






 

 

 

 

  

  

 

  

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

  

  

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 









 



 

 
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[𝑀]𝑥̈ +  [𝐶]𝑥̇ +  [𝐾]𝑥 = 𝐹(𝑡)

𝑥̈

𝑥̇

𝑥



𝑚𝑖)

𝑚𝑐)







Φ 

Φ = [𝜙(1)    𝜙(2)    𝜙(3) …   … 𝜙(𝑛)]

𝑥(𝑡) = Φy(t)

Φ𝑇
𝑀Φ𝑦̈ + Φ𝑇

𝐶Φ𝑦̇ + Φ𝑇
𝐾Φy = Φ𝑇

𝐹(𝑡)

Φ𝑇
𝑀Φ  Φ𝑇

𝐶Φ Φ𝑇
𝐾Φ

𝑚𝑖𝑦̈𝑖 +  𝑐𝑖𝑦𝑖̇ + 𝑘𝑖𝑦𝑖 = 𝑟𝑖

𝑦̈𝑖 +  2𝜉𝜔𝑖𝑦𝑖̇ + 𝜔𝑖
2𝑦𝑖 =

Φ𝑇𝐹(𝑡)

Φ𝑇𝑀Φ

𝜔𝑖 = √
𝑘𝑖

𝑚𝑖

𝜔𝑖 Φ𝑖 𝜉

𝑚𝑖 𝑘𝑖 𝑖



𝑥(𝑡) = ∑ Φ𝑖y𝑖(t)

𝑛

𝑖=1

𝑀𝑥̈ + 𝐾𝑥̇ = 0

𝑥(𝑡) = 𝐴𝑒𝑖𝜔𝑡

𝑥(𝑡)

(𝐾 −  𝜔2𝑀)Φ = 0

𝑑𝑒𝑡(𝐾 −  𝜔2𝑀)Φ = 0



 

 



 

 

 

 



 

𝟎, 𝟕𝟓

𝟎, 𝟑𝟕𝟓



𝟎, 𝟐𝟓 

𝟎, 𝟏𝟐𝟓



𝜉 = 0,005

 𝜉 = 0,02



𝑄0 = 𝐶𝐼𝑃  

𝑄0

 

 

 

𝐶 =  
2,75𝐴0

𝑔𝑅
(

𝑇´

𝑇∗
)

𝑛

(
0,05

𝜉
)

0,4

           

𝐴0

𝜉



𝐴0

𝐴0/𝑔

𝑅 = 𝑅𝜇𝑅𝛽𝑅Ω

𝑅𝜇 𝑅𝛽

𝑅Ω

𝑅𝑐 = 2.



𝑇𝐼 = 2𝜋√
𝑦

𝑔
  

𝑦

𝑇𝐼

𝑇𝑐 = 1.8𝐾𝑆√𝐷     

𝐾𝑆 =
0,578

√𝑡𝑎𝑛 (
3.68𝐻

𝐷 )

 



𝐻

𝑇𝑐

𝐾𝑆

𝑊𝑖 =
tanh (0,866

𝐷
𝐻)

0,866
𝐷
𝐻

 𝑊𝑝 ∙ 𝑔   

𝑊𝑖 =  [1.0 − 0,218
𝐷

𝐻
] 𝑊𝑝 ∙ 𝑔   

          𝑊𝑐 = 0,23
𝐷

𝐻
𝑡𝑎𝑛ℎ (

3.67𝐻

𝐷
) 𝑊𝑝 ∙ 𝑔                 

𝑊𝑝

𝑊𝑖

𝑊𝑐

𝑋𝑖 

𝑋𝑖 = 0,375𝐻  



𝑋𝑖 = [0,5 − 0, 094
𝐷

𝐻
] 𝐻  

𝑋𝑐

𝑋𝑐 = [1 − 
cosh (

3,67𝐻
𝐷 ) − 1

3,67𝐻
𝐷 sinh (

3,67𝐻
𝐷 )

] 𝐻   

𝑋𝑖

𝑋𝑐

𝜉 = 0,02 𝑦 𝑅 = 4 𝜉 = 0,005 𝑦 𝑅 = 2

𝑋𝑐



𝑋𝑖

𝑋𝑖

𝑆𝑎 =  
2,75𝐴0𝐼

𝑅
(

𝑇´

𝑇
)

𝑛

(
0,05

𝜉
)

0,4

  

𝑆𝑎

𝑆𝑎 𝐼𝐶𝑚á𝑥 𝑥𝑔 𝐶𝑚á𝑥 

𝐴0/𝑔



𝑆 = √∑ ∑ 𝐶𝑖𝑗𝑆𝑖𝑆𝑗

𝑗𝑖

                  

𝐶𝑖𝑗 =  
8𝜉2𝑟1,5

(1 + 𝑟)(1 − 𝑟)2 + 4𝜉2𝑟(1 + 𝑟)
                          

𝑟 =
𝑇𝑖

𝑇𝑗
                          

𝑆

𝑆𝑖𝑆𝑗

𝐶𝑖𝑗

𝜉

𝑇𝑖, 𝑇𝑗

𝐾𝑐 = 𝑚𝑐  
𝑔

𝑅
1,84 tanh (

1,84𝐻

𝑅
)                     

𝐾𝑐 =
𝐸𝐴

𝐿

𝐴 =
𝜋𝑑2

4

𝑚𝑐

𝐻

𝐸

𝑑

𝐿



𝑋𝑐

𝑑𝑚á𝑥 =
𝐷

2
∙ 𝑍 ∙ 𝑆 ∙ 𝐼 ∙ 𝐶𝑐                   

𝑑𝑚á𝑥

𝐴𝑜/𝑔

𝐶𝑐

𝐴𝑜/𝑔



𝜈𝑠

 𝜈𝑠

 𝛾𝑑

 

 𝑆𝑢

𝑞𝑢

 

 

 

 𝑆𝑢 𝑞𝑢

 

𝑆𝑢 𝑞𝑢



𝜉

 

 



𝐶𝑚á𝑥

𝜉 = 0,02 𝜉 = 0,03 𝜉 = 0,05

𝑅𝑖

𝑅𝑐

𝜉𝑖

𝜉𝑐 )





𝟎, 𝟕𝟓





𝟎, 𝟑𝟕𝟓



𝟎, 𝟐𝟓



𝟎, 𝟏𝟐𝟓



𝟎, 𝟕𝟓

𝟎, 𝟑𝟕𝟓



𝟎, 𝟐𝟓

𝟎, 𝟏𝟐𝟓









 

 



𝑋𝑖 𝑋𝑐)







𝑋𝑐







 

𝑇∗





 

 

 

 

 

 

 

 
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𝐾𝐶 = 𝜔𝑐
2𝑚𝑐 = 132.281 

𝑚𝑐

𝜔𝑐

𝐾𝐶



𝐾𝑖 = 𝜔𝑖
2(𝑚𝑖 +  𝑚𝑒 ) = 71.063.910 

 

𝑚𝑖 

𝑚𝑒 

𝜔𝑐

𝐾𝑖

[[
𝑚𝑖 0
0 𝑚𝑐

]] {
𝑥̈1

𝑥̈2
} + [

𝑘𝑖 + 𝑘𝑐 −𝑘𝑐

−𝑘𝑐 𝑘𝑐
] {

𝑥1

𝑥2
} = {

0
0

}

𝜔𝑖 𝜔𝑐

 

𝐾𝐶 = 132.030

𝐾𝑖 =  70.119.700



[
𝜙11 𝜙12

𝜙21 𝜙22
] = [

0 0.0052
0.0083 0

]



 

 

 





 





145 124

393
322

663
534

2283

1770

Corte basal total [kN]



205 165

586
459

1026

826

3052 3012

Momento total en el origen [kNm]





 





√𝑆1
2 + 𝑆2

2 ≤  𝑆1 + 𝑆2

𝑆1

𝑆2
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 
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 
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 

 
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