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L’Oceanogràfic designed by Felix Candela, 2003 (Gabaldón, 2010) 
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Introductie 

Constructie onbekend Constructie uitgewerkt 

Begin ontwerpproces Einde ontwerpproces 

Handberekeningen FEM-programma 
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Introductie 

- Methode geeft geen inzicht in werking 

van boog of schaal 

- Eerder in ontwerpproces is 
rekenmethode gewenst 

 



Introductie 

Onderzoeksvraag 

 

How can the structural performance of a shell structure be calculated 
in such a way that the relation between the geometry and the 
structural performance is shown? 

 





Literatuur 

• Druklijnen en –vlakken 

• Gelijke oppervlakte methode 
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(Calladine, 1977) 
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Welke druklijn is de juiste? 

𝐸𝑐;𝑁 = 𝑁
2𝑙 

𝐸𝑐;𝑀 =
12

𝑡2
𝑀2𝑙 

Complementary energy method 
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𝐸𝑐 =  𝑁
2 + 
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min 𝐸𝑐 → 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑡ℎ𝑟𝑢𝑠𝑡 𝑙𝑖𝑛𝑒  
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Onderzoeksvraag 

 

How can the structural performance of a shell structure be calculated 
in such a way that the relation between the geometry and the 
structural performance is shown? 

 

• Can the method of equal areas be proven for arches 

• Which methods can be made applicable to shell structures? 

• How can this calculation method be translated into a 
computational algorithm and modelled in a 3D visualization 
program? 

 

 



Onderzoek 

• Onderzoek naar gelijke oppervlakte methode 

• Ontwikkeling nieuwe methode 
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𝐴𝑠𝑡𝑟 = 

   𝛿𝑥1 ∙
1

2
∙ 𝛿𝑦1 

+ 𝛿𝑥2 𝛿𝑦1 +
1

2
∙ 𝛿𝑦2  

+ 𝛿𝑥3 𝛿𝑦1 + 𝛿𝑦2 +
1

2
∙ 𝛿𝑦3  

+ … 

+ 𝛿𝑥𝑛 𝛿𝑦1+. . . +𝛿𝑦𝑛−1 +
1

2
∙ 𝛿𝑦𝑛  
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𝐴𝑡ℎ = 

   𝛿𝑥1 ∙
1

2
∙
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𝐹𝑉2 ∙ 𝛿𝑥2
𝐹𝐻

+
1

2
∙
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𝐴𝑡ℎ = 𝐴𝑠𝑡𝑟 

𝐹𝐻

= 
𝛿𝑥1 ∙

1
2
∙ 𝐹𝑉1 ∙ 𝛿𝑥1 + 𝛿𝑥2 𝐹𝑉1 ∙ 𝛿𝑥1 +

1
2
∙ 𝐹𝑉2 ∙ 𝛿𝑥2 +. . . + 𝛿𝑥𝑛 𝐹𝑉1 ∙ 𝛿𝑥1+. . . +𝐹𝑉(𝑛−1) ∙ 𝛿𝑥𝑛−1 +

1
2
∙ 𝐹𝑉𝑛 ∙ 𝛿𝑥𝑛

𝛿𝑥1 ∙
1
2
∙ 𝛿𝑦1 + 𝛿𝑥2 𝛿𝑦1 +

1
2
∙ 𝛿𝑦2 + 𝛿𝑥3 𝛿𝑦1 + 𝛿𝑦2 +

1
2
∙ 𝛿𝑦3 + …+ 𝛿𝑥𝑛 𝛿𝑦1+. . . +𝛿𝑦𝑛−1 +

1
2
∙ 𝛿𝑦𝑛  

 



Onderzoek 
Gelijke oppervlakte methode 



Onderzoek 
Gelijke oppervlakte methode 



Onderzoek 
Gelijke oppervlakte methode 



Onderzoek 
Gelijke oppervlakte methode 
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Gelijke oppervlakte methode 

method 𝑭𝑯 

FEM 2,22 

eq A 2,22 

min E 2,22 

method 𝑭𝑯 

FEM 3,99 

eq A 4,00 

min E 4,00 

method 𝑭𝑯 

FEM 1,70 

eq A 1,89 

min E 1,70 



Onderzoek 
Gelijke oppervlakte methode 

projected 

load 

FH   

min. Ec 8,03   

equal A 8,17 1,74% 

own weight FH   

min. Ec 8,54   

equal A 8,71 1,99 % 
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Gelijke oppervlakte methode 

projected 

load 

FH   

min. Ec 3,41   

equal A 4,35 27,57 % 

own weight FH   

min. Ec 6,48   

equal A 7,77 19,91 % 
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Gelijke oppervlakte methode 
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2

3
𝛿ℎ2𝑙 𝐹𝐻 −

1

3
𝐹𝑧  𝛿𝑥 𝛿ℎ 𝑙 = 0 

2

3
𝛿ℎ2𝑙 𝐹𝐻 =

1

3
𝐹𝑧  𝛿𝑥 𝛿ℎ 𝑙 

2 𝛿ℎ 𝐹𝐻 = 𝐹𝑧 𝛿𝑥 

 𝛿ℎ =
1

2

𝐹𝑧
𝐹𝐻
 𝛿𝑥 

𝛿ℎ ∙ 𝛿𝑥 = 𝛿ℎ𝑡ℎ𝑟 ∙ 𝛿𝑥 

𝛿ℎ𝑡ℎ𝑟 = 
1

2

𝐹𝑧
𝐹𝐻
𝛿𝑥 

𝐸𝑐;𝑀 = 𝑀
2𝑙 

𝑒𝑉 = ℎ − ℎ𝑡ℎ𝑟  

𝑒𝑉 =
𝛿ℎ − 𝛿ℎ𝑡ℎ𝑟

𝑙
𝑥  for domain 0, 𝑙  
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1
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2
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𝐹𝑧 𝛿𝑥

2
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𝑙2
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𝑙

0

 𝛿𝑙 

=
1

3
𝛿ℎ2𝑙 𝐹𝐻

2 −
1

3
𝐹𝑧 𝛿𝑥 𝛿ℎ 𝑙 𝐹𝐻 +

1

12
𝐹𝑧
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𝐸𝑐;𝑀
′ =

2

3
𝛿ℎ2𝑙 𝐹𝐻 −

1

3
𝐹𝑧 𝛿𝑥 𝛿ℎ 𝑙 

𝛿ℎ = 𝛿ℎ𝑡ℎ𝑟 
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𝐸𝑐 = 𝑁
2𝑙 +

12

𝑡2
𝑀2𝑙 



Onderzoek 
Ontwikkelen nieuwe methode 

projected 

load 

FH   

min. Ec 3,41   

min. Ec;M 3,41 0,00 % 

equal A 4,35 27,57 % 

own weight FH   

min. Ec 6,48   

min. Ec;M 6,48 0,00 % 

equal A 7,77 19,91 % 
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Ontwikkelen nieuwe methode 

Figure 50 Four structures with a thickness varying from 0,01 m up to 1,00 m. The span of each structure is 6 m. 

𝐸𝑐;𝑀 = 
12

𝑡2
𝑀2𝑙 
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Ontwikkelen nieuwe methode 

Direct 

method 

FH   

t undefined 1118   

FEM FH   

t = 0,01 1118 0,00% 

t = 0,1 1118 0,00% 

t = 0,5 1114 0,36% 

t = 1,00 1102 1,45% 

Figure 50 Four structures with a thickness varying from 0,01 m up to 1,00 m. The span of each structure is 6 m. 

𝐸𝑐;𝑀 = 
12

𝑡2
𝑀2𝑙 
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Figure 50 Four structures with a thickness varying from 0,01 m up to 1,00 m. The span of each structure is 6 m. 

𝐹𝐻

=
 𝐹𝑧 𝛿𝑥 

2
3 𝛿ℎ1𝑙1 + 2 𝛿ℎ1𝑙2 + 𝛿ℎ2𝑙2 + 𝛿ℎ1𝑙3 + 𝛿ℎ2𝑙3 +

1
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2
3
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2𝑙2 + 2 𝛿ℎ1𝛿ℎ2𝑙2 + 2 𝛿ℎ1
2𝑙2 +

2
3
𝛿ℎ3

2𝑙3 + 4 𝛿ℎ1𝛿ℎ2𝑙3 + 2 𝛿ℎ1
2𝑙3 + 2 𝛿ℎ2

2𝑙3 + 2 𝛿ℎ1𝑙3 + 2 𝛿ℎ2𝑙3
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  FH   

FEM 1117   

min. Ec;M 1118 0,09 % 
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Figure 50 Four structures with a thickness varying from 0,01 m up to 1,00 m. The span of each structure is 6 m. 
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Can the method of equal areas be proven for arches? 

Figure 50 Four structures with a thickness varying from 0,01 m up to 1,00 m. The span of each structure is 6 m. 

(van Dijk, 2014) 
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Which methods can be made applicable to shell 
structures? 

Figure 50 Four structures with a thickness varying from 0,01 m up to 1,00 m. The span of each structure is 6 m. 

L’Oceanogràfic designed by Felix Candela, 2003 (Gabaldón, 2010) 
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Figure 50 Four structures with a thickness varying from 0,01 m up to 1,00 m. The span of each structure is 6 m. 



Aanbevelingen 

• Methode uitbreiden naar constructies van meer dan 
drie staven 

• Methode vertalen naar schaalconstructies 

 

 


