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ABSTRACT

Ice-induced vibrations have to be considered in design of vertically sided offshore structures
subjected to loading by sea ice, such as offshore wind turbines and oil- and gas platforms.
The interaction between ice and structure may result in high global peak loads and the
occurring structural vibrations can contribute significantly to the overall fatigue of the
structure. A regime of particular interest is the frequency lock-in regime in which the
interaction causes the structure to oscillate at high amplitude with a frequency close to one of
its natural frequencies. Assessment of frequency lock-in in the design phase can be done
based on simple approaches once for given ice conditions the natural modes to experience
frequency lock-in and the range of ice drift velocities for which lock-in develops are known.
Determining those modes and velocities is however challenging due to the nonlinear nature
of the interaction between ice and structure and limited available reference data. In this paper
two methods are applied to determine the structural modes and ice drift velocities required as
an input for simplified design approaches. The first method is the application of design
standards and estimation formulas available from literature. The second method is the
application of a recently developed numerical model for simulation of the interaction. The
methods are applied to two existing structures which have experienced frequency lock-in and
an offshore wind turbine designed to be employed at a location with mild ice conditions.
Results show that the estimation formulas do not match with full-scale observations of the
existing structures and can therefore not be applied to obtain input for the simplified design
approaches. The second method shows to give simulation results consistent with the full-
scale observations. Application to the offshore wind turbine reveals that it is most susceptible
to frequency lock-in in the second mode.

KEY WORDS: Ice-induced vibrations; frequency lock-in; offshore wind; structural design.

INTRODUCTION

Ice-induced vibrations of offshore structures in cold regions pose a design challenge which
has been studied for decades. The Cook Inlet observations (Peyton, 1968, Blenkarn, 1970),
the Molikpaq ‘incident’ in the eighties (Jefferies and Wright, 1988), and the large
experimental and full-scale campaigns in the nineties (Saeki et al., 1996; Schwarz and
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Jochmann, 2001) being of major importance to the developments. Recently the topic has
gained new interest with respect to projected offshore wind developments at locations in the
Baltic Sea and Bohai Sea.

Three regimes of interaction are typically distinguished (1SO19906, 2010), being intermittent
crushing, frequency lock-in, and continuous brittle crushing. The frequency lock-in regime is
of particular interest with respect to offshore wind developments. The typical support
structures consisting of a tower and monopile result in low natural frequencies of the first
modes and relatively low damping ratios which makes the structures theoretically very
susceptible to frequency lock-in.

During frequency lock-in the structural oscillation shows some typical characteristics which
allow for a simplified analysis of the impact for extreme (ULS) and fatigue (FLS) conditions
(see for measured signals e.g. Huang et al., 2007; Izumiyama et al., 1994; Singh et al., 1990;
Toyama et al., 1983). Typical structural displacement, structural velocity, and ice load signals
illustrating those characteristics are shown in Figure 1. The signal is close to harmonic with a
frequency often slightly below the natural frequency of the mode of the structure in which
lock-in has developed. The deviation from the harmonic signal generally occurs at the time
moment when the structure reverses its direction of motion and starts to move towards the ice
as seen at the moments the velocity of the structure changes from positive to negative in
Figure 1. The velocity amplitude of structural motion is found to be in the range of 1.0 up to
1.5 times the ice velocity in experiments and full-scale data (Toyama et al., 1983). Using
these observations the oscillation of the structure during frequency lock-in can be
approximated by:

u, (t):%+%3m(%t) (1)

S n

, With us the structural displacement at the ice action point [m], Fmean the mean global ice load
[N], Ks the structural stiffness at the ice action point [N/m],  a factor between 1.0 and 1.5 [-],
Vice the ice drift velocity [m/s], wn the natural frequency of the mode in which frequency lock-
in develops [rad/s], and time t [s].
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Figure 1. Typical (simulated) structural displacement, structural velocity, and global ice load
during frequency lock-in of a structure with a natural frequency of 2.32 Hz at an ice drift
velocity of 0.04 m/s.

The impact on design for ULS and FLS conditions can be verified by applying an oscillation
pattern of the ice action point of the structure according to Eq. (1) in detailed numerical

POAC17-187



models of the structure. In order to do so it is required to know the global ice load, the modes
to consider, and the ice drift velocities for which frequency lock-in can develop for relevant
ice conditions. Note that this approach is valid for situations where other external loads are
not causing significant structural motion. When significant interaction of the structure with
wind or currents takes place, such that the structural motion is altered during interaction with
the ice only a fully coupled numerical simulation of the interaction can be used to assess the
development of frequency lock-in. It should additionally be checked whether limiting
mechanisms such as ice buckling are expected to occur that would eliminate the possibility
for frequency lock-in to develop.

In this paper we look into the challenge of estimating the structural modes and ice drift
velocities for which frequency lock-in can develop in given ice conditions. Two methods are
applied: the first method is based on 1SO19906 (2010) and estimation formulas available in
literature, and the second method incorporates a recently developed numerical model for
simulation of the interaction (Hendrikse and Metrikine, 2016). Both methods are applied to
two existing structures which have experienced frequency lock-in in order to evaluate their
applicability. These structures are the Norstromsgrund lighthouse located in the Gulf of
Bothnia and the Monopod MDP-1 located in the Bohai Sea. The methods are also applied to
study an offshore wind turbine on monopile foundation designed for southern Baltic Sea
conditions.

In Section 2 the relevant structural and ice parameters of the three structures are presented
which are used as input for the analysis in this paper. In Section 3 an estimate of the modes in
which frequency lock-in can develop and the velocity range over which it develops on the
basis of design standards and estimation formulas from literature is presented. In Section 4
the same quantities are obtained from simulations with a recently developed numerical model.
In Section 5 the results are discussed and in Section 6 the conclusions are presented.

STRUCTURES CONSIDERED IN THE ANALYSIS

For our analysis we take into consideration the first four modes of an offshore wind turbine
on a cylindrical monopile foundation designed for southern Baltic Sea conditions. Higher
modes are not included here as the analysis serves as an example, but for a real design all
relevant modes have to be included. The modal properties of the first four modes are given in
Table 1. Both the generalized mass Mg for eigenvectors scaled to one at maximum deflection,
and the oscillating mass Ms used in a single-degree-of-freedom (scaled to modal deflection at
the ice action point) representation are given. @ is the modal amplitude at the ice action point.
The foundation has a diameter d of 6 m at the ice action point and the structure is envisaged
to be employed at a location with a 50-year ice thickness hso of 0.4 m.

Table 1. Modal properties of first four modes of the studied offshore wind turbine.

Mode | fo[Hz] | &[] M; [t] @ [-] Mg [t]
1 0226 | 0.01 | 29-10* | 0.147 615
2 0626 | 0.01 | 3.9-10° | 0.854 2850
3 1.546 | 0.01 | 9.8-10° | 0.008 624
4 1.709 | 0.01 1.5-10° 0.059 513
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We also consider two existing structures being the Norstromsgrund lighthouse located in the
Gulf of Bothnia and the Monopod MDP-1 located in the Bohai Sea. For both structures only
the first mode is considered as frequency lock-in has occurred mainly in mode one. It is again
noted that in a real design scenario more modes should be included in the analysis. Table 2
shows the properties of the structures used in the analysis based on Guo (2012). Upper bound
measured values for the ice thickness (h) and the reported range of velocities (vai) where
frequency lock-in occurred are given (Yue et al., 2002; Ice Induced Vibrations JIP, 2011).

Table 2. Parameters used in analysis of the Norstromsgrund lighthouse and MDP-1 monopod.

Structure fn [HZ] C[-] Ms [t] d[m] h[m] viii [m/s]
Norstromsgrund, 2.6 0.02 3.5-10° 7.5 1 0.02-0.12
lighthouse
Monopod 2.32 0.03 9.25-102 1.78 0.5 0.02-0.04
MDP-1

Estimates of the global ice load are required for the numerical simulations and are obtained
based on formula A.8-21 in 1ISO19906 (2010):

-0.16
F, = thR (h)—0.5+h/5 (VFVJ (2)
, Where Fiso is an estimate of the maximum load during continuous brittle crushing [N], and w
is the structure width or diameter [m]. Results for different Cr values are given in Table 3. We
have chosen the Cr values to represent different estimations of ice load levels for continuous
crushing based on 1SO19906 and a discussion on ice load estimation by Gravesen and Karna
(2009). The load levels presented in Table 3 are used as reference for input in the numerical
simulations described in Section 4. It is noted that these estimates represent maxima during
continuous brittle crushing which is a different interaction regime than frequency lock-in.
During continuous brittle crushing the ice load is not affected by the structural motion.

Table 3. Maximum global load during continuous brittle crushing based on Eg. (2).

Structure Cr=1.0 MPa Cr=1.4 MPa Cr=1.8 MPa
Norstrémsgrund lighthouse 5.43-10°N 7.61-10°N 9.78-10°N
Monopod MDP-1 9.58-10° N 1.34-10°N 1.73-10°N
Offshore wind turbine 2.29-105N 3.20-105 N 4.12-10° N

APPLICATION OF DESIGN STANDARDS AND ANALYTICAL FORMULAS

The applicable design standards IEC61400-3 and 1SO19906 are soon to be revised, but the
analysis method for frequency lock-in is not expected to change significantly from the
method presented in the current version of 1SO19906 (2010). We will therefore follow the
approach presented in the current version of 1ISO19906 for our analysis.
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The susceptibility of different modes of oscillation of a structure to frequency lock-in can be
determined based on formula A.8-69 from 1SO19906 (2010):

[
&n 2 4zt M, ho (3)

, with ¢, the damping ratio as a fraction of critical of mode n [-], f, the natural frequency of
mode n [Hz], M the generalized mass for eigenvectors scaled to one at the maximum
deflection of mode n [kg], h the ice thickness [m], @nc the modal amplitude at the ice action
point of mode n [m], and & an empirical coefficient equal to 40-10° [kg/ms]. Results of
application of Eg. (3) to the structures considered are shown in Table 4. Frequency lock-in is
expected for the lighthouse and monopod in mode one, and for the offshore wind turbine in
mode one and two for the specified ice conditions.

Table 4. Susceptibility of modes based on Eqg. (2).

Structure C[-] | RHS Eq. (2) | FLI
Norstromsgrund lighthouse | 0.02 0.35 Yes
Monopod MDP-1 0.03 0.74 Yes
OWT mode 1 0.01 0.19 Yes

OWT mode 2 0.01 0.52 Yes

OWT mode 3 0.01 | 0.00008 No

OWT mode 4 0.01 0.0051 No

The second step is to find the maximum ice drift velocity (Vmaxfiin), OF the range of velocities
(vai), at which frequency lock-in can develop for the identified susceptible modes. Several
approaches have been proposed in literature to estimate the maximum velocity at which
frequency lock-in can develop. 1ISO19906 (2010) gives formula (A.8-71):

Vmaxﬂi,n = 006 fn (4)

Guo (2013) suggests a dependence on the transitional strain rate between ductile and brittle
ice behavior £, and the structure diameter:

Vmaxfli = Ogd ‘éeq (5)

, with ¢, equal to 10 [s?]. Based on experimental and full-scale work Huang et al. (2007)
define an estimate of the maximum velocity as:

Df
Vmaxfli,n = Tnh (6)

D In[%)
e

, With E the Young’s modulus of ice [Pa], and Knthe stiffness used in a single-degree-of-
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freedom representation of mode n [N/m]. Palmer (2010) suggests a velocity range estimate
based on:

Viin =& f,h (7)

, with o between 0.01 and 0.4. Application of these four approaches to the structures
considered gives the estimates for the maximum velocity at which lock-in can develop shown
in Table 5. For the Huang approach we have chosen a range of E of 1 GPa up to 5 GPa
(Timco and Weeks, 2010)

Table 5. Estimates of maximum ice drift velocity for frequency lock-in based on analytical

approaches.

Structure: 1SO19906 Guo Huang et al. Palmer et al.

Eq. (4) (2013) (2007) (2010)

Eq. (5) Eq. (6) Eq. (7)
Norstromsgrund 0.156 0.0675 0-3.98 0.026 - 1.04

lighthouse

Monopod MDP-1 0.1392 0.016 0.01-0.45 0.011-0.464
OWT mode 1 0.014 0.054 0.68-0.93 0.001 - 0.036
OWT mode 2 0.035 0.054 1.86 — 2.57 0.0025-0.1

The obtained results are discussed in Section 5 in comparison to the numerical approach
applied in the following Section.

APPLICATION OF A NUMERICAL APPROACH

In this section we analyze the development of frequency lock-in for the different structures on
the basis of numerical simulations with a recently developed numerical model (Hendrikse and
Metrikine, 2016).

Model Input Parameters

The model requires eight input parameters to define the ice. Reference data from ice action
on a rigid structure is used to define these parameters. As the ice behavior when crushing
against a rigid structure is not influenced by structural motion pure ice related input
parameters can be obtained. For flexible structures, such as analyzed in this paper, the
interaction between ice and structure may lead to intermittent crushing or frequency lock-in
in which case the data reflect the interaction rather than pure ice behavior. Only in the
continuous brittle crushing range at high ice drift velocities is the behavior more or less
similar for both flexible and rigid structures.

We use the best match currently available to Baltic Sea data derived from the observations on
the Norstromsgrund lighthouse (lce Induced Vibrations JIP, 2011). Seven of the input
parameters used for simulations are given in Table 6 for reproducibility of the results
presented in this Section. It is worth commenting on the two velocities used as model input.
The value for vians is the velocity at which a transition from ductile to brittle ice behavior
occurs in the model. The value of vrethign is a reference velocity above which the ice fails in a
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completely brittle manner in continuous brittle crushing on a rigid structure. For velocities
above this reference the mean global load and standard deviation are approximately constant
as seen in the experiments by Sodhi and Morris (1984).

The remaining input parameter is the reference mean load level during continuous brittle
crushing. This parameter is chosen such that the maximum simulated load levels during
continuous brittle crushing correspond roughly to the load levels shown in Table 3. Table 7
shows the mean global ice load, maximum global ice load, and the amplitude during
continuous brittle crushing as obtained from numerical simulation. For the monopod the ratio
between amplitude and mean is much higher compared to the other structures as a result of
the smaller ratio between structure diameter and ice thickness following the experimental
results by Sodhi and Morris (1984).

Further discussion of the approach and definition of the parameters can be found in
Hendrikse (2017). Simulations presented here were run for 100 cycles of oscillation of which
the first 50 cycles were disregarded for the analysis to remove transient effects.

Table 6. Input parameters defining the ice behavior in the numerical model. For a detailed
explanation see Hendrikse (2017).

Model input Magnitude
parameter
Vref high: 0.1 mf/s
fref peak: 20 Hz
Virans 0.001 m/s
F ref max/ Fref,mean 5
Fref sta/ Fref mean 0.1
Fref,mean, 2/ Fref mean 3
T ref peak 60 s

Table 7. Simulated global loads during continuous brittle crushing at high ice drift velocities
for different load scenarios.

Structure and load | Mean global load Max global Amplitude Amplitude /
scenario [MN] load [MN] Mean [%]
Norstromsgrund
lighthouse
Load scenario 1 4.20 5.90 1.70 40%
Load scenario 2 5.90 8.30 2.40 41%
Load scenario 3 7.60 11.0 3.40 45%
Monopod MDP-1
Load scenario 1 0.50 0.97 0.47 94%
Load scenario 2 0.71 1.30 0.59 83%
Load scenario 3 0.91 1.70 0.79 87%
Offshore wind turbine
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Load scenario 1 1.35 2.02 0.67 50%
Load scenario 2 1.90 2.80 0.90 47%
Load scenario 3 2.44 3.60 1.20 49%

Simulation Results

Simulation results for the Norstromsgrund lighthouse and the MDP-1 monopod are shown in
Figure 2. The relation between the ice velocity and the maximum structural velocity is shown.
The frequency lock-in range is given by the points which follow the relationship (Toyama et
al., 1983):

Vs,max = ﬂvice (8)

, With Vs max the maximum structural velocity [m/s], and S a factor between 1.0 and 1.5.

The model predicts frequency lock-in for the Norstrémsgrund lighthouse in the range of 0.02
m/s up to 0.09 m/s for the load scenarios considered. For the MDP-1 monopod frequency
lock-in is predicted to occur between 0.02 and 0.06 m/s. It is seen that for higher load levels,
corresponding to higher numbers of load scenario, the range where frequency lock-in is
predicted to occur shifts to higher velocities. More energy is introduced by the ice at higher
load levels resulting in this shift to higher velocities. For details see Hendrikse (2017).

Results for the first four modes of the offshore wind turbine are presented in Figure 3. Modes
3 and 4 show no frequency lock-in in any of the load scenarios considered. Mode 2 shows the
largest range of frequency lock-in between 0.06 m/s and 0.11 m/s for the defined load
scenarios. Mode 1 shows a transition in interaction between 0.04 m/s and 0.07 m/s for the
considered load scenarios, but no pure frequency lock-in signal is obtained.

Norstromsgrund Lighthouse MDP-1 Monopod
03 m 0.16 —
. 0.12 — .
0.2 —
i p=15/ £=1.0
) u -
E = /
_; 1 E 008 — @ /m
¢ p=15"
i | |
0.1 — L u !
Y N .3
| oo’ * . ) s v . : U [ ] g =
s * ! o0
) 33893, XM
0 T I T T T I T ] 0 T I T T T T T
0 0.04 0.08 0.12 0.16 0 0.04 0.08 0.12 0.16
v, [m/s] v, [m/s]
@ Load scenario 1 # Loadscenario2 W Load scenario 3

Figure 2. Left: Simulated dependence of maximum structural velocity on ice drift velocity for
the Norstromsgrund lighthouse. Frequency lock-in is predicted to occur between 0.02 m/s and
0.09 m/s for the considered load scenarios. Right: Simulated dependence of maximum
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structural velocity on ice drift velocity for the MDP-1 monopod. Frequency lock-in is
predicted to occur between 0.02 m/s and 0.06 m/s for the different load scenarios considered.
The solid lines represent a ratio of 1.0 and 1.5.
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Figure 3. Simulated dependence of maximum structural velocity on ice drift velocity for the
four modes of the offshore wind turbine. Modes 3 and 4 show no lock-in in any of the load
scenarios. Mode 1 shows a transition in behavior in the range of 0.04 m/s up to 0.06 m/s, but
no frequency lock-in is obtained. Mode 2 shows frequency lock-in between 0.06 m/s and 0.11
m/s for the different load scenarios considered. The solid lines represent a ratio of 1.0 and 1.5.
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DISCUSSION
Modes Susceptible to Frequency Lock-in

With respect to the prediction of modes susceptible to frequency lock-in the analytical
formula in 1SO19906 (Eg. (2)) and the numerical approach used in Section 4 give the same
results. Despite the fact that Eq. (2) does not reflect our current theoretical understanding of
the interaction (Hendrikse, 2017) it gives a reasonable first indication of the susceptibility of
a mode to frequency lock-in. Care must be taken with respect to the empirical parameter 6
which incorporates effects of structure width and ice properties on the energy input from the
ice and might not always be conservative.

Prediction of Ice Drift Velocities at which Frequency Lock-in Develops for Existing
Structures

The predictions of the maximum velocity, or range of velocities, for frequency lock-in on the
basis of the different estimation formulas (Eq. (3-6)) show a large scatter as illustrated in
Figure 4. For the Norstromsgrund lighthouse only the formula used in 1ISO19906 predicts a
reasonable upper bound estimate, but this is perhaps not surprising as the lighthouse were
studied extensively as a basis for the standard. For the Monopod all formulas significantly
over predict the maximum velocity compared to the observed velocity range, except for the
estimation formula by Guo (2013) which results a value lower than the actual observations.
None of the estimation formulas considered here gives a good estimate for the maximum
velocities which could be used as input in Eg. (1) for design.

0.68 - 0.93 m/s 1.86 -2.57 m/s
3.98 m/s 1.04m/s 045m/s 0.46 m/s =
02 -+ -+ ! f
E o1
5 I
0 w 1 [
Norstrémsgrund MDP-1 OWT OWT
Lighthouse Monopod Mode 1 Mode 2

. Measured —— Max ISO19906 - Max Guo (2013) l:' Range Huang et al. (2007) . Range Palmer et al. (2010) . Range numerical simulation

Figure 4. Summary of results for the predicted frequency lock-in velocity range or max
velocity. For mode 1 of the offshore wind turbine the simulated possible range of frequency
lock-in based on the behaviour transition illustrated in Figure 3 is shown.

The method using the numerical simulation model shows more consistent results for the
lighthouse and the monopod as shown in Figure 4. The over prediction of the maximum
velocity for the Monopod could be a result of the assumption of a too high global ice load in
load scenarios 2 and 3. Load scenario one gives the best match with a range between 0.02 m/s
and 0.04 m/s. There is not enough load data available to compare between simulated load
levels and real load levels which have resulted in frequency lock-in of the monopod.

For the Norstromsgrund lighthouse a lower maximum is predicted in the considered ice load
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conditions. The load scenarios considered yield high load values compared to those actually
measured on the lighthouse and therefore a similar over prediction of the maximum velocity
as for the monopod would be expected. An effect which is not included here which is very
relevant for stiffer structures, such as the Norstromsgrund lighthouse, is the importance of
initial conditions. The interaction problem is to some extent sensitive to initial conditions as
frequency lock-in may not be possible to develop from the initial equilibrium position, but
the limit cycle can be reached with favorable initial conditions. At velocities above the range
predicted as shown in Figure 4 short periods of frequency lock-in sometimes develop. An
example is shown for the Norstromsgrund lighthouse in load scenario 2 at 0.12 m/s in Figure
5. Frequency lock-in has often been observed to develop for short amounts of time on the
lighthouse (Bjerkas et al., 2014). This could indicate that the majority of events measured
was actually driven by the initial conditions. A more detailed study into the effect of initial
conditions on the predictions is ongoing.

Temporary Decaying Temporary Decaying Temporary Decaying
169 Frequency lock-in oscillation 0.2 Frequency lock-in oscillation 107 Frequency lock-in oscillation

0.1 |

0.1 |

Structural displacement [mm]
(=] -
| |
Structural velocity [m/s]
=1
|
Global ice load [MN]
R .
———
—
——

. . . . . . 0.2 ; ; : : ; ‘ 4+
0 2 4 6 0 2 4 6 0 2
Time [s] Time [s] Time [s]

9

Figure 5. Short duration frequency lock-in of the Norstromsgrund lighthouse in load scenario
2 at a high velocity (0.12 m/s) as a result of initial conditions. Frequency lock-in is sustained
for 7 cycles before the oscillations start to decay and the interaction is lost.

A degree of conservativeness has to be applied when using the maximum velocity from
model simulations as input for simplified design approaches to account for the effect of initial
conditions. For FLS predictions the effect is relatively small as initial condition driven
frequency lock-in is generally not stable for long periods of time and changing ice conditions.

Prediction of Ice Drift Velocities at which Frequency Lock-in Dvelops for the Offshore
Wind Turbine

Results for the offshore wind turbine shown in Figure 4 illustrate that in general the
estimation formulas predict frequency lock-in at much lower velocities than for the
lighthouse and the monopod, with the exception of the approach by Guo (2013). This is
surprising as comparison between the second mode of the offshore wind turbine and the first
mode of the lighthouse shows that the offshore wind turbine has lower damping and a lower
natural frequency which on the basis of experiments would suggest frequency lock-in at
higher velocities (Huang et al., 2007).

Based on the numerical approach the offshore wind turbine is shown to be susceptible to
frequency lock-in primarily in the second mode. For the different load scenarios considered
the range even extends to values higher than those simulated for the lighthouse. This is an
important observation as it is often suggested in literature that sustained frequency lock-in
cannot develop above 0.1 m/s (ISO19906, 2010). Full-scale observations on channel markers

POAC17-187



and model-scale experimental observations suggest that such theoretical limit does not exist
and support the model predictions (Nordlund et al., 1988; Huang et al., 2007). Recent
theoretical development (Hendrikse, 2017) also suggests that no such limit exists and that for
structures with low damping in severe ice conditions the maximum velocity could increase
significantly above 0.1 m/s.

With respect to the first mode it is observed that the natural period is so large such that during
a single cycle of interaction a long time occurs during which the contact area between ice and
structure increases in the model. This sometimes results in a large increase in the resistance of
the ice. As a result the structure experiences a mix of frequency lock-in and intermittent
crushing like behavior as illustrated in Figure 5 for load scenario 2 and a velocity of 0.04 m/s.
There are no data available to validate this type of behavior. Experiments aimed at
investigating frequency lock-in for structures with low natural frequencies are required.

0.16 0.06 . .
’ >]  Zero relative velocity

0.04

4 () —
0.02
0.08

0 4-

o

0 — -0.06 — ot
384 388 392 396 400 404 384 388 392 396 400 404 384 388 392 396 400 404
Time [s] Time [s] Time [s]

-0.02 —
0.04

Global ice load [MN]

Structural displacement [m]
Structural velocity [m/s]

-0.04 4

4

Figure 5 Simulated mixed frequency lock-in and intermittent crushing interaction at 0.04 m/s
for load scenario 2 for mode 1 of the offshore wind turbine. A single mixed cycle is shown.
At the moment when the amplitude of oscillation reaches close to zero relative velocity the

ice resistance increases enough as a result of ductile ice behavior to prevent the structure
from moving back and the oscillation pattern is interrupted by a typical intermittent crushing
type of interaction.

CONCLUSION

The estimation of the susceptibility of structural modes to frequency lock-in and the range of
ice drift velocities for which frequency lock-in can develop in given ice conditions has been
studied. Three structures have been analyzed, being the Norstromsgrund lighthouse, MDP-1
monopod, and an offshore wind turbine designed for southern Baltic Sea ice conditions. The
analysis has been conducted on the basis of both existing estimation formulas from literature
and numerical modelling of the interaction with a recently developed model.

With respect to the prediction of the susceptibility of modes to frequency lock-in both the
estimation formulas and the numerical approach show to be consistent with observations on
the existing structures. The first mode of the lighthouse and monopod are correctly predicted
to be susceptible to frequency lock-in. For the offshore wind turbine it has been found that
the first and second mode are susceptible to frequency lock-in in the defined ice conditions
based on both the estimation formulas and the numerical approach.

The estimation formulas from literature show a significant scatter in the predictions for the
maximum velocity and velocity range at which frequency lock-in can develop. None of the
formulas matches the observations of the lighthouse and monopod and they can therefore not
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be applied for simplified design approaches.

The numerical method shows results consistent with the observations of the lighthouse and
monopod. A good estimate for the maximum velocity at which frequency lock-in can develop
can be obtained with the numerical method allowing for a simplified design approach based
on characteristics of the structural motion during frequency lock-in. Care should be taken to
include a degree of safety in the estimate to account for the effect of initial conditions on the
maximum predicted velocity at which frequency lock-in develops.

The results obtained with the numerical approach show that frequency lock-in is most likely
to develop in the second mode of the offshore wind turbine considered. For moderate ice
climates in the southern Baltic Sea, with ice thickness not exceeding 0.5 m and an ice load
level given by a Cr value of 1.0, the example of the OWT structure calculated shows
maximum ice drift velocities for frequency lock-in of 0.06 m/s for the first mode (in the
region of 0.25Hz) and 0.1 m/s for the second mode (around 1.0Hz). These values can be used
as an indication for conceptual design purposes, but validation with an interaction model is
highly recommended at later design stages.
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