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A B S T R A C T

Vertically sided offshore structures subjected to level ice are designed to withstand the effects of ice-induced
vibrations. Such structures are, for example, offshore wind turbines on monopile foundations, multi-legged oil-
and gas platforms or lighthouses. For the prediction of dynamic interaction between ice and structures, several
phenomenological models exist. The main challenge with these models is the limited amount of data available
for validation, which makes it difficult to determine their applicability. In this study, an attempt is made to
validate one of the existing models. First, the parameters which define the ice in the model were derived from
new model-scale experiments with a rigid rectangular structure. The model was subsequently applied to simulate
the interaction between ice and two compliant rectangular structures with different structural properties.
Finally, model-scale experiments were conducted for the two compliant structures. Results of the experiments
and model were compared to assess the capability of the model to predict dynamic ice-structure interaction.
Results show that the adopted approach allows for a definition of the input parameters of the model and accurate
prediction of frequency lock-in and continuous brittle crushing for compliant structures. Intermittent crushing
was not observed in the model-scale experiments due to the model-scale ice bending significantly during low ice
speeds. As a consequence, the model could not be validated for this regime of interaction. The approach followed
and challenges encountered during its application are discussed.

1. Introduction

Dynamic interaction between a floating ice sheet and a vertically
sided offshore structure can result in ice-induced vibrations. These
structural vibrations require attention in the design of offshore struc-
tures for both ultimate and fatigue limits (ISO19906, 2010). In the past,
ice-induced vibrations have been observed for offshore oil- and gas
platforms and navigational aids such as lighthouses, resulting in failure
of structural members and adverse working conditions (Bjork, 1981;
Jefferies and Wright, 1988; Yue and Li, 2003). With recent offshore
wind developments in the Baltic Sea and Bohai Bay, the interaction
between sea ice and offshore wind turbines has intrigued researchers.

For the design of offshore structures at locations where level ice may
be present, the ability to accurately predict the interaction between sea
ice and structure is required. The main challenge is predicting the oc-
currence of the three known regimes of ice-induced vibrations: inter-
mittent crushing, frequency lock-in, and continuous brittle crushing
(ISO19906, 2010). Each of the regimes has a specific impact on the
structure. Intermittent crushing results in the largest global loads on the

structure and frequency lock-in generally results in the most significant
contribution to fatigue damage, whereas continuous brittle crushing
results in the smallest global ice loads but likely contributes to fatigue
as this regime is observed most frequently.

Due to the complexity of the interaction, only approximations based
on empirical formulas (Huang et al., 2007; ISO19906, 2010; Palmer
et al., 2010; Guo, 2013) and phenomenological models exist (Sodhi,
1994; Kärnä et al., 1999; Määttänen, 1999; Hendrikse and Metrikine,
2016; Ji and Oterkus, 2016). One of the challenges with the existing
models is to determine their range of applicability. There are only
limited full-scale and model-scale data available against which the
models can be validated. Each of the theories and models predicts the
interaction to develop differently for different types of structures in
varying ice conditions. This presents a risk of inaccurate prediction of
the response of structures with significantly different structural prop-
erties than those limited cases for which the models have been shown to
be applicable.

Application of full-scale data for validation of numerical models is
challenging. First of all, few full-scale data sets exist which contain
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measurements of all regimes of interaction. Furthermore, the data sets
often suffer from inaccuracies arising from several sources including
incomplete load and response monitoring, and inhomogeneous, defi-
ciently measured ice properties. Model-scale experimental campaigns
have resulted in important insights and data with respect to ice-induced
vibrations (Sodhi and Morris, 1984; Tsuchiya et al., 1985; Timco, 1987;
Singh et al., 1990; Sodhi, 2001; Takeuchi et al., 2001; Määttänen et al.,
2012; Ziemer and Evers, 2016). However, there are several challenges
regarding the application of reported results for validation of models.
The main challenge is that, often, not all of the input parameters of the
models can be determined based on the reported results. In that case,
care must be taken to avoid that validation instead becomes a model
fitting exercise. The second challenge is that during model-scale ex-
periments, the structural properties or ice properties are usually not
varied significantly; thus, extreme parameter combinations are not
available to determine the limitations of models. It is known that, in
case intermittent crushing or frequency lock-in develop, the measured
ice load contains a significant non-linear dependence on the interaction
between ice and structure. Therefore, ice load time histories obtained
from such experiments can rarely be used to validate the description of
the ice in the models. This final challenge can be overcome by per-
forming experiments with structures which are close to being rigid,
thereby preventing the interaction between ice and structure from in-
fluencing the experimental results.

In this study, validation of the model by Hendrikse (2017) is at-
tempted based on an approach introduced by Hendrikse and Metrikine
(2016). The approach consists of three steps, the first of which is to
define the parameters which describe the ice in the model based on
results from model-scale experiments with a rigid structure. The model
is then applied to simulate the interaction between ice and compliant
structures. The final step is to validate the capability of the model to
predict the dynamic ice-structure interaction for the compliant struc-
tures by model-scale experiments. If successful, it is demonstrated that
the model can predict the interaction between the model ice used and
compliant structures, and that there is a way to determine the input
parameters of the model a-priori from dedicated experiments with a
rigid structure. The experiments of this study were conducted in the
Large Ice Tank at the Hamburg Ship Model Basin (HSVA) testing facility
in December 2016 as part of the ‘Ice-Induced Vibrations of Offshore
Structures’ (IVOS) project (Ziemer, 2017).

The article is structured as follows. In Section 2, the experimental
setup, analytical model, and approach for determining the input para-
meters of the model are introduced. Section 3 describes the results from
the experiments with a rigid structure. These results are used in Section
4 to determine the ice related input parameters of the numerical model.
In Section 5, the model is then applied for two scenarios where flexible
structures interact with the ice. Simulation results are compared to
experimental data. The obtained results are discussed in Section 6,
which is followed by the conclusion.

2. Description of the model-scale experiments and analytical
model

Here the experiments are introduced, providing a description of the
setup and the general characteristics of the ice and structures used. The
analytical model is briefly described, followed by the approach for
determining the input parameters of the model based on experiments
with a rigid structure.

2.1. Model-scale indentation experiments with rigid and flexible rectangular
indenters

Model-scale indentation experiments were conducted in the Large
Ice Tank at the Hamburg Ship Model Basin (HSVA) testing facility in
December 2016 as part of the ‘Ice-Induced Vibrations of Offshore
Structures’ (IVOS) project (Ziemer, 2017). An overview of the test

parameters is given in Table 1 and the structural setup is shown in
Fig. 1.

One rigid structure and two compliant structures with different
structural properties were tested in two ice sheets. All structures had
rectangular cross-sections with a side length of 0.2m. The rectangular
shape was chosen to create a one-dimensional interaction between ice
and structure. The compliant setup consisted of a compliant base at-
tached to the main carriage of HSVA's Large Ice Tank by bending rods.
The rectangular structures were mounted to this base by a 6-component
load scale to measure the global forces and bending moments. Different
structural properties could be obtained by varying the added weights
and by changing the number and length of the bending rods. For the
rigid setup, the structure was attached to the main carriage by a steel
girder. The 6-component scale was removed to further reduce the
compliance of the setup. Displacement of the model structure was, in
both cases, measured with respect to the main carriage with a laser
displacement transducer, and accelerations of the structure and car-
riage were measured by accelerometers. At the ice-structure interface,
Tekscan tactile sensors were installed to measure local pressures. Both a
detailed sensor (Type 5101, 15.5 sensels cm−2) and a rough sensor
(Type 5260, 2.3 sensels cm−2) with a scan rate of 300 Hz were used to
capture the global pressures and provide a zoom-in on local pressures.

The experiments were performed in a columnar grained model ice
sheet which was produced in NaCl-doped water with a salinity of 7‰
by means of seeding. The air temperature was −18 °C during the
growth process. Air bubbles were embedded in the growing ice sheet to

Table 1
Overview of test parameters.

Rigid Flexible 1 Flexible 2

Structure width [m] 0.2 0.2 0.2
Ice thickness [m] 0.052 0.048 0.045
Flexural strength [kPa] 48 58 60
Uniaxial compressive strength [kPa] 100 115 110
Density [kgm−3] 896 896 884
Salinity [‰] 4.0 4.0 3.8
Waterline stiffness [kNm−1] – 1290 1950
Natural frequency [Hz] – 4.2 5.4
Damping ratio [−] – 0.014 0.014

Fig. 1. Illustration of the compliant test setup. The rectangular indenter is
shown in red. It is connected to a six-component load scale which is connected
to a compliant basis indicated in yellow. Removable masses are indicated in
light green and in black four bending rods are indicated which control the
stiffness of the setup. The location of the laser and accelerometers is indicated
by pink boxes. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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ensure the brittle behavior of the ice as described by Evers and
Jochmann (1993). Subsequent to the ice growth process, the tempera-
ture was raised to hit the target ice thickness of 0.05m and target ice
properties. Table 1 shows the average properties. The uniaxial com-
pressive strength tests were performed at a strain rate of 10−3 s−1. At
the locations where the samples were taken, flexural strength tests were
also performed. During the tests, the ice remained frozen to the basin
walls to provide confinement and the structures were moved through
the ice using the main carriage.

At the start of a testing day, plucking tests were performed to de-
termine the structural stiffness, and the natural frequency, and damping
ratio of the first mode. The design of the setup was such to give a large
separation between the natural frequencies of the first two modes. This
was done to permit a single-degree-of-freedom representation of the
structure in the model simulations. The tests showed, however, that a
higher mode oscillation existed at an unintended frequency about three
times the first natural frequency, which appears to have resulted from
the attachment of the structure to the load transducer. The ratio of three
is still significant, but this second mode may have only slightly influ-
enced the interaction. Additionally, a minor non-linear amplitude de-
pendence of the structural damping was observed. The value of the
damping ratio reported in Table 1 is that for an oscillation amplitude of
1mm. Indentation tests were performed by moving the main carriage
and the attached structure at a constant speed. In Table 2, the tested
speeds and their increments are reported for each of the tests. Further
details of the testing days can be found in Ziemer (2016).

2.2. Model description

The physical basis of the analytical model is treated in detail in
Hendrikse (2017). An illustration of the model is shown in Fig. 2. The
basic principle of the model is that a large contact between ice and
structure develops when ice is loaded slowly, whereas a small contact
develops when ice is loaded quickly. To reproduce this physical ob-
servation with the model, the ice is portioned into N independent ice
elements, each modelled by a combination of springs and dashpots
which allows for elastic deformation, inelastic deformation, and local
failure of the ice. The model is one-dimensional and local effects such as
corner effects for rectangular structures are not explicitly included in
the model.

In comparison to our previous work (Hendrikse and Metrikine,
2016), the frictional slider, which was present in the model to allow for
plastic deformation of the ice elements, has here become obsolete by
introduction of a non-linear dashpot to simulate the creep regime. The
introduced non-linearity results in a cubic dependency of the global
peak load on ice indentation speed as observed for secondary creep of
ice (Ponter et al., 1983). These changes mainly affect the model pre-
dictions in the creep regime.

In this study it was decided to model the structure in a simplified
manner using a single-degree-of-freedom oscillator. The rectangular
structure used in the experiments was designed such that the funda-
mental and second natural frequency differ significantly; therefore, it
can be assumed that most of the interaction between ice and structure
occurs in the first mode of the structure. The equation of motion of the
structure is given by:

+ + =u ζ ω u ω u F u t
M

¨ 2 ̇ ( , )
s s s s s s

ice s

s

2
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where over-dots represent derivatives with respect to time, and with us
the displacement of the structure, Ms the structural mass, ζs the struc-
tural damping as a fraction of critical damping, ωs the fundamental
natural frequency of the structure, and Fice(us, t) the global ice load
given as the sum of the contributions of individual ice elements i:
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with H the Heaviside step function indicating contact or no contact
between an ice element and the structure, K2 the front spring stiffness of
the ice elements, and N the total number of ice elements. Each ice
element has three degrees of freedom ui,1, ui,2, and ui,3, for which the
equations of motion are given by:
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with vice the ice drift velocity towards the structure, K1 and C1 the linear
spring and dashpot coefficients of the middle part of the ice element,
and C2 the coefficient of the non-linear rear dashpot [N3 m−1 s].

Initial positions for the elements with respect to the structure are
drawn from a uniform distribution U:

= = = − +u u u u r v t vU(0, ( ))i i i s max ice f ice,1 ,2 ,3 ,0 (4)

with rmax the maximum offset of an element with respect to the struc-
ture, us,0 the initial position of the structure, and tf(vice) the time be-
tween initial contact and failure for an individual ice element at the
given ice velocity assuming a non-moving structure obtained by solving
Eq. (3). The contribution vicetf(vice) is added to ensure that the initial
distribution of elements is similar to the distribution occurring during
interaction. The elements fail as soon as the deformation in the front
spring reaches a predefined deterministic critical deformation δf:

− =u u δi i f,2 ,1 (5)

Upon failure of an element i, the element is repositioned relative to
the structure with a uniformly distributed offset value:

= = = −u u u u t r( ) U(0, )i i i s ma,1 ,2 ,3 x (6)

with rmax the maximum offset. The equations of motion are solved in
the time domain using a 4th order Runge-Kutta scheme with event
detection to handle contact and failure. An adaptive time-stepping
scheme is used to optimize the time step which can become very small
at high velocities as all individual crushing events need to be processed.

2.3. Method of defining the ice input parameters of the model

The model requires definition of eight parameters describing the ice
behavior. These parameters are N, K1, K2, C1, C2, δf, rmax, and vice. Of
these parameters, vice can be straightforwardly defined and the re-
maining seven parameters can be derived from experimental or full-
scale measurements of ice action against a rigid structure. The mea-
surements used to define the model input are further referred to as
“reference measurements” indicated by subscript ref. Once obtained,
the parameters describing the ice in the model can be applied for si-
mulations with different structures and ice conditions. It should ulti-
mately be possible to define the model parameters based on physical
property measurements of the ice in question. However, research into
defining the relationships between physical ice properties and global

Table 2
Indentation speed tested for each structure.

Rigid Flexible 1 Flexible 2

Indentation speed (increment)
[mm s−1]

3–10 (1) 25 3–50 (1)
15–50 (5) 40–45 (1) 60–80 (10)
60–150 (10) 50–100 (5) 100 (−)
200 (−) 110–150 (10) 150 (−)

H. Hendrikse et al. Cold Regions Science and Technology 151 (2018) 345–358

347



ice deformation and failure behavior has not matured enough to yield
results.

The reference measurements which can be used to define the ice-
related input parameters of the model were previously defined in
Hendrikse and Metrikine (2016). The approach is repeated here for
completeness. A rigid structure is considered with given width (or
diameter) dref, and shape sref, in ice defined by its mean thickness href
and compressive strength σref. In he presented study, σref was obtained
from ex-situ uniaxial compressive strength tests of beam-shaped spe-
cimens at 10−3 s−1 strain rate. For these reference conditions, the nu-
merical model gives the dependence of global ice load on indentation
velocity as illustrated in Fig. 3.

Six out of seven model parameters are found based on six measured
quantities indicated by the dots in Fig. 3. The first is the transition speed
for which the transition between creep and crushing occurs vt,ref. The
second is the maximum global load Fmax,ref which can develop for an
indentation velocity equal to the transition velocity. The third and
fourth are the mean global load Fmean,ref(vice→∞) and standard de-
viation of the global load Fstd,ref(vice→∞) in crushing for high velo-
cities. High velocities are, in this case, velocities significantly above the
transition from creep to crushing. In crushing, the mean and standard
deviation of the global load have been shown to approach a constant
value at high indentation speeds in previous experiments (Sodhi and
Morris, 1984). The fifth and sixth measured quantities, Fmean,ref(v1) and
Fmean,ref(v2), define the gradient of the mean global load dependence on
velocity. Alternatively, one measurement in the creep range can be used
as shown in Hendrikse and Metrikine (2016).

The seventh and last required measurement concerns the local
failure behavior in crushing. An average value for the critical de-
formation of a single contact zone of the ice δf,avg,ref is used. Previous
attempts to define this parameter based on the spectrum of the global
ice load during high velocity crushing were unsuccessful. The challenge
is that, in practice, load signals are often of short duration and show

global low frequency variations due to natural variations in ice prop-
erties. This results in spectra which do not show a clear frequency band
in which local failure occurs. Furthermore, the phenomenological
model assumes a constant value of local deformation, strength, and a
uniform distribution of the offset. In reality, all three parameters are
likely to follow a distribution and perhaps show some degree of cor-
relation. Sensitivity to the choice of critical deformation is further
treated in the discussion section.

Based on the seven measured quantities, the seven model input
parameters for the reference case can be obtained by solving the fol-
lowing set of equations:
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Eq. (7) is defined based on the statistical properties of the model and
its derivation is treated in detail in Hendrikse (2017). For different
structures in different ice conditions the model parameters are then
scaled according to:
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In this way of scaling, the model parameters assume a linear de-
pendence of the mean global load in crushing on h, d, and σ, and a scale
factor fs(s, sref) to reduce or increase the load based on the shape of the
structure investigated as compared to the reference shape. Other ratios

Individual ice elements i

 

vicet ui,2 ui,1

K2C1

ui,3

C2

K1vice

Modeled ice edge
Element i = N

Element i = 1

Structure

Top view Structure representation

Cs

us
Ks

Ms

Fice

(a) (b) (c)

Fig. 2. Illustration of the analytical model. Top view indicating the individual ice elements and structure which can be of various shapes (a), Individual ice elements
showing the degrees of freedom with diagonal arrows indicating non-linear elements (b), and the structure modelled here as a single-degree-of-freedom oscillator (c).

Creep Crushing
Global
ice load

Indentation speed

Maximum
Mean
Standard deviation

1

2

3

4

5
6

Fig. 3. Dependence of global ice load on indentation speed in the model for a
rigid reference structure in reference ice conditions. Trends of the statistical
measures are only shown in relevant ranges. Numbered dots indicate the re-
ference measurements required to define the ice in the model, 1: the transition
speed, 2: the maximum global load at the transition speed, 3: the mean global
load in crushing at high indentation speed, 4: the standard deviation of global
load in crushing at high indentation speed, 5 and 6: the mean global load in the
transition range for an indentation speed v1 and v2. The seventh measurement
required is one of the local deformation of the ice before failure which is not
depicted in the illustration.
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are assumed to scale with the mean global load in crushing while
maintaining the relative shape of the curves shown in Fig. 3. It remains
to be validated to which extent this approach is applicable for values of
d and h deviating significantly from href and dref. For ice with sig-
nificantly different physical properties compared to the reference ice, it
has to be considered that the global failure and deformation behavior of
the ice under loading depend on the change in physical properties.

3. Results from rigid structure indentation tests

The results from experiments with a rigid rectangular indenter are
presented. A qualitative analysis of the observed ice failure process is
first given. Challenges with respect to observed flexural failure and its
impact on the applicability of the results are described. The rigidity of
the test structure is analyzed based on measurements of displacement
and acceleration during the tests. Finally, the results obtained with the
tactile-sensor measurement system are presented. These results are
further used in Section 4 to define the input parameters of the model.

3.1. Qualitative analysis of the observed ice failure process

The aim of the indentation experiments with rigid structures was to
investigate the ice failure and deformation behavior in creep and
crushing while excluding the effects of interaction between ice and
structure. This imposes two requirements on the test setup: low velocity
indentation should be possible to reach the creep range, and a relatively
stiff ice sheet is required to limit flexural ice motion and bending failure
of the ice.

The lowest possible constant speed of indentation that can be
achieved with the main carriage in the HSVA ice basin is 3mm s−1. This
velocity was expected to be close to the transitional velocity from creep
to crushing, but perhaps not low enough to accomplish a true creep test.
The obtained results confirm that crushing occurs at a 3mm s−1 in-
dentation speed (see Fig. 4).

Significant flexural ice motion and flexural failure were observed
during the tests. Fig. 4 illustrates the effect of flexural failure on the
obtained time trace of the global load. Flexural failure occurred mainly,
but not exclusively, in the low velocity experiments. The development
of this flexural failure limits the usability of the data as steady-state
crushing or full creep interaction cannot develop under conditions
where the limiting failure mechanism is bending. A critical assessment
of the data is needed to differentiate between trends in global load
related to pure crushing and trends related to a combination of crushing

and bending of the ice.
In the analysis presented in the remainder of this section, the only

time instances considered are those during which steady ice crushing
with limited influence of the flexural ice motion was observed. Those
time instances were identified by carefully inspecting the time de-
pendencies of the global pressure obtained with the tactile sensor
system, as well as the video recordings. Fig. 5 shows an example
comparison of a signal before and after the removal of flexural failure
associated effects. Table 3 shows the length of the data signals which
remained after processing.

3.2. Rigidity of the test structure

It is impossible to design a completely rigid test setup in practice. It
is, therefore, important to specify the actual rigidity of the setup to
quantify the influence of relative motion between ice and structure on
the experimental observations. Dynamic ice-structure interaction is
mainly governed by the relative velocity between ice and structure
(Määttänen, 1999; Hendrikse and Metrikine, 2016). The rigidity of a
structure can therefore be expressed in terms of the occurring relative
velocities during indentation. For rigid structures, the minimum re-
lative velocity is approximately equal to the indentation velocity, or ice
drift velocity. For flexible structures, the minimum relative velocity can
be significantly smaller than the indentation velocity when the struc-
ture moves in the direction of the ice.

The structural velocity which occurred during the experiments was
derived using both the displacement and acceleration measurements.
The acceleration data was filtered by a 2 Hz high-pass filter to remove
low frequency contributions leading to drift in the obtained velocity
signals. Both acceleration and displacement were re-sampled to 100 Hz.
The constant indentation velocity was directly measured as the velocity
of the main carriage in the basin.

Fig. 6 shows the obtained minimum relative velocity values for each
indentation velocity and the constant indentation velocity. For the
minimum relative velocity, the average of ten peak values was chosen
to reduce the influence of incidental high velocities on the results. The
results from both the displacement and acceleration measurements are
fairly consistent. Based on the proximity of all measurement points to
the solid line in Fig. 6, the effect of interaction is concluded to be
negligible and the structure is confirmed to be rigid.
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3.3. Results from the tactile-sensor system

The tactile-sensor system provides information about the local and
global ice pressures and ice loads. Of main interest for the determina-
tion of the input parameters of the model are the dependence of max-
imum, mean, and standard deviation of the global ice load on in-
dentation velocity. Global loads can be obtained by summation of the
measured pressure in each sensel multiplied by the area of a sensel.

Due to challenges with pre-calibration of the sensor, the obtained
pressure values can only be considered in a relative manner in terms of

their raw values. However, this does not limit the usability of the data
for the purpose of this study. The results in this section are further
presented as raw global load values for which the observed ratios are
one-to-one related to the ratios for the true global load on the structure.
The raw global load is computed by summation of the raw local pres-
sures at a specific time.

In the analysis, only the pressures on the front of the structure di-
rectly facing the ice are considered. A low-pass Bessel filter with phase
shift correction was applied to the data to remove sensor noise. Fig. 7
shows the obtained values for the mean, maximum, and standard de-
viation of the raw global load as well as the contact area. The contact
area is given by the sum of the number of elements in contact at a
specific moment in time.

A typical trend of reducing maximum and mean global load in the
low speed range, up to 0.02m s−1, can be observed. For higher speeds,
between 0.05 and 0.14m s−1, the mean of the global load shows a
slight increasing trend with indentation speed. This contradicts earlier
findings reported by Sodhi and Morris (1984) who show that the mean
global load levels off with increasing indentation speed. An explanation
for this difference is found in the increasing trend in the dependence of
the statistical measures of the contact area on indentation speed in
Fig. 7. This indicates that for higher speeds a larger portion of the tactile
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Table 3
Signal length after removal of flexural failure associated intervals for each of
the considered indentation velocities.

Velocity [mm s−1] 3 4 5 6 7 8 9 10 15

Signal length [s] 3.9 27.5 19 2.7 1.3 2.0 4.7 4.3 3.9

Velocity [mm s−1] 20 50 60 70 90 100 110 120 130 140

Signal length [s] 2.7 3.2 3.4 3.9 3.15 4.0 3.9 3.2 2.7 1.3
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sensor registers pressure. The reason for this is an increase in ice rubble
resting against the sensor, see Fig. 8, resulting in a static contribution to
the global load which increases with indentation speed. For the low
speed tests, the amount of rubble was significantly less and hence the
influence on the results was much smaller.

The ice rubble generates a significantly smaller pressure value in a
sensel compared to the intact ice, which should make it relatively easy
to distinguish between the two. However, as the ice sheet was oscil-
lating in vertical direction during indentation, the location of the rubble
in vertical direction kept changing. A very rough approach to removing
the contribution of rubble from the data is to set a minimum pressure
threshold. By this approach, not only is the pressure from rubble re-
moved, but also a portion of the pressure from the intact ice. The results
after application of this approach with a raw pressure threshold value of
15 are shown in Fig. 9. The raw pressure range for this sensor was
between 0 and 255. Comparing the trends in contact area with those
shown in Fig. 7, it can be clearly seen that the increasing trend with
indentation speed is almost completely gone. The results of the raw
global load in Fig. 9 are consistent with the observations reported in
literature (Sodhi and Morris, 1984). The effect on the standard devia-
tion of the load is negligible, indicating that indeed a static contribution
was removed from the signal.

From the experiment at 0.14m s−1, the mean raw global load is
found to be significantly larger than for the experiments at 0.09 up to
0.12m s−1 while all experiments were in the crushing range. This is a
result of the flexural ice motion in the experiments which cannot be
completely filtered from the results. The effect is insignificant for high
indentation speeds, while for low speeds there is a clear, long period
oscillation superimposed on the crushing load. Fig. 10 illustrates that,
while the maximum load is in the same range, the minimum loads drop
to significantly lower values for the lower ice velocities. The ratios

obtained for the experiment at 0.14m s−1 can be considered to reflect
pure ice crushing best.

4. Determination of input parameters for the model

The results from indentation experiments with rigid structures are
used as reference measurements to determine the input parameters of
the model based on the methodology presented in Section 2.3. As only
raw global load values were obtained from the pressure sensor, the
mean global load in crushing at high velocities cannot be determined
from the measurements. It was chosen to scale the raw global load
results by dividing with the raw mean global load at 0.14m s−1. This
allows to define six out of seven parameters of the model. In Fig. 11, the
scaled raw global loads obtained from the experiment and shown in
Fig. 9, are replotted, indicating the reference measurements used for
defining the model parameters.

Three reference measurements can be directly obtained from
Fig. 11:

→ ∞
→ ∞
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, (9)

The transition velocity and maximum global load at the transition
between creep and crushing were not measured in the experiment. A
different set of experiments from the IVOS campaign in similar ice
conditions (Hinse et al., 2017) showed a transition from creep to
crushing in the range between 0.5 and 2mm s−1. A value of 1mm s−1 is
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chosen here as a first estimate. The maximum global load is estimated
by extrapolation of the experimental results (see Fig. 11):

≈

→ ∞
=

−v
F

F v

0.001 m s

( )
3.45

t ref

max ref

mean ref ice

,
1

,

, (10)

Sensitivity of the model predictions to these two estimations is
treated in the Discussion section.

The sixth parameter is the average critical local deformation of the
ice δf,ref. The tactile-sensor system allows for studying individual con-
tact zones to obtain a representative value for this parameter. Fig. 12
shows the distribution of the critical deformation obtained for the test
at 0.14m s−1 indentation speed. It was found that the individual con-
tact zones are smaller than the grid resolution of the utilized tactile
sensor. Hence, it is impossible to derive a correct distribution of critical
deformation of individual contact zones from the measurements.
Nevertheless, it is found that the majority of loading events concerned
less than 5mm deformation of the ice and that there is a minimum
deformation of about 1mm. Based on the observations, an estimate of
δf,ref of 2mm is made. The sensitivity of the model predictions to this
choice is further treated in the discussion section.

Using the reference measurements as input to the system of equa-
tions in Eq. (7), the model input parameters are obtained as shown in

Table 4. To obtain the parameters, the value of the mean global load
measured by the six-component scale during a test at 0.14m s−1 in-
dentation speed with the same structure, but compliant test setup 1 has
been used. This mean global load is scaled to account for the difference
in uniaxial compressive strength and thickness between the rigid and
compliant structure tests. This results in an estimate for Fmean, ref(vice→
∞)≈ 1150 N.

Using the parameters from Table 4, the model is applied to the case
of the rigid structure. Results for the global load dependence on velocity
are shown in Fig. 13. A good match with the measurement data is ob-
tained, as should be the case. When comparing the model predictions
with the experimentally obtained values, the presence of flexural de-
formation of the model ice sheet is to be considered.

5. Comparison of model predictions and experiments for
compliant structures

A comparison of simulation results and model-scale experiments is
presented for two cases where model ice interacts with a compliant
structure, resulting in the development of ice-induced vibrations. The
aim of this comparison is to demonstrate that the model can predict the
interaction between ice and structures with different structural prop-
erties, using the ice parameters obtained from tests with a rigid
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structure.
The input for the simulations is given in Table 5. The reference

parameters, given in Table 4, are used to define the ice in the model. A
speed sweep is used for the simulations by increasing the indentation
speed stepwise as was done in the model-scale experiments, during
which each speed was maintained for about 20 s on average. This is of

importance as initial conditions influence the development of frequency
lock-in. Simulations were run for at least 20 s, with longer simulation
time at low velocities to make sure that a steady-state interaction
process developed. In determining statistical measures of the process,
only the second half of the obtained signals was used.

Most of the results from the experiments with compliant structures
could be straightforwardly applied as flexural failure impacted only a
limited number of tests. The data was processed in a similar manner as
for the rigid structure. At low velocities, the interaction was influenced
significantly by the occurrence of flexural ice motion which has to be
considered in the comparison as the model does not incorporate this
behavior. The global ice loads were obtained from the 6-component
scale.

The comparison between model predictions and experimental re-
sults is presented as follows. On a global level, the statistical measures
(mean, maximum, standard deviation) of the global ice load, structural
displacement, and structural velocity are compared for different in-
dentation velocities. On a local level, a detailed comparison for a single
velocity in the regime of frequency lock-in and the regime of continuous
brittle crushing are presented. Comparison in the regime of intermittent
crushing is impeded by accompanying flexural motion of the model ice
sheet which limits the maximum ice loads.

Fig. 14 shows the ratio between the maximum structural velocity in
the direction of ice motion and the indentation speed for the two
compliant structures. This plot provides a simple indication of the fre-
quency lock-in range as during frequency lock-in the aforementioned
ratio ranges between 1 and 1.5 (Toyama et al., 1983). Fig. 15 shows the
trends in global load dependence on indentation speed. Fig. 16 shows
the trends in structural displacement. The results are further discussed
in the next section.

Fig. 17 shows a comparison of measured and predicted structural
displacement and global ice load for a case of frequency lock-in. The
signal chosen is the one that matches best in terms of velocity, load, and
displacement based on Figs. 14, 15, and 16. Fig. 18 shows a comparison
of measured and predicted structural displacement and global ice load
in a case of continuous brittle crushing. Results are further discussed in
the next section.
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Table 4
Derived reference input parameters of the numerical model.

K2,ref

[Nm−1]
C2,ref

[N3m−1 s]
K1,ref

[Nm−1]
C1,ref [Ns
m−1]

Nref [−] rmax,ref

[mm]
δf, ref
[mm]

50,910 1.05 109 5372 17,021 39 2.9 2
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Fig. 13. Comparison between model prediction and experiments for a rigid
rectangular structure of 0.2 m width in ice conditions defined in Table 2.
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6. Discussion

The experimental setup allowed for an easy variation of structural
properties by which the required data from rigid and flexible structures
could both be obtained. The rigid setup can be considered as rigid,
given the ice load level observed in the experiments. Two compliant
structures with different structural properties were successfully im-
plemented. The measurement systems installed recorded necessary in-
formation about ice loads and structural motion. Despite the im-
possibility to define the absolute magnitude of the pressures obtained
by the tactile sensor, the use of the ratios between raw pressure values
still permitted a definition of the model input parameters.

The main challenges, with respect to the experimental data, origi-
nated from the use of model ice, which is not designed for tests with
pure crushing. The ice tended to bend downwards during interaction,
often resulting in flexural failure at low velocities. The influence of this
on the results is two-fold. First, the amount of steady-state crushing
data gathered during the experiments is reduced as bending failure
causes long durations of no loading in the signals (Fig. 4). Second, the
load levels measured may be significantly smaller than those associated
with pure crushing as previously illustrated analytically for ice buckling
(Hendrikse and Metrikine, 2016). The latter effect occurs mainly at low
indentation speeds and can prevent the development of intermittent
crushing and frequency lock-in. For the rigid structure experiments, it
leads to some uncertainty with respect to the mean and maximum
global load levels during crushing. Also, the comparison between model
predictions and experimental data for compliant structures at low in-
dentation speeds is not possible because of this. The use of a different
type of ice, thicker ice, or a smaller size structure can resolve these
issues for future tests.

Despite the challenges associated with the measurement system and
use of model ice, the obtained experimental results show trends con-
sistent with those reported in literature. For the rigid structure, the
maximum and mean global ice loads show a strong decreasing trend
with increasing indentation speed for low speeds up to 0.02m s−1, after

which they level off. This is consistent with the results reported by
Sodhi and Morris (1984). The compliant structures show frequency
lock-in to occur over a range of velocities in which the structural ve-
locity in the direction of ice drift follows a linear relation with the in-
dentation speed as observed previously by Toyama et al. (1983) and
Tsuchiya et al. (1985). For the structure with a higher natural frequency
and stiffness, compliant structure 2, the indentation speed up to which
frequency lock-in developed is smaller than for the structure with a
lower natural frequency and stiffness. This is consistent with the results
reported by Huang et al. (2007).

The obtained data from the rigid structure experiments could be
straightforwardly applied to define the model input parameters. The
missing data for the transition velocity, maximum global load, and
mean global load in crushing could be estimated with a small un-
certainty. The main difficulty is to determine the critical deformation of
the ice in the model. An estimation has been made based on the in-
dentation velocity and the time during which individual sensels of the
tactile sensor registered contact. As the contact measurements included
ice rubble and multiple-zones could have been in contact with a single
sensel this approach did not allow for an accurate estimation. Future
studies with more detailed tactile sensors may reveal the true dis-
tributions of critical deformation, offset, and local maximum pressure.
Once those are available, the model can be adjusted to account for these
more realistic distributions. It is noted, however, that the model is
phenomenological and already shows to capture the interaction on a
global scale. A very detailed description of the local failure process may
not necessarily change the model predictions significantly.

The comparison between model predictions and experimental re-
sults for flexible structures, shown in Section 5, illustrates that the
model can describe the dynamic interaction process accurately when
the input parameters have been derived based on reference measure-
ments. The ranges of intermittent crushing, frequency lock-in, and
continuous brittle crushing, as shown in Fig. 14, match well given the
natural variations occurring during experiments and not in the ideal
numerical model. The predictions for the statistical measures of the

Table 5
Input for simulation of the experiments with two compliant structures.

Ks [kNm−1] fs [Hz] ζs [−] h [m] d [m] Shape σ [kPa] f(s,sref)

Compliant 1 1290 4.2 0.014 0.048 0.2 Rectangular 115 1
Compliant 2 1950 5.4 0.014 0.045 0.2 Rectangular 110 1
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structural displacements during frequency lock-in show strong corre-
spondence to those observed in the experiments (see Fig. 16). In the
continuous brittle crushing regime, the correspondence is weaker for
which many reasons can be given, but one is clearly the influence of a
higher mode of structural oscillation not included in the model but
present in the experimental measurements (see Fig. 18). The detailed
time histories in Fig. 17 show that the model captures the development
of the global ice load in the lock-in range. The typical periodic pattern
with an oscillation in between large load drops is seen in both experi-
mental results and the model predictions.

The dependencies of the statistical measures of global load on in-
dentation velocity, as shown in Fig. 15, match well for compliant
structure 1. Both the model predictions and experimental measure-
ments show an increase in statistical measures of the global load in the
frequency lock-in range when compared to the brittle crushing range.
For the test with compliant structure 1, a local hard-spot in the ice,
indicated by the increase in mean global load in the range of 0.08 to
0.1 m s−1 in Fig. 15, illustrates the challenge in comparing model
predictions and measurements if local variations in ice properties are

not taken into account. For compliant structure 2 it is found that at low
velocities the model predicts intermittent crushing to develop, resulting
in an increase in global loads, whereas from experiments the load levels
show to decrease. This can be explained by the influence of flexural ice
motion and failure.

Sensitivity of the results with respect to the choice of input para-
meters is considered as some of the required reference measurements
were not obtained, but estimated, from the rigid structure experiments.
In Fig. 19, the model predictions for the maximum structural velocity in
the direction of ice drift as a function of indentation speed are presented
for five extreme cases of parameter estimations as defined in Table 6.
For the cases where the maximum global load at the transition velocity
is increased, case a, d and e, the limit for the indentation speed for
which frequency lock-in is predicted to occur increases. For the cases
where the opposite is true, case b and c, the limit for the indentation
speed reduces. Note that with a change of the transition speed the es-
timate of the maximum global load changes based on the extrapolation
applied (see Fig. 11). A larger amplitude for oscillation is predicted in
the continuous brittle crushing range for the higher values of critical
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deformation, case b and d. In the frequency lock-in range the amplitude
is unaffected by the choice of the critical deformation.

Regardless of the choice of parameters, frequency lock-in is pre-
dicted to develop over a range of indentation speeds for the extreme
parameter choices. The maximum velocity for which lock-in is pre-
dicted to develop shows to vary by 0.03m s−1 for the parameter ranges
considered. In application of the model for design of offshore structures,
the most conservative choice is to use a high estimate for the maximum
global load and transition velocity. In application of the model for de-
sign of experiments, a lower estimate for the transition velocity and
maximum global load can be used to maximize the chances of ice-in-
duced vibrations developing at the intended indentation speeds.

7. Conclusion

Indentation experiments with rigid and compliant rectangular
structures were conducted in model ice to gather data required for the
validation of a model for prediction of dynamic ice-structure interac-
tion. Based on the obtained data, an approach for determination of the
model input parameters and the capability of the model to predict the
interaction between ice and compliant structures are validated.

Dependencies of the statistical measures of the global ice load on

indentation speed are obtained from the experiments with one rigid and
two compliant structures. Information about the local failure behavior
is obtained from tactile sensor measurements for all tests. The com-
pliant structures experienced frequency lock-in over a range of velo-
cities. The obtained measurement data can be used as a benchmark for
validation of models for the prediction of dynamic ice-structure inter-
action.

The results from the experiments with the rigid structure are used to
define the input parameters of the model. Due to the lack of data at low
indentation speeds, some parameters had to be estimated. But a sensi-
tivity study shows that, for the range of parameters considered, the
effects on the model predictions are small. Future experiments focused
on local contact and the transition between creep and crushing may
allow for better estimates of these parameters. It is shown that the
model captures the main trends observed in the global load dependence
on indentation speed for rigid structures.

Using the input parameters defined based on the rigid structure
experiments, the model has been applied to two scenarios of compliant
structures interacting with ice. For both structures, experimental data
have also been obtained. Comparison of the model predictions and
experiments has shown that the model accurately captures the ranges of
the different types of interaction and the structural oscillation pattern
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Fig. 17. Comparison of structural displacement (a) and global ice load (b) during frequency lock-in at an indentation speed of 0.023m s−1 for compliant structure 2.
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within those ranges. Furthermore, the predicted global ice load de-
pendence on time shows similar characteristics to that obtained from
the experiments. The capability of the model to predict dynamic ice-
structure interaction and the development of frequency lock-in and
continuous brittle crushing has been validated. For intermittent
crushing, additional experiments are required since the model ice used
in the experiments experienced significant bending failure at low in-
dentation speeds.

The presented approach for determining the input parameters of the
model provides a guideline for application of the model to different
model-scale and full-scale scenarios. Effects of changes in physical ice
properties on the response of the ice have to be studied in more detail,
but estimations can straightforwardly be implemented. Further studies
aimed at the detailed development of local pressure and contact will
allow for a refinement of the failure and contact in the phenomen-
ological model.
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Fig. 19. Sensitivity of the predictions for the range of indentation speeds at which frequency lock-in develops for compliant structure 1 (a) and compliant structure 2
(b). Changes in the estimated parameters are defined in Table 6.

Table 6
Parameter estimates used for checking the sensitivity of the
model predictions. Only the values which are changed with re-
spect to the original estimates are presented.

Case Parameter change

a =
→ ∞

5
Fmax ref

Fmean ref vice
,

, ( )

b vt,ref=2 mm s−1δf,ref=4 mm
c vt,ref=2 mm s−1δf,ref=0.5 mm
d vt,ref=0.5 mm s−1δf,ref=4 mm
e vt,ref=0.5 mm s−1δf,ref=0.5 mm
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