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A B S T R A C T

Interaction of sea or lake ice with vertically sided offshore structures may result in severe
structural vibrations commonly referred to as ice-induced vibrations. With the surge in offshore
wind developments in sub-arctic regions this problem has received increased attention over the
last decade, whereas traditionally the topic has been mainly associated with lighthouses and
structures for hydrocarbon extraction. It is important for the safe design of these offshore
structures to have the ability to predict the interaction between ice and structure in an expected
scenario. A model for simulation of the interaction between a drifting ice floe and a vertically
sided offshore structure is presented. The nonlinear speed dependent ductile and brittle de-
formation and local crushing of ice are considered phenomenologically. A one-dimensional sea
ice dynamics model is applied to incorporate the effects of floe size, wind and current. The
structure is modelled by incorporating its modal properties obtained from a general-purpose
finite element software package. Alternatively, the model can be coupled to in-house design
software for fully coupled simulations. Examples of application of the model to simulate dynamic
ice-structure interaction are provided. Simulation results are validated with public data from
forced vibration experiments, small-scale intermittent crushing and frequency lock-in, and full-
scale interaction with the Norströmsgrund lighthouse. Effects of floe size and environmental
driving forces on the development of ice-induced vibrations in full-scale are studied. It is shown
that sustained frequency lock-in vibrations of the structure can only develop for very specific
combinations of environmental driving forces and ice floe size. In all other cases, the ice floe
slows down and comes to a stop, or accelerates to a drift speed which exceeds the range where
frequency lock-in develops. This results in only a few cycles of vibration per interaction event,
such as observed for the Norströmsgrund lighthouse in the Baltic Sea.

1. Introduction

Offshore structures in cold regions need to be designed to withstand the interaction with sea or lake ice. For vertically sided
offshore structures, the interaction with an ice floe may result in severe structural vibrations, commonly referred to as ice-induced
vibrations. Design standards provide simplified time traces of ice loads, which lead to such conservative structural responses that
design for dynamic ice-structure interaction becomes challenging [1,2]. The main challenge remains to determine if a certain mode of
ice-induced vibration can develop for a particular structure in particular ice conditions (i.e. intermittent crushing or frequency lock-
in). Simulation models based on experimental and full-scale data provide an alternative to consider the dynamic interaction in a
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coupled manner, removing the need to determine the mode of interaction a priori. Model development has been ongoing since the
first observations of ice-induced vibrations in the late sixties, and has been based mainly on two assumptions on the underlying
physical mechanism.

The first approach applied is to assume a predefined (constant) global failure depth or crushing/spalling length of the ice [3,4].
Models including this assumption contain a periodicity in the ice load pattern which could explain the observations of frequency lock-
in and intermittent crushing. Application of models based on this assumption shows that it is difficult to obtain good correspondence
with measurements [5–7]. The extended approach developed by Sodhi includes, besides global loading and failure, extrusion of ice
and the possibility for separation between ice and structure [8]. In that model, the crushing length is not predefined, but instead
dependent on the interaction between ice and structure. As an alternative to the predefined global crushing length approaches, the
effective negative damping approach is nowadays being more often applied, sometimes in combination with the predefined global
crushing length [9–13]. This effective negative damping originates from the decreasing trend observed in the dependence of uniaxial
compressive strength of ice on the rate by which the ice is loaded. The most detailed and most used model in the design of structures
which is based on this approach is the PSSII model [10]. The PSSII model assumes local failure which allows for better reproduction
of brittle crushing. The effective negative damping type of modelling requires a still debated assumption to be made with respect to
the ice strength to match measurements of ice-induced vibrations. The strength of ice, and as a consequence the global load in the
models, has to be assumed to reduce by approximately a factor two when the ice drift speed increases above 0.1 m s−1 [10].

Eight years were spent on developing a model for simulation of dynamic ice-structure interaction [14–16]. The aim of this
development was to obtain a model which captures the local failure and deformation behavior of the ice at the ice-structure interface
and does not assume a predefined global failure length or the debated stress-strain-rate dependence. The global and local failure and
deformation of ice during indentation have been studied by experiments [16–18] and by re-analysis of existing full-scale data
[19,20]. The work has been executed as part of the Norwegian Centre for Research Based Innovation ‘SAMCoT’ which has operated
from 2011 and will end in 2019 [21].

In this paper we present our final simulation model as developed in the SAMCoT project. We summarize the experimental
background referring to relevant material in existing publications and present the latest expansion of the model made to include
driving forces acting on the ice floe in a simplified manner, allowing to apply the model to full-scale scenarios. New examples are
presented to demonstrate and further validate the application of the model to simulate model-scale interaction during which in-
termittent crushing develops. The use of the model for full-scale simulations is demonstrated with an example of interaction observed
at the Norströmsgrund lighthouse. A MATLAB implementation of the ice crushing part of the developed model is made publicly
available as part of this publication, with the aim to facilitate its further development and use in the design of offshore structures
[22].

2. Experimental background

A summary of experimental and full-scale background information is given. This experimental background covers the observa-
tions on dynamic ice-structure interaction which lie at the basis of the developed simulation model. The results from forced vibration
experiments described in Ref. [18] complete the experimental basis, but are not repeated here.

First, general experimental and full-scale observations of ice action against relatively rigid structures are shown. We define rigid
structures as structures being stiff and heavy, such that no interaction develops. The observations on local ice deformation and failure
from ice action against rigid structures form the basis for the developed ice model. Second, observations on the interaction between
ice and compliant structures resulting in intermittent crushing and frequency lock-in are presented.

It is emphasized that the focus here is mainly on the global observations since in our modelling the local interaction between ice
and structure is considered in an approximate manner only. Research on local interaction between ice and structure is developing
rapidly and promising for future model development. This research has, however, not yet matured enough in the past decade to make
it applicable in simulation models and, as we believe the examples in Section 5 demonstrate, the level of detail it brings is not
absolutely necessary to accurately simulate the global interaction between ice and structures.

2.1. Observations of ice action on rigid structures

A floe of ice acting on a vertically sided structure may fail in several ways depending on the indentation speed, aspect ratio, and
ice properties [23,24]. At low speed, ice experiences significant creep. For high ratios between structure width and ice thickness,
bending or buckling of the ice generally leads to relatively low loads. Ice-induced vibrations develop when the ice fails by crushing at
speeds of loading exceeding those for which global creep is observed. We consider the case where the ice fails either by global creep
or crushing.

Creep is relevant for dynamic ice-structure interaction as this deformation and failure mode occurs when the relative speed
between the ice and structure becomes and remains small over a nontrivial amount of time. Creep is characterized by full contact
between the ice and structure and a relatively uniform pressure at the ice-structure interface. Creep failure is characterized by large
plastic deformation of the ice in front of the structure and material flowing slowly from the interface to form solidified ice in front and
at the sides of the structure. This type of failure is sometimes referred to as ‘ductile failure’ in the context of ice-induced vibrations.
Creep of ice is treated in detail in Refs. [25,26].

Crushing defines the ice deformation and failure at high indentation speeds and is characterized by local contacts and quasi-
random ice load signals [27,28]. We use the term crushing to define the pulverization of ice directly in contact with the structure.
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Formation of spalls and flakes as a result of cleavage cracks propagating to the free surface, and formation of radial cracks are not
considered. Their effect on the variation of the global load can be significant, but these failure mechanisms are mainly disturbing the
interaction process leading to ice-induced vibrations which are related to the smaller-scale processes at the contact. Spalls generally
occur for aspect ratios, the ratio between structure width and ice thickness, above one, which is the range of interest for ice-induced
vibrations of offshore structures. Also, spalls cause a wedge-shaped front of the ice when looking from the side. Radial crack for-
mation does not necessarily have a measurable effect on the load on the structure [29]. Deformation of ice during crushing and prior
to failure is mainly elastic at high indentation speeds. At indentation speeds close to the transition from creep to crushing, visco-
elastic and visco-plastic deformation form a more pronounced part of the total deformation, even though the ice still crushes locally.
A high degree of recrystallization of the ice directly in contact with the structure is often observed [30].

Typical time traces of the global ice load on a rigid structure in creep and crushing are presented, for example, in Ref. [31]. During
creep, the global ice load increases gradually over time towards a peak value, after which the load reduces to a steady-state value
[32]. In crushing, the time traces are generally quasi-random around a mean value, owing to the uncorrelated local failures in the
contact zone between ice and structure. It is noted that the global ice load on a structure in crushing does not show a stationary global
saw-tooth pattern as often observed in small-scale or wall-indentation tests where spalling is the dominant mode of failure [33].

Besides the time dependencies, the statistical measures of the global ice load are of importance for ice-structure interaction,
especially the dependence on indentation speed of the maximum, mean, and standard deviation of the global ice load. Typical
dependencies in the range where the ice fails in crushing are shown in Fig. 1a as reproduced from data from experiments with rigid
indenters [34]. The global maximum load on a structure is largest at or around the transition speed, which marks the transition from
creep to crushing, and this load can be up to four times the mean load during crushing at high speed [35]. The mean global ice load
shows a reducing trend with indentation speed that eventually levels off, whereas the standard deviation remains more or less
constant irrespective of ice drift or indentation speed [34].

The decrease in mean and maximum global load with increasing ice drift speed in the crushing range is of importance with respect
to ice-induced vibrations. This dependence reflects the mechanism providing the energy from ice to structure required for the
sustained and large-amplitude vibrations during frequency lock-in and intermittent crushing. The global load is generally considered
as a summation of pressures in local contact areas where a distinction can be made between intact ice, which carries the majority of
the load, and broken ice pieces or rubble, which do not generally carry a significant portion of the load. As such, the higher global ice
load at the transition from creep to crushing can be a result of a larger contact area, higher pressures in individual contact zones, or
both.

Results from field tests [36] show that the contact area between ice and structure changes significantly around the transition from
creep to crushing. Results in terms of the contact ratio, defined as the area of contact between ice and structure over the total area,
given by the ice thickness and structure width, are replotted in Fig. 1b. In creep, an almost full contact can be attained as indicated by
the high values of the contact ratio, while during crushing the mean contact area is only roughly ten percent of the total area. A
decreasing trend is observed starting from the transition between creep and crushing; however, the amount of data in this range is
limited. Nevertheless, the contact area shows to change around the transition speed, indicating its role in the high loads observed at
such speeds of indentation. Further experimental observations on the difference in contact area in the creep and crushing range can
be found in Ref. [37] and from forced vibration experiments in Ref. [18]. With respect to pressures in the contact during indentation
it is found that local peak pressures show to be generally higher in case of crushing at high indentation speeds, compared to creep at
lower speeds [37].

Fig. 1. (a) Statistical measures of the global load in crushing against a rigid structure at ice speeds exceeding those resulting in global creep of the
ice. Data is replotted from Ref. [34]. (b) Dependence of contact ratio on indentation speed. Data is replotted from experiments by Ref. [36].
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2.2. Observations on dynamic ice-structure interaction

When a vertically sided compliant structure interacts with an ice floe, this can result in structural vibrations known as ice-induced
vibrations. Three regimes of ice-induced vibrations are commonly distinguished: intermittent crushing, frequency lock-in, and
continuous brittle crushing. An illustration of the time dependence of the global load and structural displacement in each of these
regimes is provided in Fig. 2. Not all regimes develop for each type of compliant structure, but typically intermittent crushing is
observed for the lowest indentation speeds, followed by frequency lock-in, and continuous brittle crushing at high indentation speeds.
Intermittent crushing and frequency lock-in are of particular interest for the design of structures, as these types of interaction result in
the largest global loads and amplitudes of structural oscillation. What follows is a summary of what we define as key observations for
each of the interaction regimes. References to experimental and full-scale campaigns in which these key observations have been
found are provided, but individual campaigns are not discussed.

Intermittent crushing develops when a relatively flexible structure with low stiffness at the location of ice action interacts with a
slowly moving ice sheet [17,24,28,38–50]. Intermittent crushing is characterized by a sawtooth-like pattern in both the time traces of
global ice load and structural displacement (Fig. 2). The sawtooth frequency is relatively constant for a particular structure in non-
varying ice conditions, and increases with increasing ice drift speed, until frequency lock-in or continuous brittle crushing becomes
the dominant mode of interaction [24]. The amplitude of structural displacement is mainly determined by the ratio between global
ice load and structural stiffness. For this reason, the interaction is often referred to as ‘quasi-static’. Dynamic properties of the
structure play a role in the transient structural response after an incident of global ice failure [17]. The large load drops are, in reality,
a succession or cascade of brittle failures and not a single failure, but these load drops are nevertheless often referred to as si-
multaneous failure. The maximum global ice load during intermittent crushing is significantly larger than that observed during
continuous brittle crushing. Reports from model-scale experiments indicate that the peak loads increase by a factor 1.7 up to 2.2
[40,43]. This increase is comparable to the increase in global load observed when ice failure against a rigid structure changes from
crushing to creep, as described in the previous section. During the load build-up, the contact area between ice and structure shows to
expand as pressures increase [14,17].

Frequency lock-in typically develops over a range of ice drift speeds for structures with low damping and low natural frequencies
[32,35,40,43,45,48,51–57]. The vibrations are characterized by periodic oscillation of the structure at a frequency equal or slightly
below one of the natural frequencies of the structure. The motion of the structure is close to harmonic with a small deviation at the
time moment of major ice fracture (Fig. 2). At that moment, the ice temporarily prevents the structure from moving back towards its
equilibrium position. The global ice load shows a quasi-random pattern, typical for crushing failure of ice, when the relative speed
between ice and structure is high. A quick increase in global ice load is observed after a period of time during which the relative speed
between ice and structure has been low. Often, a brief moment of reduction in ice load is observed as the structure temporarily moves
faster than the ice, causing an unloading.

Frequency lock-in has mainly been observed to occur for structural vibration modes with natural frequencies in the range of 0 up
to 10 Hz. To distinguish frequency lock-in from other types of periodic oscillation, the frequency lock-in relation can be used as
guidance. During frequency lock-in, a more or less linear relation exists between the ice drift speed and the maximum velocity of the
structure in the direction of ice motion. This relation has first been found by Toyama et al. [48] during model-scale experiments and
confirmed by others [40,52,53,58]. The experimental results from these campaigns are replotted in Fig. 3. The relations between the
maximum velocity of the structure in the direction of ice drift at the location of ice action and the ice drift speed is given by:

u v ,max ice= (1)

where the value for β varies between 1.0 and 1.5 for the different experimental campaigns.
The effects of changes in structural stiffness and mass on the range of indentation speeds for which frequency lock-in develops

Fig. 2. Illustration of the structural displacement at the ice action point and the global ice loads in the three regimes of ice-induced vibrations.

H. Hendrikse and T.S. Nord Marine Structures 65 (2019) 271–290

274



have been studied in the experimental campaign by Huang et al. [52]. They found that the boundaries of the frequency lock-in regime
shift to lower speeds with either increasing mass or natural frequency. Furthermore, the extent of the range shows to decrease. Note
that Huang et al. draw a different conclusion from their results as they consider all effects to be attributed to the change in stiffness;
however, as they simultaneously changed stiffness and mass, we find that the results have to be evaluated considering the si-
multaneous change of two properties.

Continuous brittle crushing develops for all structures at high ice drift speeds. The ice load fluctuates around a mean value in the
case of stationary ice conditions. Structural oscillations are typical for a structure excited by a stochastic aperiodic load. The am-
plitude of oscillation of the structure and maximum global ice load are significantly smaller than those observed in the frequency
lock-in and intermittent crushing regimes. The ice deformation and failure during continuous brittle crushing are in fact the same as
for rigid structures at high ice drift speeds (i.e. local and concentrated on a line), indicating that the interaction between ice and
structure is insignificant at these high speeds.

3. Ice model

A phenomenological model was developed to reproduce the global observations on ice deformation and failure described in
Section 2.1 and [18]. The model has been described in Ref. [16], but the mathematical description of the model and definition of
input parameters are provided here for completeness and clarity. The model is one-dimensional, simulating the ice load in the
direction of ice drift. To capture the stochastic nature of the brittle crushing process, the ice is partitioned in N elements (Fig. 4b). The
elements are independent and initially positioned with an offset to the structure obtained from a uniform distribution U, resulting in
an effective roughness of the ice edge:

u u u u r v tU(0, )i i i s max ice f,1 ,2 ,3 ,0= = = + (2)

with rmax the maximum offset of an element with respect to the structure, us,0 the initial position of the structure, and tf the time
between initial contact and failure for an individual ice element at an ice drift speed vice, assuming a rigid structure. v tice f is added to
rmax for the initial ice element positions only and to ensure that the initial distribution of elements is similar to the distribution

Fig. 3. Maximum velocity of the structure in the direction of ice drift plotted as a function of indentation speed during frequency lock-in. Results
from several experimental campaigns are plotted [40,48,52,53,58].

Fig. 4. (a) Ice drift model incorporating a single effective ice floe and wind and current driving forces. (b) The ice edge modelled as N independent
elements with an individual offset to the structure to incorporate the roughness of the ice edge. (c) Each ice element modelled as a combination of
springs and dashpots to capture elastic, delayed-elastic and viscous deformation.
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occurring during interaction. The magnitude of tf is obtained by solving Eq. (5) below using N u u u t t1, 0, ( )i s i f f,1 ,2= = = = = .
Each element moves towards the structure with the ice drift speed v t( )ice , which can be either predefined or obtained based on the

ice drift equation introduced in Section 3.2. Upon contact, the local deformation and failure behavior of the ice is modelled by a
combination of springs and dashpots (Fig. 4c). The front non-linear spring with stiffness K2 captures the local elastic deformation of
the ice and failure in crushing upon reaching a predefined critical local deformation. The spring cannot transmit a load in tension, nor
any load exceeding its critical load:

K K for u u
K else

0
0

i i f2 2 ,2 ,1

2

= <
= (3)

The middle linear spring-dashpot combination with damping coefficient C1 and spring stiffness K1 is included to reproduce the
delayed-elastic deformation of the ice. The rear non-linear dashpot with coefficient C2 is added to simulate the power-law creep
deformation. Note that the dimension of C2 is [N3 m−1 s] and that the load transferred by the dashpot is defined as:

F C v u( )C ice i2 2 ,33= (4)

The equations of motion for an individual ice element are defined as:

u
u u u
u u u

u u u u u v K u u

u v K u u

( ) ( ) ( ( ))

( ( ))

i
i i s

s i s

i
K
C i i

K
C i i ice C i i

i ice C i i

,1
,2 ,1

,1

,2 ,1 ,2 ,3 ,2
1

2 ,2 ,1
3

,3
1

2 ,2 ,1
3

2
1

1
1 2

2

=
<

= + +

= (5)

with ui,1, ui,2, and ui,3, the three degrees of freedom of the ice element and us the displacement of the structure at the location where
the ice load acts. This results in a speed dependent deformation and failure behavior of the individual ice elements as shown in Fig. 5.
At high speeds, the behavior is elastic until the predefined critical local deformation f is reached. At low speeds, the viscous-elastic
behavior of the elements results in a significantly larger deformation of the elements prior to failure. Note that this results in critical
deformation of the ice upon which failure occurs that is dependent on both ice speed and the interaction with the structure, despite
the local crushing deformation f being predefined.

Elements in contact with the structure deform, resulting in a global load on the structure given by:

F u t F K u u u u( , ) ( )H( ),ice s
i

N

i
i

N

i i i s
1 1

2 ,2 ,1 ,1= =
= = (6)

With Fi the contribution to the global load of a single ice element and H the Heaviside step function indicating contact or no
contact between an ice element and the structure. Upon failure of an element, it is removed from the model and replaced by a new
element with an initial position offset from the structure:

u u u u rU(0, )i i i s max,1 ,2 ,3 ,0= = = (7)

Fig. 5. Local ice load transferred by an ice element versus the total deformation of an ice element v t uice i,1, under the assumption of a constant ice
speed and first contact at t 0= against a rigid structure i.e. u u 0i s,1 = = . At high ice speeds, the deformation grows approximately linearly until it
equals the predefined local crushing deformation, upon which brittle failure is defined to occur and the element is removed and repositioned based
on Eq. (7). At low ice speeds, brittle failure never occurs due to the large deformations in the rear dashpot element (C2). At intermediate speeds,
around the transition from ductile to brittle ice behavior in the model, local brittle failure develops after a total element deformation is reached
which exceeds the predefined critical deformation f .
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3.1. Definition of model input parameters

The ice model described in the previous section requires seven K K C C N r( , , , , , , )max f1 2 1 2 input parameters to be defined which,
due to the phenomenological nature of the model, have to be obtained based on measurements. These measurements are used to
define the ice load on a rigid (immobile) structure, which then allows for simulation of any flexible structure in ice conditions similar
to those from which the ice load measurements were obtained. The approach for defining the ice load on a rigid structure is described
here. An example of the determination of the parameters for model-scale ice in the HSVA ice basin is given in Ref. [16].

For a rigid structure, the trends in global ice load, as shown in Fig. 1a, can be uniquely defined by six points, as indicated in Fig. 6.
These six points implicitly contain the effects of ice thickness, ice strength, temperature, grain size, etc. The seventh data point
required to define the seven model parameters is the aforementioned local critical deformation for ice crushing at high ice speed. This
parameter is defined separately as it relates more to local crushing of ice at the ice-structure interface. A discussion on this parameter
is included in Ref. [16]. The model parameters are defined such that the model exactly reproduces the statistical measures indicated
by the six points in Fig. 6, and the trends indicated by the lines.

Once the magnitudes of the six points indicated in Fig. 6, as well as the critical local deformation, have been obtained from
measurements, five of the model parameters can be defined explicitly based on the following set of equations:

( )r

N

K

C

2

f f

max f
F

µ

F
N

F
N v

1

2

2

t
cbr

Ft
µcbr
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t
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2
3

2

3

3

=

=

=

=

= (8)

Eq. (8) shows a limitation of this approach, being that the maximum load Ft needs to exceed 1.5 times the mean load µcbr for the
number of elements to be positive, and to exceed twice the mean load for a positive effective roughness of the ice edge, indicated by
the value of rmax . Experimental observations indicate that this is often the case [16,40,43]. The final two parameters, K1 and C1, can
be found by solving for the expected value of the global ice load in Eq. (6) for ice action against a non-moving structure, setting us to
zero in Eq. (5):

µ v

µ v
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t v

F u t t

t v

1 1
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,2
0.5

2
2

=
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+

+ (9)

This set of equations presents an optimization problem which can be solved iteratively after the first five parameters have been
defined based on Eq. (8).

The model parameters need to be adjusted, or scaled, for simulation of structures with different size, or ice with different
properties from those used to define the six points in Fig. 6. A larger ice thickness, for example, results in a larger magnitude of the
mean load levels, max load level, and the standard deviation. A wider structure results in larger ice load values, but additionally a

Fig. 6. Trends in global ice load on a rigid structure [34]. The seven parameters of the ice model are defined such that the model matches the six
points on the curve and the critical local deformation (not shown). The seven data points used to define the seven model parameters are: Continuous
brittle crushing mean load µcbr , critical local deformation f , continuous brittle crushing standard deviation cbr , ice speed where the transition
between global creep and crushing occurs vt , the maximum global load at this ice speed Ft , and two additional points defining the dependence of
mean load on ice drift speed µ µ( , )1 2 . Note that, this curve is considered to be uniquely defined for a given interaction scenario defined by the ice and
its properties and the interaction area, defined by the projected structural width.
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lower ratio between standard deviation and mean load in brittle crushing [34]. The curve is uniquely defined for a specific interaction
scenario, but the problem of how to scale it for changes in ice properties remains unsolved, and therefore this has to be done on a
case-by-case basis using knowledge of ice mechanics and available data sources.

3.2. Extension of the model to include ice drift

In simulations where the ice drift speed is assumed constant, the described model can be directly applied. In full-scale scenarios,
the ice drift velocity is often not constant as ice floes slow down or accelerate towards an offshore structure. In order to make the
model better applicable to simulate full-scale interaction, we expanded the model to consider the effects of floe size, wind, and sea
current in a simplified manner based on the work by Leppäranta [59]. An additional degree of freedom xice is introduced to simulate
the drift of a single equivalent cylindrical ice floe, representing the pack ice, with diameter di (Fig. 4a). The equation of motion for the
floe is given by:

h x C v x v x C v F u t
d

¨ sgn( )( ) ( , ) ,i i ice w d w w ice w ice a d a a
ice s

i
,

2
,

2

4
2= +

(10)

Where i is the density of the ice, hi the ice thickness, w the density of the water, a the density of air, vw the current speed in
direction of the structure, va the wind speed in the direction of the structure, Cd w, the water drag coefficient, and Cd a, the air drag
coefficient. To include this drift model, vice in Eq. (2) is replaced by xice,0 and in Eq. (5) by x t( )ice .

4. Structural model and solution method

The ice model described in the previous section can be straightforwardly coupled to in-house software for structural design to run
fully-coupled simulations. This is the preferred approach when other non-linear effects are to be included in the simulation such as
those originating from aerodynamic interaction or non-linear soil-structure interaction. When such non-linear effects are not part of
the simulation, the structure can be considered in the modal domain resulting in the following system of equations for the structure:
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where i is the modal amplitude of mode i, and i the corresponding modal frequency. It is assumed here that the modal matrix is
constructed with the mass-orthonormalized vibration modes such that the modal mass matrix reduces to the identity matrix.
Furthermore, an artificial diagonal modal damping matrix is introduced, with modal damping coefficients i. The modal forces fi are
given here by the contribution of the global ice load to each mode which corresponds to the modal amplitude at the ice action point

i
ice multiplied by the global ice force (Eq. (6)):

f t F t i n, , , 1,2, ,i
i

n

i
ice

i i
ice

ice
i

n

i
ice

i
1 1

= = …
= = (12)

Note that the global ice force couples all modes through the displacement of the structure at the ice action point. Additional forces
on the structure can be straightforwardly included in the modal forces in Eq. (11).

A MATLAB implementation of the model, including a single-degree-of-freedom structural representation in the modal domain, is
available from Mendeley data [22]. We solve the system of equations given by Eqs. (2)–(7) and Eq. (11) and (12) using the MATLAB
ode23 solver and event detection to handle failure of the ice. An adaptive time-stepping scheme is used to optimize the time step,
which can become very small at high drift speeds as all individual crushing events need to be processed. Note that, for computational
reasons, the Heaviside function in Eq. (6) is approximated by a hyperbolic tangent. The shared model code does not include the pre-
processing tools used to generate the ice input parameters for different scenarios, nor does it include the ice drift module. Examples of
input parameter sets for the model are provided in Table 1 in Section 5.

5. Examples of application of the model

Examples are presented to demonstrate and validate the application of the model to simulate dynamic ice-structure interaction.
For the small-scale examples, we based the model input parameters (Table 1) on those determined for the HSVA model ice [16]. The
reason for this is twofold. First, we do not have access to the test data required to perform the procedure of obtaining the parameters
for different ice types. Second, the results obtained this way illustrate that the model is not very sensitive to the choice of parameters
and can give good results for a wide range of application, despite the input parameters not being optimized for the ice type con-
sidered. For the full-scale scenario in Section 5.4, a separate parameter set has been defined based on full-scale data from the STRICE
campaign, see for example [30]. Effects of ice drift on the interaction are treated in Section 6.
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5.1. Simulation of forced-vibration experiments

The forced vibration experiments described in Ref. [18] show how the global load on the structure changes when the relative
speed between ice and structure reduces to low values, resulting in an increase in contact area and global load. We simulated one
forced vibration test at 40 mm s−1 indentation speed with a fixed structural oscillation amplitude of 11 mm and frequency of os-
cillation of 0.57 Hz. The structure was cylindrical with a width of 220 mm and was subjected to 60 mm thick HSVA model ice with a
compressive strength of 270 kPa, a salinity of 3.3 ppt, an average flexural strength of 150 kPa, and temperature of -2o Celsius. The
resulting average brittle crushing load in the experiment was 7 kN. A picture of the structural setup is included in Fig. 7.

Input parameters for the ice model are defined in Table 1 (#1). The model ice used in the DIIV campaign was significantly more
brittle compared to the IVOS campaign [60,61]. We did not test a rigid structure at the time, which would have allowed us to define
input parameters for the more brittle case and study how brittleness factors into the model parameters. Nevertheless, an increased
brittleness is accounted for by reducing the transition speed from creep to crushing in the model (Fig. 6) from 1 mm s−1 as obtained
for the IVOS campaign in Ref. [16] to 0.5 mm s−1 and shifting the location of points v1 and v2 accordingly (Fig. 6).

Fig. 8 shows the simulated and experimentally obtained global ice load. The model captures the change in behavior when moving
from high relative speed to lower relative speeds. The brittle crushing loads obtained from the model are in good agreement with the
measured loads, whereas the peak loads are underpredicted. One observable difference between experimental load and simulated
load (Fig. 8a and b) is that a load reduction occurs in the model during the time where brittle crushing is temporarily halted, which is
observed to be not that significant in the tests. When the relative speed does not reach zero in the simulations, the load reduction
disappears and peak loads increase to the levels observed in the experiments (Fig. 8c). The difference can either originate from the
experiments, where we are not certain of the velocity control of the structural motion, from the modelling approach, where the
chosen phenomenological ice elements start to unload before the actual relative speed becomes zero, or from the input parameters as

Table 1
Model parameters used for simulation of the examples in Sections 5.1 to 5.4.

# Interaction mode Structure Configuration K1
(N m−1)

K2
(N m−1)

N
(-)

C1
(N m−1 s)

C2
(N3 m−1 s) f (m)

rmax

(m)

1 Forced harmonic Rigid 1.64 104 2.38 105 43 1.24 105 2.14 1011 0.002 0.0029
2 Intermittent crushing MDOF 2.43 104 3.52 105 43 1.84 105 6.99 1011 0.002 0.0029
3 Frequency lock-in SDOF 3.96 103 3.75 104 156 1.25 104 4.22 108 0.002 0.0029
4 Frequency lock-in SDOF 2.01 104 1.91 105 15 6.38 104 5.55 1010 0.002 0.0029
5 Continuous brittle crushing/Frequency lock-in MDOF 1.38 107 5.28 107 58 4.96 107 4.71 1018 0.004 0.006

# i (rad s−1) i(-) ice
1 (-)

1
2 MDOF structure [14]
3 68.5 0.025 0.0436
4 7.98 0.0023 0.0101
5 MDOF structure [16]

Fig. 7. Structural setup in the DIIV campaign [60]. The sketch shows the forced vibration setup [17]. For the free vibration tests as described in
Section 5.2, the actuator was replaced by a spring support [18,60].
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the ice may have been more ductile than currently modelled.

5.2. Model-scale intermittent crushing

To validate that the model can reproduce interaction with a flexible structure leading to intermittent crushing, a case is simulated
and compared with measurements from the Deciphering Ice Induced Vibrations (DIIV) campaign test 4300 [60]. The structure used
for the free vibrations in the DIIV campaign (Fig. 7) was designed with the specific aim to have the two lowest modes both susceptible
to frequency lock-in to confirm or reject the hypothesis that such type of structure would show frequency lock-in in the first mode at
low indentation speeds, and then transition to the second mode with an increase in indentation speed. Unfortunately, we mainly
observed intermittent crushing in the experiments.

To simulate the DIIV tests, we derived the structural matrices from the multi-degree-of-freedom structural model described in Ref.
[17]. The structural model used in the free vibration experiments was the same as that for the forced vibration experiments shown in
Fig. 7, except that the linear actuator was removed and replaced by a spring support. The HSVA model ice was 60 mm thick, was
tested at −1.7o Celsius, and had 3.2 ppt salinity and a flexural strength of 150 kPa. The ice used in the free vibration experiments had
a higher compressive strength of 400 kPa, compared to the 270 kPa for the forced vibration experiments described in Section 5.1,
which is why there is a factor 400/270 difference in the magnitude of the model parameters associated with the ice strength in
Table 1(#1 and #2).

A comparison of the measured displacement response of the structure and the simulated one for an indentation speed of
0.05 m s−1 is shown in Fig. 9. Intermittent crushing develops with a non-constant amplitude of oscillation of the structure. The reason
the saw-tooth pattern can develop up to such high speeds is that the first natural frequency of the model at 12.1 Hz is relatively high.
What we could not explain at the time is why clear stationary frequency lock-in was not observed during the tests, whilst the velocity
amplitude of oscillation was often in the range and even exceeded the values associated with frequency lock-in based on the equation
introduced in Section 2.2.

We simulated the response of the structure for indentation speeds between 0.02 m s−1 up to 0.3 m s−1 which is the range tested in
the experiment (Fig. 10). The results for the peak structural velocity amplitude (Fig. 10b) show that indeed peak amplitudes are high
over the entire range of drift speeds, exceeding the magnitudes commonly associated with frequency lock-in. Studying in more detail
the time dependence of the structural velocity for an indentation speed of 0.28 m s−1 (Fig. 10c), both the first and second mode

Fig. 8. A forced oscillation experiment at an indentation speed of 40 mm s−1 with an amplitude of 11 mm and frequency of oscillation of 0.57 Hz.
(a) Experimentally obtained global load signal [18]. (b) Simulation results (c) Simulation results with reduced amplitude of oscillation to 10.2 mm.

Fig. 9. Structural displacement at the ice action point during DIIV test 4300 at 0.05 m s−1 indentation speed. (a) Laser measurements from the
experiments and (b) simulation results.
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appear to be active. Peak velocities mostly originate from oscillations in the second mode. These results indicate that the failure to
obtain frequency lock-in in the DIIV experiments is likely to have originated from the structural design, with two closely spaced
modes with approximately equal damping and oscillating mass at the ice action point. Both of the modes being easily excited by the
ice removes the possibility for one of them to control the interaction, which is a requirement for sustained frequency lock-in.

5.3. Model-scale frequency lock-in

An example comparison of model simulations and experimental observations of frequency lock-in for a structure with a natural
frequency of 5.4 Hz in HSVA model-ice can be found in [16, Fig. 17]. Here we present two additional model-scale examples to
demonstrate the capabilities of the model (Table 1 (#3,#4)).

The first example is one used by Kärnä et al. [10, Fig. 11] in validation of the PSSII model. This example demonstrates frequency
lock-in at a high natural frequency of 10.9 Hz. The tests were conducted in granular grained urea ice with a compressive strength in
the range of 115 kPa up to 300 kPa [44]. Simulated time traces of the structural displacement, velocity, and global ice load (Fig. 11)
show lock-in to develop as observed in the experiments. Correspondence is found in the amplitude of structural displacement and
velocity. Minor differences exist between the simulated mean displacement and that measured in the original experiments and are
believed to originate from a mismatch between true and reported structural stiffness and natural frequency during the experiment.

The second example is that of frequency lock-in at a low natural frequency in model-scale. Toyama et al. [48] tested a structure

Fig. 10. (a) Simulated measures of global load, compare to Nord et al. [17, Fig. 7a]. (b) Simulated peak velocity amplitude of the structure. (c)
Simulated structural displacement at the ice action point for an ice drift speed of 0.28 m s−1.

Fig. 11. Time traces of (a) structural displacement, (b) structural velocity, and (c) global ice load. For comparison to Kärnä et al. [10, Fig. 11].
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with a first natural frequency of 1.27 Hz which, to our knowledge, is the lowest frequency in literature for which frequency lock-in
has been observed in model-scale. Lock-in developed at speeds between 0.015 m s−1 and the maximum tested indentation speed of
0.048 m s−1 [45, Fig. 4]. Natural saline ice was used in the experiments. The simulation for an ice thickness of 0.039 m at an ice drift
speed of 0.048 m s−1 (Fig. 12a) shows frequency lock-in to develop with an oscillation amplitude of 7 mm. We found a range of
indentation speeds for which frequency lock-in develops comparable to that reported (Fig. 12b) The model predicts structural ve-
locity amplitudes during frequency lock-in which are in accordance with the general relationship given by Eq. (1).

5.4. Full-scale interaction at the Norströmsgrund lighthouse

Here the results are presented from a simulation of an event of full-scale interaction at the Norströmsgrund lighthouse recorded
during the STRICE campaign on April 5th, 2001, and described in Ref. [20] and in detail in Ref. [62]. The original measurements of
the global ice load and structural accelerations at two heights along the lighthouse are shown in Fig. 13. Note that the load mea-
surements have been corrected for panel coverage based on the method used in the ice-induced vibrations JIP [5]. During this event,

Fig. 12. Simulation results for the experiments performed by Ref. [45]. (a) Structural displacement, velocity, and global ice load for a simulation at
0.048 m s−1 ice drift speed and 0.039 m ice thickness. (b) Structural velocity amplitude plotted against ice drift speed. Frequency lock-in develops
between 0.02 and 0.05 m s−1 for which the amplitudes follow the relationship given by Eq. (1).

Fig. 13. Measurements of global load (corrected for panel coverage) (a) and structural acceleration (b,c) on April 5th, 2001 at the Norstömsgrund
lighthouse [62]. Ten cycles of frequency lock-in develop 19 s in as the ice sheet slows down and global loads increase. Frequency lock-in disappears
when the ice floe slows down to further deform in creep.
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the ice floe was slowing down from 0.1 m s−1 to eventually come to a rest and deform in a creep manner. While slowing down,
frequency lock-in suddenly developed and sustained for about ten cycles before the ice floe speed reduced to speeds at which the ice
no longer failed in crushing. This type of observation is typical for the lighthouse where sustained vibration did not occur often and
most events only lasted a few cycles [20].

To simulate this event, we used a finite element model of the lighthouse presented in Ref. [19]. An illustration of the model and its
properties is given in Fig. 14. The first 12 bending modes were included in the simulation (Table 2.). Rayleigh damping with 2% of
critical for modes 1 and 2, and 20% of critical for modes 23 and 24 was included. The ice load was applied on the structural node
facing the North direction. On April 5, 2001 the ice floe was actually drifting in from the South-East; however, because of the axis
symmetry of the finite element model, the results of the simulation are independent of the direction of application of the ice load. The
application of the load in North-South direction allows us to obtain the resulting accelerations directly from the simulated accel-
erometers already available in the model. Ice was assumed to act over the entire width of the structure and a brittle crushing mean
load of 3.5 MN was assumed based on the time of relatively steady crushing between 15 and 25 s in Fig. 13. Note that the load buildup
seen in Fig. 13 suggests that the contact or ice thickness changed during the interaction; however, we did not consider this in the
simulation.

The ice drift model (Eq. (10)) was used to incorporate the actual floe size and driving forces on April 5th, 2001. Visual

Fig. 14. Finite element model of the lighthouse used for the simulation. For details about the model see Ref. [16] and Table 3.

Table 2
Natural frequencies of the modes of the lighthouse model (Fig. 11) used in the simulations.

Mode 1,2 3,4 5,6 7,8 9,10 11,12 13,14 15,16 17,18 19,20 21,22 23,24

Frequency (Hz) 2.43 3.92 5.54 10.06 16.75 20.09 28.23 37.16 42.31 57.01 58.9 59.74
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observations defined a floe size of 800 m in drift direction and 500–600 m in transverse direction. Measurements indicate a floe
thickness of 0.9 m. Coefficients for wind and air drag were defined based on [59] and the local current was estimated at 0.4 m s−1. Ice
model parameters shown in Table 1 (#5) were determined based on full-scale measurements of the STRICE campaign using the
method outlined in Section 3.1. Parameters relevant for the ice drift model are defined in Table 3.

Simulation results for the global ice load and accelerations at the same two locations where the accelerometers were installed in
2001 are shown in Fig. 15, along with a close-up of the real measurements. The signals were filtered through a digital low-pass filter
with a cut-off frequency of 150 Hz and resampled at 30 Hz corresponding to the technique applied for the full-scale measurements. As
the ice floe slows down, as a consequence of the interaction with the structure, the initial continuous brittle crushing changes to
frequency lock-in with the amplitude of the global force and acceleration of the structure increasing. The oscillation amplitudes
simulated with the model are comparable to those measured in full-scale during lock-in. As soon as the ice floe comes to a stop, the
global load reduces to zero in the model and the structural vibrations decay. In the model, a larger peak is observed before the ice floe
comes to a rest which is not seen in the April 5th measurements, but this peak is not unphysical, as can be seen from measurements of
the global load on an ice sheet slowing down against the Molikpaq structure [5]. To better capture the real interaction, the complete
process needs to be accurately modelled, including larger failures and effect of pack driving forces. This is not possible with the
presented model which only includes the effects of crushing in such detailed manner.

The analysis performed by Nord et al. [20] showed that, during the three years of the STRICE campaign, frequency lock-in
developed 61 times, of which 98% of the cases at an ice drift speed between 0.02 and 0.06 m s−1. To verify that the model can
reproduce this general trend, we simulated the dynamic ice-structure interaction for ice drift speeds increasing from 0 m s−1 up to
0.15 m s−1 with 0.001 m s−2 predefined constant acceleration and with a mean brittle crushing load of 2, 4, and 6 MN, scaling the
input parameters in Table 1 accordingly. This approach is chosen rather than simulating for constant drift speeds (Fig. 12b) as it gives
a better indication of the critical drift speed for structures which are relatively stiff and heavy, and for which the limit cycle during
frequency lock-in may not be reachable from the stable equilibrium of the structure. As most frequency lock-in events for the
lighthouse were short in duration, we believe these were mainly due to favorable initial conditions. A similar range of critical drift

Table 3
Parameters used in the ice drift part of the model for simulation of the full-scale event of April 5, 2001 at the Norströmsgrund lighthouse.

w(kg m−3) Cd w, (-) vw(m s−1) a(kg m−3) Cd a, (-) va (m s−1) di (m) hi (m) xice,0 (m s−1)

1025 0.0025 0.4 1.293 0.002 7.5 780 0.9 0.1

Fig. 15. An ice floe under the influence of environmental driving forces slowing down upon interaction with the Norströmsgrund lighthouse on
April 5th, 2001. (a) Close-up of full-scale measurements in Fig. 13 and (b) simulation results.
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speeds for frequency lock-in to develop is obtained from the simulations as the one found from the full-scale data analysis (Fig. 16).
For a load level of 2 MN, some amplification of the response is observed; however, the amplitudes only reach the level associated with
sustained frequency lock-in for approximately 0.02 m s−1 ice drift speed. For 4 MN, frequency lock-in is obtained in the range of
0.02 m s−1 up to 0.045 m s−1 and for 6 MN the maximum drift speed is 0.06 m s−1, approximately. Intermittent crushing is observed
only for the highest load level of 6 MN in a very narrow range of drift speeds. There have been no reports of measured intermittent
crushing during the full-scale campaigns.

6. Effect of floe size and environmental driving forces on ice-induced vibrations

Whilst in laboratory conditions, sustained ice-induced vibrations often develop, but for the Norströmsgrund lighthouse, the vi-
brations commonly lasted only for a small number of cycles [20]. Most of the pack ice interacting with the lighthouse came to a rest
during interaction, as shown in Fig. 13. Other structures, such as the jacket platforms in the Bohai Bay [57], have shown to experience
sustained frequency lock-in. The main difference between the two cases, besides the dynamic properties of the structures, is the
magnitude of the ice load required to excite frequency lock-in. This load is relatively high for the Norströmsgrund lighthouse (Fig. 16)
compared to the slenderer jacket structures. In order for sustained vibration to develop, the ice sheet or pack ice drifting towards the
structure must remain both intact and keep its drift speed throughout the interaction. When the ice load on the structure is large, a
larger load is acting on the ice, thereby slowing down the ice. Conditions for sustained vibration may then require significant driving
forces or a large floe size.

Using the one-dimensional ice drift model (Eq. (10)), insights into the effect of floe size and driving forces on the development of
ice-induced vibrations for the case of the Norströmsgrund lighthouse are obtained. The model considers only a single effective ice
floe, representing either an individual ice floe or pack ice. In the latter case, the size of the equivalent floe can be taken equal to the
pack size, accounting for ice concentration and only including those floes assumed to drift together. The model is a simplification of
sea ice dynamics, being applicable when a limit stress situation develops in which the effective ice floe crushes against the structure.
Rotation of floes, splitting, rafting, and internal stresses are not included in this approach, but are expected to limit the development

Fig. 16. Structural velocity in the direction of ice drift at the ice action point for simulations of constant accelerating ice sheets in interaction with
the Norströmsgrund lighthouse at different levels of mean global ice load. The dashed line indicates the ice drift speed. The largest mean load results
in the largest possible ice speed range for frequency lock-in as indicated in the plots. (a) 2 MN mean global load in continuous brittle crushing. (b)
4 MN mean global load in continuous brittle crushing. (c) 6 MN mean global load in continuous brittle crushing.
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of ice-induced vibrations.
The most relevant scenario, from a design perspective, is that when sustained ice-induced vibrations develop. In such a scenario,

the equilibrium drift speed of the ice floe needs to remain in the critical range where ice-induced vibrations develop for a given
structure. In the case of the Norströmsgrund lighthouse, these critical ranges are shown in Fig. 16 for different levels of the mean
brittle crushing load. The mean brittle crushing load is used here to reflect ice thickness and strength, where thicker and stronger ice
results in a larger load. When the mean load during continuous brittle crushing µcbr is substituted for the ice load F u t( , )ice s in Eq. (10),
the equilibrium speed veq can be determined:
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The equilibrium speed, determined this way, is an approximation as the mean global load during continuous brittle crushing is
smaller than that during frequency lock-in and intermittent crushing. A negative or zero equilibrium speed indicates that the ice floe
considered will come to a rest or stay at rest, depending on the initial conditions. This is the case for the Norströmsgrund example
shown in Fig. 13, for which the equilibrium speed can be estimated based on Eq. (11), the parameters defined in Table 3, and the
assumed mean global crushing load of 3.5 MN as v 1.27eq = m s−1. A positive equilibrium speed indicates that the ice floe will either
accelerate or decelerate to that speed during interaction with the structure, depending on the initial conditions.

To illustrate the dependence of the equilibrium speed on effective floe size and driving forces, contour plots were made (Fig. 17).
For making these plots, the values used in the Norströmsgrund simulations as defined in Table 3 were used in the drift model.
Furthermore, a mean brittle crushing load of 4 and 6 MN were chosen, for which the critical range of ice speeds resulting in in-
termittent crushing and frequency lock-in were found to be between 0.02 and 0.045 m s−1 and 0.02 and 0.06 m s−1 as shown in
Fig. 16b and c, respectively. Effective floe diameters of 780 m, 5600 m, and 11300 m were chosen: the first being equal to the floe size
estimated for the example shown in Fig. 13, the second equivalent to a five by five square kilometer ice floe, and the third equivalent
to a ten by ten square kilometer ice floe.

The contour plots show the relative importance of floe size over driving forces. For small floes, the currents need to be significant
to generate enough driving force for an equilibrium condition to develop. For the floe of 780 m diameter, the current speed needs to
be around 1.7 m s−1 to result in an equilibrium condition where sustained ice-induced vibrations may develop. Purely wind-driven
ice would never result in a condition of sustained vibration for the range of wind speeds analyzed. For the scenario where the
crushing load is 6 MN, all floes of size 780 m and smaller will come to a rest against the structure for the range of current and wind
speeds considered. Considering the large floe sizes, it is found that the combinations of wind speed and current speed resulting in
sustained ice-induced vibrations lie closer to the origin of the plots. This indicates that for larger floes, or pack ice in general,
sustained vibration is much more likely to develop. Purely wind-driven ice only shows a very narrow range of wind speeds which may
lead to sustained vibration, whereas for current-driven ice the range of speeds becomes significant and may easily lie within daily
occurring ranges at a specific site.

For the Norströmsgrund lighthouse, the effective floe size required to generate sustained ice-induced vibrations at current speeds
in the range of 0.4 m s−1 is in the order of five by five square kilometers. This is significant for the location of the lighthouse,
providing an explanation why most incidents resulted in the ice coming to a rest and only a few cycles of frequency lock-in being
observed. The effect of floe size on the development of vibrations is illustrated in Fig. 18 for the three points indicated in Fig. 17. The
simulations were initiated with the floe drifting at 0.03 m s−1 towards the structure which is in the critical range for frequency lock-in
developing. The small floe quickly comes to a rest, and the intermediate floe finds an equilibrium speed close to 0.03 m s−1, causing
significant vibrations. The large floe shows a number of cycles of vibrations after which the floe speed exceeds the critical speed for
frequency lock-in and the structural response reduces.

7. Discussion

The presented example calculations illustrate that the developed model is applicable to a wide range of small-scale and full-scale
scenarios. The model can be applied to simulate dynamic ice-structure interaction, provided that the phenomenological ice model
parameters and the load level are defined correctly. This remains the main challenge, although we have developed approaches which
show to give accurate results for model-scale and Baltic Sea conditions. The results presented, combined with our experience of
applying the model to simulate ice-structure indication, indicate that the input parameters may not vary significantly for different ice
types, and that ‘scaling’ these parameters to account for the expected global ice load magnitude already gives good results. Research
into dependencies of the model parameters on physical ice properties is, however, still ongoing, with the aim of better understanding
these dependencies. It is research on local aspects of ice-structure interaction, such as area, roughness, friction, melting and re-
crystallization, which will hopefully allow to define relationships between physical ice properties and phenomenological model
parameters as defined in Fig. 6 in the future.

To apply the model for simulations in the design of offshore structures, it is important to take into consideration the relevant
design standards. Design load levels can be estimated based on [1] and incorporated in the model by adjusting the input parameters
accordingly. This completely removes the uncertainty with respect to the load level, in which case the model is able to predict the
interaction accurately. For conservative simulations of intermittent crushing and frequency lock-in with the model, three parameters
can be adjusted. The transition speed of the ice can be increased in the model, leading to more severe vibrations at higher indentation
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speeds. The ratio between the peak load and mean load can be increased in magnitude; however, we recommend a maximum of a
factor four based on the in literature reported ratios between the contact area at high speed, and the maximum contact area at low
speeds. Also, the slope of the mean global load in crushing can be reduced such that higher loads develop at higher ice drift speeds.
For the critical deformation parameter, a low value results in more severe vibrations; however, this value is better defined taking into
consideration the in full-scale measured frequency content of the ice load during continuous brittle crushing.

The presented model is limited to ice crushing, or pulverization, and does not explicitly incorporate larger failure mechanisms
such as spalling, radial cracking, rubble pile up, and circumferential cracking. The option to include ice buckling has been explored in
the past [15]; however, so far it has proven difficult to validate a model for combined buckling and crushing. We did not observe pure
spalling in the model tests performed over the years, which may have resulted from the use of model ice. Nevertheless, we have
observed plenty of frequency lock-in and intermittent crushing, indicating that the interaction is more governed by the pulverization
of small-grained ice directly in contact with the structure rather than the larger failure events. For full-scale applications, it is of
interest to expand the model to include the alternative failure modes as these result in larger reductions of the contact area and an
increase in the standard deviation of the global ice load during continuous brittle crushing. The latter can only be captured with the
current model by artificially increasing the value for the failure length, or reducing the number of ice elements.

Incorporation of the ice drift model allows for more realistic simulation of ice-structure interaction. The contour analysis pre-
sented shows that only few conditions may exist for which sustained vibrations can develop. Such analysis can have its impact in the
design of offshore structures. Incorporation of ice drift this way can result in a significant reduction of estimates for fatigue damage by
ice-induced vibrations when compared to assuming a constant ice drift speed. This is especially relevant for the accumulation of
fatigue damage of structures in subarctic conditions where the size of individual ice floes or pack ice extent is limited. The one-
dimensional model implemented here has limitations when it comes to simulating sea ice dynamics. However, when a large enough

Fig. 17. Contour plots indicating combinations of wind speed and current speed resulting in equilibrium drift speeds required for sustained ice-
induced vibrations. Left column: Assuming a 4 MN mean continuous brittle crushing load at high drift speeds. Right column: Assuming a 6 MN mean
continuous brittle crushing load at high drift speeds. Three different floe diameters are shown. The lines bound the region of equilibrium drift speeds
resulting in sustained ice-induced vibrations based on the analysis in Fig. 16. The black dots indicate the simulations presented in Fig. 18.
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size for the effective ice floe is considered, the model still provides a good estimate of the risks of sustained vibration developing since
effects inside the ice pack such as rafting, splitting, and rotation are all limiting the driving forces, and hence the development of
sustained ice-induced vibrations.

8. Conclusion

A model has been shown which can simulate the dynamic interaction between a drifting ice floe and a vertically sided offshore
structure. Example calculations illustrate that the model captures all regimes of ice-induced vibrations. The model presented is based
on experimental and full-scale observations showing that the contact between ice and structure depends on the speed of loading of
the ice, in addition to the duration of loading at a specific speed. The presented model provides an alternative to existing models, and
is unique in the sense that it does not contain parameters for defining the ice which depend on structural properties, thereby having a
comparatively higher predictive value.

Simulation examples illustrate that the developed model captures the change from non-simultaneous to simultaneous failure
associated with intermittent crushing, and the sawtooth pattern in load and displacement. The ice drift speeds for which frequency
lock-in develops in model-scale and full-scale are predicted accurately, and the amplitude of oscillation follows the experimentally
found frequency lock-in relation. The model captures the transition from continuous brittle crushing into frequency lock-in as ob-
served when ice floes come to a stop during ice-structure interaction in full-scale scenarios.

The presented model can be used in the design of offshore structures, taking into consideration relevant design standards to
determine the load level. It would be fruitful to perform additional research on the local interaction between ice and structures to

Fig. 18. Structural response at the waterline of the Norströmsgrund lighthouse for three different ice floe sizes and environmental conditions
indicated in Fig. 17. The simulations are started with an initial floe speed of 0.03 m s−1 which is in the range of frequency lock-in.
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further improve on the description of local ice-structure interaction and reduce uncertainty with respect to the model input para-
meters. Additionally, the incorporation of larger failure events resulting in a significant change of the contact, such as spalling and
circumferential cracking, as well as the natural variability in ice properties, will allow for an even more realistic simulation of full-
scale ice-structure interaction.

Analysis of the effects of ice drift on ice-induced vibrations shows that floe size or pack ice extent has a significant influence on the
development of sustained vibrations. This is specifically relevant for design and simulation of structures in subarctic conditions where
pack ice extent, floe size, and driving forces are limited, in which case the inclusion of ice drift in the simulations may result in a
significantly lower predicted fatigue damage when compared to assuming a constant ice drift speed.
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Corrigendum to “Dynamic response of an offshore structure 
interacting with an ice floe failing in crushing” [Mar. Struct. 65 
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The authors regret their mistake in the definition of the model parameters in Eq. (8) on page 277. The correct equation for the 
parameter C2 is: 

C2¼
F3

t

N3vt
:

The authors would like to apologise for any inconvenience caused. 
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