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Sources of nonlinearity



Pushover analysis of wind turbine towers
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General Guidelines
First-order analysis VS. second-order analysis

True large displacement analysis

Elastic analysis VS. Inelastic analysis

Bowing effect / Wagner effect / Other effects

Steel nonlinearity

Concrete nonlinearity

Composite materials nonlinearity

Other nonlinearities



Geometric Nonlinearity Formulation
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3-D Stiffness matrix





Material Nonlinearity Formulations

Idealized stress–strain curves for concrete in uniaxial compression

Concrete: towers / foundation / piles
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Idealized stress–strain curves for concrete in uniaxial tension

Concrete: towers / foundation / piles



Material Nonlinearity Formulations

Idealized stress–strain curves for steel in uniaxial tension & compression

Steel: towers / reinforcement / shaft / hub etc.



Nonlinear Section Analysis

Compatibility equations

Equilibrium equations



Nonlinear Section Analysis
Moment–thrust–curvature curve for a steel I-section (2-D loads)

General yield surface for a steel I-section (3-D loads)



Seismic evaluation of wind turbines with 
nonlinear behavior
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Linear and Nonlinear Dynamic Analysis
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Linear and Nonlinear Dynamic Analysis

• The actual relationship 
between load and 
displacement is not known 
beforehand.

• Consequently, a series of 
linear approximations with 
corrections is performed.  
This is a simplified 
explanation of the Newton-
Raphson method.
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Linear and Nonlinear Dynamic Analysis

Critical facts

• Substeps apply the loads in 

an incremental fashion

• Equilibrium iterations are the 

corrective solutions to obtain 

a converged substep

• Load steps are changes in 

general loading. 
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Linear and Nonlinear Dynamic Analysis
The complete nonlinear dynamic aeroelastic

(or aeroinelastic) problem
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CASE STUDIES
1) Ring flange connections
2) Stability of tower (opening/stiffening)
3) Delamination & local buckling in 

blades
4) Nonlinear behavior of monopile

NONLINEAR STRUCTURAL BEHAVIOR OF 
WIND TURBINE COMPONENTS
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