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ABSTRACT

The changing Arctic landscape and ice coverage, coupled
with increased marine traffic, have led to increased dam-
age and failures of vessel propulsive machinery due to ice-
interaction events. Ice-propeller interactions are a major
contributor to propulsion system loads, underscoring the
need for ship designers and classification societies to obtain
high-quality data on ice-induced propeller loads. This pa-
per analyzes torsional strain-vibration measurements on a
polar shaft-line to determine the ice-induced torsional loads
on the propeller. A lumped-parameter model of the Cana-
dian Icebreaker Henry Larsen is used to determine the ice-
induced torque on the propeller from full-scale shear-strain
measurements taken on the shaft. The model is calibrated
using open-water operational data, and the solver’s maxi-
mum cutoff frequency is extended to provide more in-depth
ice load results. Increasing the input and output frequency
yielded more accurate loads on the propeller. Peak ice-
induced loads on the propeller ranged from 54.8 to 155.7
kNm.
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1 INTRODUCTION

The continued increase in marine traffic in Arctic waters,
especially since the turn of the century, has driven substan-
tial demand for ice-class vessels to traverse ice-covered wa-
ters. The potential for more efficient shipping lanes, scien-
tific and sovereignty missions, and the presence of mineral
and hydrocarbon reserves have been key drivers (Zhang et
al., 2019). There has also been an increase in shipping in-
cidents over the last decade, with the majority involving
failures or damage associated with propulsion machinery,
largely due to harsh environmental conditions in Arctic wa-
ters (Nejad et al. 2021). The combination of increased
travel and its negative impact on vessel machinery illus-
trates how navigating in polar regions presents several en-
gineering challenges that must be addressed through design
and construction rules and regulations.

To help prevent these issues, engineers have developed
several parameters that an ice-going vessel must operate
within when subjected to harsh environmental conditions.

Guidelines for responses, such as allowable onboard vi-
bration levels, the torsional response of polar shaftlines,
and other ice-induced response levels, have been developed
by several organizations. The International Association of
Classification Societies (IACS) and the International Mar-
itime Organization (IMO) have issued the Polar Rules and
Polar Code, which provide the current classification guide-
lines (IACS, 2011; IMO, 2016). These regulations form the
basis of the classification society rules, such as the Amer-
ican Bureau of Shipping (ABS) and Det Norske Veritas
(DNV).

A key area of interest for researchers is the ice-induced
loading and resulting response of machinery and propul-
sion systems. This requires an in-depth analysis of opera-
tional ice-induced loads on vessels navigating ice-infested
regions, especially propeller loads, given their impact on
the propulsion system (Nickerson, 2022).

1.1 Ice load measurement campaigns

There have been several measurement campaigns and ex-
periments to determine ice loads on vessels in recent years.
Ship hull and propulsion system loads are recorded using
experimental setups to track the vessel’s response in vari-
ous ice conditions. The SA Agulhas II (SAA 1II), a South
African polar supply and research vessel, has been instru-
mented for a number of operational icebreaking voyages
in ice-covered waters. Ship hull load measurements have
leveraged instrumented hull frames with fibre-optic strain
sensors to determine ice-induced hull loading (Suominen,
2017).

De Waal et al. (2017) captured and analyzed measurements
from both the SAA II and the FS Polarstern, another Polar
Class vessel. This included shear and axial strain mea-
surements on the shaft-line using strain gauges, and ac-
celerometers on the shaft, support structures, and various
other locations to capture vessel response. De Waal et al.
(2018) then expanded upon these measurements by using
shear strain gauges on the shaft-line of the SAA 1II to cap-
ture its response during ice-interaction events. Operational
setups have also been developed to directly measure low-
frequency thrust and torque values of polar-class shaft-lines
while concurrently measuring high-frequency shaft speed
and strain response using a combination of LED sensors,
strain gauges, and laser probes (Zambon et al., 2022a).



Several expeditions of vessels navigating in icy waters have
since followed, building on the experimental setups previ-
ously discussed. These works aim to indirectly estimate ice
loads on various components, such as ice-induced propeller
loads, using responses such as strain and acceleration.

1.2 Shaftline modelling and ice-propeller loads
Operational shaftline response measurements to ice-
interaction events, typically strain measurements, have
been used to determine ice-induced loads, which require
a model of the shaft and propulsion system. De Waal et
al. (2018) used shaft-line vibrations to develop a dynamic
model for the SAA II. The model incorporated the torsional
dynamics of the shaft into a lumped parameter mass model
of the propulsion system with limited Degrees of Freedom
(DOFs). The system’s dynamic matrix was then inverted
to calculate the ice-induced propeller loads using the shaft
torque derived from the shear strain response.

A lumped parameter model of the Canadian Coast Guard’s
(CCGS) Henry Larsen was also developed. The model was
initially investigated by Burella et al. (2017), who analyzed
the sensitivity of the lumped-parameter model to various
inertial ratios of the shaft and nodes. The model was cali-
brated to align with the shaft response characteristics of the
CCGS Henry Larsen. This gave the researchers a method
to determine the shaft torques in response to ice-propeller
loads by solving the inverse dynamic problem, as previ-
ously discussed.

Finite Element Analysis (FEA) is also repeatedly used
for ice-propeller interactions to provide baseline calibra-
tion data for lumped-parameter models, such as natural
frequencies, response characteristics, and to obtain ice-
induced propeller responses (Burella et al., 2017). Strong
numerical ice-interaction models are being developed that
allow for the simulation of propeller-ice milling in wa-
ter using the Structured Arbitrary Lagrangian—Eulerian (S-
ALE) method to obtain propeller stress values directly
(Yuan, 2025). Scale laboratory rigs have been used to
validate the use of inversion models in which shaft strain
response is measured to calculate propeller node torque
and compared with the known propeller node disturbance
(Nickerson, 2023).

The previously mentioned lumped-parameter models of the
SAA II and the CCGS Henry Larsen have been further re-
fined by Nickerson et al. (2021) and Zambon et al. (2022b),
respectively. This includes developing modal superposition
models to determine ice-induced propeller loads, thereby
increasing computational efficiency and further refining es-
timated ice load values. These models require continued
investigation due to the need for additional operational ice
loads, higher-frequency shaft response data, and address-
ing the use of angular speed in some models.

1.3 Contributions of this paper

The paper aims to provide additional operational ice-
interaction propeller data to the existing data pool while si-
multaneously increasing the input data sampling frequency
(fs) for a lumped-parameter model and seeing the effect on

the model’s output ice-induced propeller torque. A com-
parison to previous methodologies from previous works
that used lower-frequency input data, the shear strain re-
sponse of the shaft and speed, is presented. Namely, the
high-frequency results are compared to the low-frequency
model results using the procedure from Zambon et al.
(2023) to better understand the impact of the frequency
resolution. A novel solution for determining shaft rpm in
lieu of operational speed-measuring equipment is also pro-
vided, and the results will be used as inputs to the lumped-
parameter model to ensure accurate propeller loads are ob-
tained.

2 METHODS

The analysis presented includes a combination of the pro-
cessing of the data from the vibration response of a vessel’s
shaft-line with an analytical model originally developed by
Zambon et al. (2022b) to determine the ice-induced pro-
peller loads. This measurement campaign was conducted
onboard the Government of Canada’s (GOC) icebreaker
CCGS Henry Larsen (Figure 1) during regular operations.
The CCGS Henry Larsen left St. John’s, Newfoundland
and Labrador, on June 29th, 2025, to conduct icebreak-
ing operations that supported communities in Nunavut,
Canada.

2.1 The CCGS Henry Larsen

The CCGS Henry Larsen is a medium-class icebreaker de-
signed for northern resupply, search and rescue, icebreak-
ing, and escort operations, and is equipped with scien-
tific research equipment for the Atlantic Ocean. The ice-
breaker’s propulsion system includes two 4-blade fixed-
pitch propellers, two General Electric synchronous motors,
and three Wirtsild 16V32 engines. The main specifications
for the vessel are presented in Table 1.

Figure 1: CCGS Henry Larsen in ice-breaking operations
(GOC 2022)

2.2 Shaft-line modelling

The lumped-parameter model for the shaft-line of the
CCGS Henry Larsen, developed by Burella et al. (2017)
and Zambon et al. (2022b, 2023), served as the basis for
the model used in this study. A brief overview of the model
is provided, and readers are encouraged to consult the pa-
pers mentioned if a deeper understanding of the model is
desired. The major structural components of the shaft-line
are modelled as nodes, with the shaft’s stiffness and damp-



Table 1: Main specifications of the CCGS Henry Larsen

Quantity Value Unit
Length 99.8 [m]
Beam 19.6 [m]
Draft 7.2 [m]
Gross Tonnage 6167 [t]
Power 16080 [kW]
Cruising Speed 13.5 [kts]
Propeller Diameter 4.120 [m]
Propeller Blade Number 4 [-1
Arctic Class 4 [-1

ing incorporated. Figure 2 gives an overview of the instru-
mentation locations and the arrangement of the shaft nodes
(1-9, left to right).

Tailshaft Tailshaft
Node 1 Node 2

Figure 2: Lumped-element layout of the CCGS Henry Larsen
shaft-line, adapted from Zambon et al. (2022b)
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The model condenses the shaft-line to a 9-DOF system, re-
sulting in a linear dynamic matrix equation shown in Equa-
tion 1.

[~ +[C]=+[K]"=Q (1

Where [l], [C], [K] are the inertia, damping, and stiffness
matrices, respectively; and ~ and Q are the DOF and torque
vectors, respectively (Zambon et al. 2022b). The major ex-
ternal model inputs occur at the propeller, brake, and elec-
tric motor, nodes 1, 4, and 7, respectively. Note that the
propeller includes the inertia of the dry propeller and the
water’s added mass. As mentioned above, the shaft is in-
corporated into adjacent nodes by evenly splitting the iner-
tia between nodes.
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The torsional stiffness (Kj.j+1) and damping values (Cj:j+1)
connecting two adjacent nodes are determined with Equa-
tion 2. Note that G, Jp;i:i+1, lizi+1, ¥prop, and Sy, represent
the shear modulus, polar moment of inertia, length, nomi-
nal angular speed, and uni-dimensional damping factor of
the shafting segments, respectively (Zambon et al. 2023).

The formulation for the external torques, namely the hy-
drodynamic torque (Qnydro) on the propeller node ( 1) and
the electric motor torque (Qgp ) delivered at the electric ro-
tor node ( 7), are extensively investigated in Burella et al.
(2017) and Zambon et al. (2022b). Key points are that the

hydrodynamic and electric motor torques are functions of
the propeller’s (and therefore the shaft’s) rotational speed
(n) and are governed by torque-speed performance curves.

2.3 Measurement equipment

The full-scale measurements were taken on board the
CCGS Henry Larsen during the month-long icebreaking
operations in the Arctic, which ended on July 2312025,
The response of the vessel’s propulsion system was mon-
itored under varying environmental conditions, including
open water and a full range of ice concentrations (0-
10/10™ ice coverage). The strain response of the shaft-
line was monitored using 3 strain gauges placed along the
shaft between the brake flange and the aft hull watertight
seal, as shown in Figure 3. The strain gauges used were
Micro-Measurements® full-bridge rosettes, model CEA-
06-250USA-350, outputting the linear shaft strain ( ).

Figure 3: Starboard shaft strain gauges at points 1, 2, and 3

The gauges were placed in two different orientations to
measure both the shear strain, 45 degrees relative to the
cross-sectional plane of the shaft, and the normal strain,
perpendicular to the cross-sectional plane of the shaft. It
should be noted that the gauges are configured for shear
strain, and a corrective factor was applied to the normal
strain orientation, see Equation 3 (Gere et al. 2012).

normal = (1 + ) shear 3)

The value of Poisson’s Ratio ( ) for the shaft is taken as
= 0:27 per Zambon et al. (2022a).

The strain gauges were connected to the differential ana-
log channel inputs of a wireless data transmitter, shown
in Fig. 3, the V-Link®-200 Node from LORD Sensing
Systems Corp. This interfaced with a WSDA®-200-USB
gateway that connected to a laptop and was programmed
using the SensorConnect™ software. The sampling fre-
quency was set to 512Hz with a 2nd-order Butterworth
anti-aliasing filter with a cutoff frequency of 256Hz. The
system was calibrated using the internal shunt calibration
tool of the V-Link®-200 when the shaft and vessel were
stopped, setting the reference strain value to 0  for both
orientations.



Previous full-scale tests on the Henry Larsen installed a TT-
Sense® thrust-torque meter for lower-frequency (5 Hz) data
collection, which the team also used for this voyage (Zam-
bon et al. 2022a). Mounted between the brake ( 4) and
turning gear ( 5), Figure 2, it provided a baseline for torque
(Qs) and speed (Ns) comparisons to the higher-frequency
data collected via the strain gauges.

2.4 Vessel response data processing

The higher-frequency torque values of the shaft need to be
determined and input into the lumped-parameter model for
comparison with the lower-frequency measurements. The
general equation for a Wheatstone full-bridge strain gauge
is provided by Hoffman (2001) as shown in Equation 4.
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Ua and Ug represent the supply and output voltage, re-
spectively, K is the gauge factor (k = 2:04), and is the
strain measurement from each arm of the gauge. This is
used in conjunction with the manufacturer’s specifications
for deriving plane-shear measurements, as shown in Equa-
tion 4 (VPG n.d.). Finally, the relation between the shaft’s
response torque and the strain output of the gauge in de
Waal et al. (2018) can be slightly modified to determine
the torque in the shaft at the installation location, as shown
in Equation 5.
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The response torque (Qs:4) measured between the brake
and tailshaft node 2 was validated against the TT-Sense
Torque readings to ensure agreement. It should be noted
that while the external torques (the hydrodynamic and en-
gine torque) are input as torques at their respective nodes,
the internal shaft response torque is not. The response
torque (Qsz.4) of the shaft is used to find the angle of tor-
sional twist of the shaft ( ) at the location of the strain
gauges. The measured torque at points 2 and 3 in Figure 3
were used to ensure the torque was constant across the shaft
section.
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Once validated, Equation 6 was implemented to deter-
mine the instantaneous twist values where L represents the
length of the shaft segment and Jp(X) is the polar moment
of the stepped shaft segment (Gere 2012).

The final input required for the model was the shaft speed.
It is worth pointing out that while taking the measurements,
an existing high-frequency shaft speed monitoring system
on board was unusable. In trying to address this gap, the
normal strain taken at point 1, see Figure 3, presented a
unique opportunity as the strain data showed a distinct os-
cillation that precisely matched the shaft speed, see Fig-
ure 4.
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Figure 4: Starboard shaft normal strain at 105rpm

This allowed for the use of the MATALB® tachorpm()
function which gave the instantaneous shaft speed at the
sampling frequency of the strain measurements (512 Hz).
Additionally, despite distortion of the signal during ice-
propeller interactions due to the shaft’s response, the oscil-
lation seen in Figure 4 still dominates the signal, allowing
for the use of this method during ice events.

2.5 Ice-propeller interaction torque calculations

The linear dynamic matrix equation given in Equation 1
can be expressed in the frequency domain as shown in
Equation 7.

[ 1201+ iC]+ [K]] ~(Y) = Q(Y)
# @)
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The dynamic stiffness matrix ([Z(!)]), angular frequency
(1), user defined torque (Q), and output torsional shift or
twist (7) can now be more easily manipulated (Zambon et
al. 2023). Equation 7 can then be rearranged so that the
system unknowns, ice-propeller induced torque (Qjce) and
angular twist () at all nodes, other than 4, are derived from
Equation 6. Following this, the rearranged matrix equation
can be inverted to solve for the unknown torque and twist
in the frequency domain. The Inverse Fast Fourier Trans-
form (IFFT) of the Qjcs data provides the time-domain ice-
induced torque (IIT) at the propeller node (1).

3 RESULTS

3.1 Model validation for high-frequency calculations
The lumped-parameter model has been previously vali-
dated for its use in low-frequency input data (Zambon et
al. 2023) (Burella et al. 2017). However, we investigated
the model’s stability by iteratively varying the IFFT cutoff
frequency when calculating the time-domain ice-induced
propeller torque signal (Qjce). Steady-state shaft speed and
twist values in open water, roughly 105rpm, were entered
into the model as a test file, where Qjce should be zero,
as there are no propeller-ice interactions. Due to the slight
change in rpm during the time signal, the calculated Qjce
is not exactly O kNm, but the loads should be negligible
compared to the values found for ice operations in previ-
ous works (Nickerson et al. 2022) (Zambon et al. 2023).

An initial simulation tested the maximum cutoff frequency,






