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ABSTRACT  

A model scale experiment on the interaction between level ice and an arctic offshore structure 
with a downward bending hull was conducted in April 2012 in the large ice tank of HSVA. 
The experiments investigate the different mechanical processes contributing to the ice action. 
The present paper is completed by a companion paper “Rubble Ice Transport on Arctic 
Offshore Structures (RITAS), part I: Model scale investigation of level ice action 
mechanisms”. Detailed investigations on special aspects of the level ice action mechanisms 
are presented in “Rubble Ice Transport on Arctic Offshore Structures (RITAS), part III: 
Analysis of scale model rubble ice stability” and “Rubble Ice Transport on Arctic Offshore 
Structures (RITAS), part IV Tactile sensor measurement of the level ice load on inclined 
plate”. 

The structure, a so called buoyancy box, is inclined at the waterline and promotes a downward 
bending failure of the level ice. Two-dimensionality is introduced by limiting the panel width 
to 1 meter with two transparent Lexan plates allowing monitoring of the ice breaking and 
accumulation process.  Several parameters are varied: ice thickness, ice density, ice velocity. 
A tactile sensor is installed on the ice breaking area of the structure to monitor the local 
waterline ice loads. During each interaction tests, the volume and buoyancy of the rubble 
accumulated on the structure are measured for derivation of the rubble porosity. The waterline 
ice load is oscillating.  The experimental results show that the magnitude of the load peaks 
increases. The rubble is subjected to a rotating motion and to a series of collapse events. 
Increased buoyancy forces reduce the rubble porosity. 
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INTRODUCTION 

The level ice action on offshore structures can generally be reduced by designing the structure 
geometry such that a bending failure of the level ice is promoted. The breaking of ice on large 
structure produces subsurface rubble ice accumulating under the incoming level ice and 
travelling along the structure’s hull. The effect from the rubble transport on the waterline ice 
load on a flat downward sloping hull has been studied in Serré et al. (2013) as well as the 
influence from ice density, thickness, velocity and incidence. It was observed that the rubble 
accumulation influences the waterline ice load until a certain limit, above which additional 
rubble does not anymore increase the waterline ice load. On the contrary, ISO 19906 (2010) 
suggests that the ice breaking load (related to the waterline ice load) can be discomposed in 5 
components, and 3 of them are dependent on the amount of subsurface rubble, i.e. their 
magnitude increases as long as the amount of subsurface rubble increases. These 3 
components are HP, the load required to push the ice sheet through the ice rubble, HR, the load 
to push the ice blocks down the slope through the ice rubble, and HL, the load required to 
press down the ice rubble beneath the advancing ice sheet prior to breaking it (Croasdale, 
1980; Croasdale et al., 1994). The two other components of the ice breaking action are HB, the 
ice breaking load, and HT, the load to turn the ice block at the bottom of the slope. The 
contradiction between the experimental results and the conceptual model shows that the ice 
action mechanisms are not yet entirely understood and thus may, at times, lead to an 
inaccurate modelling of the ice action. 

The experiment described in the present paper was designed in order to investigate the 
mechanical processes contributing to the level ice action on a wide downward sloping 
structure. The 3D case was studied in RITAS part I (Serré et al., 2013). In the present article, 
the ice breaking and accumulation pattern is studied in 2D such that it is possible to observe 
the ice motion within a cross-section of the subsurface rubble, and verify how it compares to 
the ISO description. A similar 2D test investigating the broken ice load on an inclined plate is 
reported in Timco (1991) with monitoring of the underwater ice motion and ice load 
distribution vertically along the plate. Load from level ice breaking on an upward inclined 
structure was later investigated in a 2D setting by Paavilainen et al. (2011; 2013). The current 
work focuses on level ice interaction with downward sloping structure and investigates the 
physical properties of the rubble ice, the rubble motion and the load distribution in the 
waterline region. The buoyancy box is further used for determination of the mechanical 
properties (Kulyakhtin et al., 2013) of the subsurface rubble. The physical properties comprise 
the buoyancy and porosity, while the mechanical properties here refer to ice rubble Mohr-
Coulomb parameters. 

The present paper (RITAS part II) describes the experimental set up, the ice breaking process, 
the rubble motion into the box and the porosity computations. Part III (Kulyakhtin et al., 
2013) derives the rubble mechanical properties from stability tests. Part IV (Lu et al., 2013) is 
a description of tactile sensors measurements of the waterline ice load onto the inclined part 
of the buoyancy box.  

  



EXPERIMENTAL SET UP 

Procedure 

The buoyancy box interacts with 5 level ice sheets. The back of the box is inclined at the 
waterline and the ice breaking load on the inclined plate is measured with a tactile sensor. The 
accumulation of subsurface rubble into the box is monitored with underwater video-cameras 
during the entire interaction. The buoyancy of the accumulated rubble is measured at the end 
of the interaction by measuring the weight of the submerged box filled with rubble and 
computing the difference with the weight of the submerged empty box. The weight of the box 
submerged in the water is measured with a load cell fixed to a crane hook.  

  

Buoyancy box 

A buoyancy box is built according to the design given in Figure 1. The back of the box is 
made of the same material as the structures tested in Serré et al. (2013) and the sides are made 
of Lexan plates. The back wall comprises an inclined portion at the waterline, a vertical 
portion and an ice spoiler (similar geometry as the structures). The box is mounted on a 
support frame which is fixed to the service carriage (Figure 2 a).  

The ice crushing on the box’s frame is prevented by the installation of “ice knives”, i.e. sharp 
steel edges cutting through the ice. The distance between the knives is 940 mm. 

 

a) 

 

b) c) 

Figure 1 Technical drawing of the buoyancy box, in a) from side, in b) from above, in c) 3D 
drawing.  

Load measurement 

The inclined plate at the waterline is covered with a tactile sensor and a protection film for 
measurement of local ice loads. The position of the tactile sensor on the inclined plate is given 
in Figure 2 b). The weight of the box is measured by lifting the box with the ice basin roof 
crane. A load cell is mounted on the crane hook. 

  



 

a) b) 

Figure 2 In a) buoyancy box being attached to the service carriage, front door and roof are 
removed during the interaction test. In b) tactile sensor position on the inclined plate (Lu et 

al., 2013). 

 

Ice characteristics 

For each test series, the buoyancy box interacted with model level ice.  The ice characteristics 
are measured according to the methods described in Schwarz et al. (1981) and Evers and 
Jochman (1993).  The ice characteristics are given in Table 1. 

 

Table 1. Ice properties for the different ice sheets 

Parameter Unit Test 1000 
Test 2000 

(High 
velocity) 

Test 3000
(Low 

density) 

Test 4000 
(High 

thickness 
and E 

module) 

Test 5000 

Ice thickness cm 4.3 4.3 4.7 6.1 4.1 

Flexural strength kPa 53 58.2 54.6 45.7 47.1 

Elastic modulus MPa 61 53 88 103 31 

Ice-wood friction   0.018 

Ice-tactile sensor 
friction 

 0.027 

Ice density kg/m3 906 902 806 928 894 

Ice salinity ‰ Approximately 3.5 

Water density kg/m3 1006 

Water salinity ‰ 6.9 

 

  



Test matrix 

The buoyancy box tests included several steps: interaction with level ice and ice load 
measurements, measure weight of box filled with rubble ice from the interaction, and stability 
tests. All test numbers are listed in Table 2. 

Table 2. Level ice buoyancy box tests 

Test # Action Description 
Ice drift 

length [m] 
Velocity [m/s]

Ice sheet 1 and 2 (x = 1,2) 

X210 Buoyancy box filling 
Pushing buoyancy box until filled with 
ice, tactile sensor measurement of ice 
load (in test 2210). 

10  
(20 in 2210) 

0.045 
(0.2 in 2210) 

X220 Measurements Sinking buoyancy box    

X230 Rubble stability Tilting buoyancy box    

Ice sheet 3 and 4 (x = 3,4) 

X210 Buoyancy box filling Pushing buoyancy box 10 m into the ice 10 
0.045 

(0.02 in 4210)

X211 Buoyancy box filling Pushing buoyancy box 10 m into the ice 10 0.2 

X212 Buoyancy box filling Pushing buoyancy box 10 m into the ice 10 0.045 

X220 Measurements Sinking buoyancy box    

X230 Rubble stability Tilting buoyancy box    

Ice sheet 5 

5210 Buoyancy box filling Pushing buoyancy box 9 m into the ice 9 0.045 

5220 Measurements Sinking buoyancy box     

5230 Rubble stability Tilting buoyancy box     

5240 Buoyancy box filling 
Pushing buoyancy box 3 m into the ice, 
with roof, no tactile sensor 

3 0.045 

5241 Measurements Sinking buoyancy box     

5250 Buoyancy box filling 
Pushing buoyancy box 3 m into the ice, 
with roof, no tactile sensor, box full at 
start 

3 0.045 

5251 Measurements Sinking buoyancy box     

5260 Buoyancy box filling 
Pushing buoyancy box 3 m into the ice, 
with roof, no tactile sensor, box full at 
start 

3 0.045 

5261 Measurements Sinking buoyancy box     

 

Video monitoring 

A grid is painted on the Lexan plates. The grid squares are 10 x 10 cm. The rubble 
accumulation into the box is recorded by two video cameras placed underwater on each side 
of the box. 
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Table 3. Results from buoyancy measurements of the buoyancy box 

Test # 
Submerged 
box weight 

(N) 

Buoyancy 
(N) 

Ice rubble 
volume (m3) 

Porosity 

Submerged box in 
open water 

-600 
- 

- - 

Submerged box in open 
water with 40 kg weights 

-940.9 - - 

1220 -277.2 323 0.35 0.26 

2220 -187.6 412 0.46 0.27 

3220 (added 40 kg) -173.1 768 0.40 0.21 

4220 (added 40 kg) -560.8 380 0.62 0.39 

5220 -210.4 390 0.41 0.25 

5241 -469.3 131 0.13 0.38 

5251 -345.5 255 0.25 0.26 

5261 -265.2 335 0.37 0.32 

 

Ice load 

A typical example of the total ice load on the tactile sensor is given in Figure 8 (test run 
5210). The time series is composed of peaks and the load can return to 0 between the peaks. 
The period with no load is referred as “no-load event”. In all tests except test run 2210 (high 
velocity and 20 m travel distance) the magnitude of the peaks increased during the interaction. 
There were no events with zero load during the high velocity tests (continuous ice contact on 
the tactile sensor), except during the large ice thickness tests (series 4000). In series 4000, 
both the larger ice thickness and the observed breakage of the level ice at the entrance of the 
box could explain the continuous presence of no-load events.  

 

Figure 8. Total ice load on tactile sensor, test run 5210. 
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the beginning of the experiments, and the largest peak loads at the end of the experiment are 
more than twice larger than the largest peaks from the interaction start.   

The load curves recorded by the tactile sensor also show that the time interval between the no-
load events increases during the interaction time, and thus with increasing volume of 
accumulated rubble. The underwater videos show that no-load events can occur when the 
tactile sensor loses contact with the ice: due to the tilting motion of the broken ice blocks, the 
lower edge of a broken block can be below the tactile sensor before the upper edge has 
reached the sensor at the waterline. The distance between the two edges of one block is 
related to the breaking length. No-load events can occur when the breaking length is larger 
than the length of the tactile sensor under the waterline (106 mm, Figure 2 b). 

The rubble accumulation also causes resistance to the broken ice blocks rotation at the 
transition point between the inclined and the vertical portion of the hull, adding a resistance 
component to the ice turning process described by HT in Croasdale et al. (1994). The present 
experiment shows that above a certain amount of accumulated rubble, the ice blocks further 
break at this transition point.  

A third contribution from the rubble to the waterline ice load is the increased buoyancy force 
on the downward bending and downward sliding ice sheet, respectively HL and HR in ISO 
19906 (2010). HL also includes the load necessary to fracture the rubble accumulation along a 
vertical failure plane under the ice edge. This failure mode was not observed during the 
experiments, where the rubble was continuously rotating. Similar observation has also been 
made by Timco (1991). 

 

CONCLUSION 

A 2-dimensional experiment on the downward breaking of a level ice sheet on a structure was 
performed in the HSVA model ice basin. The ice thickness, density and velocity were varied 
between the ice sheets. The broken level ice slided downward along the structure and formed 
an accumulation of subsurface rubble. The waterline ice load, rubble volume, buoyancy and 
porosity were measured. The breaking process was compared to the ISO 19906 formulation. 

The following mechanisms were observed accordingly to the ISO 19906 formulation: 

 The waterline ice load increases when the size of the rubble accumulation increases. 

 A lower ice density and a larger ice thickness caused higher waterline ice loads. 

The following mechanisms were observed and are not considered in the ISO 19906 
formulation: 

 Further ice breaking is observed during the ice turning phase on the vertical wall. 

 The rubble rotates continuously and the accumulation presents regular cycles of 
growth and collapse.   

The porosity results are affected by measurement uncertainty but tend to show that: 

 A higher buoyancy force reduces the porosity. 

 Accordingly, the porosity tends to decreases when the size of the accumulation 
increases.  
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