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ARTICLE INFO ABSTRACT
Keywords: For offshore wind farms which are planned in sub-arctic regions like the Baltic Sea and Bohai Bay,
Ice-structure interaction support structure design has to account for load effects from dynamic ice-structure interaction.

Ice-induced vibrations
Frequency lock-in
Intermittent crushing
Monopile

Multi-modal interaction

There is relatively high uncertainty related to dynamic ice loads as little to no load- and response
data of offshore wind turbines exposed to drifting ice exists. In the present study the potential for
the development of ice-induced vibrations for an offshore wind turbine on monopile foundation is
experimentally investigated. The experiments aimed to reproduce at scale the interaction of an
idling and operational 14 MW turbine with ice representative of 50-year return period Southern
Baltic Sea conditions. A real-time hybrid test setup was used to allow the incorporation of the
specific modal properties of an offshore wind turbine at the ice action point, as well as virtual
wind loading. The experiments showed that all known regimes of ice-induced vibrations develop
depending on the magnitude of the ice drift speed. At low speed this is intermittent crushing and
at intermediate speeds is ‘frequency lock-in’ in the second global bending mode of the turbine.
For high ice speeds continuous brittle crushing was found. A new finding is the development of an
interaction regime with a strongly amplified non-harmonic first-mode response of the structure,
combined with higher modes after moments of global ice failure. The regime develops between
speeds where intermittent crushing and frequency lock-in in the second global bending mode
develop. The development of this regime can be related to the specific modal properties of the
wind turbine, for which the second and third global bending mode can be easily excited at the ice
action point. Preliminary numerical simulations with a phenomenological ice model coupled to a
full wind turbine model show that intermittent crushing and the new regime result in the largest
bending moments for a large part of the support structure. Frequency lock-in and continuous
brittle crushing result in significantly smaller bending moments throughout the structure.

1. Introduction

Today about 2 GW offshore wind capacity is installed in the Baltic Sea, while WindEurope estimates that up to 85 GW could be
deployed by 2050 [1]. Offshore wind turbines built in sub-arctic regions like the Baltic Sea and the Bohai Bay are facing one main
distinguishing challenge: sea ice.

Structures in sub-arctic regions need to be designed to withstand ice loads induced by different ice features. Structures are typically
exposed to level, rafted, and ridged ice. Those ice types, depending on ice properties like thickness, drift speed and floe size, can cause
severe local and global loads on the structure. Ice loads and corresponding structural response are typically driven by failure modes of the
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ice: ice bending or buckling leads to moderate loads, while structures exposed to crushing ice experience higher loads. For vertically sided
structures, like offshore wind turbines with monopile foundations, design focusses on global loads caused by crushing ice mainly.

Crushing of ice and associated loads depend highly on the structural motion during interaction. The non-linear processes involved can
cause ice-induced vibrations (IIV), which have resulted in structural damage and near critical incidents for offshore structures in the past.
Experience with bottom-founded jacket structures excited by crushing ice in the Cook Inlet (Alaska) and in the Bohai Bay (China),
showed that dynamic ice loads can result in critical conditions for ultimate strength and fatigue for multi-leg structures [2-4]. To their
surprise, the crew of the caisson-based drilling platform Molikpaq experienced ice-induced vibrations during its deployment in the
Beaufort Sea where an ice event caused concern for the risk of sand-core liquefaction [5]. Adding to the observations of ice-induced
vibrations of multileg and wide structures, also slender single-interface structures like caisson-based lighthouses and steel channel
markers (both installed in the Baltic Sea) have experienced ice-induced vibrations [6-8]. No full-scale observations of ice-induced vi-
brations for offshore wind turbines on monopile foundations have been reported to date. This is mainly because of recent, relatively mild
winters in Europe and few structures on monopiles so far have been installed and monitored at locations where sea ice can develop.

Over the past decades it has become clear that structures with a relatively high ‘compliance’ are more prone to severe ice-induced
vibrations [9]. In general the relative importance of structural stiffness at the ice action point, oscillating mass and damping of
structures is not known yet. Comparing offshore wind turbines with lighthouses, channel markers, and oil- and gas platforms which
have experienced ice-induced vibrations in the past, it is to be expected that in similar ice conditions a more severe dynamic response
will develop for an offshore wind turbine [10]. The reason for that is the relatively high compliance and low damping of the wind
turbines, especially during idling.

For this reason, the applicable design standard IEC61400-3-1 [11] emphasizes the importance of considering dynamic ice-structure
interaction for offshore wind support structure design in sub-arctic regions. Three different approaches to consider dynamic ice loads
in the support structure design are proposed:

1. Analysis of ice action data (statistical data) from similar structures in similar ice conditions;

2. Application of sufficiently advanced numerical models including the dynamics of the structure, the dynamics of the ice and their
interaction;

3. Usage of measurements (model testing).

The challenge with these approaches is that data from similar structures in similar ice conditions does not exist. Numerical models
are being used, but these have not been extensively validated for their capacity to predict the interaction between ice and offshore wind
turbines owing to the same shortage of data. Model-scale experiments which did target offshore wind encountered challenges related
to scaling. This resulted in ice buckling to develop rather than crushing in the tests with vertical structures [12,13]. Other experiments
dedicated to offshore wind turbines did not consider the structural dynamics, treating the structure as rigid [14] or only partly
focussing on the first global bending mode of the turbine [15].

In the present study we introduce the results from ice tank tests aimed to reproduce the interaction of a 14 MW offshore wind
turbine in ice conditions representative of severe conditions (50-year return period) in the Southern Baltic Sea. The goal of the ex-
periments was to answer the question: which regimes of ice-induced vibrations can develop for an offshore wind turbine in these
conditions? Both an idling and operational turbine were tested using a real-time hybrid test setup to obtain some insight into the effect
of combined wind and ice loading on the development of ice-induced vibrations. Preliminary numerical simulations using a
phenomenological ice model coupled to a detailed wind turbine model were performed to obtain insight into the relevance of the
experimentally identified ice-induced vibration regimes for design of offshore wind support structures.

The experimental campaign is first briefly introduced, where reference is made to a more detailed description in Ref. [16]. Data
from the campaign used in this paper are publicly available from Ref. [17]. The ice and wind turbine model used for the numerical
simulations are introduced with reference to existing literature. The experimental results are presented with a focus on the regimes of
ice-induced vibrations that developed during the tests. A comparison between idling and operational cases is made to assess the effect
of wind loading on the interaction of the structure with the ice. This is followed by the numerical results where first the ability of the
model to qualitatively capture the experimentally observed ice-induced vibration regimes is demonstrated. Second, bending moments
over the height of the support structure are analysed to assess the relative importance of the different regimes of ice-induced vibrations
for design. Finally, the discussion covers generalization of the results and limitations of the experiments.

2. Methods

In this section details of the experimental campaign relevant for the analysis presented in the present study are introduced. The tests
reported herein were part of a larger test campaign in the SHIVER project which is described in detail in Ref. [16]. The ice model and
structural model used for the numerical simulations are introduced as well.

2.1. Experimental campaign

In June 2021 basin tests were conducted at the Aalto Ice and Wave Tank aimed to reproduce the dynamic interaction between a
drifting ice sheet and an offshore wind turbine on monopile foundation. The experimental setup consisted of a real-time hybrid setup
combining physical and numerical components thereby allowing to program any type of structural model and focussing only on the
interaction of the structure at the point of contact with the ice [18]. That way, the unique modal characteristics of the offshore wind
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Fig. 1. Left: Photograph of the real-time hybrid test setup during testing, showing the cylindrical pile interacting with the ice. Right: Schematic
overview of the real-time hybrid test setup [18].

turbine could be preserved in the model-scale setup.

A photograph of the setup in the basin is shown in Fig. 1, combined with a schematic overview of the different components. An
aluminum, vertical cylindrical pile with a diameter of 200 mm penetrated the ice sheet. The pile matched the displacements of the
simulated structure at the ice action point. Ice loads were identified from pile strains measured with strain gauges located above the ice
action point. The response of the simulated structure to the measured ice loads was numerically simulated on a micro-controller. The
calculated structural displacement at the ice action point was applied to the pile by bi-directional linear actuators. The pile dis-
placements were measured by displacement sensors.

The real-time hybrid test setup was mounted to a carriage. The carriage was mounted to a bridge spanning the ice tank. Ice drift was
simulated by moving the carriage along the bridge with pre-defined speeds. The resulting apparent ice drift (simulated by the moving
carriage and the stationary ice sheet) was then opposite to the carriage movement direction. Herein we describe movement of the
carriage as ice drift. The real-time hybrid test setup is described as the structure. The measured pile displacements relative to the
carriage supporting the real-time hybrid test setup are described as the structural displacements.

During the tests, the global ice forces and structural responses were measured with load cells, strain gauges, accelerometers, and
displacement sensors as further described in Ref. [18]. The analyses presented in the present study use the unfiltered measured global
ice force and structural displacement.

2.1.1. Model ice and test characteristics

The model ice was created by spraying a fine mist of a water-ethanol mixture on a thin layer of initial ice, according to the following
procedure: 1) Lower the tank temperature to —10 °C. 2) Remove the ice that has formed on the tank surface. 3) Re-freeze the water
surface for 20 min, forming a smooth, thin layer of ice. 4) Spray mist at —10 °C for 180 min, forming a layer of sprayed ice of 20 mm. 5)
Harden the ice at —11 °C for a total of 150 freezing-degree-hours. The spraying water and the water in the ice tank had an ethanol
content of 0.3%. The spraying process resulted in a fine grain structure that captured the ethanol in small pockets.

During test days the ice was kept at —11 °C to obtain ice with a high bending- and crushing strength, and effective modulus, which
promoted crushing failure to prevail. The ice material properties were measured according to the International Towing Tank Con-
ference recommended procedures and guidelines [19]. The flexural (o) and compressive (o) strengths of the ice were measured at the
end of each test day. It is noted that there is uncertainty with respect to the compressive strength values as the ice samples tested failed
in a combination of bending and compression. This may have yielded lower values than representative for the ice. An analysis on this
topic and the behaviour of the cold model ice in Ref. [20] shows that the effective strength during indentation, defined as the global
load divided by the contact area, was about 1.5 MPa, though this larger value may also be related to different confinement compared to
the standard ice property test. The ice thickness was measured after each test run at four equally spaced locations along the channel
created by the structure and is given as mean value hyeqp.

The test data used in this study are summarised in Table 1 and can be found in Ref. [17]. Test data are from four runs on two
different test days (June 21, 2021 and June 23, 2021). Specifically, the data used are from test ID 589, 590, 593 and 601 for an idling
turbine (run 3 and run 5 on June 21, 2021), and test ID 620, 621, 624, 627, 660 and 661 for an operational turbine (run 8 and run 9 on
June 23, 2021). For some ice drift speeds, tests had been captured in two test IDs. Those two test IDs have been merged in this study.
Merged timeseries are indicated in the figures accordingly.

2.1.2. Scaling and structural model

For this test campaign, the choice was made to not scale time, as the time-dependent behaviour of the ice in the tank could not be
easily controlled and was not known in the planning phase of the experiments. In addition, the waterline displacements of the test
structures were kept scale invariant, by which we mean that the displacements in the basin are equal in magnitude to those in full-
scale. Ziemer proposed and discussed the merits of this type of scaling approach for crushing in a recent analysis [21]. To achieve
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Table 1
Overview of tests from the experimental campaign considered in this study. The air temperature T , the ice compressive and flexural strength (6. and
oy, respectively), and measured ice thickness per run Ay, are listed.

TURBINE STATE TEST ID ICE DRIFT SPEED TEST DAY T . of Bunean WIND
AND RUN
[mm s~ 1] [°C] [kPa] [kPa] [mm]
Idling June 21, 2021 -11°C 579 526 -
589,590,593 Ramp,5,20 Run 3 31
601 40 Run 5 32
Operational June 23, 2021 —11°C 658 470 Fig. 3
(620 + 660), (621 + 661),624 (Ramp), (5),20 Run 8 35
627 40 Run 9 37

structural deformations similar to full-scale, a mass scaling factor A, was applied to each mode of the structural models, affecting the
mass (m), stiffness (k) and damping (c) of the structure. The scaling factor was determined based on the ratio between full-scale (FS)
and model-scale (MS) mean brittle crushing load F at 0.1 m s~ ! indentation speed:
lm:lk:lc:i 3)
Fus

This approach ensures that the displacement of the structure in model-scale is equal to the full-scale displacement. Geometric
scaling was relaxed, with the main focus being to assure crushing failure without flexural deformation. This was achieved with a
structural diameter of 200 mm and target ice thickness in the range of 30 mm. A more detailed discussion of this scaling approach
including examples demonstrating its applicability for scaling ice-induced vibrations for the Molikpaq platform and Norstromsgrund
lighthouse tested during the same campaign can be found in Ref. [20].

For the tests used in this study the scale factor was defined as A,, = 1700. This value was obtained using an estimate for the full-scale
mean brittle crushing of 1.7 MN and an estimate for the mean brittle crushing load in the basin of 1 kN. The full-scale load was based on
a scenario representative of 50-year return period Southern Baltic Sea design conditions (hsp = 0.4 m, Cg ; = 1 MPa), which are in line
with the data presented in Refs. [22,23], noting that these parameters will vary from site to site. During testing we found that the mean
load was actually higher than we had initially estimated, which makes that the experimental results represent a scenario with a higher
(~2.2 MN) mean brittle crushing load.

During the test campaign scaled modal properties of a lumped mass model of an offshore wind turbine were programmed on the
micro-controller. Global bending modes up to 20 Hz natural frequency were considered as advised for analysis of dynamic ice-structure
interaction in ISO 19906 [24]. Structural frequencies f, critical damping ratios for an idling and operational turbine at rated wind
speed { and scaled mass-normalized mode shape amplitudes in ice drift direction ¢, and perpendicular to the ice drift direction ¢, are
provided in Table 2.

To simulate an operational turbine in the tank we used a pre-defined thrust force F,;,4 applied numerically at the top of the tower in
the micro-controller. For this purpose, scaled mass-normalized mode shape amplitudes at tower top were added to the structural model

Table 2
Scaled modal information at ice-structure interaction point and tower top for the structural lumped mass model. Subscripts idl and oper indicate idling
and operational scenarios, respectively. Subscript MSL indicates modal amplitudes at Mean Sea Level, and subscript TT at Tower Top.

STRUCTURAL MODE f Gl Coper PxMSL PyMSL (2% Py 11
[Hz] [%] [%] [1073 kg %] [103 kg %] [103 kg %% [103 kg *%]
1 0.153 0.8 1.0 -1.86 0.00 —-39.10 0.00
2 0.154 0.8 10.2 0.00 1.88 0.00 39.39
3 0.824 1.2 1.8 12.66 0.00 52.14 0.00
4 0.888 1.3 4.4 0.00 -14.79 0.00 2.20
5 1.50 2.6 3.4 19.29 0.00 -10.55 0.00
6 1.66 1.9 5.9 0.00 -18.72 0.00 8.14
7 2.72 5.4 5.8 9.49 0.00 13.00 0.00
8 2.91 4.1 5.8 0.00 -7.53 0.00 -13.93
9 5.11 5.4 5.8 -9.39 0.00 —9.24 0.00
10 5.21 5.4 5.8 0.00 -10.04 0.00 ~10.44
11 7.46 5.4 5.8 18.60 0.00 -7.25 0.00
12 7.54 5.4 5.8 0.00 18.54 0.00 -8.23
13 10.5 5.4 5.8 -2.35 0.00 -6.83 0.00
14 10.5 5.4 5.8 0.00 -1.95 0.00 ~7.66
15 13.4 5.4 5.8 -16.12 0.00 —4.29 0.00
16 13.4 5.4 5.8 0.00 16.08 0.00 4.70
17 15.2 5.4 5.8 0.00 ~7.03 0.00 -3.73
18 15.3 5.4 5.8 6.14 0.00 3.43 0.00
19 17.3 5.4 5.8 -9.17 0.00 4.98 0.00
20 17.3 5.4 5.8 0.00 8.70 0.00 -5.51
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Fig. 2. Applied scaled numerical wind thurst force fluctuations for testing of an operational turbine.

(see Table 2). The thrust force was defined at rated wind speed for the turbine considered and was scaled down with the same factor as
the ice load. Before application, the mean wind force was subtracted from the signal to reduce the static offset of the structural setup.
Because of limitations with respect to memory, a time series of maximum 2000 data points could be predefined and applied during the
tests. As the test durations exceeded the length of the predefined wind force fluctuations, the time series was applied periodically. An
example of the applied thrust force, extracted from test ID 624, is shown in Fig. 2. Additionally, linearized aerodynamic damping was
added to the structural damping when an operational turbine was simulated (see Table 2).

2.2. Numerical analysis

The numerical simulations in the present study are preliminary simulations performed to obtain insight into the relevance of the
experimentally identified regimes of ice-induced vibrations for the design of an offshore wind turbine support structure. For this
purpose, a phenomenological ice model from literature, specifically developed for the simulation of dynamic ice-structure interaction,
was coupled to a commercial in-house software package (BHawC). BHawC allows to simulate the dynamics of a complete offshore
wind turbine and has been used to verify and validate open-source turbine models [25]. The approach chosen allows to provide a
realistic estimation of the bending moments that develop over the support structure at the cost of limited reproducibility. It is noted
that the ice model is public and input parameters for the simulations are provided below. As BHawC was used for verification and
validation of open-source code, the ice model can be coupled to open-source turbine models to obtain qualitatively similar results as
presented in this article.

2.2.1. Ice model

The ice model used for this work is defined in detail in Ref. [26], including validation with full-scale data from a lighthouse and
model-scale data from several campaigns. It is a phenomenological model which defines the global ice load on a vertically sided
structure as a result of interaction with sea ice. The model uses six input parameters which define the ductile and brittle behaviour of
the ice and the ice drift speed. Values for these parameters can be determined based on the method described in Ref. [26], which has
also been applied to obtain the simulation parameters defined below.

To apply the ice model for simulations with offshore wind turbines, the input parameters need to be defined for the ice conditions
concerned. For this purpose, the characteristic peak design load during continuous brittle crushing is obtained based on [24] as:

Fo=hwCp K%) (" mk} e)

where Fg is the peak global ice load during continuous brittle crushing, w is the projected width of the structure, h is the ice thickness,
h; is a reference thickness of 1 m, n and m are empirical coefficients, faz an empirical term and Cg, is the ice strength coefficient. This
formula gives a deterministic estimate of the peak brittle crushing load which can be used for design, but not necessarily the true load
on the structure in the given scenario.

For the ice model the parameters are chosen such that during continuous brittle crushing the peak load obtained from Eq. (1) has a
50% probability of exceedance in the simulation of a standard crushing event. The standard crushing event is characterized by an ice
drift speed and associated crushed length, or penetration depth, corresponding to a stable condition of continuous brittle crushing. This
approach is comparable to that used to define the Cy coefficient by Karna and Qu [27]. The standard stable brittle crushing event was
defined here based on full-scale data as a crushed length of 90 m at an ice speed of 0.15 m s~ .

The input parameters for the simulations as given in Table 3 are then obtained by substitution hsg = 0.4 m, Cg ; = 1.38 MPa into Eq.
(1) to obtain the target peak brittle crushing load in the standard crushing event. The somewhat high value of Cg ; used here, when the
Southern Baltic Sea is concerned, is chosen to have the mean load in the numerical simulations equal to the full-scale load corre-
sponding to the the tank experiments for the given scale factor.

Due to its phenomenological nature certain physical effects are likely to not be captured in the model. As indicated in a recent
analysis by Gagnon [28], the instantaneous removal of failed ice results in an underprediction of the damping from the ice. This will
have to be addressed in a future update of the model. For the purpose of this study the important thing is that the ice model used
captures all relevant regimes of ice-induced vibrations as observed in the experiments, which is verified in Section 4.

2.2.2. Wind turbine model
The ice model is fully-coupled to the Bonus Horizontal axis wind turbine Code (BHawC), which is a nonlinear aeroelastic tool for
the dynamic analysis of offshore wind turbines developed by Siemens Gamesa Renewable Energy.
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Table 3
Ice model input parameters used for numerical analysis.
ICE MODEL PARAMETERS K, K> G C, N 5 Finax
[Nm™] [INm™] [Nm™'s] N°m's] [ ml [m]
8.5210° 3.260107 3.060107 1.11e10% 58 0.004 0.006

150

Tower top

100

50

Structural height [m MSL)|

0 === ==
-50 ]
——FA 1 ——FA 3
—FA 2
-100 ‘
-1 0 1

Mass normalized
mode shape amplitude [10kg "]

Fig. 3. Left: Wind turbine model. Right: The first three global bending modes of the modelled structure. The fore-aft direction is denoted FA.

BHawC solves substructures for foundation, tower, nacelle, shaft, hub and blades using a co-rotational formulation, allowing for
geometric nonlinearity [29]. In more detail the structural model is implemented as a combination of the stiffness matrix and section
force recovery formulation [30] and a stiffness proportional damping formulation [31]. Aerodynamics are modelled based on the blade
element momentum theory, which has been expanded for skewed and unsteady inflow. Corrections for Prandtl’s tip loss and thrust at
high induction values are implemented. Aerodynamic forces are based on 3D-corrected coefficients for stationary air foil data and are
corrected by a Beddoes-Leishman-type model. Further, tower shadow effects are included and aerodynamics on nacelle and tower are
calculated. For further detail on the aerodynamics, reference is made to Ref. [32].

Displaced and contained water as well as marine growth on the support structure are modelled as distributed added mass. A sketch
of the wind turbine model and the first three mass-normalized mode shape amplitudes of global bending modes are shown in Fig. 3..

The implemented structural model in this case study is representative of a 14 MW wind turbine on a monopile foundation with a
diameter of 7.5 m at mean sea level (MSL). The tower top is roughly 134 m above MSL and the interface between tower and transition
piece at 14 m above MSL. The water depth was assumed arbitrarily as 30 m resulting in the pile tip at 62 m below MSL. The structural
model consists of 92 Equilibrium-Based Nonhomogeneous Anisotropic Beam Elements resulting in a model with 547 degrees of
freedom. The soil is represented by linearized p-y-curves representative for the Baltic Sea. The damping for the foundation and tower
were tuned to 5.0 § % and 8.3 5 % for the first and second global bending mode, respectively (i.e., Rayleigh damping). The model was
implemented such that boundary conditions prevent translational and rotational motion in z-direction.

2.2.3. Simulation matrix
The numerical simulation matrix is given in Table 4. As for the experiments, both an operational and idling case are considered. The
operational case is representative for design load case (DLC) D3 at rated wind speed in IEC61400-3-1 [11]. The Wind Turbine
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Table 4
Information on numerical simulations performed.
TURBINE STATE REPRESENTATIVE DLC IN IEC61400-3-1 [11] ICE DRIFT SPEED WIND SPEED
[mm s '] (start:step:end) [m s~ (# seeds)
Operational D3 (2:1:5), (10:2:70), (70:10:150) 12 (6)
Idling D8 (2:1:5), (10:2:70), (70:10:150) 1(6)

Generator (WTG) is in normal power production at rated wind speed, with a normal turbulence model (NTM). The idling case is
representative for design load case D8 in Ref. [11]. The wind turbine is idling at a wind speed below the cut-in wind speed (i.e. the
speed above which the turbine starts to produce power), with an extreme wind model (EWM).

Relevant ice drift speed intervals for the simulations were defined based on the results from the experimental campaign. A
simulation duration of 900 s has been chosen to minimize the effect of initial conditions after an initialisation time of 300 s. For all
simulations it is assumed that ice drift and wind directions are aligned. Frequency spectra of the numerical data are based on the last
175 s of the data.

3. Experimental results

Results from the tank experiments are presented. First the results from constant deceleration tests are shown which were used to
identify the ice drift speeds for which different regimes of ice-induced vibrations developed. Based on these tests several ice drift speeds
were selected for constant speed tests to obtain long time series allowing to analyse the vibrations in more detail. Results for the idling
and operational turbine are presented side-by-side to show the effect of the simulated wind loading and added aerodynamic damping
on the ice-structure interaction.

3.1. Constant deceleration tests

Figs. 4 and 5 show the result for an idling and operational turbine, respectively, during a constant deceleration test reducing the ice
drift speed from 80 mm s~ to 0 mm s~ ! with a deceleration of ~0.2 mm s 2. As the velocity decreases, the interaction can be clearly
seen to change in both the ice load and structural response plots. At high speed (a) the response amplitude of the structural
displacement is small in case of idling, and dominated by the wind load in case of operation. As there is no apparent amplification of the
ice load, and the structural response is not dominated by any particular mode, the interaction is deemed to be continuous brittle
crushing.

In both cases for an ice speed below 50 mm s~ (b) a more amplified second mode response is observed with some higher load peaks
indicating interaction between ice and structure. Around 20 mm s ! this interaction changes again showing a saw-tooth like pattern in
both the load and response with a clear first mode contribution as seen in the wavelet plot (c). When the speed gets close to zero the ice
load increases to the highest magnitude and the period of the observed saw-tooth becomes longer than the first natural period (d). In
these ranges of speeds (b) — (d) ice-induced vibration regimes different from continuous brittle crushing are observed. To allow for
identification of these regimes long runs with constant speed were performed for which the results are shown in the next section.

3.2. Constant ice drift speed tests

From the deceleration tests a total of eight ice speeds were chosen for long constant speed runs. Here the analysis focusses on
several cycles of the observed interaction for the ice speeds of 5 mm s L, 20mm s, 40 mm s~!, and 70 mm s '. These time series were
illustrative of the four different regimes of ice-induced vibrations encountered during the experiments. The whole time series of the
measured structural displacement, ice load, relative velocity and carriage velocity for these runs are included in Appendix A. The
square root of power spectral densities (amplitude spectral densities (ASD)) is presented to minimize the influence of initial vibrations
on the spectra in the following figures.

3.2.1. Intermittent crushing

For low ice drift speeds (here: 0.005 m s 1) sawtooth displacement patterns and a corresponding load signal are found repre-
sentative of intermittent crushing (see Fig. 6). The amplitude spectral densities of both global ice load and structural displacement
show peaks somewhat below the first linearized natural frequency which are associated with the periodicity of the larger sawtooth
observable in the time series. Comparing the operational to the idling case the oscillations in the relative velocities seem to be reduced,
which could be related to the higher damping suppressing higher mode oscillations of the structure. The wind load fluctuations do not
appear to have a large effect on the overall interaction between the ice and turbine in this regime.

3.2.2. Multi-modal interaction with first mode amplified response

A slightly higher ice drift speed (here: 0.020 m s™1) results in a structural response dominated by an amplified first mode response
(see Fig. 7). The global ice load pattern shows a saw-tooth like shape; however, the main periodicity is closer to the first natural period
of the structure when compared to Fig. 6. The regime does not fall within the definitions for ice-induced vibrations adopted in
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Fig. 7. Times eries of ice load, structural displacement and relative velocity and amplitude spectral densities of ice load and structural displacement
of an idling and operational turbine for a constant ice drift speed test (here: 0.020 m s .

ISO19906 and IEC61400 and literature [33]. The response of the structure is not dominated by a harmonic response in a single mode,
which would characterize it as frequency lock-in. Instead, the second and third mode of the turbine get involved once the structure
moves back to its origin after an event of global ice failure. The possibility for multi-modal ice-induced vibrations to develop has been
observed during experiments conducted by Maattanen [34], though not in a situation with a controlled indentation speed.

The short period of second-mode vibration may develop because the first mode is relatively slow. When the structure returns to the
equilibrium after large global ice failure the oscillations in relative velocity indicate short instances of frequency lock-in in the second
mode to develop. As there is enough time during half a period of first mode vibration (=3 s) for several cycles of second mode
oscillation to develop, and the second mode of the turbine can be easily excited by the ice (see Fig. 3), it is made impossible for
‘classical’ frequency lock-in to develop for the first mode. In a way, the motions in the second mode, and to some extent the third mode,
act as a disturbance.

Comparing the results for the idling and operational turbine, no clear differences are observed except for the peak in the ASD plot of
the structural displacement at a frequency of 0.05 Hz which relates to the imposed fluctuating wind load.

3.2.3. Frequency lock-in
For intermediate ice drift speeds in the experiment (here: 0.040 m s~ ') a near-harmonic oscillation with a frequency slightly below
the second natural frequency of the structure is found, which classifies as frequency lock-in (see Fig. 8). Some short moments of third
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Fig. 8. Timeseries of ice load, structural displacement and relative velocity and amplitude spectral densities of ice load and structural displacement
of an idling and operational turbine for a constant ice drift speed test (here: 0.040 m s™1).

mode interaction can be seen to develop for low relative velocities (around minima of the displacement signal). The global ice load is
periodic, but with smaller peak load amplitudes than observed for the lower speeds. For this type of interaction, the wind induced
response is clearly visible in the displacement signal during the operational case. The effect on the ice load and relative velocity
between ice and structure seem to be minimal.

For confirmation of the qualification as frequency lock-in, we show the structural peak velocities in the direction of the ice motion
Vpeak for all tested ice drift speeds v in Fig. 9. A linear relation between these two parameters () can be used to identify frequency
lock-in [35]:

(2)

with  between 1.0 and 1.5. The peak velocity was calculated for the 99th quantile of the last half of the timeseries to exclude
outliers. Based on the plot, frequency lock-in occurs for an ice drift speed between 0.020 and 0.050 m s~1. However, the time series
clearly indicate that the structure experiences a different type of vibration pattern for an ice drift speed of 0.020 m s ™. As the method is
based on single-degree of freedom structures, this method might be insufficient when applied for multi-degree of freedom structures,
though it still gives a reasonable indication of where (temporary) lock-in might have developed. The differences of the structural peak
velocity between the idling and operational scenarios can be explained by the difference in aerodynamic damping. An ice drift speed
between 0.005 and 0.020 m s~ causes ice-induced vibrations with a frequency close to a frequency of the first eigenmode. As the
aerodynamic damping is highest for this eigenmode, vibrations are significantly damped. Differences for higher ice drift speeds are
marginal as the effect of aerodynamic damping on the structural peak velocity reduces due to a different type of structural response.

The amplitude spectral density of the structural displacement in Fig. 8 shows a contribution of the first mode during frequency lock-
in. This is explained by the experiments not lasting long enough for the effects due to initial conditions to diminish.

Vpeak = ﬁvica

3.2.4. Continuous brittle crushing

For the highest ice drift speeds included in the experiments no significant structural vibrations and a characteristic stochastic load
around a mean level are obtained (see Fig. 10). For an operational turbine, the numerically applied wind load fluctuations at tower top
can be recognized in the structural response at the ice action point. Neither the idling nor the operational ice load spectrum indicates
any specific ice breaking frequency in this regime.

4. Numerical qualification of importance of different IIV regimes for design

The experimental results presented in Section 3 do not reveal the effect of the ice-induced vibrations on the full support structure of
the turbine, but rather only at the ice action point. Preliminary numerical simulations were performed to gain some insight in the
relative importance of the observed regimes of ice-induced vibrations for design of a support structure. The results of these simulations
are presented here. First, the ability of the adopted phenomenological ice model to qualitatively capture the different regimes of ice-
induced vibrations observed in the experiments is verified. This is followed by the presentation of the maximum absolute bending
moments over the height of the support structure for different ice speeds. These bending moment plots are used to identify the relative
importance of the different ice-induced vibration regimes for design.
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Fig. 10. Time series of ice load, structural displacement and relative velocity and amplitude spectral densities of ice load and structural
displacement of an idling and operational turbine for a quasi-constant ice drift speed test (here: 0.070 m s~ 1).

4.1. Numerically obtained ice-induced vibration regimes

Figs. 11 and 12 provide an overview of the numerically obtained ice-induced vibration regimes for different ice speeds in the same
format as Figs. 6-8 and 10, for an idling and operational turbine, respectively. For an idling turbine all four experimentally identified
regimes of ice-induced vibrations were found in the numerical simulations. Intermittent crushing developed for an ice speed of 5 mm
s1. An example of amplified first mode response has been selected for an ice speed of 38 mm s~1. An example of frequency lock-in in
the second mode is shown for an ice speed of 48 mm s~ ! and at higher speeds (e.g., 150 mm s ') the simulation resulted in continuous
brittle crushing. For the operational turbine similar results were obtained, with the effect of wind loading clearly visible for the higher
ice speeds simulated. A difference between the numerical and experimental results for the operational turbine is the mean offset of the
displacement, which was not included in the experiments to avoid having to offset the actuators.

Qualitatively the results match the experimental observations well allowing to use the results to assess the relative importance of
the regimes of ice-induced vibrations for design. We note that the numerical model results in more regular load and displacement
patterns as the model assumes perfectly homogeneous ice, whereas real ice and the ice in the tank are characterized as an inhomo-
geneous material with both thickness and strength varying across the sheet.

4.2. Bending moments along the support structure
The maximum bending moments over the height of the support structure are presented in Fig. 13. These are the maxima from six

simulations with different wind seeds for the idling and operational cases as introduced in Table 4. Local maxima per cross-section are
indicated in purple. It is found that regardless of operation or idling, the maximum bending moments per cross-section occur when the
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Fig. 11. Characteristics of global ice load and structural displacement at MSL for four representative ice drift speeds for an idling turbine. For each
ice drift speed four plots represent the ice load time series (top left), amplitude spectral density of the ice loads (top right), structural displacement
time series (bottom left) and amplitude spectral density of structural displacement (bottom right). Dashed orange lines mark the frequencies of the
first four structural eigenmodes.

ice drift speeds are low, in the range of 0.002 m s~ up to 0.04 m s~! approximately. These ice drift speeds correspond to the regimes of
intermittent crushing and the regime with an amplified non-harmonic first mode response as can be seen in Figs. 11 and 12. The effect
of the wind load is clearly seen in the results, as bending moments over the height of the support structure are much larger for the
operational scenario when compared to the idling scenario.

5. Discussion

The discussion focusses on the observed regimes of ice-induced vibrations, generalization of the results, and limitations of the
experiments.

5.1. Ice-induced vibrations of offshore wind turbines

For the most part the vibrations observed in the experiments for offshore wind turbines are similar to those observed for existing
structures in the past. Intermittent crushing develops at low ice drift speeds, frequency lock-in at intermediate speeds, and continuous
brittle crushing at high speeds. The results from the constant deceleration tests show transitions from one regime to the other which are
comparable to the early observations on slender piles in Cook Inlet by Blenkarn [3], and for example the Molikpaq May 12th event [5].
As offshore wind turbines are relatively compliant structures, it is understandable that these will show severe ice-induced vibrations in
much milder ice conditions when compared to, for example, the Molikpagq.

There are two clear differences when comparing the wind turbine results to observations for other types of structures: 1) a multi-
modal type of interaction leading to a non-harmonic amplified first mode response develops in between intermittent crushing and
frequency lock-in, and 2) frequency lock-in develops mainly in the second global bending mode rather than the first.

The multi-modal type of interaction is shown in Fig. 7 and develops for both an idling and operational turbine. The response is
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Fig. 12. Characteristics of global ice load and structural displacement at MSL for four representative ice drift speeds for an operational turbine. For
each ice drift speed four plots represent the ice load time series (top left), amplitude spectral density of the ice loads (top right), structural
displacement time series (bottom left) and amplitude spectral density of structural displacement (bottom right). Dashed orange lines mark the
frequencies of the first four structural eigenmodes.
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Fig. 13. Maximum bending moment over the height of the support structure for different design load cases and simulated ice drift speeds.

characterized by a main period roughly equal to the first natural period of the structure, with contributions of the second and third
mode during half the cycle when the main direction of motion of the structure is towards the ice. The response of the structure not
being harmonic, makes this interaction not fit with the definition of frequency lock-in. The interaction not being quasi-static makes it
not fit with the classical definition of intermittent crushing. This regime is perhaps best qualified as ‘something in between’. The
occurrence of this regime can be explained based on the particular modal properties of an offshore wind turbine.

It is generally known that the periodicity in the ice load and structural response, provided ice-induced vibrations develop, decreases
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with increasing ice drift speed. Once the periodicity gets close to that of one of the structural modes, the interaction may change from
intermittent crushing into frequency lock-in. This only happens when the structural mode is lightly damped, the frequency is relatively
low (<10 Hz is a commonly used threshold [24]) and the mode can be easily excited by the ice. For lighthouses and channel markers
only the first mode typically fulfils these criteria, resulting in lock-in in the first mode only when the ice conditions are severe enough.
For offshore wind turbines the first mode fulfils these criteria, but the second and third mode do as well. Fig. 3 shows the
mass-normalized modal amplitudes for the wind turbine studied in the present study, where it can be clearly seen that at the location of
the ice action point (i.e at MSL) the second and third global bending mode can be easily excited.

In a scenario where the constant ice drift speed reaches the range where frequency lock-in in the first mode could theoretically
develop for the wind turbine, the response amplitude is amplified. The global ice load also shows a main periodicity equal to that of the
first mode. After a moment of global ice failure though, the structure starts to move towards the ice increasing the relative velocity
between ice and structure. As the first mode is relatively slow, this relative velocity does not change very rapidly. When the relative
velocity becomes higher than the incident ice drift speed the conditions for lock-in in the second or third global bending mode are
created. As these modes have significantly shorter periods than the first mode, and low damping, the interaction develops quickly and
for a couple of cycles. This ‘lock-in” with the second or third mode disturbs the development of a quasi-harmonic first mode response of
the structure causing the response pattern to look different from what is typically observed in frequency lock-in.

For frequency lock-in in the second mode, developing at higher ice speeds, this interference effect of higher modes is much more
limited. We still saw some third mode oscillations, but in general the response was much closer to harmonic as known for other
structures.

The numerical simulations show the relevance of the different regimes of ice-induced vibrations for design. When the ultimate limit
state is concerned these are intermittent crushing and the newly identified regime that result in the largest bending moments of the
structure. For fatigue analysis the frequency lock-in could be important as well, though this depends on the specific probabilities
associated with different ice drift speeds. It is noted that the low ice drift speeds do not need to be constant for a long time to lead to
individual high load and response peaks, as can be seen from the constant deceleration tests in Figs. 4 and 5.

5.2. Generalization of results

The results presented are specific to the case considered in this study in terms of absolute numbers for both the experiments and the
numerical simulations. Qualitatively though, these can be generalized for monopile support structures of offshore wind turbines. Most
support structures for offshore wind turbines have the second or third global bending mode excited easily at the ice action point, and
therefore the interaction can be expected to develop as observed in the experiments. For larger turbines the third mode influence is
likely to become more significant as the peak of the mode shapes shift with respect to each other with the height of the support
structure. For smaller turbines, such as those currently installed in the Baltic Sea, it will mainly be the second global bending mode.
Regardless of the modes involved in the interaction, these will always be the low ice speeds which will result in the largest structural
response and are considered most relevant for design of a support structure.

In terms of ice conditions, it is more challenging to generalize the results, though for more severe ice conditions than those scaled in
the tank the boundaries between different interaction regimes will theoretically shift to higher ice drift speeds and vice versa [36].

5.3. Limitations of the study

In our experiments we did not observe buckling failure as seen in earlier tests [12,13], owing to the relatively high flexural strength
of the cold model ice. The introduction of this new type of model ice during the campaign did come with challenges as we do not have
an accurate estimation of the compressive strength due to the measurement system not being able to deal with the high strength forcing
the ice sample to fail in bending rather than compression. This needs to be resolved in future experiments.

The initial impact between the ice and the structure at the start of a test would often result in excitation of the first mode. This
transient effect took a lot of time to disappear owing to the long natural period and low damping. As a consequence, there was often not
enough test length in the tank during high-speed tests to reach a state where the first mode was no longer visible in the response of the
structure. Though in reality such effects would also occur when ice first impacts a turbine support structure, the analysis of the results
in the frequency domain is somewhat complicated by this as it cannot be confirmed if the first mode contribution is just transient or
really part of the steady-state response. To reduce the effect of initial vibrations on the spectrum analysis, amplitude spectral densities
instead of power spectral densities have been shown.

A challenge with tank testing for ice crushing in general is how to deal with scaling. To verify that our experiments result in
representative load and response patterns for full-scale we have included tests with a simulated Molikpaq platform and Norstroms-
grund lighthouse in the test campaign. These structures are amongst the most well-known real structures which have experienced ice-
induced vibrations in full-scale while measurement campaigns were conducted. The results of these tests are reported upon in
Ref. [20]. The experiments for the Molikpaq reproduced the development of intermittent crushing like observed in the famous May
12th’ 1986 event [37], and for the Norstromsgrund lighthouse only short periods of lock-in developed representative of those during
three winters of measurements [38]. Given these results for the existing structures we are confident that the experimental results for
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the offshore wind turbine are representative of full-scale interaction.

This study did not investigate particularly how structural properties, non-linear effects, soil or passive dampers, and rotor-nacelle-
assembly related aspects such as blade pitch angles, yaw errors and blade passing influence the ice-structure interaction development.
Inclusion of such effects in the experiments is theoretically possible with the hybrid test setup but was omitted as it was expected that
the inclusion of such effects would significantly complicate the interpretation of the results.

At the time of development of this work the IEA 15 MW turbine model [39] was not available yet. That turbine model can be used in
simulations to verify the results of this study in terms of effects of wind loading on the interaction with the ice and to further investigate
effects of ice loading on the rotor-nacelle-assembly in general. As BHawC was used for validation of the open-source code FAST [25],
results of this study can be reproduced provided the ice model used in this study is coupled to FAST.

6. Conclusion

Ice basin tests for offshore wind turbines with a monopile foundation in ice conditions representative of severe Southern Baltic Sea
conditions have shown the development of all known regimes of ice-induced vibrations and in addition a multi-modal type of
interaction regime. This multi-modal interaction developed for both an idling and operational turbine at ice speeds between those for
which quasi-static intermittent crushing and frequency lock-in in the second global bending mode were observed. The interaction is
characterized by an amplified, non-harmonic, first mode response with contributions of the second and third mode of the turbine after
instances of global ice failure.

From the experiments the effect of the wind load fluctuations during operation on the interaction between ice and structure seemed
to be minimal, when compared to an idling scenario. The relative contributions of different modes to the structural response changes
due to higher aerodynamic damping, but all regimes of ice-induced vibrations showed to develop for both scenarios. For a high ice drift
speed, the structural response at the ice action point during operation reflects the wind load fluctuations, whereas at low speeds when
severe ice-induced vibrations develop the response shows to be controlled by the ice.

Preliminary numerical simulations have shown that for the full support structure the interaction at low speed resulting in inter-
mittent crushing and the multi-modal interaction regime give rise to the largest bending moments, illustrating the relevance of these
regimes of ice-induced vibration for design.
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Appendix A

Figs. 1-6 below provide the identified ice load, structural displacement, relative velocity and carriage velocity for the long test runs
conducted in the study. In the figures the parts of the time series analysed in the main text are indicated.
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