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permanent rotation of the foundation generated from accumulated strains in the soil is below a
project specific criterion. Despite design codes requiring an estimation of the permanent rotation,
there is not clear guidance on how to implement this. This paper describes a methodology to
estimate the monopile permanent rotation for SLS and discusses its advantages and limitations.
The methodology combines an accumulation method with results from 3D Finite Element Ana-
lyses (FEA) and a soil model that accounts for strain accumulation as a function of the number of
cycles, relative density and load characteristics. The performance of the proposed methodology is
compared against experimental centrifuge tests and results from advanced 3D FEA, indicating
that it can predict the permanent rotation with satisfactory accuracy, and with a considerable
reduction in computational effort. This is important for the design of OWTs, where different load
histories might be required to be checked - often under tight time constraints — to find which load
history leads to the largest permanent rotation, and therefore is more critical to SLS design.

Serviceability limit state
Accumulated rotation
Numerical modelling
High cycle accumulation

1. Introduction

Offshore wind energy is experiencing one of the fastest growth rates of all renewable energy sources [1]. Although the cost of
offshore wind energy has decreased dramatically in recent years [2], further cost reduction can be achieved. Improving the accuracy of
the tools used in the design process can reduce uncertainties and risks, leading to more cost-efficient designs.

Offshore Wind Turbines (OWTs) are designed following the limit state philosophy. One of the considered states is the Serviceability
Limit State (SLS), which deals with the appropriate operation and appearance of the structure. For monopiles, the SLS requires
verification that the permanent rotation of the foundation at the end of lifetime is below a project specific criterion. Despite codes and
design guidelines indicating how to estimate loads on OWTs, there is no guidance nor consensus on an accepted methodology to
estimate the accumulated or the permanent rotation.

OWTs are continuously subjected to cyclic loads from the offshore environment, and during its lifetime, typically 25-30 years,
monopiles are exposed to millions of load cycles. Cyclic loads are transferred to the soil surrounding the monopile as cyclic stresses,
which may lead to a complex combination of changes in soil density, accumulation of pore pressures and redistribution of sand grains
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[3], resulting in an accumulation of pile rotation. Some methods for predicting the accumulation of displacement and rotation of
monopiles exist, and most of these can be classified either as semi-empirical or as numerical approaches. In the semi-empirical ap-
proaches, the accumulated rotation observed in experimental tests is used to calibrate simple models that predict the accumulated
rotation as a function of the number of cycles and the load characteristics. The numerical approaches link the soil response, computed
in terms of accumulated soil strains and redistribution of effectives stresses, to the accumulated pile head displacement and rotation.

Semi-empirical models are often based on results from: field tests, 1g model tests and centrifuge model tests. Table 1 provides an
overview of pile tests that have been employed to derive simple semi-empirical models. In most of the existing semi-empirical
equations, the relation between the accumulated displacement or rotation and the number of cycles follows a power law, a loga-
rithmic law or a logarithmic-linear law [3]. Models based on a power law were originally proposed for long slender piles by Little and
Briaud [4] and by Long and Vanneste [5], and for monopiles by LeBlanc et al. [6] and Klinkvort and Hededal [7] based on experimental
results with a maximum number of cycles between 50 and 6.5-10*. Logarithmic accumulation laws have been proposed by for
example by Lin and Liao [8] and Verdure et al. [9] for slender piles and by Peralta and Achmus [10] and Li et al. [11] for monopiles,
based on tests subjected up to a maximum of 10* cycles. Peralta and Achmus [10] highlight that accumulated displacement from
experimental results in flexible piles is best described by a logarithmic law, while the results from monopiles are better described by a
power law. In addition, logarithmic-linear expressions have recently been proposed by Diihrkop [12] and by Bienen et al. [13] for
monopiles. This law represents well the accumulation of displacements seen in the tests from Cuéllar [3], where 5- 10° cycles have
been applied to a model monopile.

A weakness of these semi-empirical models is that they are typically derived for a specific set of conditions (geometry, loads and
soil), and it can therefore be difficult to extrapolate the methods to sites with different soil and load conditions. In addition, the number
of cycles applied in the experimental tests are generally below the number of cycles expected during the lifetime of a monopile. This
implies that these models often have to be extrapolated outside their validation range if they were to be applied in practice.

As an alternative to semi-empirical expressions, various numerical approaches have been proposed. These approaches share the
similarity that the response of monopiles to long-term cyclic loading, and more specifically the accumulated rotation, can be computed
based on soil behaviours measured at element level. One of the most common numerical approaches is Finite Element Analyses (FEA)
in combination with explicit constitutive models that can account for the accumulation of strains as a function of the number of cycles,
relative density and load characteristics. For instance Jostad et al. [14], presented a procedure to calculate the effect of cyclic loading
in FEA for loading conditions where significant generation of pore pressures is expected. The procedure is based on undrained soil
element test results and the effect of drainage is taken into account by performing the analyses by a fully coupled consolidation
formulation. Lesny et al. [15] and Achmus et al. [16] proposed methodologies to transfer the results from cyclic drained triaxial
element tests to FEA based on a reduction of the elastic modulus of the soil. In particular, Achmus et al. [16] suggested to reduce the
constrained elastic modulus as a function of the number of cycles and the loading amplitude. The method by Achmus et al. [16] has
been compared with the single amplitude small-scale tests from Peralta and Achmus [10] and Hettler [17], and it provides good
agreement for single amplitude load histories. However, there is no indication on how it can be applied to multi-amplitude load
histories. Another explicit constitutive model is the High Cycle Accumulation (HCA) model from Niemunis et al. [18], which predicts
the accumulated strain as a function of the number of cycles, loading characteristics, relative density and effective stresses. The HCA
accumulation model has been validated, at element level, against cyclic triaxial texts [19], and at foundation level, by comparing
numerical simulations against small-scale and large-scale tests [20-22]; providing good agreement for both single- and
multi-amplitude tests.

The advantage of using a numerical approach based on 3D FEA is that the input can be derived from laboratory tests, which allows
the model to be used for varying and more realistic site conditions. The main disadvantage is that 3D FEA is time-consuming, especially
when different load histories have to be evaluated. This is important for the design OWT, where several combinations of time load
series and occurrences might be checked — often under tight time constraints — to find which load combinations lead to the largest
permanent rotation, and therefore are more critical to the SLS.

Table 1

Overview of cyclic lateral load tests on piles in sand evaluating the accumulation of displacement and rotation.
Reference Test type Load packets Max. number of cycles L/D ratio”
Little and Briaud [4] Full scale Single amplitude 20 32.0-60.0
Long and Vanneste [5] Full scale Single amplitude 50 12.7
Li et al. [23] Large scale Multi-amplitude 5000 6.5
Peralta and Achmus [10] Small scale (1g) Single amplitude 10 000 4.8-6.7
LeBlanc et al. [6] Small scale (1g) Single amplitude 65 000 4.5
LeBlanc et al. [24] Small scale (1g) Multi-amplitude 10 100 4.5
Cuéllar [3] Small scale (1g) Single amplitude 5000 000 4.0
Verdure et al. [9] Centrifuge (402) Single amplitude 50 16.7
Bienen et al. [13] Centrifuge (200g) Single amplitude 1000 4.0-12.5
Klinkvort and Hededal [7] Centrifuge (75g) Single amplitude 10 000 6.0
Rudolph et al. [25] Centrifuge (200g) Single amplitude 13 000 5.0
Bayton et al. [26] Centrifuge (100g) Multi-amplitude 96 000 5.0
Truong et al. [27] Centrifuge (250g8) Multi-amplitude 1500 6-11.4

@ Typical length-to-diameter L/D ratios for monopiles supporting OWTs range between 2.5 and 6.
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This paper describes a design methodology to compute the monopile permanent rotation for the SLS. The methodology combines
results from 3D FEA with the HCA model — which accounts for the accumulation of strains as a function of the number of cycles, relative
density and load characteristics — with an accumulation method. It benefits from the accuracy from 3D FEA at the computational speed
of the simpler methods, as it allows for variations of the load histories without having to repeat computationally expensive FEA. The
paper is structured as follows. Section 2 describes the proposed methodology and its calibration. Section 3 then demonstrates how to
employ this methodology, and presents the verification against more advanced 3D FEA. This is followed by Section 4, which compares
the accumulated rotation predicted with the proposed methodology against results from centrifuge tests. Finally, Section 5 discusses
the results, highlighting the advantages and limitations, and Section 6 outlines the conclusions.

2. Proposed methodology for predicting the permanent rotation of monopiles
2.1. Overview

The proposed methodology predicts the permanent rotation of monopiles by combining results from 3D FEA - presented as contour
diagrams — with an accumulation procedure where the load history is applied as packets of regular cycles with constant cyclic loads and
periods. Fig. 1 displays an overview of the steps included in the proposed methodology and the order in which they are executed. Note
that the permanent rotation includes both the accumulated rotation — which depends on the number of cycles — as well as the rotation
generated from changes in the average and cyclic loads.

The accumulation procedure employed in the proposed methodology is similar to the NGI accumulation procedure [28], but
instead of employing the soil’s cyclic strain as memory of the effects of cyclic loading, it uses the monopile permanent rotation at
seafloor. The idea of employing the rotation as state variable has been recently presented in Bayton et al. [26] for computing the
permanent rotation from centrifuge tests. However, in the current proposed approach, the rotation contour diagrams are not derived
from model tests, which might be impractical in the design of OWTs, but computed from constant-amplitude 3D FEA with the HCA
model. In this manner, the proposed procedure combines the benefits from FEA with a constitutive model that can account for the
accumulation of strains as a function of the number of cycles, relative density and load characteristics with a simple and robust
accumulation procedure. In addition, the input parameters describing the strain accumulation in the soil can be obtained from cyclic
soil element laboratory tests, alone, or in combination with correlations from the literature [29]; which makes the methodology more
suitable to OWT design. Once the rotation contour diagrams are established, this procedure can be employed to compute the per-
manent monopile rotation for different combinations of load time histories.

2.2. Load histories

In nearly all of the existing methods for predicting the accumulated rotation, the irregular load time histories are not applied as
such, but they are first simplified to regular cyclic load packets, each with a constant average component M,,, a constant cyclic
amplitude My, and a constant period. The transformation from irregular load time histories to sorted load packets can be performed
by e.g. rainflow counting [30] or other cycle counting methods [31]. Fig. 2 plots a snapshot of time of a simulated moment load at
seafloor from a ULS storm acting on a 10 MW monopile-based OWT, and the corresponding sorted load history in packets by rainflow
counting.

Traditionally, cycle counting methods have arranged the idealised load histories as packets of equal cyclic loading amplitude M
and equal average component M,,. However, due to the impact of the My, = |Ma,, +1/2 'Mampl| values and the Mpin/ Mmax =
|Mav -1/2 -Mampl| / !Mav +1/2 AMamp1| ratio on the accumulated rotation, the regular cyclic load histories are often described by two

Accumulation of soil strains Irregular load histories at seabed
(from laboratory tests or correlations) (from dynamic analyses)
3D Finite Element Analyses Counting method
(with the HCA model) (e.g. Rainflow counting)
Rotation contour diagram Sorted load history

J |

‘ Proposed rotation accumulation procedure ‘

l

‘ Permanent rotation of the monopile at seabed ‘

Fig. 1. Proposed methodology for predicting the permanent rotation of monopiles.
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Fig. 2. Simulated moment load at seafloor from a ULS storm acting on a 10 MW monopile-based OWT: (a) Load history in the time domain; (b)
Sorted load history by rainflow counting.

non-dimensional load ratios, defined as:

Mmax Mm[n

My % My &)

b=

where My, is a reference load value and Mp,;; and My, are the absolute minimum and maximum values of the regular cycles in each
load packet, as illustrated in the first cyclic load packet displayed in Fig. 2b. The reference load value Mg can be defined following
different criteria. Bayton et al. [26] define Mg as the monotonic moment at seabed that leads to a permanent rotation (i.e. after unload)
equal to 0.25°. Another criterion is proposed by LeBlanc et al. [6], who defined My as the moment that causes a peak rotation equal to
4° — considered to represent the foundation failure. This paper follows the criterion proposed in Bayton et al. [26].

2.3. Contour diagrams

The rotation contour diagrams are derived from 3D FEA of the soil and the monopile, where single load-amplitudes — that is,
constant ¢, and ¢, — are applied. An example of the construction of the rotation contour diagram is shown in Fig. 3. The contours
displayed in Fig. 3 include both the accumulated rotation — generated from accumulation of strains in the soil around the monopile — as
well as the rotation generated from changes in the average loads.

The accumulation of strains in the soil is computed in the 3D FEA by employing the HCA model described in Niemunis et al. [18]. In
this explicit model, the rate of strain accumulation deg. is calculated, for each loading packet, as a function of the current average
effective stresses, void ratio and an equivalent number of drained cycles of strain amplitude eqnp. The rate of strain accumulated is
given by a set of empirical functions as follows:

d€ace = Fumptf oo 2

where fump accounts for the effect of the cyclic strain amplitude, fy the cyclic history by the equivalent number of drained cycles, f, the
effect of void ratio, f, the effect of effective mean stress level, fy the effect of the average shear stress level, and fy the effect of change
polarisation of the cycles. Table 2 summarises these empirical functions. In the model implementation, the strain amplitude &gy is, for
simplicity, calculated following degradation function proposed by Hardin and Drnevich [32]:

G _ 1 i 3)

Guax 1+ (70/7,)

where G is the secant shear modulus, Gmax the small-strain shear modulus, 7, the cyclic shear strain amplitude, y, a reference shear
strain, and «a the curvature parameter. G, is approximated with the expression proposed by Hardin and Black [33]:
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Fig. 3. Construction of the rotation contour diagram from FEA with the HCA model for different combinations of ¢;, and ¢,: (a) FEA results for
constant ¢, and ¢ ; (b) Cross-section of a contour diagram for constant ¢,; and (c) 3D contour diagram.

Table 2

Empirical functions employed in the HCA model to calculate of the rate of strain accumulation, after Niemunis et al. [18].

Influencing parameter Function

Material constants

Strain amplitude fampt = min[(e®™ /107#); 10Cam]

fu =fu+hu

fu = CmCraexp(— g /(o famp))
ff; = Cn1Cn3

fo = exp[ = Cp(p™ /pam — 1) ]

fr = exp(CyY™)

Void ratio i (Ce—e)* 1+ emax
C 1te (Co—eng)

Cyclic preloading

Average mean pressure

Average stress ratio

Camp

G o= ()"
‘max = 80 l+e i Pamm

4



A.M. Page et al. Marine Structures 75 (2021) 102813

where e is the void ratio, p the mean stress, p,, a reference stress and go, e, and n, are dimensionless material constants. Additionally,
in the present HCA model, the changes in effective mean stress, p’, and deviatoric stress, g, are computed as follows:

dp’ =K(deyo — degeemio);  dg=3G(de, — deacemy) (5)
where de, and de, are the changes in volumetric and deviatoric strain, m,,; and m; are the volumetric and deviatoric components of
the normal vector to the modified Cam-Clay yield surface passing through the current stress point, and K is the stress dependent bulk

modulus defined as:

n
K=B <pp > Pam
atm

where B and n are dimensionless material constants. For the calculation of stresses, the shear modulus G is derived from K following an
elastic relation. For more details on the presented implementation of the HCA model, the reader is referred to Jostad et al. [34].

(6)

2.4. Accumulation procedure

A rotation accumulation procedure — based on the NGI accumulation procedure — is employed to predict the permanent rotation
from contour diagrams (see for instance the contours from Fig. 3) for a series of load packets with different load characteristics {; and
¢.. It is based on the condition that the monopile rotation at seafloor at the start of a load packet is equal to the monopile rotation at the
end of the previous load packet. This assumes that the soil state around the monopile (e.g. void ratio, accumulated strain, etc) is
uniquely defined by the monopile rotation. The procedure is illustrated in Fig. 4 by means of an example that assumes the cyclic history
listed in Table 3. In the first load packet, the monopile rotation starts at point A in the rotation contour diagram displayed in Fig. 4,
which corresponds to 1 cycle at ¢, = 0.2 and ¢, = 0. After 8-10° cycles are applied, the permanent rotation is increased from the
rotation at point A (6 = 0.02°) to the rotation at point B (¢ = 0.05°). In the second load packet, the load characteristics are increased to
¢, = 0.4 and ¢, = 0. The monopile and soil system remembers the permanent rotation it had at the end of the previous load packet (at
point B), and it will have this permanent rotation when the second loading packet starts. In Fig. 4b, this means that the monopile and
soil system will follow the rotation contour from point B to the new loading characteristics, at point C. From the diagram it can be seen
that the equivalent number of cycles at point C is close to 2. This means that applying 8 - 10° cycles at ¢, = 0.2 and ¢, = 0 is equivalent
to applying 2 cycles at ¢, = 0.4 and {, = 0. The rotation generated in the second load packet will therefore be estimated from point C.

The permanent rotation in the second load packet is due to: (1) the change in load characteristics; and (2) the effect of the applied
number of cycles. First, the change in the load characteristics — which is equivalent to a change in the average load acting on the
monopile following the relation AM = A({y, - (1 + ¢.) /2) - Mg—leads to an instant change in rotation (A6). Fig. 4a illustrates the change
in rotation due to a change in the applied average load. Note that this change in rotation is independent of the number of cycles, and it
can be estimated from the moment-rotation non-linear curve derived from a pushover analysis. The A in Fig. 4a takes the monopile
and soil system from point C to point D. Then, the effect of the applied number of cycles (10* cycles in the second load packet) brings
the permanent rotation from the rotation at point D to the rotation at point E (¢ = 0.20°). Note that this procedure differs from the
strain superposition or accumulation methods proposed by Stewart [35] for ballast or by Lin and Liao[8] for sands, since it adds the
rotation generated after changes in the load characteristics.

—~
&
—

(L =00
0.8 0.8 1 —
2 0.6 0.6 |- 1
E G ) C D E

= 04 0.4+ 0 = 0.20° b
0.2 026 N
T/ {AJ\[/M,; SAG-(1+6)/2) ’ 0 = 0.05°

0 =0.02°

Y
07 0 L L L L L L
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Fig. 4. Illustration of the rotation accumulation procedure: (a) moment - rotation curve employed to compute the instant change in rotation due to a

change in the applied average load; and (b) accumulation path along the contours of permanent rotation.
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Table 3
Sorted cyclic load history employed in the example illustrating the rotation
accumulation procedure.

Number of cycles, N & [
8-10° 0.2 0.0
10* 0.4 0.0

3. Performance of the proposed methodology
3.1. Overview

The performance of the proposed methodology is illustrated for a case study, and compared against results from 3D FEA simulations
for a series of sorted load histories. The case study is based on the WAS-XL monopile in sand [36], a reference design for large diameter
monopile foundations. The WAS-XL monopile was designed to support the DTU 10 MW OWT [37], and the pile dimensions and applied
loads are considered to be representative for typical offshore wind sites [36]. Fig. 5 displays the overall dimensions and soil conditions
of the case study OWT, which considers a Mean Sea Level (MSL) of 30 m. The commercial 3D FEA code PLAXIS [38] was employed to
generate the contour diagrams and to perform the FEA used in the comparison. The accumulated strains in the soil volume were
predicted with the implementation of the HCA model described in Jostad et al. [34].

3.2. Case study

3.2.1. Soil properties

The soil considered in the case study is a homogeneous sand profile of Karlsruhe fine sand, which is a well-documented sand from
the literature [19]. A constant relative density of 62% was assumed. Table 4 lists the HCA model parameters for Karlsruhe fine sand —
the calibration of which can be found in Wichtmann [19]- and Table 5 lists the model parameters employed in the estimation of the
strain amplitude. The strain amplitude is calculated at each integration point by employing the modulus reduction curve from Hardin
and Drnevich [32], displayed in Eq. (3). Following the approach presented in Wichtmann [19], the calibrated parameters in Table 5
represent the stress-strain curve that could be obtained in the second loading cycle, not the stress-strain curve representing the
monotonic response.

oAb m 10 MW DTU OWT
_
J
149 m
MSL
30m
Seabed Il
Sand
36m
o
9m

Fig. 5. Overview of the dimensions and soil conditions of the case study Offshore Wind Turbine (OWT).
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Table 4
Dimensionless parameters of the HCA model for Karlsruhe fine sand, after [19].
Camp C. (e Cy Cn Cn2 Cns
1.33 0.60 0.23 1.68 2.95.10* 0.41 1.90-10"
Table 5
Model parameters employed in the estimation of the strain amplitude for Karlsruhe fine sand from Egs. (3), (4) and (6).
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Fig. 6. Comparison between the experimental drained cyclic test results from Wichtmann [19] and simulations with the HCA model: (a) effect of the
deviatoric stress amplitude g*™; (b) effect of the average stress ratio n% = ¢®/p®; and (c) effect of the effective mean stress p®.



A.M. Page et al. Marine Structures 75 (2021) 102813

2 w ‘ ‘ ‘ ‘
P = 200 kPa, % = 0.75, Dy = 56%
O ¢ =20 — 40 — 60 — 80 kPa
15 Simulated o

Accumulated strain, e* [%]

2 3 4 5 6 7 8 9 10
Number of cycles, N [-] <104

Fig. 7. Comparison between the experimental drained cyclic test results from Wichtmann [19] and simulations with the HCA model for a stress
amplitude variable load history.

Figs. 6 and 7 compare the experimental drained cyclic test results from Wichtmann [19] and simulations with the HCA model for
the parameter set listed in Tables 4 and 5 The comparison indicates that the HCA model employed in this paper describes the accu-
mulation of strain for the combinations of deviatoric stress amplitudes (¢°) and average stresses with reasonable accuracy. Here, the
average stress represents the average deviatoric stress (¢%) and the average mean stress (p) expected in the FEA. Note that in this
comparison, both the HCA and the simple cyclic model — employed to compute the strain amplitude — are evaluated simultaneously;
that is, the strain amplitude is not used as a calibration parameter.

3.2.2. Foundation dimensions

The pile considered is a tubular steel pile with an outer diameter D = 9m and a constant pile wall thickness t = 0.08 m, embedded
L = 36 m into the soil. This gives a length-to-diameter ratio of L/D = 4 and a diameter-to-wall thickness of D/t = 112.5, which is

representative for monopiles supporting OWTs. For the steel, a Young modulus of E = 210 GPa and a Poisson ratio of v = 0.3 were
assumed.

3.3. Numerical modelling aspects

The pile was modelled as a solid volume with an equivalent bending stiffness — which reproduces the bending stiffness of the hollow
pile’s cross-section, neglecting the stiffness of a soil plug. The suitability of this simplification has been confirmed by Achmus et al.
[16]. The cross section of the pile at seabed was modelled as a rigid surface. In each calculation step, loads were applied to the rigid
surface and rotation was directly extracted as the updated position of the rigid surface. Pile installation effects were not considered,
and the pile was modelled as wished-in-place. Both the geometry and the loading are symmetric around the vertical plane defined by
y = 0, therefore, it was sufficient to include half of the geometry and the loads in the numerical model.

The mesh had approximately 100000 10-noded tetrahedral soil elements with an average element side length of 2.7 m. The mesh
was refined around the pile, where an average element side length of 0.7 m was adopted. The model dimensions were selected in such a
way that the accumulation of strains occurred within the model boundaries. Fig. 8 illustrates the dimensions of the finite element
model and the mesh refinement. Boundary conditions were applied at the base of the model and at the vertical boundaries. The three

displacements components in the three directions were set to zero at bottom boundary. On the vertical boundaries, the normal
component was fixed.

Fig. 8. Finite Element model dimensions and mesh refinement.



A.M. Page et al. Marine Structures 75 (2021) 102813

1400
Monotonic
1200 — — Unloading following Masing rule
My = 1020 MNm

1000 = B
g 7/
Z, /
S so0f L7 1
B Ve
S 600 f e 1
£ -
“ a00f . 1

7
s
-
200 - 2 4
s
0=025,"
0 L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6

Rotation, 6 []

Fig. 9. Definition of the reference moment value, Mg for the WAS-XL monopile.

Table 6
Simulated monopile permanent rotation at the end of each load packet for the ULS storm load
history.
Sorted 35-hours ULS storm load history assuming a constant (.
0.06 T T T T T T
[ ]Finite Element Analyses with the HCA model — ]
5 0.05 [JRotation accumulation procedure — - 7
g —
= 0.04 + B
<
S
= 0.03
.
&
< 0.02 - i
g
=
5] H
A 0.01 I:lﬂ B
0 | L I L L
Packet number 1 2 3 4 5 6 7 8
Number of cycles 27748 9413 6340 2560 1055 94 4 1
Ce -0.70 -0.70 -0.70 -0.70 -0.70 -0.70 -0.70 -0.70
G 0.03 0.09 0.14 0.20 0.28 0.40 0.48 0.57
Sorted 35-hours ULS storm load history assuming a variable (.
0.06 T T T T T T
[ ]Finite Element Analyses with the HCA model
5 0.05 - [JRotation accumulation procedure 1
g
2 0.04 - 4
s
+2
= 0.03
.
2
< 0.02 + B
g
=
3]
A 0.01 HH HH 1
0 D\D il Il Il il Il
Packet number 1 2 3 4 5 6 7 8
Number of cycles 27748 9413 6340 2560 1055 94 4 1
Ce 0.00 -0.51 -0.71 -0.81 -0.88 -0.89 -0.88 -0.85
) 0.03 0.09 0.14 0.20 0.28 0.40 0.48 0.57
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Table 7

Simulated monopile permanent rotation at the end of each load packet for the long-term FLS load
history.

Sorted long-term FLS load history assuming a constant (.

0.06 T T T T T T T T
[]Finite Element Analyses with the HCA model
o 0.05 |- | JRotation accumulation procedure ]
g
= 0.04 . B
s
=
2
0.03 - 4
s
=
< 0.02 F 4
=
=
=
3
A 0.01 H e
Lo [l [
Packet number 1 2 3 4 5 6 7 8 9 10
Number of cycles 107 107 8.6-10° 2.8-10° 1.1-10 2.6-10° 73400 7292 2211 72
@ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.015 0.024 0.035 0.044 0.054 0.064 0.075 0.089 0.113 0.117

3.4. Loading conditions

While design codes provide indications on how to define load histories for ULS (Ultimate Limit State) and FLS (Fatigue Limit State)
verifications, there is no clear guidance on how to establish load histories for estimating the permanent rotation for the SLS. Often,
designers establish representative SLS load histories from ULS or FLS load histories. In this comparison, the following two series of load
histories were considered:

e Aload history generated from a 35 h storm sequence for ULS analyses. The loads acting on the monopile foundation were computed
from dynamic analyses of the entire OWT based on North Sea hindcast data. For more details on the loads and the hindcast data, the
reader is referred to Bachynski et al. [39].

e A load history representative for evaluating the long-term FLS. This load history is generated by combining loads computed from
dynamic simulations with: (1) different wind speeds, wave heights, wave periods from North Sea hindcast data, and (2) their
probability of occurrence in a 20 year-period. More information on the hindcast data employed to generate the load histories and
the probabilities of occurrence can be found in Katsikogiannis [40].

The load histories were extracted from time-domain simulations of the OWT described in Section 3.1. The simulations were carried
out in the aero-hydro-servo-elastic software SIMO-RIFLEX from SINTEF Ocean, combined with the multi-directional macro-element
model for the soil-structure interaction from Page et al. [41]. The structure was modelled using non-linear beam elements. Aero-
dynamic loads were applied according to blade element momentum theory, while hydrodynamic loads were computed according to
Morison’s equation with second order wave kinematics. The load histories were derived assuming that the wind and waves are aligned.
The two series of load histories were then sorted out in packets of constant average and cyclic loads and a constant load period by
employing rainflow counting. In both, the moment at seafloor in the direction of the wind and wave loading was used as a main load
component. A loading arm of 30 m was selected, which corresponded to the water depth, assuming the loads to be mainly wave
dominated.

From here, the load characteristics ¢; and ¢, were then derived for each packet following Eq. (1). A reference moment value Mg =
1020 MN m was selected as the moment that leads to a permanent rotation of 0.25° after an loading-unloading cycle (see Fig. 9),
following the criterion proposed by Bayton et al. [26].

Table 8

Physical properties of HST95 silica sand, after [26,42].
Particle size, dsg Specific gravity, G; Maximum void ratio, emqey Minimum void ratio, ep, Uniformity coefficient, C,
[mm] (-] (-1 (-] [-]
0.20 2.65 0.827 0.514 1.7
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3.5. Results

The comparison between the proposed methodology and 3D FEA of the monopile foundation embedded in a soil volume modelled
with the HCA is displayed in Table 6 for the load history representative for a ULS storm, and in Table 7 for the load history repre-
sentative for long-term FLS analyses. The ULS load history aims at testing the accumulation procedure for relatively high loads applied
in a relative limited number of cycles, while the long-term FLS load history aims at testing the procedure for low load levels in
combination with a very large number of cycles.

In addition, for the ULS storm load history, the performance of the proposed accumulation procedure is evaluated: (1) assuming a
constant ¢, corresponding to the average of all load packets, and (2) employing the variable ¢, derived from the rainflow counting
procedure. The case with a constant ¢, tests the accumulation procedure in a 2D cross-section of the contour diagram (of the type
displayed in Fig. 3b), while the case with a variable ¢, checks the procedure within the full 3D contour space (of the type displayed in
Fig. 3c). In the long-term FLS load history, a constant {,, corresponding to the average of all load packets, is assumed.

The comparison indicates that the proposed accumulation procedure can reproduce the results from more advanced 3D FEA within
an error of +15%. It is also worth noting that the permanent rotation is doubled when a constant averaged ¢_ is assumed for the whole
load history (Table 6, top), instead of including the actual ¢, value in each packet (Table 6, bottom).

4. Comparison against centrifuge tests
4.1. Centrifuge experimental set-up

The proposed methodology has also been compared against the experimental results from centrifuge tests documented in Bayton
et al. [26]. A series of long-term cyclic lateral load experiments were performed on a geotechnical centrifuge at approximately 100
times Earth’s gravity (100g), on a fully instrumented model aluminium monopile. The monopile was subjected to an effective stress
distribution similar to a monopile with an outer diameter of 5 m, embedded in dense sand to a depth of L/D = 5. The sand was a
commercially available fine grained sand known as HST95, whose physical properties can be found in Table 8. The model pile was fully
instrumented and fabricated from a hollow aluminium section, with a wall thickness scaled to represent the prototype pile flexural
stiffness. The sand was pluviated around the monopile as an attempt to model a wished-in-place installation, generating a consistent,
constant density sand deposit. Fig. 10 provides a schematic illustration of the centrifuge model setup, with all dimensions noted. Seven
centrifuge test were documented in Bayton et al. [26], including:

e One monotonic backbone result. This test provided the reference moment, Mg, estimated as the moment that leads to a permanent
rotation upon unload of 0.25°. For the experimental setup, the dimensionless magnitude of Mg/ (y - D*) was equal to 32.7.

e Five single load-amplitude tests were performed with . = 0 and ¢, ranging from 0.07 to 0.58. These tests were employed to
calibrate some of the soil parameters in the numerical model employed to generate the contour diagrams.

e One multi-amplitude cyclic test whereby packets of successively increasing ¢; were applied for {, = 0. Seven load packets, ranging
from ¢, = 0.04 to 0.25, of 5000 cycles each were applied, equating to 35000 cycles in total. This last test was employed to compare
the prediction from the proposed methodology against experimental results.

4.2. Derivation of contour diagrams

The rotation contour diagram was derived from 3D FEA of the soil and the monopile reproducing the centrifuge test setup described
in Section 4.1. Single load-amplitudes - that is, constant {; and (. — were applied. The FEA were performed with the commercial 3D
FEA code PLAXIS [38]. The accumulation of strains in the soil, which leads to a monopile accumulated rotation at seafloor, were
computed with the HCA model, calibrated based on correlations to physical properties of the sand. Fig. 11 displays the contour di-
agram computed from FEA.

4.2.1. Estimation of soil parameters for the HCA model
The input parameters in the FEA were either correlated from the physical properties listed in Table 8 or calibrated to fit the
experimental results from the single-amplitude centrifuge tests. In particular:

e The HCA model parameters for HST95 sand were derived from the correlations proposed in Wichtmann et al. [29] and listed in
Table 9.

e Most of the parameters controlling the cyclic amplitude in Egs. (3) and (4) were derived from the correlations proposed in
Wichtmann and Triantafyllidis[43]. They are listed in Table 10.

¢ In addition, the parameters gy and a from Eq. (3) and the parameter B from Eq. (6) were modified to fit the results from the single-
amplitude centrifuge tests, providing the best fit for go = 800, « = 0.75, and B = 436.

Fig. 12 displays the comparison between the permanent rotation measured in the centrifuge tests and the permanent rotation
computed from 3D FEA that serves as a basis for the contour diagram. The agreement is good for low values of {;; however it becomes

worse as (;, increases. This discrepancy is due to the inability of the constitutive model to accurately capture the non-linear permanent
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Table 9

Marine Structures 75 (2021) 102813

Dimensionless parameters of the HCA model for HST95 silica sand estimated from the correlations proposed in Wichtmann et al. [29].

Dimensionless parameter

Correlations from Wichtmann et al. [29]

Value
Canmp =17 17
C = 0.95 emin 0.488
G = 0.41[1 — 0.34(dso — 0.6)] 0.466
Cy =2.60-[1 + 0.12In(dso /0.6)] 2.257
Cmt =45-10* 1 — 0.306In(ds /0.6)] [1 + 3.15(C, — 1.5)] 1.365-10°3
Cre = 0.0051exp|0.39dso + 12.3exp(— 0.77C,)] 9.512:10°2
Cns =1.00-10~* - exp( — 0.84ds0)(C, — 1.37)°% 6.812:10°

Table 10

Model parameters employed in the estimation of the strain amplitude for HST95 silica sand, estimated from the cor-
relations proposed in Wichtmann and Triantafyllidis [43] and in Wichtmann and Triantafyllidis [44]. Ap = 50 kPa and a
Pam = 100 kPa values are assumed.

Dimensionless parameter

Correlations from literature [43,44] Value
7’ = 11 (P/pam)* 410
n =6.2-107%[1 — 0.4(Dy — 0.6)] 5.7.10*
k =0.60 — 0.091In(Cy) 0.54
e = 1.94exp( — 0.066C,) 1.73
ng =0.40-C918 0.45
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Fig. 11. Contour diagram for the centrifuge model generated from FEA with the HCA model.
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Fig. 13. Comparison between the proposed accumulation procedure, 3D FEA with the HCA model and experimental centrifuge results for a multi-
amplitude test.

rotation at N = 1 for high ¢, values.

4.2.2. Finite element model

The Finite Element (FE) model employed to generate the contour diagrams reproduces the centrifuge test setup from Bayton et al.
[26] illustrated in Fig. 10. It is based on the following assumptions: only half of the geometry and the loads are included; interface
elements with a no-tension criterion are employed between the pile and the soil; fixed boundary conditions are applied at the base and
roller boundaries are applied at the lateral boundaries; and the pile is modelled with solid elements with linear elastic properties. The
interface stiffness is equivalent to that of the soil, while the interface strength is defined as arctan[2 /3 - tan(gpeqc)], Where @4 is the
peak friction angle of the sand. In addition, the effect of 100g gravity in the centrifuge is accounted for in the FE model by a linear
increase in the effective unit weight of the sand. A mesh with roughly 100000 soil elements with an average element size of 0.019 m
was considered. The mesh was refined around the pile, where an average element length of 0.004 m was employed.
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4.3. Results

Fig. 13 displays the comparison between the proposed accumulation procedure and the multi-amplitude centrifuge tests. In
addition, Fig. 13 plots results from 3D FEA with the HCA model of the multi-amplitude tests. The comparison indicates that the
proposed procedure agrees well with the experimental centrifuge results and with the more advanced 3D FEA. At the end of the multi-
amplitude test, the permanent rotation predicted with the proposed procedure matches the permanent rotation computed by more
advanced 3D FEA, and deviates from the permanent rotation measured in the experimental centrifuge by 10%. This deviation is mainly
due to the differences between the rotation computed in 3D FEA with the HCA model and the measured rotation in the experimental
centrifuge tests, which can be attributed to limitations of the constitutive model, inaccuracies in the calibration procedure and
measurement imprecision.

5. Discussion

We have presented a methodology to compute the monopile permanent rotation for the SLS under different load histories. The
proposed methodology combines an accumulation method with results from 3D FEA. It differs from existing semi-empirical expres-
sions in that the estimated accumulated rotation does not have to be fitted to a pre-defined function and that the calibration is based on
drained cyclic triaxial laboratory tests instead of results from pile model tests. The proposed methodology benefits from the accuracy
from 3D FEA at the computational speed of simpler methods, as it allows for variations of the load histories without having to repeat
computationally expensive FEA.

The proposed procedure has been tested against 3D FEA for a series of ULS and FLS load histories, providing good agreement. This
indicates that the use of the permanent rotation as a state variable in the accumulation procedure is reasonable. Using the permanent
rotation as state variable implicitly assumes that the soil states — that is, the relative density and stresses — along one contour line are
comparable. This assumption seems to be acceptable for the combination of load levels and number of cycles applied in the case study,
but it might differ for more extreme combinations.

In addition, the rotation predicted with the proposed procedure has been compared against experimental results from centrifuge
tests, providing a reasonable agreement. The deviation between predicted and measured rotation can be attributed to inaccuracies in
the numerical model, limitations of the calibration procedure and potential measurement imprecision. With regards to the numerical
model, the accuracy of the estimated permanent monopile rotation strongly depends on the ability of the constitutive model to
reproduce the accumulated soil strain and its calibration. In this paper, the HCA constitutive model in combination with a simple non-
linear elastic cyclic model has been selected, which reproduces the realistic phenomena of accumulation of strains as a function of the
number of cycles, relative density and average and cyclic stresses. Despite the HCA capturing most of the realistic phenomena asso-
ciated to the accumulation of strains, it presents some limitations. First, the model does not always accurately predict the accumulated
strain due to variations in the average stress, which might lead to a loss of cyclic memory [45]. In addition, the parameter set is not
necessary unique, the flow rule can be too simple for a 3D stress state, and the hardening parameter may not be precise.

The accuracy of the predicted rotation also depends on how realistically the numerical FE model represents the offshore wind farm
site conditions, including drainage conditions and installation effects. As indicated in Klinkvort and Page [46] and Li et al. [47], the
response of monopiles in sand within a single load cycle might be undrained, and pore pressures might be generated and dissipated in
the sand surrounding the monopile. In the examples presented in this paper, we have assumed fully drained conditions and a
wished-in-place monopile, which are simplifications of more realistic site conditions. If considered necessary, the effect of drainage can
be included in the proposed methodology by generating contour diagrams that incorporate the effect of partial drainage on the
accumulated strains. For that purpose, both the HCA [18] or the PDCAM [14] soil models could be employed in the 3D FEA.
Installation effects could be included by accounting for changes in the in-situ stresses and void ratio after installation [48]. In addition,
the rotation owing to installation could be accounted for by modelling an initially tilted monopile in the FEA.

The proposed methodology presents some limitations that raise questions for future research. One limitation is that the effect of
multi-directional loading is not accounted for in the estimation of the permanent rotation. Multi-directional loading could be included
by superposition, that is, by defining different radial planes perpendicular to the monopile’s cross-section, computing the permanent
rotation for the loads acting on each plane, and adding up all the contributions. In addition, results indicate that the predicted rotation
is very sensitive to the load characteristic ¢, and whether ¢, is varied or kept constant in the considered load history. Therefore,
carrying out more research on the effect of multi-directional loads, and how to select representative ¢, values is advised.

6. Conclusions

A methodology for estimating the permanent rotation of monopiles for the SLS under different load histories has been developed.
The methodology combines results from 3D FEA — with a constitutive model that can account for the accumulation of strains — with an
accumulation procedure. It is suitable for this purpose because:

e it predicts the permanent monopile rotation under multi-amplitude load histories observed in experimental centrifuge tests with
reasonable accuracy;

e the calibration of the soil response is based on results from cyclic laboratory tests, alone, or in combination with correlations from
the literature [29]; which makes the methodology applicable to everyday OWT design;

e it reproduces the permanent monopile rotation computed by time-consuming 3D FEA with reasonable accuracy;
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o it is computationally effective. Once the contours are established, different load histories representing the OWT lifetime can be
verified at low computational effort. This allows, not only checking different load histories in the design to find out which load
history leads to the largest permanent rotation, and therefore is more critical to SLS design, but also understanding the impact of
sorting the irregular load histories using different methodologies.

Finally, the results provided in this paper are largely based on numerical simulations. Comparison with laboratory tests (at element
level) and field tests and full-scale measurements of OWT (at monopile level) should be carried out to ensure that the numerical results
and the assumptions of the proposed methodology — especially the use of the accumulated rotation as state variable — are fair.
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