
Evaluation of the Load-Displacement Relationships for Large-
Di  Pil  i  S dDiameter Piles in Sand

by
S  P  H  Sørensen  Aalborg University  DenmarkS. P. H. Sørensen, Aalborg University, Denmark

K. T. Brødbæk, COWI
M. Møller, COWI

A  H  Augustesen  COWIA. H. Augustesen, COWI
L. B. Ibsen, Aalborg University, Denmark



OutlineOutline

• Introduction
• Objective• Objective
• Current design basis
• Laboratory tests
• Numerical simulations• Numerical simulations
• Conclusions and future research



IntroductionIntroduction

• Global warming ⇒ Interest in renewable energy sources
• Offshore wind energy• Offshore wind energy
• Large-diameter pipe pile – “monopile”



ObjectiveObjective

For laterally loaded piles in sand with diameters up to 6m, for example 
monopiles used as foundations of offshore wind turbines  there is no monopiles used as foundations of offshore wind turbines, there is no 
approved design procedure. The p − y curve method, given in offshore design
regulations, is usually employed for the design of monopiles. However, this 
method was developed for slender piles with diameters much less than 6m method was developed for slender piles with diameters much less than 6m 
and it is based on a limited number of tests.

The aim of the present work is to extend the p − y curve method to large-The aim of the present work is to extend the p y curve method to large
diameter non-slender piles by considering the effects of the pile diameter on 
the soil response!



Current design basisCurrent design basis

• Winkler model approach
• Beam on an elastic foundation• Beam on an elastic foundation
• Series of uncoupled springs
• Soil response given by means 

of p y curvesof p-y curves



Current p-y curve formulation (API and DNV)Current p y curve formulation (API and DNV)

Full-scale tests at Mustang Island:
• D = 610 mm  L/D = 34 4

Monopiles for modern wind 
turbine foundations:• D = 610 mm, L/D = 34.4

• 2 static and 5 cyclic tests
turbine foundations:
• D = 4-6 m, L/D ≈ 5
• Strict requirements regarding *
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Laboratory testsLaboratory tests

• Effect of diameter
• Verification of numerical model• Verification of numerical model
• Pressure tank (new test method)
• Piles instrumented with strain gauges

D [mm] L [mm] [kPa]

Test 1 80 400 0

Test 2 80 400 100

Test 3 80 400 50

Test 4 60 300 0

Test 5 60 300 50

T t 6 60 300 100Test 6 60 300 100



Results from laboratory testsResults from laboratory tests

Effect of overburden pressure Increase in      for increasing D*
pyE
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Numerical simulations in FLAC3DNumerical simulations in FLAC

• Commercial program
• Finite difference method• Finite difference method
• Dynamic solver
• Mohr-Coulomb material model
• Symmetric model• Symmetric model
• Pile modelled as a solid cylinder

with equivalented EI



Soil-pile interactionSoil pile interaction

• Linear Coulomb shear-strength criterion
• Tension cut off• Tension cut-off FLAC3D 3.10

 ©2006 Itasca Consulting Group, Inc. 
Step 572500  Model Perspective
11:27:06 Fri Jun 12 2009

Center:
 X: 6.603e-002
Y: 5 250e-001

Rotation:
 X:   0.000
Y: 0 000Y: 5.250e 001

 Z: -1.710e-001
Y:   0.000
 Z:   0.000

Dist: 6.332e+000 Mag.:     3.81
Ang.:  22.500

Contour of SXX
  Magfac =  1.000e+001
  Exaggerated Grid Distortion 
Live mech zones shown Live mech zones shown

  Gradient Calculation
  Effective stresses

-1.6343e+006 to -1.6000e+006
-1.6000e+006 to -1.4000e+006
-1.4000e+006 to -1.2000e+006
-1.2000e+006 to -1.0000e+006
-1.0000e+006 to -8.0000e+005
-8.0000e+005 to -6.0000e+005
-6.0000e+005 to -4.0000e+005
-4.0000e+005 to -2.0000e+005
-2.0000e+005 to  0.0000e+000
 0.0000e+000 to  1.2036e+004

   Interval =  2.0e+005

Surface
  Magfac =  1.000e+001

Itasca Consulting Group, Inc.
Minneapolis, MN  USA



Simulation of large-scale monopilesSimulation of large scale monopiles

Comparison with laboratory tests:
• Soil parameters determined by 

Large scale piles:
• D = 2-7 m, L = 20 m, t = 50 mm

CPT • f = 40°, y = 10°, c = 0.1 kPa
• Varying Es
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Comparison of numerical simulations with the Winkler 
d l hmodel approach
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Validation of p-y curvesValidation of p y curves
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Initial stiffnessInitial stiffness

• increase with increasing D
• Non linear variation of *E kx≠

*
pyE

0

• Non-linear variation of
• Lesny and Wiemann (2006)
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Improved p-y curvesImproved p y curves
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ConclusionsConclusions

Increase in       for increasing D
• Numerical analyses and laboratory tests

*
pyE

• Numerical analyses and laboratory tests
Non-linear variation of       with depth
• Power function, numerical analyses
Updated p y curves for large diameter piles is needed

*
pyE

Updated p-y curves for large-diameter piles is needed

Future research

• Cyclic loading has to be considered
• Assessment of a wider range of soil and pile properties
• Full-scale measurements are needed• Full-scale measurements are needed



Th k  f   tt ti !Thank you for your attention!

S. P. H. Sørensen (sphs@civil.aau.dk)


