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Design of monopile-based Offshore Wind Turbines
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Monopiles are subjected to repeated loads from wind, waves, current 
and the operation of the OWT:

The soil might show a different response under cyclic loading, 
and therefore, their effects have to be accounted for in the design.
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Design of monopile-based Offshore Wind Turbines

How to account for the effects of cyclic loading on soils in monopile design?

By providing an accurate estimation
of foundation response
in integrated analyses

In integrated load analyses

By including them in the
different limit states

In foundation design

EEW SPC / Andreas Duerst 
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Response of monopiles for integrated load analyses

Non-linear stiffness

Different loading and unloading stiffness

Hysteretic damping

Radiation damping
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Non-linear stiffness

Different stiffness
after load reversal

Byrne, B., et al. (2017)

Ratcheting

Which features of the soil and monopile behaviour should be included in integrated analyses?

REDWIN project



Page et al. (2017)

Elasto-plastic formulation 
based on multi-surface 

plasticity

The REDWIN model

Different 
stiffness
after load 
reversal

Hysteretic 
foundation
 damping

Macro-element model 
that provides the load-

displacement 
response of the 

foundation + soil at one 
interface point

Includes coupling 
between loads



The REDWIN model: comparison against measurements

Source: Byrne, B., et al. (2017), PISA: new design methods for offshore wind turbine monopiles, in Proceedings of the 
Society for Underwater Technology Offshore Site Investigation and Geotechnics.
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Macro-element model
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The REDWIN model: comparison against measurements

Source: Byrne, B., et al. (2017), PISA: new design methods for offshore wind turbine monopiles, in Proceedings of the 
Society for Underwater Technology Offshore Site Investigation and Geotechnics.

Page et al. (2018)



Full-scale field data of an OWT in the North Sea

Simulations with different foundation models:

vs.

Page et al. (2019)

The REDWIN model: comparison against measurements

API p-y curves

FEA p-y curves

REDWIN 2 macro-element



The REDWIN model: comparison against measurements

Foundation 
damping

Accelerations at the TP

Page et al. (2018)



Page et al. (2019)

The REDWIN model: comparison against measurements

Fatigue Damage Equivalent Loads (DEL)

REDWIN 
model 2

FEA p-y
curves

API p-y
curves

Simulated DEL
Measured DEL

1.15 1.26 2.66

7 % is 
foundation 

damping

93 % is 
foundation 

stiffness
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The soil might show a different response under cyclic loading, and therefore, their effects have to be 
accounted for in the design:
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By including them in the
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In foundation design
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Geotechnical design of monopiles

The purpose of the monopile foundation is to transfer all 

the loads from the wind turbine structure to the ground 

safely and within the allowable deformations.

The design should satisfy:

oUltimate Limit State (ULS)

oServiceability Limit State (SLS)

oFatigue Limit State (FLS)

oTarget natural frequency

oPile driveability 



Effects of cyclic loading on soils

1. Effect of loading rate



Effects of cyclic loading on soils

3. Effect of average and cyclic loads

2. Effect of repeated loading

1. Effect of loading rate



Effects of cyclic loading on soils: the NGI model

Monotonic capacity

Displacements

Load

Cyclic capacity

Cyclic capacity > Monotonic

Cyclic capacity < Monotonic

Effect of rate

Increasing number of cycles

• The model includes the effect of rate
 Cyclic tests are tuned to wave frequencies

• The model includes cyclic degradation,
 i.e. the stiffness and shear strength decrease 

with increasing number of undrained cycles

• The model includes the effect of cyclic and 
average loads
 Ptot=Pa+Pcy

       and corresponding stress   
 ttot=ta+tcy

Pcy

Pa

Ptot



Effects of cyclic loading on soils: the NGI model
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From cyclic properties to monopile design
Per soil unit

Klinkvort et al. 2020



From cyclic properties to monopile design

• UDCAM-S: for undrained soils

Finite Element Analyses with cyclic soil properties 

• PDCAM-S: for partially drained
soils, taking into account the effect
of pore pressure dissipation

Different 3D FE tools: ABAQUS, PLAXIS, Infidep

F2AT: Lisensing 
out this software 
with



From cyclic properties to monopile design

Lateral load history 

Spring 1

Spring 2

Spring 3

Spring n

Perform cyclic accumulation 
and evaluate Neq for each of the 
springs

No. of cycles

τ c
y/s

u

Global beam-column model

y

y

y
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p
Neq_1

Neq_2

Neq_3

Neq_n

Construct p-y curves for each 
spring 

p-y for average load component

p-y for cyclic load component

Extract stress-strain curves from 
the cyclic contour diagrams 
based on Neq of each spring

τa/su
DSS

τ c
y/s

uD
SS

Zhang et al. 2016

P-y curves with cyclic soil properties 



Cyclic properties

Estimation of monotonic and cyclic soil design parameters for design

Ground
model + 

CPT 

Correlations
(NGI’s

database)

Static
Parameters

Cyclic
Parameters

REDWIN 2 project:



UDCAM
In Bifurc (internal software)

High Cycle Accumulation model
In PLAXIS 3D

SANISAND-MS
In OpenSeas

Hypoplasticity with IGS
In ABAQUS

NGI-ADP elastic
IN F2AT
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We let the problem 

define the 

methodology



On safe ground
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