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𝑡𝑑𝑝 𝑡𝑑𝑑

𝑝𝑠0 𝑝𝑑0 𝑡𝑑𝑝 𝑡𝑑𝑑



𝑡𝑑  

 𝑃𝑠𝑜





𝐼𝑃

𝐼𝑃 = ∫ 𝑃𝑠(𝑡)

𝑡𝑑

0

 𝑑𝑡 = 0.5 ∙ 𝑃𝑠𝑜 ∙  𝑡𝑑      

𝑃𝑠(𝑡) 𝑃𝑠𝑜 𝑡𝑑

 𝐼𝑜

𝐴

𝐼0 = 𝐴∫ 𝑃𝑠(𝑡)

𝑡𝑑

0

 𝑑𝑡 = 𝐴 ∙ 0.5 ∙ 𝑃𝑠𝑜 ∙  𝑡𝑑      

 𝑡𝑑 = 2𝐼𝑃 𝑃𝑠𝑜⁄  

 



𝑃𝑠𝑜
𝑡𝑑





 𝑞𝑜

𝑞𝑜  =  𝑝𝑑 ∙ 𝐶𝑑        

𝑝𝑑 =
1

2
𝜌𝑣2 𝜌 𝑣

𝐶𝑑



𝑃𝑟
𝑃𝑠𝑜 𝐶𝑟

𝐶𝑟

𝑃𝑟  =  𝑃𝑠𝑜 ∙ 𝐶𝑟     



 



𝑝1 𝑡1 

 

 

 

 



𝑝𝑑



 







 

 

𝑚𝑢̈(𝑡)  + 𝑐𝑢̇(𝑡) + 𝑘𝑢(𝑡)  =  𝑝(𝑡)    

𝑢̈, 𝑢̇ 𝑢

𝑚 𝑐 𝑘 

𝑝(𝑡) 

𝑚𝑢̈(𝑡)  + 𝑐𝑢̇(𝑡) + 𝑘(𝑢)𝑢(𝑡)  =  𝑝(𝑡)    



 

𝑐

𝑚𝑢̈(𝑡)  + 𝑘(𝑢)𝑢(𝑡)  =  𝑝(𝑡)    

 

 𝑚

 𝑘

𝑐



𝑝(𝑡) 𝑓𝐼 = 𝑚𝑢̈

𝑓𝑆 = 𝑘𝑢 𝑓𝐷 = 𝑐𝑢̇



 

𝑴𝒖̈(𝑡) + 𝑪𝒖̇(𝑡) + 𝑲𝒖(𝑡) = 𝒑(𝑡)    

𝒖̈, 𝒖̇ 𝒖 𝑴 

𝑪 𝑲 𝒑(𝑡) 

 

𝑇𝑛



𝜔𝑛 = √
𝑘

𝑚
    [𝑟𝑎𝑑/𝑠]   

𝜔𝑛 𝑘 𝑚

𝑇𝑛 

𝑇𝑛 =
2𝜋

𝜔𝑛
      

 𝑓𝑛

𝑓𝑛 =
𝜔𝑛

2𝜋
=

1

𝑇𝑛
      



 𝜔𝑛
𝑇𝑛

[𝑲 − 𝜔𝑛
2 𝑴]𝝓𝑛 = 𝟎    

𝑲 𝑴 𝝓𝑛
𝜔𝑛

𝑑𝑒𝑡[𝑲 − 𝜔𝑛
2 𝑴] = 𝟎    

𝜔𝑛
2

𝜔𝑛
2

𝜔𝑛
𝝓𝑛



𝜔1 𝝓1

 

𝜎𝑦𝑜
𝐸

𝜎 = 𝐸 ∙ 𝜀      

𝜺𝒇𝒂𝒊𝒍𝒖𝒓𝒆

𝝈𝐮𝐥𝐭



𝜎𝑦

𝐸

𝜀𝑝

 𝜎𝑦

 𝜀𝑓𝑎𝑖𝑙𝑢𝑟𝑒 = 𝜀
𝑒 + 𝜀𝑓𝑎𝑖𝑙𝑢𝑟𝑒
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𝑀𝑦 𝑆 𝑀𝑝
𝑍 𝜎𝑦𝑜

𝑓𝑑𝑠 𝜎𝑦𝑜 𝑓𝑑𝑠
𝑀𝑝𝑢

𝜎𝑦𝑜
𝑓𝑑𝑠

𝑢



𝐹𝑖𝑛𝑡

 𝐹𝑖𝑛𝑡

µ
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µ =
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µ ∆𝑚𝑎𝑥
∆𝑦𝑖𝑒𝑙𝑑

 𝑀𝑝
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 𝑡 = 𝑡𝑑/2

𝑚𝑢̈(𝑡) + 𝑘𝑢(𝑡)  =  𝑝(𝑡)    

𝑡

𝑝𝑜

 𝑡𝑑 𝑇𝑛⁄



𝑡𝑑 𝑇𝑛⁄

  𝑝(𝑡)

𝑑

𝑑𝑡
(𝑚𝑢̇) = 𝑝(𝑡)      

𝑚 𝑢̇ 𝑝(𝑡)

𝑢̈

𝑚𝑢̈ = 𝑝(𝑡)      

∫ 𝑝(𝑡)

𝑡2

𝑡1

 𝑑𝑡 = 𝑚(𝑢̇2 − 𝑢̇1) = 𝑚∆𝑢̇ 

𝑓𝑆 = 𝑘𝑢 𝑓𝐷 = 𝑐𝑢̇

𝐼𝑜 = 𝑚∆𝑢̇ = 𝑚𝑢̇(0)  →   𝑢̇(0) =
𝐼𝑜

𝑚
 

𝑢(0) = 0  𝑢̇(0)



𝑢0

𝑢0 = 
𝐼0

𝑚𝜔𝑛
= 𝐼0

2𝜋

𝑘𝑇𝑛
      

   𝐷𝐴𝐹 =
𝑢0

(𝑢𝑠𝑡)0
= 𝜋

𝑡𝑑
𝑇𝑛
     

𝑡𝑑 𝑇𝑛⁄

 𝑡𝑑 𝑇𝑛 < 1/4 ⁄



 𝑡𝑑 𝑇𝑛 > 1/2 ⁄

 𝑡𝑑 𝑇𝑛 < 1/2 ⁄

 𝑡𝑑 𝑇𝑛⁄

𝜏  𝑇



𝑡𝑑 𝑇𝑛⁄

 

𝑇𝑛



𝑇𝑛

𝑡𝑑
𝑇𝑛 

 

 𝑦 𝑦̇ 𝑦̈  𝑢 𝑢̇ 𝑢̈

 𝑦𝑒𝑙
𝑦𝑚

µ 

𝐹(𝑡) 𝐹1 𝑝(𝑡)  𝑝𝑜

 𝑅𝑀
 𝑦𝑒𝑙 𝑦𝑚



 𝑦𝑚  𝐹(𝑡)

𝐹1  𝑡𝑑
 𝑚 𝑘  𝑅𝑀 𝑇𝑛

 𝑦𝑒𝑙 𝑡𝑑 𝑇𝑛⁄ 𝑅𝑀 𝐹1⁄

µ

  𝑦𝑚 = µ ∙  𝑦𝑒𝑙



𝐹1

 𝑅𝑀 𝐹1⁄ = 2

 𝑅𝑀 𝐹1⁄ > 2 

𝑦𝑚 𝑡𝑚

𝑘

 𝑅(𝑦)

𝑚𝑦̈(𝑡) + 𝑅(𝑦)  =  𝐹(𝑡)    



𝑅(𝑦)

𝑅(𝑦)

𝑅(𝑦) =   {

𝑘𝑦                          
𝑅𝑀                         
𝑅𝑀 − 𝑘(𝑦𝑚 − 𝑦)

       

𝑖𝑓                      0 < 𝑦 < 𝑦𝑒𝑙
𝑖𝑓                    𝑦𝑒𝑙 < 𝑦 < 𝑦𝑚
𝑖𝑓    (𝑦𝑚 − 2𝑦𝑒𝑙) < 𝑦 < 𝑦𝑚

     

𝑅(𝑦)

 



𝑇𝑛

 

𝑈1𝑚𝑎𝑥
 

∑𝑅𝐹1

𝑈1𝑚𝑎𝑥
𝑦𝑒𝑙 ∑𝑅𝐹1

 𝑅𝑀

𝑦𝑒𝑙 𝑅𝑀

µ 𝑦𝑒𝑙
𝑦𝑚 𝑦𝑚

µ

𝑡𝑑 𝑇𝑛⁄ 𝑡𝑑
𝑇𝑛

𝑡𝑑 𝑇𝑛⁄ µ

µ = 5  0.5 < 𝑡𝑑 𝑇𝑛⁄ < 2

𝑡𝑑 𝑇𝑛⁄ = 1

𝑅𝑀 𝐹1⁄ = 0.6 𝑅𝑀 𝐹1⁄ = 0.7

𝑅𝑀 𝐹1⁄

𝑅𝑀 𝐹1⁄



𝐹1  𝑅𝑀

(𝑅𝑀 𝐹1)⁄  
𝑅𝑀

𝐹1
=

(𝑅𝑀 𝐹1)⁄ →  𝐹1 =
𝑅𝑀

(𝑅𝑀 𝐹1)⁄

 𝐹1

 µ

𝐹1

𝐹1
 𝑝1,𝑙𝑖𝑚𝑖𝑡 𝐴𝐵𝑙𝑎𝑠𝑡

𝐴𝐵𝑙𝑎𝑠𝑡

  𝑝1,𝑙𝑖𝑚𝑖𝑡
  𝑝1,𝑙𝑖𝑚𝑖𝑡 = 𝐹1 𝐴𝐵𝑙𝑎𝑠𝑡⁄

 𝑝1,𝑙𝑖𝑚𝑖𝑡

  𝑝1,𝑙𝑖𝑚𝑖𝑡
𝑝1

 𝑝1,𝑙𝑖𝑚𝑖𝑡 > 𝑝1

 𝑝1,𝑙𝑖𝑚𝑖𝑡 < 𝑝1

 𝑝1,𝑙𝑖𝑚𝑖𝑡 > 𝑝1





 

Analysis Label FE Model Analysis Type  Dependency on preceding FEA 

A.1 A Static None 

B.1 B Static A.1 

B.2 B Static pushover A.1, B.1 

B.3 B Eigen frequency A.1  

B.4 B Full nonlinear A.1, B.1, B.2  

B.5 B Full nonlinear A.1, B.1, B.2 

B.6 B Full nonlinear A.1, B.1, B.2 



 

 

 
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Pipe 

Line 

Pipe Section Properties 

 

Diameter (OD) [mm]   Wall Thickness [mm] 

Fluid Content/ 

Density (𝝆𝒇𝒍𝒖𝒊𝒅) 

[kg/m
3
]  

Material Code 

43057 457 12.7 Gas, Flare / 13.24 A312 S31254 

43127 273.1 4.19 Gas, Flare / 2 A790 S31803 

20009 323.9 6.35 Hydrocarbons 

vapor / 19 

A790 S31803 

41009P/ 

41001P 

219.1 8.18 Fresh Water / 900 A333 6 

43119 168.3 11 Gas, Flare / 13.24 A312 S31254 

50023 219.1 4.9 Sea water / 1018 GRE 

50010 168.3 3.9 Sea water / 1027 GRE 

 



Section Profile 

 

Number of 

Structural Elements 

Color Code 

Figure 5-7 

Section Properties [m] 

SHS150x8.0 25 Dark blue See Figure 5-8 (a) 

SHS150x6.0 20 Light blue See Figure 5-8 (b) 

IPE120 1 Red See Figure 5-8 (c) 



 

 

 

 



𝑦𝑚 𝑝1,𝑙𝑖𝑚𝑖𝑡

Failure Criterion Response 

Quantity 

Max. allowable global deflection ± 100 mm 

Max. allowable plastic strain, 𝜀𝑓𝑎𝑖𝑙𝑢𝑟𝑒
𝑝

 

 

Numerical value / (Theoretical value) 

3.0% / (15.3%) 

 



Density  

 

[kg/m
3
] 

Young’s 

Modulus, 𝑬 

[MPa]  

Poisson’s 

Ratio 

 

Yield 

Stress, 𝝈𝒚𝒐  

[MPa] 

Ultimate 

Stress, 𝝈𝒖𝒍𝒕 
[MPa] 

Max. allowable plastic 

strain, 𝜺𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝒑

  

[%] 

7833.334 205.0E+3 0.3 355 510 15.3 

𝝈

𝜺
𝜺𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝒑𝜺𝒆

𝝈𝒖𝒍𝒕

𝝈𝒚𝒐

𝑬



 

 

𝑝1

Peak Design Pressure, p1 [kPa] Pulse Duration, t1 [ms] 

20 50-200 



 



𝑦𝑒𝑙 𝑅𝑀

𝑇𝑛





 

 

Pipe Line Pipe Support Simplified Calculations 

𝒎𝒑𝒔 [kt] 

Analysis A.1 Results 

𝒎𝒑𝒔 [kt] 

43057 5016 6.12E-04 7.04E-04 

5015 5.85E-04 4.62E-04 

5013 7.54E-04 8.08E-04 

43127 5016 6.95E-05 7.11E-05 

5015 7.81E-05 8.31E-05 

5014 7.81E-05 6.11E-05 

5013 1.11E-04 1.18E-04 

20009 5015 2.65E-04 2.69E-04 

5013 2.80E-04 2.88E-04 

41009P/ 

41001P 

5008 1.70E-04 1.73E-04 (41009P) / 

1.25E-04 (41001P) 

5007 1.97E-04 1.56E-04 (41009P) / 

1.71E-04 (41001P) 

5006 2.95E-04 3.19E-04 (41009P) / 

3.15E-04 (41001P) 

43119 5008 2.14E-04 3.69E-04 

5007 1.20E-04 1.97E-06  



5006 1.20E-04 1.51E-04 

5005 1.20E-04 1.11E-04 

50023 5008 9.87E-05 9.67E-05 

5007 1.13E-04 1.16E-04 

5006 1.13E-04 1.12E-04 

5005 1.13E-04 1.13E-04 

50010 5008 4.61E-05 4.03E-05 

5007 6.76E-05 7.45E-05 

5006 6.76E-05 6.55E-05 

5005 6.76E-05 6.79E-05 

Sum of masses = ∑ 𝒎𝒑𝒔  5.41E-03 5.44E-03 

𝑅𝐹1

 𝑃𝐿

Pipe 

Line 

Pipe 

Support 

Simplified 

Calculations  

Analysis A.1 Results 

PL [kN]  RF1 [kN] RF2 [kN] RF3 [kN] 

43057 5016 0 0 0 -0.2 

5015 45.9 -50.5 0 -2.0E-03 

5013 40.5 -43.7 0 0.1 

43127 5016 0 0 0 -0.1 

5015 26.0 -28.5 0 1.4E-02 

5014 0 0 0 2.8E-02 

5013 24.2 -28.3 6.8 -0.1 

20009 5015 22.6 -31.7 0 1.7 

5013 35.6 -37.0 0 -0.4 

41009P/ 

41001P 

5008 10.4 -10.6 (41009P)/ 

-7.7 (41001P) 

0 (41009P)/ 

0 (41001P) 

1.2E-17 (41009P)/ 

7.7E-18 (41001P) 

5007 12.1 -9.6 (41009P)/ 

-10.5 (41001P) 

0 (41009P)/ 

0 (41001P) 

-3.0E-17 (41009P)/ 

-2.0E-17 (41001P) 

5006 18.1 -19.5 (41009P)/ 

-19.3 (41001P) 

0 (41009P)/ 

0 (41001P) 

2.0E-17 (41009P)/ 

1.3E-17 (41001P) 

43119 5008 11.9 -12.4 0.000 -1.4 

5007 9.3 -8.1 0 0.7 

5006 9.3 -9.6 0.07 -0.2 

5005 9.3 -9.2 0 0.1 



50023 5008 16.5 -14.5 0 -2.9E-15 

5007 0 0 0 8.4E-15 

5006 24.1 -26.8 0 -1.0E-14 

5005 0 0 0 8.1E-15 

50010 5008 6.3 -5.5 0 -3.3E-18 

5007 9.3 -10.2 0 8.2E-18 

5006 9.3 -9.0 0 -7.4E-18 

5005 9.3 -9.3 0 3.7E-18 

∑ Forces in global X 390.6 -411.5 

   



𝑃𝐿  

𝑅𝐹1

𝑅𝐹2 𝑅𝐹3



 









 

Analysis Label Governing Load Procedure Direction of Blast Load 

B.2_1 Load Procedure 2 Global +X direction 

B.2_2 Load Procedure 2 Global -X direction 

B.2_3 Load Procedure 3 Global +X direction 

B.2_4 Load Procedure 3 Global -X direction 

Frame 

Section 

Lower Rack Level Upper Rack Level 

Load Procedure 

2 

Load Procedure 

3 

Load Procedure 

2 

Load Procedure 

3 

∑ PL [MN] PnL [MN]  ∑ PL [MN] PnU [MN]  

1 0.0309 0.0060 0 0 

2 0.0261 0.0121 0.0586 0.0251 



3 0.0441 0.0121 0.0000 0 

4 0.0140 0.0046 0.0680 0.0126 

∑ Forces 0.115 0.0348 0.1265 0.0377 

∑𝑃𝐿 𝑃𝑛𝐿/𝑃𝑛𝑈

𝜎𝑦𝑜

 𝜎𝑚𝑎𝑥
 𝑈1𝑚𝑎𝑥

𝑦𝑒𝑙
 ∑𝑅𝐹1

𝑅𝑀
 

Analysis B.2_1 Results  Interpolated Values at Initial 

Yield, 𝝈𝒚𝒐 Increment no. 13 < 𝝈𝒚𝒐 Increment no. 14 > 𝝈𝒚𝒐 

𝝈𝒎𝒂𝒙 

[MPa] 
𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

𝝈𝒎𝒂𝒙 

[MPa] 
𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

𝝈𝒚𝒐 

[MPa] 

𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

340.5 11.29 -1652.10 366.7 12.16 -1779.19 355.0 11.78 -1722.44 

Load amplitude = 3.25 Load amplitude = 3.5 Load amplitude = 3.39 



Analysis B.2_2 Results Interpolated Values at Initial 

Yield, 𝝈𝒚𝒐 Increment no. 13 < 𝝈𝒚𝒐 Increment no. 14 > 𝝈𝒚𝒐 

𝝈𝒎𝒂𝒙 

[MPa] 
𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

𝝈𝒎𝒂𝒙 

[MPa] 
𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

𝝈𝒚𝒐 

[MPa] 

𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

339.5 -11.30 1675.14 365.6 -12.17 1804.00 355.0 -11.82 1751.67 

Load amplitude = 3.25 Load amplitude = 3.5 Load amplitude = 3.40 



Analysis B.2_3 Results Interpolated Values at Initial 

Yield, 𝝈𝒚𝒐 Increment no. 16 < 𝝈𝒚𝒐 Increment no. 17 > 𝝈𝒚𝒐 

𝝈𝒎𝒂𝒙 

[MPa] 
𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

𝝈𝒎𝒂𝒙 

[MPa] 
𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

𝝈𝒚𝒐 

[MPa] 

𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

335.3 9.95 -1357.36 356.2 10.57 -1442.19 355.0 10.53 -1437.32 

Load amplitude = 4.0 Load amplitude = 4.25 Load amplitude = 4.24 



Analysis B.2_4 Results Interpolated Values at Initial 

Yield, 𝝈𝒐𝒚 Increment no. 16 < 𝝈𝒚𝒐 Increment no. 17 > 𝝈𝒚𝒐 

𝝈𝒎𝒂𝒙 

[MPa] 
𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

𝝈𝒎𝒂𝒙 

[MPa] 
𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

𝝈𝒚𝒐 

[MPa] 

𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

341.0 -9.87 1388.92 362.3 -10.48 1475.72 355.0 -10.27 1445.97 

Load amplitude = 4.0 Load amplitude = 4.25 Load amplitude = 4.16 



1
3.25⁄

Analysis B.2_1 Results  Interpolated Values at Load 

Amplitude of 1 Increment no. 13 < 𝝈𝒚𝒐 

𝝈𝒎𝒂𝒙 

[MPa] 

𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

𝝈𝒎𝒂𝒙 

[MPa] 

𝑼𝟏𝒎𝒂𝒙 

[mm] 

∑𝑹𝑭𝟏 

[kN] 

340.5 11.29 -1652.10 104.8 3.47 -529.98 

Load amplitude = 3.25 Load amplitude = 1.0 

 

Natural Mode of Vibration / 

Figure Reference 

Characteristics of Mode 

Shape 

Natural Cyclic 

Frequency 

 𝒇𝒏 [hertz] 

Natural Period 

𝑻𝒏 [ms] 

1
st
 Mode /  (a) Local displacements in 

longitudinal direction. 

21.666 46.155 



2
nd

 Mode /  Global displacements in 

transverse direction. 

23.680 42.230 

3
rd

 Mode /  (b) Local displacements in 

longitudinal direction. 

24.844 40.251 

4
th

 Mode /  (a) Global displacements in 

longitudinal direction. 

33.160 30.157 

5
th

 Mode /  (b) Local displacements in 

vertical direction. 

34.194 29.245 

6
th

 Mode /  (a) Local displacements in 

vertical direction. 

35.021 28.554 

7
th

 Mode /  (b) Global displacements in 

multiple directions. 

36.420 27.457 

8
th

 Mode /  (a) Local displacements in 

vertical direction. 

36.750 27.211 

9
th

 Mode /  (b) Local displacements in 

vertical direction. 

37.284 26.821 

10
th

 Mode /  (a) Local displacements in 

multiple directions. 

38.219 26.165 

11
th

 Mode /  (b) Local displacements in 

vertical direction. 

38.818 25.761 

12
th

 Mode /  (a) Local displacements in 

multiple directions. 

39.336 25.422 

13
th

 Mode /  (b) Global displacements in 

longitudinal direction. 

41.605 24.036 

14
th

 Mode /  (a) Local displacements in 

longitudinal directions. 

45.605 21.927 

15
th

 Mode /  (b) Local displacements in 

vertical directions. 

46.667 21.428 

16
th

 Mode /  (a) Local displacements in 

longitudinal directions. 

48.400 20.661 

17
th

 Mode /  (b) Global displacements in 

transverse direction. 

50.688 19.729 

18
th

 Mode /  (a) Local displacements in 

multiple directions. 

56.827 17.597 

19
th

 Mode /  (b) Local displacements in 

vertical directions. 

60.711 16.471 

20
th

 Mode /  (a) Global displacements in 

multiple directions. 

62.181 16.082 

21
st
 Mode /  (b) Global displacements in 

longitudinal direction. 

64.939 15.399 

22
nd

 Mode /  (a) Global displacements in 

vertical direction. 

66.081 15.133 

23
rd

 Mode /  (b) Local displacements in 

vertical directions. 

68.744 14.547 

24
th

 Mode /  (a) Local displacements in 

multiple directions. 

70.184 14.248 



25
th

 Mode /  (b) Global displacements in 

vertical direction. 

72.486 13.796 

26
th

 Mode /  (a) Local displacements in 

vertical directions. 

73.693 13.570 

27
th

 Mode /  (b) Global displacements in 

vertical direction. 

75.637 13.221 

28
th

 Mode /  (a) Global displacements in 

transverse direction. 

78.405 12.754 

29
th

 Mode /  (b) Global displacements in 

vertical direction. 

80.613 12.405 

30
th

 Mode /  Global displacements in 

transverse direction. 

82.560 12.112 











𝑇𝑛 = 42.23 𝑚𝑠 ≈ 42 𝑚𝑠

 

 𝑡𝑑 𝑇𝑛⁄

 𝑇𝑛 = 42 𝑚𝑠



 𝑡𝑑 𝑇𝑛⁄

 𝑡𝑑 = 50 𝑚𝑠 𝑇𝑛 = 42 𝑚𝑠 →  𝑡𝑑 𝑇𝑛⁄ ≈ 1.19

 𝑡𝑑 = 96 𝑚𝑠 𝑇𝑛 = 42 𝑚𝑠 →  𝑡𝑑 𝑇𝑛⁄ ≈ 2.29

 𝑡𝑑 = 126 𝑚𝑠 𝑇𝑛 = 42 𝑚𝑠 →  𝑡𝑑 𝑇𝑛⁄ = 3.00





𝜎𝑚𝑎𝑥 𝑈1𝑚𝑎𝑥

Pulse Duration, 𝒕𝒅 [ms] DAF 𝝈𝒎𝒂𝒙 [MPa] 𝑼𝟏𝒎𝒂𝒙 [mm] 

50 1.45 152.0 5.03 

96 0.98 102.7 3.40 

126 1.17 122.6 4.06 

 

𝑝1,𝑙𝑖𝑚𝑖𝑡

𝑦𝑚

Input Parameter Governing B.2 Analysis 

B.2_1 B.2_2 B.2_3 B.2_4 

𝑦𝑒𝑙 [mm] 11.78 11.82 10.53 10.27 

𝑦𝑚 [mm] 100 100 100 100 

𝑅𝑀 [kN] 1722.44 1751.67 1437.32 1445.97 

𝑇𝑛 [ms] 42 42 42 42 

 𝑡𝑑 [ms]  50-200 50-200 50-200 50-200 

𝐴𝐵𝑙𝑎𝑠𝑡 [m
2
] 31.54 31.54 31.54 31.54 

𝑅𝑀 𝐹1⁄

𝑦𝑚 𝑦𝑒𝑙⁄ 𝑡𝑑 𝑇𝑛⁄

𝑅𝑀 𝐹1⁄



100

11.82

𝑡𝑑 𝑇𝑛⁄
50

42
𝑡𝑑 𝑇𝑛⁄

200

42

100

10.27



𝑅𝑀 𝐹1⁄ = 0.8

𝑦𝑚 𝑦𝑒𝑙⁄

𝑡𝑑 𝑇𝑛⁄

𝑅𝑀 𝐹1⁄

𝐹1 𝑝1,𝑙𝑖𝑚𝑖𝑡

Output Parameter Governing B.2 Analysis 

B.2_1 B.2_2 B.2_3 B.2_4 

Max. ratio 𝑅𝑀 𝐹1⁄   0.8 0.8 0.8 0.8 

𝐹1 [kN] 2153.05 2189.59 1796.65 1807.46 

𝑝1,𝑙𝑖𝑚𝑖𝑡 [kPa] 68.3 69.4 57.0 57.3 

 

 𝜎𝑚𝑎𝑥
 𝑈1𝑚𝑎𝑥
 

𝑡𝑚𝑎𝑥,𝑟𝑒𝑠𝑝  



 

 𝜀𝑚𝑎𝑥
𝑝

Pulse Duration, 𝒕𝒅  

[ms] 

Dynamic Stress Response Dynamic Displacements and Plastic 

Straining 

𝝈𝒎𝒂𝒙  

[MPa] 

𝒕𝒎𝒂𝒙,𝒓𝒆𝒔𝒑   

[ms] 

Location 𝑼𝟏𝒎𝒂𝒙 

[mm] 

𝒕𝒎𝒂𝒙,𝒓𝒆𝒔𝒑  

[ms] 

Location 𝜺𝒎𝒂𝒙
𝒑

  

[%] 

50 143.1 31.1 1 5.05 32.6 2 0 

65 127.6 36.5 1 4.39 36.5 3 0 

80 109.5 43.0  1 3.70 40.6  3 0 

95 100.1 52.8 1 3.33 55.7 3 0 

110 108.0 65.2  1 3.73 65.2 3 0 

125 115.9 71.1 1 3.98 71.1 3 0 

140 116.6 77.2 1 3.99 77.2 3 0 

155 112.8 80.4  1 3.81 80.4  3 0 

170 105.9 87.4  1 3.54 87.4  3 0 

185 100.9 99.7 1 3.37 99.7 3 0 

200 105.2 107.5 1 3.54 113.5 3 0 



𝑡𝑑 𝑇𝑛⁄

𝑡𝑚𝑎𝑥,𝑟𝑒𝑠𝑝  

 

 𝜎𝑚𝑎𝑥
 𝑈1𝑚𝑎𝑥
 𝜀𝑚𝑎𝑥

𝑝

 

𝑡𝑚𝑎𝑥,𝑟𝑒𝑠𝑝  

 



Pulse 

Duration, 𝒕𝒅  

[ms] 

Dynamic Stress Response Dynamic Displacements and Plastic Straining 

𝝈𝒎𝒂𝒙  

[MPa] 

𝒕𝒎𝒂𝒙,𝒓𝒆𝒔𝒑   

[ms] 

Location 𝑼𝟏𝒎𝒂𝒙 

[mm] 

𝒕𝒎𝒂𝒙,𝒓𝒆𝒔𝒑  

[ms] 

Location 𝜺𝒎𝒂𝒙
𝒑

 

[%]  

𝒕𝒎𝒂𝒙,𝒓𝒆𝒔𝒑  

[ms] 

Location 

50 362.1 142.8 1 17.59 32.2 2 0.7 142.8 1 

65 357.1 37.8 4 15.24 35.9 3 0.3 37.8 1 

80 355.3 40.9 4 12.83 40.9 3 0.1 43.3 1 

95 339.4 52.0 1 11.47 57.7 3 0.03 52.0 1 

110 355.2 64.6 4 12.86 64.6 3 0.09 64.6 1 

125 355.8 71.7 1 13.82 71.7 3 0.16 71.7 1 

140 355.9 74.6 1 13.81 74.6 3 0.18 78.8 1 

155 355.8 81.8 1 13.32 81.8 3 0.15 81.1 1 

170 355.1 88.8 4 12.35 83.7 3 0.09 88.8 1 

185 340.8 96.4 1 11.69 101.9 3 0.04 96.4 1 

200 355.0 111.2 4 12.36 111.2 3 0.08 111.2 1 



 𝑈1𝑚𝑎𝑥





 

 𝑈1𝑚𝑎𝑥
 𝜀𝑚𝑎𝑥

𝑝

 

𝑡𝑚𝑎𝑥,𝑟𝑒𝑠𝑝  

 



Pulse Duration, 𝒕𝒅  

[ms] 

Dynamic Displacements and Plastic Straining 

𝑼𝟏𝒎𝒂𝒙 

[mm] 

𝒕𝒎𝒂𝒙,𝒓𝒆𝒔𝒑  

[ms] 

Location 𝜺𝒎𝒂𝒙
𝒑

 

[%]  

𝒕𝒎𝒂𝒙,𝒓𝒆𝒔𝒑  

[ms] 

Location 

50 26.55 35.2 2 3.06 145.4 4 

65 22.63 39.9 2 1.64 153.8 1 

80 18.99 45.0 3 0.96 45.0 5 

95 17.22 58.2 3 0.60 55.3 5 

110 18.91 67.2 3 0.80 67.2 1 

125 20.73 74.0 3 1.10 140.1 1 

140 21.05 79.8 3 1.17 148.6 1 

155 20.16 84.3 3 1.06 84.3 5 

170 18.79 91.3 3 0.84 91.3 5 

185 17.79 99.3 3 0.67 99.3 5 

200 18.12 114.4 3 0.74 114.4 1 

 𝑈1𝑚𝑎𝑥 = 26.55 𝑚𝑚







𝑦𝑒𝑙

𝑈1𝑚𝑎𝑥

 𝜇 = 26.55
11.78⁄ ≈ 2.25

 1 − 1 4.8⁄ ≈ 79%

96
69.4⁄ ≈ 1.38

 𝑅𝑀 𝐹1⁄ 𝜇 = 2.25

𝑡𝑑 𝑇𝑛⁄ = 1.19

𝑅𝑀 𝐹1⁄

 𝑅𝑀 𝐹1⁄



𝑅𝑀 𝐹1⁄ ≈ 0.57 𝑡𝑑 𝑇𝑛⁄ = 1.19





 

𝑅𝑀 



𝑅𝑀 𝜎𝑦𝑜

𝑅𝑀











 SI Unit Description 

Length m meters 

Force MN MegaNewton 

Moment MNm MegaNewtonmeter 

Stress MN/m
2
 (MPa) MegaPascal 

Acceleration m/s
2
 (g=9.81 m/s

2
) Meter pr. square second 

Mass kt kilotonnes 

Density kt/m
3
 Kilotonnes pr. cubic meter 

Moment of inertia m
4
 Meter in fourth 

Sectional Modulus m
3
 Meter in cubic 

Support 

Function 

DOF1 / 

Global 

UX 

DOF2 / 

Global 

UY 

DOF3 / 

Global 

UZ 

DOF4 / 

Global 

URX 

DOF5 / 

Global 

URY 

DOF6 

Global 

URZ 

RS   x    

HD   x    

LG x      

LS  x     



Support 

Label 

Support 

Type 

Support 

Functions  

Global Coordinates [m] 

        X                     Y                      Z 

0411 External Fully Fixed 383.911 162.95 535.5 

5016 Internal RS 379.69 161 535.5 

5015 Internal RS,LG,HD,LS 379.69 158.25 535.5 

5013 Internal RS,LG,HD 379.69 152.75 535.5 

0074 External Fully Fixed 381.69 149.384 535.5 



Support 

Label 

Support 

Type 

Support 

Functions  

Global Coordinates [m] 

        X                     Y                      Z 

0253 External Fully Fixed 381.125 162.5 535.5 

5016 Internal RS, HD 380.2 161 535.5 

5015 Internal RS,LG,HD 380.2 158.25 535.5 

5014 Internal RS, HD 380.2 155.5 535.5 

5013 Internal RS,LG,HD,LS 380.2 152.75 535.5 

0074 External Fully Fixed 382.1 149.384 535.5 

Support 

Label 

Support 

Type 

Support 

Functions  

Global Coordinates [m] 

        X                     Y                      Z 

0303 External Fully Fixed 382.55 159.343 535.32 

5015 Internal RS, LG, HD 378.35 158.25 535.5 

5013 Internal RS,LG, HD 378.35 152.75 535.5 

5012 External Fully Fixed 378.35 147.25 535.5 



Support 

Label 

Support 

Type 

Support 

Functions  

Global Coordinates [m]  

41009P/41001P 

        X                      Y                      Z 

5008 Internal RS, LG, HD 380.7/379.635 161 534.640015 

5007 Internal RS,LG, HD 380.7/379.635 158.25 534.640015 

5006 Internal RS,LG, HD 380.7/379.635 155.5 534.640015 

5004 External Fully Fixed 380.7/379.635 150 534.640015 

41009P 



Support 

Label 

Support 

Type 

Support 

Functions  

Global Coordinates [m] 

        X                  Y                    Z 

0742 External Fully Fixed 384.912 163.164 533.038 

5008 Internal RS, LG, HD 379.285 161 534.640015 

5007 Internal RS,LG, HD 379.285 158.25 534.640015 

5006 Internal RS,LG, HD, LS 379.285 155.5 534.640015 

5005 Internal RS,LG, HD 379.285 152.75 534.640015 

5004 External Fully Fixed 379.285 150 534.640015 

Support 

Label 

Support 

Type 

Support 

Functions  

Global Coordinates [m] 

        X                     Y                      Z 

5008 Internal RS, LG, HD 378.96 161 534.640015 

5007 Internal RS, HD 378.96 158.25 534.640015 

5006 Internal RS, LG, HD 378.96 155.5 534.640015 

5005 Internal RS, HD 378.96 152.75 534.640015 

5004 External Fully Fixed 378.96 150 534.640015 



Support 

Label 

Support 

Type 

Support 

Functions  

Global Coordinates [m] 

        X                     Y                      Z 

5008 Internal RS, LG, HD 378.665 161 534.640015 

5007 Internal RS, LG, HD 378.665 158.25 534.640015 

5006 Internal RS, LG, HD 378.665 155.5 534.640015 

5005 Internal RS, LG, HD 378.665 152.75 534.640015 

5004 External Fully Fixed 378.665 150 534.640015 

Support Type Constrained DOFs 

DOF1 / 

Global 

UX 

DOF2 / 

Global 

UY 

DOF3 / 

Global 

UZ 

DOF4 / 

Global 

URX 

DOF5 / 

Global 

URY 

DOF6 

Global 

URZ 

Gusset Plate 

Connection 

x x x  x x 

Direct Weld x x x x x x 



𝜌𝑚𝑜𝑑

𝑊𝑚𝑝𝑖𝑝𝑒 = 𝜋 ∙ (𝑟𝑜
2 − 𝑟𝑖

2) ∙ 𝜌 

𝑊𝑚𝑝𝑖𝑝𝑒 𝑟𝑜 𝑟𝑖
𝜌

𝑊𝐶𝑚𝑝𝑖𝑝𝑒 = 𝜋 ∙ 𝑟𝑖
2 ∙ 𝜌𝑓𝑙𝑢𝑖𝑑 

𝑊𝐶𝑚𝑝𝑖𝑝𝑒 𝜌𝑓𝑙𝑢𝑖𝑑

𝐹𝐶𝐹 = 1 +
𝑊𝐶𝑚𝑝𝑖𝑝𝑒

𝑊𝑚𝑝𝑖𝑝𝑒
  

Material 

Code 

Density 

[kg/m
3
] 

Young’s 

Modulus 

[MPa]  

Yield Stress 

[MPa] 

Poisson’s 

Ratio 

Material 

Description 

A312 S31254 8000.0 200.0E+3 303 0.292 Stainless steel, 

isotropic.  

A790 S31803 8027.2 195.1285E+3 448.159 0.292 Duplex stainless 

steel, isotropic.  

A333 6 7833.440 203.4025E+3 241.325 0.292 Carbon steel, 

isotropic. 

GRE 1849 12.0E+3 85.0 0.35 Glass fiber reinforced 

epoxy, anisotropic. 

Mechanical 

properties provided 

herein correspond to 

axial bending mode. 



Pipe 

Line 

Fluid Content 

Factor (FCF) 

Modified Material Density (𝝆𝒎𝒐𝒅) 

[kg/m
3
] 

43057 1.014 ≈ 1.0 N/A. Refer to Table 5-2 & Table A-11. 

43127 1.004 ≈ 1.0 N/A. Refer to Table 5-2 & Table A-11. 

20009 1.028 ≈ 1.0 N/A. Refer to Table 5-2 & Table A-11. 

41009P/ 

41001P 

1.684  13191.513 

43119 1.005 ≈ 1.0 N/A. Refer to Table 5-2 & Table A-11. 

50023 6.745  12471.505 

50010 6.597  12164.571 

𝐴𝐿𝑆 = 1.0𝐺 +  1.0𝑄 + 1.0𝐷 + 1.0𝐴 

𝐺 𝑄 𝐷

𝐴

Load 

Case 

Load 

Action 

Description 

1 G Dead-weight in Global -Z Direction 

2 A Blast Load in Global +X Direction 

3 A Blast Load in Global -X Direction 

4 A Blast Load in Global +Y Direction 

5 A Blast Load in Global -Y Direction 

6 A Blast Load in Global +Z Direction 

7 A Blast Load in Global -Z Direction 



𝐿𝑡

𝐿𝑡



𝐿𝑡

𝐿𝑡

0411 



Pipe 

Line 

Pipe 

Support 

Direction of Loading 

Transverse Longitudinal Vertical 

Lt [m] Lt [m] Lt [m] 

43057 5016 0 0 4.314 

 5015 5.027 1.947 4.125 

 5013 4.433 0 5.316 

43127 5016 0 0 2.446 

 5015 4.763 0 2.750 

 5014 0 0 2.750 

 5013 4.433 0.422 3.891 

20009 5015 3.491 0 5.214 

 5013 5.5 0 5.5 

41009P/ 

41001P 

5008 2.375 0 2.375 

 5007 2.75 0 2.75 

 5006 4.125 0 4.125 

43119 5008 3.539 0 4.923 

 5007 2.75 0 2.75 

 5006 2.75 2.683 2.75 

 5005 2.75 0 2.75 

50023 5008 3.774 0 2.399 

 5007 0 0 2.75 

 5006 5.5 0 2.75 

 5005 0 0 2.75 

50010 5008 1.875 0 1.875 

 5007 2.75 0 2.75 

 5006 2.75 0 2.75 

 5005 2.75 0 2.75 

𝑚𝑝𝑠 = 𝐿𝑡 ∙ 𝑊𝑚𝑝𝑖𝑝𝑒 ∙ 𝐹𝐶𝐹     



Pipe Line Pipe Support Lt [m] Wmpipe [kg/m] FCF mps [kt] 

43057 5016 4.314 141.814 1 6.12E-04 

5015 4.125 5.85E-04 

5013 5.316 7.54E-04 

43127 5016 2.446 28.414 1 6.95E-05 

5015 2.750 7.81E-05 

5014 2.750 7.81E-05 

5013 3.891 1.11E-04 

20009 5015 5.214 50.851 1 2.65E-04 

5013 5.5 2.80E-04 

41009P/ 

41001P 

5008 2.375 42.457 1.684 1.70E-04 

 5007 2.75 1.97E-04 

 5006 4.125 2.95E-04 

43119 5008 4.923 43.487 1 2.14E-04 

5007 2.75 1.20E-04 

5006 2.75 1.20E-04 

5005 2.75 1.20E-04 

50023 5008 2.399 6.097 6.745  

 

9.87E-05 

5007 2.75 1.13E-04 

5006 2.75 1.13E-04 

5005 2.75 1.13E-04 

50010 5008 1.875 3.724 6.597 4.61E-05 

5007 2.75 6.76E-05 

5006 2.75 6.76E-05 

5005 2.75 6.76E-05 

𝑈𝐷𝐿 = 𝐶𝑑 ∙ 𝑝1 ∙ 𝑊𝑚 ∙ 𝜂 ∙ 𝐷𝐴𝐹     



𝐶𝑑 𝑝1 𝑊𝑚
𝜂

𝐷𝐴𝐹

Member Type Cd 

RHS/SHS 1.6 

IPE 2.0 

Pipe 1.0 

𝑈𝐷𝐿 = 𝐶𝑑 ∙ 𝑝1 ∙ 𝑊𝑚 

Section Profile Cd Wm,1 [m] UDL1 [MN/m] Wm,2 [m] UDL2 [MN/m] 

SHS150 1.6 0.15 0.0048 N/A N/A 

IPE120 2.0 0.048 0.00192 0.12 0.0048 



Pipe Line Cd Wm (=OD) [m] UDL [MN/m] 

43057 1.0 0.457 0.00914 

43127 1.0 0.2731 0.00546 

20009 1.0 0.3239 0.00648 

41009P/ 

41001P 

1.0 0.2191 0.00438 

43119 1.0 0.1683 0.00337 

50023 1.0 0.2191 0.00438 

50010 1.0 0.1683 0.00337 

𝐿𝑡

𝑃𝐿 =  𝐶𝑑 ∙ 𝑝1 ∙ 𝑊𝑚 ∙ 𝐿𝑡 



Pipe 

Line 

Pipe 

Support 

Direction of Loading 

Transverse Longitudinal Vertical 

Lt [m] PL [MN] Lt [m] PL [MN] Lt [m] PL [MN] 

43057 5016 0 0 0 0 4.314 0.0394 

5015 5.027 0.0459 1.947 0.0178 4.125 0.0377 

5013 4.433 0.0405 0 0 5.316 0.0486 

43127 5016 0 0 0 0 2.446 0.0134 

5015 4.763 0.0260 0 0 2.750 0.0150 

5014 0 0 0 0 2.750 0.0150 

5013 4.433 0.0242 0.422 0.0023 3.891 0.0213 

20009 5015 3.491 0.0226 0 0 5.214 0.0338 

5013 5.5 0.0356 0 0 5.5 0.0356 

41009P/ 

41001P 

5008 2.375 0.0104 0 0 2.375 0.0104 

5007 2.75 0.0121 0 0 2.75 0.0121 

5006 4.125 0.0181 0 0 4.125 0.0181 

43119 5008 3.539 0.0119 0 0 4.923 0.0166 

5007 2.75 0.0093 0 0 2.75 0.0093 

5006 2.75 0.0093 2.683 0.0090 2.75 0.0093 

5005 2.75 0.0093 0 0 2.75 0.0093 

50023 5008 3.774 0.0165 0 0 2.399 0.0105 

5007 0 0 0 0 2.75 0.0121 

5006 5.5 0.0241 0 0 2.75 0.0121 

5005 0 0 0 0 2.75 0.0121 

50010 5008 1.875 0.0063 0 0 1.875 0.0063 

5007 2.75 0.0093 0 0 2.75 0.0093 

5006 2.75 0.0093 0 0 2.75 0.0093 

5005 2.75 0.0093 0 0 2.75 0.0093 

𝑈𝐷𝐿 = 𝐶𝑑 ∙ 𝑝1 ∙ 𝑊𝑚 ∙ 𝜂 

𝑃𝐿 =  𝐶𝑑 ∙ 𝑝1 ∙ 𝑊𝑚 ∙ 𝐿𝑡 ∙ 𝜂 



𝜂

𝜂 = 0.5

𝜂 = 0.5

𝜂 = 1

Section Profile Direction of Loading 

Global ±X 

𝛈  UDL [MN/m] 

SHS150 N/A (=1) 0.0048 

0.5 0.0024 

𝜂 = 0.5

Pipe 

Line 

Pipe 

Support 

Direction of Loading 

Global +X Global -X 

𝛈  PL [MN] 𝛈  PL [MN] 

43057 5016 0.5 0 0.5 0 

5015 0.02295 0.02295 

5013 0.02025 0.02025 

43127 5016 0.5 0 N/A (=1) 0 

5015 0.0130 0.0260 

5014 0 0 

5013 0.0121 0.0242 

20009 5015 N/A (=1) 0.0226 0.5 0.0113 

5013 0.0356 0.0178 

41009P 

 

5008 0.5 0.0052 N/A (=1) 0.0104 

5007 0.00605 0.0121 

5006 0.00905 0.0181 

41001P 5008 0.5 0.0052 0.5 0.0052 

5007 0.00605 0.00605 

5006 0.00905 0.00905 

43119 5008 0.5 0.00595 0.5 0.00595 

5007 0.00465 0.00465 

5006 0.00465 0.00465 

5005 0.00465 0.00465 

50023 5008 0.5 0.00825 0.5 0.00825 

5007 0 0 



5006 0.01205 0.01205 

5005 0 0 

50010 5008 N/A (=1) 0.0063 0.5 0.00315 

5007 0.0093 0.00465 

5006 0.0093 0.00465 

5005 0.0093 0.00465 

𝑛 𝑞𝑛𝐿 𝑞𝑛𝑈

 𝐻1

 𝐻2

 𝑊𝑅𝑆

 𝑃𝑛𝐿 𝑃𝑛𝑈



𝑃𝑛𝐿 𝑃𝑛𝑈

𝑃𝑛𝐿 = 𝐻1 ∙ 𝐿𝑒𝑓𝑓 ∙ 𝐶𝑑 ∙ 𝑝1 

 

𝑃𝑛𝑈 = 𝐻2 ∙ 𝐿𝑒𝑓𝑓 ∙ 𝐶𝑑 ∙ 𝑝1 

𝐿𝑒𝑓𝑓

𝐿𝑒𝑓𝑓

𝐻1 𝐻2 𝑊𝑅𝑆

𝑞𝑛𝐿 𝑞𝑛𝑈

𝑞𝑛𝐿 =  𝑃𝑛𝐿 𝑊𝑅𝑆⁄  
 

𝑞𝑛𝑈 =  𝑃𝑛𝑈 𝑊𝑅𝑆⁄  

 

P
nL 

P
nU

 



Frame 

Section 

 

Leff [m] WRS 

[m] 

Blast Loads in Global ±X Direction 

Lower Rack Level Upper Rack Level 

H1 [m] /  

Pipe Line 

PnL 

[MN] 

qnL 

[MN/m] 

H2 [m] /  

Pipe Line 

PnU 

[MN] 

qnU 

[MN/m] 

1 L1/2  

= 1.375 

2.5 0.2191 / 

50023 

0.0060 0.0024 0 0 0 

2 (L1+L2)/2 

= 2.75 

2.5 0.2191 / 

41001P 

0.0121 0.0048 0.457 / 

43057 

0.0251 0.0101 

3 (L2+L3)/2 

= 2.75 

2.5 0.2191 / 

50023 

0.0121 0.0048 0 0 0 

4 L3/2  

= 1.375 

2.5 0.1683 / 

50010 

0.0046 0.0019 0.457 / 

43057 

0.0126 0.0050 

𝐴𝐵𝑙𝑎𝑠𝑡

 
Frame 

Section 4 

  
Frame 

Section 3 

  
Frame 

Section 2 

Frame 
Section 1 

L1 = 2.75 m 

L2 = 2.75 m 

L3 = 2.75 m 

P1L 

P1U 

P2U 

P2L 

P3L 

P3U 

P4U 

P4L 



𝐴𝑃

𝐴𝑅𝑀

Total Blast-exposed Pipe Area 

𝑨𝑷 [m
2
] 

Total Blast-exposed Rack Area 

𝑨𝑹𝑴 [m
2
] 

Total Blast-exposed Area 

𝑨𝑩𝒍𝒂𝒔𝒕 [m
2
] 

19.52 12.02 31.54 









 3𝑡𝑑

𝑡𝑑 2⁄



69.4 20⁄ = 3.47 𝑡𝑑 2⁄

96 20⁄ = 4.8 𝑡𝑑 2⁄







 η = 0.5

  η = 0.5

η = 0.5





Effect of numerical modelling on strains and stresses of a girder 

subjected to blast condition. 

A 420 steel of IG 800x400x20x30 with length of 10.6 meters is subjected to different blast 

pressure magnitude. The duration of the blast pressure is 200 mili-seconds. The blast pressure has 

triangular impulse shape. The girder is fixed at both ends. The shell and beam element models are 

created to observe the effect of different models on structural stress and strain. The element size 

is 50 mm.  The following table shows that the beam elements will experience less strain 

compared to shell elements. To be conservative, 3% critical plastic strain on beam elements could 

be plastic strain related to a fracture on shell element. 

 
Table 6.9-1 Maximum equivalent plastic strains on different models of IG800x400x20x30 subjected to 

blast pressure 

Blast pressure (bar) Maximum plastic strain in 

beam element 

Maximum plastic strain in 

shell element 

2.5 bar 5.98% 16.65% 

2.2 bar 3.13% 7.82% 

2 bar 2% 4% 



𝑢(𝑡)

(𝑢𝑠𝑡)0
=

{
 
 
 

 
 
 2(

𝑡

𝑡𝑑
−

𝑇𝑛

2𝜋𝑡𝑑
𝑠𝑖𝑛 (2𝜋

𝑡

𝑇𝑛
))                                                                          𝑖𝑓 0 ≤ 𝑡 ≤

𝑡𝑑

2
  

2 {1 −
𝑡

𝑡𝑑
+

𝑇𝑛

2𝜋𝑡𝑑
[2 sin (

2𝜋

𝑇𝑛
(𝑡 −

1

2
𝑡𝑑))−𝑠𝑖𝑛 (

2𝜋𝑡

𝑇𝑛
)]}                        𝑖𝑓 

𝑡𝑑

2
≤ 𝑡 ≤ 𝑡𝑑

2 {
𝑇𝑛

2𝜋𝑡𝑑
[2 sin (

2𝜋

𝑇𝑛
(𝑡 −

1

2
𝑡𝑑))−𝑠𝑖𝑛 (

2𝜋

𝑇𝑛
(𝑡 − 𝑡𝑑)) − 𝑠𝑖𝑛 (

2𝜋𝑡

𝑇𝑛
)]}             𝑖𝑓 𝑡 ≥ 𝑡𝑑

      

| 

|

𝑡 𝑡𝑑
𝑇𝑛 

(𝑢𝑠𝑡)0 =
𝑝0

𝑘
=

𝑃𝑠𝑜𝐴

𝑘
      

(𝑢𝑠𝑡)0 𝑝0 

𝑃𝑠𝑜
 𝐴 𝑘 



function [DAF,Plot]=sdoftriangular(T_n,t_d) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% SDOF-response (DAF) to symmetric triangular pulse-excitation.  
% Reference: Chopra (2011, Eq. 4.9.1)  
% Written by: Adam Stålmarck,     Oslo 2015-05-16 
%  
% INSTRUCTIONS: 
% 
%   Call the function '[DAF,Plot]=sdoftriangular(T_n,t_d)' from the Matlab 
%   Command Window, specifying the following input: 
%    
%       a. Pulse duration in milliseconds, t_d=[ms] ** 
%       b. Natural period in milliseconds, T_n=[ms] 
% 
%  ** NOTE:  Script will only run if specified pulse duration t_d is  
%            an even number. It is required that t_d/2 is an integer.               
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
check=round(t_d/2); 

  
if check ~= t_d/2 
   msg='Pulse duration t_d must be specified as an even number. It is required 

that t_d/2 is an integer. '; 
   error(msg) 
else 

  
time_vec_stat1=linspace(0,t_d/2,t_d/2+1); 
time_vec_stat2=linspace(t_d/2,t_d,t_d/2+1); 
stat_vec1=(2/t_d).*time_vec_stat1; 
stat_vec2=(-2/t_d).*time_vec_stat2+2; 

  
time_vec=linspace(0,t_d*4,(t_d*4)+1); 

  
DAF1=zeros(1,t_d/2); 
DAF2=zeros(1,t_d/2); 
DAF3=zeros(1,t_d*3); 

  
for i=1:t_d/2+1 

     
    DAF1i=2*((time_vec(i)/t_d)-((T_n/(2*pi*t_d))*sin((2*pi*time_vec(i))/T_n))); 

    
    DAF1(i)=DAF1i; 
end 

  
DAF1; 

  
for j=t_d/2+2:t_d+1 

     
    DAF2i=2*(1-(time_vec(j)/t_d)+((T_n/(2*pi*t_d))*((2*sin(((2*pi)/(T_n*10^-

3))*((time_vec(j)*10^-3)-(0.5*(t_d*10^-3)))))-sin((2*pi*time_vec(j))/T_n)))); 

     

     



    DAF2(j-(t_d/2)-1)=DAF2i; 
end 

  
DAF2; 

  
for k=t_d+2:t_d*4+1 

     
    DAF3i=2*((T_n/(2*pi*t_d))*((2*sin(((2*pi)/(T_n*10^-3))*((time_vec(k)*10^-

3)-(0.5*(t_d*10^-3)))))-(sin(((2*pi)/(T_n*10^-3))*((time_vec(k)*10^-3)-

(t_d*10^-3))))-sin((2*pi*time_vec(k))/T_n))); 

     
    DAF3(k-t_d-1)=DAF3i; 
end 

  
DAF3; 

  
DAF_vec=[DAF1,DAF2,DAF3]; 

  
Plot=plot(time_vec,DAF_vec,'-b') 
title('Linear-Elastic, Undamped SDOF-response to Symmetric Triangular Pulse-

Excitation') 
xlabel('Time [ms]') 
ylabel('Normalized Dynamic Response') 

  
indexmax=find(max(DAF_vec) == DAF_vec); 
xmax=time_vec(indexmax); 
ymax=DAF_vec(indexmax); 
strmax=['DAF = ',num2str(ymax)]; 
text(xmax,ymax,strmax,'HorizontalAlignment','right'); 

  
hold on 
plot(time_vec_stat1,stat_vec1,'--k') 

  
hold on 
plot(time_vec_stat2,stat_vec2,'--k') 
legend('Normalized Dynamic Response','Normalized Static 

Solution','Location','southeast') 

  
DAF=max(DAF_vec) 

  
end 



𝑀𝑝

𝐹



4.44𝐹

𝐹1 

 𝑀𝑝 = 4.44𝐹1 → 𝐹1 = 0.225𝑀𝑝

 𝑀𝑝
𝐹 = 𝐹1 = 0.225𝑀𝑝 

 𝐹2 = 𝐹1 + ∆𝐹

 𝑀𝑝 = 0.666𝑀𝑝 + 5.185∆𝐹 →  ∆𝐹 = 0.0644𝑀𝑝

𝐹3 = 𝐹𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑠𝑚 = 0.3𝑀𝑝
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