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a b s t r a c t

This paper presents 2D numerical modeling to calculate shipeice interactions that occur when an
icebreaker advances into ice-covered water. The numerical model calculates repeated icebreaking of an
ice plate and removal of small ice floes. The icebreaking of the ice plate is calculated using a shipeice
contact detection technique and fluidestructural interaction of ice plate bending behavior. The ship
eice interactions in small ice floes are calculated using a physically based modeling with 3DOF rigid
body equations. The ice plate is broken in crushing, bending, and splitting mode. The ice floes drift by
wind or current and by the force induced by the shipeice interaction. The time history of ice force and ice
floe distribution when an icebreaker advances into the ice-covered water are obtained numerically.
Numerical results demonstrate that the time history of ice force and distribution of ice floes (ice channel
width) depend on the ice floe size, ship motion and ice drifting by wind or current. It is shown that the
numerical model of ship maneuvering in realistic ice conditions is necessary to obtain precise infor-
mation about the ship in ice-covered water. The proposed numerical model can be useful to provide data
of a ship operating in ice-covered water.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ice management is crucially important for the safe and efficient
operations of vessels and offshore structures operating in ice-
covered waters. An icebreaker works upstream of a vessel to
create a continuous channel and to reduce the floe size to
manageable levels. Ice management requires sufficiently large
channel width and small floe size to reduce ice loads acting on the
escorted vessel and offshore structure. For successful ice manage-
ment operations, estimation of the ice channels opened by an
icebreaker is needed along with planning of the management
vessels and fleet deployment configuration.

Hamilton et al. (2011) developed a numerical simulator and
quantified ice management performance using real ice condition
data. They studied the effects of ice management strategies
numerically with examination of parameters such as the ice-
breaker's icebreaking pattern, speed on the ice, channel width, and
ice floe size in the managed ice channel. Farid et al. (2014) inves-
tigated the sea ice breaking patterns of several short-term ice
management activities during a research cruise, later proposing a
preliminary analysis. They demonstrated that the maximum floe

size resulting from the numerical simulations was roughly equiv-
alent to that of an actual ship trial. Lu et al. (2015, 2016) investigated
ice floe fracture phenomena during the icebreaker's ice manage-
ment. They proposed analytical and theoretical models of in-plane
and out-plane ice failure for implementation into a numerical
simulator of shipeice interaction (e.g., Lubbad and Løset, 2011). The
numerical simulation, as explained above, can determine an effi-
cient ice management strategy.

Sawamura (2012) and Sawamura et al. (2015) proposed a nu-
merical model to calculate shipeice interactions that occur when a
ship advances into broken ice floes (i.e. pre-sawn ice). The ice
submerging force of the numerical results showed fairly good
agreement with those of experimental data. Sawamura et al. (2017)
developed a 2D numerical model to predict a repeated ice breaking
pattern and ice force at work when an icebreaker advances through
plate ice. The calculated ice channel width and icebreaking resis-
tance were compared with the measured resistance in the model
test. Numerical results showed good agreement with model test
data. This paper proposed a 2D numerical model to calculate
shipeice interactions when an icebreaker advances into ice-
covered water with pack ice based on the numerical model pro-
posed by Sawamura (2012) and Sawamura et al. (2015, 2017). The
numerical model predicts the repeated ice breaking of an ice plate
and shipeice interactions in small ice floes. An ice floe is broken by
crushing, bending, and splitting mode. The ice floe motions are
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described by a 3DOF rigid body equation. The ice foes drift by wind
or current as well as force induced by the shipeice interaction.
Example results of distributions of the ice floes and the time history
of ice force in different ice conditions are presented. The effect of
drifting ice and ice floe size on the ice distribution are investigated
along with the time history of the ice force when an icebreaker
advances in ice-covered water.

2. Numerical modeling

2.1. Interaction between ship and plate ice

A numerical simulation of a ship advancing into level ice was
developed by Sawamura et al. (2009). For a large ice floe, a ship
contacts with the ice edge repetitively and breaks the plate ice by
different ice failure modes; crushing, bending, and splitting. The

repetitive shipeice contacts are represented by circle contact
detection technique (e.g. Dimgliana and O'Sullivan, 2000). Fig. 1
presents circle contact detection applied to shipeice contacts. A
plate ice and ship waterline is represented by small contact circles.
When the ship waterline contacts with the ice edge, the distance of
both contact circles between the ship and ice becomes zero. When
the ice is broken, contact circles within the broken ice area are
removed from the plate ice. Shipeice contact detections and
removal of contact circles within the broken cusp are repeated
during the ship's advances in the ice plate. The circle contact
detection enables us to detect the exact contact points between the
two complicated objects in less computational time. The accuracy
of shipeice contact and icebreaking depends on the contact circle
radius.

The ice edge at the shipeice contact is broken by crushing as a
ship advances. The ice force increases proportionally with the in-
creases of the ice edge crushing area. When the ice pressure on the
crushing area is assumed to be constant, the ice force induced by
the shipeice contact is given as

Fn ¼ Acsc; (1)

where Ac represents the crushing area induced by shipeice contact,
and sc is the compressive strength of ice. Fn acts in the direction
normal to the ice crushing surface. Crushing area Ac increases with
the icebreaker's advancing distance into the ice edge. Because the
ice plate deflection is assume to be negligible and because the
geometrical relation between ship and ice is considered (Fig. 2),
contact area Ac is given as:

where v denotes the ship velocity, t stands for the ship advancing
time into the ice edge, hi signifies the ice thickness, and qc and qs
respectively represents the ship's entrance angle and the ship hull's
inclined angle. Also, qwf and qwb respectively denotes the forward
and backward edge angles at the contact point.

Kinematic friction takes into account in a direction horizontal to
the surface of the ice crushing area. Coulomb type friction is rep-
resented as

Ff ¼ mFn; (3)

where m denotes the friction coefficient between the ship and ice.
The direction of frictional force is opposite to the relative velocity

Fig. 1. Circle contact detection applied to shipeice interactions. Fig. 2. Shipeice relation of shipeice contact, ice crushing, and ice contact force.
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between the ship and ice. The total ice force attributable to shipeice
interaction is related to the ice breaking of the plate ice, as calcu-
lated using the sum of collision force Fn and friction force Ff.

2.2. Plate ice breaking

Bending failure of plate ice occurs when the bending stress in
the plate ice sb increases as the ship advances and exceeds the
flexural strength of the ice, sf. The bending stress in the plate ice sb
is calculated using a fluidestructure interaction (FSI) in which the
dynamic effect of fluid underneath the plate ice is calculated as well
as a plate ice bending (Sawamura et al., 2008). After bending failure,
a circular ice cusp is broken off from the plate ice. The broken cusp
radius is calculated using the distance from the contact point and
maximum stress point at which the plate ice is broken. The ice-
breaking time is calculated using the time from the shipeice con-
tact to the ice bending failure. The bending stress in the plate ice sb
in various shipeice contact conditions is calculated using FSI. A
database of the icebreaking force, area, and time was made. In
numerical simulations for different shipeice contact conditions, the
icebreaking force, area, and time at each contact point are calcu-
lated using this database.

An alternative ice failure mode is splitting. Splitting failure oc-
curs by normal tensile stress in the plate ice. The splitting force is
obtainable as (Michel, 1978; Cammaert and Muggeridge, 1988)

Fs ¼ nLhst (4)

where st stands for the tensile strength of the ice and n is a shape
factor for the structure, which varies as the wedge angle. L and h
respectively denote the ice floe length and thickness. For the
simulation in this paper, the shape factor n of 0.25 is used. The crack
of the splitting is assumed to propagate normal to the ship
waterline.

2.3. Motions equations and contact force

Physically based modeling (Baraff, 1997) is applied to calculate
the ship ice floe motions. The ship and ice floe are assumed to be
rigid bodies. Circle contact detection is applied for shipeice and
iceeice contacts as described in the section above. The ship and ice
floe motions are described using 3DOF rigid-body equations. The
ice floe position and orientation are solved according to Newton's
second law. Collision response between two objects (shipeice and
iceeice) is calculated using an instantaneous impulse. Impulse
vector J in a normal direction at the contact surface can be
expressed as

J ¼ j,nik; where j

¼ �ð1þ εÞvref
1
mi

þ 1
mk

þ nik

n�
I�1
i ðri � nikÞ � rk

�
þ
�
I�1
k ðrk � nikÞ � ri

�o :

(5)

Therein, j signifies the magnitude of an impulse, nik denotes the
direction of impulse force of object i received from the object k, ε is
a coefficient of restitution, vref stands for the relative velocity be-
tween two objects, mi represents mass of an object i, and Ii is the
inertia of an object i. In addition, ri is the displacement vector
representing the displacement from the center of mass of object i to
the center of the contact circle. The mechanical friction force of the
Coulombmodel described by Eq. (3) is presented in the direction of
horizontal to a surface of shipeice contact. In the numerical
simulation, the time interval of an impulsive response is assumed
to be 0.5 s, which is used to transfer from impulsive force [N,s] to

peak force [N]. A fluid force of surrounding water acting on an ice
floe is represented as

Fw ¼ �CDA
1
2
rjvjv; (6)

where CD signifies the drag coefficient, A denotes a projected area, r
represents the water density, and v stands for the ice floe velocity.
The fluid force is opposite to the ice floe velocity. In the numerical
simulation, the drag coefficient CD is 0.5. For simplicity, other fluid
forces related to the ship motion are neglected.

2.4. Ice removal and ice breaking

During shipeice interaction, the ice floe size is important vari-
able for the icebreaking scenario. When a ship collides with an ice
floe, a small ice floe is simply removed. However, splitting and
bending failure occur in a large ice floe. As described in this paper, it
is simply represented that the direct rotation of a small ice floe
occurs when an ice floe size L is smaller than a characteristic length
of ice l (Lu et al., 2016). A characteristic length of ice is represented
as

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ehi

3
.
12

�
1� n2

��ðrwgÞ
r

; (7)

where E signifies Young's modulus of an ice, hi denotes the plate ice
thickness, n represents Poisson's ratio rw stands for water density,
and g denotes the gravitational acceleration. For ice floes larger
than the characteristic length of ice, splitting occurs when an im-
pulse force between the ship and ice floe calculated using Eq. (5) is
greater than a splitting force obtained by Eq. (4). Bending failure
occurs in all remaining shipeice contacts when a collision force is
less than the splitting force. The plate ice behavior (i.e. Ice breaking
or ice removing) is decided within time interval Dt in the manner
described above. During the iceeice contacts, ice crushing occurs
when the impulse force calculated using Eq. (5) is greater than the
iceeice contact force calculated using Eq. (1).

3. Results and discussion

3.1. Numerical model

Numerical simulations have been conducted to calculate re-
petitive icebreaking and shipeice interaction in small ice floes. The
icebreaker waterline and the pack ice model for simulations are
presented in Fig. 3. A virtual icebreaker
(length� breadth¼ 120� 24m) is modeled. The water entry angle
and bow angle of the model ship are, respectively, 27� and 30�. The
displacement and moment of inertia of the icebreaker are,
respectively, 10,000 t and 5� 109 kgm2. Three sizes of squared ice
floes are arranged within a 550� 300m area of the pack ice model.
In Fig. 3, the ice floe sizes are, respectively, 15� 15m (110 floes),
40� 40m (21 floes), and 110� 200m (2 floes). Free boundary
conditions are given in the numerical domain. The ice floes are
0.5m thick. Young's modulus of the plate ice, E, is 5.4 GPa. The ice
flexural strength, sf, is 1.0MPa. The ice compressive strength, sc, is
2.8MPa. The ice tensile strength, st, is 0.8MPa. Friction coefficients
m between the shipeice and iceeice are 0.2. The coefficients of
restitution ε between the shipeice and iceeice are 0.1. The
respective density of ice and water are 900 kg/m3 and 1000 kg/m3.
The radius contact circle that is used to detect the collision points
between the ship and ice is 1.0m. The simulation time step Dt is
0.005 s.
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3.2. Effect of ship motion and ice floe drifting

Fig. 4 presents distributions of ice floes (ice channels) when an
icebreaker advances in the ice-covered water. In Fig. 4(a), the
icebreaker advances with constant ship speed: vs¼ 1.0m/s. In
Fig. 4(b), the icebreaker advances with constant thrust:
Ft¼ 2.0� 105 N. In Fig. 4(c), the icebreaker advances with constant
thrust, whereas ice floes drift with constant speed: vi¼ 0.071m/s
(vix¼�0.05m/s and viy¼�0.05m/s). All ice floes are drifting from
the port side of icebreaker in Fig. 3. The icebreaker removes small
ice floes and opens an ice channel behind its route. The large ice
floe (plate ice) is broken by the bending mode. At the same time,
the plate ice drifts because of the repeated ice breaking. Ice
splitting takes placewhen the shipeice collision force acquires the
ice splitting force described by Eq. (4). The plate ice is divided into
2e3 pieces by the ice splitting. The small ice floes divided by the
ice splitting are removed by the shipeice interactions. A com-
parison shown in Fig. 4(a)e(c) presents ice channels created when
the icebreaker advances into the small ice floes, showing similar
ice channels. However, ice channel created by icebreaking when
the icebreaker advances into the large ice (plate ice) shows
different ice channels. Results show that the distribution of ice
floes (ice channel width) depends on the ice drifting by the wind
or current.

Fig. 5 represents the time histories of the peak ice force acting on
the icebreaker. The x-force represents a surge force in the ship
coordinate system. The y-force represents the sway force. The ice
collision force when the icebreaker collides with small ice floes is
smaller than the ice breaking force when the icebreaker breaks a
large plate. The icebreaking force that occur when an icebreaker
advances with constant thrust (Fig. 5(b) and (c)) becomes greater
than that with the constant ship speed (Fig. 5(a)). Two splitting
failures are presented in Fig. 5(a)e(c). After the second ice splitting,
the time history of ice force becomes complicated. When the
icebreaker advances in the ice floes with constant ice drifting speed
(Fig. 5(c)), the ice forces induced by both ice breaking and ice
contact are frequently observed after second splitting. Results show
that the time history of ice force depends on the ship motion and
ice drifting by the wind or current.

3.3. Effect of ice floes sizes

Fig. 6 presents ice floes distribution for different ice floe sizes.
The smallest ice floe sizes are changed. In Fig. 6(a), the ice floe size
is 10� 10m. The ice floes number is 225 pieces. In Fig. 6(b), the size
and the number of ice floes are, respectively, 20� 20m and 64
pieces. In Fig. 3, the ice concentration in the area of smallest ice
floes is 53%. Those in Fig. 6(a) and (b) are 55%. In Fig. 6, the
icebreaker advances with constant thrust: Ft¼ 2.0� 105 N. The ice
floes drift with constant speed: vi¼ 0.071m/s. Fig. 6 shows that the
ice channel width increases depending on the ice floe size. The ship
route is changed slightly by the ice floe size effects.

Fig. 7 presents time histories of the peak ice force for different
floe sizes. The peak values of the ice collision force that occur when
an icebreaker collides with small ice floes depend on the ice floe
size. The peak value of the ice force colliding with the small ice floes
(Fig. 7(a)) is less than those with large ice floes (Fig. 7(b)). The peak
values of the ice breaking forces when an icebreaker breaks the
plate ice are almost equals in Fig. 7(a) and (b). As shown in Fig. 7(a),
after ice breaking starts at 231 s, ice splitting occurs at 231 s and
366 s. As shown in Fig. 7(b), after ice breaking starts at 293 s, ice
splitting occurs at 367 s and 454 s. The delay shown in the ice-
breaking and splitting can be explained by the speed reduction
caused by the large contact force when an icebreaker removes the
large ice floes. These results demonstrates that the ice floe size
strongly influences both ice breaking of a plate ice and the shipeice
contacts of small ice floes.

4. Conclusions

This paper presents a numerical model used to calculate the
shipeice interactions when an icebreaker advances into ice-
covered water. The ice crushing, bending, and splitting are intro-
duced as an ice plate failure mode. The ice floes drift by wind or
current and by the force induced by shipeice interaction. The ice
floe motions are described by 3DOF rigid body equation. Effects of
the ship motion, ice floe drifting, and ice floe size on the shipeice
interactions were investigated. The numerical results demon-
strated that the time history of ice force and distribution of ice floes

Fig. 3. Numerical model of an icebreaker advancing into iceecovered water with pack ice: size of smallest ice floes¼ 15� 15m, number of smallest ice floes¼ 110 floes.
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(ice channel width) depend on the ice floe size, shipmotion, and ice
drift. The ship motion and ice drift strongly influence the ice-
breaking of plate ice, but only slightly influence the ice removal of
small ice floes. The ice floe characteristic strongly influence both ice

breaking and the removal of small ice floes. Results demonstrate
that more realistic numerical modeling considering both of the ship
and ice conditions is necessary for estimation of the ice force and
the distribution of an ice channel as a ship advances into ice-

Fig. 4. Distributions of ice floes (ice channels): size of smallest ice floes¼ 15� 15m, number of smallest ice floe¼ 110 floes.
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Fig. 5. Time history of peak ice forces: smallest ice floes¼ 15� 15m.
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covered water. Results also demonstrates that numerical simula-
tion can be used to ascertain efficient ice management strategies.
Nevertheless, verification of the proposed numerical model is
necessary for future use in ice management.
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Fig. 6. Comparison of ice channel in different ice floes size: size of smallest ice floes ¼ (a) 10� 10m and (b) 20� 20m.

Fig. 7. Comparison of peak ice force in different ice floes size: size of smallest ice floes ¼ (a) 10� 10m and (b) 20� 20m.
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