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Abstract 

Mechanical properties of snow have been a subject of research since the mid-20th century. The 
research done is based on natural snow. During the last decades the winter business industry 
has been growing and also the interest for constructing buildings and artwork of snow. Such 
constructions are generally built using artificial snow, i.e. snow produced by snow guns. Up to 
the present constructions of snow are designed based on knowledge by experience. Only minor 
scientific studies on artificial snow and its properties has been published. Hence it is of 
importance to investigate material properties for artificial snow.

A survey of current state of the art knowledge of properties for natural snow was done and 
basic material properties for different qualities of artificial snow were investigated. Strength 
and deformation properties for artificial snow were evaluated through uniaxial compressive 
tests where cylindrical test specimens were subjected to different constant deformation rates. 
The results show that artificial snow at low deformation rates will have a plastic deformation 
behavior where the initial deformation will cause a hardening of the snow structure. At higher 
deformation rates brittle failure may occur. For artificial snow with a homogeneous and fine 
grained structure the deformation behavior was found to change from plasticity to brittleness at 
a certain critical deformation rate. Artificial snow with coarse grained structure was found to be 
brittle giving unstructured results independent of the load level.

Four point loading was applied on beams of artificial snow to study creep deformation, bending 
strength and to determine the ultimate load for the different snow qualities. The results showed
coarse grained artificial snow underwent relatively small creep deformations. Both the creep 
behavior and the ultimate strength varied randomly at the same applied load. Large plastic 
deformations were observed with the fine grained artificial without any failure of the beams. 
The ultimate load was relatively high and repeatable results were achieved for all test.

Previous presumptions that coarse grained artificial snow with high density would have high 
strength and were not confirmed by the experiments performed on different qualities of 
artificial snow. The performed tests indicate that fine grained artificial snow of lower density 
have more predictable strength properties of equally high or higher magnitude as for coarse 
grained artificial snow. The plastic deformations were however higher for the fine grained 
artificial snow. High deformations are not favorable for structures which should maintain the 
shape during the winter season. When designing constructions of snow both strength and 
deformation properties should be taken into account.
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Symbols and abbreviations 

Abbreviation Definition Unit

A area [mm2]

c distance [m]

displacement [mm]

strain

E effective modulus [MPa]

Etan tangent modulus (Young’s modulus) [MPa]

Eres residual modulus [MPa]

F load, force [N]

Fmax peak force [N]

l length [m]

bulk density [kg/m3]

stress [MPa]

b bending strength [MPa]

t thickness [m]

w width [m]
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PART I 

CHAPTER 1 

Introduction 
 

1.1 Background
Research on mechanical properties of snow and snow mechanics began in the 1930’s as an 
offshoot of soil mechanics (Bader, 1962). The first studies were related to avalanche defense 
construction problems. Studies in the avalanche field where later performed by Swiss 
investigators who established constitutive equations and failure criteria for natural snow 
(Mellor, 1977). In the 1990’s further snow mechanical studies were performed in Antarctica 
and Greenland where the emphasis of the investigations were stability and rupture of snow 
slopes, long-term creep of snow, structural loadings, bearing capacity and shear resistance of 
snow surfaces related to vehicle mobility on snow, blowing snow, avalanches, snow plowing 
etc. All these studies deal with natural snow on the ground.

During the last decades the recreational based snow industry has been growing and artificial 
snow, i.e. snow produced by snow guns, has become both common and sometimes necessary 
for stakeholders in the snow industry, such as skiing resorts and places where snow is used as 
a material for constructions like ice hotels and ice villages which are built on several places 
around the world each winter. The increasing demand for activities on snow along with the 
warmer climate makes artificial snow production necessary in order to guarantee activities 
and opening dates in the early season. Artificial snow is more stable and resists warm 
temperatures better than natural snow which also are reasons why artificial snow generally is 
chosen as a base for alpine ski slopes and as material for snow constructions.

The mechanical properties of artificial snow differ from those of natural snow. Still very few 
studies are made to characterize mechanical properties of artificial snow and to study snow as 
a material for constructions. A report on strength and deformation behavior on artificial snow 
based on field and laboratory measurements at ICEHOTEL in Jukkasjärvi in the winter 2000-
2001 is the first study which has been found regarding mechanical properties of artificial 
snow (Vikström, Bernspång 2002). Generally buildings and constructions of snow seem to be 
built based upon knowledge by experience maybe as a consequence of lack of data on
strength and mechanical properties of artificial snow. It is hence of importance to gain further 
knowledge on properties of artificial snow and snow as a construction material.

Evaluating mechanical properties for snow is very complicated. Mellor (1977) stated that 
there exists no other material of engineering significance that under normal conditions display 
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the enormous complexities found in snow. If general data, constitutive equations and failure 
criteria could be formulated for snow they would probably cover most other materials as well.

1.2 Snow
Consulting any encyclopaedia for an elementary definition of snow the description is a 
precipitation consisting of ice crystals with different shape depending on temperature and 
humidity. Colbeck et.al (1978) defines snow as very porous material of ice and air which at 
temperatures > 0°C also contain liquid water. The ice is in the form of crystals and grains that 
are bonded together forming a texture which possesses some degree of strength (Colbeck 
et.al, 1978).

Meteorologists, avalanche researchers, scientists in the power industry and people working 
with snow as a material for constructions all have different scopes with their studies. Snow is 
therefore investigated in different ways depending on the scientific discipline of study. There 
is a wide spectrum of snow qualities, from powder snow to ice.

1.2.1 Natural snow
Natural snow originates in the clouds where individual crystals nucleate, grow and fall down 
to the ground (Mellor, 1977). The form and shape of the snow crystals depend on humidity 
and temperature. Multi-crystal snowflakes can be formed by collisions and agglomerations.
The morphological classification of snow divides natural snow into different groups based on 
grain shape (Colbeck et.al., 1990). One group consist of precipitation particles, which can be 
in the form of columns, needles, plates, stellar dendrites, irregular crystals, graupel, hail and 
ice pellets. The other basic classification groups are decomposing and fragmented 
precipitation particles which can be rounded grains, faceted crystals, depth-hoar, wet grains, 
feathery crystals, ice masses, crusts and surface deposits.

Crystal shapes of snow under different conditions are shown in figure 1 (Libbrecht, 2005). 
The growth of snow crystals depends on the incorporation of water vapour molecules. When 
the humidity is low more simple shapes of snow crystals are formed whereas more complex 
shapes are formed at higher humidity. The water saturation line in the figure gives the super
saturation of super cooled water, as might be found within a dense cloud. Temperature mainly 
determines whether snow crystals will grow into plates or columns, while higher super 
saturations produce more complex structures. Noteworthy is the morphology switches with 
decreasing temperature; from plates (T (T T
to predominantly columns (T < 30°C).
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Figure 1. The snow crystal morphology diagram, showing different types of snow 
crystals that grow in air at atmospheric pressure, as a function of temperature 
and water vapour supersaturation relative to ice. (Figure from Libbrecht, 2005).

The properties of a natural snow layer on the ground are constantly changing. Porosity and 
bulk density which in turn is related to crystal form and packing geometry influence the snow 
properties. Examples of processes which transform the snow are self-weight stress which 
causes volumetric straining resulting in higher density, intergranular bonds between grains 
which develop or decay, cycles between melting and re-freezing etc. These so called 
metamorphic processes are dependent on microstructure and physical properties (Legagneux,
Tallinder, 2004).

Bader (1962) considers snow as a non-Newtonian viscoelastic material where the viscous part 
comes from the permanent time-controlled deformation for very small stresses and the elastic 
part from the time-independent deformational component recoverable upon stress release. 
Snow is non-Newtonian since the strain rate not is a linear function of stress. The strain rate
increases faster than stress and at higher stresses the strain rate may become exceedingly rapid 
and the material is then considered plastic rather than viscous (Mellor, 1963). Natural snow 
on the ground gradually subsides by the load of its own weight and successive snow falls 
(Kinosita, 1967). This is an example of slow compression of snow in the nature. At glaciers 
snow is gradually with time transformed to ice. Avalanches is an example in the nature where 
compression of snow at a high rate cause fracture propagation and brittle deformation.
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1.2.2 Artificial snow
In contrast to natural snow where snowflakes are formed as a result of nucleation of tiny ice 
crystals in the clouds, artificial snow is made out of water droplets. The ideal weather 
conditions for production of artificial snow are humidity lower than 80%, a temperature 
between (-5)°C and (-15)°C and a light breeze (Slao, 2012). As the humidity increases the 
threshold temperature for snow production decreases. Factors of importance during 
production of artificial snow are air-water mixture, air humidity, pressure, temperature and 
wind velocity (Chen, Kevorkian, 1971). By optimizing these factors and adjusting the 
parameters so the desired quality of artificial snow is manufactured, the mechanical properties 
for structures of artificial snow can be improved. 

Artificial snow is produced in machines where water cooled to above its freezing point is 
pumped under high pressure through nozzles. There are different kinds of snow making 
machines, handling different amounts of air and operating in different ways. The two major 
types of snow making machines used today are the fan-assisted machines, usually called snow 
guns and the high-pressure tower based machines which are called lances (Koptyug et. al, 
2006).

Compressed air or electric fans are used to atomize the water into fine droplets in the 
continuous air flow and to disperse them over a wide area. The air-water mixture will need 
enough time to float in the cold air before it drops down to the ground in order to form snow. 
If the droplets don’t freeze before hitting the ground the snow will be too wet. The higher 
above the ground the snow gun is placed, the longer time will the droplets have to cool and 
spread out before hitting the ground. Fan snow guns, figure 2, form snow in a pile 10-20
meters from the barrel outlet which later has to be shoveled out to the places where it is 
supposed to be used. Lances, figure 3, can be moved around easier and the snow can be 
produced directly at the place where it is supposed to be used, for example around a cross-
country ski track. The lance can be as high as 10 meters above the ground and the injected 
water will nucleate and fall to the ground by its own weight, i.e. no fan is needed to blow out 
the snow.

The round grains of artificial snow give a structure which is close packed and denser than 
natural snow resulting in a higher density of artificial snow compared to natural snow. 
Moreover artificial snow will resist wind, water and temperature changes better than natural 
snow and is more durable (ICEHOTEL, 2011). In a crystallographic point of view artificial 
snow is already in an advanced state of metamorphism (Kuriowa, LaChapelle, 1973).
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Figure 2; Snow gun (Snowtech, 2012) Figure 3; Snow lance (Dalademokraten, 2011)

1.3 Snow mechanics
Snow mechanics involves studies of forces and displacements in snow (Mellor, 1977).
Kinematics, dynamics and energetics in snow are underlying processes to the mechanical 
behavior. Quite few studies are made on mechanical properties of snow. One frequently cited 
paper by snow researchers dealing with mechanical properties of snow is a review of basic 
snow mechanics made by Mellor (1977). The review summarizes experiments performed with 
dry coherent snow performed as an effort to determine mechanical properties and to formulate 
manageable constitutive equations based on established continuum mechanics. The reason 
why so few investigations are made regarding mechanical properties on snow is supposed to 
be due to the fact that stress-, strain- and time relations are so complicated since the properties 
of snow are so complex. The properties of snow are highly temperature sensitive as snow 
always exists rather close to it melting temperature. Snow exhibit nonlinear viscoelasticity 
and undergo large volumetric and deviatoric strains at typical loading conditions. The high 
compressibility of snow makes the behavior much different from most solid and granular 
materials. As long as the bulk stress is lower than a certain critical value snow can be treated 
as a low compressible solid but if the critical value is exceeded the result will be large and 
irreversible volumetric strain. In addition to temperature, density, strain rates and bond 
characteristics are factors of importance for the mechanical properties of snow (Mellor, 1963). 
These factors are often related to compressive strength, Young’s modulus and other 
mechanical properties. Mellor (1977) stated that field investigators and experimentalists not 
have so much theoretical guidance when working on snow due to the lack of well-structured 
experiments of snow properties while theoretical mechanicians also lack suitable 
comprehensive data on material properties. Thus there is a need for a simplified mechanical 
characterization of snow and for a theory which can be applied to boundary value problems. 
Still only a few studies are made where researchers using different methods have investigated 
material properties. Yet there is no common way to evaluate material- or mechanical 
properties and a lot of research remain to be done within the area of snow mechanics.
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1.4 ICEHOTEL
The artificial snow used for the present experiments have been produced at ICEHOTEL in 
Jukkasjärvi, a village in northern Sweden located about 200 km north of the arctic circle, see 
figure 4.

Figure 4; Location of ICEHOTEL, Jukkasjärvi (ICEHOTEL).

ICEHOTEL was founded in 1990 and was the first hotel built by snow and ice in the world. 
Each year an ice church and an ice bar are built in connection to the ice hotel, which have 
rooms and suites designed by artists and sculptors. The construction work at ICEHOTEL 
starts each year in November where some pre-fabricated blocks and arcs of snow and ice 
which have been stored in large freezing rooms over the summer are used for the construction 
of the first parts of the building. All blocks of ice are cut out from the nearby Torneriver, 
which also constitute the water supply for the artificial snow production. About 1000 tons of 
ice and 30 000 tons of artificial snow is needed for the construction of ICEHOTEL
(ICEHOTEL, 2011).
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1.5 Scope of study
The scope of the study was to investigate artificial snow as a construction material.

The aim was to:

Review current state of the art knowledge of snow mechanics and snow properties.
Investigate the basic material properties of artificial snow by field and laboratory 
experiments.
Compare and discuss differences between artificial and natural snow.
Provide recommendations for future work and investigations on artificial snow.

This was done by a literature review regarding current state of the art and properties of natural 
snow. Furthermore field tests were performed at ICEHOTEL and laboratory experiments at 
Luleå University of Technology (LTU).

1.6 Research method
The initially performed literature review constitute the current state of the art regarding 
properties of natural snow, since most current research are based on investigations of natural 
snow. The literature review was used as a reference relating properties and behavior of 
artificial snow to natural snow and to identify fundamental differences between natural snow 
and artificial snow.

A separate survey was done to summarize previous research on artificial snow as a material 
for constructions along with some results from basic field- and laboratory experiments. The 
result of the survey is summarized in Paper A: Basic material properties of artificial snow.

Physical and mechanical properties of different qualities of artificial snow were investigated 
by density measurements, uniaxial compressive tests and creep deformation tests both as field 
and laboratory experiments. The results were evaluated and compared to properties of natural 
snow. The test methods used for these experiments originate from research of ice where 
similar tests have been performed to evaluate mechanical properties of ice.

Uniaxial compressive tests were performed at different constant deformation rates in order to 
determine strength and deformation properties for different types of artificial snow. Tests 
were performed at ICEHOTEL were specimens were taken out from different walls of the 
building after the hotel was closed for the season. Uniaxial compressive tests were also 
performed in the laboratory at Luleå University of Technology. Two different qualities of 
artificial snow were used for those tests, one quality was fine grained and one coarse grained. 
The results from the uniaxial compressive tests are presented in Paper B.

Experiments were four point loading was applied on beams of artificial snow were performed 
to study ultimate load, bending strength and creep deformation behavior of artificial snow.
Results from the experiments are presented in Paper C.
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1.7 Thesis outline
The thesis consists of two parts. Part I presents the background of this work, general 
information on snow as a material, snow mechanics, main objectives with the research and 
research method (Chapter1). Experimental procedures are described (Chapter 2) of which 
some constitute the basis for the scientific papers. Results from the tests, discussion and 
conclusions are presented (Chapter 3) and finally some suggestions for future research 
(Chapter 4).

Part II consists of the scientific papers that describe the findings on mechanical properties of 
artificial snow. Paper A is a conference paper presented on NGM (Nordic Geotechnical 
Meeting) 2012. It summarizes previous research on basic material properties of artificial 
snow. Paper B covers a laboratory study on uniaxial strength and deformation properties of 
artificial snow. Paper C covers a laboratory study on strength and creep behavior of artificial 
snow.

Other research on snow which has been done but not included in this thesis deals with 
artificial snow making and snow storage which are summarized in the research reports Snow 
storage in Piteå 2012 (Lintzén, 2012a) and Snow making and snow storage, (Lintzén, 2012b).
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CHAPTER 2 

Field and laboratory investigation of artificial snow 

2.1 Material
Test specimens for compressive tests were drilled out from the walls of ICEHOTEL in the 
middle of April 2012, the days after the hotel was closed for the season. The drill used was a 
circular drill connected to an electrically driven drilling machine as shown in figure 5.

Figure 5; Snow specimens were dilled out using a hand held drill at 
ICEHOTEL in Jukkasjärvi.

Specimens were taken out from one wall which had been exposed to sunshine during the 
season, from one wall mostly located in the shade and from the inside of the building. The 
diameter of the samples was 6.5 cm and the initial length was between 14 and 16 cm. After 
preparation of the specimens they were taken into a nearby cold storage hall with temperature 
around (-4 -- -5)°C where uniaxial compressive tests were performed. Beams of artificial 
snow from the three different walls were cut out with a power saw aiming to be used for creep
deformation and bending strength tests. It was very difficult to cut out the beams due to the 
warm weather which resulted in wet and heavy snow. Beams of dimensions larger than the 
final dimension where sawed out and let to freeze in the cold storage hall after which they 
were prepared to final dimension, 0.1×0.2×1 m3, with a hand held saw.

Compressive tests and tests on beams were also done in the laboratory at Luleå University of 
Technology (LTU). Specimens from two different blocks of artificial snow which consisted of 
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two different snow qualities were used for those tests. The blocks were produced by artificial 
snow made by snow guns during different snow making conditions. After snow production 
the artificial snow was turned over twice with a snow blower before it was put in rectangular 
molds and let to freeze forming rectangular blocks with dimension 1.2×0.8×2 m3. Both blocks 
of snow were stored in freezing rooms underneath diffusion proof plastic covers at 
temperatures between approximately (-5)°C and (-10)°C before test specimens and beams 
were cut out and tests were performed.

Specimens for compressive tests were drilled out in the cold laboratory according to figure 6
and then sawed into equal lengths using a mire box according to figure 7. The initial diameter 
of the specimens was 6.5 cm and the initial length was 15 cm.

Figure 6; Specimen preparation at LTU, drilling. Figure 7; Specimen preparation at LTU, length 
adjustment.

Beams for load tests and creep deformation tests were sawed out from the rectangular snow 
blocks using a power saw and then a band saw for final adjustment to exact dimensions which 
were 0.1×0.2×1 m3.

Due to the different production methods of artificial snow one of the blocks had a coarse 
grained structure with clusters of ice and cavities in the snow, see figure 8. This block was
stored in a freezing room for about a year before specimens were cut out and tests were 
performed. Storage of snow will lead to sublimation and grain growth although the snow was 
kept underneath a plastic cover. The other block of snow was produced only a few weeks 
before specimens were cut out and tests were performed. This block of snow had a 
homogeneous and fine grained structure, see figure 9.
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Figure 8; Sample of coarse grained artificial Figure 9; Sample of fine grained artificial
snow. snow.

2.2 Density and grain structure
The density of all artificial snow specimens used for the compressive tests were determined 
by weighing each specimen before the tests and dividing the weight by the initial volume.

The grain structure of the coarse grained artificial snow and the fine grained artificial snow 
were studied by illuminating slices of snow using backlight projection. The slices were about 
1 cm thick and the illumination enabled detailed studies of the structures.

2.3 Compressive tests
The cylindrical test specimens were used for uniaxial compressive tests at different constant 
deformation rates. Test were performed both at ICEHOTEL in Jukkasjärvi and at LTU. The 
compressive tests performed in Jukkasjärvi were carried out in a cold storage hall at a 
temperature of about (-5)°C. The experimental setup for the compressive tests performed at 
ICEHOTEL is shown in figure 10. The compressive test machine used for the tests at 
ICEHOTEL allowed deformation rates between 0.5 mm/min up to 5 mm/min to be used. The 
resistive force as a function of time was recorded for each of these tests using the software 
EasyView. The compressive tests at LTU were performed at a test temperature of about (-
10)°C with an air-hydraulic type apparatus at deformation rates between 0.5 mm/min and 40 
mm/min. The resistive force versus longitudinal displacement was recorded for each test. A 
test specimen from these tests is shown in figure 11.
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Figure 10; Experimental setup for the uniaxial Figure 11; Test specimen used for uniaxial 
compressive tests at ICEHOTEL, Jukkasjärvi. compressive test at LTU.

Horizontal black lines were drawn on the specimens used for the uniaxial compressive tests at 
LTU in order to study the compression and deformation behavior along the specimen.

2.4 Compressive strength

When specimens of artificial snow are compressed at a constant deformation rate the general 
behavior is a stress-strain curve where the stress generally increases linearly and quite rapidly 
until a peak value is reached after which the stress value only slightly increases or flatten out. 
A typical stress-strain curve from a uniaxial compressive test at a deformation rate of 5 
mm/min is shown in figure 12.

The compressive strength of each snow sample was calculated by dividing the registered peak 
force during the loading procedure by the cross sectional area of the test specimen at the 
beginning of the test according to equation 1.

= (1)
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Figure 12; Typical stress-strain curve from a compressive test 
performed at LTU with homogeneous fine grained artificial 
snow at a deformation rate of 5 mm/min. Young’s modulus is 
evaluated as the tangent modulus to the blue line and the 
residual modulus is evaluated as the tangent to the red line.

2.5 Young’s modulus
Young’s modulus, Etan, is commonly known as the tensile modulus. It is a measure of the 
stiffness and is defined as the ratio of the uniaxial stress over the uniaxial strain. The modulus 
is for most materials evaluated based on results from tensile tests. In this study Young’s
modulus was instead evaluated based on results from the uniaxial compression test as the 
tangent modulus to the stress-strain curve during the initial phase of the load test, i.e. before 
the peak point or ultimate load was reached as shown in figure 12. The difference in stress 
was divided by the difference in strain according to equation 2.= (2)
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2.6 Residual modulus
The stage after the peak point has been defined as the post-load process and corresponds to 
the residual strength. Unless the test specimen will crack or fail during the loadtest an almost 
linear relationship between and can be observed after the peak point as seen in figure 
12. The residual value, Eres, has been evaluated as the quotient between and according 
to equation 3.= (3)

2.7 Four-point load tests on beams
Tests using three or four point loaded beams are commonly used methods to measure flexural 
strength and effective modulus (also called apparent elastic modulus) for ice (Standardization 
of testing methods for ice properties, 1980). The same method has been used for load and 
creep tests with beams of artificial snow. Four-point loading is generally a preferable method 
for load tests with beams of materials which are inhomogeneous or brittle. By distributing the 
load over a larger area central stress concentrations which arise during three point loading are 
eliminated which gives more correct test results. A special test equipment was constructed for 
experiments where snow beams were loaded at four points. Load distribution plates were used
to distribute the applied load over a larger area in order to eliminate impressions or 
deformations of the contact area. A construction drawing of the test equipment is shown in 
figure 13. An advantage with the four point loading methods when evaluating mechanical 
properties for snow beams is that it is rather simple. A disadvantage with the method and 
other flexural test methods is that they are indirect. Applying elastic theory on snow which is 
an inhomogeneous, anisotropic and viscoelastic material does not give proper numerical 
values when evaluating mechanical strength properties. However there is not yet any known 
theory to use for such a complex material as snow. The elastic theory is assumed to give 
acceptable approximations for determining index values of strength properties which are 
useful since they can be applied to compare mechanical properties evaluated equally from 
similar tests.
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Figure 13; Construction drawing of the test equipment used for the four-point load tests
(Paper C).

The beams were oriented in the test equipment so that the width of the beams was loaded by 
the two lower load distribution plates, which were placed at a reciprocal distance of 300 mm 
from each other according to figure 13. The dimension of each load distribution plate was 
100×240 mm2 which gives a load surface of 100×200 mm2 on each of the four positions on 
the snow beams where the load was distributed. Two of the load distribution plates are 
provided with flexible roller bearings (in figure 13 the upper right one and the lower left one) 
and the other two with a fixed semicircle bearing. The diametrically opposed placement of the 
different load distribution plates with one flexible and one fixed bearing at both the upper and 
lower positions enable the beam to deform longitudinally during loading. The bearings and 
the load distribution plates are shown in figures 14 and 15. The surfaces of the load 
distribution plates were coated with abrasive paper in order to prevent the beams from sliding 
or slipping off the plates.

 
Figure 14; Load distribution plate with Figure 15; Load distribution plate with
flexible bearing (Paper C.) fixed bearing (Paper C).
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The test equipment used for the load tests are shown in figures 16 and 17. The load was 
hydraulically applied on the two lower load distribution plates and continuously recorded with 
a load cell. The deformation of the beam was measured with electronic length gauges on three 
sections, one in the mid-section of the beam and the other two in immediate connection to 
each of the two lower load distribution plates. The accuracy of the length gauges was ±0.001 
mm and the accuracy of the load cell ±0.1 N. The measurement values were registered with a 
data logger every minute. The range of measurement is limited to the maximum piston stroke 
for the hydraulic cylinder, which corresponds to about 70 mm.

Figure 16; Test equipment used for the four-point Figure 17; Test equipment used for 
load tests (Paper C). the four point load tests (Paper C).

2.8 Creep tests
Creep test on beams of both the block of coarse grained artificial snow and fine grained 
artificial snow were performed by loading the beams at four different constant maximum 
loads at a test temperature of (-13)°C. The chosen loads were 300 N, 500 N, 750 N and 
1000N where the lowest load corresponds to about 20% of an assumed maximum ultimate 
load based on a few initial trial experiments and the highest to about 75% of an assumed 
ultimate load. The load was successively applied with a loading rate of about 20N/min. The 
creep deformation as a function of time was registered until either failure occurred or when 
the maximum possible deformation in the experimental setup was reached.
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2.9 Effective modulus
When beams of ice are used for three or four point load tests the effective modulus, or also 
called apparent elastic modulus, E, can be calculated according to equation 4 (Standardization 
of testing methods for ice properties, 1980). 

= (4)

where c is the distance between the center of the beam and the load distribution plates, w is 
the width of the beam, t is the thickness of the beam, l is the length of the beam, F is the 
applied load to the beam and is the corresponding beam deflection. This equation is based 
on beam theory assuming linear elastic behavior.

Vikström and Bernspång (2002) found that snow beams do not behave according to elastic
theory. Evaluating the effective modulus according to this equation is therefore not likely to 
give reliable numerical results. Moreover no elastic deflection was registered during the tests 
with beams of artificial snow. The load was applied in steps of 20 N/min and when full load 
was applied already a plastic deflection of the beams had occurred. Hence no value of elastic 
deflections existed that could be applied to this equation for evaluation of the effective 
modulus. In order get results which can be used to compare the beams of different types of 
artificial snow used for the tests in this study equation 4 was used to evaluate a modulus E.
The evaluation of the modulus was based on data from creep tests where the deflections one 
hour after the start of the test were measured and used as values for in equation 4 together 
with the total applied load, F. Since the load was applied in steps of 20N/min the full load was 
applied after 50 minutes for the highest load level.

2.10 Four-point load tests to determine ultimate load
Totally 12 beams of both the block with the coarse grained structure and the block with the 
fine grained structure were used for ultimate load tests. The beams were successively loaded 
at a test temperature of (-13)°C where 20 N was applied every minute until failure occurred. 
The maximum applied load at failure was registered for each tested beam and it was 
considered to constitute the ultimate load. Some of the beams of coarse grained structure were 
so brittle that fracture or breakage occurred already in the initial phase of the loading process 
or when the beams were put into the load test equipment.

2.11 Bending strength
The bending strength, b, was evaluated using the results from the ultimate load tests 
according to equation 5. Fmax is the maximum force required to break the beam, c is the 
distance between the center of the beam and the load distribution plates, w is the width of the 



18

 

beam and t is the thickness of the beam (Standardization of testing methods for ice properties, 
1980).

= 3 × ×× (5)

The equation is based on beam theory for four point loading where linear elastic material 
behavior is assumed. The results should therefore be considered as index values rather than 
absolute bending strength values.
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CHAPTER 3 

Results and discussion 

3.1 Snow structure and snow characterization
Since structural properties of snow influence the mechanical properties, classifying snow is of 
importance in connection to mechanical experiments to clarify the type of snow which has 
been tested. Grain shape has mainly been used to distinguish different types of natural snow 
from each other and to identify the type of snow (Bader, 1962). There is an international 
classification for seasonal snow on the ground prepared by the ICSI-UCCS-IASC working 
group on snow classification (Fierz.C., et. al., 2009). This in an update of an earlier 
classification (Colbeck et. al. 1990). The classification deals primarily with seasonal snow and 
specifies main morphological grain shape classes, grain size, hardness, wetness descriptions 
etc. which are of interest for different groups of people, from scientists to skiers.

The bonds between every linked grain play an important role in determining mechanical 
properties of snow (Mellor, 1977). The average number of bonds per grain, or intergrain 
contact, increases with bulk density. To gain an understanding of the nature of the snow 
structure it is of importance to understand the relation between grain bonds and mechanical 
properties (Kry, 1975). Values of the average size and number of bonds between grains as 
well as the mean grain size must according to Kry be measured. As the density increases, the 
average number of grains in contact will increase which cause the mobility of grains to 
decrease. When no longer mobility of grains can take place the only possible deformation 
mechanism is by grain deformation, which for natural snow usually occurs when the density 
has reached values above 500 kg/m3. This might be a reason why low density snow and high 
density snow have been found to have different deformation behavior.

An attempt to study the snow structure for the artificial snow used for the present tests was 
made aiming to investigate grains and structural differences between the different snow 
qualities. The result was not very successful though since no possibilities existed for
microscope studies in a cold surrounding area. Putting the snow on a cold plate before taking it 
to a microscope placed in room temperature resulted of course in immediate melting of the 
grains before any significant studies or pictures of the grains was possible to be made. 
Illuminating slices of snow by using backlight projection was instead used to study the 
structures from the coarse grained artificial snow and the fine grained artificial snow. An 
image of the coarse grained structure is shown in figure 26 where a wide range of grain sizes 
and shapes were observed. There were also variously large clusters of ice which can be seen as 
the dark grey areas in figure 26. An image of the fine grained artificial snow is shown in figure 
27. Equally sized small grains and a homogeneous structure were observed no matter where in 
the block of fine grained artificial snow slices were cut out.
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Figure 26; Artificial snow with a coarse Figure 27; Artificial snow with a fine grained
grained structure and clusters of ice. and homogeneous structure.

The method of illuminating samples of snow using backlight projection was intended to be 
used to study cross sections of beams deformed during the creep tests and samples of artificial 
snow after compressive tests in order to study how the deformations affect the grains and 
grain structure. Unfortunately those samples melted before any investigations were performed 
due to breakdown of the cooling aggregate used for the cold storage room.

Both practical methods to study the grain structure and theoretical methods aiming to quantify 
structural properties of snow needs further development.

3.2 Density
Density is one key property when characterizing snow. It establishes a relationship between 
snow and its water content and is also correlated to the strength (Judson, Doesken, 2000). The 
density of snow varies according to several different conditions such as grade of compaction, 
liquid water content, pressure and time. An increase in the last two mentioned are factors 
which will successively increase the snow density.

The density for artificial snow is generally higher than for natural snow. The round grains 
allow a close packed structure giving a higher density than snow in the shape of crystals. 
Artificial snow reflects the sunrays more effectively which along with the high density 
protects the inside of buildings and constructions from melting while the melting rate at the 
outside also decreases (ICEHOTEL, 2011).

The densities for the specimens of the different artificial snow qualities used for the uniaxial 
compressive tests in this study are presented in figure 18. The densities for the specimens 
from the fine grained block of artificial snow were in the range between 510 – 560 kg/m3 and
the densities for the specimens from the coarse grained block of artificial snow were in the 
range 550 – 700 kg/m3. The densities from the specimens from the walls of ICEHOTEL were 
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in general in the range 550 – 650 kg/m3. The highest average density was from specimens 
from the wall which had been in the shade during the season. Number of specimens used for 
the uniaxial compressive tests performed with the different artificial snow qualities and 
deformation rates are shown in Appendix 1.

Figure 18; Boxplot showing density for all samples used in 
compressive tests (Paper B).

The block of fine grained artificial snow had lower density compared to the block of coarse 
grained artificial snow and the density for the samples from the different walls of 
ICEHOTEL. It is a result of different artificial snow production methods for the two blocks. 
The artificial snow used for the fine grained block of snow was produced with an improved 
artificial snowmaking technique and during conditions which were more adequate for 
snowmaking. The air-water ratio was adjusted so that less water was supplied and during less 
humid climate conditions compared to the previous production method. The coarse grained 
artificial snow was also stored for a longer period of time before testing.

Density is a common variable to which mechanical properties are related. Several researchers 
have however concluded that the responses of snow to different loading conditions are better 
determined by the snow structure and the bonding between snow grains (Shapiro et.al, 1977, 
Kinosita, 1967, Yong, Fukue, 1977 and others). Therefore it is in those studies suggested not 
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to use density alone as a parameter to which mechanical data is evaluated. In order to compare 
values from experiments performed with different types of snow it would be beneficial to also 
classify the snow and correlate grain size, grain size distribution and other intergranular 
properties to the strength and other mechanical properties. High density snow seems to 
behave different than snow of lower density (Kinosita, 1967). All types of artificial snow used 
for the present tests can be considered high density snow (>400 kg/m3). As will be discussed
in section 3.4.3, the results from studies of compressive strength indicate that artificial snow 
behaves different than natural snow of similar density. This further support the conclusion 
that structural properties should be characterized in addition to density.

3.3 Strength of snow
Strength of snow can be explained as a chain where a series of elements are connected and the 
weakest link cause fracture of the entire body (Salm, 1982). Fracture of one element can also 
lead to re-distribution of stresses and eventually after a sufficiently high increase in load result 
in failure. For a satisfactory description of the structure which ultimately determines the 
strength of snow Bader (1962) suggests that the grains and the surrounding matrix have to be 
considered rather than separate grains alone. Mellor (1963) showed that the highest strength is 
achieved with snow having a wide range of particle sizes if density, temperature, specimen 
size and loading rate remain constant. The strength of snow has in addition to grain texture 
and structure also been found to be dependent on density, strain rate, strain history, snow type 
and temperature (Mellor, 1963, Brown, 1977). The value of strength of snow expressed in 
terms of stress at failure of test specimens must be applied with caution since failure of 
objects of different size and shape under different stress conditions give different results, 
which hence not may be comparable to each other.

In this study strength of snow has been studied in terms of bending strength and compressive 
strength by laboratory experiments.

3.3.1 Compressive strength
The specimens taken out from the walls at ICEHOTEL were quite heavy and wet, especially 
those taken out from the outside walls. After specimen preparation the specimens were then 
taken into a nearby cold storage hall were tests was performed. Hence the specimens tested 
had a harder and more brittle structure after having been re-frozen. The results from the 
performed uniaxial compressive tests at both ICEHOTEL and LTU showed an increasing 
compressive strength with increasing density. The compressive strength versus density for 
specimens of artificial snow from different locations is shown in figure 19. These tests were 
performed at a deformation rate of 1.5 mm/min which is considered to be a slow rate of 
deformation. The compressive strength appears to increase almost linearly with increasing 
density for the specimens tested at equal deformation rate.
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Figure 19; Compressive strength versus density for specimens 
of different types of artificial snow tested at a rate of 
deformation of 1.5 mm/min.

Not all performed compressive tests with snow of high density resulted in high values of the 
compressive strength. In some cases test specimens of high density contained clusters of ice 
which acted as initiation points for cracks to form. Those specimens showed instead a brittle 
behavior and cracked in the initial state of the loading process also at low deformation rates. If 
a crack formed without complete breakage of the specimen, the recorded resistive force 
suddenly dropped but continued to rise again with a slope similar the one before the crack was 
formed. It was not possible to calculate a value of the compressive strength for the specimens 
which failed completely during the initial loading process and results from those test are 
hence not included in the graphs.

The compressive strength versus strain rate for the specimens of new and fine grained 
artificial snow is shown in figure 20. A break point between plastic and behavior and fracture 
of the specimens could be observed. The critical deformation rate was about 25 mm/min, 
corresponding to a strain rate of about 0.003 s-1. The specimens appear to deform plastically 
up this critical deformation rate, after which the deformation behavior seems to change and 
become brittle or destructive.
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Figure 20; Compressive strength versus strain rate for samples 
of fine grained artificial snow. The breakpoint between plastic 
and destructive behavior occurs at about 0.003 s-1 (Paper B)

A corresponding critical value of the deformation rate was not observed from compressive 
tests using the coarse grained type of snow. Those specimens were very brittle and failure 
occurred at random deformation rates.

3.3.2 Tensile strength
Bader (1962) and Mellor (1963) found out that the tensile strength values for low density 
snow (< 400 kg/m3) are scattered with very small values while snow with densities in the 
range between 500-600 kg/m3 had tensile strength values which were about half that of the 
compressive strength. No tensile strength measurements were performed with the investigated 
artificial snow due to the lack of suitable experimental equipment.

3.3.3 Shear strength
Shear strength of snow is of importance for the stability and is of interest for avalanche 
studies and studies of natural snow layers (Cassel, 1950). Shear strength of snow is according 
to Bader (1962) similar to tensile strength but values are generally higher. The shear strength 
for coarse grained disaggregated snow where new bonds between grains develop slowly 
differs from that of fine-grained snow where new bonds develop quickly (Mellor, 1963). No 
measurements of shear strength have been performed with the artificial snow used in this 
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study but developing a suitable test method and performing such tests are of interest in future 
research. 

3.3.4 Ultimate load and bending strength
The four point load tests on beams of artificial snow was used to measure the ultimate load for 
the coarse grained and fine grained block of artificial snow. The deformation behavior was 
different for the two different snow qualities tested. The beams of coarse grained artificial 
snow were brittle and the total deformations were quite small while the beams of fine grained 
artificial snow showed a plastic deformation behavior where the total deformation of each 
beam was large. The results showed a variation in ultimate tensile load in the range 0.4-1.4
kN for beams produced by coarse grained artificial snow, i.e. highly scattered values. More 
uniform and repeatable results were achieved with the beams of the fine grained artificial 
snow where the ultimate tensile load was between 1.2-1.4 kN. 

The bending strength was evaluated based on the results from the ultimate load tests as 
described in section 2.11 (equation 5). As the maximum applied load at failure had a wide 
range of values for the coarse grained artificial snow also the bending strength were spread 
over a wide range, 180-630 MPa. The bending strength for the fine grained artificial snow 
was between 540-630 MPa, i.e in general higher compared to the coarse grained artificial 
snow although the total deformations of the beams of fine grained artificial snow were much 
larger. These values should as mentioned be regarded as index values which are 
representative for comparing bending strength results from tests performed in a similar way.

3.3.5 Residual strength
As the specimens become compressed during the compressive tests the cross sectional area 
will increase. This was not taken into account when calculating the stress by dividing the 
registered resistive force by the area, which were the initial cross sectional area. The increase 
of the cross sectional area is assumed to be small though and only have a minor influence on 
the increasing stress after the peak point was reached. The major reason to the increasing 
stress is supposed to be due to an increase of the relative density as the compression of the 
specimens proceeds which results in a harder more close packed structure. The results from 
the evaluations of the residual modulus show no correlation between residual modulus and 
density. The residual modulus seem to increase with increasing strain rate as can be seen in 
figure 21 where the residual modulus for samples from fine grained artificial snow have been 
evaluated. Results from experiments for samples from ICEHOTEL shown similar values of 
the residual modulus for samples carried out at the same strain rate. The behavior of the 
residual strength follows the same pattern as for the compressive strength.
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Figure 21; Residual modulus versus strain rate for samples of 
fine grained artificial snow.

3.4 Deformation of snow

3.4.1 Young’s modulus
Young’s modulus for snow is dependent on snow density, bond characteristics and 
temperature (Mellor, 1963). The value of Young’s modulus is very low for low density snow 
but increases, according to Mellor (1963), almost linearly for densities above about 500 
kg/m3. The results from the performed tests with artificial snow of different origin and density 
showed no similar trend of increasing value of Young’s modulus with increasing density as 
can be seen in figure 22. The figure shows Young’s modulus versus density evaluated from 
compressive tests performed at a deformation rate of 5 mm/min for snow from different parts 
of ICEHOTEL and the two different blocks of artificial snow.
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Figure 22; Young’s modulus versus density for different types 
of artificial snow used for uniaxial compressive tests at a 
deformation rate of 5 mm/min.

The performed tests with artificial snow indicate higher values of Young’s modulus for the 
artificial snow tested at (-10)°C compared to the tests performed at about (-5)°C. The true 
effect of temperature on Young’s modulus is according to Mellor (1975) hard to determine. 
Tests performed using high frequency vibrations showed that Young’s modulus did not vary 
much with temperature (Mellor, 1975). In those tests a change in temperature did however 
also change the rate of frequency since it has an influence on the viscosity. Since the artificial 
snow qualities and deformation rates were different for the tests performed at the different 
temperatures it is not possible to determine if the higher values actually were a result of lower 
temperature of other parameters belonging to the snow properties. This needs to be further 
investigated in future experiments. No correlation between Young’s modulus and strain rate 
were observed.

3.4.2 Effective modulus
The effective modulus was calculated based on the four point load tests with beams of 
artificial snow. The deflections one hour after the start of the loading of the beams were 
registered as described in section 2.9. These values are shown in table 1. The deformation rate 
of the fine grained artificial snow beams were much faster than for the coarse grained 
artificial snow beams.



Table 1; Deflection of the artificial snow beams one hour after the initial load was applied to the 
beams. The load was applied stepwise with 20N/min (Paper C). 

Total load 
[N] 

Fine grained artificial snow 
Deflection [mm] 

Coarse grained artificial snow 
Deflection [mm] 

1000 16.5 1.4 
750 12.9 2.5 
500 4.2 1.4 
300 2.5 2.4 

The results from the evaluations of the effective modulus showed that the values for fine 
grained snow were between 21-43 MPa and the values for the coarse grained snow were 
between 45-257 MPa. As mentioned not too much emphasis should be put to the actual 
numerical values but instead use this as a method to compare results from different equally 
performed tests to each other. 

3.4.3 Strain rate and deformation rate 
Kinosita (1958,1967) performed compressive tests on cylindrical specimens of snow to study 
the relation between deformation velocity of the snow specimen and deformation behavior 
which was found to be either plastic or destructive. The stress-strain relation was also studied 
and it was found that the stress for the same strain became larger as the deformation rate 
increased. When the deformation rate exceeds a certain critical value brittle fracture occurred 
and the stress dropped instantly from a maximum value to a very small value. The same 
behavior was observed during the compressive tests performed with samples of fine grained 
artificial snow as shown in figure 20. If the compression progressed further the stress 
increased again in Kinosita’s experiments with a slope almost parallel to the previous increase 
and fracture occurred again at the same maximum stress level. This deformation behavior was 
observed during compressive tests with the coarse grained type of artificial snow. The critical 
deformation rate constitutes the transition from plasticity to brittleness and was by Kinosita 
found to increase with decreasing temperature and with increasing density. Kinosita 
performed compression tests with specimens of various lengths which imply that the 
deformation rate is a more suitable than strain rate to define the critical speed since the 
deformation rate only changes slightly but the strain rate largely with the length of the 
specimens. The conclusions from the studies were that mechanical behavior and deformation 
behavior as well as critical rates of deformation depend on the internal structure of the snow, 
network connections and geometry of ice grains.  

All compressive tests performed at ICEHOTEL were carried out at such a low deformation 
rate (up to max 5 mm/min) that only plastic deformation behavior did take place. The 
maximum possible deformation rate using this compressive test machine was not high enough 
for any brittle or destructive fracture to occur. 

28
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Kinosita (1967) presented an expression based on experimental results where the critical 
deformation rate, taking the temperature and density into account was suggested to be roughly 
estimated according to equation 6.= 0.4 + 20 + 3 (6)

where T is the temperature in °C and the density in g/cm3. The test temperature, -10°C, and 
densities between 500-700 kg/m3 would according to the expression give critical deformation 
rates between 9-13 mm/min. Thus these calculated values are lower than the values achieved 
in this investigation.

3.4.4 Creep properties
Deformations under stresses smaller than those leading to structural collapse are known as 
creep. Creep mechanics deals with the relations between stress, strain and time (Bader, 1962). 
The characteristic creep feature is that there is no rapid change of cohesion. The creep 
properties of snow can change drastically as the snow deforms (Mellor, 1963). Relatively high 
creep rates can be tolerable without any structural collapse.

Results from the creep tests performed with the beams of coarse grained artificial snow are 
shown in figure 23. The creep deformation rate was low also when the highest load level, 
about 75% of the approximate ultimate load, was applied. The brittle structure of the coarse 
grained artificial snow made the sample preparation difficult, some beams cracked already 
during test preparation or in the initial phase of the load process, before desired load was 
reached. Those beams are not included in any results. The beams which did not fail before the 
maximum desired load was applied showed a varying increase in creep rate independent of 
magnitude of the applied load. Results from the creep tests with beams made by new artificial 
snow are shown in figure 24. 
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Figure 23; Creep deformation versus time for beams of old 
and coarse grained artificial snow (Paper C).

Figure 24; Creep deformation versus time for beams of 
new and fine grained artificial snow (Paper C).
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The creep deformation rate increased with increasing applied load and was considerably 
higher compared to the beams of coarse grained artificial snow. The radius of curvature of the 
tested beams reached maximum possible in the load test equipment without any failure of the 
beams.

The importance of slow load application in order to permit large plastic deformations without 
failure of the artificial snow beams was observed during the experiments. Applying the load 
fast would most likely have resulted in failure also of the beams of fine grained artificial snow 
which now could resist high ultimate loads and undergo large plastic deformations. Figure 25
shows a beam of coarse grained artificial snow after a creep load tests.

Figure 25; Beam of old artificial snow after creep load test.

3.5 Sublimation
Snow specimens of the same size as those used for the compressive tests, i.e. diameter 6.5 cm 
and length 16 cm were used in order to see how sublimation affects the snow over a period of 
time.

In total 15 specimens were cut out from the inside of the ICEHOTEL in the beginning of 
May, 2012. Five of them were places in sealed plastic bags in a plastic container with a lid on 
top. Five were put in a plastic container with a lid but without any plastic bags. The other five 
were left without any protection in the cold storage hall at ICEHOTEL.

The weights of the samples were measured in the beginning of the test, one month later and 
six months after the specimens initially were cut out. The results show that all samples placed 
in the plastic container were unaffected after one month while the unprotected samples had 
lost in average 12% in weight. The specimens placed in sealed plastic bags were still 
unaffected also after six months while the samples placed in the plastic container but without 
plastic bags had lost in average 0.1% in weight, i.e. they can be regarded as unaffected. The 
unprotected samples had lost in average 67% in weight from the start of the test. The volumes 
of the specimens were considerably reduced and the shape was no longer cylindrical.



32

 

This test demonstrate the importance of protecting snow which shall be stored for a longer 
period of time in order to prevent structures from sublimation and to maintain the properties 
of the snow.

3.6 Discussion
More than 35 years ago, Mellor (1977) pointed out that no standardized methods exist to 
establish material data for snow and that there is a lack of theories for evaluating mechanical 
properties. Still no common methods or theories exist and not much has happened within the 
field of snow mechanics research since then. Still researchers use a variety of test methods to 
evaluate mechanical properties of snow. Test results from different experiments give therefore 
different results making it difficult or impossible to compare mechanical data from different 
studies to each other. It would be desirable if standardized methods for experiments could be 
established so that data from different experiments can be compared to each other. As long as 
researchers use their own methods to evaluate mechanical properties it is of even greater 
importance to carefully document experimental test procedures, temperature during the test 
and to describe the type of snow that has been tested.

The importance of snow characterization is constantly recurrent in most literature regarding 
mechanical properties of snow. Characterizing snow according to the international 
classification for seasonal snow on the ground could be a way to classify the snow which is 
tested, however there is no simple method to carry out the snow characterization in the field 
and in the laboratory without affecting the grain structure. In addition to type of snow also 
grain size, grain shape and bond characteristics are parameters of importance to determine to 
get a satisfactory description of the grain structure. The attempt to analyze the snow structure 
using microscope in room temperature was not successful. Since melting takes place 
immediately it was not possible to study neither grains nor grain bonds or grain structures 
which are of interest for the mechanical properties. The slices studied using backlight 
projection gave good images of the structures though. The magnification was not high enough 
for any detailed studies of grains or bonds between grains though.

Density, temperature and strain history affect the strength of snow and should be determined 
during experimental tests (Mellor, 1963, Brown, 1977). The density of artificial snow is 
dependent on the conditions during which the snow was produced. It was previously believed 
that the coarse grained snow quality with clusters of ice giving the snow a higher density was 
advantageous as a construction material. The performed tests indicate that this quality is 
rather unpredictable to failure compared to the fine grained snow which did undergo larger 
deformations though. However once the snow has become compressed the relative density 
will increase and the structure will become more stable. The strain history will obviously 
affect the strength. The effect of temperature on the strength is of interest to investigate in 
future studies. The performed experiments were carried out at constant temperature.
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The compressive strength was found to increase with increasing density. Some of the samples 
with high density due to high ice content and clusters of ice were brittle. In some case did the 
clusters of ice act as initiation points where cracks were formed in which case high density 
did not imply high strength. The specimens taken out for compressive tests at ICEHOTEL 
were quite wet during specimen preparation but became stiff and icy as they were let to freeze 
in the cold storage hall before the tests. The refreezing of the specimens resulted in a brittle 
structure and some of the samples underwent sudden brittle failures were the specimen 
cracked as shown in figure 28.

Figure 28; Brittle failure of test specimen 
during compressive test at ICEHOTEL.

Cylindrical test specimens of fine grained artificial snow which was loaded at a constant 
deformation rate were found to deform plastically up to a certain critical deformation rate 
above which brittle or destructive failure did occur. At a slow enough deformation rates
plastic deformation takes place as long as the compression progresses, which for some tests
was until the final stage in the test apparatus was reached. The deformation behavior during 
the uniaxial compressive tests was found to be uniform along the length of the specimens, so 
these specimens were shorter and wider compared to the initial shape. Kinosita (1967) found 
that slow enough compression of snow samples resulted in transformation to ice.

The load application rate was found to be important also during the creep deformations tests 
on the beams. Applying the load slowly in the initial phase resulted in higher maximum 
ultimate loads before failure.



34

 

Young’s modulus was according to Mellor (1963) found to increase linearly for natural snow 
with densities above 500 kg/m3. The same trend was not observed from the performed tests 
with artificial snow. The experiments underlying Mellor’s results were however based on 
experiments using high frequency vibrations which may give different test results. The result 
may also indicate that artificial snow has different mechanical properties compared to natural 
snow of similar density. Structural studies and experiments are of interest to further 
investigate differences between artificial and natural snow.

The creep and load tests on beams of coarse grained and fine grained artificial snow showed 
that the beams of fine grained artificial snow with a homogeneous structure had higher 
bending strength and could resist a higher ultimate load than the beams of coarse grained 
artificial snow. The deformation rate and the total deformations were much higher for the fine 
grained artificial snow though. The planned experiments with the beams from different walls 
of ICEHOTEL were unfortunately unsuccessful. It was extremely difficult to load the beams 
into the test equipment without breakage and unfortunately all beams broke either before or in 
the initial phase of the experiment. To learn from this is that at least two persons are needed in 
order to carry out these tests during future experiments.

The viscosity of snow is an important parameter for the creep behavior (Yosida, 1956). The 
viscosity has a direct influence on the creep strain rate. As snow becomes softer the value of 
the viscosity decreases which allows larger deformations of the snow. Experiments aiming to 
determine the viscosity through constant load tests for the two different artificial snow 
structures were planned, but unfortunately the freezing laboratory broke down and all snow 
melted before any tests were performed. Presumably the fine grained artificial snow had a 
lower viscosity than the coarse grained artificial snow. Nor hardness measurements were done 
on the different artificial snow types which also are of interest for future experiments as well 
as developing a method to determine hardness test results.

Snow has the highest strength in compression. As in all studies of snow the compressive 
strength were found to be considerable higher than the bending strength. The tensile strength 
and shear strength were not investigated for artificial snow. Other studies have shown that the 
tensile strength for natural snow with similar density as the investigated artificial snow were 
about half that of the compressive strength (Mellor, 1963). Shear strength were in Mellor’s 
(1963) study found to be different for coarse grained and fine grained snow.

The temperature in the freezing room at LTU where the artificial snow was stored was not 
kept constant during the period of storage. During defrost cycles the temperature varied 
between 0 °C and (-10)°C although the temperature for most of the time was about (-10)°C. 
The temperature variation may have affected the quality of the snow especially the sample of 
coarse grained artificial snow which was store for a longer period of time before testing. It 
was noticed that the outer parts of this sample did suffer from sublimation and sintering 
although it was protected with a plastic cover. The outer parts were therefore not used when 
taking out beams or specimens for testing. The fine grained block of snow was wrapped in 
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several layers of plastic which did not allow contact with the surrounding air which also after 
four months of storage seemed to keep the structure intact.

The sublimation experiments where the mass and volume loss of test specimens were 
investigated showed the importance of protecting structures of snow which should be stored 
for a period of time if the structure should be maintained. 

Structures of snow aimed to be used for construction purposes should be produced during 
controlled snowmaking conditions in order to manufacture the desired quality of artificial 
snow. Although the studies indicate that fine grained homogeneous snow give more 
predictable test results and allow large deformations before failure, this snow quality did also 
give rise to large plastic deformations. This may not be desired for buildings like ICEHOTEL 
where structures like walls, roofs etc. should be intact during the whole season which 
corresponds to a period of almost 6 months.
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CHAPTER 4 

Conclusions and future research 

4.1 Conclusions
Based on the work presented in this thesis the following conclusions were drawn:

Snow structure is a parameter of importance for the mechanical properties of snow.

Artificial snow has generally higher density, compression strength and creep strength than 
natural snow. The strength and deformation behavior differs for coarse grained artificial snow 
and fine grained artificial snow. The compressive strength and bending strength of fine 
grained artificial snow seem to be higher than for coarse grained artificial snow, although the 
total deformations were higher. Coarse grained artificial snow with clusters of ice may be stiff 
but brittle.

The load application rate is of importance for the deformation process. If the load initially is 
applied slowly structures may resist high loads without failure.

During uniaxial compressive tests there exists a critical deformation rate where the 
deformation behavior changes from plasticity and strain hardening to brittleness or failure.

The compressive strength seems to increase with increasing density for specimens of snow 
tested during uniaxial compression at equal deformation rate. The results indicate a low 
correlation between compression strength and strain rate. Neither density nor strain rate seem 
to have high correlation to results of Young’s modulus.

When designing buildings and constructions of artificial snow, deformation behavior should 
be taken into account in addition to strength properties since the structures generally are 
aimed to be intact for the whole winter season.

Comparing results from experiments where mechanical properties have been evaluated is 
difficult since no standardized methods for testing exist. Scientists have used a variety of 
methods and types of test specimens which affect the results.
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4.2 Future research
The most important for any future research on snow is to have a functioning cold laboratory. 
It is desirable to have one section or room for storage of snow for testing and another for 
performing the tests. In that way the stored snow could be kept at a constant temperature 
while experiments could be carried out at different temperatures. It is not eligible to expose 
snow for temperature variations which are aimed to be used for future experiments. All 
properties of snow are dependent on temperature. In order to investigate how different 
temperatures affect test results it is therefore important to be able to carry out tests at different 
temperatures.

It is also necessary to characterize the tested snow on a microscopic level, i.e. determine the 
grain structure and study the grains and the grain bonds. This should be done both before, 
during and after experiments are performed. A microscope in a cold laboratory is therefore 
needed for future experiments.

Experimental methods to determine other mechanical properties like for example hardness, 
tensile strength and shear strength need to be developed. Moreover a great number of tests 
need to be performed for each experimental method in order to get a large statistical selection 
and reliable test data.

It would be of interest to manufacture artificial snow during controlled conditions in order to 
produce the snow quality which is desired to be tested, rather than just testing a quality of 
snow that happened to be produced. Producing the desired snow quality and analyzing the 
structure is the only way to really find out what parameters that are of importance for 
mechanical properties and in that way be able to determine what kind of snow that is most 
optimal for construction purposes.
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Appendix 1 

Table 1; Number of specimens used for the uniaxial compressive tests at the different 
deformation rates.
Deformation 

rate 
[mm/min]

Fine grained 
artificial 

snow

Coarse 
grained 
artificial 

snow

Wall from 
ICEHOTEL-

shade

Wall from 
ICEHOTEL-

sun

Wall from 
ICEHOTEL-

inside

0.5 3 10 5 5
1.5 5 10 10 10
3 3 2 5 5
5 3 5 10 10 10

7.5 3 3
10 3 3

12.5 3 3
15 3 3

17.5 3 3
20 3 3
25 3 3
30 3 3
35 3 3
40 3 3
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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.

Keywords: Creep, Deformation, Laboratory tests, Snow ice and frost, Strength and testing of 
materials
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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 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 
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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 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.

2.3 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 
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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. 

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.
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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, UCC, 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 

E. For confined creep tests the viscosity is 
denoted compactive viscosity C.

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

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 
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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.

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, 

E
6- 6 MPa-s. 

The values of the compactive viscosity, C
6- 6 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%.

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.

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.

480 520 560 600 640 680
Density [kg m-3]

0

0.4

0.8

1.2

1.6

2

2.4

C
om

pr
es

si
on

 s
tre

ng
th

 [M
P

a]

Side exposed to sunshine
Shady side

0 0.1 0.2 0.3
Max tensile- and compression stress [MPa]

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

D
ef

or
m

at
io

n 
ra

te
 [m

m
 s

-1
]

0 20 40 60 80
Days

100

80

60

40

20

0

A
ve

ra
ge

 d
ef

or
m

at
io

n 
[m

m
]

Sunny side without load
Sunny side with load 200 N
Shady side without load
Shady side with load 200 N



  

 51 

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 
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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.

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 
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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. 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.

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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Abstract

Snow as a construction material has been used for ages with igloos as some of the first 
examples. Nowadays there are snow and ice villages, buildings and art work built on many 
places around the world each winter. Artificial snow manufactured by snow guns are 
commonly used for snow constructions. Today there are only a few basic studies on artificial 
snow published. Knowledge based on experience and studies on natural snow has constituted 
the basis for constructions made by snow and ice. By material tests on artificial snow used for 
constructions, data of important physical and mechanical properties has been established 
aiming to improve and optimize safe constructions of snow.

Compressive tests have been performed using two different qualities of artificial snow. 
Specimens for testing were cut out from one block of snow which had a coarse grained 
structure with clusters of ice in the snow and from one block of snow with a fine grained and 
homogeneous structure. The density for each tested snow sample was measured. The 
compressive tests were performed at different deformation rates in order to investigate the 
relation between mechanical properties and deformation rate or strain rate. The load response 
curves achieved from the compressive tests were used to evaluate compressive strength, 
Young’s modulus and the residual modulus.

The results show that compressive strength increases with increasing density. Increasing 
compressive strength with increasing strain rate could also be observed for the specimens of 
the fine grained snow quality whereas no similar tendency could be observed for the coarse 
grained snow. The residual modulus increased with increasing strain rate up to a certain 
critical value for the specimens of fine grained artificial snow. Regression analysis was used
to investigate if there any dependence between calculated mechanical properties could be 
observed but no further relation between the mechanical or physical properties was noticed.
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1. Introduction

During the last decades the recreational based snow industry has been growing. In addition to 
sport activities snow and ice have also become materials used for buildings and 
constructions. Each year villages, hotels and art work made by snow and ice are built on 
several places around the world. The construction work is generally done based on 
knowledge by experience. Current knowledge on mechanical properties of snow is based 
upon research on natural snow from the mid-20th century (Bader 1962, Mellor 1975, Kinosita 
1967 among others). Commonly used for buildings and constructions is artificial snow, i.e. 
snow produced by snow guns. The properties of artificial snow are in many respects different 
from natural snow. Apart from natural snow which consist of crystals with infinitely many 
different structures and shapes, artificial snow consist of frozen water droplets i.e. round 
grains (Rixen et.al, 2003). The small round grains of artificial snow will result in a more 
close-packed structure and a higher density compared to natural snow. This will also make 
artificial snow more stable and more durable against warm temperatures, precipitation and 
wind (ICEHOTEL).

Only two minor scientific studies have been found about artificial snow as a material for 
constructions. These studies deals with field and laboratory measurements at ICEHOTEL, 
Jukkasjärvi performed in the season 2000-2001 (Vikström, Bernspång, 2002) and in the 
season of 2010 (Lintzén, Edeskär, 2012). Unconfined compression tests, confined and 
unconfined creep tests and some deformation studies were performed on artificial snow and 
snow structures from ICEHOTEL in Jukkasjärvi, Sweden. The obtained results imply that 
artificial snow has different mechanical properties compared to natural snow of the same 
density. Further research is necessary in order to establish material data for artificial snow.

In this study unconfined compression tests on artificial snow were performed in order to 
investigate basic material properties and relate compression test data to outer parameters. 
Previous studies have shown that natural snow under compression behaves different 
depending on the deformation rate (Kinosita, 1958, 1967). Those studies show that snow is a 
visco-elastic material where slow deformation was shown to give rise to a continuous 
deformation process and an elastic-plastic behavior. Fast deformation gave rise to a
discontinuous deformation process or brittle failure. The critical deformation rate between 
plasticity and brittleness is of importance for the load response of snow and is in addition to 
speed of deformation also dependent on density, temperature and structure of the snow tested.

Unconfined compression tests were performed at different deformation rates but at constant 
temperature in order to get an idea on how the deformation rate affects the mechanical
behavior. Two different types of artificial snow were used for the compressive tests, one with 
a coarse grained structure and one with a fine grained structure. The air-water mixture in the 
snow gun, the pressure and the outer climate conditions are of importance for the quality of 
the artificial snow being produced (Chen, Kevkorian, 1971). In this study the coarse grained 
snow was created with a relatively higher amount of water creating snow with a high density 
and clusters of ice in the snow whereas the fine grained snow was produced using a relatively 
less amount of water which in combination with other parameters being optimized resulted in 
a homogeneous and fine grained structure of the artificial snow which was created.

The results show that the different snow structures have different mechanical properties 
depending on the different structures of the snow. The test results from test with coarse 
grained snow are scattered whereas the test results from tests with fine grained snow give 
similar values for tests performed at equal test conditions. The compressive strength is 
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similar to values obtained in previous studies on artificial snow. The values of Young’s 
modulus are difficult to compare to values obtained in other tests since methods for 
evaluating this property generally varies which seem to highly affect the results. A critical 
deformation rate between plasticity and brittleness was observed for the fine grained snow 
whereas no similar critical deformation rate was observed for the coarse grained artificial 
snow.

2 Method

2.1 Material

The artificial snow used in this investigation was produced by snow guns and then it was 
turned over twice with a snow blower before it is casted in a rectangular mould and allowed 
to freeze to form a block of snow. In this study specimens from two different blocks of 
artificial snow were used for the compressive tests. One of the blocks had a coarse grained 
structure with clusters of ice in the snow. This block was produced in November 2011 and 
stored in a freezing room at approximately (-10)°C for about one year before test specimens 
were cut out and compression tests were performed. This artificial snow here denoted old 
snow. The other block of snow had a homogeneous and fine grained structure. This block 
was produced in March 2013 and specimens were cut out and tested within two weeks after 
the snow production. This type of snow is here denoted new snow. Both blocks of snow was 
stored underneath diffusion proof plastic covers in freezing rooms in order to protect the 
snow from sublimation and to retain the snow structures. Backlight projection and image 
analysis was used to study the structure of the snow.

2.2 Test Procedure

2.2.1 Sample preparation

Cylindrical test specimens were drilled out from the blocks of snow after which they were cut 
to desired length. The initial size of the test specimens used for compressive tests was 65 mm 
in diameter and length 150 mm. A linear pattern was drawn on the specimens surface in order 
to study the longitudinal deformation behavior, figure 1. Each individual sample was 
weighed to determine the density.
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Figure 1; Specimen used for compressive test.

2.2.3 Compressive tests

The cylindrical specimens were tested during uniaxial compression at different constant 
deformation rates using an air-hydraulic type apparatus at stable freezing conditions. Paper 
sheets were put between the test specimen and the load plates at the ends in order to prevent 
the test specimen to freeze into the load plate surfaces which may cause undesired end effects 
at the test specimens. During each test the resisting force was recorded with a load cell and 
strain-gauges with an accuracy of ±0.001 mm was used to measure the longitudinal 
compression. Compression tests were carried out at deformation rates from 0.5 mm/s up to 40 
mm/s. The temperature during the performed tests was about -10°C. Between three and five 
tests were performed at each deformation rate. The experimental layout with number of test 
samples at each deformation rate for the two different types of artificial snow tested is shown 
in table 1, Appendix I.

2.3 Evaluation

The compressive strength, Young’s modulus and residual modulus were evaluated based on 
the results from the uniaxial compressive tests.

Figure 2 shows a typical force versus time curve from a compressive test using new artificial 
snow.
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Figure 2; Typical force versus displacement curve from 
a uniaxial compressive test with new artificial snow 
where no brittle failure occurred during an early stage 
of the load process. The deformation rate was 12.5 
mm/min.

The compressive strength of each snow sample was calculated by dividing the registered 
peak load during the loading procedure at constant rate of strain by the initial cross sectional 
area of the test body according to equation 1.= (1)

max the maximum registered force and A the initial cross 
sectional area. Young’s modulus, Etan, was evaluated as the tangent modulus to the stress-
strain curve during the initial phase of the load test, i.e. before the peak point or ultimate load 
was reached as shown in figure 3. The difference in stress was divided by the difference in 
strain according to equation 2.= (2)
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Figure 3; Typical stress-strain curve from a load test where 
no brittle failure occur during an early stage of the load 
process.The deformation rate was 12.5 mm/min.

The stage after the peak point is reached is in this study defined as the post-load process and 

observed, see figure 3, unless the test specimen will crack or fail. The residual value, Eres, is 
here evaluated as the = (3)

3 Results

The structure of the old snow is shown in figure 4 and the structure of the new snow is shown 
in figure 5. By inspection it was noticed that the individual grains for the old artificial snow 
are coarse, have a wide range of sizes and are unevenly distributed throughout the cross 
section. There are also some clusters of ice in the structure. The individual grains from the 
sample of new artificial snow are fine grained, equal in size and evenly distributed without 
any clusters of ice.
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Figure 4; Structure of the old snow.

Figure 5; Structure of the new snow.
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The variance in density for the two different snow qualities is shown in figure 6. The 
densities for the specimens of old snow vary between approximately 550-700 kg/m3. The 
densities for the specimens of new snow are more analogous and in the range between about 
510-560 kg/m3. In general the new snow has lower density that the old snow but it is also of 
interest to note that the density are lower for the specimens of new artificial snow while the 
density variance is higher for the old artificial snow.

Figure 6; Density for the new and old snow specimens.

The compressive strength versus density for samples of old and new artificial snow are 
shown in figure 7. The tests have been performed at deformation rates between 5 mm/min 
and 40 mm/min. The results show a tendency of increasing compressive strength with 
increasing density for both the samples of new and old artificial snow. The mean value of the 
compressive strength are however higher for the new snow than for the old snow although the 
density of the new snow is lower than the density for the old snow.
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Figure 7; Compressive strength versus density of all 
specimens and deformation rates.

Young’s modulus is here defined as the tangent modulus up to the registered peak stress. 
Young’s modulus versus density for samples of old and new artificial snow is shown in 
figure 8. The tests have been performed at deformation rates between 5 mm/min and 40 
mm/min. The values of Young’s modulus are much more scattered for the samples of old 
snow than for the new snow, however the results for both snow types shown no clear 
tendency of dependence between these two properties.

The compressive strength versus strain rate in figure 9 shows that the results of the 
compressive strength are more scattered for the old snow than for the new snow. The 
compressive strength of new artificial snow increases with increasing strain rate. Due to the 
scattered data values no similar clear dependency can be observed for old artificial snow.
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Figure 8; Young’s modulus versus density for all 
specimens at all deformation rates.

Figure 9; Compressive strength versus strain rate for all 
specimens at all deformation rates.
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Young’s modulus versus strain rate for samples of old and new artificial are shown in figure 
10. The average value of Young’s modulus, Etan, is 115 MPa for the tested specimens of old 
artificial snow and 162 MPa for the tested specimens of new artificial snow. The results are 
more scattered for the old artificial snow.

Figure 10; Young’s modulus versus strain rate for all 
specimens and all deformation rates.

The residual modulus, Eres, versus strain rate for the tests performed with new artificial snow 
is shown in figure 11. The values increase with increasing strain rate and range between 
approximately 3 MPa and 9 MPa.
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Figure 11; Residual modulus versus strain rate for all 
specimens at all deformation rates.

Most of the tests with the specimen of old artificial snow were either interrupted after the 
peak point was reached or many samples cracked after that point yielding a saw tooth curve 
instead of the linearly increasing line as shown in figure 2. For the few tests were it was 
possible to calculate the residual modulus with old artificial snow, the values range between 3 
MPa to 7 MPa, i.e. values in the same range as was observed with the new artificial snow.
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4 Discussion

The different qualities of the two artificial snow blocks was a result both of different snow 
production conditions and aging by sintering of the snow, i.e. increased growth of individual 
ice particles in the matrix. The old snow was hard and brittle which along with clusters of ice 
and cavities in the snow block, as seen in figure 4. The inhomogeneous snow made the 
specimen preparation difficult. Some specimens cracked already during sample preparation 
and those were not used for testing. The new artificial snow had a homogeneous and fine 
grained structure and did not suffer from cracking during sample preparation.

As can be seen in figures 4 and 5 the grain size is larger for the old artificial snow. This is in 
agreement with previous studies which have shown that aging results in increased grain size 
and a varying grain size distribution (Yong, Fukue, 1977). Changes of the internal structure 
will influence the mechanical properties of the snow. The network connections and bonding 
between ice grains are of importance both for mechanical properties and the critical 
deformation rate during compression which separates the elastic-plastic behavior observed at 
low deformation rates from the brittle failure which occur at higher deformation rates (Gold, 
1956, Wakahama, 1968, Kinosita, 1958, 1967 and others). Wakahama (1968) observed that 
compression of snow give rise to several different processes in the ice grains composing the 
snow, such as slip at grain boundaries, separation or fracture of ice grains, migration of grain 
boundaries etc. For future studies on artificial snow it is of interest to investigate the grain 
size and grain size distribution further and to observe the structure and deformation behavior 
on a microscopic level in order to gain further knowledge of parameters of importance for the 
mechanical behavior.

There was a high variance in density for the test specimens of the old snow while the density 
variance for the test specimens of new snow were lower. The inhomogeneous structure for 
the old snow where some specimens had high ice content in the snow resulted in some 
specimens with high density whereas others with less ice had a lower density. Previous 
studies on artificial snow from ICEHOTEL showed that the compressive strength increased 
with increasing density (Lintzén, Edeskär, 2012). The same tendency could be observed by 
the tests performed in this study, however it was also seen that samples with a high density 
due to high ice content in the snow not always had a higher compressive strength since the 
clusters of ice also may act as initiation points for crack propagation. The density is a 
common parameter to use as a variable to which mechanical properties are related, however 
results from numerous experiments have concluded that the response of snow to different 
loading conditions are better determined by the snow structure and the bonding between 
snow grains rather than the density (Shapiro et.al, 1977, Kinosita, 1967, Yong, Fukue, 1977 
and others). This supports the conclusion that investigating and classifying the snow structure 
on a microscopic scale is of interest for future studies of artificial snow in order to correlate 
grain sizes, grain size distributions and such parameters to strength and other mechanical 
properties.

During the compression tests it could be noticed that the initial deformation of the samples 
was uniform along the length axis of the specimen, i.e. the whole specimen was evenly 
compressed to a shorter and wider shape, but still with a straight cylindrical form, see figure 
12. The same behavior, a uniform contraction along its whole length was observed for tests 
made by Kinosita (1967), who concluded that the plastic contraction gave rise to a hardening 
of the snow structure as a result of re-structuring of ice grains and bonds between grains. 
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Figure 12; Test specimen evenly 
compressed to a shorter and wider 
shape, but still with a straight 
cylindrical form.

The resistive force, which was recorded and used for the evaluation of compressive strength 
and Young’s modulus, was initially linearly and quite rapidly increasing as seen in figure 2. 
The interpretation of this initial stage is that a hardening of the structure takes place. If a 
crack will form during the compression of a specimen without complete breakage, the
recorded resistive force may suddenly drop as the crack arise. If the compression will be 
allowed to continue, the resistive force will again rise and the slope of the line will be about 
the same as before the crack was formed. After having reached the peak value the resistive 
force either flattened out or just slowly increased unless the test sample cracked or failed, 
which occurred at high deformation rates. The fractures of the samples were different. Most 
common was that small cracks occurred before the entire specimen collapsed but sometimes 
a sudden crack occurred through the whole specimen as shown in figure 13.
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Figure 13; Specimen which cracked 
during an early stage of the 
deformation process during loading 
at a high deformation rate.

Comparing the numerical results of the unconfined compressive strength to results achieved 
by compressive tests on snow samples taken out from the walls of ICEHOTEL in 2010 show 
that the results are in the same range (Lintzén, Edeskär, 2012). The compressive strength
achieved by Vikström, Bernspång (2002) on samples of artificial snow at a deformation rate 
of 1.5 mm/min are lower than the compressive strength in this study on the old artificial snow 
at the same test temperature and deformation rate. The new artificial snow in this study was 
not tested at this deformation rate. The compressive strength are in the same range as values 
of natural compact snow with similar density which was deposited in Hokkaido and tested at 
uniaxial compression at (-13)°C (Kinosita, 1967). Kinosita found that the compressive 
strength generally increases with increasing density. In this study it was however found that 
the mean value of the compressive strength for the new artificial snow was higher than for 
the old artificial snow although the density generally was lower for the new artificial snow.
The densities for all tested samples in this study are higher than for natural snow. This
indicates that the relation between compressive strength and density might be different for 
high density snow than for snow with lower density which is somewhat that require further 
investigation.

The relation between compressive strength and strain rate indicate an increase in compressive 
strength with increasing strain rate up to certain critical value. Kinosita (1967) showed that 
there exists a critical deformation rate for natural snow at which the behavior changes from 
plastic deformation to brittle failure. This break point between plasticity and brittleness could 
be observed for the compressive tests with new artificial snow whereas the scattered data and 
irregular deformation behavior for the compressive tests with old artificial snow do not allow 
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any similar observation of a specific critical break point in this study. The critical strain rate 
for new artificial snow was noticed to be approximately 0.003 s-1. The corresponding 
deformation rate was around 25-30 mm/min. Since many of the specimens of old artificial 
snow were brittle, quite few of them resisted deformation rates above 15mm/min, but the 
results were scattered also at lower deformation rates.

Kinosita (1967) presented an expression where the critical deformation rate, taking the 
temperature and the density into account, was suggested to be roughly estimated as:= 0.4 + 20 + 3 (4)

3. Equation 4 applied on the 
artificial snow and temperature conditions in this study would predict critical deformation 
rates between 9-13 mm/min. These estimated critical deformation rate are lower than the 
observed rates in this study. Kinosita’s study was based on compressive tests with natural 
snow with in general much lower densities than the artificial snow used in this study which 
may be a reason to deviating results.

Linear regression analysis was used to roughly quantify if any relation could be found 
between Young’s modulus and the resistive modulus rate but no tendency of dependence was 
observed. Neither was any dependence of the moduli towards strain rate observed.

The values of Young’s moduls, Etan achieved are scattered between approximately 50 MPa 
and 350 MPa for the samples of old artificial snow while the values are between 100 MPa 
and 250 MPa for the samples of new artificial snow. N.B. the results of Young’s modulus 
shown in figure 9 are evaluated at different deformation rates.

The results of Young’s modulus in this study are in the same range as values from Mellor 
(1975) where tests in uniaxial compression and tension at test temperatures between -12°C 
and -25°C and strain rates between 8*106 and 4*104 s-1 where used to calculate Young’s 
modulus. However those tests were performed on natural snow with density between 150 
kg/m3 and 350 kg/m3. Val of Young’s modulus achieved by Bader (1962) were much higher, 
1000 MPa, however those tests were based on resonance vibration of bars. Vikström (2002) 
estimated Young’s modulus from tests on beams of artificial snow to be at average 335 MPa. 
The experimental method and procedure to evaluate material parameters is obviously of high 
importance and affect the results. The various methods to evaluate results of the same 
mechanical property seem to give widely spread data values indicating difficulties and 
uncertainties in comparing values from different tests to each other. Standardized test 
methods for evaluating material properties of snow would make it easier to compare snow 
from different investigations.

The residual modulus, Eres, is linearly increasing with increasing strain rate up to the critical 
value of the strain rate, i.e. 0.003 s-1 for new artificial snow. The residual strength, Eres, are 
lower than values achieved by Vikström, Bernspång (2002) on artificial snow at the same test 
temperature and evaluated in the same way, i.e. from compressive test curves. Those results 
ranged between 9 MPa and 164 MPa. The increase in stress after the peak point is reach can 
be explained both by the increase in cross sectional area of the specimen as the deformation 
proceeds. Another explanation is sintering or rearrangement of grains which form a more
compact and stable structure. Eventually compression will convert the snow specimen into 
ice.
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5 Conclusion

The major findings in this study are:

Unconfined compressive tests on artificial snow of different structures show that the structure 
has an influence on the mechanical properties.

Old and coarse grained artificial snow is more brittle than new and fine grained artificial 
snow.

During uniaxial compression there exists a critical deformation rate where the behavior 
changes from plasticity and strain hardening to brittleness or failure.

Density has low correlation with compressive strength and Young’s modulus which may 
depend on the structure of the artificial snow and the high densities. 

In general the uniaxial strength of artificial snow is similar to natural snow of equal density.
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Appendix I

Experimental layout. Number of test samples at each tested deformation rate.

Table 1; Number of test samples for the two different types of artificial snow

Deformation rate 
[mm/min]

Old snow
Number of samples

New snow
Number of samples

0.5 3
1.5 5
3 3
5 5 3

7.5 3 3
10 3 3

12.5 3 3
15 3 3

17.5 3 3
20 3 5
25 3 3
30 3 3
35 3 3
40 3 3
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Abstract

Buildings and constructions made by snow is generally fabricated using artificial snow, i.e. 
snow produced by snow guns. The properties of artificial snow and natural snow, which most 
current snow research is based upon, are different. Hence it is of importance to investigate 
mechanical properties of artificial snow.

In this study beams of two different qualities of artificial snow, one coarse grained structure 
and one fine grained structure, have been used for strength and creep tests using a test setup 
for four point loading at constant temperature. The results from tests with the coarse grained 
artificial snow were rather unpredictable. The structure appeared to be brittle, some beams 
failed at low loads while others resisted higher loads with rather small total deformations of 
the beams. The ultimate load and bending strength varied over a greater range compared to 
the fine grained artificial snow were repeatable test results gave a narrow range of values of 
the ultimate load and bending strength. The total deformations of the beams with fine grained 
artificial snow was larger than for the coarse grained artificial snow although ultimate load 
and bending strength in general was higher. Results from creep tests with coarse grained 
artificial snow did not follow a gradually increasing deformation pattern with increasing 
applied load. Creep tests with the fine grained and homogeneous artificial snow gave rise to 
large deformations but no failures occurred during any of the tests. For construction purposes 
in general the ultimate strength will be the major design criteria for coarse grained artificial 
snow and creep deformation for fine grained artificial snow.

Keywords

Artificial snow, creep, deformation, bending strength, effective modulus
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Introduction

Mechanical properties of snow are of importance when construction buildings and artwork of 
snow, which has become popular on various places around the world each winter. 
ICEHOTEL in Jukkasjärvi, Snow village in Finland and Ice festival Harbin in China are 
some examples where snow is used as a material for constructions. In general artificial snow, 
i.e. snow produced by snow guns, is used for these applications.

Most research done on mechanical behavior of snow are performed in the mid-20th century 
and based on studies of natural snow (Bader, 1962, Mellor, 1975 and others). Methods to 
evaluate mechanical properties of snow seem to be derived from studies of ice mechanics, 
which is an immediate problem since snow is a matrix of ice grains and air. Although elastic 
theories which sometimes are applied to evaluate properties of ice not may be suitable for 
snow which is a visco-elastic material, no other methods seem to have been developed with 
special emphasis to snow.

Common today is to use artificial snow for snow constructions, i.e. snow produced by snow 
guns. Only a few minor studies are performed on artificial snow (Vikström, Bernspång, 2002,
Lintzén, Edeskär, 2012). In these studies density measurements, unconfined compression 
tests, creep tests, beam tests and measurements of deformations were performed on snow and 
snow structures from ICEHOTEL during the season 2000-2001 (Vikström, Bernspång, 
2002). There is a knowledge gap and a need to further investigate mechanical properties of 
artificial snow. Since snow is a visco-elastic material, large deformations may be allowed 
without any failure of the structure. Evaluation of deformations is in many respects more 
important than failure when it concerns snow structures. Structures of snow are generally 
slowly deformed during the season, i.e. a creep behavior can be observed.

Beam tests of inhomogeneous materials are generally performed as four-point load tests 
where the load is distributed over larger area and the deflection spread out over a larger 
section compared to three-point load tests. In this study beams of artificial snow of two 
different qualities have been subjected to four point loading. Test has been performed both in 
order to determine the ultimate strength and to investigate the creep properties. 

Two different types of artificial snow were studied. The artificial snow was produced by 
different air-mixture ratios and pressures in the snow guns and at different climate conditions 
which are parameters of importance when producing artificial snow (Chen.J, Kevorkian.V,
1971). One of the artificial snow qualities was produced with a relatively high amount of 
water creating snow with a high density. This artificial snow was coarse grained and both 
clusters of ice and cavities were observed in the snow structure. The snow of this quality was 
stored for some months before testing. Snow beams constructed of this type of snow 
appeared to be brittle. The other artificial snow quality was produced using relatively less 
water which in combination with more adequate climate conditions for snow production 
resulted in a homogeneous and fine grained snow structure.

The test results show that beams of coarse grained artificial snow have a random creep 
deformation behavior and failures take place at different maximum applied loads. The beams 
of fine grained artificial snow had a plastic deformation behavior during the creep tests where 
the beams reached maximum possible deformation in the test equipment without occurrence 
of any failure. The ultimate load tests and bending strength showed high values and similar 
test results for all beams of fine grained artificial snow.
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Methodology

The scope of study was to investigate bending strength and creep behavior for artificial snow 
produced for construction purposes by four point load tests. The tests were performed at 
constant temperature in order to get repeatable test results. Four point loading is generally 
preferable when testing inhomogeneous or brittle materials. By distributing the load over a 
larger area central stress concentrations which arise during three point loading are eliminated 
which gives more correct test results. The four point load test methodology has been chosen 
based on Standardization of testing methods for ice properties (1980).

Tests using three- or four point loaded beams are commonly used methods of measuring 
flexural strength and effective modulus, or also called apparent elastic modulus, for ice 
(Standardization of testing methods for ice properties, 1980). The advantage with the method 
is that it is a rather simple since it quite easily can be used both in the laboratory and in the 
field. The disadvantage with flexural tests is that they are indirect since the evaluation 
assumes elastic behavior. Calculating true values of flexural strength and effective modulus 
are complex problems since both ice and snow are inhomogeneous, anisotropic and 
viscoelastic materials. Moreover the temperature and the density may vary along the cross 
section of the beam. Yet no theory to account for these factors seems to have been developed. 
The simple elastic theory is assumed to give acceptable approximations for determining 
index values of flexural strength and effective modulus. The values achieved are still useful 
since they can be applied to compare mechanical properties.

Material

Artificial snow of two different qualities was used for the beam tests. One quality was coarse 
grained artificial snow and the other fine grained artificial snow. The snow was characterized 
by density measurements and ocular inspection of the grain structure. Slices of snow with a 
thickness of 1 cm were cut out from both the coarse grained artificial snow and the fine 
grained artificial snow. The grain structure was studied by illuminating the slices with back 
light projection.

The coarse grained artificial snow is artificial snow produced by snow guns during conditions 
which were not optimal for snow making. The air humidity was high and the air-water 
mixture was not perfectly adjusted. The produced snow were turned over twice with a snow 
blower before it was put in a rectangular mold and allowed to freeze to form a block of snow 
as can be seen in figure 1. 
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Figure 1; Blocks of artificial snow.

The coarse grained artificial snow had a hard, brittle and inhomogeneous structure with 
clusters of ice and cavities in the snow. A sample of coarse grained artificial snow is shown 
in figure 2.

Figure 2; Artificial snow with coarse grained structure and clusters of ice.

The fine grained artificial snow was produced with an improved technique and during 
environmental conditions which were better for snow making, i.e. with an air-water ratio 
adjusted so that less water was supplied compared to the previous production method and 
during less humid climate conditions. This snow was also turned over with a snow blower 
before it was put in a mold and allowed to freeze into a rectangular block. The structure of 
the fine grained artificial snow was homogeneous without any clusters of ice or cavities. A 
sample of fine grained artificial snow is shown in figure 3.
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Figure 3; Artificial snow with homogeneous and fine grained structure.

Both blocks of snow were after production stored at (-10)°C in a freezing room covered with 
diffusion-proof plastic in order to retain the snow structure and prevent the snow from 
sublimation. Beams for testing were cut out 2-6 months after snow production from the 
coarse grained artificial snow and a few weeks after snow production from the fine grained 
artificial snow.

Sample preparation

At the time for testing beams of snow with dimensions somewhat larger than the final 
dimension were cut out from the sample of snow with a motor chain saw. From each of the 
samples a small rectangular block was cut out for density measurements whereupon the 
beams were cut to final dimensions with a high dimensional accuracy using a band saw. The 
conventional elastic beam equation is usable over a certain range of beam geometries 
(Standardization of testing methods for ice properties, 1980). Researchers working with ice 
found that shear effects were significant for short beams and wide beams were subjected to 
biaxial stress conditions and rotations. The dimensions of the beams used for the four point 
load tests in this study were chosen according to recommendations set in the Standardization 
of testing methods for ice properties (1980), i.e. l = 10 × t and w = 2 × t, where l is the length, 
t is the thickness and w is the width of the beam. In this case the thickness was chosen to 100 
mm so the sizes of the beams were 100×200×1000 mm3.
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Test method for four-point loading of beams

Test equipment was constructed in order to be able to load the beams at four points, see 
figures 4 and 5.

Figure 4 ; Test equipment for four point loading of Figure 5 ; Test equipment for
snow beams. four point loading of snow beams.

A construction drawing of the equipment, or creep load frame, is shown in figure 6. The 
beams tested were oriented so that the width of the beam was loaded by placing it on load 
distribution plates. The distance between the two upper load distribution plates was 900 mm. 
The beam was loaded by the two load distribution plates at the bottom, which were placed at 
a reciprocal distance of 300 mm from each other according to figure 6.

Hydraulic cylinder

Loadcell

Snow beam

Load distrubution plates

C C

C C

Load dist. plates
300 mm

900 mm

LVDT

Creepload frame

Figure 6; Construction drawing of the creep load frame used for the four point load tests.

The distance between each one of the load distribution plates was hence 300 mm. The load 
distribution plates had a dimension of 100×240 mm2 were the dimension of the load surface 
is 100×200 mm2 in order to get an area of 2 dm2 at each point of loading. The reason why the 
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load has been distributed over an area rather than at a smaller point is to prevent punching 
and deformation of the contact surfaces at the snow beam. Two of the load distribution plates 
are provided with flexible roller bearings and the other two with a fixed semicircle bearing. 
The surfaces of the load distribution plates were coated with abrasive paper so that the 
friction between beam and surface of the plate eliminate possible sliding and variation 
between the relative distances between the load distribution plates. The load distribution 
plates are shown in figures 7 and 8. The different load distribution plates were placed 
diametrically opposed i.e. with one fixed and one flexible bearing at both the bottom and the 
upper positions. This allows angular and longitudinal deformations of the beam which occur 
during loading when the beam is being bent.

Figure 7; Load distribution plate with flexible Figure 8; Load distribution plate with fixed.
roller bearing. roller bearing.

The load was hydraulically applied on the two bottom load distribution plates and 
continuously recorded by a load cell. The deformation of the beam was measured with 
electronic length gauges on three sections, one in the mid-section of the beam and the other 
two in immediate connection to each of the two bottom load distribution plates. The accuracy 
of the length gauges was ±0.001 mm and the accuracy of the load cell ±0.1 N. The 
measurement values were registered with a data logger every minute. The range of 
measurement is limited to the maximum piston stroke for the hydraulic cylinder, which 
corresponds to about 70 mm.

Creep tests and effective modulus

Four beams constructed of each of the two different snow qualities, coarse grained snow and 
fine grained snow, were creep tested at four different load levels, 300 N, 500 N, 750 N and 
1000 N. The loads were chosen according to an assumed maximum force required to break 
the beam based on a few initial trail experiments. The lowest applied load corresponds to 
about 20% of the assumed maximum force whereas the highest applied load corresponds to
about 75% of the assumed maximum force.

The load was successively applied until the desired maximum load was reached. The 
approximate rate of loading was 20 N/min. The creep deformation versus time was registered 
throughout the test. The tests were interrupted either at failure or when the maximum possible 
deformation in the experimental set up was reached. The tests were performed at (-13)°C.
The effective modulus or also called apparent elastic modulus, E, can be calculated according 
to equation 1, where w is the width of the beam, t is the thickness of the beam, l is the length 
of the beam, c is the distance between the center of the beam and the load distribution plates 
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(i.e. 300 mm according to figure 6), F is the applied load to the beam and is the 
corresponding beam deflection (Standardization of testing methods for ice properties, 1980).

= (2)

Vikström and Bernspång (2002) found that snow beams do not behave according to elastic 
theory. Evaluating the elastic modulus according to this equation is therefore not likely to 
give reliable numerical results. In order get index values which can be used to compare the 
present two artificial snow qualities and future results from equal tests, this equation was 
used to evaluate a modulus based on the data from the creep tests. The deflection one hour 
after the start of the tests were measured for the respective loads of the two artificial snow 
qualities and inserted into equation 1.

Load test for determination of ultimate load and bending strength

In total 12 beams of both snow qualities, coarse grained artificial snow and fine grained 
artificial snow, were used to perform ultimate tensile load tests to determine the maximum 
applied load at failure and bending strength. The load was applied in steps of 20 N where an 
increase of 20 N was applied every minute until failure occurred. The maximum applied load 
at failure was registered for each beam. The tests were performed at (-13)°C.

The bending strength, b, was calculated according to equation 2, with notations as in 
equation 1 and where Fmax is the maximum force required to break the beam (Standardization 
of testing methods for ice properties, 1980).= 3 × ×× (1)

Results and analyses

Characterization of the tested snow beams

By illuminating slices of the two artificial snow qualities with back light projection the 
structures could be studied. Images of the two artificial snow qualities are shown in figures 9 
and 10. Clusters of ice can be seen as grey areas in the cross section of the coarse grained 
artificial snow where grains of various sizes could be observed. The fine grained artificial 
snow had a homogeneous structure with grains of similar size.

The density of the coarse grained artificial snow range between 550-700 kg/m3. The density 
of the fine grained artificial snow is in the range 525-560 kg/m3. The wide range of density 
values for the coarse grained snow is a result of cavities and ice clusters in the snow 
structure. The density is also expected to vary in different sections of the beams. Density is 
hence a poor indicator on the strength for artificial snow.
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Figure 9; Image of the grain structure of 
the coarse grained artificial snow by using 
back light projection. A variance in grain 
sizes could be observed as well as clusters 
of ice which are seen as dark grey areas in 
the figure.

Figure 10; Image of the grain structure of 
the fine grained artificial snow by using 
back light projection. A homogeneous 
structure was observed with grains of 
similar size.
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Creep tests and effective modulus

The results from the creep tests are presented as curves showing the deformation against 
time. Results from tested beams of coarse grained artificial snow are shown in figure 11. The 
deformation rate is relatively low even when the highest load level is applied, i.e. about 75% 
of the assumed ultimate load. Probably as an effect of the brittle structure with clusters of ice 
and cavities in the snow random failures occurred at the start of some tests requiring new 
tests to be performed. The tests which did not fail before the maximum load was applied 
show a varying increase in deformation rate independent of the magnitude of the applied 
load. 

Figure 11; Creep tests showing deformation against time for the 
beams made by coarse grained artificial snow.

The deformation versus time for beams of fine grained artificial snow is shown in figure 12. 
The deformation rate is considerably higher compared to the creep tests with the beams made 
by coarse grained artificial snow. The compact and homogeneous snow structure allowed an 
unlimited creep deformation to take place. The radius of curvature reached maximum 
possible in the load test equipment without any failure of the beams. The deformation rate 
increased with increasing maximum load.



Figure 12; Creep tests showing deformation against time for the beams made by 
fine grained artificial snow. 

The deflections one hour after the start of the loading of the beams are shown in table 1. Since 
the load was applied in steps of 20N/min the time to reach maximum load in the highest load 
case was 50 minutes. The table clearly shows the increasing deformation rate with increasing 
applied load for the beams of fine grained artificial snow. The beams of coarse grained artificial 
snow were stiffer and a corresponding increase of deflection with increasing load as for the fine 
grained artificial snow was not observed at this point of loading. 

Table 1; Deflection of the artificial snow beams one hour after the initial load was applied to the 
beams.
The load was applied stepwise with 20N/min. 

Total load 
[N] 

Fine grained artificial snow 
Deflection [mm] 

Coarse grained artificial snow 
Deflection [mm] 

1000 16.5 1.4 
750 12.9 2.5 
500 4.2 1.4 
300 2.5 2.4 

The results of the evaluations of the effective modulus showed that the values for fine grained 
snow were between 21-43 MPa and the values for the coarse grained snow were between 45-257 
MPa. As mentioned not too much emphasis should be put to the actual numerical values but 
instead see this as a method to compare results from different tests to each other. 
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Ultimate tensile load and bending strength

The test results from the ultimate load tests performed with the coarse grained artificial snow 
were very scattered. Some beams failed already before testing when they were put into the 
load test equipment. The results from the beams tested show a variation in ultimate maximum 
applied load in the range 0.4-1.4 kN for the coarse grained artificial snow. The bending 
strength ranged between 180-630 MPa. The beams showed a brittle deformation behavior and 
the total deformation of the beams were relatively small.

The results from the ultimate load tests with the fine grained artificial snow show uniform 
and repeatable strength properties. The ultimate maximum applied load was between 1.2-1.4
kN. The bending strength ranged between 540-630 MPa. The fine grained artificial snow 
showed a plastic deformation behavior without any brittle failures of the beams. Compared to 
the results with the coarse grained artificial snow the maximum applied load and the bending 
strength were in general higher although the total deformations of the beams were larger. 

Discussion

The results from the four point load tests with the beams of coarse grained and fine grained 
artificial snow show that the strength and deformation behavior for the two snow qualities are 
different. The coarse grained artificial snow has in general higher density compared to the 
fine grained artificial snow and a snow structure with clusters of ice and cavities. The 
material was brittle and difficult to handle in order to keep the beams intact during loading 
into the test equipment. Failure took place at random load levels during the ultimate load tests
which resulted in a wide range of values for the bending strength. The creep deformation rate 
varied randomly and no successive increase in creep deformation rate could be observed 
between the different applied load levels. The fine grained artificial snow had a homogeneous 
structure. The beams of fine grained artificial snow showed a plastic deformation behavior
without any brittle failure. The creep deformation rate was relatively high and the total 
deformations were greater than for the coarse grained artificial snow. High repeatable test 
values of the maximum load was recorded which led to a narrow range of values for the 
bending strength, which in general was higher than for the coarse grained artificial snow.

Many properties of snow are highly temperature dependent (Bader, 1962). Presumably creep 
and strength belong to the temperature sensitive properties, but this has not been investigated 
in this study. The results in this study are based on tests performed at constant temperature, (-
13)°C. 

Brown (1977) stated that the fracture stress of snow is dependent on density, strain rate, strain 
history and snow type. Density is a parameter to which mechanical parameters are related in 
many different studies on snow (Narita (1980), Mellor (1975) and others). Snow consisting of 
different grain types but with the same density can have different mechanical properties 
though (Colbeck et. al., 1990). Density alone is therefore not a sufficient criterion for 
characterizing mechanical properties of snow but can be used if also grain type is specified. 
The effect of rate of loading and load history was observed during the trial tests to determine 
the approximate maximum load which the beams could resist. The beams resisted much 
lower loads when the load was applied fast. Applying the load slowly will compress the 
structure and a compact structure was found to resist much higher load levels before failure 
occurred.
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The numerical values of the maximum load from the failure tests are lower than values 
achieved by Vikström, Bernspång (2002). The beams in the present study are of smaller 
dimensions though, which most likely affect the test results and give lower test values. The 
deformations registered during the creep tests were much larger for the tested beams of both 
coarse grained and fine grained artificial snow than those registered by Vikström and 
Bernspång (2002) during similar load conditions. The results have not been compared to tests 
with beams made by natural snow since no similar studies appear to have been made using 
natural snow.

The absolute values of the effective modulus in this study are not comparable to test data of 
effective modules evaluated using different test methods. Elastic material behavior was 
assumed in this study although artificial snow not behaves as an elastic material. The 
usefulness of these index values should instead be seen as a method to compare these results 
to future tests evaluated in a similar way.

Although the fine grained artificial snow had repeatable and high values of ultimate load, the 
large plastic deformations may still make this snow quality less favorable for construction 
purposes. Walls, roofs and other building constructions of snow are generally aimed to be 
used for 4-6 months and it is desirable to keep the structures intact during this period of time.

Conclusion

The result of this study implies that the structure of artificial snow is of importance for 
mechanical properties. Fine grained and homogeneous artificial snow are more susceptible to 
large creep deformations at loading and have a considerably higher deformation rate
compared to coarse grained artificial snow. The fine grained artificial snow has higher 
resistance to failure while the coarse grained artificial snow is more unpredictable for failure
at equal load levels.
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