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Nonlinear Finite Element 
Analyses demonstrate re-use of 

a foundation
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Content
• Situation and introduction
• Model geometry description
• Material models
• Loads
• Linear versus nonlinear
• Conclusions
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Situation
Foundation of furnaces and pipe racks around it. 
steel-concrete structures within an oil and gas chemical plant of Shell (constructed in 1970)

2023 Keynote Session1 Shell / J.J.A. van Blijswijk
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Introduction

Foundations of the pipe racks part beside the furnaces
• Increased loading of new superstructure
• Existing foundation on triangular (3 piles) and rectangular (4 piles) pile 

caps with beams and single pile caps. Connecting slabs in between.
• Redesign: Additional concrete foundation parts and piles.
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Model geometry
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Model materials

• Linear large UC>>1.
• Nonlinear pros and cons 

explained.
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Model materials

Pile Properties
• Different soil models
• SLS/ULS ?

2024 Tuesday 16.10 hrs    Investigations for the re-use of foundations 
– A case study of the Skyline project, Shell Moerdijk 
– Adriaan van Seters (Fugro) 
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Loads

• Self weight (SW)
• UDL of 10 kN/m2 in SLS on the 

slabs representing full 
scaffolding and formwork

• Load from pedestal, provided for 
SLS and ULS

Loading combinations and reaction 
forces per column and pilecap (RCnr)

Horizontal Vertical Horizontal
Fx (kN) Fy (kN) Fz (kN)

Empty + Anchor + Scaffold 1.0DL+1.0LL+1.0PE+1.0TH 70 2409 3
Piping empty + Anch.+ Scaffold + Wind S-N 1.0DL+1.0LL+1.0PE+1.0TH-1.0(40%)Wz -164 2429 3
Piping empty + Anch.+ Scaffold + Wind E-W 1.0DL+1.0LL+1.0PE+1.0TH-1.0(40%)Wx -223 2583 3
Piping empty + Anch.+ Scaffold + Wind N-S 1.0DL+1.0LL+1.0PE+1.0TH+1.0(40%)Wz 70 2388 3
Piping empty + Anch.+ Scaffold + Wind W-E 1.0DL+1.0LL+1.0PE+1.0TH+1.0(40%)Wx 113 2281 3

LOADING Load Comb. Desc.
RC 23
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Approach LINEAR

Foundation check
• Repeat the designers analysis 

done with linear SCIA program.
• Check on bending and shear.
• UC>>1 mainly on connecting 

beams.

Myy bending moments

𝑈𝐶 𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 =
𝑎𝑐𝑡𝑖𝑛𝑔 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡

𝑚𝑜𝑚𝑒𝑛𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
=  

855

241
=   3.5 
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Approach LINEAR

Pile check
• Repeat the designers analysis 

done with linear SCIA program.
• Check on piles
• UC<<1, stiffness of construction 

is constant. Construction is able 
to spread the loads to all piles 
easily.

Fd pile reaction forces

𝑈𝐶 𝑝𝑖𝑙𝑒 𝑙𝑖𝑛𝑒𝑎𝑟 =
𝑎𝑐𝑡𝑖𝑛𝑔 𝑝𝑖𝑙𝑒 𝑙𝑜𝑎𝑑

𝑝𝑖𝑙𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
=  

814

973
=   0.84 
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Approach NONLINEAR

Foundation check
• Structure adapts stiffness itself.
• Check on stresses, but in the 

end on strains of concrete and 
steel.

• UC<1 maximum mainly on 
connecting beams.

Strains in concrete and steel
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Approach NONLINEAR

Pile check
• Behaviour of piles as 

characteristic (not design) 
stiffness.

• Check on piles with load 
1.2*ULS

• UC=0.97, piles become more 
normative because structure 
cannot redistribute easily when 
cracked.

Fd pile reaction forces

𝑈𝐶 𝑝𝑖𝑙𝑒 𝑁𝑜𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 =
𝑎𝑐𝑡𝑖𝑛𝑔 𝑝𝑖𝑙𝑒 𝑙𝑜𝑎𝑑

𝑝𝑖𝑙𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
=  

946

973
=   0.97 
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• Linear calculations are good for 
a single part of a structure 
because codes are written based 
on experiments and theory of 
one subarea. 

• Be careful when combining 
different structural areas like 
superstructure and 
geostructure. 

• Design can be done simple linear 
but,

• add nonlinear stiffness checks 
for all larger CC3 projects to 
pinpoint weaknesses in 
(foundation) structures.


