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ABSTRACT 
 
For buildings and constructions made by snow, like for example the ICEHOTEL in Jukkasjärvi, 
generally artificial snow is used. Both for safety reasons and for design purposes it is hence of 
importance to understand the material behaviour of artificial snow. Many buildings and structures 
made by snow and ice are constructed using knowledge obtained by experience. 
 
When subjected to a load snow undergoes an immediate elastic deformation and a time-dependent 
irreversible deformation, known as snow creep, which constitutes the considerably highest part of 
the total deformation. The magnitude of the snow creep deformation is the dominating deformation 
mechanism for snow structures but it is poorly investigated and not well understood.  
 
To study material parameters and mechanical behaviour of artificial snow unconfined 
compression test and deformation tests to observe the creep behaviour have been performed. 
Results from experimental tests have been analyzed and compared with theoretical calculations 
and finite element simulations. The density and viscosity have shown to be important parameters 
for the deformation behaviour and will have a direct influence on the creep rate. The investigation 
indicates that the artificial snow used for the tests have higher density, compression strength and 
creep strength compared to natural snow used in other studies. 
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1 INTRODUCTION 

Snow has been used for several years as a 
material for constructions. The Inuit igloos 
may be the most well-known buildings made 
by snow and ice. Experiences with bigger 
constructions have been popular during the 
last decades (Selzer, 2001). Today the 
ICEHOTEL in Jukkasjärvi is one of the 
biggest and most well-known snow buildings 
in the world. In addition to the hotel building, 
also a church and an ice bar is built each 
year. Buildings constructed by snow and ice 
must be designed with care in order to ensure 
safety and durability. For construction 
purposes artificial snow is generally used. 

Artificial snow is here referred to as snow 
manufactured by e.g. snow cannons. 
Knowledge about the material properties and 
the behaviour of artificial snow is important 
in order to design the building properly, 
using the right amount of snow and ice. 
 
The properties of snow and ice are strongly 
dependent on the climate conditions 
prevailing during formation of the crystal 
structure (Finnish Safety and Chemical 
Agency, 2011). Different mechanical 
properties are hence likely to be found in 
artificially produced snow compared to 
natural snow as well as in artificial snow 
manufactured under different weather 
conditions. Time dependent transitions and 
parameters such as temperature and humidity 
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have a great influence on the material’s 
properties. 
 
Several investigations are made on the 
deformation behaviour and strength of snow 
but those are generally based on natural snow 
on the ground (Bader, 1962, Mellor, 1974, 
Salm, 1982, Shapiro et al., 1997). The only 
studies which have been found regarding 
mechanical properties of artificial snow for 
construction purposes are made at Luleå 
University of Technology (Vikström, 2002, 
Selzer, 2001). Thus there is a need to 
evaluate and understand the difference 
between natural snow and artificial snow. 
 
Some of the most important properties when 
studying snow are density, porosity, 
compressibility, creep and shear strength 
(Cassel, 1950, Chandel et al., 2007). The 
properties are of course related to each other. 
 
The density of snow is dependent on external 
conditions, for example the rate of 
compaction and liquid water content. The 
density of freshly deposited natural snow is 
generally less than 100 kg m-3 (Mellor, 
1977). High density snow in natural snow 
packs has a density of > 500 kg m-3 (Salm, 
1982). Snow is considered to have become 
ice at a density of about 800 kg m -3 (Mellor, 
1977). 
 
Unconfined compression tests are a common 
way to measure the compression strength. 
The influence of different strain rates are also 
often studied (Mellor, 1975, Mellor and 
Smith, 1966). It is proposed that there is a 
critical strain rate which varies with 
temperature and density (Mellor and Smith, 
1966). Samples tested below the critical 
strain rate have been observed to creep 
whereas samples tested above that strain rate 
will undergo a brittle fracture. 
 
Creep is an important parameter which 
results in the settlement of natural snow in a 
snowpack under the action of pressure and 
metamorphism (Chandel et al.,2007). Snow 
creep is provoked by deformation or 
rearrangement of grains and results in 
densification of the snow (Selzer, 2001). 

Snow creep in natural snow packs has been 
studied by several researchers (Bader, 1962, 
McClung, 1982 and others). Studies of creep 
behaviour of constructions made by natural 
and artificial snow are rare. The experiments 
made by Vikström (2002) may be the first 
creep studies on artificial snow manufactured 
for construction purposes. The viscosity of 
snow is an important parameter for the creep 
behaviour (Yosida, 1956). The viscosity is 
highly temperature dependent and has a 
direct influence on the creep strain rate. The 
value of the viscosity decreases as the snow 
becomes softer, which allows larger 
deformations of the snow. 
 
This review summarizes research performed 
by Luleå University of Technology to study 
the deformation behaviour of artificial snow 
manufactured in Jukkasjärvi for the ice hotel. 
 

2 LABORATORY AND FIELD TESTS 

Studies to measure the deformation 
properties were made on snow and snow 
structures that formed the ICEHOTEL and its 
ice church during the winter 2000-2001 
(Vikström, 2002). In 2010 new experiments 
were made aiming to further investigate the 
deformation properties and to study the 
influence of sun exposure during the season 
on artificial snow constructions. Both 
laboratory tests and field tests on site have 
been performed. 
 

2.1 Compression tests 
Unconfined compression tests were 
performed on cylindrical test samples which 
were drilled out from blocks of snow from 
the ice church and the ice hotel (table 1). 
Snow samples from the ice church were 
taken out in December 2000 (Vikström, 
2002) (table 1). Samples from the 
ICEHOTEL were taken out in April 2010. In 
order to investigate the influence of sunshine 
on the snow in the walls samples were taken 
out both from the side of the building 
exposed to sunshine (Comp2) and from the 
shady side (Comp3). The tests were 
conducted at a constant deformation rate. The 
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samples were loaded to failure. The origins 
of the samples, dimension, temperature and 
deformation rate are compiled in table 1 
along with the number of tests performed for 
each case. 
 
Table 1 Unconfined compression tests. Samples 
taken out from the ice church in December 2000 
and from the ICEHOTEL in April 2010. Samples 
both from the side exposed to sunshine (Comp2) 
and the shady side (Comp3) were analyzed. 

Origin of 
sample 

Ice 
church, 
Comp1 

Ice 
hotel, 

Comp2 

Ice 
hotel, 

Comp3 
Dimension 

[mm] 
Ø = 50 
h = 100 

Ø = 70 
h = 120 

Ø = 70 
h = 120 

Temperature 
[°C] 

-5, -10,  
-11 -10 -10 

Deformation 
rate [mm s-1] 0.025 0.1 0.1 

Number of 
tests 5* 8 10 

*Two tests at -5°C, two tests at -10°C and one 
test at -11°C. 
 

2.2 Creep tests 
Creep tests have been performed both in the 
laboratory and on site. Table 2 summarizes 
the performed tests. 
 
Table 2 Summary of creep tests 
Origin of test samples Test 
Ice church  
(cylinders) Cr1 

New blocks of artificial snow 
(7 beams) Cr2 

ICEHOTEL, wall exposed to sunshine  
(2 beams) Cr3 

ICEHOTEL, wall on the shady side 
(2 beams) Cr4 

Wooden reinforced arc of snow 
(1 prefabricated construction) Cr5 

Field tests inside the ice church 
 Cr 6 

 
Cylindrical samples of artificial snow from 
the walls of the ice church were used to study 
the creep behaviour (Vikström, 2002). The 
diameter and length of the samples were 40 
mm. The samples were created by 
compacting snow into small moulds. Creep 
tests (Cr1) were performed at -5°C, -10°C 
and -11°C. The samples were loaded with a 
constant stress applied by a dead load and 
allowed to deform vertically. The stress 

levels were 0.06 MPa for the tests at -5°C, 
0.07 MPa for the tests at -10°C and 0.10 MPa 
for the tests at -11°C. For each temperature 
two samples were deformed under confined 
conditions and two samples under unconfined 
conditions. The vertical deformation as a 
function of time was recorded. 
 
In 2001 creep tests (Cr 2) were performed in 
a cold storage hall in Jukkasjärvi using beams 
of artificial snow (Vikström, 2002). Seven 
beams were sawed out from bigger blocks of 
snow using a power driven saw in order to 
get as fine surfaces as possible. The 
dimension of the beams was 0.4x0.2x1.8 m. 
The beams were simply supported and a 
constant dead load was applied through a 
cantilever at two load points, each at one 
third of the length, figure 1. The temperature 
when performing the creep tests was about  
-5°C. The load and deflection were recorded 
using linear variable differential 
transformers. 
 
 

 
Figure 1; Outline of the creep tests (Cr 2). 
 
 
Simply supported beams of artificial snow 
were used for creep tests in the laboratory in 
2010 (Cr3 and Cr4). The beams were taken 
out from the walls of the ice hotel in April 
2010. Two beams of snow were taken out 
from the side of the building exposed to 
sunshine and two from the shady side. The 
dimension was 0.2x0.4x1.6 m. 0.3 m of each 
end of the beam was used as supports making 
the free length in between 1 m. One beam 
from each side of the building was loaded 
with a circular dead load of about 200 N. The 
other beam from each side was unloaded. 
The vertical deflection at each side of the 
central part was measured by hand. The 
temperature in the laboratory was set to  
-10°C but was fluctuating between  
-10°C and 0°C due to problems with the 
cooling system.  



Topic – Study on basic material properties of artificial snow  

 4 

One wooden reinforced pre-fabricated arc of 
snow was placed in a cold storage room in 
Jukkasjärvi in 2010 where the temperature 
was around -5°C (Cr5). The kind of arc used 
for the measurements were the same as 
generally is used when building hallways etc. 
in the ice hotel, see figure 2. The arc is 
manufactured using two sections which are 
created by compacting snow into steel 
moulds. The sections are then put together 
and the internal dimension of the finished arc 
is 5.6 m wide and 3 m in height. The 
thickness of the arc is 1 m in the bottom part 
and about 0.5 m in the upper section. The 
creep behaviour was observed during a 
period of 77 days. Linear variable differential 
transformers were attached at two positions 
on the inner side of the upper central part of 
the arc and at one position about 45° to the 
side from the centre. Those were used to 
record the vertical deflection every 10 
minutes using a data logger. 
 

 
Figure 2 Pre fabricated wooden reinforced arc of 
snow manufactured using steel moulds. The 
height of the arc is approximately 2 m and the 
width 4 m. Photo: Mikael Bergman. 

3 EVALUATION OF MATERIAL 
PROPERTIES 

During the unconfined compression tests at 
constant deformation rate, the peak force, F, 
was recorded and used as failure criterion. 
The unconfined compression strength, σUCC, 
was calculated by dividing the maximum 
value of the force, F, by the cross section 
area of each test sample. 
 

The strain rate at different times during the 
creep tests was determined during the 
experiment with the cylindrical test samples 
(Vikström, 2002). The viscosity was 
calculated as the vertical stress divided by the 
strain rate. For unconfined creep tests the 
viscosity is denoted axial viscosity ηE. For 
confined creep tests the viscosity is denoted 
compactive viscosity ηC. 
 
For the creep tests on beams general beam 
theory was used to evaluate the results. The 
maximum and minimum value of tensile 
stresses were calculated. 
 

4 RESULTS 

4.1 Density 
The density was measured for all types of 
snow used in the study. Average values from 
density measurements are given in table 3. 
 
Table 3 Density measurements on artificial snow, 
manufactured in Jukkasjärvi from different parts 
of the building and investigated at different times 
during the season. The given month is when the 
samples were taken out. 

Origin of 
snow sample 

Test No. of 
tests 

Average 
density 
[kg m-3] 

Blocks of new 
manufactured 
snow 

Cr2 14 510 

Walls in the 
ice church, 
December 

Comp1 12 500 

Walls in the 
ice church, 
December 

- 17 520 

Walls in the 
ice church, 
April 

- 6 600 

Walls in the 
ICEHOTEL 
exposed to 
sunshine 

Comp2 8 610 

Walls in the 
ICEHOTEL 
shady side 

Comp3 4 520 
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4.2 Compression strength 
The results with snow from the ice church 
tested at different temperatures indicated that 
the compression strength increases with 
decreasing temperature. The values measured 
were in the range 0.5–0.9 MPa. The densities 
of the measured samples were between 530-
560 kg m-3. 
 
The snow samples from the wall exposed to 
sunshine had compression strength in the 
range 0.8-2 MPa. The compression strength 
from samples from the shady side was in the 
range 0.2-1.2 MPa. Figure 3 shows the 
compression strength as a function of density 
for samples from the ice hotel. 
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Figure 3 Compression strength vs. density 
 

4.3 Creep deformation 
Calculating the viscosity based on results 
from the creep tests with cylindrical tests 
samples gave values of the axial viscosity, ηE 
in the range between 2∙106-3∙106 MPa-s. The 
values of the compactive viscosity, ηC were 
around 1.5∙106-4∙106 MPa-s. The results 
indicated an increase in viscosity with 
increasing temperature. 
 
For the creep tests on beams from new 
manufactured blocks of snow the creep rate 
for the second stage of the creep curve was 
studied. The deflection for the central part of 
the beam as a function of maximum tensile- 

and compression stress for the present load is 
shown in figure 4(Vikström, 2002). The 
increase in deformation rate is ten times 
larger when maximum tensile or compression 
stress increases from approximately 50 to 
75% of the failure stress compared to an 
increase from approximately 25 to 50%. 
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Figure 4 Defomation rate as afunction of max. 
tensile and compression stress (Vikström, 2002) 
 
The results from the creep tests on beams 
from the sunny side of the building and the 
shady side after a test period of 77 days is 
shown in figure 5. The average deformation 
has been recorded as a function of time. 
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Figure 5 Average deformations for the four 
beams during the creep test. The deformation was 
measured once a week during the first 35 days 
and then only at the end of test after 77 days. 
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The average deformation for the unloaded 
beam from the sunny side of the building was 
0.21 mm/day while the deformation rate with 
the circular dead load of 200 N was 0.23 
mm/day. The values for the beams from the 
shady of the building were in average 0.54 
mm/day for the unloaded beam and 1.03 
mm/day for the beam with the dead load of 
200 N. The total deformation after 77 days 
varied quite a lot between the measuring 
points on the left and the right side of each 
beam. The average value of total deformation 
was 72 mm for the unloaded beam from the 
shady side and 96 mm for the loaded beam. 
Corresponding values for the beams from the 
sunny side were 90 mm and 84 mm 
respectively. 
 
Studying the creep deformation as a function 
of time for the creep test on the prefabricated 
snow arc showed a constant deformation 
behaviour from the start of the test until the 
observations were terminated after 77 days. 
The average deformation rate was  
0.4 mm/day. The total recorded vertical 
deflections at the end of the measurements 
were 28.7 mm and 2.1 mm respectively for 
the linear variable differential transformers 
which were placed in the centre of the arc. 
The recording of the transformer placed at 
the side of the centre was 28 mm. 
 

5 FINITE ELEMENT SIMULATIONS 

Finite element simulations concerning creep 
on snow beams and on the ice church in 
Jukkasjärvi was performed in order to see if 
results from such analyze correspond to 
observed results during laboratory tests and 
field tests. 
 
The finite element analyses were based on 
simplified models. Material properties were 
based on values from literature which not 
exactly correspond to the actual values of the 
snow produced in Jukkasjärvi, since the 
values in the literature are based on natural 
snow and not artificial snow. Creep 
deformation was integrated to the finite 
element program by means of a power law 
which was set equal to the creep strain rate 

(Selzer, 2001). Only influence on structural 
behaviour of dead load was considered in the 
study. Influence of parameters like 
metamorphism, wind and temperature 
changes were not taken into consideration in 
the analysis. 
 
The results from the analysis with snow 
beams indicate that the values of the 
deformation achieved seem to be realistic 
(Seltzer, 2001). Comparing results from two-
dimensional and three-dimensional models of 
the arcs in the ice church showed that the 
three-dimensional models gave results with 
better correspondence to the field 
observations. 
 

6 DISCUSSION 

6.1 Density 
The densities for the samples are generally 
higher than values presented for natural snow 
on the ground (Mellor, 1975, Salm 1982). 
Both pressure and time will increase the 
density of snow (Salm, 1982). Variations in 
density for samples of snow of the same 
origin can be explained by pore spaces 
between the ice clusters (Vikström, 2002). 
Variations in density between different snow 
samples can be explained by differences in 
construction technique used for 
manufacturing different parts. Temperature 
variations and different stress conditions are 
other parameters affecting the density. 
 
The higher density of snow samples taken out 
in April is a result of densification and higher 
ice content. Weather changes and melting 
and refreezing will increase the ice content in 
the snow and consequently the density. 
 
The measured values have not been 
compared to other measurements of 
artificially produced snow since there are no 
available data from other studies with 
artificial snow. 
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6.2 Compression strength 
During the unconfined compression tests 
with artificial snow from the ice church a 
peak value of the force was reached followed 
by a stress drop and then a slow recover, 
which is interpreted as a hardening process 
where the snow increases in strength after the 
first collapse (Vikström, 2002). The 
measured values of the compression strength 
are in general lower than results presented by 
for example Bader (1962) and Shaphiro et al. 
(1997) but similar to values presented by 
Mellor (1975). A similar behaviour was 
observed during the unconfined compression 
tests with the samples of artificial snow from 
the ice hotel. The higher value of the 
compression strength for the samples from 
the side of the building exposed to sunshine 
is in accordance with other test results which 
show that the compression strength increases 
with increasing density. 
 
 
The increase in compression strength with 
increasing density for the samples tested is 
assumed to be a result of larger ice content in 
the snow and plastic deformation of the 
snow. 
 

6.3 Creep deformation 
The creep rate for snow is highly dependent 
on density and viscosity (Bader, 1962). The 
creep rate is usually lower for high-density 
snow since the porosity and hence space for 
rearrangement of grains is smaller. For 
seasonal snow under the action of gravity and 
metamorphism the creep is to about 90% a 
result of rearrangement of grains and about 
10% is attributed to mechanical effects such 
as deformation of ice grains (Mc Clung, 
Schaerer, 1993). As the snow densifies the 
deformation rate decreases. As for other 
materials, high creep rates may not lead to 
failure. Instead failure is often a result of 
collapse of the structure independently of the 
creep behaviour. 
 
Vikström (2002) compared results from the 
creep tests (Cr1) with artificial snow from the 
ice church with results from other tests. The 
axial viscosity at -10°C and -11°C showed 

similar values while the values at -5°C were 
higher. This indicates that the viscosity 
increases by increasing temperature. The 
compactive viscosity was higher compared to 
tests by Shapiro et al. (1997) where snow 
from different locations was studied. At all 
temperatures the values of both the axial and 
the compactive viscosity were higher than 
result reported by Chandel et al. (2007). This 
indicates that the tested artificial snow is 
more resistant to deformation than other 
investigated snow samples of similar density. 
 
The different creep behaviour for beams from 
the shady side of the ice hotel was different 
from then obtained from the side of the 
building exposed to sunshine (Cr4 and Cr3). 
This is assumed to be a result of different 
degrees of densification and different 
porosity. The initially higher creep rate of 
beams from the shady side (Cr4) is assumed 
to be a result of larger pore spaces and lower 
degree of densification for the snow. The 
result is in accordance with the theory where 
a lower creep rate generally is observed with 
increasing density (Bader, 1962). The 
difference in deformation rates between the 
loaded and unloaded beam from the shady 
side is much larger than the difference 
between the beams from the side exposed to 
sunshine. This also indicates higher 
deformation resistance with increasing 
degree of densification and higher density. 
 
Sources to scattered results in the creep test 
measurements are large grains and pore 
spaces in the snow. Sublimation during the 
tests is a parameter which influences the 
creep rate (Vikström, 2002). It leads to a 
reduction in mass and a decrease in diameter 
of the samples. This in turn leads to an 
increase of the normal stress and hence an 
increase of the creep rate. 
 
Problems with the recording of values for one 
of the transformers resulted in failed values 
for one transformer during the deformation 
measurement on the wooden reinforced arc 
of snow. This is the reason to the big 
difference between the obtained values. The 
average deformation rate of 0.4 mm/day 
corresponds to about 12 mm/month. 
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Assuming the deformation rate to be constant 
during the season (October – April) when the 
ice hotel is open the total deformation would 
be 84 mm for the wooden reinforced arc of 
snow. This is considered to be small as 
compared to similar arcs of snow without 
wooden reinforcement where observations by 
staff at the ice hotel have shown 
deformations of about 500 mm. 
 
To get a better understanding of the creep 
strength for artificial snow it is advisable to 
make further tests analyzing the creep 
behaviour with respect to important 
parameters such as temperature, density and 
viscosity. 
 

6.4 Finite element simulations 
In order to improve results from finite 
element simulations, material parameters 
valid for the snow being analyzed should be 
used. The viscosity is a critical parameter 
since it has a direct influence on the stresses 
and strains. Using such an exact value as 
possible for the viscosity parameter is 
therefore of importance. Other input 
parameters also need to be adjusted, like the 
creep law which as a simplified power law 
not distinguish between primary and 
secondary creep. The failure criteria could be 
improved by practical studies concerning 
failure dependence on tensile strain (Selzer, 
2001). The boundary conditions will also 
influence the analysis result and can in future 
simulations be adjusted for good 
correspondence to reality. 
 

7 CONCLUSION 

Artificial snow has generally higher density, 
compression strength and creep strength than 
natural snow. 
 
Density of snow and humidity in air has a 
great influence on structural parameters in 
snow, like compression strength and creep 
strength. Sizes of test samples and boundary 
conditions will also affect the test results. It is 
therefore of importance to find proper and 
repeatable test methods for evaluating 

material parameters. Existing methods for 
testing snow need to be improved and new 
methods need to be developed in order to get 
a better understanding of the behaviour of 
snow as a material for constructions. 
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