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Abstract

A numerical method is proposed to simulate level ice interaction with ship in transverse and longitudinal directions in time domain. A novel
method is proposed to simulate non-symmetric transverse force in a stochastic way. On the basis of observations from the model tests, the
simulation of longitudinal force combines the ice bending force acting on the waterline, submersion force below the waterline and ice friction
forces caused by transverse force and ice floes rotation amidships. In the simulations the ship was fixed and towed through an intact ice sheet at a
certain speed. The setup of the numerical simulation is similar to the ice tank setup as much as possible. The simulated results are compared with
model tests data and the results show good agreement with the measurement.
Copyright © 2017 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/).
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1. Introduction

It is import to give a reasonable prediction of ice load on
structures operating in ice covered waters. For safe design of
marine structures, level ice load is often studied. A lot of re-
searchers have applied different ways to study level ice
interaction with marine structures. Lewis and Edwards (1970),
Enkvist et al. (1979), Kotras et al. (1983) observed the main
phenomena in the process of level ice breaking against the
icebreakers and divided the whole process into several phases,
including ice breaking, rotating, sliding and clearing.
Sanderson (1988) separated the failure process into failure of
the ice sheet through upward bending, and ride-up of the ice
along the structure to calculate the ice load on sloping struc-
tures. Later, Lindqvist (1989), Keinonen et al. (1996) and
Riska et al. (1997) developed some analytical and empirical

formulas to calculate ice resistance based on massive full scale
measurements on icebreakers. Hu and Zhou (2015) tried
several popular empirical and analytical formulas to calculate
ice resistance for head on scenarios.

Recent research on the numerical modeling of iceehull
interaction and ship maneuvering in level ice can be found for
example in Valanto (2001), Liu et al. (2006), Martio (2007),
Sawamura et al. (2010) and Lubbad and Løset (2011). For
the simulation of full scale icebreaking runs, a more integrated
model was developed and improved by Su et al. (2010). By
modifying the model, Zhou et al. (2012) presented a 2D
method for simulating level ice interaction with moored ship
to investigate the station keeping problem and used a conical
structure called the Kulluk to validate the simplified numerical
model. Zhou et al. (2013a) performed a series of ice model
tests to investigate the ice load experienced by an icebreaking
tanker. The tanker was towed through the unbroken ice sheet
to simulate the interaction process. Then the ice loads were
measured. Zhou et al. (2013b) applied a numerical model to
simulate the dynamic ice loads acting on the icebreaking
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tanker Uikku in level ice, considering the action of ice in the
vicinity of the waterline caused by breaking of intact ice and
the effect of submersion of broken ice floes. The numerical
simulations were also compared with the measured data as
given in Zhou et al. (2013a). Good agreement was achieved
though there are some deviations between predicted and
measured results for some cases. However, the transverse force
simulated is very small with the method when the ship is head
on.

According to the model tests by Zhou (2016), the mean
transverse forces are 1.2e5 times the mean longitudinal forces
and the maximal transverse forces are 1.8e7 times the
maximal longitudinal forces. The transverse force may make
non-trivial contribution to the ice resistance. Therefore, a new
method to simulate transverse force and longitudinal force is
proposed based on observation from model tests and field.
This is totally different from previous ideas on ice force
components. In this paper, the transverse force will be simu-
lated in a nondeterministic way. The contribution from the
transverse force to the longitudinal force is included. A simple
ice bending simulation method will be introduced. Moreover,
ice submersion force and ice friction due to the rotation of ice
floes at the middle part of the ship will be taken into account.
Finally, the calculate results will be compared with model test
results.

2. Numerical model

2.1. Transverse force model

Minor study has been done on the transverse ice force when
ships travel ahead. The transverse ice force may give a large
contribution to the ice resistance which need to be overcome
by ships. Therefore, it is also import to do research on the
transverse force in ice.

Løset (1998) performed a number of model-scale tests at a
scale of 1:36 in the Hamburgische Schiffbau-Versuch-sanstalt
GmbH (HSVA) ice tank in Hamburg. The aim is to study the
feasibility of the Submerged Turret Loading (STL) concept in
level ice, broken ice, and pressure ridges. The model of the
STL ship was connected to the underwater platform by 8
mooring lines that were fixed to the turret. The ship model was
driven straight ahead at 0.3, 0.4, and 0.75 m/s respectively in
ice sheets with thicknesses of 1.1, 1.5, 1.6, 1.7 m by a carriage.
A triaxial cell measured the forces in the x-, y- and z-di-
rections at the turret. All measured longitudinal forces in x-
direction are positive, but the measured transverse forces vary
from negative to positive. The ratios of mean transverse force
to longitudinal force for each test range from �70% to 110%,
which shows that the transverse ice force should be taken into
account.

In present study, the open water tests have been carried out
when the ship model was towed forward with straight drift at
speed 0.05, 0.5 and 1.0 m/s in full scale. The corresponding
time series of transverse forces at steady state are now pre-
sented in Fig. 1. Some fluctuations could be found from the
time series due to the vibration of the system. This is as

expected. The mean transverse forces are 1, 7 and 24 kN
respectively. According to the model tests done by Zhou
(2016), the magnitude of the transverse ice force is much
large than the longitudinal force in straight head on tests,
ranging from 650 to 2710 kN for mean force. Compared to the
mean transverse forces in ice, these measured forces in open
water are trivial and could be neglected, which verifies that
there is no significant problem with measurement systems and
the measurements made by the system are reasonable. The
measured data for the tests in ice are also valid. There exists
non-symmetric transverse force which could not be neglected
in amplitude indeed.

When the ship model advances in the ice sheet, the ice
crack initiates at the shoulder area. The ice cusp will continue
to crush against the mid hull area as it moves forward. In most
occasions, ice impact at either side of the hull is not always
simultaneous. The icebreaking pattern and resulting ice forces
in the transverse direction is not symmetric along the longi-
tudinal direction. A photograph of ice breaking pattern made
in a test is given in Fig. 2. The ice cusp formed at the left side
of the ice channel experienced re-broken in radial direction

Fig. 1. Time history of measured transverse forces in open water.

Fig. 2. Ice breaking pattern after the ship model was towed through.
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while these on the right rotated regularly. The local crushing
on the left side should be more severe than that on the right
side. This will lead to the non-symmetric transverse ice force.

Time series of the transverse force measured from the
model tests are shown in Zhou (2016). Based on the spectrum
analysis, it is found that main energy is located at low fre-
quencies below 0.2 rad/s. From time series of the measured
data, it is clear that the transverse force is slowly varying and it
is relatively random. Therefore, it is difficult to simulate in a
deterministic way directly.

Herein, a nondeterministic method is proposed, where the
transverse ice force could be taken as a first order Gauss-
Markov process approximately. Gauss-Markov process is an
empirical stochastic process that satisfy the requirement for
both Gaussian process and Markov process. The Gaussian
distribution is extensively used in random vibration theory to
approximate the characteristics of random excitation. In
probability theory and statistics, a Markov process is a sto-
chastic process that satisfies the Markov property. A Markov
process can be thought of as 'memoryless': loosely speaking, a
process satisfies the Markov property if one can make pre-
dictions for the future of the process based solely on its present
state just as well as one could knowing the process's full his-
tory. i.e., conditional on the present state of the system, its
future and past are independent. In view of the features of
measured transverse force, the process is applied to simulate
the force.

The autocorrelation function for a random process F(t) is
defined as the average value of the product F(t)F(tþt). The
process is sampled as time t and then again at time tþt.
Provided that the process is stationary, the autocorrelation
function will be independent of absolute time t and depend
only on the time separation t. The function could be calcu-
lated for the ensemble as

RFðtÞ ¼ E½FðtÞFðtþ tÞ� ð1Þ
According to Rasmussen and Williams (2006), the auto-

correlation function and corresponding power spectral density
function for the Gauss-Markov process could be written as

RFðtÞ ¼ s2e�bjtj ð2Þ

SFðjuÞ ¼ 2s2b

u2 þ b2
ð3Þ

where s2 is the variance which equals EðF2ðtÞÞ, b�1 is the
time constant, u is the circular frequency.

Then, the transverse force acting on the ship can be written
as the sum of a large number of force component, i.e.

FtraðtÞ ¼
XN
i¼1

Fi sinðutþ εiÞ ð4Þ

1

2
F2
i ¼ SFðuiÞ Du ð5Þ

where Fi means the force amplitude, εi is random phase angle
of force component, which is distributed uniformly between
0 and 2p and constant with time. Du is a constant difference
between successive frequencies.

2.2. Longitudinal force

The hull is divided in vertical slices along longitudinal axis
and the ice actions on each panel are estimated at each time
step. The total ice actions on the structure are calculated as the
sum of all local ice actions. The ice action consists of ice
breaking force and ice accumulation force. The ice breaking
force occurs when ice is colliding with the hull and the ice
accumulation force occurs when broken ice floes fragmented
from intact ice pile around the hull underwater.

2.2.1. Bending force
Ice bending force is acting on the waterline of the structure.

Two kinds of icebreaking failures, namely bending failure and
pure crushing failure, are considered, depending on the local
slope angle of the structure, where ice collides with the
structure. If the slope angle is small, ice force due to bending
failure is included. On the other hand, if the slope is very steep
or nearly vertical, ice force due to pure crushing is taken into
account. As for pure crushing, the ice force is calculated ac-
cording to ISO. The bending failure is described as follows.

The ice load on a moored ship in unbroken ice depends
significantly on the interaction process by which the hull
breaks and displaces the ice. Once the ice contacts the hull, ice
is being crushed. The crushing force then increases with
increasing contact area until its vertical force component gets
large enough to cause bending failure of the ice. During this
process, only crushing takes place on the contact surface. The
resultant crushing force Fcr could be expressed as

Fcr ¼ Acsc ð6Þ
where Ac is the contact area between ice and hull, sc is the
effective crushing strength.

In order to calculate the contact area Ac, some parameters
have to be defined. As shown in Fig. 3, Lh is calculated from
the distance between two crossing points between ice grid and
hull, and Ld is calculated from the perpendicular distance from
the cusp of ice nodes to the contact surface. According to
Fig. 4, the two cases considered herein, the contact area could
be expressed as:

When: Ld $tanð4Þ�hi Ac¼1

2
Lh

Ld

cosð4Þ

When: Ld $tanð4Þ>hi Ac¼1

2

�
LhþLh

Ld�hi=tanð4Þ
Ld

�
hi

sinð4Þ
ð7Þ

where hi is the ice thickness, 4 is a slope angle varying at
different hull zones.

When the vertical component of the crushing and frictional
forces FV exceeds the bending failure load Pf given in Eq. (8),

121L. Zhou et al. / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 119e128



the ice wedge will be formed by a bending crack and break off
from the edge of the ice:

Pf ¼ Cf

�
q

p

�2

sf h
2
i ð8Þ

where sf is the flexural strength of the ice, hi is the thickness of
the ice, Cf is an empirical parameter and q is the opening angle
of the idealized ice wedge.

To acknowledge that level ice breaks in circular or radial
crack according to model scale or full scale observations. The
ice breaking pattern is often considered in the related study.
However, a simplified method is introduced in present study
without taking the effect of ice breaking pattern on the ice load
into account. Level ice field is discretized into square ice grids
with the same size before simulation starts. The resulting
scheme of ice field is shown in Fig. 5. It is also assumed that
the length of ice grid is equal to the icebreaking radius. It is
defined as (Wang, 2001; Enkvist, 1972; Varsta, 1983)

R¼ Cll
�
1þCvv

rel
� ð9Þ

where vrel is the relative velocity between the ice and the hull
node, Cl and Cv are two empirical parameters which are
tunable or selected based on measurements, Cl having a pos-
itive value and Cv is a negative value, l is the characteristic
length of the ice:

l¼
�

Eih
3
i

12ð1�g2Þrwg

�1=4

ð10Þ

where Ei is the elastic modulus, g is the Poisson ratio, rw is the
water density, g is the acceleration of gravity.

In order to calculate the bending failure load given in Eq.
(8), the ice wedge opening angle has to be determined. It is
noted that the area of square ice grid used in the simulation
should be euqal to that of idealized ice wedge as shown in
Fig. 6. Then we have the expression

r2 ¼ q

2
r2 ð11Þ

where r is the length of ice grid which is equal to the radius of
ice wedge. From Eq. (11), the opening angle q can be calcu-
lated and equals to 2 rad.

The general flow chart of simulation at a certain time step is
presented in Fig. 7. All ice grids which are overlapped with
hull are collected based on a geometric algorithm. Each con-
tact area and resulting local crushing force are calculated. As
the interaction process advances, force component in the
vertical direction increases. The ice grid will fail when the
vertical force increases over the bending failure load. Then the
ice force drops to zero and the ice grid will be removed from
ice mesh to become broken ice piece. The resulting time series
of ice breaking force could be illustrated in the Fig. 8, where
the blue solid line represents the simulated ice breaking force
and the red dashed line means the upper limit of bending
force Pf.

Fig. 3. Illustration of the contact length (Lh) and indentation depth (Ld) at each

contact area.

Fig. 4. Two cases for the calculation of contact area (Su, 2011).

Fig. 5. Discretised ice field.

Fig. 6. Equivalent area of ice grid and ice wedge.
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2.2.2. Submersion force
When a ship is moving forward against the ice, the ice will

break at bow area and the broken ice floe will get submerged
and slide along the hull. Based on the observations from the
model tests described in Zhou (2016), there were almost no ice
floes sliding at the bottom of the ship model and most of the
ice floes moved laterally beneath the bordering ice sheet at the
low drift speed range. Based on the ice resistance formula of
Lindqvist (1989), the modified ice submersion resistance due
to loss of the potential energy of submerged ice floes and
friction between the hull and ice floes is written as

Rs ¼ ðrw � riÞghiðBTðBþ TÞ=Bþ 2TÞ þ mAf ð12Þ

where ri is the ice density, g is the acceleration of gravity, B
and T are the main dimensions of the hull, m is the friction
coefficient between ice and hull, Af is the area of the bow.

In addition, the speed dependence of the submersion
resistance is taken into consideration simply as follows:

RsðvrelÞ ¼ Rs

�
1þ 9:4vrel

. ffiffiffiffiffiffi
gL

p �
ð13Þ

where vrel is the relative velocity between the ship and the
drifting level ice sheet, L is the length of the ship.

2.2.3. Friction force
As a ship advances in unbroken ice field, circumferential

cracks develop at the shoulder area. The ice floes will be bent
from intact ice sheet and rotate until the open channel is wide
enough to pass the ship. During this process, the ship will be
exposed to local crushing force and rotation force in transverse
direction, especially at the midship where the inclination is
steep. The resulting ice forces could be divided into non-
symmetric component Ftra and symmetric component Fps.

The ice force components acting on the hull are plotted in
Fig. 9, where the transverse force due to the non-symmetric
ice actions from both sides of the hull is donated by Ftra and
the symmetric ice forces mainly due to ice rotation against the
sides of the hull is donated by Fps.

Herein, the transverse force Ftra will be simulated by a
nondeterministic method, which assumes that the force is
analogue to first order Gauss-Markov process. The corre-
sponding friction force Ff1 caused by the transverse force
could be expressed as

Ff1 ¼ mFtra ð14Þ
According to observations from model tests and sea trails,

rotation process of the broken ice floes at both sides of the ship
is continuous and the resulting force could be regarded as the
dominant force contributing to the symmetric transverse ice
force Fps. From energy point of view, the potential energy to
rotate a floating ice floe until it is parallel to the hull and
completely gets submerged underwater could be written as

E ¼ 1

2
ðrw � riÞgL2

bLchisin4 ð15Þ

where Lb is the ice breaking length at sides of the hull, Lc is the
contact length, 4 is the slope angle.

Fig. 7. Flow chart of ice breaking calculation.

Fig. 8. Illustration of ice breaking force. Fig. 9. Schematic of ice force components at sides of hull.
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The average vertical force necessary to submerge the ice
floe is given by

Frv ¼ E=ð0:5LbÞ ð16Þ
The corresponding symmetric transverse force due to the

submersion of the ice floe is

Fps ¼ Frv

sin4þ mcos4

cos4� msin4
ð17Þ

Then the friction force caused by the symmetric transverse
force is expressed as

Ff2 ¼ mFps ð18Þ

3. Numerical simulation settings

The model tests were carried out in the multifunctional ice
basin of the Marine Technology Group at Aalto University
with the icebreaking tanker model Uikku. To facilitate com-
parison of model test and simulation results, the hull is also
used in the present simulation. The main dimensions of the
tanker are given in Table 1. The ship model in three-dimension
is shown in Fig. 10.

In the simulation, the ice-hull interaction on the horizontal
plane is considered. The dynamics of the ship is not
considered since the ship is fixed to the carriage in the model
test. The hull is discretised at the waterline. The particulars
of the waterline of interest include locations of each hull
nodes, slope angle and waterline entrance angle at each hull
node.

Obtained from measurements in the model tests, values of
the ice thickness, hi, ice drift speed, vi, the bending strength,
sb, the compressive strength, sc, and the elastic modulus, Ei

are averaged and given in Table 2. The water density, ice
density and friction coefficient between ice and the ship model
were measured as well. They are listed in Table 3 together

with gravity acceleration and Poisson ratio. All data are in full
scale if not specified otherwise.

The speed-related parameter Cv to calculate the ice grid
length in Eq. (8) is not considered since the drift speed used in
the model tests is relatively low.

In general, the breaking length Lb should be proportional to
characteristic length of ice sheet according to elastic theory for
semi-infinite plates on elastic foundation. Therefore, the non-
dimensional ratio of breaking length to characteristic length Cl

is often studied and reported by many researchers. From the
theoretical aspect, Hetenyi (1946) used simple elastic theory to

Table 1

Primary dimensions of MT Uikku in full scale.

Item Symbol Value Unit

Length L 150 m

Breadth B 21 m

Draft T 9.5 m

Parallel middle body length Lp 64.8 m

Bow waterline angle e 21 deg

Bow stem angle e 30 deg

Slope angle of middle body e 82 deg

Fig. 10. Ship model in 3D.

Table 2

Test program matrix and measured ice properties.

Ice Sheet No. Test No. hi [mm] vi [m/s] sb [kPa] sc [kPa] Ei [MPa]

3 301 1.04 0.2 540 2477 1474

302 1.04 0.5 669 2485 1273

303 1.04 1.0 592 2397 1390

4 401 0.63 0.2 808 4040 1616

402 0.63 0.5 1029 5389 2058

403 0.63 1.0 903 4616 1805

Table 3

Other particulars used in the simulation

Item Symbol Value Unit

Water density rw 989 kg/m3

Ice density ri 906 kg/m3

Friction coefficient m 0.045 e

Gravity acceleration g 9.81 m/s2

Poisson ratio g 0.3 e
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Fig. 11. Transverse ice force for test 301.
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predict the ratio Cl ¼ 0.785 if the breaking is assumed to be
purely elastic. George (1986) obtained a value of about 0.6,
based on a plate theory. Abdelnour and Sayed (1982) got a
ratio of Cl ¼ 0.5 from the model tests of a man-made island in

shallow water. Ettema et al. (1987) did model tests for a polar-
class icebreaker and found that Cl is less than unity, ranging
from about 0.8 to 0.4. Lau et al. (1999) analysed the breaking
length of ice on sloping structures bases on model scale ob-
servations, where it was found that the value was reduced from
0.7 to 0.1 while the ice thickness was increased on cone model
tests and a conversion limit was 0.1. In present model tests, the
ratio Cl ranges from 0.14 to 0.66, which is close to the values
obtained by Lau et al. The typical average ratio ranges from
0.22 to 0.3 at bow area and at the mid-hull, the ratio is
comparably small around 0.1, which is almost at the same
level as the limit value by Lau et al. In most tests, the ice
breaking crack takes place ahead of the bow at a distance of
2e6 times the ice thickness away from the hull.

In this study, the parameter Cl is selected as 0.2 for all tests
based on the measurements. It was seen from the model tests
that rotation of ice floes at middle body of the ship contributes
significantly to the symmetric force. Therefore, the contact
length Lc in Eq. (15) is chosen as the length of the parallel
middle body. The ice breaking length Lb at both sides of the
hull ranges from 2 to 6 times the ice thickness, depending on
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Fig. 12. Transverse ice force for test 302.
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Fig. 13. Transverse ice force for test 303
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Fig. 14. Transverse ice force for test 401.
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Fig. 15. Transverse ice force for test 402
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Fig. 16. Transverse ice force for test 403.

125L. Zhou et al. / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 119e128



the ice drift speed. The slope angle 4 should be taken as 82� at
the middle body.

4. Numerical results and comparison

4.1. Transverse force

The simulations of transverse ice force have been made
based on the nondeterministic method which assumes that the
force follows a first order Gauss-Markov process. Both the
variance and time constant could be adjusted. In total, six
realizations of the transverse forces for all tests are simulated
in time domain. The comparison between model test data and
simulation results are shown in Figs. 11e16, where the solid
line represents the experimental data and the dotted line rep-
resents the simulated data. It is indicated from those load time
histories that similar load levels and trends have been ach-
ieved. There are some differences between simulation and
experiment. Exact replica is almost impossible due to infinite
realizations with the same power spectrum of the force.

The mean, standard deviation, mean of absolute value of ice
forces for all tests in terms of simulated and measured in
model tests are shown in Table 4. From Table 4, it is found that
the simulated and experimental data agree well with each
other and the deviations are small.

4.2. Longitudinal force

The longitudinal force is composed of ice bending force,
submersion force, and friction forces due to transverse force
and symmetric rotation forces amidships.

For ice bending force simulation, the ship starts from open
water and advances into the ice field. The ice breaking process
has been illustrated in Fig. 17. As the ship entrances the ice
field, some ice grids in red are breaking against the hull. Once
the ice grids fail in bending, they become broken ice floe and
show in blue Fig. 17 b). The ice bending force intends to in-
crease until the bow area entrances into ice field completely.
The evolution of simulated ice breaking force in time domain
is presented in Fig. 18. Ice grids initiate from local crushing
against the hull and bends where the ice force reaches the
maximum locally. Then the force drops to zero or to a level
where new ice grids start to interact with the hull. At steady
state when the bow is completely travelled into the ice field,
the ice breaking process is repeated and cyclic as shown in
Fig. 19. Only steady ice bending force is used for comparison
with model test data in the present study. The time series of
both simulated and measured ice bending force in test 301 are
given in Fig. 20. In general, the trends are similar. However,
the peaks of the ice forces differ locally. The main reason is
that the ice breaking length scatters according to the mea-
surement in the model tests due to uneven distribution of ice
properties in nature.

Table 4

Statistics of transverse force in simulation and experiment (kN).

Test No. Mean Standard deviation Mean of absolute value

Simulation Experiment Simulation Experiment Simulation Experiment

301 �1025 �949 975 931 1140 1096

302 �2417 �2441 1721 1916 2571 2445

303 �1234 �1285 1206 1475 1430 1474

401 694 675 460 388 714 691

402 1029 1065 567 693 1036 1096

403 839 820 1379 1226 1388 1144

Fig. 17. The breaking process of ice-hull interaction.
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Fig. 18. Transient simulated ice bending force.
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The mean and standard deviation value of ice forces for all
tests in terms of simulated and measured in model tests are
given in Table 5. Table 5 shows that the simulated mean forces
coincide well with model test data for tests 301, 302, 303 in
the thick ice sheet. Both simulated and experimental mean
force increase as the ice drift speed increases for tests
401e403 in the thin ice sheet, but experimental results are
more sensitive to the ice drift speed. There exist some dis-
crepancies for tests 401 and 403. The standard deviations of
the force are overestimated in general. The simulated results
are better for the tests in the thick ice than those in the thin ice.

The submersion force, the friction force due to rotation at
hull sides and friction force due to transverse force are

calculated based on Eqs. 7e13. The calculated results and
corresponding ice force measured from the model tests are
given in Table 6 for comparison. It should be noted that there
is no separation between submersion force and friction force
due to rotation at hull sides for measured data, but the two
forces are calculated separately. The calculated submersion
force and friction force due to rotation at hull sides agree well
with model test data except test 401. For test 401, the calcu-
lated result is much larger than the measured. It might be
attributed that more ice would be pulverized when the ship
model travelled in thin ice at very low drift speed so that not so
many ice floes were formed to submerge. The ice friction
forces due to transverse force are in good agreement with
small deviation.

To sum up, the total ice force from calculation and model
tests are given in Table 7 in terms of mean values, which is
defined as ice resistance. The calculated results based on the
present numerical method are reasonable compared to the
model test results except test 401. It could be used as a simple
tool to simulate ice force.

5. Conclusions

This paper provides a numerical method to simulate level
ice-ship interaction on the horizontal plane. A novel method of
simulating ice transverse force has been proposed as the first
time, which is realized in a nondeterministic way by assuming
the force is a first order Gauss-Markov process. The ice lon-
gitudinal force is composed of ice bending force, submersion
force, ice friction forces due to transverse force and symmetric
rotation force amidships. The ice bending force is simulated in
time domain. The analytical formulas are developed and used
to calculate the remaining components. The results from
simulation or calculation are compared with the model test
data.
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Fig. 19. Simulated ice bending force at steady state.
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Fig. 20. Simulated and experimental bending force for test 301.

Table 5

Statistics of ice bending force in simulation and experiment (kN).

Test No. Mean Standard deviation

Simulation Experiment Simulation Experiment

301 116 124 91 69

302 167 166 122 110

303 190 179 129 95

401 73 48 78 38

402 97 96 94 62

403 101 144 73 77

Table 6

Calculated and experimental force components (kN).

Test No. Experiment Calculation

Submersion þFf2 Ff1 Submersion þFf2 Ff1 Submersion Ff2

301 361 55 398 57 151 247

302 542 122 533 129 162 371

303 527 74 551 72 180 371

401 67 35 135 36 89 46

402 140 55 167 52 98 69

403 189 57 174 69 105 69

Table 7

Calculated and experimental ice resistance.

Test No. Simulation (kN) Experiment (kN) Difference (%)

301 571 540 5.7

302 829 830 0.1

303 813 780 4.2

401 244 150 62.7

402 316 290 8.7

403 344 390 11.8
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The simulated transverse force agrees well with the model
test data. Both simulated and model test data show stochastic
nature due to a lot of uncertainties. More work should be done
to investigate the transverse force in both numerical and
experimental way since its contribution to ice resistance
cannot be ignored. The proposed simulation method of ice
bending force captures the main feature of ice bending force in
time domain although the peaks are not well predicted since
fixed size of ice grids are applied. Flexible ice grids could be
taken into consideration for further improvement. The sub-
mersion force and two friction forces are in good agreement
with model test data. In general, the total ice resistance
coincide well with model test results. This numerical method
could be used as a basis tool to simulate ice forces at low ice
drift speed range.
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