʣʠʢʘ ʥʠʟʘʢ % C ʠ ʣʝʛʠʨʘʿʫ˂ʠʭ ʝʣʝʤʝʥʘʪʘ (ʤʠʢʨʦʣʝʛʠʨʘˁʝ ʠ 

ʥʠʩʢʦʣʝʛʠʨʘˁʝ), ʚʠʩʦʢ ʩʪʝʧʝʥ ʯʠʩʪʦ˂ʝ (ʥʠʟʘʢ % P ʠ S) ʠ ʩʠʪʥʦʟʨʥʘ ʩʪʨʫʢʪʫʨʘ, ʰʪʦ 

ʫʢʫʧʥʦ ʦʙʝʟʙʝʹʫʿʝ ʜʦʙʨʫ ʞʠʣʘʚʦʩʪ ʠ ʢʦʜ ʧʦʚʝ˂ʘʥʠʭ ʠ ʚʠʩʦʢʠʭ ʚʨʝʜʥʦʩʪʠ 

ʤʝʭʘʥʠʯʢʠʭ ʦʩʦʙʠʥʘ. ʋ ʚʝʟʠ ʩʘ ʦʚʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʿʝ ʜʦʙʨʘ ʩʧʦʩʦʙʥʦʩʪ 

ʟʘʚʘʨʠʚʘˁʘ. ʇʦʜ ʧʦʿʤʦʤ ʬʠʥʦʟʨʥʠ ʯʝʣʠʢ ʧʦʜʨʘʟʫʤʝʚʘ ʩʝ ʯʝʣʠʢ ʩʘ ʚʝʣʠʯʠʥʦʤ 

ʬʝʨʠʪʥʦʛ ʟʨʥʘ Ò 6.  
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ʋ ʨʘʜʫ [32] ʩʫ ʜʘʪʝ ʬʠʟʠʯʢʦ-ʤʝʪʘʣʫʨʰʢʝ ʦʩʥʦʚʝ ʣʝʛʠʨʘˁʘ ʯʝʣʠʢʘ ʟʘ ʫʧʦʪʨʝʙʫ 

ʥʘ ʥʠʩʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ. ʆʚʠ ʯʝʣʠʮʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ ʟʘ ʠʟʨʘʜʫ ʨʝʟʝʨʚʦʘʨʘ 

ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ ʪʝʯʥʠʭ ʛʘʩʦʚʘ. ɻʣʘʚʥʠ ʣʝʛʠʨʘʿʫ˂ʠ ʝʣʝʤʝʥʪ Ni ʩʝ ʜʦʜʘʿʝ ʫ 

ʢʦʣʠʯʠʥʘʤʘ 2.25 ʜʦ 9 %, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʨʘʜʥʝ ʪʝʤʧʝʨʘʪʫʨʝ. ʈʘʟʤʦʪʨʝʥʘ ʩʫ 

ʦʛʨʘʥʠʯʝˁʘ ʫ ʠʟʙʦʨʫ ʜʦʜʘʪʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʠ ʧʨʝʧʦʨʫʢʝ ʟʘ ʟʘʚʘʨʠʚʘˁʝ. 

ʏʝʣʠʢ ʢʣʘʩʝ ʯʚʨʩʪʦ˂ʝ, 0,2>690MPa, ʧʨʠʢʘʟʘʥʦ ʫ ʨʘʜʫ [33], ʦʤʦʛʫ˂ʘʚʘ ʠ ʜʦ ʜʚʘ 

ʧʫʪʘ ʧʦʚʝ˂ʘˁʝ ʫʰʪʝʜʝ ʫ ʫʢʫʧʥʠʤ ʪʨʦʰʢʦʚʠʤʘ. ʀʧʘʢ, ʫʧʦʪʨʝʙʫ ʦʚʦʛʘ ʯʝʣʠʢʘ ʧʨʘʪʝ 

ʠ ʦʜʨʝʹʝʥʠ ʧʨʦʙʣʝʤʠ ʚʝʟʘʥʠ ʟʘ ʦʛʨʘʥʠʯʝˁʘ ʧʦʩʪʘʚˀʝʥʘ ʫ ʧʨʦʿʝʢʪʥʠʤ ʩʪʘʥʜʘʨʜʠʤʘ 

ʚʝʟʘʥʠʤ ʟʘ ʥʝʧʦʚʦˀʘʥ ʦʜʥʦʩ ʥʘʧʦʥʘ ʪʝʯʝˁʘ ʠ ʟʘʪʝʟʥʝ ʯʚʨʩʪʦ˂ʝ, ʩʤʘˁʝʥʝ 

ʧʣʘʩʪʠʯʥʦʩʪʠ, ʟʘʪʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʧʦʧʫʰʪʝʥʘ ʤʘʨʪʝʥʟʠʪʥʘ ʩʪʨʫʢʪʫʨʘ, ʧʦʚʝ˂ʘʥ 

ʫʛˀʠʢʦʚ ʝʢʚʠʚʘʣʝʥʪ, ʪʝ ʩʢʣʦʥʦʩʪ ʢʘ ʭʣʘʜʥʠʤ ʧʨʩʣʠʥʘʤʘ. 

ɸʢʪʫʝʣʥʘ ʿʝ ʧʦʪʨʝʙʘ ʜʘ ʩʝ ʥʘ ʥʠʟʫ ʩʣʫʯʘʿʝʚʘ ʧʦʢʘʞʝ ʚʘʞʝˁʝ ʧʨʦʮʝʜʫʨʝ ʟʘ ʦʮʝʥʫ 

ʛʨʝʰʘʢʘ ʧʨʝʤʘ ʥʝʜʘʚʥʦ ʨʘʟʚʠʿʝʥʦʿ Ăʇʨʦʮʝʜʫʨʠ ʟʘ ʦʮʝʥʫ ʠʥʪʝʛʨʠʪʝʪʘ 

ʢʦʥʩʪʨʫʢʮʠʿʘñ (ʉʀʅʊɸʇ), ʧʨʠʢʘʟʘʥʦʿ ʫ ʨʘʜʫ [34]. ʋ ʦʚʦʤ ʯʣʘʥʢʫ ʩʝ ʨʘʟʤʘʪʨʘ 

ʧʨʠʤʝʥʘ ʦʧʮʠʿʝ ʉʀʅʊɸʇ ʤʠʩʤʝʯʠʥʛ (ʥʠʚʦ II) ʥʘ ʚʠʰʝʧʨʦʣʘʟʥʠ ʟʘʚʘʨʝʥʠ ʩʧʦʿ 

ʥʠʩʢʦʣʝʛʠʨʘʥʦʛ ʯʝʣʠʢʘ ʚʠʩʦʢʝ ʯʚʨʩʪʦ˂ʝ (HSLA). ʇʦʥʘʰʘˁʝ ʧʨʠ ʣʦʤʫ ʿʝ ʦʜʨʝʹʝʥʦ 

ʢʦʨʠʰ˂ʝˁʝʤ CTOD ʝʧʨʫʚʝʪʘ ʟʘ ʩʘʚʠʿʘˁʝ ʩʘ ʧʦʚʨʰʠʥʩʢʠʤ ʠ ʧʨʦʣʘʟʥʠʤ ʟʘʨʝʟʦʤ ʫ 

ʩʨʝʜʠʥʠ ʤʝʪʘʣʘ ʰʘʚʘ ʠʟʚʝʜʝʥʦʛ ʫ X ʞʣʝʙʫ. ʋʪʠʮʘʿ ʤʠʩʤʝʯʠʥʛʘ (ʄ) ʫ ʯʚʨʩʪʦ˂ʠ 

ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ ʠ ʤʝʪʘʣʘ ʰʘʚʘ ʠ ʰʠʨʠʥʝ ʰʘʚʘ (2H) ʪʨʝʙʘ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʫ 

ʤʠʩʤʝʯʠʥʛ ʦʧʮʠʿʠ ʧʨʦʮʝʜʫʨʝ ʉʀʅʊɸʇ, ʘʢʦ ʿʝ ʄ > 1.1 
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2. ʆʉʅʆɺʀ ʄɽʍʅʀʂɽ ʃʆʄɸ 

 

2.1. ʊʝʦʨʠʿʩʢʝ ʦʩʥʦʚʝ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ 

 

ʀʥʪʝʛʨʠʪʝʪ ʢʦʥʩʪʨʫʢʮʠʿʝ ʩʘ ʧʨʩʣʠʥʦʤ ʩʝ ʜʦʢʘʟʫʿʝ ʧʦʨʝʹʝˁʝʤ ʩʠʣʝ ʨʘʩʪʘ 

ʧʨʩʣʠʥʝ ʠ ʦʪʧʦʨʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʨʘʩʪ ʧʨʩʣʠʥʝ[35]. ɿʘ ʚʝ˂ʠʥʫ ʢʦʥʩʪʨʫʢʮʠʿʘ ʦʚʘ 

ʥʘʫʯʥʘ ʜʠʩʮʠʧʣʠʥʘ ʿʝ ʜʦʩʪʠʛʣʘ ʥʠʚʦ ʠʥʞʝˁʝʨʩʢʝ ʧʨʠʤʝʥˀʠʚʦʩʪʠ, ʿʝʨ ʩʫ 

ʨʘʟʨʘʹʝʥʝ ʤʥʦʛʦʙʨʦʿʥʝ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʝ ʪʝʦʨʠʿʩʢʦ-ʘʥʘʣʠʪʠʯʢʝ ʤʝʪʦʜʝ 

ʧʨʦʮʝʥʝ ʩʠʣʘ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʠ ʩʪʘʥʜʘʨʜʥʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʨʦʮʝʜʫʨʝ ʤʝʨʝˁʘ 

ʦʪʧʦʨʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʨʘʩʪ ʧʨʩʣʠʥʝ. ʂʘʦ ʥʘʿʝʬʠʢʘʩʥʠʿʝ ʤʝʪʦʜʝ ʧʨʦʮʝʥʝ ʩʠʣʘ 

ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʤʦʛʫ ʜʘ ʩʝ ʥʘʚʝʜʫ "ʀʥʞʝˁʝʨʩʢʠ ʧʨʠʩʪʫʧ ʨʘʟʚʠʿʝʥ" ʫ Electric Power 

Research Institute  (EPRI) ʫ ɸʤʝʨʠʮʠ, Ăʀʥʞʝˁʝʨʩʢʠ ʤʦʜʝʣ ʦʙʨʘʜʝñ (ɽʊʄ) ʨʘʟʚʠʿʝʥ 

ʫ ʅʝʤʘʯʢʦʿ, [36], ʉʪʘʥʜʨʘʜʥʘ ʧʨʦʮʝʜʫʨʘ ɱʘʧʘʥʩʢʦʛ ʟʘʚʘʨʠʚʘʯʢʦʛ ʜʨʫʰʪʚʘ ɱWES 

2805, ɼʠʿʘʛʨʘʤ ʘʥʘʣʠʟʝ ʣʦʤʘ (FAD) ʨʘʟʚʠʿʝʥ ʫ ɽʥʛʣʝʩʢʦʿ, ʢʘʦ ʠ ʤʦʜʝʣʠ ʢʦʿʝ ʩʫ 

ʨʘʟʚʠʿʘʣʠ ʧʦʿʝʜʠʥʮʠ ʠʣʠ ʛʨʫʧʝ ʠʩʪʨʘʞʠʚʘʯʘ ï ʂʠʥʛʦʚ ʤʦʜʝʣ ʥʠʟʘ ʦʧʨʫʛʘ, ʈʘʪʚʘʥʠ-

ɽʨʜʦʛʘʥ-ʀʨʚʠʥʦʚ ʤʦʜʝʣ, ʠ ʈʘʹʫ-ɳʫʤʘʥʦʚ ʧʨʦʨʘʯʫʥ. ʂʦʜ ʩʚʠʭ ʨʘʟʤʝʨʥʦ 

ʿʝʜʥʦʩʪʘʚʥʠʭ ʤʝʪʦʜʘ ʧʨʦʮʝʥʝ ʩʠʣʝ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʧʦʩʪʦʿʝ ʦʛʘʥʠʯʝˁʘ ʢʘʜʘ ʩʝ ʨʘʜʠ 

ʦ ʧʦʥʘʰʘˁʫ ʤʘʪʝʨʠʿʘʣʘ ʠʣʠ ʢʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʛʝʦʤʝʪʨʠʿʝ ʧʨʩʣʠʥʝ. ʇʨʝʤʜʘ ʚʝ˂ʠʥʘ 

ʥʘʚʝʜʝʥʠʭ ʤʝʪʦʜʘ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʧʣʘʩʪʠʯʥʦ ʧʦʥʘʰʘˁʝ ʤʘʪʝʨʠʿʘʣʘ, ʿʦʰ ʫʚʝʢ ʦʩʪʘʿʝ 

ʦʛʨʘʥʠʯʝˁʝ ʢʦʿʝ ʩʝ ʦʜʥʦʩʠ ʥʘ ˁʝʛʦʚʫ ʭʦʤʦʛʝʥʦʩʪ ʪʘʢʦ ʜʘ EPRI, JWES, FAD, King i 

REI ʥʝ ʤʦʛʫ ʜʠʨʝʢʪʥʦ ʜʘ ʩʝ ʧʨʠʤʝʥʝ ʥʘ ʭʝʪʝʨʦʛʝʥʝ ʤʘʪʝʨʠʿʘʣʝ ʢʘʦ ʰʪʦ ʩʫ 

ʟʘʚʘʨʝʥʠ ʩʧʦʿʝʚʠ, ʘ ʤʦʜʠʬʠʢʘʮʠʿʝ ʧʦʩʪʘʿʫ ʧʨʝʚʠʰʝ ʢʦʤʧʣʠʢʦʚʘʥʝ ʟʘ ʠʥʞʝˁʝʨʩʢʫ 

ʧʨʠʤʝʥʫ [37]. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʠʘʢʦ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʭʝʪʝʨʦʛʝʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʧʨʝʢʦ 

ʨʘʟʣʠʢʝ ʥʘʧʦʥʘ ʪʝʯʝˁʘ ʤʝʪʘʣʘ ʰʘʚʘ ʠ ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ (ʪʟʚ. ʤʠʩʤʝʯʠʥʛʘ), ɽʊʄ ʥʝ 

ʤʦʞʝ ʜʘ ʩʝ ʧʨʠʤʝʥʠ ʥʘ ʧʦʚʨʰʠʥʩʢʝ ʧʨʩʣʠʥʝ ʿʝʨ ʥʠʩʫ ʠʟʚʝʜʝʥʝ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʨʝʣʘʮʠʿʝ. ʆʩʠʤ ʪʦʛʘ, ɽʊʄ ʪʨʝʪʠʨʘ ʤʠʩʤʝʯʠʥʛ ʩʘʤʦ ʢʘʦ ʨʘʟʣʠʢʫ ʥʘʧʦʥʘ ʪʝʯʝˁʘ 

ʤʝʪʘʣʘ ʠ ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ, ʥʝ ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʟʦʥʫ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ (ɿʋʊ), ʢʦʿʘ 

ʩʘʤʘ ʧʦ ʩʝʙʠ ʥʠʿʝ ʭʦʤʦʛʝʥʘ. ʂʦʥʘʯʥʦ, ʥʠʿʝʜʘʥ ʦʜ ʧʦʤʝʥʫʪʠʭ ʤʦʜʝʣʘ, ʧʘ ʥʠ ɽʊʄ, 

ʥʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʦʿʘʯʘʚʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʫ ʦʙʣʘʩʪʠ ʧʣʘʩʪʠʯʥʠʭ ʜʝʬʦʨʤʘʮʠʿʘ, ʢʦʿʝ 

ʤʦʞʝ ʜʘ ʙʫʜʝ ʪʦʣʠʢʦ ʨʘʟʣʠʯʠʪʦ ʢʦʜ ʥʧʨ. ʨʘʟʥʦʨʦʜʥʠʭ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ, ʜʘ ʥʘ 

ʧʘʨʘʤʝʪʨʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʫʪʠʯʝ ʧʦʹʝʜʥʘʢʦ ʙʠʪʥʦ ʢʘʦ ʠ ʨʘʟʣʠʢʘ ʫ ʥʘʧʦʥʫ ʪʝʯʝˁʘ. 

[37] 
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ɼʘ ʙʠ ʩʝ ʧʦʪʧʫʥʦ ʫʧʦʟʥʘʣʦ ʧʦʥʘʰʘˁʝ ʤʘʪʝʨʠʿʘʣʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʫʧʦʨʝʜʠʪʠ 

ˁʝʛʦʚʝ ʦʩʦʙʠʥʝ ʫ ʪʨʝʥʫʪʢʫ ʫʛʨʘʜˁʝ ʠ ʧʦʩʣʝ ʦʜʨʝʹʝʥʦʛ ʚʨʝʤʝʥʘ ʢʩʧʣʦʘʪʘʮʠʿʝ. 

ʆʜʨʝʜʠʚʘˁʝ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʜʝʬʠʥʠʩʘˁʫ 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʘʧʦʥʘ ʫ ʦʢʦʣʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ. ɱʝʜʥʦ ʦʜ ʦʧʰʪʝ ʧʨʠʭʚʘ˂ʝʥʠʭ 

ʧʨʘʚʠʣʘ ʟʘ ʢʦʨʠʰ˂ʝˁʝ ʘʥʘʣʠʪʠʯʢʠʭ ʤʝʪʦʜʘ ʧʨʠ ʦʜʨʝʹʠʚʘˁʫ. ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʿʝ ʪʝʟʘ ʦ ʘʫʪʦʥʦʤʥʦʩʪʠ ʧʨʩʣʠʥʝ ʠʣʠ ʢʦʥʮʝʧʪ ʩʣʠʯʥʦʛ ʧʦʥʘʰʘˁʘ. 

ʊʝʟʘ ʦ ʘʫʪʦʥʦʤʥʦʩʪʠ  ʿʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʧʨʝʪʧʦʩʪʘʚʮʠ ʜʘ ʧʦˀʝ ʥʘʧʦʥʘ ʫ ʦʢʦʣʠʥʠ 

ʚʨʭʘ ʧʨʩʣʠʥʝ ʟʘʚʠʩʠ ʦʜ ʚʨʝʜʥʦʩʪʠ ʩʨʝʜˁʠʭ ʥʘʧʦʥʘ, ʝʣʘʩʪʠʯʥʠʭ ʩʚʦʿʩʪʘʚʘ 

ʤʘʪʝʨʠʿʘʣʘ ʠ ʦʙʣʠʢʘ ʧʨʩʣʠʥʝ [38]. 

ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʿʝ ʜʝʬʠʥʠʩʘʣʘ ʧʘʨʘʤʝʪʨʝ ʠ ʫʚʝʣʘ ʥʦʚʝ ʤʝʪʦʜʝ ʠʩʧʠʪʠʚʘˁʘ, ʘ ʩʚʝ ʫ 

ʮʠˀʫ ʜʘ ʩʝ ʰʪʦ ʙʦˀʝ ʦʜʨʝʜʠ ʩʢʣʦʥʦʩʪ ʢʘ ʨʘʟʚʦʿʫ ʧʨʩʣʠʥʘ, ʢʨʠʪʠʯʥʠʭ ʫʩʣʦʚʘ ʙʨʟʦʛ 

ʨʘʟʚʦʿʘ ʣʦʤʘ, ʦʪʧʦʨʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʢʘ ʙʨʟʦʿ ʧʨʦʧʘʛʘʮʠʿʠ ʧʨʩʣʠʥʝ ʠʣʠ ʜʨʫʛʠʤ 

ʨʝʯʠʤʘ ʜʘ ʩʝ ʦʮʝʥʠ ʧʦʥʘʰʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʠ ʩʠʛʫʨʥʦʩʪ ʢʦʥʩʪʨʫʢʮʠʿʝ ʫ ʧʨʠʩʫʩʪʚʫ 

ʧʨʩʣʠʥʘ ʠʣʠ ʜʨʫʛʠʭ ʩʨʦʜʥʠʭ ʛʨʝʰʘʢʘ. ʋ ʩʣʫʯʘʿʫ ʟʘʚʘʨʝʠʭ ʩʧʦʿʝʚʘ, ʥʘʚʝʜʝʥʠ 

ʧʘʨʘʤʝʪʨʠ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʤʦʨʘʿʫ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʭʝʪʝʨʦʛʝʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʟʘ ʟʘʚʘʨʝʥʝ ʩʧʦʿʝʚʝ, ʦ ʯʝʤʫ ˂ʝ ʚʠʰʝ ʙʠʪʠ ʨʝʯʠ ʫ ʥʘʨʝʜʥʠʤ 

ʧʦʛʣʘʚˀʠʤʘ ʦʚʦʛ ʨʘʜʘ [38]. 

2.1.1  ʍʘʚʘʨʠʿʝ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ 

ʇʨʦʙʣʝʤ ʧʨʩʣʠʥʘ ʫ ʟʘʚʘʨʝʥʠʤ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ ʜʘʪʠʨʘ ʚʝʢʦʚʠʤʘ ʠ ʧʨʠʚʣʘʯʠ 

ʚʝʣʠʢʫ ʧʘʞˁʫ ʠʩʪʨʘʞʠʚʘʯʘ ʫ ʩʚʝʪʫ ʿʝʨ ʜʦʚʦʜʠ ʜʦ ʫʯʝʩʪʘʥʦʩʪʠ ˁʠʭʦʚʦʛ ʦʪʢʘʟʘ ʠ 

ʭʘʚʘʨʠʿʘ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ. ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʿʝ ʥʘ ʧʨʝʣʘʟʫ ʦʜ ʯʠʩʪʦ ʢʨʪʦʛ 

ʣʦʤʘ ʢʘ ʢʚʘʟʠ-ʢʨʪʦʤ  (ʞʠʣʘʚʦ ʢʨʪʦʤ) ʣʦʤʫ ʤʦʨʘʣʘ ʜʘ ʧʨʦʫʯʘʚʘ ʠ ʜʝʬʦʨʤʘʮʠʿʫ ʢʦʿʘ 

ʧʨʝʪʭʦʜʠ ʣʦʤʫ. ʉʘ ʧʦʚʝ˂ʘˁʝʤ ʧʨʠʤʝʥʝ ʤʝʪʘʣʘ ʫ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ ʧʦʚ˂ʘʚʘ ʩʝ ʠ 

ʫʯʝʩʪʘʥʦʩʪ ʣʦʤʦʚʘ. ɿʘʙʝʣʝʞʝʥʠ ʩʫ ʙʨʦʿʥʠ ʩʣʫʯʘʿʝʚʠ ʧʦʿʘʚʝ ʣʦʤʘ ʢʦʿʠ ʩʫ ʫʚʝʢ 

ʧʨʠʚʣʘʯʠʣʠ ʧʘʞˁʫ ʧʨʦʿʝʢʪʘʥʘʪʘ ʠ ʧʨʦʠʟʚʦʹʘʯʘ ʤʘʪʝʨʠʿʘʣʘ. 

Ăʂʨʪʠ ʣʦʤ ʘʤʝʨʠʯʢʠʭ ʙʨʦʜʦʚʘ ʫ ʟʘʚʘʨʝʥʦʿ ʢʦʥʩʪʨʫʢʮʠʿʠ Ăʃʠʙʝʨʪʠñ ʫ ɼʨʫʛʦʤ 

ʩʚʝʪʩʢʦʤ ʨʘʪʫ. ʆʜ 4694 ʟʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ˁʠʭ 1289 ʧʨʝʪʨʧʝʣʦ ʿʝ ʪʝʰʢʝ 

ʭʘʚʘʨʠʿʝ ʘ 233 ʩʝ ʩʣʦʤʠʣʦ ʥʘ ʜʚʘ ʜʝʣʘ.ñ[39] 
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ʉʣʠʢʘ 2.1ʘ ʀʟʛʣʝʜ ʧʨʝʣʦʤʘ ʙʨʦʜʘ ĂLibertyò [39] 

 

 

 

ʉʣʠʢʘ 2.1ʙ ʀʟʛʣʝʜ ʧʨʝʣʦʤʘ ʙʨʦʜʘ ĂLibertyò [39] 

ɻʨʝʰʢʝ ʫ ʟʘʚʘʨʝʥʠʤ ʩʧʦʿʝʚʠʤʘ ʢʦʿʝ ʩʫ ʜʦʚʝʣʝ ʜʦ ʢʘʪʘʩʪʨʦʬʘʣʥʠʭ ʧʦʩʣʝʜʠʮʘ 

(ʥʧʨ. ʙʨʦʜ ĂLibertyñ, ʥʘʬʪʥʘ ʧʣʘʪʬʦʨʤʘ ĂAlexander Kiellandñ, ʪʨʘʿʝʢʪ Ăɽʩʪʦʥʠʿʘñ') 

ʫʩʣʦʚʠʣʝ ʩʫ ʨʘʟʚʦʿ ʠ ʧʨʠʤʝʥʫ ʤʝʭʘʥʠʢʝ ʣʦʤʘ, ʢʘʦ ʥʘʫʯʥʝ ʜʠʩʮʠʧʣʠʥʝ ʢʦʿʘ ʠʟʫʯʘʚʘ 

ʧʦʥʘʰʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʫ ʧʨʠʩʫʩʪʚʫ ʧʨʩʣʠʥʘ. ʋ ʦʢʚʠʨʫ ʦʚʠʭ ʠʩʪʨʘʞʠʚʘˁʘ ʟʘʚʘʨʝʥʠ 

ʩʧʦʿʝʚʠ ʠʤʘʿʫ ʧʦʩʝʙʘʥ ʟʥʘʯʘʿ, ʿʝʨ ʩʫ ʪʦʧʣʦʪʥʠ ʠ ʤʝʪʘʣʫʨʰʢʠ ʧʨʦʮʝʩʠ ʧʨʠ 

ʟʘʚʘʨʠʚʘˁʫ ʚʝʦʤʘ ʧʦʛʦʜʥʠ ʟʘ ʥʘʩʪʘʥʘʢ ʧʨʩʣʠʥʘ. Ăʂʘʪʘʩʪʨʦʬʘʣʥʘ ʝʢʩʧʣʦʟʠʿʘ 

ʣʝʪʝʣʠʮʝ Challenger 28.ʿ ʘʥʫʘʨʘ 1986. ʛʦʜʠʥʝ, ʟʙʦʛ ʦʪʢʘʟʘ ʿʝʜʥʦʛ ʧʨʩʪʝʥʘ ʥʘ ʿʝʜʥʦʤ 

ʦʜ ʛʣʘʚʥʠʭ ʤʦʪʦʨʘ. ʄʘʪʝʨʠʿʘʣ ʧʨʩʪʝʥʘ ʥʠʿʝ ʙʠʦ ʧʨʝʜʚʠʹʝʥ ʟʘ ʨʘʜ ʧʨʠ ʥʠʩʢʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘñ[40] 

Ăʍʘʚʘʨʠʿʘ ʥʘʬʪʥʝ ʧʣʘʪʬʦʨʤʝ 'Alexander Kiellan' ʠ ʪʨʘʿʝʢʪʘ 'ɽʩʪʦʥʠʿʘ' ʫʟʨʦʢ ʪʨʝʙʘ 

ʜʘ ʩʝ ʪʨʘʞʠ ʫ ʧʦʛʨʝʰʥʦʿ ʧʨʦʮʝʥʠ ʟʥʘʯʘʿʘ ʥʝʢʠʭ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ ʠ ˁʠʭʦʚʦʿ 

ʣʦʰʦʿ ʠʟʨʘʜʠ. ʋ ʩʣʫʯʘʿʫ ʥʘʬʪʥʝ ʧʣʘʪʬʦʨʤʝ, ʭʘʚʘʨʠʿʘ ʢʦʿʘ ʿʝ 1980. ʛʦʜʠʥʝ ʦʜʥʝʣʘ 

123 ʞʠʚʦʪʘ ʿʝ ʧʦʩʣʝʜʠʮʘ ʟʘʤʦʨʥʦʛ ʣʦʤʘ ʧʦ ʦʙʠʤʫ ʧʦʧʨʝʯʥʦʛ ʥʦʩʘʯʘ 

ʧʣʘʪʬʦʨʤʝñ.[40] 
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Ăʆʩʥʦʚʥʠ ʫʟʨʦʢ ʭʘʚʘʨʠʿʝ ʪʨʘʿʝʢʪʘ 'ɽʩʪʦʥʠʿʘ' 1994. ʛʦʜʠʥʝ, ʢʘʜʘ ʿʝ ʧʦʛʠʥʫʣʦ 910 

ʧʫʪʥʠʢʘ, ʿʝ ʧʨʝʦʧʪʝʨʝ˂ʝˁʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʨʫʯʠʮʝ ʟʘ ʟʘʪʚʘʨʘˁʝ ʧʦʢʨʝʪʥʠʭ ʚʨʘʪʘ 

ʠʟʘʟʚʘʥʦ ʥʝʧʨʦʧʠʩʥʠʤ ʨʫʢʦʚʘˁʝʤ  (ʚʨʘʪʘ ʥʠʩʫ ʙʠʣʘ ʧʦʪʧʫʥʦ ʟʘʪʚʦʨʝʥʘ). ɿʙʦʛ ʦʚʦʛ 

ʧʨʝʦʧʪʝʨʝ˂ʝˁʘ, ʟʘʚʘʨʝʥʠ ʩʧʦʿ, ʢʦʿʠ ʿʝ ʚʝʟʠʚʘʦ ʨʫʯʠʮʫ ʟʘ ʙʨʦʜʩʢʫ ʢʦʥʩʪʨʫʢʮʠʿʫ, ʩʝ 

ʩʣʦʤʠʦ, ʚʨʘʪʘ ʩʫ ʩʝ ʦʪʚʦʨʠʣʘ ʠ ʥʘʛʣʠ ʜʦʪʦʢ ʚʦʜʝ ʿʝ ʧʨʝʚʨʥʫʦ ʠ ʧʦʪʦʧʠʦ ʪʨʘʿʝʢʪ. ʋ 

ʦʚʦʤ ʩʣʫʯʘʿʫ, ʢʘʦ ʠ ʢʦʜ ʥʘʬʪʥʝ ʧʣʘʪʬʦʨʤʝ, ʥʠʿʝ ʩʝ ʩʤʘʪʨʘʣʦ ʜʘ ʿʝ ʥʘʚʝʜʝʥʠ ʩʧʦʿ ʦʜ 

ʙʠʪʥʦʛ ʟʥʘʯʘʿʘ, ʧʘ ˁʝʛʦʚʦʿ ʠʟʨʘʜʠ ʥʠʿʝ ʧʦʩʚʝ˂ʝʥʘ ʧʦʪʨʝʙʥʘ ʧʘʞˁʘñ.[40] 

ʂˀʫʯʥʦ ʧʠʪʘˁʝ ʫ ʦʚʘʢʚʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʿʝ ʜʘ ʣʠ ˂ʝ ʧʨʩʣʠʥʘ ʫ ʫʩʣʦʚʠʤʘ 

ʪʠʧʠʯʥʠʤ ʟʘ ʥʝʢʫ ʟʘʚʘʨʝʥʫ ʢʦʥʩʪʨʫʢʮʠʿʫ ʤʠʨʦʚʘʪʠ, ʫ ʢʦʤ ʩʣʫʯʘʿʫ ʿʝ ʢʦʥʩʪʨʫʢʮʠʿʘ 

ʙʝʟʙʝʜʥʘ, ʠʣʠ ˂ʝ ʨʘʩʪʠ ʠ ʝʚʝʥʪʫʘʣʥʦ ʜʦʚʝʩʪʠ ʜʦ ˁʝʥʦʛ ʣʦʤʘ. ʋ ʦʚʦʤ ʜʨʫʛʦʤ 

ʩʣʫʯʘʿʫ ʨʘʩʪ ʧʨʩʣʠʥʝ ʤʦʞʝ ʜʘ ʙʫʜʝ ʩʧʦʨ ʠ ʩʪʘʙʠʣʘʥ, ʘʢʦ ʛʘ ʧʨʘʪʝ ʧʣʘʩʪʠʯʥʝ 

ʜʝʬʦʨʤʘʮʠʿʝ ʠʩʧʨʝʜ ʚʨʭʘ ʧʨʩʣʠʥʝ, ʠʣʠ ʙʨʟ ʠ ʥʝʩʪʘʙʠʣʘʥ, ʘʢʦ ʧʣʘʩʪʠʯʥʠʭ 

ʜʝʬʦʨʤʘʮʠʿʘ ʧʨʘʢʪʠʯʥʦ ʥʝʤʘ. ʅʝʩʪʘʙʠʣʘʥ ʨʘʩʪ ʧʨʩʣʠʥʝ ʠʟʘʟʠʚʘ ʢʨʪʠ ʣʦʤ ʠ 

ʠʟʫʯʘʚʘ ʩʝ ʫ ʦʢʚʠʨʫ ʣʠʥʝʘʨʥʦ ʝʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ, ʜʦʢ ʩʝ ʩʪʘʙʠʣʘʥ ʨʘʩʪ 

ʧʨʩʣʠʥʝ ʠʟʫʯʘʚʘ ʫ ʦʢʚʠʨʫ ʝʣʘʩʪʦ-ʧʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʿʝʨ ʠʟʘʟʠʚʘ ʞʠʣʘʚ ʣʦʤ.  

ʋ ʩʚʘʢʦʤ ʩʣʫʯʘʿʫ ʧʨʠʤʝˁʫʿʫ ʩʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʢʨʠʪʝʨʠʿʫʤʠ ʣʦʤʘ, ʢʦʿʠ ʩʝ ʜʦʙʠʿʘʿʫ 

ʠʟ ʝʥʝʨʛʝʪʩʢʝ ʨʘʚʥʦʪʝʞʝ ʦʧʪʝʨʝ˂ʝʥʦʛ ʪʝʣʘ ʩʘ ʧʨʩʣʠʥʦʤ, ʧʦʨʝʹʝˁʝʤ ʧʘʨʘʤʝʪʘʨʘ 

ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʩʚʦʿʩʪʚʠʤʘ ʤʘʪʝʨʠʿʘʣʘ. ʊʘʢʦ ʩʝ ʫ ʦʢʚʠʨʫ 

ʣʠʥʝʘʨʥʦ ʝʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʧʦʨʝʜʠ ʬʘʢʪʦʨ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ ʩʘ 

ʞʠʣʘʚʰ˂ʫ ʣʦʤʘ, ʘ ʫ ʦʢʚʠʨʫ ʝʣʘʩʪʦ-ʧʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʦʪʚʘʨʘˁʝ ʧʨʩʣʠʥʝ 

ʠʣʠ ɱ ʠʥʪʝʛʨʘʣ ʩʘ ˁʠʭʦʚʠʤ ʢʨʠʪʠʯʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ.[40] 

ʆʜʨʝʜʠʚʘˁʝ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʜʝʬʠʥʠʩʘˁʫ 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʘʧʦʥʘ ʫ ʦʢʦʣʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ. ɱʝʜʥʦ ʦʜ ʦʧʰʪʝ ʧʨʠʭʚʘ˂ʝʥʠʭ 

ʧʨʘʚʠʣʘ ʟʘ ʢʦʨʠʰ˂ʝˁʝ ʘʥʘʣʠʪʠʯʢʠʭ ʤʝʪʦʜʘ ʧʨʠ ʦʜʨʝʹʠʚʘˁʫ. ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʿʝ ʪʝʟʘ ʦ ʘʫʪʦʥʦʤʥʦʩʪʠ ʧʨʩʣʠʥʝ ʠʣʠ ʢʦʥʮʝʧʪ ʩʣʠʯʥʦʛ ʧʦʥʘʰʘˁʘ.  

ʊʝʦʨʠʿʩʢʦ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʧʨʝʜʩʪʘʚˀʘ ʩʣʦʞʝʥ 

ʤʘʪʝʤʘʪʠʯʢʠ ʟʘʜʘʪʘʢ, ʧʦʩʝʙʥʦ ʢʦʜ ʢʦʥʩʪʨʫʢʮʠʿʘ ʩʘ ʩʣʦʞʝʥʦʤ ʛʝʦʤʝʪʨʠʿʦʤ ʠ 

ʫʩʣʦʚʠʤʘ ʦʧʪʝʨʝ˂ʝˁʘ. ɸʥʘʣʠʪʠʯʢʦ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʧʦʧʫʪ: 

ʬʘʢʪʦʨʘ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ K, J - ʠʥʪʝʛʨʘʣʘ, ʦʪʚʘʨʘˁʘ ʚʨʭʘ ʧʨʩʣʠʥʝ CTOD (Crack 

Tip Opening Displacement), ʿʝ ʤʦʛʫ˂ʝ ʩʘʤʦ ʫ ʤʘʣʦʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ. ʂʦʜ ʨʝʰʘʚʘˁʘ 

ʧʨʦʙʣʝʤʘ ʩʘ ʩʣʦʞʝʥʦʤ ʛʝʦʤʝʪʨʠʿʦʤ ʠ ʩʣʦʞʝʥʠʤ ʫʩʣʦʚʠʤʘ ʦʧʪʝʨʝ˂ʝˁʘ ʥʝʦʧʭʦʜʥʦ 

ʿʝ ʢʦʨʠʩʪʠʪʠ ʥʫʤʝʨʠʯʢʝ ʤʝʪʦʜʝ ʧʨʦʨʘʯʫʥʘ. [41] 
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ʋ ʧʦʩʣʝʜˁʠʭ ʜʚʘʜʝʩʝʪ ʛʦʜʠʥʘ ʤʝʪʦʜʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʿʝ ʥʘʰʣʘ ʧʨʠʤʝʥʫ 

ʢʘʢʦ ʫ ʨʘʟʥʠʤ ʦʙʣʘʩʪʠʤʘ ʤʝʭʘʥʠʢʝ ʪʘʢʦ ʠ ʫ ʤʝʭʘʥʠʮʠ ʣʦʤʘ. ʈʘʟʚʠʣʝ ʩʫ ʩʝ ʥʦʚʝ 

ʥʘʫʯʥʝ ʜʠʩʮʠʧʣʠʥʝ ʢʦʿʝ ʩʫ ʟʘʩʥʦʚʘʥʝ ʥʘ ʥʫʤʝʨʠʯʢʠʤ ʤʝʪʦʜʘʤʘ ʠ ʧʨʦʨʘʯʫʥʠʤʘ ʢʘʦ 

ʰʪʦ ʩʫ ʧʨʦʨʘʯʫʥʩʢʘ ʤʝʭʘʥʠʢʘ, ʧʨʦʨʘʯʫʥʩʢʘ ʜʠʥʘʤʠʢʘ ʬʣʫʠʜʘ. ʧʨʦʨʘʯʫʥʩʢʘ 

ʪʝʨʤʦʜʠʥʘʤʠʢʘ, ʧʨʦʨʘʯʫʥʩʢʘ ʤʝʭʘʥʠʢʘ ʣʦʤʘ, ʦʰʪʝ˂ʝˁʘ, ʟʘʤʦʨʘ. 

ɱʝʜʘʥ ʦʜ ʧʨʘʢʪʠʯʥʠʭ ʮʠˀʝʚʘ ʧʨʠʤʝʥʝ ʤʝʪʦʜʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʧʨʦʨʘʯʫʥʩʢʦʿ 

ʤʝʭʘʥʠʮʠ ʣʦʤʘ ʿʝ ʜʘ ʩʝ ʦʜʨʝʜʠ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʥʘʧʦʥʘ ʦʢʦ ʚʨʭʘ ʧʨʩʣʠʥʝ ʪʿ. ʬʘʢʪʦʨʠ 

ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ (FIN) ʢʦʿʠ ʫʿʝʜʥʦ ʧʨʝʜʩʪʘʚˀʘʿʫ ʤʝʨʫ ʤʝʭʘʥʠʯʢʦʛ ʩʪʘˁʘ 

ʧʨʩʣʠʥʝ. ɼʨʫʛʠ ʧʨʠʤʘʤʠ ʮʠˀ ʧʨʠʤʝʥʝ ʤʝʪʦʜʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʧʨʦʨʘʯʫʥʩʢʦʿ 

ʤʝʭʘʥʠʮʠ ʣʦʤʘ ʿʝ ʜʘ ʩʝ ʧʨʝʜʚʠʜʠ ʤʦʛʫ˂ʝ ʰʠʨʝˁʝ ʧʨʩʣʠʥʝ ʩʚʝ ʜʦ ʧʦʿʘʚʝ ʣʦʤʘ. [41] 

ʀʥʠʮʠʿʘʮʠʿʘ ʟʘʤʦʨʥʠʭ ʧʨʩʣʠʥʘ ʩʝ ʿʘʚˀʘ ʥʘ ʭʝʪʦʨʦʛʝʥʠʤ ʤʝʩʪʠʤʘ ʫ ʤʘʪʝʨʠʿʘʣʫ 

ʢʦʿʘ ʩʫ ʧʦʚʦˀʥʘ ʟʘ ʦʙʨʘʟʦʚʘˁʝ ʛʨʝʰʢʠ, ʥʝʟʘʚʠʩʥʦ ʦʜ ʪʦʛʘ ʜʘ ʣʠ ʩʫ ʦʥʝ ʧʨʠʤʘʨʥʦ 

ʧʦʩʪʦʿʘʣʘ (ʫʢˀʫʯʮʠ, ʛʘʩʥʝ ʧʦʨʝ, ʣʦʢʘʣʥʦ ʩʣʘʙʝ ʪʘʯʢʝ ʫ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠ) ʠʣʠ ʩʫ 

ʥʘʩʪʘʣʘ ʪʦʢʦʤ ʜʝʣʦʚʘˁʘ ʧʝʨʠʦʜʠʯʥʦ ʧʨʦʤʝʥˀʠʚʦʛ ʦʧʪʝʨʝ˂ʝˁʘ. ʋʢʣʘˁʘˁʝ 

ʧʨʠʤʘʨʥʦ ʥʝʧʦʚʦˀʥʠʭ ʤʝʩʪʘ ʠʟ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʿʘʣʘ ʤʦʞʝ ʜʘ ʜʦʚʝʜʝ ʜʦ ʟʥʘʯʘʿʥʦʛ 

ʧʦʚʝ˂ʘˁʘ ʟʘʤʦʨʥʦʛ ʚʝʢʘ. 

  

2.2. ʇʨʠʤʝʥʘ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʥʘ ʫʧʦʪʨʝʙʥʫ ʩʧʨʝʤʥʦʩʪ ʟʘʚʘʨʝʥʠʭ 

ʩʧʦʿʝʚʘ 

ʆʩʥʦʚʥʠ ʧʘʨʘʤʝʪʨʠ ʤʝʭʘʥʠʢʝ ʣʦʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʬʘʢʪʦʨ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ, 

ʦʪʚʘʨʘˁʝ ʚʨʭʘ ʧʨʩʣʠʥʝ ʠ ɱ ʠʥʪʝʛʨʘʣ, ʧʨʝʜʩʪʘʚˀʘʿʫ ʩ ʿʝʜʥʝ ʩʪʨʘʥʝ ʦʧʪʝʨʝ˂ʝˁʝ ʠ 

ʛʝʦʤʝʪʨʠʿʫ ʪʝʣʘ ʩʘ ʧʨʩʣʠʥʦʤ, ʘ ʩ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʧʦʜ ʦʜʨʝʹʝʥʠʤ ʫʩʣʦʚʠʤʘ, ʢʨʠʪʠʯʥʝ 

ʚʝʣʠʯʠʥʝ ʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʚʦʿʩʪʚʘ ʤʘʪʝʨʠʿʘʣʘ. ʋ ʩʣʫʯʘʿʫ ʟʘʚʘʨʝʥʠʭ 

ʩʧʦʿʝʚʘ ʠ ʢʦʥʩʪʨʫʢʮʠʿʘ, ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʿʝ ʫ ʩʫʰʪʠʥʠ ʠʩʪʦ 

ʢʘʦ ʢʦʜ ʦʩʥʦʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʘʣʠ ʧʦʩʪʦʿʝ ʠ ʟʥʘʯʘʿʥʝ ʨʘʟʣʠʢʝ ʚʝʟʘʥʝ ʟʘ 

ʭʝʪʝʨʦʛʝʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ, ʦʜʥʦʩʥʦ ʨʘʟʣʠʯʠʪʘ ʩʚʦʿʩʪʚʘ ʫ ʤʝʪʘʣʫ ʰʘʚʘ, ɿʋʊ ʠ 

ʦʩʥʦʚʥʦʤ ʤʝʪʘʣʫ, ʘ ʦʜ ʟʥʘʯʘʿʘ ʤʦʞʝ ʜʘ ʙʫʜʝ ʠ ʫʪʠʮʘʿ ʟʘʦʩʪʘʣʠʭ ʥʘʧʦʥʘ.  

ʇʨʝʤʘ ʝʥʝʨʛʝʪʩʢʦʤ ʢʨʠʪʝʨʠʿʫʤʫ ɻʨʠʬʠʪʘ, ʧʨʩʣʠʥʘ ʫ ʥʝʢʦʤ ʪʝʣʫ ʨʘʩʪʝ 

ʥʝʩʪʘʙʠʣʥʦ ʫʢʦʣʠʢʦ ʿʝ ʩʠʣʘ ʨʘʩʪʘ ʧʨʩʣʠʥʝ (ʙʨʟʠʥʘ ʦʩʣʦʙʘʹʘˁʘ ʝʥʝʨʛʠʿʝ) ʚʝ˂ʘ ʦʜ 

ʦʪʧʦʨʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʨʘʩʪ ʧʨʩʣʠʥʝ. ʋ ʦʢʚʠʨʫ ʣʠʥʝʘʨʥʦ ʝʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ 

ʣʦʤʘ, ʩʠʣʘ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʩʝ ʠʜʝʥʪʠʬʠʢʫʿʝ ʩʘ ʬʘʢʪʦʨʦʤ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ: 

K Y as p=                                                                                                                 (2.1) 
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ʛʜʝ ʿʝ Y ʙʝʟʜʠʤʝʥʟʠʦʥʠ ʬʘʢʪʦʨ ʛʝʦʤʝʪʨʠʿʝ, s -ʫʜʘˀʝʥʠ ʥʘʧʦʥ, a ʜʫʞʠʥʘ ʧʨʩʣʠʥʝ. 

ɿʘ ʥʝʢʝ ʥʘʿʿʝʜʥʦʩʪʘʚʥʠʿʝ ʧʨʠʤʝʨʝ ʙʝʟʜʠʤʝʥʟʠʦʥʠ ʬʘʢʪʦʨ ʛʝʦʤʝʪʨʠʿʝ ʿʝ ʜʘʪ ʫ ʪʘʙ. 

2.1, ʘ ʚʝʣʠʢʠ ʙʨʦʿ ʧʨʠʤʝʨʘ ʚʘʞʥʠʭ ʟʘ ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥʫ ʿʝ ʜʘʪ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ 

ʧʨʠʨʫʯʥʠʮʠʤʘ. ɸʢʦ ʟʘʚʘʨʝʥʘ ʢʦʥʩʪʨʫʢʮʠʿʘ ʥʝ ʤʦʞʝ ʜʘ ʩʝ ʩʚʝʜʝ ʥʘ ʿʝʜʥʦʩʪʘʚʥʝ 

ʩʣʫʯʘʿʝʚʝ ʛʝʦʤʝʪʨʠʿʝ ʠ ʦʧʪʝʨʝ˂ʝˁʘ, ʦʥʜʘ ʿʝ ʧʦʪʨʝʙʥʘ ʜʝʪʘˀʥʠʿʘ ʘʥʘʣʠʟʘ ʥʘʧʦʥʩʢʦʛ 

ʩʪʘˁʘ ʥʫʤʝʨʠʯʢʠʤ ʤʝʪʦʜʘʤʘ, ʥʧʨ. ʤʝʪʦʜʦʤ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. 

ʆʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʥʝʩʪʘʙʠʣʥʠ ʨʘʩʪ ʧʨʩʣʠʥʝ ʩʝ ʫ ʦʢʚʠʨʫ ʣʠʥʝʘʨʥʦ 

ʝʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʧʨʝʜʩʪʘʚˀʘ ʢʨʠʪʠʯʥʦʤ  ʚʨʝʜʥʦʰ˂ʫ ʬʘʢʪʦʨʘ ʠʥʪʝʥʟʠʪʝʪʘ 

ʥʘʧʦʥʘ ʫ ʫʩʣʦʚʠʤʘ ʨʘʚʥʦʛ ʩʪʘˁʘ ʜʝʬʦʨʤʘʮʠʿʝ, KIc ʦʜʥʦʩʥʦ ʩʚʦʿʩʪʚʦʤ ʤʘʪʝʨʠʿʘʣʘ 

ʥʘʟʚʘʥʠʤ ʞʠʣʘʚʦʩʪ ʣʦʤʘ. ʂʦʜ ʭʦʤʦʛʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʨʦʮʝʜʫʨʘ ʦʜʨʝʹʠʚʘˁʘ 

ʞʠʣʘʚʦʩʪʠ ʣʦʤʘ ʫ ʫʩʣʦʚʠʤʘ ʨʘʚʥʦʛ ʩʪʘˁʘ ʜʝʬʦʨʤʘʮʠʿʝ ʿʝ ʜʝʪʘˀʥʦ ʠ ʧʨʝʮʠʟʥʦ 

ʫʩʪʘʥʦʚˀʝʥʘ ʫ ʩʪʘʥʜʘʨʜʫ ASTM E 399.  [18] 
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ʊʘʙʝʣʘ 2.1 ʌʘʢʪʦʨʠ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ ʟʘ ʥʝʢʝ ʿʝʜʥʦʩʪʘʚʥʝ ʛʝʦʤʝʪʨʠʿʝ [41]  

 ʬʘʢʪʦʨ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ KI 
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ʀʩʪʨʘʞʠʚʘˁʘ ʩʫ ʧʦʢʘʟʘʣʘ ʜʘ ʿʝ ʤʝʨʦʜʘʚʥʦ ʧʦʜʨʫʯʿʝ ʥʘʿʥʠʞʝ ʞʠʣʘʚʦʩʪʠ,ʦʜʥʦʩʥʦ 

ʧʦʜʨʫʯʿʝ ʠʟʨʘʟʠʪʦʛ ʧʦʥʘʰʘˁʘ ʤʘʪʝʨʠʿʘʣʘ. 

ɸ.ɸ. Griffit [41] 1920.ʛʦʜ ʠʟʚʨʰʠʦ ʿʝ ʝʢʩʧʝʨʠʤʝʥʪ ʩʘ ʩʪʘʢʣʦʤ ʢʦʿʝ ʩʝ ʣʦʤʠ ʢʨʪʦ ʙʝʟ 

ʛʦʪʦʚʦ ʠ ʥʘʿʤʘˁʝ ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʠʟʚʝʦ ʿʝ ʟʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ ʰʠʨʝˁʘ ʧʨʩʣʠʥʝ ʠ  

ʦʧʪʝʨʝ˂ʝˁʘ ʢʦʨʠʩʪʝ˂ʠ ʝʥʝʨʛʝʪʩʢʠ ʢʦʥʮʝʧʪ  

2E

ap
e

g
s =  

2.2 

ʛʜʝ ʩʫ es - ʢʨʠʪʠʯʥʦ ʥʘʧʨʝʟʘˁʝ, ɽ-ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ, g- ʝʥʝʨʛʠʿʘ ʧʦʚʨʰʠʥʩʢʦʛ 

ʥʘʧʦʥʘ-ʧʦʪʨʝʙʥʘ ʜʘ ʩʝ ʩʪʚʦʨʝ ʜʚʝ ʥʦʚʝ ʧʦʚʨʰʠʥʝ ʧʨʝʣʦʤʘ, a -ʜʫʞʠʥʘ ʧʨʩʣʠʥʝ 

ʧʨʠ ʩʪʘˁʫ ʨʘʚʘʥʩʢʦʛ ʥʘʧʨʝʟʘˁʘ 

ʇʨʝʤʘ ˁʝʤʫ, ʚʘʞʥʫ ʫʣʦʛʫ ʧʨʠ ʰʠʨʝˁʫ ʧʨʩʣʠʥʝ ʠʛʨʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʥʘʧʦʥʘ ʫ 

ʥʝʧʦʩʨʝʜʥʦʿ ʦʢʦʣʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ. ʂʘʦ ʢʚʘʥʘʪʠʪʘʪʠʚʥʘ ʤʝʨʘ ʢʦʥʮʝʥʪʘʮʠʿʝ 

ʥʘʧʦʥʘ ʫ ʦʢʦʣʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ ʫʚʦʜʠ ʩʝ ʚʝʣʠʯʠʥʘ ʠʥʪʝʟʠʪʝʪʘ ʥʘʧʦʥʘ: KI, KII i KIII  

[42] 

G.R. Irwin [43] ʧʝʜʝʩʝʪʠʭ ʛʦʜʠʥʘ ʫʦʯʘʚʘ ʜʘ ʚʘʞʥʫ ʫʣʦʛʫ ʧʨʠ ʨʘʟʚʦʿʫ ʧʫʢʦʪʠʥʝ ʠʛʨʘ 

ʠ ʧʣʘʩʪʠʯʥʘ ʜʝʬʦʨʤʘʮʠʿʘ. ɼʝʬʠʥʠʰʝ ʥʦʚʝ ʚʝʣʠʯʠʥʝ: G ï ʩʠʣʘ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʢʘʦ ʠ 

ʂ ï ʬʘʢʪʦʨ ʠʥʪʝʟʠʪʝʪʘ ʥʘʧʦʥʘ ʢʦʿʠ ˂ʝ ʢʘʩʥʠʿʝ ʙʠʪʠ ʦʩʥʦʚʘ ʤʝʭʘʥʠʯʢʠʭ 

ʠʩʪʨʘʞʠʚʘˁʘ  

2K
G

E
=  

2.3 

3/2  K a Nmmp -è ø=s
ê ú

 2.4 

 

ʐʝʟʜʝʩʝʪʠʭ ʛʦʜʠʥʘ  XX  ʚʝʢʘ ʧʦʿʘʚˀʫʿʫ ʩʝ ʥʦʚʠ, ʬʫʥʜʘʤʝʥʪʘʣʥʠ ʨʘʜʦʚʠ ʠʟ 

ʤʝʭʘʥʠʢʝ ʣʦʤʘ. ʅʘʿʟʥʘʯʘʿʥʠʿʠ ʤʝʹʫ ˁʠʤʘ ʩʫ ʨʘʜʦʚʠ Rice-a  (1968)  ʟʘʩʥʦʚʘʥʠ ʥʘ 

ʜʝʬʠʥʠʩʘˁʫ J ʠʥʪʝʛʨʘʣʘ ʠ ʘʥʘʣʠʟʠ ˁʝʛʦʚʠʭ ʦʩʦʙʠʥʘ. ʊʝʦʨʠʿʘ ʟʘʩʥʦʚʘʥʘ ʥʘ 

ʢʦʨʠʰ˂ʝˁʫ  J ʠʥʪʝʛʨʘʣʘ ʨʘʟʚʠʿʝʥʘ ʿʝ ʩʘ ʮʠˀʘʝʤ ʜʘ ʩʝ ʫʩʧʦʩʪʘʚʠ ʢʚʘʥʪʠʪʘʪʠʚʥʘ 

ʤʝʨʘ ʧʦʿʘʚʝ ʥʝʩʪʘʙʠʣʥʦʛ ʰʠʨʝˁʘ ʧʨʩʣʠʥʝ. ʈʘʟʚʠʿʘ ʩʝ ʢʨʠʪʝʨʠʿʫʤ  ʣʦʤʘ  ʟʘʩʥʦʚʘʥ 

ʥʘ ʧʨʠʤʝʥʠ  J ʠʥʪʝʛʨʘʣʘ. 

 

 

2.3 ʆʩʥʦʚʥʠ ʦʙʣʠʮʠ ʦʙʨʘʟʦʚʘˁʘ ʧʦʚʨʰʠʥʘ ʧʨʝʣʦʤʘ 

ʈʘʩʧʦʜʝʣʘ ʥʘʧʦʥʘ ʫ ʙʣʠʟʠʥʠ  ʚʨʭʘ ʧʨʩʣʠʥʝ ʟʘʚʠʩʠ ʦʜ ʦʙʣʠʢʘ ʦʙʨʘʟʦʚʘˁʘ 

ʧʦʚʨʰʠʥʝ ʧʨʝʣʦʤʘ ʧʦʰʪʦ ʨʘʟʜʚʦʿʝʥʝ ʧʦʚʨʰʠʥʝ ʧʨʩʣʠʥʝ ʧʨʝʜʩʪʘʚˀʘʿʫ 



18 
 

ʥʝʧʦʪʝʨʝ˂ʝʥʝ ʛʨʘʥʠʮʝ ʥʘʧʨʝʛʥʫʪʦʛ ʪʝʣʘ. ʊʨʠ ʦʩʥʦʚʥʘ ʦʙʣʠʢʘ ʨʘʟʚʦʿʘ ʧʨʩʣʠʥʝ ʠ 

ʦʙʨʘʟʦʚʘˁʝ ʧʦʚʨʰʠʥʝ ʧʨʝʣʦʤʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 2.2  

I ʦʙʣʠʢ ʎʝʧʘˁʝ (ʦʪʚʘʨʘˁʝ)  ʜʝʬʠʥʠʩʘʥʦ ʿʝ ʧʦʚʣʘʯʝˁʝʤ ʜʚʝ ʧʦʚʨʯʠ ʩʪʨʘʥʘ ʧʨʩʣʠʥʘ 

ʫ ʚʝʨʪʠʢʘʣʥʠʤ ʩʤʝʨʦʚʠʤʘ ʫ y-ʧʨʘʚʮʫ ʧʨʠ ʯʝʤʫ ʩʝ ʫ x-y ʠ x-z ʨʘʚʥʠ ʦʩʪʚʘʨʫʿʫ 

ʩʠʤʝʪʨʠʯʥʘ ʜʝʬʦʨʤʘʮʠʦʥʘ ʩʪʘˁʘ  

II ʦʙʣʠʢ ʉʤʠʯʫ˂ʠ ʦʙʣʠʢ ʫ  ʨʘʚʥʠ ʜʝʬʠʥʠʩʘʥʦ ʿʝ ʧʦʤʝʨʘˁʝʤ ʿʝʜʥʝ ʧʦʚʨʰʠʥʝ 

ʧʨʝʣʦʤʘ ʧʦ ʜʨʫʛʦʿ ʫ ʠʩʪʦʿ ʨʘʚʥʠ ʘʣʠ ʫ ʩʫʧʨʦʪʥʠʤ ʩʤʝʨʦʚʠʤʘ 

III ʦʙʣʠʢ ʉʤʠʯʫ˂ʠ ʦʙʣʠʢ ʚʘʥ ʨʘʚʥʠ ʜʝʬʠʥʠʩʘʥʦ ʿʝ ʪʘʢʦ ʜʘ ʜʚʝ ʧʦʚʨʰʠ ʩʪʨʘʥʘ 

ʧʨʩʣʠʥʘ ʢʣʠʟʘʿʫ ʿʝʜʥʘ ʧʨʝʢʦ ʜʨʫʛʝ ʫ z-ʧʨʘʚʮʫ ʛʜʝ ʩʝ ʫ x-y ʠ x-z ʨʘʚʥʠ ʦʩʪʚʘʨʫʿʝ 

ʘʥʪʠʩʠʤʝʪʨʠʯʥʦ ʜʝʬʦʨʤʘʮʠʦʥʦ ʩʪʘˁʝ  

 

 

  

 

ʉʣʠʢʘ 2.2 ʆʩʥʦʚʥʠ ʦʙʣʠʮʠ ʧʦʤʝʨʘˁʘ ʝʣʝʤʝʥʘʪʘ ʢʦʿʝ ʦʙʫʭʚʘʪʘ ʚʨʭ ʧʨʩʣʠʥʝ  

 

ʅʘʿʦʧʘʩʥʠʿʠ ʣʦʤʦʚʠ ʿʘʚˀʘʿʫ ʧʨʠ ʨʘʟʚʦʿʫ ʧʨʩʠʥʝ ʮʝʧʘˁʝʤ ʪʝ ʿʝ ʟʘ ʪʘʿ ʦʙʣʠʢ 

ʨʘʟʚʦʿʘ ʣʦʤʘ ʜʝʬʠʥʠʩʘʥʦ ʠʩʧʠʪʠʚʘˁʝ ʠ ʦʜʨʝʹʠʚʘˁʝ ʬʘʢʪʦʨ ʠʥʪʝʟʠʪʝʪʘ ʥʘʧʦʥʘ 

ʢʦʿʠ ʦʜʨʝʹʫʿʝ ʚʝʣʠʯʠʥʫ ʢʦʤʧʦʥʝʥʪʠ ʥʘʧʦʥʘ ʧʨʠ ʿʝʜʥʦʣʠʢʦʿ ʨʘʩʧʦʜʝʣʠ ʥʘʧʦʥʘ [40] 

  

2   MPa mK k p è ø=
ê ú

 2.5 

 

k ï ʢʦʥʩʪʘʥʪʘ ʩʝ ʤʦʞʝ ʟʘʤʝʥʠʪʠ ʬʘʢʪʦʨʦʤ ʠʥʪʝʟʠʪʝʪʘ ʥʘʧʦʥʘ ʂ ʢʦʿʠ ʜʝʬʠʥʠʰʝ 

ʥʘʧʦʥ, ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʧʦʤʝʨʘˁʘ ʦʢʦ ʚʨʭʘ ʧʨʩʣʠʥʝ ʧʦʰʪʦ ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ 

ʥʘʧʦʥʠʤʘ ʫ ʪʦʿ ʟʦʥʠ ʪʝ ʩʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʚʨʩʪʝ ʦʧʪʝʨʝ˂ʝˁʘ ʦʙʝʣʝʞʘʚʘ ʩʘ ʂI, KII 

ʠʣʠ  KIII.   
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ʉʚʘ ʪʨʠ ʦʙʣʠʢʘ ʨʘʟʚʦʿʘ ʧʨʩʣʠʥʝ ʤʦʛʫ ʩʝ ʩʚʨʩʪʘʪʠ ʫ ʨʘʚʘʥ ʧʨʦʙʣʝʤ ʊʝʦʨʠʿʝ 

ʝʣʘʩʪʠʯʥʦʩʪʠ ʧʦʰʪʦ ʧʨʠʧʘʜʘʿʫ ʙʠʣʦ ʨʘʚʥʦʿ ʜʝʬʦʨʤʘʮʠʿʠ ʠʣʠ ʛʝʥʝʨʘʣʠʩʘʥʦʤ 

ʨʘʚʥʦʤ ʩʪʘˁʫ ʥʘʧʦʥʘ. [40] 

ɿʘ ʦʜʨʝʹʝʥʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʩʘ ʧʨʩʣʠʥʦʤ ʠʟʣʦʞʝʥʝ ʩʧʦˀʘʰˁʠʤ ʩʠʣʘʤʘ, ʤʦʛʫ˂ʝ 

ʿʝ ʠʟʚʝʩʪʠ ʠʟʨʘʟʝ ʫ ʟʘʪʚʦʨʝʥʦʿ ʬʦʨʤʠ ʟʘ ʥʘʧʦʥʝ ʫ ʪʝʣʫ, ʧʨʝʪʧʦʩʪʘʚˀʘʿʫ˂ʠ ʜʘ ʿʝ 

ʧʦʥʘʰʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʠʟʦʪʨʦʧʩʢʦ, ʣʠʥʝʘʨʥʦ ʝʣʘʩʪʠʯʥʦ. Westergaard [44], Irwin, 

Sneddon ʠ Williams, ʩʫ ʤʝʹʫ ʧʨʚʠʤʘ ʦʙʿʘʚʠʣʠ ʪʘʢʚʘ ʨʝʰʝˁʘ. ɸʢʦ ʜʝʬʠʥʠʰʝʤʦ ʦʩʫ 

ʧʦʣʘʨʥʠʭ ʢʦʦʨʜʠʥʘʪʘ ʩʘ ʧʦʯʝʪʢʦʤ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ (ʩʣʠʢʘ 2.2), ʤʦʞʝ ʩʝ ʧʦʢʘʟʘʪʠ ʜʘ 

ʿʝ ʧʦˀʝ ʥʘʧʦʥʘ ʫ ʙʠʣʦ ʢʦʤ ʣʠʥʝʘʨʥʦ ʝʣʘʩʪʠʯʥʦʤ ʥʘʧʨʩʣʦʤ ʪʝʣʫ ʜʘʪʦ ʧʨʝʢʦ [45] 
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2.6 

  

ʛʜʝ ʿʝ sij ʪʝʥʟʦʨ ʥʘʧʦʥʘ, r ʠ q ʩʫ ʜʝʬʠʥʠʩʘʥʠ, ʥʘ ʩʣʠʮʠ 2.2, k je ʢʦʥʩʪʘʥʪʘ, ʠ fij je 

ʙʝʟʜʠʤʝʥʟʠʦʥʘ ʬʫʥʢʮʠʿʘ ʦʜ q.  

 

ʉʣʠʢʘ 2.3 ʈʘʩʧʦʜʝʣʘ ʥʦʨʤʘʣʥʦʛ ʥʘʧʦʥʘ ʫ ʦʢʦʣʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ  [46]   

 

ʊʝʨʤʠʥʠ ʚʠʰʝʛ ʟʥʘʯʘʿʘ ʟʘʚʠʩʝ ʦʜ ʛʝʦʤʝʪʨʠʿʝ, ʘʣʠ ʨʝʰʝˁʝ ʟʘ ʙʠʣʦ ʢʦʿʫ ʜʘʪʫ 

ʢʦʥʬʠʛʫʨʘʮʠʿʫ ʩʘʜʨʞʠ ʚʦʜʝ˂ʠ ʠʟʨʘʟ ʢʦʿʠ ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ 1 r . Kaʢo r0 , 

ʚʦʜʝ˂ʠ ʠʟʨʘʟ ʪʝʞʠ ʙʝʩʢʦʥʘʯʥʦʩʪʠ (¤),ʘʣʠ ʜʨʫʛʠ ʪʝʨʤʠʥʠ ʟʘʜʨʞʘʚʘʿʫ ʢʦʥʘʯʥʝ 

ʚʨʝʜʥʦʩʪʠ ʠʣʠ ʩʝ ʧʨʠʙʣʠʞʘʚʘʿʫ ʥʫʣʠ (0). ʉʪʦʛʘ ʩʝ ʥʘʧʦʥ ʫ ʙʣʠʟʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ 

ʤʝˁʘ ʩa 1 r , ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʫ ʥʘʧʨʩʣʦʛ ʪʝʣʘ. ʊʘʢʦʹʝ ʩʝ ʤʦʞʝ 

ʧʦʢʘʟʘʪʠ ʜʘ ʩʝ ʧʦʤʝʨʘʿ ʫ ʙʣʠʟʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ ʥʝ ʤʝˁʘ ʩʘ r .  
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2.7. 

 

ʉʘ ʘʩʧʝʢʪʘ ʪʝʦʨʠʿʝ ʝʣʘʩʪʠʯʥʦʩʪʠ, ʜʚʘ ʚʘʞʥʘ ʟʘʭʪʝʚʘ ʫʢʦʣʠʢʦ ʩʫ ʠʩʧʫˁʝʥʘ 

ʦʤʦʛʫ˂ʘʚʘʿʫ ʬʦʨʤʫʣʠʩʘˁʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʦʜʥʦʩʥʦ ʧʘʨʮʠʿʘʣʥʠʭ ʿʝʜʥʘʯʠʥʘ ʢʦʿʝ 

ʜʝʬʠʥʠʰʫ ʬʫʥʢʮʠʦʥʘʣʥʫ ʟʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ ʥʘʧʦʥʘ ʠ ʜʝʬʦʨʤʘʮʠʿʘ.  

ʇʨʚʠ ʫʩʣʦʚ ʢʦʿʠ ʤʦʨʘ ʙʠʪʠ ʠʩʧʫˁʝʥ ʿʝ ʨʘʚʥʦʪʝʞʘ ʥʘʧʦʥʘ, ʜʨʫʛʠ ʿʝ 

ʢʦʤʧʘʪʠʙʠʣʥʦʩʪ ʜʝʬʦʨʤʘʮʠʿʘ. ʋʩʪʚʘʨʠ ʜʘ ʙʠ ʙʠʦ ʠʩʧʫˁʝʥ ʧʨʚʠ ʫʩʣʦʚ ʪʝʣʦ ʢʘʦ 

ʮʝʣʠʥʘ ʤʦʨʘ ʙʠʪʠ ʫ ʨʘʚʥʦʪʝʞʠ, ʦʜʥʦʩʥʦ ʣʦʢʘʣʥʠ ʥʘʧʦʥʠ ʫ ʪʝʣʫ ʤʦʨʘʿʫ ʙʠʪʠ ʫ 

ʨʘʚʥʦʪʝʞʠ. ʆʚʦ ʫʩʣʦʚˀʘʚʘ ʫʩʧʦʩʪʘʚˀʘˁʝ ʨʝʣʘʮʠʿʘ ʠʟʤʝʹʫ ʢʦʤʧʦʥʝʥʘʪʘ ʪʝʥʟʦʨʘ 

ʥʘʧʦʥʘ. ɼʨʫʛʠ ʟʘʭʪʝʚ ʢʦʿʠ ʤʦʨʘ ʙʠʪʠ ʠʩʧʫˁʝʥ ʿʝ ʫʩʣʦʚ ʦʤʧʘʪʠʙʠʣʥʦʩʪʠ. 

ʀʩʧʫˁʘʚʘˁʝ ʫʩʣʦʚʘ ʢʦʤʧʘʪʠʙʠʣʥʦʩʪʠ ʜʦʚʦʜʠ ʜʦ ʜʝʬʠʥʠʩʘˁʘ ʨʝʣʘʮʠʿʘ ʠʟʤʝʹʫ 

ʢʦʤʧʦʥʝʥʘʪʘ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʿʘ.[43] 

ʂʦʜ ʧʨʦʙʣʝʤʘ ʤʝʰʦʚʠʪʦʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʠʥʜʠʚʠʜʫʘʣʥʠ ʜʦʧʨʠʥʦʩʠ ʢʦʤʧʦʥʝʥʪʝ 

ʜʘʪʦʛ ʥʘʧʦʥʘ ʩʝ ʩʘʙʠʨʘʿʫ: s s s s
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3.  ʇʈʉʃʀʅɽ ʋ ɿɸɺɸʈɽʅʀʄ ʉʇʆɱɽɺʀʄɸ  

 

3.1. ɼʝʬʠʥʠʮʠʿʘ ʠ ʥʘʩʪʘʥʘʢ ʧʨʩʣʠʥʘ 

ʇʨʩʣʠʥʘ ʿʝ ʰʫʧˀʠʥʘ ʫ ʪʝʣʫ, oʛʨʘʥʠʯʝʥʘ ʩʘ ʜʚʝ ʥʘʧʨʘʤʥʝ ʧʦʚʨʰʠʥʝ  

ʤʝʹʫʩʦʙʥʦʛ ʨʘʩʪʦʿʘˁʘ ʤʥʦʛʦ ʤʘˁʝʛ ʦʜ ˁʝʥʝ ʜʨʫʛʝ ʜʚʝ ʜʠʤʝʥʟʠʿʝ, ʥʘʩʪʘʣʘ ʙʝʟ 

ʫʢʣʘˁʘˁʘ ʤʘʪʝʨʠʿʘʣʘ.   

ʇʨʩʣʠʥʘ ʤʦʞʝ ʥʘʩʪʘʪʠ (ʠʣʠ ʧʦʩʪʦʿʝ˂ʘ ʧʨʩʣʠʥʘ ʤʦʞʝ ʨʘʩʪʠ) ʩʘʤʦ ʘʢʦ ʦʜʨʝʹʝʥʠ 

ʧʨʦʮʝʩ ʜʦʚʦʜʠ ʜʦ ʪʦʛʘ ʜʘ ʪʦʪʘʣʥʘ ʝʥʝʨʛʠʿʘ ʦʧʘʜʘ ʠʣʠ ʦʩʪʘʿʝ ʢʦʥʩʪʘʥʪʥʘ. ɿʙʦʛ ʪʦʛʘ 

ʩʝ ʢʨʠʪʠʯʥʠ ʫʩʣʦʚʠ ʟʘ ʣʦʤ ʤʦʛʫ ʜʝʬʠʥʠʩʘʪʠ ʢʘʦ ʤʝʩʪʦ ʛʜʝ ʩʝ ʜʝʰʘʚʘ ʨʘʩʪ ʧʨʩʣʠʥʝ 

ʧʦʜ ʨʘʚʥʦʪʝʞʥʠʤ ʫʩʣʦʚʠʤʘ, ʙʝʟ ʫʢʫʧʥʝ ʧʨʦʤʝʥʝ ʪʦʪʘʣʥʝ ʝʥʝʨʛʠʿʝ. 

ɼʚʝ ʬʘʟʝ ʤʦʛʫ ʩʝ ʦʜʚʦʿʠʪʠ ʫ ʧʨʦʮʝʩʫ ʣʦʤʘ: 

1. ʇʦʩʪʝʧʝʥʠ ʧʨʝʣʘʟ ʧʦʯʝʪʥʝ ʛʨʝʰʢʝ ʫ ʩʫʙʤʠʢʨʦʩʢʦʧʩʢʠ, ʤʠʢʨʦʩʢʦʧʩʢʠ ʠ 

ʤʘʢʨʦʩʢʦʧʩʢʠ ʛʫʙʠʪʘʢ ʭʦʤʦʛʝʥʦʩʪʠ ʢʨʦʟ ʧʦʿʘʚʫ ʧʨʩʣʠʥʝ, ʠ ˁʝʥ ʩʪʘʙʠʣʥʠ ʨʘʟʚʦʿ. 

2. ʂʨʠʪʠʯʥʦ (ʥʝʩʪʘʙʠʣʥʦ) ʩʪʘˁʝ ʧʨʩʣʠʥʝ ʠ ˁʝʥ ʙʨʟʠ ʨʘʟʚʦʿ ʜʦ ʧʦʪʧʫʥʦʛ 

ʨʘʟʜʚʘʿʘˁʘ (ʣʦʤʘ)  

ʇʦʰʪʦ ʿʝ ʧʦʪʨʝʙʥʦ ʚʨʝʤʝ ʟʘ ʨʘʟʚʦʿ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ, ʙʨʟʠʥʘ 

ʜʝʬʦʨʤʘʮʠʿʝ ʿʝ ʤʘʣʘ, ʜʦʢ ʥʝʩʪʘʙʠʣʥʠ ʣʦʤ ʤʦʞʝ ʜʘ ʙʫʜʝ ʧʦʪʧʫʥʦ ʢʨʪ ʠ ʨʘʟʚʠʿʘ ʩʝ 

ʚʝʦʤʘ ʙʨʟʦ (ʧʦʥʝʢʘʜ ʠ ʪʨʝʥʫʪʥʦ). ʌʘʟʘ ʥʘ ʢʨʘʿʫ ʣʦʤʘ ʧʦʩʣʝ ʧʣʘʩʪʠʯʥʝ 

ʜʝʬʦʨʤʘʮʠʿʝ ʤʦʞʝ ʙʠʪʠ ʢʨʘʪʢʦʪʨʘʿʥʘ. ʇʦʩʣʝʜʠʮʝ ʙʨʟʦʛ ʨʘʟʚʦʿʘ ʣʦʤʘ ʤʦʞʝ ʠʤʘʪʠ 

ʢʘʪʘʩʪʨʦʬʘʣʥʝ ʧʦʩʣʝʜʠʮʝ, ʧʦʰʪʦ ʩʝ ʣʦʢʘʣʥʠ ʧʦʨʝʤʝ˂ʘʿ ʫ ʢʨʘʪʢʦʤ ʚʨʝʤʝʥʫ 

ʧʨʝʥʦʩʠ ʥʘ ʯʠʪʘʚʫ ʢʦʥʩʪʨʫʢʮʠʿʫ. ɺʝʣʠʯʠʥʘ ʜʦʧʫʰʪʝʥʦʛ ʥʘʧʦʥʘ ʥʠʿʝ ʥʝʧʦʩʨʝʜʥʦ 

ʧʦʚʝʟʘʥʘ ʩʘ ʧʦʿʘʚʦʤ ʣʦʤʘ, ʧʘ ʿʝ ʧʦʪʨʝʙʥʦ ʧʦʟʥʘʚʘʪʠ ʫʩʣʦʚʝ ʫ ʢʦʿʠʤʘ ʩʝ ʨʘʟʚʠʿʘ ʣʦʤ 

(ʧʦʩʫʜʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ ʜʝʙʝʣʠʭ ʟʠʜʦʚʘ, ʙʨʦʜʦʚʠ ʫ ʝʢʩʧʣʦʘʪʘʮʠʿʠ). ʉʪʨʫʢʪʫʨʘ 

ʥʝʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʿʝ ʪʘʢʚʘ ʜʘ ʿʝ ˁʠʭʦʚ ʣʦʤ ʢʨʪ ʫ ʩʚʠʤ ʫʩʣʦʚʠʤʘ ʦʧʪʝʨʝ˂ʝˁʘ ʠ 

ʝʢʩʧʣʦʘʪʘʮʠʿʝ. ʂʦʜ ʚʝ˂ʠʥʝ ʢʦʥʩʪʨʫʢʮʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʦʿʘʚʠ ʢʨʪʦʛ ʣʦʤʘ 

ʧʦʛʦʜʫʿʫ ʩʣʝʜʝ˂ʠ ʫʩʣʦʚʠ ʛʜʝ ʿʝ ʚʝʣʠʢʘ ʙʨʟʠʥʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʪʘʢʚʘ ʜʘ ʥʝʤʘ ʜʦʚʦˀʥʦ 

ʚʨʝʤʝʥʘ ʟʘ ʧʣʘʩʪʠʯʥʫ ʜʝʬʦʨʤʘʮʠʿʫ; - ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʥʘʧʦʥʘ, ʟʙʦʛ ʢʦʿʝ ʿʝ ʥʘʧʦʥ 

ʪʝʯʝˁʘ ʣʦʢʘʣʥʦ ʧʨʝʢʦʨʘʯʝʥ; - ʝʢʩʧʣʦʘʪʘʮʠʿʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʥʠʞʠʤ ʦʜ 

ʪʝʤʧʝʨʘʪʫʨʝ ʢʨʪʦʩʪʠ; ʟʘ ʥʝʢʝ ʯʝʣʠʢʝ ʩʝ ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʪʦʩʪʠ ʜʦʩʪʠʞʝ ʠ ʧʨʠ 

ʘʪʤʦʩʬʝʨʩʢʠʤ ʫʩʣʦʚʠʤʘ.[47] 

ʏʚʨʩʪʦ˂ʘ, ʠʟʜʫʞʝˁʝ, ʪʚʨʜʦ˂ʘ ʩʫ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʦʿʝ ʧʦʩʪʘʿʫ 

ʥʝʜʦʚʦˀʥʦ ʧʦʫʟʜʘʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʣʦʤ ʪʝ ʩʝ ʫʚʦʜʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʢʦʿʝ ʜʝʬʠʥʠʰʫ 

ʞʠʣʘʚʦʩʪ ʤʘʪʝʨʠʿʘʣʘ (ʫʜʘʨʥʘ ʞʠʣʘʚʦʩʪ ʧʦ ʐʘʨʧʠʿʫ) ʠ ʞʠʣʘʚʦʩʪ ʣʦʤʘ.  
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ʇʨʩʣʠʥʝ ʥʘʩʪʘʿʫ ʫ ʧʨʦʮʝʩʫ ʣʠʚʝˁʘ, ʢʦʚʘˁʘ, ʧʨʝʩʦʚʘˁʘ, ʠʩʧʨʘʚˀʘˁʘ, ʟʘʚʘʨʠʚʘˁʘ, 

ʣʝʤˀʝˁʘ, ʦʙʨʘʜʝ ʩʢʠʜʘˁʝʤ ʩʪʨʫʛʦʪʠʥʝ, ʧʨʠ ʪʝʨʤʠʯʢʦʿ ʦʙʨʘʜʠ ʠ ʫ ʪʦʢʫ ʛʘʣʚʘʥʩʢʠʭ 

ʧʨʦʮʝʩʘ. ʋ ʝʢʩʧʣʦʘʪʘʮʠʿʠ ʩʝ ʣʦʤ ʿʘʚˀʘ ʠʟ ʧʨʩʣʠʥʘ ʫ ʫʩʣʦʚʠʤʘ ʢʨʪʦʛ ʩʪʘˁʘ, ʠʟ 

ʟʘʤʦʨʥʠʭ ʧʨʩʣʠʥʘ ʧʨʠ ʧʨʦʤʝʥˀʠʚʦʤ ʦʧʪʝʨʝ˂ʝˁʫ, ʧʫʟʘˁʝʤ ʧʨʠ ʜʫʞʝʤ ʨʘʜʫ ʥʘ 

ʧʦʚʠʰʝʥʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʧʨʠ ʢʦʨʦʟʠʿʠ ʠ ʠʩʪʦʚʨʝʤʝʥʦʤ ʜʝʿʩʪʚʫ ʢʦʨʦʟʠʿʝ ʠ 

ʤʝʭʘʥʠʯʢʦʛ ʦʧʪʝʨʝ˂ʝˁʘ (ʥʘʧʦʥʩʢʘ ʢʦʨʦʟʠʿʘ) [47] 

ʇʨʩʣʠʥʝ se ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʝʣʠʧʩʝ ʥʝʧʨʘʚʠʣʥʦʛ ʦʙʣʠʢʘ ʩʘ ʜʚʝ ʦʩʝ 2a ʠ 2b. 

ʇʣʦʯʘ ʿʝ ʠʟʣʦʞʝʥʘ ʢʦʥʩʪʘʥʪʥʦʤ ʥʘʧʦʥʫ s, ʩʘ ʧʨʩʣʠʥʦʤ ʜʫʞʠʥʝ 2ʘ (ʩʣʠʢʘ 3.1).  

 

 

 

 

 

 

 

 

 

 

 

ʉʣʠʢʘ 3.1 ʇʨʩʣʠʥʘ ʧʦ ʮʝʣʦʿ ʜʝʙˀʠʥʠ ʫ ʙʝʩʢʦʥʘʯʥʦ ʰʠʨʦʢʦʿ ʧʣʦʯʠ ʠʟʣʦʞʝʥʦʿ 

ʜʦʚʦˀʥʦ ʫʜʘˀʝʥʦʤ ʟʘʪʝʟʥʦʤ ʥʘʧʦʥʫ [40]  

 

ʐʠʨʠʥʘ ʧʣʦʯʝ ʿʝ >> 2a ʠ ʧʨʝʦʚʣʘʹʫʿʝ ʨʘʚʥʦ ʩʪʘˁʝ ʥʘʧʦʥʘ. ʂʘʢʦ ʙʠ ʧʦʚʝ˂ʘʣʠ 

ʚʝʣʠʯʠʥʫ  ʧʨʩʣʠʥʝ, ʜʦʚʦˀʥʘ ʧʦʪʝʥʮʠʿʘʣʥʘ ʝʥʝʨʛʠʿʘ ʤʦʨʘ ʙʠʪʠ ʜʦʩʪʫʧʥʘ ʥʘ ʧʣʦʯʠ, 

ʜʘ ʧʨʝʢʦʨʘʯʠ ʧʦʚʨʰʠʥʩʢʫ ʝʥʝʨʛʠʿʫ ʤʘʪʝʨʠʿʘʣʘ.  

Griffith-ʦʚ ʤʦʜʝʣ ʿʝ ʙʘʟʠʨʘʥ ʥʘ ʨʘʚʥʦʪʝʞʠ ʫʢʫʧʥʝ ʝʥʝʨʛʠʿʝ: ʜʘ ʙʠ ʜʦʰʣʦ ʜʦ 

ʣʦʤʘ ʝʥʝʨʛʠʿʘ ʥʘʛʦʤʠʣʘʥʘ ʫ ʩʪʨʫʢʪʫʨʠ ʤʦʨʘ ʙʠʪʠ ʜʦʚʦˀʥʘ ʜʘ ʧʨʝʢʦʨʘʯʠ 

ʧʦʚʨʰʠʥʩʢʫ ʝʥʝʨʛʠʿʫ ʤʘʪʝʨʠʿʘʣʘ. ʇʦʰʪʦ ʣʦʤ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʝʢʠʜʘˁʝ ʚʝʟʘ, ʥʘʧʦʥ 

ʥʘ ʘʪʦʤʩʢʦʤ ʥʠʚʦʫ ʤʦʨʘ ʙʠʪʠ  Ó ʦʜ ʢʦʭʝʟʠʦʥʦʛ ʥʘʧʦʥʘ.[40]  

ɼʦʣʘʟʠ ʜʦ ʧʦʚʝ˂ʘˁʘ Griffith-oʚe ʨʘʚʥʦʪʝʞʥʝ ʝʥʝʨʛʠʿʝ ʟʘ ʧʨʠʨʘʰʪʘʿ ʫ ʧʦʜʨʫʯʿʫ 

ʧʨʩʣʠʥʝ dA ʠ ʫ ʨʘʚʥʦʪʝʞʥʠʤ ʫʩʣʦʚʠʤʘ ʠʟʨʘʞʝʥʘ ʿʝ ʢʘʦ: 
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ʛʜʝ ʿʝ  E ʪʦʪʘʣʥʘ ʝʥʝʨʛʠʿʘ, P ʧʦʪʝʥʮʠʿʘʣʥʘ ʝʥʝʨʛʠʿʘ ʜʦʙʠʿʝʥʘ ʫʩʣʝʜ ʫʥʫʪʨʘʰˁʝ 

ʝʥʝʨʛʠʿʝ  ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʩʧʦˀʘʰˁʠʭ ʩʠʣʘ, ʘ WS  je ʨʘʜ ʧʦʪʨʝʙʘʥ ʟʘ ʬʦʨʤʠʨʘˁʝ 

ʥʦʚʠʭ ʧʦʚʨʰʠʥʘ [40]  
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3.2 

 

ʋʦʯʘʚʘ ʩʝ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʧʦʚʨʰʠʥʝ ʧʨʩʣʠʥʝ (crack area) ʠ ʧʦʚʨʰʠʥʝ ʣʠʮʘ 

ʧʨʩʣʠʥʝ (surface area). ʇʦʚʨʰʠʥʘ ʧʨʩʣʠʥʝ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ ʧʨʦʿʝʢʪʦʚʘʥʘ 

ʧʦʚʨʰʠʥʘ ʧʨʩʣʠʥʝ, ʘʣʠ ʢʘʢʦ ʧʨʩʣʠʥʘ ʫʢˀʫ˂ʫʿʝ ʜʚʝ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʧʦʚʨʰʠʥʝ, 

ʧʦʚʨʰʠʥʘ ʣʠʮʘ ʧʨʩʣʠʥʝ ʿʝ =2ɸ.  

ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʥʘʧʦʥ ʧʨʠ ʣʦʤʫ ʟʘ ʝʣʠʧʪʠʯʥʫ ʧʨʩʣʠʥʫ ʫʛʨʘʹʝʥʫ ʫ ʤʘʪʝʨʠʘʣ, 

Griffith- ʦʚ ʤʦʜʝʣ ʙʘʟʠʨʘ ʩʝ ʥʘ ʨʘʚʥʦʪʝʞʠ ʫʢʫʧʥʝ ʝʥʝʨʛʠʿʝ. ɽʥʝʨʛʠʿʘ ʥʘʛʦʤʠʣʘʥʘ ʫ 

ʩʪʨʫʢʪʫʨʠ ʤʦʨʘ ʙʠʪʠ ʜʦʚʦˀʥʘ ʜʘ ʧʨʝʢʦʨʘʯʠ ʧʦʚʨʰʠʥʩʢʫ ʝʥʝʨʛʠʿʫ ʤʘʪʝʨʠʿʘʣʘ ʢʘʢʦ 

ʙʠ ʜʦʰʣʦ ʜʦ ʣʦʤʘ. ʇʦʰʪʦ ʣʦʤ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʝʢʠʜʘˁʝ ʚʝʟʘ, ʥʘʧʦʥ ʥʘ ʘʪʦʤʩʢʦʤ 

ʥʠʚʦʫ ʤʦʨʘ ʙʠʪʠ Ó ʦʜ ʢʦʭʝʟʠʦʥʦʛ ʥʘʧʦʥʘ. ʇʦʚʝ˂ʘˁʝ ʣʦʢʘʣʥʦʛ ʥʘʧʦʥʘ ʤʦʞʝ ʙʠʪʠ 

ʦʩʪʚʘʨʝʥʦ ʫʩʣʝʜ ʛʨʝʰʘʢʘ ʫ ʤʘʪʝʨʠʿʘʣʫ [40] 

ɼʦ ʥʘʩʪʘʥʢʘ ʣʦʤʘ ʜʦʣʘʟʠ ʠʟ ʚʠʰʝ ʨʘʟʣʦʛʘ. ʅʘ ʧʨʠʤʝʨ, ʭʨʘʧʘʚʦʩʪ ʤʠʢʨʦʩʢʦʧʩʢʝ 

ʧʦʚʨʰʠʥʝ ʥʘ ʚʨʭʫ ʧʨʩʣʠʥʝ ʙʠ ʤʦʛʣʘ ʧʨʦʫʟʨʦʢʦʚʘʪʠ ʜʦʚʦˀʥʫ ʢʦʥʮʝʥʪʨʘʮʠʿʫ 

ʣʦʢʘʣʥʦʛ ʥʘʧʦʥʘ ʜʘ ʥʘʩʪʘʥʝ ʣʦʤ. ɼʨʫʛʘ ʤʦʛʫ˂ʥʦʩʪ, ʿʝ ʦʰʪʨʘ ʤʠʢʨʦʧʨʩʣʠʥʘ ʙʣʠʟʫ 

ʚʨʭʘ ʤʘʢʨʦʩʢʦʧʩʢʝ ʧʨʩʣʠʥʝ ʩʘ ʢʦʥʘ¯ʥʠʤ ʧʦʣʫʧʨʝ¯ʥʠʢʦʤ ʟʘʨʝʟʘ. ʄʘʢʨʦʩʢʦʧʩʢʘ 

ʧʨʩʣʠʥʘ ʧʦʚʝ˂ʘʚʘ ʥʘʧʦʥ ʫ ʦʢʦʣʠʥʠ ʤʠʢʨʦʧʨʩʣʠʥʝ, ʢʦʿʘ ʩʝ ʨʘʟʚʠʿʘ ʢʘʜʘ ʦʥʘ 

ʟʘʜʦʚʦˀʘʚʘ Griffith-ʦʚʫ ʿʝʜʥʘʯʠʥʫ. ʄʠʢʨʦʧʨʩʣʠʥʘ ʩʝ ʩʧʘʿʘ ʩʘ ʚʝʣʠʢʦʤ ʧʨʩʣʠʥʦʤ, 

ʢʦʿʘ ʩʝ ʟʘʪʠʤ ʨʘʟʚʠʿʘ, ʘʢʦ ʿʝ Griffith-ʦʚ ʢʨʠʪʝʨʠʿʫʤ ʛʣʦʙʘʣʥʦ ʟʘʜʦʚʦˀʝʥ. [40]  

ʇʨʩʣʠʥʘ ʤʦʞʝ ʥʘʩʪʘʪʠ (ʠʣʠ ʧʦʩʪʦʿʝ˂ʘ ʧʨʩʣʠʥʘ ʤʦʞʝ ʨʘʩʪʠ) ʩʘʤʦ ʘʢʦ ʦʜʨʝʹʝʥʠ 

ʧʨʦʮʝʩ ʜʦʚʦʜʠ ʜʦ ʪʦʛʘ ʜʘ ʪʦʪʘʣʥʘ ʝʥʝʨʛʠʿʘ ʦʧʘʜʘ ʠʣʠ ʦʩʪʘʿʝ ʢʦʥʩʪʘʥʪʥʘ. ɿʙʦʛ ʪʦʛʘ 

ʩʝ ʢʨʠʪʠʯʥʠ ʫʩʣʦʚʠ ʟʘ ʣʦʤ ʤʦʛʫ ʜʝʬʠʥʠʩʘʪʠ ʢʘʦ ʤʝʩʪʦ ʛʜʝ ʩʝ ʜʝʰʘʚʘ ʨʘʩʪ ʧʨʩʣʠʥʝ 

ʧʦʜ ʨʘʚʥʦʪʝʞʥʠʤ ʫʩʣʦʚʠʤʘ, ʙʝʟ ʫʢʫʧʥʝ ʧʨʦʤʝʥʝ ʪʦʪʘʣʥʝ ʝʥʝʨʛʠʿʝ. 

ɸʥʘʣʠʟʦʤ ʢʨʪʦʛ ʧʦʥʘʰʘˁʘ ʪʝʣʘ ʩʘ ʧʨʩʣʠʥʦʤ ʤʝʭʘʥʠʢʘ ʣʦʤʘ ʿʝ ʦʪʚʦʨʠʣʘ ʥʦʚʝ 

ʤʦʛʫ˂ʥʦʩʪʠ ʫ ʦʙʝʟʙʝʹʝˁʫ ʩʠʛʫʨʥʦʩʪʠ ʤʝʪʘʣʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ. ʉʪʘʥʜʘʨʜʠʤʘ BS 

7448 Part-1 [48] ʠ ASTM E399 [18] ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʞʠʣʘʚʦʩʪʠ ʣʦʤʘ ʧʨʠ ʨʘʚʥʦʿ 

ʜʝʬʦʨʤʘʮʠʿʠ, KIc, ʧʨʦʮʝʩ ʨʘʟʚʦʿʘ ʣʠʥʝʘʨʥʦ-ʝʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ (ʃɽʄʃ) ʿʝ 

ʟʘʦʢʨʫʞʝʥ ʜʦ ˁʝʥʝ ʧʨʠʤʝʥʝ ʥʘ ʨʝʘʣʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ.  
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ʀʩʧʠʪʠʚʘˁʝ ʝʧʨʫʚʝʪʘ ʩʘ ʧʨʩʣʠʥʦʤ ʧʦʢʘʟʫʿʝ ʣʦʢʘʣʥʦ ʧʦʥʘʰʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʦʢʦ 

ʚʨʭʘ ʧʨʩʣʠʥʝ ʠ ʧʦʣʘʟʠ ʦʜ ʧʨʝʪʧʦʩʪʘʚʢʝ ʜʘ ʿʝ ʤʘʪʝʨʠʿʘʣ ʝʧʨʫʚʝʪʝ ʜʦʚʦˀʥʦ 

ʭʦʤʦʛʝʥ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʝ ʨʝʟʫʣʪʘʪʠ ʣʦʢʘʣʥʦʛ ʧʦʥʘʰʘˁʘ ʤʦʛʫ ʪʨʝʪʠʨʘʪʠ ʛʣʦʙʘʣʥʦ, 

ʦʜʥʦʩʥʦ ʜʘ ʩʝ ʤʦʛʫ ʥʝʧʦʩʨʝʜʥʦ ʧʨʝˁʝʪʠ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʢʦʥʩʪʨʫʢʮʠʿʫ.  

 

3.2.ʇʦʜʝʣʘ ʧʨʩʣʠʥʘ ʧʨʝʤʘ ʧʦʟʠʮʠʿʠ 

ʇʨʩʣʠʥʝ ʫ ʟʘʚʘʨʝʥʠʤ ʩʧʦʿʝʚʠʤʘ ʩʝ ʜʝʣʝ ʧʨʝʤʘ ʧʦʟʠʮʠʿʠ.ʧʘ ʩʝ  ʧʨʩʣʠʥʝ ʪʠʧʘ I ʠ 

II ʿʘʚˀʘʿʫ ʩʝ ʫ ʤʝʪʘʣʫ ʰʘʚʘ. ʊʠʧ I ʿʝ ʦʛʨʘʥʠʯʝʥ ʥʘ ʤʝʪʘʣ ʰʘʚʘ, ʜʦʢ ʊʠʧ II ʤʦʞʝ ʜʘ 

ʩʝ ʰʠʨʠ ʠʟʚʘʥ ʤʝʪʘʣʘ ʰʘʚʘ ʫ ʦʩʥʦʚʥʠ ʤʘʪʝʨʠʿʘʣ.[49] 

ʇʨʩʣʠʥʝ ʪʠʧʘ III ʩʝ ʿʘʚˀʘʿʫ ʫ ʢʨʫʧʥʦʟʨʥʦʤ ɿʋʊ-ʫ. ʇʨʩʣʠʥʝ ʊʠʧʘ IV ʥʘʩʪʘʿʫ ʠ 

ʨʘʩʪʫ ʫ ʫʩʢʦʿ ʟʦʥʠ ɿʋʊ-ʘ, ʫ ʥʝʧʦʩʨʝʜʥʦʿ ʙʣʠʟʠʥʠ ʛʨʘʥʠʮʝ ʆʄ/ɿʋʊ. ʇʨʩʣʠʥʝ ʊʠʧʘ 

IV ʧʨʝʜʩʪʘʚˀʘʿʫ ʥʘʿʦʧʘʩʥʠʿʠ ʦʙʣʠʢ ʧʨʩʣʠʥʝ ʿʝʨ ʜʦʚʦʜʝ ʜʦ ʥʘʿʚʝ˂ʝ ʙʨʟʠʥʝ 

ʬʦʨʤʠʨʘˁʘ ʧʨʘʟʥʠʥʘ, ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʙʨʞʝʛ ʣʦʤʘ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʠʩʧʠʪʠʚʘˁʝʤ 

ʧʫʟʘˁʘ ʫ ʩʣʫʯʘʿʫ ʥʝʟʘʚʘʨʝʥʠʭ, ʭʦʤʦʛʝʥʠʭ ʝʧʨʫʚʝʪʘ. [49] 

 
ʉʣʠʢʘ. 3.2 ʊʠʧʦʚʠ ʧʨʩʣʠʥʘ ʫ ʟʘʚʘʨʝʥʦʤ ʩʧʦʿʫ ʤʝʪʘʣʘ [49]  

 

ʇʨʩʣʠʥʝ ʪʠʧʘ IV ʿʘʚˀʘʿʫ ʩʝ ʫ ʠʥʪʝʨʢʨʠʪʠʯʥʦʿ ʦʙʣʘʩʪʠ ɿʋʊ-ʘ ʫ ʟʘʚʘʨʝʥʠʤ 

ʢʦʤʧʦʥʝʥʪʘʤʘ, ʢʦʿʝ ʨʘʜʝ ʫ ʫʩʣʦʚʠʤʘ ʧʫʟʘˁʘ. ɺʨʰʝʥʘ ʩʫ ʠʩʧʠʪʠʚʘˁʘ ʿʝʜʥʦʦʩʥʦʛ 

ʧʫʟʘˁʘ ʥʘ ʟʘʚʘʨʝʥʠʤ ʝʧʨʫʚʝʪʘʤʘ ʦʜ ʤʘʪʝʨʠʿʘʣʘ P91, ʩʘ ʨʘʟʣʠʯʠʪʠʤ 

ʢʦʥʬʠʛʫʨʘʮʠʿʘʤʘ ʞʣʝʙʘ, ʪʿ. ʩʘ  ʿʝʜʥʠʤ ʋ- ʞʣʝʙʦʤ ʠ ʜʚʦʩʪʨʫʢʠʤ ʋ - ʞʣʝʙʦʤ. 

ɼʦʰʣʦ ʿʝ ʜʦ ʟʘʢˀʫʯʢʘ ʜʘ ʿʝ ʜʦ ʣʦʤʘ ʫ ʩʚʠʤ ʝʧʨʫʚʘʪʘʤʘ  ʫ ʨʝʛʠʿʠ ʊʠʧʘ IV, ʠ ʜʘ ʩʫ 

ʧʨʩʣʠʥʝ ʪʘʢʦʹʝ ʙʠʣʝ ʊʠʧʘ IV. ʇʨʠʤʝʥʦʤ ʤʝʪʦʜʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ, ʧʨʝʜʚʠʜʝʣʠ 

ʩʫ ʧʦʣʦʞʘʿ ʦʰʪʝ˂ʝˁʘ ʢʦʿʠ ʿʝ ʦʜʛʦʚʘʨʘʦ ʝʢʩʧʝʨʠʤʝʥʪʫ. ʅʘʫʯʥʠʮʠ Hyde ʠ Sun ʩʫ 

ʪʘʢʦʹʝ ʧʨʝʜʚʠʜʝʣʠ ʣʦʤ ʪʠʧʘ IV ʫ ʟʘʚʘʨʝʥʠʤ ʮʝʚʠʤʘ ʦʜ ʣʝʛʫʨʝ CrMoV ʧʨʠʤʝʥʦʤ 

ʘʥʘʣʠʟʝ ʤʝʭʘʥʠʢʝ ʦʰʪʝ˂ʝˁʘ ʢʦʥʘʯʥʠʤ ʝʣʝʤʝʥʪʠʤʘ. ʆʪʢʨʠʣʠ ʩʫ ʜʘ ʦʰʪʝ˂ʝˁʘ 

ʥʘʩʪʘʿʫ ʫ ʦʙʣʘʩʪʠʤʘ ʙʣʠʟʫ ʩʧʦˀʥʠʭ ʧʦʚʨʰʠʥʘ ʮʝʚʠ ʠ ʜʘ ʥʘʧʨʝʜʫʿʫ ʢʘ ʫʥʫʪʨʘ. [49] 

ʊʘʢʦʹʝ ʩʫ ʩʧʨʦʚʝʣʠ ʥʠʟ ʘʥʘʣʠʟʘ ʢʦʥʘʯʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʧʨʠʤʝʥʦʤ ʂʘʮʭʘʥʦʚ 

ʤʦʜʝʣʘ[50] ʦʰʪʝ˂ʝˁʘ ʠ ʦʪʢʨʠʣʠ ʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʬʘʢʪʦʨ ʚʠʰʝʦʩʥʦʛ 

ʥʘʧʦʥʩʢʦʛ ʩʪʘˁʘ, Ŭ, ʦʜ ʚʝʣʠʢʦʛ ʟʥʘʯʘʿʘ ʧʨʠ ʧʨʝʜʚʠʹʘˁʫ ʣʦʢʘʮʠʿʝ ʣʦʤʘ ʠ ʚʝʢʘ 
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ʢʦʤʧʦʥʝʥʘʪʘ ʥʘʧʨʘʚˀʝʥʠʭ ʦʜ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ ʦʜ ʯʝʣʠʢʘ ʩʘ ʚʠʩʢʦʤ ʩʘʜʨʞʘʿʝʤ 

Cr. Tabuchi ʿʝ ʧʨʦʫʯʘʚʘʦ ʫʪʠʮʘʿ ʧʨʦʮʝʩʘ ʟʘʚʘʨʠʚʘˁʘ ʥʘ ʣʦʤ ʊʠʧʘ IV ʧʦʨʝʹʝˁʝʤ 

ʣʦʤʘ ʧʫʟʘˁʝʤ ʫ ʫʥʘʢʨʩʥʦ ʟʘʚʘʨʝʥʦʿ ʿʝʜʥʦʦʩʥʦʿ ʝʧʨʫʚʝʪʠ ʠʩʝʯʝʥʦʿ ʠʟ ʩʧʦʿʝʚʘ 

ʟʘʚʘʨʝʥʠʭ ʤʝʪʦʜʘʤʘ GTAW (Gas Tungsten Arc Welding - ʛʘʩʥʦ ʣʫʯʥʦ ʟʘʚʘʨʠʚʘˁʝ 

tungstenom) ʠ EBW (Electron Beam Welding - ʟʘʚʘʨʠʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʠʤ ʟʨʘʢʦʤ). 

ʆʪʢʨʠʣʠ ʩʫ ʜʘ ʿʝ ʫ ʩʣʫʯʘʿʫ ʦʙʘ ʟʘʚʘʨʝʥʘ ʩʧʦʿʘ, ʜʦ ʣʦʤʘ ʜʦʰʣʦ ʫ ʨʝʛʠʿʘʤʘ ʊʠʧʘ 

IV.[49] 

 

3.2.1. ʂʨʠʚʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʨʘʩʪ ʧʨʩʣʠʥʝ 

ʋ ʤʥʦʛʠ ʤʘʪʝʨʠʿʘʣʠʤʘ ʚʠʩʦʢʝ ʞʠʣʘʚʦʩʪʠ ʥʝ˂ʝ ʩʝ ʿʘʚʠʪʠ ʢʘʪʘʩʪʨʦʬʘʣʘʥ ʣʦʤ ʧʨʠ 

ʦʜʨʝʹʝʥʦʿ ʚʨʝʜʥʦʩʪʠ ɱ ʠʣʠ CTOD. ʆʚʘʢʚʠ ʤʘʪʝʨʠʿʘʣʠ ˂ʝ ʧʨʝ ʧʦʢʘʟʘʪʠ ʨʘʩʪʫ˂ʫ ʈ 

ʢʨʠʚʫ, ʢʦʜ ʢʦʿʝ ʩʝ ʚʨʝʜʥʦʩʪʠ ɱ ʠ CTOD ʧʦʚʝ˂ʘʚʘʿʫ ʩʘ ʨʘʩʪʦʤ ʧʨʩʣʠʥʝ. ʋ ʩʣʫʯʘʿʫ 

ʤʝʪʘʣʘ, ʨʘʩʪʫ˂ʘ ʈ ʢʨʠʚʘ ʿʝ ʦʙʠʯʥʦ ʚʝʟʘʥʘ ʟʘ ʨʘʩʪ ʠ ʩʨʘʩʪʘˁʝ ʤʠʢʨʦ-ʧʨʘʟʥʠʥʘ.[49]  

 

ʉʣʠʢʘ  3.3. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ  ɱ ʦʪʧʦʨʥʦʩʪ ʢʨʠʚʝ ʟʘ ʞʠʣʘʚ ʤʘʪʝʨʠʿʘʣ [49]  

 

ʅʘ ʩʣʠʮʠ 3.3 ʋ ʧʦʯʝʪʥʦʿ ʬʘʟʠ ʜʝʬʦʨʤʘʮʠʿʝ, ʈ ʢʨʠʚʘ ʿʝ ʩʢʦʨʦ ʚʝʨʪʠʢʘʣʥʘ; 

ʧʨʠʩʫʪʘʥ ʿʝ ʥʝʟʥʘʪʘʥ ʨʘʩʪ ʢʨʠʚʝ ʫʩʣʝʜ ʟʘʪʫʧˀʠʚʘˁʘ. ʉʘ ʧʦʚʝ˂ʘˁʝʤ ʚʨʝʜʥʦʩʪʠ ɱ 

ʠʥʪʝʛʨʘʣʘ, ʜʦʣʘʟʠ ʜʦ ʣʦʢʘʣʥʦʛ ʣʦʤʘ ʫ ʤʘʪʝʨʠʿʘʣʫ ʥʘ ʚʨʭʫ ʧʨʩʣʠʥʝ, ʠ ʧʨʩʣʠʥʘ 

ʥʘʩʪʘʚˀʘ ʜʘ ʥʘʧʨʝʜʫʿʝ. ʋʩʣʝʜ ʨʘʩʪʘ ʈ ʢʨʠʚʝ, ʧʦʯʝʪʥʠ ʨʘʩʪ ʧʨʩʣʠʥʝ ʿʝ ʦʙʠʯʥʦ 

ʩʪʘʙʠʣʘʥ, ʘʣʠ ʥʝʩʪʘʙʠʣʥʦʩʪ ʩʝ ʤʦʞʝ ʿʘʚʠʪʠ ʫ ʢʘʩʥʠʿʠʤ ʬʘʟʘʤʘ. ʄʝʨʝˁʝ ʞʠʣʘʚʦʩʪʠ 

ʣʦʤʘ JIc ʿʝ ʜʝʬʠʥʠʩʘʥʦ ʙʣʠʟʫ ʠʥʠʮʠʿʘʮʠʿʝ ʩʪʘʙʠʣʥʦʛ ʨʘʩʪʘ ʧʨʩʣʠʥʝ. ʇʨʝʮʠʟʘʥ 

ʪʨʝʥʫʪʘʢ ʫ ʢʦʤʝ ʧʦʯʠˁʝ ʨʘʩʪ ʧʨʩʣʠʥʝ ʿʝ ʦʙʠʯʥʦ ʣʦʰʝ ʜʝʬʠʥʠʩʘʥ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ 

ʪʦʛʘ, ʜʝʬʠʥʠʮʠʿʘ ʚʨʝʜʥʦʩʪʠ JIc ʿʝ ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʧʨʦʠʟʚʦˀʥ, ʩʣʠʯʥʦ ʢʘʦ ʠ ʛʨʘʥʠʮʘ 

ʪʝʯʝˁʘ ʧʨʠ ʜʝʬʦʨʤʘʮʠʿʠ ʦʜ 0.2%. ʆʜʛʦʚʘʨʘʿʫ˂ʘ ʚʨʝʜʥʦʩʪ CTOD ʙʣʠʟʫ 

ʠʥʠʮʠʿʘʮʠʿʝ ʩʪʘʙʠʣʥʦʛ ʨʘʩʪʘ ʧʨʩʣʠʥʝ ʿʝ ʦʙʝʣʝʞʝʥʦ ʩʘ ʜʠ ʧʨʝʤʘ ɸʤʝʨʠʯʢʠʤ ʠ 

ɹʨʠʪʘʥʩʢʠʤ ʩʪʘʥʜʘʨʜʠʤʘ ʠʩʧʠʪʠʚʘˁʘ. [49] 
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3.2.2 ʉʪʘʮʠʦʥʘʨʥʝ ʧʨʩʣʠʥʝ 

 

 

 
ʉʣʠʢʘ. 3.4.ʋʪʠʮʘʿ ʧʣʘʩʪʠʯʥʦʩʪʠ ʥʘ ʧʦˀʝ ʥʘʧʦʥʘ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ -  ʪʝʯʝˁʝ ʤʘʣʠʭ 

ʨʘʟʤʝʨʘ, [49]  

 

ʅʘ ʩʣʠʮʠ 3.4 ʿʝ ʰʝʤʘʪʩʢʠ ʧʨʠʢʘʟʘʥ ʫʪʠʮʘʿ ʧʣʘʩʪʠʯʥʦʩʪʠ ʥʘ ʥʘʧʦʥʝ ʫ ʚʨʭʫ 

ʧʨʩʣʠʥʝ; log(Syy) ʿʝ ʧʨʠʢʘʟʘʥ ʫ ʦʜʥʦʩʫ ʥʘ ʥʦʨʤʘʣʠʟʦʚʘʥʫ ʫʜʘˀʝʥʦʩʪ ʦʜ ʚʨʭʘ 

ʧʨʩʣʠʥʝ. ʂʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʨʘʟʤʝʨʘ ʜʫʞʠʥʝ L ʦʜʛʦʚʘʨʘ ʚʝʣʠʯʠʥʠ ʢʦʥʩʪʨʫʢʮʠʿʝ; ʥʘ 

ʧʨʠʤʝʨ, L ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʜʫʞʠʥʫ ʣʠʛʘʤʝʥʪʘ ʙʝʟ ʧʨʩʣʠʥʝ. ʇʨʠʢʘʟʘʥ ʿʝ ʩʣʫʯʘʿ 

ʪʝʯʝˁʘ ʤʘʣʝ ʨʘʟʤʝʨʝ, ʛʜʝ ʩʫ ʫʩʣʦʚʠ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ ʦʢʘʨʘʢʪʝʨʠʩʘʥʠ ʩʘ ʂ ʠ ɱ. ɸʢʦ 

ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʤʦʥʦʪʦʥʦ, ʢʚʘʟʠʩʪʘʪʠʯʢʦ ʦʧʪʝʨʝ˂ʝˁʝ, ʦʙʣʘʩʪ ʫ ʢʦʿʦʿ ʜʦʤʠʥʠʨʘ ɱ 

ʧʦʿʘʚˀʫʿʝ ʩʝ ʫ ʧʣʘʩʪʠʯʥʦʿ ʟʦʥʠ, ʛʜʝ ʝʣʘʩʪʠʯʥʠ ʩʠʥʛʫʣʘʨʠʪʝʪ ʚʠʰʝ ʥʝ ʚʘʞʠ. ʆʙʣʘʩʪ 

ʢʦʥʘʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʿʘʚˀʘ ʩʝ ʥʘ ʫʜʘˀʝʥʦʩʪʠ ʿʝʜʥʘʢʦʿ ʧʨʠʙʣʠʞʥʦ 2a ʦʜ ʚʨʭʘ 

ʧʨʩʣʠʥʝ, ʛʜʝ ʧʨʠʩʫʩʪʚʦ ʚʝʣʠʢʠʭ ʜʝʬʦʨʤʘʮʠʿʘ ʯʠʥʠ ʍʈʈ ʪʝʦʨʠʿʫ ʥʝʚʘʞʝ˂ʦʤ. ʋ 

ʪʝʯʝˁʫ ʤʘʣʠʭ ʨʘʟʤʝʨʘ, ʂ ʿʝʜʥʦʟʥʘʯʥʦ ʢʘʨʘʢʪʝʨʠʰʝ ʫʩʣʦʚʝ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ, ʫʧʨʢʦʩ 

ʯʠˁʝʥʠʮʠ ʜʘ ʩʠʥʛʫʣʘʨʠʪʝʪ ʥʝ ʧʦʩʪʦʿʠ ʩʚʝ ʜʦ ʩʘʤʦʛ ʚʨʭʘ ʧʨʩʣʠʥʝ. ʅʘ ʩʣʠʯʘʥ 

ʥʘʯʠʥ, ɱ ʿʝʜʥʦʟʥʘʯʥʦ ʢʘʨʘʢʪʝʨʠʰʝ ʫʩʣʦʚʝ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ ʫʧʨʢʦʩ ʪʦʤʝ ʰʪʦ 

ʧʣʘʩʪʠʯʥʦʩʪ ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʧʨʝʪʧʦʩʪʘʚʢʘ ʦ ʤʘʣʠʤ ʜʝʬʦʨʤʘʮʠʿʘʤʘ ʥʝ ʚʘʞʝ ʫʥʫʪʘʨ 

ʦʙʣʘʩʪʠ ʢʦʥʘʯʥʠʭ ʜʝʬʦʨʤʘʮʠʿʘ.  

 

 

ʉʣʠʢʘ 3.5. ʋʪʠʮʘʿ ʧʣʘʩʪʠʯʥʦʩʪ ʥʘ ʧʦˀʝ ʥʘʧʦʥʘ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ ʝʣʘʩʪʦ-

ʧʣʘʩʪʠʯʥʦʩʪ [49] 
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ʋ ʩʣʫʯʘʿʫ ʪʝʯʝˁʘ ʚʝ˂ʠʭ ʨʘʟʤʝʨʘ ʩʣʠʢʘ 3.5 ʟʦʥʝ ʢʦʥʘʯʥʠʭ ʜʝʬʦʨʤʘʮʠʿʘ ʧʦʩʪʘʿʝ 

ʟʥʘʯʘʿʥʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ L, ʠ ʚʠʰʝ ʥʝ ʧʦʩʪʦʿʠ ʦʙʣʘʩʪ ʿʝʜʥʦʟʥʘʯʥʦ ʦʢʘʨʘʢʪʝʨʠʩʘʥʘ ɱ 

ʠʥʪʝʛʨʘʣʦʤ. ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʩʘ ʿʝʜʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʧʨʝʩʪʘʿʝ ʜʘ ʚʘʞʠ ʫ ʩʣʫʯʘʿʫ 

ʪʝʯʝˁʘ ʚʝ˂ʠʭ ʨʘʟʤʝʨʘ, ʠ ʢʨʠʪʠʯʥʝ ʚʨʝʜʥʦʩʪʠ ɱ ʧʦʢʘʟʫʿʫ ʟʘʚʠʩʥʦʩʪ ʦʜ ʚʝʣʠʯʠʥʝ ʠ 

ʛʝʦʤʝʪʨʠʿʝ.[49] 

ʋ ʦʜʨʝʹʝʥʠʤ ʢʦʥʬʠʛʫʨʘʮʠʿʘʤʘ, ʂ ʠ ɱ ʟʦʥʝ ʩʫ ʟʘʥʝʤʘʨˀʠʚʦ ʤʘʣʝ, ʠ ʥʝʤʦʛʫ˂ʝ ʿʝ 

ʦʧʠʩʘʪʠ ʧʦʥʘʰʘˁʝ ʧʦʤʦ˂ʫ ʿʝʜʥʦʛ ʧʘʨʘʤʝʪʨʘ, ʦʩʠʤ ʫ ʩʣʫʯʘʿʫ ʚʝʦʤʘ ʤʘʣʦʛ 

ʦʧʪʝʨʝ˂ʝˁʘ. ʅʘ ʧʨʠʤʝʨ, ʧʣʦʯʘ ʦʧʪʝʨʝ˂ʝʥʘ ʥʘ ʟʘʪʝʟʘˁʝ ʩʘ ʧʨʩʣʠʥʦʤ ʢʦʿʘ ʧʨʦʣʘʟʠ 

ʢʨʦʟ ʮʝʣʫ ˁʝʥʫ ʜʝʙˀʠʥʫ ʩʝ ʥʝ ʤʦʞʝ ʦʧʠʩʘʪʠ ʿʝʜʥʠʤ ʧʘʨʘʤʝʪʨʦʤ, ʙʠʣʦ ʜʘ ʩʝ ʨʘʜʠ 

o ʂ ʠʣʠ ɱ. 

ʋ ʩʣʫʯʘʿʫ ʪʝʯʝˁʘ ʤʘʣʠʭ ʨʘʟʤʝʨʘ, rs = rj, ʤʝʹʫʪʠʤ, rs ʥʝʩʪʘʿʝ ʫ ʪʨʝʥʫʪʢʫ ʢʘʜ 

ʧʣʘʩʪʠʯʥʘ ʟʦʥʘ ʦʙʫʭʚʘʪʠ ʟʦʥʫ ʫ ʢʦʿʦʿ ʜʦʤʠʥʠʨʘ ʝʣʘʩʪʠʯʥʠ ʩʠʥʛʫʣʘʨʠʪʝʪ. ɿʦʥʘ ʫ 

ʢʦʿʦʿ ʜʦʤʠʥʠʨʘ ɱ ʦʙʠʯʥʦ ʪʨʘʿʝ ʜʫʞʝ ʦʜ ʟʦʥʝ ʝʣʘʩʪʠʯʥʦʛ ʩʠʥʛʫʣʘʨʠʪʝʪʘ.  

 

3.3. ʂʦʥʪʨʦʣʠʩʘʥʠ ʨʘʩʪ ʧʨʩʣʠʥʝ 

ʇʨʝʤʘ ʘʨʛʫʤʝʥʪʠʤʘ ʦ ʜʠʤʝʥʟʠʿʘʤʘ ʜʘʪʠʤ ʫ ʧʨʝʪʭʦʜʥʦʤ ʜʝʣʫ ʪʝʢʩʪʘ, ɱ-

ʢʦʥʪʨʦʣʠʩʘʥʠ ʫʩʣʦʚʠ ʩʫ ʧʨʠʩʫʪʥʠ ʫ ʚʨʭʫ ʩʪʘʮʠʦʥʘʨʥʝ ʧʨʩʣʠʥʝ (ʦʧʪʝʨʝ˂ʝʥʝ 

ʤʦʥʦʪʦʥʦ ʠ ʢʚʘʟʠʩʪʘʪʠʯʢʠ), ʧʦʜ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʿʝ ʦʙʣʘʩʪ ʚʝʣʠʢʠʭ ʜʝʬʦʨʤʘʮʠʿʘ 

ʤʘʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʨʘʚʘʥʩʢʝ ʜʠʤʝʥʟʠʿʝ ʪʝʣʘ ʩʘ ʧʨʩʣʠʥʦʤ. ʉʪʘʙʠʣʥʠ ʨʘʩʪ ʧʨʩʣʠʥʝ, 

ʤʝʹʫʪʠʤ, ʫʚʦʜʠ ʿʦʰ ʿʝʜʥʫ ʜʠʤʝʥʟʠʿʫ ʜʫʞʠʥʝ, ʪʿ. ʧʨʦʤʝʥʫ ʜʫʞʠʥʝ ʧʨʩʣʠʥʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʧʦʯʝʪʥʫ ʚʨʝʜʥʦʩʪ.[49] 

ɱ ʠʥʪʝʛʨʘʣ ʥʝ˂ʝ ʫʚʝʢ ʢʘʨʘʢʪʝʨʠʩʘʪʠ ʫʩʣʦʚʝ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ 

ʿʝ ʧʨʠʩʫʪʘʥ ʟʥʘʯʘʿʘʥ ʨʘʩʪ ʧʨʩʣʠʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʨʘʚʘʥʩʢʝ ʜʠʤʝʥʟʠʿʝ. ʇʨʝʪʭʦʜʥʠ 

ʨʘʩʪ ʧʨʩʣʠʥʝ ʥʝ ʙʠ ʪʨʝʙʘʣʦ ʜʘ ʠʤʘ ʥʝʧʦʚʦˀʘʥ ʫʪʠʮʘʿ ʫ ʯʠʩʪʦ ʝʣʘʩʪʠʯʥʦʤ 

ʤʘʪʝʨʠʿʘʣʫ, ʩ ʦʙʟʠʨʦʤ ʜʘ ʣʦʢʘʣʥʘ ʧʦˀʘ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ ʟʘʚʠʩʝ ʩʘʤʦ ʦʜ ʪʨʝʥʫʪʥʠʭ 

ʫʩʣʦʚʘ. ʄʝʹʫʪʠʤ, ʧʨʝʪʭʦʜʥʘ ʠʩʪʦʨʠʿʘ ʫʪʠʯʝ ʥʘ ʥʘʧʦʥʝ ʠ ʜʝʬʦʨʤʘʮʠʿʝ ʫ ʘʣʩʪʦ-

ʧʣʘʩʪʠʯʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ. ʄʦʞʝʤʦ ʦʯʝʢʠʚʘʪʠ ʜʘ ʪʝʦʨʠʿʘ ɱ ʠʥʪʝʛʨʘʣʘ ʧʘʜʥʝ ʫ 

ʩʣʫʯʘʿʫ ʢʦʤʙʠʥʘʮʠʿʝ ʟʥʘʯʘʿʥʝ ʧʣʘʩʪʠʯʥʦʩʪʠ ʠ ʨʘʩʪʘ ʧʨʩʣʠʥʝ.[50] 

 

3.3.1. ʆʛʨʘʥʠʯʝˁʝ ʚʨʭʘ ʧʨʩʣʠʥʝ ʫ ʩʣʫʯʘʿʫ ʪʝʯʝˁʘ ʚʝʣʠʢʠʭ ʨʘʟʤʝʨʘ 

ʋ ʩʣʫʯʘʿʫ ʪʝʯʝˁʘ ʤʘʣʠʭ ʨʘʟʤʝʨʘ, ʿʝʜʘʥ ʧʘʨʘʤʝʪʘʨ (ʥʧʨ. ʂ, ɱ ʠʣʠ CTOD) ʿʝ 

ʜʦʚʦˀʘʥ ʜʘ ʩʝ ʦʢʘʨʘʢʪʝʨʠʰʫ ʫʩʣʦʚʠ ʫ ʚʨʭʫ ʧʨʩʣʠʥʝ ʠ ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʢʘʦ 
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ʢʨʠʪʝʨʠʿʫʤ ʣʦʤʘ ʥʝʟʘʚʠʩʘʥ ʦʜ ʛʝʦʤʝʪʨʠʿʝ. ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʩʘ ʿʝʜʥʠʤ ʧʘʨʘʤʝʪʨʦʤ 

ʧʨʝʩʪʘʿʝ ʜʘ ʚʘʞʠ ʫ ʧʨʠʩʫʩʪʚʫ ʠʟʨʘʞʝʥʝ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʠ ʞʠʣʘʚʦʩʪ ʣʦʤʘ ʟʘʚʠʩʠ ʦʜ 

ʚʝʣʠʯʠʥʝ ʠ ʛʝʦʤʝʪʨʠʿʝ ʠʩʧʪʠʚʘʥʝ ʝʧʨʫʚʝʪʝ.[51] 

ʇʨʠʤʝʥʦʤ ʪʝʦʨʠʿʝ ʣʠʥʠʿʝ ʢʣʠʟʘˁʘ ʢʘʢʦ ʙʠ ʩʝ ʧʨʦʮʝʥʠʦ ʥʘʧʦʥʝ ʫ ʚʝʣʠʢʦʤ ʙʨʦʿʫ 

ʨʘʟʣʠʯʠʪʠʭ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʫ ʩʣʫʯʘʿʫ ʨʘʚʥʦʛ ʩʪʘˁʘ ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʫʩʣʦʚʠʤʘ 

ʧʦʪʧʫʥʝ ʧʣʘʩʪʠʥʦʩʪʠ, ʜʦʩʣʦ ʿʝ ʜʦ ʥʝʢʠʭ ʦʜ ʨʝʟʫʣʪʘʪʘ. ʇʨʝʤʘ ʘʥʘʣʠʪʠ ʣʠʥʠʿʝ 

ʢʣʠʟʘˁʘ, ʧʣʦʯʘ ʟʘ ʟʘʪʝʟʘˁʝ ʩʘ ʜʫʙʦʢʠʤ ʟʘʨʝʟʠʤʘ ʩʘ ʦʙʝ ʩʪʨʘʥʝ, ʦʜʨʞʘʚʘ ʚʠʩʦʢ 

ʥʠʚʦ ʪʨʦʦʩʥʦʩʪʠ ʫ ʫʩʣʦʚʠʤʘ ʧʦʪʧʫʥʦ ʧʣʘʩʪʠʯʥʠʤ ʫʩʣʦʚʠʤʘ, ʪʘʢʦ ʜʘ ʩʫ ʫʩʣʦʚʠ ʫ 

ʚʨʭʫ ʧʨʩʣʠʥʝ ʩʣʠʯʥʠ ʦʥʠʤʘ ʫ ʩʣʫʯʘʿʫ ʪʝʯʝˁʘ ʤʘʣʠʭ ʨʘʟʤʝʨʘ. 

ʇʣʦʯʝ ʩʘ ʠʚʠʯʥʦʤ ʧʨʩʣʠʥʦʤ ʠʟʣʦʞʝʥʘ ʩʘʚʠʿʘˁʫ ʧʦʢʘʟʘʣʘ ʩʫ ʥʝʰʪʦ ʤʘˁʠ 

ʧʦʨʘʩʪ ʥʘʧʦʥʘ, ʇʣʦʯʘ ʩʘ ʮʝʥʪʨʘʣʥʦʤ ʧʨʩʣʠʥʦʤ ʠʟʣʦʞʝʥʘ ʯʠʩʪʦʤ ʟʘʪʝʟʘˁʫ ʥʠʿʝ ʫ 

ʩʪʘˁʫ ʜʘ ʦʜʨʞʠ ʟʥʘʯʘʿʥʠʿʫ ʪʨʦʦʩʥʦʩʪ ʫ ʫʩʣʦʚʠʤʘ ʧʦʪʧʫʥʝ ʧʣʘʩʪʠʯʥʦʩʪʠ.  

ʆʚʠ ʨʝʟʫʣʪʘʪʠ ʫʢʘʟʫʿʫ ʥʘ ʪʦ ʜʘ, ʫ ʩʣʫʯʘʿʫ ʤʘʪʝʨʠʿʘʣʘ ʫ ʢʦʿʠʤʘ ʩʝ ʥʝ ʿʘʚˀʘ 

ʦʯʚʨʰ˂ʘʚʘˁʝ ʫ ʫʩʣʦʚʠʤʘ ʧʦʪʧʫʥʦʛ ʪʝʯʝˁʘ, ʥʘʧʦʥʠ ʙʣʠʟʫ ʚʨʭʘ ʧʨʩʣʠʥʝ ʥʠʩʫ 

ʿʝʜʠʥʩʪʚʝʥʠ, ʚʝ˂ ʟʘʚʠʩʝ ʦʜ ʛʝʦʤʝʪʠʿʝ. ʇʨʝʤʘ ʫʦʙʠʯʘʿʝʥʠʤ ʧʨʠʩʪʫʧʠʤʘ ʤʝʭʘʥʠʢʝ 

ʣʦʤʘ, ʧʦˀʘ ʥʘʧʦʥʘ ʠ ʜʝʬʦʨʤʘʮʠʿʘ ʥʘ ʚʝ˂ʠʤ ʫʜʘˀʝʥʦʩʪʠʤʘ ʦʜ ʚʨʭʘ ʧʨʩʣʠʥʝ ʤʦʛʫ 

ʟʘʚʠʩʠʪʠ ʦʜ ʛʝʦʤʝʪʨʠʿʝ, ʘʣʠ ʧʨʝʪʧʦʜʩʪʘʚˀʘ ʩʝ ʜʘ ʧʦˀʘ ʙʣʠʟʫ ʚʨʭʘ ʧʨʩʣʠʥʝ ʠʤʘʿʫ 

ʩʣʠʯʥʫ ʬʦʨʤʫ ʫ ʩʚʠʤ ʢʦʥʬʠʛʫʨʘʮʠʿʘʤʘ ʢʦʿʝ ʩʝ ʤʦʛʫ ʩʚʝʩʪʠ ʥʘ ʿʝʜʘʥ ʧʘʨʘʤʝʪʘʨ. 

ʇʨʝʪʧʦʩʪʘʚʢʘ ʦ ʿʝʜʥʦʤ ʧʘʨʘʤʝʪʨʫ ʦʯʠʛʣʝʜʥʦ ʥʝ ʚʘʞʠ ʟʘ ʤʘʪʝʨʠʿʘʣʝ ʙʝʟ 

ʦʯʚʨʰ˂ʘʚʘˁʘ ʫ ʫʩʣʦʚʠʤʘ ʧʦʪʧʫʥʝ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʩʪʦʛʘ ʰʪʦ ʧʦˀʘ ʙʣʠʟʫ ʚʨʭʘ 

ʟʘʚʠʩʝ ʦʜ ʢʦʥʬʠʛʫʨʘʮʠʿʝ. ɾʠʣʘʚʦʩʪ ʣʦʤʘ, ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʪʦ ʜʘ ʣʠ ʿʝ ʦʧʠʩʘʥʘ ʩʘ ɱ, ʂ 

ʠʣʠ CTOD, ʪʘʢʦʹʝ ʤʦʨʘ ʟʘʚʠʩʠʪʠ ʦʜ ʢʦʥʬʠʛʫʨʘʮʠʿʝ. [51] 

ɻʦʚʦʨʝ˂ʠ ʦ ʦʛʨʘʥʠʯʘʚʘˁʫ ʟʘʚʘʨˀʠʚʦʩʪʠ ʤʝʪʘʣʘ ʠʣʠ ʣʝʛʫʨʘ, ʥʘʿʚʘʟʥʠʿʘ ʿʝ ʩʢʣʦʥʦʩʪ 

ʦʩʥʦʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʘ ʧʦʿʘʚʠ ʧʨʩʣʠʥʘ ʫ ʟʦʥʠ ʧʦʜ ʫʪʠʮʘʿʝʤ ʪʦʧʣʦʪʝ. ʇʦʩʪʦʿʝ ʜʚʝ 

ʛʨʫʧʝ ʧʨʩʣʠʥʘ ʢʦʿʝ ʩʫ ʠʟʘʟʚʘʥʝ ʨʘʟʣʠʯʠʪʠʤ ʫʟʨʦʮʠʤʘ, ʯʝʩʪʦ ʥʝʟʘʚʠʩʥʠʤ ʿʝʜʥʠʭ ʦʜ 

ʜʨʫʛʠʭ:  

1. ʇʨʩʣʠʥʝ ʫ ʤʘʪʝʨʠʿʘʣʫ ʰʘʚʘ, ʢʦʿʝ ʩʝ ʤʦʛʫ ʦʙʨʘʟʦʚʘʥʪʠ ʫ ʦʚʦʿ ʟʦʥʠ ʟʘʚʘʨʝʥʦʛ 

ʩʧʦʿʘ, ʫ ʚʝʟʠ ʩʫ ʩʘ ʢʚʘʣʠʪʝʪʦʤ ʜʦʜʘʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠʣʠ ʝʣʝʢʪʨʦʜʝ ʢʘʦ ʠ ʩʘ 

ʫʩʣʦʚʠʤʘ ʠʟʚʨʰʝˁʘ ʰʘʚʦʚʘ ʠ ʧʨʠʩʫʩʪʚʦʤ ʛʨʝʰʘʢʘ, ʫʢˀʫʯʘʢʘ, ʤʝʭʫʨʦʚʘ, ʠʪʜ. 

2. ʇʨʩʣʠʥʝ ʫ ʦʩʥʦʚʥʦʤ ʤʘʪʝʨʠʿʘʣʫ ʦʙʨʘʟʫʿʫ ʩʝ ʫ ʟʦʥʠ ʧʦʜ ʫʪʠʮʘʿʝʤ ʪʦʧʣʦʪʝ ʠʣʠ ʫ 

ʛʨʘʥʠʮʠ ʨʘʩʪʘʧʘˁʘ ʘ ʫʩʣʦʚˀʝʥʝ ʩʫ ʥʝʜʦʚʦˀʥʦʤ ʟʘʚʘʨˀʠʚʦʰ˂ʫ ʦʩʥʦʚʥʦʛ 
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ʤʘʪʝʨʠʿʘʣʘ ʠʣʠ ʬʘʢʪʦʨʠʤʘ ʢʨʫʪʦʩʪʠ. ʋ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʜʦʣʘʟʠ ʜʦ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʧʨʩʣʠʥʝ ʠʟ ʿʝʜʥʝ ʟʦʥʝ ʫ ʜʨʫʛʫ.[52] 

ɼʦ ˁʠʭʦʚʦʛ ʦʙʨʘʟʦʚʘˁʘ ʥʘʿʯʝʰ˂ʝ ʜʦʣʘʟʠ ʧʨʠ ʪʝʱʧʝʨʘʪʫʨʘʤʘ ʦʢʦ 200Áʉ, ʘ ʫ ʥʝʢʠʤ 

ʩʣʫʯʘʿʝʚʠʤ ʘ ʯʘʢ ʠ ʧʦʩʣʝ ʚʠʰʝ ʯʘʩʦʚʘ ʧʦʩʣʝ ʠʟʚʨʰʝˁʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ.  

 

3.3.2 ʇʦʿʘʚʘ ʧʨʩʣʠʥʘ ʫ ʤʘʪʝʨʠʿʘʣʫ ʰʘʚʘ ʠ ʦʩʥʦʚʥʦʤ ʤʘʪʝʨʠʿʘʣʫ 

ʋ ʪʦʢʫ ʦʯʚʨʰ˂ʘʚʘˁʘ ʿʘʚˀʘʿʫ ʩʝ ʤʠʢʨʦʧʨʩʣʠʥʝ ʢʦʿʝ ʩʝ ʫ ʟʦʥʠ ʨʘʩʪʘʧʘˁʘ, 

ʫʛʣʘʚʥʦʤ, ʧʨʝʪʚʘʨʘʿʫ ʫ ʧʨʩʣʠʥʝ ʧʦʜ ʫʪʠʮʘʿʝʤ ʥʘʧʨʝʟʘˁʘ ʠʣʠ ʫʩʣʝʜ ʨʘʜʘ ʰʠʨʝˁʘ ʠ 

ʩʢʫʧˀʘˁʘ. [51] 

ʋ ʢʦʣʠʢʦ ʿʝ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʟʘʚʘʨʠʚʘʥʠʭ ʣʠʤʦʚʘ ʚʝ˂ʝ ʦʜ 4 ʜʦ 5 mm, ʧʦʿʘʚʘ 

ʧʨʩʣʠʥʘ ʿʝ ʚʝʦʤʘ ʚʝʣʠʢʘ. ʇʨʩʣʠʥʝ ʩʝ ʥʘʿʣʘʢʰʝ ʿʘʚˀʘʿʫ ʧʨʠ ʙʨʟʦʤ ʦʜʚʘʿʘˁʫ 

ʝʣʝʢʪʨʦʜʝ ʦʜ ʰʘʚʘ ʠ ʤʘʣʦʿ ʟʘʧʨʝʤʠʥʠ ʜʦʜʘʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ. ɼʘ ʙʠ ʩʝ ʠʟʙʝʛʣʦ 

ʦʙʨʘʟʦʚʘˁʝ ʧʨʩʣʠʥʘ ʫ ʢʨʘʪʝʨʫ ʧʦʪʨʝʙʥʦ ʿʝ ʩʤʘˁʠʪʠ ʥʘʧʦʥʝ ʩʢʫʧˀʘˁʘ ʫ 

ʤʘʪʝʨʠʿʘʣʫ ʰʘʚʘ ʠʟʘ ʢʨʘʪʝʨʘ, ʩʥʠʞʝˁʝʤ ʙʨʟʠʥʝ ʭʣʘʹʝˁʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ 

ʧʨʝʜʛʨʝʚʘˁʝʤ. ʊʘʢʦʹʝ ʤʦʛʫ˂ʝ ʿʝ ʩʤʘˁʝˁʝʤ ʫʪʠʮʘʿʘ ʨʘʟʤʠʮʘˁʘ ʠʚʠʮʘ ʞʣʝʙʘ 

ʠʩʧʨʝʜ ʢʨʘʪʝʨʘ ʧʨʠ ʪʦʤʝ ʩʤʘˁʫʿʫ˂ʠ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʟʘʚʘʨʠʚʘʥʠʭ ʣʠʤʦʚʘ.  

ʄʦʛʫ˂ʝ ʿʝ ʧʦʚʝ˂ʘʪʠ ʠ ʢʦʣʠʯʠʥʫ ʜʦʜʘʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠʣʠ ʧʦʚʝ˂ʘʪʠ ʭʨʘˁʝˁʝ 

ʢʨʘʪʝʨʘ ʤʘʪʝʨʠʿʘʣʦʤ ʧʨʦʜʫʞʥʠʤ ʪʦʧˀʝˁʝʤ ʝʣʝʢʪʨʦʜʝ.[52] 

ʇʨʩʣʠʥʝ ʫ ʦʩʥʦʚʥʦʤ ʤʘʪʝʨʠʿʘʣʫ, ʥʘʩʪʘʣʝ ʫ ʟʦʥʠ ʧʦʜ ʫʪʠʮʘʿʝʤ ʪʦʧʣʦʪʝ, ʢʘʦ ʠ ʫ 

ʛʨʘʥʠʮʠ ʨʘʩʪʘʧʘˁʘ, ʤʦʛʫ ʜʘ ʙʫʜʫ ʨʘʟʣʠʯʠʪʦʛ ʠʟʛʣʝʜʘ. ʂʘʜʘ ʩʝ ʥʘʹʫ ʫ ʥʝʧʦʩʨʝʜʥʦʿ 

ʙʣʠʟʠʥʠ ʛʨʘʥʠʮʝ ʨʘʩʪʘʧʘˁʘ, ʣʦʢʘʣʠʟʦʚʘʥʝ ʩʫ ʫ ʦʛʨʘʥʠʯʝʥʠʤ ʟʘʧʨʝʤʠʥʘʤʘ ʠ ʨʝʪʢʦ 

ʠʟʙʠʿʘʿʫ ʥʘ ʧʦʚʨʰʠʥʫ. ɺʝʨʪʠʢʘʣʥʝ ʧʨʩʣʠʥʝ, ʿʘʚˀʘʿʫ ʩʝ ʨʝʹʝ.  ʇʦʧʨʝʯʥʝ ʧʨʩʣʠʥʝ 

ʿʘʚˀʘʿʫ ʩʝ ʫʩʣʝʜ ʥʝʜʦʚʦˀʥʦʛ ʢʚʘʣʠʪʝʪʘ ʦʩʥʦʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠʣʠ ʚʠʩʦʢʠʭ 

ʩʦʧʩʪʚʝʥʠʭ ʥʘʧʨʝʟʘˁʘ. ʋʟʨʦʮʠ ʥʘʩʪʘʥʢʘ ʧʨʩʣʠʥʘ ʤʦʛʫ ʙʠʪʠ ʦʙʠʯʥʠ (ʥʘ ʢʦʿʝ ʫʪʠʯʫ 

ʢʦʨʦʟʠʿʘ ʠʣʠ ʙʝʟ ʥʘʧʨʝʟʘˁʘ, ʤʝʭʘʥʠʯʢʠ ʟʘʤʦʨʠ, ʛʨʝʰʢʝ ʫ ʣʠʤʫ, ʧʨʠʩʫʩʪʚʦ ʥʘʧʦʥʘ 

ʫʩʣʝʜ ʚʘˀʘˁʘ ʠʣʠ ʦʙʣʠʢʦʚʘˁʘ, ʠʪʜ.) ʠ ʤʝʪʘʣʫʨʫʰʢʠ (ʭʝʤʠʿʩʢʠ ʩʘʩʪʘʚ ʦʩʥʦʚʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ, ʦʙʨʘʟʦʚʘˁʝ ʩʦʧʩʪʚʝʥʠʭ ʥʘʨʦʥʘ, ʧʨʠʩʫʩʪʚʦ ʚʦʜʦʥʠʢʘ). ʋʪʠʮʘʿ 

ʚʦʜʦʥʠʢʘ ʧʨʠ ʩʪʚʘʨʘˁʫ ʧʨʩʣʠʥʘ ʿʝ ʧʨʠʤʝʨ ʚʦʜʦʥʠʯʥʝ ʢʨʪʦʩʪʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʤʘ 

ʦʢo 200Áʉ.[51] 
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3.3.3 ʇʨʠʤʝʥʘ ʠ ʧʨʦʿʝʢʪʦʚʘˁʝ  

 ʆʩʥʦʚʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʘʪʝʨʠʿʘʣʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʿʝ ʥʘʧʦʥ. ʂʦʜ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʧʨʠ ʫʩʚʘʿʘˁʫ ʤʘʪʝʨʠʿʘʣʘ ʚʝ˂ʝʛ ʥʘʧʦʥʘ ʪʝʯʝˁʘ Re, ʪʿ. ʚʝ˂ʝ ʟʘʪʝʟʥʝ 

ʯʚʨʩʪʦ˂ʝ Rm, ʜʦʙʠʿʘʿʫ ʩʝ ʤʘˁʝ ʜʠʤʝʥʟʠʿʝ ʜʝʣʘ. ʂʦʜ ʩʘʚʨʝʤʝʥʠʭ ʯʝʣʠʢʘ ʚʠʩʦʢʝ 

ʯʚʨʩʪʦ˂ʝ ʢʦʿʠ ʠʤʘʿʫ ʥʘʧʦʥ ʪʝʯʝˁʘ ʙʣʠʟʘʢ ʟʘʪʝʟʥʦʿ ʯʚʨʩʪʦ˂ʠ, ʥʘʧʦʥ ʪʝʯʝˁʘ 

ʜʝʬʠʥʠʰʝ ʩʝ ʥʘʧʦʥʦʤ ʦʜʨʝʹʝʥʠʤ ʟʘ ʫʩʚʦʿʝʥʫ ʚʝʣʠʯʠʥʠ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ 

(ʥʧʨ. Rp0.2). ʆʜʥʦʩ ʥʘʧʦʥʘ ʪʝʯʝˁʘ ʠ ʠʩʢʫʩʪʚʝʥʦʛ ʩʪʝʧʝʥʘ ʩʠʛʫʨʥʦʩʪʠ, ʥʠʿʝ ʜʦʚʦˀʥʦ 

ʧʦʫʟʜʘʥ ʩʘ ʩʪʘʥʦʚʠʰʪʘ ʟʘʭʪʝʚʘ ʫ ʧʦʛʣʝʜʫ ʯʚʨʩʪʦ˂ʝ.[53] 

ɽʣʘʩʪʠʯʥʘ ʠ ʧʣʘʩʪʠʯʥʘ ʜʝʬʦʨʤʘʮʠʿʘ ʩʝ ʦʜʥʦʩʝ ʥʘ ʯʠʪʘʚʫ ʢʦʤʧʦʥʝʥʪʫ, ʦʜʥʦʩʥʦ 

ʥʘ ˁʝʥʘ ʤʘʢʨʦʩʢʦʧʩʢʘ ʧʦʜʨʫʯʿʘ. ʂʘʜʘ ʩʪʚʘʨʥʠ ʥʘʧʦʥ, ʫʩʣʝʜ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʘʧʦʥʘ, 

ʣʦʢʘʣʥʦ ʜʦʩʪʠʛʥʝ ʥʠʚʦ ʥʘʧʦʥʘ ʪʝʯʝˁʘ, ʪʘʜʘ ʩʝ ʧʣʘʩʪʠʯʥʘ ʜʝʬʦʨʤʘʮʠʿʘ ʠʟʨʘʞʘʚʘ 

ʩʘʤʦ ʣʦʢʘʣʥʦ (ʥʝ ʤʦʨʘ ʙʠʪʠ ʥʘʨʫʰʝʥʘ ʭʦʤʦʛʝʥʦʩʪ ʠ ʢʦʤʧʘʢʪʥʦʩʪ ʜʝʣʘ). ɼʦ 

ʥʝʧʦʪʧʫʥʦʛ ʠʣʠ ʧʦʪʧʫʥʦʛ ʣʦʤʘ ʤʦʞʝ ʜʦ˂ʠ ʧʨʠ ʚʝʣʠʢʦʤ ʩʧʦˀˁʝʤ ʦʧʪʝʨʝ˂ʝˁʫ. 

ʇʦʜ ʥʝʧʦʪʧʫʥʠʤ ʣʦʤʦʤ ʧʦʜʨʘʟʫʤʝʚʘ ʩʝ ʛʫʙʠʪʘʢ ʭʦʤʦʛʝʥʦʩʪʠ ʠ ʠʥʪʝʛʨʠʪʝʪʘ ʫʩʣʝʜ 

ʧʦʩʪʦʿʘˁʘ ʧʨʩʣʠʥʝ ʫʩʣʝʜ ʯʠʿʝ ʨʘʟʚʠʿʝʥʦʩʪʠ ʥʠʿʝ ʩʝ ʥʠʿʝ ʜʦʩʣʦ ʜʦ ʧʦʪʧʫʥʦʛ ʣʦʤʘ. 

ʇʦʪʧʫʥʠ ʣʦʤ ʩʝ ʤʦʞʝ ʧʦʜʨʘʟʫʤʝʚʘʪʠ ʛʫʙʠʪʘʢ ʨʘʟʜʚʘʿʘˁʝ ʢʦʤʧʦʥʝʥʪʝ ʥʘ ʥʘʿʤʘˁʝ 

ʜʚʝ ʥʝʟʘʚʠʩʥʝ ʮʝʣʠʥʝ, ʫʟ ʛʫʙʠʪʘʢ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ.  

ʇʦʯʝʪʘʢ ʣʦʤʘ ʠ ʣʦʤ ʫʢʘʟʫʿʫ ʥʘʤ ʥʘ ʠʟʨʘʞʝʥ ʣʦʢʘʣʥʠ ʢʘʨʘʢʪʝʨ ʦʢʦ ʚʨʭʘ 

ʧʨʩʣʠʥʝ, ʪʝ ʩʪʨʫʢʪʫʨʘ ʤʘʪʝʨʠʿʘʣʘ ʚʠʰʝ ʠʩʧʦˀʘʚʘ ʫʪʠʮʘʿ ʥʘ ʨʘʟʚʦʿ ʣʦʤʘ ʥʝʛʦ ʥʘ 

ʨʘʟʚʦʿ ʜʝʬʦʨʤʘʮʠʿʝ. ʇʦʯʝʪʘʢ ʠ ʨʘʟʚʦʿ ʣʦʤʘ ʫ ʢʦʦʣʝʨʘʮʠʿʠ ʿʝ ʩʘ ʧʦʿʘʚʦʤ ʠʩʧʨʝʜ ʠ ʫ 

ʙʣʠʟʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ (ʣʦʢʘʥʦ ʛʣʝʜʘʿʫ˂ʠ), ʪʿ. ʫ ʧʦʜʨʫʯʿʠʤʘ ʚʝʦʤʘ ʤʘʣʠʭ ʜʠʤʝʥʟʠʿʘ 

(ʤʠʢʨʦʤʝʪʨʘ) ʫ ʦʜʥʦʩʫ ʩʘ ʤʘʢʨʦʩʢʦʧʩʢʠʤ ʜʠʤʝʥʟʠʿʘʤʘ ʢʦʤʧʦʥʝʥʪʝ (ʜʝʩʝʪʠʥʘ 

ʤʠʣʠʤʝʪʘʨʘ). ʉ ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʨʘʟʚʦʿ ʧʨʩʣʠʥʝ ʣʦʤ, ʪʘʜʘ ʿʝ ʤʘʢʨʦ ʣʦʤ ʝʧʨʫʚʝʪʝ ʠ 

ʢʦʤʧʦʥʝʥʪʝ ʫʩʣʦʚˀʝʥ ʣʦʢʘʣʥʠʤ ʧʨʦʮʝʩʠʤʘ (ʫʢʫʧʥʘ ʦʪʧʦʨʥʦʩʪ ʢʦʥʩʪʨʫʢʮʠʿʩʢʦʛ 

ʝʣʝʤʝʥʪʘ ʟʘʚʠʩʠ ʦʜ ʣʦʢʘʣʥʠʭ ʧʦʨʝʤʝ˂ʘʿʘ).  ʇʦʿʘʚʘ ʧʨʩʣʠʥʝ ʠʣʠ ʥʝʧʦʪʧʫʥʦʛ ʣʦʤʘ 

ʜʦʧʫʰʪʝʥʘ ʿʝ ʥʘʢʦʥ ʧʦʫʟʜʘʥʦʛ ʫʪʚʨʹʠʚʘˁʘ ʜʘ ʩʝ ʥʘʩʪʘʥʘʢ ʧʨʩʣʠʥʝ ʥʝ˂ʝ ʫʛʨʦʟʠʪʠ 

ʠʥʪʝʛʨʠʪʝʪ ʢʦʥʩʪʨʫʢʮʠʿʝ ʥʠʪʠ ˂ʝ ʩʝ ʨʘʟʚʠʪʠ ʜʦ ʧʦʪʧʫʥʦʛ ʣʦʤʘ. ʈʘʟʚʦʿ ʣʦʤʘ ʿʝ 

ʧʦʿʘʚʘ ʿʘʩʥʦ ʦʜʚʦʿʝʥʘ ʦʜ ʧʦʿʘʚʝ ʜʝʬʦʨʤʘʮʠʿʘ. ʅʠʿʝ ʠʭ ʤʦʛʫ˂ʝ ʨʘʟʜʚʦʿʠʪʠ (ʫʩʣʝʜ 

ʥʝʧʦʪʧʫʥʦʛ ʣʦʤʘ).  

ʋ ʨʝʘʣʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʠ ʧʨʝ ʜʝʿʩʪʚʘ ʦʧʪʝʨʝ˂ʝˁʘ. ʤʦʛʫ ʧʦʩʪʦʿʘʪʠ ʟʘʦʩʪʘʣʠ 

ʥʘʧʦʥʠ, ʧʦʯʝʪʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʤʝʩʪʘ ʧʨʝʢʠʜʘ ʭʦʤʦʛʝʥʦʩʪʠ. ʅʝʭʦʤʦʛʝʥʦʩʪ ʿʝ 

ʧʦʩʣʝʜʠʮʘ ʤʥʦʛʠʭ ʧʦʨʝʤʝ˂ʘʿʘ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʿʘʣʘ (ʥʝʯʠʩʪʦ˂ʝ, ʫʢˀʫʯʮʠ, 
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ʧʨʘʟʥʠʥʝ ʠ ʜʠʩʣʦʢʘʮʠʿʝ), ʥʝʭʦʤʦʛʝʥʦʩʪ ʠ ʛʨʝʰʢʝ ʩʧʦʿʘ (ʢʦʜ ʟʘʚʘʨʝʥʠʭ 

ʢʦʥʩʪʨʫʢʮʠʿʘ) ʠ ʪʦ ʩʫ ʤʝʩʪʘ ʥʘʩʪʘʥʢʘ ʧʨʩʣʠʥʘ ʠ ʧʦʯʝʪʢʘ ʣʦʤʘ. [53] 

ʇʦʜʝʣʘ ʣʦʤʘ ʤʦʞʝ ʙʠʪʠ ʥʘ ʢʨʪʠ ʠ ʧʣʘʩʪʠʯʥʠ ʧʦʰʪʦ ʦʙʫʭʚʘʪʘ ʫʪʠʮʘʿ 

ʜʝʬʦʨʤʘʮʠʿʝ ʢʦʿʘ ʧʨʝʪʭʦʜʠ ʣʦʤʫ. ʊʘʜʘ ʩʝ ʤʦʛʫ ʫʦʯʠʪʠ ʜʚʘ ʛʨʘʥʠʯʥʘ ʩʣʫʯʘʿʘ. ʇʨʚʠ 

ʩʝ ʦʜʥʦʩʠ ʥʘ ʣʦʤ ʢʦʿʠ ʥʘʩʪʘʿʝ ʫ ʜʝʣʫ ʯʠʿʘ ʿʝ ʜʝʬʦʨʤʘʮʠʿʘ ʫ ʧʦʪʧʫʥʦʩʪʠ ʝʣʘʩʪʠʯʥʘ 

(ʯʠʩʪ ʢʨʪʠ ʣʦʤ ʯʠʿʠ ʿʝ ʧʨʝʣʦʤ ʜʦʙʠʿʝʥ ʠʩʢˀʫʯʠʚʦ ʮʝʧʘˁʝʤ ʠ ʢʦʿʠ ʦʜʛʦʚʘʨʘ 

ʨʘʚʥʦʤ ʩʪʘˁʫ ʜʝʬʦʨʤʘʮʠʿʝ). ɼʨʫʛʠ ʧʨʝʜʩʪʘʚˀʘ ʣʦʤ ʥʘʩʪʘʦ ʥʘʢʦʥ ʠʟʘʨʘʞʝʥʝ 

ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ (ʧʦʪʧʫʥʦʛ ʨʘʟʜʚʘʿʘˁʘ ʜʝʣʘ) ʩʫʞʘʚʘˁʝʤ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ. ʊʘʜʘ ʿʝ ʧʦʚʨʰʠʥʘ ʧʨʝʣʦʤʘ ʚʨʣʦ ʤʘʣʘ, ʫʩʣʝʜ ʧʨʝʪʭʦʜʥʦʛ ʢʣʠʟʘˁʘ ʢʦʿʝ 

ʧʨʠʧʘʜʘ ʧʨʦʩʪʦʨʥʦʿ ʜʝʬʦʨʤʘʮʠʿʠ. ʂʦʜ ʦʚʘ ʜʚʘ ʛʨʘʥʠʯʥʘ ʩʣʫʯʘʿʘ ʩʨʝ˂ʫ ʩʝ 

ʤʝʰʦʚʠʪʠ ʣʦʤʦʚʠ ʢʦʿʠʤʘ ʧʨʝʪʭʦʜʝ ʠ ʝʣʘʩʪʠʯʥʝ ʠ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʪʝ ʩʝ 

ʢʘʨʘʢʪʝʨʠʰʫ ʞʠʣʘʚʦʰ˂ʫ (ʧʨʝʜʩʪʘʚˀʘ ʫʪʨʦʰʝʥʫ ʝʥʝʨʛʠʿʫ ʟʘ ʨʘʟʚʦʿ ʣʦʤʘ).  

ɼʚʝ ʬʘʟʝ ʧʨʦʮʝʩʫ ʣʦʤʘ ʢʦʿʝ ʩʝ ʤʦʛʫ ʦʜʚʦʿʠʪʠ ʩʫ: 

1. ʇʦʩʪʝʧʝʥʠ ʧʨʝʣʘʟ ʧʦʯʝʪʥʝ ʛʨʝʰʢʝ ʫ ʩʫʙʤʠʢʨʦʩʢʦʧʩʢʠ, ʤʠʢʨʦʩʢʦʧʩʢʠ ʠ 

ʤʘʢʨʦʩʢʦʧʩʢʠ ʛʫʙʠʪʘʢ ʭʦʤʦʛʝʥʦʩʪʠ ʢʨʦʟ ʧʦʿʘʚʫ ʧʨʩʣʠʥʝ, ʠ ˁʝʥ ʩʪʘʙʠʣʥʠ ʨʘʟʚʦʿ. 

2. ʂʨʠʪʠʯʥʦ (ʥʝʩʪʘʙʠʣʥʦ) ʩʪʘˁʝ ʧʨʩʣʠʥʝ ʠ ˁʝʥ ʙʨʟʠ ʨʘʟʚʦʿ ʜʦ ʧʦʪʧʫʥʦʛ 

ʨʘʟʜʚʘʿʘˁʘ (ʣʦʤʘ) 

ʈʘʟʚʦʿ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʠʟʠʩʢʫʿʝ ʚʨʝʤʝ ʪʝ ʿʝ ʙʨʟʠʥʘ ʜʝʬʦʨʤʘʮʠʿʝ ʤʘʣʘ. 

ʅʝʩʪʘʙʠʣʥʠ ʣʦʤ ʤʦʞʝ ʙʠʪʠ ʧʦʪʧʫʥʦ ʢʨʪ ʠ ʨʘʟʚʠʿʘ ʩʝ ʚʝʦʤʘ ʙʨʟʦ ʧʘ ʯʘʢ ʠ 

ʪʨʝʥʫʪʥʦ, ʪʘʢʦ ʜʘ ʟʘʚʨʰʥʘ ʬʘʟʘ ʣʦʤʘ ʧʦʩʣʝ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʤʦʞʝ ʙʠʪʠ 

ʢʨʘʪʢʦʪʨʘʿʥʘ. ʇʨʠ ʙʨʟʦʤ ʨʘʟʚʦʿʫ ʣʦʤʘ ʣʦʢʘʣʥʠ ʧʦʨʝʤʝ˂ʘʿ ʫ ʢʨʘʪʢʦʤ ʚʨʝʤʝʥʫ 

ʧʨʝʥʦʩʝ ʩʝ ʥʘ ʯʠʪʘʚʫ ʢʦʥʩʪʨʫʢʮʠʿʫ. ʉʪʨʫʢʪʫʨʘ ʥʝʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʿʝ ʪʘʢʚʘ ʜʘ ʿʝ 

ˁʠʭʦʚ ʣʦʤ ʢʨʪ ʫ ʩʚʠʤ ʫʩʣʦʚʠʤʘ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʝʢʩʧʣʦʘʪʘʮʠʿʝ.  

ʋʟʨʦʮʠ ʧʦʿʘʚʝ ʠ ʧʦʯʝʪʥʦʛ ʨʘʟʚʦʿʘ ʧʦʩʪʦʿʝ˂ʝ ʧʨʩʣʠʥʝ ʩʫ ʨʘʟʣʠʯʠʪʠ ʠ ʤʦʛʫ ʩʝ 

ʿʘʚʠʪʠ ʫ ʩʚʠʤ ʬʘʟʘʤʘ ʠʟʨʘʜʝ ʤʘʪʝʨʠʿʘʣʘ ʠ ʢʦʤʧʦʥʝʥʪʝ, ʢʘʦ ʠ ʫ ʝʢʩʧʣʦʘʪʘʮʠʿʠ. 

ʅʘʩʪʘʿʫ ʫ ʧʨʦʮʝʩʫ ʧʨʝʩʦʚʘˁʘ, ʠʩʧʨʘʚˀʘˁʘ, ʣʠʚʝˁʘ, ʢʦʚʘˁʘ, ʟʘʚʘʨʠʚʘˁʘ, 

ʣʝʤˀʝˁʘ, ʦʙʨʘʜʝ ʩʢʠʜʘˁʝʤ ʩʪʨʫʛʦʪʠʥʝ, ʧʨʠ ʪʝʨʤʠʯʢʦʿ ʦʙʨʘʜʠ ʠ ʫ ʪʦʢʫ ʛʘʣʚʘʥʩʢʠʭ 

ʧʨʦʮʝʩʘ. ʊʘʢʦʹʝ, ʣʦʤ ʩʝ ʿʘʚˀʘ ʠʟ ʧʨʩʣʠʥʘ ʫ ʫʩʣʦʚʠʤʘ ʢʨʪʦʛ ʩʪʘˁʘ, ʟʘʤʦʨʥʠʭ 

ʧʨʩʣʠʥʘ ʧʨʠ ʧʨʦʤʝʥˀʠʚʦʤ ʦʧʪʝʨʝ˂ʝˁʫ, ʧʫʟʘˁʝʤ ʧʨʠ ʜʫʞʝʤ ʨʘʜʫ ʥʘ ʧʦʚʠʰʝʥʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʧʨʠ ʢʦʨʦʟʠʿʠ ʠ ʠʩʪʦʚʨʝʤʝʥʦʤ ʜʝʿʩʪʚʘ ʢʦʨʦʟʠʿʝ ʠ ʤʝʭʘʥʠʯʢʦʛ 

ʦʧʪʝʨʝ˂ʝˁʘ (ʥʘʧʦʥʩʢʘ ʢʦʨʦʟʠʿʘ).  
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4. ɿɸɺɸʈɽʅɽ ʂʆʅʉʊʈʋʂʎʀɱɽ ʇʆʉʋɼɽ ʇʆɼ ʇʈʀʊʀʉʂʆʄ  

 

4.1. ɿʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ʧʦʩʫʜʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ ʠ ʦʮʝʥʘ ˁʠʭʦʚʝ ʩʠʛʫʨʥʦʩʪʠ ʫ 

ʨʘʜʫ 

ʂʘʜʘ ʩʝ ʛʦʚʦʨʠ ʦ ʦʮʝʥʠ ʠʥʪʝʛʨʠʪʝʪʘ ʟʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ʧʨʦʙʣʝʤ ʥʘʩʪʘʿʝ 

ʫʩʣʝʜ ʥʝʭʦʤʦʛʝʥʦʩʪʠ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʿʘʣʘ ʫʛʨʘʹʝʥʦʛ ʫ ʢʦʥʩʪʨʫʢʮʠʿʫ. ɻʣʘʚʥʠ 

ʬʘʢʪʦʨʠ ʧʦʥʘʰʘˁʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʩʘ ʧʨʩʣʠʥʦʤ ʩʫ ʭʝʪʝʨʦʛʝʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ, 

ʤʝʪʘʣ ʰʘʚʘ, ʟʦʥʘ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ, ʦʩʥʦʚʥʠ ʤʝʪʘʣ, ʟʘʦʩʪʘʣʠ ʥʘʧʦʥʠ, ʦʤʝʪʝʥʘ 

ʜʝʬʦʨʤʘʮʠʿʘ (ʢʦʥʩʪʨʘʠʥʪ), ʥʝʩʘʚʨʰʝʥʦʩʪ ʛʝʦʤʝʪʨʠʿʝ (ʦʜʥʦʩ ʜʠʤʝʥʟʠʿʘ ʟʘʚʘʨʝʥʦʛ 

ʩʧʦʿʘ, ʰʠʨʠʥʝ ʤʝʪʘʣʘ ʰʘʚʘ ʠ ʜʫʞʠʥʝ ʠ ʜʫʙʠʥʝ ʧʦʚʨʰʠʥʩʢʝ ʧʨʩʣʠʥʝ). ʇʦʩʪʘʚˀʘ ʩʝ 

ʧʠʪʘˁʝ ʢʘʢʦ ʦʪʢʨʠʪʠ ʧʨʩʣʠʥʫ, ʦʜʨʝʜʠʪʠ ˁʝʥʫ ʚʝʣʠʯʠʥʫ ʠ ʧʦʣʦʞʘʿ ʠ ʦʮʝʥʠʪʠ 

ʟʥʘʯʘʿ ʧʦʩʪʦʿʝ˂ʝ ʧʨʩʣʠʥʝ ʟʘ ʩʠʛʫʨʘʥ ʨʘʜ ʟʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ.[55] 

ʇʨʠʤʝʥʘ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʦʜ ʚʝʣʠʢʝ ʿʝ ʚʘʞʥʦʩʪʠ ʫ ʩʘʚʨʝʤʝʥʦʿ 

ʠʥʜʫʩʪʨʠʿʩʢʦʿ ʧʨʦʠʟʚʦʜˁʠ ʜʦ ʯʠʿʝ ʧʨʠʤʝʥʝ ʿʝ ʜʦʰʣʦ ʩʝ ʨʘʟʚʦʿʝʤ ʧʦʩʪʫʧʘʢʘ ʢʘʦ ʠ 

ʨʘʟʚʦʿʝʤ ʯʝʣʠʢʘ ʧʦʛʦʜʥʠʭ ʦʩʦʙʠʥʘ. ʈʘʟʚʦʿʝʤ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʨʘʟʚʠʿʘʣʠ ʩʫ 

ʩʝ ʠ ʧʦʩʪʫʧʮʠ ʟʘ ʦʮʝʥʫ ʩʠʛʫʨʥʦʩʪʠ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ, [56] 

ɿʘʚʘʨʠʚʘˁʝ ʿʝ ʧʨʦʮʝʩ ʠʟʨʘʜʝ ʥʝʨʘʟʜʚʦʿʠʚʦʛ ʩʧʦʿʘ ʫʩʧʦʩʪʘʚˀʘˁʝʤ ʤʝʹʫʘʪʦʤʩʢʠʭ 

ʚʝʟʘ ʠʟʤʝʹʫ ʜʝʣʦʚʘ ʢʦʿʠ ʩʝ ʟʘʚʘʨʫʿʫ, ʧʨʠ ʢʦʤʝ ʩʝ ʧʦʿʝʜʠʥʘʯʥʦ ʠʣʠ ʢʦʤʙʠʥʦʚʘʥʦ 

ʢʦʨʠʩʪʠ ʪʦʧʣʦʪʥʘ ʠ ʤʝʭʘʥʠʯʢʘ ʝʥʝʨʛʠʿʘ, ʘ ʧʦ ʧʦʪʨʝʙʠ ʠ ʜʦʜʘʪʥʠ ʤʘʪʝʨʠʿʘʣ. 

ɿʘʚʘʨʠʚʘˁʝʤ ʿʝ ʤʦʛʫ˂ʝ ʩʧʘʿʘˁʝ ʤʝʪʘʣʘ ʩʘ ʤʝʪʘʣʦʤ, ʥʝʤʝʪʘʣʘ ʩʘ ʥʝʤʝʪʘʣʦʤ ʠ 

ʤʝʪʘʣʘ ʩʘ ʥʝʤʝʪʘʣʦʤ, ʘʣʠ ʩʝ ʫ ʧʨʘʢʪʠʯʥʦʤ ʩʤʠʩʣʫ ʧʦʜʨʘʟʫʤʝʚʘ ʩʧʘʿʘˁʝ ʤʝʪʘʣʘ ʩʘ 

ʤʝʪʘʣʦʤ. ɼʘʥʘʩ ʩʝ ʩʤʘʪʨʘ ʜʘ ʿʝ 98% ʧʦʩʪʫʧʘʢʘ ʟʘʚʘʨʠʚʘˁʘ ʦʩʚʦʿʝʥʦ ʠ ʧʨʠʤʝˁʝʥʦ 

ʫ ʧʨʘʢʩʠ, ʫʢˀʫʯʫʿʫ˂ʠ ʣʝʤˀʝˁʝ, ʢʘʦ ʰʪʦ ʿʝ ʜʝʬʠʥʠʩʘʥʦ ʫ ʩʪʘʥʜʘʨʜʫ ISO 4063 (EN 

24063) [57]. ʇʦʩʪʫʧʮʠ ʟʘʚʘʨʠʚʘˁʘ ʤʦʛʫ ʜʘ ʩʝ ʧʦʜʝʣʝ ʥʘ ʧʦʩʪʫʧʢʝ ʪʦʧˀʝˁʝʤ ʠ 

ʧʦʩʪʫʧʢʝ ʧʨʠʪʠʩʢʦʤ, ʧʨʠ ʯʝʤʫ ʫ ʧʨʚʫ ʛʨʫʧʫ ʩʧʘʜʘʿʫ ʦʥʠ ʧʦʩʪʫʧʮʠ ʢʦʜ ʢʦʿʠʭ ʩʝ 

ʧʨʦʮʝʩ ʩʧʘʿʘˁʘ ʦʜʚʠʿʘ ʪʦʧˀʝˁʝʤ ʠ ʦʯʚʨʰ˂ʘʚʘˁʝʤ ʥʘ ʤʝʩʪʫ ʩʧʦʿʘ, ʘ ʫ ʜʨʫʛʫ ʛʨʫʧʫ 

ʦʥʠ ʧʦʩʪʫʧʮʠ ʢʦʜ ʢʦʿʠʭ ʩʝ ʧʨʦʮʝʩ ʩʧʘʿʘˁʘ ʦʜʚʠʿʘ ʙʝʟ ʪʦʧˀʝˁʘ. ʆʩʠʤ ʪʦʛʘ, 

ʧʦʩʪʫʧʮʠ ʟʘʚʘʨʠʚʘˁʘ ʩʝ ʯʝʩʪʦ ʜʝʣʝ ʧʨʝʤʘ ʠʟʚʦʨʫ ʝʥʝʨʛʠʿʝ: ʝʣʝʢʪʨʠʯʥʘ (ʣʫʢ, 

ʦʪʧʦʨ, ʩʥʦʧ), ʭʝʤʠʿʩʢʘ (ʧʣʘʤʝʥ, ʝʢʩʧʣʦʟʠʚ, ʪʝʨʤʠʪʠ), ʤʝʭʘʥʠʯʢʘ (ʧʨʠʪʠʩʘʢ, ʪʨʝˁʝ, 

ʫʣʪʨʘʟʚʫʢ) ʠ ʦʩʪʘʣʝ (ʥʧʨ. ʩʚʝʪʣʦʩʪ). [58] 

ʇʦʩʝʙʥʦ ʪʨʝʙʘ ʦʙʨʘʪʠʪʠ ʧʘʞˁʫ ʥʘ ʭʝʪʝʨʦʛʝʥʦʩʪ ʦʩʦʙʠʥʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʘ ʪʦ ʩʫ 

ʦʩʥʦʚʥʠ ʤʝʪʘʣ (ʆʄ), ʤʝʪʘʣ ʰʘʚ (ʄʐ) ʠ ʟʦʥʘ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ (ɿʋʊ). ʇʨʠʤʝʥʘ 

ʥʦʚʠʭ ʯʝʣʠʢʘ ʫʩʣʦʚʠʣʘ ʿʝ ʧʦʟʥʘʚʘˁʝ ʩʚʦʿʩʪʘʚʘ ˁʠʭʦʚʝ ʟʦʥʝ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ ʨʘʜʠ 
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ʦʮʝˁʠʚʘˁʘ ʩʠʛʫʨʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʿʝ ʢʘʢʦ ʥʘ ʣʦʢʘʣʥʦʤ ʪʘʢʦ ʠ ʥʘ ʛʣʦʙʘʣʥʦʤ 

ʥʠʚʦʫ. ʄʝʹʫʪʠʤ, ʧʨʩʣʠʥʝ ʧʦ ʩʚʠʤ ʩʪʥʜʘʨʜʠʤʘ ʩʧʘʜʘʿʫ ʫ ʥʝʧʨʠʭʚʘʪˀʠʚʝ ʛʨʝʰʢʝ. 

ʉʘʤʘ ʠʟʨʘʜʘ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʙʝʟ ʛʨʝʰʢʝ ʩʢʦʨʦ ʿʝ ʥʝʤʦʛʫ˂ʘ ʠ ʫʩʣʦʚˀʘʚʘ 

ʥʝʧʦʪʨʝʥʙʦ ʚʠʩʦʢʫ ʮʝʥʫ.  

ɼʘʥʘʩ ʩʫ ʨʘʟʚʠʿʝʥʠ ʧʦʩʪʫʧʮʠ ʧʨʦʮʝʥʝ ʟʥʘʯʘʿʘ ʧʨʩʣʠʥʘ ʫ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ, ʰʪʦ 

ʧʦʜʨʘʟʫʤʝʚʘ ʜʝʪʘˀʥʦ ʧʦʟʥʘʚʘˁʝ ʩʪʨʫʢʪʫʨʝ ʠ ʦʩʦʙʠʥʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ, ʥʘʨʦʯʠʪʦ 

ʟʦʥʝ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ. ʆʜʩʪʫʧʘˁʘ ʫ ʩʚʘʢʦʿ ʦʜ ʥʘʚʝʜʝʥʠʭ ʬʘʟʘ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ 

ʧʦʿʘʚʝ ʛʨʝʰʢʝ ʫ ʟʘʚʘʨʝʥʦʤ ʩʧʦʿʫ ʢʦʿʝ ʤʦʛʫ ʙʠʪʠ ʧʨʠʭʚʘʪˀʠʚʝ, ʧʦʜ ʦʜʨʝʹʝʥʠʤ 

ʫʩʣʦʚʠʤʘ, ʠ ʥʝ ʧʨʠʭʚʘʪˀʠʚʝ.  

ɿʘʚʘʨʝʥʠ ʩʧʦʿ ʢʘʦ ʢʦʤʧʣʝʢʩʥʘ ʠ ʭʝʪʝʨʦʛʝʥʘ ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚˀʘ ʢʨʠʪʠʯʥʦ 

ʤʝʩʪʦ ʫ ʟʘʚʘʨʝʥʦʿ ʢʦʥʩʪʨʫʢʮʠʿʠ. ɿʙʦʛ ʪʦʛʘ ʫ ʥʘʿʚʝ˂ʝʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ, ʩʠʛʫʨʥʦʩʪ 

ʟʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ʩʝ ʧʨʦʮʝˁʫʿʝ ʥʘ ʦʩʥʦʚʫ ʦʩʦʙʠʥʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʢʘʦ 

ʮʝʣʠʥʝ, ʠ ʦʩʦʙʠʥʘ ʩʚʠʭ ˁʝʛʦʚʠʭ ʩʘʩʪʘʚʥʠʭ ʜʝʣʦʚʘ. ʅʘʿʯʝʰ˂ʝ ʩʝ ʟʘ ʦʮʝʥʫ 

ʧʦʥʘʰʘˁʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʧʦʨʝʜʝ ʦʩʦʙʠʥʝ ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ, ʟʦʥʝ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ 

ʠ ʤʝʪʘʣʘ ʰʘʚʘ, ʘʣʠ ʩʝ ʫ ʙʨʦʿʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʧʦʥʘʰʘˁʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʢʘʦ 

ʮʝʣʠʥʝ ʨʘʟʣʠʢʫʿʝ ʦʜ ʧʦʥʘʰʘˁʘ ʤʝʪʘʣʘ ʰʘʚʘ, ʟʦʥʝ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ ʠ ʦʩʥʦʚʥʦʛ 

ʤʝʪʘʣʘ. [56] 

ɽʧʨʫʚʝʪʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʩʫ ʝʧʨʫʚʝʪʝ ʩʘ ʧʨʩʣʠʥʘʤʘ, ʘ ʧʨʩʣʠʥʝ ʩʝ ʫ ʟʘʚʘʨʝʥʠʤ 

ʩʧʦʿʝʚʠʤʘ ʿʘʚˀʘʿʫ ʢʘʦ ʥʘʿʢʨʠʪʠʯʥʠʿʝ ʛʨʝʰʢʝ.  

 ʇʦʪʧʫʥʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ ʩʘ ʘʩʧʝʢʪʘ ʝʢʩʧʣʦʘʪʘʮʠʿʩʢʠʭ 

ʩʚʦʿʩʪʘʚʘ, ʧʦʜʨʘʟʫʤʝʚʘ ʠ ʩʘʛʣʝʜʘʚʘˁʝ ˁʠʭʦʚʦʛ ʧʦʥʘʰʘˁʘ ʫ ʧʨʠʩʫʩʪʚʫ ʛʨʝʰʘʢʘ, ʪʿ. 

ʦʮʝʥʫ ˁʠʭʦʚʝ ʦʪʧʦʨʥʦʩʪʠ ʧʨʝʤʘ ʠʥʠʮʠʨʘˁʫ ʠ ʨʘʟʚʦʿʫ ʧʨʩʣʠʥʝ ʢʘʦ ʥʘʿʦʧʘʩʥʠʿʝ 

ʚʨʩʪʝ ʛʨʝʰʢʝ. 

ɿʘʚʘʨʝʥʠ ʩʧʦʿʝʚʠ ʩʫ ʧʨʠʢʣʘʜʥʠ ʟʘ: ʧʨʝʥʦʩ ʩʠʣʘ, ʤʦʤʝʥʘʪʘ ʩʘʚʠʿʘˁʘ ʠ ʤʦʤʝʥʘʪʘ 

ʫʚʠʿʘˁʘ; ʿʝʬʪʠʥʦ ʧʦʚʝʟʠʚʘˁʝ ʝʣʝʤʝʥʘʪʘ ʢʦʥʩʪʨʫʢʮʠʿʘ, ʟʘ ʫʧʦʪʨʝʙʫ ʥʘ ʚʠʩʦʢʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ; ʠʟʨʘʜʫ ʥʝʧʨʦʧʫʩʥʠʭ ʩʧʦʿʝʚʘ. [56] 

ʈʘʟʚʦʿ ʟʘʚʘʨˀʠʚʠʭ ʢʦʥʩʪʨʫʢʮʠʿʩʢʠʭ ʯʝʣʠʢʘ ʟʘʧʦʯʠˁʝ ʢʨʘʿʝʤ 20-ʠʭ ʛʦʜʠʥʘ XX. 

ʚʝʢʘ. ʋ ʧʦʯʝʪʢʫ ʧʨʦʠʟʚʦʜˁʝ ʪʘʢʚʠʭ ʯʝʣʠʢʘ ʦʩʥʦʚʥʠ ʮʠˀ ʙʠʦ ʿʝ ʧʦʚʝ˂ʘˁʝ 

ʯʚʨʩʪʦ˂ʝ, ʦʜʥʦʩʥʦ ʛʨʘʥʠʮʝ ʨʘʟʚʣʘʯʝˁʘ. ʄʝʹʫʪʠʤ, ʧʦʣʘʟʝ˂ʠ ʦʜ ʩʚʝ ʥʘʛʣʘʰʝʥʠʿʠʭ 

ʧʦʪʨʝʙʘ ʟʘ ʫʰʪʝʜʦʤ ʤʘʪʝʨʠʿʘʣʘ ʠ ʝʥʝʨʛʠʿʝ ʫ ʧʦʩˀʝʜˁʝ ʚʨʝʤʝ ʩʚʝ ʩʝ ʚʝ˂ʠ ʟʥʘʯʘʿ 

ʫʩʤʝʨʘʚʘ ʧʨʝʤʘ ʞʠʣʘʚʦʩʪʠ, ʟʘʚʘʨˀʠʚʦʩʪʠ ʠ ʩʧʦʩʦʙʥʦʩʪʠ ʦʙʣʠʢʦʚʘˁʘ. ɿʘ ʩʚʝ 

ʤʦʜʝʨʥʝ ʚʠʩʦʢʦʯʚʨʩʪʝ ʟʘʚʘʨˀʠʚʝ ʯʝʣʠʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦ ʿʝ ʜʘ ʩʫ ʤʠʢʨʦʣʝʛʠʨʘʥʠ 
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ʩ ʥʠʦʙʠʿʫʤʦʤ, ʚʘʥʘʜʠʿʫʤʦʤ, ʪʠʪʘʥʠʿʫʤʦʤ ʠʣʠ ʥʝʢʠʤ ʜʨʫʛʠʤ ʤʠʢʨʦʣʝʛʠʨʘʿʫ˂ʠʤ 

ʝʣʝʤʝʥʪʦʤ. ʈʘʟʣʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʫʦʙʠʯʘʿʝʥ ʩʘʩʪʘʚ ʢʦʥʩʪʨʫʢʮʠʿʩʢʠʭ ʯʝʣʠʢʘ ʿʝ ʫ 

ʨʝʣʘʪʠʚʥʦ ʥʠʩʢʦʤ ʩʘʜʨʞʘʿʫ ʫʛˀʝʥʠʢʘ ʠ ʜʦʜʘʪʢʫ ʤʠʢʨʦʣʝʛʠʨʘʿʫ˂ʝʛ ʝʣʝʤʝʥʪʘ.  

ʆʩʥʦʚʥʠ ʧʨʦʙʣʝʤ ʧʨʠ ʩʧʘʿʘˁʫ ʤʝʪʘʣʘ ʠ ʣʝʛʫʨʘ ʿʝ ʟʘʚʘʨˀʠʚʦʩʪ (ʣʝʤˀʠʚʦʩʪ ʠ 

ʣʝʧˀʠʚʦʩʪ), ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʩʢʣʦʥʦʩʪ ʢʘ ʥʘʩʪʘʿʘˁʫ ʧʨʩʣʠʥʘ ʫʩʣʝʜ ʩʪʨʫʢʪʫʨʥʠʭ 

ʧʨʝʦʙʨʘʞʘʿʘ ʠ ʦʙʨʘʟʦʚʘˁʘ ʥʦʚʠʭ ʬʘʟʘ ʫʩʣʝʜ ʜʝʿʩʪʚʘ ʩʧʦˀʥʠʭ ʥʘʧʨʝʟʘˁʘ ʦʜʥʦʩʥʦ 

ʩʦʧʩʪʚʝʥʠʭ ʥʘʧʦʥʘ ʠʟʘʟʚʘʥʠʭ ʪʝʭʥʦʣʦʰʢʠʤ ʧʨʦʮʝʩʦʤ. ʊʝʭʥʦʣʦʛʠʿʫ ʟʘʚʘʨʠʚʘˁʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʜʨʫʛʝ ʪʝʭʥʦʣʦʛʠʿʝ ʧʨʘʪʝ ʟʥʘʪʥʦ ʚʝ˂ʠ ʩʦʧʩʪʚʝʥʠ ʥʘʧʘʥʠ ʠ ʜʝʬʦʨʤʘʮʠʿʝ, 

ʥʘʨʦʯʠʪʦ ʧʨʠ ʟʘʚʘʨʠʚʘˁʫ ʜʝʣʦʚʘ ʚʝ˂ʠʭ ʜʝʙˀʠʥʘ ʠ ʧʨʠʤʝʥʝ ʨʘʟʣʠʯʠʪʠʭ ʜʦʜʘʪʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ. ʆʩʥʦʚʥʠ ʧʨʦʙʣʝʤʠ ʟʘʚʘʨˀʠʚʦʩʪʠ ʤʝʪʘʣʘ ʠ ʣʝʛʫʨʘ ʩʚʦʜʝ ʩʝ ʥʘ ˁʠʭʦʚʘ 

ʩʚʦʿʩʪʚʘ ʢʦʿʘ ʩʝ ʪʨʘʞʝ ʧʦʩʣʝ ʟʘʚʘʨʠʚʘˁʘ. ʂʦʥʘʯʥʘ ʩʚʦʿʩʪʚʘ ʟʘ ʜʘʪʠ ʤʘʪʝʨʠʿʘʣ 

ʟʘʚʠʩʝ ʦʜ ʧʨʦʮʝʩʘ ʠ ʧʦʿʘʚʘ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫ ʦʩʥʦʚʥʠʤ ʟʦʥʘʤʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ:  

- ʫ ʰʘʚʫ, ʛʜʝ ʩʝ ʤʘʪʝʨʠʿʘʣ ʧʦʪʧʫʥʦ ʪʦʧʠ ʠ ʤʝʰʘ ʩʘ ʜʦʜʘʪʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʘ ʟʘʪʠʤ 

ʦʯʚʨʰ˂ʘʚʘ, 

- ʫ ʧʨʝʣʘʟʥʦʿ ʟʦʥʠ - ʟʦʥʠ ʩʪʘʧʘˁʘ - ʧʦʣʫʠʩʪʦʧˀʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ,  

- ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ (ɿʋʊ), ʛʜʝ ʩʝ ʦʩʥʦʚʥʠ ʤʘʪʝʨʠʿʘʣ ʤʝˁʘ ʫʩʣʝʜ ʟʘʛʨʝʚʘˁʘ ʠ 

ʭʣʘʹʝˁʘ ʫ ʯʚʨʩʪʦʤ ʘʛʨʝʛʘʪʥʦʤ ʩʪʘˁʫ.  

    ʅʘʿʚʘʞʥʠʿʠ ʜʝʦ ʧʨʠ ʝʢʩʧʣʦʘʪʘʮʠʿʠ ʥʘ ʢʦʿʠ ʿʝ ʧʦʪʨʝʙʥʦ ʦʩʚʨʥʫʪʠ ʩʝ ʿʝ ʢʚʘʣʠʪʝʪ 

ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ, ʟʘʪʠʤ ʢʦʥʪʨʦʣʘ ʠ ʨʝʤʦʥʪ ʟʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ. ʇʨʦʿʝʢʪʦʚʘˁʝ 

ʯʝʣʠʯʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʚʨʰʠ ʩʝ ʢʦʨʠʰ˂ʝˁʝʤ ʰʪʦ ʤʘˁʝ ʤʘʩʝ ʤʘʪʝʨʠʿʘʣʘ ʢʘʢʦ ʩʝ 

ʥʝ ʙʠ ʫʛʨʦʟʠʣʘ ʣʦʢʘʣʥʘ ʩʠʛʫʨʥʦʩʪ ʢʦʥʩʪʨʫʢʮʠʿʝ. ʅʘʧʦʥ ʪʝʯʝˁʘ ʢʘʦ ʧʘʨʘʤʝʪʘʨ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʪʝ ʢʦʥʩʪʨʫʢʮʠʿʘ ʤʘˁʝ ʤʘʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʠʤʝʥʫ ʯʝʣʠʢʘ ʚʝ˂ʝʛ 

ʥʘʧʦʥʘ ʪʝʯʝˁʘ, ʰʪʦ  ʨʝʰʘʚʘ ʧʨʦʙʣʝʤʘ ˁʠʭʦʚʝ ʟʘʚʘʨˀʠʚʦʩʪʠ [56]. 

 

 

4.1.1 ʍʝʪʝʨʦʛʝʥʦʩʪ ʤʝʭʘʥʠʯʢʠʭ ʦʩʦʙʠʥʘ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ  

 

ʄʝʪʦʜʝ ʟʘ ʧʨʦʮʝʥʫ ʢʦʥʩʪʨʫʢʮʠʦʥʠʭ ʛʨʝʰʘʢʘ ʫ ʭʦʤʦʛʝʥʦʤ ʤʘʪʝʨʠʿʘʣʫ, ʩʘʤʠʤ 

ʪʠʤ ʠ ʦʮʝʥʘ ʠʥʪʝʛʨʠʪʝʪʘ ʢʦʥʩʪʨʫʢʮʠʿʘ ʭʦʤʦʛʝʥʠʭ ʩʪʨʫʢʪʫʨʘ, ʜʝʪʘˀʥʦ ʩʫ 

ʨʘʟʨʘʹʝʥʠ ʠ ʜʘʪʠ ʫ ʬʦʨʤʠ ʧʨʠʨʫʯʥʠʢʘ. 
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ʇʨʦʙʣʝʤ ʥʘʩʪʘʿʝ ʢʘʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʦʮʝʥʠʪʠ ʠʥʪʝʛʨʠʪʝʪ ʟʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ʟʙʦʛ 

ʠʟʨʘʟʠʪʝ ʥʝʭʦʤʦʛʝʥʦʩʪʠ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʿʘʣʘ ʫʛʨʘʹʝʥʦʛ ʫ ʢʦʥʩʪʨʫʢʮʠʿʫ. ʅʘ 

ʧʦʥʘʰʘˁʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ (ɿʉ) ʩʘ ʧʨʩʣʠʥʦʤ ʫʪʠʯʝ ʚʠʰʝ ʯʠʥʠʣʘʮʘ: [59] 

ī ʭʝʪʝʨʦʛʝʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ - ʤʝʪʘʣ ʰʘʚʘ (ʄʐ), ʟʦʥʘ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ (ɿʋʊ), 

ʦʩʥʦʚʥʠ ʤʝʪʘʣ (ʆʄ), ī ʟʘʦʩʪʘʣʠ ʥʘʧʦʥʠ (ʫʩʣʝʜ ʟʘʚʘʨʠʚʘˁʘ ʠ ʛʝʦʤʝʪʨʠʿʩʢʠʭ 

ʥʝʩʘʚʨʰʝʥʦʩʪʠ),  

ī ʦʤʝʪʝʥʘ ʜʝʬʦʨʤʘʮʠʿʘ  

ī ʥʝʩʘʚʨʰʝʥʦʩʪ ʛʝʦʤʝʪʨʠʿʝ (ʦʜʥʦʩ ʜʠʤʝʥʟʠʿʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ, ʰʠʨʠʥʝ ʤʝʪʘʣʘ 

ʰʘʚʘ ʠ ʜʫʞʠʥʝ ʠ ʜʫʙʠʥʝ ʧʦʚʨʰʠʥʩʢʝ ʧʨʩʣʠʥʝ).  

ʂʘʜʘ ʨʘʟʤʘʪʨʘʤʦ ʩʠʛʫʨʥʦʩʪ ʠ ʧʦʫʟʜʘʥʦʩʪ ʪʘʢʚʦʛ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʠʟʣʦʞʝʥʦʛ 

ʜʝʣʦʚʘˁʫ ʩʧʦˀʘʰˁʝʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʧʨʦʙʣʝʤʫ ʧʨʩʣʠʥʘ ʪʨʝʙʘ ʧʨʠ˂ʠ ʩʘ ʜʚʘ ʘʩʧʝʢʪʘ: 

ʥʘʿʧʨʝ ʪʨʝʙʘ ʦʪʢʨʠʪʠ ʧʨʩʣʠʥʫ (ʠ ʜʨʫʛʝ ʛʨʝʰʢʝ), ʦʜʨʝʜʠʪʠ ˁʝʥʫ ʚʝʣʠʯʠʥʫ ʠ 

ʧʦʣʦʞʘʿ, ʘ ʧʦʪʦʤ ʦʮʝʥʠʪʠ ʟʥʘʯʘʿ ʧʦʩʪʦʿʝ˂ʝ ʧʨʩʣʠʥʝ ʟʘ ʩʠʛʫʨʘʥ ʨʘʜ ʟʘʚʘʨʝʥʝ 

ʢʦʥʩʪʨʫʢʮʠʿʝ, [58], ʘ ʩʚʝ ʫ ʩʢʣʘʜʫ ʩʘ ʪʠʤ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʰʪʦ ʙʦˀʠ ʝʢʦʥʦʤʩʢʠ 

ʝʬʝʢʘʪ. 

 

4.1.2 ɿʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ʠ ʦʮʝʥʘ ˁʠʭʦʚʝ ʩʠʛʫʨʥʦʩʪʠ ʫ ʨʘʜʫ  

 

ɿʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ʟʘʫʟʠʤʘʿʫ ʚʘʞʥʦ ʤʝʩʪʦ ʫ ʩʘʚʨʝʤʝʥʦʿ ʠʥʜʫʩʪʨʠʿʩʢʦʿ 

ʧʨʦʠʟʚʦʜˁʠ. ɼʦ ˁʠʭʦʚʝ ʤʘʩʦʚʥʝ ʧʨʠʤʝʥʝ ʜʦʰʣʦ ʩʝ ʨʘʟʚʦʿʝʤ ʧʦʩʪʫʧʘʢʘ 

ʟʘʚʘʨʠʚʘˁʘ ʩ ʿʝʜʥʝ ʩʪʨʘʥʝ, ʠ ʨʘʟʚʦʿʝʤ ʯʝʣʠʢʘ ʧʦʛʦʜʥʠʭ ʦʩʦʙʠʥʘ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ. 

ʋʚʦʹʝˁʝ ʠ ʨʘʟʚʦʿ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʩʫ ʦʜ ʩʘʤʦʛ ʧʦʯʝʪʢʘ ʧʨʘ˂ʝʥʠ 

ʥʝʧʦʚʝʨʝˁʝʤ ʫ ˁʠʭʦʚʫ ʝʢʩʧʣʦʘʪʘʮʠʿʩʢʫ ʩʠʛʫʨʥʦʩʪ, ʧʘ ʩʫ ʩʝ, ʩʘ ʨʘʟʚʦʿʝʤ ʧʦʩʪʫʧʘʢʘ 

ʟʘʚʘʨʠʚʘˁʘ, ʧʘʨʘʣʝʣʥʦ ʨʘʟʚʠʿʘʣʠ ʠ ʧʦʩʪʫʧʮʠ ʟʘ ʦʮʝʥʫ ʩʠʛʫʨʥʦʩʪʠ ʟʘʚʘʨʝʥʠʭ 

ʩʧʦʿʝʚʘ [56]. 

ʇʨʦʙʣʝʤ ʢʚʘʣʠʪʝʪʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʦʩʪʘʿʝ ʥʘʿʚʘʞʥʠʿʠ ʜʝʦ ʥʘ ʢʦʿʠ ʩʝ ʦʙʨʘ˂ʘ 

ʧʘʞˁʘ ʧʨʠ ʝʢʩʧʣʦʘʪʘʮʠʿʠ ʠ ʢʦʥʪʨʦʣʠ ʠ ʨʝʤʦʥʪʫ ʟʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ. ɹʝʟ 

ʦʙʟʠʨʘ ʥʘ ʭʘʚʘʨʠʿʝ ʢʦʿʝ ʩʫ ʧʨʝʪʨʧʝʣʝ, ʧʨʠʤʝʥʘ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʧʦʩʪʘʿʝ ʩʚʝ 

ʠʥʪʝʥʟʠʚʥʠʿʘ, ʘ ʨʘʟʚʦʿ ʩʝ ʫʩʤʝʨʘʚʘ ʥʘ ʧʦʩʪʫʧʢʝ ʟʘʚʘʨʠʚʘˁʘ, ʜʦʜʘʪʥʝ ʤʘʪʝʨʠʿʘʣʝ ʟʘ 

ʟʘʚʘʨʠʚʘˁʝ, ʫʩʘʚʨʰʘʚʘˁʝ ʧʦʩʪʫʧʘʢʘ ʢʦʥʪʨʦʣʝ ʢʚʘʣʠʪʝʪʘ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ, ʨʘʟʚʦʿ 

ʠ ʫʚʦʹʝˁʝ ʥʦʚʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʢʘʦ ʠ ʩʚʝ ʜʝʪʘˀʥʠʿʝ ʧʦʩʪʫʧʢʝ ʧʨʦʨʘʯʫʥʘ.  

ɿʘʭʪʝʚ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʯʝʣʠʯʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʿʝ ʜʘ ʩʝ ʦʥʝ ʠʟʚʝʜʫ ʫʟ ʫʪʨʦʰʘʢ 

ʰʪʦ ʤʘˁʝ ʤʘʩʝ ʤʘʪʝʨʠʿʘʣʘ, ʘ ʜʘ ʧʨʠʪʦʤ ʥʝ ʙʫʜʫ ʫʛʨʦʞʝʥʝ ʥʠ ʦʧʰʪʘ ʥʠ ʣʦʢʘʣʥʘ 
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ʩʠʛʫʨʥʦʩʪ ʢʦʥʩʪʨʫʢʮʠʿʝ. ʂʘʦ ʧʘʨʘʤʝʪʘʨ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ, ʿʦʰ ʫʚʝʢ ʩʝ ʢʦʨʠʩʪʠ 

ʥʘʧʦʥ ʪʝʯʝˁʘ, ʩʪʦʛʘ ʢʦʥʩʪʨʫʢʮʠʿʘ ʤʘˁʝ ʤʘʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʠʤʝʥʫ ʯʝʣʠʢʘ ʚʝ˂ʝʛ 

ʥʘʧʦʥʘ ʪʝʯʝˁʘ, ʘ ʫʚʦʹʝˁʝ ʪʘʢʚʠʭ ʯʝʣʠʢʘ ʫʩʣʦʚˀʘʚʘ ʨʝʰʘʚʘˁʝ ʧʨʦʙʣʝʤʘ ˁʠʭʦʚʝ 

ʟʘʚʘʨˀʠʚʦʩʪʠ. ʀʟ ʪʦʛʘ ʧʨʦʠʟʠʣʘʟʠ ʜʘ ʩʝ ʠʟʙʦʨ ʯʝʣʠʢʘ ʟʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ 

ʩʚʦʜʠ ʥʘ ʦʧʪʠʤʘʣʥʦ ʨʝʰʝˁʝ ʫ ʧʦʛʣʝʜʫ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʿʝ, ˁʝʥʝ 

ʤʘʩʝ, ʩʠʛʫʨʥʦʩʪʠ ʫ ʝʢʩʧʣʦʘʪʘʮʠʿʠ ʠ ʧʨʠʢʣʘʜʥʦʩʪʠ ʟʘ ʟʘʚʘʨʠʚʘˁʝ. [56] 

 

4.1.3. ʆʮʝʥʘ ʩʠʛʫʨʥʦʩʪʠ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ 

 

   ʉʠʛʫʨʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʿʘ ʫ ʪʦʢʫ ʨʘʜʘ ʤʦʞʝ ʩʝ ʩʘʛʣʝʜʘʪʠ ʢʘʦ:  

1. ʄʘʪʝʨʠʿʘʣ ʭʦʤʦʛʝʥʝ ʩʪʨʫʢʪʫʨʝ, ʢʘʜʘ ʫ ˁʝʤʫ ʥʝʤʘ ʛʨʝʰʘʢʘ, ʠʟʣʦʞʝʥ ʿʝ 

ʫʥʠʬʦʨʤʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ. ʉʠʛʫʨʥʦʩʪ ʢʦʥʩʪʨʫʢʮʠʿʝ ʧʦʩʪʠʞʝ ʩʝ ʘʢʦ ʿʝ ʥʘʿʚʝ˂ʠ 

ʥʘʧʦʥ ʢʦʿʠ ʜʝʣʫʿʝ ʥʘ ʥʝʢʫ ʢʦʤʧʦʥʝʥʪʫ ʢʦʥʩʪʨʫʢʮʠʿʝ ʤʘˁʠ ʦʜ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʦʩʦʙʠʥʝ ʤʘʪʝʨʠʿʘʣʘ, ʥʘʿʯʝʰ˂ʝ ʥʘʧʦʥʘ ʪʝʯʝˁʘ, ʦʜʨʝʹʝʥʦʛ ʘʢʩʠʿʘʣʥʠʤ ʟʘʪʝʟʘˁʝʤ 

ʝʧʨʫʚʝʪʝ. ʋʚʦʜʠ se ʩʪʝʧʝʥ ʩʠʛʫʨʥʦʩʪʠ ʢʦʿʠ ʦʙʝʟʙʝʹʫʿʝ ʜʘ ʨʘʜʥʠ ʥʘʧʦʥ ʙʫʜʝ ʤʘˁʠ 

ʦʜ ʥʘʧʦʥʘ ʪʝʯʝˁʘ.  

2. ʄʘʪʝʨʠʿʘʣ ʭʝʪʝʨʦʛʝʥʝ ʩʪʨʫʢʪʫʨʝ ʙʝʟ ʛʨʝʰʘʢʘ ʘ ʨʘʟʣʠʯʠʪʠʭ ʦʩʦʙʠʥʘ ˁʝʛʦʚʠʭ 

ʢʦʥʩʪʠʪʫʝʥʘʪʘ (ʩʣʫʯʘʿ ɿʉ), ʠʟʣʦʞʝʥ ʫʥʠʬʦʨʤʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ, ʘʢʦ ʩʝ ʢʘʦ 

ʤʝʨʦʜʘʚʘʥ ʤʘʪʝʨʠʿʘʣ ʫʟʤʝ ʩʪʨʫʢʪʫʨʘ ʤʘʪʝʨʠʿʘʣʘ ʥʘʿʥʠʞʠʭ ʤʝʭʘʥʠʯʢʠʭ ʦʩʦʙʠʥʘ, 

ʪada ʩe ʩʠʛʫʨʥʦʩʪ ʢʦʥʩʪʨʫʢʮʠʿʝ ʩʝ ʩʚʦʜʠ ʥʘ ʚʘʨʠʿʘʥʪʫ 1.  

3. ʄʘʪʝʨʠʿʘʣ ʭʦʤʦʛʝʥʝ ʩʪʨʫʢʪʫʨʝ ʠ ʤʝʭʘʥʠʯʢʠʭ ʦʩʦʙʠʥʘ, ʩʘ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʦʤ ʫ 

ʚʠʜʫ ʧʨʩʣʠʥʝ. ʉʠʛʫʨʥʦʩʪ ʢʦʥʩʪʨʫʢʮʠʿʝ ʩʝ ʤʦʞʝ ʦʮʝʥʠʪʠ ʧʨʠʩʪʫʧʦʤ ʣʠʥʝʘʨʥʦ 

ʝʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ (ʃɽʄʃ), ʢʘʜʘ ʩʝ ʦʢʦ ʚʨʭʘ ʧʨʩʣʠʥʝ ʨʘʟʚʠʿʘ ʚʨʣʦ ʤʘʣʘ 

ʧʣʘʩʪʠʯʥʦ ʜʝʬʦʨʤʠʩʘʥʘ ʟʦʥʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʠʤʝʥʟʠʿʘʤʘ ʢʦʤʧʦʥʝʥʪʝ ʠ ʚʝʣʠʯʠʥʦʤ 

ʧʨʩʣʠʥʝ, ʠʣʠ, ʧʘʢ, ʧʨʠʩʪʫʧʦʤ ʝʣʘʩʪʦ-  ʧʣʘʩʪʠʯʥʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ (ɽʇʄʃ), ʢʘʜʘ ʿʝ 

ʧʣʘʩʪʠʯʥʦ ʜʝʬʦʨʤʠʩʘʥʘ ʟʦʥʘ ʚʝʣʠʢʘ.  

4. ʄʘʪʝʨʠʿʘʣ ʭʝʪʝʨʦʛʝʥʝ ʩʪʨʫʢʪʫʨʝ, ʢʦʿʫ ʢʘʨʘʢʪʝʨʠʰʫ ʨʘʟʣʠʢʝ ʫ ʤʝʭʘʥʠʯʢʠʤ 

ʦʩʦʙʠʥʘʤʘ, ʩʘ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʦʤ ʪʠʧʘ ʧʨʩʣʠʥʝ (ʥʘ ʧʨʠʤʝʨ, ʫ ɿʉ). ɿʘ ʦʮʝʥʫ 

ʩʠʛʫʨʥʦʩʪʠ ʪʘʢʚʝ ʢʦʥʩʪʨʫʢʮʠʿʝ   ʧʦʪʨʝʙʥʦ ʿʝ ʧʦʟʥʘʚʘʪʠ ʤʝʭʘʥʠʯʢʝ ʦʩʦʙʠʥʝ ʠ 

ʦʪʧʦʨʥʦʩʪ ʧʨʝʤʘ ʧʨʩʣʠʥʘʤʘ ʤʝʨʦʜʘʚʥʠʭ ʩʪʨʫʢʪʫʨʘ, ʘ ʪʦ ʩʫ ʩʪʨʫʢʪʫʨʝ ʫ ʢʦʿʠʤʘ ʩʝ 

ʥʘʣʘʟʠ ʚʨʭ ʧʨʩʣʠʥʝ ʠ ʩʪʨʫʢʪʫʨʝ ʢʨʦʟ ʢʦʿʝ ˂ʝ ʩʝ ʧʨʩʣʠʥʘ ʨʘʟʚʠʿʘʪʠ. [56] 
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4.2. ʊʝʦʨʠʿʩʢʘ ʘʥʘʣʠʟʘ ʫʪʠʮʘʿʘ ʤʠʩʤʝʯʠʥʛʘ  

ʂʘʦ ʰʪʦ ʿʝ ʥʝʤʦʛʫ˂ʝ ʠʟʙʝ˂ʠ ʛʨʝʰʢʝ ʫ ɿʉ, ʥʝʤʦʛʫ˂ʝ ʿʝ ʠ ʥʝ ʨʘʯʫʥʘʪʠ ʩʘ 

ʭʝʪʝʨʦʛʝʥʦʰ˂ʫ ʤʘʪʝʨʠʿʘʣʘ ɿʉ, ʧʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʜʘ ʩʝ ʫʪʠʮʘʿʫ ʭʝʪʝʨʦʛʝʥʦʩʪʠ ʥʘ 

ʠʥʪʝʛʨʠʪʝʪ ʟʘʚʘʨʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ʧʦʩʚʝʪʠ ʜʫʞʥʘ ʧʘʞˁʘ. ʋ ʧʨʘʢʪʠʯʥʦʤ ʩʤʠʩʣʫ, 

ʫʪʠʮʘʿ ʭʝʪʝʨʦʛʝʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʩʝ ʥʘʿʯʝʰ˂ʝ ʩʚʦʜʠ ʥʘ ʫʪʠʮʘʿ ʤʠʩʤʝʯʠʥʛʘ,[59], 

ʦʜʥʦʩʥʦ ʥʘ ʫʪʠʮʘʿ ʨʘʟʣʠʢʝ ʥʘʧʦʥʘ ʪʝʯʝˁʘ ʤʝʪʘʣʘ ʰʘʚʘ ʠ ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ. 

ʅʘʿʯʝʰ˂ʝ ʩʝ ʩʤʘʪʨʘ ʜʘ ʩʝ ʫʪʠʮʘʿ ʭʝʪʝʨʦʛʝʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʧʨʚʝʥʩʪʚʝʥʦ ʦʜʨʘʞʘʚʘ 

ʥʘ ʦʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʨʘʩʪ ʧʨʩʣʠʥʝ (ʞʠʣʘʚʦʩʪ ʣʦʤʘ), ʘ ʜʘ ʤʠʩʤʝʯʠʥʛ ʫʪʠʯʝ 

ʥʘ ʩʠʣʫ ʨʘʩʪʘ ʧʨʩʣʠʥʝ.  

ʂʦʜ ʦʚʝʨʤʝʯʠʥʛʘ ʧʣʘʩʪʠʯʥʘ ʜʝʬʦʨʤʘʮʠʿʘ ʧʨʦʩʪʠʨʝ ʩʝ ʩʘʤʦ ʫ ʆʄ, ʰʪʦ ʿʝ ʧʦ 

ʧʨʘʚʠʣʫ ʧʦʚʦˀʥʠʿʘ ʚʘʨʠʿʘʥʪʘ ʿʝʨ ʆʄ ʠʤʘ ʤʘˁʝ ʛʨʝʰʘʢʘ ʠʣʠ ʟʘʭʚʘʪʘ ʦʙʝ ʦʙʣʘʩʪʠ 

ʜʦʢ ʩʝ ʧʨʠ ʘʥʜʝʨʤʝʯʠʥʛʫ ʧʣʘʩʪʠʯʥʘ ʜʝʬʦʨʤʘʮʠʿʘ ʤʦʞʝ ʜʘ ʩʝ ʦʛʨʘʥʠʯʠ ʥʘ ʤʝʪʘʣ 

ʰʘʚʘ ʠʣʠ ʤʦʞʝ ʜʘ ʩʝ ʰʠʨʠ ʠ ʧʦ ʜʝʣʫ ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ. Oʚʝʨʤʝʯʠʥʛ ʩʧʦʿ ʙʝʟ 

ʧʨʩʣʠʥʘ (ʥʘ ʧʨʠʤʝʨ ʢʦʜ ʥʠʩʢʦʣʝʛʠʨʘʥʠʭ ʯʝʣʠʢʘ ʧʦʚʠʰʝʥʝ ʯʚʨʩʪʦ˂ʝ) ʥʝʢʘʜʘ ʿʝ 

ʪʝʰʢʦ ʥʘʧʨʘʚʠʪʠ ʧʘ ʿʝ ʘʥʜʝʨʤʝʯʠʥʛ ʿʝʜʠʥʦ ʧʨʝʦʩʪʘʣʦ ʨʝʰʝˁʝ. Oʜʛʦʚʦʨʥʠ ɿʉ 

ʟʘʭʪʝʚʘʿʫ ʫʧʦʨʝʜʥʫ ʘʥʘʣʠʟʫ ʦʙʝ ʚʘʨʠʿʘʥʪʝ. ʉʠʣʘ ʪʝʯʝˁʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʦʜʛʦʚʘʨʘ 

ʤʠʥʠʤʘʣʥʦʿ ʚʨʝʜʥʦʩʪʠ ʩʠʣʝ ʫ ʦʙʘ ʩʣʫʯʘʿʘ [61]. 

ʋʪʠʮʘʿ ʤʠʩʤʝʯʠʥʛʘ ʠ ʭʝʪʝʨʦʛʝʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʥʠʿʝ ʫʚʝʢ ʤʦʛʫ˂ʝ ʨʘʟʜʚʦʿʠʪʠ. 

ʅʝʩʠʤʝʪʨʠʯʥʦ ʦʪʚʘʨʘˁʝ ʫʩʪʘ ʠ ʚʨʭʘ ʧʨʩʣʠʥʝ ʤʦʞʝ ʩʝ ʩʤʘʪʨʘʪʠ ʥʘ ʧʨʚʦʤ ʤʝʩʪʫ 

ʫʪʠʮʘʿʝʤ ʤʠʩʤʝʯʠʥʛʘ ʿʝʨ ʩʝ ʟʘ ʠʨʘʯʫʥʘʚʘˁʝ ʦʪʚʘʨʘˁʘ ʚʨʭʘ ʧʨʩʣʠʥʝ (CTOD) ʫʟʠʤʘ 

ʢʦʣʠʯʥʠʢ ʥʘʧʦʥʘ ʪʝʯʝˁʘ OM ʠ Mʐ. [61]  

ʋʧʦʪʨʝʙʘ ʢʦʥʩʪʨʫʢʮʠʦʥʠʭ ʯʝʣʠʢʘ ʚʠʩʦʢʝ ʯʚʨʩʪʦ˂ʝ ʦʤʦʛʫ˂ʘʚʘ ʟʥʘʯʘʿʥʝ ʫʰʪʝʜʝ ʫ 

ʪʨʦʰʢʦʚʠʤʘ ʥʘʙʘʚʢʝ, ʧʨʦʠʟʚʦʜˁʝ, ʫʛʨʘʜˁʝ ʠ ʠʩʧʠʪʠʚʘˁʘ ʟʘʚʘʨʝʥʠʭ ʯʝʣʠʯʥʠʭ 

ʢʦʥʩʪʨʫʢʮʠʿʘ. ʋʧʨʘʚʦ ʯʝʣʠʢ ʢʣʘʩʝ ʯʚʨʩʪʦ˂ʝ Rp0,2 > 690 MPa ʦʤʦʛʫ˂ʘʚʘ ʠ ʜʦ ʜʚʘ 

ʧʫʪʘ ʚʝ˂ʫ ʫʰʪʝʜʫ ʫ ʫʢʫʧʥʠʤ ʪʨʦʰʢʦʚʠʤʘ. ʀʧʘʢ, ʫʧʦʪʨʝʙʫ ʦʚʦʛʘ ʯʝʣʠʢʘ ʧʨʘʪʝ ʠ 

ʦʜʨʝʹʝʥʠ ʧʨʦʙʣʝʤʠ ʫ ʦʛʨʘʥʠʯʝˁʠʤʘ ʧʦʩʪʘʚˀʝʥʠʤ ʫ ʧʨʦʿʝʢʪʥʠʤ ʩʪʘʥʜʘʨʜʠʤʘ 

(ʢʦʜʦʚʠʤʘ) ʫ ʧʦʛʣʝʜʫ ʥʝʧʦʚʦˀʥʦʛ ʦʜʥʦʩʘ ʥʘʧʦʥʘ ʪʝʯʝˁʘ ʠ ʟʘʪʝʟʥʝ ʯʚʨʩʪʦ˂ʝ, 

ʩʤʘˁʝʥʝ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʟʘʪʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʧʦʧʫʰʪʝʥʝ ʤʘʨʪʝʥʟʠʪʥʝ ʩʪʨʫʢʪʫʨʝ, 

ʧʦʚʝ˂ʘʥʦʛ ʫʛˀʠʢʦʚʦʛ ʝʢʚʠʚʘʣʝʥʪʘ, ʪʝ ʩʢʣʦʥʦʩʪʠ ʢʘ ʭʣʘʜʥʠʤ ʧʨʩʣʠʥʘʤʘ. ɿʘʪʦ ʿʝ 

ʢʦʜ ʦʚʝ ʢʣʘʩʝ ʯʝʣʠʢʘ ʧʦʪʨʝʙʥʦ ʠʟʚʦʜʠʪʠ ʥʝʰʪʦ ʰʠʨʘ ʠʩʧʠʪʠʚʘˁʘ ʨʘʜʠ ʧʦʫʟʜʘʥʠʿʝ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ. 
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ʋʧʦʪʨʝʙʦʤ ʯʝʣʠʢʘ ʚʠʩʦʢʝ ʯʚʨʩʪʦ˂ʝ ʩʘ ʥʘʧʦʥʦʤ ʪʝʯʝˁʘ ʚʝ˂ʠʤ ʦʜ 690MPa 

ʤʦʛʫ˂ʝ ʿʝ ʠ ʜʦ ʜʚʘ ʧʫʪʘ ʩʤʘˁʠʪʠ ʤʘʩʫ, ʘ ʪʠʤʝ ʠ ʪʨʦʰʢʦʚʝ ʥʘʙʘʚʢʝ, ʧʨʦʠʟʚʦʜˁʝ, 

ʫʛʨʘʜˁʝ ʠ ʠʩʧʠʪʠʚʘˁʘ ʯʝʣʠʯʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʚʠʩʦʢʦʯʚʨʩʪʠ 

ʯʝʣʠʮʠ ʠʤʘʿʫ ʦʜʨʝʹʝʥʝ ʥʝʧʦʚʦˀʥʝ ʦʩʦʙʠʥʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʯʝʣʠʮʠʤʘ ʥʠʞʝ 

ʯʚʨʩʪʦ˂ʝ. ʊʦ ʩʫ ʧʨʝ ʩʚʝʛʘ ʩʤʘˁʝˁʘ ʧʣʘʩʪʠʯʥʦʩʪ (ʠʣʠ ʜʫʢʪʠʣʥʦʩʪ), ʟʘʭʪʝʚʘʥʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʞʠʣʘʚʦʩʪʠ, ʠ ʙʠʪʥʦ ʩʤʘˁʝʥ ʦʜʥʦʩ ʥʘʧʦʥʘ ʪʝʯʝˁʘ ʠ ʟʘʪʝʟʥʝ 

ʯʚʨʩʪʦ˂ʝ. ʀʘʢʦ ʨʝʣʘʪʠʚʥʦ ʫʩʧʝʰʥʦ ʠʟʚʦʜʠʚʦ, ʟʘʚʘʨʠʚʘˁʝ ʦʚʠʭ ʯʝʣʠʢʘ ʿʝ ʚʠʰʝ 

ʟʘʭʪʝʚʥʦ, ʦʙʟʠʨʦʤ ʥʘ ʧʦʚʠʰʝʥ ʫʛˀʝʥʠʢ, ʤʘʨʪʝʥʟʠʪʥʫ ʩʪʨʫʢʪʫʨʫ, ʠ ʪʠʤʝ ʧʦʚʝ˂ʘʥʫ 

ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʭʣʘʜʥʝ ʧʨʩʣʠʥʝ, ʪʝ ʢʦʥʘʯʥʦ ʧʦʪʨʝʙʫ ʟʘ ʧʨʝʜʛʨʝʘʚʘˁʝʤ ʠʣʠ ʯʘʢ 

ʪʝʨʤʠʯʢʦʤ ʦʙʨʘʜʦʤ ʥʘʢʦʥ ʟʘʚʘʨʠʚʘˁʘ. ʏʝʣʠʮʠ ʠʟʨʘʟʠʪʦ ʚʠʩʦʢʝ ʯʚʨʩʪʦ˂ʝ 

ʫʛʣʘʚʥʦʤ ʥʠʩʫ ʧʨʠʩʫʪʥʠ ʠʣʠ ʯʘʢ ʥʠʩʫ ʜʦʟʚʦˀʝʥʠ ʟʘ ʫʧʦʪʨʝʙʫ ʫ ʜʦʩʪʫʧʥʠʤ 

ʧʨʦʿʝʢʪʥʠʤ ʩʪʘʥʜʘʨʜʠʤʘ ʟʘ ʯʝʣʠʯʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ. ʆʚʦ ʿʝ ʧʦʩʝʙʥʦ ʠʩʪʘʢʥʫʪʦ 

ʦʙʟʠʨʦʤ ʥʘ ˁʠʭʦʚ ʥʝʧʦʚʦˀʘʥ ʦʜʥʦʩ ʥʘʧʦʥʘ ʪʝʯʝˁʘ ʠ ʟʘʪʝʟʥʝ ʯʚʨʩʪʦ˂ʝ. ɱʝʜʠʥʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʞʠʣʘʚʦʩʪʠ ʢʦʿʝ ʩʝ ʢʘʦ ʦʙʘʚʝʟʥʝ ʠ ʿʘʩʥʝ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʧʨʠ 

ʧʨʦʿʝʢʪʦʚʘˁʫ ʦʜʛʦʚʦʨʥʠʭ ʯʝʣʠʯʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫʜʘʨʥʝ 

ʞʠʣʘʚʦʩʪʠ. ʊʘʢʦ, ʜʘ ʙʠ ʩʝ ʩʪʝʢʣʦ ʚʠʰʝ ʩʠʛʫʨʥʦʩʪʠ ʫ ʧʨʠʤʝʥʠ ʚʠʩʦʢʦʯʚʨʩʪʠʭ 

ʯʝʣʠʢʘ, ʩʪʘʥʜʘʨʜʥʘ ʠʩʧʠʪʠʚʘˁʘ ʟʘʪʝʟʘˁʝʤ ʠ ʫʜʘʨʦʤ ʤʦʨʘʿʫ ʙʠʪʠ ʧʨʘ˂ʝʥʘ ʩʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʠʩʧʠʪʠʚʘˁʠʤʘ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ. ʆʚʦ ʿʝ ʧʦʩʝʙʥʦ ʙʠʪʥʦ 

ʦʙʟʠʨʦʤ ʥʘ ʯʠˁʝʥʠʮʫ ʜʘ ʩʫ ʦʜ ʩʢʦʨʘ ʨʘʟʚʠʿʝʥʝ ʚʨʣʦ ʝʬʠʢʘʩʥʝ ʤʝʪʦʜʝ (ʧʨʦʮʝʜʫʨʝ) 

ʧʨʦʮʝʥʝ ʠʥʪʝʛʨʠʪʝʪʘ ʠ ʧʨʦʿʝʢʪʦʚʘˁʘ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʢʦʥʩʪʨʫʢʮʠʿʘ, ʙʘʟʠʨʘʥʝ 

ʥʘ ʧʦʟʥʘʚʘˁʫ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ.[62] 

ʂʘʜʘ ʩʝ CTOD ʤʝʨʠ ʜʠʨʝʢʪʥʦ ʤʦʞʝ ʜʘ ʩʝ ʿʘʚʠ ʧʨʦʙʣʝʤ ʘʣʠ ʫʪʠʮʘʿ ʤʠʩʤʝʯʠʥʛʘ 

ʥʘ ʠʟʤʝʨʝʥʫ ʚʨʝʜʥʦʩʪ ʦʩʪʘʿʝ. ʂʘʜʘ ʠʤʘʤʦ ʦʚʝʨʤʝʯʠʥʛ ʠ ʆʄ, ʫʜʘˀʝʥʘ ʜʝʬʦʨʤʘʮʠʿʘ 

ʜʦʩʪʠʞʝ ʚʝʣʠʢʝ ʚʨʝʜʥʦʩʪʠ, a ʚʨʝʜʥʦʩʪ ɱ ʠʥʪʝʛʨʘʣʘ je ʦʛʨʘʥʠʯʝʥ, ʫ ʦʙʘ ʩʣʫʯʘʿʘ 

ʘʥʜʝʨʤʝʯʠʥʛʘ, ʩʠʪʫʘʮʠʿʘ ʿʝ ʦʙʨʥʫʪʘ-ʫʜʘˀʝʥʘ ʜʝʬʦʨʤʘʮʠʿʘ ʦʛʨʘʥʠʯʝʥʘ, ʘ ɱ 

ʠʥʪʝʛʨʘʣ ʜʦʩʪʠʞʝ ʚʝʣʠʢʝ ʚʨʝʜʥʦʩʪʠ. ʆʚʦ ʿʝ ʣʦʛʠʯʥʘ ʧʦʩʣʝʜʠʮʘ ʢʦʤʙʠʥʦʚʘʥʦʛ 

ʜʝʿʩʪʚʘ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʧʨʩʣʠʥʝ, ʪʘʢʦ ʰʪʦ ʩʝ ʢʦʜ ʦʚʝʨʤʝʯʠʥʛʘ ʧʣʘʩʪʠʯʥʘ 

ʜʝʬʦʨʤʘʮʠʿʘ ʨʘʟʚʠʿʘ ʧʨʚʝʥʩʪʚʝʥʦ ʫ ʆʄ, ʘ ʢʦʜ ʘʥʜʝʨʤʝʯʠʥʛʘ ʫ ʄʐ, ʧʨʠ ʯʝʤʫ 

ʧʨʠʩʫʩʪʚʦ ʧʨʩʣʠʥʝ ʫ ʄʐ ʪʨʦʰʠ ʝʥʝʨʛʠʿʫ ʥʘ ɱ ʠʥʪʝʛʨʘʣ, ʫʤʝʩʪʦ ʥʘ ʨʘʟʚʦʿ 

ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ.[62] 

ɺʝʣʠʢʘ ʧʨʩʣʠʥʘ ʧʨʝʢʨʠʚʘ ʫʪʠʮʘʿ ʤʠʩʤʝʯʠʥʛʘ, ʪʘʢʦ ʜʘ ʜʝʬʦʨʤʘʮʠʿʘ ʦʩʪʘʿʝ 

ʦʛʨʘʥʠʯʝʥʘ, ʘ  ɱ ʠʥʪʝʛʨʘʣ ʜʦʩʪʠʞʝ ʧʦʜʿʝʜʥʘʢʦ ʚʝʣʠʢʝ ʚʨʝʜʥʦʩʪʠ.  
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ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʿʝ ʦʤʦʛʫ˂ʠʣʘ ʢʚʘʥʪʠʪʘʪʠʚʥʫ ʘʥʘʣʠʟʫ ʠʥʪʝʛʨʠʪʝʪʘ ʟʘʚʘʨʝʥʠʭ 

ʢʦʥʩʪʨʫʢʮʠʿʘ.  

ʀʥʪʝʛʨʠʪʝʪ ɿʉ ʦʙʝʟʙʝʹʫʿʫ ʤʘʪʝʨʠʿʘʣ ʜʦʚʦˀʥʝ ʯʚʨʩʪʦ˂ʝ ʠ ʜʦʚʦˀʥʝ ʞʠʣʘʚʦʩʪʠ, 

ʦʛʨʘʥʠʯʝʥ ʥʠʚʦ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʦʛʨʘʥʠʯʝʥʘ ʚʝʣʠʯʠʥʘ ʧʨʩʣʠʥʝ, ʫʢʦʣʠʢʦ ʿʝ ʠʤʘ.  

ʋʩʣʦʚ ʟʘ ʨʘʟʚʦʿ ʣʦʤʘ ʢʘʦ ʦʩʥʦʚʥʘ ʧʦʩʪʘʚʢʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʬʦʨʤʫʣʠʩʘʥ ʿʝ 

ʥʝʿʝʜʥʘʯʠʥʦʤ:  

ʩʠʣʘ ʨʘʟʚʦʿʘ ʧʨʩʣʠʥʝ > ʦʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʧʨʝʤʘ ʧʨʩʣʠʥʘʤʘ                         (4.1)  

ʩʠʣʘ ʨʘʟʚʦʿʘ ʧʨʩʣʠʥʝ = ʬ (ʦʧʪʝʨʝ˂ʝˁʝ, ʛʝʦʤʝʪʨʠʿʩʢʠ ʦʙʣʠʢ ʤʘʰʠʥʩʢʦʛ ʜʝʣʘ, 

ʚʝʣʠʯʠʥʘ, ʛʝʦ-ʤʝʪʨʠʿʘ ʠ ʧʦʣʦʞʘʿ ʛʨʝʰʢʝ) ʦʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʧʨʝʤʘ ʧʨʩʣʠʥʘʤʘ 

(ʩʪʨʫʢʪʫʨʘ ʠ ʦʩʦʙʠʥʝ ʤʘʪʝʨʠʿʘʣʘ, ʨʘʜʥʘ ʪʝʤʧʝʨʘ- ʪʫʨʘ, ʙʨʟʠʥʘ ʜʝʬʦʨʤʘʮʠʿʝ ʠ 

ʦʤʝʪʝʥʘ ʜʝʬʦʨʤʘʮʠʿʘ ïʢʦʥʩʪʨʘʠʥʪ)  

ʃɽʄʃ (ʃʠʥʝʘʨʥʦ ʝʣʘʩʪʠʯʥʘ ʤʝʭʘʥʠʢʘ ʣʦʤʘ) ʢʦʨʠʩʪʠ ʩʝ ʢʦʜ ʩʨʘʟʤʝʨʥʦ ʤʘʣʠʭ 

ʧʣʘʩʪʠʯʥʦ ʜʝʬʦʨʤʠʩʘʥʠʭ ʟʦʥʝ ʫ ʦʢʦʣʠʥʠ ʚʨʭʘ ʧʨʩʣʠʥʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʚʝʣʠʯʠʥʦʤ 

ʤʘʰʠʥʩʢʦʛ ʜʝʣʘ ʠ ʩʘʤʝ ʧʨʩʣʠʥʝ. [63]  

ɻʦʚʦʨʝ˂ʠ ʦ ʃɽʄʃ, ʩʠʣʘ ʨʘʟʚʦʿʘ ʧʨʩʣʠʥʝ ʧʨʝʜʩʪʘʚˀʘ ʩʝ ʬʘʢʪʦʨʦʤ ʠʥʪʝʥʟʠʪʝʪʘ 

ʥʘʧʦʥʘ KI (FIN), a ʦʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʧʨʝʤʘ ʧʨʩʣʠʥʘʤʘ ʢʨʠʪʠʯʥʦʤ ʚʨʝʜʥʦʰ˂ʫ 

ʬʘʢʪʦʨʘ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ KIc, ʥʘʟʚʘʥʦʤ ʿʦʰ ʠ ʞʠʣʘʚʦʩʪ ʣʦʤʘ ʧʨʠ ʨʘʚʥʦʿ 

ʜʝʬʦʨʤʘʮʠʿʠ. 

 

ɸʢʦ ʩʝ ʚʝʣʠʯʠʥʘ ʧʣʘʩʪʠʯʥʦ ʜʝʬʦʨʤʠʩʘʥʝ ʟʦʥʝ ʦʢʦ ʚʨʭʘ ʧʨʩʣʠʥʝ ʥʝ ʤʦʞʝ ʜʘ ʩʝ 

ʟʘʥʝʤʘʨʠ ʫ ʦʜʥʦʩʫ ʥʘ ʚʝʣʠʯʠʥʫ ʧʦʩʤʘʪʨʘʥʦʛ ʤʘʰʠʥʩʢʦʛ ʜʝʣʘ ʧʨʠʤʝˁʫʿʝʤʦ ɽʇʄʃ 

(ɽʣʘʩʪʦʧʣʘʩʪʠʯʥʘ ʤʝʭʘʥʠʢʘ ʣʦʤʘ). [46] 

ɱ ʠʥʪʝʛʨʘʣʦʤ ʠʣʠ ʦʪʚʘʨʘˁʝʤ ʚʨʭʘ ʧʨʩʣʠʥʝ CTOD (Crack Tip Opening 

Displacement) ʧʨʝʜʩʪʘʚˀʘ ʩʝ ʩʠʣʘ ʨʘʟʚʦʿʘ ʧʨʩʣʠʥʝ ʜʦʢ ʿʝ ʦʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ 

ʧʨʝʤʘ ʧʨʩʣʠʥʘʤʘ ʧʨʝʜʩʪʘʚˀʝʥʘ ʢʨʠʪʠʯʥʦʤ ʚʨʝʜʥʦʰ˂ʫ JIc ʥʘʟʚʘʥʦʤ ʤʝʨʦʤ 

ʞʠʣʘʚʦʩʪʠ ʣʦʤʘ ʠʣʠ ʢʨʠʪʠʯʥʠʤ ʦʪʚʘʨʘˁʝʤ ŭc (CTODc). 

ʆʩʥʦʚʥʘ ʨʝʣʘʮʠʿʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʫ ʫʩʣʦʚʠʤʘ ɽʇʄʃ je: 

c

J JIc

CTOD CTOD

²

²
 

4.2 

 

ʈʘʟʚʦʿ ʧʨʩʣʠʥʘ ʫ ʤʘʪʝʨʠʿʘʣʫ ʢʦʜ ʧʫʟʘˁʘ ʠʩʧʠʪʫʿʝ ʩʝ ʥʘ CT (Compact Tension) 

ʝʧʨʫʚʝʪʘʤʘ ʩʘ ʟʘʨʝʟʦʤ, ʧʨʠ ʢʦʥʩʪʘʥʪʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʠ ʢʦʥʩʪʘʥʪʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ.   
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ɿʘʨʝʟ ʥʘ ʝʧʨʫʚʝʪʠ ʩʠʤʫʣʠʨʘ ʧʨʠʩʫʩʪʚʦ ʠʥʠʮʠʿʘʣʥʝ ʧʨʩʣʠʥʝ ʫ ʥʝʦʰʪʝ˂ʝʥʦʤ 

ʤʘʪʝʨʠʿʘʣʫ ʥʘʩʪʘʣʝ ʧʨʠ ʠʟʨʘʜʠ ʢʦʤʧʦʥʝʥʪʝ ʠʣʠ ʥʘʩʪʘʣʝ ʪʦʢʦʤ ʝʢʩʧʣʦʘʪʘʮʠʿʝ 

ʥʝʢʠʤ ʤʝʭʘʥʠʟʤʦʤ ʨʘʟʣʠʯʠʪʠʤ ʦʜ ʧʫʟʘˁʘ (ʥʘ ʧʨʠʤʝʨ ʟʘʤʦʨʦʤ, ʠʣʠ ʥʘʧʦʥʩʢʦʤ 

ʢʦʨʦʟʠʿʦʤ). ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʧʨʫʞʘ ʦʮʝʥʫ ʟʥʘʯʘʿʘ ʠ ʧʨʝʜʚʠʹʘ ʨʘʟʚʦʿ ʪʘʢʚʝ ʧʨʩʣʠʥʝ 

ʫ ʫʩʣʦʚʠʤʘ ʧʫʟʘˁʘ, ʘʣʠ ʥʠʿʝ ʫ ʩʪʘˁʫ ʜʘ ʧʨʫʞʠ ʧʦʫʟʜʘʥʦ ʧʨʝʜʚʠʹʘˁʝ ʨʘʟʚʦʿʘ 

ʧʨʩʣʠʥʝ ʫ ʤʘʪʝʨʠʿʘʣʫ ʭʦʤʦʛʝʥʦ ʦʰʪʝ˂ʝʥʦʤ ʧʨʦʮʝʩʦʤ ʢʘʚʠʪʘʮʠʿʝ ʧʨʠ ʜʝʣʦʚʘˁʫ 

ʧʫʟʘˁʘ. 

 

4.3  ʅʘʩʪʘʿʘˁʝ ʨʘʟʣʠʯʠʪʠʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʜ ʟʘʚʘʨʠʚʘˁʘ 

 

ʂʘʢʦ ʙʠ ʜʝʬʠʥʠʩʘʣʠ ʦʮʝʥʫ ʩʚʦʿʩʪʚʘ ʧʦʿʝʜʠʥʠʭ ʟʦʥʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʤʦʨʘʤʦ 

ʟʥʘʪʠ ʢʘʢʦ ʜʦ ʩʪʚʘʨʘˁʘ ʪʠʭ ʟʦʥʘ ʜʦʣʘʟʠ. ʇʦʩʪʫʧʮʠ ʟʘʚʘʨʠʚʘˁʘ ʤʦʛʫ ʩʝ ʧʦʜʝʣʠʪʠ 

ʥʘ ʧʦʩʪʫʧʢʝ ʟʘʚʘʨʠʚʘˁʘ ʪʦʧˀʝˁʝʤ ʠ ʧʦʩʪʫʧʢʝ ʟʘʚʘʨʠʚʘˁʘ ʧʨʠʪʠʩʢʦʤ. ʈʘʣʠʢʘ ʿʝ ʫ 

ʢʦʣʠʯʠʥʠ ʫʥʝʪʝ ʪʦʧʣʦʪʝ ʫ ʟʦʥʫ ʟʘʚʘʨʠʚʘˁʘ ʢʦʿʘ ʩʝ ʢʦʥʜʫʢʮʠʿʦʤ ʧʨʝʥʦʩʠ ʠ ʥʘ 

ʦʢʦʣʥʠ ʤʘʪʝʨʠʿʘʣ ʢʦʿʠ ʥʝ ʫʯʝʩʪʚʫʿʝ ʜʠʨʝʢʪʥʦ ʫ ʧʨʦʮʝʩʫ ʟʘʚʘʨʠʚʘˁʘʪʝʤʧʝʨʘʪʫʨʘ 

ʟʘʛʨʝʚʘˁʘ ʦʢʦʣʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ ˁʝʛʦʚʘ ʰʠʨʠʥʘ ʨʘʩʪʫ ʧʦʚʝ˂ʘˁʝʤ ʢʦʣʠʯʠʥʝ ʫʥʝʪʝ 

ʪʦʧʣʦʪʝ. 

ʊʦʢʦʤ ʟʘʚʘʨʠʚʘˁʘ, ʦʩʥʦʚʥʠ ʤʘʪʝʨʠʿʘʣ ʥʘʿʙʣʞʠ ʞʣʝʙʫ ʩʝ ʟʘʛʨʝʚʘ ʩʢʦʨʦ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʝ ʪʦʧˀʝˁʘ ʘ ʩʘ ʫʜʘˀʘʚʘˁʝʤ ʦʜ ʠʚʠʮʝ ʞʣʝʙʘ ʪʝʤʧʝʨʘʪʫʨʘ ʦʧʘʜʘ ʩʚʝ ʜʦ 

ʩʣʦʿʘ ʤʘʪʝʨʠʿʘʣʘ ʯʠʿʘ ʩʝ ʪʝʤʧʝʨʘʪʫʨʘ ʫʦʧʰʪʝ ʥʠʿʝ ʤʝˁʘʣʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʫ ʟʦʥʠ 

ʦʩʥʦʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʦʢʦ ʰʘʚʘ ʩʪʚʘʨʘ ʛʨʘʜʠʿʝʥʪ ʪʝʤʧʝʨʘʪʫʨʝ ʫ ʠʥʪʝʨʚʘʣʫ ʦʜ 

ʪʝʤʧʝʨʘʪʫʨʝ ʪʦʧˀʝˁʘ ʧʘ ʜʦ ʙʠʣʦ ʢʦʿʝ ʪʝʤʧʝʨʘʪʫʨʝ ʫ ʟʦʥʠ ʦʩʥʦʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʥʘ 

ʦʜʨʝʹʝʥʦʤ ʨʘʩʪʦʿʘˁʫ ʦʜ ʠʚʠʮʝ ʞʣʝʙʘ. ʇʨʠ ʭʣʘʹʝˁʫ ʩʧʦʿʘ, ʧʦ ʟʘʚʨʰʝʪʢʫ 

ʟʘʚʘʨʠʚʘˁʘ, ʩʚʘʢʘ ʟʦʥʘ ʩʝ ʭʣʘʜʠ ʩʘ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʢʦʿʫ ʿʝ ʧʨʝʪʭʦʜʥʦ ʟʘʛʨʝʿʘʥʘ ʠ ʩʘ 

ʨʘʟʣʠʯʠʪʦʤ ʙʨʟʠʥʦʤ ʭʣʘʹʝˁʘ. ʇʦʰʪʦ ʜʝʦ ʤʘʪʝʨʠʿʘʣʘ ʫ ʦʢʦʣʠʥʠ ʞʣʝʙʘ ʪʨʧʠ 

ʟʘʛʨʝʚʘˁʝ ʠ ʭʣʘʹʝˁʝ ʪʦʢʦʤ ʟʘʚʘʨʠʚʘˁʘ, ʪʦ ʟʥʘʯʠ ʜʘ ʿʝ ʥʝʤʠʥʦʚʥʦ ʦʯʝʢʠʚʘʪʠ ʫ ʪʦʿ 

ʦʙʣʘʩʪʠ, ʥʝʟʘʚʠʩʥʦ ʦʜ ʚʨʩʪʝ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʘ ʩʝ ʟʘʚʘʨʫʿʝ, ʦʜʨʝʹʝʥʝ ʧʨʦʤʝʥʝ ʫ 

ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʠʿʘʣʘ ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʦʩʦʙʠʥʘʤʘ. ʉʪʨʫʢʪʫʨʥʝ ʧʨʦʤʝʥʝ ʢʦʿʝ ʤʦʛʫ ʜʘ 

ʩʝ ʿʘʚʝ ʧʨʠ ʟʘʛʨʝʚʘˁʫ ʠ ʭʣʘʹʝˁʫ ʤʝʪʘʣʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʨʠ ʟʘʚʘʨʠʚʘˁʫ ʩʫ ʨʘʩʪ ʠ 

ʦʛʨʫʙˀʘʚʘˁʝ ʢʨʠʩʪʘʣʥʠʭ ʟʨʥʘ, ʨʝʢʨʠʩʪʘʣʠʟʘʮʠʿʘ, ʘʣʦʪʨʦʧʩʢʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ, 

ʝʫʪʝʢʪʦʠʜʥʦ ʨʘʟʣʘʛʘˁʝ, ʨʘʩʪʚʘʨʘˁʝ ʠ ʪʘʣʦʞʝˁʝ ʩʝʢʫʥʜʘʨʥʠʭ ʬʘʟʘ. ʇʦʨʝʜ 

ʩʪʨʫʢʪʫʨʥʠʭ ʧʨʦʤʝʥʘ ʠ ʜʝʿʩʪʚʘ ʥʘʧʦʥʩʢʦʛ ʠ ʪʝʨʤʠʯʢʦʛ ʛʨʘʜʠʿʝʥʪʘ, ʯʝʩʪʦ ʩʝ, ʫ ʟʦʥʠ 

ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʘ ʿʝ ʧʦʜ ʫʪʠʮʘʿʝʤ ʪʦʧʣʦʪʝ, ʿʘʚˀʘ ʠ ʭʝʤʠʿʩʢʘ ʥʝʭʦʤʦʛʝʥʦʩʪ [64]. 
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ɿʘʚʘʨʠʚʘˁʝ ʤʝʪʘʣʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʿʝ ʧʦʚʝʟʘʥʦ ʩʘ ʧʨʦʪʠʮʘˁʝʤ ʩʣʦʞʝʥʦʛ 

ʢʦʤʧʣʝʢʩʘ ʧʨʦʤʝʥʝ ʬʘʟʥʦʛ ʠ ʩʪʨʫʢʪʫʨʥʦʛ ʩʪʘˁʘ ʤʝʪʘʣʘ ʢʘʦ ʧʦʩʣʝʜʠʮʝ ʫʩʣʦʚʘ 

ʫʥʦʰʝˁʘ ʪʦʧʣʦʪʝ, ʥʝʨʘʚʥʦʤʝʨʥʦʛ ʪʦʧʣʦʪʥʦʛ ʧʦˀʘ, ʣʦʢʘʣʥʠʭ ʟʘʛʨʝʚʘˁʘ, 

ʩʧʝʮʠʬʠʯʥʠʭ ʫʩʣʦʚʘ ʭʣʘʹʝˁʘ, ʠʪʜ. ɺʝʣʠʯʠʥʘ ʙʨʟʠʥʝ ʟʘʛʨʝʚʘˁʘ ʠ ʭʣʘʹʝˁʘ 

ʦʜʨʝʹʫʿʝ ʦʩʦʙʝʥʦʩʪʠ ʧʨʦʪʠʮʘˁʘ ʬʘʟʥʠʭ ʧʨʝʦʙʨʘʞʘʿʘ, ʘ ʧʨʠʩʫʩʪʚʦ ʛʨʘʜʠʿʝʥʪʘ 

ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʥʘʧʦʥʘ ʨʘʟʣʠʯʠʪʦʩʪ ʫ ʧʨʦʮʝʩʠʤʘ ʬʘʟʥʠʭ ʠ ʩʪʨʫʢʪʫʨʥʠʭ 

ʧʨʝʦʙʨʘʞʘʿʘ ʧʦ ʟʦʥʘʤʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʧʝʮʠʬʠʯʥʠ ʧʨʦʮʝʩʠ ʧʨʠ ʟʘʛʨʝʚʘˁʫ ʠ 

ʭʣʘʹʝˁʫ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ ʦʜʨʝʹʫʿʫ ʥʝʢʘ ʙʠʪʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʩʚʦʿʩʪʚʘ 

ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ, ʢʦʿʘ ʫ ʢʨʘʿˁʦʿ ʣʠʥʠʿʠ ʦʜʨʝʹʫʿʫ ˁʝʛʦʚʘ ʝʢʩʧʣʦʘʪʘʮʠʦʥʘ ʩʚʦʿʩʪʚʘ. 

ʂʦʜ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ, ʢʦʿʠ ʩʝ ʦʙʨʘʟʫʿʫ ʟʘʚʘʨʠʚʘˁʝʤ ʪʦʧˀʝˁʝʤ, ʤʦʞʝ ʜʘ ʩʝ 

ʫʦʯʠ ʧʦʩʪʦʿʘˁʝ ʥʝʢʦʣʠʢʦ ʟʦʥʘ ʢʦʿʝ ʩʝ ʨʘʟʣʠʢʫʿʫ ʧʦ ʭʝʤʠʿʩʢʦʤ ʩʘʩʪʘʚʫ, ʤʘʢʨʦ ʠ 

ʤʠʢʨʦ ʩʪʨʫʢʪʫʨʠ ʠ ʧʦ ʜʨʫʛʠʤ ʦʩʦʙʝʥʦʩʪʠʤʘ. ɿʦʥʝ ʢʦʿʝ ʩʝ ʿʘʚˀʘʿʫ ʫ ʟʘʚʘʨʝʥʠʤ 

ʩʧʦʿʝʚʠʤʘ ʩʫ: ʟʦʥʘ ʤʝʪʘʣ ʰʘʚʘ (ʚʘʨ), ʟʦʥʘ ʩʪʘʧʘˁʘ (ʬʫʟʠʦʥʘ ʟʦʥʘ), ʟʦʥʘ ʫʪʠʮʘʿʘ 

ʪʦʧʣʦʪʝ (ɿʋʊ) ʠ ʟʦʥʘ ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ (ʆʄ) [64]. 

ʅʘ ʩʣʠʮʠ 4.2 ʧʨʠʢʘʟʘʥʘ ʿʝ ʤʦʛʫ˂ʠ ʠʟʛʣʝʜ ʧʨʦʬʠʣʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʟʘʚʘʨʝʥʦʛ 

ʩʧʦʿʘ ʩʚʨʩʪʘʥʠʭ ʫ ʿʝʜʥʫ ʦʜ ʧʝʪ ʢʘʪʝʛʦʨʠʿʘ. ʂʦʜ ʧʨʚʝ ʪʨʠ ʢʘʪʝʛʦʨʠʿʝ ʤʝʪʘʣʥʠ ʩʧʦʿ 

ʦʙʨʘʟʫʿʝ ʩʝ ʧʨʠ ʢʦʥʪʘʢʪʫ ʪʝʯʥʦʛ ʠ ʯʚʨʩʪʦʛ ʩʪʘˁʘ ʤʘʪʝʨʠʿʝ ʜʦʢ ʩʝ ʯʝʪʚʨʪʘ ʠ ʧʝʪʘ 

ʢʘʪʝʛʦʨʠʿʘ ʦʩʪʚʘʨʫʿʫ ʧʨʠ ʢʦʥʪʘʢʪʫ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ. 

 

 

ɿʦʥʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ  

 

ʉʣʠʢʘ 4.1 ɿʦʥʝ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ 
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ʉʣʠʢʘ 4.2 ʄʦʛʫ˂ʠ ʠʟʛʣʝʜ ʧʨʦʬʠʣʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ [55]  

 

ʂʦʜ ʩʧʦʿʘ ʪʝʯʥʦ-ʯʚʨʩʪʦ ʤʦʛʫ ʩʝ ʫʦʯʠʪʠ ʯʝʪʠʨʠ ʨʘʟʣʠʯʠʪʝ ʟʦʥʝ ʠ ʪʦ ʥʘʢʦʥ 

ʤʘʢʨʦʥʘʛʨʠʟʘˁʘ ʧʨʝʪʭʦʜʥʦ ʧʨʠʧʨʝʤˀʝʥʦʛ, ʙʨʫʰʝˁʝʤ ʠ ʧʦʣʠʨʘˁʝʤ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ [55] 

Å ɿʦʥʘ ʤʝʪʘʣʘ ʰʘʚʘ (ʟʦʥʘ ʪʦʧˀʝˁʘ) ʦʙʨʘʟʦʚʘʥʘ ʦʯʚʨʰ˂ʘʚʘˁʝʤ ʨʘʩʪʦʧˀʝʥʦʛ 

ʤʝʪʘʣʥʦʛ ʢʫʧʘʪʠʣʘ 

Å ɿʦʥʘ ʩʪʘʧʘˁʘ (ʬʫʟʠʦʥʘ ʟʦʥʘ) ʥʝʧʦʩʨʝʜʥʦ ʘ ʛʨʘʥʠʮʠ ʟʦʥʝ ʪʦʧˀʝˁʘ 

Å ɿʦʥʘ ʫʪʠʮʘʿʘ ʪʦʧʣʪʝ (ɿʋʊ) ʛʜʝ ʩʝ ʿʘʚˀʘʿʫ ʩʪʨʫʢʪʫʨʥʝ ʧʨʦʤʝʥʝ ʫ ʆʄ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʚʨʝʤʝʥʘ ʜʨʞʘˁʘ ʥʘ ʨʝʣʘʪʠʚʥʦ ʚʠʩʦʢʦʿ ʪʝʤʧʝʨʘʪʫʨʝ, ʟʘʪʠʤ ʧʦʩʪʫʧʢʘ 

ʟʘʚʘʨʠʚʘˁʘ ʠ ʨʝʞʠʤʘ ʭʣʘʹʝˁʘ 

Å ɿʦʥʘ ʦʩʥʦʚʥʦʛ ʤʝʪʘʣʘ (ʆʄ) ʢʦʿʠ ʙʠ ʪʨʝʙʘʣʦ ʜʘ ʙʫʜʝ ʩʘ ʥʝʧʨʦʤʝˁʝʥʤ 

ʩʨʪʫʢʪʫʨʦʤ ʠ ʘʢʦ ʦʚʜʝ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʧʦʿʘʚʝ ʟʘʦʩʪʘʣʠʭ ʥʘʧʦʥʘ 

ʉʧʦʿ ʯʚʨʩʪʦ-ʯʚʨʩʪʦ ʦʙʨʘʟʫʿʝ ʩʝ ʫ ʧʨʝʣʘʟʥʦʿ ʟʦʥʠ ʩʘ ʜʝʣʠʤʠʯʥʠʤ ʪʦʧˀʝˁʝʤ ʠʚʠʮʘ 

ʢʦʿʝ ʩʝ ʟʘʚʘʨʫʿʫ ʘʣʠ ʠ ʙʝʟ ˁʠʭʦʚʦʛ ʪʦʧˀʝˁʘ. ɿʦʥʘ ʪʦʧˀʝˁʘ ʧʦʪʧʫʥʦ ʦʜʩʫʩʪʚʫʿʝ ʫ 

ʪʦʤ ʩʣʫʯʘʿʫ ʜʦʢ ɿʋʊ ʩʝ ʤʦʞʝ ʿʘʚʠʪʠ ʧʦʥʝʢʘʜ.[55] 
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4.4. ɻʨʝʰʢʝ ʫ ʠʟʨʘʜʠ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ 

 

 ʇʦʜ ʛʨʝʰʢʘʤʘ ʩʝ ʩʤʘʪʨʘʿʫ ʦʥʝ ʠʥʜʠʢʘʮʠʿʝ ʢʦʿʝ ʧʨʝʣʘʟʝ ʢʨʠʪʝʨʠʿʫʤʝ 

ʧʨʠʭʚʘʪˀʠʚʦʩʪʠ ʟʘ ʧʦʿʝʜʠʥʝ ʪʠʧʦʚʝ ʛʨʝʰʘʢʘ  ʧʘ ʩʝ ʪʘʢʦ ʛʨʝʰʢʝ ʫ ʟʘʚʘʨʝʥʠʤ 

ʩʧʦʿʝʚʠʤʘ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫ ʠʟʨʘʜʠ ʤʦʛʫ ʩʝ ʧʦʜʝʣʠʪʠ ʧʨʝʤʘ:[65] 

1. ʋʟʨʦʢʫ ʥʘʩʪʘʿʘˁʘ: ʢʦʥʩʪʨʫʢʮʠʿʩʢʝ ʛʨʝʰʢʝ, ʤʝʪʘʣʫʨʰʢʝ ʛʨʝʰʢʝ ʠ 

ʪʝʭʥʦʣʦʰʢʝ ʛʨʝʰʢʝ. 

2. ɺʨʩʪʠ: ʧʣʠʥʩʢʠ ʫʢˀʫʯʮʠ, ʫʢˀʫʯʮʠ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ, ʥʘˀʝʧˀʠʚʘˁʝ, 

ʥʝʜʦʩʪʘʪʘʢ ʧʨʦʚʘʨʘ, ʧʨʩʣʠʥʝ ʠ ʛʨʝʰʢʝ ʦʙʣʠʢʘ ʠ ʜʠʤʝʥʟʠʿʘ. 

3. ʇʦʣʦʞʘʿʫ: ʫʥʫʪʨʘʰˁʝ ʛʨʝʰʢʝ, ʧʦʚʨʰʠʥʩʢʝ ʠ ʧʦʜʧʦʚʨʰʠʥʩʢʝ ʛʨʝʰʢʝ ʠ 

ʛʨʝʰʢʝ ʧʦ ʮʝʣʦʤ ʧʨʝʩʝʢʫ. 

4. ʇʦ ʦʙʣʠʢʫ: ʢʦʤʧʘʢʪʥʝ ʛʨʝʰʢʝ, ʠʟʜʫʞʝʥʝ ʛʨʝʰʢʝ, ʦʰʪʨʝ ʛʨʝʰʢʝ (ʿʘʢʦ 

ʠʟʨʘʞʝʥʦ ʟʘʨʝʟʥʦ ʜʝʣʦʚʘˁʘ), ʟʘʦʙˀʝʥʝ ʛʨʝʰʢʝ (ʤʘˁʝ ʠʟʨʘʞʝʥʦ ʟʘʨʝʟʥʦ 

ʜʝʣʦʚʘˁʝ), ʨʘʚʘʥʩʢʝ ʛʨʝʰʢʝ (ʤʦʞʝ ʩʝ ʟʘʥʝʤʘʨʠʪʠ ʪʨʝ˂ʘ ʜʠʤʝʥʟʠʿʘ 

ʛʨʝʰʢʝ) ʠ ʧʨʦʩʪʦʨʥʝ ʛʨʝʰʢʝ (ʫʟʠʤʘʿʫ ʩʝ ʫ ʦʙʟʠʨ ʩʚʝ ʪʨʠ ʜʠʤʝʥʟʠʿʝ 

ʛʨʝʰʢʝ). 

5. ʇʦ ʚʝʣʠʯʠʥʠ: ʤʘʣʝ ʛʨʝʰʢʝ, ʛʨʝʰʢʝ ʩʨʝʜˁʝ ʚʝʣʠʯʠʥʝ ʠ ʚʝʣʠʢʝ ʛʨʝʰʢʝ. 

6. ʇʦ ʙʨʦʿʥʦʩʪʠ: ʧʦʿʝʜʠʥʘʯʥʝ ʛʨʝʰʢʝ, ʫʯʝʩʪʘʣʝ ʛʨʝʰʢʝ ʠ ʛʥʝʟʜʦ ʛʨʝʰʘʢʝ. 

ʂʦʥʩʪʨʫʢʮʠʿʩʢʝ ʛʨʝʰʢʝ ʥʘʩʪʘʿʫ ʟʙʦʛ ʣʦʰʝʛ ʢʦʥʩʪʨʫʢʮʠʿʩʢʦʛ ʦʙʣʠʢʦʚʘˁʘ ʟʘʚʘʨʝʥʝ 

ʢʦʥʩʪʨʫʢʮʠʿʝ (ʥʧʨ. ʟʘʚʘʨʠʚʘˁʝ ʫ ʥʝʧʨʠʩʪʫʧʘʯʥʦʤ ʠ ʩʢʫʯʝʥʦʤ ʧʨʦʩʪʦʨʫ, ʣʦʰʝ 

ʦʙʣʠʢʦʚʘˁʝ ʜʝʪʘˀʘ ʥʘ ʟʘʚʘʨʝʥʦʿ ʢʦʥʩʪʨʫʢʮʠʿʠ ʩʘ ʛʣʝʜʠ ʥʠʰʪʘ ʜʠʥʘʤʠʯʢʝ 

ʠʟʜʨʞˀʠʚʦʩʪʠ, ʠ ʜʨ.).[65] 

ʄʝʪʘʣʫʨʰʢʝ ʛʨʝʰʢʝ ʚʝʟʘʥʝ ʩʫ ʫʟ ʤʝʪʘʣʫʨʰʢʝ, ʪʝʨʤʦʜʠʥʘʤʠʯʢʝ ʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʝ 

ʢʨʠʩʪʘʣʠʟʘʮʠʿʝ ʠ ʭʣʘʹʝˁʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ. ɻʨʝʰʢʝ ʦʚʦʛ ʪʠʧʘ ʤʦʛʫ ʙʠʪʠ ʨʘʟʣʠʯʠʪʝ 

ʚʨʩʪʝ ʧʨʩʣʠʥʘ, ʧʦʨʝ, ʫʢˀʫʯʮʠ, ʪʨʦʩʢʘ, ʧʨʝʚʠʰʝ ʟʘʢʘˀʝʥʘ ʩʪʨʫʢʪʫʨʘ ʠ ʜʨ. 

ʊʝʭʥʦʣʦʰʢʝ ʛʨʝʰʢʝ ʧʦʩʣʝʜʠʮʘ ʩʫ ʣʦʰʝ ʧʨʦʧʠʩʘʥʝ ʪʝʭʥʦʣʦʛʠʿʝ ʟʘʚʘʨʠʚʘˁʘ ʠʣʠ ʜʘ 

ʩʝ ʢʚʘʣʠʪʝʪʥʦ ʧʨʦʧʠʩʘʥʘ ʪʝʭʥʦʣʦʛʠʿʘ ʟʘʚʘʨʠʚʘˁʘ ʥʝ ʧʨʦʚʦʜʠ ʫ ʧʦʪʧʫʥʦʩʪʠ ʧʨʠ 

ʟʘʚʘʨʠʚʘˁʫ ʢʦʥʩʪʨʫʢʮʠʿʝ. ɼʘ ʙʠ ʩʝ ʦʩʠʛʫʨʘʣʦ ʧʨʦʚʦʹʝˁʝ ʧʨʦʧʠʩʘʥʝ ʪʝʭʥʦʣʦʛʠʿʝ 

ʟʘʚʘʨʠʚʘˁʘ ʢʦʜ ʦʜʛʦʚʦʨʥʠʿʠʭ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʯʝʩʪʦ ʧʫʪʘ ʿʝ ʧʦʪʨʝʙʘʥ 

ʥʘʧʦʨ (ʠʥʪʝʨʥʠ ʠ/ʠʣʠ ʝʢʩʪʝʨʥʠ) ʠ ʧʨʘ˂ʝˁʝ ʢʘʢʦ ʩʪʘʙʠʣʥʦʩʪʠ ʧʨʦʮʝʩʘ ʟʘʚʘʨʠʚʘˁʘ, 

ʪʘʢʦ ʠ ʢʚʘʣʠʪʝʪʝ ʨʘʜʘ ʧʦʿʝʜʠʥʠʭ ʟʘʚʘʨʠʚʘʯʘ ʠ ʧʦʛʦʥʘ.  
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ɼʘʣʝʢʦ ʥʘʿʦʧʘʩʥʠʿʝ ʛʨʝʰʢʝ ʫ ʠʟʨʘʜʠ ʟʘʚʘʨʝʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ ʩʫ ʧʨʩʣʠʥʝ, ʘ ʦʥʝ 

ʤʦʛʫ ʙʠʪʠ: 

¶ ʭʣʘʜʥʝ (Cold cracking), 

¶ ʪʦʧʣʝ (Hot cracking), 

¶ ʫʩʣʝʜ ʥʘʢʥʘʜʥʝ ʦʙʨʘʜʝ (Post weld heat treatment cracking) ʠ 

¶ ʫʩʣʝʜ ʩʣʦʿʘʩʦʛ ʠʣʠ ʣʘʤʝʣʘʨʥʦʛ ʦʜʚʘʿʘˁʘ (Lamelar tearing) 

 

 

 

 

ʉʣʠʢʘ 4.3 ɺʨʭ ʭʣʘʜʥʝ ʧʨʩʣʠʥʝ ʉʣʠʢʘ 4.4 ʇʨʠʤʝʨ ʭʣʘʜʥʝ ʧʨʩʣʠʥʝ  

ʥʘʩʪʘʣʝ ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ 

 

  

ʉʣʠʢʘ 4.5 ɿʋʊ  ʉʣʠʢʘ 4.6 ʆʩʥʦʚʥʠ ʤʘʪʝʨʠʿʘʣ 
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ʇʨʩʣʠʥʝ ʩʝ ʩʤʘʪʨʘʿʫ ʥʘʿ ʦʧʘʩʥʠʿʠʤ ʛʨʝʰʢʘʤʘ ʫ ʟʘʚʘʨʝʥʦʤ ʩʧʦʿʫ. ʉʤʘˁʫʿʫ 

ʥʦʩʠʚʠ ʧʨʝʩʝʢ, ʯʚʨʩʪʦ˂ʫ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʠ ʯʚʨʩʪʦ˂ʫ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʪʝ ʥʠʩʫ 

ʜʦʧʫʰʪʝʥʝ ʫ ʠʩʪʦʤ. ʅʘʿʯʝʰ˂ʝ ʩʝ ʩʨʝ˂ʫ ʭʣʘʜʥʝ ʧʨʩʣʠʥʝ. ʉʚʘʢʘ ʧʨʩʣʠʥʘ ʫ ʫʩʣʦʚʠʤʘ 

ʢʦʿʠ ʧʦʛʦʜʫʿʫ ˁʝʥʦʤ ʰʠʨʝˁʫ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʦʪʢʘʟʘ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʠʣʠ 

ʧʨʦʠʟʚʦʜʘ ʫ ʝʢʩʧʣʦʘʪʘʮʠʿʠ. 

 

 

4.4.1. ʍʣʘʜʥʝ ʧʨʩʣʠʥʝ (ʟʘʢʘʩʥʝʣʝ ʭʣʘʜʥʝ ʧʨʩʣʠʥʝ) 

 

ʄʦʛʫ ʙʠʪʠ ʫʟʜʫʞʥʦ ʠʣʠ ʧʦʧʨʝʯʥʦ ʧʦʣʦʞʝʥʝ ʥʘ ʰʘʚ ʠʣʠ ʥʘ ʧʨʝʣʘʟʫ ʫ ʦʩʥʦʚʥʠ 

ʤʘʪʝʨʠʿʘʣ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʩʤʝʨʘ ʧʨʦʩʪʠʨʘˁʘ ʤʦʛʫ ʙʠʪʠ ʣʦʥʛʠʪʫʜʠʥʘʣʥʝ (ʃ) ʠ 

ʪʨʘʥʩʬʝʨʟʘʣʥʝ (ʊ) ʧʨʩʣʠʥʝ. ʋʟʨʦʮʠ ʥʘʩʪʘʿʘˁʘ ʭʣʘʜʥʠʭ ʧʨʩʣʠʥʘ ʩʫ ʥʝʧʦʚʦˀʘʥ 

ʧʦʣʦʞʘʿ ʫʢˀʫʯʘʢʘ ʫ ʰʘʚʫ, ʩʢʫʧˀʘˁʘ ʰʘʚʘ (ʜʝʣʦʚʘˁʝ ʥʘʧʨʝʟʘˁʘ, ʧʦʩʪʦʿʘˁʝ 

ʟʘʦʩʪʘʣʠʭ ʥʘʧʦʥʘ);  ʩʪʨʫʢʪʫʨʘ ʤʝʪʘʣʘ ʰʘʚʘ; ʧʨʠʩʫʪʥʦʩʪ ʚʦʜʦʥʠʢʘ ʫ ʰʘʚʫ; ʢʦʜ 

ʤʝʪʘʣʘ ʩʢʣʦʥʦʛ ʦʯʚʨʰ˂ʘʚʘˁʫ, ʥʘʨʦʯʠʪʦ ʫ ɿʋʊ-ʫ;  ʩʢʣʦʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʧʨʝʤʘ 

ʢʘˀʝˁʫ. 

ʂʘʜʘ ʛʦʚʦʨʠʤʦ ʦ ʭʣʘʜʥʠʤ ʧʨʩʣʠʥʘʤʘ, ʧʨʝʣʦʤˀʝʥʘ ʧʦʚʨʰʠʥʘ ʿʝ ʩʚʝʪʣʘ ʜʦʢ ʿʝ ʢʦʜ 

ʪʦʧʣʠʭ ʧʨʩʣʠʥʘ ʪʘʤʥʠʿʘ, ʜʦʣʘʟʠ ʜʦ ʧʦʚʨʰʠʥʩʢʝ ʦʢʩʠʜʘʮʠʿʝ ʿʝʨ ʥʘʩʪʘʿʫ ʥʘ 

ʧʦʚʠʰʝʥʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ. 

ɿʙʦʛ ʫʪʠʮʘʿʘ ʚʠʩʦʢʠʭ ʧʨʠʪʠʩʘʢʘ (ʧʨʠ ʭʣʘʹʝˁʫ ʚʦʜʦʥʠʢ ʧʨʝʣʘʟʠ ʫ ʤʦʣʝʢʫʣʘʨʥʦ 

ʩʪʘˁʝ) ʦʥʠ ʩʝ ʤʝʹʫʩʦʙʥʦ ʧʦʚʝʟʫʿʫ ʫ ʤʘˁʫ ʠʣʠ ʚʝ˂ʫ ʧʨʩʣʠʥʫ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʿʦʰ 

ʜʦʜʘʪʥʦ ʜʝʣʫʿʫ ʚʠʩʦʢʦ ʥʘʧʨʝʟʘˁʝ ʥʘʩʪʘʣʦ ʟʙʦʛ ʩʢʫʧˀʘˁʘ ʤʝʪʘʣʘ ʰʘʚʘ. ɺʦʜʦʥʠʢ 

ʜʦʣʘʟʠ ʫ ʰʘʚ ʨʘʟʣʘʛʘˁʝʤ ʚʣʘʛʝ ʥʘ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʫ ʦʙʣʦʟʠ ʝʣʝʢʪʨʦʜʝ 

ʠʣʠ ʫ ʟʘʰʪʠʪʥʦʤ ʧʣʠʥʫ ʘʣʠ ʠ ʠʟ ʜʨʫʛʠʭ ʥʝʯʠʩʪʦ˂ʘ ʥʘ ʧʦʚʨʰʠʥʠ ʤʝʩʪʘ ʰʘʚʘ ʢʘʦ 

ʩʪʦ ʩʫ: ʚʣʘʛʘ, ʨʹʘ ʤʘʩʥʦ˂ʘ. ʅʘ ʧʦʚʨʰʠʥʠ ʣʦʤʘ ʩʝ ʤʦʛʫ ʫʦʯʠʪʠ ʪʟʚ. òʨʠʙˀʝ ʦʯʠò ʠ 

ñʧʘʭʫˀʠʮʝò. ʊʘ ʩʫ ʤʝʩʪʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʿʝʨ ʩʝ ʥʘ ˁʠʤʘ ʥʘʢʫʧʠʦ ʚʦʜʦʥʠʢ ʢʦʿʠ 

ʥʠʿʝ ʜʠʬʫʥʜʠʨʘʦ ʠʟ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ. ʆʥ ʧʨʝʜʩʪʘʚˀʘ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪ ʫ ʟʘʚʘʨʝʥʦʤ 

ʩʧʦʿʫ, ʘ ʪʦ ʜʦʚʦʜʠ ʜʦ ʩʤʘˁʠʚʘˁʘ ʥʦʩʠʚʦʩʪʠ ʧʨʝʩʝʢʘ. 

ʇʦʩʣʝʜˁʘ ʬʘʟʘ ʦʯʚʨʰʘʚʘˁʘ ʤʝʪʘʣʘ ʰʘʚʘ ʢʦʜ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦʚʦʜʠ ʜʦ 

ʥʘʧʨʝʟʘˁʘ ʢʦʿʠ ʰʘʚ ʥʝ ʤʦʞʝ ʠʟʜʨʞʘʪʠ, ʰʪʦ ʩʝ ʩʤʘʪʨʘ ʛʣʘʚʥʠʤ ʫʟʨʦʢʦʤ ʥʘʩʪʘʿʘˁʘ 

ʪʦʧʣʠʭ ʧʨʩʣʠʥʘ. ʅʘʩʪʘʿʘˁʝ ʪʦʧʣʠʭ ʧʨʩʣʠʥʘ ʤʦʞʝ ʩʝ ʦʙʿʘʩʥʠʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 
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- ʟʦʥʫ ʪʦʧˀʝˁʘ ʧʦʧʫˁʘʚʘ ʜʝʦ ʠʟʤʝʹʫ ʩʪʨʘʥʠʮʘ ʞʣʝʙʘ, ʦʯʚʨʰʘʚʘˁʘ ʰʘʚʘ ʟʘʧʦʯʠˁʝ 

ʦʜ ʩʪʨʘʥʠʮʘ ʢʦʿʝ ʩʫ ʭʣʘʜʥʠʿʝ ʠ ʠʜʝ ʧʨʝʤʘ ʩʨʝʜʠʥʠ; 

- ʘʢʦ ʥʘʜʚʣʘʜʘ ʩʢʫʧˀʘˁʝ ʫ ʧʨʦʮʝʩʫ ʠʟʤʝʹʫ ʩʢʫʧˀʘˁʘ ʠ ʦʯʚʨʰ˂ʘʚʘˁʘ, ʟʨʥʘ 

ʤʘʪʝʨʠʿʘʣʘ ˂ʝ ʦʩʪʘʪʠ ʨʘʟʜʚʦʿʝʥʘ ʫ ʪʦʧʣʦʤ ʩʪʘˁʫ- ʪʦʧʣʘ ʧʨʩʣʠʥʘ; 

- ʠʟʤʝʹʫ ʟʨʥʘ ʦʯʚʨʩʣʦʛ ʤʘʪʝʨʠʿʘʣʘ ʧʨʝʦʩʪʘʿʝ ʪʘʥʢʠ ʬʠʣʤ ʨʘʩʪʚʦʨʘ ʫ ʟʘʚʨʰʥʦʿ ʬʘʟʠ 

ʦʯʚʨʰʘʚʘˁʘ ʪʝ ʩʦ ʧʦʜʨʫʯʿʝ ʩʢʫʧˀʘ ʫ ʩʤʝʨʫ ʩʫʧʨʦʪʥʦʤ ʦʜ ʧʨʘʚʮʘ ʦʯʚʨʰʘʚʘˁʘ. 

 

 

ʉʣʠʢʘ 4.7 ʇʦʿʘʚˀʠʚʘˁʝ ʪʦʧʣʠʭ ʧʨʩʣʠʥʘ ʦʙʟʠʨʦʤ ʥʘ ʦʜʥʦʩ ʧʝʥʝʪʨʘʮʠʿʝ ʠ ʰʠʨʠʥʘ 

ʰʘʚʘ ʧʨʝʤʘ ʩʘʜʨʞʘʿʫ ʫʛˀʝʥʠʢʘ ʫ ʰʘʚʫ 

 

 

4.4.2 ʀʟʙʝʛʘʚʘˁʝ ʥʘʩʪʘʿʘˁʘ ʧʨʩʣʠʥʘ 

 

ʅʝʩʪʘʿʘˁʝ ʧʨʩʣʠʥʘ ʩʝ ʥʝ ʤʦʞʝ ʠʟʙʝ˂ʠ, ʘʣʠ ʩʝ ʤʦʞʝ ʩʤʘˁʠʪʠ ʠ ʜʝʣʦʤʠʯʥʦ 

ʦʪʢʣʦʥʠʪʠ. ʇʨʠ ʠʟʚʦʹʝˁʘ ʢʦʥʩʪʨʫʢʮʠʿʝ ʪʨʝʙʘ ʨʘʜʠʪʠ ʩʘ ʰʪʦ ʤʘˁʝ ʫʥʦʰʝˁʘ 
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ʜʦʜʘʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ ʤʘˁʦʤ ʯʚʨʩʪʦ˂ʦʤ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ. ʋʥʦʩ ʝʥʝʨʛʠʿʝ (ɽ) ʿʝ 

ʙʠʪʘʥ ʟʘ ʧʨʘʚʠʣʘʥ ʠʟʙʦʨ ʧʦʩʪʫʧʢʘ ʟʘʚʘʨʠʚʘˁʘ, ʧʘʨʘʤʝʪʘʨʘ ʠ ʦʩʪʘʣʠʭ ʫʩʣʦʚʘ ʰʘʚʘ. 

ɿʘ ʜʦʜʘʪʥʠ ʤʘʪʝʨʠʿʘʣ ʟʘ ʟʘʚʘʨʠʚʘˁʝ ʧʦʪʨʝʙʥʘ ʿʝ ʧʨʝʧʦʨʫʢʝ ʟʘ ʫʧʦʪʨʝʙʫ 

ʧʨʦʠʟʚʦʹʘʯʘ ʜʦʜʘʪʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʇʨʠ ʟʘʚʘʨʠʚʘˁʫ ʯʝʣʠʢʘ ʧʦʪʨʝʙʥʦ ʿʝ ʫʟʝʪʠ 

ʝʣʝʢʪʨʦʜʝ ʩ ʙʘʟʠʯʥʦʤ ʦʙʣʦʛʦʤ ʠ ʤʘʣʠʤ ʩʘʜʨʞʘʿʝʤ ʚʦʜʦʥʠʢʘ, ʙʘʟʠʯʥʦ ʧʫˁʝˁʝ 

ʞʠʮʝ ʠ ʙʘʟʠʯʥʝ ʧʨʘʰʢʝ. ʄʝʩʪʦ ʟʘʚʘʨʠʚʘˁʘ ʤʦʨʘ ʙʠʪʠ ʯʠʩʪʦ ʦʜ ʚʣʘʛʝ ʠ ʜʨʫʛʠʭ 

ʥʝʯʠʩʪʦ˂ʘ.[56] 

ʅʘʿʙʠʪʥʠʿʝ ʿʝ ʨʫʢʦʚʘˁʝ ʠ ʧʨʘʚʠʣʥʦ ʩʫʰʝˁʝ ʜʦʜʘʪʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʉʢʣʦʥʦʩʪ 

ʭʣʘʜʥʠʤ ʧʨʩʣʠʥʘʤʘ ʧʨʦʮʝˁʫʿʝ ʩʝ ʘʥʘʣʠʪʠʯʢʠ ʥʘ ʦʩʥʦʚʠ ʨʘʟʣʠʯʠʪʠʭ ʬʦʨʤʫʣʘ ʟʘ 

ʝʢʚʠʚʘʣʝʥʪ ʫʛˀʝʥʠʢʘ. ʉʚʠ ʥʝʣʝʛʠʨʘʥʠ ʠ ʥʠʩʢʦʣʝʛʠʨʘʥʠ ʯʝʣʠʮʠ ʢʦʜ ʢʦʿʠʭ 

ʝʢʚʠʚʘʣʝʥʪ ʫʛˀʝʥʠʢ Cekv. 

C ekv = C + Mn/6 + Ni/15 + Mo/4 + Cr/5 + Cu/13 + Si/26 + P/2 + V/5 

ɸʢʦ ʧʨʝʣʘʟʠ ʚʨʝʜʥʦʩʪ 0,45 ʩʢʣʦʥʠ ʩʫ ʧʨʩʣʠʥʘʤʘ. 

ɼʘ ʙʠ ʩʝ ʠʟʙʝʛʣʝ ʧʨʩʣʠʥʝ ʪʨʝʙʘ ʠʭ ʧʨʝʛʨʝʚʘʪʠ ʧʨʝ ʟʘʚʘʨʠʚʘˁʘ ʠ ʜʨʞʘʪʠ ʥʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʪʦʢʦʤ ʟʘʚʘʨʠʚʘˁʘ (ʪʝʤʧʝʨʘʪʫʨʘ ʠʟʤʝʹʫ ʧʨʦʣʘʟʘ). 

ɺʠʟʫʝʣʥʘ ʢʦʥʪʨʦʣʘ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ ʠʟʚʦʜʠ ʩʝ ʧʨʝ ʩʚʠʭ ʢʦʥʪʨʦʣʘ ʧʦʤʦ˂ʫ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʣʫʧʘ ʠ ʦʩʚʝʪˀʝˁʘ. ʇʦʚʨʰʠʥʩʢʝ ʧʨʩʣʠʥʝ ʠ ʧʨʩʣʠʥʝ ʢʨʦʟ ʮʝʣʫ 

ʜʝʙˀʠʥʫ ʣʠʤʘ ʥʘʿʙʦˀʝ ʩʝ ʦʪʢʨʠʚʘʿʫ ʤʘʛʥʝʪʩʢʦʤ ʠ ʤʝʪʦʜʦʤ ʧʝʥʝʪʨʘʥʪʩʢʝ 

ʢʦʥʪʨʦʣʝ. 

ʇʨʝʤʘ ʥʘʚʝʜʝʥʠʤ ʧʨʠʤʝʨʠʤʘ ʠ ʫʟʨʦʢʘ ʥʘʩʪʘʿʘˁʘ ʧʨʩʣʠʥʘ, ʤʦʛʫ ʩʝ ʧʦʩʪʘʚʠʪʠ 

ʦʩʥʦʚʥʘ ʧʨʘʚʠʣʘ ʟʘ ʠʟʙʝʛʘʚʘˁʝ ʥʘʩʪʘʿʘˁʘ ʧʨʩʣʠʥʘ: 

- ʧʨʘʚʠʣʘʥ ʠʟʙʦʨ ʧʦʩʪʫʧʢʘ ʟʘʚʘʨʠʚʘˁʘ; 

- ʧʨʘʚʠʣʘʥ ʠʟʙʦʨ ʜʦʜʘʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ (ʜʦʜʘʪʠ ʜʝʪʘˀʥʝ ʧʨʝʧʦʨʫʢʝ ʧʨʦʠʟʚʦʹʘʯʘ); 

- ʩʫʰʝˁʝ ʝʣʝʢʪʨʦʜʝ ʧʨʝ ʟʘʚʘʨʠʚʘˁʘ; 

- ʠʟʙʝʛʘʚʘʪʠ ʦʰʪʝ˂ʝˁʘ ʧʦʚʨʰʠʥʝ ʤʘʪʝʨʠʿʘʣʘ; 

- ʧʨʦʚʦʜʠʪʠ ʨʝʜʦʩʣʝʜ ʟʘʚʘʨʠʚʘˁʘ ʢʦʿʠ ʦʩʠʛʫʨʘʚʘ ʥʘʿʤʘˁʝ ʟʘʦʩʪʘʣʝ ʥʘʧʦʥʝ; 

- ʦʛʨʘʥʠʯʠʪʠ ʫʥʦʩ ʪʦʧʣʦʪʝ ʪʦʢʦʤ ʟʘʚʘʨʠʚʘˁʘ ʠ 

- ʯʠʩʪʦ˂ʘ ʫ ʧʨʠʧʨʝʤʠ ʩʧʦʿʘ ʟʘ ʟʘʚʘʨʠʚʘˁʝ; ʧʦ ʧʦʪʨʝʙʠ ʚʨʰʠʪʠ ʧʨʝʛʨʝʚʘˁʝ ʠ 

ʦʜʨʞʘʚʘˁʝ ʪʝʤʧʝʨʘʪʫʨʝ 
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ʊʘʙʝʣʘ 4.1 ʇʨʠʤʝʨʠ ʚʨʩʪʘ ʧʨʩʣʠʥʘ [52]  

 

ɺʨʩʪʝ ʧʨʩʣʠʥʘ   

ʋʟʜʫʞʥʝ ʧʨʩʣʠʥʝ 

 

ʇʨʩʣʠʥʘ ʯʠʿʠ ʿʝ ʛʣʘʚʥʠ 

ʧʨʘʚʘʮ ʧʘʨʘʣʝʣʘʥ ʩʘ 

ʦʩʦʤ ʰʘʚʘ, (ʫʟʜʫʞʥʦ ʥʘ 

ʰʘʚ) 

ʄʦʞʝ ʩʝ ʥʘʣʘʟʠʪʠ: 

- ʫ ʰʘʚʫ 

- ʥʘ ʛʨʘʥʠʮʠ ʪʦʧˀʝˁʘ 

- ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ 

(ɿʋʊ) 

-ʫ ʦʩʥʦʚʥʦʤ 

ʤʘʪʝʨʠʿʘʣʫ, ʚʘʥ ɿʋʊ-ʘ 

1-ʇʨʩʣʠʥʘ ʩʘ 

ʤʠʢʨʦʩʢʦʧʩʢʠʤ 

ʜʠʤʝʥʟʠʿʘʤʘ 

2-ʥʘ ʛʨʘʥʠʮʠ 

ʪʦʧˀʝˁʘ 

3-ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ 

ʪʦʧʣʦʪʝ (ɿʋʊ) 

4-ʫ ʦʩʥʦʚʥʦʤ 

ʤʘʪʝʨʠʿʘʣʫ, ʚʘʥ ɿʋʊ-ʘ 

ʇʨʘʚʘʮ ʧʦʧʨʝʯʘʥ ʥʘ ʦʩʫ ʰʘʚ 

 

 

ʇʨʩʣʠʥʝ ʯʠʿʠ ʿʝ ʧʨʘʚʘʮ 

ʧʦʧʨʝʯʘʥ ʥʘ ʦʩʫ ʰʘʚʘ. 

ʄʦʞʝ ʩʝ ʥʘʣʘʟʠʪʠ: 

1- ʫ ʰʘʚʫ 

2-ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ 

ʪʦʧʣʦʪʝ (ɿʋʊ) 

3-ʫ ʦʩʥʦʚʥʦʤ 

ʤʘʪʝʨʠʿʘʣʫ, ʚʘʥ ɿʋʊ-ʘ 

 

ʇʨʩʣʠʥʝ ʟʚʝʟʜʘʩʪʦʛ ʦʙʣʠʢʘ 

 

ʇʨʩʣʠʥʝ ʢʦʿʝ ʧʦʣʘʟʝ ʠʟ 

ʠʩʪʝ ʪʘʯʢʝ ʠ ʟʨʘʢʘʩʪʦ ʩʝ 

ʨʘʩʧʨʦʩʪʠʨʫ. 

ʄʦʛʫ ʩʝ ʥʘʣʘʟʠʪʠ: 

1- ʫ ʰʘʚʫ 

2- ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ 

ʪʦʧʣʦʪʝ (ɿʋʊ) 

3-ʫ ʦʩʥʦʚʥʦʤ 

ʤʘʪʝʨʠʿʘʣʫ,ʚʘʥ ɿʋʊ-ʘ 

 

ʇʨʩʣʠʥʝ ʫ ʦʜʚʦʿʝʥʠʤ ʛʨʫʧʘʤʘ 

 

ɻʨʫʧʘ ʦʜʚʦʿʝʥʠʭ 

ʧʨʩʣʠʥʘ ʩʘ ʨʘʟʣʠʯʠʪʦʤ 

ʦʨʠʿʝʥʪʘʮʠʿʦʤ. 

ʄʦʞʝ ʩʝ ʥʘʣʘʟʠʪʠ: 

1-ʫ ʰʘʚʫ 

2-ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ 

ʪʦʧʣʦʪʝ (ɿʋʊ) 

3-ʫ ʦʩʥʦʚʥʦʤ 

ʤʘʪʝʨʠʿʘʣʫ, ʚʘʥ ɿʋʊ- 
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ʈʘʟʛʨʘʥʘʪʝ ʧʨʩʣʠʥʝ 

 

ʝ) ʉʢʫʧ ʧʨʩʣʠʥʘ ʢʦʿʝ ʩʫ 

ʤʝʹʫʩʦʙʥʦ ʧʦʚʝʟʘʥʝ ʠ 

ʧʦʣʘʟʝ ʠʟ ʠʩʪʝ ʪʘʯʢʝ 

ʊʨʝʙʘ ʠʭ ʨʘʟʣʠʢʦʚʘʪʠ 

ʦʜ ʛʨʫʧʝ ʦʜʚʦʿʝʥʠʭ 

ʧʨʩʣʠʥʘ ʠ ʦʜ ʧʨʩʣʠʥʘ 

ʟʚʝʟʜʘʩʪʦʛ ʦʙʣʠʢʘ. 

ʄʦʛʫ ʩʝ ʥʘʣʘʟʠʪʠ: 

- ʫ ʰʘʚʫ 

- ʫ ʟʦʥʠ ʫʪʠʮʘʿʘ ʪʦʧʣʦʪʝ 

(ɿʋʊ) 

-ʫ ʦʩʥʦʚʥʦʤ 

ʤʘʪʝʨʠʿʘʣʫ, ʚʘʥ ɿʋʊ-ʘ 

 

 

 

Oʰʪʝ˂ʝˁʘ ʫʩʣʝʜ ʧʨʩʣʠʥʘ ʩʝ ʿʘʚˀʘʿʫ ʥʘ ʢʦʥʩʪʨʫʢʮʠʿʘʤʘ ʠʟ ʚʠʰʝ ʨʘʟʣʦʛʘ. ɱʝʜʘʥ ʦʜ 

ˁʠʭ ʿʝ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʤʘʪʝʨʠʿʘʣ ʩʘʜʨʞʠ ʩʪʨʫʢʪʫʨʥʝ ʛʨʝʰʢʝ.  ʇʨʩʣʠʥʝ ʩʝ ʪʘʢʦʹʝ 

ʤʦʛʫ ʩʪʚʦʨʠʪʠ ʪʦʢʦʤ ʬʘʟʝ ʠʟʨʘʜʝ ʢʦʥʩʪʨʫʢʮʠʿʝ, ʠʣʠ ʢʘʩʥʠʿʝ ʢʘʦ ʨʝʟʫʣʪʘʪ ʦʢʦʣʥʠʭ 

ʫʩʣʦʚʘ. ʇʨʠʩʫʪʥʦʩʪ ʪʘʢʚʠʭ ʧʨʩʣʠʥʘ ʠʣʠ ʥʘʧʫʢʣʠʥʘ ʤʦʞʝ ʟʥʘʯʘʿʥʦ ʜʝʛʨʘʜʠʨʘʪʠ 

ʠʥʪʝʛʨʠʪʝʪ ʢʦʥʩʪʨʫʢʮʠʿʝ ʧʦʜ ʜʝʣʦʚʘˁʝʤ ʧʨʠʤʝˁʝʥʠʭ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʦʢʦʣʥʠʭ 

ʫʩʣʦʚʘ.[67] 

ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʿʝ ʪʝʭʥʠʯʢʘ ʜʠʩʮʠʧʣʠʥʘ ʢʦʿʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʜʠʩʮʠʧʣʠʥʘʤʘ 

ʧʨʠʤʠʝˁʝʥʝ ʤʝʭʘʥʠʢʝ ʠ ʥʘʫʢʝ ʦ ʤʘʪʝʨʠʿʘʣʠʤʘ ʩʘ ʩʚʨʭʦʤ ʨʘʟʫʤʠʝʚʘˁʘ ʧʦˀʘ 

ʥʘʧʨʝʟʘˁʘ ʠ ʜʝʬʦʨʤʘʮʠʿʝ ʦʢʦ ʚʨʭʘ ʧʨʩʣʠʥʝ. ʇʦʟʥʘʚʘˁʝ ʧʦˀʘ ʥʘʧʨʝʟʘˁʘ ʠ 

ʜʝʬʦʨʤʘʮʠʿʝ ʧʦʤʘʞʝ ʫ ʦʙʣʠʢʦʚʘˁʫ ʧʦʫʟʜʘʥʠʭ ʠ ʩʠʛʫʨʥʠʭ ʢʦʥʩʪʨʫʢʮʠʿʘ. 

ʋʦʙʠʯʘʿʝʥʠ ʢʦʥʮʝʧʪʠ ʦʙʣʠʢʦʚʘˁʘ ʢʦʥʩʪʨʫʢʮʠʿʝ ʢʦʨʠʩʪʝ ʧʨʠʩʪʫʧ ʫ ʢʦʿʝʤ ʿʝ 

ʯʚʨʩʪʦ˂ʘ ʤʘʪʝʨʠʿʘʣʘ ʧʘʨʘʤʝʪʘʨ ʥʘ ʢʦʿʝʤ ʩʝ ʪʝʤʝˀʝ. ʄʝʹʫʪʠʤ, ʦʚʘʿ ʧʨʠʩʪʫʧ ʥʝ 

ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʧʦʚʠʰʝʥʝ ʦʜʥʦʩʝ ʥʘʧʨʝʟʘˁʘ ʫʟʨʦʢʦʚʘʥʝ ʧʦʩʪʦʿʘˁʝʤ ʧʨʩʣʠʥʘ. 

ʇʨʠʩʫʪʥʦʩʪ ʪʘʢʚʠʭ ʥʘʧʨʝʟʘˁʘ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʢʘʪʘʩʪʨʦʬʘʣʥʠʭ ʢʚʘʨʦʚʘ 

ʢʦʥʩʪʨʫʢʮʠʿʝ.  

ʄʝʭʘʥʠʢʘ ʣʦʤʘ ʦʙʿʘʰˁʘʚʘ ʫʪʠʮʘʿ ʧʨʩʣʠʥʘ ʠʣʠ ʥʘʧʫʢʣʠʥʘ ʥʘ ʩʪʘˁʝ 

ʢʦʥʩʪʨʫʢʮʠʿʝ. ʆʙʣʠʢʦʚʘˁʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ʫʟ ʧʨʠʩʪʫʧ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʫʟʠʤʘ 

ʚʝʣʠʯʠʥʫ ʧʨʩʣʠʥʝ ʢʘʦ ʿʝʜʥʫ ʚʘʞʥʫ ʚʘʨʠʿʘʙʣʫ, ʪʘʢʦʹʝ ʩʝ ʟʘ ʤʝʨʦʜʘʚʘʥ ʧʘʨʘʤʝʪʘʨ 

ʤʘʪʝʨʠʿʘʣʘ ʫʤʝʩʪʦ ʯʚʨʩʪʦ˂ʝ ʤʘʪʝʨʠʿʘʣʘ ʫʟʠʤʘ ʧʦʩʪʦʿʘʥʦʩʪ ʥʘ ʣʦʤ. 

ɸʥʘʣʠʟʘ ʣʦʤʘ ʩʝ ʫʦʙʠʯʘʿʝʥʦ ʦʜʚʠʿʘ ʠʣʠ ʢʦʨʠʰ˂ʝˁʝʤ ʝʥʝʨʛʝʪʩʢʦʛ ʫʩʣʦʚʘ ʠʣʠ 

ʫʩʣʦʚʘ ʬʘʢʪʦʨʘ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʨʘ. ʂʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʝʥʝʨʛʝʪʩʢʠ ʫʩʣʦʚ, 

ʧʦʩʪʦʿʘʥʦʩʪ ʥʘ ʣʦʤ ʩʝ ʢʘʨʘʢʪʝʨʠʰʝ ʝʥʝʨʛʠʿʦʤ ʧʦʪʨʝʙʥʦʤ ʟʘ ʿʝʜʠʥʠʯʥʦ ʧʦʚʝ˂ʘˁʝ 
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ʧʨʩʣʠʥʝ (ʧʨʦʤʝʥʘ ʦʪʧʫʰʪʝʥʝ ʝʥʝʨʛʠʿʝ). ʂʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʫʩʣʦʚ ʬʘʢʪʦʨʘ 

ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʨʝʟʘˁʘ, ʧʦʩʪʦʿʘʥʦʩʪ ʥʘ ʣʦʤ ʩʝ ʢʘʨʘʢʪʝʨʠʩʝ ʢʨʠʪʠʯʥʦʤ ʚʨʝʜʥʦʰ˂ʫ 

ʘʤʧʣʠʪʫʜʝ ʧʦˀʘ ʥʘʧʨʝʟʘˁʘ ʠ ʜʝʬʦʨʤʘʮʠʿʝ. ʆʚʠ ʠʟʨʘʟʠ ʩʫ ʧʦʜ ʦʜʨʝʹʝʥʠʤ 

ʫʩʣʦʚʠʤʘ ʝʢʚʠʚʘʣʝʥʪʥʠ. 

 

4.5. ʉʘʚʠʿʘˁʝ ʫ ʪʨʠ ʪʘʯʢʝ 

 

ɼʘ ʙʠ ʩʝ ʜʦʙʠʣʘ ʰʪʦ ʧʦʪʧʫʥʠʿʘ ʩʣʠʢʘ ʦ ʧʨʠʤʝʥʠ ʠʩʧʠʪʠʚʘˁʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʥʘ 

ʟʘʚʘʨʝʥʝ ʩʧʦʿʝʚʝ ʧʦʪʨʝʙʥʦ ʿʝ ʦʧʠʩʘʪʠ ʝʧʨʫʚʝʪʝ ʠ ʫʢʘʟʘʪʠ ʥʘ ʛʨʝʰʢʝ ʠ ʦʜʩʪʫʧʘˁʘ 

ʢʦʿʘ ʩʫ ʧʨʠ ʪʦʤ ʤʦʛʫ˂ʘ. ʇʨʝ ʩʚʝʛʘ, ʧʨʝʜʚʠʹʝʥʦ ʿʝ ʜʘ ʩʝ ʝʧʨʫʚʝʪʝ ʤʝʭʘʥʠʢʝ ʣʦʤʘ 

ʠʩʧʠʪʫʿʫ ʟʘʪʝʟʘˁʝʤ ʠʣʠ ʩʘʚʠʿʘˁʝʤ.[63] ʄʝʹʫ ʙʨʦʿʥʠʤ ʦʙʣʠʮʠʤʘ ʢʦʿʠ ʩʫ ʫ 

ʨʘʟʣʠʯʠʪʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʢʦʨʠʰ˂ʝʥʠ, ʥʘʿʰʠʨʫ ʧʨʠʤʝʥʫ ʩʫ ʥʘʰʣʝ ʝʧʨʫʚʝʪʝ ʟʘ 

ʩʘʚʠʿʘˁʝ ʫ ʪʨʠ ʪʘʯʢʝ ʠ ʢʦʤʧʘʢʪʥʝ ʝʧʨʫʚʝʪʝ ʟʘ ʟʘʪʝʟʘˁʝ, ʩʣʠʢʘ 4.8. 

 

 

 
ʉʣʠʢʘ 4.8 ʂʦʤʧʘʢʪʥʝ ʝʧʨʫʚʝʪʝ ʟʘ ʟʘʪʝʟʘˁʝ [55]  

 

ɽʧʨʫʚʝʪʘ ʟʘ ʩʘʚʠʿʘˁʝ ʫ ʪʨʠ ʪʘʯʢʝ (ʩʘʚʠʿʘˁʝ ʩʠʣʦʤ) ʩʝ ʧʦʢʘʟʘʣʘ ʚʝʦʤʘ ʧʨʠʢʣʘʜʥʦʤ 

ʟʘ ʧʨʘʢʩʫ, ʧʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʫ ʠʩʧʠʪʠʚʘˁʠʤʘ ʩʚʘ ʪʨʠ ʥʘʚʝʜʝʥʘ ʧʘʨʘʤʝʪʨʘ ʤʝʭʘʥʠʢʝ 

ʣʦʤʘ ( IcK ,d, ɱ). ʂʦʤʧʘʢʪʥʘ ʝʧʨʫʚʝʪʘ ʟʘ ʟʘʪʝʟʘˁʝ ʦʤʦʛʫ˂ʘʚʘ ʟʥʘʯʘʿʥʫ ʫʰʪʝʜʫ 

ʤʘʪʝʨʠʿʘʣʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʨʫʛʠʤ ʦʙʣʠʮʠʤʘ ʝʧʨʫʚʝʪʘ, ʢʘʦ ʠ ʩʨʘʟʤʝʨʥʦ ʤʘˁʫ ʩʠʣʫ 

ʟʘ ʠʩʧʠʪʠʚʘˁʝ.[55] 

ʀʩʧʠʪʠʚʘˁʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʩʫ ʚʝʦʤʘ ʩʣʦʞʝʥʘ. ɼʘ ʙʠ ʩʝ ʜʦʙʠʣʠ ʰʪʦ ʪʘʯʥʠʿʠ 

ʨʝʟʫʣʪʘʪʠ ʩʚʝ ʬʘʟʝ ʠʩʧʠʪʠʚʘˁʘ ʩʫ ʧʨʝʮʠʟʥʦ ʜʝʬʠʥʠʩʘʥʝ ʠ ʩʚʠ ʟʘʭʪʝʚʠ ʫ ʧʦʛʣʝʜʫ 



51 
 

ʚʘʞʝˁʘ ʨʝʟʫʣʪʘʪʘ ʤʦʨʘʿʫ ʜʘ ʙʫʜʫ ʙʫʜʫ ʠʩʧʫˁʝʥʠ. ʇʨʠ ʪʦʤ ʩʝ ʩʪʨʫʢʪʫʨʘ 

ʤʘʪʝʨʠʿʘʣʘ, ʦʜ ʢʦʛʘ ʩʫ ʝʧʨʫʚʝʪʝ ʠʟʨʘʹʝʥʝ, ʩʤʘʪʨʘ ʭʦʤʦʛʝʥʦʤ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʜʘ 

ʜʝʬʠʥʠʮʠʿʝ ʙʫʜʫ ʜʦʚʦˀʥʦ ʧʨʝʮʠʟʥʝ. ʀʧʘʢ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʠʩʪʘʢʥʫ ʤʦʛʫ˂ʘ 

ʦʜʩʪʫʧʘˁʘ ʫ ʨʝʟʫʣʪʘʪʠʤʘ ʠʩʧʠʪʠʚʘˁʘ, ʢʘʢʦ ʙʠ ʩʝ ʠ ʦʥʘ ʫʟʝʣʘ ʫ ʦʙʟʠʨ ʢʘʜʘ ʩʝ 

ʠʩʧʠʪʫʿʫ ʝʧʨʫʚʝʪʝ ʩʘ ʧʨʩʣʠʥʦʤ ʠʟ ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ, ʯʠʿʘ ʿʝ ʩʪʨʫʢʪʫʨʘ ʭʝʪʝʨʦʛʝʥʘ: 

¶ ʫʪʠʮʘʿ ʢʦʥʘʯʥʦʩʪʠ ʜʠʤʝʥʟʠʿʘ ʝʧʨʫʚʝʪʘ, 

¶ ʦʜʩʪʫʧʘˁʘ ʠ ʛʨʝʰʢʝ ʠʟʨʘʜʝ ʠ ʧʨʠʧʨʝʤʝ ʝʧʨʫʚʝʪʘ, 

¶ ʦʜʩʪʫʧʘˁʘ ʠ ʛʨʝʰʢʝ ʚʝʟʘʥʝ ʟʘ ʧʨʦʮʝʩ ʠʩʧʠʪʠʚʘˁʘ, ʠ 

¶ ʦʜʩʪʫʧʘˁʘ ʠ ʛʨʝʰʢʝ ʫ ʘʥʘʣʠʟʠ ʨʝʟʫʣʪʘʪʘ ʠʩʧʠʪʠʚʘˁʘ. 

ʇʨʚʠ ʫʪʠʮʘʿ ʥʘ ʪʘʯʥʦʩʪ ʨʝʟʫʣʪʘʪʘ ʿʝ ʢʦʥʘʯʥʦʩʪ ʜʠʤʝʥʟʠʿʘ ʝʧʨʫʚʝʪʘ. ʇʘʨʘʤʝʪʨʠ 

ʤʝʭʘʥʠʢʝ ʣʦʤʘ ʩʫ ʧʨʚʦʙʠʪʥʦ ʜʝʬʠʥʠʩʘʥʠ ʟʘ ʪʘʥʢʫ ʧʣʦʯʫ ʙʝʩʢʦʥʘʯʥʝ ʜʫʞʠʥʝ ʠ 

ʰʠʨʠʥʝ. ʋʚʦʹʝˁʝʤ ʛʨʘʥʠʯʥʠʭ ʫʩʣʦʚʘ ʟʙʦʛ ʢʦʥʘʯʥʠʭ ʜʠʤʝʥʟʠʿʘ ʧʣʦʯʝ ʤʦʨʘʿʫ ʩʝ 

ʨʝʟʫʣʪʘʪʠ ʢʦʨʠʛʦʚʘʪʠ, ʿʝʨ ʦʜʥʦʩ ʜʫʞʠʥʝ ʧʨʩʣʠʥʝ ʘ ʠ ʰʠʨʠʥʝ ʧʣʦʯʝ ʿʝ ʢʦʥʘʯʥʘ 

ʚʨʝʜʥʦʩʪ ʠ ʥʝ ʤʦʞʝ ʩʝ ʟʘʥʝʤʘʨʠʪʠ ʢʘʦ ʫ ʩʣʫʯʘʿʫ ʙʝʩʢʦʥʘʯʥʝ ʧʣʦʯʝ. ʊʘʿ ʩʝ ʧʨʦʙʣʝʤ 

ʨʝʰʘʚʘ ʪʟʚ. ʢʘʣʠʙʨʘʮʠʿʦʤ [46]. ʂʘʜʘ ʿʝ ʦʜʥʦʩ ʜʫʞʠʥʝ ʧʨʩʣʠʥʝ ʠ ʰʠʨʠʥʝ ʝʧʨʫʚʝʪʝ 

ʤʘʣʠ (ʙʣʠʟʘʢ ʥʫʣʠ,) ʚʘʞʠ ʦʩʥʦʚʥʘ ʿʝʜʥʘʯʠʥʘ ʤʝʭʘʥʠʢʝ ʣʦʤʘ, ʢʦʿʦʤ ʩʝ ʦʜʨʝʹʫʿʝ 

ʬʘʢʪʦʨ ʠʥʪʝʥʟʠʪʝʪʘ ʥʘʧʦʥʘ ʂ. 

 

4.6. ʀʩʧʠʪʠʚʘˁʝ ʨʝʘʣʥʠʭ ʧʦʩʫʜʘ ʧʦʜ ʧʨʠʪʠʩʢʦʤ 

4.6.1 ʇʨʠʤʝʨʠ ʚʨʩʪʘ ʧʨʩʣʠʥʘ ʫ ʧʦʩʫʜʘʤʘ ʧʦʜ ʧʨʠʪʠʩʢʦʤ 

 

 

ʉʣʠʢʘ 4.9 Oʙʣʘʩʪ ʧʦʿʘʩʘ ʧʦʩʫʜʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ [68]  
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ʉʣʠʢʘ 4.10 ʇʨʩʣʠʥʘ ʫ ʧʨʠʨʫʙʥʠʮʠ ʛʣʘʚʝ ʦʜʚʦʜʘ ʢʦʿʘ ʿʝ ʠʟʘʟʚʘʣʘ ʟʘʤʦʨʥʠ ʣʦʤ 

ʟʘʚʘʨʝʥʦʛ ʩʧʦʿʘ ʧʫʤʧʝ [68]  

 

 

 

ʉʣʠʢʘ 4.11 ʇʨʦʙʣʝʤʠ ʩʘ ʢʚʘʣʠʪʝʪʦʤ ʟʘʚʘʨʝʥʠʭ ʩʧʦʿʝʚʘ ʫʩʣʝʜ ʥʝʦʜʛʦʚʘʨʘʿʫ˂ʠʭ 

ʧʨʝʣʘʟʘ, ʥʝʧʦʢʣʘʧʘˁʘ ʠ ʧʨʘʢʩʠ ʫ ʟʘʚʘʨʠʚʘˁʫ ʮʝʚʠ ʚʝʣʠʢʦʛ ʧʨʝʯʥʠʢʘ [68]  

 

   ɺʝʣʠʢʠ ʙʨʦʿ ʜʝʣʦʚʘ ʠ ʢʦʥʩʪʨʫʢʮʠʿʘ ʠʟʣʦʞʝʥ ʿʝ ʫ ʪʦʢʫ ʨʘʜʘ ʦʧʪʝʨʝ˂ʝˁʠʤʘ 

ʧʨʦʤʝʥˀʠʚʠʤ ʧʦ ʚʝʣʠʯʠʥʠ, ʘ ʯʝʩʪʦ ʠ ʧʦ ʩʤʝʨʫ. ʋʩʣʝʜ ʜʫʛʦʪʨʘʿʥʦʛ ʜʝʿʩʪʚʘ 

ʧʝʨʠʦʜʠʯʥʦ ʧʨʦʤʝʥˀʠʚʠʭ ʦʧʪʝʨʝ˂ʝˁʘ ʤʦʞʝ ʜʘ ʥʘʩʪʘʥʝ ʧʦʩʪʝʧʝʥʦ ʨʘʟʘʨʘˁʝ 

ʤʘʪʝʨʠʿʘʣʘ. ʊʘ ʧʦʿʘʚʘ ʥʘʟʠʚʘ ʩʝ ʟʘʤʘʨʘˁʝ, ʘ ʪʘʢʦ ʠʟʘʟʚʘʥ ʧʨʝʣʦʤ ʫʩʣʝʜ ʟʘʤʦʨʘ. ʂʘʦ 

ʦʩʥʦʚʫ ʟʘ ʨʘʮʠʦʥʘʣʥʠʿʝ ʜʠʤʝʥʟʠʦʥʠʩʘˁʝ ʜʝʣʦʚʘ ʠʟʣʦʞʝʥʠʭ ʧʨʦʤʝʥˀʠʚʠʤ 






























































































































