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Scaling ice-induced vibrations by combining replica modeling and 
preservation of kinematics 

Tim C. Hammer a,*, Otto Puolakka b, Hayo Hendrikse a 

a Delft University of Technology, Faculty of Civil Engineering and Geosciences, Department of Hydraulic Engineering, Stevinweg 1, 2628 CN Delft, the Netherlands 
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A B S T R A C T   

A modeling approach to simulate ice-induced vibrations of vertically sided offshore structures in ice tank ex-
periments is presented. The technique combines replica modeling with the preservation of kinematics during ice- 
structure interaction. The technique was chosen based on the theoretical understanding that ice-induced vi-
brations are caused by an energy exchange between the structure and the ice. The mechanism is controlled by 
primarily four aspects: the kinematics during ice-structure interaction, the degree to which the ice can resist 
higher loading at low velocities prior to failure (velocity effect), the existence of a transition speed from ductile- 
to-brittle failure, and the mean ice load level. 

A model ice type which resulted in a velocity effect and provided a transition speed comparable to that of sea 
ice was developed and used during ice tank experiments. A scaling factor, derived from the comparison between 
the mean brittle crushing ice load of the full-scale event and the in-situ measured mean brittle crushing model ice 
load, was applied to scale structure properties of a numerical model. This model was implemented during real- 
time hybrid simulations in model ice to preserve kinematics during the ice-structure interaction. 

To verify the proposed scaling approach, rigid indenter experiments covering velocities from 0.1 mm s− 1 to 
500 mm s− 1 and dynamic ice-induced vibration experiments of structures with varying aspect ratios (8 and 12) 
and shapes (cylindrical and rectangular) were conducted. Neither the aspect ratio nor shape appeared to in-
fluence the development of ice-induced vibrations significantly. 

The approach was qualitatively validated by reproducing full-scale ice-induced vibrations as experienced by 
the Molikpaq platform and Norströmsgrund lighthouse.   

1. Introduction 

Recordings of ice-induced vibrations of vertically sided offshore 
structures are rare, leading to insufficient data for detailed theoretical 
developments. To address this gap, ice tank tests have been conducted 
over the last decades to explore the mechanisms governing ice-structure 
interaction of (near-)vertically sided structures (Määttänen, 1979; 
Toyama et al., 1983; Kärnä and Muhonen, 1990; Sodhi, 1991; Kärnä 
et al., 2003; Yue et al., 2006; Huang et al., 2007; Määttänen et al., 2012; 
Hendrikse et al., 2018). A further use of ice tank tests is to investigate the 
potential for ice-induced vibrations of completely new structures to be 
built in locations with sea ice presence, such as done for offshore wind 
turbines (Barker et al., 2005; Gravesen et al., 2005; Tian et al., 2019), 
lighthouses (Määttänen, 1978) or offshore oil- and gas platforms (Timco 
et al., 1992; Cornett and Timco, 1998; Sodhi, 2001). Many of the 

conducted experiments were scaled for a combination of Froude and 
Cauchy scaling, which resulted in challenges to achieve ice failure 
modes and structural responses representative of full-scale events. 

The Cauchy scaling method considers a strength value related to an 
elastic force component, based on the Young’s modulus of the ice (e.g., 
elastic control factor by Huang et al. (2007)). However, as both saline 
and freshwater ice exhibit non-elastic behavior under loading scenarios 
relevant for ice-induced vibrations (Cole and Durell, 1995; Wei et al., 
2022; Owen et al., 2023), the adequacy of considering only an elastic 
force component is questionable. Yap (2011) also emphasized that 
“strength is a function of several known [and unknown] factors” and von 
Bock und Polach and Molyneux (2017) pointed out that corresponding 
relative speeds during ice-structure interaction on vertically sided 
offshore structures “may be in the ductile region, which again presents a 
challenge for model basins, as Froude-Cauchy scaling does not apply, as 
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strain rate scales under [such] system[s].” 
Sodhi (1992) noted during indentation tests with freshwater ice that 

effective pressures measured on small and large structures were similar 
when indentation velocities were kept unscaled. Kamesaki et al. (1996) 
introduced the dimensionless compliance effect to scale ice-induced 
vibrations. A recent insight is that the observed compliance effect can 
be explained by the (relative) velocity effect between structure and ice 
(Owen et al., 2023). 

Additionally, full-scale events of ice-induced vibrations indicate that 
the ice load level is dependent on the relative velocity between the 
structure and the ice. For example, measurements at the Molikpaq 
platform (Jefferies and Wright, 1988) or at a beam attached to one leg of 
a drilling platform in the Cook Inlet (Peyton, 1968) showed that the 
crushing ice load level increased when the ice slowed down during the 
interaction. 

Sodhi (1992) suggested using replica modeling for investigating ice- 
structure interaction in reduced-scale experiments. In replica modeling, 
the geometric scale is maintained, and identical materials are used at 
corresponding locations (Baker et al., 1991). Consequently, the effective 
mean pressure at the ice-structure interface is preserved. Building upon 
the study by Sodhi (1992), Yap (2011) applied replica modeling and 
scaled time and structural displacement amplitude with the same 
geometrical scaling factor, utilizing the Cauchy scaling. 

Ziemer (2021) preserved time in model-scale experiments assuming 
that the strain rate governs ice-induced vibrations of vertically sided 
structures. Ziemer (2021) only scaled the structural displacement 
amplitude, assuming length-independent ice failure. However, Ziemer’s 
conclusion favored velocity preservation over strain rate preservation to 
achieve representative ice-induced vibrations. This would require 
adjusting structural stiffness to compensate for differences in the 
crushing load between model and offshore structures, potentially lead-
ing to large geometric scales in ice tank experiments. 

Ice-induced vibrations are primarily controlled by the energy trans-
fer between ice and structure which is mainly, from the ice perspective, 
defined by the magnitude of the ice forces on the structure. Furthermore, 
the magnitude of the ice forces during interaction has been shown to be 
strongly dependent on the relative velocity between ice and structure. At 
low relative velocities larger forces are observed, which is referred to as 
the velocity effect (Izumiyama et al., 1994; Jefferies et al., 2008; 
Kamesaki et al., 1996; Kärnä et al., 2008; Määttänen, 1981; Owen et al., 
2023; Singh et al., 1990; Sodhi, 2001; Tsuchiya et al., 1985). This effect 
is also observed on completely rigid structures, for which the relative 
velocity becomes just the ice drift speed, where the largest global forces 
are typically obtained at a transition velocity (e.g., Takeuchi et al., 
2001). This transition velocity is here referred to as the velocity at which 
the global failure behavior of the ice changes from creep to crushing, or 
the ductile-to-brittle transition velocity. This transition velocity, and the 
associated high ice forces when compared to the forces for indentation 
velocities far exceeding the transition, are key properties of the ice, 
which control, together with the mean load level, the absolute possible 
energy transfer and the rate of energy transfer to the structure during 
interaction. If these model ice properties can be kept within similar 
ranges as observed in sea ice, full-scale ice-induced vibration events in 
model ice experiments could be reproduced. 

For this purpose, a replica modeling technique with a preservation of 
kinematics during the ice-structure interaction is applied, in line with 
suggestions from literature (i.e., Sodhi, 1992). Contrary to other scaling 
methods, this scaling method underlines that it is unknown how to scale 
the time- and rate-dependent behavior of ice, or how to scale the 
amplitude of structural oscillation without affecting the development of 
ice-induced vibrations in an uncontrolled manner, which is why a 
preservation of the kinematics is applied. 

Similarity of structure shape, aspect ratio, Young’s modulus, 
compressive strength, ice mass, local peak pressure at high speed (i.e., 
brittle crushing peak loads), surface friction, and ice temperature are 
assumed to not be required to achieve representative ice-induced 

vibration in model ice experiments. 
The following chapter first defines how such representative ice- 

induced vibrations are defined in the present study. Then it introduces 
how the replica modeling and preservation of kinematics were assured 
in model ice experiments and summarizes the applied scaling factors. 
Chapter 3 introduces the cold model ice developed for the model ice 
experiments, with a focus on the transition velocity and the velocity 
effect. In Chapter 4, the significance of the structure shape and aspect 
ratio between structure diameter and ice thickness on the velocity effect, 
transition speed, and development of ice-induced vibrations are inves-
tigated. Results from scaled model experiments aiming at specific full- 
scale events from the Norströmsgrund lighthouse and Molikpaq are 
presented in Chapter 5 for a qualitative validation of the applied 
method. 

2. Methodology 

A representative scaled test for ice-induced vibrations is further 
defined as a test in which the regimes of ice-induced vibrations (i.e., 
frequency lock-in and intermittent crushing) develop as observed during 
full-scale ice-induced vibration events or other reference data with their 
characteristics preserved (e.g., Hendrikse and Nord, 2019; Hammer 
et al., 2022), and with global loads and structural kinematics qualita-
tively similar to those of full-scale ice-induced vibration events. A key 
characteristic is that an ice floe slowing down against a relatively flex-
ible structure can cause a transition from continuous brittle crushing to 
frequency lock-in and ultimately to intermittent crushing (Jefferies and 
Wright, 1988; Peyton, 1968). Here the relative increase in global peak 
loads, as intermittent crushing develops, should be captured, as well as 
the increase in period of the saw-teeth as the ice drift speed decreases. 
Experience showed the two latter aspects to not develop in ‘standard’ 
model-ice, most likely due to the tendency of the ice to bend or buckle 
under high loading (Hendrikse et al., 2018). 

2.1. Replica modeling 

Replica modeling uses a model dimensionally identical to the full- 
scale structure, with identical materials placed at corresponding geo-
metric positions (Baker et al., 1991). 

This approach can be understood as preserving the effective mean ice 
pressure as shown by conducted experiments (Sodhi, 1992) and appli-
cation in scaling (Yap, 2011). If the mechanism(s) causing ice-induced 
vibrations originate at a small scale in the ice (Hendrikse and Nord, 
2019; Cole, 2021), then the finding of Sodhi (1992) seems to be 
reasonable when the specimen is much larger than the ice grain size. We 
assume that the effective mean pressure preservation is achievable when 
the ratio of structural diameter (D) to grain size 

(
Dgr

)
is relatively large: 

D
Dgr

> 25 (Hirayama et al., 1974) and only when testing at mass- 
unaffected velocities. 

2.2. Preservation of kinematics during dynamic ice-structure interaction 

Literature indicates that neither the structural displacement ampli-
tude nor time should be scaled, which leads to a preservation of the 
kinematics during the dynamic ice-structure interaction. Here preser-
vation is defined as a state in which physical quantities are kept at the 
full-scale value. To preserve kinematics during interaction, properties of 
the ice and of the offshore structure must therefore be kept at full-scale 
(see properties listed in Table 2). 

2.2.1. Ice 
The transition speed from ductile-to-brittle ice failure and the ve-

locity effect are central to the development and scaling of ice-induced 
vibrations of vertically sided structures (Hendrikse and Nord, 2019). 
The model ice was therefore required to have a similar transition speed 
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and show a similar velocity effect as sea ice. The transition from ductile- 
to-brittle crushing was identified as the ice drift speed that led to the 
highest standard deviation of the global ice load in rigid indenter ex-
periments of sufficient duration. This definition aligns with Takeuchi 
et al. (2001), who determined the transition speed by visually con-
firming reduced prominence of low-frequency load peaks in the signal. 
The standard deviation was chosen as a classification criterion as it 
considers the change of load peak prominence when no mass effects (i.e., 
ice extrusion) are influencing the mean load. 

2.2.2. Structure 
A real-time hybrid test setup (Fig. 1) was used in the experiments to 

achieve full-scale kinematics of the offshore structure during ice- 
structure interaction. A hybrid test setup is based on a substructuring 
technique. Typical setups for dynamic testing are divided into two parts 
using a substructuring technique, as described by McCrum and Williams 
(2016): “[C]ritical structural subassemblies that are fundamental to the 
overall response of the structure are physically tested, whilst the 
remainder of the structure whose response can be more easily predicted 
is numerically modelled.” 

In our case, the real-time hybrid test setup consists of a physical 
substructure, equipped with ice load measurement devices, and a nu-
merical substructure comprising a numerical model for predicting the 
structural response of offshore structures and a servo controller for 
controlling the transfer system (i.e., electrical actuators). The real-time 
hybrid test setup helps to preserve relative velocity, without requiring 
large structure models in the ice tank. Before testing, a numerical 
structure model (e.g., a file containing scaled structural properties of a 
specific offshore structure) was uploaded to the numerical model. As the 
physical substructure was moved through the ice sheet, the measured ice 
load was used as input for the numerical model. The numerical model 
solved the dynamic equations in real time using a Euler-Cromer method 
to determine the structural displacement of the offshore structure, which 
was then applied on the physical substructure by an electrical actuator. 
The application of a hybrid test setup led to a “decoupling” between 
oscillation and substructure, as suggested by Ziemer (2021). 

The hybrid test setup employed is a modified version of the system 
used during the first experimental model test campaign of the SHIVER 
project in 2021 (Hendrikse et al., 2022). Additional details about the 
measurement systems, a flow diagram of the hybrid test setup, and 
verification of the structural simulation method can be found in 
Hammer et al. (2021). The current study used a different ice load 
measurement system to avoid temperature-induced strain issues 
(Hammer and Hendrikse, 2023). 

Instead of using strain gauge rings, three separate load cells 
(2960–2962-2965 low-profile (pancake) load cells SENSY S.A, 6040 
Jumet, Belgium) were positioned between the aluminum pile and the 
moving tables (Fig. 1 - right) to determine the ice-induced bending 
moments. For the tests with vertically sided indenters, the vertical load 
component was disregarded when calculating horizontal ice loads, as 
these were small relative to the horizontal loads (see Figure 1 in the 

supplementary material). The static arms of load application point to the 
load cells and a sketch of this scenario are given in Figure 2 and Table 4 
in the supplementary material. 

Additionally, the aluminum test pile was shortened to accommodate 
the connection of red 3D-printed adapters (Fig. 1 - left), which allowed 
investigation of geometrical scale effects using different shape and 
diameter indenters without increasing the mass of the physical sub-
structure or increasing manufacturing cost and time significantly. The 
suitability of using 3D-printed structures made of polylactic acid for 
model tests of vertically sided structures in model ice was explored by 
Petry et al. (2023). To minimize the risk of local damage, selective laser 
sintering (SLS) of polyamide 12 was favored over the tested fused 
deposition modeling technique used in Petry et al. (2023). Material 
similarity of the physical substructure (consisting of aluminum or 
polyamide 12) and the offshore structures (constructed from steel or 
concrete) was assumed when assessing the crushing of ice against a 
vertical interface. This means that neither material used in the experi-
ments yields significantly, which would on the one hand change the 
relative velocity between structure and ice and on the other hand affect 
the hybrid test setup control. Both the aluminum and 3D prints were 
designed so that the deformation under maximum loading was negli-
gible. After manufacturing, the SLS-prints were painted red to enhance 
better visual contrast with the crushing ice. Tested substructures can be 
seen in Fig. 2 and further specifications of the substructures can be found 
in Table 1. 

2.3. Scaling factors 

While simulating and preserving the global ice drift speed is feasible 
by moving a structure with the full-scale speed through the model ice, 
maintaining structural kinematics is more complex. To address this 
challenge, a real-time hybrid setup was employed, enabling the scaling 
of structural properties in a numerical domain while testing a “decou-
pled” physical substructure in an ice tank. Assuming mean pressure 
preservation, the structural properties of the full-scale structure (e.g., 
mass, damping, and stiffness) were scaled to account for the difference 
in the loaded area between full- and model-scale. A scale factor λF be-
tween the measured quasi-static mean ice load measured on the physical 
substructure in model ice experiments (Fm) and the quasi-static mean ice 
load of the full-scale event 

(
Ff
)

was applied to scale the structural 
properties in the numerical model implemented in the real-time hybrid 
simulations: 

λF =
Ff

Fm
. (1) 

The model ice load Fm was determined through an ice load mea-
surement from a rigid indenter test at an ice drift speed of 100 mm s− 1 

for a 1.5 m crushing length at the start of each separate test run through 
the ice sheet. Note that the controlled indenter speed (carriage speed) is 
interpreted as ice drift speed in the present study. The value of 100 mm 
s− 1 was chosen to reflect the upper bound of rate-independent mean 

Fig. 1. Left: Physical substructure and transfer system of the real-time hybrid test setup. Right: Top view on the pancake load cells once the aluminum pile 
was removed. 
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pressures as found by Sodhi (1992). Mean ice loads as measured during 
rigid indenter experiments in four model ice sheets are shown in Fig. 3. 
The chosen speed (100 mm s− 1) is at the upper limit of ice drift speeds 
resulting in minor rate effects (grey area). The boundaries of the grey 
area are set for ice drift speeds that did not exceed a median load vari-
ation of ±15% when compared to the chosen median load as measured 
for an ice drift speed of 100 mm s− 1. 

The full-scale mean load Ff can be extracted from project reports, 
estimated by design guidelines, or be simulated with ice models coupled 
to rigid structures (see Section 6.4). A summary of the applied scaling 
factors is provided in Table 2. 

3. Model ice 

3.1. Cold model ice 

Model ice experiments were conducted in the Ice and Wave tank of 
Aalto University in Espoo, Finland. The model ice used in the present 
study was produced by spraying a fine mist through water nozzles in 60 
cycles at an air temperature of − 10.5 ◦C, following the growth of an 
initial carrying ice layer for 20 min. Using a spraying speed of 0.16 m 
s− 1, the total spraying time was 225 min. Subsequently, the ice under-
went 150 freezing degree hours at a constant temperature of − 12 ◦C. 
The ice was maintained at − 11 ◦C during testing. This ice type is 
henceforth referred to as cold model ice. The experiments were con-
ducted with a sprayed ice thickness of 25 mm. The reader is referred to 
Figs. 4 and 5 of Hendrikse et al. (2022) to find vertical cross-sections, 
and thin sections of the resulting model ice. Facilities for thin 
sectioning were unavailable at the time of the present experiments. The 
grain size in these figures is visually estimated to be in the order of 1 
mm. For comparison, von Bock und Polach et al. (2013) defined the 
highest probable grain size as 0.68 mm for ethanol-doped model ice in 
the same Ice and Wave tank, using the same spraying nozzles. 

3.2. Ductile-to-brittle transition speed and velocity effect 

Results of rigid indenter tests in the cold model ice are shown in 
Fig. 4. The cold model ice manages to resist increased load levels at 
lowest ice drift speeds (velocity effect). A transition speed of 0.1 mm s− 1 

is identified for the cold model ice. It should be noted that the value 
could theoretically be lower as the standard deviation was highest for 
the lowest ice speed tested. However, it can be assumed that the 

Fig. 2. Left: Aluminum pile. Top right: Cylindrical (C) SLS-print. Bottom right: Rectangular (R) SLS-print.  

Table 1 
Specification of investigated physical substructures.  

Structure Material D (a) Height Aspect ratio Application Technical drawings 

[− ] [− ] [mm] [mm] [− ] [− ] [− ] 
Pile Aluminum 200 378 8 Rigid, Molikpaq, NSG lighthouse see supplementary material 
SLS-C Polyamide 12 300 230 12 Rigid see supplementary material 
SLS-R Polyamide 12 (300) 230 12 Rigid see supplementary material  

0.1 1 10 100 500
10
2

10
3

10
4

Fig. 3. Global ice loads measured during rigid indenter experiments in four 
model ice sheets. 
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transition speed is almost reached as a levelling trend for lowest tested 
ice drift speed can be observed. 

The cold model ice exhibits similar transition speeds as sea ice, 
comparing the identified transition speed to those observed in sea ice 
‘close’ to the location of the full-scale scenarios (0.08–0.17 mm s− 1 - 
Table 3) or of freshwater ice in the lab (0.06–0.11 mm s− 1 (Wu et al., 
1976)). 

3.3. Standard scaling parameters 

Although not considered in the scaling, Young’s modulus and 
compressive strength were tested and put into relation with full-scale 
data, as they are standard parameters and analysis creates a better 
comparability to existing scaling methods and ice types. 

Compressive in-situ strength tests, flexural in-situ strength tests, and 
Young’s modulus measurements were conducted at least once a day for 
the cold model ice in accordance with the ITTC guideline (2021). 
Comparison of field measurements (Table 3) with material properties as 
measured in the ice tank (Table 4) reveals that the compression strength 
σc of the cold model ice, although being relatively high, is still lower 
than the compressive strength of sea ice. Similarly, the Young’s modulus 
E of the cold model ice, although being relatively high, is lower than 
measured values in sea ice. 

It is important to put this result into perspective. To our knowledge, 
no ice property measurements exist for the dates of full-scale events 
which we aimed to simulate in the ice tank. Properties from similar 
locations and times were extrapolated to the investigated cases which 
increases uncertainty in the comparison. But most importantly, 
achieving elastic similarity is of secondary interest in the present study, 

as the primary concern is to preserve kinematics. Furthermore, strength 
tests in model scale are complex, as pressure-area, geometry, grain size, 
and stress functions may form co-dependencies (von Bock und Polach 
and Ehlers, 2015). 

4. Scaling effects 

Next it is investigated if the assumption to neglect similarity of 
structure shape and aspect ratio when scaling for ice-induced vibrations 
can be verified. Rigid indenter and dynamic ice-induced vibration ex-
periments of structures with two different aspect ratios and structure 
shape have been conducted and analyzed. 

4.1. Aspect ratio 

Experimental results of rigid indenter tests for substructures with 
two different diameters are shown in Fig. 5. Changing from a smaller to a 
larger diameter had no discernible effect on the transition speed or ve-
locity effect. The ratios between the standard deviation and median ice 
load remained similar for both tested substructures. Notably, these 
substructures both exhibited a slightly increasing ratio for low ice drift 
speeds, and a decreasing ratio for higher ice drift speeds. This trend was 
more pronounced with increased structural diameter. This observation 
might be associated with the ice failure type. Typically, two ice failure 
types are distinct: at a high relative velocity between structure and ice, 
the ice fails randomly and non-simultaneously in time and space along 
the structural surface, often related to local peak load generation and 
small contact area. At a low relative velocity, the ice fails simulta-
neously, synchronized in time and space along the surface of the struc-
ture, which often leads to higher global load peak loads and increased 
contact area. For non-simultaneous ice failures, the averaging of random 
processes over a larger area led to a reduction in the ratio. In cases of ice 
drift speeds corresponding to simultaneous ice failure, the increased 
area appeared to enhance the likelihood of simultaneous loading and 
consequent global load peak generation. Extrapolating this finding to 
full-scale dimensions, an increased standard deviation for experimental 
data can be expected when compared to full-scale data. However, this 
effect is negligible here as the suggested scaling method is based on the 
central tendency of the brittle crushing load and not on the peak 
pressures. 

Investigating the effect of a change in the aspect ratio on the 
development of ice-induced vibrations, dynamic ice-induced vibration 
experiments of structures with two different aspect ratios were con-
ducted in the cold model ice. The comparison of time series of four 

0.1 1 10 100 500
10
2

10
3

10
4

Fig. 4. Ice loads from rigid indenter tests for cold model ice. Rigid experiments 
were performed with an aluminum pile (D = 200 mm) and an ice thickness of 
25 mm. 

Table 2 
Scale factors based on the scale factorλF.  

Physical quantity Unit Scale factor applied 

General   
Length* [m] 1 
Time [s] 1 
Structure   
Frequency [s-1] 1 
Damping ratio [− ] 1 
Mass-normalized mode shape [kg-0.5] λF

-0.5 

Mass [kg] λF 

Stiffness [N m− 1] λF 

Damping [Ns m− 1] λF 

Ice 
Ice drift speed [m s− 1] 1 
Mass [kg] ~1 at micro scale 
Mean brittle crushing force** [N] λF 

Transition speed from ductile-to-brittle failure [m s− 1] ~1 (discussed in Section 3.2) 
Strength [N m− 2] <1 (discussed in Section 3.3) 
Thickness [m] Section 4.1 
Aspect ratio [− ] Section 4.1  

* The length scaling applies to response not to geometry. 
** Determined for a crushing length of 1.5 m at an ice drift speed of 100 mm s− 1 as described above. 
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dynamic ice-induced vibration regimes in Fig. 6 (one regime per row) 
shows that scaling effects related to the change in aspect ratio for the 
two tested diameters (i.e., aspect ratio change from 8 to 12) on the ice- 
induced vibrations are negligible. 

4.2. Shape 

The results from rigid indenter tests with two different shapes are 
depicted in Fig. 7. The use of a rectangular SLS-print or a cylindrical SLS- 
print did not significantly shift the transition speed or affected the ve-
locity effect. However, the rectangular SLS-print exhibited higher 
maximum loads when compared to the cylindrical SLS-print with the 
same nominal area at the ice interface (i.e., 9.7% higher loads for the 
highest peak loads). This discrepancy in loads is attributed to the greater 
resistance of ice to move around the rectangular SLS-print, leading to 
higher confinement and is a common observation (see Table 27 of 
Korzhavin (1962)). 

However, it was observed that low ice drift speeds resulted in radial 
crack formation when testing the rectangular SLS-print. This crack for-
mation is presumably linked to high stress concentrations at the corners 
of the SLS-print. The high stress concentration could also explain the 
chipping of red paint at the corners of the SLS-print during crack for-
mation (refer to Fig. 2). 

Investigating the effect of a change in shape and aspect ratio on the 
development of ice-induced vibrations, dynamic ice-induced vibration 
experiments of structures with two different aspect ratios and shapes 
were conducted in the cold model ice. The comparison of time series for 
three dynamic ice-induced vibration regimes in Fig. 8 (one regime per 
row) shows that scaling effects related to the change in shape and aspect 
ratio for the two tested diameters and shapes (i.e., aspect ratio change 
from 8 to 12; cylindrical to rectangular) on the ice-induced vibrations 
are negligible. However, it was noted that radial cracks at the corners of 
the rectangular SLS-print occurred. 
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Fig. 5. Statistical measures derived by rigid indenter tests for structures of similar shape but different diameter.  

Table 3 
Examples of mechanical sea ice properties. The transition speed vt is based on the strain rate that resulted in the maximum uniaxial compression strength.  

Ice Type Location T vt σc E σf Dgr Reference 

[− ] [− ] [◦C] [mm s− 1] [MPa] [GPa] [kPa] [mm]  

Sea ice floe 
Bay near the NSG 
lighthouse -1 0.09–0.17 3.91–5.12 4–6 – 5 Fransson (2004) 

Sea ice 
Bay of Bothnia 
Baltic Sea – – 0.65–1.98 – 321–472 – (Suominen et al., 2013) 

Rafted sea ice block Beaufort Sea − 11 0.08 1.04–4.04 4.5 – 2–12 (Frederking and Timco, 1983)  

Table 4 
Ice properties as measured according to ITTC guidelines (2021).  

Date and 
Substructure 

Ice Type T vt σi* σc σf E h  

[− ] [− ] [◦C] [mm s− 1] [kPa] [kPa] [kPa] [MPa] [mm]  

06.04.2023 
Pile 

Cold − 11 0.1 1567 678.1 491.7 3810 25 Fig. 4 

12.04.2023 
SLS-Print-R 

Cold − 11 0.2 1776 709.1 484.3 4152 25 Fig. 7 

25.04.2023 
SLS-Print-C Cold − 11 0.1 1656 1054 544.6 5012 25 Fig. 5  

* The crushing strength σi is based on Eq. 5 in ITTC guidelines (2021), using a contact factor of 0.7 and maximum force measurements during rigid indenter tests, and 
is given as reference to the compression strength.  
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5. Validation 

Finally, the suggested scaling method is applied to investigate if 
representative ice-induced vibrations of offshore structures can be 
reproduced by ice tank experiments. Experimental findings are 
compared to full-scale events. Acknowledging the presence of un-
certainties in the environmental data of the full-scale dataset, it is 
imperative to recognize that this chapter serves the purpose of identi-
fying if the ice-induced regimes can be predicted qualitatively, rather 
than striving to achieve a quantitative match with the data. However, to 
generate a qualitative comparison, classification criteria are applied to 
identify the ice-induced vibration regimes that developed. The criteria 
established to classify ice-induced vibration regimes RIIV draw upon the 
classification framework for ice-induced vibrations of offshore wind 
turbines (Hammer et al., 2022). Thus, intermittent crushing (ICR), 
multi-modal interaction (MMI), frequency lock-in (FLI), and continuous 
brittle crushing (CBR) have been categorized through the application of 
the following formula:  

* Periodicity of structural response 
** When investigating MMI also higher mode vibrations must be 

checked to distinguish superposed highfrequency oscillations from 
higher mode lock-in vibrations. 

Here Tpeak is the peak period of structural response (i.e., structural 

acceleration) as manifested in the measurements, while Tnat,i signifies 
the natural period associated to the mode i of the numerical structure 
model. A coupling interval (CI) is introduced to incorporate the effects of 
added mass and damping on the period of vibration (here CI = [0.8, 
1.2]). The periodic relative velocity between structure and ice is defined 
as vrel. The velocity v1 is the largest ice velocity at which a load peak 
increase caused by simultaneous ice failure can be measured in rigid 
indenter experiments. 

Ice-induced vibrations as experienced by two full-scale offshore 
structures were simulated by applying the scaling method introduced in 
this work: the Norströmsgrund lighthouse (NSG lighthouse) and the 
Molikpaq platform (Molikpaq). 

5.1. Molikpaq event 

The Molikpaq platform experienced notable ice-induced vibrations 
on the 12th of May, 1986, while operating in the Beaufort Sea, as 
documented by Jefferies and Wright (1988), and analyzed by Gagnon 

(2012) and Owen and Hendrikse (2021). The full-scale mean brittle 
crushing ice load from intact ice involved in the dynamic process (Ff ) 
was estimated as 50 MN. This estimation is based on the load mea-
surement during the Molikpaq event as visualized in Gagnon (2012). As 
demonstrated by Gagnon, a static baseline load (i.e., ice rubble force) of 
roughly 100 MN should be subtracted from the total load signal to get an 
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Fig. 8. Time series of dynamic ice-induced vibrations experiments for two structures with different shape and diameter. (Loads at full-scale.)  

RIIV =

⎧
⎪⎪⎨

⎪⎪⎩

ICR, if periodicity* and Tpeak < 0.5 • Tnat,1
ICR or FLI ifperiodicity* and 0.5 • Tnat,1 < Tpeak < CI(1) • Tnat,1

FLI (or MMI), ifperiodicity* and CI(1) • Tnat,i < Tpeak < CI(2) • Tnat,i and vrel
** < v1

CBR, if no apparentperiodicity*.

(2)   
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estimation of the mean brittle crushing ice load. To simulate the ice- 
induced vibration event of the Molikpaq platform, experiments were 
conducted using a decelerating “ramped” ice drift speed as also the ice 
floe during the event slowed down when crushing against the structure. 
The starting ice drift speed was based on the documented full-scale ice 
drift speed of 85 mm s− 1 (Kärnä, 2011b). Given that experiments for the 
Molikpaq event during the first SHIVER model test campaign showed 
that ice drift speeds between 85 mm s− 1 and 55 mm s− 1 predominantly 
result in continuous brittle crushing and considering the limitations of 
crushing length in ice tank experiments, the velocity ramp was initiated 
at an ice drift speed of 55 mm s− 1. During the experiments, the ice 
decelerated at a constant rate of approximately 0.066 mm s− 2. The ac-
celeration in full-scale was non-linear which could not be captured in the 
ice tank. Therefore, it was settled on an estimate for the deceleration 
around where ICR happened (last minute of the full-scale signal (see 
Gagnon, 2012)), understanding that this would lengthen the periods of 
CBR and FLI in the signal (if occurring) compared to full-scale. Although 
the ice mainly crushed against the flat north side of the Molikpaq plat-
form, a cylindrical structure was used during the experiments to avoid 
that radial cracks, which are unknown to be representative of those in 
full-scale, influence the experiments. 

The time series of the experiments were low-pass filtered with a cut- 
off frequency of 5 Hz and 50 Hz for the acceleration and ice load, 
respectively. The cut-off frequency for the acceleration was chosen with 
respect to the highest structural frequency considered in numerical 
structure modeling. After filtering, data have been resampled to the 
original sampling rate of 50 Hz to improve comparability between time 
series of the model-scale and full-scale measurements. The full time 
series of the postprocessed global ice load Fy and structural acceleration 
at waterline (WL) for the Molikpaq event are shown in Fig. 9 to Fig. 12. 

The experimental results of the ‘deceleration test,’ involving ice 

drifting against the Molikpaq and here slowing down against the 
aluminum pile, are compared in Fig. 9 to three burst files included in the 
full-scale data. It should be noted that the CBR and FLI data, originally 
presented as a single CBR burst by Kärnä (2011a), have been separated. 
When zooming in on the three distinct regimes (Fig. 10 for CBR, Fig. 11 
for FLI, and Fig. 12 for ICR), it can be shown that all regimes have been 
representatively reproduced. The overprediction in the standard devia-
tion of the ice load during continuous brittle crushing is assumed to be 
caused by the upscaling of non-simultaneous failure peaks (see section 
4.1). Also, response periods simulated in the experiments are slightly 
longer than in full-scale as the ice floe deceleration was underestimated. 

5.2. Norströmsgrund (NSG) lighthouse events 

The NSG lighthouse is situated in the Bothnian Bay, located in the 
Northern Baltic Sea. Full-scale measurements of ice loads and structural 
acceleration for the lighthouse were conducted during the STRICE test 
campaign between 2000 and 2003 (Kärnä and Jochmann, 2003). Post-
processed data from the ice-induced vibration events on the 4th of April 
2002, 25th of March 2003, and 9th of April 2001 were analyzed in the 
ice-induced vibrations Joint Industry Project (Kärnä, 2011a). For vali-
dation purposes, ice loads and accelerations recorded during these 
events were used in the present study. The full-scale mean brittle 
crushing ice loads (Ff ) of 0.377 MN, 1.559 MN and 1.011 MN, along 
with constant ice drift speeds (vice) of 30 mm s− 1, 50 mm s− 1 and 100 
mm s− 1, respectively, were extracted from the project report. Due to 
uncertainty in full-scale ice drift speed measurements (Kärnä, 2011a), 
experiments were conducted with ice drift speeds at, above, and below 
the full-scale ice drift speeds observed. Tests for the NSG lighthouse were 
performed exclusively with the aluminum pile. 

The time series of the experiments were low-pass filtered with a cut- 

Fig. 9. Experimental results in comparison to ice-induced vibrations of the Molikpaq event on the 12.05.1986.  
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Fig. 10. Comparison of experimental results and full-scale data of the Molikpaq event on the 12.05.1986 at high ice drift speed (continuous brittle crushing).  
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Fig. 11. Top row: Comparison of experimental results and full-scale data of the Molikpaq event on the 12.05.1986 at intermediate ice drift speed (bursts of amplified 
load and response representative for frequency lock-in). Bottom row: Close-up. 
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Fig. 12. Comparison of experimental results and full-scale data of the Molikpaq event on the 12.05.1986 at low ice drift speed (intermittent crushing).  
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Fig. 13. Experimental results in comparison to the IIV-event of the NSG lighthouse on the 04.04.2002.  
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off frequency of 30 Hz for both acceleration and ice load of the NSG 
lighthouse. The cut-off frequency for the acceleration was chosen with 
respect to the highest structural frequency considered in numerical 
structure modeling. After filtering, data have been resampled to the 
original sampling rate of 30 Hz to improve comparability between time 
series of the model-scale and full-scale measurements. The full time 
series of the postprocessed global ice load Fy and structural acceleration 
at waterline (WL) are shown in Fig. 13 to Fig. 15. 

Focusing on the experimental results for the ice-induced vibration 
event of the NSG lighthouse on the 04.04.2002 in Fig. 13, tendencies 
towards frequency lock-in can be found. However, those vibrations are 
not as pronounced as observed in full-scale. 

Experimental results for the ice-induced vibration event of the NSG 
lighthouse on the 25.03.2003 in Fig. 14 show a short lock-in burst 
starting at t = 45 s, which is also visible by the higher load peaks in the 
load signal. Neither vibrations of the NSG lighthouse in full-scale nor 
vibrations as measured in experiments were sustained. 

Experimental results in Fig. 15 cannot be validated as no tendency to 
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Fig. 14. Experimental results in comparison to the IIV-event of the NSG lighthouse on the 25.03.2003.  
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Fig. 15. Experimental results in comparison to IIV-event of the NSG lighthouse on the 09.04.2001.  

Table 5 
Summary of validation cases.  

Event 
Date 

Regimes based 
on Kärnä 
(2011a) 

vice [mm 
s− 1] 

RIIV vice [mm 
s− 1]   

Molikpaq  

12.05.1986 CBR >85 CBR >30 Fig. 10 

12.05.1986 “Phase locked” 85>vice<10 FLI 30>vice<10 Fig. 11 
12.05.1986 ICR <10 ICR <10 Fig. 12  

NSG lighthouse  

04.04.2002 ICR/FLI 30 
FLI/ 
CBR 10 Fig. 13 

25.03.2003 FLI 50 FLI/ 
CBR 

30 Fig. 14 

09.04.2001 FLI 100 CBR 80 Fig. 15  
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frequency lock-in occurred. This finding is discussed in Chapter 5. 
A summary of the experimental results for the Molikpaq platform 

and NSG lighthouse is provided in Table 5. The experiments managed to 
successfully reproduce the regimes of ice-induced vibrations observed in 
full-scale (i.e., ICR, FLI/MMI, and CBR) except for frequency lock-in 
event on 09.04.2001. The primary difference observed between the 
model-scale experiments and full-scale events was that the NSG light-
house frequency lock-in events could only be converged to at lower ice 
drift speeds compared to those documented in the full-scale events 
(Fig. 5). 

The selected events were chosen as these were seen as most repre-
sentative full-scale events of ice-induced vibrations at the time of 
execution of the JIP. Additional details of the experiments conducted for 
the Molikpaq and the NSG lighthouse can be found in Table 1 and 
Table 2 in the supplementary material including corresponding velocity 
profiles and implemented dynamic structural models. Note that the 
structural properties in the structural files, which also can be found in 
the supplementary material, were scaled for the measured mean ice load 
(Fm) during the experiments. A summary of the full-scale events can be 
found in Kärnä et al. (2013), from which the table of selected validation 
cases was reproduced in Table 3 in the supplementary material. 

6. Discussion 

6.1. Scaling verification 

The present study aimed to verify our proposed modeling technique 
for the application of ice-structure interaction of vertically sided struc-
tures. The cold model ice failed purely in crushing and produced a load 
increase at lower ice drift speeds (velocity effect). Other types of model 
ice, such as the ‘wave model ice’ developed by Ziemer (2021), also have 
been shown to fail in crushing. If these model types can demonstrate a 
velocity effect and transition speeds comparable to sea ice, they could 
potentially be utilized for applying the present scaling method. 

The verification of the transition speed is subject to uncertainty as 
transition speeds in sea ice were determined via uniaxial compression 
tests, while rigid indenter experiments were performed with floating 
model ice. While it was decided to preserve the transition speed from 
ductile-to-brittle crushing, it is likely that this parameter is controlled by 
a more fundamental ice property, for example the ice temperature. 

During the verification process, the requirement for elastic and 
strength similarity was relaxed. This decision was based on the under-
standing that achieving similar elasticity and strength in ice might not 
be essential when attempting to reproduce ice-induced vibrations. As 
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Fig. 16. Measurements of the experiments of the first SHIVER model test campaign for the NSG lighthouse scaled with Ff = 2 MN in comparison to recordings during 
the full-scale event on 09.04.2001. 
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the present study managed to reproduce full-scale experiments while 
relaxing the elastic and strength similarity, this approach seems to be 
reasonable. 

Results indicated that no significant aspect ratio effect occurred in 
the experiments. Nonetheless, the difference between the investigated 
physical substructures diameter was small (aspect ratio change from 8 to 
12). Experiments with a larger diameter are expected to manifest scaling 
effects in the magnitude of standard deviation due to averaging of high- 
pressure zone formation for a larger area. This scaling effect could 
explain the different magnitude of the standard deviation of ice loads 
during continuous brittle crushing of the Molikpaq platform (see Fig. 10, 
left). However, representative ice-induced vibrations can still be ach-
ieved as the scaling method is based on the mean ice load level and not 
on peak pressures. 

The rectangular print led to the formation of radial cracks during 
testing. However, no further analysis regarding crack frequency, for-
mation, propagation, or their representativeness for ice-induced vibra-
tions of the Molikpaq platform was performed, as the cylindrical pile 
already yielded representative outcomes. 

6.2. Validation 

While the model-scale results for the Molikpaq structure were rela-
tively good in terms of the different ice-induced vibration regimes 
observed during the slowing down of an ice floe, the results for the 
Norströmsgrund lighthouse require some further discussion. 

Frequency lock-in of the NSG lighthouse model for environmental 
conditions applied as documented for the 9th of April, 2001 was not 
observed in the ice tank. A challenge here is that the NSG lighthouse as a 
relatively stiff structure almost never experienced long sustained fre-
quency lock-in events, as for example observed for the more flexible 
structures in the Bohai Bay (Yue et al., 2002). Given the non-linearity of 
the ice-structure interaction, the initial conditions play a significant role 
in cases where sustained lock-in is not possible. As seen during the 
experiment simulating the event on the 25th of March (Fig. 14), the 
tendency to frequency lock-in only occurred for part of the time. This is 
very representative of the full-scale scenario, but also shows how diffi-
cult it is to use these full-scale data for validation as one cannot generate 
specific initial conditions in an ice tank. Such initial conditions have 
been reported upon by Bjerkås (2006), for example, as smooth ice edges 
interacting with the lighthouse because of previous radial cracking. 

When the full-scale reference ice load was increased to 2 MN in the 
previous model test campaign, it was found that frequency lock-in of the 
NSG lighthouse does occur in the cold model ice (Fig. 16). This is 
indicative that the experiments conducted are at the boundary between 
no frequency lock-in and sustained frequency lock-in which corresponds 
well to the actual full-scale observations. We note that it is no challenge 
to obtain sustained lock-in signals in an ice tank, the challenge is to end 
up in the boundary regime where the ice load magnitude is just insuf-
ficient for sustained frequency lock-in, but in certain cases of specific 
initial conditions (high peak load, slightly thicker than average ice) can 
trigger short bursts of vibrations. 

Notably, there is some uncertainty with respect to the full-scale load 
levels due to only partial instrumentation of the waterline of the NSG 
lighthouse with load panels. In addition, recordings of a camera 
attached to the structure were used to define the ice drift speeds. The 
authors of the report themselves acknowledged the potential for an 
overestimation of the documented ice drift speeds (Kärnä, 2011a). 
Testing for too high ice drift speeds promotes continuous brittle crushing 
over frequency lock-in. 

6.3. Data reliability 

To assess the reliability of the data, a comparison between median 
ice loads obtained from a direct shear load measurement and the iden-
tified, horizontal ice loads was conducted in the present study. The 

comparison results are presented in Figure 1 in the supplementary ma-
terial, revealing a good agreement between the two measurements. 
Within the same figure, vertical loads appear minor in contrast to hor-
izontal loads. Consequently, it is assumed that no significant upward or 
downward ice movement occurred. This observation is corroborated by 
the paint removal on the prints (refer to Fig. 2), indicating that the 
model ice exerted force against the structure at the anticipated inter-
action point mainly. 

The shortening of the aluminum pile and the utilization of honey- 
combed SLS-prints minimized masses affecting load cell measure-
ments. The contribution of inertial loading was thus negligible. 

6.4. Application 

Further, the applicability of the suggested scaling method is 
contingent upon the quality of the environmental load envelope (same 
holds for numerical simulations). Once these conditions are known, the 
full-scale mean (or alternatively, median) brittle crushing ice load can 
for example be estimated utilizing eq. A.8–21 of ISO 19906 (2019). 
Alternatively, the value can be extracted from an ice model simulation 
during continuous brittle crushing with a rigid structure. An application 
of the suggested scaling method for offshore wind turbines for which no 
full-scale data yet exists can be found in the study by Hammer et al. 
(2023). 

Finally, it is emphasized that the scaling method was exclusively 
applied for two full-scale structures. Comprehensive and synchronized 
high-resolution measurements of ice load and structural displacement of 
an offshore structure facing crushing ice loads, along with synchronized 
environmental data (e.g., ice drift speed measurements), would be 
invaluable for further evaluation of the proposed scaling method. This 
limitation constitutes the most significant constraint of the present 
study. 

6.5. Limitations 

The investigated scaling method can be applied to offshore structures 
subjected to predominantly crushing ice loads. As highlighted in the 
introduction, other dominant failure modes would likely not allow to 
neglect global mass similarity. Also at higher ice drift speeds, ice 
extrusion prevents the neglection of mass similarity. The scaling method 
is thus only valid when the mean ice load used for scaling is rate- 
unaffected (see Fig. 3). 

The scaling approach is not focusing on local peak pressures or exact 
peak loads during high-speed crushing. Thus, it is not critical that the 
aspect ratio scale effect is inhibiting a qualitative reproduction of the 
high frequency peaks during continuous brittle crushing. 

Another limitation of the study is the requirement of a mean ice load 
estimation for applying the scaling. However, mean loads can be esti-
mated by ice models coupled to rigid structures, while it is the dynamic 
ice load that is most critical in design. Additionally, it is crucial to un-
derscore that the approach was verified for structures with relatively 
low first natural frequencies (0.15–2.5 Hz). Whether structures with 
higher frequencies can be assessed in a similar manner remains to be 
tested. 

7. Conclusion 

The combination of replica modeling and preservation of kinematics 
during ice-structure interaction has been applied as a modeling tech-
nique for investigating ice-induced vibrations of vertically sided 
offshore structures in ice tank experiments. Based on recent theoretical 
developments, the kinematics during ice-structure interaction, the 
transition speed, the velocity effect and the mean brittle crushing load 
level were chosen to define the energy transfer to the structure and thus 
controlling the mechanism of ice-induced vibrations. 

It has been proposed that the model ice must fail in crushing and 
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demonstrate both the existence of a transition speed and velocity effect 
for rigid structures. The transition speed from ductile-to-brittle failure 
was adopted as a reference property of the ice, defining its time- and 
rate-dependent behavior. The ratio of the full-scale to the model-scale 
mean brittle crushing ice load was used to scale numerical structure 
properties to preserve kinematics during real-time hybrid simulations in 
model ice. 

Thorough rigid indenter experiments in combination with ice- 
induced vibrations experiments of structures with different aspect 
ratio and shape were conducted to verify the scaling approach. No 
observable scaling effects on the velocity effect, transition speed, and 
development of ice-induced vibrations were found when varying be-
tween a cylindrical and rectangular shape, or when changing the aspect 
ratio in a range between 8 and 12. 

The proposed scaling technique was qualitatively validated by per-
forming novel ice tank experiments to reproduce the full-scale ice- 
induced vibrations experienced by the Molikpaq platform and the 
Norströmsgrund lighthouse. 

Regrettably, the lack of well-documented, synchronized, and high- 
frequency sampled full-scale measurements on structures susceptible 
to ice-induced vibrations continues to hinder a quantitative validation of 
scaling approaches, though the results obtained in the experiments are 
promising. 
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