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Abstract

With the focus on renewable energy sources over the last decades, offshore wind has
become a popular source of energy harvesting. Among the different foundation concepts,
the monopile is, by far, the most favourable for offshore wind applications (Page et al.
2018). However, a great extent of literature have indicated that the industry practice on
monopile foundation design for offshore wind turbines (OWTs), fails to accurately predict
the pile behaviour. Thus, excessive costs by overly conservative geometrical solutions are
seen in the industry, and cost reductions in the reliability of the foundation design has
been recognized as crucial for a further development.

This thesis presents a study on the optimization potential of monopile OWT foundations,
though using a more reliable macro-element foundation model, as an alternative to the
industry practise of applying API p - y curves. Integrated time-domain simulations in
3DFloat has been used to simulate the load- and displacement response of the OWT, and
the optimization potential has been assessed based on fatigue estimates. The focus has
been on monopile-based OWTs situated at clay-dominated sites.

By an assessment on the fatigue damage at the mudline, the macro-element model ob-
tained an estimated fatigue life of 89.8% longer than the API p - y model. New geometries
were suggested for the macro-element model to achieve similar fatigue damage estimates
as the API p - y model, for geometry optimization. This resulted in a potential of steel
savings on the monopile of 10 - 17%, by thickness reduction alone.

Furthermore, the thesis includes a comparison with the different foundation models to
measured data of an OWT installed in the North Sea. This analysis also includes an
alternative p - y model, with curves extracted from finite element analyses (FEA). The
macro-element model was seen to accurately predict all measured natural frequencies
of the support structure, with a maximum deviation of 0.3%. In contrast, the industry
practice of applying API p - y curves, under predicted all of the tower-bending frequencies
by more than 10%.

The FEA p - y model also provided good estimates on the measured natural frequencies.
A fatigue damage assessment comparing the results from the macro-element model to the
FEA p - y model was conducted to investigate the effect of soil damping on the fatigue
estimates. A longer life expectancy of 29% was obtained for the macro-element model,
and it was realized that neglecting soil damping (as the p - y models do), may limit the
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optimization potential of the monopile design.

It was concluded that, by use of the macro-element model in foundation design and opti-
mization, large potentials for cost reductions in the industry may be achieved. This was
recognized both with regards to potential material savings, as the model predicted signif-
icantly less fatigue damage, as well as costs savings due to the greater reliability of the
predictions, and consequently lowering risks.

vi



Sammendrag

Med det økende fokuset på fornybar energi over de siste tiår, har offshore vind vokst til å
bli en aktuell energikilde. Blant de forskjellige fundamenttypene, domineres industrien av
monopelen. Studier har imidlertid vist at dagens praksis for designanalyser av monopelen
til bruk i offshore vind mislykkes i å gi gode estimater på responsen av pelen og jorden
omkring den. Dette resulterer i store kostnader grunnet overdimensjonerte geometrier. En
reduksjon av kostnadene er forstått som avgjørende for den videre utviklingen av havvin-
dsindustrien.

Denne masteroppgaven presenterer et studie på optimaliseringspotensialet til monopel-
fundament for offshore vindturbiner, ved å ta i bruk en mer pålitelig makro-element mod-
ell som et alternativ til API p – y kurver, som er mye brukt i industrien i dag. Integrerte
simuleringer i tids-domenet har blitt utført ved bruk av 3Dfloat for å simulere responsen
til konstruksjonen, og optimaliseringspotensialet har blitt vurdert ved utmattingsanalyser.
Fokuset har vært på offshore vindturbiner plassert hovedsakelig på leiredominert grunn.

Fra utmattingsanalysene ble det observert at den estimerte levetiden til konstruksjonen
økte med 89.8% ved å ta i bruk makro-element modellen, sammenlignet med API p –
y modellen. I tillegg viste undersøkelser at ved å vurdere nye geometrier foreligger det
et potensiale for redusert materialforbruk i monopelen, estimert til 10 – 17%, kun ved å
redusere tykkelsen.

Videre, ble fundamentmodellene tatt i bruk på en eksisterende offshore vindturbin i Nord-
sjøen, og sammenlignet med måledata fra turbinen. Analysen indikerte at makro-element
modellen estimerte egenfrekvensene til konstruksjonen med betydelig større presisjon enn
de andre modellene, med et avvik på kun 0.3%. API p – y modellen på sin side, underes-
timerte alle målte egenfrekvenser til konstruksjonen med over 10%.

En alternativ p – y modell (FEA p -y modell), basert på p – y kurver generert ved elemen-
tanalyser, viste også å estimere de målte egenfrekvensene til konstruksjonen med nøyak-
tighet. En utmattelsesanalyse som sammenlignet resultatene fra makro-element modellen
med resultatene fra FEA p – y modellen ble utført for å vurdere viktigheten av å inklud-
ere dempingen fra jorden rundt, i modellformuleringen. Denne analysen resulterte i 29%
lenger levetid for makro-element modellen (som inkluderer demping fra fundamentet),
sammenlignet med FEA p – y modellen (som antar ingen demping fra fundamentet).
Dette illustrerte nødvendigheten av å inkludere dempingen fra den omkringliggende jor-
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den, for å kunne utnytte optimaliseringspotensialet.

Det ble konkludert at å bruke makro-element modellen i design av monopel-fundament
til offshore vindturbiner vil medføre et betydelig optimaliseringspotensiale. Herunder en
kostnadseffektivisering på grunn av muligheten for redusert materialbruk som følge av
lavere utmattelsesestimater, samt mer pålitelige estimater og dermed mindre risiko.

viii



Contents

1 Introduction 1

1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Foundation Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 General Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Previous Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.5 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.6 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.7 Software Used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Ocean Environment 9

2.1 Wind Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Wind Characteristics . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.2 Wind Representation . . . . . . . . . . . . . . . . . . . . . . . . 12

2.1.3 Turbulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.4 Wind Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Wave Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 Wave Theories . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.2 Wave Representation . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2.3 Wave Loads on Structures . . . . . . . . . . . . . . . . . . . . . 19

3 Fatigue 21

3.1 Definition and Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2 Stress History and Filtering . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.1 Obtaining the Stress Time History . . . . . . . . . . . . . . . . . 22

ix



Contents Contents

3.2.2 Counting Methods . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 S - N Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.4 Palmgren-Miner Sum . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4 Foundation Stiffness and Damping 27

4.1 Natural Frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2 Damping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.2.1 Procedure of Damping Estimation . . . . . . . . . . . . . . . . . 30

5 Soil - Structure Interaction 33

5.1 Soil Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.1.1 Behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.1.2 Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.2 Soil - Structure Interaction Models . . . . . . . . . . . . . . . . . . . . . 34

5.2.1 p – y Curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.2.2 Macro-Element Model . . . . . . . . . . . . . . . . . . . . . . . 38

6 Finite Element Modeling 45

6.1 Coordinate System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6.2 Initial Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

6.2.1 Pile Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

6.2.2 Soil Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.3 Final Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

6.3.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

6.3.2 Interface Properties . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.3.3 Shell properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6.3.4 Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6.3.5 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . 54

6.3.6 Mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6.4 Verification of the FE Model . . . . . . . . . . . . . . . . . . . . . . . . 58

7 Introduction to 3DFloat 61

x



Contents Contents

7.1 Structural Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

7.2 Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

7.2.1 Hydrodynamic Loads . . . . . . . . . . . . . . . . . . . . . . . . 63

7.2.2 Aerodynamic Loads . . . . . . . . . . . . . . . . . . . . . . . . 63

7.3 Control System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

7.4 Running Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

7.5 Post Processing Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

8 Fatigue Analysis and Optimization Assessment 67

8.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

8.2 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

8.2.1 The API p - y model . . . . . . . . . . . . . . . . . . . . . . . . 69

8.2.2 The macro-element model . . . . . . . . . . . . . . . . . . . . . 69

8.3 Turbine Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

8.4 Soil Profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

8.5 Environmental Conditions . . . . . . . . . . . . . . . . . . . . . . . . . 71

8.6 Assumptions and Simplifications . . . . . . . . . . . . . . . . . . . . . . 73

8.7 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

8.7.1 Model Inspections . . . . . . . . . . . . . . . . . . . . . . . . . 74

8.7.2 Natural Frequency and Damping . . . . . . . . . . . . . . . . . . 78

8.7.3 Mudline Moments and Load Excitation . . . . . . . . . . . . . . 80

8.7.4 Fatigue Assessment . . . . . . . . . . . . . . . . . . . . . . . . . 84

8.7.5 ULS Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . 92

8.7.6 Calibration Sensitivity . . . . . . . . . . . . . . . . . . . . . . . 93

8.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

9 Real Site Analysis 97

9.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

9.2 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

9.3 Assumptions and Simplifications . . . . . . . . . . . . . . . . . . . . . . 99

9.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

xi



Contents Contents

9.4.1 Comparison Between Simulations and Measurements . . . . . . . 99

9.4.2 Fatigue Assessment . . . . . . . . . . . . . . . . . . . . . . . . . 103

9.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

10 Conclusion 111

10.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

10.2 Suggestions for Further Work . . . . . . . . . . . . . . . . . . . . . . . . 113

A 3DFloat Input File 119

B TurbSim Input File 135

C MATLAB Script for Calculating Fatigue Damage 137

D S - N Data for Steel with Cathodic Protection in Seawater 141

E Natural Frequencies for the Blade Modes of the OWT in the North Sea 143

xii



List of Tables

5.1 API p – y data for short-term static loading of piles in clay. . . . . . . . . 36

6.1 Pile properties for the initial geometry. . . . . . . . . . . . . . . . . . . . 46

6.2 Soil parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

6.3 Pile properties for the three geometries. . . . . . . . . . . . . . . . . . . 52

6.4 Shell element properties. . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6.5 Finite element mesh. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

8.1 Pile properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

8.2 Some properties of the NREL 5 MW wind turbine . . . . . . . . . . . . . 71

8.3 Soil parameters for the API p - y formulation. . . . . . . . . . . . . . . . 71

8.4 Environmental load cases. . . . . . . . . . . . . . . . . . . . . . . . . . 72

8.5 Environmental parameters for the 50 year extreme events. . . . . . . . . . 72

8.6 1st simulated tower-bending natural frequencies frequencies. . . . . . . . 79

8.7 Expected fatigue life for the initial geometry. . . . . . . . . . . . . . . . 86

8.8 Expected fatigue life for the different geometries. . . . . . . . . . . . . . 91

8.9 Possible steel savings of the monopile. . . . . . . . . . . . . . . . . . . . 91

8.10 ULS loads. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

8.11 Expected Fatigue life for the different calibrations of the macro-element. . 93

9.1 Comparison between the measured and the simulated natural frequencies
for the first two tower modes. . . . . . . . . . . . . . . . . . . . . . . . . 101

9.2 Measured vs. simulated tower-bending frequencies. . . . . . . . . . . . . 101

9.3 Expected fatigue life. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

xiii



List of Tables List of Tables

E.1 Comparison between the measured and the simulated natural frequencies
for the first blade modes . . . . . . . . . . . . . . . . . . . . . . . . . . 143

xiv



List of Figures

1.1 Common foundation types for bottom-mounted OWTs. . . . . . . . . . . 2

1.2 General terminology used in this study for a monopile OWT. . . . . . . . 3

1.3 Coordinate system used throughout this thesis. . . . . . . . . . . . . . . . 4

2.1 Environmental impacts on an offshore wind turbine. . . . . . . . . . . . . 9

2.2 Conversion between frequency- and time-domain by Fourier transform. . 10

2.3 Horizontal wind-speed spectrum. . . . . . . . . . . . . . . . . . . . . . . 12

2.4 True wind profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5 Wave description. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.6 Ranges of validity for various wave theories. . . . . . . . . . . . . . . . . 16

2.7 Example of components for Stokes 5th order wave theory. . . . . . . . . . 18

2.8 Stretching and extrapolation of velocity profile. . . . . . . . . . . . . . . 18

3.1 Example of a fatigue cycle in pure tension. . . . . . . . . . . . . . . . . . 22

3.2 Flowchart for calculating fatigue damage using S-N curves and Palmgren-
Miner sum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3 Moment on a cylindrical cross-section. . . . . . . . . . . . . . . . . . . . 23

3.4 Illustration of the Rainflow counting method. . . . . . . . . . . . . . . . 24

4.1 Typical frequency spectra of environmental and mechanical loading on a
three-bladed OWT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.2 Example of a hysteretic loop . . . . . . . . . . . . . . . . . . . . . . . . 30

4.3 Damping estimation through logarithmic. . . . . . . . . . . . . . . . . . 31

5.1 Mohr-Coulomb yield criteria. . . . . . . . . . . . . . . . . . . . . . . . . 34

xv



List of Figures List of Figures

5.2 Illustration of a set of distributed springs along a pile, with corresponding
p – y curves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.3 Shape of a typical API p – y curve for laterally loaded piles in clay. . . . . 36

5.4 Stress around a laterally loaded pile. . . . . . . . . . . . . . . . . . . . . 37

5.5 p - y path vs kinematic hardening path. . . . . . . . . . . . . . . . . . . . 38

5.6 Illustration of a yield surface including vectors of plastic flow. . . . . . . 39

5.7 Illustration of different hardening laws. . . . . . . . . . . . . . . . . . . 41

5.8 Yield surfaces used by the macro-element. . . . . . . . . . . . . . . . . . 42

5.9 Illustration of the behaviour of the macro-element. . . . . . . . . . . . . 43

6.1 Coordinate system for the Abaqus model. . . . . . . . . . . . . . . . . . 46

6.2 Analytical solution vs. FE model using shell elements. . . . . . . . . . . 47

6.3 Symmetry boundary conditions. . . . . . . . . . . . . . . . . . . . . . . 48

6.4 Response comparison of symmetric and full model. . . . . . . . . . . . . 48

6.5 Soil profile of the idealized clay model. . . . . . . . . . . . . . . . . . . 49

6.6 Comparison of the lateral displacement and the bending moment due to
different sizes of soil volume. . . . . . . . . . . . . . . . . . . . . . . . . 51

6.7 Visualization of the contact formulation used. . . . . . . . . . . . . . . . 53

6.8 Comparison of the lateral displacement and the bending moment for dif-
ferent mesh element sizes. . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.9 Global mesh of the Abaqus model. . . . . . . . . . . . . . . . . . . . . . 57

6.10 Deformation of the soil. . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.11 Comparison of Abaqus and PLAXIS results. . . . . . . . . . . . . . . . . 59

6.12 Moment - displacement curves at pile head. . . . . . . . . . . . . . . . . 59

7.1 Element coordinate system in 3DFloat. . . . . . . . . . . . . . . . . . . . 62

7.2 Global coordinate system definition in 3DFloat . . . . . . . . . . . . . . 62

7.3 Illustration of TurbSim wind field . . . . . . . . . . . . . . . . . . . . . 64

8.1 Illustrations of the two models. . . . . . . . . . . . . . . . . . . . . . . . 70

8.2 S - N curve F3 for steel in seawater with cathodic protection. . . . . . . . 73

8.3 Wind speeds for load case 6. . . . . . . . . . . . . . . . . . . . . . . . . 75

8.4 Wave elevation for load case 6. . . . . . . . . . . . . . . . . . . . . . . . 75

xvi



List of Figures List of Figures

8.5 JONSWAP specrtum for load case 6. . . . . . . . . . . . . . . . . . . . . 76

8.6 Rotor speeds for various LCs. . . . . . . . . . . . . . . . . . . . . . . . . 76

8.7 Paraview plots in the xz-plane. . . . . . . . . . . . . . . . . . . . . . . . 77

8.8 Paraview plot of the OWT. . . . . . . . . . . . . . . . . . . . . . . . . . 77

8.9 Tower top displacements from free vibration test with initial displacement
of 0.2m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

8.10 Visualizations of the 1st tower-bending natural frequencies . . . . . . . . 79

8.11 Load - displacement curve at the mudline . . . . . . . . . . . . . . . . . 80

8.12 Mudline fore-aft bending moments. . . . . . . . . . . . . . . . . . . . . 81

8.13 PSDs of the mudline fore-aft bending moments. . . . . . . . . . . . . . . 82

8.14 JONSWAP spectrum of load case 6, the fundamental frequency of the two
models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

8.15 Campbell diagram. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

8.16 Positions on the cross-section investigated for fatigue damage. . . . . . . 85

8.17 Mudline moments at different positions on the pile cross-section. . . . . . 85

8.18 Normalized fatigue damage at the mudline for the initial geometry. . . . . 86

8.19 Maximum obtained moments at the mudline. . . . . . . . . . . . . . . . 87

8.20 Mudline moments of load cases 5 and 12 for the API p - y model. . . . . 88

8.21 Comparison of the pile response from Abaqus model to the two p - y
formulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

8.22 Normalized fatigue damage below the mudline. . . . . . . . . . . . . . . 90

8.23 Normalized fatigue damage at the mudline for the different geometries. . 91

8.24 Stress along pile under ULS loads. . . . . . . . . . . . . . . . . . . . . . 93

8.25 Normalized fatigue damage at the mudline for the different calibrations
of the macro-element. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

9.1 Comparison of the results from FEA to the two p - y formulations. . . . . 98

9.2 Moment - displacement curve at the mudline. . . . . . . . . . . . . . . . 100

9.3 PSD of the measured accelerations at site versus simulated natural fre-
quencies from the macro-element model. . . . . . . . . . . . . . . . . . . 100

9.4 PSD of the measured accelerations in the fore-aft direction, and the cor-
responding fundamental frequencies of the three models. . . . . . . . . . 102

xvii



List of Figures List of Figures

9.5 Simulated mudline moments. . . . . . . . . . . . . . . . . . . . . . . . . 103

9.6 Captions of environmental spectra for load case 15. . . . . . . . . . . . . 104

9.7 PSD of the mudline fore-aft bending moments. . . . . . . . . . . . . . . 105

9.8 Mudline moments from free vibration test. . . . . . . . . . . . . . . . . . 106

9.9 Mudline moments and displacements. . . . . . . . . . . . . . . . . . . . 106

9.10 Damping ratios for various moment amplitudes at the mudline. . . . . . . 107

9.11 Normalized fatigue damage at the mudline. . . . . . . . . . . . . . . . . 108

9.12 Deviation from the obtained fatigue damage for the FEA p - y model to
the macro-element model. . . . . . . . . . . . . . . . . . . . . . . . . . 109

D.1 S - N data for steel with cathodic protection in seawater . . . . . . . . . . 141

xviii



Nomenclature

Acronyms

ABL Atmospheric Boundary Layer

API American Petroleum Institute

BC Boundary Condition

BEM Blade-Element/Momentum

BLF Buckling Load Factor

CAE Computer Aided Engineering

DFF Design Fatigue Factor

DFT Discrete Fourier Transform

DLC Design Load Case

dll Dynamic-Link-Library

DNV Det Norske Veritas

DOF Degree Of Freedom

FE Finite Element

FEA Finite Element Analyses

FEM Finite Element Method

FFT Fast Fourier Transform

GWEC Global Wind Energy Council

HAWT Horizontal Axis Wind Turbine

IEC International Elecrotechnical Commission

xix



List of Figures List of Figures

IFE Institute for Energy Technology

ISSC International Ship and offshore Structures Congress

JONSWAP Joint North Sea Wave Project

LC Load Case

MDOF Multi-Degree-Of-Freedom

MSL Mean Sea Level

NGI Norwegian Geotechnical Institute

NMBU Norwegian University of Life Science

NREL National Renewable Energy Laboratory

NTNU Norwegian University of Science and Technology

OWT Offshore Wind Turbine

P-M Pierson-Moskowitz

PSD Power Spectral Density

REDWIN REDucing cost in offshore WINd by integrated structural design

SDOF Single-Degree-Of-Freedom

SSI Soil - Structure Interaction

SWL Still Water Level

ULS Ultimate Limit State

Greek letters

α Power Law coefficient [-]

∆σ Stress range [Pa]

∆t Time interval [s]

δ Element size [m]

η Sea surface elevation [m]

γ Peak-enhancement factor [-]

xx



List of Figures List of Figures

γ ′ Submerged soil unit weight [kN/m3

κ von Karman’s constant [-]

λ Wave length [m]

ν Poisson ratio of pile [-]

νs Poisson ratio of soil [-]

ω Angular frequency [rad/s]

ω0 Fixed-base natural frequency [rad/s]

ωeq Equivalent natural frequency [rad/s]

ωr Rocking natural frequency [rad/s]

ωu Translational natural frequency [rad/s]

φ Friction angle [deg]

ρa Density of air [kg/m3]

ρw Density of water [kg/m3]

σ Normal stress [kPa]

σa Stress amplitude [Pa]

σm Mean stress [Pa]

σU Standard deviation of mean wind speed [m/s]

σmax Maximum stress [Pa]

σmin Minimum stress [Pa]

τmax Shear strength of soil [kPa]

ε50 Strain at 50% the maximum deviator stress [-]

εvol volumetric strain [-]

ρ Spectral width parameter [-]

ξ Logarithmic decrement [-]

ζsoil Soil damping ratio [-]

ζstruct Structural damping ratio [-]

xxi



List of Figures List of Figures

ζtot Total damping ratio [-]

Lowercase letters

ttt Load vector [N],[Nm]

vvv Displacement vector [m],[rad]

vvve Elastic displacement vector [m],[rad]

vvvp Plastic displacement vector [m],[rad]
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Chapter 1

Introduction

1.1 Background and Motivation

As concerns about global warming, energy security and a potential fossil fuel depletion
increased towards the end of the 20th century, world politicians started agreeing on a
necessary shift towards more renewable energy sources (Manwell et al. 2010). In 1997,
the Kyoto protocol was signed, demanding several countries to reduce their greenhouse
gas emission. Recent focus, such as the Paris Agreement (signed in 2015), indicate the
current political interest in taking action against climate change. Further investment in
the renewable energy industry is therefore to be expected for the years to come (GWEC
2015).

In the light of the focus on renewables, offshore wind has grown to become a significant
source for energy harvesting. The key benefit of utilizing offshore locations for wind
energy harvesting is the better wind quality over the oceans. The smoother surface of
the sea compared to land result in stronger and less turbulent winds. Hence, ensuring a
greater and more reliable power production, as well as reducing the fatigue loading on the
turbine generator. However, wind turbines for offshore applications demand a higher cost
and complexity of installment, maintenance and structural design, due to a more extreme
environment and limited accessibility (Esteban et al. 2011). Despite this, there is currently
a large investment in offshore wind technology. According to the Global Wind Energy
Council (GWEC) (2015), offshore wind accounted for almost a quarter of the total wind
power installations in the EU in 2015. This was more than double the annual addition of
offshore installations from the year before.

Developers have increased the efficiency of offshore wind turbines (OWTs) by applying
larger diameter rotors, and installing wind farms further from the coast, where the wind
speeds are higher. This has resulted in turbines with greater outputs, and consequently
an increased cost-efficiency of offshore wind energy (Haiderali and Madabhushi 2012).
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1.2. Foundation Concepts Chapter 1. Introduction

However, up to 20% of the capital costs of OWTs correlate to their support structures
(Aasen et al. 2017), yet geotechnical and foundation issues in design are commonly solved
by overly conservative approaches. More accurate modeling of soil-structure interaction
(SSI), in particular concerning design predictions of foundation stiffness and damping,
is believed to achieve large potentials for cost reductions in the foundation design. The
capital costs of OWTs are closely related to material usage, and, according to Kallehave
et al. (2015), reductions of steel tonnage in the range of 10-25% are not unreasonable. To
reach this optimization potential, more accurate models of the soil response, assessment
of damping and accurate fatigue damage calculations are essential.

The REDWIN project (REDucing cost in offshore WINd by integrated structural and
geotechnical design) is a research project lead by the Norwegian Geotechnical Institute
(NGI), which aims to reduce the cost of offshore wind energy by improving the soil-
foundation models used in the design of bottom-mounted OWTs. As part of this project,
a new foundation model for monopile foundations has been developed. This thesis con-
tributes to the project by investigating the pile optimization potential of applying this
model in fatigue assessments, as compared to the common industry practice of using API
p - y curves.

1.2 Foundation Concepts

Several foundation concepts exists for OWT application, and upon selection of founda-
tion type, evaluations on soil conditions, water depth and economics are essential. Some
typical foundation types for bottom-mounted OWTs are illustrated in Figure 1.1.

Figure 1.1: Common foundation types for bottom-mounted OWTs. a) Gravity based
foundation, b) Monopile foundation c) Caisson foundation, d) Multipile foundation, e)
Multi caisson foundation and f) Jacket foundation (Kallehave et al. 2015).
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The monopile foundation is a large diameter cylindrical steel tube, driven into the seabed,
and is by far the most commonly applied foundation type, accounting for about 75% of all
installed capacity (Page et al. 2018). According to Kallehave et al. (2015), monopiles are
currently installed at water depths up to 35m, and with new optimized models, monopiles
could be economically applicable for water depths of 40m. Hence, it is expected that, even
with installments at deeper waters, monopiles will continue to be the popular choice.

1.3 General Terminology

A simple illustration of the general terminology used in this thesis is given in Figure 1.2.

Figure 1.2: General terminology used in this thesis for a monopile OWT (Arshad and
O’Kelly 2016).

The focus of this thesis has been on horizontal axis wind turbines (HAWTs). The HAWTs
use lift to obtain the rotating effect that generates power. There exists both two- and three-
bladed HAWTs, the three-bladed ones being the most commonly used. As Figure 1.2
illustrates, the HAWTs consist of a hub, rotor and a nacelle that connects the rotor to the
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tower. The substructure of the turbine extends from some meters above the mean sea level
(MSL) (or still water level (SWL)) to the mudline, where the foundation is defined as the
part extending beneath the mudline. There is a transition piece connecting the monopile
to the tower.

Figure 1.3 illustrates the coordinate system used throughout this thesis, with the com-
monly applied terminology for directional motion. Analogous terminology for sway and
surge are side-to-side and fore-aft, respectively.

Figure 1.3: Coordinate system used throughout this thesis.

HAWTs can either be faced upwind (hub faced towards the wind) or downwind (hub faced
from the wind), where the most common configuration is upwind.

1.4 Previous Research

The API p - y method has shown to be successful in design applications of piles with a
large length to diameter ratio, designed to withstand axial loads, as used in the oil and gas
industry (Arshad and O’Kelly 2016). However, their usefulness for large diameter piles
under lateral loading has shown limitations, and their validity to monopile foundation
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design for offshore wind applications, has been questioned. Many studies on foundation
modeling for monopile OWT design has therefore been conducted.

Mardfekri et al. (2013) has conducted studies comparing finite element (FE) results to
those obtained from the p - y method, for various diameter piles. The study applied the p
- y formulations as described by Reese et al. (1975) and Reese et al. (1974) for stiff clay
and sand respectively. For the 1 meter diameter pile at the clay site, the p - y method and
the FE method showed deviations of only 1% of the mudline displacements. However,
with larger diameter piles, the inaccuracy of the p - y method increased. For the pile
with a diameter of 4 meters, the p - y method obtained mudline displacements that were
50% larger than those obtained from the FE model. In contrast, the 4 meter diameter pile
situated in sand, only obtained deviations of the mudline displacements of 5% between
the two methods of modeling.

Byrne et al. (2015) found the method based on API and DNV p - y curves to significantly
under predict the ultimate capacity and stiffness of large diameter monopiles in clay. In
correspondence with Mardfekri et al. (2013), they also found the predicted stiffness at
sand-dominated sites to be more accurate.

Kallehave et al. (2015) have performed fatigue calculations and compared the measured
fundamental frequency of OWTs to their estimated design frequency. They found the
estimated frequencies to, in general, be under predicted. By a reassessment of a structure’s
natural frequency and wave loads based on measurements, they found a total increase in
the expected fatigue life of the particular OWT by 88%. Based on this, they obtained a
realized value of potential steel savings, at the studied wind farm, in the range of 20 -
25%.

Aasen et al. (2017) compared different soil-foundation models to investigate how stiff-
ness and damping influence the fatigue damage on a monopile-based OWT. Their study
indicated that damping alone had a significant effect on the total fatigue damage on the
structure. A comparison of two models with similar fundamental frequency, showed that
the estimated fatigue damage was reduced by 13% when including foundation damping
with a factor of 0.3%. Additionally, they found the softest model, although not the API p
- y model, to result in the largest accumulated fatigue damage.

As part of his Master’s thesis, Aasen (2016) studied the fatigue damage sensitivity to
foundation modeling at various positions on a monopile-based OWT. His studies indi-
cated that, among the positions investigated, the positions most sensitive to foundation
modeling, was the tower root and at the mudline. Between the two, the structure obtained
the largest estimates on fatigue damage at the mudline.

As the literature has indicated large limitations of the p - y method, there is an obvious
need for better foundation models to ensure future development in the offshore wind
industry. Many improved model formulations have been attempted. These have aimed to
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improve the modeling of foundation damping (Beuckelaers 2015), or on improvements of
the stiffness response (Byrne et al. 2015). The macro-element model studied in this thesis,
however, has shown to provide simultaneous accurate modeling of both the foundation
stiffness- and damping (Page et al. 2018). A broader description of this model will be
presented in Chapter 5.

Keeping in mind the indicated limitations of the industry practice by applying API p -
y curves, this thesis will assess the optimization potential of applying a more accurate
foundation model in fatigue calculations. The optimization potential will be assessed,
mainly with regards to fatigue damage at the mudline, as Aasen’s (2016) studies has
highlighted this position’s sensitivity to foundation modeling and magnitude of fatigue
damage estimates. Additionally, a short study on the fatigue damage along the foundation
will be performed, as this has been given little attention in previous research. The thesis
consider clay-dominated sites, as a lower accuracy of the API p - y model has typically
been observed in literature for sites dominated by clays.

1.5 Objectives

The motivation for this study bases on the observed limitations in the industry practice of
using API p - y curves in monopile-based OWT design, and the need for better foundation
models to exploit the possibilities of cost reductions in offshore wind. The main objectives
are:

• To assess the accuracy of different foundation models by comparisons with mea-
sured data from an installed monopile-based OWT in the North Sea.

• To investigate the optimization potential of monopile OWT foundations, with re-
gards to fatigue estimates, through using a more reliable foundation model as an
alternative to today’s industry practice.

To achieve this, the following tasks needed to be performed:

• Establishing a FE model of the pile foundation and surrounding soil, that accounts
for the soil-structure interaction, for model calibration.

• Obtaining the API p - y curves corresponding to the selected soil profiles, as well
as extracting FEA p - y curves from finite element analyses.

• To build inputs to 3DFloat that includes the different foundation models, and per-
form time-domain integrated analyses.
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1.6 Thesis Outline

The theory is presented in Chapters 2 through 5.

Chapter 2 provides a presentation of the ocean environment, focusing on wind- and wave
loads on OWTs, as well as spectral representations of wind- and wave statistics.

Chapter 3 presents the fundamental concepts of fatigue, and how to apply this to OWT
design.

Chapter 4 covers some of the main design concerns of monopile foundations, relating to
the foundation flexibility and damping.

Chapter 5 presents basic theory on soil mechanics, and proceeds to describe the two soil-
structure interaction models studied in this thesis.

A description of the modeling and validation of the finite element model created for this
thesis, is provided in Chapter 6.

Furthermore, Chapter 7 provides a brief introduction to the computational tool 3DFloat,
that has been used for time-domain integrated simulations.

Chapter 8 presents an analysis on fatigue assessments and optimization potential of a
monopile-based OWT situated at an idealized clay site.

In Chapter 9, a real site analysis is presented, assessing the accuracy of the different foun-
dation models, as well as assessing the sensitivity to foundation modeling with regards to
fatigue calculations.

Finally, Chapter 10 will shortly summarize and conclude the main findings of the thesis,
and provide recommendations for further work.

1.7 Software Used

The following computer programs were used in this thesis:

• Abaqus, a software for finite element analyses (FEA) and computer aided engineer-
ing (CAE), SIMULIA

• 3DFloat, an aero-servo-hydro-elastic CAE tool for calculating the dynamic response
of offshore wind turbines, IFE and NMBU

• MATLAB, a general purpose mathematical modeling program, Math Works Inc.
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Chapter 2

Ocean Environment

The design of OWTs is highly dependent on site-specific metocean conditions, and an
appropriate description of the ocean environment is therefore crucial (Chakrabarti 2005).
Figure 2.1 illustrates the environmental impacts OWTs may be exposed to.

Figure 2.1: Environmental impacts on an offshore wind turbine (Arshad and O’Kelly
2016).

The most significant environmental loading on OWTs are the wind and wave loads. These
are stochastic (or random) processes, and consequently, cannot be reproduced or predicted
in detail. However, if the joint probability distribution of a stochastic process is invariant
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of time, the process is said to be stationary. This entails that the averages, means, standard
deviations, variances and mean squares are independent of time all together. Furthermore,
a stochastic process is ergodic if, in addition to being stationary, the statistical properties
of the process are completely represented by a single, sufficiently long, sample of the
process (Newland 2005). Wind and wave histories are, with good accuracy, assumed to
be stationary ergodic random processes, which is an essential assumption for statistical
representations of wind and wave conditions.

The equation of motion for a multi-degree-of-freedom (MDOF) system is, in the time-
domain, given by

[M]{ü(t)}+[C]{u̇(t)}+[K]{u(t)}= {F}(t) (2.1)

where {F}(t) is a vector containing the external loads, [M], [C] and [K] are the mass,
damping and stiffness matrices, respectively, and {u(t)} is the displacement vector, where
the velocity vector is given as its time derivative, {u̇(t)}, and the acceleration vector is
given as its double time derivative, {ü(t)}. Hence, as the wind and wave loads (repre-
sented in {F(t)}) are random processes, the response of an OWT structure (described in
u(t), u̇(t) and ü(t)), will be random as well.

Fourier Transform and Power Spectral Density

In OWT analyses, data is usually processed in the time-domain. However, wave and wind
loading are often described by statistical formulations in the frequency domain. Such
formulations are known as power spectral densities (PSDs), and describes the energy
distribution along the frequency axis (Newland 2005). The Fourier transform converts a
random signal from the time-domain to the frequency domain, and reverse by its inverse,
as illustrated in Figure 2.2.

Figure 2.2: Conversion between frequency- and time-domain by Fourier transform.

The Fourier transform and its inverse is given by Newland (2005) as
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X(ω) =
1

2π

∫
∞

−∞

x(t)e−iωtdt (2.2)

x(t) =
∫

∞

−∞

X(ω)eiωtdω (2.3)

For a discrete signal, xr(t), values are measured at a constant time interval ∆t = T/Nt ,
where T is the total sample length, and Nt is the total number of time steps. The discrete
Fourier transform (DFT) is, by Newland (2005), given as

Xk( f ) =
1
T

Nt−1

∑
r=0

xre−i2πkr/Nt (2.4)

The DFT can be found from the the fast Fourier transform (FFT) algorithm (Newland
2005). Furthermore, the PSD is related to the DFT by

Sx( f ) = lim
T→∞

1
T

E[|Xk( f )|2] (2.5)

where E[|Xk( f )|2 is the mean value of |Xk( f )|2.

Real measured signals contain much noise, and some sort of averaging is needed to make
the signal less noisy. The Welch’s method may be used for this purpose. The method
divides the original signal into different segments, or windows, and averages the spectra
of these. The consequence is less narrow peaks in the PSD, as the signals to which the
FFT is applied is shortened. However the accuracy of the PSD incrases.

2.1 Wind Modeling

Understanding the characteristics of wind is very important for safe and serviceable de-
sign. This section will present the basic characteristics of wind, as well as common ways
to model it.

2.1.1 Wind Characteristics

Winds are caused by the variable temperature gradient of the atmosphere due to the sun’s
heating the earth’s surface. As the wind is constantly changing in speed and direction, the
main characteristics of wind is the mean wind speed, U , and the fluctuations about this
mean (u,v,w) in the x-, y- and z-directions (Cao 2013).

Wind speed varies randomly in time. The time varying character of the wind can be
measured and represented in form of a wind spectrum, covering large frequency ranges.
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Such a spectrum, by Isaac Van der Hoven (1956), is presented in Figure 2.3.

Figure 2.3: Horizontal wind-speed spectrum (Hoven 1956).

The spectrum represents the turbulence-energy at different frequency ranges. Conse-
quently, the peaks represents frequencies of which there are large amounts of wind-speed
fluctuations. The peak furthest to the left corresponds to a period of 4 days, and represents
wind-speed fluctuations due to migratory pressure systems, whereas the peak furthest
to the right corresponds to mechanical and convective types of wind-speed fluctuations,
caused by e.g. topographical effects (Hoven 1956; Cao 2013). The spectral gap de-
scribes the low-energy part of the spectrum, ranging from periods around 10 minutes to
1 hour, indicating little fluctuation of the wind speed in this frequency range. Over this
period, stationary conditions with constant mean wind and standard deviation, σU , can
be assumed with good accuracy (DNV 2010). Det Norske Veritas (DNV) (2010) sug-
gests using periods of 10 minutes when estimating the mean wind speeds for offshore
applications.

Wind speed also vary with height above the ground or sea surface. Consequently a ref-
erence height must be specified, at which the mean wind speed will be determined. For
wind turbines, the mean wind speed at the hub height should be used as reference (DNV
2014).

2.1.2 Wind Representation

The region close to the earth’s surface, where frictional forces from the earth still affects
the wind, is known as the atmospheric boundary layer (ABL). In this region, the mean
wind will vary with altitude, with a rate of change known as wind shear. At a certain
altitude, the wind shear will vanish, and the wind reaches its undisturbed value (Cao
2013). There exists several models for representing the mean wind profile in the ABL,
the two most commonly used being the power law, and the logarithmic profile.
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Power Law

The power law describes the wind profile through Equation 2.6 (Cao 2013)

U(z) =Ure f

(
z−h
zre f

)α

(2.6)

where U(z) is the mean wind speed at height z, Ure f is the reference mean wind speed at
reference height zre f , h is the height above ground at which zero wind speed is achieved
(for offshore sites, h = 0) and α is the power law coefficient.

Logarithmic Profile

The logarithmic profile is expressed in Equation 2.7 (Cao 2013)

U(z) =
u∗

κ
ln
(

z−h
z0

)
(2.7)

where z0 is the surface roughness and κ = 0.4 is the von Karman’s constant. The friction
velocity, u∗ =

√
τ/ρa have been introduced, with τ being the surface shear stress and ρa

the air density.

The surface roughness usually varies between 0.0001m at open ocean to 0.003m in coastal
areas, and may be solved implicitly from the following equation (DNV 2014)

z0 =
Ca

g

(
κU

ln(z/z0)

)2

(2.8)

where g is the acceleration of gravity and Ca is Charnock’s constant.

2.1.3 Turbulence

The mean wind speed profiles described above represents the wind speed as a steady
flow of air that is only varying with altitude. The actual wind speed, however, is very
irregular and deviates from the mean wind profile in both speed and direction, as a result
of turbulence (Tempel et al. 2010). This is illustrated in Figure 2.4.

Turbulence is dependent on height, wind speed and surface roughness. In general, the tur-
bulence intensity is lower offshore, and is decreasing with higher wind speeds (Karimirad
and Moan 2012).
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Figure 2.4: True wind profile (Tempel et al. 2010).

A measure of the turbulence is given by its intensity, Iu, Iv and Iw in the x-, y- and z-
direction, respectively. The turbulence intensity is a function of the standard deviation in
the fluctuating direction, and the mean wind speed. The turbulence intensity component
in the mean wind direction is, in general, more significant than the other two, and is given
by Equation 2.9 (Cao 2013).

Iu =
σu

U
(2.9)

2.1.4 Wind Spectrum

The wind climate can be represented by a power spectrum, expressing the frequency dis-
tribution of the wind speed (DNV 2014). There exists several models of expressing the
spectral density of the wind field, including the von Kármán spectrum, the Kaimal spec-
trum, the Davenport spectrum, etc. These spectra are used in wind generating software,
such as TurbSim (see Chapter 7). In general, they agree in the high frequency range, yet
they may vary significantly in the low frequency range (DNV 2010). According to Det
Norske Veritas (2014), the Kaimal spectrum should be used, unless data indicate other-
wise. The expression for the Kaimal spectrum is given by Equation 2.10 (DNV 2014)

SKaimal( f ) = σ
2
U

4Lk/U
(1+6 f Lk/U)5/3 (2.10)
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where f is the frequency and the integral length, Lk, is given as

Lk =

5.67z for z < 60m

340.2m for z≥ 60m
(2.11)

where z denotes the height above the ground or water surface.

2.2 Wave Modeling

The two most important features contributing to the sea elevation are wind waves and
swell. Wind waves are ripples in the water surface caused by local surface winds, gener-
ally with short periods. In contrast, swell are long-period waves traveling far from their
origin (Chakrabarti 2005), and is in no way related to the local winds (DNV 2010). This
section will give a description of different wave theories, and how to model the sea state.

2.2.1 Wave Theories

Ocean waves are irregular and random in nature and are therefore difficult to describe.
However, larger waves in a random wave series may be assumed to take a regular shape,
allowing for a deterministic description of the wave kinematics (Chakrabarti 2005). Reg-
ular waves are propagating with permanent shape, having a distinct wave length λ , wave
period T and wave height H. Figure 2.5 illustrates a regular wave and its characteristics.

Figure 2.5: Wave description.

The surface elevation, η , describes the distance between the wave surface and the still
water level (SWL). The wave crest height, AC, and the wave trough depth, AT , represents
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the distance from the SWL to the wave crest and the wave trough respectively. The wave
height is the vertical distance from trough to crest, and the wave period is defined as the
time between two successive zero-upcrossings.

For all wave theories, the ocean floor is assumed horizontal and flat (DNV 2010). Some
commonly applied wave theories will be described in the following, where their applica-
bility rages are presented in Figure 2.6.

Figure 2.6: Ranges of validity for various wave theories (DNV 2014).

Airy Wave Theory

The simplest wave theory is the Airy wave theory (also known as linear wave theory). The
Airy wave theory models the wave propagation as a simple harmonic function varying
between wave crest and wave through. The general expression for the wave propagation
in Airy wave theory is, according to Det Norske Veritas (2014), given by
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η(x,y, t) =
H
2

cosΘ (2.12)

where, Θ = k(xcosβ +ysinβ )−ωt, is the wave phase, k = 2π/λ , is the wave number and
β , describes the direction of wave propagation. The model describes the elevation of the
wave both in time and space, such that it can give the instantaneous surface elevation at
any position (x,y). The theory is often sufficient for offshore applications, especially in
deep waters, but also in shallower areas where the wave height is much smaller than both
the wave length and the water depth (DNV 2014).

Higher Order Wave Theories

At a certain ratio between the wave height on the wave length or on the water depth, the
Airy wave theory becomes inapplicable. In those cases, higher order wave theories must
be applied, such as Stokes’ wave theories, stream function theory, solitary wave theory,
etc.

The higher order regular wave theories describe a wave propagation which is symmetric
front-to-back, but asymmetric crest-to-trough. In predictions of wave forces for fatigue
assessments, Det Norske Veritas (2014) recommends the use of Stokes 5th order theory
when water depths exceed 30m, and the use of higher order stream function theory for
water depths of less than 15m.

Stokes’ Wave Theories
In general, Stokes’ wave theories are based upon combining several components of har-
monic functions of different frequencies, where the order of the theory indicates how
many components that are included. The first component is equal to the shape given by
Airy wave theory, whereas the following components will all be of higher frequency and
lower amplitude than the prior. By summing the components, the resulting description be-
comes a wave profile with a steeper crest and a shallower through, as Figure 2.7 indicate
for 5th order Stokes’ wave theory (Chakrabarti 2005).

Stream Function Theory
The stream function theory is purely numerical, and the validity of the model is broader
than the wave theories already mentioned. The general solution for the stream function
theory is, according to Det Norske Veritas (2014), given by

Ψ(x,z) = cz+
N

∑
n=1

X(n)sinh(nk)(z+h)cos(nkx) (2.13)
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Figure 2.7: Example of components for Stokes 5th order wave theory (Chakrabarti 2005).

Wave Stretching and Extrapolation

The stream function theory provides wave kinematics up to the free surface elevation.
However, this do not apply to Airy waves and Stokes waves, as they only account for
wave kinematics up to the still water level. Thus, by implementing stretching formulas
or extrapolation, as illustrated in Figure 2.8, predictions of fluid velocity and acceleration
between the crest and the SWL can be estimated for these wave theories.

Figure 2.8: Stretching and extrapolation of velocity profile (DNV 2010).
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2.2.2 Wave Representation

The wave climate is described by the significant wave height, Hs, and the spectral peak
period, Tp. The short-term sea state is assumed a stationary random process, for time
periods normally between 3 or 6 hours (DNV 2014). In this period, Hs and Tp can, due
to stationary conditions, be assumed constant. The wave height, H, and the wave period,
T , will, in the short-term stationary sea state, follow probability distributions based on Hs

and Hs,Tp and H, respectively (DNV 2014). The short-term sea state may be represented
by a wave spectrum that is dependent upon the values of Hs an Tp, expressing the energy
content of the sea elevation and its frequency distribution (Chakrabarti 2005).

Wave Spectrum

There are several different spectra representing the sea elevation process, the most com-
mon being the Pierson-Moskowitz (P-M) spectrum, the Bretschneider spectrum, the In-
ternational Ship and Offshore Structures Congress (ISSC) spectrum and the Joint North
Sea Wave Project (JONSWAP) spectrum (Chakrabarti 2005). Det Norske Veritas (2014)
states that the JONSWAP spectrum should be used unless data indicate otherwise. The
JONSWAP spectrum is given by Equation 2.14 (DNV 2014)

SJONSWAP( f ) =
5
16

H2
s f 4

p

π4 f−5exp

(
− 5

4

(
f
fp

)−4
)

γ

exp

(
−0.5
(

f− fp
ρ fp

)2
)

(2.14)

where f is the wave frequency (in Hz), fp is the spectral peak frequency, ρ is the spectral
width parameter and γ is the peak-enhancement factor defined as

γ =


5 for Tp√

Hs
≤ 3.6

exp(5.75−1.15 Tp√
Hs
) for 3.6 <

Tp√
Hs
≤ 5

1 for 5 <
Tp√
Hs

(2.15)

For fully developed sea state (γ = 1), i.e. a sea state where the wind has transferred all of
its energy to the waves, the JONSWAP spectral formulation reduces to the P-M spectrum.
In other words, the JONSWAP spectrum is an extension to the P-M spectrum, accounting
for developing sea states that are dependent on the fetch (DNV 2010).

2.2.3 Wave Loads on Structures

The wave particle kinematics can be used to calculate the hydrodynamic loads on a struc-
ture. For slender structures, Morison’s equation can be applied for calculating the wave
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loads (DNV 2014). However, as slenderness is a function of wave length and pile diam-
eter, some monopiles are reaching the limit of the validity of the equation (Arshad and
O’Kelly 2016). In those cases, some diffraction terms may be necessary.

The wave loads are, by Morison’s equation, given as the sum of drag and inertia loads on
a vertical element dz of the structure, and is, in general, represented as in Equation 2.16
(DNV 2014).

dF = dFD +dFM (2.16)

where

dFD =CD
1
2ρwD|ẋ|ẋdz

dFM(x,z, t) =CM
ρwπD2

4 ẍdz
(2.17)

with dFD and dFM being the hydrodynamic drag and inertia loads respectively, ρw is the
density of the water, ẋ and ẍ is the water particles’ wave induced velocity and acceleration,
respectively, and D is the outer diameter of the cylinder section. z is originated at the
SWL, with a positive direction upwards. CD and CM are respectively the hydrodynamic
drag and inertia coefficients, and are functions of the Reynolds number, the Keulegan-
Carpenter number and the relative roughness.

When including the loads due to currents, the velocity term in the hydrodynamic drag
load in the general form of Morison equation must be modified to

dFD =CD
1
2

ρD|(ẋ+Uc)|(ẋ+Uc)dz (2.18)

where Uc is the total current velocity (DNV 2014).

The horizontal force on the structure is found by integrating Morison’s equation from the
seabed, z =−d, to the wave elevation, η(t).
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Chapter 3

Fatigue

OWTs are highly dynamic systems, whose support structures are exposed to millions of
load cycles, of varying amplitude, throughout their design lives (Brennan and Tavares
2014). Thus, OWTs are very prone to high-cycle fatigue damage, often making fatigue
a limiting factor in the design of the structures (Schafhirt et al. 2016). This chapter will
present the basic concept of fatigue, and the method commonly used for fatigue damage
calculations on OWTs.

3.1 Definition and Concepts

In material science, fatigue describes gradual degradation of a material over time due
to constantly changing stresses. This cyclic loading will therefore promote premature
failure in parts that would otherwise withstand these loads in a static case. Thus, fracture
can occur at stresses much lower than the ultimate tensile strength or the yield stress limit
of the material.

Above a certain stress threshold, microscopic cracks will start to form. With each cycle
of sufficiently high stress range, these cracks will continue to grow, until the material
experiences a sudden brittle fracture (Maleque and Salit 2014). Figure 3.1 presents a
fatigue cycle, and its main components.
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Figure 3.1: Example of a fatigue cycle in pure tension.

A common practice for calculating the fatigue damage on OWTs, based on S - N data, is
presented by DNV GL (2016), and is summarized by the flowchart in Figure 3.2.

Figure 3.2: Flowchart for calculating fatigue damage using S-N curves and Palmgren-
Miner sum (Tempel et al. 2010).

3.2 Stress History and Filtering

As the stress range, ∆σ , is the decisive factor to the magnitude of the fatigue damage,
fatigue calculations should be performed at the positions of the highest moments ampli-
tudes. These are assumed to occur at the mudline for monopile support structures for
OWT (Schafhirt et al. 2016), and fatigue calculations are therefore often performed at
that location. Additionally, welds are extra sensitive to fatigue loads, and attention should
be paid to the fatigue damage at the positions of the welds (Kallehave et al. 2015).

3.2.1 Obtaining the Stress Time History

The nominal local axial stress is found from data on the cross-sectional area, Acs, the
axial force, Nx, and the moments Mx and My about the x- and y-axis respectively, by use
of Equation 3.1.
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σx =
Nx

Acs
+

My

Iy
x+

Mx

Ix
y (3.1)

For a cylindrical pile, x = r cosθ and y = r sinθ , as Figure 3.3 indicates.

Figure 3.3: Moment on a cylindrical cross-section.

The contribution from the axial force will be significantly lower than from the bending
moments, and can therefore be neglected. Furthermore, assuming that the loads are uni-
directional in the x-direction, simplifies Equation 3.1 to

σx =
My

Iy
x (3.2)

where the moment of inertia for a hollow cylinder, Iy = Ix = Ip, is expressed as

Ip =
π(r4− (r− t4))

4
(3.3)

Here r is the outer radius, and t is the wall thickness of the pile.

3.2.2 Counting Methods

The stress cycles in a stress history can be identified and filtered through counting meth-
ods. There are various methods for filtering the stress ranges, both in the frequency-
and in the time-domain. However, time-domain methods are preferred for wind turbines
(Sanchez et al. 2015). The most common counting methods in the time-domain includes
the peak counting method and rainflow counting, the latter being the most commonly
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used for fatigue calculations of wind turbines (Sanchez et al. 2015), and will therefore be
described in the following.

Rainflow Counting

In general, rainflow counting is a process that converts a random signal to a count of
constant amplitude cycles. It measures ranges of the half-cycles in the signal, and have
demonstrated to account for all peaks more accurately than other counting algorithms
(Marsh et al. 2016). To visualize the principle behind rainflow counting, turn the stress
history in Figure 3.4 by 90 degrees and imagine that the dotted lines represents water
flowing down from the peaks.

Figure 3.4: Illustration of the Rainflow counting method.

The flow terminates when it reaches the end of the signal (11, 12), when the magnitude of
the next peak or valley is lower than the prior (1, 4, 5, 7, 8, 10) or when it merges with a
flow that started at another peak or valley (2’, 3’, 6’, 9’). Each terminated flow represents
a half cycle of stress ranging from the value at the beginning of the flow to the value at
termination. Then, half-cycles of the same magnitude (but opposite sense) are paired to
represent a complete cycle of constant amplitude.
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3.3 S - N Curve

The S - N curve describes a material’s resistance to fatigue and gives the number of cycles
to failure, N, versus the stress range, ∆σ , with a 97.7 % of survival. The S - N curve is
expressed by Equation 3.4 (DNVGL 2016).

logN = log ā−m log
(

∆σ

( t
tre f

)k
)

(3.4)

Here m is the negative slope on the S - N curve, log ā is the intercept of the logN axis,
t is the thickness of the member, tre f is the reference thickness and k is the thickness
exponent. For members of thickness less than the reference thickness, t is set equal to
tre f .

3.4 Palmgren-Miner Sum

The fatigue damage, D f , from a stress history, can be calculated according to the Palmgren-
Miner sum, given by Equation 3.5 (DNVGL 2016).

D f =
l

∑
i=1

ni

Ni
(3.5)

Here l is the total number of stress ranges counted, ni is the number of cycles occurring of
stress range i and Ni is the number of cycles of stress range i that the structure can endure
before fracture. When D f ≥ 1, fatigue failure will occur.

The total fatigue damage, D f ,tot is calculated from the fatigue damage of each occurring
stress history and the corresponding probability of occurrence. Thus, the total fatigue
damage becomes

D f ,tot =
j

∑
i=1

D f ,iPi (3.6)

where D f ,i is the cumulative fatigue damage from stress history i and Pi is the probability
for stress history i to occur. j represents the total number of stress histories.

The design fatigue damage is obtained by multiplying the predicted total fatigue damage,
D f ,tot , by a design fatigue factor (DFF) (DNVGL 2016).

Finally, the fatigue lifetime is given as the inverse of the fatigue damage.
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Chapter 4

Foundation Stiffness and Damping

The foundation modeling affects the fundamental frequency of the support structure and
contributes to the global damping. A realistic model for the foundation response is there-
fore essential for better fatigue life assessments (Beuckelaers 2015). To avoid resonance
effects, it is important that the foundation modeling accurately predicts the fundamental
frequency of the structure. Additionally, the damping contribute to energy dissipation,
and is therefore important to account for to achieve a better optimization potential. Nat-
ural frequency and damping are therefore two very important design considerations of
monopile-based OWTs, and will therefore be described in this chapter.

4.1 Natural Frequency

The dynamic response of OWTs differs in some important aspects from other offshore
constructions with similar substructures. In addition to the environmental loads from wind
and waves, OWTs are also exposed to mechanical loads from the turbine itself. Mass and
aerodynamic imbalance of the operating rotor cause vibrations at the hub level, with a load
frequency equal to the rotational frequency of the rotor, 1P. As OWTs operate at various
rotational speeds, 1P corresponds to a frequency band, ranging from the cut-in to the rated
frequency of the rotor. When the rotor is operating, the tower experience vibrations at the
blade-passing frequency (2P or 3P for two- or three-bladed turbines respectively), caused
by the blade shadowing effect on the tower. The magnitude of 2P and 3P equals two and
three times the rotational frequency, 1P, respectively (László Arany et al. 2014).

In designing an OWT structure, it is important to ensure that its fundamental frequency do
not coincide with the excitation frequencies of the environmental and mechanical loads,
to limit resonance effects on the structure (Zaaijer 2006). Figure 4.1 illustrates typical
power spectral density (PSD) plots of the relevant excitation frequencies of the loads on
OWTs. Here, 1P and 3P, correspond to the NREL 5 MW turbine, with a cut-in speed of
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6.9 rpm (0.115 Hz), and a rated speed of 12.1 rpm (0.202 Hz) (Jason Jonkman and Musial
2010). Note that the different spectra are fitted to the same plot in Figure 4.1 without
accounting for unit differences. The plot is purely for demonstrating, and the spectral
magnitudes are not relevant.

Figure 4.1: Typical frequency spectra of environmental and mechanical loading on a
three-bladed OWT. The 1P and 3P frequencies correspond to the NREL 5MW turbine.

DNV suggests wind turbine structures to be designed such that their first tower-bending
frequencies lies outside of the frequency range of 1P and 3P, within a safety region of ±
10% (DNV/Risø 2002), as indicated in Figure 4.1. This leaves 3 design possibilities:

1. soft-soft design. The fundamental frequency of the structure lies below the lower
limit of the 1P frequency range. This design is difficult to obtain for grounded
structures, as the structures would be very flexible (László Arany et al. 2014).

2. soft-stiff design. For this design, the fundamental frequency of the OWT structure
lies between the upper limit of the 1P range and the lower limit of the 3P range.
This is the most common design for monopile OWTs today (Arshad and O’Kelly
2016).

3. stiff-stiff design. The fundamental frequency of the structure lies above the upper
limit of the 3P range. This is possibly the “safest” design choice from a dynamic
point of view. However, this design would involve greater material, transportational
and installational costs (László Arany et al. 2014).
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A soft-stiff design is by far the most common for monopile OWTs today, and as the
industry focus greatly on cost reductions, it is safe to assume that the soft-stiff design
will remain the most favoured design for future applications (László Arany et al. 2014).
From Figure 4.1, it becomes clear that to satisfy this design, the first natural frequencies
has to be fitted in a very narrow band. Accurate predictions of a structure’s fundamental
frequency is therefore highly important in predicting the lifetime of the structure.

4.2 Damping

The main sources of damping on OWTs are: aerodynamic damping, soil damping, hy-
drodynamic damping and structural damping. Additionally, some turbines have installed
tuned mass dampers (Carswell et al. 2015). Damping dissipates energy from the system,
thus reducing the amplification of the loads, and consequently the fatigue damage on the
structure.

The most significant source of damping on OWTs, in the fore-aft direction, during power
production, is aerodynamic damping. As the blades respond to the relative wind speed
from the tower-top motion, the aerodynamic forces on the structure decreases. The ef-
fects of aerodynamic damping is, however, negligible in the side-to-side direction, or in
the fore-aft direction of a parked turbine. In those cases other sources of damping will
dominate (Carswell et al. 2015).

Many soil-structure interaction models fail to describe soil damping, and the effect of
neglecting it in fatigue calculations will be investigated in this thesis. Soil damping will
therefore briefly be described in the following.

Soil Damping

Compared to other types of damping, soil damping is the least studied, and the one that
shows the biggest difference between theoretical and measured results (Carswell et al.
2015). Although not providing any recommended practice, Det Norske Veritas require
soil-damping to be considered in the design phase of OWTs (DNV 2014).

There are two types of soil damping; radiation damping and hysteretic damping. Radi-
ation damping describes dissipation of energy through the radiation of waves spreading
though the soil, an is negligible for frequencies below 1Hz (Andersen 2010). The largest
amplifications for monopile-based OWTs occur at the structures’ fundamental frequency,
which, unless designed by a stiff - stiff design, lies well below 1Hz. Radiation damping
can therefore, with good accuracy, be disregarded in the assessment of monopile-based
OWTs.

Hysteretic damping occurs during cyclic loading, and represents the energy dissipated
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through plastic deformations. The magnitude of the energy dissipation is dependent on
the strain level in the soil as Figure 4.2 illustrates. During loading, the soil exhibits a non-
linear behaviour, resulting in a non-linear foundation response (0-1). Upon unloading,
the soil initially behaves elastic, resulting in a stiffer pile response prior to the unloading
(1-2). As the load on the soil is reversed to larger magnitudes, plastic deformations starts
occurring in the reversed direction (2-3). Upon reloading (3-5), a similar behaviour is
obtained. As the structure is loaded and unloaded, the load-displacement curve, thus,
form a hysteretic loop. The area under the hysteretic loop (1-2-3-4-1) correspond to the
dissipated energy of the deformation cycle (Aasen et al. 2017).

Figure 4.2: Example of hysteretic a loop in the foundation’s load - displacement response
(Aasen et al. 2017).

4.2.1 Procedure of Damping Estimation

The total damping contribution of the first bending mode of a monopile-based OWT, can
be obtained from the logarithmic decrement of the structure under free vibration, given
by Damgaard et al. (2012) as

ξ =
1
n

ln
A0

An
(4.1)

where A0 and An corresponds to the amplitude of two successive peaks, separated by the
time interval nTp, where Tp is the period between two peaks and n is the number of peaks
between A0 and An. This is illustrated in Figure 4.3.
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Figure 4.3: Damping estimation through logarithmic decrement of the moment ampli-
tudes under free vibration.

Furthermore, the damping ratio of the first mode can be estimated in terms of the loga-
rithmic decrement from Equation 4.2 (Damgaard et al. 2012).

ζtot =
1√

1+(2π

ξ
)2

(4.2)

The structural contribution to each modal damping ratio can be estimated through Rayleigh
damping. In that sense, the structural damping ratio of mode m is given by Equation 4.3
(Alipour and Zareian 2008)

ζm,struct =
α

2
1

ωm
+

β

2
ωm (4.3)

where the damping coefficients α and β , are scalars that can be determined from specific
modal damping ratios to the i-th and j−th mode according to Equation 4.4 (Alipour and
Zareian 2008).

1
2

[
1
ωi

ωi
1

ω j
ω j

]{
α

β

}
=

{
ζi,struct

ζ j,struct

}
(4.4)

The contribution of the soil damping on the total damping ratio for a bottom-mounted
OWT can be estimated by a subtraction of the remaining contributions, as i Equation 4.5
(Shirzadeh et al. 2013):

ζsoil = ζtot−ζstruct−ζaero−ζhydro−ζmass.damp (4.5)
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Chapter 5

Soil - Structure Interaction

The accuracy of dynamic analyses of OWTs highly depends on how realistic the model
of the entire OWT is. A shortcoming in modeling monopile OWT foundations relates to
their flexibility and the ability to correctly represent the dynamic response, due to soil-
structure interaction (SSI). To understand SSI, a basic understanding of how soil react to
loading is necessary. This chapter will therefore give a brief explanation of some basic
soil mechanics and then proceed to describe SSI related to the two foundation models
studied in this thesis.

5.1 Soil Mechanics

5.1.1 Behaviour

In contrast to materials that can, with good accuracy, be assumed linear-elastic-perfectly-
plastic (such as steel), soils often behaves strongly non-linear, due to the development of
plastic deformations. Consequently, upon loading and unloading, soils exhibit irreversible
plastic deformations, even at low stress levels (Verruijt 2006). Soil behaviour upon load-
ing is highly dependent on the initial stress state, which is commonly not uniform, and
varies from different sites.

When soils are compressed, the forces between the soil particles increase, thus leading
to an increased stiffness and strength of the soil. In contrast, soils under shear becomes
softer (Verruijt 2011).

5.1.2 Strength

The strength of the soil is the limit to which the soil no longer can transfer stresses.
A commonly applied expression of a soil’s shear strength, τmax, is given by the Mohr-
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Coulomb criterion as in Equation 5.1 (Verruijt 2006).

τmax = c+σtanφ (5.1)

Here c is the cohesion, φ is the friction angle and σ is the normal stress. Figure 5.1
illustrates the relation, where the half-circles correspond to stress circles of the princi-
pal stresses. The material fail when one circle touches the yield surface (straight line),
corresponding to the stress level at which the material yield.

For untrained analyses of clay, it is commonly assumed that φ = 0 and the cohesion
becomes equal to the undrained shear strength of the soil, su (PLAXIS Material Models
Manual 2017).

Figure 5.1: Mohr-Coulomb yield criteria for a) drained and b) undrained conditions.

5.2 Soil - Structure Interaction Models

Soil-structure interaction (SSI) refers to the process where the dynamic response of a
structure is influenced by the surrounding soil, and opposite. Often, SSI is neglected from
OWT design, and a fixed-base is assumed at the mudline. Consequently, it is assumed that
the soil is infinitely stiff and strong. However, when accounting for SSI, the natural fre-
quencies of the structure will be lower than for the fixed-base assumption at the mudline,
as the SSI provides more flexibility to the system and it becomes softer. The equivalent
natural frequency for a Single Degree of Freedom (SDOF) system, when accounting for
SSI, becomes as given in Equation 5.2 (Kramer 1996)

1
ω2

eq
=

1
ω2

0
+

1
ω2

u
+

1
ω2

r
(5.2)

where ω0 is the fixed-base natural frequency, and ωu and ωr are the foundation’s transla-
tional and rocking natural frequencies, respectively.

Several different ways of modeling the SSI of laterally loaded piles in OWT application
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has been suggested, both by elastic and non-linear models. Among the non-linear models,
the p – y method is the most commonly applied (Mardfekri et al. 2013). This thesis
compares the conventional soil modeling with p - y curves, to a newly developed macro-
element model based on finite element (FE) data. This section will therefore focus on
giving a brief description of the two models in discussion.

5.2.1 p – y Curves

The industry practice today for predicting the response of laterally loaded piles in offshore
applications, is through the use of p – y curves (Byrne et al. 2015). The p - y method
defines a non-linear, depth dependent, relationship between the lateral displacement, y,
and the soil reaction, p. The pile is typically modeled as an elastic beam, whereas the soil
reaction is described by non-linear horizontal springs distributed along the depth of the
pile. Each spring has specific properties defined from the p – y curves (Mardfekri et al.
2013) Figure 5.2 provides a visualization of the concept.

Figure 5.2: Illustration of a set of distributed springs along the pile, with corresponding p
– y curves (Perumalsamy et al. 2015).

The first general formulation of p – y curves were developed by Matlock (1970) for soft
clay, and later by Reese et al. (1974) and Reese et al. (1975) for sand and stiff clay, re-
spectively. These curves were calibrated based on field tests on small-diameter piles with
a large length to diameter ratio, and have showed to be applicable, with good accuracy,
for estimations on the slender piles used in the oil and gas industry (Arshad and O’Kelly
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2016).

API p – y Curves

The American Petroleum Institute (API) recommends in its guidelines p – y curves, which
depend upon soil parameters and depth. The API soft clay p – y curves are discretised
versions of the p – y curves provided by Matlock (1970). For clay, the ultimate unit
bearing capacity, puD, is given by API (2011) as

puD =

3suD+ γ ′zD+ Jsuz for z < zR

9suD for z≥ zR
(5.3)

where

zR =
6D

γ ′D/su + J
(5.4)

Here su is the undrained shear strength, D is the outer diameter of the pile, z is the depth
below mudline, γ ′ is the submerged soil unit weight and J is an empirical constant de-
termined by field tests. Tabulated values for p/pu and y/yc, where yc = 2.5ε50D and ε50

describes the strain at 50% the maximum deviator stress, define the points on the curve.
These values are provided in Table 5.1. Between the points, linear interpolation defines
the curve. Figure 5.3 plots the characteristic shape of the API p – y curve for clay.

Table 5.1: API p – y data for short-term static loading of piles in clay.

p/pu 0.00 0.23 0.33 0.50 0.72 1.00 1.00
y/yc 0.0 0.1 0.3 1.0 3.0 8.0 ∞

Figure 5.3: Shape of a typical API p – y curve for laterally loaded piles in clay.
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Similarly, API has provided p – y relations for laterally loaded piles in sand. The reader
is referred to ISO19901-4:2003 by API (2011) for a detailed description on this. For
information on other suggested p – y curves for soft and stiff clay, the reader is referred
to Matlock (1970) and Reese et al. (1975), respectively.

Extracting Curves from FEA

Alternatively to the semi-empirical formulae proposed by API, p – y curves can be ex-
tracted from finite element analyses. This is expected to give a more accurate description
of the pile response, however, it demands more work (Mardfekri et al. 2013).

The soil reaction, p, can be found from integrating the stresses acting around the circum-
ference of the pile (Wang and Lymon C. Reese 1993), as illustrated in Figure 5.4.

Figure 5.4: Stress around a laterally loaded pile (Wang and Lymon C. Reese 1993).

Alternatively, estimates to the in the p – y formulation can be found through a relation to
the bending moment along the pile length, by Equations 5.5 and 5.6.

p =
d2

dz2 M (5.5)

y =
∫ ∫ M

EpIp
dzdz (5.6)

Limitations of p – y Curves

p – y curves are in general modeled as non-linear elastic. This entails that they follow
the same load - displacement path in loading and unloading, as illustrated in Figure 5.5.
Hence, they cannot reproduce the soil damping when applied in foundation modeling
(Beuckelaers 2015).
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Figure 5.5: p - y path vs kinematic hardening path.

In contrast, as seen by the figure, a model that is applying a kinematic hardening formu-
lation will be able to account for foundation damping.

5.2.2 Macro-Element Model

The second foundation model studied in this thesis was developed by PhD candidate Ana
M. Page at NTNU/NGI as part of the REDWIN project. The brief description of the
model provided in this section is based on her documentation. The reader is referred to
(Page et al. 2018) for a more detailed description of the model.

The model bases on a macro-element approach, replacing the entire pile-soil foundation
system by a single element at the seabed. The macro-element describes the response of the
foundation and the surrounding soil through a relation between forces and displacements
at this point, determined by numerical analyses. The model builds upon elasto-plastic
theory, and to understand the concepts behind the model formulation, the three main
components to plasticity theory; yield criterion, flow rule and hardening rule, will be
explained in a general sense. It is noted that the displacement increment can be obtained
from superposition of an elastic component and a plastic component as given by Equation
5.7.

dvvv = dvvve +dvvvp (5.7)
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Yield Criterion

A body under loading will initially be deformed elastically, and the displacements will
be reversible. With an increasing load level, the body will eventually reach a limit where
irreversible (plastic) deformations starts occurring. This limit is known as the yield limit.
The yield function, f , describes when a material yields, and the yield criterion, f = 0, de-
fines a surface in the stress space that encloses the elastic region (Hopperstad and Brøvik
2015). There are three possible scenarios for the yield function:

• f < 0 The load level is in the elastic domain. Only elastic deformations will
occur.

• f = 0 The load level is at the yield surface. Elasto-plastic deformations will
occur.

• f > 0 Inadmissible.

This is illustrated in Figure 5.6 in the stress space.

Figure 5.6: Illustration of a yield surface including vectors of plastic flow. The figure is a
modified version of one provided by Hopperstad and Børvik (2015).

Flow Rule

The direction and magnitude of plastic flow is described by the flow rule, which in general
is given by Equation 5.8 (Hopperstad and Brøvik 2015).

dεεε
p = dλ

∂g
∂σσσ

(5.8)
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Or in terms of displacements as

dvvvp = dλ
∂g
∂ ttt

(5.9)

where ttt is the load vector and g ≥ 0 is the plastic potential function. The direction of
the plastic displacement increment vector is always outward normal to g. The plastic
multiplier, dλ , is a non-negative scalar that defines the size of the plastic displacement
increment.

By assuming that the plastic potential function, g, is defined by the yield function, f , we
adapt the associated flow rule given by

dvvvp = dλ
∂ f
∂ ttt

(5.10)

The associated flow rule implies that the plastic displacement increment vector, dvvvp, at
any point, is directed outward normal to the yield surface at this point. Consequently, the
shape of the yield surface not only determines the stress state of yielding, but also the
direction of plastic flow (Hopperstad and Brøvik 2015).

Hardening rule

In addition to being dependent on the load level, the yield function also depends on the
work-hardening of the material. The two most common hardening rules are isotropic
hardening and kinematic hardening. In isotropic hardening, plastic deformation will re-
sult in an increase of the elastic region in the stress space, as illustrated in Figure 5.7a.
The yield surface keeps its shape, while the size increases. In kinematic hardening, the
elastic domain is rigidly translated in the stress space, as Figure 5.7b shows. The yield
surface keeps its shape and size, and the surface is rigidly translated in the stress space.

In describing work-hardening under cyclic loading, kinematic hardening is the most accu-
rate as it accounts for the Bauschinger effect. The Bauschinger effect describes directional
hardening, where the strength increases more in the direction of plastic loading, as can be
seen from Figure 5.7b. If a material is loaded until a stress magnitude σA, then reloaded
to yielding in the reverse direction, σB, we typically obtain that |σB| < |σA| (Hopperstad
and Brøvik 2015).
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(a) Isotropic hardening.

(b) Kinematic hardening.

Figure 5.7: Illustration of different hardening laws. The figures are a modified versions
of ones provided by Hopperstad and Børvik(2015)

The macro-element model uses a multi-surface plasticity formulation. This implies that
the model utilizes several yield surfaces fi = f (ttt,ααα i), where ttt describes the loading state
and ααα iii describes the position of the centre of the ellipse defining surface i, as indicated in
the load space in Figure 5.8.

The formulation of the yield surfaces in the loading space is adopted from the observation
that contours of constant plastic work takes an elliptical shape in the loading space. The
plastic work is given by

W p =
∫ up

0
Hdup +

∫
θ p

0
Mdθ

p (5.11)

where H and M relates to the horizontal load and bending moment, respectively. The
inner surface corresponds to the yield surface of the material, and the response will be
purely elastic when the load level is within this range. The outer surface corresponds to
the failure surface of the material, whereupon a higher load level will lead to failure. The
remaining surfaces are loading surfaces of constant plastic work.

41



5.2. Soil - Structure Interaction Models Chapter 5. Soil - Structure Interaction

Figure 5.8: Yield surfaces used by the macro-element (Page et al. 2018).

The total direction of the plastic deformation increment is defined by a summation of the
flow rule for each surface, i, as Equation 5.12 indicate.

dvvvp =
j

∑
i=1

dvvvp
i =

j

∑
i=1

dλi
∂ fi

∂ ttt
(5.12)

The translations of the surfaces in the load space are described by a purely kinematic
hardening rule, where dααα iii defines the translation.

A visualization of the macro-element’s behaviour is provided in Figure 5.9. As it is loaded
from O to A, the load path remain within the innermost surface, and only elastic displace-
ments occur. At position A, the yield criterion of the innermost surface is violated, and
f1 = 0 is obtained. As f > 0 is inadmissible, the load path from A to B, will drag the
surfaces, and plastic displacements will occur. In further loading and unloading, similar
behaviour occurs, and a piecewise linear load-displacement response is obtained.

Calibration of the Macro-Element

Two inputs are required for the calibration of the macro-element model.

1. The coefficients for the elastic stiffness matrix. This input predicts the elastic re-
sponse of the model.

2. Non-linear load - displacement curves. These curves defines the yield surfaces’
shape and size as well as the hardening law.

The inputs can be obtained from finite element analyses (Page et al. 2018).
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Figure 5.9: Illustration of the behaviour of the macro-element (Page et al. 2018).
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Chapter 6

Finite Element Modeling

A reliable approach in modeling SSI, particularly when accounting for the non-linear
behaviour for the soil and the interface between the pile and the soil, is though the finite
element method (FEM) (Mardfekri et al. 2013). In this study, a FE model was used
to calibrate the macro-element, as well as to obtain FEA p - y curves to be applied in
the fatigue calculations. Various FE programs exists, however the selected program for
this study was Abaqus/CAE for modeling and post-processing, and Abaqus/Standard for
running the analyses. Abaqus includes the possibility to apply a geostatic step, accounting
for the initial stress state of the soil, thus increasing the reliability of the model (Mardfekri
et al. 2013). This chapter describes the Abaqus model and its verification.

6.1 Coordinate System

The global coordinate system for the Abaqus model had its origin at the mudline, in
the cross-sectional center of the pile. In consistency with the coordinate system used in
3DFloat (see Chapter 7), the axes was such that the loading was applied in the x-direction,
with the y-axis perpendicular to the x-axis, and the z-axis pointing positively upwards.
Figure 6.1 indicates the coordinate system for the Abaqus model.
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Figure 6.1: Coordinate system for the Abaqus model.

6.2 Initial Modeling

6.2.1 Pile Modeling

Before modeling the whole problem of the pile submerged in soil, an initial modeling
of the monopile alone was performed, to verify its modeling. The pile was modeled as
a cantilevered cylinder, with an applied unit load at the free end. The geometrical and
mechanical properties of the pile are listed in Table 6.1.

Table 6.1: Pile properties for the initial geometry.

Mechanical properties Geometrical properties

Young’s modulus Poisson ratio Diameter Thickness Length
(GPa) (-) (m) (m) (m)

210 0.3 6 0.06 24
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Choice of Pile Element Type

Using shell elements as compared to solid elements is beneficial, as they may result in less
computational costs due to the lower number of degrees of freedom (DOFs). However,
their usefulness is limited to really thin members, and their validity to this problem was
therefore investigated. A comparison of the analytically load response of a cantilevered
cylinder was compared to the FE model using shell elements, for verification. The result-
ing moments and displacements are shown in Figure 6.2.

Figure 6.2: Analytical solution vs. FE model using shell elements.

The FE results differ somewhat from the analytical solution, however this difference is
insignificantly small, and is expected to reduce with a finer mesh. As the figure indicate,
shell elements are useful for the geometry of this problem.

Symmetry

Since the geometry and loads are symmetric, it is possible to model half of the geometry
and the loads, and for computational savings, it is beneficial to utilize the symmetry of
the problem. The model was therefore simplified to only consist of half the cylinder.
Symmetry boundary conditions (BCs) were applied to the cylinder, as illustrated in Figure
6.3.
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Figure 6.3: Symmetry boundary conditions.

The usefulness of the symmetry assumption was verified by comparing the the resulting
moments and displacements from the full- and half model. Figure 6.4 plots the response
of the two different ways of modeling.

Figure 6.4: Response comparison of symmetric and full model.
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The figure confirms that the symmetry boundary conditions is applied correctly, as the
results are identical.

6.2.2 Soil Modeling

Choice of Soil Volume

The soil profile used in the Abaqus model was an idealized clay profile selected to give a
foundation response similar to the well tested OC3 monopile Phase II (which is based on
a sand profile). For more details about the OC3 monopile, the user is referred to Jonkman
and Musial (2010).

The idealized clay profile was defined with with a linear increasing value for the undrained
shear strength, su, and shear modulus, Gmax, as illustrated in Figure 6.5.

Figure 6.5: Soil profile of the idealized clay model.

To ensure that there was no artificial boundary effects, the size of the soil volume was veri-
fied. The soil was initially modeled with a Mohr-Coulomb formulation, as this demanded
less computational effort. The variation of su and Gmax with depth was obtained from
defining a linearly increasing analytical field with depth, and the values for su and Gmax

were specified on this field. The soil parameters applied in the Mohr-Coulumb material
formulation in Abaqus is listed in Table 6.2.
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Table 6.2: Soil parameters.

γ ′ su,top dsudz νs Gmax/su φ ψ

(kN/m3) (kN/m2) (kN/m3) (-) (-) (deg) (deg)

10 50 20 0.495 500 0 0

where the parameters refer to:

γ ′: submerged unit weight of the soil
su,top: undrained shear strength at the mudline
dsudz: change of undrained shear strength with depth
νs: Poisson ratio of the soil
Gmax/su: shear modulus
φ : friction angle
ψ: dilation angle

and the Young’s modulus was obtained form the relation

E = 2G(1+ν) (6.1)

The soil was modeled as a half-cylinder to allow for the use of brick elements, and the
pile was embedded in the soil volume by the contact formulation as will be described
in Section 6.3.2. The amount of soil volume needed to avoid artificial boundary effects
was investigated by selecting various diameters for the soil cylinder. Figure 6.6 plots the
comparison of the pile response between using a soil diameter of 10D and 20D, where D
represents the outer diameter of the pile. As the figure indicate, it was sufficient to model
the soil-cylinder with a diameter of 10D.
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Figure 6.6: Comparison of the lateral displacement and the bending moment due to dif-
ferent sizes of soil volume.

6.3 Final Modeling

6.3.1 Geometry

Soil Model

In the final model, the soil was modeled as a continuum with solid elements. The material
formulation, corresponding to the soil profile described in Section 6.2.2, was given though
a NGI-ADP model by a UMAT user subroutine. For details on the NGI-ADP, the reader
is referred to Grimstad et al. (2012).

The dimensions of the soil was a half-cylinder with diameter 10D and length 5
3Lpile.

Pile Model

The pile was modeled as a hollow cylinder with shell elements embedded in the soil.
Different geometries were studied, and the various pile properties used are listed in Table
6.3.
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Table 6.3: Pile properties for the three geometries.

Mechanical properties Geometrical properties
Young’s modulus Poisson ratio Diameter Thickness Length

(GPa) (-) (m) (m) (m)

Geometry 1 210 0.3 6 0.060 24
Geometry 2 210 0.3 6 0.054 24
Geometry 3 201 0.3 6 0.050 24

6.3.2 Interface Properties

Contact problems often show difficulties in converging, usually because of errors in defin-
ing correct interface properties and the mesh at the contact surfaces. When modeling shell
elements in contact, there are two common approaches of defining the interface. These
were both tested in this study, and will be described briefly in the following.

Contact Formulation

In the contact formulation, the pile and soil are created as two separate parts, where the
soil is modeled with an adapted cut for the pile to fit into. The interface between the soil
and the pile is defined by contact properties in both the normal and tangential directions
to the contact surfaces. The pile is typically selected as the master surface, and the soil
as the slave surface. It is important to ensure that the slave surface has the finest mesh to
avoid penetration by the master surface. The benefits of this method is the possibility to
define the interface properties directly in the contact definition. However, when modeling
a monopile embedded in the soil, the number of contacting nodes are huge, causing diffi-
culties in defining a mesh that provides accurate results, which was also observed in this
study. The model had large difficulties in converging when applying the NGI-ADP soil
model, and the results looked questionable. The accuracy of the obtained solutions was
therefore uncertain, and the way of modeling was not selected in the final model.

Skin Formulation

The second method tested in this study was to model the pile as a skin property in an
interior face in the soil. This way of modeling limits the errors due to contacting nodes,
as the skin share nodes and mesh with the surrounding geometry. By that, as observed in
this study, convergence is easier to obtain. The key limitation to this model is, however,
that it does not allow for specified interface properties, and the soil-pile interface will
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be defined by a "glued" formulation with a rough tangential behaviour, not allowing for
separation of the soil and pile. If a less frictional behaviour is desired, this issue can
be solved by creating a thin soil cell, connecting the pile and the remaining soil, that is
assigned material properties defined by e.g. a Mohr-Coulumb model.

In the final FE model, the skin formulation was used, with a Mohr-Coulomb interface as
shown in Figure 6.7.

Figure 6.7: Visualization of the contact formulation used.

6.3.3 Shell properties

When applying user defined material behaviour by a UMAT user subroutine, shell proper-
ties usually have to be specified manually. The Abaqus user manual (2014) recommends
using a thickness modulus of twice the value of the initial in-plane shear modulus, and
shear stiffnesses given as K11 =

5
6G13t, K22 =

5
6G23t and K12 = 0. The pile material used

was assumed isotropic, such that:

G13 = G23 =
E

2(1+ν)
(6.2)

The specified shell properties are listed in Table 6.4 for the applied geometries.
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Table 6.4: Shell element properties.

Thickness modulus Transverse shear stiffness (GPa)
(GPa) K11 K12 K22

Geometry 1 161.528 4.038 0 4.038
Geometry 2 161.528 3.634 0 3.634
Geometry 3 161.528 3.365 0 3.365

6.3.4 Loads

The loading on the pile included a horizontal load in the x-direction, as well as a moment
about the y-axis. Loads in other directions were not considered. Due to the weight of the
soil above it, the soil will be under some initial stresses. This is accounted for in Abaqus
through a geostatic step, applying geostatic body forces to the entire soil volume.

All point loads were applied at the pile head, in a reference point on the symmetry axis.
The pile head was constrained to follow the motion of the reference point though a rigid
body constraint. The following steps were applied (in this order):

1. Initial step. This step apply the boundary conditions and predefined fields for the
Mohr-Coulomb interface and the geostatic load.

2. Geostatic step. This step ensured an initial state of geostatic equilibrium.

3. Loading step. This step loaded the pile.

6.3.5 Boundary conditions

The bottom of the soil layer was constrained for translation in the x-, y- and z-directions.
Additionally, the outer circumference of the soil cylinder was constrained for x- and y-
translation. Symmetry constraints about the y-axis (no translation in the y-direction, no
rotations about the x- and z-axes) was applied at the symmetry plane and in the reference
point.

6.3.6 Mesh

Soil mesh

The soil was modeled isotropic with a Poisson ratio of νs = 0.495. Thus, the soil material
was close to being incompressible. For an incompressible material the bulk modulus,
given by Hopperstad and Børvik (2015) as
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Kb =
E

3(1−2ν)
(6.3)

becomes very large compared to the material’s shear modulus. Kb is defined as the volu-
metric (hydrostatic) stress over the volumetric strain. That is:

Kb =−
p

εvol
→ εvol =−

p
Kb

(6.4)

Thus, as ν → 0.5, Kb→ ∞ and consequently εvol → 0. In a finite element mesh this can
result in volume strain locking, and the solution may exhibit a overly stiff behaviour and
numerical difficulties.

Abaqus/CAE User’s Guide (2013) suggest the use of hybrid elements when dealing with
materials with a Poisson ratio larger than 0.49 to avoid the occurrence of volume strain
locking.

In contact problems, a second-order mesh is preferred, as they have a better convergence
rate, and first-order elements may experience volume strain locking even in the hybrid
formulation, for incompressible or nearly incompressible materials (Abaqus/CAE User’s
Guide 2013).

Rectangular elements are preferred as they provide better accuracy and convergence.
Therefore, the geometry of the soil was modeled to allow for the use of brick elements.
However, the accuracy of square elements is limited to them remaining in an approxi-
mately rectangular shape, and attention must be paid to ensure this. Reduced integration
elements are preferred to avoid shear locking in bending problems.

On the basis of the recommendations from Abaqus/CAE User’s Guide (2013), the soil
was modeled with C3D20RH elements. These are 20-node solid brick elements with
reduced integration and a hybrid formulation.

Pile mesh

The pile had to be meshed to fit the nodes defined by the soil mesh, as the skin formulation
share nodes with the contacting geometry. The soil was meshed with brick elements, thus
limiting the pile mesh to rectangular elements. The pile mesh consisted of S4R elements,
which are 4-node rectangular shell elements with reduced integration.
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Global mesh

The mesh was refined until a sufficient mesh size was obtained. The area around the pile
was especially important to refine to avoid over-constrained elements. Figure 6.8 provides
the pile response for a model with various element sizes, δ , around the pile. Based on
these observations the mesh was chosen to have a size of δ = 1 around the pile, and in the
Mohr-Coulomb interface.

Figure 6.8: Comparison of the lateral displacement and the bending moment for different
mesh element sizes.

Displacements of the soil was noticed in distances of about 3D from the pile center, as
indicated in Figure 6.10. This area, identified as the near-field soil, was refined a more
than the far-field soil, to avoid over-constraints.

The final mesh discretisation is listed in Table 6.5. Figure 6.9a illustrates the final mesh
of the model, and the pile is highlighted in Figure 6.9b.

Table 6.5: Finite element mesh.

Element type Number of elements Average element size

Far-field soil C3D20RH 1840 4

Near-field soil C3D20RH 9268 2

MC-interface C3D20RH 672 1

Pile S4R 672 1
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(a) Global mesh.

(b) Global mesh with the pile highlighted.

Figure 6.9: Global mesh of the Abaqus model.
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Figure 6.10: Deformation of the soil.

6.4 Verification of the FE Model

The FE model was verified against results from an equivalent model in the FE program,
PLAXIS, developed by PhD candidate Ana M. Page at NTNU/NGI. The two models
showed some deviations as Figure 6.11 indicate for the moment distribution and lateral
displacements.

The PLAXIS model was, in general, stiffer than the Abaqus model. For a load situation of
My = 0,Hx = 10.2MN, as the Figure 6.11 illustrates the results from, the PLAXIS model
obtained a maximum moment that was 8.4% larger than the Abaqus model, and less pile
head displacement by 14.5%. However the position of the maximum moment remained
the same for both models.

The variations between the two models may be explained by the different ways of mod-
eling the pile. Figure 6.12 plots the moment - displacement curves at the mudline for
the two models, including separate curves for the elastic- and plastic components of the
displacements. From the figure, it becomes evident that the differences between the two
models are mainly in the elastic part. Hence, we can assume that the soil is modeled
similarly between the two models, and that the deviations are occurring because of the
stiffness of the pile, which is modeled as an elastic material in both models. The PLAXIS
model assumes a solid volume for the pile and the soil inside the pile with an equivalent
stiffness. The Abaqus model apply shell elements for the pile and define the pile material
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with the actual stiffness properties.

Figure 6.11: Comparison of Abaqus and PLAXIS results with a horizontal load at the pile
head of 10.2MN.

Figure 6.12: Moment - displacement curves at pile head.
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Chapter 7

Introduction to 3DFloat

For further advancement and optimization of offshore wind technology, reliable computer-
aided engineering (CAE) tools are essential for accurate predictions on the dynamic re-
sponse of the structure. 3DFloat is an aero-servo-hydro-elastic tool for calculating the
dynamic response of offshore wind turbines, developed by Institute for Energy Technol-
ogy (IFE) and Norwegian University of Life Science (NMBU). For the purpose of this
thesis, 3DFloat has been applied for performing time-domain simulations of monopile-
based OWTs.

The software couples structural dynamics, hydrodynamic- and aerodynamic loads, as well
as control- and electrical system dynamics, in time-domain simulations. The code is writ-
ten in the programming language Fortran90. The input file allows the user to define envi-
ronmental conditions as well as defining the full structure and control system (3D Float
User Manual n.d.). The outputs are provided based on a set of user specified sensors,
writing desired data to text files.

7.1 Structural Model

The program uses a FE representation of the structure, with two noded Euler-Bernoulli
beam elements. Each element has 12 degrees of freedom (3 rotational and 3 translational
per node). The element’s local coordinate system has its origin at the element midpoint,
which is where the local displacements are calculated, as indicated in Figure 7.1 (3D Float
User Manual n.d.).

61



7.1. Structural Model Chapter 7. Introduction to 3DFloat

Figure 7.1: Element coordinate system in 3DFloat (3D Float User Manual n.d.).

The global coordinate system is such that the x-axis is positive in the direct downwind
direction, the y-axis is positive in the direction pointing directly to the left when looking
downwind, and the z-axis follow the tower of the OWT with a positive direction pointing
upwards (towards the rotor). The global reference frame has its origin located at the SWL.
Figure 7.2 shows the global coordinate system in 3DFloat.

Figure 7.2: Global coordinate system definition in 3DFloat (3D Float User Manual n.d.).

In the input file, the turbine is defined from specifying values for the nacelle, generator,
blades, tower, platform, foundation, etc.
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7.2 Loads

The environmental loads on the structure are gravity loads, wave loads, wind loads,
buoyancy loads and current loads, and are applied as distributed forces on the system.
These are evaluated at Gauss points on the elements, and lumped to the nodes through
a Galerkin formulation. Additionally, point loads or displacements can be applied di-
rectly at the nodes, and the rotor aerodynamic loads are computed by unsteady blade-
element/momentum theory (BEM) (3D Float User Manual n.d.).

7.2.1 Hydrodynamic Loads

The wave kinematics can be represented as both regular (through either Airy-theory or
stream function theories up to 12) and irregular (through superposition of Airy wavelets).
To assure wave kinematics up to the wave surface for Airy waves, 3DFloat apply both
Wheeler stretching and wave extrapolation formulas. The loads from the waves and cur-
rents are calculated by the relative form of Morison’s equation. The buoyancy loads are
calculated from the pressure field obtained from the wave kinematics model.

7.2.2 Aerodynamic Loads

The wind loads are formulated as non-linear drag terms on the tower, and on the blades,
lift- and drag tables are used. The wind can both be represented as constant or as turbulent.
To include turbulence, a turbulence box is applied and dragged over the turbine during the
simulation. This can be generated from programs such as TurbSim.

TurbSim

TurbSim is a stochastic, full-field, turbulent-wind simulator, used to generate wind fields.
The software simulates the time-series of three-dimensional wind speed vectors in a two-
dimensional vertical, rectangular fixed grid, as illustrated in Figure 7.3 (B. J. Jonkman
and Kilcher 2012).

The input required includes specifying grid dimensions, the reference height for the mean
wind speed, as well as analysis time specifications and seed time. Additionally, the envi-
ronmental wind conditions is defined through specifying which mean wind profile to use
(power law, logarithmic, etc.), and on selecting a turbulence spectra (Kaimal, von Kár-
mán, etc.). The mean wind speed at reference height should be given in magnitude, and
the turbulence intensity can either be given in percentage or by standard categories defied
by the International Electrotechnical Commission (IEC). More advanced settings related
to coherence, surface roughness, shear velocity etc. can be specified, or a default setting
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can be used.

Figure 7.3: Illustration of TurbSim wind field (B. J. Jonkman and Kilcher 2012).

The output file from TurbSim is included as a input to 3DFloat, and read directly by the
software upon running the simulation.

7.3 Control System

The rotor operates at various speeds, and the control system ensures that the rotational
speed is as desired for various wind speeds. Below the rated wind speed the blades are
at a fixed pitch angle, whereas above the rated wind speed, PI control of the pitch angle,
controls the rotational speed of the rotor. This implies that for the control system ensures
the correct rotational speed for operational conditions. However, idle conditions have to
be ensured by manually pitching of the blades to -90 degrees.

7.4 Running Simulation

The simulations are carried using either the implicit Newmark scheme or the generalized-
α method. In addition to standard time-domain simulations, eigen analyses can be per-
formed to obtain the eigen frequencies and corresponding mode shapes of the system.
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7.5 Post Processing Tools

Some post processing scripts in python are provided with the program, allowing for sim-
ple ways to analyze the outputs from 3DFloat. The scripts that has been of largest useful-
ness to this thesis are the following:

• plotmodes.py. This script plots the mode shapes corresponding to the natural fre-
quencies obtained from the eigen analysis.

• sensors.py. This script plots the different sensors and provides a quick check of the
environmental and mechanical conditions. Examples of plots are rotor speed, blade
pitch, wind- and wave speed, etc.

• tec2par.py. This script converts the Tecplot data to a format that is readable by the
OpenSource graphical processing tool, ParaView. This is useful to check that the
modeling is done correctly.
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Chapter 8

Fatigue Analysis and Optimization
Assessment

This analysis compares the estimated fatigue design life of a monopile-based OWT, by
applying the newly developed macro-element foundation model, to the industry practice
of applying API p - y curves, and investigates the optimization potential. The OWT
studied is a modified version of the OC3 Phase II turbine, at an idealized clay site. The
reader is referred to Jonkman and Musial (2010) for a description of this turbine.

8.1 Method

Simulating Data

Integrated time-domain simulations in 3DFloat were performed to obtain the load- and
displacement response of the OWT. The simulated time-series were of 730 seconds,
whereupon the first 130 seconds were ignored, to account for start-up. Hence, the simu-
lations consisted of a useful 600 seconds (10 minute simulations), as suggested by DNV
(2010). For load cases 2 - 4 (see Table 8.4), start up took longer due to the slow winds,
and consequently, simulations of 830s were performed for these load cases (whereupon
the first 230s were ignored).

A structural model of the OC3 Phase II turbine in 3DFlot, was provided by Jacobus B. De
Vaal and Tor Anders Nygaard at IFE. Modifications of this model was made to represent
the OWT studied in this analysis, and to include the two foundation models. Both models
assumed a structural damping ratio of 1% for their first natural frequency. The 3DFloat
input file of load case 6 for the macro-element model is presented in Appendix A, to
provide an example. Comments have been made on how to implement the p - y curves
for the API p - y model.
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The wind conditions in the 3DFloat inputs were described through defining a reference
mean wind speed at hub height, and including a turbulence box, generated with TurbSim.
The Power Law was used in describing the wind shear, and the turbulence was described
through Kaimal spectra. To provide an example, Appendix B includes the TurbSim input
file for load case 6. The waves were described by irregular wave models, with statistics
represented by JONSWAP spectra.

The FE model described in Chapter 6, was used to calibrate the macro-element for the
3DFloat simulations. This calibration was done for various geometries of the pile. Ac-
cording to Kallehave et al. (2015), the pile length is typically governed by the over-
turning capacity or the maximum allowable tilt, the diameter is typically governed by
requirements on the fundamental frequency of the structure, and the thickness is typi-
cally governed by the fatigue loads or shell buckling. As this study focus on optimization
of monopile OWT foundations, with regards to fatigue loads, the geometrical parameter
varied was therefore the thickness. The various geometries that the macro-element was
calibrated for, are listed in Table 8.1.

Table 8.1: Pile properties.

Mechanical properties Geometrical properties
Young’s modulus Poisson ratio Diameter Thickness Length

(GPa) (-) (m) (m) (m)

Geometry 1 210 0.3 6 0.060 24
Geometry 2 210 0.3 6 0.054 24
Geometry 3 201 0.3 6 0.050 24

Processing of Simulated Data

The load- and displacement response of the monopile foundation, extending below the
mudline, was found using a finite element program in MATLAB. This program was de-
veloped by the author, prior to the initiation of the Master’s thesis work, as a contribution
to the REDWIN project. Some additional modifications of the program has been made for
this thesis. The program describes the soil by distributed springs along the length of the
pile, each with a specific p - y curve, describing the soil response at that depth. The load-
and displacement response of the pile are calculated from applied forces and moments at
the pile head and the response from the soil springs. In this analysis, the 3DFloat outputs
of the loads and moments at the mudline were read by the MATLAB program to calculate
the resulting response of the pile foundation, for each time step. The outputs from the
MATLAB program were then used in fatigue calculations at various positions along the
pile foundation.
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In accordance with IEC standard 61400-3 (2009), the fatigue analysis was performed
based on statistical data of a normal sea state and normal turbulence model, where the
environmental conditions were described by the joint probability distribution of Hs, Tp,
Iu and Ure f . The process of calculating the fatigue damage followed the recommended
practice based on S - N data, presented by DNV GL (2016), as described in Chapter 3.
The calculations were done through a MATLAB script, which is included in Appendix
C. This script apply the rainflow counting algorithm through functions obtained from
MathWorks’ file exchange.

As a reduction in the thickness of the pile also affect the resistance to failure, such as by
buckling or yield, an ultimate limit state (ULS) assessment was performed for the three
suggested geometries, by comparing the obtained stresses from Abaqus simulations, to
the yield limit of the steel. As suggested by DNV (2014), the ULS assessment was based
on environmental extreme values with a 50 year return period, and considered design
load case (DLC) 6.1a from the IEC standard (2009). A misalignment of 45 degrees was
applied between the rotor and the mean wind direction.

An assessment on the macro-element’s sensitivity to calibrations from different FE pro-
grams, was performed by comparing the estimated fatigue damage at the mudline, ob-
tained by the Abaqus calibration of the model, to an equivalent model in the FE pro-
gram PLAXIS. The PLAXIS calibration was provided by PhD candidate Ana M. Page at
NTNU/NGI.

8.2 Model Description

This analysis compares two different foundation models, which will be described in this
section.

8.2.1 The API p - y model

The API p - y model depends purely on the API p - y formulation of clay, as described in
Section 5.2.1. The API p - y curves were implemented directly in the 3DFloat input files,
as distributed springs along the monopile foundation. This is illustrated in Figure 8.1a.
Each spring was defined with unique properties corresponding to the API p - y curves at
the depth of the spring.

8.2.2 The macro-element model

This model apply the newly developed macro-element foundation model, described in
Section 5.2.2, which has shown to accurately reproduce the experimental response from
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field tests and FE analyses (Page et al. 2018). The macro-element was implemented in the
3DFloat input files, through a dynamic link library (dll), at a node on the mudline. This is
illustrated in Figure 8.1b. Two input files had to be included as inputs to 3DFloat, for each
unique calibration of the model. the reader is referred to Section 5.2.2 for a description
of these inputs. The input for the elastic stiffness matrix of the Abaqus calibration for
Geometry 1, is presented in Equation 8.1, to provide an example.

K =



kxx 0 0 0 kxβ 0
0 kyy 0 kyα 0 0
0 0 kzz 0 0 0
0 kαy 0 kαα 0 0

kβx 0 0 0 kββ 0
0 0 0 0 0 kγγ


, where



kxx = kyy = 3.08 ·109

kxβ = kβx = 1.32 ·1010

kyα = kαy =−1.32 ·1010

kzz = kγγ = 1.00 ·1012

kαα = kββ = 1.63 ·1011

(8.1)

(a) Illustration of the API p - y model. (b) Illustration of the macro-element model.

Figure 8.1: Illustrations of the two models.

To obtain the foundation response below the mudline, the following two p - y formulations
were used in the MATLAB program:

• API p - y curves.

• FEA p - y curves, extracted from finite element analyses.
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8.3 Turbine Properties

The turbine studied in this analysis was the NREL 5 MW wind turbine, defined by Na-
tional Renewable Energy Laboratory (NREL). The description of this wind turbine is pro-
vided in Definition of a 5-MW Reference Wind Turbine for Offshore System Development
by Jonkman et al. (2009), whereupon some properties are presented in Table 8.2.

Table 8.2: Some properties of the NREL 5 MW wind turbine (J. M. Jonkman et al. 2009).

Rating 5 MW
Rotor Orientation, Configuration Upwind, 3 Blades

Rotor, Hub Diameter 126 m, 3 m
Hub Height 90 m

Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 11.4 m/s, 25 m/s
Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm

Rotor mass 110,000 kg
Nacelle mass 240,000 kg
Tower mass 347,460 kg

8.4 Soil Profile

The soil profile was the one specified for the FE model, described in Section 6.2.2. For
obtaining the API p - y curves, some additional parameters were needed. Table 8.3 contain
all the specific soil parameters used for obtaining the API p - y curves for the idealized
clay site.

Table 8.3: Soil parameters for the API p - y formulation.

γ ′ su,top dsudz ε50 J
(kN/m3) (kN/m2) (kN/m3) (-) (-)

10 50 20 0.005 0.5

8.5 Environmental Conditions

The different load cases (LCs) were selected based statistical data from the Upwind De-
sign Basis, presented by Fischer et al. (2010), which are presented in Table 8.4. As the
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turbine’s operating wind speeds ranges from 3 - 25 m/s, load cases 1 and 13 - 16, are
idling cases, where the turbine is not operating. For these load cases, the blades were
pitched out of the wind.

Table 8.4: Environmental load cases.

Mean wind
speed

Turbulence
intensity

Significant
wave height

Peak
period

Probability of
occurrence

(m/s) (%) (m) (s) (%)

Load case 1 2.0 29.2 1.07 6.03 0.06071
Load case 2 4.0 20.4 1.10 5.88 0.08911
Load case 3 6.0 17.5 1.18 5.76 0.14048
Load case 4 8.0 16.0 1.31 5.67 0.13923
Load case 5 10.0 15.2 1.48 5.74 0.14654
Load case 6 12.0 14.6 1.70 5.88 0.14272
Load case 7 14.0 14.2 1.91 6.07 0.08381
Load case 8 16.0 13.9 2.19 6.37 0.08316
Load case 9 18.0 13.6 2.47 6.71 0.04186
Load case 10 20.0 13.4 2.76 6.99 0.03480
Load case 11 22.0 13.3 3.09 7.40 0.01534
Load case 12 24.0 13.1 3.42 7.80 0.00974
Load case 13 26.0 12.0 3.76 8.14 0.00510
Load case 14 28.0 11.9 4.17 8.49 0.00202
Load case 15 30.0 11.8 4.46 8.86 0.00096
Load case 16 32.0 11.8 4.79 9.12 0.00050

From the same statistical data by Fischer et al. (2010), the environmental parameters
describing the 50 year extremes were as listed in Table 8.5.

Table 8.5: Environmental parameters for the 50 year extreme events.

Mean wind speed Turbulence intensity Significant wave height
(m/s) (%) (m)

42.73 12.3 8.24

For a ULS analysis, the peak period should, according to the IEC standard (2009), be
selected as the value from Equation 8.2, that results in the highest loads on the structure.

11.1
√

Hs,50(U)/g≤ Tp ≤ 14.3
√

Hs,50(U)/g (8.2)
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8.6 Assumptions and Simplifications

Some assumptions and simplifications were made upon processing the data. When calcu-
lating the resulting stresses, used in the fatigue analysis, the axial force, Nx, was neglected,
resulting in slightly lower stresses than what would have been achieved by including this.
The choice of S - N data was based on established curves from DNV GL (2016), and
assumptions made on the monopile welds. Figure 8.2 presents the selected S - N curve
for the analysis. The data for the different S - N curves for steel with cathodic protection
in seawater, defined by DNV GL (2016), are listed in Appendix D.

Figure 8.2: S - N curve F3 for steel in seawater with cathodic protection.

16 load cases were assumed for the fatigue damage calculations. These were assumed
to repeat throughout the entire design life of the OWT, thus providing a rater unrealistic
load history. As well, the wind and waves were assumed co- and unidirectional, with the
exception of turbulence.

In the fatigue calculations, results from 3DFloat simulations with only one seeding of the
wind- and wave representations were used for each load case. For optimal results, more
seedings of the each load case should be performed, to ensure a fatigue assessment that
is seeding independent. However, the same seeding was applied to both models to ensure
the same loading histories.

The outputs at the mudline obtained from 3DFloat was in three directions, however, only
the moment about the y-axis, My, and the horizontal load in the x-direction, Hx, were
transferred to the MATLAB program for obtaining the response below the mudline.

The purpose of this analysis was, however, not to provide accurate estimates on the fatigue
damage, but to compare the obtained estimates from different foundation modeling. The
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listed assumptions and simplifications apply equally to both models investigated, and the
results should therefore be valid for a comparison between the two.

8.7 Results and Discussion

This section will present the results, in the following order:

1. Model inspections. Here some results will be presented to validate the modeling in
3DFloat.

2. Natural frequency and damping. In this part of the results section, the obtained
natural frequencies and damping response of the two models will be presented.

3. Mudline moments and load excitation. This subsection presents the resulting mo-
ments at the mudline, and provides a discussion on the sensitivity of foundation
modeling to the environmental- and mechanical loads.

4. Fatigue assessment. Here the fatigue calculations will be presented. These include
the calculations at, and below, the mudline for Geometry 1, as well as calculations
at the mudline for the two new suggested geometries.

5. ULS assessment. A brief ULS assessment will be presented in this part of the results
section, for the three suggested geometries.

6. Calibration sensitivity. The final part of the results will present the sensitivity of
the fatigue estimates obtained from the macro-element model, when calibrating the
model by different FE programs.

To make it easier for the reader, the results are being discussed as they are presented in
this section.

8.7.1 Model Inspections

Figure 8.3 plots the wind speeds in the x-, y- and z-directions for load case 6. The figure
confirms that the wind is modeled correctly, with a mean wind speed in the x-direction
of 12m/s, and zero for the two other directions. Additionally, the figure confirms that the
turbulence box from TurbSim is read after a simulation time of 100s. This was selected
to ensure a steady start up.
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Figure 8.3: Wind speeds for load case 6.

Figure 8.4 plots a caption of the wave elevation for the same load case, with the corre-
sponding JONSWAP spectrum plotted in Figure 8.5. The JONSWAP spectrum indicate a
spectral peak at fp = 0.170 Hz, corresponding to a peak period of 5.88 s, as defined for
load case 6.

Figure 8.4: Wave elevation for load case 6.
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Figure 8.5: JONSWAP specrtum for load case 6.

Figure 8.6 plots the rotor speed for various LCs. The figure confirms the upper limit of
rotational speed for the rotor, at 12.1 rpm, as well as no rotor speed for the idle cases.
Additionally, it is visible from the figure that load case 3 spends longer on the start-up
process, hence the need for a longer simulation time to obtain a useful 600s.

Figure 8.6: Rotor speeds for various LCs.

Figure 8.7a and 8.7b plot visualizations of the modeled OWT for the API p - y model and
the macro-element model, respectively. The plots were obtained from Paraview, which
provides an easy way to control the structural modeling of the 3DFloat input. As indicated
by the figures, the API p - y model is extending below the mudline, whereas the macro-
element model is only defined to the mudline.
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(a) Paraview plot of the API p - y model in the
xz-plane.

(b) Paraview plot of the macro-element model
in the xz-plane.

Figure 8.7: Paraview plots in the xz-plane.

Figure 8.8 indicate that the nacelle is correctly connected for an upwind configuration,
and that it is correctly attached at the tower top. Additionally, it is visible from Figure 8.8
that the blades are angled correctly for a production case.

Figure 8.8: Paraview plot of the OWT.
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8.7.2 Natural Frequency and Damping

Before presenting the fatigue results, it is of interest to look at the resulting natural fre-
quencies and damping of the two models, as the model differences relate to the stiffness
and damping of the foundation.

Both models assumed a structural damping ratio, for the first mode, of ζstruct = 1%. A
free vibration test was performed to further investigate the damping of the two models.
The free vibration test was performed with no environmental loads, hence, no aerody-
namic damping or hydrodynamic damping were present, and the damping contributions
were from the structural damping and the soil damping only. The tower top was initially
displaced 0.2 meters, and then released after 10 seconds. Figure 8.9a and 8.9b presents
the results, including both the actual damping on the system, with a structural damping
ratio of ζstruct = 1%, as well as a case where there was assumed no structural damp-
ing (ζstruct = 0%). The prior indicate the higher total damping in macro-element model,
whereas the latter clearly indicate the presence of soil damping in macro-element model,
and the lack of it in the API p - y model.

(a) Tower top displacement from free vibration test of the API p - y model.

(b) Tower top displacement from free vibration test of the macro-element model.

Figure 8.9: Tower top displacements from free vibration test with initial displacement of
0.2m.

78



Chapter 8. Fatigue Analysis and Optimization Assessment 8.7. Results and Discussion

Longer periods are also seen for the API p - y model, indicating a lower fundamental fre-
quency. The first two tower-bending frequencies are the most important in OWT design,
as these often coincide with the frequencies of the environmental and mechanical loads.
The natural frequencies of the systems were found through eigen analyses in 3DFloat, and
Figure 8.10 plots the corresponding mode shapes of the first tower-bending frequencies.

(a) 1st tower fore-aft (b) 1st tower side-to-side

Figure 8.10: Visualizations of the 1st tower-bending natural frequencies

The obtained values for the fundamental tower-bending frequencies of the two models are
listed in Table 8.6. Additionally, the natural frequencies of a model rigidly clamped at the
mudline, as well as one applying the elastic stiffness matrix of macro-element model at
the mudline, were included for verification purposes.

Table 8.6: 1st simulated tower-bending natural frequencies for different foundations mod-
els.

API p - y
model

Macro-
element
model

Elastic
stiffness
matrix

Clamped
model

1st fore-aft natural
frequency (Hz)

0.241 0.270 0.270 0.295

1st side-to-side natural
frequency (Hz)

0.241 0.271 0.271 0.295

The first thing to notice is that the clamped model obtained the highest natural frequency,
as expected from the stiffest model. The natural frequency of the macro-element cor-
relates to its elastic part, and it was therefore expected to obtain approximately the same
fundamental frequencies as the model applying the equivalent stiffness matrix at the mud-
line. This was also the obtained response presented in Table 8.6. The API p - y model
resulted in the lowest values for the fundamental frequencies, noting that it was the softest
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model. Assuming that the macro-element model provides the correct frequencies, the API
p - y model was seen to under predict the fundamental fore-aft tower-bending frequency
by 10.7%. This corresponds to other observations found in the literature. Kallehave et
al. (2015) presents in their study a comparison of the measured natural frequency to the
design frequency of 400 monopile-based OWTs, all under predicting the fundamental fre-
quency of the system, some by more than 20%. Byrne et al. (2015) found the method
based on API p - y curves to significantly under predict the ultimate capacity and stiffness
of monopiles in clay.

Figure 8.11 plots the moment - displacement curve at the mudline for the two different
models. The figure clearly indicate the softer response of the API p - y model, as com-
pared to macro-element model.

Figure 8.11: Load - displacement curve at the mudline for M/H = 50.

8.7.3 Mudline Moments and Load Excitation

This subsection presents the results on the mudline moments, and discuss the excitation
from the environmental- and mechanical loads on the structure. With this in mind, an
easier evaluation of the fatigue results is ensured.

Captions of the resulting mudline moments, are presented in Figure 8.12a and 8.12b for
load case 6 (operating) and load case 13 (idling), respectively. It is observed that the
general moment response was more amplified for the API p - y model as compared to
the macro-element model, however, to a grater extent for the idling cases. Under power
production, the rotor will cause forced vibrations on the support structure, hence the more
vibratory moment response observed. In contrast, with the rotor parked for the idling
cases, the support structure is free to vibrate at its natural frequency. It may be observed
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from Figure 8.12b, that the moment response appears to, in general, be obtaining peaks
separated by periods corresponding to the first natural period of the two models.

(a) Caption of the mudline moments for load case 6.

(b) Caption of the mudline moments for load case 13.

Figure 8.12: Mudline fore-aft bending moments.

This can also be seen from PSDs of the fore-aft mudline moments, as plotted in Figure
8.13a and 8.13b for the same load cases. The initial peak corresponds to the first tower-
bending frequency in the fore-aft direction. As seen by the figures, the operating case
obtained a wider spread of the moment energy over the frequency spectrum, whereas
the idling case had the energy greatly concentrated at the fundamental frequency of the
support structure. Note that the plots are on a log-scale.

As the macro-element model, in general, obtained lower moment amplitudes than the API
p - y model, lower estimates on the fatigue damage are thus also expected.

Dynamic amplification occurs when the natural frequencies of a dynamic system is ex-
cited. Therefore, to understand why the macro-element model is obtaining lower ampli-
fications of the mudline moments, a relation to the natural frequencies and the extent of
excitation from the environmental- and mechanical loads will be discussed further. The
discussion will also include an assessment on damping of the dynamic response.
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(a) PSD of the fore-aft mudline moments for load case 6.

(b) PSD of the fore-aft mudline moments for load case 13.

Figure 8.13: PSDs of the mudline fore-aft bending moments.

Excitation by Environmental Loads

Figure 8.14 plots the JONSWAP spectrum for load case 6, describing the frequency dis-
tribution of the wave energy for that load case. Additionally, vertical lines corresponding
to the fundamental fore-aft tower-bending frequency of the two models, are included to
visualize the amount of energy from the waves that are in the frequency range of the
fundamental frequencies to the two models.
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Figure 8.14: JONSWAP spectrum of load case 6, the fundamental frequency of the two
models.

From the JONSWAP spectrum, it is observed that the wave energy at the fundamental
frequency of the API p - y model, is almost double as compared to the wave energy at the
fundamental frequency of the macro-element model. The fundamental frequency of the
macro-element model is therefore expected to be less excited by the wave loads on the
structure, than the API p - y model. Consequently, larger amplifications are expected for
the API p - y model. This corresponds to the observations above.

Similar responses were seen for all load cases, as the peak frequency of the JONSWAP
spectrum remained lower than the fundamental frequencies of the two models.

Excitation by Mechanical Loads

In addition to coincidence with the environmental frequencies, the structure’s natural fre-
quencies may be excited by the mechanical loads from the turbine itself.

The Campbell diagram, plotted in Figure 8.15, provides a visualization of how close the
OWT support structure is to be excited by the mechanical frequencies of the rotor system.
The fundamental frequencies of the system are plotted as functions of rotor speed, and
superimposed on the plot are lines that correspond to 1P, 3P and 6P. The vertical lines
corresponds to the average rotor speed for each operating load case. The figure indicate
that the API p - y model was much closer to exciting 1P than the macro-element model.
For the load cases that have the wind turbine operating at the rated speed, the API p -
y model was, in fact, quite close to coinciding with the excitation frequency of 1P. It is
therefore expected that the API p - y model will obtain a larger amplification of the 1P
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resonance response than the macro-element model.

Figure 8.15: Campbell diagram.

Damping of the Dynamic Responce

Damping ensures energy dissipation, and by that reducing the amplification of the dy-
namic response. As the macro-element includes soil damping in its formulation, it will
obtain a larger dissipation of energy than the API p - y model, which neglects the contri-
bution of soil damping. Consequently, in addition to the expected lower amplitudes due
to the differences in the natural frequencies as previously discussed, the macro-element
model is also expected to obtain lower amplitudes of the mudline moments due to the
additional damping.

In the operating cases, the aerodynamic damping will be of highest significance to the
total damping on the structure, in the fore-aft direction, and is equally present in both
models. It is therefore expected that the contribution from soil damping to the deviations
between the two models, will be of largest significance for the idling cases, where the
aerodynamic damping is negligible.

8.7.4 Fatigue Assessment

To ensure that the fatigue calculations were performed at the cross-sectional position of
the pile with the largest fatigue damage, the fatigue damage over the cross-section at the
mudline was investigated for load case 6. The different positions on the cross-section
investigated is indicated in Figure 8.16. These positions were uniformly spread across the
circumference of the pile, with an angle of 45 degrees between them.
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Figure 8.16: Positions on the cross-section investigated for fatigue damage.

The, by far, highest fatigue damage occurred for positions 1 and 5 (marked in red). This
was as expected, as these positions are on the axis of the main loading direction, for both
the wind and wave loading applied. Figure 8.17 plots the moment time-series obtained
for load case 6 at the various positions on the cross-section of the pile. As the figure
indicate, the larger moment amplitudes are found for positions 1 and 5, thus resulting in
larger fatigue damage. Additionally, as the figure indicate, symmetry of the pile ensures
equal (but reverse) moments over the symmetry plane.

Figure 8.17: Mudline moments at different positions on the pile cross-section.

Similar results were expected for the remaining load cases, and the total fatigue calcula-
tions were therefore only performed for position 1 (which is equal to position 5).

Initial Geometry

The normalized values of the estimated fatigue damage at the mudline for Geometry 1,
are presented in Figure 8.18. Here, the probability of occurrence has been included for a
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better visualization of each load case’s contribution to the total fatigue damage.

Figure 8.18: Normalized fatigue damage at the mudline for the initial geometry.

With the selected S - N curve, this resulted in expected fatigue design lifetimes as provided
in Table 8.7.

Table 8.7: Expected fatigue life for the initial geometry.

Expected fatigue design life
(years)

API p - y model 18.7
Macro-element model 35.5

The fatigue life expectancy at the mudline was hence increased by 89.8%, when modeling
the foundation by the use of the macro-element as compared to the industry practise of
API p - y curves. Similar observations have been made by Kallehave et al. (2015), where
a reassessment on the fatigue damage based on measured data of the natural frequency
and wave loads, resulted in an increase in the fatigue life of the structure by 88%.

As the two models are identically described above the mudline, and are exposed to the
exact same wave- and wind load histories of the same seeding, the variations in the esti-
mated fatigue damage should only be caused by the different foundation modeling. Here,
the two important factors relate to the differences in stiffness and damping, as previously
discussed. The obtained fatigue damage estimates correspond well to the expectations
based on above assessment of the mudline moments.
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Figure 8.18 also illustrates how the foundation performance appears to be more signifi-
cant for the idling cases. Again, this relates to the differences in the natural frequencies
as discussed earlier. With the absence of the rotor to generate forced vibrations on the
structure, it is allowed to vibrate at its natural frequency. As the fundamental frequency
of macro-element model is larger than the API p - y model, it will endure less excitation
from the wind- and waves, thus result in lower amplifications of the mudline moments,
and consequently less fatigue damage. The decisive factor to fatigue damage is the am-
plitudes of the stresses, and as larger deviations in the mudline moment amplification are
obtained for the idling cases, the differences in the estimated fatigue damage will also be
larger. Other studies, such as by Aasen et al. (2017) have seen the same trend of the idling
cases to be more sensitive to foundation performance.

Additionally, the macro-element model will limit the amplification even further through
energy dissipation by soil damping. However, in this analysis it is difficult to quantify
the contribution to the differences in fatigue damage from the differences in stiffness and
damping isolated, as they are co-occurring. Yet, it is believed that the contribution from
the damping is less significant than the natural frequencies, as small differences in the
natural frequencies have showed to have a large impact on the dynamic amplification of
the support structure.

Figure 8.19 plots the resulting maximum values for the moments at the mudline for each
load case. It is noticeable that the maximum moments do not differ much between the
two models. This corresponds to observations by Jung et al. (2015), where they found
that the maximum moments obtained by API p - y curves and FEA varied insignificantly,
regardless of large deviations in the displacements and rotations.

Figure 8.19: Maximum obtained moments at the mudline.

As the figure indicate, the maximum moments occur for load case 5 for both models. Yet,
load case 5 was not the one accumulating the most fatigue damage. This indicate how
the fatigue damage is not affected by the magnitudes of stresses, but by the amplitudes
of the stress cycles. Figure 8.20 plots the moment time-series of load case 5 and load
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case 12 for the API p - y model. Even though the magnitudes of the moments are, in
general, larger for load case 5, load case 12 accumulated the more fatigue damage, due to
the larger moment amplitudes.

Figure 8.20: Mudline moments of load cases 5 and 12 for the API p - y model.

Fatigue Along the Pile

The moments at the mudline are transferred to the monopile foundation that extends below
the mudline, and typically, the maximum moments on the foundation occur at a distance
beneath the mudline. For optimization of the pile foundation, it is also important to in-
vestigate the fatigue along the pile, as a better understanding of the fatigue damage along
the foundation, will increase the reliability of the positioning of the welds. Additionally,
the thickness of the monopiles used in industry is typically not constant, but varying with
depth. An accurate assessment of the fatigue occurring along the pile, may therefore be
of usefulness in optimization of foundation design.

For the fatigue assessment below the mudline, the macro-element model applied two
different p - y formulations in the MATLAB program: one applying FEA p - y curves,
obtained from finite element analysis, the other applying API p - y curves. Figure 8.21
plots the obtained pile response from the different p - y formulations, and compares this to
results from finite element analysis. As the figure indicate, the FEA p - y curves provide a
much more accurate representation of the pile response than the API p - y curves. Hence,
the FEA p - y curves are believed to provide the more accurate estimates on the fatigue
damage between the two p - y formulations.
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Figure 8.21: Comparison of the pile response from Abaqus model to the two p - y formu-
lations.

The resulting normalized values of the yearly total fatigue damage along the pile founda-
tion is presented in Figure 8.22. Here, the probability of occurrence has been included to
each load case, and the contribution from all load cases has been summed at each position
along the pile.

Based on the comparison with the FE model, and the more accurate foundation description
of the macro-element model, it is believed that the macro-element model, applying FEA p
- y curves (in orange), provides the most accurate representation of the fatigue calculations
along the pile foundation. This model showed to result in a maximum fatigue damage of
less than half of the maximum of the pure API p - y model. This highlights the extreme
potential of improved methods. However, most of this difference was due to the larger
deviations at the mudline. Between using API p - y curves below the mudline and FEA
p - y curves with the same damage estimate at the mudline, the maximum fatigue below
the mudline was 18% lower, when applying the FEA p - y curves.

Another important observation is that the position of the maximum fatigue damage differ
between applying FEA p - y curves and API p - y curves. An accurate prediction of this
position may be of great importance in considering the positions of the monopile welds.
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Figure 8.22: Normalized fatigue damage below the mudline.

The welds are the most vulnerable positions along the pile to cyclic loading, and it is
therefore important to avoid positioning welds at areas that are expected to endure large
fatigue damage (Kallehave et al. 2015).

Optimization of the Pile Geometry

The wall thickness of the monopile was reduced to obtain similar estimations on the
fatigue damage at the mudline from the macro-element model as the API p - y model,
to investigate the potential of steel savings. Two new geometries were suggested, where
one obtained approximately the same fatigue life expectancy (Geometry 3) and the other
obtained approximately the same fatigue damage for the operating cases (Geometry 2).
The resulting fatigue damage at the mudline for the different geometries are plotted in
Figure 8.23, and the expected fatigue lifetimes are presented in Table 8.8.
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Figure 8.23: Normalized fatigue damage at the mudline for the different geometries.

Table 8.8: Expected fatigue life for the different geometries.

Pile thickness Expected fatigue design life
(m) (years)

API p - y curves, Geometry 1 0.060 18.7
Macro-element, Geometry 1 0.060 35.5
Macro-element, Geometry 2 0.054 24.3
Macro-element, Geometry 3 0.050 18.4

For the new suggested geometries, the wall thickness remained constant by the new value.
The entire monopile geometry was changed, while the tower remained with its initial
geometry. The monopile in this analysis extended 10m above the mudline and 24m below,
thus having a total length of 34m. The initial geometry was of constant diameter of 6m,
and constant thickness of 0.06m. The initial steel volume of the monopile was therefore of
38.1m3. The potential steel savings of the monopile for the two new suggested geometries
are listed in Table 8.9.

Table 8.9: Possible steel savings of the monopile.

Thickness
reduction

Steel savings
Volume Tonnage (ton) Percentage

(%) (m3) (assuming ρsteel = 7850kg/m3) (%)

Geometry 2 10 3.77 29.6 9.9
Geometry 3 17 6.29 49.4 16.5
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This indicates a large potential on steel savings of the monopile alone. By trusting that the
macro-element model provides more accurate estimates on the fatigue damage, a potential
of steel savings on the monopile ranging from 10-17% was recognized. These results
supports the statement from Kallehave et al. (2015), on realistic steel savings in the
industry of 10 - 25% to be expected by better predictions on the foundation response.

8.7.5 ULS Assessment

In addition to fatigue, another design driver for the choice of monopile wall thickness, is
the issue of shell buckling during installation and extreme events (Kallehave et al. 2015).
However, in a linear buckling analysis, the buckling load factor (BLF) will be overes-
timated due to a model representation of a geometry with no imperfections. In the FE
model for this thesis, the monopile welds are not accounted for, and a linear buckling
analysis is therefore assumed to provide quite unrealistic results. Therefore, buckling was
not investigated in the ultimate limit state (ULS) assessment. Instead, a brief analysis on
yield was performed.

For ULS analyses, DNV (2014) suggests using extreme load values from a 50 year return
period. These were listed earlier in Table 8.5. Design load case (DLC) 6.1a from the IEC
standard (2009), was selected as a basis for the ULS consideration. This corresponds to
an extreme turbulence model with Uhub = 0.95Ure f and an extreme sea state with Hs =

1.09Hs,50. In total, 20 time-domain analyses in 3DFloat were performed, whereupon 10
included only wave loads, and 10 only wind loads. The sum of the maximum values
for both isolated cases were selected to be used for the ULS assessment. The loads are
provided in Table 8.10.

Table 8.10: ULS loads.

Only wind Only waves Total
Hx [MN] My [MNm] Hx [MN] My [MNm] Hx [MN] My [MNm]

Maximum 1.2 109.5 2.6 47.6 3.8 157.1
St. dev. 0.2 18.3 0.3 6.9

The IEC standard (2009), states to include currents, however, studies by Velarde (2016)
indicate that the currents contribute little to the total loads in a ULS consideration, and it
was therefore neglected in this analysis. The obtained ULS loads presented in Table 8.10
corresponds well to those obtained by Laszlo et al. (2017), however slightly lower.

Figure 8.24 plots the resulting stresses along the pile for the three geometries. The figure
indicate that they all remain within the yield limit of S355 steel, which yields at 355MPa.
Thus indicating that they will not yield under the applied ULS loads.
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Figure 8.24: Stress along pile under ULS loads.

The results indicate that all geometries are within the yield limit, with a good margin, and
it is therefore believed that they would survive an extreme event. There are of course many
limitations to this assessment, and the IEC standard (2009) lists many additional DLCs
for ULS considerations. A more thorough ULS analysis should be performed before
concluding on survival, however this is beyond the scope of this thesis.

8.7.6 Calibration Sensitivity

The macro-element model was calibrated based on an Abaqus model, as well as an equiv-
alent PLAXIS model. The resulting fatigue damage at the mudline for Geometry 1 is
plotted in Figure 8.25, for the two calibrations.

The estimated fatigue design lifetimes were as provided in Table 8.11.

Table 8.11: Expected Fatigue life for the different calibrations of the macro-element.

FE program for calibration Fatigue life
(years)

Abaqus 35.5
PLAXIS 35.1
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Figure 8.25: Normalized fatigue damage at the mudline for the different calibrations of
the macro-element.

Between the two calibrations, the obtained expected fatigue life at the mudline was, in
fact, only 1.1% larger for the Abaqus model. This indicate that the fatigue calculations
are not too sensitive to the choice of FE program for calibration of the macro-element
model.

In the analysis presented in the next chapter, the macro-element model was calibrated by
a PLAXIS model. Supported by these results, this should not affect the fatigue damage
estimates.

8.8 Summary

The purpose of this analysis was to investigate the optimization potential of a monopile
OWT foundation, based on fatigue assessments. Following is a summary of the main
findings with regards to this objective.

The analysis indicated that the industry practice of using API p - y curves in fatigue
calculations, may grossly overestimate the fatigue damage on the structure. Applying
the macro-element model, which has shown to be able to reproduce results by field tests
and finite element analysis, resulted in an estimated fatigue design life of 89.8% longer
than the estimates by the API p - y model. A large optimization potential was therefore
recognized.

The two models provided identical modeling of the OWT extending above the mudline,
with the same definition on structural damping, and applied the exact same environmental
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load histories. It was therefore understood that the differences in the estimated fatigue
damage occurred due to the differences in the foundation modeling, especially with re-
gards to foundation stiffness and damping. In general, the idling cases showed to be more
sensitive to the foundation performance than the operating cases.

The fatigue calculations along the monopile foundation indicated to be of importance in
design considerations for optimization, as it contributes to reliability in the design, espe-
cially regarding weld positioning. Based on the same fatigue damage at the mudline, the
magnitude of the maximum estimated fatigue damage along the pile foundation was 18%
lower, when applying the more reliable p - y curves, extracted from FEA, as compared
to the API p - y curves. Additionally, it was observed that the position of the maximum
estimated fatigue damage along the pile foundation varied between the two p - y formu-
lations. Thus, not only will a more accurate model reduce the predicted fatigue damage,
allowing for reductions in geometrical parameters, but also ensure a safer positioning of
the monopile welds.

The suggested new geometries showed large optimization potentials of the monopile.
By trusting that the macro-element model obtained the most accurate fatigue estimates,
particularly for the idling cases, possible steel savings on the monopile geometry in the
range of 10 - 17% were recognized in this analysis.

The lower fundamental frequency of the API p - y model was, by this analysis, believed
to be the main contributor to its excessive fatigue damage estimates, as compared to the
macro-element model. Optimal and reliable design is therefore understood to be obtained
by a foundation model that is able to provide good predictions of the fundamental fre-
quency of the support structure. The contribution of soil damping was also recognized,
however, it was difficult to to quantify its isolated contribution.
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Chapter 9

Real Site Analysis

The previous chapter indicated a large optimization potential for the monopile foundation
through using the macro-element model in design. However, the optimization potential
is only realistic if the model is accurately estimating the dynamic response, loads, and
particularly the foundation stiffness and natural frequencies of the support structure. The
purpose of this chapter is therefore to validate the macro-element model by comparing
measured data to simulated data of a monopile-based OWT situated in the North Sea. In
addition, fatigue assessments at the mudline were performed for this OWT, with a focus
on the influence of soil damping to the accumulated damage.

9.1 Method

Similarly to the analysis presented in Chapter 8, integrated time-domain simulations in
3DFloat were used to obtain the response and loads at the mudline. The structural model
in 3DFloat was provided by Jacobus B. De Vaal and Tor Anders Nygaard at IFE, and
has been modified to represent the three foundation models studied in this analysis. The
macro-element was, for this analysis, calibrated from a PLAXIS model by PhD candidate
Ana M. Page at NTNU/NGI.

The structural damping of the system had to be assumed. According to Shirzadeh et al.
(2013), the structural damping ratios of monopile OWTs are typically ranging between
0.5% - 1.5%, where the lower limit correlate to pure material damping. In accordance
with their study, a structural damping ratio of 0.6% was used in this analysis.

This analysis assumed the same environmental conditions as in the previous analysis, and
the reader is referred to Table 8.4 for a list of the different load cases. The wind was,
as with the previous analysis, described through turbulence files generated with TurbSim.
The Power Law was used to describe the wind shear, and Kaimal spectra were used in
describing the turbulence. The waves were described through JONSWAP spectra.
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In evaluation of the accuracy of the three models, focus has been set on the natural fre-
quencies. These were estimated both from PSDs of the mudline moments, and though
eigen analyses in 3DFloat, and were compared against measured data provided by Karin
Norén-Cosgriff at NGI.

The fatigue damage at the mudline was calculated for two of the models to investigate
the sensitivity to foundation modeling on the fatigue damage, in particular regarding the
effect of accounting for soil damping. The process of calculating the fatigue damage was,
as in the previous analysis, based on the recommended practice by DNV GL (2016).

9.2 Model Description

The three different models considered in this analysis were:

• The macro-element model, applying the macro-element at the mudline.

• The API p - y model, applying API p - y curves along the length of the pile foun-
dation

• The FEA p - y model, applying p - y curves extracted from a finite element analysis,
along the length of the pile foundation.

Figure 9.1 compares the load- and displacement distributions for the two p - y models to
the FE results from PLAXIS.

Figure 9.1: Comparison of the results from FEA to the two p - y formulations.
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The FEA p - y curves were extracted from the PLAXIS model, from loading combinations
corresponding to M/H = 0 and M/H = ∞. The figure above plots the result to a load
combination of M/H = 30m, validating the usefulness of the FEA p - y curves to other
loads than those extracted from. As seen by the figure, the FEA p - y model, are providing
a more accurate representation of the pile response, particularly in the pile stiffness, as
compared to the API p - y model.

9.3 Assumptions and Simplifications

The same assumptions and simplifications of the previous analysis, regarding the fatigue
calculations and the load cases, apply to this. In short summary these include:

• Disregarding the axial force in the fatigue calculations

• Assumptions on the choice of S - N curve for the fatigue calculations

• 16 load cases, represented by 10 minute simulations, that are repeated throughout
the entire design life of the structure

• Assumptions on the structural damping of the system

• Only one seeding of each load case

• The wind and wave loads remain in the same direction throughout the entire design
life

Additionally, the measured data used in this analysis was obtained from only one turbine,
which was limited to idling conditions.

9.4 Results and Discussion

9.4.1 Comparison Between Simulations and Measurements

Figure 9.2 plots the mudline displacements of the pile versus the applied moments at the
mudline. Clearly, the API p - y curves are providing a much too soft response, as also
observed by the excessive displacements in Figure 9.1.

The stiffness at the mudline is directly related to the natural frequencies of the support
structure, leading to an expectancy of lower tower-bending natural frequencies for the
API p - y model, as compared to the other two models.
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Figure 9.2: Moment - displacement curve at the mudline.

Estimations of the natural frequencies, and corresponding modes, of the three models
were obtained from eigen analyses in 3DFloat. Figure 9.3 plots the power spectral den-
sities (PSDs) of the measured accelerations, provided by Karin Norén-Cosgriff at NGI.
Included on this plot, are vertical lines corresponding to 10 first simulated natural fre-
quencies obtained for the macro-element model.

Figure 9.3: PSD of the measured accelerations at site versus simulated natural frequencies
from the macro-element model.

The natural frequencies that directly relate to the foundation modeling, are the tower-
bending frequencies. These are listed and visualized for the three models, in Table 9.1,
together with the measured values. A table containing the measured and simulated natural

100



Chapter 9. Real Site Analysis 9.4. Results and Discussion

frequencies for the blade modes can be found in Appendix E.

Table 9.1: Comparison between the measured and the simulated natural frequencies for
the first two tower modes.

Measured

freq.

(Hz)

Simulated freq. (Hz) Simulated modes

API p-y

curves

FEA p-y

curves

Macro-

element

model

Front view Side view Top view

1st Sup.

Struct.

FA

0.332 0.298 0.336 0.331

1st Sup.

Struct.

SS

0.336 0.30 0.341 0.335

2nd Sup.

Struct.

FA

1.650 1.357 1.595 1.649

2nd Sup.

Struct.

SS

1.650 1.371 1.597 1.654

FA = fore-aft

SS = side-to-side

The deviations from the measured frequencies are listed in Table 9.2.

Table 9.2: Measured vs. simulated tower-bending frequencies.

fn,measured/ fn,simulated

Mode Macro-element FEA p - y curves API p - y curves

1st Sup.
Struct. FA

1.003 0.988 1.114

1st Sup.
Struct. SS

1.003 0.985 1.120

2st Sup.
Struct. FA

1.001 1.033 1.217

2st Sup.
Struct. SS

0.998 1.033 1.203

These results indicate that the macro-element model is most accurate in predicting the

101



9.4. Results and Discussion Chapter 9. Real Site Analysis

natural frequencies of the support structure. It is also important to note that the FEA
p - y curves are, in fact, providing good estimations of the natural frequencies as well,
whereas the API p - y curves are under predicting all natural frequencies related to the
support structure by more than 10%. The deviations obtained for the API p - y model to
the measured data, noted in Table 9.2, corresponds well with observations by Kallehave
et al. (2015), where the estimated design frequency compared to measured data for 400
monopile-based OWTs, typically had f0,measured/ f0,simulated ranging from 1.0 - 1.2.

Figure 9.4 illustrates the accuracy of the predicted fundamental frequency in the fore-aft
direction for the three models, by a comparison with the PSD from the measurements.

Figure 9.4: PSD of the measured accelerations in the fore-aft direction, and the corre-
sponding fundamental frequencies of the three models.

The limited accuracy of the API p - y curves are an important observation, as they are
much used in the industry for design of monopile-based OWTs. For this particular in-
stalled OWT in the North Sea, the API p - y curves were seen to under predict the
measured fundamental frequency by 10.2%. If the support structure and foundation is
designed based on this estimation, some issues may arise.

The first issue is the possibility of excessive material usage. As the analysis presented in
Chapter 8 indicated, such an under prediction of the fundamental frequency may grossly
over estimate the fatigue damage on the OWT support structure. Consequently, overly
conservative dimensions are needed to obtain the desired fatigue life predictions.

Another important aspect is that the rotor, blades and structure for OWTs are designed to
avoid resonance coincidence (Shirzadeh et al. 2013). By designing the support structure
to such an under prediction of the resonance frequency, the actual fundamental frequency
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of the structure might enter into the designed range of 3P. This will have the turbine endure
resonance, thus causing large amounts of cyclic damage on the structure.

9.4.2 Fatigue Assessment

The comparison with the measured data suggests that both applying the macro-element
model and the FEA p - y model, would quite accurately predict the natural frequencies of
the support structure. Based on the observations of the natural frequencies’ significance
to the estimated fatigue damage, as seen from the previous chapter, it is believed that
both the macro-element model and the FEA p - y model are useful for improved fatigue
estimations, as compared to the API p - y model. This section will present observations
on the resulting mudline moments and damping, and then proceed to present the fatigue
calculations.

Mudline Moments

Figure 9.5a and 9.5b plots captions of the simulated mudline moments in the fore-aft
direction for load case 5 (operating) and 15 (idling), respectively.

(a) Simulated mudline moments for load case 5 (operating).

(b) Simulated mudline moments for load case 15 (idle).

Figure 9.5: Simulated mudline moments.
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Figure 9.5a correspond to a turbine under power production, and is useful for illustrating
the general observation for the operating cases. The macro-element model and the FEA
p - y model obtained a similar moment response, however slightly larger in amplitudes
for the FEA p - y model. In contrast, the API p - y model obtained significantly larger
amplitudes of the mudline moments.

In Figure 9.5b, the turbine is parked and the figure illustrates the general observation for
the idling cases. The obtained response was smoother for all models, mostly causing
vibrations at the support structures’ fundamental frequency. As the figure illustrates, the
amplitudes were much larger for the model applying API p - y curves. This is as expected,
due to the lower natural frequencies of this model. For the model applying API p - y
curves, the support structure will endure larger amounts of excitation of its fundamental
frequency from the wind- and wave loads, as seen from the captions of the environmental
spectra, plotted in Figure 9.6.

(a) Caption of the JONSWAP spectrum for load
case 15.

(b) Caption of the Kaimal spectrum for load
case 15 .

Figure 9.6: Captions of environmental spectra for load case 15.

Between the FEA p - y model and the macro-element model, the stiffness at the mudline
was approximately equal, resulting in a very similar moment response at the mudline.
However, slightly lower amplitudes were obtained for the macro-element model, as it
includes soil damping in its formulation.

Figure 9.7a and 9.7b plots the PSDs of the mudline moments for load case 5 and 15,
respectively. The PSDs illustrate the observations already commented. The more obvious
peak at the first tower-bending frequencies in Figure 9.7b as compared to Figure 9.7a,
indicate that the idle case is obtaining more excitation of this frequency for all models,
however larger for the API p - y model than the other two.
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(a) PSD of the fore-aft mudline moments for LC7 (operating).

(b) PSD of the fore-aft mudline moments for LC15 (idle).

Figure 9.7: PSD of the mudline fore-aft bending moments.

Additionally, the effect of including soil damping in the foundation models becomes vis-
ible from the lower peaks for the macro-element model as compared to the FEA p - y
model. Note that the figures are plotted on a log-scale.

It may also be worth noting that the blade frequencies are only excited for the operating
case, and are equally represented in all models. This underlines that the foundation model
does not affect the blade modes.
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Damping

Both the macro-element model, and the models that are applying p - y curves are similar
in that they are providing a non-linear representation of the soil-foundation response.
However, between the three, only the macro-element model include soil damping in its
formulation. The hysteretic damping contribution from the soil is load dependent, and will
be larger for higher loads. Figure 9.8 plots a caption of the obtained mudline moments
from a free vibration test. Note that the initial bending moment prior to releasing the
displacement, was largest for the FEA p - y model, and lowest for the API p - y model,
as these were the stiffest and softest models, respectively. Hence, the variable amplitudes
between the models, that the figure is showing.

Figure 9.8: Mudline moments from free vibration test.

The Hysteretic damping contribution of the macro-element model becomes clear when
plotting the resulting mudline displacements to the mudline moments. Figure 9.9a and
9.9b plots this for the macro-element model and the FEA p - y model, respectively.

(a) Mudline moments and displacements for the
macro-element model.

(b) Mudline moments and displacements for the
FEA p - y model.

Figure 9.9: Mudline moments and displacements, illustrating the load-displacement paths
of the macro-element model and the FEA p - y model.
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As the figures indicate, the macro-element model is producing hysteretic loops upon load-
ing and unloading, whereas the FEA p - y model is loaded and unloaded along the same
path.

By use of the logarithmic decrement of the free vibration test, the total damping ratio of
the first mode, was found for various amplitudes of the mudline moments. Figure 9.10
plots the resulting damping ratios for the three models. In the free vibration test, the
blades were pitched out of the wind, and the aerodynamic contribution to the damping
should therefore be negligibly small. However, in the time-domain simulations for the
fatigue calculations, the total damping ratio is expected to vary between the load cases,
due to variations in wind- and wave conditions. Hence this plot is mainly to provide a
visualization of the trend, and not to provide a set value for the damping on the structure.

There are two important observations to note from Figure 9.10.

1. For low loads, the macro-element response is elastic. This is recognized by the
constant damping ratio of the macro-element at low moment amplitudes. It is first
when the plastic deformations starts occurring that the macro-element is producing
the hysteretic damping. As the figure indicate, the magnitude of damping from the
soil is load-dependent, and increase with increasing loads. This corresponds with
the observed behaviour from laboratory- and field tests (Aasen et al. 2017).

2. The p - y models obtain a constant damping ratio for all load magnitudes, as the
models are non-linear elastic, and do not account for soil damping.

Figure 9.10: Damping ratios for various moment amplitudes at the mudline.

According to Shirzadeh et al. (2013) and Damgaard et al. (2012), the total damping of
OWTs can be approximated as a linear combination of the contribution from all sources
of damping on the system. As the three models were situated in the same environment,
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modeled identical above the mudline, and defined with the same ratio for the structural
damping, it was therefore expected that they would obtain approximately the same value
for the total damping ratio in the elastic region of the macro-element model. However,
this was not the obtained response, as the figure indicate. It is believed that the deviations
seen in the p - y models was due to limitations on the constraints along the foundation.
The focus of the fatigue analysis, however, has been on comparing the FEA p - y model
and the macro-element model. Between those, the initial deviation was insignificant as
compared to the contribution from the soil damping in the macro-element. The possible
error in the damping ratio is therefore expected not to have a profound effect on the fatigue
results.

Fatigue Calculations

The focus of the fatigue calculations has been on the two models that showed good ac-
curacy in estimating the measured natural frequencies. These were the macro-element
model and the FEA p - y model. As the simulated natural frequencies between two mod-
els were approximately equal, the fatigue damage comparison of the two, will provide an
indication of the significance of including soil damping in the model formulation.

The resulting normalized fatigue damage and life expectancy at the mudline is presented
in Figure 9.11 and Table 9.3 respectively. The expected fatigue life has been normalized
to the estimated value for the macro-element model.

Figure 9.11: Normalized fatigue damage at the mudline.
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Table 9.3: Expected fatigue life normalized by the results from the macro-element model.

Macro-element FEA p - y curves

Normalized fatigue life 1 0.776

From Table 9.3, it is observed that by excluding soil damping in the model formulation,
the estimated fatigue life of the support structure was reduced by 22.4%. The results
therefore indicates that including soil damping may be of great importance to exploit
the optimization potential of the foundation and support structure. This corresponds to
observations by Aasen et al. (2017), where by including a factor of 0.3% of soil damping,
the fatigue damage estimates were reduced by 13%. With the fundamental frequencies
close to the excitation frequencies of the waves, small differences in the damping may, as
these results indicate, be of significance to the estimated fatigue life expectancy.

An overview of which load cases that are most sensitive to the foundation performance
with regards to damping, can be obtained by plotting the deviations in the estimated fa-
tigue damage between the two models. Figure 9.12 presents this comparison.

Figure 9.12: Deviation from the obtained fatigue damage for the FEA p - y model to the
macro-element model.

The figure indicate, in accordance with observations by Aasen et al. (2017), that the
importance of including soil damping was, in general, more significant for the idling
cases.
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9.5 Summary

In the comparison with the measured data from the installed OWT in the North Sea, the
macro-element model showed to be most accurate in predicting the measured natural fre-
quencies of the support structure. In fact, the macro-element model only under predicted
the fundamental fore-aft tower-bending frequency by 0.3%, whereas the industry practice
of using an API p - y model showed to under predict this by 11.4%.

An alternative p - y model, based on p - y curves obtained from FEA, also provided
good estimates on the natural frequencies of the support structure, however somewhat
less accurate than the macro-element model.

Soil damping has been observed in laboratory- and field tests, and the reliability of a
foundation model is increased when accounting for this. By comparing the two models
with equivalent natural frequencies, a 29% longer fatigue life expectancy was obtained
for the model that included soil damping in its formulation. The fatigue calculations thus
indicated that including soil damping in the foundation model, may be of significance to
the reliability of the results, and consequently for exploiting the optimization potential.

A general observation was that the response of the OWT was more sensitive to the foun-
dation performance in the idling cases. This was highlighted by the larger deviations in
the moments obtained at the mudline as well as the fatigue estimates.
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Chapter 10

Conclusion

Offshore wind energy has experienced a fast growth over the recent years, however limited
by the excessive costs as compared to its onshore counterpart. Cost reductions in the
reliability of the design are therefore crucial for a further development of the industry.
The common industry practice of analyses and design optimization of monopile-based
OWTs has shown to be limiting in its application, and more accurate models are needed.
In the light of this, the two main objectives of this thesis has been the following:

• To assess the accuracy of different foundation models.

• To study the optimization potential of monopile OWT foundations, with regards to
fatigue damage estimates.

10.1 Conclusion

This section will conclude the main findings regarding the thesis objectives.

Assessment of Model Accuracy

From the comparison with the measured natural frequencies presented in Chapter 9, it is
concluded that, between the models investigated, the macro-element model is the most
accurate in reproducing the measured response. In fact, the largest deviation to the mea-
surements of the four first tower bending frequencies simulated by the macro-element
model, was of 0.3%. Hence, the model was recognized as, not only the most accurate of
the ones studied, but very accurate indeed.

The p - y curves extracted from FEA also provided good predictions of the measured
natural frequencies, however slightly less accurate than the macro-element model. For the
two first tower bending frequencies (1th fore-aft and side-to-side), the maximum deviation
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from the measurements was of 1.5%. Larger deviations were obtained for the second
bending modes (2nd fore-aft and side-to-side), where the maximum deviation from the
measurements was of 3.2%.

The model that showed to be the least accurate in predicting the measured natural fre-
quencies, was the API p - y model. This is also the model that is commonly used in
the industry today. The comparison with the measured data showed the model to under
predict the measured natural frequencies by 10.2% and 10.7% for the first fore-aft and
side-to-side bending modes respectively. The second fore-aft and side-to-side bending
modes from the simulations were under predicted by as much as 17.8% and 16.9% to the
measurements. Hence concluding that the API p - y model was, by far, the least accurate
of the ones studied in this thesis.

With regards to damping, it was recognized in Chapter 9 that only the macro-element
model was able to reproduce a load-depended hysteretic foundation damping as observed
in field- and laboratory tests. It was therefore concluded to provide the most realistic
representation of the total damping on the OWT support structure.

Fatigue Estimates and Optimization Potential

This thesis has indicated how accurate predictions of natural frequencies and damping
are crucial for the reliability of the fatigue life estimations. The co-occurring differ-
ence in foundation stiffness and damping between the two models investigated in Chapter
8, resulted in an increase of the estimated fatigue life by 89.8%, through applying the
macro-element foundation model. As the two models were identically described above
the mudline and exposed to the same load-histories, it was concluded that the differences
in the fatigue estimates was due to the difference foundation performance. In general,
the monopile-based OWTs studied in this thesis were more sensitive to the foundation
performance under idling conditions.

The macro-element model was concluded to provide the most realistic representation of
the total damping on the support structure. Between two models with equivalent funda-
mental frequencies, a larger fatigue life expectancy of 29% was obtained for the macro-
element model, indicating the significance of correct representation of damping to the
fatigue estimates. Yet, with regards to foundation modeling, accurate predictions on the
natural frequencies was still recognized as of highest significance in obtaining reliable
and optimal design.

It was also concluded that considering the fatigue damage along the pile foundation may
be of significance in optimization of the monopile design, as it will provide reliability to
the positioning of the welds, as well as a guidance upon designing for a depth dependent
geometry. Suggestions on new monopile geometries of the OWT studied in Chapter 8,
recognized potential of steel savings on the monopile ranging from 10 - 17%, by applying
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the macro-element model.

General Conclusion

This study has shown that, by use of the macro-element model in foundation design and
optimization, large potentials for cost reductions in the industry may be achieved. Not
only did the estimated fatigue damage decrease with the macro-element model, but the
reliability of the estimations were larger due to the more accurate performance of the
foundation model. Thus, by applying the macro-element in design, cost reductions may
be obtained both in optimization of the geometries, as well as cost reductions relating to
the reduced risks.

10.2 Suggestions for Further Work

The complexity of foundation design for OWT applications are of a much larger scope
than has been presented in this thesis. This study involve many limitations, and there are
therefore many suggestions for further work, some of which are listed in this section.

• The main focus of this thesis has been on monopile-based OWTs on soil conditions
dominated by clay. The macro-element model is yet to be tested for sites dominated
by sandy soils, and a study on its performance on a sand-dominated site would be a
suggestion for further work.

• A significant limitation to this study was the uncertainties and assumptions made
on damping. A more comprehensive study on damping is therefore a natural con-
tinuation of this work. According to Kallehave et al. (2015), the overall structural
damping on OWTs contain large uncertainties and are difficult to quantify. Yet, the
choice of design values may be of significance to the fatigue estimates. Therefore,
to include more confidence in the design calculations, a sensitivity study to the es-
timated fatigue damage for various values of the structural damping is suggested as
an extension of this study. Additionally, a comparison with predictions and mea-
surements of the damping on OWTs is of interest as an inclusion to the suggested
further work on damping.

• The fatigue analysis in this theses was only performed for idling and production
cases. The IEC standard (2009) suggests, as well, fatigue considerations under start
up, shut down and under the occurrence of faults. For a more thorough fatigue
analysis, these conditions could have been included, to see if their impact on the
life estimations are significant.
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• Research has indicated that different seeding of the wind- and wave stochastics may
cause significant variations on the response of the OWT (Stewart et al. 2015). In
this thesis, the fatigue calculations were intended as a comparison between different
models, and only one seeding for each load case was considered. However, an
improved fatigue assessment is suggested as an extension to this study, upon which
more seedings should be evaluated to ensure a fatigue assessment that is seeding
independent.

• Another significant limitation to this study was that the wind- and waves remained
uni- and co-directional throughout the entire design life of the structure. However,
in reality the wind- and wave directions are constantly changing, and will at times be
misaligned. As the aerodynamic damping is negligible in the side-to-side direction,
disregarding the occurrence of misalignment and multi-directional loading, may
result in inaccurate fatigue assessments. A study on the same models’ performance
under multi-directional loading is therefore suggested as further work.

• The ULS analysis of this study contained many limitations. It is clear that upon sug-
gesting new dimensions to obtain material savings, other limit state considerations
than only fatigue must be considered. Therefore, a more thorough ULS analysis
should be performed as an extension to this study, as well as considerations on the
serviceability limit state (SLS). This should also include considerations on shell
buckling upon installing the monopile, as Kallehave et al. (2015) states this as a
limiting factor on thickness design.
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Appendix D

S - N Data for Steel with Cathodic
Protection in Seawater

Figure D.1: S - N data for steel with cathodic protection in seawater (DNVGL 2016).
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Appendix E

Natural Frequencies for the Blade
Modes of the OWT in the North Sea

Table E.1: Comparison between the measured and the simulated natural frequencies for
the first blade modes

Measured

freq.

(Hz)

Simulated freq. (Hz) Simulated modes

API p-y

curves

FEA p-y

curves

Macro-

element

model

Front view Side view Top view

1st

Blade

AFP

0.4833 0.524 0.528 0.528

1st

Blade

AFY

0.507 0.544 0.545 0.544

1st

Blade

DT

0.760 0.556 0.562 0.561

1st

Blade

CF

0.803 0.775 0.775 0.774

1st

Blade

AEP

0.910 0.845 0.858 0.858

1st

Blade

AEY

0.957 0.947 0.954 0.954
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AFP = asymmetric flapwise pitch
AFY = asymmetric flapwise yaw
DT = drivetrain torsion
CT = collective flap
AEP = asymmetric edgewise pitch
AEY = asymmetric edgewise yaw
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