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𝑁(𝑙, 𝑟)𝑙 𝑟



𝑁(𝑙, 𝑟) = 𝛼. 𝑙−𝑎. 𝑟𝐷
𝑎 𝐷 𝛼 𝐷

𝐷

𝑅 𝑁𝑏(𝑅, 𝑟)𝑟 𝑁𝑏(𝑅, 𝑟) ~ 𝑟−𝐷𝐷 𝑑
𝐷 𝑑 𝐷



𝑟𝑟𝐷𝑐 𝐷𝑐 𝐷𝑐 = 1.8𝐷𝑐 = 1.65 ± 0.05



𝑎

𝑙0 = 24

𝑛(𝑙) 𝑛(𝑙). 𝑑𝑙 𝑙𝐷



𝑛(𝑙) = 𝑁(𝑙, 𝐿)𝐿𝐷
𝑛(𝑙). 𝑑𝑙 𝑑

𝑛(𝑙) = 𝛼. 𝑙−𝑎
𝛼 𝑎

𝑙𝑚𝑖𝑛 𝑙𝑚𝑎𝑥
𝑁 = 𝐿𝐷 . ∫ 𝑛(𝑙). 𝑑𝑙.𝑙𝑚𝑎𝑥𝑙𝑚𝑖𝑛𝑎 𝑎𝑎𝑎



𝑛(𝑙)

𝑙𝑐 𝑎 𝐷 +1 𝐷 𝑙𝑐𝑎𝐷 + 1





𝑝𝐷𝑑𝑑 𝑑 = 0 𝑑 = 1𝑑 = 2 𝐷 𝐷 = 1 𝐷 = 2𝐷 = 3 𝑝10𝑝21
𝑝32 𝑝32

𝑝32





𝑝10 𝑁𝑝32
𝑝32 = 1𝐿 .∑ 1cos(𝜃𝑓)𝑁

𝑓
𝜃𝑓 cos (𝜃𝑓)
cos (𝜃𝑓)

𝑎 𝑝32

𝛼 𝑎
𝑎3𝐷 = 𝑎2𝐷 + 1

𝛼3𝐷 = 𝛼2𝐷 . 2√𝜋 . Γ (2 + 𝑎2𝐷2 )Γ (1 + 𝑎2𝐷2 )
Γ



𝐷

𝐷𝑎



�̇�𝑁 𝑣(𝑙) =𝐶. 𝑙𝑎
𝑛(𝑙) = �̇�𝑁𝑣(𝑙) = �̇�𝑁𝐶 . 𝑙−𝑎

𝑛(𝑙) = 𝐷𝛾𝐷𝑙−(𝐷+1)
𝐷 𝛾

�̇�𝑁𝐶







𝐿

𝑝𝑝 = 𝑁𝑙2𝐿2 𝑝 = 𝑁𝑙3𝐿3 𝑁𝑙 𝐿



𝐿

𝑝 = ∫ 𝑛(𝑙). 𝑙𝐷 . 𝑑𝑙𝐿
𝑙𝑚𝑖𝑛 +∫ 𝑛(𝑙). 𝐿𝐷. 𝑑𝑙𝑙𝑚𝑎𝑥𝐿

𝑙 𝐷 𝑛(𝑙)𝐿𝐷𝑙𝑚𝑖𝑛 𝑙𝑚𝑎𝑥
𝐿𝑎 𝑝 𝐿

𝑝~𝑑. 𝑙𝑚𝑖𝑛               𝑎 > 3𝑝~𝑑. 𝐿3−𝑎𝑙min2−𝑎               2 < 𝑎 < 3𝑝~𝑑. 𝐿               𝑎 < 2
𝑎 > 3 𝑙𝑚𝑖𝑛𝑝 𝑑 𝐿𝑎 < 3 𝑎 < 4 𝑝 𝐿𝑎 2 < 𝑎 < 3 𝑎 < 2 𝑎 < 3 𝑝 𝑑𝐿 𝑝 𝑎 > 3

𝑝𝑐 𝑝



𝑝𝑐  ~ 2.6𝑎 𝑝

𝐿 𝑝𝑐
𝐿



𝑎
𝐾𝐿 𝑎 > 3 4

𝑝𝑐 𝐾 𝑝𝑐 𝐾𝐿 𝐿 = 𝜉, 𝐾
𝐾 𝐾 𝐾~ 𝑇𝐿𝑇 𝐾 𝐿−1

𝐿
𝐿. 𝜉  



𝑎 < 3𝑝𝑐 𝐾𝐿 𝐿3−𝑎 2 < 𝑎 < 3 𝐿 𝑎 < 2𝐾 ~𝐿−1 𝐿2−𝑎 2 <𝑎 < 3 𝑎 < 2
𝐿 𝜉 𝑎 >3 𝐾 𝐿

𝐾𝐿.
𝐾 𝐿

𝐾 𝐿
𝐾

𝑎 𝐾



𝐾 𝐿𝐾 𝐾
𝑎

𝑚2. 𝑠−1 𝑏𝑇
𝑇 = 𝑏3. 𝜌. 𝑔12. 𝜇𝜇 𝑃𝑎. 𝑠 𝜌 𝑘𝑔.𝑚−3𝑔 𝑚. 𝑠−220 𝜌 =103 𝑘𝑔.𝑚−3 𝜇 = 10−3 𝑃𝑎. 𝑠 𝑞𝑦𝑚2. 𝑠−1



𝑞𝑦 = 𝑇. 𝑑ℎ𝑑𝑥𝑑ℎ𝑑𝑥 ℎℎ 𝑝ℎ = 𝑝𝜌.𝑔 + 𝑧 𝑧

𝑞𝑦

𝑞𝑦





10−9 − 10−5 𝑚2. 𝑠−1

𝐷𝑚𝑎𝑥

 



𝐶𝑂2





𝐶𝑂2



𝐾 = ∏𝑎𝑖𝜈𝑖 𝑎𝑖𝑖 𝜈𝑖
𝑐

𝑄 = 𝐾. 𝑐𝑛 𝑄 𝑐𝑛

𝑣 = 𝑘. 𝑐𝑛𝑐 𝑛 𝑘
𝑛

𝑛 = 0.5



𝑐
𝜕𝑐𝜕𝑡 + ∇. (𝑐𝑣 − 𝐷∇𝑐) = 0

𝑣 𝐷𝑚2. 𝑠−1 𝜕𝜕𝑡 , ∇ ∇. 0𝑅𝑅𝑐
1

𝑅 = 𝑘 . (𝑐𝑠 − 𝑐)𝑐𝑠 𝑘



𝐷
𝑅𝐷𝑅𝐷 = 𝐷. 𝜕𝑐𝜕𝑦

𝜕(𝑏𝑐)𝜕𝑡 + ∇. (𝑞𝑦. 𝑐)  − ∇. (𝑏. 𝐷∇𝑐) = 𝑅
𝑏 𝑞𝑦𝑘𝑘𝑒𝑓𝑓

𝑐

𝐷𝑎𝐼 = 𝑡𝐴𝑡𝑅
𝐷𝑎𝐼𝐼 = 𝑡𝐷𝑡𝑅𝑡𝐴 𝑡𝐷 , 𝑡𝑅



𝑃𝑒 = 𝑡𝐷𝑡𝐴
𝑡𝐴 = 𝐿𝑣
𝑡𝑅 = 1𝑘𝐿 𝑣 𝑘 𝑠−1𝑡𝐷 ,
𝑡𝐷 = 𝑏2𝐷

𝐷 𝑆ℎ~7.5 𝑡𝐷 = 𝑏2𝑆ℎ.𝐷
𝐷𝑎𝐼

𝐷𝑎𝐼





𝐷𝑎𝐼







𝑏







 







 

 

 

 

 









 



 



 

 

 

 

  

  

  

  

  

  

 

 

 

 

 

 





𝑁
𝑘𝑖 𝑖𝑝(𝑘)  𝐸 𝐸 = 1𝑁(𝑁 − 1) ∑ 1𝑑𝑖𝑗(𝑖,𝑗)𝜖𝑁,   𝑖≠𝑗 𝑑𝑖𝑗  𝑖 𝑗𝐶 𝐶 = 1𝑁∑ 2.𝐾𝑖𝑘𝑖(𝑘𝑖 − 1)𝑖∈𝑁  𝐾𝑖 𝑖𝑟

𝑟 > 0𝑟 < 0

𝑚 →  𝑘𝑚



𝑚2. 𝑠−1

103 105



𝐾𝑄𝑓

𝐾 𝑄𝑓

~ × 2 − 2.5
 



https://ui.adsabs.harvard.edu/abs/2019AGUFM.H34A..01D/abstract
https://nbviewer.jupyter.org/urls/gitlab.com/fractorylab/dfnlab/-/raw/master/Tutorials/013-Graphs.ipynb/%3Fflush_cache%3Dtrue
https://nbviewer.jupyter.org/urls/gitlab.com/fractorylab/dfnlab/-/raw/master/Tutorials/013-Graphs.ipynb/%3Fflush_cache%3Dtrue




 



𝑚2. 𝑠−1 𝑄 𝑚3. 𝑠−1∆𝐻 𝑚 𝑄 = 𝐶∆𝐻

 



 

 

 𝐹 = {𝑓𝑖} 𝑖 =  1, . . . , 𝑛  𝑛 𝜑𝐹 𝐺(𝑈, 𝐸) 𝑓𝑖 ∈  𝐹 𝑢𝑖  ∈  𝑈𝜑: 𝐹 → 𝑢𝑖 .𝑓𝑖 𝑓𝑗 𝑓𝑖  ∩  𝑓𝑗  ≠ ∅ 𝐸
𝜑: 𝐼 = (𝑓𝑖 ∩ 𝑓𝑗) ≠ ∅ → 𝑒𝑖𝑗 = (𝑢𝑖 , 𝑢𝑗).𝑓𝑖 𝐿 𝑢𝑖𝐿 ∈ 𝑉𝜑: (𝑓𝑖 ∩ 𝐿) ≠ ∅ → 𝑢𝑖𝐿 , 𝑒𝑖𝐿 𝜑: (𝑓𝑖 ∩ 𝐿) ≠ ∅ → 𝑒𝑖𝐿 = (𝑢𝑖 , 𝑢𝑖𝐿).(𝑓𝑖 , 𝑓𝑗) ∈ 𝐹 and 𝑓𝑖 ∩ 𝑓𝑗 ≠ ∅, 𝑒𝑖𝑗 ∈ 𝐸𝐶𝑖𝑗 𝐶𝑖𝑗 𝜑

 



 ψ 𝐹 𝐺(𝑉, 𝐸) (𝑓𝑖 , 𝑓𝑗) ∈ 𝐹𝑣𝑖𝑗  ∈  𝑉 ψ: 𝐼 = (𝑓𝑖 ∩ 𝑓𝑗) ≠ ∅ → 𝑣𝑖𝑗𝑓𝑖 𝑓𝑗 𝑓𝑘 𝑓𝑖 ∩ 𝑓𝑗  ≠ ∅ 𝑓𝑖 ∩ 𝑓𝑘 ≠ ∅𝐸
ψ: ((𝑓𝑖 ∩ 𝑓𝑗) ≠ ∅ and (𝑓𝑖 ∩ 𝑓𝑘) ≠ ∅) → 𝑒𝑗𝑘𝑖 = (𝑣𝑖𝑗 , 𝑣𝑖𝑘)

𝑓𝑖 𝐿 𝑣𝑖𝐿 ∈ 𝑉ψ: (𝑓𝑖 ∩ 𝐿) ≠ ∅ → 𝑣𝑖𝐿 , 𝑒𝑗𝐿𝑖ψ: (𝑓𝑖 ∩ 𝐿) ≠ ∅ and (𝑓𝑖 ∩ 𝑓𝑗)  ≠ ∅ → 𝑒𝑗𝐿𝑖 = (𝑣𝑖𝑗 , 𝑣𝑖𝐿).𝑒𝑗𝑘𝑖 ∈ 𝐸 𝐶𝑗𝑘𝑖 𝐶𝑗𝑘𝑖ψ

 

𝐾 𝑚. 𝑠−1𝑄𝑓 𝑚3. 𝑠−1
 



𝑚𝑚3. 𝑠−1

 

𝐾 𝑚. 𝑠−1 𝑄𝑓𝑚3. 𝑠−1 𝑄𝑓 = 12∑𝑄𝑖𝑗𝑗 ,𝑄𝑖𝑗 𝑚3. 𝑠−1 𝑓𝑖 𝑓𝑗𝐾 𝑄𝑇𝑄𝑓𝑄𝑓𝑄(𝑒𝑖𝑗), 𝜑: 𝑄𝑖𝑗 = 𝑄(𝑒𝑖𝑗)𝑄𝑖𝑗
𝑄𝑖𝑗𝑓𝑖 𝑓𝑗𝑓𝑖 𝑄𝑖𝑗 𝑗

ψ: 𝑄𝑖𝑗 = |∑�̂�(𝑒𝑗𝑘𝑖 )𝑘 |
�̂�(𝑒𝑗𝑘𝑖 ) 𝑒𝑗𝑘𝑖𝐻(𝑣𝑖𝑗) 𝐻(𝑣𝑖𝑘) ψ: {�̂�(𝑒𝑗𝑘𝑖 ) = +  𝑄(𝑒𝑗𝑘𝑖 ) 𝑖𝑓 𝐻(𝑣𝑖𝑗) > 𝐻(𝑣𝑖𝑘) �̂�(𝑒𝑗𝑘𝑖 ) = − 𝑄(𝑒𝑗𝑘𝑖 ) 𝑖𝑓 𝐻(𝑣𝑖𝑗) < 𝐻(𝑣𝑖𝑘)



𝑄(𝑒𝑗𝑘𝑖 ) 𝑒𝑗𝑘𝑖 𝐾𝑄𝑓

𝑄 𝑚3. 𝑠−1
𝑚3. 𝑠−1 𝑚3. 𝑠−1𝑣𝑖𝑗 𝑚3. 𝑠−1 𝑓𝑖

 

 

 

𝐶 𝑚2. 𝑠−1
𝐶 =  𝑇 ⋅ 𝑙𝐵 − 𝑙𝑏𝑥𝐵𝑏 (ln(𝑙𝐵) − ln(𝑙𝑏))



𝑙𝐵 , 𝑙𝑏 , 𝑥𝐵𝑏 𝑚𝑇 𝑚2. 𝑠−1 ln(𝑥)

 𝐶 𝐶1 𝐶2𝐶 = ( 1𝐶1 + 1𝐶2)−1 𝐶𝑖𝑗 𝑚2. 𝑠−1𝑒𝑖𝑗
𝜑: 𝐶𝑖𝑗 = ( 

‖�̅�𝑖 − �̅�𝑖𝑗‖ ∗ ln (𝑙𝑖𝑗𝐷𝑖)𝑇𝑖 ∗ (𝑙𝑖𝑗 − 𝐷𝑖) + ‖�̅�𝑗 − �̅�𝑖𝑗‖ ∗ ln (𝑙𝑖𝑗 𝐷𝑗 )𝑇𝑗 ∗ (𝑙𝑖𝑗 − 𝐷𝑗) ) 
−1.

�̅�𝑖 𝐷𝑖 𝑇𝑖 𝑚2. 𝑠−1 𝑓𝑖 �̅�𝑖𝑗 𝑙𝑖𝑗𝑓𝑖 ∩ 𝑓𝑗 ≠ ∅ 𝑓𝑖 𝐿 𝑓𝑖 ∩ 𝐿 ≠ ∅, 𝑒𝑖𝐿 ∈ 𝐸 𝐶𝑖𝐿
𝜑: 𝐶𝑖𝐿 = (‖�̅�𝑖 − �̅�𝑖𝐿‖ ∗ ln (𝑙𝑖𝐿𝐷𝑖)𝑇𝑖 ∗ (𝑙𝑖𝐿 − 𝐷𝑖) )−1



�̅�𝑖𝐿 𝑙𝑖𝐿 𝑓𝑖 ∩ 𝐿 ≠ ∅
 

𝐶𝑗𝑘𝑖 𝑒𝑗𝑘𝑖
ψ:𝐶𝑗𝑘𝑖  = 2. 𝑇𝑖‖�̅�𝑖𝑘 − �̅�𝑖𝑗‖ ∗ ( ln (𝐷𝑖𝑙𝑖𝑗)(𝐷𝑖 − 𝑙𝑖𝑗) + ln (𝐷𝑖𝑙𝑖𝑘)(𝐷𝑖 − 𝑙𝑖𝑘))

−1.
𝐷𝑖 𝑇𝑖 𝑚2. 𝑠−1 𝑓𝑖 �̅�𝑖𝑗 𝑙𝑖𝑗𝑓𝑖 ∩ 𝑓𝑗 ≠ ∅‖�̅�𝑖𝑘 − �̅�𝑖𝑗‖

𝐷𝑖𝐷𝑖 𝑑𝑖𝐷𝑖 �̂�𝑖 𝐶𝑗𝑘𝑖�̂�𝑖 = min(𝐷𝑖, 𝑑𝑖).𝑑𝑖
𝑑𝑖 = 𝑙𝑖𝑗 + 𝑙𝑖𝑘2 + 𝐵‖�̅�𝑖𝑗 − �̅�𝑖𝑘‖.

𝐵
~1.5



 

𝑛 𝑛 𝑛 𝑛

𝐶𝑗𝑘𝑖 𝑓𝑖𝑛𝑖 𝑣𝑖𝑗 𝑓𝑖 ∩ 𝑓𝑗 ≠ ∅𝑛𝑖 − 1 𝑓𝑖ψ:  𝑑 (𝑣𝑖𝑗|𝑒𝑗𝑘𝑖 ∈𝑓𝑖) = 𝑛𝑖 − 1.𝑒𝑗𝑘𝑖 ∈ 𝑓𝑖 𝐶𝑗𝑘𝑖
ψ:  �̂�𝑗𝑘𝑖 = 𝐶𝑗𝑘𝑖𝑛𝑖 − 1.

 



 

𝐶𝑛𝑢𝑚 = 𝑄∆𝐻 𝑄 𝑚3. 𝑠−1 ∆𝐻𝑚 𝐶𝑗𝑘𝑖𝐶𝑛𝑢𝑚
𝐶𝑗𝑘𝑖 = 𝑇𝑖 ∗ 𝑙𝑖𝑗 + 𝑙𝑖𝑘2 ∗ ‖�̅�𝑖𝑗 − �̅�𝑖𝑘‖ ,𝑇𝑖 𝑚2. 𝑠−1 𝑙𝑖𝑗 �̅�𝑖𝑗 𝑓𝑖 ∩ 𝑓𝑗 ≠∅

~5



𝑚3. 𝑠−1
𝑚𝑚2. 𝑠−1 𝑚 0.1 0.3, 0.5

 

1 𝑚2. 𝑠−1

𝑝



𝑃32 𝑚−1
𝑝 = 1𝑉 𝜋28 ∑. 𝑙𝑖3𝑖 .

𝑉 𝑙𝑖 2.5

𝑙 𝑚
𝑎  

 

 

𝑝 −𝑚
�̇� 𝑠−1𝑒 𝐶𝑡 𝑠

𝑝 = 3 𝑡 = 0.5

�̅� 𝑛𝑚𝑎𝑥.



𝑝 = 3 7𝑡 = 0.5 𝑡 = 10
𝑝 = 3 𝑝 = 7 𝑝 = 3 𝑝 = 7 𝑡 = 0.5 𝑡 = 10𝑝  ±  ± ± ± ± ±± ± ± ± ± ±
 ±  ± ± ± ± ±

�̅�  ±  ± ± ± ± ±
𝑛𝑚𝑎𝑥 ± ± ± ± ± 310 ±

 

𝐾𝐺𝐾𝐷𝐹𝑁

𝑄𝑓 𝑄𝑓[10−15 − 10−17]

𝑄𝑓,𝐷𝐹𝑁



𝑄𝑓,𝐷𝐹𝑁~2 𝑄𝑓,𝐷𝐹𝑁𝑄𝑓,𝐷𝐹𝑁

𝐾𝐺 𝐾𝐷𝐹𝑁

𝑄𝑓 𝑚3. 𝑠−1𝑄𝑓,𝐺 𝑄𝑓,𝐷𝐹𝑁5 𝑄𝑓,𝐺 𝑄𝑓,𝐷𝐹𝑁 𝑄𝑓,𝐷𝐹𝑁



 

𝑛(𝑙) =  𝛼. 𝑙−𝑎 ,𝑛(𝑙)𝑑𝑙 [𝑙, 𝑙 + 𝑑𝑙] 𝑎4 𝛼
𝐾𝐺𝐾𝐷𝐹𝑁

𝐾𝐺𝐾𝐷𝐹𝑁 ~1.5 ~2.1 ~ 1.2 ~1.8
𝑄𝑓

𝑄𝑓,𝐺𝑄𝑓𝐷𝐹𝑁 𝑄𝑓,𝐷𝐹𝑁
𝑄𝑓,𝐷𝐹𝑁∗ > 10−3𝑄𝑓,𝐷𝐹𝑁∗ < 10−3

𝑄𝑓

𝑄𝑓,𝐺𝑄𝑓𝐷𝐹𝑁 𝑛𝑖



𝐾𝐺𝐾𝐷𝐹𝑁 4

𝑄𝑓 𝑚3. 𝑠−1𝑄𝑓,𝐺 𝑄𝑓,𝐷𝐹𝑁5 𝑄𝑓,𝐺 𝑄𝑓,𝐷𝐹𝑁 𝑄𝑓,𝐷𝐹𝑁



𝑄𝑓 𝑚3. 𝑠−1
𝑄𝑓,𝐺𝑄𝑓,𝐷𝐹𝑁

 

�̇� 𝑠−1𝑣 𝑚. 𝑠−1 𝑙 𝑣(𝑙) = 𝐶. 𝑙𝑒 𝑒𝐶 �̇� 𝐶
−4

𝐾𝐺 𝐾𝐷𝐹𝑁
𝐾𝐺𝐾𝐷𝐹𝑁



𝐾𝐺𝐾𝐷𝐹𝑁𝑛𝑚𝑎𝑥𝐾𝐺𝐾𝐷𝐹𝑁 𝑛𝑚𝑎𝑥
~2.2 ~1.8

𝑛𝑖  ~~0.22 ~0.19

2 𝑄𝑓,𝐷𝐹𝑁

𝐾𝐺𝐾𝐷𝐹𝑁



𝑄𝑓 𝑚3. 𝑠−1𝑄𝑓,𝐺 𝑄𝑓,𝐷𝐹𝑁 𝑄𝑓,𝐺𝑄𝑓,𝐷𝐹𝑁 𝑄𝑓,𝐷𝐹𝑁

 

𝑛 𝑛



× ~[1 − 2.5]𝐾 ∈ [10−3 − 10−1 𝑚. 𝑠−1]
~2𝑄𝑓∗ < ~10−2 − 10−3

743 0005 × 106 500𝑠 44 000 97 000
3𝑠 40𝑠

 



 

 

𝑥 ∈ [0, 𝑥𝐵𝑏] 𝑚 𝐻𝐵 𝑙𝐵, 𝐻𝑏𝑙𝑏 𝑙𝑏 𝑙𝐵𝑄 𝑙𝑏 𝑙𝐵 𝑚3. 𝑠−1𝑄 = 𝑇. 𝑙(𝑥). 𝑑ℎ𝑑𝑥
𝑙(𝑥), 𝑥

𝑙(𝑥) = 𝑙𝑏 + 𝑥𝑥𝐵𝑏 (𝑙𝐵 − 𝑙𝑏)
𝑇 𝑚2. 𝑠−1 𝑑ℎ𝑑𝑥 𝑥

ℎ𝐵 − ℎ𝑏 = ∫ 𝑑ℎ𝑥𝐵𝑏0  
ℎ𝐵 − ℎ𝑏 = 𝑄𝑇 ∫ 𝑑𝑥𝑙(𝑥)𝑥𝐵𝑏0

𝐶 𝑚2. 𝑠−1
𝐶 = 𝑄ℎ𝐵 − ℎ𝑏



1𝐶 = 1𝑇∫ 𝑑𝑥𝑙𝑏 + 𝑥𝑥𝐵𝑏 (𝑙𝐵 − 𝑙𝑏)𝑥𝐵𝑏0

𝐶 = 𝑇 ⋅ 𝑙𝐵 − 𝑙𝑏𝑥𝐵𝑏 (ln(𝑙𝐵) − ln(𝑙𝑏))ln (𝑥) 𝑒
 

𝑝



𝑚3. 𝑠−1)𝑚)

𝑚2. 𝑠−1

~ × 2 − 2.5

𝑁 𝑙𝐼
ℎ1 ℎ2𝑚2. 𝑠−1

ℎ1



𝑄𝐼 ℎ2ℎ1 𝐶𝑛𝑢𝑚 = 𝑄𝐼|ℎ2−ℎ1| 𝐶𝑛𝑢𝑚𝐶𝑡ℎ
𝐶𝑡ℎ𝑙𝐼 = [14 , 18 , 112] 𝑁𝜖[3: 10] 𝐶𝑡ℎ𝐶𝑛𝑢𝑚

𝐶𝑛𝑢𝑚 = 𝐶𝑡ℎ − 𝐹(𝑁).

𝐶𝑡ℎ𝐶𝑛𝑢𝑚𝑁 = [2,3,4,5,10] 𝑙𝐼 𝑙𝐼 = 1/4 𝑙𝐼 =1/8 𝑙𝐼 = 1/12 𝑦 = 𝑥

ℎ1ℎ2ℎ1



𝑄𝑡𝑜𝑡ℎ1 𝑄𝑡𝑜𝑡,𝑡ℎ =|ℎ2 − ℎ1| ∑𝐶𝑡ℎ 𝑄𝑡𝑜𝑡𝑄𝐼 ℎ2
𝑓 = 𝑄𝐼𝑄𝑡𝑜𝑡 . 𝑓𝑛𝑢𝑚𝑓𝑡ℎ ℎ2𝑓𝑡ℎ𝑓𝑛𝑢𝑚

𝐹(𝑁) ℎ2ℎ1

𝑄𝑡𝑜𝑡,𝑡ℎ𝑄𝑡𝑜𝑡,𝑛𝑢𝑚 𝑓𝑡ℎ𝑓𝑛𝑢𝑚𝑁𝑖 = [2,3,4,5,7,9]



𝐹(𝑁𝑖) = 𝐶𝑡ℎ − 𝐶𝑛𝑢𝑚 𝑁 =[2,3,4,5,6,7,8] 𝑙𝐼 𝑙𝐼 = 1/4 𝑙𝐼 = 1/8  

𝐹(𝑁)
𝑄𝑡𝑜𝑡,𝑛𝑢𝑚 = ∑𝐶𝑛𝑢𝑚  . |ℎ1 − ℎ2|.

𝐹(𝑁) ℎ2
∑𝐶𝑛𝑢𝑚 = ∑𝐶𝑡ℎ − (𝑁 − 1). 𝐹(𝑁)(𝑁 − 1) ℎ2
𝐹(𝑁) = 1𝑁 − 1 . (∑𝐶𝑡ℎ − 𝑄𝑡𝑜𝑡,𝑛𝑢𝑚|ℎ1 − ℎ2|)

ℎ2ℎ1
𝑄𝑡𝑜𝑡,𝑛𝑢𝑚|ℎ1 − ℎ2| ~max(𝐶𝑡ℎ )

𝐹(𝑁)



𝐹(𝑁)~ 1𝑁 − 1 . (∑𝐶𝑡ℎ −max(𝐶𝑡ℎ )).
𝐹(𝑁) 𝐶𝑡ℎ𝐶𝑡ℎ̂ = 𝐶𝑡ℎ − 𝐹(𝑁)𝐶𝑛𝑢𝑚𝐶𝑡ℎ − 𝐹(𝑁) < 0 𝐶𝑡ℎ̂ =0 𝑚2. 𝑠−1

𝐶𝑡ℎ̂𝐶𝑛𝑢𝑚𝑁 = [2,3,4,5,10]. 𝑙𝐼 = 1/4 𝑙𝐼 = 1/8 𝑙𝐼 = 1/12𝑦 = 𝑥
ℎ1ℎ2 ℎ1ℎ2

 



𝑁𝑁(𝑁−1)2 →



30 𝑚 1𝑚30𝑚 −4 𝑝
𝑝 4, 5, 6 7 𝑝

𝑁𝑁(𝑁−1)2 2𝑁

2.3 𝑝



𝑝 =𝑝 = 7
 

𝐾𝐺 𝐾𝐷𝐹𝑁 5
 



 

 

 

× ~2
 

 







 

 

 

 

  

  

 

 

 

 

  

  

 

 

 

 

 

 

 



 



𝑏�̇�

𝑏�̇�



𝑏�̇�

 



 



𝑏�̇�𝑆𝑓 𝑙𝑓 𝑏𝑓𝑄𝑓 𝑚3. 𝑠−1 𝑏�̇�𝑏�̇�
𝑅𝑝
𝑏�̇� 𝑏�̇�

𝑏�̇� 𝑡𝑓𝑓𝑜𝑝
 

 𝑄(𝑚3. 𝑠−1) 𝑥𝑊(𝑥) 𝑆 = ∫ 𝑊(𝑥)𝑑𝑥𝐿0𝑇 𝑚2. 𝑠−1𝑏
𝑇 = 𝑏3. 𝑔. 𝜌12. 𝜇



𝑔 𝜌 𝜇 𝑚. 𝑠−2𝑔.𝑚−3 𝑔.𝑚−1. 𝑠−1

𝑆 𝑊(𝑥)𝑥 𝑚𝑜𝑙. 𝑠−1
 

𝑏. 𝑐
𝐷(𝑏. 𝑐)𝐷𝑡 = 𝑑(𝑏. 𝑐)𝑑𝑡 + 𝑣. 𝑑(𝑏. 𝑐)𝑑𝑥 = 𝑅,

𝑥 𝑣 𝑚. 𝑠−1𝑐 𝑚𝑜𝑙.𝑚−3 𝑅 𝑚𝑜𝑙.𝑚2. 𝑠−1𝐷𝐷𝑡 𝑥 𝑣 =



𝑄𝑏.𝑊(𝑥) 𝑏
𝑑𝑐𝑑𝑥 = 𝑅.𝑊(𝑥)𝑄 .

 

�̇� 𝑚. 𝑠−1
𝑅𝑟 𝑚𝑜𝑙.𝑚2. 𝑠−1
𝑅𝑟 = 𝑏. 𝑘. (𝑐𝑤 − 𝑐𝑠),

𝑘 𝑠−1 𝑐𝑤 𝑐𝑠𝑅𝐷𝑐 𝑐𝑤 𝑧
𝑐𝑐𝑤 𝑅𝐷

𝑅𝐷 = −𝐷. 𝑑𝑐𝑑𝑧,

𝑅𝐷 = 𝐷. 𝑆ℎ𝑏 . (𝑐 − 𝑐𝑤).
𝐷 𝑚2. 𝑠−1 𝑆ℎ~7.5



𝑘𝑒𝑓𝑓 𝑚. 𝑠−1
𝑘𝑒𝑓𝑓 = ( 1𝑏𝑘 + 𝑏𝐷. 𝑆ℎ)−1

𝑐
𝑅𝑐 = 𝑘𝑒𝑓𝑓(𝑐 − 𝑐𝑠).�̇� 𝑅𝑐

�̇� = 𝑅𝑐𝜌𝑠 ,𝜌𝑠 𝑚𝑜𝑙.𝑚−3

𝑐
𝑅𝐷𝑅𝑟

 

𝑐𝑠𝑐𝑖𝑛 ≠ 𝑐𝑠



𝑐( 𝑥 = 0) = 𝑐𝑖𝑛 > 𝑐𝑠𝑐( 𝑥 > 0) = 𝑐𝑠

𝑏𝑅𝑝 𝑚𝑜𝑙.𝑚−2. 𝑠−1
𝑅𝑝 = 𝑑𝑀𝑑𝑡

𝑀

𝑅𝑝 𝑅
𝑅 = − 𝑅𝑐 + 𝑅𝑝. 𝑚𝑜𝑙. 𝑠−1

𝑑𝑐𝑑𝑥 = (𝑘𝑒𝑓𝑓(𝑐𝑠 − 𝑐) + 𝑅𝑝).𝑊(𝑥)𝑄 .
 

𝑥
𝑐(𝑥) = (𝑐𝑖𝑛 − (𝑐𝑠 + 𝑅𝑝𝑘𝑒𝑓𝑓)) . exp(−𝑘𝑒𝑓𝑓. 𝑆(𝑥)𝑄 ) + (𝑐𝑠 + 𝑅𝑝𝑘𝑒𝑓𝑓)



𝑆(𝑥) 𝑆(𝑥) = ∫ 𝑊(𝑥). 𝑑𝑥𝑥0�̇� 𝑐 𝑘𝑒𝑓𝑓.𝑐𝜌𝑠 𝑥𝑄 �̇�(𝑥)𝑐𝑖𝑛𝑅𝑝𝑄 𝑐𝑖𝑛 �̇�𝑄 𝑅𝑝 �̇� 𝑄

�̇�(𝑥) 𝑄𝑐𝑖𝑛𝑅𝑝
𝑥 = 𝐿𝑐𝑜𝑢𝑡

𝑐𝑜𝑢𝑡 = 𝑐(𝐿) =  (𝑐𝑖𝑛 − (𝑐𝑠 + 𝑅𝑝𝑘𝑒𝑓𝑓)) . exp(−𝑘𝑒𝑓𝑓. 𝑆𝑄 ) + (𝑐𝑠 + 𝑅𝑝𝑘𝑒𝑓𝑓)
𝑆 =  ∫ 𝑊(𝑥). 𝑑𝑥𝐿0

𝑆 �̅̇�
�̅̇� = 𝑅𝑐𝜌𝑠 = (𝑐𝑖𝑛 − 𝑐𝑜𝑢𝑡). 𝑄𝑆. 𝜌𝑠 + 𝑅𝑝𝜌𝑠  



𝑐𝑜𝑢𝑡
�̅̇� = 𝑄𝑆. 𝜌𝑠 (𝑐𝑖𝑛 − (𝑐𝑠 + 𝑅𝑝𝑘𝑒𝑓𝑓)) . (1 − exp(−𝑘𝑒𝑓𝑓. 𝑆𝑄 )) + 𝑅𝑝𝜌𝑠 .

 

𝑖 𝑆𝑖𝑄𝑖

𝑄𝑖 𝑆𝑖

𝑏�̇�
𝑏�̇� = ∑ (�̅̇�𝑖. 𝑆𝑖)𝑖 𝑆𝑓



𝑖 𝑆𝑓 �̅̇�𝑖𝑖 𝑄 𝑆𝑐𝑖𝑛 𝑖𝑅𝑝 𝑐𝑠, 𝑘𝑒𝑓𝑓 𝜌𝑠 𝑏�̇�𝑄𝑓 𝑄𝑖
𝑄𝑓 =∑𝑄𝑖𝑖

𝑄𝑖 𝑄𝑓 𝑐𝑖𝑛
𝑐𝑖𝑛 = ∑ 𝑐𝑖𝑛,𝑖 . 𝑄𝑖𝑖 𝑄𝑓

𝑐𝑖𝑛,𝑖 𝑖
 𝑆𝑓 

∑𝑆𝑖 = 𝑆𝑓𝑖
 𝑄𝑖 𝑄𝑓𝑄𝑖𝑆𝑖 = 𝑄𝑓𝑆𝑓

𝑆𝑖𝑆𝑓 𝑄𝑖
�̅̇�𝑖𝑏�̇�

𝑏�̇� = 𝑄𝑓𝑆𝑓 . 𝜌𝑠 (𝑐𝑖𝑛 − (𝑐𝑠 + 𝑅𝑝𝑘𝑒𝑓𝑓)) . (1 − exp(−𝑘𝑒𝑓𝑓. 𝑆𝑓𝑄𝑓 )) + 𝑅𝑝𝜌𝑠
𝑄𝑓 𝑆𝑓 𝑐𝑖𝑛



 

𝐷𝑎𝐼
𝐷𝑎𝐼 = 𝑘. 𝑏. 𝑆𝑓𝑄𝑓𝐷𝑎𝐼𝐼
𝐷𝑎𝐼𝐼 = 𝑏2. 𝑘𝐷. 𝑆ℎ

 𝒃𝒄 𝑺𝒄
𝑆𝑓 𝑏 𝑏𝑐𝑆𝑐

𝑏𝑐
𝑘𝑒𝑓𝑓 = 𝑘. 𝑏 𝑘𝑒𝑓𝑓 = 𝐷.𝑆ℎ𝑏 𝑏𝑐𝐷𝑎𝐼𝐼 = 1 𝑏𝑐 = √𝐷. 𝑆ℎ𝑘𝐷𝑎𝐼𝐼 𝐷𝑎𝐼𝐼 = ( 𝑏𝑏𝑐)2



𝑆𝑐
𝐷𝑎𝐼𝐼

𝑆𝑐 = 𝑄𝑓𝑘𝑒𝑓𝑓
𝑆𝑐 = 𝑄𝑓𝑘.𝑏 𝐷𝑎𝐼𝐼 𝑆𝑐 = 𝑄𝑓.𝑏𝐷𝑚.𝑆ℎ 𝐷𝑎𝐼𝐼𝑆𝑐 𝑆𝑐 = 𝑄𝑓𝑘.𝑏 (1 + 𝐷𝑎𝐼𝐼)

𝑆𝑓𝑆𝑐 = 𝐷𝑎𝐼1 + 𝐷𝑎𝐼𝐼 .
 𝒄𝒊𝒏

𝑐𝑖𝑛 𝑅𝑝 = 0𝑏�̇�
𝑏�̇� = 𝑄𝑓 . 𝑐𝑖𝑛𝑆𝑓 . 𝜌𝑠 . (1 − exp (−𝑆𝑓𝑆𝑐))

𝑆𝑐𝑐𝑠 0 𝑆𝑓𝑆𝑐 (1 − exp (− 𝑆𝑓𝑆𝑐)) ~ 10 <  𝑆𝑓𝑆𝑐 (1 − exp (− 𝑆𝑓𝑆𝑐)) ~ 𝑆𝑓𝑆𝑐
𝑏�̇� = 𝑄𝑓 . 𝑐𝑖𝑛𝑆𝑓 . 𝜌𝑠           if    𝑆𝑓  >  𝑆𝑐
𝑏�̇� = 𝑘𝑒𝑓𝑓. 𝑐𝑖𝑛𝜌𝑠           if    𝑆𝑓 < 𝑆𝑐



𝑆𝑓  >  𝑆𝑐 𝑏�̇� 𝑏�̇�𝑄𝑓𝑏 𝑏�̇�
𝑏�̇� = 𝑘. 𝑏. 𝑐𝑖𝑛𝜌𝑠           if    𝑆𝑓 < 𝑆𝑐    and   𝑏 < 𝑏𝑐
𝑏�̇� = 𝐷. 𝑆ℎ. 𝑐𝑖𝑛𝑏. 𝜌𝑠           if    𝑆𝑓 < 𝑆𝑐    and   𝑏 > 𝑏𝑐

𝑏�̇� 
𝑡𝑓 = 𝑏𝑏�̇�𝑏�̇� 𝑡𝑓𝑏, 𝑄𝑓 , 𝑆𝑓 𝑆𝑓𝑆𝑐 𝑄𝑓 𝑆𝑓𝑏𝑏 𝑏 < 𝑏𝑐𝑡𝑓 𝑆𝑓 𝑆𝑐 𝑏�̇�𝑄𝑓 𝑆𝑓𝑄𝑓𝑆𝑓

𝑡𝑠 𝑏.𝑆𝑓𝑄𝑓.𝑐𝑖𝑛𝑏. 𝑆𝑓𝑄𝑓 . 𝑐𝑖𝑛



𝑏�̇� 𝑡𝑓 𝑏𝑆𝑓 𝑏𝑐 𝑆𝑐
 𝑹𝒑

𝑅𝑝 ≠ 0, 𝑐𝑖𝑛 = 0 𝑏�̇�
𝑏�̇� = 𝑅𝑝𝜌𝑠 . (𝑆𝑐𝑆𝑓 . (exp (−𝑆𝑓𝑆𝑐) − 1) + 1)

𝑆𝑐 𝑐𝑠 0𝑆𝑓𝑆𝑐 1 0 < 𝑆𝑓𝑆𝑐12 𝑆𝑓𝑆𝑐 𝑆𝑓𝑏�̇� = 𝑅𝑝𝜌𝑠           if    𝑆𝑓  >  2. 𝑆𝑐
𝑏�̇� = 𝑅𝑝. 𝑆𝑓 . 𝑘𝑒𝑓𝑓2. 𝜌𝑠. 𝑄𝑓           if    𝑆𝑓 < 2. 𝑆𝑐



𝑏
𝑏�̇� = 𝑅𝑝. 𝑆𝑓 . 𝑘. 𝑏2. 𝜌𝑠. 𝑄𝑓           if    𝑆𝑓 < 2. 𝑆𝑐    and   𝑏 < 𝑏𝑐
𝑏�̇� = 𝑅𝑝. 𝑆𝑓 . 𝐷. 𝑆ℎ2. 𝜌𝑠. 𝑄𝑓 . 𝑏           if    𝑆𝑓 < 𝑆𝑐    and   𝑏 > 𝑏𝑐

𝑏�̇�𝑡𝑓 𝑏, 𝑄𝑓 , 𝑆𝑓𝑏�̇� 𝑄𝑓(𝑆𝑓 < 2. 𝑆𝑐) 𝑏�̇�𝑆𝑓 𝑆𝑓  >  2. 𝑆𝑐 𝑄𝑓(𝑆𝑓 < 2. 𝑆𝑐) 𝑄𝑓𝑄𝑓 (𝑆𝑓 > 2. 𝑆𝑐)𝑏�̇� 𝑅𝑝

𝑏�̇� 𝑡𝑓 𝑏𝑆𝑓 𝑏𝑐 𝑆𝑐



𝑆𝑓 𝑏𝑏�̇�𝑏�̇� 𝑄𝑓𝑆𝑓

 

 

𝑛(𝑙) = 𝛼. 𝑙𝑎 𝑛(𝑙). 𝑑𝑙[𝑙, 𝑙 + 𝑑𝑙] 𝑎 𝛼𝑎 = 4
𝐿 = 50𝑃32, 𝑚2.𝑚−3 ~50000

ℎ1 ℎ2
𝑏𝑏 = 10−4 𝑙𝑓𝑏 𝑙𝑓

𝑏 = 𝐴. (𝑙𝑓2)𝐵



𝐵𝐵 = 0.662 𝐴 10−4.𝑏 6,3 × 10−58,5 × 10−4 10−5 10−3
𝑄𝑓 𝑄𝑡𝑜𝑡
𝑄�̂� = 𝑄𝑓𝑄𝑡𝑜𝑡

log (𝑄�̂�)𝑄�̂� = 10−15
𝑄�̂� < 10−12𝑄�̂�𝑄𝑡𝑜𝑡 𝑄�̂� 𝑙𝑓

𝑄𝑓𝑆𝑓 𝑄𝑓𝑆𝑓 ~𝑙𝑓−0.2𝑄𝑓𝑆𝑓 ~𝑙𝑓0.6



(𝑄�̂�)

𝑄�̂� 𝑄𝑡𝑜𝑡𝑙𝑓 𝑄�̂� 𝑆�̂�𝐿²
 



𝑄𝑓 𝑄𝑡𝑜𝑡𝑆𝑓 𝑆�̂� = 𝑆𝑓𝐿2 𝐿�̂� = 𝑏�̅� �̅�
𝐷𝑎𝐼∗ = 𝐿2. �̅�. 𝑘𝑄𝑡𝑜𝑡
𝐷𝑎𝐼𝐼∗ = �̅�². 𝑘𝐷. 𝑆ℎ.

𝐷𝑎𝐼 = 𝑆�̂� . �̂�𝑄�̂� . 𝐷𝑎𝐼∗
𝐷𝑎𝐼𝐼 = �̂�2. 𝐷𝑎𝐼𝐼∗

𝑄�̂� 𝑆�̂� �̂� 𝑏�̇� 𝐷𝑎𝐼∗𝐷𝑎𝐼𝐼∗ 𝑏�̇� 𝐷𝑎𝐼∗ < 1𝐷𝑎𝐼𝐼∗ < 1 𝐷𝑎𝐼∗ < 1 𝐷𝑎𝐼𝐼∗ > 1𝐷𝑎𝐼∗ > 1 𝐷 10−9 𝑚2. 𝑠−1
�̅� 10−4 𝑚  𝑘 𝑄𝑡𝑜𝑡𝐷𝑎𝐼∗ 𝐷𝑎𝐼𝐼∗ 𝑄𝑓𝑄𝑡𝑜𝑡 𝑄�̂�𝑄𝑡𝑜𝑡 𝑄𝑡𝑜𝑡 𝑄𝑓 𝑄𝑓 =𝑄�̂� × 𝑄𝑡𝑜𝑡



𝐷𝑎𝐼∗ 𝐷𝑎𝐼𝐼∗ 𝑏�̇�𝑘 (𝑠−1)𝑄𝑡𝑜𝑡 𝑚3. 𝑠−1 𝐷𝑎𝐼∗ 𝐷𝑎𝐼𝐼∗𝐷𝑎𝐼∗𝐷𝑎𝐼𝐼∗ 𝑘 =  0.075 𝑄𝑡𝑜𝑡 =  1.9 𝑘 =  0.075 𝑄𝑡𝑜𝑡 =  0.19 𝑘 = 0.075𝑄𝑡𝑜𝑡 = 0.019 𝑘 = 0.075𝑄𝑡𝑜𝑡 = 0.0019 𝑘 = 0.075𝑄𝑡𝑜𝑡= 0.00019 𝑘 =  0.75 𝑄𝑡𝑜𝑡 =  19 

𝑘 = 0.75 𝑄𝑡𝑜𝑡 = 1.9 𝑘 = 0.75𝑄𝑡𝑜𝑡 = 0.19 𝑘 = 0.75𝑄𝑡𝑜𝑡 = 0.019 𝑘 = 0.75𝑄𝑡𝑜𝑡 = 0.0019𝑘 =  7.5 𝑄𝑡𝑜𝑡 =  190 𝑘 = 7.5𝑄𝑡𝑜𝑡 = 19 𝑘 = 7.5𝑄𝑡𝑜𝑡 = 1.9 𝑘 = 7.5𝑄𝑡𝑜𝑡 = 0.19 𝑘 = 7.5𝑄𝑡𝑜𝑡 = 0.019
𝑘 𝑄𝑡𝑜𝑡 𝑘 10−12 10−1

10−1 − 101𝑏 = 10−4 𝐷 = 10−9
𝐷𝑎𝐼𝐼∗ ≪ 1𝑏 = 10−3 𝑘 > 0.0075 𝐷𝑎𝐼𝐼∗ > 110−12 10−1

 𝒃�̇�  
 𝒄𝒊𝒏
𝑏�̇� 𝑙𝑓 𝑙𝑓

𝑄𝑓𝑆𝑓 𝐷𝑎𝐼∗ 𝑄𝑓𝑆𝑓𝑙𝑓 𝐷𝑎𝐼∗ < 1, 𝑏�̇� 𝑘. 𝑏𝐷.𝑆ℎ𝑏𝑡𝑓



𝑙𝑓𝑆𝑓𝑄𝑓 𝑡𝑓

𝐷𝑎𝐼∗ 𝑏�̇� 𝑏�̇� 𝑄𝑓𝑆𝑓 𝑙𝑓𝑡𝑓 𝑙𝑓
𝐷𝑎𝐼∗ 𝑏�̇�𝑏�̇�

𝑡𝑓
𝑆𝑓 < 𝑆𝑐



𝑏�̇�𝑙𝑓 𝑐𝑖𝑛𝑏�̇� 𝑏�̇�∗ = 𝑏𝑓.̇ 𝜌𝑠𝑐𝑖𝑛𝑡𝑓 = 𝑏𝑏�̇� 𝑙𝑓𝑡𝑓 𝑡𝑓∗ = 𝑡𝑓.𝑐𝑖𝑛𝜌𝑠 𝑡𝑓∗𝐷𝑎𝐼𝐼∗ = 0.1 𝐷𝑎𝐼𝐼∗ =1 𝐷𝑎𝐼𝐼∗ = 10𝐷𝑎𝐼∗



𝑏�̇�𝑙𝑓𝑐𝑖𝑛 𝑏�̇� 𝑏�̇�∗ = 𝑏𝑓.̇ 𝜌𝑠𝑐𝑖𝑛𝑡𝑓 = 𝑏𝑏�̇� 𝑙𝑓𝑡𝑓 𝑡𝑓∗ = 𝑡𝑓.𝑐𝑖𝑛𝜌𝑠 𝑡𝑓∗𝐷𝑎𝐼𝐼∗ = 0.1𝐷𝑎𝐼𝐼∗ = 1 𝐷𝑎𝐼𝐼∗ = 10𝐷𝑎𝐼∗
 𝑹𝒑 𝑅𝑝

𝐷𝑎𝐼∗ 𝑏�̇�𝑅𝑝𝜌𝑠 𝑡𝑓 𝑏.𝜌𝑠𝑏𝑆 > 2. 𝑆𝑐 𝑏�̇�𝑙𝑓



𝑏�̇�𝑙𝑓𝑅𝑝 𝑏�̇� 𝑏�̇�∗ = 𝑏𝑓.̇ 𝜌𝑠𝑅𝑝𝑏�̇�∗ 𝑡𝑓 = 𝑏𝑏�̇� 𝑙𝑓𝑡𝑓 𝑡𝑓∗ = 𝑡𝑓.𝑅𝑝𝜌𝑠 𝐷𝑎𝐼𝐼∗ =0.1 𝐷𝑎𝐼𝐼∗ = 1 𝐷𝑎𝐼𝐼∗ = 10𝐷𝑎𝐼∗

𝐷𝑎𝐼∗ < 1 𝑏�̇�𝐷𝑎𝐼∗ 𝑏�̇� 𝑏�̇� = 𝑅𝑝𝜌𝑠𝑡𝑓𝑙𝑓 𝐷𝑎𝐼∗ 𝑡𝑓 𝑡𝑓 =𝑏. 𝜌𝑠𝑅𝑝 𝑙𝑓 𝑏(𝑙𝑓)



𝑏�̇�𝑙𝑓 𝑅𝑝 𝑏�̇� 𝑏�̇�∗ = 𝑏𝑓.̇ 𝜌𝑠𝑅𝑝𝑏�̇�∗ 𝑡𝑓 = 𝑏𝑏�̇�𝑙𝑓 𝑡𝑓 𝑡𝑓∗ = 𝑡𝑓.𝑅𝑝𝜌𝑠𝐷𝑎𝐼𝐼∗ = 0.1 𝐷𝑎𝐼𝐼∗ = 1 𝐷𝑎𝐼𝐼∗ = 10𝐷𝑎𝐼∗
 

𝑡𝑓𝑡𝑓 =𝑏/𝑏�̇� 𝑏�̇�
𝑓𝑜𝑝,  0.25, 0.5,  0.75𝑡𝑓



1 − 𝑓𝑜𝑝 𝑙𝑓𝑓𝑜𝑝(𝑙𝑓)
 𝒄𝒊𝒏𝑓𝑜𝑝(𝑙𝑓)

𝑡𝑓 𝑙𝑓 𝑓𝑜𝑝(𝑙𝑓)𝑓𝑜𝑝 𝑓𝑜𝑝

𝑓𝑜𝑝(𝑙𝑓)𝑐𝑖𝑛𝑓𝑜𝑝
 

𝑓𝑜𝑝(𝑙𝑓)
𝐷𝑎𝐼 < 1 𝐷𝑎𝐼𝐼 > 1

𝑏²



𝑏 𝑙𝑓
𝑓𝑜𝑝(𝑙𝑓)

𝑓𝑜𝑝(𝑙𝑓)𝑐𝑖𝑛 𝑓𝑜𝑝𝑓𝑜𝑝 �̂� = 𝑡.𝑐𝑖𝑛𝜌𝑠 𝐷𝑎𝐼𝐼∗ =0.1 𝐷𝑎𝐼∗ = 0.1. 𝐷𝑎𝐼𝐼∗ = 10 𝐷𝑎𝐼∗ = 0.1. 𝐷𝑎𝐼𝐼∗ = 0.1 𝐷𝑎𝐼∗ = 10.𝐷𝑎𝐼𝐼∗ = 10 𝐷𝑎𝐼∗ = 10.
 



 𝑹𝒑𝑅𝑝𝑓𝑜𝑝 𝑐𝑖𝑛
𝑓𝑜𝑝 𝑙𝑓 𝐷𝑎𝐼∗ > 1𝑏(𝑙𝑓)

𝑓𝑜𝑝(𝑙𝑓)𝑅𝑝𝑓𝑜𝑝



𝑓𝑜𝑝(𝑙𝑓)𝑅𝑝 𝑓𝑜𝑝𝑓𝑜𝑝 �̂� = 𝑡.𝑐𝑖𝑛𝜌𝑠 𝐷𝑎𝐼𝐼∗ =0.1 𝐷𝑎𝐼∗ = 0.1. 𝐷𝑎𝐼𝐼∗ = 10 𝐷𝑎𝐼∗ = 0.1. 𝐷𝑎𝐼𝐼∗ = 0.1 𝐷𝑎𝐼∗ = 10.𝐷𝑎𝐼𝐼∗ = 10 𝐷𝑎𝐼∗ = 10.
 



 

𝑏�̇�

𝑎

𝑐𝑖𝑛



 

 𝒃�̇�

𝑓(𝑥) = 1 − 𝑒𝑥𝑝(−𝑥) 𝑓(𝑥) = 1𝑥 (𝑒𝑥𝑝(−𝑥) − 1) + 1𝑏�̇�
 𝑸𝒇

(𝑄𝑓)𝑄𝑓 𝑙𝑓



𝑐𝑖𝑛

 





𝑗 𝑖 𝑗𝑖 𝑐𝑗,𝑜𝑢𝑡𝑐𝑗
𝑐𝑗,𝑜𝑢𝑡 = (𝑐𝑗 − 𝑅𝑝𝑘𝑒𝑓𝑓) . exp (−𝑘𝑒𝑓𝑓. 𝑆𝑖𝑗𝑄𝑖𝑗 ) + 𝑅𝑝𝑘𝑒𝑓𝑓

𝑆𝑖𝑗 𝑄𝑖𝑗 𝑖
(∑𝑄𝑖𝑗𝑗𝜖𝑒 ) × 𝑐𝑖 =∑(𝑄𝑖𝑗 . 𝑐𝑗,𝑜𝑢𝑡)𝑗𝑒

𝑒 𝑖 𝑒𝑖 ∑ 𝑄𝑖𝑗𝑗𝜖𝑒 𝑖 𝑐𝑖𝑖

𝑐𝑗𝑐𝑗,𝑜𝑢𝑡𝑄𝑖𝑗 𝑐𝑖



(∑𝑄𝑖𝑗𝑗𝜖𝑒 )× 𝒄𝒊 −  ∑(𝑄𝑖𝑗 × 𝑓𝑖𝑗 × 𝒄𝒋)𝑗𝜖𝑒 =∑( 𝑅𝑝𝑘𝑒𝑓𝑓 × (1 − 𝑓𝑖𝑗) × 𝑄𝑖𝑗)𝑗𝜖𝑒
𝑓𝑖𝑗 = exp (− 𝑘𝑒𝑓𝑓.𝑆𝑖𝑗𝑄𝑖𝑗 )

𝑀. 𝑐 = 𝑏𝑐 𝑁𝑀 𝑁 × 𝑁 𝑚𝑖𝑗𝑖 𝑗 𝑗 𝑖 𝑚𝑖𝑗 = 0𝑀
𝑚𝑖𝑖 =∑𝑄𝑖𝑗𝑗𝜖𝑒

𝑚𝑖𝑗 = −𝑓𝑖𝑗 × 𝑄𝑖𝑗𝑏 𝑁 𝑏𝑖
𝑏𝑖 =∑ 𝑅𝑝𝑘𝑒𝑓𝑓 × (1 − 𝑓𝑖𝑗) × 𝑄𝑖𝑗𝑗𝜖𝑒𝑖 𝑐0

{𝑚𝑖𝑖 = 1𝑚𝑖𝑗 = 0𝑏𝑖 = 𝑐0
𝑐 �̅̇�

�̅̇� = 𝑄𝑖𝑗𝑆𝑖𝑗. 𝜌𝑠 (𝑐𝑗 − 𝑅𝑝𝑘𝑒𝑓𝑓) . (1 − exp(−𝑘𝑒𝑓𝑓. 𝑆𝑖𝑗𝑄𝑖𝑗 )) + 𝑅𝑝𝜌𝑠 ,
𝑐𝑗 𝑗𝑡 = 𝑏/�̅̇�



𝑛 𝜖𝜖 𝑑 𝑏 𝜖 = 𝑑𝑏
𝑡 = 𝑏�̅̇� 𝑏𝑡1, 𝑡2, 𝑡3…

𝑑𝑡 = 𝜖 ∗ 𝑡𝑛+1𝑡𝑛+1 𝑛𝑛 𝑑𝑡 < 𝑡1…𝑛.

𝑐0



𝑘

𝑐0
𝑅𝑝



𝑐𝑐0
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𝑓𝑜𝑝



 𝑓𝑜𝑝
 𝑓𝑜𝑝

𝑓𝑜𝑝 0.22 𝑓𝑜𝑝
𝑓𝑜𝑝

𝑓𝑜𝑝
𝑓𝑜𝑝 𝑝32

𝑓𝑜𝑝
𝑓𝑜𝑝



𝜎𝑛𝜏 𝜎𝑛 𝑓𝑜𝑝

𝜎𝑛 𝑓𝑜𝑝

𝑓𝑜𝑝𝑃𝑓𝑐

𝑓𝑜𝑝𝑃𝑓𝑐



𝑓𝑜𝑝 𝑓𝑜𝑝
𝑓𝑜𝑝

𝜎𝑛, 

https://eds.a.ebscohost.com/eds/detail/detail?vid=0&sid=138f91bf-7e84-4e04-841359bbd9452861%40sessionmgr4007&bdata=Jmxhbmc9ZnImc2l0ZT1lZHMtbGl2ZQ%3d%3d#AN=140483134&db=asx
https://eds.a.ebscohost.com/eds/detail/detail?vid=0&sid=138f91bf-7e84-4e04-841359bbd9452861%40sessionmgr4007&bdata=Jmxhbmc9ZnImc2l0ZT1lZHMtbGl2ZQ%3d%3d#AN=140483134&db=asx
https://eds.a.ebscohost.com/eds/detail/detail?vid=0&sid=138f91bf-7e84-4e04-841359bbd9452861%40sessionmgr4007&bdata=Jmxhbmc9ZnImc2l0ZT1lZHMtbGl2ZQ%3d%3d#AN=140483134&db=asx


𝑓𝑜𝑝
𝑃𝑓𝑐 𝑓𝑜𝑝 𝑃𝑓𝐶

 



0 ~800~25%𝑓𝑜𝑝

𝑓𝑜𝑝

 



0~800
 1.8

1.7 −1.5 1 500 − 4001 1
1.5 1.27 600

1.8 1



2

𝑚



 

𝑚−1 𝑝32 𝑚2.𝑚−3

𝑓𝑜𝑝 𝑓𝑜𝑝
𝑓𝑜𝑝 𝑚−1 𝐶𝑓 = 1sin(𝛼𝑓) 𝛼𝑓𝑓 𝛼𝑓5° 𝑝32 𝐶𝑓



𝑓𝑜𝑝 𝑓𝑜𝑝 = ∑ 𝐶𝑓𝑓∈[𝐹𝑜𝑝]∑ 𝐶𝑓𝑓∈[𝐹] ,
[𝐹] 𝐹𝑜𝑝] [𝐹][𝐹]

𝑓𝑜𝑝(𝑥, 𝑠) 𝑥𝑠 𝑝32,𝑜 (𝑥, 𝑠)𝑝32(𝑥, 𝑠) 𝑓𝑜𝑝(𝑥, 𝑠) = 𝑝32,𝑜(𝑥, 𝑠)𝑝32(𝑥, 𝑠)
𝐶𝑓 𝑥𝑠/2 𝑝32 𝑝32,𝑜 𝑓𝑜𝑝𝑠

𝑓𝑜𝑝 𝑝32
𝑓𝑜𝑝 𝑝32𝑓𝑜𝑝 𝑝32

𝑓𝑜𝑝 𝑝32



𝑝32𝑓𝑜𝑝, 𝑝32,𝑜𝑝32 .𝑠 = 10 𝑚 𝑠 = 10 𝑚

 𝑓𝑜𝑝 0.22𝑓𝑜𝑝



 𝒇𝒐𝒑
𝑝32 700 𝑚700 𝑚 𝑝32

𝑓𝑜𝑝 0 150 𝑚 𝑓𝑜𝑝0.45 0.25 𝑓𝑜𝑝~exp (− 𝑑𝑒𝑝𝑡ℎ200 ) 150800𝑚 𝑓𝑜𝑝 0.13𝑓𝑜𝑝~exp (− 𝑑𝑒𝑝𝑡ℎ1000 )𝑝32 𝑓𝑜𝑝
𝑝32

7 𝑚−1 17 𝑚−1 𝑓𝑜𝑝
𝑓𝑜𝑝

0 150𝑓𝑜𝑝 0.36~150 𝑚 ~1000 𝑚 𝑓𝑜𝑝 0.14𝑓𝑜𝑝



𝑝32𝑓𝑜𝑝 𝑃32 𝑓𝑜𝑝

𝑓𝑜𝑝



𝑓𝑜𝑝𝑓𝑜𝑝 𝑓𝑜𝑝

 𝒇𝒐𝒑 𝒑𝟑𝟐𝑓𝑜𝑝 𝑝32𝑝32 𝑝32,𝑜𝑝32𝑓𝑜𝑝 𝑝32
𝑓𝑜𝑝 

𝑓𝑜𝑝 𝑝32𝑝32 𝑓𝑜𝑝 𝑝32 𝑝32 > 25 𝑚−1 𝐹𝐹𝑀02𝑓𝑜𝑝 𝑝32𝑝32𝑝32 > 30 𝑚−1 3 𝑐𝑚



𝑠 𝑠𝑠

𝑓𝑜𝑝 𝑝32 𝑓𝑜𝑝 𝑝32𝜎 = 2, 5 20𝑓𝑜𝑝 𝑝32
𝑝32



 𝒇𝒐𝒑

𝑓𝑜𝑝 𝜃 𝜑𝑓𝑜𝑝
𝜃 < 20°𝑓𝑜𝑝~0.4 − 0.5

𝜎𝐻𝑓𝑜𝑝 𝑓𝑜𝑝~0.2 − 0.4

𝑝𝑑𝑓(𝜃, 𝜑
𝑓𝑜𝑝(𝜃, 𝜑)

𝜎𝑣 , 𝜎ℎ 𝜎𝐻



𝑝32 𝑓𝑜𝑝
100 𝑚200 𝑚 ~0.55

𝑓𝑜𝑝
𝑓𝑜𝑝

𝑝32 𝑓𝑜𝑝𝑝32

𝑝32 𝑓𝑜𝑝 𝜃 < 20°
𝑝32 𝑓𝑜𝑝



𝑝32 𝑓𝑜𝑝 𝜃 > 65°𝜑 𝜖 ([0°, 90°] ∪ [180°, 270°]) 𝜃 > 65°𝜑 𝜖 ([90°, 180°] ∪ [270°, 360°])𝑝32 𝑓𝑜𝑝
 𝒇𝒐𝒑

1%

~ > 1%𝑓𝑜𝑝 𝑓𝑜𝑝
~40% 1.8 − 1 



𝑓𝑜𝑝 𝑓𝑜𝑝
𝑓𝑜𝑝 𝑓𝑜𝑝

𝑓𝑜𝑝
𝑓𝑜𝑝

 



𝑓𝑜𝑝

~150 ~150 𝒇𝒐𝒑



𝑓𝑜𝑝

 𝒇𝒐𝒑
𝜎𝑛  𝜏𝜎𝑛 𝜏𝜎𝑛 𝜏 𝑓𝑜𝑝(𝜎𝑛, 𝜏 ) 𝜎𝑛 = 𝜇 × 𝜏 + c𝜇 𝑐,

𝜇 𝑐 = 0.7, 𝜇 𝑐 = 4



𝑓𝑜𝑝𝑓𝑜𝑝

𝜎𝐻 , 𝜎ℎ, 𝜎𝑣 ,

𝜎𝑛 𝜏𝑓𝑜𝑝(𝜎𝑛, 𝜏) 𝜇𝜇



𝑓𝑜𝑝 𝜎𝑛 𝜏 𝜏𝜎𝑛 𝑓𝑜𝑝 𝜏𝜎𝑛,𝜏𝜎𝑛 𝑓𝑜𝑝
𝑓𝑜𝑝 𝜎𝑛𝜎𝑛

𝑓𝑜𝑝

𝑓𝑜𝑝 𝜎𝑛,𝜏 𝜏𝜎𝑛 𝜇 𝜇
𝜃 < 20° 20° < 𝜃 <65° 𝜃 > 65°𝜎𝑛 𝜏 𝜏𝜎𝑛

𝑓𝑜𝑝 𝜎𝑛𝑓𝑜𝑝 𝜎𝑛



𝜎𝑛~0.1 − 0.15 𝑓𝑜𝑝 𝜎𝑛

𝑓𝑜𝑝 𝜎𝑛
𝑓𝑜𝑝 𝜎𝑛 < 10 𝑀𝑃𝑎𝜎𝑛 > 10 𝑀𝑃𝑎𝑓𝑜𝑝 𝜎𝑛 𝑓𝑜𝑝𝜎𝑛 

𝑓𝑜𝑝(𝜎𝑛)𝑓𝑜𝑝(𝜎𝑛)𝑓𝑜𝑝(𝜎𝑛) 𝜎𝑛



𝑓𝑜𝑝(𝜎𝑛)
𝜎𝑛

 

𝜎𝑛

𝑃𝑓 𝑃𝑓𝑃𝑓 = 𝛾𝑤𝑧 𝛾𝑤 𝑧𝑃𝑓



𝜏 = 𝑐 + 𝜇(𝜎𝑛 − 𝑃𝑓)𝑐 𝜇

𝑃𝑓𝐶
𝑃𝑓𝐶 = 𝜎𝑛 − 𝜏 − 𝑐𝜇

𝜎𝑛 𝜏 𝜇 𝑐
𝑃𝑓𝐻 𝑃𝑓𝐻 = 𝛾𝑤𝑧 𝛾𝑤  × 𝑃𝑓𝐿𝑃𝑓𝐿 = 𝜎𝐻+𝜎ℎ+𝜎𝑣3 𝑟𝑐

𝑟𝐶 = 𝑃𝑓𝐶 − 𝑃𝑓𝐻𝑃𝑓𝐿 − 𝑃𝑓𝐻
𝑟𝐶 = 0, 𝑟𝐶 = 1𝑃𝑓𝐶 𝑟𝐶



𝑟𝐶 > 1

𝜎𝑛 𝜏 𝑃𝑓𝐶
𝑟𝐶 𝑓𝑜𝑝(𝑟𝐶)𝑐 = 4 𝜇 = 1.3

𝑟𝐶 = 0 𝑟𝐶 = 0𝑟𝐶 = 1 𝑓𝑜𝑝 𝑟𝐶 > 1 𝑓𝑜𝑝 = 0.17𝑟𝐶 > 1
𝑓𝑜𝑝(𝑟𝐶 ≥ 1) 𝑓𝑜𝑝𝑜𝑟𝐶 = 0



𝑓𝑜𝑝 𝑟𝐶𝑐 = 4 𝜇 = 1.3𝑟𝐶
𝑐 𝜇

𝑓𝑜𝑝(𝑟𝐶) 𝑐 𝜇𝑟𝐶 > 1 𝑟𝐶 = 0



𝑟𝐶 = 0𝑟𝐶 = 1

𝑓𝑜𝑝 𝑟𝐶𝑐 𝜇
𝑟𝐶

 𝑟𝐶 ≥ 1 𝑓𝑜𝑝𝑜 𝑓𝑜𝑝𝑜𝑓𝑜𝑝𝑜~ 𝑟 𝑓𝑜𝑝𝑜
𝑟 𝑓𝑜𝑝 𝑟𝐶



𝑓𝑜𝑝~0.15
𝑓𝑜𝑝

𝑓𝑜𝑝 𝑟 𝑟𝑓𝑜𝑝(𝑟)𝑓𝑜𝑝
𝑃𝑓𝑓𝑜𝑝



𝑓𝑜𝑝

 

𝑓𝑜𝑝 𝑓𝑜𝑝

𝑓𝑜𝑝
𝜎𝑛, 𝑓𝑜𝑝 𝑓𝑜𝑝𝜎𝑛

𝑃𝑓𝑐𝑃𝑓𝐶𝑃𝑓𝐶
𝑓𝑜𝑝 𝑃𝑓𝑐𝑃𝑓𝑐 𝑃𝑓𝐻 𝑓𝑜𝑝 𝑃𝑓𝑐 > 𝑃𝑓𝐻𝑃𝑓𝑐 𝑓𝑜𝑝



𝑃𝑓𝑐
𝑃𝑓𝐶

𝑓𝑜𝑝
 

 𝑷𝟑𝟐 𝑥0𝑥𝑒𝑛𝑑 𝑥 = [𝑥0: ∆𝑥: 𝑥𝑒𝑛𝑑] ∆𝑥 𝑓𝑃32(𝑥) 𝑤𝜎,𝑓(𝑥)𝑥𝑓 , 1 𝑥0 𝑥𝑒𝑛𝑑𝑥𝑓𝑤𝜎,𝑓(𝑥) = 1𝜎√2𝜋 𝑒−(𝑥−𝑥𝑓) 22𝜎2
𝜎,𝑃32(𝑥)

𝑃32(𝑥) =  ∑( 𝑤𝜎,𝑓(𝑥)∫ 𝑤𝜎,𝑓(𝑥). 𝑑𝑥𝑥𝑒𝑛𝑑𝑥0 . 𝐶𝑓)𝑓 ,
𝑓 𝐶𝑓 𝑤𝜎,𝑓𝑃32𝑥0 𝑥𝑒𝑛𝑑 𝑥𝑓 𝑥0 𝑥𝑒𝑛𝑑 ∫ 𝑤𝜎,𝑓(𝑥). 𝑑𝑥𝑥𝑒𝑛𝑑𝑥01𝑃32



 𝑃32 𝑥 𝑥 𝑧𝑧𝑓 𝑃32,𝑓𝑓 𝑃32 𝑃32,𝑓𝑧
𝑧 = ∑ (𝑃32,𝑓 × 𝑧𝑓)𝑓 𝑃32



1
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𝜎𝑛 𝜏

0 1
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𝜎𝑛 𝜏







 



𝑇𝑃 + 𝑇𝑁𝑇𝑃 + 𝑇𝑁 + 𝐹𝑃 + 𝐹𝑁
( 𝑇𝑃𝑇𝑁 + 𝐹𝑃 + 𝑇𝑃𝑇𝑃 + 𝐹𝑁) . 12

𝑇𝑃𝑇𝑃 + 𝐹𝑁

𝑇𝑃𝑇𝑃 + 𝐹𝑃
2. ( 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛. 𝑟𝑒𝑐𝑎𝑙𝑙𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑟𝑒𝑐𝑎𝑙𝑙)

𝑋𝑖−𝑋𝑋𝑖 𝑋𝑖 𝑋
𝜎𝑛





𝜎𝑛



𝜎𝑛

 



𝑑𝑑𝑜

𝑝𝑑𝑓(𝑑) = 1<𝑑> . 𝑒𝑥𝑝 (− 1<𝑑> . 𝑑)



 



 



Oxidized Walls : 

Epidote : 

Adularia : 

 



Laumontite : 

Prehnite : 

Hematite : 

 



Pyrite : 

Asphalt : 

Clay Minerals : 



Calcite (generation 2, 3, and 4) : 

Chlorite (generation 1, 2, and 4) : 

Quartz (generation 1 and 3) : 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



𝑓𝑜𝑝𝜎𝑛𝑓𝑜𝑝(𝜎𝑛)

𝜎𝑛
 𝜎𝑛
 

 



𝑙𝑐𝑙 𝑙𝑐 𝑙 > 𝑙𝑐 𝑛(𝑙) =𝛼. 𝑙𝑎 , 𝑛(𝑙). 𝑑𝑙 𝑙 𝑙 + 𝑑𝑙 𝛼 𝑎 𝑝32 =4.766 𝑚−1

𝑝32 = 4.766 𝑚−1
109

𝑙𝑚𝑖𝑛~1.3 × 106𝑝32



𝑇 = 1𝑇 = 𝑙 10−4 10−9 𝑚2. 𝑠−1

𝛼𝑙𝑐
𝛼

𝑓𝑜𝑝 𝑙𝑐 𝑙𝑐,𝑜 𝑙𝑐



𝑎𝐺 𝑎𝑈 𝛼𝑈
𝛼𝐺𝑝32 𝑙𝑐 𝑝32 𝑙𝑐𝑙𝑐,𝑜

𝑝32,𝑜 = 𝑝32 × 𝑓𝑜𝑝 𝛼𝐺,𝑜𝑙𝑐,𝑜 𝛼𝐺,𝑜 = 𝛼𝑈. 𝑙𝑐,𝑜−𝑎𝑈+𝑎𝐺𝑓𝑜𝑝 𝑙
• 𝑑 < 𝑙 < 𝑙𝑐 𝑓𝑜𝑝 = 𝛼𝐺,𝑜𝛼𝐺
• 𝑙𝑐 < 𝑙 < 𝑙𝑐,𝑜 𝑓𝑜𝑝 = 𝛼𝐺,𝑜.𝑙𝑎𝐺𝛼𝑈.𝑙𝑎𝑈
• 𝑙 > 𝑙𝑐,𝑜 𝑓𝑜𝑝 = 1
𝑓𝑜𝑝(𝑙) 𝑙

𝑙 𝛼𝑙𝑐 𝑓𝑜𝑝
𝑙𝑐 𝑓𝑜𝑝(𝑙)𝑑 = 0.076

𝑙𝑚𝑖𝑛 = 1.5 𝑓𝑜𝑝
𝛼 𝑙𝑐 𝜎



𝜎 𝑙𝑐𝜎
𝜎 𝜎𝑛𝑓𝑜𝑝𝜎𝑛 𝑓𝑜𝑝
𝑓𝑜𝑝(𝜎𝑛)

𝑓𝑜𝑝(𝜎𝑛)𝜎𝑛
𝜎𝑛𝜎𝛼 𝑙𝑐 𝜎𝑙𝑐



𝜎 𝜎𝑛 𝑓𝑜𝑝(𝜎𝑛)
𝑙𝑐 𝜎 𝜎𝑛𝑓𝑜𝑝(𝑙), 𝜎𝑛𝑓𝑜𝑝(𝜎𝑛)𝑙𝑐 𝑙𝑐,𝑜 𝛼𝐺,𝑜𝑝32,𝑜 = 𝑝32 × 𝑓𝑜𝑝(𝜎𝑛)𝑝32,𝑜 𝜎𝑛 𝑓𝑜𝑝(𝑙)

𝑙 𝑙𝑐 𝜎𝑓𝑜𝑝 𝜎𝑛
𝜎𝑛

𝑓𝑜𝑝𝑓𝑜𝑝 𝜎 𝑙𝑐𝛼



𝑓𝑜𝑝 𝜎

𝑓𝑜𝑝

𝛼 𝑙𝑐 𝜎𝑙𝑐 𝜎



𝛼 𝑙𝑐 𝜎 𝑙𝑐 𝜎



𝛼 𝑙𝑐 𝜎𝑙𝑐 𝜎



𝑄 𝑇𝑃𝐹𝐿𝑚2. 𝑠−1
𝑇𝑃𝐹𝐿 = 𝑄2𝜋𝛥ℎ 𝑙𝑛 (𝑟𝑒𝑟𝑏)

𝑟𝑏 𝑟𝑒 𝑟𝑒 = 500. 𝑟𝑏∆ℎ 𝑇𝑃𝐹𝐿



𝑇𝑃𝐹𝐿

𝑧



ℎ = −10 ℎ = 0

𝑚. 𝑠−1𝑙𝑐



𝑝

𝐾 𝑚. 𝑠−1𝑠 𝐿𝑠 

𝐾(𝑠) = 1𝐿𝑠∑𝑇𝑃𝐹𝐿,𝑓𝑓𝜖𝑠𝑠 𝑚−1
𝑝10𝑞(𝑠) = 1𝐿𝑆 ((∑ 𝑇𝑃𝐹𝐿,𝑓𝑓𝜖𝑠 )2∑ 𝑇𝑃𝐹𝐿,𝑓2𝑓𝜖𝑠 ).

𝐿𝑠 𝑠
𝑠𝑖 𝐿𝑠𝐿𝑠



𝐾𝐾𝑎 𝐾𝑔
𝐾𝑎(𝐿𝑠) = 1𝑁>0 ∑ 𝐾(𝑠𝑖){𝑠𝑖}>0

𝐾𝑔(𝐿𝑠) = exp( 1𝑁>0 ∑ log𝐾(𝑠𝑖){𝑠𝑖}>0 )
𝑁>0 𝑝10𝑞

𝑠 𝐿𝑠𝑠𝑖 𝐿𝑠

𝐾𝑎 𝐿𝑠 𝐿𝑠𝐾𝑔



𝐾(𝑠𝑖) 𝐿𝑠 𝐾𝑎𝐾𝑔
𝐾𝑎 𝑠𝑖𝐾𝑎

𝐾𝑎(𝐿𝑠) = 1𝑁>0 . 1𝐿𝑠 .∑𝑇𝑃𝐹𝐿
∑𝑇𝑃𝐹𝐿 𝑁𝑇 = ℎ/𝐿𝑠𝐿𝑠 ℎ

𝐾𝑎(𝐿𝑠) = 𝑁𝑇𝑁>0 . 1ℎ .∑𝑇𝑃𝐹𝐿 .
𝑁>0𝑁𝑇 𝑠𝑖 𝐿𝑠1ℎ . ∑ 𝑇𝑃𝐹𝐿 𝐾𝑎𝑇𝑃𝐹𝐿𝐾𝑔 𝐾𝑔 𝑇𝑃𝐹𝐿𝐾𝑔(𝐿𝑠)𝑇𝑃𝐹𝐿 𝑇𝑃𝐹𝐿𝑇𝑃𝐹𝐿



𝑝32𝑚2. 𝑠−1 𝑝 𝑝32,𝑜𝑓𝑜𝑝 𝑝32,𝑜𝑝32
𝑙𝑐 𝑙𝑐 𝜎 𝑓𝑜𝑝 𝑓𝑜𝑝𝑓𝑜𝑝 𝑑𝑙𝑚𝑖𝑛 𝑑
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Titre : Colmatage des réseaux de fractures, modèles et conséquences hydrologiques 

Mots clés : Réseaux de fractures, DFN, hydrogéologie, colmatage, réactivation des fractures 

Résumé : L’état naturel des fractures dans les 
milieux rocheux cristallins a un impact 
hydrologique important car elles y constituent les 
seuls conduits qui existent. Les données indiquent 
souvent qu’une large proportion de fractures est 
cependant colmatée, et est donc imperméable aux 
écoulements. C’est le cas par exemple du futur 
site d’enfouissement de déchets nucléaires en 
Suède (Forsmark), pour lequel les carottes de 
puits révèlent qu’environ 75-80% des fractures 
sont colmatées. La distribution du colmatage dans 
un réseau de fractures est une interrogation 
critique puisqu’elle peut drastiquement changer la 
connectivité de ces ensembles et l’organisation 
des écoulements.  
La première partie de ces travaux porte sur l’étude 
de la distribution du colmatage à partir de modèles 
numériques. Une problématique  est de disposer 
de modèles simplifiés  qui  puissent  être 
appliqués à l’étude de larges réseaux de fractures. 
Nous montrons qu’une structure de graphe  peut 
être  utilisée  pour simplifier les modèles de  
réseaux de  fractures (DFN) et calculer

directement les flux. Ensuite, nous étudions son 
utilisation pour modéliser un processus de 
transport réactif engendrant de la précipitation au 
niveau des parois des fractures.  
Dans une seconde partie, nous évaluons la 
distribution du colmatage à partir des données de 
terrain du site de Forsmark. Les analyses 
statistiques montrent d’abord une forte corrélation 
entre le caractère ouvert ou colmaté des fractures 
et la contrainte normale appliquée au plan de 
fracture. Ce contrôle d’ordre mécanique est 
approfondi par une analyse des pressions de 
fluides, qui semblent avoir amené les fractures à 
la réactivation. Enfin, en utilisant la modélisation 
DFN, nous analysons les conséquences 
hydrologiques de la corrélation avec la contrainte 
normale identifiée précédemment. Nous montrons 
que cette corrélation ne permet pas à elle seule 
d’expliquer l’organisation des flux mesurée dans 
les puits de Forsmark et qu’une corrélation avec la 
taille de fracture doit nécessairement être prise en 
compte.  

 

Title : Sealing in fracture networks, models and hydrological consequences 

Keywords : Fracture networks, DFN, hydrogeology, fracture sealing, fracture reactivation 

Abstract : Fracture networks have a major impact 

on crystalline rocks' hydraulic properties because 
they constitute the only flowing paths. Field data 
often point out that a large proportion of the network 
is however sealed by physico-chemical processes 
and thus is impermeable. For example, at the 
Forsmark site (Sweden), future deep nuclear waste 
repository, the core-log data indicate that 75-80 % of 
fractures are sealed. The way sealed surfaces are 
distributed in fracture networks is critical because it 
can drastically change the connectivity and the flow 
organization. In the first part, we study how the 
sealing distribution can be constrained by numerical 
models. The aim is to have models that are simple 
enough to be applied to large fracture networks. We 
show that a graph structure (made of nodes and 
edges) can be used to simplify fracture network  
 

 
 

models (DFN) and to compute the flow directly. 
Then, we use it to model a sealing process coupled 
to the flow. In the second part, we evaluate the 
sealing distribution from Forsmark core-log data. 
The statistical analyses show a strong correlation 
between the proportion of open fractures and the 
normal stress, indicating a mechanical control. This 
mechanical control is further deepened by an 
analysis of fluid pressures, which seem to have 
caused fracture reactivation. Finally, we evaluate 
the hydrological consequences of the measured 
correlation with the normal stress, by using DFN 
models. We show that this correlation can not itself 
explain the flow organization measured in Forsmark 
boreholes and that a correlation with fracture sizes 
must be considered.  

 


