
 

ɳɸɿɹɼʁ ɾɳʆʅʁɰɹʁ ʃʁɽʇʆɳʋɿɳɹʁ 

ʅʋʁɽɶ ʃʁɽɹʆɹɼʍɿ ɾɶʋɮɿɹɼʍɿ 
ɲΦʃΦɾΦʅΦ ζʅʋɳɲɹɮʅɾʁʅ ɼɮɹ ɼɮʆɮʅɼɳʇɶ ʇʃʁɱɳɹʍɿ ɳʄɱʍɿη 

 

ɲɹʃɽʍɾɮʆɹɼɶ ɳʄɱɮʅɹɮ 

ζʁ ʄʁɽʁʅ ʆɶʅ ɲɹɳʃɹʊɮɿɳɹɮʅ ɱɳʍʇɽɹɼʁʇ ς ʅɼʇʄʁɲɳɾɮʆʁʅ 

ʅʆɶɿ ɮɿɮɽʇʅɶ ʆʍɿ ʅɶʄɮɱɱʍɿη 

ɹɮʆʄɮɼɶʅ ɰɮʄɲɶʅ 

 

     

 

ɳʃɹɰɽɳʃʍɿ ɼɮɸɶɱɶʆɶʅ 

ɾΦ ɹΦ ɼɮɰɰɮɲɮʅ 

ɮɿɮʃɽɶʄʍʆɶʅ ɼɮɸɶɱɶʆɶʅ ɳΦɾΦʃΦ 

ɮɸɶɿɮ ɿʁɳɾɰʄɹʁʅ 2013 





ʃɳʄɹɳʋʁɾɳɿɮ 

I 
 

ɳʇʋɮʄɹʅʆɹɳʅ 

ɶ ˋˎʴʴˊʰ˒ʺ ˁʰʽ ʹ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌ ʵʶ˄ ʻʰ ʺˍʰ˄ 

ʵˎ˄ʰˍˈ˄ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˔˖ˊʾˌ ˍʹ˄ ˁʰʻˇʵʺʴʹˋʹ ˁʰʽ ˍʹ˄ ˇˎˋʽʰˋˍʽˁʺ ʲˇʺʻʶʽʰ ˍˇˎ ˁΦ 

ɼʰʲʲʰʵʱ ɾʽ˔ʰʺ˂Σ ɮ˄ʰˉ˂ʹˊ˖ˍʺ ɼʰʻʹʴʹˍʺ ˍʹˌ ˋ˔ˇ˂ʺˌ ʃˇ˂ʽˍʽˁ˗˄ ɾʹ˔ʰ˄ʽˁ˗˄ ɳɾʃΦ ɶ 

ʶ˃ˉʶʽˊʾʰ ˍˇˎ ˁʰʽ ˇʽ ʶˏˋˍˇ˔ʶˌ ˋˎ˃ʲˇˎ˂ʷˌ ˁʰʽ ˉʰˊʰˍʹˊʺˋʶʽˌ ˍˇˎ ˋˎ˄ʷʲʰ˂˂ʰ˄ ˁʰʻˇˊʽˋˍʽˁʱ 

ˋˍʹ˄ ʶˁˉˈ˄ʹˋʹ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʶˊʴʰˋʾʰˌΦ ɱʽʰ ˍˇˎˌ ˉʰˊʰˉʱ˄˖ ˂ˈʴˇˎˌ ˂ˇʽˉˈ˄ ʰ˂˂ʱ ˁʰʽ 

ˁˎˊʾ˖ˌ ʴʽʰ ˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˃ˇˎ ʷʵ˖ˋʶ ˍʹ˄ ʶˎˁʰʽˊʾʰ ˄ʰ ˋˎ˄ʶˊʴʰˋˍˇˏ˃ʶ ˃ʶ ˍˊˈˉˇ 

ʶˉˇʽˁˇʵˇ˃ʹˍʽˁˈ ˁʰʽ ʶˉʽ˃ˇˊ˒˖ˍʽˁˈΣ ˄ʽ˗ʻ˖ ˍʹ˄ ʰ˄ʱʴˁʹ ˄ʰ ˍˇ˄ ʶˎ˔ʰˊʽˋˍʺˋ˖ ʻʶˊ˃ʱΦ 

ɳˉʾˋʹˌ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ʽʵʽʰʾˍʶˊʰ ˍˇ˄ ˁΦ ʃΦ ʊˇˊˍˋʱˁʹ, ɲʽʵʱˁˍˇˊʰ ˍˇˎ ɳΦɾΦʃΦ 

ʴʽʰ ˍʹ˄ ˇˎˋʽʰˋˍʽˁʺ ˋˎ˃ʲˇ˂ʺ ˍˇˎ ˋˍˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ˍʹˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌΣ ˁʰʻ˗ˌ ˁʰʽ 

ʴʽʰ ˍʹ˄ ˎˉˇˋˍʺˊʽ˅ʹΣ ˍʹ˄ ˁʰʻˇʵʺʴʹˋʹ ˁʰʽ ˍʽˌ ˋˎ˃ʲˇˎ˂ʷˌ ˉˇˎ ˃ˇˎ ˉˊˇˋʷ˒ʶˊʶ ˁʰʻΩ ˈ˂ˇ ˍˇ 

ʵʽʱˋˍʹ˃ʰ ˍʹˌ ʶˁˉˈ˄ʹˋʹˌ ˍʹˌ ˍˈˋˇ ˋʶ ˍʶ˔˄ʽˁʱ ʻʷ˃ʰˍʰΣ ˉˇˎ ʰ˒ˇˊˇˏˋʰ˄ ˍˇ˄ ˔ʶʽˊʽˋ˃ˈ ˍ˖˄ 

˂ˇʴʽˋ˃ʽˁ˗˄Σ ˈˋˇ ˁʰʽ ˋʶ ʲʰˋʽˁʱ ʻʷ˃ʰˍʰ ʻʶ˖ˊʾʰˌ. 

ɹʵʽʰʾˍʶˊʶˌ ʶˎ˔ʰˊʽˋˍʾʶˌ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʰˉʶˎʻˏ˄˖ ˁʰʽ ˋˍˇ˄ ˁΦ ɼΦ ʆʸʽʲʱˁ,̌ ʇˉˇ˕ʺ˒ʽˇ 

ɲʽʵʱˁˍˇˊʰ ˍˇˎ ɳΦɾΦʃΦ, ʴʽʰ ˍʹ˄ ˋˎ˄ʵˊˇ˃ʺ ˍˇˎ ˋˍʹ˄ ʲʰʻˏˍʶˊʹ ˁʰˍʰ˄ˈʹˋʹ ˁʰʽ ˋʰ˒ʷˋˍʶˊʹ 

ʰˉˈʵˇˋʹ ˍ˖˄ ʵʽʰ˒ˈˊ˖˄ ˄ˈ˃˖˄ ˍˊʽʲʺˌ ˋʶ ˈˊˇˎˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˁʰʽ ʴʶ˄ʽˁˈˍʶˊʰ ʴʽʰ ˍʽˌ 

ˁʰˍʶˎʻˏ˄ˋʶʽˌ ˉˇˎ ˃ˇˎ ʷʵ˖ˋʶ ˁʰʽ ˍʹ˄ ʶ˃ˉʶʽˊʾʰ ˉˇˎ ˁʰˍʷʻʶˋʶΣ ʰˉʰˊʰʾˍʹˍ˖˄ ʴʽʰ ˍʹ˄ 

ʶˁˉˈ˄ʹˋʹ ˍʹˌ ʶˊʴʰˋʾʰˌΦ 

ʆʶ˂ʶʽ˗˄ˇ˄ˍʰˌ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ʻʶˊ˃ʱ ˍʹ˄ ˇʽˁˇʴʷ˄ʶʽʰ ˃ˇˎ ʴʽʰ ˍʹ˄ ˎˉˇˋˍʺˊʽ˅ʹ 

ˍˇˎˌ ˈ˂ˇ˄ ʰˎˍˈ˄ ˍˇ˄ ˁʰʽˊˈΣ ʰ˂˂ʱ ˁʰʽ ˈ˂ˇˎˌ ˍˇˎˌ ˒ʾ˂ˇˎˌ ˃ˇˎ ʴʽʰ ˍʹ˄ ʲˇʺʻʶʽʰ ˉˇˎ ˃ˇˎ 

ˉˊˇˋʷ˒ʶˊʰ˄ ˃ʶ ʲʱˋʹ ˍʹ˄ ʶ˃ˉʶʽˊʾʰ ˍˇˎˌ ʰˉˈ ˍʽˌ ʵʽˁʷˌ ˍˇˎˌ ʵʽˉ˂˖˃ʰˍʽˁʷˌ ʶˊʴʰˋʾʶˌΦ 
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ʃɳʄɹɽɶʌɶ 

 
 

ʃɳʄɹɽɶʌɶ ʆʹ˄ ˉʶˊʾ˂ʹ˕ʹ ʲʱ˂ˍʹ˄ ˉˊʽ˄ ˍʰ ˉʶˊʽʶ˔ˈ˃ʶ˄ʰ 

ɰʰˋʽˁˈ ˁˇ˃˃ʱˍʽ ˍʹˌ ˃ʶ˂ʷˍʹˌ ˍ˖˄ ˋʹˊʱʴʴ˖˄ ˁʰʽ ˍ˖˄ ˎˉˈʴʶʽ˖˄ ʶˁˋˁʰ˒˗˄ ʰˉˇˍʶ˂ʶʾ ʹ 

ˋ˖ˋˍʺ ʶˁˍʾ˃ʹˋʹ ˁʱʻʶ ʶʾʵˇˎˌ ˒ˇˊˍʾˋʶ˖ˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʶˉʽʵˊʱˋʶʽ ˉʱ˄˖ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ 

ʰˎˍ˗˄Φ ʆʷˍˇʽʶˌ ˒ˇˊˍʾˋʶʽˌ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˉʽʷˋʶʽˌ ˂ˈʴ˖ ʰˉˇˍˈ˄˖ˋʹˌ ˍˇˎ 

ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʶʵʱ˒ˇˎˌΣ ʰˉˈ ˋʶʽˋ˃ʽˁʺ ʵˊʰˋˍʹˊʽˈˍʹˍʰΣ ʰˉˈ ˎʵˊˇˋˍʰˍʽˁʷˌ ˉʽʷˋʶʽˌ ˍˇˎ 

ˎˉˈʴʶʽˇ ˎʵˊˇ˒ˇˊʷʰ ˁʰʽ ʰˉˈ ʱ˂˂ʶˌ ˒ˇˊˍʾˋʶʽˌ ʵˎ˄ʰ˃ʽˁʺˌ ˒ˏˋʶ˖ˌΦ ɶ ˋ˖ˋˍʺ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ 

˒ˇˊˍʾˋʶ˖˄ ʰˎˍ˗˄Σ ˂ˇʽˉˈ˄Σ ʶˉʽˍˊʷˉʶʽ ˍˇ˄ ʲʷ˂ˍʽˋˍˇ ˁʰʽ ˇʽˁˇ˄ˇ˃ʽˁˈˍʶˊˇ ˋ˔ʶʵʽʰˋ˃ˈ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌ ˃ʽʰˌ ˋʺˊʰʴʴʰˌΣ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰΣ ʶˉʽ˂ʷʴˇ˄ˍʰˌ ˍˇ ˉ˂ʷˇ˄ ˁʰˍʱ˂˂ʹ˂ˇ ˉʱ˔ˇˌ 

ʰˎˍʺˌ ˁʰʽ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ˉˇˋˇˋˍˈ ˇˉ˂ʽˋ˃ˇˏΦ 

ɶ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ʷ˔ʶʽ ˋˁˇˉˈ ˄ʰ ˃ʶ˂ʶˍʺˋʶʽ ˍʹ˄ ʶˉʽˊˊˇʺ ˍ˖˄ ˋˎ˄ʻʹˁ˗˄ 

ˋˎ˄ʱ˒ʶʽʰˌ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ˍʹˌ ʶˁˋˁʰ˒ʺˌ ˉˇˎ ʲˊʾˋˁʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍʹ˄ ʶ˅˖ˍʶˊʽˁʺ 

ˉ˂ʶˎˊʱ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˋˍʹ ˒ˈˊˍʽˋʹΣ ˋˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˁʰʽ ˋˍʽˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˉˇˎ 

ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ˁʰˍʱ ˍʹ ʵʽʱ˄ˇʽ˅ʹ. ʆˇ ˉˊˈʲ˂ʹ˃ʰ ˃ʶ˂ʶˍʺʻʹˁʶ ˍˈˋˇ ˋʶ ʻʶ˖ˊʹˍʽˁˈ ʶˉʾˉʶʵˇ 

ˈˋˇ ˁʰʽ ˋʶ ʶˉʾˉʶʵˇ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄Σ ˁʰʻ˗ˌ ʹ ˃ʷ˔ˊʽ ˍ˗ˊʰ ˍˎˉʽˁʺ ʻʶ˗ˊʹˋʹ 

ˋˍʽˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ʶˉʷʲʰ˂ʶ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʶʵʱ˒ˇˎˌ ς 

ʶˉʷ˄ʵˎˋʹˌΦ 

ɮˊ˔ʽˁʱ ˂ˇʽˉˈ˄ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˁʱˉˇʽʰ ʻʶ˖ˊʹˍʽˁʱ ˋˍˇʽ˔ʶʾʰ ʴʽʰ ˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʲˊʱ˔ˇˎ -  

ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˁʰʽ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˉˇˎ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍʹˌΦ ɴˉʶʽˍʰ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˉˈ ʶˊʴʰˋˍʹˊʽʰˁʷˌ ʵˇˁʽ˃ʷˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ 

ʰˉˈ ˍˇˎˌ Malmgren et al. (2005), ɹ ʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍʹˌ ˃ʷʴʽˋˍʹˌ ɻ ʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ 

ˁʰʽ ˍʹˌ ʵˎˋˍ˃ʹˋʾʰˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ς ʲˊʱ˔ˇˎ ʴʽʰ ʵʽʱ˒ˇˊˇˎˌ ˍˏˉˇˎˌ 

ˉʶˍˊ˖˃ʱˍ˖˄ ˁʰʽ ʶˉʽ˒ʰ˄ʶʽ˗˄ ʰˎˍ˗˄Σ ˁʰʻ˗ˌ ʶˉʾˋʹˌ ˁʰʽ ʰˉˈ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʰˊʽʻ˃ʹˍʽˁʷˌ 

ʰ˄ʰ˂ˏˋʶʽˌ ˉʱ˄˖ ˋʶ ˋʺˊʰʴʴʶˌ ˇˊˎ˔ʶʾ˖˄ ˋˍʹ ʅˇˎʹʵʾʰΣ ʰˉˈ ˍˇ˄ ʾʵʽˇ ʶˊʶˎ˄ʹˍʺΦ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˇʽ ˁ˂ʶʽˋˍʷˌ ʶ˂ʰˋˍʽˁʷˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌ ˍ˖˄ Einstein and 

Schwartz όмфтфύ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄Σ ˍ˖˄ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ˁʰʽ ˍ˖˄ 

˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˋˍʹ˄ ˉʰˊʶʽʱ ʶˉʷ˄ʵˎˋʹˌ ˋʺˊʰʴʴʰˌ ˉˇˎ ʵʽʰ˄ˇʾʴʶˍʰʽ ˋʶ ˉ˂ʺˊ˖ˌ ʶ˂ʰˋˍʽˁˈ 

ʷʵʰ˒ˇˌ ˎˉˈ ˋˎ˃˃ʶˍˊʽˁˈ ˉʶʵʾˇ ˒ˈˊˍʽˋʹˌ ˁʰʽ ˔˖ˊʾˌ ˒ʱˋʹ ʰˉˇˍˈ˄˖ˋʹˌ, ʴʽʰ ˍʽˌ ʰˁˊʰʾʶˌ 

ˉʶˊʽˉˍ˗ˋʶʽˌ ˍʹˌ ˃ʹʵʶ˄ʽˁʺˌ ˁʰʽ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʶˉʷ˄ʵˎˋʹˌΦ ɾʱ˂ʽˋˍʰΣ 

ʴʾ˄ʶˍʰʽ ʰ˄ʰ˒ˇˊʱ ˁʰʽ ˋˍʽˌ ˍˊˇˉˇˉˇʽʹ˃ʷ˄ʶˌ ˋ˔ʷˋʶʽˌ ˍˇˎˌΣ ˍʹ˄ ʰ˃ʷˋ˖ˌ ʶˉˈ˃ʶ˄ʹ ˔ˊˇ˄ʽʱ 

όмфулύΣ ˈˉˇˎ ˉ˂ʷˇ˄ ˂ʰ˃ʲʱ˄ʶˍʰʽ ˎˉˈ˕ʹ ˁʰʽ ʹ ʰˉˇˍˈ˄˖ˋʹΣ ˋˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍ˖˄ 

ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΦ 

ɱʽʰ ˍʹ˄ ˋˏʴˁˊʽˋʹ ˍ˖˄ ˁ˂ʶʽˋˍ˗˄Σ ʶ˂ʰˋˍʽˁ˗˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄ ˍ˖˄ Einstein and Schwartz 

˃ʶ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌΣ ˁʰˍʰˋˍˊ˗ʻʹˁʶ ʵʽʵʽʱˋˍʰˍˇ ˃ˇ˄ˍʷ˂ˇ ˉˊˇˋˇ˃ˇʾ˖ˋʹ̩  ˃ʶ ˍʹ 

ʲˇʺʻʶʽʰ ˍˇˎ ˁ˗ʵʽˁʰ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ABAQUS vсΦмлΦ ʅˍˇ оˇ ɼʶ˒ʱ˂ʰʽˇ, ˂ˇʽˉˈ˄, 

ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌΣ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˇʽ ˃ʷʻˇʵˇʽ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ 

ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˇʽ ˉʰˊʱ˃ʶˍˊˇʽ ʰ˄ˍˇ˔ʺˌ ʰˎˍʺˌ 

ˉˇˎ ʶʽˋʱʴˇ˄ˍʰʽ ˋˍʰ input files ʴʽʰ ˍʹ˄, ˁʰˍʱ ˍˇ ʵˎ˄ʰˍˈ˄, ˉʶˊʽˋˋˈˍʶˊˇ ˊʶʰ˂ʽˋˍʽˁʺ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹΦ ɾʱ˂ʽˋˍʰ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄Σ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ ANSYS v13.0, 
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ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁˇʾ ˁʱ˄ʰʲˇʽ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄, ʴʽʰ ˋˏʴˁˊʽˋʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄, 

˃ ʁˍʹ˄ ʶˉʽ˂ˇʴʺ ˍˇˎ ˉ˂ʷˇ˄ ˁʰˍʱ˂˂ʹ˂ˇˎ ˃ʶ ˍʰ ˉʶˊʽˋˋˈˍʶˊˇ ʰˁˊʽʲʺ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ ɶ 

ˋˏʴˁˊʽˋʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˂ˏˋʶ˖˄ ˃ʶ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˍ˖˄ ˁ˂ʶʽˋˍ˗˄ 

˂ˏˋʶ˖˄ Einstein and SchwartzΣ ʷʵ˖ˋʶ ˉˇ˂ˏ ʽˁʰ˄ˇˉˇʽʹˍʽˁʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌΣ 

ʰˉˇʵʶʽˁ˄ˏˇ˄ˍʰˌ ˍʹ˄ ˁʰ˂ʺ ˂ʶʽˍˇˎˊʴʾʰ ˍ˖˄ ˎˉˈ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˄ˈ˃˖˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋˍˇ˄ 

ˁ˗ʵʽˁʰ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄  ABAQUS. 

ʅˍˇ ˁˎˊʽˈˍʶˊˇ ˃ʷˊˇˌ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌΣ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʷ˄ʰ 

ˋˏ˄ˇ˂ˇ сп ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄Σ ʴʽʰ ʵˏˇ ˏ˕ʹ ˎˉʶˊˁʶʽ˃ʷ˄˖˄ ˁʰʽ ʵˏˇ ˍˏˉˇˎˌ 

ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏΣ ˉˊˇˋˇ˃ˇʽ˗˄ˇ˄ˍʰˌ ˊʶʰ˂ʽˋˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˋˎ˄ʱ˒ʶʽʰˌ ˃ʶˍʰ˅ˏ ʶʵʱ˒ˇˎˌ 

ˁʰʽ ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰΣ ˋˍʹˊʽʴ˃ʷ˄ʶˌ ˍˈˋˇ ˋʶ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰΣ ˈˋˇ ˁʰʽ 

ˋˍʹ˄ ʶ˃ˉʶʽˊʾʰΦ ʅˁˇˉˈˌ ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄ ʺˍʰ˄ ˄ʰ ʰˉˇˋʰ˒ʹ˄ʽˋˍʶʾ ʰˁˈ˃ʰ ˉʶˊʽˋˋˈˍʶˊˇ ˇ 

ˊˈ˂ˇˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋˍʰ ʶ˄ˍʰˍʽˁʱ ˁʰʽ ˉʰˊʰ˃ˇˊ˒˖ˋʽʰˁʱ ˃ʶʴʷʻʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ˄ʰ 

ʶˁˍ̔˃ ʹʻʶʾ ʹ ʶˉʽˊˊˇʺ ˍʹˌ ʶˁʱˋˍˇˍʶ ʵˎˋˍ˃ʹˋʾʰˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋʶ ʰˎˍʱ ˁʰʽ ˄ʰ 

ˉˊˇˋʵʽˇˊʽˋˍʶʾ ˍˇ ˁʰˍʱ ˉˈˋˇ ʹ ʻʶ˗ˊʹˋʹΣ ˋˍʽˌ ˃ʷ˔ˊʽ ˍ˗ˊʰ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌΣ ˍʹˌ 

ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ˎˉʶˊʶˁˍʽ˃ʱ ʺ ˎˉˇʶˁˍʽ˃ʱ ˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˋˍʹ˄ 

ʶˉʷ˄ʵˎˋʹΦ ʃʰˊˈ˂ˇ, ˂ˇʽˉˈ˄Σ ˉˇˎ ʵʶ˄ ˉˊˇʷˁˎ˕ʰ˄ ˋʹ˃ʰ˄ˍʽˁʷˌ ʵʽʰ˒ˇˊʷˌ ˋˍʽˌ ˉʽʷˋʶʽˌ ˁʰʽ 

ˋˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ʴʽʰ ˍʽˌ ʵʽʱ˒ˇˊʶˌ ʶ˄ʵʽʱ˃ʶˋʶˌ ˍʽ˃ʷˌ ʵˎˋˍ˃ʹˋʾʰˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʷʵʶʽ˅ʰ˄ ˋʹ˃ʰ˄ˍʽˁʷˌ ˎˉʶˊʶˁ̱ʽ˃ʺˋʶʽˌ ˋˍʽˌ ʰ˅ˇ˄ʽˁʷˌ 

ʵˎ˄ʱ˃ʶʽˌ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˈˍʰ˄ ʶʾ˔ʶ ʻʶ˖ˊʹʻʶʾ ˉ˂ʺˊʹˌ ˋˎ˄ʱ˒ʶʽʰ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ 

ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌΦ 

ʅˍˇ ˍʶ˂ʶˎˍʰʾˇ ˁˇ˃˃ʱˍʽ ˍʹˌ ˉʰˊˇˏˋʰˌ ʶˊʴʰˋʾʰˌΣ ʶˉʽʵʽ˗ˁʶˍʰʽ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹΣ ˃ʶ ˍˇ˄ 

ˁ˗ʵʽˁʰ ABAQUSΣ ˍˇˎ ʰˊ˔ʽˁˇˏ ˁʶ˄ˇˏ ˃ʶˍʰ˅ˏ ʶʵʱ˒ˇˎˌ ˁʰʽ ˎˉˇˋˍʺˊʽ˅ʹˌΣ ˁʰˍʱ ˍʹ˄ ʵʽʱ˄ˇʽ˅ʹ 

˃ʶ ˃ʹ˔ʱ˄ʹ˃ʰ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ όʆɰɾ)Σ ˁʰʽ  ̌ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍˇˎ ˉʽʻʰ˄ˇˏ ʲʰʻ˃ˇˏ 

ʶˉʽˊˊˇʺˌ ˍˇˎ ˁʶ˄ˈ ʰˎˍˇˏΣ ˋ̱ ʰ ˍʶ˂ʽˁʱ ˒ˇˊˍʾʰ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ. ʃˊʰʴ˃ʰˍˇˉˇʽˇˏ˄ˍʰʽ, 

˂ˇʽˉˈ˄Σ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ˁʰʽ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ʰˊˁʶˍʱ ˊʶʰ˂ʽˋˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ 

˒ʰʽ˄ˇ˃ʷ˄ˇˎ. 
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ABSTRACT ʀʰ˄ʰʵʽʱʲʰˋʶ ˍˇ ˁʰʽ ˁʱ˄ʶ ˍʽˌ ˉˊˇˍʱˋʶʽˌ ˉʽˇ ˃ʽˁˊʷˌ 

The correct estimation of the loading that may act on tunnel lining is a significant part of 

the tunnel and underground excavations design. Such loads may come from the pressure 

of the surrounding soil, seismic activity, hydrostatic pressure and other dynamic forces. 

The realistic estimation of these loads, leads to the optimum and economical design of a 

tunnel lining, choosing the appropriate lining thickness and percentage of steel 

reinforcement. 

The present thesis aims to study the effect of the adhesion between the soil and the outer 

surface of the tunnel lining, on the loading, the stress state and the displacements of the 

tunnel lining, during the excavation. The problem was investigated using theoretical, as 

well as, numerical approaches. It is noted that the typical approach in tunnel analysis is 

that no sliding the ground ς support interface is taken into account. 

First of all, some theoretical data regarding the soil ς lining interface are presented, as 

well as the parameters that affect its strength. Then, results from laboratory test deployed 

by Malmgren et al. (2005) on the estimation of the ultimate shear strength and shear 

stiffness of the concrete ς soil surface, for various types of rocks and surfaces, are shown, 

as well as results from numerical studies, also deployed by the same scientists. 

Afterwards, the closed, elastic, analytical solutions proposed by Einstein and Schwartz 

(1979), which estimate the axial forces, bending moments and displacements on the 

support springline, are described. This method assumes the case of a tunnel excavated in 

elastic ground, under symmetric loading, without confinement stage, for the extreme 

cases of no adhesive interface and no slipping interface. In addition, a reference to their 

modified solutions, deployed a year after (1980), is made, which takes into account the 

tunnel confinement for the calculation of the lining stress state. 

A two-dimensional finite element model was created, with the finite-element code 

ABAQUS v6.10, in order to compare the Einstein and Schwartz elastic solutions with the 

numerical analyses results. In the 3rd chapter of the thesis, the methods that could be 

used to simulate the ground ς support interface behavior, are described. Moreover the 

corresponding strength parameters for the realistic simulation of the problem are 

described. Two different finite ς element grids were developed to estimate the sensitivity 

of the results to the geometry and the density of the FE mesh. The comparison of the 

results with the Einstein and Schwartz closed solutions, resulted to satisfactory 

convergence. 

In the main part of the present diploma thesis, a total number of 64 numerical analyses 

was carried out, for two overburden heights and two ground types, simulating realistic 

adhesion state between soil and concrete support, based on laboratory tests results and 

empirical data. Aim of these numerical analyses was to make clearer the effect the ground 

ς support interface has on the lining stress - strain state, as well as to determine the effect 

ɾˇˊ˒ˇˉˇʽʺʻʹˁʶΥ ɳ˂˂ʹ˄ʽˁʱ όɳ˂˂ʱʵʰˌύ
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of the shear stiffness on it, and finally to define if the consideration of a no slip interface, 

as it is usually assumed, overestimates or underestimates the lining stress state. Even 

though no significant deviations on support pressures and stress state, were observed, for 

the various interface shear stiffness values that were used, the results concluded in rather 

significant overestimations of the axial forces in concrete lining, in the case of a no slip  

ground ς support interface. 

In the last part of the present thesis, the simulation of the initial space between ground 

and support, during tunnel excavation with a Tunnel Boring Machine (TBM) is 

investigated, via numerical analyses, in addition to the definition of the effect this 

particular initial space has, on the final loads on the support. Numerical analyses are 

performed, and a realistic simulation of this phenomenon is achieved. 
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ɳɹʅɮɱʍɱɶ-ʅɼʁʃʁʅ 

ɶ ˁʰˍʰˋˁʶˎʺ ˋʹˊʱʴʴ˖˄ ˁʰʽ ˎˉˇʴʶʾ˖˄ ʷˊʴ˖˄Σ ʰˉˇˍʶ˂ʶʾ ˋˎ˄ʺʻ˖ˌ ʷ˄ʰ ˋˏ˄ʻʶˍˇ ˁʰʽ 

ˉˇ˂ˎʵʽʱˋˍʰˍˇ ˉˊˈʲ˂ʹ˃ʰΣ ʹ ʶˉʾ˂ˎˋʹ ˍˇˎ ˇˉˇʾˇˎ ˉˊˇːˉˇʻʷˍʶʽ ʶ˃ˉʶˊʽˋˍʰˍ˖˃ʷ˄ʶ ̩˃ʶ˂ʷˍʶ ̩

ˉʱ˄˖ ˋʶ ʵʽʱ˒ˇˊˇˎˌ ˍˇ˃ʶʾˌ ˉˇˎ ʰ˒ˇˊˇˏ˄ ˍˇ ʶˁʱˋˍˇˍʶ ʷˊʴˇΦ ʅʹ˃ʰ˄ˍʽˁʱ ʸʹˍʺ˃ʰˍʰ ˉˇˎ 

ʰ˒ˇˊˇˏ˄ ˋˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˍ˖˄ ˋʹˊʱʴʴ˖˄ ˁʰʽ ʷ˔̌ˎ˄ ˄ʰ ˁʱ˄ˇˎ˄ ˃ ʁ ˍʰ ʶˁʱˋˍˇˍʶ 

ˍˇˉˇʴˊʰ˒ʽˁʱΣ ʴʶ˖˂ˇʴʽˁʱ ˁʰʽ ˇʽˁˇ˄ˇ˃ˇˍʶ˔˄ʽˁʱ ʵʶʵˇ˃ʷ˄ʰΣ ˉˊʷˉʶʽ ˉʱ˄ˍʰ ˄ʰ ʶˉʽ˂ˏˇ˄ˍʰʽ ˃ʶ 

ˍˇ˄ ˉ˂ʷˇ˄ ʲʷ˂ˍʽˋˍˇ ˁʰʽ ˇʽˁˇ˄ˇ˃ʽˁˈ ˍˊˈˉˇΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰ ˇʽ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʶˌ ˃ʷʻˇʵˇʽ 

ʵʽʱ˄ˇʽ˅ʹˌ ˁʰʽ ˍʰ ˃ʷˍˊʰ ˎˉˇˋˍʺˊʽ˅ʹˌ ˁʰʻˇˊʾʸˇˎ˄ ˁʰˍʱ ˉˇ˂ˏ ˍʽˌ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ʶˌ 

ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ˁʰˍʱ ˍʹ˄ ʰˉˇˍˈ˄˖ˋʹΣ ˁʰʽ ˉʰʾʸˇˎ˄ ˁʰʻˇˊʽˋˍʽˁˈ ˊˈ˂ˇ ˋˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˍʹˌ 

ˉˊˇˋ˖ˊʽ˄ʺˌ ˁʰʽ ˍʹˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌΦ ʁʽ ˉˊˇˋ˖ˊʽ˄ʺ Σʰˊ˔ʽˁʱΣ ˁʰʽ ʹ ˍʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ ʻʰ 

ˉˊʷˉʶʽ ˄ʰ ʷ˔ˇˎ˄ ʶˉʰˊˁʺ ʰ˄ˍˇ˔ʺ ˗ˋˍʶ ˄ʰ ˃ˉˇˊˇˏ˄ ˄ʰ ˉʰˊʰ˂ʱʲˇˎ˄ ˍʰ ʶˁˍʽ˃˗˃ʶ˄ʰ ˒ˇˊˍʾʰ 

ˁʰʽ ˍʽˌ ʶ˄ˍʱˋʶʽˌΦ ɮˎˍˈ ʰˉʰʽˍʶʾ ˋ˖ˋˍˈ ˋ˔ʶʵʽʰˋ˃ˈ ˁʰʽ ʵʽʰˋˍʰˋʽˇ˂ˈʴʹˋʹ ˁʰʽ ʴʽʰ ʰˎˍˈ ˍˇ 

˂ˈʴˇ ʻʰ ˉˊʷˉʶʽ ˄ʰ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˎˉˈ˕ʹ ˈ˂ʶ ̩ ˇʽ ˉʰˊʱ˃ʶˍˊˇʽ ˉˇˎ ʶ˄ʵʷ˔ʶˍʰʽ ˄ʰ 

ʶˉʹˊʶʱʸˇˎ˄ ˁʰʽ ˄ʰ ˃ʶˍʰʲʱ˂˂ˇˎ˄ ˍʹ˄ ˒ˈˊˍʽˋʹ ˉˇˎ ʵˊʰ ˋʶ ˃ʽʰ ʶˉʷ˄ʵˎˋʹ ˎˉˈ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ʴʶ˖˂ˇʴʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˁʰʽ ʵʶʵˇ˃ʷ˄ˇ ʶˉʽˍˈˉˇˎ ʶ˄ˍʰˍʽˁˈ ˉʶʵʾˇΦ  

ɸʶ˖ˊʾʶˌ ˁʰʽ ˃ʷʻˇʵˇʽ ʶˁˍʾ˃ʹˋʹˌ ˒ˇˊˍʾ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˋʹˊʱʴʴ˖˄Σ ʷ˔ˇˎ˄ ʰ˄ʰˉˍˎ˔ʻʶʾ 

ʰˊˁʶˍʷˌ ˁʰˍʱ ˁʰʽˊˇˏˌ ˃ʶ ˁˎˊʽˈˍʶˊʶˌ ˍʹ˄ ˃ʷʻˇʵˇ ˍˇˎ Terzaghi (1946), ˍˇˎ Protodyakonov 

(1948)Σ ˍˇˎ Unal (1983) ʰ˂˂ʱ ˁʰʽ ʱ˂˂ʶˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ʶˉʽ˂ˏˋʶʽˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˒ˇˊˍʾ˖˄ ˋˍʹ˄ 

ʶˉʷ˄ʵˎˋʹΣ ˈˉ˖ˌ ʰˎˍʺ ˍ˖˄ Schwartz and Einstein (1979)Σ ʴʽʰ ˍʹ˄ ˇˉˇʾʰ ʴʾ˄ʶˍʰʽ ˂ˈʴˇˌ ˋʶ 

ʶˉˈ˃ʶ˄ˇ ˁʶ˒ʱ˂ʰʽˇΦ ʁʽ ˉʰˊʰˉʱ˄˖ ʻʶ˖ˊʾʶˌ ʰ˒ˇˊˇˏ˄ ˍʰ ˍʶ˂ʽˁʱ ˒ˇˊˍʾʰ ˋˍʽˌ ʶˉʶ˄ʵˏˋʶʽˌ ˁʰʽ 

ʶ˅ʱʴˇˎ˄ ʴʶ˄ʽˁ˗ˌ ˋˎ˄ˍʹˊʹˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ʰ˄ʱ˂ˇʴʰ ˁʰʽ ˃ʶ ˍʹ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʹ 

˃̫ ʻˇʵˇΦ ɳ˄ʵʶʽˁˍʽˁʱ ʹ ˃ʷʻˇʵˇˌ Terzaghi όмфпсύΣ ʹ ˇˉˇʾʰ ʶʾ˄ʰʽ ʴ˄˖ˋˍʺ ˁʰʽ ˖ˌ ˃ʷʻˇʵˇˌ 

ˋʽ˂ˈΣ ʶˁˍʽ˃ʱ ˍʰ ˍʶ˂ʽˁʱ ˒ˇˊˍʾʰ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʰʲʰʻ˗˄ ʰ˂˂ʱ ˁʰʽ ʲʰʻʽ˗˄ ˋʹˊʱʴʴ˖˄, 

˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʹ ˃ʽʰ ˉʶˊʽˇ˔ʺ ˒ˇˊˍʾʸˇ˄ˍˇˌ ʶʵʱ˒ˇˎˌ ˏ˕ˇˎˌ D, ˉʱ˄˖ ʰˉˈ ˍʹ˄ 

ʶˁˋˁʰ˒ʺ, ɹ ˏˊ˖ ʰˉˈ ˍʹ˄ ˇˉˇʾʰ ʰ˄ʰˉˍˏˋˋʶˍʰʽ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍˇˎ ʻˈ˂ˇˎ (ɳʽˁˈ˄ʰ 0.1). 
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ɳʽˁˈ˄ʰ 0.1Υ ʅ˔ʹ˃ʰˍʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˍʹˌ ʰ˄ʰ˂ˎˍʽˁʺˌ ˃ʶʻˈʵˇˎ Terzaghi ɹ ʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍ˖˄ 
˒ˇˊˍʾ˖˄ ˋˍʹ˄ ˍʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹΦ 

ʆʰ ˒ˇˊˍʾʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʶˉʹˊʶʱʸˇ˄ˍʰʽ ʰˉˈ ʰˊˁʶˍˇˏˌ ˉʰˊʱʴˇ˄ˍʶˌ ˉʷˊʰ˄ ˍˇˎ ˏ˕ˇˎˌ ˍ˖˄ 

ˎˉʶˊˁʶʽ˃ʷ˄˖˄ ˁʰʽ ˍʰ ˃ʹ˔ʰ˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ʶʵʱ˒ˇˎˌΣ ˃ʷˋʰ ˋˍˇ ˇˉˇʾˇ ʴʾ˄ʶˍʰʽ ʹ 

ʵʽʱ˄ˇʽ˅ʹ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˁʱˉˇʽˇʽ ʰˉˈ ˍˇˎˌ ˇˉˇʾˇˎˌ ʶʾ˄ʰʽΥ 

¶ ʁ ʶˊˉˎˋ˃ˈˌ ˍˇˎ ʶʵʱ˒ˇˎˌΦ 

¶ ɶ ʵʽˈʴˁ˖ˋʹ ˍ˖˄ ˉʶˊʽʲʰ˂˂ˈ˄ˍ˖˄ ʴʶ˖ˎ˂ʽˁ˗˄Φ 

¶ ɶ ʰˉʰ˅ʾ˖ˋʹ ˍ˖˄ ˃ʷˍˊ˖˄ ˎˉˇˋˍʺˊʽ˅ʹˌ όʰʴˁˏˊʽʰ ˁʰʽ ˉ˂ʰʾˋʽʰύ 

¶ ʁʽ ˎʵʰˍʽˁʷˌ ˉʽʷˋʶʽˌΦ 

¶ ʁʽ ˋˎ˄ʻʺˁʶˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶˉʷ˄ʵˎˋʹˌ ς ɹ ʶ˖ˎ˂ʽˁˇˏΦ 

ʅˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ʻʰ ʵʽʶˊʶˎ˄ʹʻʶʾ ʹ ʶˉʽˊˊˇʺ ˍˇˎ ˍʶ˂ʶˎˍʰʾˇˎ ˋˏ˄ʻʶˍˇˎ 

ˁʰʽ ˉʶˊʾˉ˂ˇˁˇˎ ˉʰˊʱʴˇ˄ˍʰ ˋˍʰ ˒ˇˊˍʾʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ όˍʹˌ ˉˊˇˋ˖ˊʽ˄ʺˌ ˇˎˋʽʰˋˍʽˁʱύ ˁʰʽ 

ˋˍˇ ˁʰˍʱ ˉˈˋˇ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶˉʷ˄ʵˎˋʹˌ ς ʶʵʱ˒ˇˎˌ ˃ˉˇˊʶʾ ˄ʰ 

ʶˉʹˊʶʱˋʶʽ ˍʹ ˒ˈˊˍʽˋʹ ˉˇˎ ʵˊʰ ˉʱ˄˖ ˋʶ ʰˎˍʺ˄ ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˍʰ ʰ˄ʰˉˍˎˋˋˈ˃ʶ˄ʰ 

ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ όʰ˅ˇ˄ʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ ˁʰʽ ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌύΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˂ˇʽˉˈ˄Σ ʻʰ 

ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾΣ ʰˊ˔ʽˁʱΣ ˃ʽʰ ˋˏʴˁˊʽˋʹ ˎˉʰˊ˔ˈ˄ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄ ʶˁˍʾ˃ʹˋʹˌ ˍ˖˄ 

ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ˁʰʽ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ˄ ˋˎ˄ʱ˒ʶʽʰ 

ʶʵʱ˒ˇˎˌ ς ʶˉʷ˄ʵˎˋʹˌΣ ˃ʶ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏ ˋʶʽˌ ˁʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ʻʰ 

˃ʶ˂ʶˍʹʻʶʾ ˍˇ ˁʰˍʱ ˉˈˋˇ ˃ʶˍʰʲʱ˂˂ˇ˄ˍʰˌ ˍʹ ʵˎˋˁʰ˃˕ʾʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶˉʷ˄ʵˎˋʹˌ ς 

ʶʵʱ˒ˇˎˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʵʽʰ˒ˇˊˇˉˇʽʹʻˇˏ˄ ˇʽ ˉʽʷˋʶʽˌ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˇʽ ʵʽʰˍ˃ʹˍʽˁʷˌ ˍʱˋʶʽˌ 
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ˉʱ˄˖ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ˁʰʽ ˇʽ ˉʽʻʰ˄ˈˍʹˍʶˌ ʰˋˍˇ˔ʾʰˌ ˍʹˌ ʾʵʽʰˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˃ʶ ˍʽˌ 

ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˋˎ˄ʷˉʶʽʶˌ ˋˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ. 
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1. ɸɳʍʄɶʆɹɼɮ ʅʆʁɹʋɳɹɮ ʃɳʄɹ ɲɹɳʃɹʊɮɿɳɹʍɿ 

1.1 ɳɹʅɮɱʍɱɹɼɮ 

ʂˉ˖ˌ ʰ˄ʰ˒ʷˊʻʹˁʶ ˁʰʽ ˋˍˇ ʶʽˋʰʴ˖ʴʽˁˈ ˁʶ˒ʱ˂ʰʽˇΣ ʷ˄ʰ ˃ʶʴʱ˂ˇ ˁʰʽ ʰˊˁʶˍʱ ˉˇ˂ˏˉ˂ˇˁˇ 

ʸʺˍʹ˃ʰ ʴʽʰ ˍ ́ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍ˖˄ ˋʹˊʱʴʴ˖˄ ˁʰʽ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄˖˄ 

˃ʶˍʰˁʽ˄ʺˋʶ˖˄Σ ˒ˇˊˍʾ˖˄ ˁʰʽ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ˍʹˌ ˉˊˇˋ˖ˊʽ˄ʺˌ ˎˉˇˋˍʺˊʽ˅ʹˌ ˁʰʽ ˁʰˍˈˉʽ˄ 

ˍʹˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌΣ ʶʾ˄ʰʽ ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ 

ˋˁˎˊˈʵʶ˃ʰ ˃ʶ ˍʹ˄ ˉʶˊʽʲʱ˂˂ˇˎˋʰ ʲˊʰ˔ˈ˃ʰʸʰΣ ˍˈˋˇ ˁʰˍʱ ˍʹ ˒ʱˋʹ ˁʰˍʰˋˁʶˎʺˌ ˈˋˇ ˁʰʽ 

˃ʰˁˊˇ˔ˊˈ˄ʽʰΦ ɱʽʰ ˍˇ ˂ˈʴˇ ʰˎˍˈ ʻʰ ˉˊʷˉʶʽ ˄ʰ ʰˉˇˋʰ˒ʹ˄ʽˋˍʶʾ ˇ ˊˈ˂ˇˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ̩

ʶˉʷ˄ʵˎˋʹˌ-ʲˊʰ˔ˈ˃ʰʸʰˌ, ʰ˂˂ʱ ˁʰʽ ˇʽ ˉʽʻʰ˄ˇʾ ˍˊˈˉˇʽ ʰˋˍˇ˔ʾʰˌ ʰˎˍʺˌΦ ʅˍʽˌ ʶˉˈ˃ʶ˄ʶˌ 

ˉʰˊʰʴˊʱ˒ˇˎˌ ˈˉˇˎ ʰ˄ʰ˒ʷˊʶˍʰʽ ˇ ˈˊˇˌ ʴʶ˖ˎ˂ʽˁˈ - ʶˉʷ˄ʵˎˋʹΣ ʻʰ ˄ˇʶʾˍʰʽ ʶˉʷ˄ʵˎˋʹ ʰˉˈ 

ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ ˋˁˎˊˈʵʶ˃ʰΦ 

1.2 ɲɹɳʃɹʊɮɿɳɹɳʅ ʅʆɶɿ ɾɳɽɳʆɶ ɼɮɹ ɼɮʆɮʅɼɳʇɶ ʅɶʄɮɱɱʍɿ 

ʂˉ˖ˌ ʶʾ˄ʰʽ ʴ˄˖ˋˍˈ ˋˍʹ˄ ˉ˂ʶʽˇ˄ˈˍʹˍʰ ˍ˖˄ ˉʶˊʽˉˍ˗ˋʶ˖˄ ʵʽʱ˄ˇʽ˅ʹˌ ˋʹˊʱʴʴ˖˄Σ ʰ˃ʷˋ˖ˌ ˃ʶˍʱ 

ˍʹ˄ ʶˁˋˁʰ˒ʺ ʶ˄ˈˌ ʲʺ˃ʰˍˇˌ ʶˁˋˁʰ˒ʺˌ ʰˁˇ˂ˇˎʻʶʾ ʹ ˎˉˇˋˍʺˊʽ˅ʹ όˉΦ˔Φ ˃ʶ ʰʴˁˏˊʽʰ ˁʰʽ ˉ˂ʰʾˋʽʰύ 

ˁʰʽ ʶˉʷ˄ʵˎˋʹ ˍˇˎ ʰ˃ʷˋ˖ˌ ˉˊˇʹʴˇˏ˃ʶ˄ˇˎ όʰ˄ʱ˂ˇʴʰ ˁʰʽ ˃ʶ ˍʰ ˉˊˇʲ˂ʶˉˈ˃ʶ˄ʰ ʲʺ˃ʰˍʰ 

ˋ˔ʶʵʽʰˋ˃ˇˏύΦ ʆʷˍˇʽʰ ˃ʷˍˊʰ ˎˉˇˋˍʺˊʽ˅ʹˌ ʴʽʰ ˉʰˊʱʵʶʽʴ˃ʰ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ ʰʴˁˏˊʽʰ ʲˊʱ˔ˇˎ ʺ 

ˋˎˊ˃ʰˍˈˋˁˇʽ˄ʰΣ ˔ʰ˂ˏʲʵʽ˄ʰ ˉ˂ʰʾˋʽʰ ʵʽʰ˒ˈˊ˖˄ ˍˏˉ˖˄Σ ʶ˄˗ ʹ ˉˊˇˋ˖ˊʽ˄ʺ ʶˉʷ˄ʵˎˋʹ 

ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ ˋˁˎˊˈʵʶ˃ʰΣ ʶʾˍʶ ʶ˄ʽˋ˔ˎ˃ʷ˄ˇ ˃ʶ ˔ʰ˂ˏʲʵʽ˄ʶˌ ʾ˄ʶˌ ʶʾˍʶ ˈ˔ʽΣ 

˃ʷˋʰ ˋˍˇ ˇˉˇʾˇ ˃ˉˇˊˇˏ˄ ˄ʰ ʶʾ˄ʰʽ ʶ˄ˋ˖˃ʰˍ˖˃ʷ˄ʰ ˁʰʽ ˍʰ ˔ʰ˂ˏʲʵʽ˄ʰ ˉ˂ʰʾˋʽʰ ˉˇˎ 

ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʰ˄Φ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ˁʰʽ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ ˋ˔ʶʵʽʰˋ˃ʷ˄ʹ ˁʰˍʰˋˁʶˎʰˋˍʽˁʺ 

ʰ˂˂ʹ˂ˇˎ˔ʾʰ ʰˁˇ˂ˇˎʻʶʾ ʹ ˁʰˍʰˋˁʶˎʺ ˍʹˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ ˇˉ˂ʽˋ˃ʷ˄ˇ ˋˁˎˊˈʵʶ˃ʰ ˍʹˌ 

ˇˉˇʾʰˌΣ ˈ˃˖ˌΣ ˉˊˇʹʴʶʾˍʰʽ ʹ ʶʴˁʰˍʱˋˍʰˋʹ ʴʶ˖ː˒ʱˋ˃ʰˍˇˌ ˁʰʽ ʴʶ˖˃ʶ˃ʲˊʱ˄ʹˌ ʴʽʰ ˍʹ 

ˋˍʶʴʰ˄ˇˉˇʾʹˋʹ ˍʹˌ ˋʺˊʰʴʴʰˌΦ ʃʰˊˇˎˋʽʱʸʶˍʰʽ ˃ʽʰ ʱˉˇ˕ʹ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʹˌ ʵʽʰˍˇ˃ʺˌ ˃ʶ ˈ˂ʰ 

ˍ h̄ ʰˊʰˉʱ˄˖Σ ̀ ˍʹ˄ ɳʽˁˈ˄ʰ 1.1. 
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ɳʽˁˈ˄ʰ 1.1Υ ɯˉˇ˕ʹ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʹˌ ʵʽʰˍˇ˃ʺˌ ˋʺˊʰʴʴʰˌ ˈˉˇˎ ʵʽʰˁˊʾ˄ˇ˄ˍʰʽ ʹ ˉˊˇˋ˖ˊʽ˄ʺ 
ʶˉʷ˄ʵˎˋʹΣ ˍˇ ʴʶ˖ː˒ʰˋ˃ʰΣ ʹ ʴʶ˖˃ʶ˃ʲˊʱ˄ʹ ˁʰʽ ʹ ˍʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹΦ 

ɼʰʻ˗ˌΣ ˈˉ˖ˌ ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾ ˉʰˊʰˉʱ˄˖Σ ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˍʹˌ ʲˊʰ˔ˈ˃ʰʸʰˌ ˃ʶ ˍˇ 

ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ ˋˁˎˊˈʵʶ˃ʰΣ ˈˉ˖ˌ ʶˉʾˋʹˌ ˁʰʽ ʹ ʰ˄ˍˇ˔ʺ ˍʹˌ ˃ʶˍʰ˅ˏ ˍˇˎˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ, 

˃ˉˇˊˇˏ˄ ˄ʰ ˉʰʾ˅ˇˎ˄ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ ˋˍʹ ˒ˇˊˍʾʰ ˍʹˌ ˉˊˇˋ˖ˊʽ˄ʺˌ ʶˉʷ˄ʵˎˋʹˌ ʰ˂˂ʱ ˁʰʽ ˋˍʰ 

ʰ˄ˍʾˋˍˇʽ˔ʰ ˍʹˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌΣ ˉˊˇˁˏˉˍʶʽ ʹ ʰ˄ʱʴˁʹ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍˇˏ˄ ˇʽ 

ˋʹ˃ʰ˄ˍʽˁˈˍʶˊʶˌ ˉʰˊʱ˃ʶˍˊˇʽ ʰ˄ˍˇ˔ʺˌ ʰ˂˂ʱ ˁʰʽ ˍʰ ˍʶ˔˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰˎˍʺˌ. ɳˉʾˋʹˌΣ ˋʶ 

˃ʽʰ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʹ ˋʺˊʰʴʴʰ ˃ˉˇˊˇˏ˄ ˄ʰ ˇˊʽˋˍˇˏ˄ ʰˊˁʶˍʷˌ ʱ˂˂ʶˌ ʵʽʶˉʽ˒ʱ˄ʶʽʶˌΣ ʶˁˍˈˌ ˍʹ˄ 

ˉʰˊʰˉʱ˄˖Σ ˈˉ˖ˌ ʰˎˍʺ ˃ʶˍʰ˅ˏ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˁʰʽ ʴʶ˖˃ʶ˃ʲˊʱ˄ʹˌ ʺ ʰˁˈ˃ʰ 

ˁʰ˂ˏˍʶˊʰ ˃ˉˇˊʶʾ ˄ʰ ˇˊʽˋˍʶʾ ˃ʽʰ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˃ʶˍʰ˅ˏ ˉˊˇˋ˖ˊʽ˄ʺˌ ˁʰʽ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ 

˃ʶˍʰ˅ˏ ˍ˖˄ ˇˉˇʾ˖˄ ˉʰˊʶ˃ʲʱ˂˂ˇ˄ˍʰʽ, ˂ˈʴˇˎ ˔ʱˊʹ, ʹ ʴʶ˖˃ʶ˃ʲˊʱ˄ʹ ˁʰʽ ˍˇ ʴʶ˖ː˒ʰˋ˃ʰΣ 

ʴʶʴˇ˄ˈˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ˃ʶʽ˗˄ʶʽ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍʹˌΦ 

ɳ˄˗Σ ˂ˇʽˉˈ˄Σ ˁʰˍʱ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍʹˌ ˉˊˇˋ˖ˊʽ˄ʺˌ ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ 

ˋˁˎˊˈʵʶ˃ʰΣ ʶʾ˄ʰʽ ˉʶˊʽˋˋˈˍʶˊˇ ˋʰ˒ʺˌ ˇ ʵʽʰ˔˖ˊʽˋ˃ˈˌ ʵʽʶˉʽ˒ʰ˄ʶʽ˗˄ όˈ˔ʽ ˈ˃˖ˌ ˁʰʽ ˇ ˇˊʽˋ˃ˈˌ 

ˈ˂˖˄ ˍ˖˄ ˉʽʻʰ˄˗˄ ʶˉʽ˒ʰ˄ʶʽ˗˄ ʰˋˍˇ˔ʾʰˌύΣ ˁʰˍʱ ˍʹ˄ ʶʴˁʰˍʱˋˍʰˋʹ ˍʹˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ 

ˉˊˇˁˏˉˍˇˎ˄ ʶˉʽˉ˂ʷˇ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʶˌ ˇʽ ˇˉˇʾʶˌ ˃ˉˇˊʶʾ ˄ʰ ʰˋˍˇ˔ʺˋˇˎ˄ ˋˎ˄ˍˇ˃ˈˍʶˊʰ ʰˉˈ ˍʹ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʲˊʰ˔ˈ˃ʰʸʰˌ-ˉˊˇˋ˖ˊʽ˄ʺˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ʱˊʰ ʹ ʰ˄ˍˇ˔ʺ ʶˁʶʾ˄˖˄ ˄ʰ ˉʰʾ˅ʶʽ 

ˍʶ˂ʽˁʱ ˁʰˍʰ˂ˎˍʽˁˈ ˊˈ˂ˇ ˋˍʰ ˍʶ˂ʽˁʱ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˍʹˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌΦ ɮˎˍˈ ʲʷʲʰʽʰ 

ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˉˇˎ ʶ˄ʵʽʰ˒ʷˊʶʽ ʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍ˖˄ ˒ˇˊˍʾ˖˄ ˍʹˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌΦ 

ʅˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺΣ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄Σ ʻʰ ʶ˅ʶˍʰˋˍʶʾ 

ˁˎˊʾ˖ˌ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˍʹˌ ʲˊʰ˔ˈ˃ʰʸʰˌ ˃ʶ ˍˇ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ ˋˁˎˊˈʵʶ˃ʰ 

ˁʰʽ ʹ ʶˉʽˊˊˇʺ ʰˎˍʺˌ ˋˍʰ ˒ˇˊˍʾʰ ˍʹˌ ˉˊˇˋ˖ˊʽ˄ʺˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰˍʱ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍ˖˄ 

ˋˎʴˁ˂ʾˋʶ˖˄ ˁʰʽ ˍʹˌ ʰ˄ʰˁʰˍʰ˄ˇ˃ʺˌ ˍ˖˄ ˍʱˋʶ˖˄Σ ˃ʶ ˁˎˊʽˈˍʶˊˇ ˃ʷ˂ʹ˃ʰ ˈ˃˖ˌ ˍʹ˄ ˁʰˍʱ ˍˇ 

ʵˎ˄ʰˍˈ˄ ʰˁˊʽʲʷˋˍʶˊʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰˎˍʺˌ ʰˁˊʽʲ˗ˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʰ˔ˈ˃ʰʸʰˌ - 

ʶˉʷ˄ʵˎˋʹˌΣ ˁʰʽ ˍʹ˄ ˉʶˊʽʴˊʰ˒ʺ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˍʹˌ ˃ʶ ˍˇˎˌ ˁʰˍʱ˂˂ʹ˂ˇˎˌ ˄ˈ˃ˇˎˌ ˍˊʽʲʺˌ. ʁˉˈˍʶ 
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ˍˇ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊˇ ʶˊ˗ˍʹ˃ʰ ˉˇˎ ˉˊˇˁˏˉˍʶʽ, ˍʶ˂ʽˁʱ, ˁʰʽ ˔ˊʾʸʶʽ ʵʽʶˊʶˏ˄ʹˋʹˌΣ ʶʾ˄ʰʽ ˉˇʽˇʾ ʶʾ˄ʰʽ 

ˇʽ ˉʽʻʰ˄ˇʾ ˃ʹ˔ʰ˄ʽˋ˃ˇʾ ʰˋˍˇ˔ʾʰˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇˁˏ˕ˇˎ˄ ˖ˌ ˁˊʾˋʽ˃ˇʽ όˉΦ˔Φ ʰˋˍˇ˔ʾʰ ˃ˈ˄ˇ 

ʲˊʰ˔ˈ˃ʰʸʰˌΣ ʵʽʰˍ˃ʹˍʽˁʺ ʰˋˍˇ˔ʾʰ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʰ˔ˈ˃ʰʸʰˌ-ˋˁˎˊˇʵʷ˃ʰˍˇˌ ʺ ʶ˒ʶ˂ˁˎˋˍʽˁʺ 

ʰˋˍˇ˔ʾʰ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ɳʽˁˈ˄ʰ 1.2).  

 

ɳʽˁˈ˄ʰ 1.2Υ ʁʽ ˍˊʶʽˌ ʲʰˋʽˁˇʾ ˃ ʹ˔ʰ˄ʽˋ˃ˇʾ h ˋˍˇ˔ʾʰˌ ʰˉˈ ʵʽʱˍ˃ʹˋʹ ˁʰʽ ʶ˒ʶ˂ˁˎˋ˃ˈΦ 

1.3 ʃɮʄɮɱʁɿʆɳʅ ʃʁʇ ɳʃɶʄɳɮɵʁʇɿ ʆɶɿ ʅʇɾʃɳʄɹʊʁʄɮ ʆɶʅ 

ɲɹɳʃɹʊɮɿɳɹɮʅ ɰʄɮʋʁɾɮɵɮʅ-ʅɼʇʄʁɲɳɾɮʆʁʅ  

ʃˊˇˁʰˍʰˊˁˍʽˁʱ ˖ˌ ˁˎˊʽˈˍʶˊˇʽ ˉʰˊʱʴˇ˄ˍʶˌ ˉˇˎ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ 

ʲˊʰ˔ˈ˃ʰʸʰˌ-ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˇˊʽˋˍˇˏ˄ ˇʽ ʶ˅ʺˌ (Malmgren, 2005): 

¶ ɶ ̱ ˊʰ˔ˏˍʹˍʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍʹˌ ʲˊʰ˔ˈ˃ʰʸʰˌΦ  

¶ ɶ h ˄ˍˇ˔ʺ ˍˇˎ ʲˊʱ˔ˇˎ. 

¶ ʆ̌  ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ Young. 

¶ ɶ ̫ ˁˍʰˋʹ ˍʹˌ ˁʶˊ˃ʰˍʽˋ˃ʷ˄ʹˌ - ɻ ʽʰˍʰˊʰʴ˃ʷ˄ʹˌ ʸ˗˄ʹˌ ˂ˈʴ˖ ʶˁˋˁʰ˒ʺˌ.  

¶ ʆʰ ˃ʹ˔ʰ˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˃ʶˍʰ˅ˏ ʲˊʰ˔ˈ˃ʰʸʰˌ ˁʰʽ 

ˋˁˎˊˇʵʷ˃ʰˍˇˌ.  

¶ ʁ h ˊʽʻ˃ˈˌ ˍ˖˄ ʰˋˎ˄ʶ˔ʶʽ˗˄.  

¶ ɶ ʁ ˄ˍʰˍʽˁʺ ˁʰˍʱˋˍʰˋʹ ˍʹˌ ʲˊʰ˔ˈ˃ʰʸʰˌ. 

¶ ʆ̌  ˉʱ˔ˇˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰΦ  

ɳʾ˄ʰʽ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇ ˁʰʻʷ˄ʰˌ ʰˉˈ ˍˇˎˌ ˉʰˊʰˉʱ˄˖ ˉʰˊʱʴˇ˄ˍʶˌ ˄ʰ ʶˉʹˊʶʱʸʶʽ ˋʶ ʵʽʰ˒ˇˊʶˍʽˁˈ 

ʲʰʻ˃ˈ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ˃ʽʰ ˃ʶˍʰʲˇ˂ʺ ˋʶ ʰˎˍˈ˄ ˄ʰ ʷ˔ʶʽ ʵʽʰ˒ˇˊʶˍʽˁʺ 

ʲʰˊˏˍʹˍʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇˎˌ ʱ˂˂ˇˎˌ ˉʰˊʱʴˇ˄ˍʶˌΦ ɱʽʰ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ˂ˇʽˉˈ˄ ʰˎˍʺ ʰˁˊʽʲ˗ˌ 

ʹ ʲʰˊˏˍʹˍʰ ˁʰʻʶ˃ʽʱˌ ʰˉˈ ˍʽˌ ˉʰˊʰˉʱ˄˖ ˉʰˊʰ˃ʷˍˊˇˎˌ ˋˍʹ˄ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ʰˉʰʽˍˇˏ˄ˍʰʽ ʰ˄ʰ˂ˏˋʶʽˌ ʶˎʰʽˋʻʹˋʾʰˌ ˁʰʽ ˉˇ˂ˎˉʰˊʰ˃ʶˍˊʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌΦ 

ʆʷˍ̌̔ ʶˌ ʰ˄ʰ˂ˏˋʶʽˌ ʷ˔ˇˎ˄ ʵʽʶ˄ʶˊʴʹʻʶʾ ˁʰʽ ˋˍˇ ˉʰˊʶ˂ʻˈ˄ ʰˉˈ ʵʽʱ˒ˇˊˇˎˌ ʶˊʶˎ˄ʹˍʷˌ ό˃ʶ 

ˁˎˊʽˈˍʶˊʶˌ ʰˎˍʷˌ ˍˇˎ MalmgrenΣ нллрύ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ˇˉˇʾ˖˄ ʻʰ ˉʰˊˇˎˋʽʰˋˍˇˏ˄ 

ˉʰˊʰˁʱˍ˖Φ 
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1.4 ɲɹɮʆɾɶʆɹɼɶ ɮɿʆʁʋɶ ɲɹɳʃɹʊɮɿɳɹɮʅ- ɿʁɾʁʅ COULOMB 

ɱʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ˍˊʽʲʺˌ ʰ˄ʱ˃ʶˋʰ ˋʶ ʵˏˇ ʶˉʽ˒ʱ˄ʶʽʶˌ ʷ˔ˇˎ˄ ʵʽʰˍˎˉ˖ʻʶʾ ʵʽʱ˒ˇˊˇʽ 

˄ˈ˃ˇʽΣ ˃ʶ ʷ˄ʰ˄ ʰˉˈ ˍˇˎˌ ˉ˂ʷˇ˄ ʵʽʰʵʶʵˇ˃ʷ˄ˇˎˌ ˄ʰ ʶˁ˒ˊʱʸʶˍʰʽ ˁʰˍʱ ˍʰ ʴ˄˖ˋˍʱ ʰˉˈ ˍʹ 

ˋ˔ʷˋʹΥ 

ʆ = ˃ Öɿ  (1.1) 

ʂˉˇˎΥ ʆҐ ʹ ʵˏ˄ʰ˃ʹ ˍˊʽʲʺˌ 

˃ Ґ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ̱ ˊʽʲʺˌ 

ɿ Ґ ʹ ˇˊʻʺ ʵˏ˄ʰ˃ʹ όˁʱʻʶˍʰ ˋˍʽˌ ʶˉʽ˒ʱ˄ʶʽʶˌύ 

ʂˉ˖ˌ ʷ˔ʶʽ ʺʵʹ ʰ˄ʰ˒ʶˊʻʶʾΣ ʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʴʶ˖ˎ˂ʽˁˇˏ - ʶˉʷ˄ʵˎˋʹˌ 

ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˇ ʲʰʻ˃ˈˌ ˋˎ˄ʱ˒ʶʽʰˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇΣ ˉʰʾʸʶʽ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ ˋˍˇ˄ 

ˁʰʻˇˊʽˋ˃ˈ ˍ˖˄ ˒ˇˊˍʾˋʶ˖˄ ˁʰʽ ˍ˖˄ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΦ ʅˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ 

ˉʰˊʰˉʱ˄˖ ˄ˈ˃ˇ ˂ˇʽˉˈ˄Σ ʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ˇˊʻʺ ˍʱˋʹ ˉʱ˄˖ ˋˍʹ˄ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʴʶ˖ˎ˂ʽˁˇˏ - ʶˉʷ˄ʵˎˋʹˌ όʰ˄ʱʴˇ˄ˍʰˌ ˍʹ˄ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰύ ˁʰʽ ʰˉˈ ˍˇ 

ˋˎ˄ˍʶ˂ʶˋˍʺ ˍˊʽʲʺˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ ʁ ˉʽ˒ʰ˄ʶʽ˗˄ ˉˇˎ ˁʰʻˇˊʾʸʶʽ ˍ ̡̌ ʰʻ˃ˈ ̱ ʹ ˋˎ˄ʱ˒ʶʽʰ.̩ 

ʁ ˁʰˍʰˋˍʰˍʽˁˈˌ ˄ˈ˃ˇˌ ˍˊʽʲʺˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˍʹ˄ ˉʰˊˇˏˋʰ ʶˊʴʰˋʾʰ ʴʽʰ ˍˇ˄ 

ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʴʶ˖ˎ˂ʽˁˇˏ-ʶˉʷ˄ʵˎˋʹˌ ʶʾ˄ʰʽ ˇ ˄ˈ˃ˇˌ 

Mohr-Coulomb ˃ ʶ ˍʹ˄ ʶ˅ʾˋ˖ˋʹΥ 

ˍ Ґ ˋÖǘŀƴ˒ҌŎ (1.2) 

ʂˉˇˎΥ ˍҐ ʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ  

˒ Ґ  ʹ ʴ˖˄ʾʰ ˍˊʽʲʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ 

ˋ Ґ ʹ ˇˊʻʺ ˍʱˋʹ  

c Ґ ʹ ˋˎ˄ˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ 

ʆˇ ˁˊʽˍʺˊʽˇ Mohr-Coulomb ̀ ˎ˄ˇ˕ʾʸʶˍʰʽ ʰˉˈ ˍˇ˄ ˉʰˊʰˁʱˍ˖ ˁˏˁ˂ˇ Mohr: 



ɼɳʊɮɽɮɹʁ 1ʁ  
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ʅ˔ʺ˃ʰ 1.1Υ ɼˏˁ˂ˇˌ aƻƘǊ ˃ʶ ˉʶˊʽʲʱ˂˂ˇˎˋʰ ʰˋˍˇ˔ʾʰˌΦ 

ɶ ʶ˅ʾˋ˖ˋʹ όм.2ύ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ˄ ˉʶˊʽʲʱ˂˂ˇˎˋʰ ʰˋˍˇ˔ʾʰˌ ˁʰˍʱ Mohr-CoulombΣ ˉˇˎ 

ʶˁ˒ˊʱʸʶʽ ˍʹ˄ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺΣ ˍfΣ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˃ʽʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˇˊʻʺ ˍʱˋʹΣ f̀. 

ʃˊˇ˒ʰ˄˗ˌ ʴʽʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˃ʹ˔ʰ˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʴ˖˄ʾʰˌ ˍˊʽʲʺˌΣ ˒Σ ˁʰʽ ˋˎ˄ˇ˔ʺˌΣ c, 

ˈˍʰ˄ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ˇˊʻʺ ˍʱˋʹ ˍˈˍʶ ʰˎ˅ʱ˄ʶˍʰʽ ˁʰʽ ʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺΦ  

ʅˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ˂ˇʽˉˈ˄Σ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˇ ˄ˈ˃ˇˌ Coulomb ʴʽʰ ˍʹ˄ 

ˉʶˊʽʴˊʰ˒ʺ ˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʴʶ˖ˎ˂ʽˁˇˏ-ʶˉʷ˄ʵˎˋʹˌ ˔˖ˊʾˌ, ˈ˃˖ˌ, 

˄ʰ ʵˇʻˇˏ˄ ˍʽ˃ʷˌ ˋˎ˄ˇ˔ʺˌΣ ʰ˂˂ʱ ˃ˈ˄ˇ ˃ʶ ˔ˊʺˋʹ ˍʹˌ ʴ˖˄ʾʰˌ ˍˊʽʲʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ʶ˄˗ ʻʰ 

ʶ˅ʶˍʰˋˍˇˏ˄ ˁʰʽ ˇʽ ˉʶˊʽˉˍ˗ˋʶʽˌ ˉ˂ʺˊˇˎˌ ˁʰʽ ˃ʹʵʶ˄ʽˁʺˌ ˋˎ˄ʱ˒ʶʽʰˌ ʴʽʰ ˋˏʴˁˊʽˋʹ ˍ˖˄ 

ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˃ʶ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌ ˍ˖˄ Einstein and Schwartz (1979). 

ɶ ˂ˇʴʽˁʺ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʶʵʱ˒ˇˎˌ - ʶˉʷ˄ʵˎˋʹˌ ˃ˉˇˊʶʾ ˄ʰ 

ˉʶˊʽʴˊʰ˒ʶʾ ˃ʶ ˍʹ ˔ˊʺˋʹ ʶ˂ʰˍʹˊʾ˖˄Φ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˇʽ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˁʱʻʶˍʰ ˋˍʽˌ 

ʶˉʽ˒ʱ˄ʶʽʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʵʶˋ˃ʶˎˍˇˏ˄ ʰˉˈ ʶ˂ʰˍʺˊʽʰΣ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʵˎˋˁʰ˃˕ʾʰˌΣ ˁʰˍʱ ˍʹ˄ 

ʵʽʶˏʻˎ˄ˋʹ ˍ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʰˎˍ˗˄Σ ʶ˄˗ ʶ˂ʰˍʺˊʽʰ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰΣ 

ʵʶˋ˃ʶˏˇˎ˄ ˍʽˌ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌΦ ʅʶ ˈˊˇˎˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΣ ʹ 

ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˉʶˊʽˇˊʾʸʶˍʰʽ ˋˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˁˈ˃ʲ˖˄ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˇˎ ʶʵʱ˒ˇˎˌ ˁʰʽ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ʹ ˇˉˇʾʰ ˃ˉˇˊʶʾ ˄ʰ 

ˉʶˊʽʴˊʰ˒ʶʾ ʰˉˈ ʶ˂ʰˍʺˊʽʰ ˉˇˎ ˋˎ˄ʵʷˇˎ˄ ˍˇˎˌ ʰ˄ˍʾˋˍˇʽ˔ˇˎˌ ˁˈ˃ʲˇˎˌΦ ʃʽˇ ʰ˄ʰ˂ˎˍʽˁʺ 

ˉʶˊʽʴˊʰ˒ʺ ˍˈˋˇ ˍ˖˄ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄ ˈˋˇ ˁʰʽ ˍ˖˄ ˃ʶʻˈʵ˖˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʵʱ˒ˇˎˌ - ʶˉʷ˄ʵˎˋʹˌΣ ʻʰ ʴʾ˄ʶʽ ˋʶ 

ʶˉˈ˃ʶ˄ˇ ˁʶ˒ʱ˂ʰʽˇΦ  

1.5 ɳʄɱɮʅʆɶʄɹɮɼɳʅ ɲʁɼɹɾɳʅ ɼɮɹ ɮʄɹɸɾɶʆɹɼɳʅ ʃʄʁʅʁɾʁɹʍʅɳɹʅ ʃɮɿʍ 

ʅʆɶ ɲɹɳʃɹʊɮɿɳɹɮ ɰʄɮʋʁʇ-ʅɼʇʄʁɲɳɾɮʆʁʅ 

ʆʹ˄ ˍʶ˂ʶˎˍʰʾʰ ʵʶˁʰʶˍʾʰΣ ʴʽʰ ˍʹ ʵʽʶˊʶˏ˄ʹˋʹ ˍʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇ-ˎ

ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʴʶ˖ˎ˂ʽˁˇˏ - ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ 
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ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ ˋˁˎˊˈʵʶ˃ʰΣ ʷ˔ˇˎ˄ ʵʽʶ˅ʰ˔ʻʶʾ ʰˊˁʶˍʷˌ ʶˊʴʰˋˍʹˊʽʰˁʷˌ ʵˇˁʽ˃ʷˌ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁʷˌ 

ʰ˄ʰ˂ˏˋʶʽˌΣ ˁˎˊʾ˖ˌ ʰˉˈ ˍˇ˄ Malmgren ˁʰʽ ˍˇˎˌ ˋˎ˄ʶˊʴʱˍʶˌ ˍˇˎ (2005)Φ ɮˉˈ ˍʽˌ ʵˇˁʽ˃ʷˌ 

ʰˎˍʷˌ ʶˉʽ˔ʶʽˊʺʻʹˁʶ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ˁʰˍΩ ʰˊ˔ʺ˄ ʹ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋʶ ʰˉʶˎʻʶʾʰˌ 

ʵʽʱˍ˃ʹˋʹ όʴʽʰ ʵʽʱ˒ˇˊʶˌ ˍʽ˃ʷˌ ˍˊʰ˔ˏˍʹˍʰˌ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎύΣ ʰ˂˂ʱ ˁʰʽ ʹ ʰ˄ˍˇ˔ʺ ˍʹˌ 

ˋʶ ʶ˒ʶ˂ˁˎˋ˃ˈ ˁʰʽ ʻ˂ʾ˕ʹ ʰ˄ˍʾˋˍˇʽ˔ʰΦ ɳˉʽ˔ʶʽˊʺʻʹˁʶ ʶˉʾˋʹˌ ˃ʽʰ ˋˎˋ˔ʷˍʽˋʹ ˍ˖˄ 

˔ʰˊhˁ ˍʹˊʽˋˍʽˁ˗˄ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ ʲˊʱ˔ˇˎ ˁʰʽ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˃ʶ ˍʹ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ 

ʴ˖˄ʾʰ ˍˊʽʲʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ˁʰʻ˗ˌ ˁʰʽ ˍʹˌ ˋˎ˄ˇ˔ʺˌ ˍʹˌ ˁʰʽ ˍʹˌ ʵˎˋˍ˃ʹˋʾʰˌ ˍʹˌΦ ʆʷ˂ˇˌ 

ʰˉˈ ˃ʽʰ ˉˇʽˁʽ˂ʾʰ ˉʰˊʰʴˈ˄ˍ˖˄ ˉˇˎ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ˇʽ 

ˇˉˇʾˇʽ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˋʶ ˉʰˊʰˉʱ˄˖ ʶ˄ˈˍʹˍʰΣ ʶˉʽ˔ʶʽˊʺʻʹˁʶ ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍʹˌ ʲʰˊˏˍʹˍʰˌ 

ˁʰʻΩ ʶ˄ˈˌ ʶ˅ ʰˎˍ˗˄Σ ˃ʶ ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˉʰˊʰ˃ʶˍˊʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄Φ 

1.5.1 SAIANG et al (2005) 

1.5.1.1 ʃɳʄɹɱʄɮʊɶ ɲʁɼɹɾʍɿ 

ʁʽ ˉʰˊʰˉʱ˄˖ ʶˊʶˎ˄ʹˍʷˌ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʰ˄ ʵˇˁʽ˃ʷˌ ˋʶ ʰˉʶˎʻʶʾʰˌ ʵʽʱˍ˃ʹˋʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ 

ʲˊʱ˔ˇˎ-ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˋʶ ʵˇˁʾ˃ʽʰ ˈˉˇˎ ˍˇ JRC ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽ˗˄ ˍˇˎ ʲˊʱ˔ˇˎ ˁˎ˃ʰʽ˄ˈˍʰ˄ 

ʰˉˈ м-о ˁʰʽ ʰˉˈ ф-моΦ ʁʽ ʵʽʶˉʽ˒ʱ˄ʶʽʶˌ ˃ʶ ˍʹ ˃ʶʴʱ˂ʹ ˍʽ˃ʺ JRC ʶ˃˒ʰ˄ʾʸˇˎ˄ʶ ˃ʶʴʰ˂ˏˍʶˊʹ 

ʰ˄ˍˇ˔ʺ ζˋˎ˄ʵʷˋ˃ˇˎη ˋʶ ˋ˔ʷˋʹ ˃ʶ ʰˎˍʺ ˍ˖˄ ʵʽʶˉʽ˒ʰ˄ʶʽ˗˄ ˃ʶ ˃ʽˁˊˈˍʶˊʹ ˍʽ˃ʺ JRC. 

ʋˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʵˇˁʾ˃ʽʰ ʵʽʰ˃ʷˍˊˇˎ 180mm ʴʽʰ ʵˇˁʽ˃ʷˌ ʰˉʶˎʻʶʾʰˌ ʵʽʱˍ˃ʹˋʹˌ ʶ˄˗ ʴʽʰ 

ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˁʰʽ ʻ˂ʾ˕ʹˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʵˇˁʾ˃ʽʰ ʵʽʰ˃ʷˍˊˇˎ фпmm. 

ʋʰˊʰˁˍʹˊʽˋˍʽˁʺ ʵʽʱˍʰ˅ʹ ʴʽʰ ʵˇˁʽ˃ʺ ʰˉʶˎʻʶʾʰˌ ʵʽʱˍ˃ʹˋʹˌ ʰ˂˂ʱ ˁʰʽ ˍʹˌ ˃ʹ˔ʰ˄ʺˌ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ όʱˁʰ˃ˉˍʹ ˋʶˊʲˇ-ˎʵˊʰˎ˂ʽˁʺ ˃ʹ˔ʰ˄ʺύ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍʽˌ ʶʽˁˈ˄ʶˌ ̄ ʰˊʰˁʱˍ˖Φ 

  

ɳʽˁˈ˄ʰ 1.3Υ ʆˎˉʽˁˈ ʵˇˁʾ˃ʽˇ ʴʽʰ ʵˇˁʽ˃ʺ ʰˉʶˎʻʶʾʰˌ ʵʽʱˍ˃ʹˋʹˌΦ 



ɼɳʊɮɽɮɹʁ 1ʁ  

10 
 

 

ɳʽˁˈ˄ʰ 1.4Υ ɲʽʱˍʰ˅ʹ ʱˁʰ˃ˉˍʹˌ ˎʵˊʰˎ˂ʽˁʺˌ ˃ʹ˔ʰ˄ʺˌ ʴʽʰ ʵˇˁʽ˃ʷˌ ʰˉʶˎʻʶʾʰˌ ʵʽʱˍ˃ʹˋʹˌΦ 

ɲˇˁʽ˃ʷˌ ˋʶ ʻ˂ʾ˕ʹ ˋˍˇ ˋˁˎˊˈʵʶ˃ʰ ʷʴʽ˄ʰ˄ ʴʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍʹˌ ˃ˇ˄ˇʰ˅ˇ˄ʽˁʺˌ ʰ˄ˍˇ˔ʺˌ 

ˍˇˎ ˋʶ ʻ˂ʾ˕ʹ ˁʰʽ ˍʹ˄ ʵʽʰˉʾˋˍʶˎˋʹ ˍʹˌ ˉˇʽˈˍʹˍʰˌ ˍˇˎΦ ʆʷˍˇʽʶˌ ʵˇˁʽ˃ʷˌ ʷʴʽ˄ʰ˄ ˋʶ мн ʵˇˁʾ˃ʽʰΦ 

1.5.1.2 ɮʃʁʆɳɽɳʅɾɮʆɮ 

ɮˉʶˎʻʶʾʰˌ ʵʽʱˍ˃ʹˋʹ ˁ ʰʽ ˁʰʻˇˊʽˋ˃ˈˌ ˃ʷʴʽˋˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ 

ɲˇˁʽ˃ʷˌ ˋʶ ʰˉʶˎʻʶʾʰˌ ʵʽʱˍ˃ʹˋʹ ʷʴʽ˄ʰ˄ ʴʽʰ оу ʵˇˁʾ˃ʽʰ όнф ʴʽʰ JRC=1-о ˁʰʽ ф ˃ʶ JRC=9-13) 

ˁʰʽ ˉˊˇʷˁˎ˕ʰ˄ ʵˏˇ ʵʽʰʴˊʱ˃˃ʰˍʰ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌΦ ɴ˄ʰ ˉˇˎ ˉʶˊʽʴˊʱ˒ʶʽ ˍʹ ʵʽʰˍ˃ʹˍʽˁʺ 

ʰ˄ˍˇ˔ʺ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˃ʶ ˃ʶʴʱ˂ˇ JRC ˁ ʰʽ ˁʰ˄ˇ˄ʽˁʷˌ ˍʽ˃ʷˌ ˇˊʻʺˌ ˍʱˋʹˌ ˁʰʽ ʷ˄ʰ ʵʽʱʴˊʰ˃˃ʰ ʴʽʰ 

˃ʽˁˊʷˌ ˍʽ˃ʷˌ JRC ʺ ˃ʶʴʰ˂ˏˍʶˊʶˌ ˍʽ˃ʷˌ ˇˊʻʺˌ ˍʱˋʹˌΦ ʅˍʹ˄ ˉˊ˗ˍʹ ˉʶˊʾˉˍ˖ˋʹ όʅ˔ʺ˃ʰ 1.2) 

˂ˇʽˉˈ˄ ˍˇ ʵʽʱʴˊʰ˃˃ʰ ˉʰˊˇˎˋʽʱʸʶʽ ˃ʽʰ ʰˉˈˍˇ˃ʹ ʰˏ˅ʹˋʹ ˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ˍʱˋʹˌ ˁʰʽ ˅ʰ˒˄ʽˁʺ 

ʰˋˍˇ˔ʾʰ όˋˍʰ лΦ9MPa-ʶ˄ʵʶʽˁˍʽˁʺ ˍʽ˃ʺύ ˃ʶ ˋˎ˄ʰˁˈ˂ˇˎʻʹ ʰˏ˅ʹˋʹ ˃ʷ˔ˊʽ ˃ʽʰ ˄ʷʰ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ 

ʰˎˍʺˌ  ˉʷˊʰ ʰˉˈ ˍʹ˄ ˇˉˇʾʰ ˅ʶˁʽ˄ʱʶʽ ˇ˂ʾˋʻʹˋʹΦ ɶ ˉˊ˗ˍʹ ʰˋˍˇ˔ʾʰ ˇ˒ʶʾ˂ʶˍʰʽ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ˋʶ 

ʰˋˍˇ˔ʾʰ ˍ˖˄ ʵʶˋ˃˗˄ ˃ʶˍʰ˅ˏ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˁʰʽ ʲˊʱ˔ˇˎ ʶ˄˗ ̱ ˇ ˈˍʽ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ʵˏˇ ˒ʱˋʶʽˌ 

ʷ˔ʶʽ ˄ʰ ˁʱ˄ʶʽ ˉʽʻʰ˄˗ˌ ˃ʶ ˍˇ ˃ʽˁˊˈ ˊˎʻ˃ˈ ˍʹˌ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ʹˌ ˃ʶˍʰˁʾ˄ʹˋʹˌ ˁʰˍʱ ˍʹ ʵˇˁʽ˃ʺΦ 

ʅˍʹ˄ ʵʶˏˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ όʅ˔ʺ˃ʰ 1.3ύ ʹ ʵʽʰˍ˃ʹˍʽˁʺ ˍʱˋʹ ʰˎ˅ʱ˄ʶˍʰʽ ˃ʷ˔ˊʽ ˃ʽʰ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ 

όˋˍʰ лΣопMPa-ʶ˄ʵʶʽˁˍʽˁʺ ˍʽ˃ʺύ ˁʰʽ ˋˍʹ˄ ˋˎ˄ʷ˔ʶʽʰ ʰˎˍʺ ˉʷ˒ˍʶʽ ˋˍʹ˄ ˉʰˊʰ˃ʷ˄ˇˎˋʰ ˍʱˋʹΦ 

ɳʵ˗ ˍˈˋˇ ʹ ʰ˄ˍˇ˔ʺ ˍ˖˄ ʵʶˋ˃˗˄ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˈˋˇ ˁʰʽ ʹ ˍˊʰ˔ˏˍʹˍʰ ˍ˖˄ ʵˏˇ ʶˉʽ˒ʰ˄ʶʽ˗˄ 

ˋˎ˄ʷʲʰ˂˂ʰ˄ ˋˍʹ˄ ˃ʷʴʽˋˍʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺΦ ʅʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʹ ʰˋˍˇ˔ʾʰ ˍ˖˄ 

ʵʶˋ˃˗˄ ʵʽʰˉʽˋˍ˗ʻʹˁʶ ˉʶˊʽˋˋˈˍʶˊˇ ʰˁˇˎˋˍʽˁʱ ό˃ʶ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ʺ˔ˇύΦ ʃʰˊˈ˂ʰ ʰˎˍʱ ʺˍʰ˄ 

ʵˏˋˁˇ˂ˇ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ʰ˄ ʹ ʰˋˍˇ˔ʾʰ ʺˍʰ˄ ˇ˂ʽˁʺ ʺ ˋʹ˃ʶʽʰˁʺΦ 

ɾʷʴʽˋˍʶˌ ˇˊʻʷˌ ˍʱˋʶʽˌ ˋˍˇ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ ˋˁˎˊˈʵʶ˃ʰ ˃ʶ ˍʽ˃ʷˌ ˃ʶʴʰ˂ˏˍʶˊʶˌ ʰˉˈ мMPa 

ˋˎ˄ʰ˄ˍ˗˄ˍʰʽ ˋʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ˈˉˇˎ ˍˇ ˋˁˎˊˈʵʶ˃ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˃ˈ˄ˇ ˍˇˎ ό˔˖ˊʾˌ 

ʰʴˁˏˊʽʰύ ʶ˄˗ ˈˍʰ˄ ʰˎˍˈ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˃ʶ ʰʴˁˏˊʽʰΣ ˇʽ ˍʱˋʶʽˌ ʰˎˍʷˌ ˃ʶʽ˗˄ˇ˄ˍʰʽ ˋˍʰ лΦн-

0.5 MPa όʴʽʰ JRC=1-3) . 
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ʅ˔ʺ˃ʰ 1.2Υ ʆˎˉʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʵˇˁʽ˃ʺˌ ˃ʶ ˁʰ˂ʺ ˋˎʴˁˈ˂˂ʹˋʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ 

 
 

 

ʅ˔ʺ˃ʰ 1.3Υ ʆˎˉʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʵˇˁʽ˃ʺˌ ʶʾˍʶ ˃ʶ ˒ˍ˖˔ʺ ˋˎʴˁˈ˂˂ʹˋʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʾˍʶ ˃ʶ 
ˎ˕ʹ˂ˈˍʶˊʶˌ ˇˊʻʷˌ ˍʱˋʶʽˌΦ 

ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʵˇˁʽ˃ʰˋˍʽˁ˗˄ ʶ˂ʷʴ˔˖ ˄

ʃˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʵˇˁʽ˃ʰˋˍʽˁˇʾ ʷ˂ʶʴ˔ˇʽ όˇʽ ˇˉˇʾˇʽ ʰˉˇˍʷ˂ʶˋʰ˄ ˇˎˋʽʰˋˍʽˁʱ ˍʹ˄ ʲʱˋʹ ʴʽʰ 

ˍʽˌ ˁˏˊʽʶˌ ʵˇˁʽ˃ʷˌύ ˋʶ ˁˎʲʽˁʱ ʵˇˁʾ˃ʽʰ ˃ʶ ʵʽʰˋˍʱˋʶʽˌ нллx200x200mm ̱ ʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ 

ˇˉˇʾ˖˄ ˋˎʴˁˊʾʻʹˁʰ˄ ˃ʶ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʵˇˁʽ˃ʷˌ ˃ʶ ˁˎ˂ʽ˄ʵˊʽˁʱ ʵˇˁʾ˃ʽʰΦ ʆʰ ʵˇˁʾ˃ʽʰ 

ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ˃ʶ ʷʴ˔ˎˋʹ ʰˉ˂ˇˏ ˋˁˎˊˇʵʷ˃ʰˍˇˌ όʰ˄ˍˇ˔ʺˌ пл-45MPaύ ˉʱ˄˖ ˋˍʹ˄ 

ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʲˊʱ˔ˇˎ όˍˊʰ˔ʶʾˍʹύ ʹ ˇˉˇʾʰ ʶʾ˔ʶ JRC=1-оΦ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˉˈ ˍˇˎˌ 
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ʵˇˁʽ˃ʰˋˍʽˁˇˏˌ ʶ˂ʷʴ˔ˇˎˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˋʶ ˍʷˋˋʶˊʰ ʵˇˁʾ˃ʽʰΣ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ˄ 

ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰΦ 

 

ʃʾ˄ʰˁʰˌ 1.1Υ ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵˇˁʽ˃ʰˋˍʽˁ˗˄ ʶ˂ʷʴ˔˖˄ ˋʶ ˍʷˋˋʶˊʰ ʵˇˁʾ˃ʽʰΦ 

ʆˇ ˋʹ˃ʰ˄ˍʽˁˈ ˃ʶ ˍˇˎˌ ʵˇˁʽ˃ʰˋˍʽˁˇˏˌ ʶ˂ʷʴ˔ˇˎˌ ʶʾ˄ʰʽ ˈˍʽ ʰˉˇʵʶʾ˔ˍʹˁʶ ˈˍʽ ˈ˂ʰ ˍʰ ʵˇˁʾ˃ʽʰ 

ˉʰˊˇˎ̀ʾʰˋʰ˄ ˉˇ˂ˏ ˁʰ˂ʺ ˋˎʴˁˈ˂˂ʹˋʹ ʹ ˇˉˇʾʰ ʶʾ˔ʶ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʽˌ ˎ˕ʹ˂ʷˌ ʰ˄ˍˇ˔ʷˌ 

ʵʶˋ˃ˇˏ ˉˇˎ ʶˉʷʵʶʽ˅ʰ˄ ˁʰˍʱ ˍʽˌ ʵˇˁʽ˃ʷˌΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ˄ ˉʰˊʰˉʱ˄˖ ˉʾ˄ʰˁʰΦ  

 

ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵˇˁʽ˃˗˄ h ˉʶˎʻʶʾʰˌ ʵʽʱˍ˃ʹˋʹˌ ɹ ʽʰ JRC=1-3 

ʅˍˇ ˉʰˊʰˁʱˍ˖ ʵʽʱʴˊʰ˃˃ʰ (ʅ˔ʺ˃ʰ 1.4) ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˇʽ ˃ʷʴʽˋˍʶˌ ʵʽʰˍ˃ʹˍʽˁʷˌ ʰ˄ˍˇ˔ʷˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ˇˊʻʺ ˍʱˋʹ ʴʽʰ ʶˉʽ˒ʱ˄ʶʽʶˌ ʲˊʱ˔ˇˎ ˃ʶ JRC=1-оΦ ʁʽ 

˃ʷʴʽˋˍʶˌ ʰˎˍʷˌ ˍʱˋʶʽˌ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʹ˄ ˋˍʽʴ˃ʺ ˍʹˌ ʰˋˍˇ˔ʾʰˌ ˍ˖˄ ʵʶˋ˃˗˄ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ 

ʁʽ ʵˇˁʽ˃ʷˌ ʷʴʽ˄ʰ˄ ʴʽʰ ʵʽʶˉʽ˒ʱ˄ʶʽʶˌ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-˃ʰʴ˄ʹˍʾˍʹ ˁʰʽ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ˍˊʰ˔ʶʾˍʹ 

ˁʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˃ʰʸʾ, ˃ ʽʰˌ ˁʰʽ ʶʾ˄ʰʽ ˉʰˊˈ˃ˇʽʰΦ  

 

ʅ˔ʺ˃ʰ 1.4Υ ɲʽʱʴˊʰ˃˃ʰ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ ˋˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ˇˊʻʺˌ ˍʱˋʹˌ ʴʽʰ Ww/Ґм-3. 
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ʃʰˊˈ˂ˇ ˉˇˎ ˒ʰʾ˄ʶˍʰʽ ˃ʽʰ ʴˊʰ˃˃ʽˁʺ ˍʱˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˍʽ˃˗˄Σ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ʶ˅ʰ˔ʻʶʾ ˃ʽʰ 

ʴˊʰ˃˃ʽˁʺ ˋ˔ʷˋʹ ˁʰʻ˗ˌ ʶ˃˒ʰ˄ʾˋˍʹˁʰ˄ ˉˇ˂˂ˇʾ ʵʽʰ˒ˇˊʶˍʽˁˇʾ ˍˏˉˇʽ ʰˋˍˇ˔ʾʰˌΦ ʃʰˊˇˎˋʽʱʸʶʽ 

ʶ˄ʵʽʰ˒ʷˊˇ˄ ʹ ˉʰˊʰˍʺˊʹˋʹ ˈˍʽ ʴʽʰ ˇˊʻʷˌ ˍʱˋʶʽˌ ˃ʽˁˊˈˍʶˊʶˌ ʰˉˈ мMPa ʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ 

ˁʰʻˇˊʾʸʶˍʰʽ ˁˎˊʾ˖ˌ ʰˉˈ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍ˖˄ ʵʶˋ˃˗˄ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶ˄˗ ʴʽʰ ˇˊʻʷˌ ˍʱˋʶʽˌ 

˃ʶʴʰ˂ˏˍʶˊʶˌ ʰˉˈ мMPa ʹ ʰ˄ˍˇ˔ʺ ʶ˅ʰˊˍʱˍʰʽ ˁʰʽ ʰˉˈ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍ˖˄ ʵʶˋ˃˗˄ ʰ˂˂ʱ ˁʰʽ ʰˉˈ 

ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰΦ ɾʷˋʹ ʰ˄ˍˇ˔ʺ ʵʶˋ˃˗˄ ʺˍʰ˄ ˍʰ лΣрMPa ˁ ʰʽ ʴ˖˄ʾʰ ˉʰˊʰ˃ʷ˄ˇˎˋʰˌ ʰ˄ˍˇ˔ʺˌ ʾˋʹ 

˃ʶ ˒Ґорˇ. 

ʅˍˇ ˉʰˊʰˁʱˍ˖ ʵʽʱʴˊʰ˃˃ʰ ˍʷ˂ˇˌ (ʅ˔ʺ˃ʰ 1.5) ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ʹ ˋ˔ʷˋʹ ˍʹˌ ʵˎˋˍ˃ʹˋʾʰˌ ˃ʶ ˍʹ˄ 

ˇˊʻʺ ˍʱˋʹΦ ʊʰʾ˄ʶˍʰʽ ˈˍʽ ʵʶ˄ ˎˉʱˊ˔ʶʽ ˃ʽʰ ˁʰʻʰˊʺ ˋ˔ʷˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ ʺ ˃ʽʰ ˅ʶˁʱʻʰˊʹ 

ˍʱˋʹ ˍʹˌ ʵˎˋˍ˃ʹˋʾʰˌΦ ɱʽʰ ˍˇ˄ ˂ˈʴˇ ʰˎˍˈ ʴʽʰ ˍʽˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ʵˇˁʽ˃ʷˌ ʶˁˍʽ˃ʺʻʹˁʶ ˃ʷˋʹ 

ʵˎˋˍ˃ʹˋʾʰ ʾˋʹ ˃ʶ ɼs=0,94 MPa/mm. 

 

ʅ˔ʺ˃ʰ 1.5: ɼʰˍʰ˄ˇ˃ʺ ˍʹˌ ʵˎˋˍ˃ʹˋʾʰˌ ˋˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ˇˊʻʺˌ ˍʱˋʹˌ ʴʽʰ Ww/Ґм-3. 

ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵˇˁʽ˃˗˄ h ˉʶˎʻʶʾʰˌ ʵʽʱˍ˃ʹˋʹˌ ɹ ʽʰ JRC=9-13 

ɲˇˁʽ˃ʷˌ ˃ʶ JRC=9-мо ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ʵʽʶˉʽ˒ʱ˄ʶʽʶˌ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ˍˊʰ˔ʶʾˍʹ ˃ʶ ˍʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˄ʰ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰΦ 

 

ʃʾ˄ʰˁʰˌ 1.2Υ ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵˇˁʽ˃˗˄ ʰˉˈ ʵʽʶˉʽ˒ʱ˄ʶʽʶˌ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ˍˊʰ˔ʶʾˍʹΦ 
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ɾʷˋʹ ʰ˄ˍˇ˔ʺ ʵʶˋ˃˗˄ ʶˁˍʽ˃ʺʻʹˁʶ ʾˋʹ ˃ʶ мΣотMPa ˁʰʽ ʴ˖˄ʾʰ ˍˊʽʲʺˌ ˉʰˊʰ˃ʷ˄ˇˎˋʰˌ ʰ˄ˍˇ˔ʺˌ 

ʾˋʹ ˃ʶ ˒Ґ39ˇ ό˃ʶʴʰ˂ˏˍʶˊʹ ʰˉˈ ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ʴʽʰ JRC=1-оύΦ ʆʷ˂ˇˌ ˁʰʽ ˉʱ˂ʽ ʹ ʵˎˋˍ˃ʹˋʾʰ ʵʶ˄ 

˒ʱ˄ʹˁʶ ˄ʰ ʰˁˇ˂ˇˎʻʶʾ ˁʱˉˇʽʰ ˍʱˋʹ ˖ˌ ˉˊˇˌ ˍʹ˄ ˇˊʻʺ ˍʱˋʹ ˇˉˈˍʶ ʹ ˃ʷˋʹ ʵˎˋˍ˃ʹˋʾʰ 

ʶˁˍʽ˃ʺʻʹˁʶ ˋˍʰ ɼs=1,3 MPa/mm. 

ʅˍˇ ˉʰˊʰˁʱˍ˖ ʵʽʱʴˊʰ˃˃ʰ (ʅ˔ʺ˃ʰ 1.6) ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʵˇˁʽ˃˗˄ ˃ʶ 

ʵʽʰ˔˖ˊʽˋ˃ˈ ˍ˖˄ ˉʶˊʽˉˍ˗ˋʶ˖˄ ˈˉˇˎ ʹ ʰ˄ˍˇ˔ʺ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍ˖˄ ʵʶˋ˃˗˄ ʺ ʰˉˈ 

ˍˇ˄ ˋˎ˄ʵˎʰˋ˃ˈ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ʵʶˋ˃˗˄ ˁʰʽ ˍʹˌ ˍˊʽʲʺˌ όˍˊʰ˔ˏˍʹˍʰˌύΦ 

 

ʅ˔ʺ˃ʰ 1.6Υ ɲʽʱʴˊʰ˃˃ʰ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ ˋˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ˇˊʻʺˌ ˍʱˋʹˌ ʴʽʰ Ww/Ґф-13. 
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ʅ˔ʺ˃ʰ 1.7Υ ɼʰˍʰ˄ˇ˃ʺ ˍʹˌ ʵˎˋˍ˃ʹˋʾʰˌ ˋˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ˇˊʻʺˌ ˍʱˋʹˌ ʴʽʰ Ww/Ґф-13. 

ʂˋˇ˄ ʰ˒ˇˊʱ ˍ˗ˊʰ ˍˇ˄ ˍˊˈˉˇ ʰˋˍˇ˔ʾʰˌ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ ˃ʰʴ˄ʹˍʾˍʹ ˁʰʽ ˍˇˎ ˍˊʰ˔ʶʾˍʹΣ 

ˉʰˊʰˍʹˊʺʻʹˁʰ˄ ˁʱˉˇʽʶˌ ʵʽʰ˒ˇˊʷˌ ˇʽ ˇˉˇʾʶˌ ˇ˒ʶʾ˂ˇ˄ˍʰʽ ˃ʱ˂˂ˇ˄ ˋˍʹ˄ ʵʽʰ˒ˇˊʶˍʽˁʺ ˒ˏˋʹ 

ˍ˖˄ ʵˏˇ ˎ˂ʽˁ˗˄Φ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-

˃ʰʴ˄ʹˍʾˍʹΣ ʹ ʵʽʱˍ˃ʹˋʹ ʷʴʽ˄ʶ ˁˎˊʾ˖ˌ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ ˃ʰʴ˄ʹˍʾˍʹ ˃ʶ 

ˉʰˊʰʴ˖ʴʺ ʻˊʰˎˋ˃ʱˍ˖˄ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʲˊʱ˔ˇˎΦ ɮˉˈ ˍʹ˄ ʱ˂˂ʹ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ˍˊʰ˔ʶʾˍʹ ʹ ʵʽʱˍ˃ʹˋʹ ʺˍʰ˄ ˁʰʻʰˊʺ ˁʰʽ ˋˎ˄ʷʲʹ ˁˎˊʾ˖ˌ ˁʰˍʱ 

˃ʺˁˇˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˔˖ˊʾˌ ˋʹ˃ʰ˄ˍʽˁʷˌ ʻˊʰˏˋʶʽˌ ˎ˂ʽˁ˗˄Φ ɶ ˁʰˍʰˋˍˊˇ˒ʺ ˂ˈʴ˖ ʵʽʱˍ˃ʹˋʹˌ 

ʺˍʰ˄ ʶ˄ˍˇ˄ˈˍʶˊʹ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ˃ʰʴ˄ʹˍʾˍʹ ʴʶʴˇ˄ˈˌ ˉˇˎ ˃ʱ˂˂ˇ˄ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ˄ 

ʵʽʰ˒ˇˊʱ ˋˁ˂ʹˊˈˍʹˍʰˌ ˍ˖˄ ʵˏˇ ˎ˂ʽˁ˗˄Φ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʶˉʾˋʹˌ ˍˇˎ ˍˊʰ˔ʶʾˍʹ ˃ʶ JRC=9-13, 

ˉʰˊʰˍʹˊʺʻʹˁʶ ʵʽʱˍ˃ʹˋʹ ˍ˖˄ ʰˋˉʶˊʽˍ˗˄ ˈˉ˖ˌ ˁʰʽ ʰˉˇ˃ʶʽ˄ʱˊʽʰ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˉʱ˄˖ 

ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʲˊʱ˔ˇˎ ˋˍʽˌ ˉʶˊʽˇ˔ʷˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ˍˇˎ ˃ʶ ˍˇ ʲˊʱ˔ˇΦ ɶ ˉʰˊˇˎˋʾʰ 

ʽ˄˗˄ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʽ˄ˇˉ˂ʽˋ˃ʷ˄ˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌΣ ʷʴʽ˄ʶ ʰ˄ˍʽ˂ʹˉˍʺ ʰˉˈ ˍˇ ʰ˅ʽˇˋʹ˃ʶʾ˖ˍˇ 

˅ʶ˒˂ˇˏʵʽˋ˃ʰ ˁʰʽ ˅ˏˋʽ˃ˇ ˍˇˎ ʲˊʱ˔ˇˎ ˋˍʰ ˋʹ˃ʶʾʰ ʶˉʰ˒ʺˌ ˃ʶ ˍʽˌ ʾ˄ʶˌΦ 

 
ɳ˒ʶ˂ˁˎˋˍʽˁʺ ʰ˄ˍˇ˔ʺ ʵʽʶˉʽ˒ʰ˄ʶʽ˗˄ 
ɴʴʽ˄ʰ˄ ʵˇˁʽ˃ʷˌ ˋʶ т ʵʶʾʴ˃ʰˍʰ ʰˉˈ ˍʰ ˇˉˇʾʰ ˉˊˇʷˁˎ˕ʶ ˃ʽʰ ˃ʷˋʹ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰ˄ˍˇ˔ʺ ʾˋʹ ˃ʶ 

0,56 MPaΦ ʆˇ ˒ˇˊˍʾˇ ˋˍˇ ˇˉˇʾˇ ʶˉʷˊ˔ʶˍʰʽ ʰˉˇˁˈ˂˂ʹˋʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ˂ʷʴʶˍʰʽ ʰ˄ˍˇ˔ʺ 

ˋˎʴˁˈ˂˂ʹˋʹˌ ˁʰʽ ˍʰ т ʵʶʾʴ˃ʰˍʰ ˉʰˊˇˎˋʾʰˋʰ˄ ˃ʶʴʱ˂ʹ ʵʽʰˋˉˇˊʱ ˋˍʽˌ ˍʽ˃ʷˌ ʰˉˇˁˈ˂˂ʹˋʹˌ 

(ʅ˒ʱ˂˃ʰΗ ʆˇ ʰˊ˔ʶʾˇ ˉˊˇʷ˂ʶˎˋʹˌ ˍʹˌ ʰ˄ʰ˒ˇˊʱˌ ʵʶ˄ ʲˊʷʻʹˁʶΦύΦ ʃˊˇˋʵʽˇˊʾˋˍʹˁʰ˄ ʶˉʾˋʹˌ 

ˁʰʽ ˍʰ ʶ˅ʺˌ ˃ʶʴʷʻʹΥ Kti Ґ ʰˊ˔ʽˁʺ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰˁʰ˃˕ʾʰΣ Ytt50 Ґ ʶ˒ʰˉˍˇ˃ʶ˄ʽˁʺ ʶ˒ʶ˂ˁˎˋˍʽˁʺ 

ʰˁʰ˃˕ʾʰ ˁʰʽ Yst50 Ґ ˍʷ˃˄ˇˎˋʰ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰˁʰ˃˕ʾʰ ˋˍˇ рл҈ ˍʹˌ ˃ʷʴʽˋˍʹˌ ˍʱˋʹˌΦ ɴ˄ʰ 

ʶ˄ʵʶʽˁˍʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʶ˒ʶ˂ˁˎˋˍʽˁʺˌ ˍʱˋʹˌ-˃ʶˍʰˁʾ˄ʹˋʹˌ ˃ʶˍʰ˅ˏ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ˒ʰʾ˄ʶˍʰʽ 

ˉʰˊʰˁʱˍ˖ (ʅ˔ʺ˃ʰ 1.8). 
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ʃʾ˄ʰˁʰˌ 1.3Υ ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵˇˁʽ˃˗˄ ˋʶ ʱ˃ʶˋˇ ʶ˒ʶ˂ˁˎˋ˃ˈΦ 

 

ʅ˔ʺ˃ʰ 1.8Υ ɲʽʱʴˊʰ˃˃ʰ ʶ˒ʶ˂ˁˎˋˍʽˁʺˌ ˍʱˋʹˌ-˃ʶˍʰˁʾ˄ʹˋʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎ-ˋˁˎˊˇʵʷ˃ʰˍˇˌΦ 

ʆʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ʶ˅ʰˉ˂˗˄ˇ˄ˍʰʽ ˉˊʱʴ˃ʰ ˉˇˎ ˈ˃˖ˌ ʵʶ˄ ʶʾ˄ʰʽ ʰˋˎ˄ʺʻʽˋˍˇ ʴʽʰ 

ʵˇˁʽ˃ʷˌ ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˋˍˇ ˋˁˎˊˈʵʶ˃ʰΦ ɶ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ˊ˖ʴ˃ʺ ʻʰ ˅ʶˁʽ˄ʺˋʶʽ ˄ʰ ʶ˅ʰˉ˂˗˄ʶˍʰʽ 

ʰˉˈ ʷ˄ʰ ˋʹ˃ʶʾˇ ˋʶ ˈ˂ʹ ˍʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰΣ ˁʰʽ ʷˍˋʽ ʹ ʰˁʰ˃˕ʾʰ ʻʰ ʰˊ˔ʾˋʶʽ ˄ʰ ˃ʶʽ˗˄ʶˍʰʽ ˋˍʹ˄ 

ʰˋˍˇ˔ˇˏˋʰ ˉʶˊʽˇ˔ʺΦ 

 

ɲˇˁʽ˃ʷˌ ʻ˂ʽˉˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ 

ɮˉˈ ˍʽˌ ʻ˂ʽˉˍʽˁʷˌ ʵˇˁʽ˃ʷˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄Σ ˉˊˇʷˁˎ˕ʰ˄ ˇʽ ˁʰ˃ˉˏ˂ʶˌ ˍˇˎ 

ˋ˔ʺ˃ʰˍˇˌʅ˔ʺ˃ʰ 1.9Σ ˃ʶ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍ˖˄ ʵˇˁʽ˃˗˄ ˁʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˄ʰ ˒ʰʾ˄ˇ˄ˍʰʽ 

ˉʰˊʰˁʱˍ˖ (ʅ˒ʱ˂˃ʰΗ ʆˇ ʰˊ˔ʶʾˇ ˉˊˇʷ˂ʶˎˋʹˌ ˍʹˌ ʰ˄ʰ˒ˇˊʱˌ ʵʶ˄ ʲˊʷʻʹˁʶΦ). 
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ʃʾ˄ʰˁʰˌ 1.4Υ ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵˇˁʽ˃˗˄ ˋʶ ʻ˂ʾ˕ʹΦ 

 

ʅ˔ʺ˃ʰ 1.9Υ ɲʽʱʴˊʰ˃˃ʰ ʻ˂ʽˉˍʽˁʺˌ ˍʱˋʹˌ-˃ʶˍʰˁʾ˄ʹˋʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎ-ˋˁˎˊˇʵʷ˃ʰˍˇˌΦ 

ɶ ˃ʷˋʹ ʻ˂ʽˉˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˋˍʰ ʵˇˁʾ˃ʽʰ ʺˍʰ˄ 

56,3MPaΣ ʶ˄˗ ʹ ˃ʷˋʹ ʻ˂ʽˉˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍ˖˄ ʵʽʶˉʽ˒ʰ˄ʶʽ˗˄ ʺˍʰ˄ мсMPa ʴʽʰ ˍʽˌ ˁʰ˃ˉˏ˂ʶˌ 

ˈ˃˖ˌ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ ɶ ʻ˂ʽˉˍʽˁʺ ʰ˄ˍˇ˔ʺ ˁʰʻˇˊʾʸʶˍʰʽ 

˖ˌ ʹ ˃ʷʴʽˋˍʹ ˍʱˋʹ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍˇ ˁ˂ʶʾˋʽ˃ˇ ˍˇˎ ˁʶ˄ˇˏ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ ʁʽ ʰ˄ˍʾˋˍˇʽ˔ʶˌ 

ʰˁʰ˃˕ʾʶˌ όʰ˄ʱ˂ˇʴʶˌ ˃ʶ ʰˎˍʷˌ ˍʹˌ ˉʶˊʾˉˍ˖ˋʹˌ ˍ˖˄ ʶ˒ʶ˂ˁˎˋˍʽˁ˗˄ ʵˇˁʽ˃˗˄ύ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ˄ 

ˉʰˊʰˉʱ˄˖ ˉʾ˄ʰˁʰΦ 

1.5.1.3 ʅʋʁɽɹɮʅɾʁʅ ɮʃʁʆɳɽɳʅɾɮʆʍɿ 

ɶ ˃ʷˋʹ ʰ˄ˍˇ˔ʺ ʵʶˋ˃˗˄ ˋˍˇˎˌ ʵˇˁʽ˃ʰˋˍʽˁˇˏˌ ʶ˂ʷʴ˔ˇˎˌ ʰˉˇʵʶʾ˔ˍʹˁʶ ˖ˌ ˁʰʽ п ˒ˇˊʷˌ 

˃ʶʴʰ˂ˏˍʶˊʹ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʽˌ ˁˏˊʽʶˌ ʵˇˁʽ˃ʷˌ ˃ʶ JRC=1-о ˁʰʽ ˃ʷ˔ˊʽ ˁʰʽ мΣр ˒ˇˊʷˌ ˃ʶʴʰ˂ˏˍʶˊʹ 

ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʽˌ ˁˏˊʽʶˌ ʵˇˁʽ˃ʷˌ ˃ʶ JRC=9-моΦ ʅˎ˄ˇˉˍʽˁʱ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍ˖˄ ʵˇˁʽ˃˗˄ ˉˇˎ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʽˌ ʵˏˇ ˉʶˊʽˇ˔ʷˌ JRCΣ ʶʾ˄ʰʽΥ 



ɼɳʊɮɽɮɹʁ 1ʁ  

18 
 

 

ʃʾ˄ʰˁʰˌ 1.5Υ ʅˏ˄ˇ˕ʹ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ʰ˄ˍˇ˔ʺˌ ˍ˖˄ ʵʽʶˉʽ˒ʰ˄ʶʽ˗˄ ʲˊʱ˔ˇˎ-ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˋˍʽˌ 
ˇˉˇʾʶˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʵˇˁʽ˃ʷˌΦ 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ʹ ˃ʷˋʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ όʰ˄ˍˇ˔ʺ ʵʶˋ˃˗˄ύ ʴʽʰ JRC=9-мо ʶʾ˄ʰʽ ˖ˌ ˁʰʽ нΣр 

˒ˇˊʷˌ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˉˈ ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ʴʽʰ JRC=1-оΦ ɮˎˍʺ ʹ ʵʽʰ˒ˇˊʱ ˋˍʹ˄ ʰ˄ˍˇ˔ʺ ˉʽˋˍʶˏʶˍʰʽ 

ˈˍʽ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍˇˎˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏˌ ʰˋˍˇ˔ʾʰˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰˍʱ ˍˇˎˌ ˇˉˇʾˇˎˌ ʹ 

ˍʰˎˍˈ˔ˊˇ˄ʹ ʰˋˍˇ˔ʾʰ ˍ˖˄ ʵʶˋ˃˗˄ ˁʰʽ ˍ˖˄ ʰˋˉʶˊʽˍ˗˄ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ʵʾ˄ˇˎ˄ ʰˎˍʺ ˍʹ 

˃ʶʴʱ˂ʹ ˃ʷˋʹ ʰ˄ˍˇ˔ʺΦ 

ɱʽʰ ˇˊʻʷˌ ˍʱˋʶʽˌ ˍʹˌ ˍʱ˅ʹˌ ˍˇˎ мMPa ʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ʶ˅ʰˊˍʱˍʰʽ ˁˎˊʾ˖ˌ ʰˉˈ ˍʹ˄ ˍˊʽʲʺ 

(frictionύ ˁʰʽ ˂ʽʴˈˍʶˊˇ ʰˉˈ ˍʹ ˋˎ˄ˇ˔ʺΦ ɱʽʰ ˍʽˌ ˍʽ˃ʷˌ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˍʹˌ 

ʴ˖˄ʾʰˌ ˍˊʽʲʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ʻʰ ˉˊʷˉʶʽ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˁʰʽ ʹ ˋˎ˃ʲˇ˂ʺ ˍ˖˄ ʽ˄˗˄ ˍˇˎ 

ʽ˄ˇˉ˂ʽˋ˃ʷ˄ˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ  ˇʽ ˇˉˇʾʶˌ ʴʶ˄ʽˁ˗ˌ ʰˎ˅ʱ˄ˇˎ˄ ʰˎˍʺ˄ ˍʹ ʴ˖˄ʾʰ ˍˊʽʲʺˌΦ 

ʂˋˇ˄ ʰ˒ˇˊʱ ˋ̱ ʹ ʵˎˋˍ˃ʹˋʾʰΣ KsΣ ʹ ˍʽ˃ʺ ˍʹˌ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˈˉˇˎ JRC=9-мо ʶʾ˄ʰʽ ˇ 

ˋˎ˄ʵˎʰˋ˃ˈˌ ˍʹˌ ʵˎˋˍ˃ʹˋʾʰˌ ˍ˖˄ ʵʶˋ˃˗˄ ˁʰʽ ˍ˖˄ ʰˋˉʶˊʽˍ˗˄ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ʶ˄˗ ˋˍʹ˄ 

ˉʶˊʾˉˍ˖ˋʹ ˈˉˇˎ JRC=1-о ʹ ˍʽ˃ʺ ˍʹˌ ʶ˅ʰˊˍʱˍʰʽ ˃ˈ˄ˇ ʰˉˈ ˍʹ˄ ʵˎˋˍ˃ʹˋʾʰ ˍ˖˄ ʵʶˋ˃˗˄Φ ɴˍˋʽ 

ʶ˅ʹʴʶʾˍʰʽ ʹ ʵʽʱ˒ˇˊʰ ˋˍʹ ʵˎˋˍ˃ʹˋʾʰ ʴʽʰ ˍʽˌ ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ʶˉʽ˒ʰ˄ʶʽ˗˄Φ 

ʆʷ˂ˇˌ ʹ ʻ˂ʽˉˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ όʵʹ˂Φ ʹ JCSύ ʺˍʰ˄ ˉʶˊʾˉˇˎ ʾˋʹ ˃ʶ ˍˇ нт҈ ˍʹˌ 

ʰ˄ˍʾˋˍˇʽ˔ʹˌ ʰ˄ˍˇ˔ʺˌ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˍˇ ˇˉˇʾˇ ʺˍʰ˄ ˍˇ ˉʽˇ ʰʵˏ˄ʰ˃ˇ ˃ʷ˂ˇˌ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ 

όˇ ʲˊʱ˔ˇˌ ʶʾ˔ʶ ˃ʶʴʰ˂ˏˍʶˊʹ ʻ˂ʽˉˍʽˁʺ ʰ˄ˍˇ˔ʺύΦ ʁˉˈˍʶ ʰ˒ˇˏ ʹ ʻ˂ʽˉˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍˇˎ 

ˋˁˎˊˇʵʷ˃ʰˍˇˌ ʺˍʰ˄ рсΣнMPaΣ ˍˈˍʶ ʹ ʰ˄ˍʾˋˍˇʽ˔ʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʺˍʰ˄ ˉʶˊʾˉˇˎ муΣтMPa. 

ɿʰ ̱̌ ˄ʽˋˍʶʾ ˉʱ˄ˍ˖ˌ ˈˍʽ ˋʹ˃ʶʽ˗ʻʹˁʰ˄ ˋʹ˃ʰ˄ˍʽˁʷˌ ʵˎˋˁˇ˂ʾʶˌ ˁʰˍʱ ˍʹ˄ ˉʰˊʰˍʺˊʹˋʹ ˁʰʽ 

ˁʰˍʰʴˊʰ˒ʺ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍ˖˄ ʵˇˁʽ˃˗˄ ˂ˈʴ˖ ˍʹˌ ˉʶˊʾˉ˂ˇˁʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ 

ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ʲ́ ʱ˔ˇˎΦ ɶ ˁˎˊʽˈˍʶˊʹ ʵˎˋˁˇ˂ʾʰ ʺˍʰ˄ ˄ʰ ˁʰʻˇˊʽˋˍʶʾ ˉˈˍʶ ˎˉʱˊ˔ʶʽ ʰˋˍˇ˔ʾʰ 

ˇ˒ʶʽ˂ˈ˃ʶ˄ʹ ˋʶ ʰˋˍˇ˔ʾʰ ʵʶˋ˃˗˄ ˃ˈ˄ˇ ʺ ʰˋˍˇ˔ʾʰ ˍˈˋˇ ˍ˖˄ ʵʶˋ˃˗˄ ˈˋˇ ˁʰʽ ˍ˖˄ ʰˋˉʶˊʽˍ˗˄Φ 

ɱʽʰ ˍʹ˄ ʶ˅ʰʴ˖ʴʺ ˋˎ˃ˉʶˊʰˋ˃ʱˍ˖˄ ˉʱ˄ˍ˖ˌ ˍˇ ˁ˂ʶʽʵʾ ʰˉˇʵʶʾ˔ˍʹˁʶ ˈˍʽ ʺˍʰ˄ ʰˁˇˎˋˍʽˁʷˌ ˁʰʽ 

ˇˉˍʽˁʷˌ ˉʰˊʰˍʹˊʺˋʶʽˌΦ 
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1.5.1.4 ʅʇɾʃɳʄɮʅɾɮʆɮ 

¶ ɶ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎ-ˋˁˎˊˇʵʷ˃ʰˍˇˌ ʶ˅ʰˊˍʱˍʰʽ ˁˎˊʾ˖ˌ ʰˉˈ 

ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍˇˎ ʵʶˋ˃ˇˏ ˍ˖˄ ʵˏˇΦ ɮˎˍˈ ʽˋ˔ˏʶʽ ˋˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˍ˖˄ ˉʶˊʽˋˋˈˍʶˊ˖˄ 

ʶˉʶ˄ʵˏˋʶ˖˄ ˋʹˊʱʴʴ˖˄ ˋˍʹ˄ ˉˊʱ˅ʹΣ ʵʹ˂ʰʵʺ ʴʽʰ ˇˊʻʷˌ ˍʱˋʶʽˌ ˋn<1MPa. 

¶ ɱʽʰ ˃ʶʴʰ˂ˏˍʶˊʶˌ ˍʱˋʶʽˌ όǹ>1MPaύ ˇ ˉʰˊʱʴˇ˄ˍʰˌΣ ˍˊʰ˔ˏˍʹˍʰΣ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁˈˌΦ ʁʽ 

˔ʰ˂ˏʲʵʽ˄ʶˌ ʾ˄ʶˌ όˉ˔ ˋˍˇ ʽ˄ˇˉ˂ʽˋ˃ʷ˄ˇ ˋˁˎˊˈʵʶ˃ʰύ ˋˎ˄ʶʽˋ˒ʷˊˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʱ ˋʶ ʰˎˍˈ˄ 

ˍˇ˄ ˉʰˊʱʴˇ˄ˍʰΦ 

¶ ɼʰʻ˗ˌ ʹ ˍˊʰ˔ˏˍʹˍʰ όʴ˖˄ʾʰ ˍˊʽʲʺˌ ʶˉʽ˒ʰ˄ʶʽ˗˄ύ ʶʾ˄ʰʽ ˉʽˇ ˋʹ˃ʰ˄ˍʽˁʺ ʰˉˈ ˍʹ ˋˎ˄ˇ˔ʺΣ 

ˎˉʱˊ˔ʶʽ ˁʾ˄ʵˎ˄ˇˌ ˄ʰ ˎˉˇˍʽ˃ʹʻʶʾ ˋʹ˃ʰ˄ˍʽˁʱ ʹ ˋˎ˄ʶʽˋ˒ˇˊʱ ˍʹˌ ˋˎ˄ˇ˔ʺˌΣ ˋʶ ˋ˔ʷˋʹ ˃ʶ 

ˍʽˌ ˉˊʰʴ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌΣ ʰ˄ ˇʽ ʵˇˁʽ˃ʷˌ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻˇˏ˄ ˎˉˈ ˁʰ˄ˇ˄ʽˁʷˌ ˇˊʻʷˌ 

(normalύ ˍʱˋʶʽˌΦ 

¶ ɲʽʶˉʽ˒ʱ˄ʶʽʶˌ ˃ʶ ˎ˕ʹ˂ˈ JRC ʷ˔ˇˎ˄ ˍʹ˄ ˍʱˋʹ ˄ʰ ʰ˄ʰˉˍˏˋˋˇˎ˄ ˃ʶʴʰ˂ˏˍʶˊʹ ʰ˄ˍˇ˔ʺ 

ʵʶˋ˃˗˄ ˉˇˎ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍ́ ˌ ˋˎʴˁˈ˂˂ʹˋʹˌ ˁ ʰʽ ʶˉʽˉˊˇˋʻʷˍ˖ˌ ˍʹˌ ʰ˄ˍˇ˔ʺˌ 

ˍ˖˄ ʰˋˉʶˊʽˍ˗˄ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌΦ 

¶ ɶ ˉˇ˂ˏˉ˂ˇˁˇʽ ˃ʹ˔ʰ˄ʽˋ˃ˇʾ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ˁʰʽ ʰˋˍˇ˔ʾʰˌ ˉˇˎ ˋˎ˃ʲʰʾ˄ˇˎ˄ ˁʰˍʱ ˍʹ˄ 

ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ʲˊʱ˔ˇˎΣ ˉʰˊʰˍʹˊʺʻʹˁʰ˄ ˁʰʻʰˊʱ ˋˍʹ˄ 

ʶˊʴʰˋˍʹˊʽʰˁʺ ˁ˂ʾ˃ʰˁʰΦ  

1.5.2 LARS MALMGREN ˁʰʽ ERLING NORDLUND (2005) 

ʂˉ˖ˌ ʷ˔ʶʽ ʰ˄ʰ˒ʶˊʻʶʾ ˁʰʽ ˉˊˇʹʴˇˎ˃ʷ˄˖ˌΣ ˇʽ ˉʰˊʰˉʱ˄˖ ʶˊʶˎ˄ʹˍʷˌ ʶˉʽˋʹ˃ʰʾ˄ˇˎ˄ ˈˍʽ ʹ 

ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ʲˊʱ˔ˇˎ-ˋˁˎˊˇʵʷ˃ʰˍˇˌ ʶʾ˄ʰʽ ˉˇ˂ˏ ˉˇ˂ˏˉ˂ˇˁʹ ˁʰʽ ʶˉʹˊʶʱʸʶˍʰʽ ʰˉˈ ʷ˄ʰ˄ 

ʰˊʽʻ˃ˈ ˉʰˊʰʴˈ˄ˍ˖˄Φ ʆʷˍˇʽˇʽ ˉʰˊʱʴˇ˄ˍʶˌ ʶʾ˄ʰʽ ʹ ˍˊʰ˔ˏˍʹˍʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍʹˌ 

ʲ́ ʰ˔ˈ˃ʰʸʰˌΣ ʹ ʰ˄ˍˇ˔ʺ ˍˇˎ ʲˊʱ˔ˇˎΣ ˍˇ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˁʰˍʱ YoungΣ ʹ ʷˁˍʰˋʹ ˍʹˌ 

ˁʶˊ˃ʰˍʽˋ˃ʷ˄ʹˌ-ʵʽʰˍʰˊʰʴ˃ʷ˄ʹˌ ʸ˗˄ʹˌ ˂ˈʴ˖ ʶˁˋˁʰ˒ʺˌΣ ˍʰ ˃ʹ˔ʰ˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍʹˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˃ʶˍʰ˅ˏ ʲˊʱ˔ˇˎ ˁʰʽ ˋˁˎˊˇʵʷ˃ʰˍˇˌΣ ˇ ʰˊʽʻ˃ˈˌ ˍ˖˄ ʰˋˎ˄ʶ˔ʶʽ˗˄Σ ʹ ʶ˄ˍʰˍʽˁʺ 

ˁʰˍʱˋˍʰˋʹ ˍˇˎ ʲˊʱ˔ˇˎ ˁʰʽ ˍʷ˂ˇˌ ˍˇ ˉʱ˔ˇˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰΦ ɱʽʰ ˍʹ˄ 

ʰ˅ʽˇ˂ˈʴʹˋʹ ˍʹˌ ʶˉʽˊˊˇʺˌ ˁʱʻʶ ʶ˄ˈˌ ʰˉˈ ˍˇˎˌ ˉʰˊʰˉʱ˄˖ ˉʰˊʱʴˇ˄ˍʶˌ ˇʽ Malmgren and 

Nordlund (2005)Σ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʰ˄ ʰ˄ʰ˂ˏˋʶʽˌ ʶˎʰʽˋʻʹˋʾʰˌΦ 

ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʷʵʶʽ˅ʰ˄Σ ˈˉ˖ˌ ʻʰ ˒ʰ˄ʶʾ ˁʰʽ ˉʰˊʰˁʱˍ˖Σ ˈˍʽ ʹ ʰ˄ˍˇ˔ʺ ˍˇˎ ʲˊʱ˔ˇˎ ˁʰʽ ʹ 

ˍˊʰ˔ˏˍʹˍʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʷ˔ˇˎ˄ ˁʰʻˇˊʽˋˍʽˁˈ ˊˈ˂ˇ ˋˍˇ˄ ʰˊʽʻ˃ˈ ˍ˖˄ ʰˋˍˇ˔ʽ˗˄ ˍʹˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎ-ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˁʰʽ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΦ ɳˉʾˋʹˌ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌ ˉʰˊˇˎˋʽʱʸʶʽ ʶˎʰʽˋʻʹˋʾʰ ˋʶ ˃ʽˁˊʱ ˉ˂ʱˍʹ ˍʹˌ  ˍˊʰ˔ˏˍʹˍʰ ̩̱ ʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌΦ 

1.5.2.1 ɮʄɹɸɾɶʆɹɼɳʅ ʃʄʁʅʁɾʁɹʍʅɳɹʅ 

ʃˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˂ˇʽˉˈ˄ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʶ ʷ˄ʰ ʰ̀ ˎ˄ʶ˔ʷˌ ˃ˇ˄ˍʷ˂ˇ ˃ʶ ˍˇ ˉˊˈʴˊʰ˃˃ʰ 

ʵʽʰˁˊʽˍ˗˄ ˋˍˇʽ˔ʶʾ˖˄ UDEC пΦлΦ ʂ˂ʶˌ ˇʽ ʰ˄ʰ˂ˏˋʶʽˌ ˋˍʹˊʾ˔ˍʹˁʰ˄ ˋˍʹ˄ ˉˊʰʴ˃ʰˍʽˁʺ ˉʶˊʾˉˍ˖ˋʹ 

ˍˇˎ ˃ʶˍʰ˂˂ʶʾˇˎ Kiirunavaara ˁˇ˄ˍʱ ˋˍʹ˄ ˉˈ˂ʹ KirunaΣ ˋˍʹ˄ ʲˈˊʶʽʰ ʅˇˎʹʵʾʰΦ ɱʽʰ ˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽ˗˄ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˉˊʽˇ˄˖ˍˈ-ˇʵˇ˄ˍ˖ˍˈ ˋ˔ʺ˃ʰΦ 

ɾʶˍʰʲʱ˂˂ˇ˄ˍʰˌ ˍˇ ˉ˂ʱˍˇˌΣ ɮΣ ˍʹˌ ˍˊʰ˔ʶʾʰˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʰˉˈ л-0,3m ʺˍʰ˄ ʵˎ˄ʰˍˈ˄ ˄ʰ 
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ʶ˅ʶˍʰˋˍʶʾ ʹ ʶˉʽˊˊˇʺ ˍʹˌ ʰ˄˗˃ʰ˂ʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌΦ ʆˇ ˃ʺˁˇˌ ˍ˖˄ ˁˎ˃ʱˍ˖˄ όˍʹˌ ˁˎ˃ʰˍˇʶʽʵˇˏˌ 

ʶˉʽ˒ʱ˄ʶʽʰˌύ ˁˊʰˍʺʻʹˁʶ ˋˍʰʻʶˊˈ ˋˍʰ нΦрmΦ ɶ ʷˁˍʰˋʹ ˍˇˎ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ 

˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 1.10. 

 

ʅ˔ʺ˃ʰ 1.10Υ ʃʰˊʱʵʶʽʴ˃ʰ ˃ˇ˄ˍʷ˂ˇˎ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍˇˌ. 

ʋˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ʶ˄ˍʰˍʽˁˇˏ ˉʶʵʾˇˎ ʴʽʰ ˄ʰ ˃ʶ˂ʶˍʹʻʶʾ ʹ ʶˉʽˊˊˇʺ ˍˇˎˌ 

ˋˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ʲˊʱ˔ˇˎΦ ʅˍʹ˄ ˉˊ˗ˍʹ ˉʶˊʾˉˍ˖ˋʹ όLC1) 

ʹ ˇˊʽʸˈ˄ˍʽʰ ˍʱˋʹ ʺˍʰ˄ рр MPa ˁʰʽ ʰˎ˅ʺʻʹˁʶ ˁʰˍʱ мл MPa ʴʽʰ ˄ʰ ˒ˍʱˋʶʽ ˋˍʰ ср MPaΦ ʅˍʹ˄ 

ʵʶˏˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ όLCнύ ʹ ˇˊʽʸˈ˄ˍʽʰ ˍʱˋʹ ˃ʶʽ˗˄ʶˍʰʽ ˁʰˍʱ мл MPa ɹ ʽʰ ˄ʰ ˒ˍʱˋʶʽ ˃ʽʰ ˍʶ˂ʽˁʺ 

ˍʽ˃ʺ ʾˋʹ ˃ʶ прMPaΦ ʁʽ ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʰ˄ ʰ˄ʶ˅ʱˊˍʹˍʰΦ 

ʁʽ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ˁˇ˄ˍʱ ˋˍˇ ˃ʷˍ˖ˉˇ ˎˉˇˍʾʻʶˍʰʽ ˈˍʽ ˂ʰ˃ʲʱ˄ˇˎ˄ ˔˗ˊʰ ˁˎˊʾ˖ˌ ˉˊʽ˄ ʹ 

ʶˉʷ˄ʵˎˋʹ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰ ʰˉˇˁˍʺˋʶʽ ˋʹ˃ʰ˄ˍʽˁʺ ʵˎˋˁʰ˃˕ʾʰ ˗ˋˍʶ ˄ʰ ʰ˄ʰ˂ʱʲʶʽ ˍʰ ˒ˇˊˍʾʰΦ 

ʁˉˈˍʶ ʻʰ ˃ˉˇˊˇˏˋʰ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʵʽʵʽʱˋˍʰˍʶˌ ʰ˄ʰ˂ˏˋʶʽˌ όнD-ʶˉʾˉʶʵʹ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹύΦ ʁʽ ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ʶ˄ˍʰˍʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ˒ʰʾ˄ˇ˄ˍʰʽ ˉʰˊʰˁʱˍ˖ ˋˍˇ ʅ˔ʺ˃ʰ 

1.11. 

 

ʅ˔ʺ˃ʰ 1.11: ʁʽ ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ʶ˄ˍʰˍʽˁˇˏ ˉʶʵʾˇˎΦ 

ɰˊʰ˔ˈ˃ʰʸʰ 

ɱʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˍʹˌ ʲˊʰ˔ˈ˃ʰʸʰˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˍˇ ˁˊʽˍʺˊʽˇ Hoek-Brown 

ˉˊˇˋʰˊ˃ˇˋ˃ʷ˄ˇ ˋˍʹ˄ ˁʰ˃ˉˏ˂ʹ ʰˋˍˇ˔ʾʰˌ Mohr-Coulomb ʶ˄˗ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ 

ʵˎˋˁʰ˃˕ʾʰˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˍˇ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ Young ˁ ʰˍʱ Serafim ˁ ʰʽ Pereira.  

ɶ ʵʽʰˍʰˊʰʴ˃ʷ˄ʹ ʸ˗˄ʹ όEDZύ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋʶ ˃ʽʰ ˉʶˊʽˇ˔ʺ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ʶˁˋˁʰ˒ʺ ˈˉˇˎ ˍʰ 

˃ʹ˔ʰ˄ʽˁʱ ˁʰʽ ˒ˎˋʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍʹˌ ʲˊʰ˔ˈ˃ʰʸʰˌ ʷ˔ˇˎ˄ ˃ʶʽ˖ʻʶʾ ˋʹ˃ʰ˄ˍʽˁʱ ˂ˈʴ˖ ˍʹˌ 

ʵʽʰʵʽˁʰˋʾʰˌ ˍʹˌ ʶˁˋˁʰ˒ʺˌΦ ɽˈʴˇˌ ɳdyn
EDZκ ɳ

dyn
rockҐлΣр ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˋˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌΣ 

ˈˉˇˎ ɳdyn
rock ˁʰʽ ɳ

dyn
EDZ ˍˇ ʵˎ˄ʰ˃ʽˁˈ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˋˍʹ˄ ʰʵʽʰˍʱˊʰ˔ˍʹ ˁʰʽ ˋˍʹ˄ 

ʵʽʰˍʰˊʰʴ˃ʷ˄ʹ ʲˊʰ˔ˈ˃ʰʸʰ ʰ˄ˍʾˋˍˇʽ˔ʰΦ  
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ɶ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʰˍʰˊʰʴ˃ʷ˄ʹˌ ʲˊʰ˔ˈ˃ʰʸʰˌ ʶˁˍʽ˃ʺʻʹˁʶ ˃ʶ ʲʱˋʹ ˍˇˎˌ Hoek-Brown 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ˍʽ˃ʺ RMR όрлΣ сл ˁʰʽ тлύΦ 

ʁˉˈˍʶ ʴʽʰ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ RMR ˉˊˇˁˏˉˍˇˎ˄ ˇʽ ʰ˄ˍˇ˔ʷˌ ˍʹˌ ʵʽʰˍʰˊʰʴ˃ʷ˄ʹˌ ˁʰʽ ʰʵʽʰˍʱˊʰ˔ˍʹˌ 

ʲˊʰ˔ˈ˃ʰʸʰˌ ˈˉ˖ˌ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰΦ 

 

ʃʾ˄ʰˁʰˌ 1.6: ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ʲˊʰ˔ˈ˃ʰʸʰˌΦ 

ʅˁˎˊˈʵʶ˃ʰ  

ʁʽ ʽʵʽˈˍʹˍʶˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ʲˊʱ˔ˇˎΣ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ˄ ˉʾ˄ʰˁʰ ʅ˒ʱ˂˃ʰΗ ʆˇ 

ʰˊ˔ʶʾˇ ˉˊˇʷ˂ʶˎˋʹˌ ˍʹˌ ʰ˄ʰ˒ˇˊʱˌ ʵʶ˄ ʲˊʷʻʹˁʶΦ. 

 

ʃʾ˄ʰˁʰˌ 1.7: ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰ˄ˍˇ˔ʺˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ 

ɶ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍˇˎ ʵʶˋ˃ˇˏ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˈˍʰ˄ ʰˎˍˈˌ ʶʾ˄ʰʽ ʱʻʽˁˍˇˌΣ ʶʾ˄ʰʽΥ 

ˍҖŎifҌǹǘŀƴ˒if (1.3) 

ˈˉˇˎ ˋn ʶʾ˄ʰʽ ʹ ʶ˄ʶˊʴʺ ˍʱˋʹΣ ˒if ʹ ʴ˖˄ʾʰ ˍˊʽʲʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ cifΣ ʹ ʰ˄ˍˇ˔ʺ ˍˇˎ 

ʵʶˋ˃ˇˏ ˈˍʰ˄ ˋnҐлΦ ɳ˒ʶ˂ˁˎˋˍʽˁʺ ʰˋˍˇ˔ʾʰ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˋˎ˃ʲʰʾ˄ʶʽ ˈˍʰ˄:  

ǹҖ-ft (1.4) 

ˈˉˇˎ ft ʶʾ˄ʰʽ ʹ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ ɮ˄ ˋˎ˃ʲʶʾ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰˋˍˇ˔ʾʰ ˍʹˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʺ ʰˋˍˇ˔ʾʰ ʵʶˋ˃ˇˏΣ ˍˈˍʶ ʻʶ˖ˊʶʾˍʰʽ ˈˍʽ cifҐл ˁʰʽ ˈˍʽ ʹ ˉʰˊʰ˃ʷ˄ˇˎˋʰ ʰ˄ˍˇ˔ʺ ˍʹˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʾ˄ʰʽ ˋˎ˄ʱˊˍʹˋʹ ˍʹˌ ʴ˖˄ʾʰˌ ˍˊʽʲʺˌ ˍʹˌ ˁʰʽ ˍʹˌ ʶˉʶ˄ʶˊʴˇˏˋʰˌ ʶ˄ʶˊʴʺˌ ˍʱˋʹˌ 

(ˇˊʻʺˌύΦ ɶ ʰ˄ˍˇ˔ʺ ˁʰʽ ˍˇ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ˄ ˉʾ˄ʰˁʰ 

ʅ˒ʱ˂˃ʰΗ ʆˇ ʰˊ˔ʶʾˇ ˉˊˇʷ˂ʶˎˋʹˌ ˍʹˌ ʰ˄ʰ˒ˇˊʱˌ ʵʶ˄ ʲˊʷʻʹˁʶΦΦ ʆˇ ˉʱ˔ˇˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ 

˃ʶˍʰʲʰ˂˂ˈˍʰ˄ όрлΣ тлΣ млл ˁʰʽ мрлmmύ ˃ʶ ˍʽ˃ʺ ˉʰˊʰ˃ʷˍˊˇˎ ʾˋʹ ˃ʶ тлmm ˈˍʰ˄ ˉʰˊʷ˃ʶ˄ʶ 

ˋˍʰʻʶˊʺ ʴʽʰ ʶ˅ʷˍʰˋʹ ʶˉʽˊˊˇʺˌ ʱ˂˂˖˄ ˉʰˊʰ˃ʷˍˊ˖˄-base case. 
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ʃʾ˄ʰˁʰˌ 1.8: ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ʶˉʷ˄ʵˎˋʹˌΦ 

ɱʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˋˍˇʽ˔ʶʾʰ ʵˇˁˇˏ ˁʰʽ ˇ ʷ˂ʶʴ˔ˇˌ 

ʴʽʰ ʰˋˍˇ˔ʾʰ ʴʽ˄ˈˍʰ˄ ʰˉˈ ˍˇ˄ ˔ˊʺˋˍʹΦ  

1.5.2.2 ɮʃʁʆɳɽɳʅɾɮʆɮ 

ɶ ʵʽʰ˒ˇˊʱ ˋˍʽˌ ˁʰˍʰˁˈˊˎ˒ʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˉʱ˄˖ ʰˉˈ ˍʹ ˋˍʷ˕ʹΣ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ 

ʰ˄ˎˉˇˋˍʺˊʽˁˍʹˌ ˋʺˊʰʴʴʰˌ ˁʰʽ ˍʹˌ ˎˉʶ˄ʵʶʵˎ˃ʷ˄ʹˌ ˃ʶ ˋˁˎˊˈʵʶ˃ʰ ˋʺˊʰʴʴʰˌΣ ʺˍʰ˄ ʰˊˁʶˍʱ 

˃ʽˁˊʺ ˋˍʽˌ ˉʶˊʽˋˋˈˍʶˊʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˉˇˎ ˃ʶ˂ʶˍʺʻʹˁʰ˄Φ ɾʱ˂ʽˋˍʰ ˇʽ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʺˍʰ˄ 

ʶ˂ʰ˔ʾˋˍ˖ˌ ʶ˅ʰˊˍʹ˃ʷ˄ʶˌ ʰˉˈ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ʰˉˈ ˍˇ ˉʱ˔ˇˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΦ 

ɮˉˈ ˍʹ˄ ʱ˂˂ʹ ˃ʶˍʰʲˇ˂ʷˌ ˋˍˇ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ  YoungΣ ʶˉʷ˒ʶˊʰ˄ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˃ʶˍʰʲˇ˂ʷˌ 

ˋˍʽˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌΦ ɶ ʵʶˏˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ ʶ˄ˍʰˍʽˁˇˏ ˉʶʵʾˇˎ όLCнύΣ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˃ʶʾ˖ˋʹ 

ˍʹˌ ˇˊʽʸˈ˄ˍʽʰˌ ˍʱˋʹˌΣ ʷʵ˖ˋʶ ˃ʶʴʰ˂ˏˍʶˊʶˌ ˁʰˍʰˁˈˊˎ˒ʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ 

ˉˊ˗ˍʹ ˉʶˊʾˉˍ˖ˋʹ ʶ˄ˍʰˍʽˁˇˏ ˉʶʵʾˇˎ όLC1).  

ʁʽ ʵʽʰˍ˃ʹˍʽˁʷˌ ˍʱˋʶʽˌ, ˉʱ˄ˍ˖ˌ, ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʵʶ˄ ˅ʶˉʷˊʰˋʰ˄ ˍʹ˄ ʵʽʰˍ˃ʹˍʽˁʺ ˍʹˌ ʰ˄ˍˇ˔ʺ 

(1,6MPaύΦ ɶ ˃ʷʴʽˋˍʹ ˁʰʽ ʶ˂ʱ˔ʽˋˍʹ ˍʱˋʹ ό˂ˈʴ˖ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˁʰʽ ˁʰ˃ˉˍʽˁʺˌ ˊˇˉʺˌύ 

ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˁʰˍʱ ˍʰ ʴ˄˖ˋˍʱ ʰˉˈ ˍˇ˄ ˍˏˉˇΥ 

=s
W

M

A

N
°  

(1.5) 

ˈˉˇˎΥ  ɿ Ґ ʹ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍˇ ˋˁˎˊˈʵʶ˃ʰ 

ɮ Ґ ˍˇ ʶ˃ʲʰʵˈ ʵʽʰˍˇ˃ʺˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ 

ɾ Ґ ʹ ˊˇˉʺ ˁʱ˃˕ʹˌ 

W Ґ ʹ ˊˇˉʺ ʰ˄ˍʾˋˍʰˋʹˌ ˍʹˌ ʵʽʰˍˇ˃ʺˌ 

ʁʽ ˍʱˋʶʽˌ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʴʽʰ ˍʽˌ ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ʶ˄ˍʰˍʽˁˇˏ ˉʶʵʾˇˎΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʰ 

ˋ˔ʺ˃ʰˍʰ ˉʰˊʰˁʱˍ˖ (ʅ˔ʺ˃ʰ 1.12 ˁ ʰʽ ʅ˔ʺ˃ʰ 1.13). 
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ʅ˔ʺ˃ʰ 1.12Υ ɾʷʴʽˋˍʶˌ ˁʰʽ ʶ˂ʱ˔ʽˋˍʶˌ ˍʱˋʶʽˌ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʴʽʰ ˍʹ˄ ˉˊ˗ˍʹ ˉʶˊʾˉˍ˖ˋʹ ʶ˄ˍʰˍʽˁʺˌ 
ˁʰˍʱˋˍʰˋʹˌ ό[/мύ ʴʽʰ ʰύ ˂ʶʾʰ-ˇ˃ʰ˂ʺ ʶˉʽ˒ʱ˄ʶʽʰ ˁʰʽ ʲύ ʰ˄˗˃ʰ˂ʹ ʶˉʽ˒ʱ˄ʶʽʰΦ 

 

ʅ˔ʺ˃ʰ 1.13Υ ɾʷʴʽˋˍʶˌ ˁʰʽ ʶ˂ʱ˔ʽˋˍʶˌ ˍʱˋʶʽˌ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʴʽʰ ˍʹ˄ ʵʶˏˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ ʶ˄ˍʰˍʽˁʺˌ 
ˁʰˍʱˋˍʰˋʹˌ ό[/нύ ʴʽʰ ʰύ ˂ʶʾʰ-ˇ˃ʰ˂ʺ ʶˉʽ˒ʱ˄ʶʽʰ ˁʰʽ ʲύ ʰ˄˗˃ʰ˂ʹ ʶˉʽ˒ʱ˄ʶʽʰΦ 

ʅˍʰ ˉʰˊʰˉʱ˄˖ ˋ˔ʺ˃ʰˍʰ ˈˍʰ˄ ˍˇ ʵʽʱʴˊʰ˃˃ʰ ˍʱˋʶ˖˄ ʶʾ˄ʰʽ ˃ʷˋʰ ˋˍʹ˄ ʶˁˋˁʰ˒ʺΣ ˍˈˍʶ ˇʽ 

ˍʱˋʶʽˌ ʶʾ˄ʰʽ ʶ˒ʶ˂ˁˎˋˍʽˁʷˌ ʶ˄˗ ˈˍʰ˄ ʶʾ˄ʰʽ ʷ˅˖ ʰˉˈ ˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˍˈˍʶ ʶʾ˄ʰʽ ʻ˂ʽˉˍʽˁʷˌΦ 

ʃʰˊʰˍʹˊˇˏ˃ʶ ˂ˇʽˉˈ˄ ˈˍʽ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ όLCмύΣ ˇʽ ʻ˂ʽˉˍʽˁʷˌ ˍʱˋʶʽˌ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʶʾ˄ʰʽ 

˃ʶʴʰ˂ˏˍʶˊʶˌ ʴʽʰ ˇ˃ʰ˂ʺ ʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎ ˋʶ ˋ˔ʷˋʹ ˃ʶ ʰˎˍʷˌ ʴʽʰ ˍˊʰ˔ʶʾʰ ʶˉʽ˒ɦ ˄ʶʽʰΦ ʁʽ 

ˇˊʻʷˌ ˍʱˋʶʽˌ ˃ʶˍʰʲʱ˂˂ˇ˄ˍʰʽ ʶ˂ʰ˒ˊ˗ˌ ˈˍʰ˄ ˍˇ ˉ˂ʱˍˇˌ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˃ʶˍʰʲʱ˂˂ʶˍʰʽ 

ʰ˄ˍʾˋˍˇʽ˔ʰΦ ɱʽʰ ˍˇ˄ ˂ˈʴˇ ʰˎˍˈ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ˈ˄ˇ ʴʽʰ ˉ˂ʱˍˇˌ 

ˍˊʰ˔ˏˍʹˍʰˌ ʾˋˇ ˃ʶ ɮҐлΣлуm. 

ɶ ʵʽʰ˒ˇˊʱ ˋˍʽˌ ˇˊʻʷˌ ˍʱˋʶʽˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉʶˊʽˉˍ˗ˋʶ˖˄ LCм ˁʰʽ LC2 ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊʹ 

ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˇ˃ʰ˂ʺˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎΦ 

ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˋˎ˄ˇ˕ʽˋʻʶʾ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʰ˂˂ʱ ˁʰʽ ˄ʰ ˋˎʴˁˊʽʻʶʾ ʹ ʶˎʰʽˋʻʹˋʾʰ ˍ˖˄ 

ʵʽʰ˒ˈˊ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄Σ ˈˋˇ˄ ʰ˒ˇˊʱ ˍʹ˄ ʰˋˍˇ˔ʾʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ, 

ˉˊˇˋʵʽˇˊʾʸˇ˄ˍʰʽ ˇʽ ʶ˅ʺˌ ˉˇˋˈˍʹˍʶˌΥ 
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ŬɠŭɘŮˊɘűɎɜŮɘ  ůŰɞɘɢŮɑɤɜ ȷɟɘɗɛɧɠ

ŬɠŭɘŮˊɘűɎɜŮɘ  ůŰɞɘɢŮɑɤɜ ɜŬůŰɞɢɞɨɜŰɤ ȷɟɘɗɛɧɠ

 (%) 

ˁʰʽ 

ŭɞəɞɨ ůŰɞɘɢŮɑɤɜ ȷɟɘɗɛɧɠ

ŭɞəɞɨ  ůŰɞɘɢŮɑɤɜ ɜŬůŰɞɢɞɨɜŰɤ ȷɟɘɗɛɧɠ

 (%) 

ʅˍʰ ˉʰˊʰˁʱˍ˖ ʵʽʰʴˊʱ˃˃ʰˍʰ ˒ʰʾ˄ʶˍʰʽ ʹ ʶˉʽˊˊˇʺ ˁʱʻʶ ˉʰˊʰ˃ʷˍˊˇˎΣ ˉˇˎ ˃ʶ˂ʶˍʺʻʹˁʶΣ ˋˍʹ˄ 

ʰˋˍˇ˔ʾʰΦ ʃˊˇ˒ʰ˄˗ˌ ˈˋˇ ˉʽˇ ˃ʶʴʱ˂ˇʽ ʶʾ˄ʰʽ ˇʽ ˉʰˊʰˉʱ˄˖ ˂ˈʴˇʽ ʴʽʰ ˃ʽʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ 

ˉʰˊʱ˃ʶˍˊˇΣ ˍˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ʹ όʰˊ˄ʹˍʽˁʺύ ʶˉʽˊˊˇʺ ˍʹˌ ˎˉʷˊ ˍʹˌ ʰˋˍˇ˔ʾʰˌΦ 

 

ʅ˔ʺ˃ʰ 1.14Υ ʃˊ˗ˍʹ ˉʶˊʾˉˍ˖ˋʹ ʶ˄ˍʰˍʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ό[/мύ ʴʽʰ ʰύ ʵʽʰˍ˃ʹˍʽˁʷˌ ʺ ʶ˒ʶ˂ˁˎˋˍʽˁʷˌ 
ʰˋˍˇ˔ʾʶˌ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʲύ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰˋˍˇ˔ʾʰ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΦ 

 

 

ʅ˔ʺ˃ʰ 1.15Υ ɲʶˏˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ ʶ˄ˍʰˍʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ό[/нύ ʴʽʰ ʰύ ʵʽʰˍ˃ʹˍʽˁʷˌ ʺ ʶ˒ʶ˂ˁˎˋˍʽˁʷˌ 
ʰˋˍˇ˔ʾʶˌ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʲύ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰˋˍˇ˔ʾʰ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΦ 

ʁʽ ˉʰˊʱ˃ʶˍˊˇʽ ˂ˇʽˉˈ˄ ˉˇˎ ˃ʶ˂ʶˍ˗˄ˍʰʽ ʶʾ˄ʰʽΥ мύ ʹ ˍˊʰ˔ˏˍʹˍʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ ʲˊʱ˔ˇˎ 

ό˂ʶʾʰ ʶˉʽ˒ʱ˄ʶʽʰΣ ɮҐлΣлуmΣ ɮҐлΣмрmΣ ɮҐлΣоmύΣ нύ ʹ ʷˁˍʰˋʹ ˍʹˌ ʵʽʰˍʰˊʰʴ˃ʷ˄ʹˌ-

ʰˉˇʵʽˇˊʴʰ˄˖˃ʷ˄ʹˌ ʲˊʰ˔ˈ˃ʰʸʰˌ όлm, 0,5m, 1mύΣ оύ ʹ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ό˃ʶʴʱ˂ʹΣ 

˃ʽˁˊʺ ˁʰʽ ʰ˄ˍˇ˔ʺ ˍʹˌ ʲʰˋʽˁʺˌ ˉʶˊʾˉˍ˖ˋʹˌ-base caseύΣ пύ ʹ ʰ˄ˍˇ˔ʺ ˍˇˎ ʲˊʱ˔ˇˎ  ό˃ʶʴʱ˂ʹΣ 
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˃ʽˁˊʺ ˁʰʽ ʰ˄ˍˇ˔ʺ ˍʹˌ ʲʰˋʽˁʺˌ ˉʶˊʾˉˍ˖ˋʹˌ-base caseύΣ рύ ˍˇ ˉʱ˔ˇˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ όрлmm, 

70mm-base case, 100mm ˁ ʰʽ мрлmm). 

ʃʰˊʰˍʹˊˇˏ˃ʶ ˈˍʽ ʴʽʰ ˍʹ˄ ʰˋˍˇ˔ʾʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʹ ʷˁˍʰˋʹ ˍʹˌ ʵʽʰˍʰˊʰʴ˃ʷ˄ʹˌ ʸ˗˄ʹˌ 

ˉʰʾʸʶʽ ˉˇ˂ˏ ˃ʽˁˊˈ ˊˈ˂ˇΦ ʂˉ˖ˌ ʶʾ˄ʰʽ ˂ˇʴʽˁˈ ʴʽʰ ˍʹ ʰˋˍˇ˔ʾʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ 

ˉʰʾʸʶʽ ʹ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ ɱʽʰ ˃ʶʴʱ˂ʹ ʰ˄ˍˇ˔ʺ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʵʶ˄ ˋˎ˃ʲʰʾ˄ʶʽ ˋ˔ʶʵˈ˄ 

ˁʰ˃ʽʱ ʰˋˍˇ˔ʾʰ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶ˄˗ ʴʽʰ ˃ʽˁˊʺ ʰ˄ˍˇ˔ʺ ˋˎ˃ʲʰʾ˄ʶʽ ʰˋˍˇ˔ʾʰ ˖ˌ ˁʰʽ ˋʶ ˉˇˋˇˋˍˈ 

рл҈Φ ʂ˃˖ˌ ʰˏ˅ʹˋʹ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˇʵʺʴʹˋʶ ˋʶ ʶ˒ʶ˂ˁˎˋˍʽˁʷˌ ʰˋˍˇ˔ʾʶˌ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌΦ ʋʰ˃ʹ˂ʷˌ ˍʽ˃ʷˌ ʰ˄ˍˇ˔ʺˌ ˍˇˎ ʲˊʱ˔ˇˎ ʷʵ˖ˋʰ˄ ˃ʶʴʱ˂ˇ ʰˊʽʻ˃ˈ ʰˉˈ ʰˋˍˇ˔ʾʶˌ ˍˈˋˇ 

ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˈˋˇ ˁʰʽ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΦ ɮˏ˅ʹˋʹ ˍˇˎ ˉʱ˔ˇˎˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʰˏ˅ʹˋʶ ˍʽˌ 

ʰˋˍˇ˔ʾʶˌ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʰ˂˂ʱ ˃ʶʾ˖ˋʶ ʰˎˍʷˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΦ ɱʽʰ ˍʹ˄ ʶ˄ˍʰˍʽˁʺ ˁʰˍʱˋˍʰˋʹ 

LCн ʰˋˍˇ˔ʾʶˌ ʺˍʰ˄ ˃ʶʽ˖˃ʷ˄ʶˌ ˋʶ ˈ˂ʶˌ ˋ˔ʶʵˈ˄ ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ʶ˄ˍʰˍʽˁʺ 

ˁʰˍʱˋˍʰˋʹ  LC1. 

1.5.2.3 ʅʋʁɽɹɮʅɾʁʅ ɮʃʁʆɳɽɳʅɾɮʆʍɿ 

ɱʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ˃ʶˍʰ˂˂ʶʾˇˎ ˉˇˎ ʶ˅ʶˍʱʸʶˍʰʽ ˋˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʱˊʻˊˇΣ ˇʽ ʵʽʰ˒ˇˊʷˌ 

ˋˍʽˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˍʹˌ ˋˍʷ˕ʹˌ ʴʽʰ ʶˉʶ˄ʵʶʵˎ˃ʷ˄ʹ ˁʰʽ ʰ˄ʶˉʷ˄ʵˎˍʹ ˋʺˊʰʴʴʰ, ʺˍʰ˄ ˃ʽˁˊʷˌΦ 

ɮˎˍˈ ˇ˒ʶʽ˂ˈˍʰ˄ ˁʰˍʱ ˁˏˊʽˇ ˂ˈʴˇ ˋˍˇ ˈˍʽ ˃ˈ˄ˇ ʹ ˋˍʷ˕ʹ ˁʰʽ ˍʰ ˍˇʽ˔˗˃ʰˍʰ ʺˍʰ˄ 

ʶˉʶ˄ʵʶʵˎ˃ʷ˄ʰ ˁʰʽ ˈ˔ʽ ˇ˂ˈˁ˂ʹˊʹ ʹ ʵʽʰˍˇ˃ʺ ʴʽʰ ˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ˁ˂ʶʽˋˍˇˏ ʵʰˁˍˎ˂ʾˇˎ ˃ʶ 

˃ʶʴʰ˂ˏˍʶˊʹ ʵˎˋˁʰ˃˕ʾh Φ  

ɶ ʰ˄ˍˇ˔ʺ ˍˇˎ ʲˊʱ˔ˇˎ ʶʾ˔ʶ ˋʹ˃ʰ˄ˍʽˁʺ ʶˉʽˊˊˇʺ ˋˍʽˌ ʰˋˍˇ˔ʾʶˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌ ˈˉ˖ˌ ʰ˄ʰ˒ʷˊʻʹˁʶ ˁʰʽ ˉʰˊʰˉʱ˄˖Φ ɾʶʾ˖ˋʹ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˍˇˎ ʲˊʱ˔ˇˎ ʶʾ˔ʶ ˖ˌ 

ʶˉʰˁˈ˂ˇˎʻˇ ˍʹ˄ ʰˏ˅ʹˋʹ ˍˇˎ ʰˊʽʻ˃ˇˏ ˍ˖˄ ʰˋˍˇ˔ʽ˗˄ ˍˈˋˇ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˈˋˇ ˁʰʽ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌΦ 

ɱʽʰ ˍʹ˄ ʶ˄ˍʰˍʽˁʺ ˁʰˍʱˋˍʰˋʹ LC1, ˇʽ ˇˊʻʷˌ ˍʱˋʶʽˌ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʺˍʰ˄ ˋʹ˃ʰ˄ˍʽˁʱ 

˃ʶʴʰ˂ˏˍʶˊʶˌ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˇ˃ʰ˂ʺˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ʰˎˍʷˌ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˃ʹ ˇ˃ʰ˂ʺˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎΦ ɮˉˈ ˍʹ ˋˍʽʴ˃ʺ ˉˇˎ ʹ ˋˎ˄ˇ˂ʽˁʺ ʰ˄ˍˇ˔ʺ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ 

ˋʶ ˃ʽʰ ˃ʹ ˇ˃ʰ˂ʺ ʶˉʽ˒ʱ˄ʶʽʰ ʲˊʱ˔ˇˎΣ ʶ˅ʰˊˍʱˍʰʽ ˁʰʽ ʰˉˈ ˍʹ˄ ˁʰ˃ˉˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍʹˌΣ ʹ 

ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˉʰʾʸʶʽ ˉˇ˂ˏ ˁˊʾˋʽ˃ˇ ˊˈ˂ˇΦ ɴˍˋʽ ʹ ʽˁʰ˄ˈˍʹˍʰ 

ʰ˄ʱ˂ʹ˕ʹˌ ʻ˂ʽˉˍʽˁʺˌ ˍʱˋʹˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˋʶ ˃ʽʰ ˃ʹ ˇ˃ʰ˂ʺ ʶˉʽ˒ʱ˄ʶʽʰ  ʺˍʰ˄ ˃ʽˁˊˈˍʶˊʹ ʰˉˈ 

ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ʴʽʰ ˇ˃ʰ˂ʺ ʶˉʽ˒ʱ˄ʶʽʰ ʶˁˋˁʰ˒ʺˌΦ 

ʁˉˈˍʶ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ ˉʰˊʰˉʱ˄˖ ˒ʰʾ˄ʶˍʰʽ ˈˍʽ ʹ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰˋˍˇ˔ʾʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʶʾ˄ʰʽ 

ˉˊˇˍʽ˃ˈˍʶˊʹ ʰˉˈ ˍʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰˋˍˇ˔ʾʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ ɮˎˍˈ ʽˋ˔ˏʶʽ ʶˉʶʽʵʺ ʹ 

ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰˋˍˇ˔ʾʰ ˍˇˎ ˇˉ˂ʽˋ˃ʷ˄ˇˎ ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ʷ˔ʶʽ ˉʰˊʰ˃ʷ˄ˇˎˋʰ 

ʰ˄ˍˇ˔ʺ ˉˊʱʴ˃ʰ ˍˇ ˇˉˇʾˇ ʵʶ˄ ˋˎ˃ʲʰʾ˄ʶʽ ˁʰˍʱ ˍʹ˄ ʰˋˍˇ˔ʾʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ ʂˋˇ ʰˎ˅ʱ˄ʶˍʰʽ 

ˍˇ ˉʱ˔ˇˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˇʽ ʰˋˍˇ˔ʾʶˌ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʰˎ˅ʱ˄ˇ˄ˍʰʽ ˉʶˊʽˋˋˈˍʶˊˇ ʰˉˈ ˈˍʽ 

˃ʶʽ˗˄ˇ˄ˍʰʽ ˇʽ ʰˋˍˇ˔ʾʶˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΦ ʁˉˈˍʶ ʰ˄ ʹ ʶˉʷ˄ʵˎˋʹ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ʰ˄ˍˇ˔ʺ ̱ ˖˄ 

ʵʶˋ˃˗˄ ˋˁˎˊˇʵʷ˃ʰˍˇˌ-ʲˊʱ˔ˇˎΣ ˍˇ ˈ˒ʶ˂ˇˌ ʰˉˈ ˍʹ ˔ˊʺˋʹ ʶˉʷ˄ʵˎˋʹˌ ˃ʶʴʰ˂ˏˍʶˊˇˎ ˉʱ˔ˇˎˌ 

ʶʾ˄ʰʽ ʰ˃˒ʾʲˇ˂ˇΦ 
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ʅˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˃ʶ˂ʷˍʹ ʹ ʵʽʰˍʰˊʰʴ˃ʷ˄ʹ ʸ˗˄ʹ ʷ˔ʶʽ ˃ʽˁˊʺ ʶˉʽˊˊˇʺ ˋˍʹ˄ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ 

ˋˁˎˊˇʵʷ˃ʰˍˇˌ ˈˍʰ˄ ʹ ʶˉʽ˒ʱ˄ʶʽʰ ʵʶ˄ ʶʾ˄ʰʽ ˇ˃ʰ˂ʺΦ ɮˎˍˈ ˉʽʻʰ˄ˈ˄ ˄ʰ ˋˎ˃ʲʰʾ˄ʶʽ ʶˉʶʽʵʺ ʹ 

ʲˊʰ˔ˈ˃ʰʸʰ  ˁˇ˄ˍʱ ˋˍʹ˄ ʶˁˋˁʰ˒ʺ ʷ˔ʶʽ ʰˋˍˇ˔ʺˋʶʽ ʰ˄ʶ˅ʱˊˍʹˍʰ ʰˉˈ ˍʹ˄ ʷˁˍʰˋʹ ˍʹˌ 

ʵʽʰˍʰˊʰʴ˃ʷ˄ʹˌ ʸ˗˄ʹˌΦ 

ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ LCн όʰˉˇ˒ˈˊˍʽˋʹύ ʹ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰˋˍˇ˔ʾʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˋˎ˄ʷʲʹ ˉˊʽ˄ ˍʹ˄ 

ʰˋˍˇ˔ʾʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ ɮˎˍˈ ˎˉˇʵʶʾ˔ˍʹˁʶ ʰˉˈ ˂ʽʴˈˍʶˊʶˌ ʰˋˍˇ˔ʾʶˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ 

ˉʶˊʽˋˋˈˍʶˊʶˌ ʰˋˍˇ˔ʾʶˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΦ ɮˎˍʺ ʹ ʰˉˇ˒ˈˊˍʽˋʹ ˉʱ˄ˍ˖ˌ ˃ˉˇˊʶʾ ˄ʰ ˃ʶʽ˗ˋʶʽ ˍʽˌ 

ˇˊʻʷˌ ˍʱˋʶʽˌ ˋˍʽˌ ʰˋˎ˄ʷ˔ʶʽʶˌ ˃ʶʽ˗˄ˇ˄ˍʰˌ ˋˎ˄ʰˁˈ˂ˇˎʻʰ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍˇˎˌΦ 

1.5.2.4 ʅʇɾʃɳʄɮʅɾɮʆɮ 

ʅˎ˄ˇ˕ʾʸˇ˄ˍʰˌ ˂ˇʽˉˈ˄Σ ʶ˅ʱʴˇ˄ˍʰʽ ˍʰ ʶ˅ʺˌ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰΥ 

¶ ɶ ʰ˄ˍˇ˔ʺ ˍˇˎ ʲˊʱ˔ˇˎ ʶʾ˔ʶ ˃ʶʴʱ˂ʹ ʶˉʽˊˊˇʺ ˋˍˇ˄ ʰˊʽʻ˃ˈ ˍ˖˄ ʰˋˍˇ˔ʽ˗˄ ˋˍʹ˄ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˁʰʽ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΦ 

¶ ɶ ˍˊʰ˔ˏˍʹˍʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ ʲˊʱ˔ˇˎ ʺˍʰ˄ ˃ʽʰ ʰˉˈ ˍʽˌ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊʶˌ 

ˉʰˊʰ˃ʷˍˊˇˎˌ όˋˍʹ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˃ʶ˂ʷˍʹύΦ ʆˇ ˉ˂ʺʻˇˌ ˍ˖˄ ʶ˒ʶ˂ˁˎˋˍʽˁ˗˄ ʰˋˍˇ˔ʽ˗˄ 

ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˍ˖˄ ʵʽʰˍ˃ʹˍʽˁ˗˄κʶ˒ʶ˂ˁˎˋˍʽˁ˗˄ ʰˋˍˇ˔ʽ˗˄ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʺˍʰ˄ 

ʶˎʰʾˋʻʹˍˇ ˋˍʹ˄ ʰ˄ˇ˃ˇʽˇ˃ˇˊ˒ʾʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʰˁˈ˃ʰ ˁʰʽ ʴʽʰ ˃ʽˁˊʱ ˉ˂ʱˍʹΦ ʃʱ˄ˍ˖ˌ 

ˈˍʰ˄ ʹ ʶˁˋˁʰ˒ʺ ʴʾ˄ʶˍʰʽ ˃ʶ ʶˁˊʹˁˍʽˁʱ ʶʾ˄ʰʽ ʵˏˋˁˇ˂ˇ ˄ʰ ʰˉˇ˒ʶˎ˔ʻʶʾ ˍˊʰ˔ʶʾʰ ˁʰʽ 

ʰ˄ˇ˃ˇʽˈ˃ˇˊ˒ʹ ʶˉʽ˒ʱ˄ʶʽʰ ʲˊʱ˔ˇˎΦ  

¶ ɶ ʷˁˍʰˋʹ ˍʹˌ ʰˉˇʵʽˇˊʴʰ˄˖˃ʷ˄ʹˌ ʸ˗˄ʹˌ ʷ˔ʶʽ ˃ʽˁˊʺ ʶˉʽˊˊˇʺ ˋˍʹ˄ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰ ˈˍʰ˄ ʹ ʶˉʽ˒ʱ˄ʶʽʰ ʶʾ˄ʰʽ ʰ˄ˇ˃ˇʽˈ˃ˇˊ˒ʹΦ 

¶ ʅʶ ˋˎ˄ʻʺˁʶˌ ˃ʶʾ˖ˋʹˌ ˍʹˌ ˇˊʽʸˈ˄ˍʽʰˌ ˍʱˋʹˌ ʹ ʶ˒ʶ˂ˁˎˋˍʽˁʺ ʰˋˍˇ˔ʾʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˋʶ 

ˉˇ˂˂ʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˋˎ˄ʷʲʹ ˉˊʽ˄ ˍʹ˄ ʰˋˍˇ˔ʾʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ  

¶ ɮ˄ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˃ʽʰˌ ʶˉʷ˄ʵˎˋʹˌ ˃ʶʴʱ˂ˇˎ ˉʱ˔ˇˎˌ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍ˖˄ 

ʵʶˋ˃˗˄Σ ˍˇ ˈ˒ʶ˂ˇˌ ʰˉˈ ˍʹ˄ ˔ˊʺˋʹ ˍˇˎ όʺ ˍʹ˄ ˉʶˊʶˍʰʾˊ˖ ʰˏ˅ʹˋʹ ˍˇˎύ ʶʾ˄ʰʽ 

ʰ˃˒ʾʲˇ˂ˇ ˁʰʻ˗ˌ ˍˇ ˉ˂ʺʻˇˌ ˍ˖˄ ʰˋˍˇ˔ʽ˗˄ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʰˎ˅ʱ˄ʶˍʰʽ ˉʶˊʽˋˋˈˍʶˊˇ 

ʰˉˈ ˈˍʽ ˃ʶʽ˗˄ˇ˄ˍʰʽ ˇʽ ʰˋˍˇ˔ʾʶˌ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˃ʶ ˃ʽʰ ʰˏ˅ʹˋʹ ˍˇˎˌ ˉʱ˔ˇˎˌ ˍʹˌΦ 

1.6 ɲɹɳʃɹʊɮɿɳɹɮ ʃɮʅʅɮɽʁʇ-ɳɲɮʊʁʇʅ ɼɮɹ ɸɳɾɳɽɹʁʇ - ɳɲɮʊʁʇʅ 

ɶ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˉˇˎ ʰ˄ʰˉˍˏˋˋʶˍʰʽ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ˉˊˇˋ˖ˊʽ˄ʺ ʶˉʷ˄ʵˎˋʹ ˁʰˍʱ ˍʹ 

ˋˁˎˊˇʵʷˍʹˋʹ ˍ˖˄ ˍˇʽ˔˖˃ʱˍ˖˄ ˋʺˊʰʴʴʰˌ ˃ʶ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ ˋˁˎˊˈʵʶ˃ʰΣ ˉʰˊˇˎˋʽʱʸʶʽ 

ʰˊˁʶˍʷˌ ˇ˃ˇʽˈˍʹˍʶˌ ˃ʶ ˍʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʶʵʱ˒ˇˎˌ - ˉʰˋˋʱ˂ˇˎ όʷʴ˔ˎˍˇˎ ˁʰˍʱ ˁˏˊʽˇ ˂ˈʴˇύ ˁʰʽ 

ʶʵʱ˒ˇˎˌ-ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ʻʶ˃ʶ˂ʾ˖ˋʹˌΦ ʁʽ ˇ˃ˇʽˈˍʹˍʶˌ ʷʴˁʶʽ˄ˍʰʽ ˋˍˇ ˈˍʽ ˋʶ ˈ˂ʶˌ ˍʽˌ 

ˉʶˊʽˉˍ˗ˋʶʽˌ ˍˇ ˋˁˎˊˈʵʶ˃ʰ ʷˊ˔ʶˍʰʽ ˋʶ ʰˉʶˎʻʶʾʰˌ ʶˉʰ˒ʺ ˃ʶ ˍˇ ʷʵʰ˒ˇˌ όʺ ˍʹ ʲˊʰ˔ˈ˃ʰʸʰύ  

ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ζʵʶˋ˃ˇˏˌη ˉˇˎ ˋˎ˄ʶʽˋ˒ʷˊˇˎ˄ ˋˍʹ˄ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ 

ʶ˄˗ ʹ ˍˊʰ˔ˏˍʹˍʰ ˁʰʽ ˇʽ ˇʵˇ˄ˍ˗ˋʶʽˌ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ ʴʶ˖ˎ˂ʽˁˇˏ  ˋˎ˄ʶʽˋ˒ʷˊˇˎ˄ ʶˉʾˋʹˌ 

ˋˍʹ˄ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ ʂ˃˖ˌ ˈˉ˖ˌ ˋˎ˃ʲʰʾ˄ʶʽ ˋˍʹ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ 

ʴʶ˖ˎ˂ʽˁˇˏ - ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ ɳΦʅΦΣ ʷˍˋʽ ˁʰʽ ˋˍʽˌ ʵʽʶˉʽ˒ʱ˄ʶʽʶˌ ˉʰˋˋʱ˂ˇˎ ˁʰʽ ʻʶ˃ʶ˂ʾˇˎ 

ʶʵʱ˒ˇˎˌΣ ʵʶ˄ ʶʾ˄ʰʽ ˉʱ˄ˍʰ ˅ʶˁʱʻʰˊˇˌ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ʰˋˍˇ˔ʾʰˌ ˁʰʽ ˇʽ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʶˉʽ˒ʱ˄ʶʽʶˌ 
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ʰˋˍˇ˔ʾʰˌΦ ɱʽʰ ˉʰˊʱʵʶʽʴ˃ʰ ʵʶ˄ ʶʾ˄ʰʽ ˅ʶˁʱʻʰˊˇ ʰ˄ ʹ ʰˋˍˇ˔ʾʰ ˋˎ˃ʲʰʾ˄ʶʽ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰΣ ʺ 

ˋʶ ˃ʽʰ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌΣ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰΣ ʺ ˃ʷˋʰ ˋˍˇ ˋˁˎˊˈʵʶ˃ʰΦ 

ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˍˇˎ ˉʰˋˋʱ˂ˇˎ ˃ʶ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʴʶ˖ˎ˂ʽˁˈ ˃ˉˇˊʶʾ ˄ʰ 

ˉˊˇˋˇ˃ˇʽ˖ʻʶʾ ˃ʶ ˔ˊʺˋʹ ʶ˂ʰˍʹˊʾ˖˄ όʅ˔ʺ˃ʰ 1.16ύΣ ˃ʶ ˉʰˊˈ˃ˇʽˇ ˍˊˈˉˇ ˈˉ˖ˌ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ˉˇˎ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˉʰˊʰˉʱ˄˖Φ 

 

ʅ˔ʺ˃ʰ 1.16Υ ʃˊˇˋˇ˃ˇʾ˖ˋʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʶʵʱ˒ˇˎˌ-ˉʰˋˋʱ˂ˇˎ ˃ʶ ˔ˊʺˋʹ ʶ˂ʰˍʹˊʾ˖˄Φ 

ʂˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ˋ˔ʺ˃ʰ ˍˇ ˒ˇˊˍʾˇ Po ˉˇˎ ʶ˒ʰˊ˃ˈʸʶˍʰʽ ˋˍʹ˄ ˁʶ˒ʰ˂ʺ ˍˇˎ ˉʰˋˋʱ˂ˇˎΣ 

˃ʶˍʰ˒ʷˊʶˍʰʽ ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ˃ʶ ˍʽˌ ʵʽʰˍ˃ʹˍʽˁʷˌ ˍʱˋʶʽˌ όʶˉʽ˒ʰ˄ʶʽʰˁʺ ˍˊʽʲʺύ ˁʰˍʱ 

˃ʺˁˇˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˉʰˋˋʱ˂ˇˎ ʶʵʱ˒ˇˎˌΣ ˁʰʽ ˃ʶ ˍʽˌ ˇˊʻʷˌ ˍʱˋʶʽˌ ˉˇˎ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ 

ˁʰˍʱ ˍʹ˄ ʷʵˊʰˋʹ ˍʹˌ ʰʽ˔˃ʺˌ ˍˇˎ ˉʰˋˋʱ˂ˇˎΦ ʅʶ ʷ˄ʰ ˃ˇ˄ˇʵʽʱˋˍʰˍˇ ˃ˇ˄ˍʷ˂ˇ ˈˉ˖ˌ ˍˇ 

ˉʰˊʰˉʱ˄˖Σ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ʰ˄ˍʽˁʰʻʾˋˍʰˍʰʽ ʰˉˈ ˃ʽʰ ˁʰˍʰ˄ˇ˃ʺ ʶ˂ʰˍʹˊʾ˖˄ ˁʰˍʱ 

˃ʺˁˇˌ ˍˇˎ ˉʰˋˋʱ˂ˇˎ ʶ˄˗ ʷ˄ʰ ʶ˂ʰˍʺˊʽˇ ˋˍʹ˄ ʰʽ˔˃ʺ ˍˇˎ ˉʰˋˋʱ˂ˇˎ ˉˊˇˋ˒ʷˊʶʽ ʰ˄ˍʾˋˍʰˋʹ 

ˋˍʽˌ ʰ˅ˇ˄ʽˁʷˌ ˃ʶˍʰˍˇˉʾˋʶʽˌΦ ʆʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰˎˍ˗˄ ˍ˖˄ ʶ˂ʰˍʹˊʾ˖˄ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋʶ 

˃ˇˊ˒ʺ ˁʰ˃ˉˏ˂˖˄ ˇʽ ˇˉˇʾʶˌ ʵʾ˄ˇˎ˄ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ʰ˄ʱ ˃ʷˍˊˇ ˃ʺˁˇˎˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ 

ˍˊʽʲʺˌ ʺ ˍʹˌ ʰ˄ʱ ˃ʷˍˊˇ ˃ʺˁˇˎˌ ʰ˄ˍʾˋˍʰˋʹˌ ʰʽ˔˃ʺˌ ˋˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ˃ʶˍʰˍˈˉʽˋʹˌ ˍˇˎ 

ˉʰˋˋʱ˂ˇˎ (Mosher and Dawkins, November 2000)Φ ʆʷˍˇʽʶˌ ˁʰ˃ˉˏ˂ʶˌ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ 

ˉʰˊʰˉʱ˄˖ ˋ˔ʺ˃ʰΦ 

ɾʶ ˍˇ˄ ʾʵʽˇ ˍˊˈˉˇ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʻʶ˃ʶ˂ʾˇˎ-ʶʵʱ˒ˇˎˌΣ 

ʶ˂ʰˍʺˊʽʰ ˁʱʻʶˍʰ ˋˍʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʰ˄ˍʽˋˍʷˁˇ˄ˍʰʽ ˋˍʽˌ ˇˊʻʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˍˇˎ ʻʶ˃ʶ˂ʾˇˎ ʶ˄˗ 
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ʶ˂ʰˍʺˊʽʰ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ ʵʽʶˏʻˎ˄ˋʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʰ˄ˍʽˋˍʷˁˇ˄ˍʰʽ ˋˍʽˌ ʵʽʰˍ˃ʹˍʽˁʷˌ 

ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌΦ
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2. ɮɿɮɽʇʆɹɼɳʅ ɽʇʅɳɹʅ ʃɮɿʍ ʅʆɶɿ ɮɽɽɶɽɳʃɹɲʄɮʅɶ ɳɲɮʊʁʇʅ-

ɳʃɳɿɲʇʅɶʅ ʅɶʄɮɱɱɮʅ 

ʆˇ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ˍʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎ-ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˍʹˌ ʶˉʾʵˊʰˋʹˌ 

ʰˎˍʺˌ ˋˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ, ʷ˔ʶʽ ʵʽʶˊʶˎ˄ʹʻʶʾ ʰˉˈ ʰˊˁʶˍˇˏˌ ʶˊʶˎ˄ʹˍʷˌ, ˃ʶ 

ˁˎˊʽˈˍʶˊˇˎˌ ˍˇˎˌ Einstein and Schwartz (1979). ɮˎˍˇʾ ʵʽʰˍˏˉ˖ˋʰ˄ ˁ˂ʶʽˋˍʷˌΣ ʶ˂ʰˋˍʽˁʷˌΣ 

ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ʰ˅ˇ˄ʽˁ˗˄ ˒ˇˊˍʾˋʶ˖˄ ˁʰʽ ˍ˖˄ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ̄ ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˍʹˌ ˉ˂ʺˊˇˎˌ 

ˋˎ˄ʱ˒ʶʽʰˌ ʰˎˍ˗˄Σ ʴʽʰ ˋʺˊʰʴʴʰ ˁˎˁ˂ʽˁʺ, ʵʽʰ˄ˇʽʴˈ˃ʶ˄ʹ ˃ʷˋʰ ˋʶ ʶ˂ʰˋˍʽˁˈ ˎ˂ʽˁˈΦ ʃʷˊʰ ˈ˃˖ˌ 

ʰˉˈ ˍˇˎˌ Einstein ˁʰʽ SchwartzΣ ˁʰʽ ˇʽ Kim ˁʰʽ Eisenstein (2006) ʰˋ˔ˇ˂ʺʻʹˁʰ˄ ˃ʶ ˍʰ 

ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹΣ ˉʶˊʽˋˋˈˍʶˊˇ ˈ˃˖ˌ ˋˎʴˁˊʾ˄ˇ˄ˍʰˌ ˍʽˌ ˍˊˇˉˇˉˇʽʹ˃ʷ˄ʶˌΣ 

ˉ˂ʷˇ˄Σ ˁ˂ʶʽˋˍʷˌ ˂ˏˋʶʽˌ ˍ˖˄ Einstein ˁʰʽ Schwartz ˃ʶ ˃ʶˍˊʺˋʶʽˌ ʰˉˈ ˉˊʰʴ˃ʰˍʽˁʷˌ 

ˉʶˊʽˉˍ˗ˋʶʽˌ ˋʹˊʱʴʴ˖˄. 

2.1 EINSTEIN & SCHWARTZ (1979) 

ʅˏ˃˒˖˄ʰ ˃ʶ ˍˇˎˌ ˉʰˊʰˉʱ˄˖ ʵˏˇ ʶˊʶˎ˄ʹˍʷˌΣ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˋʺˊʰʴʴʰˌ ˋˍˇ 

ʷʵʰ˒ˇˌΣ ʶʾ˄ʰʽ ʷ˄ʰ ˍˎˉʽˁˈ ˉˊˈʲ˂ʹ˃ʰ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʶʵʱ˒ˇˎˌ ˁʰˍʰˋˁʶˎʺˌΦ ɾʽʰ ʶˉʷ˄ʵˎˋʹ 

ˋʺˊʰʴʴʰˌ ˎˉˈ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍˇˎ ʶˉʾ ˍˈˉˇˎ ʶ˄ˍʰˍʽˁˇˏ ˉʶʵʾˇˎΣ ʻʰ ˉʰˊʰ˃ˇˊ˒˖ʻʶʾ ˁʰʽ ʻʰ 

ʰ˂˂ʱ˅ʶʽ ˍˇ ˋ˔ʺ˃ʰ ˍʹˌΦ ɶ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˁʰʽ ˍˇ ˁʰˍʱ ˉˈˋˇ ʻʰ ʰ˂˂ʱ˅ʶʽ ˍˇ ˋ˔ʺ˃ʰ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌ, ʶ˅ʰˊˍ˗˄ˍʰʽ ˁʰˍʱ ˉˇ˂ˏ ʰˉˈ ˍʹ˄ ˋ˔ʶˍʽˁʺ ʵˎˋˁʰ˃˕ʾʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˍˇˎ 

ʶʵʱ˒ˇˎˌΦ ʋʰˊʰˁˍʹˊʽˋˍʽˁʷˌ ˁʰ˃ˉˏ˂ʶˌ όPeck ˁΦˍΦ˂Φύ ʵʶʾ˔˄ˇˎ˄ ˉˇ˂ˏ ˁʰʻʰˊʱ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʹˌ 

ʵʽʰ˒ˇˊʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌ ʶʵʱ˒ˇˎˌ ˁʰʽ ˎˉˇˋˍʺˊʽ˅ʹˌΣ ˋˍʹ˄ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ 

ˍʹˌ ˋʺˊʰʴʴʰˌ ˁʰʽ ˋˍʰ ˒ˇˊˍʾʰ ˉˇˎ ʰˎˍʺ ʻʰ ʵʶ˔ʻʶʾ ˍʶ˂ʽˁʱ ʰ˂˂ʱ ˁʰʽ ˋˍˇ ˋʹ˃ʶʾˇ 

ˋˍʰʻʶˊˇˉˇʾʹˋʹˌ ˍ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Φ 

 

ʅ˔ʺ˃ʰ 2.1: ʋʰˊʰˁˍʹˊʽˋˍʽˁʺ ˁʰ˃ˉˏ˂ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʴʶ˖ˎ˂ʽˁˇˏ - ʁ ˉʷ˄ʵˎˋʹˌΦ 

ɳˉʽˉ˂ʷˇ˄ ʰˉˈ ˍʹ ˋ˔ʶˍʽˁʺ ʵˎˋˁʰ˃˕ʾʰ ʶʵʱ˒ˇˎˌ-ˁʰˍʰˋˁʶˎʺˌΣ ʹ ˃ʶˍʱʵˇˋʹ ʵʽʰˍ˃ʹˍʽˁ˗˄ 

ˍʱˋʶ˖˄ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ˉʰʾʸʶʽ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ ˋˍʹ˄ ˋˎ˃ˉʶˊʽ˒ˇˊʱ 
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ˁʰʽ ˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˍ˖˄ ʵˏˇΦ ʁʽ ʵˏˇ ʰˁˊʰʾʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʶʾ˄ʰʽΣ ˈˉ˖ˌ 

ʰ˄ʰ˒ʷˊʻʹˁʶ ˉʰˊʰˉʱ˄˖Σ ʹ ʰˉˈ˂ˎˍʹ ˋˎ˄ʱ˒ʶʽʰ ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ όˁʰ˃ʾʰ ˋ˔ʶˍʽˁʺ 

˃ʶˍʰˍˈˉʽˋʹύ ˁʰʽ ʹ ˉ˂ʺˊʹˌ ˇ˂ʾˋʻʹˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ʵˏˇ όˁʰ˃ʾʰ ˃ʶˍʱʵˇˋʹ ʵʽʰˍ˃ʹˍʽˁ˗˄ 

ˍʱˋʶ˖˄ύΦ 

ɮ˄ʱˉˍˎ˅ʹ ˍʹˌ ʰˊ˔ʽˁʺˌ ˂ˏˋʹˌ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌΦ  

ɮˎˍʺ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʰˉˈ ˍˇˎˌ Burns and Richards (1964) ˁʰʽ ʹ ˇˉˇʾʰ ʲˊʾˋˁʶʽ ʶ˒ʰˊ˃ˇʴʺ ˋʶ 

ʶ˂ʰˋˍʽˁʱ ʶˉʶ˄ʵʶʵˎ˃ʷ˄ʰ ˁˎ˂ʽ˄ʵˊʽˁʱ ʰ˄ˇʾʴ˃ʰˍʰ ˎˉˈ ˋˎ˄ʻʺˁʶˌ ʶˉʾˉʶʵʹˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ 

˃ʷˋʰ ˋʶ ʴˊʰ˃˃ʽˁʱ ʶ˂ʰˋˍʽˁʺ ʶʵʰ˒ʽˁʺ ˃ʱʸʰΦ ɶ ʻʶ˗ˊʹˋʹ ʰˎˍʺ ʽˋ˔ˏʶʽ ˁʰʽ ʴʽʰ ˋˎ˄ʻʺˁʶˌ 

ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ˃ʶˍʰ˅ˏ ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ʰ˂˂ʱ ˁʰʽ ˃ʹʵʶ˄ʽˁʺˌ ˋˎ˄ʱ˒ʶʽʰˌΦ  

ɶ ˉʽˇ ʰˎˋˍʹˊʺ ˉʰˊʰʵˇ˔ʺ ʴʽʰ ˍʹ ˂ˏˋʹ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌ, ʶʾ˄ʰʽ ʰˎˍʺ ˍʹˌ ʶˉʾˉʶʵʹˌ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹˌΦ ʅˍʹ˄ ˉˊʰˁˍʽˁʺ ˍʹˌ ʵʽʱ˄ˇʽ˅ʹˌ ˋʹˊʱʴʴ˖˄ ˋʹ˃ʰ˄ˍʽˁˈ ˃ʶʽˇ˄ʷˁˍʹ˃ʰ ʶʾ˄ʰʽ ʹ 

ˉʰˊʰʵˇ˔ʺ ˍˇˎ ˈˍʽ ʹ ˋʺˊʰʴʴʰ ˉˊ˗ˍʰ ʵʽʰ˄ˇʾʴʶˍʰʽ ˁʰʽ ʶˉʶ˄ʵˏʶˍʰʽ ˁʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ 

ʶ˒ʰˊ˃ˈʸʶˍʰʽ ˍˇ ˒ˇˊˍʾˇ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ˄ ʶˉʽˍˈˉˇˎ ʶ˄ˍʰˍʽˁʺ ˁʰˍʱˋˍʰˋʹΦ ɮˎˍʺ ʹ 

ˉʰˊʰʵˇ˔ʺ ˇʵʹʴʶʾ ˋʶ ˒ˇˊˍʾˋʶʽˌ ʶˉʷ˄ʵˎˋʹˌ ˉˇˎ ʶʾ˄ʰʽ ʰˉˈ рл-млл҈ ˋˎ˄ˍʹˊʹˍʽˁʷˌΣ ˁʰʽ ˁʰˍʱ 

ˋˎ˄ʷˉʶʽʰ ˋʶ ˎˉʶˊʵʽʰˋˍʰˋʽˇ˂ˈʴʹˋʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ  όˍˈˋˇ ˍʹˌ ˍʶ˂ʽˁʺˌ ˈˋˇ ˁʰʽ ˍʹˌ 

ˉˊˇˋ˖ˊʽ˄ʺˌύΦ 

ʁˊʾʸʶˍʰʽ ˇ ˂ˈʴˇˌ ˋˎ˄ʻ˂ʽ˕ʽ˃ˈˍʹˍʰˌ (compressibility ratio) ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌ 

ʶʵʱ˒ˇˎˌ ˁʰʽ ʶˉʷ˄ʵˎˋʹˌ ʾˋˇˌ ˃ʶΥ 

=*C
)1(

)1(
2

2

n

n

-

-

ss

s

AE

ER
 (2.1) 

ʂˉˇˎΥ ɮҐ ˍˇ ʶ˃ʲʰʵˈ ˄ɻ ʽʰˍˇ˃ʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌ 

ɳΣ ˄Ґ ˇʽ ʶ˂ʰˋˍʽˁʷˌ ˋˍʰʻʶˊʷˌ ˍˇˎ ʶʵʱ˒ˇˎˌ 

ɳsΣ ˄sҐ ˇʽ ʶ˂ʰˋˍʽˁʷˌ ˋˍʰʻʶˊʷˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ 

RҐ ʹ ʰˁˍʾ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ 

ʁ ˂ˈʴˇˌ ˋˎ˄ʻ˂ʽ˕ʽ˃ˈˍʹˍʰˌ ʶʾ˄ʰʽ ʷ˄ʰ ˃ʶˍˊˈ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ 

ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ˎˉˈ ʷ˄ʰ ˇ˃ˇʽˈ˃ˇˊ˒ˇ ʹ ˋˎ˃˃ʶˍˊʽˁˈ ʶ˄ˍʰˍʽˁˈ ˉʶʵʾˇΦ ɮˉˈ ˍˇ˄ ˍˏˉˇ 

ʶˏˁˇ˂ʰ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ʴʽʰ ʵʶʵˇ˃ʷ˄ʹ ʵˎˋˁʰ˃˕ʾʰ ʶˉʷ˄ʵˎˋʹˌΣ ˇ ˂ˈʴˇˌ ˋˎ˄ʻ˂ʽ˕ʽ˃̱̍ ʹˍʰˌ 

ʰˎ˅ʱ˄ʶˍʰʽ ˈˋˇ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ʵˎˋˁʰ˃˕ʾʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˇ ˂ˈʴˇˌ 

ʵˎˋˁʰ˃˕ʾʰˌ ʶʵʱ˒ˇˎˌ ˉˊˇˌ ʵˎˋˁʰ˃˕ʾʰ ʶˉʷ˄ʵˎˋʹˌΦ 

ɮˉˈ ˍʹ˄ ʱ˂˂ʹ ˇˊʾʸʶˍʰʽ ˇ ˂ˈʴˇˌ ʶˎˁʰ˃˕ʾʰˌ (flexibility ratio): 

=*F
)1(

)1(
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ʂˉˇˎΥ IsҐ ʹ ˊˇˉʺ ʰʵˊʰ˄ʶʾʰˌ ʵʽʰˍˇ˃ʺˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˍʹˌ ˋʺˊʰʴʴʰˌ 

ʁ ˂ˈʴˇˌ ʶˎˁʰ˃˕ʾʰˌ ʶʾ˄ʰʽ ʷ˄ʰ ˃ʷˍˊˇ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌ ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ˈˍʰ˄ ˍˇ 

ˉʶʵʾˇ ʶʾ˄ʰʽ ʰ˄ˍʽˋˎ˃˃ʶˍˊʽˁˈΦ ɼʰʽ ʶʵ˗Σ ʰ˄ˍʾˋˍˇʽ˔ʰΣ ʶˏˁˇ˂ʰ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ʴʽʰ ʵʶʵˇ˃ʷ˄ʹ 

ʵˎˋˁʰ˃˕ʾʰ ʶˉʷ˄ʵˎˋʹˌΣ ˇ ˂ˈʴˇˌ ʶˎˁʰ˃˕ʾʰˌ ʰˎ˅ʱ˄ʶˍʰʽ ˈˋˇ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ʵˎˋˁʰ˃˕ʾʰ ˍˇˎ 

ʶʵʱ˒ˇˎˌ ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˇ ˂ˈʴˇˌ ʵˎˋˁʰ˃˕ʾʰˌ ʶʵʱ˒ˇˎˌ ˉˊˇˌ ʵˎˋˁʰ˃˕ʾʰ ʶˉʷ˄ʵˎˋʹˌΦ ɶ 



ɮɿɮɽʇʆɹɼɳʅ ɽʇʅɳɹʅ ʃɮɿʍ ʅʆɶɿ ɮɽɽɶɽɳʃɹɲʄɮʅɶ ɳɲɮʊʁʇʅ-ɳʃɳɿɲʇʅɶʅ ʅɶʄɮɱɱɮʅ 
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ʶˉʾʵˊʰˋʹ ˉˇˎ ʷ˔ʶʽ ʹ ʰˏ˅ʹˋʹ ˍ˖˄ ʵˏˇ ʰˎˍ˗˄ ˂ˈʴ˖˄ ˋˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ʻʰ 

ˉʰˊˇˎˋʽʰˋˍʶʾ ˉʰˊʰˁʱˍ˖Φ ʅʶ ˈ˂ʶˌ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌ ˉˇˎ ʰˁˇ˂ˇˎʻˇˏ˄ ʷ˔ʶʽ ˂ʹ˒ʻʶʾ 

ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄ ʶʵʱ˒ˇˎˌ ʾˋˇˌ ˃ʶ ɼҐлΦрΣ ˂ˈʴˇˌ Poisson ʶʵʱ˒ˇˎˌ ʾˋˇˌ ˃ʶ 

˄ҐлΦнр ˁʰʽ ˋˁˎˊˇʵʷ˃ʰˍˇ,̩ h ˄ˍʾˋˍˇʽ˔ʰ ʾˋˇˌ ˃ʶ ˄ҐлΦнрΦ  

ɮˉˈ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ˂ˇʽˉˈ˄Σ ʶ˅ʺ˔ʻʹˋʰ˄ ˍʰ ˉʰˊʰˁʱˍ˖ ʵʽʰʴˊʱ˃˃ʰˍʰ (ʅ˔ʺ˃ʰ 2.2) ʴʽʰ 

ʰ˅ˇ˄ʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ ˋˍʹ˄ ˉʰˊʶʽʱ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ό̒Ґл )Σ ˈˉˇˎ T/PRΣ ʹ ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ 

ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˃ʶΣ PΣ ˍʹ˄ ʶˉʾ ˍˈˉˇˎ ˍʱˋʹ ˁʰʽΣ RΣ ˍʹ˄ ʰˁˍʾ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΦ 

ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΥ 

¶ ɱʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ: 

PR

T
= Ö

2

1
cos2ɗ *)2Ŭ-(1 Ⱦ)-(1

2

1
 +*)Ŭ-(1 Ⱦ)+(1 2o ÖÖÖÖ  (2.3) 

¶ ɱʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰΥ 

PR

T
= Ö

2

1
cos2ɗ *)2Ŭ+(1 Ⱦ)-(1 

2

1
+*)Ŭ-(1 Ⱦ)+(1 2o ÖÖÖÖ  (2.4) 

ʂˉˇˎΥ ɼ Ґ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄ 

ʰ̌ϝΣ ʰ2ϝ Ґ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ʶ˅ʰˊˍ˗˃ʶ˄ˇʽ ʰˉˈ ˍˇˎˌ ˂ˈʴˇˎˌ Cϝ ˁʰʽ Fϝ ˁʰʻ˗ˌ ˁʰʽ ʰˉˈ ˂ˈʴˇ 

Poisson ̱ ˇˎ ʶʵʱ˒ˇˎˌΣ ˄Φ 

ʻ Ґ ʹ ʴ˖˄ʾʰ ˃ʶˍˊˇˏ˃ʶ˄ʹ ʰˉˈ ˍʹ˄ ˉʰˊʶʽʱΦ 

 



ɼɳʊɮɽɮɹʁ 1ʁ  
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ʅ˔ʺ˃ʰ 2.2Υ ɮ˅ˇ˄ʽˁʷˌ ˖ʻʺˋʶʽˌ ˋˍʹ˄ ̄ ʰˊʶʽʱ ˍʹˌ ʁ ˉʷ˄ʵˎˋʹ ̩˃ ʶ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌΣ 
ˍˇˎ ˂ˈʴˇˎ ˋˎ˄ʻ˂ʽ˕ʽ˃ˈˍʹˍʰˌ ˁʰʽ ˍˇˎ ˂ˈʴˇˎ ʶˎˁʰ˃˕ʾʰˌ ʴʽʰ ʵʽʱ˒ˇˊʰ ˉʱ˔ʹ ʶˉʷ˄ʵˎˋʹˌΦ 

ʃʰ́ʰˍʹˊʶʾˍʰʽ ˂ˇʽˉˈ˄ ˈˍʽ ˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ʹ ʵʽʰ˒ˇˊʱ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌ 

ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ό˃ʶ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˎˍʺ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌύ  ˍˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ʹ 

ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˇʽ ʰ˅ˇ˄ʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ ˉʱ˄˖ ˋʶ ʰˎˍʺ˄,  

ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʶˌ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ˋʶ ˋ˔ʷˋʹ 

˃ʶ ˍʹ˄ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΦ 

ʂˋˇ˄ ʰ˒ˇˊʱ ˋˍʽˌ ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌΣ ʶ˅ʺ˔ʻʹˋʰ˄ ˍʰ ˉʰˊʰˁʱˍ˖ ʵʽʰʴˊʱ˃˃ʰˍʰ (ʅ˔ʺ˃ʰ 2.3), 

ˈˉˇˎ M/PR2Σ ʹ ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ˁʰ˃ˉˍʽˁʺ ˊˇˉʺ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ό̀ ˍʹ˄ ˉʰˊʶʽʱ- Ґ̒л ) ˃ʶΣ P, 

ˍʹ˄ ʶˉʾ ˍˈˉˇˎ ˍʱˋʹ ˁʰʽΣ RΣ ˍʹ˄ ʰˁˍʾ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΦ 

ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΥ 

¶ ɱʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΥ 

2PR

M
= Ö

2

1
cos2ɗ *)2Ŭ-(1 Ⱦ)-(1 2 ÖÖ  (2.5) 

¶ ɱʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ: 

2PR

M
= Ö

4

1
cos2ɗ *)+2b*2Ŭ-(1 Ⱦ)-(1 22 ÖÖ  (2.6) 

ʂˉˇˎΥ ɼ Ґ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄ 

ʰ̌ϝΣ ʰ2*, b2ϝ  Ґ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ʶ˅ʰˊˍ˗˃ʶ˄ˇʽ ʰˉˈ ˍˇˎˌ ˂ˈʴˇˎˌ Cϝ ˁʰʽ Fϝ ˁʰʻ˗ˌ ˁʰʽ ʰˉˈ 

ˍˇ ˂ˈʴˇ Poisson ̱ ˇˎ ʶʵʱ˒ˇˎˌΣ ˄Φ 

ʻ Ґ ʹ ʴ˖˄ʾʰ ˃ʶˍˊˇˏ˃ʶ˄ʹ ʰˉˈ ˍʹ˄ ˉʰˊʶʽʱΦ 



ɮɿɮɽʇʆɹɼɳʅ ɽʇʅɳɹʅ ʃɮɿʍ ʅʆɶɿ ɮɽɽɶɽɳʃɹɲʄɮʅɶ ɳɲɮʊʁʇʅ-ɳʃɳɿɲʇʅɶʅ ʅɶʄɮɱɱɮʅ 
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ʅ˔ʺ˃ʰ 2.3Υ ɼʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌ ˋˍʹ˄ ̄ ʰˊʶʽʱ ˍʹˌ ʁ ˉʷ˄ʵˎˋʹ ̩˃ ʶ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌΣ 
ˍˇˎ ˂ˈʴˇˎ ˋˎ˄ʻ˂ʽ˕ʽ˃ˈˍʹˍʰˌ ˁʰʽ ˍˇˎ ˂ˈʴˇˎ ʶˎˁʰ˃˕ʾʰˌ ʴʽʰ ʵʽʱ˒ˇˊʰ ˉʱ˔ʹ ʶˉʷ˄ʵˎˋʹˌΦ 

ɼʰʽ ʶʵ˗ ˉʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ʹ ʵʽʰ˒ˇˊʱ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌ 

ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ό˃ʶ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˎˍʺ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌύ  ˍˈˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ʹ 

ˁʰ˃ˉˍʽˁʺ ˊˇˉʺ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΦ ʅʶ ʰ˄ˍʾʻʶˋʹ ˈ˃˖ˌ ˃ʶ ˍʽˌ ʰ˅ˇ˄ʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌΣ ˋʶ ʰˎˍʺ˄ ˍʹ˄ 

ˉʶˊʾˉˍ˖ˋʹ ˇʽ ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʶˌ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌΦ  

ɿʰ ˋʹ˃ʶʽ˖ʻʶʾ ˉʱ˄ˍ˖ˌ ˈˍʽ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ʰ˂˂ʱ ˁʰʽ ˋˍʹ˄ 

ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄Σ ʰˎˍʷˌ ʷ˔ˇˎ˄ ˃ʽˁˊˈˍʶˊʶˌ ˍʽ˃ʷˌ ʴʽʰ ˋˎ˄ʻʺˁʶˌ ʰˉˇ˒ˈˊˍʽˋʹˌ 

˂ˈʴ˖ ʶˁˋˁʰ˒ʺˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʽˌ ˋˎ˄ʻʺˁʶˌ ʶ˅˖ˍʶˊʽˁʺˌ ˒ˈˊˍʽˋʹˌΦ 

ʂˋˇ˄ ʰ˒ˇˊʱ ˋˍʽˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌΣ ʴʽʰ ˃ʽˁˊʺ ʵˎˋˁʰ˃˕ʾʰ ʶʵʱ˒ˇˎˌ ό˃ʽˁˊˇʾ ˂ˈʴˇʽ ʵˎˋˁʰ˃˕ʾʰˌ 

ʶʵʱ˒ˇˎˌ ˉˊˇˌ ʵˎˋˁʰ˃˕ʾʰ ʶˉʷ˄ʵˎˋʹˌύΣ ˇʽ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʶʾ˄ʰʽ ʰˊ˄ʹˍʽˁʷˌ ˉˊʱʴ˃ʰ ˉˇˎ 

ˋʹ˃ʰʾ˄ʶʽ ˈˍʽ ʹ ˋʺˊʰʴʴʰ ˍʶʾ˄ʶʽ ˄ʰ ʰ˄ˇʾ˅ʶʽ ˋˍʽˌ ˉʰˊʶʽʷˌ ό˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˉˊˇˌ ˍʰ ʷ˅˖ύΦ ʅʶ ˈ˂ʶˌ 

ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˇʽ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʰˎˍʷˌ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʶˌ όˁʰˍΩ ʰˉˈ˂ˎˍʹ ˍʽ˃ʺύ ʴʽʰ ˉ˂ʺˊʹ 

ˇ˂ʾˋʻʹˋʹ ʶʵʱ˒ˇˎˌ-ʶ̄ ʷ˄ʵˎˋʹˌ όˈˍʰ˄ ˇʽ ˋˎ˄ʻʺˁʶˌ ˒ˈˊˍʽˋʹˌ ʶʾ˄ʰʽ ʾʵʽʶˌύ ˃ʶ ˍʽˌ ˍʽ˃ʷˌ ˍˇˎˌ ˄ʰ 

˃ʶʽ˗˄ˇ˄ˍʰʽ ˁʰʽ ˄ʰ ʰˉˇˁˍˇˏ˄ ˍʶ˂ʽˁʱ ʻʶˍʽˁʷˌ ˍʽ˃ʷˌ όʵʹ˂ʰʵʺ ˃ʶˍʰˁʾ˄ʹˋʹ ˉˊˇˌ ˍˇ ʶˋ˖ˍʶˊʽˁˈ 

ˍʹˌ ˋʺˊʰʴʴʰˌύ ˈˋˇ ˃ʶʽ˗˄ʶˍʰʽ ʹ ʵʽʰ˒ˇˊʱ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌ ʶʵʱ˒ˇˎˌ-ʶˉʷ˄ʵˎˋʹˌ ό˃ʶ 

˃ʶʴʰ˂ˏˍʶˊʹ ˉʱ˄ˍʰ ʰˎˍʺ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌύ, ʱ˂˂ʰ ˃ʶ ˃ʽʰ ˍʱˋʹ ʰˎˍʷˌ ˄ʰ ʷ˔ˇˎ˄ ˃ʽʰ ˇ˃ˇʽˈ˃ˇˊ˒ʹ 

ˁʰˍʰ˄ˇ˃ʺ ʴʽʰ ˃ʶʴʱ˂ʰ ˉʱ˔ʹ ʶˉʷ˄ʵˎˋʹˌΦ ʃʱ˄ˍ˖ˌ ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ όˈˉˇˎ ˍʰ ˉʱ˔ʹ 

ʶˉʷ˄ʵˎˋʹˌ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʰύ ˎˉʱˊ˔ʶʽ ˃ʽʰ ʲʷ˂ˍʽˋˍʹ ˉʶˊʽˇ˔ʺ ˂ˈʴ˖˄ ɳκɳs ˈˉˇˎ ˇʽ 

ˉʰˊʰˍʹˊˇˏ˃ʶ˄ʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʶʾ˄ʰʽ ʶ˂ʱ˔ʽˋˍʶˌΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ʴʽʰ ˃ʶʴʱ˂ʹ ʵˎˋˁʰ˃˕ʾʰ 
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ʶʵʱ˒ˇˎˌκ˃ʽˁˊʺ ʵʽʰ˒ˇˊʱ ʰˁʰ˃˕ʾʰˌ ʶʵʱ˒ˇˎˌ-ˎˉˇˋˍʺˊʽ˅ʹˌΣ ʹ ʵʽʰˍˇ˃ʺ ʻʶ˖ˊʶʾˍʰʽ ˋ˔ʶʵˈ˄ 

ʰ˄ˎˉˇˋˍʺˊʽˁˍʹ ˃ʶ ˋˎ˄ʰˁˈ˂ˇˎʻʶˌ ʻʶˍʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ (ʻʶˍʽˁʷˌ ˋˎʴˁ˂ʾˋʶʽˌ-ˁ˂ʶʾˋʽ˃ˇ 

ʶˁˋˁʰ˒ʺˌ) ʶ˄˗ ʴʽʰ ˃ʶʴʱ˂ʹ ʰˁʰ˃˕ʾʰ ˎˉˇˋˍʺˊʽ˅ʹˌ ˇʽ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˉʶˊʽˇˊʾʸˇ˄ˍʰʽ ˋʶ ˃ʽˁˊʷˌ 

ʰˊ˄ʹˍʽˁʷˌ ˍʽ˃ʷˌΦ ʅˍʰ ˉʰˊʰˁʱˍ˖ ʵʽʰʴˊʱ˃˃ʰˍʰ (ʅ˔ʺ˃ʰ 2.4) ˒ʰʾ˄ʶˍʰʽ ʹ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ 

ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹˌ ˃ʶˍʰˁʾ˄ʹˋʹˌ ˍʹˌ ˉʰˊʶʽʱˌ, usE/PRόмҌ˄ύΣ ˖ˌ ˉˊˇˌ ˍʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ 

ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌΣ ˍˇˎ ˂ˈʴˇˎ ˋˎ˄ʻ˂ʽ˕ʽ˃ˈˍʹˍʰˌ ˁʰʽ ˍˇˎ ˂ˈʴˇˎ ʶˎˁʰ˃˕ʾʰˌ ʴʽʰ ʵʽʱ˒ˇˊʰ 

ˉʱ˔ʹ ʶˉʷ˄ʵˎˋʹˌΣ ˃ʶΣ ɳΣ ˍˇ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˍˇˎ ʶʵʱ˒ˇˎˌΣPΣ ˍʹ˄ ʶˉʾ ˍˈˉˇˎ ˍʱˋʹ ˁʰʽΣ R, 

ˍʹ˄ ʰˁˍʾ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΦ 

ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΥ 

¶ ɱʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΥ 
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¶ ɱʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰΥ 
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ʂˉˇˎΥ  ɼ Ґ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄ 

ʰ̌ϝΣ ʰ2*, b2ϝ  Ґ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ʶ˅ʰˊˍ˗˃ʶ˄ˇʽ ʰˉˈ ˍˇˎˌ ˂ˈʴˇˎˌ Cϝ ˁʰʽ Fϝ ˁʰʻ˗ˌ ˁʰʽ ʰˉˈ 

ˍˇ ˂ˈʴˇ Poisson ̱ ˇˎ ʶʵʱ˒ˇˎˌΣ ˄Φ 

ʻ Ґ ʹ ʴ˖˄ʾʰ ˃ʶˍˊˇˏ˃ʶ˄ʹ ʰˉˈ ˍʹ˄ ˉʰˊʶʽʱΦ 
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ʅ˔ʺ˃ʰ 2.4Υ ɾʶˍʰˁʽ˄ʺˋʶʽˌ ̀ ˍʹ˄ ˉʰˊʶʽʱ ̀ ˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ˃ ʶˍʰʲˇ˂ʺ ̩̱ ʹˌ ˋ˔ʶˍʽˁʺˌ ʵˎˋˁʰ˃˕ʾʰˌΣ ˍˇˎ 
˂ˈʴˇˎ ˋˎ˄ʻ˂ʽ˕ʽ˃ˈˍʹˍʰˌ ˁʰʽ ˍˇˎ ˂ˈʴˇˎ ʶˎˁʰ˃˕ʾʰˌ ʴʽʰ ʵʽʱ˒ˇˊʰ ˉʱ˔ʹ ʶˉʷ˄ʵˎˋʹˌΦ 

ɾʽʰ ˍʱ˅ʹ ˃ʶʴʷʻˇˎˌ ʴʽʰ ˍˇˎˌ ˂ˈʴˇˎˌ E/Es ʶʾ˄ʰʽ ʹ ʶ˅ʺˌΥ ʴʽʰ ʶˉʷ˄ʵˎˋʹ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰ ˋʶ 

˃ʰ˂ʰˁˈ ʷʵʰ˒ˇˌ ʰ˄ˍʽˋˍˇʽ˔ʶʾ E/Es=10-3-10-2 ˁʰʽ ʴʽʰ ʶˉʷ˄ʵˎˋʹ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰ ˋʶ ʲˊʱ˔ˇ 

ʰ˄ˍʽˋˍˇʽ˔ʶʾ E/Es=10-1-мΦ ʆʷ˂ˇˌ ˃ʶʴʱ˂ˇʽ ˂ˈʴˇʽ t/R ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ʹ ʺ ʶˉʾ 

ˍˈˉ̌ˎ  ʷʴ˔ˎˍʹ ˎˉˇˋˍʺˊʽ˅ʹ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰ ˋʶ ˃ʽˁˊʺˌ ʺ ˃ʶˋʰʾʰˌ ʵʽʰ˃ʷˍˊˇˎ ˋʺˊʰʴʴʶˌ ʶ˄˗ 

˃ʽˁˊˈˍʶˊˇʽ ˂ˈʴˇʽ t/R ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋʶ ʶˉʾ ˍˈˉˇˎ ʷʴ˔ˎˍʹ ˎˉˇˋˍʺˊʽ˅ʹ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰ ˋʶ 

˃ʶˋʰʾʰˌ ʹ ˃ʶʴʱ˂ʹˌ ʵʽʰ˃ʷˍˊˇˎ ˋʺˊʰʴʴʶˌ ʺ ˋʶ ˎˉˇˋˍʺˊʽ˅ʹ ʰˉˈ ˔ʰ˂ˏʲʵʽ˄ʶˌ ˉ˂ʱˁʶˌ 

ˎˉˇˋˍʺˊʽ˅ʹˌΦ 

ʂˋˇ˄ ʰ˒ˇˊʱ ˋˍˇ ˋˎ˄ˍʶ˂ʶˋˍʺ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄Σ ˈˍʰ˄ ʰˎˍˈˌ ʶʾ˄ʰʽ ʾˋˇˌ ˃ʶ ˍʹ ˃ˇ˄ʱʵʰΣ ˇʽ 

ˊˇˉʷˌ ʶʾ˄ʰʽ ˃ʹʵʶ˄ʽˁʷˌ ˈˉ˖ˌ ʶʾ˄ʰʽ ˂ˇʴʽˁˈ, ʶ˄˗ ˈˋˇ ʰˎˍˈˌ ʰˎ˅ʱ˄ʶˍʰʽΣ ˇʽ ˊˇˉʷˌ ˃ʶʽ˗˄ˇ˄ˍʰʽ 

ʶ˄˗ ˇʽ ʰ˅ˇ˄ʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ ˁʰʽ ˇʽ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʰˎ˅ʱ˄ˇ˄ˍʰʽΦ ɮˎˍˈ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶʽ 

ʶ˄ʵʽʰ˒ʷˊˇ˄ ʶʾ˄ʰʽ ˈˍʽ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ʰ˂˂ʱ ˁʰʽ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˃ʹʵʶ˄ʽˁʺˌ ˋˎ˄ʱ˒ʶʽʰˌ ˇʽ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˁʰʽ ˇʽ ˊˇˉʷˌ ʷ˔ˇˎ˄ ˉʶˊʾˉˇˎ ˍʽˌ ʾʵʽʶˌ ˍʽ˃ʷˌ ˋʶ ˈ˂ˇ 

ˍˇ ʶˏˊˇˌ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺΣ ɼ όʴʽʰ C*=0,02, FϝҐфс ˁʰʽ ˄ҐлΣнрύΦ ʂ˃˖ˌ ˇʽ ʰ˅ˇ˄ʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ 

ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˃ʹʵʶ˄ʽˁʺˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶʾ˄ʰʽ ʰˊˁʶˍʱ ˃ʶʴʰ˂ˏˍʶˊʶˌ ʰˉˈ ʶˁʶʾ˄ʶˌ ˍʹˌ 

ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ˈˋˇ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌΣ ɼΣ ʰˎ˅ʱ˄ʶˍʰʽ (ʅ˔ʺ˃ʰ 2.5). 
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ʅ˔ʺ˃ʰ 2.5Υ ɾʶˍʰʲˇ˂ʺ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Σ ʰ˅ˇ˄ʽˁ˗˄ ˖ʻʺˋʶ˖˄ ˁʰʽ ˊˇˉ˗˄ ˁʱ˃˕ʹˌ ˃ʶ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ 
ˋˎ˄ˍʶ˂ʶˋˍʺ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ ʶʵʱ˒ˇˎˌ - ʁ ˉʷ˄ʵˎˋʹˌΦ 

ɱʽʰ ˍʹ˄ ˉ˂ʹˊˈˍʹˍʰ ʰ˂˂ʱ ˁʰʽ ʶˉʰ˂ʺʻʶˎˋʹ ˈ˂˖˄ ˍ˖˄ ˉʰˊʰˉʱ˄˖Σ ˇʽ ʰ˄ʰ˂ˎˍʽˁʷˌ ˋ˔ʷˋʶʽˌ ˍ˖˄ 

Schwartz & Einstein ˉʶˊʱˋˍʹˁʰ˄ ˋʶ ʷ˄ʰ ˒ˏ˂˂ˇ Excel ˁʰʽ ʶ˅ʺ˔ʻʹˋʰ˄ ʵʽʰʴˊʱ˃˃ʰˍʰ ʰ˅ˇ˄ʽˁ˗˄ 

ʵˎ˄ʱ˃ʶ˖˄Σ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ˁʰʽ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Σ ˋˍʹ˄ ˉʰˊʶʽʱΣ ʴʽʰ ˍʽˌ ʾʵʽʶˌ ʶ˂ʰˋˍʽˁʷˌ 

ˉʰˊʰ˃ʷˍˊˇˎˌ ˁʰʽ ˉʱ˔ʹ ʶˉʷ˄ʵˎˋʹˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʰ˄ ˁʰʽ ˇʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇʽ ʶˊʶˎ˄ʹˍʷˌΦ 

ɳ˄ʵʶʽˁˍʽˁʱ ˋˍˇ ʅ˔ʺ˃ʰ 2.6Σˋˍˇ ʅ˔ʺ˃ʰ 2.7 ˁʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.8, ˋˎʴˁˊʾ˄ˇ˄ˍʰʽ ˍʰ ˉˊ˖ˍˈˍˎˉʰ 

ʵʽʰʴˊʱ˃˃ʰˍʰ ˍ˖˄ Schwartz & Einstein ˃ʶ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ˉˇˎ ʶ˅ʺ˔ʻʹˋʰ˄ ʰˉˈ 

ˍˇ ˒ˏ˂˂ˇ Excel  ɹ ʽʰ ˂ˈʴˇˎˌ ˉʱ˔ˇˎˌ ʶˉʷ˄ʵˎˋʹˌ ˉˊˇˌ ʰˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌ ʾˋˇˎˌ ˃ʶ t/RҐлΦлм ˁʰʽ 

t/R=0.075. ɿʰ ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ˍ˖˄ Schwartz & Einstein ʷ˔ˇˎ˄ ˕ʹ˒ʽˇˉˇʽʹʻʶʾ 

˃ʶ ˍʹ ̡ ˇʺʻʶʽʰ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ GetData Graph Digitizer 2.22. 
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ʅ˔ʺ˃ʰ 2.6: ʅˏʴˁˊʽˋʹ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ̀ ˍʹ˄ ˉʰˊʶʽʱΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ 
ʶʵʱ˒ˇˎˌ - ʁ ˉʷ˄ʵˎˋʹˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ˕ʹ˒ʽˇˉˇʽʹ˃ʷ˄ʶˌ ˁ ʰ˃ˉˏ˂ʶˌ {ŎƘǿŀǊǘȊ-ɳƛƴǎǘŜƛƴ ˁʰʽ ˍʽˌ 

ˁʰ˃ˉˏ˂ʶˌ ʰˉˈ ˍˇ ˒ˏ˂˂ˇ 9ȄŎŜƭ, ɹ ʽʰ ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˈˉˇˎ ǘκw=0.лм ˁʰʽ ǘκw=0.075. 

 

 

ʅ˔ʺ˃ʰ 2.7: ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ̀ ˍʹ˄ ˉʰˊʶʽʱΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ 
ʶʵʱ˒ˇˎˌ - ʁ ˉʷ˄ʵˎˋʹˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ˕ʹ˒ʽˇˉˇʽʹ˃ʷ˄ʶˌ ˁ ʰ˃ˉˏ˂ʶˌ {ŎƘǿŀǊǘȊ-ɳƛƴǎǘŜƛƴ ˁʰʽ ˍʽˌ 
ˁʰ˃ˉˏ˂ʶˌ ʰˉˈ ˍˇ ˒ˏ˂˂ˇ 9ȄŎŜƭ, ɹ ʽʰ ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˈˉˇˎ ǘκw=0.075 όʴʽʰ ǘκwҐл.лм ʵʶ˄ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˁʰʻ˗ˌ ʷ˔ˇˎ˄ ʰ˃ʶ˂ʹˍʷʶˌ ˍʽ˃ʷˌ). 
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ʅ˔ʺ˃ʰ 2.8: ʅˏʴˁˊʽˋʹ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˋˍʹ˄ ˉʰˊʶʽʱΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ 
ʶʵʱ˒ˇˎˌ - ʁ ˉʷ˄ʵˎˋʹˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ˕ʹ˒ʽˇˉˇʽʹ˃ʷ˄ʶˌ ˁ ʰ˃ˉˏ˂ʶˌ {ŎƘǿŀǊǘȊ-ɳƛƴǎǘŜƛƴ ˁ ʰʽ ˍʽˌ 

ˁʰ˃ˉˏ˂ʶˌ ʰˉˈ ˍˇ ˒ˏ˂˂ˇ 9ȄŎŜƭ, ɹ ʽʰ ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˈˉˇˎ ǘκw=0.лм ˁʰʽ ǘκw=0.075. 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˂ˇʽˉˈ˄ ˈˍʽ ˋʶ ˈ˂ʶˌ ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˇʽ ˁʰ˃ˉˏ˂ʶˌ ˍ˖˄ Einstein-Schwartz ˃ʶ 

ʰˎˍʷˌ ˉˇˎ ʷ˔ˇˎ˄ ʶ˅ʰ˔ʻʶʾ ʰˉˈ ˍˇ ˒ˏ˂˂ˇ ExcelΣ ˉˊʰˁˍʽˁ˗ˌ ˍʰˎˍʾʸˇ˄ˍʰʽ όˈˉˇʽʶˌ ʰˉˇˁ˂ʾˋʶʽˌ 

ˇ˒ʶʾ˂ˇ˄ˍʰʽ ˁˎˊʾ˖ˌ ˋˍˇ ˋ˒ʱ˂˃ʰ ˍ˖˄ ˋˎ˄ˍʶˍʰʴ˃ʷ˄˖˄ ˍ˖˄ ˋʹ˃ʶʾ˖˄ ˉˇˎ ˕ʹ˒ʽˇˉˇʽʺʻʹˁʰ˄ ˃ʶ 

ˍˇ ˉˊˈʴˊʰ˃˃ʰ GetData Graph Digitizer 2.22). 

ʅʶ ʶˉˈ˃ʶ˄ˇ ˁʶ˒ʱ˂ʰʽˇΣ ʰ˅ʽˇˉˇʽ˗˄ˍʰˌ ˍˇ ˒ˏ˂˂ˇ Excel ˃ʶ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌ ˍ˖˄ Einstein-

SchwartzΣ ʻʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˋˏʴˁˊʽˋʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍʽˌ 

˂ˏˋʶʽˌ ʰˎˍʷˌ ˃ʶ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄ όʴʽʰ ʶ˂ʰˋˍʽˁʷˌ 

˂ˏˋʶʽˌ ˉˊˇ˒ʰ˄˗ˌύ, ˍˈˋˇ ʴʽʰ ˍʽˌ ʾʵʽʶˌ ʶ˂ʰˋˍʽˁʷˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʰ˄ ˇʽ ʵˏˇ 

ʶˊʶˎ˄ʹˍʷˌ ό˃ʷˍˊʰ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˁʰʽ ˂ˈʴˇˌ Poisson ʶʵʱ˒ˇˎˌ ˁʰʽ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˉʱ˔ˇˌ 

ʶˉʷ˄ʵˎˋʹˌύ, ˈˋˇ ˁʰʽ ʴʽʰ ˃ʽʰ ˉˇʽˁʽ˂ʾʰ ʱ˂˂˖˄ ʰˉˈ ˉˊʰʴ˃ʰˍʽˁʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˋʹˊʱʴʴ˖˄ ˁʰʽ 

˃ʹΦ 

2.2 KIM & EISENSTEIN (2006) 

ʁʽ ˉʰˊʰˉʱ˄˖ ʶˊʶˎ˄ʹˍʷˌ ʰ˄ʰ˒ʷˊˇˎ˄ ˈˍʽ ˇʽ ˃ʷʻˇʵˇʽ ˍ˖˄ Schwartz & Einstein (1979) ʺˍʰ˄ 

ʰˊˁʶˍʱ ˋˎ˄ˍʹˊʹˍʽˁʷˌΣ ˎˉʶˊʶˁˍʽ˃˗˄ˍʰˌ ˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˉʱ˄˖ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˁʰʻ˗ˌ 

ʰˎˍʷˌ ˔ˊʹˋʽ˃ˇˉˇʽˇˏˋʰ˄ ˍʰ ˉ˂ʺˊʹ ʴʶ˖ˋˍʰˍʽˁʱ ˒ˇˊˍʾʰ ˔˖ˊʾˌ ˄ʰ ˂ʰ˃ʲʱ˄ˇˎ˄ ˎˉˈ˕ʹ ˍʹ˄ 

ʰ˄ʰˁʰˍʰ˄ˇ˃ʺ ˍʱˋʶ˖˄ ˉˇˎ ˂ʰ˃ʲʱ˄ʶʽ ˔˗ˊʰ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ʶˁˋˁʰ˒ʺΦ ɱʽʰ ˍˇ ˂ˈʴˇ ʰˎˍˈ˄Σ 

˂ˇʽˉˈ˄ ˇ ̔ Schwartz & Einstein (1980) ʶʾ˔ʰ˄ ʺʵʹ ˉˊ̌ˍʶʾ˄ʶʽ ˍʹ ˔ˊʺˋʹ ʵʽˇˊʻ˖ˍʽˁ˗ ˄

ˋˎ˄ˍʶ˂ʶˋˍ˗,˄ ʰˉˈ ˍʹ ˃ʽʰ ˃ʶˊʽʱ  ʴʽʰ ʰˉˇ˃ʶʾ˖ˋʹ ˍ˖˄ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄, ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ 

ˎˉˈ˕ʹ ˍʹ˄ ʰˉˈˋˍʰˋʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ όˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ 

ʰˉˇˍˈ˄˖ˋʹ ˍ˖˄ ˍʱˋʶ˖˄ύ ʰ˂ ˂ʱ ˁʰʽ ˍʹ˄ ʰˁˍʾ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ ˁʰʽ ʰˉˈ ˍʹ˄ ʱ˂˂ʹ ˃ʶˊʽʱ, ʴʽʰ 

ʰˏ˅ʹˋʹ ˍ˖˄ ˒ˇˊˍʾ˖˄ ˂ˈʴ˖ ˍʹˌ ˉ˂ʰˋˍʽˁˇˉˇʾʹˋʹˌ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ʶˁˋˁʰ˒ʺΦ 
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ʁʽ Kim ˁʰʽ Eisenstein ˂ˇʽˉˈ˄ ˋˎ˄ʷˁˊʽ˄ʰ˄ ʰˎˍʷˌ ˍʽˌ ʰˉˇ˃ʶʽ˖˃ʷ˄ʶˌ ˍʽ˃ʷˌ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ 

ˍ˖˄ Einstein-Schwartz, ˃ʶ ˃ʶˍˊʺˋʶʽˌ ʰˉˈ ˉˊʰʴ˃ʰˍʽˁʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˋʹˊʱʴʴ˖˄ ˁʰʽ 

ʰ˅ʽˇ˂ˈʴʹˋʰ˄ ˍʹ˄ ʶʴˁˎˊˈˍʹˍʰ ˍ˖˄ ˄ʷ˖˄ ʰˎˍ˗˄ ˋ˔ʷˋʶ˖˄Σ ˉˊˇ˒ʰ˄˗ˌ ʴʽʰ ˍʽˌ ʾʵʽʶˌ ˋˎ˄ʻʺˁʶˌ 

ˋˎ˄ʱ˒ʶʽʰˌ ˉˇˎ ˇˊʾʸˇ˄ˍʰʽ ʰˉˈ ˍʽˌ ʰˊ˔ʽˁʷˌ ˋ˔ʷˋʶʽˌ ˍ˖˄ Einstein-Schwartz (1979). 

ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˂ˇʽˉˈ˄ ʰ˄ όT/PR)1 ʶʾ˄ʰʽ  ́ ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ 

ʶˉʷ˄ʵˎˋʹ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ʰˊ˔ʽˁʺ ˃ʷʻˇʵˇ Einstein-SchwartzΣ ʰˎˍʺ ˃ʶˍʰˋ˔ʹ˃ʰˍʾʸʶˍʰʽ ˋʶΥ 

 (T/PR)=˂dÖ˂yÖ(T/PR)1 (2.9) 

ʂˉˇˎΥ ˂d= ̀ ˎ˄ˍʶ˂ʶˋˍʺˌ ˎˋˍʷˊʹˋʹˌ 

y˂Ґ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˉ˂ʰˋˍʽˁˇˉˇʾʹˋʹˌ 

ʁ ˋˎ˄ˍʶ˂ʶˋˍʺˌΣ ˂dΣ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʰˉˈ ˍˇ˄ ˍˏˉˇΥ 

d˂ = 0,98-0,57(Ld/R) (2.10) 

ʂˉˇˎΥ LdҐ ʹ ʰˉˈˋˍʰˋʹ ˍˇˎ ˃ʶˍ˗ˉˇˎ ʰˉˈ ˍˇ ˃ʷˋˇ ̱ ˇˎ ˍʶ˂ʶˎˍʰʾˇˎ ˍ˃ʺ˃ʰˍˇˌ ʶˉʷ˄ʵˎˋʹˌ (m) 

RҐ ʹ ʰˁˍʾ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ(m) 

ʁ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˉ˂ʰˋˍʽˁˇˉˇʾʹˋʹˌ ʰˉˈ ˍʹ˄ ʱ˂˂ʹ ʽˋˇˏˍʰʽ ˃ʶ ˍˇ ˂ˈʴˇ Ps*/ PsΩΣ ˈˉˇˎΣ PsϝΣ ʹ 

ˉʾʶˋʹ ˉʱ˄˖ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˉ˂ʰˋˍʽˁˇˉˇʾʹˋʹˌΣ ˁʰʽ PsΩΣ ʹ 

ˉʾʶˋʹ ˉʱ˄˖ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ʶ˂ʰˋˍʽˁʺˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ 

ˋʺˊʰʴʴʰˌ (ʅ˔ʺ˃ʰ 2.9). 
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ʅ˔ʺ˃ʰ 2.9Υ ɲʽʱʴˊʰ˃˃ʰ ʰˉˇˍˈ˄˖ˋʹˌ ˃ʶ ˍʽˌ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˉʽʷˋʶʽˌ Psϝ ˁʰʽ tsΩΦ 

ɮ˅ʾʸʶʽ ˄ʰ ʰ˄ʰ˒ʶˊʻʶʾ ˉʱ˄ˍ˖ˌΣ ˈˍʽ ˇ Hutchinson (1982)Σ ˉˊˈˍʶʽ˄ʶ ˖ˌ ˃ʺˁˇˌ ˎˋˍʷˊʹˋʹˌΣ LdΩΣ 

ˍʹ˄ ʰˉˈˋˍʰˋʹ ʰˉˈ ˍˇ ˉʰ˂ʽˈ ˃ʷˍ˖ˉˇΣ ˉˊʽ˄ ˍˇ ˍʶ˂ʶˎˍʰʾˇ ʲʺ˃ʰ ʶˁˋˁʰ˒ʺ,̩ ˖ˌ ˍˇ ˃ʷˋˇ ˍˇˎ 

ˉ˂ʹˋʽʷˋˍʶˊˇˎ ˍ˃ʺ˃ʰˍˇˌ ʶˉʷ˄ʵˎˋʹˌ όʅ˔ʺ˃ʰ ύ ˁ ʰʽ ˃ʶ ʰ˄ˍʾˋˍˇʽ˔ˇ ˋˎ˄ˍʶ˂ʶˋˍʺ ˎˋˍʷˊʹˋʹˌΥ 

d˂ = 0,70-0,57(LdΩκwύ (2.11) 

ɳ˄ʵʶʽˁˍʽˁʱ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ (ʅ˒ʱ˂˃ʰΗ ʆˇ ʰˊ˔ʶʾˇ ˉˊˇʷ˂ʶˎˋʹˌ ˍʹˌ ʰ˄ʰ˒ˇˊʱˌ ʵʶ˄ ʲˊʷʻʹˁʶΦ) 

ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹˌ ʰ˅ˇ˄ʽˁʺˌ ʵˏ˄ʰ˃ʹˌ ˉʱ˄˖ ˋʶ ʶˉʶ˄ʵˏˋʶʽˌ ˋʹˊʱʴʴ˖˄ 

ʰˉˈ ˉˊʰʴ˃ʰˍʽˁʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ, (T/PR)mea.Σ ˋˎʴˁˊʽ˄ˈ˃ʶ˄ʶˌ ˃ʶ ˍʽˌ ˉˊˇʲ˂ʶˉˈ˃ʶ˄ʶˌ ˍʽ˃ʷˌ ˃ʶ 

ʲʱˋʹ ˍʹ˄ ʰ˄ʰʻʶ˖ˊʹ˃ʷ˄ʹ ˃ʷʻˇʵˇ Einstein-Schwartz, (T/PR)basic, ʰ˂˂ʱ ˁʰʽ ˍʹ˄ ʰˊ˔ʽˁʺ, 

(T/PR)predic. 
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ʃʾ˄ʰˁʰˌ 2.1Υ ʅˏʴˁˊʽˋʹ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄˖˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˋʶ ʶˉʶ˄ʵˏˋʶʽˌ ˋʹˊʱʴʴ˖˄ ˃ʶ 
ˉˊʰʴ˃ʰˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ. 

ʅˏ˃˒˖˄ʰ ˃ʶ ˍʰ ˉʰˊʰˉʱ˄˖ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˂ˇʽˉˈ˄Σ ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʷʴʽˋˍˇ ˋ˒ʱ˂˃ʰ ʰ˄ʱ˃ʶˋʰ 

ˋˍʽˌ ˉˊˇʲ˂ʶˉˈ˃ʶ˄ʶˌ ˁʰʽ ˍʽˌ ˉˊʰʴ˃ʰˍʽˁʷˌ ˍʽ˃ʷˌΣ ʾˋˇ ˃ʶ су҈Σ ˃ʶ ˃ʷˋʹ όʰˉˈ˂ˎˍʹύ ˍʽ˃ʺ 

ˋ˒ʰ˂˃ʱˍ˖˄ ʾˋʹ ˃ʶ он҈Φ 

ʁʽ Kim ˁʰʽ Eisenstein ˁʰˍʰ˂ʺʴˇˎ˄ ˍʶ˂ʽˁ˗ˌΣ ˈˍʽ ʹ ˃ʶˍʰˋ˔ʹ˃ʰˍʽˋ˃ʷ˄ʹ ˃ʷʻˇʵˇˌ ˍ˖˄ Einstein-

Schwartz ʵʾ˄ʶʽ ˁʰ˂ʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˉʶˊʽˉˍ˗ˋʶʽˌ ˋʹˊʱʴʴ˖˄ ˃ʶ ˃ʽˁˊˈ ˃ʺˁˇˌ ˎˋˍʷˊʹˋʹˌ 

όʵʹ˂ʰʵʺ ʴʽʰ ˂ˈʴˇˎˌ [dκw ˃ʽˁˊˈˍʶˊˇˎˌ ˍˇˎ мύ. ɮˉˈ ˍʹ˄ ʱ˂˂ʹ ʹ ˃ʷʻˇʵˇˌ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˃ʶ ʰ˅ʽˇˉʽˋˍʾʰ ˋʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ˃ʶ ˃ʶʴʱ˂ˇ ˃ʺˁˇˌ ˎˋˍʷˊʹˋʹˌ ʺ ˋʶ 

ˉʶˊʽˉˍ˗ˋʶʽˌ ˏˉʰˊ˅ʹˌ ˁʶ˄˗˄ ˃ʶˍʰ˅ˏ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʴʶ˖ˎ˂ʽˁˇˏ ˁʰʽ ˍˇˎ TBM όˋʶ 

ˉʶˊʾˉˍ˖ˋʹ ʵʽʱ˄ˇʽ˅ʹˌ ˃ʶ TBMύ ˂ˈʴ˖ ʵˎˋ˔ʷˊʶʽʰˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺ ˎˋˍʷˊʹˋʹˌ 

d˂.  

 





ʃɳʄɹɱʄɮʊɶ ɼɮɹ ɮʀɹʁɽʁɱɶʅɶ ɾʁɿʆɳɽʍɿ ʃʄʁʅʁɾʁɹʍʅɶʅ ɼɮɹ ʁɾɮɲʍɿ ɮɿɮɽʇʅɳʍɿ 

43 
 

3. ʃɳʄɹɱʄɮʊɶ ɼɮɹ ɮʀɹʁɽʁɱɶʅɶ ɾʁɿʆɳɽʍɿ ʃʄʁʅʁɾʁɹʍʅɶʅ 

ɼɮɹ ʁɾɮɲʍɿ ɮɿɮɽʇʅɳʍɿ. 

3.1 ɳɹʅɮɱʍɱɶ 

ʂˉ˖ˌ ʷ˔ʶʽ ̄ʁ ˊʽʴˊʰ˒ʶʾ ˋˍʰ ˉˊˇʹʴˇˏ˃ʶ˄ʰ ˁʶ˒ʱ˂ʰʽʰΣ ʴʽʰ ˍʹ˄ ˋˏʴˁˊʽˋʹ ˁʰʽ ʶˉʰ˂ʺʻʶˎˋʹ 

ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄ ˍ˖˄ Einstein and Schwartz (1979), ˉˇˎ ʰ˒ˇˊ̌ˏ ˄ ˋ̱ ʰ ʶ˄ˍʰˍʽˁʱ 

˃ʶʴ̫̒ ʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς 

ʶˉʷ˄ʵˎˋʹˌ όʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ˁʰʽ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌύΣ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʵʽʵʽʱˋˍʰˍʶˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ 

ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄Σ ABAQUS v6.10. ɳˉʽˉ˂ʷˇ˄ ʰ˅ʽˇˉˇʽ˗˄ˍʰˌ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ˎ˒ʽˋˍʱ˃ʶ˄˖˄ ʶˊʴʰˋˍʹˊʽʰˁ˗˄ ʵˇˁʽ˃˗˄, ʴʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍʹˌ ʰ˄ˍˇ˔ʺˌ ˍʹˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʲˊʱ˔ˇˎ ς ˋˁˎˊˇʵʷ˃ʰˍˇˌ όSaiang et al, 2005)Σ ʶˉʽ˔ʶʽˊʺʻʹˁʶ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ 

ˉˊʰʴ˃ʰˍʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄ ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʶˉʷ˄ʵˎˋʹˌ όʴʽʰ ʵʽʱ˒ˇˊˇˎˌ ˍˏˉˇˎˌ 

ʴʶ˖ˎ˂ʽˁˇ ˏ ˁʰʽ ˃ʶʻˈʵ˖˄ ʵʽʱ˄ˇʽ˅ʹˌύ ˁʰʽ ʹ ˃ʶ˂ʷˍʹ ˍ́  ̩ ʶˉʽˊˊˇʺ ̩ ˋˍʰ ˒ˇˊˍʾʰ ˍʹˌ 

ˉˊˇˋ˖ˊʽ˄ʺˌ ʶˉʷ˄ʵˎˋʹˌΦ 

ʆʰ ʵʽʵʽʱˋˍʰˍʰ ʰˊʽʻ˃ʹˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ 

ANSYS 13.0Σ ˃ʶ ˍˇ ˇˉˇʾˇ ʵˈʻʹˁʰ˄ ˍʰ ʴʶ˖˃ʶˍˊʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍ˖˄ ˉˊˇˋˇ˃ˇʽ˖˃ʱˍ˖˄, 

ˁʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ʰˎˍʱ ʵʽʰˁˊʽˍˇˉˇʽʺʻʹˁʰ˄ ˋʶ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰΦ ʅˎ˄ˍʶˍʰʴ˃ʷ˄ʶˌ 

ˁˈ˃ʲ˖˄Σ ˇ˃ʱʵʶˌ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄Σ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʶʵʱ˒ˇˎˌ ˁʰ ʶˉʷ˄ʵˎˋʹˌ ʰ˂˂ʱ 

ˁʰʽ ˄ˈ˃ˇʽ ʰˋˍˇ˔ʾʰˌ ˎ˂ʽˁ˗˄ ˁʰʽ ʰ˄ˍˇ˔ʺˌ ˋʶ ˍˊʽʲʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ʶʽˋʺ˔ʻʹˋʰ˄ ˋˍʰ 

ʰ˄ˍʾˋˍˇʽ˔ʰ input filesΣ ʴʽʰ ʶˉʾ˂ˎˋʹ ˃ʶ ˍˇ ˂ˇʴʽˋ˃ʽˁˈ ABAQUS v6.10. 

3.2 ʃɳʄɹɱʄɮʊɶ ɮʄɹɸɾɶʆɹɼʍɿ ɮɿɮɽʇʅɳʍɿ 

ʆʰ ˃ˇ˄ˍʷ˂ʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄Σ ˈˉ˖ˌ ʰ˄ʰ˒ʷˊʻʹˁʶ ˉʰˊʰˉʱ˄˖Σ ˃ʶ ˍʹ 

ʲˇʺʻʶʽʰ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ ANSYS 13.0, ˃ʷˋ˖ ˍˇˎ ˇˉˇʾˇ ˎˁʰʻˇˊʾˋˍʹˁʶ ʹ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹ 

ˍˇˎˌ ˋʶ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ˁʰʻ˗ˌ ˁʰʽ ˇ ˁʰˍʱ˂˂ʹ˂ˇˌ ˍˏˉˇˌ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄. 

ʅˎʴˁʶˁˊʽ˃ʷ˄ʰ ˋˍʰ ʵʽʵʽʱˋˍʰˍʰ ˃ˇ˄ˍʷ˂ʰΣ ˍˇ ʷʵʰ˒ˇˌ ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʶ ˃ʶ ˍʶˍˊʰˉ˂ʶˎˊʽˁʱ - 

ˍʶˍˊʰˁˇ˃ʲʽˁʱ ˋˍˇʽ˔ʶʾʰΣ ˍˏˉˇˎ CEPпΣ ʶ˄˗ ʹ ʶˉʷ˄ʵˎˋʹ ˍʹˌ ˋʺˊʰʴʴʰˌ ˃ʶ ˋˍˇʽ˔ʶʾʰ ʵˇˁˇˏΣ 

ˍˏˉˇˎ B21. ɴ˄ʰ ʶ˄ʵʶʽˁˍʽˁˈ ˉʰˊʱʵʶʽʴ˃ʰ ʵʽʵʽʱˋˍʰˍˇˎ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎΣ ˒ʰʾ˄ʶˍʰʽ 

ˋˍʹ˄ ɳʽˁˈ˄ʰ 3.1. 
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ɳʽˁˈ˄ʰ 3.1Υ ʆˎˉʽˁˈ ˉʰˊʱʵʶʽʴ˃ʰ ʵʽʵʽʱˋˍʰˍˇˎ ʰˊʽʻ˃ʹˍʽˁˇˏ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍˇˌΣ ˃ʶ ˋʺˊʰʴʴʰ 
ʵʽʰ˃ʷˍˊˇˎ млm. 

ʆʰ ʴʶ˖˃ʶˍˊʽˁʱ ˋˍˇʽ˔ʶʾʰ ˁʰʽ ˇʽ ʵʽʰˋˍʱˋʶʽˌ ˍˇˎ ʶˁʱˋˍˇˍʶ ˃ˇ˄ˍʷ˂ˇˎ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʻʰ 

ˉˊʷˉʶʽ ˄ʰ ˁʰʻˇˊʾʸˇ˄ˍʰʽ ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʹ ̱ ˇˎˌ ˉʰˊʰˁʱˍ˖ ˋʹ˃ʰ˄ˍʽˁˇˏˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌΥ 

¶ ʆˇ ˃ˇ˄ˍʷ˂ˇ ˉˊʷˉʶʽ ˄ʰ ʷ˔ʶʽ ʰˊˁʶˍʱ ˃ʶʴʱ˂ʶˌ ʵʽʰˋˍʱˋʶʽˌΣ ˗ˋˍʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˉˇˎ ʰ˒ˇˊˇˏ˄ ˋ̱ ʰ ˉʰˊʰ˃ˇˊ˒˖ˋʽʰˁʱ ˁʰʽ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ʴˏˊ˖ 

ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ ˁʰʽ ˍˇ ˃ʷˍ˖ˉˇ ˍʹˌ όʴʽʰ ˍˊʽˋʵʽʱˋˍʰˍʶˌ ʰ˄ʰ˂ˏˋʶʽˌύΣ ˄ʰ ˃ʹ˄ 

ʶˉʹˊʶʱʸˇ˄ˍʰʽ ʰˉˈ ˍʽˌ ˋˎ˄ˇˊʽʰˁʷˌ ˋˎ˄ʻʺˁʶˌ ˉˇˎ ʽˋ˔ˏˇˎ˄ ˋˍʰ ˈˊʽʰ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎΦ 

¶ ɶ ˉˎˁ˄ˈˍʹˍʰ ˍˇˎ ˁʰ˄ʱʲˇˎ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ 

ʶˉʰˊˁ˗ˌ ˃ʶʴʱ˂ʹΣ ˗ˋˍʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˇˎ ʶ˅ʱʴˇ˄ˍʰʽ ʰˉˈ ˍʹ˄ ˉʶˊʽˇ˔ʺ ʰˎˍʺ ˄ʰ 

ʶʾ˄ʰʽ ʰ˄ˍʽˉˊˇˋ˖ˉʶˎˍʽˁʱ ʴʽʰ ˍʹ˄ ʶˁʶʾ ˉʰˊʰ˃ˇˊ˒˖ˋʽʰˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱΦ 

¶ ʆˇ ˃ˇ˄ˍʷ˂ˇ ʵʶ˄ ʻʰ ˉˊʷˉʶʽ ˄ʰ ʷ˔ʶʽ ʵʽʰˋˍʱˋʶʽˌ ˃ʶʴʰ˂ˏˍʶˊʶˌ ʰˉˈ ˍʽˌ ʰˉʰˊʰʾˍʹˍʶˌ 

ˇˏˍ˖ˌ ˗ˋˍʶ ˄ʰ ʶ˂ʰ˔ʽˋˍˇˉˇʽʶʾˍʰʽ ˁʰˍʱ ˍˇ ʵˎ˄ʰˍˈ˄ ˇ ˎˉˇ˂ˇʴʽˋˍʽˁˈˌ ˔ˊˈ˄ˇˌ ˁʰʽ ˇ 

ˈʴˁˇˌ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄Φ 

¶ ɶ ʰˉˈˋˍʰˋʹ ˍʹˌ ˋʺˊʰʴʴʰˌ ʰˉˈ ˍˇ ˉ˂ʶˎˊʽˁˈ ˈˊʽˇ ˁʰʽ ˍˇ ˁʱˍ˖ ˈˊʽˇ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ 

ʰˊˁʶˍʱ ˃ʶʴʱ˂ʹ ˗ˋˍʶ ʹ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˍʱˋʶ˖˄ ˋˍʰ ʵˏˇ ʰˎˍʱ ˈˊʽʰ ˄ʰ ʶʾ˄ʰʽ ˁʰˍʱ ˍˇ 

ʵˎ˄ʰˍˈ˄ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˖ˌ ˉˊˇˌ ˍˇ ˇˊʽʸˈ˄ˍʽˇ ʶˉʾˉʶʵˇΣ ʰˁˈ˃ʰ ˁʰʽ ˃ʶˍʱ ˍʹ˄ ʶˁˋˁʰ˒ʺ, 

ʴʶʴˇ˄ˈˌ ˉˇˎ ʻʰ ʵʹ˂˗˄ʶʽ ˈˍʽ ˍʰ ˈˊʽʰ ʰˎˍʱ ʵʶ˄ ʶˉʹˊʶʱʸˇ˄ˍʰʽ ʰˉˈ ˍʹ˄ ˉʰˊˇˎˋʾʰ 

ˍʹˌ ʶˁˋˁʰ˒ʺˌΦ 
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3.2.1 ʃʄʁʅʁɾʁɹʍʅɶ ɲɹɳʃɹʊɮɿɳɹɮʅ ɳɲɮʊʁʇʅ ς ɳʃɳɿɲʇʅɶʅ 

ʂˉ˖ˌ ʰ˄ʰ˒ʷˊʻʹˁʶ ˁʰʽ ˉʰˊʰˉʱ˄˖Σ ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ʶ˄ˈˌ ʵʽʵʽʱˋˍʰˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ό˃ʶ 

ˋˁˇˉˈ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʵʽʱ˄ˇʽ˅ʹˌ ˋʺˊʰʴʴʰˌύΣ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˍʶˍˊʰˉ˂ʶˎˊʽˁʱ-

ˍʶˍˊʰˁˇ˃ʲʽˁʱ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ʶʵʱ˒ˇˎˌ ˁʰʽ ʴˊʰ˃˃ʽˁʱΣ 

ʵ-̔ˁˇ˃ʲʽˁʱ ˋˍˇʽ˔ʶʾʰ ʵˇˁˇˏ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ όˉˊˇˋ˖ˊʽ˄ʺˌ ˋˍʹ˄ 

ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺύ ʰˉˈ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ ˋˁˎˊˈʵʶ˃ʰΦ ʂ˃˖ˌ ˍʰ ˍʶˍˊʰˁˇ˃ʲʽˁʱ ˋˍˇʽ˔ʶʾʰ 

ˍˇˎ ʶʵʱ˒ˇˎˌ ˉˇˎ ˋˎ˄ˇˊʶˏˇˎ˄ ˃ʶ ˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˃ˇʽˊʱʸˇ˄ˍʰʽ ˁˇʽ˄ˇˏˌ 

ˁˈ˃ʲˇˎˌ ˃ʶ ˍʰ ʴˊʰ˃˃ʽˁʱ ˋˍˇʽ˔ʶʾʰ ʵˇˁˇˏ ˉˇˎ ʲˊʾˋˁˇ˄ˍʰʽ ˋʶ ʶˉʰ˒ʺΦ ɴˍˋʽ ʵʶ˄ ˇˊʾʸʶˍʰʽ 

ˋʰ˒˗ˌ ˃ʽʰ ʵʽʶˉʽ˒ʱ˄ʶʽʰΣ ˃ʶˍʰ˅ˏ ˍˇˎ ʶʵʱ˒ˇˎˌ ˁʰʽ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ˋˍʹ˄ ˇˉˇʾʰ ˄ʰ ˃ˉˇˊˇˏ˄ 

˄ʰ ʵˇʻˇˏ˄ ˉʰˊʱ˃ʶˍˊˇʽ ʰ˄ˍˇ˔ʺˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ˁʱˉˇʽˇˌ ˁʰˍʰˋˍʰˍʽˁˈˌ ˄ˈ˃ˇˌ ˍˊʽʲʺˌ. 

ʃˊˇˁˏˉˍʶʽ ˂ˇʽˉˈ˄ ʹ ʰ˄ʱʴˁʹ ʵʹ˃ʽˇˎˊʴʾʰˌ ʵˏˇ ˅ʶ˔˖ˊʽˋˍ˗˄ ʶˉʽ˒ʰ˄ʶʽ˗˄ ό˃ʽʰ ˉˇˎ ˄ʰ ˇˊʾʸʶʽ 

ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ˉˇˎ ʲˊʾˋˁʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˁʰʽ ˃ʽʰ ˉˇˎ ˄ʰ 

ˇˊʾʸʶʽ ˍʹ˄ ʶ˅˖ˍʶˊʽˁʺ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌύ ˇʽ ˇˉˇʾʶˌ ʻʰ ʷˊʻˇˎ˄ ˋʶ ʶˉʰ˒ʺ ˃ʶ 

ˁʱˉˇʽˇ ʰˉˈ ˍˇˎˌ ˁʰˍʰˋˍʰˍʽˁˇˏˌ ˄ˈ˃ˇˎˌΣ ˉˇˎ ʻʰ ʰ˄ʰ˒ʶˊʻˇˏ˄ ˉʰˊʰˁʱˍ˖Φ 

ɱʽʰ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ʰˎˍˈΣ ʰˉʰʽˍʶʾˍʰʽ ˇ ˇˊʽˋ˃ˈˌ ˄ʷ˖˄ ˁˈ˃ʲ˖˄Σ ˋˍʰ ʴˊʰ˃˃ʽˁʱ ˋˍˇʽ˔ʶʾʰ ʵˇˁˇˏ 

ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ όʺ ˁʰʽ ˋˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋˍˇʽ˔ʶʾʰ ʶʵʱ˒ˇˎˌύΣ ˇʽ ˇˉˇʾˇʽ, ˈ˃˖ˌΣ ʻʰ ʷ˔ˇˎ˄ ˍʽˌ 

ʾʵʽʶˌ ʴʶ˖˃ʶˍˊʽˁʷˌ ˋˎ˄ˍʶˍʰʴ˃ʷ˄ʶˌ ˃ʶ ˍˇˎˌ ʺʵʹ ˎ˒ʽˋˍʱ˃ʶ˄ˇˎˌ ˁˈ˃ ʲˇˎˌΦ ɮˎˍˇʾ ˇʽ ˄ʷˇʽ 

ˁˈ˃ʲˇʽ ʻʰ ˉˊˇˁˏ˕ˇˎ˄ ʰˉ˂˗ˌ ˉˊˇˋʻʷˍˇ˄ˍʰˌ ʷ˄ʰ ˄ˇˏ˃ʶˊˇ ˍʹˌ ˍʱ˅ʹˌ ˍ˖˄ ˃ʶˊʽˁ˗˄ 

˔ʽ˂ʽʱʵ˖˄Σ ˋˍˇ˄ ʰˏ˅ˇ˄ˍʰ ʰˊʽʻ˃ˈ ʰˎˍ˗˄ ˍ˖˄ ʺʵʹ ˎ˒ʽˋˍʱ˃ʶ˄˖˄ ˁˈ˃ʲ˖˄Σ ˗ˋˍʶ ˄ʰ 

ˉˊˇˁˏ˕ˇˎ˄ ˁˈ˃ʲˇʽ ˃ʶ ʰˏ˅ˇ˄ˍʰ ʰˊʽʻ˃ˈ ˉˇˎ ˄ʰ ˃ʹ˄ ˎˉʱˊ˔ʶʽ ʺʵʹΦ ɴˉʶʽˍʰ ʰˎˍˇʾ ˇʽ ˁˈ˃ʲˇʽ 

ʶʽˋʱʴˇ˄ˍʰʽ ˖ˌ ˇʽ ˄ʷˇʽ ˁˈ˃ʲˇʽ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ʶ˄˗ ˇʽ ˉʰ˂ʽˇʾ όˉˊʽ˄ ˍʹ˄ 

ˍˊˇˉˇˉˇʾʹˋʹύ ʰ˄ʺˁˇˎ˄Σ ˉ˂ʷˇ˄Σ ˃ˈ˄ˇ ˋˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ˉˇˎ ˋˎ˄ˇˊʶˏˇˎ˄ ˃ʶ ˍʹ˄ 

ʶˉʷ˄ʵˎˋʹΦ  

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ˃ ʁˉˇʽʰ ˉ˂ʶˎˊʱ ˍˇˎˌ ό˃ʷˍ˖ˉˇ-face F1, 

F2, Fо ʺ Fпύ ˍ hˍʶˍˊʰˉ˂ʶˎˊʽˁΣɦ ʶˉʽ˒ʰ˄ʶʽʰˁ ɦˋˍˇʽ˔ʶʾ hˍˇˎ ʶʵʱ˒ˇˎˌ ʲˊʾˋˁˇ˄ˍʰʽ ˋʶ ʶˉʰ˒ʺ 

˃ʶ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ʰ˄ˍʾˋˍˇʽ˔ʰ ˃ʶ ˉˇʽʰ ˉ˂ʶˎˊʱ ˍˇˎˌ ό˃ʷˍ˖ˉˇ-face SPOS ʺ 

SNEGύ ˍʰ ʴˊʰ˃˃ʽˁʱ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʲˊʾˋˁˇ˄ˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ 

ʶʵʱ˒ˇˎˌΦ ɮˎˍˈ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ˄ʰ ʴʾ˄ʶʽ ʴʽʰ ˄ʰ ˃ˉˇˊʷˋʶʽ ˇ ˁ˗ʵʽˁʰˌ ˄ʰ ʰ˄ʰʴ˄˖ˊʾˋʶʽ 

ˉˇʽʶˌ ʶʾ˄ʰʽ ˇʽ ʵˏˇ ʶˉʽ˒ʱ˄ʶʽʶˌ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ˁʰˍʰˋˁʶˎʰˋˍˇˏ˄ ˁʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ˄ʰ 

ʶ˄˖ʻˇˏ˄ ʴʽʰ ˄ʰ ˒ˍʽʱ˅ˇˎ˄ ˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌΦ 

ɮ˒ˇˏ ˂ˇʽˉˈ˄ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻˇˏ˄ ˈ˂ʶˌ ˇʽ ˉʰˊʰˉʱ˄˖ ʵʽʰʵʽˁʰˋʾʶˌΣ ʶʽˋʱʴʶˍʰʽ ˇ ʰ˄ˍʾˋˍˇʽ˔ˇˌ 

˄ˈ˃ˇˌ ˍˊʽʲʺˌ ˉˇˎ ʻʰ ˒ʷˊ˄ʶʽ ˋʶ ʶˉʰ˒ʺ ˍʽˌ ʵˏˇ ʶˉʽ˒ʱ˄ʶʽʶˌ ˁʰʽ ʻʰ ˁʰʻˇˊʾʸʶʽ ˍʹ˄ 

ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹ ̩ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ ʅˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ˈˉˇˎΣ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ʱ˂˂˖˄Σ ʴʾ˄ʶˍʰʽ ˋˏʴˁˊʽˋʹ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄ ˍ˖˄ Schwartz and Einstein (1979)Σ ʴʽʰ 

ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ˋˎ˄ʱ˒ʶʽʰˌ ό˃ʹʵʶ˄ʽˁʺ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˉ˂ʺˊʹˌ ˋˎ˄ʱ˒ʶʽʰύΣ ˃ʶ ˍʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˉˈ ˍʽˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌΣ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˁˎˊʾ˖ˌ ʵˏˇ ˄ˈ˃ˇʽ 

ˍˊʽʲʺˌΦ ʁ ʷ˄ʰˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ˁʰʽ ˇ ʱ˂˂ˇˌ 

ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌΣ ˃ʶ ˍˇ˄ ʵʶˏˍʶˊˇ ˄ʰ ʶʾ˄ʰʽ ˉʶˊʽˋˋˈˍʶˊˇ 

ˉʰˊʰ˃ʶˍˊʽˁˈˌ ˁʰʽ ˁʰˍʱ˂˂ʹ˂ˇˌ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˁʰʽ ʶ˄ʵʽʱ˃ʶˋ˖˄ ˋˎ˄ʻʹˁ˗˄ 

ˋˎ˄ʱ˒ʶʽʰˌΦ ʃʽˇ ʰ˄ʰ˂ˎˍʽˁʱ ˇʽ ʵˏˇ ˄ˈ˃ˇʽ ʶʾ˄ʰʽ ˇʽ ʶ˅ʺˌΥ 
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¶ ɿˈ˃ˇˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ όTIED ɻ ʽʶˉʽ˒ʱ˄ʶʽʰύΥ 

ʁ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˌ ˄ˈ˃ˇˌ ʶʽˋʱʴʶˍʰʽ ˋˍˇ input file ̱ ˇˎ ˁ˗ʵʽˁʰ ˍˇˎ ABAQUS ̟ ˌ ʶ˅ʺˌΥ 

*CONTACT PAIR, INTERACTION=I1, SMOOTH=0.45, ADJUST=0.001, TIED 

M2, M1 

*SURFACE INTERACTION, NAME=I1 

ɶ ˉʰˊʰˉʱ˄˖ ʶ˄ˍˇ˂ʺ ʶˁ˒ˊʱʸʶʽ ˍʹ˄ ʷ˄˖ˋʹ ʵˏˇ ʶˉʽ˒ʰ˄ʶʽ˗˄Σ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ɾм ˁʰʽ ˍʹˌ 

ɾнΣ ʴʽʰ ˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ ˃ʽʰˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˃ʶ ˍʹ˄ ˇ˄ˇ˃ʰˋʾʰΣ I1. ʁʽ ʶˉʽ˒ʱ˄ʶʽʶˌ ˉˇˎ 

ʰ˄ʺˁˇˎ˄ ˋˍʹ˄ ˇ˃ʱʵʰ ˉˇˎ ʰ˄ʰʴˊʱ˒ʶˍʰʽ ˉˊ˗ˍʹΣ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˁʰʽ ˖ˌ ʵʶˎˍʶˊʶˏˇˎˋʶˌ 

ʶˉʽ˒ʱ˄ʶʽʶˌ όslave surfaceύ ʶ˄˗ ˇʽ ʶˉʽ˒ʱ˄ʶʽʶˌ ˍʹˌ ʱ˂˂ʹˌ ˇ˃ʱʵʰˌ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˁʰʽ ˖ˌ 

ˁˏˊʽʶˌ ʶˉʽ˒ʱ˄ʶʽʶˌ όmaster surface). ɶ ʶ˄ˍˇ˂ʺΣ TIEDΣ ˇˎˋʽʰˋˍʽˁʱ ζʵʷ˄ʶʽη ˍʽˌ ʵˏˇ 

ʶˉʽ˒ʱ˄ʶʽʶˌ ˋʶ ˃ʽʰ ʶ˄ʽʰʾʰΣ ˁʰʻΩ ˈ˂ʹ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʰ˄ʱ˂ˎˋʹˌΣ ʰ˄ʰʴˁʱʸˇ˄ˍʰˌ ˍˇˎˌ 

ʰ˄ˍʾˋˍˇʽ˔ˇˎˌ ˁˈ˃ʲˇˎˌ ˍ˖˄ ˁˏˊʽ˖˄ ˁʰʽ ˍ˖˄ ʵʶˎˍʶˊʶˎˇˎˋ˗˄ ʶˉʽ˒ʰ˄ʶʽ˗˄ ˄ʰ 

ˋˎ˃ˉʶˊʽ˒ʷˊˇ˄ˍʰʽ ˖ˌ ʷ˄ʰˌ ʶ˄ʽʰʾˇˌΦ ʁʽ ʶ˄ˍˇ˂ʷˌΣ ADJUST ˁʰʽ SMOOTH, ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ 

ˉ́ ˇˋʰˊ˃ˇʴʺ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽ˗˄ ˗ˋˍʶ ˄ʰ ˍʰʽˊʽʱ˅ˇˎ˄ ʰˁˊʽʲ˗ˌ ˁʰʽ ˃ʶ ˍʹ˄ ʶ˅ˇ˃ʱ˂ˎ˄ˋʹ ˍ˖˄ 

ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʰ˄ˍʾˋˍˇʽ˔ʰΦ  

ʅˎ˃ˉʶˊʰˋ˃ʰˍʽˁʱ ˂ˇʽˉˈ˄ ʹ ˉʰˊʰˉʱ˄˖ ʶ˄ˍˇ˂ʺ ˁˊʾ˄ʶˍʰʽ ˖ˌ ʹ ˉʽˇ ˁʰˍʱ˂˂ʹ˂ʹ ʴʽʰ ˍʹ˄ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ˃ʶˍʰ˅ˏ ʵˏˇ ʶˉʽ˒ʰ˄ʶʽ˗˄Σ ˁʰʽ ˈˉ˖ˌ ʻʰ ˒ʰ˄ʶʾ 

ˉʰˊʰˁʱˍ˖Σ ʵʾ˄ʶʽ ˉˇ˂ˏ ˁʰ˂ʺ ˉˊˇˋʷʴʴʽˋʹ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄ ˍ˖˄ Schwartz and 

Einstein όмфтфύ ˃ʶ ˉˇ˂ˏ ˃ʽˁˊʱ ˋ˒ʱ˂˃ʰˍʰΦ 

¶ ɿˈ˃ˇˌ ˍˊʽʲʺˌ όFRICTION ɻ ʽʶˉʽ˒ʱ˄ʶʽʰύΥ 

ʁ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˌ ˄ˈ˃ˇˌΣ ʰ˄ˍʾˋˍˇʽ˔ʰΣ ʶʽˋʱʴʶˍʰʽ ˋˍˇ input file ˍˇˎ ˁ˗ʵʽˁʰ ˍˇˎ ABAQUS ˖ˌ 

ʶ˅ʺˌΥ 

*CONTACT PAIR, INTERACTION=MID, TYPE=SURFACE TO SURFACE, 

ADJUST=PERIMNODES 

M2, M1 

**  

*SURFACE INTERACTION, NAME=MID 

*SURFACE BEHAVIOR, PRESSURE-OVERCLOSURE=exponential 

0.000001, 1.0 

**  

*FRICTION, ELASTIC SLIP=10 

0.00001 

ɼʰʽ ˉʱ˂ʽ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʹ ʷ˄˖ˋʹ ʵˏˇ ˇ˃ʱʵ˖˄ ʶˉʽ˒ʰ˄ʶʽ˗˄Σ ˈ˃ˇʽʰ ˃ʶ ˉʰˊʰˉʱ˄˖ ˃ ʶ ˍʹ˄ 

ʰ˄ˍʾˋˍˇʽ˔ʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˉˇˎ ˉˊˇˁˏˉˍʶʽ ˄ʰ ˇ˄ˇ˃ʱʸʶˍʰʽ MID. ɾʶ ˍʹ˄ ʶ˄ˍˇ˂ʺΣ CONTACT 

PAIR, TYPE=SURFACE TO SURFACE, ʵʾ˄ʶˍʰʽ ˇ ˍˏˉˇˌ ʶˉʰ˒ʺˌ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍ˖˄ ʵˏˇ 
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ʶˉʽ˒ʰ˄ʶʽ˗˄ ˉˇˎ ʻʰ ˋ˔ʹ˃ʰˍʾˋˇˎ˄ ˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰ όˎˉʱˊ˔ʶʽ ˁʰʽ ʹ ζby defaultη ʶ˄ˍˇ˂ʺ 

NODE TO SURFACE).ɶ ʶ˄ˍˇ˂ʺΣ ADJUSTΣ ˉˊˇˋʰˊ˃ˈʸʶʽ ˍˇˎˌ ˁˈ˃ʲˇˎˌ ˍʹˌ ʵʶˎˍʶˊʶˏˇˎˋʰˌ 

ʶˉʽ˒ʱ˄ʶʽʰˌ όˁˈ˃ʲˇʽ ʶˉʷ˄ʵˎˋʹˌύΣ ˉʱ˄˖ ˋʶ ˃ʽʰ ʶˉʽ˂ʶʴ˃ʷ˄ʹ ˇ˃ʱʵʰ ˁˈ˃ʲ˖˄Σ ʰˉˈ ˍˇ 

˅ʶˁʾ˄ʹ˃ʰ ˍʹˌ ʶˁʱˋˍˇˍʶ ʰ˄ʱ˂ˎˋʹˌ όˁʰʽ ʶ˒ˈˋˇ˄ ˇʽ ʶ˃ˉ˂ʶˁˈ˃ʶ˄ʶˌ ˇ˃ʱʵʶˌ ˁˈ˃ʲ˖˄Σ ʷ˔ˇˎ˄ 

ʺʵʹ ʶ˄ʶˊʴˇˉˇʽʹʻʶʾύΦ ʅˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˉʶˊʾˉˍ˖ˋʹΣ ʰˎˍʺ ʹ ʶˉʽ˂ʶʴ˃ʷ˄ʹ ˇ˃ʱʵʰ ʶʾ˄ʰʽ ˇʽ 

ˁˈ˃ʲˇʽ ˍʹˌ ˁˏˊʽʰˌ ʶˉʽ˒ʱ˄ʶʽʰˌΣ ʵʹ˂ʰʵʺ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ˉˇˎ ˋˎ˄ˇˊʶˏʶʽ ˃ʶ 

ˍʹ˄ ʶˉʷ˄ʵˎˋʹ όPERIMNODES). ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇ ʰˉˇ˒ʶˏʴˇ˄ˍʰʽ ʶˉʽˉ˂ʷˇ˄ ʶ˄ˍʱˋʶʽˌ ˁʰʽ 

ˉʽʷˋʶʽˌ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˂ˈʴ˖ ˂ʰ˄ʻʰ˄ˇˎˋ˗˄Σ ˋ˔ʶˍʽˁ˗˄ ˃ʶˍʰˍˇˉʾˋʶ˖˄ ˉˊʽ˄ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ 

ʰˎˍʺˌΦ ɾʶ ˍʹ˄ ʶ˄ˍˇ˂ʺΣ SURFACE BEHAVIOR, PRESSURE ς OVERCLOSURE=exponential, 

ʵʾ˄ʶˍʰʽ ˋˍˇ ˉˊˈʴˊʰ˃˃ʰ ˉˇʽʰ ʶʾ˄ʰʽ ʹ ˉʾʶˋʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˁʱˍ˖ ʰˉˈ ˍʹ˄ ˇˉˇʾʰ ʻʶ˖ˊʶʾˍʰʽ 

ˈˍʽ ˎˉʱˊ˔ʶʽ ʰˉˇˁˈ˂˂ʹˋʹ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ˁʰʽ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ˁʰʻ˗ˌ ʶˉʾˋʹˌ 

ˁʰʽ ʹ ˋ˔ʶˍʽˁʺ ˇˊʻʺ ˃ʶˍʰˁʾ˄ʹˋʹ ˉʱ˄˖ ʰˉˈ ˍʹ˄ ˇˉˇʾʰ ˁʰʽ ˉʱ˂ʽ ˎˉʱˊ˔ʶʽ ʰˉˇˁˈ˂˂ʹˋʹΦ ɮˎˍˈ 

ʴʾ˄ʶˍʰʽ ʵʽˈˍʽ ˁʰˍʱ ˍʹ˄ ʰˉˇˁˈ˂˂ʹˋʹ ʵˏˇ ʶˉʽ˒ʰ˄ʶʽ˗˄ όˉˇˎ ʶʾ˄ʰʽ ˂ˇʴʽˁˈ ˄ʰ ʴʾ˄ʶʽ ˋʶ ˁʱˉˇʽʰ 

ˋʹ˃ʶʾʰ ˋˍʹ˄ ˉʶˊʾ˃ʶˍˊˇ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌύ ʹ ˉʾʶˋʹ ˉˊʰˁˍʽˁʱ ˃ʹʵʶ˄ʾʸʶˍʰʽΣ ʶ˄˗ ˋʶ ˈˊˇˎˌ 

ʰˊʽʻ˃ʹˍʽˁʺˌ ʰ˄ʱ˂ˎˋʹˌΣ ˉʰʾˊ˄ʶʽ ʰˊ˄ʹˍʽˁʷˌ ˍʽ˃ʷˌΣ ˉˊʱʴ˃ʰ ˉˇˎ ʵʶ˄ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˄ʰ 

ˉˊˇˋˇ˃ˇʽ˖ʻʶʾΦ ʁˉˈˍʶ ʵʾ˄ʶˍʰʽ ˃ʽʰ ˉˇ˂ˏ ˃ʽˁˊʺ ˍʽ˃ʺ ˋˍʹ˄ ˉʾʶˋʹ όˋˍˇ ˉʰˊʰˉʱ˄˖ 

ˉʰˊʱʵʶʽʴ˃ʰ input, ʶʾ˄ʰʽ мkPaύ ˁʰʽ ˃ʽʰ ˉˇ˂ˏ ˃ʽˁˊʺ ˋ˔ʶˍʽˁʺ ˃ʶˍʰˁʾ˄ʹˋʹ ˋˍʹ˄ ˇˉˇʾʰ 

ʻʶ˖ˊʶʾˍʰʽ ˈˍʽ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʰˉˇˁˈ˂˂ʹˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽ˗˄ όˋˍˇ ˉʰˊʰˉʱ˄˖ 

ˉʰˊʱʵʶʽʴ˃ʰ input ʶʾ˄ʰʽ лΦлллллмmύΦ ʁ ˈˊˇˌ exponential, ʵʹ˂˗˄ʶʽ ˈˍʽ ʹ ˋ˔ʷˋʹ ˍʹˌ ˉʾʶˋʹˌ 

ʰˉˇˁˈ˂˂ʹˋʹˌ ˃ʶ ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ˇˊʻʺ ˃ʶˍʰˁʾ˄ʹˋʹΣ ʶʾ˄ʰʽ ˂ˇʴʰˊʽʻ˃ʽˁʺ (ʅ˒ʱ˂˃ʰΗ ʆˇ ʰˊ˔ʶʾˇ 

ˉˊˇʷ˂ʶˎˋʹˌ ˍʹˌ ʰ˄ʰ˒ˇˊʱˌ ʵʶ˄ ʲˊʷʻʹˁʶΦ). ɶ ˋ˔ʷˋʹ ˉʾʶˋʹˌ ς ʰˉˇˁˈ˂˂ʹˋʹˌ ˃ˉˇˊʶʾ ˄ʰ 

ʶʾ˄ʰʽΣ ʶˉʾˋʹˌΣ ʶʾˍʶ ʴˊʰ˃˃ʽˁʺ, ʶʾˍʶ ʰˏ˅ˇˎˋʰ ˃ʶ ˁʱˉˇʽˇ˄ ˋˎ˄ˍʶ˂ʶˋˍʺ ˁ˂ʾ˃ʰˁʰˌΣ ʶ˄˗ ˃ˉˇˊʶʾ 

˄ʰ ˁʰʻˇˊʽˋˍʶʾ ˁʰʽ ˃ʶ ˍʹ˄ ʶʽˋʰʴ˖ʴʺΣ ˔ʶʽˊ˖˄ʰˁˍʽˁ˗ˌΣ ˋˎʴˁʶˁˊʽ˃ʷ˄˖˄ ˍʽ˃˗˄. 

 

ʅ˔ʺ˃ʰ 3.1Υ ʋʰˊʰˁˍʹˊʽˋˍʽˁʺ ˁʰ˃ˉˏ˂ʹ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ɹ ʶ˖ˎ˂ʽˁˇˏ - ʁ ˉʷ˄ʵˎˋʹˌΦ 

ʆʷ˂ˇˌ ˃ʶ ˍʹ˄ ʶ˄ˍˇ˂ʺΣ FRICTIONΣ ʵʾ˄ʶˍʰʽ ˇ ˁʰˍʰˋˍʰˍʽˁˈˌ ˄ˈ˃ˇˌ ˉˇˎ ʵʽʷˉʶʽ ˍʹ˄ ʵʽʰˍ˃ʹˍʽˁʺ 

ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ˇ ˇˉˇʾˇˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ʶʾ˄ʰʽ ˇ ʴʶ˄ʽˁʶˎ˃ʷ˄ˇˌ ˄ˈ˃ˇˌ Mohr-

Coulomb, ̝ ˖ˊʾˌ ˍʹ ˔ˊʺˋʹ ˋˎ˄ˇ˔ʺˌ, ̄ ˇˎ ˋˎ˄ˇ˕ʾʸʶˍʰʽ ʰˉˈ ˍˇ˄ ˍˏˉˇΥ 
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pÖ=mt pÖ=Ý ft tan  (3.1) 

ʂˉˇˎΥ ˍ Ґ ʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ 

˃ Ґ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˍˊʽʲʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˇ ˇˉˇʾˇˌ ʽˋˇˏˍʰʽ ˃ʶ ˍʹ˄ ʶ˒ʰˉˍˇ˃ʷ˄ʹ 

ˍʹˌ ʴ˖˄ʾʰˌ ˍˊʽʲʺˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ 

p Ґ ʹ ˉʾʶˋʹ ˉʱ˄˖ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ 

ʅˍˇ ˉʰˊʱʵʶʽʴ˃ʰ input fileΣ ˉʰˊʰˉʱ˄˖Σ ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ʹ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ 

ˇ˂ʾˋʻʹˋʹˌ ό˃ʹʵʶ˄ʽˁʺˌ ˋˎ˄ʱ˒ʶʽʰˌύ ˁʰʽ ʵʾ˄ʶˍʰʽ ʷ˄ʰˌ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˍˊʽʲʺˌ ʾˋˇˌ ˃ʶ 

˃ҐлΦллллмΦ ʁ ˈˊˇˌΣ ELASTIC SLIPΣ ʵʹ˂˗˄ʶʽ ˍʹ˄ ˋ˔ʶˍʽˁʺ ˃ʶˍʰˁʾ˄ʹˋʹ ˍ˖˄ ʵˏˇ ʶˉʽ˒ʰ˄ʶʽ˗˄Σ 

ˉˇˎ ˇˊʾʸˇˎ˄ ˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰΣ όʹ ˇˉˇʾʰ ʶʾ˄ʰʽ ˁʰˍʱ ˍʹ ʵʽʶˏʻˎ˄ˋʹ ˍˇˎˌ-ʵʽʰˍ˃ʹˍʽˁʺ 

˃ʶˍʰˁʾ˄ʹˋʹύ ˉʷˊʰ ʰˉˈ ˍʹ˄ ˇˉˇʾʰ ˎˉʱˊ˔ʶʽ ʵʽʰˍ˃ʹˍʽˁʺ ʰˋˍˇ˔ʾʰΦ ʅˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ 

ˉʰˊʱʵʶʽʴ˃ʰ ʷ˔ʶʽ ʵˇʻʶʾΣ ELASTIC SLIP=10mΣ ˗ˋˍʶ ʹ ʵˎˋˍ˃ʹˋʾʰ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˄ʰ 

ʰˉˇˁˍʺˋʶʽ ˉˇ˂ˏ ˃ʽˁˊʺ ˍʽ˃ʺ ˁʰʽ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ˉʱˊʶʽ ˃ʶʴʱ˂ʶˌ ˋ˔ʶˍʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌΣ 

ˉˊˇˋˇ˃ˇʽ˗˄ˇ˄ˍʰˌ ʷˍˋʽ ˍʹ˄ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ όʅ˒ʱ˂˃ʰΗ ʆˇ ʰˊ˔ʶʾˇ ˉˊˇʷ˂ʶˎˋʹˌ ˍʹˌ 

ʰ˄ʰ˒ˇˊʱˌ ʵʶ˄ ʲˊʷʻʹˁʶΦ). 

 

ʅ˔ʺ˃ʰ 3.2Υ ɲʽʰʴˊʱ˃˃ʰˍʰ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ ˋˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʵʽʰˍ˃ʹˍʽˁʺˌ 
˃ʶˍʰˁʾ˄ʹˋʹˌ ʴʽʰΥ мύ ɲʽʶˉʽ˒ʱ˄ʶʽʰ ˃ʶ ˃ʶʴʱ˂ʹ ʵˎˋˍ˃ʹˋʾʰ ˁʰʽ нύ ɲʽʶˉʽ˒ʱ˄ʶʽʰ ˃ʶ ˃ʽˁˊʺ ʵˎˋˍ˃ʹˋʾʰ-

˃ʶʴʱ˂ʹ ʶˎˁʰ˃˕ʾʰ. 

ɿʰ ˋʹ˃ʶʽ˖ʻʶʾ ˍʷ˂ˇˌ ˈˍʽ ˁʰʽ ˃ʶ ˍʹ˄ ˉʰˊʰˉʱ˄˖ ʶ˄ˍˇ˂ʺ ˃ˉˇˊˇˏ˄ ˉˊʰˁˍʽˁʱ ˄ʰ 

ˉˊˇˋˇ˃ˇʽ˖ʻˇˏ˄ ˇʽ ˋˎ˄ʻʺˁʶˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌΣ ʰˉ˂˗ˌ ʵʾ˄ˇ˄ˍʰˌ ˃ʽʰ ʰˊˁʶˍʱ ˃ʶʴʱ˂ʹ 

ˍʽ˃ʺ ˋˍˇ˄ ˋˎ˄ˍʶ˂ʶˋˍʺ ˍˊʽʲʺˌ ˗ˋˍʶ ˄ʰ ʰˉˇˁˍʺˋʶʽ ˃ʶʴʱ˂ʹ ʵˎˋˍ˃ʹˋʾʰ ʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰΦ 

ɲʾ˄ˇ˄ˍʰˌ ˋˍʹ ʴ˖˄ʾʰ ˍˊʽʲʺˌΣ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ʶˏ˂ˇʴʶˌ ˍʽ˃ʷˌΣ ˈˉ˖ˌ ˁʰʽ ˋˍˇ elastic slip, 

˃ˉˇˊˇˏ˄ ˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻˇˏ˄ ʶ˄ʵʽʱ˃ʶˋʶˌ ˋˎ˄ʻʺˁʶˌ ˋˎ˄ʱ˒ʶʽʰˌ ˉˇˎ ʶ˄ʵʶ˔ˇ˃ʷ˄˖ˌ ˄ʰ 

ʰ˄ˍʰˉˇˁˊʾ˄ˇ˄ˍʰʽ ˋʶ ˉˊʰʴ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌΦ 
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3.2.2 ɼɮʆɮʅɼɳʇɶ ɮʄɹɸɾɶʆɹɼʍɿ ɾʁɿʆɳɽʍɿ ɱɹɮ ʃʄʁʅʁɾʁɹʍʅɶ ɮɿɮɽʇʆɹɼʍɿ 

ɽʇʅɳʍɿ EINSTEIN & SCHWARTZ (1979) 

ʂˉ˖ˌ ʰ˄ʰ˒ʷˊʻʹˁʶ ˋˍˇ нˇ ˁʶ˒ʱ˂ʰʽˇ ˍʹˌ ˉʰˊˇˏˋʰˌ ʶˊʴʰˋʾʰˌΣ ˇʽ Einstein ˁʰʽ Schwartz, 

ʶ˅ʺʴʰʴʰ˄ ˁ˂ʶʽˋˍʷˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌ ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ˋˍʹ˄ 

ʶˉʷ˄ʵˎˋʹ ˋʺˊʰʴʴʰˌ ˉˇˎ ʵʽʰ˄ˇʾʴʶˍʰʽ ˋʶ ʶ˂ʰˋˍʽˁˈ ˎ˂ʽˁˈΣ ˎˉˈ ʶ˄ˍʰˍʽˁˈ ˉʶʵʾˇ ˃ʶ 

ˁʰˍʰˁˈˊˎ˒ʶˌ ˉʽʷˋʶʽˌ ʾˋʶˌ ˃ʶΣ pΣ ˁʰʽ ˇˊʽʸˈ˄ˍʽʶˌΣ KÖp όˈˉˇˎΣ KΣ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˊʽʸˇ˄ˍʾ˖˄ 

˖ʻʺˋʶ˖˄ύ. ʅˍʹ˄ ʶ˄ˈˍʹˍʰ ʰˎˍʺ ˂ˇʽˉˈ˄ ʶˉʽ˔ʶʽˊʶʾˍʰʽ ʹ ˁʰˍʰˋˁʶˎʺ ʵʽʵʽʱˋˍʰˍ˖˄ ˃ˇ˄ˍʷ˂˖˄ 

ˋˍʰ ˉˊˈˍˎˉʰ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄ ˍ˖˄ Einstein ˁʰʽ SchwartzΣ ˎˉˈ ˍˇ ʾʵʽˇ ʶ˄ˍʰˍʽˁˈ 

ˉʶʵʾˇ ˁʰʽ ˃ʶ ˍʽˌ ʾʵʽʶˌ ʽʵʽˈˍʹˍʶˌ ʶʵʱ˒ˇˎˌ ˁʰʽ ʶˉʷ˄ʵˎˋʹˌΣ ˗ˋˍʶ ˄ʰ ʴʾ˄ʶʽ ˋˏʴˁˊʽˋʹ ˁʰʽ 

ʶˉʰ˂ʺʻʶˎˋʹ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄ ˃ʶ ˍʽˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌΦ 

ɼʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ˂ˇʽˉˈ˄ ˍˊʾʰ ˃ˇ˄ˍʷ˂ʰΣ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁʺ ˃ʷʻˇʵˇ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˋˍˇ 

ˁʰʻʷ˄ʰΣ ˃ʶ ˋˁˇˉˈ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʰˉˈ ˍʰ ˇˉˇʾʰ ˍʶ˂ʽˁʱ 

ʶˉʽ˂ʷ˔ˍʹˁʶ ˍˇ ˉʽˇ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈ ʴʽʰ ˍʹ˄ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄Φ ɮˎˍʱ ʶʾ˄ʰʽ 

ˍʰ ʶ˅ʺˌΥ 

1. ʅˎ˄ˇˊʽʰˁʷˌ ˋˎ˄ʻʺˁʶˌ ˋˍʽˌ ˉ˂ʶˎˊʷˌ ˁʰʽ ˋˍˇ˄ ˉˎʻ˃ʷ˄ʰ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˃ʶ ʶ˒ʰˊ˃ˇʴʺ 

ˉʾʶˋʹˌ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ 

ɼʰˍʰˋˁʶˎʱˋˍʹˁʶ ˍʶˍˊʰʴ˖˄ʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˃ʶ ʵʽʰˋˍʱˋʶʽˌ мплx140m ˁʰʽ ˋʺˊʰʴʴʰ όʰˁˊʽʲ˗ˌ 

ˋˍˇ ˁʷ˄ˍˊˇ ˃ʶ ˋˎ˄ˍʶˍʰʴ˃ʷ˄ʶˌ x=0 & y=0ύ ˃ʶ ʵʽʱ˃ʶˍˊˇΣ D=10m. ʅˍʽˌ ˉ˂ʶˎˊʷˌ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ 

ˇʽ ˁˈ˃ʲˇʽ ʵʶˋ˃ʶˏˍʹˁʰ˄ ˃ʶ ˁˎ˂ʾˋʶʽˌ ʶ˄˗ ˇʽ ˁˈ˃ʲˇʽ ˍˇˎ ˉˎʻ˃ʷ˄ʰ ʵʶˋ˃ʶˏˍʹˁʰ˄ ˃ʶ 

ʰˊʻˊ˗ˋʶʽˌΦ ʅˍʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˁʰˍʰ˄ʶ˃ʹ˃ʷ˄ˇ ˒ˇˊˍʾˇ ʾˋˇ ˃ʶ 

5000kPaΣ ʶ˄˗ ˋˍʽˌ ʰˊ˔ʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˇˊʾˋˍʹˁʶ ˍʱˋʹ ʾˋʹ ˃ʶ -5000kPa όʰ˄ˍʾʻʶˍˇ ˖ˌ ˉˊˇˌ ˍʰ 

ʻʶˍʽˁʱ yύ ˋˍˇ ʶˉʾˉʶʵˇ y=70m ˁʰʽ ˍʱˋʹ ʾˋʹ ˃ʶ -5000kPa ˋˍˇ ʶˉʾˉʶʵˇ y=-70mΦ ʁ 

ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄ ˇˊʾˋˍʹˁʶ ʾˋˇˌ ˃ʶ ɼҐлΦ5. ɾʶ ˍʹ˄ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˒ˈˊˍʽˋʹ 

ʶˉʽʵʽ˗˔ʻʹˁʶ ʷ˄ʰ ˋˍʰʻʶˊˈ ʶ˄ˍʰˍʽˁˈ ˉʶʵʾˇ ˋʶ ˈ˂ˇ ˍˇ ˃ˇ˄ˍʷ˂ˇ ˔˖ˊʾˌ ˃ʶˍʰʲˇ˂ʷˌ ˃ʶ ˍˇ 

ʲʱʻˇˌΣ ˂ˈʴ˖ ʲʰˊˏˍʹˍʰˌ (ɳʽˁˈ˄ʰ 3.2). ɾʽʰ ʱˉˇ˕ʹ ˍˇˎ ʶ˄ ˂ˈʴ˖ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ˋ˔ʺ˃ʰΦ ʆˇ ˁˎˊʽˈˍʶˊˇ ˉˊˈʲ˂ʹ˃ʰ ˉˇˎ ˋˎ˄ʰ˄ˍʺʻʹˁʶ ˃ʶ ʰˎˍʺ˄ 

ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʶʾ˄ʰʽ ˈˍʽ ˎˉʺˊ˔ʶ ˃ʽʰ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˉˇˍˈ˄˖ˋʹ ˉˊˇˌ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ό˃ʶ 

ˋˎ˄ʰˁˈ˂ˇˎʻʶˌ ˃ʶʴʰ˂ˏˍʶˊʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ-ɳʽˁˈ˄ʰ 3.3ύ ʰˉˈ ˈˍʽ ˉˊˇˌ ˍʽˌ ʱ˂˂ʶˌ 

ˁʰˍʶˎʻˏ˄ˋʶʽˌΣ ˉˊʱʴ˃ʰ ˉˇˎ ˅ʷ˒ʶˎʴʶ ʰˉˈ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ ˉˊˇʲ˂ʺ˃ʰˍˇˌ ˍ˖˄ Schwartz ˁʰʽ 

EinsteinΣ ˉʰˊˈ˂ˇ ˉˇˎ ˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˍʰ ˉˊˇˋʷʴʴʽʸʶ ˃ʶ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ 

ʰˁˊʾʲʶʽʰ. 
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ɳʽˁˈ˄ʰ 3.2Υ ʆˇˉˇʻʷˍʹˋʹ ʰˊʻˊ˗ˋʶ˖˄ ˋˍˇˎˌ ʰˁˊʰʾˇˎˌ ˁˈ˃ʲˇˎˌ ˍ˖˄ ˉ˂ʶˎˊ˗˄ ˁʰʽ ˍˇˎ ˉˎʻ˃ʷ˄ʰ 
ˁʰʽ ʶ˒ʰˊ˃ˇʴʺ ˇ˃ˇʽˈ˃ˇˊ˒ʹˌ ˉʾʶˋʹˌ ʾˋʹˌ ˃ʶ рлллkPa ̀ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰΣ ˃ʶ ʰ˄ˍʾˋˍˇʽ˔ʹ 

˂ʶˉˍˇ˃ʷˊʶʽʰΦ 

 

ɳʽˁˈ˄ʰ 3.3Υ ɮˉˇˍˈ˄˖ˋʹ ˍ˖˄ ˍʱˋʶ˖˄ ˁʰʽ ʰˏ˅ʹˋʹ ˍ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˉˊˇˌ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰΦ 
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2. ɼʰ˃ʾʰ ʵʷˋ˃ʶˎˋʹ ˋˍˇˎˌ ˉʶˊʽ˃ʶˍˊʽˁˇˏˌ ˁˈ˃ʲˇˎˌ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˃ʶ ʶ˒ʰˊ˃ˇʴʺ ˉʾʶˋʹˌ 

ˋˍʽˌ ˉ˂ʶˎˊʷˌΣ ˋˍˇ˄ ˉˎʻ˃ʷ˄ʰ ˁʰʽ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ 

ɼʰʽ ˉʱ˂ʽ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˍˇ ʾʵʽˇ ˃ˇ˄ˍʷ˂ˇ ˃ʶ ˍʽˌ ˉʰˊʰˉʱ˄˖ ʵʽʰˋˍʱˋʶʽˌ ˃ʶ ˍʹ ʵʽʰ˒ˇˊʱ 

ˈˍʽ ʵʶ˄ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˉˇˎʻʶ˄ʱ ˋˎ˄ˇˊʽʰˁʷˌ ˋˎ˄ʻʺˁʶˌ ʰ˂˂ʱ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˉʾʶˋʹ ʾˋʹ ˃ʶ 

5000 kPa ˋˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ ˉˎʻ˃ʷ˄ʰ ˁʰʽ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ˉʾʶˋʹ ʾˋʹ ˃ʶ нрлл kPa ˋˍʰ 

ˋˍˇʽ˔ʶʾʰ  ˍ˖˄ ˉ˂ʶˎˊ˗˄ ˗ˋˍʶ ˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻʶʾ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄ ʾˋˇˌ 

˃ʶ ɼҐлΦ5 (ɳʽˁˈ˄ʰ 3.4). ʃʰˊˈ˂ˇ ˉˇˎ ˁʰʽ ˃ʶ ʰˎˍʺ˄ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ 

ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʶ˃˒ʱ˄ʽˋʰ˄ ˉˇ˂ˏ ˁʰ˂ʺ ˉˊˇˋʷʴʴʽˋʹ ˃ʶ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˍ˖˄ Schwartz ˁʰʽ 

EinsteinΣ ˇʽ ʰˉˈ˂ˎˍʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˉˇˎ ˉʰˊʰˍʹˊʺʻʹˁʰ˄ ʺˍʰ˄ ˃ʹ ˊʶʰ˂ʽˋˍʽˁʱ ˃ʶʴʱ˂ʶˌ, 

ˁʰʻ˗ˌ, ˂ˈʴ˖ ˍʹˌ ʷ˂˂ʶʽ˕ʹˌ ˋˎ˄ˇˊʽʰˁ˗˄ ˋˎ˄ʻʹˁ˗˄Σ ˍˇ ˃ˇ˄ˍʷ˂ˇ ʰʵˎ˄ʰˍˇˏˋʶ ˄ʰ 

ʽˋˇˊˊˇˉʺˋʶʽ ʰˉˇ˂ˏˍ˖ˌΣ ˃ˈ˄ˇ ˃ʶ ˍʽˌ ˋˎ˃˃ʶˍˊʽˁʷˌ ˒ˇˊˍʾˋʶʽˌ ˉˇˎ ˍˇˎ ʶˉʽʲ˂ʺʻʹˁʰ˄ όˍˇ 

ABAQUS ʶ˅ʱʴʶʽ ʰˉˈ˂ˎˍʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˔˖ˊʾˌ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ˍʽˌ ʵʽʰ˔˖ˊʾˋʶʽ ʰˉˈ ˍʽˌ 

ˋ˔ʶˍʽˁʷˌύΦ  

 

ɳʽˁˈ˄ʰ 3.4Υ ɳ˒ʰˊ˃ˇʴʺ ˇ˃ˇʽˈ˃ˇˊ˒ʹˌ ˉʾʶˋʹˌ ʾ ˋʹˌ ˃ʶ рлллkPa ̀ ˍˇ˄ ˉˎʻ˃ʷ˄ʰ ˁʰʽ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ 
ˍˇˎ ʶʵʰ˒ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˁʰʽ нрлл kPa ̀ ˍʽˌ ˉ˂ʶˎˊʷˌ ʰˎˍˇˏΣ ˔˖ˊʾˌ ˁʰʻˈ˂ˇˎ ʵʶˋ˃ʶˏˋʶʽˌ ˋˍˇˎˌ 

ˉʶˊʽ˃ʶˍˊʽˁˇˏˌ ˁˈ˃ʲˇˎˌΦ 

3. ʅˎ˄ˇˊʽʰˁʷˌ ˋˎ˄ʻʺˁʶˌ ˋˍʽˌ ˉ˂ʶˎˊʷˌ ˋˍˇ˄ ˉˎʻ˃ʷ˄ʰ ˁʰʽ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ 

˃ʶ ʶ˒ʰˊ˃ˇʴʺ ʰˊ˔ʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄ 

ʅˍˇ ʰˊ˔ʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˍˇˉˇʻʶˍʺʻʹˁʰ˄Σ ˍ˗ˊʰ ʰˊʻˊ˗ˋʶʽˌ ˋʶ ˈ˂ˇˎˌ ˍˇˎˌ ˉʶˊʽ˃ʶˍˊʽˁˇˏˌ 

ˁˈ˃ʲˇˎˌ ˍˇˎ ˁʰʽ ʶ˒ʰˊ˃ˈˋˍʹˁʶ, ˋˍʽˌ ʰˊ˔ʽˁʷˌ ˋˎ˄ʻʺˁʶˌΣ ˍʱˋʹ ʾˋʹ ˃ʶ -5000kPa όʰ˄ˍʾʻʶˍˇ 

˖ˌ ˉˊˇˌ ˍʰ ʻʶˍʽˁʱ yύ ˋˍˇ ʶˉʾˉʶʵˇ y=70m ˁʰʽ ˍʱˋʹ ʾˋʹ ˃ʶ -5000kPa ˋˍˇ ʶˉʾˉʶʵˇ y=-70m  

(ɳʽˁˈ˄ʰ 3.5)Φ ʁ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄ ˇˊʾˋˍʹˁʶΣ ˁʰˍʱ ˍʰ ʴ˄˖ˋˍʱΣ ʾˋˇˌ ˃ʶ 
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ɼҐлΦ5. ɮˎˍʺ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʵʶ˄ ˉʰˊˇˎˋʾʰˋʶ ˁʱˉˇʽˇ ʽʵʽʰʾˍʶˊˇ ˉˊˈʲ˂ʹ˃ʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʰ 

ˉʰˊʰˉʱ˄˖ ʵˏˇ ˃ˇ˄ˍʷ˂ʰ ʶ˄˗ ʷʵ˖ˋʶ ˁʰʽ ʰˎˍˈ ˃ʶ ˍʹ ˋʶʽˊʱ ̱ ˇˎ ˉˇ˂ˏ ˁʰ˂ʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌΦ  

 

ɳʽˁˈ˄ʰ 3.5Υ ʆˇˉˇʻʷˍʹˋʹ ʰˊʻˊ˗ˋʶ˖˄ ˋʶ ˈ˂ˇˎˌ ˍˇˎˌ ˉʶˊʽ˃ʶˍˊʽˁˇˏˌ ˁˈ˃ʲˇˎˌ ˁ ʰʽ ʹ ʰ˄ˍʾˋˍˇʽ˔ʹ 
˂ʶˉˍˇ˃ʷˊʶʽʰΦ 

ɱʽʰ ˍˇˎˌ ˉʰˊʰˉʱ˄˖ ˂ˈʴˇˎˌΣ ˂ˇʽˉˈ˄Σ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˃ˇ˄ˍʷ˂ˇ ˎʽˇʻʶˍʺʻʹˁʶ ˁʰʽ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˉ˂ʷˇ˄ ʴʽʰ ˍʹ˄ ʰ˄ʰʸʺˍʹˋʹ ˍˇˎ ˁʰˍʱ˂˂ʹ˂ˇˎ ˁʰ˄ʱʲˇˎ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ 

ˋˍˇʽ˔ʶʾ˖˄ ˉˇˎ ʻʰ ʵ˗ˋʶʽ ˍʹ˄ ˉʶˊʽˋˋˈˍʶˊˇ ˇ˃ʰ˂ʺ ˁʰʽ ˉʽˋˍʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʶˉʷ˄ʵˎˋʹˌΦ ʍˌ ʶˁ ˍˇˏˍˇˎΣ ʵˇˁʽ˃ʱˋˍʹˁʰ˄ ʵˏˇ ˍˏˉˇʽ ˁʰ˄ʱʲˇˎΣ 

ʴʽʰ ˍˇˎˌ ˇˉˇʾˇˎˌ ʴʾ˄ʶˍʰʽ ˂ˈʴˇˌ ˋˍʹ˄ ʶˉˈ˃ʶ˄ʹ ʶ˄ˈˍʹˍʰΣ ʶ˄˗ ʴʽʰ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˍ˖˄ ʵˇˁʽ˃˗˄ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˇʽ ʾʵʽʶˌ ʶ˂ʰˋˍʽˁʷˌ ˉʰˊʱ˃ʶˍˊˇʽ ˁʰʽ ˍʰ ʾʵʽʰ ˍʶ˔˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˋˍʰ 

ˇˉˇʾʰ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˁʰʽ ˇʽ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌ ˍ˖˄ Schwartz ˁʰʽ EinsteinΦ ɮˎˍʱ ʶʾ˄ʰʽ ˍʰ 

ʶ˅ʺˌΥ 

Á ɽˈʴˇˌ Poisson ʁ ʵʱ˒ˇˎˌΥ ˄ҐлΦнр 

Á ɽˈʴˇˌ Poisson ̀ ˁˎˊˇʵʷ˃ʰˍˇˌ ʶˉʷ˄ʵˎˋʹˌΥ ˄s=0.25 

Á ʅˎ˄ˍʶ˂ʶˋˍʺˌ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄Υ ɼҐлΦр 

Á ʃʱ˔ʹ ʶˉʷ˄ʵˎˋʹˌΥ t1=0.05m, t2=0.125m, t3=0.25m, t4=0.375m 

ʂˉ˖ˌ ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˁʰʽ ˋˍˇ нˇ ɼʶ˒ʱ˂ʰʽˇΣ ˇʽ Einstein ˁʰʽ Schwartz ʶ˅ʺʴʰʴʰ˄ ˁʰ˃ˉˏ˂ʶˌ 

ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄˖˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄Σ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ˁʰʽ ʰˁˍʽ˄ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ 

ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ ˂ˈʴˇˎ ɳκɳsΣ ˈˉˇˎΥ 

¶ ɳҐ ɾʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ʶʵʱ˒ˇˎˌ 

¶ ɳsҐ ɾʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ʶˉʷ˄ʵˎˋʹˌ όˍˇ ˇˉˇʾˇ ʵʽʰˍʹˊʺʻʹˁʶ ˋˍʰʻʶˊˈ ˋʶ ˈ˂ʶˌ ˍʽˌ 

ʰ˄ʰ˂ˏˋʶʽˌ ʾˋˇ ˃ʶ мΦрx107kPa. 
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˃ʶ ʶˏˊˇˌ ˂ˈʴ˖˄ ɳκɳs=0.0001 ҏ 1. 

3.2.2.1 ɾʁɿʆɳɽʁ ɿˇм 

ʆ ̌ʰˊ˔ʽˁˈ ˃ˇ˄ˍʷ˂ˇ (ɿˇм) ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ό˃ʶ ˍʹ ʲˇʺʻʶʽʰ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ ANSYS 

v.13), ʶʾ˄ʰʽ ˍʶˍˊʰʴ˖˄ʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ, ˃ʶ ʶ˅˖ˍʶˊʽˁʷˌ ʵʽʰˋˍʱˋʶʽˌ мплX140m, 

ʴʽʰ ˍʹ˄ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹ ˍˇˎ ˇˉˇʾˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ о ʶˋ˖ˍʶˊʽˁʱ ˍʶˍˊʱʴ˖˄ʰ ˃ʶ 

ʵʽʰˋˍʱˋʶʽˌ 40x40m, 70x70m ˁʰʽ ммлx110mΣ ʶ˄˗ ˍˇ ˈ˂ˇ ˃ˇ˄ˍʷ˂ˇ ˔˖ˊʾˋˍʹˁʶ ˋʶ ˍʷˋˋʶˊʰ 

ˍʶˍʰˊˍʹ˃ˈˊʽʰ (ɳʽˁˈ˄ʰ 3.6a). ɶ ˋʺˊʰʴʴʰΣ ˁʰˍʱ ˍʰ ʴ˄˖ˋˍʱΣ ˋ˔ʶʵʽʱˋˍʹˁʶ ˃ʶ ʵʽʱ˃ʶˍˊˇ 

D=10m ʶ˄˗ ʹ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹ ˍ˖˄ ʴˊʰ˃˃ʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʷʴʽ˄ʶ ʰ˄ʱ л.5m. 

ʆʰ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰΣ ʴʽʰ ˂ˈʴˇˎˌ ˉˇˎ ʷ˔ˇˎ˄ ʰ˄ʰ˒ʶˊʻʶʾ ˋʶ ˉʰˊʰˉʱ˄˖ ʶ˄ˈˍʹˍʰΣ 

ʷ˔ˇˎ˄ ˉˎˁ˄ˈˍʶˊʹ ʵʽʱˍʰ˅ʹ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰΣ ˃ʶ ʰˎˍʺ ˄ʰ ʰˊʰʽ˗˄ʶʽ ˉˊˇˌ ˍʰ ʶ˅˖ˍʶˊʽˁʱ 

ˋˏ˄ˇˊʰ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ, ˁʰʽ ˃ʶ ˍʰ ʶˁʶʾ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ˄ʰ ʷ˔ˇˎ˄ ʵʽʱˋˍʰˋʹ ʰˁ˃ʺˌ 

ʾˋʹ ˃ʶ 2m (ɳʽˁˈ˄ʰ 3.6b). ʁ ˍʶ˂ʽˁˈˌ ʰˊʽʻ˃ˈˌ ˁˈ˃ʲ˖˄ ʶʾ˄ʰʽ мрнуо ˁʰʽ ˋˍˇʽ˔ʶʾ˖˄ όʶʵʱ˒ˇˎˌ 

ˁʰʽ ʶˉʷ˄ʵˎˋʹˌύ мрнлсΦ 

 

ɳʽˁˈ˄ʰ 3.6: h ύʃʶˊʽˇ˔ʷˌ ˋˍʽˌ ˇˉˇʾʶˌ ˔˖ˊʾˋˍʹˁʶ ̱ ˇ ˃ˇ˄ˍʷ˂ˇ ʴʽʰ ˍʹ ɻ ʽʰˁˊʽˍˇˉˇʾʹˋʹΣ ύ̡ˍʶ˂ʽˁˈˌ 
ˁʱ˄ʰʲˇˌ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʴʽʰ ˍˇ ˃ˇ˄ˍʷ˂ˇ ɿˇмΦ 

ʃˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄Σ ˋˍˇ ˉʰˊʰˉʱ˄˖ ˃ˇ˄ˍʷ˂ˇΣ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ʴʽʰ ˋˏʴˁˊʽˋʹ ˁʰʽ 

ʶˉʰ˂ʺʻʶˎˋʹ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ʶˉʷ˄ʵˎˋʹ ̩

ˋʺˊʰʴʴʰˌΣ ˍ˖˄ Schwartz and Einstein (1979). ʁʽ ʶ˂ʰˋˍʽˁʷˌ ˋˍʰʻʶˊʷˌ ˉˇˎ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˁʰʽ ˇʽ ʽʵʽˈˍʹˍʶˌ ʶʵʱ˒ˇˎˌ ˁʰʽ ʶˉʷ˄ʵˎˋʹˌΣ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˉʰˊʰˉʱ˄˖Φ 

ɲɹɮɱʄɮɾɾɮʆɮ ɮʀʁɿɹɼʍɿ ɲʇɿɮɾɳʍɿ 

ɮˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˉʱ˔ʹ ʶˉʷ˄ʵˎˋʹˌΣ t1=0.05m ˁʰʽ t2=0.375, 

ʵʹ˂ʰʵʺ ʴʽʰ ˂ˈʴˇˎˌΣ t1/RҐлΦлм ˁʰʽ t4/RҐлΦлтрΣ ˈˉˇˎ R=5m όʰˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌύΦ ɳˉʾˋʹˌ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʶˉʷ˄ʵˎˋʹˌΣ ˃ʽʰ ˉʶˊʾˉˍ˖ˋʹ 

ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ˁʰʽ ˃ʽʰ ˉʶˊʾˉˍ˖ˋʹ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌΣ ˁʰʽ ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʰ˄ ˃ʶ ˍˇ˄ 

ˍˊˈˉˇ ˉˇˎ ʰ˄ʰ˒ʷˊʶˍʰʽ ˉʰˊʰˉʱ˄˖Φ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶʽˋʺ˔ʻʹˋʰ˄ ˋʶ 

 h  ̡
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ʵʽʰʴˊʱ˃˃ʰˍʰ ˗ˋˍʶ ˄ʰ ˋˎʴˁˊʽʻˇˏ˄ ˃ʶ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Φ ɿʰ 

ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌΣ ˍʷʻʹˁʶ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˍˊʽʲʺˌ ʾˋˇˌ 

˃ʶ ˃ҐлΦллм ˁʰʽ ˃ʷʴʽˋˍʹ ˋ˔ʶˍʽˁʺ ˃ʶˍʰˁʾ˄ʹˋʹ ʶˉʽ˒ʰ˄ʶʽ˗˄ όʵʽʰˍ˃ʹˍʽˁʺ ˃ʶˍʰˁʾ˄ʹˋʹύ ʾˋʹ ˃ʶ 

el.slip= 10mΣ ˗ˋˍʶ ʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˄ʰ ʷ˔ʶʽ ˉˇ˂ˏ ˃ʽˁˊʺ ʵˎˋˍ˃ʹˋʾʰΦ ɳˉʾˋʹˌ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˁʰʽ 

ˉʰ˂ʽ ˈˍʽ ˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˋˍʹ˄ ˉʰˊʶʽʱ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ʵʹ˂ʰʵʺ ʴʽʰ ʴ˖˄ʾʰ 

ʻҐл  ɘΣ ʹ ˇˉˇʾʰ ˃ʶˍˊʱˍʰʽ ʰ˄ˍʽ˖ˊˇ˂ˇʴʽʰˁʱΦ ʆʷ˂ˇˌ, ˄ʰ ˍˇ˄ʽˋʻʶʾ ˈˍʽ ʶˁˍʶ˂ʷˋˍʹˁʰ˄ ʰ˄ʰ˂ˏˋʶʽˌ 

ˁʰʽ ˃ʶ ˃ʽˁˊˈˍʶˊˇ ʰˁˈ˃ʰ ˋˎ˄ˍʶ˂ʶˋˍʺ ˍˊʽʲʺˌΣ ʰˉˈ ˍˇ˄ ˉʰˊʰˉʱ˄˖Σ ˇʽ ˇˉˇʾʶˌ ʶ˄˗ ʷʵ˖ˋʰ˄ 

ʰˁˈ˃ʰ ˃ʽˁˊˈˍʶˊʶˌ ʵʽʰˍ˃ʹˍʽˁʷˌ ˍʱˋʶʽˌ ˋˍʹ˄ ʵʽʶˉʽ˒ʱ˄ʶʽʰΣ ʶʾ˔ʰ˄ ʰ˄ʶˉʰʾˋʻʹˍʶˌ ˃ʶˍʰʲˇ˂ʷˌ 

ˋˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ʶ˄˗ ʴʽʰ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˍˇˎˌ ʰˉʰʽˍˇˏ˄ˍʰ˄ ˃ʶʴʰ˂ˏˍʶˊˇ 

˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ ˇˉˈˍʶ ˁʰʽ ʰˉˇˊˊʾ˒ʻʹˁʰ˄ ʴʽʰ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˁˇ˃˃ʱˍʽ ˍʹˌ 

ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌΦ  

ü ʃʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌκɮˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌ όt/ R=0.01) 

 

ɲʽʱʴˊʰ˃˃ʰ 3.1: ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлмΦ 

E/Es 
ɮʀʁɿɹɼɶ 
ɲʇɿɮɾɶ (kN) 

T/PR (ABAQUS) 
T/PR (SCHWARTZ-
EINSTEIN, 1979) 

ɮʃʁɼɽɹʅɶ 

0.0001 -23457 
0.938 0.944 

0.643% 

0.001 -22054.3 
0.882 0.892 

1.091% 

0.01 -14026.6 
0.561 0.582 

3.668% 

0.1 -3196.57 
0.128 0.138 

7.505% 
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1 -371.145 
0.015 0.016 

9.035% 

ʃʾ˄ʰˁʰˌ 3.1Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ R=0.01Σ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ 
ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ̄ ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ̄ ʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 

ʃʰˊʰˍʹˊʶʾˍʰʽΣ ˂ˇʽˉˈ˄Σ ˍˈˋˇ ʰˉˈ ˍ ̌ɲʽʱʴˊʰ˃˃ʰ 3.1 ˈˋˇ ˁʰʽ ʰˉˈ ˍˇ˄ ʅ˒ʱ˂˃hΗ ʆˇ ʰˊ˔ʶʾˇ 

ˉˊˇʷ˂ʶˎˋʹˌ ˍʹˌ ʰ˄ʰ˒ˇˊʱˌ ʵʶ˄ ʲˊʷʻʹˁʶΦ ˈˍʽ ʹ ˉˊˇˋʷʴʴʽˋʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ʶʾ˄ʰʽ 

ʰˊˁʶˍʱ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺΣ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌΣ ˁˎˊʾ˖ˌ ʴʽʰ ˍˇˎˌ 

˃ʽˁˊˇˏˌ ˂ˈʴˇˎˌ E/EsΦ ɼʰʻ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽ ˇ ˂ˈʴˇˌ E/EsΣ ˍˇ ˋ˒ʱ˂˃ʰ ʰˎ˅ʱ˄ʶʽ ˁˎˊʾ˖ˌ ˈ˃˖ˌ 

˂ˈʴ˖ ˍˇˎ ˇʽ ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʶˌ ʰ˅ˇ˄ʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ ˂ʰ˃ʲʱ˄ˇˎ˄ ʶ˅ʰʽˊʶˍʽˁʱ ˃ʽˁˊʷˌ ˍʽ˃ʷˌ 

ˁʰʽ ʶ˄˗ ʰˎˍʷˌ ʶʾ˄ʰʽ ˍʹˌ ʾʵʽʰˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌΣ ˍˇ ˋ˒ʱ˂˃ʰ ʶ˂ʰ˒ˊ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽΦ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.2Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ʁ ʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлмΦ 

E/Es 
ɮʀʁɿɹɼɶ 
ɲʇɿɮɾɶ (kN) 

T/PR (ABAQUS) 
T/PR (SCHWARTZ-
EINSTEIN, 1979) 

ɮʃʁɼɽɹʅɶ 

0.0001 - 
- 0.746 - 

0.001 -19862.7 
0.795 0.698 -13.852% 

0.01 -10539.8 
0.422 0.429 1.633% 

0.1 -2058.52 
0.082 0.088 6.683% 
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1 -227.75 
0.009 0.010 7.687% 

ʃʾ˄ʰˁʰˌ 3.2: ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ R=0.01Σ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ 
ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 

ɱʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌΣ ˄ʰ ʰ˄ʰ˒ʶˊʻʶʾ ʰˊ˔ʽˁʱ ˈˍʽ ʵʶ˄ ʺˍʰ˄ ʵˎ˄ʰˍʺ ʹ 

ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ˍʹˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ʰ˄ʱ˂ˎˋʹˌ ʴʽʰ ˂ˈʴˇ E/EsҐлΦлллмΣ ˁʰʻ˗ˌ ˇ ˁ˗ʵʽˁʰˌ ʵʶ˄ 

ˋˎ˄ʷˁ˂ʽ˄ʶΣ ˉˊˇ˒ʰ˄˗ˌ ˂ˈʴ˖ ˍ˖˄ ˃ʶʴʱ˂˖˄ ˋ˔ʶˍʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˋˍʽˌ ʵˏˇ ʶˉʽ˒ʱ˄ʶʽʶˌ. 

ʂˋˇ˄ ʰ˒ˇˊʱ ˋˍʽˌ ʱ˂˂ʶˌ ˍʽ˃ʷˌ ˍˇˎ ˂ˈʴˇˎ E/EsΣ ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʽʰ ˋʹ˃ʰ˄ˍʽˁʺ ʰˉˈˁ˂ʽˋʹ 

ʰ˄ʱ˃ʶˋʰ ˋˍʽˌ ʵˏˇ ʶˉʽ˂ˏˋʶʽˌΣ ˋˍʹ˄ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹΣ ʴʽʰ E/Es=0.001, ʹ ˇˉˇʾʰ ʻʶ˖ˊʺʻʹˁʶ 

ˉʽʻʰ˄ˈ˄ ˄ʰ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍˇ˄ ˍˊˈˉˇ ˉˇˎ ʷ˔ʶʽ ʴʾ˄ʶʽ  ́ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʺ ˋˍˇ˄ 

ˁʱ˄ʰʲˇ ˍ˖˄ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˁʰʽ ˍʹ ʵʽʱˍʰ˅ʹ ˍˇˎ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰ, 

ˋˍˇʽ˔ʶʾˇ ˉˇˎ ˗ʻʹˋʶ ˁʰʽ ˋˍʹ˄ ˁʰˍʰˋˁʶˎʺ ʶ˄ˈˌ ʵʶˏˍʶˊˇˎ ˁʰ˄ʱʲˇˎ ˁʰʽ ˇ ˇˉˇʾˇˌ ʻʰ 

ˉʰˊˇˎˋʽʰˋʻʶʾ ˉʰˊʰˁʱˍ˖Φ ɱʽʰ ˍʽˌ ˎˉˈ˂ˇʽˉʶˌ ˍʽ˃ʷˌ ˍˇˎ ˂ˈʴˇˎ E/EsΣ ˇʽ ˉˊˇˋʶʴʴʾˋʶʽˌ ʶʾ˄ʰʽ 

ʰˊˁʁ̱ ʱ ˁʰ˂ʷˌ ˃ʶ ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ˃ʽˁˊʺ ʰˉˈˁ˂ʽˋʹ. ɲʽʰʴˊʱ˃˃ʰˍʰ ˊˇˉ˗˄ ʵʶ˄ ʶ˅ʺ˔ʻʹˋʰ˄ ʴʽʰ 

ʰˎˍˈ˄ ˍˇ ˂ˈʴˇ t/RΣ ˁʰʻ˗ˌ ˂ˈʴ˖ ˍˇˎ ˃ʽˁˊˇˏ ˉʱ˔ˇˎˌ ʶˉʷ˄ʵˎˋʹˌΣ ˇʽ ˊˇˉʷˌ ʰˉˇˁˍˇˏ˄ 

ʰ˃ʶ˂ʹˍʷʶˌ ˍʽ˃ʷˌ ό˃ʽˁˊˈˌ ˃ˇ˔˂ˇʲˊʰ˔ʾˇ˄ʰˌύΦ 

ʅˍˇ ˋʹ˃ʶʾˇ ʰˎˍˈ ʰ˅ʾʸʶʽ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ˇʽ ˂ˈʴˇʽ E/EsΣ ˉˇˎ ʷ˔ˇˎ˄ ˉˊʰˁˍʽˁʺ ˋʹ˃ʰˋʾʰ ʶʾ˄ʰʽ 

ʰˉˈ E/EsҐлΦллр ʷ˖ˌ E/Es=0.3Σ ˁʰʻ˗ˌ ˃ʽʰ ˃ʰ˂ʰˁʺ ʱˊʴʽ˂ˇˌ ˃ˉˇˊʶʾ ˄ʰ ʷ˔ʶʽ ˃ʷˍˊˇ 

ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ʾˋˇ ˃ʶ ɳҐнллллkPa ˁʰʽ ʴʽʰ ˃ʽʰ ˋˎ˄ʺʻʹ ʶˉʷ˄ʵˎˋʹ ʰˉˈ ʶˁˍˇ˅ʶˎˈ˃ʶ˄ˇ 

ˋˁˎˊˈʵʶ˃ʰ ˃ʶ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ʾˋˇ ˃ʶ Es=20000000kPa ˉˊˇˁˏˉˍʶʽ ˂ˈʴˇˌ E/Es=0,001. 

ɮˉˈ ˍʹ˄ ʱ˂˂ʹ ʴʽʰ ʷ˄ʰ ʲˊʱ˔ˇ ˃ʶ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ʾˋˇ ˃ʶ ɳҐп-5GPa ˁʰʽ ʴʽʰ ˃ʽʰ 

ʰ˄ʱ˂ˇʴʹΣ ˃ʶ ˉʰˊʰˉʱ˄˖Σ ʶˉʷ˄ʵˎˋʹ ˉˊˇˁˏˉˍʶʽ ˂ˈʴˇˌ E/Es=0,2-лΣнрΦ ʁˉˈˍʶ ˉʶˊʽˇ˔ʷˌ ˂ˈʴˇˎ 

E/Es=0,0001-лΣллм ˁʰʽ ʰ˄ʱ˂ˇʴʶˌ ʰˉˇˁ˂ʾˋʶʽˌ ˋˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˎˍ˗˄Σ ˉʽʻʰ˄ˈ˄ ˄ʰ ˃ʹ˄ 

ʷ˔ˇˎ˄ ˉˊʰˁˍʽˁʺ ˋʹ˃ʰˋʾʰ ˁʰʽ ˄ʰ ˃ʹ˄ ʵʹ˃ʽˇˎˊʴˇˏ˄ ˍʶ˂ʽˁʱ ˉˊˇʲ˂ʹ˃ʰˍʽˋ˃ˇˏˌΦ 

ü ʃʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌκɮˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌ όt/ R=0.075) 

ɼʰʽ ʴʽʰ ˉʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌ  ʾˋˇ ˃ʶ t=0.375m ό˂ˈʴˇˌ t/RҐлΦлтрύΣ ˇʽ ʰ˅ˇ˄ʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ ʴʽʰ 

ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌΣ ˉʰˊˇˎˋʽʱʸˇˎ˄   ʰˊˁʶˍʱ ˁʰ˂ʺ ˉˊˇˋʷʴʴʽˋʹ ˃ʶ 

˃ʷʴʽˋˍˇ ˋ˒ʱ˂˃ʰ ʾˋˇ ˃ʶ тΦу҈Σ ʴʽʰ ˂ˈʴˇ E/EsҐмΦ ɱʽʰ ˍˇ˄ ˂ˈʴˇ ʰˎˍˈ ʵʶ˄ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ 

ʰ˄ʰ˂ˎˍʽˁˈˍʶˊʰ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌΣ ˉʰˊʱ ˃ˈ˄ˇ 

ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌΦ 
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ɲʽʱʴˊʰ˃˃ʰ 3.3Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлтрΦ 

E/Es THRUST (kN) T/PR (ABAQUS) 
T/PR (SCHWARTZ-

EINSTEIN)) 
ɮʃʁɼɽɹʅɶ 

0.0001 - 
- 0.868 - 

0.001 -21185.7 
0.847 0.790 -7.310% 

0.01 -17344.7 
0.694 0.689 -0.761% 

0.1 -9020.81 
0.361 0.376 3.980% 

1 -1582.47 
0.063 0.068 7.297% 

ʃʾ˄ʰˁʰˌ 3.3Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ RҐлΦлтрΣ ˋˏ˃˒˖˄ʰ ˃ʶ 
ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 

ɼʰʽ ʶʵ˗Σ ˈˉ˖ˌ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˈˉˇˎ t/RҐлΦлтрΣ ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʽʰ ʰˉˈˁ˂ʽˋʹ ˍʹˌ 

ʰˊʽʻ˃ʹˍʽˁʺˌ ʶˉʾ˂ˎˋʹˌ ʰˉˈ ˍʹ˄ ʰ˄ʰ˂ˎˍʽˁʺΣ ʴʽʰ E/EsҐлΦллмΣ ˃ʶ ˍˇ ˋ˒ʱ˂˃ʰ ˈ˃˖ˌ ˄ʰ ʶʾ˄ʰʽ 

ˋ˔ʶʵˈ˄ ʰ˃ʶ˂ʹˍʷˇΣ ʴʽʰ ˍˇˎˌ ˎˉˈ˂ˇʽˉˇˎˌ ˂ˈʴˇˎˌ E/EsΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ˄ ʃʾ˄ʰˁʰˌ 3.3. 

ɲɹɮɱʄɮɾɾɮʆɮ ɼɮɾʃʆɹɼʍɿ ʄʁʃʍɿ 

ɲʽʰʴˊʱ˃˃ʰˍʰ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ʵʶ˄ ʶ˅ʺ˔ʻʹˋʰ˄ ʴʽʰ ˂ˈʴˇ t/ R=0.01Σ ʴʽʰˍʾ ʰˎˍʷˌ ʶʾ˔ʰ˄ 

ʰ˃ʶ˂ʹˍʷʶˌ ˍʽ˃ʷˌ ˍˈˋˇ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˈˋˇ ˁʰʽ ˍʹˌ ˃ʹʵʶ˄ʽˁʺˌ ˋˎ˄ʱ˒ʶʽʰˌΦ 
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ɮˎˍˈ Σˈˉ˖ˌ ʰ˄ʰ˒ʷˊʶˍʰʽ ˉʰˊʰˉʱ˄˖Σ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍˇ ˈˍʽ ˋʶ ˉʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌ рcmΣ ʵʶ˄ 

ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ˊˇˉʷˌ ˂ˈʴ˖ ˍˇˎ ˃ʽˁˊˇˏ ˃ˇ˔˂ˇʲˊʰ˔ʾˇ˄ʰ. 

ü ʃʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌκɮˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌ t/ R=0.075 

ʅˍˇ˄ ʃʾ˄ʰˁʰˌ 3.4Σ ˉʰˊʰˁʱˍ˖Σ ˇʽ ʰˊ˄ʹˍʽˁʷˌ ˍʽ˃ʷˌ ˍ˖˄ ˊˇˉ˗˄ ʷ˔ˇˎ˄ ˄ʰ ˁʱ˄ˇˎ˄ ˃ʶ ˍʹ˄ 

ˋˏ˃ʲʰˋʹ ˉˊˈˋʹ˃˖˄ ˉˇˎ ʷ˔ʶʽ ʶˉʽ˂ʶ˔ˍʶʾ ʰˉˈ ˍˇ˄ ˁ˗ʵʽˁʰ ABAQUSΣ ʶ˄˗ ˋˍʽˌ 

ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʶˌ ˍʽ˃ʷˌ ʷ˔ʶʽ ʵˇʻʶʾ ʻʶˍʽˁˈ ˉˊˈˋʹ˃ˇΣ ˋˍʰ ˉˊˈˍˎˉʰ ˍ˖˄ ˂ˏˋʶ˖˄ Schwartz 

and Einstein, 1979. 

 

ɲʽʱʴˊʰ˃˃ʰ 3.4Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлтрΦ 

E/Es 
MOMENTS 

(kNm) 
ɾκtwч (ABAQUS) 

ɾκtwч (SCHWARTZ-
EINSTEIN)) 

ɮʃʁɼɽɹʅɶ 

0.0001 -12475.5 
0.0998 0.1023 

2.421% 

0.001 -4544.94 
0.0364 0.0388 

6.356% 

0.01 -615.361 
0.0049 0.0054 

9.401% 

0.1 -59.9089 
0.0005 0.0006 

20.109% 

1 -4.90286 
0.0000 0.0001 

41.864% 

ʃʾ˄ʰˁʰˌ 3.4Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ˁʰ˃ˉˍʽˁʺ ˊˇˉʺ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ RҐлΦлтрΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ 
ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 
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ʃˇ˂ˏ ˁʰ˂ʺ ˉˊˇˋʷʴʴʽˋʹ ˁʰʽ ʴʽʰ ˍʽˌ ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌΣ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ 

ˋˎ˄ʱ˒ʶʽʰˌΣ ˃ʶ ˍˇ ˋ˒ʱ˂˃ʰ ˄ʰ ʶʾ˄ʰʽ ˋʶ ʰ˄ʶˁˍʱ ˉ˂ʰʾˋʽʰΦ ɿʰ ˋʹ˃ʶʽ˖ʻʶʾ ˉʱ˄ˍ˖ˌ ˈˍʽ ˍʰ 

˃ʶʴʱ˂ʰ ˋ˒ʱ˂˃ʰˍʰ ʴʽʰ 9κ9sҐлΦм ˁʰʽ 9κ9sҐм ʶʾ˄ʰʽ ˉ˂ʰˋ˃ʰˍʽˁʱΣ ˁʰʻ˗ˌ ʶ˄˗ ˇʽ 

ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʶˌ ˍʽ˃ʷˌ ˊˇˉ˗˄Σ ʴʽʰ ˍʽˌ ʵˏˇ ʶˉʽ˂ˏˋʶʽˌΣ ʶʾ˄ʰʽ ˍʹˌ ʾʵʽʰˌ ˍʱ˅ʹˌΣ ʰˎˍʷˌ ˇʽ 

˃ʽˁˊʷˌ ʵʽʰ˒ˇˊʷˌ ˍˇˎˌ ˃ʶˍʰ˒ˊʱʸˇ˄ˍʰʽ ˋʶ ˃ʶʴʱ˂ˇ ˋ˒ʱ˂˃ʰΣ ʰ˒ˇˏ ˉˊˈˁʶʽˍʰʽ ʴʶ˄ʽˁ˗ˌ ʴʽʰ 

ˉˇ˂ˏ ˃ʽˁˊˇˏˌ ʰˊʽʻ˃ˇˏˌΦ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.5Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлтрΦ 

E/Es 
MOMENTS 

(kNm) 
ɾκtwч (ABAQUS) 

ɾκtwч (SCHWARTZ-
EINSTEIN)) 

ɮʃʁɼɽɹʅɶ 

0.0001 - 
- 0.119 

- 

0.001 -4570.58 
0.037 0.047 

22.402% 

0.01 -749.663 
0.006 0.007 

10.507% 

0.1 -74.9622 
0.001 0.001 

14.290% 

1 -6.91569 
0.000 0.000 

21.276% 

ʃʾ˄ʰˁʰˌ 3.5Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ˁʰ˃ˉˍʽˁʺ ˊˇˉʺ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ RҐлΦлтрΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ 
ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 



ɼɳʊɮɽɮɹʁ оʁ  
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ʂˉ˖ˌ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ Σʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΣ ʷˍˋʽ ˁʰʽ ˋˍʽˌ 

ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌ ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʽʰ ʰˉˈˁ˂ʽˋʹ ˍ˖˄ ˍʽ˃˗˄ ˍ˖˄ ʵˏˇ ʶˉʽ˂ˏˋʶ˖˄Σ ʴʽʰ ˂ˈʴˇ 

E/EsҐлΦллмΣ ʴʶʴˇ˄ˈˌ ˉˇˎ ʶˉʾˋʹˌ ˔ˊʾʸʶʽ ˉʶˊʶˍʰʾˊ˖ ʵʽʶˊʶˏ˄ʹˋʹˌ ˃ʶ ʷ˄ʰ ʵʶˏˍʶˊˇ ˁʱ˄ʰʲˇΦ 

ɱʽʰ ˍʽˌ ˎˉˈ˂ˇʽˉʶˌ ˍʽ˃ʷˌ ˍˇˎ ˂ˈʴˇˎΣ E/EsΣ ˎˉʱˊ˔ʶʽ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ ˉˊˇˋʷʴʴʽˋʹΦ 

ɳˉʰ˄ʰ˂ʰ˃ʲʱ˄ʶˍʰʽΣ ˉʱ˄ˍ˖ˌΣ ˈˍʽ ˉˊʰˁˍʽˁʺ ˋʹ˃ʰˋʾʰ ʷ˔ˇˎ˄ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˂ˈʴˇˎˌ 

˃ʶʴʰ˂ˏˍʶˊˇˎˌ ʰˉˈ 9κ9s=0.001. 

ɼɮʆɮɿʁɾɶ ʃɹɳʅɳʍɿ ʅʆɶɿ ɳʃɳɿɲʇʅɶ 

ɯ˂˂ˇ ʷ˄ʰ ˃ʷʴʶʻˇˌΣ ˉʱ˄˖ ˋˍˇ ˇˉˇʾˇ ʵʽʶˊʶˎ˄ʱˍʰʽ ʹ ʶˉʾʵˊʰˋʹ ˍʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍʹˌ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˍʹˌΣ ʶʾ˄ʰʽ ˇʽ ˉʽʷˋʶʽˌ ˉʱ˄˖ ˋˍʹ˄ 

ʶˉʷ˄ʵˎˋʹ ˁʰʽ ʵʹ ˍʹ˄ ˉˊˇˋ˖ˊʽ˄ʺΦ ʂˉ˖ˌ ʻʰ ˒ʰ˄ʶʾ ˉʰˊʰˁʱˍ˖ ˇʽ ˋˎ˄ʻʺˁʶˌ ˋˎ˄ʱ˒ʶʽʰˌ 

ʶˉʹˊʶʱʸˇˎ˄ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʶ˄˗ ˁʰʽ ˉʰˊʱ˃ʶˍˊˇʽ ˉˇˎ 

˔ʰˊʰˁˍʹˊʾʸˇˎ˄ ˍʹ˄ ʶˉʰ˒ʺ ʶʵʱ˒ˇˎˌ ς ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˉˇˎ ʶʽˋʱʴˇ˄ˍʰʽ ˋˍˇ input file ˍˇˎ 

ˁ˗ʵʽˁʰ ABAQUSΣ ˉʰʾʸˇˎ˄ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇΦ 

ü ʃɽɶʄɶʅ ʅʇɿɮʊɳɹɮ ɳɲɮʊʁʇʅ ς ɳʃɳɿɲʇʅɶʅ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.6Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰΣ ʴʽʰ 
ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/ R=0.01. 



ʃɳʄɹɱʄɮʊɶ ɼɮɹ ɮʀɹʁɽʁɱɶʅɶ ɾʁɿʆɳɽʍɿ ʃʄʁʅʁɾʁɹʍʅɶʅ ɼɮɹ ʁɾɮɲʍɿ ɮɿɮɽʇʅɳʍɿ 
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ɲʽʱʴˊʰ˃˃ʰ 3.7Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰΣ ʴʽʰ 
ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/ R=0.075. 

ɶ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰ ʶʾ˄ʰʽ ʴʶ˄ʽˁ˗ˌ ˇ˃ʰ˂ʺ ˁʰʽ ˒ˎˋʽˇ˂ˇʴʽˁʺΣ 

ʴʽʰ ˈ˂ʶˌ ˍʽˌ ˉʰˊʰˉʱ˄˖ ˉʶˊʽˉˍ˗ˋʶʽˌ ˈˉˇˎ ˎˉʱˊ˔ʶʽ ˉ˂ʺˊʹˌ ˋˎ˄ʱ˒ʶʽʰ ʶʵʱ˒ˇˎˌ ς 

ʶˉʷ˄ʵˎˋʹˌΣ ʶˁˍˈˌ ʰˉˈ ˇˊʽˋ˃ʷ˄ʰ ˃ʶ˃ˇ˄˖˃ʷ˄ʰ ˋʹ˃ʶʾʰ ˈˉˇˎ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ʰ˄˖˃ʰ˂ʾʶˌ 

ˁʰʽ ʰˉˈˍˇ˃ʶˌ ˃ʶˍʰʲˇ˂ʷˌ ˍʹˌ ˉʾʶˋʹˌΦ ɮˎˍʷˌ ˇʽ ʰ˄˖˃ʰ˂ʾʶˌΣ ˉʱ˄ˍ˖ˌΣ ʰ˒ʶ˄ˈˌ ʵʶ˄ 

ʶˉʹˊʶʱʸˇˎ˄ ˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˁʰʽ ʰ˒ʶˍʷˊˇˎ ʾˋ˖ˌ ˄ʰ ˇ˒ʶʾ˂ˇ˄ˍʰʽ ˋˍʹ ʵʽʱˍʰ˅ʹ ˍ˖˄ 

ˁˈ˃ʲ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˍˇʽ˔ʶʾˇ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ʵʽʶˊʶˎ˄ʹʻʶʾ ˉʶˊʽˋˋˈˍʶˊˇΦ 

ü ʃɽɶʄɶʅ ʁɽɹʅɸɶʅɶ ɳɲɮʊʁʇʅ - ɳʃɳɿɲʇʅɶʅ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.8Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΣ ʴʽʰ 
ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/ R=0.01. 
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ɲʽʱʴˊʰ˃˃ʰ 3.9Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΣ 
ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/ R=0.075. 

ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌΣ ʶ˄˗ ʴʽʰ ˂ˈʴˇ t/RҐлΦлм ˇʽ ˁʰˍʰ˄ˇ˃ʷˌ ˍ˖˄ 

ˉʽʷˋʶ˖˄ ʶʾ˄ʰʽ ˇ˃ʰ˂ʷˌΣ ʴʽʰ ˂ˈʴˇ t/RҐлΦлтр ʹ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˉʽʷˋʶ˖˄ ˉʰˊˇˎˋʽʱʸʶʽ ˋˇʲʰˊʷˌ 

ʰ˄˖˃ʰ˂ʾʶˌ ˁʰʽ ʰˎ˅ˇ˃ʶʽ˗ˋʶʽˌΣ ʽʵʽʰʾˍʶˊʰ ʴʽʰ E/Es=0,001 ˁʰʽ ˂ʽʴˈˍʶˊˇ ʴʽʰ E/Es=0,1. 

ɾʶ˂ʶˍ˗˄ˍʰˌ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˉʽʷˋʶ˖˄, ˋˍˇ ʰˊ˔ʶʾˇ ODB ˍˇˎ ABAQUSΣ ˁʱˉˇʽʶˌ ʰˉˈ 

ʰˎˍʷˌ ˍʽˌ ˃ʹ ˒ˎˋʽˇ˂ˇʴʽˁʷˌ ʰˎ˅ˇ˃ʶʽ˗ˋʶʽˌ ˍʹˌ ˉʾʶˋʹˌ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˋʶ ˋʹ˃ʶʾʰ ˈˉˇˎ ˍʰ 

ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ, ˉˇˎ ʶʾ˄ʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ʷ˔ˇˎ˄ ʵʽʱˍʰ˅ʹ ˃ʹ ˇ˃ʰ˂ʺΣ 

˃ʶ ˇ˅ʶʾʶˌ ˁʰʽ ʰ˃ʲ˂ʶʾʶˌ ʴ˖˄ʾʶˌ ˇʽ ˇˉˇʾʶˌ ʶ˄ʵʷ˔ʶˍʰʽ ˄ʰ ˁʰʻʽˋˍˇˏ˄ ˍʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ 

ˋˍˇʽ˔ʶʾʰ ˉʶˊʽˋˋˈˍʶˊˇ ʱˁʰ˃ˉˍʰΣ ʶˉʹˊʶʱʸˇ˄ˍʰˌ ʷˍˋʽΣ ˍˇˉʽˁʱΣ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˉʾʶˋʹˌ 

(ɳʽˁˈ˄ʰ 3.7)Φ ɶ ʴʶ˄ʽˁʺ ˍʱˋʹΣ ˉʱ˄ˍ˖ˌΣ ʶʾ˄ʰʽ ˈˍʽ ˇʽ ʰ˄˖˃ʰ˂ʾʶˌ ˍʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍʹˌ ˉʾʶˋʹˌ 

ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˁˎˊʾ˖ˌ ˋˍʽˌ ʵʽʰʴ˗˄ʽˇˎˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ό̀ ˍʽˌ пр  ɘ h ˉˈ ˍʹ˄ ˁʰˍʰˁˈˊˎ˒ˇ ˁʰʽ 

ˍʹ˄ ˇˊʽʸˈ˄ˍʽʰύΦ  

 

ɳʽˁˈ˄ʰ 3.7Υ ɼʰˍʰ˄ˇ˃ʺ ˉʾʶˋʹˌ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ ʰ˄ˍʾˋˍˇʽ˔ʹ ˂ʶˉˍˇ˃ʷˊʶʽʰΣ ʴʽʰ ˍʹ˄ 
ˉʶˊʾˉˍ˖ˋʹ ˈˉˇˎ t/ RҐлΦлм ˁʰʽ E/ Es=0.1. 



ʃɳʄɹɱʄɮʊɶ ɼɮɹ ɮʀɹʁɽʁɱɶʅɶ ɾʁɿʆɳɽʍɿ ʃʄʁʅʁɾʁɹʍʅɶʅ ɼɮɹ ʁɾɮɲʍɿ ɮɿɮɽʇʅɳʍɿ 
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ɮ˅ʾʸʶʽ ˄ʰ ʰ˄ʰ˒ʶˊʻʶʾΣ ˉʱ˄ˍ˖ˌΣ ˈˍʽ ʰˎˍʷˌ ˇʽ ʰ˄˖˃ʰ˂ʾʶˌ ˋˍʽˌ ˁʰˍʰ˄ˇ˃ʷˌ ˍ˖˄ ˉʽʷˋʶ˖˄ ˋˍʹ˄ 

ʶˉʷ˄ʵˎˋʹ ˍʹˌ ˋʺˊʰʴʴʰˌ ʵʶ˄ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ʰˎˍʺˌΦ 

ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˋˍˇ ɲʽʱʴˊʰ˃˃ʰ 3.10Σ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʹ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ʰ˅ˇ˄ʽˁʺˌ ʵˏ˄ʰ˃ʹˌ 

ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰΣ ˁʰʽ ʹ ˇˉˇʾʰ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˇ˃ʰ˂ʺ ˔˖ˊʾˌ ˄ʰ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ʶˉʹˊʶʱʸʶˍʰʽ 

ʰˉˈ ˍʽˌ ʰ˄˖˃ʰ˂ʾʶˌ ˋˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˉʾʶˋʹˌΦ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.10Υ ɼʰˍʰ˄ˇ˃ʺ ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹˌ ʰ˅ˇ˄ʽˁʺˌ ʵˏ˄ʰ˃ʹˌ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʴʽʰ 
ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΣ ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/ R=0.075. 

ʂ˂ˇʽΣ ˂ˇʽˉˈ˄Σ ˇʽ ˉʰˊʰˉʱ˄˖ ˂ˈʴˇʽ όʰ˄˖˃ʰ˂ʾʶˌ ˋˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˉʽʷˋʶ˖˄ ˁʰʽ ʰˉˇˁ˂ʾˋʶʽˌ 

ˍ˖˄ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ʰˉˈ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌύ ˋˎ˄ʶˍʷ˂ʶˋʰ˄ ˋˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˁʰʽ 

ʵˇˁʽ˃ʺ ʶ˄ˈˌ ʵʶˏˍʶˊˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˃ʶ ˁʱ˄ʰʲˇ ˉʶˊʽˋˋˈˍʶˊˇ ˇ˃ʰ˂ˈ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰ 

ˁʰʽ ˃ʶʴʰ˂ˏˍʶˊˇ ʰˊʽʻ˃ˈ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄Σ ˗ˋˍʶ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ʹ ˃ʶʴʰ˂ˏˍʶˊʹ 

ʵˎ˄ʰˍʺ ʰˁˊʾʲʶʽʰ ό˔˖ˊʾˌ ˄ʰ ʰˎ˅ʹʻʶʾ ʽʵʽʰʾˍʶˊʰ ˇ ˎˉˇ˂ˇʴʽˋˍʽˁˈˌ ˔ˊˈ˄ˇˌύ ˁʰʽ ˄ʰ 

ʶ˅ʰ˂ʶʽ˒ʻˇˏ˄Σ ˁʰˍʱ ˍˇ ʵˎ˄ʰˍˈΣ ˍʰ ˋ˒ʱ˂˃ʰˍʰ ˂ˈʴ˖ ʰ˄˖˃ʰ˂ʾʰˌ ˁʰ˄ʱʲˇˎΦ  

3.2.2.2 ɾʁɿʆɳɽʁ ɿˇн 

ʆˇ ˄ʷˇ ˃ˇ˄ˍʷ˂ˇ όɿˇнύ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶΣ ʶʾ˄ʰʽ ˁʰʽ ʰˎˍˈ ˍʶˍˊʰʴ˖˄ʽˁˈ ˃ʶ ʶ˅˖ˍʶˊʽˁʷˌ 

ʵʽʰˋˍʱˋʶʽˌ ˈ˃˖ˌ мулx180mΣ ʴʽʰ ˍʹ˄ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹ ˍˇˎ ˇˉˇʾˇˎ ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ˍˊʽʱ˄ˍʰ 

ˇ˃ˈˁʶ˄ˍˊˇʽ ˁˏˁ˂ˇʽ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰ όʹ ˇˉˇʾʰ ˁʰʽ ˉʱ˂ʽ ʶʾ˔ʶ ʵʽʱ˃ʶˍˊˇ D=10mύ ˃ʶ 

ʰˎ˅ʰ˄ˈ˃ʶ˄ʹ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ ˍˇˎˌ ˈˋˇ ʰˉˇ˃ʰˁˊˏ˄ˇ˄ˍʰ˄ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰΣ ˗ˋˍʶ ˍʰ 

ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ˋʶ ˁʱʻʶ ʵʰˁˍˏ˂ʽˇ ˄ʰ ʶʾ˄ʰʽ ˁʰˍʱ ˍˇ ʵˎ˄ʰˍˈ˄ ˍʶˍˊʰʴ˖˄ʽˁʱ ˁʰʽ 

ˇ˃ʰ˂ʱ ʰˎ˅ʰ˄ˈ˃ʶ˄ˇˎ ˃ʶʴʷʻˇˎˌ ʰˉˈ ʰˎˍʱ ˍˇˎ ʰ˃ʷˋ˖ˌ ˃ʽˁˊˈˍʶˊˇˎ ʵʰˁˍˎ˂ʾˇˎ. ɴˍˋʽ  ˁʱʻʶ 

ʵʰˁˍˏ˂ʽˇˌ ˉʶˊʽʶʾ˔ʶ ˋˍʰʻʶˊʱ мнпΣ ˉʶˊʾˉˇˎ ˍʶˍˊʰʴ˖˄ʽˁʱΣ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ˃ʶ ʰˁ˃ʺ 

ʰˉˈ лΦнрm όˋˍʰ ˋˍˇʽ˔ʶʾʰ ˉˇˎ ˋˎ˄ˇˊʶˏˇˎ˄ ˃ʶ ˍʹ˄ ʶˉʷ˄ʵˎˋʹύ ˃ʷ˔ˊʽ мΦрm όˋˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ 

ˍʶ˂ʶˎˍʰʾˇˎ ʵʰˁˍˎ˂ʾˇˎύΦ ʆʷ˂ˇˌ ʴʽʰ ˍʹ˄ ˇ˃ʰ˂ʺ ˁʰˍʰˋˁʶˎʺ ˍˇˎ ˁʰ˄ʱʲˇˎΣ ˋ˔ʶʵʽʱˋˍʹˁʶ ʷ˄ʰ 

ˁˎˊʾ ˖ˌ ˍʶˍˊʱʴ˖˄ˇΣ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰΣ ˃ʶ ʵʽʰˋˍʱˋʶʽˌ  80x80mΣ ˁʰʻ˗ˌ ˁʰʽ ʶˉʽˉ˂ʷˇ˄ 

ˍʶˍˊʱʴ˖˄ʰ ˁʰʽ ˉʰˊʰ˂˂ʹ˂ˈʴˊʰ˃˃ʰ ʴˏˊ˖ ʰˉˈ ˍˇ ˁˎˊʾ˖ˌ ˍʶˍˊʱʴ˖˄ˇ (ɳʽˁˈ˄ʰ 3.8). ʆʰ 
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ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰΣ ˈˉ˖ˌ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ʰˊ˔ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ όɿˇмύ ʶʾ˔ʰ˄ 

ˉˎˁ˄ˈˍʶˊʹ ʵʽʱˍʰ˅ʹ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ʶˁˋˁʰ˒ʺ όʰˉˈ лΦнрmύΣ ˃ʶ ʰˎˍʺ ˄ʰ ʰˊʰʽ˗˄ʶʽ ˉˊˇˌ ˍˇ 

ʶ˅˖ˍʶˊʽˁˈ ˍˇˎ ˁʰʽ ˃ʶ ˍʰ ʶ˅˖ˍʶˊʽˁʱ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ˄ʰ ʷ˔ˇˎ˄ ʰˁ˃ʺ ˉʶˊʾˉˇˎ мΦрm, 

ˈˋˇ ʵʹ˂ʰʵʺ ˁʰʽ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ ˍʶ˂ʶˎˍʰʾˇˎ ʵʰˁˍˎ˂ʾˇˎΦ ɴˍˋʽ ˉˊˇʷˁˎ˕ʶ ʷ˄ʰˌ ˁʱ˄ʰʲˇˌ ˉˇˎ 

ʰˊʽʻ˃ʶʾ мфмпн ˁˈ˃ʲˇˎˌ ˁʰʽ мфлнм ˋˍˇʽ˔ʶʾʰ (ɳʽˁˈ˄ʰ 3.9). 

 

ɳʽˁˈ˄ʰ 3.8Υ ʃʶˊʽˇ˔ʷˌ ˋˍʽˌ ˇˉˇʾʶˌ ˔˖ˊʾˋˍʹˁʶ ˍˇ ˃ˇ˄ˍʷ˂ˇ ʴʽʰ ˍʹ˄ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹ ˃ʶ ʰ˄ˍʾˋˍˇʽ˔ʹ 
˂ʶˉˍˇ˃ʷˊʶʽʰ ˍ˖˄ ˇ˃ˈˁʶ˄ˍˊ˖˄ ˁˏˁ˂˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰΦ 

 

ɳʽˁˈ˄ʰ 3.9Υ ʆʶ˂ʽˁˈˌ ˁʱ˄ʰʲˇˌ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʴʽʰ ˍˇ ˃ˇ˄ˍʷ˂ˇ ɿˇн ˃ʶ ˂ʶˉˍˇ˃ʷˊʶʽʰ 
ˋˍˇʽ˔ʶʾ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ʶˁˋˁʰ˒ʺ ό˃ʶ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ʶˁˋˁʰ˒ʺˌ ʶˉʽˋʹ˃ʰˋ˃ʷ˄ʰ ˃ʶ ˁˈˁˁʽ˄ˇ 

˔ˊ˗˃ʰύ. 
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ʅ̱ ˇ ˉʰˊʰˉʱ˄˖ ˃ˇ˄ˍʷ˂ˇΣ ˂ˇʽˉˈ˄Σ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˈ˂ʶˌ ˇʽ ʰ˄ʰ˂ˏˋʶʽˌ ˉˇˎ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˁʰʽ ʴʽʰ ˍˇ ʰˊ˔ʽˁˈ ˃ˇ˄ˍʷ˂ˇΣ ˗ˋˍʶ ˄ʰ ʵʽʰˉʽˋˍ˖ʻʶʾ ʰ˄ ˈ˂ʶˌ ˇʽ 

ʰ˄˖˃ʰ˂ʾʶˌ ˁʰ ʰ˄ʰˁˊʾʲʶʽʶˌΣ ˉˇˎ ˉʰˊʰˍʹˊʺʻʹˁʰ˄ ˋˍˇ ˉˊ˗ˍˇΣ ˇ˒ʶʾ˂ˇ˄ˍʰʽ ˋˍʹ˄ ʵʽʱˍʰ˅ʹ ˍˇˎ 

ˁʰ˄ʱʲˇˎ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ ʺ ˈ˔ʽΦ ʁʽ ʰ˄ʰ˂ˏˋʶʽˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄, ˉˊˇ˒ʰ˄˗ˌ, ˃ʶ 

ˍʽˌ ʾʵʽʶˌ ʶ˂ʰˋˍʽˁʷˌ ˁʰʽ ˍʶ˔˄ʽˁʷˌ ˉʰˊʰ˃ʷˍˊˇˎˌΣ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍˇ ˃ˇ˄ˍʷ˂ˇ 

ɿˇмΣ ʶ˄˗ ˁʰʽ ˉʱ˂ʽ ʷʴʽ˄ʰ˄ ˋˎʴˁˊʾˋʶʽˌ ˍ˖˄ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ˃ʶ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌ ˍ˖˄ 

Schwartz and Einstein (1979). 

ɲɹɮɱʄɮɾɾɮʆɮ ɮʀʁɿɹɼʍɿ ɲʇɿɮɾɳʍɿ 

ʂˉ˖ˌ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ʰˊ˔ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ʷˍˋʽ ˁʰʽ ʶʵ˗ ʷʴʽ˄ʰ˄ ˋˎʴˁˊʾˋʶʽˌ ˍ˖˄ 

ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄ ˃ʶ ˍʽˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʶˉʽ˂ˏˋʶʽˌΣ ʴʽʰ ˂ˈʴˇˎˌ t/RҐлΦлм ˁʰʽ t/RҐлΦлтрΦ ɱʽʰ 

ˍʽˌ ˋˎ˄ʻʺˁʶˌ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌΣ ʻʶ˖ˊʺʻʹˁʶ ˉʱ˂ʽ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˍˊʽʲʺˌ ʾˋˇˌ ˃ʶ 

˃ҐлΦллм ˁʰʽ ˃ʷʴʽˋˍʹ ˋ˔ʶˍʽˁʺ ˃ʶˍʰˁʾ˄ʹˋʹ ʶˉʽ˒ʰ˄ʶʽ˗˄ όʵʽʰˍ˃ʹˍʽˁʺ ˃ʶˍʰˁʾ˄ʹˋʹύ ʾˋʹ ˃ʶ 

el.slip= 10mΣ ˗ˋˍʶ ʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˄ʰ ʷ˔ʶʽ ˉˇ˂ˏ ˃ʽˁˊʺ ʵˎˋˍ˃ʹˋʾʰΦ ɿʰ ˋʹ˃ʶʽ˖ʻʶʾ ˁʰʽ ˉʱ˂ʽ 

ˈˍʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˋˍʹ˄ ˉʰˊʶʽʱ ˍʹˌ ˋʺˊʰʴʴʰˌΦ 

ü ʃʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌκɮˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌ όt/ R=0.01) 

 

ɲʽʱʴˊʰ˃˃ʰ 3.11Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлмΦ 

E/Es THRUST (kN) T/PR (ABAQUS) 
T/PR (SCHWARTZ-

EINSTEIN)) 
ɮʃʁɼɽɹʅɶ 

0.0001 -23533.9 
0.941 0.944 0.317% 

0.001 -22135.4 
0.885 0.892 0.728% 
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0.01 -14115.6 
0.565 0.582 3.057% 

0.1 -3239.13 
0.130 0.138 6.273% 

1 -378.491 
0.015 0.016 7.234% 

ʃʾ˄ʰˁʰˌ 3.6Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ ʶ t/ R=0.01, ̀ ˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ 
ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 

ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ʰˎˍˈ ˍˇ ˃ˇ˄ˍʷ˂ˇΣ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ʷ˔ˇˎ˄ ˁʰ˂ˏˍʶˊʹ ˉˊˇˋʷʴʴʽˋʹ ˃ʶ ˍʽˌ 

ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʰˊ˔ʽˁˈ ˃ˇ˄ˍʷ˂ˇΣ ˁʰʻ˗ˌ ˍˇ ˋ˒ʱ˂˃ʰ ˃ʶʽ˗˄ʶˍʰʽ ˋʶ ˈ˂ʶˌ 

ˋ˔ʶʵˈ˄ ˍʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌΦ ʁʽ ˍʽ˃ʷˌ ʴʽʰ ˍˇ ˃ˇ˄ˍʷ˂ˇ ɿˇн ˉʰˊˇˎˋʽʱʸˇˎ˄ ˃ʽʰ ʴʶ˄ʽˁʺ ʰˏ˅ʹˋʹ 

ˉˊˇˋʶʴʴʾʸˇ˄ˍʰˌ ˁʰ˂ˏˍʶˊʰ ˍʽˌ ˍʽ˃ʷˌ ʰˉˈ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌ ˁʰʽ ˃ʶʽ˗˄ˇ˄ˍʰˌ ʷˍˋʽ ˍˇ 

ˋ˒ʱ˂˃ʰΦ ɾʷ˄ʶʽΣ ˂ˇʽˉˈ˄Σ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ʰ˄ ʶˁʶʾ˄ʹ ʹ ʰˏ˅ʹˋʹ ˍ˖˄ ˍʽ˃˗˄Σ ʴʽʰ ˍˇ ˃ˇ˄ˍʷ˂ˇ 

ɿˇнΣ ʶʾ˄ʰʽ ʰˉ˂˗ˌ ˃ʽʰ ʴʶ˄ʽˁʺ ˍʱˋʹ ˉˇˎ ʶˉʽˁˊʰˍʶʾ ˋʶ ˈ˂ʶˌ ˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ʺ ʰ˄ ˈ˄ˍ˖ˌ ˍˇ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʰˎˍˈ ˃ˇ˄ˍʷ˂ˇ ʷ˔ʶʽ ˈ˄ˍ˖ˌ ˁʰ˂ˏˍʶˊʹ ˉˊˇˋʷʴʴʽˋʹ ʰˉˈ ˍˇ ʰˊ˔ʽˁˈ ˁʰʽ ʶʾ˄ʰʽ 

ˉʶˊʽˋˋˈˍʶˊˇ ʰˁˊʽʲʷˌΦ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.12Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/R= 0.01. 

E/Es THRUST (kN) T/PR (ABAQUS) 
T/PR (SCHWARTZ-

EINSTEIN)) 
ɮʃʁɼɽɹʅɶ 

0.0001 - 
- 0.746 

- 
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0.001 -19922.5 
0.797 0.698 

-14.195% 

0.01 -10577.9 
0.423 0.429 

1.277% 

0.1 -2070.37 
0.083 0.088 

6.146% 

1 -229.017 
0.009 0.010 

7.174% 

ʃʾ˄ʰˁʰˌ 3.7Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ R=0.01, ̀ ˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ 
ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˁʰʽ ˉʱ˂ʽ ˃ʽʰ ˋʹ˃ʰ˄ˍʽˁʺ ʰˉˈˁ˂ʽˋʹ ˍ˖˄ ˍʽ˃˗˄ ʴʽʰ ˂ˈʴˇ E/EsҐлΦллмΣ ˈˉ˖ˌ ˁʰʽ 

ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ʰˊ˔ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎΣ ˃ʶ ˍˇ ˋ˒ʱ˂˃ʰ ˃ʱ˂ʽˋˍʰ ʶʵ˗ ˄ʰ ʰˎ˅ʱ˄ʶˍʰʽ 

ˉʶˊʽˋˋˈˍʶˊˇΦ ɮˎˍˈ ʾˋ˖ˌ ˋʹ˃ʰʾ˄ʶʽ ˈˍʽ ˇʽ ˍʽ˃ʷˌ ˍ˖˄ ʶ˄ˍʰˍʽˁ˗˄ ˃ʶʴʶʻ˗˄Σ ˋʶ ʰˎˍˈ ˍˇ 

˃ˇ˄ˍʷ˂ˇΣ ʷ˔ˇˎ˄ ˃ʽʰ ʴʶ˄ʽˁʺ ʰˎ˅ʹˍʽˁʺ ˍʱˋʹ ˃ʶ ˍʹ˄ ˃ʶʾ˖ˋʹ ˍ˖˄ ˋ˒ʰ˂˃ʱˍ˖˄ ˄ʰ ʶʾ˄ʰʽ ˃ʱ˂˂ˇ˄ 

ˉʶˊʽˋˋˈˍʶˊˇ ˋˎʴˁˎˊʽʰˁʺΣ ˉʰˊʱ ˁʰ˂ˏˍʶˊʹ ˉˊˇˋʷʴʴʽˋʹΦ ʆʷ˂ˇˌΣ ʶˉʰ˄ʰ˂ʰ˃ʲʱ˄ʶˍʰʽΣ ˈˍʽ ʹ 

ʰ˄ʱ˂ˎˋʹ ʴʽʰ ˂ˈʴˇ E/EsҐлΦлллмΣ ʵʶ˄ ʺˍʰ˄ ʵˎ˄ʰˍˈ˄ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˂ˈʴ˖ ʰʵˎ˄ʰ˃ʾʰˌ 

ˋˏʴˁ˂ʽˋʹˌ ˍˇˎ ˁ˗ʵʽˁʰ ABAQUS. 

ü ʃʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌκɮˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌ όt/ R=0.075) 

 

ɲʽʱʴˊʰ˃˃ʰ 3.13Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлтрΦ 

E/Es THRUST (kN) T/PR (ABAQUS) 
T/PR (SCHWARTZ-

EINSTEIN)) 
ɮʃʁɼɽɹʅɶ 
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0.0001 -24710 0.9884 0.9901 0.172% 

0.001 -23845.8 0.953 0.957 0.373% 

0.01 -21713.3 0.868 0.876 0.904% 

0.1 -12494.2 0.499 0.518 3.573% 

1 -2528.73 0.101 0.108 6.577% 

ʃʾ˄ʰˁʰˌ 3.8Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ RҐлΦлтрΣ ˋˏ˃˒˖˄ʰ ˃ʶ 
ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 

ʁʽ ˉˊˇˋʶʴʴʾ ˋʶʽˌΣ ʴʽʰ ˍʹ˄ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˂ˈʴˇ t/RҐлΦлтрΣ ʶʾ˄ʰʽ ʰˊˁʶˍʱ 

ʽˁʰ˄ˇˉˇʽʹˍʽˁʷˌ ˃ʶ ˃ʽˁˊʱ ˋ˒ʱ˂˃ʰˍʰΦ ɹʵʾ˖ˌ ʴʽʰ ˍʽˌ ˃ʽˁˊʷˌ ˍʽ˃ʷˌ ˍˇˎ ˂ˈʴˇˎ 9κ9s. 

 

ɲʽʱʴˊʰ˃˃ʰ 3.14Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ʰ˅ˇ˄ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлтрΦ 

E/Es THRUST (kN) T/PR (ABAQUS) 
T/PR (SCHWARTZ-

EINSTEIN)) 
ɮʃʁɼɽɹʅɶ 

0.0001 - 
- 0.868 

- 

0.001 -21230.8 
0.849 0.790 

-7.539% 



ʃɳʄɹɱʄɮʊɶ ɼɮɹ ɮʀɹʁɽʁɱɶʅɶ ɾʁɿʆɳɽʍɿ ʃʄʁʅʁɾʁɹʍʅɶʅ ɼɮɹ ʁɾɮɲʍɿ ɮɿɮɽʇʅɳʍɿ 
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0.01 -17379.4 
0.695 0.689 

-0.963% 

0.1 -9057.42 
0.362 0.376 

3.590% 

1 -1590.95 
0.064 0.068 

6.800% 

ʃʾ˄ʰˁʰˌ 3.9Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ʰ˅ˇ˄ʽˁʺ ʵˏ˄ʰ˃ʹ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ RҐлΦлтрΣ ˋˏ˃˒˖˄ʰ ˃ʶ 
ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 

ʅˎ˄ʶ˔ʾʸʶˍʰʽ ˁʰʽ ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʹ ʰˉˈˁ˂ʽˋʹ ˍ˖˄ ˍʽ˃˗˄ ˍʹˌ ʰ˅ˇ˄ʽˁʺˌ ʵˏ˄ʰ˃ʹˌ ʴʽʰ 

˂ˈʴˇ 9κ9sҐлΦллмΣ ˉˊʱʴ˃ʰ ˉˇˎ ʾˋ˖ˌ ˍʶ˂ʽˁʱ ˄ʰ ˋʹ˃ʰʾ˄ʶʽ ˈˍʽ ʶʾ˄ʰʽ ʻʷ˃ʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˁʰʽ 

ˈ˔ʽ ˁʰ˄ʱʲˇˎΦ ɱʽʰ ˍˇˎˌ ʱ˂˂ˇˎˌ ˂ˈʴˇˎˌ E/Es, ʁ ˅ʰˁˇ˂ˇˎʻʶʾ ʹ ˁʰ˂ʺ ˉˊˇˋʷʴʴʽˋʹΦ 

ɲɹɮɱʄɮɾɾɮʆɮ ɼɮɾʃʆɹɼʍɿ ʄʁʃʍɿ 

ɼʰʽ ʶʵ˗ ʵʽʰʴˊʱ˃˃ʰˍʰ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ʵʶ˄ ʶ˅ʺ˔ʻʹˋʰ˄ ʴʽʰ ˂ˈʴˇ t/ R=0.01Σ ʴʽʰˍʾ ʰˎˍʷˌ 

ʶʾ˔ʰ˄ ʰ˃ʶ˂ʹˍʷʶˌ ˍʽ˃ʷˌ ˍˈˋˇ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˈˋˇ ˁʰʽ ˍʹˌ ˃ʹʵʶ˄ʽˁʺˌ 

ˋˎ˄ʱ˒ʶʽʰˌΦ 

ü ʃʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌκɮˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌ όt/ R=0.075) 

 

ɲʽʱʴˊʰ˃˃ʰ 3.15Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлтрΦ 

E/Es 
MOMENTS 

(kNm) 
ɾκtwч (ABAQUS) 

ɾκtwч (SCHWARTZ-
EINSTEIN)) 

ɮʃʁɼɽɹʅɶ 
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0.0001 -12565.1 
0.1005 0.102 

1.720% 

0.001 -4577.17 
0.0366 0.039 

5.692% 

0.01 -618.388 
0.0049 0.005 

8.955% 

0.1 -61.2682 
0.0005 0.0006 

18.296% 

1 -5.58395 
4E-05 0.00007 

33.788% 

ʃʾ˄ʰˁʰˌ 3.10Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ˁʰ˃ˉˍʽˁʺ ˊˇˉʺ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ RҐлΦлтрΣ ˋˏ˃˒˖˄ʰ ˃ʶ 
ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 

ɼʰ˂ʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˁʰʽ ʴʽʰ ˍʽˌ ˊˇˉʷˌΣ ˋˍʹ˄ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰΣ ˃ʶ ˍˇ ˋ˒ʱ˂˃ʰ 

˄ʰ ʰˎ˅ʱ˄ʶˍʰʽ ζˉ˂ʰˋ˃ʰˍʽˁʱη ˋˍˇˎˌ ˃ʶʴʱ˂ˇˎˌ ˂ˈʴˇˎˌ 9κ9s. 

 

ɲʽʱʴˊʰ˃˃ʰ 3.16Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ˁʰ˃ˉˍʽˁ˗˄ ˊˇˉ˗˄ ˋˍʹ˄ ʁ ˉʷ˄ʵˎˋʹΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлтрΦ 

E/Es 
MOMENTS 

(kNm) 
ɾκtwч (ABAQUS) 

ɾκtwч (SCHWARTZ-
EINSTEIN)) 

ɮʃʁɼɽɹʅɶ 

0.0001 - 
- 0.119 

- 

0.001 -4617.27 
0.037 0.047 

21.609% 



ʃɳʄɹɱʄɮʊɶ ɼɮɹ ɮʀɹʁɽʁɱɶʅɶ ɾʁɿʆɳɽʍɿ ʃʄʁʅʁɾʁɹʍʅɶʅ ɼɮɹ ʁɾɮɲʍɿ ɮɿɮɽʇʅɳʍɿ 
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0.01 -763.57 
0.006 0.007 

8.847% 

0.1 -79.6806 
0.0006 0.0007 

8.895% 

1 -7.94978 
0.00006 0.00007 

9.505% 

ʃʾ˄ʰˁʰˌ 3.11Υ ɼʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʹ ˁʰ˃ˉˍʽˁʺ ˊˇˉʺ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹΣ ˃ʶ t/ RҐлΦлтрΣ ˋˏ˃˒˖˄ʰ ˃ʶ 
ˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ʶˉʾ˂ˎˋʹ ˁʰʽ ˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ ˁʰʽ ˉʷ˄ˍʶ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˇˏˌ ˂ˈʴˇˎˌ 9κ9sΣ ˁʰʽ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˋ˒ʱ˂˃ʰˍʰΦ 

ɾʶʴʰ˂ˏˍʶˊˇ ˋ˒ʱ˂˃ʰ ʴʽʰ ˂ˈʴˇ 9κ9sҐлΦллм ˁʰʽ ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹΣ ˉˊʱʴ˃ʰ ˉˇˎ 

ʶˉʽˍʱˋˋʶʽ ˍʹ˄ ˉʰˊʰ˃ʶˍˊʽˁʺ ʵʽʶˊʶˏ˄ʹˋʹ ˍˇˎ ˉˊˇʲ˂ʺ˃ʰˍˇˌ ˃ʶˍʰʲʱ˂˂ˇ˄ˍʰˌ ˉʰˊʰ˃ʷˍˊˇˎˌ 

ˈˉ˖ˌ ʶʾ˄ʰʽ ʰˎˍʷˌ ˉˇˎ ˊˎʻ˃ʾʸˇˎ˄ ˍʹ˄ ʰˉˇˁˈ˂˂ʹˋʹ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ʰˉˈ ʰˎˍʺ 

ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʺ ʱ˂˂ʶˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˈˉ˖ˌ ʹ ˃ʷʴʽˋˍʹ ʵʽʰˍ˃ʹˍʽˁʺ ˃ʶˍʰˁʾ˄ʹˋʹ ˉˇˎ ˃ˉˇˊʶʾ 

˄ʰ ʰ˄ʰ˂ʱʲʶʽ ʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰ (elastic slip). 

ɲɹɮɱʄɮɾɾɮʆɮ ɾɳʆɮɼɹɿɶʅɳʍɿ ʃɮʄɳɹɮʅ 

ü ʃʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌκɮˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌ όt/ R=0.01) 

ɱʽʰ ˍˇ ɾˇ˄ˍʷ˂ˇ ɿˇн ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ˁʰʽ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ˍ˖˄ ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄˖˄ 

˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˍʹˌ ˉʰˊʶʽʱˌ ό̒Ґл  ɘύΣ ˍˈˋˇ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ˈˋˇ 

ˁʰʽ ʴʽʰ ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌΦ ɮˊ˔ʽˁʱ ˂ˇʽˉˈ˄ ʴʽʰ ˂ˈʴˇ ǘκwҐлΦлм, 

ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˍˇ ɲʽʱʴˊʰ˃˃ʰ 3.17 ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʴʽʰ ˁʰʽ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ 

ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΣ ˁʰʽ ˍˇ ɲʽʱʴˊʰ˃˃ʰ 3.18 ɹ ʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌΦ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.17Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˉʰˊʶʽʱˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 
ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ 

ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлмΦ 
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ɲʽʱʴˊʰ˃˃ʰ 3.18Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˉʰˊʶʽʱˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 
ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ 

ˇ˂ʾˋʻʹˋʹˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлм. 

ʁʽ ˉʰˊʰˍʹˊʺˋʶʽˌ ʰˉˈ ˍʰ ˉʰˊʰˉʱ˄˖ ʵʽʰʴˊʱ˃˃ʰˍʰ ʶʾ˄ʰʽ ʾʵʽʶˌ ˃ʶ ˍʽˌ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʴʽʰ ˍʽˌ 

ʰ˅ˇ˄ʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ ˁʰʽ ˍʽˌ ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌΣ ʵʹ˂ʰʵʺ ʶ˄ˍˇˉʾʸʶˍʰʽ ˉˇ˂ˏ ˁʰ˂ʺ ˉˊˇˋʷʴʴʽˋʹ 

ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌ ˁʰʽ ˃ʽʰ ˋʹ˃ʰ˄ˍʽˁʺ 

ʰˉˈˁ˂ʽˋʹ ʴʽʰ ˂ˈʴˇ 9κ9s=0.001 όˍʹˌ ˍʱ˅ʹˌ ˍˇˎ ноΦр҈ύΣ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ 

ˇ˂ʾˋʻʹˋʹˌ ˃ʶ ˁʰ˂ʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌΣ ˈ˃˖ˌΣ ˁʰʽ ˉʱ˂ʽ ʴʽʰ ˍˇˎˌ ˎˉˈ˂ˇʽˉˇˎˌ ˂ˈʴˇˎˌ 9κ9s. ɿʰ 

ˎˉʶ˄ʻˎ˃ʽˋˍʶʾ ˈˍʽ ˇʽ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʶʾ˄ʰʽ ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʶˌ ˖ˌ ˉˊˇˌ ˍʹ˄ ʶˉʾ ˍˈˉˇˎ ˍʱˋʹΣ 

ˍʹ˄ ʰˁˍʾ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ ʰ˂˂ʱ ˁʰʽ ˍˇ ʶˁʱˋˍˇˍʶ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˍˇˎ ʶʵʱ˒ˇˎˌΦ 

ü ʃʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌκɮˁˍʾ˄ʰ ˋʺˊʰʴʴʰˌ όt/ R=0.075) 

ɱʽʰ ˍˇ˄ ˂ˈʴˇ ǘκwҐлΦлтрΣ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˍˇ ɲʽʱʴˊʰ˃˃ʰ 3.19 ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰ ˁʰʽ ˍˇ 

ɲʽʱʴˊʰ˃˃ʰ 3.20 ɹ ʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΦ 
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ɲʽʱʴˊʰ˃˃ʰ 3.19Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˉʰˊʶʽʱˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 
ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ 

ˋˎ˄ʱ˒ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлтрΦ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.20Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˉʰˊʶʽʱˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 
ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˂ˏˋʶ˖˄Σ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ 

ˇ˂ʾˋʻʹˋʹˌ ʶʵʱ˒ˇˎˌ ς ʁ ˉʷ˄ʵˎˋʹˌ ˁʰʽ ʴʽʰ ˂ˈʴˇ ǘκwҐ лΦлтрΦ 

ɮ˄ˍʾˋˍˇʽ˔ʰ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁʰʽ ʴʽʰ ʰˎˍˈ ˍˇ ˉʱ˔ˇˌ ʶˉʷ˄ʵˎˋʹˌΣ ˃ʶ ˍʹ˄ ʰˉˈˁ˂ʽˋʹ ʴʽʰ ˂ˈʴˇ 

E/EsҐлΦллмΣ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌΣ ˄ʰ ˒ˍʱ˄ʶʽ ˍ˗ˊʰ ˋˍˇ мф҈Φ 

ɼɮʆɮɿʁɾɶ ʃɹɳʅɳʍɿ ʅʆɶɿ ɳʃɳɿɲʇʅɶ 

ɼʰʽ ʴʽʰ ʰˎˍˈ ˍˇ ˃ˇ˄ˍʷ˂ˇ ʶ˅ʺ˔ʻʹˋʰ˄ ʵʽʰʴˊʱ˃˃ʰˍʰ ˁʰˍʰ˄ˇ˃ʺˌ ˍ˖˄ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ 

ˋʺˊʰʴʴʰΣ ʴʽʰ ˄ʰ ˋˎʴˁˊʽʻˇˏ˄ ˃ʶ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ˍˇˎ ʰˊ˔ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎΦ ʇˉʶ˄ʻˎ˃ʾʸʶˍʰʽ ˈˍʽ ˇʽ 
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ˉʰˊʱ˃ʶˍˊˇʽ ʰˉˇˁˈ˂˂ʹˋʹˌ ˉˇˎ ʷ˔ˇˎ˄ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʶʾ˄ʰʽΣ p=1kPa ˁʰʽ c=0.000001m ˃ʶ 

ʶˁʻʶˍʽˁʺ ˋˎˋ˔ʷˍʽˋʹ όexponential). 

ü ʃɽɶʄɶʅ ʅʇɿɮʊɳɹɮ ɳɲɮʊʁʇʅ ς ɳʃɳɿɲʇʅɶʅ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.21Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰΣ 
ʴʽʰ ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/ R=0.01. 

 

ɲʽʱʴˊʰ˃˃ʰ 3.22Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʴʽʰ ˉ˂ʺˊʹ ˋˎ˄ʱ˒ʶʽʰΣ 
ʴʽʰ ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/ R=0.075. 

ɶ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰΣ ʴʽʰ ˋˎ˄ʻʺˁʶˌ ˉ˂ʺˊˇˎˌ ˋˎ˄ʱ˒ʶʽʰˌΣ ʶʾ˄ʰʽ 

ˉˇ˂ˏ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ ˁʰʽ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ʰˎˍʺ˄ ˍˇˎ ʰˊ˔ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ όɿˇмύ ʵʶ˄ 

ˉʰˊˇˎˋʽʱʸʶʽ ˋʶ ˁʰ˄ʷ˄ʰ ˋʹ˃ʶʾˇ ˍʹˌ ʰ˄˖˃ʰ˂ʾʶˌ ˁʰʽ ʰˉˈˍˇ˃ʶˌ ʶˁˍʽ˄ʱ˅ʶʽˌΦ ɮˎˍˈ ʾˋ˖ˌ ˄ʰ 

ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ˄ ˁʰ˂ˏˍʶˊʹ ˁʰʽ ˇ˃ʰ˂ˈˍʶˊʹ ʵʽʱˍʰ˅ʹ ˍ˖˄ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ 

ˋʺˊʰʴʴʰΣ ʹ ˇˉˇʾʰ ˁʰˍʰ˄ʷ˃ʶʽ ˁʰ˂ˏˍʶˊʰ ˍʽˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˁʰʽ ˍʽˌ ˉʽʷˋʶʽˌΦ 
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ü ʃɽɶʄɶʅ ʁɽɹʅɸɶʅɶ ɳɲɮʊʁʇʅ ς ɳʃɳɿɲʇʅɶʅ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.23Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΣ 
ʴʽʰ ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/ R=0.01. 

 

ɲʽʱʴˊʰ˃˃ʰ 3.24Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ˋʺˊʰʴʴʰΣ ʴʽʰ ˉ˂ʺˊʹ ˇ˂ʾˋʻʹˋʹΣ 
ʴʽʰ ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ʴʽʰ ˂ˈʴˇ t/ R=0.075. 

ɱʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌΣ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˋʹ˃ʰ˄ˍʽˁʷˌ ʰ˄˖˃ʰ˂ʾʶˌ ˁʰʽ 

ʶˁˍʽ˄ʱ˅ʶʽˌ ˍ˖˄ ˉʽʷˋʶ˖˄Σ ˍˇˉʽˁʱΣ ˃ʷ˔ˊʽ ˁʰʽ ҕ2000kPa ʰˉˈ ˍˇ ˃ʷˋˇ ˈˊˇΦ ɾʱ˂ʽˋˍʰ ˒ʰʾ˄ʶˍʰʽ 

ˈˍʽ ˇʽ ˁʰˍʰ˄ˇ˃ʷˌ ˍˇˎ ʰˊ˔ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ʶʾ˄ʰʽ ˉʶˊʽˋˋˈˍʶˊˇ ˇ˃ʰ˂ʷˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇˎ 

˃ˇ˄ˍʷ˂ˇˎ ɿˇнΦ ɱʽʰ ˍˇ ˂ˈʴˇ ʰˎˍˈ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ˍʰ ˉʰˊʰˁʱˍ˖ ʵʽʰʴˊʱ˃˃ʰˍʰ ˗ˋˍʶ ˄ʰ 

ʴʾ˄ʶʽ ʁ ˎˁˇ˂ˈˍʶˊʹ ʹ ˋˏʴˁˊʽˋʹΦ  
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ɲʽʱʴˊʰ˃˃ʰ 3.25Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄Σ ʴʽʰ ˍʰ ʵˏˇ ˃ˇ˄ˍʷ˂ʰΣ ʴʽʰ ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ˃ʶ 
˂ˈʴˇ t/ R=0.01. 

 

ɲʽʱʴˊʰ˃˃ʰ 3.26Υ ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃ʺˌ ˉʽʷˋʶ˖˄Σ ʴʽʰ ˍʰ ʵˏˇ ˃ˇ˄ˍʷ˂ʰΣ ʴʽʰ ʵˏˇ ˂ˈʴˇˎˌ E/ EsΣ ˁʰʽ ˃ʶ 
˂ˈʴˇ t/ R=0.075. 

ʃʰˊʰˍʹˊʶʾˍʰʽΣ ˂ˇʽˉˈ˄Σ ˈˍʽ ˁʰʽ ˃ʶ ˍˇ ˃ˇ˄ˍʷ˂ˇ ɿˇн ˎˉʱˊ˔ˇˎ˄ ʰˊˁʶˍʷˌ ʶˁˍʽ˄ʱ˅ʶʽˌ ˍ˖˄ 

ˉʽʷˋʶ˖˄Σ ˁʰʽ ˃ʱ˂ʽˋˍʰ ˋʶ ˁʱˉˇʽʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌΣ ˈˉ˖ˌ ˋʶ ʰˎˍʺ˄ ˈˉˇˎ E/Es ҐлΣллм ˁʰʽ 

t/RҐлΦлмΣ ʰˎˍʷˌ ˇʽ ζʰ˄˖˃ʰ˂ʾʶˌη ˋˍʽˌ ˁʰˍʰ˄ˇ˃ʷˌ ʶʾ˄ʰʽ ʶ˄ˍˇ˄ˈˍʶˊʶˌ ʰˉˈ ˈˍʽ ˋˍˇ ˃ˇ˄ˍʷ˂ˇ 

ɿˇмΦ ɮ˄ʶ˅ʱˊˍʹˍʰ ʰˉˈ ʰˎˍˈ ˈ˃˖ˌΣ ˍʰ ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˍʰˎˍʾʸˇ˄ˍʰʽ ˉ˂ʺˊ˖ˌ ʴʽʰ ˍʰ ʵˏˇ 

˃ˇ˄ˍʷ˂ʰΣ ˔˖ˊʾˌ ˄ʰ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ʶˉʹˊʶʱʸˇ˄ˍʰʽ ʰˉˈ ʰˎˍʷˌ ˍʽˌ ˉʰˊʰ˃ˇˊ˒˖˃ʷ˄ʶˌ ˁʰˍʰ˄ˇ˃ʷˌ 

ˉʾʶˋʹˌΦ ɳ˄ʵʶʽˁˍʽˁʱ ˋˍˇ ɲʽʱʴˊʰ˃˃ʰ 3.27 ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˁʰˍʰ˄ˇ˃ʷˌ ˍʹˌ ʰ˅ˇ˄ʽˁʺˌ 

ʵˏ˄ʰ˃ʹˌ ʴʽʰ ˍʰ ʵˏˇ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍʰΣ ˃ʶ ˂ˈʴˇ E/Es ҐлΣллм ˁʰʽ ˂ˈʴˇ t/R=0.075. 
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ɲʽʱʴˊʰ˃˃ʰ 3.27Υ ʅˏʴˁˊʽˋʹ ˍ˖˄ ˁʰˍʰ˄ˇ˃˗˄ ʰ˅ˇ˄ʽˁʺˌ ˉʾʶˋʹˌ ˋˍʰ ʵˏˇ ˃ˇ˄ˍʷ˂ʰΣ ʴʽʰ ˂ˈʴˇ 
ɳκEsҐлΣллм ˁʰʽ ˂ˈʴˇ t/ R=0.075. 

ʅˎ˃ˉʶˊʰˋ˃ʰˍʽˁʱ ˂ˇʽˉˈ˄Σ ˃ˉˇˊʶʾ ˄ʰ ʶʽˉ˖ʻʶʾ ˈˍʽ ˁʰʽ ˍʰ ʵˏˇ ˃ˇ˄ˍʷ˂ʰ ˉʰˊˇˎˋʾʰˋʰ˄ 

ˉˊˇʲ˂ʺ˃ʰˍʰ ˍˈˋˇ ˋˍʽˌ ˁʰˍʰ˄ˇ˃ʷˌ ˍ˖˄  ˉʽʷˋʶ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ ˈˋˇ ˁʰʽ ˋˍʰ 

ʶ˄ˍʰˍʽˁʱ ˃ʶʴʷʻʹ ˍʹˌ ˉʰˊʶʽʱˌΣ ˈˉˇˎ ˋʹ˃ʶʽ˗ʻʹˁʰ˄ ˁʱˉˇʽʶˌ ʰˉˇˁ˂ʾˋʶʽˌΣ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍʹˌ ˉ˂ʺˊˇˎˌ ˇ˂ʾˋʻʹˋʹˌ ˁʰʽ ˁˎˊʾ˖ˌ ʴʽʰ ˂ˈʴˇ E/EsҐлΦллмΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˈˋˇ˄ ʰ˒ˇˊʱ 

ˋˍʽˌ ʰ˄˖˃ʰ˂ʾʶˌ ˋˍʽˌ ˁʰˍʰ˄ˇ˃ʷˌ ˍʹˌ ˉʾʶˋʹˌΣ ʰˎˍʷˌ ʾˋ˖ˌ ˄ʰ ˇ˒ʶʾ˂ˇ˄ˍʰʽ ˋˍˇ ˈˍʽ ʰˋˍˇ˔ʶʾ 

ˉ˂ʺˊ˖ˌ ʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ ʷˍˋʽ ˋʹ˃ʶʽ˗˄ˇ˄ˍʰʽ ˁʱˉˇʽʶˌ ʰˎ˅ˇ˃ʶʽ˗ˋʶʽˌ ˋˍʹ˄ ˉʾʶˋʹ ˗ˋˍʶ ˄ʰ 

˃ʹ˄ ʰˊ˔ʾˋʶʽ ˄ʰ ˉʶˊʽˋˍˊʷ˒ʶˍʰʽ ʹ ʶˉʷ˄ʵˎˋʹ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌΦ 

ɿʰ ˋʹ˃ʶʽ˖ʻʶʾ ˉʱ˄ˍ˖ˌ ˈˍʽ ˋˍʰ ʶˉˈ˃ʶ˄ʰ ˁʰʽ ˋʶ ˈ˂ʶˌ ˍʽˌ ˎˉˈ˂ˇʽˉʶˌ ʰ˄ʰ˂ˏˋʶʽˌ ˉˇˎ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˍˇ 

˃ˇ˄ˍʷ˂ˇ ɿˇнΣ ˁʰʻ˗ˌ ˂ˈʴ˖ ˍʹˌ ˁʰ˂ˏˍʶˊʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˁʰʽ ʰ˄ʱˉˍˎ˅ʹˌ ˍ˖˄ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ 

ˋˍˇʽ˔ʶʾ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ όˁʰʻ˗ˌ ʶˉʾˋʹˌ ˂ˈʴ˖ ˁʰʽ ˍˇˎ ˃ʶʴʰ˂ˏˍʶˊˇˎ ʰˊʽʻ˃ˇˏ 

ˋˍˇʽ˔ʶʾ˖˄ύΣ ʻʶ˖ˊʺʻʹˁʶ ˈˍʽ ˃ˉˇˊʶʾ ˄ʰ ʵ˗ˋʶʽ ˉʽˇ ʰ˅ʽˈˉʽˋˍʰ ˁʰʽ ʰˁˊʽʲʷˋˍʶˊʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ 

3.3 ʅʇɿʁʌɶ 

ʅˍˇ ˉʰˊˈ˄ ˁʶ˒ʱ˂ʰʽˇΣ ˂ˇʽˉˈ˄Σ ʶˉʽ˔ʶʽˊʺʻʹˁʶ ʰˊ˔ʽˁʱ ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍˇˎ ˉ˂ʷˇ˄ 

ˁʰˍʱ˂˂ʹ˂ˇˎ ˍˊˈˉˇˎ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς ʶˉʷ˄ʵˎˋʹˌ ˋʺˊʰʴʴʰˌΣ 

˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʰ ˃ʷˋʰ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇˋ˒ʷˊʶʽ ˇ ˁ˗ʵʽˁʰˌ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ 

ABAQUS. ɮ˒ˇˏ ʶˉʽˋʹ˃ʱ˄ʻʹˁʰ˄ ˇʽ ʵˏˇ ˁˎˊʽˈˍʶˊˇʽ ˍˊˈˉˇʽ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ 

ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍʹˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ όʴʽʰ ˉ˂ʺˊʹ ˁʰʽ ˃ʹʵʶ˄ʽˁʺ ˋˎ˄ʱ˒ʶʽʰύ ˁʰʻ˗ˌ ˁʰʽ ˇʽ 

ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˉʰˊʱ˃ʶˍˊˇʽ ˉˇˎ ˍʹ˄ ˔ʰˊʰˁˍʹˊʾʸˇˎ˄Σ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʵˇˁʽ˃ʷˌ ʴʽʰ ˍˇ˄ 

ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍˇˎ ˉ˂ʷˇ˄ ˁʰˍʱ˂˂ʹ˂ˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˈˋˇ˄ ʰ˒ˇˊʱ ˋˍʽˌ 

ˋˎ˄ˇˊʽʰˁʷˌ ˋˎ˄ʻʺˁʶˌΣ ˃ʶ ˁˎˊʽˈˍʶˊˇ ˁˊʽˍʺˊʽˇ ˍʹ˄ ˁʰ˂ˏˍʶˊʹ ˉˊˇˋʷʴʴʽˋʹ ˋˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ 

˂ˏˋʶʽˌ ˍ˖˄ Einstein ς Schwartz (1979). ʆʷ˂ˇˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʵˇˁʽ˃ʷˌ ˗ˋˍʶ ˄ʰ 


























































































































































































