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Azimuthing thrusters designed to operate in ice-covered waters have to sustain impact-type 

loads from ice blocks. These impacts can happen at high speeds when ships are traveling in 

brash ice channels. The response force seen by the thruster is determined by the dynamics of 

the thruster structure together with the shape and magnitude of the contact force impulse. In 

some cases, the response force can be larger than the contact force and the ratio between these 

two is called the dynamic magnification factor (DMF). In tests described in this study the DMF 

varied from 0.5  to 1.4.  

 

This paper presents results from small-scale tests with real Baltic Sea ice. Two different kind 

of tests were carried out. In the first tests, contact force was studied with a pendulum-type 

impact device. The test setup in these tests was very rigid to eliminate dynamic effects. In the 

second tests at the VTT towing tank, floating sea ice blocks and model-scale thruster was used 

for studying dynamics of the impact case. In addition, uniaxial compression tests of sea ice 

were carried out in a standardized method to assess the ice compressive strength. 

 

Pendulum-type impact tests are compared to other similar tests. Dynamic model is developed 

for the second set of tests to better understand the dynamics of the ice impact on thrusters. 

Further development of the model for impact cases can make the design of ice classed 

azimuthing thrusters more optimized and safe to use. 
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1. Introduction 

 

Ice impact on azimuthing thruster body is a load scenario that happens on ships sailing in icy 

waters. The load scenarios and impact forces have of course been interest to propulsor 

manufacturers ever since azimuthing thrusters were introduced to ice-classed vessels in the 

beginning of the 90’s (Savikurki & Koskinen,  1993, Soininen etal., 1993). Public work and 

development for rules started little bit later, see for example (Daley et al, 2009, Wang et al. 

2004).  

 

One of the tools to estimate the impact loads on thruster body is a dynamic simulation tool 

which simulates the impact and the response of the structure (thruster) in time domain. Such 

tool has been developed at the VTT as documented in references (Kinnunen et al, 2014, 2015, 

2019). 

 

In simple terms, there are essentially two important parts in the simulation tool: Model for the 

contact load (impact) and model for the response of the structure. The contact load is defined 

by the energy available for the impact (speed, mass) and ice crushing characteristics. Ice 

crushing behavior, and the subsequent impact force, is modelled by widely used pressure-area 

relation of ice. The response force modeling takes into account the basic characteristics of the 

thruster structure (mass, stiffness and damping) and its dynamic behavior with a single degree-

of-freedom (SDOF) model.   

  

The developed dynamic model gives realistic impact forces at quite wide range of parameters. 

However, there is still space for improvements, which can make the model more accurate in 

some specific cases. In its current state, the model assumes hemispherical contact geometry 

which suits well for many thruster-related impact scenarios. However, in some cases, such as 

edge of nozzle, the structure geometry differs greatly from hemisphere and this should be taken 

into account. Further, the SDOF model could be developed to multi degree-of-freedom model. 

 

Naturally, important part in validating the impact model is the use of experimental data. This 

paper describes tests with a small indenter which were carried out in order to gain new insight 

in some specific impact cases. 

 

First set of tests were carried out on the sea ice with a pendulum-type impact apparatus. The 

focus on these tests was the impact force and the crushing phenomena. These tests took place 

in the Gulf of Finland in the Baltic Sea. The exact place was just offshore Haukilahti, Espoo, 

Finland (60°09'13.7"N 24°46'44.8"E). The second set of tests took place in the VTT towing 

tank where impact tests on floating ice blocks were carried out. Here, the focus was the 

dynamics of the impact including the ice block movement and vibratory behavior of the thruster 

body. Ice blocks for the towing tank test were taken from the same site where the pendulum 

tests were carried out. 

 

2. Experimental setups for ice impact tests 

 

The test apparatus for pendulum impact tests in Haukilahti, was the same as used earlier in 

tests reported in (Kinnunen et al, 2014), see Figure 1, However, this time the contact force was 

directly measured with a 100 kN force sensor behind the impact point. In addition, 

accelerometer, angle sensor and video cameras were installed. After the tests, the impact crater 

dimensions (in essence the indentation to ice) were measured. During the tests, also uniaxial 

compression tests of ice were carried out with compression apparatus.  
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Pendulum tests were carried out on March 2021 and the ice thickness at that time was about 

30 cm. Tests included five tests with 100 mm diameter hemispherical indenter, two tests with 

ellipsoid indenter and two tests with wedge (nozzle edge) type indenter.  

 

 
Figure 1. Pendulum test apparatus for the ice impact tests at sea ice. 

 

Figure 2 describes the test setup in the towing tank. A thruster-like structure fixed to the 

carriage moved with a constant velocity against a floating ice block. The same 100 kN force 

sensor was used for the contact force measurements. For measuring the reaction force, the strut 

of the thruster-like structure was instrumented with strain gauges. The strain gauges were 

calibrated with the impact force sensor with a static force. Accelerometer was attached to the 

ice block with screws to measure to motion of the ice block during impact. High-speed videos 

were also recorded during the impacts.  

 

 
Figure 2. Ice impact tests at the VTT towing tank. 

 

The thruster model included an additional mass, which was changeable, enabling to vary the 

mass of the thruster. Also, the ice block mass was varied. The chosen masses and the stiffness 

of the thruster body and ice blocks were selected so that they would represent realistic ratios. 

For example, in full-scale, the mass of the design ice block in the highest Finnish-Swedish Ice 

Class Rules (FSICR) ice class (IA Super) is close to mass of the smaller thrusters.   
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3. Test results and analysis for pendulum impact tests 

 

Below, in Table 1, the main tests results from the pendulum measurements are shown. It is 

immediately evident from the force levels that the highest force was not achieved with the 

highest impact speed. This is somewhat unexpected, although the differences are quite small. 

However, when investigating the time histories of force signals, examples shown in Figure 3, 

it can be seen that there are fluctuations in the force signal that might explain this behavior. 

These fluctuations are probably coming from the crushing process of the ice during impact, 

which is somewhat random. Thus, it is interesting to also calculate the impulse of the impact 

𝐽, by integrating the force signal over time by  

 

 𝐽= ∫𝐹 𝑑𝑡                                 [1] 

 

From Table 1, it is evident that, comparing impulse to available kinetic energy correlates better 

than comparing only maximum forces. Kinetic energy is calculated from impact speed and 

pendulum mass. Another way to evaluate the measured force level is to compare the impulse 

with the change of momentum p, which is calculated from the acceleration sensor data by 

 

 ∆𝑝=𝑚∆𝑣                       [2] 
 

These values match fairly well, when taking into account measurement inaccuracies.   

 

Table 1. Main test results from pendulum ice impact tests. 

Test  geometry mass 

[kg] 

max force 

[kN] 

speed 

[m/s] 

indentation 

[mm] 

Kinetic 

energy [J] 

Impulse 

[Ns] 

1 hemisphere 155 30.8 3.40 30 898 491 

2 hemisphere 155 30.9 3.97 47 1225 578 

3 hemisphere 155 30.7 3.60 49 1007 608 

4 hemisphere 155 32.4 2.98 30 690 502 

5 hemisphere 155 33.2 3.00 
 

699 509 

6 ellipsoid 154 11.14 2.23 61 384 411 

7 ellipsoid 154 9.26 2.00 72 309 402 

8 Nozzle 154 23.77 2.59 16-21 520 408 

9 Nozzle 154 22.96 2.59 12-22 520 291 

 

 

 



5 

 

 
Figure 3. Time history of signals from the first impact test. 

 

The use of an accelerometer on the impacting pendulum mass enabled to calculate accurately 

a secondary force signal (taking into account the mass of the pendulum), velocity change 

during the impact and indentation to the ice. Taking into account the impact geometry, the 

instantaneous indentation area, as seen in figure 4, can be calculated. Furthermore, with area 

and force signal the instantaneous pressure during the impact can be calculated. 

 

 
 

Figure 4. Indentation to ice.  

 

Pressure-area relationship of ice in impact cases is interesting because it is used in the ice 

impact modelling. Figure 5 shows the pressure-area graphs from all the tests with 

hemispherical impact head with blue dots. The smallest areas under 20 cm2 are cut out because 

with very small areas the force and acceleration measurement errors increase significantly. At 

larger areas, the pressure graphs from different tests come closer to each other. The black line 

is fitted for the data set by 𝑝= 0.31𝐴−0.51  Of course, the small-scale tests, described here, 

only cover a small part of the interesting area (0 - 5 m2 for thrusters in impact cases), and the 

fit should not be extrapolated to much larger or smaller areas. The red circles in Figure 5 present 

the combination of the maximum pressure and the maximum area for each impact. 

 

Somewhat similar ice crushing tests have been carried out in the past. Some of them are shown 

in Figure 6, which combines several test results and pressure-area curves used in different 

codes and guidelines. Data is combined from (Sanderson 1988, Kim 2012, Kim 2015). The 

curve used in the current VTT impact model is also drawn on the figure 6. The green box 

illustrates the range of the tests reported in Table 1. It is evident that there is quite a lot of 

variation in different design curves depending on the tested ice and test setup. However, not all 

curves are intended to be used for the whole area range seen in the figure 6.  
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In the uniaxial compression strength tests, the loading rate was adjusted to achieve reasonable 

strain rate that varied approximately in a range of [5-10]∙ 10-3. The ice failure strength varied 

from 3.7 MPa to 5.1 MPa, the average being 4.5 MPa. This is clearly in the same range as the 

pressure seen in the impact tests. Diameter of the ice column in the compression tests was 105 

mm.   

 

 
Figure 5. Pressure area relation from all tests with hemispherical impact geometry. The blue 

dots present the pressure and area on each time step. Black line is fit to these points. The red 

circles show the maximum area and the maximum pressure during each impact.   

 

  
Figure 6. Pressure-area relation from various tests, guidelines and codes (Sanderson 1988, 

Kim 2012, Kim 2015). Green box indicates results from pendulum tests described in this 

paper. 
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4. Test results and analysis for towing tank impact tests 

 

Altogether 28 impact-type tests were carried out in the towing tank. The main focus of the 

towing tank tests was to address the dynamic magnification factor (DMF) due to the ice impact. 

The DMF is defined from the force measurements as 

 

 𝐷𝑀𝐹=
𝑅𝐹

𝐹
           [3] 

 

where F is the contact force due to ice impact and RF is the reaction force as introduced in 

Figure 7.  

 

The dynamics of the thruster was studied by numerical models. First, we used a simple single 

degree of freedom model (SDOF) to determinate the DMF, when exciting the structure with a 

triangular load signal. This kind of SDOF model is currently used in the VTT dynamic impact 

simulation tool. Second, we improved the model to be more realistic by distributing point 

masses (load sensor, dead load and other components) and using deformable beam element for 

the strut as shown in Figure 7 (a multi-degree of freedom model MDOF).  

 

 
Figure 7. Dynamic models for the ice impact and an example of triangular load excitation. 

 

The dynamic model of the thruster was built up using the mass of 41 kg and the natural 

frequency of 31 Hz that were measured. As the ice block and thruster were submerged in the 

water, added water mass corresponding to half of the submerged volume was applied. In the 

dynamic simulations, a triangular load excitation was used so that the impact duration tp was 

varied in relation to the natural time period T. Regarding the experiments, the ratio tp/T was 

calculated for every test by measuring the duration of the impact and using the natural time 

period of the model thruster. Numerical results from the SDOF and MDOF are shown together 

with the experimental results in Figure 8 as a function of the ratio of impact duration and natural 

time period (tp/T). 
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Figure 8. Dynamic magnification factor (DMF) as a function of normalized impact duration 

(tp /T). The experimental measurements from the towing tank (dots) are compared to the 

numerical simulations with triangular excitation (lines).  

 

Similar graph, as shown in Figure 8, is also introduced in (Ammann et al, 1995) for SDOF 

model. There different excitation impulse shapes are compared. The results for triangular 

impulse are very similar to what is seen in Figure 8 for the SDOF model.  

 

The comparison between numerical and experimental results shows better correlation with the 

MDOF model than the SDOF model. In most of the tests, the DMF remains below one. Only 

two tests with the ellipsoid indenter resulted in DMF’s above one. This is explained by 

modelling results seen in Figure 8. The ratio tp / T is higher for ellipsoid indenter due to the 

longer impact duration.   

 

 
Figure 9. Comparison of ice impact forces with hemispherical and semi-ellipsoid geometries. 

Impact speed and mass of ice block are quite similar. 

 

Besides investigating the DMF, it was also interesting to look at the difference between the 

two used impact geometries, hemispherical and semi-ellipsoid. Figure 9 shows a time history 

of two cases with similar initial parameters. It is evident that the maximum force in case of 

semi-ellipsoid geometry is lower and the impact duration longer.  
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Figure 10 shows a scatter plot with all relevant tests showing the relation between maximum 

impact (contact) force and kinetic energy available for the impact. It is evident that there is 

quite a lot of spread in the results, but there is a trend that maximum impact force is lower for 

the semi-ellipsoid geometry. As the values plotted are contact forces, the DMF does not affect 

the results. However, in case of response force, the longer impact duration of semi-ellipsoid 

geometry affects the DMF, as shown in Figure 8.  

 

 
Figure 10. Impact energy and maximum contact force for all tests. Impact energy is calculated 

from the ice block mass and impact speed.  

 

5.  Conclusion 

 

Both test campaigns demonstrated that there are details to be further considered in the VTT 

dynamic impact model. Firstly, the pressure-area relation at small areas could be more accurate. 

This can be relevant with sharp structures like propeller nozzle. The geometry of the impacting 

structure clearly has a role and has to be accounted. Straightforward way is to modify the 

indentation-area relation according to the geometry in question. However, this should be 

further investigated with different shapes.  

  

Secondly, the dynamic modelling of the structure is very important in achieving the right 

response force. A simple SDOF model might not catch all the relevant phenomena which can 

lead to wrong response force. This is clearly a structural system identification problem and 

should always be investigated for structure in questions. However, it might be possible to 

identify thruster-specific similarities in modelling. Clearly, a full-scale measurement data on 

thrusters would be very useful. 
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