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ɳʇʋɮʄɹʅʆɹɳʅ   
 
ɸʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍˇ˄ ʶˉʽʲ˂ʷˉˇ˄ˍʰ ˁʰʻʹʴʹˍʺ ˃ˇˎ ˁΦ ɹ˖ʱ˄˄ʹ ɵʶˎʴ˗˂ʹ ʴʽʰ ˍʹ˄ ʰ˄ʱʻʶˋʹ 

ˍˇˎ ˉˇ˂ˏ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌ ʻʷ˃ʰˍˇˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌΣ ʴʽʰ ˍʹ˄ ʶˎˁʰʽˊʾʰ ˉˇˎ ˃ˇˎ ʷʵ˖ˋʶ ˄ʰ 
ʶʽˋʰ˔ʻ˗ ˁʰʽ ˄ʰ ʶ˃ʲʰʻˏ˄˖ ˋˍˇ ʴ˄˖ˋˍʽˁˈ ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ˍʹˌ ʴʶ˖ˍʶ˔˄ʽˁʺˌ ˃ʹ˔ʰ˄ʽˁʺˌΣ ʰ˂˂ʱ ˁʰʽ ʴʽʰ ˍʹ 
ʵʽʰ˃ʶˋˇ˂ʱʲʹˋʺ ˍˇˎ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˊʴʰˋʻ˗ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ʶˁˉˈ˄ʹˋʹˌ ˍʹˌ ˉʰˊˇˏˋʰˌ ʶˊʴʰˋʾʰˌ 
ˋˍˇ ɳʻ˄ʽˁˈ ɼʷ˄ˍˊˇ ɴˊʶˎ˄ʰˌ ϧ ʆʶ˔˄ˇ˂ˇʴʽˁʺˌ ɮ˄ʱˉˍˎ˅ʹˌ όɳɼɳʆɮύΦ ʁʽ ˋˎ˃ʲˇˎ˂ʷˌ ˍˇˎ ˁʰʽ ʹ ˃ʶˍʱʵˇˋʹ 
ˍ˖˄ ʴ˄˗ˋʶ˖˄ ˍˇˎ ʰˉˇˍʶ˂ˇˏ˄ ʴʽʰ ˃ʷ˄ʰ ˋʹ˃ʰ˄ˍʽˁˈ ˁʶ˒ʱ˂ʰʽˇ ˋˍʹ˄ ʰˁʰʵʹ˃ʰʿˁʺ ˉˇˊʶʾʰ ˃ˇˎΦ  
ɳˉʽˉ˂ʷˇ˄Σ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍˇˎˌ ɼʰʻʹʴʹˍʷˌ ˁˁΦ ʃʰˏ˂ˇ ɿˇ˃ʽˁˈ ˁʰʽ ɮ˄ʵˊʷʰ ɾˉʶ˄ʱˊʵˇ ʴʽʰ 

ˍʹ˄ ʰˉˇʵˇ˔ʺ ˍˇˎˌ ˄ʰ ˉ˂ʰʽˋʽ˗ˋˇˎ˄ ˍʹ˄ ˍˊʽ˃ʶ˂ʺ ʶ˅ʶˍʰˋˍʽˁʺ ʶˉʽˍˊˇˉʺ ˍʹˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ˃ˇˎ ʶˊʴʰˋʾʰˌΦ 
ɳˉʾˋʹˌΣ ˇ˒ʶʾ˂˖ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ʻʶˊ˃ʱ ˍˇ˄ ˁΦ ɼˇˏˁˇˎʸʰΣ ɲˊΦ ɱʶ˖˂ˈʴˇΣ ɲʽʶˎʻˎ˄ˍʺ ɳˊʶˎ˄˗˄ ˍˇˎ 

ɳɼɳʆɮΣ ʴʽʰ ˍʹ˄ ʶˎˁʰʽˊʾʰ ˉˇˎ ˃ˇˎ ʷʵ˖ˋʶ ˍˇ˄ ˍʶ˂ʶˎˍʰʾˇ ʷ˄ʰ ˔ˊˈ˄ˇ ˄ʰ ʶˊʴʰˋˍ˗ ˋʶ ʷ˄ʰ ˎ˕ʹ˂ʺˌ ˋˍʱʻ˃ʹˌ 
ʶˊʶˎ˄ʹˍʽˁˈ ˁʷ˄ˍˊˇ ˈˉ˖ˌ ʶʾ˄ʰʽ ˍˇ ɳɼɳʆɮΣ ˋˍˇ ˉ˂ʰʾˋʽˇ ʶˎˊ˖ˉʰʿˁ˗˄ ʶˊʶˎ˄ʹˍʽˁ˗˄ ˉˊˇʴˊʰ˃˃ʱˍ˖˄Φ 
ɹʵʽʰʾˍʶˊʶˌ ʶˎ˔ʰˊʽˋˍʾʶˌ ˇ˒ʶʾ˂˖ ˋˍˇ˄ ˁΦ ɮ˂ʷ˅ʰ˄ʵˊˇ ɸʶˇ˔ʱˊʹΣ ɲˊΦ ʃˇ˂ʽˍʽˁˈ ɾʹ˔ʰ˄ʽˁˈ ˁʰʽ 

ˋˎ˄ʶˊʴʰʸˈ˃ʶ˄ˇ ʶˊʶˎ˄ʹˍʺ ˋˍˇ ɳɼɳʆɮΣ ʴʽʰ ˍʹ˄ ˁʰʻʹ˃ʶˊʽ˄ʺ ˁʰʽ ʶˉˇʽˁˇʵˇ˃ʹˍʽˁʺ ˋˎ˄ʶˊʴʰˋʾʰ ˃ʰˌ ˁʰʽ 
ˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ˍˇˎ ˋˎ˃ʲˇ˂ʺ ˍˈˋˇ ˋˍʹ˄ ʶˁˉˈ˄ʹˋʹ ˍʹˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌΣ ˈˋˇ ˁʰʽ ˋˍʰ ʶˊʶˎ˄ʹˍʽˁʱ 
ˁʰʻʺˁˇ˄ˍʰ ˃ˇˎ ˋˍˇ ɳɼɳʆɮΦ ɶ ʰˉʰˊʱ˃ʽ˂˂ʹ ʵʽʱʻʶˋʹ ˁʰʽ ˎˉˇ˃ˇ˄ʺ ˉˇˎ ʶˉʷʵʶʽ˅ʶ ˋʶ ˇˍʽʵʺˉˇˍʶ 
˔ˊʶʽʰʸˈ˃ˇˎ˄ ˁʰʽ ʹ ˋˎ˄ʶ˔ʺˌ ˁʰʽ ʱˊˍʽʰ ʶˉʽˋˍʹ˃ˇ˄ʽˁʺ ˁʰʻˇʵʺʴʹˋʹ ˉˇˎ ˃ˇˎ ˉʰˊʶʾ˔ʶ ˋˎ˄ʷʲʰ˂ʰ˄ ˍʰ 
˃ʷʴʽˋˍʰ ˋˍʹ ˋˏ˄ʻʶˋʹ ˍʹˌ ˉʰˊˇˏˋʰˌ ʶˊʴʰˋʾʰˌΦ ɲʶ˄ ʻʰ ˃ˉˇˊˇˏˋʰ ˒ˎˋʽˁʱ ˄ʰ ˃ʹ˄ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍˇˎˌ 
ˋˎ˄ʰʵʷ˂˒ˇˎˌ ˁʰʽ ˒ʾ˂ˇˎˌ ˃ˇˎ ɲʱ˒˄ʹ ˁʰʽ ɯʴʴʶ˂ˇ ʴʽʰ ˈ˂ʶˌ ˍʽˌ ʶˉˇʽˁˇʵˇ˃ʹˍʽˁʷˌ ˋˎʸʹˍʺˋʶʽˌ ˉˇˎ ʶʾ˔ʰ˃ʶΣ 
ˍʽˌ ʶˏ˂ˇʴʶˌ ʽʵʷʶˌΣ ˉʰˊʰˍʹˊʺˋʶʽˌ ˁʰʽ ˋˎ˃ʲˇˎ˂ʷˌ ˍˇˎˌ ˁʰʻ˗ˌ ˁʰʽ ʴʽʰ ˍˇ ˈˍʽ ʺˍʰ˄ ˉʱ˄ˍʰ ˉˊˈʻˎ˃ˇʽ ˄ʰ 
˃ʶ ʲˇʹʻʺˋˇˎ˄ ˋʶ ˈΣˍʽ ˔ˊʶʽʰʸˈ˃ˇˎ˄Φ ɸʷ˂˖Σ ʶˉʾˋʹˌΣ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍˇ Brown Coal Research Institute 
(VUHUύ ˋˍʹ˄ ʆˋʶ˔ʾʰΣ ˁʰʽ ʽʵʽʰʾˍʶˊʰ ˍˇ˄ ʆʶ˔˄ʽˁˈ ɲʽʶˎʻˎ˄ˍʺ ˁΦ Jan BurdaΣ ʴʽʰ ˍʹ˄ ˉʰˊʰ˔˗ˊʹˋʹ ˍ˖˄ 
ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˍ˖˄ ʵˇˁʽ˃˗˄ CPT ˋˍʹ ˂ʾ˃˄ʹ Most ʵʾ˔˖ˌ ˍʰ ˇˉˇʾʰ ʵʶ˄ ʻʰ ʺˍʰ˄ ʵˎ˄ʰˍʺ ʹ ʶˁˉˈ˄ʹˋʹ 
ʰˎˍʺˌ ˍʹˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌΦ  
ʆʷ˂ˇˌΣ ʶˎ˔ʰˊʽˋˍ˗ ˍʹ˄ ˇʽˁˇʴʷ˄ʶʽʰ ˃ˇˎΣ ˍˇˎˌ ʴˇ˄ʶʾˌ ˃ˇˎ ˁʰʽ ˍˇ˄ ʰʵʶˊ˒ˈ ˃ˇˎΣ ʴʽʰ ˍʹ˄ ˋˍʺˊʽ˅ʹ ˍˇˎˌ 

ˋʶ ˈ˂ʰ ˍʰ ʶˉʾˉʶʵʰ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍ˖˄ ʲʰˋʽˁ˗˄ ˋˉˇˎʵ˗˄ ˃ˇˎ ˋˍʹ˄ ʃʱˍˊʰ ˁʰʽ ˍ˖˄ ˃ʶˍʰˉˍˎ˔ʽʰˁ˗˄ 
ˋˉˇˎʵ˗˄ ˋˍʹ˄ ɮʻʺ˄ʰΦ 
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ʃɳʄɹɽɶʌɶ  
 
ʆʽˌ ˍʶ˂ʶˎˍʰʾʶ ̩ʵʶˁʰʶˍʾʶˌ ˇ ˂ʽʴ˄ʾˍʹˌ ό˖ˌ ˃ʾʰ ˃ˇˊ˒ʺ ʱ˄ʻˊʰˁʰύ ʰˉˇˍʷ˂ʶˋʶ ˁˏˊʽʰ ˉˊ˗ˍʹ ˏ˂ʹ ʴʽʰ ˍʹ˄ 
ˇʽˁʽʰˁʺ ˁʰʽ ʲʽˇ˃ʹ˔ʰ˄ʽˁʺ ˉʰˊʰʴ˖ʴʺ ʹ˂ʶˁˍˊʽˁʺˌ ʶ˄ʷˊʴʶʽʰˌ ˁʰʻ˗ˌ ˉˊˈˁʶʽˍʰʽ ʴʽʰ ʷ˄ʰ˄ ʰˉˈ ˍˇˎˌ ˂ʾʴˇˎˌ 
ˉˊ˖ˍˇʴʶ˄ʶʾˌ ʶ˄ʶˊʴʶʽʰˁˇˏˌ ˉˈˊˇˎˌ ˉˇˎ ʶʾ˄ʰʽ ʵʽʰʻʷˋʽ˃ˇˌ ˋʶ ˃ʶʴʱ˂ʶˌ ˉˇˋˈˍʹˍʶˌ ˁʰʽ ˋʶ ˁˊʱˍʹ ˃ʷ˂ʹ 
ˍʹˌ ɳɳΦ ɼʰʻ˗ˌ ʹ ˃ʶˍʱʲʰˋʹ ˋˍʹ ˃ʶˍʰ˂ʽʴ˄ʽˍʽˁʺ ʶˉˇ˔ʺ ʲˊʾˋˁʶˍʰʽ ˋʶ ʶ˅ʷ˂ʽ˅ʹ, ˇ ˍˊˈˉˇˌ ʰˉˇˁʰˍʱˋˍʰˋʹ ̩
ˁʰʽ ʰ˅ʽˇˉˇʾʹˋʹ ̩̱ ˖˄ ˃ʶˍʰ-ʶ˅ˇˊˎˁˍʽˁ˗˄ ˉʶˊʽˇ˔˗˄ ˁ ʰʽ ʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʁ ˉʽ˂ˇʴʺ ˍ˖˄ ˔ˊʺˋʶ˖˄ ʴʹˌ ˃ʶˍʱ 
ˍˇ ˁ˂ʶʾˋʽ˃ˇ ˍ˖˄ ˇˊˎ˔ʶʾ˖˄ ʰˉˇˍʶ˂ˇˏ˄ ˃ ʽʰ ˁˊʾˋʽ˃ʹ ʰˉˈ˒ʰˋʹΣ ˁʰʻ˗ˌ ˉˊʷˉʶʽ ˄ʰ ʶʾ˄ʰʽ ˋˏ˃˒˖˄ʶ ̩˃ ʶ ˍʽˌ 
ˉˊˇˋʵˇˁʾʶˌ ˍ˖˄ ˍˇˉʽˁ˗˄ ˁˇʽ˄˖˄ʽ˗˄ ˁʰʽ ˃ʶ ˍʽˌ ʰˊ˔ʷˌ ˍʹˌ ʲʽ˗ˋʽ˃ʹˌ ʰ˄ʱˉˍˎ˅ʹˌΦ ɾʾʰ ˋˎ˄ʺʻʹˌ ˃ ʷʻˇʵˇˌ 
ʰˉˇˁʰˍʱˋˍʰˋʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ˂ʽʴ˄ʽˍ˖ˊˎ˔ʶʾ˖˄ ˃ʶˍʱ ˍˇ ˁ˂ʶʾˋʽ˃ˇ ˍˇˎˌ ʰˉˇˍʶ˂ʶʾ ʹ ˉ˂ʺˊ˖ˋʹ ˍˇˎˌ ˃ʶ 
˄ʶˊˈ ˃ʶ ˋˍˈ˔ˇ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍʶ˔˄ʹˍ˗˄ ˂ʽ˃˄˗˄Φ ɶ ʵʹ˃ʽˇˎˊʴʾʰ ʰˎˍ˗˄ ˍ˖˄ ˂ʽ˃˄˗˄ ʰˉˇˍʶ˂ʶʾ ˋ˔ʶˍʽˁʱ 
ʰˉ˂ʺ ˁʰʽ ˇʽˁˇ˄ˇ˃ʽˁʺ ˂ ˏˋʹ, ˖ˋˍˈˋˇ ˉˇ˂˂ʷˌ ˒ˇˊʷˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˉˊˇʲ˂ʺ˃ʰˍʰ ʶˎˋˍʱʻʶʽʰˌ ˁʰˍʱ ˍʹ 
ʵʽʰʵʽˁʰˋʾʰ ˉ˂ʺˊ˖ˋʹˌΦ ɶ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ˉˊʰʴ˃ʰˍʶˏʶˍʰʽ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ʻʶ˃ʱˍ˖˄ 
ʶˎˋˍʱʻʶʽʰˌ ̀ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˍʹˌ ˍʶ˔˄ʹˍʺˌ ˂ʾ˃˄ʹˌ aƻǎǘ ˋˍʹ˄ ʆˋʶ˔ʾʰΣ ʹ ˇˉˇʾʰ ˋ˔ʹ˃ʰˍʾˋˍʹˁʶ ˋʶ ʷ˄ʰ ˉˊ˗ʹ˄ 
ʶˉʽ˒ʰ˄ʶʽʰˁˈ ˂ʽʴ˄ʽˍ˖ˊˎ˔ʶʾˇ ˃ʶ ˃ʷˋˇ ʲʱʻˇˌ ʶˁˋˁʰ˒ʺˌ 100 mΦ ʅˍʰ ˋʹ˃ʶˊʽ˄ʱ ˈˊʽʰ ˍʹˌ ˂ʾ˃˄ʹˌ 
ʰˉˇˍʷʻʹˁʰ˄ ˁʰˍʱ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ˇˊˎ˔ʶʾˇˎ ˋˍʶʾˊʰ ˎ˂ʽˁʱ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰˌ ˍʶ˔˄ʹˍʱ ˉˊʰ˄ʺ ʶˉʽˊˊʶˉʺ 
ˋʶ ˒ʰʽ˄ˈ˃ʶ˄ʰ ʰˋˍʱʻʶʽʰˌΦ ʅˍ̌ ˉ˂ʰʾˋʽ ̌ˍʹˌ ʶˊʴʰˋʾʰˌ ʰ˅ʽˇˉˇʽˇˏ˄ˍʰʽ ˍ hʰˉˇˍʶ˂ʷˋ˃ʰˍʰ нп ʵˇˁʽ˃˗˄ 
ʵʽʶʾˋʵˎˋʹˌ ˁ˗˄ˇˎ ˃ʶ ˃ʷˍˊʹˋʹ ˍʹˌ ˉʾʶˋʹˌ ˍ˖˄ ˉˈˊ˖˄ (CPTu)  ˉˇˎ ʶˁˍʶ˂ʷˋˍʹˁʰ˄ ˉʶˊʽ˃ʶˍˊʽˁʱ ˍʹˌ 
˂ʾ˃˄ʹˌ ˁʰʽ ʶˁˍʶ˂ʷˋˍʹˁʰ˄ ˋʶ ʲʱʻʹ ʷ˖ˌ рл Ƴ ˁˎˊʾ˖ˌ ʶ˄ˍˈˌ ˍ˖˄ ˋˍʶʾˊ˖˄ ˎ˂ʽˁ˗˄Φ ʃʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ 
˃ʶˍʰʲˇ˂ʷˌ ˍ˖˄ ˉˊ˖ˍˇʴʶ˄˗˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˃ʶ ˍˇ ʲʱʻˇˌ ʴʽʰ п ʶˉʽ˂ʶʴ˃ʷ˄ʶˌ ʵˇˁʽ˃ʷˌ ˁʰʽ ʶˉʽ˔ʶʽˊʶʾˍʰʽ ˃ʾʰ 
ˉʶˊʽʴˊʰ˒ʺ ˍʹˌ ˋˍˊ˖˃ʰˍˇʴˊʰ˒ʾʰˌ ʲʱˋʶʽ ˍˇˎ ʶ˃ˉʶʽˊʽˁˇˏ ʵʶʾˁˍʹ ʶʵʱ˒ˇˎˌ όɹc)  ʆʰ ˉˊ˖ˍˇʴʶ˄ʺ ʵʶʵˇ˃ʷ˄ʰ 
ˍ˖˄ ʵˇˁʽ˃˗˄ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˁˎˊʾ˖ˌ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ʰˋˍˊʱʴʴʽˋˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ όŎu) 
ˁʰʽ ˍˇˎ ˒ʰʽ˄ˈ˃ʶ˄ˇˎ ʲʱˊˇˎˌ όʴύ ʲʱˋʶʽ ʶ˃ˉʶʽˊʽˁ˗˄ ˋˎˋ˔ʶˍʾˋʶ˖˄, ˉʰˊʱ˃ʶˍˊˇʽ ˁʰʻˇˊʽˋˍʽˁˇʾ ˋˍʽˌ 
ʰ˄ʰ˂ˏˋʶʽˌ ʶˎˋˍʱʻʶʽʰˌ ˉˊʰ˄˗˄Φ ɶ ʰ˄ˍˇ˔ʺ Ŏu ˍ˖˄ ˋˍʶʾˊ˖˄ ˎ˂ʽˁ˗˄ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ ʲʱʻˇˌ ˁʰʽ 
ˎˉˇ˂ˇʴʾˋˍʹˁʶ ˈˍʽ ʰˎ˅ʱ˄ʶʽ ʴˊʰ˃˃ʽˁʱ ˃ʶ ʰˎˍˈΦ ɲˏˇ ˋˎ˄ʰˊˍʺˋʶʽˌ ˍʹˌ ʰˋˍˊʱʴʴʽˋˍʹˌ ʰ˄ˍˇ˔ʺˌ 
˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ˄ ʰ˄ʱ˂ˎˋʹ ʶˎˋˍʱʻʶʽʰˌΣ ˃ʾʰ ˃ʷˋʹ ˁʰʽ ˃ʾʰ ˋ˔ʶʵʽʰˋ˃ˇˏ ̀ ˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ ɳC7. 
ɶ ʰ˄ʱ˂ˎˋʹ ʶˎˋˍʱʻʶʽʰˌ ʷʴʽ˄ʶ ˃ʶ ˍʹ ˃ʷʻˇʵˇ ˇˊʽʰˁʺˌ ʽˋˇˊˊˇˉʾʰˌ ˁʰʽ ˍʹ ˔ˊʺˋʹ ˍˇˎ ʶ˃ˉˇˊʽˁˇˏ 
˂ˇʴʽˋ˃ʽˁˇˏ Slide2 (Rocscience) ˃ʶ ˉʰˊʰ˃ʶˍˊʽˁʷ ̩ʰ˄ʰ˂ˏˋʶʽˌ ˇʽ ˇˉˇʾʶˌ ˋʶ ˃ʶʴʱ˂ˇ ʲʰʻ˃ˈ ˁʰ˂ˏˉˍˇˎ˄ 
ˍˇ ˋˏ˄ˇ˂ˇ ˍʹˌ ˂ʾ˃˄ʹˌΦ ɮ˄ʰ˂ˏʻʹˁʰ˄ ʵʽˋˍˊ˖˃ʰˍʽˁʱ ˁʰʽ ˍˊʽˋˍˊ˖˃ʰˍʽˁʱ  ˉˊʰ˄ʺ ˃ʶ ˏ˕ˇˌ ʰˉˈ нр Ƴ ʷ˖ˌ 
мнр Ƴ ˁʰʽ ˋˍʰʻʶˊʺ ˁ˂ʾˋʹ ммˇΣ ˃ʷʴʽˋˍʹ ˁ˂ʾˋʹ ˍ˖˄ ˉˊʰ˄˗˄ ˍʹˌ ˂ʾ˃˄ʹˌ. ʆˇ ̱̀ˊ˗˃ʰ ˍ˖˄ ˋˍʶʾˊ˖˄ ˎ˂ʽˁ˗˄ 
ˎˉʷˊˁʶʽˍʰʽ ʶ˄ˈˌ ʰˊʴʽ˂ʽˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˃ʶ ˃ʷˍˊʽʰ ʰ˄ˍˇ˔ʺ ̀ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʵʽˋˍˊ˖˃ʰˍʽˁˇˏ ˉˊʰ˄ˇˏˌ ˁʰʽ 
ʶ˄ˈˌ ʰˁˈ˃ʰ ˎ˕ʹ˂ˈˍʶˊʹˌ ʰ˄ˍˇ˔ʺˌ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˊʽˋˍˊ˖˃ʰˍʽˁˇˏ ˉˊʰ˄ˇˏˌΦ ʁʽ ʰ˄ʰ˂ˏˋʶʽˌ 
ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ʰ˄ʰ˂ˏˇ˄ˍʰˌ ˁʰʽ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʹˌ ˉʰˊˇˎˋʾʰˌ ˃ʽʰˌ ʰˋʻʶ˄ˇˏˌ ʸ˗˄ʹˌ ʹ ˇˉˇʾʰ 
ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˋˍʹ ʵʽʶˉʽ˒ʱ˄ʶʽʰ ˋˍʶʾˊ˖˄ ˁʰʽ ˒ˎˋʽˁˇˏ ʶʵʱ˒ˇˎˌ ˃ʶ ˔ʰ˃ʹ˂ʺ ʰ˄ˍˇ˔ʺ όʶ˄ʵʶʽˁˍʽˁʱ Ŏ˘Ґс ƪtŀ 
ˁʰʽ ˒˘Ґсˇ)Φ ʆʷ˂ˇˌΣ ʹ ˋˍʱʻ˃ʹ ˍˇˎ ˄ʶˊˇˏ ˍʹˌ ˂ʾ˃˄ʹˌ ʻʶ˖ˊʺʻʹˁʶ ˋˍʰʻʶˊʺ ˋˍˇ мκо ˍˇˎ ˏ˕ˇˎˌ ˍˇˎ 
ˉˊʰ˄ˇˏˌΣ ʹ ʵˎˋ˃ʶ˄ʷˋˍʶˊʹ ̀ ˎ˄ʻʺˁʹ ˁʰˍʱ ˍʹ˄ ˉ˂ʺˊ˖ˋʹΦ ɶ ʶˉʽ˒ʱ˄ʶʽʰ ʰˋˍˇ˔ʾʰˌ ʶʾ˄ʰʽ ˁˎˁ˂ʽˁʺ ˋʶ ˉˊʰ˄ʺ 
˔˖ˊʾˌ ʰˋʻʶ˄ʺ ʸ˗˄ʹ ˁʰʽ ˃ʹ ˁˎˁ˂ʽˁʺΣ ˁˎˊʾ˖ˌ ʵʽʴˊʰ˃˃ʽˁʺΣ ˋʶ ˉˊʰ˄ʺ ˃ʶ ˉʰˊˇˎˋʾʰ ʰˎˍʺˌΦ ʁ ˋˎ˄ˍʶ˂ʶˋˍʺ 
ʰˋ˒ʱ˂ʶʽʰˌ ˋˎ˄ʰˊˍʺˋʶʽ ˍˇˎ ˏ˕ˇˎˌ ˍˇˎ ˉˊʰ˄ˇˏˌ ˃ʶʽ˗˄ʶˍʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ˃ʶ ˍʹ˄ ʰˏ˅ʹˋʹ ˍˇˎ ˏ˕ˇˎˌΦ 
ʅˎ˄ˇˉˍʽˁʱΣ ˈˍʰ˄ ʹ ʰ˄ˍˇ˔ʺ ˍ˖˄ ˋˍʶʾˊ˖˄ ˎ˂ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ ˍʹ ˃ʷˋʹ ʰ˄ˍˇ˔ʺ ʹ ʶˎˋˍʱʻʶʽʰ 
ʶ˅ʰˋ˒ʰ˂ʾʸʶˍʰʽ ʴʽʰ ˈ˂ˇ ˍˇ ʶˏˊˇˌ ˍ˖˄ ˎ˕˗˄ ˉˊʰ˄ˇˏˌ ˉˇˎ ʶ˅ʶˍʱˋˍʹˁʰ˄Φ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʶ˒ʰˊ˃ˇʴʺˌ 
ˍʹˌ ˋˎ˄ʱˊˍʹˋʹˌ ˋ˔ʶʵʽʰˋ˃ˇˏ ʸʹˍʺ˃ʰˍʰ ʶˎˋˍʱʻʶʽʰˌ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˋʶ ˉˊʰ˄ʺ ˃ʶ ˏ˕ˇˌ ˃ʶʴʰ˂ˏˍʶˊˇ ʰˉˈ 
60 Ƴ ˃ʶ ʰˋʻʶ˄ʺ ʸ˗˄ʹ ˎˉˈ ˁ˂ʾˋʹ оˇ. ʆˇ ˍˊʾˍˇ ˎˉˇˁʶʾ˃ʶ˄ˇ ʰˊʴʽ˂ʽˁˈ ˋˍˊ˗˃ʰ ˋˍʹ ˉʶˊʾˉˍ˖ˋʹ 
ˍˊʽˋˍˊ˖˃ʰˍʽˁˇˏ ˉˊʰ˄ˇˏˌ ʵʶ˄ ʶˉʽʵˊʱ ˋˍʹ˄ ʶˎˋˍʱʻʶʽʰ ˁʰʻ˗ˌ ʹ ʶˉʽ˒ʱ˄ʶʽʰ ʰˋˍˇ˔ʾʰˌ ʵʶ˄ ˍˇ ʵʽʰˉʶˊ˄ʱ 
ˋʶ ˁʰ˃ʽʱ ˉʶˊʾˉˍ˖ˋʹ ˂ˈʴ˖ ˍʹˌ ˋ˔ʶˍʽˁ ɦˎ˕ʹ˂ˈˍʶˊʹˌ ʰ˄ˍˇ˔ʺˌ ˍˇˎ. ɶ ˉʰˊˇˎˋʾʰ ˍʹˌ ʰˋʻʶ˄ˇˏˌ ʸ˗˄ʹˌ 
˒ʰʾ˄ʶˍʰʽ ˈˍʽ ʶʾ˄ʰʽ ˁˊʾˋʽ˃ʹ ʴʽʰ ˍʹ˄ ʶˎˋˍʱʻʶʽʰ ˁʰʻ˗ˌ ˁʰʻˇˊʾʸʶʽ ˍˇ ˋ˔ʺ˃ʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʰˋˍˇ˔ʾʰˌ ˁʰʽ 
ʰˉˇ˃ʶʽ˗˄ʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˍ˖˄ ˋʹ˃ʰ˄ˍʽˁʱ ˍˇ˄ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰˋ˒ʰ˂ʶʾʰˌΦ 
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ABSTRACT 
 
Over the past decades, lignite has been the primary raw material for household and industrial 
electricity production, as it is one of the few primary energy resources available in large quantities in 
EU member states. As the transition to the post-lignite era is underway, reclamation and valorization 
of post-mining areas and the choice of land uses after mine closures become critical decisions, as they 
must align with the expectations of local communities and the principles of sustainable development. 
A common method for reclamation of abandoned surface lignite mines is filling excavations with water 
to create lakes. Creating these lakes is a relatively straightforward solution; however, stability 
problems often arise during filling. This thesis focuses on evaluating such issues in the artificial lake 
Most in the Czech Republic, which formed in a former surface lignite mine with an average excavation 
depth of 100m. During the operation of the mine, overburden materials (spoils) were deposited within 
the lake boundaries, forming artificially constructed slopes prone to instability phenomena. Twenty-
four cone penetration tests were conducted around the ƭŀƪŜΩǎ ǇŜǊƛƳŜǘŜǊ, measuring pore pressure at 
up to 50m depths, mainly within the spoil materials. The variations of primary parameters with depth 
for four selected tests are presented, and an estimation of the stratigraphy alternation is attempted 
based on the empirical soil index (Ic). The data from the in-situ tests were primarily used to estimate 
the undrained shear strength (cuύ ŀƴŘ ǳƴƛǘ ǿŜƛƎƘǘ όʴύ ōŀǎŜŘ ƻƴ ŜƳǇƛǊƛŎŀƭ ŎƻǊǊŜƭŀǘƛƻƴǎ. These 
parameters are introduced in stability analyses of slopes using the limit equilibrium method. The 
strength cu of the overburden materials depends on depth and was found to increase linearly with it. 
Two functions of undrained shear strength were used for the stability analysis, an average one and 
one design function according to EC7. The stability analysis was performed using the limit equilibrium 
method and the software SLIDE2 (Rocscience), employing parametric analyses that largely cover the 
entire lake. Slopes ranging from 25m to 125m in height with a fixed inclination of 11 degrees, 
representing the maximum slope of the lake's slopes, were analyzed. The spoil layer is underlain by a 
clayey layer with moderate strength in the case of two-layered slopes and an even higher strength in 
the case of three-layered slopes. The analyses also considered the presence of a weak zone on the 
interface between overburden and natural soil with small strength (indicatively Ŏϥ Ґ с ƪtŀ ŀƴŘ ˒ϥ Ґ с°). 
Finally, the water level of the lake was assumed to be at one-third of the height of the slope, which is 
the most unfavourable condition during the filling process. The failure surface is circular for slopes 
without a weak zone and non-circular, mainly bi-planar, in slopes with a weak zone. The factor of 
safety decreases significantly with increasing slope height. In summary, when the average shear 
strength characterizes the strength of the spoil materials, stability is ensured for the entire range of 
slope heights. However, when the design function is applied, stability issues arise in slopes with a 
height greater than 60m for a weak zone inclined at 3 degrees. In the case of three-layered slopes, the 
third underlying clayey layer does not affect stability, as the failure surface never intersects it due to 
its relatively higher strength. The presence of the weak zone appears to be critical for stability as it 
determines the shape of the failure surface and significantly reduces the safety factor. 

 
 
 
 
 
 
 
 
 
 
 
 
 



v 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



vi 
 

EXTENDED ABSTRACT 
  

The present study evaluates the stability of the slopes of the artificial lake Most in the Czech 
Republic. The creation of these lakes is a common method for the reclamation of the area. The 
construction of these lakes is a straightforward solution, but often stability issues during the filling 
process. In the current lake boundaries, overburden materials (spoils) were deposited during the 
operation of the mine, forming artificially constructed slopes prone to instability. In order to 
investigate the characteristics of the spoil materials, 24 CPTu were conducted at depths up to 50m, 
mainly within the spoils. The primary data from the tests include tip resistance (qc), sleeve friction (fs), 
and pore water pressure (u2). Each test produced different depth-dependent primary results, 
confirming the uncertainty and spatial variability as the main characteristics of the nature of the 
overburden materials.  

In Figure 1, indicative CPTu results for test P1 are presented. The tip resistance (qc) is observed to 
increase smoothly from 2 MPa at the surface to 7 MPa at a depth of 45 m. Local peaks, such as those 
occurring at 28 m and 40 m depths, are likely due to isolated cobbles, which momentarily hinder the 
cone penetration. The sleeve friction (fs) exhibits a similar increase from 0.1 MPa at the surface to 0.35 
MPa at a depth of 45 m. At 40 m, the same depth as the largest local qc peak, there is a relatively 
abrupt decrease in fs to 0.15 MPa. This fact supports the hypothesis of the presence of cobbles. 

 

 

Figure 1: Plots of qc, , fs Rf, and u2 as a function of depth for test P1 

 
The empirical soil index IC, calculated from the primary data (Mayne, 2014; Robertson, 2009), 

showed that the grain size distribution of the overburden materials ranges from sand and silt mixes 
to clays. Applying this index to test P1 (Figure 2) distinguishes two soil types. From 0 m to 20 m Ic 
ranges from about 2.4 to 2.95, values corresponding to sandy and silty mixtures. From 20 m to 40 m 
Ic becomes more than 2.95, and the soil becomes clay. Generally based on the 24 CPTu, the type of 
soils is mainly fine-grained, i.e. silt, silty clays and clays. From the empirical correlations (P. Robertson, 
Campanella, & Wightman, 1983) between the primary data and the engineering properties, it was 
found that the effective frictƛƻƴ ŀƴƎƭŜ ό˒)̆ tends to decrease with depth, with indicative values of 35° 
at the surface and 20° at a depth of 50m. The undrained shear strength (cu) exhibits a clear increasing 
trend from 100 kPa at the surface to 500 kPa at a depth of 50 m. The unit weiƎƘǘ όʴύ ƛƴŎǊŜŀǎŜǎ ǎƭƛƎƘǘƭȅ 
from 16 kN/m3 to 19 kN/m3. However, these values provide a general overview, as each test has a 
wide scatter. Plots of ɹ , ˒  ̆and cu as a function of depth for test P1 are shown in Figure 3.  
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Figure 2: Plots of IC as a function of depth for test P1 

 

 

Figure 3: Plots of ɹ , ˒  ̆and cu as a function of depth for test P1 

 
Due to the scatter of the data, it was decided to consider a uniform layer of spoil materials, the 

variation of the strength (cuύ ŀƴŘ ǳƴƛǘ ǿŜƛƎƘǘ όʴύ ƻŦ ǿƘƛŎƘ ǿŀǎ ƛƴǾŜǎǘƛƎŀǘŜŘΦ ¢ƘŜ ǎǘǊŜƴƎǘƘ Ŏu is calculated 
using an empirical formula in which the total cone tip resistance (qt) is input (Lunne, Berre, & Strandvik, 
1997). The qt regression analyses resulted in a qt function with depth as qt=0.12D+1.27 (in MPa, D in 
m). 

 

ɹc Soil type

1.31<ɹc<2.05 Sand

2.05<ɹc<2.60 Sand - mixture

2.60<ɹc<2.95 Silt - mixture 

2.95<ɹc<3.60 Clay
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Figure 4: Trend lines for (a) qt and (b) qt  removing extreme values. 

 During the analysis of qt, the removal of certain extreme values was proposed, which may be 
attributed to the local presence of specific pebbles in the soils. From the function of qt with depth, the 
function of cu was derived and characterized as the mean equation cu,m=7.27D+90.7 (in kPa, D in m). 
An additional analysis was conducted by splitting the cu into different classes with depth. Five classes 
of 10 m were decided and analyzed, and showed that the individual classes exhibit various rates of cu 
increase (Figure 5). Notice that these classes are unrelated to sublayers and were used merely for 
analysis. However, the individual equations vary around and near the results for the unified layer, 
reinforcing the initial assumption of a uniform layer of spoil materials. As a result, and because the 
safety factor of the slope stability based on the five layers or the one layer is practically the same, only 
one layer of spoils has been used in the sequel. Furthermore, the methodology of EC7 was applied to 
adopt a more conservative and safety-oriented equation for the variation of cu, and the initial mean 
equation was adjusted to the design equation cu,d=5.71+23.2. 

 

 

Figure 5: Regression analysis of cu with depth. General trend line and trend lines per 10 m 

 


