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ABSTRACT  

This paper presents results of laboratory tests on ice samples that 
contained macro scale voids. The samples were prepared to simulate 
some characteristics of first year hummocks. Ice specimen were made 
by freezing fragments of level ice and spherical void elements into an 
ice accumulation, which was then used to prepare samples for tests. 
An alternative method was applied to prepare ice samples that con-
tained irregular voids. The strength of the samples were tested by 
uniaxial and biaxial compression tests, axial tension tests and Brazil-
ian tests. The results were analysed and strength parameters are pre-
sented as a function of the porosity of the samples. The test results 
provide information for development of models for global first-year 
ice ridge loads.  

 
 
INTRODUCTION 

The development of hydrocarbon deposits on the shelf of the 
Russian Arctic seas entails solutions to several scientific and technical 
problems that are associated with the design of ice-resistant platforms. 
These structures must sustain severe environmental conditions. 
Therefore, reliable methods are needed to evaluate the environmental 
conditions and the loads acting on the structures.   

 
First year ice ridges and ridge fields pose in many Russian Arctic 

seas the most significant hazard for the platforms.  The present meth-
ods to evaluate global loads due to ice ridges give very scattered 
results. One reason for this is that the internal strength characteristics 
of ice ridges are not well known. The consolidated and rafted layers 
of ice ridges are inhomogenous due to large variations in ice quality, 
macroscale voids,  bending cracks and other kind of defects.  These 
defects  reduce the global ice strength, but quantitative data on this 
effect is missing. Therefore, the first objective of this experimental 
work was to clarify how the ice strength depends on the amount and 

shape of macro-scale voids that exist within a refrozen ice accumula-
tion.  The second objective was to provide experimental data for 
numerical and mathematical modelling of the loads caused by ice 
ridges. Kapustiansky et al. (1996)  describe models where the present 
data was already used.   

 
 
TEST METHODS  

The refrozen ice accumulation that form the consolidated layer of 
an ice ridge was  simulated in laboratory conditions by producing ice 
samples containing macro scale voids. The strength of these samples 
was then tested by uniaxial and biaxial compression tests as well as 
by axial tension tests and Brazilian tests. Figure 1 shows the three 
tests conditions and the dimensions of the ice samples. The tested 
samples were larger than usually in laboratory tests. The reason for 
this is that we wanted to use samples where the ratio between the void 
diameter and the sample width is approximately 1/10 or smaller. 
Under this condition an individual void alone is not likely to deter-
mine the ice failure load.  Therefore, the results can be used to cali-
brate continual models of ice behaviour (Kapustiansky et al. 1996).  

 
Figure 2 shows two kind of ice samples that were prepared. First, 

ice samples with spherical voids were prepared for all three kind of 
test conditions. Second, additional uniaxial tests were conducted on 
samples where the voids had an irregular shape. The second type of 
void geometry provides a more realistic representation of the charac-
teristics of hummocks. However, the preparation of these samples is 
very time consuming. The majority of the samples contained spherical 
voids. Details of sample preparation are discussed subsequently.  

 
All tests were carried out in a cold chamber at a temperature of  

-5oC, which is a typical temperature within the consolidated layer of a 
hummock. A servo controlled testing machine with a maximum force 
capacity of 600 kN and a stiff supporting frame was used.  All com-
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pression and axial tensile tests were conducted at a constant strain rate 
of  10-3 s-1. In the compression tests, two displacement transducers 
that were attached at the ice surface on two opposite sides of the 
sample (Fig. 3). The average signal from these transducers was used 
to control the loading rate. Three controlling displacement transduc-
ers were used in the axial tensile tests (Fig. 4).   
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Figure 1. The three test conditions applied in this study.  
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Figure 2. Void geometry.  
 
 
Figure 5 shows the boundary conditions of the compression tests. 

A 10 mm thick rubber sheet was placed at the top and bottom of the 
ice sample, between ice and the steel platens. This layer was deemed 
to be necessary to guarantee an even pressure distribution on the ice 
surface. The hardness of the rubber was 35 shore. Considering the 
geometry of the rubber sheet, the elastic modulus of the sheet was 
estimated as  E = 15 Mpa. Therefore, the relative displacement of the 
rubber sheet was estimated as  2.0 mm  at a maximum compressive 
pressure of 3 Mpa.  

 

Figure 3. Test set up for uniaxial and biaxial tests.   
 
 

 

Figure 4.  Test set up in axial tensile tests.  
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Figure 5. Boundary conditions in biaxial tests.  

 

In the biaxial tests, layers of the same rubber material was placed 
between the vertical faces of the ice sheet and the steel platens that 
were used to apply the confining stress  σ2.  In this case the rubber 
sheets served for two purposes. First, they help in providing a uniform 
distribution of the confining pressure. Second, the compliance of the 
rubber was selected such that an initial lateral pressure σ2  would 
remain approximately on its initial level while the confining plates 
were kept fixed during the loading. Accordingly, the biaxial tests 
were performed by applying first only a small axial stress of 
σ1 = 0.1 Mpa for one minute. Then, the confining pressure was raised 
to its target value.  Two values of σ2 = 0.33 Mpa and σ2 = 0.66 Mpa 
were used. The sample was subjected to this stress state for two min-
utes. Then the actual axial stress was applied at the strain rate of 10-3 
s-1.  At this loading phase the confining pressure increased by an 
amount of only 3-5 %.  Hence, we consider that the confining pres-
sure was constant during the biaxial tests.   

 
During the compression tests, measurements were made on the 

forces and strains in the axial direction  (σ1)  as well as in the direc-
tion of the confining stress  (σ2). A video camera was used to record 
the failure modes of the samples.  Furthermore, photographs were 
taken of the fractured samples.  

 
 

METHODS OF SPECIMEN PREPARATION 
 

Specimen with Spherical Voids 
Fragments of  15-20 mm thick freshwater ice sheets were used to 

prepare these specimen. These fragments were prepared in a cold 
room using special moulds, where the complete freezing of the water 
layer lasted about 12 hours. After freezing, the ice sheets were taken 
out of the moulds and put into plastic bags, and the moulds were 
filled with cooled water again. When a sufficient amount of ice frag-
ments were ready, unprepared test samples were made for different 
types of specimen.   

 
To produce the rectangular specimen, moulds made from polyure-

thane sheets were put into the cold chamber and filled with fragments 
of ice sheet and polystyrene balls. The diameter of these balls varied 

between of 8-12 mm, the average being 10 mm. After this, the moulds 
were filled with water and the ice accumulation was left to freeze 
completely. Neglecting the air inclusions in the ice samples, the target 
porosities for the samples were 0 %,  2 %, 5 %, 10 % and 15 %. A 
separate check was made to verify that the polystyrene balls remained 
soft while the ice was freezing. Therefore, we consider here for 
simplicity that the volume occupied by the polystyrene ball was a 
void within the specimen. The ratio between the void diameter and 
the minimum width of the specimen was in the range of 1/12 - 1/19.  

 
A band saw was used to prepare the actual ice samples from the 

unprepared samples. The average density  ρ  of each sample was 
determined by measuring its mass and volume. Then, the porosity  p  
was calculated as  p = 1 - ρ/ρο,  where  ρο  is the density of pure ice  
(ρο = 920 kg/m3).   

 
A similar procedure was applied to produce the specimen for axial 

tension tests. In this case the dimensions of the final sample were so 
large that it was not feasible to freeze the unprepared samples in one 
piece.  Instead, the tests sections comprising ice fragments and 
spherical voids were frozen in vertical position in cylindrical moulds 
that had a diameter of 170 mm. The end parts of the dumbbell 
specimen contained no void elements and they were frozen in other 
moulds with a diameter of 200 mm. The unprepared samples for the 
specimen were then frozen together from a 400 mm long central part 
that incorporated the 200 mm long test section and two 200 mm long 
end parts. The position of the joint is indicated by dashed lines in 
Fig. 2.  A reinforcement bar was placed at this joint. A lathe machine 
was used to shape unprepared samples into dumbbell specimen for 
the axial tests. The test section had a diameter of 120 mm and the 
void elements were placed only there.    

 
Some of the cylindrical samples were prepared for Brazilian tests 

using the lathe machine. The average diameter of these specimen was 
120 - 140 mm and the length 130 mm.  

 
 

Specimen with Irregular Voids  
Attempts were made to simulate the real ridge building process 

while preparing these samples.  Fragments of cold ice sheets (-5oC)  
were kept at the temperature of +2oC for about four hours.  After this 
period they were wet and had a soft surface. Then they were brought 
back to another cold room that had a constant temperature of  -5oC. 
The fragments were put into moulds where they were kept under a 
vertical pressure of  5 kPa for 24 hours. After this, the pressure was 
released and a process of additional freezing was initiated.  During a 
period of one week, specimen were flooded with water using addi-
tional crushed ice with a diameter from 1 mm to 30 mm. The moulds 
were released after two days. The target porosity of the samples was  
10 % to 20 %. The characteristic dimension of an irregular void of the 
final sample varied from 10 mm to 30 mm. The ratio of this 
dimension to the minimum width of the prismatic sample varied in the 
range of 1/5 to 1/15.   
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Table 1.  Number of samples used in different tests.  

  Void Target porosity  p, % 

Stress state Test type geometry  0 2 5 10 15 20 

 Uniaxial Spherical 6 6 6 5 5 - 
 Uniaxial Irregular - - - 5 5 5 

Compression Biaxial 
σ2=0.33 MPa 

Spherical 6 6 5 5 - - 

 Biaxial 
σ2=0.66 MPa 

Spherical 6 - 5 - - - 

Tension Axial Spherical 6 - 8 2 - - 
 Brazilian Spherical 4 4 6 11 7 - 

 
 

 

 

RESULTS OF THE EXPERIMENTS 
A total of 124 specimen were tested. Table 1 shows the number of 

samples and the target porosities for each test type.  The measured 
porosities deviated from the target values due to inclusion of air 
bubbles and inaccuracies in the sample preparation. The measured 
porosities will be used while presenting the results.  
 
 
Uniaxial Compression Tests 

The total number of uniaxial compression tests was 43. All tested 
samples experienced brittle failure due to vertical splitting.  Figure 6 
shows a typical force function in a uniaxial test. The uniaxial strength 
as a function of porosity is plotted in Fig. 7 for the samples with 
spherical voids. Figure 7 shows that high compressive strength values 
were obtained for samples with low porosity.  The absolute maximum 
strength of 3.44 Mpa was obtained for a sample where the porosity of 
2.3 % was only due to air inclusions. Correspondingly, the minimum 
strength of 1.68 Mpa for the whole series with spherical voids was 
found for a sample with a porosity of 15.8 %.    
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Figure 6. The compressive force as a function of time in 
a typical uniaxial test.  
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Figure 7. Influence of spherical voids on the uniaxial 
compressive strength.  

 

All the results of uniaxial compression tests were averaged 
according to the porosity groups as shown in Table 2. This table 
shows that when the ice porosity increases from 2 %  to 16 %, the 
uniaxial compressive strength of the specimen with spherical voids 
decreases by 30 %.  
 

Table 2. Average results of uniaxial compression tests. 

Void  Porosity p  (%) Density ρ  Strength Rc, 

geometry Target Mean of the 
measured 

values 

(kg/m3)  (MPa) 

 0  2.3 898.83 2.89 
  2  5.4 870.32 2.88 

Spherical  5  5.2 872.20 2.70 
 10 10.6 820.88 2.21 
 15 15.8 774.56 2.02 

Irregular 10 - 20 15.0 782.40 1.04 
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Fransson and Stehn (1993) studied how the uniaxial strength of 
warm sea ice is influenced by small air bubbles. Samples were taken 
from the Gulf of Bothnia where the ice salinity is so low that brine 
volume was neglected in porosity estimation. The porosity of the ice 
samples varied between 2 % and 20 % due to spherical air bubbles 
with a typical diameter of 1-3 mm. Compression tests were conducted 
in field conditions on samples where mixed ice types with different 
degree of deterioration were involved. Hence, the strength data was 
very scattered. A theoretical upper bound for the data of Fransson and 
Stehn (1993) indicates a reduction of 50 % in the strength when the 
porosity increases from 2 to 16 %.  Further experiments of the influ-
ence of small air bubbles and brine volume were conducted by Zhijun 
et al. (1995). Tests were conducted at laboratory conditions on ice 
samples that were taken from the Liaodong Gulf. Most tests were 
performed at temperatures ranging from -2 to -5 oC. This data also 
indicates a reduction of about 50 % when the porosity increases from 
around 2 % to 16 %.      

 
In the field experiments of Fransson and Stehn as well as in 

similar experiments of Li Zhijun et al. (1995) the small air bubbles 
and the brine volume had a somewhat larger influence on the ice 
strength than the significantly larger but very symmetrical voids in 
our tests. This seems to be an indication that the stress concentrations 
caused by the voids exerts an important influence on the ice strength. 
However, final conclusions can not be drawn on the basis of this sin-
gle comparison.  
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Figure 8.  Influence of irregular voids on the uniaxial 
compressive strength.  

 
 
Figure 8 shows the effect of the porosity in the case where the 

voids had an irregular shape. The six data points in this figure at the 
porosity of 2 % refer to samples where the porosity was only due to 
the air bubbles. The same data points were used in Fig. 7. The fifteen 
samples with irregular voids had porosities in the range of 10 % to 
21%. The average porosity was 15 %. The mean value of compressive 
strength of these samples was 1.04 Mpa. This is only 50% of the 
strength of the samples that had the same porosity due to spherical 

voids (Table 2). Another comparison in Fig. 8 shows that the strength 
is reduced by about 64 % when the porosity increases from around 
2 % to 15 %. This reduction is somewhat higher than in the data 
series of Franssons and Stehn (1993) and of Li Zhijun et al. (1995). 
We believe that the large and very irregular voids of our samples 
caused higher stress concentrations than the small air bubbles and 
cylindrical brine volumes of the samples in the series tested by of Li 
Zhijun et al. (1995). The size effect may also contribute to our result. 

 
 

Biaxial Tests  
A total of 33 samples were subjected to biaxial tests. 22 samples were 
tested using a constant lateral confining pressure σ2€=€0.33 Mpa and 
eleven samples with σ2€=€0.66 Mpa. Also in these tests the final 
failure was brittle and occurred mainly due to axial splitting of the 
samples as in the uniaxial tests. However, the detailed character of the 
failure differ a little from the uniaxial tests. The direction of the 
cracks was oriented in most specimens along the boundaries of ice 
fragments forming the sample. Therefore, the samples usually failed 
into smaller pieces than in uniaxial tests.  
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Figure 9.  Influence of spherical voids on the 
compressive strength. Confining stress  
σσσσ2 = 0.33 Mpa.  

 
 
Figures 9-10 show the main results of these tests. A comparison 

between the results from the uniaxial compression tests and the results 
from biaxial tests with σ2€ = 0.33 MPa  shows that, due to the 
confinement, the strength increases by 15 % for the specimen with 
2 %  porosity and by 37 % for the specimen with 10 %  porosity.  
This data is in a qualitative agreement with the results reported by 
Frederking (1977).  On the other hand, the result indicates that the 
influence of the porosity is less significant in a confined stress state 
than in a uniaxial stress state.  

The results from the biaxial tests with σ2€ = 0.66 MPa indicate 
that an increase of the confining pressure from 0.33 Mpa to 0.66 Mpa 
did not influence the failure load significantly. However, we will not 
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use these particular data points for detailed comparisons due to an 
experimental side effect. In these eleven samples horizontal cracks 
usually appeared at the initial stage when the lateral pressure alone 
was applied before the axial load. These cracks had probably some 
influence on the final failure load.  
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Figure 10.  Influence of spherical voids on the 
compressive strength. Confining stress 
σσσσ2 = 0.66 Mpa.  

 
 
 
Axial Tensile Tests  

In this series of experiments, 16 dumbbell specimens were tested. 
The number of test samples for different target porosities are given in 
Table 1.  Figure 4 shows the test arrangement.  When the real porosity 
varied from about 2 %  to  10 %, the mean values of the measured 
tensile strength varied between  0.55 Mpa and 0.62 Mpa. These value 
are considered here as lower bound values due to an experimental 
problem. As discussed earlier, the dumbbell samples were built up 
from three parts due to the big specimen size. In many samples the 
failure occurred due to a stress concentration at the tip of the 
reinforcement bar that was placed at the joint.  

 
To evaluate the use of these lower bound results we consider first 

the results reported by Currier and Schulson (1982).  They studied the 
influence of the grain size on tensile strength at the temperature of  -
10oC. Polycrystal ice of high density was used in the tests. The results 
show that tensile strength of ice increased from 0.8 Mpa to 1.25 Mpa 
while the grain size decreased from 7 mm  to 1 mm. In another series 
of tensile tests, Lehmus et al. (1997) used the same test apparatus as 
shown in Fig. 4 but in a smaller scale. Natural sea ice with a salinity 
of about 5 ‰  was tested in the horizontal direction, parallel to the C-
axis.  The average tensile strength at the temperature of  -10oC  was  
0.92 Mpa. This is higher than most published values.  

 
Due to a comparison between this referenced data and our results 

we conclude that the tensile strength remains higher than  0.55 Mpa  
when the total porosity due to macroscale voids varies between 

0 % and 10 %.  This date does not yield more information on the 
porosity effects.    

 
 

Brazilian Tests  
A total of 32 specimen were subjected to Brazilian tests. The test 

condition is shown in Figs. 1 and 11. In this method, a line load is 
applied on the cylindrical specimen and it fails by splitting in two 
parts on the diametrical plane. This is an indirect method, where an 
index value for the tensile strength is given by  

 

R
k F

D Ltb

cr
=

π
                 (1) 

 
where  Fcr  is the failure load,  D  is diameter and  L  is the specimen 
length. Assuming an ideal line load, Saeki et al (1978) suggest that 
the contact factor  k  can be taken as 2.  Timco (1980) proposes k = 3.  
In this analysis we used  k = 2.  
 
 

 

 
 

Figure 11.  Test set-up in brazilian tests.  
 
 
The results of these tensile tests are given in Table 3. Using Eq. 1, 

index strength varied from 0.17 Mpa to 0.36 Mpa while the porosity 
varied from 4.0 % to 11.5 %. The largest strength values were 
obtained when the sample porosity was around 6 %.  This result does 
not correspond to the anticipated influence of porosity. It seems 
possible that the spherical void elements influence the contact 
conditions between the compression platens and the ice cylinder and 
render this test method unreliable 

 
 



Proc. 16 th Int. Conf. Offshore Mechanics and Arctic Engineering 
(OMAE´97&POAC´97). Yokohama, April 13-18, 1997. Vol IV, pp. 151-157. 

 

7 

Table 3.  Tensile strength in the Brazilian tests.  

Porosity p, % Density ρ, kg/m3 Strength Rtb, MPa 

4.06 882.7 0.165 

4.67 877.0 0.236 

5.43 870.1 0.325 

7.82 848.0 0.350 

8.77 839.4 0.324 

6.63 859.0 0.361 

9.31 829.8 0.299 

11.53 813.7 0.252 
 
 
A comparison between the two test methods for tensile strength 

shows that the axial tension test with dumbell specimen gave higher 
strength values than the Brazilian tests. The ratio of the strenght val-
ues varied from 2.1 to 4.4.  The main reason for this difference seems 
to be the fact that the loading during axial tension was conducted in 
the direction of ice growth while in the Brazilian tests the load acted 
parallel to the ice cover surface. According to Weeks and Assur 
(1969),  the ratio between the strenght values in these two directions 
is 2.6  for sea ice.    

 
 
 
SUMMARY AND CONCLUSIONS 

Characteristics of the consolidated layer of a first year hummock 
were simulated in laboratory conditions by preparing ice samples 
from fragments of freshwater ice. The porosity of the samples was 
varied in the range of  2 % - 20 % by macro scale voids that were left 
within the ice accumulation. Samples with both spherical and irregu-
lar voids were prepared.   

 
Compression and tensile tests were conducted to clarify how the 

porosity influences the ice strength. The results for samples with 
spherical voids showed that the uniaxial compressive strength 
decreased by 30 % when the porosity increased from 2 % to 16 %. In 
the case of irregular voids the corresponding reduction was  64 %.  
The biaxial tests indicated that the influence of macroscale voids is 
smaller in a confined stress state than in a uniaxial stress state.    
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