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Ice/moored-structure collision tests and drop tests of ice blocks onto stiffened panels were 
carried out at Aalto University, Finland. In the experiments, focus was placed on simultaneous 
inelastic deformations of ice and a steel structure. Laboratory-grown freshwater ice blocks 
were used. During testing, a steel structure was impacted with an approximately one-ton ice 
block shaped as a truncated cube. A total of 18 impact tests in water and two drop tests in air 
were conducted. The impact tests in water were performed at speeds of 1 and 2 m/s for 
structures of different rigidity. In the drop tests, initial impact velocities were 3 m/s and 8m/s. 
This paper provides main findings and lessons learned from the execution of these tests. 

 
1. INTRODUCTION 

Information about damage resulting from a corresponding ice action is required by a wide spectrum of 
users, e.g., shipbuilding industries, classification societies and vessel operators in icy waters. The 
knowledge of ice mechanics and inelastic behavior of ship/offshore structures has not developed to a 
point when design standards and regulations can be firmly established. Hence, there is a need for 
experimental data to validate numerical simulations and to improve standards and codes. In the ice 
community, a number of experimental studies have been conducted to identify ice behavior (and ice 
loads) for scenarios in which the structure remains intact during ice-structure interaction (plastic 
deformations were not allowed). In turn, only a few experiments which account for ice/structure 
deformations have been performed in the field (Masterson et al., 1993) and in the laboratory (Manuel 
et al., 2013). This fact suggests the degree of difficulty in designing the test setups and measurement 
systems in order to get useful data for scenarios where both the ice and the impacted structure undergo 
permanent deformations. While all successful experiments so far have taken place in the air, some 
numerical approaches also include water in the simulations (Gagnon and Wang, 2012; Lee and Zhao, 
2013). The possibility to compare numerical simulations against experimental data (i.e., structural 
deformations, ice loads) in the presence of water will contribute to increased accuracy of existing 
models. The potential for conducting this type of experiments under laboratory conditions may also 
facilitate/advance the development of the testing procedure for a full-scale collision scenario in the 
field.  

In order to build expertize in modeling collisions under laboratory conditions and to obtain data for 
the development and verification of existing analytical (and numerical) models, a number of ice-
structure impact tests were carried out in a 40 × 40 m ice basin at Aalto University, together with two 
drop tests of ice blocks onto a stiffened panel in air. 

A brief description of the experimental setup and of the most important results is provided in the 
following sections.  

 
2. TESTS 

The choice of collision scenario (and experimental setup) was limited by the testing facilities (e.g., the 
maximum speed allowed by the towing carriage, the strength of the concrete floor and walls of the ice 
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basin) and the total costs of the tests. No ‘standard’ scaling laws were used, instead, the emphasis was 
placed on selecting an appropriate collision scenario (geometry of the ice and the structure, boundary 
conditions, etc.) to simulate the coupled behavior of ice and the structure, that is: 

• both the ice and the structure should deform inelastically during the collision event; 
• the ice block should be strong (and large) enough to cause permanent deformations in the 

impacted structure; and 
• the impacted structure should be sufficiently stiff to produce similar deformation patterns as in 

full-scale impacts (i.e., plastic deformations of a shell plating, local and global deformation of 
stiffeners). 

The following collision event was considered: impact of an approximately one-ton ice block (a 
truncated cube) onto a vertical stiffened panel (Figure 1) at speeds of 1 and 2 m/s. Figure 2 presents a 
photograph of the experimental setup. A system or ropes was used to tow the ice block into a purpose-
built floater. A weak link was attached to the towing rope to prevent high dynamic loads on the towing 
carriage at impact. 

 
 

Figure 1. Detailed drawing of the stiffened panel 
(mm). 

 

Figure 2. Photograph of experimental setup. 

The structure 
The global dimensions of the floater at the water plane were 2 × 4 m, with a draught of approximately 
0.9 m and a total height of 1.25 m. Four flexible panels (Table 1) of varying stiffness were used to 
obtain the desired ice-structure interaction. The overall dimensions of the panel were 1.1 × 1.3 m. The 
panel was supported by six transverse flat bar stiffeners with a height of 150 mm and a spacing of 150 
mm and by two flat bar frames with a height of 150 mm and a spacing of 500 mm.  
 

Table 1. Test panel characteristics 
Panel Material Thickness (plate-stiffener-frame), mm 
A Mild steel S235 4‒2‒4 
B** Mild steel S235 2‒2‒2 
C* Mild steel S235 4‒4‒4 
D Mild steel S235 12‒12‒12 
*the panel was used in the drop test; **after the impact test in water, the panel was re-
used in the drop test. 

The ice 
All ice samples were manufactured in a cold room using a mix of water and commercially available 
ice pieces with sizes of 10‒40 mm. It took approximately five days to freeze completely the ice 
samples with dimensions of 1.2 × 1.0 × 0.9 m at an ambient temperature of ‒20°C. The corners of 
each produced ice block (Figure 3) were cut before the tests to prevent interaction between the flat 
contact surfaces. The grain sizes of laboratory-grown ice were approximately 2‒10 mm. The ice 
exhibited an average density of 901 kg/m3 and compressive strength of 0.8 MPa under uniaxial 
loading at a temperature of 0°C and a loading rate of 17 mm/s. 

ice block 

moored-floater with the panel 
(soft-mooring arrangement) 

towing direction 
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Figure 3. Photographs of the ice block; grid lines are 0.15 m apart: (a) a side view of the ice block 
before shaping; the dashed lines indicate where the ice sample was cut into the final shape; (b) final 

shape of the ice block; the dashed contours indicate the edges after shaping. 
 
A total of 18 impact tests were conducted in water. Of these 16 impacts were conducted using Panel D 
in Table 1 (rigid structure). The mass of each ice block was recorded before the block was placed into 
the water. Time series recordings were made of the towline force, the location of the towing carriage, 
the strains and the accelerations of the impacted structure. Each collision event was video-taped from 
five different angles. The damage to the ice and to the structure was observed. The plate deflection 
profiles were also manually measured after each impact. In addition, two drop tests were performed in 
air to study the effects of removing the hydrodynamic aspects of tests with the moored-structure (Kim 
et al., 2013). 
 
3. MAIN RESULTS 

Analysis of high-speed video records showed that towing an ice block toward the structure produced a 
progressive disturbance that caused a ‘bow’ wave (water pile-up) in front of the structure before the 
actual impact. The moored-structure exhibited a lateral and negligible small vertical response to the 
bow wave. A high-speed video camera registered a slow (0.0‒0.1 m/s) drift of the floater in the 
direction of impact before the impact. Strain measurements revealed that the target ahead of the 
moving ice experienced negligible small forces until contact was imminent.  

The data showed that the peak impact load (estimated from acceleration records) increased with the 
impact speed and the ice mass. 

The impacts of ice blocks with panels in water and air produced a variety of results from no visible 
marks (Panel D in Table 1) to dents in Panels A‒C. The extent of energy dissipation was less 
pronounced than desired. For similar kinetic energies of the ice block, drop tests in air resulted in 
greater damage to steel panels. In the drop tests with high levels of initial kinetic energy, most of the 
energy was dissipated within the ice with little plastic deformations in the panel. The drop test with the 
highest value of collision energy (17.7 kJ) produced deformations of the ice and the structure similar 
to those commonly observed at full-scale (‘hungry-horse’ deformations). In all tests (both in water and 
in air), the plastic deformations of the structure were limited to moderate plastic dents on the impacted 
plate. 

The observations of ice damage zone after impact showed that the characteristics of ice damage 
(crushed and extruded ice and splitting cracks) compared fairly well with the data from full scale 
observations. The presence (absence) of high pressure zones and recrystallized grains could not be 
confirmed due to limitations in the experimental setup. More ice splitting was observed for events with 
higher collision energies. 

 
4. CONCLUSIVE REMARKS 

We recommend that the experimental procedure be repeated with some modifications to improve 
the accuracy of the experimental results. Below we highlight important issues which are important to 
consider when planning this type of tests. 

Ice specimen preparation: the larger the size of the ice blocks, the more challenging it is to 
maintain control of the freezing direction and to maintain a uniform ice microstructure. In our tests, 
freezing of approximately 1 -m3 ice block created internal stresses in the ice and large cracks were 

(a) (b) 
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formed. These cracks had to be sealed with freshwater one to two days before testing. For future 
experiments, a unidirectional freezing process is recommended. This can be done by isolating the sides 
and top of the ice moulds, e.g., as it was done by Gudimelta et al. (2012). However, this technique 
would require a longer freezing period that should be taken into consideration during planning of the 
experiments. 

Geometry of ice specimen: Shaping the ice block and recording the ice shape are a challenge. In our 
tests, the ice blocks were shaped with a chainsaw, and we recorded the ice shape by taking 
photographs from different angles through a Plexiglas sheet with a uniformly-spaced grid on it. In 
future, alternative ways to control the ice-shaping process and to collect data on its shape should be 
considered. For instance, a better but expensive way to control ice shape is to use a band saw with a 
tilting worktop. A 3D-scanning device may be used to collect data on ice shape. The size of the ice 
block is also an important parameter. In our tests, the size of the ice block determined the collision 
energy. If the ice block is insufficiently confined and impact velocities are large, ice splitting will 
dominate. This situation can be avoided, e.g., by using larger ice blocks and lower impact velocities. 

Controlling direction of impact: in water, it was difficult to control the exact location of impact. 
There was a significant scatter in the impact location on the panel, and many impacts were oblique or 
eccentric. Feasibility of quasi-static tests in air versus dynamic tests in water should be checked.  

Instrumentation: A direct measurement of loads (i.e., a load cell) is preferred over indirect methods 
records (e.g., via accelerations and strains). A pressure sensing device should be chosen such that it is 
able to respond to a rapid variation in pressures and the calibration of the device is manageable for a 
wide range of pressures (0‒100 MPa). In air, one can directly record (and observe) amount of crushed 
ice by simply collecting it, while in water, weighing of the ice block before and after the impact may 
be performed, assuming the amount of crushed ice is sufficiently large to be recorded accurately. 
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