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ɞʌʅɼʇʘʌʖʉ ɣɻʃʂɾʂʐʙʏȡ ɥȢ ɣɻɼɼɻɿʗʏȟ ɚʉɻʌʇȢ ɣɻʃʂɾʂʐʙʏ ɞȢɥȢɩȢ 



ɳˎ˔ʰˊʽˋˍʾʶˌ 

i 
 

ɳˎ˔ʰˊʽˋˍʾʶˌ 
 

ɶ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ʰˎˍʺ ˇ˂ˇˁ˂ʹˊ˗˄ʶʽ ʶˉʾˋʹ˃ʰ ˍˇ˄ ˁˏˁ˂ˇ ˍ˖˄ ˃ʶˍʰˉˍˎ˔ʽʰˁ˗˄ 

ˋˉˇˎʵ˗˄ ˃ˇˎΦ ʍˌ ʶˁ ˍˇˏˍˇˎ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˈ˂ˇ ˍˇ ˉˊˇˋ˖ˉʽˁˈ ˍˇˎ ˍˇ˃ʷʰ ˍʹˌ 

ɱʶ˖ˍʶ˔˄ʽˁʺˌ ˍˇˎ ˍ˃ʺ˃ʰˍˇˌ ʃˇ˂ʽˍʽˁ˗˄ ɾʹ˔ʰ˄ʽˁ˗˄ ʴʽʰ ˍʹ ʴʶ˄ʽˁʺ ʲˇʺʻʶʽʰ ˍˇˎˌ ˁʰˍʱ ˍʽˌ 

˃ʶˍʰˉˍˎ˔ʽʰˁʷˌ ˃ˇˎ ˋˉˇˎʵʷˌ ˁʰʽ ʶʽʵʽˁˈˍʶˊʰ ˍˇ˄ ˎˉʶˏʻˎ˄ˇ ˍʹˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ɮ˄Φ ɼʰʻʹʴʹˍʺ 

ˍʹˌ ʅ˔ˇ˂ʺˌ ʃˇ˂ʽˍʽˁ˗˄ ɾʹ˔ʰ˄ʽˁ˗˄ ˁΦ ɾΦɼʰʲʲʰʵʱ ˉˇˎ ˃ʶ ʶ˃ˉʽˋˍʶˏˍʹˁʶ ʰ˄ʰʻʷˍˇ˄ˍʰˌ ˃ˇˎ ˍʹ 

ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰΦ 

ɳˉʾˋʹˌ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˁ˒ˊʱˋ˖ ˍʽˌ ʻʶˊ˃ˈˍʶˊʶˌ ʶˎ˔ʰˊʽˋˍʾʶˌ ˃ˇˎ ˋˍˇ˄ ˎˉˇ˕ʺ˒ʽˇ ʵʽʵʱˁˍˇˊʰ 

ˍˇˎ ɳΦɾΦʃΦ ɲʹ˃ʺˍˊʹ ɽʾˍˋʰ ʴʽʰ ˍʹ˄ ʰ˃ʷˊʽˋˍʹ ˋˎ˃ˉʰˊʱˋˍʰˋʹ ˍˇˎ ˁʰʽ ˍʹ˄ ˁʰʻˇˊʽˋˍʽˁʺ 

ˋˎ˃ʲˇ˂ʺ ˍˇˎ ˋˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍʹˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ˃ˇˎ ʶˊʴʰˋʾʰˌΦ ɶ ˋˎ˄ʶˊʴʰˋʾʰ ˃ʰˌ ʺˍʰ˄ 

ˎˉˇʵʶʽʴ˃ʰˍʽˁʺ ˁʰʽ ʹ ˃ʶˍʰʵˇˍʽˁˈˍʹˍʰ ˍˇˎ ʰˉˇˍʷ˂ʶˋʶ ʰˊ˖ʴˈ ʴʽʰ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ʰˎˍʺˌ ˍʹˌ 

ʶˊʴʰˋʾʰˌΦ ʆˇ˄ ʶˎ˔ʰˊʽˋˍ˗ ˉˇ˂ˏ ʴʽʰ ˍʹ˄ ʵʽʱʻʶˋʹ ˍˇˎ ˄ʰ ˃ˇʽˊʰˋˍʶʾ ˃ʰʸʾ ˃ˇˎ ˍʽˌ ʴ˄˗ˋʶʽˌ ˁʰʽ 

ˍˇ ˔ˊˈ˄ˇ ˍˇˎ ˁʰʽ ˍʹ˄ ʰ˄ʶˁˍʾ˃ʹˍʹ ˋˎ˄ʶʽˋ˒ˇˊʱ ˍˇˎΦ ɳˎ˔ʰˊʽˋˍ˗ ʶˉʾˋʹˌ ˍʹ˄ ʶˊʶˎ˄ʹˍʽˁʺ ˇ˃ʱʵʰ 

ˍˇˎ ˁΦɼʰʲʲʰʵʱ ʴʽʰ ˍʽˌ ˉˇ˂ˏˍʽ˃ʶˌ ˋˎ˃ʲˇˎ˂ʷˌ ˍʹˌ ˁʰʽ ˁˎˊʾ˖ˌ ˍˇ˄ ˎˉˇ˕ʺ˒ʽˇ ʵʽʵʱˁˍˇˊʰ 

ʊʾ˂ʽˉˉˇ ʋˈˊˍʹ ʴʽʰ ˍʹ˄ ˁʰʻˇʵʺʴʹˋʹ ˍˇˎ ˋʶ ʻʷ˃ʰˍʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍˇˎ ʰˊʽʻ˃ʹˍʽˁˇˏ 

˃ˇ˄ˍʷ˂ˇˎΦ 

ʆʷ˂ˇˌΣ ʻʷ˂˖ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ʻʶˊ˃ʱ ˍʹ˄ ˇʽˁˇʴʷ˄ʶʽʰ ˃ˇˎ ʴʽʰ ˍʹ ˋˎ˄ʶ˔ʺ ˎˉˇˋˍʺˊʽ˅ʹ ˈ˂ʰ 

ʰˎˍʱ ˍʰ ˔ˊˈ˄ʽʰΣ ˁʰʻ˗ˌ ʶˉʾˋʹˌ ˁʰʽ ˍˇˎˌ ˒ʾ˂ˇˎˌ ˃ˇˎ ˁʰʽ ˍˇˎˌ ʰ˄ʻˊ˗ˉˇˎˌ ˉˇˎ ʺˍʰ˄ ʵʾˉ˂ʰ 

˃ˇˎ ˃ ʶ ˍˇ ʶ˄ʵʽʰ˒ʷˊˇ˄ ˁʰʽ ˍʹ ʵʽʱʻʶˋʹ ˍˇˎˌ. 

ʃˈ˄ˍʽˁʰ ɳ˃˃ʰ˄ˇˎʷ˂ʰ 

ʃˇ˂ʽˍʽˁˈˌ ɾʹ˔ʰ˄ʽˁˈˌΣ ɲΦʃΦɸΦ 

ɮʻʺ˄ʰΣ ɾʱˊˍʽˇˌ нлмс 

 

 



ʃʶˊʾ˂ʹ˕ʹ 
 

ii 
 

ʃʶˊʾ˂ʹ˕ʹ 
 

ɶ ˉʰˊˇˏˋʰ ˃ʶˍʰˉˍˎ˔ʽʰˁʺ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ˉˊʰʴ˃ʰˍʶˏʶˍʰʽ ˍˇ ʸʺˍʹ˃ʰ ˍʹˌ ʵʽʶˊʶˏ˄ʹˋʹ ̩

ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˂ˈʴ˖ ʶˁˋˁʰ˒ʺˌ ʰʲʰʻ˗˄ ˋʹˊʱʴʴ˖˄ ˋʶ ʰˋˍʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Σ 

ʵʽʰ˄ˇʽʴ˃ʷ˄˖˄ ˃ʶ ˃ʹ˔ʱ˄ʹ˃ʰ ʶ˅ʽˋˇˊˊˈˉʹˋʹˌ ˍʹˌ ʶʵʰ˒ʽˁʺˌ ˉʾʶˋʹˌ ό9t.ύ. ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ 

ʵʽʶˊʶˎ˄ʺʻʹˁʶ ʹ ʶˉʽˊˊˇʺ ˃ʹ˔ʰ˄ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎ 9t. ˋˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ 

ʰ˄ʰ˂ˏˋʶ˖˄ ʴʽʰ ʵˏˇ (2) ɻ ʽʰ˒ˇˊʶˍʽˁʱ ʰˊʽʻ˃ʹˍʽˁʱ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍʰΣ ˋʶ ˇˁˍ˗ (8) ʁ ʵʰ˒ʽˁˇˏˌ 

ˍˏˉˇˎˌ ˎˉˈ ˍʹ˄ ʻʶ˗ˊʹˋʹ ˈˍʽ ʹ ˋʺˊʰʴʴʰ ʶˁˋˁʱˉˍʶˍʰʽ ˉʱ˄˖ ʰˉˈ ˍˇ˄ ˎʵˊˇ˒ˈˊˇ ˇˊʾʸˇ˄ˍʰΦ 

ɮˊ˔ʽˁʱ, ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʹ ˉʶˊʽʴˊʰ˒ʺ ˍ˖˄ ˃ʹ˔ʰ˄ʹ˃ʱˍ˖˄ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ˃ʶ 

ʶ˒ʰˊ˃ˇʸˈ˃ʶ˄ʹ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇΦ ɴˉʶʽˍʰΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˃ʷʻˇʵˇʽ ˉˇˎ ʷ˔ˇˎ˄ 

ʰ˄ʰˉˍˎ˔ʻʶʾ ˋˍˇ ˉʷˊʰˋ˃ʰ ˍ˖˄ ˔ˊˈ˄˖˄ ˁʰʽ ʰ˄ʰ˂ˏˇˎ˄ ˈ˂ˇˎˌ ʶˁʶʾ˄ˇˎˌ ˍˇˎˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏˌΣ ˇʽ 

ˇˉˇʾˇʽ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍ˖˄ ʶˊʴʰˋʽ˗˄ ʵʽʱ˄ˇʽ˅ʹˌ ˃ʾʰˌ ˋʺˊʰʴʴʰˌ ʵʹ˃ʽˇˎˊʴˇˏ˄ ʰˉ˗˂ʶʽʰ 

ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ όground loss ʺ volume loss) ˁʰʽ ˋˎ˄ʶˉ˗ˌ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ʱ˃ʶˋʰ ˃ʶ ˍʹ˄ 

ʶ˃˒ʱ˄ʽˋʹ ˁʰʻʽʸʺˋʶ˖˄ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌΦ ʅʺ˃ʶˊʰΣ ˇʽ ˉʽˇ ˋˎ˄ʺʻʶʽˌ ˃ʷʻˇʵˇʽ 

ʲʰˋʾʸˇ˄ˍʰʽ ˋʶ ʹ˃ʽ-ʶ˃ˉʶʽˊʽˁʷˌΣ ʰ˄ʰ˂ˎˍʽˁʷˌ ˁʰʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˃ʶʻˈʵˇˎˌΦ ɴˍˋʽ, ʴʾ˄ʶˍʰʽ ˃ʽʰ 

ʰ˄ʰ˒ˇˊʱ ˋʶ ˃ʶ˂ʷˍʶˌ ˉˇˎ ʷ˔ˇˎ˄ ˉˊˇˍʰʻʶʾ ˋˍʹ ʵʽʶʻ˄ʺ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰΣ ˈˉˇˎ ʴʾ˄ʶˍʰʽ 

ˉʶˊʽʴˊʰ˒ʺ ʰˎ̱˗˄ ˍ˖˄ ˃ʶʻˈʵ˖˄ ʰˉˈ ʵʽʱ˒ˇˊˇˎˌ ʶˊʶˎ˄ʹˍʷˌΦ ɲʽʰˉʽˋˍ˗˄ʶˍʰʽ ˈˍʽ ˇʽ 

ʶ˃ˉʶʽˊʽˁʷˌ ˁʰʽ ʰ˄ʰ˂ˎˍʽˁʷˌ ˃ʷʻˇʵˇʽ ʵʾ˄ˇˎ˄ ˃ʽʰ ˁʰ˂ʺ ʶˁˍʾ˃ʹˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˁʰʽ ˍʹˌ 

ˁʰˍʰ˄ˇ˃ʺˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄; ʶ˒ʰˊ˃ˈʸˇ˄ˍʰʽ ˈ˃˖ˌ ˎˉˈ ˉˊˇːˉˇʻʷˋʶʽˌΣ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍʽˌ 

ʰˊʽʻ˃ʹˍʽˁʷˌ ˃ʶʻˈʵˇˎˌΣ ˁʰʽ ˁˎˊʾ˖ˌ ˃ʶ ˔ˊʺˋʹ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ όFEM), ˉˇˎ ʵʾ˄ˇˎ˄ 

ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˍʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ˍ˖˄ ʵʽʱ˒ˇˊ˖˄ ˋˎ˄ʽˋˍ˖ˋ˗˄ ʶ˄ˈˌ ˉˊˇʲ˂ʺ˃ʰˍˇˌ ˋʶ ˃ʽʰ 

ʰ˄ʱ˂ˎˋʹΦ 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ʰˁˇ˂ˇˎʻʶʾ ʹ ˉʶˊʽʴˊʰ˒ʺ ˍʹˌ ʴʶ˖˃ʶˍˊʽˁʺˌ ˃ˈˊ˒˖ˋʹˌ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ 

ˉˊˇˋˇ˃ˇʽ˖˃ʱˍ˖˄ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ 

 ́ ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʰ ʵʽʶˊʶˏ˄ʹˋʹΣ ʹ ˇˉˇʾʰ ˋˎ˄ˍʶ˂ʷˋˍʹˁʶ ˃ʷˋ˖ ʶʲʵˇ˃ʺ˄ˍʰ ʷ˅ʽ όт6) 

ˍˊʽɻ̔̀ ʱˋˍʰˍ˖˄ h ˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˃ʶ ˍˇ ˂ˇʴʽˋ˃ʽˁˈ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ζ!ōŀǉǳǎ 

v6.13ηΦ ɶ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹ ˃ʶ 9t. ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʶ ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʽ˄ 

ˉʰˊʰ˃ʷˍˊˇˎˌ ˈˉ˖ˌ ˍʰ ˁʶ˄ʱ ˃ʶˍʰ˅ˏ ʰˋˉʾʵʰˌ ˁʰʽ ʶʵʱ˒ˇˎˌκˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇˎ ˋˍˇʽ˔ʶʾˇˎΣ 

ˍˇ ʲʱˊˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΣ ˍʹ ʴʶ˖˃ʶˍˊʾʰ ˍʹˌ ʰˋˉʾʵʰˌΣ ˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΣ ˍʹ˄ 

ʶ˄ʶ˃ʱˍ˖ˋʹΣ ˍʹ˄ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇ ˁ˂ˉΦ ʁʽ ʰ˄ʰ˂ˏˋʶʽˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ʵˏˇ όнύ 

˂ˈʴˇˎˌ ˎˉʶˊˁʶʽ˃ʷ˄˖˄ ˉˊˇˌ ˍʹ ʵʽʱ˃ʶˍˊˇ ˍʹˌ ʵʽʰˍˇ˃ʺˌ όIκ5ύΦ ʁʽ ˉʰˊʱ˃ʶˍˊˇʽ ˉˇˎ 

˃ʶˍʰʲʱ˂˂ˇ˄ˍʰ˄ ˋʶ ˁʱʻʶ ˇ˃ʱʵʰ ʰ˄ʰ˂ˏˋʶ˖˄ ʶʾ˄ʰʽ ˍʰ ʴʶ˖ˍʶ˔˄ʽˁʱ ˋˍˇʽ˔ʶʾʰ ˍˇˎ ʶʵʱ˒ˇˎˌ όŎΣ ˒Σ 

ɳΣ ʵύ ˃ʶ ʲʱˋʹ ˍˇ ˁˊʽˍʺˊʽˇ ʰˋˍˇ˔ʾʰˌ aƻƘǊ /ƻǳƭƻƳōΦ E˄ ʵʶʽˁˍʽˁʱ ʶˉʽ˂ʷ˔ʻʹˁʰ˄ ˄ʰ 

ˉʰˊˇˎˋʽʰˋˍˇˏ˄ ʵˏˇ όнύ ˇ˃ʱʵʶˌ ʰ˄ʰ˂ˏˋʶ˖˄ ʴʽʰ ʵˏˇ ʶʵʰ˒ʽˁʱ ˉˊˇ˒ʾ˂Σ ʴʽʰ ʷ˄ʰ ʶʵʰ˒ʽˁˈ 

ˎ˂ʽˁˈ ˃ʶ ʰˋʻʶ˄ʺ ʴʶ˖ˍʶ˔˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁʰʽ ʴʽʰ ʷ˄ʰ ˎ˂ʽˁˈ ˋʶ ˁʰ˂ˏˍʶˊʶˌ ʴʶ˖ˍʶ˔˄ʽˁʷˌ 

ˋˎ˄ʻʺˁʶˌΦ ʁʽ ˉʰˊʱ˃ʶˍˊˇʽ ˍ˖˄ ˇˉˇʾ˖˄ ʹ ʶˉʽˊˊˇʺ ʵʽʶˊʶˎ˄ʺʻʹˁʶ ʺˍʰ˄Υ 

-ʹ ʶ˒ʰˊ˃ˇˋ˃ʷ˄ʹ ˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ - Grout Pressure 

-ˍˇ ˁʶ˄ˈ ˋˍˇ ˃ˉˊˇˋˍʱ ˁʰʽ ˉʾˋ˖ ˍ˃ʺ˃ʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ (overcut/ tail shield Gap) ς Gap  

-ʹ ʶ˒ʰˊ˃ˇˋ˃ʷ˄ʹ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇ - Face Pressure 
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ʶ˅ʶˍʰʸˈ˃ʶ˄˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ όGrout Pressure, Gap) ʶˉʹˊʶʱʸʶˍʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ 

ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄Σ ʶ˄˗ ʹ ʶˉʾʵˊʰˋʹ ˍ˖˄ ʵʽʶˊʶˎ˄ʹʻʷ˄ˍ˖˄ ˍʽ˃˗˄ ˍʹˌ ˉʾʶˋʹˌ ˍˇˎ 

˃ʶˍ˗ˉˇˎ (Face Pressure) ʁ ʾ˄ʰʽ h ˃ʶ˂ʹˍʷʰ.  
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ɮbstract 
 

This thesis investigates the induced soil movements due to shield tunnelling excavation 

assuming that the tunnel lies above the ground water table. More specifically, the study 

examines the influence of various shield tunnelling components on the ground subsidence 

via 3D parametric analyses. To do so, two (2) different numerical models are developed in 

this thesis modelling in detail the whole shield tunnelling procedure.  

In the first chapters, a thorough literature review is taken place about a) the Tunnel Boring 

Machines and b) the main proposed empirical, analytical and numerical methods for the 

tunnel-induced settlement prediction. 

Afterwards, the development of the proposed numerical model is described thoroughly 

showing some of the numerical techniques that were adopted to simulate this complex 

procedure. It should be noted that the proposed model takes into account all the TBM 

components (shield, cutterhead, submerged-wall etc.) and the whole construction sequence 

(face pressure, grouting, TBM advance, lining erection etc.). Two different models are 

developed in this thesis to carry out the parametric analyses assuming a very shallow 

(H/D=2 and D=6m) and a deeper (H/D=3 and D=6m) one tunnel. Based on these models a 

large set of seventy-six (76) numerical 3D analyses are carried out using the Finite Element 

ŎƻŘŜ ά!ōŀǉǳǎ ǾсΦммέΦ ¢ƘŜ aƻƘǊ-Coulomb failure criterion is used to model the soil 

behavior. The parametric analyses investigate the influence of the following parameters: 

-Grout Pressure  

-Steering gap 

-Face Pressure  

It is evident that the first two investigated parameters (grout pressure and steering gap) 

show to have pronounced influence on the soil displacements, since a small change of their 

magnitudes strongly affects the soil movement around the tunnel boundary. On the 

contrary, the investigated tunnel face pressures shows to have negligible effect on the 

ground subsidence. 
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1  ̌ɼʶ˒ʱ˂ʰʽˇΥ ɾʹ˔ʰ˄ʺ˃ʰˍʰ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ˃ʶ ʱˋˁʹˋʹ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ς 
Tunnel Boring Machines (EPBs) 
 

1 
 

1 Mʹ˔ʰ˄ʺ˃ʰˍʰ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ˃ʶ ʱˋˁʹˋʹ 
ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ˍʹˌ ʶˁˋˁʰ˒ʺˌ-ʆunnel Boring 
Machines (EPBs) 

1.1 ɳʽˋʰʴ˖ʴʺ 

ɶ ʵʽʱ˄ˇʽ˅ʹ ˋʹˊʱʴʴ˖˄ ˃ʶ ˍʹ ˔ˊʺˋʹ ˃ʹ˔ʰ˄ʹ˃ʱˍ˖˄ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ʆɰɾ (Tunnel Boring 

Machine) ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˋʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ˉˇˎ ʶ˄ʵʽʰ˒ʷˊʶʽ ʹ ʶˎˋˍʱʻʶʽʰ ˍˇˎ ʻˈ˂ˇˎΣ ʹ 

ʶˎˋˍʱʻʶʽʰ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˁʰʽ ˇ ˉʶˊʽˇˊʽˋ˃ˈˌ-ʷ˂ʶʴ˔ˇˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ όˋʶ ʰˋˍʽˁʷˌ ˋʺˊʰʴʴʶˌύΦ 

ɶ ˃ʷʻˇʵˇˌ ˃ʹ˔ʰ˄ʽˁʺˌ ˈˊˎ˅ʹˌ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʽˌ ʴʶ˖˂ˇʴʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˁʰʽ ˍʹ˄ ˉʰˊˇˎˋʾʰ ʺ 

˃ʹ ˎˉˈʴʶʽˇˎ ˄ʶˊˇˏΣ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ˇˉˇʾʶˌ ʴʾ˄ʶˍʰʽ ʹ ˇˊʽˋˍʽˁˇˉˇʾʹˋʹ ʶˉʽ˂ˇʴʺˌ ˁʰʽ 

ʶ˄ʵʶ˔ˇ˃ʷ˄˖ˌ ˉˊˇˋʰˊ˃ˇʴʺ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ʆɰɾΦ  

ʅʺ˃ʶˊʰΣ ˋˍʽˌ ʰˋˍʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ʶˉʽˁˊʰˍˇˏ˄ ˍʰ ʆɰɾ ˁ˂ʶʽˋˍˇˏ ˃ʶˍ˗ˉˇˎ ʷ˄ʰ˄ˍʽ ʱ˂˂˖˄ 

˃ʶʻˈʵ˖˄ ʺ ˃ʹ˔ʰ˄ʹ˃ʱˍ˖˄Σ ʰ˒ˇˏ ʶˉʽˍˎʴ˔ʱ˄ˇˎ˄ ˉˇ˂ˏ ˁʰ˂ˏˍʶˊˇ ʷ˂ʶʴ˔ˇ ˍˇˎ ʶʵʱ˒ˇˎˌ ˁʰʽ 

ˋˎ˄ʶˉ˗ˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄Φ ʅˍʹ˄ ˁʰˍʹʴˇˊʾʰ ʰˎˍʺ ˃ʹ˔ʰ˄ʹ˃ʱˍ˖˄ ʰ˄ʺˁˇˎ˄ ˍʰ ˃ʹ˔ʰ˄ʺ˃ʰˍʰ 

ʶʵʰ˒ʽˁʺˌ ʶ˅ʽˋˇˊ́̌ ˉʹˍʽˁʺˌ ˉʾʶˋʹˌ-ɳPB TBMs (Earth Pressure Balance) ˁʰʽ ˍʰ ˃ʹ˔ʰ˄ʺ˃ʰˍʰ 

˃ˉʶˍˇ˄ʽˍʽˁˇˏ ˉˇ˂˒ˇˏ-Slurry TBMsΣ ˍʰ ˇˉˇʾʰ ˁʰʽ ʰ˄ʰ˂ˏˇ˄ˍʰʽ ˉʰˊʰˁʱˍ˖Φ 

1.2 ɾʹ˔ʰ˄ʺ˃ʰˍʰ ɳ˅ʽˋˇˊˊˈˉʹˋʹˌ ˍʹˌ ɳʵʰ˒ʽˁʺˌ ʃʾʶˋʹˌ όEPBM-
Earth Pressure Balance Machine) 

1.2.1 Aˊ˔ʷˌ ˂ʶʽˍˇˎˊʴʾʰˌ ɳʄɰǎ 

ʆʰ ɳʄɰs ˉʰˊˇˎˋʽʱʸˇˎ˄ ˁʰ˂ʺ ˂ʶʽˍˇˎˊʴʾʰ ˋʶ ʰˊʴʽ˂ˇʿ˂ˎ˗ʵʹ ʶʵʱ˒ʹ ˃ʶ ˉˇˋˇˋˍˈ ˉʰˊˇˎˋʾʰˌ 

˂ʶˉˍˈˁˇˁˁˇˎ ˎ˂ʽˁˇˏ όғсл˃mύ ˃ʶʴʰ˂ˏˍʶˊˇ ʰˉˈ нл҈Σ ʵʽˈˍʽ ˋ˒ˊʰʴʾʸˇˎ˄ ˍˇ˄ ʰˍʷˊ˃ˇ˄ʰ ˁˇ˔˂ʾʰ 

ˁʰʽ ʶ˂ʷʴ˔ˇˎ˄ ˍʹ˄ ʶʽˋˊˇʺ ˍˇˎ ˎˉˈʴʶʽˇˎ ˄ʶˊˇˏΦ ʆˇ ʶˏˊˇˌ ʶ˒ʰˊ˃ˇʴʺˌ ˃ʶʴʰ˂˗˄ʶʽ ˃ʶ ˔ˊʺˋʹ 

ˁʰˍʱ˂˂ʹ˂˖˄ ˊˎʻ˃ʽˋˍ˗˄Σ ˈˉ˖ˌ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ˁʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 1.1Σ ˈˉˇˎ ʵʽʰˁˊʾ˄ˇ˄ˍʰʽ ˍˊʶʽˌ 

ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ʶ˒ʰˊ˃ˇʴʺˌΦ 

ʆˇ ˃ʶʴʰ˂ˏˍʶˊˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʱ ˍˇˎˌΣ ˉˇˎ ˍʰ ˁʰʻʽˋˍʱ ˁʰʽ ˖ˌ ʽʵʰ˄ʽˁʱ ˃ʹ˔ʰ˄ʺ˃ʰˍʰ ʵʽʱ˄ˇʽ˅ʹˌ 

ˋʶ ʰˋˍʽˁʱ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰΣ ʰ˒ˇˊʱ ˍʹ˄ ʱˋˁʹˋʹ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ʰˉˈ ˍʽˌ ˍʱˋʶʽˌ ˉˇˎ 

˃ʶˍʰ˒ʷˊˇ˄ˍʰʽ ʰˉˈ ˍˇ ʶˁˋˁʰ˒ʻ̫ ˄ ˎ˂ʽˁˈΣ ˉˇˎ ʴʶ˃ʾʸʶʽ ˎˉˈ ˉʾʶˋʹ ˉ˂ʺˊ˖ˌ ˍˇ ʻʱ˂ʰ˃ˇ 

ʶˊʴʰˋʾʰˌΣ ʴʽʰ ˍˇ ˉʶˊʽˇˊʽˋ˃ˈ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʶʵʱ˒ˇˎˌΦ ʆˇ ˁˏˊʽˇ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˍˇˎˌ ʰ˒ˇˊʱ ˋˍʹ ˔ˊʺˋʹ ˍˇˎ ˎ˂ʽˁˇˏ ˉˇˎ ʰˉˇ˃ʰˁˊˏ˄ʶˍʰʽ ˁʰˍʱ ˍʹ ʵʽʱ˄ˇʽ˅ʹ 

ό˖ˌ ʷ˔ʶʽ˄ ʺ ˃ʶˍʱ ʰˉˈ ʰ˄ʱ˃ʽ˅ʹ ˃ʶ ʶʽʵʽˁʱ ˉˊˈˋ˃ʽˁˍʰύ ʰˉʶˎʻʶʾʰˌ ˖ˌ ˃ʷˋˇ ʱˋˁʹˋʹˌ ˉʾʶˋʹˌΦ 

ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˃ʷˊˇˌ ˍˇˎ ʶˁˋˁʰ˒ʻʷ˄ˍˇˌ ˎ˂ʽˁˇˏ ˉʰˊʰ˃ʷ˄ʶʽ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌ ˁʰʽ 

ʶ˒ʰˊ˃ˈʸʶʽ ˋˍʰʻʶˊˇˉˇʽʹˍʽˁʺ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇ ˃ʷˋ˖ ˍˇˎ ʽʵʾˇˎ ʲʱˊˇˎˌ ˍˇˎΦ 

ɴ˄ʰ ɳʄɰ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˉˇ˂˂ʱ ʵʽʰ˒ˇˊʶˍʽˁʱ ˃ʷˊʹΣ ˁʰʻʷ˄ʰ ʰˉˈ ˍʰ ˇˉˇʾʰ ʵʽʰʻʷˍʶʽ 

˅ʶ˔˖ˊʽˋˍˈ ˊˈ˂ˇ ˋˍˇ ˔ʶʽˊʽˋ˃ˈ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ ʁ ˔ʶʽˊʽˋ˃ˈˌ ʰ˒ˇˊʱ ˃ʾʰ ˉʶˊʾˉ˂ˇˁʹ 

ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˇˉˇʾʰˌ ʹ ʶˉʽˍˎ˔ʺˌ ˉˊˈˇʵˇˌ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ ˋ˖ˋˍʺ ˂ʶʽˍˇˎˊʴʾʰ ˁʱʻʶ 

ʶˉʽ˃ʷˊˇˎˌ ˍ˃ʺ˃ʰˍˇˌ ˁʰʻ˗ˌ ˁʰʽ ˍʹ˄ ˇ˃ʰ˂ʺ h ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˃ʶˍʰ˅ˏ ˍˇˎˌΦ  
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ɳʽˁˈ˄ʰ 1.1: ʄˎʻ˃ʽˋˍʷˌ ˁʰʽ ʵˎ˄ʰˍˈˍʹˍʶˌ ˊˏʻ˃ʽˋʹˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ʴʽʰ ʵʽʶˊʶˏ˄ʹˋʹ ˍˇˎ ˉʶʵʾˇˎ 
ʶ˒ʰˊ˃ˇʴʺˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ όMaidl 1994) 

ʆʰ ˁˏˊʽʰ ˃ʷˊʹ ˉˇˎ ʰˉˇˍʶ˂ˇˏ˄ ʷ˄ʰ ɳʄɰΣ ˈˉ˖ˌ ʰˊʽʻ˃˗˄ˍʰʽ ˁʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 1.2, ˁʰʻ˗ˌ ˁʰʽ 

ˁʱˉˇʽʰ ʲʰˋʽˁʱ ʲʺ˃ʰˍʰ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ʶ˄ ˋˎ˄ˍˇ˃ʾʰ ʰˁˊʽʲ˗ˌ ˉʰˊʰˁʱˍ˖Σ ʶ˄˗ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ 

ʴʾ˄ʶˍʰʽ ʰ˄ʰ˂ˎˍʽˁˈˍʶˊʹ ʰ˄ʰ˒ˇˊʱΦ 

ɶ ʶˁˋˁʰ˒ʺ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʶ ˍʹ˄ ˉʶˊʽˋˍˊˇ˒ʺ ˁʰʽ ˗ʻʹˋʹ ˍˇˎ ˃ˉˊˇˋˍʽ˄ˇˏ ˍ˃ʺ˃ʰˍˇˌ ˍˇˎ 

ɳʄɰΣ ˍʹ˄ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺΣ ʹ ˇˉˇʾʰ ʶʾ˄ʰʽ ʶ˅ˇˉ˂ʽˋ˃ʷ˄ʹ ˃ʶ ˁʰˍʱ˂˂ʹ˂ʰ ˁˇˉˍʽˁʱ ʶˊʴʰ˂ʶʾʰΣ ʶ˄˗ 

ʵʽʰʻʷˍʶʽ ˁʰʽ ʰ˄ˇʾʴ˃ʰˍʰ ˃ʷˋ˖ ˍ˖˄ ˇˉˇʾ˖˄ ʵʽʷˊ˔ʶˍʰʽ ˍˇ ˔ʰ˂ʰˊ˖˃ʷ˄ˇ ˎ˂ʽˁˈ ˋˍˇ ʻʱ˂ʰ˃ˇ 

ʶˁˋˁʰ˒ʺˌΦ ʁ ʻʱ˂ʰ˃ˇˌ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ ˃ʶˊʽˁ˗ˌ ʺ ˉ˂ʺˊ˖ˌ ʴʶ˃ʱˍˇˌ ˃ʶ ˍˇ ˎ˂ʽˁˈΣ ʰ˄ʱ˂ˇʴʰ ˃ʶ 

ˍʽˌ ˋ˔ʶʵʽʰˋˍʽˁʷˌ ˁʰʽ ˁʰˍʰˋˁʶˎʰˋˍʽˁʷˌ ʰˉʰʽˍʺˋʶʽˌΦ ʃʰˊˈ˂ʰ ʰˎˍʱ ˋʶ ʰˋˍʽˁʱ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰ 

ʷ˔ʶʽ ʶˉʽˁˊʰˍʺˋʶʽ ˄ʰ ʴʶ˃ʾʸʶˍʰʽ ˉ˂ʺˊ˖ˌ ˇ ʻʱ˂ʰ˃ˇˌ ˃ʶ ˍˇ ˎ˂ʽˁˈΣ ʶ˄˗ ʹ ʰ˄ʶ˅ʷ˂ʶʴˁˍʹ ʵʽʶʾˋʵˎˋʹ 

ʶʵʱ˒ˇˎˌ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ʰˎˍˇˏ ˍˇˎ ʻʰ˂ʱ˃ˇˎ ʰˉˇˍˊʷˉʶˍʰʽ ʰˉˈ ˍʹ 

ʵˏ˄ʰ˃ʹ ˉˇˎ ʰˋˁˇˏ˄ ˇʽ ˎʵˊʰˎ˂ʽˁˇʾ ˁˏ˂ʽ˄ʵˊˇʽΦ ɮˁˇ˂ˇˎʻʶʾ ʹ ˃ʶˍʰ˒ˇˊʱ ˍˇˎ ˎ˂ʽˁˇˏ ʰˉˈ ˍʹ 

ʲʱˋʹ ˍˇˎ ʻʰ˂ʱ˃ˇˎ ˃ʷˋ˖ ˍˇˎ ʰˍʷˊ˃ˇ˄ʰ ˁˇ˔˂ʾʰ ˁʰʽ ʹ ʶ˄ʰˉˈʻʶˋʹ ˍˇˎ ˋʶ ˃ʶˍʰ˒ˇˊʽˁʷˌ 

ˍʰʽ˄ʾʶˌΦ 

H ˍʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ ˍ˖˄ ˋʹˊʱʴʴ˖˄ ˇ˂ˇˁ˂ʹˊ˗˄ʶˍʰʽ ˃ʶ ˍʹ ˍˇˉˇʻʷˍʹˋʹ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ 

ʵʰˁˍˎ˂ʾ˖˄Σ ˍʰ ˇˉˇʾʰ ˍˇˉˇʻʶˍˇˏ˄ˍʰʽ ˎˉˈ ˋˎ˄ʻʺˁʶˌ ʰˍ˃ˇˋ˒ʰʽˊʽˁʺˌ ˉʾʶˋʹˌ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ 

ʴʱ˄ˍʸ˖˄ ˉˇˎ ʲˊʾˋˁˇ˄ˍʰʽ ˉʾˋ˖ ʰˉˈ ˍˇ ʵʽʱ˒ˊʰʴ˃ʰ ˉʾʶˋʹˌΦ ʆʰˎˍˈ˔ˊˇ˄ʰΣ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ 

ˋˎ˄ʶ˔ˈ˃ʶ˄ʹ ˉ˂ʺˊ˖ˋʹ ˃ʶ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ʶ˄ʷ˃ʰˍˇˌΣ ˍˇˎ ˁʶ˄ˇˏ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʰ˄ʱ˃ʶˋʰ 

ˋˍʹ˄ ʶ˅˖ˍʶˊʽˁʺ ˉ˂ʶˎˊʱ ˍ˖˄ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˁʰʽ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ 

ʶʵʱ˒ˇˎˌΣ ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ 

ɶ ˍʶˊʱˋˍʽʰ ʶ˃ˉʶʽˊʾʰ ˉˇˎ ʰˉˇˁˍʺʻʹˁʶΣ ˋˍˇ ˉʷˊʰˋ˃ʰ ˍ˖˄ ˔ˊˈ˄˖˄Σ ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ 

ˈ́ ˎ˅ʹΣ ˃ʶ ˔ˊʺˋʹ ˃ʹ˔ʰ˄ʹ˃ʱˍ˖˄ ɳʄɰs ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ ˊʰʴʵʰʾʰ ʰ˄ʱˉˍˎ˅ʹ ˍʹˌ 

ˍʶ˔˄ˇ˂ˇʴʾʰˌ ˇʵʺʴʹˋʶ ˍˇˎˌ ˁʰˍʰˋˁʶˎʰˋˍʷˌ ɳʄɰs ˋʶ ˉʶˊʽˋˋˈˍʶˊˇ ʲʶ˂ˍʽ˖˃ʷ˄ʰ ˁʰʽ 
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ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʱ ˃ʹ˔ʰ˄ʺ˃ʰˍʰΦ ʁʽ ʶˉˈ˃ʶ˄ʶˌ ˎˉˇʶ˄ˈˍʹˍʶˌ ʶ˅ʶˍʱʸˇˎ˄ ʵʽʶ˅ˇʵʽˁʱ ʰˎˍʺ ˍʹ 

ˍʶ˔˄ˇ˂ˇʴʽˁʺ ˉˊˈˇʵˇ ˃ʶ ˉʶˊʽʴˊʰ˒ʺ ˍ˖˄ ʶˉʽ˃ʷˊˇˎˌ ˍ˃ʹ˃ʱˍ˖˄ ˉˇˎ ʰˉˇˍʶ˂ˇˏ˄ ʷ˄ʰ ɳʄɰ 

˃ʹ˔ʱ˄ʹ˃ʰ ˁʰʻ˗ˌ ˁʰʽ ˍ˖˄ ʵʽʱ˒ ˇ́ ˖˄ ʶ˄ʵʽʱ˃ʶˋ˖˄ ʵʽʶˊʴʰˋʽ˗˄Φ 

 

 

ɳʽˁˈ˄ʰ 1.2Υ ʆˎˉʽˁʺ ʵʽʱˍʰ˅ʹ ʶ˄ˈˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ɳʄɰ [3] 

1.2.2 ʅˎ˄ʽˋˍ˗˄ˍʰ ˃ʷˊʹ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ 

1.2.2.1 ɼˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ όCutting Wheel) 

ɶ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ʵʽʰʻʷˍʶʽ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ ˁʰˍʱ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ʵʽʱ˄ˇʽ˅ʹˌ ˋʹˊʱʴʴ˖˄ ˃ʶ 

ɳʄɰΣ ˁʰʻ˗ˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍʹ ˔ʰ˂ʱˊ˖ˋʹ ˁʰʽ ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˍˇˎ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ ʰˉˈ 

ˍʹ˄ ʰˊ˔ʽˁʺ ˍˇˎ ʻʷˋʹ ˍˇˎ ˃ʶˍ˗ˉˇˎΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˁʰˍʱ ˍʹ˄ ʶˉʰ˒ʺ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˃ʶ ˍʹ˄ 

ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ˁʰʽ ˃ʶ ˍʰˎˍˈ˔ˊˇ˄ʹ ˉʶˊʽˋˍˊˇ˒ʺ ˍʹˌΣ ˔ʰ˂ʰˊ˗˄ʶˍʰʽ ˍˇ ʶʵʰ˒ʽˁˈ ˎ˂ʽˁˈ ˁʰʽ 

ʶ˄ʰˉˇˍʾʻʶˍʰʽ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΦ ɶ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ʶ˄ˈˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ɳʄɰΣ ˃ˉˇˊʶʾ ˄ʰ 

˔ʰˊʰˁˍʹˊʽˋˍʶʾΣ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ ˉˇˋˇˋˍˈ ˍ˖˄ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˉˇˎ ʷ˔ʶʽΣ ˋʶ ʰ˄ˇʽ˔ˍˇ ˏʺ ˁ˂ʶʽˋˍˇˏ 

ˍˏ ˉˇΣˎ ˈˉ˖ˌ ʵʶʾ˔˄ʶʽ ˁʰʽ ʹ ɳʽˁˈ˄ʰ мΦоΦ ɼʱʻʶ ˃ʷʻˇʵˇˌ ˁʰˍʰˋˁʶˎʺˌ ʷ˔ʶʽ ˍʰ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ 

ˁʰʽ ˍʰ ˃ʶʽˇ˄ʶˁˍʺ˃ʰˍʱ ˍʹˌΦ  
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ɳʽˁˈ˄ʰ 1.3: ɮˊʽˋˍʶˊʱ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ʹ ʰ˄ˇʽ˔ˍˇˏ ˍˏˉˇˎ ʰˋˉʾʵʰ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˋˍˇ 
˃ʹ˔ʱ˄ʹ˃ʰ ʴʽʰ ˍʹ˄ ʶˉʷˁˍʰˋʹ ˍˇˎ ˎˉˈʴʶʽˇˎ ˋʽʵʹˊˈʵˊˇ˃ˇˎ ˋˍˇ New DelhiΣ ʵʶ˅ʽʱ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ʹ 
ˁ˂ʶʽˋˍˇˏ ˍˏˉˇˎ ʰˋˉʾʵʰ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʴʽʰ ˍʹ˄ ʶˉʷˁˍʰˋʹ ˍˇˎ ˎˉˈʴʶʽˇˎ ˋʽʵʹˊˈʵˊˇ˃ˇˎ 
ˋˍʹ˄ ɮʻʺ˄ʰ [3] 

ɶ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ʰ˄ˇʽ˔ˍˇˏ ˍˏˉˇˎ ˉʰˊˇˎˋʽʱʸʶʽ ʶˎʵʽʱˁˊʽˍʰ ˃ʶʽ˖˃ʷ˄ˇ ˁʾ˄ʵˎ˄ˇ ˉʰʴʾʵʶˎˋʹˌ 

ˁʰʽ ˉʶˊʽˋˋˈˍʶˊˇ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇΦ ʃʰˊˈ˂ʰ ʰˎˍʱΣ ˈˍʰ˄ ˇ 

ʻʱ˂ʰ˃ˇˌ ʶˁˋˁʰ˒ʺˌ ˂ʶʽˍˇˎˊʴʶʾ ˎˉˈ ʰˍ˃ˇˋ˒ʰʽˊʽˁʺ ˉʾʶˋʹΣ ˂ˈʴ˖ ʷ˂˂ʶʽ˕ʹˌ ˃ʹ˔ʰ˄ʽˁʺˌ 

ˎˉˇˋˍʺˊʽ˅ʹˌΣ ˋˍʽˌ ΨΩʶˎʰʾˋʻʹˍʶˌΩΩ ʰˋˍʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʰˎ˅ʹ˃ʷ˄ˇˌ ˇ ˁʾ˄ʵˎ˄ˇˌ 

ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Φ 

ɮˉˈ ˍʹ˄ ʱ˂˂ʹΣ ʹ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ˁ˂ʶʽˋˍˇˏ ˍˏˉˇˎ ʶʾ˄ʰʽ ˉʶˊʽˋˋˈˍʶˊˇ ʶˎˉʰʻʺˌ ˋˍʹ˄ ʷ˃˒ˊʰ˅ʹ 

ˍʹˌ ʶʵʰ˒ʽˁʺˌ ˉʱˋˍʰˌ ˋˍʰ ʰ˄ˇʾʴ˃ʰˍʰ ˁʰʽ ʹ ˉʾʶˋʹ ˍˇˎ ˃ʶˍ˗ˉˇˎ ʶʾ˄ʰʽ ˂ʽʴˈˍʶˊˇ ˇ˃ˇʽˈ˃ˇˊ˒ʹΣ 

˃ʶʽˇ˄ʶˁˍʺ˃ʰˍʰ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ ʰ˄ˍʽ˃ʶˍ˖ˉʽˋˍˇˏ˄ ˃ʶ ˍʹ ˔ˊʺˋʹ ʰ˒ˊˇˏ ˁʰʽ ʶʵʰ˒ʽˁ˗˄ 

ˉˊˈˋ˃ʽˁˍ˖˄Φ ʆˇ ˃ʶʴʰ˂ˏˍʶˊˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶʽ ʰˎˍˇˏ ˍˇˎ ˍˏˉˇˎ ʹ ˁʶ˒ʰ˂ʺ 

ʰ˒ˇˊʱ ˋˍʹ˄ ˉʰˊˇ˔ʺ ˁʰˍʱ˂˂ʹ˂ʹˌ ˃ʹ˔ʰ˄ʽˁʺˌ ˎˉˇˋˍʺˊʽ˅ʹˌ ˋˍˇ ˃ʷˍ˖ˉˇΣ ʰˉˇˍˊʷˉˇ˄ˍʰˌ ˍʹ˄ 

ʰ˄ʶ˅ʷ˂ʶʴˁˍʹ ˊˇʺ ˔ʰ˂ʰˊ˖˃ʷ˄ˇˎ ˎ˂ʽˁˇˏ ˉˊˇˌ ˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΣ ʻʷˍˇ˄ˍʰˌ ʰˎˍˈ ˍˇ˄ ˍˏˉˇ 

˖ˌ ˍʹ ˋˎ˄ʹʻʷˋˍʶˊʹ ʶˉʽ˂ˇʴʺ ˍ˖˄ ˁʰˍʰˋˁʶˎʰˋˍ˗˄ ˋˍʹ ʵʽʱ˄ˇʽ˅ʹ ˋʶ ʰˋˍʽˁʱ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰΦ 

ʆˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˋˍʹ˄ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ˁʰˍʰ˂ʰ˃ʲʱ˄ˇˎ˄ ʷ˄ʰ ˉˇˋˇˋˍˈ ʶˉʾ ʰˎˍʺˌΣ 

ˍˇ ˇˉˇʾˇ ˃ˉˇˊʶʾ ˄ʰ ˃ʶˍʰʲʱ˂˂ʶˍʰʽ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ʰˉʰʽˍʺˋʶʽˌ ˁʰʽ ˍʽˌ ʶʵʰ˒ʽˁʷˌ ˋˎ˄ʻʺˁʶˌ 

ˁʱʻʶ ˎˉˈʴʶʽˇˎ ʷˊʴˇˎΦ ʁ ˋ˔ʶʵʽʰˋ˃ˈˌ ˍ˖˄ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˉˊʷˉʶʽ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʶ 

ˍʷˍˇʽˇ ˍˊˈˉˇ ˗ˋˍʶ ʰˉˈ ˍʹ ˃ʾʰ ˄ʰ ʶˉʽˍˊʷˉʶʽ ˍʹ˄ ʶʾˋˇʵˇ ˍˇˎ ʴʶ˖ˎ˂ʽˁˇˏ ˋˍˇ ʻʱ˂ʰ˃ˇ 

ʶˁˋˁʰ˒ʺˌ ˔˖ˊʾˌ ˄ʰ ʶʴˁ˂˖ʲʾʸʶˍʰʽ ˁʰʽ ˍʰˎˍˈ˔ˊˇ˄ʰ ˄ʰ ʰˉˇˍˊʷˉʶʽ ˄ʰ ʶʽˋ˔˖ˊʺˋˇˎ˄ ˃ʶʴʱ˂ʰ 

ˍʶ˃ʱ˔ʽʰ ˉˇˎ ʵʶ˄ ʻʰ ˃ˉˇˊˇˏ˄ ˄ʰ ˃ʶˍʰ˒ʶˊʻˇˏ˄ ʰˉˈ ˍˇ˄ ʰˍʷˊ˃ˇ˄ʰ ˁˇ˔˂ʾʰΣ ʰˎ˅ʱ˄ˇ˄ˍʰˌ ˍˇ˄ 

ˁʾ˄ʵˎ˄ˇ ˉʰˏˋʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ʺ ʰˁˈ˃ʰ ˁʰʽ ˁʰˍʰˋˍˊˇ˒ʺˌ ˍˇˎΦ ɱʶ˄ʽˁʱΣ ʹ ʶ˃ˉʶʽˊʾʰ ʷ˔ʶʽ 

ʵʶʾ˅ʶʽ ˈˍʽ ˇ ˁʰˍʱ˂˂ʹ˂ˇˌ ʲʰʻ˃ˈˌ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˁˎ˃ʰʾ˄ʶˍʰʽ ˋˍˇ лΦн ˃ʶ лΦорΦ 
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1.2.2.2 ɼˇˉˍʽˁʱ ʶˊʴʰ˂ʶʾʰ όCutting tools) 

ɶ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ʶʾ˄ʰʽ ʶ˅ˇˉ˂ʽˋ˃ʷ˄ʹ ˃ʶ ʵʽʱ˒ˇˊʰ ˁˇˉˍʽˁʱ ʶˊʴʰ˂ʶʾʰ ʴʽʰ ˍʹ˄ ˔ʰ˂ʱˊ˖ˋʹ ˁʰʽ 

ʶˁˋˁʰ˒ʺ ˍˇˎ ʴʶ˖ˎ˂ʽˁˇˏ ˋˍˇ ˃ʷˍ˖ˉˇΣ ˍʰ ˇˉˇʾʰ ʵʽʰ˔˖ˊʾʸˇ˄ˍʰʽ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ ˍˏˉˇ ˍˇˎ 

ʶʵʰ˒ʽˁˇˏ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ˈˉˇˎ ʻʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ʹ ʵʽʱ˄ˇʽ˅ʹΦ ʅˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹ 

ˎˉʱˊ˔ˇˎ˄ ˉˇ˂˂ʷˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˁʰˍʹʴˇˊʾʶˌ ˁˇˉˍʽˁ˗˄ ʶˊʴʰ˂ʶʾ˖˄Σ ˃ʶ ˁˎˊʽˈˍʶˊʶˌ ˍʰ ˁˇˉˍʽˁʱ 

ˍˏˉˇˎ ʵʾˋˁˇˎ όdisk cutters) ɹ ʽʰ ˃ʰ˂ʰˁˇˏˌ ʺ ˋˁ˂ʹˊˇˏˌ ʲˊʰ˔˗ʵʶʽˌ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏˌ ˁʰʽ ˁˇˉˍʽˁʱ 

ˋˎˊˈ˃ʶ˄ˇˎ ˍˏˉˇˎ (drag picks) ʴʽʰ ʶʵʰ˒ʽˁˇˏˌ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏˌΦ ʆʰ ɳʄɰs ˋˎ˔˄ʱ ʵʽʷˊ˔ˇ˄ˍʰʽ 

˃ʷˋʰ ʰˉˈ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏˌ ˉˇˎ ˉʰˊˇˎˋʽʱʸˇˎ˄ ʶˍʶˊˇʴʷ˄ʶʽʰΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˁʰʽ ˇʽ ʵˏˇ ˍˏˉˇʽ ˁˇˉˍʽˁ˗˄ ʶˊʴʰ˂ʶʾ˖˄ ˋˍʹ˄ ˁʶ˒ʰ˂ʺ. 

ʅˍʰ ˁˇˉˍʽˁʱ ˋˎˊˈ˃ʶ˄ˇˎ ˍˏˉˇˎ ʹ ʻˊʰˏˋʹ ʴʾ˄ʶˍʰʽ ˃ʷˋ˖ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˁˇˉʺˌΣ ʹ ˇˉˇʾʰ 

ʰˋˁʶʾˍʰʽ ˉʰˊʱ˂˂ʹ˂ʰ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˁˇˉʺˌΦ ʆˇˉˇʻʶˍˇˏ˄ˍʰ ̔ˋˍʰ ʰ˄ˇʾʴ˃ʰˍʰ ˍʹˌ ˁˇˉˍʽˁʺˌ 

ˁʶ˒ʰ˂ʺˌ ˎˉˈ ˁʱˉˇʽʰ ˁ˂ʾˋʹΣ ˁʰʻ˗ˌ ʹ ʶ˃ˉʶʽˊʾʰ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʽˌ ʶˊʴʰˋˍʹˊʽʰˁʷˌ ʵˇˁʽ˃ʷˌ 

ʷ˔ˇˎ˄ ʵʶʾ˅ʶʽ ˈˍʽ ʷˍˋʽ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ʰˉˈʵˇˋʹ ˍʹˌ ˁˇˉˍʽˁʺˌ ˁʶ˒ʰ˂ʺˌ ˁʰʽ ʹ ʰ˄ˍˇ˔ʺ ˍʹˌ ˋˍʹ 

˒ʻˇˊʱΦ 

ʆʰ ˁˇˉˍʽˁʱ ˍˏˉˇˎ ʵʾˋˁˇˎ ˉʶˊʽˋˍˊʷ˒ˇ˄ˍʰʽ ˃ʶ ˍʹ˄ ˉʶˊʽˋˍˊˇ˒ʺ ˍʹˌ ˁˇˉˍʽˁʺˌ ˁʶ˒ʰ˂ʺˌ ˁʰʽ 

ʵʽʶʽˋʵˏˇˎ˄ ˋˍˇ ˉʷˍˊ˖˃ʰ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˃ʷˋ˖ ˁʱʻʶˍʹˌ ʵˏ˄ʰ˃ʹˌΦ ʅʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍʰ ˁˇˉˍʽˁʱ 

ˋˎˊˈ˃ʶ˄ˇˎ ˍˏˉˇˎΣ ˍʰ ˁˇˉˍʽˁʱ ˍˏˉˇˎ ʵʾˋˁˇˎ ʰ˄ˍʽˁʰʻʾˋˍʰ˄ˍʰʽ ˈˍʰ˄ ˔ʱˋˇˎ˄ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍˇˎˌ 

ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˒ʻˇˊʱˌΦ 
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ɳʽˁˈ˄ʰ 1.4: (a) ɼˇˉˍʽˁʱ ˋˎˊˈ˃ʶ˄ˇˎ ˍˏˉˇˎ ˋʶ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ɳʄɰ όɾʶˍˊˈ ɸʶˋˋʰ˂ˇ˄ʾˁʹˌύΤ (b) 
ɼˇˉˍʽˁʱ ˍˏˉˇˎ ʵʾˋˁˇˎ ˋʶ ˁˇˉˍʽˁʺ  ˁʶ˒ʰ˂ʺ ɳʄɰ όɾʶˍˊˈ ɸʶˋˋʰ˂ˇ˄ʾˁʹˌύΤ (c) ɾʷˍ˖ˉˇ ˋʺˊʰʴʴʰˌ ˃ʶ 
ˊʰʲʵ˗ˋʶʽˌ (1) ˉˇˎ ˉˊˇˁ˂ʺʻʹˁʰ˄ h̄ ˈ ˁˇˉˍʽˁˈ ˍˏˉˇˎ ʵʾˋˁˇˎ ˁʰʽ ʶˉʽ˒ʱ˄ʶʽʰ όнύ ʰˉˈ ˁˇˉˍʽˁˈ 
ˋˎˊˈ˃ʶ˄ˇˎ ˍˏˉˇˎ [3] 

1.2.2.3 ɸʱ˂ʰ˃ˇˌ ʶˁˋˁʰ˒ʺˌ όɳxcavation chamber) 

ɾʶ ˍˇ˄ ˈˊˇ ʻʱ˂ʰ˃ˇˌ ʶˁˋˁʰ˒ʺˌ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˍˇ ˍ˃ʺ˃ʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˉˇˎ ʲˊʾˋˁʶˍʰʽ 

ʶ˄ʵʽʱ˃ʶˋʰ ˋˍʹ˄ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ˁʰʽ ˋˍˇ ʵʽʱ˒ˊʰʴ˃ʰ ˉʾʶˋʹˌΦ ɶ ˉʾʶˋʹ ˉˇˎ ʶ˒ʰˊ˃ˈʸʁ ˍʰʽ ˋˍˇ 

˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ʰˉˈ ˍˇ ɳʄɰ ˋˍʹˊʾʸʶˍʰʽ ˁʰˍʱ ʲʱˋʹ ˋˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ʻʰ˂ʱ˃ˇˎ 

ʶˁˋˁʰ˒ʺˌΦ ʆˇ ˔ʰ˂ʰˊ˖˃ʷ˄ˇ ʴʶ˖ˎ˂ʽˁˈΣ ˈˉ˖ˌ ʷ˔ʶʽ ʺʵʹ ʰ˄ʰ˒ʶˊʻʶʾ (1.2.1), ʶʽˋʷˊ˔ʶˍʰʽ ˃ʷˋ˖ 

ˍ˖˄ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˍʹˌ ˁˇˉˍʽˁʺˌ ˁʶ˒ʰ˂ʺˌ ˋˍˇ ʻʱ˂ʰ˃ˇ ˁʰʽ ˉʰˊʰ˃ʷ˄ʶʽ ʶˁʶʾ ˂ʶʽˍˇˎˊʴ˗˄ˍʰˌ ˖ˌ 

˃ʷˋˇ ˎˉˇˋˍʺˊʽ˅ʹˌΦ 

ʁ ˋ˔ʶʵʽʰˋ˃ˈˌ ˍˇˎ ʻʰ˂ʱ˃ˇˎ ˁʰʻˇˊʾʸʶˍʰʽ ʰˉˈ ˍʹ ʻʷˋʹ ˍˇˎ ʰˍʷˊ˃ˇ˄ʰ ˁˇ˔˂ʾʰ ˁʰʽ ˍˇ˄ ˍˏˉˇ ˍʹˌ 

ˁˇˉˍʽˁʺˌ ˁʶ˒ʰ˂ʺˌΦ ɳˉʾˋʹˌΣ ʰˁˇ˂ˇˎʻʶʾ ˁʱˉˇʽʶˌ ʰˊ˔ʷˌ  ˗ˋˍʶ ˍˇ ʶˁˋˁʰ˒ʻʷ˄ ˎ˂ʽˁˈ ˄ʰ ˊʷʶʽ 

ˇ˃ʰ˂ʱ ˋˍˇ ʻʱ˂ʰ˃ˇΣ ʰˉˇˍˊʷˉˇ˄ˍʰˌ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʷ˃˒ˊʰ˅ʹˌΦ ʁ ˁʾ˄ʵˎ˄ˇˌ ʰˎˍˈˌ ʰˎ˅ʱ˄ʶˍʰʽ ˈˍʰ˄ 

ˇ ʻʱ˂ʰ˃ˇˌ ˉʶˊʽˋˍˊʷ˒ʶˍʰʽ ˃ʰʸʾ ˃ʶ ˍʹ˄ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺΣ ʵʶʵˇ˃ʷ˄ˇˎ ˈˍʽ ʹ ʰ˄ʱ˃ʶʽ˅ʹ ˁʰʽ 

ˍˊˇˉˇˉˇʾʹˋʹ ˃ʶʽ˗˄ʶˍʰʽ ˃ʶ ˍʰˎˍˈ˔ˊˇ˄ʹ ʰˏ˅ʹˋʹ ˍˇˎ ʽ˅˗ʵˇˎˌ ˍˇˎ ˎ˂ʽˁˇˏΦ ɮˁˈ˃ʰ ˈˍʰ˄ ʹ 

ʵʽʱ˃ʶˍˊˇˌ ˍʹˌ ʰˋˉʾʵʰˌ ʶʾ˄ʰʽ ˃ʶʴʱ˂ʹ ʰˎ˅ʱ˄ʶˍʰʽ ˇ ˁʾ˄ʵˎ˄ˇˌ ˄ʰ ˁˇ˂˂ʺˋʶʽ ˍˇ ˎ˂ʽˁˈ ˋˍˇ ˁʷ˄ˍˊˇ 

ˍˇˎ ʻʰ˂ʱ˃ˇˎΣ ʰ˒ˇˏ ʹ ˍʰ˔ˏˍʹˍʰ ̄ ʶˊʽˋˍˊˇ˒ʺˌ ˃ʶʽ˗˄ʶˍʰʽ ˋʶ ʰˎˍˈ ˍˇ ˃ʷˊˇˌΦ 

ʆˇ ˃ʺˁˇˌ ˍˇˎ ʻʰ˂ʱ˃ˇˎ ˁʰʽ ʹ ˍʰ˔ˏˍʹˍʰ ˉʶˊʽˋˍˊˇ˒ʺˌ ˍˇˎ ʰˍʷˊ˃ˇ˄ʰ ˁˇ˔˂ʾʰ ˁʰʻˇˊʾʸˇˎ˄ ˍˇ 

˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ ˉˇˎ ˍˇ ˎ˂ʽˁˈ ˉʰˊʰ˃ʷ˄ʶʽ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ʻʰ˂ʱ˃ˇˎΦ ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ 

ʵʽʰˍʹˊʹʻʶʾ ˋˍʰʻʶˊʺ ʹ ˉʾʶˋʹ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΣ ˍˇ ˎ˂ʽˁˈ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˇ˃ˇʽˇɹ ʶ˄ʷˌ 
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ˁʰʽ ˄ʰ ˎˉʱˊ˔ʶʽ ˋ˖ˋˍʺ ʰ˄ʰ˂ˇʴʾʰ ˔ˇ˄ʵˊˈˁˇˁˁˇˎ ˁʰʽ ˂ʶˉˍˈˁˇˁˁˇˎ ˎ˂ʽˁˇˏ ʴʽʰ ˄ʰ ʵʽʰˍʹˊʶʾˍʰʽ 

ʹ ˉ˂ʰˋˍʽˁˈˍʹˍʰ ˍˇˎΦ ɱΩ ʰˎˍˈ ˍˇ ˂ˈʴˇ ˍˇ ˎ˂ʽˁˈ ˋˍˇ˄ ˁʱʵˇ ʰ˄ʰ˃ʽʴ˄ˏʶˍʰʽ ˃ʶ ˄ʶˊˈΣ ʰ˒ˊˈΣ 

˃ˉʶˍˇ˄ʾˍʹ ˋʶ ˍʷˍˇʽʰ ʰ˄ʰ˂ˇʴʾʰ ˗ˋˍʶ ˍˇ ˍʶ˂ʽˁˈ ˉˊˇʿˈ˄ ˄ʰ ʷ˔ʶʽ ˍʹ˄ ʾʵʽʰ ˋˎ˄ʶˁˍʽˁˈˍʹˍʰ ˃ʶ ˍˇ 

ˉʶˊʽʲʱ˂˂ˇ˄ ʶʵʰ˒ʽˁˈ ˎ˂ʽˁˈΣ ʶ˄˗ ʶˉʽˉˊˈˋʻʶˍˇ ˈ˒ʶ˂ˇˌ ˍˇˎ ʲʶ˂ˍʽ˖˃ʷ˄ˇˎ ʶʵʱ˒ˇˎˌ ʰˉˇˍʶ˂ʶʾ 

ʹ ˃ʶʾ˖ˋʹ ˍʹˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˍˇˎΣ ˁʰʻ˗ˌ ˋˉʱ˄ʶ ˇʽ ʵʶˋ˃ˇʾ ˍˇˎ ˎ˂ʽˁˇˏ ˁʰʽ ˉˊˇˁʰ˂ʶʾˍʰʽ 

ʰˉˇˁˈ˂˂ʹˋʹΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ ʵʽʶˎˁˈ˂ˎ˄ˋʹ ˁʰˍʱ ˍʹ˄ ʶ˅ˈˊˎ˅ʹΦ 

ʁ ʻʱ˂ʰ˃ˇˌ ˃ˉˇˊʶʾ ˄ʰ ʶˉʽʵʽˇˊʻ˖ʻʶʾ ʶʾˍʶ ˋˍʹ˄ ʰˋˉʾʵʰ ʶʾˍʶ ˋˍʹ˄ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺΩ ˈ˃˖ˌ ˋˍʹ 

ʵʶˏˍʶˊʹ ˉʶˊʾˉˍ˖ˋʹ ʰˎ˅ʱ˄ʶˍʰʽ ˇ ˁʾ˄ʵˎ˄ˇˌ ʷ˃˒ˊʰ˅ʹˌ.  

1.2.2.4 ɮˍʷˊ˃ˇ˄ʰˌ ˁˇ˔˂ʾʰˌ (Screw conveyor) 

O̔  ʰˍʷˊ˃ˇ˄ʶˌ ˁˇ˔˂ʾʶˌ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋˍʰ ɳʄɰs ʴʽʰ ˍʹ˄ ʶ˂ʶʴ˔ˈ˃ʶ˄ʹ ˃ʶˍʰ˒ˇˊʱ ˍˇˎ 

ʶˁˋˁʰ˒ʻʷ˄ˍˇˌ ˎ˂ʽˁˇˏΦ ʋˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰΥ 

ü ʆʹ ˃ʶˍʰ˒ˇˊʱ ˍˇˎ ʴʶ˖ˎ˂ʽˁˇˏ ʰˉˈ ˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌ ˋˍˇ ʶ˅˖ˍʶˊʽˁˈ ˍʹˌ ˋʺˊʰʴʴʰˌ 

˃ʷˋ˖ ˃ʶˍʰ˒ˇˊʽˁ˗˄ ˍʰʽ˄ʽ˗˄ 

ü ʆʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˉʾʶˋʹˌ ʷ˄ʰ˄ˍʽ ˎˉˈʴʶʽ˖˄ ˎʵʱˍ˖˄ ˋʶ ʷ˄ˍˇ˄ʰ ʵʽʰˉʶˊʰˍʱ ʶʵʱ˒ʹ 

ü ʆˇ˄ ʷ˂ʶʴ˔ˇ ˍʹˌ ˉʾʶˋʹˌ ˎˉˇˋˍʺˊʽ˅ʹˌ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌ ˃ʶ ˁʰˍʱ˂˂ʹ˂ʹ 

ˉˊˇˋʰˊ˃ˇʴʺ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˉʶˊʽˋˍˊˇ˒ʺˌΦ 

 

ɳʽˁˈ˄ʰ 1.5Υ ɮˍʷˊ˃ˇ˄ʰˌ ˁˇ˔˂ʾʰˌ ˃ʶ ˁʶ˄ˍˊʽˁˈ ʱ˅ˇ˄ʰ ˉʶˊʽˋˍˊˇ˒ʺˌ [3] 

ʅˍʹ˄ ɳʽˁˈ˄ʰ мΦр ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ʷ˄ʰˌ ʰˍʷˊ˃ˇ˄ʰˌ ˁˇ˔˂ʾʰˌ ˃ʶ ˁʶ˄ˍˊʽˁˈ ʱ˅ˇ˄ʰ ˉʶˊʽˋˍˊˇ˒ʺˌΦ 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˍˇ ʱ˄ˇʽʴ˃ʰ ˁʰ˂ˏˉˍʶʽ ˃ˈ˄ˇ ˍˇ рл҈ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺ ʵʽʰ˃ʷˍˊˇˎ ˍˇˎ ˁˇ˔˂ʾʰΦ ʆˇ 

ʴʶʴˇ˄ˈˌ ʰˎˍˈ ˁʰʻʽˋˍʱ ʵˏˋˁˇ˂ʹ ˍʹ ˃ʶˍʰ˒ˇˊʱ ˃ʶʴʱ˂˖˄ ˍʶ˃ʰ˔ʾ˖˄ ˃ʷˋ˖ ˍˇˎ ˁˇ˔˂ʾʰΦ ɱʽʰ ˍˇ 

ʻˊˎ˃˃ʰˍʽˋ˃ˈ ˍʷˍˇʽ˖˄ ˍʶ˃ʰ˔ʾ˖˄Σ ˁˇˉˍʽˁʱ ˍˏˉˇˎ ʵʾˋˁˇˎ ˋˎ˄ʺʻ˖ˌ ʶʴˁʰʻʾˋˍʰ˄ˍʰʽ ˋˍʹ˄ 

ˁʶ˒ʰ˂ʺΦ 

ɶ ˍʰ˔ˏˍʹˍʰ ˉʶˊʽˋˍˊˇ˒ʺˌ ˁʰʽ ˇ ˊˎʻ˃ˈˌ ˉˊˇ˗ʻʹˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʰˉˇˍʶ˂ˇˏ˄ ˍˇˎˌ 

ˁˎˊʽˈˍʶˊˇˎˌ ˉʰˊʱʴˇ˄ˍʶˌ ʶ˂ʷʴ˔ˇˎ ˍʹˌ ˉʾʶˋʹˌ ˎˉˇˋˍʺˊʽ˅ʹˌ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˋˍˇ ʻʱ˂ʰ˃ˇ 
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ʶˁˋˁʰ˒ʺˌΦ ʁʽ ˔ʶʽˊʽˋˍʷˌ ˍ˖˄ ɳʄɰs ʷ˔ˇˎ˄ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ʶ˂ʷʴ˔ˇˎ ˍʹˌ ʱˋˁʹˋʹˌ ˉʾʶˋʹˌ ˋˍˇ 

ʻʱ˂ʰ˃ˇΣ ˃ʷˋ˖ ˍˇˎ ʶ˂ʷʴ˔ˇˎ ʰˎˍ˗˄ ˍ˖˄ ʵˏˇ ˉʰˊʰʴˈ˄ˍ˖˄ ˁʰʽ ʽʵʽʰʾˍʶˊʰ ˃ʶ ˉˊˇˋʰˊ˃ˇʴʺ ˍʹˌ 

ˍʰ˔ˏˍʹˍʰˌ ˉʶˊʽˋˍˊˇ˒ʺˌΦ ɳˉʽˉ˂ʷˇ˄Σ ˁʱˍʽ ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ʶ˂ʷʴ˔ʶˍʰʽ ʶʾ˄ʰʽ ʹ ˉʾʶˋʹ ˋˍˇ˄ 

ʰˍʷˊ˃ˇ˄ʰ ˁˇ˔˂ʾʰΣ ˁʰʻ˗ˌ ˃ʾʰ  ʰˉˇ˃ʱˁˊˎ˄ˋʹ ʰ˄ʶ˅ʷ˂ʶʴˁˍʹˌ ˉˇˋˈˍʹˍʰˌ ˎ˂ʽˁˇˏ ˃ˉˇˊʶʾ ˄ʰ 

ˉˊˇˁʰ˂ʷˋʶʽ ʰˉˈˍˇ˃ʹ ˉˍ˗ˋʹ ˋˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎΣ ˄ʰ ʶˉʹˊʶʱˋʶʽ ʵʹ˂ʰʵʺ ˋʹ˃ʰ˄ˍʽˁʱ ˍʹ˄ 

ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇ ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˍʹ˄ ʶˎˋˍʱʻʶʽʰ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˁʰʽ ˍʽˌ ʶˉʽ˒ʰ˄ʶʽʰˁʷˌ 

ˁʰʻʽʸʺˋʶʽˌΦ  ɶ ʰʵˎ˄ʰ˃ʾʰ ʰˎˍʺ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʶˉʽ˂ˏʶˍʰʽ ˃ʶ ˍʹ˄ ʶʴˁʰˍʱˋˍʰˋʹ ʰˁˊˇ˒ˎˋʾ˖˄Σ 

ˋˍˇ ˃ˉˊˇˋˍʽ˄ˈ ˃ʷˊˇˌ ˍˇˎ ˁˇ˔˂ʾʰΣ ˉˇˎ ʶˁˍˇ˅ʶˏˇˎ˄ ˉˊˈˋ˃ʽˁˍʰ ˁʰʽ ʲʶ˂ˍʽ˗˄ˇˎ˄ ˍʹ˄ ˉˇʽˈˍʹˍʰ 

ˍˇˎ ʶʵʱ˒ˇˎˌΦ  

1.2.2.5 Kˎ ˂ʽ˄ʵˊʽˁʱ ʷ˃ʲˇ˂ʰ ˗ʻʹˋʹˌ όʆhrust cylinders)  

Th  ʷ˃ʲˇ˂ʰ ˗ʻʹˋʹˌ ˂ʶʽˍˇˎˊʴˇˏ˄ ˃ʶ ˎʵˊʰˎ˂ʽˁˈ ˂ʱʵʽ ˉʾʶˋʹˌ ˁʰʽ ʶʾ˄ʰʽ ˎˉʶˏʻˎ˄ʰ ʴʽʰ ˍʹ 

ʵʽʰˍʺˊʹˋʹ ˍˇˎ ɳʄɰ ˋʶ ˋˍʰʻʶˊʺ ʻʷˋʹ ˁʰˍʱ ˍʹ˄ ʶˁˋˁʰ˒ʺ ˁʰʽ ˍʰˎˍˈ˔ˊˇ˄ʰ ʴʽʰ ˍʹ˄ ˗ʻʹˋʹ ˍˇˎ 

˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˃ʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˊˎʻ˃ˈ ˉˊˇ˔˗ˊʹˋʹˌΦ ʁˎˋʽʰˋˍʽˁʱΣ ˍʰ ʷ˃ʲˇ˂ʰ ʰˋˁˇˏ˄ ˉˇ˂ˏ 

˃ʶʴʱ˂ʹ ˉʾʶˋʹ ˋˍʰ ʺʵʹ ˍˇˉˇʻʶˍʹ˃ʷ˄ʰ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ˎˉˇˋˍʺˊʽ˅ʹˌ ˁʰʽ 

˖ʻˇˏ˄ ˍˇ ˃ʹ˔ʱ˄ʹ˃ʰ ˉˊˇˌ ˍʹ˄ ʰ˄ˍʾʻʶˍʹ ˁʰˍʶˏʻˎ˄ˋʹΦ ʁʽ ʵˎ˄ʱ˃ʶʽˌ ˗ʻʹˋʹˌ ˉˇˎ ʰˋˁˇˏ˄ˍʰʽ 

ʰˉˈ ˍʰ ʷ˃ʲˇ˂ʰ ˃ˉˇˊˇˏ˄ ˄ʰ ˃ʶˍʰ˒ʶˊʻˇˏ˄ ˁʰʽ ˄ʰ ʵʽʰ˄ʶ˃ʹʻˇˏ˄ ˖ˌ ˉʾʶˋʹ ʰ˄ˍʽˋˍʰʻ˃ʾʸˇ˄ˍʰˌ 

ˍʹ˄ ˉʾʶˋʹ ʰˉˈ ˍˇ ʷʵʰ˒ˇˌ ˁʰʽ ˍˇ ˄ʶˊˈ ˉʾˋ˖ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇΣ ˃ʷˋ˖ ˍˇˎ ʲʶ˂ˍʽ˖˃ʷ˄ˇˎ 

ʴʶ˖ˎ˂ʽˁˇˏ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΦ  
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ɳʽˁˈ˄ʰ 1.6: ʇʵˊʰˎ˂ʽˁʱ ʷ˃ʲˇ˂ʰ ˍˇˉˇʻʶˍʹ˃ʷ˄ʰ ˋˍʹ˄ ˇˎˊʱ ˍʹˌ ʰˋˉʾʵʰˌ ʴʽʰ ˋ˖ˋˍʺ ʶˎʻˎʴˊʱ˃˃ʽˋʹ 
˃ʶ ˍʰ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ˎˉˇˋˍʺˊʽ˅ʹˌ [3] 

ʅˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ʷ˔ˇˎ˄ ˉˊˇˍʰʻʶʾ ʵʽʱ˒ˇˊˇʽ ˍˊˈˉˇʽ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍʹˌ ʵˏ˄ʰ˃ʹˌ ˗ʻʹˋʹˌΦ 

ɱʶ˄ʽˁʱΣ ʵʽʰˍˎˉ˗˄ʶˍʰʽ ˈˍʽ ʰˎˍʺ ʹ ʵˏ˄ʰ˃ʹ ˁʰ˂ʶʾˍʰʽ ˄ʰ ˎˉʶˊ˄ʽˁʺˋʶʽ ˍʽˌ ʵˎ˄ʱ˃ʶʽˌ ˍˊʽʲʺˌ ˉˇˎ 

ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ʰˋˉʾʵʰ ˁʰʽ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ˁʰʽ ˍʰˎˍˈ˔ˊˇ˄ʰ ˄ʰ 

ʵʽʰˍʹˊʶʾ ˍʹ˄ ˁʰˍʱ˂˂ʹ˂ʹ ʶˉʰ˒ʺ ˃ʶ ˍˇ ˃ʷˍ˖ˉˇ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˃ʶˍʰ˒ʷˊʶˍʰʽ ʹ ʰˉʰˊʰʾˍʹˍʹ 

ˉʾʶˋʹ ˎˉˇˋˍʺˊʽ˅ʹˌΦ ɶ ʶˉʽ˂ˇʴʺ ʰˎˍˇˏ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ʵʽʱ˒ˇˊˇˎˌ 

ˉʰˊʱʴˇ˄ˍʶˌΣ ˈˉ˖ˌΥ 

ü ʆʽˌ ʶˉʽˁˊʰˍˇˏˋʶˌ ʴʶ˖˂ˇʴʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˍʹˌ ˉʶˊʽˇ˔ʺˌ 

ü ʆʹ˄ ʰˉʰˊʰʾˍʹˍʹ ˉʾʶˋʹ ˎˉˇˋˍʺˊʽ˅ʹˌ ˉˇˎ ʰˉʰʽˍʶʾˍʰʽ ˄ʰ ʰˋˁʹʻʶʾ ˋˍˇ ˃ʷˍ˖ˉˇ 

ü ʆˇ ˋˎ˄ˇ˂ʽˁˈ ʲʱˊˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ όʰˋˉʾʵʰ ˁʰʽ ˇˎˊʱύ 

ü ʆʹ˄ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ʵˏ˄ʰ˃ʹ ʶˁˋˁʰ˒ʺˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˍʰ ˁˇˉˍʽˁʱ ʶˊʴʰ˂ʶʾʰ ˍʹˌ ˁʶ˒ʰ˂ʺˌ 

˄ʰ ʶʾ˄ʰʽ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʱΦ 
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ɳʽˁˈ˄ʰ 1.7Υ ʅʹ˃ʶʾˇ ˍˇˎ ʶ˅ˇˉ˂ʽˋ˃ˇˏ ˈˉˇˎ ʶʾ˄ʰʽ ˍˇˉˇʻʶˍʹ˃ʷ˄ʰ ˍʰ ˎʵˊʰˎ˂ʽˁʱ ʷ˃ʲˇ˂ʰ ˗ʻʹˋʹˌ [3] 

1.2.3 ʆʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ όSegmental lining) 

H ˁʰˍʰˋˁʶˎʺ ˍʹˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ʶ˅ˎˉʹˊʶˍʶʾ ˁʰʽ ʶ˅ʰˋ˒ʰ˂ʾʸʶʽ ˍʹ˄ 

ˁh ˍʰˋˁʶˎʰˋˍʽˁʺ ʰˊˍʽˈˍʹˍʰΣ ˍʹ˄ ʰ˄ʻʶˁˍʽˁˈˍʹˍʰ ˁʰʽ ˂ʶʽˍˇˎˊʴʽˁˈˍʹˍʰ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍʹˌ 

ˋʺˊʰʴʴʰˌΦ ʅ˔ʶʵʽʱʸʶˍʰʽ ʷˍˋʽ ˗ˋˍʶ ˄ʰ ˂ʰ˃ʲʱ˄ʶʽ ˒ˇˊˍʾʰ ˉˇˎ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ʰˉˈ ˍˇ 

ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ˁʰʽ ˍʰ ˎˉˈʴʶʽʰ ˏʵʰˍʰΣ ˍʽˌ ˍˎ˔ʹ˃ʰˍʽˁʷˌ ʵˊʱˋʶʽˌ όˉΦ˔Φ ʶˁˊʺ˅ʶʽˌΣ ˒˖ˍʽʱύ 

ˁʰʽ ˋʶʽˋ˃ʽˁʱ ˒ˇˊˍʾʰΦ  

Th  ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ʶʾ˄ʰʽ ʰˉˈ ˋˁˎˊˈʵʶ˃ʰΣ ʶʴˁʰʻʾˋˍʰ˄ˍʰʽ ˁʰʽ ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶ 

ˁʰˍʱ˂˂ʹ˂ˇ ˍˊˈˉˇ ʴʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʶ˄ˈˌ ˁˎˁ˂ʽˁˇˏ ʵʰˁˍˎ˂ʾˇˎΦ ɰʰˋʽˁˈ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˍʹˌ 

ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ ʰˉˇˍʶ˂ʶʾ ˇ ˃ʶʴʱ˂ˇˌ ʰˊʽʻ˃ˈˌ ˋˎ˄ʵʷˋ˃˖˄ ˃ʶˍʰ˅ˏ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ όring 

joints). ʆʰ ˋʹ˃ʶʾʰ ˋˏ˄ʵʶˋʹˌ ʶʾ˄ʰʽ ˁʱʻʶˍʰ ˋˍʰ ˋˍˇʽ˔ʶʾʰ ˁʰʽ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ˋʺˊʰʴʴʰˌ 

ʰ˄ʱ˃ʶˋʰ ˋˍʰ ˋˍˇʽ˔ʶʾʰΦ ʇˉʱˊ˔ˇˎ˄ ˉˇ˂˂˗˄ ʶʽʵ˗˄ ˋ˔ʺ˃ʰˍʰ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄Σ 

ˉʰˊˈ˂ʰ ʰˎˍʱ ˍʰ ˇˊʻˇʴ˖˄ʽˁʱ ˋˍˇʽ˔ʶʾʰ ʶʾ˄ʰʽ ˍʰ ˋˎ˄ʺʻʹ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʰΣ ˃ʶ ˁʱʻʶ 

ʵʰˁˍˏ˂ʽˇ ˎˉˇˋˍʺˊʽ˅ʹˌ ˋˎ˄ʺʻ˖ˌ ˄ʰ ˒ˍʽʱ˔˄ʶˍʰʽ ˃ʶ ˉʷ˄ˍʶ ʷ˖ˌ ˇˁˍ˗ ˋˍˇʽ˔ʶʾʰΦ ɶ ʶˉʽ˂ˇʴʺ 

ʶʴˁʰˍʱˋˍʰˋʹˌ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˋˍʹ˄ ʶˉʷ˄ʵˎˋʹ ˉʰˊˇˎˋʽʱʸʶʽ ˍʰ ʶ˅ʺˌ 

ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰΥ 

ü ɳ˅ʰˋ˒ʰ˂ʾʸˇˎ˄ ˎ˕ʹ˂ʺ ˁʰˍʰˋˁʶˎʰˋˍʽˁʺ ˉˇʽˈˍʹˍʰΣ ˁʰʻ˗ˌ ˎˉʱˊ˔ʶʽ ʹ ʵˎ˄ʰˍˈˍʹˍʰ 

ʲʽˇ˃ʹ˔ʰ˄ʽˁˇˏ ʶ˂ʷʴ˔ˇˎ 

ü ɾʶ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˍˇˎˌ ʷ˔ˇˎ˄ ʺʵʹ ʰ˄ʰˉˍˏ˅ʶʽ ˍʹ˄ ˍʶ˂ʽˁʺ ˒ʷˊˇˎˋʰ ʽˁʰ˄ˈˍʹˍʱ ˍˇˎˌ  

ü ʆˎ˔ˈ˄ ʵʽʰˊˊˇʷˌ ˋˍʰ ˋʹ˃ʶʾʰ ˋˏ˄ʵʶˋʹˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˄ˍˇˉʽˋˍˇˏ˄ ˁʰʽ ˄ʰ 

ʶˉʽˋˁʶˎʰˋˍˇˏ˄ ʱ˃ʶˋʰ 
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ü ʁ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍ˖˄ ˒ˇˊˍʾ˖˄ ˉˇˎ ʵˊˇˎ˄ ˋˍˇˎˌ ʵʰˁˍˎ˂ʾˇˎˌ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˂ʽʴˈˍʶˊˇ 

ʲʰʻ˃ˈ ʰʲʶʲʰʽˈˍʹˍʰˌ  

 

ɳʽˁˈ˄ʰ 1.8Υ  ʆʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ ˋˍˇ ɾʶˍˊˈ ˍʹˌ ɮʻʺ˄ʰˌ ό˒˖ˍˇʴˊʰ˒ʾʶˌ ʰˉˈ ATTIKO METRO) 

ɱʶ˄ʽˁʱΣ ʹ ˒ʽ˂ˇˋˇ˒ʾʰ ˋˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˍ˖˄ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ ˍʶ˂ʽˁʺˌ 

ʶˉʷ˄ʵˎˋʹˌ ʵʶ˄ ʵʽʰ˒ʷˊʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ʰˉˈ ˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ ˋˎ˃ʲʰˍʽˁʺˌ 

ˋʺˊʰʴʴʰˌΦ ɳ˅Ωʰʽˍʾʰˌ ˍʹˌ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹˌ ˈˊˎ˅ʹˌΣ ʹ ˍʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˋʶ 

ʻʷˋʹ ˄ʰ ˉʰˊʰ˂ʱʲʶʽ ˁʰʽ ˍˇ ʻ˂ʽˉˍʽˁˈ ˒ˇˊˍʾˇ ˍ˖˄ ˎʵˊʰˎ˂ʽˁ˗˄ ʶ˃ʲˈ˂˖˄Φ ʆˇ ʶ˂ʱ˔ʽˋˍˇ ˉʱ˔ˇˌ 

ˍ˖˄ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˉʰˊʰ˂ʱʲˇˎ˄ ˍʹ ʵˏ˄ʰ˃ʹ ˍ˖˄ 

ˎʵˊʰˎ˂ʽˁ˗˄ ʶ˃ʲˈ˂˖˄ ʴʽʰ ˍʹ˄ ˗ʻʹˋʹ ˍˇˎ ɳʄɰ ˁˎ˃ʰʾ˄ʶˍʰʽ ˃ʶˍʰ˅ˏ ˍ˖˄ нл-50cm.  

 

ɳʽˁˈ˄ʰ 1.9Υ ɲʽʰˋˍʱˋʶʽˌ ʵʰˁˍˎ˂ʾˇˎ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ ˃ʶ ʶ˃˒ʰ˄ʺ ˍʰ ˋʹ˃ʶʾʰ ˋˏ˄ʵʶˋʹˌ ˃ʶˍʰ˅ˏ ˍ˖˄ 
ˋˍˇʽ˔ʶʾ˖˄ ˋˍˇ˄ ʾʵʽˇ ʵʰˁˍˏ˂ʽˇ ˁʰʽ ˍʰ ˋʹ˃ʶʾʰ ˋˏ˄ʵʶˋʹˌ ʰ˄ʱ˃ʶˋʰ ˋʶ ʵˏˇ ʵʽʰʵˇ˔ʽˁˇˏˌ ʵʰˁˍˎ˂ʾˇˎˌ 
[3] 

ʂˉ˖ˌΣ ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʶ ˉʰˊʰˉʱ˄˖, ʽʵʽʰʾˍʶˊˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˍʹˌ ˍˇˉˇʻʷˍʹˋʹˌ ˍ˖˄ 

ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʰˉˇˍʶ˂ˇˏ˄ ˍʰ ˋʹ˃ʶʾʰ ˋˏ˄ʵʶˋʹˌ ˍˇˎˌΦ ʅˍʹ˄ ˉˊʱ˅ʹ ʷ̝ ˇˎ˄ 
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ʵʽʰˉʽˋˍ˖ʻʶʾ ʵˏˇ ˍˏˉˇʽ ˋʹ˃ʶʾ˖˄ ˋˏ˄ʵʶˋʹˌ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ˍʰ ʶˉʾˉʶʵʰ 

ˋʹ˃ʶʾʰ ˋˏ˄ʵʶˋʹˌ plane joint (flat contact surface) ˁʰʽ ˍʰ ˁˎˊˍʱ ˋʹ˃ʶʾʰ όconvex joint). ɶ 

ʲʰˋʽˁʺ ˍˇˎˌ ʵʽʰ˒ˇˊˇˉˇʾʹˋʹ ʷʴˁʶʽˍʰʽ ˋˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˍˇˎˌ ˄ʰ ˃ʶˍʰ˒ʷˊˇˎ˄ ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌ 

ʰˉˈ ˋˍˇʽ˔ʶʾˇ ˋʶ ˋˍˇʽ˔ʶʾˇΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ plane jointsΣ ˈˍʰ˄ ˋˎ˃ʲʶʾ ˃ʾʰ ˋˍˊˇ˒ʺΣ ˍˇ 

ˁʶ˄ˈ ˃ʶˍʰ˅ˏ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʶʾ˄ʶʽ ˄ʰ ˁ˂ʶʾˋʶʽ ˁʰʽ ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌ ˃ʶˍʰ˒ʷˊˇ˄ˍʰʽ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ˋˍˇʽ˔ʶʾ˖˄Φ ʆˇ ˃ʶʴʰ˂ˏˍʶˊˇ ˃ʶʽˇ˄ʷˁˍʹ˃ʱ ˍˇˎˌ ʶʾ˄ʰʽ ˈˍʽ ˋʶ ˃ʶʴʱ˂ʶˌ ˋˍˊˇ˒ʷˌ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ 

ˎ˕ʹ˂ʷˌ ˊˇˉʷˌ ˁʱ˃˕ʹˌ ˁʰʽ ˇʽ ʶ˅˖ˍʶˊʽˁʷˌ ˉʰˊʶʽʷˌ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʷˊ˔ˇ˄ˍʰʽ ˋʶ ʶˉʰ˒ʺΣ ʹ 

ˇˉˇʾʰ ˃ˉˇˊʶʾ ˄ʰ ˇʵʹʴʺˋʶʽ ˋʶ ʸʹ˃ʽʱ ˋˍʹ˄ ˁʰˍʰˋˁʶˎʺΦ ʂˍʰ˄ ʰ˄ʰ˃ʷ˄ˇ˄ˍʰʽ ˃ʶʴʱ˂ʶˌ ˋˍˊˇ˒ʷˌ 

ˉˊʷˉʶʽ ˄ʰ ˂ʹ˒ʻʶʾ ˎˉˈ˕ʹ ˋˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˇ ʵʶˏˍʶˊˇˌ ˍˏˉˇˌ ˋˎ˄ʵʷˋ˃˖˄Φ ɳ˅ʰʽˍʾʰˌ ˍʹˌ 

ʴʶ˖˃ʶˍˊʾʰˌ ˍˇˎˌ ˇʽ ˋˏ˄ʵʶˋ˃ˇʽ ʰˎˍˇʾ ˂ʶʽˍˇˎˊʴˇˏ˄ ˖ˌ ʶˋ˖ˍʶˊʽˁʷˌ ʰˊʻˊ˗ˋʶʽˌΦ  

 

ɳʽˁˈ˄ʰ 1.10Υ ɮˉʶʽˁˈ˄ʽˋʹ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˍˏˉ˖˄ ˋˏ˄ʵʶˋʹˌ ˍ˖˄ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ 
ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˍ˖˄ ˋʹˊʱʴʴ˖˄ (a) plane joint (b) ˁ ʰʽ (c) convex joints [3] 

H ˍˇˉˇʻʷˍʹˋʹ ˍ˖˄ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʶ 

ˍˇ˄ ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˃ʹ˔ʰ˄ˇ˂ˇʴʽˁˈ ʶ˅ˇˉ˂ʽˋ˃ˈΣ ˍˇˎˌ ˂ʶʴˈ˃ʶ˄ˇˎˌ ʴʱ˄ˍʸˇˎˌ όerector)Φ ʁ 

˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˍ˖˄ ʴʱ˄ˍʸ˖˄ ˃ˉˇˊʶʾ ˄ʰ ʲˊʾˋˁʶˍʰʽ ʶʾˍʶ ˉˊˇˋˍʰˍʶˎ˃ʷ˄ˇˌ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍʹˌ 

ˇˎˊʱˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʶʾˍʶ ˉʾˋ˖ ʰˉˈ ˍʹ˄ ʰˋˉʾʵʰ ˋʶ ʱ˃ʶˋʹ ʶˉʰ˒ʺ ˃ʶ ˍʹ ʲˊʰ˔ˈ˃ʰʸʰΦ  

 

ɳʽˁˈ˄ʰ 1.11: ɾʹ˔ʰ˄ʽˋ˃ˈˌ ʴʱ˄ˍʸ˖˄ ˍˇˉˇʻʷˍʹˋʹˌ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ʶ˄ˈˌ ɳʄɰ 
˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ό˒˖ˍˇʴˊʰ˒ʾʶˌ ʰˉˈ ATTIKO METRO) 
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1.2.4 Oˎˊʰʾˇ ˁʶ˄ˈ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰʽ ʵʽʰʵʽˁʰˋʾʶˌ ˉ˂ʺˊ˖ˋʹˌ ˍˇˎ ˃ʶ 
ʷ˄ʶ˃ʰ όShield tail sealing and grouting works) 

ɶ ʵʽʰʵʽˁʰˋʾʰ ˉˊˇ˗ʻʹˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʰ˄ʰˉˈ˒ʶˎˁˍʰ ʵʹ˃ʽˇˎˊʴʶʾ ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎ 

όˇˎˊʱύ ʷ˄ʰ ˁʶ˄ˈ ˃ʶˍʰ˅ˏ ˍʹˌ ˃ˈ˄ʽ˃ʹˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʶʵʱ˒ˇˎˌΦ ʆˇ ˁ̟ ˄ʽˁˈ 

ˋ˔ʺ˃ʰ ˍʹˌ ʰˋˉʾʵʰˌ ˁʰʽ ʹ ˍʰˎˍˈ˔ˊˇ˄ʹ ʶʴˁʰˍʱˋˍʰˋʹ ˍʹˌ ˃ˈ˄ʽ˃ʹˌ ʶˉʷ˄ʵˎˋʹˌ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ 

ˍ˃ʺ˃ʰ ˍʹˌ ʰˋˉʾʵʰˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʶʾ˄ʰʽ ˇʽ ʵˏˇ ˁˏˊʽˇʽ ˂ˈʴˇʽ ʵʹ˃ʽˇˎˊʴʾʰˌ ˍˇˎ ˁʶ˄ˇˏΦ 

ɼʰˍʱ ˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˇʽ ʶ˅ʺˌ ʵˏˇ ˍˏˉˇʽ ˁʶ˄˗˄Υ 

ü ʆˇ ˁʶ˄ˈ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ʰˋˉʾʵʰ ˁʰʽ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ʶ˅ʰʽˍʾʰˌ ˍˇˎ ˁ˖˄ʽˁˇˏ 

ˋ˔ʺ˃ʰˍˇˌ ˍʹˌΣ ˉˇˎ ˋˁˇˉˈ ʷ˔ʶʽ ˍʹ˄ ʰˉˇ˒ˎʴʺ ʵʹ˃ʽˇˎˊʴʾʰˌ ʵˎ˄ʱ˃ʶ˖˄ ˍˊʽʲʺˌ ʰ˄ʱ˃ʶˋʰ 

ˋΩʰˎˍʺ˄ ˁʰʽ ˍˇ ʴʶ˖ˎ˂ʽˁˈ (tail shield Gap). 

ü ʆˇ ˁʶ˄ˈ ˃ʶˍʰ˅ˏ ˍʹˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏΦ ʆˇ 

ˋˎ˄ˇ˂ʽˁˈ ˁʶ˄ˈ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʶʾ˄ʰʽ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍˇˎ ˉʱ˔ˇˎˌ ˍʹˌ ʰˋˉʾʵʰˌ ʰ˂˂ʱ 

ˁʰʽ ˍˇˎ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇˎ ʰˉˇʵʶˁˍˇˏ ˁʶ˄ˇˏ ˉˇˎ ˋ˔ʹ˃ʰˍʾʸʶˍʰʽ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ʰˋˉʾʵʰ 

ˁʰʽ ˍʹ˄ ˍʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ (annular Gap). 

 

ɳʽˁˈ˄ʰ 1.12Υ ɮˉʶʽˁˈ˄ʽˋʹ ˇˎˊʰʾˇˎ ˁʶ˄ˇˏ ˈˉ˖ˌ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˁʰˍʱ ˍʹ˄ ˉˊˇ˗ʻʹˋʹ ˍˇˎ 
˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ [3] 

ɴ˄ʰˌ ˇˊʽˋ˃ˈˌ ʴʽʰ ˍˇ ˃ʷʴʶʻˇˌ ˍˇˎ ˁʶ˄ˇˏ ΨΩGΩΩ ɻ ʾ˄ʶˍʰʽ ʰˉˈ ˍˇ Lee et al: 

 Ὃ Ὃ Ὗ ύ  ʅ˔ʷˋʹ 1.1 

Σˈˉˇˎ Ὃ  ʶʾ˄ʰʽ ˍˇ ˒ˎˋʽˁˈ ˁʶ˄ˈ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʰˉˈ ˍʹ ʵʽʰ˒ˇˊʱ ˍʹˌ ʶ˅˖ˍʶˊʽˁʺˌ 

ʵʽʰ˃ʷˍˊˇˎ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ˃ʶ ˍʹ˄ ʶ˅˖ˍʶˊʽˁʺ ʵʽʱ˃ʶˍˊˇ ˍʹˌ ˍʶ˂ʽˁʺˌ 

ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˋˎ˄ʺʻ˖ˌ ˂ʰ˃ʲʱ˄ʶʽ ˍʽ˃ʷˌ ˉˇˎ ˁˎ˃ʰʾ˄ˇ˄ˍʰʽ ˃ʶˍʰ˅ˏ ммр-140mm (˃ʶ ʶ˂ʱ˔ʽˋˍʹ 

85mm ˁʰʽ ˃ʷʴʽˋˍʹ мурmmύ ʰ˄ʱ˂ˇʴʰ ʰˉˈ ˍʹ ʵʽʱ˃ʶˍˊˇ ˍʹˌ ʰˋˉʾʵʰˌΣ Ὗ  ʶʾ˄ʰʽ ʹ 

ˍˊʽˋʵʽʱˋˍʰˍʹ ʶ˂ʰˋˍˇ-ˉ˂ʰˋˍʽˁʺ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˋˍˇ ˃ʷˍ˖ˉˇ ˁʰʽ ύ ʷ˄ʰˌ ˇˊʽˋ˃ʷ˄ˇˌ 

ˋˎ˄ˍʶ˂ʶˋˍʺˌ. 

ɳ˅ˇˉ˂ʽˋ˃ˈˌ ˉ˂ʺˊ˖ˋʹˌ ˇˎˊʰʾˇˎ ˁʶ˄ˇˏ 

ɲʽʱ˒ˇˊʰ ʶʾʵʹ ʶ˅ˇˉ˂ʽˋ˃ˇˏ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ʴʽʰ ˄ʰ ʶ˄ʶ˃ʰˍ˗ˋˇˎ˄ ˍˇ ˁʶ˄ˈ ˃ʶ 

ˉʽˇ ˋˎ˄ʺʻˇˎˌ ˔ˊʺˋʹΣ ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹΣ ˋ˖˂ʹ˄˗ˋʶʽˌ ˉˇˎ ˁʰˍʰ˂ʺʴˇˎ˄ ˋˍʹ˄ ˇˎˊʱ 

ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ ʆˇ ˃ʶʴʰ˂ˏˍʶˊˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ ʶ˄ʶ˃ʱˍ˖ˋʹˌ ˃ʶ 

ˋ˖˂ʹ˄˗ˋʶʽˌ ʶʾ˄ʰʽ ˈˍʽ ʰˉˇˍˊʷˉʶˍʰʽ ʹ ʵʽʶʾˋʵˎˋʹ ˎˉˈʴʶʽˇˎ ˄ʶˊˇˏ ˁʰʽ ʴʶ˖ˎ˂ʽˁˇˏ ˋˍˇ ˁʶ˄ˈ ˍʹ 

ˋˍʽʴ˃ʺ ˉˇˎ ˍˇ ʷ˄ʶ˃ʰ ˍˇ ʴʶ˃ʾʸʶʽ ˎˉˈ ˉʾʶˋʹΦ  
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ɳʽˁˈ˄ʰ 1.13Υ ɳ˄ʵʶʽˁˍʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ ʶ˄ʶ˃ʱˍ˖ˋʹˌ ˃ʶ ˔ˊʺˋʹ ˋˎˋˍʺ˃ʰˍˇˌ 
ˋ˖˂ʹ˄˗ˋʶ˖˄ ʶʴˁʰˍʶˋˍʹ˃ʷ˄˖˄ ˋˍˇ ˉʾˋ˖ ˍ˃ʺ˃ʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ [3] 

ɲʽʰʵʽˁʰˋʾʰ ʶ˄ʶ˃ʱˍ˖ˋʹˌ 

H ʵʽʰʵʽˁʰˋʾʰ ʶ˄ʶ˃ʱˍ˖ˋʹˌ όʷʴ˔ˎˋʹ ˃ˉʶˍˇ˄ʾˍʹύ ʶˁˍʶ˂ʶʾˍʰʽ ʶʾˍʶ ˃ʶ ʷʴ˔ˎˋʹ ˃ʷˋ˖ 

ˉˊˇˁʰʻˇˊʽˋ˃ʷ˄˖˄ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˉˇˎ ˎˉʱˊ˔ˇˎ˄ ʰ˄ʱ˃ʶˋʰ ˋˍˇˎˌ ʵʰˁˍˎ˂ʾˇˎˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ 

ʶʾˍʶ ˃ʶ ˋˏˋˍʹ˃ʰ ˋ˖˂ʹ˄˗ˋʶ˖˄ ˉˇˎ ʶʴˁʰʻʾˋˍʰˍʰʽ ˋˍʹ˄ ˇˎˊʱ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ ɶ ʵʶˏˍʶˊʹ 

ˍʶ˔˄ʽˁʺ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˁˎˊʾ˖ˌ ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹΣ ˈˍʰ˄ ʰˉʰʽˍʶʾˍʰʽ ˎˉˇˋˍʺˊʽ˅ʹ 

ˍˇˎ ˃ʶˍ˗ˉˇˎΦ ʆˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʱ ˍʹˌ ʰ˒ˇˊʱ ˋˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˇ˃ˇʽˈ˃ˇˊ˒ʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˂ˈʴ˖ 

ˍʹˌ ˏˉʰˊ˅ʹˌ ˉˇ˂˂ʰˉ˂˗˄ ˋʹ˃ʶʾ˖˄ ʷʴ˔ˎˋʹˌ ʶ˄ʷ˃ʰˍˇˌΦ ɳˉʽˉ˂ʷˇ˄Σ ʴʽʰ ˍʹ ˋ˖ˋˍʺ ˉ˂ʺˊ˖ˋʹ ˍ˖˄ 

ˁʶ˄˗˄Σ ʹ ʶ˄ʶ˃ʱˍ˖ˋʹ ˉˊʷˉʶʽ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˔˖ˊʾˌ ʵʽʰˁˇˉʺΣ ˁʰˍʱ ˍʹ ˉˊˇ˔˗ˊʹˋʹ ˍˇˎ 

ɳʄɰΣ ˃ʶ ˍʰˎˍˈ˔ˊˇ˄ˇ ʷ˂ʶʴ˔ˇ ˍˇˎ ˈʴˁˇˎ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ˁʰʽ ˍʹˌ ʽˋ˔ˏˇˌ ʶʽˋˉʾʶˋʹˌΦ 
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ɳʽˁˈ˄ʰ 1.14Υ ɳʽˋˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ ˃ʷˋ˖ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˋˍʹ˄ ˍʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ [3] 

ɶ ʶʽˋˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ ʰˉˇˍʶ˂ʶʾ ˃ʽʰ ˉˇ˂ˏ ˋʹ˃ʰ˄ˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹ 

ˋʹˊʱʴʴ˖˄Σ ˁʰʻ˗ˌ ʹ ʰʵˎ˄ʰ˃ʾʰ ʶˉʰˊˁˇˏˌ ˉ˂ʺˊ˖ˋʹˌ ˍˇˎ ˇˎˊʰʾˇˎ ˁʶ˄ˇˏ ˃ʶ ʷ˄ʶ˃ʰ ʰˉˇˍʶ˂ʶʾ 

ˋˎ˔˄ʺ ʰʽˍʾʰ ˉˊˈˁ˂ʹˋʹˌ ʶʵʰ˒ʽˁ˗˄ ˁʰʽ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎ 

ɳʄɰΦ ɶ ˋˍˊ˗ˋʹ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʶˉʽ˒ʷˊʶʽ ˍʰ ʶ˅ʺˌ ˇ˒ʷ˂ʹ: 

ü ɳˉʽˍˊʷˉʶʽ ˍʹ˄ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˃ʶˍʰ˒ˇˊʱ ˍʹˌ ʶʵʰ˒ʽˁʺˌ ˉʾʶˋʹˌ ˋˍʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ˁʰˍʰ˄ʷ˃ˇ˄ˍʰʽ ˇ˃ˇʽˈ˃ˇˊ˒ʰ ˁʰʽ ˇʽ ʶˋ˖ˍʶˊʽˁʷˌ 

ʵˎ˄ʱ˃ʶʽˌΦ 

ü ɲʽʰˍʹˊʶʾ ˍˇ ʰˊ˔ʽˁˈ ʶ˄ˍʰˍʽˁˈ ˉʶʵʾˇ ˁʰʽ ʵʶ˄ ʶˉʽˍˊʷˉʶʽ ʶʵʰ˒ʽˁʷˌ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌΦ 

ü ʃˊˇˋˍʰˍʶˏʶʽ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʻ˗ˌ ʰˉˇˍˊʷˉʶʽ ˍʹ˄ ʱ˃ʶˋʹ ʶˉʰ˒ʺ ˍˇˎˌ ˃ʶ 

ˍʽˌ ˉʶˊʽʲʱ˂˂ˇˎˋʶˌΣ ˉʽʻʰ˄ˈˍʰˍʰ ʵˎˋ˃ʶ˄ʶʾˌ ʶʵʰ˒ʽˁʷˌ ˋˎ˄ʻʺˁʶˌΦ 

ü ɰʶ˂ˍʽ˗˄ʶʽ ˍʹ ˋˍʶʴʰ˄ˇˉˇʾʹˋʹ ˋʶ ˉʶˊʾˉˍ˖ˋʹ ʶˉʷ˄ʵˎˋʹˌ ˃ˇ˄ˇˏ ˁʶ˂ˏ˒ˇˎˌΦ 

ɶ ˉʰˊʰˉʱ˄˖ ʵʽʰʵʽˁʰˋʾʰ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ˖ˌ ʰˊ˔ʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ʶ˄ʶ˃ʱˍ˖ˋʹˌΦ ɲʶˎˍʶˊʶˏˇˎˋʰ 

ʵʽʰʵʽˁʰˋʾʰ ʶ˄ʶ˃ʱˍ˖ˋʹˌ ˃ˉˇˊʶʾ ˖ˋˍˈˋˇ ˄ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ʴʽʰ ˍʹ˄ ˉ˂ʺˊ˖ˋʹ ˁʶ˄˗˄ ˉˇˎ 

ʾˋ˖ˌ ˎ˒ʾˋˍʰ˄ˍʰʽ ˁʰʽ ˃ʶˍʱ ˍʹ˄ ˉˊ˗ˍʹ ʶˁˍʷ˂ʶˋʹ ʶ˄ʶ˃ʱˍ˖ˋʹˌΩ ʰˉˈ˒ʰˋʹ ˉˇˎ ˂ʰ˃ʲʱ˄ʶˍʰʽ ˃ʶ 

ʲʱˋʹ ˍʹ˄ ʶ˃ˉʶʽˊʾʰ ˁʰʽ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍˇˎ ˈʴˁˇˎ ˍˇˎ ʰˊ˔ʽˁˇˏ ʶ˄ʷ˃ʰˍˇˌΦ  

ʆˇ ʷ˄ʶ˃ʰ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ˄ʰ ˉ˂ʹˊˇʾ ˁʱˉˇʽʶˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ˉˊˇʵʽʰʴˊʰ˒ʷˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ 

˄ʰ ʶʾ˄ʰʽ ˁʰˍʱ˂˂ʹ˂ˇ ʴʽʰ ˔ˊʺˋʹΦ ʃˊʷˉʶʽ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ˊʷʶʽ ˃ʷˋʰ ˋˍˇ ˁʶ˄ˈ ˁʰʽ ˄ʰ ˉʰˊˇˎˋʽʱʸʶʽ 

ˁʰ˂ʺ ʶˊʴʰˋʽ˃ˈˍʹˍʰ ˁʰʽ ˋʶ ʵʶˏˍʶˊʹ ˒ʱˋʹ όˋˎ˄ʺʻ˖ˌ ˃ʶˍʱ ʰˉˈ ʷ˄ʰ ʵʽʱˋˍʹ˃ʰ п ˃ʶ р ˖ˊ˗˄ύ 

˄ʰ ˋˎ˃ˉʶˊʽ˒ʷˊʶˍʰʽ ˖ˌ ˋˁ˂ʹˊˎ˃ʷ˄ˇ ˋˁˎˊˈʵʶ˃ʰ ˃ʶ ˁʱˉˇʽʰ ʰˁʰ˃˕ʾʰ. 
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1.2.5 ʃˊˈˋ˃ʽˁˍʰ 

ɼʰˍʱ ˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹ ˃ʶ ɳʄɰΣ ˍˇ ʶˁˋˁʰ˒ʻʷ˄ ʴʶ˖ˎ˂ʽˁˈ ˉˊʷˉʶʽ ˄ʰ ʷ˔ʶʽ ˁʱˉˇʽʶˌ 

ʽʵʽˈˍʹˍʶˌ ˃ʷˋʰ ˋʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˈˊʽʰ ʷˍˋʽ ˗ˋˍʶ ʹ ˉˊˇ˗ʻʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˄ʰ ʴʾ˄ʶˍʰʽ 

˔˖ˊʾˌ ˉˊˇʲ˂ʺ˃ʰˍʰΦ ɳ˂ʱ˔ʽˋˍʰ ʶʵʰ˒ʽˁʱ ˎ˂ʽˁʱ ʵʽʰʻʷˍˇˎ˄ ˋˍʹ ˒ˎˋʽˁʺ ˍˇˎˌ ˁʰˍʱˋˍʰˋʹ ʰˎˍʷˌ 

ˍʽˌ ʽʵʽˈˍʹˍʶˌ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ʰ˄ʰ˃ʽʴ˄ʶʾˇ˄ˍʰʽ ˃ʶ ʵʽʱ˒ˇˊʰ ˉˊˈˋ˃ʽˁˍʰ ˉˊˇʿˈ˄ˍʰ ˋˍʽˌ 

ˉʶˊʽˋˋˈˍʶˊʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌΦ ɴˍˋʽΣ ʹ ʰ˄ʱ˃ʽ˅ʹ ˍˇˎ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ ˃ʶ ˉˊˈˋ˃ʽˁˍʰ ˉʾˋ˖ ʰˉˈ 

ˍˇ ˃ʷˍ˖ˉˇ ʺ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌ ʷʴʽ˄ʶ ˃ʽʰ ʰˉʰˊʰʾˍʹˍʹ ˉˊʰˁˍʽˁʺΦ ʁʽ ˉʰˊʱ˃ʶˍˊˇʽ ˉˇˎ 

˔ˊʺʸˇˎ˄ ʲʶ˂ˍʾ˖ˋʹ ʰ˒ˇˊˇˏ˄ ˍˇ ʶˏˊˇˌ ʶ˒ʰˊ˃ˇʴʺˌ ˍˇˎ ɳʄɰ ˋˍˇˎˌ ʶʵʰ˒ʽˁˇˏˌ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏˌΣ 

ˍʹ˄ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˍˇˎ ʴʶ˖ˎ˂ʽˁˇˏ ˋʶ ˄ʶˊˈ όw), ˍˇ ʵʶʾˁˍʹ ˉ˂ʰˋˍʽˁˈˍʹˍʰˌ όɹp),ˍˇ ʵʶʾˁˍʹ 

ˎʵʰˊˈˍʹˍʰˌ όwL) ˁʰʽ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˂ʶʴ˔ʻˇˏ˄ ˃ʶ ˉˊˇˋʻʺˁʹ ˄ʶˊˇˏΣ ˃ˉʶˍˇ˄ʾˍʹΣ ʰˊʴʾ˂ˇˎ ˁʰʽ 

ʰ˒ˊˇˏΦ ʅˍʹ˄ ˈˊˎ˅ʹ ˃ʶ ɳʄɰ ˔ˊʹˋʽ˃ˇˉˇʽʁ ʾˍʰʽ ˁˎˊʾ˖ˌ ˇ ʰ˒ˊˈˌ ʴʽʰ ˍʹ ʲʶ˂ˍʾ˖ˋʹ ˍˇˎ ʶʵʰ˒ʽˁˇˏ 

ˎ˂ʽˁˇˏΦ 

ʋˊʺˋʹ ʰ˒ˊˇˏ όFoam conditioning) 

ʁ ʰ˒ˊˈˌ ʶʾ˄ʰʽ ˇˎˋʽʰˋˍʽˁʱ ʰʷˊʰˌΣ ˇ ˇˉˇʾˇˌ ʰ˄ʰ˃ʶʽʴ˄ˏʶˍʰʽ ˃ʶ ˉˊˈˋ˃ʽˁˍʰ ˉˊˇʿˈ˄ˍʰ ˋˍˇ ˉʾˋ˖ 

ˍ˃ʺ˃ʰ ˍˇˎ ɳʄɰ ˁʰʽ ʶˁˍˇ˅ʶˏʶˍʰʽ ˃ʷˋ˖ ʰˁˊˇ˒ˎˋʾ˖˄ ˋˍˇ ˃ˉˊˇˋˍʽ˄ˈ ˃ʷˊˇˌ ˍʹˌ ˁˇˉˍʽˁʺˌ 

ˁʶ˒ʰ˂ʺˌΦ ʆˇ ˋˏˋˍʹ˃ʰ ʵʽʰ˄ˇ˃ʺˌ ˉˊʷˉʶʽ ˄ʰ ʲˊʾˋˁʶˍʰʽ ˍˇ ˉ˂ʹˋʽʷˋˍʶˊˇ ʵˎ˄ʰˍˈ ˋˍˇ ˋʹ˃ʶʾˇ 

ˈˉˇˎ ʻʰ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ʹ ʶˁˍˈ˅ʶˎˋʹ ˍˇˎ ʰ˒ˊˇˏΣ ˋʶ ʰ˄ˍʾʻʶˍʹ ˉʶˊʾˉˍ˖ˋʹ ʹ ʵʽʰʵʽˁʰˋʾʰ 

ʶˁˍˈ˅ʶˎˋʹˌ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʷˋ˖ ˋ˖˂ʹ˄˗ˋʶ˖˄Φ ʅʶ ˁʰˍʱˋˍʰˋʹ ˉˇ˂˂ʰˉ˂ʺˌ ʷʴ˔ˎˋʹˌΣ ˁʱʻʶ 

ʻˏˊʰ ʶˁˍˈ˅ʶˎˋʹˌ ʷ˔ʶʽ ˍˇ ʵʽˁˈ ˍʹˌ ˋˏˋˍʹ˃ʰ ʵʽʰ˄ˇ˃ʺˌΣ ˋˍˇ ˇˉˇʾˇ ʰˉʰʽˍʶʾˍʰʽ ˄ʰ 

ʶ˅ʰˋ˒ʰ˂ʾʸʶˍʰʽ ˉʾʶˋʹ мсbar. 

ʁʽ ˎˉʱˊ˔ˇˎˋʶˌ ˒ˎˋʰ˂ʾʵʶˌ ˋˍˇ ˋˍʶˊʶˈ ˋˁʶ˂ʶˍˈ ˍˇˎ ʶʵʱ˒ˇˎˌ ˃ʶʽ˗˄ˇˎ˄ ˍʹ˄ ˉˎˁ˄ˈˍʹˍʰ ˍˇˎ 

ˉˇ˂ˍˇˉˇʽʹ˃ʷ˄ˇˎ ˎ˂ʽˁˇˏ ˁʰʽ ˃ʶ ʰˎˍˈ ˍˇ˄ ˍˊˈˉˇ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ʽˁˊˈˍʶˊʹ ˍˊʽʲʺ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ˁˈˁˁ˖˄Φ ʆˇ ʲʰˋʽˁˈ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ˔ˊʺˋʹˌ ʰ˒ˊˇˏ ʶʾ˄ʰʽ ʹ ˉʰʻʹˍʽˁʺ ˗ʻʹˋʹ ˉˇˎ ˍʶʾ˄ʶʽ ˄ʰ 

ʰˉˇˋˍʰʻʶˊˇˉˇʽʶʾ ˍʹ˄ ˉʾʶˋʹ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ʻʰ˂ʱ˃ˇˎ ʶˁˋˁʰ˒ʺˌΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˉˍ˗ˋʹˌ ˍʹˌ ˉʾʶˋʹˌ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ˍˇˎ ʻʰ˂ʱ˃ˇˎ ʶˁˋˁʰ˒ʺˌΣ ˇʽ ˒ˎˋʰ˂ʾʵʶˌ ʶ˂ʷʴ˔ˇˎ˄ ˍʹ˄ 

ʶˎˋˍʱʻʶʽʰ ˍˇˎ ˃ʶˍ˗ˉˇˎ ʰˉˈ ˉˍ˗ˋʹΦ ɳˉʽˉ˂ʷˇ˄Σ ʲˇʹʻˇˏ˄ ˋˍʹ ˃ʶʾ˖ˋʹ ˍˇˎ ʲʰʻ˃ˇˏ 

ʵˎˋˁʰ˃˕ʾʰˌ ˍˇˎ ʴʶ˖ˎ˂̔ ˁˇˏ ˉˊˇˋʵʾʵˇ˄ˍʰˌ ˍˇˎ ˁʰ˂ˏˍʶˊʶˌ ʶ˂ʰˋˍˇˉ˂ʰˋˍʽˁʷˌ ʽʵʽˈˍʹˍʶˌΦ 



1  ̌ɼʶ˒ʱ˂ʰʽˇΥ ɾʹ˔ʰ˄ʺ˃ʰˍʰ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ˃ʶ ʱˋˁʹˋʹ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ς 
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ɳʽˁˈ˄ʰ 1.15Υ ɲʽʰʵʽˁʰˋʾʰ ʶ˂ʷʴ˔ˇˎ ʶʽˋˉʾʶˋʹˌ ʰ˒ˊˇˏ ˋˍʹ˄ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ʶ˄ˈˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ɳʄɰ 
[3] 

1.2.6 ɴ˂ʶʴ˔ˇˌ ˉʾʶˋʹˌ ˍˇˎ ˃ʶˍ˗ˉˇˎ όControl of face pressure) 

H ʶˎˋˍʱʻʶʽʰ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˁʰʽ ˇ ʷ˂ʶʴ˔ˇˌ ˍ˖˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ˍˇˎ ʰˉˇˍʶ˂ˇˏ˄ ˁˏˊʽˇˎˌ 

ˉʰˊʱʴˇ˄ˍʶˌ ʶˉʽ˂ˇʴʺˌ ˃ʶʻˈʵˇˎ ʶˁˋˁʰ˒ʺˌ ˁʰʽ ˁʰˍʰˋˁʶˎʺˌ ˋʶ ˉʶˊʽˇ˔ʷˌ ˃ʶ ʰˋˍʽˁʷˌ 

ʵˊʰˋˍʹˊʽˈˍʹˍʶˌΦ ɹʵʽʰʾˍʶˊʰ ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹΣ ˇ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˁʰʽ ʶ˒ʰˊ˃ˇʴʺ ˍʹˌ 

ʰˉʰʽˍˇˏ˃ʶ˄ʹˌ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ʶʾ˄ʰʽ ʲʰˋʽˁˈ ˋˍʱʵʽˇ ˋˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˁʰʽ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ 

ˍˇˎ ʷˊʴˇˎΦ ɳˉʽˉ˂ʷˇ˄Σ ʹ ʵʽʰˍʺˊʹˋʹ ˍʹˌ ʰˉʰʽˍˇˏ˃ʶ˄ʹˌ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ʶʾ˄ʰʽ ʰˁˈ˃ʰ ˉʽˇ 

ˋʹ˃ʰ˄ˍʽˁʺ ʴʽʰ ˍʹ˄ ʶˉʽˍˎ˔ʹ˃ʷ˄ʹ ˁʰʽ ʰˋ˒ʰ˂ʺ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ  

ʆˇ ɳʄɰ ˉʰˊʷ˔ʶʽ ˋˎ˄ʶ˔ʺ ˎˉˇˋˍʺˊʽ˅ʹ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˃ʷˋ˖ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺˌ ˒ˊʷˋˁˇˎ-

ʶˁˋˁʰˉˍˈ˃ʶ˄ˇˎ ˎʴˊˇˏ ˎ˂ʽˁˇˏΣ ˍˇ ˇˉˇʾˇ ˎˉˈ ˉʾʶˋʹ ˉ˂ʹˊ˗˄ʶʽ ˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΦ ʆˇ 

ʶˁˋˁʰˉˍˈ˃ʶ˄ˇ ʴʶ˖ˎ˂ʽˁˈ ʰˉˇˍʶ˂ʶʾ ˍˇ ˃ʷˋˇ ˃ʶˍʰ˒ˇˊʱˌ ˍ˖˄ ʵˎ˄ʱ˃ʶ˖˄ ˗ʻʹˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇΣ 

˃ʶ ˉʾʶˋʹ ˁʰˍʱ˂˂ʹ˂ʹ ˄ʰ ʰ˄ˍʽˋˍʰʻ˃ʾʸʶʽ ˍʽˌ ʰˉˇˋˍʰʻʶˊˇˉˇʽʹˍʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ όʴʶ˖ˋˍʰˍʽˁʷˌ ˁʰʽ 

˄ʶˊˇˏ ˉˈˊ˖˄ύΦ ʅˍʹ˄ ɳʽˁˈ˄ʰ 1.16 ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ʹ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ʴʶ˖ˋˍʰˍʽˁʺˌ ˉʾʶˋʹˌ ˁʰʽ ˍʹˌ 

ˉʾʶˋʹˌ ˉˇˎ ʰˋˁʶʾˍʰʽ ʰˉˈ ̱ ˇ ˃ʹ˔ʱ˄ʹ˃ʰ ˉˊˇˌ ʶ˅ʽˋˇˊˊˈˉʹˋʹΦ 

ɶ ʰˉʰˊʰʾˍʹˍʹ ˍʽ˃ʺ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ˉˊʷˉʶʽ ˄ʰ ʲʰˋʾʸʶˍʰʽ ˋʶ ˎˉˇ˂ˇʴʽˋ˃ˇˏˌ ʲʰˋʽˋ˃ʷ˄ˇˎˌ 

ˋʶ ʰ˄ʰ˂ˎˍʽˁʷˌ ˁʰʽκʺ ʰˊʽʻ˃ʹˍʽˁʷˌ ˃ʶʻˈʵˇˎˌΦ ɼʰˍʱ ˍʹ ˉˊˇ˗ʻʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΣ ˇ 

˔ʶʽˊʽˋˍʺˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰʽ ˇ ˃ʹ˔ʰ˄ʽˁˈˌ ˉˊʷˉʶʽ ˄ʰ ʶ˅ʰˋ˒ʰ˂ʾʸˇˎ˄ ˍʹ ˉʾʶˋʹ ˋˍˇ ʻʱ˂ʰ˃ˇ 

ʶˁ ˋˁʰ˒ʺˌ ˋˍʰ ʶˉʽˍˊʶˉˍʱ ˈˊʽʰΦ ɮˎˍˈ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˉˊˇˋʰˊ˃ˈʸˇ˄ˍʰˌ ˍˇ ˊˎʻ˃ˈ ˉˊˇ˗ʻʹˋʹˌ 

ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰʽ ˍˇ ˊˎʻ˃ˈ ʶ˄ʰˉˇʻʷˍʹˋʹˌ ˍˇˎ ˎ˂ʽˁˇˏ ˋˍˇ˄ ʰˍʷˊ˃ˇ˄ʰ ˁˇ˔˂ʾʰΣ ˃ʶ ʲʱˋʹ 

ˍʰ ʵʽʰʻʷˋʽ˃ʰ ˋˎˋˍʺ˃ʰˍʰ ʶ˂ʷʴ˔ˇˎ όˁˎ˕ʷ˂ʶˌ ˉʾʶˋʹˌ ˃ʷˋʰ ˋˍˇ ʻʱ˂ʰ˃ˇύ ˁʰʽ ˋʰ˒˗ˌ ˍʹ˄ 

ʰ˄ˍʾˋˍˇʽ˔ʹ ʶˉʰʴʴʶ˂˃ʰˍʽˁʺ ʶ˃ˉʶʽˊʾʰΦ  
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ʃˊʷˉʶʽ ʰˁˈ˃ʰ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ʹ ʶ˒ʰˊ˃ˇʸˈ˃ʶ˄ʹ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇΣ ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ 

ˈˊˎ˅ʹ ʷ˔ʶʽ ˁʰʽ ʱ˄˖ ˈˊʽˇ ˁʰʻ˗ˌ ʰˋˍʱʻʶʽʰ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇˁ˂ʹʻʶʾ ˁʰʽ ʰˉˈ 

ʰˉʰˊʱʵʶˁˍʰ ˎ˕ʹ˂ʷˌ ˉʽʷˋʶʽˌ όˉʽʻʰ˄ˈˍʹˍʰ ʰ˄ˏ˕˖ˋʹˌ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌύ ˋʶ ˉˇ˂ˏ ˊʹ˔ʷˌ 

ˋʺˊʰʴʴʶˌΦ 

 

ɳʽˁˈ˄ʰ 1.16Υ ɼʰˍʰ˄ˇ˃ʺ ˍʹˌ ʶʵʰ˒ʽˁʺˌ ˉʾʶˋʹˌ ˉˇˎ ʰˋˁʶʾ ˋˍˇ ˃ʷˍ˖ˉˇ ˁʰˍʱ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ʷ˄ʰ 
˃ʹ˔ʱ˄ʹ˃ʰ ɳʄɰ [3] 

1.3 ɾʹ˔ʰ˄ʺ˃ʰˍʰ ʃˇ˂˒ˇˏ ɾˉʶˍˇ˄ʾˍʹ ˃ʶ ɮˋˉʾʵʰ-Slurry Shield 
Machine 

Th  ˃ʹ˔ʰ˄ʺ˃ʰˍʰ ˉˇ˂˒ˇˏ-SlurriesΣ ˃ʰʸʾ ˃ʶ ˍʰ ɳʄɰsΣ ʰˉˇˍʶ˂ˇˏ˄ ˍʰ ˉ˂ʷˇ˄ ʵʽʰʵʶʵˇ˃ʷ˄ʰ 

˃ʹ˔ʰ˄ʺ˃ʰˍʰ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹˌ ˈˊˎ˅ʹˌ ˋʶ ʰˋˍʽˁʷˌ ˉʶˊʽˇ˔ʷˌΣ ˁʰʻ˗ˌ ˉʰˊʷ˔ˇˎ˄ ˍʹ 

ʵˎ˄ʰˍˈˍʹˍʰ ʶ˂ʷʴ˔ˇˎ ˍˇˎ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ ˉˇˎ ʶˁˋˁʱˉˍʶˍʰʽ ˁʰʽ ˍˇ˄ ˉʶˊʽˇˊʽˋ˃ˈ ˍ˖˄ 

ˍʱˋʶ˖˄ ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌΦ ɶ ʲʰˋʽˁˈˍʶˊʹ ʵʽʰ˒ˇˊʱ ˉˇˎ ʶ˄ˍˇˉʾʸʶˍʰʽ ˋˍʹ˄ ʶˉʽ˂ˇʴʺ ʶ˄ˈˌ 

˃ʹ˔ʰ˄ʹ˃ʱˍˇˌ Slurry ˁʰʽ ʶ˄ˈˌ ɳʄɰΣ ʶʾ˄ʰʽ ʹ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰ ˍ˖˄ Slurries ˃ʶ ˍʹ˄ 

ʶ˒ʰˊ˃ˇʴʺ ˃ˉʶˍˇ˄ʽˍʽˁˇˏ ˉˇ˂˒ˇˏ ˋʶ ˃ʶʴʰ˂ˏˍʶˊˇ ʶˏˊˇˌ ʶʵʰ˒ʽˁ˗˄ ˋ˔ʹ˃ʰˍʽˋ˃˗˄ ˁʰʽ ˋʶ 

ˉʶˊʽˉˍ˗ˋʶʽˌ ˏˉʰˊ˅ʹˌ ˎ˕ʹ˂ˇˏ ˎʵˊʰˎ˂ʽˁˇˏ ˒ˇˊˍʾˇˎ ˁʰʽ ˎ˕ʹ˂ʺˌ ˉʶˊʰˍˈˍʹˍʰˌ όˇ 

˃ˉʶˍˇ˄ʽˍʽˁˈˌ ˉˇ˂˒ˈˌ ʲˇʹʻʱʶʽ ˋˍˇ ΨΩˋ˒ˊʱʴʽˋ˃ʰΩΩ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˁʰˍʱ ˍʽˌ ʶˉʽˋˁʶˎʷˌ ˍˇˎ 

ʻʰ˂ʱ˃ˇˎ ˋʶ ˉʶˊʽʲʱ˂˂ˇ˄ ˉʶˉʽʶˋ˃ʷ˄ˇˎ ʰʷˊʰύΣ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍʰ ɳʄɰs ˉˇˎ ˉʰˊˇˎˋʽʱʸˇˎ˄ 

ˁʰ˂ˏˍʶˊʹ ˂ʶʽˍˇˎˊʴʾʰ ˋʶ ˋˎ˄ʶˁˍʽˁʱ ʰˊʴʽ˂ʽˁʱ ʶʵʱ˒ʹ ˃ʶ ˔ʰ˃ʹ˂ʺ ʵʽʰˉʶˊʰˍˈˍʹˍʰΦ  

ɶ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹ ˃ʶ Slurry ʶ˄ʵʶʾˁ˄ˎˍʰʽ ˋʶ ˔ʰ˂ʰˊʱ ˁˇˁˁ˗ʵʹ ʶʵʱ˒ʹ ʴʽʰ ʷ˄ʰ ʶˏˊˇˌ 

ˎʵˊʰˎ˂ʽˁʺˌ ʵʽʰˉʶˊʰˍˈˍʹˍʰˌ ˃ʶˍʰ˅ˏ мл-8m/s ς 10-2 m/s, ˉˇˎ ʶˏˁˇ˂ʰ ʵʽʰ˔˖ˊʾʸˇ˄ˍʰʽ ˋˍʹ˄ 

ʶʴˁʰˍʱˋˍʰˋʹ ʵʽʰ˔˖ˊʽˋ˃ˇˏ όʵˎˋˁˇ˂ʾʶˌ ʵʽʰ˔˖ˊʽˋ˃ˇˏ ˃ˉʶˍˇ˄ʾˍʹ-ʶʵʱ˒ˇˎˌ ˈˍʰ˄ ˇʽ ˁˈˁˁˇʽ 

˃ʽˁˊˈˍʶˊˇʽ ˍ˖˄ сл˃m > 20%). ʅʶ ˉˇ˂ˏ ʵʽʰˉʶˊʰˍʱ ʶʵʱ˒ʹΣ ˃ʶ ʵʽʰˉʶˊʰˍˈˍʹˍʰ ˃ʶʴʰ˂ˏˍʶˊʹ 

ʰˉˈ мл-3m/sΣ ˉʰˊʶ˃ˉˇʵʾʸʶˍʰʽ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˃ʶ˃ʲˊʱ˄ʹˌ ˁʰʽ ʹ ˃ʶˍʰ˒ˇˊʱ ˉʾʶˋʹˌ ˋˍˇ 

˃ʷˍ˖ˉˇΣ ˁʰʻ˗ˌ ˎˉʱˊ˔ʶʽ ˁʾ˄ʵˎ˄ˇˌ ˊˇʺˌ ˃ˉʶˍˇ˄ʾˍʹ ˋˍˇ ʷʵʰ˒ˇˌΦ  
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ɳʽˁˈ˄ʰ 1.17: ʃʶʵʾˇ ʶ˒ʰˊ˃ˇʴʺˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˉˇ˂˒ˇˏ όAttiko Metro) 

ʅˍʹ˄ ɳʽˁˈ˄ʰ мΦмт ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˍˇ ˁˊʽˍʺˊʽˇ ʶˉʽ˂ˇʴʺˌ ˃ʶˍʰ˅ˏ ʶ˄ˈˌ Slurry ˃ʶ ʷ˄ʰ EPB 

ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ʴʶ˖˂ˇʴʽˁʷˌ ˁʰʽ ʴʶ˖ˍʶ˔˄ʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˇ 

˃ʷʴʽˋˍˇˌ ˊˎʻ˃ˈˌ ˉˊˇ˔˗ˊʹˋʹˌ ˁʰˍʱ ˍʹ ʵʽʱ˄ˇʽ˅ʹ ˃ʽʰˌ ˋʺˊʰʴʴʰˌΦ 

1.3.1 ɮˊ˔ʷˌ ɽʶʽˍˇˎˊʴʾʰˌ Slurry Machine 

ʆʰ ˃ʹ˔ʰ˄ʺ˃ʰˍʰ Slurries ʰˉˇˍʶ˂ˇˏ˄ ˍʹ˄ ˁʰˍʰ˂˂ʹ˂ˈˍʶˊʹ ˂ˏˋʹ ʴʽʰ ʶˉʽˍˎ˔ʹ˃ʷ˄ʹ ʵʽʱ˄ˇʽ˅ʹ ˋʶ 

˔ʰ˂ʰˊʱ ʶʵʱ˒ʹΣ ˈˉˇˎ ʹ ˔ˊʺˋʹ ˍ˖˄ ɳʄɰs ʵʶ˄ ʶʾ˄ʰʽ ʵˎ˄ʰˍʺΦ ʆˇ ʲʰˋʽˁˈ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ʶ˄ˈˌ 

Slurry ʶʾ˄ʰʽ ʹ ʵˎ˄ʰˍˈˍʹˍʰ ʰ˄ʱ˃ʶʽ˅ʹˌ ˍˇˎ ʰʽ˖ˊʺ˃ʰˍˇˌ ˃ʶ ˍˇ ʶʵʰ˒ʽˁˈ ˎ˂ʽˁˈ ˉˇˎ 

ʶˁˋˁʱˉˍʶˍʰʽΣ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰˌ ˃ʽʰ ˍʷ˂ʶʽʰ ˉ˂ʰˋˍʽˁʺ ˉʱˋˍʰ ˎ˂ʽˁˇˏ ʴʽʰ ˍʹ ˋˎʴˁˊʱˍʹˋʹ ˍˇˎ 

˃ʶˍ˗ˉˇˎΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˋΩ ʰˎˍˇˏ ˍˇˎ ˍˏˉˇˎ ˍʰ ˃ʹ˔ʰ˄ʺ˃ʰˍʰΣ ˇ ˃ˉʶˍˇ˄ʾˍʹˌ ʶ˒ʰˊ˃ˈʸʶˍʰʽ 

ˋˍˇ ˃ʷˍ˖ˉˇ ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ˃ʽʰ ˋˍʰʻʶˊˇˉˇʽʹˍʽˁʺ ˉʾʶˋʹΣ ʵʽʰ˃ʷˋˇˎ ˍˇˎ ʽʵʾˇˎ ʲʱˊˇˎˌ ˍˇˎΦ  

H ʶˉʽˍˎ˔ʺˌ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ Slurry ʶ˅ʰˊˍʱˍʰʽ ʱ˃ʶˋʰ ʰˉˈ ˍʹ ˋ˖ˋˍʺ ˂ʶʽˍˇˎˊʴʾʰ ˁʱʻʶ ʶˉʽ 

˃ʷˊˇˎˌ ˍ˃ʺ˃ʰˍˇˌ ˉˇˎ ˍˇ ʰˉʰˊˍʾʸʶʽ ˁʰʽ ʰˉˈ ˍʹ˄ ˇ˃ʰ˂ʺ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˃ʶˍʰ˅ˏ ˍˇˎˌΣ ˈˉ˖ˌ 

ˁʰʽ ˋʶ ˇˉˇʽʰʵʺˉˇˍʶ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ʵʽʰʵʽˁʰˋʾʰ ʶˁˋˁʰ˒ʺˌΦ  
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ɳʽˁˈ˄ʰ 1.18Υ ʆˎˉʽˁʺ ʵʽʱˍʰ˅ʹ ʶ˄ˈˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˉˇ˂˒ˇˏ ˃ˉʶˍˇ˄ʾˍʹ ˃ʶ ʰˋˉʾʵʰ-Slurry Machine [3] 

O̔  ʰˊʽʻ˃ˇʾ ˋˍʹ˄ ɳʽˁˈ˄ʰ 1.18 ʰ˄ˍʽˋˍˇʽ˔ˇˏ˄ ˋˍʰ ˃ʷˊʹ ˉˇˎ ʰˉʰˊˍʾʸˇˎ˄ ʷ˄ʰ SlurryΦ ɶ ˁˇˉˍʽˁʺ 

ˁʶ˒ʰ˂ʺΣ ʶ˅ˇˉ˂ʽˋ˃ʷ˄ʹ ˃ʶ ˁʰˍʱ˂˂ʹ˂ʰ ˁˇˉˍʽˁʱ ʶˊʴʰ˂ʶʾʰΣ ˋˎ˄ˍʶ˂ʶʾ ˋˍʹ ˔ʰ˂ʱˊ˖ˋʹ ˁʰʽ 

ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˍˇˎ ʴʶ˖ˎ˂ʽˁˇˏ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇΦ ʃˇˋˈˍʹˍʶˌ ʶˁˋˁʰ˒ʻʷ˄ˍˇˌ ˎ˂ʽˁˇˏ ʶʽˋʷˊ˔ˇ˄ˍʰʽ 

ˋˍˇ ʻʱ˂ʰ˃ˇΣ ʴ˄˖ˋˍˈ ˁʰʽ ˖ˌ ˁʱʵˇ ʰ˄ʱ˃ʶʽ˅ʹˌ όchamber excavation)Σ ˈˉˇˎ ʴʾ˄ʶˍʰʽ ʹ ʰ˄ʱ˃ʶʽ˅ʹ 

ˍˇˎ ˃ʶ ˃ˉʶˍˇ˄ʾˍʹΦ ɾʶ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍˇˎ ˃ˉʶˍˇ˄ʽˍʽˁˇˏ ˉˇ˂˒ˇˏ ˖ˌ ˃ʷˋˇ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ 

ʶˁˋˁʰ˒ʺˌΣ ʽˋˇˋˍʰʻ˃ʾʸʶˍʰʽ ʹ ʶʵʰ˒ʽˁʺ ˉʾʶˋʹ ˁʰʽ ʹ ˉʾʶˋʹ ˍˇˎ ˄ʶˊˇˏ ˍ˖˄ ˉˈˊ˖˄ ˁʰʽ ʶ˂ʷʴ˔ʶˍʰʽ 

ʹ ˋˍʰʻʶˊˈˍʹˍʰ ˍˇˎ ˃ʶˍ˗ˉˇˎΣ ʰˉˇˍˊʷˉˇ˄ˍʰˌ ˍʹ˄ ˍʱˋʹ ʵʽʶʾˋʵˎˋʹˌ ˉˊˇˌ ˍʹ˄ ʰˋˉʾʵʰ ˍˇˎ 

˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ  

Kh ˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʶˁˋˁh ˒ʺˌΣ ˇ ʻʱ˂ʰ˃ˇˌ ˍʹˌ ˁˇˉˍʽˁʺˌ ˁʶ˒ʰ˂ʺˌ ʵʽʰ˔˖ˊʾʸʶˍʰʽ ʰˉˈ ˍʹ˄ 

ˎˉˈ˂ˇʽˉʹ ˋʺˊʰʴʴʰ ˃ʷˋ˖ ʶ˄ˈˌ ʰʶˊˇˋˍʰʴˇˏˌ ʵʽʰ˒ˊʱʴ˃ʰˍˇˌΦ ʁ ˋ˔ʶʵʽʰˋ˃ˈˌ ˃ʷʴʽˋˍʹˌ 

˂ʶʽˍˇˎˊʴʾʰˌ ˍʹˌ ˉʾʶˋʹˌ ˋˍʰ ˍˇʽ˔˗˃ʰˍʰ ˍˇˎ ʵʽʰ˒ˊʱʴ˃ʰˍˇˌ ˍʹˌ ˁʶ˒ʰ˂ʺˌ ˁˇˉʺˌ ʶʾ˄ʰʽ т bars. 

 ʁ ʶ˒ˇʵʽʰˋ˃ˈˌ ˍˇˎ ˃ˉʶˍˇ˄ʽˍʽˁˇˏ ʰʽ˖ˊʺ˃ʰˍˇˌ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʰˉˈ 

ˋ˖˂ʹ˄˗ˋʶʽˌ ˍˊˇ˒ˇʵˇˋʾʰˌ Φ ɶ ʰˉʰʽˍˇˏ˃ʶ˄ʹ ʴʽʰ ˍʹ ˋˍʺˊʽ˅ʹ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˉʾʶˋʹΣ ˊˎʻ˃ʾʸʶˍʰʽ 

˃ʷˋ˖ ˍˇˎ ʶ˂ʷʴ˔ˇˎ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˉʰˊˇ˔ʺˌ ˍˇˎ ˃ˉʶˍˇ˄ʾˍʹ ˍ˖˄ ʰ˄ˍ˂ʽ˗˄ ˍˊˇ˒ˇʵˇˋʾʰˌ ˁʰʽ 

ʱ˄ˍ˂ʹˋʹˌ ˍ˖˄ ˎ˂ʽˁ˗˄ ʶˁˋˁʰ˒ʺˌΦ ʆʰ ˉˊˇʿˈ˄ˍʰ ʶˁˋˁʰ˒ʺˌ ʰˉˇ˃ʰˁˊˏ˄ˇ˄ˍʰʽ ˃ʶ ˎʵˊʰˎ˂ʽˁʷˌ 

ʰ˄ˍ˂ʾʶˌ ˃ʷˋ˖ ˍ˖˄ ˋ˖˂ʺ˄˖˄ ˍˇˎ ʶ˄ʰʽ˖ˊʺ˃ʰˍˇˌ ˉˊˇˌ ˍʹ ˃ˇ˄ʱʵʰ ʵʽʰ˔˖ˊʽˋ˃ˇˏ ˉˇˎ ʲˊʾˋˁʶˍʰʽ 

ˋʶ ʶˊʴˇˍʱ˅ʽˇ ʶˁˍˈˌ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˈˉˇˎ ʵʽʰ˔˖ˊʾʸʶˍʰʽ ˍˇ ˎ˂ʽˁˈ ʶˁˋˁʰ˒ʺˌ ʰˉˈ ˍˇ ˃ˉʶˍˇ˄ʾˍʹΦ 

ʅˍʹ˄ ˇʽˁˇʴʷ˄ʶʽʰ ˍ˖˄ Slurries ʰ˄ʺˁˇˎ˄ ˁʰʽ ˍʰ ˃ʹ˔ʰ˄ʺ˃ʰˍʰ ʰˋˉʾʵʰˌ ˃ʽˁˍˇˏ ˍˏˉˇˎ-

ˎʵˊˇʰˋˉʾʵʰˌ όɶydroshields)Σ ˍ˖˄ ˇˉˇʾ˖˄ ˍˇ ˉʽˇ ˋʹ˃ʰ˄ˍʽˁˈ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˋ˔ʶʵʽʰˋ˃ˇˏ 

ˉˇˎ ˍʰ ʵʽʰ˒ˇˊˇˉˇʽʶʾ ʰˉˈ ˍʰ Slurries ʶʾ˄ʰʽ ʹ ˉʾʶˋʹ ˍˇˎ ˋˎ˃ˉʽʶˋ˃ʷ˄ˇˎ ʰʷˊʰ ˋˍˇ ʻʱ˂ʰ˃ˇ 

ʶˁˋˁʰ˒ʺˌ ˍʹˌ ˁʶ˒ʰ˂ʺˌ ˁˇˉʺˌ ˉˇˎ ʶ˂ʷʴ˔ʶˍʰʽ ˁʰʽ ˎˉˇˋˍʹˊʾʸʶˍʰʽ ˃ʷˋ˖ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ 

ˉʶˉʽʶˋ˃ʷ˄ˇˎ ʰʷˊʰ, ̄ ʽʷʸˇ˄ˍʰˌ ʰ˄ʱ˂ˇʴʰ ˍˇ ʰʽ˗ˊʹ˃ʰ ˎˉˇˋˍʺˊʽ˅ʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌΦ 
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ɳʽˁˈ˄ʰ 1.19Υ ɮˊ˔ʷˌ ˂ʶʽˍˇˎˊʴʾʰˌ Slurry TBM (Fujita, 1989 Mair & Taylor) 

1.3.2 ʅˎ˄ʽˋˍ˗˄ˍʰ ˃ʷˊʹ ʶ˄ˈˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʰˋˉʾʵʰˌ Slurry 

1.3.2.1 ɼˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ (Cutting wheel) 

ʅˍʽˌ ˃ʹ˔ʰ˄ʷˌ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ˖ˌ ʶˊʴʰ˂ʶʾˇ ˔ʰ˂ʱˊ˖ˋʹˌ ˍˇˎ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ ˋˍˇ ˃ʷˍ˖ˉˇ 

˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʹ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺΣ ʶ˅ˇˉ˂ʽˋ˃ʷ˄ʹ ˃ʶ ˁˇˉˍʽˁʱ ʶˊʴʰ˂ʶʾʰΦ ɶ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ 

ˋˍʰ Slurries ʁ ʾ˄ʰʽ ʶˉʾˉʶʵʹ ˁʰʽ ˋ˔ʶˍʽˁʱ ˁ˂ʶʽˋˍʺΣ ˃ʶ ˃ˇ˄ʰʵʽˁʺ ʵˎ˄ʰˍˈˍʹˍʰ ˉˊˈˋʲʰˋʹˌ ˁʱˉˇʽʰ 

ʰ˄ˇʾʴ˃ʰˍʰΣ ˍʰ ˇˉˇʾʰ ʶʾ˄ʰʽ ˁ˂ʶʽˋˍʱ ˁʰˍʱ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ˉˊˇ˔˗ˊʹˋʹˌΦ ʆʰ ˁˇˉˍʽˁʱ ʶˊʴʰ˂ʶʾʰ 

ʶʾ˄ʰʽ ʴʶ˄ʽˁʱ scrapers ʺ flat chiselsΣ ˁʰʽ ʷ˔ˇˎ˄ ˁˎˁ˂ʽˁʺ ʵʽʱˍʰ˅ʹ ˗ˋˍʶ ˄ʰ ʶ˅ʰˋ˒ʰ˂ʾʸʶˍʰʽ ʹ 

ʶˁˋˁʰ˒ʺ ˉˊˇˌ ˇˉˇʽʰʵʺˉˇˍʶ ˁʰˍʶˏʻˎ˄ˋʹΦ  

ɮ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ ʵʽʱˍʰ˅ʹ ˍ˖˄ ˁˇˉˍʽˁ˗˄ ʶˊʴʰ˂ʶʾ˖˄ ˍʹˌ ˁʶ˒ʰ˂ʺˌΣ ʰˎˍʺ ˃ˉˇˊʶʾ ˄ʰ ˁʽ˄ʹʻʶʾ ˁʰˍʱ 

ʷ˄ʰ ˁʶ˄ˍˊʽˁˈ ʱ˅ˇ˄ʰΣ ˉʶˊʽ˃ʶˍˊʽˁʱ ˁʰʽ ˁʰˍʱ ˍˇ ʷ˄ʰ ˍʷˍʰˊˍˇΦ  
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ɳʽˁˈ˄ʰ 1.20: ɼˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ Slurry/ Mixshield [3] 

ʁ ʲʰʻ˃ˈˌ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˇˊʾʸʶˍʰʽ ˖ˌ ˉˇˋˇˋˍˈ ʶˉʾ ˇ˂ˈˁ˂ʹˊʹˌ ˍʹˌ ˁˇˉˍʽˁʺˌ ˁʶ˒ʰ˂ʺˌΦ ɮˎˍʺ ʹ 

ˉʰˊʱ˃ʶˍˊˇˌ ʶʾ˄ʰʽ ʱ˃ʶˋʰ ˋˎ˄ʵʶʵʶ˃ʷ˄ʹ ˃ʶ ˍʹ˄ ʶ˅ʽˋˇˊˊˈˉʹˋʹ ʶʵʰ˒ʽˁʺˌ ˉʾʶˋʹˌ ˁʰʽ ʴʽʰ ˍʰ 

Slurries ˁ ʰʽ ˁˎ˃ʰʾ˄ʶˍʰʽ ˃ʶˍʰ˅ˏ нр-35%. 

1.3.2.2 ɸʱ˂ʰ˃ˇˌ ʶˁˋˁʰ˒ʺˌ όɳxcavation chamber) 

ɴ˄ʰ Slurry ˉʰˊ̫̝ ʶʽ ˎˉˇˋˍʺˊʽ˅ʹ ˋˍˇ ʶˁˋˁʰˉˍˈ˃ʶ˄ˇ ˃ʷˍ˖ˉˇΣ ˃ʷˋ˖ ˃ʾʴ˃ʰˍˇˌ ˃ˉʶˍˇ˄ʽˍʽˁˇˏ 

ˉˇ˂˒ˇˏ ˉˇˎ ˎˉˈ ˉʾʶˋʹ ʲˊʾˋˁʶˍʰʽ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˇ ʻʱ˂ʰ˃ˇˌ 

ʶˁˋˁʰ˒ʺˌ ʰˉˇˍʶ˂ʶʾ ˍˇ ˍ˃ʺ˃ʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˉˇˎ ʵʽʰ˔˖ˊʾʸʶʽ ˍʹ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ˃ʶ ˍˇ 

ˎˉˈ˂ˇʽˉˇ ˂ʶʽˍˇˎˊʴʽˁˈ ˋˏˋˍʹ˃ʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ ɶ ˁˎˁ˂ʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ˊˇʺˌ ˁʰʽ 

ʰˉˇˊˊˇʺˌ ˃ˉʶˍˇ˄ʽˍʽˁˇˏ ˉˇ˂˒ˇˏ ʰˉˇˍʶ˂ʶʾ ˍʹ ˃ʷʻˇʵˇ ʶ˂ʷʴ˔ˇˎ ˍʹˌ ˉʾʶˋʹˌ ˋˍˇ ʻʱ˂ʰ˃ˇΣ 

ˁʰˍΩʶˉʷˁˍʰˋʹ ˁʰʽ ˍʹˌ ʰˋˁˇˏ˃ʶ˄ʹˌ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇΦ 

ʅˍʹ˄ ˎˉˇˁʰˍʹʴˇˊʾʰΣ ˍʹˌ ˇʽˁˇʴʷ˄ʶʽʰˌ ˍ˖˄ Hydroshield ˃ʹ˔ʰ˄ʹ˃ʱˍ˖˄Σ ˎˉʱˊ˔ʶʽ ʹ 

ʽʵ̔h ʽˍʶˊˈˍʹˍʰ ˏˉʰˊ˅ʹˌ ˃ʽʰˌ ʶˉʽˉ˂ʷˇ˄ ˁˇˉˍʽˁʺˌ ˁʶ˒ʰ˂ʺˌ όbulkhead) ʶʴˁʰˍʶˋˍʹ˃ʷ˄ʹ ʰˊˁʶˍʱ 

ˉʾˋ˖ ʰˉˈ ˍʹ˄ ˁˎˊʾ˖ˌ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺΦ ɳʵ˗Σ ˇ ʻʱ˂ʰ˃ˇˌ ʵʽʰʽˊʶʾˍʰʽ ˋʶ ʵˏˇ ˃ʷˊʹ ˃ʶ ˍʹ˄ 

ˏˉʰˊ˅ʹ ʶ˄ˈˌ ˍˇʾ˔ˇˎΦ ʆˇ ˃ˉˊˇˋˍʽ˄ˈ ˍ˃ʺ˃ʰ ˉ˂ʹˊ˗˄ʶˍʰʽ ˃ʶ ˃ʾʴ˃ʰ ˃ˉʶˍˇ˄ʽˍʽˁˇˏ ˉˇ˂˒ˇˏΣ ʶ˄˗ 

ˍˇ ˎˉˈ˂ˇʽˉˇ ˉ˂ʹˊ˗˄ʶˍʰʽ ˃ʶˊʽˁ˗ˌΦ ʁ ʶ˒ˇʵʽʰˋ˃ˈˌ ˍˇˎ ˃ˉʶˍˇ˄ʽˍʽˁˇˏ ʰʽ˖ˊʺ˃ʰˍˇˌ ˋˍˇ 

ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʰˉˈ ˋ˖˂ʹ˄˗ˋʶʽˌ ˍˊˇ˒ˇʵˇˋʾʰˌ ˃ʷˋ˖ ˉʾʶˋʹˌ ʰʷˊʰΦ  

ʅΩʰˎˍʺ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʹ ˉʾʶˋʹ ˎˉˇˋˍʺˊʽ˅ʹˌ ˋˍˇ ʻʱ˂ʰ˃ˇ ʵʶ˄ ʶ˂ʷʴ˔ʶˍʰʽ ʰˉʶˎʻʶʾʰˌ ˃ʷˋ˖ ˍʹˌ 

ˉʾʶˋʹˌ ˍˇˎ ʰʽ˖ˊʺ˃ʰˍˇˌΣ ʰ˂˂ʱ ̫ ˃˃ʶˋʰ h ˉˈ ʷ˄ʰ ʰˎˍˈ˃ʰˍˇ ˋˏˋˍʹ˃ʰ ˊˏʻ˃ʽˋʹˌΦ 
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ɳʽˁˈ˄ʰ 1.21Υ ʅ˔ʹ˃ʰˍʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ʶʵʰ˒ʽˁʺˌ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ˁʰʽ ʻʰ˂ʱ˃ˇˎ ʶˁˋˁʰ˒ʺˌ ʶ˄ˈˌ 
Slurry-Mixshield [2] 

1.3.2.3 Yɻ ˊʰˎ˂ʽˁˈ ʅˏˋˍʹ˃ʰ ɾʶˍʰ˒ˇˊʱˌ όHydraulic Transport) 

ɶ ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˁʰʽ ˃ʶˍʰ˒ˇˊʱ ˍˇˎ ˃ˉʶˍˇ˄ʽˍʽˁˇˏ ˉˇ˂˒ˇˏ ˎʵˊʰˎ˂ʽˁʱ ʵʽʰ˃ʷˋˇˎ 

ˋ˖˂ʹ˄˗ˋʶ˖˄ ʰˉˇˍʶ˂ʶʾ ˍʹ˄ ˉʽˇ ʲʷ˂ˍʽˋˍʹ ˂ˏˋʹ ˁʰʽ ˉˊʷˉʶʽ ˄ʰ ˋ˔ʶʵʽʱʸʶˍʰʽ ʷˍˋʽ ˗ˋˍʶ ˄Ω 

ʰˉˇˍˊʷˉʶˍʰʽ ʹ ˇˉˇʽʰʵʺˉˇˍʶ ˒ˊʰʴʺ ˋˍʹ ʵʽʰˍˇ˃ʺΦ ʁʽ ˋ˖˂ʹ˄˗ˋʶʽˌ ʰ˄ʰˊˊˈ˒ʹˋʹˌ 

ʰˉˇ˃ʰˁˊˏ˄ˇˎ˄ ˍˇ ʰʽ˗ˊʹ˃ʰ ˃ˉʶˍˇ˄ʾˍʹ ˋˍˇ ʻʱ˂ʰ˃ˇ ʵʽʰ˔˖ˊʽˋ˃ˇˏ ˁʰʽ ʷˉʶʽˍʰ ˇ ˁʰʻʰˊˈˌ 

ˉ˂ʷˇ˄ ˃ˉʶˍˇ˄ʾˍʹˌ ʶˉʽˋˍˊʷ˒ʶʽ ˃ʷˋ˖ ˍʹˌ ˁˎˁ˂ʽˁʺˌ ʵʽʰʵʽˁʰˋʾʰˌ ˃ʶ ˍʽˌ ˋ˖˂ʹ˄˗ˋʶʽˌ 

ˍˊˇ˒ˇʵˇˋʾʰˌ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΦ 

ɳ˅ʰʽˍʾʰˌ ˍˇˎ ˎʵˊʰˎ˂ʽˁˇˏ ˋˎˋˍʺ˃ʰˍˇˌΣ ˍˇ ˇˉˇʾˇ ʶˉʾˋʹˌ ˁʰ˂ʶʾˍʰʽ ˁ˂ʶʽˋˍˈ ˎʵˊʰˎ˂ʽˁˈ 

ˋˏˋˍʹ˃ʰ ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˉˇ˂ˍˇˏΣ ˍʰ Slurries ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˃ʶ ʰˋ˒ʱ˂ʶʽʰ 

ʰˁˈ˃ʰ ˁʰʽ ˃ʶ ˉʾʶˋʹ ˄ʶˊˇˏ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˉˈ мрbar.  

ɳ˒ˈˋˇ˄ ʹ ˃ʶˍʰ˒ˇˊʱ ˍˇˎ ʶˁˋˁʰˉˍˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏ ʴʾ˄ʶˍʰʽ ˃ʷˋ˖ ˋ˖˂ʹ˄˗ˋʶ˖˄Σ ʶʾ˄ʰʽ 

ʰˉʰˊʰʾˍʹˍˇ ˄ʰ ʶ˅ʰˋ˒ʰ˂ʾʸʶˍʰʽ ʵʽʱ˃ʶˍˊˇˌ ˋ˖˂ʺ˄˖˄ ˍʷˍˇʽʰ ˗ˋˍʶ ˄ʰ ʶˉʽˍˊʷˉʶʽ ˍʹ ˊˇʺ ˍ˖˄ 

ˎ˂ʽˁ˗˄ ˃ʶ ˁʰˍʱ˂˂ʹ˂ʹ ˍʰ˔ˏˍʹˍʰΦ  



1  ̌ɼʶ˒ʱ˂ʰʽˇΥ ɾʹ˔ʰ˄ʺ˃ʰˍʰ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ˃ʶ ʱˋˁʹˋʹ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ς 
Tunnel Boring Machines (EPBs) 
 

24 
 

 

ɳʽˁˈ˄ʰ 1.22Υ ʆˎˉʽˁʺ ʵʽʱˍʰ˅ʹ ˎʵˊʰˎ˂ʽˁˇˏ ˋˎˋˍʺ˃ʰˍˇˌ ˃ʶˍʰ˒ˇˊʱˌ ˃ˉʶˍˇ˄ʽˍʽˁˇˏ ˉˇ˂˒ˇˏ ˁʰʽ 
ʰʽ˖ˊʺ˃ʰˍˇˌ ˃ˉʶˍˇ˄ʾˍʹ ˋˍˇ ʶˋ˖ˍʶˊʽˁˈ ʶ˄ˈˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ Slurry [3] 

1.3.2.4 ʅ˔ʷʵʽˇ ɲʽʰ˔˖ˊʽˋ˃ˇˏ όSeparation Plant) 

H ˎʵˊʰˎ˂ʽˁʺ ˃ʶˍʰ˒ˇˊʱ ˍˇˎ ʴʶ˖ˎ˂ʽˁˇˏ ˋΩ ʷ˄ʰ Slurry ˉʱ˄ˍˇˍʶ ʰˉʰʽˍʶʾ ʵʽʰ˔˖ˊʽˋ˃ˈ ˍˇˎ 

ˎ˂ʽˁˇˏ ˉˇˎ ʰ˄ʰ˃ʾ˔ʻʹˁʶ ˃ʶ ˃ˉʶˍˇ˄ʾˍʹ ˋˍˇ ˍʷ˂ˇˌ ˍ˖˄ ˋ˖˂ʹ˄˗ˋʶ˖˄Φ ʅˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ 

ˈˊˎ˅ʹ ˋʹˊʱʴʴ˖˄Σ ʷ˄ʰˌ ʰˊʽʻ˃ˈˌ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˃ʹ˔ʰ˄˗˄ ʰˉʰʽˍʶʾˍʰʽ ʴʽʰ ˍˇ˄ ʶˉʰˊˁʺ ˁʰʽ 

ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈ ʵʽʰ˔˖ˊʽˋ˃ˈ ˍ˖˄ ˎ˂ʽˁ˗˄Σ ˇ ˇˉˇʾˇˌ ʶʾ˄ʰʽ ʴ˄˖ˋˍˈˌ ˁʰʽ ˖ˌ ʅ˔ʷʵʽˇ 

ɲʽʰ˔˖ˊʽˋ˃ˇˏ όSeparation Plant). 

Th  ʅ˔ʷʵʽʰ ɲʽʰ˔˖ˊʽˋ˃ˇˏ ˋ˔ʶʵʽʱʸˇ˄ˍʰʽ ʲʱˋʶʽ ˍ˖˄ ˉˊˇʲ˂ʶˉˈ˃ʶ˄˖˄ ʴʶ˖ˍʶ˔˄ʽˁ˗˄ 

ˉ˂ʹˊˇ˒ˇˊʽ˗˄ ˉˇˎ ʶʾ˄ʰʽ ʵʽʰʻʷˋʽ˃ʶˌ ʴʽʰ ˍˇ ʷˊʴˇ ˁʰʽ ˉˊʷˉʶʽ ˄ʰ ˋˎ˄ʶˁˍʽ˃ˇˏ˄ˍʰʽ ʴʽʰ ˍʹ˄ 

ʶˉʽ˂ˇʴʺ ˍˇˎ ʶ˅ˇˉ˂ʽˋ˃ˇˏ ˁʰˍʱ˂˂ʹ˂ˇˎ ʴʽʰ ˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˎ˂ʽˁ˗˄ ˉˇˎ ʰ˄ʰ˃ʷ˄ʶˍʰʽ ˄ʰ 

ˋˎ˄ʰ˄ˍʹʻˇˏ˄Φ  

O̔  ˃ʶˍʰ˒ʶˊˈ˃ʶ˄ʶˌ ˉˇˋˈˍʹˍʶˌ ˋˍˇ Slurry ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄Ω ʰˁˇ˂ˇˎʻʺˋˇˎ˄ ˍʹ ʵʽʰʵʽˁʰˋʾʰ 

ʵʽʰ˔˖ˊʽˋ˃ˇˏ ˉˇʽˁʾ˂˂ˇˎ˄ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ ˃ʷʴʶʻˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΣ ˃ʶ ˋˏ˄ʹʻʶˌ ʶˏˊˇˌ ˄ʰ 

ˁˎ˃ʰʾ˄ʶˍʰʽ ʴʽʰ ˉˇ˂ˏ ˃ʽˁˊʷˌ ˋʺˊʰʴʴʶˌ ˋˍʰ рл m3/hΣ ˋʶ ˁʰ˂ʱ ʵʽʰʲʰʻ˃ʽˋ˃ʷ˄ʰ ˁˇˁˁ˗ʵʹ 

ʶʵʱ˒ʹ ˁʰʽ нулл m3/h ɹ ʽʰ ˃ʹ˔ʰ˄ʺ˃ʰˍʰ ˃ʶʴʰ˂ˏˍʶˊʹˌ ʵʽʰ˃ʷˍˊˇˎΦ  

ʁˎˋʽʰˋˍʽˁʱ ˎˉʱˊ˔ˇˎ˄ ʵˎˇ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʶ˔˄ʽˁʷˌ ʵʽʰʵʽˁʰˋʽ˗˄ ʵʽʰ˔˖ˊʽˋ˃ˇˏ ˍ˖˄ ˎ˂ʽˁ˗˄ 

ˉˇˎ ʶ˅ʰˊˍ˗˄ˍʰʽ ʰˉˈ ˍʰ ˋˎˋˍʰˍʽˁʱ ˉˇˎ ʶˉˊˈˁʶʽˍˇ ˄ʰ ʵʽʰ˔˖ˊʽˋˍˇˏ˄Σ ʹ ˁʰʻʾʸʹˋʹ ˁʰʽ ʹ 

ʵʽʶʾˋʵˎˋʹΦ 

ü ʅˍʹ˄ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˁʰʻʾʸʹˋʹˌ  ˇˊʾʸʶˍʰʽ ˃ʶ ʰˎˍˈ ˍˇ˄ ˈˊˇ ʹ ˁʰʻʾʸʹˋʹ ˍˇˎ 

˃ʶˍʰ˒ʶˊˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏΦ ʁʽ ɻˎˇ ʲʰˋʽˁʷˌ ˉʰˊʱ˃ʶˍˊˇʽ ˉˇˎ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ ʵʽʰʵʽˁʰˋʾʰ 

ʶʾ˄ʰʽ ˍˇ ʰˉˈ ˍʹ ˃ʾʰ ˈˊʽˇ ˊˇʺˌ ˁʰʽ ˍˇ ʽ˅˗ʵʶˌ ˍˇˎ ˃ʷˋˇˎ ˃ʶˍʰ˒ˇˊʱˌ όˋˎ˄ʺʻ˖ˌ ˄ʶˊˈ ʺ 
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˃ˉʶˍˇ˄ʽˍʽˁˈ ʰʽ˗ˊʹ˃ʰύ ˁʰʽ ʰˉˈ ˍʹ˄ ʱ˂˂ʹ ˍˇ ˃ʷʴʶʻˇˌ ˁʰʽ ʹ ˉˎˁ˄ˈˍʹˍʰ ˍ˖˄ ˁˈˁˁ˖˄ 

ˍˇˎ ʶʵʱ˒ˇˎˌΦ ɾʶˍʰʲˇ˂ʷˌ ˋʶ ʰˎˍʷˌ ˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˉˊˇˁʰ˂ˇˏ˄ ˃ʶˍʰʲˇ˂ʺ ˋˍʹ ˊˇʺ 

ü ʊʾ˂ˍˊʰ ˃ʶ ˉˊˇˁʰʻˇˊʽˋ˃ʷ˄ˇ ˃ʷʴʶʻˇˌ ʵʽʶˊ˔ˈ˃ʶ˄ˇˎ ˎ˂ʽˁˇˏ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋˍʹ˄ 

ˍʶ˔˄ʽˁʺ ˍʹˌ ʵʽʶʾˋʵˎˋʹˌΦ  ʆˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁˈˁˁ˖˄ ˁʰʽ ˍˇ ˋ˔ʺ˃ʰΣ ˉˇˎ ˃ˉˇˊʶʾ ˄Ω 

ʰ˂˂ʱʸˇˎ˄ ˉˇ˂ˏ ʰˉˈ ˎ˂ʽˁˈ ˋʶ ˎ˂ʽˁˈΣ ˇˊʾʸˇˎ˄ ˍʹ˄ ʰˉˈʵˇˋʹ ˍˇˎ ʵʽʰ˔˖ˊʽˋ˃ˇˏ  

 

 

ɳʽˁˈ˄ʰ 1.23Υ ʅˏˋˍʹ˃ʰ ɲʽʰ˔˖ˊʽˋ˃ˇˏ ʴʶ˖ˎ˂ʽˁˇˏ ʰˉˈ ˃ˉʶˍˇ˄ʽˍʽˁˈ ʰʽ˗ˊʹ˃ʰ ˁʰˍʱ Derrick TBSS-450 
[3] 

ɰʱˋʶʽ ˈˋ˖˄ ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʰ˄ ˉʰˊʰˉʱ˄˖Σ ˍˇ ʅ˔ʷʵʽˇ ɲʽʰ˔˖ˊʽˋ˃ˇˏ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ʵʽʱ˒ˇˊʰ 

ˋˍʱʵʽʰ ʶˉʶ˅ʶˊʴʰˋʾʰˌΣ ˇˏˍ˖ˌ ˗ˋˍʶ ˋʶ ˁʱʻʶ ˋˍʱʵʽˇ ˄ʰ ʰ˒ʰʽˊˇˏ˄ˍʰʽ ʵʽʰ˒ˇˊʶˍʽˁʱ ˋˎˋˍʰˍʽˁʱ 

ˍˇˎ ˉˇ˂ˍˇˏΦ ʁ ʰˊʽʻ˃ˈˌ ʰˎˍ˗˄ ˍ˖˄ ˋˍʰʵʾ˖˄ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʽˌ ʶˉʽˁˊʰˍˇˏˋʶˌ ʴʶ˖˂ˇʴʽˁʷˌ 

ˋˎ˄ʻʺˁʶˌ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍˇˎ ʷˊʴˇˎΦ 



1  ̌ɼʶ˒ʱ˂ʰʽˇΥ ɾʹ˔ʰ˄ʺ˃ʰˍʰ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ˃ʶ ʱˋˁʹˋʹ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ς 
Tunnel Boring Machines (EPBs) 
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ɳʽˁˈ˄ʰ 1.24Υ ʅ˔ʹ˃ʰˍʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˋˍʰʵʾ˖˄ ʶˉʶ˅ʶˊʴʰˋʾʰˌ ˋΩ ʷ˄ʰ ˋ˔ʷʵʽˇ 
ʵʽʰ˔˖ˊʽˋ˃ˇˏ ˎ˂ʽˁ˗˄ ˁʰˍʱ Herrenknecht [3] 

 



2  ̌ɼʶ˒ʱ˂ʰʽˇΥ ɳˁˍʾ˃ʹˋʹ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˂ˈʴ˖ ʵʽʰ˄ˇʾ˅ʶ˖ˌ ʰʲʰʻ˗˄ ˋʹˊʱʴʴ˖˄ 
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2 ɳˁˍʾ˃ʹˋʹ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˂ˈʴ˖ 
ʵʽʰ˄ˇʾ˅ʶ˖ˌ ʰʲʰʻ˗˄ ˋʹˊʱʴʴ˖˄ 

2.1 ɳʽˋʰʴ˖ʴʺ 

ɴ˄ʰ ʰˉˈ ˍʰ ˉ˂ʷˇ˄ ˋʹ˃ʰ˄ˍʽˁʱ ˉˊˇʲ˂ʺ˃ʰˍʰ ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍ˖˄ 

ˋʹˊʱʴʴ˖˄ ˁˎˊʾ˖ˌ ˋʶ ʰˋˍʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Σ ʶʾ˄ʰʽ ʹ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˁʰʽ 

ˍʹˌ ˉʽʻʰ˄ʺˌ ʶˉʾʵˊʰˋʹˌ ˍˇˎˌ ˋˍʹ ʻʶ˃ʶ˂ʾ˖ˋʹ ˍ˖˄ ˎˉʶˊˁʶʾ˃ʶ˄˖˄ ˁʰˍʰˋˁʶˎ˗˄Φ  

ɳʾ˄ʰʽ ʵʶʵˇ˃ʷ˄ˇ ˈˍʽ ʶ˄˗ ʹ ʶˁʵʺ˂˖ˋʹ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ʶʵʰ˒ʽˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ʶ˅ʰʽˍʾʰˌ ˍʹˌ 

ʵʽʱ˄ˇʽ˅ʹˌ ˃ʽʰˌ ˋʺˊʰʴʴʰˌ ʶʾ˄ʰʽ ʰ˄ʰˉˈ˒ʶˎˁˍʹΣ ˇ ˉʶˊʽˇˊʽˋ˃ˈˌ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˍ˖˄ ʶ˄ˍˈˌ 

ˁʰʻˇˊʽˋ˃ʷ˄˖˄ ʰ˄ʶˁˍ˗˄ ˇˊʾ˖˄Σ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˃ʶ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˁʰˍʱ˂˂ʹ˂˖˄ 

˃ʶʻˈʵ˖˄ ʵʽʱ˄ˇʽ˅ʹˌ ˁʰʽ ˎˉˇˋˍʺˊʽ˅ʹˌ ˎˉˈʴʶʽ˖˄ ʶˁˋˁʰ˒˗˄Φ ʆˇ˄ʾʸʶˍʰʽ ˈˍʽ ʹ ʶˉʽ˂ˇʴʺ ˁʰʽ ˇ 

ʶˉʰˊˁʺˌ ˋ˔ʶʵʽʰˋ˃ˈˌ ʰˎˍ˗˄ ˍ˖˄ ˃ʶʻˈʵ˖˄ ˉˊʷˉʶʽ ˄ʰ ʲʰˋʾʸʶˍʰʽ ʰ˒ʶ˄ˈˌ ˋˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ 

ˍ˖˄ ʶˉʽˍˈˉˇˎ ʶʵʰ˒ʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄ Σ ˁʽ ʰ˒ʶˍʷˊˇˎ ˋˍʹ˄ ˈˋˇ ˍˇ ʵˎ˄ʰˍˈ˄ ˇˊʻˈˍʶˊʹ ˁʰʽ ʰˊ˔ʽˁʺ 

ʶˁˍʾ˃ʹˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˁʰʽ ˍʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ ˍʹˌ ʶˉʽ˒ʰ˄ʶʾʰˌΦ 

ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ ˉˇˎ ʰˁˇ˂ˇˎʻʶʾ, ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˃ʷʻˇʵˇʽ ˉˇˎ ʷ˔ˇˎ˄ ʰ˄ʰˉˍˎ˔ʻʶʾ ˋˍˇ 

ˉʷˊʰˋ˃ʰ ˍ˖˄ ˔ˊˈ˄˖˄ ˁʰʽ ʰ˄ʰ˂ˏˇˎ˄ ˈ˂ˇˎˌ ʶˁʶʾ˄ˇˎˌ ˍˇˎˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏˌΣ ˇʽ ˇˉˇʾˇʽ ˁʰˍʱ ˍʹ 

ʵʽʱˊˁʶʽʰ ˍ˖˄ ʶˊʴʰˋʽ˗˄ ʵʽʱ˄ˇʽ˅ʹˌ ˃ʾʰˌ ˋʺˊʰʴʴʰˌ ʵʹ˃ʽˇˎˊʴˇˏ˄ ʰˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ 

(ground loss ʺ volume loss) ˁʰʽ ˋˎ˄ʶˉ˗ˌ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ʱ˃ʶˋʰ ˃ʶ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˁʰʻʽʸʺˋʶ˖˄ 

ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌΦ ʅʺ˃ʶˊʰΣ ˇʽ ˉʽˇ ˋˎ˄ʺʻʶʽˌ ˃ʷʻˇʵˇʽ ʲʰˋʾʸˇ˄ˍʰʽ ˋʶ ʹ˃ʽ-

ʶ˃ˉʶʽˊʽˁʷˌΣ ʰ˄ʰ˂ˎˍʽˁʷˌ ˁʰʽ ˃ʶʻˈʵˇˎˌ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄Φ  

2.2 ɳʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˁʰʽ ˃ʹ˔ʰ˄ʽˋ˃ˇʾ ʰˉ˗˂ʶʽʰˌ ʶʵʱ˒ˇˎˌ 

2.2.1 ɳɻ ʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˁʱʻʶˍʰ ˉˊˇˌ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ 

ʁʽ ˉʶˊʽˋˋˈˍʶˊʶˌ ʶˊʶˎ˄ʹˍʽˁʷˌ ʶˊʴʰˋʾʶˌΣ ʷ˔ˇˎ˄ ˃ʷ˔ˊʽ ˋʺ˃ʶˊʰ ʶˉʽˁʶ˄ˍˊ˖ʻʶʾ ˋˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ 

ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ όground surface settlement troughύΣ ʹ ˇˉˇʾʰ 

ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻʶʾΣ ˃ʶ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ ʰˁˊʾʲʶʽʰΣ ʰˉˈ ˃ʾʰ ˁʰ˃ˉˏ˂ʹ ˋ˒ʱ˂˃ʰˍˇˌ 

όɳʽˁˈ˄ʰ нΦмύ ˍʹˌ ˇˉˇʾʰˌ ʹ ˃ʰʻʹ˃ʰˍʽˁʺ ʷˁ˒ˊʰˋʹ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ ʰˁˈ˂ˇˎʻʹ ʶ˅ʾˋ˖ˋʹ (Peck 

and Schmidt, 1969): 

 Ὓ  Ὓȟ  Ὡ     ʅ˔ʷˋʹ 2.1 

ʂˉˇˎΥ 

3 : ʹ ˁʰʻʾʸʹˋʹ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ˁʰʽ ˋʶ ˋʹ˃ʶʾˇ ˍˇ ˇˉˇʾˇ ʰˉʷ˔ʶʽ ʶʴˁʱˊˋʽʰ 

ʰˉˈˋˍʰˋʹ                        x h ˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ 

3ȟ Υ ʹ ˃ʷʴʽˋˍʹ ˁʰʻʾʸʹˋʹ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ˉˇˎ ˉˊˇˁˏˉˍʶʽ ʴʽʰ ˍʹ ʻʷˋʹ x=0 

ix Υ ʹ ˍˎˉʽˁʺ ʰˉˈˁ˂ʽˋʹ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄Φ ɶ ˍʽ˃ʺ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ i ˁʰʻˇˊʾʸʶʽ 

ˋˍʹ˄ ˇˎˋʾʰ ˍˇ ʶˏˊˇˌ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ ˁʰʽ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ ʻʷˋʹ ˍˇˎ ˋʹ˃ʶʾˇˎ 

ˁʰ˃ˉʺˌ όˋʹ˃ʶʾˇ ˃ʶ ˍʹ ˃ʷʴʽˋˍʹ ˁ˂ʾˋʹύΦ ʅˍʽˌ ˉˊʰˁˍʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌ ˍˇ ʶˏˊˇˌ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍ˖˄ 

ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʾˋˇ ˃ʶ 3i (inflection point) 



2  ̌ɼʶ˒ʱ˂ʰʽˇΥ ɳˁˍʾ˃ʹˋʹ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˂ˈʴ˖ ʵʽʰ˄ˇʾ˅ʶ˖ˌ ʰʲʰʻ˗˄ ˋʹˊʱʴʴ˖˄ 
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ɶ ˃ʰʻʹ˃ʰˍʽˁʺ ʅ˔ʷˋʹ 2.1 ʷ˔ʶʽ ˉˊˇˁˏ˕ʶʽ ˃ʶˍʱ ʰˉˈ ˋˍʰˍʽˋˍʽˁʺ ʶˉʶ˅ʶˊʴʰˋʾʰ ˁʰʽ ʰ˅ʽˇ˂ˈʴʹˋʹ 

ʶ˄ˈˌ ˃ʶʴʱ˂ˇˎ ʰˊʽʻ˃ˇˏ ʶˉʽˍˈˉˇˎ ˃ʶˍˊʺˋʶ˖˄ ˎˉˈ ˋˎ˄ʻʺˁʶˌ ʶ˂ʶˏʻʶˊˇˎ ˉʶʵʾˇˎΣ ˇʽ ˇˉˇʾʶˌ 

ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˉʶˊʽˉˍ˗ˋʶʽˌ ʵʽʰ˄ˇʾ˅ʶ˖˄ ˎˉˈʴʶʽ˖˄ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˋʶ ˃ʶʴʱ˂ʹ ˉˇʽˁʽ˂ʾʰ 

ʴʶ˖ˍʶ˔˄ʽˁ˗˄ ˋˎ˄ʻʹˁ˗˄Φ 

 

ɳʽˁˈ˄ʰ 2.1: Iʵʶʰˍʺ ˁʰ˃ˉˏ˂ʹ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ όˁʰʻʽʸʺˋʶ˖˄ύ 
ˎˉˈ ˋˎ˄ʻʺˁʶˌ <<ʁ ˂ʶˏʻʶˊˇˎ ˉʶʵʾˇˎ>> [8] 

ʆˇ ˋʹ˃ʶʾˇ ˁʰ˃ˉʺˌ ix  (inflection point) h ˉˇˍʶ˂ʶʾ ˁˊʾˋʽ˃ʹ ˉʰˊʱ˃ʶˍˊˇΣ ˁʰˍʱ ˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˁʰʽ 

ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ʶ˄ˈˌ ˎˉˈʴʶʽˇˎ ʷˊʴˇˎ ˋʶ ˃ʽˁˊˈ ʲʱʻˇˌΣ ˈˋˇ˄ ʰ˒ˇˊʱ ˍʽˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌΣ 

ˋˍˊˇ˒ʷˌ ˁʰʽ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇˁ˂ʹʻˇˏ˄ ˋʶ ʴʶʽˍˇ˄ʽˁʱ ˁˍʾˊʽʰ ˁʰʽ 

ˁʰˍʰˋˁʶˎʷˌ (Addenbrooke et al., 1997, Franzius, 2003, Losacco et al., 2014). ʍ ̩ˋʹ˃ʶʾˇ 

˃ʷʴʽˋˍʹˌ ˁ˂ʾˋʹˌ, ʵʽʰ˔˖ˊʾʸʶʽ ˍ ́ʸ̠ ˄ʹ ˋˎ˄ʻʹˁ˗˄ ˁʱ˃˕ʹˌ (sagging) ʰˉˈ ˍ ́ʸ˗˄ʹ ˋˎ˄ʻʹˁ˗˄ 

ˁˏˊˍ˖ˋʹˌ (hogging). O̔  (Kimura and Mair, 1981) ʷʵʶʽ˅ʰ˄ ˈˍʽ  ́ˍʽ˃ʺ ˍˇˎ ˋʹ˃ʶʾˇˎ ˁʰ˃ˉʺˌ ix 

ʶʾ˄ʰʽ h ˄ʶ˅ʱˊˍʹˍʹ ̱ ʹˌ ˃ ʶʻˈʵˇˎ ɻ ʽʱ˄ˇʽ˅ʹˌ (ˋˎ˃ʲʰˍʽˁʺˌ ̋  ˃ ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹˌύΦ  

ʁ ˈʴˁˇˌ ˇ ˇˉˇʾˇˌ ˉʶˊʽˁ˂ʶʾʶˍʰʽ ʰˉˈ ˍʹ˄ ˁʰ˃ˉˏ˂ʹ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˇˊʾʸʶʽ ˍʹ˄ 

ʰˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ όground loss) ʰ˄ʱ ˃ˇ˄ʱʵʰ ˃ʺˁˇˎˌ ˋʺˊʰʴʴʰˌ Vs ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ 

ˍˇˎ ʶʵʱ˒ˇˎˌΣ ˁʰʽ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʰˉˈ ˍˇ ˇ˂ˇˁ˂ʺˊ˖˃ʰ ˍʹˌ ʅ˔ʷˋʹ 2.2.  

 6  3 ÄØ 3ȟ  Å ÄØ ЍςʌÉ3ȟ   ʅ˔ʷˋʹ 2.2 

ʆˇ ˃ʷʴʶʻˇˌ <<̀ ˔ʶˍʽˁʺ ʰˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ>> VL  (volume lossύ ʶˁ˒ˊʱʸʶʽ ˍʹ˄ 

ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʰ ʰˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎΣ Vs, ˖ˌ ˉˇˋˇˋˍˈ ˍˇˎ ʽʵʶʰˍˇˏ ʶ˃ʲʰʵˇˏ ˍʹˌ 

ʶˁˋˁʰ˒ʻʶʾˋʰˌ ʵʽʰˍˇ˃ʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ±Σ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ ʅ˔ʷˋʹ 2.3. 

 6  
6 
6
 
ЍςʌÉ3ȟ

ʌ 
$
τ

   ʅ˔ʷˋʹ 2.3 

ɴ˔ʶʽ ˉʰˊʰˍʹˊʹʻʶʾ ˈˍʽ ˋʶ ˃ʾʰ ʶˎˊˏˍʶˊʹ ˉʶˊʽˇ˔ʺ ʰˋˍʽˁˇˏ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌΣ ˈˉˇˎ ʵʽʰ˄ˇʾʴʶˍʰʽ 

˃ʾʰ ˋʺˊʰʴʴʰΣ ˁʰʽ ˁʰˍʱ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ˁʰˍʰˋˁʶˎʺˌ ˍʹˌ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˋˍʰ ˎˉʶˊˁʶʾ˃ʶ˄ʰ 
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ˁˍʾˊʽʰ ʸʹ˃ʽʷˌ ˈ˔ʽ ˃ˈ˄ˇ ˂ˈʴ˖ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ ʰ˂˂ʱ ˁʰʽ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ʵʹ˃ʽˇˎˊʴʾʰˌ ˇˊʽʸˈ˄ˍʽ˖˄ 

ʶ˒ʶ˂ˁˎˋˍʽˁ˗˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄Φ ɴˍˋʽ ˁʰʻʾˋˍʰˍʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ʶˁˍʾ˃ʹˋʹ ˁʰʽ ˍ˖˄ 

ˇˊʽʸˈ˄ˍʽ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌΣ ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ 

ʶ˄ˈˌ ˎˉˈʴʶʽˇˎ ʰ˄ˇʾʴ˃ʰˍˇˌΦ ʁʽ (Mair et al, 1996) ˉˊˇˍʶʾ˄ˇˎ˄ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˉˊˇˋʶʴʴʽˋˍʽˁʺ 

ˋ˔ʷˋʹΥ 

 3  
Ø

Ú
 3  ʅ˔ʷˋʹ 2.4 

 ʀ
3

Ú
 
Ø

É
ρ   ʅ˔ʷˋʹ 2.5 

ʹ ˇˉˇʾʰ ˋˎ˄ʵʷʶʽ ˍʹ˄ ˁʰʻʾʸʹˋʹ 3 ˃ʶ ˍʹ˄ ˇˊʽʸˈ˄ˍʽʰ ʰˉˈˋˍʰˋʹ 3 ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ 

ʶʵʱ˒ˇˎˌΣ ˋʶ ˃ʾʰ ʶʴˁʱˊˋʽʰ ʰˉˈˋˍʰˋʹ Ø ʰˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˃ʶ ˍʹ˄ ˉˊˇːˉˈʻʶˋʹ 

ˈˍʽ ʹ ˋˎ˄ʽˋˍʰ˃ʷ˄ʹ ˍ˖˄ ʵʽʰ˄ˎˋ˃ʱˍ˖˄ ˍ˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˁʰˍʶˎʻˏ˄ʶˍʰʽ ˉˊˇˌ ˍˇ˄ 

ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΦ ɲʽʰ˒ˇˊʾʸˇ˄ˍʰˌ ˍʹ ʅ˔ʷˋʹ 2.4 ˖ˌ ˉˊˇˌ ὼ ˉˊˇˁˏˉˍˇˎ˄ ˇʽ ˇˊʽʸˈ˄ˍʽʶˌ 

ʶʵʰ˒ʽˁʷˌ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ʀ. 

ʅˍʹ˄ ɳʽˁˈ˄ʰ нΦн ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʹ ˁʰˍʱ ˉ˂ʱˍˇˌ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˇˊʽʸˈ˄ˍʽ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ 3, 

ˍ˖˄ ˇˊʽʸˈ˄ˍʽ˖˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ‐ ˁ ʰʻ˗ˌ ˁʰʽ ˇʽ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˁʰʻʽʸʺˋʶʽˌ 3 ̀ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ 

ˍˇˎ ʶʵʱ˒ˇˎˌ ˂ˈʴ˖ ʵʽʰ˄ˇʾ˅ʶ˖ˌ ˍʹˌ ̀ ʺˊʰʴʴʰˌ (Mair et al, 1996). 

 

ɳʽˁˈ˄ʰ 2.2Υ ɼʰˍʱ ˉ˂ʱˍˇˌ ˁʰˍʰ˄ˇ˃ʷˌ ˇˊʽʸˈ˄ˍʽ˖˄ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˂ˈʴ˖ ˎˉˈʴʶʽ˖˄ 
ʶˁˋˁʰ˒˗  ˄(Franzius, 2003) 

ʆˇ˄ʾʸʶˍʰʽ ˈˍʽ ˇʽ ˇˊʽʸˈ˄ˍʽʶˌ ʶʵʰ˒ʽˁʷˌ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ʶʾ˄ʰʽ ʶ˒ʶ˂ˁˎˋˍʽˁʷˌ 

(‐ғлύ ʴʽʰ Ὥ <ὼ<-Ὥ ˁʰʽ ʻ˂ʽˉˍʽˁʷˌ ʴʽʰ Ὥ >ὼ>-Ὥ. ʁ ̔ (OΩReilly and New, 1988) ˉʰˊˇˎˋʾʰˋʰ˄ 

ˁʱˉˇʽʰ ʲʰˋʽˁʱ ˃ʶʴʷʻʹ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˃ʷˋʰ ʰˉˈ ˃ʰʻʹ˃ʰˍʽˁʺ 

ˉˊˇˇˉˍʽˁʺΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ нΦоΦ 
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ɳʽˁˈ˄ʰ 2.3Υ ʃˊˇ˒ʾ˂ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˖ˌ ˁʰ˃ˉˏ˂ʹ ˋˎ˄ʱˊˍʹˋʹˌ ˋ˒ʱ˂ʰ˃ʰˍˇˌ (OΩReilly 
and New, 1988) 

2.2.2 ɳʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ 

ʁʽ ˁʰʻʽʸʺˋʶʽˌ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ʱ˅ˇ˄ʰ ʵʽʱ˄ˇʽ˅ʹˌ ˃ʾʰˌ ˋʺˊʰʴʴʰˌΣ ʰˉˈ ˉʰˊʰˍʹˊʺˋʶʽˌ ˍ˖˄ 

(Attewell and Woodman, 1982) ˋʶ ˁʰˍʰˋˁʶˎʷˌ ˋʹˊʱʴʴ˖˄ ˋʶ ʰˊʴʽ˂ʽˁʱ ʶʵʱ˒ʹΣ 

ʵʽʰˉʽˋˍ˗ʻʹˁʶ ˈˍʽ ʰˁˇ˂ˇˎʻˇˏ˄ ˃ʶ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ ʰˁˊʾʲʶʽʰ ˍʹ ˃ˇˊ˒ʺ ˃ʾʰˌ ˋˎ˄ʱˊˍʹˋʹˌ 

ˉʽʻʰ˄ˈˍʹˍʰˌ όcumulative probability curveύΦ ɶ ˃ˇˊ˒ʺ ʰˎˍʺ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ нΦпΦ 

ʁʽ ʰ˄˖ˍʷˊ˖ ʶˊʶˎ˄ʹˍʷˌ ˉʰˊʰˍʺˊʹˋʰ˄ ʰˁˈ˃ʹ ˈˍʽ ʹ ʱ˃ʶˋʹ ˁʰʻʾʸʹˋʹ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ 

ʶʵʱ˒ˇˎˌ ʰ˃ʷˋ˖ˌ ˉʱ˄˖ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ ˍʹˌ ˋʺˊʰʴʴʰˌ ˂ʰ˃ʲʱ˄ʶʽˌ лΦо-0.5 Ὓ , 

ˉʰˊˈ˂ʰˎˍʱ ʰˎˍˈ ʶʾ˄ʰ ʱ˃ʶˋʰ ˋˎ˄ʵʶʵʶ˃ʷ˄ˇ ˃ʶ ˍʹ˄ ˍʶ˔˄ʽˁʺ ʵʽʱ˄ˇʽ˅ʹˌΦ ʅʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ˈˉˇˎ 

˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ʶˉʽˉ˂ʷˇ˄ ˃ʷˍˊʰ ˎˉˇˋˍʺˊʽ˅ʹˌ ˍˇˎ ˃ʶˍ˗ˉˇˎ όˈˉ˖ˌ ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ 

ˈˊˎ˅ʹύΣ ʹ ʰ˄˖ˍʷˊ˖ ˁʰʻʾʸʹˋʹ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ˃ʽˁˊˈˍʶˊʹΦ 

 

ɳʽˁˈ˄ʰ 2.4Υ ɼʰˍʰ˄ˇ˃ʺ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ [8] 
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To ˉˊˇ˒ʾ˂ ˍ˖˄ ˁʰˍʱ ˃ʺˁˇˌ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʰˉˈ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ ˍʹˌ 

ʅ˔ʷˋʹ 2.6, ˈˉˇˎ ɮÙ ʶʾ˄ʰʽ ʹ ˋˎ˄ʱˊˍʹˋʹ ˉʽʻʰ˄ˈˍʹˍʰˌ όʅ˔ʷˋʹ 2.7). ʆˇ ˋʹ˃ʶʾˇ ˁʰ˃ˉʺˌ iy 

(inflection point) ˍˇˎ ˉˊˇ˒ʾ˂ ˍ˖˄ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ 

ˁʰʻʽʸʺˋʶ˖˄ ˔ˊʺʸʶʽ ˃ʽˁˊˈˍʶˊʹˌ ˋʹ˃ʰˋʾʰˌ ʰˉˈ ˍˇ ix  ʐʋʑ ʀɾʆʗʍʎʅʋʑ ʎʐʋʉ ʗʊʋʉɻ ʐʂʏ 

ʎʙʍɻɾɾɻʏ ʌʍʋʒʚʇ ʆɻʅ ʌɻʍɻʆʗʐʖ ʈʀ ʐʋ ʎʑʈɼʋʇʅʎʈʝ i ʃɻ ʔɻʍɻʆʐʂʍʚʁʀʐɻʅ ʐʋ ʎʂʈʀʚʋ 

ʆɻʈʌʙʏ ɻʉʐʚ ʐʖʉ ix ˁʰʽ iy . 

ɶ ʶˁʵʺ˂˖ˋʹ ˍ˖˄ ʰ˄˖ˍʷˊ˖ ˁʰʻʽʸʺˋʶ˖˄Σ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˁʰˍʰˋˁʶˎʺˌ ˍ˖˄ ˋʹˊʱʴʴ˖˄ ʶʾ˄ʰʽ 

ʵˎ˄ʰˍˈ ˄ʰ ˉˊˇˁʰ˂ʷˋˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʷˌ ʸʹ˃ʽʷˌ ˋʶ ˎˉʶˊˁʶʾ˃ʶ˄ʶˌ ˁʰˍʰˋˁʶˎʷˌΣ ʰ˄ʱ˂ˇʴʶˌ ˃ʶ 

ʶˁʶʾ˄ʶˌ ˇʽ ˇˉˇʾʶˌ ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˍʽˌ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˁʰˍʱ ˉ˂ʱˍˇˌ ˁʰʻʽʸʺˋʶʽˌ ˃ʶˍʱ ˁʰʽ ˍʹ˄ 

ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍ˖˄ ʶˊʴʰˋʽ˗˄ ʵʽʰ˄ˇʾ˅ʶ˖ˌ (Mair et al, 1998). 

2.2.3 ɾʶˍʰ-ˁʰˍˋˁʶˎʰˋˍʽˁʷˌ ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ 

ʅʶ ʰˊʴʽ˂ʽˁʷˌ ʶʵʰ˒ʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ ˄ʰ ʰ˄ʰˉˍˎ˔ʻˇˏ˄ ˋʹ˃ʰ˄ˍʽˁʷˌ ˁʰˍʰˁˈˊˎ˒ʶˌ 

ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʰˁˈ˃ʰ ˁʰʽ ˃ʶˍʱ ˍˇ ˉʷˊʰˌ ˍʹˌ ˁʰˍʰˋˁʶˎʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌ όpost-

construction settlements). ɮˎˍˈ ʰˉˇʵʾʵʶˍʰʽ ˁˎˊʾ˖ˌ ˋˍʹ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ ˁʰʻʶˋˍ˗ˍˇˌ ˍ˖˄ 

ˉʽʷˋʶ˖˄ ˍˇˎ ˄ʶˊˇˏ ˍ˖˄ ˉˈˊ˖˄Σ ˃ʶ ˋˎ˄ʷˉʶʽʰ ˍʹ˄ ʰˏ˅ʹˋʹ ˍ˖˄ ʶ˄ʶˊʴ˗˄ ˍʱˋʶ˖˄ (Mair and 

Taylor, 1997). ʁˊʽˋ˃ʷ˄ˇʽ ʶˊʶˎ˄ʹˍʷˌ ˍʽˌ ʰ˄ʰ˒ʷˊˇˎ˄ ˖ˌ ˁʰʻʽʸʺˋʶʽˌ ˂ˈʴ˖ ˋˍʶˊʶˇˉˇʾʹˋʹˌΦ O̔  

˃ʰˁˊˇ˔ˊˈ˄ʽʶˌ ʰˎˍʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʶˁʵʹ˂˗˄ˇ˄ˍʰʽ ˁˎˊʾ˖ˌ ˖ˌ ˁʰˍʰˁˈˊˎ˒ʶˌΣ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˍ˖˄ ˃ʰ˂ʰˁ˗˄ ʰˊʴʾ˂˖˄Σ ˁʰʽ ˋʶ ˇˊʽˋ˃ʷ˄ʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˄ʰ ˂ʰ˃ʲʱ˄ˇˎ˄ ˍʽ˃ʷˌ 

ˍʹˌ ˍʱ˅ʹˌ ˍˇˎ ол-фл҈ ˍʹˌ ʶˁʵʹ˂˖ʻʶʾˋʹˌ ˇ˂ʽˁʺˌ ˁʰʻʾʸʹˋʹˌ (Mair,  1998, Burland, 2001), 

ˉˊˇˁʰ˂˗˄ˍʰˌ ʶˉʽˉ˂ʷˇ˄ ʵʽʶˏˊˎ˄ˋʹ ˍʹˌ ˃ˇˊ˒ʺˌ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ 

ˁʰʻʽʸʺˋʶ˖˄Σ ˉʷˊʰ˄ ˍʹˌ ʰˏ˅ʹˋʹˌ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˍ˖˄ ˍʽ˃˗˄ ˍ˖˄ ˍʶ˂ʽˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄Φ 

ʆˇ˄ʾʸʶˍʰʽ ˈˍʽ ʹ ˇˊʽʸˈ˄ˍʽʰ ˋˎ˄ʽˋˍ˗ˋʰ ʰˎˍ˗˄ ˍ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʻʶ˖ˊʶʾˍʰʽ ˉˊʰˁˍʽˁ˗ˌ 

ʰ˃ʶ˂ʹˍʷʰ.  

ɼʰˍʱ ˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹΣ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˎ˕ʹ˂ʺˌ ˉʾʶˋʹˌ ˃ʶˍ˗ˉˇˎ ˁʰʽ ʶʽˋˉʾʶˋʹˌ 

ʶ˄ʷ˃ʰˍˇˌ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ʶ˄ʽˋ˔ˏʶˍʰʽ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ˉˊˈˁ˂ʹˋʹ ˎ˕ʹ˂˗˄ ˉʽʷˋʶ˖˄ ˉˈˊ˖˄ 

ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌΦ O̔  (OΩReilly et al., 1991) ˉʰˊʰˍʹˊ˗˄ˍʰˌ ˍʽˌ ˁʰʻʽy ʺˋʶʽˌ ˋʶ ˉʶˊʾˇʵˇ 

мм ˔ˊˈ˄˖˄ ʴʽʰ ˃ʾʰ оm ʵʽʰ˃ʷˍˊˇˎ ˋʺˊʰʴʴʰΣ ˉˇˎ ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˃ʶ ˉʶˉʽʶˋ˃ʷ˄ˇ ʰʷˊʰ ˋʶ 

ˁʰ˄ˇ˄ʽˁʱ ˋˍʶˊʶ̌ ˉˇʽʹ˃ʷ˄ʹ ʽ˂ˎ̠ ʵʹ ʱˊʴʽ˂ˇ  ˋˍˇ GrimsbyΣ ʰ˄ʷ˒ʶˊʰ˄ ˈˍʽ ˉʶˊʰʽˍʷˊ˖ 

ˁʰʻʽʸʺˋʶʽˌ ˉʰˊʰˍʹˊʺʻʹˁʰ˄ ʴʽʰ ˁʱˉˇʽˇ ˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ ˃ʶˍʱ ˍˇ ˉʷˊʰˌ ˍʹˌ ˁʰˍʰˋˁʶˎʺˌ ˃ʶ 

ˍʹ˄ ˍʶ˂ʽˁʺ ʽˋˇˊˊˇˉʾʰ ˄ʰ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ˈ˄ˇ ˃ʶˍʱ ʰˉˈ ˉʶˊʾˉˇˎ мл ˔ˊˈ˄ʽʰΦ  
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ɳʽˁˈ˄ʰ 2.5Υ ɾʰˁˊˇ˔ˊ̍ ˄ʽʰ ˉʰˊʰˍʺˊʹˋʹ ˁʰʻʽʸʺˋʶ˖˄ ˉʱ˄˖ ʰˉˈ ˋʺˊʰʴʴʰ ˋʶ ˃ʰ˂ʰˁʷˌ ʰˊʴʾ˂ˇˎˌΥ i) 
˔ˊˇ˄ˇʿˋˍˇˊʾʰ ʶ˅ʷ˂ʽ˅ʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ii) ʁ ʴˁʱˊˋʽˇ ˉˊˇ˒ʾ˂ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ 
όhΩwŜƛƭƭȅ Ŝǘ ŀƭΦΣ мффмύ 

ʁʽ ˁˎˊʽˈˍʶˊˇʽ ˉʰˊʱʴˇ˄ˍʶˌ ˇʽ ˇˉˇʾˇʽ ʵʽʷˉˇˎ˄ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ ʶˁʵʺ˂˖ˋʹˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ 

˃ʶˍʱ ˍʹ ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍʹˌ ʵʽʱ˄ˇʽ˅ʹˌ ˃ʾʰˌ ˋʺˊʰʴʴʰˌ ʶʾ˄ʰʽ ˇʽ ʰˁˈ˂ˇˎʻˇʽΣ ˈˉ˖ˌ 

ˁʰˍʹʴˇˊʽˇˉˇʽʺʻʹˁʰ˄ ʰˉˈ ˍˇˎˌ (Mair and Taylor, 1997): 

ü ɶ ʰˊ˔ʽˁʺ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˉʽʷˋʶ˖˄ ˉˈˊ˖˄ ˋˍˇ ʷʵʰ˒ˇˌΣ ˉˊʽ˄ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍʹˌ 

ˋʺˊʰʴʴʰˌΦ 

ü ʆˇ ˃̫ ʴʶʻˇˌ ˁʰʽ ʹ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˉʽʷˋʶ˖˄ ˉˈˊ˖˄ ˇʽ ˇˉˇʾʶˌ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˁʰˍʱ ˍʹ˄ 

ʶˁˋˁʰ˒ʺ ˍʹˌ ˋʺˊʰʴʴʰˌΦ 

ü ɶ ˋˎ˃ˉʽʶˋˍˈˍʹˍʰ ˁʰʽ ʵʽʰˉʶˊʰˍˈˍʹˍʰ ˍʹˌ ʶʵʰ˒ʽˁʺˌ ˃ʱʸʰˌ ˉˇˎ ˉʶˊʽʲʱ˂˂ʶʽ ˍʹ 

ˋʺˊʰʴʴʰΦ 

ü ɶ ʵʽʰˉʶˊʰˍˈˍʹˍʰ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ όlining) ˍʹˌ ˋʺˊʰʴʴʰˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ʰˎˍʺ ˍˇˎ 

ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʶʵʱ˒ˇˎˌΦ 

2.2.4 ɮˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ ˁʰʽ ˋ˔ʶˍʽˁʺ ʰˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ 

ɾʶ ˍˇ˄ ˈˊˇ ˋ˔ʶˍʽˁʺ ʰˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ όvolume lossύΣ ʶˁ˒ˊʱʸʶˍʰʽ ˍˇ ˉˇˋˇˋˍˈ ʶˉʾ 

ˍˇˎ ˇ˄ˇ˃ʰˋˍʽˁˇˏ όˉ˂ʰˋ˃ʰˍʽˁˇˏύ ˈʴˁˇˎ ʶˁˋˁʰ˒ʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌ (ʅ˔ʷˋʹ 2.8)Φ ɱʶ˄ʽˁʱ ˖ˌ 

ʰˉ˗˂ʶʽʰ ˈʴˁˇˎ ˇˊʾʸʶˍʰʽ ˖ˌ ʷ˄ʰ ˉˇˋˇˋˍˈ ˍˇˎ ˂ˈʴˇˎ ˍˇˎ ˈʴˁˇˎ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ 

ˁʰʻʽʸʺˋʶ˖˄ ˉˊˇˌ ˍˇ ˉ˂ʰˋ˃ʰˍʽˁˈ ˈʴˁˇ ʶˁˋˁʰ˒ʺˌ ʰ˄ʱ ˃ˇ˄ʱʵʰ ˃ʺˁˇˎˌ (R. J Mair et al., 1993). 

ʅˍʽˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˁʰʽ ʶ˃ˉʶʽˊʽˁʷˌ ˃ʶʻˈʵˇˎˌ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˎ˔˄ʱ ˇ ˈˊˇˌ ʰˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ 

ˈʴˁˇˎ όground lossύΦ ɼʰˍʱ ˍˇ˄ SagasetaΣ ʹ ʶʵʰ˒ʽˁʺ ʰˉ˗˂ʶʽʰ ˉˇˋˇˍʽˁˇˉˇʽʶʾ ˍˇ ˉˇˋˇˋˍˈ 

ˎˉʶˊʶˁˋˁh ˒ʺˌ ˁʰʽ ˇˊʾʸʶˍʰʽ ˖ˌ ˇ ˂ˈʴˇˌ ˍˇˎ ˉˊʰʴ˃ʰˍʽˁˇˏ ʶˁˋˁh ˉˍˈ˃ʶ˄ˇˎ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ 

ˉˊˇˌ ˍˇ ʻʶ˖ˊʹˍʽˁˈ ˈʴˁˇ ʶˁˋˁʰ˒ʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌ (ʅ˔ʷˋʹ 2.9). 

 6 Ϸ   (Volume Loss)  ʅ˔ʷˋʹ 2.8 

 ' Ϸ   (Ground Loss)  ʅ˔ʷˋʹ 2.9 
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ɳʽˁˈ˄ʰ 2.6: Oˊʽˋ˃ˈˌ ˉʰˊʰ˃ʷˍˊ˖˄ ʰˉ˗˂ʶʽʰˌ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ όvolume lossύ ˁʰʽ ˋ˔ʶˍʽˁʺˌ 
ʰˉ˗˂ʶʽʰˌ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ όground loss) [8] 

ʅʶ ʰˋˍˊʱʴʴʽˋˍʶˌ ˋˎ˄ʻʺˁʶˌΣ ˇʽ ˈˊˇʽ ʶʵʰ˒ʽˁʺˌ ʰˉ˗˂ʶʽʰˌ ˁʰʽ ˋ˔ʶˍʽˁʺˌ ʶʵʰ˒ʽˁʺˌ ʰˉ˗˂ʶʽʰˌ 

ˍʰˎˍʾʸˇ˄ˍʰʽΣ ʰ˒ˇˏ ˍˇ ʷʵʰ˒ˇˌ ʶʾ˄ʰʽ ʰˋˎ˃ˉʾʶˋˍˇ ˁʰʽ ˉʰˊʰ˃ˇˊ˒˗˄ʶʽ ˔˖ˊʾˌ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ 

ˈʴˁˇˎ ˍˇˎΣ ʶ˄˗ ˈˍʰ˄ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʶ˅ʰˊˍ˗˃ʶ˄ʰ ʰˉˈ ˍˇ ˔ˊˈ˄ˇ όˋˍʶˊʶˇˉˇʾʹˋʹΣ 

ʶˊˉˎˋ˃ˈˌύ ˇʽ ʵˏˇ ˉʰˊʱ˃ʶˍˊˇʽ ʰˉˇˁ˂ʾ˄ˇˎ˄Φ 

 

2.3 ɾʷʻˇʵˇʽ ʶˁˍʾ˃ʹˋʹˌ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ 

ʂˉ˖ˌ ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʶ ˎˉʱˊ˔ˇˎ˄ ʵʽʱ˒ˇˊʶˌ ˍʶ˔˄ʽˁʷˌ ʴʽʰ ˉˊˈʲ˂ʶ˕ʹ ˍ˖˄ ʶʵʰ˒ʽˁ˗˄ 

˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ʵʽʱ˄ˇʽ˅ʹˌ ˋʹˊʱʴʴ˖˄Σ ʰˉˈ ʰ˄ʰ˂ˎˍʽˁʷˌ ˁʰʽ ʶ˃ˉʶʽˊʽˁʷˌ ˃ʶʻˈʵˇˎˌ 

ˋʶ ɻ̔ˋʵʽʱˋˍʰˍʶˌ ˁʰʽ ˍˊʽˋʵʽʱˋˍʰˍʶˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌΦ ɼʱʻʶ ˃ʾʰ ˃ʷʻˇʵˇˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ 

ˍʽˌ ʵʽˁʷˌ ˍʽˌ ˎˉˇʻʷˋʶʽˌΦ 

2.3.1 A˄ʰ˂ˎˍʽˁʷˌ ˃ʷʻˇʵˇʽ 

ʅˍʽˌ ˃ʶʻˈʵˇˎˌ ˇʽ ˇˉˇʾʶˌ ʲʰˋʾʸˇ˄ˍʰʽ ˋʶ ˁ˂ʶʽˋˍʷˌ ʰ˄ʰ˂ˎˍʽˁʷˌ ˂ˏˋʶʽˌΣ ˃ʶ ʲʱˋʹ ˍʹ ʻʶ˖ˊʾʰ ˍʹˌ 

ʶ˂ʰˋˍʽˁˈˍʹˍʰˌΣ ˁʱʻʶ ʶˊʶˎ˄ʹˍʺˌ ˉˊˇˍʶʾ˄ʶʽ ˃ʾʰ ʰ˄ʰ˂ˎˍʽˁʺ ʶ˂ʰˋˍʽˁʺ ˂ˏˋʹ ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ 

ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ ˁʰʽ ˇˊʽʸˈ˄ˍʽ˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Σ ˂ˈʴ˖ ʵʽʱ˄ˇʽ˅ʹˌ ˋʺˊʰʴʴʰˌΦ 

ʆʷˍˇʽʶˌ ˃ʷʻˇʵˇʽ ʷ˔ˇˎ˄ ˉʰˊˇˎˋʽʰˋˍʶʾ ʰˉˈ ˍˇˎˌ (Sagaseta, 1987), (Verruijt and Booker, 

1996), (Loganathan and Poulos, 1998) ˁʰʽ (Osman et al., 2006). aʾʰ ˋˏʴˁˊʽˋʹ ˍ˖˄ 

ʵʽʰ˒ˈˊ˖˄ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˃ʶʻˈʵ˖˄ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 2.7(i)Σ ʴʽʰ ˋʺˊʰʴʴʰ ʰˁˍʾ˄ʰˌ рƳ 

˃ʶ ˏ˕ˇˌ ˎˉʶˊˁʶʽ˃ʷ˄˖˄ нлƳ ʰˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΦ ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʴʾ˄ʶʽ ˋˏʴˁˊʽˋʹ 

ʰ˄ʱ˃ʶˋʰ ˋˍʽˌ ˃ʶʻˈʵˇˎˌΣ ʻʶ˖ˊʺʻʹˁʶ ˃ʾʰ ˋ˔ʶˍʽˁʺ ʰˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ όƎǊƻǳƴŘ ƭƻǎǎύ 

ʾˋʹ ˃ʶ н҈Σ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ʷ˄ʰ ˁʶ˄ˈ όGapύ ˍʹˌ ˍʱ˅ʹˌ ˍ˖˄ рŎƳ ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇˎˌ (Lee et 

al., 1992)Σ ˁʰʽ ʷ˄ʰˌ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʵ όƻǾŀƭƛȊŀǘƛƻƴ ŦŀŎǘƻǊύ ʾˋˇˌ ˃ʶ л (Verruijt and Booker, 1996), 

ʶ˄˗ ˋˍʹ˄ ɳʽˁˈ˄ʰ 2.7(ii) ʹ ˍʽ˃ʺ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʶʵʰ˒ʽˁʺˌ ʰˉ˗˂ʶʽʰˌ ʽˋˇˏˍʰʽ ˃ʶ нΦу҈ ˁʰʽ ˍˇˎ 

ˁʶ˄ˇˏ тŎƳΣ ʶ˄˗ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʵ ˂ʰ˃ʲʱ˄ʶˍʰʽ ʾˋˇˌ ˃ʶ лΦр҈Φ ɲʽʰˉʽˋˍ˗˄ʶˍʰʽ ˈˍʽ ˇ (Osman et 

al., 2006) ˉˊˇʲ˂ʷˉʶʽ ˃ʶʴʰ˂ˏˍʶˊʶˌ ʶˉʽ˒ʰ˄ʶʽʰˁʷˌ ˁʰʻʽʸʺˋʶʽˌ ˁˇ˄ˍʱ ˋˍʹ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ 

ˁʰʽ ˁʰ˃ˉˏ˂ʶˌ ˃ʶ ˃ʽˁˊˈˍʶˊʶˌ ˍʽ˃ʷˌ ˋˎʴˁˊʽˍʽˁʱ ˃ʶ ˍʽˌ ˎˉˈ˂ˇʽˉʶˌ ˁʰ˃ˉˏ˂ʶˌΦ ɳˉʽˉ˂ʷˇ˄Σ 
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ʰʴ˄ˇ˗˄ˍʰˌ ˍˇ ˉʰˊʱʴˇ˄ˍʰ ʵ όɳʽˁˈ˄ʰ 2.7(i)ύ ˇʽ (Sagaseta, 1987) ˁʰʽ (Verruijt and Booker, 

1996) ʁ ˁˍʽ˃ˇˏ˄ ˍʹ˄ ʾʵʽʰ ˁʰ˃ˉˏ˂ʹ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄Σ ʶ˄˗ ˈˍʰ˄ ʰˎ˅ʱ˄ʶʽ ʹ ˍʽ˃ʺ ˍˇˎ ʵ 

ˇʽ (Verruijt and Booker, 1996) ˁʰˍʰ˂ʺʴˇˎ˄ ˋʶ ˁʰ˃ˉˏ˂ʶˌ ˃ʶ ˃ʶʴʰ˂ˏˍʶˊʶˌ ˁʰʻʽʸʺˋʶʽˌ ʴˏˊ˖ 

ʰˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΦ ʆʷ˂ˇˌΣ ˇʽ Σ (Sagaseta, 1987) ˁ ʰʽ (Loganathan and Poulos, 1998) 

ˉˊˇʲ˂ʷˉˇˎ˄ ʾʵʽʶˌ ˍʽ˃ʷˌ ˈˋˇ˄ ʰ˒ˇˊʱ ˍʽˌ ˁʰʻʽʸʺˋʶʽˌ ˁˇ˄ˍʱ ˋˍˇ˄ ʱ˅ˇ˄ʰΣ ʶ˄˗ ˇʽ ʵʶˏˍʶˊˇʽ 

ˁʰˍʰ˂ʺʴˇˎ˄ ˋʶ ˉʽˇ ˋˍʶ˄ʺ ˁʰ˃ˉˏ˂ʹ ˉˇˎ ʷ˔ʶʽ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˃ʽˁˊˈˍʶˊʶˌ ˍʽ˃ʷˌ ˋʹ˃ʶʾ˖˄ 

ˁʰ˃ˉʺˌΦ 

 

ɳʽˁˈ˄ʰ 2.7Υ ʅˏʴˁˊʽˋʹ ˁʰ˃ˉˎ˂˗˄ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ʴʽʰ ˋʺˊʰʴʴʰ ʰˁˍʾ˄ʰˌ рƳ ˁʰʽ ˏ˕ˇˌ 
ˎˉʶˊˁʶʽ˃ʷ˄˖˄ нлƳ ʰˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ʶˌ ˃ʶ ʵʽʱ˒ˇˊʶˌ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʶˌ 
ʰ˄ʰ˂ˎˍʽˁʷˌ ˃ʶʻˈʵˇˎˌ όƛύ ʴʽʰ ˁʶ˄ˈ ʾˋˇ ˃ʶ рŎƳ ˉˇˎ ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇˎˌ (Lee et al., 1992)h ˄ˍʽˋˍˇʽ˔ʶʾ 
ˋʶ ˋ˔ʶˍʽˁʺˌ ʰˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ н҈Σ ˁʰʽ ˃ʶ ˍʽ˃ʺ ˉʰˊʱʴˇ˄ˍʰ ʵ ˈˉ˖ˌ ʶʽˋʺ˔ʻʹ ʰˉˈ ˍˇˎˌ 
(Verruijt and Booker, 1996) ʾˋʹ ˃ʶ лΦ όƛƛύ ʴʽʰ ˁʶ˄ˈ ʾˋˇ ˃ʶ тŎƳ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ нΦу҈ (Lee et al., 
1992)Σ ʶ˄˗ ˇ ˉʰˊʱʴˇ˄ˍʰˌ ʵ ˂ʰ˃ʲʱ˄ʶʽ ˍʽ˃ʺ лΦр҈Φ 

2.3.2 ɳ˃ˉʶʽˊʽˁʷˌ ˃ʷʻˇʵˇʽ 

ʁʽ ʶ˃ˉʶʽˊʽˁʷˌ ˃ʷʻˇʵˇʽΣ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˁˎˊʾ˖ˌ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ 

ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˁʰʽ ʶʽʵʽˁˈˍʶˊʰ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˁʱʻʶˍʰ ˋˍˇ˄ ʱ˅ˇ˄ʰ 

ˍʹˌ ˋʺˊʰʴʴʰˌΦ ɮˉˈ ˍʽˌ ʶ˃ˉʶˊʽˁʷˌ ˃ʶʻˈʵˇˎˌ ʲʱˋʹ ʴʽʰ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ ˎˉˈ˂ˇʽˉ˖˄ 

ʰˉˇˍʷ˂ʶˋʶ ʹ ˃ʷʻ̌ɻ ˇˌ ˍ˖˄ Peck όмфсфύ ˁʰʽ Schmidt (1974), ˋˍʹ˄ ˇˉˇʾʰ ʹ ˁʰ˃ˉˏ˂ʹ ˍ˖˄ 

ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˉˊˇ̀ʁ ʴʴʾʸʶˍʰʽ ʰˉˈ ˃ʾʰ ˁʰ˃ˉˏ˂ʹ ˋ˒ʱ˂˃ʰˍˇˌ όʅ˔ʷˋʹ 2.1ύ ˈˉ˖ˌ 

ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ 2.2.1. ɮˎˍˇʾ ʷʵʶʽ˅ʰ˄ ˈˍʽ ʹ ˉˊˇˋʷʴʴʽˋʹ ʰˎˍʺ ˉˊˇˋo˃ˇʽʱʸʶʽ 

ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ˍʹ ˃ˇˊ˒ʺ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˋʶ ˃ʰ˂ʰˁʷˌ ʰˊʴʾ˂ˇˎˌΣ ˃ʶ 

ʲʱˋʹ ˋˍʰˍʽˋˍʽˁʺ ʶˉʶ˅ʶˊʴʰˋʾʰ ʶˉʽˍˈˉˇˎ ˃ʶˍˊʺˋʶ˖˄Φ ʅˍʹ˄ ɳʽˁˈ˄ʰ 2.8(i) ʵʾ˄o˄ˍʰʽ ˁʱˉˇʽʰ 

ʲʰˋʽˁʱ ˃ʶʴʷʻʹ ˋˍʹ˄ ˁʰ˃ˉˏ˂ʹ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄Φ 
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ɳʽˁˈ˄ʰ 2.8: (i) ɳˉʽ˒ʰ˄ʶʽʰˁʷˌ ˁʰʻʽʸʺˋʶʽˌ ʰˉʶʽˁˇ˄ʽʸˈ˃ʶ˄ʶˌ ʰˉˈ ˁʰ˃ˉˏ˂ʹ ˋ˒ʱ˂˃ʰˍˇˌ (Peck, 1969; 
Schmidt, 1969) (ii) ʅˎˋ˔ʷˍʽˋʹ ˃ʶˍʰ˅ˏ ˋʹ˃ʶʾˇˎ ˁʰ˃ˉʺˌ ˁʰʽ ʲʱʻˇˎˌ ˋʺˊʰʴʴʰˌ (Peck, 1969) 

ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʹ ˃ʷʻˇʵˇˌ ʴʾ˄ʶˍʰʽ ʹ ˎˉˈʻʶˋʹ ˃ʾʰ ˃ʷʴʽˋˍʹˌ ˁʰʻʾʸʹˋʹˌ 

(Smax) ˁʰʽ ˍˇˎ ˋʹ˃ʶʾˇˎ ˁʰ˃ˉʺˌ iΦ ɶ ʵʽʰʵʽˁʰˋʾʰ ˉˇˎ ʰˁˇ˂ˇˎʻʶʾˍʰʽ ʴʽʰ ˔ˊʺˋʹ ˍʹˌ ˃ʶʻˈʵˇˎ 

ʰ˒ˇˊʱ ʰˊ˔ʽˁʱ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ˋ˔ʶˍʽˁʺ ̩ʰˉ˗˂ʶʽʰ ̩ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ όvolume loss) ˃ʶ ʲʱˋʹ 

ˍʹ˄ ˎˉʱˊ˔ˇˎˋʰ ʶ˃ˉʶʽˊʾʰ ˁʰʽ ʶ˃ˉʶʽˊʽˁʷˌ ˋ˔ʷˋʶʽˌ ˁʰʽ ʷˉʶʽˍʰ ˍʹ˄ ˎˉˈʻʶˋʹ ʶ˄ˈˌ ˋʹ˃ʶʾˇˎ 

ˁʰ˃ˉʺˌ ʰˉˈ ˍˇ ʵʽʱʴˊʰ˃˃ʰ ˍˇˎ Peck (ɳʽˁˈ˄ʰ 2.8 (ii)ύΣ ˗ˋˍʶ ʷ˔ˇ˄ˍʰˌ ˇˊʾˋʶʽ ʰˎˍʱ ˍʰ ˃ʶʴʷʻʹ 

˄ʰ ˎˉˇ˂ˇʴʽˋˍʶʾ ʰˉˈ ˍʹ˄ ʅ˔ʷˋʹ 2.3 ʹ ˃ʷʴʽˋˍʹ ˁʰʻʾʸʹˋʹ ˁʰʽ ʰˉˈ ˍʹ ʅ˔ʷˋʹ 2.1 ʹ ˁʰʻʾʸʹˋʹ ˋˍʹ˄ 

ʶˉʽ˒ʱ˄ʶʽʰ ˋʶ ˁʱʻʶ ʻʷˋʹ x h ˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΦ 

O̔  OΩReilly and New (1982), ˉʰˊˇˎˋʾʰˋʰ˄ ˉʽˇ ʴʶ˄ʽˁʶˎ˃ʷ˄ʶˌ ʶ˃ˉʶʽˊʽˁʷˌ ˋ˔ʷˋʶʽˌ ʴʽʰ ˍʹ˄ 

ʶˏˊʶˋʹ ˍˇˎ ˋʹ˃ʶʾˇˎ ˁʰ˃ˉʺˌ i ʲʰˋʽˋ˃ʷ˄ˇʽ ˋˍˇ˄ Peck (1969)Φ ɮ˅ʽˇ˂ˇʴ˗˄ˍʰˌ ʶˉʽˍˈˉˇˎ 

˃ʶˍˊʺˋʶʽˌ ˁʰʽ ˋ˔ʶˍʾʸˇ˄ˍʰˌ ˍˇ ˋʹ˃ʶʾˇ ˁʰ˃ˉʺˌ i ˃ʶ ˍˇ ʲʱʻˇˌ ˍʹˌ ˋʺˊʰʴʴʰˌ z0 ʰ˄ʰˁʱ˂ˎ˕ʰ˄ 

˃ʾʰ ʴˊʰ˃˃ʽˁʺ ˋ˔ʷˋʹ όʅ˔ʷˋʹ 2.10ύΦ ɼʰˍʷ˂ʹ˅ʰ˄ ˋˍˇ ˋˎ˃ˉʷˊʰˋ˃ʰ ˉ˖ˌ ʴʽʰ ˍʽˌ ʰˊʴʾ˂ˇˎˌ ʹ ˉʽˇ 

ˁʰˍʱ˂˂ʹ˂ʹ ˍʽ˃ʺ KΣ ˉʰˊʰ˃ʷˍˊˇˎ ˉˇˎ ʶˁ˒ˊʱʸʶʽ ˍˇ ˉ˂ʱˍˇˌ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˁʰʻʽʸʺˋʶ˖˄Σ ʶʾ˄ʰʽ 

ʾˋʹ ˃ʶ лΦр ˁʰʽ ˃ˉˇˊʶʾ ˄ʰ ˉˇʽˁʾ˂˂ʶʽ ʰˉˈ лΦп ʷ˖ˌ лΦтΦ ʁʽ Kimura and Mair (1981) ˁ ʰˍʷ˂ʹ˅ʰ˄ ˋʶ 

ˉʰˊˈ˃ˇʽˇ ˋˎ˃ˉʷˊʰˋ˃ʰΦ ɳˉʽˉ˂ʷˇ˄, ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʱ ˍˇˎˌ ʷʵʶʽ˅ʰ˄ ˈˍʽ ʹ ˍʽ˃ʺ ˍˇˎ ɼ ʶʾ˄ʰʽ 

ʰ˄ʶ˅ʱˊˍʹˍʹ ˍʹˌ ˃ʶʻˈʵˇˎ ʵʽʱ˄ˇʽ˅ʹˌΦ 

 É +Ú   ʅ˔ʷˋʹ 2.10 

 

 É πȢτσÚ  ρȢρ ɾʅɻ ʎʑʉʀʆʐʅʆʗ ʀɿʗʒʂ   ʅ˔ʷˋʹ 2.11 

 É πȢτσÚ  πȢρς ɾʅɻ ʈʂ ʎʑʉʀʆʐʅʆʗ ʀɿʗʒʂ   ʅ˔ʷˋʹ 2.12 

ʂˉˇˎΣ  i ˁ ʰʽ z0 ̀ ʶ ˃ʷˍˊʰ 

ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʵ˗ˋˇˎ˄ ˉʽˇ ʰˁˊʽʲʶʾˌ ˉˊˇʲ˂ʷ˕ʶʽˌ ʴʽʰ ˍˇ ˋʹ˃ʶʾˇ ˁʰ˃ˉʺˌ i, ˇʽ OΩReilly and 

New, 1982Σ ʰ˅ʽˇ˂ˇʴ˗˄ˍʰˌ ʵʶʵˇ˃ʷ˄ʰ ˉʰˊʰˍʹˊʺˋʶ˖˄ ˋˍˇ ˉʶʵʾˇ ʴʽʰ нм ˋˎ˄ʶˁˍʽˁʱ ˁʰʽ мс ˃ʹ 

ˋˎ˄ʶˁˍʽˁʱ ʶʵʱ˒ʹ ˈˊʽˋʰ˄ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˋ˔ʷˋʶʽˌ ˉˇˎ ˍˇ ˋˎ˄ʵʷˇˎ˄ ʴˊʰ˃˃ʽˁʱ ˃ʶ ˍˇ ʲʱʻˇˌ 



2  ̌ɼʶ˒ʱ˂ʰʽˇΥ ɳˁˍʾ˃ʹˋʹ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˂ˈʴ˖ ʵʽʰ˄ˇʾ˅ʶ˖ˌ ʰʲʰʻ˗˄ ˋʹˊʱʴʴ˖˄ 
 

36 
 

ʵʽʱ˄ˇʽ˅ʹˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ˄ ˍˏˉˇ ˍˇˎ ʶʵʱ˒ˇˎˌ ˁʰʽ ʰ˄ʶ˅ʱˊˍʹˍʰ ʰˉˈ ˍˇ˄ ˍˊˈˉˇ 

ˁʰˍʰˋˁʶˎʺˌ ˁʰʽ ˍʹ ʵʽʱ˃ʶˍˊˇ ˍʹˌ D (ʅ˔ʷˋʹ 2.11 ˁ ʰʽ ʅ˔ʷˋʹ 2.12).  

ʁʽ Mair and Taylor (1997), ˋˍʹˊʽʸˈ˃ʶ˄ˇʽ ˋˍʹ˄ ˎˉˈʻʶˋʹ ˍ˖˄ OΩReilly and New (1982ύ ˈˍʽ ʹ 

ˍʽ˃ʺ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ i ʶʾ˄ʰʽΣ ˁʰˍʱ ˉˊˇˋʷʴʴʽˋʹΣ ʴˊʰ˃˃ʽˁʺ ˋˎ˄ʱˊˍʹˋʹ ˍˇˎ ʲʱʻˇˎˌ ˍʹˌ 

ˋʺˊʰʴʴʰˌ ˋˎ˄ʽˋˍˇˏ˄ ʴʽʰ ˉˊʰˁˍʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌ ˋ˔ʶʵʽʰˋ˃ˇˏ ˍʽ˃ʷˌ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ ɼΥ ʰύ 

ɼҐлΦр ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʰˊʴʽ˂ʽˁ˗˄ ʶʵʰ˒˗˄ όɳʽˁˈ˄ʰ 2.9(i)ύ ˁʰʽ ʲύ ɼҐлΦор ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ˁˇˁˁ˖ʵ˗˄ ʶʵʰ˒˗˄ όɳʽˁˈ˄ʰ 2.9(ii)). ʆʰ ʵʶʵˇ˃ʷ˄ʰ ˋˍʹ˄ ɳʽˁˈ˄ʰ 2.9 ʰ˒ˇˊˇˏ˄ ʵʽʱ˒ˇˊʶˌ 

˃ʶʻˈʵˇˎˌ ˁʰˍʰˋˁʶˎʺˌ ˋʹˊʱʴʴ˖˄Σ ˉʰˊˈ˂ʰ ʰˎˍʱ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇ˃ʰʵˇˉˇʽʹ˃ʷ˄ʰ ˁʰʻ˗ˌ ʹ 

ˉʰˊʱ˃ʶˍˊˇˌ i ʁ ʾ˄ʰʽ ʰ˄ʶ˅ʱˊˍʹˍʹ ʰˎˍ˗˄ (OΩReilly and New, 1982).  

 

ɳʽˁˈ˄ʰ 2.9: ɳˁˍʾ˃ʹˋʹ ˍˇˎ i ˋˎ˄ʰˊˍʺˋʶʽ ˍˇˎ ʲʱʻˇˎˌ ʵʽʱ˄ˇʽ˅ʹˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ˋʶ (i) ʰˊʴʽ˂ʽˁʱ ˁʰʽ (ii) 
ˋʶ ˁˇˁˁ˗ʵʹ ʶʵʱ˒ʹ όʱ˃˃ˇʽΣ ˔ʱ˂ʽˁʶˌύ (Mair and Taylor, 1997) 

ʅ̱ ʹ˄ (ɳʽˁˈ˄ʰ 2.9(i)) ʶˉʽʲʶʲʰʽ˗˄ʶˍʰʽ ˍˇ ˋˎ˃ˉʷˊʰˋ˃ʰ ˍ˖˄ (OΩReilly and New, 1982) ˈˍʽ ʴʽʰ 

ˍʹ˄ ˉ˂ʶʽˇ˄ˈˍʹˍʰ ˍ˖˄ ˉʶˊʽˉˍ˗ˋʶ˖˄ ʹ ˋ˔ʷˋʹ i=0.50z0 ʵʽʰˍʹˊʶʾˍʰʽ ˋˍʰʻʶˊʺ ˃ʷˋʰ ˋΩ ʷ˄ʰ 

ˉ˂ʰʾˋʽˇ ʰˉˈˁ˂ʽˋʹˌ i=0.40-0.60z0Φ ʂˋˇ˄ ʰ˒ˇˊʱ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ʴʽʰ ˋʺˊʰʴʴʶˌ ˋʶ ˁˇˁˁ˗ʵʹ 

ʶʵʱ˒ʹ ˉʰˊˈˍʽ ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˉˈˁ˂ʽˋʹΣ ˉʰˊˈ˂ʰ ʰˎˍʱ ʹ ˉ˂ʶʽˇ˄ˈˍʹˍʰ ˍ˖˄ 

ˉʶˊʽˉˍ˗ˋʶ˖˄ ʲˊʾˋˁʶˍʰʽ ʶ˄ˍˈˌ ˍ˖˄ ˇˊʾ˖˄ i=0.25z0 ˁʰʽ i=0.45z0Φ ɳˉʽˉ˂ʷˇ˄Σ ʴʽʰ ʰˎˍˈ ˍˇ˄ ˍˏˉˇ 

ʶʵʱ˒ˇˎˌ ʹ ˍʽ˃ʺ ɼҐлΣор ʽˋ˔ˏʶʽ ʰ˄ʶ˅ʱˊˍʹˍʰ ʰˉˈ ˍʹ˄ ˍˎ˔ˈ˄ ˏˉʰˊ˅ʹ ˋˍʱʻ˃ʹˌ ˎˉˈʴʶʽ˖˄ 

ˎʵʱˍ˖˄ ʶˉʱ˄˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰΦ 

O̔  Mair and Taylor (1997) ˏˋˍʶˊʰ ʰˉˈ ʰ˅ʽˇ˂ˈʴʹˋʹ ˋʹ˃ʰ˄ˍʽˁˇˏ ʰˊʽʻ˃ˇˏ ʶˉʽˍˈˉˇˎ 

˃ʶˍˊʺˋʶ˖˄ ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋˋʶ˖˄ ˋʶ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˋˍʱʻ˃ʶˌ z 

ˎˉʶˊˁʶʾ˃ʶ˄ʶˌ ˍ˖˄ ˋʹˊʱʴʴ˖˄Σ ˁˎˊʾ˖ˌ ˋʶ ʱˊʴʽ˂ˇΣ ˁʰˍʷ˂ʹ˅ʰ˄ ˈˍʽ ʰˁˇ˂ˇˎʻˇˏ˄ ˃ʶ 

ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ ʰˁˊʾʲʶʽʰ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸ̋ ˋʶ˖˄Σ ˈˉ˖ˌ ˉʶˊʽʴˊʱ˒ʶˍʰʽ 

ʰˉˈ ˍʹ ʅ˔ʷˋʹ 2.1Φ ʅˍʹˊʽʸˈ˃ʶ˄ˇʽ ˋˍʹ˄ ˎˉˈʻʶˋʹ ˍ˖˄ OΩReilly and New (1982ύΣ ʷʵʶʽ˅ʰ˄ ˈˍʽ ʹ 

ˉʰˊʱ˃ʶˍˊˇˌ ɼ ʰˎ˅ʱ˄ʶʽ ˃ʶ ˍˇ ʲʱʻˇˌΣ ʵʾ˄ˇ˄ˍʰˌ ʰ˄ʰ˂ˇʴʽˁʱ ʶˎˊˏˍʶˊʶˌ ˁʰ˃ˉˏ˂ʶˌ ˁˇ˄ˍʱ ˋˍʹ˄ 

ˋʺˊʰʴʴʰΦ ɮˎˍˈ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 2.10(i) Σ ˈˉˇˎ ˇʽ ˍʽ˃ʷˌ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ i ˉˇˎ 

˂ʺ˒ʻʹˁʰ˄ ʰˉˈ ˃ʶˍˊʺˋʶʽˌ ˁʰ˃ˉˎ˂˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˋʶ ʵʽʱ˒ˇˊʰ ʲʱʻʹ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ 

ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʰ ʵʽʱ˒ˇˊʰ ʲʱʻʹ zΣ ˁʰ˄ˇ˄ʽˁˇˉˇʽʹ˃ʷ˄ʰ ˁʰʽ ˍʰ ʵˏˇ ˃ʶʴʷʻʹ ˖ˌ ˉˊˇˌ ˍˇ ʲʱʻˇˌ 
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ʵʽʱ˄ˇʽ˅ʹˌ ˍʹˌ ˋʺˊʰʴʴʰˌ z0. ɶ ʵʽʰˁʶˁˇ˃˃ʷ˄ʹ ʴˊʰ˃˃ʺ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ɼҐлΦр ˁʰʽ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ 

ʷ˔ʶʽ ʰˉˈˁ˂ʽˋʹ  ʰˉˈ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ ˋˍˇ ˉʶʵʾˇΣ ʶ˄˗ ʹ ʷ˄ˍˇ˄ʹ ˃ʰˏˊʹ ʴˊʰ˃˃ʺ ˉʶˊʽʴˊʱ˒ʶʽ 

ˁʰ˂ˏˍʶˊʰ ˍʹ˄ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˉˇˎ ʰˁˇ˂ˇˎʻˇˏ˄ ˍʰ ʶˏˊʹ i ˍ˖˄ ˁʰ˃ˉˎ˂˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˋʶ 

ʵʽʱ˒ˇˊʰ ʲʱʻʹ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ό             ʅ˔ʷˋʹ 2.13).  

 É
Ú πȢρχυπȢσςυρ  ÚÚ)                ʅ˔ʷˋʹ 2.13  

 É +Ú  Ú           ʅ˔ʷˋʹ 2.14 

 + 
πȢρχυπȢσςυρ  ÚÚ

ρ  ÚÚ 
              ʅ˔ʷˋʹ 2.15  

 

 

ɳʽˁˈ˄ʰ 2.10: (i) ɾʶˍʰʲˇ˂ʺ ˉʰˊʰ˃ʷˍˊˇˎ i ˁʰ˃ˉˎ˂˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˋʶ ʵʽʰ˒ˇˊʶˍʽˁʱ ʲʱʻʹ z  ʴʽʰ 
ˋʺˊʰʴʴʶˌ ˋʶ ʰˊʴʾ˂ˇˎˌ (ii) ˃ʶˍʰʲˇ˂ʺ ˉʰˊʰ˃ʷˍˊˇˎ ɼ ˖ˌ ˉˊˇˌ ˍˇ ʲʱʻˇˌ ʴʽʰ ˉˊˇ˒ʾ˂ ˁʰʻʽʸʺˋʶ˖˄ 
ˁʱˍ˖ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌΣ ˉʱ˄˖ ʰˉˈ ˋʺˊʰʴʴʶˌ ˋʶ ʰˊʴʾ˂ˇˎˌ (R J Mair et al., 1993) 

ʅˍʹ˄ ɳʽˁˈ˄ʰ 2.10(ii) ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ ˇʽ ˍʽ˃ʷˌ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ ɼ ˉˇˎ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ʰˉˈ ˍʹ 

ʅ˔ʷˋʹ 2.14 ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʶˏˊʹ i ʰˉˈ ˉˊʰʴ˃ʰˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌΦ ʊʰʾ˄ʶˍʰʽ ˉ˖ˌ ʹ ʅ˔ʷˋʹ 2.15 

ˁʱ˄ʶʽ ˁʰ˂ʺ ˉˊˈʲ˂ʶ˕ʹ ˍʹˌ ˃ʶˍʰʲˇ˂ʺˌ ˍˇˎ ɼ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍˇ ʲʱʻˇˌΣ ʶ˄˗ ʹ ˎˉˈʻʶˋʹ 

ˋˍʰʻʶˊˇˏ ɼҐлΦр ʶʽʵʽˁʱ ʴʽʰ ˃ʶʴʰ˂ˏˍʶˊʰ ʲʱʻʹ ˎˉˇˍʽ˃ʱ ˍˇ ʶˏ́ˇˌ ˍ˖˄ ˁʰ˃ˉˎ˂˗˄ ό˃ʽˁˊˈˍʶˊˇ 

i). 

2.3.3 Aˊʽʻ˃ʹˍʽˁʷˌ ˃ʷʻˇʵˇʽ 

ʁʽ ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʶˌ ˋ˔ʷˋʶʽˌ ʰ˒ˇˊˇˏ˄ ˁʰʻʽʸʺˋʶʽˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽˇˏ˄ˍʰʽ ˋʶ 

ʲˊʰ˔ˎ˔ˊˈ˄ʽʶˌ ˋˎ˄ʻʺˁʶˌ όˋʶ ˃ʰ˂ʰˁʷˌ ˁʰʽ ˋˎ˃ˉʽʶˋˍʷˌ ʰˊʴʾ˂ˇˎˌ ʶʾ˄ʰʽ ˉʽʻʰ˄ʺ ʹ ʶ˃˒ʱ˄ʽˋʹ 

˃ʶˍʰˁʰˍʰˋˁʶˎʰˋˍʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ύΦ ɶ ʶ˒ʰˊ˃ˇʴʺ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˃ʶʻˈʵ˖˄ ˉʶˊʽˇˊʾʸʶˍʰʽ 

ʶˉʾˋʹˌΣ ˋʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ˉˇˎ ʵʶ˄ ʷ˔ˇˎ˃ʶ ˋˎ˄ʻʺˁʶˌ greenfield (ˇʽ ˉˊˇ ˎ̄ ʱˊ˔ˇˎˋʶˌ 

ˁʰˍʰˋˁʶˎʷˌ ʶˉʹˊʶʱʸˇˎ˄ ˍʽˌ ˉˊˇʲ˂ʶˉˈ˃ʶ˄ʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ʵʽʱ˄ˇʽ˅ʹˌ 

ˋʹˊʱʴʴ˖˄)Σ ˁʰʻ˗ˌ ˁʰʽ ˈˍʰ˄ ʹ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ˋʹˊʱʴʴ˖˄ ʵʶ˄ ʶʾ˄ʰʽ ʰˊˁʶˍʺ ˗ˋˍʶ ˁʱʻʶ 

ˋʺˊʰʴʴʰ ˄ʰ ʶ˅ʶˍʰˋʻʶʾ ˖ˌ ˃ˇ˄ʺΦ ɮ˄ʰ˃˒ʾʲˇ˂ʰΣ ˇʽ ˋ˔ʷˋʶʽˌ ʰˎˍʷˌ ʷ˔ˇˎ˄ ˉʶˊʽˇˊʽˋ˃ʷ˄ʹ ˔ˊʺˋʹ 

˃ʶ ʲʱˋʹ ˍʽˌ ˉʰˊʰˉʱ˄˖ ˉˊˇːˉˇʻʷˋʶʽˌ ˁʰʽ ʶʱ˄ ˃ʽʰ ʰˉˈ ʰˎˍʷˌ ʵʶ˄ ˉ˂ʹˊʶʾ̱ ʰʽ ˍˈˍʶ ˇʽ 

ˉˊˇʲ˂ʷ˕ʶʽˌ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˁ˂ʾ˄ˇˎ˄ ˉˇ˂ˏ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰΦ  
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ɮ˄ˍʾʻʶˍʰΣ ˇʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˃ʷʻˇʵˇʽ -ˉˇˎ ˉʰˊʰˍʾʻʶ˄ˍʰʽ ˋˍˇ ˎˉˇˁʶ˒ʱ˂ʰʽˇ ʰˎˍˈ ʵʾ˄ˇˎ˄ ˍʹ 

ʵˎ˄ʰˍˈˍʹˍʰ ˍʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ˍ˖˄ ʵʽʱ˒ˇˊ˖˄ ˋˎ˄ʽˋˍ˖ˋ˗˄ ʶ˄ˈˌ ˉˊˇʲ˂ʺ˃ʰˍˇˌ ˋʶ ˃ʽʰ 

ʰ˄ʱ˂ˎˋʹΦ  

ɶ ˉ˂ʶʽˇ˄ˈˍʹˍʰ ˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹˌ ʶˁˋˁʰ˒ʺˌ 

όʶ˅˗ʻʹˋʹ ˃ʶˍ˗ˉˇˎΣ ʰ˄ʱˉˍˎ˅ʹ ˁʰʻʽʸʺˋʶ˖˄ ˁˍ˂ˉύ ʶʾ˄ʰʽ ˍˊʽˋʵʽʱˋˍʰˍʰ ˉˊˇʲ˂ʺ˃ʰˍʰΦ ɾʷ˔ˊʽ 

ˋʺ˃ʶˊʰ ˉˇˎ ʹ ˍʶ˔˄ˇ˂ˇʴʾʰ ʵʶ˄ ʶˎ˄ˇˇˏˋʶ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍʷˍˇʽˇˎ ʶʾʵˇˎˌ ˉˊˇˋˇ˃ˇʽ˖˃ʱˍ˖˄Σ 

ˉˊʰʴ˃ʰˍˇˉˇʽˇˏ˄ˍʰ˄ ˁˎˊʾ˖ˌ ʵʽˋʵʽʱˋˍʰˍʶˌ ʰ˄ʰ˂ˏˋʶʽˌΣ ˁʰʻ˗ˌ ˍˇ ˎˉˇ˂ˇʴʽˋˍʽˁˈ ˁˈˋˍˇˌ ʺˍʰ˄ 

˃ʽˁˊˈˍʶˊˇΦ ʃʰˊʰˁʱˍ˖Σ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˃ʽʰ ˇˉˍʽˁʺ ˍˇˎ ˉ˖ˌ ˇʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ˃ʷʻˇʵˇʽΣ ˁʰʽ 

ˁˎˊʾ˖ˌ ˃ʶ ˔ˊʺˋʹ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ όFEMύΣ ʶ˒ʰˊ˃ˈʸˇ˄ˍʰʽ ʴʽʰ ˉˊˈʲ˂ʶ˕ʹ 

˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ˂ˈʴ˖ ˍʹˌ ʶˁˋˁʰ˒ʺˌΦ  

2.3.3.1 Aˊʽʻ˃ʹˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ Pr. Meschke et al 

ʁ Pr. Meschke ˁʰʽ ʹ ˇ˃ʱʵʰ ˍˇˎ ˋˎʴˁʰˍʰ˂ʷʴˇ˄ˍʰʽ ʰ˄ʱ˃ʶˋʰ ˋˍˇˎˌ ˉˊ˗ˍˇˎˌ ˉˇˎ 

ʰˋ˔ˇ˂ʺʻʹˁʰ˄ ˃ʶ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍˊʽˋʵʽʱˋˍʰˍ˖˄ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˉˊˇˋˇ˃ˇʽ˖˃ʱˍ˖˄ ˋ˔ʶˍʽˁʱ ˃ʶ 

ˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ʵʽʱ˄ˇʽ˅ʹ ˋʹˊʱʴʴ˖˄Φ ʃʱ˄˖ ʰˉˈ ˃ʾʰ ʵʶˁʰʶˍʾʰ ʵˇˎ˂ʶˏˇˎ˄ ˋʶ 

ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ TBM ˃ʶ ˔ˊʺˋʹ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ 

TSIM3D ˁʰʽ ʷ˔ˇˎ˄ ˃ʶ˂ʶˍʺˋʶʽ ʵʽʱ˒ˇˊʶˌ ˉʰˊʰ˃ʷˍˊˇˎˌΣ ˉˇˎ ʶˉʹˊʶʱʸˇˎ˄Σ ʱ˂˂ʶˌ ˂ʽʴˈˍʶˊˇ 

ʱ˂˂ʶˌ ˉʶˊʽˋˋˈˍʶˊˇΣ ˍʽˌ ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹˌ ʵʽʱ˄ˇʽ˅ʹˌ 

ˋʹˊʱʴʴ˖˄Φ  

ʆˇ нллпΣ ˇʽ Kasper ˁʰʽ Meschke ˉʰˊˇˎˋʾʰˋʰ˄ ʷ˄ʰ ˂ʶˉˍˇ˃ʶˊʷˌ ˃ˇ˄ˍʷ˂ˇ ˉˇˎ ˂ʱ˃ʲʰ˄ʶ 

ˎˉˈ˕ʽ˄ ˍˇˎ ˈ˂ʶˌ ˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ EPB ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΣ 

ˉΦ˔Φ ˍʹ˄ ˍˊʽʲʺ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˃ʶ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʶʵʰ˒ʽˁˈ ˋ˔ʹ˃ʰˍʽˋ˃ˈΣ ˍʹ ʵʽʰʵʽˁʰˋʾʰ 

ʶ˄ʶ˃ʱˍ˖ˋʹˌ ˍˇˎ ˇˎˊʰʾˇˎ ˁʶ˄ˇˏΣ ˍʹ˄ ˁʾ˄ʹˋʹ ˍ˖˄ ˎʵˊʰˎ˂ʽˁ˗˄ ʶ˃ʲˈ˂˖˄Σ ˁʰʻ˗ˌ ˁʰʽ ˍʹ˄ 

ˉˊˇˇʵʶˎˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ʶˁˋˁʰ˒ʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ˁʰʽ ˉˊˇ˗ʻʹˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ ʆˇ 

ʰˊʽʻ˃ʹˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 2.11.  

 

ɳʽˁˈ˄ʰ 2.11: (i) ɮˊʽʻ˃ʹˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʴʽʰ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ˉˊˇ˗ʻʹˋʹˌ 
ʶˁˋˁʰ˒ʺˌ ˁʰʽ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ (Kasper and Meschke, 2004) 

ʆˇ ˃́ ˔ʱ˄ʹ˃ʰ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ ʆɰɾ ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ˖ˌ ʷ˄ʰ ʱˁʰ˃ˉˍˇ ˋ˗˃ʰΣ ˉˇˎ 

ʶˉʽˍˊʷˉʶʽ ˍʹ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˁʰʽ ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ˃ʷˋ˖ ˋˍˇʽ˔ʶʾ˖˄ ˉˇˎ 
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ʷ˔ˇˎ˄ ʽʵʽˈˍʹˍʶˌ ˍˊʽʲʺˌΦ Aˎˍˈ ˍˇ ˃ˇ˄ˍʷ˂ˇ ʷ˂ʰʲʶ ˎˉˈ˕ʹ ˍˇˎ ʴˊʰ˃˃ʽˁʺ ˉˊˇˋʷʴʴʽˋʹ ʱˋˁʹˋʹˌ 

ˉʾʶˋʹˌ ˎˉˇˋˍʺˊʽ˅ʹˌ ˖ˌ ˉˊˇˌ ˍˇ ˏ˕ˇˌ ˁʰʽ ˃ʱ˂ʽˋˍʰ ˃ʶ ˍˊʰˉʶʸˇʶʽʵʺ ˁʰˍʰ˄ˇ˃ʺΦ ɶ ʵʽʰʵʽˁʰˋʾʰ 

ˉˊˇ˗ʻʹˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʶ ˍʹ˄ ˗ʻʹˋʹ ˉˇˎ ˉˊˇˋ˒ʷˊˇˎ˄ ˍʰ 

ˎʵˊʰˎ˂ʽˁʱ ʷ˃ʲˇ˂ʰ ˉʱ˄˖ ˋˍʰ ʵʰˁˍˎ˂ʾʵʽʰ ˍʹˌ ˎˉˇˋˍʺˊʽ˅ʹˌ ˉˇˎ ʷ˔ˇˎ˄ ʺʵʹ ˍˇˉˇʻʶˍʹʻʶʾΣ 

˄ʽˁ˗˄ˍʰˌ ˃ʶ ʰˎˍˈ ˍˇ˄ ˍˊˈˉˇ ˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶʽ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʴʶ̟ ˎ˂ʽˁˈ 

ɳʽˁˈ˄ʰ 2.11. 

ɱʽʰ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ʹ ˁʰˍʱ ˍˇ ʵˎ˄ʰˍˈˍʶˊˇ ʰˁˊʽʲʷˋˍʶˊʹ ˉˊˇˋʷʴʴʽˋʹ ˍʹˌ ˉˊˇ˔˗ˊʹˋʹˌ ˍˇˎ ʆɰɾ 

ˁʰʽ ˍʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʰˎˍˇˏ ˃ʶ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʶʽʵʽˁˇʾ 

ʰ˂ʴˈˊʽʻ˃ˇʽ ˉˇˎ ˁʰʻˇˊʾʸˇˎ˄ ˍʹ˄ ʰˁˊʽʲʺ ˉˇˊʶʾʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˈˉ˖ˌ ʰˎˍʺ ʷ˔ʶʽ 

ˋ˔ʶʵʽʰˋˍʶʾΦ ɮˁˇ˂ˇˎʻʶʾˍʰʽ ˃ʾʰ ˃ʷʻˇʵˇˌ ʰ˄ʱ˂ˎˋʹˌ ʲʺ˃ʰ ˉˊˇˌ ʲʺ˃ʰ ˉˇˎ ˋʶ ˁʰʻʷ˄ʰ ʰˉˈ 

ʰˎˍʱ ʶ˄ʶˊʴˇˉˇʽˇˏ˄ˍʰʽ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰʽ ʰ˒ʰʽˊˇˏ˄ˍʰʽ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ 

ʶʵʱ˒ˇˎˌ ˃ˉˊˇˋˍʱ ʰˉˈ ˍʹ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺΦ ʅʶ ˁʱʻʶ ʲʺ˃ʰ ˂ˇʽˉˈ˄ ʷ˔ˇˎ˃ʶ ˍʹ˄ ʶˁˋˁʰ˒ʺ 

˃ˉˊˇˋˍʱ ʰˉˈ ˍʹ ˁʶ˒ʰ˂ʺΣ ˍʹ ˉ˂ʺˊ˖ˋʹ ˍˇˎ ˇˎˊʰʾˇˎ ˁʶ˄ˇˏ ˁʰʽ ˍʹ ˍˇˉˇʻʷˍʹˋʹ ˍˇˎ ˄ʷˇˎ 

ʵʰˁˍˎ˂ʾˇˎ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ʵʽʰ˃ˇˊ˒˗˄ʶˍʰʽ ˃ʽʰ ˄ʷʰ ˁʰˍʱˋˍʰˋʹ ˁʰʽ 

˃ʶˍʰ˒ʷˊˇ˄ˍʰʽ ˋˍˇ ʶˉˈ˃ʶ˄ˇ ʲʺ˃ʰ ˇʽ ˋˎ˄ˇˊʽʰˁʷˌ ˋˎ˄ʻʺˁʶˌ ˁʰʽ ˍʰ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ 

ˍˇˎ ˄ʷˇˎ ʲʺ˃ʰˍˇˌ ʵʽʰ˃ˇˊ˒˗˄ˇ˄ˍʰʽΦ ʅʹ˃ʰ˄ˍʽˁˈ ʲʺ˃ʰ ˋˍˇ ʰˊʽʻ˃ʹˍʽˁˈ ˉˊˇˋˇ˃ˇʾ˖˃ʰ 

ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶ˒ʰˊ˃ˇˋˍʶʾ ˇ ʰ˂ʴˈˊʽʻ˃ˇˌ ʰˉˇˍʶ˂ʶʾ ʹ ˋˎ˄ʶ˔ʺˌ ˉˊˇˋʰˊ˃ˇʴʺ ˍʹˌ 

ʵʽʰˁˊʽˍˇˉˇʾʹˋʹˌ ˋˍʹ ˉʶˊʽˇ˔ʺ ˍˇˎ ˃ʶˍ˗ˉˇˎ ˍʹˌ ˋʺˊʰʴʴʰˌ όre-meshing). ɮˁˈ˃ʹ ˍˇ ˁʶ˄ˈ 

˃ʶˍʰ˅ˏ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˇˎ ʶʵʱ˒ˇˎˌ  ˁʰʻ˗ˌ ʶˉʾˋʹˌ ˁʰʽ ʹ ʶ˄ʶ˃ʱˍ˖ˋʹ 

ʰˎˍˇˏΣ ʴʾ˄ʶˍʰʽ ˋʶ ʵˏˇ ˒ʱˋʶʽˌ ˃ʶ ˋˍˇʽ˔ʶʾʰ ˉˇˎ ˉˊˇˋˇ˃ˇʽ˗˄ˇˎ˄ ˍˇ ʷ˄ʶ˃ʰ ˁʰʽ ʶ˅ʰˊˍ˗˄ˍʰʽ 

ʰˉˈ ˍʽˌ ʽʵʽˈˍʹˍʶˌ ˍˇˎ ˎ˂ʽˁˇˏ ˉ˂ʺˊ˖ˋʹˌΦ ʆˇ ʷ˄ʶ˃ʰ ˋˍˇ ˁʶ˄ˈ ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ˖ˌ ʷ˄ʰ 

ʶ˂ʰˋˍʽˁˈ ˎ˂ʽˁˈΣ ˃ʶ ˔ˊˇ˄ʽˁʱ ʶ˅ʰˊˍ˗˃ʶ˄ʹ ʰˉˈˁˍʹˋʹ ˍʹˌ ʰˁʰ˃˕ʾʰˌ ˍˇˎΦ 

 

ɳʽˁˈ˄ʰ 2.12: όƛƛύ ʅˎˋˍʰˍʽˁʱ ˃ʷˊʹ ˁʰʽ ʲʺ˃ʰ-ʲʺ˃ʰ ʵʽʰʵʽˁʰˋʾʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ όŀύ ʆʷ˂ˇˌ 
ˉˊˇʹʴˇˏ˃ʶ˄ˇˎ ʲʺ˃ʰˍˇˌ ʶˁˋˁʰ˒ʺˌ όōύ ʃˊˇ˗ʻʹˋʹ ʆɰɾ όŎύ ɳˁˋˁʰ˒ʺ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ ˁʰʽ 
ʶʽˋʰʴ˖ʴʺ ˋˍˇʽ˔ʶʾ˖˄ ˉˇˎ  ˉˊˇˋˇ˃ˇʽ˗˄ˇˎ˄ ˍˇ ʷ˄ʶ˃ʰ ˋˍˇ ˁʶ˄ˈ ˁʰʽ ˍʹ˄ ʶˉʷ˄ʵˎˋʹ (Kasper and 
Meschke, 2004) 

Mʾʰ ʶ˅ʷ˂ʽ˅ʹ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ʆɰɾ ʰˉˈ ˍˇˎˌ Kasper ˁʰʽ Meschke, 2006 ʰˉˇˍʷ˂ʶˋʶ ʹ 

ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ ʶ˄ˈˌ ˍʶˋˍ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˋʺˊʰʴʴʰˌ ˃ʶ ˁʰ˃ˉˏ˂ʹ ʵʽʰʵˊˇ˃ʺ ˉˊˇ˗ʻʹˋʹˌ 

ɳʽˁˈ˄ʰ 2.13(i)Φ ʂ˃˖ˌΣ ʷʵʶʽ˅ʰ˄ ˈˍʽ ˇ ʶ˒ʰˊ˃ˇʸˈ˃ʶ˄ˇˌ ʰˎˍˈ˃ʰˍˇˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˉˊˇ˗ʻʹˋʹˌ ˍ˖˄ 
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˃ʶ˃ˇ˄˖˃ʷ˄˖˄ ʶ˃ʲˈ˂˖˄ ˗ʻʹˋʹˌ ˇʵʹʴʶʾ ˋʶ ʰˉˈˁ˂ʽˋʹ ʰˉˈ ˍʹ ˉˊˇʵʽʰʴʶʴˊʰ˃˃ʷ˄ʹ ˉˇˊʶʾʰ ˃ʶ 

ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ʰˉʰʽˍʶʾˍʰʽ ˉʶˊʰʽˍʷˊ˖ ʶ˅ʷ˂ʽ˅ʹ ˈˋˇ˄ ʰ˒ˇˊʱ ˍˇ˄ ʰ˂ʴˈˊʽʻ˃ˇ ʰˎˍˈ˃ʰˍˇˎ 

ˋˎˋˍʺ˃ʰˍˇˌ ʵʽʶˏʻˎ˄ˋʹˌΦ ʃʰˊˈ˂ʰˎˍʰ ˇʽ Kasper ˁʰʽ Meschke, 2006 ʲʰˋʽʸˈ˃ʶ˄ˇʽ ˋˍʹ˄ 

ˉˊˇʹʴˇˏ˃ʶ˄ʹ ʵˇˎ˂ʶʽʱ ˍˇˎˌΣ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌ ˍˇˎ ʆɰɾ όKasper ˁʰʽ  Meschke, 2004) ˁʰʽ 

ˁʱ˄ˇ˄ˍʰˌ ˍʹ˄ ˉʰˊʰʵˇ˔ʺ ʶˎʻʶʾʰˌ ˉˇˊʶʾʰˌΣ ʵʽʶ˅ʺʴʰʴʰ˄ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ʶˎʰʽˋʻʹˋʾʰˌΣ 

ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ɻ ʽʶˊʶˎ˄ʺˋˇˎ˄ ˍʹ˄ ʶˉʽˊˊˇʺ ˍʹˌ ˉʾʶˋʹˌ ˎˉˇˋˍʺˊʽ˅ʹˌ ˋˍˇ ˃ʷˍ˖ˉˇΣ ˍʹˌ ˉʾʶˋʹˌ 

ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ˁʰʽ ˍˇˎ ˋ˔ʶʵʽʰˋ˃ˇˏ ˍˇˎ ʆɰɾ ˋˍʽˌ ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˁʰʽ ˋˍʰ ˒ˇˊˍʾʰ ˍʹˌ 

ʶˉʷ˄ʵˎˋʹˌΦ 

 

ɳʽˁˈ˄ʰ 2.13: (i) ʆʶˋˍ ˉˊˋˇ˃ˇʾ˖ˋʹˌ ˋʺˊʰʴʴʰˌ ˃ʶ ˁʰ˃ˉˏ˂ʹ ʵʽʰʵˊˇ˃ʺ ˉˊˇ˗ʻʹˋʹˌ ʰˁˍʾ˄ʰˌ нллm (ii) 
Ȳ ˇʻʶˍʽˁˈ ˋˏˋˍʹ˃ʰ ˒ˈˊˍ˖ˋʹˌ ʴʽʰ ˍˇ back up trailer  (Kasper and Meschke, 2006) 

ʁʽ ˉʰˊʰ˃ʶˍˊʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˋʺˊʰʴʴʰ ʵʽʰ˃ʷˍˊˇˎ сΦоmΣ ʷ˄ʰ ˏ˕ˇˌ 

ˎˉʶˊˁʶʽ˃ʷ˄˖˄ мΦрD ˁʰʽ ʴʽʰ ʽˋˈˍˊˇˉˇΣ ˎˉʶˊˋˍʶˊʶ̌ ˉˇʽʹ˃ʷ˄ˇΣ ˃ʰ˂ʰˁˈΣ ˋˎ˄ʶˁˍʽˁˈ ʶʵʰ˒ʽˁˈ 

ˎ˂ʽˁˈ ˍˇˎ ˇˉˇʾˇˎ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʶˉʽ˂ʷ˔ʻʹˁʶ ˄ʰ ʰˁˇ˂ˇˎʻʶʾ ʷ˄ʰ ʶ˂ʰˋˍˇˉ˂ʰˋˍʽˁˈ Cam-Clay 

ˁʰˍʰˋˍʰˍʽˁˈ ˉˊˇˋˇ˃ˇʾ˖˃ʰΦ ʁʽ ʲʰˋʽˁʷˌ ˉʰˊʱ˃ʶˍˊˇʽ ʴʽʰ ˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʶ ˍˇ Cam-Clay 

ˁˊʽˍʺˊʽˇ ʺˍʰ˄ ˂Ґ-0.05 όʲʰʻ˃ˈˌ ˋˎ˃ˉʾʶˋʹˌύ ˁҐ-лΦлм όʲʰʻ˃ˈˌ ʵʽˈʴˁ˖ˋʹˌύΣ ˄ҐлΦор ˁʰʽ ɾҐмΦл 

όˁ˂ʾˋʹ ˍʹˌ ʴˊʰ˃˃ʺˌ ɼˊʾˋʽ˃ʹˌ ˁʰˍʱˋˍʰˋʹˌύΦ ɶ ˉʶˊʰˍˈˍʹˍʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ʶˉʽ˂ʷ˔ʻʹˁʶ ˄ʰ ʶʾ˄ʰʽ 

ʾˋʹ ˃ʶ 1x10-7 m/s ˁ ʰʽ ʹ ˉˎˁ˄ˈˍʹˍʰ ˍˇˎ ˁˇˊʶˋ˃ʷ˄ˇˎ ʶʵʰ˒ʽˁˇˏ ˉˇ˂˒ˇˏ ʾˋʹ ˃ʶ 18kN/m3.  

ʁʽ Kasper ˁʰʽ Meschke, 2006 ʰ˒ˇˏ ʷˁʰ˄ʰ˄ ˉʰˊʰ˃ʶˍˊʽˁʺ ʵʽʶˊʶˏ˄ʹˋʹ ʰˎˍˇˏ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎΣ 

ˍˇˎ ˇˉˇʾˇˎ ˁʱˉˇʽʶˌ ʰˉˈ ˍʽˌ ˎˉˇ˂ˇʴʽʸˈ˃ʶ˄ʶˌ ʶˉʽ˒ʰ˄ʶʽʰˁʷˌ ˁʰʻʽʸʺˋʶʽˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʹ˄ 

ɳʽˁˈ˄ʰ 2.14 ˋˎ˃ˉʷˊʰ˄ʰ˄ ˈˍʽ ʹ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇΣ ʹ ˉʾʶˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΣ ˍˇ ˃ʺˁˇˌ ˁʰʽ ʹ 

ˁ˖˄ʽˁˈˍʹˍʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʷ˔ˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʺ ʶˉʽˊˊ̌ ʺ ˋˍʽˌ ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌΣ ʶ˄˗ ˍˇ 

ʲʱˊˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʆɰɾ ʵʶ˄ ʶˉʹˊʶʱʸʶʽ ʽʵʽʰʾˍʶˊʰΦ ɳˉʽˉ˂ʷˇ˄Σ ʰˉˈ ˍʽˌ ʵʽʶˊʶˎ˄ʹʻʶʾˋʶˌ 

ˉʰˊʰ˃ʷˍˊˇˎˌΣ ʹ ˉʾʶˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ˁʰʽ ˍˇ ˃ʺˁˇˌ ˍʹˌ ʰˋˉʾʵʰˌ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ʰˉˇˍʷ˂ʶˋʰ˄ 

ˍˇˎˌ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊˇˎˌ ˉʰˊʱʴˇ˄ˍʶˌ ˈˋˇ˄ ʰ˒ˇˊʱ ˍʽˌ ʰˁˍʽ˄ʽˁʷˌ ˍʱˋʶʽˌΣ ˍʰ ʰ˅ˇ˄ʽˁʱ ˒ˇˊˍʾʰ ˁʰʽ 

ˍʽˌ ˁʰ˃ˉˍʽˁʷˌ ˊˇˉʷˌ ˋˍʹ˄ ʶʴˁʱˊˋʽʰ ˍˇ˃ʺ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˍʹˌ ˋʺˊʰʴʴʰˌΦ 
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Soil Jacks TBM

Tunnel lining Tail void grout Trailer loads ii



2  ̌ɼʶ˒ʱ˂ʰʽˇΥ ɳˁˍʾ˃ʹˋʹ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˂ˈʴ˖ ʵʽʰ˄ˇʾ˅ʶ˖ˌ ʰʲʰʻ˗˄ ˋʹˊʱʴʴ˖˄ 
 

41 
 

 

ɳʽˁˈ˄ʰ 2.14: ʇˉˇ˂ˇʴʽʸˈ˃ʶ˄ʶˌ ʶˉʽ˒ʰ˄ʶʽʰˁʷˌ ˁʰʻʽʸʺˋʶʽˌ ˋˍˇ ˋʹ˃ʶʾˇ ɮ ˍˇˎ ˍ˃ʺ˃ʰˍˇˌ ʶ˂ʷʴ˔ˇˎ ʴʽʰ (i) 
ˉʽʷˋʶʽˌ ˋˍˇ ˃ʷˍ˖ˉˇ  (ii) ̄ ʽʷˋʶʽˌ ʶ˄ʷ˃ʰˍˇˌ (iii) ˒ ˇˊˍʾʰ trailer (Kasper and Meschke, 2006) 

ʃʰˊˈˍʽΣ ʹ ˔ˊʺˋʹ ʶ˄ˈˌ ʵʽ-˒ʰˋʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˍˇˎ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ʶʾ˄ʰʽ 

ʽˁʰ˄ˇˉˇʽʹˍʽˁʺΣ ˇʽ Nagel ˁʰʽ Meschke, 2010 ʽˋ˔ˎˊʾˋˍʹˁʰ˄ ˈˍʽ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˉʶˉʽʶˋ˃ʷ˄ˇˎ 

ʰʷˊʰ ʶ˄ˍˈˌ ˍˇˎ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ʰˉʰʽˍʶʾ ˍʹ ˔ˊʺˋʹ ˍˊ-̔˒ʰˋʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˃ʶ ˍʹ˄ ˉʰˊʰʵˇ˔ʺ ˍˇˎ 

ʰʷˊʰ ˖ˌ ˅ʶ˔˖ˊʽˋˍʺ ˒ʱˋʹΦ ɴˍˋʽΣ ˉʰˊˇˎˋʾʰˋʰ˄ ʷ˄ʰ ˉˇ˂ˎ˒ʰˋʽˁˈ ˉˊˇˋˇ˃ˇʾ˖˃ʰ ʴʽʰ ˃ʰ˂ʰˁʱ 

ʶʵʱ˒ʹΣ ˋˍˇ ˇˉˇʾˇ ʻʶ˖ˊˇˏ˄ˍʰʽ ˃ʶ˃ˇ˄˖˃ʷ˄ʰ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ς ˇ ʶʵʰ˒ʽˁˈˌ 

ˋˁʶ˂ʶˍˈˌΣ ʹ ˊʶˎˋˍʺ ˁʰʽ ʹ ʰʷˊʽʰ ˒ʱˋʹ ς ˁʰʻ˗ˌ ˁʰʽ ˇʽ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶʽˌ ˍˇˎˌΦ ʆˇ ˍˊʽ-˒ʰˋʽˁˈ 

˃ˇ˄ˍʷ˂ˇ ˋ˔ʶʵʽʱˋˍʹˁʶ ˃ʶ ʲʱˋʹ ˍʹ ʻʶ˖ˊʾʰ ˍˇˎ ˉˇˊ˗ʵˇˎˌ ˃ʷˋˇˎ TPM (Theory of Porous 

Media) ˁʰʽ ˍˇ ˁʰˍʰˋˍʰˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ CamςClay ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʴʽʰ ˄ʰ ˉʶˊʽʴˊʱ˕ʶʽ ˍʹ 

ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ ˎ˂ʽˁˇˏ ˍˇˎ ˁˇˊʶˋ˃ʷ˄ˇˎ ʶʵʱ˒ˇˎˌ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˍˊʽ˔ˇʁ ʽʵʺ 

˒ʰʽ˄ˈ˃ʶ˄ʰΦ  

 

ɳʽˁˈ˄ʰ 2.15: ʆˊʽ-˒ʰˋʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˃ʶˊʽˁ˗ˌ ˁˇˊʶˋ˃ʷ˄ˇˎ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ ˁʰʽ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶʽˌ 
ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˇˎ ʶʵʱ˒ˇˎˌ ˁˈˁˁˇʽ ˍˇˎ ʶʵʱ˒ˇˎˌΣ ˄ʶˊˈ ˍ˖˄ ˉˈˊ˖˄ ˁʰʽ ʰʷˊʰˌ (i) ɮ˄ʶ˅ʱˊˍʹˍʹ 
ˁʾ˄ʹˋʹ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˇˎ ʶʵʱ˒ˇˎˌ (ii) ˁ ʰˍʰˋˍʰˍʽˁˈ ˉˊˇˋˇ˃ˇʾ˖˃ʰ CamςClay (Nagel et al., 2012) 

ɾʶ ʲʱˋʹ ˍˇ ˉʰˊʰˉʱ˄˖ ˁʰˍʰˋˍʰˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ ˇʽ Nagel and Meschke, 2011 

ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʰ˄ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʵʽʶˊʶˎ˄ʺˋˇˎ˄ ˍʹ˄ ʶˉʽˊˊˇʺ 

ˉʽʻʰ˄˗˄ ˉʶˉʽʶˋ˃ʷ˄˖˄ ˊʶˎˋˍ˗˄ ˋˍˇ ˁʶ˄ˈ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ʰˋˉʾʵʰ ˁʰʽ ˍˇ 

ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ʶ˅ʰʽˍʾʰˌ ˍˇˎ ˁ˖˄ʽˁˇˏ ˋ˔ʺ˃ʰˍˇˌ ˍʹˌ ˉˊ˗ˍʹˌ ˁʰʽ ˍʹˌ ˎˉʶˊʶˁˋˁʰ˒ʺˌΦ 

ɾʾʰ ˍʷˍˇʽʰ ˃ʶ˃ʲˊʱ˄ʹ ˉʶˉʽʶˋ˃ʷ˄˖˄ ˊʶˎˋˍ˗˄ ʰ˄ʱ˃ʶˋʰ ˋˍˇ ʆɰɾ ˁʰʽ ˍˇ ʷʵʰ˒ˇˌ ˃ˉˇˊʶʾ ˄ʰ 

ˉˊˇʷ˔ʶˍʰʽ ʰˉˈ ˍʹ˄ ʰˉʶˎʻʶʾʰˌ ʶʽˋˉʾʶˋʹ ˃ˉʶˍˇ˄ʾˍʹ ˃ʷˋ˖ ʰˁˊˇ˒ˎˋʾ˖˄ ˋˍʹ˄ ʰˋˉʾʵʰ ʺ ʰˉˈ 

i ii
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ˍʹ˄ ʶʽˋˊˇʺ ˊʶˎˋˍˇˏ ˎ˂ʽˁˇˏ ˁʰˍˈˉʽ˄ ʵʽʶˊʴʰˋʾʰˌ όʷ˄ʶ˃ʰ ˁʰʽ ˃ʾʴ˃ʰ ˃ˉʶˍˇ˄ʾˍʹκʶʵʰ˒ʽˁˈˌ 

ˉˇ˂˒ˈˌύΣ ʰˉˈ ˍˇ ʵʰˁˍˎ˂ʽ˗ʵʶˌ ʵʽʱˁʶ˄ˇ ˁʰʽ ˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΦ  

ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʶ˅ʷˍʰˋʰ˄ ˉʰˊʰ˃ʶˍˊʽˁʱ ˍˊʾʰ ʵʽʰ˒ˇˊʶˍʽˁʱ ˋʶ˄ʱˊʽʰόɳʽˁˈ˄ʰ 2.16): 

-ɾʶ ʻʶ˗ˊʹˋʹ ˍʷˍˇʽˇˎ ˊʶˎˋˍˇˏ ˒ʽ˂˃ 

-ɾʶ ʻʶ˗ˊʹˋʹ ʶ˄ˈˌ ˉʶˉʽʶˋ˃ʷ˄ˇˎ ˊʶˎˋˍˇˏ ˒ʽ˂˃ ˉˇˎ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʰˉˈ ˋˎ˄ˇˊʽʰˁʷˌ 

ˋˎ˄ʻʺˁʶˌ ˉʾʶˋʹˌ ˉˇˎ ʰˎ˅ʱ˄ʶˍʰʽ ʴˊʰ˃˃ʽˁʱ ˂ˈʴ˖ ˍˇˎ ʵʽʰ˒ˇˊʶˍʽˁˇˏ ˏ˕ˇˎˌ ˁʶ˄ˇˏ ˋˍˇ 

˃ˉˊˇˋˍʽ˄ˈ ˁʰʽ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ 

-ɾʶ ʻʶ˗ˊʹˋʹ ˊʶˎˋˍˇˏ ˒ʽ˂˃ ˎˉˈ ˉʾʶˋʹ ˉˇˎ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʰˉˈ ˋˎ˄ˇˊʽʰˁʷˌ ˋˎ˄ʻʺˁʶˌ 

ˉʾʶˋʹˌ ˉˇˎ ˉʰˊʰ˃ʷ˄ʶʽ ˋˍʰʻʶˊˈ ˃ʶ ˍʹ˄ ʰˏ˅ʹˋʹ ˍˇˎ ˏ˕ˇˎˌ ˁʶ˄ˇˏΦ 

ʁʽ Nagel ˁʰʽ Meschke, 2011, Nagel et alΦΣ нлмн ˁʰˍʷ˂ʹ˅ʰ˄ ˋˍˇ ˋˎ˃ˉʷˊʰˋ˃ʰ ˈˍʽ ʹ ˊˇʺ 

ˊʁ ˎˋˍ˗˄ ˋˍˇ ˁʶ˄ˈ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ʰˋˉʾʵʰ ˁʰʽ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ 

ʶ˅ʰʽˍʾʰˌ ˍˇˎ ˁ˖˄ʽˁˇˏ ˋ˔ʺ˃ʰˍˇˌ ˍʹˌ ˉˊ˗ˍʹˌ ˁʰʽ ˍʹˌ ˎˉʶˊʶˁˋˁʰ˒ʺˌ ʷ˔ʶʽ ʶˉʽˊˊ̌ ʺ ˋˍʽˌ 

ʶˉʽ˒ʰ˄ʶʽʰˁʷˌ ˁʰʻʽʸʺˋʶʽˌΣ ˍʹ ˃ˇˊ˒ʺ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˁʰʽ ˋˍˇ 

˃ʷʴʶʻˇˌ ˍ˖˄ ʵˎ˄ʱ˃ʶ˖˄ ˗ʻʹˋʹˌ ʰˉˈ ˍʰ ʷ˃ʲˇ˂ʰ όɳʽˁˈ˄ʰ 2.16ύ ˁʰʽ ʶˉʽˋʺ˃ʰ˄ʰ˄ ˈˍʽ 

ʰʴ˄ˇ˗˄ˍʰˌ ˍʹ˄ ʶˉʽˊˊ̌ ʺ ʰˎˍʺˌ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ ˄ʰ ˇʵʹʴʹʻˇˏ˄ ˋʶ ˎˉʶˊ-

ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ˉˊˇˁ˂ʹʻʷ˄ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ʵʽʱ˄ˇʽ˅ʹˌΦ  

 

 

ɳʽˁˈ˄ʰ 2.16: ʅˏʴˁˊʽˋʹ ˍ˖˄ ˍʶ˂ʽˁ˗˄ ˍʽ˃˗˄ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ʴʽʰ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁʱ ˋʶˍ 
ʶʵʰ˒ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ όʹ ˉʽˇ ˂ʶˉˍʺ ʴˊʰ˃˃ʺ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋʶ ˋˍʽ˒ˊʷˌ ʰˊʴʾ˂ˇˎˌύ ˁʰʽ ˍˊʶʽˌ 
ˎˉˇʻʷˋʶʽˌ ʴʽʰ ˋˎ˄ʻʺˁʶˌ ˊˇʺˌΥ όƛύ ʴʽʰ ʷ˄ʰ ˋʹ˃ʶʾˇ ˃ʷˍˊʹˋʹˌ ˉʱ˄˖ ˋˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ ˋʶ 
ʵʽʱ˒ˇˊʶˌ ʰˉˇˋˍʱˋʶʽˌ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ όƛƛύ ʴʽʰ ˃ʾʰ ʶʴˁʱˊˋʽʰ ˍˇ˃ʺ ˋˍˇ ˍʷ˂ˇˌ ˍʹˌ ˉˊˇ˗ʻʹˋʹˌ ˍʹˌ 
ˋʺˊʰʴʴʰˌ (Nagel et al., 2012) 

ʁʽ Nagel et al., 2012 ʵʽʶ́ʁ ˎ˄˗˄ˍʰˌ ˍʹ˄ ˉʾʶˋʹ ˎˉˇˋˍʺˊʽ˅ʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ˁʰʽ ˍʹ˄ ˉʾʶˋʹ ˍˇˎ 

ʶ˄ʷ˃ʰˍˇˌΣ ʶ˒ʰˊ˃ˈʸˇ˄ˍʰˌ ˍˇ ˍˊʽ-˒ʰˋʽˁˈ ˁ ʰˍʰˋˍʰˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ όCAS) ̀ ˎ˃ˉʷˊʰ˄ʰ˄ ˈˍʽ ʹ ˉʾʶˋʹ 

ˎˉˇˋˍʺˊʽ˅ʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ˉʰˊˇˎˋʽʱʸʶʽ ˍʶˊʱˋˍʽʰ ʶˉʽˊˇˊ̋  ˋˍʽˌ ʰˊ˔ʽˁʷˌ ˁʰʻʽʸʺˋʶʽˌ ˃ˉˊˇˋˍʱ 

ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇΣ ʶ˄˗ ʹ ˉʾʶˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΣ ˁˎˊʾ˖ˌ ʶˉʹˊʶʱʸʶʽ ˍʹ˄ ˍʶ˂ʽˁʺ ˁʰʻʾʸʹˋʹΦ 
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ɳˉʽˉ˂ʷˇ˄Σ ˍʰ ʰˉˇˍʷ˂ʶˋ˃ʰˍʱ ˍˇˎˌ ʷʵʶʽ˅ʰ˄ ˈˍʽ ʹ ʶ˒ʰˊ˃ˇʴʺ ˉʶˉʽʶˋ˃ʷ˄ˇˎ ʰʷˊʰ ʵʹ˃ʽˇˎˊʴʶʾ 

˃ʾʰ ˃ʶˊʽˁ˗ˌ ˁˇˊʶˋ˃ʷ˄ʹ ʸ˗˄ʹ ˃ˉˊˇˋˍʱ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ (ɳʽˁˈ˄ʰ 2.17). 

 

 

ɳʽˁˈ˄ʰ 2.17: ʃˊˇˋˇ˃ˇʾ˖ˋʹ ˉʶˉʽʶˋ˃ʷ˄ˇˎ ʰʷˊʰΩ ʰ˄ʱˉˍˎ˅ʹ ˃ʶˊʽˁ˗ˌ ˁˇˊʶˋ˃ʷ˄ʹˌ ʶʵʰ˒ʽˁʺˌ ʸ˗˄ʹˌ 
˃ˉˊˇˋˍʱ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ ʴʽʰ ˍʽˌ ʶ˅ʺˌ ˉʶˊʽˉˍ˗ˋʶʽΥ̩ όƛύ ʶˉʷˁˍʰˋʹ ʸ˗˄ʹˌ ʴʽʰ ˁˇˊʶˋ˃ˈ ʶʵʱ˒ˇˎˌ 
˃ʽˁˊˈˍʶˊˇ ʰˉˈ фр҈ όƛƛύ ʶˉʷˁˍʰˋʹ ʸ˗˄ʹ ʴʽʰ ˁˇˊʶˋ˃ˈ ʶʵʱ˒ˇˎˌ ˃ʽˁˊˈˍʶˊˇ ʰˉˈ рл҈ (Nagel et al., 
2012) 

2.3.3.2 Aˊʽʻ˃ʹˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ Lambrughi et al. (2012) 

 O̔  Lambrughi et al., 2012 ʶʽˋʺʴʰʴʰ˄ ʷ˄ʰ ˍˊʽˋʵʽʱˋˍʰˍˇ ʰˊʽʻ˃ʹˍʽˁˈ ˃ˇ˄ˍʷ˂ˇ ʴʽʰ ˍʹ 

˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ʵʽʱ˄ˇʽ˅ʹΣ ˍˇ ˇˉˇʾˇ ˃ˉˇˊˇˏˋʶ ˄ʰ ˉˊˇˋˇ˃ˇʽ˗˄ʶʽ ˇ˂ˈˁ˂ʹˊʹ ˍʹ ʵʽʰʵʽˁʰˋʾʰ 

ʶˁˋˁʰ˒ʺˌ ˃ʶ ɳʄɰ ˃ʹ˔ʱ˄ʹ˃ʰΦ ʆˇ ˃ˇ˄ˍʷ˂ˇ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍˇ software FLAC3DΣ ˍˇ ˇˉˇʾˇ ʶʾ˄ʰʽ 

ʲʰˋʽˋ˃ʷ˄ˇ ˉʱ˄˖ ˋˍʹ˄  Generalised Finite Difference, ˁʰʽ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶ˅ʶˍʰˋʻʶʾ ʹ 

ˊʶʰ˂ʽˋˍʽˁˈˍʹˍʰ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍˇˎΣ ˃ʾʰ ˋʶʽˊʱ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ʵʽʶ˅ʺ˔ʻʹˋʰ˄ 

ˍ˖˄ ˇˉˇʾ˖˄ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˎʴˁˊʾʻʹˁʰ˄ ˃ʶ ˉˊʰʴ˃ʰˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌ ʰˉˈ ˍˇ ʷˊʴˇ ˍʹˌ 

ʶˉʷˁˍʰˋʹˌ ˍˇˎ ɾʶˍˊˈ ɾʰʵˊʾˍʹˌΦ ɶ ʰˋˉʾʵʰ ˍˇˎ ʆɰɾ ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʶ ʰˉˈ ˋˎ˄ʶ˔ʺ ˋˍˇʽ˔ʶʾʰ 

(elements) ˁʰʽ ʰ˄ˍʾ ˍˇˎ ˁ˖˄ʽˁˇˏ ˋ˔ʺ˃ʰˍˇˌ ʷʴʽ˄ʶ ʹ ʰˉ˂ˇˉˇʽʹ˃ʷ˄ʹ ˎˉˈʻʶˋʹ ʶ˄ˈˌ ˁˎ˂ʾ˄ʵˊˇˎΣ 

ʶ˄˗ ˈˋˇ˄ ʰ˒ˇˊʱ ˍʹ˄ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇ ʷʴʽ˄ʶ ʹ ˉʰˊʰʵˇ˔ʺ ˇ˃ˇʽˈ˃ˇˊ˒ʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍʹˌ 

ʰ˄ˍʾ ʴˊʰ˃˃ʽˁʺˌΦ ɶ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ʰˋˉʾʵʰ ˁʰʽ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ 

ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʶ ʷ˃˃ʶˋʰ ˇˊʾʸˇ˄ˍʰˌ ˃ʾʰ ˂ʶˉˍʺ ˋˍˊ˗ˋʹ ˋˎ˄ʶ˔ˇˏˌ ɱˊʰ˃˃ʽˁ˗˄ ɳ˂ʰˋˍʽˁ˗˄ 

ˋˍˇʽ˔ʶʾ˖˄ όLinear Elastic elementsύ ˃ʶ ˉˇ˂ˏ ˔ʰ˃ʹ˂ʺ ʵˎˋˁʰ˃˕ʾʰΦ ʆʷ˂ˇˌΣ ˍˇ ʷ˄ʶ˃ʰ ˋˍˇ 

ˇˎˊʰʾˇ ˁʶ˄ˈ όtail Gap groutingύ ˃ˇ˄ˍʶ˂ˇˉˇʽʺʻʹˁʶ ˃ʶ ʶʽˋʰʴ˖ʴʺ ˋˎ˄ʶ˔˗˄ ˋˍˇʽ˔ʶʾ˖˄ ʰ˄ʱ˃ʶˋʰ 

ˋˍˇ ˈˊʽˇ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˁʰʽ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʶʵʱ˒ˇˎˌΦ  

ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻʶʾ ʹ ˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌΣ ˍʰ ʶʽˋʰ̝ ʻʷ˄ˍʰ ˋˍˇʽ˔ʶʾʰ όgrout elements) 

ʷ˔ˇˎ˄ ˃ʾʰ ʰˊ˔ʽˁʺ ʽˋˇˍˊˇˉʽˁʺ ʻ˂ʽˉˍʽˁʺ ˉʾʶˋʹΣ ˁʰʽ ˃ˈ˂ʽˌ ʶ˂ʶˎʻʶˊ˗˄ˇ˄ˍʰʽ ˋˍˇ ˁʶ˄ˈΣ ʻʷ˂ˇˎ˄ 

˄ʰ ʵʽˇʴˁ˖ʻˇˏ˄ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˄ʰ ʶ˒ʰˊ˃ˈʸˇˎ˄ ˃ʾʰ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ʽˋˈˍˊˇˉʹ ˉʾʶˋʹ ʴˏˊ˖ ʰˉˈ 

ˍʹ ˋʺˊʰʴʴʰΦ ʆʰ ˋˍˇʽ˔ʶʾʰ ʶ˄ʷ˃ʰˍˇˌ όgrout elements) ʵʾˉ˂ʰ ʰˉˈ ˍʹ˄ ʰˋˉʾʵʰ ʶʽˋʺ˔ʻʹˋʰ˄ ˃ʶ 

ˉˇ˂ˏ ˃ʽˁˊʺ ʵˎˋˁʰ˃˕ʾʰΣ ˗ˋˍʶ ˄ʰ ʴʾ˄ʶˍʰʽ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ˒ˊʷˋˁˇˎ ʶ˄ʷ˃ʰˍˇˌΣ ˁʰʻ˗ˌ ˃ʾʰ 

ʰˎ˅ʰ˄ˈ˃ʶ˄ʹ ˍʽ˃ʺ ʵˎˋˁʰ˃˕ʾʰˌ ʶ˒ʰˊ˃ˇʸˈˍʰ˄ ʰˊˁʶˍʱ ˃ʰˁˊʽʱ ʰˉˈ ˍʹ˄ ʰˋˉʾʵʰ ˉˊˇˁʶʽ˃ʷ˄ˇˎ 

˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻʶʾ ʹ ˔ˊˇ˄ʽˁʱ ʶ˅ʰˊˍʹ˃ʷ˄ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˋˁ˂ʺˊˎ˄ˋʹˌΦ  
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ʁʽ ˍˎˉʽˁˇʾ ʶʵʰ˒ʽˁˇʾ ˋ˔ʹ˃ʰˍʽˋ˃ˇʾ ˋˍʹ ɾʰʵˊʾˍʹ ʷ˔ˇˎ˄ ʷ˄ʰ ʶˏˊˇˌΣ ʰˉˈ ʰˊʴʽ˂˗ʵʶʽˌ ʱ˃˃ˇˎˌ 

˃ʷ˔ˊʽ ˋˍʽ˒ˊʷˌ ʰˊʴʾ˂ˇˎˌ ˁʰʽ ʴʽΩ ʰˎˍˈ ˍˇ ˂ˈʴˇ ʶˉʽ˂ʷ˔ʻʹˁʰ˄ ˍˊʾʰ ʵʽʰ˒ˇˊʶˍʽˁʱ ˁʰˍʰˋˍʰˍʽˁʱ 

˃ˇ˄ˍʷ˂ʰ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹΥ ɱˊʰ˃˃ʽˁˈ-ʶ˂ʰˋˍʽˁˈΣ Mohr-Coulomb ˁʰʽ ˍˊˇˉˇˉˇʽʹ˃ʷ˄ˇ 

Cam-ClayΦ ʋˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˖ˌ ˋʹ˃ʶʾˇ ʰ˄ʰ˒ˇˊʱˌ ˃ʽʰ ˍˎˉʽˁʺ ˍˇ˃ʺ ˍʹˌ ʶˉʷˁˍʰˋʹˌ ˍˇˎ 

ɾʶˍˊˈ ˍʹˌ ɾʰʵˊʾˍʹˌΣ ʷ˄ʰˌ ˋʹ˃ʰ˄ˍʽˁˈˌ ʰˊʽʻ˃ˈˌ ˉʰˊʰ˃ʶˍˊʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ʵʽʶ˅ʺ˔ʻʹ ˗ˋˍʶ 

˄ʰ ʴʾ˄ʶʽ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ʶˎʰʽˋʻʹˋʾʰˌ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˋˍʹ ˃ʶˍʰʲˇ˂ʺ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ʶʽˋʰʴ˖ʴʺˌΦ 

ʁʽ ˉʰˊʰ˃ʶˍˊʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ʶˊʶˏ˄ʹˋʰ˄ ˍʹ˄ ʶˉʽˊˊˇʺ ˍ˖˄ ˉˊˇˁ˂ʹʻʷ˄ˍ˖˄ ʶʵʰ˒ʽˁ˗˄ 

˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʶ˅ʰʽˍʾʰˌ ʵʽʱ˒ˇˊ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄Σ ˈˉ˖ˌ ʴʽʰ ˉʰˊʱʵʶʽʴ˃ʰ ˉʰˊʱ˃ʶˍˊˇʽ ˍ˖˄ 

ˁʰˍʰˋˍʰˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄Σ ʹ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇ ˎˉˇˋˍʺˊʽ˅ʹˌ ˁʰʽ ʹ 

ˉʾʶˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΦ 

 

ɳʽˁˈ˄ʰ 2.18: ʇˉˇ˂ˇʴʽˋ˃ʷ˄ʶˌ ˁʰʽ ˉˊʰʴ˃ʰˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Υ (i) ʃˊˇ˒ʾ˂ 
ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ (ʆˇ˃ʺ р-PK-3+721) (ii) ɳʴˁʱˊˋʽʰ 
ˉˊˇ˒ʾ˂ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ όʆˇ˃ʺ ф-2+260) (iii) ʁˊʽʸˈ˄ˍʽʶˌ ˃ʶˍʰˍˇˉʾˋʶʽˌ ˖ˌ ˉˊˇˌ ˍˇ ʲʱʻˇˌ 
όˋʶ ʰˉˈˋˍʰˋʹ ʰˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ сm) (ʆˇ˃ʺ 4.2-2+810) (Lambrughi et al., 2012) 

ʁ ̔Lambrughi et al., 2012, ̀ ˎ˃ˉʷˊʰ˄ʰ˄ ̍ ˍʽ ̱  hh ˉˇˍʶ˂ʷˋ˃ʰˍʰ ̄ ˇˎ ̄ ˊˇʷˁˎ˕ʰ˄ h ˉˈ ̱  ̌

ˍˊˇˉˇˉˇʽʹ˃ʷ˄ˇ Cam-Clay ʁ ʾ˔ʰ˄ ˁ ʰ˂ˏˍʶˊʹ ̀ ˏʴˁ˂ʽˋʹ ˃  ʁ̱ ʽˌ ˃ ʶˍˊʺˋʶʽˌ ,ˋˍˇ ̄ ʶʵʾˇ, ̱ ˖˄ 

ˁʰˍʰˁˈˊˎ˒˖˄ ˁ ʰʽ ̌ ˊʽʸˈ˄ˍʽ˖˄ ˃ ʶˍʰˁʽ˄ʺˋʶ˖˄ h ˉˈ ̍ ˍʽ ̱  ̌ɱˊʰ˃˃ʽˁˈ-ʶ˂ʰˋˍʽˁˈ ̋  ̱  ̌Mohr-

Coulomb ˃ ˇ˄ˍʷ˂ˇ (ɳʽˁˈ˄ʰ 2.18).
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3 ɮˊʽʻ˃ʹˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹˌ 
ˈˊˎ˅ʹˌ ˋʹˊʱʴʴ˖˄ ˃ʶ ˉ˂ʺˊʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ 
ʆɰɾ 

3.1 E̔ ˋʰʴ˖ʴʺ 

H ˊʰʴʵʰʾʰ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ ˎˉˇ˂ˇʴʽˋˍʽˁ˗˄ ˃ʶʻˈʵ˖˄ ˁʰʽ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ ˃ʶ ˍˇ ˇˉˇʾˇ 

ˉˊʰʴ˃ʰˍˇˉˇʽˇˏ˄ˍʰʽ ʰ˄ʰ˂ˏˋʶʽˌΣ ˇʵʺʴʹˋʶ ˋˍʹ˄ ʶ˄ˋ˖˃ʱˍ˖ˋʹ ˉˇ˂ˏˉ˂ˇˁ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ 

ʰ˄ʰ˂ˏˋʶ˖˄ ˋˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˍ˖˄ ˋʹˊʱʴʴ˖˄Φ ɴ˄ʰ ̩ʰˉˈ ˍˇˎˌ ˁˏˊʽˇˎˌ ˋˍˈ˔ˇˎˌ ˍˇˎ ˋ˔ʶʵʽʰˋˍʺ 

ʰˉˇˍʶ˂ʶʾ ˇ ˁʰʻˇˊʽˋ˃ˈˌ ˍʹˌ ʲʷ˂ˍʽˋˍʹˌ ˋ˔ʷˋʹˌ ˃ʶˍʰ˅ˏ ˍʹˌ ʰˁˊʾʲʶʽʰˌ ˃ʾʰˌ ʰ˄ʱ˂ˎˋʹˌ ˁʰʽ ˍˇˎ 

ˎˉˇ˂ˇʴʽˋˍʽˁˇˏ ˁˈˋˍˇˎˌΦ ɱʽΩ ʰˎˍˈ ˍˇ ˂ˈʴˇ ˋʶ ˉˇ˂˂ʱ ˉˊˇʲ˂ʺ˃ʰˍʰΣ ʶʽʵʽˁʱ ˋˍʹ ˒ʱˋʹ ˍˇˎ 

ˋ˔ʶʵʽʰˋ˃ˇˏΣ ʴʾ˄ˇ˄ˍʰʽ ˁʱˉˇʽʶˌ ʰˉ˂ˇˉˇʽʹˍʽˁʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌ ˇʽ ˇˉˇʾʶˌ ʵʶ˄ ʰ˂˂ˇʽ˗˄ˇˎ˄ ˍʽˌ 

ˉˊʰʴ˃ʰˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˉˇˎ ʶˉʽˁˊʰˍˇˏ˄ ˋˍˇ ˉʶʵʾˇΦ  

ʁʽ ˁˏˊʽˇʽ ˉʰˊʱʴˇ˄ˍʶˌ ˉˇˎ ʵʹ˃ʽˇˎˊʴˇˏ˄ ˍʹ˄ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰ ˍʹˌ ˉˊˇˋˇ˃ ˇʾ˖ˋʹˌ ˍʹˌ 

ʵʽʰʵʽˁʰˋʾʰˌ ʵʽʱ˄ˇʽ˅ʹˌ ˃ʶ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʶˌ ˃ʶʻˈʵˇˎˌ ʰ˒ˇˊˇˏ˄ ˍʹ˄ ˍˊʽˋʵʽʱˋˍʰˍʹ 

ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎΣ ˍʰ ˁʶ˄ʱ όGaps) h ˄ʱ˃ʶˋʰ ˋˍʹ˄ ʰˋˉʾʵʰ ˁʰʽ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌΣ 

ˍʹ˄ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇΣ ˍʹ˄ ˔ˊˇ˄ʽˁʱ ʶ˅ʰˊˍ˗˃ʶ˄ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˋˁ˂ʺˊˎ˄ˋʹˌ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ 

(grout).  

ʅ̱  ́ˋˎ˄ʷ˔ʶʽʰ ˍˇˎ ˁʶ˒ʰ˂ʰʾˇˎΣ ʴʾ˄ʶˍʰʽ ˉʶˊʽʴˊʰ˒ʺ ˍˇˎ ˍˊˈˉˇˎ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˈ˂˖˄ ˍ˖˄ 

ʰ˄˖ˍʷˊ˖ ˋˍˇʽ˔ʶʾ˖˄ ˉˇˎ ˇʵʹʴˇˏ˄ ˋʶ ˃ʾʰ ˊʶʰ˂ʽˋˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ 

ʵʽʱ˄ˇʽ˅ʹˌ ˃ʶ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʶˌ ˃ʶʻˈʵˇˎˌΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˉˊˇˋˇ˃ˇʽ˗˄ˇ˄ˍʰʽ ˍʰ ʶʵʰ˒ʽˁʱ 

ˋˍˇʽ˔ʶʾʰ ˁʰʽ ʹ ʲʺ˃ʰ ˉˊˇˌ ʲʺ˃ʰ ʶˁˋˁʰ˒ʺ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˁʰʻ˗ˌ ˁʰʽ ˍˇ ˃ʹ˔ʱ˄ʹ˃ʰ ʶˁˋˁʰ˒ʺˌ 

˃ʶ ˍʹ ˔ˊʺˋʹ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ABAQUS v6.13. 

3.2 ʃˊˇˋˇ˃ˇʾ˖ˋʹ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʶʵʱ˒ˇˎˌ 

ʁʽ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ˋˍʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʵʽˉ˂˖˃ʰˍʽˁʺ ʵʽʶ˅ʱʴˇ˄ˍʰʽ ˃ʶ ˍʹ ˔ˊʺˋʹ ˍˇˎ 

ˋ˔ʶʵʽʰˋˍʽˁˇˏ ˁ ʰʽ ˎˉˇ˂ˇʴʽˋˍʽˁˇˏ ˉˊˇʴˊʱ˃˃ʰˍˇˌ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ABAQUS v6.13. 

ʅ˔ʶʵʽʱˋˍʹˁʰ˄ ʵˏˇ ʰˊʽʻ˃ʹˍʽˁʱ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍʰ ˋˍˇ ʴˊʰ˒ʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ˍˇˎ AbaqusΣ ˈˉ˖ˌ 

˒ʰʾ˄ʶˍʰʽ ˁʰʽ ˋˍʽˌ ɳʽˁˈ˄ʰ 3.1 ˁʰʽ ɳʽˁˈ˄ʰ 3.2Σ ˁʰʽ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ˋʺˊʰʴʴʰ ʵʽʰ˃ʷˍˊˇˎ D=6m 

ˁʰʽ ˃ʺˁˇˎˌ ʵʽʱ˄ˇʽ˅ʹˌ Lexc=84m. ʂˋˇ˄ ʰ˒ˇˊʱ ˍʽˌ ʵʽʰˋˍʱˋʶʽˌ ˍ˖˄ ˃ˇ˄ˍʷ˂˖˄Σ ˇˊʾˋˍʹˁʰ˄ ʴʽʰ 

ˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ʵˏˇ ˂ˈʴˇʽ ˏ˕ˇˎˌ ˎˉʶˊˁʶʽ˃ʷ˄˖˄κʵʽʱ˃ʶˍˊˇ ˋʺˊʰʴʴʰˌ όIκ5ύ ˃ʶ ʰ˄ʰ˂ˇʴʾʶˌ H/D 

= 2 (ɳʽˁˈ˄ʰ 3.1ύ ˁʰʽ Iκ5 Ґ оΣ όɳʽˁˈ˄ʰ ɳʽˁˈ˄ʰ 3.2ύ ʵʹ˂ʰʵʺ ˏ˕ʹ ˎˉʶˊˁʶʽ˃ʷ˄˖˄ ˋˍʰ мн ˁʰʽ 

18mΣ ʶ˄˗ ʹ ʰ̄̍ ˋˍʰˋʹ ˍˇˎ ˁʱˍ˖ ˇˊʾˇ ˎˍˇˎ ˁʱʻʶ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍˇˌ ʰˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ 

ˋʺˊʰʴʴʰˌ ʶ˂ʺ˒ʻʹ ˋˍʰʻʶˊʺ ˁʰʽ ʾˋʹ ˃ʶ 20m. ʂ̞ ʶʽˌ ˍ˖˄ ʵˏˇ ˃ˇ˄ˍʷ˂˖˄ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍʹ˄ 

ɳʽˁˈ˄ʰ 3.3. ʆˇ ˉ˂ʶˎˊʽˁˈ ˈˊʽˇ ˁʰˍʱ ˍˇ˄ ʱ˅ˇ˄ʰ Ȅ-Ȅ ˋ˔ʶʵʽʱˋˍʹˁʶ ˋʶ ʰˉˈˋˍʰˋʹ 80m ˁʰʽ ˍˇ 

ˋˎ˄ˇ˂ʽˁˈ ˃ʺˁˇˌ ˁʰˍʱ ˍʹ ʵʽʶˏʻˎ˄ˋʹ ʶˁˋˁʰ˒ʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ˋʶ ʰˉˈˋˍʰˋʹ ʾˋʹ ˃ʶ мопm. 

ɽˈʴ˖ ˋˎ˃˃ʶˍˊʾʰˌ ˍˇˎ ˍˊʽʵʽʰˋˍʱˍˇˎ ˋ˔ʺ˃ʰˍˇˌΣ ˋ˔ʶʵʽʱˋˍʹˁʶ ˍˇ ˃ʽˋˈ ʰˊʽʻ˃ʹˍʽˁˈ 

ˉˊˇˋˇ˃ˇʾ˖˃ʰ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˖ˌ ʶˉʾˉʶʵˇ ˋˎ˃˃ʶˍˊʾʰˌ ˍˇ ˁʰˍʰˁˈˊˎ˒ˇ ʶˉʾˉʶʵˇ όȊ-z) ˉˇˎ 

ʶʾ˄ʰʽ ˁ ʱʻʶˍˇ ˋˍˇ ʵʽʰ˃ʺˁʹ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ όy-y). 
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ɳʽˁˈ˄ʰ 3.1: Bh ˋʽˁʱ ʴʶ˖˃ʶˍˊ̔ ˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˃ʶ ˎˉʶˊˁʶʾ˃ʶ˄ʰ ɶҐм2m 

 

ɳʽˁˈ˄ʰ 3.2: Bh ˋʽˁʱ ʴʶ˖˃ʶˍˊ̔ ˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ ˃ʶ ˎˉʶˊˁʶʾ˃ʶ˄ʰ ɶҐм8m 

ʁ ˋ˔ʶʵʽʰˋ˃ˈˌ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˉˊˇˋˇ˃ˇʽ˖˃ʱˍ˖˄ ˋˍʹˊʾ˔ʻʹˁʶ ˋʶ ˉˊˇʹʴˇˏ˃ʶ˄ʶˌ ʰ˄ʰ˂ˏˋʶʽˌ 

ʶˎʰʽˋʻʹˋʾʰˌ ˁʰʽ ʲʱˋʶʽ ˁʱˉˇʽ̟ ˄ ˉʰˊʰʵˇ˔˗˄ ˁʰʽ ̄ʁˊʽˇˊʽˋ˃˗˄Φ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˇ 

ˉʶˊʽˇˊʽˋ˃ˈˌ ˍ˖˄ ʵʽʰˋˍʱˋʶ˖˄ ˍʹˌ ˋʺˊʰʴʴʰˌ ˁʰʽ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˃ʽˋʺˌ ʵʽʰˍˇ˃ʺˌ ˂ˈʴ˖ 

ˋˎ˃˃ʶˍˊʾʰˌ ˇʵʺʴʹˋʶ ˋˍʹ˄ ʶ˅ˇʽˁˇ˄ˈ˃ʹˋʹ ˔ˊˈ˄ˇˎ ˍʹˌ ʰ˄ʱ˂ˎˋʹˌ ˃ʶʽ˗˄ˇ˄ˍʰˌ ˍʽˌ ˔ˊˇ˄ʽˁʷˌ 

ʰˉʰʽˍʺˋʶʽˌ ˍˇˎ ˉˊˇʴˊʱ˃˃ʰˍˇˌΦ ɮˁˈ˃ʰΣ ʶˉʽ˂ʷ˔ʻʹˁʶ ʰˉˈˋˍʰˋʹ ˍ˖˄ ˇˊʾ˖˄ ˍˇˎ 

ˉˊˇˋˇ˃ˇʽ˗˃ʰˍˇˌ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ ˍʷˍˇʽʰ ˗ˋˍʶ ˄ʰ ˃ʹ˄ ˎˉʱˊ˔ʶʽ ʶˉʾʵˊʰˋʹ ˍ˖˄ ˋˎ˄ˇˊʽʰˁ˗˄ 

ˋˎ˄ʻʹˁ˗˄ ˋˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄Φ ɳˉʾˋʹˌ ˍˇ ˃ʺˁˇˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ˁʰˍʱ ˍʹ ˒ˇˊʱ 

ʵʽʱ˄ˇʽ˅ʹˌ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˍʷˍˇʽˇ ˗ˋˍʶ ˄ʰ ˃ʹ˄ ʶˉʹˊʶʱʸʶˍʰʽ ʹ ˉʶˊʽˇ˔ʺ ˋˍʹ˄ ˇˉˇʾʰ 

˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˉˈ ˍʰ ˉ˂ʶˎˊʽˁʱ ˈˊʽʰΦ ɶ ʰˉˈˋˍʰˋʹ ˍˇˎ ʱ˅ˇ˄ʰ ʰˉˈ ˍˇ ˁʱˍ˖ 

ˈˊʽˇ ˉʰʾʸʶʽ ˁʰʻˇˊʽˋˍʽˁˈ ˊˈ˂ˇ ˋˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˇ˂ʽˁ˗˄ ˍʱˋʶ˖˄ ˃ʶˍʱ ˍʹ˄ ʶˁˋˁʰ˒ʺ ˇʽ 

ˇˉˇʾʶˌ ˉˊʷˉʶʽ ˄ʰ ˁʰˍʰ˄ʷ˃ˇ˄ˍʰʽ ˇ˃ˇʽˈ˃ˇˊ˒ʰ ˖ˌ ˉˊˇˌ ˍˇ ˇˊʽʸˈ˄ˍʽˇ ʶˉʾˉʶʵˇ. 

ʅ˔ʶˍʽˁʱ ˃ʶ ˍʽˌ ˋˎ˄ˇˊʽʰˁʷˌ ˋˎ˄ʻʺˁʶˌΣ ˉʰˊʶ˃ˉˇʵʾˋˍʹˁʰ˄ ˇʽ ˇˊʽʸˈ˄ˍʽʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˋˍʰ 

ˉ˂ʶˎˊʽˁʱ ˈˊʽʰ ˁʰʽ ˇʽ ˇˊʽʸˈ˄ˍʽʶˌ ˁʰʽ ˁʰˍʰˁˈˊˎ˒ʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˋˍˇ ˁʱˍ˖ ˈˊʽˇ ˍˇˎ 

˃ˇ˄ˍʷ˂ˇˎΦ ʆˇ ʱ˄˖ ˈˊʽˇ ʰˎˍˇˏ ʻʶ˖ˊʺʻʹˁʶ ʶ˂ʶˏʻʶˊˇΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˋˍˇ ʰˊʽˋˍʶˊˈ ˁʰʽ ʵʶ˅ʾ 

ˈˊʽˇ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˁˎ˂ʾˋʶʽˌ ˃ʶ ˋˁˇˉˈ ˄ʰ ʶˉʽˍˊʷˉʶˍʰʽ ˁʰˍʰˁˈˊˎ˒ʹ ˃ʶˍʰˁʾ˄ʹˋʹ ˔˖ˊʾˌ 

ʰ˄ʱˉˍˎ˅ʹ ʵʽʰˍ˃ʹˍʽˁ˗˄ ˍʱˋʶ˖˄ ˁʰʽ ˋˍˇ ˁʱˍ˖ ˈˊʽˇ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ʰˊʻˊ˗ˋʶʽˌ 

ʰˉʰʴˇˊʶˏˇ˄ˍʰˌ ˈ˂ʶˌ ˍʽˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌΦ ɱʽʰ ˄ʰ ʰˉˇ˒ʶˎ˔ʻʶʾ ˉʱ˂ʽ ʹ ʶˉʽˊˊˇʺ ˍ˖˄ ˋˎ˄ˇˊʽʰˁ˗˄ 

H=12m

20m

D=6m

ɶм=9m

H=18m

20m

D=6m

ɶм=15m
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ˋˎ˄ʻʹˁ˗˄ (boundary effects) ˋˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌΣ ˋˍˇ ˁʱˍ˖ ˃ʷˊˇˌ ˍˇˎ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍˇˌ 

ʻʶ˖ˊ̋̒ʹˁʶ ʷ˄ʰ ʶʵʰ˒ʽˁˈ ˋˍˊ˗˃ʰ ˃ʶ ˃ʶʴʱ˂ʹ ʵˎˋˁʰ˃˕ʾʰ (stiff layerύΣ ˉʰˊʰʵˇ˔ʺ ʹ ˇˉˇʾʰ 

ʷʴʽ˄ʶ ˗ˋˍʶ ˄ʰ ʶ˅ʰ˔ʻˇˏ˄ ˉʽˇ ˊʶʰ˂ʽˋˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ 

 

ɳʽˁˈ˄ʰ 3.3: ɯˉˇ˕ʹ ˍˇˎ ˁʰ˄˄ʱʲˇˎ ˍ˖˄ ˃ˇ˄ˍʷ˂˖˄ ˋˍˇ ʶˉʾˉʶʵˇ x-z 

ʅˎʴˁʶ˄ˍˊ˖ˍʽˁʱ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˉʰˊʰˁʱˍ˖Σ ʷ˄ʰˌ ˉʾ˄ʰˁʰˌ ˃ʶ ˍʰ ʴʶ˖˃ʶˍˊʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ 

ˍ˖˄ ʵˏˇ ˃ˇ˄ˍʷ˂˖˄ (ʃʾ˄ʰˁʰˌ 3.1): 

ʃʾ˄ʰˁʰˌ 3.1: ɰʰˋʽˁʷˌ ʴʶ˖˃ʶˍˊʽˁʷˌ ˉʰˊʱ˃ʶˍˊˇʽ ˃ ˇ˄ˍʷ˂˖˄  

ɱʶ˖˃ʶˍˊʾʰ ɾˇ˄ˍʷ˂˖˄ 

ɾʺˁˇˌ ʶˁˋˁʰ˒ʺˌ 84m(=14D) 84m(=14D) 

ɰʺ˃ʰ ʶˁˋˁʰ˒ʺˌ 1.5m 1.5m 

ɰʱʻˇˌ ˋʺˊʰʴʴʰˌόɶύ 12m 18m 

ɲʽʱ˃ʶˍˊˇˌ ˋʺˊʰʴʴʰˌό5ύ 6m 6m 

ʈ˕ˇˌ ˎˉʶˊˁʶʽ˃ʷ˄˖˄ h ˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌόɶмύ 9m 15m 

ʅˎ˄ˇ˂ʽˁˈ ˃ʺˁˇˌ 134m 134m 

ʅˎ˄ˇ˂ʽˁˈ ˉ˂ʱˍˇˌ 80m 80m 

ʃʱ˔ˇˌ ʵˏˋˁʰ˃ˉˍʹˌ ˋˍˊ˗ˋʹˌό{ǘƛŦŦ ƭŀȅŜǊύ 20m 20m 

H=12m

20m

H=18m

20m
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3.3 ɲʽʰʵʽˁʰˋʾʰ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹˌ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ 
ˉˊˇˋˇ˃ˇʽ˖˃ʱˍ˖˄ 

ɶ ̄ ˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ʶʵʰ˒ʽˁˇˏ ̍ ʴˁˇˎ ̫ ʴʽ˄ʶ ˃ʶ ˇˁˍʰˁˇ˃ʲʽˁʱ ʶ˅ʰˉ˂ʶˎˊʽˁʱ ˋˍˇʽ˔ʶʾʰ (C2D8). 

 

ɳʽˁˈ˄ʰ 3.4: ʁˁˍʰˁˇ˃ʲʽˁʱ ˋˍˇʽ˔ʶʾʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ 

ɶ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʰˁˇ˂ˇˏʻʹˋʶ ˃ʾʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˂ˇʴʽˁʺΦ ʆˇˉˇʻʶˍʺʻʹˁʶ 

ˉˎˁ˄ˈˌ ˁʱ˄˄ʰʲˇˌ ˋˍʽˌ ˉʶˊʽˇ˔ʷˌ ˉˇˎ ʰˉʰʽˍˇˏ˄ˍʰ˄ ˉʽˇ ʰˁˊʽʲʺ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ʵʹ˂ʰʵʺ ˋˍʹ 

ˋʺˊʰʴʴʰ ˁʰʽ ʴˏˊ˖ ʰˉˈ ʰˎˍʺ ˁʰʽ ˈˋˇ ʰˉˇ˃ʰˁˊˎ˄ˈ˃ʰˋˍʰ˄ ʰˉˈ ʰˎˍʺ ʷʴʽ˄ʶ ˃ʽʰ ˋˍʰʵʽʰˁʺ 

ʰˊʰʾ˖ˋʹ ˍˇˎ ˁʰ˄˄ʱʲˇˎΦ ɱʶ˄ʽˁʱ ˉˊˇˋˉʰʻʺˋʰ˃ʶ ˄ʰ ˁˊʰˍʺˋˇˎ˃ʶ ʷ˄ʰ ˇˊʻˇˁʰ˄ˇ˄ʽˁˈ ˋˏˋˍʹ˃ʰ 

ʵʽʰˁˊʽˍˇˉˇʾʹˋʹˌΦ ʅˍʹ ʲʰˋʽˁʺ ʴʶ˖˃ʶˍˊʾʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ т ʲˇʹʻʹˍʽˁʷˌ ʴˊʰ˃˃ʷˌΣ о 

ˇˊʽʸˈ˄ˍʽʶˌ ˁʰʽ п ˁʰˍʰˁˈˊˎ˒ʶˌ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 3.5. ɳ˄ʵʶʽˁˍʽˁʱ ʰ˄ʰ˒ʷˊʶˍʰʽ ˈˍʽ ˍʰ 

ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ˋʺˊʰʴʴʰˌ ʺˍʰ˄ ʴˏˊ˖ ʰˉˈ ʰˎˍʺ ʰ˄ʱ мm ˁʰʽ ʹ ˉʶˊʾ˃ʶˍˊˇˌ 

˔˖ˊʽˋ˃ʷ˄ʹ ˋʶ мс ˁˇ˃˃ʱˍʽʰΦ ʂˋˇ ʰˉˇ˃ʰˁˊˎ˄ˈ˃ʰˋˍʰ˄ ʰˉˈ ʰˎˍʺ ˍʰ ˋˍˇʽ˔ʶʾʰ ʺˍʰ˄ ˃ʶ 

ʰˊʰʽˈˍʶˊʹ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹΣ ˃ʶ ˋˍʰʵʽʰˁʺ ʰˏ˅ʹˋʹ ˁʰʽ ˍʰ ˋˍˇʽ˔ʶʾʰ ʶˁˍˈˌ ˍʹˌ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ʹˌ 

ʵʽʰ˃ˇˊ˒ˇˏ˃ʶ˄ʹˌ ˉ˂ʰˋˍʽˁʺˌ ˉʶˊʽˇ˔ʺˌ ˁʰʽ ˁˇ˄ˍʱ ˋˍʰ ˉ˂ʶˎˊʽˁʱ ˈˊʽʰ ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ʰ˄ʱ 10m 

ˁʰʻ˗ˌ ʵʶ˄ ʶˉʹˊʶʱʸˇˎ˄ ˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˁʰʽ ˉʶˊʽˋˋˈˍʶˊʰ ˋˍˇʽ˔ʶʾʰ ʻʰ ʰˏ˅ʰ˄ʰ˄ ˍˇ ˔ˊˈ˄ˇ 

ˇ˂ˇˁ˂ʺˊ˖ˋʺˌ ˍˇˎˌΦ ɱˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ ʵʽʰ˃ˇˊ˒˗ʻʹˁʰ˄ ʵˏˇ ˁˎˁ˂ʽˁʷˌ ˇ˃ˈˁʶ˄ˍˊʶˌ 

ʶˉʽ˒ʱ˄ʶʽʶˌ ˃ʶ ʰˉˈˋˍʰˋʹ мm ˃ʶˍʰ˅ˏ ˍˇˎˌ ʷˍˋʽ ˗ˋˍʶ ʹ ʰˊʰʾ˖ˋʹ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˄ʰ ʴʾ˄ʶʽ ˈˋˇ 

ˍˇ ʵˎ˄ʰˍˈ ˉʽˇ ˇ˃ʰ˂ʱ ˁʰʽ ˄ʰ ˃ʹ˄ ʵʹ˃ʽˇˎˊʴʹʻˇˏ˄ ˉˊˇʲ˂ʹ˃ʰˍʽˁʱ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰΦ 

ɾʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇ ʶˉʽˍʶˏ˔ʻʹˁʶ ʹ ʰˏ˅ʹˋʹ ˍʹˌ ˂ʶˉˍˇ˃ʷˊʶʽʰˌ ˁʰʽ ˍʹˌ ʰˁˊʾʲʶʽʰˌ ˍʹˌ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˋˍʽˌ ˉʶˊʽˇ˔ʷˌ ʶ˅ʰʴ˖ʴʺˌ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ 

ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ʹ ʰˏ˅ʹˋʹ ˍʹˌ ˇˊʻˈˍʹˍʰˌ ˁʰʽ ˍʹˌ ʰ˅ʽˇˉʽˋˍʾʰˌ ʰˎˍ˗˄Φ  
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ɳʽˁˈ˄ʰ 3.5: ɼʱ˄˄ʰʲˇˌ ˋˍˇʽ˔ʶʾ˖˄ ˈˉ˖ˌ ˋ˔ʶʵʽʱˋˍʹˁʶ 

3.4 ɲʹ˃ʽˇˎˊʴʾʰ ʴʶ˖˃ʶˍˊʾʰˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˇ˂ˇ˃ʷˍ˖ˉʹˌ ˁˇˉʺˌ 

ʆˇ ˃ʹ˔ʱ˄ʹ˃ʰ ˋ˔ʶʵʽʱˋˍʹˁʶ ˁʰʽ ʵʽʰˁˊʽˍˇˉˇʽʺʻʹˁʶ ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ˍˇˎ Ansys ˁʰʽ ˋˍʹ 

ˋˎ˄ʷ˔ʶʽʰ ʶ˄ˋ˖˃ʰˍ˗ʻʹˁʶ ˋˍʹ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍˇˌ ˉˇˎ ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˋˍˇ 

Abaqus. ʆˇ ˃ʹ˔ʱ˄ʹ˃ʰ ˋ˔ʶʵʽʱˋˍʹˁʶ ˁʰˍʱ ˍˇ ʺ˃ʽˋˎ ʰ˅ʽˇˉˇʽ˗˄ˍʰˌ ˍʹ ˋˎ˃˃ʶˍˊʾʰ ˁʰˍʱ ˍ˖˄ 

ʱ˅ˇ˄ʰ z-zΣ ˃ʶ ʵʷˋ˃ʶˎˋʹ ˍ˖˄ ˁ ˈ˃ʲ˖˄ ˋˍˇ ʶˉʾˉʶʵˇ ˋˎ˃˃ʶˍˊʾʰˌΦ 

ʅˍʽˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ˉˊˇˋˇ˃ˇʽ˗˄ˇ˄ˍʰʽ ˈ˂ʰ ˍʰ ˋˎˋˍʰˍʽˁʱ ˃ʷˊʹ ˍˇˎ ɳʄɰ ˁʰʽ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ʹ ʰˋˉʾʵʰΣ ʹ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ ˁʰʽ ˇ ʵʽʰ˒ˊʰʴ˃ʰˍʽˁˈˌ ˍˇʾ˔ˇˌ ˃ʶ ˋˍˇʽ˔ʶʾʰ 

ˁʶ˂ˏ˒ˇˎˌ ˍˏˉˇˎ S4 ʶ˄˗ ˇ ʻʱ˂ʰ˃ˇˌ ʶˁˋˁʰ˒ʺˌ ˁʰʽ ˍˇ ˎˉˈ˂ˇʽˉˇ ˍ˃ʺ˃ʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˃ʶ 

ˇˁˍʰˁˇ˃ʲʽˁʱ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ solid C2D8Φ ɮˎˍʺ ʹ ˉˊˇˋʷʴʴʽˋʹ ˇʵʹʴʶʾ ˋʶ ˊʶʰ˂ʽˋˍʽˁʺ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ʲʱˊˇˎˌ ˁʰʽ ˍʹˌ ʵˎˋˁʰ˃˕ʾʰˌ ˍˇˎ ɳʄɰΦ ʅˍˇ˄ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʰ 

ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ʽʵʽˈˍʹˍʶˌ ʰˎˍ˗˄ ˍ˖˄ ˃ʶˊ˗˄ ˉˇˎ ˋˎ˄ʽˋˍˇˏ˄ ʷ˄ʰ ʆɰɾΦ 

ʃʾ˄ʰˁʰˌ 3.2: Iʵʽˈˍʹˍʶˌ ˋˎˋˍʰˍʽˁ˗˄ ˃ʶˊ˗˄ ʆɰɾ 

ʅˎˋˍʰˍʽˁʱ ˃ʷˊʹ TBM 
ʃʱ˔ˇˌ 

(cm) 

ɾʷˍˊˇ 
ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ 

(GPa) 

ɽˈʴˇˌ 
Poisson 

(-) 

ɳʽʵʽˁˈ ʲʱˊˇˌ 

(kN/m3) 

ɼˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺ 

ɲʽʰ˒ˊʰʴ˃ʰˍʽˁˈˌ ˍˇʾ˔ˇˌ 

ʃʾˋ˖ ˍ˃ʺ˃ʰ 
˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ 

ɮˋˉʾʵʰ TBM 

10 

10 

- 

10 

210 

210 

0.06 

210 

0.2 

0.2 

0.3 

0.2 

78.5 

78.5 

16.0 

78.5 

 

ʂˋˇ˄ ʰ˒ˇˊʱ ˍʹ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ όɳʽˁˈ˄ʰ оΦсύΣ ʷ˔ʶʽ ˃ʺˁˇˌ ʾˋˇ ˃ʶ млΦ5m ʰˉˈ ˍʰ 

ˇˉˇʾʰ ˍʰ о ˉˊ˗ˍʰ ˉˊˇˋˇ˃ˇʽ˗˄ˇˎ˄ ˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΦ ɱʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍˇˎ ʲʱˊˇˎˌ 

ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΣ ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ˁʰʽ ˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎΣ backup system. ʆˇ ˉʾˋ˖ ˃ʷˊˇˌ 

ˍˇˎ ʻʰ˂ʱ˃ˇˎ ʶˁˋˁʰ˒ʺˌ ̄ ˂ʹˊˇʾˍʰʽ ˃ʶ ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰ ʷˍˋʽ ˗ˋˍʶ ˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻʶʾ ˍˇ 

ˉˊˈˋʻʶˍˇ ʲʱˊˇˌ ˂ˈʴ˖ ˍˇˎ ˃ʹ˔ʰ˄ˇ˂ˇʴʽˁˇˏ ʶ˅ˇˉ˂ʽˋ˃ˇˏ ˉˇˎ ˎˉʱˊ˔ʶʽ ʶˁʶʾ ˃ʷˋʰΦ ʆˇ ˃ʺˁˇˌ 

10m 10m 40m 10m 10m

14m

6m

6m

12m

D=9m

D=6m
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ˍˇˎ ʶʾ˄ʰʽ ʾˋˇ ˃ʶ сm ˁʰʽ ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ʲˊʾˋˁʶˍʰʽ ˍˇ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇ ˋˍˇʽ˔ʶʾˇ ˉˇˎ ʻʰ 

ˍˇˉˇʻʶˍʹʻʶʾ όʴʽʰ ˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʰˌΣ ˍˇ ʲʱˊˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʴʽʰ ʵʽʱ˃ʶˍˊˇ ʾˋʹ ˃ʶ сm 

˂ʺ˒ʻʹˁʶ ʾˋˇ ˃ʶ орлtons). ʅˍˇ ˍʶ˂ʶˎˍʰʾˇ мΦ5m ʻʶ˖ˊʶʾˍʰʽ ˈˍʽ ˁʱˍ˖ ʰˉˈ ˍʹ˄ ʰˋˉʾʵʰ 

ʲˊʾˋˁʶˍʰʽ ʹ ˉˊ˗ˍʹ ˋʶʽˊʱ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌ ˉ˂ʱˍˇˎˌ мΦ5m, 

ˈˋˇ ˁʰʽ ˍˇ ʲʺ˃ʰ ʶˁˋˁʰ˒ʺˌ ˁʰʽ ˉˊˇ˔˗ˊʹˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ  

 

ɳʽˁˈ˄ʰ 3.6Υ ʆˇ ˃ʹ˔ʱ˄ʹ˃ʰ ˁˇˉʺˌ ˉˇˎ ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʶ ʴʽʰ ˍʹ ʵʽʱ˄ˇʽ˅ʹ ˍʹˌ ˋʺˊʰʴʴʰˌ 

ɶ ʰˋˉʾʵʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˉʱ˄ˍˇˍʶ ˁʰˍʰˋˁʶˎʱʸʶˍʰʽ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁʺ ʵʽʱ˃ʶˍˊˇ ˃ʶˍʰ˅ˏ ˋˍˇ 

˃ˉˊˇˋˍʽ˄ˈ ˁʰʽ ˉʾˋ˖ ˍ˃ʺ˃ʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ʰύ ˄ʰ ʰˉˇˍˊʷ˕ʶʽ ˈˋˇ ʶʾ˄ʰʽ 

ʵˎ˄ʰˍˈ˄ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˎ˕ʹ˂˗˄ ˍʽ˃˗˄ ʵʽʰˍ˃ʹˍʽˁ˗˄ ˍʱˋʶ˖˄ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ʰˋˉʾʵʰ ˁʰʽ ˋˍˇ 

ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌΣ ˗ˋˍʶ ˄ʰ ʰˉʰʽˍˇˏ˄ˍʰʽ ˁʰʽ ˃ʽˁˊˈˍʶˊʶˌ ʵˎ˄ʱ˃ʶʽˌ ˗ʻʹˋʹˌ (Maidl, 

Herrenknecht, Maidl, & Wehrmeyer, 2012) ˁʰʽ ʲύ ˄ʰ ˎˉˇʲˇʹʻʱ ˍˇ ˃ʹ˔ʰ˄ʽˋ˃ˈ ˇʵʺʴʹˋʹˌ ˋʶ 

ˉʶˊʽˉˍ˗ˋʶʽˌ ˁʰ˃ˉˏ˂˖˄ ʵʽʰʵˊˇ˃˗˄Φ ʆˇ ˋ˔ʺ˃ʰ ˍʹˌ ʰˋˉʾʵʰˌ ʶʾ˄ʰʽ ˁ˖˄ʽˁˈ ˃ʶ ˁ˂ʾˋʹ м-2%, 

ˉˇˋˇˋˍˈ ˂ˇʴʽˁˈ ʴʽʰ ˉʶˊʽˉˍ˗ˋʶʽˌ ˃ʰ˂ʰˁ˗˄ ʶʵʰ˒˗˄Φ ɱʽʰ ˉʰˊʱʵʶʽʴ˃ʰΣ ˉˇˋˇˋˍˈ м҈ ʴʽʰ ˃ʽʰ 

ˍˎˉʽˁʺ ʰˋˉʾʵʰ ˃ʺˁˇˎˌ млƳ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ мŎƳ ʵʽʰ˒ˇˊʱ ʰ˄ʱ˃ʶˋʰ ˋˍʹ ʵʽʱ˃ʶˍˊˇ ˋˍˇ 

˃ˉˊˇˋˍʽ˄ˈ ˍ˃ʺ˃ʰ ˁʰʽ ˋˍˇ ˉʾˋ˖ ˃ʷˊˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ ɶ ˁ˖˄ʽˁˈˍʹˍʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ 

ʷ˔ʶʽ ˁʰʽ ˃ʾʰ ʰˊ˄ʹˍʽˁʺ ʶˉʾʵˊʰˋʹ ˋˍʽˌ ʶˉʽ˒ʰ˄ʶʽʰˁʷˌ ˁʰʻʽʸʺˋʶʽˌ (Kasper & Meschke, 2006; 

Litsas, Rachmani, Fortsakis, & Kavvadas, 2014).  
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ɳʽˁˈ˄ʰ 3.7: E˄ ʵʶʽˁˍʽˁˈ ˋˁʾˍˋˇ ˇˊʽˋ˃ˇˏ ˎˉʶˊʶˁˋˁʰ˒ʺˌόovercut) ˁ ʰʽ ˇˎˊʰʾˇˎ ˁʶ˄ˇˏόtail shield 
Gap) 

ʆˇ ˃ʹ˔ʱ˄ʹ˃ʰ ʶʾ˄ʰʽ ʴʶ˖˃ʶˍˊʽˁʱ ˃ʽˁˊˈˍʶˊˇ ʰˉˈ ˍʹ˄ ʶˁˋˁʰ˒ʺ ˁʰʽ ˃ʶ ʰˎˍˈ ˍˇ˄ ˍˊˈˉˇ 

ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʶ˄ˍʷ˔˄˖ˌ ˎˉʶˊʶˁˋˁʰ˒ʺ (overcut). ʅˍʹ ˉˊˇˁʶʾ˃ʶ˄ʹ ʶˊʴʰˋʾʰ ʵʹ˃ʽˇˎˊʴʺʻʹˁʰ˄ 

ˍˊʾʰ ʵʽʰ˒ˇˊʶˍʽˁʱ ʰˊʽʻ˃ʹˍʽˁʱ ˃ˇ˄ˍʷ˂ʰΦ ʆˇ ˉˊ˗ˍˇ ˁʰʽ ʵʶˏˍʶˊˇ ˃ˇ˄ˍʷ˂ˇ ʶʾ˔ʰ˄ ˎˉʶˊʶˁˋˁʰ˒ʺ 

1cm ˁʰʽ ˇˎˊʰʾˇ ˁʶ˄ˈ нcm ˁʰʽ пcmΣ ʰ˄ˍʾˋˍˇʽ˔ʰ ˁʰʽ ʷ˄ʰ ˍˊʾˍˇ ˃ʶ ˎˉʶˊʶˁˋˁʰ˒ʺ нcm ˁʰʽ 

ˇˎˊʰʾˇ ˁʶ˄ˈ сcm (ʃʾ˄ʰˁʰˌ 3.3). ɮˎˍʷˌ ˇʽ ʰ˄ʰ˂ˏˋʶʽˌ ʷʴʽ˄ʰ˄ ˃ʶ ˋˁˇˉˈ ˄ʰ ʵˇˏ˃ʶ ˉˈˋˇ 

ʶˉʹˊʶʱʸʶʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇ ʵʽʰ˒ˇˊʶˍʽˁˈ ˇˎˊʰʾˇ ˁʶ˄ˈ ˉˇˎ ˉˊˇˁˏˉˍʶʽ όtail shield Gap). 

ʃʾ˄ʰˁʰˌ 3.3: Overcut ˁ ʰʽ Tail shield Gap (Gaps) ɹ ʽʰ ˍʰ ʵˎˇ ʵʽʰ˒ˇˊʶˍʽˁʱ ʶʵʰ˒ʽˁʱ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍʰ 

 

 

3.5 Oˊʽˋ˃ˈˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʵʱ˒ˇˎˌ-ʰˋˉʾʵʰˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ 

H ˊʶʰ˂ʽˋˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʰˋˉʾʵʰˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ-ʶʵʱ˒ˇˎˌ ʰˉˇˍʶ˂ʶʾ 

ʷ˄ʰ ʰˉˈ ˍʰ ˉʽˇ ˋʹ˃ʰ˄ˍʽˁʱ ʸʹˍʺ˃ʰˍʰ ˋˍʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹˌ ˈˊˎ˅ʹˌΣ 

ˁʰʻ˗ˌ ʹ ˎˉʶˊʶˁˋˁʰ˒ʺ όovercutύ ˁʰʽ ʹ ˁ˖˄ʽˁˈˍʹˍʰ όconicityύ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʶˉʽʵˊˇˏ˄ 

ˋʹ˃ʰ̱̔˄ ˁʱ ˋˍʽˌ ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌΦ  

ɶ ˔ˊʺˋʹ ʵʽʶˉʽ˒ʰ˄ʶʽ˗˄ ʶʾ˄ʰʽ ˃ʽʰ ʰˉˈ ˍʽˌ ˁˎˊʽˈˍʶˊʶˌ ˃ʶʻˈʵˇˎˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ 

ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʵˏˇ ʶˉʽ˒ʰ˄ʶʽ˗˄Φ ɮˎˍʺ ʹ ˍʶ˔˄ʽˁʺ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˁʰʽ ʰˉˈ ˍˇˎˌ 

Nagel, Stascheit, & Meschke, 2011 ˎʽˇʻʶˍʶʾˍʰʽ ˁʰʽ ˋˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʰˌΦ ɶ ˎˉʶˊʶˁˋʰ˒ʺ ˁʰʽ ʹ 

ˁ˖˄ʽˁˈˍʹˍʰ ˍʹˌ ʰˋˉʾʵʰˌ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˋˍʹ˄ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ʴʶ˖˃ʶˍˊʽˁʱΣ ˃ʶ ˇˊʽˋ˃ˈ 

ˋˍˇ ˃ˉˊˇˋˍʱ ˁʰʽ ˉʾˋ˖ ˍ˃ʺ˃ʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˃ʽˁˊˈˍʶˊʹˌ ʵʽʰ˃ʷˍˊˇˎ ʰˉˈ ˍˇ ˈˊʽˇ ˍʹˌ 

ʶˁˋˁʰ˒ʺˌΦ  

H ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ʰ˄ʱ˃ʶˋʰ ˋˍʽˌ ʶˉʽ˒ʱ˄ʶʽʶˌ ˇˊʾʸʶˍʰʽ ʰˉˈ ʵˏˇ ˋˎ˄ʽˋˍ˗ˋʶˌ ˃ʾʰ ˇˊʻʺ ˁʰʽ ˃ʾʰ 

ʶ˒ʰˉˍˇ˃ʶ˄ʽˁʺ ˋˍʽˌ ʁ ˉʽ˒ʱ˄ʶʽʶˌ ˉˇˎ ʰ˂˂ʹ˂ˇʶˉʽʵˊˇˏ˄. 

ɶ ʰˉˈˋˍʰˋʹ ʰ˄ʱ˃ʶˋʰ ˋˍʽˌ ʵˏˇ ʶˉʽ˒ʱ˄ʶʽʶˌ ˇˊʾʸʶˍʰʽ ˖ˌ clearanceΦ ʁ ˉʶˊʽˇˊʽˋ˃ˈˌ ʶˉʰ˒ʺˌ 

ʶ˒ʰˊ˃ˈʸʶˍʰʽ ˋˍˇ Abaqus ˈˍʰ˄ ˍˇ ˃ʷʴʶʻˇˌ clearance ʰ˄ʱ˃ʶˋʰ ˋˍʽˌ ʵˏˇ ʶˉʽ˒ʱ˄ʶʽʶˌ ʴʾ˄ʶˍʰʽ 

˃ʹʵʷ˄Φ ɲʶ˄ ˎˉʱˊ˔ʶʽ ˈˊʽˇ ˋˍˇ ˃ʷʴʶʻˇˌ ˍʹˌ ʰˋˁˇˏ˃ʶ˄ʹˌ ˉʾʶˋʹˌ ʶˉʰ˒ʺˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ 

Overcut Tail shield Gap 

1 cm 4 cm 

1 cm 2 cm 

2 cm 6 cm 
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˃ʶˍʰʵˇʻʶʾ ˃ʶˍʰ˅ˏ ˍ˖˄ ʶˉʽ˒ʰ˄ʶʽ˗˄Φ ʁʽ ʶˉʽ˒ʱ˄ʶʽʶˌ ʰˉˇ˃ʰˁˊˏ˄ˇ˄ˍʰʽ ˈˍʰ˄ ʹ ʰ˄ʰˉˍˎˋˋˈ˃ʶ˄ʹ 

ˉʾʶˋʹ ˃ʶˍʰ˅ˏ ˍˇˎˌ ʴʾ˄ʶˍʰʽ ˃ʹʵʷ˄ ʺ ʰˊ˄ʹˍʽˁʺ ˁʰʽ ˇ ˉʶˊʽˇˊʽˋ˃ˈˌ ʶ˅ʰ˂ʶʾ˒ʶˍʰʽΦ ɮˎˍʺ ʹ 

ˋˎ˃ˉʶˊʽ˒ˇˊʱΣ ʰ˄ʰ˒ʶˊˈ˃ʶ˄ʹ ˁʰʽ ˖ˌ άhardέ contactΣ ʶʾ˄ʰʽ ˉˊˇʶˉʽ˂ʶʴ˃ʷ˄ʹ ʰˉˈ ˍˇ 

ˉˊˈʴˊʰ˃˃ʰ ˖ˌ ˄ˈ˃ˇˌ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʶˉʽ˒ʰ˄ʶʽ˗˄ ˁʰʽ ˋˎ˄ˇ˕ʾʸʶˍʰʽ ˋˍʹ˄ ɲʽʱɹ́ ʰ˃˃ʰ 3.1(i). 

ɶ ˉʰˊʰˉʱ˄˖ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʻʰ ˃ˉˇˊˇˏˋʶ ˄ʰ ˉʶˊʽʴˊʱ˒ʶʽ ʽʵʰ˄ʽˁʱ ˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ 

ʰˋˉʾʵʰˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ - ʶʵʱ˒ˇˎˌΣ ˉʰˊˈ˂ʰˎˍʰ ʶ˅ʰʽˍʾʰˌ ˍʹˌ άh ˁˊʾʲʶʽʰˌέ ˍ˖˄ ˉʶˊʽˇˊʽˋ˃˗˄ 

ʰˎˍʺˌ ˍʹˌ ˋ˔ʷˋʹˌ ό˃ʹʵʶ˄ʽˁʺ ʵʽʶʾˋʵˎˋʹύ ˃ˉˇˊʶʾ ˄ʰ ˋˎ˃ʲˇˏ˄ ˉˇ˂˂ʷˌ ʰˊʽʻ˃ʹˍʽˁʷˌ ʰˋˍʱʻʶʽʶˌΦ 

ɱʽΩ ʰˎˍˈ ˍˇ ˂ˈʴˇΣ ˃ʽʰ άsoftenedέ ʶˁʻʶˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʴʽʰ ˍʹ ˋ˔ʷˋʹ pressure-overclosure 

ʶˉʽ˂ʷ˔ʻʹˁʶ (ɲʽʱɹ́ ʰ˃˃ʰ 3.1(ii)ύΣ ˈˉˇˎ ˇʽ ʶˉʽ˒ʱ˄ʶʽʶˌ ˅ʶˁʽ˄ˇˏ˄ ˄ʰ ˃ʶˍʰ˒ʷˊˇˎ˄ ˉʾʶˋʹ ʶˉʰ˒ʺˌ 

˃ʶˍʰ˅ˏ ˍˇˎˌ ˈˍʰ˄ ʹ ʰˉˈˋˍʰˋʹ clearance ʰ˄ʱ˃ʶˋʰ ˍˇˎˌΣ ˃ʶˍˊʹ˃ʷ˄ʹ ˋˍʹ ʵʽʶˏʻˎ˄ˋʹ ˍʹˌ 

ʶˉʰ˒ʺˌ όˇˊʻ˗˄ ˋˎ˄ʽˋˍ˖ˋ˗˄ύΣ ˃ʶʽ˗˄ʶˍʰʽ ˋʶ c0. ɴˉʶʽˍʰΣ ʹ ˃ʶˍʰ˒ʶˊˈ˃ʶ˄ʹ ˉʾʶˋʹ ʶˉʰ˒ʺˌ 

ʰˎ˅ʱ˄ʶˍʰʽ ʶˁʻʶˍʽˁʱ ʶ˄˗ ʹ ʰˉˈˋˍʰˋʹ clearance ˋˎ˄ʶ˔ʾʸʶʽ ˄ʰ ˃ʶʽ˗˄ʶˍʰʽΣ ˃ʷ˔ˊʽˌ ˗ˍˇˎ ʴʽʰ 

˃ʹʵʶ˄ʽˁʺ clearance ʹ ʰ˄ʰˉˍˎˋˋˈ˃ʶ˄ʹ ˉʾʶˋʹ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˍʽ˃ʺ po. Nʰ ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ʴʽʰ 

ˉˇ˂ˏ ˃ʽˁˊʷˌ ˍʽ˃ʷˌ co ˁʰʽ po, ʹ ʶˁʻʶˍʽˁʺ ˋ˔ʷˋʹ pressure-overclosure ʵʶ˄ ʵʽʰ˒ʷˊʶʽ ˁʰʻˈ˂ˇˎ 

ʰˉˈ ˍʹ άhardέ contact ̀ ˎ˃ˉʶˊʽ˒ˇˊʱΦ  

 

ɲʽʱɹ́ ʰ˃˃ʰ 3.1: όƛύ άIŀǊŘέ ŎƻƴǘŀŎǘ ˋˎ˃ˉʶˊʽ˒ˇˊʱΤ όƛƛύ ά{ƻŦǘŜƴŜŘέ ŜȄǇƻƴŜƴǘƛŀƭ ǇǊŜǎǎǳǊŜ-overclosure 
relationship (Abaqus 2011) 

ɱʽʰ ˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʰˌΣ ˃ʶ ˋˍˈ˔ˇ ˍʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ˁʶ˄ˇˏ ˃ʶˍʰ˅ˏ ˍʹˌ ʰˋˉʾʵʰˌ ˍˇˎ 

˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰʽ ˍˇˎ ʶʵʱ˒ˇˎˌ ˇˊʾʸˇ˄ˍʰʽ н ʶˉʽ˒ʱ˄ʶʽʶˌΦ ɶ ˉˊ˗ˍʹ ʶˉʽ˒ʱ˄ʶʽʰ ʰ˒ˇˊʱ ˍʹ˄ 

ʶ˅˖ˍʶˊʽˁʺ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ʰˋˉʾʵʰˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰʽ ʹ ʵʶˏˍʶˊʹ ˍʹ˄ ʶ˅˖ˍʶˊʽˁʺ ˍˇˎ 

ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ ˋˍʹ ˄ˉʶˊʽˇ̝ʺ ˍʹˌ ʵʽʱ˄ˇʽ˅ʹˌΦ ɳʽʵʽˁˈˍʶˊʰ ʹ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ʰˋˉʾʵʰˌ ˇˊʾʸʶˍʰʽ 

˖ˌ master interfaceΣ ʶ˄˗ ˍˇˎ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ ˇˊʾʸʶˍʰʽ ˖ˌ slave interfaceΣ ˉˊʰˁˍʽˁʱ ʰˎˍˈ 

ˋʹ˃ʰʾ˄ʶʽ ˈˍʽ ʶˉʽˍˊʷˉʶˍʰʽ ʶ˂ʱ˔ʽˋˍʹ ʵʽʶʾˋʵˎˋʹ ˍʹˌ slave interface ̄ ˊˇˌ ˍʹ master.  

ʅ̱ ˇ ˃ˇ˄ˍʷ˂ˇ ʴʽʰ ˄ʰ ˇˊʽˋˍˇˏ˄ ˇʽ ʶˉʽ˒ʱ˄ʶʽʶˌ ʶ˄ˍˇˉʾˋˍʹˁʰ˄ ˇʽ ʶ˅˖ˍʶˊʽˁʷˌ ʶˉʽ˒ʱ˄ʶʽʶˌ ˍ˖˄ 

ˋˍˇʽ˔ʶʾ˖˄ ˁʰʽ ʵʽˉ˂ˇˇˊʾˋˍʹˁʰ˄ ˇʽ ʰ˄ˍʾˋˍˇʽ˔ˇʽ ˁˈ˃ʲˇʽΦ ɴˍˋʽ ˇˊʾʸʶˍʰʽ ʹ ˋˎ˄ʻʺˁʹ ˈˉˇˎ ʻʰ 

ʵʽʰˉʽˋˍ˗˄ʶˍʰʽ ʰ˄ ʷˊ˔ˇ˄ˍʰʽ ˋʶ ʶˉʰ˒ʺ ˇʽ н ʶˉʽ˒ʱ˄ʶʽʶˌΦ ʁʽ ˍʽ˃ʷˌ co ˁʰʽ po,, ˃ ʶ ʲʱˋʹ ʰ˄ʰ˂ˏˋʶʽˌ 

ʶˎʰʽˋʻʹˋʾʰˌ ʶˉʽ˂ʷ˔ʻʹˁʰ˄ ʾˋʶˌ ˃ʶ мл-6m ˁʰʽ мɼʄa, ʰ˄ˍʾˋˍˇʽ˔ʰΦ ʂˍʰ˄ ʹ ˁʾ˄ʹˋʹ ˍʹˌ slave 

interface ̄ ˊˇˌ ˍʹ master ˒ ˍʱˋʶʽ ˍʹ ˍʽ˃ʺ мл-6m ɻ ʾ˄ʶˍʰʽ ʹ ʶ˄ˍˇ˂ʺ ˄ʰ ʰˋˁʹʻʶʾ ˉʾʶˋʹΦ 

Any pressure possible when in contact

No pressure when no contact

Clearance

Contact 
Pressure

Contact 
Pressure

Overclosure

Exponential pressure -overclosure
relationship

Clearance

p o

co

c0 : minimum clearance up to which 
the contact pressure is zero

p 0 : pressure at zero clearance

i ii
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3.6 ʃˊˇˋˇ˃ˇʾ˖ˋʹ ʶ˄ʷ˃ʰˍˇˌ (Grouting) 

H ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ˋˍˇ ˇˎˊʰʾˇ ˁʶ˄ˈ όtail void grouting) ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ 

ˈˊˎ˅ʹ ʶʾ˄ʰʽ ˃ʾʰ ˉʶˊʾˉ˂ˇˁʹ ʵʽʰʵʽˁʰˋʾʰ ˃ʶ ˉˇ˂˂ʷˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˉʾʶˋʹ 

ʶ˄ʷ˃ʰˍˇˌ όgrouting pressure) ˁʰʽ ˍˇ ˎ˂ʽˁˈ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ όgrout material). ɶ ˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ 

(grouting pressure) ʰˋˁʶʾˍʰʽ ˁʰˍʱ ˍʹ˄ ʶʽˋʰʴ˖ʴʺ ʶ˄ʷ˃ʰˍˇˌ ʶʾˍʶ ˃ʷˋ˖ ʰ˄ˇʽʴ˃ʱˍ˖˄ ˉˇˎ 

ˎˉʱˊ˔ˇˎ˄ ʰ˄ʱ˃ʶˋʰ ˋˍˇˎˌ ʵʰˁˍˎ˂ʾˇˎˌ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ ʶʾˍʶ ˃ʶ ˋˏˋˍʹ˃ʰ ˋ˖˂ʹ˄˗ˋʶ˖˄ ˉˇˎ 

ʶʴˁʰʻʾˋˍʰˍʰʽ ˋˍʹ˄ ˇˎˊʱ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΦ ʂˋˇ˄ ʰ˒ˇˊʱ ˍˇ ˎ˂ʽˁˈ ʶ˄ʷ˃ʰˍˇˌ (grout 

materialύΣ ˉˊˈˁʶʽˍʰʽ ʴʽʰ ˎ˂ʽˁˈ ˃ʶ ˔ˊˇ˄ʽˁʱ ʶ˅ʰˊˍ˗˃ʶ˄ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˋˁ˂ʺˊˎ˄ˋʹˌΣ ˈˉˇˎ 

ʻʶ˖ˊʶʾˍʰʽ ˈˍʽ ʲˊʾˋˁʶˍʰʽ ˋʶ ˎʵʰˊʺ ˁʰˍʱˋˍʰˋʹ ʰˁˊʽʲ˗ˌ ˃ʶˍʱ ˍʹ˄ ʷʴ˔ˎˋʹ ˁʰʽ ʱ˃ʶˋʰ 

ˋˍʶˊʶˇˉˇʽʶʾˍʰʽ ˂ˈʴ˖ ˍ˖˄ ʶˉʽˍʰ˔ˎ˄ˍ˗˄ ˍˋʽ˃ʷ˄ˍˇˎ ˉˇˎ ˃ʶʽ˗˄ˇˎ˄ ˍˇ ˔ˊˈ˄ˇ ˋˁ˂ʺˊˎ˄ˋʹˌ ˍˇˎ 

(ɲʽʱʴˊʰ˃˃ʰ 3.2). 

3.6.1 ɲʽʰˁˊʽˍˇˉˇʽʺˋʹ ʶ˄ʷ˃ʰˍˇˌ 

ɶ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ʰˁˇ˂ˇˎʻʶʾ ʰˎˍʺ ˍˇˎ ʶʵʰ˒ʽˁˇˏ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍˇˌΤ ˍˇ ʷ˄ʶ˃ʰ 

ʻʶ˖ˊʶʾˍʰʽ ˋˎ˃˃ʶˍˊʽˁˈ ˖ˌ ˉˊˇˌ ˍˇ˄ ˁʰˍʰˁˈˊˎ˒ˇ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ όʱ˅ˇ˄ʰˌ z-z ˉˇˎ 

ʵʽʷˊ˔ʶˍʰʽ ʰˉˈ ˍˇ ˁʷ˄ˍˊˇ ˍʹˌύΦ ɳˉˇ˃ʷ˄˖ˌΣ ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʶ ʹ ˃ʽˋʺ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ˃ʶ 

ʵʷˋ˃ʶˎˋʹ ˍ˖˄ ˁˈ˃ʲ˖˄ ˋˍˇ ʶˉʾˉʶʵˇ ˋˎ˃˃ʶˍˊʾʰˌΦ 

ɶ ɻʽʰˁˊʽˍˇˉˇʾʹˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ʶˉʽˍʶˏ˔ʻʹˁʶ ˃ʶ ˇˁˍʰˁˇ˃ʲʽˁʱ-ʶ˅ʰˉ˂ʶˎˊʽˁʱ ˉʶˉʶˊʰˋ˃ʷ˄ʰ 

ˋˍˇʽ˔ʶʾʰΣ solid elements ˍˏˉˇˎ C2D8Σ ˍʰ ˇˉˇʾʰ ˁʰˍʱ ˍˇ˄ ʱ˅ˇ˄ʰ y-y ˋ˔ʶʵʽʱˋˍʹˁʰ˄ ˃ʶ ˃ʺˁˇˌ 

ˈˋˇ ˍˇ ʲʺ˃ʰ ʶˁˋˁʰ˒ʺˌ όмΦрmύΦ ʆˇ ʷ˄ʶ˃ʰ ˋˍʹ˄ ˍʶ˂ʽˁʺ ˍˇˎ ˃ˇˊ˒ʺ ʷ˔ʶʽ ˃ʶˍʰʲ˂ʹˍˈ ˉʱ˔ˇˌ ˁʰʻΩ 

ˏ˕ˇˌ ˍʹˌ ʶ˄ʶ˃ʱˍ˖ˋʹˌ ʰ˄ʱ ʲʺ˃ʰ ʶˁˋˁʰ˒ʺˌ ˁʰʽ ʰˎˍˈ ʵʽˈˍʽ ˁʰˍʱ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹΣ ˈˉ˖ˌ ˁʰʽ 

ˋˍʹ ʴʶ˖˃ʶˍˊʾʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌΣ ˂ʺ˒ʻʹˁʶ ˎˉˈ˕ʹ ʹ ˁ˖˄ʽˁˈˍʹˍʰ ˍˇˎ EPBΦ ɳˉˇ˃ʷ˄˖ˌ ʹ 

ʵʽʰ˒ˇˊʱ ˉʱ˔ˇˎˌ ˋˍˇ ˁʰˍ˗ˍʶˊˇ ˋʹ˃ʶʾˇ ˍʹˌ ʶˁˋˁʰ˒ʺˌ ʷ˄ʰ˄ˍʽ ˍˇˎ ˉʱ˔ˇˎˌ ˍʹˌ ˋˍʷ˕ʹˌ 

ˋ˔ʶʵʽʱˋˍʹˁʶ ˄ʰ ʶʾ˄ʰʽ 4cm ˈˋʰ ʵʹ˂ʰʵʺ ˍˇ ˋˎ˄ˇ˂ʽˁˈ ˇˎˊʰʾˇ ˁʶ˄ˈ ˍʹˌ ʰˋˉʾʵʰˌ ˃ʶ ʵʶʵˇ˃ʷ˄ˇ 

ˉ˖ˌ ˂ˈʴ˖ ʲʰˊˏˍʹˍʰˌ ˍˇ ˃ʹ˔ʱ˄ʹ˃ʰ ˉʰˍʱʶʽ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˍˇˎ invert ˍʹˌ ˉʶˊʽʲʱ˂˂ˇˎˋʰˌ 

ʲˊʰ˔ˈ˃ʰʸʰˌΦ 

 

ɳʽˁˈ˄ʰ 3.8: ɳ˄ʵʶʽˁˍʽˁʺ ʶʽˁˈ˄ʰ ʵʽʰˁˊʽˍˇˉˇʾʹˋʹˌ ʶ˄ʷ˃ʰˍˇˌ 
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3.6.2 ʇ˂ʽˁˈ ʶ˄ʷ˃ʰˍˇˌ (Grout Material) 

H ˔ˊˇ˄ʽˁʱ ʶ˅ʰˊˍ˗˃ʶ˄ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ ˎ˂ʽˁˇˏ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ˉʰʾʸʶʽ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ ˋˍʽˌ 

ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹΦ ʅˍˇ ɲʽʱʴˊʰ˃˃ʰ 3.2 ʰˉʶʽˁˇ˄ʾʸˇ˄ˍʰʽ 

ˍˊʶʽˌ ˁʰ˃ˉˏ˂ʶˌ ˉˇˎ ˉˊˇˍʶʾ˄ˇ˄ˍʰʽ ˋˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ (Comodromos et al., 2014; Kasper & 

Meschke, 2004; Lambrughi et al., 2012) ˋ˔ʶˍʽˁʱ ˃ ʁ ˍʹ˄ ˋˁ˂ʺˊˎ˄ˋʹ ˍˇˎ ˃ʷˍˊˇˎ 

ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ˃ʶ ˍˇ ˔ˊˈ˄ˇΦ ʁʽ Kasper & Meschke 2004 ˁ ʰʽ Comodromos et 

al. 2014 ʷˁʰ˄ʰ˄ ˉʰˊˈ˃ˇʽʰ ˎˉˈʻʶˋʹ ʴʽʰ ˍʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ ˎ˂ʽˁˇˏ ˃ʶ ˃ˈ˄ʹ ʵʽʰ˒ˇˊʱ ˋˍʽˌ 

ˍʶ˂ʽˁʷˌ ˃ʷʴʽˋˍʶˌ ˍʽ˃ʷˌ ˍˇˎ ˋˁ˂ʹˊˎ˃ʷ˄ˇˎ ʶ˄ʷ˃ʰˍˇˌΣ м ˁʰʽ 2.5GPa ʰ˄ˍʾˋˍˇʽ˔ʰΣ ʶ˄˗ ˇʽ 

Lambrughi et al. 2012 ˉˊˈˍʶʽ˄ʰ˄ ˃ʽʰ ˍʶ˂ʶʾ˖ˌ ʵʽʰ˒ˇˊʶˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˁʱ˄ˇ˄ˍʰˌ ˍʹ˄ 

ˎˉˈʻʶˋʹ ˈˍʽ ˍˇ ʷ˄ʶ˃ʰ ˒ˍʱ˄ʶʽ ˋˍʹ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ʰ˄ˍˇ˔ʺˌ ˍ˖˄ 2.6GPa ˃ʷˋʰ ˋˍʽˌ ˉˊ˗ˍʶˌ мн 

˗ˊʶˌ ˃ʶˍʱ ˍʹ˄ ʷˁ˔ˎˋʹ ʶ˄ʷ˃ʰˍˇˌΦ ʅˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʰˌ ʶʽˋʱʴʰ˃ʶ ˍʹ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹ ʰˉˈ ˍˇˎˌ 

(Kasper & Meschke, 2004) ̀ ˔ʷˋʹΦ 

 

ɲʽʱʴˊʰ˃˃ʰ 3.2: ʋˊˇ˄ʽˁʱ ʶ˅ʰˊˍ˗˃ʶ˄ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˃ʷˍˊˇˎ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ όɳύ ˋˏ˃˒˖˄ʰ ˃ʶ 
(Kasper & Meschke 2004), (Comodromos et al. 2014) ˁ ʰʽ (Lambrughi et al. 2012) 

ʅˍʹ ʵʽʶʻ˄ʺ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ˎˉʱˊ˔ˇˎ˄ ʵʽʱ˒ˇˊʶˌ ˃ʷʻˇʵˇʽ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˔ˊˇ˄ʽˁʱ 

ʶ˅ʰˊˍ˗˃ʶ˄ʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ. ɶ ˉ˂ʶʽˇ˄ˈˍʹˍʰ ˍ˖˄ ʵʹ˃ˇˋʽʶˏˋʶ˖˄ (Chortis, 

Tzivakos, & Kavvadas, 2014; Comodromos et al., 2014; N. A. Do et al., 2013; N.-A. Do, Dias, 

Oreste, & Djeran-Maigre, 2013; Kasper & Meschke, 2004; Lambrughi et al., 2012; Litsas et 

al., 2014; Zhao, Janutolo, & Barla, 2012b) ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ˃ʽʰ ʰˉ˂ˇˉˇʽʹ˃ʷ˄ʹ ˂ˏˋʹ 

ʵʽʰ˔˖ˊʽˋ˃ˇˏ ˋ ʁ ʵˏˇ  ́ ˍˊʾʰ ˋˍʱʵʽʰ ˍʹˌ ˒ʱˋʹˌ ˋˁ˂̋ ˊˎ˄ˋʹˌ ˍˇˎ ˎ˂ʽˁˇˏ: ˍʹ˄ ˎʵʰˊʺ 

ˁʰˍʱˋˍʰˋʹ ˃ʷˋ˖ ˍʹˌ ʶʽˋʰʴ˖ʴʺˌ ˃ʽʰˌ ˉˇ˂ˏ ˔ʰ˃ʹ˂ʺˌ ˍʽ˃ʺˌ ˃ʷˍˊˇˎ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˁʰʽ ˃ʾʰ  ̋

ʵˏˇ (2) ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˒ʱˋʶʽˌ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ˋʶ ˋˍʶˊʶʺ ˁʰˍʱˋˍʰˋʹΦ ʃʰˊˈ˂ʰ ʰˎˍʱΣ ʹ 

ˉʰˊʰˉʱ˄˖ ˉˊˇˋʷʴʴʽˋʹ ʵʶ˄ ˉˊˇˋˇ˃ˇʽ˗˄ʶʽ ˃ʶ ʰˁˊʾʲʶʽʰ ˍˇ ˒ˎˋʽˁˈ ˒ʰʽ˄ˈ˃ʶ˄ˇΣ ˁʰʻ˗ˌ ˈ˔ʽ 

˃ˈ˄ˇ ʵʶ˄ ˂ʰ˃ʲʱ˄ʶʽ ˎˉˈ˕ʽ˄ ˍʹ˄ ʲʰʻ˃ʽʰʾʰ ˋˁ˂ʺˊˎ˄ˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΣ ʰ˂˂ʱ ʰʴ˄ˇʶʾ ˁʰʽ ˍˇ 

ˉʶʵʾˇ ˍ˖˄ ˍʱˋʶ˖˄ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΣ ˂ˈʴ˖ ˍʹˌ ʶ˄ʶˊʴˇˉˇʾʹ̀ ʹˌ ˁʰʽ ʰˉʶ˄ʶˊʴˇˉˇʾʹˋʹˌ ˍ˖˄ 

ˋˍˇʽ˔ʶʾ˖˄ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΦ 
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ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʴʾ˄ʶʽ ˊʶʰ˂ʽˋˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˔ˊˇ˄ʽˁʱ ʶ˅ʰˊˍ˗˃ʶ˄ʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ 

ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΣ ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˃ʾʰ ˎˉˇˊˇˎˍʾ˄ʰ ˋˍˇ UMAT (Abaqus, 2011)Σ ˋˍʹ˄ ˇˉˇʾʰ ˁʱʻʶ 

ˋˍˇʽ˔ʶʾˇ ʶ˄ʷ˃ʰˍˇˌ ʰˉˇˁˍʱ ˔ˊˇ˄ʽˁʱ ʶ˅ʰˊˍ˗˃ʶ˄ʰ ˃ʾʰ ˍʽ˃ʺ ˃ʷˍˊˇˎ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˋˏ˃˒˖˄ʰ 

˃ʶ ˍʹ˄ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹ ˁʰ˃ˉˏ˂ʹ ʰˉˈ ˍˇˎˌ Kasper and Meschke 2004 (ɲʽʱʴˊʰ˃˃ʰ 3.2). ɴˍˋʽΣ ʹ 

ˊʶʰ˂ʽˋˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˋˁ˂ʺˊˎˋʹˌ ˍˇˎ ˎ˂ʽˁˇˏ ˂ʰ˃ʲʱ˄ʶˍʰʽ ˎˉˈ˕ʹ ˔˖ˊʾˌ ʰˉ˂ˇˉˇʽʺˋʶʽˌ 

ˁʰʽ ˍˇ ˉʶʵʾˇ ˍ˖˄ ˍʱˋʶ˖˄ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʶ˄ʷ˃ʰˍˇˌ ʵʽʰˍʹˊʶʾˍʰʽ ˋˍʰʻʶˊˈΣ ʶ˒ˈˋˇ˄ ˉ˂ʷˇ˄ 

ʶʽˋʱʴˇ˄ˍʰʽ ˋʶ ˁ˗ʵʽˁʰ ˁʰʽ ʵʶ˄ ˎ˒ʾˋˍʰ˄ˍʰʽ ʶ˄ʶˊʴˇˉˇʽʺˋʶʽˌ ʺ ʰ˒ʰʽˊʷˋʶʽˌ ʰˎˍ˗˄Φ 

3.6.3 ʃʾ ʶˋʹ ʶ˄ʷ˃ʰˍˇˌ (Grout Pressure) 

ɶ ˉʾʶˋʹ ʷˁ˔ˎˋʹˌ ʶ˄ʷ˃ʰˍˇˌ ʰˉˇˍʶ˂ʶʾ ˎ˕ʾˋˍʹˌ ˋʹ˃ʰˋʾʰˌ ˋˍʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹΣ ˁʰʻ˗ˌ 

ˉʶˊʰʽˍʷˊ˖ ʶʵʰ˒ʽˁʺ ˃ʶˍʰˁʾ˄ʹˋʹ ˁʰʽ ʶˉʽ˒ʰ˄ʶʽʰˁʷˌ ˁʰʻʽʸʺˋʶʽˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʰˉˇ˒ʶˎ˔ʻˇˏ˄ 

˃ʷˋ˖ ˁʰˍʱ˂˂ʹ˂ʹˌ ˉʾʶˋʹˌ ʶ˄ʷ˃ʰˍˇˌΦ ɶ ˉ˂ʶʽˇ˄ˈˍʹˍʰ ˍ˖˄ ʶˊʶˎ˄ʹˍ˗˄ ˉˊˇˋˇ˃ˇʽ˗˄ˇˎ˄ ˍʹ˄ 

ˉʾʶˋʹ ʰˎˍʺ ˖ˌ ʷ˄ʰ ʵʽʰ˄ʶ˃ʹ˃ʷ˄ˇ ˒ˇˊˍʾˇ ʺ ˃ʷˋ˖ ˋˎ˄ˇˊʽʰˁ˗˄ ˋˎ˄ʻʹˁ˗˄ (Comodromos et 

al., 2014; N. A. Do et al., 2013; N.-A. Do et al., 2013; Kasper & Meschke, 2004; Litsas et al., 

2014; Zhao et al., 2012b). ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˃ʶ ˍʹ˄ ˎˉˈʻʶˋʹ ˈˍʽ ˍˇ ʷ˄ʶ˃ʰ ʶʾ˄ʰʽ ˋʶ ˊʶˎˋˍʺ 

ˁʰˍʱˋˍʰˋʹ ʰˁˊʽʲ˗ˌ ˃ʶˍʱ ˍʹ˄ ʷʴ˔ˎˋʹ, ʶ˒ʰˊ˃ˈʸˇˎ˄ ˃ʾʰ ˉʾʶˋʹ ʾˋʹ ˃ʶ ˍʹ˄ ˉʾʶˋʹ ˍˇˎ 

ʶ˄ʷ˃ʰˍˇˌ ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌΣ ˁʱ˄ˇ˄ˍʰˌ ˈ˃˖ˌ ˁʱˉˇʽʶˌ ʰ˄ʰˉˈ˒ʁˎ ˁˍʶˌ ʰˉ˂ˇˉˇʽʺˋʶʽˌ 

ˋ˔ʶˍʽˁʱ ˃ʶ ˍˇ ˃ʺˁˇˌ ʶˉʽˊˊˇʺˌΣ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˉʾʶˋʹˌ ˋˍʹ ʵʽʰ˃ʺˁʹ ʵʽʶˏʻˎ˄ˋʹ 

όˇ˃ˇʽˈ˃ˇˊ˒ʹΣ ˍˊʰˉʶʸˇʶʽʵʺˌΣ ˍˊʽʴ˖˄ʽˁʺύΦ 

ʃˊˇˁʁ ʽ˃ʷ˄ˇˎ ˄ʰ ʴʾ˄ʶʽ ˉˊˇˋʷʴʴʽˋʹ ˍʹˌ ˉˊʰʴ˃ʰˍʽˁʺˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍʹˌ ˉʾʶˋʹˌ ˍˇˎ 

ʶ˄ʷ˃h ˍˇˌΣ ʶʽˋʱʴˇ˄ˍʰʽ ˍʰ elements ˍˇˎ grout ˃ ʁʷ˄ʰ ʰˊ˔ʽˁˈ ʶ˄ˍʰˍʽˁˈ ˉʶʵʾˇ ʾˋˇ ˃ʶ ˍʹ˄ ˉʾʶˋʹ 

ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ(Lambrughi et al., 2012). ɱʽΩ ʰˎˍˈΣ ˍˇ ˎ˂ʽˁˈ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ, ʷ˔ˇ˄ˍʰˌ ˉˇ˂ˏ 

˔ʰ˃ʹ˂ʺ ʵˎˋˁʰ˃˕ʾʰ ʰˁˊʽʲ˗ˌ ˃ʶˍʱ ˍʹ˄ ʷʴ˔ˎˋʹΣ ˁʰʽ ˃ʶ ʷ˄ʰ ʰˊ˔ʽˁˈ ʶ˄ˍʰˍʽˁˈ ˉʶʵʾˇ ˂ˈʴ˖ ˍʹˌ 

ˉʾʶˋʹˌ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΣ ˍʶʾ˄ʶʽ ˄ʰ ʵʽˇʴˁ˖ʻʶʾ ˁʰʽ ˄ʰ ˉʽʷˋʶʽ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ˃ʷ˔ˊʽ ʰˎˍˈ 

˄ʰ ˒ˍʱˋʶʽ ˋʶ ʽˋˇˊˊˇˉʾʰΦ ʆˇ ˁˏˊʽˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ˃ʶʻˈʵˇˎ ʶʾ˄ʰʽ ˈˍʽ ʹ ˉʾʶˋʹ ʶ˒ʰˊ˃ˈʸʶˍʰʽ 

˃ʷˋ˖ ˍˇˎ ˉʶʵʾˇˎ ˍ˖˄ ˍʱˋʶ˖˄ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΣ ˔˖ˊʾˌ ʶ˒ʰˊ˃ˇʴʺ 

ˁʰˍʰ˄ʶ˃ʹ˃ʷ˄˖˄ ˒ˇˊˍʾ˖˄ ʺ ʶʽˋʰʴ˖ʴʺ ˉʶˊʰʽˍʷˊ˖ ʰˉ˂ˇˉˇʽʺˋʶ˖˄Φ 

ʅˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʰˌΣ ʻʶ˖ˊʺʻʹˁʰ˄ ʴʽʰ ˍʰ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ ˉˇˎ ʵʹ˃ʽˇˎˊʴʺˋʰ˃ʶ ˇʽ 

ˍʽ˃ʷˌ ˉʾʶˋʹˌ ˈˉ˖ˌ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ˄ ˉʾ˄ʰˁʰ оΦнΦ ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʷ˔ˇˎ˃ʶ ˁˇʽ˄ˈ ˋʹ˃ʶʾˇ 

ʰ˄ʰ˒ˇˊʱˌΣ  ́ˉʾʶˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ (Grout Pressure) ̀ ˎˋ˔ʶˍʾˋˍʹˁʶ ˃ʶ ˍʹ˄ ʶˉʾ ˍˈˉˇˎ ˍʱˋʹ ˋˍʹ 

ˋˍʷ˕ʹ ˍʹˌ ˋʺˊʰʴʴʰˌ (ʅ˔ʷˋʹ 3.1). Mʶ ˋˁˇˉˈ ˄ʰ ʶ˅ʶˍʰˋʻʶʾ ʹ ʶˉʽˊˊˇʺ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ GP ˋˍʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ, ʶʽˋʺ˔ʻʹ ˇ ˉʰˊʱʴˇ˄ˍʰˌ Grout Pressure factor (GPfactorύΣ ˉˇˎ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ 

ˍʽ˃ʷˌ ˉˇˎ ˂ʰ˃ʲʱ˄ʶʽˌ (GPfactor=1, GPfactor ҐлΦр ˁʰʽ GPfactor ҐмΦрύ ˃ʶˍʰʲʱ˂˂ʶʽ ˍʹ˄ ˍʽ˃ʺ ˍʹˌ 

ˉʾʶˋʹˌ GP (ʅ˔ʷˋʹ 3.2ύΣ ˈˉ˖ˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ˄ ʃʾ˄ʰˁʰˌ 3.4. 

 ὖ ‎Ͻῷ   ʅ˔ʷˋʹ 3.1 

 Ὃὖ Ὃὖ  Ͻὖ   ʅ˔ʷˋʹ 3.2 
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ʃʾ˄ʰˁʰˌ 3.4: ʃʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ όGP) ɹ ʽʰ ˍʰ ʵˎˇ ʵʽʰ˒ˇˊʶˍʽˁʱ ʶʵʰ˒ʽˁʱ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍʰ 

 

3.7 ʃˊˇˋˇ˃ˇʾ˖ˋʹ ˉʾʶˋʹˌ ˃ʶˍ˗ˉˇˎ ʶˁˋˁʰ˒ʺˌ όFace Pressure) 

ʅ̱ ʹ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˈˊˎ˅ʹ ˋʶ ʰˋˍʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ˍʰ ˉʽˇ ˋˎ˄ʺʻʹ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʰ 

˃ʹ˔ʰ˄ʺ˃ʰˍʰ ʶʾ˄ʰʽ ˍʰ ɳʄɰΣ ˁʰʻ˗ˌ ʷ˔ˇˎ˄ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ʶ˒ʰˊ˃ˇʴʺˌ ˎ˕ʹ˂ʺˌ ˉʾʶˋʹˌ ˋˍˇ 

˃ʷˍ˖ˉˇ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍˇ ˎˉʱˊ˔ˇ˄ ʶˁˋˁʰˉˍˈ˃ʶ˄ˇ ˎ˂ʽˁˈΣ ˍˇ ˇˉˇʾˇ ˎˉˈ ˉʾʶˋʹ ʴʶ˃ʾʸʶʽ ˍˇ 

ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌ ˁʰʽ ʶˉʽˉ˂ʷˇ˄ ʰˉˇˍˊʷˉˇˎ˄ ˄ʰ ˎˉˇˋˍʶʾ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ 

ʷʵʰ˒ˇˌΦ ɳʽʵʽˁˈˍʶˊʰΣ ˍˇ ʴʶ˖ˎ˂ʽˁˈ ˋˍˇ ʻʱ˂ʰ˃ˇ ʶˁˋˁʰ˒ʺˌΣ ˍˇ ˇˉˇʾˇ ʶʾ˄ʰʽ ʲʶ˂ˍʽ˖˃ʷ˄ˇ ˃ʶ 

˄ʶˊˈΣ ʰ˒ˊˈ ˁʰʽ ʱ˂˂ʰ ˉˊˈˋ˃ʽˁˍʰΣ ʰˋˁʶʾ ˃ʽʰ ˋˍʰʻʶˊˇˉˇʽʹˍʽˁʺ ˉʾʶˋʹ ˃ʷˋ˖ ˍˇˎ ʽʵʾˇˎ ʲʱˊˇˎˌ 

ˍˇˎ ˁʰʽ ˇ˃ˇʽˈ˃ˇˊ˒ʰ ˁʰˍʰ˄ʷ˃ʶʽ ˍʽˌ ʵˎ˄ʱ˃ʶʽˌ ˗ʻʹˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ (P0) ˋˍˇ ˃ʷˍ˖ˉˇ ˍʹˌ 

ˋʺˊʰʴʴʰˌΦ 

 

ɳʽˁˈ˄ʰ 3.9: ɳ˄ʵʶʽˁˍʽˁˈ ˋˁʾˍˋˇ ʶ˒ʰˊ˃ˇʴʺˌ ˍ˖˄ ˋˍʰʻʶˊˇˉˇʽʹˍʽˁ˗˄ ˁʰʽ ʰˉˇˋˍʰʻʶˊˇˉˇʽʹˍʽˁ˗˄ 
ˉʽʷˋʶ˖˄ ˋˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ˁʰˍʱ ˍʹ˄ ˉˊˇ˗ʻʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ 

H/D  ɹ ɶcrown Pcrown 
GP 

(GPfactor=1) 
GP 

(GPfactor=0.5) 
GP 

(GPfactor=1.5) 

2 20 (kN/m3) 9 (m) 180 Kpa 180 (Kpa) 90 (Kpa) 270 (Kpa) 

3 20 (kN/m3) 15 (m) 300 Kpa 300 (Kpa) 150 (Kpa) 450 (Kpa) 
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ʅˍʹ˄ ɳʽˁˈ˄ʰ 3.9 ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʷ˄ʰ ʶ˄ʵʶʽˁˍʽˁˈ ˋˁʾˍˋˇ ˍ˖˄ ˉʽʷˋʶ˖˄ ˉˇˎ ʰˋˁˇˏ˄ˍʰʽ ˋˍˇ 

˃ʷˍ˖ˉˇ ʰˉˈ ˁʰʽ ˉˊˇˌ ˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ˈˍʰ˄ ˍˇ ˃ʹ˔ʱ˄ʹ˃ʰ ˉˊˇ˖ʻʶʾˍʰʽΦ ɴ˔ˇ˄ˍʰˌ ˃ʾʰ 

ˋˍʰʻʶˊʺ ˉʾʶˋʹ P0 ˋˍʹ˄ ˋˍʷ˕ʹ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˉʾʶˋʹˌ ˗ʻʹˋʹˌΣ ʴʾ˄ʶˍʰʽ ʹ ˎˉˈʻʶˋʹ ˈˍʽ ʹ 

ʰˋˁˇˏ˃ʶ˄ʹ ˉʾʶˋʹ ˃ʶˍ˗ˉˇˎ ˂ʰ˃ʲʱ˄ʶʽ ˍˊʰˉʶʸˇʶʽʵʺ ˁʰˍʰ˄ˇ˃ʺ ˃ʶ ˁ˂ʾˋʹ ʾˋʹ ˁʰʽ ˋˍʰʻʶˊʺ ˃ʶ 

ˍʹ˄ ˉˎˁ˄ˈˍʹˍʰ ˍˇˎ ˎ˂ʽˁˇˏ ʶˁˋˁˋʰ˒ʺˌ ( mɹuck), ́  ˇˉˇʾʰ ʻʶ˖ˊʺʻʹˁʶ 13kN/m3. 

 ὖ ὃ‎ Ὄ Ὀ
ςᴼὖ ὃὖȟ   ʅ˔ʷˋʹ 3.3 

 ὖ ‎Ὄ  ‎ Ὼῷ  ʅ˔ʷˋʹ 3.4 

 ὖ ὖ  ‎  
Ὀ
ς  ʅ˔ʷˋʹ 3.5 

3.7.1 H ̄ ʰˊʱ˃ʶˍˊˇˌ ά!έ 

ɶ ˉʾʶˋʹ P0 ˊˎʻ˃ʾʸʶˍʰʽ ʰˉˈ ˍˇ ˔ʶʽˊʽˋˍʺ ˍˇˎ ɳʄɰ ˉˊˇˋʰˊ˃ˈʸˇ˄ˍʰˌ ˍʽˌ ʵˎ˄ʱ˃ʶʽˌ ˗ʻʹˋʹˌΦ 

ʃˊˇˁʶʽ˃ʷ˄ˇˎ ˋˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʰˌ ˄ʰ ʷ˔ˇˎ˃ʶ ˁˇʽ˄ˈ ˋʹ˃ʶʾˇ ʰ˄ʰ˒ˇˊʱˌΣ ʹ ˍʽ˃ʺ P0 ̀ ˔ʶˍʾʸʶˍʰʽ ˃ʶ 

ˍʹ˄ ˎʵˊˇˋˍʰˍʽˁʺ ˉʾʶˋʹ ˋˍʹ˄ ˋˍʷ˕ʹ ˍʹˌ ˋʺˊʰʴʴʰˌ όʅ˔ʷˋʹ 3.3ύ ˃ʶ ʶʽˋʰʴ˖ʴʺ ˍˇˎ ʰʵʽʱˋˍʰˍˇˎ 

ˉʰˊʱʴˇ˄ˍʰ ɮΦ ɴˍˋʽΣ ʹ ʶ˒ʰˊ˃ˇʸˈ˃ʶ˄ʹ ˉʾʶˋʹ P0 ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʴʽʰ ˍʽ˃ʺ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ 

ɮҐмΣ ʽˋˇˏˍʰʽ ˃ʶ Pw,crown=ɹ w(H-D/2), ʁ ˄˗ ʴʽʰ ɮҐлΣр ʴʾ˄ʶˍʰʽ Pw,crown/2=0.5ɹ w(H-D/2). 

ʅˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˁʰʽ ʴʽʰ ˍʰ ʵˏˇ ʶʵʰ˒ʽˁʱ 

ˉˊˇˋˇ˃ˇʽ˗˃ʰˍʰόH/D=2, H/D=3)Σ ʰ˄ʰ˂ˏˋʶʽˌ ʴʽʰ ˍʽ˃ʷˌ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ Face Pressure (FP) 

ɮҐмΣ ɮҐлΣр ˁʰʽ ɮҐмΣрΦ 

ʃʾ˄ʰˁʰˌ 3.5: ʃʾʶˋʹ ˃ʶˍ˗ˉˇˎ όPAPPLIED) ɹ ʽʰ ˍʰ ʵˎˇ ʵʽʰ˒ˇˊʶˍʽˁʱ ʶʵʰ˒ʽˁʱ ˉˊˇˋˇ˃ˇʽ˗˃ʰˍʰ 

  

H/D wɹ Pw,crown MɹUCKD/2 
PAPPLIED 
(A=1) 

PAPPLIED  
(A=0.5) 

PAPPLIED  
(A=1.5) 

2 10 (kN/m3) 90 Kpa 39 (Kpa) 129 (Kpa) 64.5 (Kpa) 193.5 (Kpa) 

3 10 (kN/m3) 150 Kpa 39 (Kpa) 189 (Kpa) 94.5 (Kpa) 283.5 (Kpa) 
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3.7.2 ʃˎˁ˄ˈˍʹˍʰ ʶʵʰ˒ʽˁˇˏ ˉˇ˂ˍˇˏ όʴmuck) 

H ɳʽˁˈ˄ʰ 3.10 ʰˉʶʽˁˇ˄ʾʸʶʽ ˉˊʰʴ˃ʰˍʽˁʷˌ 

˃ʶˍˊʺˋʶʽˌ ˍʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍʹˌ ˉʾʶˋʹˌ ˋˍˇ ʻʱ˂ʰ˃ˇ 

ʶˁˋˁʰ˒ʺˌ ʶ˄ˈˌ ɳʄɰ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰˍʱ ˍʹ˄ 

ˉˊˇ˗ʻʹˋʹ ˍˇˎ ˋˍˇ Botlek Rail Tunnel (Bezuijen, 

Joustra, Talmon, & Grote, 2005)Φ ʁʽ ˃ʶˍˊʺˋʶʽˌ 

ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˋʶ ʵʽʱ˒ˇˊʰ ˔ˊˇ˄ʽˁʱ ʲʺ˃ʰˍʰ ˁʰʽ 

ʶ˄ʵʶʽˁˍʽˁʱ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇ ˃ʷʴʽˋˍoˌ ˁʰʽ 

ʶ˂ʱ˔ʽˋˍˇˌ ʲʰʻ˃ˈˌ ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ 

ˁʰʽ ʹ ʰ˄ˍʾˋˍˇʽ˔ʹ ˉˎˁ˄ˈˍʹˍʰ ˍˇˎ ʶʵʰ˒ʽˁˇˏ 

ˉˇ˂ˍˇˏ ʴʽʰ ˁʱʻʶ ʲʰʻ˃ˈ(10-16.5kN/m3)Φ ɴˍˋʽΣ ʹ 

ˍʽ˃ʺ ˍʹˌ ˉˎˁ˄ˈˍʹˍʰˌ ʾˋʹ ˃ʶ 13kN/m3 ʻʶ˖ˊʺʻʹˁʶ 

˃ʾʰ ˂ˇʴʽˁʺ ˉˊˇˋʷʴʴʽˋʹΦ ʁʽ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˍʽ˃ʷˌ 

ʰ˄ʰ˒ˇˊʱˌ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˋˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ 

ˋʺˊʰʴʴʰˌόɳʽˁˈ˄ʰ 3.10) ˁʰʽ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ˄ 

ˇ˂ʽˁʺ ˇˊʽʸˈ˄ˍʽʰ ʴʶ̟ ˋˍʰˍʽˁʺ ˍʱˋʹ ˋˍˇ ˉʶʵʾˇΦ 

PAPPLIED/PSOIL (ʅ˔ʷˋʹ 3.3, ʅ˔ʷˋʹ 3.4 & ʅ˔ʷˋʹ 3.5). ʅˍˇ 

Simulia ABAQUS ʰˎˍʺ ʹ ˍˊʰˉʶʸˇʶʽʵʺˌ ˉʾʶˋʹ ˋˍˇ 

˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ʶ ʶ˒ʰˊ˃ˇʴʺ 

ˁʰˍʰ˄ʶ˃ʹ˃ʷ˄ˇˎ ˒ˇˊˍʾˇˎΦ 

 

3.8 ɾˈˊ˒˖ˋʹ ˋˍˇʽ˔ʶʾ˖˄ ̱ ʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ (Final Lining) 

ʁʽ ˍˎˉʽˁʷˌ ˋʺˊʰʴʴʶˌ ˉˇˎ ʵʽʰ˄ˇʾʴˇ˄ˍʰʽ ˃ʶ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹ ˃ʷʻˇʵˇ ʶˁˋˁʰ˒ʺˌΣ 

ˎˉˇˋˍʹˊʾʸˇ˄ˍʰʽ ˃ʷˋ˖ ˉˊˇˁʰˍʰˋˁʶˎʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˋˁˎˊˇʵʷ˃ʰˍˇˌ όprecast concrete 

segmental liningsύ ˍʰ ˇˉˇʾʰ ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶˍʰ˅ˏ ˍˇˎˌ ˃ʶ ˃ʶˍʰ˂˂ʽˁʷˌ ʲʾʵʶˌ ˁʰʽ ˅ˎ˂ˈˉˊˇˁʶˌΦ 

ɴ˄ʰ ˋˏ˄ʹʻʶˌ segmental lining ring ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˉʷ˄ˍʶ ˃ʶ ʶˉˍʱ segments ˁʰʽ ʷ˄ʰ 

˃ʽˁˊˈˍʶˊˇ key-elementΣ ˉˇˎ ˍˇˉˇʻʶˍʶʾˍʰʽ ˍʶ˂ʶˎˍʰʾˇ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˇ˂ˇˁ˂ʹˊ˗ˋʶʽ ˁʰʽ 

ˋˍʰʻʶˊˇˉˇʽʺˋʶʽ ˍˇ ʵʰˁˍˏ˂ʽˇόringύΦ ʆˇ ˁˏˊʽˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ʶ˄ˈˌ segmental lining ring 

ʶʾ˄ʰʽ ˇ ˃ʶʴʱ˂ˇˌ ʲʰʻ˃ˈˌ ˋˎ˄ʵʷˋ˃˖˄ (jointing). 

ʁʽ ˋˏ˄ʵʶˋ˃ˇʽ όjointsύ ˔˖ˊʾʸˇ˄ˍʰʽ ˋʶ (i) ring joints ˃ʶˍʰ˅ˏ ˍ˖˄ ʵʰˁ̱ ˎ˂ʾ˖˄ ˁʰʽ ii) longitudinal 

joints ˃ ʶˍʰ˅ˏ ˍ˖˄ segments ʁ ˄ˈˌ ʵʰˁ̱ ˎ˂ʾˇˎ όɳʽˁˈ˄ʰ 3.11, i). 

ɳʽˁˈ˄ʰ 3.10: ɼʰˍʰ˄ˇ˃ʺ ˉʾʶˋʹˌ ˋˍˇ ʻʱ˂ʰ˃ˇ 
ʶˁˋˁʰ˒ʺˌ ʶ˄ˈˌ ɳʄɰ ˋˍˇ .ƻǘƭŜƪ wŀƛƭ ¢ǳƴƴŜƭ 
ʴʽʰ ʵʽʱ˒ˇˊʰ ˔ˊˇ˄ʽˁʱ ʲʺ˃ʰˍʰΣ ʶ˄ʵʶʽˁˍʽˁʱ 
˒ʰʾ˄ˇ˄ˍʰʽ ˇ ˃ʷʴʽˋˍˇˌ ˁʰʽ ʶ˂ʱ˔ʽˋˍˇˌ ʲʰʻ˃ˈˌ 
ˉʾʶˋʹˌ ˋˍˇ ˃ʷˍ˖ˉˇ ˁʰʽ ʹ ʰ˄ˍʾˋˍˇʽ˔ʶˌ 
ˉˎˁ˄ˈˍʹˍʶˌ ʶʵʰ˒ʽˁˇˏ ˉˇ˂ˍˇˏ (Bezuijen et 
al. 2005) 
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ɳʽˁˈ˄ʰ 3.11: ɳ˄ʵʶʽˁˍʽˁʺ ʰˉʶʽˁˈ˄ʽˋʹ (i) segmental lining simulation ˁ ʰʽ (ii) continuous shell lining 
(ɼav˄ adas M. et al,2015) 

ʂˉ˖ˌ ˋˍʽˌ ˉʶˊʽˋ̀ ˈˍʶˊʶˌ ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ ˃ʹ˔ʰ˄ˇˉˇʽʹ˃ʷ˄ʹˌ ˈˊˎ˅ʹˌΣ ʹ ˍʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ 

(final liningύ ˃ˇ˄ˍʶ˂ˇˉˇʽʶʾˍʰʽ ˖ˌ ʷ˄ʰˌ ʶ˂ʰˋˍʽˁˈˌΣ ˋˎ˄ʶ˔ʷˌ ˁˏ˂ʽ˄ʵˊˇˌ ˃ʶ ʶˉʽ˒ʰ˄ʶʽʰˁʱ 

ˋˍˇʽ˔ʶʾʰ shell elements ˍˏˉˇˎ (S4) ˁʰʽ ʴΩ ʰˎˍˈ ʴʽʰ ˂ˈʴˇˎˌ ʰˉ˂ˇˉˇʾʹˋʹˌΣ ˂ʰ˃ʲʱ˄ʶˍʰʽ 

ˎˉˈ˕ʽ˄ ˁʰ˃ʾʰ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ segments ʺ ˍ˖˄ ʵʰˁˍˎ˂ʾ˖˄ όrings) (ɳʽˁˈ˄ʰ 3.11, 

iiύΦ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʻʶ˗ˊʹˋʹΣ ʶ˂ʱ˔ʽˋˍʰ ʰˉˇˁ˂ʾ˄ʶʽ ʰˉˈ ˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰΣ ˈˉ˖ˌ ˋˍʹ˄ 

ˉʶˊʾˉˍ˖ˋʹ ˁʰˍʰ˄ʶ˃ʹ˃ʷ˄˖˄ ˒ˇˊˍʾ˖˄ ˋˍʹ˄ ˁʰˍʱ ˃ʺˁˇˌ ʵʽʶˏʻˎ˄ˋʹΣ ʶˉʾ ˍʹˌ ʶˉʷ˄ʵˎˋʹˌΣ 

ˁ˂ʽ˃ʰˁ˖ˍʺ ˋˏ˄ʵʶˋʹ ˍ˖˄ ˋˎ˄ʵʷˋ˃˖˄ ʶ˄ʶˊʴˇˉˇʽʶʾ ˃ʹ˔ʰ˄ʽˋ˃ˈ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹˌ ʵˎ˄ʱ˃ʶ˖˄ 

˃ʶˍʰ˅ˏ ʵʽˉ˂ʰ˄˗˄ ʵʰˁˍˎ˂ʾ˖˄ όringsύΣ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ˍʰ ˂ʶʴˈ˃ʶ˄ʰ coupling effects (Arnau 

O., Molins C., 2012). ʆʷ˂ˇˌΣ ʹ ˍʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ ʰ˄ˍʽˉˊˇˋ˖ˉʶˏʶʽ ʷ˄ʰ ʰʵʽʰˉʷˊʰˍˇ ˈˊʽˇ ˋˍˇˎˌ 

ˍˇʾ˔ˇˎˌ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˗ˋˍʶ ˍˇ ˄ʶˊˈ ˄ʰ ˊʷʶʽ ˃ˈ˄ˇ ˉˊˇˌ ˍˇ ˃ʷˍ˖ˉˇΦ ʁʽ ʽʵʽˈˍʹˍʶˌ ˍʹˌ ˍʶ˂ʽˁʺˌ 

ʶˉʷ˄ʵˎˋʹˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˍˇ˄ ʰˁˈ˂ˇˎʻˇ ˉʾ˄ʰˁʰΥ 

ʃʾ˄ʰˁʰˌ 3.6Υ ɹʵʽˈˍʹˍʶˌ ˍʶ˂ʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ ό¢ǳƴƴŜƭ ƭƛƴƛƴƎύ 

 

 

 

 

 

 

3.9 ʅˍʱʵʽʰ ʰ˄ʱ˂ˎˋʹˌ  

E˒ ˈˋˇ˄ ʷ˔ˇˎ˄ ˉʰˊˇˎˋʽʰˋˍʶʾ ˍʰ ʲʰˋʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎΣ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ˄ʰ 

ˉʶˊʽʴˊʰ˒ˇˏ˄ ˍʰ ʲʺ˃ʰˍʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ ʶˁˋˁʰ˒ʺˌΦ ɶ ʶˁˋˁʰ˒ʺ 

ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ˃ʶ ʵʽʰʵˇ˔ʽˁʺ ʰˉʶ˄ʶˊʴˇˉˇʾʹˋʹ ˋˎʴˁʶˁˊʽ˃ʷ˄˖˄Σ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄Φ 

ʁʽ ʰ˄ʰ˂ˏˋʶʽˌ ʵʽʶ˅ʱʴˇ˄ˍʰʽ ˃ʷˋ˖ ˃ʽʰˌ ʲʺ˃ʰ-ʲʺ˃ʰ ʵʽʰʵʽˁʰˋʾʰˌ ˍʰ ˁˎˊʽˈˍʶˊʰ ʲʺ˃ʰˍʰ ˍʹˌ 

ˇˉˇʾʰˌ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˋˍʹ˄ ɳʽˁˈ˄ʰ 3.12.  

o ɱʶ˖ˋˍʰˍʽˁˈ ʲʺ˃ʰ (Geostatic step) 

i ii

ʆʶ˂ʽˁʺ ʶˉʷ˄ʵˎˋʹ (Tunnel lining) 

ɳ˅˖ˍʶˊʽˁʺ ʵʽʱ˃ʶˍˊˇˌ 5m 

ʃʱ˔ˇˌ 0.35m 

ɾʺˁˇˌ ʵʰˁˍˎ˂ʾˇˎ 1.5m 

ɾʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ 20GPa 

ɳʽʵʽˁˈ ʲʱˊˇˌ ˋˁˎˊˇʵʷ˃ʰˍˇˌ 25kɿ/m3 

ɽˈʴˇˌ Poisson 0.2 
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To ˉˊ˗ˍˇ ʲʺ˃ʰ ˍʹˌ ʰ˄ʱ˂ˎˋʹˌ ʶʾ˄ʰʽ ˍˇ ɱʁ ˖ˋˍʰˍʽˁˈΣ ˈˉˇˎ ˍˇ ʷʵʰ˒ˇˌ ʲˊʾˋˁʶˍʰʽ ˁʱˍ˖ ʰˉˈ 

ʷ˄ʰ ʰˊ˔ʽˁˈ ʴʶ˖ˋˍʰˍʽˁˈ ˉʶʵʾˇ ˍʱˋʶ˖˄Φ 

o ɳʴˁʰˍʱˋˍʰˋʹ ʆɰɾ (TBM installation) 

ʆˇ ʲʺ˃ʰ ʰˎˍˈ ʰˁˇ˂ˇˎʻʶʾ ˍˇ ʴʶ˖ˋˍʰˍʽˁˈ ˁʰʽ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇ ʴʽʰ ˍʹ˄ ʶ˄ʶˊʴˇˉˇʾʹˋʹ ˍˇˎ 

˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰʽ ˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ʶˉʽ˒ʰ˄ʶʽ˗˄Φ 

ü ʆˇ ʷʵʰ˒ˇˌ ˋˍʰ ˈˊʽʰ ˍʹˌ ʶˁˋˁʰ˒ʺˌ όʶˉˍʱ ˒ʷˍʶˌ ʶˁˋˁʰ˒ʺˌύ ʰ˒ʰʽˊʶʾˍʰʽ ʴʽʰ ʷ˄ʰ ˃ʺˁˇˌ 

ʾˋˇ ˃ʶ ˍˇ ˃ʺˁˇˌ ˍʹˌ ʰˋˉʾʵʰˌ ό10.5m). 

ü ʆˇ ʆɰɾ ˃ʶ ˈ˂ʰ ˍʰ ˃ʷˊʹ ˉˇˎ ˍˇ ʰˉʰˊˍʾʸˇˎ˄ όʰˋˉʾʵʰΣ ˁˇˉˍʽˁʺ ˁʶ˒ʰ˂ʺΣ 

ʵʽʰ˒ˊʰʴ˃ʰˍʽˁˈˌ ˍˇʾ˔ˇˌ ˁˍ˂ˉΦύ ʶʽˋʱʴʶˍʰʽ ˁʰʽ ʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ʰ˄ʱ˃ʶˋʰ ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ 

ʷɻ ʰ˒ˇˌ ˁʰʽ ˍʹ˄ ʰˋˉʾʵʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʶ˄ʶˊʴˇˉˇʽʶʾˍʰʽΦ ʆˇ ˇˎˊʰʾˇ ˁʶ˄ˈ ʶ˅ʰʽˍʾʰˌ 

ˍʹˌ ˁ˖˄ʽˁˈˍʹˍʰˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰʽ ˍˇˎ overcut ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ʴʶ˖˃ʶˍˊʽˁʱ ˂ˈʴ˖ 

ˍʹˌ ˃ʽˁˊˈˍʶˊʹˌ ʵʽʰ˃ʷˍˊˇˎ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˖ˌ ˉˊˇˌ ˍˇ ˈˊʽˇ ʶˁˋˁʰ˒ʺˌόмΦмΦоΦύ 

ü ǨűŬȍȉȕȃŮŰŬȆ Ȅ ɸǿŮůȄ ůŰȌ ȉǽŰȒɸȌ(face  pressure )  (1.1.5)  

ü ʁ ʵʰˁˍˏ˂ʽˇˌ ʶˉʷ˄ʵˎˋʹˌ όsegmental ringύ ˃ʺˁˇˎˌ мΦрm ʶʴˁʰʻʾˋˍʰˍʰʽ ˃ʷˋʰ ˋˍˇ ˉʾˋ˖ 

ˍ˃ʺ˃ʰ ˍʹˌ ʰˋˉʾʵʰˌ ˔˖ˊʾˌ ˄ʰ ʰ˂˂ʹ˂ˇʁ ˉʽʵˊʱ ˃ʶ ˍˇ ʷʵʰ˒ˇˌ όмΦмΦпύ 

o ɰʺ˃ʰ άƴέ 

ɾʶˍʱ ˍʹ˄ ʶʴˁʰˍʱˋˍʰˋʹ ˍˇˎ ɳʄɰΣ ˍʰ ʲʺ˃ʰˍʰ ˍʹˌ ʰ˄ʱ˂ˎˋʹˌ ʰˁˇ˂ˇˎʻˇˏ˄ ʷ˄ʰ ʶˉʰ˄ʰ˂ʹˉˍʽˁˈ 

pattern ˎˉˇˋˍʰʵʾ˖˄ ˍʰ ˇˉˇʾʰ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ʰ˃ʷˋ˖ˌ ˉʰˊʰˁʱˍ˖Σ ˃ʷ˔ˊʽ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ 

ˍʹˌ ʰ˄ʱ˂ˎˋʹˌΦ ɴˍˋʽΣ ˎˉˇʻʷˍˇ˄ˍʰˌ ˈˍʽ ʹ ʰ˄ʱ˂ˎˋʹ ʶʾ˄ʰʽ ˋˍˇ ʲʺ˃ʰ άnέΣ ˍʰ ˁˏˊʽʰ ˎˉˇˋˍʱʵʽʰ 

όʶ˄ʶˊʴˇˉˇʾʹˋʹ ˋˍˇʽ˔ʶʾ˖˄ ˁʰʽ ʰ˒ʰʾˊʶˋʹΣ ˉˊˇ˗ʻʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁ˂ˉΦύ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ 

ʴʽʰ ˍʹ˄ ʰ˄ʱ˂ˎˋʹ ˁʰʻ˗ˌ ʴʾ˄ʶˍʰʽ ˉˊˇ˗ʻʹˋʹ ʰˉˈ ˍˇ ʲʺ˃ʰ άnέ ̀ ˍˇ ʲʺ˃ʰ άnҌмέΦ 

ü ǥűŬȆȍŮǿŰŬȆ Ȅ 1.5 m  ȉǾȇȌȏȎ űǽŰŬ ŮȇůȇŬűǾ (excavation  slice ).  

ü ʆˇ ˃ʹ˔ʱ˄ʹ˃ʰ ˉˊˇ˖ʻʶʾˍʰʽ ʴʽʰ ʷ˄ʰ ˃ʺˁˇˌ ʵʰˁˍˎ˂ʾˇˎ 1.5m ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ 

ˁʰʻˇˊʽˋ˃ʷ˄ʶˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌΦ ɼʰʻ˗ˌ ˇʽ ˁˈ˃ʲˇʽ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʶʾ˄ʰʽ ʵʽʰ˒ˇˊʶˍʽˁˇʾ 

ʰˉˈ ˍˇˎˌ ˁˈ˃ʲˇˎˌ ˍˇˎ ʶʵʱ˒ˇˎˌΣ ʹ ˃ʶˍʰˁʾ˄ʹˋʹ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ʴʽʰ ʷ˄ʰ˄ ʵʰˁˍˏ˂ʽˇ 

ʶ˄ʶˊʴˇˉˇʽʶʾ ˃ʾʰ ˋ˔ʷˋʹ ʶˉʰ˒ʺˌ ˃ʶ ˍˇˎˌ ˁˈ˃ʲˇˎˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ˉˇˎ ʲˊʾˋˁˇ˄ˍʰʽ ʷ˄ʰ˄ 

ʵʰˁˍˏ˂ʽˇ ˃ˉˊˇˋˍʱ όʴʽʰ ˉʰˊʱʵʶʽʴ˃ʰΣ ʹ ʰˋˉʾʵʰ ˋˎ˄ʷ˔ʶʽʰ ʷˊ˔ʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍˇˎˌ 

ˁˈ˃ʲˇˎˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ˉˇˎ ʲˊʾˋˁˇ˄ˍʰʽ ˋˍʹ ˄ʷʰ ʻʷˋʹ ˉˇˎ ʻʰ ʲˊʶʻʶʾ ˍˇ ˃ʹ˔ʱ˄ʹ˃ʰύΦ 

ʆˇ ˇˎˊʰʾˇ ˁʶ˄ˈ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˁ˖˄ʽˁˈˍʹˍʰˌ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˁʰʽ ˍˇˎ overcut 

ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ʴʶ˖˃ʶˍˊʽˁʱ ˃ʷˋ˖ ˃ʽˁˊˈˍʶˊʹˌ ʵʽʰ˃ʷˍˊˇˎ ʰˋˉʾʵʰˌ ʰˉˈ ˍʹ˄ ʵʽʱ˃ʶˍˊˇ 

ˍʹˌ ˋʺˊʰʴʴʰˌ(3.5). 

ü ɶ ˉʾʶˋʹ ˍˇˎ ˃ʶˍ˗ˉˇˎ όface pressureύ ˃ʶˍʰ˒ʷˊʶˍʰʽ ʰˉˈ ˍʹ˄ ˉˊˇʹʴˇˏ˃ʶ˄ʹ ʻʷˋʹ 

ό˃ʷˍ˖ˉˇ ˒ʷˍʰˌ ʶˁˋˁʰ˒ʺˌ άnҌмέύ ˋˍʹ ˄ʷʰ ʻʷˋʹ ό˃ʷˍ˖ˉˇ ˒ʷˍʰˌ ʶˁˋˁʰ˒ʺˌ άnҌнέύ 

(3.7). 

ü ɼʰʻ˗ˌ ˍˇ ˃ʹ˔ʱ˄ʹ˃ʰ ˉˊˇ˖ʻʶʾˍʰʽΣ ˇ ʵʰˁˍˏ˂ʽˇˌ ˍ˃ʹ˃ʰˍʽˁʺˌ ʶˉʷ˄ʵˎˋʹˌ όsegmental 

ring) άn-тέ ˉˇˎ ʲˊʽˋˁˈˍʰ˄ ˃ʷˋʰ ˋˍˇ ˃ʹ˔ʱ˄ʹ˃ʰΣ άh ˒ʺ˄ʶˍʰʽέ ˉʾˋ˖ ˁʰʽ ʰ˂˂ʹ˂ʶˉʽʵˊʱ 

˃ʶ ˍˇ ʷʵʰ˒ˇˌ ˁʰʽ ʷ˄ʰˌ ʱ˂˂ˇˌ ʵʰˁˍˏ˂ʽˇˌ άn-сέ ʶʴˁʰʻʾˋˍʰˍʰʽ ˃ʷˋʰ ˋˍˇ ˃ʹ˔ʱ˄ʹ˃ʰ 

(ɳʽˁˈ˄ʰ 3.12,iii) ̝ ˖ˊʾˌ ˄ʰ ʰ˂˂ʹ˂ʶˉʽʵˊʱ ˁʰʻˈ˂ˇˎ ˃ʶ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʴʶ˖ˎ˂ʽˁ(̍3.8.). 
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ü ʆˇ ˁʶ˄ˈ ʰ˄ʱ˃ʶˋʰ ˋˍˇ ʵʰˁˍˏ˂ʽˇ άn-тέ ˁʰʽ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ˉ˂ʹˊ˗˄ʶˍʰʽ ˃ʶ 

ˋˍˇʽ˔ʶʾʰ ʶ˄ʷ˃ʰˍˇˌ όgrout elementsύΣ ˈˉˇˎ ʹ ˒ʷˍʰ ˃ʶ ˍˇ ʷ˄ʶ˃ʰ άn-тέ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ 

˃ʶ ˍˇ ˉˊʱˋʽ˄ˇ (ɳʽˁˈ˄ʰ 3.12,iv). ɶ ˉʾʶˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ όgrout pressure) 

ˉˊˇˋˇ˃ˇʽ˗˄ʶˍʰʽ ˍˊˇˉˇˉˇʽ˗˄ˍʰˌ ˍʶ˔˄ʹˍʱ ˍˇ ˉʶʵʾˇ ˍ˖˄ ˍʱˋʶ˖˄ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˇˎ 

ʶ˄ʷ˃ʰˍˇˌ ˉˇˎ ˃ˈ˂ʽˌ ʶʴˁʰˍʰˋˍʱʻʹˁʰ˄Σ ˃ʷˋ˖ ʰˏ˅ʹˋʹˌ ˍʹˌ ˍʽ˃ʺˌ ˍʹˌ ʽˋˈˍˊˇˉʹˌ 

ˉʾ ʶˋʹˌ ˉˇˎ ʽˋˇˏˍʰʽ ˃ʶ ˍʹ˄ ˉʾʶˋʹ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌ ˁʰʽ ʷˍˋʽ ʰ˄ʰˍʾʻʶˍʰʽ ˋˍˇ ˎ˂ʽˁˈ ˍˇˎ 

ʶ˄ʷ˃ʰˍˇˌ ˃ʾʰ ˔ˊˇ˄ʽˁʱ ʶ˅ʰˊˍ˗˃ʶ˄ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˋˁ˂ʺˊˎ˄ˋʹˌό3.6). 

ʂ˂ʰ ˍʰ ʲʺ˃ʰˍʰ ˍʹˌ ʰ˄ʱ˂ˎˋʹˌ ʰˉˇˍʶ˂ˇˏ˄ ˃ʽʰ ʶˉʰ˄ʰ˂ʹˉˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ˍˇˎ 

ˉˊˇʰ˄ʰ˒ʶˊʻʷ˄ˍˇˌ ʲʺ˃ʰˍˇˌ άnέΦ ɶ ʰ˄ʱ˂ˎˋʹ ˇ˂ˇˁ˂ʹˊ˗˄ʶˍʰʽ ʶˉʽˍˎ˔˗ˌ ˈˍʰ˄ ˍˇ ˃ʹ˔ʱ˄ʹ˃ʰ 

ʷ˔ʶʽ άʁ ˁˋˁʱ˕ʶʽέ ̱ ˇ ʰˉʰʽˍˇˏ˃ʶ˄ˇ ˃ʺˁˇˌ ʶˁˋˁʰ˒ʺˌΦ 

 

ɳʽˁˈ˄ʰ 3.12: 9˄ʵʶʽˁˍʽˁʺ ˉʰˊˇˎˋʾʰˋʹ ˍ˖˄ ʲʹ˃ʱˍ˖˄ ʰ˄ʱ˂ˎˋʹˌ ƛύ ʲʺ˃ʰ ʰ˄ʱ˂ˎˋʹˌ άƴέΣ ƛƛύ 

ʲʺ˃ʰ ʰ˄ʱ˂ˎˋʹˌ άƴҌмέΣ ƛƛƛύ ʲʺ˃ʰ ʰ˄ʱ˂ˎˋʹˌ άƴҌмέ ˃ʶ ʷ˃˒ʰˋʹ ˋˍʹ˄ ʶ˄ʶˊʴˇˉˇʾʹˋʹ ˍʹˌ ˒ʷˍʰˌ 

ʶˉʷ˄ʵˎˋʹˌ όǎŜƎƳŜƴǘ ǎƭƛŎŜύ άƴ-сέ ƛǾύ ʲʺ˃ʰ ʰ˄ʱ˂ˎˋʹˌ άƴҌмέ ˃ʶ ʷ˃˒ʰˋʹ ˋˍʹ˄ ʶ˄ʶˊʴˇˉˇʾʹˋʹ 

ˍʹˌ ˒ʷˍʰˌ ʶ˄ʷ˃ʰˍˇˌ όƎǊƻǳǘ ǎƭƛŎŜύ άƴ-тέ (Litsas et al, 2015)  

iii ñStep n+1ò

ñn-6ò 
segment slice

iv ñStep n+1ò

ñn-7ò
grout slice

i

ñn+1ò
excavation slice

ñStep nò

ñStep n+1ò

ñn+2ò
excavation slice

face of excavation
slice ñn+2òii
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4 Aˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ 

4.1 E̔ ˋʰʴ˖ʴʺ 

ɶ ʲʰˋʽˁʺ ʵˇ˃ʺ ˍ˖˄ ˉʰˊʰ˃ʶˍˊʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ʶˁˍʶʾ˄ʶˍʰʽ ˋʶ ˍˊʾʰ (3) ̄ ʶʵʾʰ ʵʽʶˊʶˏ˄ʹˋʹˌ ʴʽʰ 

ˁʰʻʷ˄ʰ ʰˉˈ ˍʰ ʵˏˇ (2) ˃ˇ˄ˍʷ˂ʰ ˉˇˎ ʵʹ˃ʽˇˎˊʴʺʻʹˁʰ˄ ʴʽʰ ˍˇˎˌ ʵˏˇ (2) ʵʽʰ˒ˇˊʶˍʽˁˇˏˌ 

˂ˈʴˇˎˌ ˎˉʶˊˁʶʽ˃ʷ˄˖˄κʵʽʱ˃ʶˍˊˇ ˋʺˊʰʴʴʰˌ όɶκD=2 ˁʰʽ H/D=3)Φ ʅʶ ˁʱʻʶ set ʰ˄ʰ˂ˏˋʶ˖˄Σ 

ˁʱʻʶ ˃ˇ˄ˍʷ˂ˇˎΣ ʵʽʶˊʶˎ˄ʱˍʰʽ ʴʽʰ ˇˁˍ˗ (8) ˉʶˊʽˉˍ˗ˋʶʽˌ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ʴʶ˖ˍʶ˔˄ʽˁ˗˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄, ʹ ʶˉʾʵˊʰˋʹ ˋˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ʾʰˌ ʲʰˋʽˁʺˌ ˉʰˊʰ˃ʷˍˊˇˎΦ ɾʶ ʵʶʵˇ˃ʷ˄ˇ 

ˈˍʽ ˋˁˇˉˈˌ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶʾ˄ʰʽ ˄ʰ ˃ʶ˂ʶˍʺˋʶʽ ˁʰʽ ʶˁˍʽ˃ʺˋʶʽ ˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ 

ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰʻʽʸʺˋʶ˖˄ ˁʰˍʱ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ˉˊˇ˗ʻʹˋʹˌ ʶ˄ˈˌ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ɳʄɰ ˋʶ 

ˋʺˊʰʴʴʶˌ ˋʶ ʰˋˍʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄Σ ʶˉʽ˂ʷ˔ʻʹˁʰ˄ ˍˊʶʽˌ ˉʰˊʱ˃ʶˍˊˇʽ ʶˉʽˊˊ̌ ʺˌ ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ 

ˁʰʻʽʸʺˋʶ˖˄Σ ˋ˔ʶˍʽˁʷˌ ˃ʶ ˍʰ ˃ʹ˔ʰ˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ɳʄɰΦ ʁʽ ˉʰˊʱ˃ʶˍˊˇʽ ˉˇˎ 

˃ʶˍʰʲʱ˂˂ˇˎ˃ʶ ʶʾ˄ʰʽ ˇʽ ʶ˅ʺˌ ˁʰʽ ˇʽ ˍʽ˃ʷˌ ˍˇˎˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˎʴˁʶ˄ˍˊ˖ˍʽˁʱ ˋˍˇ˄ ʃʾ˄ʰˁʰˌ 

4.3: 

ü E˒ ʰˊ˃ˇˋ˃ʷ˄ʹ ˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ - Grout Pressure, GP (3.6.3) 

ü Kʁ ˄ˈ ˋˍˇ ˃ˉˊˇˋˍʱ ˁʰʽ ˉʾˋ˖ ˍ˃ʺ˃ʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ (overcut/ tail shield Gap) ς Gap 

(3.4) 

ü ɳ˒ʰˊ˃ˇˋ˃ʷ˄ʹ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇ - Face Pressure, Papplied (3.7) 

4.2 Eɻ ʰ˒ʽˁˈˌ ˍˏˉˇˌ ς ɼʰˍʰˋˍʰˍʽˁˈˌ ɿˈ˃ˇˌ 

ɲʶʵˇ˃ʷ˄ˇˎ ˈˍʽ ˍʰ ɳʄɰ ˃ʹ˔ʰ˄ʺ˃ʰˍʰ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋʶ ʰˊʴʽ˂ˇʿ˂ˎ˗ʵʹ ʶʵʰ˒ʽˁʱ ˎ˂ʽˁʱΣ 

ˉˇˎ ˋˎ˄ʰ˄ˍ˗˄ˍʰʽ ˋˎ˄ʺʻ˖ˌ ˋʶ ʰˋˍʽˁʱ ˉʶˊʽʲʱ˂˂ˇ˄ˍʰΣ ˋˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʴʾ˄ʶˍʰʽ ʹ ˎˉˈʻʶˋʹ 

ˈˍʽ ˇ ˍˏˉˇˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ˉˇˎ ʶˁˋˁʱˉˍʶˍʰʽ ʶʾ˄ʰʽ ʷ˄ʰ ˋˎ˄ʶˁˍʽˁˈ ˎ˂ʽˁˈΣ ˇ˃ˇʴʶ˄ʷˌ ˁʰʽ 

ʽˋˈˍˊˇˉˇΦ  

ɱʽʰ ˍˇ ʷʵʰ˒ˇˌ ʻʶ˖ˊʺʻʹˁʶ ʶ˂ʰˋˍʽˁʺ ʰˉˇ˂ˏˍ˖ˌ ˉ˂ʰˋˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˃ʶ ˁˊʽˍʺˊʽˇ 

ʰˋˍˇ˔ʾʰˌ ˁʰˍʱ Mohr-Coulomb. ɮ˄ʰ˃˒ʽˋʲʺˍʹˍʰ ˍˇ ˁˊʽˍʺˊʽˇ Mohr-Coulomb ʰˉˇˍʶ˂ʶʾ ˍˇ˄ 

ˉʽˇ ˉˊʰˁˍʽˁˈ ˁʰˍʰˋˍʰˍʽˁˈ ˄ˈ˃ˇ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˍˇ ˍˇ˃ʷʰ ˍ˖˄ ʶˉʽˋˍʹ˃˗˄Σ ˃ʶ 

ˉʶˊʽˇˊʽˋ˃ˇˏˌ ˋˍʰ ˈˊʽʰ ʶ˒ʰˊ˃ˇʴʺˌ ˍˇˎΦ ʅˍʹ ˋʹˊʰʴʴˇˉˇʽʾʰΣ ˈˉˇˎ ʹ ˁʰˍʱˋˍʰˋʹ ʰˋˍˇ˔ʾʰˌ 

ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ ˋˍʰʵʽʰˁʺ ʰˉˇˍˈ˄˖ˋʹ ˍˇˎ ˎ˂ʽˁˇˏ όʰˉˇ˒ˈˊˍʽˋʹύΣ ʾˋ˖ˌ ʷ˄ʰ ˁˊʽˍʺˊʽˇ ʰˋˍˇ˔ʾʰˌ 

ˉˇˎ ˄ʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʷ˄h  ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˋˍʹ ˒ˈˊˍʽˋʹ ˁʰʽ ʷ˄ʰ ʱ˂˂ˇ ˋˍʹ˄ ʰˉˇ˒ˈˊˍʽˋʹ 

˄ʰ ʶʾ˄ʰʽ ˉʽˇ ʰˁˊʽʲʷˌ όʆˊˇˉˇˉˇʽʹ˃ʷ˄ˇ ˁˊʽˍʺˊʽˇ Cam-Clay). 

4.3 ʃʰˊʱ˃ʶˍˊˇʽ ʰ˄ʱ˂ˎˋʹˌ 

ʅˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺΣ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʶˁˍʶˍʰ˃ʷ˄ʹ ˉʰˊʰ˃ʶˍˊʽˁʺ ʰ˄ʱ˂ˎˋʹ ˉˇˎ 

ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ʷ˄ʰ ˋʹ˃ʰ˄ˍʽˁˈ ʶˏˊˇˌ ʶʵʰ˒˗˄Σ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˁʰʽ ˋˍˇ˄ ˉʾ˄ʰˁʰ ˉˇˎ 

ʰˁˇ˂ˇˎʻʶʾΣ ˇ ˇˉˇʾˇˌ ˋˎ˄ˇ˕ʾʸʶʽ ˍˇ ʶˏˊˇˌ ˍ˖˄ ʴʶ˖˃ʶˍˊʽˁ˗˄ ˁʰʽ ʴʶ˖ˍʶ˔˄ʽˁ˗˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍ˖˄ ˉʶˊʽˉˍ˗ˋʶ˖˄ ˉˇˎ ʶ˅ʶˍʱˋˍʹˁʰ˄Φ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˋˍʰ set ʰ˄ʰ˂ˏˋʶ˖˄, 

ʴʽʰ ˁʱʻʶ ˃ˇ˄ˍʷ˂ˇ όɶκDҐн ˁʰʽ H/D=3) ˉˊʰʴ˃ʰˍˇˉˇʽ̋ ʻʹˁʰ˄ ˇˁˍ˗ ό8) ʰ˄ʰ˂ˏˋʶʽˌΣ ˋˍʽˌ ˇˉˇʾʶˌ 

ˍʰ ʴʶ˖ˍʶ˔˄ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ʶʵʱ˒ˇˎˌ ˃ʶˍʰʲʱ˂˂ˇ˄ˍʰʽΣ ˋˏ˃˒˖˄ʰ ˃ʶ ʷ˄ʰ˄ ˁ˖ʵʽˁˈ(a-

h)Σ ʰˉˈ ˍʽˌ ˔ʶʽˊˈˍʶˊʶˌ ˋˍʽˌ ˁʰ˂ˏˍʶˊʶˌ ʶʵʰ˒ʽˁʷˌ ˋˎ˄ʻʺˁʶˌΦ ʁʽ ˍʽ˃ʷˌ ʰˎˍʷˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ 

ˋˍˇˎˌ ʃʾ˄ʰˁʰˌ 4.1 ˁ ʰʃ̔ʾ˄ʰˁʰˌ 4.2. 
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ʃʾ˄ʰˁʰˌ 4.1: ɹʵʽˈˍʹˍʶˌ ʶʵʰ˒ʽˁ˗˄ ˉˊˇ˒ʾ˂ ʴʽʰ ɶκD=2 

 

ʃʾ˄ʰˁʰˌ 4.2: ɹʵʽˈˍʹˍʶˌ ʶʵʰ˒ʽˁ˗˄ ˉˊˇ˒ʾ˂ ʴʽʰ ɶκD=3 

 

ɱʽʰ ˁʱʻʶ set ʰ˄ʰ˂ˏˋʶ˖˄Σ ˍˊˇˉˇˉˇʽʶʾˍʰʽ ʹ ˍʽ˃ʺ ˃ʽʰˌ ˉʰˊʰ˃ʷˍˊˇˎΣ ʶ˄˗ ʵʽʰˍʹˊˇˏ˄ˍʰʽ 

ˋˍʰʻʶˊʱ ˁʱˉˇʽʰ ʲʰˋʽˁʱ ˃ʶʴʷʻʹ ˈˉ˖ˌ ˍˇ ʶʽʵʽˁˈ ʲʱˊˇˌ ʴ ˍˇˎ ʴʶ˖ˎ˂ʽˁˇˏ ˍˇ ˇˉˇʾˇ ʶ˂ʺ˒ʻʹ 

ʾˋˇ ˃ʶ 20kN/m3, ˇ ˂ˈʴˇˌ Poisson v=0.3 ˁʰʽ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˊʽʸˈ˄ˍʽ˖˄ ˍʱˋʶ˖˄ ɼ0Σ ʹ 

ʵʽʶˊʶˏ˄ʹˋʹ ˍˇˎ ˇˉˇʾˇˎ ʵʶ˄ ʰˉˇˍʷ˂ʶˋʶ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ˁʰʽ ʷ˂ʰʲʶ 

ˍʹ˄ ˍʽ˃ʺ ɼ0=0.5.  

ɮ˃ʷˋ˖ˌ ˉʰˊʰˁʱˍ˖ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˈ˂ʶˌ ˇʽ ʲʰˋʽˁʷˌ ˉʰˊʱ˃ʶˍˊˇʽ ˉˇˎ ˎˉʶʽˋʷˊ˔ˇ˄ˍʰʽ ˋˍʽˌ 

ˍ́ ʽˋʵʽʱˋˍʰˍʶˌ ʰ˄ʰ˂ˏˋʶʽˌΦ  

ü ɾʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ ʴʽʰ ˁʱʻʶ ʸʶˏʴˇˌ ˉʰˊʰ˃ʷˍˊ˖˄ ʵʽʰˍ˃ʹˍʽˁʺˌ 

ʰ˄ˍˇ˔ʺˌΣ ɳsoil 

ɾʶ ʵʶʵˇ˃ʷ˄ʶˌ ˍʽˌ ʰˊ˔ʽˁʷˌ ʴʶ˖ˋˍʰˍʽˁʷˌ ˁˏˊʽʶˌ ˍʱˋʶʽˌ ˋ1 ˁʰʽ ˋ3 ʶ˄ˈˌ ʶʵʰ˒ʽˁˇˏ 

ˋˍˇʽ˔ʶʾˇˎ ˋˍˇ ʲʱʻˇˌ ˍˇˎ ˁʷ˄ˍˊˇˎ ˍʹˌ ˋʺˊʰʴʴʰˌ ˁʰʽ ˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ʵʽʰˍ˃ʹˍʽˁʺˌ 

ʰ˄ˍˇ˔ʺˌ ˍˇˎ ʶʵʱ˒ˇˎˌ Ŏ ˁʰʽ ˒Σ ˉˊˇˋʵʽˇˊʾˋˍʹˁʶ ʰˊ˔ʽˁʱ ʹ ˉˊˈˋʻʶˍʹ ˍʱˋʹ ҟˋ1 ˉˇˎ 

ʰˉʰʽˍʶʾˍʰʽ ʴʽʰ ˄ʰ ʰˋˍˇ˔ʺˋʶʽ ˍˇ ˋˍˇʽ˔ʶʾˇ ʰˎˍˈ ˎˉˈ ʰˋˍˊʱʴʴʽˋˍʶˌ ˋˎ˄ʻʺˁʶˌΦ ɱʽʰ ˍˇ 

ˎˉˇ˂ˇʴʽˋ˃ˈ ʰˎˍˈ˄ ˎˉˇˍʷʻʹˁʶ ˈˍʽ ʹ ˍʽ˃ʺ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺ ɮ ˍˇˎ ˍˏˉˇˎ ˍˇˎ {ƪŜƳǇǘƻƴ 

ʽˋˇˏˍʰʽ ˃ʶ мκоΦ ʃˊˇˁˏˉˍʶʽ ˂ˇʽˉˈ˄ ˈˍʽΥ 

ɳʵʰ˒ʽˁʱ ˉˊˇ˒ʾ˂ (ɶκD=2) 

Code 
ʴ 

(kN/m3) 
˒ όdeg) c (Kpa) 

Esoil 
(Mpa) 

˕ όdeg)  ˄ c̀s 
(MPa) c̀/ Po 

a 20 20 10 21.7 3.3 0.3 28.6 0.12 

b 20 20 15 23.3 3.3 0.3 42.8 0.18 

c 20 20 20 24.9 3.3 0.3 57.1 0.24 

d 20 25 20 29.9 4.2 0.3 62.8 0.26 

e 20 25 30 33.1 4.2 0.3 94.2 0.39 

f 20 30 30 38.2 5 0.3 103.9 0.43 

g 20 30 50 44.4 5 0.3 173.2 0.72 

h 20 35 70 55.3 5.8 0.3 268.9 1.12 

ɳʵʰ˒ʽˁʱ ˉˊˇ˒ʾ˂ (ɶκD=3) 

Code 
ʴ 

(kN/m3) 
˒ όdeg) c (Kpa) 

Esoil 
(Mpa) 

˕ όdeg)  ˄ c̀s 
(MPa) c̀/ Po 

a 20 20 10 31 3.3 0.3 28.6 0.08 

b 20 20 15 32.6 3.3 0.3 42.8 0.12 

c 20 20 20 34.2 3.3 0.3 57.1 0.16 

d 20 25 20 41.7 4.2 0.3 62.8 0.17 

e 20 25 30 44.9 4.2 0.3 94.2 0.26 

f 20 30 30 52.6 5 0.3 103.9 0.29 

g 20 30 50 58.8 5 0.3 173.2 0.48 

h 20 35 70 72.3 5.8 0.3 268.9 0.75 
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 ῳ„
„Ͻ́  ςὧϽὔ „

ρ ΅ὔ  ρ
  ʅ˔ʷˋʹ 4.1 

 ὔ  ὸὥὲτυ 
•
ς  ʅ˔ʷˋʹ 4.2 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ʶˁˍʽ˃ʺʻʹˁʶ ʹ ʰˋˍˊʱʴʴʽˋˍʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍˇˎ ʶʵʱ˒ˇˎˌ SuΣ ʶ˄˗ ˍˇ 

˃ʷˍˊˇ ˉʰˊʰ˃ˇˊ˒˖ˋʽ˃ˈˍʹˍʰˌ ʶˁˍʽ˃ʺʻʹˁʶ ʾˋˇ ˃ʶ 3ллϊSuΣ ʰˁˇ˂ˇˎʻ˗˄ˍʰˌ ˉˊˇˍʱˋʶʽˌ 

ʰˉˈ ˍʹ ʵʽʶʻ˄ʺ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ όBowles, 1997). 

 Ὁ σππὛ  ʅ˔ʷˋʹ 4.3 

 Ὓ  
„ ῳ„ „

ς
  ʅ˔ʷˋʹ 4.4 

 

ü Kh ˍʰˁˈˊˎ˒ʹ ʴʶ˖ˋˍʰˍʽˁʺ ˍʱˋʹ ˋˍˇ ʶˉʾˉʶʵˇ ˍʹˌ ˋʺˊʰʴʴʰˌΣ Po 

 0 ϽɾϽɠ  ʅ˔ʷˋʹ 4.5 

 

ü Ó ʽʸˈ˄ˍʽʰ ʴʶ˖ˋˍʰˍʽˁʺ ˍʱˋʹ ˋˍˇ ʶˉʾˉʶʵˇ ˍʹˌ ˋʺˊʰʴʴʰˌΣ Pho 

 0 + ϽɾϽɠ  ʅ˔ʷˋʹ 4.6 

 

ü ɾʷˋʹ ʴʶ˖ˋˍʰˍʽˁʺ ˍʱˋʹ ˋˍˇ ʶˉʾˉʶʵˇ ˍʹˌ ˋʺˊʰʴʴʰˌΣ Po,m 

 0ȟ
ρ +

ς
ϽɾϽɠ  ʅ˔ʷˋʹ 4.7 

Σ ˈˉˇˎ ɼ0 ̌  ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˊʽʸˈ˄ˍʽ˖˄ ˍʱˋʶ˖˄ 

 

ü ɱ˖˄ʾʰ ʵʽʰˋˍˇ˂ʽˁˈˍʹˍʰˌ ˕ 

ɶ ʵʽʰˋˍˇ˂ʽˁˈˍʹˍʰ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʶʵʰ˒ʽˁˇˏ ˎ˂ʽˁˇˏ ʁ ˂ʺ˒ʻʹ ʾˋʹ ˃ʶ ˒κ6Σ ʱˊʰ  

‪ σȢσ υȢψ ÄÅÇ  

 

ü Mˇ˄ˇʰ˅ˇ˄ʽˁʺ ʻ˂ʽˉˍʽˁʺ ʰ˄ˍˇ˔ʺ ˍˇˎ ʶʵʱ˒ˇˎˌΣ ˋcs 

ɶ ʰ˄ˍˇ˔ʺ ˋcs ˎˉˇ˂ˇʴʾˋˍʹˁʶ ʰˉˈ ˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ʰ˄ˍˇ˔ʺˌ Ŏ ˁʰʽ ˒Σ ˃ʷˋ˖ ˍˇˎ 

ˁˊʽˍʹˊʾˇˎ aƻƘǊ-CoulombΣ ˖ˌΥ 

 „ ςϽÃϽὔ Ͻ  ʅ˔ʷˋʹ 4.8 

Th  ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˎ˄ʰˊˍʺˋʶʽ ˍʹˌ ˃ˇ˄ˇʰ˅ˇ˄ʽˁʺˌ 

ʻ˂ʽˉˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ ˍˇˎ ʶʵʱ˒ˇˎˌΣ ˋcs. 

 

ü ɲʶʾˁˍʹˌ ʰ˄ˍˇ˔ʺˌΣ ˋcs/  Po 
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Eˁ ˒ˊʱʸʶʽ ˍʹ˄ ʰ˄ˍˇ˔ʺ ˍˇˎ ʶʵʱ˒ˇˎˌ όˎˉˇ˂ˇʴʽˋ˃ʷ˄ʹ ʰˉˈ ˍʽˌ ˉʰˊʰ˃ʷˍˊˇˎˌ ʰ˄ˍˇ˔ʺˌ c 

ˁʰʽ ˒Σ ˃ʷˋ˖ ˍˇˎ ˁˊʽˍʹˊʾˇˎ aƻƘǊ-Coulombύ ʰʵʽʰˋˍʰˍˇˉˇʽʹ˃ʷ˄ʹ ˖ˌ ˉˊˇˌ ˍʹ˄ 

ˁʰˍʰˁˈˊˎ˒ʹ ʴʶ˖ˋˍʰˍʽˁʺ ˍʱˋʹ ˋˍˇ ʶˉʾˉʶʵˇ ˍʹˌ ˋʺˊʰʴʴʰˌ 

 

ʃʾ˄ʰˁʰˌ 4.3: Iʵʽˈˍʹˍʶˌ ˁʰʽ ˉʰˊʱ˃ʶˍˊˇʽ ʰ˄ʰ˂ˏˋʶ˖˄ 

 

4.4 ɳˉʽˊˊˇʺ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ 

ʁʽ h˄ ʰ˂ˏˋʶʽˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˃ʶ ˍˇ ˉˊˈʴˊʰ˃˃ʰ Abaqus Simulia. ʅˍʽˌ ʰ˄ʰ˂ˏˋʶʽˌ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˍ h˃ ˇ˄ˍʷ˂ʰ ̄ ˇˎ ˉʰˊˇˎˋʽʱˋˍʹˁʰ˄ ̀ ˍˇ ˉˊˇʹʴˇˏ˃ʶ˄ˇ ˁʶ˒ʱ˂ʰʽˇΦ ʅˎ˄ˇ˂ʽˁʱ 

ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʶʲʵˇ˃ʺ˄ˍʰ ʷ˅ʽ ό76) ʰ˄ʰ˂ˏˋʶʽˌΣ ʴʽʰ ˇˁˍ˗ ό8) ʵʽʰ˒ˇˊʶˍʽˁʱ ˎ˂ʽˁ,ɦ 

ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇˎˌ ˁ˖ʵʽˁˇˏˌ ˉˇˎ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˉʰˊʰˉʱ˄˖ όa-h). 

ɱʽʰ ˃ʶʾ˖ˋʹ ˍˇˎ ˎˉˇ˂ˇʴʽˋˍʽˁˇˏ ˁˈˋˍˇˎˌΣ ˋˍʰ ˍˊʾʰ (3) ̄ ʰˁʷˍʰ ʰ˄ʰ˂ˏˋʶ˖˄Σ ʵʶ˄ ʶ˅ʶˍʱʸˇ˄ˍʰʽ ˇʽ 

ˁ˖ʵʽˁˇʾ f ˁʰʽ h ˁʰʻ˗ˌ ʹ ʶˉʾʵˊʰˋʹ ˍ˖˄ ʶ˅ʶˍʰʸˈ˃ʶ˄˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ όGaps, Grout Pressure, 

Face Pressure) ˋˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ˉˇˊʶʾ ˄ʰ ʶˁˍʽ˃ʹʻʶʾ ˁʰʽ ʵʾ˔˖ˌ ˍ˖˄ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʹ 

ʰ˄ʰ˂ˏˋʶ˖˄ ʴΩ ʰˎˍˇˏˌ ˍˇˎˌ ˁ˖ʵʽˁˇˏˌΦ 

ɮˉˈ ˍˇ ˉ˂ʺʻˇˌ ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˉˇˎ ʵʽʶ˅ʺ˔ʻʹˋʰ˄, ʶˉʽ˂ʷ˔ʻʹˁʰ˄ ʵˏˇ ό2) ʰ˄ˍʽˉˊˇˋ˖ˉʶˎˍʽˁʷˌ 

ʰ˄ʰ˂ˏˋʶʽˌ όˁ˖ʵʽˁˇʾ b ˁʰʽ g) ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˉʰˊˇˎˋʽʰˋˍˇˏ˄ ˇʽ ˍʽ˃ʷˌ ˍ˖˄ ˃ʶʴʶʻ˗˄ ˉˇˎ 

ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄. ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˉˇˎ ʶˉʽ˂ʷ˔ʻʹˁʰ˄ ˄ʰ ˉʰˊˇˎˋʽʰˋˍˇˏ˄ 

ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ʶ˄ʵʶʽˁˍʽˁʷˌ ʰ˄ʰ˂ˏˋʶʽˌ ˃ʶ ˍˊˈˉˇ ˗ˋˍʶ ˄ʰ ʶʾ˄ʰʽ ʶ˒ʽˁˍʺ ʹ ˋˏʴˁˊʽˋʹ ˃ʶˍʰ˅ˏ 

ˍˇˎˌΦ 

ɱʽʰ ˍʹ˄ ʶˁˍʷ˂ʶˋʹ ˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʹ ʶ˅ʺˌ ʵʽʰʵʽˁʰˋʾʰΥ 

ʵʹ˃ʽˇˎˊʴʺʻʹˁʶ ˍˇ ʰˊ˔ʶʾˇ ʵʶʵˇ˃ʷ˄˖˄ όƛƴǇǳǘ ŦƛƭŜύ ˍˇ ˇˉˇʾˇ ˋˎʴˁˊˇˍʺʻʹˁʶ ˃ʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ 

˃ʶʻˇʵˇ˂ˇʴʾʰΣ ˃ʶ ˔ˊʺˋʹ ˍˇˎ ˉˊˇʴˊʱ˃˃ʰˍˇˌ aƛŎǊƻǎƻŦǘ 9ȄŎŜƭΣ ˂ˈʴ˖ ˍʹˌ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰˌ ˍˇˎ 

ˉˊˇʲ˂ʺ˃ʰˍˇˌΦ ʅˍˇ ʰˊ˔ʶʾˇ ʵʶʵˇ˃ʷ˄˖˄ όƛƴǇǳǘ ŦƛƭŜύ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʶʽˋʰʴ˖ʴʺ ˍ˖˄ ˁˈ˃ʲ˖˄ 

ɳʵʰ˒ʽˁʷˌ ˉʰˊʱ˃ʶˍˊˇʽ ʃʰˊʱ˃ʶˍˊˇʽ ʆɰɾ 

ɱ˖˄ʾʰ ʶˋ˖ˍʶˊʽˁʺˌ ˍˊʽʲʺˌΣ 
(˒deg) 

20 - 30 ʃʾʶˋʹ ˃ʶˍ˗ˉˇˎ, FP (Kpa) 129, 189 

ɱ˖˄ʾʰ ʵʽʰˋˍˇ˂ʽˁˈˍʹˍʰˌΣ 
(̞deg) 

3.3 - 5 Overcut / Tail shield Gap(cm) 1/4 

ʅˎ˄ˇ˔ʺΣ c(Kpa) 10 ς 50 ʃʾʶˋʹ ʁ ˄ʷ˃ʰˍˇˌ, GP (ɼpa) 180, 300 

ɾʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ, 
Esoil(MPa) 

21.7 ς 58.8 mɹuck(kɿ/m3) 13 

A˄ˍˇ˔ʺ ˋʶ ʻ˂ʾ˕ʹΣ ˋcs(MPa) 28.6 ς 268.9  ɾʺˁˇˌ ɻ ʰˁˍˎ˂ʾˇˎ(m) 1.5 

  ʃ˂ʱˍˇˌ ɻ ʰˁˍˎ˂ʾˇˎ(m) 0.35 

  Bɦ ˊˇˌ ʆɰɾ(tons) 1000 

ɳʵʰ˒ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ  

ɽˈʴˇˌ Poisson, ˄ 0.3  

E̔ ʵʽˁˈ ʲʱˊˇˌΣ ʴ (kN/m3) 20  

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ̄ ˂ʶˎˊʽˁ˗˄ 
˖ʻʺˋʶ˖˄Σ K0 

0.5  
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όƴƻŘŜǎύΣ ˍ˖˄ ˉʶˉʶˊʰˋ˃ʷ˄˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʶʵʱ˒ˇˎˌΣ ˁʶ˂ˏ˒ˇˎˌ όǎƻƭƛŘ ŜƭŜƳŜƴǘǎΣ shell elements 

ʰ˄ˍʾˋˍˇʽ˔ʰύΣ ˍ˖˄ ʽʵʽˇˍʺˍ˖˄ ˍ˖˄ ʴʶ˖ˎ˂ʽˁ˗˄ ˁʰʽ ˍ˖˄ ʱ˂˂˖˄ ˎ˂ʽˁ˗˄ όƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎύΣ ˍˇˎ 

ʰˊ˔ʽˁˇˏ όʴʶ˖ˋˍʰˍʽˁˇˏύ ʶ˄ˍʰˍʽˁˇˏ ˉʶʵʾˇˎ όƛƴƛǘƛŀƭ ŎƻƴŘƛǘƛƻƴǎύΣ ˍ˖˄ ˋˎ˄ˇˊʽʰˁ˗˄ ˋˎ˄ʻʹˁ˗˄ 

όōƻǳƴŘŀǊȅ ŎƻƴŘƛǘƛƻƴǎύ ˁʰʽ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʴʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍ˖˄ ʸʹˍˇˎ˃ʷ˄˖˄ όƻǳǘǇǳǘύ 

ˁʰʽ ˍʹ˄ ʶ˅ʰʴ˖ʴʺ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄Φ ʆʰ ʶ˅ʰ˔ʻʷ˄ˍʰ ˃ʶʴʷʻʹ όƻǳǘǇǳǘύ ʶʾ˄ʰʽ ˍʰ ʶ˅ʺˌΥ oʽ 

ˁʰˍʰˁˈˊˎ˒ʶˌ ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ όU3) ˁ ʰʽ ˇʽ ˉ˂ʰˋˍʽˁʷˌ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌ όPEMAG). 

ʅʹ˃ʶʽ˗˄ʶˍʰʽ ˈˍʽ ˈ˂ʶˌ ˇʽ ʰ˄ʰ˂ˏˋʶʽˌ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˋʺˊʰʴʴʰ ˉˇˎ ʶˁˋˁʱˉˍʶˍʰʽ 

ˉʱ˄˖ ʰˉˈ ˍˇ˄ ˎʵˊˇ˒ˈˊˇ ˇˊʾʸˇ˄ˍʰ όdry conditions). 

4.4.1 ɳˉʽˊˊˇʺ ˉʾʶˋʹˌ ʶ˄ʷ˃ʰˍˇˌ όGrout Pressure effect) 

ɶ ˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ ˉˊˇˋˇ˃ˇʽ˗ʻʹˁʶΣ ˈˉ˖ˌ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍʹ˄ ʶ˄ˈˍʹˍʰ 3.6.3Σ ˃ʶ ʶ˅ʰˉ˂ʶˎˊʽˁʱ 

ˉʶˉʶˊʰˋ˃ʷ˄ʰ ˋˍˇʽ˔ʶʾʰΣ solid elements ˍˏˉˇˎ C3DуΣ ˋˍʰ ˇˉˇʾʰ ʵʾ˄ʶˍʰʽ ʷ˄ʰ ʰˊ˔ʽˁˈ ʶ˄ˍʰˍʽˁˈ 

ˉʶʵʾˇ ʾˋˇ ˃ʶ ˍʹ˄ ˉʾʶˋʹ ˉˇˎ ʻʰ ʰˋˁʹʻʶʾ ʰˉˈ ˍˇ ʷ˄ʶ˃ʰΦ ɴ˔ˇ˄ˍʰˌ ˃ʽʰ ˔ʰ˃ʹ˂ʺ ˍʽ˃ʺ 

ʵˎˋˁʰ˃˕ʾʰˌ ˂ʾʴˇ ˃ʶˍʱ ˍʹ˄ ʷʴ˔ˎˋʹΣ ˂ˈʴ˖ ˍˇˎ ʰˊ˔ʽˁˇˏ ʶ˄ˍʰˍʽˁˇˏ ˉʶʵʾˇˎΣ ˍʰ ˋˍˇʽ˔ʶʾʰ 

όʷ˄ʶ˃ʰύ ˍʶʾ˄ˇˎ˄ ˄ʰ ʵʽˇʴˁ˖ʻˇˏ˄ ˁʰʽ ˄ʰ ˉʽʷˋˇˎ˄ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ʷʵʰ˒ˇˌ ˃ʷ˔ˊʽ ʰˎˍˈ ˄ʰ ʷˊʻʶʽ 

ˋʶ ˁʰˍʱˋˍʰˋʹ ʽˋˇˊˊˇˉʾʰˌΦ  

ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˉˇˎ ʻʰ ˉʰˊˇˎˋʽʰˋʻˇˏ˄ ʷ˔ˇˎ˄ ˍʰ ʶ˅ʺˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱΥ 

ʃʾ˄ʰˁʰˌ 4.4: ʁ˃ʱʵʶˌ ˉʰˊʰ˃ʷˍˊ˖˄ ʶʵʱ˒ˇˎˌ ʴʽʰ ʲʱʻʹ ˋʺˊʰʴʴʰˌ H=2D ˁ ʰʽ H=3D 

 

 

 

 

ʃʾ˄ʰˁʰˌ 4.5: ʆʽ˃ʷˌ ˉʾʶˋʹˌ ʶ˄ʷ˃ʰˍˇˌ 

 

 

 

 

ʅˍʰ ˋ˔ʺ˃ʰˍʰ ˉˇˎ ʰˁˇ˂ˇˎʻˇˏ˄ ˒ʰʾ˄ʶˍʰʽΣ ʴʽʰ ˍʽˌ ʵˏˇ (2) ˉʶˊʽˉˍ˗ˋʶʽˌ ʲʱʻˇˎˌ ˋʺˊʰʴʴʰˌ 

(H/D=2 ˁʰʽ H/D=3) ˁʰʽ ʴʽʰ ˍʽˌ ʵˏˇ (2) ˇ˃ʱʵʶˌ ˉʰˊʰ˃ʷˍˊ˖˄ ʶʵʱ˒ˇˎˌΤ ʴʽʰ ʷ˄ʰ ˋ˔ʶˍʽˁʱ 

ʰˋʻʶ˄ʷˌ ʶʵʰ˒ʽˁˈ ˎ˂ʽˁˈ ς ˉˊˈʲ˂ʹ˃ʰ ˃ʶʴʱ˂˖˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ όc̀s=42.8 ɼǇŀ ς code b) ˁʰʽ 

ʴʽʰ ʷ˄ʰ ˉʽˇ ʽˋ˔ˎˊˈ ʷʵʰ˒ˇˌ ς ˉˊˈʲ˂ʹ˃ʰ ˋ˔ʶˍʽˁʱ ˃ʽˁˊ˗˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖ ˄όc̀s=172.3 ɼǇŀ ς 

code g), ˉˇˎ ʶ˅ʶˍʱˋʻʹˁʰ˄ ʴʽʰ ʵʹ˃ʽˇˎˊʴˇˏ˃ʶ˄ˇ overcut/ tail shield Gap 1/4cmΣ ʴʽʰ 

ʰˋˁˇˏ˃ʶ˄ʹ ˉʾʶˋʹ ˋˍˇ ˃ʷˍ˖ˉˇ Papplied=129 Kpa ʴʽʰ ɶκD=2 ˁ ʰʽ Papplied=189 Kpa ʴʽʰ ɶκD=о ˁʰʽ 

ʴʽʰ ˍˊʶʽˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˉʾʶˋʹˌ ʶ˄ʷ˃ʰˍˇˌ όDtfactor=0.5, GPfactor=1 ˁ ʰʽ GPfactor=1.5): 

ɴʵʰ˒ˇˌ 
c̀s=42.8 Kpa 

(code b) 
c̀s=172.3 Kpa 

(code g) 

ɱ˖˄ʾʰ ˍˊʽʲʺˌΣ ˒όdeg) 20 30 

ʅˎ˄ˇ˔ʺΣ c (Kpa) 15 50 

H/D GP (GPfactor=1) GP (GPfactor=0.5) GP (GPfactor=1.5) 

2 180(Kpa) 90(Kpa) 270(Kpa) 

3 300(Kpa) 150(Kpa) 450(Kpa) 
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¶ ɶ ˋˏʴˁˊʽˋʹ ˍ˖˄ ʶʴˁʱˊˋʽ˖˄ ˉˊˇ˒ʾ˂ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰˍʰˁˈˊˎ˒˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ όU3 ) 

ˍʹˌ ˋʺˊʰʴʴʰˌ ̀ ˍʽˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʷˌ ʻʷˋʶʽˌ . 

¶ ɶ ˋˏʴˁˊʽˋʹ ˍ˖˄ ʵʽʰ˃ʺˁ˖˄ ˉˊˇ˒ʾ˂ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˁʰˍʰˁˈˊˎ˒˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ όU3 ) 

ˍʹˌ ˋʺˊʰʴʴʰˌ 

¶ ɶ ˋˏʴˁˊʽˋʹΣ ˃ʶ ˍʹ ˃ˇˊ˒ʺ ʽˋˇˉʰˊʰ˃ʶˍˊʽˁ˗˄ ˁʰ˃ˉˎ˂˗˄ όŎƻƴǘƻǳǊǎύΣ ˍ˖˄ 

ˁʰˍʰˁˈˊˎ˒˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˋʶ ˈ˂ˇ ˍˇ ʶˏˊˇˌ ˍ˖˄ ˃ˇ˄ˍʷ˂˖˄Σ ʴʽʰ ʶˉˇˉˍʽˁʺ ˁʰʽ ˃ˈ˄ˇ 

ˋˏʴˁˊʽˋʹ ʰ˄ʱ˃ʶˋʰ ˋˍʽˌ 3 ̌ ˃ʱʵʶˌ ˃ˇ˄ˍʷ˂˖˄Φ 

¶ ɶ ̀ ˏʴˁˊʽˋʹ ˍ˖˄ ˁʰˍʰ˄ˇ˃˗˄ ˍ˖˄ ˉ˂ʰˋˍʽˁ˗˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄Φ 

4.4.1.1 ɳʵʰ˒ʽˁˈ ˉˊˇ˒ʾ˂ b ( c̀s = 42.8 Kpa) 

ʅˍˇ ɲʽʱʴˊʰ˃˃ʰ 4.1Σ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʴʽʰ ˍʽˌ ˍˊʶʽˌ (3) ʰ˄ʰ˂ˏˋʶʽˌ όGPfactor = 0.5, 1, 1.5) ˍʰ 

ˉˊˇ˒ʾ˂ ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˁʰˍʱ ˍˇ ʵʽʰ˃ʺˁʶˌ όʰˊʽˋˍʶˊʱ 

ʵʽʱʴˊʰ˃˃ʰύ ˁʰʽ ʶʴˁʱˊˋʽˇ όʵʶ˅ʽʱ ʵʽʱʴˊʰ˃˃ʰύ ʶˉʾˉʶʵˇ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ʴʽʰ ˍˇ ʶʵʰ˒ʽˁˈ 

ˉˊˇˋˇ˃ˇʾ˖˃ʰ ɶκD=2. H ʶʴˁʱˊˋʽʰ ˍˇ˃ʺ ʷ˔ʶʽ ˂ʹ˒ʻʶʾ ˋˍʽˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʷˌ ʻʷˋʶʽˌ όˋʶ 

ʰˉˈˋˍʰˋʹ ооm, 36m ˁʰʽ 33m ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ ʴʽʰ GPfactorҐмΣ лΦр ˁʰʽ мΦр ʰ˄ˍʾˋˍˇʽ˔ʰ). ɼʰʽ ˋˍʰ 

ʵˏˇ (2) ʵʽʰʴˊʱ˃˃ʰˍʰΣ ˇ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˍ˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʰˁˇ˂ˇˎʻʶʾ ʾʵʽʰ 

ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʰ˄ʶ˅ʰˊˍʺˍ˖ˌ ˍʽ˃ʺˌ GPfactor όʾʵʽʰ ˃ˇˊ˒ʺύΦ ɶ ˃ʷʴʽˋˍʹ ˁʰʻʾʸʹˋʹ ˉˊˇˁˏˉˍʶʽ ʴʽʰ 

GPfactor Ґ лΦр ˁʰʽ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ Usmax,overall = 20mm. ɳˉʾˋʹˌΣ ˉʰˊʰ̱́ ˊʶʾˍʰʽ ˈˍʽ ˎˉʱˊ˔ʶʽ ʶˉʽˊˊˇʺ 

ˍˇˎ GPfactor ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄Φ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˃ʶ ʰˏ˅ʹˋʹ ˍˇˎ GPfactor ʰˉˈ лΦр 

ˋʶ м ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʶʾ˖ˋʹ ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ ˍʹˌ ˍʱ˅ʹˌ ˍˇˎ нл҈Σ ʶ˄˗ ʰˉˈ м ˋʶ 

мΦр ˍˇ ˉˇˋˇˋˍˈ ˃ʶʾ˖ˋʹˌ ˁˎ˃ʰʾ˄ʶˍʰʽ ̀ ˍˇ 10% . 

ʅˍˇ ʰˊʽˋˍʶˊʱ ʵʽʱʴˊʰ˃˃ʰΣ ˁʰʽ ʴʽʰ ˍʽˌ ˍˊʶʽˌ ό3) ˉʶˊʽˉˍ˗ˋʶʽˌ ˉʾʶˋʹˌ ʶ˄ʷ˃ʰˍˇˌΣ ˇʽ ˁʰʻʽʸʺˋʶʽˌ 

˒ʰʾ˄ʶˍʰʽ ˈˍʽ ˂ʰ˃ʲʱ˄ˇˎ˄ ˍʹ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˍˇˎˌ ˋʶ ʰˉˈˋˍʰˋʹ ˉʶˊʾˉˇˎ ʾˋʹ ˃ʶ 1.5D ˉʾˋ˖ ʰˉˈ 

ˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˈˉˇˎ ˁʰʽ ˋˍʰʻʶˊˇˉˇʽˇˏ˄ˍʰʽΦ ɼˇ˄ˍʱ ˋˍˇ ˃ʷˍ˖ˉˇ 

ʶˁˋˁʰ˒ʺˌΣ ˈˉˇˎ ˎˉʱˊ˔ʶʽ ʹ ʰˋˉʾʵʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˍˇ ʷʵʰ˒ˇˌ ˉʶˊʽˇˊʾʸʶˍʰʽ ˁʰʽ ʵʶ˄ 

ʰ˒ʺ˄ʶˍʰʽ ˄ʰ ˃ʶˍʰˁʽ˄ʹʻʶʾ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˇʽ ˉˊˇˁˏˉˍˇˎˋʶˌ ˁʰʻʽʸʺˋʶʽˌ ˄ʰ ʶʾ˄ʰʽ ˉˇ˂ˏ 

˃ʽˁˊˈˍʶˊʶˌΦ  

ʅˍˇ ʵʶ˅ʽʱ ʵʽʱʴˊʰ˃˃ʰΣ ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʶʾ˖ˋʹ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ ˈˋˇ ʰˉˇ˃ʰˁˊˎ˄ˈ˃ʰˋˍʶ ʰˉˈ 

ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˃ʶ ˍʹ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˁʰʻʾʸʹˋʹˌ ˄ʰ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʰˁˊʽʲ˗ˌ ˋˍˇ˄ 

ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ όx=0).  
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ɲʽʱʴˊʰ˃˃ʰ 4.1: ʃˊˇ˒ʾ˂ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ (U3) ʰʵʽʰˋˍʰˍˇˉˇʽʹ˃ʷ˄˖˄ ˖ˌ 
ˉˊˇˌ ˍʹ˄ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˁʰˍʰˁˈˊˎ˒ʹˌ ˃ʶˍʰˁʾ˄ʹˋʹˌ όUsmax, overall=20mm) ʴʽʰ ˍˊʶʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ 
ˉʽʷˋʶʽˌ ʶ˄ʷ˃ʰˍˇˌ όGPfactor=0.5, 1, 1.5) ɹ ʽʰ ɶκDҐн ˁʰʽ c̀s=42.8 KpaΤ όʰˊʽˋˍʶˊʱύ ɲʽʰ˃ʺˁʶˌ ˉˊˇ˒ʾ˂ 
όʵʶ˅ʽʱύ ɳʴˁʱˊˋʽˇ ˉˊˇ˒ʾ˂ 

ʅˍʹ˄ ɳʽˁˈ˄ʰ 4.1 ʴʾ˄ʶˍʰʽ ʹ ˋˏʴˁˊʽˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ 

˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ʴʽʰ Dtfactor=0.5Σ мΣ мΦрΣ ʴʽʰ ʷ˄ʰ ʰˋʻʶ˄ʷˌ ʷʵʰ˒ˇˌΦ 

ʃˊˇˁˏˉˍʶʽ ʷ˄ʰ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇ ˉˊˇ˒ʾ˂ ˁʰʻʽʸʺˋʶ˖˄ ˃ʶ ˍʽˌ ˁʰʻʽʸʺˋʶʽˌ ˄ʰ ˃ʶʽ˗˄ˇ˄ˍʰʽ ˋˍʰʵʽʰˁʱ 

ˈˋˇ ʰˉˇ˃ʰˁˊˎ˄ˈ˃ʰˋˍʶ ʰˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΦ ʆˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ʶʵʰ˒ʽˁ˗˄ 

˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ʶˉʹˊʶʱʸʶˍʰʽ ʱ˃ʶˋʰ ʰˉˈ ˍʹ˄ ˍʽ˃ʺ ˉʾʶˋʹˌ ʶ˄ʷ˃ʰˍˇˌ ˉˇˎ 

˂ʰ˃ʲʱ˄ˇˎ˃ʶ ˎˉˈ˕ʽ˄Σ ʶ˄˗ ʹ ʷˁˍʰˋʹ ˍʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍˇˎˌ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ ʷ˔ʶʽ ˍʹ˄ ʾʵʽʰ 

˃ˇˊ˒ʺΣ ʵʹ˂ʰʵʺ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ˋˎ˃ˉʾˉˍˇˎ˄ ˍΩ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ʶ ʰˎˍʱ ˍˇˎ ʵʽʰʴˊʱ˃˃ʰˍˇˌ пΦмΦ 

ɾʶ ˁˈˁˁʽ˄ˇ ˔ˊ˗˃ʰ ˋˍˇ ˎˉˈ˃˄ʹ˃ʰΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ʰ˄ʽʸʺˋʶʽˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ ˉʶˊʾˉˇˎ 

20mm ˁʰʽ ˃ʶ ˋˁˇˏˊˇ ˃ˉ˂ʶ ˇʽ ˃ʷʴʽˋˍʶˌ ˁʰʻʽʸʺˋʶʽˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ олmmΣ ˇʽ ˇˉˇʾʶˌ 

ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍʹ ˋˍʷ˕ʹ ˍʹˌ ˋʺˊʰʴʴʰˌ ʴʽʰ Dtfactor=0.5. Ē ʽˉ˂ʷˇ˄Σ ʵʽʰˉʽˋˍ˗˄ʶˍʰʽ ˈˍʽ ʹ ˍʽ˃ʺ 

ˍʹˌ ˃ʷʴʽˋˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˁʰʻʾʸʹˋʹˌ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˍʱ˅ʹ ˃ʶʴʷʻˇˎˌ нлmm όʰ˄ˇʽ˔ˍˈ ˃ˉ˂ʶύ 

ˈˉ˖ˌ ʰˁˊʽʲ˗ˌ ʵʹ˂ʰʵʺ ʵʶʾ˔˄ʶʽ ˁʰʽ ˍˇ ɲʽʱʴˊʰ˃˃ʰ 4.1Φ ɾʶ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˉʾʶˋʹˌ όGPfactor = 1, 

1.5) ̄ ʰˊʰˍʹˊʶʾˍʰʽ ̀ ʹ˃ʰ˄ˍʽˁʺ ˃ʶʾ˖ˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˍ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Φ 
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ɳʽˁˈ˄ʰ 4.1: ʅˏʴˁˊʽˋʹ ˁʰˍʰˁˈˊˎ˒˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʴʽʰ ˍˊʶʽˌ ʰ˄ʰ˂ˏˋʶʽˌ (contours)Σ ˃ʶ ˉʾʶˋʹ 
ʶ˄ʷ˃ʰˍˇˌ ʾˋʹ ˃ʶ мул YǇŀ όDtfactor=1), 90 Kpa (GPfactorҐлΦрύ ˁʰʽ нтл YǇŀ όDtfactor=1.5) - όɶκ5Ґн - 
ˋŎǎҐпнΦу YǇŀύ 

ɮˉˈ ˍʰ ˋ˔ʺ˃ʰˍʰ ˉˇˎ ʰ˒ˇˊˇˏ˄ ˋˍˇ ʲʱʻˇˌ ˍ˖˄ н5 όɳʽˁˈ˄ʰ 4.6ύ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ˍˈˋˇ ˍˇ ˋ˔ʺ˃ʰ 

ˈˋˇ ˁʰʽ ʹ ʷˁˍʰˋʹ ˍʹˌ ˉ˂ʰˋˍʽˁʺˌ ʸ˗˄ʹˌ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ ʵʶ˄ ˉʰˊˇˎˋʽʱʸˇˎ˄ ʵʽʰ˒ˇˊʷˌ 

ʴʽʰ ˍʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ ˍʹˌ ˉʾʶˋʹˌ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΦ ɳˉʽˉ˂ʷˇ˄Σ ˇʽ ˃ʷʴʽˋˍʶˌ ˍʽ˃ʷˌ ˉ˂ʰˋˍʽˁʺˌ 

ˍʱˋʹˌ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍʽˌ ˉʰˊʶʽʷˌ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˃ʶ ˃ʾʰ ˃ʽˁˊʺ ʰˏ˅ʹˋʹ ˄ʰ ˉʰˊʰˍʹˊʶʾˍʰʽ 

ˁʰʻ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ˍʽ˃ʺ ˍʹˌ ˉʾʶˋʹˌ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΦ ɱʶ˄ʽˁˈˍʶˊʰΣ ˍˇ ˁˎˊʽˈˍʶˊˇ ˉˇˎ 

ˉʰˊʰˍʹˊʶʾˍʰʽ ʶʾ˄ʰʽ ʹ ʶ˂ʰˋˍʽˁʺ ʰˉˈˁˊʽˋʹ ˉˇˎ ˒ʰʾ˄ʶˍʰʽ ˈˍʽ ˉʰˊˇˎˋʽʱʸʶʽ ˍˇ ˎ˂ʽˁˈ ˁʰʽ ʹ 

˃ʽˁˊʺ ʷˁˍʰˋʹ ˉ˂ʰˋˍʽˁʺˌ ʸ˗˄ʹˌΦ 
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ɳʽˁˈ˄ʰ 4.2: ʅˏʴˁˊʽˋʹ ˉ˂ʰˋˍʽˁ˗˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ʴʽʰ ˍˊʶʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˋˍʽˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʷˌ 
ˍˇ˃ʷˌ όооm, 36m ˁ ʰʽ 33m h ˉˈ ˍˇ ˃ʷˍ˖ˉˇ ʴʽʰ GPfactorҐмΣ лΦр ˁʰʽ мΦр ʰ˄ˍʾˋˍˇʽ˔ʰ)Σ ˃ʶ ˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ 
ʾˋʹ ˃ʶ 180 Kpa (GPfactor=1), 90 Kpa (GPfactor=0.5) ˁ ʰʽ 270 Kpa (GPfactor=1.5) - όɶκ5Ґн - ̀ cs=42.8 Kpa) 

ʂˋˇ˄ ʰ˒ˇˊʱ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʲʱʻˇˎˌ ˋʺˊʰʴʴʰˌ ʾˋʹ ˃ʶ оD, ʶ˅ʱʴˇ˄ˍʰʽ ʰ˄ˍʾˋˍˇʽ˔ʰ 

ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˃ʶ ʰˎˍʺ ̱ ˖˄ нD.  

ɼʰʽ ˋˍʰ ʵˏˇ (2) ʵʽʰʴˊʱ˃˃ʰˍʰ (ɲʽʱʴˊʰ˃˃ʰ 4.2), ˉʰˊʰˍʹˊʶʾˍʰʽ ˁ ʶʵ˗ ˇ ʾʵʽˇˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ 

ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ (ʾʵʽʰ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʰ˄ʶ˅ʰˊˍʺˍ˖ˌ ˍʽ˃ʺˌ GPfactor). ɶ ˃ʷʴʽˋˍʹ 

ˁʰʻʾʸʹˋʹ ˉˊˇˁˏˉˍʶʽ ʴʽʰ GPfactor = 0.5 ʶʾ˄ʰʽ ʾˋʹ ˃ʶ Usmax,overall = 18mm ˁʰʽ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˈˉ˖ˌ 

ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˎˉʶˊˁʶʽ˃ʷ˄˖˄ нD ˋʶ ʰˉˈˋˍʰˋʹ ˉʾˋ˖ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ ˉʶˊʾˉˇˎ ʾˋʹ ˃ʶ 

1.5D. ɳˉʽˉ˂ʷˇ˄Σ ˉʰˊʰ̱́ ˊʶʾˍʰʽ ʷ˄ˍˇ˄ʰ ʹ ʶˉʽˊˊˇʺ ˍˇˎ GPfactor ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄Φ 

ɴˍˋʽΣ ˃ʶ ʰˏ˅ʹˋʹ ˍˇˎ GPfactor ʰˉˈ лΦр ˋʶ мΦр ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʶʾ˖ˋʹ ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ 

ˁʰʻʽʸʺˋʶ˖˄ ̱ ʹˌ ˍʱ˅ʹˌ ˍˇˎ нр҈Σ ʶ˄˗ ʰˉˈ м ˋʶ мΦр ˍˇ ˉˇˋˇˋˍˈ ˃ʶʾ˖ˋʹˌ ˁˎ˃ʰʾ˄ʶˍʰʽ ˋˍˇ р҈ Φ  
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ɲʽʱʴˊʰ˃˃ʰ 4.2: ʃˊˇ˒ʾ˂ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ (U3) ʰʵʽʰˋˍʰˍˇˉˇʽʹ˃ʷ˄˖˄ ˖ˌ 
ˉˊˇˌ ˍʹ˄ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˁʰˍʰˁˈˊˎ˒ʹˌ ˃ʶˍʰˁʾ˄ʹˋʹˌ όUsmax, overall=20mm) ʴʽʰ ˍˊʶʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ 
ˉʽʷˋʶʽˌ ʶ˄ʷ˃ʰˍˇˌ όGPfactor=0.5, 1, 1.5) ɹ ʽʰ ɶκDҐо ˁʰʽ ˋcs=42.8 KpaΤ όʰˊʽˋˍʶˊʱύ ɲʽʰ˃ʺˁʶˌ ˉˊˇ˒ʾ˂ 
όʵʶ˅ʽʱύ ɳʴˁʱˊˋʽˇ ˉˊˇ˒ʾ˂ 

ʅˍʹ˄ ɳʽˁˈ˄ʰ 4.1Σ ʴʽʰ ˍˇ ˃ˇ˄ˍʷ˂ˇ ˈˉˇˎ H/D=3, ʹ ˃ˇˊ˒ʺ ˍʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ 

ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʶʾ˄ʰʽ ˉʰˊˈ˃ˇʽʰ ˃ʶ ʰˎˍʺ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ʴʽʰ H/D=2, ˃ ʶ ˍʽˌ ˃ʷʴʽˋˍʶˌ 

ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˄ʰ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ʶˉʾˋʹˌ ˋˍʹ ˋˍʷ˕ʹ ˍʹˌ ˋʺˊʰʴʴʰˌ ʴʽʰ GPfactor = 0.5. 

ɼʰʽ ˋʶ ʰˎˍʺ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʵʽʰˉʽˋˍ˗˄ʶˍʰʽ ˈˍʽ ʹ ˍʽ˃ʺ ˍʹˌ ˃ʷʴʽˋˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˁʰʻʾʸʹˋʹˌ 

ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˍʱ˅ʹ ˃ʶʴʷʻˇˎˌ 18mm όʰ˄ˇʽ˔ˍˈ ˃ˉ˂ʶύ ˈˉ˖ˌ ʵʹ˂ʰʵʺ ʵʶʾ˔˄ʶʽ ˁʰʽ ˍˇ ɲʽʱʴˊʰ˃˃ʰ 

4.1. 

ɾʶ ˁˈˁˁʽ˄ˇ ˔ˊ˗˃ʰ ˋˍˇ ˎˉˈ˃˄ʹ˃ʰΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ʰ˄ʽʸʺˋʶʽˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ ˉʶˊʾˉˇˎ 

23mm ˁʰʽ ˃ʶ ˋˁˇˏˊˇ ˃ˉ˂ʶ ˇʽ ˃ʷʴʽˋˍʶˌ ˁʰʻʽʸʺˋʶʽˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ онmmΣ ˇʽ ˇˉˇʾʶˌ 

ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍʹ ˋˍʷ˕ʹ ˍʹˌ ˋʺˊʰʴʴʰˌ ʴʽʰ Dtfactor=0.5. ɾʶ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˉʾʶˋʹˌ όGPfactor = 

1, 1.5) ̄ ʰˊʰˍʹˊʶʾˍʰʽΣ ˈˉ˖ˌ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʲʱʻˇˎˌ нD, ˋʹ˃ʰ˄ˍʽˁʺ ˃ʶʾ˖ˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌ 

ˍ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Φ 
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ɳʽˁˈ˄ʰ 4.3: ʅˏʴˁˊʽˋʹ ˁʰˍʰˁˈˊˎ˒˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʴʽʰ ˍˊʶʽˌ ʰ˄ʰ˂ˏˋʶʽˌ (contours)Σ ˃ʶ ˉʾʶˋʹ 
ʶ˄ʷ˃ʰˍˇˌ ʾˋʹ ˃ʶ 180 Kpa (GP factor=1), 90 Kpa (GP factor=0.5) ˁ ʰʽ 270 Kpa (GP factor=1.5) - 
όɶκ5Ґо - ̀ cs=42.8 Kpa) 

ʅ˔ʶˍʽˁʱ ˃ʶ ˍʰ contours ˉˇˎ ʰ˒ˇˊˇˏ˄ ˍʽˌ ˉ˂ʰˋˍʽˁʷˌ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌΣ ʵʽʰˉʽˋˍ˗˄ʶˍʰʽ ˁʰʽ ʴʽʰ 

ˍˇ ʲʱʻˇˌ ˍ˖˄ 3D ́  ʶ˂ʰˋˍʽˁʺ ʰˉˈˁˊʽˋʹ ˍˇˎ ˎ˂ʽˁˇˏ όˉˇ˂ˏ ˃ʽˁˊˈ ʶˏˊˇˌ ˉ˂ʰˋˍʽˁʺˌ ʸ˗˄ʹˌύΦ 

 

ɳʽˁˈ˄ʰ 4.4: ʅˏʴˁˊʽˋʹ ˉ˂ʰˋˍʽˁ˗˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ʴʽʰ ˍˊʶʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˋˍʽˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʷˌ 
ˍˇ˃ʷˌ όо9m, 42m ˁʰʽ 37.5m ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ ʴʽʰ GP factorҐмΣ лΦр ˁʰʽ мΦр ʰ˄ˍʾˋˍˇʽ˔ʰ)Σ ˃ʶ ˉʾʶˋʹ 
ʶ˄ʷ˃ʰˍˇˌ ʾˋʹ ˃ʶ 180 Kpa (GPfactor=1), 90 Kpa (GPfactor=0.5) ˁ ʰʽ 270 Kpa (GPfactor=1.5) - όɶκ5Ґо - 

c̀s=42.8 Kpa) 
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4.4.1.2 ɳʵʰ˒ʽˁˈ ˉˊˇ˒ʾ˂ g ( c̀s = 172.3 Kpa) 

ɮ˄ˍʾˋˍˇʽ˔ʰ ˃ʶ ˍˇ ʶʵʰ˒ʽˁˈ ˉˊˇ˒ʾ˂ b ς ʰˋʻʶ˄ʷˌ ʶʵʰ˒ʽˁˈ ˎ˂ʽˁˈ, ʵʽʶ˅ʺ˔ʻʹˋʰ˄ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ˁʰʽ ʴʽʰ ˍˇ ʶʵʰ˒ʽˁˈ ˉˊˇ˒ʾ˂ g ς ̄ ʽˇ ʽˋ˔ˎˊˈ ʶʵʰ˒ʽˁˈ ˎ˂ʽˁˈ ˃ʶ ˍʹ˄ ʾʵʽʰ ˂ˇʴʽˁʺ ʰ˂˂ʹ˂ˇˎ˔ʾʰΦ ʅˍˇ 

ɲʽʱʴˊʰ˃˃ʰ 4.1Σ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʴʽʰ ˍʽˌ ˍˊʶʽˌ (3) h ˄ʰ˂ˏˋʶʽˌ όGPfactor = 0ΦрΣ мΣ мΦрύ ˍʰ ˉˊˇ˒ʾ˂ 

ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˁʰˍʱ ˍˇ ʵʽʰ˃ʺˁʶˌ όʰˊʽˋˍʶˊʱ ʵʽʱʴˊʰ˃˃ʰύ ˁʰʽ 

ʶʴˁʱˊˋʽˇ όʵʶ˅ʽʱ ʵʽʱʴˊʰ˃˃ʰύ ʶˉʾˉʶʵˇ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ʴʽʰ ˍˇ ʶʵʰ˒ʽˁˈ ˉˊˇˋˇ˃ˇʾ˖˃ʰ H/D=2. H 

ʶʴˁʱˊˋʽʰ ˍˇ˃ʺ ʷ˔ʶʽ ˂ʹ˒ʻʶʾ ˋˍʽˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʷˌ ʻʷˋʶʽˌ όˋʶ ʰˉˇˋˍʱˋʶʽˌ ооm, 36m ˁʰʽ 33m 

ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ʴʽʰ GP factorҐмΣ лΦр ˁʰʽ мΦр ʰ˄ˍʾˋˍˇʽ˔ʰ) ʃʰˊˈ˃ˇʽʰ 

ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʶ˅ʱʴˇ˄ˍʰʽ ˃ ʶ ʰˎˍʱ ˍˇˎ ʶʵʰ˒ʽˁˇˏ ˉˊˇ˒ʾ˂ b, ɻ ʹ˂ʰʵʺ ˇʽ ˁʰʻʽʸʺˋʶʽˌ ˁʰʽ ʴʽʰ ˍʽˌ 

ˍˊʶʽˌ (3) ʰ˄ʰ˂ˏˋʶʽˌ ʵʽʰ˒ˇˊʶˍʽˁˇˏ GPfactor ʰˁˇ˂ˇˎʻˇˏ˄ ˉʰˊˈ˃ˇʽʰ ˁʰˍʰ˄ˇ˃ʺΣ ʶ˄˗ ˁʰʽ ˉʱ˂ʽ 

ˉʰˊʰˍʹˊʶʾˍʰʽ ʶˉʽˊˊˇʺ ˍˇˎ GPfactor ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄. ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˃ʶ 

ʰˏ˅ʹˋʹ ˍˇˎ GPfactor ʰˉˈ лΦр ˋʶ м ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʶʾ˖ˋʹ ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ ˍʹˌ 

ˍʱ˅ʹˌ ˍˇˎ н0%, ˁʰʽ ʰ˄ˍʾˋˍˇʽ˔ʰ ˉˇˋˇˋˍˈ ˃ʶʾ˖ˋʹˌ ˉʶˊʾˉˇˎ нр҈ ˈˍʰ˄ ˃ʶˍʰʲʱ˂˂ʶˍʰʽ ʰˉˈ м ˋʶ 

1.5. ɳ˅ʰʽˍʾʰˌ ˍʹˌ ˁʰ˂ˏˍʶˊʹˌ ˉˇʽˈˍʹˍʰˌ ˎ˂ʽˁˇˏ ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʽˁˊˈˍʶˊʹ ˍʽ˃ʺ ˃ʷʴʽˋˍʹˌ 

ˁʰʻʾʸʹˋʹˌ ˋˎʴˁˊʽˍʽˁʱ ˃ʶ ʰˎˍʺ ˉˇˎ ˉˊˇʷˁˎ˕ʶ ʴʽʰ ˍˇ˄ ˁ˖ʵʽˁˈ bΣ ʹ ˇˉˇʾʰ ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ ˍʽ˃ʺ 

Usmax,overall = 13mm ˁ ʰʽ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ GPfactor = 0.5. 

ʅˍˇ ʰˊʽˋˍʶˊʱ ʵʽʱʴˊʰ˃˃ʰΣ ˇʽ ˁʰʻʽʸʺˋʶʽˌ ˒ʰʾ˄ʶˍʰʽ ˈˍʽ ˂ʰ˃ʲʱ˄ˇˎ˄ ˍʹ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˍˇˎˌ ˋʶ 

ʰˉˈˋˍʰˋʹ ˉʶˊʾˉˇˎ 1.5D ˉʾˋ˖ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˈˉˇˎ ˁʰʽ 

ˋˍʰʻʶˊˇˉˇʽˇˏ˄ˍʰʽΦ ɼˇ˄ˍʱ ˋˍˇ ˃ʷˍ˖ˉˇ ʶˁˋˁʰ˒ʺˌΣ ˈˉˇˎ ˎˉʱˊ˔ʶʽ ʹ ʰˋˉʾʵʰ ˍˇˎ ˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ 

ˍˇ ʷʵʰ˒ˇˌ ˉʶˊʽˇˊʾʸʶˍʰʽ ˁʰʽ ʵʶ˄ ʰ˒ʺ˄ʶˍʰʽ ˄ʰ ˃ʶˍʰˁʽ˄ʹʻʶʾ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˇʽ ˉˊˇˁˏˉˍˇˎˋʶˌ 

ˁʰʻʽʸʺˋʶʽˌ ˄ʰ ʶʾ˄ʰʽ ˉˇ˂ˏ ˃ʽˁˊˈˍʶˊʶˌΦ  

ʅˍˇ ʵʶ˅ʽʱ ʵʽʱʴˊʰ˃˃ʰΣ ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʶʾ˖ˋʹ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ ˈˋˇ ʰˉˇ˃ʰˁˊˎ˄ˈ˃ʰˋˍʶ ʰˉˈ 

ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ˃ʶ ˍʹ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˁʰʻʾʸʹˋʹˌ ˄ʰ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʰˁˊʽʲ˗ˌ ˋˍˇ˄ 

ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌ όx=0ύΦ ʂˉ˖ˌ ˁʰʽ ˋˍˇ ʵʽʰ˃ʺˁʶˌ ˉˊˇ˒ʾ˂Σ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʰ˄ˍʾˋˍˇʽ˔ʹ 

˃ʶʾ˖ˋʹ ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄ ˃ʶ ʰˏ˅ʹˋʹ ˍˇˎ GPfactor.  

 

ɲʽʱʴˊʰ˃˃ʰ 4.3: ʃˊˇ˒ʾ˂ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ (U3) ʰʵʽʰˋˍʰˍˇˉˇʽʹ˃ʷ˄˖˄ ˖ˌ 
ˉˊˇˌ ˍʹ˄ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˁʰˍʰˁˈˊˎ˒ʹˌ ˃ʶˍʰˁʾ˄ʹˋʹˌ όUsmax, overall=13mm) ʴʽʰ ˍˊʶʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ 
ˉʽʷˋʶʽˌ ʶ˄ʷ˃ʰˍˇˌ όGPfactor=0.5, 1, 1.5) ɹ ʽʰ ɶκDҐн ˁʰʽ ˋcs=172.3 KpaΤ όʰˊʽˋˍʶˊʱύ ɲʽʰ˃ʺˁʶˌ ˉˊˇ˒ʾ˂ 
όʵʶ˅ʽʱύ ɳʴˁʱˊˋʽˇ ˉˊˇ˒ʾ˂ 
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ʅˍʹ˄ ɳʽˁˈ˄ʰ 4.1 ʴʾ˄ʶˍʰʽ ʹ ˋˏʴˁˊʽˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌ ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ 

˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ʴʽʰ Dtfactor=0.5Σ мΣ мΦрΣ ʴʽʰ ʷ˄ʰ ʽˋ˔ˎˊˈ ʷʵʰ˒ˇˌΦ 

ɲʽʰˉʽˋˍ˗˄ʶˍʰʽ ʰ˄ˍʾˋˍˇʽ˔ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˃ʶ ʰˎˍʺ ˍˇˎ ʵʽʰʴˊʱ˃˃ʰˍˇˌ пΦоΦ ʁʽ ˁʰʻʽʸʺˋʶʽˌ 

˃ʶʽ˗˄ˇ˄ˍʰʽ ˋˍʰʵʽʰˁʱ ˈˋˇ ʰˉˇ˃ʰˁˊˎ˄ˈ˃ʰˋˍʶ ʰˉˈ ˍˇ˄ ʱ˅ˇ˄ʰ ˍʹˌ ˋʺˊʰʴʴʰˌΣ ʶ˄˗ ʶˉʽˉ˂ʷˇ˄ 

ˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˒ʰʾ˄ʶˍʰʽ ˈˍʽ ʶˉʹˊʶʱʸʶˍʰʽ ʱ˃ʶˋʰ ʰˉˈ ˍʹ˄ ˍʽ˃ʺ 

ˉʾʶˋʹˌ ʶ˄ʷ˃ʰˍˇˌ ˉˇˎ ˂ʰ˃ʲʱ˄ˇˎ˃ʶ ˎˉˈ˕ʽ˄ ˁʰʽ ʹ ʷˁˍʰˋʹ ˍʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍˇˎˌ ʴˏˊ˖ ʰˉˈ ˍʹ 

ˋʺˊʰʴʴʰ ʷ˔ʶʽ ˍʹ˄ ʾʵʽʰ ˃ˇˊ˒ʺΦ 

ɾʶ ˁˈˁˁʽ˄ˇ ˔ˊ˗˃ʰ ˋˍˇ ˎˉˈ˃˄ʹ˃ʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽΣ ˈˉ˖ˌ ˁʰʽ ˋˍˇ ʶʵʰ˒ʽˁˈ ˉˊˇ˒ʾ˂ b, ˇʽ 

ʰ˄ʽʸʺˋʶʽˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ ˉʶˊʾˉˇˎ мрmm ˁʰʽ ˃ʶ ˋˁˇˏˊˇ ˃ˉ˂ʶ ˇʽ ˃ʷʴʽˋˍʶˌ ˁʰʻʽʸʺˋʶʽˌ ˍʱ˅ʹˌ 

˃ʶʴʷʻˇˎˌ нмmmΣ ˇʽ ˇˉˇʾʶˌ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍʹ ˋˍʷ˕ʹ ˍʹˌ ˋʺˊʰʴʴʰˌ ʴʽʰ Dtfactor=0.5. 

Ē ʽˉ˂ʷˇ˄Σ ʹ ˍʽ˃ʺ ˍʹˌ ˃ʷʴʽˋˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˁʰʻʾʸʹˋʹˌ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˍʱ˅ʹ ˃ʶʴʷʻˇˎˌ моmm 

όʰ˄ˇʽ˔ˍˈ ˃ˉ˂ʶύ ˈˉ˖ˌ ʰˁˊʽʲ˗ˌ ʵʹ˂ʰʵʺ ʵʶʾ˔˄ʶʽ ˁʰʽ ˍˇ ɲʽʱʴˊʰ˃˃ʰ 4.1. ɲʽʰˉʽˋˍ˗˄ʶˍʰʽ ˈˍʽ 

ˉˊˇˁˏˉˍˇˎ˄ ˃ʽˁˊˈˍʶˊʶˌ ˍʽ˃ʷˌ ˃ʷʴʽˋˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ˋʶ ˋ˔ʷˋʹ 

˃ʶ ˍʽˌ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˍʽ˃ʷˌ ʴʽʰ ˍˇ ˉˊˇ˒ʾ˂ b, ˂ ˈʴ˖ ˍʹˌ ʲʶ˂ˍʾ˖ˋʹˌ ˍʹˌ ˉˇʽˈˍʹˍʰˌ ˍˇˎ ʴʶ˖ˎ˂ʽˁˇˏΦ 

ɳˉʽˉ˂ʷˇ˄Σ ˃ʶ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˉʾʶˋʹˌ όGPfactor = 0.5, 1, 1.5) ̄ ʰˊʰˍʹˊʶʾˍʰʽ ˋʹ˃ʰ˄ˍʽˁʺ ˃ʶʾ˖ˋʹ 

ˍˇˎ ˃ʶʴʷʻˇˎˌ ˍ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Φ 

 

ɳʽˁˈ˄ʰ 4.5: ʅˏʴˁˊʽˋʹ ˁʰˍʰˁˈˊˎ˒˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʴʽʰ ˍˊʶʽˌ ʰ˄ʰ˂ˏˋʶʽˌΣ ˃ʶ ˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ ʾˋʹ ˃ʶ 
180 Kpa (GPfactor=1), 90 Kpa (GPfactor=0.5) ˁ ʰʽ 270 Kpa (GPfactor=1.5) - όɶκ5Ґн - ̀ cs=173.2 Kpa) 

ɮˉˈ ˍʰ ˋ˔ʺ˃ʰˍʰ ˉˇˎ ʰ˒ˇˊˇˏ˄ ˋˍˇ ʲʱʻˇˌ ˍ˖˄ н5 όɳʽˁˈ˄ʰ 4.6ύ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ˍˈˋˇ ˍˇ ˋ˔ʺ˃ʰ 

ˈˋˇ ˁʰʽ ʹ ʷˁˍʰˋʹ ˍʹˌ ˉ˂ʰˋˍʽˁʺˌ ʸ˗˄ʹˌ ʴˏˊ˖ ʰˉˈ ˍʹ ˋʺˊʰʴʴʰ ʵʶ˄ ˉʰˊˇˎˋʽʱʸˇˎ˄ ʵʽʰ˒ˇˊʷˌ 

ʴʽʰ ˍʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ ˍʹˌ ˉʾʶˋʹˌ ˍˇˎ ʶ˄ʷ˃ʰˍˇˌΦ ɳˉʽˉ˂ʷˇ˄Σ ˇʽ ˃ʷʴʽˋˍʶˌ ˍʽ˃ʷˌ ˉ˂ʰˋˍʽˁʺˌ 

ˍʱˋʹˌ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍʽˌ ˉʰˊʶʽʷˌ ˍʹˌ ˋʺˊʰʴʴʰˌΦ 
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ɳʽˁˈ˄ʰ 4.6: ʅˏʴˁˊʽˋʹ ˁʰˍʰ˄ˇ˃˗˄ ˉ˂ʰˋˍʽˁ˗˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ʴʽʰ ˍˊʶʽˌ ʰ˄ʰ˂ˏˋʶʽˌ ˋˍʹ 
˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ ˍˇ˃ʺ όомΦрm ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ)Σ ˃ʶ ˉʾʶˋʹ ʶ˄ʷ˃ʰˍˇˌ ʾˋʹ ˃ʶ 180 Kpa (GPfactor=1), 90 
Kpa (GPfactor=0.5) ˁ ʰʽ 270 Kpa (GPfactor=1.5) - όɶκ5Ґн - ̀ cs=172.3 Kpa) 

ɮ˄ˍʾˋˍˇʽ˔ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˉʰˊʰˍʹˊʶʾˍʰʽ ˁʰʽ ˃ʶ ʰˏ˅ʹˋʹ ˍ˖˄ ˎˉʶˊˁʶʽ˃ʷ˄˖˄ ʰˉˈ нD ˋʶ оD 

(ɲʽʱʴˊʰ˃˃ʰ 4.2).  

ɼʰʽ ˋˍʰ ʵˏˇ (2) ʵʽʰʴˊʱ˃˃ʰˍʰ (ɲʽʱʴˊʰ˃˃ʰ 4.2), ˉʰˊʰˍʹˊʶʾˍʰʽ ˁ ʶʵ˗ ˇ ʾʵʽˇˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ 

ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ (ʾʵʽʰ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʰ˄ʶ˅ʰˊˍʺˍ˖ˌ ˍʽ˃ʺˌ GPfactor). ɶ ˃ʷʴʽˋˍʹ 

ˁʰʻʾʸʹˋʹ ˉˊˇˁˏˉˍʶʽ ʴʽʰ GPfactor = 0.5 ʶʾ˄ʰʽ ʾˋʹ ˃ʶ Usmax,overall = 11mm ˁʰʽ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˈˉ˖ˌ 

ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˎˉʶˊˁʶʽ˃ʷ˄˖˄ нD ˋʶ ʰˉˈˋˍʰˋʹ ˉʾˋ˖ ʰˉˈ ˍˇ ˃ʷˍ˖ˉˇ ˉʶˊʾˉˇˎ ʾˋʹ ˃ʶ 

1.5D. ɳˉʽˉ˂ʷˇ˄Σ ˉʰˊʰ̱́ ˊʶʾˍʰʽ ʷ˄ˍˇ˄ʰ ʹ ʶˉʽˊˊˇʺ ˍˇˎ GPfactor ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁʰʻʽʸʺˋʶ˖˄Φ 

ɴˍˋʽΣ ˃ʶ ʰˏ˅ʹˋʹ ˍˇˎ GPfactor ʰˉˈ лΦр ˋʶ мΦр ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ʶʾ˖ˋʹ ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ 

ˁʰʻʽʸʺˋʶ˖˄ ̱ ʹˌ ˍʱ˅ʹˌ ˍˇˎ н0%, h ˄ˍʾˋˍˇʽ˔ʰ ˉˇˋˇˋˍˈ ˃ʶʾ˖ˋʹˌ ˉʶˊʾˉˇˎ нр҈ ʰˉˈ м ˋʶ мΦрΦ 
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ɲʽʱʴˊʰ˃˃ʰ 4.4: ʃˊˇ˒ʾ˂ ˁʰˍʰˁˈˊˎ˒˖˄ ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ (U3) ʰʵʽʰˋˍʰˍˇˉˇʽʹ˃ʷ˄˖˄ ˖ˌ 
ˉˊˇˌ ˍʹ˄ ˃ʷʴʽˋˍʹ ˍʽ˃ʺ ˁʰˍʰˁˈˊˎ˒ʹˌ ˃ʶˍʰˁʾ˄ʹˋʹˌ όUsmax, overall=13mm) ʴʽʰ ˍˊʶʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ 
ˉʽʷˋʶʽˌ ʶ˄ʷ˃ʰˍˇˌ όGPfactor=0.5, 1, 1.5) ɹ ʽʰ ɶκDҐо ˁʰʽ ˋcs=172.3 KpaΤ όʰˊʽˋˍʶˊʱύ ɲʽʰ˃ʺˁʶˌ ˉˊˇ˒ʾ˂ 
όʵʶ˅ʽʱύ ɳʴˁʱˊˋʽˇ ˉˊˇ˒ʾ˂ 

ʅˍʹ˄ ɳʽˁˈ˄ʰ 4.1Σ ʴʽʰ ˍˇ ˃ˇ˄ˍʷ˂ˇ ˈˉˇˎ H/D=3, ʹ ˃ˇˊ˒ʺ ˍʹˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍ˖˄ ˁʰˍʰˁˈˊˎ˒˖˄ 

ʶʵʰ˒ʽˁ˗˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄ ʶʾ˄ʰʽ ˉʰˊˈ˃ˇʽʰ ˃ʶ ʰˎˍʺ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ʴʽʰ H/D=2, ˃ ʶ ˍʽˌ ˃ʷʴʽˋˍʶˌ 

ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ˄ʰ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ʶˉʾˋʹˌ ˋˍʹ ˋˍʷ˕ʹ ˍʹˌ ˋʺˊʰʴʴʰˌ ʴʽʰ GPfactor = 0.5. 

ɼʰʽ ˋʶ ʰˎˍʺ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʵʽʰˉʽˋˍ˗˄ʶˍʰʽ ˈˍʽ ʹ ˍʽ˃ʺ ˍʹˌ ˃ʷʴʽˋˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˁʰʻʾʸʹˋʹˌ 

ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˍʱ˅ʹ ˃ʶʴʷʻˇˎˌ 11mm όʰ˄ˇʽ˔ˍˈ ˃ˉ˂ʶύ ˈˉ˖ˌ ʵʹ˂ʰʵʺ ʵʶʾ˔˄ʶʽ ˁʰʽ ˍˇ ɲʽʱʴˊʰ˃˃ʰ 

4.1. 

ɾʶ ˁˈˁˁʽ˄ˇ ˔ˊ˗˃ʰ ˋˍˇ ˎˉˈ˃˄ʹ˃ʰΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ʰ˄ʽʸʺˋʶʽˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ ˉʶˊʾˉˇˎ 

18mm ˁʰʽ ˃ʶ ˋˁˇˏˊˇ ˃ˉ˂ʶ ˇʽ ˃ʷʴʽˋˍʶˌ ˁʰʻʽʸʺˋʶʽˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ нпmmΣ ˇʽ ˇˉˇʾʶˌ 

ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋˍʹ ˋˍʷ˕ʹ ˍʹˌ ˋʺˊʰʴʴʰˌ ʴʽʰ Dtfactor=0.5. ɾʶ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˉʾʶˋʹˌ όGPfactor = 

1, 1.5) ̄ ʰˊʰˍʹˊʶʾˍʰʽΣ ˈˉ˖ˌ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʲʱʻˇˎˌ нD, ˋʹ˃ʰ˄ˍʽˁʺ ˃ʶʾ˖ˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌ 

ˍ˖˄ ˃ʶˍʰˁʽ˄ʺˋʶ˖˄Φ  

ɮˁˈ˃ʰ ˉʰˊʰˍʹˊˇˏ˃ʶΣ ˈˉ˖ˌ ˁʰʽ ˋˍˇ ʷʵʰ˒ˇˌ ˃ʶ c̀s=42.8 Kpa ˉ˖ˌ ˇʽ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ 

˃ʶʽ˗˄ˇ˄ˍʰʽ ˁˇ˄ˍʱ ˋˍˇ ˃ʷˍ˖ˉˇ ˁʰʻ˗ˌ ʶˁʶʾ ˍˇˉˇʻʶˍʶʾˍʰʽ ˋˍʹ˄ ʰ˄ʱ˂ˎˋʹ ʹ ʰˋˉʾʵʰ ˍˇˎ 

˃ʹ˔ʰ˄ʺ˃ʰˍˇˌ ˉˇˎ ʶ˃ˉˇʵʾʸʶʽ ˍˇ ʷʵʰ˒ˇˌ ˄ʰ ˃ʶˍʰˁʽ˄ʹʻʶʾΦ ʆʷ˂ˇˌΣ ʲ˂ʷˉˇˎ˃ʶ ˁʰʽ ʰˉˈ ʶʵ˗ ˈˍʽ ˇʽ 

ˁʰˍʰˁˈˊˎ˒ʶˌ ʶʵʰ˒ʽˁʷˌ ˃ʶˍʰˁʽ˄ʺˋʶʽˌ ʶʾ˄ʰʽ ˉˇ˂ˏ ˃ʽˁˊˈˍʶˊʶˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ʰˎˍʷˌ ˉˇˎ 

ˉˊˇˁˏˉˍˇˎ˄ ʴʽʰ ˍˇ ʰˋʻʶ˄ʷˌ ʷʵʰ˒ˇˌ όc̀s=42.8 Kpa) 




















































































