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Abstract

The maneuvering performance of ships in marginal ice zones is critical for navigational
safety, yet most existing studies focus on icebreaking vessels. This study develops a coupled
numerical framework that integrates the Non-Smooth Discrete Element Method (NDEM)
for simulating ship—ice interactions with the three-degree-of-freedom MMG model for
ship dynamics. The framework was applied to an 5175 container ship, and numerical
simulations were conducted for turning circle and Zig-Zag maneuvers under varying ice
concentrations (0-60%), floe sizes, and rudder angles. NDEM efficiently handles complex,
high-frequency multi-body collisions with larger time steps compared to conventional
DEM or CFD-DEM approaches, enabling large-scale simulations of realistic ice conditions.
Results indicate that increasing ice concentration from 0% to 60% reduces the turning
diameter from 4.11L to 3.21L and decreases steady turning speed by approximately 53%.
Larger floes form stable force chains that restrict lateral motion, while higher rudder angles
improve responsiveness but may induce dynamic instability. These findings improve un-
derstanding of non-icebreaking ship maneuverability in ice and provide practical guidance
for safe and efficient Arctic navigation.

Keywords: maneuvering performances; broken ice; ship-ice interaction; MMG model

1. Introduction

In the context of global climate warming, the rapid decline in Arctic sea ice has made
the development of Arctic shipping routes increasingly feasible [1]. Among them, the
Northern Sea Route (NSR) offers a voyage approximately 40% shorter than the traditional
Suez Canal route, which presents significant economic and societal advantages and has
promise as a vital trade corridor connecting Europe, North America, and Asia. However,
Arctic navigation faces a major challenge posed by sea ice conditions, particularly the
impact of floating ice on ship maneuverability, which has become a focal point in polar
navigation research.

With the expansion of floating ice coverage, many conventional merchant ships not
designed with icebreaking capabilities have gradually begun operating in Arctic waters
with varying ice densities and thicknesses. Unlike purpose-built icebreakers, these non-
icebreaking ships typically possess only limited structural reinforcement against ice and
lack active icebreaking functionality. When navigating through floating ice regions, such
ships must frequently adjust their maneuvering state to identify optimal routes, thereby
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maximizing fuel efficiency and improving economic performance. However, compared
to ice-free waters, floating ice conditions significantly impair the maneuverability of non-
icebreaking vessels. Specific challenges include difficulty in heading control, delayed
steering responses, and a greater tendency to drift passively in areas of high ice concentra-
tion. Once surrounded by floating ice, these ships may lose maneuvering capability entirely,
facing considerably higher navigational risks than icebreakers. Currently, most research
on polar ship performance focuses on icebreaking vessels, while studies on the maneu-
vering performance of non-icebreaking ships in floating ice environments remain scarce.
Therefore, it is of substantial practical importance to investigate the maneuverability of
non-icebreaking ships under such conditions. This study establishes a numerical simulation
model tailored to simulate the maneuvering motion of non-icebreaker vessels in floating
ice regions. The objective is to systematically explore the effects of different ice conditions
on ship maneuverability, providing a theoretical foundation for safety assessment and
the optimization of navigation strategies for non-icebreaking ships operating in floating
ice zones.

With the rapid growth of polar navigation, the maneuvering performance of ships
in ice-covered waters has emerged as a critical research topic. In parallel, recent studies
across the broader maritime science domain have underscored the increasing importance of
advanced numerical models and intelligent systems in addressing operational and environ-
mental challenges in shipping [2-6]. Such modeling and simulation methodologies have
also been widely applied to ship hydrodynamics and maneuvering prediction, providing
valuable tools for understanding complex marine environments. To reduce experimental
costs and improve research efficiency, many scholars have adopted numerical methods
to investigate the resistance and motion behavior of ships in ice-infested regions. Among
these efforts, accurately modeling the interaction between the ship hull and ice remains
the central challenge for achieving reliable maneuvering simulations in ice-covered waters.
Currently, commonly used modeling approaches include empirical models, mechanical
models, finite element methods (FEM), and discrete element methods (DEM), among others.

Empirical models estimate ice resistance based on extensive experimental or obser-
vational data, typically using regression analysis or semi-empirical formulations. For
example, early resistance formulas developed for ships operating on level ice have been
widely used for resistance prediction under such conditions, offering a convenient means of
rapid performance evaluation during the preliminary design stage [7-9]. The prediction of
ice resistance in broken ice conditions is more complex than that in level ice, as it involves
a greater number of influencing factors. Based on Colbourne’s dimensionless analysis
method, Jeong et al. [10] derived an empirical formula for the resistance to broken ice that
incorporates the effect of channel width, using the test results of the model of the icebreaker
“Araon”. These models are simple to implement and highly practical. However, their
applicability is generally limited to the range of data used for calibration and cannot be
easily extended to complex ice environments. Furthermore, empirical formulas often do not
capture the influence of hull geometry on ice loads. Therefore, during the detailed design
phase, model tests are still required to correct and validate the simulation results [11].

In contrast, mechanical models are developed based on the principles of ice mechanics
and failure mechanisms, providing a more physically grounded approach to ice force
prediction. For example, such models can treat the ice sheet as a cantilever beam undergoing
bending failure, or apply the Mohr—-Coulomb criterion to assess crushing failure [12].
These models are capable of explicitly linking hull geometric parameters—such as bow
flare angle and waterline entrance angle—to the resulting ice forces, offering a clearer
physical interpretation. While mechanical models effectively explain the origins of ice
loads under different breaking modes, the actual failure process of sea ice is complex and
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varied. A single mechanical model typically captures only the dominant failure mode
and is inadequate to represent the combined mechanisms. For example, Zhou et al. [13]
considered only one type of ice failure during ship maneuvering simulations, overlooking
the coupled effects of bending and crushing. In general, the applicability of mechanical
models under complex ice conditions remains limited and additional validation through
experimental observations is often required.

As a high-fidelity method for modeling continuous media, the Finite Element Method
(FEM) has been widely applied in the simulation of ship—ice interactions, particularly
suitable for investigating localized failure phenomena such as ice crushing and splitting [14].
For example, Kim et al. [15] employed the ABAQUS/explicit solver coupled with an
Eulerian-Lagrangian approach to simulate ship—ice interactions in broken ice regions,
comprehensively accounting for complex interactions among ice—sea, ice—ice and ice—
structure interfaces. Wang et al. [16] used LS-DYNA to perform finite element simulations
of ice loads on ships in fragmented ice fields, accurately capturing floe deformation and
interactions, thus improving the accuracy of ice load prediction. Building on these efforts,
Kim et al. [17] integrated ABAQUS/Explicit with the HydroQus plugin to systematically
study the ice-breaking process of the Araon research vessel, analyzing in detail the influence
of hydrodynamic forces and ship velocity on ice-breaking resistance and exploring ship
responses, such as speed, pitch, and heave, under different ice-breaking scenarios. In
addition, Xing et al. [18] employed a three-dimensional FEM combined with the cohesive
element method to examine the distribution characteristics of ice loads at various structural
interfaces. Despite the high accuracy and adaptability of FEM, its application at the full-ship
scale is often constrained by high computational complexity and long simulation times.

In addjition to the widely used finite element method (FEM), various other numerical
methods have also been employed in ice-structure interaction studies, such as Smoothed
Particle Hydrodynamics (SPH), Boundary Element Method (BEM), and meshless ap-
proaches like the Material Point Method (MPM). Makarov et al. [19] systematically analyzed
these numerical methods in terms of computational efficiency, accuracy, and applicability
for ice-structure interaction problems, highlighting their respective strengths and limi-
tations. However, these approaches generally suffer from high computational costs and
limitations in simulation scale, particularly in large-scale and high-frequency collision
simulations relevant to ship maneuvering. Therefore, developing efficient and robust
numerical methods capable of handling complex collision scenarios remains a crucial
research challenge.

The Discrete Element Method (DEM) has increasingly become a dominant approach
to predicting ice loads in broken ice scenarios, due to its ability to accurately simulate
collisions and accumulation processes between ice floes and between ice and the ship
hull. For example, Li et al. [20] modelled ice floes using three-dimensional disk elements
and represented the hull of the ship with triangular elements, analysing variations in ice
loads under different speed and ice conditions of the ship. Polojarvi et al. [21] extended
this work to full-scale simulations, evaluating ship responses in broken ice fields of vary-
ing thickness and concentration, and highlighted the significant role of hydrodynamics
in ice resistance. To further enhance the physical consistency and dynamic accuracy of
ice modelling, recent studies have coupled DEM with Computational Fluid Dynamics
(CFD), forming integrated CFD-DEM simulation frameworks [22]. This hybrid approach
enables simultaneous modelling of ice floe contact and accumulation behaviours, as well
as hydrodynamic effects such as ship-generated waves [23] and propeller-induced flow
fields, making it one of the most promising methods for predicting ice load in floating ice
environments [24]. Hu et al. [25] investigated the performance of non-icebreaker ships in
the marginal ice zone (MIZ) using CFD-DEM simulations, comparing their predictions with
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traditional empirical formulations. To improve the validation of the model and the applica-
bility of engineering, some researchers integrated physical towing tank experiments with
CFD-DEM simulations [26,27]. The former proposed a cost-effective method for evaluating
broken ice resistance and verified the feasibility of simulating ice dynamics using synthetic
non-freezing ice; the latter developed a self-propelled simulation model for propeller—ice
interaction and validated its effectiveness for propulsion efficiency assessment against
ice tank test data. Moreover, Zou et al. [28] used CFD-DEM to investigate the influence
of broken ice channel width on coupled ship—ice-water responses. Their results showed
that narrower channels lead to an increased accumulation of ice in the bow and midship
regions, significantly increasing the resistance to ice and the lateral asymmetric loads. The
study also revealed that ship-generated waves can effectively reduce collision frequency
and contact intensity, thus alleviating ice resistance, a drag reduction effect that becomes
more pronounced at higher ship speeds. Collectively, these studies demonstrate the capa-
bility of CFD-DEM to accurately predict ice resistance and lateral loads under complex ice
conditions and broaden its potential for analysing the maneuverability of non-icebreaking
ships in ice-infested waters. Traditional DEM calculates collision forces between ice floes
and between ice and the hull by defining contact force—displacement relationships, such
as spring—damper models. This allows for an effective simulation of the behaviour of ice
accumulation, compaction, and movement. However, DEM faces significant computa-
tional bottlenecks when handling large-scale multi-contact systems. In scenarios involving
frequent collisions or numerous ice floes, very small time steps are required to maintain
numerical stability, leading to a substantial decline in computational efficiency.

To overcome these limitations, the Non-Smooth Discrete Element Method (NDEM)
has been developed. Unlike classical DEM, NDEM treats contact as instantaneous, non-
penetrative constraints and enforces non-penetration conditions by solving for impulse
and constraint forces. This allows for stable simulations of complex multibody collision
systems with significantly larger time steps. As such, NDEM is particularly well suited
for modelling the frequent collisions and strong rigid-body coupling characteristic of ship
motions in ice-covered waters. To validate the feasibility of NDEM in complex fluid-
structure interaction scenarios, Mierke et al. [29] coupled a free surface flow solver based on
the Lattice Boltzmann method (elbe) with the ODE rigid-body dynamics engine to simulate
multiphase ship—ice interaction systems in marine environments. Lubbad & Leset [30]
as well as van den Berg et al. [31] further developed numerical frameworks capable of
real-time simulation of ship—ice contact processes and extended the NDEM technique to
support hybrid contact modelling between compliant continua and rigid discontinuous
bodies. Yang et al. [32] applied NDEM to investigate the influence of the ice geometry
during ice breaking on ship resistance, further confirming the effectiveness and stability of
the method in predicting ice resistance.

In summary, the discrete element method (DEM)—and in particular its extended
form, the non-smooth discrete element method (NDEM)—offers a promising solution for
maneuvering simulations in broken ice environments, balancing detailed contact modelling
with computational efficiency. It demonstrates unique advantages in capturing the dynamic
behaviours of ships operating in floating ice conditions.

Previous studies on ship—ice interaction have focused primarily on the influence of
parameters such as ship speed, ice thickness, and ice concentration on navigational per-
formance, laying a solid theoretical foundation for ship operations in ice-covered regions.
However, systematic investigations into ship maneuverability—particularly steering perfor-
mance and other dynamic operational behaviours—remain relatively limited. Coupling the
Maneuvering Modelling Group (MMG) model with ice load models has emerged as both a
technical challenge and a research hotspot in recent years. Several studies have attempted
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to integrate the MMG maneuvering framework with discrete element-based ice force mod-
els to simulate ship behaviour in densely packed ice fields. For example, Zhan et al. [33]
developed a simulation system integrating Oceanic Consulting’s open water maneuver-
ing code (based on the MMG model) with INTERA’s discrete element ice load module,
successfully reproducing the turning circle and Zig-Zag maneuvres of multiple ships in
floating ice environments, and analyzing the motion differences between ice-covered and
ice-free conditions. Zhou et al. [34] employed a three-degree-of-freedom (3-DOF) maneu-
vering model and discretized the ice edge and the waterline to predict the resistance to ice
and the yaw moments during turning maneuvres. The predictions were validated using
Planar Motion Mechanism (PMM) tests on a 1:20 scale model of an icebreaker of class R.
Expanding on this work, Di et al. [35] introduced a DEM-based model that incorporates
the interactions of the bonded particles into a six-degree-of-freedom (6-DOF) maneuvering
framework. Their model considered the coupling effects of the propeller, rudder, and
hydrodynamic forces, and successfully simulated the turning characteristics of the Xuelong
icebreaker under broken and intact ice conditions. More recently, Yang et al. [36] proposed
a simulation framework that binds NDEM to a 3-DOF MMG model, allowing full-scale
simulation of ship maneuvering in broken ice environments. Their study systematically
assessed the effects of ice concentration, floe size and thickness, ship speed, and rudder
angle on maneuvering performance.

Despite progress in ship maneuvering research in ice-covered waters, key limitations
remain. A major gap lies in the lack of effective coupling between high-fidelity ice load
models and maneuvering dynamics frameworks. Most studies use simplified ice force
representations, limiting accuracy under complex ice conditions. Although NDEM has
been applied in maneuvering simulations, it has rarely been combined with the MMG
model. Such coupling can overcome the small-time-step and efficiency issues of DEM or
CFD-DEM in large-scale, high-frequency collisions, while maintaining numerical stability
and accuracy. This makes it especially suitable for simulating dynamic ship—ice interactions.
However, the maneuvering performance of conventional merchant ships in broken ice
remains underexplored, despite growing navigation in marginal ice zones due to climate
change. Reliable simulation tools for these vessels are still lacking.

To address this gap, this study conducts high-fidelity numerical simulations to in-
vestigate the maneuvering performance of non-icebreaking ships navigating in floating
ice regions, taking the benchmark S175 container ship as a representative case. The main
contributions of this work are as follows:

* A coupled MMG-NDEM maneuvering simulation framework is developed for the
quantitative analysis of ship—ice interactions involving non-icebreaking vessels. This
framework integrates the Non-Smooth Discrete Element Method (NDEM) with the
three-degree-of-freedom MMG maneuvering model, enabling the simultaneous con-
sideration of hydrodynamic forces and ice-ship contact dynamics within a unified
computational environment.

* A comprehensive numerical investigation is carried out to evaluate the maneuvering
performance of the S175 container ship, including standard turning circle and Zig-Zag
maneuvers, under a range of representative ice conditions.

* A systematic parametric study is performed to quantify the effects of ice floe size, ice
concentration, and ice incidence angle on turning capability and steering stability,
thereby revealing the underlying physical mechanisms responsible for maneuvering
performance degradation in ice-covered waters. The findings not only advance the
understanding of non-icebreaking ship behaviour in such environments but also
provide scientific support for navigational safety assessments, operational planning,
and the development of Arctic shipping routes.
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2. Numerical Method
2.1. 3 DOF Maneuvering Model

In this study, two coordinate systems are employed: the Earth-fixed coordinate system
and the body-fixed coordinate system. The latter moves with the ship at the maneuvering
speed, but does not follow the ship’s oscillatory motions. In the body-fixed coordinate
system, the x—y plane coincides with the surface of the still water, as illustrated in Figure 1.
The positive x axis and the y axis point to the bow and starboard sides of the ship, respec-
tively. The variables u and v denote the surge and sway velocities of the ship, é denotes the
rudder angle, B is the drift angle, and ¢ is the heading angle of the ship.

A
Y

><V

Figure 1. Earth-fixed and body-fixed coordinate systems used for maneuvering modeling.

The relationship between the earth-fixed coordinate system and the body-fixed coordi-
nate system can be expressed as follows.

X =xcosy(t) —ysiny(t) + Xo(t)
Y = xsiny(t) +ycosp(t) + Yo(t) (1)
Z=z

where (Xy(t), Yo(t)) denotes the position coordinates of the ship in the Earth-fixed coordi-
nate system and ¢ represents time.

The MMG model with three degrees of freedom (3-DOF) is utilized. According to
the conceptual framework of the MMG model, the external forces and moments (X, Y, N)
that affect the movement of the ship are decomposed into fluid inertia forces, fluid viscous
forces, propeller thrust, and rudder forces acting on the hull [37]. The basic structure of the
MMG mathematical model is represented as shown in Equation (2).

(m+my)i — (m+my)or = Xpg + Xp + Xg
(m +my)o+ (m+my)ur = Yy + YR ()
(Izz + ]zz)i’ = NH + NR

where m represents the mass of the ship. The terms m, and m,, represent the added masses
along the x axes and the y axes, respectively. |,; represents the added inertia moments on
the z axes. The subscripts H, P, and R mean the hydrodynamic forces acting on the hull,
propeller, and rudder, respectively.
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The hydrodynamic force acting on the hull is expressed as follows.

Xy = 0.50LdV* X}y (v, 7") — R(ug)
Yy = 0.50LdV2Yy (0, 1) 3)
Ny = 0.50L*dV>Ny, (o', 1)

with ) )
Xy, ") = XL, 0" + XL, + X
3 2 2 3
3 2 2 3

where R (1) represents the resistance coefficient of the ship. The components Xp, Yy, and
Ny correspond to the forces or moments in the surge, sway, and yaw directions, respectively.
The total speed is calculated as V = vu? 4 2. The nondimensional form of r is given
by r' = L.The coefficients X, Y/, NJ,, etc., represent the hydrodynamic derivatives
with respect to specific physical variables. These coefficients, which are indicative of the
nonlinear hydrodynamic behaviour of the ship, are typically determined through Planar
Motion Mechanism (PMM) tests or Circular Motion Tests (CMT). It is important to note
that the specific form of the expressions of the hydrodynamic derivatives is not unique.
Polynomial forms proposed by Yasukawa et al. [38,39] generally provide more accurate
descriptions of the variation in the hydrodynamic coefficients, offering greater reliability
for the precise prediction of the characteristics of the movement of the ship.

The rudder force provides the primary moment required for the maneuvering motion
of the ship and is expressed as follows.

XR = —(1 - tR)FN sind
Yr —(1 —I—QH)FNCOS(S (5)

N = —(xg +agxy)Fn cosé

where tr represents the thrust deduction factor for the rudder and ay denotes the increase
factor in the rudder force. The variables xg and xp refer to the longitudinal coordinates
of the center of the rudder and the additional lateral force acting point, respectively. Fy
represents the normal rudder force [39], which is calculated as:

1 613A
~2PAT225

where p represents the density of water, and A and A; denote the aspect ratio of the rudder

N AgU? sinag (6)

and the area of the rudder, respectively. Ug and «y represent the resultant inflow velocity
to the rudder and the effective inflow angle, respectively. The estimation formulas for these
parameters are as follows:

v
ag =0 —tan~! <uR>
R

ug = upe\/1+ 8kKr/(mJ3)
up = u|(1 = wy) + Tp}| %

VR = ('yv' + Cry?’ + Crore?” + CRm,r’zv’) u

Uk = ug + v}

where ¢, k, T, and -y represent the interaction coefficients between the hull, propeller, and
rudder. The term vr denotes the inflow velocity in the direction x in the rudder, while



J. Mar. Sci. Eng. 2025, 13,1578

8 0f 30

Crrs Crerr, and Cgyyp are experimental constants that accurately describe vg [40]. The
variables 1, and v refer to the inflow velocities in the propeller and rudder, respectively.
Furthermore, K7, wy,, and Jp correspond to the propeller thrust coefficient, wake coefficient,
and propeller advance ratio, respectively.

The lateral forces and yaw moments generated by the propeller are typically minimal
and difficult to measure. In the MMG model, these effects are typically considered in
combination with the hydrodynamic maneuvering forces acting on the hull, so only the
longitudinal hydrodynamic forces generated by the propeller require calculation.

The hydrodynamic forces generated by the propeller can be expressed as

Xp = (1 —tp) o, DpKr(Jp) (8)

Kr(Jp) = jo+ j1Jp + j2J? )
u(l—wp)

Jp = Dy (10)

where t, and n, represent the thrust reduction coefficient and the propeller revolution,
respectively. D, denotes the diameter of the propeller, while Kt represents the propeller
thrust coefficient. Kt can be expressed as a quadratic polynomial in terms of J,, where
Jp is the advance coefficient, and w), is the wake coefficient; ]y, J1, and ], are regression
parameters. More details of the maneuvering coefficients related to the propeller, the
rudder, and the hull forces can be found in [41,42].

It is worth noting that the present study adopts a three-degree-of-freedom (3-DOF)
maneuvering model, incorporating surge (1), sway (v), and yaw (r) motions. This sim-
plification follows the classical MMG framework and is based on the assumption that,
under most floating ice conditions, ice loads act predominantly near the waterline and
primarily induce motions in the horizontal plane. The 3-DOF formulation also enables
more efficient computations, facilitating extensive parametric investigations. However, in
certain situations, such as concentrated bow impacts or heavy ice conditions, vertical-plane
responses, including pitch and heave, as well as roll motions, may become non-negligible
due to the distribution and magnitude of ice-ship contact forces. The present model does
not explicitly account for such six-degree-of-freedom coupling effects, and therefore its
applicability is most appropriate for moderate speed of ships and ice concentrations of ap-
proximately 20-60%. This limitation is further discussed in the Conclusion, where potential
extensions to a full 6-DOF framework are outlined.

2.2. Ice Resistance Model

During navigation in broken ice regions, the hull of the ship frequently experiences
collisions and frictional interactions with floating ice. Discrete ice floes introduce additional
resistance and moments on the hull surface, significantly affecting ship maneuvering
performance. In this study, the ship—ice interaction is modelled as a discontinuous contact
process between multiple rigid ice floes and the ship hull. Each ice floe is simplified as a
two-dimensional rigid body with defined mass, velocity, and moment of inertia, possessing
independent translational and rotational degrees of freedom. This modelling assumption
is a commonly adopted and effective simplification in studies of ship-ice interaction,
providing a reasonable representation of the dynamic behaviour of floating ice during
collision processes.

2.2.1. Collision Detection Method

In numerical simulations of ship—ice interactions, it is essential to resolve two pri-
mary types of collisions: those between the ship hull and ice floes, and those among ice
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floes themselves. The efficiency of the collision detection stage largely determines the
overall computational performance of the simulation framework. To address this, a two-
stage hybrid strategy is adopted, combining the Sweep and Prune (SAP) algorithm for
broad-phase filtering and the Gilbert-Johnson-Keerthi (GJK) algorithm for narrow-phase
contact resolution.

In the broad-phase, SAP rapidly excludes distant objects that cannot physically interact
by constructing axis-aligned bounding boxes (AABBs) for each object, projecting them
onto coordinate axes, and sorting the boundary coordinates. Overlaps are identified by
traversing the sorted lists, reducing the number of potential collision pairs from O(n?) to
near-linear complexity under sparse contact conditions (Figure 2). The remaining candidate
pairs are passed to the GJK algorithm, which determines whether two convex bodies
intersect by analyzing the Minkowski difference between them. If the origin lies within this
difference, a collision is detected. GJK iteratively constructs a simplex toward the origin
using support functions, providing not only the intersection status but also the minimum
distance vector and penetration depth. Its geometric robustness and efficiency make it
well-suited for frequent, high-precision contact checks in rigid-body simulations.

YA

Y List

w |--—-—-—-—-==- X List
[LUA
3U E L 3L
2L | 1U 1L
|
| 2L 2L
-———4+
| 3L 3U
1
|
|

I
|
IL |- I
3L f—4-—————— =+
1 [ I I
1 (. | I
| [ | ) 2U 1U
1 - I Ly U
11 1U 2L 2U 3L 3L X 3U
(a) AABB surrounding boxes (b) Search for potential collision pairs

Figure 2. SAP algorithm diagram. (a) Axis-aligned bounding boxes (AABB) of three objects. (b) Search
process for potential collision pairs. Blue, red, and green represent different objects.

While intelligent collision detection methods based on fuzzy logic and neural net-
works [43,44] have shown potential in pattern recognition and autonomous navigation, they
require substantial labeled data and extensive training, and may lack deterministic guaran-
tees. In contrast, the SAP-GJK combination is data-independent, interpretable, and fully
compliant with Newtonian mechanics, making it particularly suitable for high-frequency
multibody contact simulations in the NDEM-MMG framework.

2.2.2. Constraint Solving

Once contact bodies and contact point information are obtained, the contact force
and normal penetration distance can be treated as complementary variables. A schematic
illustration of the collision between body A and body B at the contact point is shown in
Figure 3. The collision impulse is calculated based on the change in relative velocity at the
contact point before and after impact, following the impulse-momentum relationship for
rigid bodies in the Non-Smooth Discrete Element Method (NDEM) [45]. This approach
decomposes the total contact impulse into normal and tangential components, where
the normal component is associated with the contact normal direction, and the tangential
component corresponds to the tangential direction. Both components incorporate the effects
of translational and rotational inertia of the colliding bodies, as well as the moment arms
from the centers of mass to the contact point. The discrete forms in Equations (11) and (12)
are obtained by inverting the effective mass matrix in the local contact frame, ensuring that
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the calculated impulses satisfy the non-penetration constraint in the normal direction and
the frictional constraint in the tangential direction.

Figure 3. Illustration of the collision between object A and B.

p contk — P gont,k +P éont,k (11)

B (AVrel X n) Xn
contk — L_|_L + T AXN X 7 X 1+ Ty g Xn <7 1
kA Ts kB

Ia

(12)
(AVi X t) x t

rea Xt rep Xt
%"‘WLB‘F[( k/?A )er/A}Xt-f-{( k’?B )er,B}Xt

where P, and Péom’k denote the normal and tangential collision impulses, respectively;

m4 and mp represent the masses of the collision bodies A and B; AV is the change in
relative velocity at the contact point k; and 74 4 and ry p are the position vectors from the
center of mass of bodies A and B to the contact point. I4 and Iz denote the inertia tensors
of bodies A and B, respectively; n and t represent the normal and tangential unit vectors.
In addition, the tangential collision impulse must satisfy the Coulomb friction law, which
is expressed as Equation (13):

t
_HHPgont,kH S Pcont,k S ‘uHP?ont,kH (13)

where y is the friction coefficient.

It should be noted that impulse-based response models grounded in non-smooth
dynamics theory do not directly compute contact forces. In this study, the contact force
is estimated using the contact force conversion model proposed by Yulmetov et al. [46],
which classifies contact events into collision contact or static contact. For static contact, the
contact force is approximated based on the variation of the impulse during the simulation
time step. For collision contact, the contact force is calculated using the collision duration
Teo1, which is determined by Equation (14):

M*
2V K

where M* is the reduced mass and K is the contact stiffness. Given that the mass of floating

(14)

Tcol ~

ice is relatively small compared to the mass of the ship, the reduced mass during ship—ice
collisions can be approximated as the mass of the ice. When the ice approaches the hull,
the effects of added mass become significant; hence, an added mass coefficient of 1.0 is
introduced to estimate the reduced mass, as expressed in Equation (15).
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M~ (1 + “)Mice (15)

where « is the added mass coefficient and M; is the mass of the interacting ice floe.
Contact stiffness K is a key parameter commonly used in Discrete Element Method (DEM)
modelling. In the present study, a contact stiffness of 1.0 x 10° N/m is selected for the
numerical simulations [47]. It is worth noting that the calculation of the duration of the
collision here considers only the effect of body mass on the collision process and does not
account for the influence of simultaneous multibody contact or eccentric collisions.

2.3. Ice Field Generation

In this study, the numerical ice field is made up of identical rectangular ice floes.
Therefore, the generation of the ice field requires only the initialization of the floe positions
and orientations. The coordinates of each floe vertex in the ice field are calculated using
Equation (16) [48]:

{Pi’,x = P;xcosa — Py sina + Pioc a8

P, = Pixsina+ Py cosa + Plocy

where (P, y, P;,) are the original vertex coordinates of the ice floe, a is a randomly assigned
rotation angle, and (Pjy x, Ploc,y) are the initialized centroid coordinates of the floe. The final
floe vertex coordinates (Pi’,x, Pi/, y) are obtained through random rotation and translation, as
illustrated in Figure 4. During the ice field generation process, the SAP and GJK algorithms
are also used to perform preliminary screening and fine-level validation to ensure that the

ice floes do not overlap.

(PixsPiy) 7

[ A

(Pioc,er Proc,y)

@) X
Figure 4. Determine the random distribution of ice floes.

2.4. Fluid Force Model

The motion of broken ice in water is influenced by buoyancy forces and hydrodynamic
drag. In this study, the hydrodynamic forces that act on the ice floes are modelled using the
Morison equation, as expressed in Equation (17):

{ Fdrag = —05C;pw Aproj Upel [Upel (17)

Tdrag = —0.5 Ca o Lipg Asur QO

where C; and C, are the drag coefficient and the rotational damping coefficient, respectively;
Pw is the water density; Aproj and Agyp, denote the projected area and submerged area of
the ice floe; and U, and Q) represent the relative translational velocity and the angular
velocity, respectively. This model effectively captures the hydrodynamic response of ice
floes under fluid forces.
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2.5. Ship-Ice Coupled Model

To simulate ship maneuvering behaviour in floating ice regions, this study establishes
a dynamic simulation framework that couples a three-degree-of-freedom (3-DOF) ship
maneuvering model (MMG) with the Non-Smooth Discrete Element Method (NDEM).
The general flow diagram of numerical simulation is illustrated in Figure 5. Within this
framework, the ship is subjected to hydrodynamic forces generated by the propeller and
rudder, while simultaneously undergoing multiple-point collisions with ice floes. These
collisions induce discontinuous impulsive forces and moments, which significantly af-
fect the performance of the maneuvering of the ship. To complement the schematic in
Figure 5, the algorithmic sequence of the coupled MMG-NDEM simulation is summarized
in Algorithm 1. This pseudocode outlines the core steps taken in each simulation time step,
including ship dynamics update, contact detection and response, and integration.

Initialization

Set simulation Tnitialize ship statc Establish floating ice
parameters field

B B e —— .

MMG model calculate the |
hydrodynamics force |

[ NDEM solve ship-ice interaction ]1—'—

I |
v v v

Collision detection Calculate the contact force Ice-ice interaction

Update

MMG model calculate the hydrodynamic force tn= tn+1

|
|
|
|
with the effect of ice I
|
|
l

Runge-Kutta
solve the velocity of ship

Figure 5. Coupled MMG-NDEM scheme for ship maneuvering simulation in broken ice area.

Algorithm 1: Coupled MMG-NDEM simulation loop
Input: Simulation parameters, initial ship state, initial ice field

Output: Time evolution of ship motion and ice responses

Initialization:

Set time step At, total duration T, and initialize t < 0

Initialize ship position and velocity from MMG model

Generate floating ice field with randomized floe positions and orientations
whilet < T do

Compute hydrodynamic forces on ship from MMG model;

Predict rigid body motion of ship using MMG equations;

/* Broad-phase collision detection x/
Apply SAP algorithm to identify potential contact pairs (ship-ice and ice-ice);
/* Narrow-phase collision detection x/
Use GJK algorithm to test each pair and obtain contact points and normals;
Compute contact forces and impulses via NDEM solver;

Update ship velocity and angular rate using Runge—Kutta integration;
Update ice floe positions and orientations;

t<t+ At

return Final ship trajectory and ice distribution
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In the subsequent coupling process, the MMG model provides the velocity and posi-
tion parameters of the ship required by the NDEM model to calculate ship—ice interactions.
After updating the position and velocity of the ship, the NDEM collision solver is used to
calculate the ice forces acting on the hull. The computed ice forces are then fed back into
the MMG model. The governing equations follow the standard 3-DOF MMG maneuvering
model [37], which describes the ship’s horizontal-plane dynamics. In this study, the model
is extended by introducing additional force terms—Xjce, Yice, and Njce—to account for ice
loads computed by the NDEM model. The resulting coupled equations are expressed as
Equation (18):

(m +my)i — (m+my)or = Xpg + Xp + Xg + Xice
(m +my)o 4 (m +my)ur = Yy + YR + Yic (18)
(Izz + ]zz)i’ = Ny + Ng + Nice

The MMG model computes maneuvering forces and hydrodynamic responses based
on the current motion state of the ship, which are then used to determine the acceleration
and dynamic behaviour of the ship. To ensure high accuracy and numerical stability, the
fourth-order Runge—-Kutta method (RK4) is employed to solve the integral Equation (18).

Since the ice forces are calculated in the earth-fixed coordinate system, they must
be transformed into the body-fixed coordinate system. The transformation is given by
Equation (19):

Xice = Ficex cOs ¢ + Fice,y sin
Yice = —Fice,x siny + Fice,y cosp (19)
Nice = Mice,z

where ¢ is the angle of direction of the ship. The transformed forces X, Yj. and the
moment Nj.,, together with the propeller thrust and the rudder forces, are input into the
3-DOF MMG equations to update the velocity of the ship and the angular velocity.

3. Results and Discussion
3.1. MMG Model Validation in Open Water

Due to the lack of experimental data available on the turning performance of ships
in fractured ice regions for comparative analysis, this study performs independent valida-
tion of the NDEM and MMG models. Previous research [32] has validated the numerical
simulation results of ship—ice collision processes, providing methodological reference and
theoretical support for the present study. In this study, the S175 container ship, a classical
benchmark vessel widely used in maneuvering research and validated through extensive
model tests and CFD simulations, was selected as a representative non-icebreaking mer-
chant ship for hydrodynamic investigations. Figure 6 illustrates the three-dimensional
hull form of the S175 model used in this study, which forms the basis for subsequent
numerical simulations. Numerical simulations of turning circle and Zig-Zag maneuvers
were performed under open-water conditions using the proposed MMG model, and the
results were compared against available experimental data to validate its effectiveness.
The principal dimensions and hull form coefficients of the S175 container ship are listed in
Table 1. Furthermore, the relative coefficients used in the MMG model, which characterize
the hydrodynamic contributions of the hull, propeller, and rudder to surge, sway, and yaw
motions, are summarized in Table 2 [40].
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Figure 6. Three-dimensional geometry of the 5175 container ship model used in this study. The data
were from [49].

Table 1. Principal dimensions and parameters of the S175 container ship and its scaled model.

Category Parameter Full Scale Model Scale
Length between perpendiculars, L (m) 175.0 3.0337
Beam, B (m) 254 0.4403
Draft, D (m) 9.5 0.1647
Displacement, V (m?) 24742 0.127
Hull Coordinate of center of gravity (—2.545,0, 0) (—0.042, 0, —0.01)
Metacentric height - 0.0173
Radius of gyration in roll, kyy 0.33B 0.33B
Radius of gyration in pitch, kyy 0.25L 0.25L
Radius of gyration in yaw, k, 0.269L 0.269L
Wetted surface area (m?) 5396 1.6216
Diameter, Dy (m) 6.5064 0.1128
Propeller Pitch ratio 0.915 0.915
Number of blades 5 5
Area, Ay (m?) 32.46 0.0098
Rudder Height, H (m) 7.7 0.1335
Aspect ratio, A 1.8268 1.8268

Table 2. Hydrodynamic derivatives and interaction coefficients for the 3-DOF MMG maneuvering
model of the 5175 container ship.

Symbol Value Symbol Value Symbol Value
', 0.000238 Y/ —0.0116 N/ —0.00385
mj, 0.007049 Y/ 0.00242 N! —0.00222
L 0.0000034 Y. —0.109 N oo 0.001492
Hull ! 0.000419 Y, 0.0214 N/ —0.0424
X' —0.00386 Y., —0.0405 Ny 0.00156
X!, —0.00311 Y., 0.00177 NI, —0.00229
X/, 0.0002 Zy/D 0.5 Nig 0.0082
C 0.001 ky 1.04
t 0.175 T-wpo 0.816 Xp —0.47
Propeller o 0.5179 i —0.1179 i ~0.3618
tR 0.29 X, —0.48 xh -0.5
ay 0.237 € 0.921 0.088 (v < 0)
Rudder K 0.631 Zu/D 07 ! 0193 (v > 0)
Cry —0.156 Cryr —0.275 CRrroo 1.96

First, the numerical simulation results of the S175 container ship model are compared
with the experimental turning trajectory, as shown in Figure 7. The experimental data
were obtained from tests conducted in the Ocean Engineering Basin of Shanghai Jiao Tong
University (50 m x 30 m x 5 m), using a ship model with a scale ratio of 1:57.689.
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Figure 7. S175 container ship model turning trajectories: (a) port turning (6 = —35°); (b) starboard
turning (6 = 35°).

By comparing the diameter of the turn and the advance, the errors of the port and
starboard turning diameters were found to be 3% and 5%, respectively, while the errors
of the port and starboard advances were both approximately 9%. The comparison results
are summarized in Table 3. These results demonstrate that the MMG model can effectively
simulate the turning motion of the ship.

Table 3. Relative errors of turning diameter and advance for port and starboard turning.

Turning Diameter Relative Error Advance Relative Error
Port turning 3% Port turning 9%
Starboard turning 5% Starboard turning 9%

In addition, a comparative analysis was conducted between the simulated response
to the heading angle of the 5175 container ship during the Zig-Zag maneuver and the
corresponding experimental data, as shown in Figure 8. The first and second overshoot
angles computed in the numerical simulation agree well with the experimental results
reported by [50]. This further validates the accuracy and reliability of the 3-DOF MMG
model proposed in this study.

20 . r - 40 r r
— - — Experiment

wl @ —— Present result ol (b)

— - — Experiment
— Present result |
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t/ (9 t/(s)
60 B B ; 60 ; ; —
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Figure 8. S175 container ship model Zig-Zag maneuver: heading and rudder angle time history
curves in calm water—(a) 10°/10° (starboard rudder); (b) —10°/—10° (port rudder); (c) 20°/0°
(starboard rudder); (d) —20°/—20° (port rudder).
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3.2. Turning Maneuver of the Ship in Broken Ice Fields
3.2.1. Effect of Ice Concentration

Ice concentration is a key parameter for quantifying the extent of ice coverage, typically
used to describe the proportion of a given water area that is covered by ice floes. In this
study, following the WMO sea ice classification standards and recommended navigability
guidelines for non-icebreaking ships, three typical ice fields with concentrations of 20%,
40%, and 60% were selected for simulation. Each ice field consists of rectangular ice floes
with dimensions of 0.25 m x 0.20 m x 0.02 m, covering a total area of 20 m x 20 m. The
three ice fields with different concentrations are illustrated in Figure 9.

A concentration of 20% represents a sparse ice region where non-icebreaking ships can
navigate relatively freely, while concentrations of 40% to 60% represent typical medium-
concentration broken ice fields, which are commonly encountered by such ships during
navigation. When the ice concentration exceeds 70%, non-icebreaker ships generally cannot
navigate independently; therefore, this condition was not considered in the present study.
The simulation parameters are summarized in Table 4.

o ] AR e st 12 (C)
Figure 9. Floating ice fields with different ice concentrations: (a) 20%; (b) 40%; (c) 60%.

Table 4. Physical and numerical parameters used in the simulations.

Parameter Value
Water density (kg/m?) 1025
Ice density (kg/m?) 917
Ship—ice friction coefficient 0.28
Ship—ice restitution coefficient 0.50
Ice—ice friction coefficient 0.44
Ice—ice restitution coefficient 0.25
Time step (s) 0.002
Form drag coefficient, C4 1.0
Angular drag coefficient, C, 0.05

Figure 10 presents the turning trajectories of the 5175 container ship in floating ice
fields with different ice concentrations (20%, 40%, and 60%). The corresponding numerical
simulation results are summarized in Table 5. It can be clearly observed that as the ice
concentration increases, the overall turning trajectory of the ship is more contracted and the
turning diameter is significantly reduced. This indicates that floating ice has a considerable
impact on the turning ability of the ship. However, this does not imply an improvement
in maneuvering performance, as the time required for the ship to complete the same
turning angle increases in high-concentration ice regions. In open water, the ship moves
freely along its inertial path under the dominance of hydrodynamic forces, resulting in the
largest turning radius. As the concentration of ice increases to 20% and 40%, the presence
of floating ice introduces disturbances to the motion of the ship. In particular, an outer
“barrier” effect emerges along the outer turning path, constraining the lateral motion of
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the ship and thus limiting the outward side slip, causing the turning trajectory to contract
inward. In medium density (40%) and higher ice fields, frequent contact between the outer
hull and stern of the ship with floating ice produces a passive constraint effect, leading
to further contraction of the trajectory boundaries. These results demonstrate that ship
maneuverability is substantially inhibited in high concentration floating ice regions, a trend
that is consistent with findings from previous studies on ship maneuver performance in
ice-covered waters [33,36].

—— Without ice ice concentration = 20% |
— -~ iceconcentration=40% - --- ice concentration = 60%

|
=
)
w
o

Figure 10. Turning trajectories of the S175 container ship under different ice concentrations: 20%;
40%; and 60%.

Table 5. Simulated turning performance of the S175 container ship under different ice concentrations.

Ice Concentration  Tactical Diameter Time to 180° Turning Diameter Steady Speed Angular Velocity
(%) Dt (m) Turning (s) D (m) (m/s) (rad/s)
0 4.51L 35.27 4.11L 0.549 0.090
20 4.31L 35.98 3.81L 0.524 0.089
40 3.99L 37.12 3.78L 0.457 0.085
60 3.40L 38.16 3.21L 0.258 0.080

L is the ship length between perpendiculars.

According to the classical geometric relationship of turning motion, the turning diam-
eter of a ship is determined by its forward velocity V and angular velocity r as expressed in
Equation (20):

2V

D==" (20)

Based on this, if the motion states of the ship in open water and in regions covered by
ice are indicated as (Vp, r9) and (V3, 1), respectively, the turning radius will increase when
the following condition is met:

i W
1530 1)
" "o

In addition to incorporating the effects of ice forces, changes in forward velocity and

angular velocity under ice disturbance can be expressed as

AV = (Fr‘;e +a, — av()) At
(22)

T
Ar = ( IICE —a, + llr0> At
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where AV and Ar represent the reductions in velocity and angular velocity caused by the
combined effects of ice forces and hydrodynamic forces, while F and Tj., denote the
resistance to ice in direction and the ice-induced moment, respectively.

The simulation results indicate that as the ice concentration increases, the stable turning
speed of the ship decreases from 0.549 m/s to 0.258 m/s—an over 50% reduction—whereas
the angular velocity decreases from 0.090 rad/s to 0.080 rad /s, with a relatively smaller
reduction. This suggests that in floating ice environments, the reduction in forward velocity
is much greater than the reduction in angular velocity, meaning that the ship can maintain
a certain turning tendency despite. According to Equation (20), when the reduction in
angular velocity is less than the forward velocity, the turning radius will decrease, which
is consistent with the results of the numerical simulation. According to the ice-induced
disturbance criterion proposed by Yang et al. [36], the turning radius will increase when
the inhibitory effect of ice moments on angular velocity exceeds the decelerating effect
of ice resistance on forward velocity; otherwise, the turning radius will decrease. In this
study, under 40% ice concentration, the reduction in angular velocity is less than that of
forward velocity, consistent with the observed trajectory contraction. This indicates that in
medium-concentration ice conditions, ice resistance dominates the turning characteristics
of the ship, and maneuvering strategies should focus on enhancing propulsion efficiency
and controlling side-slip motion.

The ship turning trajectory and the local ice interaction process in a field of 40%
ice concentration are illustrated in Figure 11. As shown in Figure 11, the ship forms
a continuous curved path through the floating ice field during the turning maneuver,
indicating significant hull-ice interaction and accumulation along the outer turning edge.
Figure 11 presents a magnified view of the local region of contact between the ship and
the ice, where multiple discrete ice floes collide with the hull. These collisions generate
concentrated resistance and ice moments, particularly around the bow and port-side area,
and are responsible for the constrained lateral motion and reduced turning diameter
observed in the simulations.
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Figure 11. Simulated turning trajectory of the ship in a broken ice field with 40% ice concentration.
The left panel shows the global maneuvering path; the right panel presents a magnified view of the
local ship—ice interaction region. The yellow arrows indicate the ship’s motion direction, and the red
color represents the ship’s hull.

To further elucidate the physical mechanisms underlying the contraction of the turning
trajectory of the ship, the time histories of the dimensionless ice resistance and ice moment
experienced by the ship during the turning maneuver in a field of ice concentration 40%
are presented in Figure 12. As shown in Figure 12a, the ship experiences significant
fluctuations in ice resistance during the initial phase of the turning maneuver, mainly due
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to large-scale unstable contacts between the bow and the outer hull with floating ice. As
the ship gradually transitions into a steady motion state, these fluctuations in ice resistance
diminish. This trend indicates that the resistance to ice is predominantly concentrated
during the initial phase of the maneuvering process and is a key factor that contributes to
the reduction in the turn speed and the contraction of the turning trajectory. Figure 12b
depicts the corresponding time history of the dimensionless ice moment. Throughout the
maneuver, the ship is predominantly subjected to a negative ice moment, corresponding to
a clockwise acting direction. In the initial phase, this negative moment exhibits pronounced
fluctuations, indicating that the ship encounters strong interfering thrusts from ice floes
on the outer side, which inhibit the growth of angular velocity and directly affect the
turning capability of the ship. As the ship completes its adjustment to the direction and
gradually overcomes the ice-induced disturbances, the fluctuations in the ice moment
decrease significantly and stabilize. These results suggest that the constraining effect
of floating ice on the angular velocity of the ship tends to become sustained and stable
in the later stages of the turning maneuver, highlighting the directional and persistent
characteristics of the passive attitude disturbances induced by the ice field.
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Figure 12. Time histories of the dimensionless ice resistance (a) and ice moment (b) during the turning
maneuver of the ship in a 40% ice concentration field.

In summary, floating ice environments exert significant mechanical interference on
the turning motion of non-icebreaking ships, which manifests itself in several key aspects.
Firstly, outer ice floes create a boundary-limiting effect, leading to a contraction of the ship’s
turning trajectory. Secondly, substantial ice resistance and negative ice moments during the
initial phase of the ship’s motion reduce both the forward speed and angular velocity, thus
delaying the transition to a stable turning state. Third, in high-concentration ice fields, the
increased frequency of ship-s-ice contacts amplifies the disturbance effects, substantially
increasing the complexity of the maneuvering process. Therefore, in the planning of navi-
gation paths and the design of maneuvering strategies for non-icebreaking ships operating
in ice-covered regions, it is essential to fully account for the combined influences of ice
concentration and ice floe distribution to ensure navigational safety and controllability.

3.2.2. Effect of Ice Size

Existing studies on the prediction of ice resistance have consistently shown that the size
of the ice floe has a significant impact on both the magnitude and fluctuation of ice resistance.
This influence is particularly critical when considering the maneuvering performance of
non-icebreaking ships, as excessively large ice floes can severely affect the ship’s speed
and attitude changes. To verify the rigid-body assumption for the selected floe sizes, we
adopt the flexural characteristic length from thin-plate theory on an elastic foundation as
a conservative upper bound [51-53]. Sea ice can also fail by crushing, splitting, or mixed
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modes depending on confinement and contact conditions; here, the flexural limit is used
solely to bound the floe size so that the pre-broken floes in this study are expected to
behave as rigid bodies during contact. Cases in which intra-floe deformation or crushing
dominates are beyond the scope of the present model. The maximum characteristic size is
therefore estimated as:

(23)

where D is the stiffness of the ice plate, is the elastic modulus of the water foundation, i
is the Young modulus, v is the thickness of the ice, p,, is the Poisson ratio, g is the density
of the water, E is the gravitational acceleration. The ice thickness is set to 0.02 m in the
model scale, which corresponds to a full-scale thickness of 1.15 m. E and v are taken as
5 GPa and 0.3, respectively. According to Equation (23), the maximum characteristic size [
is calculated to be 16.22 m, corresponding to a model scale size of 0.28 m. Consequently,
three representative ice floe sizes are selected in this study: 0.15 x 0.10 m, 0.20 x 0.15m,
and 0.25 x 0.20 m. The ice concentration is fixed at 40%. The three ice fields with different
floe sizes are shown in Figure 13.

(a) ®) ' ©

Figure 13. Ice fields with different floe sizes under a fixed ice concentration (40%). The selected floe
sizes are (a) 0.15 x 0.10 m; (b) 0.20 x 0.15 m; and (c) 0.25 x 0.20 m.

The results shown in Figure 14 and Table 6 indicate that, under the condition of
constant ice concentration, the size of the ice floe has a significant impact on the turning
trajectory of the ship and the maneuvering performance. As the size of the ice floe increases,
the wing of the ship noticeably contracts inwards, and the diameter of the wing gradually
decreases. Small ice floes impose relatively weaker constraints on the motion of the ship,
allowing the ship to maintain a higher speed, which results in a larger turning diameter. In
contrast, large ice floes exert stronger decelerating and lateral constraint effects on the ship,
leading to a noticeably shortened turning path.

This phenomenon can also be explained by the differences in force chain structures
formed within the ice field. As illustrated in Figure 15, during ship-ice interactions, large ice
floes tend to form stable and longer force chains. These stable force chains are predominantly
distributed around the bow and outer regions of the ship, continuously imposing substantial
resistance and lateral constraint on the hull. In contrast, although small ice floes interact with
the ship at a higher contact frequency and form a greater number of force chains, the chains
formed by these smaller ice floes are limited in length, stability, and duration and therefore
cannot exert a sustained blocking effect. Instead, they mainly produce random and frequent
disturbance effects. As a result, in ice fields with small floes, the ship experiences weaker
lateral constraints and maintains a higher speed, leading to a larger turning radius. In contrast,
in fields with large floes, the lateral constraints and decelerating effects are significantly
enhanced, resulting in a markedly reduced turning radius.
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From the perspective of the evolution of the velocity of the ship and the angular
velocity, the influence of the size of the ice floe on the maneuver performance also exhibits
significant differences. The force chains formed in the bow region primarily contribute
to longitudinal deceleration, while those formed along the side of the ship directly affect
variations in angular velocity. In small ice floe regions, frequent side contacts generate
short and unstable force chains that tend to induce high-frequency disturbances in angular
velocity, thereby reducing the stability of the turning motion and resulting in a larger
overall turning radius. In contrast, in large ice floe regions, stable and persistent force
chains not only enhance the longitudinal deceleration effect, but also effectively suppress
fluctuations in angular velocity, leading to a noticeably contracted turning trajectory. In
general, large ice floes dominate the characteristics of the turning motion by increasing
resistance and lateral constraints, while in small ice floe regions, the ship exhibits greater
dynamic freedom and a larger turning radius.
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Figure 14. Comparison of ship turning trajectories under different ice floe sizes at a fixed ice concen-

tration of 40%. The solid black line indicates the trajectory in open water (without ice), while Cases
1-3 correspond to floe sizes of (a) 0.15 x 0.10 m; (b) 0.20 x 0.15 m; and (c) 0.25 x 0.20 m, respectively.

Table 6. Maneuvering performance under different ice floe sizes at fixed 40% concentration.

Case Ice Floe Size (m) Dt (m) 180° Time (s) D (m)
Without ice - 4.51L 35.27 4.11L
1 0.15 % 0.10 4.24L 36.16 3.91L
2 0.20 x 0.15 4.19L 36.47 3.84L
3 0.25 x 0.20 3.99L 37.12 3.78L

L is the ship length between perpendiculars.
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Figure 15. Force—chain structures in the ship—ice contact region for three representative floe sizes:
(a) 0.15 x 0.10 m; (b) 0.20 x 0.15 m; and (c) 0.25 x 0.20 m. Larger floes form longer, more stable force
chains concentrated near the bow, whereas smaller floes generate more dispersed, short-duration
contacts. The yellow arrows indicate the ship’s motion direction, and the red color represents the
ship’s hull. The floating ice is color—coded by velocity, with blue representing higher—speed floes and
yellow representing lower—speed floes.
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Finally, Figure 16 presents the average ice resistance and ice moment experienced by
the ship during turning maneuvers in ice fields with different floe sizes. The data further
confirm the above analytical conclusions. Compared to the ice moment, ice resistance
is more sensitive to changes in the size of the ice floe, with larger floes resulting in a
pronounced increase in ice resistance.

0.30 — T T T T 5.0 T T T T

Casel 45 Cael |
—-- Case2 —-- Case2
---- Cae3 40 ----Cae3 A

o

N

a
T

351 i

o
N
o
T
L

30 B
25 B
20+ B
15 B

o

e

15}
T

10 B
05 B

Mean ice resistance(non-dimensional)
T
1
Mean ice moment(non-dimensional)

............ ool M. ]

B T LIPORNp PN e e e e s e e ot s = e

0.5

o o
8 o
a
T
O e =--s--ssssssssosoee
Il L
\
'

t(s) (s)
@ (b)

Figure 16. Time histories of the non-dimensional mean ice resistance (a) and mean ice moment
(b) acting on the ship during turning maneuvers in ice fields with different floe sizes, under a constant
ice concentration of 40%. Cases 1, 2, and 3 correspond to floe sizes of 0.15 x 0.10 m, 0.20 x 0.15 m,
and 0.25 x 0.20 m, respectively.

From an operational standpoint, the simulation results provide useful guidance for
navigating in broken ice regions. When sailing in high ice concentrations (e.g., >40%), the
increased turning resistance and reduced turning radius suggest that vessels should reduce
speed in advance and adopt wider initial turning angles to compensate for the restricted
maneuverability. For example, in 60% concentration scenarios, the turning time increases
noticeably, requiring earlier rudder input to avoid oversteering. Similarly, in environments
with large floes, the stronger contact forces and sudden velocity drops indicate a need
to limit abrupt heading changes. Maintaining a moderate and steady speed helps avoid
excessive impact loads and enables better directional control. These findings suggest that
ship operators navigating in marginal ice zones should dynamically adjust maneuvering
strategies according to real-time ice concentration and floe size assessments, which can be
integrated into intelligent decision-support systems.

3.3. Zig-Zag Maneuvering of the Ship in Broken Ice Fields

The preceding analysis of turning maneuvers indicates that floating ice not only gen-
erates forward resistance, thus reducing the ship’s speed, but also significantly diminishes
the ship’s responsiveness to rudder angle changes and constrains its lateral motion free-
dom. Consequently, performing emergency evasive maneuvers in ice-covered waters is
considerably more challenging for non-icebreaking ships than in open water. In this section,
typical Zig-Zag maneuver simulations are conducted in floating ice regions to systemat-
ically analyze the combined effects of ice concentration and rudder angle amplitude on
rudder effectiveness.

3.3.1. Effect of Ice Concentration Zig-Zag Maneuvering

In this section, numerical simulations of Zig-Zag maneuvers are carried out under dif-
ferent ice concentration conditions (0%, 20%, 40%, and 60%) to systematically evaluate the
effects of ice concentration on response speed of maneuvering of the ship, response delay,
and attitude stability. The results aim to provide theoretical insights into the mechanisms of
degradation of the effectiveness of the rudder under complex ice conditions. To ensure fair
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comparisons and repeatability of the results, the size of the ice floe size (0.25 m x 0.20 m),
propeller rotational speed (10.05 rps), and rudder turning rate (12.0°/s) are kept constant
throughout the simulations. All tests are performed according to the standard 20°/20° Zig-
Zag maneuver command, with the initial speed of the ship corresponding to a Froude
number of Fn = 0.15.

Figure 17 shows the response curves of the heading angle of the ship performing
20°/20° Zig-Zag maneuvers under different conditions of ice concentration. The results
clearly show that the concentration of ice has a significant impact on the maneuvering
performance of the ship. Under ice-free conditions, the ship exhibits a rapid response to the
heading angle with a pronounced overshoot angle and sharp rudder reversal behaviour,
reflecting the high efficiency of the rudder and strong maneuvering sensitivity. As the ice
concentration increases to 20%, 40%, and 60%, the response curves exhibit an increasing
lag, and the maximum yaw angle progressively decreases. In particular, at 60% ice concen-
tration, the response delay becomes substantial and the response amplitude is significantly
attenuated. This phenomenon indicates that the ice environment weakens the effectiveness
of the rudder, delays the build-up of angular velocity, and leads to a marked reduction in
maneuvering sensitivity. In addition, the “damping” trend observed in the response curves
suggests that the control of the attitude of the ship becomes more delayed and uncertain in
high-concentration floating ice conditions.

To further quantify changes in maneuver performance, Table 7 summarizes key ma-
neuver indicators under different conditions of ice concentration. The results show that the
first overshoot angle ¥ slightly decreases with increasing ice concentration, from 31.41°
to 30.04°, indicating a reduction in rudder effectiveness. The maximum yaw rate (dy/dt)
exhibits a more pronounced decreasing trend, declining from 4.986° /s to 4.584° /s, which
suggests a gradual weakening of the yaw capability of the ship. Variations in response
time ty and lag time T}, are relatively small; however, overall fluctuation trends indicate
that increasing the concentration of ice introduces certain disturbances to the maneuvering
rhythm of the ship.
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Figure 17. Heading angle response curves of the ship during 20°/20° Zig-Zag maneuvers under
different ice concentration conditions. The figure illustrates how increasing ice concentration dampens
the yaw response, resulting in reduced overshoot and increased time delay.

In addition, Figure 18 illustrates the planar motion trajectories of the ship during the
Zig-Zag maneuvers under different ice concentration conditions. In ice-free water, the
trajectory exhibits a well-defined symmetrical “Zig-Zag” pattern, characterized by large
turning amplitudes and clear turning paths. As the concentration of ice increases to 20%,



J. Mar. Sci. Eng. 2025, 13,1578

24 of 30

40%, and 60%, the trajectories gradually narrow, the turning angles decrease, and the Zig-
Zag path tends to straighten, indicating that the resistance to ice significantly weakens the
responsiveness to turning of the ship. In high concentration ice fields, the trajectory exhibits
pronounced “compression” and “drift lag” phenomena, with some paths even showing
asymmetric yaw behaviour, reflecting the increasing influence of ice particle disturbances
and non-uniform lateral loads on the ship.

Table 7. Key maneuvering indicators under different ice concentration conditions.

Ice Concentration (%)  Overshoot Angle 11 (°) Response Time ty, (s) Lag Time T, (s) Max Ya“ZOI/{;)'te dy/dt
0 31.412 6.140 4.520 4.986
20 30.985 6.200 4.540 4.871
40 30.194 6.020 4.340 4.756
60 30.044 6.140 4.450 4.584
25 T T T T T T T T
—Without ice

ice concentration = 20%
— - —ice concentration = 40%
20 |- - -~ ice concentration = 60%

X/L

o1
T

Y/L

Figure 18. Planar motion trajectories of the ship during 20°/20° Zig-Zag maneuvers under different
ice concentration conditions. The results show that higher ice concentrations lead to reduced lateral
motion and tighter trajectory envelopes.

In summary, increasing ice concentration exerts a systematic impact on the ship’s
Zig-Zag maneuver performance, manifested by a slower rudder response, a reduced
turning amplitude, and a diminished attitude control capability. Although the ship can still
complete Zig-Zag maneuvers under low-to-moderate ice concentrations (20-40%), a clear
trend of rudder effectiveness degradation is already evident. Under 60% ice concentration,
maneuvering performance deteriorates significantly, which requires special attention to
adapting rudder control timing and attitude stability control strategies.

3.3.2. Effect of Rudder Angle on Zig-Zag Maneuvering

The angle of the rudder is a key control parameter in ship maneuvering. To evaluate
the influence of rudder angle on the ship’s Zig-Zag maneuvering response in ice-covered
waters, this section conducts numerical simulations under a fixed 40% ice concentration
condition with three typical rudder angle settings: 10°/10°, 15°/15°, and 20°/20°. In all
test cases, the size of the ice floe is maintained at (0.25 m x 0.20 m), the initial ship speed
corresponds to a Froude number of Fn = 0.15, and the turning rate of the rudder is set at
12.0° /s, ensuring the consistency and reliability of the comparative results.

Figure 19 presents the response curves of the head angle of the ship in the three rudder
angle settings, with the corresponding maneuver performance indicators summarized in
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Table 8. The numerical simulation results show that increasing the angle of the rudder
significantly improves the yawing capacity of the ship, as evidenced by the larger amplitude
of the response curves and the improved sensitivity of the system. In addition, as the
angle of the rudder increases, both the response time and the lag time show noticeable
changes. Although a larger rudder angle slightly extends the time required to reach
the target heading deviation, the lag time is clearly reduced, indicating that enhanced
rudder effectiveness facilitates faster initiation of yaw motion and a more responsive
system. Furthermore, the yaw rate response curves shown in Figure 20 provide additional
information on the dynamic characteristics of the maneuver response. Under conditions of
a high angle of rudder, the yaw rate of the ship increases significantly, resulting in a more
pronounced response following the rudder commands, with higher turning acceleration
and faster attitude adjustment rates. However, this also makes the ship more susceptible to
disturbances induced by ice moments, leading to higher-frequency attitude oscillations.
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Figure 19. Heading angle response curves of the ship during Zig-Zag maneuvers under three different
rudder angle settings: 10°/10°, 20°/20°, and 30° /30°. Larger rudder angles result in faster heading
response and increased overshoot.

Table 8. Comparison of Zig-Zag maneuvering indicators under different rudder angle settings.

Rudder Angle (°) Overshoot Angle ¢1 (°) Response Time ¢y (s)  Lag Time T (s)
10/10 15.664 4.980 5.630
15/15 23.115 8.140 5.030
20/20 29.961 8.940 4.540
0.15 T T T
10°/10°
—- = 15°/15°
— 20°/20°
0.10 1
% 0.05
e
$
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Figure 20. Yaw rate response curves of the ship under three rudder angle settings: 10°/10°, 15°/15°,
and 20°/20°. Higher rudder angles result in a sharper and earlier peak yaw rate, indicating improved
turning effectiveness and quicker maneuver initiation.
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In general, larger rudder angles provide stronger rudder-induced excitation and
significantly improve maneuvering sensitivity, but they may also introduce more intense
dynamic responses and increased path uncertainty. In complex floating ice environments,
maneuvering strategies should carefully balance “response speed” and “dynamic stability”
to select an appropriate rudder angle amplitude, thereby ensuring safe and controllable
course adjustments.

4. Conclusions

This study systematically investigated the maneuvering performance of non-icebreaking
ships in floating ice regions. A numerical simulation framework was established by
coupling the MMG ship maneuvering model with NDEM, enabling the simulation of ship
maneuvering behaviour in floating ice environments. The effects of ice concentration, ice
floe size, and rudder angle on the maneuvering performance of non-icebreaking ships were
thoroughly analyzed. The main conclusions are as follows.

(1)  An efficient and robust coupled MMG-NDEM model was developed that is capable
of effectively simulating complex dynamic interactions between the ship and floating
ice. The model incorporates efficient collision detection techniques and integrates
NDEM to compute ice resistance and ice-induced moments in real time, accurately
capturing the physical processes of collision and friction between the ship and the ice.

(2)  Numerical simulations confirmed the significant influence of ice concentration on
ship maneuvering performance. As the ice concentration increases from 0% to 60%,
the turning diameter of the ship decreases from 4.11L to 3.21L, and the steady turning
speed drops by approximately 53%. Meanwhile, the time required to complete a 180°
turning maneuver increases from 35.27 s to 38.16 s. These results demonstrate that
higher ice concentration markedly impairs maneuvering sensitivity, leading to a sub-
stantial contraction of the turning path and increased resistance to heading changes.

(8)  The study revealed that ice floe size significantly impacts ship maneuvering perfor-
mance. As the floe size increases from 0.15 mx 0.10 m to 0.25 mx 0.20 m, the ship’s
turning diameter decreases from 3.91L to 3.78L, and the time required for a 180° turn
increases from 36.16 s to 37.12 s. Larger ice floes tend to form more stable and
extended force chain structures, which impose greater longitudinal resistance and
lateral constraints on the hull, resulting in reduced turning radius and maneuvering
speed. In contrast, smaller floes generate more frequent but short-lived disturbances,
offering weaker constraints and thus leading to a comparatively larger turning path.

(4) Zig-Zag maneuver simulations in floating ice regions were conducted to assess
the influence of rudder angle variations on ship maneuverability. As the rudder
angle increased from 10°/10° to 20° /20°, the first overshoot angle rose significantly
from 15.664° to 29.961°, indicating enhanced yaw responsiveness and maneuvering
sensitivity. Concurrently, the response time increased from 4.980 s to 8.940 s, and
the system exhibited more pronounced dynamic fluctuations. Notably, the lag
time T}, decreased from 5.630 s to 4.540 s, suggesting a faster onset of directional
response but also highlighting increased instability associated with higher rudder
amplitudes. These results underscore the necessity of optimizing rudder angle
selection in complex ice conditions to achieve a trade-off between maneuvering
effectiveness and directional stability.

This study provides valuable guidance for the navigation of non-icebreaking ships in
floating ice regions. It is recommended that route planning prioritizes avoiding high ice
concentration areas (>60%) to mitigate maneuvering risks, while favoring transit through
low-to-moderate ice concentrations. Additionally, rudder angles should be dynamically
adjusted according to ice conditions: larger angles can enhance maneuverability in low-
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to-moderate ice fields, whereas smaller angles can improve heading stability in high-
density ice. In complex ice environments, maintaining heading stability should take
precedence over frequent course adjustments, and a smooth, gradual maneuvering strategy
is recommended to ensure safe and controllable navigation.

Although an efficient and robust coupled MMG-NDEM model was developed and
used to systematically analyze the effects of floating ice on ship maneuvering performance,
several limitations remain. The current model is based on two-dimensional, three-degree-
of-freedom dynamics and does not account for six-degree-of-freedom motion coupling.
The ice field was modelled using idealized rectangular floes, which do not fully represent
the multiscale characteristics of natural ice fields. Some ice-ship contact parameters were
empirically selected and require further optimisation. In addition, complex hydrodynamic
effects and highly coupled propeller—ice interactions were not considered.

Future research will aim to extend the present model to full six-degree-of-freedom
(6-DOF) simulations, thereby incorporating pitch, roll, and heave motions in addition to
surge, sway, and yaw. Moreover, multiscale three-dimensional ice fields with realistic floe
geometries and thickness distributions will be implemented, along with fully coupled
hydrodynamic interactions among the propeller, rudder, and ice. To enhance engineering
applicability, future developments will also include full-scale validation using sea trial data
and systematic uncertainty quantification. Overall, this study provides a solid foundation
for advancing the analysis of the maneuvering performance of non-icebreaking ships in
floating-ice environments and offers concrete directions for achieving higher-fidelity and
engineering-ready simulations.
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Abbreviations

The following abbreviations are used in this manuscript:

MMG  Maneuvering Modeling Group
NSR Northern Sea Route

DEM Discrete Element Method

FEM Finite Element Method

SPH Smoothed Particle Hydrodynamics
BEM Boundary Element Method

MPM Material Point Method

NDEM  Non-Smooth Discrete Element Method
CFD Computational Fluid Dynamics
MIZ Marginal Ice Zone

DOF Degree of Freedom

PMM Planar Motion Mechanism
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CMT Circular Motion Tests

GJK Gilbert-Johnson-Keerthi (algorithm)
SAP Sweep and Prune (algorithm)

AABB  Axis-Aligned Bounding Box

RK4 Fourth-Order Runge-Kutta Method
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