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ɾʶ ʶˉʽ˒ˏ˂ʰ˅ʹ ˉʰ˄ˍˈˌ ʵʽˁʰʽ˗˃ʰˍˇˌΦ 

ɮˉʰʴˇˊʶˏʶˍʰʽ ʹ ʰ˄ˍʽʴˊʰ˒ʺΣ ʹ ʰˉˇʻʺˁʶˎˋʹ ˋʶ ʰˊ˔ʶʾˇ ˉ˂ʹˊˇ˒ˇˊʽ˗˄Σ ʹ ʵʽʰ˄ˇ˃ʺΣ ʹ 

ʰ˄ʰˉʰˊʰʴ˖ʴʺΣ ʹ ˃ʶˍʱ˒ˊʰˋʹ ʺ ˃ʶˍʱʵˇˋʹ ˍʹˌ ˉʰˊˇˏˋʰˌ ʶˊʴʰˋʾʰˌΣ ʶ˅ ˇ˂ˇˁ˂ʺˊˇˎ ʺ 

ˍ˃ʺ˃ʰˍˇˌ ʰˎˍʺˌΣ ʴʽʰ ʶ˃ˉˇˊʽˁˈ ˋˁˇˉˈΣ ˎˉˈ ˇˉˇʽʰʵʺˉˇˍʶ ˃ˇˊ˒ʺ ˁʰʽ ˃ʶ ˇˉˇʽˇʵʺˉˇˍʶ ˃ʷˋˇ 

ʶˉʽˁˇʽ˄˖˄ʾʰˌΣ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ʺ ˃ʹ˔ʰ˄ʽˁˈΣ ˔˖ˊʾˌ ˍʹ˄ ˉˊˇʹʴˇˏ˃ʶ˄ʹ ʷʴʴˊʰ˒ʹ ʱʵʶʽʰ ˍˇˎ 

ˋˎʴʴˊʰ˒ʷʰΦ ɳˉʽˍˊʷˉʶˍʰʽ ʹ ʰ˄ʰˉʰˊʰʴ˖ʴʺΣ ʰˉˇʻʺˁʶˎˋʹ ˁʰʽ ʵʽʰ˄ˇ˃ʺ ʴʽʰ ˋˁˇˉˈ ˃ʹ 

ˁʶˊʵˇˋˁˇˉʽˁˈΣ ʶˁˉʰʽʵʶˎˍʽˁʺˌ ʺ ʶˊʶˎ˄ʹˍʽˁʺˌ ˒ˏˋʹˌΣ ˎˉˈ ˍʹ˄ ˉˊˇːˉˈʻʶˋʹ ˄ʰ ʰ˄ʰ˒ʷˊʶˍʰʽ 

ʹ ˉʹʴʺ ˉˊˇʷ˂ʶˎˋʹˌ ˁʰʽ ˄ʰ ʵʽʰˍʹˊʶʾˍʰʽ ˍˇ ˉʰˊˈ˄ ˃ʺ˄ˎ˃ʰΦ ɳˊ˖ˍʺ˃ʰˍʰ ˉˇˎ ʰ˒ˇˊˇˏ˄ ˋˍʹ 

˔ˊʺˋʹ ˍʹˌ ʶˊʴʰˋʾʰˌ ʴʽʰ ˁʶˊʵˇˋˁˇˉʽˁˈ ˋˁˇˉˈ ˉˊʷˉʶʽ ˄ʰ ʰˉʶˎʻˏ˄ˇ˄ˍʰʽ ˉˊˇˌ ˍˇ 

ˋˎʴʴˊʰ˒ʷʰΦ  

ɶ ʷʴˁˊʽˋʹ ˍʹˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌ ʰˉˈ ˍʹ˄ ɮ˄˗ˍʰˍʹ ʅ˔ˇ˂ʺ ʃˇ˂ʽˍʽˁ˗˄ ɾʹ˔ʰ˄ʽˁ˗˄ ˍˇˎ 

ɳʻ˄ʽˁˇˏ ɾʶˍˋˈʲʽˇˎ ʃˇ˂ˎˍʶ˔˄ʶʾˇˎ ʵʶ˄ ˎˉˇʵʹ˂˗˄ʶʽ ʰˉˇʵˇ˔ʺ ˍ˖˄ ʰˉˈ˕ʶ˖˄ ˍˇˎ 

ˋˎʴʴˊʰ˒ʷʰ όɿΦ ропоκмфонΣ ɯˊʻˊˇ нлнύ 
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ʅʋʁɽɶ ʃʁɽɹʆɹɼʍɿ ɾɶʋɮɿɹɼʍɿ 

ʆʁɾɳɮʅ ɱɳʍʆɳʋɿɹɼɶʅ 

 

 

 

ɲʽʵʰˁˍˇˊʽˁʺ ɲʽʰˍˊʽʲʺ ˍʹˌ ɳ˂ʷ˄ʹˌ-ɾʰˊʾʰˌ ʃʰˎ˂ˇˉˇˏ˂ˇˎ 

ζʃʶʽˊʰ˃ʰˍʽˁʺ ɲʽʶˊʶˏ˄ʹˋʹ ˍ́ ˌ ɮ˄ʽˋˈˍˊˇˉʹˌ ʅˎ˃ˉʶˊʽ˒ˇˊʱˌ ɯ˃˃ˇˎ 

ʅˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹˌ ˃ʁ  ɼˇ˂˂ˇʶʽʵʺ ʃˎˊʽˍʾʰη 

ɳˉʽʲ˂ʷˉˇˎˋʰΥ ɰʰˋʽ˂ʽˁʺ ɿΦ ɱʶ˖ˊʴʽʱ˄˄ˇˎ ɼʰʻʹʴʺˍˊʽʰΣ ɳΦɾΦʃ 

 

ʃʶˊʾ˂ʹ˕ʹ 

 

ɶ  ˊʶˎˋˍˇˉˇʾʹˋʹ ˃ʹ ˋˎ˄ʶˁˍʽˁ˗˄ ʶʵʰ˒˗˄ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˋʶʽˋ˃ʽˁ˗˄ ʵʽʶʴʷˊˋʶ˖˄ 

˃ˉˇˊʶʾ ˄ʰ  ˉˊˇˁʰ˂ʷˋʶʽ ˋʹ˃ʰ˄ˍʽˁʷˌ ʸʹ˃ʽʷˌ ˋˍʹ˄ ʰ˄˖ʵˇ˃ʺΣ ʷ˖ˌ ˁʰʽ ˍʹ˄ ˉ˂ʺˊʹ ʰˋˍˇ˔ʾʰΦ ɶ 

ʰˉˇˍˊˇˉʺ ˍˇˎ ˁʽ˄ʵˏ˄ˇˎ ˊʶˎˋˍˇˉˇʾʹˋʹˌ ˋʶ ʻʷˋʶʽˌ ˄ʷ˖˄ ˁʰˍʰˋˁʶˎ˗˄ ˃ˉˇˊʶʾ ˄ʰ 

ʶˉʽˍʶˎ˔ʻʶʾ ˃ʶ ˃ʾʰ ˋʶʽˊʱ ʰˉˈ ˁʰʻʽʶˊ˖˃ʷ˄ʶˌ ˃ʶʻˇʵˇ˂ˇʴʾʶˌ ʲʶ˂ˍʾ˖ˋʹˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ˉˊʽ˄ 

ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍˇˎ ˁˍʽˊʾˇˎ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ˊʶˎˋˍˇˉˇʽʺˋʽ˃ˇˎ 

ʶʵʱ˒ˇˎˌΦ ʅʶ ˉʶˊʽˉˍ˗ˋʶʽˌ ˉˇˎ ʹ ʲʶ˂ˍʾ˖ˋʹ ˍˇˎ ʶʵʱ˒ˇˎˌ ʶ˒ʰˊ˃ˈʸʶˍʰʽ ˋʶ ˉʶˊʽˇ˔ʷˌ ˃ʶ 

ˎ˒ʽˋˍʱ˃ʶ˄ʶˌ ˁʰˍʰˋˁʶˎʷˌΣ ˇʽ ˁʰˍʱ˂˂ʹ˂ʶˌ ˃ʷʻˇʵˇʽ ʶʾ˄ʰʽ ˂ʾʴʶˌ ˁʰʽ ˋˎ˄ʺʻ˖ˌ ˋˎ˄ˇʵʶˏˇ˄ˍʰʽ 

ʰˉˈ ̄̌˂˂ʱ ˃ʶʽˇ˄ʶˁˍʺ˃ʰˍʰ όʲʶ˂ˍʾ˖ˋʹ ˍˇˎ ʶʵʱ˒ˇˎˌ ˋʶ ˃ʽˁˊˈ ˍ˃ʺ˃ʰ ˍʹˌ ˁʱˍˇ˕ʹˌΣ 

ˉˊˈˁ˂ʹˋʹ ̄ ˊˇʲ˂ʹ˃ʱˍ˖˄ ˋˍʹ ʻʶ˃ʶ˂ʾ˖ˋʹ ˂ˈʴ˖ ˍʹˌ ʶʽˋˉʾʶˋʹˌ ʶ˄ʶ˃ʱˍ˖˄ ˎˉˈ ˎ˕ʹ˂ʺ ˉʾʶˋʹ 

ˁ˂ˉΦύΦ ʁʽ ʰ˄˖ˍʷˊ˖ ˋˎ˄ʻʺˁʶˌ ˇʵʺʴʹˋʰ˄ ˋˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˃ʽʰˌ ˄ʷʰˌ ˃ʶʻˈʵˇˎ ʲʶ˂ˍʾ˖ˋʹˌ 

ʶʵʰ˒˗˄Σ ˍʹˌ ˉʰʻʹˍʽˁʺˌ ˋˍʰʻʶˊˇˉˇʾʹˋʹˌ όpassive site stabilization) (Gallagher, 2000).   

ʃˊˈˁʶʽˍʰʽ ʴʽʰ ˍʹ˄ ʶʽˋˉʾʶˋʹ ˃ʶ ˔ʰ˃ʹ˂ʺ ˎʵˊʰˎ˂ʽˁʺ ˁ˂ʾˋʹ ʶ˄ˈˌ ˋˍʰʻʶˊˇˉˇʽʹˍʺ όǎǘŀōƛƭƛǎŜǊύΣ 

ʵʹ˂ʰʵʺ ʶ˄ˈˌ ˎ˂ʽˁˇˏ ˉˇˎ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁ˗ˌ ʰˋ˒ʰ˂ʺ ˄ʰ˄ˇ-ˋ˖˃ʰˍʾʵʽʰΣ ˃ʶ 

ʵʽʱ˒ˇˊʶˌ ˉʽʻʰ˄ʷˌ ˃ˇˊ˒ʷˌ ˔ʹ˃ʽˁʺˌ ˋˏˋˍʰˋʹˌΣ ˋˍˇ ˊʶˎˋˍˇˉˇʽʺˋʽ˃ˇ ʷʵʰ˒ˇˌ ʻʶ˃ʶ˂ʾ˖ˋʹˌ 

ˇ˂ˈˁ˂ʹˊʹˌ ˍʹˌ ˁʱˍˇ˕ʹˌ ˃ʽʰˌ ˎ˒ʽˋˍʱ˃ʶ˄ʹˌ ˁʰˍʰˋˁʶˎʺˌΦ ɶ ʵʽʺʻʹˋʹ ˍˇˎ ˋˍʰʻʶˊˇˉˇʽʹˍʺ 

˃ˉˇˊʶʾ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ  ʶʾˍʶ ˃ʷˋ˖ ˍʹˌ ˒ˎˋʽˁʺˌ ˊˇʺˌ ˁʰˍʰˋˁʶˎʱʸˇ˄ˍʰˌ ʷ˄ʰ ˒ˊʷʰˊ ˃ʶ ˍˇ˄ 

ˋˍʰʻʶˊˇˉˇʽʹˍʺ ʰ˄ʱ˄ˍʹ ˍʹˌ ˁʰˍʰˋˁʶˎʺˌΣ ʶʾˍʶ ʶˉʽʲʱ˂˂ˇ˄ˍʰˌ ˋˎ˄ʻʺˁʶˌ ˊˇʺˌ 

ˁʰˍʰˋˁʶˎʱʸˇ˄ˍʰˌ ˒ˊʷʰˍʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ʱ˄ˍ˂ʹˋʹˌ ˃ʶ ˔ʰ˃ʹ˂ʺ ˎʵˊʰˎ˂ʽˁʺ ˁ˂ʾˋʹΦ 



 

b 
 

ɶ ˁˇ˂˂ˇʶʽʵʺˌ ˉˎˊʽˍʾʰ [ǳŘƻȄ-{aϯ ˉˇˎ ʶˉʽ˂ʷ˔ʻʹˁʶ ˖ˌ ˋˍʰʻʶˊˇˉˇʽʹˍʺˌ ˋˍʹ˄ ˉʰˊˇˏˋʰ 

ʵʽʰˍˊʽʲʺ ʰˊ˔ʽˁʱ ʷ˔ʶʽ ˍʹ ˃ˇˊ˒ʺ ˎʴˊˇ˂ˏ˃ʰˍˇˌ ˁʰʽ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ ˎ˒ʾˋˍʰˍʰʽ 

ʶ˂ʶʴ˔ˈ˃ʶ˄ʹ ˃ʶˍʰˍˊˇˉʺ ˋʶ ʴʷ˂ʹΣ ˃ʶ ˍʰˎˍˈ˔ˊˇ˄ʹ ʰˏ˅ʹˋʹ ˍˇˎ ʽ˅˗ʵˇˎˌ ˍˇˎΦ ʄˎʻ˃ʾʸˇ˄ˍʰˌ 

ˍˇˎˌ ˁʰˍʱ˂˂ʹ˂ˇˎˌ ˉʰˊʱʴˇ˄ˍʶˌ όpHΣ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˋʶ ʰ˂ʱˍʽΣ ʻʶˊ˃ˇˁˊʰˋʾʰύ ʹ ˃ʶˍʰˍˊˇˉʺ 

ʴʾ˄ʶˍʰʽ ˋʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˔ˊˈ˄ˇ ˗ˋˍʶ ˄ʰ ʷ˔ʶʽ ˇ˂ˇˁ˂ʹˊ˖ʻʶʾ ʹ ʵʽˇ˔ʷˍʶˎˋʹ ˇ˃ˇʽˈ˃ˇˊ˒ʰ ˋʶ 

ˈ˂ʹ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˍʹˌ ˁʱˍˇ˕ʹˌΦ ɾʷˋ˖ ˍˇˎ ʶ˃ˉ˂ˇˎˍʽˋ˃ˇˏ ˍˇˎ ˎʴˊˇˏ ˍ˖˄ ˉˈˊ˖˄ ˃ʶ ˍˇ˄ 

ˋˍʰʻʶˊˇˉˇʽʹˍʺ ʰ˂˂ʱʸʶʽ ʹ ˃ʹ˔ʰ˄ʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʶʵʰ˒ʽˁˇˏ ˋˁʶ˂ʶˍˇˏ - 

ˎʴˊˇˏ ˍ˖˄ ˉˈˊ˖˄ ˁʰʽ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˎ˕ʹ˂ˈˍʶˊʹ ʰ˄ˍˇ˔ʺΣ ʰˎ˅ʹ˃ʷ˄ʹ ʵʽʰˋˍˇ˂ʽˁˈˍʹˍʰ ˁʰʽ 

ʰ˄ˍʾˋˍʰˋʹ ˋʶ ˊʶˎˋˍˇˉˇʾʹˋʹ όDŀƭƭŀƎƘŜǊ ϧ aƛǘŎƘŜƭƭΣ нллнΤ YƻŘŀƪŀ Ŝǘ ŀƭΦΣ нллрΤ 5ƝŀȊ-

wƻŘǊƝƎǳŜȊ Ŝǘ ŀƭΦΣ нллуΤ tƻǊŎƛƴƻ Ŝǘ ŀƭΦΣ нлммΣ нлмнΤ ±Ǌŀƴƴŀ ϧ ¢ƛƪŀΣ нлмрύ. ʃʰˊˈ˂ˇ ˉˇˎ ˇʽ 

ˉˊˇʰ˄ʰ˒ʶˊʻʶʾˋʶˌ ʶˊʴʰˋˍʹˊʽʰˁʷˌ ˃ʶ˂ʷˍʶˌ ʷ˔ˇˎ˄ ʵ˗ˋʶʽ ʰˉʰ˄ˍʺˋʶʽˌ ˋʶ ʰˊˁʶˍʱ ʸʹˍʺ˃ʰˍʰ 

ˉˇˎ ʰ˒ˇˊˇˏ˄ ʰˎˍʺ ˍʹ ˄ʷʰ ʶ˂ˁˎˋˍʽˁʺ ˃ʷʻˇʵˇ ˋˍʰʻʶˊˇˉˇʾʹˋʹˌ ʱ˃˃˖˄Σ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʱ 

ˍˇˎˌ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʽˌ ˁ˂ʰˋʽˁʷˌ ʵˇˁʽ˃ʷˌ ˃ʷˍˊʹˋʹˌ ˍʹˌ ʰ˄ˍʾˋˍʰˋʹˌ ˋʶ ˊʶˎˋˍˇˉˇʾʹˋʹ ˋˍʹ˄ 

ˍˊʽʰ˅ˇ˄ʽˁʺ ˋˎˋˁʶˎʺ ʺ ˍʹ ˋˎˋˁʶˎʺ ʰˉ˂ʺˌ ʵʽʱˍ˃ʹˋʹˌ ˇʽ ˇˉˇʾʶˌ ʵʶ˄ ʷ˔ˇˎ˄ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ 

ʵʽʶˊʶˏ˄ʹˋʹˌ ˍʹˌ ʰ˄ʽˋˈˍˊˇˉʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍ˖˄ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄˖˄ ʱ˃˃˖˄Φ 

O ˈˊˇˌ ˍʹˌ ʰ˄ʽˋˇˍˊˇˉʾʰˌ ˍ˖˄ ʶʵʰ˒ʽˁ˗˄ ˎ˂ʽˁ˗˄ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍʹ˄ ʶ˅ʱˊˍʹˋʹ ˍʹˌ 

˃ʹ˔ʰ˄ʽˁʺˌ ˍˇˎˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ όʰ˄ˍˇ˔ʺΣ ʵʽʰˋˍˇ˂ʽˁˈˍʹˍʰΣ ʵˎˋˍ˃ʹˋʾʰύ ʰˉˈ ˍʹ ʵʽʶˏʻˎ˄ˋʹ 

ˍʹˌ ˒ˈˊˍʽˋʹˌ ˂ˈʴ˖ ˍʹˌ ʰ˄ʽˋˈˍˊˇˉʹˌ ʵˇ˃ʺˌ ˍˇˎˌΦ ɶ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ʷ˄ʹ ʶˋ˖ˍʶˊʽˁʺ ʵʽʱˍʰ˅ʹ 

ˍ˖˄ ˁˈˁˁ˖˄ ˁʰʽ ˍ˖˄ ˁʶ˄˗˄Σ ʵʹ˂ʰʵʺ ʹ ʵʽʱˍʰ˅ʹ ˍ˖˄ ˁˈˁˁ˖˄Σ ˇ ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈˌ ˍ˖˄ 

ʵʽʰ˄ˎˋ˃ʱˍ˖˄ ˉˇˎ ʶʾ˄ʰʽ ˁʱʻʶˍʰ ˋˍʽˌ ˃ʶˍʰ˅ˏ ˍˇˎˌ ʶˉʰ˒ʷˌΣ ʹ ˁʰˍʰ˄ˇ˃ʺ ˁʰʽ ˇ 

ˉˊˇˋʰ˄ʰˍˇ˂ʽˋ˃ˈˌ ˍ˖˄ ˁʶ˄˗˄ ˇˊʾʸˇˎ˄ ˍʹ ʵˇ˃ʺ όfabricύ ˍˇˎ ˎ˂ʽˁˇˏ (Mitchell & Kenichi, 

1976).  

ɱʽʰ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍʹˌ ˉʰʻʹˍʽˁʺˌ ˋˍʰʻʶˊˇˉˇʾʹˋʹˌ ˋˍʹ˄ ˉˊʱ˅ʹ ʰˉʰʽˍʶʾˍʰʽ ʹ 

ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʹ ʴ˄˗ˋʹ ˍʹˌ ʰˉˈˁˊʽˋʹˌ ˍˇˎ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ˇˎ ʶʵʱ˒ˇˎˌ ˎˉˈ ʵʽʱ˒ˇˊʶˌ 

ˋˎ˄ʻʺˁʶˌ ˒ˈˊˍʽˋʹˌΦ ʅˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ʵʽʰˍˊʽʲʺˌ ʵʽʶˊʶˎ˄ʱˍʰʽ ˉʶʽˊʰ˃ʰˍʽˁʱ ʹ 

ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰ ˍʹˌ ζ˄ʷʰˌη ˃ʶʻˈʵˇˎ ʲʶ˂ˍʾ˖ˋʹˌ ˃ʹ ˋˎ˄ʶˁˍʽˁ˗˄ ʶʵʰ˒˗˄ ˃ʷˋ˖ 

ʵˇˁʽ˃˗˄ ˃ˇ˄ˇˍˇ˄ʽˁʺˌ ˁʰʽ ʰ˄ʰˁˎˁ˂ʽˁʺˌ ˒ˈˊˍʽˋʹˌ ʶ˅ʶˍʱʸˇ˄ˍʰˌ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍˇˎ ˋ˔ʺ˃ʰˍˇˌ 

ˍ˖˄ ˁˈˁˁ˖˄Σ ˍ˖˄ ˋˎ˄ʻʹˁ˗˄ ˋˍˊʱʴʴʽˋʹˌ ˁʰʽ ˍʹˌ ʶ˄ʶˊʴˇˏ ˍʱˋʹˌ ˃ʷˋ˖ ˁ˂ʰˋˋʽˁ˗˄ ʵˇˁʽ˃˗˄ 

ʰ˂˂ʱ ˁʰʽ ˎˉˈ ˋˎ˄ʻʺˁʶˌ ʴʶ˄ʽˁʶˎ˃ʷ˄ʹˌ ˒ˈˊˍʽˋʹˌ ˃ʷˋ˖ ʶ˅ʶʽʵʽˁʶˎ˃ʷ˄˖˄ ʵˇˁʽ˃˗˄ ˋˍʹ 

ʅˎˋˁʶˎʺ ʅˍˊʷ˕ʹˌ ɼˇʾ˂ˇˎ ɼˎ˂ʽ˄ʵˊʽˁˇˏ ɲˇˁʽ˃ʾˇˎ.  

ɶ ˋˍʰʻʶˊˇˉˇʾʹˋʹ ˃ʶ ˁˇ˂˂ˇʶʽʵʺ ˉˎˊʽˍʾʰ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ˇʵʹʴʶʾ ˋʶ ˃ʶʴʰ˂ˏˍʶˊʹ 

ʶ˄ʵˇˋʽ˃ˈˍʹˍʰ ˁʰˍʱ ˍʹ ˃ˇ˄ˇʵʽʱˋˍʰˍʹ ˋˎ˃ˉʾʶˋʹ ʵʽʶˎˁˇ˂ˏ˄ˇ˄ˍʰˌ ˍʹ˄ ˇ˂ʾˋʻʹˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ˁˈˁˁ˖˄ όˉ˂ʰˋˍʽˁʷˌ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌύΣ ʶ˄˗ ˁʰˍʱ ˍʹ˄ ʰˉˇ˒ˈˊˍʽˋʹ ʵʶ ˒ʰʾ˄ʶˍʰʽ ˄ʰ ʶˉʹˊʶʱʸʶʽ 

ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ ˇʽˇ˄ʶʾ ʶ˂ʰˋˍʽˁ˗˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄Φ ʇˉˈ ˍˊʽʰ˅ˇ˄ʽˁʺ ʻ˂ʾ˕ʹ ʹ 

ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹ ʱ˃˃ˇˌ ʰ˄ʰˉˍˏˋˋʶʽ ˉˇ˂ˏ ˃ʶʴʰ˂ˏˍʶˊʹ ʵʽʰˋˍˇ˂ʽˁˈˍʹˍʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ 

ʱ˃˃ˇ ˉˇˎ ˇʵʹʴʶʾ ˋʶ ˎ˕ʹ˂ˈˍʶˊʹ ˃ʷʴʽˋˍʹ ʰ˄ˍˇ˔ʺΦ ɶ ʲʶ˂ˍʽ˖˃ʷ˄ʹ ʰ˄ˍˇ˔ʺ ˍʹˌ ʱ˃˃ˇˎ ˁʰʽ ʹ 

ʷ˄ˍˇ˄ʹ ˍʱˋʹ ʴʽʰ ʵʽʰˋˍˇ˂ʺΣ ˃ʶˍʱ ˍʹ ˋˍʰʻʶˊˇˉˇʾʹˋʺ ˍʹˌ ˃ʶ ˎʴˊˈ˂ˎ˃ʰ ˁˇ˂˂ˇʶʽʵˇˏˌ 

ˉˎˊʽˍʾʰˌ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ CSҐмл҈Σ ˃ʶʽ˗˄ʶˍʰʽ ˋˍʰʵʽʰˁʱ ˃ʶ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˍʱˋʹˌ ˁʰʽ ˍʹ 

ˋˎˋˋ˗ˊʶˎˋʹ ˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌΦ ʅˍʹ˄ ˍʶ˂ʽˁʺ ˁˊʾˋʽ˃ʹ ˁʰˍʱˋˍʰˋʹ ˇ ˂ˈʴˇˌ 



c 
 

ˍʱˋʶ˖˄ ˍ˖˄ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄˖˄ ʵˇˁʽ˃ʾ˖˄ ˉˊˇˋˇ˃ˇʽʱʸʶʽ ˍˇ˄ ˂ˈʴˇ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄ ʱ˃˃ˇˎ 

ˈˍʰ˄ ˉ˂ʷˇ˄ ˁˎˊʽʰˊ˔ˇˏ˄ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˊʽʲʺˌ ˋˍʽˌ ʶˉʰ˒ʷˌ ˍ˖˄ ˁˈˁˁ˖˄Φ 

ɼʰˍʱ ˍʹ˄ ʰ˄ʰˁˎˁ˂ʽˁʺ ˒ˈˊˍʽˋʹ ˍʹˌ ˔ʰ˂ʰˊʺˌ ʱ˃˃ˇˎ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˊʰʴʵʰʾʰ ʰˏ˅ʹˋʹ ˍʹˌ 

ˎˉʶˊˉʾʶˋʹˌ ˉˈˊ˖˄ ˃ʶ ˍʰˎˍˈ˔ˊˇ˄ʹ ʰ˄ʱˉˍˎ˅ʹ ˃ʶʴʱ˂ʹˌ ʰ˅ˇ˄ʽˁʺˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˈˍʰ˄ ʹ 

ˍʰˋʽˁʺ ʵʽʰʵˊˇ˃ʺ ˁʰˍʱ ˍʹ˄ ʰ˄ʰˁˎˁ˂ʽˁʺ ˒ˈˊˍʽˋʹ ˒ˍʱˋʶʽ ˍʹ˄ ˇˊʽʰˁʺ ʴˊʰ˃˃ʺ ʰˋˍʱʻʶʽʰˌ ˁʰʽ 

ˍˇ ʵˇˁʾ˃ʽˇ ˇʵʹʴʶʾˍʰʽ ˋˍʹ ˊʶˎˋˍˇˉˇʾʹˋʹΦ ʅˍʹ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹ ʱ˃˃ˇ ʹ ʰ˅ˇ˄ʽˁʺ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˋˎˋˋ˖ˊʶˏʶˍʰʽ ˋˍʰʵʽʰˁʱ ʰˉˈ ˍˇ˄ ˉˊ˗ˍˇ ˁˏˁ˂ˇ ˒ˈˊˍʽˋʹˌ ˁʰʽ ˉʰˊʱ ˍˇ˄ 

˃ʹʵʶ˄ʽˋ˃ˈ ˍʹˌ ʶ˄ʶˊʴˇˏ ˍʱˋʹˌ όʰˊ˔ʽˁʺ ˊʶˎˋˍˇˉˇʾʹˋʹύΣ ˍˇ ʵˇˁʾ˃ʽˇ ʵʶ˄ ˊʶˎˋˍˇˉˇʽʶʾˍʰʽΦ 

ɳ˄˗ ˍˇ ʰˊ˔ʽˁˈ ˃ʷˍˊˇ ʵˎˋˍ˃ʹˋʾʰˌ ˍʹˌ ˒ˎˋʽˁʺˌ ʱ˃˃ˇˎ ʶʾ˄ʰʽ ʾˋˇ ʺ ˃ʶʴʰ˂ˏˍʶˊˇ ʰˉˈ ʶˁʶʾ˄ˇ 

ˍʹˌ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹˌ ʱ˃˃ˇˎΣ ˁʰˍʱ ˍʹ˄ ʰˊ˔ʽˁʺ ˊʶˎˋˍˇˉˇʾʹˋʹ ˃ʶʽ˗˄ʶˍʰʽ ˊʰʴʵʰʾʰ ˁʰʽ 

ˉˊʰˁˍʽˁʱ ˃ʹʵʶ˄ʾʸʶˍʰʽΣ ʶ˄˗ ʹ ʵˎˋˍ˃ʹˋʾʰ ˍʹˌ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹˌ ʱ˃˃ˇˎ ʰˉˇ˃ʶʽ˗˄ʶˍʰʽ 

ˋˍʰʵʽʰˁʱ. 

ʍˋˍˈˋˇΣ ʶˉʶʽʵʺ ˋˍʰ ˉʶˊʽˋˋˈˍʶˊʰ ʴʶ˖ˍʶ˔˄ʽˁʱ ˉˊˇʲ˂ʺ˃ʰˍʰ ˇʽ ʰˊ˔ʽˁʷˌ ʶ˄ˍʰˍʽˁʷˌ 

ˁʰˍʰˋˍʱˋʶʽˌ ˁʰʽ ˇʽ ˋˎ˄ʻʺˁʶˌ ˒ˈˊˍʽˋʹˌ ʶʾ˄ʰʽ ˋˏ˄ʻʶˍʶˌ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ʰ˂˂ʰʴʷˌ ˍˈˋˇ 

ˋˍˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˁˏˊʽ˖˄ ˍʱˋʶ˖˄ όˋ1Σ ˋ2Σ ˋ3ύ ˈˋˇ ˁʰʽ ˋˍʹ ʵʽʶˏʻˎ˄ˋʺ ˍˇˎˌΣ ʹ ˃ʶ˂ʷˍʹ ˍʹˌ 

ʰˉˈˁˊʽˋʹˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ˎˉˈ ʴʶ˄ʽˁʶˎ˃ʷ˄ʶˌ ˋˎ˄ʻʺˁʶˌ ˒ˈˊˍʽˋʹˌ ʶʾ˄ʰʽ ʰ˄ʰʴˁʰʾʰΦ  ɱʽΩ ʰˎˍˈ 

ˍˇ ˋˁˇˉˈΣ ʴʽʰ ˉˊ˗ˍʹ ˒ˇˊʱ ˃ʶ˂ʶˍʱˍʰʽ ʹ ʶˉʾʵˊʰˋʹ ˍʹˌ ˃ʶˍʰʲˇ˂ʺˌ ˍʹˌ ʵʽʶˏʻˎ˄ˋʹˌ ˍ˖˄ 

ˁˎˊʾ˖˄ ˍʱˋʶ˖˄ ˋˍʹ˄ ʰˉˈˁˊʽˋʹ ˍʹˌ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹˌ ʱ˃˃ˇˎ ˃ʷˋ˖  ʵˇˁʽ˃˗˄ ˍˊʽʰ˅ˇ˄ʽˁˇˏ 

ʶ˒ʶ˂ˁˎˋ˃ˇˏ ˁʰʽ ʶ˅ʶʽʵʽˁʶˎ˃ʷ˄˖˄ ˉʶʽˊʰ˃ʱˍ˖˄ ˋˍʹ ˋˎˋˁʶˎʺ ʅˍˊʶˉˍʽˁʺˌ ɲʽʱˍ˃ʹˋʹˌ ɼˇʾ˂ˇˎ 

ɼˎ˂ʽ˄ʵˊʽˁˇˏ ɲˇˁʽ˃ʾˇˎΦ ɮˊ˔ʽˁʱ ˉˊˇˋʵʽˇˊʾˋˍʹˁʶ ʷ˄ʰ ˉ˂ʰʾˋʽˇ ˉˇˎ ˉʶˊʽʴˊʱ˒ʶʽ ˍʹ˄ 

ʰ˄ʽˋˈˍˊˇˉʹ ʰˉˈˁˊʽˋʹ ˍʹˌ ʱ˃˃ˇˎ ˁʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ˍˇ ˉ˂ʰʾˋʽˇ ʰˎˍˈ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˖ˌ 

ʲʱˋʹ ʰ˄ʰ˒ˇˊʱˌ ʴʽʰ ˍʹ˄ ʰ˄ʱʵʶʽ˅ʹ ˍʹˌ ʲʶ˂ˍʽ˖˃ʷ˄ʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍʹˌ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹˌ 

ʱ˃˃ˇˎΦ 

ʅʶ ʵˇˁʽ˃ʷˌ ˃ˇ˄ˇˍˇ˄ʽˁʺˌ ˒ˈˊˍʽˋʹˌ ˎˉˈ ˋˍʰʻʶˊʺ ʴ˖˄ʾʰ ʰ ˋˍʹ˄ ʱ˃˃ˇΣ ʹ ʲʷ˂ˍʽˋˍʹ 

˃ʹ˔ʰ˄ʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˈˍʰ˄ ʹ  ˃ʷʴʽˋˍʹ ˁˏˊʽʰ ̱ ʱˋʹ ʶʾ˄ʰʽ ˁʱʻʶˍʹ ˋˍˇ ʶˉʾˉʶʵˇ 

ʵʽʰˋˍˊ˖˃ʱˍ˖ˋʹˌ όʰҐлϲύΦ ɶ ʰˉˈˁˊʽˋʹ ˍʹˌ ʱ˃˃ˇˎ ʴʾ˄ʶˍʰʽ ˉʽˇ ˋˎˋˍˇ˂ʽˁʺ ˈˋˇ ˇ ˋΩ1-ʱ˅ˇ˄ʰˌ 

ʰˉˇ˃ʰˁˊˏ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ ˁʰˍʰˁˈˊˎ˒ˇ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ʹ ʰ˄ˍˇ˔ʺ ˍʹˌ ˄ʰ ˃ʶʽ˗˄ʶˍʰʽ ˃ʶ ˍʹ 

ʴ˖˄ʾʰ ʰΦ ɱʽʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˍʽ˃ʺ ˍʹˌ ʴ˖˄ʾʰˌ ʰ ʹ ʰˏ˅ʹˋʹ ˍʹˌ ˉʰˊʰ˃ʷˍˊˇˎ ʶ˄ʵʽʱ˃ʶˋʹˌ 

ˁˏˊʽʰˌ ˍʱˋʹˌ όbύ ˇʵʹʴʶʾ ˋʶ ˋʹ˃ʰ˄ˍʽˁʺ ˃ʶʾ˖ˋʹ ˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ ˁʰʽ ʰˏ˅ʹˋʹ ˍʹˌ 

ˋˎˋˍˇ˂ʽˁˈˍʹˍʰˌΦ ɶ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹ ʱ˃˃ˇˌ ʶ˃˒ʰ˄ʾʸʶʽ ʷ˄ˍˇ˄ hh ˄ʽˋˈˍˊˇˉʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ 

ˈˉ˖ˌ ʹ ʱ˃˃ˇˌ. ʂˍʰ˄ ˇ ˋΩ1-ʱ˅ˇ˄ʰˌ ʰˉˇ˃ʰˁˊˏ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ ˁʰˍʰˁˈˊˎ˒ˇ ʹ ʰ˄ˍˇ˔ʺ ˍʹˌ 

˃ʶʽ˗˄ʶˍʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ˁʰʽ ʹ ˋˎˋˍˇ˂ʺ ʰˎ˅ʱ˄ʶˍʰʽΦ  ɶ ˃ʽˁˊˈˍʶˊʹ ʰ˄ˍˇ˔ʺ ˉʰˊʰˍʹˊʶʾˍʰʽ ˈˍʰ˄ 

ʰҐслϲ ˈˉ˖ˌ ˁʰʽ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍʹˌ ˉˎˁ˄ʺˌ ʱ˃˃ˇˎ ɾомΦ ɮ˄ʶ˅ʱˊˍʹˍʰ ˍʹˌ ʴ˖˄ʾʰˌ ʰ ʹ 

˃ʷʴʽˋˍʹ ʰ˄ˍˇ˔ʺ ˍʹˌ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹˌ ʱ˃˃ˇˎ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˁʰʽ ʰˉˈ ʰˎˍʺ ˍʹˌ ˉˎˁ˄ʺˌ 

ʱ˃ ˃ˇˎ ɾомΦ ɳˉʽˉˊˈˋʻʶˍʰΣ ʹ ˉˊˇˋʻʺˁʹ ˋˍʰʻʶˊˇˉˇʽʹˍʺ ˃ʶʽ˗˄ʶʽ ˍʹ ˋˎˋˍˇ˂ʺ ˁʰʽ ʰˎ˅ʱ˄ʶʽ 

ˍʹ ʵʽʰˋˍˇ˂ʽˁˈˍʹˍʰΦ ʍˋˍˈˋˇΣ ʴʽʰ ʰҗпрϲ ʹ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹ ʱ˃˃ˇˌ ʶ˃˒ʰ˄ʾʸʶʽ ʰˋʻʶ˄ʷˋˍʶˊʹ 

ʰˉˈˁˊʽˋʹ ʰˉˈ ˍʹ˄ ʱ˃˃ˇ ˋʶ ˔ʰ˃ʹ˂ˈ ˂ˈʴˇ ˍʱˋʶ˖˄Σ ˃ʶ ˍʹ  ˋˎˋˋ˗ˊʶˎˋʹ ˉ˂ʰˋˍʽˁʺˌ 

ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˎˉˈ ˋˍʰʻʶˊˈ ˈʴˁˇΦ ʂˍʰ˄ ʹ ʶˉʽʲˇ˂ʺ ˍʹˌ ˒ˈˊˍʽˋʹˌ ʴʾ˄ʶˍʰʽ ˃ʷˋ˖ ʶ˂ʷʴ˔ˇˎ 

ˍʹˌ ˍʱˋʹˌ ˁʰʽ ʹ ˋˍˊʱʴʴʽˋʹ ʶʾˍʶ ʶʾ˄ʰʽ ʶ˃ˉˇʵʽʸˈ˃ʶ˄ʹ ʶʾˍʶ ʶ˂ʶˏʻʶˊʹ, ́  ɻʁ ˏˍʶˊʹ ʁ ʾ˄ʰʽ ʶ˒ʽˁˍʺ 

ˉˊʽ˄ ˁʰʽ ˃ʶˍʱ ˍʹ˄ ʰˋˍʰʻʺ ʰˉˈˁˊʽˋʹ, ́  ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹ ˔ʰ˂ʰˊʺ ʱ˃˃ˇˌ ʶ˃˒ʰ˄ʾʸʶʽ ʰˋˍʰʻʺ 



 

d 
 

ˋˎ˃ˉʶˊʽ˒ˇˊʱΣ ˈˉ˖ˌ ʻʰ ʷˁʰ˄ʶ ˁʰʽ ʹ ˔ʰ˂ʰˊʺ ʱ˃˃ˇˌ ˎˉˈ ˋˎ˄ʻʺˁʶˌ ʶ˃ˉˇʵʽʸˈ˃ʶ˄ʹˌ 

ˋˍˊʱʴʴʽˋʹˌΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ˍʹˌ ˒ˈˊˍʽˋʹˌΣ ˈˍʰ˄ ʰˊ˔ʾʸʶʽ ʹ ʵʽʰˋˍˇ˂ʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱΣ ʹ 

ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹ ʱ˃˃ˇˌ ʰ˄ʰˉˍˏˋˋʶʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˃ʷʴʽˋˍʹ h ˄ˍˇ˔ʺ ˁʰʽ ʰˉˈ ˍʹ˄ ˉˎˁ˄ˈˍʶˊʹ 

ʱ˃˃ˇΦ 

ʅˍʽˌ ʵˇˁʽ˃ʷˌ ˋˎ˄ʶ˔ˇˏˌ ˋˍˊˇ˒ʺˌ ˍ˖˄ ʰ˅ˈ˄˖˄ ˍ˖˄ ˁˎˊʾ˖˄ ˍʱˋʶ˖˄ ˎˉˈ ˋˍʰʻʶˊʷˌ ˍʽ˃ʷˌ 

ʰˉˇˁ˂ʾ˄ˇˎˋʰˌ ˍʱˋʹˌ ǉΣ ˃ʷˋʹˌ ʶ˄ʶˊʴˇˏ ˍʱˋʹˌ ǇΩ ˁʰʽ ˉʰˊʰ˃ʷˍˊˇˎ ōΣ ʹ ʰˉˈˁˊʽˋʹ ˍˇˎ 

ʵˇˁʽ˃ʾˇˎ ˂ˈʴ˖ ˍʹˌ ˉʶˊʽˋˍˊˇ˒ʺˌ ˍ˖˄ ʰ˅ˈ˄˖˄ ʰ˄ˍʰ˄ʰˁ˂ʱ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ˍʹ˄ ʵʽʰ˒ˇˊʶˍʽˁʺ 

ʵˇ˃ʺ ˋˍʹ˄ ʰˊ˔ʺ ˍʹˌ ʵˇˁʽ˃ʺˌΦ ɼʰˍʱ ˍʹ ˋˍˊˇ˒ʺ ˍ˖˄ ʰ˅ˈ˄˖˄ ˋˎˋˋ˖ˊʶˏʶˍʰʽ ˋˎˋˍˇ˂ʽˁʺ 

ˇʴˁˇ˃ʶˍˊʽˁʺ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ˁʰʽ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ˉ˂ʰˋˍʽˁʷˌ ʶˉʽ˃ʷˊˇˎˌ ˉʰˊʰ˃ˇˊ˒˗ˋʶʽˌΦ 

ʆˇ ˃ʷʴʶʻˇˌ ˍ˖˄ ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ˉˎˁ˄ˈˍʹˍʰ ˍʹˌ ʱ˃˃ˇˎΣ ˍʹ˄ ˍʽ˃ʺ ˍʹˌ 

ˉʰˊʰ˃ʷˍˊˇˎ ʶ˄ʵʽʱ˃ʶˋʹˌ ˁˏˊʽʰˌ ˍʱˋʹˌ ˁʰʽ ˍoˎ ʶˉʽʲʰ˂˂ˈ˃ʶ˄ˇˎ ˂ˈʴˇˎ ˍʱˋʶ˖˄Φ ɶ ˋˍˊˇ˒ʺ 

ˍ˖˄ h ˅ˈ˄˖˄ ˍ˖˄ ˁˏˊʽ˖˄ ˍʱˋʶ˖˄ ˎˉˈ ˎ˕ʹ˂ˈ ˂ˈʴˇ ˍʱˋʶ˖˄ ˇʵʹʴʶʾ ˋˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˃ʶʴʱ˂˖˄ 

ˉʰˊʰ˃ˇˊ˒˗ˋʶ˖˄ ˁʰʽ ˋʶ ʰˋˍˇ˔ʾʰ ˍ˖˄ ʵˇˁʽ˃ʾ˖˄Φ 

ɮˉˈˁ˂ʽˋʹ ˍʹˌ ˁˏˊʽʰˌ ˁʰˍʶˏʻˎ˄ˋʹˌ ˍʱˋʶ˖˄ ʰˉˈ ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ˁʰˍʶˏʻˎ˄ˋʹ ˍʹˌ ˁˏˊʽʰˌ 

ˉˊˇˋʰˎ˅ʹˍʽˁʺˌ ˉ˂ʰˋˍʽˁʺˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ό˃ʹ ˋˎʴʴˊʰ˃ʽˁˈˍʹˍʰύ ˉʰˊʰˍʹˊʶʾˍʰʽ ˋˍʹ 

˒ˎˋʽˁʺ ˁʰʽ ˋˍʰʻʶˊˇˉˇʽʹ˃ʷ˄ʹ ʱ˃˃ˇ ˎˉˈ ʵˇˁʽ˃ʷˌ ˃ˇ˄ˇˍˇ˄ʽˁʺˌ ˒ˈˊˍʽˋʹˌ ʶʽʵʽˁʱ ˈˍʰ˄ 

олϲҖʰҖслϲΦ ɶ ʰˉˈˁ˂ʽˋʹ ʶʾ˄ʰʽ ʽʵʽʰʾˍʶˊʰ ˋʹ˃ʰ˄ˍʽˁʺ ˋˍˇ ʰˊ˔ʽˁˈ ˋˍʱʵʽˇ ˍʹˌ ˒ˈˊˍʽˋʹˌΦ ʅʶ 

ˋ˔ʷˋʹ ˃ʶ ˍʹ ˒ˈˊˍʽˋʹ ˎˉˈ ˋˍʰʻʶˊʺ ʴ˖˄ʾʰ ʰΣ ʹ ˃ʹ ˋˎʴʴˊʰ˃ʽˁˈˍʹˍʰ  ˍʹˌ ʱ˃˃ˇˎ ʶʾ˄ʰʽ ˉʽˇ 

ʷ˄ˍˇ˄ʹ ˎ ˉˈ ˋˎ˄ʶ˔ʺ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ʴ˖˄ʾʰˌ ʰΦ ɶ ʴ˖˄ʾʰ ˃ʹ ˇ˃ˇʰ˅ˇ˄ʽˁˈˍʹˍʰˌ ˃ʶʽ˗˄ʶˍʰʽ ˈˍʰ˄ 

ʹ ˋˍˊˇ˒ʺ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˎˉˈ ˃ʶʴʰ˂ˏˍʶˊˇ ˂ˈʴˇ ˍʱˋʶ˖˄ ˁʰʽ ˈˍʰ˄ ʰˎ˅ʱ˄ʶˍʰʽ ʹ 

ˉʰˊʱ˃ʶˍˊˇˌ bΦ ɱʶ˄ʽˁʱΣ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍʹˌ ʱ˃˃ˇˎ ʴʾ˄ʶˍʰʽ ˉˊʰˁˍʽˁʱ ˇ˃ˇʰ˅ˇ˄ʽˁʺ ˃ʶ ˍʹ 

ˋˎˋˋ˗ˊʶˎˋʹ ʵʽʰˍ˃ʹˍʽˁʺˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˁʰˍʱ ˍʹ˄ ˈʵʶˎˋʹ ˉˊˇˌ ̱ ʹ˄ ʰˋˍˇ˔ʾʰΦ  
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Extended Summary and Conclusions 

 

1. Introduction 

Soil improvement techniques have traditionally been implemented in liquefiable soils 

(Seed and Lee, 1966) to increase their liquefaction resistance and limit deformations. 

Dynamic compaction, vibrocompaction, vibroflotation and pressure grouting of cement, 

clay, or other chemical solutions through a network of boreholes have been successfully 

applied in the field (DΩAppolonia et al., 1955; Donovan et al., 1984; Maher et al., 1994; 

Mayne et al., 1984). The first three methods provide direct control of the density of a sand 

deposit but may not be feasible in developed sites where methods based on grouting may 

be more suitable. In recent years, a new Ψpassive site stabilizationΩ method has been 

proposed for the remediation of liquefaction potential in developed sites under the least 

disturbance (Gallagher and Mitchell, 2002). 

Dilute colloidal silica or sodium silicate hydrosol (Iler, 1979; Brinker & Scherer, 1990) is 

slowly injected into the ground and transported through the saturated soil mass utilizing 

natural or enhanced groundwater flow (Figure 1) (Gallagher et al., 2007; Jurinak et al. 

1989), or by electro-osmosis (Thevanayagam & Jia, 2003). The silica hydrosol has low 

viscosity during the injection phase and thickens in a controllable manner to form a stable, 

non-toxic gel; the gel fills the pore space, retains the pore water, and supports the grain 

structure. The feasibility of this method has been examined in field tests reported by 

Gallagher et al. (2007). 
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In the laboratory, a number of studies were undertaken to investigate the behavior of 

stabilized sands. A review of the literature suggested that sand stabilized with silica gel 

shows enhanced strength associated with extreme dilation (Kodaka et al. 2005; Porcino et 

ŀƭΦ нлмнΤ tƻǊŎƛƴƻ ŀƴŘ aŀǊŎƛŀƴƼ нлмтΤ DŜƻǊƎƛŀƴƴƻǳ Ŝǘ ŀƭΦ нлмтύΣ ŀǎ ǿŜƭƭ ŀǎ ƭƛǉǳŜŦŀŎǘƛƻƴ 

resistance (Gallagher and Mitchell 2002; Diaz-Rodriguez et al. 2008; Porcino et al. 2011, 

2015), compared with untreated sand. Conlee et al. (2012) performed centrifuge model 

tests on loose sand slopes stabilized with colloidal silica and found that the stabilization 

prevented the lateral spreading of the slopes. However, a paradox exists at the heart of 

treated sand behavior. Despite its enhanced dilatancy, treated sand produces a more 

counterintuitive response to shearing and normal compression because it is softer 

compared with untreated sand. For treated sand, Spencer et al. (2007) reported a 50% 

lower shear modulus compared with untreated sand samples in resonant column tests. 

Moreover, Kodaka et al. (2005) observed higher strain rates and excess pore-water 

pressure accumulation under cyclic loading. Porcino et al. (2011, 2015) also observed that 

untreated samples developed limited shear strains before the onset of liquefaction, 

whereas shear strains of grouted specimens increased gradually with loading cycles in 

cyclic simple shear tests. Georgiannou et al. (2017) and Ciardi et al. (2020) reported higher 

volumetric changes under normal compression for the treated sand. 

 
Figure 1: Concept of passive site stabilization: (a) augmented (induced); (b) natural 

groundwater flow (Pamuk et al., 2007) 

Researchers have characterized the treated sand as sand with άcohesiveέ properties 

(Kodaka et al. 2005), as άdenseέ sand (Porcino et al. 2012), or as άstructuredέ sand 

(Georgiannou et al. 2020). Mitchell (1976) defined ΨstructureΩ as the combination of fabric 

and interparticle bonding. Natural soilΩs deposition process creates a preferred particle 

orientation parallel to the horizontal plane, causing a loading direction dependency (Oda. 

1972, Oda et al., 1978). The primary orientation and shape of the particles, the normal 
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contact vectors, and the distribution of the voids can be defined as fabric. After 

sedimentation, fabric keeps changing during loading-unloading process, developing an 

induced soil anisotropy (Casagrande and Carrllo,1944, Arthur 1972, Oda 1972, Wong and 

Arthur 1985). The effect of fabric anisotropy on clean sand behavior has long been 

recognized by Bishop (1971) and studied by several researchers. However, no attention 

has been paid to the characterization and modeling of fabric anisotropy in stabilized sand 

since the laboratory tests in the literature are limited to compression tests or cyclic simple 

shear and triaxial tests. 

Assessing soilΩs anisotropy is essential since most geotechnical problems involve 

complex loading conditions, including changes in the magnitude and direction of principal 

stresses (̀1, ̀ 2, ̀ 3). The angle of the ̀Ω1-axis to the vertical, where ̀Ω1 is the major principal 

stress, is expressed as .h Rotation of the stress principal axis (PA) in varying amounts (from 

=h00 to 900) in concurrence with increasing shear stress loading is commonly encountered 

in soil structures such as foundations, embankments (Figure 2), underwater slopes, etc., 

όLǎƘƛƘŀǊŀ ϧ ¢ƻǿƘŀǘŀΣ мфуоΤ ½ŘǊŀǾƪƻǾƛŏ Ŝǘ ŀƭΦΣ нллнΤ ²ƛƧŜǿƛŎƪǊŜƳŜ ϧ ±ŀƛŘΣ нллуύ. 

 
Figure 2: Limit equilibrium stress state beneath an embankment 

To assess the influence of clean sandΩs anisotropy, triaxial tests were usually employed 

to evaluate the mechanical response of sands. Lower strength in extension than in 

compression loading mode was repeatably observed (Miura and Toki, 1984, Vaid et al., 

1990, De Gennaro et al., 2004, Georgiannou, 2006). In conventional triaxial testing, the 

state of the stress is axisymmetric. In compression mode, the intermediate principal stress 

( 2̀) is equal to the minor principal stress (̀3); thus, the intermediate principal stress 

parameter is equal to zero (╫ Ɑ Ɑ

Ɑ Ɑ
π), and the direction of the major principal stress is 

parallel to the vertical axis (h=0O). On the contrary, in extension mode, the intermediate 

principal stress (̀2) is equal to the major principal stress (1̀); thus, b=1, and the direction 

of the major principal stress is normal to the vertical axis (=h900). 

To investigate soil anisotropy without advanced equipment, some researchers prepared 

specimens with different angles of the bedding plane (Oda 1972, Arthur and Menzies 1972, 



 
Pavlopoulou Eleni-Maria 

IV 
 

Guo 2008, Tong et al. 2014, Farhadi et al. 2017). Their results indicate that the soil strength 

depends strongly on the primary bedding plane orientation. Utilizing the Hollow Cylinder 

Apparatus (HCA) that enables independent control not only of the magnitude of the three 

principal stresses (̀1ґ̀2ґ̀3) but also of the inclination of the majorςminor principal stress 

axes (h ) a number of studies were conducted focusing on undrained loading at various 

fixed principal stress directions (in the range =h00 to =h900) (M. Yoshimine et al., 1998; 

Nakata et al., 1998; Shibuya et al., 2003a; Georgiannou et al., 2018; P. K. Triantafyllos et 

al., 2021). In general, as the direction of the major principal stress declines from the 

vertical direction, sands exhibit brittleness, the strain response becomes softer, and the 

stress ratios at peak state diminish due to the alignment of the major principal stress 

direction toward the weak horizontal bedding or parallel to the bedding plane.  

Earthquakes, sea waves, or traffic loading induce continuous rotation of principal stress 

axes, also known as rotational shear (Ishihara & Towhata, 1983; Zdravkoviŏ et al., 2002; 

Wijewickreme & Vaid, 2008). Rotational shear tests can be performed in a Hollow cylinder 

apparatus. During these tests, the principal stress direction changes while the principal 

stress values remain constant. Stress rotation is applied continuously, initiating at =h0ϲ, 

and the stress path in q - pΩ space is a stationary point. Stress paths are also plotted on the 

deviatoric stress plane introduced by Towhata and Ishihara, 1985, which is meaningful for 

HC tests since the vertical axis plots the shear stress Y= 2ẕ̒ , which is related to the torsional 

mode of shearing, and the horizontal axis plots the shear stress X= (Ὼzzς̀Ω̒̒), which is 

associated with the deviatoric compression mode of shearing (i.e., triaxial mode). The 

stress path is a circle, centered at the origin of the stress space, with radius equal to 

deviatoric stress, q=̀ 1- 3̀, as indicated in Figure 3. Under undrained conditions, even 

though the magnitude of applied shear stress is kept unchanged, the rotation of the 

principal stress axes always results in plastic deformation, pore pressure build-up, and can 

eventually lead to liquefaction (Ishihara & Towhata, 1983; Shibuya & Hight, 1987; Nakata 

et al., 1998; Yang et al., 2007). Under drained conditions, the stress-strain relationship and 

deformation mechanism can be better established since the effective stress paths can be 

fully controlled. Despite the values of the magnitudes of effective principal stresses kept 

constant, accumulation of volumetric contraction and shear deformation can be induced 

by the rotation of principal stress axes alone, mainly during the first 20 cycles (K. Miura, 

Miura, et al., 1986; Symes et al., 1988; Tong et al., 2010). Noncoaxiality, defined as the no 

coincidence of the principal stress direction and the corresponding strain increment 

direction, is induced when granular soils are subjected to loading paths involving principal 

stress rotations; indicating strong anisotropy. Noncoaxiality is stronger during continuous 

rotation compared to monotonic loading with fixed principal stress direction and 

diminishes gradually with increasing shear strains (Cai et al. 2013, Yang et al. 2015, 

Triantafyllos et al. 2020). 

The effect of the intermediate stress parameter, b, on the response of sands has also 

been investigated in the past few decades (M. Yoshimine et al., 1998; Shibuya et al., 2003b; 
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Z. X. Yang et al., 2007; Tong et al., 2010). The test results indicated that as the b value 

approximates 1, the soil specimen exhibits intense stiffness degradation and generates 

greater excess pore pressure under undrained conditions or enhances the contractive 

behavior under drained conditions. 

 
Figure 3: Principal stress rotation test. Stress path in the deviatoric plane X-Y 

 

In the following chapters the overall behaviour of stabilized sands is examined 

experimentally. The abovementioned issues related with sand behaviour are addressed 

for stabilized sands. Then the sand behaviour is used as a frame of reference to assess the 

behaviour of stabilized sands i.e. in terms of the strength-dilatancy characteristics, 

stiffness, liquefaction potential, the effect of the intermediate stress parameter, and fabric 

changes due to principal stress rotation.   

 

2. Materials and Test Methods 

Specimens were prepared from two uniform medium-fine and fine quartz sands, one 

(M31) subangular and the other angular [Long-stone (LS)]. Their properties are 

summarized in  Table 1, and their gradings are shown in Figure 4. Ludox SM-30 was 

selected as the stabilizing agent of specimens, supplied as a 30%-by-weight silica aqueous 

ǎƻƭǳǘƛƻƴ όƘȅŘǊƻǎƻƭύ ǿƛǘƘ ŀ ǾƛǎŎƻǎƛǘȅ ƻŦ рϊр Ŏt όм Ŏt Ґ м Ƴtŀ ǎύΣ ŀ ǇI ƻŦ мл, and an average 

particle size of 7 nm. Distilled water was added to the initial hydrosol in order to obtain a 

CS concentration of 10% by weight and sol viscosity that is a little above one cP. Electrolyte 

(sodium chloride (NaCl)) and acid (hydrochloric acid (HCl)) were added to adjust the ionic 

ǎǘǊŜƴƎǘƘ ǘƻ ŀ ǾŀƭǳŜ ƻŦ лϊло b ŀƴŘ ǘƘŜ ǇI ƭŜǾŜƭ ǘƻ сΦ ¦ƴŘŜǊ ǘƘŜǎŜ ŎƻƴŘƛǘƛƻns, the sol thickens 

quickly as the colloidal particles collide and siloxane bonds are formed. The gel time was 
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defined as the time needed for the viscosity to rise above 100 cP, which is a threshold for 

a further exponential increase in viscosity. The gel time was calculated to be ten h for the 

мл҈ /{Σ лϊло b, and pH = 6 hydrosol (Agapoulaki & Papadimitriou, 2018). A photo of the 

hydrosol with CS concentration of 10% by weight is presented in Figure 5(a) and after the 

gel formation in Figure 5(b). Figure 5(c) shows an optical micrograph of the hydrogel. 

 

Table 1: Properties of M31 and Longstone sands  

Sand Gs emax emin D50:mm 

ɾом 2.66 0.870 0.528 0.3 
Longstone 2.64 0.995 0.614 0.15 

     

 
Figure 4: Grain-size distribution curves and micrographs of optical microscope images of 

sand grains 

a)   b)     c) 

 
Figure 5: Photos of Hydrosol CS=10%: a) when first prepared b) after gel time and c) optical 

microscope image of colloidal silica gel 
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The water sedimentation method is used to prepare the sand specimens; this method 

yields uniform and repeatable samples with a fabric similar to that of natural deposits (Vaid 

et al., 1999) and with more pronounced inherent fabric anisotropy (Kodicherla et al., 

2018). Denser specimens were obtained by tapping the outer sides of the mold after the 

sand had settled through the water. Treated sand specimens are formed by the 

sedimentation of the dry sand through the hydrosol. A curing time of 50 h at room 

temperature, while air-drying was prevented, was adopted for specimen preparation. 

After the formation of the gel, the specimens can be handled without the need for suction 

application, as is the case with sands. 

In triaxial tests, the treated specimens are formed at the target density, similar to 

untreated sand, in split molds of 50 mm diameter and 100 mm height (height-to-diameter 

ratio of 2) and split molds of 38 mm diameter and 76 mm height. The former indicated no 

apparent specimen size effect. In Hollow cylinder tests, the model specimen has an initial 

inner radius, Ri, of 20 mm, outer radius, Ro, of 35 mm, and height, H, of 140 mm, occupying 

an initial volume of V = 363 cc. Specimens for direct shear tests are formed in molds 60 

mm in diameter and approximately 24 mm in height. Specimens for oedometer tests are 

formed within the apparatus by filling the oedometer ring with hydrosol, followed by sand 

sedimentation. Figure 6 shows optical micrographs of the treated sand specimen. The 

presence of hydrogel at interparticle contacts may be inferred, as it covers the space 

between the sand particles at the bottom (A) and top (B) of the micrograph.  

 

 
Figure 6: Optical micrographs showing treated sand specimen 

 

Triaxial tests were carried out in computer-controlled Bishop and Wesley (1975) triaxial 

ǎǘǊŜǎǎ ǇŀǘƘ ŎŜƭƭǎ ǿƛǘƘ ŀƴ ŀŎŎǳǊŀŎȅ ƻŦ ҕлΦрƪtŀ ƛƴ ǇǊŜǎǎǳǊŜ ŀƴŘ ҕлΦмb ƛƴ ƭƻŀŘ ƳŜŀǎǳǊŜƳŜƴǘǎ. 

Triaxial tests were also performed on a high-pressure triaxial cell with maximum cell 

pressure of 7 MPa and a maximum axial load of 50 kN. The ǎȅǎǘŜƳΩǎ ƻǾŜǊŀƭƭ ǎǘŀōƛƭƛǘȅ in 
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ǘŜǊƳǎ ƻŦ ǇǊŜǎǎǳǊŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƛǎ лϊм ƪtŀ ŦƻǊ ŎŜƭƭ ǇǊŜǎǎǳǊŜǎ ƻŦ ǳǇ ǘƻ п atŀ ŀƴŘ лϊр ƪtŀ 

for higher pressures. Submersible linear variable differential transducers (LVDTs) were 

mounted diametrically opposite over a central axial gauge length of the specimens to 

measure axial displacements in the range from 0.005% to 1% having a resolution of 1.˃   

Hollow cylinder tests were performed in a hollow cylinder apparatus (HCA), custom-built 

at the National Technical University of Athens, on a frame manufactured by Seiken initially 

described by Georgiannou et al. (2008). A general view of the apparatus is given in Figure 

7. The hollow-cylinder apparatus (HCA) has been upgraded to provide independent control 

of vertical load F, outer cell pressure po, inner cell pressure pi, and torque, ʆ to generate 

stresses ̀z, ̀ r, ̀ ,̒ and ̀ z̒  in the wall of the specimen, as shown in Figure 7. Pore pressure 

is measured using an external pore pressure transducer connected to the base pedestal. 

Vertical displacement is measured using a dial gauge, and the torsional angle utilizing a 

potentiometer. Changes in the specimenΩs volume are measured by a burette equipped 

with a differential pressure transducer. Moreover, the installation of another burette 

equipped with a differential pressure transducer connected to the inner chamber enables 

the measurement of the inner and outer radius changes. These upgrades allow for the first 

time the computation of all the strain components independently όǾŜǊǘƛŎŀƭ ʶz, 

circumferential ʁ ,̒ and radial ʁ r strain). The equations used to calculate the stress and 

strain components are presented in  Table 2 (Hight et al., 1983; Yoshimine et al., 1999; 

Georgiannou & Tsomokos, 2008).  

It is well accepted that colloidal gels can undergo swelling, drying, liquid migration within 

the gel, and phase transition from solid-like to a viscoelastic liquid upon application of 

shear. Consistent volume changes have been measured in treated sands under normal 

compression, depending on density and normal stress. Moreover, under isotropic 

compression of treated sand at the same density and confinement, similar volume changes 

were observed whether confinement increased at a slow rate or at a fast rate followed by 

a rest period, indicating a unique reaction to effective stress changes (Triantafyllos et al. 

2021). Consequently, when testing treated sand with the pore space filled with colloidal 

gel, volume change, and pore-water pressure measurement is paramount and feasible 

(Porcino et al. 2011, 2012; Georgiannou et al. 2017; Kodaka et al. 2005; Triantafyllos et al. 

2021). All triaxial and hollow cylinder specimens of treated and untreated sand were first 

saturated by applying relatively high initial values of back pressure (300ς700 kPa). All 

specimens are saturated with B values gǊŜŀǘŜǊ ǘƘŀƴ лϊфтΦ Drained loading of similar treated 

sand specimens yielded repeatable results when the back pressure was varied in the range 

of 300 to 700 kPa, indicating that increasing the pore-water pressure within this range does 

not induce any measurable damage to the gel. 
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Figure 7: Hollow cylinder apparatus, applied loading to the specimen and principal stresses 

on an element component 

 

Table 2: List of equations 

Direction HC Stress 

Vertical „
ὡ

“ὶ ὶ

ὴὶ ὴὶ

ὶ ὶ
 

Circumferential „
ὴὶ ὴὶ

ὶ ὶ
 

Radial „
ὴὶ ὴὶ

ὶ ὶ
 

Rotational †
σὓ

ς“ὶ ὶ
 

Principal Stress 

Major „
„ „

ς

„ „

ς
†  

Intermediate 
„ „  

 

Minor „
„ „

ς

„ „

ς
†  

Parameters Stress 

Deviatoric stress ή
ρ

ς
„ „ „ „ „ „ Ⱦ  
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Mean effective stress ὴ
„ᴂ„ᴂ„ᴂ

σ

„ „ „

σ
ό 

Difference ή „ „ 

 ʋ „ „  

   ς†  

Intermediate principal stress ratio ὦ
„ „

„ „
 

principal strain increment angle ὸὥὲςὥ
Ὠ‎

Ὠ‐ Ὠ‐
 

 

3. Test Results 

3.1 Normal Compression Tests 

In order to investigate the compressibility of treated sand normal compression tests 

were carried out in the oedometer on the subrounded M31 and the subangular LS sands 

with and without treatment with the CS=10% aqueous gel. A range of densities was 

examined for M31 and LS sands, the latter attaining looser states at deposition due to its 

angularity. The normal compression curves are presented in Figure 8 and Figure 9 for M31 

and LS sand, respectively. The results confirm that normal compression loading induces 

higher volume changes in the treated compared with untreated sand. Moreover, this 

response of the treated sand is repeatedly observed at low and high densities and applies 

to both subangular and angular sands. When rapidly compressed under drained conditions 

in the oedometer, the compression curves of the treated sands show curvature as they 

depart from the corresponding curves of the untreated sands with increasing stress level; 

a sign of structural breakdown. It has been reported in the literature that the percolated 

network forming the structure of the aqueous gel can be easily damaged and the gel 

transitions to a liquid state. It can thus be inferred that during normal compression, the 

gel is being damaged, and free water is pushed out of the pores inducing structural changes 

in the treated sand until yielding has fully developed at a high-stress level and the treated 

sand has attained its densest state.  

Ciardi et al. (2020) conducted 1D-compression tests and found similar results. Treated 

sand with a 2-13% CS content appeared more compressible than the untreated one. This 

observation was made in all tests performed under different initial and boundary testing 

conditions. However, the compressibility of samples treated with CS > 5% grouts was 

comparable with that of sand treated with CS = 5%, suggesting that this negative effect 

does not significantly increase as the silica solids percentage rises above a given threshold. 

Figure 10 and Figure 11 present the results from the loading and unloading curves of 

the normal compression tests for M31 and LS sand, respectively. The unloading curves 

from treated specimens are less steep compared to the loading curves, as in the case of 

the untreated sand. Under unloading, the volumetric changes of the treated specimens 
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are similar to those of the untreated ones for both sands. Under normal compression, the 

treated sand shows significantly higher volumetric changes than untreated sand, for a wide 

range of density, but the elastic deformation of treated and untreated sands is the same. 

 
Figure 8:  One-dimensional compression tests on M31 sands 

 
Figure 9: One-dimensional compression tests on Longstone sands 

 
Figure 10: One-dimensional compression tests on M31 sands (Unloading) 
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Figure 11: One-dimensional compression tests on Longstone sands (Unloading) 

 

3.2 Direct shear tests 

The testing program included direct shear tests on M31 and LS sands in their treated 

and untreated states for normal ǎǘǊŜǎǎŜǎΣ ˋΩv= 100ς550 kPa, and relative densities Dr= 

43%ς 93%. Test details are described in Table 3. In the shear box, strain rates of 0.005 

mm/min and 0.5 mm/min were applied on the treated and the untreated specimens, 

respectively. Typical test results are illustrated in Figure 12. The results are depicted as 

stress ratio ̱ / Ὼv against horizontal displacement and vertical displacement against 

horizontal displacement curves. The results of direct shear box tests show a significant 

increase in the angle of shearing resistance observed at lower stress levels that diminishes 

ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ǎǘǊŜǎǎ ƭŜǾŜƭΦ ¢ƘŜ ǎǘǊŜǎǎ Ǌŀǘƛƻ ŀǘ ǇŜŀƪ ǎǘǊŜƴƎǘƘ ˍ/ Ω˄̀ is significantly higher for 

the treated sand at medium density than the untreated sand at the same density; 

meanwhile, stress ratios at ultimate strength coincide for treated and untreated sand. The 

stress ratio at peak strength is stress-level dependent only for the treated sand, a 

characteristic associated with destructuration. 

 

Table 3: Direct shear test details 

Test Void ratio,  
ei 

Normal effective stress, 
Ὼvo (kPa) 

Sand Treated 

M-1 0.641 125 ɾом - 
M-2 0.656 555 ɾом - 
M-3 0.696 125 ɾом - 
M-4 0.535 125 ɾом - 
M-5 0.651 232 ɾом - 
M-6 0.661 232 ɾом - 
M-7 0.528 232 ɾом - 
M-8 0.626 232 ɾом - 
M-9 0.658 340 ɾом - 
M-10 0.550 125 ɾом - 
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M-11 0.554 555 ɾом - 

SM-1 0.639 125 ɾом T 
SM-2 0.632 555 ɾом T 
SM-3 0.637 196 ɾом T 
SM-4 0.647 232 ɾом T 
SM-5 0.612 232 ɾом T 
SM-6 0.643 268 ɾом T 
SM-7 0.646 340 ɾом T 
SM-8 0.681 340 ɾом T 
SM-9 0.655 53 ɾом T 

L-1 0.753 340 Longstone - 
L-2 0.737 555 Longstone - 
L-3 0.681 340 Longstone - 
L-4 0.765 53 Longstone - 
L-5 0.760 125 Longstone - 
L-6 0.759 232 Longstone - 

SL-1 0.735 340 Longstone T 
SL-2 0.760 555 Longstone T 
SL-3 0.654  340 Longstone T 
SL-4 0.766 53 Longstone T 
SL-5 0.765 125 Longstone T 
SL-6 0.757 232 Longstone T 

          Note:            ei, initial void ratio after consolidation,    
                  ̀Ωv ,̌ Normal effective stress after consolidation,  

                                 T, Treated specimen 

 

Figure 12(b) presents the volume change characteristics of treated sand, which shows 

initial contraction at comparable levels with the untreated sand, followed by extremely 

high dilatancy rates at peak strength. Continuous dilation up to the ultimate strength 

results in vertical displacement four times higher compared with that of the untreated 

sand. This enhanced dilation has been consistently observed in the literature, where 

treated loose sand is considered equivalent to dense untreated sand (Porcino et al. 2012). 

A dense sand specimen, shown as a broken line, exhibits a lower rate of dilatancy and final 

volume change than the treated specimen despite the lower initial contraction of the latter 

due to its lower density. The ultimate vertical displacement of the treated sand is 

significantly higher than the mean grain size, which sets the limit for the vertical 

displacement observed in dense sand. As a result, the ultimate void ratio of loose and 

medium-density treated sand is significantly higher than that of sand at the same density 

despite both being sheared at the same ultimate stress ratio. This indicates that their grain 

structures inside the shear band differ significantly. With structure defined by Mitchell, 

1976, as the combination of interparticle bonding and fabric, the behaviour of treated sand 

is dictated by a strong dilating fabric. It is worth noting that the peak stress ratio concurs 

with maximum dilatancy for treated and untreated sand, indicating weak inter-particle 

bonding (Cuccovillo & Coop, 1999). 

The aforementioned behavioral patterns are also observed for the angular LS treated 

and untreated sand, shown in Figure 13. Treated LS sand shows stress-level dependency 
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and ultimate vertical displacements two to four times the limiting displacement value of 

the mean grain diameter approached by the untreated dense sand shown in a broken line. 

The response similarity between the two sands indicates that sand angularity does not 

weaken or fluidize the gel, as may have been postulated. 

The strength envelopes at peak (solid symbols) and ultimate (hollow symbols) state for 

treated (red lines) and untreated (blue lines) M31 sand are presented in Figure 14(a). 

Treated sand shows a negligible apparent cohesion intercept, and the angle of shearing 

resistance is stress-level dependent with a value of ˒p=пмΦоϲŀǘ ˋΩv ғмнр ƪtŀ ŀƴŘ ˒p=орϲ ŀǘ 

higher stress levels compared ǿƛǘƘ ˒p=онΦрϲ ƻōǎŜǊǾŜŘ ŦƻǊ ǳƴǘǊŜŀǘŜŘ ǎŀƴŘΦ ¢ƘŜ Řŀǘŀ Ŧƛǘ ŀ 

power ŦǳƴŎǘƛƻƴΣ ˍ =нΦлт Ҏ ˋΩv0.83 , with an R2 value of 0.998 in the range up to 600 kPa. At 

peak strength conditions, the frictional characteristics of the treated sand tend to those of 

the untreated sand as stress and strain level increases, whereas, comparatively, at ultimate 

strength, they coincide, indicating weak bonding. Figure 14(b) shows the corresponding 

strength envelopes for LS sand. The peak strength envelope for treated LS sand is 

curvilinear, reflecting the stress-level dependency of strength, especially at low stresses, 

as was the case for treated M31 sand. A power function, =̱мΦоо Ҏ ˋΩv0.895, best fits the 

treated sand data for the examined normal stresses (up to 600 kPa) with an R2 value of 

0.999, and a linear curve fitting (R2 =0.999) is presented for clean LS sand. Both sands show 

a tendency for a common ultimate strength for treated and untreated specimens. 

 

          a)         b) 

 
Figure 12: Direct shear tests on treated and untreated M31 sands: (a) stress ratio /̱ Ὼv 

against horizontal displacement curves; and (b) vertical against horizontal 
displacement curves. 
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a)         b) 

 
Figure 13: Direct shear tests on treated and untreated Longstone sands: (a) stress ratio 

/̱ Ὼv against horizontal displacement curves; and (b) vertical against horizontal 
displacement curves. 

a)          b) 

 
Figure 14: Peak and ultimate strength envelopes for treated and untreated a) M31 and b) 

Longstone sands in direct shear tests 

3.3 Monotonic Triaxial tests 

Treated sand is systematically studied using undrained and drained triaxial tests to verify 

the above observations and propose a framework to describe its behavior. TestǎΩ 

characteristics are included in Table 4. 
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Table 4: Triaxial tests 

Test Void ratio,  
ei 

Mean effective stress, 
pΩi (kPa) 

Treated Loading Drainage 

MD-1 0.710 200 - C, strain-controlled D 
MD-2 0.717 300 - C, strain-controlled D 
MD-3 0.691 500 - C, strain-controlled D 
MD-4 0.676 700 - C, strain-controlled D 
CD-1 0.748 200 - C, strain-controlled D 

ED-1 0.737 200 - E, strain-controlled D 

SMD-1 0.744 100 T C, strain-controlled D 
SMD-2 0.751 200 T C, strain-controlled D 
SMD-3 0.721 300 T C, strain-controlled D 
SMD-4 0.722 500 T C, strain-controlled D 
SMD-5 0.711 700 T C, strain-controlled D 
SMD-6 0.685 1000 T C, strain-controlled D 
SMD-7 0.673 2000 T C, strain-controlled D 
SCD-1 0.751 200 T C, strain-controlled D 

SED-1 0.742 200 T E, strain-controlled D 

SED-2 0.740 200 T E, stress-controlled D 

MU-1 0.708 300 - C, strain-controlled U 
MU-2 0.681 1000 - C, strain-controlled U 
MU-3 0.662 2000 - C, strain-controlled U 
MU-4 0.663 300 - C, strain-controlled U 
MU-5 0.670 500 - C, strain-controlled U 
CU-1 0.738 200 - C, strain-controlled U 

EU-1 0.744 200 - E, strain-controlled U 

EU-2 0.741 200 - E, stress-controlled U 

SMU-1 0.732 100 T C, strain-controlled U 
SMU-2 0.752 200 T C, strain-controlled U 
SMU-3 0.735 300 T C, strain-controlled U 
SMU-4 0.722 1000 T C, strain-controlled U 
SMU-5 0.667 2000 T C, strain-controlled U 
SCU-1 0.752 200 T C, strain-controlled U 

SEU-1 0.760 200 T E, strain-controlled U 

SEU-2 0.766 200 T E, stress-controlled U 

Note:         ei, void ratio after consolidation,    
      pΩi, mean effective stress after consolidation,  

                                T, treated specimen 
                                C, Triaxial Compression 

      ɳ, Triaxial Extension 
                   D, Drained triaxial test,   
       U, Undrained triaxial test 

The results of drained tests on treated (shown as broken lines) and untreated M31 sand 

(shown as solid lines) are shown in Figure 15. At peak strength, untreated sand is not 

sensitive to stress changes within the range of 200-2000kPa, contrary to treated sand which 

shows strong stress level dependency within the same range. It is well known that sand 

behavior at very low stresses (<100kPa) is also stress level dependent and governed by the 

same underline mechanism, namely, dilation. However, in treated sand, this mechanism 

prevails for stresses up to 2000kPa, pointing to a different fabric due to the interaction of 

the granular phase with the gel and the changes in the gel structure upon shear. The same 
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ultimate strength is mobilized at large strains by both treated and untreated sands tested at 

the same initial mean effective stress, as shown in the stress-strain curves (q- zʁ) shown in 

Figure 15(b). At the ultimate state, severe damage and/or fluidization of the gel, as reported 

by (Santos et al. 2017), limits resistance against shearing to that of mineral-to-mineral 

friction. Similar to direct shear testsΩ results, the peak stress ratio is found to concur with 

maximum dilatancy for treated and untreated sands. The peak dilatancy ratio is plotted 

against the mean effective stress for the drained triaxial tests in Figure 16. For a wide stress 

range, the ratio remains higher for treated sand but decreases with stress level toward the 

nearly-constant value observed for the untreated sand. 

a)        b) 

 
c)        d) 

 
Figure 15: Drained triaxial tests on treated and untreated M31 sands: (a) stress ratio, q/pΩ, 

against axial strain curves; (b) stress-strain curves; and (c) volumetric strain 
against axial strain curves; and (d) effective stress paths 
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Figure 16: Peak dilatancy ratio against mean effective stress level for treated and 

untreated M31 sand 

The results of undrained triaxial tests are shown in Figure 17 in terms of effective stress 

paths in the q-pΩ plane [Fig. 18(a)], stress-strain curves in the q- zʁ plane [Fig. 18(b)], and 

plots of excess pore-water pressure Ǌŀǘƛƻ ɲǳ/pΩi ŀƎŀƛƴǎǘ ʶz [Fig. 18(c)]. Solid and open 

symbols and solid and broken lines are used for the untreated and treated sand, 

respectively. The dotted lines show that the effective stress paths of treated sand at low 

stresses turn to the right and climb the failure envelope due to strong dilative tendencies. 

Compressive tendencies force the effective stress paths to the left at high stresses before 

they climb the failure envelope after phase transformation. Phase transformation, peak 

stress ratio, q/pΩ (max), and ultimate state are marked by a different symbol for each test. 

a) 
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b)        c) 

 
Figure 17: Undrained triaxial tests on treated and untreated M31 sands: (a) effective stress 

paths; (b) stress-strain curves; and (c) excess pore-water pressure ratio against 
axial strain curves 

Treated sand shows strong dilative tendencies, which resulted in cavitation despite the 

high value (700 kPa) of initial pore-water pressure. Hence, tests SMU1, SMU2, and SMU3 

did not reach their ultimate strength. The differences in the tendency for dilation, reflected 

ōȅ ǘƘŜ ŜǾƻƭǳǘƛƻƴ ƻŦ ɲǳ/pΩi in Fig. 18(c), are more pronounced at low stresses, yet, they still 

exist at stresses as high as 2,000 kPa. Interestingly, even at lower stresses where treated 

sand shows strong dilation tendencies, excess pore water pressures are similar to sandΩs. 

The stress ratio at phase transformation is the same for treated and untreated sand at 

comparable densities, although this is not the case for peak strength conditions due to 

dilation. In  Figure 18, sand attains a nearly constant peak stress ratio q/pΩ (max) against 

effective stress irrespective of drainage conditions. For treated sand, the peak stress ratio is 

stress level dependent for stresses lower than 2000kPa. However, the peak stress ratio 

values and their variation are significantly higher in drained tests, showing the contribution 

of dilation to shearing resistance versus constant volume remolding. 

Figure 19 (a) shows the critical states of untreated and treated M31 sand in the state 

diagram e-pΩ, determined from both drained and undrained triaxial tests. The position of 

the critical state line for the treated sand reflects the extreme dilation associated with the 

structure of the treated sand, which is rearranged to a looser state with shearing up to the 

ultimate state. At high stresses, dilation is suppressed, and the two lines converge in the 

state diagram. Despite the difference in the critical void ratio, a common ultimate stress 

ratio M = мΦнн ό˒u=олϲύ ƛǎ ŀǘǘŀƛƴŜŘ ōȅ ǘǊŜŀǘŜŘ ŀƴŘ ǳƴǘǊŜŀǘŜŘ sand in Figure 19 (b). 

Reference to a common ultimate state stress ratio is the essence of the elastoplastic 

behavior of soils described by Wroth and Bassett (1965), indicating that stabilization does 

not enhance ultimate shear resistance above that of mineral-to-mineral friction and 

constant-volume remolding (Rowe 1962). 
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Figure 18: Drained and undrained triaxial tests on treated and untreated M31 sands: peak 

stress ratio points against mean effective stress 

a)       b) 

 
Figure 19: Critical state points for treated and untreated M31 sands: (a) void ratio against 

mean effective stress; and (b) deviatoric stress against mean effective stress. 

 

To study the strength anisotropy of treated sand, initially the respones of treated sand is 

compared to that of sand under triaxial undrained extension in Figure 20. Tests are 

performed at an initial mean effective stress of 200kPa. Compression tests are also included 

for completion and are in agreement with the compression tests shown in Figure 17, i.e., 

the tendency for dilation in treated sand yields a non-brittle effective stress path shown in 

the solid red line (Figure 20 (a)) compared to the slightly brittle response of the sand, shown 

in solid black line. In typical anisotropic sand response, the transient peak in compression is 

more than double its value in extension for the sand specimens. Moreover, significant 

brittleness (reduction in deviatoric stress, q, with strain) is observed in extension arrested 

at phase transformation. This is associated with higher excess pore water pressure 
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accumulation compared to compression loading, as shown in Figure 20(b). Under both 

loading conditions, the effective stress paths climb the failure line due to dilative tendencies 

after phase transformation. In Figure 20(a), treated sand, shown in solid red lines, maintains 

its tendency for dilation under extension loading and effectively eliminates the brittleness 

observed in sand. However, in echoes of sand behavior, the excess pore pressure is higher, 

and the tendency for dilation significantly decreases under extension loading in Figure 20(c). 

Additionally, strength anisotropy at phase transformation and failure at comparable levels 

to sand is observed for treated sand in Figure 20(d), where the peak stress ratio is plotted 

against axial strain. It is also worth noting that significantly higher axial strains are observed 

in extension than in compression at the same pre-peak stress ratio, reflecting the sandΩs 

weak structure along the deposition plane. This is also the case for the treated sand. 

 

a)              b) 

 

c)                  d) 

 

Figure 20: Undrained triaxial compression and extension tests on treated (in red color) and 
untreated (in black color) M31 sands: (a) effective stress paths; (b) stress-strain 
curves; (c) excess pore water pressure against axial strain curves; (d) stress 
ratio, q/pΩ, against axial strain curves 
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Strain non-uniformities in extension have resulted in specimen necking observed by the 

naked eye in a range of strains between 7% to 9% for sand and at around 9% for treated 

sand. Photos of treated specimens after compression and extension tests are provided in 

Figure 21. The weak nature of sands under triaxial extension has been repeatably observed 

in triaxial tests indicating that the fabric of deposited sand is anisotropic (Vaid & Chern, 

1983; Miura & Toki, 1984; Vaid et al., 1990; Hight & Georgiannou, 1995; De Gennaro et al., 

2004; Georgiannou, 2006; Georgiannou & Konstadinou, 2014) 

a)            b) 

   
Figure 21: Photos of treated specimens: a) after compression and b) after extension test 

 

Similar conclusions can be drawn from the comparison of the behavior of treated (in red 

color) and untreated (in blue color) sand under drained loading conditions in Figure 22 i.e. 

higher peak strength for the treated sand in Figs 22(a) and (b) and same ultimate strength 

as sand; treated sand is substantially less contractant and more dilatant than the sand 

before and after phase transformation respectively in Figure 22(c) and reaches this phase 

at smaller axial strains compared to the sand. Figure 22(d) shows the stress ratio versus 

axial strain curves, where a similar increase of about 15% at peak strength ratios is 

observed in both triaxial compression and extension drained tests for treated compared 

to untreated sand. Higher stress ratios are observed for treated sand in drained compared 

to undrained tests in compression and extension (Fig. 22(d) cf. Fig. 20(d)). As discussed 

earlier regarding the compression tests on treated sand shown in Figure 18, dilation 

contributes more to shearing resistance than dilative tendencies. This is also reflected by 

the volumetric changes in Fig. 22(c) being approximately half the values observed in the 

sand in both compression and extension, albeit the smaller differences observed with 

respect to excess pore water pressures in undrained tests in Fig. 20(c). 

 In conclusion, dilation in treated sand is evident in both compression and extension 

tests. Extension tests are also the key to interpreting treated sand behavior characterized 

by similar or higher strength anisotropy than sand in drained and undrained tests, thus 

indicating the dominance of the anisotropic fabric of the sand within the sand-gel binary 

system.  
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a)                  b) 

 
  c)                d) 

 

 

Figure 22: Drained triaxial compression and extension tests on treated (in red color) and 
untreated (in blue color) M31 sands: (a) effective stress paths; (b) stress-strain 
curves; (c) volumetric strain against axial strain curves; (d) stress ratio, q/pΩ, 
against axial strain curves 

 

The stiffness characteristics of treated (red lines) and untreated sand (blue lines) in 

triaxial compression (C) and extension (E) are examined in Figure 23 under drained (solid 

lines) and undrained (dotted lines) loading conditions. In drained triaxial compression, the 

sand shows substantially higher stiffness than the corresponding stiffness in extension, 

e.g., a three-fold increase at 0.1% axial strain. Compared to sand in compression, treated 

sand shows lower stiffness by about 30% at 0.1% axial strain, with the difference further 

increasing at lower strain levels. Interestingly, despite its higher strength due to dilative 

tendencies, treated sand is less stiff than untreated sand in the initial stage of compression 

before phase transformation. It can be speculated that the soft nature of the gel reduces 

the stiffness of the sand-grain skeleton before dilative tendencies take over and increase 

the strength of treated sand. In comparing treated and untreated sand, the effect of the 

gel in extension is beneficial, i.e., lower volume reduction than sand, and, contrary to 
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compression, this is also reflected in stiffness. Under undrained loading, stiffness is also 

lower in extension for treated and untreated sand. In comparing drained and undrained 

loading, undrained stiffness is lower, with the difference being higher in compression than 

in extension loading.  

 
Figure 23: Stiffness characteristics of treated (in red color) and untreated M31 sands in 

triaxial compression (C) and extension (E) tests under drained (D) and 
Undrained (U) loading conditions 

3.4 Cyclic Tests  

In order to investigate the effectiveness of CS treatment for the mitigation of 

liquefaction risk, cyclic triaxial tests were performed in treated and untreated loose M31 

sand under undrained conditions. Specimens prepared in a loose state (ei=0.710-0.748) 

were isotropically consolidated to pΩi=200 kPa and subjected to a cyclic stress ratio of 

CSR=q/(2/pΩi)= 0.12-020, and a cycle period T = 2.5 and/or 5 min. Test details are provided 

in Table 5. 

Figure 24 illustrates the results of a typical cyclic triaxial test on an isotopically 

consolidated (IC) loose M31 sand under CSR=0.16. Instability lines (IL) (Lade, 1993) and 

failure lines (FL) that were defined under triaxial compression and extension loading for 

loose IC M31 sand are also presented. It should be noted that the results from undrained 

tests on loose IC M31 sand at fixed stress directions indicate that the slope of the instability 

line is affected by the direction of principal stress, angle  h(Triantafyllos et al., 2020). The 

cyclic stress path follows the monotonic stress path (points 1 to 2) and then moves to the 

left due to excess pore water pressure accumulation during the first cycle (points 1 to 3). 

After the first cycle, excess pore water pressure accumulates at a nearly constant rate 

(points 3 to 4). The unstable sand response initiates in the vicinity of the instability line for 

triaxial extension (point 4). The evolution of excess pore water pressure and the axial strain 
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against the number of cycles are presented in Figure 24(b) and Figure 24(c), respectively. 

A sudden increase in excess pore water pressure accumulation and axial strain is observed 

when the cyclic stress path reaches the relevant boundary (point 4). After point 4, the 

cyclic stress path follows the monotonic extension stress path where contraction tendency 

is observed (points 4 to 5) and then moves along the extension failure line, while dilative 

tendency is developed (points 5 to 6). Finally, the specimen liquefies under high extension 

axial strain (point 7). Konstadinou & Georgiannou, (2014) performed undrained torsional 

shear cyclic tests on various sands and concluded that the cyclic response of sands 

exhibiting brittle behavior under monotonic loading would be bounded by the instability 

line, while the cyclic response of sands exhibiting stable behavior under monotonic 

loading, by the phase transformation line. 

 

Table 5: Cyclic Tests 

Test Void ratio,  
ei 

Mean effective stress, 
 pΩi  (kPa) 

CSR Period 
(min) 

Treatment 

C-1 0.722 200 0.20 5 - 

C-2 0.717 200 0.19 5 - 

C-3 0.715 200 0.16 5 - 

C-4 0.720 200 0.13 5 - 

C-5 0.724 200 0.12 2.5 - 

C-6 0.710 200 0.11 2.5 - 

SC-1 0.720 200 0.20 5 T 

SC-2 0.728 200 0.18 5 T 

SC-3 0.717 200 0.16 5 T 

SC-4 0.734 200 0.14 5 T 

SC-5 0.748 200 0.12 5 T 

Note:        ei, void ratio after consolidation,    
                   pΩi, mean effective stress after consolidation,  
                  CSR, Cyclic stress ratio (q/(2*pΩi) 
       T, Treated specimen 

 

Figure 25 shows typical cyclic triaxial tests on specimens of treated and untreated M31 

sand in a loose state, ei=0.717 and 0.715, consolidated to pΩi= 200 kPa and subjected to a 

cyclic stress ratio CSwҐǉκόнϝǇΩi)=0.16, and a cycle period T = 5 min. Initially, the first cycle 

induces a significant rise in excess pore water pressure for both specimens, and the stress 

paths move quickly to the left (Figure 25 (a)). A nearly constant rate of excess pore water 

pressure accumulation with cycles is developed in subsequent cycles (Figure 25 (d)), while 

minimal axial strains (Figure 25(b)) are observed in the first 4 cycles for both treated and 

untreated sand. During these cycles, the measured pore-water pressure changes are in 

phase for treated and untreated dense sands. It is thus demonstrated not only that pore 

pressure undergoes changes within the gel, but these changes also correspond fully to the 

loading variations, as in sand. After a critical point (point 4, Figure 24), the excess pore 
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pressure of sand increases rapidly, the excess pore water pressure ratio, wǳ ҐɲǳκǇΩi, 

approaches 1 while axial strain increases simultaneously (Figure 25 (c)). The specimen 

liquefies and collapses under high extension strain during that same cycle. The response 

of the treated sand after that point ŘƛŦŦŜǊǎ ŦǊƻƳ ǘƘŜ ǳƴǘǊŜŀǘŜŘ ǎŀƴŘΩǎ ǊŜǎǇƻƴǎŜ since 

although the treated sand specimen accumulates strain steadily it does not collapse even 

after Ru=1 is reached, and it sustains considerable axial strain variation in the subsequent 

20 cycles. During cyclic ƭƻŀŘƛƴƎΣ ǎǘǊŀƛƴ ōǳƛƭŘǎ ǳǇ ƛƴ ǘƘŜ ǎǘǊŜǎǎ ǎǇŀŎŜΩǎ ŜȄǘŜƴǎƛƻƴ ǎƛŘe for 

treated sand, like untreated sand. This is expected from the observed very weak response 

of treated sand under monotonic extension loading, i.e., slight brittleness in extension 

against the continuous increase in deviatoric stress, q, in compression. 

a) 

        

               b)       c) 

 
Figure 24:  Undrained cyclic triaxial test on M31 sand: (a) effective stress paths, (b) excess 

pore water pressure generation against number of cycles and (c) axial strain 
against number of cycles 
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 a)      b) 

 
  c)      d) 

     
Figure 25: Cyclic triaxial tests on treated and untreated M31 sands in a loose state under 

CSR=0.16: (a) effective stress paths, (b) axial strain against number of cycles; 
and (c & d) excess pore-water against axial strain and number of cycles 

Stiffness measurements for treated (red lines) and untreated (blue lines) sand during 

cyclic loading are compared in Figure 26. The secant stiffness has been calculated for each 

cycle, E=qcyc/ cʁyc, where qcyc is the double ampƭƛǘǳŘŜ ŎȅŎƭƛŎ ŘŜǾƛŀǘƻǊƛŎ ǎǘǊŜǎǎ ŀƴŘ ʶcyc is the 

double amplitude cyclic axial strain. In the initial cycles, treated sand matches the stiffness 

of the untreated sands with the exception of cyclic loading under q=79kPa, where sand 

shows substantially higher stiffness than treated sand. However, in the following cycles 

sand stiffness decreases rapidly to zero, while in treated sand stiffness decreases gradually 

to a small value (~1000kPa). 

Figure 27 presents the cyclic resistance for loose treated (red symbols) and untreated 

όōƭǳŜ ǎȅƳōƻƭǎύ aом ǎŀƴŘ ƛƴ ǘŜǊƳǎ ƻŦ ŎȅŎƭƛŎ ǎǘǊŜǎǎ Ǌŀǘƛƻ ό/{wҐǉκόнϝǇΩi)) versus the number 

of cycles required for liquefaction. Figure 27(a) presents the cycles needed for initial 

liquefaction NIL (ɲǳҐǇΩƛύΣ ǿƘŜǊŜŀǎ Figure 27(b) presents the cycles required to develop 

double amplitude (DA) cyclic strain ʁ cyc=5%. These results indicate that treatment with a 

colloidal silica concentration of 10% increases the liquefaction resistance of loose sand 
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since under the same CSR more cycles are required to meet both liquefaction criteria. The 

improvement factor If=CSRtreated/CSRuntreated correlated with the number of cycles (N) 

reduces while N increases since the curves tend to converge. The improvement factor for 

initial liquefaction is approximately 17%, while for reaching cyclic strain, ʁcyc=5% is 36%. 

Consequently, this stabilization method delays initial liquefaction to an extent but mainly 

hinders the development of large strains and specimen collapse. 

 
Figure 26: Stiffness characteristics of treated and untreated M31 sands from cyclic triaxial 

tests 

a) b) 

 
Figure 27: Cyclic resistance curves for treated and untreated loose M31 sand: a) Number 

of cycles to reach Initial liquefaction (NIL) and b) Number of cycles to develop 
cyclic strain ʁcyc=5% (N5%) 
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3.5 Hollow cylinder tests at various fixed loading directions  

 The effect of fabric anisotropy on the response of sands under undrained loading at 

various fixed principal stress directions (in the range =h00 to =h900) has been studied in 

the literature (M. Yoshimine et al., 1998; Nakata et al., 1998; Shibuya et al., 2003a; 

Georgiannou et al., 2018; P. K. Triantafyllos et al., 2021). In general, as the direction of the 

major principal stress departs from the vertical direction, sands exhibit brittleness, and the 

strain response becomes softer. However, no experiments in the literature focus on 

tǊŜŀǘŜŘ ǎŀƴŘΩǎ ŀƴƛǎƻǘǊƻǇƛŎ behavior, even though bonding and fabric anisotropy contribute 

to ǎǘŀōƛƭƛȊŜŘ ǎŀƴŘΩǎ ǎǘǊŜƴƎǘƘ ŀƴŘ ŘŜŦƻǊƳŀǘƛƻƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ.   

In fact, under undrained triaxial cyclic loading of treated sand, it was noted that axial 

strains build up on the extension side (Porcino et al., 2011; Pavlopoulou & Georgiannou, 

2021). Moreover, the triaxial extension tests of this thesis indicate that sand treated with 

nano-silica gel maintains the characteristics of untreated sand behavior, i.e., response 

much weaker in terms of peak strength and more contractive pre-peak in extension than 

in compression, ǊŜŦƭŜŎǘƛƴƎ ǘƘŜ ƘƻǎǘƛƴƎ ǎŀƴŘΩǎ ŀƴƛǎƻǘǊƻǇƛŎ ǎǘǊǳŎǘǳǊŜΦ To examine further the 

anisotropic behavior of treated sand, a comprehensive and systematic database on the 

response of M31 sand under generalized loading was first produced. Tests were conducted 

under fixed principal stress directions in the hollow cylinder apparatus. Drained conditions 

were selected in order to establish the stress-strain relationships under fully controlled 

effective stress paths, where volumetric strain is related to the potential for pore water 

pressure generation (Symes et al., 1988, Wijewickreme and Vaid, 1993). Special attention 

in the investigation is focused on the significant role of the intermediate principal stress 

parameter, b, on the stress-strain and volume change behavior, deformation 

characteristics and non-coaxiality of the sand under generalized stress conditions. 

The drained monotonic shear tests were performed on loose and dense M31 sand under 

fixed major principal stress directions ( )h. The values of mean effective stress, Ǉ, and the 

intermediate principal stress parameter, b, were kept constant. Figure 28 presents the 

stress paths followed in q-ǇΩ ǎǘǊŜǎǎ ǎǇŀŎŜ όFigure 28(a)) and in X-Y stress space (Figure 28 

(b)). The samples were isotopically consolidated from the mean effective stress of 

ǇΩi=30kPa (point A) to ǇΩi=200 kPa (point B) by increasing simultaneously the outer and 

inner cell pressures, while keeping the back pressure constant. After a resting period of 2 

hours, monotonic shear was applied at varying initial major principal stress directions, ,h 

until failure under drained conditions (point C). The test characteristics are included in 

Table 6. 
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Figure 28: Stress paths under fixed h  (ϲ) loadingΥ όŀύ ǉκǇΩ ǎǇŀŎŜ ŀƴŘ όōύ ·-Y space 

 

Table 6: Details of Hollow Cylinder tests under fixed  hand b parameters 

ʃʶʾˊʰ˃ʰ ei pΩi (kPa) ʰ (ϲ) b ʅˍʰʻʶˊˇˉˇʾʹˋʹ 
FA-1 0.718 200 0 0 - 

FA-2 0.711 200 30 0 - 

FA-3 0.708 200 45 0 - 

FA-4 0.719 200 60 0 - 

FA-5 0.709 200 90 0 - 

FA-6 0.553 200 0 0 - 

FA-7 0.559 200 30 0 - 

FA-8 0.565 200 45 0 - 

FA-9 0.560 200 60 0 - 

FA-10 0.565 200 90 0 - 

FA-11 0.715 200 0 0.5 - 

FA-12 0.720 200 30 0.5 - 

FA-13 0.718 200 45 0.5 - 

FA-14 0.716 200 60 0.5 - 

FA-15 0.721 200 90 0.5 - 

FA-16 0.565 200 0 0.5 - 

FA-17 0.557 200 30 0.5 - 

FA-18 0.563 200 45 0.5 - 

FA-19 0.557 200 60 0.5 - 

FA-20 0.559 200 90 0.5 - 

FA-21 0.700 200 0 1 - 

FA-22 0.701 200 30 1 - 

FA-23 0.701 200 45 1 - 

FA-24 0.708 200 60 1 - 

FA-25 0.709 200 90 1 - 

FA-26 0.568 200 0 1 - 

FA-27 0.570 200 30 1 - 

FA-28 0.570 200 45 1 - 
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FA-29 0.572 200 60 1 - 

FA-30 0.569 200 90 1 - 

SFA-1 0.713 200 0 0.5 T 

SFA-2 0.716 200 45 0.5 T 

SFA-3 0.720 200 60 0.5 T 

SFA-4 0.721 200 90 0.5 T 

SFA-5 0.710 200 0 0 T 

SFA-6 0.720 200 90 1 T 

Note:         ei, void ratio after consolidation,    
      pΩi, mean effective stress after consolidation,  

                                ,h principal stress direction 
      b, intermediate stress parameter 
     T, treated specimen 

 

To investigate the effects of material density on the anisotropic behavior of sand, 

monotonic loading tests were conducted under various fixed major principal stress 

inclinations ( =h0, 30, 45, 60, and 90ϲ), measured in the vertical loading direction on loose 

and dense M31 sand. The response of isotopically consolidated sand to drained loading 

with fixed stress principal axes under constant ƳŜŀƴ ŜŦŦŜŎǘƛǾŜ ǎǘǊŜǎǎ ǇΩҐнлл ƪtŀ ŀƴŘ 

constant b=0 is presented in Figure 29 in terms of stress ratioςdeviatoric strain (Figure 

29(a)) and volumetric-deviatoric strain (Figure 29(b)) for dense (left) and loose (right) 

specimens.  

The effect of the material density is significant as no matter what the major principal 

stress direction is, loose sand exhibits a softer response in terms of stress-strain, lower 

shear strength, and larger contractive volumetric strain than dense sand. Dense sand 

under these loading conditions shows no contraction but dilates directly. Moreover, higher 

deviatoric strain is required for the loose sand to reach the peak in the stress-strain curves. 

As the density decreases, the interlocking between the particles weakens, resulting in a 

softer response, lower shear resistance, and increased compressibility. 

Regardless of density, M31 sand shows clear anisotropic characteristics. The shear 

ǎǘǊŜƴƎǘƘ ƻŦ ǘƘŜ ǎŀƴŘǎ ǊŜŘǳŎŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ǾŀƭǳŜǎ ƻŦ ʰΦ The highest peak stress ratio was 

obtained when the major principal stress direction was parallel to the deposition direction 

όʰ Ґ лϲύ, ŀƴŘ ǘƘŜ ƭƻǿŜǎǘ ǾŀƭǳŜ ǿŀǎ ƻōǘŀƛƴŜŘ ŀǘ ʰҐ90ϲΦ At the same density, the peak stress 

ratio is achieved at higher deviatoric strains as h increases. For dense sand under җhпр, ϲ 

dilatancy reduces compared to loading under Ґhл ŀƴŘ олϲΦ CƻǊ ƭƻƻǎŜ ǎŀƴŘ, an increase in 

angle, h , impacts its volumetric response and compressibility increases significantly. The 

results indicate that the initial fabric anisotropy affects the subsequent behavior of loose 

and dense sand. 

The influence of the relative magnitude of the intermediate principal stress, 2̀, 

characterized by the different b-values, on sand response, is investigated by conducting 

monotonic shear tests on M31 sand for three b values (b = 0, 0.5 and 1.0) under various 
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fixed loading directions. Figure 30 presents the results for dense M31 sand in terms of 

stress ratio-deviatoric strain and volumetric-deviatoric strain.  

The influence of intermediate principal stress parameter b is apparent in stress-strain 

behavior. For every loading direction, the stiffest response and the highest peak are 

observed when b=0. {ŀƴŘΩǎ ǊŜǎǇƻƴǎŜ ōŜŎƻƳŜǎ ǎƻŦǘŜǊ ŀǎ ō ƛƴŎǊŜŀǎŜǎΦ ¢ƘŜ ŘŜŎǊŜŀǎŜ ƛƴ 

strength is more significant when b is increased to b=0.5 and less pronounced when it is 

further increased to b-1. The volumetric response also shows a similar pattern; as b 

increases, the volumetric compressibility of sand increases, and dilatancy decreases. 

a)        

 

b) 

 
Figure 29: Results of monotonic drained loading with fixed h  and b=0 on dense (left side) 

and loose (right side) M31 sand: (a) stress ratio-deviatoric strain and (b) 
volumetric ς deviatoric strain curves
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Figure 30: Response of isotopically consolidated dense M31 sand to drained loading with fixed principal stress axes. Effect of intermediate 

principal stress parameter 
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The installation of a new burette equipped with a high accuracy differential pressure 

transducer connected to the inner chamber allowed the measurement of the inner and 

outer radius changes. These measurements allowed for the first time the computation of 

all the strain components. Figure 31 ǇǊŜǎŜƴǘǎ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǾŜǊǘƛŎŀƭ όʶz), 

circumferential (ʁ )̒, radial (ʁ r) strain, and shear (ɹ̒ z) strain against deviatoric stress (qʁ) for 

monotonic tests on dense M31 sand under various fixed loading directions for the three 

b-values (b=0, 0.5 and 1). For the three normal strain components, positive values 

represent contraction, while negative expansion. 

The change in loading direction significantly affects axial deformation since axial strain 

changes from contractive for h <45ϲ to expansive for h >45ϲ. Under h =45ϲ, where the 

change in vertical stress is minimum axial strain is practically zero. The opposite trend is 

observed for circumferential strain. Comparing the results from different b-values, the 

increase in b results in more expansive axial and circumferential strains for every loading 

direction. The shear strain seems less prone to change with b-values and is affected only 

by the magnitude of the applied shear stress.  

The radial strain seems sensitive to changes in loading directions. However, it is 

significantly affected by the relative magnitude of the intermediate stress parameters. 

Radial strain changes from expansion to contraction as b increases from 0 to 0.5, and the 

contractive radial strain increases even more when b rises to 1. It can be derived that plane 

strain conditions (ʁ r=0) could be achieved at b between 0 and 0.5 in agreement with the 

value ōҒлΦнр-0.3 recommended by M. M. Yoshimine et al., 1999. Moreover, the independent 

measurement of all strains proves that ǘƘŜ ŀǎǎǳƳǇǘƛƻƴ ƻŦ ʶrr = ʶ̒  ̒often adopted in the 

literature (Triantafyllos et al., 2020) is not accurate.  

The variation of the stress ratio at phase transformation, όǉκǇΩύp.t., with the major 

principal stress direction, ,h for loose and dense M31 sand is shown in Figure 32. Phase 

transformation points from triaxial compression (h=0ϲ and b=0) and triaxial extension 

(a=90ϲ and b=1) under drained conditions for loose M31 sand are also included and marked 

with red symbols. Triaxial tests seem to agree with the corresponding HC tests. For loose 

ǎŀƴŘ ǳƴŘŜǊ ǘƘŜ ǎŀƳŜ ō ǾŀƭǳŜΣ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ƭƻŀŘƛƴƎ ŘƛǊŜŎǘƛƻƴ ŘƻŜǎƴΩǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀŦŦŜŎǘ 

the stress ratio at phase transformation. Georgiannou et al., 2018 conducted undrained 

shear tests under different loading directions and reached the same conclusion. However, 

ǘƘŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ǎǘǊŜǎǎ ǇŀǊŀƳŜǘŜǊ Ƙŀǎ ŀ ǎǘǊƻƴƎŜǊ ŜŦŦŜŎǘ ƻƴ όǉκǇΩύp.t., which decreases by 

approximately 16%  when b increases from 0 to 1. Dense sŀƴŘ ǳƴŘŜǊ ōҐл ŘƻŜǎƴΩǘ ŎƻƴǘǊŀŎǘ 

under any loading direction. Under b=0.5 and 1, the increase in  hand b results in a slight 

ŘŜŎǊŜŀǎŜ ƛƴ όǉκǇΩύp.t..  At any loading direction the increase in density significantly reduces 

the stress ratio at P.T., accelerating the onset of dilative behavior. 
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Figure 31: Drained monotonic shearing on dense M31 sand. Effect of  hand b on the 

development of strain components. 
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Figure 32: Stress ratio at phase transformation at different major principal stress directions 

and b-values for loose and dense M31 sand 

The variation of measured peak stress ratio, ǉκǇΩmax, with major principal stress 

direction, h , for loose and dense M31 sand is shown in Figure 33. Peak points from triaxial 

compression (h=0ϲ and b=0) and triaxial extension (a=90ϲ and b=1) under drained 

conditions for loose M31 sand are also included and marked with red symbols (Figure 

33(a)). The results from triaxial tests match the corresponding HC tests and define the 

upper and lower strength limit for loose sand. It is apparent that the loading direction 

substantially impacts the shearing resistance of the sand. 

 wŜƎŀǊŘƭŜǎǎ ƻŦ ǘƘŜ ǎŀƴŘΩǎ ŘŜƴǎƛǘȅ, the highest strength is achieved at h=0ϲ and b=0 and 

the lowest when h=90ϲ and b=1. Generally, as the major principal stress direction deviates 

from the vertical axis and the relative magnitude of the intermediate stress increases, the 

peak strength reduces. When b=0, both sand densities exhibit a continuous decrease in 

peak strength as h increases. Under b=0.5 and 1 peak strength at a=60 and 90ϲ have similar 

values. However, the dense sand under b=0.5 shows smaller peak strength at =h60ϲ 

compared to h =90ϲ. This is accompanied by the early development of strain uniformities. 

Test results for dense sand at h=60ϲ (Figure 30) repeatedly show that under b=0.5 shear 

banding interrupted the evolution of strength and dilation ŀƴŘ ŘƛŘƴΩǘ ŀƭƭƻǿ ǘƘŜ ǎǇŜŎƛƳŜƴ 

to reach its peak strength value. Finally, for both sands, when b increases from 0 to 0.5, 

strength reduces significantly; however, a further increase to b=1 results in a minor 

reduction of peak strength.  

Comparing the two densities, at each b-value, it is observed that the changes in strength 

with the angle h  have a similar trend, although, in dense sand, the changes are more 

pronounced. When b=0 and h=0ϲΣ the peak strength of dense sand is 22% higher than loose 

sand, while this percentage decreases as  hand b increase. As the loading approaches the 

extension mode, the differences in peak strength between loose and dense sand diminish. 
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a)        b) 

 
Figure 33: Peak stress ratio at different major principal stress directions and b-values for 

(a) loose and (b) dense M31 sand 

This thesis also examines the noncoaxial behavior of M31 sand, i.e., the difference 

between the principal stress and principal strain increment direction, under various stress 

paths. The influence of ǎŀƴŘΩǎ density and b-value is examined. Indicative results of the 

fixed-  htests carried out on dense M31 sand at b=0 are plotted in the X-Y stress space in 

Figure 34. The stress paths are plotted as solid lines from the stress space origin to the 

failure envelope, plotted as a dashed line. The unit strain increments are displayed in the 

form of vectors. The strain increment vector in this space makes an angle to the horizontal 

axis that is twice the angle of the strain increment axis relative to the vertical direction 

(2 dh )ʁ. Sand behaves almost coaxially at ʰ Ґ лϲ ŀƴŘ флϲ since the strain vectors are 

practically parallel to the stress paths. However, for the rest of the tests, noncoaxiality was 

observed with the principal strain increment angle deviating from principal stress direction 

angle. Strain vectors seem to be normal to the failure line, pointing to the weakest, in 

terms of strength, part of the plane. Vectors tend to align with stress paths as shearing 

continues and failure is approached. 

The effect of the intermediate stress parameter on the noncoaxial behavior of dense 

sand is illustrated in Figure 35, where the ǎǘǊŜǎǎ ǊŀǘƛƻΣ ǉκǇΩΣ ƛǎ ǇƭƻǘǘŜŘ ŀƎŀƛƴǎǘ the principal 

stress direction, h (lines), and strain increment direction, h d  ʁ(symbols). Irrespective of the 

b-value at h =0ϲ and 90ϲ the sanŘΩǎ ǊŜǎǇƻƴǎŜ ƛǎ ŀƭƳƻǎǘ ŎƻŀȄƛŀƭ, with the maximum deviation 

between h d  ʁand h  being 4ϲ.  For the other tests ( =h30,45, and 60ϲ), the deviation is high 

approaching dh -ʁ  h=15ϲ ŀǘ ǘƘŜ ƛƴƛǘƛŀƭ ǎǘŀƎŜ ƻŦ ǎƘŜŀǊƛƴƎΦ !ǎ the stress ratio increases and 

higher strain accumulates, the deviation constantly reduces, and eventually the ǎŀƴŘΩǎ 

behavior becomes coaxial. Comparing the results from different b-values, non-coaxiality is 

more significant at b=0. For each loading direction when b=0, the deviation between strain 

and stress angle, hd -ʁ ,h is higher and diminishes at a higher stress ratio compared with 

tests at b=0.5 and b=1.  
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Figure 34: Directions of principal strain increments from fixed-  htests for dense M31 sand 

at b=0 

 
Figure 35: Effect of b on the noncoaxial behavior of dense M13 sand under fixed-  htests 
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To study the strength anisotropy of treated sand and its compatibility with sand-like 

behavior, monotonic shear tests were conducted under various fixed major principal stress 

inclinations on treated M31 sand. Treated loose specimens were isotropically consolidated 

ǘƻ ǇΩi=200 kPa and subjected to drained loading at fixed  h ( =h0, 45, 60, and 90ϲ) and 

constant b in the hollow cylinder apparatus. The response of treated sand (red lines) to 

drained loading with fixed principal stress axes under constant mean effective stress and 

b=0.5 is presented in Figure 36 in terms of stress ratio against deviatoric strain and 

volumetric against deviatoric strain. For comparison, results from loose sand (blue dotted 

lines) and dense sand (blue solid lines) specimens tested under the same conditions are 

included. 

Treated sand shows evident anisotropic characteristics. The highest peak stress ratio 

was obtained when the major principal stress direction was parallel to the deposition 

ŘƛǊŜŎǘƛƻƴ όʰ Ґ лϲύΣ ŀƴŘ ǘƘŜ ƭƻǿŜǎǘ ǾŀƭǳŜ ǿŀǎ ƻōǘŀƛƴŜŘ ŀǘ ʰҐ60ϲΦ   Strength drops significantly 

from =h0 to 45ϲ. GenerallyΣ ǎƘŜŀǊ ǎǘǊŜƴƎǘƘ ǊŜŘǳŎŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ǾŀƭǳŜǎ ƻŦ ʰΣ ŀƴŘ 

dilatancy reduces. For each loading direction, treatment with colloidal silica increases the 

ǎŀƴŘΩǎ ǎǘǊŜƴƎǘƘ ǎƛƴŎŜ ƭƻƻǎŜ ǘǊŜŀǘŜŘ ǎŀƴŘ ǊŜŀŎƘŜǎ ƘƛƎƘŜǊ ǎǘǊŜǎǎ Ǌŀǘƛƻǎ ǘƘŀƴ ŘŜƴǎŜ ǎŀƴŘΦ 

Moreover, dilation is enhanced since volumetric against deviatoric strain curves from 

treated sand lie between those for loose and dense M31 sand.  Treatment with colloidal 

silica seems to enhance sand behavior more at =h0ϲ rather than җhпрϲ due to extreme 

dilation and suppressed contraction. 

It should be noted that although dilation increases the peak stress ratio in treated sand, 

at lower stress ratios of about 0.3 treated sand suddenly accumulates deviatoric strains of 

about 1.5% and becomes much softer than untreated sand at җhпрϲ. In this strain range, 

volumetric strains remain practically zero indicating that yielding takes place under constant 

volume conditions. This transient state is followed by dilative volumetric changes associated 

with increasing stress ratios. The mentioned hollow cylinder tests were conducted under 

stress-controlled conditions. However, when treated sand was ǘŜǎǘŜŘ ŀǘ ʰҐфлϲ in triaxial 

extension tests conducted under strain-controlled conditions no transient state was 

observed (Figure 22). Given that in strain-controlled tests the loading rate is kept low to 

allow drainage intreated sand, it can be deduced that the fast shearing rate under stress 

control in the hollow cylinder hinders drainage, once unstable response is initiated at a 

stress ratio of around 0.3.  

To further investigate the effect of loading conditions on treated sand behavior, stress-

controlled and strain-controlled triaxial extension tests were performed on loose treated 

sand under drained conditions. The results of both triaxial extension tests and a hollow 

cylinder (HC) test conducted at h=90ϲ and b=1 on loose (ei=0.720-0.742) treated M31 sand 

are presented In Figure 37 in terms of stress ratio against deǾƛŀǘƻǊƛŎ ǎǘǊŀƛƴ όǉκǇΩ- qʁ) (Figure 

37(a)) and volumetric against deviatoric strain (ʁ vol- qʁ) (Figure 37(b)).
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Figure 36: Response of treated loose sand and untreated loose and dense M13 sand under drained monotonic loading at fixed stress 
directions and at b=0.5
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Under strain control (0.025mm/min) stress ratio continuously increases, as shown by the 

dotted line. Under stress control (3 kPa/min), a yielding phase is observed at a stress ratio 

of about 0.4 and strains up to 2%. Subsequently, the stress ratio of the stress-controlled 

triaxial tests practically coincides with that of the strain-controlled test. The peak stress ratio 

of the HC test is a little ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŜ ǘǊƛŀȄƛŀƭ ǘŜǎǘ ŘǳŜ ǘƻ ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ ƘƛƎƘŜǊ ŘŜƴǎƛǘȅΦ 

This unstable behavior occurs in the contractant loading stage, as defined by the volume 

against the deviatoric strain curve of the strain-controlled test (Figure 37(b)). During the 

yielding phase, volumetric strains are nearly zero for the triaxial and the HC tests. Overall 

volumetric changes are similar in strain and stress-controlled tests at phase transformation 

and subsequently during dilation.  

a)       b) 

 

Figure 37: Drained extension tests on treated M31 sand under stress and strain control: 
(a) stress ratio-deviatoric strain and (b) volumetric ς deviatoric strain curves 

Since yielding occurs under practically undrained conditions, undrained triaxial extension 

tests are performed on treated sand under stress control. The results are compared to those 

obtained from the strain-controlled extension test (dotted line) in Figure 38. Under 

undrained stress-controlled loading, pore pressure equalization is faster than volume 

change; however, even the undrained extension test yields ŀǘ ŀōƻǳǘ ǉκǇΩҐлΦ5, marked as a 

black circle in the diagrams. At that point, an unstable behavior initiates. Under almost 

constant deviatoric stress, shear strain accumulates rapidly; thus, the testing system could 

not correctly record the stress- strain response. After that phase, stress increases, and the 

curves tend to match those of the strain- controlled tests. A tendency for dilation at the 

same rate as the strain-controlled test and a common peak stress ratio is observed. 

The treated sand's transient peak (black circle) practically coincides with the instability 

point (Lade, 2003). When the loading takes place under stress control, the drainage is either 

prohibited (undrained conditions) or not feasible during yielding at partially drained 

conditions.  Treated sand shows an unstable behavior, like loose sand does, under undrained 
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conditions. Loose M31 sand develops an unstable behavior at loading directions ʰҗпрϲ and 

b=0.5, with the stress ratio at the instability point reducing as h increases (Triantafyllos et 

al., 2020). This implies that in very loose deposits of treated sand with an inherent tendency 

for initial contraction, excessive strains may accumulate under monotonic drained loading 

at relatively low stress ratios because under stress control the behaviour of treated sand 

becomes partially drained. The limiting stress ratio is the instability stress ratio under 

undrained loading. This is a weak point for treated sand in which contrary to sand drainage 

is hindered under stress control. However, higher stress ratios can be attained as dilative 

tendencies take over. 

 

 

Figure 38: Undrained extension tests on treated M31 sand under stress and strain control 
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3.6 Drained Principal Stress Rotation tests on M31 sand 

Drained rotational shear tests at different effective stress ratios have been carried out 

on M31 sand to examine the sand's stress-strain response, volumetric behavior, and non-

coaxiality under continuous principal stress rotation. The effect of ǎŀƴŘΩǎ ŘŜƴǎƛǘȅ ŀƴŘ ǘƘŜ 

relative magnitude of the intermediate stress are also examined. The imposed stress paths 

are presented in Figure 39 in ǉΩǇ and Y-X stress space. All specimens after saturation were 

isotropically consolidated to mean ŜŦŦŜŎǘƛǾŜ ǎǘǊŜǎǎ ǇΩi=200kPa (AĄB). Next, specimens 

were subjected to drained monotonic sheaǊ ǳƴŘŜǊ Ŏƻƴǎǘŀƴǘ ǇΩi=200kPa, at fixed h =0ϲ and 

b=0 or 0.5 until they reached a specific stress ratio (BĄC). After that, the stress ratio and 

b-value are kept constant while the principal stress axes are rotated counterclockwise 

from h =0 to 180ϲ(CĄD). Each full h-rotation is counted as one cycle (N). The magnitude of 

each principal stress is kept constant during each cycle. To ensure fully drained conditions, 

the major principal stress direction changed at a rate of ҒоϲκƳƛƴ. Test details are 

summarized in  Table 7. 

 

 

Figure 39: Stress paths in q-ǇΩ ŀƴŘ ·-Y stress space for rotational shear test 

 

Table 7: Details of Drained Principal Stress Rotation tests 

 Monotonic shear 

ʰҐлϲ 

Continuous principal stress rotation 

 Ŭ=0ÁĄ180Á 

Test ei pΩi (kPa) b er ǉκǇΩ b 

R-5 0.690 200 0.5 0.690 0.69 0.5 

R-8 0.689 200 0.5 0.689 0.87 0.5 

R-7 0.681 200 0.5 0.681 1.04 0.5 

R-6 0.562 200 0.5 0.562 0.98 0.5 
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R-1 0.565 200 0.5 0.565 1.02 0.5 

R-4 0.560 200 0.5 0.560 1.10 0.5 

R-9 0.564 200 0 0.564 0.84 0 

R-10 0.560 200 0 0.560 0.98 0 

Note:         ei, void ratio after consolidation,    
      pΩi, mean effective stress after consolidation,  

                                ,h principal stress direction 
      b, intermediate stress parameter 

                    er, void ratio after monotonic shear   

                q/ pΩ, stress ratio under principal stress rotation      

 

Figure 40 presents the evolution of the imposed stress components ( z̀, ˋ̒, r̀, and ̱ z̒) 

with the number of cycles (N) and the development of the corresponding strain 

components ( zʁ, ʁ ,̒ ʁ r, and ɹ z̒) for medium dense (ei=0.681-0.690) ɾ31 sand under drained 

stress rotation. In these figures, a positive value along the vertical axis indicates 

contraction, and a negative indicates dilation. Three different stress ratios are examined 

while the mean effective stress, ǇΩҐнлл ƪtŀΣ and the intermediate stress parameter, b=0.5, 

are maintained constant. The stress components ̀z, ˋ̒, r̀, and ̱ z̒ fluctuate sinusoidally 

with constant amplitude proportionate to the stress ratio. The radial stress is constant and 

is equal to the intermediate principal stress (̀ r= 2̀). It is observed that plastic strains 

accumulate despite the magnitudes of principal stresses being kept constant.  

 Lƴ ǎǘǊŜǎǎ Ǌƻǘŀǘƛƻƴ ǘŜǎǘǎ ǳƴŘŜǊ ǉκǇΩҐлΦсф ŀƴŘ лΦут, most strains were induced in the first 

cycle, while the amplitude of the strain components tends to stabilize in the following 

cycles until the sand reached a new stable state. When the stress ratio increases, the 

magnitude of the strains is higher, and the oscillation is more pronounced. The axial strain 

accumulates on the extension side, while the radial and the circumferential on the 

compression side. Because of the ǎŀƴŘΩǎ vertical deposition and initial loading in the 

vertical direction (hҐлϲύ, the anisotropic fabric has lower compressibility and higher 

dilatancy along the z-axis compared to the r and ̒  axes. Moreover, when rotation is 

initiated, the vertical stress reduces, and the circumferential stress increases, resulting in 

contractive and expansive vertical and circumferential strain, respectively. The stresses 

and the strains oscillate in the following cycles, but the strains accumulated in the first 

cycle dominate. The radial stress is contractive in agreement with the results of monotonic 

shear under b=0.5 (Figure 31). When principal stress rotation takes place under higher 

stresǎ Ǌŀǘƛƻ όǉκǇΩҐмΦлпύ, large strains are induced, and the specimen fails at h=125ϲ during 

the 2nd cycle.  

The evolution of the volumetric strain, vʁ, with the number of cycles is presented in 

Figure 41. Although the magnitudes of principal stresses were maintained constant during 

each test, contractive volumetric strain was accumulated due to the rotation of principal 

stress directions. Under stress ratios q/pΩҐлΦ69 and 0.87, most of the volumetric strain 

occurs during the first cycle. The higher the stress ratio, the more contractive sand is. The 
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test R-7 during monotonic shearing was on the onset of dilation when rotation began 

ǳƴŘŜǊ ǉκǇΩҐ1.04. After slight dilation, the specimen accumulates contractive volumetric 

strain until it fails during the second cycle.  

 

 
Figure 40: Evolution of stress and strain components under drained rotational shear on 

medium-dense sand under b=0.5. Effect of stress ratio 

 

 
Figure 41: Evolution of volumetric strain with cycles under drained rotation shear on 

medium-dense sand under b=0.5. Effect of stress ratio 

 


