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a b s t r a c t

Several model-scale tests with a ship model have been performed in the ice tank of the Marine
Technology Group in the Aalto University. The ship model of ice going tanker Uikku was mounted
rigidly to the main carriage and towed through ice fields. The model tests were performed by
changing ice thickness, drift angles and speeds in different ice fields. This paper reports the testing
results and different phenomenon during model tests. The measured ice forces are presented and
compared to level ice forces. The process of ice forces from broken ice on the ship is also analyzed for
some typical tests. The research work could provide guidance on marine structures operating in
waters covered by broken ice.
© 2018 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As hydrocarbon exploration and exploitation move northwards,
more and more people start to show great concern on the safety of
shipping andmarine operations in ice-covered seas. In Arctic water,
the main challenge to marine structures come from the sea ice and
its impacts. Therefore, to understand the features of ice force and
predict ice loads are keys to the structure design used in ice. Broken
ice, as a common ice feature, often exists The corresponding impact
on the structure is the focus in the present study.

Broken ice has been a research subject for some decades, but
still the knowledge about its effect on ships is limited. Thomas
et al. (1990) carried out two basin testes with a model of the
DD-963 in broken ice and found the speed limits as a function of
ice concentration. Loset and Timco (1993) presented model tests
of a flexible boom in the NRC ice basin. Different ice conditions
were tested to verify the effective of the boom for collecting ice
in oil-contaminated water. To study the feasibility of the Sub-
merged Turret Loading concept in level ice, broken ice, and
pressure ridges, Løset et al. (1998) conducted a few model tests
and showed that mooring line designed could withstand broken
ice forces.

To investigate performance of dynamic positioning system in
broken ice field, Kjerstad et al. (2015) analyzed ice load data from a
series of model tests in the DYPIC project (DYnamic Positioning in
ICe). They concluded that mean ice loads and standard deviations
were strongly dependent on ice floe size, ice concentration, and ice
thickness. Recently, a large R&D project was initiated by CMS-MI
with its partners OCRE-NRC and KMS from 2013 till 2018 (Islam
et al., 2016; Wang et al., 2016). The normally-used dynamic posi-
tioning system inwaters was tested inmanaged ice conditions with
1/40 scale. The tests were performed by varying ice thickness, drift
speed, ice concentration and floe size. The results show that the
existing DP system is not operable for high concentrations with
100m floe size.

The primary aim of the laboratory study here is to measure the
broken ice loads on a fixed icebreaking tanker and investigate the
corresponding loading process at different constant ice drift di-
rections and speeds. The measured results are analyzed in fre-
quency domain. Themaximum broken ice forces are presented. The
ice loading process and the physics of the ice-hull interaction are
analyzed for typical tests. Some tests are selected to compare with
level ice resistance.
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2. Experimental setup

These model tests were also carried out in the multifunctional

ice basin of the Marine Technology Group at Aalto University. The
icebreaking tanker model Uikku was used in the model tests. The
dimensions of the tanker were reduced to the model scale with a
geometric scale factor of l¼ 31.6. The particulars of the model and
the full-scale vessel are given in Table 1.

The model ship was connected to a towing carriage and fully
constrained in six degrees of freedom. An upper frame with a
stiff tube and long beam was used to connect the model onto the
towing carriage, where the load measurement units were
attached to the ship model (Fig. 1). The instrumentation applied
for the model test includes an LFX_A_3 KN compact six-
component force transducer, a one-directional load cell, two
cameras and a Dynamic Measurement Unit (DMU). Six fully
conditioned analogue signals were output by the DMU, which

Fig. 1. Side view illustration of the components of the test system.

Fig. 2. The ship model and testing devices.

Table 1
Primary dimensions of MT Uikku.

Item Full Scale Model Scale

Length [m] 150 4.75
Breadth molded [m] 21.3 0.67
Tested Draft [m] 9.5 0.30
Bow waterline angle [deg] 21 21
Bow stem angle [deg] 30 30
Block coefficient 0.72 0.72
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was connected directly to a data acquisition device without
further buffering. The photographs of the ship model and the
testing systems installed on the ship model are shown in Fig. 2.
The stiffness of connection between the ship model and the
carriage is high so that the dynamic effect of the ship model to
measured ice load is not considered.

In the model tests, dynamic ice forces acting on the ship
model were measured in six degrees of freedom with assistance
of load cells as shown in Fig. 1. When the ship model was towed
forwards during the tests, the ice loading process were observed
and recorded by the videos. The sampling rate is 107 Hz in the
model tests.

The ice sheet was made by cooling, spraying, freezing and
tempering. Four ice sheets were generated for level ice and broken
ice tests. Ice thickness, bending strength, compressive strength, and
elastic modulus were measured before model tests started ac-
cording to the recommended procedures of the ITTC at three lo-
cations along each test lane. Researchers have related the bending

strength of ice to brine volume or total porosity of the ice (Timco
and O'Brien,1994). The bine volume is highly dependent on tem-
perature and salinity of the ice. In themodel test, the temperature is
set to be constant at around �2 �C. Therefore, the bending strength
was not varied too much as time elapsed in the model tests.

Tests were performed in open water and in the ice conditions
with different drift angles, speeds, and thicknesses. Determining
the resistance versus speed characteristics of open water allowed
resistance due solely to ice interactions to be determined. Broken
ice model tests were often carried out after level ice model test
were completed to maximize the use of ice sheets. The pack ice was
modeled by initially cutting the level ice in the test area into strips.
These strips were then broken apart into ice floes of target size. In
total, there are 12 broken ice tests performed in four different ice
fields with different ice thickness. These values correspond to full-
scale nominal ice thicknesses of about 1.04, 0.63, 1.03 and 0.76m,
respectively. The drift speeds that were used to tow the ship model
are 0.2 and 0.5m/s in broken ice field. The headings of the ship
model were set to 0, 30, 45, 60 and 90�. The test matrix is shown in
Table 2, where ice thickness, ice drift speed and ice floe size are in
full scale. A general photo of the model and the testing systems are
shown in Fig. 2.

The size of the ice basin is 40m� 40m on the horizontal plane.
The total area could be divided into 9 sub-areas approximately in
three lanes from left to right and three rows from down to up. The
names of each block are presented in Fig. 3.

Fig. 3. Schematics of the ice basin and sub-areas for tests.

Table 3
Open water test matrix.

Test No. vi [m/s] Drift angle [deg] Measured items

1 0.06 0 Longitudinal force
2 0.5 0 Longitudinal force
3 1.0 0 Longitudinal force
4 0.06 45 Longitudinal & transverse forces
5 0.5 45 Longitudinal & transverse forces
6 1.0 45 Longitudinal & transverse forces
7 0.06 90 Transverse force
8 0.5 90 Transverse force
9 1.0 90 Transverse force

Fig. 4. Open water resistance.

Table 2
Broken ice test matrix.

Ice sheet Test No Test block vi [m/s] hi [m] Drift angle [deg] Floe size [m] Concentration [%]

3 307 A7 0.2 1.04 0 25 80
308 A8 0.2 1.04 45 25 70

4 415 A5 0.5 0.63 30 25 85
416 A6 0.5 0.63 45 50 80
417 A7 0.5 0.63 90 25 70

5 511 A5 0.5 1.03 0 25 70
512 A6 0.5 1.03 0 25 80

6 607 A5 0.2 0.76 90 25 70
608 A6 0.2 0.76 90 25 80
609 A7 0.5 0.76 90 40 80
610 A8 0.5 0.76 60 40 80
611 A9 0.5 0.76 30 25 85
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3. Open water tests

The open water tests were carried out by varying ship model
speed and heading angle. The corresponding loads were measured
by six-component force transducer. The resultant resistances on
the horizontal plane are calculated based onmeasured longitudinal
and transverse forces depending on drift angles. The drift speeds
that were used to tow the ship model are 0.06, 0.5 and 1.0m/s in
broken ice field. The headings of the ship model were set to 0, 45
and 90�. For tests with 0 or 90� drift angle, only longitudinal or
transverse force is considered. For the tests with other drift angles,
both longitudinal and transverse forces are considered. It should be
noted that all resistances in the present study due to water and ice
are given in ship-fixed coordinate system, regardless of ship model
configurations. Open water test matrix is shown in Table 3.

Fig. 4 presents the calculated resistances as a factor of towing
speeds, where additional speed of 1.0m/s was used in open water
test. From Fig. 4, it is found that open water resistance increases as
the towing speed increases. The tests with 90� drift angle gives the
largest resistancewhile the tests with 0-degree drift angle gives the

smallest resistance at the same towing speed.
When the ship model was towed by a carriage, it would expe-

rience free vibrations due to many factors no matter that it is calm
water or in ice. The time series of open water resistance at certain
towing speed and drift angle recorded in the tests could provide
guidance on the range of vibration frequencies. Therefore, it is
necessary to do frequency analysis for open water towing forces.

Fig. 5 shows the power spectrum of towing force in the longi-
tudinal direction at the speed of 0.5m/s. In Fig. 5, the main energy
of the force lie at circular frequencies below 30 rad/s. The measured
force is broad-banded with three typical peaks. The maximum
spectral peak is located at around 25 rad/s. Fig. 6 gives the power
spectra of towing force in both longitudinal and transverse di-
rections with 45� drift at the speed of 0. 5m/s. In Fig. 6, the energy
for both longitudinal and transverse forces are located at circular
frequencies below 35 rad/s. The spectra of measured forces are
broad-banded with four typical peaks. The maximum spectral
peaks for both forces are the same and located at around 17 rad/s.

Figs. 7 and 8 present the power spectra of towing forces in the

Fig. 7. Power spectrum of transverse force for drift angle of 90� and speed of 0.06m/s.

Fig. 8. Power spectrum of transverse force for drift angle of 90� and speed of 0.5m/s.

Fig. 5. Power spectrum of longitudinal force for drift angle of 0� and speed of 0.5m/s.

Fig. 6. Power spectra of longitudinal and transverse forces for drift angle of 45� and
speed of 0.5m/s.
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transverse direction with 90� drift at the speed of 0.06 and 0.5m/s
respectively. In Figs. 7 and 8, the energy for the measured longi-
tudinal and transverse forces is below 45 rad/s. At the lower speed
as shown in Fig. 7, the maximum spectral peak is located at around
13 rad/s. At the higher speed as shown in Fig. 8, the maximum
spectral peak is located at around 8.5 rad/s. The first peaks of both
power spectra are 5.5 and 4.0 rad/s respectively.

To sum up, based on the open water tests, the ship model was
found to experience vibrations at frequency ranges of 5e35 rad/s in
longitudinal direction and 3e45 rad/s in transverse direction at the
drift speeds of 0.06 and 0.5m/s.

4. Measured ice forces

There are 12 tests performed in broken ice fields. The upstream
and downstream sides of the ship model refer to the part of the hull
facing or not facing the drifting ice, respectively. All tests are mainly
divided into three groups according to the different drift angles in

the present subsection.
The post-process of measured ice forces worth discussion herein.

As mentioned above, the measured time series of ice forces would
encompass vibration signals caused by the whole towing system
inevitably. As a general guidance, the stiffness of the connection
system between carriage and ship model should be large enough so
that natural periods of the whole towing system are higher than
frequency range of ice force. By doing this, the measured ice force
signal will not turn contaminated by vibrations of the whole towing
system and the actual ice force components can be filtered out from
the total signal easily. However, this is impossible for the present
tests. The vibration periods range 5e35 rad/s in longitudinal direc-
tion and 3e45 rad/s in transverse direction according to the analysis
in Section 3. This is relative low. Kjerstad et al. (2015) pointed out
that the main energy due to broken ice lies in the low-frequency
range (below 1Hz). Therefore, low pass filter is applied to the
measured datasets. The cut-off frequencies are set to be 5 rad/s for
longitudinal force and 3 rad/s for transverse force in the following

Fig. 9. Power spectrum and filtered time series of longitudinal force for test 307.

Fig. 10. Power spectra and filtered time series of longitudinal force for tests 511 and 512.
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analysis for all tests, which equal to the low frequency limits of the
whole system vibration in open water.

4.1. Drift angle 0�

The 0◦◦-drift angle cases comprise three tests, namely tests 307,
511 and 512. A frequency analysis of the recorded time series of
longitudinal ice forces for the three tests is performed. Fig. 9a gives
the ice force spectrum for test 307. With the low-pass cut-off fre-
quency of 5 rad/s, the filtered ice force is presented by Fig. 9b. A
jump occurs at around 150 s in the signal. This is due to the
abnormal vibration of the carriage. The jump is ignored in the
following analysis. The ice force varies slowly and themaximum ice
force is 6.5 N approximately.

The power spectra of measured longitudinal force for tests 511
and 512 are presented in Fig. 10a. The time series of ice forces based
on low-pass filter for tests 511 and 512 are given in Fig. 10b. Both

filtered time series show slowly varying features. Test 512 is a
repetition of test 511 with the same drift angle and towing speed.
However, there is big difference between two time series and the
maximum ice forces differ as well. The maximum force is around
23 N in test 511 and 31.5 N in test 512. The duration for high level of
ice force is longer in test 511 than that in test 512. From model test,
it was observed that the ship model was located closer to the wall,
producing a well-confined boundary in test 512 than that in test
511. That is one of reasons why the ice load level the ship model
experienced is relatively severe for test 512. Moreover, the ice
concentration of test 512 is higher than that of test 511, which also
lead to a higher ice load level.

4.2. Drift angle 30�

The 30◦-drift angle cases comprise tests 415 and 611. The power
spectra of bothmeasured longitudinal and transverse forces for test

Fig. 11. Power spectra and filtered time series of longitudinal and transverse forces for test 415.

Fig. 12. Power spectra and filtered time series of longitudinal and transverse forces for test 611.
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415 are presented in Fig. 11a, where the blue solid line denotes the
transverse force and the black dashed line denotes the longitudinal
force. Fig. 11b shows the time series of filtered ice forces with the
cut-off frequencies. Clearly, the transverse force is larger than the
longitudinal force in magnitude. The transverse force tends to in-
crease steadily from 30 to 140 N. The longitudinal force fluctuates
from 0 to 15 N slowly.

The power spectra of both measured longitudinal and trans-
verse forces for test 611 are plotted in Fig. 12a. The time series of
filtered forces are given in Fig. 12b, where the transverse force is
larger than the longitudinal force in magnitude. The transverse
force tends to increase steadily from 20 to 160 N. The longitudinal
force fluctuates from 0 to 15 N slowly.

4.3. Drift angle 45�

The 45◦-drift angle cases comprise tests 308 and 416. The power

spectra of bothmeasured longitudinal and transverse forces in time
domain for test 308 are plotted in Fig. 13a. The filtered forces are
given in Fig. 13b. Obviously, the transverse force is larger than the
longitudinal force in magnitude. The transverse force tends to in-
crease steadily from 20 to 100 N. The longitudinal force tends to
decrease from 0 to �5 N non-monotonously. The bow and stern of
the ship model broke intact ice simultaneously, which produces
opposite ice forces in longitudinal direction. When the ice force due
to icebreaking and ice floe submersion acting at the stern are larger
than that at the bow, the resultant longitudinal force becomes
negative.

The power spectra of both measured longitudinal and trans-
verse forces for test 416 are plotted in Fig. 14a. The filtered low
frequency forces are given in Fig. 14b. The transverse force is larger
than the longitudinal force in magnitude. The transverse force
tends to increase steadily from 0 to 300N. The longitudinal force
fluctuates from�10 to �20 N slowly. The reason is analogue to that

Fig. 13. Power spectra and filtered time series of longitudinal and transverse forces for test 308.

Fig. 14. Power spectra and filtered time series of longitudinal and transverse forces for test 416.
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for test 308.

4.4. Drift angle 60�

The 60◦-drift angle case comprises only test 610. The power
spectra of bothmeasured longitudinal and transverse forces for test
610 are plotted in Fig. 15a. The filtered forces are given in Fig. 15b.
We can see that the transverse force is larger than the longitudinal
force. The transverse force tends to increase steadily from 0 to
120 N. The longitudinal force fluctuates between �10 and 10 N.

4.5. Drift angle 90�

The 90◦-drift angle cases comprises tests 417, 607, 608 and 609.
The power spectrum of measured transverse force for test 417 is
plotted in Fig. 16a. The filtered low frequency force is given in
Fig. 16b. The ice force varies slowly and peaks at approximately
37 N.

The power spectra of measured transverse force for tests 607,
608, and 609 are plotted in Fig.17a. The corresponding filtered force
is given in Fig.17b for tests 607, 608 and 609. Test 608 is a repetition
of test 607 with the same drift angle and towing speed. However,
the maximum force is around 25 N in test 607 versus 54 N in test
608. In test 608, the ship model is close to the wall, producing a
well-confined boundary. When a higher towing speed was used in
test 609, the maximum ice force measured increases to 114 N.

The statistics of measured ice forces in terms of mean and
maximum values for all tests are summarized in Table 4. For head
on drift tests (307,511 and 512), the mean and maximum longitu-
dinal forces show a large scatter. This is mainly due to discrepancy
on ice concentration and wall effect. For ice drift angles 30, 45 and
60, the ice forces are increasing steadily and the maximum force
strongly depends on the duration of the model tests. In the present
analysis, the time dependence is not considered. It is interesting to
find that the transverse forces are comparable and even larger than
those measured in 90� drift tests. This oblique drift case represents

Fig. 15. Power spectra and filtered time series of longitudinal and transverse forces for test 610.

Fig. 16. Power spectrum and filtered time history of transverse force for test 417.
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a more dangerous ice-hull interaction scenario. Ice forces are
increasing steadily in oblique drift tests while they may drop
rapidly in 90� drift tests. By comparing tests 608 and 609, the speed
effect on ice loads is distinct. The ice loads increase as the speed
increase. However, we cannot make any conclusion on ice thickness
effect due to limited datasets.

5. Physical process for ice-hull interaction

The measured ice forces and corresponding spectra for all tests
in broken ice have been presented in Section 4. The ice loading
process between broken ice and hull is complex and affected by
many factors. It is worth investigation further from physical

Fig. 17. Power spectra and filtered time series of transverse force for tests 607, 608 and 609.

Table 4
Measured results (Fy: transverse force; Fx: longitudinal force).

Test No. vi [m/s] hi [m] Drift angle [deg] Mean Fy [N] Maximum Fy [N] Mean Fx [N] Maximum Fx [N]

307 0.2 1.04 0 e e 5.0 6.5
308 0.2 1.04 45 48.0 98.7 �4.6 �1.5
415 0.5 0.63 30 72.3 146.7 6.6 15.4
416 0.5 0.63 45 181.7 324.3 2.3 19.8
417 0.5 0.63 90 13.9 41.9 e e

511 0.5 1.03 0 e e 11.2 25.6
512 0.5 1.03 0 e e 17.2 34.4
607 0.2 0.76 90 7.1 24.7 e e

608 0.2 0.76 90 25.7 54.9 e e

609 0.5 0.76 90 55.3 114.5 e e

610 0.5 0.76 60 43.5 125.3 0.4 10.2
611 0.5 0.76 30 68.0 170.2 4.7 18.4

Fig. 18. Three phases or scenarios observed in test 511. Fig. 19. Ice-hull contact in phase a.
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phenomenon perspective.

5.1. Drift angle 0�

In the test 307, the ice pieces are small and there is no strong
boundary to limit the motions of each ice floe. Therefore, the
fluctuations of ice force signals are small. However, in the test 512,
the ship model encounters big ice pieces which are well confined.
The resulting ice forces are relatively high. The test 511 represents
the test somewhere in-between with both big and small ice pieces
and thus is used for analysis.

Test 511 encompasses three phases. Each represents a unique
interaction scenarios during the interaction between broken ice
and the ship model in the test 511, namely a, b and c as shown in
Fig. 18. In the phase or scenario a, it is characterized by general
increase of ice force. The shipmodel starts to enter the ice sheet and
the hull gets to collide with big ice pieces. In this phase, large ice
floes are bounded well and break in both radial and circumferential
directions. The peaks of ice force correspond to the failure of intact
ice and occurrence of crack. A snapshot of ice fragmented from
large ice pieces is given in Fig. 19. As the ship model passes through

the large ice pieces. It come to phase or scenario b, which is char-
acterized by rapid drop of ice force. The ice environment could be
seen from Fig. 20. The size of ice floes is relatively small sur-
rounding the bow area. There is few ice floe interaction with the
hull at shoulder to mid-hull. The ice concentration near the hull is
very low and large area of open water could be found. As the ship
advances, the hull collides with some small floes in phase or sce-
nario c. The small ice floes will rotate to submerge and then slide
downwards along the hull. The speed of the floe will decrease due
to buoyance effect in water. When the speed drops to zero, the floe
will float upwards to the waterline. During this process, the action
from the ice floes is relatively mild. In general, the ice floes will
clear away from the hull. The submersion and clearing process of an
ice floe is shown in Fig. 21.

5.2. Drift angle 90�

For drift angle 90�, there are four tests presented in the paper.
From Figs. 16 and 17, it is found that the transverse ice forces have a
common feature. Namely, they all have a main peak and decrease
after the peak. The test 417 is chosen for analysis as follows.

The test 417 is divided into three phases. Each corresponds to a
particular interaction scenario as shown in Fig. 22. Based on the

Fig. 20. Ice-hull contact in phase b.

Fig. 21. Ice-hull contact in phase c.

Fig. 22. Three phases for test 417.
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video filmed during the test, some critical phenomena were
observed carefully. In the phase a, the ship model intrudes broken
ice field transversely along its side. More and more ice floes accu-
mulate and drift with the hull, which results in a rapid increase in
ice force. No obvious bending or failure of ice floes occurs during
the interaction due to its vertical inclination. However, at both stern
and bow areas, the rafted ice floes tend to rotate in the horizontal
plane and move along the hull towards the near end. The move-
ment of ice floes is in large scale and very clear. The phenomenon
could be found from the snapshots showing the movement of ice at
bow in Fig. 23. This results in decline of ice force in phase b.

Moreover, the broken ice floes accumulated at mid-hull could
not clear away and drift with the hull on the upstream (shown in
Fig. 24). The corresponding ice force is relatively steady with less
fluctuations.

5.3. Other drift angles

When looking at Figs. 11e14 which include all tests with drift
angles 30�, 45�, and 60�, it is found that the longitudinal forces are
much smaller than the transverse forces and thus the longitudinal
forces are not analyzed herein. All transverse forces have very
similar trend. In this paper, only test 610 with 60� drift angle is
discussed. As can be seen from Fig. 15, the transverse force tends to
increase from the starting point. The ice conditions around the hull
at the beginning and end of the test from the camera above water
are presented in Fig. 25. Comparing a and b in Fig. 25, we can find
that the bow of the ship model becomes almost fully embedded
into the ice at last. The ice transport under water around the bow
area is also filmed by camera. The snapshots from the beginning
and end of the test are given in Fig. 26. It shows that a lot of ice
rubble get submerged and accumulate on the upstream of the hull.
No ice floes pass through the hull from the bottom and bow. There
are some ice floes clearing away from the stern of the hull occa-
sionally, but not always. The large amount of ice floes slides along
the hull and accumulates around the hull, which leads to a steady
increase in ice force.

6. Comparison with level ice resistance

As mentioned in section 2, the broken ice model tests were
performed after the level ice model tests were completed. The
measured average level ice forces have been presented for ice drift
angles of 0�, 45�, 90� (Zhou et al., 2013; Hu and Zhou, 2016). Herein,
the ratios of the mean level ice force to maximum broken ice force
at the same drift angle and speeds are given in Table 5. It should be
noted that only transverse force is presented since it is dominated
to the longitudinal force in tests of 45� drift angle.

From Table 5, it can be found that the ratios for 90� drift angle
cases vary significantly from 4.04 to 13.44. This range is higher than
that for straight drift test. The ratio for 45� drift angle cases is in
between 0� drift angle cases and 90� drift angle cases.

Fig. 23. Ice-hull contact in phase b of test 417.

Fig. 24. Ice-hull contact in phase c of test 417.

L. Zhou et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 422e434432



7. Conclusion

A series of ice tests for the icebreaking tanker Uikku in scale
1:31.56 is performed to study the ice loading process and record ice
forces interacting with the hull. The model ship is driven through
the broken ice fields at different speeds and drift angles. The main
features of ice load are presented and statistical values of ice forces
are given in terms of maximum. The main findings of this study are
summarized below.

(1) For zero drift angle cases, the longitudinal force signal seems
to have achieved a steady state. The broken ice force is slowly
varying. The wall effect on the maximum load is obvious and
cannot be avoided in ice basin model tests. The ratio of mean
level ice fore to the maximum broken ice force is 2.63 for test
307.

(2) For 90-degree drift cases, the longitudinal force signal seems
to have achieved a steady state. The measured broken ice
forces intend to increase at first stage and reached a
maximum value, after which the force decreases. There ex-
ists a unique peak for each force signal. The ratio of the mean
level ice fore to maximum broken ice force is relatively large,
ranging from 4.04 to 13.44.

(3) For the other ice drift angle cases shown in the present study,
the transverse force is dominant to the longitudinal force.
However, the measured transverse forces increase steadily
and have not come to a steady state due to the limited length
of the path that the ship model could travel. The ratio of
mean level ice fore to the maximum broken ice force is 6.31
for test 308.

(4) The process of ice acting on a ship side (90-degree drift tests)
is very different from ice acting on a well-shaped bow (0-
degree drift tests). The ice floes tend to escape from the
two ends of the hull in 90-degree drift tests while re-
breaking and submersion of ice floes mainly occur in the 0-
degree drift tests.

(5) Comparing the three cases, the oblique ice acting (30-, 45-
and 60- degrees drift tests) is the most severe case since the
transverse force is increasing steadily with large magnitude.

It is noted that all conclusions aremade based onmeasurements
from the model tests of icebreaking tanker under certain condi-
tions. These data should be used with great care. The model test
results provide valuable information for the full-scale design of the
marine structure in broken ice and numerical modeling of broken
ice interaction with structures.

Fig. 25. Ice-hull contact in test 610 above water.

Fig. 26. Ice-hull contact in test 610 under water.

Table 5
Ratios of the mean level ice force to maximum broken ice force to in model scale.

vi (m/s) hi (m) Drift angle (deg) Mean level ice force (N) Maximum broken ice force (N) Ratio

0.2 1.04 0 17 (Test 103, Hu and Zhou, 2016) 6.5 (test 307) 2.63
0.2 1.04 45 623 (Test 203, Zhou et al., 2013) 98.7 (test 308) 6.31
0.2 0.76 90 332 (Test 102, Zhou et al., 2013) 24.7 (test 607) 13.44
0.2 0.76 90 332(Test 102, Zhou et al., 2013) 54.9 (test 608) 6.05
0.5 0.76 90 463(Test 101, Zhou et al., 2013) 114.5 (test 609) 4.04
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