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Abstract: Marine vessels operating on the Arctic Sea route are constantly prone to collisions and
friction with ice. This study discusses the wear of the hull plate caused by the collision of ice against
vessels operating in Arctic Sea routes. The abrasive wear of the hull due to ice impact was numerically
assessed based on both the incident behavior of ice particles interacting with the flow around the
hull and the wear loss of the hull surface caused by the contact force of ice particles. A multi-phase
approach was adopted to account for the behavior of ice particles continuously affected by the fluid
force around the hull. The fluid force acting on the ice floe was evaluated using computational fluid
dynamics (CFD) and the dynamic motion of the drift ice was evaluated using the discrete element
method (DEM). The motion of the floating ice particles was updated in real time by iteratively
coupling the fluid force and the motion of the ice floe at each time step of the numerical simulation.
The results of the wear simulation models were presented in terms of the shape change of the hull
surface due to wear. At first, the wear was evaluated for cases in which only the surface paint of the
hull was damaged. Thereafter, a computation model considering the shape change of the hull surface
experiencing long-term friction of ice particles was introduced. Finally, the numerical procedures to
predict the abrasive wear of the hull surface by ice impact were discussed.

Keywords: wear; ice friction; discrete element method (DEM); computational fluid dynamics (CFD);
DEM-CFD coupling

1. Introduction

The ice covering Arctic shipping routes is constantly broken up into numerous floating
ice floes, which damages the hull of the vessels that operate in these waters. Such ice-floe
fields are generally considered the most important challenge for Arctic shipping. This
has motivated various studies on the interaction between marine vessels and ice floes.
Particularly, the floes can induce not only significant resistance on the ship but also impact
forces on the hull surface. Therefore, predicting the effect of ice-induced collision is crucial.
Considering the high costs of experimental analyses and the shortage of field-measurement
data, numerical models offer a cost-effective means to investigate the effect of ice floes on
vessels. Since damage to ships operating in the Arctic route causes severe environmental
and property problems, the structural capacity of vessels against ice collisions must be
assessed at the design stage. Therefore, various studies have conducted structural safety
assessments to determine the effects of environmental loads on ships. In particular, these
studies (e.g., Fabrice et al. [1]; Riska et al. [2]; Adumene et al. [3]) have assessed the effects
of cargo load, wave load, and harsh fluid impact applied to a ship, and the evaluation
procedures have been curated by shipping classification societies [4–7]. For ships operating
in Arctic regions, collisions caused by ice floes are the most important risk. Nonetheless,
few efforts have been made to assess the impact of drift ice on both the impact load and
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structural safety of Arctic vessels. The ice impact load can be inversely estimated based
on the reactive stress measured on a ship operating in a specified route. However, the
measured data can only be used to estimate the impact load in a specific route. Therefore,
the ice impact load measured on the ship can be applied only to ships that have a similar
hull form and operate in the same route. Therefore, many attempts (e.g., Gao et al. [8]; Kim
et al. [9]; Liu et al. [10]; van den Berg [11]; Sun and Shen [12]) have been made to predict
ice impact loads and evaluate the impact resistance of the hull using numerical analysis to
contribute to Arctic ship design.

Vessels operating in Arctic routes experience various types of damage from interactions
with drift ice. The type of hull damage is related to the magnitude of the impact energy
of the drift ice. When a ship collides with a large fragment of drift ice at high speed,
the hull completely collapses. An ice impact with small energy may cause localized hull
damage and deformation. Even if the collision energy induces stresses below the yield
stress, repeated ice collisions may cause fatigue damage or wear damage to the hull. Vessels
operating in Arctic routes with abundant drift ice experience continuous frictional forces
as they advance while resisting the drift ice. Once the coating is separated from the hull
surface by frictional force, the wear load caused by friction begins to accumulate on the
surface of the hull plate. Afterward, wear damage due to abrasive force, which peels off
the steel of the hull, spreads out onto the hull surface. The accumulated abrasion of the hull
plates can eventually cause corrosion damage, in addition to deteriorating the structural
strength of the hull. Various theoretical approaches and shipping classification criteria have
enabled the analysis of structural stress and deformation response due to ice impact (Kwon
et al. [13]; Nho et al. [14]). However, very few studies have actively sought to predict the
wear damage of the hull due to ice impact.

The purpose of this study was to develop a numerical model to enable the estimation
of the wear of a vessel hull undergoing collision with drift ice based on three key con-
siderations. The first consideration is the influence of the sea environmental load in the
Arctic route on the ice floes. Given that both vessels and ice floes are subjected to Arctic
environment loads during their lifetime, the numerical model would also have to reflect
the hydrodynamic behavior of drift ice. The second consideration is the behavior of ice
floes continuously experiencing fluid flow and their interactive loads. The behavior of
ice fragments can be expressed by solving a multi-phase problem consisting of a fluid
phase, which numerically represents the environmental load, and a particle phase, which
represents the motion of the ice fragments. The last consideration is the development of a
reasonable wear assessment method. Since wear is caused by continuous contact friction
between the ice fragments and the hull surface, it can be simulated by a contact element in
the FEA. However, FEA including contact elements is a typical nonlinear problem, which
not only demands large computation times but also cannot easily render a stable converging
solution. In addition, it is practically impossible to set a contact condition by predicting
the behavior of a large number of irregular flowing ice. In this study, we discuss the
three aforementioned considerations and present a numerical implementation procedure
for predicting abrasive wear damage on hull surfaces subjected to cumulative ice impact.
Previous studies have attempted various numerical methods to predict hydrodynamic
loads and the behavior of floes in the Arctic environment. These studies are mainly aimed
at predicting hull resistance and impact loads due to interaction with floes, but they do not
address the impact on the wear of the hull. In most studies, the geometry of the floe was
simplified to a spherical or cylindrical shape to make the calculation of contact forces more
manageable. As a result, they did not account for the effects of the geometric features of the
floe on the structural response, resistance, and impact loads. Numerical algorithms for wear,
which refers to damage from prolonged operation characterized by continuously changing
structural boundary conditions, are particularly challenging to present. To improve wear
prediction, a numerical model must account for the shape of the floe and changes to the
hull boundary caused by material loss due to wear. This requires overcoming limitations of
existing studies and establishing a comprehensive model. However, the implementation
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of numerical analysis is focused on reflecting physical characteristics rather than quanti-
tatively accurate predictions of wear. The effects of hull shape, operating conditions, and
wear-inducing material properties that affect wear are not covered in this study.

2. State of the Art

Studies on the structural safety of vessels operating in Arctic routes have been con-
ducted in terms of the dynamic material properties of ice, the motion of ice floes, impact
forces and friction loads, and structural responses. Han et al. [15] conducted a compres-
sion test of conical ice specimens to obtain the strain–load relationship. Additionally, the
load–displacement relationship of the conical ice predicted by the FEA was compared with
the experimental results. By applying this relationship to FEA, the spalling of ice under
the crushable compression was simulated. Cai et al. [16] and Zhu et al. [17] estimated
the dynamic stress–strain relationship of steel and ice using the Cowper–Symonds model
and the Crushable Foam model, respectively. The authors demonstrated that the dynamic
material properties of both steel and ice can be applied to FEA to predict the fracture shape
of ice subjected to impact.

The estimation of ice impact loads requires an a priori knowledge of the ice floe motion,
which represented the first major concern of the present study. Kim et al. [18] modeled the
behavior of a ship, drift ice, and seawater using the arbitrary Lagrangian–Eulerian (ALE)
technique and calculated the ship resistance using FEA. The ice resistance of the icebreaker
was measured and compared with that of ALE-based FEA by conducting an ice-breaking
towing test in the ice basin. The authors ultimately aimed to calculate the ice resistance of
the icebreaker. An alternative approach to FEA is to couple computational fluid dynamics
(CFD) with a particle model such as the DEM (discrete element method) or SPH (smoothed
particle hydrodynamics), which allows for fully non-linear solutions including complex
geometries to investigate structure–flow–ice interactions. In other words, CFD and DEM
have been coupled to model ship–flow–ice interaction. Robb et al. [19] presented a SPH-
DEM coupling model to numerically simulate the behavior of an ice floe on a free surface.
Moreover, Huang et al. [20] constructed a CFD model to calculate the ship resistance
in response to ice collision. The flow generated by the operating vessel was calculated
using CFD, and the behavior of the drift ice was simulated by adding pancake ice to the
flow field. Liu et al. [21] also performed CFD-DEM coupling analysis to evaluate hull
resistance by accounting for the motion of ice floes. By assuming that the drift ice particles
were spherical, a CFD-DEM model was used to predict the hull resistance applied to the
vessel. The authors tested both one-way and two-way coupling schemes in the CFD-DEM
model and calculated the velocity and pressure of ice particles experiencing the flow of
surrounding sea water. Their results demonstrated that the two-way coupling analysis
could simulate the motion of the ice floe more accurately than one-way analysis. However,
the result of the one-way coupling method was estimated to be only approximately 5%
different from the two-way coupling analysis. Therefore, although the two-way coupling
method provides estimates that are close to experiment-derived values, it should be noted
that it takes more computation time than the one-way coupling method. Therefore, the
authors suggested that the one-way coupling method can be practical. Particularly, as the
ship moves at a lower speed, the difference in simulated results according to the coupling
method becomes smaller, and the one-way coupling provides a more conservative result
from the perspective of impact forces. Therefore, the one-way coupling method may be
more reasonable for predicting wear generated at low-velocity impacts. Liu et al. [22] and
Zhang et al. [23] also simulated the behavior of ice floes surrounding a moving ship by
coupling CFD and DEM. Particularly, CFD was applied to simulate the fluid surrounding
the ice floes, whereas DEM was incorporated to account for the ice motions and ship-to-
ice or ice-to-ice collisions. By integrating these approaches, the proposed method could
account for the influence of ship-generated fluid flow on the ship–ice interactions. Table 1
summarizes the methods and assumptions of several references that utilized numerical
simulations to analyze the behavior of drifting ice. Notably, these references employed
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a highly simplified representation of the ice floe geometry which affects hull wear. In
this study, the numerical model reflects the ice floe’s geometry as accurately as possible,
resembling its real shape. Also, while the references aim to estimate the resistance and
impact loads due to ice impact, this study evaluates the hull’s wear damage from ice impact.

The hull damage caused by large icebergs in high-speed collisions is not much different
from ship-to-ship collision in terms of structural deformation caused by the excessive
collision energy, except that the colliding object is ice and the behavior of ice should be
predicted. Suyuthi et al. [24] developed a probability model that assesses the collision
loads of ice with various thicknesses and velocities. Cho et al. [25] investigated the wear of
hull coatings through ice friction experiments. Changes in the coated surface of the hull
were measured by varying the friction force, surface roughness, and coefficient of friction.
Kietzig et al. [26] summarized the friction coefficient of ice collected by relevant studies and
presented the factors that affect the friction force of contacting ice, including ice temperature,
sliding speed, and vertical load. The main purpose of this study is to determine the effect
of various external factors on the friction of ice. Several other studies have also applied
FEM to wear assessment (Shimizu [27]; Xie [28]). However, the applicability of FEM for
the evaluation of wear caused by contact between metal planes is limited and the wear
force of impacting particles cannot be easily accounted for when using this model. Chen
et al. [29], Xu et al. [30], and Zhang et al. [31] suggested that the friction behavior derived
from the interaction between fluid and solid particles could be efficiently predicted by
applying the CFD-DEM coupling method. Walker et al. [32] also demonstrated that the
particle shape has a great influence on wear through several friction experiments. Huang
et al. [20], Luo et al. [21], Zhang et al. [23], and Shunying et al. [33] analyzed the collision
between the hull and the ice floe by coupling CFD and DEM. However, they simulated
the collision of the ice floe with the hull by assuming that the ice particles were spherical
and free shapes were obtained by combining several spherical particles. Therefore, their
study could not efficiently reflect the wear caused by sharp edges or vertices of ice particles.
When the surface geometry of the impact object changes due to wear, the flow of the
colliding particles changes. Furthermore, as the particle flow changes, regions with high
wear energy shift non-linearly. Shunying et al. [33] analyzed the effect of changes in the
geometry of the worn surface on particle flow and the effects that these variables had on
the final wear pattern. However, to the best of our knowledge, no previous studies have
examined the effects of the changes in the hull shape due to collision-induced wear on ice
flow and ductility.

Our study sought to develop a numerical model to evaluate the wear of a vessel hull
by considering the particle shape and changes in the particle motion due to wear-induced
changes in the shape of the impacted object. Finally, this study presents a practical approach
for the estimation of Arctic ship wear, which could be used as a basis for the design of safer
and more resilient Arctic vessels.

Table 1. The summary of reference studies which evaluate floe behavior on the fluid flow of the route.

Author Numerical Scheme Floe Shape Purpose

Kim et al. [18] ALE-based FEA Rectangular box
- Evaluating the ice resistance of the icebreaker
- The ice resistance of the icebreaker was measured and
compared with that of ALE-based FEA

Robb et al. [19] SPH-DEM Sphere - Simulating the behavior of an ice floe on a
free surface

Huang et al. [20] CFD-DEM Coupling
(DEM embedded in CFD) Pancake - Evaluating the ship resistance in response to

ice collision

Liu et al. [21] CFD-DEM Coupling
(DEM embedded in CFD) Spherical

- Evaluate hull resistance by accounting for the motion
of ice floes
- Comparing one-way and two-way coupling schemes
in CFD-DEM coupling
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Table 1. Cont.

Author Numerical Scheme Floe Shape Purpose

Zhang et al. [23] CFD-DEM Coupling
(DEM embedded in CFD) Glued sphere

- Simulate the behavior of ice floes surrounding a
moving ship
- Compare results from experiments and analysis
- Analyze how variable settings affect analysis results
in numerical simulations

Shunying et al. [33] CFD-DEM Coupling Pancake - Evaluating the ice impact loads under different
operating conditions

3. Numerical Scheme
3.1. Analysis Process

Our study sought to develop a reasonable numerical model to predict the behavior of
drift ice and estimate the wear caused by the collision between drift ice and a vessel’s hull.
The environmental load of the Arctic route can be modeled with the CFD scheme, after
which the computed load is transferred to the ice floes. The motion of many ice particles
colliding on a ship can be modeled with the DEM scheme. The impact computed with
the DEM algorithm can be used to construct models to describe the scattering of ice floes
approaching an object, as well as to assess the contact forces on the hull surface. Afterward,
the wear magnitude was evaluated based on the collision mechanism between the hull
surface and the ice floe, and was simulated with three-dimensional DEM. In this study, we
sought to predict hull wear caused by a set of ice floe collisions by taking advantage of the
unique strengths of the CFD and DEM methods. The flow-induced load was computed
using the continuum method and the behavior of drift ice was simulated with the discrete
method, whereas the continuum and discrete methods were implemented using the Ansys
Fluent code (version 2022R2) and Rocky-DEM code (version 2022R2), respectively. Ansys
Fluent is a VOF (volume of fluid)-based CFD code that simulates the hydrodynamic load
of seawater on ice, whereas Rocky-DEM is a particle behavior analysis solver that can
accurately predict the load and behavior of particles colliding with other particles, as well
as particles colliding with hulls. From the perspective of particle geometry, the Rocky-DEM
approach can be used to model the free shape of the particles whereas other DEM schemes
(Cleary et al. [34]; Morrison and Cleary [35]) exclusively assume that the particles are
spherical, resulting in unrealistic results.

In the coupling analysis method, hydrodynamic loads such as drag force and buoyancy
caused by seawater are calculated through CFD analysis and then transferred to the DEM
analysis. In the DEM analysis, the load calculated from the CFD analysis is applied to
evaluate the behavior and collision load of the particles. In this approach, the fluid phase
and particle phase are analyzed through each specialized solver, which greatly enhances
the accuracy of the analysis. Coupling analysis can be classified as one-way and two-way
according to the inter-relationships between the fluid phase and the particle phase. One-
way coupling analysis is suitable when particles are exposed to the flow environment
but the particle behavior does not have a substantial influence on the flow. In contrast,
two-way coupling analysis may be suitable when the behavior and flow of particles closely
affect each other. Coupling of CFD and DEM involves the exchange of momentum and
energy between the flow field and particles. In this coupling scheme, the motion of particles
and fluid are intrinsically coupled, meaning that the behavior of one influences and is
influenced by the other. Recent research has introduced methodologies based on CFD-DEM
coupling, particularly within the domain of ship–ice interaction. Mucha [36]; Luo et al.,
2020 [21]; Guo et al., [37]; Ni et al., [38]; and Huang et al. [39] have shown that the one-way
coupling method can provide acceptably accurate predictions. Notably, Mucha [36] and
Luo et al. [21] conducted numerical investigations utilizing both one-way and two-way
coupling schemes to study ship resistance within ice-filled channels, comparing resulting
resistance. Their investigation indicated that both coupling schemes yielded satisfactory
simulation outcomes for fluid flow. Conversely, while the two-way coupling method does
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not exhibit substantial differences in resistance prediction, it demands a significantly longer
computation time. In contrast, the one-way coupling method is computationally efficient,
focusing only on the effect of the flow field on the motion of particles. Accordingly, this
paper adopts a one-way CFD-DEM coupling scheme to investigate ship–ice interaction.
Figure 1 illustrates the analysis process for this one-way coupling scheme, where the load
calculated from the CFD analysis is applied in the DEM analysis to evaluate the behavior
and collision load of the particles. In this approach, the fluid phase and particle phase are
analyzed through each specialized solver. 
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Figure 1. Schematic diagram of numerical codes to simulate the CFD-DEM coupling behavior. 

   

Figure 1. Schematic diagram of numerical codes to simulate the CFD-DEM coupling behavior.

3.2. Theoretical Background of DEM

DEM is a numerical method that is often used to compute the motion and behavior
of a large number of particles. In the DEM analysis, the load applied to the particle is
defined as the combination of the contact load (surface force) caused by the collision and
the non-contact load (body force). Non-contact load can be defined as a load that affects
particles regardless of whether collision occurs, such as gravity and ambient fluid forces.
The inertia force due to particle motion and the effects of the marine environment are
applied as a non-contact load to the center of gravity of the particles. The speed and
direction of motion are changed by the collision of particles, and some kinetic energy is
dissipated. DEM analysis can be defined as the repeated process of calculating particle
behavior (body force) and collision (surface force) during the analysis [40].

Although some particles are modeled as flexible in the DEM algorithm, particles are
generally modeled as rigid objects to make the analysis more efficient. When a particle
collides with other particles and structures, deformation occurs due to the collision energy.
Particles modeled as rigid objects do not deform even when a collision occurs. The defor-
mation caused by the collision was replaced by an overlap of particles because the DEM
algorithm generally uses rigid particles. Figure 2 compares the behavior of flexible and
rigid particles in this context. The relationship between load and displacement is defined
as a function of either F = kx or F = ksn when describing the behavior of a flexible body or
a rigid particle, respectively. Where F denotes force, k is stiffness, x is deformation, and sn
represents the overlap distance.
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Figure 2. Comparison of the behavior of flexible and rigid particles. 

   

Figure 2. Comparison of the behavior of flexible and rigid particles.

Collision load is defined as the component of normal force and tangential force, and
each load is defined as a function of stiffness and overlap. In this study, the normal force was
defined using the hysteretic linear spring model (HLS). The HLS model is an elastoplastic
model that is used by separately defining the loading stiffness, in which the direction of
motion is maintained in the direction of the initial collision, and the un-loading stiffness,
where the direction of motion is reversed after the initial collision. In Figure 3, the slope of
AB is the loading stiffness, whereas the slope of BC represents the un-loading stiffness. CA,
which is an overlap that remains after being completely numerically un-loaded, is plastic
deformation, and the area of the triangle is the energy lost due to noise, heat, and other
factors after collision.
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Figure 3. Overlap–normal force relationship in the HLS model [41]. 

   

Figure 3. Overlap–normal force relationship in the HLS model [41].

The linear spring Coulomb limit (LSCL) model was used to evaluate the tangential
force that directly affects the wear. The normal force model and tangential force model
are shown in Figures 4 and 5, respectively. The Coulomb friction model, which defines
the tangential force as the product of the friction coefficient (µ) and the normal force
(Fn), is widely used to calculate the tangential forces between contact surfaces. However,
unlike the LSCL model, it cannot account for contact area and sliding stiffness (Figure 5).
Therefore, the tangential force calculated through the Coulomb friction model was applied
as a limitation of the LSCL model.
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Figure 4. HLS normal force model (ESSS Rocky [40]).

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW  5 of 39 
 

 

 

 

Figure 5. LSCL tangential force model (ESSS Rocky [40]). 

   

Figure 5. LSCL tangential force model (ESSS Rocky [40]).

In Figure 4, the loading stiffness Knl and the unloading stiffness Knu are, respectively,
defined as follows:

1
Knl

=
1

Knl,p1
+

1
Knl,p2

(1)

Knu =
Knl
ε2 (2)

Knl,p = EpL (3)

where Knl,p1 and Knl,p2 represent the stiffness of the particle, L is the particle size, and Ep
represents the bulk Young’s modulus of the particles. Moreover, ε denotes the restitution
coefficient, which is not an individual property of particles but a relative property of a
collision pair. Additionally, Kτ represents the sliding stiffness and is defined as the product
of rK (tangential stiffness ratio) and Knl , as shown in the following equation:

KT = rKKnl (4)

In traditional DEM analysis, particle shapes are assumed to be spherical or cylindrical.
For these particles, overlap can be easily calculated through the relationship between the
location of the center of gravity and each radius [37]. In this study, the particle shape was
defined as a polyhedral type. Polyhedral-type particles have a more complex process for
determining overlap than spherical and cylindrical particles. The overlap of polyhedral
particle is calculated based on the concept of contact plane (CP). A polyhedral particle
consists of a vortex, edge, and face to model the shape. After selecting the shortest link (SL)
between the vertices, edges, and faces of each contact pair, a vertical plane is created by
bisecting the link. Next, the shortest link between the vertices, edges, and faces of each
contact pair is determined. The contact plane is defined as the perpendicular plane that
bisects the shortest link. As shown in Figure 6, normal and tangential plane overlap is
defined based on the contact plane.



J. Mar. Sci. Eng. 2023, 11, 1774 9 of 30
J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW  6 of 39 
 

 

 

Figure 6. Definition CP, SL, normal, and tangential overlap. 

   

Figure 6. Definition CP, SL, normal, and tangential overlap.

3.3. Theoretical Background of CFD [42]

In this study, the flow of routes was predicted using Ansys Fluent, and the continuous
equation and the motion equation were defined as follows:

∂ρ

∂t
+∇ · (ρU) = 0 (5)

∂(ρU)

∂t
+∇ · (ρU⊗U) = ∇ · p +∇ · τ + SM (6)

τ = µ

(
∇ ·U +∇ ·UT − 2

3
δ∇ ·U

)
(7)

where ρ is the density, U is the velocity of the fluid, p is the pressure, µ is the fluid viscosity,
SM is the volume force, and τ is the shear stress. The RANS (Reynolds-averaged Navier–
Stokes) equation converted using the average velocity in Equation (6) was assumed using
the following equation:

τ = µ

(
∇ ·U +∇ ·UT − 2

3
δ∇ ·U

)
(8)

where ui represents the fluctuation speed. The k-ε model was applied for turbulence, and
the equations for turbulent kinetic energy and viscous dissipation were assumed as follows:

∂(ρk)
∂t

+∇ · (ρkU) = ∇ ·
[

µt

σk
· ∇k

]
+ 2µtEijEij − ρε (9)

∂(ρk)
∂t

+∇ · (ρεU) = ∇ ·
[

µt

σε
· ∇ε

]
+ C1ε

ε

k
2µtEijEij − C2ερ

ε2

k
(10)

where Eij is the strain and µt is the fluid viscosity in Equations (9) and (10), σk is assumed
to be 1.00, σε is 1.30, C1ε is 1.44, and C2ε is 1.92.

3.4. Theoretical Background of DEM-CFD Coupling [43]

The fluid flow of the route was calculated through CFD analysis in which the conserva-
tion equations for the mass and momentum of the fluid were solved using the finite volume
method and the continuum method. The drift ice particles in the route were modeled using
the DEM approach. The behavior of the particles is determined by the interaction between
the flow and particles. To numerically evaluate the behavior of drift ice, we must first
understand the numerical models of each fluid phase and particle phase, as well as the
governing equations for the interaction. The translational and rotational motions of all
particles can be defined using Euler’s first and second laws as follows:

mp
dvp

dt
= Fc + Ff→p + mpg (11)
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Jp
dωp

dt
= Mc + Mf→p (12)

where mp is the mass of the particle, g is the gravitational acceleration, Fc is the particle
contact force, ωp is the angular velocity vector, Jp is the moment of inertia tensor, and Mc is
the net torque. Ff→p and Mf→p are added to define the inter-relationship between particles
and flow. Ff→p defines the load and relationship that induces the particle’s translational
motion, and Mf→p defines the load and relationship that causes the particle’s rotation. Ff→p
can be defined as the sum of the drag force (FD) and other loads FN−D as shown in the
following equation:

Ff→p = FD + FN−D (13)

where FN−D is defined as the sum of the pressure gradient force (F∇p), the added mass
force (FAdd), and the lift force (FL).

Ff→p = FD + FN−D (14)

In this study, Ff→p was defined as Equation (15) because the effects of loads other than
FD and F∇p are relatively insignificant when the particle density is significantly greater
than the fluid density.

Ff→p = FD + F∇p (15)

F∇p can thus be defined as Equation (16).

F∇p = −Vp∇p (16)

where Vp is the volume of the particle and ∇p is the local pressure gradient. The buoyancy
force acting on the drift ice is reflected by the pressure gradient force. FD is defined by the
drag coefficient (CD) as in Equation (17).

FD =
1
2

CDρ f Á
∣∣U− vp

∣∣(U− vp
)

(17)

where U− vp is the relative velocity of the particle and the flow and Á is the projected area.
Various equations for CD are presented according to the Reynolds number (Rep), which is
defined by the relative velocity between particles and flow. Rep is defined as follows:

Rep =
ρ f
∣∣vp −U

∣∣dp

µ f
(18)

In this study, we used CD as suggested by Ganser [44], which is applicable to both
spherical and shaped particles. The Ganser drag model is defined as follows:

CD
K2

=
24

RepK1K2

[
1 + 0.1118

(
RepK1K2

)0.6567
]
+

0.4305
1 + 3305

RepK1K2

(19)

K1 =

(
1
3

dn

dp
+

2
3

∅−
1
2

)−1
− 2.25

dp

D
(20)

K2 = 101.18148(−log10 ∅
)0.5743 (21)

where dn is the diameter of a spherical particle with the same projected area of the actual
particle in the direction of the flow, dp is the diameter of a spherical particle with the same
volume of the actual particle, and D is the diameter of the container. ∅ is sphericity, which
is defined as the ratio of the surface area of a spherical particle having the same volume as
the real particle to the surface area of the real particle.



J. Mar. Sci. Eng. 2023, 11, 1774 11 of 30

3.5. Archard Wear Law

The Archard wear law (Archard [45]) was used to evaluate the amount of wear caused
by the collision between the hull and the floating ice particles. Archard’s wear law evaluates
wear through the relationship between the shear work by frictional forces on the surface
and the lost volume. Equation (22) is a numerical model of Archard’s wear law.

V = k
FTST

H
(22)

where V is the total volume lost due to wear, FT is the tangential force, ST is the sliding
distance, H is the material hardness, and k is an experimental constant. FT and ST are values
that can be calculated through DEM analysis, and H and k are material property values. In
Equation (22), the product of FT and ST is defined as shear work as in Equation (23).

∆Wshear = FTi STi (23)

where ∆Wshear is the shear work generated in each time step. The amount of wear by
∆Wshear depends on the material. Moreover, the amount of wear evaluated by ∆Wshear is
determined by C, which is defined as the ratio of H to k as in Equation (24). The unit of C is
defined as m3/J.

C =
k
H

(24)

If Equations (23) and (24) are substituted into Equation (22), it can be rearranged in
Equation (25). Equation (22) can thus be reorganized as follows.

∆V = C∆Wshear (25)

If the amount of wear is not too high, the deformation caused by material loss does
not significantly affect the flow of particles. However, when material loss increases due to
wear, the flow of particles changes non-linearly. Therefore, when material loss occurs due
to wear, the changes in the surface shape must be accounted for. ∆V calculated through
Equation (25) was applied to the evaluation model every 0.005 s to reflect the shape change
process due to material loss. Given that the area of the grid composed on the surface of the
hull model was determined, the grid was moved in the direction of the material loss based
on the lost volume. The wear shape evaluation method is shown in Figure 7.
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4. Evaluation of Hull Wear Due to Collision with Ice Floes

To evaluate the wear of Arctic operating vessels in ice floes, multi-phase problems
consisting of particles and flow can be solved numerically. In this study, the flow of the
sailing route was modeled as a fluid phase, whereas the behavior of the ice floes was
modeled as a particle phase. The fluid flow of the route acts as a dominant load on the ice
floes but the behavior of the ice floes does not have a significant effect on the fluid flow on
a ship’s route. To reflect these behavioral characteristics, the one-way coupling method is
reasonable. The fluid phase acts as the load of the particle phase, and the hull is defined
as the boundary condition. The hull wear is evaluated by extracting the load component
that causes wear from the impact energy generated in the particle phase. Hull wear due to
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collision with particles was evaluated by applying the Archard wear law, which is defined
based on shear work and the volume loss ratio.

Wear is a failure that occurs when energy is continuously transferred from ice floes to
the hull surface over a long period of time. Therefore, it is impossible to evaluate wear on a
real-time scale and over an operational distance. To overcome this limitation, a method
for numerically accelerated analysis is needed. Considering the characteristics of wear, it
has been shown that wear can be efficiently predicted by converting long-term loads into
equivalent material constants. In Lee et al. [41], the specimen was moved 208 km for 20 h
in the experiment, while in the numerical model, the wear was evaluated by moving 3 m
in 1.18 s with the same specimen geometry and travel speed. Although the analysis was
accelerated, the wear shape could be accurately predicted. In equation (25), the amount of
wear volume per unit time is defined as the product of the material constant and the shear
work accumulated per unit time. The material constant C is defined as the volume lost
due to the accumulated shear work per unit time. If C is increased by N times, there is an
effect of increase in the unit time, as shown in Equation (26).

∆V = CE ∗ ∆Wshear = (CA ∗ N) ∗ ∆Wshear = CA ∗ (N ∗ ∆Wshear) (26)

where CE is enlarged material constant for accelerated analysis, CA is actual material
constant and N is enlargement factor. N ∗ ∆Wshear is defined as shear work accumulated
over N times the unit time. Through this relationship, micro material loss cannot be
evaluated, but it can be evaluated from a macro perspective. If the CE of a material with a
CA of 1 m3/J was defined as 100 m3/J, then N is 100. According to Equation (26), shear
work accumulated for 1 s of simulation time can be evaluated as shear work accumulated
for 100 s of real time by N. Therefore, the volume of wear loss that occurred for 100 s can be
evaluated through the 1 s analysis result. N can be determined according to the acceptable
analysis time and how much micro material loss can be tolerated. The purpose of this study
is to develop a numerical model for assessing wear in ships traveling Arctic routes. The
shape of ship, operating conditions, and wear-inducing material properties were not of
primary interest in this study. Therefore, the wear magnitude evaluated in this study is not
representative of actual operational ships.

4.1. Evaluation Conditions

In the early stages of operation, the painted hull surface is damaged by friction with
the floating ice. Since the shape of the hull does not change, there is no need to account
for the shape change due to wear. If the operation is prolonged, friction with the ice floe
accumulates and the material of the hull is lost. Since the shape of the hull changes due to
material loss, the shape change due to wear must now be accounted for. Evaluation models
suitable for each situation were thus presented. The evaluation was conducted assuming
a scenario in which a vessel sails 200 m on a route with ice floes. To calculate the fluid
force of the route, an evaluation model was constructed with Ansys Fluent. It was assumed
that there was no seawater flow, and the buoyancy force was considered by implementing
the pressure gradient of the fluid force. To simulate buoyancy and conditions in which
there is no fluid flow, an arbitrary speed was applied upward from the lower part of the
CFD model and analyzed, after which the speeds in all directions were patched to 0. The
velocity in all directions was fixed to 0 to prevent particle movement due to seawater flow,
and the depth direction pressure gradient was implemented to define the buoyancy force.
The results of CFD analysis were applied as the load of DEM analysis. For the coupling of
CFD and DEM, the Ganser drag law was applied to calculate drag force. The density of
water was defined as 1000 kg/m3 and the viscosity as 0.001003 kg/m−s.

Transport Canada [46], a Canadian company that operates through the Arctic Ocean,
suggests a range of safe operating speeds to avoid potential accidents from ice collision.
Therefore, our evaluations were carried out based on the safe speeds of 4, 6, and 10 knots
suggested by Transport Canada (AMNS) [46].
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According to the Arctic Ice Regime Shipping System (AIRSS) [47] developed by Trans-
port Canada, one of the main factors defining the ice regime that affects ships operating in
polar regions is ice concentration, which is defined according to the percentage of space
occupied by ice in the route. In this study, ice concentrations of 60% and 80% were evalu-
ated, as illustrated in Figure 8. Ice concentration is defined as the ratio of the area occupied
by an ice particle in the same two-dimensional view to the total area when viewed verti-
cally in the area where the particle is located. Figure 9 displays ellipsoid particles with a
cross-sectional area comprising 5.0% of the total area, depicting the distribution of ice floe
particles within the evaluated area for ice concentration. In the ice concentration calculation,
the overlapping area between the floe particles is removed from the cross-sectional area.
If a particle has an exposed cross-sectional area of 5.0%, but is partially covered by other
particles, the exposed area is calculated by subtracting the overlapping area. In Figure 9,
there are five particles with an exposed cross-sectional area of 5.0%, one with 4.0%, one with
3.5%, three with 3.0%, one with 2.5%, and one with 2.0%, resulting in an ice concentration
of 46.0%.
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Figure 9. Ice concentration evaluation method.

The shape of the ice particles was defined as described by Zhang et al. [23]. The ice
particle modeling results are shown in Figure 10. The size distribution of the ice particles
was determined by Liu and Ji [22]: 25% of 1.0 m particles, 50% of particles larger than 1 m
and smaller than 1.5 m, and 25% of particles larger than 1.5 m and smaller than 2.0 m. This
size distribution was used for the three particle shapes. The sizes of the three different
particle shapes were defined as the sizes of spherical particles with the same volume.
Figure 10 illustrates the ice particle shape modeling.

An oil tanker with a length of 43 m, a width of 6.5 m, a depth of 3.6 m, and a draft of
2.4 m was evaluated as shown in Figure 11. The HLS model used in this study calculates the
normal contact force. In the evaluation of normal stiffness for a particle, the bulk Young’s
modulus is employed as an alternative to the Young’s modulus (often referred to simply
as elastic modulus). The bulk Young’s modulus is generally known to be approximately
1/50 to 1/100 of the value of the linear Young’s modulus. The LSCL model calculates the
tangential force, and the normal stiffness of the HLS model affects the tangential stiffness.
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Therefore, the material properties of ice can be defined differently from the well-known
material properties of floes. In this study, the material properties are defined by referring
to the results presented by Lee [48]. In order to ensure the reliability of the material
properties required for the numerical model, Lee [48] performed the analysis under the
same conditions as the experiments performed in the previous study. The properties were
defined in such a way that the difference between the experimental and analytical results
could be minimized. Lee [48] validated the reliability of the bulk Young’s modulus by
analytically replicating the experiments originally conducted by Do and Kim [49]. In
these experiments, cubic ice blocks were compressed in a laboratory setting to assess the
relationship between applied force and compressive displacement. The analytical results
from Lee [48] were found to be consistent with these experimental findings. It is important
to note, however, that data obtained from any single experiment cannot fully capture
the material properties of all ice types. Consequently, there exists an inherent challenge
in needing to compare both experimental and analytical results each time to determine
the material properties most suitable for specific evaluation conditions. Kietzig et al. [26]
present a friction coefficient of 0.13 for a hull that has been in service for many years. In
order to define the tangential stiffness that has the same effect as the friction coefficient of
0.13, Lee [48] conducted an analysis in which the ice cube was compressed and then slid.
Furthermore, the parameters for ice density and Poisson’s ratio in this study were defined
in reference to the findings of Kim et al. [9]. Through a series of repeated experiments, Kim
et al. [9] reported a Poisson’s ratio of 0.003 for ice. Additionally, van den Berg [11] reported
values below 0.003, which are in alignment with the parameters used in the present study.
The material properties applied to the analysis are shown in Tables 2 and 3.
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Table 2. Material properties.

Ice Ship

Density (kg/m3) 900 7850
Bulk Young’s modulus (MPa) 61 2.0 × 105

Poisson’s ratio 0.003 0.3

Table 3. Material interaction properties.

Ice-Ice Ice-Ship

Friction coefficient 0.1 0.131
Tangential stiffness ratio 1 1

Restitution coefficient 0.1 0.2

The DEM analysis conditions reflecting the above conditions are shown in Figure 12.
The evaluation models were constructed by initially placing particles according to the ice
concentration on the surface of the 200 m route and then moving the hull. The blue area in
Figure 12 is the seawater area defined by the CFD analysis result. To perform the evaluation
in the same ice arrangement for each ice concentration, the particle arrangement was stored
and used as an initial condition for each evaluation case. The initial arrangements of drift
ice according to ice concentration are shown in Figures 13 and 14.
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4.2. Coating Material Wear Assessment

The evaluations were performed assuming a scenario in which a coating material such
as paint was separated from the hull by friction between the ice and the hull. Evaluations
were performed at ice concentration of 60% and 80% and ship speeds of 4, 6, and 10 knots.

Given that the coating material is very thin compared to the thickness of the hull, the
effect of material loss on the flow and behavior of ice is negligible. Therefore, the analysis
was performed without reflecting the shape change, and the wear was evaluated based on
the shear work according to Archard’s wear law. Given that wear is a type of damage that
occurs over a long period, it was not evaluated as a result of a specific point in time but
was evaluated as an accumulated value on the hull after passing a 200 m route. Shear work,
tangential force, and sliding distance were evaluated in the form of cumulative values for
each evaluation condition according to the Archard wear law. The hull was divided into
three regions to conduct the evaluations: forward (FWD; i.e., the bow), midship, and after
(AFT; i.e., the stern) of port as shown in Figure 15.
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Six analysis scenarios were simulated by combining three cases of ship speed and
two cases of ice concentration. Among the six simulated scenarios, Figures 16 and 17
show the simulation results of the scenario with the slowest ship speed and the lowest ice
concentration (4 knots, 60%), whereas Figures 18 and 19 illustrate the scenario with the
fastest ship speed and the highest ice concentration (10 knots, 80%).
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Figure 16. Snapshots of simulation: 4 knots, 60%.
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Figure 17. Cumulative shear work: 4 knots, 60%.
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Figure 18. Snapshots of simulation: 10 knots, 80%.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW  19 of 39 
 

 

 

 

Figure 19. Cumulative shear work: 10 knots, 80%. 

   

Figure 19. Cumulative shear work: 10 knots, 80%.

The average, maximum, and total cumulative shear work causing wear on the FWD,
midship, and AFT are shown in Figures 20–22.
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Figure 20. Cumulative average shear work.
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Figure 21. Cumulative maximum shear work.
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Figure 22. Cumulative total shear work. 

   

Figure 22. Cumulative total shear work.

The average, maximum, and total cumulative tangential force, which are components
of shear work, at the FWD, midship, and AFT are shown in Figures 23–25.
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Figure 24. Cumulative maximum tangential force.
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Figure 25. Cumulative total tangential force.

The average, maximum, and total cumulative sliding distance, which are components
of shear work, at the FWD, midship, and AFT are shown in Figures 26–28. The total area
affected by wear is shown in Figure 29.
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Figure 26. Cumulative average sliding distance.
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Figure 27. Cumulative maximum sliding distance.
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Figure 28. Cumulative total sliding distance.

Our findings indicated that the accumulated total shear work, tangential force, and
sliding distance in all areas at 80% ice concentration was greater than 60%. As the ice
concentration increases, the cumulative results of each item increase because the number of
collisions also increases.
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Figure 29. Total area affected by wear.

Our results also demonstrated that as the ship speed increases, the cumulative shear
work, tangential force, sliding distance of the drift ice per unit time, and wear affected area
at the FWD also increased. These results indicate that the wear occurs in a deep and wide
area as the ship speed and the ice concentration increases. Since the direct collision between
drift ice and the hull is dominant in the FWD, the tangential force and sliding distance
generated in each collision increases as the ship speed increases. Therefore, the cumulative
average, maximum, and total amounts of each evaluation item tended to increase.

In the midship and AFT, as the ship speed increases, the cumulative shear work,
tangential force, sliding distance, and the area affected by wear tend to decrease inversely.
This is because the drift ice, which first collided with FWD, rubs against the hull while
flowing along the outer wall. When the ship speed is relatively slow, the drift ice that
first collided with FWD moves smoothly along the outer wall of the hull. However, as the
ship speed increases, it tends to move away from the hull rather than flowing along the
outer wall.

This trend is clearly shown in Table 4, which summarizes the total cumulative shear
work per unit area as a ratio of FWD. Given that the total volume of wear according to
Archard’s wear law is proportional to the shear work, the results are summarized based on
the shear work. The total shear work accumulated per unit area of the midship and AFT
relative to the FWD region was evaluated to be as high as 4.99%, and the ratio tended to
decrease as the speed increases. As expected, our results demonstrated that FWD directly
collides with the drift ice, and therefore the amount of wear and the ship speed are directly
related. In contrast, midship and AFT wear was not related to ship speed because the
particles that first collided with the FWD-induced wear while moving along the outer wall
of the hull. Therefore, to prevent abrasion in the FWD, the ship speed must be reduced,
or sufficient reinforcement must be provided according to the ship speed. Moreover, to
prevent midship and AFT wear, the outer shape of the hull could be redesigned to minimize
the damage caused by the drift ice that first collides with the FWD.

Table 4. Ratio of affected area to FWD (%).

Speed
[Knots]

(1) Affected Area
[m2]

(2) Total Shear Work/(1)
[N·m/m2]

(3) Ratio to Bow in (2)
(%)

Ice Concentration

60% 80% 60% 80% 60% 80%

Bow
(Forward)

4 15.69 19.63 4.60 × 103 6.90 × 103 - -
6 15.90 19.36 8.92 × 103 1.21 × 104 - -

10 17.71 21.38 2.06 × 104 2.54 × 104 - -
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Table 4. Cont.

Speed
[Knots]

(1) Affected Area
[m2]

(2) Total Shear Work/(1)
[N·m/m2]

(3) Ratio to Bow in (2)
(%)

Ice Concentration
60% 80% 60% 80% 60% 80%

Midship
4 30.12 30.69 209.72 270.49 4.56 3.92
6 18.85 24.05 215.60 244.86 2.42 2.02

10 8.46 17.90 343.09 583.56 1.67 2.30

Stern
(After)

4 5.28 5.44 229.31 296.24 4.99 4.29
6 3.06 3.28 254.47 346.18 2.85 2.86

10 0.95 1.52 247.15 264.33 1.20 1.04

Models without shape changes due to wear-induced material loss can also evaluate
the wear depth by applying the accumulated shear work to the Archard wear law. As
shown in Equation (27), the wear depth was evaluated by multiplying the accumulated
shear work by the volume loss ratio C according to the Archard wear law. The wear depth
was evaluated by dividing the evaluated wear volume by the individual cell area of the
hull surface. The volume loss ratio C per unit shear work was defined as 5 × 10−7m3/J,
which is the same as the value applied in the following section. The wear depth according
to ship speed and ice concentration for each hull position was evaluated as shown in
Table 5. Considering the distance traveled by the ship, the predicted wear is very large.
By adjusting the parameters of the Archard law, smaller wear values that align more
closely with expectations can be achieved. However, the primary focus of the present
study was to propose a numerical model capable of predicting the wear resulting from ice
collisions. Therefore, the development of the numerical model was our priority rather than
the achievement of accurate wear predictions.

Wear Depth =
C ∗Cumulative Shear Work

Cell Area
(27)

Table 5. Evaluated wear depth.

Speed
[Knots]

Ice Concentration = 60% Ice Concentration = 80%

Average
[mm]

Max
[mm]

Average
[mm]

Max
[mm]

Bow
(Forward)

4 2.38 90.83 3.51 109.81
6 4.59 284.00 6.20 412.03
10 10.76 863.34 13.06 953.36

Mid Ship
4 0.11 5.78 0.14 4.14
6 0.11 5.00 0.13 3.38
10 0.19 4.83 0.30 10.38

Stern
(AFTER)

4 0.12 1.90 0.16 2.22
6 0.14 2.39 0.25 9.95
10 0.12 2.63 0.13 2.52

4.3. Hull Material Wear Assessment

In this section, the simulations were conducted assuming that the material of the hull
is lost due to the accumulation of friction with the drift ice. The evaluations were performed
at ice concentrations of 60% and 80% and ship speeds of 4, 6, and 10 knots. Wear-induced
material loss leads to changes in the hull shape. In turn, these deformations can affect the
flow of drift ice. To account for these dynamic changes, the analyses were performed by
updating the shape change in real time, and the amount of material loss due to shear work
was evaluated according to the Archard wear law. In Equation (25), C, which represents the
volume lost per unit of shear work, was defined as 5× 10−7 m3/J, and the shape deformed
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by wear was automatically updated every 0.005 s. That is, the shape change due to abrasive
wear was added in the analysis conditions described in Section 4.1.

Among the six simulation scenarios, the analysis results of the scenario with the
slowest ship speed and the lowest ice concentration (4 knots, 60%) and the scenario with
the fastest ship speed and the highest ice concentration (10 knots, 80%) are shown in
Figures 30 and 31, respectively.
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Figure 30. Cumulative wear magnitude: 4 knots, 60%.
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For each evaluation condition, the average, maximum wear depth, and total area
affected by wear in the FWD, midship, and AFT are shown in Figures 32–34.
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Figure 34. Total wear area.

In the evaluation model considering material loss due to wear, as the ice concentration
increases, the frequency of collisions with drift ice increases, and therefore the amount
of wear tends to increase. The effect of ship speed tends to be different for each area. In
the FWD area, as the speed of the ship increases, the average and maximum wear depth
increases, and the area affected by wear also widens. In other words, the ice particles
wear the hull more deeply and over a wider area. In the case of the midship, as the ship
speed increases, the average wear depth and area tend to decrease, and the maximum
wear depth tends to increase. If the ship speed is slow, a relatively large area is worn
because the particles that first collide with the FWD move smoothly and accumulate along
the outer wall of the hull. At the point where the shape of the vessel changes from the
curved surface of the FWD to the straight walls of the midship, the maximum wear depth
tends to increase as the ship speed increases because the drift ice that first collided with
the FWD surface moves along the hull and is repeatedly separated. Similarly, since the
same behavior appears at the point where the shape changes from the straight midship to
the curved AFT region, our findings confirmed that the wear depth increased as the ship
speed increased.

In order to accurately assess hull wear through a numerical model, several challenges
remain. The first is to accurately simulate the behavior of the flow and floe in the channel.
To ensure the accuracy of the analysis of each phase of the flow and particles, we used
solvers specialized for each phase. We also applied one-way coupling, which is known as a
method that can achieve both accuracy and efficiency of the analysis based on previous
studies. The second is the reliability of the material properties that affect the behavior of
the material and the magnitude of the impact load. Reliable material properties, defined
through comparison of experimental and analytical results, were incorporated into the
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numerical model. The final step is the definition of material properties that can determine
the amount of wear. In this study, the wear amount was evaluated by applying the Archard
wear law, where the wear amount is determined by the shear work and the material
constant C, as shown in Equation (25). If the floe and surrounding flow can be accurately
evaluated, and the load can be accurately evaluated, the shear work will be accurately
evaluated. If there are enough data to verify the reliability of defining C, the evaluated
wear amount will also be accurate, but we recognize that this is a limitation of this study.
In order to validate the numerical model, the values of material properties related to wear
must first be measured through experiments, and the wear history must be measured in
the actual ship’s operating environment (speed, ice distribution, and concentration) and
on the ship’s surface. Unfortunately, such measurement work is very large and beyond
the scope of this study, so the data required for validation were not available. Defining a
reliable C remains a challenge and should be the subject of further research.

The core objective of our study was to propose a numerical model capable of predicting
hull wear resulting from ice collisions, with a specific focus on the simulation methodology
and considerations related to wear estimation. In order to clarify the effect of changes in hull
shape change due to wear, the C was intentionally defined as an excessively large value.

4.4. Comparison of the Results According to the Evaluation Method

Two evaluation models were examined in this study according to two different phases
of hull wear. The first was the painting surface wear that may occur in the early stages
of the operation, and the second was the loss of hull material due to the accumulation of
friction with drift ice with extended operation periods. In terms of numerical analysis,
the first method was used to evaluate wear based on shear work without considering the
change in hull shape due to wear, whereas the second method was used to evaluate wear by
accounting for the effect of wear-induced shape changes of the hull on the dynamics of the
ice particles. Our results confirmed that the wear of the FWD area was significantly greater
than that of the midship and AFT. The characteristics according to the evaluation method
were analyzed based on the results of the FWD area. In the case of the model that accounted
for hull deformation, the results cannot be compared with the same value as the model
without hull deformation because the mesh constituting the hull model is continuously
deformed. Therefore, our study compared the amount of hull deformation due to wear in
the model with hull deformation and the shear work that causes wear in the model without
hull deformation. To compare the wear patterns for each numerical model, the evaluation
results of the two analysis methods were compared. The coefficient of variation (CoV) was
used to compare wear patterns with different physical indices. The CoV is an index that is
commonly used to compare two sample groups with a large difference in mean values or
to compare data with different units. It is defined as the ratio of the standard deviation to
the mean.

CoV = Standard Deviation/Average (28)

The analysis results were compared in the scenario with low ice concentration (4 knots,
60%) and the scenario with the fastest line speed and the highest ice concentration (10 knots,
80%).

Figures 35 and 36 illustrate the wear shape and shear work for each numerical model.
Since the structural boundary conditions do not change from the perspective of the drift ice
in the model that does not consider the shape change, the area where most of the shear work
occurs in the early stage did not change substantially and it continuously received a large
load. Therefore, a band shape tended to form because the shear work was concentrated
in a specific area over time. In the case of the model accounting for wear-induced shape
change, the structural boundary conditions of the ice continuously changed, and therefore
the areas that received the highest levels of shear work changed continuously. Thus, the
model that accounted for shape change was evenly worn in a relatively wide area. Due
to the characteristics of the numerical models used for wear evaluation, the model that
does not consider the dynamic shape change of the hull exhibited a pattern of deep wear in
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limited areas, whereas the model that did account for shape change exhibited a more even
wear over a wide area. The same trend can be seen in Table 6, which compares the average,
maximum wear depth, and wear area of the two numerical models. In the model that did
not account for the shape changes due to wear, the average wear depth was low, but the
maximum wear depth was relatively high. Moreover, the area affected by wear was also
relatively narrow.
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Figure 36. Accumulated wear process of the shape change reflection model (left) and non-reflected
models (right) (10 knots, 80%).
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Table 6. Comparison of wear depth and area evaluation results.

Ice
Concentration

Numerical
Model

Average Wear Depth
[mm]

Maximum Wear Depth
[mm]

Area
[m2]

4
Knots

6
Knots

10
Knots

4
Knots

6
Knots

10
Knots

4
Knots

6
Knots

10
Knots

60%

With
deformed
geometry

2.97 5.18 8.28 37.73 66.89 110.3 26.38 26.56 31.25

Without
deformed
geometry

2.38 4.59 10.76 90.83 284.0 863.3 15.69 15.90 19.36

80%

With
deformed
geometry

4.13 6.39 10.38 46.10 84.53 138.8 29.00 30.88 35.65

Without
deformed
geometry

3.51 6.20 13.06 109.8 512.0 953.4 19.63 19.36 21.38

These above-described characteristics are shown in Figures 37–39. A low CoV means
that a relatively large area was evenly worn. From the evaluation results, it was confirmed
that the CoV was relatively low when the shape change due to wear was considered. Given
the clear differences between the two evaluation models, their application would greatly
depend on the evaluation scenario. Since the loss of the coating material due to wear does
not cause a significant shape change, the model that does not consider the shape change is
reasonable. In contrast, the model that accounts for shape changes is more suited for cases
with material loss due to long-term operation.
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5. Conclusions

This study aimed to develop a numerical model for evaluating both the environmental
load of Arctic shipping routes and the hull wear resulting from repeated ice collisions,
a significant environmental burden on these routes. For this purpose, it is necessary to
predict the environmental load of the route, the behavior of the drift ice, and the wear
caused by repeated collisions. To solve this problem, a method coupling DEM and CFD
was introduced to model drift ice behavior and wear, using Archard’s wear law as a basis.
The evaluation model was presented separately depending on the material loss. The shape
change due to the loss of the paint material was not large enough to affect the behavior of
the ice flakes. Therefore, to evaluate the loss of the paint material due to wear, an evaluation
model that does not account for shape change was presented. Since the structural boundary
condition does not change in the model that does not account for shape change, the region
where most shear work occurred did not change and a large load was continuously applied
to the same areas. Therefore, as the period of shear work accumulation increased, the
wear was concentrated in a specific area and the wear pattern exhibited a band shape.
In cases where the hull material is lost due to wear (i.e., cases where wear exceeds the
superficial paint layer), substantial damage may occur in a localized area and therefore a
more conservative design may be required in terms of material strength.

In contrast, when evaluating a situation where material loss due to wear occurs, shape
changes should be accounted for in real time during the analysis. Because the structural
boundary conditions are constantly changing as material loss is reflected, the area where
shear work occurs changes constantly. Therefore, material loss due to wear occurs evenly
over a relatively wide area. If this evaluation model is applied in a situation where the
painting material is lost, repairs might not be necessary because the damage is evenly
distributed over a relatively wide area. Nevertheless, given that a specific model cannot be
considered suitable for all situations, selecting an appropriate evaluation model suitable
for each scenario is crucial to ensure a reasonable wear evaluation.

To ensure the validity of wear evaluation through numerical simulations, it is essential
to validate the results of experiments and simulations under the same conditions. The
validity of the evaluation results using numerical models could have been improved if
measurements of wear from the actual vessel being evaluated were obtainable. It is essential
to not only monitor wear quantity but also assess the effects of the operating environment
on wear, including speed, ice distribution and concentration, and surface roughness. While
it may be difficult to obtain measurements for every operating condition, there should be
a minimum amount of data to determine the impact of ice collisions on the hull surface
wear. Ultimately, this study aims to contribute under these constraints by providing a
methodologically robust approach for predicting erosive wear behavior of Arctic vessel
hulls. This should not be seen as the final word but rather as a contribution to ongoing
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research efforts to better understand these complex systems. Further research into the
acquisition and correlation of these measurements will lead to a reasonable evaluation
model with realistic material property values.
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