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Dynamic response of moored structures in level ice has been given little attention in the 
literature. Relations between dynamic properties of ice forces acting on the hull and dynamic 
properties of the vessel response are in general not known and it is not clear what kind of 
effects the mooring stiffness and ice drift speed have on the vessel response. Model tests have 
been performed to study these issues. A moored ship with a simplified geometry was towed in 
level ice. The model had only possibility to move in surge, and was moored with a linear 
spring setup. Two different surge natural periods were modelled by using springs with 
different stiffness characteristics. Two ice drift speeds were used. In this way, various dynamic 
properties of the model as well as the drifting ice could be studied. The model was also tested 
with a fixed configuration, to enable a comparison between fixed and moored setups. In this 
paper, dynamic response of the model is investigated and effects from variations in mooring 
stiffness and ice drift speed are identified and analysed.  

 
1. INTRODUCTION 

Moored ships may be feasible concepts for operations in ice infested waters. Potential operations of 
application are exploration drilling, production, storage and offloading. Various ice features and ice 
conditions will be challenging for different concepts. Level ice with variable drift direction is believed 
to be a challenge for moored ships, as they have to vane against the drift direction to minimize 
mooring forces. However, there are no general methods for estimation of ship response in such 
situations. The simplified problem of straight ice drift was investigated in order to better understand 
the interaction between level ice and moored structures. 

 
2. EXPERIMENTAL SETUP 

The model tests were performed at the Large Ice Model Basin at HSVA, which is 72 m long, 10 m 
wide and 2.5 m deep. The so-called trim tank, used for model preparations, occupies the first 12 m of 
the tank, while the remaining 60 m are used for ice preparation and testing. Froude scaling was used 
because of the importance of gravitational and inertial force, with scaling ratio λ=25. All values in this 
paper are scaled to represent full scale data, unless other is mentioned. 

A simple hull was towed through the basin in stationary level ice, simulating drifting ice driven by 
current. The length of the waterline of the hull was 106 m, the beam was 33 m and the draught was 9 
m. The hull was connected to a driving carriage through a spring configuration, modelling a simplified 
mooring system (Fig. 1). Two rails were mounted together with rollers such that the model could 
move in surge direction, restrained by springs. The model was fixed with respect to the other modes of 
motion (sway, heave, roll, pitch and yaw), such that motions in these modes were minimized. A frame 
with six uniaxial load cells was mounted between the upper rail and a column which was fixed to the 
driving carriage. This assembly of load cells measured what will be referred to as mooring or forces 
herein.  
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Figure 1. Cross-sectional view of the model with mounting frame and instrumentation. 
Dimensions are in model scale. 

 
Two different types of springs were used, giving a total stiffness of 250 kN/m and 1125 kN/m, 

respectively. The stiffness was linear through the whole displacement range of the model. Since the 
mass was approximately 28000 tons, the two stiffnesses gave natural periods of 67 and 32 s. It was 
possible to fix the rails, such that the model was hindered to move in any mode of motion. In reality, 
the system was not perfectly stiff and had a surge natural period of 1.5 s with the fixed configuration. 

The bow of the model was segmented into five panels in the waterline and one submerged panel 
(Fig. 2). Each of the five waterline panels was mounted on a triaxial load cell (ME-Meß systeme 
K3D120). The objective of these panels was to measure ice actions near the design waterline. The 
three central panels were aligned and the two outer ones were oriented 45º relative to the central 
panels in the horizontal plane. Each of the waterline panels had dimensions 7.5 by 7.5 m. The main 
objective of the submerged panel was to measure frictional ice forces. The submerged panel was 
mounted to an arrangement of six uniaxial load cells, as was used for the mooring forces. The width of 
the submerged panel was 22.5 m, while its height was 17 m. The lubricated kinetic friction between 
the top surface of the ice and the hull was estimated to be 0.04. 

 

 
 

Figure 2. Segmentation of the bow into five waterline panels and one submerged panel. 
 

Three sheets of level ice were grown naturally from a 0.7% sodium chloride solution. The ice was 
of a fine-grained columnar type and the preparation technique is described thoroughly by (Evers and 
Jochmann, 1993). After the desired thickness was reached, the ice was heated to achieve the target 
flexural strength. Measurements of flexural strength were performed before and after each test by 
means of cantilever beam tests as recommended by (Schwarz et al. 1981). Cantilever beam tests were 
carried out at four different locations in the tank and then averaged. The values for flexural strength 
presented in Table 1 are interpolated values based on measurements before and after the tests. The 
spatial variation of the flexural strength was low, however it typically increased towards the end of the 
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basin. Ice thickness profiles were made in the wake after each test had been performed. The ice 
thicknesses reported in Table 1 are average values from each ice sheet. 
 

Table 1. Ice properties for all ice sheets in full scale values. 
 

Ice sheet Flexural strength [kPa] Ice thickness [m] Elastic modulus [GPa]
Target 625 0.75 NA 
2000 875 0.80 NA 
3000 675 0.73 ≈1.8 
4000 625 0.70 ≈1.3 

 
Three test runs were performed in level ice, one test run with the soft mooring configuration, one 

with the fixed configuration and one with the stiff configuration. A brief description of a test run is as 
follows. The speed was constant at 5 cm/s for about 500 m. The first 100 m gave transient results 
because the model was not completely embedded in ice, and they are not used in the present analysis. 
After about 500 m, the speed of the driving carriage changed abruptly to 25 cm/s. A section of 800 m 
followed, from which the first 100 m were transient due to the change of speed and not included in the 
analysis. After 800 m, the vessel stopped abruptly. In the following analysis only the stable parts of the 
test runs are used, that is, 400 m with ice drift speed 0.05 m/s and 700 m with ice drift speed 0.25 m/s. 
Thus, both the size of the ice sheets and the drift speed were modelled with values relevant for most 
Arctic or ice-infested waters (Løset et al. 1999). The performed test runs are summarized in Table 2. 
 

Table 2. Test matrix for all ice tests. The ice drift speed vi is given in full scale values. 
 

Run # Description vi [m/s] Mooring system 
2100 Towing in level ice 0.05 Soft 
2200 Towing in level ice 0.25 Soft 
3100 Towing in level ice 0.05 Fixed 
3200 Towing in level ice 0.25 Fixed 
4100 Towing in level ice 0.05 Stiff 
4200 Towing in level ice 0.25 Stiff 

 
3. MAIN RESULTS AND CONCLUSIONS 

The mean mooring force for each test run and its standard deviation is plotted in Fig. 3. For stiff and 
fixed mooring configurations, the mean force increased with ice drift speed, while the standard 
deviation was constant. At the lowest ice drift speed, the soft configuration experienced a mean 
mooring force twice as large as the other configurations. The mean force and the standard deviation 
decreased with ice drift speed for the soft configuration. Mean force and standard deviation for the 
three centred waterline panels (2, 3 and 4) are plotted in Fig. 4. The mean force increased with ice drift 
speed for all panels and all mooring configurations. The soft mooring configuration experienced up to 
twice as large panel forces as the other configurations.  
 

 
 

Figure 3. a) Mean, b) standard deviation and c) coefficient of variation of mooring force plotted 
against ice drift speed for all model configurations. 
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Figure 4. Mean force and standard deviation for panels 2, 3 and 4. 
 

The model experienced large oscillations at low speed with the soft mooring system and the 
oscillations were caused by stick-slip friction along the sides of the model. As the model was slightly 
out of course in most test runs, lateral pressure on the sides of the vessel caused friction forces in surge 
direction. (Lishman et al. 2009) investigated ice-ice friction along broken ice edges at HSVA. Their 
results show that this friction coefficient is rate-dependent and decreases with increasing speed. Even 
though one of the surfaces (the hull) was very smooth in our case, it is probable that there was a rate-
dependence also in our case and it may be a reason for why large oscillations occurred only at low ice 
drift speed. For a given ice drift speed, a soft system needs more time to build up spring forces to 
overcome the friction force than a stiff system. During this time, the contact area may increase and 
therefore the friction force will increase as well, given that the lateral pressure is constant. This could 
be one of the reasons for the large oscillations seen with soft springs. 
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