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𝐴 [𝑚2]

𝐴𝑏𝑎𝑠𝑒,𝑖 [𝑚2]

𝐴𝑏𝑎𝑠𝑒,𝑜 [𝑚2]

𝐴𝑖 [𝑚2]

𝐴𝑜 [𝑚2]

𝐴𝑡𝑖𝑝
𝑎

𝑏

𝐶𝐷/𝑀
𝐶𝑔
𝑐

𝐷 = 𝐵

𝐷𝑖
𝐷𝑜
𝐷𝑡𝑜𝑤𝑒𝑟

𝑑𝑞; 𝑑𝑐; 𝑑𝛾

𝐸𝑘

𝑒

𝐹𝑤𝑎𝑣𝑒𝑠

𝐹𝑤𝑖𝑛𝑑

𝐺𝑘

𝑔 [𝑚/𝑠2 ]



𝐻 𝑁
𝐻(𝑠)
𝐻𝑢𝑙𝑡
ℎ

ℎ𝑐  

ℎ𝑠

𝐿

𝑀 𝑁 ×𝑚
𝑁𝑐
𝑁𝑝
𝑁𝑞
𝑁𝛾

1/𝑛

𝑝

𝑄𝑖
𝑄𝑘
𝑄𝑙𝑖𝑑
𝑄𝑜
𝑄𝑝ℎ𝑎𝑠𝑒 1
𝑄𝑝ℎ𝑎𝑠𝑒2
𝑄𝑝𝑤
𝑄𝑠𝑢𝑐𝑡
𝑄𝑡𝑖𝑝
𝑆𝑟𝑒𝑞

𝑠𝑢̅



𝑠𝑞; 𝑠𝛾;  𝑠𝑐
𝑠𝑢
𝑠𝑢0
𝑇, 𝑇10
𝑇𝑝

𝑡

𝑈, 𝑈10
𝑢

𝜕𝑢

𝜕𝑡
𝜕2𝑢

𝜕𝑡2
[𝑚/𝑠2]

𝑉 𝑁

𝑉𝑢𝑙𝑡,𝑑,Ι
𝑉𝑢𝑙𝑡,𝑑,ΙΙ
𝑉𝑢𝑙𝑡,𝑝𝑑,Ι
𝑉𝑢𝑙𝑡,𝑢,Ι
𝑉𝑢𝑙𝑡

𝑊′

𝑊𝑝𝑙𝑢𝑔
′

𝑊′

𝑤 [𝑁/𝑚3 ]

𝑧

𝛼𝑖
𝛼𝑖𝑛
𝛼𝑜
𝛼𝑜𝑢𝑡
𝛼𝑡𝑖𝑝
𝛾 [𝑘𝑁/𝑚3]

𝛾′ [𝑘𝑁/𝑚3]

𝛾𝑐
′ [𝑘𝑁/𝑚3]

𝛾𝑠
′ [𝑘𝑁/𝑚3]



𝛾𝑤
𝛿𝑞; 𝛿𝑐; 𝛿𝛾

𝛿𝑞; 𝛿𝑐; 𝛿𝛾

𝜎′

𝜎𝑈
𝜎𝑡𝑜𝑡

𝜙

𝜃

𝜆

𝜌





 

 

  



 



 

 





 

 

 

 

𝐂𝐎𝟐  



 

 



  

  



 

 

 



 

 

~10𝑚 ~70𝑚, 



~70𝑚, 

  

 

 



 

 

 



  

 



  

 



 

 



 

  

 

 



 

  

 



 

 

 

 



 

 

 



 

 

 



𝐿 𝑡

 𝐷

  



(𝐻) (𝑀) 

(𝑉) 

 
𝐷

𝐿

 
𝐷

𝐿
> 1 

𝐷

𝐿
 [0,5 ; 1] 

𝑡

𝐷
 [0,3%− 0,6%] 

 



 

 

𝜇𝑚

𝜎𝑡𝑜𝑡  

𝜎′  𝑢

𝜎𝑡𝑜𝑡 = 𝜎
′ + 𝑢  

∆𝜎𝑡𝑜𝑡 = ∆𝜎
′ + ∆𝑢  



(𝑢 = 0)  (𝜎𝑡𝑜𝑡 = 𝜎
′)

𝑒 

 

 
1

𝑛
=

1

50

 

𝐺, 

 

𝑄,  



 

𝐸, 

𝑈10 

𝜎𝑈. 

𝑈 

𝑈(𝑇, 𝑧) = 𝑈10  (1 + 0,137 ln
𝑧

ℎ
− 0,047 ln

𝑇

𝑇10
)

 

𝑇, 𝑇10
𝑈,𝑈10
𝑧



𝐹𝑤𝑖𝑛𝑑  

𝑈 

 𝐴

 

𝐹𝑤𝑖𝑛𝑑 =
𝑤

2𝑔
 𝑈2𝐶𝑔 𝐴

 

𝑤

𝑔

𝐶𝑔
𝐴

𝐻(𝑠) 𝑇𝑝 , 

𝜆 

𝑑𝑧 𝑧 

𝐹𝑤𝑎𝑣𝑒𝑠 = 𝐶𝐷
𝛾𝑤
2𝑔
 𝐷𝑡𝑜𝑤𝑒𝑟  

𝜕𝑢

𝜕𝑡
 |
𝜕𝑢

𝜕𝑡
|

⏟              
𝐷𝑟𝑎𝑔 𝑡𝑒𝑟𝑚 

+ 𝐶𝑀  
𝛾𝑤
𝑔

𝐷𝑡𝑜𝑤𝑒𝑟
2  𝜋

4
 
𝜕2𝑢

𝜕𝑡2⏟            
𝐼𝑛𝑒𝑟𝑡𝑖𝑎  𝑡𝑒𝑟𝑚

 𝑑𝑧



 

𝐹𝑤𝑎𝑣𝑒𝑠

𝐶𝐷/𝑀

𝛾𝑤

𝐷𝑡𝑜𝑤𝑒𝑟

𝜕𝑢

𝜕𝑡

𝜕2𝑢

𝜕𝑡2

 

[120m –  160m] 

[110m –  160m]

 [6MN –  10MN]

[3MN –  6MN] [10m –  50m]

[1MN –  2MN]



320MNm 300MNm 

0,5MN 

1,5MN ± 3MN 

 

ℎ 

𝑀 

𝐻 

ℎ =
𝑀

𝐻
= 25,75 𝑚

 

 

  

 



𝑤 

𝑉.

𝑤 = {

𝐻 ℎ

𝑉

√3
𝐻 ℎ

𝑉

 

    for a quadripod structure

    for a tripod structure         

 

ℎ = 25,75𝑚 

𝑤 

16,54𝑚  23,8𝑚 

 

 

 

8

3
= 2,6

3

3
= 1

3

3
= 1

14

3
= 4,6

8

3
= 2,6

1,5

3
= 0,5

3

3
= 1

0,5

3
= 0,17

5

3
= 1,67 −

1

3
= 0,33

 

 

 



 

 

 



 

  

 

ℎ 



ℎ 

𝑸𝒑𝒉𝒂𝒔𝒆 𝟏 = 𝑸𝒊 +𝑸𝒐 +𝑸𝒕𝒊𝒑  

 

𝑄𝑝ℎ𝑎𝑠𝑒 1

𝑄𝑖 , 𝑄𝑜, 𝑄𝑡𝑖𝑝

ℎ𝑐  

 

𝑊′ = 𝐴𝑖𝛼𝑖𝑠𝑢̅ℎ𝑐⏟      
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑜𝑛 𝑡ℎ𝑒 𝑖𝑛𝑠𝑖𝑑𝑒

+ 𝐴𝑜𝛼𝑜𝑠𝑢̅ℎ𝑐⏟      
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 
𝑜𝑛 𝑡ℎ𝑒 𝑜𝑢𝑡𝑠𝑖𝑑𝑒

 +   (𝑠𝑢𝑁𝑐 + 𝛾𝑐
′ℎ𝑐𝑁𝑞)𝐴𝑡𝑖𝑝⏟              

𝐸𝑛𝑑 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑘𝑖𝑟𝑡 𝑡𝑖𝑝 

 

𝑊′

𝐴𝑖 = 𝜋𝐷𝑖
𝐴𝑜 = 𝜋𝐷𝑜
𝐴𝑡𝑖𝑝 = 𝜋𝐷𝑡

𝛼𝑖 = 𝛼𝑜

𝑠𝑢̅ = 𝑠𝑢0 +
𝜌ℎ𝑐
2

𝑠𝑢 = 𝑠𝑢0 + 𝜌ℎ𝑐
𝑁𝑐

𝑁𝑞

hs 

𝐾 

 



𝑊′ = 
1

2
𝐴𝑖𝐾 tan(∅𝑒)𝛾𝑠

′ℎ𝑠
2

⏟            
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑜𝑛 𝑡ℎ𝑒 𝑖𝑛𝑠𝑖𝑑𝑒

+ 
1

2
𝐴𝑜𝐾 tan(∅𝑒)𝛾𝑠

′ℎ𝑠
2

⏟            
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 
𝑜𝑛 𝑡ℎ𝑒 𝑜𝑢𝑡𝑠𝑖𝑑𝑒

 +   (𝛾𝑠
′
𝑡

2
 𝑁𝛾 + 𝛾𝑠

′ℎ𝑠𝑁𝑞)𝐴𝑡𝑖𝑝⏟                
𝐸𝑛𝑑 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑘𝑖𝑟𝑡 𝑡𝑖𝑝 

 

∅𝑒 = 0,9∅𝑖

𝐾

𝑁𝛾

ℎ 

𝑆𝑟𝑒𝑞
𝑊′ 

𝑄𝑝ℎ𝑎𝑠𝑒 1  𝑄𝑝ℎ𝑎𝑠𝑒 2. 

Qsuct 

 

𝑆𝑟𝑒𝑞 =
𝑄𝑝ℎ𝑎𝑠𝑒2 −𝑊

′

𝐴𝑏𝑎𝑠𝑒,𝑖

 

𝑆𝑟𝑒𝑞
𝑄𝑝ℎ𝑎𝑠𝑒2
𝐴𝑏𝑎𝑠𝑒,𝑖

ℎ𝑐

 

𝑄𝑝ℎ𝑎𝑠𝑒1 + 𝑆𝑟𝑒𝑞 𝐴𝑏𝑎𝑠𝑒,𝑖 = 𝑄𝑝ℎ𝑎𝑠𝑒2  

𝑊′ + 𝑆𝑟𝑒𝑞 (
𝜋𝐷𝑖

2

4
) = 𝐴𝑖𝛼𝑖𝑠𝑢̅ℎ𝑐 + 𝐴𝑜𝛼𝑜𝑠𝑢̅ℎ𝑐 + (𝑠𝑢𝑁𝑐 + 𝛾𝑐

′ℎ𝑐𝑁𝑞 − 𝑠)𝐴𝑡𝑖𝑝
 

𝑊′ + 𝑆𝑟𝑒𝑞 (
𝜋𝐷0

2

4
) = 𝐴𝑖𝛼𝑖𝑠𝑢̅ℎ𝑐 + 𝐴𝑜𝛼𝑜𝑠𝑢̅ℎ𝑐 + (𝑠𝑢𝑁𝑐 + 𝛾𝑐

′ℎ𝑐𝑁𝑞)𝐴𝑡𝑖𝑝  

ℎ𝑠 

 



𝑊′ + 𝑆𝑟𝑒𝑞 (
𝜋𝐷0

2

4
) =

𝛼𝑖𝑛(𝑧) × 𝑄𝑖⏟
1
2
𝐴𝑖𝐾 tan(∅𝑒)𝛾𝑠

′ℎ𝑠
2

+ 𝛼𝑜𝑢𝑡(𝑧) × 𝑄𝑜⏟
1
2
𝐴𝑜𝐾 tan(∅𝑒)𝛾𝑠

′ℎ𝑠
2

+ 𝛼𝑡𝑖𝑝(𝑧) × 𝑄𝑡𝑖𝑝⏟  

(𝛾𝑠
′𝑡
2
 𝑁𝛾+ 𝛾𝑠

′ℎ𝑠𝑁𝑞)𝐴𝑡𝑖𝑝

 

 

𝛼𝑖𝑛(𝑧) = 𝑓(𝑧, 𝐴𝑖 , 𝑎)

𝑧 𝐴𝑖 

𝑎
𝛼𝑜𝑢𝑡(𝑧) = 𝑓(𝑧, 𝐴𝑜, 𝑎)

𝛼𝑡𝑖𝑝(𝑧) = 𝑓(𝛼𝑖𝑛, 𝛼𝑜𝑢𝑡)

 

  

 

 
𝐷

𝐿



 

 

 

𝑉𝑢𝑙𝑡,𝑑,Ι 

𝑉𝑢𝑙𝑡,𝑑,Ι = 𝑄𝑖 + 𝑄0 + 𝑄𝑡𝑖𝑝 + 𝑄𝑙𝑖𝑑⏟      
𝑊′



 

𝑉𝑢𝑙𝑡,𝑑,Ι
𝑄𝑙𝑖𝑑
𝑄𝑡𝑖𝑝
𝑄𝑖
𝑄𝑜
𝑊′

 

𝑉𝑢𝑙𝑡,𝑝𝑑,Ι 

𝑉𝑢𝑙𝑡,𝑝𝑑,Ι = 𝑄𝑖 + 𝑄0 + 𝑄𝑡𝑖𝑝 + 𝑄𝑙𝑖𝑑⏟      
𝑊′

+ 𝑄𝑝𝑤

 

𝑉𝑢𝑙𝑡,𝑝𝑑,Ι
𝑄𝑝𝑤

 

𝑞 = 𝑠𝑞 𝛿𝑞𝑑𝑞 𝑝 𝑁𝑞⏟        
𝑑𝑒𝑝𝑡ℎ 𝑜𝑟 𝑜𝑣𝑒𝑟𝑏𝑢𝑟𝑑𝑒𝑛 𝑡𝑒𝑟𝑚

+ 𝑠𝛾 𝛿𝛾𝑑𝛾 𝛾
𝐵

2
𝑁𝛾⏟        

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑟𝑚

+ 𝑠𝑐  𝛿𝑐  𝑑𝑐  𝑐 𝑁𝑐⏟        
𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 𝑡𝑒𝑟𝑚

 

 

𝑝 = 𝛾𝐿

𝐵 = 𝐷

𝐿

𝑠𝑞 = 1 ; 𝑠𝛾 = 0,6 ; 𝑠𝑐 = 1,3



𝛿𝑞 = 𝛿𝑐 = (1 −
𝜃
90°)

2

𝛿𝛾 = (1 −
𝜃
𝜙
)
2 = 1

𝑑𝑞 = 𝑑𝑐 = 𝑑𝛾 = 1

𝛾

𝑐

𝜙

𝑁𝑞 = 𝑒
𝜋 tan𝜙 tan2 (45° +

𝜙

2
)

𝑁𝛾 = 1,5(𝑁𝑞 − 1) tan𝜙

𝑁𝑐 = (𝑁𝑞 − 1) cot𝜙

𝛾′ 𝑐 

𝑠𝑢 𝜙 

 

𝑞 = 𝑠𝑞 𝛿𝑞𝑑𝑞 𝛾
′𝐿 𝑁𝑞⏟          

𝑑𝑒𝑝𝑡ℎ 𝑜𝑟 𝑜𝑣𝑒𝑟𝑏𝑢𝑟𝑑𝑒𝑛 𝑡𝑒𝑟𝑚

+ 𝑠𝛾 𝛿𝛾𝑑𝛾 𝛾
′ 𝐵

2
𝑁𝛾⏟          

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑟𝑚⏟          
=0 

+ 𝑠𝑐  𝛿𝑐  𝑑𝑐  𝑐 𝑁𝑐⏟        
𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 𝑡𝑒𝑟𝑚

 𝑉𝑢𝑙𝑡,𝑢,Ι 

𝑞

 

𝑉𝑢𝑙𝑡,𝑢,Ι = 𝑄0 + 𝑞 𝐴𝑏𝑎𝑠𝑒,𝑜  

 

 



 

 

𝑉𝑢𝑙𝑡,𝑑,𝛪𝛪 

𝑉𝑢𝑙𝑡,𝑑,ΙΙ = 𝑄𝑖 + 𝑄0 +𝑊
′  

𝑉𝑢𝑙𝑡,𝑑,ΙΙ

 

𝑉𝑢𝑙𝑡,𝑝𝑑,ΙΙ 

𝑉𝑢𝑙𝑡,𝑝𝑑,ΙΙ = 𝑄0 + 𝑄𝑝𝑤 +𝑊
′ +𝑊𝑝𝑙𝑢𝑔

′  

𝑉𝑢𝑙𝑡,𝑝𝑑,ΙΙ
𝑊𝑝𝑙𝑢𝑔
′

 

𝑉𝑢𝑙𝑡,𝑢,ΙΙ 



𝑞 

𝑉𝑢𝑙𝑡,𝑢,ΙΙ = 𝑄0 + 𝑞𝐴𝑜 +𝑊
′  

 

 

𝐻𝑢𝑙𝑡 



𝑧𝑎

𝐻𝑢𝑙𝑡  = 𝑁𝑝 𝐿 𝐷𝑜 𝑠𝑢̅  

 

𝐻𝑢𝑙𝑡

𝑁𝑝 = 𝑓 (
𝐿

𝐷
)

𝐿

𝐷𝑜
𝑠𝑢̅

 



 

 

(𝑉, 𝐻) 

(
H

Hult
)
a

 + (
V

Vult
)
b

= 1 

 

Hult , Vult
H, V

a, b L

D
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- 

- 

- 

Φ𝑜𝑢𝑡 −Φ𝑖𝑛
Φ𝑜𝑢𝑡 −Φ𝑖𝑛 − (𝑊𝑝𝑙𝑢𝑔)

Φ𝑜𝑢𝑡 −Φ𝑖𝑛 − 𝑃𝑝𝑤𝑝
Φ𝑜𝑢𝑡 −Φ𝑖𝑛 − 𝑃𝑝𝑤𝑝 −𝑊𝑝𝑙𝑢𝑔



- 

- 

𝐷

𝐿
 

 



− − − − − −
− −

𝜁𝑖𝑛,𝑑 𝜁𝑜𝑢𝑡,𝑑 − −
𝜉𝑚𝑎𝑥,𝑖𝑛,𝑑 𝜉𝑚𝑎𝑥,𝑜𝑢𝑡,𝑑

− − 𝜉𝑝𝑤𝑝,𝑢,𝐼 𝜉𝑝𝑙𝑢𝑔,𝑢,𝐼
𝜉𝑚𝑎𝑥,𝑖𝑛,𝑑 𝜉𝑚𝑎𝑥,𝑜𝑢𝑡,𝑑

𝜁𝑖𝑛,𝑑 𝜁𝑜𝑢𝑡,𝑑 − 𝜉𝑜𝑢𝑡,𝑢 𝜉𝑝𝑤𝑝,𝑢,𝐼𝐼 𝜉𝑝𝑙𝑢𝑔,𝑢,𝐼𝐼
𝜉𝑚𝑎𝑥,𝑖𝑛,𝑢 𝜉𝑚𝑎𝑥,𝑖𝑛,𝑢



 



 

 



 

 

 



 

 

 



  



 

  

 

 

 



 

 



 

 

 



 

 

 



  

  



 

 

 

  



 



 

  

  



   



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 



 

 

 

 



 

 



https://www.wind-energy-the-facts.org/
http://www.renewables-info.com/drawbacks_and_benefits/wind_energy_advantages_and_disadvantages.html


 

https://en.wikipedia.org/wiki/Wind_turbine
https://energy.gov/eere/wind/inside-wind-turbine-0


 





 

 

 

 

 

http://www.geotechdata.info/parameter/soil-young's-modulus.html
http://www.geotechdata.info/parameter/soil-young's-modulus.html
http://www.geotechdata.info/parameter/soil-young's-modulus.html
http://www.geotechdata.info/parameter/soil-young's-modulus.html
http://www.geotechdata.info/parameter.html



