Impact of seabed scour on
the dynamics of bottom-

founded offshore wind
turbines with large diam-

eter monopiles

Reeti Sarkar

Master Thesis Report
October 7,2019
TU Delft







Impact of seabed scour on the dynamics

of bottom-founded offshore wind turbines
with large diameter monopiles

by
Reeti Sarkar

to obtain the degree of Master of Science
at the Delft University of Technology,
and Norway University of Technology and Sciences (NTNU)

Student number: 4344500
Project duration: September 15, 2018 - present

Thesis committee: Prof. Andrei Metrikine, TU Delft, chair
Dr. Federico Pisano, TU Delft, supervisor
Dr.Luke J. Prendegast, supervisor (in absentia)
Dr. Erin Bachynski, NTNU, supervisor

Evangelos Kemenzetzidis, TU Delft, supervisor

EWEM

fUDelft ®NTNU






Acknowledgments

This thesis has been a rather long journey, full of both frustrating moments and jubilant revelations. The
compeltion of this journey however, would not be possible without the contributions of some very important
people.

My supervisor Evangelos Kementzidis for his constant availability and interest: engaging with the most te-
dious computational queries and helping me burn through a lot of practical software matters in a very short
time.

My supervisors Dr. Erin Bachynski, Dr. Federico Pisano, and Dr. L] Prendergast, for supporting me each in
their individual areas of expertise, and being available in any way possible: whether over video-conference or

in person or over email.

My committee chair Prof. Andrei Metrikine, for his enthusiasm about the subject and providing introspective
questions to help guide my thesis toward valuable conclusions.

All my friends for their moral support, and specifically my boyfriend for a lot of practical support as well, in
the form of extra computational power and last minute BIgXtutorials.

All the EWEM family and my own family, for allowing me to go through this very intense journey of over two
years that culminates in this thesis.

Reeti Sarkar
Delft, October 2019

iii






Contents

List of Figures vii
List of Tables ix
1 Introduction 1
1.1 Developmentoflarge OWTs. . . . . . . . . . . . . . 0 ittt e 1

1.2 Offshore foundations . . . . . . . . . . . . .. L e 2

2 Problem Analysis 3
2.1 ScoUr . . . . e e e 3
2.1.1 Mechanism ofscour formation . . . . . . .. ... .. L Lo L oL 3

2.1.2 Timeevolutionofscour . . . . . . . . . ... L. L L e 4

2.1.3 Impactoflocaland globalscour . . . . . . . . ... ... ... ... .. ... ..., 4

2.2 Performance of monopilesunderscour. . . . . . .. ... Lo Lo Lo Lo 5
2.2.1 Eigenfrequency . . . . . . . . . .. e e e e 5

2.2.2 Limitstatesandlateral capacity . . . . . . . . . . . ..o Lo 6

23 ResearchGaps . . . . . . . . . . . L e 6
2.4 Aims and considerations for presentstudy . . . . . . ... ..o Lo 7

3 Integrated 3D Finite Element Model 8
3.1 Windturbineand monopile. . . . . . . . ... e 9

3.2 Soilstructureinteraction . . . . . . . . . ... Lol e e e e e e e e e 10
3.2.1 Low frequency dynamics of saturatedsoils. . . . . . . . . .. ... ... ... 10

3.2.2 Finite element formulation . . . . . .. ... Lo Lo 11

3.2.3 Constitutive modelling of cyclic soil behaviour . . . . . . .. ... ... ... ..... 12

3.24 Finalcalibration . . . . . . . . .. Lo 12

3.3 Scourconditions . . . . . ...l e e e e e e 14
3.4 Environmentalloading . . . . . . . . . . L. 14
3.4.1 Aerodynamicloading . . . . . . . . . . .. L L 14

3.4.2 Hydrodynamicloading. . . . . . . . . . . . . ... 15

3.5 Algorithmsforanalysis . . . . . . . . . . . . 16

3.6 Stockwell transforms . . . . . . . . ... e e e e 16
3.7 Spacediscretisation. . . . . . .. ... oL oL e 16

4 Non-linear performance under scour 18
4.1 Fixedbasecantilever . . . . . . . . . . .. e e e e e e e e e e 19
4.2 Examination of ID SCOUrCase. . . . . . . . v v v v v v et e e e e e e e e 20
4.2.1 Hubdisplacement. . . . . . . . . . .. L e 20

4.2.2 ResonantresponsefreqUency . . . . . . . . . . . ..o i e e e e e 21

423 Damping. . . . . . ..o o e e e e e e e e 23

424 Soilbehaviour . . . . . . .. L 24

4.3 Evolution of pore water pressure for semi-drained condition . . . . . . ... . ... ... ... 26

4.4 Trends: Responsefrequency . . . . . . . . . . . . . . L e 28
44.1 Linearelasticsoil. . . . . . . . . . L L e 28

442 Localvsglobalscour. . . . . . . . . . . L L e 29

443 Scourdepth . . . . . . . e e e e 30

444 Influenceofloadingramp . . . . . . . . . .. L L L o 30

4.4.5 Magnitudeofforce. . . . . . . . .. L e 31

4.5 Trends: Dampingratio . . . . . . . . . . . L. Lo e e e e e e e e 31

5 Conclusions 34
5.1 Furtherresearch . . . . . . . . . . . . . . e e e 35



Contents

vi
Bibliography 36
A Mesh selection 39
A.1 Noscourcondition . . . . . . . . . . . . e e e e e e e 39
A2 Scouredmesh. . . . . . . . L e e e e 46
48

Timoshenko beam section properties



List of Figures

1.1 Trend for increase in rotor diameter. Source: [14] . . . . . . . . . . . . . i ..
1.2 Trend of water depth and distance to shore in offshore wind farms. Source: WindEurope
1.3 Share of substructures for grid-connected wind turbines. Source: [37] . . . . ... ... ... ...

2.1 Formation ofscourhole. Source: [9] . . . . . . . . .. . ..
2.2 Scour-induced amplification of the lateral pile deflection. Source: [30] . . ... ..........
2.3 Change in mode shape for design scour ratio 1.3. Source: [29] . . . . . . ... ... ... ... ...
2.4 Mean and standard deviation of frequencies for different scour depth. (Top) First eigenfre-
quency (Bottom) Second eigenfrequency. Source: [27] . . . . .. ... Lo o
2.5 Limit state design of monopiles with and without scour. (L) Distribution of bending moment,
M, under ULS-load for varying scour/backfilling conditions. (R) Variation with depth for the
maximum cross-sectional stress relative to the fatigue capacity at N = 107 cycles for varying
scour/backfilling conditions. Source: [33]. . . . . . . ... L e
2.6 (L) Load displacement curves and (b) lateral stiffness of pile, for different scour depths. Source:
(17 e e e

3.1 Schematic of the entire model (nottoscale) . ... ... ... .. ... ... .. .. .. . .....
3.2 Schematic ofyield, critical, dilatancy, and bounding surfaces on the stress ratio 7 plane. Source:
[A] . e e e e e e e e e e e e
3.3 Results of triaxial test on sand corresponding to void ratioof 0.715 . . . . . . ... ... ... ...
3.4 Applied environmental loading under operational (top) and storm (bottom) conditions . . . . .
3.5 Meshfornoscourcondition . ... ... .. ... ... .. ...
3.6 Meshfor1Dlocalscour . ... ... .. .. ... e
3.7 Meshfor1Dglobalscour . ... .. .. .. ... ...

4.1 Normalized power spectral density of hub displacement for operational loading: no scour, local
1D scour and global ID SCOUT CASES . . . . o v v o vt i e it et e et e e e e e
4.2 Hub displacement and pile head displacement for impulse loading: no scour, local 1D scour
and global ID SCOUT CASES . . . . . . v v v ittt e et e e e e e e e e e
4.3 Hub displacement and pile head displacement for operational loading: no scour, local 1D scour
and global ID SCOUT CASES . . .« v v v o v e e e e e e e e e e e e e e e e e e e e
4.4 Hub displacement and pile head displacement for cutoff loading: no scour, local 1D scour and
global ID SCOUT CaSES . . . . . . o v ot e e e e e e e e e e
4.5 Normalized power spectral density of hub displacement for operational loading: no scour, local
1D scour and global ID SCOUT CASES . . . . o v v v vt vt it et e e e e e e
4.6 S-transform of hub displacement for operational loading: noscourcase ... ...........
4.7 S-transform of hub displacement for operational loading: 1D local scourcase . . .. ... .. ..
4.8 S-transform of hub displacement for operational loading: 1D global scourcase . .. .. ... ..
4.9 Hub displacement with marked peaks under impulse loading: noscour. . . . . ... ... .. ..
4.10 Hub displacement and with marked peaks under impulse loading: 1D local scour. . . . . . . ..
4.11 Stress paths of 1, — p’ for all control points: no scour, under operational loading. The colour-
barsindicate timeinseconds. . . . . . . . ...
4.12 Stress strain 7, —7 . for all control points: no scour, under operational loading. The colourbars
indicate timeinseconds. . . . . . . .. ..
4.13 Stress paths of 74, — p’ for all control points: global 1D scour, under operational loading. The
colourbars indicate timeinseconds. . . . . . ... ... L. L L L
4.14 Stress strain 7, — v, for all control points: global 1D scour, under operational loading. The
colourbars indicate timeinseconds. . . . . . . ... ... L L L e

vii



viii List of Figures

4.15 Stress paths of 74, — p’ for all control points: local 1D scour, under operational loading. The

colourbars indicate timeinseconds. . . . . . . ... ... L L L e 26
4.16 Stress strain Ty, — v, for all control points: local 1D scour, under operational loading. The
colourbars indicate timeinseconds. . . . . . ... ... L L Lo 26
4.17 Evolution of pore water pressure for high permeability . . . . . ... ... ... ... .. ... ... 27
4.18 Evolution of pore water pressure for low permeability . . ... ... ... ... ... .. ... ... 27
4.19 Evolution of pore water pressure as a fraction of total stress for high permeability . . . . . .. .. 28
4.20 Evolution of pore water pressure as a fraction of total stress for low permeability . ... ... .. 28
4.21 Resonance frequency under impulse of 1MN: all values normalized with respect to no scour
condition . . . . ... 29
4.22 Resonance frequency trend under environmental loading: normalized with respect to no scour
conditions . . . . ... 30
4.23 Resonance frequency trend under different magnitudes of impulse loading: normalized with
respect tono scour conditions . . . . . ... L. e 31
4.24 Damping trends under impulse loading: all magnitudein% . . . . . .. ... ... ... ...... 32
4.25 Damping trends under impulse loading: all magnitudein% . . . . . .. ... ... ... ...... 32

A.1 Mesh X0. Control elements (A = right, B = left) marked in red, control nodes (A = right, B = left)

markedinyellow. . . . . . . L 39
A.2 Mesh A0. Control elements marked in red (A = right, B = left), control nodes (A = right, B = left)
markedinyellow. . . . . . . L 39
A.3 Mesh B0. Control elements (A = right, B = left) marked in red, control nodes (A = right, B = left)
markedinyellow. . . . . . . L 40
A.4 Mesh CO0. Control elements (A =right, B = left) marked in red, control nodes (A = right, B = left)
markedinyellow. . . . . . . L 40
A.5 Mesh C2. Control elements (A = right, B = left) marked in red, control nodes (A = right, B = left)
markedinyellow. . . . . . . L e 40
A.6 Mesh DO0. Control elements (A = right, B = left) marked in red, control nodes (A = right, B = left)
markedinyellow. . . . . . . L 41
A7 a)Impulseloading . . . . . . .. . 42
A8 Db)Sinusoidalloadingl . . . . . . . .. . ... 42
A9 c¢)Sinusoidalloading2 . . . . . . .. .. 42
A10d)Windloading, Vyyinga =12m/s . . . . o o oo e e e 42
A.11 Global displacements forload case3 . . . . . ... ... .. ... 42
A.12 Stress-strain behaviour at element A under impulseload. . . . ... ... .. ............ 43
A.13 Stress-strain behaviour at element B under impulseload . . ... .................. 43
A.14 Stress-strain behaviour at element Aunder sineload 1 . . . . ... ... .. .. ........... 43
A.15 Stress-strain behaviour at element Bundersineload 1 . . . .. ... ... .. ............ 43
A.16 Local displacement underimpulseload . . . . . . ... .. ... L L L o L 43
A.17 Pore water pressure underimpulseload. . . . . . ... ... ... ... . o e 44
A.18 Local displacement undersineload 2 . . . . .. .. ... ... .. ... . e 44
A.19 Pore water pressure undersineload2 . . . . ... ... ... L e 45
A20Mesh Cwith 1D localscour . . . . . . . . . . . . e e e e e 46
A21Mesh Cwith 1D globalscour . .. ... ... ... . ...t 46
A.22 Stress-strain behaviour at element Aunder sineload 1 . . . ... ... ................ 47
A.23 Stress-strain behaviour at element Bunder sineload 1 . . . .. ... ... ... ........... 47
A24 1y-p elementAundersineload 1 . . . . . .. ... 47

A251y,-p elementBundersineload 1 . . . . .. ... .. . 47



List of Tables

3.1 Wind turbine properties . . . . . . . .. e e e e 9
3.2 Monopile properties . . . . . . .. e e e e e e e 9
3.3 TOWEr PrOPerties . . . . . . . o o i ittt e e e e e e e e e e 9
3.4 Parameters for soil calibration at pile-soil interface, on slope of scour and in the remaining soil
domain . . . . .. 13
3.5 Parameters for applied environmentalloading . . . . .. ... ... ... .. .. L L oL 14
4.1 Dominant response frequency under enviromentalloading . . . . ... ... ... ... .. .. .. 18
4.2 Dominant response frequency under impulseloading . . . ... ... ..... ... ....... 18
4.3 Evaluated dampingratios [%] . . . . . . . . . L e 19
4.4 Resonance frequencies of fixed basecantilever . ... ... ... ... .. ... ... .. .. ... 19
4.5 Relative position of pile head displacement under local scour with respect to global and no scour 21
4.6 Percentage increase in (resonant) response frequency of local scour, with respect to global scour 29
4.7 Percentage decrease in resonance frequency with respect to no scour condition . . . . . ... .. 30
4.8 Change in resonance frequency for different permeabilities, under storm loading . . . . . . . .. 30
4.9 Damping ratio under different impulse loads, normalized with respect to damping ratio under
noscour conditionS . . . . . . . ... e e e e e e e e e e e 31
4.10 Damping coefficient normalised with respect to no scour condition . . . .. ... ... ...... 33
A.1 Properties of different meshes. Note: Computation time in the table is forload case2 . ... .. 41
B.1 Section propertiesoftower . . ... .. ... ... 48






Introduction

In recent years, the world has seen an increased drive towards renewable energy. In Europe in particular, the
wind energy industry has seen rapid growth - and with the development of offshore wind turbines (OWTs),
this growth has been accelerated even further.

1.1. Development of large OWTs

In going offshore, avenues have opened up for much larger turbines, as concerns over aesthetics and noise
is greatly reduced. Additionally, the lower roughness of water as well as increased hub height of turbines en-
sures a much richer quality of wind resource offshore.
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Figure 1.1: Trend for increase in rotor diameter. Source: [14]

The trend toward increase in rotor diameter has greatly accelerated in recent years. Figure 1.1 illustrates

this trend; additionally, the Vestas 10 MW turbine and the GE Haliade-X have also been announced since the
date of publication of this figure ([7], [6]).
It is expected that this trend will continue, as mega turbines of 15 or 20 MW capacity are developed [7]. How-
ever to support these turbines in the offshore conditions, a well developed foundation system is required.
Unlike onshore conditions, design, fabrication and installation of offshore foundations is a much greater is-
sue, especially due to cost and accessibility concerns. This will only increase with the trends of moving further
offshore and into deeper waters, as illustrated by WindEurope ([37]) in figure 1.2. A large share of these tur-
bines continue to be supported by monopile foundations.
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1.2. Offshore foundations
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Figure 1.2: Trend of water depth and distance to shore Figure 1.3: Share of substructures for grid-connected wind turbines.
in offshore wind farms. Source: WindEurope Source: [37]

Floating wind turbines are a good solution to combat the challenge of greater water depths. However it has
not yet been deployed on a large scale commercial level. Therefore, bottom-fixed structures continue to
dominate the current market. As the monopile is the most common bottom-fixed substructure, research into
its design continues to be of great use.

In order to support the mega turbines however, mega monopiles of diameters in the range of 8-10 m are
also being developed. However, this poses a problem in the design phase because a substantial portion of
literature is based in studies of slender piles - which are no longer valid for piles of such large diameter.
Thus, new studies are required to examine how these larger diameter monpiles are influenced by various
environmental conditions, such as wave action, scour, etc. In the current project, it is intended to examine
the influence of scour in particular, on such large diameter monopiles.



Problem Analysis

The resonant frequency and lateral load capacity of an offshore wind turbine are vital aspects in its perfor-
mance. The monopile faces largely lateral loading due to hydrodynamic forcing from waves, while there is
large lateral aerodynamic force on the RNA and tower. Additionally, the resonance frequency of turbines with
monopile foundations should generally be within the narrow soft-stiff range, which avoid both the 1P and 3P
frequencies of the blades, as well as the wave period.

The stiffness of soil and embedded depth of the monopile have a substantial impact on these properties of
the overall turbine. Both of these features are substantially impacted by the formation of scour.

2.1. Scour

Scour is the excavation and removal of sediment around a structure. It requires an imbalance in sediment
transport [34]. In case of the ocean, scour occurs at the seabed and is influenced largely by tides and currents
- and to a smaller extent, by wave action.

2.1.1. Mechanism of scour formation

Surface roller @
N :
7 g@"

Figure 2.1: Formation of scour hole. Source: [9]

Figure 2.1 illustrates the mechanism of the formation of a scour hole.As flowing water approaches a structure
(in this case, a monopile), the flow contracts and thus the velocity is increased. The flow is also forced into a

3



4 2. Problem Analysis

downflow motion in front of the structure. This motion gives rise to vortices (called the horseshoe vortex) at
the seabed, which disturbs and transports the sediment away from the base of the monopile. Some scour is
also seen due to vortex shedding at the leeward side of the monopile. In practice however, the major scouring
occurs on the upstream side of piles through the horseshoe vortex mechanism [9]. This is also the reason
why waves are not expected to contribute as substantially to scour - because the flow is not unidirectional. In
fact, the back and forth wave action might disrupt the formation of the vortices, thus mitigating the impact
of scour.

2.1.2. Time evolution of scour

Scour in the ocean is of the type live bed scour - meaning the inflow and outflow of sediments occurs simul-
taneously. Under current-dominated conditions, the scour is expected to eventually reach an equilibrium
depth. This is the maximum depth of scour, as beyond this point the sediment flowing in is equal to the sed-
iment flowing out. Several attempts have been made to predict this maximum scour depth - attempts have
also been made to correlate this maximum scour depth to the metocean conditions of a given site [22]. Any
design for scour protections etc., is generally based on this maximum depth.

However, a certain amount of uncertainty continues to exist as long as a model is based on a fixed maximum
scour depth. Additionally:

* The flowregime in the ocean is capable of recompacting soil. Thus backfilling during evolution of scour
is also important [33], as stiffness of backfilled soil may sometimes be even greater than the original soil.

* The ocean is not a current only regime. The combination of currents and waves ensures that the actual
scour depth that is achieved is much lower than the current only situation.

Thus when the impact of scour is measured based on the assumption that a specific scour depth is seen over
along period of time, there is a substantial amount of uncertainty.

2.1.3. Impact of local and global scour

Scour can be either local (concentrated around the pile) or global (over the entire soil domain - for example,
in a wind farm). Both types of scour alter the embedded depth and hence the lateral loading profile of a
monopile.

SID
0 0-5 1-0 1-5 20 2:5
1000 T T T T v T T T T T T 6
H=35MN
800 - 1°
44
600 | General scour (f=0)
£ =
E 13 2>
I =
> 400
42
200 -~ _____-- - 1,
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0 L 1 1 1 L 1 1 0
0 2 4 6 8

S:m
Figure 2.2: Scour-induced amplification of the lateral pile deflection. Source: [30]

In case of general scour, the lateral deflection is amplified much more than in case of local scour, as shown
in figure 2.2. The local scour affects the p-y response (i.e., soil stiffness) at shallow depths - however, at a given
depth below the scour base, stiffness is greater in case of local scour than global scour [30]. This shows the
beneficial effect of the remaining overburden soil in case of local scour. Thus, modelling the shape of the
scour hole accurately is valuable.



2.2. Performance of monopiles under scour

2.2, Performance of monopiles under scour

As mentioned previously, the lateral capacity and resonance frequency are the two primary parameters of a

monopile affected under scour.

2.2.1. Eigenfrequency

It has been experimentally noted since some years that scour has significant impact on the resonant fre-
quency of pile structures [28]. For offshore wind turbines specifically, experimental and numerical (EB beam
with Winkler model) studies have illustrated a change in mode shape of the monopile due to scour (figure

2.3, 2.4) [29], [27].
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Figure 2.3: Change in mode shape for design scour ratio 1.3. Source: [29]
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Figure 2.4: Mean and standard deviation of frequencies for different scour depth. (Top) First eigenfrequency (Bottom) Second eigenfre-

quency. Source: [27]

Despite spatial variability and geotechnical uncertainty, the changes due to scour are significant enough
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that a correlation of scour depth to eigenfrequency alteration would be valuable [27].

2.2.2. Limit states and lateral capacity

0 . .

No scour

2 f —<—s/D=13

—e— S/D=0.05,1,=0%
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Figure 2.5: Limit state design of monopiles with and without scour. (L) Distribution of bending moment, M, under ULS-load for varying
scour/backfilling conditions. (R) Variation with depth for the maximum cross-sectional stress relative to the fatigue capacity at N = 107
cycles for varying scour/backfilling conditions. Source: [33]

As shown in figure 2.5, the ULS and FLS design conditions for a monopile can vary significantly based on the
exact scour conditions. The assumption of maximum scour depth is thus a highly conservative design. This
is an important consideration in an industry like offshore wind, which is very sensitive to costs.

An FEM study of the lateral load capacity in PLAXIS shows significant reduction in lateral capacity with in-
crease in scour depth [17]. As illustrated in figure 2.6, this corresponds to a reduction in lateral stiffness of the
pile.

2.0

lateral load {MN)

ultimate lateral load capacity (MN)

0 0.5D 1D 1.5D 2D

scour depth

00 L
0.00 0.03 0.06

lateral displacement (m)
-A--ds=0,v=0--0--ds=0,vy=04V, --® ds=0,v=08V,
—=—ds =050, v=04V, —8—ds=05D,v=08V,
~0-ds=150,v=04V, ~0O-ds=15D,v=08V

Figure 2.6: (L) Load displacement curves and (b) lateral stiffness of pile, for different scour depths. Source: [17]

2.3. Research Gaps

So far, the large section of studies on this subject have been experimental or have employed simplified nu-
merical models like the Winkler model. Specifically, the study of the evolution of eigenfrequency with time,
or a complarison between local and global scour, has not been done through full 3D Finite Element Method
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simulation. As the soil stiffness and shape of scour hole has a substantial impact on the eigenfrequency of the
turbine, it is expected that a full 3D FEM simulation would be valuable. Additionally, most of the literature
mentioned above looks at monopiles with large L/D ratios. However with the manufacture of monopiles with
large diameters of 8-10 m or more, the same studies may not apply. It is important to examine whether these
larger, stiffer monopiles still show influence of scour upon their eigenfrequencies.

2.4. Aims and considerations for present study

A 3D soil model has recently been developed in OPENSEES for the purpose of frequency evaluation during
storm conditions [15]. The model has the benefit of refined descriptions of soil-structure interfaces and HM
coupling, while also allowing an examination of frequency over a given duration, as opposed to a fixed point
in time (as is the case in previous studies). The model uses the u-p formulation to model the dynamic hy-
dromechanical (HM) response, based on the assumptions of (a) small soil deformations, (b) incompressible
soil grains, (c) solid and fluid phases with constant density and (d) negligible fluid acceleration [40]. The
cyclic soil behaviour is modelled with the bounding surface plasticity model developed by Dafalias and Man-
zari [4] and the structure itself is modelled as a Timoshenko beam.

The aim of this study is to introduce scour into the above soil model and study its impact on an offshore wind
turbine (OWT) system. Some considerations to be noted are:

» For the current period, it has been deemed most feasible to set scour only as an initial condition, as
modelling time evolution of scour is an extensive task in itself.

¢ The initial scour shall be modelled for different depths. The dynamic response in the form of resonant
frequency and damping effects can be evaluated.

¢ The study shall include local as well as global scour, for a conical scour hole with fixed slope angle.

¢ Loading shall be evaluated both for operating conditions and in the cut-off region. It is intended to use
software generated loads as close to real world dynamics as possible.

¢ The effects of loading frequencies can also affect the dynamics. These impacts should be separated
from the impact of scour.

With an advanced soil FEM model and realistic environmental loading, it is expected that the impacts pro-
duced by scour will be quite close to reality. The specific questions that are expected to be answered at the
end of this study are:

* Whether scour has an impact on the resonant frequency of a turbine

* How the impact (if any) differs for local scour and global scour under different depths
e Whether non-linear soil is important for these examinations

e Whether scour has an impact on the damping of the OWT in non linear soil

The above questions are examined in the context of non-linear soil, for a large diameter monopile - both
under operational and cut-off loading.
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Figure 3.1: Schematic of the entire model (not to scale)

An integrated 3D FE model has been created, using the DTU 10 MW turbine and a suitable monopile, placed
in sandy soil in 20 m deep water offshore. A schematic representation of the entire model is illustrated in
figure 3.1.

The soil is Toyoura clean sand, with minor parameter modifications to match the soil used in monopile de-
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sign. The nodes AL, AR, BL and BR in figure 3.1 represent the points at which soil is sampled to demonstrate
soil behaviour as part of the results in section 4. The model is run for the following initial conditions:

e No scour
¢ Local scour 6 m (0.67D), 9 m (1D) and 12 m (1.33D)
¢ Global scour 6 m (0.67D), 9 m (1D) and 12 m (1.33D)

The dark yellow soil in the schematic represents the soil removed under local scour, whereas the light yellow
area represents the additional soil removed under global scour. All models are subjected to operational loads,
and some relevant ones are also subjected to storm loading at winds above cut-out velocity.

3.1. Wind turbine and monopile

The two most reliable, freely available turbine models in literature are the NREL 5MW turbine [12] and the
DTU 10MW turbine [1]. However the current study aims to be relevant for the trends in the offshore wind
industry, which is moving towards larger turbines - thus the DTU 10MW turbine is chosen for this analysis.
The DTU 10MW tower is divided into 10 sections of varying thicknesses [1]. In the current model, the first sec-
tion of this tower is further divided into pieces of 1 m length. This is for the ease of application of wave loads in
case it is required. The remaining sections correspond to the sectioning of the DTU10MW turbine according
to thickness changes. Thus, for each section, the thickness remains a constant and the other section proper-
ties like diameter, are taken as the mean of the initial and final values for each section. Furthermore, symme-
tryis applied and only half of the integrated soil-monopile system is modelled.

DTU 10 MW Turbine
Rated speed 11.40 m/s
Cutin 4.00 m/s
Cut out 25 m/s

Tower mass  605000.00 kg
RNA mass 676000.00 kg
Hub height  119.00 m

Table 3.1: Wind turbine properties

Monopile
Diameter 9.00 m
Thickness 0.11 m
Embedded depth 35.00 m
Interface height 20.00 m

Mass per unitlength  24414.887 kg/m

Table 3.2: Monopile properties

Bottom Top Thickness Tower steel Tower steel
Tower . . D scale Tower EI . , . .
. diameter diameter scale Poisson’s ratio Density
Properties
8.30m 5.50 m 1.125 1.25 2.10E+11 Pa 0.30 8500.00 kg/m?®

Table 3.3: Tower properties

The complete table of tower section properties, as used in this thesis, is listed in the appendix. The RNA is
modelled as a mass at the hub. The RNA mass and other properties of the DTU 10MW relevant to this study
is listed in tables 3.1 and 3.3. The design of the monopile foundation, as well as some modifications to the
tower properties, is in accordance with the design in [35]. The diameter, thickness and embedded depth for
the 20 m water depth case is chosen - the relevant parameters are listed in table 3.2.
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3.2. Soil structure interaction

The overall formulation of the soil model rests upon the study by Kementzetzidis et al [15]. In this model,
the soil elements used are the H1-P1ssp bricks proposed by McGann et al [23]. The interaction between the
pore water and soil skeleton is described using the u-p formulation developed by Zienkiewicz et al [40], and
the cyclic soil behaviour is described using the consitutive model SANISANDO04, as developed by Dafalias and
Manzari [21].

3.2.1. Low frequency dynamics of saturated soils

The dynamic hydromechanical response of the soil is modelled with the u — p formulation by Zienkiwicz
et al [40], as mentioned above. This formulation is valid at low frequency dynamics of soil, where relative
acceleration between the fluid and soil skeleton is negligible. Further, it also assumes that:

¢ The deformations in the soil are small
* The grains are incompressible
¢ Both solid and fluid phases have constant densities
¢ The fluid acceleration is negligible
The u — p formulation is advantageous for the current offshore wind turbine applications as:

¢ Fluid acceleration is negligible in case of low loading frequencies [39] - a condition which is fulfilled for
wind and wave loading with frequencies under 0.5 Hz, as is the case for this study.

e The u — p formulation reduces the number of unknown variables per node relative to other finite ele-
ment formulations - thus, the computational time and cost is reduced.

The u — p formulation relies on the following governing equations:
V.(o' - pl) +pg—pit=0 (3.1a)
. n .
€uol+K—P+V.[k(—VP+pfg)] =0 (3.1b)
f
This coupled set of equations represents the global equilibrium of the mixture (3.1a) and the mass balance of

the fluid phase (3.1b). Equation 3.1b inherently includes the momentum balance as well as Darcy flow of the
fluid. The symbols used denote the following:

* o', u,¢e,,, n: effective stress, displacement, volumetric strain and porosity of the soil skeleton, respec-
tively.

¢ p: Mass density of the mixture obtained as the porosity-weighted average of solid and fluid densities
by the equation

p = (1 =n)pselid + (1) Pfluid
* K¢, pr: Bulk modulus and mass density of the fluid
e kand g=[0,0,g]” : Permeability tensor and gravity acceleration field
e Vand V.: Gradient and divergence operators
¢ % : Time derivative of variable x

e 1=1[1,1,1,0,0,0]7 : Vector representation of the Kronecker delta tensor

In the following study, the soil is assumed to have isotropic permeability. Thus a scalar value of k can be used
as follows:

1 00 kdarcy
k=k| 0 1 0 |,wherek= (3.2)
00 1 Pr&
Thus the relationship between the scalar k and the Darcy permeability used as a standard in study of soil

mechanics can also be seen.
Most of the above values are described as properties of the system. Of the unknowns, ¢’ and €,,,; are also
dependent on the displacement field u - thus u and p are the only unknowns.
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3.2.2. Finite element formulation

The weak form of the equation 3.1a and 3.1b are converted into a finite element system through the Galerkin-
FE method with the proposed approximations of u = Nyd and p = Nyp [38]. This leads to the system of
equations 3.3, described below.

mixture inertiae ~ soil internal forces 1,0 1ressure forces  mixture external forces

- - - - -
Md  + f B'o'aq - Qp = falyfal (3.32)
o , ,
soil dilation/compaction  flyjd compressibility seepage  fluid external fluxes
3 —_D > Eyra—
Qld + Sp + Hp = [+ fo (3.3b)
where the relevant matrices/vectors are defined as:
Ny T
M=A (f N pNudQe) mixture mass matrix (3.4a)
m=1

Ny
Q= A (f iN dQe) : HM coupling matrix (3.4b)
S= ( N, Kiﬁpd ) fluid compressibility matrix ~ (3.4c)
Qe

Ny s o
H= A (f \Y, ;kVdiQe) : permeability matrix (3.4d)
Qe

m=1
- - el = T
X = fe 4 lf’ff = (f pg'dQe) + A (f lftdfe) : mixture external force vector  (3.4e)
! m=1 \JTIe
- - Nel N N Ne; N
fi¥t= ;)g + ;’ff =- A (f Vngfkg'dQe) + A (f Ngﬁdre) : fluid external flux vector (3.4f)
’ ’ m=1 \JQ¢ m=1 \JI'®

This finite element system is implemented in OPENSEES with the SSPbrickUP element. These elements con-
sist of low order, eight-noded, hexahedral bricks. They employ a stabilization scheme which allows single
point integration for the soil elements, and avoids spurious checkerboard pore pressure modes. The ele-
ments specifically show good performance near the undrained-incompressible limit, and have the following
additonal features:

* enhanced assumed strain field to handle volumetric and shear locking

¢ analytical pre-integration for the solid phase response stabilization, which makes it computationally
more efficient

* Ny and Ny, as linear interpolation function

¢ non-residual based stabilization scheme to handle dynamic HM response in undrained/incompressible
cases

The non-residual based stabilization scheme, however, adds a laplacian term to equation 3.3a:

o Ne o o o
QTd+(s+H)p+Hp Fet+ fes, where: H:AUQ VN aVN,dQ (3.5)
m=1 €

The a parameter injects a pseudo-stabilization into the pore pressure field. However too low or too high
a values may result in ineffective or excessive stabilisation. The range of a used in this study is given by
equation ?? [11].
ao hil

Gs+ 3K,
Here, h,; is the average element size of the mesh, and G, and K; are the bulk and shear moduli of the sil skele-
ton. Based on average element size, this parameter is set in the order of 1075. The permeability throughout
the soil domain is assumed to be uniform, in the order of k = 107> m®/day.
The final model implemented in OPENSEES was developed in the University of Washington [8]. The details of
the code can be found online at [26].

(3.6)
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3.2.3. Constitutive modelling of cyclic soil behaviour

The cyclic soil behaviour is described using the bounding surface plasticity model developed by Dafalias and
Manzari [21]. The modifications by the authors in 2004 to account for fabric changes under dilatancy [4], as
well as the proposals by Liu et al to counter for ratcheting phenomena [18],[19], are also included. The main
features of the implemented constitutive model are as follows:

s _ Deviatoric

The formulation is controlled by the stress ratio r = p = Tydrostatic’

loci, like [36].

with no presence of hydrostatic yield

back stress ratio (a) is used to formulate kinematic hardening

an independent of J3 deviatoric stress invariant, very small in size and circular on the 7 plane yield
surface;

the critical state parameter v is used to account for effective confinement stress levels and void ratio
effects

bounding surface M?, which allows to model the softening response of dense samples but also reverse
and cyclic modelling response simulation by moving into stress space as a function of v;

phase transformation surface M? which helps distinguish dilative and compactive soil response, and
moves in stress space with reference to the critical state line M according to y;

a stress ratio related hardening modulus which depends on the distance of back stress ratio tensor a,
and the back stress ratio of the projection of the normal to the yield surface upon the bounding surface
ag, to model softening response

afabric dilatancy tensor z which allows for enhanced contractile response upon reversal of loading after
aloading phase which induces dilatancy, due to changes in the fabric of non-cohesive soils

b
= } s
b=C, - a Ar, =21
d L p
=0 _
a=al.a |
-~ -'\‘
R! b L

Yield Surface

Bounding Surface

. Critical Surface
Dilatancy Surface

,,,,,,,,

5 . P
r,):—- ‘-.\' L, S3
= p S e e - 3 =

Figure 3.2: Schematic of yield, critical, dilatancy, and bounding surfaces on the stress ratio 7 plane. Source: [4]

3.2.4. Final calibration

Similar to [15], this study also inserts a weaker or degraded interface sand layer along the shaft of the monopile
and under the tip. This layer is intended to replicate friction fatigue effects in the real world soil. A set of 15
soil parameters is used for its calibration. The final soil parameters used in the model are listed in table 3.4.
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This calibration uses the calibration for Toyoura clean sand with 80% relative density, largely drawing upon
the original parameters in [4], but with modifications to void ratio to match [35] as described below. Some
further alterations are also made for the degraded sand at the pile-soil interface, and the strengthened soil on
the scour slope.

Variable Value
ToyouraSand Pile-Soil Interface Exposed Scour Slope
Elasticity Gy 125 100 150
v 0.05 0.05 0.05
Critical state M 1.25 1.00 1.50
c 0.712 0.712 0.712
Ae 0.019 0.019 0.019
ey 0.715 0.715 0.715
¢ 0.7 0.7 0.7
Yield surface m 0.01 0.01 0.01
Plastic modulus Ay 7.05 7.05 7.05
ch 0.968 0.968 0.968
nb 1.1 1.1 1.9
Dilatancy Ap 0.704 0.704 0.704
n? 3.5 3.5 3.5
F:rllagcl)cr dilatancy P 4 4 4
Cz 600 600 600

Table 3.4: Parameters for soil calibration at pile-soil interface, on slope of scour and in the remaining soil domain

In addition to the above however, it is important to maintain some consistency with the soil model used
in [35] so that the monopile design remains valid. As the monopile design is based on the drained strength of
soil, it is assumed that the matching of the internal friction angle of the Toyoura sand in [15] to the HS sand
in [35] would be sufficient for the monopile design to remain valid.

¢ =36.049
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—Confinement stress = 50 kPa S
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300+ /’_'%’w_""** 777777 e mae ] 300 /'l
2001 | / .
/ —_— 200}
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(b) Bounding line corresponding to peak
(a) Soil reponse in triaxial test, with markers for peak stress points stress, with M = 1.4643 and ¢ = 36°

Figure 3.3: Results of triaxial test on sand corresponding to void ratio of 0.715

The Manzari Dafalias model is quite sensitive to void ratio changes. The sample Toyoura sand from [15] is
subjected to a set of drained triaxial compression test with confining stresses of 50kPa, 100kPa and 300kPa.



14 3. Integrated 3D Finite Element Model

The void ratio is modified by trial and error until the peak stress values from the triaxial test correspond to
a line of slope M = 1.43. Applying this to the HS sand model, the internal friction angle ¢ can be calculated

from the equation 3.7 as 36.049°.
6sin¢
M=—— 3.7
3—sing
This sufficiently matches the internal friction angle of 36° used in [35]. The slope M = 1.46 is found to corre-
spond to a void ratio of 0.713. The corresponding triaxial test results are shown in figure 3.3.

3.3. Scour conditions

Scour is added as an initial condition to the respective models. The scour depths used are 6 m, 9 m and 12
m respectively, corresponding roughly to 0.7D, 1D and 1.3D, respectively. 1.3D is considered the equilibrium
scour depth in a majority of cases by the design codes [5]. In case of local scour, a conical hole of bottom
radius equal to the outer radius of the monopile and top radius corresponding to slope angle 15.76°, is added
to the model. In case of global scour, the entire seabed is approximated to have lowered, although the other
conditions remain similar to local scour.

As modelling of scour hydrodynamics is in itself a very extensive task, the scour is entered as an initial con-
dition which remains unchanged during the simulation. In order to maintain a stable unsupported slope for
this duration, the following modifications have been made:

¢ The slope angle is very low, at 15.76°.

¢ The exposed elements on the slope are modelled as a stronger layer of soil, with 20% increase in Gy and
M, parameters, and a corresponding 10% decrease in initial void ratio.

* The bounding surface of these exposed elements is extended by increasing n” to 1.9.
» The tolerance factors of these elements is 50 times higher than all other soil elements.

Due to the modification, the layer of exposed elements on the slope do not accurately represent soil be-
haviour. However, as this is a thin layer with a small number of elements, with minimum contact with the
monopile, their impact on the important areas of soil behaviour is expected to be negligible. On the other
hand, these modifications are highly beneficial in maintaining slope stability, which is essential to complet-
ing the study.

3.4. Environmental loading

Two types of environmental loading are applied to the integrated FE models. One in the operational region
of the wind turbine, and the other a case of extreme loading beyond cut-out velocity of the turbine. In all
cases, the initial 100s period is used as a ramp which builds up to the actual loading, to avoid effects of sud-
den change in loading. This is followed by 600s of the actual environmental loading. In case of the higher
environmental load, there is an additional 100s at the end where the loading is 'switched off’, allowing exam-
ination of the damping ratio of the sand.

Load . Mean V,,;,; Turbulence Waterdepth T, H;

Condition Region [m/s] model [m] [s] [m] Wave spectrum
envl Operational 12.6 NTM 20 6.5 1.25 Pierson-Moskowitz
env2 Parked 25 NTM 20 12.0 6.0 JONSWAP

Table 3.5: Parameters for applied environmental loading

3.4.1. Aerodynamic loading

The aerodynamic loading at the hub is generated by the software SIMA, developed by SINTEF Ocean (for-
merly MARINTEK) [13]. This software is primarily intended for coupled aero-hydro-servo-elastic simulations
of offshore wind turbines. For this study, the software is used in limited capacity, to obtain the environmental
loading on the DTU 10MW turbine. The foundation and other specifications are in accordance with [35].
The normal turbulence model (NTM) [3] is used to generate turbulent wind loading at the hub for mean wind
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speeds of 12.6 m/s and 25 m/s, respectively. The loads are generated with the nacelle fixed in space, and a
damper is later added to the hub of the OpenSees model to represent aerodynamic damping due to operation
of the turbine. The damping ratio used for this purpose is 6%, based on the study by Hegseth and Bachynski
[10].

When applying the load in OPENSEES, an initial ramp of 100s is added in order to avoid transient effects and
instability. There is a gradual linear increase in F,¢4,, as well as an exponential increase in the amplitude of
loading, during this time period. The final wind load as applied to the model is shown in figure 3.4.
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Figure 3.4: Applied environmental loading under operational (top) and storm (bottom) conditions

3.4.2. Hydrodynamic loading

The software SIMA is used to generate the irregular wave kinematics at all necessary nodes. The significant
wave height (H;) and peak period (T},) are according to the conditions in table 3.5. Wave kinematics is gen-
erated for all nodes from the seabed, up to 25 m height from the seabed. Of this, the first 20 nodes (up to still
water level) are on the monopile, and the next 5 nodes are the first 5 nodes of the wind turbine. Each node
corresponds to an element of 1 m length.

Once the wave kinematics (specifically velocity and acceleration) are generated, the Morison equation as
shown in 3.8 ([24]) is used to calculate the wave force at each node. The equations are calculations for a span
length of 1m and the resulting load is applied to a single node within the span. The sum of the wave forcing at
all nodes is the inline wave force. Due to the large diameter of the pile, the MacCamy Fuchs correction should
be applied [20]. However, for operational loads, Cj, is still found to be around 2.0, and in case of storm load-
ing, diffraction is negligible.

1 du
FHyd:Fdrag"‘Finertia: EPCDD|U|U+PCMAE (3.8)

The inline wave force is shown in figure 3.4. In case of the applied wave forcing, a 100s ramp is also intro-
duced, during which the wave amplitude increases gradually.

Under scour conditions, it is expected that the hydrodynamic loading will vary slightly. In the only literature
found on the subject [2], Christensen et. al suggest that hydrodynamic forces do exist within the scour hole,
but a full 3D CFD simulation would be required to properly assess the exact loading. In the present work, the
loading at the lowest node of the monopile above seabed is simply extruded as a uniform load applied to each
node within the scour hole.
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3.5. Algorithms for analysis

Time marching refers to update of the known values of all relevant variables at time ,,, over one step incre-
ment 0t to time t,4+;. Here the Newmark method ([25]) is employed with 8 =0.6 and y = (8 + %)2 =0.3025,
which gives an unconditionally stable time integration. The accelerated Krylov Newton algorithm ([31]) is
used to obtain the iterative solution at each step increment. For the non-linear soil constitutive model, the
forward Euler explicit algorithm ([32]) is used to integrate and update the soil stresses, strains and hardening
variables over the step increment.

3.6. Stockwell transforms

The usual frequency analysis of an OWT system involves a Fourier transform of hub displacement, which
shows the frequency content of the collected motion over entire time history. This approach does not allow
for capture of the change in frequency over time, and shifts in dominant frequency over time only contributes
to a more noisy spectrum.

The time resolution can be tackled by short term Fourier transform, which applies the Fourier transform to
a moving time window on the signal. However, this results in good resolution in the frequency domain, but
rather poor resolution of the time domain. Wavelet transforms on the other hand, use wavelets (wave-like
oscillations but with a finite duration fixed in time and space) that allow for better time resolution. The Stock-
well transform or S-transform - utilized in this study - is an extension of the continuous wavelet transform
which is based on a shifting Gaussian window in time, thus providing better frequency and time resolution
than either method above.

S, f) =f u®w(t-1, fle 2" s (3.9)

The Gaussian window employed is as follows:
¥ int s
——e 2 (3.10)

Here, f is the frequency, ¢ is time, 7 is the time at which the window is fixed and k is a variable which controls
how many oscillations there are in a single window. A higher value of k results in poorer time resolution, but
a lower value results in poorer frequency resolution. Thus a trade-off is required. For this study, a value of
k =0.8 is used.

3.7. Space discretisation

The meshing of the model is decided through a mesh sensitivity analysis found in appendix A. The final
selected meshes are shown in figures 3.5, 3.6 and 3.7.

Figure 3.5: Mesh for no scour condition
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Figure 3.6: Mesh for 1D local scour

Figure 3.7: Mesh for 1D global scour



Non-linear performance under scour

In order to evaluate non-linear performance of the turbine under scour, the following scour models are ex-
amined:

e No scour
¢ 0.67D (or 6 m) global scour
¢ 0.67D (or 6 m) local scour

¢ 1.0D (or 9 m) global scour

1.0D (or 9 m) local scour

¢ 1.33D (or 12 m) global scour

1.33D (or 12 m) local scour

The performance of the models is evaluated by examining the s-transform and power spectrum of hub dis-
placement, as well as the damping under impulse and under a rotor stop experiment under extreme loads. In
addition, the development of pore water pressure for quasi-drained and undrained situations is also exam-
ined.

Table 4.1: Dominant response frequency under enviromental loading

.e Operational Load Cutoff Load
Scour condition
Global [Hz] Local [Hz] Cantilever [Hz] Global [Hz] Local [Hz] Cantilever [Hz]
No scour 0.2918 0.2918 0.3100 0.2999 0.2992 0.3100
0.67D 0.2825 0.2866 0.3037 0.2941 0.2999 0.3037
1D 0.2710 0.2810 0.3007 0.2706 0.2934 0.3000
1.33D 0.2643 0.2725 0.2970 0.2641 0.2861 0.2963

Table 4.2: Dominant response frequency under impulse loading

Scour Linear Elastic, IMN Non linear, 1 kN Non linear, IMN Non linear, 9IMN
Depth Local [Hz] Global [Hz] Local [Hz] Global [Hz] Local [Hz] Global [Hz] Local [Hz] Global[Hz]
No Scour 0.3010 0.3010 0.3010 0.3010 0.2936 0.2936 0.2852 0.2852
0.67D 0.2960 0.2960 0.2995 0.296537 0.2926 0.2847 0.2798 0.2758
1.00D 0.2926 0.2921 0.2980 0.292596 0.2882 0.2763 0.2739 0.2675
1.33D 0.2877 0.2862 0.2960 0.287671 0.2813 0.2650 0.2650 0.2586

18
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Table 4.3: Evaluated damping ratios [%]

Scour Linear Elastic, IMN Nonlinear, 1 kN Non linear, IMN Non linear, 9MN
Depth Local Global Local Global Local Global Local Global

No Scour 0.439 0.439 0.530 0.530 0.773 0.773 2.457 2.457
0.67D 0.425 0.426 0.229 0.163 0.865 1.323 2.739 3.351
1.00D 0.420 0.424 0.270 0.208 1.129 1.891 3.274 4.144
1.33D 0.423 0.422 0.125 0.663 1.573 2.624 4.787 5.410

The models are also compared to corresponding fixed based cantilever models as a reference, with the Timo-
shenko beam of the corresponding models being fully fixed at scour depth (or mudline, in case of no scour).
All resulting numbers are tabulated in tables 4.1, 4.2 and 4.3, and salient observations are noted below.

4.1. Fixed base cantilever

A very simple representation of a wind turbine under scour is a cantilever fixed at the mudline (or scour
depth, respectively). A mass is added to the free end of the cantilever to represent the RNA mass. The scour in
this scenario is represented by the increasing length of cantilever. Upon examining this model under impulse
and environmental loads, it is seen that there are small drops in the resonance frequency due to the increased
length (table ?2). A sample comparison for the operational load case is in figure 4.1.

Table 4.4: Resonance frequencies of fixed base cantilever

Model Resonance Frequency [Hz] Normalized w.r.t. no scour condition
Impulse Operational Cutoff Impulse Operational Cutoff
No Scour  0.3107 0.3100 0.3100 1.000 1.000 1.000
0.67D 0.3043 0.3037 0.3037 0.979 0.980 0.980
1.00D 0.3008 0.3007 0.3000 0.968 0.970 0.968
1.33D 0.2974 0.2970 0.2963 0.957 0.958 0.956

However this change is quite small (less than 4.5% even for the maximum scour depth), relative to the
much larger drop (up to 11%, refer table 4.7) seen upon defining a soil model. Additionally, the resonance
frequency in the cantilever case is consistently much higher than that of a model with more realistic repre-
sentation of the soil (figure 4.5). The difference in frequency due to forcing also becomes apparent only at
high scour depths (1D and 1.33D).

Hence, it is inferred that a study based on the fixed base cantilever model is insufficient to predict effects of
scour.

Fixed base cantilever: Operational loading (env1)
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Figure 4.1: Normalized power spectral density of hub displacement for operational loading: no scour, local 1D scour and global 1D scour
cases
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4.2. Examination of 1D scour case

4.2.1. Hub displacement

While global displacements oscillate about a zero mean value under impulse loading, the both types of en-
vironmental loading shows a clear difference between no scour, global scour and local scour cases. The dis-
placements seem to follow the dominant load pattern quite closely. This is seen specifically in case of the
operational load, by comparing displacements in figure 4.3 to the dominant loading (i.e., the aerodynamic
loading) of figure 3.4. The displacement response across no scour, global scour and local scour seems to con-
form to a similar pattern, but with a displaced mean. The mean displacement for global scour is consistently
higher. The mean displacement for local scour is the next highest, but the gap between global scour and local
scour is generally much higher than that between local and no scour.
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Figure 4.2: Hub displacement and pile head displacement for impulse loading: no scour, local 1D scour and global 1D scour cases
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Figure 4.3: Hub displacement and pile head displacement for operational loading: no scour, local 1D scour and global 1D scour cases
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Figure 4.4: Hub displacement and pile head displacement for cutoff loading: no scour, local 1D scour and global 1D scour cases

This consistent trend can be understood by noting the resistance to movement around the bottom of the
OWT for each case. The no scour case offers the least scope for the pile to displace below mudline, while the
global scour offers the maximum scope. Thus the embedded depth of the pile is considerably increased for
global scour relative to the no scour case, with the local scour case falling somewhere in between. The smaller
the excavation for local scour, the closer it should be to no scour relative to global scour. Hence, as the scour
depth (and thus also the radius) increases, the mean displacement of local scour is expected to move closer
to the global scour case.

In case of hub displacement, the responses are too close to discern such a variation, but in case of pile head
displacement, it is easier to note the trend. The mean displacement in all scour cases, and the relative posi-
tion of local scour with respect to the midpoint between mean global scour and mean no scour displacement,
is shown in table 4.5. As is evident from the % difference, the mean displacement under local scour increases
from being closer to no scour condition, up to the midpoint between mean global and no scour displace-
ments. With a large enough scour depth, it is expected that the local scour displacement will approach the
global scour values.

Table 4.5: Relative position of pile head displacement under local scour with respect to global and no scour

Mean pile head displacement [m] Midpoint between global % decrease of local scour

Model Global Local and no scour [m] w.r.t. midpoint
No Scour  0.0930 0.0930 NA NA
0.67D 0.1875 0.1074 0.7129 5.6369
1.0D 0.2807 0.1787 0.7595 3.2506
1.33D 0.3888 0.2322 0.8135 2.5042

4.2.2. Resonant response frequency

In the fixed base cantilever model, the scour being represented by the length of cantilever implies that there is
no difference between global and local scour representation. In the full model, similar trends are seen where
scour causes a drop in frequency, but there is a distinctive difference between global and local scour which is
noted 4.5. The global scour causes the larger drop in natural frequency, relative to no scour condition. The
trends in resonance frequency for local vs global scour across all the scour depths is discussed further in the
next section. All frequencies show a large drop with respect to the fixed base cantilever.
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Power spectral density: Operational loading (env1)
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Figure 4.5: Normalized power spectral density of hub displacement for operational loading: no scour, local 1D scour and global 1D scour
cases

Additionally, it may be noted that the global scour has the lowest percentage of energy associated with its
dominant bending mode, as can be observed from the heights of peaks at other frequencies in figure 4.5. To
help explain this, the S-transforms of the three cases are illustrated in figures 4.6, 4.7 and 4.8 below.

As is clear from these S-transforms, the dominant response frequency does not correspond to the first mode
resonance frequency of the OWT throughout the simulation. At several points, the frequency drops to the
vicinity of about 0.1 Hz, which is where the loading frequencies are expected to lie. Thus it can be concluded
that the energy of vibration is divided between the loading frequencies and the OWT’s natural modes - and on
occasion, the loading frequencies become dominant in the vibration of the tower. It is important to remember
this as OWT design is generally done assuming that the resonance frequency of the system is dominant - but
evidently, the loading frequencies can often become dominant as well.

The effect is minimum in case of no scour condition, but increases with local scour, and then maximum
impact of loading frequencies is seen in the global scour cases. In case of higher scour depth, it is likely that
the loading frequencies become dominant for large stretches of time.
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Figure 4.6: S-transform of hub displacement for operational loading: no scour case
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Figure 4.8: S-transform of hub displacement for operational loading: 1D global scour case

4.2.3. Damping
Two types of damping measurement are made: damping under free vibration due to impulse, and damping
under a simulation of a 'rotor-stop’ experiment. The rotor-stop is simulated for the cutoff environmental
loading, by cutting of the load towards the end of the simulation and allowing the turbine to oscillate for 100 s
(approximately 25 cycles). In both cases, the resulting oscillations are subjected to the log decrement method
in order to extract a damping value.
The logarithmic decrement of a signal is defined as the natural logarithm of the ratio of the amplitudes of any
two successive peaks of the signal.

1 x()

=—— (4.1)
nx(t+nT)
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Here, x(¢) is the amplitude at time ¢t and x(¢ + nT) is the amplitude of the peak n periods away - T being the
period of the signal. From ¢, the damping ratio of the system can then be found through equation 4.2.

1
(=——F— (4.2)

141/1+(2)?

The trend lines of hub displacement under impulse for local and no scour cases is illustrated in figures 4.9
and 4.10 below. The corresponding damping values are found in table 4.3. The trends of damping across all
models is discussed in detail in a later section.
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Figure 4.9: Hub displacement with marked peaks under impulse Figure 4.10: Hub displacement and with marked peaks under im-
loading: no scour pulse loading: 1D local scour

4.2.4. Soil behaviour

The stress path and stress-strain curves of no scour and 1D scour cases is illustrated in figures 4.11 to 4.16.
The cyclic behaviour is of soil is clearly observable in the figures.
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Figure 4.11: Stress paths of 7y, — p’ for all control points: no scour, under operational loading. The colourbars indicate time in seconds.
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For certain cases, observable changes are visible around the 400 second mark, which corresponds to a jump
in the mean wind force - which is the dominant force in this system.

4.3. Evolution of pore water pressure for semi-drained condition

The no scour, 1.33D local scour and 1.33D global scour cases are examined for two permeabilites to evaluate
the impact of pore water pressure. One of the permeabilities is low, in the order of 1072, similar to all other
models in this study. As a comparison, a model with high permeability in the order of 1072 is examined. It
is expected that the latter case will show drained or semi-drained behaviour. All of these studies are under

storm loading.
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Figure 4.18: Evolution of pore water pressure for low permeability

The following observations are noted from the pore pressure behaviour:

There is consistent decrease in pore pressure for the low permeability case - indicating the steady state
has not been achieved yet (figure 4.17).

Based on animated visualisations, the pore wwater pressure accumulates during ramping up of the load
and at the end of ramp starts dropping considerably, in case of low permeability. For high permeability,
there is probably no such excess pwp buildup during the ramp, and therefore the results are something
similar to a steady state condition from the beginning (4.18).

For high permeability case, a near constant u/p ratio is seen, in some cases after a period of slight
increase. This is similar to the trend expected in steady state.

It appears that under drained condition, local scour shows a pore water pressure behaviour closer to
global scour than no scour (figure 4.19) near the surface. This could be a product of the fact that with
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increase in scour depth, local scour behaviour moves closer to global scour - i.e. at a high depth like

1.33D, local scour behaviour is closer to global scour than no scour. This phenomenon is examined in
the response frequency study in the next section.

¢ Based on the trends, to analyse soil behaviour for undrained condition more accurately, the ramp load-
ing should be applied under a drained or semi-drained state, and then the permeability should be

decreased.
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Figure 4.20: Evolution of pore water pressure as a fraction of total stress for low permeability

4.4. Trends: Response frequency
4.4.1. Linear elastic soil

In order to investigate the importance of non-linear soil model, an impulse loading of IMN is applied to the
model with both linear elastic soil and the non-linear model described in previous chapter. The results in

figure 4.21 demonstrates that the captured variation between local and global scour is far more significant
when the non-linear soil model is used.
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Figure 4.21: Resonance frequency under impulse of 1MN: all values normalized with respect to no scour condition

As real world soil shows non-linear elastoplastic behaviour under most circumstances, it is likely that the real
world distinctions between global and local scour may be lost if the soil model is simplified to linear elastic
during numerical analysis.

Also, in this model, the stiffness of the linear elastic soil is calibrated by varying the elastic modulus by trial
and error, until the natural frequency for linear elastic soil matches that of the model with non-linear soil but
under very small impulse loading (1 kN). This calibration is done for the no scour condition and the same
elastic modulus is applied to the remaining models. If a model is required to use the linear elastic model, it
might be necessary to recalibrate the soil for each scour condition individually, to get more realistic results.

4.4.2. Local vs global scour

It is observed that the resonance frequency is consistently higher for local scour than for global scour. While
resonance frequency under global scour remains similar under all loading conditions, the local scour in-
creases considerably - from around 1.5 — 2% for lower scour depths under operational loading, to over 8% for
higher scour depths with loads in the cut-off region. The trends are also illustrated in figures 4.23 and 4.22.

Table 4.6: Percentage increase in (resonant) response frequency of local scour, with respect to global scour

% decrease in global scour (resonant) response frequency with respect to local scour

Scour Depth Impulse load 9MN Operational load Cut-offload
0.67D 1.57 1.44 1.98
1D 1.59 3.69 8.41
1.33D 3.39 3.10 8.33

The consistent increase in the gaps is due to the corresponding consistent increase in resonance frequency
under local scour. Local scour seems closer to global scour under the higher operational loads, but seems to
move away for loads in the cut-off region.
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Normalized response frequency
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Figure 4.22: Resonance frequency trend under environmental loading: normalized with respect to no scour conditions

4.4.3. Scour depth

The table 4.7 shows that resonance frequency steadily decreases with increase in scour depth. The effect is
more pronounced for global scour than local scour. Other influences of scour depth (on local vs global scour,
on damping, etc) are discussed in other sections of this chapter.

Table 4.7: Percentage decrease in resonance frequency with respect to no scour condition

Scour Depth Impulse 9MN Opertional Cut-off
Global Local Global Local Global Local
0.67D 4.53 3.03 3.18 1.78 1.72 -0.22
1D 6.03 4.53 7.13 3.70 9.54 1.93
1.33D 10.60 7.56 9.42 6.61 11.74  4.38

4.4.4. Influence of loading ramp

Assuming that the higher permeability case is steady state while the lower permeability is not, it is interesting
to examine the influence on resonance frequency for the two cases. From table 4.8, it is noted that the no
scour and local scour cases show negligible difference. However, the global scour under lower permeability
is more than 7% lower than that for higher permeability. The overall trend of local scour frequencies lying
between no scour and global scour is still preserved however, with the global scour frequency being the lowest
of the three.

Table 4.8: Change in resonance frequency for different permeabilities, under storm loading

Model Permeability = 1.00E-05 m>/day  Permeability = 1.00E-03 m®/day % change

No Scour 0.2975 Hz 0.29922 Hz 0.57
1.33D Local 0.2858 Hz 0.28725 Hz 0.50
1.33D Global 0.2646 Hz 0.28493 Hz 7.13
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4.4.5. Magnitude of force

The magnitude of applied force also seems to have an impact on the resonance frequency. Results for three
impulse loads: 1 kN, 1MN and 9MN are compared in figure 4.23 for reference.
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Figure 4.23: Resonance frequency trend under different magnitudes of impulse loading: normalized with respect to no scour conditions

The increase in forcing magnitude appears to cause the resonance frequency to diverge further from no scour
scour condition, overall. The drop in frequency with scour depth occurs at an accelerated pace.

4.5. Trends: Damping ratio

Damping ratio for the fixed base cantilever is negligible, in the order of 0.05%. Thus the trends are evalu-
ated relative to the no scour condition. The trends are illustrated in figure 4.24. The damping coefficient,
normalized with respect to the no scour condition, is also evaluated and listed in table 22

Table 4.9: Damping ratio under different impulse loads, normalized with respect to damping ratio under no scour conditions

Scour Linear Elastic, IMN Nonlinear,1 kN Nonlinear, IMN Non linear, 9MN
Depth  Local Global Local Global Local Global Local Global

No Scour 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.67D 0.14 0.13 0.00 0.00 1.12 1.71 1.11 1.36
1.00D 0.12 0.11 0.00 0.00 1.46 2.45 1.33 1.69
1.33D 0.14 0.15 0.00 0.00 2.04 3.40 1.95 2.20

The damping ratio under impulse generally increases with increase in scour depth for non linear soil. Al-
though the volume of soil in the domain is reduced more for global scour rather than local scour, the dom-
inating influence is the increased plasticity in soil due to higher lateral movement by the OWT. As demon-
strated in literature ([16]), for small cyclic strains the equivalent damping ratio of soil increases with increase
in plasticity. The large amplitude of non-linear displacements in the current soil model causes a correspond-
ing decrease in stiffness. With vibrations of larger amplitude, there is larger hysteresis loss in energy and thus
there is greater damping with increased displacements.
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Figure 4.24: Damping trends under impulse loading: all magnitude in %

For similar reasons (i.e., larger displacement amplitude), an increase in magnitude of load also shows higher
damping. The damping under global scour is also consistently higher than local scour - except with 1kN,
where the load is too small to cause appreciable damping initially. However at high scour depths where
damping does start to be substantial, global scour shows higher damping than local.

However, in considering the 1kN loading case, it is noted that the damping ratio slightly drops initially, be-
fore returning to the trend shown by the other load cases at scour depths over 1D. This suggests that while in
medium-high load cases the hysteretic loss is the dominant mechanism, a competing mechanism might exist
at very low loading scenarios. At 1kN, the soil possibly does not develop sufficient non-linearity to the trends
expected due to hyteresis loss, and hence the primary mechanism is probably the removal of soil, wherein
lower soil volume results in lower damping. This changes at higher scour depths where non-linearity is de-
veloped and hysteresis comes into play once again.

A final note in case of damping should be made: damping in this study was discussed on the basis of damp-
ing ratio rather than the damping coefficient. However, upon analysing the damping coefficient (normalized
with respect to no scour condition) instead of ratio for all the models, the trends are seen to be nearly identi-
cal (figure 4.25). Thus the natural frequency component of the damping ratio does not have any substantial
influence. The corresponding figures for damping coeffcient - normalized with respect to the no scour con-
dition - is in table 4.10.
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Figure 4.25: Damping trends under impulse loading: all magnitude in %



4.5. Trends: Damping ratio

Table 4.10: Damping coefficient normalised with respect to no scour condition

Linear Elastic, IMN Non linear, 1 kN Non linear, IMN Non linear, 9MN

Model —, cal  Global Local Global Local Global Local Global
No Scour 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.67D 0.95 0.95 0.43 0.30 1.12 1.66 1.09 1.32

1.00D  0.93 0.94 051 038 143 230 1.28 1.58

1.33D 0.92 0.91 0.23 1.20 1.95 3.07 1.81 2.00




Conclusions

To return to the research question formulated in chapter 2, the following conclusions can be formulated.
A. Does scour have a substantial impact on the resonance frequency of a turbine?

* Scour can indeed have a substantial impact on resonance frequency: within the depth of range
1D-1.33D, resonance frequency is seen to drop by over 10% relative to no scour condition in this
study. However, the frquencies despite the drop remain at a magnitude of 0.25 Hz or higher: thus,
there is no concern over resonance with wave frequencies or 1P frequency (both in the range of
0.1-0.2 Hz).

¢ Inaddition, it should be noted that high drops beyond 3—4% occur only for very high scour depths
- in this case in the range 9 — 12m, and the existence of such high depths offshore in reality is
transient at best, considering real world scour is not a static depth and there is constant backfilling
occurring in the ocean.

B. How does the impact differ for local scour and global scour under different depths?

e The frequency generally decreases with increase in scour depth. Global scour shows a higher
decrease than local scour. However, this gap between local and global scour generally decreases
with increase in scour depth.

¢ Upon examination of the time evolution of resonant frequency, global scour is also seemingly
disrupted by the environmental conditions more easily than local scour. The resonance frequency
under global scour drops to the 0.04 —0.1 Hz level (corresponding to environmental loading) far
more often than local scour, if the time evolution of the frequency is examined.

C. Isnon-linear soil important for these examinations?

» The differences between local and global scour conditions is much more prominent under a non-
linear soil model, relative to a linear elastic soil model. Thus for study of differences between local
and global scour, use of a non-linear soil model is recommended.

D. Does scour have an impact on the damping of the OWT in non linear soil?

* The damping ratio generally increases with an increase in scour depth, due to higher displace-
ments causing an increased hysteresis loss in the non-linear soil. In contrast, the linear elastic soil
shows virtually no difference in damping for the two cases.

» With very low loads - and therefore low non-linearity - there is a small drop in damping, which
suggests that a competing mechanism might exists besides the increase in displacement caus-
ing increased plasticity. This phenomenon would require further investigation before conclusive
evidence can be obtained.
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5.1. Further research
In a follow up to the research presented here, some additional directions may be considered for the future:

* Modelling of scour: as opposed to a fixed maximum depth, the examination of time evolution of fre-
quencies allows alteration of scour depth at different points in time. This might be a useful way to look
at effects like backfilling while also considering the timescale of its occurrence.

e Similarly, a modelling of hydrodynamic loads under scour with the use of a full 3D FEM simulation
could also be a possible direction of research.

¢ The evaluation of dynamic response can be extended to examine the fatigue design of monopiles under
scour.

* Impact of wider scour (where bottom diameter of the hole is larger than pile diameter), as well as non-
conical scour hole shapes can be assessed.
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Mesh selection

A.1. No scour condition

Considering that the available computational capacity does not allow for a very fine mesh which approxi-
mates the size of actual soil particles, four different meshes (A-D) for the no scour were tested to arrive at a
meshing solution which is computationally feasible. The relevant characteristics are tabulated in table , and
they can be visualized in figures A.2 to A.6. As a point of reference, an overtly coarse mesh X is also tested, as
shown in figure A.1.

Figure A.1: Mesh X0. Control elements (A = right, B = left) marked in red, control nodes (A = right, B = left) marked in yellow.

Figure A.2: Mesh A0. Control elements marked in red (A =right, B = left), control nodes (A = right, B = left) marked in yellow.
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Figure A.3: Mesh B0. Control elements (A = right, B = left) marked in red, control nodes (A = right, B = left) marked in yellow.

Figure A.4: Mesh C0. Control elements (A = right, B = left) marked in red, control nodes (A = right, B = left) marked in yellow.

Figure A.5: Mesh C2. Control elements (A = right, B = left) marked in red, control nodes (A = right, B = left) marked in yellow.
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Figure A.6: Mesh D0. Control elements (A = right, B = left) marked in red, control nodes (A = right, B = left) marked in yellow.

The generated meshes are subjected to the following loading conditions (illustrated in figures A.7 to A.10):
1. Impulse loading of 9 MN applied at hub, 25 s

2. Sinusoidal loading about 0 MN mean applied at hub, 70 s

3. Sinusoidal loading about 1 MN mean applied at hub, 100 s

4. Turbulent wind loading at V,,;,4 = 12 m/s applied at hub, 150 s

It should be noted that the meshes C0 and C2 (figure A.5) were tested for the same loads - C2 is a version of
Mesh CO0 but with a more even vertical distribution of elements. However, both meshes are found to have the
same response in some cases - thus in figures where '7node0Dc2’ is not present in the legend, the '7node0Dc’
values represent both these meshes.

The results are compared on the basis of the following parameters:

a. Global displacement: at hub node and mudline node
b. Local displacement: atlocal nodes A and B
c. Pore water pressure development at local nodes A and B

d. Stress strain behaviour at control elements A and B

Mesh | X A B C D
Label in figures ‘ 5node0D 7node0Da  7node0Db 7node0Dc 9node0D
Domain height [m] 56 56 56 56 56
Domain radius [m] 160 160 160 100 160
Nodes 710 2268 1582 2260 3258
Elements 468 1755 1209 1767 2652
Refinement \ N/A N/A Closer to pile  Closer to pile N/A
Computation time ‘ 106 min 889 min 474 min 649 min 1327 min

Table A.1: Properties of different meshes. Note: Computation time in the table is for load case 2
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Figure A.11: Global displacements for load case 3

The global displacement for all loads is found to be very similar. As a sample, the displacements for load
case 3 is shown in figure A.11. Also in the interest of brevity, only selected results for the remaining parame-

ters are illustrated in the other figures. The remaining results do not make any additional contribution to the
mesh selection analysis.
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When looking at soil behaviour, it is specifically interesting to look at the results from load cases 1 and 2
due to the cyclic nature of the loading. As seen in figures A.12, A.13, A.14 and A.15, the cyclic behaviour of
soil is approximately within a similar range for all meshes, in case of both elements. Due to different sizing
and distribution of elements, the control elements do not correspond to the exact same position for all the
meshes, and this contributes to the visible deviations.
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Thus overall, the cyclic behaviour of the soil is assumed to be of a similar nature and this does not form
a decisive factor in the mesh selection. Thus, the final mesh selection is largely dependent on the pore water
pressure and local displacement behaviour, as the chosen nodes are such that their positions correspond very
closely.

Based on the greater number of elements and better element distribution, the mesh D can be assumed to be
most accurate of the chosen meshes. In comparing the other meshes to mesh D, it can be noted in figures
A.16 and A.17, that the behaviour of mesh C (denoted as 7node0Dc in figure), corresponds most closely to
that of mesh D. This is evident in the figures A.16 to A.19. In the latter figures specifically, where the Feqn
is non-zero, this is all the more evident that as mean response as well as the deviation response of meshes C
and D match much better than mesh A or mesh B. Thus the behaviour of a denser mesh is achieved with a
much lower computational time (refer table 22) with mesh C.

As noted earlier, the mesh C results are applicable to both meshes C0 and C2, in figures A.4 and A.5. Mesh CO0
offers an exclusive advantage in that its element distribution most closely replicates the 1D scour model (de-
scribed in the following section, figure A.20), by representing the densification in the top layers of the mesh,
as seen in the scour model. However, during the full simulations, mesh C2 is found to be more stable. Thus,
the mesh C2 is finally used in simulations.
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A.2. Scoured mesh

The scoured mesh (local scour) is produced by maintaining parameters as close to the no scour condition as
far as possible. This is achieved by an excavation in the upper densified section of the mesh CO (the depth
of this section is the same as 1D scour). In case of 1D global scour, this layer (between 0 - 9 m depth from
mudline) is removed altogether. Thus, the no-scour, global 1D scour, and local 1D scour versions of the mesh
are created and visualized in figures A.5, A.20 and A.21.

Figure A.20: Mesh C with 1D local scour

Figure A.21: Mesh C with 1D global scour

The cyclic soil behaviour of the mesh with local scour (at control points and elements marked in figure
A.20) is also shown in figures A.22 to A.25. The cyclic response is found to be similar to the expected response
(based on knowledge of no scour condition), and thus this mesh can be deemed acceptable.
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The mesh for global scour is quite similar to those generated for no scour condition, and thus is not
deemed to require separate validation tests.



Timoshenko beam section properties

The tower of the DTU 10MW turbine is divided into 22 sections. The first 12 sections are of length 1m each -
this allows for nodes with 1m spacing where the wave loading can be applied, in case of wave heights above
still water level. Realistically however, wave loading is applied to only up to 5 —6m above the still water level.
The remaining tower is divided into 10 sections. The sectional properties of the tower, as applied to the model,
is given in table B.1 below. Here, 0m indicates the still water level. Below still water depth up to mudline, the
section properties are uniform, corresponding to that of the monopile. The section properties of each of these
sections is listed in the forst row of the table B.1. IT SHO

Table B.1: Section properties of tower

Bottom height Top height Mass/L A Jx I A, Thickness Outer diameter
[m] [m] (t/m]  (m? (m*l  (m'] (mP] (ml (m]
Monopile (-20 to 0 m) 12.21 1.55 30.35 15.18 1.29 0.110 9.00
0.000 1.000 8.384 0.986 33.664 8.416 1.644 0.038 8.300
1.000 2.000 16.711 1.966 66.670 16.668 3.277 0.038 8.272
2.000 3.000 14.934 1.757 59.463 14.866 2.928 0.038 8.261
3.000 4.000 15.222 1.791 60471 15.118 2.985 0.038 8.248
4.000 5.000 15.098 1.776 59.872 14.968 2.960 0.038 8.236
5.000 6.000 15.058 1.771 59.609 14.902 2.952 0.038 8.223
6.000 7.000 15.002 1.765 59.311 14.828 2.942 0.038 8.210
7.000 8.000 14.665 1.725 57.675 14.419 2.875 0.038 8.128
8.000 9.000 14.628 1.721 57.582 14.396 2.868 0.038 8.108
9.000 10.000 14.536 1.710 57.242 14.310 2.850 0.038 8.082
10.000 11.000 14.461 1.701 57.002 14.250 2.836 0.038 8.056
11.000 12.000 8.101 0.953 30.374 7.593 1.588 0.038 8.022
12.000 23.000 7.543 0.887 27.342 6.836 1.479 0.036 7.882
23.000 34.500 7.204 0.848 25.178 6.295 1.413 0.035 7.743
34.500 46.000 6.873 0.809 23.190 5.798 1.348 0.034 7.604
46.000 57.500 6.549 0.770 21.275 5319 1.284 0.033 7.465
57.500 69.000 6.232  0.733 19.522 4.881 1.222 0.032 7.325
69.000 80.500 4488 0.528 11.046 2.761 0.880 0.026 6.490
80.500 92.000 3.965 0.467 8.944 2236 0.778 0.024 6.211
92.000 103.500 3.473 0.409 7.149 1.787  0.681 0.022 5.933
103.500 115.625 3.005 0.354 5.608 1.402  0.589 0.020 5.647
115.625 119.000 2927 0344 5170 1.293 0.574 0.020 5.500
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