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ABSTRACT  
In this paper, a numerical simulation to calculate the sliding and rotating phases of the ice broken 
pieces after bending failure of the plate ice when the ship advances in the level ice field is 
developed. The motions of the broken ice floes are described by the 3DOF rigid body motion in 
2-dimentional simulation and 6DOF in 3-dimentional one. A quaternion is adopted to describe 
the position and rotation instead of using the rotation matrix. The ice pieces and the ship hull are 
represented by the small contact-spheres which are utilized to detect the contact point between 
two bodies. The contact force between the broken ice piece and the ship hull is dealt with by the 
impulsive response. The buoyancy force and the fluid force which is described by the simple 
formula are considered as the hydrodynamic force acting on the ice pieces. The contribution of 
the fluid flow induced by the ship advancing is ignored. The simulations are carried out in the 
both of 2D and 3D conditions. The relationship between the motion of the ice pieces and the ice 
force in the submerging phase is investigated. The numerical results show that the simulation can 
describe the mechanism of the rotating and sliding of the ice pieces qualitatively, and has high 
potential to estimate the submerging component in the ice resistance. 

 

INTRODUCTION  
The ice breaking of the ship advancing into a level ice can be represented by two phases: (1) the 
bending failure of the floating ice sheet; and (2) the rotating-sliding of the broken ice pieces. 
After the bending failure of the ice sheet, the broken ice piece is rotating and sliding along the 
ship hull until ice piece is left on the side or behind the ship. The magnitude of the ice load of the 
ice submerging process is relatively smaller than one of the ice bending failure. However, the 
submerging component of the ice load has considerable effect on the ice resistance which is 
defined to be time average force. The ice load of the rotating and sliding are caused by the 
interaction between the ship hull and ice pieces, whose motion is strongly related with the ship 
speed, the hull form, the neighbour ice pieces and the surrounding water. The physical 
phenomenon of the rotating and sliding phase induced by a large amount of the broken ice pieces 
has not been well understood for the ship design purpose until now. 

The model tests with the pre-sawn ice are usually conducted to obtain the ice submerging 
resistance. The model test is, however, cost inefficiency and cannot be used for the parameter 
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study of the factors contributing to ice resistance such as a hull form, a ship speed, an ice 
thickness and so on. Valanto (1992) carried out the 2D model experiments and developed a 
numerical model of a ship advancing into a floating ice sheet. He focused on transient response of 
a floating ice sheet at the waterline which is the bending failure and the rotation of the ice broken 
piece. According experimental results, there is no significant increase in the ice resistance due to 
ice bending and rotation with speed. Kamarainen (1994) studied the ice submerging component 
of the ice resistance theoretically. He describes the increase of the ice resistance with the ship 
speed by the theory called the pressure decrease theory which is related to the pressure decrease 
between the hull surface and the ice pieces with increasing ship velocity.  Puntigliano (1997) also 
investigated the contribution of the ice sliding on the ice resistance by the model test. The 
measured data shows that the resistance increases and the vertical force decrease with increasing 
ship velocity. These researches have uncertainty about the contributions of the rotating and 
sliding phase on the ice resistance. Konno et al. (2006) predicted the ice clearing resistance with 
the 3D numerical simulation with the theory of physically based modelling. He investigated the 
motion of the ice pieces and the contact points between the ship hull and the ice pieces in pre-
sawn ice test of the icebreaker model. The simulation still has problems to detect accurate contact 
points, to defined mechanical properties such as friction and restitution coefficient, and to model 
the fluid force.  

This research presents a numerical simulation to calculate the rotating and sliding of the broken 
ice pieces after ice bending failure. The numerical simulation is based on the rigid body 
simulation which is similar approach to Konno et al. (2006). The broken ice pieces and the ship 
are assumed to be the rigid bodies. The motions of broken ice pieces are described by the rigid 
body equation (e.g. Baraff, 1997). A quaternion is adopted to describe the position and rotation 
instead of using the rotation matrix. The sphere contact (e.g. Dimgliana et al., 2000) is applied to 
the contact detection at a ship hull and ice pieces. Contact force and frictional force at the ship-
ice contact surface are considered. The contact response is calculated by the theory based on 
instantaneous impulse. In addition, the buoyancy force and fluid force of surrounding water are 
acting on the ice piece. The contributions of the fluid flow around the ship hull and the ice pieces 
induced by the ship advancing are ignored. In 2D and 3D simulations, the relationship between 
the motion of the ice pieces and the ice force under the ship waterline are investigated. The 
dependency of the ship speed on the motions of the ice pieces and the ice force are also 
investigated in 2D simulations. It is shown that the numerical results can explain the submerging 
process of the broken ice pieces and have possibility to estimate the ice resistance of the rotating 
and the sliding components.  

 

NUMERICAL MODEL FOR THE ROTATING AND SLIDING OF ICE PIECES 
Rigid body simulation 
The broken ice pieces are assumed to be the rigid bodies. The motion of the broken ice piece is 
described by 3 degrees of freedom (3DOF) rigid body equation in 2D model, and 6DOF in 3D 
model. The position and the orientation of the broken ice piece are solved by the Newton-Euler 
formulation based on Newton’s second low. The derivative of state vector of Y(t) is defined as: 
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Figure 1. Sphere-contact detection. 

where x(t) is the gravity centre at time = t, R(t) is rotation matrix, P(t) is momentum vector, L(t) 
is angular momentum vector, respectively. Since the mass m of the body and body-space inertia 
tensor Ibody are constant, we have  
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v(t) and ω(t) are velocity and angular velocity, F(t) and τ(t) are the external force vector and the 
external momentum vectors. Using a conventional rotation matrix R(t) in Eq. (1) inevitably 
causes the numerical error. This problem can be alternatively solved by using a quaternion. A 
quaternion is a type of four elements vector. A quaternion needs only one extra variable being 
used to describe the three freedoms of the rotation. A quaternion is less numerical error than a 
rotation matrix. A quaternion is defined as 

kji zyx vvvsq +++++=   where  1222 −==== ijkkji , (4) 

where s, vx, vy, vz are the real numbers. The rotation matrix R(t) is given using a quaternion: 
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Contact detection between ship and broken ice pieces   
 Contact detection is important issue in a 
numerical simulation which is interacting 
two or more distinct objects. Increasing the 
number of distinct objects and complexity 
of the shape of the individual object cause 
increase of the calculation time and decrease 
of the accuracy. In this research, contact 
spheres are applied for contact detections 
between the broken ice pieces and the ship 
hull as shown in Figure 1. The ice pieces 
and the ship hull are represented by the 
small contact-spheres. Each small contact 
sphere on the ship hull and the ice surface is 
target spheres. The distance between two 
target spheres only detects the contact point 
when the distance between two circles equals zero. Contact-sphere is simple algorithm so that it 
allows us to detect the contact point on complicated two bodies in less computational time. The 
accuracy of the contact point depends on the radius of the contact sphere. 

 
Contact response 
In this research, the contact response is calculated by the theory based on an instantaneous 
impulse. The impulse vector J at the contact surface is written as follow : 
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where nij is direction of an impulse force of the object i received from the object j, ε is the 
coefficient of restitution, vref  is the relative velocity between the contact objects before the 
application of the impulse, mi is a mass of the object i, and Ii is the inertial tensor of the object i, 
respectively. ri is displacement vector representing the displacement from the centre of mass xgi 
of the object i to the centre of the contact sphere xpi. The relative velocity at the contact point vref 
is calculated by the velocity of centre of mass vgi , the rotational velocity ωgi before the 
application of the impulse and contact point displacement ri: 

( ) ( )( )22211112 rωvrωvn ×+−×+⋅= ggggrefv . (7) 
 
Force components 
In addition to the contact force, the friction force in tangential direction at the contact surface, the 
buoyancy force at the gravity centre and the fluid force of surrounding water act on the broken 
ice piece. The friction force fs is given by:  

s nf fμ= − , (8) 
where fn is the nominal direction force at the contact surface and μ is friction coefficient. A 
direction of the friction force is opposite to the relative motion between the ship and the ice at the 
contact plane. A fluid force from surrounding water acting on the ice piece Fw is assumed to be 
following simple formula: 

vvF ρ
2
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where CD is a coefficient of drag force, A is a projected area, ρ is a water density and v is velocity 
of ice piece. A direction of the fluid force is opposite direction to the motion of the ice piece. In 
this paper, the contributions of the fluid flow around the ship hull and the ice pieces induced by 
the ship advancing are ignored. The drag coefficient CD is assumed to be 1.0. 

 

NUMERICAL RESULTS AND DISCUSSION  
Numerical model 
The ship advances straight forward into the broken ice filed as shown in Figure 2. The ship 
motion is constant with ship velocity 0.2, 0.5, 0.8 and 1.0 m/s in 2D simulations and 0.5m/s in 3D 
simulation. The motion of the ice pieces are employed by rigid body equations described in 
previous section. For the initial state of ice pieces, each individual ice piece is separated without 
interacting with other ice piece, and fixed the initial position before the first contact occurs with 
the ship hull. A virtual icebreaker model (L×D=10×1.5 in 2D model, L×B×D=10×2×1.8m in 
3D model) and a rectangular ice piece  (L×D=1×0.4 in 2D model and L×B×D=1×0.8×0.3m in 
3D model) as shown in Figure 2 are assumed. The size of the contact sphere is 0.1m radius in 
both of a ship and an ice for 2D model, and 0.05m in the ice and 0.1m in the ship for 3D model. 
The different sized and shaped broken ice pieces as shown in actual broken ice can be applied in 



our simulation. However, only simple broken ice pieces are used as a trial simulation in this 
research. Friction coefficient for ship-ice contact is 0.1 and 0.3 for ice-ice contact. The coefficient 
of restitution 0.3 is used both of ship-ice and ice-ice contact. The ice contact force distributions 
depend on the friction and restriction coefficient. Further research is required to decide 
appropriate value of the friction and restriction coefficient. The density of ice and water are 900 
kg/m3 and 1000 kg/m3, respectively. The minimum time step Δt = 0.005s in 2D, and 0.01s in 3D. 

 

Sliding and rotating of ice pieces in 2D model  
Figure 3 illustrates the trajectory of the ice pieces in the rotating and sliding process with a ship 
speed 0.2 m/s. The ice edge contacts with the ship bow and rotates until the ice piece becomes 
tangent to the ship hull (Figure. 3(a)). The ice is tangentially slid along the ship bow and pushed 
downward to the ship bottom by the neighbour ice piece (Figure. 3(b) and (c)). The ice is drifting 
to the astern and hits the propeller domain (Figure. 3(d)). Finally, the ice is left behind the ship 
(Figure. 3(e) and (f)). These consecutive process are produced one after another (Figure. 3(a)-(f)).  

Figure 4 shows the time history of the contact force and the friction force in x and z direction. In 
Figure 4(a-1), positive forces show the contact force of the ice rotating and sliding along the ship 
bow, and negative peak forces show the ice piece hits the propeller domain. In Figure 4(a-2), the 
force distributions until 60s show the sum of the rotating and sliding force at the bow and bottom 
hull. The large peak forces observed from 60s mean the ice piece hits the propeller domain.  In 
Figure 4(b), the friction forces become relative smaller than contact force in this simulation, but it 
might be large contributions on the ice resistance.  

Figure 5 illustrates the trajectory of rotating and sliding of ice pieces with different ship velocity 
of 0.5, 0.8 and 1.0 m/s. Figure 6 shows the time history of the horizontal ice force and vertical 
one. The different distributions of the ice pieces along the bottom hull in different ship speed are 
observed in Figure 5. The ice force in both of x and z directions increase with increasing of the 
ship speed.  
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Figure 2. Numerical model. 
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Figure 3. Ice rotating and sliding process in 2D model with ship speed = 0.2 m/s. 
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Figure 4. Time history of the contact and friction force in the ice rotating and sliding phase (Ship 
speed =0.2m/s). 
 

(c) Time =14.5 s (Ship speed = 1.0 m/s)
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(b) Time =17.25s (Ship speed = 0.8 m/s)
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(a) Time = 29.00 (Ship speed = 0.5 m/s)

0

5 10 15 20 250

-1
-2
-3

2
3

1

z-
ax

is
 [m

]

x-axis [m]

 
Figure 5. Ice rotating and sliding with different ship speed = 0.5, 0.8 and 1.0 m/s. 
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Figure 6. Time history of the contact force with different ship speed = 0.5, 0.8 and 1.0 m/s. 

 
Sliding and rotating of ice pieces in 3D model  
Figure 7 illustrates the ice rotating and sliding process in top view (x-y plane), front view (y-z 
plane) and side view (x-z plane). The ship mainly removes ice pieces to the ship side hull. The 
ice pieces at the ship centre are pushed down to the bottom hull, and finally left far from the ship 
side.  The ice pieces contacted with the ship shoulder are rotated to the side hull and kept between 
the ice piece and the ship side hull.  

Figure 8 shows the contact force of the centre (ice01 in Figure 2) and side ice piece (ice02 in 
Figure 2) in x, y and z directions. In Figure 8(a), the ice forces related to the contacts with the 
ship bow are observed in both of the centre and the side ice. In Figure 8(b), the ice forces related 
to only shoulder contact of side ice (ice02) are observed. In Figure 8(c), two kind force 
distributions are observed for centre ice (ice01). The former forces from 0s to 5s are generated by 
the ice rotating and sliding along the ship bow. Second forces from 10s to 15s are concerned with 
the bottom contact of the ship. After 15s, the centre ice (ice01) is pushed out to side hull. On the 
other hand, the side ice (ice02) contacts with ship bow around 5s when ice forces are observed in 
x and z direction. The side ice is rotated, and contact with the ship shoulder when ice forces 
occurs in y-direction. Finally, the side ice is kept between the side hull and the ice pieces whose 
contact does not happen with the ship after 10s. The numerical results in 3D model show the 
quite different movement of the ice pieces and the force distributions from 2D model. However, 



In this paper, the contributions of the fluid flow induced by the ship advancing are ignored in 
both of 2D and 3D models. We need further investigations about the water flow around the ship 
hull. 

 

CONCLUSION  
This research presents the numerical model which can calculate the rotating and sliding phase in 
the ice breaking process in 2D and 3D model.  We observed the relationship between the motion 
of the ice piece and the ice force distribution. The numerical results show the presented model 
can describe the sequence of rotating and sliding of the ice pieces qualitatively. The presented 
model needs to be verified by pre-sawn model test or measurement data. 
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Figure 7. Ship advancing into the broken ice field (Top: x-y, Bottom left: y-z, right: x-z). 
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Figure 8. Time history of the contact force of the center ice (ice01) and the side ice (ice02). 


