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ABSTRACT
Ice is a strain rate-dependent material showing ductile and
brittle behavior and can play a critical role in maritime
operations. Particularly in propeller-ice interactions, with
high strain rates, ice fails brittle. Such interactions not only
induce potential damage to the propeller, but also have a
significant impact on the entire drive train of vessels in ice.
The determination of ice-induced loads on propellers is a
significant challenge, as direct measurements are usually
not possible and indirect measurements are contaminated
and superimposed with various other signals.

Therefore, this paper delves into the domain of dynamic
finite element simulations focusing on the interaction be-
tween ice and ship propellers in connection with dedicated
small scale experiments.

Experiments emulating propeller-ice milling-type interac-
tions have been employed to enhance the knowledge of
propeller-ice interaction and ice as a material. These exper-
iments serve as input to refine the numerical model, which
is a state-of-the-art Mohr-Coulomb Nodal Split (MCNS)
ice material model.

The aim is to determine the ice loading on the propeller
numerically and to compare the experimental results with
the simulation. These simulations in combination with
the experiments provide insight into complex propeller-ice
dynamics and enable investigating the applicability of the
MCNS model for propeller-ice simulations. The discussion
includes the observed phenomena, emphasizing the propa-
gation of brittle fractures and their effects on the propeller.

In summary, this study comprehensively explores
propeller-ice interactions through finite element simula-
tions. This research contributes to the understanding of
ice-induced mechanical challenges in the maritime realm
by considering the brittle behavior of ice.
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1 INTRODUCTION
The propulsion systems of vessels in ice are exposed to
loads due to propeller-ice contact. Between 2011 and 2020,
240 machinery damages and failures were reported (Al-
lianz Global Corporate and Specialty 2021) in the Arctic

Circle waters. This is more than 45% of all incidents in
arctic waters. A better understanding of the propeller-ice
interaction process allows a more efficient propeller design
and a safer operation in ice-covered waters. Despite the
loads on the hull of a ship having been measured multiple
times in the past by, e.g., Hoffmann (1985), Kujala et al.
(2009), Suominen et al. (2013), Suominen (2018), and be-
ing calculable to some extent, the direct measurement of
propeller-ice loads is not possible.

Propeller-ice loads are commonly divided into contact
loads, where milling loads and impact loads are catego-
rized, and non-contact loads, where hydrodynamic loads
and hydrodynamic blockage are categorized. Propeller
milling loads occur when the leading propeller edge cuts
into the ice. At impact loads the ice hits the propeller face,
but is not contacted or cut by the leading edge. Hydro-
dynamic loads are all loads that do not involve influences
due to contact with ice. At hydrodynamic blockage, the ice
does not contact the propeller. Still, it is close enough to
affect the flow around the propeller and, thereby, the hy-
drodynamic load. The flow of the water could also be af-
fected such that cavitation occurs, which increases the hy-
drodynamic load to a great extent. This work focuses on
the milling loads.

An analytical model to describe the milling process during
propeller-ice interaction was developed by Veitch (1995),
assuming the propeller to be a rigid body. He also con-
cluded that the direct contact loads are significantly higher
than any hydrodynamic loads resulting from blockage, and
that the effects of ice motion should be incorporated into
any simulation model of the propeller-ice interaction pro-
cess. Furthermore, the knowledge about ice contact and
ice failure mechanics from experiments using model edges
done by, e.g., Belyashov (1993, 1995) should be extended
by experiments using propeller edges. The propeller-ice
interaction was also described on a model scale and vali-
dated against full-scale measurements by Soininen (1998),
and he simulated among the first the propeller-ice interac-
tion process. Soininen (1998) concluded that the mecha-
nism of spall formation versus local crushing requires fur-
ther research. Although novel approaches to investigate
propeller-ice interaction exist, for example, the use of peri-
dynamics by Ye et al. (2017), the original investigators like
Belyashov and Shpakov (1983), Veitch (1995) and Soini-
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nen (1998) utilized the Mohr-Coulomb failure criterion for
the ice material definition.

The frame-work, to overcome the problem of direct mea-
surements of propeller-ice milling loads, is as follows.
Frist, high-impact drop tower experiments with a single
propeller blade will be conducted to separate the com-
plex propeller-ice interaction process of an ice-going vessel
from the hydrodynamic loads. This enables a direct exper-
imental investigation of the propeller-ice interaction pro-
cess. However, to ensure that enough load is transferred
into the propeller edges without causing damage to the pro-
pellers or the drop tower, information about the dynamics
of the drop hammer, the load transfer of the laboratory-
made ice with high compressive strength, and the failure
behavior of the ice is needed.

The forces and failure patterns in experiments with a model
edge and a compression testing machine on a low-speed
scale of about 0.2 m/s were already described experimen-
tally in (Böhm et al. 2022b), and the presented study is the
subsequent investigation within the frame-work.

The presented preliminary study investigates the current
experimental setup using a drop tower for high impact ve-
locities and derives reference values using model edges,
which mimic propeller edges. In addition, the experiments
will be simulated in LS-DYNA using the finite element
method (FEM). The simulation will give us a deeper insight
into the Mohr-Coulomb Nodal Split (MCNS) model, which
was developed and validated by Herrnring (2023) for inter-
action velocities up to 10 mm/s. When the MCNS model
can represent the load transfer and the failure behavior of
the ice at higher interaction velocities, the prepended sim-
ulations of the propeller edge experiments will assess the
dynamics of the experiment for a safe experimental execu-
tion. Ultimately, the adjusted MCNS model will be used in
propeller-ice simulations, as presented in Figure 1, without
considering hydrodynamic loads.

Figure 1: Simulation of a propeller milling into an ice block.
The ice block is modeled rigid (red) and with the MCNS model
(blue part).

High-performance computing could enable the investiga-
tion of a complete propeller-ice interaction process, consid-
ering hydrodynamic loads, with the adjusted MCNS model.

Besides presenting the experimental results of high-speed
drop tower tests of ice with model edges, which mimic pro-
peller edges, the paper investigates the following research

question: Can the Mohr-Coulomb Nodal Split model be
applied to the numerical investigation of propeller-ice in-
teraction?

2 EXPERIMENTS
This section describes the ice specimen preparation, the ex-
perimental setup, and the execution of the experiments.

2.1 Specimen Preparation
The ice specimen geometry for testing is a cylinder with
a length of 250 mm and a diameter of 99.4 mm. The ice
specimen production has been established at the Institute
for Ship Structural Design and Analysis at the Hamburg
University of Technology for several years (Herrnring et al.
2017; Herrnring et al. 2020; Böhm et al. 2022a; Müller et
al. 2023). The key components for the ice specimen prepa-
ration are commercially available crushed ice, distilled wa-
ter, PVC-U pipes, aluminum plates, and insulating mate-
rial. Further, a cooling container or chamber, a large ice
crushing machine, a hot air gun, a cutter, and a saw are
needed.

First, the aluminum plate is glued with silicone to the PVC-
U pipe and stored in a dry environment until the silicone
dries. When the silicon is dry the preparation of the ice
specimen can start in the cooling container. Therefore, the
commercial available crushed ice is crushed further with a
large ice crushing machine, ensuring a homogeneous bulk.
Then we filled 2/3 of the PVC-U with the ice, 1/3 with dis-
tilled water and stirred the mix of water and crushed ice to
reduce air pockets. At the end of the preparation, the PVC-
U pipe is closed with an insulating lid. The aluminum plate
at the bottom results in a freezing process from bottom to
top. The ice specimens for this paper froze for two days at
- 10 °C. After freezing, the ice specimen is removed from
the PVC-U pipe by removing the aluminum plate with a
cutter and pushing out the ice specimen of the PVC-U pipe
with the help of a hot air gun. The hot air gun heated the
pipe for a short time, so that the ice specimen could loosen.
After the removal, the ice specimen is cut into the desired
length.

This procedure led to a granular grain structure with a grain
size of about 1.5 mm (Böhm et al. 2022a), which was
determined by linear intercept method (Herrnring 2023).
Our laboratory-made ice is granular freshwater ice with a
strength equivalent to glacial ice and consequently higher
than for sea ice (Timco and Weeks 2010), which will lead
to conservative results.

2.2 Experimental Setup and Execution
The experimental setup consists of a drop tower, the ice
specimen mounted to the drop hammer with a specimen
holder, the propeller blade edge model, a heavy lift crane,
an emergency release hook, a high-speed camera, and a
measuring system, see Figure 2.
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Figure 2: Drop tower with ice specimen and 6 mm propeller
blade edge model. The measuring system stands by the drop
tower.

For the execution of the experiments, first, the ice speci-
men has to be frozen within the specimen holder using a
thin layer of water as adhesive. The freezing process takes
about one to five minutes as the specimen holder is cooled
days before the execution of the experiments. In the mean-
time, the drop hammer is lifted from the shock dampers
with a large enough gap that ensures bolting the specimen
holder with the ice specimen to the drop hammer properly.
When the ice specimen with the specimen holder is bolted
to the drop hammer, the desired interaction velocity is ad-
justed through the travel distance of the ice specimen. Load
cells between the drop hammer and the specimen holder
measure the interaction force. The interaction velocity in
this study is 3 m/s, 4 m/s or 5 m/s to investigate its de-
pendency on the measured force. The drop height can be
calculated analytically by considering the principle of con-
servation of energy as Equations 1-2 show:

E = mgh = 1/2mv2 = constant (1)

h = v2/2g (2)

The experiment starts when the measurements and the
high-speed camera are started to record the interaction
force, the movement of the drop hammer, and the failure
behavior of the ice specimen. After the emergency release
hook is released, the drop hammer falls with the ice speci-
men and hits the model edge. The interaction process lasts
a few milliseconds. To investigate the size effect of the
model edge, 3 mm and 6 mm wide model edges were used.
Additionally, the edge is rounded off to have a more de-
fined contact between the ice specimen and the blade edge
model. The shock dampers absorb the residual energy of
the drop hammer after the impact, and after a few seconds,
the drop hammer stops moving, which ends the experi-
ment. Removing the ice debris and drying the drop tower
is mandatory for safe follow-up experiments.

3 SIMULATION SETUP AND MCNS MODEL
This chapter explains the simulation setup and the Mohr-
Coulomb Nodal Split (MCNS) ice material model, includ-
ing relevant parameters and assumptions.

Figure 3 shows the simulation model, including the drop
hammer, the load cells, the specimen holder, the ice speci-

men, and the model edge fixed on the foundation. The drop
hammer model and the foundation model are a detailed rep-
resentation of the experimental setup in the laboratory and
consist of Belytschko-Tsay shell elements and fully inte-
grated S/R solid elements. The simulation model of the
drop hammer and the foundation has no holes or screws,
and the drop hammer model has no wheels. The resulting
reduction in weight of the drop hammer model compared to
the build drop hammer (approximately 23 kg) was compen-
sated by increasing the density of the drop hammer model
from 7850 kg/m3 by 11.7%. The bearing of the drop ham-
mer is realized by applying translational constraints in the
plane perpendicular to the falling direction. The material
for the drop hammer and the foundation is steel.

Figure 3: Isometric view of the simulation setup in LS-DYNA.

Except for the model edge, the ice specimen, and the load
cells, a material model capable of representing kinematic
hardening plasticity is used. The model edge is modeled as
a rigid material, a common practice in propeller-ice interac-
tion investigations (Kotras et al. 1987; Soininen 1998; Ye et
al. 2017; Wang et al. 2018; Xiong et al. 2020). The use of a
rigid material formulation reduces the computational time
significantly. However, other than that, the model edge is
also a detailed representation of the build edges, including
the rounding of the edge, as Figure 4 shows.

Figure 4: The finite element mesh in yellow is placed on the
photo of the 6 mm model edge.

The load cells are modeled as discrete springs and discrete
viscous dampers, whereas the stiffness of the spring is set to
the stiffness of the load cell taken from its technical docu-
mentation. In a preliminary parameter study, the spring and
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damping coefficients were fine-tuned using an aluminum
cylinder as a testing object. Gravity is added in the vertical
direction, and the vertical translation of the bottom of the
foundation is constrained. The drop hammer with the load
cells and the ice specimen within the specimen holder are
set right above the model edge and subjected to an initial
velocity of 3 m/s, 4 m/s or 5 m/s in order to save computa-
tional time. For the ice material the MCNS model is used,
which is a finite element model that combines the elastic
ideal-plastic Mohr-Coulomb material model with the nodal
splitting method and is based on Herrnring (2023). The
Mohr-Coulomb theory puts the shear and normal stress at
failure into relation. The nodal splitting method represents
the failure model and allows elements to detach from their
neighbor elements because the nodes of every element are
independent of the neighbor element. Couplings between
nodes are established using kinematic couplings. They are
removed when the volume-weighted plastic strain in neigh-
boring elements exceeds a critical value of 0.002 (0.2%),
which is more a value for numerical stability than repre-
senting the actual failure behavior of the ice material (Her-
rnring et al. 2022). However, the nodal splitting method
maintains mass conservation compared to erosion tech-
niques. The MCNS model for the ice specimen has a hexa-
hedral mesh of fully integrated S/R solid elements for poor
aspect ratios. S/R stands for selective reduced integration
and is a technique in FEM where some integration points
are removed to reduce computational costs. Thus, a fully
integrated S/R solid element combines both full integration
for some integration points while selectively reducing inte-
gration points to achieve a compromise between accuracy
and computational efficiency. Table 1 shows the parame-
ters for granular freshwater ice at approximately − 10◦ C
for the ice material model.

Table 1: Material parameters for granular freshwater ice at
− 10◦ C.

Density 900 kg/m3

Elastic shear modulus 3.5 GPa
Poisson’s ratio 0.33 -
Angle of friction 0.526 rad
Cohesion value 1.5 MPa
Ice-ice friction coefficient 0.05 -
Element size 12.5 mm

In addition, pressure melting is represented in the MCNS
model by element erosion and starts at 100 MPa. The
model uses the same contact settings for the ice self-contact
as proposed by Herrnring (2023), which is contact auto-
matic single surface with the following settings: SOFT = 2,
SBOPT = 5, DEPTH = 5, VDC = 20, DTSTIF = 1·10−6.
The contact stiffness is a function of the element size and
should be reduced to SFS = 0.2 for the element size of
50 mm. Furthermore, for the contact of the model edge
and the foundation with the ice specimen, we used con-
tact automatic surface to surface with a value for the static
coefficient of friction of 0.03 and the same settings as for
automatic single surface for the ice self-contact.

4 RESULTS
This section describes the results of the experiments and
the results of the dynamic finite element simulation.

4.1 Experimental results
In total 18 drop tower experiments were conducted result-
ing in three repetitions for every interaction velocity and
thus in 9 test for each model edge. The scatter plot shows
the measured first force peak of the load curve versus the
interaction velocity for the experiments as well as for the
simulation with the 3 mm and 6 mm model edge, see Fig-
ure 5. The results of the simulation will be described in the
next section.

2 3 4 5 6
0

2

4

6

8

10

12

Interaction velocity [m/s]

Fo
rc

e
[k

N
]

Exp. 3 mm Sim. 3 mm
Exp. 6 mm Sim. 6 mm

Figure 5: Scatter plot of the first force peak versus interaction
velocity for the experiments and the simulations with blades
of 3 mm and 6 mm thickness.

For the 3 mm edge, we conducted tests at varying interac-
tion velocities, namely 3 m/s, 4 m/s, and 5 m/s. While the
small sample size prevents a robust assessment of variabil-
ity using confidence intervals or standard deviation, it is
evident that the measured first force peak shows some de-
gree of variability. At an interaction velocity of 3 m/s, the
measured forces were 2.86 kN, 4.80 kN, and 2.49 kN, with
a range of 2.33 kN between the minimum and maximum
values. When the interaction velocity increased to 4 m/s,
the measured forces were 4.43 kN, 2.14 kN, and 3.60 kN,
with a range of 2.29 kN between the minimum and maxi-
mum values, suggesting a similar level of variability com-
pared to the 3 m/s tests. At the highest interaction velocity
of 5 m/s, the observed forces were 5.67 kN, 3.33 kN, and
5.59 kN, with a range of 2.34 kN between the minimum
and maximum values.

For the interaction velocity of 3 m/s for the 6 mm edge the
measurements yielded into the following results: 3.55 kN,
3.48 kN, and 2.91 kN with a range of 0.64 kN between
the minimum and maximum values. For the interaction ve-
locity of 4 m/s for the 6 mm edge the force measurements
yielded into 3.75 kN, 4.59 kN, and 2.27 kN. The difference
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between the maximum measured force and the minimum
measured force is 2.32 kN. For the interaction velocity of
5 m/s for the 6 mm edge the force measurements yielded
into 5.97 kN, 8.43 kN, and 3.61 kN. The degree of vari-
ability is higher for the interaction velocity of 5 m/s, with
a range of 4.82 kN between the minimum and maximum
values.

We will focus our analysis on the experiment, which results
in the highest measured force. This approach aligns with
our goal of deriving a numerical propeller-ice interaction
model that prioritizes a conservative yet realistic represen-
tation. In our case, the 6 mm model edge tested with an in-
teraction velocity of 5 m/s resulted in the highest measured
force of 8.43 kN and Figure 6 shows the failure behavior of
the ice specimen from A – D in sequence.

Figure 6: Failure behavior of the ice specimen tested at a ve-
locity of 5 m/s with the 6 mm model edge.

Figure 6 shows four pictures of the failure process and for
this experiment the high-speed camera took 10,000 pictures
per second. This results in about 130 pictures from the ini-
tial contact of the ice specimen with the model edge to the
contact of the broken ice specimen with the foundation of
the model edge. Figure 6A shows the ice specimen in con-
tact with the 6 mm model edge. Two axial cracks develop.
One crack develops right at the contact point and is nearly
vertical and the second axial crack is about one centimeter
away from the contact point and grows at an angle. Fig-
ure 6B, which is 0.3 ms (or three pictures) apart from Fig-
ure 6A, shows that the defects increase rapidly and a local

crushing zone emerges in an area around the contact point
with a diameter of three centimeters. Figure 6C is again
0.3 ms apart from Figure 6B and shows the development
of more axial cracks. Some of them spread from the initial
cracks and the erosion of the ice material is more visible
than in Figure 6B. Figure 6D shows the end of the experi-
ment, where the remaining ice specimen contacts the foun-
dation of the model edge. If the load can be transferred
through the remaining ice specimen, it might be that the
measured force at this time is higher than the initial force
since the contact area is several magnitudes higher than that
in the initial contact condition.

4.2 Simulation results
For every model edge (3 mm and 6 mm) three simulations
were conducted with an initial velocity of 3 m/s, 4 m/s,
or 5 m/s respectively. In Figure 5, the first contact peak
force between the model edge versus the initial velocity is
shown. In general, the simulation produces higher maxi-
mum forces than what was measured in the related experi-
ments. For the simulation with an initial velocity of 3 m/s
the first contact peak force is 8.95 kN for the 6 mm model
edge and 7.36 kN for the 3 mm model edge (∆ 1.59 kN).
For the simulation with an initial velocity of 4 m/s the first
contact peak force is 9.37 kN for the 6 mm model edge and
9.48 kN for the 3 mm model edge (∆ -0.11 kN). Further-
more, the simulation with an initial velocity of 5 m/s has a
first contact peak force of 9.95 kN for the 6 mm model edge
and 11 kN for the 3 mm model edge (∆ -1.05 kN). The first
contact peak force is increasing with increasing velocities,
but the incline for the 3 mm model edge is higher which re-
sults for the highest velocity in a higher force for the 3 mm
model edge than for the 6 mm model edge. Nevertheless,
because we focus the analysis on the experiment which re-
sulted in the highest forces, we will compare in Figure 7 the
experiment with the 6 mm model edge with the respective
simulation in more detail.
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Figure 7: Force versus displacement curve for the 6 mm
model edge tested at an impact velocity of 5 m/s.
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Figure 7 shows the force versus displacement curves for the
experiment (yellow line) and simulation (purple line) with
the 6 mm model edge at 5 m/s. The dashed purple line rep-
resents a simulation, where one of the outer longitudinal
edges of the ice specimen’s mesh is in line with the model
edge. The impact of this will be reviewed later in Section 5.

Until a displacement of 0.4 mm the force of the simulation
increases rapidly to its maximum of 9.95 kN, see Stage 1 in
Figure 7. Afterwards it dips to 3.91 kN at a displacement
of 0.7 mm, see Stage 2 in Figure 7, and increases again
and reaches a second peak of 8.85 kN at a displacement of
1.8 mm, see Stage 3 in Figure 7. The experiment shows a
maximum force of 8.43 kN at a displacement of 1.3 mm.
Despite the peak force at 0.4 mm, the force-displacement
curve of the simulation is similar to that of the experiment.
The difference between the simulation and the experiment
starts to increase above a displacement of 10 mm. Gener-
ally, until a displacement of 10 mm the simulation produces
higher forces than the experiment.

Figure 8 shows the failure behavior of the MCNS ice spec-
imen simulated at 5 m/s with the 6 mm model edge.

Figure 8: Failure behavior of the MCNS ice specimen simu-
lated at 5 m/s with the 6 mm model edge.

Figure 8A shows the initial contact of the ice specimen with
the model edge. To present the initial contact the Von Mises
stress is chosen, otherwise there would be nothing visible
because there is nearly no movement. In the Figures 8 B-D

the representation changed to the displacement in the plane
perpendicular to the falling direction. Similar as to Fig-
ure 6, Figure 8B is 0.3 ms apart from Figure 8A. Figure 8B
shows the local crushing zone with a diameter of three cen-
timeters around the contact point. After another 0.3 ms, see
Figure 8C, local material erosion starts at the 6 mm model
edge and it is visible that the right edge of the ice comes
apart. After 0.01 s the simulations ends, see Figure 8D. The
majority of the specimen is still intact, whereby the part of
the ice specimen which was penetrated by the model edge
disaggregated into element size debris.

5 DISCUSSION
First, we will discuss the capabilities and limitations of the
developed experimental setup, including assessing the un-
certainty influenced by the ice as a material and the ice
specimen preparation technique. The drop tower was al-
ready used for the experimental investigation of drop tests
with conical ice specimens against full-scale aluminum
panels (Herrnring et al. 2017) and drop tests of cylindrical
granular ice specimens with different boundary conditions
(Böhm et al. 2023). This drop tower setup can adjust the
impact energy by the drop height and the mass. Impact ve-
locities up to 6 m/s are possible and the drop hammer can
be additionally loaded with up to 1 t. Cylindrical speci-
mens with a diameter of up to 200 mm were already tested
(Müller et al. 2023). In the future, the applicability of ice
specimens with a diameter of 800 mm is possible, even if
this is associated with more significant difficulties in ex-
perimental execution. This structural flexibility makes a
variety of investigations of high-speed ice-structure inter-
actions at different velocity levels, energy levels, and con-
tact conditions possible. The future experimental setup will
consist of scaled propeller edges instead of model edges
at different scales, which also aligns with the recommen-
dation from Veitch (1995). However, propeller tip speeds
are significantly higher in the range of 25 to 45 m/s for
ice-going vessels compared to the initial testing speeds of
3-5 m/s presented here. The drop height restricts the ini-
tial testing speed, and overall, the energy output from the
experimental setup is limited. Once the numerical models
are validated with the existing experiments, the numerical
models are expected to account for higher velocities, while
it is acknowledged that the extrapolation introduces some
uncertainty. The literature review from Timco and Weeks
(2010) indicates that milling loads (shear-dominated loads)
are less sensitive to the interaction speed for small sam-
ples, which suggests that the uncertainty in speed extrap-
olation might be mitigated. However, comparing simula-
tions with the developed numerical ice material model at
higher speeds and reported experiments from the literature
could be insightful for future studies. A more significant
uncertainty may be, e.g., the missing investigation of the
blade edge radius or various ice strengths, yet this is be-
yond the scope of this paper. Besides these structural ca-
pabilities and limitations, the measuring system influences
the experiments and their results.

The laser displacement sensor and the acceleration sensor
measure the movement of the drop hammer. The nomi-
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nal load for each load cell is 100 kN, which sets the max-
imum measurable force to 400 kN. The measurements are
sampled at 100 kHz, sufficient to have a good data res-
olution, and a lower sample rate is not suggested. Fig-
ure 7 highlights that 100 kHz is the lower threshold for
the measurement frequency, as there are around 230 data
points until a displacement of 10 mm. Furthermore, the
summed load signals showed a noise floor of around 300 N,
which is a deviation of 14% for the lowest measured force.
Nevertheless, the deviation decreases with increasing mea-
sured forces. Before every test, the load measurement was
checked by measuring the weight of the drop hammer with
an additional load cell attached between the energy release
hook and the drop hammer to ensure that the load cells
were still measuring correctly. The increasing deviation be-
tween simulation and experiment above a displacement of
10 mm is result of the high dynamics in the experiments
and its influence on the measuring system.

In the processing and analysis of the experimental data, it
was not that convenient to extract the exact point of time of
the impact between the model edge and the ice specimen
because when the ice specimen impacted the foundation
of the model edge or when the drop hammer impacted the
shock dampers much higher forces were measured com-
pared to the measured forces of the interaction between
the model edge and the ice specimen. The high sensitivity
of the acceleration signal, combined with the displacement
measurement of the drop hammer, was the remedy for ex-
tracting the right point of time.

The specimen preparation was conducted with the highest
meticulousness. Every contamination or deviation of the
preparation procedure can change the structural integrity
of the ice specimen. Nonetheless, minor contaminations
are inevitable, and as long as the specimens are prepared
by the same team in combination with randomizing prepa-
ration and testing, the errors are regarded as evenly dis-
tributed. Ice is a natural material and behaves at the tested
velocity brittle, so a high data scatter is expected. An in-
crease in the number of trials would be necessary to obtain
statistically significant results. With the existing scatter,
the number of samples would have to be increased by at
least ten, if not a hundred times, which was not considered
necessary ecologically and economically according to our
experience. The accurate sample preparation and execution
of the experiments, combined with some repetitions for ev-
ery velocity level ensured high interaction forces compared
to what sea ice could exert on structures. Sea ice is more
porous and thus much weaker in its structural integrity than
our laboratory-made ice (Timco and Weeks 2010).

Selecting the suitable numerical method and numerical
ice material model is essential for deriving a numerical
propeller-ice interaction model. The FEM is most well-
developed numerical method. It has a significant advantage
because of the coupling of the interaction objects (here,
ice and structure) utilizing contact algorithms, among other
advantages. Herrnring (2023) showed that the developed
MCNS ice material model is suitable for large-scale ap-
plications as the simulation of brittle experiments with ice

specimens with a diameter of 800 mm compressed on a
ship hull structure with dimensions of 3 m times 2 m pro-
vided similar results compared to the experiments. Also,
the simulation of the large double-pendulum ice impact
tests with an ice specimen with a diameter of 1 m and an
interaction velocity of 4.1 m/s of Gagnon et al. (2020) pro-
vided a good fit. Lu et al. (2021) successfully applied
smoothed-particle hydrodynamics (SPH) for the ice ma-
terial in numerical investigations of propeller-ice interac-
tion. However, applying boundary conditions is one of the
most challenging parts of the SPH method (Shadloo et al.
2016) and is one of the reasons why it is sparsely used in in-
vestigations of propeller-ice interaction. Peridynamics are
also very promising regarding fracture models and com-
putational cost in comparison to the FEM for large-scale
simulations with fine meshes. Recent propeller-ice simu-
lation using peridynamics can be found, e.g., in (Ye et al.
2017, Ye et al. 2019, Xiong et al. 2020). The theory behind
bond-based peridynamics assumes, that each peridynamic
bond responds independently of all the other bonds. This
assumption implies that any isotropic linear elastic solid is
restricted to a Poisson’s ratio of 0.25. The typical Pois-
son’s ratio of ice is between 0.30 and 0.33, which means
that the simulation using bond-based peridynamics inher-
ently presents different results between milling and impact
loads than simulations using the conventional mechanical
properties of ice. In general, also other meticulously de-
signed methods, as e.g. the inverse method of de Waal et
al. (2018) and Nickerson et al. (2021), the cohesion ele-
ment method (CEM) of Zhou et al. (2019) or the discrete
element method (DEM) of Yang et al. (2023) for the ice
material formulation, or the panel method of Wang (2007)
and Khan et al. (2020) lead to applicable investigations of
propeller-ice interaction in their specific use-case. How-
ever, a holistic numerical material formulation for ice is
desirable as we have today for steel.

From a theoretical point of view, the future improvements
of the MCNS model should include a strain-rate depen-
dency as ice is strain-rate dependent in compression. Nev-
ertheless, it seems that this is less of a problem for milling
types of simulations. For the initial contact phase, the mass
and stiffness of the specimen are rightfully represented by
the MCNS model. After the failure, the nodal splitting ap-
proach is handy as the energy entry with continuous ice
crushing can be represented. Other models work with the
erosion of elements, which reduces the possible energy en-
try. The disadvantage of the nodal splitting approach is that
it increases the number of nodes, and thus, it is directly
linked to the computational effort. Moreover, the meshing
of the ice and the influence of the triaxiality should be fur-
ther investigated. Figure 7 showed that the orientation of
the ice specimen’s mesh influences the interaction process
like the grain size and grain structure influences the mea-
sured forces and the failure behavior in experiments. The
consideration of the triaxiality is mandatory in holistic ice-
fluid-propeller simulation because the water confines the
ice. The MCNS model can be a good candidate for a holis-
tic ice material model because it can also be used for sea
ice, as the two material parameters, the angle of friction
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and the cohesion value, can be determined directly from the
field measurements using compression and tensile tests.

6 CONCLUSION
In conclusion, our comprehensive experimental investiga-
tion involving 18 drop tower tests, each with three repeti-
tions for various interaction velocities, has provided valu-
able insights into the preliminary drop tower tests with
model edges of different thicknesses mimicking propeller-
edges. Notably, the 3 mm model edge exhibited variability
in failure modes, with instances of splitting rather than the
anticipated local crushing. However, the splitting failure
mode resulted in the lowest measured forces. The possi-
bility of alternative failure modes in larger specimens will
be investigated in the future. While the experiments have
yielded meaningful findings for the purpose of future ex-
periments using a scaled propeller, the future setup should
incorporate acceleration measurements of the drop ham-
mer, as they offer greater sensitivity in capturing high dy-
namics and could provide more precise results for larger
displacements.

In addition, the paper answers the research question. Can
the Mohr-Coulomb Nodal Split model be applied to the nu-
merical investigation of ice-propeller interaction? Answer:
Yes, if the MCNS model is further developed to represent
the strain-rate dependency at compression and the triaxi-
ality. The presented MCNS model reproduces the maxi-
mum measured forces and the recorded behavior in the ex-
periments. Figure 7 and the comparison of Figure 6 with
Figure 8 show that the MCNS model with the initial set-
tings is conservative yet realistic for these kinds of simula-
tions. Consequently, we will assess the future experimental
setup utilizing propeller edges by simulating the propeller-
ice interaction with the initial MCNS model among other
possible material formulations for the ice. If the simula-
tions show, that the load transfer of the ice is too high
for the propeller edges, the dimensions of the ice speci-
men can be changed. The structure of the drop tower, the
drop hammer, or the foundation will be enforced when fu-
ture simulations show high stresses or large movements of
the structure. Nevertheless, investigations of the meshing
method, mesh size (and thus contact stiffness), the plastic
strain, the strain-rate dependency, and triaxiality must fol-
low. In the realm of the finite element method this can lead
to the derivation of a holistic ice material formulation for
ice-propeller interactions.
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(2020). ‘The ice extrusion test: a novel test setup for the
investigation of ice-structure interaction – results and
validation’. Ships and Offshore Structures 15 (sup1): 1-
9.
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