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A new concept for offshore offloading in ice-infested waters is tested in the Large Ice Tank at 
the Hamburg Ship Model Basin. The model includes an offloading icebreaking moored on a 
turret, and a tanker moored in tandem. Thanks to a dry mooring arrangement, simulations of 
interactions with variable ice drift and ice ridges were performed. The extensive monitoring of 
the tests led to new results in various fields: 
 Response of  tandem moored vessels to ice ridge interactions, 
 Response of tandem moored vessels to ice drift changes in level ice, 
 Response of a single moored vessel to ice drift changes in level ice, 
 Observation of sub-surface ice transport and measurement of sub-surface ice actions under 

a moored vessel. 
 
1. THE ARCTIC TANDEM OFFLOADING TERMINAL (ATOT) 

A new concept for offshore offloading in ice-infested waters was tested in the Large Ice Tank at the 
Hamburg Ship Model Basin during the summer 2007. The concept, Arctic Tandem Offloading 
Terminal (ATOT), comprises two units (see Figure 1): a turret moored offloading icebreaker (OIB) 
and an shuttle tanker moored in tandem at the OIB aft. The OIB is interacting with the incoming ice 
which may be intact or managed. The loading tanker is moored at the aft of the OIB in tandem, at a 
distance of 60 m in open water (distant tow) or inside a notch at the OIB stern in ice conditions (close 
tow as shown in Figure 1). See Jensen et al. (2008) for more details on the concept. 

 
Figure 1 The tested Arctic Tandem Offloading Terminal (ATOT) in close loading mode in ice. 
 
To ensure a proper operability rate for the concept, the downtime due to severe ice conditions or 

ice events should be limited. The OIB design basis is that it should be able to withstand the interaction 
from severe ice conditions, such as unmanaged deep ice ridges in straight drift, or thick level ice in 
variable ice drift. The operational strategy is that the tanker may disconnect and reconnect to the OIB 
if required by the ice conditions, but that the OIB should be able to remain moored as long as possible. 

The OIB is thus moored on a strong mooring via a sub-surface loading buoy connected inside a 
turret. The OIB is optimized for icebreaking with in particular a spoon icebreaking bow. Reamers on 
the side of the OIB increase its manoeuvrability in ice and break a wider channel to reduce the ice 
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forces on the tanker. The OIB is equipped with 4 strong azimuth thrusters, 2 at the bow and 2 at the 
aft. 
 
2. ICE BASIN TESTING SETUP 

The testing program included testing of the two vessels, the OIB and the shuttle tanker moored in 
close tow. The OIB was moored on the main carriage of the ice tank and pulled through the testing 
area to simulate different ice drift scenarios. 

The chosen model scale was 1:24 (Froude scaling). Four ice sheets were produced in a similar 
manner, all included a long part of level ice (about 1 m thick - full scale) followed by an embedded 
ridge (9 - 15 m deep - full scale).  

An innovative dry mooring set-up was designed for the test campaign (see Figure 2). A mooring 
frame was fixed to the transverse carriage. A vertical column is restrained in horizontal motions by a 
sets of springs of given stiffness. The vessel is fixed to the column via a connection allowing rotation 
in all degrees of freedom and also heave. Some advantages of this system are: 

 Possibility to simulate variable ice drift changes as the mooring system is fixed to the transverse 
carriage, 

 Good control of the mooring stiffness characteristics in all directions and all offsets. 
Further details on the test setup can be found in Bonnemaire et al. (2008a), and Aksnes et al. 

(2008). 
Thanks to this setup, simulations of ice drift heading changes could be performed by the combined 

use of the main (longitudinal) carriage, and the transverse carriage. 
 

a) b) 

Figure 2 a) View of the dry mooring frame, b) The dry mooring mounted 
on the transverse carriage and connected to the OIB 

 
3. RESPONSE TO ICE RIDGE INTERACTIONS 

The response of the moored vessel(s) to ice ridge interactions were particularly analysed (see 
Bonnemaire et al., 2008a). Some main observations are summarized herein: 

 The level of the mooring loads on the turret moored OIB during the ice ridge interactions was 
often set by the transverse loads. In reality, those will depend on the embedment of the ridge. The 
max total mooring load was on average 30 % higher than the max longitudinal mooring load. 

 The OIB mooring load increase due to the interaction between the ice ridge and the tanker 
moored in close tow is delayed in time and do not cumulate with the OIB turret mooring peak 
loads.  

 The effect of the propellers milling the incoming ice and having a thrust directed backwards 
reduced slightly the mooring loads during the ridge interactions (14 % on average), but the 
thrusters efficiency was largely reduced due to the ice interactions on the propellers. 

 The comparison of the measured mooring loads with simple numerical mooring load estimates 
showed a good fit for the longitudinal mooring loads in ice ridges. However, the estimations do 
not account for the side mooring loads that are highly dependent on the boundary conditions 
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Figure 3 The OIB penetrating a ridge, with the tanker moored in close tow in the background 

 
4. TANDEM MOORING LOADS BETWEEN THE 2 VESSELS 

One particularity of this test campaign was the testing of a tandem mooring system in variable ice 
drift, and in ice ridges. The 2 vessels are connected via 2 mooring lines which are stored on 2 winches 
at the stern of the OIB. If the tandem mooring loads exceed the winched braking load, these start to 
pay out. Details of the analysis can be found in Aksnes et al. (2008), but some main points are 
summarized herein: 

 The ice ridge interactions caused a tandem mooring load increase when the bow of the tanker 
penetrated the ridge. During one interaction the capacity of the winches was overloaded. The 
maximal relative distance between the vessels during this incident was 3.7 m. The tanker bow 
came back to the stern of the OIB while the tanker still was in the ridge, i.e. the disconnection 
procedure would not have been initiated in full scale. 

 The OIB pitched significantly in the ridges lifting the reamers at the bow. Their effect was 
reduced, causing high tandem mooring forces during ridge interaction. 

 During interactions in variable ice drift in level ice, the tanker vaned efficiently when there was a 
slow change of ice drift direction, but over-steered the OIB before they aligned. 

 
5. BEHAVIOUR OF A MOORED SHIP IN VARIABLE ICE DRIFT 

The tests involving the moored OIB alone in variable ice drift (level ice) showed that the response of 
the vessel and the mooring forces depended significantly on changes in ice drift direction. Aksnes and 
Bonnemaire (2009) present a more detailed analysis, which main conclusions are: 

 Mooring forces depended on vessel motions, which further depended on the distribution of failure 
modes of ice along the hull, 

 The failure modes were triggered by the hull geometry and partly by vessel response, 
 Turret position, waterline geometry of the hull and helmsman actions were decisive parameters 

for the horizontal stability and the mooring forces, 
 The transverse mooring force determined the total mooring force during changes in ice drift 

direction, 
 The magnitude of the peak mooring force caused by level ice with varying drift direction was 

comparable to the peak mooring force caused by a large first-year ice ridge. Actions by drifting 
level ice should therefore be considered as a possible design mooring load for moored ships in 
certain areas. 

 
6. SUBSURFACE ICE INTERACTIONS 

Finally, special focus was given on sub-surface ice transport during the ice tank testing of the ATOT. 
The concept itself was designed to limit this effect in order to reduce the risks of ice interaction in the 
turret area. The main observations are (see Bonnemaire et al., 2008b for further details): 

 The wedge under the vessel bow was efficient in level ice to deviate ice from the turret area, but 
its capacity was exceeded in ice ridges, 

 The bow propellers were efficient in milling and clearing the ice, reducing probably the ice 
interactions on the turret. However, it is difficult to have control on the bridge of the efficiency of 
the ice management by propeller wash, 
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 The dummy turret representing the offloading buoy was instrumented with a load cell. Ice loads 
up to 460 kN were measured due to interaction with ice rubble on the loading buoy.  

 The measured loads are in the same range as simple numerical estimations and as load 
estimations from ice impact simulations found in the literature. 

The reported load levels (less than 500 kN) may not be a high design concern for the loading buoy 
in comparison with the expected mooring loads that will apply on this buoy. However, this might be a 
threat to the flow lines if they are subjected to this kind of transverse load level. 

a) b) 

Figure 4 a) Subsurface view of the Offloading Icebreaker (OIB) moored on its loading buoy. b) 
Underwater view of the bow propellers clearing ice drifting under the vessel hull 
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