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A series of experiments to study freeze-bond strength in model ice were performed in the 
Hamburg Ship Model Basin (HSVA) during November 2008 and April 2009. Freeze-bond 
strength in direct shear was measured as a function of initial ice temperature, available time to 
develop the freeze-bond and normal stress applied to the freeze-bonded samples. The variation 
of freeze-bond strength with increasing normal stress showed a linear increasing tendency. The 
freeze-bond strength diminished when the submersion time increases, and there was no special 
trend with the initial ice temperature. 

 
1. INTRODUCTION 

Ice ridges may represent the design load for ships, coastal, and offshore structures in many arctic and 
subarctic marine waters. Several authors argue that the initial failure of ice rubble is reached when 
freeze bonds between ice blocks fail (Ettema and Urroz, 1989, Surkov and Truskov, 1993, Surkov et 
al., 2001, Shafrova et al., 2004 and Liferov, 2005). Moreover Liferov and Bonnemaire (2005) discuss 
that this initial failure of the rubble may correspond to the peak load. Thereafter, the study of freeze 
bonds is of vital importance when dealing with ice ridge loads on structures. This paper presents part 
of the results from experiments where the strength of artificially created freeze-bonds made from 
model ice was tested on direct shear. The freeze-bonding process has been studied by Shafrova and 
Høyland (2007) in sea ice in field and laboratory conditions, by Ettema and Schaefer (1986) for fresh 
water ice and by Marchenko and Chenot (2009) for sea ice freeze-bonds made in air in field 
conditions. This paper presents the results of a detailed analysis on the freeze-bond shear strength (τc) 
in model ice as function of initial ice temperature (Ti), available time to develop the freeze-bond 
(submersion time, Δt) and normal stress applied to the freeze bond samples (σ). The experiments were 
performed during November 2008 and April 2009 in the Hamburg Ship Model Basin (HSVA). 

 
2. EXPERIMENTAL METHOD AND SET UP 

A direct shear testing device was designed for the 2008 experiments based on the experimental set-up 
proposed by Ettema and Schaefer (1986). In 2009 the fixing system of the bottom frame was 
improved. Figure 1 depicts their basic design. The experimental procedure consisted in cutting 
samples from the ice sheet from the large ice tank with dimensions 14 cm x 14 cm x 3 cm and storage 
them at -20 oC. The samples were then put in shelves in a cold room with a certain air temperature 
(Tair) until the samples were in thermal equilibrium with the air, at the desired initial ice temperature 
(Ti). At that time, two samples were placed together one on top of the other and submerged in a 
secondary tank containing saline water from the large ice tank (salinity around 7 ppt) with a weight on 
top to account for the required normal confinement. After a certain submersion time (Δt) the samples 
were taken out from the secondary basin and tested in shear using the same normal confinement used 
while they was submerged. Table 1 presents the test matrix of the experiments.  
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Figure 1. Experimental set-up used in 2008 and 2009 experiments. 
 
 

Table 1. 
Parameters used in the experiments: initial temperature of the ice (Ti), air temperature when 

making and testing the freeze bonds (Tair), normal stress applied while making the freeze-bond 
and while testing them (σ), number of samples used (n), time of submersion of the samples (Δt), 

ice salinity (Si) and salinity (Sw) and temperature (Tw) of the water where the samples were 
submerged. 

  Series Ti [oC ] Tair [oC ] σ [Pa] n Δt [hr] hi [mm] SI [ppt] Sw [ppt] Tw [oC] 
125 4 
637 3 

1205 3 

10.7 -0.8 
10110 -7.5 -7.5 

2040 3 

20 30 ± 10 3.2 ± 0.3 

12 -0.83 
125 1 
637 2 

1205 2 

10.3 -0.79 
10120 -14 -12 

2040 2 

20 30 ± 10 3.2 ± 0.3 

12.2 -0.83 
147 3 
295 3 
637 3 

10130 -1.2 -1.6 

2040 3 

20 30 ± 10 3.2 ± 0.3 13.0 -0.85 

3 1 
3 4.5 10210 -7.5 -7.5 637 

2 10 

30 ± 10 3.2 ± 0.3 12 -0.83 

2 1 
2 4.5 

20
08

 

10220 -12 -14 637 

3 10 

30 ± 10 3.2 ± 0.3 12.2 -0.83 

170 5 
660 5 

1075 6 
1000 -7.5 -7.5 

2000 6 

20 24 ± 3 2.9 ± 0.7 7.7 -0.52 

7 1 
7 4,5 2000 -7.5 -7.5 660 

7 9,5 

35 ± 2 3.2 ± 0.1 8.1 -0.58 

5 0.017 (1 min) 
5 0.083 (5 min) 

20
09

 

3000 -7.5 -7.5 660 

7 0.33 (20 min) 

35 ± 2 3.2 ± 0.1 8.4 -0.62 
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3.  RESULTS 

Two different failure modes were observed during testing. Ductile-like failure was predominant during 
2008 experiments (80 %) while brittle-like failure was predominant during 2009 experiments (93 %). 
Brittle-like failure was associated with higher strengths, sudden drops in the force after failure and 
higher loading and unloading slopes. Figures 2 to 5 show the obtained results. The results are 
presented in plots were all the data from each series is considered (All dada) and with only the ductile-
like samples are considered (Ductile-like). The data from 2009 experiments can be regarded as brittle-
like since only 4 out of 60 samples were ductile-like. Each data point corresponds to the average value 
of the n tested samples (Table 1) plus/minus the standard deviation. 

 
 

Figure 2. Results of freeze-bond shear strength vs. normal confinement. 
 

 
Figure 3. Results of freeze-bond shear strength vs. submersion time for Δt > 1 hour. 

 

 
Figure 4. Results of freeze-bond shear strength 
vs. submersion time including series 3000 
(short submersion times). 

Figure 5. Results of freeze-bond shear 
strength vs. initial ice temperature. 
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4.  DISCUSSION 

Increasing linear trends were observed when plotting τc vs. σ (Figure 2) while exponential decay 
trends were observed when plotting τc vs. Δt for Δt > 1 hour (Figure 3). A bell-shaped curve 
(lognormal type of trend) was observed when the results for short Δt are incorporated (Figure 4), as 
predicted by Shafrova and Høyland (2009). The influence of the initial ice temperature vanishes for Δt 
= 20 hours (no particular trend was found when plotting τc vs. Ti). In general it can be seen that the 
data becomes smoother when the brittle-like data is extracted from the 2008 results. 
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