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Abstract

This thesis evaluates the applicability of the traditional Influence Coefficient Matrix
(ICM) method to ice-load measurement on a longitudinally framed ship structure. ICM
is a matrix that creates a relationship between structural responses and external loads.
A finite element model was developed in Abaqus and both shear-strain and normal-
strain responses were used to establish ICMs. Two rectangular loading patch sizes were
investigated, which are 400 mm (transverse) x 800 mm (longitudinal) and 200 mm
(transverse) x 400 mm (longitudinal). The total equivalent load was 1 kN in each case.
The errors varied systematically with whether the loading centre was located on the
stringer, a longitudinal stiffener, a plating bay, or the transverse web frame. The normal-
strain-based measurement also produced large positive and negative values. These
results suggest that the ICM may not be applicable to loading cases different from those
used in its construction. Local load transfer and the direct inversion process may also
increase the measurement error. The present I[CM formulation is therefore not reliable
over all studied loading conditions, although accurate measurement remains possible at
individual positions. Future work should construct the ICM using a wider range of
loading positions and patch sizes; constrained or regularized inverse approaches are
recommended.

Key words: ice-induced load, ice-going vessel, longitudinally framed ship, traditional
ice-load measurement system, influence coefficient matrix, finite element simulation
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Notations

Symbols

A Strain-load influence matrix (kN™")

B Strain-displacement matrix (mm™)

C Inverse influence coefficient matrix (kN)

E Young's modulus (GPa)

Ell Normal strain component in the local 1-direction (-)

F Applied load vector (kN)

F, Crushing force (kN)

I Frictional force (kN)

F, Horizontal force (kN)

E, Vertical force (kN)

v Frame angle (°)

K Structural stiffness matrix (kN/mm)

SNEG Negative shell-surface output position (-)

SPOS Positive shell-surface output position (-)

X Structural displacement vector (mm)

v Brine volume fraction (mm)

bf Flange width (mm)

hw Web height (mm)

[ Structural-member length (mm)

m Number of load components (-)

n Number of strain measurement points (-)

s Structural-member spacing (mm)

t Flange thickness (mm)

tw Web thickness (mm)

X Transverse in-plane coordinate (mm)

¥ Longitudinal in-plane coordinate, parallel to the longitudinal
members (mm)

z Out-of-plane coordinate, perpendicular to the plating (mm)

B Plate slenderness parameter (-)

y Shear strain (-)

€ Structural strain vector (-)

A Column slenderness parameter (-)

v Poisson's ratio (-)

p Material density (kg/m?)

o, Uniaxial compressive strength of sea ice (MPa)

or Flexural strength of sea ice (MPa)

Abbreviations

Abaqus Finite element analysis software used in this study

FE Finite element

FEA Finite element analysis

FSICR Finnish-Swedish Ice Class Rules

ICM Influence Coefficient Matrix
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1 Introduction

1.1 Background

Recently, sea ice in polar areas is gradually retreating because of global warming, which
offers more ice-covered shipping routes to transport resources such as oil, gas and
minerals (ISSC, 2012; IPCC, 2021). As a result of more operational opportunities in
ice-covered areas, there is an increasing demand for more ice-going vessels to transport
resources. Ice-going vessels are subjected to complex ice-induced loads due to the
random mechanical interaction between ship hull and ice when operating in ice-covered
regions (Daley, 1991; Kujala et al., 2019). These ice-induced loads significantly
influence structural safety and operational reliability (Riska et al., 1997). Consequently,
accurately measuring ice-induced loads on ship structures is a fundamental requirement
for ice-class vessel structure design and the development of classification regulations,
such as the Finnish-Swedish Ice Class Rules (FSICR) and the Polar Class regulations
developed by International Association of Classification Societies (IACS, 2016).

Ice-induced load and structural response studies have a long history. Generally, ice-
induced load study approaches can be divided into three different categories: numerical
simulations, laboratory experiments and full-scale measurements, each offering distinct
strengths and drawbacks. A numerical model is a simulation of real ship-ice interaction
on local structures; it has advantages in studying effects of ice conditions and local
breaking processes. However, it requires assumptions about various factors since real
ship-ice interaction is a complex and random process. Model-scale testing is an
approach that can study local structure-ice interaction, but the number of experimental
repetitions is limited. Full-scale measurement is a reliable method because “all
variations are embedded, including ice conditions and the ice-breaking process”
(Suominen, 2018), however, there are also deviations which are caused by measuring
technologies or instruments.

To enhance the accuracy of measuring, a combined application of three approaches is
commonly adopted. As shown in Figure 1, all approaches are related to each other, i.e.,
numerical models are a simulation of full-scale measurement, full-scale measurements
are used to validate modelling results. Among them, full-scale measurements provide
the most realistic data and have been investigated over a long period, it can be divided
into two categories: direct methods and indirect methods.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2026 1
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Figure 1 Ice load measurement approaches.

Direct measurement of ice loads acting on ship hull structures remains challenging
because ice-ship interaction is highly localized, nonlinear, and stochastic in nature
(Daley, 1991). In addition, direct force measurements may be influenced by structural
modifications, local stiffness variations, sensor installation uncertainties, and long-term
structural degradation (Suominen, 2018). Due to these reasons, indirect measurement
techniques based on structural responses have become more widely adopted in full-
scale ice load studies (Kujala et al., 2019; Suominen et al., 2017), which are known as
inverse methods (Suominen, 2018). One of the currently widely used approaches to
derive the relation between structural responses and ice-induced loads is Influence
Coefficient Matrix (ICM) (Suominen et al., 2017). Commonly, ICM is defined using a
Finite Element (FE) model to infer the applied loads (Suominen et al., 2017).

Most existing ICM measurement studies focus on transversely framed ship structures
(see e.g. Riska et al., 1997; Suominen et al., 2017; Suominen, 2018). In these structures,
ice loads are primarily transferred through the transverse frames, and the structural
responses are well understood. The application of the ICM method to these structures
has been demonstrated, although published studies that evaluate its reliability remain
limited.

As noted by Rawson and Tupper (2001), modern ships are increasingly large due to the
growing demand for cargo transportation. Based on structural mechanics, large ships
are mostly designed with longitudinal framing to better withstand loads acting along
the ship length (Paik and Thayamballi, 2007). Considering the long period and the high
cost of building a new ice-going vessel, the conversion from existing longitudinally
framed ships to ice-class vessels represents a growing demand. These conversions
require reliable ice-induced load measurement for assessing the structural safety and
operational capability in ice-covered regions (Jordaan, 2001).

The applicability of ICM measurement systems is closely related to structural systems,
different structures lead to different load transferring mechanisms. However, few
studies have focused on longitudinally framed ships (see, e.g., Hayward, 2001). In

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2026 2



particular, the sensitivity of the ICM method to different loading locations, loading
patch sizes, and strain measurement approaches in longitudinal structures remains
insufficiently understood. This lack of understanding raises a question about the
applicability of traditional ice-load measurement methods on longitudinally framed
ships.

1.2 Objectives

The thesis contributes to the development and improved understanding of uncertainty
sources in ICM ice load measurement systems and provides guidance for selecting
suitable strain measurement strategies for full-scale ice load monitoring of ship
structures. The main objective is to evaluate the applicability of the Influence
Coefficient Matrix (ICM) ice-induced load measurement systems in longitudinally
framed ship structures. Structural response components of ice-induced loads consist of
both bending and shearing. Different strain measurements capture different structural
behaviours. Normal strain-based measurements are sensitive to bending responses and
shear strain-based measurements are related to shear force distribution.

Consequently, the applicability and reliability of the ICM measurement system on
longitudinally framed ships may depend on different strain responses and the various
ice loading scenarios. To achieve the main objective, the ICM is determined using an
FE model which simulates ice loads acting on a panel of a longitudinally framed ship.
The thesis focuses on how ice-related loading conditions and different strain-response
measurements influence the accuracy and reliability of the measured ice loads.

Objective 1: investigate the sensitivity of different ice loading locations on the accuracy
of traditional ice load measurement method results. Ice-induced loads commonly act in
different positions along the ship hull, which leads to different structural responses.
Therefore, the sensitivity of ICM system under loading locations is critical for
improving understanding of the applicability of ICM system in longitudinally framed
ships. In this study, loading patches are simplified as rectangular uniformly mechanical
pressure in FE modelling. Through moving a constant-size loading patch on the
objective structure, evaluate the accuracy of measured loading which derived based on
different loading locations.

Objective 2: investigate the sensitivity of the traditional ice load measurement method
to different loading patch sizes on longitudinally framed ship structures. Due to the high
randomness of ice-ship interaction, the contacting regions between ship hull and ice are
significantly irregular, which causes the various stress concentration and effect
structure responses. Understanding the uncertainties of different loading patch sizes in
ICM measurement system provides insight into how contacting regions affect the
accuracy of ICM system in longitudinally framed ship. This study simplifies loading
patches as rectangular uniformly mechanical pressure loads, two different loading patch
sizes are compared

Objective 3: compare the applicability of shear-strain-based and normal-strain-based
ICM measurement method on longitudinally framed ship structures. Generally, shear

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2026 3



strain transfers through transverse frames in structures. Thus, shear-strain-based ICM
is commonly used for transversely framed ships because it is less influenced by
variations or noise. However, the structural responses through longitudinal structures
may have different performances. The loading transferring mechanisms are various
through different ship structures. Longitudinal structures have both bending and
shearing loading transferring, the normal-strain based ICM is relevant to bending while
shear-strain based ICM is related to sharing. Comparing the accuracy of both different
responses based ICM gives a suitable selection of strain-based ICM and a further
understanding of the applicability of ICM measurement system to longitudinally
framed ships.

1.3 Limitations

In general, this thesis investigates the applicability of the ICM measuring method rather
than structural responses, which means it mainly focuses on the sensitivity or feasibility
of ICM ice-induced load measurement method to longitudinally framed ships.

Limitation 1: in this thesis, structures are only considered small deformations and linear
elastic material behavior under peak ice loading conditions. Therefore, material
nonlinearity, yielding, and failure are not explicitly considered. This simplification
complies with the requirements of the ICM method, which relies on linear relationships
between load and response.

Limitation 2: ice-induced loads are considered as static in the measurement by ICM
method, without accounting for dynamic effects, such as ice impact velocity or fluid-
structure interaction. In this analysis, ice-induced loads are simplified as single static
uniformly distributed loads.

Limitation 3: the ICM method gives a relationship between structural responses and
external loading. Generally, in engineering process the derived ICM relies on empirical
adjustment from full-scale or model-scale tests. In this study, the main objectives are
focusing on sensitivities of different load positions and different structure responses.
Thus, the laboratory experiment is omitted.

Limitation 4: the present study only focuses on single longitudinally framed panel
geometry, stiffener and web-frame spacing arrangement and one strain-gauge layout.
Therefore, the results are specific to the present structural configuration and not directly
generalizable to other ship structures.

Limitation 5: the present load ICM uses direct, unconstrained inversion. Non-negative
load constraints, spatial regularization and measurement noise are not included, and the
shell surface is selected by using single central reference case. Therefore, the reported
measured loads that have a large deviation describe the behaviour of the present inverse
formulation rather than the best performance that could be obtained from a constrained
or regularized method.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2026 4



2 Ice Loads on Ship Structures

This chapter provides a theoretical background and a literature review of previous
studies to understand ice-induced load measurements on ship structures. It starts with
sea ice conditions, sea ice properties and ship-ice interactions, including ice-breaking
process and forces on ship hull during the ship operation in ice-covered regions. In
addition, this chapter further introduces the general characteristics and influence factors
of ice-induced load on ship structures. Finally, the methods for measuring ice loads are
reviewed, including both direct and indirect approaches. This chapter explains why
indirect measurement systems have been widely applied to transversely framed ships.
Furthermore, differences in structural response behaviour between transversely and
longitudinally framed ship structures are also discussed, which leads to different
sensitivities and uncertainties of traditional measurement systems on longitudinally
framed ships. The concepts in this chapter are used in Chapters 3 and 4 to provide
numerical simulations of the ICM system applied to longitudinal structures.

2.1 Fundamentals of ship-ice interaction

2.1.1 Seaice conditions and types

Ice-covered areas are located mainly in the Arctic and Antarctic regions and are also
seasonally present in sub-Arctic waters such as the Baltic Sea, the Bohai Sea, and the
Sea of Okhotsk (Frederking, 2017). Depending on environmental conditions and ice
generation processes, ships operating in ice-covered regions will meet different ice
conditions, including level ice, ridged ice, ice channels and broken ice. These ice
condition differences lead to significantly various of sea ice geometry, thickness, and
mechanical behaviors, which consequently influence ship-ice interaction and the
resulting ice-induced loads.

Figure 2 shows the view of level ice. The development of ice-going vessels is
commonly studied in the level-ice conditions, since it is the basic assumption of ship
operations in ice. Figure 3 shows the ridged ice condition. It can be simply divided into
two layers. The top layer consists of consolidated ice, and the keel consists of broken
ice pieces.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2026 5



Figure 2 View of level ice (Railo Technology Inc, 2025).

Figure 3 View of ridged ice (Nygren, 1949).

Figure 4 illustrates the ice channel, which is formed by icebreakers after the ice
breaking process. The boundaries of an ice channel consist of loose broken pieces and
possibly also a consolidated top layer. Figure 5 is the broken ice condition, the size and
concentration of ice floe significantly affect the ship-ice interaction.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2026 6



Figure 4 View of ice channel (reproduced from ABB, 2019).

Figure 5 View of broken ice (Alandia, 2024).

2.1.2 Ice properties

Sea ice presents critical challenges for ship operations in ice-covered areas due to the
interaction between ship hull and ice. It has been historically studied as a natural
material with complex and variable properties. The understanding of ice properties and
failure mechanisms are important for researching the interaction mechanisms between
ship and ice, which is further critical for measuring ice-induced loads on ship.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2026 7



Sea ice is a complex material which consists of solid ice, brine, and gas and also
depends on environmental temperature and solid salt types (Timco and Weeks, 2010).
Generally, sea ice is divided into two categories: first-year ice and multi-year ice. First-
year ice indicates the ice formed after one winter growing season. In this section, multi-
year ice is discussed together with second-year ice, which refers to ice that survives
after one summer period. It should be noted there is no clear standard to distinguish
between the two categories. First-year ice can have various grain structures depending
on different generating processes and the thickness is mainly influenced by
environmental conditions (Timco and Weeks, 2010). Different structures lead to
different failure mechanisms.

Figure 6 shows a typical first-year ice structure. The structure can be simplified into
two layers. The top layer is granular ice, which is usually isotropic, and the bottom layer
is columnar. The transition zone on Figure 6 shows the area where the ice structure
changes from granular to columnar. The extending direction of columnar ice is related
to the c-axis of the grain structure. The fastest growing direction is perpendicular to the
c-axis, generally, this means that the columns grow vertically. Compared to granular
ice, columnar ice is not isotropic, it can extend through the entire ice sheet thickness.

Thin Section
Horizontal Vertical

I Snow

" _Infiltrated _
Snow Ice

I LInitiol Skim
Transition

Zone '“_“‘ ==
-\= g

‘ Columnar
! Zone

Brine Drainage
.+~ Channels

2m

Skeleton
?-'*—'Loyer =

1 bl

Figure 6 Typical first-year ice structure (Schwarz and Weeks 1977).
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Multi-year ice has a composite structure, including a top layer which survives after
melting seasons and new first-year ice structure below. Compared to first-year ice,
multi-year ice has a lower salinity, which leads to smaller porosity. Therefore, the
strength of multi-year ice is higher than first-year ice. The thickness of multi-year ice
is influenced by both environmental and mechanical conditions, resulting in different
micro grain structures between first-year ice and multi-year ice. Multi-year ice is
typically anisotropic due to the preferred orientation of its columnar grain structure
(Timco and Weeks, 2010).

The structural difference provides various mechanical behaviours, which is closely
associated with ice-induced loads on ship hull. In general, sea ice has four main
strengths which are compressive strength, flexural strength, tensile strength and shear
strength. Tensile strength and shear strength are rarely measured during ship-ice
interaction since they have little influence on the ice-breaking process. Ice-going
vessels are commonly designed to break ice through bending as it has shown to lead to
better performance in ice. When ice failure mainly occurs through bending, ice breaking
process is relevant to ice flexural strength. Thus, flexural strength of sea ice is mainly
investigated.

Flexural strength

Flexural strength is regarded as a material response indicator rather than a basic
property. However, it is one of the most critical properties of sea ice, since most sea-
ice failure occurs in flexure. Sea ice flexural strength test relies on material assumptions
such as linear elasticity, plane section and isotropic behaviour. In previous studies, the
flexural strength of first-year sea ice can be calculated by equation (1) (Timco and
Weeks, 2010).

o= 1.76 exp (-5.88,/v}) (1)

where oy is the flexural strength of the ice (in MPa) and the brine volume (v) is
expressed as a brine volume fraction, as shown in Figure 7.
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Figure 7 Flexural strength versus the square root of the brine volume for first-year
sea ice (Timco and Weeks, 2010).

Compressive strength

When sea ice failure happens through crushing, such as the milling of ice by ship
propellers (Timco and Weeks, 2010), compression is a critical basic property, Empirical
formulas below can be used to define the compressive strength of first-year ice.
equation (2a) indicates the compressive strength of columnar ice structure with
horizontal loading, equation (2b) indicates the compressive strength of columnar ice
structure with vertical loading and equation (2c) indicates the compressive strength of
granular ice structure (Timco and Weeks, 2010).

0.=37(¢) °# [1- | 1] (2a)
o= 160(¢) °22 [1- %] (2b)
g.=49(¢) °#2 [1- | -] (2¢)

where o, is uniaxial compressive strength (in MPa), € is strain rate and vy is salinity
which is unit in ppt (parts per thousand).

It has been proved in previous studies that at a low temperature which is lower than
-20°C, the strength of multi-year ice is similar to the strength of first-year ice (Timco
and Weeks, 2010). When environmental temperature is higher, the strength of multi-
year ice can be significantly increased.
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2.1.3 Ice breaking process

Sea ice is considered as a natural material for ice-induced load measurement, which
means it has statistical properties that depend on different parameters, such as
environmental temperature, physical structure and brine volume (Suominen, 2018).
Meanwhile, ice conditions have four common varieties. Ship-ice interaction is also
progress related to ship hull forms. Therefore, it is difficult to have a standard
theoretical method for estimating ice-induced loads for each situation. Historically,
ship-ice interaction mostly has been studied theoretically in level-ice conditions. In this
section, it is also described in level ice.

Generally, the flexural strength of sea ice is smaller than its compressive strength,
therefore, local ice failure happens through bending during the “crushing” process
(Suominen, 2018). Generally, ice-going ships are designed to break sea ice through
bending failure. In ship-ice interaction, the processes of crushing and ice failure are
considered together as “ice breaking” (Riska, 2017). Depending on the studies and
research, ice-ship interaction mainly consists of three stages: ice-breaking,
submergence and sliding. When a ship operates in level ice, the ice sheet is broken, and
then ice pieces are displaced. This ship submerges the broken ice due to the hull shape
and then slides ice along the ship bottom before they floes up to surface.

3 Crushing and bending forces
Crushing and frictional force

Support forcey
buoyancy, and
frictional forces

Bending

"L

Buoyancy and T T ey g
frictional forces 1

_____________ pel Hydrodynamic support force
Sliding
Figure 8 The forces present when a ship is proceeding in ice—illustrated for a

two-dimensional case (Riska, 2017).

The ice breaking process is intermittent, since each bending failure generates ice cusps
along the ship hull, which is shown in Figure 9. Before the next bending failure
happens, these cusps will be crushed first, and the bending force gradually increases
until reaching the next bending strength (Riska, 2017). This progressive process leads
to a breaking pattern, as shown in Figure 10. From spatial distribution perspective, these
crushes commonly occur at vessel stems and shoulders, while bending failure typically
occurs at the inclined bow region.
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Figure 9 The breaking pattern around the ship hull (reproduced from Suominen
(2018); original photograph source not identified.)

Water may rise on top of the ice

Crushing and bending

Bending crack

J N Next bending crack

Radial cracks

Figure 10 Schematic view on the breaking pattern (Riska, 2017).

It is impossible to accurately predict the breaking pattern through theories, although it
has been found to have some regularity during the past few decades. As in recent
studies, it illustrates irregularity even with constant ice thickness and ship speed (Riska,
2017). The bold blue line in Figure 11 illustrates the path of sliding and submerging
broken ice. It can be seen that these ice floes mainly submerge and slide along the ship
hull in the vertical direction. However, due to the role of buoyancy, the floes will move
sideways from the original vertical hull line where the breaking happens.
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Figure 11 The main path (shown in bold line) of sliding/submerging ice floes
(Riska, 2017).

Ice-induced loads are generated during ice breaking process, mainly associated with
crushing and bending processes. Figure 12 shows the forces acting on ice during a
breaking process, where F, is the crushing force and F, is the frictional force from ship.

Based on the bending direction, these two forces are divided into two components: a
horizontal force (F,) and a vertical force (F;), and can be presented as:

E,=F, cos¥+F, sin¥ (3a)
F;=F, sin W+F, cos ¥ (3b)

Here, ¥ is defined as the frame angle which is between F, and the horizontal line, as
shown in Figure 13. The vertical force (F,) will gradually rise along with the increasing
contacting area between ship and ice, and reach to the ice flexural strength during the
bending process.

Fn

N

Figure 12 Force components acting on ice during a breaking process (Riska, 2017).
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Figure 13 Profile line of a ship and forces on hull in a two-dimensional case (Riska,
2017).

According to Newton’s third law, the forces on the ship can also be inferred as the
inverse forces of loads on ice. However, when a ship operates in ice-covered regions,
ice loads are generated during the cyclic ice-breaking process. Thus, the actual loading
magnitude and distribution are further influenced by many factors, such as contact
geometry, friction conditions, and operational parameters, which will be discussed in
the following section.

2.2 Characteristics of ice-induced loads

Ship-ice interaction is a highly complex process, and ice-induced loads exhibit
variabilities in both magnitude and frequency due to various uncertainties, including
the discontinuous breaking process during ice failure, the continuous manoeuvring of
the vessel, and the variabilities of ice properties, such as thickness, strength, and
salinity. These distinguishments lead to a high randomness of contact conditions
between ice and hull structures. The temporal and spatial distribution of ice-induced
load on ship hull both exhibit irregularities (Zhao et al., 2025).

Generally, ice-induced loads have randomness which are caused by different
parameters including ice-related factors and ship operating factors. Meanwhile, ice-
induced load generally concentrates on small contact regions between ice and ship hull
(Masterson and Frederking, 1993). In addition to the general characteristics, ice-
induced loads can also be considered as an event consisting of several individual
loading events in the time domain. A typical individual ship-ice interaction process
includes both loading and unloading phases, which start with contacting and end up
separating. In engineering analysis, extracting loading magnitude in time domain is the
basis for ice-induced load measurement.

However, it is inaccurate to extract loading magnitude depending on peak values, since
the high-frequency components of the measured signal may contain spurious peaks—
so called 'glitches' phenomenon which generated from electrical noise, sensor
resonance, or digitization artifacts. (Zhao et al., 2025). The Rayleigh classification is a
widely used method to analyse individual ice-induced loads on ships. It identifies local
maximum values and local minimum values within the signal and defines loading
scenarios by comparing the ratio between a local maximum and minimum (Zhao et al.,
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2025). When this ratio exceeds a defined threshold, the corresponding signal is counted
as an independent loading cycle. This method significantly reduces the noise influence.
Figure 14a and 14b show an example of Rayleigh separation, with a valley value of
10kN. Ice load characteristic parameters including peaks, valleys, time cycles, loading
and unloading phases can be observed by using Rayleigh classification method.

Loadpeaks'
Event start
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5 kN level
40
s 30F
'3_‘« 20 F
e
<
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3
=~ 0
— IO ! 1 ! ! 1
0 02 04 06 0.8 1 1
Time (s)
-20 h . .
89 90 91 92
Time [s]
(a) (b)

Figure 14  Rayleigh separation (Zhao et al., 2025).

Although ship-ice interaction exhibits certain regular patterns, the general process still
shows randomness. However, the overall time-history of ice loads still shows
randomness, which is mainly due to the irregular spatial distribution of ice, such as floe
sizes, thickness differences, and contacting regions. Figure 15 represents the measured
ice load and ship speed during ice-breaking tests of the ‘Sun Yat-sen University Polar’
vessel in the Bohai Sea. It can be observed that ice load has stochastic characteristics.
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Figure 15  Time-history curve of local ice load and ship speed during icebreaking
test. (Zhao et al., 2025).

2.2.1 Ice-induced load temporal distribution

One ice load cycle is defined as the time spacing between single ice load events. During
the loading phase, ice-induced load continuously increases until reaches maximum ice
flexural strength, when ice failure occurs, the unloading phase begins till the end of this
cycle. However, there might be secondary ice breaking between loading and unloading
phases, or other interaction between ship and ice. Thus, ice loading variation under
time-history can be a single event or a continuous process with intermediate peaks
caused by secondary failures during the loading-unloading phases.

Following the classification proposed by Zhao et al. (2025), temporal distribution of
ice-induced load can be divided into four categories based on different intermediate
peak variations: single-peak ice load, intermediate peak in the loading phase,
intermediate peak in the unloading phase, and intermediate peaks in both the loading
and unloading phases, which are shown in Figure 16.
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Figure 16  Classification of ice load time-history curves (Zhao et al., 2025).

2.2.2 Ice-induced load spatial distribution

Ice breaking patterns include repeated crushing and ice failure processes. The repeated
crushing process applies pressure on ship hull at the area where contact occurs. Figure
17 illustrates a model scale testing result of a pressure distribution along the ship hull
during the ice breaking process. It can be observed contact occurs in a narrow line, at
areas which are called “hot spots” (Kujala, 2017). These “hot spots” continuously
change in both time and space domain because of the randomness of the complicated
ship-ice interaction process (Kujala, 2017). Moreover, as the vessel advances in ice-
covered area, the contact location gradually moves along the ship hull from bow to stern
(Suominen et al., 2017).

120 -
100

Pressure (kPa)
3

20 25

15
5 Width (mm)

Figure 17  Typical pressure distribution along the ship hull when breaking ice
(observed in model scale) (Kujala, 2017).
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During a breaking process, contact length is measured in the horizontal direction. It is
defined by ice floe size and the breaking processes and is clearly longer than the contact
height. The pressure in horizontal direction includes high-pressure zone and low-
pressure zone, since it varies significantly in this situation (Suominen, 2018).

The vertical contact location is defined by the ship floating position and the ice
thickness which is different from contact length in horizontal direction. Ice edge failure
process is shown in Figure 18, S, is the frame angle of a ship, h, is contact height and
h; is the ice thickness. Theoretically, contact height can gradually reach ice thickness
during the process, however, it has been proved in previous laboratory studies that high-
pressure area is clearly narrower than ice thickness, which is normally line-like
(Suominen, 2018). However, when the crushing speed is reduced, the contact in the
vertical direction becomes higher which is no longer line-like, in this situation, it
consists of both high-pressure zone and low-pressure zone, similar to the horizontal
contact pattern.

(a) B.>0 (b) B,=0
~ Bending failure Crustied ice
Ship’s /(‘rushcd ice \ j v
side J h \\\ / ! ) g
\\. ) < X Q | " Shear failure
\ Shear failure )
\\ hl N \h\
\\ \ Y

Figure 18  Ice edge failure process (Kujala, 1994).

2.2.3 Parameters influencing ice-induced load

The parameters which affect ice-induced load can be divided into two categories: ship-
related factors and ice conditions (Suominen, 2018). Dominant ship-related factors
include ship hull geometry and operational factors, while ice conditions mainly include
ice thickness, ice concentration and ice failure strength.

Operational factors

From the operational perspective, ship speed and manoeuvring behaviour significantly
influence the ice-loading process through dynamic ship-ice interaction, impact effects
and strain-rate-dependent ice behaviour (Suominen et al., 2020; Tan et al., 2014). Ship
manoeuvring operations affect the contacting area between ship hull and ice,
particularly turning motions may increase the frequency and magnitude of ice-induced
loads at the stern shoulder and midship regions due to increased side interaction with
ice. The increasing ship speed also leads to higher peak ice loads and contact pressures,
although the relationship depends on ice thickness and failure mode (Tan et al., 2014).
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Hull geometry

The hull geometry is a parameter that closely related to ice-breaking mechanism and
local pressure distribution. Ships with a small frame angle at the bow lead to ice bending
failure, while vertical hull shapes tend to induce local crushing and high-pressure
concentrations (Suominen et al., 2017). The effect of hull geometry on ice loads is
therefore independent from ship operation factors.

Ice thickness

Ice thickness directly determines the total resistance during the ship-ice interaction
process. It is a dominant factor that affects ice pressure amplitude. Thicker ice sheets
require higher forces to break, which means thicker ice presents larger ice-induced
loads. (Zhao et al., 2025).

Ice concentration

Higher ice concentrations lead to more frequent and continuous interactions, which
affects the total accumulation of ice-induced loads. Moreover, floe size distribution is
also relevant to the ice-induced loads. It can be considered a secondary factor compared
to concentration and mainly influences the spatial variability of contact conditions
during ship-ice interaction process.

Ice failure strength

Ice flexural strength and compressive strength are related to ice failure process. These
strengths are highly wvariable. The most significant influencing factors are
environmental temperature and sea ice salinity. Lower temperature generally increases
ice strength, while higher salinity reduces it by increasing brine volume within the ice
structure (Timco and Weeks, 2010). Therefore, temperature and salinity affect ice loads
indirectly through their influence on strength.

2.3 Methods for ice load measurement

2.3.1 Direct measurement methods

Direct measurement is a straightforward method that measures contacting pressure or
force using instruments such as internal or external pressure gauges. This approach is
significantly influenced by measuring instruments themselves. Mechanical wear of
instruments normally occurs during repeated high-magnitude loading, which
compromises precision (Croasdale et al., 1986). In addition, some instruments will alter
the local structure at the measurement area, although the alteration is slight, the
structural stiffness has been changed (Croasdale et al., 1986). It is challenging to study
the effect of the measurement accuracy of the direct methods.
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The key factor of measurement accuracy is pressure sensors, which capture loading in
contact areas. Three widely used pressure sensor types are single-point, pressure
mapping systems and load panels/ instrumented plates.

Single-point pressure sensors

Single-point pressure sensors are used to measure local ice load at certain locations on
the hull, and they can be located at discrete points without affecting each other. Single-
point pressure sensors are suitable for long-term observation in harsh environments.
However, it has a disadvantage that cannot capture the spatial variability of ice loads,
which is critical for analysis (Croasdale et al., 1986).

Pressure mapping systems

Compared to single-point pressure sensors, pressure mapping systems can capture ice
load spatial distribution on ship structures since it consists of arrays of small sensing
elements. Currently, a system called “I-Scan” manufactured by TekScan is widely used
for experimental ice load measurement (Kubiczek et al., 2022). However, these
pressure mapping measurement systems have several limitations. The equilibration and
calibration can result in measurement uncertainties (Kubiczek et al., 2022). In addition,
environmental conditions also influence measurements obtained in contact areas.

Load panels / instrument plates

Load panels or instrument plates are widely used to measure ice-induced load across
defined areas. A typical load panel sketch is shown in Figure 19, it consists of one lid
and three sensors, two load sensors are placed close to the top, and one is near to the
bottom (Hellgren et al., 2020). The solid lid limits elastic deformation based on its high
stiffness. The use of three sensors reduces the influence of panel vibration and can
define the location of the resultant force more accurately (Hellgren et al., 2020).
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Figure 19  Typical ice load panel sketch (Hellgren et al., 2020).
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However, these systems have disadvantages in spatial resolution and have uncertainties
in measuring loading peak value due to load averaging over the entire panel area. In
addition, these systems are commonly used for measuring compressive pressure instead
of bending based on the characteristics.

2.3.2 Indirect measurement methods

From the perspective of indirect measurement methods, the ship structural responses
are measured, however, the external loads that caused the deformation are unknown.
Consequently, ship-ice interaction is commonly formulated as an inverse problem,
where external loads are estimated from measured structural responses. Thus, indirect
methods refer to approaches that ice-induced loads are inferred from the measured
structural responses rather than measuring loads directly. From indirect method
perspective, establishing load-response relationships is an important basis. Commonly,
the relationship between external loads and structural responses is defined by FE
simulations (Suominen, 2018).

Structural responses used for ice-load measurements include shear strain and
compressive strain. In shear-strain measurement, gauges are installed in pairs at the two
ends of a frame. According to beam theory, the difference between the shear forces at
the two ends 1s equal to the external transverse load acting on the frame. This shear load
1s determined from the measured shear strain. Compressive strain measurement aims to
measure the local compressive forces at the locations where gauges are installed on a
frame. Thus, in order to have a clear understanding of the strain on whole frame, the
number of gauges on a frame in compressive strain measurement is normally more than
that in shear strain measurement.

2.3.3 Sources of measuring uncertainty

Understanding uncertainties of full-scale measurements is critical to assessing the
measurement accuracy. These uncertainties are generated by multiple sources and
result in biases of estimated ice-induced loads. This section focuses on how different
factors influence the measurement uncertainty.

Ice-related uncertainties

Sea ice is introduced as a highly variable natural material. Variations caused by
environmental temperature, grain structures lead to significant uncertainty in the
magnitude and distribution of ice-induced loads. These variations influence the size and
the shape of the contacting regions between sea ice and ship hull, also further influence
the measurement accuracy (Bohm et al., 2021). Since the contacting location leads to
internal loading distribution and transition.
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If the ice load acts outside the instrumented region of the hull, the measured strain
response may not accurately represent the actual load, leading to significant errors in
the estimated load magnitude. Similarly, the length of the load patch influences how
the load is distributed across adjacent frames, which in turn affects the strain measured
at the instrumented sections.

Measurement uncertainties

Similar to direct measurement methods, indirect measurements also rely on sensors,
which means the accuracy is affected by factors such as sensor resolution, calibration
deviations and installation conditions. This study mainly focuses on the FE simulation
process, so the measurement uncertainties are neglected in this paper.

Model-related uncertainties

During FE modelling simulation, assumptions including linear elastic material, static
loading and uniformly distributed pressure are used. This generates uncertainties from
the differences between simulated and real structural responses.

2.3.4 Applicability to different structural systems

Historically, transverse framed ice-going ships are more common than longitudinally
framed ice-going ships. Also, in transverse systems, the load transfer mechanism is
more direct compared to longitudinal systems, which leads to a clear relationship
between measured strain and external loads. Thus, strain-based methods can be
effectively used to measure ice-induced loads. Therefore, indirect full-scale
measurements are applied to local transverse frames of ships (see, e.g., Jeon et al., 2018;
Suominen et al., 2017).

In contrast with transversely framed ships, the application of indirect measurement
methods to longitudinally framed structures have been less studied in previous research.
In longitudinal framing systems, external loads are transferred through both
longitudinal stiffeners and transverse web frames, resulting in a more complex load
transfer mechanism. Consequently, local structural responses are distributed to a wider
region compared to transverse framing systems. Therefore, the relationship between
measured strains and external ice loads in longitudinal framing systems is more difficult
to establish.

Consequently, accuracy assessment and numerical modelling simulation become
increasingly significant when studying indirect load measurement methods to
longitudinally framed structures. This study aims to investigate the relationship
between localized ice-induced loads and structural responses through finite element
modelling of a longitudinally framed ship structure.
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3 Methodology

This chapter presents the theoretical foundations and methodologies used in this study.
The overall relationship between the different methods is illustrated in Figure 20. In FE
analysis, unit loads are applied to define load-strain relationships, which depends on
the superposition principle. This relationship is required for establishing the Influence
Coefficient Matrix (ICM), which is the foundational principle of this study. Two types
of strain responses — shear strain difference and local normal strain — are considered as
indicators of structural response. The measured strain responses are extracted and
converted into equivalent ice loads by using the established ICM.

External load

FE simulation (superposition principle)

Influence coefficient matrix

Measured shear-strain difference Measured normal strain

Estimated ice load Estimated ice load

Figure 20  Methods adopted by the study.

3.1 Structural responses under loading

When external loads are applied to a ship structure, structural strain responses are
generated. By measuring these strain responses, the external loads can be estimated
through the relationship between structural response and loading. In this study, two
types of strain responses are considered: shear strain difference and local normal strain.
Their physical meanings are introduced in the following sections.

3.1.1 Shear strain difference

Measurement interpretation depends on classical beam theory, where the individual
structures such as stiffeners are considered as beam elements. According to Euler-
Bernoulli beam theory (Ahmed and Rifai, 2021), the derivative of the bending moment
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gives the shear force. For the concentrated load shown in Figure 21a, the shear force
has opposite signs on the two sides of the loading point, as shown in Figure 21b. The
shear strain varies over the height of the section, but it is proportional to shear force
when the strain is extracted at corresponding locations. Therefore, the difference
between a pair of measurements taken on opposite sides of the loading region can be
used as an indicator of the external transverse load.
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8

Figure 21 (a) Left: concentrated load on a beam, and (b) right: shear-force distribution
for the loading case shown in (a).

3.1.2 Normal strain

External transverse loading also produces bending of the structural members. For a
simply supported beam under a concentrated load, the bending moment is zero at the
supports and reaches its maximum under the loading point. The normal strain follows
the bending-moment distribution: its magnitude increases toward the loading point, and
it changes from compression to tension across the neutral axis. Consequently, a normal-
strain measurement describes a more local bending response than the paired shear-strain
measurement and is more sensitive to the loading position and selected gauge location.
In the present FE model, the E11 component is extracted from the stiffener-web shell
elements at the predefined gauge positions.

3.2 Influence coefficient matrix (ICM)

According to Kujala (2017), the developed ice-induced loads estimation approaches
can be divided into three categories: numerical time-domain simulation methods,
energy conservation methods, and semi-empirical methods based on full-scale
measurement data. The ICM is an important component of the approach used to account
for the impact of surrounding structures in the full-scale measurement process. The
main foundation is to establish the ICM through numerical simulations, which makes
it possible to determine the ice load. The external ice load is defined as the equivalent
resultant force which is inferred from the ICM and full-scale measurements.
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Based on mechanical theory, it is easily known that when ice-induced loads apply on
the ship hull structure, a portion of the load is directly applied to the frames which are
in contact with the ice, while the remaining portion is redistributed to adjacent frames
because of the connections between frames. The ICM is an efficient approach to study
the relations between ice load and structure responses, which can also improve the
accuracy of load identification (Zhou et al., 2025).

With the neglect of high-frequency dynamic effects, when only considering the quasi-
static responses, the relationship between the applied load F and structural displacement
vector X can be mathematically expressed as equation (4). Where K is the structural
stiffness matrix. Structural strain vector € is linearly related to displacement vector X
through strain-displacement relationship, as shown in equation (5a), where B is the
strain-displacement matrix. By substituting X = K1 F into equation (5a), strain € is
linearly related to applied load F, the relationship between strain vector and applied
load is shown in equation (5b).

F=KX 4)
e=BX (5a)
e=BK'F (Sb)

By defining the strain-load influence matrix A as equation (6), the relationship between
applied load F and structural strain € can be formed as equation (7a) and (7b). In this
study, F is ice-induced loads that are applied on researching structures, C is the ICM
that is used to estimate external loads from measured strains.

A=BK1 (6)
e=AF (7a)
F=A"le=Ce (7b)

3.3 ICM establishment based on the superposition
principle

The superposition principle is a fundamental basis of the ICM. The contact area
between ice and ship hull is irregular, it is inaccurate to simplify the load as a
concentrated force which acts on a small point. Therefore, a large ice load patch can be
considered as a combination of small patches, utilizing superposition principle. This
implies that structural responses caused by a large ice load patch are equal to the sum
of responses caused by unit small patches (Zhu and Suominen, 2025). Meanwhile, the
total force applied on the structure is equal to the sum of forces on each small patch.
Figure 22 illustrates the distribution of structural strain and the corresponding force,
where C is an ICM.
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Figure 22 Decomposition of a larger load patch into unit patches (Zhu and
Suominen, 2025).

To establish the ICM numerically, the potential ice contact area is divided into a series
of sub-patches. A unit load is sequentially applied to each sub-patch while the
remaining sub-patches remain unloaded. For each loading case, the strain responses at
all measurement locations are extracted from the FE model. Assuming dimensions of
the F matrix is F € R™!, & matrix is € € R™!, it can be derived that A € R™™ and C €
R™". To determine the values of ICM (matrix C) numerically, unit loads are applied to
the FE model.

For each simulation, a 1 kN uniformly distributed load is applied to one sub-patch
solely, while all other sub-patches remain unloaded. The strains recorded at all
measurement locations form one column of matrix A. The simulation is then repeated
for every loading sub-patch, so that each column of A represents one unit-load location
and each row represents one strain measurement. After matrix A is assembled, as
illustrated in equation (8a), matrix C is obtained by inversion and is used to estimate
the equivalent loads from the measured strains. During full-scale measurements, the
measured strain responses are substituted into equation (8b), the equivalent ice load can
be estimated directly.
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4 Numerical Model

In this study, numerical simulations are performed in Abaqus (Dassault Systémes
Simulia Corp., 2023a). This chapter presents the numerical model of a representative
longitudinal ship structure that is used in the study. First, the geometry of the FE model
is described. Second, the mesh size adopted in the FE model is presented together with
the mesh sensitivity considerations, in order to ensure the accuracy and computational
efficiency of the numerical simulations. In addition, the material properties and the
boundary conditions are introduced. Finally, the placement of strain gauges for both
shear strain and normal strain measurement are defined, which are closely related to the
accuracy of established ICM.

4.1 Geometry of FE model

The primary objective of this study is to perform a sensitivity analysis of ICM ice load
measurements on longitudinally framed ships, aiming to support the transition from
conventional ships to ice-going ships. Therefore, a generally representative panel of
longitudinally framed ships is used. Zhang (2016) provided statistical geometric data
of 46 longitudinally framed ship structures, including bulk carriers and crude carriers
whose length are between 150 m and 400 m. Figure 23 shows the dimensional range of
sample ship structures, where S is plate slenderness and A is column slenderness for the
sample ship structures. f and A are dimensionless parameters commonly used to
characterize the slenderness of plating and stiffeners. Based on these statistics together
with Polar Class (IACS, 2016), the typical ranges of plate dimensions and for general
longitudinally framed vessels are summarized in Table 1, which is adopted by Pan et
al. (2019) in their analyses.
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Figure 23 Dimensional range of the sample ship structures, where p is plate
slenderness and A is column slenderness (Zhang, 2016).

Table 1 Statistical range of structure dimensions.
Length (mm) Thickness (mm) Spacing (mm)
2400-6000 12-36 350-450

As shown in Figure 24a, the objective structure which is a panel consists of a hull
plating area, two transverse web frames, two longitudinal stringers, and five
longitudinal stiffeners. The web frames and stringers are modelled by T-shaped
sections, the longitudinal stiffeners are modelled by bulb-flat sections, which are
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commonly used in longitudinally framed ship structures. The dimensions of the
structural members are shown in Table 2. Depending on the statistics of ship structure
dimensions, the objective structure is defined as a representative longitudinally framed
ship side panel, which is 2400 mm x 2400 mm. Figure 24b illustrates the cross-sectional
dimensions of web frames and stringers and Figure 24¢ presents the idealized cross-
section of the longitudinal stiffeners used in the shell-element model.

Figure 24a  The view of objective structure.
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Figure 24b  Cross-sectional dimensions of web frames and stringers.
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Figure 24c  Idealized cross-section of the longitudinal stiffeners used in the shell-
element model.
Table 2 Dimensions of structure components: l-length, s-spacing, h.-height, t,-
web thickness, br-flange width, t-plate thickness.
[ (mm) s (mm) hw (mm) | tw (mm) | br (mm) tr (mm)
Web- 2400 2400 800 22 140 24
frames
Stringers | 2400 2400 660 18 140 20
Stiffeners | 2400 400 340 14 63 35

Regarding efficient calculations and maintaining acceptable engineering accuracy,
shell elements are more common to be used in Finite Element (FE) model investigation
compared to solid elements. As presented in the Abaqus documentation (Dassault
Systémes Simulia Corp., 2023b), the four-node general-purpose shell (S4) employs
a fully integrated scheme, which eliminates the need for hourglass control and avoid
non-physical strain modes. Meanwhile, it ensures accurate solutions for in-plane
bending behavior. In addition, the ice-induced load may produce localized peak strains
on the structure or cause a large strain gradient, shell element types that reduced the
integration points such as S4R may influence the strain prediction. Therefore,
considering that longitudinally framed ship structures involve significant inner-plane
bending and stretching of the shell plating, S4 shell element is used in this study for all
structural components.

According to Song et al. (2025), when establishing the FE models, the detailed
dimensions of structure components are selected based on “3Co principle”. It ensures
correspondence, comparability and competence between the numerical model and the
actual structure. In order to reduce the influence of boundary conditions, an extended
region has been considered. Single panel is defined as the hull plating area bounded by
two adjacent transverse web frames and two adjacent longitudinal stringers, as
illustrated in Figure 24. The entire FE model consists of nine panels arranged in a 3 %
3 configuration, as shown in Figure 25. The central trimmed region in the red circle is
the objective structure, which is also the central panel. The geometry size of the FE
modelling is shown in Table 3.
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Figure 25  Nine-panel FE model with the central 2400 mm x 2400 mm objective
panel and principal model dimensions.

Table 3 Dimensions of entire FE model including central objective structure and
the extended region.

Panel length (mm) 2400 Model length (mm) 7200
Panel width (mm) 2400 Model width (mm) 7200
Stiffener spacing (mm) | 400 Web-frame spacing (mm) | 2400

4.2 Mesh size

The FE model is created by S4 shell elements. Each S4 element has four in-plane
integration points, and five section points were used through the shell thickness based
on Simpson’s integration rule. Strain responses are extracted at the two outer section
points, SNEG (section point 1) and SPOS (section point 5). For each surface, the strain
assigned to a gauge location is calculated as the average of the four in-plane integration-
point values of the corresponding element. The mesh size of FE model should ensure
the accuracy of the simulated strain responses, meanwhile capturing local peak values
without excessive averaging.

The mesh size of the FE model affects the extracted strain responses. Even with
identical strain gauge positions, the average strain over an element can vary
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significantly when the mesh sizes are different. To evaluate mesh convergence, a single
representative loading case was analysed using different mesh sizes, while the loading
and boundary conditions, material properties, and strain-gauge positions remain
identical. As illustrated in Figure 26a, a uniformly distributed load of 1 kN is applied
over a 400 mm area in the transverse x-direction and an 800 mm area in the longitudinal
y-direction, which is along the longitudinal members. The loaded region is shown in
blue and is located at the centre of the plating. The shear strain difference of the central
stiffener at the predefined gauge locations is extracted and used as the reference
quantity, as shown in Figure 26b.

Figure 26a  The FE-model region used for the mesh-convergence analysis.

Figure 26a shows the FE-model region used for the mesh-convergence analysis. The
blue area indicates the central 800 mm x 400 mm loading patch subjected to a uniformly
distributed total load of 1 kN, while the red-highlighted central stiffener indicates the
region from which the shear-strain response was evaluated. Figure 26b represents the
central stiffener which is red-highlighted in Figure 26a, the locations of the shear-strain
evaluation points on the central longitudinal stiffener in the global FE coordinate
system are indicated as two points P1 and P2. P1 = (3600, 2700, 150) mm in global
coordinate system and P2 = (3600, 4500, 150) mm, where the x-, -, and z-axis indicate
the transverse, longitudinal, and plating-normal directions.
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Figure 26b  The locations of the shear-strain evaluation points on the central
longitudinal stiffener in the global FE coordinate system.

Figure 27 presents the convergence analysis of the central stiffener shear strain
difference with different mesh sizes. When the mesh size is larger than 45 mm, the
average simulation value of a single element may deviate significantly from the true
local strain. It can be observed that the percentage difference between adjacent element-
wise strain values gradually decreases as the mesh size is reduced. When the mesh is
refined to 35 mm, the computed shear strain difference converges to a stable value.
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Figure 27  Convergence analysis of the central stiffener shear-strain difference.
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To further investigate suitable mesh size, the relationships between measuring locations
and strain measurements under each mesh size are established. Using central stiffener
as an example, the selected analysis patch is 300 mm outwards from web frame
boundary and along the vertical direction, which is the vertical strain-extraction line
shown in Figure 28, the coordinate origin (z = 0) is defined at the connection between
the central stiffener and the plating, which lies within the modelled frame length.

<
/ Vertical strain-extraction line

y z=0

Figure 28  Location of the vertical strain-extraction line in the local FE coordinate
System.

Figure 28 shows the location of the vertical strain-extraction line used in the mesh-
convergence analysis. The line is located on the web of the central longitudinal stiffener,
300 mm from the adjacent transverse web frame. The z-coordinate is measured from
the stiffener—plating connection, where z = 0, the vertical strain-extraction line is also
along the local z-axis in Figure 28.

The shear strains of the elements along the selected vertical sampling line are extracted
for different mesh sizes and fitting equations relating the sampling locations to the
corresponding strain values are established. At each sampling location, the strain is
obtained from the single S4 element containing the location and is calculated as the
average of its four in-plane integration-point values at the selected shell section point 1
(SNEGQG), corresponding to the bottom shell surface. The resulting strain curves are
presented in Figure 29. The vertical axis represents the z-coordinate, defined as the
height above the plating, while the horizontal axis represents the corresponding shear
strain, E12. Mesh convergence is evaluated by comparing the shear-strain curves
obtained with different mesh sizes. The curves show that the simulated response
becomes sufficiently convergent when the mesh size is below 25 mm. For each mesh
size, a curve-fitting equation describing the variation of shear strain along the z-
coordinate from 20 to 200 mm above the plating is established. The shear strain at z =
150 mm is then calculated from the corresponding fitting equation, and the fitting
equations and calculated values are presented in Table 4.
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Figure 29  Element-averaged E12 shear-strain profiles along the vertical sampling
line on the central longitudinal stiffener for mesh sizes of 10—30 mm.

Table 4 Shear strain calculation under different mesh size.
Calculated
shear strain
Mesh size at 150 mm
(mm) Fitting equation height

30 E12 = (1.1994e — 11) * z? + (—2.0901e — 9) *z | -8.9960e-07

+ (—8.5594e — 7)
25 E12 = (1.0713e — 11) = z? + (—2.0017e —9) * z | -9.1605¢-07

+ (—8.5683e — 7)
20 E12 = (1.1206e — 11) * z? + (—=2.0261e —9) *z | -9.1142¢-07

+ (—8.5927e — 7)
15 E12 = (1.0626e — 11) * z? + (—1.9393e — 9) xz | -9.1449¢-07

+ (—8.6267e — 7)
10 E12 = (1.0599e — 11) * z? + (—1.8813e —9) xz | -9.1207¢-07

+ (—8.6734e — 7)

In Table 4, the changes between shear strain at a vertical position of 150 mm (i.e., z =
150 mm measured from the plating) under different mesh sizes are minor, thus, suitable
simulation mesh size in this study is lower than 30 mm. The length and width of
physical strain gauges are generally smaller than 10 mm, therefore, to better match the
reality of ice-induced load measurement, modelling mesh size is defined as 10 mm. In
order to ensure that 10 mm mesh size is adopted to the study, which does not ignore the
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peak strain under the applied load, examine a single element mesh where the shear
strain gauge is installed, the values of four in-plane integration points which are
extracted at bottom surface (SNEG), the average value and the percentage of difference
between them are shown in Table 5, it can be seen that the percentage of difference
between four integration points and the average value are all lower than 0.1%, which
illustrates that under 10 mm mesh size, the strain value of a single element can be
derived as the average value of four integration points in the FE simulation.

Table 5 Shear-strain values at the four in-plane integration points of selected S4
element.

Strain value of in-plane

integration point Average value Percentage of difference
1.52082¢-06 1.51951e-06 0.09%
1.51936e-06 -0.01%
1.51965e-06 0.01%
1.51819¢-06 -0.09%

4.3 Material properties and boundary conditions

It has been discussed that structures are only considered small deformations and linear
elastic material behaviours. To simulate the general situation that ice-induced loads on
ship hull, common steel material is defined. In addition, material properties are defined
as average values in this section, where steel density is 7850 kg/m?, and Poisson's ratio
1s 0.3. When using shell elements to simulate the hull structure, the material distribution
mode is selected to be homogeneous.

This study mainly focuses on the uncertainty and sensitivity of ICM methods under
different loading patch sizes and loading locations. Therefore, the same boundary
condition is used for all research cases so that the results are less influenced by other
factors. In addition, to reduce the effect on local structural responses, a fixed boundary
condition is placed at the area that is sufficiently far away from objective structure. As
shown in Figure 30, a general fixed boundary condition is applied to the extended FE
model, all translational degrees of freedom are constrained along the outer edges of the
model, while the central objective structure remains free from direct boundary
constraints. The red region is the objective structure where the strain responses are
extracted.
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Figure 30  Boundary condition that all translational degrees of freedom are
constrained along the outer edges of the model.

Considering decreasing the boundary condition influence, the entire FE model includes
an extended region in addition to the objective structure. For simulating the loading
conditions applying on the structure of a ship, the extended region is also composed of
plates with the same structural as the objective structure. As an example, a unit
uniformly distributed pressure load of 1 kN is applied at the centre of the structure.
Figure 31 presents the distribution of shear strain, with a maximum strain value of
1.52e-6. It can be observed that the strain gradients near the fixed boundaries are
localized and decline rapidly within the extended region. Consequently, the strain field
at the objective structure is unaffected by the boundary conditions.
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Figure 3la  Shear-strain distribution under the central 1 kN reference load.
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Figure 31b  Enlarged view of the central objective region showing the E12 shear-
strain distribution.

4.4 Placement of strain gauges

4.41 Shear strain gauges

From shear strain perspective, strain gauges are installed in pairs on each longitudinal
stiffener of objective structure, symmetrical along the central line of the structure.
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Figure 32 illustrates the corresponding gauge positions. The red circles indicate the
gauge locations, while the x- and y-axis show the directions of the global system. The
length of each longitudinal structure member is 2400 mm, the defined lengths of ice-
induced load patches along transverse x-direction in this study are 200 mm and
400 mm. Along the horizontal y-direction direction, the selection of gauge positions is
governed by the strain gradients which are induced by two factors: the boundaries of
the ice load patch and the constraints imposed by the adjacent web frames.
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Figure 32 Positions of the paired shear-strain gauges on the longitudinal stiffeners.
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Figure 33 Influence of gauge pair placements (Zhu and Suominen, 2025).

The gauge vertical placement adopted in this study follows the configuration
investigated by Zhu and Suominen (2025). As illustrated in Figure 33, their work
examined concentrated force and investigated five pairs of strain gauges. Figure 33a
presents the theoretical shear strain distribution and the loading condition, while Figure
33b shows the specific positions of the five gauge-pairs. It has been proved that moving
the gauge pairs outward to the boundary can increase the effective measurement area
without compromising the results (Zhu and Suominen, 2025). Thus, the shear strain
gauges in this study are installed at 300mm outward to web-frames in horizontal
direction. Along the vertical direction, strain gauges are installed at the place without
compressive or tensile stress, to avoid interference of normal stress on shear strain
measurement. In this study, it is 150 mm outward to plane in vertical direction which
is z-axis.

4.4.2 Normal strain gauges

Compared to shear stains, the normal strain is more sensitive to boundaries. The normal
strain considered in this study is the E11 component, which represents the normal strain
in the shell local 1-direction. According to the Abaqus sign convention, tensile strain is
positive, whereas compressive strain is negative. Furthermore, the normal strain matrix
relies on the direct strain measurement at selected local points. In this study, inverse
matrix is derived by normal strain along z-axis direction. Thus, the determination of
gauge locations is important for accurately measuring local force. The objective
structure has five longitudinal stiffeners, for reducing the effects of boundaries, the
normal strain gauges are installed on the three central longitudinal stringers. Each
stringer has 11 gauges on it and horizontal spacing which is y-axis direction between
gauges is 200 mm, spacing between side gauges and web-frames are also 200 mm. In
total there are 33 gauges on the structure for normal strain I[CM.
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Moreover, the compressive strain declines significantly away from the contact region.
If the gauges positions are half width from the boundary along z-axis, there will be local
stiffener bending or torsion influence. However, the normal strain at positions that are
tightly close to plate is affected by local stress concentrations and torsion. Therefore,
the gauge positions along z-axis direction should be between 0.3-0.5 stiffener web
height. To ensure the gauge locations for creating ICM, using the central stiffener as an
example, a uniformly distributed load is applied over a rectangular load patch
measuring 200 mm in the transverse x-direction and 400 mm in the longitudinal y-
direction, which is along the stiffener length.

Figure 34 illustrates the central stiffener under 10mm mesh, Figure 34(a) shows the
normal strain E11 which is the local normal strain component, perpendicular to the
beam length direction. Figure 34(b) is the zooming local central part of the stiffener,
which helps to investigate the local strain gradient near the plating. The strain is highly
localized within 20 mm of the plating; beyond approximately 40 mm, the gradient
diminishes and the strain becomes stable. Thus, it can be observed that compressive
normal strain at locations which are 40 mm offset from plating is suitable for ICM
creation.
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Figure 34a  Normal strain distribution in z-axis of the central stiffener.
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Figure 34b  Local normal strain (E11) of the central stringer, the red region in
Figure 34a.
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5 Results

5.1 Shear-strain-based ICM

In the ICM approach, the strain values extracted from the FE model should correspond
to the locations of the strain gauges in full-scale measurements. On a real ship structure,
strain gauges are typically installed at the internal surfaces. However, in this study, the
strain gauges are placed on the stiffeners, both SPOS and SNEG shell surfaces represent
internal structural surfaces. Therefore, in FE analysis, ICMs that established by using
both shell surface values including top (SPOS) and bottom (SNEG) are compared, and
the one that shows more accurate load measurement is adopted for sensitivity analysis.

Two shear-strain ICMs are established by applying uniformly distributed loads with a
total force of 1 kN over loading patches measuring 400 mm in the transverse x-direction
and 800 mm in the longitudinal y-direction. The shear-strain differences at each frame
are extracted from both shell surfaces. The following equation (9a) is the matrix defined
by top element shear strain values and equation (9b) is the matrix of bottom element
shear train values. For comparing the accuracy of these two ICMs, the unit uniformly-
pressure load which is 1 kN in 400 mm x 400 mm is applied to the centre of the
structure. Table 6 illustrates the comparison of both measuring results.

1335460 —7750 430 90 310
—76290 332550 —7610 80 -90
25680 —75260 332470 —7530 130 (9a)
—9360 25290 —75260 332390 —7530
L 3290 —9140 25110 —74680 330780
541090 —159670 69360 —29040 13950
10520 538220 —158950 68730 —30490
—700 10580 538170 —159070 72020 (9b)
-30 —880 10270 538360 —166960
L —510 100 —420 9690 555690

Table 6 Comparison of both ICMs.

Load measurement (SPOS) | Load measurement (SNEG)
Applied load (kN) (kN) (kN)

1.00 1.0009 0.9921

The load measurements from both matrixes are 1.0009 from top and 0.9921 from
bottom. SPOS value represents the surface in the direction of the positive shell normal,
which faces the positive transverse x-direction for the stiffener-web elements that are
used for strain extraction; SNEG value denotes the opposite surface. The ICM of
element bottom values has approximately 1 percentage of distribution deviation.
Inverse matrix that is derived from element top side values is more precise compared
to which is derived by bottom values. Thus, in this study, shear-strain based ICM
method considers top side of element values.
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5.2 Normal -strain-based ICM

As discussed in Section 4.4, there are 33 normal-strain gauges on the three central
longitudinal stiffeners, with 11 gauges on each stiffener. The distance between adjacent
gauges is 200 mm. The E11 strain at each gauge position is calculated from the average
value of four integration points in the shell element. To establish the ICM, a 1 kN
uniformly distributed load is applied at 33 calibration positions over a patch measuring
200 mm in the transverse x-direction and 400 mm in the longitudinal y-direction. Under
each loading case, the 33 normal-strain values are extracted. Thus, a 33 % 33 normal-
strain ICM is established. The complete SPOS and SNEG matrices are provided in
Appendix A.

To compare the accuracy of two matrixes, a reference uniformly-pressure load is
applied to the structure, which is 1 kN over 400 mm x 400 mm area at the centre of
objective panel. The measured load from element top value matrix and bottom value
matrix are 0.999 kN and 0.986 kN. It can be observed that the measurement depending
on top value ICM is more accurate. Thus, the normal-strain based matrix that
established by element top values is adopted in this study.

5.3 Loading location sensitivity analysis

Due to uncertainties in ice-structure interaction, the actual contact region between ice
and the ship hull cannot be accurately determined. Therefore, in the present study, the
ice contact region is simplified as a series of rectangular loading patches applied to the
objective structure. In Chapters 5.3 and 5.4, the dimensions are reported consistently as
transverse x-direction % longitudinal y-direction, where the y-direction is along the
longitudinal members. This section focuses on the measurement sensitivity of loading
locations on longitudinal framed structures. Considering the large number of possible
loading locations, representative loading cases are selected, researching loading moves
in 1/4 area on the objective panel. Figure 35 is the top view of modelling in Abaqus,
the grid area is studying region on the plating where the external loads are applied at.
The external loads are also applied at plating where they connect with a longitudinal
stiffener and a transverse web-frame.
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Figure 35  Loading patch locations.

Figure 36 shows the detailed C-series loading locations. The distance between adjacent
loading centres is 200 mm in both in-plane directions. Each C-series patch measures
400 mm in the transverse x-direction and 800 mm in the longitudinal y-direction. Since
the moving distance is smaller than the patch dimensions, adjacent patches overlap. The
row coordinate describes the transverse structural position: row Clm is cantered on the
longitudinal stringer, rows C3m, C5m and C7m are cantered on longitudinal stiffeners,
and rows C2m, C4m and Cém are cantered in the plating bays. The column coordinate
describes the longitudinal position: column Cnl1 is cantered on the transverse web frame
and column Cn7 is located at the mid-span centre line between web frames. In total, 49
loading cases are studied and named C11-C77, where the first digit represents the row
and the second digit indicates the column.
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Dimension convention: transverse x-direction x longitudinal y-direction (along the Ionglitudinal members)

Example patch outlined in red: 400 mm (x) x 800 mm (y)
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Figure 36  C-series loading centres for the 400 mm (transverse) * 800 mm
(longitudinal) patches.

5.3.1 Shear strain measurement

The measured shear-strain loads are presented directly in Figure 37, and their
percentage deviations from the applied load are presented in Figure 38. The applied
load remains 1 kN in each case. Therefore, the difference between each measured value
and 1 kN represents the measurement error. The numerical value shown in each heat-
map cell corresponds to the loading centre identified by its row and column coordinates.
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Figure 37  Shear-strain measurement for the 400 mm (transverse) * 800 mm
(longitudinal) C-series patches.
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WF CL

Cim STR 89.94%

C2m PB 19.22% 11.18% 31.66% 44.90%
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Figure 38  Percentage-deviation heat map for the C-series shear-strain
measurement.

It can be observed that the shear-strain measured loads range from 0.04 kN to 1.66 kN.
Among the 49 cases, 14 cases have a deviation lower than or equal to 10%, and the
median absolute error is 0.44 kN. Some cases, such as C36, C37, C57 and C77, measure
approximately 1.00 kN. However, C11 only measures 0.04 kN and C47 measures 1.66
kN. The errors show a clear relationship with the loading locations. Thus, the shear-
strain ICM can accurately measure some locations, but it cannot keep the same accuracy
over the entire studied region.

5.3.2 Normal strain measurement

The measured ice load results based on normal strain ICM of all 49 cases are shown
directly in Figure 39, and the corresponding percentage deviations are presented in
Figure 40. The structural row and column labels are the same as those defined in Figure
36. For the normal-strain method, only the three central longitudinal stiffeners are
instrumented, with 11 gauges on each stiffener.
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WF CcL

Cim STR 100.28% 100.87% 98.88% 86.21% 78.65%

C2m PB 105.65% 108.18% 101.48% 30.73%

C3m STF 52.26% 33.87% 46.08% 99.23% 185.56% 252.09% 268.53%

C4m PB 148.17% 108.39% 395.49%

C5m STF 61.94%

Transverse position (1-7)

Cém PB 214.02% 246.84% 168.22% 39.61% 349.00% 590.45%
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0%
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Position (1-7)

Figure 40  Percentage-deviation heat map for the C-series normal-strain
measurement.

Compared with the shear-strain results, the normal-strain results still show significantly
larger changes. The measured loads range from -5.88 kN in C47 to 7.48 kN in C67.
Among the 49 results, 14 values are negative and 8 cases have a deviation lower than
or equal to 10%. The median absolute error is 0.84 kN. Negative values occur mainly
at the right side of the C3 and C4 rows, while the C6 row produces large positive values.
Several cases in the C5 and C7 rows are close to 1 kN. Therefore, the large deviations
are not randomly distributed but change with the loading location. The negative values
are numerical measurement results and do not represent physical tensile ice loads.

It should also be noted that C54 to C57 and C74 to C77 measure between 0.99 kN and
1.02 kN and have deviations lower than or equal to 10%. This indicates that the normal-
strain ICM can work under some loading conditions. However, the accuracy of these
cases does not continue at the nearby loading locations. Possible reasons for this
difference are discussed in Chapter 6.

5.4 Ice-loading patch size sensitive analysis

Results from Section 5.3 show that when ice-induced loading applying on structures
where the plating connects with web-frames, longitudinal stringers or the spacing
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between two longitudinal stiffeners, the measurement is highly sensitive. However, ice-
related uncertainties also include other factors such as contacting regions. To further
investigate the applicability of traditional measurement system, a smaller V-series
patch measuring 200 mm in the transverse x-direction and 400 mm in the longitudinal
y-direction is investigated. The total load remains 1 kN. Its area is one-fourth of the 400
mm (transverse) x 800 mm (longitudinal) C-series patch, so the applied pressure is four
times larger. The V-series loading centres use the same 200 mm coordinate spacing as
the C-series grid, but only 24 selected perimeter positions are analysed. The studied
region is shown in Figure 41.

In addition, in this section, compared to previous studying cases, loading locations
focus on sensitive regions where the measured results show a significant error,
including plating bay between two stiffeners, connection area between plating and web-
frame or longitudinal stringer. Researching loading moves in one-fourth area on the
objective panel. Locations of applying loads are shown in Figure 41, grid area is the
loading regions on the top view of the structure.

T TIT
T 10T
T 11T
LT 1T

|

b 4

Figure 41  Studying panel region for the V-series loading-patch analysis.

In total, 24 V-series cases are studied. V11-V17 form the complete row cantered on the
longitudinal stringer, and V71-V77 form the complete row cantered on the outer
longitudinal stiffener. The remaining cases V21-V61 and V27-V67 form the two side
columns: column Vnl is cantered on the transverse web frame and column Vn7 is
located at the mid-span centre line between web frames. Rows V3m and V5m are
cantered on longitudinal stiffeners, whereas rows V2m, V4m and V6m are cantered in
plating bays. Thus, the grey interior positions in Figure 42 are coordinate references
and were not analysed in the V series.
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Dimension convention: transverse x-direction * longitudinal y-direction (along the Ionglitudinal members)

P DD
|
vam @
|
V3m V37
[
|
V4m
[
Vom V57
|
V6m
I

Example patch outlined in red: 200 mml (x) x 400 mm (y)

Adjacent loading-centre spacing = 200 mm in both x and y directions

STR = longitudinal stringer centre | STF = longitudinal stiffener centre | PB = plating-bay centre

WF = transverse web-frame centre | CL = mid-span centre line between web frames

Only the labelled perimeter cases were analysed; grey points were not included in the V-series.

Figure 42 Selected V-series loading centres for the 200 mm (transverse) x 400 mm
(longitudinal) patches.

5.4.1 Shear-strain measurement

The same shear-strain ICM and the same total load of 1 kN are used when the loading-
patch size is changed. The measured loads of the 24 selected V-series cases are
presented directly in Figure 43, and their percentage deviations are presented in Figure
44. The numerical values are shown only for the analysed perimeter positions identified
in Figure 42.
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Figure 43 Shear-strain measurement for the 200 mm (transverse) x 400 mm
(longitudinal) V-series patches.
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Figure 44  Percentage-deviation heat map for the V-series shear-strain
measurement.

For the 200 mm (transverse) x 400 mm (longitudinal) loading patches, the shear-strain
measured loads range from -0.14 kN to 1.01 kN. Three cases, V47, V57 and V77, have
deviations lower than or equal to 10%, and the median absolute error remains 0.96 kN.
Seven of the 24 measured values are negative. Most results are still close to zero instead
of the applied load of 1 kN. V47 and V57 measure 1.007 kN and 1.006 kN, respectively,
while V37 measures only 0.087 kN. Therefore, the smaller patch is not inaccurate at
every location, but its measurement accuracy is still highly dependent on the loading
position.

5.4.2 Normal strain measurement

The total applied load remains 1 kN in the normal-strain measurement. The same 24
selected V-series positions are used. The measured loads are presented directly in
Figure 45 and the percentage deviations are presented in Figure 46. The normal-strain
measurement of the smaller patch also shows large deviations. The measured loads
range from -9.86 kN in V47 to 11.48 kN in V67. Four of the 24 values are negative,
and only V76 and V77 have deviations lower than or equal to 10%. Along the V7 path,
the measured load increases from 0.18 kN in V71 to 0.98 kN in V77. The largest
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negative and positive values appear in the V4 and V6 paths. Therefore, the smaller
loading patch is not uniformly less accurate for the normal-strain method. The
measurement accuracy mainly depends on the loading location and whether its strain
response can be represented by the calibration matrix.
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Figure 45
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Figure 46  Percentage-deviation heat map for the
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6 Discussion

The results show that both ICM methods are sensitive to the loading location. For the
400 mm (transverse) x 800 mm (longitudinal) C-series patches, the median absolute
errors are 0.44 kN for the shear-strain ICM and 0.84 kN for the normal-strain ICM.
Thirteen shear-strain cases and eight normal-strain cases have deviations lower than or
equal to 10%. For the 200 mm (transverse) x 400 mm (longitudinal) V-series patches,
the median absolute errors are 0.96 kN and 0.90 kN, and the corresponding numbers of
cases within 10% are three and two.

Figures 35 to 45 show that the deviations follow the structural positions. For the C
series, the shear-strain method is within 10% at C35-C37, C43, C54-C57,C63 and C74-
C77. The normal-strain method is within 10% only at C54-C57 and C74-C77. For the
V series, the corresponding accurate cases are V47, V57 and V77 for shear strain and
V76 and V77 for normal strain. These accurate positions are mainly located on
instrumented stiffeners and away from the transverse web-frame boundary, although
V47 also shows that an individual plating-bay case can be accurately measured. Loads
on the stringer, close to the web frame and at several plating-bay positions generally
give larger errors. This occurs because the plating, stringer, web frames and
longitudinal stiffeners carry different parts of the load at different positions. The shear-
strain difference represents a less local response, while the normal strain is more
strongly affected by local bending, torsion and the selected gauge position.

The measurement is applicable at locations where the applied load produces a strain
distribution close to the distributions included in the ICM. For the normal-strain ICM,
the reliable C54-C57 and C74-C77 cases are cantered on instrumented longitudinal
stiffeners and are located away from the transverse web-frame boundaries. At these
positions, bending of the instrumented stiffeners defines the main measured response.
When the load is applied near the stringer, web frame or plating bays, part of the load
is transferred through other members, also, local torsion or plate bending changes the
strain distribution. The ICM is established from the strain responses generated by the
predefined unit-load cases. If a new loading case produces a substantially different
strain distribution, direct inversion may produce unrealistically large positive or
negative load estimates. The shear-strain-based ICM measures fewer local responses of
shear and is accurate at more C-series positions, but it also fails when the load is carried
by other structural members or distributed differently between the paired gauge
locations. V47 is an exception: its shear result is accurate although it is located in a
plating bay, because its strain pattern happens to be close to a combination represented
by the ICM. Consequently, the results should be considered reliable only when the
loading position and patch dimensions are similar to those used to establish the ICM
and when small changes in the input strains do not cause large changes in the measured
load.

The normal-strain matrices have full rank, but this only means that a mathematical
inverse exists. The condition number is approximately 93 for the SPOS matrix and 6.8
for the SNEG matrix. The SPOS matrix gives the more accurate result for the selected
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central reference case, but it is also more sensitive to small differences in the input
strains. Since direct inverse does not require non-negative loads or a smooth distribution
between neighbouring positions, small strain differences can be enlarged into
alternating positive and negative measured loads. The negative values are therefore
numerical results and do not represent physical tensile ice loads.

The two rectangular patches are numerical representations of uniform contact areas
rather than direct models of all ice loads described in Chapter 2. They may represent a
single idealized local contact of similar size, but not line-like high-pressure zones,
several separated hot spots, irregular contact boundaries or a contact area moving with
time. The two patch sizes were selected for the numerical sensitivity analysis and
should not be considered as the complete range of ice-contact sizes occurring under
full-scale conditions. Therefore, the 200 mm (transverse) x 400 mm (longitudinal) V-
series patch and the 400 mm (transverse) X 800 mm (longitudinal) C-series patch are
defined as two sensitivity cases rather than lower or upper limits for real ice contact.
For the same total load, reducing the patch dimensions increases the applied pressure.
Based on the expected structural response, a smaller patch may produce a more
concentrated strain distribution, whereas a larger patch may distribute the load over
more plating and supporting members. However, patches smaller than the V-series
patch and larger than the C-series patch were not analysed. Therefore, the present
results cannot determine whether the measurement accuracy would improve or decrease
outside the two studying patch sizes. This should be investigated by applying several
patch sizes at the same loading positions and using the same ICM. The C and V series
also use different sets of loading locations. Thus, their error statistics cannot be used to
consider the patch-size effect alone.

The limitations of current study also affect the magnitude and distribution of the
reported errors. The linear-elastic model makes superposition possible, but yielding or
structural damage might change the local stiffness and make the ICM dependent on
load history. The present inverse relationship might overestimate or underestimate the
load instead of scaling linearly. The static analysis does not include inertia, vibration or
strain-rate effects. Under an impact load, the measured strain peak may not occur at the
same time as the external load peak, and a static ICM could give an incorrect peak
magnitude or position. The numerical model also excludes gauge noise, installation
differences and calibration drift. Including these effects would probably increase the
error, especially for the SPOS normal-strain matrix, because direct inversion amplifies
small strain changes. Since no laboratory or full-scale validation was carried out,
modelling errors in stiffness, boundary conditions or gauge positions may shift the
locations that appear accurate in the numerical results. Different panel geometry,
stiffener spacing or gauge layout also change the load paths, so the listed accurate cases
cannot be transferred directly to another structure. Finally, a constrained or regularized
inverse can reduce the negative and alternating loads produced by direct inversion,
although strong regularization may also smooth a highly local ice load and
underestimate its peak.

Overall, the results do not show that the ICM approach is inaccurate under each loading
condition, because several individual cases are measured accurately. They show that
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the present ICM, which is directly inverted, cannot maintain the same accuracy when
the loading location or patch dimensions vary. The method is therefore not sufficiently
reliable for general application to the studied longitudinally framed panel in its present
form.
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7 Conclusions

This study investigated the applicability of traditional ICM ice-induced load
measurement methods on longitudinally framed ships. ICM of both shear strain and
normal strain are derived by FE model in Abaqus, the objective structure is a panel with
longitudinal stringers. Sensitivity analysis of loading locations and different loading
patch sizes are performed to evaluate the accuracy of measurement results. The main
conclusions of this study are summarized as follows:

e For the complete C-series grid, the shear-strain ICM has a median absolute error of
0.44 kN, and 13 of the 49 cases have deviations lower than or equal to 10%. These
cases are C35-C37, C43, C54-C57, C63 and C74-C77. For the selected V-series
positions, the median absolute error increases to 0.96 kN and only V47, V57 and
V77 are within 10%. The shear-strain-based ICM is most accurate when the loading
response is represented by the calibration matrix and is generally less accurate near
the stringer and transverse web-frame boundary.

e The normal-strain ICM is more unstable. Its median absolute errors are 0.84 kN for
the C series and 0.90 kN for the V series. The accurate cases are limited to C54-
C57, C74-C77, V76 and V77. Other positions can produce large positive and
negative measured loads. The higher condition number of the selected SPOS matrix
and the local character of the E11 responses help to explain this behaviour.

e Because the C and V series do not contain the same complete cases of loading
centres, the effect of patch size cannot be separated completely from the effect of
loading location. Within the studied cases, neither ICM method provides reliable
accuracy for all loading conditions. Accurate results at several individual positions
show that the ICM principle can still work when the applied strain response is
sufficiently represented by the calibration matrix, but the present direct-inversion
formulation is not reliable outside that range.
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8 Future Work

The current objective structures only consider bulb shape stiffeners, which are
commonly used in ice-going ship structures. Different stiffener types such as T-
stiffeners or flat bars have different stiffness and load transferring characteristics, which
may influence the structural strain response and the establishment of the ICM. The
applicability of the ICM to different stiffener types should therefore be investigated in
future work.

Only one quarter of the loading region was analysed because the idealized panel
geometry, boundary conditions, gauge arrangement and loading grid are symmetric
about the centre line. Under the present linear model, corresponding cases in the
remaining quarters would be mirror cases and would mainly repeat the simulations. A
full-scale ship structure may contain different details, boundary conditions and loading.
Therefore, the complete panel should be examined in future work when these
asymmetries are included.

In the present study, the ICM is established by applying predefined rectangular unit
loading patches. The size and location of these unit loading patches may affect the load
transferring behaviour between adjacent structural members. Further work is required
to investigate the effect of different unit loading patch dimensions on the accuracy of
the ICM.

Only two loading patch sizes were considered in this study. Since the contact area
between ice and the ship hull varies continuously during ice-ship interaction process,
additional loading patch sizes and shapes should be investigated to evaluate their
influence on load measurement accuracy.

Finally, the present study is based on a single structural configuration. Future studies
should investigate different panel dimensions, stiffener spacing and structural
arrangements to evaluate whether the conclusions obtained in this study are generally
applicable to other longitudinally framed ship structures.

The direct inversion should be compared with constrained and regularized approaches.
Tikhonov regularization, truncated singular-value decomposition and a non-negative
load constraint could be investigated to reduce unrealistic alternating loads. The
regularization parameter should be selected using independent FE cases, an L-curve or
generalized cross-validation rather than the final test cases. Both the measured-load
error and the remaining strain residual should be reported because strong regularization
may smooth a highly local load.

In addition, in Section 5.4.1, it should be investigated why some loading patches centred
on longitudinal stiffeners still produce large errors, as observed along the V7 path. The
individual gauge strains and paired shear-strain differences can be compared at different
loading positions, in order to examine possible response cancellation and the influence
of nearby web frames.
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Appendix A

A.1 Normal-strain based ICM from SPOS values

1.0e+03
Table A.1 Normal-strain based ICM from SPOS values.
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A.2 Normal-strain based ICM from SNEG values
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Table A.2  Normal-strain based ICM from SNEG values.
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   {         𝜀 1     𝜀 2   ⋮     𝜀  n }


   [            A 11    A 12  …        A 21    A 22  …        ⋮            ⋮            ⋮       A  1 m     A  2 m   ⋮        A  n 1    A  n 2  …    A  n m ]  {         F 1     F 2   ⋮     F  m }


   {         F 1     F 2   ⋮     F  m }


   [            C 11    C 12  …        C 21    C 22  …        ⋮            ⋮            ⋮       C  1 n     C  2 n   ⋮        C  m 1    C  m 2  …    C  m n ]  {         𝜀 1     𝜀 2   ⋮     𝜀  n }


  E 12 =   ( 1 . 1994 e − 11 )   ∗   z 2 + ( − 2 . 0901 e − 9 ) ∗ z + ( − 8 . 5594 e − 7 )


  E 12 =   ( 1 . 0713 e − 11 )   ∗   z 2 + ( − 2 . 0017 e − 9 ) ∗ z + ( − 8 . 5683 e − 7 )


  E 12 =   ( 1 . 1206 e − 11 )   ∗   z 2 + ( − 2 . 0261 e − 9 ) ∗ z + ( − 8 . 5927 e − 7 )


  E 12 =   ( 1 . 0626 e − 11 )   ∗   z 2 + ( − 1 . 9393 e − 9 ) ∗ z + ( − 8 . 6267 e − 7 )


  E 12 =   ( 1 . 0599 e − 11 )   ∗   z 2 + ( − 1 . 8813 e − 9 ) ∗ z + ( − 8 . 6734 e − 7 )


  z = 150  


   [       335460   − 76290   25680     − 7750   332550   − 75260                  430                                    90                                310      − 7610                              80                                − 90      332470                    − 7530                        130   − 9360  25290               − 75260                  332390                  − 7530   3290  − 9140                     25110                − 74680                    330780 ]


   [       541090   10520   − 700     − 159670   538220   10580              69360                  − 29040                  13950      − 158950            68730                  − 30490            538170            − 159070              72020   − 30  − 880                     10270                    538360                − 166960   − 510  100                     − 420                      9690                  555690 ]    

