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Abstract 

Problem definition: Vernacular architecture is a category of architecture based on culture, climate and 
local construction materials. These mostly low-tech structures, have proven to be energy efficient and 
altogether sustainable. This style of architecture can be found all over the world, also in artic regions. In 
artic regions the materials ice and snow are abundant and inexpensive to manufacture. This gives it a 
high potential in construction, especially considering that transportation of other building materials to 
remote arctic areas is very expensive. However, there are some limitations; ice and snow are relatively 
weak and extremely brittle compared to conventional construction materials. Thereby ice usually shows 
a significant creep deformation over time. During WWII the principle of reinforced ice is developed. 
Reinforced ice can improve both mechanical and thermal properties of ice. Adding a second material will 
change both material properties and building method. The knowledge on both is rather limited, which 
hampered its application. Until now only small-scale laboratory experiments are done with reinforced 
ice. The development of a building method for reinforced ice is needed to stimulate the accessibility and 
broaden the applicability of large-scale ice construction.  
Research goal: The goal of this research is to increase the scope of application, by using reinforced ice. 
This is done by developing a building method for the application of ice composites in reinforced ice 
structures. 
Research method: This thesis is based on literature and experimental research. The literature research 
consists of three datasets. Dataset one material, is about research to plain ice and ice composites. 
Engineering requirements like structural, mechanical, thermal and optical properties are investigated. 
The second dataset is about the building method. All different types of methods are studied and 
analysed. The last dataset is about reinforced shotcrete, which is studied in more detail compared to 
reinforced ice. Knowledge can be gained for the development of a building method with reinforced ice. 
The conclusions of these datasets form the preconditions for the cyclical process; an alternation of 
(re)design and experiments. It starts by verifying single variables out of literature and throughout this 
process the experiments grow in complexity to verify the design. 
Results: Ice can be reinforced by particles, fibres or structural materials. Until now ice reinforcement is 
rarely applied. Methods which do use reinforcement make use of macroscopic, prepositioned 
reinforcement. A homogenous distributed microscopic fibre reinforcement turns out to be the most 
effective for making large shell structures of ice. Natural cellulose reinforcement materials are preferred 
because of their low costs and availability in artic regions. Experiments have shown that adding 10% of 
sawdust is the most effective cellulose reinforcement.  
The method of spraying / blowing  water and snow is the most favourable technique. As a base material 
the combination of water and snow, which forms a slush, is the most suitable. The snow has several 
functions: it lowers the temperature of the water which speeds up the freezing time and thereby 
increases the maximum layer thickness per spray session. Snow also serves as a natural emulsifier; by 
thickening the mixture of water, snow and wood fibre, the fibre reinforcement will be more 
homogenous distributed. The function of the water is to partially melt the snow to a more denser snow-
ice. By using an inflatable mould, shell structures of different forms can be made easily.  
Conclusions: During this research the building method of spraying a slush of water, snow and cellulose 
fibres was designed and tested. Pumping a slush causes problems, any kind of narrowing or pressure 
applied on the slush, changes it into solid ice. In a revision of the design  the application of snow should 
be done separate from the water and fibres. Further research is needed to test this revised method. 
During this research also the preparations for the first large scale reinforced ice field experiment were 
started, called the pykretedome project. The knowledge of this thesis will be put into practice by this 
record attempt to make world’s largest ice dome during the winter of 2013/2014.  
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1.1 Theme 
The main theme of this research is about building with ice composites. In this thesis material 

properties of plain ice and ice composite will be investigated and compared. The possibilities of ice 
composites become clear based on scientific papers. Also different building methods of ice structures all 
over the world will be analysed. Snow and ice have served as construction material since ancient times. 
A couple of researcher such as Pyke, Nixon and Smith, Perutz and Vasiliev have done research to 
reinforced ice. All this research is done at laboratory level and until today no large-scale structures of 
reinforced ice has been made.  A sidestep is the research about reinforced shotcrete. By analysing the 
building process of reinforced shotcrete, information can be gained for the research of building with ice 
composites. 
 

1.2 Motivation 
After watching multiple documentaries on Discovery Channel and National Geographic, about 

building an ice hotel in Jukkasjärvi, we have become enthusiastic about building with snow and ice. This 
media attention has inspired not only us; ice hotels are visited every year by thousands of people all 
over the world. Entrepreneurs took this opportunity and turned it into a commercial success. Because of 
this commercial aspect, building speed, safety and life span have gained tremendous impact. 

The building materials snow and ice are no common construction materials, especially in the 
Netherlands. Because in the Netherlands snow and ice is rather exceptional, extra curiosity because of 
the unfamiliarity is generated. The overall experience is that not much is known about snow and ice as a 
construction material. This has aroused our interest to investigate this theme. 

One mentor of the graduation committee has some experience with building with ice. Arno Pronk 
has built an igloo during summer, by winding ducts around an inflatable membrane. A cooling machine 
was connected to the ducts to extract the heat from the surface. The next step was to atomize layers of 
water onto the ducts. When they were completely covered with ice the inflatable mould was removed, 
leaving a cooled igloo behind. Arno Pronk has designed this method and he will assist in our graduation 
thesis to design a building method for building with ice composites. 
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1.3 Pre-research 
The motivation for this research lies partly in the knowledge that is gained through a pre-research. By 

studying different papers, it becomes clear that researchers indicate that ice is a peculiar material which 
is not yet fully understood; 
 
“Ice is a peculiar material, there is still clearly insufficient understanding of ice as a material. This state of 
affairs requires further theoretical and experimental research also at basic level. The potential for using 
ice as a construction material is presently underestimated. Ice is a relatively strong material that, in cold 
regions, is abundant and inexpensive to manufacture.”    [L. Makkonen 1994] 
 

A Japanese researcher called T. Kokawa studies ice and builds temporary ice structures since 1988; 
 
“Snow has been generally considered to be a nuisance in the cold and snowy regions. However, snow 
becomes a useful structural material for the construction of the ice shell. An ice shell creates a fantastic, 
beautiful space providing quite a unique built environment in winter. Particularly, in case of a large span, 
it will be more exciting artistically and getting more useful to apply to various kinds of architectural 
facilities for winter activity. It emerges in winter season, and disappears in summer.” [T. Kokawa 2003] 
 

A third investigator J. Kollegger is also studying building methods for making temporary ice structures. 
 
“Temporary ice structures can be used for various purposes such as e.g. cultural events, presentation and 
promotion of sales products or they may serve as a tourist attraction.“ [J. Kollegger 2004] 
  

These three researchers have done research to ice for a longer time. L. Makkonen indicates that until 
today insufficient information about ice is yet known. There is still a need for experimental research; 
even at a basic level. T. Kokawa says that people underestimate the application of snow and ice. It is a 
material which is available in abundance, it is inexpensive and it can even function as a structural 
element. With snow and ice, temporary structures can be realized for all kind of winter activities. Also J. 
Kollegger agrees to this point of view. At the University of Vienna J. Kollegger engages in building 
temporary dome constructions. Ice hotels have been built since 1990 and are known by a broad public. 
These structures can be seen as a tourist attraction which accommodate a hotel with thousands of 
visitors each year. 

A disadvantage of these ice hotels is that although they are beautiful on the inside, they are very 
limited in their shape. They all built tunnels of 5 meters wide and 6 meters high and because of the use 
of snow, the shell is at most places more then 1,5 meters thick. During the pre-research many times the 
comparison with reinforced ice and reinforced concrete is made. Plain ice and concrete both have a 
relatively high compressive strength compared to its tensile strength. The low tensile strength and the 
time-dependent behaviour are the main reasons to use reinforcement in ice; 
 
“The purpose of reinforcing any material is to provide an enhancement of various mechanical properties 
for that material. This holds true for ice, which exhibits a number of drawbacks when considered as a 
structural material. It is relatively weak, and brittle. Furthermore, owing to the very high temperatures, 
ice usually exhibits significant creep deformation over time.” [L. Makkonnen, 1994] 
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“Ice reinforcement has been proposed as a way to improve the structural characteristics of ice. There are 
a number of benefits to be gained by reinforcing ice. The first is that the reinforcement will improve the 
tensile strength of ice, which is very low. The second is that the reinforcement of the ice will improve the 
time-dependent behaviour of the ice, by slowing down the creep rate. A third benefit that can be gained 
from reinforcement of ice is an improvement in the manufacturing time of an ice structure. If a given 
volume of material is to be produced by freezing, then that volume will be more rapidly frozen if part of 
the volume is taken up by non-freezing materials. In this way, adding reinforcement may significantly 
speed up the construction process, and thus provide considerable financial savings.” [L. Makkonnen, 1994] 
 

With applying reinforcement within the ice structure, the layer thickness could be decreased 
dramatically. Because the ice composite has a higher (tensile)strength, larger spans can be realized and 
also new forms can be introduced. Some papers about ice reinforcement can be found. However, these 
papers are limited to small laboratory experiments to investigate mechanical properties of different 
reinforcement materials. The first papers date from WW II. Recent papers are hard to find and barely 
describe new developments. 
 
“In spite of the accelerating development of the methods of ice and ice-soil reinforcement the application 
of them is limited. On one hand despite of a lot of papers devoted to this problem a  more detailed and 
systematic knowledge of strengthening mechanism of reinforced ice and ice- soil  would obviously allow 
for a better design of reinforced ice for a particular field of application. On the other hand it is also 
necessary to develop procedures of using the methods in practice. “ [Vasiliev et. Al, 2011]  
 

The researcher Vasiliev says that there is a need for a building method for reinforced ice. Until now 
all reinforced ice applications are made of flooding a mould with a mixture of water and reinforcement 
material to stack blocks. This method has some limitations like the labour-intensity and the time 
consuming process. Thereby this method is limited in span size. However, applying reinforcement will 
give ice structures more form freedom and larger spans are possible. To fully use the capability of the 
reinforcement, an important requirement is that the new building method must be suitable for realizing 
large spans. 
 

These two important aspects, the reinforcement and the way they built nowadays, have led to the 
following division: 
 

Experimental research on ice composites 
The literature makes clear that researchers investigate reinforcing ice starting during WWII. They 

experimented with the strength of the ice by adding a second material. However, these experimental 
trials with ice composites are never used to actually built a large-scale ice structure. What kind of 
reinforced ice can be composed, and how do they affect the properties of ice? 
 

Research on building methods by analyzing existing buildings and structures of ice 
From the year 1990 ice hotels started to be built each year out of snow and ice. Due to enormous 

interest the number of ice hotels all over the world is growing every day. Many more projects can be 
found which use different building methods for “plain” ice. Which building methods are there and can 
they form a base to develop a building method for reinforced ice? 
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1.3.1 Experimental research on ice composites 

The pre-research 
has brought up a short 
historic overview of 
the research of ice 
composites. It all 
started with the 
Eskimo’s. They used 
linchen to strengthen 
their igloos. During 
WWII, Geoffrey Pyke 
came up with the idea 
of making an aircraft 
carrier of reinforced 
ice. Several test are 
described by L.W. Gold. 
Eventually the ice ship 
has never been built. 
After WWII not many 
researcher have done 
research about ice 
composites. Coble and 
Kingery have done 
tests with adding 
materials like wood, 
fibre glass and 
asbestos to the water. 
Eventually in 1976 
small reinforced ice 
domes have been built 
by Stanley and 
Glockner. After 1976 
no reinforced ice 
structures have been 
built and all tests took 
place at laboratory 
level. Until 2013, a 
group of students at 
the University of 
Alaska have made an 
arch out of wood 
shavings reinforced ice. 
The different ice 
composites will be 
discussed in Chapter 
3.4.  
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1.3.2 Research on building methods by analysing existing buildings and structures of ice 

A map of the world will help to arrange and identify every project. Every dot is a project which uses 
snow and ice as a building material. The projects (and their different building methods) range from a 
small traditional igloo to the world’s largest ice hotel. In chapter 4 all these projects will be discussed. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Topographic field of all applications 
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1.4 Slim Bouwen® 
This thesis is part of the graduation studio “Slim bouwen”. The three main aspects of this vision are 

therefore quoted to criticize the building of ice structures.  
 

1.4.1 Industrialisation of the building process 

There are hardly any installations used in ice buildings. Because of the temporary function, and the 
fact that ice is very easy to process and repair there is not much of attention needed for the separation 
of pipes and structuture. The only installations used are for electricity and lightning.  
 
1.4.2 Flexibility / lifespan building 

Most ice hotels and ice structures of large scales are built in phases, where the different sections 
literally melt together. In this way optimal use is made of the life span of an ice building. When the first 
tourists / guests arrive, other sections of for example an ice hotel still needs to be build. 

Building with ice is very flexible. Door and window openings can be made very easily by just cutting 
openings with a chainsaw. On the other hand, openings can be closed seamlessly with snow with no 
visible impact. 
 
1.4.3 Reduction of environmental impact 

Snow and ice are materials which can be found in nature. Each winter the building material will be 
delivered by nature on the building site. No transport of building materials is needed. Snow and ice is an 
inexpensive material that is abundantly available. Because the snow and ice is brought by nature, using 
it as a building material does not have any impact on the environment. During construction and 
deconstruction almost no waste occurs. Everything that can do harm to nature like electric wires, are 
removed before the ice structure will thaw during spring. Most ice hotels are built near a river, because 
of the water that is needed during construction. When spring arrives, the building melts slowly and all 
building material will be given back to nature. 

The reason to use reinforcement in the construction is not only because it makes the material much 
stronger, but also to reduce the amount of construction material. The shell thickness can be reduced up 
to 25%. [L. Makkonnen et. Al, 1994] Because of all these reasons building with ice has probably the least 
environmental impact of all temporary structures.  
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2.1 Scope 
Building with ice composites is a specific topic with only a select number of experts. At first it seemed  

that making a scope was not necessary. All literature related to the terms ‘ building with ice’ seemed to 
be usable. However there are also some subjects which will not be discussed in this thesis. In the next 
diagram one can see different topics directly related to the theme explained in chapter 1.1. Important 
categories related to building with ice are; building method, form, type of structure, material and 
climate. To get a certain profundity and to set a particular goal, some boundaries are set to the research.  

 

 
 
There is a gap between the use of reinforcement and the building method. The use of reinforcement 

in ice structures is limited to pre-positioned reinforcement like fabrics of glass fibre or steel cables. The 
literature shows a high potential for homogenous fibre reinforcement, because of the increasing 
strength and de-acceleration of the creep process. This research will try to fill the gap between 
developing a homogenous distributed ice reinforcement and an actual building method for this material. 

Climate, locations, artificially cooled structures and civil applications are subjects that are not 
included in this research.  
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2.2 Problem area 
 
2.2.1 What is the problem? 

Using ice and snow as a building material has some limitations. It is a relativly weak material and 
shows an extreme creep behavior compared to conventional building materials. These facts causes 
limitations in its span and lifetime. “Plain” ice structures are also very sensitive for temperature 
fluctuations, causing cracking (thermo-shock). In Scandinavian countries the average winter 
temperature is well below zero degree centigrade. However occasionally the temperature rises for one 
or multiple days to temperatures above the freezing point. This makes “plain” ice a quite unreliable 
construction material and only useful with very high safety factors, which limits the application. Some 
quotes out of literature: 
 
“According to the ice shell construction experiences so far, Ice shell has a tendency to creep easily with 
time even if the working stress is small. Large creep deformations end the dome’s usability as an 
architectural structure, and cause instability leading to collapse. Therefore, it is very important to reduce 
the creep deformation for the durability of ice shells.” [ T. Kokawa, 2011]  
 
“Ice is relatively weak, and extremely brittle. Furthermore, owing to the very high temperatures (relative 
to its melting point) that it typically experiences, ice usually exhibits significant creep deformation over 
time.” [L. Makkonen et. Al, 1994] 

 
“ The disadvantages of ice as a construction material are its relative weakness and its creep behavior. To 
make ice more suitable and thus more applicable as an arctic construction material its strength must be 
increased and its tendency to creep must be diminished. It has been found that the mechanical 
properties of ice can be improved by reinforcement.” [N.K. Vasiliev et. Al. 2003] 

 
The use of reinforcement in ice structures can reduce the shell thickness. Also larger spans and forms 

can be realized. Papers about reinforcement are limited to small experimental tests on laboratory level. 
 
“In spite of the accelerating development of the methods of ice and ice-soil reinforcement the application 
of them is limited. It is also necessary to develop procedures of using the methods in practice.” [Vasiliev et. 

Al, 2011] 
 

It is necessary to develop a building method to apply reinforcement in ice. In this way more forms 
with larger spans can be realized. Larger spans means that ice structures can have bigger dimensions 
and become more flexible for accommodating different functions. 
 
2.2.2 Why is it a problem? 

High temperatures makes the structure unpredictable and therefore difficult to guarantee the safety. 
This makes it not suitable for commercial purposes. High temperatures also accelerate the creep rate, 
which affect the lifespan of the structure. The relative low strength requires a large shell thickness and 
therefore a relatively long construction time. With this temporary structures with a lifespan of 
approximately three months a short construction time is essential. The low strength also limits its span 
and therefore also the functionality of the building. All these factors influence the financial feasibility of 
the structure.  
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2.2.3 Who’s problem is it? 

Entrepreneurs that want to use ice structures as an accommodation for a seasonal function and the 
designers of these structures; people who need to guarantee the safety and broaden the design 
potential of these buildings. With the help of reinforcement, some thermal and mechanical properties 
will be improved and it will be easier to determine its safety.  
 

2.2.4 Where does the problem occur? 

In countries with a polar climate or land climate, ice structures can be built. The temperature during 
winter season has to be constant and sub-zero. Countries like Canada, Norway, Sweden, Finland, 
Switzerland, Austria and Japan realise ice structures every year. The topographic map below shows the 
areas with an suitable climate for ice construction. 

 

 
 
2.2.5 What is the history of this problem? 

Using snow and ice as a construction material exists since ancient times. Inuit’s, better known as 
Eskimo’s, built igloo’s each year during winter. The igloo served as a protecting shelter against mother 
nature. In this way hunters survived extreme temperatures. Since the introduction of the ice hotel, 
building with snow and ice have made great leaps forward. As an igloo is built as small as possible, ice 
hotels each year get bigger and bigger. Due to the commercial interest and the large flow of tourists, ice 
hotels start to build as soon as the temperatures reaches 0°C. They try to keep the ice hotel open as long 
as possible to make it financially feasible. Any kind of extension of this season by improving the material 
and/or building method would be desirable. 
 
 
 
 
 
 
 

Topographic field of cold climates [www.topomania.net] 
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2.2.6 Scientific and social relevance 

As several researchers indicate explained in Chapter 1, there is still insufficient understanding of ice 
as a building material. Its construction properties are not totally clear yet. There is still a need for 
experimental research; even at a basic level. T. Kokawa says that people underestimate the application 
of snow and ice. It is a material which is available in abundance, inexpensive and it can even function as 
a structural element. With snow and ice, temporary structures can be realized for all kinds of winter 
activities.  

 
“ The amount of research done in this field is limited. There is still a huge agenda for new experiments, 
especially if the material properties of ice composites are used for the making of freeform shell structures 
and lager domes.” [A. Pronk, 2012] 

 
The research done about ice composites is even more basic. Only a few researchers have tried to 

understand the mechanical behavior of ice composites. None of them writes about any kind of building 
method, for the application of this ice composites. The researcher N.K. Vasiliev cited in chapter 2.2.1 
mentioned that there is a need for a building method for reinforced ice.  
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2.3 Research goal 
The goal of this thesis is divided into the goal of, and the goal in this research; 

 
2.3.1 Goal of this research 

To increase the scope of application, by using reinforced ice. 
 
2.3.2 Goal in this research 

To develop a building method for the application of ice composites in reinforced ice structures. 
 
 

2.4 Research question 
 
The main research question is as follows:  
How to develop a building method for the application of ice composites in reinforced ice structures? 

 
2.4.1 Sub questions 

 
Which ice composite is the most suitable for reinforced ice structures? 

- Which construction properties has plain ice? 
- In which way will additions (reinforcement) affect the construction properties of plain ice?  
- Which second materials can be added to reinforce ice? 

 
In which way can water, snow and ice be used as a construction material? 

- What type of base material can be used to realize ice structures? 
- Which building methods are used to build ice structures? 
- What are the functions of ice structures? 

 
Which techniques of the production method of reinforced shotcrete can be interpreted in designing a 

building method for reinforced ice? 
- Which types of fibres are used in reinforced shotcrete? 
- Which building methods are used to apply reinforced shotcrete? 

 
The first sub question, will be called dataset one material. Sub question two is dataset two and will be 
called building method and finally the third sub question is the third dataset and will be called 
reinforced shotcrete.  
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2.5 Research model 
Based on the research question and sub questions, a research model based on a generic model of 

Wim Poelman is made to define the way this research is performed. The research is divided into five 
parts. First phase is the problem field. These questions are answered in the previous chapter. It is a short 
pre-study followed by the research goal and research question. The second phase is the actual research 
phase. It includes the literature study of three different datasets. Then the third phase covers the testing 
of the design: a new building method. The conclusions of these datasets will be compared in the design. 
The design will form the basis for the preconditions of the cyclical process. The cyclical process is based 
on a generic model of Martin Smit. It is an alternation of (re)design and experiments. It will start with 
simple experiments to verify the literature. Throughout this process, the experiments will grow in 
complexity to verify the design, whereby more and more variables are known. Together with this cyclical 
process, the preparation of the first large-scale reinforced ice project will start. Together with R. 
Pluijmen and J. Hijl a design will be made for making the world’s largest ice dome. Calculations, 
sponsorship, communication and organisation are some activities which will take place. 

The fourth phase will form the conclusion in which the new building method for the application of ice 
composites will be evaluated. This will form the input for the large-scale model. 

The last phase is the field experience. This phase will take place after finishing this graduation thesis. 
Together with R. Pluijmen and J. Hijl the realisation of the world’s largest dome will take place at the end 
of December 2014.  
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The three different datasets are 
further explained. Dataset one is about 
the material. Literature research to plain 
ice and ice composites will be done. 
Papers of ice composites written by 
Vasiliev, Gladkoc, Kingery, Perutz and 
Glockner will be studied. Ice composites 
will be studied at micro and macro level. 
Engineering requirements like structural 
properties, mechanical, thermal and 
optical properties are investigated. All 
these variables are based on Material 
Science by S.L. Kakani et. Al. The result of 
this dataset is a clear overview of 
different material properties of  plain ice 
and ice composites.  

 
 
 
The second dataset is about 

the building method. As 
mentioned before ice structures 
with their building methods all 
over the world will be studied. 
Based on the literature research 
a matrix will be made and every 
project will be compared with 
this matrix. At the end of 
dataset two, a conclusion of all 
variables of all building 
methods will follow. 

 
 
The third dataset is about reinforced 

shotcrete. In this research different fibre 
materials will be analyzed and the building 
method of reinforced shotcrete will be 
investigated. This dataset serves as a support for 
designing a new building method for ice 
composites. At the end of this dataset a 
conclusion with variables of the building 
method will follow, combined with the used 
reinforcement. 

All conclusions of each dataset will be 
analyzed and form the base for setting up the 
preconditions for designing the cyclical process. 
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3.1 Introduction 
This first dataset is about the material, ice. An overall introduction on the material will be given. After 

that the focus will be on ice as a construction material. Ice as it turns out, is a factor in activities as 
diverse as skiing and skating (recreation), rainmaking, polar marine transportation and cold ocean oil 
exploration. [E.M. Schulson, 1999] The accent in this research is on the non-civil structures, as shown in the 
scope in chapter 2.1. The engineering requirements for “plain” ice construction will be explained using 
the subheadings; structural, mechanical, thermal and optical properties. However, there are some 
limitations on ice-construction, mainly the high creep rate and relatively low tensile strength have led to 
the development of reinforced ice. The history and properties of ice composites will be explained. 
Hereafter the different methods and materials of reinforced ice will be explained. The equation with 
non-reinforced ice will be made several times to make clear the differences between plain and 
reinforced ice.  
 

3.2 The formation of ice 
 
3.2.1 Phase transitions 

The whole character of the planet Earth depends on the abundance of water and on the temperature 
being such that all phases; ice, liquid, and vapour are present in significant quantities. [V.F. Petrenko et. Al, 

1999] The normal melting and normal boiling point of water (at atmospheric pressure) are respectively 0 
and 100 degree centigrade. The solid state (ice) can be reached by freezing and deposition. Ice is formed 
by freezing liquid water or by deposition of sub-freezing air. In case of deposition, water vapour changes 
directly to ice without first becoming a liquid, this is how snow forms in clouds. In the reverse direction, 
ice can turn into liquid or gas by respectively melting or sublimation. The phase diagram for the 
equilibrium between ice and the liquid and vapour phases is illustrated schematically.  

 
Phase diagram of H2O [Michael Blaber, 1996] 

3.2.2 Triple point 

The single combination of pressure and temperature at which liquid water, solid ice, and water 
vapour can coexist in a stable equilibrium occurs at exactly 0,01 °C and a partial vapour pressure of 
0,006 atm. At that point, it is possible to change all of the substance to ice, water, or vapour by making 
arbitrarily small changes in pressure and temperature. 
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3.2.3 Other phases of ice 

Ice possesses 12 different crystal structures, plus two amorphous states. At ordinary (low) pressures 
the stable phase is termed ice I. There are two closely related variants: hexagonal ice Ih, whose crystal 
symmetry is reflected in the shape of snowflakes, and cubic ice Ic. Ice Ih is obtained by freezing water; 
ice Ic is formed by depositing vapour at low temperatures (–130°C). Ice Ih, termed ordinary ice, and is 
the common terrestrial form. [E.M. Shulson, 1999; J.J. Petrovic, 2003] Additional phases, called ice II through ice 
IX, have been created under special laboratory conditions, and require high (non-natural) values of 
pressure or extreme temperatures. [V.F. Petrenko et. Al, 1999]  

Only one type of ice (ice Ih) occurs widely in nature on earth, and that is the form discussed here. All 
the ice discussed in this research is of the type Ice Ih, and will be indicated as “ice”.  However, its 
mechanical properties differ significantly depending on where and how it was formed. [R. Hooke et. Al, 

1980] The relationship of these variables and how they influence the properties of ice will be explained in 
the next paragraph. 
 

 
Phases diagram of ice [V.F. Petrenko et. Al, 1999] 

 
Another well-known form of ice is snow. Snow is composed of ice crystals, air and, at temperatures 

close to the melting point also of water. Snow may best be regarded as a cellular form of ice, in which 
the individual ice crystals of snow are bonded together. [J.J. Petrovic, 2003] Snow is precipitation in the 
form of flakes of crystalline water ice that fall from clouds. Classification of snow is based on; grain size, 
density and water content. [V.F. Petrenko et. Al, 1999] Once on the ground, snow can be categorized as 
powdery when light and fluffy, fresh when recent but heavier, granular when it begins the cycle of 
melting and refreezing, and eventually ice once it comes down, after multiple melting and refreezing 
cycles. 
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3.3 Ice as a construction material 
 
3.3.1 Introduction 

Ice and snow have been used as construction materials by indigenous arctic peoples for a long time. 
[W.D. Kingery, 1963] Perhaps the oldest and best-known ice construction is the Eskimo igloo. But also in 
modern times, as in mining and exploration activities and in recreational areas for example, temporary 
enclosures are required for winter. [L. Makkonen et. Al, 1994] Applications of ice include roads, bridges, and 
staging areas for logging operations. [W.D. Kingery, 1963] Obviously in most regions its presence is seasonal, 
and the length of the season where it can be used varies. Often the necessary lifetime of these 
structures is only a few months, in which case ice may well be used as the construction material 
regardless of the melting that takes place in spring. [L. Makkonen et. Al, 1994] The seasonal aspect has both 
advantages and disadvantages. Advantages include the complete melting and disappearance during 
spring and summer of winter constructed structures. In this manner there is no lasting environmental 
impact. This material is readily available directly at the construction site and is consistent in quality. 
Disadvantages include the seasonality and thus the necessity to build and use any facility within the 
available season. [D.M. Masterson, 2009] 

Ice is a relatively strong material that, in cold regions, is abundant and inexpensive to manufacture. 
This gives it a high potential in construction, especially considering that transportation of other building 
materials to remote arctic areas is very expensive. [L. Makkonen et al. 1994] There is a lot of research done in 
ice mechanics, however the mechanical properties of ice vary in a wide range of numbers. Ice occurs in 
nature in various types in regard to its origin, grain size, crystal structure and orientation, and also in 
respect to impurities, salinities, and density. All these factors affect the mechanical properties of ice. [J. 

Schwarz et al. 1980] Unless all these variables are the same, the results of experiments mutually are not 
comparable. It is important for engineers to understand the mechanical behaviour of ice; the variables 
which influence the properties of ice, and in what manner they influence the properties of ice.  
 
3.3.2 Engineering requirements 

For the analysis of the variables of the material ice the methodology of S.L Kakani et. Al, Material 
Science, 2004 is used. This method shows strong similarities with the one used in V.F. Petrenko et al, 
Physics of Ice, 1999. The method is slightly modified, some categories were inapplicable (magnetic 
properties), other were irrelevant for this study (electrical properties) and therefore removed. Other ice-
specific subjects were added.  
 
3.3.2.1 Structural properties 

 
Molecular structure 

On the atomic scale, ice is made up from water molecules, H20, as ordinary water. The oxygen atom 
of each molecule is strongly covalently bonded to two hydrogen atoms, while the molecules are weakly 
hydrogen bonded to each other. [E.M. Shulson, 1999] Each molecule is linked by hydrogen bonds to four 
others. The molecules are arranged in a hexagonal lattice as shown on the next page. [V.F. Petrenko et al, 

1999] The oxygen atom of each water molecule is show by a ball, and hydrogen bonds by rods. The 
hydrogen atoms lie approximately on the hydrogen bond lines. [E.J. Langham, 1981] The water molecules 
are arranged in layers of hexagonal rings. These layers are called the basal planes of the crystal, and the 
normal to the basal plane is called the c-axis (crystal axis). These so called base planes pile up with a 
constant distance. In a crystal the oxygen atoms are ordered, but the hydrogen’s of each water molecule 
may point more or less randomly in different directions. 
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Simplified crystal structure(without hydrogen atoms) [1] View perpendicular to c-axis , [2] View parallel to c-axis, E.K.M. 
Leppavuori, 1976, [3] orientation, [J.Scotter et. Al, 2006] 

 

                
 [1] Hydrogen bonding, London south bank university, [2] Crystal structure (of ice Ih) with hydrogen atoms, Linköping University 

 
Crystal structure 

Single crystal 
Ice can be formed by freezing liquid water, or by deposition of vapour. When ice condenses from 

vapour it usually forms single crystals. These have a variety of shapes, including snowflakes [c], platelets 
[b] and less commonly needles [a]. The crystals reveal the hexagonal symmetry of the crystal structure 
of ice. Plate-like crystals are the most common and are formed when growth is most rapid perpendicular 
to the c-axis, while prisms or needles form when the most rapid growth is parallel to the c-axis. [V.F. 

Petrenko et. Al, 1999] 
 

Polycrystalline 
When liquid water starts freezing, the phase 

change begins with small ice crystals that grow 
until they fuse, forming a polycrystalline structure. 
In the final block of ice, each of the small crystals 
(called "crystallites" or "grains") is a true crystal 
with a periodic arrangement of atoms, but the 
whole polycrystal does not have a periodic 
arrangement of atoms, because the periodic 
pattern is broken at the grain boundaries. 

 
 

Ice crystal shapes [V.F. Petrenko et. Al, 1999] 
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Crystal size(grain size) 
The term texture refers to the sizes and shapes of the individual grains and inclusions in a 

polycrystalline aggregate. The microstructure of a natural ice formation depends on its thermal- 
mechanical history.  Natural ice crystals range in size from less than 1 mm to more than 100 mm, and in 
shape from approximately equi-dimensional grains to long thin columns, plates, or complexly 
intergrown shapes as explained above.  

Grain sizes and shapes, and the distribution of inclusions, can be relatively uniform, allowing a 
homogenous sample to be prepared. Snow-ice for instance, forms through the sintering of snow under 
pressure and is often characterized by equiaxed, randomly oriented grains. Or they can be quite non-
uniform and heterogeneous. The texture of some types of ice can be strongly anisotropic. Floating 
covers form and consist primarily of columnar-shaped grains elongated in the growth direction. The 
covers develop a strong growth texture in which the crystallographic c-axes are confined more or less to 
the horizontal plane. [E.M. Shulson, 1999]  
 
Crystal Orientation  

The term fabric refers to the orientation of the crystallographic axes of individual crystals in a 
polycrystalline aggregate. [E.M. Shulson, 1999] The orientation is indicated relative to the hexagonal axis. As 
explained above, the hexagonal axis is denoted as the c-axis. Under most conditions crystal growth is 
most rapid in directions perpendicular to the c-axis. [V.F. Petrenko et. Al, 1999] Whether these crysatal axes 
are highly orientated or randomly orientated determines the material isotropic or anisotropic 
behaviour.  

 
Anisotropic 
Specimens taken from thin layers of ice formed by freezing on the water surface, tend to consist of 

columnar ice crystals with all their optic axes parallel, and not surprisingly, behave rather like single 
crystals. [J.W. Glen, 1955] This type of ice is highly orientated because the growth direction of all the 
crystals is the same. Because this type of ice is highly orientated, the behaviour is anisotropic. The single 
crystal has different properties in different symmetry axis. So that it deforms several times faster in one 
direction than in another. The mechanical properties of a single crystal can be described as a deck of 
cards with bad glue between the cards. It is  simple to shear the deck but it can take high compressive 
loads. The basal planes of the crystals are perpendicular to the c-axis, and the crystal deforms by gliding 
along the basal planes. The bonds between molecules situated in the same basal plane are much 
stronger than the bonds between molecules located in different basal planes. This causes the ice crystal 
to deform by gliding on its basal planes. The critical resolved shear stress for non-basal slip is 60 times or 
more greater than that for basal slip. [E.M. Shulson, 1999; L. Fransson, 2009] Anisotropy has an important 
effect on residual strength and fracture, particularly at temperatures above -10°C where melting along 
grain boundaries becomes important. [R Hooke et. Al, 1980] 

 

 
Basal slip, University of Copenhagen, Centre for Ice and Climate 
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Isotropic 
However if ice is formed from consolidated snow, it is more nearly random in orientation, and its 

rheological behavior is somewhat different. [J.W. Glen, 1955] This type of ice is isotropic in its properties. 
For this so called polycrystalline ice the mechanical behaviour can be deduced from single crystal 
orientation but also from the shape and size of the crystals and the crystal boundaries 

 
Thus the degree to which ice yields under a given stress depends critically on whether the 

distribution of crystal axis orientations is statistically random, or whether a certain orientation is 
preferred, and in the latter case on how this preferred orientation is related to the orientation of the 
stress field. [R Hooke et. Al, 1980] 
 
Impurities/Inclusions 

In addition to the multitude of structural features, ice includes many trapped impurities. The purity 
of ice depends on the purity of the water or the melt from which the ice grew. [L. Makkonen et. Al, 1994] 
Inclusions in ice can be gaseous (such as air dissolved in the ice lattice or as discrete bubbles), liquid 
(such as water occurring at 3- or 4-grain intersections), or solid (such as clay or sand particles). Above 
their eutectic temperatures, dissolved impurities are concentrated in the liquid phase. Such solutes may 
have relatively large effects, even in low concentrations, because they tend to accumulate at grain 
boundaries and thus influence grain-boundary migration. [R. Hooke et. Al, 1980] Freshwater ice contains 
impurities, usually in the form of air bubbles. [L. Makkonen et. Al, 1994] 
 
3.3.2.2 Mechanical properties  

Engineering designs are based on operational lifetime and a measure of the extreme values of the 
properties of the materials involved in the design. The strength of ice plays a central role in ice 
engineering. Ice has been treated as a material at low temperatures and, like other geotechnical 
materials, the approaches and methodologies of traditional engineering schools were followed in 
developing the field of ice engineering. As a consequence, considerable effort was made in obtaining 
numerical values of the tensile and compressive strength and failure envelope for ice. Both laboratory 
and field tests were conducted in the past for determining the ice strengths required in engineering 
calculations. [L. Makkonen et. Al, 1994] The mechanical behaviour of ice exhibits a similarity to the 
mechanical behaviour of brittle ceramics. However ice strength, elastic properties, and fracture 
toughness are all significantly lower than ceramic materials. Snow, the cellular form of ice, is a fragile 
material in terms of its mechanical properties. Snow exhibits some of the lowest levels of strength and 
fracture toughness known for commonly encountered material forms. [J.J. Petrovic, 2003] 

Ice is a very inhomogeneous and complex material with varying strength owing to the fact that its 
material properties depend on many factors, for example, temperature, density and crystal structure 
developed during the particular way of producing the ice. Under load, ice can range from brittle to 
ductile, depending on its structure, the rate of load application, and temperature. Because of these 
factors, the values of ice properties also vary with the measurement techniques and conditions. [J. 

Schroedler, 2002; J.J. Petrovic, 2003] Because all these variables effect the material properties a high variation 
of mechanical properties of ice may therefore occur. [L. Makkonen et. Al, 1994]  

In this section the mechanical properties of freshwater polycrystalline ice (Ih) are discussed. For each 
mechanical property the variables that influence it will be discussed, and were possible a range will be 
given to add a value to it. 
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Strength 
Strength is defined as the maximum stress that a test specimen can support immediately before 

failure. Its value will thus depend on the mode of failure (e.g., bending or flexure, crushing or 
compression, shear), the type of failure (namely brittle or ductile), the presence of defects in the ice, 
and the test technique. [J. Schroedler, 2002] 
 
Tensile strength 

Ice structures made to span a specific area are often made of compression optimized structures like 
arches and domes. The reason for this form “limitation” is because polycrystalline ice is known to be 
significantly weaker in tension than in compression. In this respect, ice has much similarities with 
unreinforced concrete, which has a tensile strength of 1/10th of its compressive strength. The tensile 
strength of snow is even much lower than that of ice, and decreasing substantially with decreasing 
density. The strength of snow-ice, which has a relatively high air content, depends on the density. High-
density snow-ice can be almost as strong as clear blue ice, but it is normally considered to be half as 
strong as clear blue ice. [D.M. Masterson, 2003] There is a relatively wide range of scatter of ice tensile 
strength, from 0,7 MPa to 3,1 MPa. The average tensile strength of ice from published investigations is 
1,43 MPa in the temperature range −10 to −20◦C. The tensile strength decreases with increasing grain 
size of the ice. [J.J. Petrovic, 2003] 

 

     
[1] Tensile strength of snow / ice plotted against density, [2] Tensile strength plotted against grain size [J.J. Petrovic, 2003] 
 

Flexural strength 
The flexural strength is mostly determined by a three (or four) point bending test. The flexural 

strength is generally lower than the compressive strength. Measurements on freshwater ice range from 
0,5 to 3 MPa, with an average of 1,73 MPa, for temperatures less than –5°C. There is very little 
temperature or strain rate dependence, but there is a wide scatter in the measured flexural strength 
with higher values from smaller samples (and lower values for bigger samples). [Bureau Veritas, 2010] 
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A wide range of values for flexural strength of ice [D.M. Masterson, 2009] 

 
Compressive strength 

The strength of ice is not a unique property. In reality, the strength numbers generated by 
compressive strength test are, at best, index values and are useful only for certain limited practical uses. 
Because ice is a natural material, its properties vary significantly, owing to the natural variations in the 
material. [L. Makkonen et. Al, 1994] The strength is a function of strain rate, temperature, grain size, grain 
structure, and porosity. On the average, for columnar ice and snow or frazil ice at about –10°C and in the 
brittle range of failure, i.e., for relatively high rate of loading, the crushing strength is in the range of 8 to 
10 MPa. [J. Schroedler, 2002] Over the temperature range of -10°C to -20°C, the compressive strength of ice 
ranges between 5–25MPa. [J.J. Petrovic, 2003] Generally, the strength of ice increases with decreasing 
temperature in both tension and compression, as shown in the graph below. This temperature effect on 
strength is much more prominent in compression than in tension. [J.J Petrovic, 2003] A function is given to 
estimating the compressive strength of ice given the crystal size and temperature: 
 

 
[1] Function for compressive strength, Michel, 1978 [2]Compressive and tensile strength versus temperature [J.J Petrovic, 2003] 

 
What baffles engineers is the rate sensitivity and load-path dependence of the material properties. 

Both the strength of ice and the mode of failure depend on the loading rate and the history of loading. 
Even the slope of the stress-strain diagram, conventionally used for determining the elastic modulus, 
depends on the loading rate. There is no choice but to report strength and modulus in terms of strain 
rate. [L. Makkonen et. Al, 1994] 

 
 

 
 
σ= 9,4x105(d-1/2+3|Ѳ|0,78) 
 
σ= crushing strength (Pa) 
d= crystal size (cm) 
Ѳ= temperature (°C)  
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Ductility/Brittleness  
Depending upon the rate of loading, ice can behave as a brittle material or as a ductile material. A 

picture of a glacier makes one think that ice flows like butter. Drop an ice cube on the floor: and it 
shatters like glass. Thus ice can be very ductile and it can also be very brittle. To alleviate this difficult 
problem and to apply the conventional wisdom, based on strength as a unique number, a simple 
concept of brittle/ductile transition has been introduced. Ice is assumed to behave as a brittle material 
in the ‘brittle regime’ above a certain rate of loading. The so-called brittle-ductile transition or the onset 
of premature failure has been found to depend on the microstructure, the state of the material and, 
most of all, on the test conditions and loading history. [L. Makkonen et. Al, 1994] Ice has a hexagonal 
symmetry and the structure can be considered to consist of stacked layers. At high temperatures, when 
slowly deformed, these layers tend to slip over one another like a pack of cards, and deformation readily 
occurs. At high rates of deformation, however, brittle fracture occurs; the moving dislocations are 
apparently unable to achieve a sufficiently high velocity or rate of multiplication to keep up with a 
quickly applied load. [W.D. Kingery, 1961] The transition can be understood in terms of the competition 
between stress relaxation and stress build-up at crack tips. At intermediate rates of deformation crack-
tip stresses relax through creep deformation. [E.M. Shulson, 1999] 

In tension, the ductile/brittle transition occurs relatively abruptly. This condition depends on the 
strain-rate, stress, temperature, ice type and grain size. The foregoing indicates that the ductile to brittle 
transition in tension occurs when the strain-rate is such as not to allow sufficient time for dislocations to 
contribute significantly to the strain prior to the initiation of fracture. [L.W. Gold, 1977] Under tension ice 
breaks after lengthening 0.01–0.1% through trans granular cleavage. [E.M. Shulson, 1999] 

The ductile to brittle transition is much more gradual for compressive stress. The initiation of a crack 
during the initial stage of deformation does not affect the strength significantly, but it does allow the ice 
in the vicinity of it to conform more easily to the imposed deformation. The ductile to brittle transition 
to uniaxial compression appears to be associated with this change in the characteristics of the cracking 
activity and their dependence on stress, strain-rate, temperature, type of ice and conditions between 
the load platens and the ends of the specimen.  [L.W. Gold, 1977] 

 

 
Compressive strength is strain rate sensitive, the tensile strength is strain rate insensitive [J.J. Petrovic, 2003] 
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While the compressive strength is strain rate sensitive, the tensile strength is strain rate insensitive. 
Tensile stress-strain curves exhibit ductile behaviour at low strain rates, but brittle behaviour at 
intermediate and high strain rates. Compressive stress-strain curves show ductile behaviour at low and 
intermediate strain rates, but brittle behaviour at high strain rates. [J.J. Petrovic, 2003] The ductile-brittle 
transition occurs at lower strain rates under tension because the applied stress opens the cracks directly. 
Under compression, the required tensile stress is generated locally through crack sliding. [E.M. Shulson, 

1999] 
 

 
Schematic stress-strain curves, I, II and III denote low-, intermediate-, and high strain rates, arrows indicate either ductile 

(horizontal) or brittle (vertical) behaviour [E.M. Shulson, 1999] 

 
Observations of different strengths and deformation characteristics for different loading rates have 

led to some confusion in the literature [W.D. Kingery, 1961] Ice seems to defy conventional wisdom and, as 
a consequence, this makes it even more difficult to grasp the complexities of ice failure. To an 
uninitiated engineer, ice, certainly, appears to be a strange material.[L. Makkonen et. Al, 1994] 
 
Fracture toughness 

The fracture toughness is the balance between strength and ductility, the ability of a material to 
absorb energy and plastically deform without fracturing. The fracture toughness is one parameter that 
reflects the sensitivity for  tensile stress around a crack tip. [L. Fransson, 2009] The fracture toughness of ice 
has seen only limited investigation. The mode one fracture toughness showed no statistically significant 
variation as the average grain size increased. Also no statistically significant variation was showed by 
decreasing temperatures. However the fracture toughness does appear to be highly dependent on ice 
type. [L.J. Weber et. Al, 1992] Generally, the fracture toughness of ice is in the range of 50–150 kPa√m. By 
way of comparison, the fracture toughness of glass is typ ically 700–1000 kPa √m. Thus, ice has roughly 
one-tenth the fracture toughness of glass. [J.J. Petrovic, 2003] 
 

The fracture toughness of snow as a function of 
density is shown. The fracture toughness of snow is 
exceedingly small, being approximately 2–3 orders of 
magnitude lower than the fracture toughness of ice, 
depending on the density. [J.J. Petrovic, 2003] 

 
 
 
 

 
 

Fracture toughness of snow and ice [J.J. Petrovic, 2003]     
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Elastic deformation 
The elastic modulus describes the relationship between stress and strain. For the case of ice, the 

elastic modulus has been found to depend on the ice temperature, crystal structure, and the rate of 
stress application. Also, creep in ice can occur soon, especially at high stress levels, requiring that strain 
be measured “extremely quickly after the application of the stress”. [J. Schroedel, 2002] The elastic modulus 
can range widely. At temperatures near the melting point (-5 to -10°C), Young’s modulus of single 
crystals varies by less than 30%, from 12 GPa along the least compliant direction (parallel to the c-axis) 
to 8,6 GPa along the most compliant direction. For randomly oriented polycrystals, typical values of 
Young’s modulus and Poisson’s ratio are in an range of 9,0-11,2 MPa and 0,29-0,33. [E.M. Schulson, 1999; J.J. 

Petrovic, 2003; V.F. Petrenko et. Al, 1999] 
 
Plastic deformation (creep) 

Ice creeps. Therefore, the word ‘permanent’ in connection with ice construction essentially means 
non-seasonal: that is, ice structures that last for years or decades. In timescales longer than this even 
the polar ice-caps and glaciers are not truly permanent, but are results of a balance between ice outflow 
and snow accumulation. Because of the creep and the fact that in almost all cold areas of the world the 
outside temperature occasionally exceeds the melting point of ice, ice structures have a limited lifetime. 
[L. Makkonen et. Al, 1994] The loading of an ice structure is limited by the fracture strength for short time 
loadings and by the allowable creep deformations for long-time loadings. Often the own weight of the 
ice structure is the main load. Then not the fracture strength but the creep deformations limit the 
stresses in the ice. [G. Grabe, 1986] 

The hexagonal crystal structure of ice is the origin of the large anisotropy of the creep properties of 
ice. Slip occurs readily across the basal planes (normal to the crystal c-axis) of an ice crystal. As explained 
in the section crystal orientation. As temperature increases and approaches the freezing point, strength 
properties of ice, including tensile strength, yield or ultimate strength and Young's modulus, decrease 
significantly while rate of creep increases. [R.G. Stanley et. Al, 1975] For a given stress field and given strain, 
the creep rate will be a function of temperature, grain size, impurity content, and the nature of the 
stress field. Time-dependent deformation by delayed elasticity and viscous flow is most frequently 
studied by making constant stress creep tests in uniaxial compression or tension. Data have usually been 
presented by plotting strain e and against time t. [R.Hooke et. Al, 1980] 

 
 
 
(1) an initial instantaneous elastic deformation  
(2) a stage of decelerating creep 
(3) a stage in which strain rate appears to 
      become constant for a time 
(4) a stage of accelerating creep  
 
 

Strain-time curve for a constant stress test [R.Hooke et. Al, 1980] 

 
The terms primary, secondary, and tertiary creep have been applied to stages 2 to 4, respectively. 

Secondary creep has, in the past, been referred to as "steady state creep", [Mellor et. Al, 1980] but in 
general secondary creep should more properly be regarded as a transition from the decelerating (strain 
hardening) stage to the accelerating (strain softening) stage. The accelerating processes leading to 
tertiary creep may be (1) crack formation; (2) recrystallization accompanied by the development of non-
random fabrics; or (3) dislocation multiplication. [R. Hooke et. Al, 1980] 
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The creep behaviour of an (snow-)ice dome is described by T. Kokawa. Notable is that creep 
deflection has an linear function at the beginning, but the deflection rate increases with time until 
collapse. Collapse occurs after temperatures above freezing maintain for 2-3 days. Because of the creep, 
a large deformation (accelerating creep) will be visible before collapse, and predicts therefore the 
collapse. [T. Kokawa, 2012] 

 
All mechanical properties of ice are sensitive to temperature changes. At temperatures near the 

melting point it becomes very ductile and prone to creep. [D.M. Masterson, 2003] Creep rate increases 
rapidly but smoothly as the melting point approached with a six-fold increase in strain rate between - 
0.1 ° C and -0.01 ° C. [V.I. Morgan, 1990] At temperatures well below the freezing temperature it becomes 
stronger but also very brittle. Brittle materials fail suddenly without warning and a reasonable level of 
ductility is desirable in ice. Too much ductility, especially during warm spring days when the entire ice 
shell reaches the melting temperature, can result in large creep deformation and subsequent 
submergence of the load, without any visual damage to the ice. Submergence is to be avoided whether 
through flexural failure, or by excessive creep deformations.  [D.M. Masterson, 2003] 
 
Density 

Pure liquid water is transformed to its solid state ice, at a temperature of 0°C, at atmospheric 
pressure. An unusual property of water is that the density of the liquid is a maximum slightly above the 
freezing point (+4°C). This feature is very rare in liquid, but is not unique. [V.K. Petrenko et. Al, 1999] 

Interestingly, the density of liquid water at the freezing point is not 0,99984 g/cm3 but decreases to 
0,91668 g/cm3 when that water organizes itself into crystalline ice at 0°C. This density difference is due 
to the large open spaces within the crystal lattice of ice. The increased volume of the solid lattice causes 
pure water to expand by approximately 9 % upon freezing.  [V.K. Petrenko et. Al, 1999] Like most materials, 
ice becomes denser with decreasing temperature (at –30°C , the density of ice is about 920,6 kg/m3). 
The density of ice is affected by the presence of impurities, with the two most common “impurities” 
being air bubbles and unfrozen water. The presence of air bubbles tends to reduce the density, and 
unfrozen water tends to increase the density.  [J. Schroedler, 2002]  

 

        
[1] Input for graph is derived from engineeringtoolbox.com [2] Density of ice and water [V.F. Petrenko et. Al, 1999] 

 
Because ice freezes from the outside in, and expands, the pressure on the trapped water in the ice 

can get very high. This pressure may be big enough to break the confinement letting the unfrozen water 
out. The type of  ice that is created during confined conditions appears to be whitish and soft. In some 
cases the mould (or any other kind of boundary) will be damaged due to the strong overpressure. If 
insulation is put on top of the mould the surface will blast off at small pressures and the ice becomes 
clear. 
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Other methods to obtain clear ice (and prevent cracking) is to build up the ice of thin layers, or keep the 
water moving during the freezing process to prevent the surface from freezing. [L. Fransson, 2009]  All these 
methods prevent the surface to freeze faster than the core, so any trapped overpressure and impurities 
(air bubbles) can leave the ice.  
 

Snow is composed of ice crystals, air and, at temperatures close to 
the melting point also of water. The density of freshly fallen snow is 
typically 50-100kg m^3. Depending on the ambient conditions and 
particularly on whether the snow is wet or dry, the crystals become 
compacted and bonded to one another. Settled snow has a density of 
200-300 kg m^3, and its density continues to rise until, if it survives 
long enough, it is eventually converted to solid ice with pores through 
it.  Classification of snow is based on; grain size, density and water 
content. [V.F. Petrenko et. Al, 1999] In ice construction snow is often 
moistened to compact the ice and increase the density. This is called snow-ice, and used by the 
Japanese researcher T. Kokawa. The well-known ice hotels are made of snice. “Snice” is a portnateau of 
snow and ice. Snice has a snow-like appearance, but ice-like physical characteristics, and therefore ideal 
for ice construction. It has a density comparable with snow-ice. Snice is made artificially by atomize 
water to form ice crystals in the air with a snow cannon.  
 
3.3.2.3 Thermal Properties 

The characteristics of a material, which are functions of the temperature, are termed its thermal 
properties. Ice owes its existence to the thermal processes of phase change and heat transfer. [J. 

Schroedler, 2002] The strength of ice at a given strain rate increases with decreasing temperature. Since the 
mechanical properties of ice, especially the compressive strength, are highly temperature and strain rate 
dependent, experiments to define these properties should be performed under controlled temperature 
conditions. In the previous paragraphs the mechanical properties of ice were explained, it showed that 
the strength, stress, deformation, etc. are strongly depended on the temperature. Not only the 
temperature of the material at the moment of loading, but also the thermal history is important in how 
the ice structure developed.  
 
Specific heat 

The specific heat is the amount of heat 
required to change a unit mass of a 
substance by one degree in temperature. It 
takes (depended on the temperature) 4,186 
kJ to raise the temperature of 1 kg water by 
1°C. However it takes halve of its energy to 
raise 1kg of ice by 1°C. As water is heated, 
much of the energy is used to bend the 
hydrogen bonds; a factor not available in the 
solid or gaseous phase. This extra energy 
causes the specific heat to be greater in 
liquid water.                               Input for graph is derived from engineeringtoolbox.com                  
 
 
 
 

Density of snow 

Type of snow (kg/m3) 

New snow 50-100 

Settled snow 200-300 

Wind packed snow 350-400 

Snow-ice 700-800 
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Latent heat 
Pure water freezes at 0°C under standard atmospheric pressure. When water freezes, 333,4 J/g  of 

latent heat is released. This is a substantial amount of heat, especially when compared to the 4,217 J/g it 
takes to change the temperature of water 1°C. [J. Schroedler, 2002] Latent heat is released at the moment 
of phase change and transported in the direction of colder spots out to the cold air. The heat flow is 
proportional to the temperature difference of two nearby points. Therefore ice grows quickly in the 
beginning when it is thin but the freezing rate slows down when the ice becomes thick. Ice can be 
considered as an insulating material even though it is a poor insulation. [L. Fransson, 2009]] 

 
Thermal Conductivity 

Thermal conductivity describes the ability of ice to transmit heat under a unit temperature gradient. 
There have been many experiments done to measure the thermal conductivity of ice. The most reliable 
results are plotted in the graph below. The solid line represent the ‘best’ mean values according to the 
analysis of Slack (1980). The conductivity λ above 60K(-213°C) is reasonably well fitted by the relation: 
[V.F. Petrenko et. Al, 1999] 
 
λ= 651W m-1 K-1/T 
 

where λ is the thermal conductivity in watts per 
meter per degree Kelvin (W/m K) and T is the 
temperature in degrees Kelvin. The thermal 
conductivity of ice (2,18 W/(m.K) at 0°C is almost 4 
times higher than that of water (0,58 W/(m.K)).  
The thermal conductivity of ice is greater than that 
of building materials like concrete and wood, but 
much less than that of Metal.  Ice is not a great 
insulator, but it is not much of a heat conductor 
either. The thermal conductivity of ice is influenced 
by air bubbles and the inclusion of unfrozen water. 
 
Thermal expansion 

Thermal expansion is the tendency of matter to change in volume in response to a change in 
temperature. The (negative) coefficient of thermal expansion of water drops to zero as it is cooled to 
3,983°C and then becomes negative below this temperature; this means that water has a maximum 
density at this temperature. Linear thermal expansion coefficients of natural and artificial single ice 
crystals, commercial ice, and snow ice were determined in the temperature range near 0 to −30°C. 
There was no measurable difference in the coefficients of linear thermal expansion parallel and normal 
to the c-axis of single crystals or polycrystalline ice. More information of density change related to 
temperature can be found in the paragraph density.  
 
Thermal shock 

Cooling or heating a material can create stresses leading to fracture, i.e., thermal shock. Thermal 
shock resistance typically varies directly with fracture strength & thermal conductivity while it varies 
inversely with stiffness & thermal expansivity. Vulnerability to thermal shock is higher for materials like 
ice which have crystals that are not symmetric in all directions (anisotropic) because thermal expansion 
is dependent upon crystallographic dimensions. If the weather is very cold, say –30 °C, the ice in the 
core of a shell will still be considerably warmer and when upon exposure it is subject to thermal shock. 
This shock causes deep cracking and does weaken the ice shell. [D.M. Masterson, 2009] 

Thermal conductivity of H2O from 60 to 273 K (-213 to 0°C) 
[V.F. Petrenko et. Al, 1999] 
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In an experiment Ice spheres of 2–3 cm in diameter were cooled to various sub-zero temperatures, then 
rapidly heated in water at 0°C. The thermal shock fracture probability was observed to be 50% at a 
temperature difference of 15◦C and 100% at a temperature difference of 20°C and higher. [J.J. Petrovic, 

2003] 
 
3.3.2.4 Optical Properties 

The optical properties of ice are important for architectural applications of ice. The aesthetics of 
these structures are fully depended on the use of one material, ice. However, not only the aesthetics are 
important; reflection, absorption, colour and transparency are also important because they influence 
the melting speed and therefore the lifetime of the structure. 
 
Absorption and Reflection  

The melting process of ice starts when the temperature of the surface rises to 0°C. This does not 
necessarily mean that the air temperature is 0°C, as evaporation from the ice surface into the air and 
heat conduction into the bulk ice may considerably cool the surface. In dry air, at relative humidity of 
40%, well-ventilated ice melts only at about +5°C. If the bulk ice is much colder than 0°C the ice surface 
may not melt even at higher air temperatures.  

Conversely, if the ice surface is exposed to direct sunlight, melting may start at temperatures 
slightly below 0 °C. The significance of this largely depends on the impurities on the surface and on the 
structure of the ice. A pure, bubble-free ice surface only reflects less than 2% of the incident radiation, 
but air bubbles in ice increase the reflection up to 50%. Foreign particles, such as dust, sand and organic 
materials, decrease the reflection. Thus, during sunny periods, melting of an uncovered ice surface can 
be effectively reduced by keeping the surface free of contaminants, or by applying white ice (snow, for 
example) on the surface. [L. Makkonen et al. 1994] 
 
Transparency 

The number of cracks, density and ice thickness determine the transparency of the ice. So with a light 
source you can actually see the amount of cracks in a structure on the basis of the light transmittance. 
This is a method to control the uniformity of the ice (structure). [T. Kokawa] 

 
Colour 

It has been the practice in some ice loading specifications and guides to assign strength to the ice 
cover based on its colour. “Blue” (columnar)ice is considered to be stronger than “white” ice. The 
colouration of ice is affected by the c-axis orientation. Thus lake ice, having a preferred vertical c-axis 
orientation, will have a bluish colour while the random c-axis orientated ice found on rivers will have a 
white colour. [D.M. Masterson] In the chart an categorization of lake/river ice is shown using the colour of 
ice as indication. 
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[G.W. Graham et. Al, 2003] 

 
3.3.3 Limitations of ice as construction material 

Ice is considered as a material which can be used as a construction material. Conversely it can also 
exert unwanted forces on the built environment. Because of both the (mechanical) properties of ice are 
studied. However using ice as a construction material has some limitations.  

In general, the utilization of ice and snow in its natural state has been well developed and 
engineering methods have been successful. However, construction and fabrication techniques for using 
snow at a site selected by the engineer have not, as yet, been developed, nor has it been shown that 
this kind of ice and snow engineering is feasible. Analysis of the problem involved shows that substantial 
difficulties occur with regard to the properties of ice as a structural material, with regard to processing 
methods for forming structures. [W.D. Kingery, 1960] 
 
Properties of ice (and snow) 

First the engineering properties of ice and snow are relatively poor compared to other construction 
materials. It is relatively weak, and extremely brittle. Furthermore, owing to the very high temperatures 
(relative to its melting point) that it typically experiences, ice usually exhibits significant creep 
deformation over time. Ice readily deforms with time under stresses as low as 1 kg/cm2, so that it is 
unsuitable for permanent or semi-permanent loads. The properties of ice get worse at temperatures 
close to 0°C. Their mechanical properties are strongly temperature-dependent.  

Yet ice is used in a number of situations in northern climates as a building material. In general, it is 
used for temporary structures that will not survive more than one winter season. During the spring thaw 
the ice structure becomes unsafe and can no longer be used. [L. Makkonen et. Al, 1994] The low strength 
values observed for natural ice and snow means that massive structures are necessary in order to 
achieve useful results, in addition to its low breaking strength. [W.D. Kingery, 1960]  

 
Processing methods 

Second to the present state of development of processing techniques. Necessary processing 
techniques depend to a large extent on the properties which can be achieved. Because these properties 
determine the amount of material that must be handled, the size of structures that can be built and 
their utility. Artificial flooding and freezing has been successfully employed with fresh water. 
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However, fresh water is frequently not available. Another processing method that has been attempted 
is snow compaction to form a dense, strong product. [W.D. Kingery, 1960] More information about the 
processing methods of snow and ice can be found in chapter 4 building methods. 
 
Melting 

The utility of ice and snow structures is limited by the prevalence of at least a short melt season in 
most Arctic localities. This makes the useful life short. Melt protection is necessary even in the coldest 
areas of the world. [N.K. Vasiliev et. Al, 2011]. However little effort has been devoted towards the possibility 
of controlling this by insulation, surface treatment or refrigeration techniques. [W.D. Kingery, 1960] 
 
3.3.4 How to improve ice as a construction material 

Better construction properties, a building method which provides good material properties and melt 
protection can improve the application of ice structures in artic areas. There are several ways in which 
the thermal and mechanical properties of ice can be improved. The improvement of the material is 
discussed in the second half of this chapter. The building method is discussed in detail in chapter 4. 

The make the material more useful as a structural material, the strength and resistance to creep 
deformation has to be improved. [W.D. Kingery, 1960] Much knowledge can be gained from more common 
construction materials like concrete which is studied more detailed.  Because ice and concrete has some 
similarities like a low tensile strength compared to its compressive strength, the development of 
reinforced ice is not that strange. To make ice more suitable and thus more applicable as an arctic 
construction material it has been found that the mechanical and thermo mechanical behaviour of ice 
can be improved significantly by reinforcement. [N.K. Vasiliev et. Al, 2011] Improved ice properties are 
capable of attainment substantially decrease difficulties in processing, since they reduce the amount of 
material that must be handled. Alloys based on ice have not been extensively studied. The first serious 
consideration given to develop improved properties was the development of ice-sawdust mixtures, 
"pykrete" as described by M.F. Perutz. In addition, it has a much more uniform strength than pure ice 
and provides a real opportunity for building structures from ice with improved characteristics. [W.D. 

Kingery, 1960]  
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3.4 Reinforced ice 
 
3.4.1 Introduction 

There are various methods than can improve the mechanical properties of ice. Methods of creation 
of ice composites are the most effective. The choice for a type of ice composite is determined by the 
technical and economic assessment that takes into account the costs of the creation of the ice-
composite (the equipment and the material delivery etc.) and the technical economic effect that is 
received as a result of using this type of ice-composite: reduction of the construction period, increase of 
the construction reliability and elongation of the time the structure constructed can be used. [N.K. Vasiliev 

et. Al, 2003] 
The purpose of reinforcing any material is to provide an enhancement of various mechanical 

properties for that material. This holds true for ice, which exhibits a number of drawbacks when 
considered as a structural material. [L. Makkonen et. Al, 1994] A composite is considered to be any 
multiphase material that exhibits a significant proportion of the properties of both constituent phases 
such that a better combination of properties is realized. All composites generally have one thing in 
common: a matrix or binder combined with a reinforcing material. Obviously, a composite consists of a 
matrix material, dispersed within which is a dispersion of one or more phases of another material. The 
matrix binds the fibres together, separates the fibres and protect the surface of fibres from damage. The 
interfaces are the links between fibre and matrix and transfers the stress. If the fibres are directionally 
oriented and continuous, the material is termed an advanced composite. [S.L. Kakani et. Al, 2004]  
 
Benefits 

Ice reinforcement has been proposed as a way to improve the structural characteristics of ice. There 
are a number of benefits to be gained by reinforcing ice. The first is that the reinforcement will improve 
the tensile strength of ice, which is very low. The second is that the reinforcement of the ice will 
improve the time-dependent behaviour of the ice, by slowing down the creep rate. Both these 
improvements affect the mechanical behaviour of the ice directly. A third benefit that can be gained 
from reinforcement of ice is an improvement in the manufacturing time of an ice structure. If a given 
volume of material is to be produced by freezing, then that volume will be more rapidly frozen if part of 
the volume is taken up by non-freezing materials (that is, solid materials). Reinforced ice is also more 
resistant to thermal shock and has a more ductile behaviour compared to plain ice.  Further, by virtue of 
its strengthening effect, the reinforcement may mean that less total volume is required. Reinforcement 
permits structures to be designed that are lighter in weight, require less material and material handling, 
and can carry heavier loads. Reductions in required ice thicknesses of up to 25% can be achieved by use 
of such reinforcement. In this way, adding reinforcement may significantly speed up the construction 
process, and thus provide considerable financial savings. [L. Makkonen et. Al, 1994] The overall motivation 
for designing composites is probably economic. Even though the cost per unit volume is raised, the total 
cost (including the total volume of material needed and the cost of installation) is decreased. [R.L. Coble, 

W.D. Kingery, 1962] 
 

Drawbacks 
While reinforcing ice has benefits, it also has drawbacks. First, adding a second material to the 

construction process will increase both the difficulty and the cost of that process. If the reinforcement 
must be placed accurately there may be a significant cost increase in this regard, and a need for skilled 
labour. Further, if the reinforcing material is not available on site, shipping costs may be high. 
Unfortunately, many of the reinforcing materials are not readily available in remote Arctic (or near 
Arctic) locations. [N.K. Vasiliev et al, 2011] It is necessary to use local reinforcement materials to make it 
financially feasible. 
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Also care must be taken to ensure that the reinforcing material does not become an environmental 
hazard after thaw has occurred. This may require a costly clean-up process after the construction is no 
longer usable. Reinforcement materials have to be found that are harmless for the environment. The 
last important drawback is that the volume of material may disintegrate somewhat more rapidly during 
the spring thaw, owing to its reduced thermal capacity. [L. Makkonen et. Al, 1994]  A solution have to be 
found to prevent solar radiation to heat up the fibres. [L. Fransson, 2009] 

 

3.4.2 History 

The positive effects of reinforcement on ice beams have been known for a long time. [L. Makkonen et. Al, 

1994] The inhabitants of northern regions traditionally used lichen to strengthen their igloos. [N.K. Vasiliev 

et. Al, 2003] However the first serious consideration to develop improved properties of ice was the 
development of ice-sawdust mixtures, "pykrete" to build an aircraft carrier during the Second World 
War. [W.D. Kingery, 1960] 
 
Habbakuk project 

The first reported attempt to use ice with reinforcement occurred during the Second World War, as 
part of operation Habbakuk. This was a plan, devised with Churchill’s approval, to build a fleet of iceberg 
aircraft carriers to provide fighter cover for the North Atlantic convoys. [L. Makkonen et. Al, 1994] 
It was evident that some of the Allies difficulties were due to their lack of air power in the distant 
battlefields. There was not only a scarcity of aircraft, but such machines as they possessed had a limited 
range and could not be brought into operation where they were most needed. It was only natural, 
therefore, that a proposal for the apparently cheap construction of gigantic aircraft carriers, capable of 
operating land-based aircraft thousands of miles from their base, was seriously considered. The aim was 
to use ice in building aircraft carriers with a length of 610 m and a draft of about 46 m. 

In October 1942 Mr. Geoffrey Pyke, the originator of the plan, submitted a memorandum to the 
Chief of Combined Operations in which he proposed that an iceberg, either natural or artificial, should 
be hollowed out to shelter aircraft and levelled to provide an adequate runway. Mr. Pyke pointed out 
that all strategic materials such as metals, wood and concrete were already being used to the full for the 
war effort. [M.F. Perutz, 1946]  

 

 

 
“HMS Habbakuk” [W. D. Lampe, 1959] 
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Trials were made in two locations in Alberta in Canada. The idea for a ship made of ice impressed the 
United States and Canada enough that a 60-foot (18 m)-long, 1.000-ton ship was built in one month on 
Patricia Lake in the Canadian Rockies. It was, however, constructed using plain ice. [M. F. Perutz, 2002]  It 
soon became apparent that neither natural icebergs nor ice floes were suitable as air-bases, the former 
because their surface above the water was too small and the latter because they were too thin to 
withstand the waves of the Atlantic.  

Investigations were made of the behaviour of large size plain and reinforced ice specimens under 
steady or slowly changing loads. The specimens were made from blocks of ice from lakes, from ice made 
by freezing water in thin layers, and from mixtures of water and crushed ice or snow. Only large-scale 
reinforcement was used in the beams made and tested. As a structural material ice was found to be too 
unreliable and its resistance to explosives quite unpredictable. Owing to its brittleness it was dangerous 
to regard any reasonable stresses as safe for constructional purposes, even with large-scale 
reinforcement. Considerable effort was devoted to find an effective small-scale reinforcing material. 

In the summer of 1942 Pyke had arranged for Professors W.P. Hohenstein and H. Mark, Brooklyn 
Polytechnical Institute in New York, to look for small-scale reinforcing materials to strengthen ice. As an 
expert on plastics, he knew that many of them were brittle when pure, but could be toughened by 
embedding fibres such as cellulose in them, just as concrete can be reinforced with steel wires. [M. F. 

Perutz, 2002] Pyke learned from the report by Herman Mark and his assistant that ice made from water 
mixed with wood fibres formed a strong solid mass— much stronger than pure water ice. It was found 
that the consistency of unfrozen pykrete varied from a "dry, non-plastic condition" at 14% wood pulp 
(by dry weight), to quite liquid at a pulp content of 2%. The optimum content was between 4% and 8%. 
[L.W. Gold, 1989] In view of the similarity to concrete and in honour of the originator of the bergship 
project, the frozen wood pulp was given the code name of pykrete (Pyke's concrete). [W.D.Kingery, 1961] 

The method of manufacture was to spread a mush, made by mechanical mixing pulp with water, over a 
flat surface; it was then rolled until a uniform smooth layer of 1cm thick had been obtained. This being 
frozen by blowing cold air across it. A total of 1,700,000 tons of this material would have had to be 
produced in one winter to build a single ship. 

A preliminary design for the vessels to estimate the time and cost of their construction were made. 
This work brought to the project the realities and discipline that must be part of the design process. The 
results had shown that it would not be possible to complete vessels before the spring of 1945. Even the 
design would take at least nine months. It was also estimated that the first "bergship" would cost about 
$100 million Canadian dollars, and would require a work force of about 35.000 individuals for its 
construction. To keep the material sufficiently cold, the ship would need an insulating skin, and 
numerous (steel tube) refrigerating ducts carrying compressed air at -30°C. This would be supplied by 
sixteen refrigerating plants. In a final reporting on the work done in Canada, the Acting President of the 
National Research Council stated that “From a purely technical and scientific standpoint there does not 
appear to be any reason to doubt that such a project could be constructed. The essential difficulties are 
in engineering design and construction.” By the end of the summer of 1943 the impossibility of building 
"bergships" in time to be of use in the battle for Europe had been confirmed. [L.W. Gold, 1989] The 
exigencies of the war situation changed, flight ranges increased markedly, while on the other hand 
600m was no longer sufficient for handling the planes that the carrier would be expected to service. 
[W.D.Kingery, 1961] 
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Since WWII pykrete has remained a scientific curiosity, unexploited by research or construction of 
any significance. [P. Breeze, 1985]  At the peak of the Cold War there was again some interest in the 
methods of ice reinforcement. Runways for heavy-weight planes B-52 in the Arctic region have been 
built using the methods of reinforcement of ice by means of fiberglass. [N.K. Vasiliev et. Al, 2011] Several 
researchers have investigated reinforced ice. Coble and Kingery (1963) looked at ice reinforced with 
wood products, fiberglass and asbestos. Dunaev (1957) investigated sea ice strengthened by 
hygroscopic agents (sawdust and slag), fresh water ice and algae. The properties of ice and snow 
reinforced with sawdust have been studied by Kagan et al. (1965) and Wuori (1963). Jarret and Biggar 
(1980) gave their recommendations on the use of geotechnical fabrics in ice, whilst Glockner (1988) 
suggested making fibre reinforced ice domes. Nixon and Smith (1987) studied the toughness of wood-
reinforced ice, and Kuehn and Nixon (1988) considered both toughness and bending strength of wood-
reinforced ice, along with some simple economic aspects. [N.K. Vasiliev et al, 2011] 

Because of an recent episode dedicated to pykrete by the popular science entertainment TV program 
MythBusters, the material is introduced to a broad public which have led to curiosity and new 
investigations.  
 

 

 

 

 

 

 

 

 

“HMS Habbakuk” courtes [Mondolithic Studios] 
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3.4.3 Reinforcement types 

For success in the development of ice alloys, it is necessary to have good information on the 
properties of ice and on its behaviour with regard to deformation and fracture. The properties of the ice 
alloy/composite depends on the type and material of reinforcement. 
 
3.4.3.1 Classification of composites (universal) 

One can classify composite materials as per simple scheme shown in the figure below. There are 
three main divisions: particle reinforced, fibre-reinforced, and structural composites. We note that there 
exist at least two subdivisions for each main division.  

The dispersed phase for particle-reinforced composites is equi-axed (i.e., particle dimensions are 
approximately the same in all directions) and the dispersed phase for fibre-reinforced composites has 
the geometry of a fibre. (i.e., a large-length-to-diameter ratio). Structural composites are combinations 
of composites and homogeneous materials. Examples of these three groups of more traditional building 
materials include concrete, a mixture of cement and aggregate, which is a particulate composite; fibre 
glass, a mixture of glass fibres imbedded in a resin matrix, which is a fibre composite; and plywood, 
alternating layers of laminate veneers, which is a laminate composite. [S.L. Kakani et. Al, 2004] Examples and 
categorisation of ice composites, in a comparable scheme can be found on the next page.  
 

 
 Classification of composites [S.L. Kakani et. Al, 2004] 

 
Characteristics of composites 

Composite materials are superior to all other known structural materials in specific strength and 
stiffness, and other properties. The properties of composites mainly depend on the physic-mechanical 
properties of their components and the strength of bonds between them. A characteristic feature of 
composite materials is that the merits of their components are fully utilized. Composite materials may 
acquire certain valuable properties not found in the components. For obtaining the optimal properties 
in composites, their components are chosen so as to have sharply different, but complementary 
properties. Composite are mutually insoluble or only slightly soluble and divided by distinct boundaries.  

Fillers, i.e., other components are uniformly distributed in a matrix. These plays the major part in 
strengthening of composites and thus they are called strengtheners. Fillers should possess high values of 
strength, hardness and elastic modulus. These characteristics should be substantially higher than those 
of the matrix. With an increase of the elastic modulus and ultimate strength of a filler, the 
corresponding properties of a composite material also increase, but do not reach the value of the filler. 
Fillers are alternatively called reinforcing components. 
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This is a broader term than ‘strengthener’, it does not specify the particular strengthening role of filler 
which may use or improving other properties of a composite. [S.L. Kakani et. Al, 2004] 
 
3.4.3.2 Classification of  ice composites 

In literature a categorisation like above is also made specific for ice composites. The Russian 
researcher N.K. Vasiliev made such a scheme in both 2003 and 2011. The first scheme is focusing on the 
methods of creation. Ice can be reinforced by introducing reinforcing components or by alternation of 
frosting conditions. At the bottom 3 groups are formed corresponding with the subdivision in the 
scheme above; 
1) The composites that consist of a continuous phase (ice) and a disperse phase (particles, pores, brine 
inclusions)  
2) The composites with different fibres  
3) The composites that consist of two or more continuous phases – sandwich or laminar types and 
composites with the fibres in a hybrid pattern of reinforcement. [N.K. Vasiliev et. Al, 2003] 

 

 
 Methods for creation of ice-composites [N.K. Vasiliev et. Al, 2003] 
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The second scheme has the same three end groups. However a prior subdivision is made were a 
distinction is made between micro- and macroscopic reinforcement. In the next paragraph both 
microscopic an macroscopic reinforcement will be explained. Hereafter the 3 subcategories are 
discussed.  

 

 
                   Methods of ice reinforcement [N.K. Vasiliev et. Al, 2011] 
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3.4.3.3 Macroscopic reinforcement 
Improvement of the tensile strength of ice can be achieved in several ways. First, other materials can 

be embedded in the ice in regions where it will experience tension. This material then has many 
similarities to reinforced concrete, in that the reinforcement is deliberately placed, and has a much 
higher tensile strength than the matrix in which it is embedded. The idea is that the reinforcement 
carries all or most of the tensile stress. In ice such reinforcement can be termed macroscopic, and has 
been achieved by use of tree trunks, steel cables, and geogrid. In this case these composites consist of 
two or more continuous phases – sandwich or laminar types of composites. [L. Makkonen et. Al, 1994] [N.K. 

Vasiliev et. Al, 2011] However, it should be stressed that at present there is nothing even remotely 
resembling a design guide for the use of such materials for strengthening ice. Accordingly, considerable 
care and experimental work would be needed before such reinforcement could be employed in actual 
projects. There are two key problems that must be addressed: 
- First, can the reinforcement be placed so as to bear the tensile stresses within the ice?  
- The second problem facing the designer is how much and what type of reinforcement to use. Some 

insight may be gained into this using the basic theory behind reinforced concrete design, but until a 
more complete design guide is available, experiments, certainly in the laboratory and ideally at 
prototype scale in the field, will be needed to determine the optimum reinforcement to be used. [L. 

Makkonen, 1994] 
 
3.4.3.4 Microscopic reinforcement 

The second way to improve the tensile strength of ice is to mix with the ice something that will 
inhibit crack formation and propagation, which tend in ice to determine the tensile strength. This sort of 
reinforcement is mixed homogeneously with the ice, to produce a material that is essentially isotropic. 
This differs from the macroscopic reinforcement described above, in which reinforcement is localized. In 
this case, it is generalized, and, in general, the scale of the reinforcing agent is similar to the 
microstructural scale of the ice. This homogeneous reinforcement can be termed microscopic. A number 
of reinforcing materials have been proposed for microscopic reinforcement of ice, including various 
water-soluble polymers, disperse and fibrous materials. Micro-reinforcement of ice with a variety of 
products can lead to a material that is significantly stronger than plain ice. One of the concerns in micro-
reinforcement of ice is that the material can be collected after use, and safely removed so as to 
minimize any long-term environmental impact. [L. Makkonen et. Al, 1994; N.K. Vasiliev et. Al, 2011] 

The ice composites obtained through microscopic reinforcement can be divided into two groups: 
1. The composites which consist of a continuous phase (ice) and a disperse phase (particles, pores, brine 
inclusions) - these are aerated ice or aero-ice, foam-ice, ice composites with hard particles and frozen 
soils. Sea ice can also be described as a composite of this group. 
2. Ice composites with short fibres. Ice composites reinforced by a variety of wood-based materials 
(wood pulp, sawdust), glass fibres or water-soluble compounds. [N.K. Vasiliev et Al, 2011] 
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3.4.3.5 Particle reinforcement 
The first sub group discussed is particle 

reinforcement ice. This group can  be further 
classified under two subgroups: large particle 
and dispersion strengthened composites.  [S.L. 

Kakani et. Al, 2004] 
 
Large-particle composites 

The term ‘large’ indicate that particle-
matrix interactions cannot be treated on the 
atomic or molecular level. The particle for most of these composites is harder and stiffer than the matrix. 
In the vicinity of each particle, these reinforcing particles tend to restrain movement of the matrix phase. 
Obviously, the matrix transfers some of the applied stress to the particles, which bear a fraction of the 
load. The particles can have quite a variety of geometries, but they should be approximately the same 
dimension in all directions (equi-axed). Particles should be small and evenly distributed throughout the 
matrix for effective reinforcement. Moreover, the volume fraction of the two phases influences the 
behaviour; mechanical properties are enhanced with increasing particulate content. [S.L. Kakani et. Al, 2004] 

An example of large-particle reinforced ice are sawdust and sand. Results show that bending strength 
tends to increase with decreasing particle size, and also suggest that there is a critical percentage 
reinforcement, above which value considerably higher bending strengths are obtained. Preliminary tests 
show that ice can be strengthened significantly by the addition of alluvium (silica sands, gravels, coarse 
sands). The degree of strengthening has been found to be dependent on both the type and the amount 
of alluvium used. Further investigation is needed to determine what strengthening mechanisms are 
operating and to investigate the creep behaviour of the alluvium-reinforced ice. Nevertheless, the 
preliminary results indicate that alluvium-reinforced ice could be an effective and economical 
construction material in arctic regions. [W.A. Nixon, 1989] Compared to fibrous composites the amount of 
reinforcement material is relatively high (more than 70%). However most kinds of alluvium are readily 
available in artic regions, and therefore this is not a major problem. The properties and the technology 
of the creation of large particle composites are described by Vasiliev (1986), Nixon (1989) and Kingery 
(1960). [N.K. Vasiliev et. Al, 2003] 
 

  
[1] Bending strength vs. particle size, W.A. Nixon 1989, [2] Alluvium data [W.A. Nixon, 1989] 

 
 
 



Reinforced ice structures 

54 | Technical University Eindhoven 

Dispersion-strengthened composite 
This type of composite contains small particulates or dispersions, which increase the strength of the 

composite by blocking the movement of dislocations. Particles for dispersion-strengthened composites 
are normally much smaller than the previous method (diameter between 0.01 and 0.1µm). Particle-
matrix interactions occur on the atomic or molecular level and lead to strengthening. The mechanism of 
strengthening is similar to that for precipitation. The matrix bears the major portion of an applied load, 
whereas the small dispersed particle hinder or impede the motion of dislocations. Obviously, plastic 
deformation is restricted such that yield and tensile strengths, as well as hardness improve. [S.L. Kakani et. 

Al, 2004] 

Investigations of the use of hard particles as additives were carried out by adding kaolinite of fine 
particle size as a dispersion material during the solidification process. Studies were made of short-time 
strength and of deformation characteristics. It was found that the short-time strength was not improved 
by the addition of kaolinite. However, the rate of deformation under a fixed stress was substantially 
reduced. [W.D. Kingery, 1961] Small particles frozen in the ice , for example kaolin’s, reduce the creep but 
don't improve the fracture strength significantly. Wood pulp enhances the fracture strength and reduces 
both brittleness and creep. Also starches can reinforce ice. In the example of using starch for ice 
reinforcement it is possible to use water-soluble high-molecular compounds for this purpose. Some of 
these compounds have a number of features favourable for ice reinforcement such as solubility in water, 
ecological purity, low cost, reinforcing effect on such a brittle material as ice. Among other high-
molecular compounds cryogels and PVA (polyvinyl alcohol) in the first place, are more effective for ice 
reinforcement. PVA is a firm water-soluble polymer. It does not have any taste or smell, is nontoxic. [N.K. 

Vasiliev et al. 2011] 
 
3.4.3.6 Fibre Reinforcement 

Fibre composites form an important 
subset of the class of engineering materials. 
Obviously, a composite is a multiphase 
material that is artificially made. Fibre 
reinforced composites are strong fibres 
imbedded in a softer matrix (ice) to produce 
products with high strength-to-weight ratios. 
The matrix phase serves several functions for 
fibre-reinforced composites; The matrix binds 
the fibres together and acts as a medium by which an externally applied stress is transmitted and 
distributed to the fibres, which absorbs the stress. It also has to protect the individual fibres from 
surface damage as a result of mechanical abrasion or chemical reactions with the environment. The 
matrix separates the fibres and, by virtue of its relative softness and plasticity, prevents the propagation 
of brittle cracks from fibre to fibre. [S.L. Kakani et. Al, 2004] Fibrous materials have proved to be the most 
effective strengtheners of ice. [N.K. Vasiliev et. Al, 2003] 
 
Length /diameter ratio 

In order to have effective strengthening and stiffening of the composite material, some critical fibre 
length is essential. This critical length is dependent on the fibre diameter, its ultimate strength and the 
fibre-matrix bond strength. [S.L. Kakani et. Al, 2004] The critical length, lc ranges between 20 and 150 times 
the fibre diameter. Obviously, the strength of these composites comes from the bonding between the 
reinforcement fibres and the matrix. The length-to-diameter, or aspect-ratio of the fibres used as 
reinforcement influences the properties of the composite. The higher the aspect ratio, the stronger the 
composite. 
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It was shown that high length-to-diameter ratios are 
important if the fibre is to support a large share of the 
load. Large ratios must be necessary to ensure that the 
load be transferred from one fibre to another by shear 
through the matrix without exceeding some critical shear 
stress. With relatively short fibre, fracture results from 
shear failure in the matrix. High length to diameter ratios 
are desirable to achieve high strengths. Therefore, long, 
continuous fibres are better than short ones for 
composite construction. However, continuous fibres are 
more difficult to produce and place in the matrix. Shorter 
fibres are easier to place in the matrix but offer poor 
reinforcement. Some trade-off is made when shorter, 
discontinuous fibres are used with aspect ratios greater 
than a specified minimum value. The greater the number 
of fibres, the stronger the composite. This holds true up to about 80% of the volume of the composite, 
where the matrix can no longer completely surround the fibres. In order to affect a significant 
improvement in strength of the composite, the fibres must be continuous. [S.L. Kakani et. Al, 2004] The 
graph at right shows that the critical length of the fibre decreases with decreasing temperature. At 
temperatures approaching 0°C the strength efficiency of such reinforcement decreases due to reduction 
of interfacial adhesion. When elastic fibres are subjected to long-term loading the fibre length must be 
considerably in excess of critical length:  

 
lc=  σ2d/2 τ.  
 
Where σ2 is the reinforcing fibre strength; d is the fibre diameter; τ  is the ultimate interfacial bond 

stress. [N.K. Vasiliev, 1992] Fibres can be grouped into three different classed based on their diameter and 
character: whiskers, fibres and wires. 
         
Orientation 

Reinforcement can be achieved in practice by parallel, planar, or three-dimensional arrays of fibres. 
Parallel fibre reinforcement is most efficient because continuous fibres can be utilized. The most 
probable fraction criterion in this case is that the fibre strength must be exceeded. Two-dimensional 
planar reinforcement is required for most applications by the imposed load. Two-dimensional 
reinforcement can readily be achieved with woven cloth or random mat, but may be more expensive 
than random reinforcement. The most economical materials an processes provide a random array of 
fibres which provides three-dimensional reinforcement. [R.L. Coble, W. D. Kingery, 1963] There are two 
possible extremes with respect to orientation: a parallel alignment of the longitudinal axis of the fibres 
in the single direction, and a totally random alignment. Continuous fibres are normally aligned as shown 
in Fig. (a), discontinuous fibres may be aligned shown in Fig. (b) and randomly oriented, as or partially 
oriented as shown in Fig. (c). The results for short length fibre reinforcement in the graph below shows 
that the strength depends on the fibre distribution and orientation. 

Fibre length vs. temp. [N.K. Vasiliev et. Al, 2003] 
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Types of fibre reinforcement 

The arrangement or orientation of the fibres, relative to each other, the fibre concentration, and 
distribution, all have a significant influence on the strength and other properties of fibre-reinforced 
composites. [S.L. Kakani et. Al, 2004] Given these variables, 3 types of fibre reinforced composites can be 
distinguished: 
- Continuous aligned fibre composites 
- Discontinuous and aligned fibre composites 
- Discontinuous and randomly orientated fibre composites  

 
1. Continuous and aligned fibre composites 

The mechanical behaviour of this type of composite depend on Stress-strain behaviours of both 
fibre and matrix phases, the phase volume fractions and also on the direction in which the stress or 
load is applied.  

The stress-strain behaviour of a brittle fibre and a ductile matrix are shown below. The 
composite obtained out of these 2 materials represents a stress-strain curve that lies between those 
two lines. The elastic modulus of the fibre has to be greater than that of the matrix. If the matrix 
(frozen water) behaves as a brittle or ductile material is strongly depended on the strain-rate.  

 
Stress-strain curve for brittle fibre and ductile matrix materials [S.L. Kakani et. Al, 2004] 

[1] A-Continuous, B-Discontinuous and C-Random aligned 

fibres [S.L. Kakani et. Al, 2004] 
[2] The effect of the 25mm fibreglass reinforced ice at -

20°C to the relative strength. 1-Logitudinal, 2- 

longitudinal-transverse, 3- random [N.K. Vasiliev, 1992] 
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Moreover, the properties of a composite having its fibres aligned are highly anisotropic. 
However, used with uni-axial forces in the strongest direction it is more effective than an randomly 
orientated fibre composite which is isotropic. Dependent on the direction in which they are 
measured; In longitudinal direction the situation wherein the stress is applied along the direction of 
alignment a high stiffness/strength is obtained. In transverse direction the load is applied at a 90° 
angle to the direction of fibre alignment the stiffness of the material is relatively poor. [S.L. Kakani et. Al, 

2004] The chart below shows that the transverse tensile strength of some (non-ice composites) 
materials is just a fraction of the longitudinal tensile strength.  

 

 
Longitudinal vs. Transverse tensile strengths [S.L. Kakani et. Al, 2004] 

 
2. Discontinuous and Aligned Fibre Composites 

The fibres in this type of reinforcement are also aligned, and the material also behaves 
anisotropic. The only difference with the previous reinforcement type is that there is not an equal 
amount of reinforced material present in every section of the composite. Although reinforcement 
efficiency is lower for discontinuous than for continuous fibres, discontinuous and aligned fibre 
composites are more in demand.  

  
3. Discontinuous and Randomly oriented Fibre composites 

This last method of fibre reinforcement is the most commonly used method. Fibre 
reinforcement is normally used when a preferred fibre orientation is random, short and 
discontinuous. Mainly because this kind of composite is much easier and cheaper to produce 
compared to the previously two methods. The fact that the strength of this isotropic composite is 
slightly lower compared to an aligned fibre composites (in the longitudinal direction) is outweighed 
by the advantages of this method.  

 
From literature preconditions arose to which a short fibre in an ice composite must conform: 

1. The elastic modulus of the reinforcing fibre must be greater than that of the matrix. If  a 
reinforced ice piece is strained, the stresses in the reinforcements are higher than in the ice and take 
a big part of the load. [G. Gabre, 1986] 
2. The strength of the reinforcing fibre must be greater than the matrix; enough greater such that 
the maximum strain at fracture is greater for the fibre than for the matrix. 
3. The ratio of fibre length to diameter must exceed about 20 to 1, with an upper limit dependent 
on the mode of fracture and geometry but not explicitly defined.  
4. Other factors that have not been defined may also be important for a system with ice and fibres. 
As an example, the ratio of fibre length to grain size may be an important factor if ice failure occurs 
at grain boundaries. [R. L. Coble and W. D. Kingery, 1963] 
 

Nixon and Smith (1987) proposed a strengthening model, which indicated that the fibrous 
(wood-based) material could provide strengthening in three ways. Each of these ways increased the 
energy required to fracture the ice. Thus, for an ice composite in which the reinforcing agent is 
fibrous, for fracture to occur the fibres must debond from the ice, they must be pulled out of the ice, 
and finally the fibres must fracture.  [L. Makkonen, 1994] 
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To minimize fibre pull-out, it is essential that adhesive bonding forces between fibre and matrix 
are high. In reality, the choice of the matrix-fibre combination bonding strength is an important 
factor. The magnitude of this bond plays vital role in the ultimate strength of the composite. To 
maximize the stress transmittance from the weak matrix to the strong fibres, adequate bonding is 
essential. [S. L. Kakani et. Al, 2004] Because the matrix material consist of ice (frozen water) a hydrophilic 
material that absorbs water will form a very strong bond with the ice, because the matrix material is 
nestled in the fibrous material.  

 
Fibre pull-out [S. L. Kakani et. Al, 2004] 

Hybrid (fibre) composites 
The composites obtained by using two or more different kinds of fibres in a single matrix are termed 

as hybrid. Hybrid composites have a better all-round combination of properties than composites 
containing only a single fibre type. [S. L. Kakani et. Al, 2004] It was found that ice reinforced with fibreglass 
net and sawdust in a hybrid pattern performs better then only sawdust. The specimens with a hybrid 
reinforcement have a higher compressive strength than those with only wood fibre reinforcement. [N.K. 

Vasiliev, 1992] 
However hybrid fibre does not always mean a combination of different reinforcement materials, but 

can also refer to a combination of different length to diameter ratios of one reinforcement material in a 
composite. More about this phenomenon can be found in chapter 5; reinforced shotcrete.  
 
3.4.3.7 Structural reinforcement 

The last category of composites called 
structural reinforcement and consist of 
laminates and sandwich panels. Both 
consisting of a layered structure.  
 
Laminar composites 

When multidirectional stresses are 
imposed within a single plane, aligned layers 
that are fastened together one on top of 
another at different orientations are frequently utilized. These are called 
laminar composites. The individual odd number of piles are staked so that the 
grain (or aligned reinforcement) in each layer runs perpendicular to that of the 
layers above and below it. Laminates require two or more layers to be bonded 
together. Obviously, a laminar composite has relatively high strength in a 
number of directions in the two-dimensional plane; however, the strength in 
any given direction is, of course, lower than it would be if all the fibres were 
oriented in that direction. Applications involving totally multidirectional applied 
stresses generally use discontinuous fibres, which are randomly oriented in the 
matrix material. 

Laminar composite [S. L. 

Kakani et. Al, 2004] 
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We may note that the reinforcement efficiency is found only 1/5th that of an aligned composite in the 
longitudinal direction; however, the mechanical characteristics are isotropic. [S.L. Kakani et. Al, 2004] In ice 
construction the field of laminar construction is fairly limited. Geo-composites, fibre-glass nets or fibre-
glass cloth are used for laminar ice composites. The usage of such reinforcing materials enables the 
combination of accelerated freezing with spraying and reinforcement. [N.K. Vasiliev et. Al, 2003] 

 
Sandwich structures 

Sandwich structures are characterized by thin layers of facing materials over a low density material. 
In structures of this type, the facing material serves to fix the inner core in place. The core provides the 
strength. Structurally, the core serves two purposes: 
- It separates the faces and resists deformations perpendicular to face plane 
- It provides a certain degree of sheer rigidity along planes that are perpendicular to the faces. [S.L. 

Kakani et. Al, 2004] 
Sandwich structures in ice composites are quite unknown. They exist naturally when a top layer of 

snow gets moistened en freezes. A hard and dense face plane with a less dense core of snow. However 
in ice construction this is not favourable, because of the low strength of loose snow.  

 
3.4.4 Reinforcement material 

 
3.4.4.1 Introduction 

Since the proposal of an aircraft carrier during World War II a number of workers have investigated 
various types of materials to reinforce ice. Coble and Kingery (1963) reinforced ice with a number of 
different materials, and found that the largest increase in strength was from (in decreasing order) 
fibreglass, asbestos, newspaper mash, bond paper, wood pulp, starch, and bond paper strips. Abele 
(1964) added sawdust to mixtures of snow and ice, and obtained substantial strengthening. Dunaev 
(Dunaev, 1957) investigated sea ice strengthened by hygroscopic agents (sawdust and slag), fresh water 
ice and algae. The properties of ice and snow reinforced with sawdust have been studied by Kagan et al. 
(1965) and Wuori (1963). Jarret and Biggar (1980) gave their recommendations on the use of 
geotechnical fabrics in ice. Nixon and Smith (1987) investigated the fracture toughness of ice reinforced 
with a variety of wood-based materials (newspaper, wood pulp, sawdust, blotting paper and bark), and 
Kuehn and Nixon (1988) considered both toughness and bending strength of wood-reinforced ice, along 
with some simple economic aspects. [N.K. Vasiliev et al. 2003] The materials chosen for evaluation as ice 
reinforcement were selected on the basis of probable effectiveness, cost, and availability (in artic 
regions). [R.L. Coble, W.D. Kinger 1963; L. Makkonen, 1994] Soil has somewhat of an advantage over wood-based 
products in that it is likely to be available even in the most remote Arctic locations including offshore, 
and thus materials transportation costs can be considerably reduced by its use. 

 
3.4.4.2 Classification of reinforcement materials 

The materials which are researched to reinforce ice are categorised by reinforcement scale, type and 
material. The scale and type are both explained previously in this report, using the scheme of N.K. 
Vasiliev.  
 
Reinforcement scale 

The reinforcement scale can be micro- or macroscopic. Examples of macroscopic reinforcement are 
tree trunks, steel bars or ropes, and geogrid and is anisotropic. Microscopic reinforcement differs from 
macroscopic reinforcement in which reinforcement is localized. This sort of reinforcement is mixed 
homogeneously with the ice, to produce a material that is essentially isotropic. 
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Reinforcement type 
The  reinforcement type can be subdivided in the following three categories:  

1) Particles: The composites that consist of a continuous phase (ice) and a disperse phase (particles, 
pores, brine inclusions)  
2) Fibres: The composites with (short) fibres  
3) Structural: The composites that consist of two or more continuous phases – sandwich or laminar 
types and composites with the fibres in a hybrid pattern of reinforcement.  
In the scheme, the type of reinforcement is indicated as (P) particles, (F) fibres or (S) structural. Some 
materials can be in multiple categories. For instance glass fibre can be used as short randomly 
orientated  fibres (F) as well laminated by using a fibreglass fabric (S).  
 

Reinforcement Material 
The reinforcement material is categorised in the next four groups. This categorisation is also used for 

reinforced shotcrete, chapter 5:  
- Synthetic   (Sn) 
- Glassfibre  (G) 
- Natural   (N)  
- Steel  (St) 

 
Chart 

The chart on the next page gives some information of the quantity of research done to several 
groups of ice-reinforcement materials. Research about ice reinforcement has started during WWII. Since 
then tens of researchers have investigated this subject. The oldest research is from Geoffrey Pyke (1943), 
described by Gold (1989) and Perutz. The most recent studies are from N.K. Vasiliev (2011).  

Both micro- and macroscopic reinforcement are studied. Fibrous materials have proved (Coble and 
Kingery, 1963; Kingery, 1960; Vasiliev, 1994.) to be the most effective strengtheners of ice. The chart 
also shows that the most research is done to fibre reinforcement. Of the four types of materials 
(synthetic, glass, natural and steel) The natural materials are studied the most (by far). Of the natural 
materials more than 50% is a cellulose based material. The main reason for this is probably that the 
materials are chosen according to; effectiveness, cost, and availability (in artic regions). Sawdust pops 
out as regards it is studied by a large number of researches. 



M
a

st
e
r 

th
e
si
s 

2
0
1
2

/
2
0

1
3
 

F
ra

nk
 J

a
n
ss

e
n
 &

 R
é
m

y
 H

o
ub

e
n 

|
 

 6
1
 

Reinforcement 

scale* 

Reinforcement 

Type** 

Material type*** 

R
e
in

fo
rc

e
m

e
nt

 m
a

te
ri

a
l 

Dunaev, 1957 

Wuori, 1963 

Coble and Kingery, 

1963 

Abele, 1964 

Kagan, 1965 

Stanley and 

Glockner, 1976 

Jarret and Biggar, 

1979 

Cederwall, 1981 

Grabe, 1986 

Nixon and Smith, 

1987 

Kuehn and Nixon, 

1988 

Glockner, 1988 

Gold, 1989 

Nixon, 1989 

Donalds, 1992 

Vasiliev, 1992 

Vasiliev, 2003 

Vasiliev, 2010 

Bastian, 2010 

Vasiliev, 2011 

Total: 

M
i/

M
a
 

F/
S
 

G
 

G
la

ss
 f

ib
re

 (
fi
b
re

/
fa

b
ri
c)
 

  
  

X
 

  
  

X
 

  
  

X
 

  
  

X
 

  
  

  
X

 
X

 
  

  
  

6
 

M
i 

S
 

S
n 

G
e
o
g
ri

d
 

  
  

  
  

  
  

X
 

  
  

  
  

  
  

  
X

 
  

  
  

  
  

2
 

M
i 

P
 

S
n 

C
ry

o
tr

o
p

ic
 G

e
l 
 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
X

 
  

  
1

 

M
a
 

S
 

S
t 

S
te

e
l 

(c
a
b
le

/
b
a
r)
 

  
  

  
  

  
  

  
X

 
  

  
  

  
X

 
  

  
  

  
  

  
  

2
 

M
i 

F 
N

/
S
t 

S
la

g
 

X
 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
1

 

M
i 

F 
N

 
A

b
e
st

o
s 

fi
b

re
 

  
  

X
 

  
  

  
  

  
  

  
  

  
  

  
  

X
 

X
 

  
  

  
3

 

M
i 

F 
N

 
W

o
o
d

 p
ul

p
/
fi

b
re

 (
p
y
kr

e
te

) 
  

  
X

 
  

  
  

  
  

  
X

 
  

  
X

 
  

  
X

 
X

 
  

  
  

5
 

M
i 

F 
N

 
S
a

w
d

us
t 

X
 

X
 

  
X

 
X

 
  

  
  

  
X

 
X

 
  

X
 

  
  

X
 

X
 

  
X

 
X

 
1

1
 

M
i 

F 
N

 
P
a

p
e
rd

us
t 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

X
 

  
1

 

M
a
 

S
 

N
 

Tw
ig

s 
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

X
 

1
 

M
i 

F 
N

 
W

o
o
d

 c
hi

p
s 

(s
hr

e
d
d
e
d
 b

a
rk

) 
  

  
X

 
  

  
  

  
  

  
X

 
X

 
  

  
  

  
X

 
X

 
  

  
  

5
 

M
i/

M
a
 

F/
S
 

N
 

N
e
w

sp
a
p

e
r 

(m
a
sh

) 
  

  
X

 
  

  
  

  
  

  
X

 
X

 
  

  
  

  
  

  
  

  
  

3
 

M
i/

M
a
 

F/
S
 

N
 

B
lo

tt
in

g
 p

a
p

e
r 

(s
tr

ip
s)
 

  
  

  
  

  
  

  
  

  
X

 
  

  
X

 
  

  
  

  
  

  
  

2
 

M
i/

M
a
 

F/
S
 

N
 

B
o
nd

 p
a
p

e
r 

(m
a
sh

) 
  

  
X

 
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

1
 

M
i 

P
 

N
 

A
lg

a
e
 

X
 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
1

 

M
i 

F 
N

 
P
e
a

t 
m

o
ss

 
  

  
  

  
  

  
  

  
  

  
  

  
X

 
  

  
  

  
  

  
  

1
 

M
i/

M
a
 

F/
S
 

N
 

H
a

y
 (

b
a
le

) 
  

  
  

  
  

  
  

  
  

  
  

  
X

 
  

  
  

  
  

  
  

1
 

M
i/

M
a
 

F/
S
 

N
 

S
tr

a
w

 (
b
a
le

) 
  

  
  

  
  

  
  

  
  

  
  

  
X

 
  

  
  

  
  

  
  

1
 

M
i/

M
a
 

F/
S
 

N
 

C
o
tt
o
n 

(f
ib

re
/
cl

o
th

) 
  

  
  

  
  

  
  

  
  

  
  

  
X

 
  

  
X

 
X

 
  

  
  

3
 

M
i 

P
 

N
 

S
a

nd
 (

si
lic

a
/
co

a
rs

e
) 

  
  

  
  

  
  

  
  

  
  

  
  

  
X

 
  

  
  

  
  

  
1

 

M
i 

P
 

N
 

G
ra

ve
l 
(s

m
a
ll/

la
rg

e
/
m

ix
e
d
) 

  
  

  
  

  
  

  
  

  
  

  
  

  
X

 
  

  
  

  
  

  
1

 

M
i 

P
 

N
/
S
n 

X
a

nt
ha

n 
g

um
 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

X
 

  
1

 

M
i 

P
 

N
 

S
ta

rc
h 

  
  

X
 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
1

 

 
* 

M
i =

 M
ic

ro
sc

o
p

ic
, M

a=
M

ac
ro

sc
o

p
ic

   
   

   
   

   
   

   
**

 P
=P

ar
ti

cl
e,

 F
=F

ib
re

, S
=S

tr
u

ct
u

ra
l 

   
   

   
**

* 
G

=g
la

ss
fi

b
re

, S
n

=s
yn

th
et

ic
, S

t=
st

e
el

, N
=N

at
u

ra
l  



Reinforced ice structures 

62 | Technical University Eindhoven 

3.4.5 Reinforced ice properties 

 
3.4.5.1 Introduction 

The research about reinforced ice all started with the discovery of Pykrete. A deformable material, 
wood fibre, was tested extensively as a second-phase constituent in connection with the development 
of pykrete. It was proved that the addition of wood pulp to ice substantially increases short-time 
strength, increases resistance to deformation, and also increases resistance to impact and shock loading. 
A relatively small amount of fibres (max 14% by weight) was needed to improve the mechanical 
properties of ice drastically (by a factor 3). Even more important, the reproducibility of strength values 
was much improved, so that the safety factor required for design purposes was much reduced. [W.D. 

Kingery, 1961] 

Pykrete is often compared to concrete, because of the many similarities in structural behaviour and 
building methods. In the chart and graph below a comparison is made of the tensile strength, 
compressive strength and density. The compressive and tensile strength of pykrete are much higher 
than that of “plain” ice (more than double). The density of pykrete is slightly higher than the density of 
“plain ice”. However the density of concrete is much higher. Pykrete even has a tensile strength that is 
higher than the tensile strength of (unreinforced) concrete. 

 

 
Mechanical properties Concrete Pykrete Ice 

Crushing strength [MPa] 17,24 7,58 3,45 

Tensile strength [Mpa] 1,72 4,83 1,10 

Density [kg/m^3] 2500 980 910 

 
The material properties of “plain” ice have already been extensively discussed in this chapter, only 

the properties of reinforced ice which are influenced by this reinforcement will be discussed. The creep, 
strength, melting speed and ductility one of the most important material properties that will change 
(improve) by adding reinforcement.  

The National Archives, Proposals and inventions of Mr. Geoffrey Pyke, 1943 
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The properties of ice are dependent on many variables. In the beginning of this chapter the 
properties of plain ice are explained. However because of this dependency of multiple variables a 
unique value is not given (at most a range). Hundreds of researchers have studied ice since ancient 
times in order to understand the behaviour of it. Adding a reinforcement material to it does not make it 
easier. Thereby, the phenomenon of reinforced ice only known for 70 years know, and only a handful of 
researchers have done an attempt in declaring its behaviour. Because the lack of information the chart 
on the next page is far from complete. The materials are al researched but not all well documented.  

The elastic modulus, fibre strength and length to diameter ratio are important properties of the 
reinforcement material. Also the cost of the reinforcement material is important. Because ice 
construction is normally used in artic areas were no other regular building materials are available, not 
only the cost of the material itself, but also the transportation and processing cost have to be taken into 
account.  

Besides the reinforcement material, the properties are also influenced by the percentage of 
reinforcement material, mostly given by dry weight and the temperature, because ice, and also ice 
composites are temperature depended. The mechanical properties of “plain” ice are studied intensively, 
and reliable averages or ranges are available. However the chart below gives mostly relative values of 
single tests. However in most of these test multiple specimens are tested in order to obtain a reliable 
value. The source of these values can be found in the chart in the previous paragraph; reinforcement 
materials. 
 
Chart 

The chart on the next page provides information of the variables of reinforced ice. The literature 
showed us that the elastic modulus of the strengthener has to be higher than that of the matrix material 
(ice). “plain” ice which has an elastic modulus of approximately 9 GPa, is much lower than the values of 
glass-fibre, steel and asbestos. However many cellulose reinforcement materials have an elasticity 
modulus equal or even lower than that of “plain” ice. The materials with an high elasticity are mostly 
used as macroscopic, continuous aligned reinforcement materials. The materials with an low elasticity 
are mostly used as microscopic randomly orientated reinforcement materials.  

The fibre strength is listed by few researchers. It varies from 10 to 3000 MPa. For fibrous materials 
the length/diameter ratio varied between 2:1 and 50:1. The cost of various strenghtners varies from 14 
to 800 dollars per ton. However, these proces date back to the 1960’s. Thereby these are only the cost 
of the material itself, and are not such meaningful without the transportation and processing costs. If 
handling and placement cost are uniform, the least expensive reinforcement is achieved with 
newspaper mash; wood-fibre reinforcement is roughly twice, asbestos fibre four times, and drawn glass 
fibre eight times more costly. [R.L. Coble et. Al, 1963] The range of percentage of reinforcement varies from 
1 to 20%, with upward peaks for Alluvium reinforced ice like sand or gravel, with a percentage of 82%. 
Most mechanical properties of the reinforced ice are tested between -17 and -20°C. The relative 
strength of all materials vary between 1,6 and 4,4. Only peak moss reinforced ice has a lower strength 
compared to plain ice.  

Whilst a variety of reinforcing materials have been shown to be effective strengtheners of ice, most 
of them require transporting to the Arctic and significant clean-up after the structure has melted. Both 
are expensive. An alternative reinforcing agent is alluvium, which is readily available. [W.A. Nixon 1989] 
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Mechanical 
Improving the mechanical properties is the main reason for the reinforcement of ice.  
 
Ductility 

“plain” Ice behaves brittle or ductile, depended on the strain-rate. The two graph’s below show a 
stress-strain diagram of a bending (a) and compression (b) test. The numbers 1 till 3 represent 
respectively; plain ice(1), fibreglass ice composite with 2% volumetric content of fibre net (2) and 4% 
volumetric content of fibreglass cloth (3). [N.K. Vasiliev, 1992] Both bending and compressive test show a 
brittle behaviour of plain ice, and a ductile behaviour of the reinforced samples. Another conclusion is 
that even low percentages of reinforcement (2%) increases the bending and compressive strength 
drastically (by factor 2-3). Adding a higher percentage of fibre will also increase the strength of the 
composite.  

 
Typical stress-strain diagram (at -20°C), during bending tests (a) and compression tests (b) [N.K. Vasiliev, 1992] 

 
Creep 

“Plain” ice usually exhibits significant creep deformation over time. If ice is loaded longer than one or 
two seconds it shows creep. It readily deforms with time under stresses as low as 1 kg/cm^2. 

It has been proven that high tendency to creep of ice considerably decreases when fibres are added 
[Kingery, 1960; Cederwall, 1981]. With rising creep strains there is a steady redistribution of the stresses from 
the ice to the reinforcements. The reduction of the stress in ice is very effective for the creep strains. By 
halves the stress the creep strains become only one tenth. With decreasing stress in the ice the creep 
rate reduces more and more and the creep comes to a standstill. This is in contrast to unreinforced ice 
that creeps steadily and can also show accelerated creep in the tertiary creep phase. [G. Grabe, 1986] 
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Flexural strength 
Most tests to compare the strength of reinforced ice with plain ice are proven by means of flexural 

test. Three or four point bending test are performed to measure the flexural strength. Several 
researchers did flexural test with multiple reinforcement materials over a range of 1 to 12 per cent. The 
graph below shows the strength of the most common cellulose fibre ice composites. These are plotted 
against the reinforcement ratio by dry weight.  

Plain ice has a flexural strength of about 400psi (2,76 N/mm2). The flexural strength of the 
composites ranges from about 300 to 1400 psi (2,07-9,65 N/mm2).  So there are composites that does 
not add something to the strength, or even makes it worse, but it can also increase the strength to a 
value up to 3,5 times the strength of plain ice. Newspaper mash at low percentages gives a broad range 
of values. Almost all reinforcement materials from 5% reinforcement are capable of doubling the 
flexural strength of the ice. Only bond paper strips form an exception, even at high percentages (12%) 
they hardly improve the strength. Long wood fibres produce higher strength values at lower 
reinforcement percentages compared to plain ice.  

 
Composite strength versus weight percent fiber for (cellulose materials [R.L. Coble and W.D. Kingery, 1963] 

 
Generally the percentage of reinforcement is given by weight of dry weight. However, sometimes the 

percentage of reinforcement is given by volume percentage. These two methods give different ratio’s as 
can be seen in the two graphs below. A weight percentage of 27,5% short wood fibre is comparable with 
a volume ratio of 15,8%.  

In the graphs below also fibreglass and asbestos are shown as reinforcement material. Compared to 
cellulose fibre composites (at equal ratio’s) their strengthening effect is even more effective. However, 
asbestos is nowadays no longer an option, and fibreglass is almost 40 times more expensive than the 
given cellulose materials. The strength of ice composites increase linearly with increasing volume 
fraction of fibre additions for several materials tested.   
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Composite strength data plotted versus weight percent / volume fraction [R.L. Coble and W.D. Kingery, 1963] 

 
Fracture toughness 

Of the reinforcing materials used, the largest toughness at a given weight percentage was obtained 
from those samples in which the reinforcing fibres had the smallest diameter. This trend is consistent 
with a simple model of energy dissipation at cracks in composites, and suggests that the energy 
absorbing mechanisms which produce the toughening in this instance might be fibre pull-out resistance 
and fibre debonding. [W.A. Nixon et. Al, 1986] The fracture toughness of “plain” ice is about 0,15 MPa√m. 
With reinforcement percentages ranging from 5 to 20% an increase in fracture toughness between 500 
and 2000% can be obtained.  
 

 
[1] Variantion of KIC with percentage reinforcement, [2] Variation of KIC with reinforcing diameter [W.A. Nixon and R.A. Smith, 
1987] 
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Thermal 
 

Melting speed 
The melting speed of ice composites is not studied extensively. There are some statements made of 

its melting behaviour compared to plain ice. Mainly these statements are made about pykrete, the ice 
composite with woodpulp; pykrete should have a relatively slow melting rate, because of low thermal 
conductivity of the wood pulp in it. Another theory is that pykrete in “warm” water (above 0°C) forms an 
insulating shell of soggy wood pulp on its surface, which protects the inside from further melting. [M.F. 

Perutz, 2002] This is in accordance with the next statement: the outer layer thaws, and the wood-pulp 
remains to insulate the frozen core. 

However there is also another contradicting theory which says that the ice composite pykrete melts 
faster than plain ice ; the volume of material may disintegrate somewhat more rapidly during the spring 
thaw, owing to its reduced thermal capacity. [L. Makkonen et. Al, 1994]  Solar radiation will heat up the fibres 
more easily than the ice. 

Because there is a contradiction in literature further research is needed to make this important 
characteristic clear. 
 
Thermal shock 

Cooling or heating a material can create stresses leading to fracture, i.e., thermal shock. Thermal 
shock resistance typically varies directly with fracture strength & thermal conductivity while it varies 
inversely with stiffness & thermal expansively. Thermal shock occurs relatively quick in natural ice. 
Almost non information is found on the effect of reinforcement of thermal shock. Reinforcement placed 
at the upper surface of an ice shell should protect it against thermal shock. [L. Makkonen et. Al, 1994] 
 

3.4.6 Problems with fabrication of ice composites 

The fabrication of ice composites  requires some additional proceedings in fabrication. Adding a 
second material to the construction process will increase the difficulty of the process. [N.K. Vasiliev et al, 

2011] Composites are normally prepared by mixing weighed quantities of the fibrous material with water 
and frozen in -20°C ambient air. Casting specimens by filling a mould with water and reinforcement by 
freezing from the top surface,  will be inhomogeneous, distorted and full of air bubbles. If specimens are 
made in an aluminium mould and coved with an insulating slab it will freeze from the bottom surface, 
and a greater homogeneity will achieved. 

At  low fibre concentrations, care must be taken to maintain a uniform dispersion. Otherwise there 
are areas within the specimen with lower volume fractions than intended, and larger fractions than 
intended. Short wood fibres will settle to the bottom of the tray. Other fine particles will float on the 
water surface. At low concentrations of reinforcement material it can be useful to add some kind of 
emulsifier. This can be done by adding snow, but also by low concentrations of Xanthan Gum 
[Bastian,2010] 

At high fibre concentrations, the viscosity of the mix is high, and the homogenous distribution is no 
longer an issue. However with high concentrations the elimination of air bubbles is difficult and requires 
to build up of the specimen of thin layers. Thin layers of material will be dumped into the mould. Joints 
between layers were initially water films across which the fibres did not form bridges, and specimens 
tend to break at these joints, an strength will be low. [R.L. Kingery, W.D. Kingery, 1963] By melting the top 
layer of the previous layer with a new “warmer” layer, or by adding a emulsifier which does not level the 
layer surfaces a better bonding between layers can be obtained. 
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3.5 Conclusion  
Ice is a very inhomogeneous and complex natural material with varying properties owing to the fact 

these properties are depended on many factors. In literature most properties are given as a function of 
some variables. In the chart below the dependency of the material properties is plotted against its 
variables. A value or statement about one of these materials is only comparable if all variables that 
influence the properties are the same. 
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Density     X   X   

Crystal structure      X X  X X 

Crystal size           

Impurity content X         X 

Grain size     X X    X 

Crystal orientation          X 

Porosity      X     

Strain rate      X   X  

Temperature X     X X  X X 

Thermal history   X        

Test conditions       X    

Loading history           

Stress (field)       X   X 

Ice type       X X   

Time          X 

Origin  X  X       

 
 Ice and snow have been used as construction materials by indigenous arctic peoples for a long time. 

Ice is a relatively strong material that, in cold regions, is abundant and inexpensive to manufacture. This 
gives it a high potential in construction, especially considering that transportation of other building 
materials to remote arctic areas is very expensive. Using “plain” ice as an construction material has 
some advantages and disadvantages: 
 

Advantages: 
- Ice construction is mostly seasonal, however of all temporary structures it probably has the least 

environmental impact. The building material is directly available at the construction site, the 
complete structure will disappear during spring, with no-waste at all.  

- Depend on the material use;  snow, snow-ice or ice the structure can be respectively impervious to 
light, translucent or almost transparent.  

- Ice shells show a large creep deformation. This is what makes ice construction seasonal, besides 
above zero temperatures. However it is not only a disadvantage, an ice structure exhibits an 
accelerated creep deformation before collapse. The collapse does not occur abruptly, and warned by 
extreme deformation that the structure is not usable anymore. 



Reinforced ice structures 

70 | Technical University Eindhoven 

Disadvantages: 
- Ice is rather weak compared to conventional construction materials, it is extremely brittle and usually 

exhibits significant creep deformation over time so that it is unsuitable for permanent or semi-
permanent loads.  

- The utility of ice and snow structures is limited by the prevalence of at least a short melt season in 
most Arctic localities. This makes the useful life short. The structure has to be build and used within 
the length of the season.  

 
During World War 2 the knowledge about the mechanical properties of ice got a boost. A large 

research was set up to explore the possibilities of ice as an construction material for an aircraft carrier. 
During this research it was discovered that thermal and mechanical properties of ice could be improved 
significantly by adding wood fibres to it; pykrete. From then several researchers have investigated the 
effect of adding a second material to ice. Reinforced ice has some advantages and disadvantages 
compared to unreinforced ice: 
 

Advantages 
- The reinforcement will increase the load-bearing capacity about three times and the ductility up to 

twenty times compared to unreinforced ice.  
- The reinforcement takes care of a better crack distribution and improves the time-dependent 

behaviour by slowing down the creep rate. 
- Because of the higher strength less materials is needed, and with a thinner shell also an reduction in 

construction time. The construction time is also lower because it freezes faster because part of the 
volume is taken up by non-freezing materials.  

- The values obtained from test are more constant and reproducible, and therefore increase the 
reliability.  
 
Disadvantages: 

- Adding a second material to the construction process will increase both the difficulty and the cost of 
the process.  

- It is very costly to use reinforcement materials that are not locally available in artic areas, because 
transportation costs will be high.  

- The reinforcement material may not be environmental unfriendly, otherwise the clean-up after 
thaw will be costly.  
 

If reinforcement will lower the melting speed or not, is not clear from literature, and therefore 
additional research is needed. Some of the disadvantages of reinforced ice can be solved by using a 
locally available and environmentally friendly reinforcement material. There are several natural 
reinforcement materials  like cellulose and alluvium that adds a significant amount of strength to the ice.  

Significant steps have been made towards the development of an understanding of how various 
materials can reinforce ice, and while the field is at present a considerable way away from implementing 
any sort of design guide. [L. Makkonen, 1994] Until know there are no large-scale structures build with 
reinforced ice. The development of a building method will help in the application of ice composites. In 
the next chapter the building method of several ice structures will be analysed in order to design  a 
building method for reinforced ice. 
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4 BUILDING METHOD 
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4.1 Building method analysis 
Architectural buildings in general are constructed of various materials like steel, aluminium, timber 

and reinforced concrete. In addition to these industrial materials, some natural materials are used as 
structural material for architecture. There are many “earth” buildings constructed of mud brick, rammed 
earth, cob, compressed earth block or other methods of earthen construction in Africa, Middle East and 
Asia which are located in a dry climate zone. Compared to many examples of “earth” buildings, there are 
only a few examples of snow and ice constructions for winter architecture in snowy and cold regions.  
[Kokawa, 2012] Ice being an unusual building material is only part of the mystery. Ice and certain kinds of 
snow are surprisingly strong materials. With a tensile strength of about 21 kg per square cm (2,06 MPa) 
and a compressive strength of about 105 kg per square cm (10,3 MPa) (at a temperature of -5⁰C and 
when rapidly loaded), ice is comparable to concrete. [F. Anderes et. Al, 1983; L. Coar, 2012] 

To develop a building method for reinforced ice (the goal of this research) multiple building 
techniques of ice construction all over the world are analysed. To analyse and compare all projects, the 
literature study is classified into a matrix. By comparing all  common variables of each project by this 
matrix, one can easily observe disparities in the variables. The selection of projects is based on large-
scale structures, with a maximum variety in building method. All projects will be discussed with twelve 
assessment points to determine its building method. 
 
4.1.1 Matrix 

Construction technique 
The first assessment point is the construction technique. Besides the conventional construction 

techniques like stacking, flooding/casting and prefab elements, there are also some ice-specific building 
methods. In the literature L. Makkonen also recognizes compacting snow, spraying/blowing and artificial 
freezing as construction techniques. Compacting snow; snow will  be compacted by its own weight, by 
hand or with the help of a machine. Spraying/blowing means that a base material will be sprayed or 
blown into or onto a mould. Artificial freezing means that a cooling machine is used to cool down the 
mould of the ice building. [L. Makkonen et. Al, 1994 ; A. Pronk et. Al, 2005] 

 
Base material 

The base material can be natural ice (ice blocks from a lake or river), snow, water, ‘snice’ and snow-
ice. ‘Snice’  is a homemade kind of snow made with a snow blower. By using high pressure nozzles, a fine 
mist of water is blown into the air. This will freeze en form snow. Ice hotels usually make their own snow. 
Snice is more moisture and easier to build with. Snow-ice means that you make ice out of snow with the 
addition of water. [R. O. Ramseier, 1971; D. Diemand et. Al, 2001] 
 
Scale of reinforcement, type of reinforcement, reinforcement material 

Because the research is about ice composites the next three assessment points are about the 
additive. The reinforcement assessment points are the scale, type and material of reinforcement. In the 
past researcher like L. Makkonen, N.K. Vasiliev and P.G. Glockner used three different variables to 
arrange the reinforcements in ice. The first one is the scale; microscopic or macroscopic. The second is 
the type of the reinforcement. This could be (soluble) particles, fibres or sandwich/laminated 
reinforcement. The last assessment point is the reinforcement material. (More information can be found 
in Chapter 3 Material) With discussing all projects, only a couple of reinforcement materials are used, so 
not every reinforcement option is shown in the matrix. As a site note, most project did not use a 
reinforcement material, otherwise this study was not necessary. In that case n/a (not applicable) comes 
in hand.  
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Form typology 
The next assessment point is the form typology. According to the classification of Engel, four 

different structure systems and structure types are recognized.  
 
 
 
 
 
 
 
 
 
 
 
Form-active 

Systems which the redirection of the forces is effected by a self-found form design and a 
characteristic form stabilization. They therefore have an equal distribution of axial stresses in a cross 
section. [Engel, 1999] Examples are cable structures, tent structures and arch structures. 
 
Vector-active 

Systems of straight linear members in which the redirection of forces is effected by multi-directional 
splitting of forces into vectors along compressive and tensile elements. [Engel, 1999] Examples are flat 
trusses, curved trusses and space trusses. 
 
Section-active 

Systems of rigid elements in which the redirection of forces is effected by mobilization of sectional 
(inner) forces. [Engel, 1999] Examples are beam grid structures, rigid frame structures and slab structures. 
 
Surface-active 

Systems of rigid surfaces (= resistant to compression, tension, shear), in which the redirection of 
forces is effected by surface resistance and particular surface form. [Engel, 1999] Examples are plate 
structures, folded plate structures and shell structures. 
 

Type of the mould, rigidity of the mold, reuse of the mold 
The following assessment point is the type of mould. Some projects do not use any mould, others use 

moulds like an inflatable or a wooden/metal formwork. These variables emerged by observation of each 
project. This is also done for the rigidity of the mould. To complete this variable and include 
sustainability, also the reuse of the mould will be discussed. At some projects, the mould is reusable 
after a couple of days and in other projects the mould can be reused the next winter. On first hand no 
distinction between these two options are made. In chapter 6 Design, the moulds which can be reused 
immediately when the ice structure is finished will get a higher rate. 
  
  

Four mechanism of structural systems [Engel, 1999] 
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Building speed 
The tenth assessment point is the building speed, expressed in terms of square meters per day per 

person. This variable is really difficult to determine to make a good comparison with the projects. Some 
projects use heavy machinery, others do not. By calculating the number of hours (8 hours per day) it 
takes to complete the project multiplied by the number of people and divide this number though the 
square meters of the project, a number arises that makes the building speed comparable. In this way 
one can get a ratio expressed in the square meters per person per day. At all projects, an estimate is 
made about the number of hours/days they work. In contrast to the time, the square meters of each 
project that was rather easy to determine. 

 
Shell thickness 

The thickness of the shell is the next assessment point. The thickness of the shell determines the 
amount of material that is used. Some projects use snow, other spray water, where the thickness of the 
shell differs. Also a ratio of the shell thickness divided by the total span is expressed. A thin shell has a 
ratio as low as 1/100, a thick shell has ratio as high as 1/10.  

 
Function of the building 

The last assessment point is the function of the building. Possible functions are recreation facilities 
like ice bars or ice hotels. Some projects are used as a working space, for a winter storage of vegetables 
or as a factory house. [T. Kokawa, 1985 – 2012] An important aspect of the previous two functions is that the 
ice structure can be actually used. The last function of an ice structure is purely aesthetic. This means 
that the ice structure cannot be used from the inside. This limitations are not desirable for the building 
method to develop, and such cases are only studied if they can compensate this with an interesting 
material or building method. 
 
Each case will be discussed for its building method using the matrix shown on the next page. 
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4.2 Igloo 
The first and most famous building is of course the igloo. The Eskimos of northern Canada use igloos 

as winter dwellings. Igloos go up very rapidly, which is useful in case of a sudden blizzard. Eskimos have 
constructed igloos as large as 6 meter in diameter. They cannot comfortably reach high enough to finish 
larger domes, but the combination of wind slab snow and a domical form is certainly strong enough to 
make bigger igloos if scaffolding were introduced.  

By building temporary structures in extremely cold regions, the Eskimos avoid the two main liabilities 
of ice and snow as construction materials: structural and thermal instability. Structural instability reveals 
itself in the tendency of snow and ice structures to gradually change their shapes; this phenomenon is 
called creep. An example of thermal instability is melting. [F. Anderes et. Al, 1983; A. Pronk et. Al, 2005] 

Because of snow's excellent insulating properties, inhabited igloos are surprisingly comfortable and 
warm inside. Animal skins were used as door flaps to keep warm air in. Temperature inside an igloo 
could raise even up to 2⁰C. [D. Cruickshank, 2008] 

Another kind of igloo which people built since hundred years is a ”Kamakura”; a Japanese traditional 
snow hut. The snow hut is formed by scooping out snow from a small mound of natural wet snow. 
However it is generally very small in size because its structural material is uncompact snow which 
mechanical property is very low. [T. Kokawa, 2003, 2012] 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
  

A traditionally Japanese snow hut called ‘Kamakura’ [T Kokawa, 2003, 2012] 
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4.2.1 Building method igloo 

The building technique of an igloo will be discussed. First there will be discussed how an igloo is build 
using four steps: 
 
Step 1 

Find a suitable spot. A hard field of snow is required to make solid snow blocks. The Eskimos pick out 
strong wind slab snow, compressed by high winds, for their snow houses. The snow depth should be at 
least 1m where the igloo is placed. 
 
Step 2 

The snow blocks are prepared with a saw or large knife, the only tool needed in addition is a snow 
spade. A machete or small axe is handy for moulding the snow blocks, but not necessary. The snow 
blocks should be solid enough to be carried horizontal without breaking by their own weight. Large 
blocks are used at the base of the dome, smaller ones at the top with a thickness of 15 to 40cm.  
 
Step 3 

The building starts. With building an igloo, you start by 
arranging the lower snow blocks hemispherically. [T. Kokawa, 

2003] It is very important that the bottom row of snow blocks 
are placed in a spiral, otherwise you are building a tower. 
The edges of each snow block should be smoothed and 
angled correctly to make a strong bond to the adjacent 
blocks. There will always be some cracks between blocks, 
but this will be fix later. In some cases, a single block of clear 
ice is inserted to allow light into the igloo. 
 
Step 4 

The cracks between blocks can be filled with snow. The inside of the igloo must be smoothed. This is 
done by hand. If the inside of the igloo is one, smooth surface, there will be no dripping of water. After 
they assemble the dome, the Eskimos fill in all the cracks and light a fire inside. When the dome interior 
begins to soften, they douse the fire and open a vent hole at the igloo zenith. The dripping interior 
refreezes into a skin of ice. One of the main differences between ice and snow is that ice is impermeable, 
and the chamber is now sealed off from the outside. 
Beside using the spiral technique to erect the domed chamber, Eskimos carve out part of their house 
from the snowfield in which it is set to finish the igloo. The long entrance tunnel is used for storage as 
well as to prevent drafts. Outerwear and perishable goods are kept in the cooler tunnel. Inside the igloo, 
the Eskimos sleep on a raised platform surrounded by the warmest air.  
 
 
 
 
 
 
 
 
 
 
 

A drawing of a finished igloo  
[D. Cruickshank, 2008] 
 
 

Snow blocks have to be arranged hemispherically  
[D. Cruickshank, 2008] 
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One of the major problems of building in the arctic is snowdrift. The Eskimos minimize it by using a 
domed structure and by setting the entrance perpendicular to the wind. Another problem is snowfall. 
Even the sturdiest and most stable buildings will eventually be buried under new snow, and sooner or 
later the weight of the snow will destroy it. Modern polar researchers are still trying to figure out how to 
extend the life of their buildings beyond  a few years. [F. Anderes at. Al. 198; A. Pronk et. Al. 2005; E. Chasan 2008] 
 
4.2.2 Conclusion 

Using the matrix, the building method of an igloo will be further discussed. 

The construction technique used to build an igloo is stacking blocks. The blocks are made out of wind 
slab snow. There isn’t any reinforcement used in this ice structure. The igloo is unique in that it is a 
dome that can be raised out of independent blocks leaning on each other and polished to fit without an 
additional supporting structure during construction. An igloo that is built correctly will support the 
weight of a person standing on the roof.  Because the igloo has an ideal dome form, it has a surface 
active form typology. [D. Cruickshank, 2008] During construction no mould is used, so also no rigidity of the 
mould and the reuse of the mould does not apply. The building speed of an igloo is between 4,0 and 6,0 
square meter per day per person. This is very fast, mostly because of the Eskimos often build those 
igloo; they were a real expert! A small igloo for 5 persons could be built by 2 Eskimos in less than one 
hours. The shell thickness varies on the size of the igloo. The cut out snow blocks are between 15 and 40 
cm thick. The thickness of the shell is about 1/12 of the total span. The igloo lasts for one winter and was 
used by Eskimos as their home. Some igloos were built during hunting trips and were only used for one 
or two nights. 
During the winter of 2012/2013, in Schin op Geul, the Netherlands, a traditional igloo is made with the 
previously described building method to gain experience in building with ice. This experiment can be 
found in enclosure 3. 
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The ice palace of 1888, with a central tower of 39 meter. 
[F. Anderes et. Al. 1983] 

 

4.3 Ice Palaces [F. Anderes et. Al, 1983] 

Ice palaces were first constructed in Russia in the eighteenth century. According to the literature, the 
first documented ice palace is built in St. Petersburg in 1740. The ice palace was a honeymoon suite for a 
reluctant couple. The bride and groom travelled from the church to the ice palace on an elephant 
followed by a bizarre procession.  

Ice palaces were impressive feats of engineering. These structures were built with the intention of 
lasting probably three months at most. Ice palaces were often lit up at night, against the dark sky they 
glowed like giant alabaster lanterns or glittered like huge piles of diamonds. At a height of 140 feet, the 
1887 St. Paul castle topped every other building in the city. The tower of the 1887 St. Paul castle 
reached a height of fourteen stories.  [H. Gelter, 2008] Often coloured glass or gelatine lenses added bits of 
rainbow to their sparkle, started in Montreal in 1889. Almost every castle was the setting for a mock 
battle better known as ‘the storming of the ice palace’, climaxed by a dramatic display of fireworks. Ice 
palaces reached their peak of development over a hundred years later in the United States of Canada, in 
the cities of Montreal, St. Paul, Quebec, Ottowa and Leadville. Their purpose was always to delight, 
entertain and usually to serve as the focus of a winter carnival. [F. Anderes et. Al, 1983] More information 
about ice palaces in cities like Montreal, St. Paul, Quebec, Ottawa and Leadville can be found in 
enclosure 1. 
 

4.3.1 State of the art 

Knowledge about ice and snow construction has advanced tremendously in the twentieth century, 
largely due to research by the military.  Many twentieth-century ice palaces have been built with 
masonry techniques quite similar to those used in the nineteenth century. In the thirties and forties, in 
St. Paul, steam cranes hoisted ice blocks as heavy as 800 pounds to the top of the palace walls; giant ice 
tongs dragged these blocks into position and wire mesh tied every fourth row together. The workers 
wore special creepers, so that they would not slip. By the fifties in Quebec, manufactured ice had 
replaced cut ice. All the modern St. Paul ice palaces and those built in Quebec from 1955 to 1978 were 
masonry structures, assembled from blocks of ice. 

One new technique that has evolved, 
inspired by twentieth century concrete 
construction methods, is the use of cast 
snow. The builders pack snow into forms, 
which are later removed. The Quebec 
castles of 1980 and later were built in this 
way. So far, cast snow buildings have 
been medieval in style in contrast to the 
modernity of their construction method. 
Their builders have even scored them to 
look as if they were built from blocks. 

The Japanese have invented their own 
methods of producing architectural 
sculptures in both snow and ice. They use 
mounds of snow, blocks of ice and a great 
deal of intricate carving. In some cases, 
armatures of another material provide 
hidden support for elaborate snow 
statues.  
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4.3.2 Building method ice palaces 

The building method used with building an ice palace will be discussed. In the matrix you can see two 
different cases, called ice palace 1 and ice palace 2. This is because there are two different building 
methods for building an ice palace. 

4.3.2.1 Ice palace 1 
When the Russians conceived  the idea of building temporary festival structures out of ice, they used 

the same broad categories of technique as the Eskimos. They erected high straight walls instead of small 
domes with the construction technique stacking. The base material is  natural river ice instead of wind 
slab snow. They used water to cement the blocks. In 1739, the year of the first ice palace, most of the 
harvest ice was served in chill food and drinks in homes and businesses. Most ice collected for 
refrigeration was stored close to where it was cut. Layers of sawdust separated the layers of ice. The 
dealers calculated that only about 10 percent of their annual harvest was lost though melting. When 
people started by building ice palaces in the winter period, the dealers avoided river ice for home use, 
reserving it for construction. Lake ice was sometimes preferred for construction, because it was clearer 
and therefor prettier. Certain weather conditions increase ice clarity. The icemen say that the congealed 
mass is so clear because of the sharpness and suddenness of the temperature that froze it. 

There isn’t any reinforcement used in the ice palaces. Because stacking blocks together, the form 
typology is section active. No mould is used, so the rigidity and reuse of the mould does not apply.  
Despite the use of many people, around 50 to 250, the building speed is low. This is mainly caused due 
to the time it takes to harvest the ice and the time it takes to transport the ice from the river to the 
building site. The speed at the building side is faster. It only took about one minute to lift a block of ice 
and to place the block on its right position. As one can find in the enclosure 1, blocks are between 40 to 
60 cm. There is no information known about the span sizes of the arches they made. The ice palaces 
lasted for 3 months and the main function was recreation.  
 
Step 1 

The crew’s first task was ‘scraping’ . Using a scraper pulled by horses, they cleaned the snow and soft 
ice away. The scraper consists of a straight tongue of strong wood, across the lateral end of which a 
plank, varying in length from ten to fifteen feet, is fastened on a bevel at an obtuse angle. The lower 
edge of the plank is sheathed with steel and from the top are two long wooden handles, resembling 
those of a plow, to which the holder clings while the ‘scraper’ is being drawn over the ice by the horses. 
The angle at which the plank is set naturally throws the snow to the side in a windrow. 
 
Step 2 

Next the crew employed a ‘marker’. A kind of miniature ice plow. A strong tongue combined with a 
long beam to form the marker. A number of steel teeth were set in the beam and their sharp points dug 
into the ice as they were drawn over it. A team of horses pulled the marker over a large area of ice, 
leaving a pattern of parallel lines. Then the team changed its direction and etched a checkerboard in the 
ice.  Since the teeth were adjustable, blocks of various sizes could be laid out. 
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Horse powered cranes [F. Anderes et. Al, 1983] 

 

Step 3 
One or two workers with pike poles jumped onto the detached mass of ice and pushed it to the 

landing stage. There they employed another specialized tool, an ice saw. An ice saw is a long, wide strip 
of thin, tempered steel, with heavy and not over –sharp teeth. To one end of the saw there is around 
piece of wood attached, resembling an augur handle. The sawyer makes an up and down motion like an 
old-fashion saw mill. 

At the landing stage, the crew used hooks, poles and tongs to lift the blocks from the water. The 
blocks were loaded onto sleds, then rushed to the construction site.  Crews worked so quickly that less 
than an hour from the time scraping began, loaded sleds were leaving for the construction site. For 
example ice blocks measurements were about 106 cm by 61 cm by 40 cm for the Montreal palace of 
1883. An ice block could weigh about 450 kg. 
 

 

 

 

 

 

 

Step 4 
First the workmen unloaded the glassy blocks from 

the sleds. Then horse-powered pullies lifted the blocks 
up the ice palace walls. Each piece of ice was secured 
during its ascent by ‘heavy ice tongs, whose hard, sharp 
points securely grip the ice blocks as it swings through 
the air’. At the top of the wall, workmen took the blocks 
and trimmed them to fit perfectly in place. They 
cemented the blocks with water, either sprinkling it over 
them or pouring it into the seams and crevices. It took 
little more than a minute to lay and cement one block. 
From time to time, a block would escape the grip of the 
tongs.  

At the feet of the palace’s round towers, workmen 
transformed the ice blocks in shape before hoisted. A 
mason would draw necessary curved outline and carve 
it out with an axe.  

Hot water was used to cement the ice cakes 
together as they were laid on the wall. In the 
extremely cold weather, the water had to be kept near 
boiling point or it would freeze as it was hoisted to the 
top of the wall. 

 
 

Ice blocks loaded onto sleds [F. Anderes et. Al, 1983] 
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4.3.2.2 Ice palace 2 
Because ice palaces made of blocks of ice were too expensive, in 1980 they start to build ice palaces 

made out of snow.  Wooden moulds are used and filled with snow. This snow was compacted by its own 
weight. After freezing time, the wooden mould is removed, leaving a hard snow wall. Workers began to 
scrape the surface to make all kind of different snow structures. Sometimes reinforcement like branches 
were used.  The process is like stone carving and is very slow process. A lot of workers are involved with 
building this ice palaces. The building speed is less than 0,5 square meters per person per day.  Because 
the ice palaces were solid from the inside, the form typology is surface active. That is the reason why the 
shell thickness cannot be determined. The new ice palaces were used as recreation, but the structure 
itself could not be used. This makes the function of these ice palaces purely aesthetic. Nowadays these 
ice palaces are built a lot on snow festivals in Japan. [F. Anderes et. Al, 1983] 

 

  

Ice palaces made out of snow  [www.architizer.com, www.earthuncut.tv] 
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4.4 Camp Century  
Officially, all people will say that Camp Century was a 'research and development project' with 'test 

facilities' that would allow the US Army Corps of Engineers to master the polar conditions and learn how 
to live and fight in them. Its real purpose is believed to have been part of 'Project Iceworm' - a plan to 
build a network of secret bases from which the US Army could launch nuclear missiles at the Soviet 
Union. This was in the era before long-range intercontinental ballistic missiles and when there were 
fears that more open sites might be destroyed in a first strike by the USSR. 

Camp century was occupied from 1959 to 1966 under the auspices of the Army Polar Research and 
Development Centre. The camp was staffed year round, with population peaking at nearly 200 over the 
summer months. The supplies for the camp came via Thule Air Base; 240 km from the camp. It was US 
Air Force's northernmost base. Its climatically hostile environment was located a mere 1280 km from 
the North Pole. The site was chosen on May 17, 1959. At 1885 meter above sea level, this flat plateau 
features a mean temperature of minus ten degrees Fahrenheit, recorded temperatures of -56⁰C and 
winds exceeding 200 km/h.  The average annual snow accumulation is 1,2 meter. 

The overall project was under the command of Colonel John H. Kerkering.  Captain Thomas C. Evans 
was the Project Officer for everything non-nuclear and Major James W. Barnett was the Resident 
Engineer and Nuclear Project Officer.  Captain Andre G. Broumas was the inspirational commander of 
the first contingent to remain at Camp Century during the winter.  Construction started June 1959 and 
was completed October 1960.  The completed project cost $7,920,000, which included the $5,700,000 
cost of the portable nuclear power plant. [E.F. Clark, 1965; F.J. Leskovitz: http://gombessa.tripod.com] 

 
4.4.1 Building method 

All the supplies like construction material, steel arches, clothes, nails, steel beams, prefabricated 
wooden houses and food for making the camp rolled in by trucks or were transported by sled. In total 
6000 tons of supplies were used. A system of 23 trenches are dug into the ice cap and then covered with 
steel arches and snow. 

 
 

Laboratory & test 
facilities 
 

Modern living 
units and 
recreation areas 
 

Support facility 
 

Support facility 
 

Nuclear power 
plant 
 

A map of Camp Century with all its facilities [F.J. Leskovitz: http://gombessa.tripod.com] 
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A peter plow machine            Start of cutting a trench with planks on the sides for the  
[F.J. Leskovitz: http://gombessa.tripod.com]          steel arches 

 

By undercuts the trench is larger at the bottom then at the 
top [F.J. Leskovitz: http://gombessa.tripod.com]           

 

Long ice trenches were cut by Swiss made “Peter Plows”, which are giant rotary snow milling 
machines.  The plow is manufactured in Switzerland and can handle 920 cubic meters of snow per hour. 
The machine is controlled by two men. The plow cuts about 1 meter in depth into the snow at once. By 
repeatedly riding along a trench, the trench gets deeper and deeper. When a trench was about one 
meter deep, planks were put down at the shoulders of the cut. Later on these planks were used to 
support the steel arches which will cover the trench. [E.F. Clark, 1965] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In total three peter plows were used to cut 
out all the trenches. By making a series of 
undercuts, the trenches were greater at the 
bottom then at the top. To cover the trenches 
steel arches were placed by hand.  

The longest of the twenty-one trenches was 
known as “The Communication Trench”. It was 
over 335 meter long and 8 meter wide and 8,5 
meter high. When a trench was covered with a 
roof of steel arches, the roof was covered with 
snow. Because the snow has been milled, the 
snow would hardened into an extreme durable 
surface. The temperature inside the tunnels  
reached to -20⁰C in summer. [F.J. Leskovitz: 

http://gombessa.tripod.com] 
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A snow wall at the end of each trench [F.J. Leskovitz: 
http://gombessa.tripod.com]           

 

Section of the working tunnel 
[E.F. Clark, 1965] 

 

A smooth foundation is made for the prefab wooden buildings which will be placed inside the tunnels.  
Prefabricated wooden buildings and living quarters were erected in the resulting snow tunnels.  Each 23 
meter long electrically heated barrack contained a common area and five 14,5 square meter rooms.  
Each building was put up in less than a day. Several meter of airspace was maintained around each 
building to minimize melting due to heat radiation. Nearly constant trimming of the tunnel walls and 
roofs was found to be necessary to combat snow deformation. Every month about 120 tons of snow and 
ice had to be removed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

When all wooden buildings were built up in the  
trench, the entrance of the trenches were closed by 
a wall of snow. This work took about two days per 
wall.   
The nuclear trenches were the widest and deepest. 
Because of sun radiation, most of the cutting was 
done at night. Then the solar radiation is as less as 
possible. The continuous sunlight caused some 
troubles. A black fabric was used to protect the most 
vulnerable sections to sun radiation. The trench on 
the picture above is about 12 meters deep. 
[E.F. Clark, 1965; F.J. Leskovitz: http://gombessa.tripod.com] 

 
 
  

Leveling the floor                    Building prefabricated wooden buildings 
[F.J. Leskovitz: http://gombessa.tripod.com]           
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An escape hatch [F.J. Leskovitz: http://gombessa.tripod.com]  
         

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In total 16 escape capsules were 
mounted, so that in case of emergency 
people can escape out of the trenches. 
 
 
 
 
 
 
 
 
 
 

 

 

  

Cutting the trench for the nuclear power plant          The trench for the power plant is 12 meters deep. A black fabric protects  
at 02.00 at night         the trench against the sun. 
[F.J. Leskovitz: http://gombessa.tripod.com]           
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All equipment is crushed under the extreme pressure, 
tunnels are collapsed, bottom picture shows the 
deformation from 1961 to 1963[E.F. Clark, 1965; Frank J. 
Leskovitz: http://gombessa.tripod.com]  
 
          

 

4.4.1.1 Conclusion 

There was maximum use of snow as a building material. Camp Century utilized a "cut-and-cover" 
trenching technique. In the matrix this is shown as stacking and compacting snow. Stacking is not meant 
as stacking with blocks, but with spraying snow. With the help of three peter plows, a trench is cut and 
the snow is stacked at both sides of the trenches. By milling the snow, the snow will compact more into 
a hard and durable layer. As told before the base material is snow. There has not been used any 
reinforcement. The steel arches which form the roof don’t count as a reinforcement. They were covered 
with milled snow, and the arches carry the weight of the snow. The form typology is section active. This 
because of the thick walls between each trench. 
No mould is used during cutting the trenches. The 
only mould used are the steel arches to form the 
roof. This mould isn’t reusable. Because the 
trenches can’t be cut out at once, the building 
speed is rather slow despite of the use of large 
machines. The building speed is around 1,4 m2 per 
person per day. This is a rough estimate, because 
nowhere can be found the exact number of 
builders. Because of the trenches cut out of the 
snow surface, the shell thickness is not applicable. 

The life span of this city under the ice is about 7 
years, so we call it permanent. Camp century was 
occupied from 1959 to 1966 by  the Army Polar 
Research and Development Centre. During the 
summer of 1969 an army team revisited the camp. 
Severe damage to the trenches was documented 
at this time. Observed were buckling metal arches 
and twisted steel beams. All other equipment is 
being slowly crushed under the extreme pressure 
of the encroaching snow. It is most likely that 
nowadays most of camp century has been 
reclaimed by the ice. In 1959 camp century was 
designed to have a useful life of at least ten years 
with proper maintenance. However ice core 
samples taken by geologists working at Camp 
Century demonstrated that the glacier was moving 
much more intensively than had been anticipated 
and would destroy the tunnels in about two years. 
The facility was evacuated in 1965 and the 
nuclear generator removed. Camp century was 
abandoned in 1966.  
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4.5 Heinz Isler 
Best known for his amazing freeform shell structures, Heinz Isler has inspired both architects and 

engineers with his dazzling creations. His work transcends the definition of mere structural engineering 
to the extent of becoming structural art. Isler’s primary medium of expression is the reinforced concrete 
shell. Isler’s sensitivity for the natural world is expressed in the quiet beauty of the shell forms that he 
has designed. He creates structures of high efficiency with the lowest possible environmental impact. 
[J. Chilton, 2000] 

 
4.5.1 Building Method 

The Swiss engineer Heinz Isler began in 1955 with experimenting with fabric formed ice structures in 
his back yard. In winter it is possible the wet laundry might freeze to a stiff sheet of frozen fabric. Every 
winter Heinz Isler did some experiments by freezing moistened fabric or spraying water over objects like 
plants, inflated balloons, hanging ropes and fine garden netting. He also used inflatable structures to 
create temporary vaulted and domed formwork to cover with fabric before spraying it with water. Both 
methods yielded quick full scale temporary fabric formwork structures.  

Isler showed a variety of thin double curved shell structures in Ice. The wealth of form generated by 
Isler’s ice shells is incredible. Depending on the way they are supported, the direction of the wind, the 
temperature and the way of spraying the water, it gives a huge variety of different structures. 
[J. Chilton, 2000; L. Coar, 2012] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

The first experiments with fabric formed ice structures. A frozen fabric created a slender and elegant roof over a bench 
[H. Isler, 1986] 
 

 An inflatable is sprayed with water                                                      Later larger pvc-balloons are used as a mold. [H. Isler, 1986] 
 The bottom two pictures shows ice sculptures of Isler which can actually be used as a recreation area. 
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About 2 centimetre of ice made the woven fabric sturdy enough to remain stable. In 1980, Isler made 
a pavilion of 6 meters high. Isler calls it ‘ the Weihnachdorf’. The ice structure is made with an outside 
temperature of -19⁰C.  [H. Isler, 1986] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Inspired by the ice sculptures of Heinz Isler, in the winter of 1999 a group of graduates and an 
instructor in civil engineering (Mark Valenzuela) constructed a couple of ice shells on the campus of 
Cornell University in Ithaca, NY. The equipment used was a weather balloon, some gardening fabric, and 
lots of water and cold air.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 ‘The Weilnachdorf’, made in 1980 out a woven fabric with is frozen with about 2 cm of ice. [H. Isler, 1986] 

 

 Ice sculptures made in 1999 on the campus of Cornell University in Ithaca, NY. [http://www.engineering.umass.edu/] 
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In the winter of 2004, a group of seniors of the Johns Hopkins University in Baltimore, performed 
some thin shell ice sculpting. Due to the short period of sub-freezing temperatures, the structures only 
lasted for half a. The shells were formed using weather balloons and cheesecloth painstakingly stapled 
into large sheets. 

 
 
 
 
 
 
 
  
 
  

Ice sculptures made in the winter of 2004 by spraying 
water onto pneumatic forms. 
[http://www.engineering.umass.edu/] 
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4.5.2 Conclusion 

It is clear that Isler uses the construction technique of spraying water. As a reinforcement of his ice 
structures he uses a woven fabric (textile), that absorbs water to make a laminated ice sculpture. Later 
in his experiments he also uses inflatable balloons. The textile (mould) is reusable for next season when 
the ice structure is melted. The inflatable balloon can be reused after deflation when the required shell 
thickness to support its own weight is reached. The thin layer of ice forms a shell structure and is 
therefore surface active. 

The building speed is slow, because of the thin layers of water sprayed at once. The textile is soaked 
in water. Hereafter, only water can be atomized to gain shell thickness. With an inflatable mould, also 
water is atomized, otherwise the water runs down from the mould. Less than 0,5 square meters per day 
per person. The shell thickness is very thin; about 3 to 4 cm. The largest spans made by Isler is about 4 
meters. This means that the thickness of the shell is about 1/100 of the span. The lifespan of his 
sculptures is one winter. Some ice sculptures are purely aesthetic, but some can actually be used as a 
building for recreation. 
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4.6 Ice Hotels 
Tourism in high altitude or high latitude is traditionally based on nature based experiences in an 

environment of snow and ice. Artic and high altitude areas have a long history of cultural winter  
activities in the form of winter sports, events and cultural constructions in snow and ice. Associated with 
most winter festivals, the construction of snow and ice sculptures and snow buildings in the form of 
igloos, ice hotels and snow castles have been transformed into tourism. One of the most famous snow 
and ice construction is the world’s first ice hotel in Jukkasjärvi in 1989. Since then the concept have been 
copied in Scandinavia and elsewhere in the world. [Discovery Channel – Mega Structures; H. Gelter, 2008] 
 
4.6.1 Building Method 

In Jukkasjärvi, Sweden, over 4000 ice blocks 1x2 meter, weighting 2 tons are harvested in February‐
March from the Torne Rive by hydraulic equipment and special ice saws which are developed in 
Jukkasjärvi. All ice blocks are stored in a 1500 square meter freezing house for the next years building of 
the ice hotel and for export of ice blocks all over the world. A special note: Only the ice hotel in 
Jukkasjärvi stores ice blocks for next winter! [Discovery Channel – Mega Structures; H. Gelter, 2008] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The construction technique is patent protected and developed by the concrete founder Kauko 
Notström. In the early years of building the ice hotel, the walls were built of natural snow. As the size of 
the hotel grows, it became too expensive to scrape the snow from the surrounding. Instead front 
loaders, snow canons, snow blower and snow thrower were used to create a snow material called  
“snice”; a handmade mixture of snow that is more moisture. This is then transported to the construction 
site. The snow canons can also blow the snow directly on the moulds of the construction. The 
construction of the ice hotel consists of several phases and starts in end of October where builders start 
working on the construction. [Discovery Channel – Mega Structures] 
  

Harvesting the ice blocks in February - March from Torne river [Discovery Channel – Mega Structures] 
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The construction is built in such a  way, that the roofs will not collapse but rather melt away along 
the walls in spring. The patented methods is based on arched steel mould forms some are as big as 5 
meters in height and 6 meters across.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The mould forms are shaped as tunnels that are covered by the “snice” which freezes to the snow 

walls and roofs. A couple of moulds are connected to each other and form a long tunnel. After two days 
the mould is moved. A ski-connection at the bottom of each mould makes sure that the mould can drop 
about 10 cm. This gives enough clearance to remove it out of the tunnel. A plinth of steel plates ensures 
that when removing the mould, it comes straight out of the tunnel and the plinth prevent the mould 
from setting in the newly built part. Once the mould is removed, the plinth will be removed and all 
material can be reused to form a new section.  The tunnels get stronger because of their shape. As the 
‘snice’ will melt during the day, the water flows over the curve of the arch and will freeze into solid ice at 
night. [Discovery Channel – Mega Structures; H. Gelter, 2008; G. Goodfellow, 2004] 
 
  

The snow canons make ‘snice’     The steel molds are set in place [Discovery Channel – 
Mega Structures] 

 

The steel plinth at the bottom of the tunnel. 
[Discovery Channel – Mega Structures] 
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The 30.000 m3 of “snice” is used to 
build the walls and roof while the 3000 ton 
ice is used to create gables, inner walls and 
sculptures. At some tunnels, ice pillars are 
built up to give extra strength to the self-
supporting snow arches. 
  

Connecting all the molds to form a long tunnel                 Blowing ‘snice’ on the molds  
[Discovery Channel – Mega Structures] 

 

The skies at the bottom of the mold for demoulding  [Discovery Channel – Mega Structures] 

 

The ice pillars in the main tunnels support the roof 
[Discovery Channel – Mega Structures] 
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The walls which separates the long tunnels in individual sections to form the bedrooms are made just 
like concrete walls. A wooden casing is used at both sides. A small opening in the top of the mould is 
used to blow in fresh snow. After one day the wooden mould can be reused. By making cuts with a 
chainsaw and an excavator, openings in walls will be made. To finish the interior of the Ice hotel, led 
lights will be applied, ice sculptures are brought inside the ice hotel and the bedrooms are provided with 
reindeer skins. 

Every year the ice hotel opens in the beginning of December and each week a new section of the 
hotel is opened until the whole ice hotel has been build. At the end of April, after removing all electric 
wire, lights and beds, the hotel melts back to the Torne River. [Discovery Channel – Mega Structures; H. Gelter, 

2008; Goodfellow, 2004] 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

  Ice restaurant 2013  [Discovery Channel – Mega Structures] 
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4.6.2 Conclusion 

To construct an ice hotel, the construction technique of spraying/blowing is used in combination with 
the base material snow and ‘snice’. As told before snice is a homemade kind of snow by spraying tiny 
water droplets into the shy. They will freeze during falling and form snow. Some ice hotels use natural 
snow. Big ice hotels make their own snow, because it is too expensive to gather all the snow in the 
surrounding area. Natural ice is sometimes used to make supporting columns or translucent walls, 
however most natural ice is used for the decoration of the structure. Usually no reinforcement is added 
in the snow or ‘snice’. The ice hotel in Jukkasjärvi sometimes use reinforcing steel nets in the 
construction of the tunnels. They only use it when it is not cold enough for the snow to freeze on its own. 
With the steel nets the snow will freeze on these nets and the tunnel will be completed faster.  

Ice hotels are built like tunnels. This is an form active typology. The arches are self-supporting. By 
making those arches, steel moulds are used. The mould can be reused every two to three days when the 
‘snice’  has hardened. The building speed is about 2 square meter per day per person. This is quite fast, 
because of the use of huge snow blowers. Ice hotels last for one winter season. By beginning as soon as 
possible, ice hotels try to stretch the winter season to get as many as visitors as possible. The shell 
thickness varies from 100 cm at the top of the arch to sometimes 200 cm at the base of the arches. The 
ratio of the shell thickness varies between 1/50 to 1/25 of the total span. The function of an ice hotel is 
recreation. People can spent their night in the ice hotel and often entertainment during the day is 
included. 
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Many ice hotels are built each year. None of them is willing to give any information about the way 
they built their ice hotel, which proves what a competitive business it is. All the information above is 
obtained from different websites and the documentary of Mega Structures on Discovery Channel. The 
next table shows all the ice hotels observed to verify the data. 
 

Ice hotel       Website 

Montreal’s Snow Village 
 

- www.inhabitat.com/montreals-snow-village-
is-a-hotel-and-bar-made-entirely-from-
ice/montreal-ice-hotel 

- www.snowvillagecanada.com 

Quebec, Canada – Hotel de Glace 
 

- www.wikipedia.org/Ice_Hotel_(Quebec) 
- www.hoteldeglace-canada.com 

Kemi, Finland – Snow Castle 
 

- www.snowcastle.net/fi/etusivu 
- www.wikipedia.org/SnowCastle_of_Kemi 

Rovaniemi, Finland – Arctic Snow hotel - www.arcticsnowhotel.fi 

Ylläsjärvi, Finland – Snow village 
 

- www.snowvillage.fi/index.htm 
- www.icium.fi 

Lehtoahontie , Finland – Arctic Snow Hotel - www.booking.com/hotel/fi/arctic-snow 

Alta, Norway – Igloo Hotel - www.visitnorway.com/nl/Bestemmingen/No
ord-Noorwegen/Alta/Alta-Igloo-Hotel 

- www.sorrisniva.no 

Kirkenes, Norway – Snow Hotel 
 

- www.kirkenessnowhotel.com/ 
- www.visitnorway.com/ 

Jukkasjärvi, Sweden – Ice Hotel 
 

- www.icehotel.com 
- www.wikipedia.org/Icehotel_(Jukkasj%C3%A4

rvi) 

Davos, Swiss – Igloo Hotel - www.smh.com.au/travel/accommodation-
reviews/chilling-out-in-a-luxury-igloo 

Balea, Romania – Ice Hotel 
 

- www.smartertravel.com/photo-
galleries/editorial/worlds-best-ice-hotels-and-
igloo-villages 

Austria, Switzerland, Spain – Igloo Villages - www.iglu-dorf.com 
- www.alpeniglu.com 

Snow and ice hotels in Scandinavia 
 

- www.hellomagazine.com/travel/2010102243
61/ice-snow-hotels/scandinavia/switzerland 

Saariselka, Finland – Igloo Village  
 

In enclosure 2 The story of the ice hotel can be found. In this story, the existence of the ice hotel is 
explained trough history. 
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4.7 Arno Pronk – Igloo in the Summer 
Although the Netherlands has a moderate climate, it can freeze some days mostly in January or 

February. In September the average temperature is 18⁰C. To make ice sculptures in the summer, 
temperature has to be manipulated with a cooling machine. This can be done in two different ways: 
- Cool the air of an insulated room 
- Cool the surface of the igloo directly 

The first way is to cool the air in an insulated room, like a refrigerator or freezing cell. This is the most 
usual way to expose ice sculptures. The disadvantages of this method are that a large volume has to be 
insulated and the air temperature in this space has to be brought back to -10⁰C. Air is a good insulator 
with a low heat capacity and therefore it takes a lot of cold air and a long time to freeze a substantial 
volume of ice. 

The other way is by making a matrix of ducts directly connected to a cooling machine with a water-
glycol substation. Over the cooled ducts with an average temperature of -12⁰C, a fog of water is sprayed. 
This system is used to make ice floors for skating rings and ice hockey. [A. Pronk, 2012] 
 
4.7.1 Ice in summer 

Water has a four times higher heat capacity than air. Therefore direct cooling with water-glycol on 
ice in combination with the insulating capacities of air makes it possible to make ice sculptures with an 
air temperature above 0⁰C. A small scale experiment was done by winding an inflatable mould with 
cooling ducts. The ducts where connected to the cooling machine and sprayed with water. After one 
hour two millimetres of ice was formed. The experiment was a success and gave enough confidence to 
make the full-scale igloo. With this knowledge in September 2004 an igloo was made for an exhibition in 
Amsterdam during summer. [A. Pronk, 2012]    
 
4.7.2 Building method 

To start of building the ice structure is to blow up an inflatable mould. 2000 Meter of rubber tubes 
are wrapped around it and fixed together with ropes to make a grid with 5 cm between each duct. After 
the tubes covered the whole inflatable, the tubes are connected to a cooling system. The cooling liquid 
glycol is pumped through the tubes at a temperature of –12 °C. When the right temperature is reached, 
the tubes are sprayed with a mist of water. Layers of ice slowly cover the whole inflatable. When the 
layer of ice is thick enough, the mould will be deflated and can be removed, leaving a stable ice 
structure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Winding ducts around an inflatable mold [A. Pronk, 2012] 
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The ducts are sprayed from the outside with a mist of water for 3 days. The inflatable is removed and 
the ducts are sprayed at the inside of the igloo for one more day. To gain more information about the 
structural behaviour the construction of the igloo is calculated with the help of the program 
MarcMentat.  
  

Spraying the outside and the inside of the igloo, the lower picture is the finishing result [A. Pronk, 2012] 
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The cooling capacity is calculated and the most cooling capacity of the igloo will be needed during 
the making of the igloo. A cooling machine with an effective cooling capacity of 100 kW is used. The 
theoretical minimum time to make an igloo of this size is 11houers and 20 minutes. [A. Pronk et. Al. 2005] 

 
4.7.3 Conclusion 

The main construction technique is artificial freezing. The second construction technique is 
spraying/blowing. The base material is water. Water is sprayed in a fine mist, which will freeze to the 
rubber ducts. There isn’t any reinforcement used in this ice structure. The ducts of the cooling system 
are not considered as reinforcement; they are only used to cool down the surface. The igloo is a shell 
structure made with an inflatable, so the form typology will be surface active. The mould that is used is 
an inflatable which use air pressure for its rigidity. The inflatable mould is reusable after about 6 days, 
when the spraying on the outside of the structure is completed. For the construction of the igloo ducts 
were winded around the inflatable mould to get a grid with an average distance of 5 cm between the 
tubes. In total 2000 meters of ducts were used to cover the whole inflatable mould. This work took 3 
days and 5 people. After the ducts had been winded around the inflatable mould water was sprayed 
over the ducts. It took 3 days to get a layer of ice thick enough for a stable ice construction (10 cm). It 
took another day to spray the inside. In total it took about 7 days to make the igloo. This result in a 
building speed of about 1,4 square meters per person per day. In total the shell is about 10 cm thick. The 
maximum span is about 3 meters. The ratio of the shell thickness is 1/30 of the total span. The 
theoretical life span of this ice structure is more or less permanent. The benefit of this method is that an 
igloo can be constructed at an air temperature of +18 °C with the help of a cooling machine. In this case 
the igloo could be permanent if the cooling machine won’t be turned off. Once in a while additional 
spraying of water will be necessary. The igloo can be used for recreation and can also be used as a 
working space or storage when up-scaling is used. 
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The concept of a double-layered igloo [A. Pronk, 2012] 

 
 

4.7.3.1 Further research 
In the prototype it took 3 days with 5 man for 

winding the inflatable with ducts. Further research 
has been done for an easier way to construct this 
igloo. The idea was to construct an inflatable with 
an igloo-shaped double membrane. Between the 
layers of fibre a layer of 30 mm is added to 
transport the cooling liquid. With this in between 
the layers it is possible to make an igloo out of ice. 
But on the long run the system was not stable 
enough due to air in the water pump. The 
problems with this prototype can be solved but 
the market for igloos is that small that further 
investment in research was stopped. [A. Pronk, 2012] 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
  

The inflatable igloo with sandwich membrane in under pressure [A. Pronk, 2012] 
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Fiberglass bars as base [L. Coar, 2012] 
 

4.8 L. Coar  
At the Centre for Architectural Structures and Technology (CAST) at the University of Manitoba, a 

hybrid structure using bent fibreglass rods (rebar) as flexible frame supporting fabric formed ice shells is 
investigated. The intention behind the investigation is to develop an analogue technique for 
constructing fabric formed shell panels using other materials like spray concrete of GFRC. What also 
emerged is a realization that water itself can be an inexpensive resilient compression material of low-
embodied energy able to construct thin shell structures, suitable for temporary winter structures in cold 
climates. The project was located in the frozen Assiniboine River and was called The Cocoon. [L. Coar, 2012] 
 
4.8.1 The design 

The structure was intended to be a tunnel to provide 
shelter from the wind and snow for the ice skaters on the 
river. The design used four solid circular fiberglass bars of 
19 mm to create a four-legged frame and four solid 
fiberglass bars of 12,7 mm arching diagonally between the 
legs to spread them open. This module created the basis 
for the structure.  

Z3RCH Structural Engineers were invited to model the 
planned structure and examine the deflection properties 
of this structure under the anticipated wind and snow 
loads from the site. The results of this investigation were 
not expected to be entirely  accurate considering the 
unpredictability of the actual conditions of the site, the 
actual thickness of ice that would be achieved and the 
behaviour of the structure itself. However the colleague 
results did help to anticipate what modes of deflection and areas of greatest stresses to be expected. An 
important side note: the digital model did not take into account the pre-stressed condition of the 
fibreglass that creates the geometries in the actual built structure. This pre-stressing, created by 
bending the bars, contributes a considerable amount of stiffness that would improve the rigidity of the 
ice structure. [L. Coar, 2012] 
 
4.8.2 Building method 

The foundations, fiberglass bars and fabric were 
all prepared at the CAST facility prior to the 
installation on site. On the day of the build the 
weather was at a suitable temperature (in terms of 
freezing rather than human comfort) at -18⁰C. Steel 
rebar anchors were installed in the ice the day 
before and set them at the appropriate angles and 
spacing so that the frames could be attached directly 
to them. The students volunteers in groups of four 
walked the frames into place, while another team 
used gear clamps to connect each frame to the 
associated steel legs. [L. Coar, 2012] 
 
 
 
 

Assembly of fiberglass frames in the ice [L. Coar, 2012] 
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To apply the fabric, one set of legs from the foundation were detached and pulled to meet the other 
legs. The entire structure is bend over to apply the fabric. When the fabric was placed on the structure, 
the legs were re-attached to the anchor points in the ice. 

After completing the assembly and synching the fabric at the base, a hole was drilled into the ice and 
river water was sprayed with a water pump. Five coats of water were applied, creating a 6 mm think 
layer of ice. This was thick enough to add a significant amount of rigidity to the structure. The next day 
another seven coats were added to an ice thickness of 15 mm. [L. Coar, 2012] 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.8.3 Life span 

It took a total of 20 hours (in three days) to fully assemble the structure including the application of 
the ice. The cocoon remained the whole winter. Almost all damages caused was easily repaired by 
simply applying more water to the damaged area. 

The structure would lose ice through two modes. The first was by sublimation when temperatures 
stayed below -10⁰C during day and night. After approximately 7 days, more water would need to be 
added to maintain a thickness of ice that is desired. The other mode is trough melting when 
temperatures went above -10⁰C. At this point the South side would melt because of the surface 
temperature in the direct sun would rise to above 0⁰C. [L. Coar, 2012] 
 
  

Spraying water to the woven fabric [L. Coar, 2012] 
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4.8.4 Conclusion 

On the scheme above, all variables of the Cocoon are shown. The construction technique used is 
spraying of water. As a reinforcement, L. Coar uses bent fibreglass rods as a flexible frame, supporting a 
woven fabric. Two different sizes of fibreglass rods are used;  19 mm and 12,7 mm. At the base, anchors 
of 2 meter long, 25 mm steel rebar, were placed 75 cm into a hole drilled in the ice. This hole was filled 
with water to cast the steel in place. The fiberglass frames are then attached to these anchors to 
eliminate any opportunity for the fiberglass to be encased in the ice where an extreme moment force 
might be generated under intense wind loading. Then woven fabric is applied on the fiberglass bars. This 
woven fabric is sprayed with water to form a thin layer of ice. The ice stiffened the mould which will 
finish the ice structure. The ice layer assumed to be 15 mm thick. 

The most obvious is the ease and speed at which one can construct a full-scale structure using 
flexible framing like fiberglass rebar. Nevertheless the building speed is about 0,9 square meters per 
person per day. The base construction is easy to make. The most labour-intensive is spraying of water to 
create a shell of 15mm thick ice. Only thin layers of 1mm will freeze at once. The maximum span is 
about 2 meters with the extra help of fibreglass rods. The ratio of the shell thickness is about 1/133 of 
the total span, with the help of the bent fibreglass rods. The ice structure lasts for one winter season 
and is used as recreation. Ice skaters could change inside the structure, the Cocoon was used as 
protection against mother nature. This building system can be quickly deployed, is lightweight so also 
easy to transport. [L. Coar, 2012] 
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4.9 University of Vienna 
 

4.9.1 Introduction 

The University of Vienna (Austria), faculty of Civil Engineering has developed 3 different techniques in 
building ice shells between 2004 and 2011. The research is led by Johann Kollegger. The first 2 building 
methods have been carried out in both concrete and ice. An extraordinary aspect which every building 
method of this University has in common is that a double curved shape is created out of a flat surface. 
This rather unusual precondition is a result of studying the papers of the Japanese researcher Kokawa 
(see chapter 4.10). The conclusion of this research was that it is really difficult to control the shell 
thickness when water is sprayed onto an already dome shaped inflatable. The shell thickness gets larger 
on top of the dome and smaller on the sides because snow and water are much more difficult to place 
when the angle normal to the shell surface, which is zero at the top and about 50° at the bottom 
becomes larger. In order to simplify the construction of ice shells a method was developed where the 
freezing of the water takes place on the ground. [J. Kollegger et. Al, 2004] With this method ice shells can be 
created by transforming a plane plate into a shell by means of a pneumatic formwork. [J. Kollegger et. Al, 

2009] 

Between 2004 and 2012 this construction method evolved, which have led to 4 different building 
methods: 

- Polystyrene wedge method 
- Pneumatic formwork method 
- Segment lift method  
- Pneumatic wedge method  

 
4.9.2  Polystyrene wedge method  

 
Concept 

The first construction method produced was developed by using a 
flat plate made of ice and a soft Styrofoam component between the 
segments. This orthotropic material would permit large strains at low 
stresses in one direction and has better strength properties in the 
perpendicular direction. In the meridian direction struts consisted of 
ice, while in the ring direction the stiffness properties are governed 
by the elastic-plastic behaviour of the Styrofoam segments, which 
enables the plate to be deformed into a double curved shell with 
post-tensioning. A room in the laboratory of the Institute for 
Structural Engineering was isolated and equipped with a cooling unit 
in order to build this ice shell. An ice dome with a span of about 5m 
and a height of 0,9m was successfully constructed. [J. Kollegger et. Al, 

2004] 
 
Material 

The base material for the build is water, the ice is reinforced with 
fibre glass mesh. This mesh takes care for a better crack distribution 
during the shaping process. Instead of a few big cracks, many 
distributed cracks occur [J. Kollegger et. Al, 2004] 
 
 
 

Polystyrene wedge method  
[J. Kollegger, 2004] 
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Building method 
A flat ice plate with 32 Styrofoam segments was produced. The 

circle in the plan was approximated by a polygonal line with 31 
straight parts and a concrete anchor block for the post-tensioning 
tendons. Along the circumference a scaffolding had to be provided 
in order to form the boundary of the ice shell with a thickness of 
40mm. A tendon is placed along the edge of the plate. The erection 
becomes possible by stressing the tendon so that the circular plate 
slowly lifts up. With the help of a pneumatic formwork vertical 
impulse is given to outweigh the dead load. [J. Kollegger et. Al, 2009] In 
the laboratory experiment the centre of the plate was lifted by 
about 15mm with the aid of an air jack placed underneath the plate. 
Then the tendons were stressed simultaneously at both anchorages 
up to a force of 50kN. When the final sag of 0,9m was reached the 
tendon was locked at the anchorages. During the transformation 
from flat plate to shell the diameter was reduced from 5,2m to 
4,8m. And the radius of the curvature was decreasing from an 
infinite radius for the plate to a radius of 3,75m for the final shape. 
During the shaping process the Styrofoam segments were 
compressed from 57mm to 17mm at the circumference. [J. Kollegger 

et. Al, 2004] 

 

Safety 
Since the tensile strength of ice is smaller than the compressive 

strength, cracking occurred during the shaping process. After the 
completion of the shaping process the meridian stresses are only 
in the range of 0,1 N/mm2. The shaping process can therefore be 
considered as a proof loading of the shell. In other words, if the 
shell doesn’t collapse during shaping, it won’t collapse in its steady state. [J. Kollegger et. Al, 2004] 
 
Form finding 

Considering the low strength of ice as well as its creep behaviour, double curved shells have turned 
out to be the best suited shapes for ice structures. [J. Kollegger et. Al, 2004] Shells are natural, logical and 
functional load carrying systems. If a space has to be surrounded by a minimal area of surface, the shell 
is the logical optimum. Additionally, for the load transfer of a uniformly distributed load, the shell 
structure is the perfect choice because mainly normal forces appear in the cross section. The strongest 
form of shell is the monolithic shell, which is cast as a single unit. [J. Kollegger et. Al, 2009] 
 
Climate requirements 

To enable the freezing of water a constant temperature below -2 °C is a requirement both in the 
laboratory and in nature. In the northern hemisphere this temperature requirement will only be met 
during the winter months November to March and will strongly depend on altitude and location. 
Scandinavian countries and alpine areas are best suited for building ice shells. Temporary ice structures 
can be used for various purposes such as e.g. cultural events, presentation and promotion of sales 
products or they may serve as a tourist attraction. [J. Kollegger et. Al, 2004] 

 
 

 

Transforming an ice plate into an ice 
shell [J. Kollegger et. Al, 2004] 
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Short periods of warm weather will not harm the ice shell due to the long winter nights and also due 
to the possibility to increase the thickness of ice during cold periods. Another option would be the 
integration of a cooling system consisting of copper tubes and a cooling agent near the middle surface of 
the shell. [J. Kollegger et. Al, 2004] A comparable artificial freezing system has been developed by Arno Pronk 
which is also discussed in chapter 4.7. 
 

 
 
 
Field experiment 

In December 2005 the scientists of the Institute for Structural Engineering at Vienna University of 
Technology constructed an ice dome with a diameter of 13m and shell thickness of 200mm was 
produced originating from one flat plate. The ice plate was reinforced with glass fibre fabric and 
transformed into a dome with a height of 1,8m. [J. Kollegger et. Al, 2009; J. Kollegger et. Al, 2012] 
 

      
 

 
 

The completed ice shell in laboratory [J. Kollegger et. Al, 2004] 
 

Ice shell in Obergurgl [J. Kollegger et. Al, 2012] 
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4.9.3 Conclusion  

 

 
The polystyrene wedge method is the first method developd by the University of Vienna in order to 

build ice domes. Because a flat plate is deformed into a dubble curved shell it is possible to actually 
make the ice plate by flooding/casting a shuttering. Because only 1 base-material is used and the fact 
that it is build up in layers in a formwork, the quality of the ice is very controlable. An additional 
advantage is that it is very easy to apply reinforcement. The flooding of water can be interrupted and by 
means of a sandwich construction the fibre glass mesh can be placed between the layers of ice. Also this 
can be done very precisely and provides a homogeneous distributed reinforcement. Because the 
styrofoam slices between the ice segments can be compacted, the flat plate can be transformed into a 
dome like shape. This surface active structure is ideal for the material ice. A disadvantage of this method 
is that the styrofoam segments are limited in their width. If the polypropylene wedges are too width, it 
will lead to an stability problem during the shaping process and they will eventually pop out due to a 
buckling failure. Therefore there are some limitations within this construction method. Because the 
Styrofoam elements cannot be to width and also are not fully compressible, the deformation of the flat 
plate into a dome is limited to a small curvature. The shells produced with this method has a diameter of 
respectively 5 and 13meters and a height of 0,9 and 1,8 meters. The dome constructed in December 
2005 had a diameter of 13 metres and a shell thickness of 20 cm. The construction method is not labour-
intensive and involves not many steps from start to end. The ratio of the shell thickness is about 1/65 
from the total diameter. The lifespan of the shell is one winter. Because this plate is made from flooding 
water, it has a high density and will melt slower than similar snice or snow-ice structures. However the 
two domes that were built with this method were experimental structures and were not used as 
recreational or working space.  
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4.9.4  Pneumatic formwork method 

 
Concept 

One characteristic of doubly curved shells is that the surface is not 
developable which means that the surface cannot be flattened onto a 
plane without distortion. If one tries flattening the hemispherical half of 
an orange peel into a plane surface, wedge-shaped gaps will open. This 
second new construction method makes use of this concept. This 
principal is also used on the first construction method, the difference 
however is that the Styrofoam segments from method 1 no longer 
exists, which leads a total different construction method.  

Referring to the example of the orange peel, a shortening of the 
circumference of 36% is necessary to transform a circular disc into a 
hemisphere. [J. Latorre, 2010] Therefore the shape of the plane plate, 
which is going to be transformed into a shell, has to be chosen according to the final shape of the shell. 
Moreover, for this construction method the hemispherical shell is divided into matching plane elements 
approaching the real shape of the shell. In the strict sense, the shell structure is fragmented into a 
polyhedron (a geometry with flat faces and straight edges) [J. Kollegger et. Al, 2009]  

 
 
 
Building Method 

The shell consists of individual plane elements. In order to build a hemispherical dome, the structure 
is divided into sixteen segments and each of them is subdivided into six individual elements. Therefore, 
this structure consists of 16 x 6 = 96 elements. [J. Kollegger et. Al, 2012] These panels are placed on a planar 
working surface and are assembled by means of tendons. There 
are tendons in radial direction holding the elements together as 
well as tendons in circumference direction which carry the hoop 
forces after the removal of the pneumatic formwork. In order to 
transform the plate into a shell a pneumatic formwork is used. 
While air is inflating the pneumatic formwork, the plane plate is 
transformed into a shell. During the erection process these 
tendons in circumference direction are instrumental for the 
assembly of the elements. Therefore winches are needed to 
tighten these tendons ensuring that the elements are joining 
properly. Moreover after the erection process and after 
deflating the pneumatic formwork, the tendons in 
circumference direction at the bottom of the dome may be 
used to carry the horizontal force. [J. Latorre, 2010] 

Double curved from flat surface 
[J. Kollegger, 2005] 

 

Plan view [J.I.P. Latorre, 2010] 
 

Pneumatic formwork method [J. Kollegger et. Al, 2012] 
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After the transformation process the interfaces are filled with grouting material and post-tensioning 
can be applied. [J. Kollegger et. Al, 2009] With the aid of scale models the function of the pneumatic 
formwork is studied. Varying from pneumatic formwork which only lifted up the centre of the shell (the 
remaining shaping is done by  tightening the tendons), to membranes which were shaped identically to 
the final shape of the shell. The main innovative points of this construction method are the combined 
usage of precast elements, pneumatic formworks and post tensioning. [J. Latorre, 2010] 

 

    
 
 

Field experiment  
In December and January 2008/09 this construction method was tested on two ice shells in 

Obergurgl, Tyrol. Initially 2 circular ice plates with a diameter of 6m, respectively 13m were built, and 
were then cut in 96 individual elements, held together by means of tendons. Due to the inflating of the 
pneumatic formwork, the ice plate with the diameter of 6m became a hemisphere with a diameter of 
4m and a height of 2m. The experiment of the plate of 13m failed due to a rupture of the central tension 
ring. It turned out during the experiments that the pneumatic formwork method is only applicable for 
small shells with a maximum base diameter of approximately 10m, because of the large tensile forces 
which occur in the pneumatic formwork during the shaping process. [J. Kollegger et. Al, 2012] 
 
Step 1 

First the pneumatic formwork was placed on the plane working surface. Then a frame was situated 
alongside the circumference of the circular plate. Afterwards water, which froze to ice, was sprayed 
inside the frame. So a circular plate of ice was generated. 
 
Step 2 

After the hardening of the ice, those parts of the ice which were superfluous for the transformation 
into a shell were removed by a chainsaw .Through the removal of the superfluous material, interfaces in 
radial direction were created. Also the ducts for the tendons were created by cutting the paths, placing 
the ducts and filling the gaps with water again, to embed the ducts in the ice. 
 

 
 Circular plate formation of the big ice shell [J. Latorre, 2010] 

Scale model – raising process of the shell [J. Latorre, 2010] 
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Step 3 
The interfaces in circumference direction were produced by cutting into the ice. These cuttings were 

predetermined breaking points. Therefore the ice broke along these cuts during the transformation 
process. 
 
Step 4 

Then the tendons and cable winches were installed in the right place. 
 
Step 5 

The pneumatic formwork raised the elements to form the shell. When the final shape was obtained 
the tendons were tight and the cable winches were removed. Also a door was built removing three 
elements near the base. The three pictures below demonstrate the transformation process of the 13m 
plate. The central tension ring broke before the last row of elements could be raised by the pneumatic 
formwork. The picture on the next page is the small dome of 6 metres with the door installed. Because 
the transparency of the ice, the ducts in both directions are still visible in the elements. For two 
elements this raster of ducts is highlighted.  

 

 
 
 

 

 
 

Finished small ice shell – Ducts are highlighted [J. Latorre, 2010] 

 

 

Raising process of the big ice shell [J. Latorre, 2010] 
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Concrete field experiment 
A similar experiment is carried out with precast concrete elements. In this experiment a 

hemispherical concrete shell with a diameter of 8,4 m was created. This concrete shell consisted of 96 
precast concrete parts with a thickness of 50 mm. Sixteen of these 96 elements have the same 
dimension whereby only six different formworks for the production of the elements are required. The 
green ducts in the formwork are used to feed through the tendons. On site, the precast parts are 
positioned on the not yet inflated formwork and assembled with tendons. [J. Latorre, 2010] 
 

    
 

 

The pictures show how the pneumatic formwork was inflated with air, therefore the elements were 
lifted and the plane plate was transformed into a hemispherical shell. The maximum required internal 
air pressure amounted to 37mbar. [J. Latorre, 2010] The black boxes are the winches for each tendon in 
circumference direction. The tendons in radial direction are not tensioned by a winch. Their function is 
to keep all elements of each segment together, but also form a hinge between the segments.  
 

    
 

     

Ducts in precast concrete elements [S. Dallinger, 2008] 
 

Erection process of the concrete shell [S. Dallinger, 2008] 
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4.9.5 Conclusion  

To start with the restrictions of the previous building method. With this second building method, it is 
possible to build a dome whereby a larger curvature of the shell is possible. However this new 
construction method is more labour-intensive. The construction technique of producing the ice plate is 
similar, however the places were previously the Styrofoam elements were situated, now have to be 
carefully cut out of the plate. The next step is to make cuts into the ice to make a network of ducts. 
Unlike the first method this does not use reinforcement in the ice, however the network of ducts and 
steel cables in the ice possibly contribute to the strength of the ice. Also the need of an inflatable which 
shape has to be exact the shape of the finished shell requires an labour-intensive process. De inflatable 
and the mould can be reused and the lifespan and shell ratio will be about the same of the first building 
method.  

However there is also a limitation in this building method. In the previous method the dome shape 
was limited by the curvature of the plate. In this method the dome is limited in its diameter.  It turned 
out during the experiments that the Pneumatic Formwork Method is only applicable for small shells with 
a maximum base diameter of approximately 10m, because of the large tensile forces which occur in the 
pneumatic formwork during the shaping process. [J. Kollegger et. Al, 2012] 
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4.9.6  Segment lift method 

Mainly because of the scale limits of the previous building method, in winter season 2009/2010 an 
new building method was developed in order to build an ice cupola, which was intended to be used as 
an ice bar in Obergurgl, Tyrol (Austria). The ice cupola would be assembled by means of a newly 
developed construction method that had never been used before. The key element of this method was 
distorting individual ice segments and subsequently lifting them in order to form a shell. [J. Latorre, 2010] 

One way is to lift them by means of a pneumatic formwork, which has to be placed underneath the ice 
elements before producing the flat ice plate. Another option is to 
lift the ice segments with a lifting device and then rest them on 
stands. In both methods the end parts of each element are bent 
down by both elastic and creep deformation. First the pneumatic 
formwork method will be discussed afterwards the lifting device 
method will be explained. [J. Kollegger et. Al, 2012] 
 

Pneumatic segment lift method 
In the first step, plane elements made of ice were produced. In 

order to obtain such elements, an ice plate was made by spraying 
water on a levelled and sealed working surface. The ice segments 
are improved by means of steel reinforcement. By inserting steel 
ropes into the ice, the material of these segments can be referred 
to as reinforced ice. Superfluous parts of the ice, which were 
unnecessary for the development of the shell, were removed. 

In the next step, the elements were distorted uniaxially – this 
curvature was being produced by both elastic and creep 
deformation. These deformations generated tensile forces; 
therefore steel ropes had been placed inside the ice elements 
during their production. In order to distort the ice elements the 
middle part of the segments was lifted with a pneumatic formwork. 

Through the pneumatic formwork the end parts of every 
element were bent down. By maintaining this condition creep 
deformations were added to these instant deformations caused by 
dead load. Eventually, this distorted state was fastened with 
temporary tension chains. 

After the distortion the elements would be lifted and assembled 
to form a shell. This lifting process is subsequently called second 
lifting process. In order to carry out the lifting process a wooden 
tower with a lifting device was built.  

In the next step the gaps between the elements would be filled 
with snow and water. Additionally, a tension cable carrying the 
horizontal forces was attached. Thus, these individual elements 
would constitute a shell structure and at this stage the mounting 
tower and the temporary tension chains could be removed. After 
creating an entrance for the ice cupola, the ice bar would be ready 
to be opened. [J. Latorre, 2010] 

 
  

Segment lift method [J. Latorre, 2010] 
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Field experiments 
Two experiments according to this construction method have been carried out. In the winter seasons 

of 2009/10 as well as in 2010/11 a team from the Institute for Structural Engineering experimented in 
building an ice shell with an inside base diameter of approximately 10m and a height of 3.7m. In both 
cases the ice domes were designed to consist of sixteen individual ice segments which had to be 
distorted before they could be assembled to form a shell structure. Many of the individual production 
steps were similar in both ice shell experiments. One big difference in regard to the construction process 
is that in the winter of 2009/10 a pneumatic formwork was used for the first lifting process and the 
distortion of the ice segments, whereas in season 2010/11 a lifting device, which placed the segments 
on stacks of wood so that the deformation process could take place, was utilized. 
 
4.9.6.1 2009/2010 

The first step was to make a levelled ice surface. The place provided had a lot of snow, at the 
beginning a tractor was needed in order to take away the snow. When the surface was clean, 
measurements were made by a theodolite and water and snow where used were necessary to level the 
surface.  

The next step was marking the centre of the shell. That point would be the reference for every 
measurement. The end of the ice plate was marked by paint sprays. A plastic served as a mold for the 
ice plate. The pneumatic formwork was placed on the plastic. Wooden beams were used as a border in 
order to not let out the water. The air pressure tubes were connected with the pneumatic formwork 
 

     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Leveling the construction site [J. Latorre, 2010] 
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In the gaps between the future ice segments, Styrofoam pieces were put in order to protect the 
pneumatic formwork (when cutting out the segments with a chainsaw). Afterwards thin layers of water 
were flooded to obtain an ice plate with good mechanical properties. When the ice plate reaches half its 
thickness, the build-up of ice layers was interrupted. 
 

      
 
 

The next step was to install the steel cable reinforcement at half its thickness of the ice plate. The 
steel cables were fixed to the inner and outer border of the mould. Hereafter spraying water continued 
until required thickness of 20 centimetres was reached.  
 

            
 

 
 

Styrofoam pieces               Applying tendons at the middle of the ice plate 
[J. Latorre, 2010] 

Detail at the end of the tendons [J. Latorre, 2010] 

Finished ice plate [J. Latorre, 2010] 
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The ice plate was cut into the 16 designed ice pieces. A chainsaw was used very carefully, not to 
damage the underlying pneumatic formwork. The cutting took some days because very small pieces 
needed to be cut between the ice elements. Afterwards each ice segment was cut in hoop direction to a 
depth of 5 cm. The cuts make it possible to deform the ice segments more easily. The steel cable 
reinforcement in the ice takes care of the tensile forces. The elements are now prepared to lift with the 
pneumatic formwork. 

 

      
 
 

When air was pumped into the pneumatic formwork a catastrophic error happened. During lifting, 
the ice elements were not properly supported by the pneumatic formwork. There was a large distance 
from the central end to the support surface therefore the momentum was so high that some elements 
broke. The air was removed inside the pneumatic formwork and the broken elements were repaired 
with water and snow. 
 

        
 
 

During the second attempt, the cuts in the ice were enlarged from 5 to 10 cm. This in order to 
improve the interface between ice elements and pneumatic formwork and to decrease the moment in 
the central end. Moreover the air pressure was  increased more slowly. 
 

 

Cutting ice plate into 16 elements       Element cut in hoop direction [J. Latorre, 2010] 

Broken elements [J, Latorre, 2010] 
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Before lifting the ice elements to form the dome, the two ends of each element were connected to 

each other with tension chains lying under the pneumatic formwork. These tension chains are 
connected to the wooden en steel plates which also holds the steel cable reinforcement. The chains 
were tightened as much as possible and the previously made cuts to deform more easily were filled with 
water after the required curve of each element was reached.  

The night before lifting a terrible accident happened, 12 of 16 elements were broken. Somewhere in 
the pneumatic formwork an air leak developed and the compressor had not enough power to support 
the ice elements. After inspection, the problem was not the air leak in the pneumatic formwork neither 
the inability of the power compressor. The problem was that the chains under the pneumatic formwork 
did not work rightly. The chains should take care of the tension forces when the pneumatic formwork 
would be deflated. However the tension chains under the formwork were curved by the pressure of the 
membrane. By (accidently) deflating the membrane the chains straightened and were not able to take 
care of the tensile forces. For further experiment the design with the pneumatic formwork and chains 
needed to be changed. Eventually the remaining 4 elements were lifted and had proven that this 
production method had some potential. 

 

Creeping process [J. Latorre, 2010] 

Section of element – simulation of controlled creep process 
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Chains under the pneumatic formwork [J. Latorre, 2010] 

Ice elements destroyed 
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4.9.6.2 2010/2011 
The previous construction method failed because the chains under the pneumatic formwork did not 

work rightly. This part of the construction has changed. The pneumatic formwork caused some 
difficulties by cutting the segments and the main problem was that the tension cable underneath the 
formwork could not be totally straightened. The logical consequence is to replace the pneumatic 
formwork for something less vulnerable. 
 

 
 
 

The picture above simulates the new building method. The pneumatic formwork is replaced by two 
lifting devices. With the help of threaded rod which is embedded into the ice plate the plate can be 
lifted. Wooden supports are build up under the segment. The curvature of the beam is obtained by its 
own weight of the overhang on both sides of the support. Unlike the previous method there is no 
restriction for the steel tension cables by a pneumatic formwork. 

The build started with a level, sealed working surface where the ice dome would be constructed. A 
foil was placed and a border was made. The blue plates with pins are fixing points for the threaded rod, 
which will be frozen into the ice. [S. Dallinger et. Al, 2012] 
 

     
 
 
 
 
 
 
 
 
 
 

Schematic drawing of lifting device [S. Dallinger et. Al, 2012] 

 Level and sealed working surface [S. Dallinger et. Al, 2012] 
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The ice was made by spraying layers of water onto this circular surface and waiting for it to freeze. 
Halfway the ice thickness, steel cables are carefully applied in what later will be 1 segement. The 
elements of the ice shell did not have a constant width so 8 steel tendons were put at the wide end of 
each element, 6 tendons at the middle and 4 tendons at the other end. The build-up of ice layers 
continued until the required shell thickness was reached. A wooden tower was build in the middle to 
support the dome segments during lifting. The threaded rods sticking out of the ice were necessary to 
connect the ice segments to the lifting device later on. [S. Dallinger et. Al, 2012] 

 

      
 
 
Sixteen segments were then cut out of the 20 centimetres thick plate of ice, each 5,8 m long. 
 

     
 

 
To sculpt the segments to have a dome-like curve, the researchers relied on ice's creep behaviour. If 

pressure is applied to ice, it slowly changes its shape without breaking. The segments of ice are placed 
on stacks of wood. Then, under the load of its own weight, the ice begins to change shape all by itself, 
resulting in a curved dome segment. In order to speed up this deformation process, cuts were made into 
the ice. The blue steel frame was used to lift the ice segments. [S. Dallinger et. Al, 2012] 
 

      
 

Applying reinforcement         Spraying of layers water [www.betonbau.tuwien.ac.at] 

Cutting the ice plate into elements         Making of cuts in hoop direction 
[www.betonbau.tuwien.ac.at] 

Lifting the element          By creep shaped elements 
[www.betonbau.tuwien.ac.at] 
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Each curved segment was fastened with temporary tension chains, which were removed later. Then 
the pieces were lifted with the help of a crane and fixed to the wooden mounting tower. 
 

      
 
 

Once all the segments had been positioned and the ice dome stood on its own, the tower was removed. 
 

      
 
 
4.9.7 Conclusion  

This building method is a mixture of flooding in the first stage and prefab elements in the second 
stage. The type of reinforcement is laminated because the steel cable reinforcement is situated in the 
middle of the ice plate. In the first attempt an inflatable is used to form the ice segments. In the second 
attempt the inflatable is replaced by a lifting device and wooden supports. The shell was about 20 
centimetres thick with a total span of about 10 metres. The ratio for the shell thickness is 1/50 of the 
total span. 

The function of the completed shell was to serve as an ice bar. The ice bar was well attended and up 
to 80 guests could be accommodated. However, in retrospect, it can be said that the construction 
process involved many individual steps and was therefore very time consuming. In comparison with the 
first developed method (the polystyrene wedge method) a longer construction time was needed. In a 
future attempt a new method will be tested in order to combine the advantages of the different 
methods developed at Vienna University.   

Tension chains [www.betonbau.tuwien.ac.at] 

Lifting the elements       Complete ice shell  [www.betonbau.tuwien.ac.at] 
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Pneumatic wedge method 
The polystyrene wedge method can only be used for shells with a small curvature. If this construction 

method would be used for building an ice shell it would be necessary to reach a higher curvature. 
Analysing the already tested method, the conclusion is that that the polystyrene wedges have to be 
replaced by another material. A large structure with a big curvature requires wedges with a big width. 
The usage of the polypropylene wedges may lead to an increasing stability problem en will eventually 
pop out due to a buckling failure.  

The idea is to replace the Styrofoam by pneumatic wedges to fill the gaps between the elements. The 
pneumatic formwork is easy to compress and can be removed without leaving any residuals. Based on 
the experience gained during the experiments, a new method has been invented. The pneumatic wedge 
method will combine the advantages of the polystyrene wedge method (short construction time, low 
labour costs) and the segment lift method. [J. Kollegger et. Al. 2012] 
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4.10 Ice Pantheon 
Ice structure have a high structural performance as a shell. In 1980s, T. Kokawa designed a 

construction method for large ice shells. During almost 30 years since proposing a new construction 
method of building ice shells, the shells have been practically used inland Hokkaido with sufficient snow 
and low temperature for a variety of temporary structures. The shell structures can be used for 3 
months as a winter storage of vegetables, a factory house, an indoor space for ice fishing and for event 
facilities for winter festivals. [T. Kokawa, 1986 - 2013] 
 
4.10.1 Introduction 

The table on the next page shows the specifications of the construction method of ice shells by 
Tsutomu Kokawa. [T. Kokawa, 1986 - 2013] 
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The membrane is inflated for the first time 
[T. Kokawa, 1986 - 2013] 

 

4.10.2 Production process – preparations  

Some building components will have to be produced before the construction of the ice shell can be 
realized. With the help of a couple of students, a membrane bag is produced, the rope cover is produced, 
and wooden panels which help to build the foundation will be made. 
 
4.10.2.1 Membrane bag 

The production process of the membrane bag can be divided into a number of steps. 
 
Dimensions membrane 

First, the dimensions of the membrane bag are 
determined. The dimensions depend on the size of the ice 
dome. For the membrane bag, two flat circles are cut out, 
out of PVC sheet. The lower circle is slightly larger than the 
upper circle.  

 
 
 

 
Connecting membrane 

After both circles are cut out, the circles need to be 
connected. This is done by means of an adhesive connection. 
Students glue both circles together. The membrane bag will 
get an air tube to where the air blower will be connected.  
In contrast to normal freeform membrane formworks, no 3-
dimensional cutting patterns are required. By using a rope 
cover the form of the membrane bag can be easily 
controlled. This makes the membrane bag easy to fabricate, 
resulting in low production time and costs. 
 
Testing 

The final step is to test the membrane bag. Once the glue 
is on its full strength, the membrane is inflated. Then the 
bag is checked for air leaks. These leaks must be sealed in 
order to prevent damage to the ice shell during construction. 
Air gaps can cause for air bubbles in the ice layers, which 
causes for weak ice.  

In chapter 4.10.1 introduction a table shows all different 
measurements of membrane bags combined to the 
dimensions of the ice dome.  [T. Kokawa, 1986 - 2013] 
 
 
 
 
 
 
 
 
 

Cutting out two circles 

 

The circles are glued together 
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Polypropylene rope 

 

Students lay out the complete rope cover 

 

Folding the rope cover for transport 
[T. Kokawa, 1986 - 2013] 

 

4.10.2.2 Rope cover 
Also the rope cover needs to be prepared before starting 

to build the ice dome. It starts by selecting the desired 
pattern. The specifications of the used ropes are shown in 
table in chapter 4.10.1 introduction. The maximum rope 
tension determines the thickness and type of rope used for 
the rope cover. Larger dome structures generally create 
higher rope tension, which leads to stronger ropes.  

The rope cover needs a second mechanical property to 
prevent the ropes getting stuck in the ice shell. The ropes 
used in the ice domes is made out of polypropylene. It 
provides both the tension strength as the repelling 
properties and is in low in cost. 
  
Pattern 

In order to create the membrane bag into a desired 
shape, the rope cover needs a specific pattern. The pattern 
will decide the shape and appearance of the ice shell. The 
rope cover will also contribute to form a rib structure in the 
ice shell. 

A common pattern is the geodesic triacon pattern. This 
pattern consists of triangles. The scale of the pattern 
determines the exact shape of the model. The finer the 
pattern (v4), the more triangles the pattern contains. A large 
rope pattern gives less anchor points, which means that 
the tension force in each rope is higher. With  a geodesic 
pattern dome shapes can be made easily. 
 
Connecting nodes 

When the pattern has been decided, the exact location of 
the nodes can be determined. On de pictures students 
calculate the different nodes of the whole rope cover. By 
applying a loose connection, the nodes can still partially shift 
over the ropes. However, when the membrane bag is 
inflated, the air pressure will position the rope cover and the 
connection nodes in the right location. 
When the rope cover is completed, it can easily be folded 
and stored for transport to the construction site. [T. Kokawa, 

1986 - 2013] 
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Students make a complete circle of wooden 
panels to make the ice foundation ring 
[T. Kokawa, 1986 - 2013] 

 

Students build the wooden panels 

Anchoring beams are put in place with the 
anchoring rope attached 

4.10.2.3 Wooden panels 
The last preparation of the production process is the production of the foundation wall. The 

foundation wall will prevent the rope cover to be pulled out of the ground.  
 
Foundation wall 

The foundation wall, that is used when creating the 
foundation ring, consists of wooden panels. By making use of 
these wooden boards, the ice foundation can be made more 
quickly with less material. 

Anchoring blocks are placed within the foundation ring to 
connect the rope cover to the anchoring. These blocks consist 
of a wooden beam with an anchor rope attached to the beam. 
This anchor rope is then connected to the top of the foundation 
wall and forms the connection between the anchoring and the 
rope cover. The weight of the foundation ring keeps these 
wooden beams in place when forces are applied on the 
anchoring. [T. Kokawa, 1986 - 2013] 
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Students measures the inner ring 

Leveling the construction site 

The foundation ring with the anchoring rope in place 

The connection of the membrane bag and the 
foundation ring is important, shown in this section 
[T. Kokawa, 1986 - 2013] 

 

4.10.3 Production process – realization 

 
4.10.3.1 Foundation 

An important part of the ice dome construction as 
applied by Tsutomu Kokawa, is the foundation ring. The 
foundation ring ensures a better distribution of the 
different forces in the construction. Because of the 
mechanical properties of ice, the design of the dome is 
very important. The low tensile strength of ice causes 
the design to be mainly compressive based. The tensile 

forces in the structure will be transferred to the 
foundation ring. By making use of the weight of the ice 
ring, the hoop forces will be converted to an axial force 
that will act as a compressive force in the ice. This 
principal is also used at old cathedrals. In these 
cathedrals the forces of the roof are transferred to the 
buttresses. These buttresses are over dimensioned  to 
convert the tensile forces into axial forces. [T. Kokawa, 

1986 - 2013] 
 
4.10.3.2 Foundation ring 

Before making the foundation ring, the total 
construction dimensions are measured. The next step is 
to level the construction site. After levelling the 
construction site, a big circle is set out and the wooden 
foundation panels are placed. All anchoring points are 
attached to the wooden panels. Then layers of snow 
and water are added. Large amount of snow and water 
will be added to the foundation ring. An extra site note 
is that the anchoring should be placed in the exact right 
angle to provide optimal force in the anchoring. The 
position of the anchor in the foundation ring should be 
adequately designed. First it is important for the 
occurring forces in the ropes. If the thickness of the 

anchor rope and the  location of the connection are 
not correct, the produced thin ice becomes unstable in 
the early construction stage. This can result in cracks 
and even failure of the construction. The other role of 
the design is the smooth connection of the membrane 
bag  to the upper and lower part of the ice dome.  If the 
lower part of the membrane bag does not connect 
properly with the foundation ring, the resulting gap will 
take a long time to fill up.  
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With a different kind of pattern T. Kokawa 
created a freeform shell ice structure. [T. 
Kokawa, 1986 - 2013] 

 

Making the foundation                  The completed foundation    
[T. Kokawa, 1986 - 2013] 

 

When all preparations have been made, a snowplow will gather the snow needed to create a solid 
foundation ring. During the addition of snow, water is added to create compact ice layers. The 
dimensions of the ring depend on the size of the dome. It takes about 1 week to complete the 
foundation ring, depending on its size. After completing the foundation, the wooden panels are 
removed and the ice ring gets to freeze one extra day. [T. Kokawa, 1986 - 2013] 
 

 
 
 
 
 
 
 
 
 

 
 

4.10.3.3 Membrane bag and rope cover 
The membrane bag is placed, combined with the rope cover.  The ropes keep the membrane bag in 

place. The tension in the ropes is in equilibrium with the inside air pressure. By combining both 
components in one construction, the pneumatic formwork works mainly under compressive forces.  The 
general shape of the formwork obtained automatically by this method regularly consists of a number of 
bulges surrounded by cover ropes. A family of reinforced ribs with large sectional areas along the ropes 
would improve the structural performances as a ribbed ice shell. 

 
 

Most of the time PVC is used as a membrane material. First of all, the ice will not attach to the PVC, 
causing the membrane to be easily removed after completion. Secondly, because only the first number 
of ice layers are carried by the pressure controlled membrane. That is why the construction of the ice 
shell requires a low pressure control system. After a certain thickness is reached, the ice layers can carry 
their own weight. 
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Placing the membrane and rope cover 

Inflation of the membrane 

The inflated membrane is ready for the application of 
snow and water. [T. Kokawa, 1986 - 2013] 

 

After the foundation ring is completed, the pneumatic 
formwork is placed inside the ring. This formwork is the 
2d membrane bag, made during the preparations. The 
table in chapter 4.10.1 introduction, shows all different 
measurements of membrane bags combined to the 
dimensions of the ice dome. When the membrane bag is 
placed correctly, the rope cover is placed over the 
membrane and is connected to the anchor points which 
are earlier mounted in the foundation ring.  

Prior to inflation of the pneumatic formwork, spacers 
of styrene polypropylene board are placed on the 
membrane. These spacers ensure that the thickness of 
the ice layer can be determined during the construction 

process. 
When all the preparations have been made, the 

formwork can be inflated. This is done with an air blower 
with a capacity of 45m3/min. The time of inflation 
depends on the size of the pneumatic formwork. 
When the membrane is fully inflated, the rope pattern is 
clearly visible. Before the start of the next stage, a 
wooden framework is placed to the membrane bag to 
form an opening when the ice shell is completed. After 
the addition of water and snow, the frame can be 
removed and there is an opening in the ice dome. [T. 

Kokawa, 1986 - 2013] 
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The thickness of the ice layers needs to be controlled 
to < 1cm per layer [T. Kokawa, 1986 - 2013] 

 

The application of snow  

The application of water 

4.10.3.4 Application of the building material 
After all the preparations have been made and the 

membrane bag is inflated, the application of snow and 
water starts. By adding water and snow to the pneumatic 
formwork, an ice layer is created. The combination of 
several ice layers creates an ice shell structure. During 
the construction process, extra attention is necessary to 
aspects like the thickness of the layers during the process 
and the application of snow and water. [T. Kokawa, 1986 - 

2013] 

 
By using a rotary plow machine, milled snow is 

blown onto the pneumatic formwork. The snow requires 
a low density, 0.4 to 0.5 g/cm3, to be milled by the 
machine. Due to the rotary plow, the snow will be 
sprayed over the membrane with a proper distribution. 
The dimensions and capacity of the snow plow machines 
is dependent on the scale of the ice dome. The water will 
be sprayed on the snow layer with an adjustable nozzle. 
This nozzle creates a fine mist to distribute the water over 
the membrane structure.  
 

During this process, thin layers of snow and water are 
sprayed onto the membrane. The snow and water will 
form  a layer of ice of less than one cm thick at a time. 

This process is repeated until the desired thickness of 
the shell structure is reached. A simple formula is 
thickness = 1/100 * Diameter dome. When a certain 
thickness is reached, the shell structure supports its own 
weight. In this way the membrane bag does not carry the 
full weight of the ice shell. 

The combination of spraying water and blowing snow, 
makes sure the water freezes rapidly. The snow makes 
sure the water does not run of the membrane and a bit 
of snow melts by the water, causing to cool down the 
water. Researcher T. Kokawa has designed two formulas 
to calculate the freezing time and the amount of water 
needed. Due to practice, he found a ratio between the 
amount of snow and water needed in combination with 
the air temperature. 
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Clearing the opening of the ice shell 

The folded membrane folded, ready 
for re-use 

 

The rope cover, ready for re-use 
[T. Kokawa, 1986 - 2013] 

 

Removing the membrane 

 

Detaching the membrane 

 

Research of T. Kokawa shows that one cm ice layer has an 
average construction time of 1,5 hours, with an average air 
temperature of -10⁰C.  

An important aspect during the application of snow and water 
to the membrane, is controlling the thickness of the ice layers. The 
snow is sprayed onto the membrane in phases of less than 1 cm. 
When the layer exceeds this limit, the applied water will only mix 

with the upper snow layer. In this way the underlying layer of 

snow will not be able to mix with the water, creating 
imperfections in the shell. This results in an unstable construction.  

The last step in the construction process is deflation and 
removing the membrane bag together with the rope cover. First 
the opening is cleared from excessive snow and ice. After that, the 
air blower is turned off to deflate the membrane. For a 25 meter 
dome, it takes about five hours to deflate. The membrane and 

rope cover is folded and can be reused to build another ice 

structure. The interior of the ice shell reveals a rib structure in the 
same pattern as the rope cover. This rib pattern improves the 
structural behaviour of the shell.  

The ice shell can be used for all kind of activities like ice bar, 
hotel, festival, factory or other activities. During this phase, 
maintenance is required. Excessive snow should be removed to 
reduce the creep behaviour. [T. Kokawa, 1986 - 2013] 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 The end result, the interior of the ice shell [T. Kokawa, 1986 - 2013] 
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A large deformation before collapsing 
[T. Kokawa, 1986 - 2013] 

 

Due to solar radiation and warm temperatures 
eventually the ice shell will collapse. Before collapsing, 
the ice dome will show a huge deformation. This will 
warn the people so that they can leave the ice dome. 

The visible deformation predicts the danger of 
collapse in advance. This is one of the most important 
reasons why the ice shell can be used as an architectural 
structure. In order to delay the speed of the 
deterioration caused by various weather conditions 

such as solar radiation, plus air temperature and 
rainfall during the period of the use, a low density of 
snow is blown onto the ice shell by a snow blower 
because the snow has a high performance in the 
thermal insulation. It is blown especially at the south 
side. In order to recover the quality of the ice, spraying 
water onto the shell should be carried out a few times 
during the period. These devices for the maintenance 
make the life span of the ice shell longer. [T. Kokawa, 

1986 - 2013] 
 
4.10.4 Conclusion 

On the scheme above, all chosen variables are visible. The construction technique is spraying of 
water and blowing of milled snow with a rotary plow. The combination of water and snow, makes the 
base material snowice. No reinforcement is used in the ice shell.  Because of the shell structure, the 
form typology is surface active. Most of the ice shell has to deal with compressive forces. In the lower 
part at the foundation, tensile forces will occur. The mould is an inflatable membrane bag and a rope 
cover to keep the membrane bag in place and to control the form of the membrane bag. The mould is 
immediately reusable after finishing the ice structure. When a certain shell thickness is reached, the air 
blower is turned off and the membrane bag and the rope cover will be removed. After removing, the 
mould can be reused. 

The most obvious is the ease and speed at which the construction of the ice dome can be realized. 
With low tech equipment and low cost, large span ice structures can be realized. The building speed is 
about 2,9 square meters per person per day. The foundation ring is most of the work. The applying of 
thin layers of snow and water is labour intensive. Once the foundation ring is finished, it need an extra 
day to freeze. The application of the thin layers of snow and ice on the membrane can be done in layers 
of one centimetre. In total the thickness of the ice shell is about 1/100 of the total diameter of de shell.  

The ice structure lasts for one winter season.  When the ice dome is unstable, a large deformation 
will occur, giving the visitors enough time to leave the ice dome. The ice shell is used as recreation, but it 
can also be used as a factory / storage, because of its large span. 
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CNC cutting panels                                Pneumatic formwork  

 

Spraying water (and snow) onto the formwork                         Inside the shelter 

 

4.11 Harvard graduate school of design, Ice shelter  
 
4.11.1 Introduction 

Carl Koepcke and Marshall Prado (under the guidance of David Mah) from Harvard Graduate School 
of Design created a system for constructing a rapidly deployable shelter for cold-weather conditions. 
The project combines the use of readily available snow and ice as natural building materials with the 
process of parametric modelling and digital fabrication techniques for the construction of a thin-walled 
shelter. The temporary shelter utilizes the isolative properties and inherent compressive strength of the 
proposed building materials to craft a spatial catenary volume. 
 
4.11.2 Building method 

The building method used for this design is spraying water and snow onto a pneumatic formwork to 
create a thin ice shell instead of shovelling together heavy blocks like a traditional igloo. This formwork 
is made by using parametric modelling and digital fabrication techniques. 92 Unique panels of 3 mm 
plastic are made with CNC tools. Double-sided polyester tape was used to join the panels and make the 
inflatable.  Such panels supply a lightweight and packable guideline for the shelter, allowing users to 
carry the system in a large backpack until construction is necessary.   
 

      

The material used to make this ice shelter was a combination of snow and ice. Fabric reinforcement 
was used to strengthen and connect the catenary ribs, it was discovered that an ice shell of 
approximately 1,3cm was capable of supporting itself without further bracing. 
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Finished shell, fabric reinforcement visable             Translucent effect of the ice shell  

 

4.11.3 Conclusion 

The building method used for this design is spraying water and snow onto a pneumatic formwork. 
Some macroscopic reinforcement is used to strengthen the ribs of the shell. The reinforcement material 
used is a fabric. The mould used is a pneumatic formwork made with 3d cutting. Inside the pneumatic 
formwork, catenary sections are placed to form the mould. The rigidity of the mould is obtained by air 
pressure.  The inflatable can be deflated and reused after the desired shell thickness of 1,3cm is reached. 
The largest span is about 1,5 meters. The shell thickness is about 1/115 of the total span. The function of 
the structure is a rapid deployable shelter, but it can also be used as a recreational or aesthetic function.  
 

     

 

 

All information and images are from www.archdaily.com – Fabricating grounds: Ice Shelter / Koepcke + Prado 
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4.12 Pykrete Arch 
 
4.12.1 Introduction 

There are few structures build with the use of pykrete, except some small scale test objects. However 
civil engineering students of the Fairbanks University, Alaska saw some potential in the material for 
making an Ice Arch. The annual tradition of building an arch has existed at UAF (University Alaska 
Fairbanks) for over 50 years. Every winter students construct an ice arch as a part of Engineering Week. 
The design and methods used in the construction varies from year to year. 

Ryan Cudo, the arch designer and build team co-captain chose the material pykrete for its increased 
durability and slow melting rate. Given its properties, it seems only appropriate to give pykrete a try. 
Will Riley, captain of the ice arch team, and his team mates determined through a lot of testing that the 
perfect ratio of the pykrete needed to be 18 % white spruce saw dust and 82 % water by weight. 
[cem.uaf.edu] 
 

4.12.2 Building Method 

 
Preparation  

While last year's ice arch was constructed using blocks of “plain” ice that were supported by a 
wooden frame until the arch could stand on its own, this year's pykrete structure is built using 
continuous moulds. The construction process involves assembling the moulds, mixing and pouring the 
pykrete and finally erecting the structure. 

Once the moulds were assembled and put in place, the pykrete was poured in small increments 
every 24 hours at outside temperatures ranging from -20 to -12°C. Pouring pykrete was done nightly, 
and each session took about 2 hours. The pykrete was saturated overnight, there was a more uniform 
distribution across the beams. The beams were filled with pykrete, one inch (2,54cm) at a time to 
prevent cracking. [cem.uaf.edu] 
 

   
 

                          
 
 
 

Making mold for the arch           Mold casted with pykrete  
 [cem.uaf.edu] 
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Lifting the elements 
The structure consists of two footers, an arch, two columns and one beam, all made of pykrete. All 

elements were lifted with a crane. Afterwards, water was sprayed between the arch and it’s base to 
‘glue’ all elements together.  Problems during the lift were caused because of the two columns were to 
short, the upper beam balanced on top of the arch. The gap between de columns and beam were filled 
with pieces of plywood. [cem.uaf.edu] 
 

             
 
 

Lifespan 
The structure was erected on 20-02-2013 and collapsed on 28-04-2013. The structure had a lifespan 

of 68 days. The structure however was built at the end of February. If the structure was built earlier in 
winter season, it probably lasted longer. [cem.uaf.edu] 
 

 
 

Erection process [cem.uaf.edu] 
 

End result[cem.uaf.edu] 
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Deformation 
The original structure began with a section of 46x46cm. At the moment of failure various sections of 

the arc were down to a thickness of 10cmx10cm. However, observing the arch, it is noticeable that there 
is no actually deformation. It looks like all the elements of the structure melt at a similar rate.  

 
   
 
 

                             
 
 
 
 
 
 
 
 
 
 
 

  
Melting process [cem.uaf.edu, email contact] 
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Weather conditions 
The chart gives a summary of the most 

important weather information of the lifespan 
of the pykrete arch. The weather information 
of these test are from Weather station: 
Fairbanks College Observatory, AK. 
[www.wunderground.com] At the bottom of this 
page follow some detailed graphs about the 
weather in this period are shown. 

The average temperature is well below zero 
degrees centigrade. Taking a look at the graph 
shows us that only the periods 7-9 March, 29 
March-3 April, 18-25 April and 28 April has 
maximum temperatures higher than zero 
degree centigrade. Periods varying from 3 till 7 
days of temperatures above freezing occurred 
before the structure collapsed. These periods are also accompanied by relative large amounts of rainfall.  

            

Weather Fairbanks, Alaska 20-02-2013 till 28-04-2013 

  High: Low: Average: 

Temperature: 8.3 °C -29.4 °C -9.8 °C 

Dew point: 0.0 °C -73.3 °C -15.1 °C 

Humidity: 100.0% 23.0% 68.4% 

Wind speed: 11.3km/u from 
the NO 

- 0.6km/u 

Gusts: 30.6km/u from 
the NNW 

- - 

Wind: - - ZO 

Barometric 
Pressure: 

1033.4hPa 984.0hPa - 

Rainfall: 26.7mm     

[www.wunderground.com]                  
 



Master thesis 2012/2013 

Frank Janssen & Rémy Houben |  141 

The different layers [cem.uaf.edu] 
 

4.12.3 Conclusion 

The first part of the building method consist of flooding 1 
inch thick layers of material into a wooden shuttering. The 
total thickness of 46cm is build up in layers, one layer each 
night. The total span is about 5 meters . The ratio of the shell 
thickness is 1/10 of the total span based on a shell thickness 
of 46 cm. However when the structure fails, the shell was 
only 10cm thick. Then the ratio would be about 1/50 of the 
total span. 

The base material is water. 82% water and 18% wood 
fibres (by weight) are mixed. The shuttering is made of 
plywood and obtains its strength by the bending stiffness of 
the plywood an wooden ribs. The mould can be reused if it 
doesn’t break during the demoulding procedure. After 
demoulding the elements are transported to the building 
site. They are treated like prefab elements and placed using a crane. The elements are fixed by pouring 
water between the joints. The arch is a purely aesthetic structure. However interesting enough to 
discuss in this chapter because it is one of the first “large scale” projects using microscopic homogenous 
reinforcement.  

The flooding of layers of pykrete in a formwork is fairly well known. The most interesting parts was 
how the arch would behave over the long therm. Will it deform? Will it melt faster/slower than normal 
ice? And why? A well-known property of “plain” ice is that it can perform huge deformations, however, 
the pykrete dome doesn’t deform at all. Or at least, it deforms equal over the whole structure.  

Pykrete consist of water(ice) and wood fibres. The wood fibres have an lower slightly lower heat 
capacity and a much lower thermal conductivity 
level compared to ice. When pykrete and plain 
ice would be exposed to temperatures above the 
freezing point, the pykrete sample would start 
melting more quickly because of the lower heat 
capacity. If the water melts out of the outermost 
layer of the sample, the remaining “dry” wood-
fibre isn’t surrounded with water anymore but 
with air. Because of the very low thermal 
conductivity of this layer of “dry” wood-fibre it 
insulates the underlying frozen pykrete."  
 
Heat capacity of ice = 2,11 J/(g*K) 
Heat capacity of wood 1,7 J/(g*K) 
Thermal conductivity of ice 2.18 W/(m·K)  
Thermal conductivity of wood 0,17 W/(m·K)  
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4.13 Conclusion 
Using the matrix based on the literature research, all projects are discussed. The conclusion will be 

analysed using the matrix again. The twelve assessment points are analysed and the most common 
choices of the variables are verified. 

 
Assessment point 1: Construction technique 
Variable:  Spraying / blowing 
Reason: It is a construction technique whereby the base material can be applied from a 

distance. This makes it easy for larger ice span structures. Spraying / blowing of 
the base material has also the advantage at the construction speed. If you 
compare spraying / blowing with for example stacking, spraying can apply more 
material in the same time than stacking. 

 
Assessment point 2: Base material 
Variable:  Water and Snow 
Reason: Water and snow is simple to apply in combination with the previous variable 

spraying / blowing. Water can be sprayed with a pump and a hose with nozzle. 
Water isn’t solid jet; it can adapt to every form before hardening. 
Snow can be blown with a snow blower. A snow blower makes use of a rotary 
plow which crushes the snow and makes milled snow. Milled snow is easier to 
be blown away and becomes more compacted if blown into or onto a mould. 
The second reason to use snow is that this base material is abundant. It is a 
cheap way of making ice structures. A combination of these 2 materials creates 
snow-ice. This is made by spraying water and blowing milled snow onto the 
water. Adding snow to water reduces the freezing time. 

 
Assessment p.3/4/5: Scale of reinforcement /Type of reinforcement/Reinforcement material 
Variable:  Macroscopic/Laminar/Woven fabric 
Reason: Not many ice structures use reinforcement in the ice. If any type of 

reinforcement is used, it mostly uses prepositioned cables in combination with 
flooding or spraying. Or a woven fabric which will be soaked and sprayed with 
water, this is all macroscopic reinforcement. The only projects using microscopic 
reinforcement are the pykrete arch, chapter 4.12 and the polystyrene wedge 
method of the University of Vienna,  chapter 4.9.2 

 
Assessment point 6: Form typology 
Variable:  Surface active 
Reason: The main reason to use a surface active structure is that surface active 

structures reduce the use of material. Shell structures are hard to make with 
conventional building methods. However using an inflatable with the method of 
spraying/blowing is ideal for making shell structures. 

Table with the most chosen variables 
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These surface active structure, have an high structural efficiency, mainly normal 
forces appear in the cross section. This kind of structures makes the best use of 
snow/ice which has an relatively high compression strength compared to its 
tensile strength.  

 
Assessment point 7: Type of mould  
Variable:  Inflatable and wood 
Reason:  An inflatable is an easy mould which can be formed in all kind of freeform 

shapes. This can be done by using a 3d cutting patron or a rope cover to control 
the shape of the inflatable. In combination with the previous assessment point 
form typology, surface active structures can be made very easily. Also wood is 
used as a mould for ice construction. The inflatable is normally used in 
combination with spraying/blowing, a wooden shuttering is mostly used with 
flooding/casting. 

 
Assessment point 8: Rigidity of the mould 
Variable:  Air pressure and bending stiffness 
Reason: An inflatable uses air pressure to maintain the weight of snow and water. Wood 

is strong by itself and can handle forces by its own bending stiffness. 
 
Assessment point 9: Reuse of the mould  
Variable:  Yes 
Reason: Most moulds are reusable. Inflatables can be reused directly after demoulding. 

In this way with one inflatable, several ice structures are built in  few days. Some 
of the wooden moulds are part of the structure and can only be removed (and 
reused) after the structure melts during spring. 

 
Assessment point 10: m2 per day per person  
Variable:  0,5 < X ≤ 1,0 
Reason: This ratio is expressed in the number of square meters per person per day. The 

average ratio is between 0,5 and 1,0 square meter per person per day. This is 
quite low despite of the use of heavy machinery in some projects. The reason is 
that sprayed water needs time to freeze.  
Most ice structures which use water as a base material, are build-up of thin 
layers. This means that after applying one layer, one have to wait to apply the 
next layer until the first layer is completely frozen. This process is very time 
consuming. Once completed, pure water sprayed projects are made of almost 
solid ice and the structures shows little creep during usage. 

 Projects which use only snow can build much more rapidly. Because the snow is 
already frozen it only has to be compacted. A layer of 2 meter of snow is blown 
at once onto a mould with a snow blower. These projects can be realized with 
two of three people. The pure snow projects consists of compacted snow and 
shows large creep deformations during usage. 
In the project of T. Kokawa, a combination of snow and water is used. Milled 
snow is used to cool down the water so that the water will freeze faster. The 
snow absorbs the water, this self-compacting effect increases the density of the 
so called snow-ice. The time depended deformation (creep) of snow-ice will be 
lower than pure snow, but higher than pure ice.  
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Assessment point 11: Shell thickness (cm) 
Variable:  10 < X ≤ 30 
Reason: A stronger (more dense) material and an efficient shape results in a thin shell 

thickness. Some projects use a soaked woven fabric as structural shell. This has 
a thickness of less than 10 cm. Ice hotels and some igloo projects use blown 
snow as a construction material. The shell is sometimes more than 2 meters 
thick. In this way more material is needed from the surrounding area. The best 
ratio of the shell thickness is 1/133 of the total span. At this project extra glass 
fibre bars used to give the shell its rigidity. The second best ratio of the shell 
thickness is 1/100 of the total span. Most projects have a shell thickness of 1/25 
to 1/50 of the total span.   

 
Assessment point 12: Function of the building 
Variable:  Recreation 
Reason: Recreation is the most common function of snow and ice structures. Not that 

surprising, because ice structures form a beautiful and fascinating piece of 
architecture. Most structures are suitable for several kinds of winter activities 
like an ice-bar or a hotel. The structures can also be used as a (cold)storage or 
working space.  
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5 REINFORCED SHOTCRETE 
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5.1 Introduction 
The reason to develop a material and building method like reinforced shotcrete is because of the 

limitations of normal reinforced concrete in terms of flexibility of the design. Nowadays modern 3D-CAD 
programs can simulate complex double curved structures. These freeform shell structures are (when 
designed within certain guidelines) by itself material efficient structures. However, the construction 
techniques to realize these freeform structures are outdated, resulting in high production costs of 
complex formwork and labour. To make this new form of architecture accessible and payable new 
materials and construction methods have to be developed. [P.T. Seabrook, 1990; B. Hazenberg, 2009] 

During the investigation towards reinforced ice, many times the comparison with reinforced concrete 
is made. Plain ice and concrete both have a relatively high compressive strength compared to its tensile 
strength. The low tensile strength is the main reason to use reinforcement. Although it is possible to 
reinforce ice with steel rods similar to “normal” reinforce concrete,  the method of shotcrete has more 
potential to create double curved shell structures. The way of reinforcing and applying the material 
could be useful by designing a building method for reinforced ice. Because the development of fibre 
reinforced concrete is in a more advanced stage than reinforced ice, a lot of knowledge can be obtained 
from this subject. This chapter will explain the reinforcement and the building method of reinforced 
shotcrete.  

 

5.2 Material 
 
5.2.1 Development 

The phenomenon of reinforcing concrete or other building materials with the aid of fibres seems to 
be a new idea. With the historical knowledge of fibre reinforcement, it is clear that in ancient times, 
people used straw fibres to reinforce brittle clay bricks. Also horsehair was used to reinforce different 
materials. In the early years of development, people used asbestos to reinforce concrete elements. In 
the 50s the interest in material properties grew and further research has taken place to reinforce 
materials like concrete. When there became a health risk in using asbestos fibres, there was a need for 
other type of fibres. In the 60s steel, glass and synthetic fibres became more interesting. Although the 
first patent on the use of steel fibres dates back to 1874, systematic research on fibre reinforce concrete 
began 100 years later. For a long time researchers have tried to increase the fibres content to make the 
concrete more ductile and stronger. However a higher fibre percentage causes for a lower workability of 
the concrete. Mixing and casting problems were evident. Coarse, stiff fibers could not conveniently, and 
sometimes not even inconveniently, be distributed in a batch mix concrete such that there would result 
a close enough spacing’ of distributed fiber to produce the desired improvement in composite strength 
as fracture mechanics would predict. However, when suitable mixtures could be made in the laboratory, 
a statistically significant improvement in strength is found in both the pre- and post-cracking behavior of 
the composite. 

Fiber-reinforced sprayed concrete has now become much more important due to the development 
of the new and more effective types of fibres and its increasing availability. It can be considered the 
perfect combination with sprayed concrete. Like conventional concrete, sprayed concrete is a brittle 
material with limited tensile and bending strength but very good compressive strength. It is certainly 
possible to reinforce sprayed concrete with conventional steel reinforcement, but its installation is very 
labor intensive, time-consuming and frequently in conditions that are still safety critical. Also, 
reinforcing bars are not well adapted to the flexible layer thickness design of sprayed concrete. This is 
why it makes sense to use fiber-reinforced sprayed concrete. [R.F. Zollo, 1997; B. Hazenberg, 2009; 

www.constructor.org] 
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     Force progression of fibre reinforce concrete [L. Markovic, 2006] 

 

 

 

5.2.2 The properties of fibres in reinforced shotcrete 

The modulus of elasticity of the matrix must be much lower than that of fibre for efficient stress 
transfer. Fibrous materials with a low modulus of elasticity such as nylons and polypropylene are, 
therefore, unlikely to give strength improvement, but they help in the absorption of energy and 
therefore, impart greater degree of toughness. Fibrous materials with an high modulus of elasticity such 
as steel, glass and carbon impart strength and stiffness to the composite. Interfacial bond between the 
matrix and the fiber also determine the effectiveness of stress transfer, from the matrix to the fiber. A 
good bond is essential for improving tensile strength of the composite. 
 

Why fibre reinforcement 
- It increases the tensile strength of the concrete. 
- It reduce the air voids and water voids the inherent porosity of gel. 
- It increases the durability of the concrete. 
- Steel fibres are typically added to concrete in low volume dosages (often less than 1%), and are 

effective in reducing plastic shrinkage cracking. 
- Fibres such as graphite and glass have excellent resistance to creep, while the same is not true for 

most resins. Therefore, the orientation and volume of fibres have a significant influence on the 
creep performance of rebar’s/tendons. 

- Reinforced concrete itself is a composite material, where the reinforcement acts as the 
strengthening fibre and the concrete as the matrix. It is therefore imperative that the behaviour 
under thermal stresses for the two materials be similar so that the differential deformations of 
concrete and the reinforcement are minimized. 

- It has been recognized that the addition of small, closely spaced and uniformly dispersed fibres to 
concrete would act as crack arrester and would substantially improve its static and dynamic 
properties. 

 
5.2.2.1 Strain hardening 
The idea behind the structural effect 
of for example steel fibre reinforced 
concrete is as follow. The steel fibres 
are ductile, isotropic, that isn’t elastic 
but plastically. The fibres are 
dimensioned in such a way that they 
slip rather than break. When the first 
cracks show up, the fibres will be 
activated and absorb the force in 
these cracks. In this way the forces 
are transported to the surrounding 
areas, where also little cracks will 
appear. In this way there is a high 
level of force distribution. The 
concrete will show more smaller 
cracks instead of a couple of big 
cracks.   
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Energy absorbing scheme [R.F. Zollo, 1997] 

 

 

 

 

Because homogeneously distributed fibres provide a proper force distribution, the fibres cause many 
tiny cracks. With every new crack, new fibres will be activated. The tensile forces of the concrete will 
increase. This is the phenomenon strain hardening, whereby a ductile metal becomes harder and 
stronger as it is plastically deformed. [S.L. Kakani et. Al, 2004; L. Markovic, 2006] 
With the help of the illustration, it is clear that strain 
hardening will only occur if the fibre percentages is 
high enough. With a fibre percentage of 1 to 1,5% in 
volume strain hardening will occur. This is about 78 
kg of steel fibres per m3 concrete. Strain hardening 
has shown to be crucial for the development of steel 
fibre reinforced concrete. [R.F. Zollo, 1997; B. Hazenberg, 

2009] 

The illustration demonstrates the ways in which 
fibres act to absorb energy and control crack growth. 
Starting from the left fibre element in the figure and 
proceeding along the crack towards the right there is 
represented fibre rupture, fibre pull-out, fibre 
bridging by tension through the fiber, and debonding 
at the fiber/matrix interface, respectively. These 
mechanisms do not depend on fibre spacing and 
they are effective, albeit in insignificantly small 
amounts, even for a single fibre. It is the cumulative 
effect, however, of large numbers of fibres located in 
the restricted topography of the brittle paste phase 
of the typical concrete composite that has been 
shown to be significant. [R.F. Zollo, 1997] 

There are many reasons for fibre reinforcement: 
the incorporation of fibres into brittle ceramics produces a composite of enhanced toughness. Therefore, 
in composites the whole is greater than the sum of the parts (synergy). Wood, celery, bamboo, and corn 
are all examples of nature’s composites, where two materials combine to reinforce and bind together 
introducing synergy; a phenomenon where two subjects acting together, achieve a better result than 
each of them acting independently from each other. Synergy has been observed in composites: better 
flexural and tensile behaviour were achieved using fibres. [S.L. Kakani et. Al, 2004; L. Markovic, 2006] 

 
  

 
 
 
 

 

 

 

 
Principal of synergy, hybrid fibre concrete [L. Markovic, 2006] 
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5.3 Reinforcement 
Although in a perfectly designed shell structure only compressive forces occur, almost all of these 

shell structures use reinforcement. This reinforcement is intended to absorb the shrinkage of the 
concrete and make the structure resistant to temperature variations in the structure by unequal solar 
radiation. Also to distribute some external point loads on the structures require reinforcement to spread 
the load. The creep of concrete is also a reason to use reinforcement. As a result of creep the shell will 
slowly deform and lose it’s ideal form.  As a result of the deformation the pressure-line will no longer be 
within the cross-section. The result is a bending moment which must be accommodated with means of 
reinforcement. [B. Hazenberg, 2009] 

The main problem of the material concrete in making freeform structures with reinforcement. 
Standard reinforcement meshes are ideal to make flat or single curved structures. To reinforce double 
curved structures, all steel rods or small pieces of mesh have to be bend individual and then these 
individual rods and meshes have to be connected to each other. This is a very labour intensive process, 
and therefore very expensive. Reinforcing bars are rarely used in shotcrete with a thickness less than 40 
mm. Mesh may be used in thicknesses down to 20 mm. The introduction of fibre reinforcement 
concrete could solve this problem. For thin sections of shotcrete, properly sized steel fibres which are 
spread homogeneous are successfully substituted for standard reinforcement. There are however some 
subjects that have to be studied: 

- The quantity, length, width, form and material of the fibre  
- The fibre distribution and orientation in the mixture 
- The technique to apply the material to a (inflatable) mould [P.T. Seabrook, 1990; B. Hazenberg, 2009] 
 

5.3.1 Fibres 

Fibrous reinforcement has been used in shotcrete to reduce crack propagation, to increase flexural 
strength and to improve ductility, toughness and impact resistance. [P.T. Seabrook, 1990] The shape, width 
and length of the fibre are important. A thin and short fibre, for example short hair-shaped glass fibre, 
will only be effective the first hours after pouring the concrete (reduces cracking while the concrete is 
stiffening) but will not increase the concrete tensile strength. [www.constructor.org] 

At the moment fibre reinforcement alone is not enough to take care of tensile forces and point loads. 
Until now fibres and steel meshes are combined to reduce the amount of traditional reinforcement 
needed. Research about increasing the tensile strength and ductility with fibres is needed to make pure 
fibre reinforced concrete which can be used for structural applications. [B. Hazenberg, 2009]  

 
5.3.1.1 Fibre types 

There are a number of different fibres which can be added to the concrete to create fibre reinforced 
concrete (FRC). There are four categories of FRC based on fibre material type. These are synthetic fibre 
reinforced concrete (SNFRC) including carbon fibres,  glass fibre reinforced concrete (GFRC),  natural 
fibre reinforced concrete (NFRC) and steel fibre reinforced concrete (SFRC). [R. F. Zollo, 1997] The table on 
the next page shows the different fibres and their properties. One can see that the maximum tensile 
strength differs. Natural fibres have a much lower tensile strength than synthetic fibres. The elastic 
modulus shows more similarities. Steel fibres have the highest elastic modulus. 
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Synthetic fibres - Polypropylene fibres  
Polypropylene fibers are hydrophobic and can be easily 

mixed as they do not need lengthy contact during mixing and 
only need to be evenly distressed in the mix. This leads to a 
more homogeneous product. Addition of the fibres provides a 
three dimensional reinforcement which counteracts secondary 
and shrinkage rupture. The fibres may be added to the mixture 
either at the construction site, as well on the concrete factory. 
[J.G. Zoran et. Al. 2012] 
 
Water absorbing: No 
Sharp edges:  No 
Corrosion:  No 
Alkali resistant:  Yes 
Length:    6-20mm 
Kg/m3 concrete:  5-25 
Melting temperature: 160°C  

 
 
  

Fibre types of reinforced shotcrete [R.F. Zollo, 1996; J. Ortigao et. Al, 1998] 

Polypropylene fibres [J.G. Zoran et. Al, 2012] 
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 Structural polypropylene fibres 
 [www.theconstructor.org] 

 

 

 

 

 

 

 

      Carbon fibres [www.hccomposite.com] 

 

 

Synthetic fibres - Structural polypropylene fibres 
A structural synthetic fibre (SSF) has almost the same shape 

and dimensions as a steel fibre.  However the properties of SFF 
are different. Because the modulus of elasticity of a synthetic 
fibre is lower than steel, the fibre has to be anchored in the 
concrete over its whole length. Steel fibres are only anchored 
on both ends of the fibre by hooks. If the synthetic fibres are 
anchored like steel fibres the cracks in concrete have to be 
much larger to withstand forces equal to the steel fibres. These 
cracks are not a danger to the structural safety, but they are a 
threat to the durability and weather resistance of the structure.  
Because cracks of this size are not acceptable, higher fibre 
dosage is necessary. Another solution is a reduction of the 
fibre length between the anchor points. This can be achieved 
by using corrugated shaped fibres. 

Polypropylene fibres can replace shrinkage meshes. They 
also improve the fire resistant, flexural toughness, impact 
resistance and liquid tightness of concrete. 
 [www.theconstructor.org] 

 
Synthetic fibres - Carbon fibres 

There is a large variation in carbon fibres. They differ 
to each other in flexibility, thermal and chemical 
resistance, electrical conductivity and tensile strength. 
There are four different base materials where carbon 
fibres can be extruded from; rayon, acryl fibre, pitch and 
aramid. Because the wide range of properties of the 
different carbon fibres, it is difficult to express the 
material properties in numbers. Carbon fibres can be 
applied manual as long fibres or mats. The second 
possibility is mixing short fibres in the concrete paste.  
Carbon fibres can be used in structures that includes 
resistance to the effects of corrosive environment. It also 
enhanced durability of structures, however the cost price 
of carbon fibres is too high for large scale applications. 
The fibres are also more vulnerable to damage than even 
glass fibres. [www.hccomposite.com] 
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 Jute fibres 
 [www.sika.com] 

 

 

 

 

 

 

 

 Glass  fibres 
 [www.trademart.in] 

 

 

 

 

 

 

 

Fibreglass: 
Glass fibre reinforced concrete (GFRC) comprises hydration 

products of cement, or cement plus sand, and glass fibres. 
Alkali resistant glass fibres have been subsequently developed. 
These are available in the form of continuous roving’s, 
chopped stand mats, cranette, wool, ropes and woven fabric. 
Glass fibres coated with epoxy resin compounds have also 
been tried out to protect them from alkali attack by Portland 
cement. 

Glass fibres of 10mm to 50mm in length and a few microns 
in diameter can be added up to 5% by weight and premixed 
with cement and water in a pan or a paddle mixer. Small 
quantities of lubricating admixtures, such as polyethylene 
oxide or methyl cellulose may be added into the mix. The 
resulting mix may be sprayed or cast into the moulds. Addition 
of glass fibres of about 10% by volume increased the tensile 
strength by roughly two times, and the impact resistance by 
about 10 times. The cyclic loading tests conducted on glass 
fibre cement laminates showed fatigue resistance of GFRC 
roughly comparable with that of SFRC. 

Uses of glass fibres in concrete is very limited because they 
suffer severe damage and loss of strength due to abrasion and 
impact forces generated during movement of aggregates in 
mixer. GFRC has also been used for repair works and for 
industrial floors in USA. [www.theconstructor.org] 
 
Natural fibres 

The use of natural fibres in concrete is not new. In large 
parts of the world concrete is reinforced with fibres of 
coconuts, sisal, jute and bamboo. In this way low-tech and thus 
cheap reinforced concretes can be produced.  

A recent development in shotcrete uses a cellulose fibre 
from a genetic modified type of pine. These fibres are longer 
and have a larger diameter compared to other cellulose fibres. 
This kind of cellulose fibre is effective in reinforced concrete 
because the fibres are hydrophilic; the fibres attract water and 
therefore also the cement particles. The mixture has a good 
process-ability because the fibres are flexible. Because of the 
hydrophilic character of the fibres, they don’t attract each 
other which ensures that the fibres are naturally dispersed 
through the mixture. This prevents the forming of fibre nests. 
[www.theconstructor.org, www.sika.com] 
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 Steel fibres – bundles and single fibres 
 [www.theconstructor.org] 

 

 

 

 

 

 

 

Steel fibres 
Steel fibre reinforced shotcrete (SFRS) is used over 30 years , 

mainly in construction tunnels. In a homogeneous distribution 
of steel fibres in a concrete mixture, the ductility or toughness 
of the final product significantly increases. This means that the 
fibre reinforced concrete maintains its strength after the first 
crack formation. The spread of the steel fibres in the concrete 
mix is crucial, otherwise fibre nests occur. Steel fibres are 
sensitive to the formation of fibre nests, because they are not 
very flexible and generally longer than the other fibre species. 
A nest is a build-up of a quantity of fibres, which causes a poor 
spot in the concrete structure, which can lead to deformation 
or collapse of the structure. A disadvantage of the use of steel 
fibres in concrete is the production of rust spots on the 
concrete surface, because the fibres are here exposed to the 
elements. This can be prevented by applying stainless steel or 
galvanized fibres, but these are considerably more expensive 
than ordinary fibres. Another solution is to coat the surface 
with an air and moisture impermeable layer.  
 
The effectiveness of steel fibres in fibre reinforced concrete is related directly to 3 factors: 

- The type of steel, ordinary, stainless steel or galvanized 
- The length/diameter ratio, between 12 and 40 mm long, in amounts to about 2 percentage by 

volume of the shotcrete. [P.T. Seabrook, 1990; www.theconstructor.org/concrete] 
- The shape of the fibre 

 
Because of the high modulus of elasticity of steel, the steel fibres can take large tensile forces at  

relatively low cracking. A crucial design factor in the design of steel fibres for SFRC is hereby that the 
anchoring of the fibre collapse just before the yield strength of the steel is achieved. This is done by 
means of the so-called slip, in which the end hook of the fibre slowly extends until the fibre is straight 
and is pulled out of the concrete. In the graphic below, different shapes of steel fibres shows different 
kind of strengths. A number of steel fibre types are available as reinforcement. Round steel fibre are 
commonly used. The typical diameter lies in the range of 0.25 to 0.75mm.  [B. Hazenberg, 2009] 
 

 
 
 
 
 
 
 
 
 
 
  

Different shapes of steel fibres [B. Hazenberg, 2009] 
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Fibre types and amount by volume % [R.F. Zollo , 1996] 

 

5.3.1.2 Hybrid fibre concrete 
Hybrid fibre concrete is a mixture of long and short fibres. The short fibres are efficient in bridging 

fine micro cracks, which develop in the initial phases of tensile loading, while long fibres are more active 
in bridging larger macro cracks, which develop later, after the widening and propagation of the micro 
cracks. Therefore generally speaking, the short fibres increase the tensile strength and the long fibres 
increase the ductility of hybrid fibre concrete. The composites obtained by using two or more different 
kinds of fibres in a single matrix are termed as hybrid. Hybrid composites have a better all-round 
combination of properties than composites containing only a single fibre type. [S.L. Kakani et. Al, 2004] 

In all hybrid concrete tests, the tensile loading continued to increase after the first crack was formed, 
which is called “strain hardening” and which guarantees a large post-cracking deformation capacity of 
HFC. Multiple cracking was observed in the initial phases of tensile loading. Instead of the formation of a 
single crack, many very thin cracks were observed. This is a very large advantage concerning the 
durability of HFC. At last synergy has been observed in HFC: better flexural and tensile behaviour were 
achieved using hybrid-fibre concretes, than using reference concretes with only one fibre type [L. 

Markovic, 2006] 
 
5.3.1.3 Volume of fibres 

The concentration of fibres within a given unit 
volume of FRC ranges from high to low relative to the 
total volume of concrete produced. It is useful to 
classify FRC on the basis of fibre concentration 
(volume percentage) as this one factor is seen to 
significantly affect mixing, placing, and hardened 
concrete performance, as much as any other single 
factor. Volume percentage may be considered high if 
in the range 3 to 12%, moderate if in the range 1 to 
3%, and low if in the range 0.1 to 1.0%, based on the 
total volume of the concrete produced. Fibre 
concentration affects the choice of FRC production 
technology. The chart on the right provides a 
summary of the basic fibre types, their ranges of 
commercial application, including the low, moderate, 
and high regimes, and the associated production 
technologies. [R.F. Zollo, 1997; B. Hazenberg, 2009]  
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Effect of volume in flexure                    Effect of volume in tension  
[www.theconstructor.org] 

 

The strength of the composite largely depends on the quantity of fibres used in it. The graphics show 
the effect of volume on the toughness and strength. It can be seen that the increase in the volume of 
fibres, increase approximately linearly, the tensile strength and toughness of the composite. Use of 
higher percentage of fibre is likely to cause segregation and harshness of concrete and mortar. 
[www.theconstructor.org] 

5.3.1.4 Orientation of fibres 
One of the differences between conventional reinforcement and fibre reinforcement is that in 

conventional reinforcement, bars are oriented in the desired direction while fibres are randomly 
oriented. To see the effect of randomness, mortar specimens reinforced with 0.5% volume of fibres 
were tested. In one set specimens, fibres were aligned in the direction of the load, in others the 
direction of fibres was perpendicular to the load. In third specimens fibres were randomly distributed. It 
was observed that the fibres aligned parallel to the applied load offered more tensile strength and 
toughness than randomly distributed or perpendicular fibres. [www.theconstructor.org] 

 
5.3.1.5 Workability 

Incorporation of steel fibre decreases the workability considerably. This situation adversely affects 
the consolidation of fresh mix. Higher fibre concentrations often require special mixing or placing 
techniques. Developments in the field of additives and concrete compositions make it possible to add 
high percentages of fibres. However, this requires a good process control both in designing, at the 
concrete factory and finally the workers at the building site 

Another consequence of poor workability is non-uniform distribution of the fibres. Generally, the 
workability and compaction standard of the mix is improved through increased water/ cement ratio or 
by the use of some kind of water reducing admixtures. Mixing of fibre reinforced concrete needs careful 
conditions to avoid balling of fibres, segregation and in general the difficulty of mixing the materials 
uniformly. Increase in the aspect ratio, volume percentage and size and quantity of coarse aggregate 
intensify the difficulties and balling tendency. Steel fibre content in excess of 2% by volume and aspect 
ratio of more than 100 are difficult to mix. It is important that the fibres are dispersed uniformly 
throughout the mix. This can be done by the addition of the fibres before the water is added. 
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When mixing in a laboratory mixer, introducing the fibres through a wire mesh basket will help even 
distribution of fibres. For field use, other suitable methods must be adopted. 

Deformed fibre, which are loosely bounded with water-soluble glue in the form of a bundle are also 
available. Since individual fibres tend to cluster together, their uniform distribution in the matrix is often 
difficult. This may be avoided by adding fibres bundles, which separate during the mixing process. [B. 

Hazenberg, 2009; www.theconstructor.org] 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Master thesis 2012/2013 

Frank Janssen & Rémy Houben |  157 

5.4 Building method 
Shotcrete or reinforced shotcrete is a mortar or concrete shot into place by means of compressed air 

or water. Around 1900 an American Dr. Earl Akeley did research for a fast production method of making 
statues out of plaster on a base of steel mesh. The rapid hardening of the plaster causes problems. Dr. 
Earl wanted a continuous process of plaster preparation. He led the gypsum powder with compressed 
air to a spraying gun, where water is added to the mixture. The mixed plaster left the gun trough a 
nozzle and was sprayed on the steel mesh base. 

This technique also proved suitable for spraying concrete. When the gypsum powder was replaced by 
cement, the new developed process was useful for repairs to bridges and tunnels. Earl Weber 
introduced shotcrete to Europe in 1919. After that around the 50s shotcrete was applied in tunnels and 
mining. Spraying of a wet mixture began after WWII. This method has been developed especially in the 
last 20 years, mainly due to an improved concrete quality and available accelerators. The two basic 
methods for applying shotcrete are the dry mix process and the wet mix process and will now be 
discussed. [J.A. Moore, 1984; B. Hazenberg, 2009] 
 
5.4.1 Dry mix shotcrete process 

In this process, cement and moist aggregate are mixed and then placed into a device that meters the 
mixed material into a stream of compressed air. Material is carried by the compressed air through a 
delivery hose to the nozzle where water is added under pressure through a perforated ring. The water 
thoroughly wets the other ingredients as the mixture is jetted from the nozzle at high velocity onto the 
surface to be shotcreted. Sometimes other materials, such as accelerators or silica-fume slurry, are 
added at the nozzle. The amount of water added is under the control of the nozzleman or placing 
operator and can be varied by means of a valve to produce concrete or mortar ranging from extremely 
dry to extremely  wet.  

 
 
 
 
 
 
 
 
 
 
Judgment is necessary in adjusting the water content when the dry-mix process is used and an 

inexperienced nozzleman could produce shotcrete of varying wetness and water- cement ratio. In some 
cases the ability to adjust water content at the nozzle and to shoot extremely dry mixes can be an asset. 
The bonding ability of dry- process shotcrete is excellent because of the low water-cement ratio and 
high impact velocity. [J.A. Moore, 1984; P.T. Seabrook, 1990] 

Because water is added at the nozzle, this building method is ideal for work to be frequently 
interrupted or where only small quantities are sprayed. In addition to this benefit it is possible to spray 
large distances from the concrete pump. The dry mix process is due to the large stiffness of the mortar 
suitable to apply thick layers to 250 mm at once. 
 
 

 
 

Process of dry mix shotcrete [B. Hazenberg, 2009] 
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In addition to these advantages, there are also a number of serious drawbacks. The main 
disadvantage is the restrictions on the area of the addition of additives to the concrete. Additives are 
commonly used in the process to influence the quality and process-ability of the shotcrete. Also spraying 
dry cement mortar causes relatively much dust. Another drawback is the percentage of adding fibres to 
the mixture. Dry mortar with for example 50 kg/m3 is so stiff, that the hopper rotator can’t get the 
mixture in the pump fast enough. This causes inconstant concrete delivery. The last drawback is the 
rebound. This can be as high as 50% when sprayed overhead. [P.T. Seabrook, 1990; B. Hazenberg, 2009] 
 
5.4.2 Wet mix shotcrete process 

The wet-mix shotcrete process is developed in the 50s. It differs from the dry-mix process in that all 
shotcrete ingredients, except accelerators, are thoroughly mixed before discharge into the delivery 
equipment. Any of the batching, mixing, and supplying procedure used for conventional concrete 
production can be used for wet-mix shotcrete.  The mortar or concrete is then placed into the delivery 
equipment which can be of a squeeze tube, pneumatic-feed or positive-displacement type. The pump 
then conveys the premixed shotcrete down the hose to the nozzle, where high- pressure air is added to 
project the shotcrete onto the receiving surface. [B. Hazenberg, 2009] 

 
 
 
 
 
 
 
 
 
 
 
Applying wet-mix shotcrete is simpler than applying dry-mix shotcrete. The nozzleman can vary the 

amount of air introduced but has no direct control over the other properties of the concrete or mortar 
being placed.  Dry, powdered, silica-fume admixture added onsite is a particularly efficient way to 
produce wet- mix, silica-fume shotcrete. The contractor simply orders a standard - sized load of 
conventional plain concrete from a ready mix supplier. The silica-fume admixture is then added directly 
to the transit mixer onsite. Fibres also can be added to the transit mixer onsite. 

Because use of the wet- mix process generally results in less rebound, there is less waste to be 
handled and disposed. There are also less dust problems and this is an advantage whenever the material 
must be shot in a confined area. Also one of the more attractive features of the wet-mix systems is that 
the mixture and water-cement ratio can be controlled more precisely before spraying. [J.A. Moore, 1984; P.T. 

Seabrook, 1990; D.R. Morgan, 1991] 
An important advantage of the wet mix process is that the shotcrete has a good applicability with a 

wide variety of excipients. By adding super plasticizers, it is possible to pump and spray high fibre 
percentages. Also the rebound is lower compared with dry mix shotcrete. The main disadvantage is that 
only thin layers can be applied. This means a more labour intensive process. Also there is less flexibility. 
If the process stops, the delivery hose needs to be cleaned before the concrete hardens. Because of that 
this building method is not suitable when the process often gets interrupted. [B. Hazenberg, 2009] 
 
 
 
 

Process of wet mix shotcrete [B. Hazenberg, 2009] 
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5.4.2.1 Summary 
In the next table the difference between the dry mix and wet mix process are summarized. 

 

Comparison of dry- and wet mix processes 
Dry mix process     Wet mix process 

Higher production, average 6m3/hour, shotcrete 
robot 10 to 25 m3/hour 

Production average 1,5m3/hour to max. 
10m3/hour 

Instantaneous control over mixing water and 
consistency of mix at the nozzle to meet variable 
field conditions 

Mixing water is controlled at the delivery 
equipment and can be accurately measured 

Better suited for placing mixes containing 
lightweight aggregates, refractory materials and 
shotcrete requiring early strength properties 

Better assurance that the mixing water is 
thoroughly mixed with other ingredients 

Capable of being transported longer distances, 
more dusting 

Less dusting and cement loss accompanies 
the gunning operation 

Start and stop placement characteristics are better After every start and stop delivery hose 
needs to be cleaned 

Limited ability to add excipients More ability to add excipients 

Layer thickness 50 to 250 mm Layer thickness imitated to 50 mm 

Rebound 25 – 40% Lower rebound resulting in less material 
waste (5 – 15%) 

Larger distance between pump and nozzle Small distance between pump and nozzle 

Less homogeneity in applied material Greater homogeneity in applied material 

Capable of higher strength Capable of greater production 
 

 
The choice between these two methods depend on the amount of concrete to be sprayed, the 

required layer thickness per spraying cycle, the spraying distance, requirements in terms of the 
maximum allowable dust nuisance and need for certain excipients. 
 
5.4.3 Accelerators 

Shotcrete accelerators allow build-up of thicker layers of shotcrete in a single pass, enhancing 
productivity. Layer thickness can vary up to 250mm per layer. Accelerators also reduce the time of initial 
set and increase early (8 to 24 hours) strength development. Most accelerators also significantly 
increase the drying shrinkage of portland-cement concrete. Field observations have verified this effect in 
shotcrete. Despite these benefits, accelerators can adversely affect shotcrete performance and should 
not be used unless considered essential to the job. Accelerators usually reduce shotcrete strength at 
later ages. An alternative to using shotcrete accelerators is to use regulated- set and high-early- strength 
cements. Various cements are available having different setting times. The most rapid-setting cements 
are more suitable for use in site batched, wet-mix shotcrete. They cannot be used in central-mix or 
transit-mix shotcretes with long retention times before discharge. [D.R. Morgan, 1991; A. Pronk, 2006] 

 
 
 

Differences between dry- and wet mix shotcrete process [P.T. Seabrook, 1990; B. Hazenberg, 2009] 
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Today, both dry- and wet- mix shotcretes often contain supplementary cementing materials, such as 
fly ash and silica fume, as additions or partial cement replacements. These materials improve shotcrete 
workability and performance. Fly ash is used in shotcrete for many of the same reasons it’s used in 
concrete. Fly ash: 
• Improves the workability and pump ability of wet-mix shotcrete made with harsh aggregates 
• Reduces the heat of hydration and, consequently, the potential for thermal cracking in thick sections 
• Improves sulfate resistance 
• Controls alkali-aggregate reactions 
• Produces a more economical mixture 

The mixture contains 40% to 60% fly ash by mass along with water reducers and high dosages of 
super plasticizers to produce a low water-cement ratio. The resulting shotcrete has good volume 
stability (low drying shrinkage capacity), good freeze-thaw durability, and very low chloride permeability 
compared with conventional wet mix, portland-cement shotcrete. Shotcrete materials can be batched 
by weight or volume but weight batching is preferable. [P.T. Seabrook, 1990; D.R. Morgan, 1991] 
 
5.4.4 Discharge nozzles 

Discharge nozzles consisting of a nozzle body and nozzle tip are attached to the end of the material 
delivery hose to inject water or air into the moving stream of materials, to premix water and solids, and 
to provide uniform distribution of the mixture. Ideally, the nozzles should pattern the discharge as a 
uniform inner cone consisting primarily of solid and some water spray surrounded by a thin outer cone 
which is mainly water spray. The nozzle tip size should not exceed the diameter of the hose and often is 
smaller. [P.T. Seabrook, 1990] 

 
5.4.4.1 Dry mix nozzle 

The dry-mix nozzle consists of a nozzle 
tip, water ring, control valve, and water 
body. The tip can be made of rubber, 
elastomer material, or of metal with a 
rubber liner. They are of variable length 
and may be straight, tapered, rifled, single 
or double venturi, and 90 deg. 
Accelerators, if used, are added to the 
shotcrete at the nozzle during discharge.  
[P.T. Seabrook, 1990; B. Hazenberg, 2009]  
 
5.4.4.2 Wet mix nozzle 

A typical wet-mix nozzle consists of a 
rubber nozzle tip, an air injection ring, 
control valve, and housing. Accelerators, 
if used, are added to the shotcrete at 
the nozzle during discharge. By varying 
the amount of added air, it is possible to 
regulate the force of the shotcrete. To 
influence the width and distribution, it is 
possible to add or change the end of the 
nozzle. [P.T. Seabrook, 1990; B. Hazenberg, 

2009] 

 

Dry mix nozzle [B. Hazenberg, 2009] 
 

Wet mix nozzle [B. Hazenberg, 2009] 
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Shooting of shotcrete [P.T. Seabrook, 1990] 
 

5.4.5 The application of shotcrete 

To start the application of shotcrete, both materials and equipment need to be ready for use to 
insure a smooth-running and efficient operation. At the dry mix process, when starting up, the gun 
operator introduces only compressed air into the delivery hose, slowly adding mix material at the 
direction of the nozzleman. The air and material flow must be balanced by the gunman to provide a 
steady, uninterrupted flow of material from the nozzle. The nozzleman controls the volume of water 
added to the nozzle so that the material is properly wetted. Just enough water is added at the nozzle so 
that the surface of the in-place shotcrete has a slight gloss. Depending on the position of the work, too 
much water can cause the shotcrete to sag, slough, puddle, or drop out. Stopping the operation involves 
shutting off the material feed, and when the air blows clear, shutting off the water and then the air. 

At the wet mix process, premixed concrete or mortar with a slump, generally between 38 mm to 75 
mm, is fed to a re-mixer on the shotcrete machine. The mix is pumped to the nozzle where compressed 
air is added to increase exit velocity and provide a spray pattern. The nozzleman controls the air flow. 
Water content and consistency are controlled at the mixer. Response time is longer and therefore, 
control is not as instantaneous. Starting and stopping procedures are more simple. [P.T. Seabrook, 1990] 
 
5.4.5.1 Spraying  technique 

The quality of shotcrete application depends to a large 
extent on the gun operator and nozzleman, control of 
mixing water, nozzle velocity, and nozzle technique. In each 
case, the expertise and experience of the responsible crew 
member determines the adequacy and quality of operation. 
Also the importance of using proper placement techniques 
to insure quality shotcrete cannot be overstated. Nozzle 

technique for wet and dry-mix methods is generally similar, 
requiring considerable attention to detail. Since the 
capabilities of wet and dry procedures and equipment are 
different, each requires a somewhat different expertise 
from the nozzleman. It should not be assumed that the 
nozzle techniques are exactly interchangeable, especially 
the finer details of the art. 

Layer of shotcrete are built up by making several passes 
of the nozzle over a section of the work area. Whenever 
possible, sections should be gunned to their full design 
thickness in one layer, thereby reducing the possibility of 
cold joints and laminations. The distance of the nozzle from 
the work, usually between 0,6 to 1,8 meter should be such 
as to give best results for work requirements. As a general 
rule, the nozzle should be held perpendicular to the 
receiving surface, but never more than 45 degrees from the 
surface. To uniformly distribute the shotcrete and minimize 
the effect of slugging, the nozzle is directed perpendicular 
to the surface and rotated steadily in a series of small oval 
or circular patterns. Waving the nozzle quickly back and 
forth changes the angle of impact, wastes material, 
increases overspray, and unnecessarily increases the rough 
texture of the surface. [P.T. Seabrook, 1990; B. Hazenberg, 2009] 
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Correct and incorrect method [P.T. Seabrook, 1990] 
 

Result of incorrect spraying shotcrete 
[www.constructor.org] 
 

When shooting through reinforcing bars the nozzle 
should be held closer than normal and at a slight 
upward angle to permit better encasement of 
horizontal steel and minimize the accumulation of 
rebound. Also, the mix should be a little wetter than 
normal, although not so wet that the material will 
slough behind the bar. This procedure forces the plastic 
shotcrete behind the bar while preventing build-up on 
the front face of the bar. As you can see in the right 
picture, the procedure of correct and incorrect shooting 
is explained. If sloughing does occur behind the bar like 
in number 4, 5 and 6, voids can develop and contribute 
to the corrosion in the reinforcing bar. Where bars are 
closely spaced, shotcrete may be shot from different  
position. [P.T. Seabrook, 1990] 

 
 
 
 
 
 

 
 
 
 

 

 

 

 

 

 

 

5.4.6 Rebound and overspray 

Rebound and overspray are two of the unwanted by-products of shotcreting. Both can be controlled 
or minimized with the proper nozzle expertise. Overspray is material carried away from the receiving 
surface and has similar characteristics in both the wet- and dry-mix methods. Rebound is shotcrete 
material leaner than the original mixture that ricochets off the receiving surface. It usually consists of 
the coarser aggregate particles in the shotcrete mix with some adhering mortar. 

Studies show that rebound not only has a lower cementing-materials content than the original 
shotcrete, but also is highly variable. For these reasons, never incorporate rebound into the applied 
shotcrete. It can result in localized failures in shotcrete repairs. It’s best to remove rebound continuously 
during shotcrete application.  
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The amount of rebound varies with the position of the work, air pressure, cement content, water 
content, maximum size and gradation of aggregate, amount of reinforcement, and thickness of layer. 
Wet-mix shotcrete, properly designed and applied, has very little rebound. Dry-mix shotcrete adheres 
best and has the least rebound when shot at the wettest stable consistency. Adding too little water can 
produce excess dust and rebound. Using silica fume in dry-mix shotcrete also helps minimize rebound.  
When starting shotcreting, almost 100% rebound will occur. When the surface is covered with a thin 
layer of cement, sand and water, the shotcrete can bind and the rebound will lower to about 20%. [D.R. 

Morgan, 1991; B. Hazenberg, 2009] 
 
5.4.7 Pumps 

Decades of experience in mining and tunneling have proved that it is possible to spray steel fibre 
reinforced concrete. The pump is the most decisive part of the overall process. Over the years a wide 
variety of pumps and applications have been developed. In the Netherlands in general, use is made of 
worms pumps. In this a screw is placed in the hopper and by a rotating movement the concrete is 
pushed through the hose in the direction of the nozzle. Worms pumps are not suitable for spraying high 
doses of rigid fibres.  

For spraying steel fibre reinforced shotcrete, piston pumps are a good alternative, because piston 
pumps have fewer moving parts in it where the steel fibres can get grip on. The piston pumps commonly 
used have double chambers, whereby two pistons of the pump by hydraulics control the amount of 
concrete by suction. In this way a constant flow of concrete will occur in the hose. This pump is ideal for 
applications were the constancy of the flow concrete is required. Also piston pumps with four pistons 
are available. [B. Hazenberg, 2009] 

In other countries different pumps are developed. Dry-mix shotcrete equipment may be divided into 
two distinct types: single or double chamber guns and continuous feed guns, usually called rotary guns. 
 
5.4.7.1 Single chamber 

Single chamber or batch guns provide intermittent operation by placing a charge of material into the 
chamber and closing and pressurizing the chamber, causing the material to feed into a delivery pipe or 
hose. When the chamber is empty, it is depressurized and refilled, and the operation repeated. Some 
single chamber guns utilize a rotating feed wheel to give a positive metering action to the material flow . 
[P.T. Seabrook, 1990] 
 
5.4.7.2 Double chamber 

Double chamber guns allow for continuous operation by using the upper chamber as an airlock 
during the charging cycle. Most double chamber guns utilize the rotating feed wheel principle. 
[P.T. Seabrook, 1990] 

 
For shotcreting wet mix shotcrete, two types of equipment are generally used: pneumatic feed and 

positive displacement. 
 
5.4.7.3 Pneumatic feed guns 

The pneumatic feed gun introduces slugs of material into the delivery hose with compressed air 
being added at the discharge sump and at the nozzle to increase the velocity of the mixture. 
This machine has a dual chamber tank and two-way valve which allows for mixing materials and a 
continuous flow operation. [P.T. Seabrook, 1990] 
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5.4.7.4 Positive displacement guns 
Positive displacement wet-process equipment uses mechanical, air, or hydraulic pressure to force a 

solid column of shotcrete through the hose in a continuous stream to the nozzle. Air is injected at the 
nozzle to break up the stream and increase exit velocity. 

When working with steel fibre reinforced shotcrete, it is important that the obstacles on the way to 
the nozzle are minimized. As a general rule it is stated that the maximum permissible length of a steel 
fibre should never be less than 2/3 of the diameter of the nozzle. In practice, this rule is often used as an 
absolute minimum and the craftsmen choose a one size bigger hose. For the hose rigid pipes are used 
for as long as possible. The steel fibres cannot get a grip on this. At the end a rubber hose is needed for 
the flexibility for the nozzleman to spray the shotcrete. 

Reducer tubes are used to control the diameter of the hose. In this way the pump can generate 
enough pressure to spray the shotcrete. For a successful application of shotcrete it is important that the 
diameter of the hose is gradually reduced, otherwise the shotcrete will jam. [B. Hazenberg, 2009] 
 
5.4.8 Shotcrete applications 

Reinforced shotcrete can be used in lieu of conventional concrete in most instances, the choice being 
based on convenience and cost. Shotcrete offers advantages over conventional concrete in a variety of 
new construction and repair work. Reinforcing details may complicate the use of shotcrete but it is 
particularly cost effective where formwork is impractical or where forms can be reduced or eliminated, 
access to the work area is difficult, thin layers and/or variable thickness are required, or normal casting 
techniques cannot be employed. The excellent bond of shotcrete to a number of materials is sometimes 
an important design consideration. Shotcrete applications can be classified under three general 
headings: (1) Conventional-using Portland cement, conventional aggregates, and ordinary admixtures 
where appropriate; (2) Refractory-Using high temperature binders and refractory aggregates; and (3) 
Special-Using proprietary combinations of binder and aggregate, or conventional shotcrete with special 
admixtures. Conventional shotcrete-Conventional shotcrete has been and continues to be the largest 
application for shotcrete and includes the following: New structures. Roofs, thin shells, walls, 
prestressed tanks, buildings, reservoirs, canals, swimming pools, boats, sewers, foundation shoring, 
ductwork and shafts, and artificial rock.  [P.T. Seabrook, 1990] 
 
An overview of the benefits of shotcrete compared to pouring concrete: 

- Reduction in formwork. With shotcrete, freeform structures can be realized with a single-side 
formwork. Therefore costs of the formwork are much lower. 

- A lower water/cement ratio in combination with a good compaction ensures. 
- Rapid high strength of the concrete with the additives of accelerators. Therefore single-side 

formwork can be an inflatable. 
- A good adhesion strength of shotcrete makes it possible to spray almost every surface. 
- Shotcrete can have a high capacity. Large amounts of surfaces can be sprayed in a short time. 
- The ability of shotcrete to adapt to every form makes sure of a reduction of the required amount 

of concrete. 
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5.5 Conclusion 
Fibrous reinforcement has been used in shotcrete to; reduce crack propagation, to increase flexural 

and tensile strength,  to improve ductility, toughness and impact resistance and to increase the 
durability of the concrete. The creep of concrete is also a reason to use reinforcement. As a result of 
creep, usually a shell structure, will slowly deform and lose it’s ideal form. The bending moment must be 
accommodated with means of reinforcement. 

The shape, dimensions, elasticity and percentage of the fibre is important. Fibrous materials with low 
modulus of elasticity like nylons and polypropylene are unlikely to give strength improvement, but help 
in the absorption of large cracks. Fibrous materials with high modulus of elasticity such as steel, glass 
and carbon impart strength and stiffness to the composite. A higher fibre percentage causes a lower 
workability of the concrete. Mixing and casting problems are evident. Coarse, stiff fibres are difficult to 
be distributed homogeneously in a batch mix concrete to produce the desired improvement in strength 
and other properties.  

Steel fibres are dimensioned in such a way that they slip rather than break. When the first cracks 
show up, fibres will be activated and absorb the force in these cracks. In this way forces are transported 
to the surrounding areas, where also little cracks will appear. There is a high level of force distribution, 
because of the homogenous distributed fibres. The concrete will show more smaller cracks instead of a 
couple big cracks. The tensile forces of the concrete will increase. This phenomenon is called strain 
hardening. The second phenomenon that occurs is synergy: two subjects acting together, achieve a 
better result than each of them acting independently from each other. Because of strain hardening and 
synergy, better flexural and tensile behaviour can be achieved by using fibres. 

At the moment fibre reinforcement alone is not enough to take care of tensile forces and point loads. 
Until now fibres and steel meshes are combined to reduce the amount of traditional reinforcement 
needed. Research about increasing the tensile strength and ductility with fibres is needed to make pure 
fibre reinforced concrete which can be used for structural applications. 

 
There are four categories of reinforced shotcrete based on fibre material type. These are synthetic 

fibre reinforced concrete (SNFRC) including carbon fibres, glass fibre reinforced concrete (GFRC),  
Natural fibre reinforced concrete (NFRC) and Steel fibre reinforced concrete (SFRC).  

- Synthetic-Polypropylene fibres are hydrophobic and easy to mix. They need to be evenly 
distressed in the mix to lead to a more homogeneous product. The fibres may be added to the 
mixture either at the construction site, as well on the concrete factory. 

- A structural synthetic fibre has almost the same shape and dimensions as a steel fibre.  However 
the properties of SFF are different. Because the modulus of elasticity of a synthetic fibre is lower 
than steel, the fibre has to be anchored in the concrete over its whole length. Steel fibres are 
only anchored on both ends of the fibre by hooks. Polypropylene fibres can replace shrinkage 
meshes. They also improve fire resistant, flexural toughness, impact resistance and liquid 
tightness of the concrete. Carbon fibres comes under the very high modulus of elasticity and 
flexural strength.  They can be placed as long fibres or mats. Cost price of carbon fibres is too 
high for large scale applications. 

- Glass fibres of 10 to 50mm in length and a few microns in diameter can be added up to 5% by 
weight and premixed with cement and water in a pan or a paddle mixer.  Uses of glass fibres in 
concrete is very limited because they suffer severe damage and loss of strength due to forces 
generated during movement of aggregates during mixing. 

- In large parts of the world concrete is made with fibres of coconuts, sisal, jute and bamboo. It is a 
low-tech and cheap reinforcement material. Natural fibre are hydrophilic; the fibres attract water 
and therefore also the cement particles. The mixture has a good process-ability because the 
fibres are flexible. 
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Because of the hydrophilic character of the fibres, they don’t attract each other which ensures 
that the fibres are naturally dispersed through the mixture. This prevents the forming of fibre 
nests. 

- Steel fibres are typically added to concrete in low volume dosages (often less than 1%), and are 
effective in reducing plastic shrinkage cracking. Steel fibres are ductile, isotropic, that isn’t elastic 
but plastically. Steel fibres are only anchored on both ends of the fibre by hooks. The fibre slowly 
extends until the fibre is straight and is pulled out of the concrete. The spread of the steel fibres 
in the concrete mix is crucial, otherwise fibre nests occur. Steel fibres are sensitive to the 
formation of fibre nests, because they are not very flexible and generally longer than the other 
fibre species.  

  
Fibre-reinforced shotcrete has now become much more important due to the development of the 

new and more effective types of fibres and its increasing availability. A development is the use of short 
and long fibres in one mixture. It is called hybrid fibre concrete. The short fibres are efficient in bridging 
fine micro cracks, which develop in the initial phases of tensile loading, while long fibres are more active 
in bridging larger macro cracks, which develop later. Generally speaking the short fibres increase the 
tensile strength and the long fibres increase the ductility of the concrete. 
 
With the help of the table in section 5.4.2.1 summary, it can determine that wet mix process is preferred 
when: 

- Large areas needs to be sprayed 
- Construction sites which may not be exposed to dust or when rebound is not desired 
- Applications where accelerators need to be added 
- The application with thin layers 
- A sensitive surface which cannot handle the big spraying forces 
- Applications where the need is for a large capacity 

 
The dry mix process is preferred when: 

- Work often needs to be broken down for a longer time 
- Minor repair work 
- Inaccessible building sites (greater distance to the pump) 

 
In the Netherlands in general, worms pumps are used. A spiral is placed in the hopper and by a 

rotating movement the concrete is pushed through the hose in the direction of the nozzle. Worms 
pumps are not suitable for spraying high doses of rigid fibres. For spraying fibre reinforced shotcrete, 
piston pumps are a good alternative, because piston pumps have fewer moving parts in it where the 
fibres can get grip on.  
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Determining the weight factors 
 

5.5.1 Conclusion towards the design 

In this section the data from the literature research of reinforced shotcrete will be critically reviewed 
to give an additional input towards the realization of designing a building method for the application of 
ice composites. 
 
5.5.1.1 Fibre 

The preconditions to choose a specific fibre for an ice composite are in some ways different from 
choosing a fibre to apply in shotcrete. For example an ice structure is a non-permanent building. Ice 
structures will melt away at the end of winter and the applied fibre will come in contact with nature. The 
fibres will remain at the construction site and  therefore the selected fibre has to be environmental 
friendly. Preferable is a biodegradable natural fibre which will be cleaned up by nature itself. [B. Hazenberg, 

2009] A second advantage of a natural fibre is that they absorb water. They can be distributed 
homogeneously which is important in making ice composites. Hydrophilic fibres in combination with the 
matrix material water, forms a strong bonding.  
 
5.5.1.2 Building method 

To analyse the variables of the dry and wet method, weighting factors are assigned to each variable. 
First the variables should be ranked. This can be done pairwise. Code 1 means the variable is more 
important and code 0 means the variable is less important. At the end all points are counted. A larger 
number on the vertical axis indicates a less important variable.  
 

Variables 1 2 3 4 5 6 7 8 Rank Weight 
factor 

1. Production - 1 1 1 0 1 0 1 2 0,95 

2. Dust formation 0 - 0 1 0 1 0 0 6 0,75 

3. Rebound 0 1 - 1 0 1 0 1 5 0,80 

4. Spray out 0 0 0 - 0 1 0 0 7 0,70 

5. Accuracy mixture 1 1 1 1 - 1 1 1 1 1,00 

6. Adding accelerators 0 0 0 0 0 - 0 0 8 0,60 

7. Sensitive surface 1 1 1 1 0 1 - 0 3 0,90 

8.Stop and start procedure 0 1 0 1 0 1 1 - 4 0,85 

Sum 2 5 3 6 0 7 2 3   

 
 

As one can see in the table above, accuracy mixture, production and sensitive surface have the priority 
in developing a building method for ice composites. Therefore these variables have a higher weight 
factor then other variables. 
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Determining the most suitable variables in designing a building methods 
 

Variables Weight factor Dry 
method 

Wet method 

1. Production 0,95 3 5 

2. Dust formation 0,75 1 3 

3. Rebound 0,80 1 3 

4. Spray out 0,70 2 4 

5. Accuracy mixture 1,00 2 5 

6. Adding accelerators 0,60 2 3 

7. Sensitive surface 0,90 2 5 

8.Stop and start procedure 0,85 5 0 

sum  15,05 23,5 

 
 

The next step is giving the variables points between 0 and 5. The lowest number 0, means the 
variable is not suitable to use for building with ice, the highest number 5, means that this variable is very 
useful to build with ice.  

When looking at the table, the  wet method is assumed to more suitable for the development of a 
new building method for ice composites. Why: 
- Large areas can be sprayed because of the high production. 
- The construction site in winter areas are often in nature, dust must me controlled and a lot of 

rebound is not desired. 
- The spray out at the wet method is larger than at the dry method.  
- The accuracy if the mixture can be controlled more precisely at the wet method. This is very 

important in designing a building method for the application of ice composites. Between 5 and 
10% of fibres will be added in the ice. It is important to guarantee that the sprayed mixture still 
contains 5 to 10% of fibres, otherwise the ice composites won’t be strong enough. 

- Accelerators can be added more easily. This gives the opportunity to add emulators to the water 
- The wet method is more suitable for a sensitive surface.  Think about inflatable molds, this 

surface cannot handle big spraying forces. Spraying too hard and the ice composite will not 
attach, resulting in more rebound. The start and stop procedure is easier at the dry method. This 
is not the most influence variable, based on the weighting factors. 

- The dry method is more suitable for interrupting the spraying process. Because the stop and 
start procedure isn’t the main focus in designing a building method, the wet method is still 
preferred. A site note is that the hose and pump needs to be cleaned every time the spraying 
process is interrupted. Otherwise the hose and pump will jam or in the case of using ice, the 
hose will freeze. 

 
 
 
 
 
 
 

 
 



Master thesis 2012/2013 

Frank Janssen & Rémy Houben |  169 

 

 

 

 

 

 

 

 

 

 

6 DESIGN 



Reinforced ice structures 

170 | Technical University Eindhoven 

6.1 Introduction 
In order to properly design a building method for the application of ice composites, the different 

assessment points of the matrix in chapter 4 will be rated by means of matching requirements. These 
requirements will form the starting point for the cyclical process in designing a new building method. 

For assessing these requirements properly, weight factors are needed. A weight factor indicates the 
importance of the requirement. Not every requirement has an equal priority in achieving the goal set in 
chapter 2. 

To assign a weighting factor to a requirement, pairwise comparison can be used to rank the 
requirements. In addition, code 1 means the requirement is more important than the other property, 
code 0 means the requirement is less important than the other property. The sum horizontally ranks the 
requirements. A high value indicates an important requirements and vice versa. After assigning weight 
factors to the requirements, the variables are assessed on the different requirements using numbers 
between 0 and 10. 0 means the variable is not suitable for designing a new building method for the 
application of ice composites, 10 means the variable is very suitable for designing a new building 
method. The rating of the variables will be based on the literature research of dataset one, two and 
three. 

The requirements on the next page are set up according to the classification of Material Science by 
S.L. Kakani 2004. All requirements are set up into four different categories based on S.L. Kakani: 
manufacturing processes, functional requirements, cost considerations and operating parameters.  
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Manufacturing 
processes 

Functional 
requirements 

Cost 
considerations 

Operating 
parameters 

Labour-intensive Large span Quarrying costs Complexity 

Production m2 p.p.p.d. Recreation Availability in artic 
regions 

Creep behaviour 

Shell thickness Working space Transportation 
dimensions mold 

Melt protection / low 
thermal conductivity 

Form typology - surface 
active 

Storage Costs reinforcement 
material 

Creep deformation 

Freeform structure Freezing time Costs mold Environmentally friendly 

Possibility to add 
reinforcement 

Environmentally friendly     

Special equipment Labour-intensity of mold 
making 

    

Shape ability Weight mold     

Density Reuse mold     

Translucent Location     

Isotropic Availability     

Process ability       

Strength       

Strength of reinforcement 
material 

      

Bonding strength       

Percentages to double 
relative strength (vs. plain 
ice) 

      

Hydrophilic       

Layer thickness p. hour       

Formability mold       

Directionally dependency       

Elasticity       

 
These requirements will be discussed using 6 assessment points. These are construction technique, 

base material, reinforcement scale + type, reinforcement material, type of mold and location. Every 
assessment point has his own requirements. The most important requirement is calculated using weight 
factors. Then all variables will be rated based on the requirements. 
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6.2 Construction technique 
To determine the ideal variable of the construction technique, in total 9 requirements in all four 

categories based on Material Science by  S.L. Kakani, are designed.  
 
6.2.1 Requirements 

1. Labour-intensive 
The new building method may not be too labour-intensive. This means that not many workman are 

needed to work outside for hours. This is not possible at temperatures of -25⁰C. This variable has a 
connection with construction speed. Because ice structures are seasonal they have to be build and used 
in the available season. A short construction time is preferable. A high rate means that the construction 
technique is not labour-intensive, a low rate means that a lot of people are required. 
 
2. Complexity 

This requirement is set up, because a high complexity will lower the construction speed. The more 
proceedings are needed, the more difficult the technique is and the bigger the change of failure. Also 
the use of special equipment is a factor in complexity. (see requirement 9) A high rate means the 
construction technique is simple, a low rate means that the technique is complex. 
 
3. Production m2 p.p.p.d. 

The production per square metres per person per day should be as high as possible. The average of 
all projects discussed in chapter 4 is 0,9 square metres p.p.p.d. The production of the new building 
method must be as high as possible with as few people as possible. The aim is to design a building 
method with a production around 3 square metres p.p.p.d. A high rate means that the productivity is 
high, a low rate means that this construction method has a low productivity. 
 
4. Large span 

The construction technique must be suitable for making large spans. The main reason to add 
reinforcement to the ice is because of the increasing stresses in the section by making larger spans. A 
high rate means that the construction technique is suitable for making large spans. 

 
5. Shell thickness 

It has been determined that the new building method should be suitable for making surface active 
shell structures. (See form typology – surface active). This kind of structures have an high efficiency and 
therefore a minimal shell thickness. A high rate means that the construction technique uses a thin shell 
thickness. Thin means a maximum shell thickness of 1/100th of the span.  
 
6. Form typology – surface active 

The new building should be suitable for making surface active shell structures. In a shell structure, 
the main forces are compressive forces which can be resisted by the ice. Shell structures have an high 
structural efficiency, mainly compressive stresses occur. The tensile forces that will occur are resisted by 
the reinforcement material in the ice. Shell structures have proved themselves to have many advantages 
such as a short construction period, low construction costs, high structural efficiency, unique shape and 
low material use. These advantages make surface active structures suitable for seasonal use in artic 
regions. A high rate means that the construction technique is suitable for making surface active 
structures.  
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7. Freeform structure 
The construction technique must be suitable for making freeform structures. In this way designers of 

ice hotels and other ice structures have more freedom in designing projects. A high rate means that the 
construction technique is adaptable for making freeform structures. 

 
8. Possibility to add reinforcement 

In advance we can say that the possibility to add reinforcement is one of the main requirements, 
because this is the goal of the research. A high rate means that reinforcement material can be added, a 
low rate means that the construction technique is not (or hardly) suitable for applying reinforcement. 
 
9. Special equipment 

The new building should be low-tech and feasible with as less as possible special equipment. A snow 
blower or a heated water pump is no special equipment, because they are daily used machinery in artic 
regions. A high rate means that no special equipment is needed, a low rate means that many special 
equipment is needed. 
 
6.2.2 Weight factors 

 
Construction technique 
 1 2 3 4 5 6 7 8 9 Rank Weight 

factor 

1. Labour-intensive - 1 1 0 1 0 1 0 1 4 0,85 

2. Complexity 0 - 0 0 0 0 1 0 1 7 0,70 

3. Production m2 p.p.p.d. 0 1 - 0 1 0 1 0 1 5 0,80 

4. Large span 1 1 1 - 1 1 1 0 1 2 0,95 

5. Shell thickness 0 1 0 0 - 0 1 0 1 6 0,75 

6. Form typology - surface active 1 1 1 0 1 - 1 0 1 3 0,90 

7. Freeform structure 0 0 0 0 0 0 - 0 0 9 0,50 

8. Possibility to add 
reinforcement 

1 1 1 1 1 1 1 - 1 1 1,00 

9. Special equipment 0 0 0 0 0 0 1 0 - 8 0,60 

sum 3 6 4 1 5 2 8 0 7   

 
It can be concluded that the possibility to add reinforcement is the most important requirement to 

select a construction technique. Another important requirement is the possibility to make large spans. 
This is due to the goal and problem described in chapter 2. The possibility to make freeform structures 
and the use of special equipment is the least important requirement. Because of the use of a 
reinforcement, the building process will become more complex because of special machinery have to be 
used in order to apply the reinforcement material.  One must take in account that not too many special 
equipment is needed. 
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6.2.3 Assessment 

 
Construction technique 

 Weight 
factor 

Stacking Compacting 
snow 

Flooding 
/ casting 

Spraying / 
blowing 

Artificial 
freezing 

Prefab 
elements 

1. Least labour-intensive 0,85 2 6 6 5 2 3 

2. Least complexity 0,70 8 8 8 7 2 3 

3. Most production m2 p.d. 0,80 2 8 6 6 4 4 

4. Largest span 0,95 1 3 4 8 4 4 

5. Least shell thickness 0,75 1 3 6 8 7 6 

6. Form typology - surface 
active 

0,90 1 3 6 8 6 5 

7. Freeform structure possibility 0,50 2 3 4 8 6 5 

8. Easiest possibility to add 
reinforcement 

1,00 1 8 8 8 8 8 

9. Least special equipment 0,60 5 8 6 7 3 5 

 sum 16,5 39,2 42,8 50,95 33,55 34,15 

 
One can conclude that the construction technique of spraying / blowing is the most suitable for 

designing a building method for the application of ice composites. This is the most suitable technique, to 
add reinforcement material. The reinforcement material can be added to the water to be sprayed or can 
be added to the snow to be blown. Spraying / blowing is also an easy method for making shell structures.  
Stacking is the least usable construction technique, because large spans cannot be made easily, the shell 
thickness is thicker and so more material is needed. Also the possibility to add reinforcement is much 
more complex, especially with natural ice. 
 
 

6.3 Base material 
To determine the ideal variable of the base material, in total 10 requirements are designed.  

 
6.3.1 Requirement 

1. Workability 
This requirement is set up to control the ability to work with the base material. Workability includes 

mixability transportability and compactability. A high workability will get a high rating.  
 
2. Shapeability 

This requirement overlaps with the requirements surface active and freeform structure of the 
construction technique. This requirements evaluates the shapeability of the base material. Which 
assesses how the material can adopt to a certain form. A high rate means that the base material can 
adapt to every desirable form. 
 
3. Freezing time 

A short freezing time is essential for the building speed. Every base material has its own freezing time 
(per cm), depend on its heat capacity, and its starting temperature. All base materials exists of different 
forms of water and have the same freezing point. A high rate means a fast freezing time. 
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4. Strength 
The strength of the base material (matrix) determines part of the properties of the composite. A 

higher density means that the material is less porous, and thinner shells can be made. A material with a 
low density like snow requires an extra step of compacting to make the snow suitable as a construction 
material. Snow can be compressed by spraying water. The water will compress the snow which makes 
the snow more dense (snowice). Also the water causes the snow to melt, which cools down the 
temperature of the water and makes the water freeze faster. A high rate means that the material has a 
high density and strength.  
 
5. Layer thickness p. hour 

This requirement assesses the layer thickness that can be applied at once. This is depended on the 
freezing time (requirement 3). Snow can be applied with a snow blower in layers of more than 1 meter 
thick. Water can only be applied in thin layers of a few millimetres. After a thin layer is frozen solid, the 
next layer can be applied. A high rate means that a thick layer can be applied at once. 
 
6. Creep behaviour 

This creep of the material is depended on the density and nature of the stress field. The higher the 
density the less creep an ice structure will show. For example a building made of snow will show more 
creep than a building made out of solid blocks of ice. An ice structure with a visible large deformation, 
makes people feel unsafe and limits its lifespan. Therefore the creep must be reduced. A high rate 
means that the base material has the least creep behaviour. 
 
7. Translucent 

If a structures is translucent or not, depends on the base material and shell thickness. Using a thick 
layer of snow results in a cave like structure with no natural lighting. On the other hand by using a thin 
shell of frozen water results in an almost transparent structure. An average layer of snow-ice will create 
a translucent shell. A high rate means that the base material is suitable for making a translucent ice 
structure. 
 
8. Possibility to add reinforcement 

Also within the assessment point of base material the possibility to add reinforcement is one of the 
main requirements. With designing a new building method, also the base material needs to be 
adaptable for adding reinforcement material. A high rate means that reinforcement material can be 
added. 
 
9. Availability 

This requirement discusses the availability of the base material. Can the base material be gathered at 
the building site? Or does the material has to be made artificially? This is important because large 
amounts of base material are needed, compared to reinforcement material. A high rate means that the 
base material can be gathered easily onto or nearby an artic building site. 
 
10. Quarrying costs 

The last requirement is the costs of gathering the base material. These costs are low for example 
snow, but high when you make your own snow (“snice”). A high rate means that quarrying the base 
material is cheap. A low rate means that gathering the base material is expensive. 
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6.3.2 Weight factors 

 
Base material 
  1 2 3 4 5 6 7 8 9 10 Rank Weight 

factor 

1. Workability - 0 0 0 0 0 1 0 0 1 8 0,65 

2. Shapeability 1 - 0 0 0 0 1 0 0 1 7 0,70 

3. Freezing time 1 1 - 0 1 1 1 0 1 1 3 0,90 

4. Strength 1 1 1 - 1 1 1 0 1 1 2 0,95 

5. Layer thickness p. hour 1 1 0 0 - 0 1 0 0 1 6 0,75 

6. Creep behaviour 1 1 0 0 1 - 1 0 1 1 4 0,85 

7. Translucent 0 0 0 0 0 0 - 0 0 1 9 0,55 

8. Possibility to add 
reinforcement 

1 1 1 1 1 1 1 - 1 1 1 1,00 

9. Availability 1 1 0 0 1 0 1 0 - 1 5 0,80 

10. Quarrying costs 0 0 0 0 0 0 0 0 0 - 10 0,50 

sum 7 6 2 1 5 3 8 0 4 9   

 
Just like at the construction technique, one can see that the most important requirement is number 8. 

The possibility to add reinforcement. Another important requirement is the strength. The strength 
determines the building process, safety and the usage of the ice structure. If an ice structure shows large 
creep deformations, people won’t be able to use the ice structure anymore. 
 
6.3.3 Assessment 

 
Base material 

 Weight factor Natural 
ice 

Snow Water 
(freshwater ice) 

Snice Snowice 

1. Workability 0,65 2 8 8 7 7 

2. Most shapeable 0,70 2 8 9 8 8 

3. Shortest freezing time 0,90 5 8 5 8 7 

4. Highest strength 0,95 9 5 8 5 7 

5. Most layer thickness p. 
hour 

0,75 6 8 5 7 6 

5. Least creep behaviour 0,85 7 5 7 5 6 

6. Most translucent 0,55 7 5 7 5 6 

7. Easiest possibility to add 
reinforcement 

1,00 0 8 8 8 8 

8. Easiest available 0,80 7 9 7 4 9 

9. Lowest quarrying costs 0,50 6 9 7 4 8 

 sum 38,65 55,45 54,25 50,05 55,2 

 
There is no clear winner in choosing an construction material. Snow, water and snow-ice are all 

suitable as a base material. These three different materials are all easy to work with, they can follow the 
shape of a mold easily and they are all three suitable for applying reinforcement material. Experiments 
have to turn out which base material or combination of base materials is the most suitable. 
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6.4 Reinforcement scale + type 
To determine the best method of reinforcement the 3 types are plotted against the most valuable 

requirements.  
 

6.4.1 Requirements 

 
1. Directionally dependency 

A conclusion of the literature study of building materials was that shell structures are ideal for ice 
construction. These surface active structure have an high structural efficiency, where mainly normal 
forces appear in the cross section. This kind of structures makes the best use of snow/ice which has an 
relatively high compression strength compared to its tensile strength. The load transfer in this kind of 
structures is uniformly distributed and therefore the type of reinforcement is preferred to be 
homogenous and randomly orientated. The reinforcement techniques are rated on their directionally 
independency. A reinforcement method that is able to produce an increase of strength in all directions 
gets an high rating. A reinforcement material that is hardly or unable to produce a homogenously 
material gets a low rate.  
 
2. Complexity 

Complexity is a requirement that returns in evaluating almost every assessment point. The risk of 
adding a second material, is a to complex building method. However especially in ice construction, the 
simplest ones are usually the best. A low complexity will get an high rating and vice versa.  
 
3. Workability 

The workability of the reinforcement methods is based on the construction technique. In the analysis 
of different construction techniques, spraying / blowing came out as the most suitable technique. 
Particles are easier to pump, transport trough a hose and spray compared to fibres. Structural 
reinforcement is a layered structure mostly build up with large reinforcement materials like rods or 
cables, and therefore not suitable for spraying/blowing. A reinforcement method with a high workability 
will get a high rate and vice versa. 
 
4. Strength 

 The strength of a reinforcement method is depended on many factors of the reinforcement 
material; it’s orientation, length to diameter ratio, bonding strength. Macroscopic reinforcement imbeds 
materials with an higher tensile strengths on places where they are necessary. Microscopic 
reinforcement is homogenously distributed. A precise placed reinforcement is more effective, but also 
more complex. Microscopic reinforcement can be subdivided into particle and fibre reinforcement. 
Fibrous materials are the most effective strengtheners. A high strength results in a high rating. 
 
5. Creep deformation 
It is proven that almost every kind of reinforcing material will reduce the creep rate. Creep is strongly 
depended on the stresses in the ice. Fibrous materials which are spread homogenously trough the ice 
are capable of spreading these stresses evenly which results in a drastically decrease of the creep rate. A 
low creep rate (or even a standstill) will extend the life-span of a structure and therefore a low creep 
rate will get a high rating.  
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6.4.2 Weight factors 

 
Reinforcement scale + type 
 1 2 3 4 5 Rank Weight 

factor 

1. Directionally 
dependency 

- 0 1 0 0 4 0,70 

2. Complexity 1 - 1 0 0 3 0,80 

3. Workability 0 0 - 0 0 5 0,60 

4. Strength 1 1 1 - 1 1 1,00 

5. Creep deformation 1 1 1 0 - 2 0,90 

sum 3 2 4 0 1   

 
The table above shows that the strength is the most important factor in determining a reinforcement 

method. The creep deformation is the second factor, because this is a very important problem in “plain” 
ice construction. Reducing the creep increases the possibilities of ice construction drastically.  
 
6.4.3 Assessment 

 
Reinforcement scale + type 
  Macroscopic Microscopic 

 Weight 
factor 

Structural Particles Fibres 

1. Isotropic/homogeneous 0,70 1 7 8 

2. Lowest complexity 0,80 5 7 7 

3. Highest workability 0,60 4 9 8 

4. Highest strength 1,00 9 6 8 

5. Slowest creep 
deformation 

0,90 7 6 8 

 sum 22,4 27,3 31,2 

 
Microscopic fibre reinforcement is the most suitable reinforcement scale and type to use in 

combination with the construction method spraying/blowing. It scores for all requirements an 7 or 
higher. Structural reinforcement scores very low on the first point because this method is specially 
designed to form anisotropic materials, which is not necessary and unnecessary complex. Particle 
reinforcement scores mainly lower on its mechanical properties. 
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6.5 Reinforcement material 
The most suitable reinforcement method is fibrous reinforcement. There four main categories of 

reinforcement materials are  natural, synthetic, glass fibre and steel. Within the category natural  there 
is also a subdivision of cellulose and alluvium. The materials that are covered by these categories are 
explained in more detail in chapter 3.4.4 Reinforcement material.  
 

6.5.1 Requirements 

 
1. Percentages to double relative strength (vs. plain ice) 

The increase of strength compared to plain ice is depended on the effectiveness of the reinforcement 
material. The strength of the fibre, the elasticity and bonding strength influence the effectively. Alluvium 
particles need high percentages of more than 80% to double the (flexural) strength of ice. However fibre 
glass rods can double the strength with percentages as low as 2-4%. Fibre reinforcement of cellulose 
materials requires percentages of 4-8%. A low percentage of reinforcement (by weight) to double the 
relative strength will get a high rating. 
 
2. Environmentally friendly 

Because ice structures are temporary structures and thaw, the reinforcement material will be a 
leftover. If the material will not be composted by nature, a costly clean-up will be necessary. An 
environmentally friendly material is a must. A bio-degradable reinforcement material is preferred. It is 
obviously that natural material will score best in this category.  
 
3. Strength of reinforcement material 

The (tensile) strength of the reinforcement material has a strong correlation with the strength of the 
reinforced ice. Not only the strength of the material, but also the elasticity and bonding strength will 
determine the effectiveness of the composite. A high strength will lead to a high value of rating.  
 
4. Availability in artic regions 

The availability of the reinforcement material is important in determining the costs of the 
reinforcement material. If the material is needed in large quantities, transportation costs may be high. A 
material that is mostly available in artic regions will get a high rate, a material that is usually not 
available in artic regions will get a low rating. 
 
5. Elasticity 

The elasticity of the material depends the effectiveness of the reinforcement material. The elasticity 
modulus of the reinforcement material has to be higher than that of ice. This is important in 
macroscopic a fibrous reinforcement, particle reinforcement reinforces the ice by blocking the 
movement of dislocations. A high elasticity will get an high rating.  
 
6. Processability 

The processability of the reinforcement methods is based on the construction techniques. In the 
analysis of different construction techniques, spraying / blowing came out as the most suitable method. 
Natural fibres are better processable compared to steel fibres, for example less clumping of the fibres. A 
high processability will lead to a high rating. 
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7. Bonding strength 
The bonding strength between the fibre and matrix (ice) will determine the fibre pull-out strength. A 

higher pull-out strength will lead to a higher strength of the composite. Because the matrix material is 
frozen water, a hydrophilic and irregular shaped reinforcement material will create a stronger bond than 
a hydrophobic and smooth material. The first category will therefore get an higher rating than the 
second one.  
 
8. Melt protection / low thermal conductivity 

Melt protection of ice is a combination of low thermal conductivity and high thermal mass. To get an 
low melting rate the average values of the composite have to be respectively lower and higher than 
plain ice. A low melting rate will get a high score. 
 
9. Costs 

The cost of the reinforcement material is dependent on the price of the raw material per ton, the 
locally availability and possible transportation costs. Also the processing costs to use it within the 
building method and possible clean-up costs after thaw are taken into account. A material with low 
overall cost will get an high rating and vice versa. 
 
6.5.2 Weight factors 

 
Reinforcement material 
 1 2 3 4 5 6 7 8 9 Rank Weight 

factor 

1. Percentages to double relative 
strength (vs. plain ice) 

- 0 1 0 1 1 0 1 0 5 0,80 

2. Environmentally friendly 1 - 1 1 1 1 0 1 0 3 0,90 

3. Strength of reinforcement 
material 

0 0 - 0 1 1 0 0 0 7 0,70 

4. Availability in artic regions 1 0 1 - 1 1 0 1 0 4 0,85 

5. Elasticity 0 0 0 0 - 0 0 0 0 9 0,60 

6. Processability 0 0 0 0 1 - 0 0 0 8 0,65 

7. Bonding strength 1 1 1 1 1 1 - 1 0 2 0,95 

8. Melt protection / low thermal 
conductivity 

0 0 1 0 1 1 0 - 0 6 0,75 

9. Costs 1 1 1 1 1 1 1 1 - 1 1,00 

sum 4 2 6 3 8 7 1 5 0   

 
The cost of the reinforcement material is the most important. This has to determine of the higher 

costs outweighs the thinner shell and reduced construction time. The rank of importance is a mixture of 
mechanical and environmental related requirements.  
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6.5.3 Assessment 

 
Reinforcement material 
  Natural    

 Weight 
factor 

Cellulose Alluvium Synthetic Fibre 
glass 

Steel 

1. Lowest percentages to double relative 
strength (vs. plain ice) 

0,80 5 1 6 7 8 

2. Most environmentally friendly 0,90 8 8 4 4 3 

3. Highest strength of reinforcement material 0,70 5 5 6 8 7 

4. Easiest availability in artic regions 0,85 8 9 4 4 4 

5. Highest elasticity 0,60 4 4 6 8 7 

6. Easiest processability 0,65 8 7 6 6 5 

7. Highest bonding strength 0,95 10 8 6 6 5 

8. Best melt protection / low thermal 
conductivity 

0,75 9 7 7 7 2 

9. Lowest costs 1,00 8 8 4 4 4 

 sum 53,35 46,95 38,45 41,85 35,1 

 
Both natural materials are best according to the scheme above. However there is significant 

difference between cellulose and alluvium. Enough to score out alluvium. Cellulose scores averaged on 
mechanical properties and high on environmental and cost properties. Therefore wood-based 
reinforcement materials are most suitable for developing the building method. 

 
 

6.6 Type of mould 
To discuss the ideal variable of the type of the mold, in total 6 requirements are designed.  

 
6.6.1 Requirements 

1. Labour-intensive of mold making 
This requirement is set up to discuss the making of the mould. Some moulds require more time to 

make than others. The mould type with the highest rate is the easiest to make. The mould with a low 
rate, is too labour-intensive to make. 
 
2. Weight 

The weight of the mould is important due to transportation to the building site. A light weight mould 
is ideal for making ice structures in remote areas. A high rate means a light weight mould, a low rate 
means the mould is too heavy. 
 
3. Reuse 

It is important for sustainability that the mould can be reused. Moulds which you can only use once 
are not a good option. Also time plays an important role. If a mould can be reused after a few days it will 
get a higher rate. If the mould can be reused next winter, it will get a lower rate. Moulds which can’t be 
reused will get the lowest rating. 
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4. Costs 
The costs of the mould is a requirement, because the building method for the application of ice 

composites can’t be too expensive, especially if you are going to build in artic regions. A high rate means 
the mould can be produced cheap. 
 
5. Transportation dimensions 

As in combination with requirement 2 weight, the mould have to be transported to the building site. 
It may not be too heavy, but also dimensions play a role. The mould must have small dimensions to be 
transported easily. A high rate means small dimensions, a low rate means bigger dimensions. 
 
6. Formability 

The building method needs to be applicable for shell structures an also double curved freeform 
structures. This means a mould needs to be adaptable to these freeform structures. A high rate means 
the mould can easily be formed making freeform structures. A low rate means that the mould isn’t 
formable enough to make large spans and freeform structures. 
 
6.6.2 Weight factors 

 
Type of mold 
 

1 2 3 4 5 6 Rank 
Weight 
factor 

1. Labour-intensity of mold 
making 

- 1 0 1 1 0 3 0,85 

2. Weight 0 - 0 1 0 0 5 0,65 

3. Reuse 1 1 - 1 1 0 2 0,95 

4. Costs  0 0 0 - 0 0 6 0,55 

5. Transportation 
dimensions 

0 1 0 1 - 0 4 0,75 

6. Formability 1 1 1 1 1 - 1 1,00 

sum 2 4 1 5 3 0   

 
The most important requirement is that the mould needs to be formable. The second important 

requirement is the reuse. The mould needs to be reused after finishing the ice structure, so that in the 
same winter season, more than one ice structure can be built with the same mould. 
  



Master thesis 2012/2013 

Frank Janssen & Rémy Houben |  183 

6.6.3 Assessment 

 
Type of mold 

 Weight 
factor 

Inflatable Metal 
formwork 

Wood Textile 

1. Least labour-intensity of 
mold making 

0,85 8 2 3 8 

2. Least weight 0,65 7 2 5 7 

3. Reuse 0,95 8 8 2 7 

4. Least costs  0,55 8 5 7 8 

5. Smallest transportation 
dimensions 

0,75 7 2 4 7 

6. Most formability 1,00 8 7 6 7 

 sum 36,6 21,85 20,55 34,65 

 
An inflatable is the most ideal mould. This is because an inflatable can easily adapt to double curved 

structures.  By using a 3d patron an inflatable can be designed in all kind of freeform shapes. A 3D 
cutting patron is more labour-intensive and more expensive. A solution is to use a rope cover. A rope 
cover can be used to control the shape of the inflatable. In this way with only one mould different forms 
can be made. An inflatable mould is easy to combine with the construction technique spraying / blowing. 
Material can be sprayed onto an inflatable mould. Textile has a high rate. Textile can easily adapt to 
every desired form. It is often soaked in water and hanged between two trees. Textiles are not suitable 
for making large spans. 
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6.7 Conclusion 
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6.7.1 Matrix 

On the previous page the ideal variables are shown within the matrix. For the construction technique 
spraying/blowing is the most ideal variable. With spraying or blowing, material can be added into or 
onto a mold from a distance. This is important for making large span ice structures. 

Experiments have to prove which base material or which combination of base material is the most 
suitable for making ice structures, because three of five base materials scored evenly. The choice for the 
material is based on the building speed and the homogenous distribution of reinforcement trough the 
base material. 

The increase of strength and the decrease of the creep behaviour are most important in choosing a 
reinforcement scale and type. Microscopic reinforcement is preferred over macroscopic reinforcement 
because of its isotropic properties. Fibrous reinforcement scores well in both mechanical properties and 
processability. Structural and particle reinforcement only score high in one of these two categories. Of 
all the reinforcement materials available the natural material scores best in environmental and costs 
properties and average on mechanical properties. Most of the non-natural materials are more effective 
in strengthening the material (at lower rates), but are financially unfeasible. Of the natural 
reinforcement materials the cellulose wins from the alluvium, because it is more effective at lower rates 
of reinforcement. 

The building method must be suitable for making surface active ice structures. By making surface 
active structures like shell structures, less material is needed to realize a large span. When less material 
needs to freeze, the building speed will be faster. Ice can resist compressive forces, but can hardly resist 
any tensile forces. By making shell structures, most of the material have to deal normal forces only. The 
places where tensile forces occur, fibre reinforcement in the ice will be added. 

The use of an inflatable as a mould comes in hand for making large spans and freeform structures. 
With an inflatable almost every desired shape can be realized. The mould can be made with a 3D cutting 
patron. In this way the shape of the mould must be determined before building the structure. Another 
option is using an 2D membrane bag as a mould. By using a rope cover, the shape of the inflatable can 
be controlled easily. By adjusting the rope cover, the mould can form into any desired shape. The mould  
should be reusable when the ice structure is finished. In this way with only one mould one can built 
several ice structures in one winter season. 

The average building speed of all projects is about 0,5 to 1,0 square meter per person per day. It is 
quite low despite of sometimes the use of heavy machinery. The new building method must be as fast as 
possible, with at least 2,0 to 3,0 square metres per person per day. 

The shell thickness must be a ratio of about 1/100 of the total span. In this way not so much material 
is needed. An example: an ice structure with an internal diameter of 10 metres, means that the shell will 
be 10 cm thick. 

The last assessment point is function. The ice structure should be flexible and suitable for multiple 
functions. This can be achieved by making large spans. In this way one ice structure can serve more than 
one function. The function is also dependent on the location. The next chapter 6.8.1.1 Location, will 
further explain the function of the building. 
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6.7.1.1 Location 
The location often determines the function of the building. An ice building can serve for many 

functions and needs to be flexible. Sometimes large spans are required and sometimes smaller ice 
structures comes in hand. Functions like recreational activities like an ice bar or a working space in artic 
oil exploration should be possible.  
 
Scandinavia 

In winter, tourists come from all over the world to visit ice hotels. Many ice hotels are build each year. 
In this area there is a need for ice structures with large spans for recreation. Potential functions are ice 
bars, ice hotels, changing rooms etc. People pay high prices ($190) to stay a night in an ice hotel. 
 
Alps 

Every winter tourists come to the Alps for winter holiday. In skiing areas an ice structure with a large 
span can serve as a restaurant, bar or hotel.  
 
Alaska 

Alaska is the largest state in the United States by area. It is also the least densely populated state. 
Alaska's economy is dominated by the oil, natural gas, and fishing industries. Especially in the north of 
Alaska, unexplored areas can be found. Even in July temperatures reach to 1⁰C. In these remote areas 
ice structures that can serve as working space are favourable. In an ice structure people are protected 
against mother nature.  
 
Northern Canada 

Canada has a long history of ice structures. In Quebec and Ottowa in the past ice palaces have been 
built. Nowadays in Quebec each year an ice hotel is built. In these areas the ice structure can have a 
recreation function. This means that ice structures with large spans can be used for several functions. 
 
Antarctica 

Antarctica is Earth’s southernmost continent, containing the geographic South Pole. For comparison, 
Antarctica is nearly twice the size of Australia. About 98% of Antarctica is covered by ice, with an 
average thickness of at least 1,6km. There is no permanent human residents, but around 1000 to 1500 
people reside throughout the year at research stations. It is expensive to build these research stations. 
Once they are built, they are not demountable and people cannot built them up somewhere else on 
Antarctica. In these regions, building ice structures comes in hand. These ice structures can serve as a 
working space. 
 
Northern Japan 

In the northern of Japan, every year in Hokkaido the Sapporo Snow Festival takes place. Throughout 
the city of a length of 1,5km ice structures are built. About two million people from Japan and all over 
the world visit this festival. In this area it is ideal to build large ice structures which can serve as a bar, 
hotel, restaurant etc. 
 
Northern Russia 

In the northern of Russia also unexplored area can be found. Researcher who want to explore these 
areas for oil reserves can use ice-structures as a research facility.  
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7.1 Introduction 
 

The reason to do experiments besides literature, is in first instance to validate the findings of the 
literature which formed the basis for the design. The second reason is because the design, determined 
in chapter 6 is established by choosing the most suitable option of all variables separately. The 
experiments should show how this mix of preconditions work out together. The last reason for doing 
experiments is to actually produce values of mechanical an thermal properties corresponding to the 
developed building method.  

The first 3 tests are; a simple drop test, a mixture compound test and a melting test. These are done 
to validate the conclusion of chapter 3; material out of literature on which the design is based. Hereafter 
another 3 test are performed; a construction test, and two pump tests are performed to validate the 
preconditions of the building method. 

By performing these experiments, some preconditions established in chapter 6 are revised and led to 
changes within the design. This cyclical process led to a revised design. The final experiment is set-up to 
test both material and building method of this revised design. Absolute values of the flexural and 
compressive strength of the material are obtained by using the designed building method. 

To design the experiments some literature is used. “Mechanical testing of advanced fibre composites, 
by J.M. Hodkinson” is a guide to design mechanical tests for fibre composites, but not specific for ice. 
“Standardized testing methods for measuring mechanical properties of ice, J. Schwarz et. Al, 1980 and 
Mechanical properties of polycrystalline ice: an assessment of current knowledge and priorities for 
research, R. Hooke et al, 1980” are two ice-specific sources about mechanical test of ice, but provide no 
specific information for (fibre) reinforced ice. All experiments are designed and described using the 10 
steps of experimental design, described in; Research Methods for Construction, R.F. Fellows and A.M.M. 
Liu, 2008. 
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7.2 Simple drop test  
 

1. Aim 
The aim of this test is to convince (ourselves) that the addition of any kind of fibrous material will 
increase the strength of ice significantly.   
 

2. Objective 
This kind of test, is for comparison. No actually values will be measured. All conclusion will be based 
on observation of the test its selves. A drop test will be performed of 2 equal sized ice specimens. 
One specimen will contain some kind of fibrous reinforcement, the other specimen will be made of 
“plain” ice. 
 

3. Identify constants and variables 
There are some variables which are important for every test performed with ice. Because the test 
will not provide absolute values, the main concern is to make sure that the variables of the plain ice 
and reinforced ice specimen are comparable.  

 
Constants 

- Specimen dimensions 
- Freezing temperature 
- Freezing time 
- Testing temperature 
- Drop height 
- Drop surface 

 
Variables 

- Drop height of failure 
 

4. Hypothesis  
The reinforced ice specimen has to be dropped down from a greater height/with more power than 
the plain ice specimen before it will shatter. 
 

5. Design the experiment 
- Two flexible plastic boxes with equal dimensions of 225x145x80mm are used as a mould for creating 

the specimens. 
- Newspaper will be cut to multiple sheets equal to the length by width dimensions of the box.  
- One box will be completely flooded with water, the other box will be flooded with a thin layer of 

water, follow by a newspaper sheet. This process is repeated until the box is filled. About 75grams 
of newspaper will be used. Which represents a reinforcement of 3-4% by weight. 

- Both boxes will be placed in a freezer  at -18°C for 48 hours. 
- Because the boxes are made of flexible plastics, the mould can be deformed to loosen the 

specimens. 
- The expected weight of both specimens is about 2kg each.  
- A measuring rod will be cut to a length of 1,0m for the first drop test 
- A camera will record the drop test, so the observations can be evaluated later and more precisely.  

 
 

Moulds: two flexible plastic boxes 
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6. Performing experiments 
The test was performed on the 12th of October 2012. The outside temperature was about +10°C. The 
specimens were prepared two days earlier.  
 

              
  Plain ice specimen         Newspaper reinforced specimen 

 
The stopmotion below shows how te experiment is performed. The specimen is dropt from a heigth 
of 1,0 meter on the side with the largest planar surface.  

 

   
Plain ice drop test 

    
Newspaper reinforced ice drop test 



Master thesis 2012/2013 

Frank Janssen & Rémy Houben |  191 

7. Analysis of data 
Both specimens were dropped without applying force to it from a height of 1 meter. The “plain” ice 
specimen shattered on its first drop, it breaks into multiple pieces. 
The reinforced ice specimen however was dropped from the same height, but when it hits the 
ground, absolutely nothing happens. As can be seen in the second stop motion, the only thing that 
happens is that the specimen bounces up a little an flips over to the other side. 
The drop test of the reinforced ice specimen has been repeated from heights of 1 ½, 2 and 2 ½ 
meters. Only very small pieces of ice shattered of the specimen. Eventually with brute force an 
throwing the block of ice about 5 meters in the air, and smashing it on the curb stones of the terrace, 
the reinforced ice specimen also broke. Both specimens weighted 1,9kg. 

 

      
Failure between layers of newspaper (shear)  Failure of reinforcement material (bending) 

8. Discuss 
To rupture the newspaper reinforced ice specimen more force was necessary compared to the plain 
ice specimen. The “plain” ice specimen shattered like glass, and its behaviour is brittle. The 
reinforced ice specimen doesn’t shatter at all and has a more ductile behaviour. So the newspaper 
drastically changes and improves the behaviour of ice as a construction material. 
 

9. Conclude 
- Both specimens weights about the same, the reinforcement does not change the density of the 

material. 
- Reinforced ice has a higher strength than unreinforced ice. 
- Ice reinforced with newspaper sheets eventually brakes between two layers of newspaper. 
- The reinforcement changes the behaviour of the ice, the fibres of the newspaper sheets takes care 

of the tensile forces in the ice, and prevents it from shattering. Reinforcement makes the ice behave 
ductile. 
 

10. Further research 
The next step is to determine absolute values of material properties of reinforced ice. Therefore 
several kinds of reinforcement materials have to be tested, at different percentages. Also the way in 
which the reinforcement will be applied (together with the base material) has to be tested.  
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7.3 Mixture compound test 
  

1. Aim 
To build an actually structure of (fibre) reinforced ice, an application method has to be found. In 
chapter 6; design, the method of spraying and blowing in combination with an inflatable mould 
seemed to be the most suitable for the building method of reinforced ice. In the design process, the 
choice for a certain base material (matrix) was not determined. A base material of snow, freshwater 
or a combination of both should be investigated. The reinforcement material determined in the 
design process is a natural cellulose based and randomly orientated fibre. The combinations that 
have to be tested are: 
 

a. Wet mixture: Reinforcement fibre + water 
b. Dry mixture: Reinforcement fibre + snow 
c. Slush: Reinforcement fibre+ water and snow 

 
The aim of this experiment is to test these 3 different methods on a relatively small scale. In order to 
choose one of these methods to actually build a structure on a larger scale.  

 
2. Objective 

This experiment should provide some clarity about the stickiness, maximum layer thickness, porosity 

and mixture ratio of these 3 different mixture compounds. 

 

3. Identify constants and variables 

Constants 
- Outside temperature 
- Mixture temperature 
- Layer thickness 

 
Variables 
- Stickiness 
- Water drain 
- Particle size (by spraying) 
- Porosity  
- Spraying force/rebound 

 
4. Hypothesis 

The “slush” mixture is the most controllable and will have the most positive effect on the predefined 
variables. 
 

5. Design the experiment 
- To test the application of the 3 different mixtures, small test strips of each mixture will be made. 

For each beam  10% of wood shavings will be used. About 450ml water will be used on 50 grams 
of wood fibre.  

- The dry mixture has no specific pre-treatment. The wood fibres in the slush and wet method will 
be soaked into the water for 90 minutes. The snow in the slush mixture will be applied, a few 
minutes before actually “spraying” it onto the surface. 
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- A fourth mixture will be made of water and snow, without reinforcement to make the results 
comparable with a “plain” ice mixture. 

- A wooden plate will be covered with a plastic bag to simulate the membrane surface. (which will 
be used in a large scale model). This plate will be placed under an angle comparable to the 
steepest part of an inflatable membrane. 

- The first (base) layer will consist of only water and snow. After 90 minutes the actual reinforced 
mixtures will be applied. 
 

6. Performing the experiment 
The test was performed outdoor, with an average temperature of -3°C. Because the scale of these 
test is so small, no actual (plaster) pump or snow blower was used. The water is sprayed with a small 
water sprayer. The mixtures is thrown by hand onto the surface (very little material each time). The 
amount of water that drained out of the mixture before it could freeze is sprayed onto the mixture 
afterwards.  

 

          
         Dry wood fibre                              Wet wood fibre              Wet wood fibre with snow (slush) 

 

      
                    Membrane simulation                                                               First snow-ice layer 
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The four mixtures applied onto the “membrane” 

 
7. Analysis of data 
 
Dry method: first the surface is moistened, the dry wood fibres are thrown 
against the plate. In the first instance the dry wood fibre did not stuck to 
the surface. More water was added to the underlying surface to get the 
wood fibre stuck to it. To make the beam, a lot of water is used, but 
certainly less than the 500ml to make an 10% mixture.  
The beam looks firmly at first glance, however the beam has a very porous 
structure. Spraying water onto the “finished” beam was not able to fill up 
the hollow spaces. The mixture is thrown onto the surface, however the 
mixture on the plate was never compacted afterwards.  
 
Wet method: first the surface is moistened. The wet wood fibres are 
thrown against the plate. Initially all the wood fibres stuck really well to 
the surface. Adding new wet fibres on top of a previous layer will add to 
much weight. The first layer has to be frozen solid, febore the next layer is 
applied. To finish the beam an occasionally spray of water was needed 
because also water drains out of the mixture.  
Also this beam has a porous structure. However compared to the dry fibre 
mixture the hollow spaces are smaller. Spraying water onto the “finished” 
beam was not able to fill up the hollow spaces. The mixture is thrown 
onto the surface, however the mixture on the plate was never compacted 
afterwards. 
 
 

Dry method specimen 

Wet method specimen 
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Slush: first the surface is moistened. The slush is thrown against the plate. 
Very little additional water was needed to make the slush stick to the 
surface. The snow in the slush absorbs the water out of the mixture and 
makes the mixture more sticky in comparison with the mixtures without 
snow. Also this beam has some hollow spaces, but these hollow spaces 
are smaller than the wet fibre method, and much smaller than the dry 
fibre method.  
 
Snow-ice: making a beam of only water and snow takes much longer than 
a beam with fibres (with the same layer thickness), however there are 
very less hollow spaces.  
 
8. Discuss 

- From porous to less porous: dry method, wet method, slush, snow-ice. 
- The size of the fibre also seems to have an effect of the size of the hollow spaces. A smaller fibre 

will probably lead to smaller hollow spaces. Use sawdust instead of wood shavings? 
- Building speed from fastest to slowest: slush, wet method, dry method, snow-ice. 

 
9. Conclude 

- This simple test concludes that a temperature of -2/-3°C is not cold enough to let layers of fibres 
and water freeze to a solid mass fast enough. Lots of water drains out of the mixture. 

- The layer thickness which can be applied at once has to be minimized from 3cm in this 
experiment to 1cm. In this manner a new layer of sprayed water is able to fill the hollow spaces 
of the underlying layer.  

- The snow cools down the mixture more rapidly and solidifies more quickly than mixtures 
without snow. Faster freezing, means less water drain and also less hollow spaces between the 
fibres. 

- Compressing the mixture to get rid of the hollow spaces is not an option. Because if there is no 
snow or water, between these fibres there will be no bonding between the fibres, and thus a 
relatively low strength.  

- Hollow spaces will drastically decrease the strength of the reinforced ice.  
 

10. Further research 
Further research has to prove that it is possible to spray a mixture of water, snow and fibres onto 
membrane, with a low porosity. In order to let this next test to be a success, a constant and cold 
environment has to be provided. The layer thickness has to be max. 1cm every hour and after 
applying the slush, water has to be sprayed onto the frozen mixture to fill the hollow spaces. 

 

 

 

 

 

 

 

 

Slush specimen 
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7.4  Temperature test  
 

1. Aim 
The aim of this test is to determine if pykrete melts, faster or slower than plain ice.  

 
2. Objective 

To test the time depend behaviour of reinforced ice and unreinforced ice at temperatures above its 
melting temperature, to determine the melting speed. 
 

3. Identify the constants and variables 
 
Constants 
- Specimen temperature before test 
- Specimen weight 
- Specimen surface area 

 
Variables 
- Environmental temperature  
- Conductivity 
- Heat capacity  

 
4. Hypothesis 

Pykrete has a lower melting speed, compared to “plain” ice.  
 

5. Design the experiment 
- The first step is preparing specimens; a specimen of plain ice, and a specimen of pykrete. It is 

important that the specimen temperature and surface area of both specimens are equal before 
starting the test. 

- Both specimens have to be placed outside, under conditions of equal, temperature, solar 
radiation and contact area. Both specimens have to be orientated the same towards the sun in 
an un-shaded environment. 

- The test will continue by observation of both specimens at equal intervals. Also the 
environmental temperature has to be monitored.  

- If one of the two specimens is totally melted, the dimensions of the other have to be measured. 
Also the interval of “disappearance” between the first and second specimen has to be measured.  

 
6. Performing the experiment 

For this test beams were used with dimensions of 35x20x10cm. Which were the remains of a 
flexural strength test. Both the plain ice and pykrete specimen were built up by spraying layers of 
slush into a formwork. The plain ice specimen was made of a mixture of water and snow. The 
pykrete specimen was made of a mixture of water snow and 2.5%(by weight) wood shavings.  The 
specimen temperature before testing was -18°C.  
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The test was performed on Thursday 30-05-2013 at 12:50, till Friday 31-05-2013 at 9:10. The outdoor 
temperature varied between 10 and 16°C.  
 

 
Temperature lapse during test 

 
30-05-2013, 12:50: The two specimens were placed outside. They came from the cold storage with a 
temperature of -18°C, and were placed on a concrete plate outside.  

 

    
Temperature test of plain ice and 2,5% wood fibre reinforced ice, start time t=0 
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30-05-2013, 15:15: for almost 2½ hour the specimens were exposed to temperatures of approximately 
16°C. The edges of the beams are rounded of, and the surface of the pykrete defintly melting faster. 
Pieces of wood fibre protrude out of the surface, which means that the ice around the fibre was melted 
away.  
 

 
Temperature test of plain ice and 2,5% wood fibre reinforced ice, t=2,5h 

 

31-05-2013 09:10: the next morning the “plain ice” specimen was melted totally. Initially it looks like 
also the pykrete specimen leftover is only a pile of loose wood fibres. However, pushing this loose wood 
fibres aside reveals a still frozen core.   
 

   
Temperature test of plain ice and 2,5% wood fibre reinforced ice, t=20,3h 
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7. Analysis of data 
When a piece of pykrete and plain ice are exposed to temperatures above its freezing point, the 
pykrete sample will start melting more quickly. If the water melts out of the outermost layer of the 
sample, the remaining “dry” wood-fibre isn’t surrounded with water anymore but with air. It seems 
like the “dry” wood-fibre insulates the underlying frozen pykrete. 
 

8. Discuss 
Pykrete consist of water(ice) and wood fibres. The wood fibres have an slightly lower heat capacity 
and a much lower thermal conductivity level compared to ice. The graph below visualises the 
melting process of both materials.  
 
Fase 1: Because of the lower thermal capacity, the energy needed to change the wood fibre/ice 
mixture temperature, is less than a pure ice material, and therefore will melt faster than plain ice. 
The plain ice mixture has a more or less constant melting speed. The melting speed of pykrete is 
higher at the beginning, but crosses plain ice after the outer layer of both materials is melted down.  
 
Fase 2: This decreasing melting speed can be declared by the dry wood fibre which remains after the 
ice melts out of the outer layer. The dry wood fibre has a very low thermal conductivity and is 
surrounded with air. This package insulates the underlying frozen pykrete from high temperatures 
and solar radiation. After that the melting speed remains constant, because the dry fibre layer 
thickness stabilizes. A balance between melting pykrete, and fibres which fall of is formed. 

 

 
       Principle of melting speed: plain ice vs. pykrete  

 
Heat capacity of water = 4,2 J/(g*K) 
Heat capacity of ice = 2,11 J/(g*K) 
Heat capacity of wood 1,7 J/(g*K) 

 
Thermal conductivity of water 0,58 W/(m*K) 

Thermal conductivity of ice 2,18 W/(m*K) 
Thermal conductivity of wood 0,17 W/(m*K) 

 

Fase 1 |   Fase 2 
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9. Conclude 
Pykrete initially melts faster than pure ice because of the lower heat capacity. Melting the outside 
layer will transform the material in a layered structure (see picture). The outer layer exist of dry 
wood fibre and air, and insulates the frozen pykrete from high temperatures and solar radiation. 
Eventually the pykrete will last longer than pure ice under same conditions.  
 

10. Further research 
Further research of temperature dependency of pykrete can be done by studying the deformation 
of pykrete under load at high temperatures. Pykrete can have a slower melting speed, but does it 
retain its mechanical properties? Temperatures should be measured at the point given in the 
illustration below.  
The deformation of pykrete (under load) is studied by Ryan Cudo of the University of Fairbanks, 
Alaska. We discussed our observations, and he validated the conclusion above. More information 
about his research can be found in chapter 4.12; Pykrete Arch.  
 

 

 

 

 

 

 

 

Thaw of pykrete 
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7.5 Pykrete arch test  
      

1. Aim 
The aim of this test is to actually build a structure out of reinforced ice. To discover the problems 
towards the realisation of a large-scale field experiment.   
Prior to this experiment a fibre reinforced ice bridge was build. A thin sheet of plywood was bent en 
anchored in the earth. A 4cm thick layer of snow, water and wood shavings was put onto the 
plywood. Which was cut away after the mixture turned into a frozen solid. The finished arch had a 
span of 1,8m and an thickness of 4cm. Two people (160kg) could stand on the arc without breaking 
it.   
 

       

    Pykrete arch, span: 1,8m shell thickness: 4cm   
 

2. Objective 
With this test the building method of spraying a slush of water, snow and wood fibres will be tested. 
An inflatable with a diameter of 5meters will be used to create the dome shape. A diaphragm pump 
will be used to spray the mixture onto the inflatable. Wood shavings are used as a reinforcement 
material. The test will take 48 hours at an average temperature of -6°C. 
 

3. Identify variables 
- Outside temperature 
- Mixture temperature 
- Mixture ratios 
- Membrane pressure 
- Membrane inclination 
- Pump capacity 
- Adjustability of spraying nozzle 
- Layer thickness 
- Building speed 
- Porosity of mixture 
- Water drain 
- Rebound 
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4. Hypothesis 
Spraying thin layers of slush onto an inflatable membrane with an diaphragm pump and adjustable 
nozzle will provide a strong reinforced ice shell with minimal porosity.  
 

5. Design the experiment 
- The first step in building a shell of reinforced ice, is levelling the surface were later the inflatable 

will be placed.  
- Then the Inflatable membrane will be placed onto the surface and the air blower will be 

connected to the socket on the membrane.  
- The air blower will be turned on, with the zipper in de membrane the pressure inside can be 

controlled.  
- Lower the air pressure and attach the ropes and anchors to secure the membrane.  
- Slowly close the zipper to build up the pressure in the membrane. The membrane is fixed under 

the rope cover. 
- A 1-cylinder diesel engine is producing the power for diaphragm pump. The pump in- and outlet 

have both a diameter of 75mm. On the outlet port of the pump a fire hose is connected with a 
length of 10meters. At the end of this flexible hose an adjustable nozzle is mounted to spray the 
mixture.  

- Because of the suction power, on the inlet port a non-flexible hose of 3 meters is connected. 
This hose will be hold into the mixing basin.  

- The mixing basin will be made of a trailer with an agricultural plastic film in it to make in 
waterproof.  

- The snow and reinforcement material will be added to the basin by hand. The water supply is 
made by leading a garden hose into the basin. 

- Mixing the slush will be done by using a rake.   
- The inlet hose of the pump will be on the right side of the basin, pumping only well mixed slush. 

On the other side of the basin a stock of non-mixed snow, reinforcement and water will stored.  
- Because mixing the slush is done constantly the spraying process does not have to be 

interrupted.  
- A thin layer of mixture has to be sprayed onto the inflatable membrane. The maximum thickness 

is dependent on the outside temperature, mixture temperature and membrane inclination. 
- The first layer will be the hardest. It is difficult to let the mixture stick to the smooth surface of 

the membrane. However the second, third, etc. layer will be more easily to apply because of the 
coarse texture of the previous layer.  

- The second layer can be applied when the first layer is totally frozen. How long this takes 
depends  on the outside temperature, mixture temperature and layer thickness. 
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6. Performing the experiment 

The inflatable membrane used was not specially build for this project. Arno Pronk (mentor of this 
thesis) had used this membrane in a previous project, also discussed in chapter 4.7. 

 

    

 
 

Specifications air blower 

Brand Slingerland Techniek Ventilatoren 

Type RMV200/RD/IEC80 

P 1,1 kW 

U 3x400 V/50 Hz 

Inom 2,5 A 

n 2.8310 1/min (3.000 max.) 

T max. 50°C 

Specifications diaphragm pump 

Brand / Type: Selwood / PD 75 

Power Requirement (kw) 2.5 

Pump Speed (rpm) 1500 

Capacity (m³/h) 30 

Suction Lift (m) 9.1 

Solids Size (mm) 6 

Air Handling (l/s) 3.77 

Inlet/Outlet Port (mm) 75/75 

Delivery Head (m) 30.5 

Air blower 

Diaphragm pump 

Inflatable membrane                  Anchors                 Anchor rope 
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Membrane 
The membrane was anchored with homemade ground anchors. 4 polypropylene ropes with a 
diameter of 10mm were bundled on top of the dome. Each end was connected to an anchor and 
tensioned, in order to make base plate of the membrane completely flat. The remaining negative 
curvature at the bottom of the membrane was filled with snow.  

 
Hoses 
The inlet of the pump (pictured at previous page) was connected to the black inflexible hose. And 
put into the basin. The outlet of the pump was connected to the red fire hose. The red fire hose 
then was connected to the spraying nozzle.  

 

        
           Inlet hose      Outlet hose 

 
       Spraying nozzle 

 
Bassin 
The next step is preparing the bassin for spraying. A couple of hours before spraying, the basin was 
filled with water and fibres. So the fibres were soaked with water. About half an hour before 
spraying started, snow was added to the wet fibre mix to turn it into a sticky slush.  

 

           
           Adding snow to the mixture     Detailed view of composite texture 
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Pumping problems 
The pump, mixture and membrane were prepared for spraying. However when turning on the 
pump, the mixture got almost immediately stuck in the pump housing. A major problem, because 
without the pump the building method (spraying) could not be tested. According to the 
specifications of the pump it should be able to pump: site water, slurries, sand and similar abrasives. 
Several options were tested to get the pump working. First of all the pump housing was cleared 
from any left over from pumping the slush. After that the viscosity of the mixture was build-up 
slowly: 
- First, normal liquid water without any addition was pumped. As expected the pump had no 
difficulties pumping normal water. An continuous and powerful spurt of water was produced by the 
pump.  
- The second attempt was done by a mixture of water and snow. A slush without any fibres was 
pumped. Because a mixture of only water an snow makes not such a homogenous mixture as the 
slush with also wood fibres, it was very difficult to tell if this mixture was pumpable. Initially more 
water than soaked snow was pumped out of the mixing tank. When the inlet hose of the pump was 
forced to pump the slush, the material coming from the outlet port on the pump was not so 
continuous and powerful anymore. The pump was not totally clogged by the water/snow mixture, 
but probably in the long-term it will be.  
- The last attempt was to pump the slush with all its components again. However with less wood 
fibres, compared to the first attempt. Unfortunately the pump was not able to digest the wood 
fibre/snow/water mixture.  

 
Stacking 
There was no other pump available, so different ways to apply the mixture onto the inflatable 
membrane were tried. Because it was not possible to spray thin layers, one tried to stack layers of 
mixture from the bottom up. Because of this building method, a wide foundation was needed. 
Instead of using the whole inflatable, an arch would be built over the lower part of the membrane, 
to compensate the extra material needed. 

 

         
 

 
Method of stacking to produce a shell 
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The slush was thrown against the membrane with 
buckets from the bottom up . The left and right 
side of the membrane are build up simultaneously. 
In this manner the membrane would not deform 
because of equal pressure on both sides of the 
membrane. However when the material was 
applied on top of the membrane, it deformed 
because of the weight that was applied to the 
membrane at once. The mixture is compacted and 
shaped by hand. After the arc was completed, 

extra snow was applied onto the arc and sprayed 
with water. 8 hours after finishing the 
construction the pneumatic formwork was 
deflated. The formwork and ropes easily came 
loose of the reinforced ice.  
 
Result 
When the formwork was removed, the arc could 
be inspected. The shape of the arc was far from 
perfect. One side of the arc was buckled because 
of the weight on the membrane. If thin layers of 
mixture would be sprayed. The next layer would 
be applied when the previous layer was frozen 
solid. In other words, the previous layer helps in 
load-bearing the weight of the next layer. With 
the method of applying the required thickness at 
once, a lot of weight is added, but none of this 
weight adds something to the strength of the shell. 
The pressure in the membrane has to be very high 
to maintain its shape in such circumstances. 
The surface of the shell seems quite well frozen to 
a solid mass. However the core of the shell is a dry 
mass of compacted fibres, with no ice or snow 
between them to hold the fibres together. Also here the thickness of the layer that was applied at once 
towed a spanner in the works. Because the outside temperature was about -6°C, and the shell thickness 
was too thick the water drained out, before it could freeze. The thick layer of wood fibres insulates the 
core of the shell. When the hard outer layer is removed, the dry fibres in the core almost fall out by itself.  
 
 
 
 
 
 
 
 
 
 
 

Finished arc 

Deflation of the membrane 

Inner view of the arc, buckled on right side 
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7. Analysis of data 
No data was generated during this experiment. However there are some remarkable observations 
and conclusions which will be discussed in the next two steps. 
 

8. Discuss 

The observations of the test are discussed per element of the building method: 

Air blower 
The air blower had run for 12 hours, with no problems. The outside temperature ranged from -4 to -
8°C. After 12 hours the air-blower was not even warm.  
 
Membrane 
The inflatable membrane used in this experiment was a leftover from a previous experiment. 
Although the membrane wasn’t used for spraying mixture on it (because of the non-working pump), 
the shape of the inflatable wouldn’t allowed it. The radius of the inflatable was very small and 
therefore the sides were very steep. The material sprayed onto the inflatable would not stick (or at 
least very difficult) to the steep areas of the membrane. The maximum inclination angle to apply 
mixture is 40-50 degrees. The inflatable used in the experiment had an inclination angle around 80 
degrees for a large section of the membrane.  
During the experiment the pressure inside the membrane was lowered and the ropes were more 
tensioned, in order to lower this maximum angle of inclination. However this was not enough to test 
the method of spraying. 
 
Mixing the materials 
Using a trailer as basin has some ergonomically advantages compared to a tank on the ground. 
Because the bassin was at a height, one need not to stoop to add, pick or mix the materials. Inside 
the basin some imaginary compartments were made. The right side was well mixed slush in the right 
proportions. On the left side water, snow and wood fibres were buffered and added were needed.  
Diaphragm pump 
The pump used in this experiment failed pumping the slush. The mixture got stuck in the pump 
housing. After cleaning the pump housing, other mixtures were tried. Normal water, and a mixture 
of water and snow were pumpable.  
 
Shell structure 
Because the pomp did not worked, the actual testing of spraying a slush on an inflatable membrane 
was not possible. One tried to build up a wall on both sides of the membrane by throwing buckets of 
slush against the membrane. The slush is easy to shape, and therefore a “wall” could be built of it 
from the bottom up. At the basis the shell had a thickness of 20 cm and about 10cm on the top. 
Because of the thickness of the layer that is applied at once, the water drained out of the mixture 
before it could freeze. Also the wood fibre material insulates the core of the shell from freezing. 
Therefore the end product was not as strong as expected, probably even weaker than “plain” ice.  
Pieces of shell were cut out of the arch. The lower parts (to the ground) and the pieces with 
minimum thickness were quite well frozen with sufficient amounts of water. The other parts were 
almost completely dry and the fibres came loose easily.  
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9. Conclude 
Inflatable 
The inflatable was not the correct shape for this test, the slope of the inflatable was too steep.  
 
Anchors 
The anchors could not resist the forces of the inflatable. More anchors are needed, and a rope net, 
instead of some single ropes. 
 
Building method 

- Pykrete applied with buckets like stacking instead of spraying is not suitable for ice 
construction.  

- Thick layers of pykrete only adds weight, but adds no strength to the shell 
- The weight adds a deformation to the membrane (and the ideal form) 
- Pykrete insulates, so the inner part of the thick layer will not freeze, and therefore the water 

seeps out of the mixture, resulting in a dry shell with poor strength. 
- The bonding of fibres between multiple layers should be further investigated. 

 
Pump 
The diaphragm pump (Selwood pd75) was not able to pump the mixture of water, snow and wood 
fibres. The mixture immediately clump together in the pump casing. Probably the pressure applied 
to the mixture turns the snow into ice, and presses the water out of the mixture, resulting in a hard 
and dry non-pumpable material. 
 

10. Further research 
Further research is needed in testing several types of pumps. If a pump is found which is able to 
pump, transport and spray the material, the research in building method can continue.  
In this test the percentage of reinforcement is not specifically chosen. The effect of the percentage 
and type of reinforcement also needs to be tested in a further experiment 
 

 
  Dutch article in the local newspaper 
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7.6   Testing pumps [1]       
 
1. Aim 

The aim of this test is to find a machine which can pump, transport and spray a slush made of water, 
wood shavings and snow. This experiment is a result of the poorly performing pump in the previous 
experiment. In this previous experiment the slush got stuck in the pump housing.  Based on trial and 
error several types of pumps will be tested. 
 

2. Objective 
With this test the building method of spraying a slush of water, snow and wood fibres will be tested. 
Different types and sizes of pumps will be used in order to check the hopper, pressure, spraying 
distance and particle size. In this experiment wood shavings are used as a reinforcement material. 
The test will take place at an average temperature of 10°C. 
 

3. Identify variables 
Pump 

o Hopper (shape, size, refill possibilities)  
o Pressure build-up (worm wheel, diaphragm) 
o Power supply pump (electrical, petrol) 
o Pump capacity (l/min.)  
o Inlet/Outlet diameter 

Hose 
o Diameter 
o Length 
o Stiffness 
o Connectors (diameter restrictions) 

Spraying nozzle 
o Particle size 
o Dispersion 
o Spraying distance 

Material 
o Water/Snow ratio 
o Reinforcement ratio 
o Mixture temperature 

Environment 
o Environmental temperature 

 
4. Hypothesis 

Spraying a slush of water, snow an reinforcement material can be done with the aid of a pump with 
a worm wheel and an adjustable nozzle.  
 

5. Design the experiment 
The first step in testing the pumps is to make a slush out of water, snow and wood shavings. The 
reinforced ice is tested consisting of 2,5% wood fibre (by weight). Different sizes and types of pumps 
will be tested: 
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- First of all, the mixture will be placed in the hopper of the pump. 
- The pump will be turned on without hose or spraying nozzle. If the pump is able to pump the 

mixture, the next step can be performed, if not, another (more powerful) pump has to be tested 
(back to step 1). 

- If a pump is able to pump the mixture without a hose, the next step is to connect the hose to the 
pump, fill up the hopper with the mixture and turn on the pump. If the pump is able to pump the 
mixture and transport it through the hose, the next step can be performed, if not, another (more 
powerful) pump has to be tested. (back to step 1) 

- If a pump is able to pump the mixture and transport in through the hose, the next step is attaching 
the spraying nozzle (with air compressor) to the hose. If the pump is able to pump, transport and 
spray the mixture, a suitable pump for the building method is found, if not,  another (more 
powerful) pump has to be tested. (back to step 1) 

 

 Selwood PD 75 Giema TP 2 PFT G4 Light II PFT G4  Putzmeister 
MP-25 

Conveying 
capacity 

8 l/min approx. 0.7 to 6 
l/min 

approx. 6 - 35 
l/min 

approx. 6 - 55 
l/min 

up to 25 l/min 

Pump 
capacity 

- - approx. 22 
l/min  

approx. 22 
l/min  

- 

Conveying 
pressure 

- max. 15 bar max. 20 bar max. 30 bar max. 40 bar 

Conveying 
distance 

max. 30 m max. 20 m up to 50 m up to 50 m max. 40 m,                    
max. vertical 
height 15 m 

Suction lift max. 9,1 m - - - - 

Drive pump motor: 
2,5 kW, approx.  
1500 rpm 

230 V , 50 Hz, 
pump motor: 
1,8 kW, approx. 
60 to 470 rpm 

230V, 50 Hz, 1 
Ph Pump 
motor: 4,0 kW, 
approx. 400 
rpm              Star 
wheel motor: 
0,3 kW, approx. 
12 rpm 

400V, 50 Hz, 3 
Ph Pump 
motor: 5,5 kW, 
approx. 400 
rpm              Star 
wheel motor: 
0,75 kW, 
approx. 28 rpm 

400V, 50 Hz,          
Pump motor: 
5,5 kW,              
Drive Star-
wheel: el. 
Motor 1,1 kW 

Water 
connection 

- - 3/4", min. 2,5 
bar at running 
machine 

3/4", min. 2,5 
bar at running 
machine 

- 

Water pump - - - - 3,4 m3/h , 
0,78kW 

Compressor 
output 

- - 0.9 kW, 
0,25Nm3/min, 
max 6 bar 

0.9 kW, 
0,25Nm3/min, 
max 6 bar 

200 l/min , 0,55 
kW 

Hopper 
content 

- 27 l 145 l 145 l 115 l 

Dimensions 1000 x 640 x 
690  mm 

550 x 930 mm 1550 x 1050 x 
720 mm 

1550 x 1050 x 
720 mm 

1324 x 728 x 
1443 mm 

Weight approx. 95 kg approx. 33 kg approx. 259 kg approx. 270 kg approx. 240 kg 
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Selwood PD 75                Giema TP 2                                   PFT G4 Light II and PFT G4       Putzmeister MP 25 

 
6. Performing experiment 

The experiment was performed at a construction store. 
The rental department has a large variety of pumps which 
we were able to test (most of them were plaster pumps). 
The test was performed in a workshop at an average 
temperature of 10°C.  
The first step is making the slush mixture, by making a mix 
out of water, snow and wood shavings. About 2,5% wood 
shavings (weight based), is added to the water and snow. 
The slush is mixed for 5 minutes to create a homogeneous 
mixture. 
Because there was no experience with pumping a slush of 
pykrete (except the previous experiment) there were no 
guidelines for a pump to use. Therefore the experiment 
started with the smallest pump available. If this small 
pump would not work, a bigger pump would be tested, 
until a fully functional pump would be found.  

 
Giema TP 2 
The first pump tested called the Giema TP 2 is a very small pump. The pump consist of a conical 
hopper without a transport mechanism and a very rough worm wheel to push the mixture out of the 
pump, into the hose. The conical hopper was filled, and the pump was turned on. Immediately the 
first problem arises. The mixture in the hopper did not slump because of the thickness of the slush 
and the conical shape of the hopper. Only some water drained out of the mixture and was 
transported by the worm. Once the conical hopper was removed, the pump casing was filled 
carefully by hand with the slush (with the power turned off!). The pump was turned on again, but 
the mixture could not be pumped. The worm is unable to transport the slush, only water is pumped 
with a couple of wood shavings. 

 

Slush mixture with 2,5% wood shavings 
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Giema TP 2: [1] Worm wheel                   [2] Hopper                                                              [3] Pumped only water and a few fibres 

 
PFT G4 Light II 
The second attempt was done with a pump called the PFT G4 Light II. The main difference with this 
pump and the previous one is that the hopper has a transportation spiral and is less conical. Also the 
pump motor has more power than the previous pump. The worm which is responsible for the pressure 
build-up has a different (more smooth) shape with smaller chambers which results in a larger pressure. 
The mixture is loaded into the pump casing. When the pump is turned on, initially a nice sausage of 
slush is pushed out of the pump. After a few seconds however the pump starts to jam. An attempt to 
solve the blockage by reversing the pump leads to a shutdown of the pump because of a thermal safety 
switch. The next step is to try a more powerful pump called the PFT G4. This pump looks and works 
exact the same like this pump, but the motor of the pump is much more powerful. 
 

         
PFT G4 (Light 2): [1] spiral in hopper              [2] Worm to produce pressure          [3] Slush is pumped like a sausage 
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PFT G4 
The PFT G4 is the three phase 400v variant of the previously tested 1 phase 230v pump. With this more 
powerful electric motor the mixture could be pumped perfectly. The next step is to attach a hose to the 
pump. A hose of 9 meters long and an internal diameter of 25mm is attached to the outlet port of the 
pump. When the pump is turned on the mixture comes out the end of the hose with a nice flow. The last 
step is to attach a spraying nozzle. At the spraying nozzle compressed air is added to atomize the slush. 
The air tube to add compressed air can be adjusted in depth to control the range. Also the amount of air 
can be controlled. 
 

                 
          PFT G4: [1] Pumping mixture with hose         [2] spraying nozlle to add compressed air  

 
For the last test the pump is turned on, connected to the hose and spraying gun. Initially the mixture is 
pumped, transported and atomized as it should be. After a few seconds of operating the slush clogged 
at the end of the spraying gun. It turned out the compressed air tube causes a build-up of slush in the 
spraying gun because of a small constriction. By adjusting the iron air tube the construction can be 
removed. The pump is turned on again and a multiple hopper loads of slush could be pumped and 
sprayed without any problems. 
 

            
                            PFT G4: [1] Blockage of mixture at nozzle                       [2] Air tube pulled back, no constriction 
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7. Analysis of data 
This test was based on trial and error, to find a suitable pump which can pump the mixture of water, 
snow and wood fibres. No further data is generated. 

 
8. Discuss 

Different types and sizes of pumps are used to try to pump the mixture of water, snow and wood 
fibres. Small pumps don’t work. There are several reasons why a pump failed/succeeded:  

- Hopper: the slush mixture is relatively viscous and without any kind of mixing/transportation the 
mixture will not sink into an concave form.   

- Pump power: Because the mixture contains snow and fibres it is relatively viscous and a pump motor 
with a high amount of power is needed to process the slush. The material at the outlet port is 
compressed into a long sausage. 

- Hose: The diameter and length of the hose can effects the pressure at the end of the hose, in this 
test only 1 type of hose (9m, 25mmØ) is tested. 

- Spraying gun: any kind of constriction will cause a blockage in the hose. This constriction will 
compress the snow and turn it into a solid mass of ice. The compressed air is able to atomize the 
mixture. A distance of 1,5-2m between the nozzle and spraying surface is feasible. However, this is 
not enough to build large scale structures.  

 
9. Conclude 
- At the previous experiment the Selwood PD 75 pump was tested. The mixture immediately clumped 

together in the pump casing. A diaphragm pump was not suitable for pumping the mixture. 
- Al pumps tested in this experiments were worm pumps. The first pump tested was the Giema TP 2. 

The mixture clump together in the hopper and solving this problem initiated into the next problem. 
The pump wasn’t powerful enough to pump the mixture.  

- Hereafter the PFT G4 Light II was tested. This pump could pump the mixture, but after a while, the 
worm jammed because of thermal safety. The pump motor is to light  

- The stronger variant the PFT G4 is also tested. This pump is strong enough to pump the mixture. 
With a delivery hose of 9 meters and a spraying nozzle. A site note: every small reduction in the pipe 
causes the pipe to clog up. Connections in the pipe made out of iron becomes extreme cold. The 
slush can easily freeze to these connections when the slush is not in movement. This needs some 
attention in further research. Also the range of the spraying nozzle should be further investigated. 

- The pump specialist at the shop recommended another pump called the Putzmeister MP-25. This 
pump has the same working principle as the PFT G4, but the hopper is different. At the Putzmeister, 
the hopper is horizontal, which makes the loading of slush more easily. 

 
10. Further research 

Spraying tests with the PFT G4 or the Putsmeister MP 25 should be done to spray a mixture of water, 
snow and wood fibres. These tests should take place in a temperature controlled room, where the 
temperature is well below freezing. Specimens should be made to test its mechanical properties. 
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7.7   Final experiment: Eurofrigo, Venlo  

  
1. Aim 

The purpose of the final experiment is to test the flexural and compressive strength of different 
fibrous cellulose ice composites. It is important that the laboratory conditions are as close as 
possible to the designed building method. Experiments to determine the mechanical properties of 
ice composites are conducted in the past by Coble and Kingery (1963), Wuori (1963), Kagan (1965), 
Nixon and Smith (1987), Gold (1989) and Vasilliev (2011). One feature that all these experiments 
have in common is the way of freezing the specimen. This is in all cases done by flooding a mixture 
of water and second material (fibres, cable, etc.) into a mould.  This undoubtedly gives the most 
favourable test results, but this is not representative for the building method designed in chapter 6. 
The most suitable construction method for creating large double curved structures is not flooding 
but spraying. Previous experiments showed that a mixture of water and snow is preferable as a base 
material. The expectation is that the density and strength of spraying snow-ice and reinforcement is 
lower compared to flooding. Therefore new test have to be done to obtain strength values that are 
related to the designed building method.   

 
2. Objective 

This experiment will determine mechanical properties of 
reinforced ice and test the building method of spraying slush. A 
load type has three failure mechanisms: tensile, shear in the 
surface and shear outside the surface. More generally, it is 
known that failure by compression, (bending) tensile and shear, 
where bending is a combined variable (somewhere pulling force 
and pressure on the other side). In this experiment uniaxial 
compression and bending tests of randomly orientated natural 
fibre ice composites will be carried out. From coarse to fine; 
wood chips, wood shavings and sawdust. Ratio’s between 2,5 and 15% will be tested. The strength 
will be compared with plain ice specimens which will be made by flooding of water and spraying of 
water and snow. This test will give absolute values. Data which should be gained from the 
experiment: 

- Compressive strength 
- Flexural strength 
- Deformation 
- Stress-strain diagram  
- Weight 
- Dimensions 
- Test duration 
- flexural tensile strength 
- Water/Snow ratio 
- Ratio reinforcement 
- Bonding properties of reinforcement 
- Temperature effects  

 
In the context of comparability, the experiment will be performed conform guidelines found in the 
literature. The sources used to determine these guidelines can be found in chapter 7.1 Introduction. 
results are comparable. The chart on the next page shows the test types, performed by researchers 
in the past. As a side note, the test in these chart are also non-ice composites. 

Failure mode [7W320 Onderzoeks- 
technieken] 
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    Test types, performed by researchers in the past 

 
3. Identify constants and variables 

The variables of polycrystalline freshwater ice and ice composites and how they vary is discussed in 
chapter  3 material of this report. 

 
Constants 
- Type of reinforcement 
- Percentage reinforcement (by dry weight) 
- Place in mould 
- Temperature during making specimen 
- Demoulding technique 
- Dimensions after demoulding 
- Storage temperature 
- Testing temperature 
- Testing equipment 
- Load Cell 
- Strain rate 

 
Variables 
- Water/snow ratio 
- Layer thickness 
- Weight/density 
- Time between last layer and demoulding (freezing time) 
- Time between demoulding and testing 
- Flexural strength 
- Compressive strength 
- Deformation 
- Dimensions after testing 

 
4. Hypothesis 

The flexural and compressive strength of sprayed ice reinforced with: sawdust, wood shaving and 
woodchips are 2-3 times the values of unreinforced ice.   

Flexural strength of Ice 

(beam) bending stiffness

Shape and creep 

deflection (dome)

Shear strength ice-

soil composite

Ultimate (tensile) 

strentgh

Fracture 

toughness

Compressive 

strength

pull-out 

tests

Kokawa 2012 X

Kokawa 2011,2010 X

Kolleger 2010 X (Beam)

Vasiliev 2010 X

Vasiliev 2003 X X

Vasiliev 1992 X

Qian-Jin Yue 1992 X

Nixon 1992 X

Zhang 1992 X

Glockner 1988 X X X X X

Kuehn 1988 X X

Borke 1988 X X

Nixon 1986 X

Grabe 1986 X X

Glockner 1984 X

Jacka 1983 X

Mellor 1982 X

Cederwall X
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5. Design the experiment 
The design of the experiment is divided into four parts: 
a. Preparation 
b. Creating the specimens 
c. Demoulding 
d. Testing the specimens 
The first two steps, the preparation and creating will be the same for both compressive and flexural 
test. The last two steps, demoulding and testing will be different for both. 

 
a. Preparation 
In order to perform this experiment some preparations had to be done. The equipment needed for 
this test: 
A 20-25 m2 cold storage with a temperature of -18°C to make, store and test the specimens. 
Eurofrigo Venlo is a company with huge cold storages, they provided a room in there cold storage 
to perform the experiment. The test room was monitored by sensors and kept constant at a 
temperature between -18°C and -21°C. The “warm” room next to the cold storage has a 
temperature ranging between +1°C and +5°C. Also an alternative, a refrigerated container on a 
trailer at the University campus was investigated but not feasible.  

 

         
[1] Cold Storage      [2] Specimens wrapped in plastic  

 
A 400v plaster pump to spray the slush. In the previous experiment various types of pumps were 
tested. The pump that performed best at previous experiment will be used in this experiment. Also 
an  air compressor, hoses and spraying nozzle were attached to the pump. The pump used in this 
experiment is a PFT G5 Caddy 400V plaster pump. 

      
www.pft.eu Knauf PFT G5 (Specifications equal to PFT G4 in chapter 7.6) 

http://www.pft.eu/
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Moulds for making cylindrical and beam-shaped specimens. The moulds are needed to make 
specimens with equal dimensions. After demoulding, the specimens will not be cut. The inner size 
of the mould is equal to the testing size. Each series consists of 5 beams and 5 cylindrical specimens. 
For all 3 reinforcement material, 3 different ratio’s will be tested. Together with 1 series of plain ice, 
in total 100 specimens will be produced. Therefore the moulds have to be reusable.  
Flexural test: The moulds for the beams will be made of shuttering plywood. One box will be 
divided into 5 equal spaces. Investigations with ice have shown beam geometry to influence results. 
It has also been shown for fresh water ice that the ratio of beam width to ice crystal size must be 10 
or greater in order to eliminate grain size effect. Recommendation: beam length 7-10 times ice 
thickness and beam width 1-2 times ice thickness. [J. Schwarz et. Al, 1980] Which results in a beam with 
dimensions of 700x200x100mm (l*w*h).  
Compressive test: The specimen for the compressive test can be cylinders, prisms or cubes. Cubes 
may introduce significant error. Cylindrical specimens will give values that are approximately 15% 
lower than cubes but will be a better approximation of the reality. Cylindrical specimens should be 
within a range of 7 to 10cm in diameter. Specimen ends must be plane and parallel within close 
tolerances. The usual procedure of testing ice in uniaxial compression in the conventional way is to 
accept positive frictional restraint at the specimen end planes and to use a specimen that is long 
enough to provide a mid-section that is reasonably free from end-effect stress perturbations. A very 
thin sheet of compressible material (e.g. paper) may be interposed between specimen and platen 
to compensate for very small surface departures from parallelism. [J. Schwarz et. Al, 1980] The moulds 
for the cylindrical specimens are made of pvc pipe with an inner diameter of 95mm. The pipe will 
be cut to a length of 150mm. 3x5 beams and 3x5 cylindrical specimens can be made at once.  

 

         
3x5 beam-shaped specimen moulds    3x5 cylindrical specimen moulds 

 
Testing device for both compressive en flexural strength setup. At the Technical University of 
Eindhoven several machines are available to perform compressive and flexural tests. For this test, 
the testing device had to be transported to the cold storage, because the specimens have to bested 
under temperature controlled circumstances. However most devices at the University were 
permanent, non-portable devices. A 52 metric ton hydraulic cylinder in a steel frame will be used to 
perform the experiments, this device is only suitable for testing compressive strength. The steel 
frame is modified allowing the device to be used for a three point-bending setup. The device can be 
converted in the cold storage. Roller supports in both x and y direction are added and the pressure 
point is adapted. An analogue gauge is attached to the hydraulic cylinder, but it is inaccurate. A load 
cell will be used to measure accurate values. The load cells will be connected to a panel which 
displays digits. The load cells are calibrated at the University previous to the experiment. The 
testing device is shown on the next page.  
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    [1] Compressive test setup, [2] Flexural test setup, [3]Hinged support, [4] Roller support 

 
1 m3 snow in order to make the slush. In the Netherlands snowfall is a rare phenomenon. The test 
will be performed in the month May, and there will be no natural snow. Snow from “Montana 
snowcenter Westerhoven” will be used. The snow will be transported in 2 FIBC’s on an ordinary 
trailer (so not temperature controlled), coming from a temperature of -5°C. The trip from the 
snowcentre in Westerhoven to the cold storage in Venlo took about 40 minutes. The temperature 
in the cold storage is about -18°C. The snow on the outer edges of the FIBC’s was partially thawed 
because of the transport and after a night in the cold storage this outer layer got really hard. For 
the experiment only the inner core of the FIBC’s with snow was used. This snow is not exposed to 
temperatures above zero. 

 

 
Collecting snow at the indoor snowcenter 

 
Reinforcement material. The reinforcement ratios are relatively low (2,5-10%) Therefore only small 
amounts of wood chips, wood shavings and sawdust are needed. The wood shavings were leftovers 
of the previously performed pykrete arch test.  The sawdust used comes from the dust extraction 
system of the lumber mill at the University. The percentages reinforcement are calculated from dry 
weight. 
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The “ingredients”: water, snow, sawdust, wood shavings and wood chips 

 
Water. The reinforced ice consist for 50-70% out of water. The water supply at the cold storage will 
be used to provide the quantities of water needed.  

 
Others: some special tools are need for this experiment; a mixer to mix the slush into a 
homogeneous mixture, mortar tub’s to weigh the ingredients separately, a scale to weight the 
specimens 0,01-15kg, a tapeline to measure the specimens dimensions. But also a tarpaulin sheet 
to protect the floor of the cold storage from icing, a cordless drill to disassemble the beam moulds 
and a heat gun to remove the mould of the cylindrical specimens.  

 

 
Berkel type 681, used to weigh the ingredients and specimens 

 
b. Creating the specimen 
For one series, 5 beams and 5 cylinders will be made. The material will be applied in layers. The 
material consists of water, snow and reinforcement material. The water and reinforcement 
material are mixed together, 1 hour before using. So the fibres are soaked with water. This mixture 
has a temperature of 5°C. On the other hand, the snow with a temperature of -18°C is added to the 
water/ fibre mixture just minutes before spraying.   
The ingredients are mixed homogeneously into a slush. This mixture will be pumped by a plaster 
pump, and will be sprayed into the moulds with the aid of an air compressor. Each layer will be 2cm 
thick and the next layer will be sprayed when the previous layer is frozen solid. These steps are 
repeated until the required thickness is reached.  
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[1] Cylinderical and beam-shaped moulds for 3 series                   [2] First layer of mixture applied in the mould 

 
c. Demoulding 
With a minimum of 48 hours the specimens are removed from their mould. The shuttering of the 
beams will be partially removed to separate the specimens from their mould. The beams never 
leave the cold storage and have an constant temperature of -18°C during creating, demoulding and 
testing.   
 

         
[1] Finished specimens, ready for demoulding   [2] Demoulding of beam-shaped specimens 

 
The cylindrical specimens need to be flattened before the pvc mould is removed. The flattening 
process is done by heating up an metal plate with a heat gun. The specimen will be polished with 
heat until a smooth surface is obtained. This smoothing process takes 1-2 minutes. It takes only a 
few seconds for the melted top layer of the cylinder to freeze to solid again.  

 

         
[1] Heating up the steel plate with a heat gun  [2] Poishing the cylinder of the heated plate 
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After flattening the top of the cylinder, the pvc mould can be removed. The pvc is heated evenly 
with the heat gun and the specimen can be pushed out of the mould. The cylindrical specimens will 
be demoulded in a room of +5°C. After demoulding the specimens are returned to the cold storage.  
 

                                
[1] Heating up the pvc mould evenly      [2] Pushing the specimen out of the pvc mould 

 
d. Testing the specimens 
Since the mechanical properties of ice, especially the compressive strength, is highly temperature 
and strain rate dependent, laboratory tests should be performed under controlled temperature 
conditions. Measuring the temperature of room and specimen is very important. Other important 
factors are the stress applied to the specimen and the deformation of the specimen during the test. 
The testing device is placed in the cold storage 24 hours before testing. All contact surfaces of the 
setup have a temperature corresponding with the specimens (-18°C).  
First the flexural test will be performed. There are 10 series of 5 specimens each. The deformation 
is measured at least at one of each 5 specimens. The strain rate which will be applied manually, will 
be about 5-6mm/min. The specimen will be placed on the two supports, two steel plates are placed 
between the specimen and the supports to enlarge the contact surface. A few pieces of cardboard 
are used to absorb the irregularities of the surface of the beam. Under the load cell a steel strip is 
placed which spreads the point load, into a line load. The load cell is placed between the steel strip 
and the hydraulic cylinder and is connected to a display. The hydraulic cylinder is lowered by 
moving the lever connected to a hydraulic pump. LVDT’s are placed on both sides of the metal strip 
to measure the (average) deformation of the beam.  
When all beams are tested, the support structure for the flexural test will be removed. The device 
will be converted into the compression test setup. Instead of a steel strip, a square plate is used to 
distribute the force of the hydraulic cylinder to the specimen. Both bottom and top are smoothed 
by a piece of cardboard. 

 

           
[1] Flexural test setup       [2] Compressive test setup 



Master thesis 2012/2013 

Frank Janssen & Rémy Houben |  223 

         
[1] Freshwater ice, plain-slush ice, wood shavings ice, sawdust ice and wood chips ice [2] Cylindrical specimens 

 
6. Performing experiments  
 

Determine the mixture ratio 
Before making specimens the ratios of the materials had to determined. 
The percentage of reinforcement material is determined with the 
reference of previous experiments on reinforced ice. The percentage 
reinforcement used in previous experiments ranged from 2-20%. 
However there are 2 other substances in this experiment whose ratio 
has to be determined. Because this research is the first one that uses 
both water and snow to make reinforced ice, testing had to start from 
scratch. The snow has the function of cooling down the water and make 
it “slushy”. The second function of the snow is to serve as an emulsifier. 
The cellulose reinforcement material has a different density compared to 
water, and will therefore float or sink, and does not form a 
homogeneous mixture.  The snow thickens the water and therefore the 
cellulose fibres will be spread more evenly through the mixture. At the 
picture on the right, the lack of emulsifier (snow) is clearly visible.  
 
Preconditions of the slush 
A good slush is a mixture of snow, water and wood fibres with the right proportions; The wood 
fibres and snow have to be fully soaked with water. A fully soaked snow gives an higher density and 
fully soaked fibres form a better adhesion to other fibres and to the matrix the fibre is surrounded 
with. It is expected that wet fibres needed a higher pull-out force in comparison with dry fibres. 
There has to be some additional water which is neither soaked up by the snow and fibres, this water 
is needed as a lubricant of the pump, and to compensate the loss of water because of the spraying 
process (rebound, water drain). 
 
Determine water/snow ratio (plain slush) 
The first step is to make a slush of water and snow, without reinforcement material. This material is 
called “plain” slush. At first a mixture of 1 kg of water and 1 kg of snow was mixed. This mixture was 
too stiff, and all the water was absorbed by the snow. The second mixture was made of 1 kg of 
water and 0,5 kg of snow, this 1:0,5 ratio made an almost perfect slush.  
 
Determine slush/reinforcement ratio 
The next step in designing the material was to add reinforcement to this slush. The water/snow ratio 
of the plain slush cannot just be copied and used for the wood fibre slush. Because the fibrous 

Water with cellulose 
reinforcement results in an 
not-homogeneously 
distributed mixture 
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material added to the water/snow slush is dry and hydrophilic, the cellulose material extracts a lot 
of water from the mixture. The fibres have to be soaked for 1 hour because it takes some time 
before they are saturated with water. A water/snow ratio of 1:0,5 results in a dry mix when fibres 
are added. To make a mixture which meets the preconditions an water/snow ratio of 1:0,3 is more 
realistic. The snow/water ratio is strongly depended on the percentage and type of fibres in the 
mixture. A higher percentage of fibres will lead to an water/snow ratio which is even lower than 
1:0,3. The graph below explains the water/snow ratio of different reinforcement materials at 
different percentages. A side note: plain ice layered is a mixture of snow and water (plain slush). 
Plain ice non layered is ice frozen from pure water, with a water snow ratio of 1:0.  
The graph shows that wood shavings have a water/snow ratio with a much higher water content 
compared to wood chips and sawdust. If the water/snow ratio of wood shavings is linear, at a 
percentage of 7% it will be expected to consist only of water and fibres. Any addition of snow or 
more fibres will lead to a dry mixture. Wood chips and sawdust can easily be used in combination 
with snow up to 14%. 
 

 
The water/snow ratio of different mixtures 

 
Making the specimen 
 
The next step is making the actual specimens. There are some variables in which the materials that 
will be tested differ from each other: 
- Water/snow ratio: varying from 1:0 to 1:0,5 
- % reinforcement: 0-15% 
- Type of reinforcement: sawdust, wood shavings or wood chips 
- Method of filling the formwork: Flooding/spraying 
- Layers: 1 layer/multiple layers 
These variables are carefully documented and can be found in enclosure 4.  
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The pump used for this experiment is the PFT G5 Caddy. Because only a layer of 2cm is applied in a 
mould for making 5 beams and 5 cylinders, only a small amount of mixture is needed every spray 
session. The pump hopper is filled with 15l of mixture. By filling the pump with the mixture part of 
the water will drain through the mixture to the bottom of the hopper of the pump. When the pump 
is switched on the first mixture will be a bit watery. On the other hand, the last bit of the mixture 
will be relative dry. If all mixture is pumped out of the hopper, there is still some material left in the 
hose. This material has to be removed before the next layer (of another series) can be applied. This 
is done by adding water to the hopper an turn on the pump until only water comes out of the end of 
the hose. When a new session is performed, the water in the hose have to be pumped out, by 
adding new mixture in the hopper. When all water is out of the hose and slush comes out, the pump 
can be used again for adding a new layer. 
The spiral in the hopper is connected to a worm in a rubber hose, the number of rotations of the 
motor, the size and number of compartments of the worm determine the pressure produced by the 
pump. The mixture is pumped through a hose with an inner diameter of Ø25mm. A pressure gauge 
is attached between the pump and the hose to warn for any kind of blockage in the hose. The 
pressure in the hose may not exceed 30 bar. 
In the previous experiment of testing several pumps the mixture got stuck in the hose because of 
the air tube in the spraying nozzle caused a narrowing. This was easy to solve by pulling back the air 
tube. In this experiment the material got stuck at another place, which could not be solved that 
easily. The sausage of slush got stuck at the connector between the end of the hose and the 
spraying gun. Because the diameter of the tube in the coupling is reduced from 25 to 19mm. After 
several attempts of different mixtures (even without reinforcement) the conclusion was that in 
every attempt almost immediately the mixture got stuck, at the end of the hose just in front of the 
hose connector.  

  

[1] Blockage caused by narrowing.                   [2] The coupling reduces the inner diameter of the hose 

 
There are several possible reasons why this problem did not occur during the previous experiment: 
- The snow in this experiment was colder (-18°C instead of -3°C) 
- The pump is turned off several times during pumping. After a restart the chance of blocking is 

much larger, in comparison to a continuous spray.  
 
Because it was not possible to remove, or change the connector (for example a connector which will 
be attached to the outside of the hose) a hose with a bigger diameter was tested. The inner 
diameter was enlarged from 25 to 50mm. Also the connector between the hose and the pump 
(under the worm) was replaced by one with a larger diameter. For steel fibre reinforced concrete a 
rule of thumb is used where the steel fibre length is max. 2/3 of the diameter of the nozzle. [B. 

Hazenberg, 2009] With this new Ø50mm hose this rule will be also applicable for the much more 
flexible wood fibre used in this mixture. However, after several test the conclusion was the same as 
with the previously tested Ø 25mm hose. The larger diameter did not solve the problem. 
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[1] 25mm hose                             [2] Enlarging the adapter between hose and pump 

 

                    
[3] The new hose with an larger diameter           [4] Blockage at the end of the hose, at the coupling 

 
Because the increase in hose diameter made no difference, the problem was not caused by the 
hose, but by the mixture. The problems can be divided in short and long term problems; 
- Short-term: Any narrowing in the hose makes the mixture slow down. The mixture will 

accumulate just in front of the hose collector at the end of the hose. Because the pressure is 
build up, the snow in the mixture will be compressed into ice. The solid ice causes a large 
pressure build up in the hose. The pump has to be turned off before the maximum pressure of 
the hose is reached. The hose have to be heated up to melt the ice, and clear the hose.  

- Long-term: because the mixture temperature is well below 0°C, in long-term the mixture will 
cool down the hose to temperatures below zero. The mixture will therefore clog and reduce the 
inside diameter of the hose, until the mixture totally blocks.  

The long-term problem can be solved by using a heated hose. This can be achieved by winding a 
heated wire around the hose, with insolation on top of it. However the short-term problem is 
caused by the material snow, which has the ability to turn into ice when pressure is applied to it. 
Because the snow is crucial for making a homogenous mixture, cool down the water, and speed up 
the construction speed. There are two solutions for this problem: 
- Replace the snow for a material with the same properties which does not turn into solid (ice) 

when pressure is applied to it. An emulsifier which is cheap and environmental friendly.  
- Apply the snow separate from the water and fibres with a rotary snow blower.  
Because there was no quick solution available and the cold storage was only available for a short 
period of time, it was decided to make a slush, and try to simulate the function of the pump 
manually, by throwing bits of slush into the formwork. The production process is kept the same, still 
single layers of 1-2cm are applied, with a minimum of 60 minutes before the next layer was applied. 
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Because water freezes from the top down, the layer thickness has to be minimal. Otherwise a 
laminated material will be created of alternate frozen and non-frozen layers of material. Eventually 
10 series of 5 beams of 700x200x100mm and 5 cylinders of 95Øx150mm were produced.  
Water drain: The moulds were not completely watertight, however in reality (spraying on an 
inflatable) also water will drain out of the mixture. The specimen made of water and snow (and 
reinforcement) build up in layers had a minimum of water lost during the production process. 
Which was also proven in experiment described in chapter 7.3. The specimens made of only water 
(and reinforcement) and non-layered suffered from water drain. Water was added additional to the 
specimen to compensate the lost. The difference in water drain is because a layer of 10cm water of 
10°C takes much longer to freeze to solid than 10 layers of 1cm of a mixture of water and snow of 
±2°C.  
Demoulding: After the last layer of material was applied the specimens were left in the mould for 
48 hours. Hereafter the specimens were demoulded. After demoulding the specimens were 
wrapped in plastic bags in order to avoid sublimation. The demoulding of the beams was done by 
disassemble the shuttering. The specimen did not stick to the shuttering plywood. Also the 
deformation of the shuttering (because water expands when it turns into ice) is minimal, because 
the ice is build up in thin layers. The upside of the specimen was a bit uneven. 
The demoulding of the cylindrical specimens occurred outside the cold storage. The demoulding 
took about 2 minutes for each cylinder. Some of the plain ice cylinders cracked because of the 
thermo shock produced by the heating gun, none of the reinforced ice specimen cracked. A proof 
that reinforced ice is better resistant against thermo shock.  
 
Testing the specimens 
Testing the specimens is done with the testing device. A hydraulic cylinder operated manually with 
a lever. Although the lever was operated manually, a testing speed of 3-9 mm/min. was obtained. 
The stress was measured by placing a load cell between the specimen and the hydraulic cylinder. 
The load cell generates a voltage which corresponds with a certain force. A load cell of 5kN and 
80kN were used to measure the forces. The load cells were calibrate at the University, 50 beams 
and 50 cylinders were tested. 

 
7. Analysis of data 

A table with data is made of all specimens tested in this experiment. The dimensions, weight, 
density, temperature,  strength, etc. of each specimen is determined. These measurement can be 
found in enclosure 4. The data is analysed using graphs of strength and deformation of each series 
of flexural and compressive strength testing.  
 
The flexural strength (modulus of rupture) is calculated given the following formula: 
    

- F is the load at the fracture point (N) 
- L is the length of the support span (mm) 
- b is width (mm) 
- d is thickness (mm) 
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The crushing strength is calculated by diving the fracture force (F) by the horizontal section area of 
the cylinder: σ= F/(πr2) Where F is the fracture force and r is the radius of the specimen. 
 

 
 
 

 
 

Observations by analysing the graphs of the compressive and flexural strength: 
- The range of plain ice specimen is greater than composite specimen.  
- Layered plain ice (made of water and snow reaches much higher values than non-layered plain 

ice (made of only fresh-water ice) 
- The strength of layered plain ice is comparable with some ice composites 
- Sawdust 10,3% give the highest flexural, and compressive strength 
- The flexural strength of sawdust 2,6% is almost equal to wood shavings 5,8%  
- Wood chips is the least efficient of the 3 reinforcement materials tested 
- An increase of 3x the flexural and 4x the compressive strength is possible  
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These 2 graphs provides the same information as in the previous two plots. The strength of the 
material is plotted against the % of reinforcement. The differences between the several 
reinforcement materials is visualised.  
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The deformation of both test is plotted against the stress. However, the LVDT’s did not function well 
under low temperatures. And therefore the values obtained are inaccurate. The deformation of the 
plain ice specimens in the compressive test were not measured, and are therefore not comparable 
with the ice composites. Some observations that can be done: 
- Plain ice has some very limited deformation (brittle) 
- More reinforcement material means more deformation at the same stress 
-  Wood chips showed the greatest deformation in flexural testing 
- Sawdust showed the greatest deformation in compressive testing 

 

 
 
 

 
 

To validate the strength values of this experiment, they can be compared with previous experiments. 
Keeping in mind that in this test besides water, also snow is used to make reinforced ice specimens. 
The graph on page 62 shows flexural strength values for sawdust, wood shavings (long word fibre) 
and wood chips (ground bark). This graph also shows values for plain ice. 
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FLEXURAL STRENGTH 

 

R.W.G Houben and F.H.M.E. Janssen, 
2013 

R.L. Coble and W.D. Kingery, 
 1963 

 
Reinforcement (%) Strength (N/mm^2) Reinforcement (%) Strength (N/mm^2) 

Plain ice (non layerd) 0 1,24 0 2-3,4 

Sawdust 10,5 3,75 12 6,5 

Wood shavings 5,8 2,57 7 5,5-9,0 

Wood chips 10,5 1,92 27,5 7,4 

 
The chart above shows us that the values of this experiment are lower compared to the values in the 
experiment of Coble and Kingery. The testing temperature is the same, -20°C. However the specimen 
size is much larger in this experiment;  700x200x100mm against 178x19x13mm. The test performed 
by Coble and Kingery was a 4-point bending test, this test was a 3-point bending test. The use of 
snow in the mixture, and the fact that the top surface of some beams had a rough finish could be 
responsible for the lower values. The absolute values are much lower, however the relative values of 
sawdust and wood shavings compared to plain ice are comparable with the p. A strengthening of 2-3 
times is possible.  
 

8. Discuss 
Preparation: The preparations of an experiment with snow, and controlled temperatures is relatively 
complex in a country with not such a cold and snowy winters. Snow had to be made by an indoor ski 
center, and a large cold storage was used to freeze and test the specimens.  
Making the specimens: making the specimens did not work out with the pump, instead of using a 
pump the material was applied manually. The question remains of the results of the specimens 
would be comparable. 
Demoulding: demoulding the cylindrical specimens with heath, made some of the plain ice cylinders 
crack. This confirmed that plain ice is more sensitive for temperature fluctuations (thermo shock). It 
could be possible that the values of plain ice would be higher if they were demoulded some another 
way.  
Testing the specimens: the testing speed was controlled manually. The influence of the strain rate on 
the strength has not been associated. 

 
9. Conclude 

The use of sawdust can improve the flexural strength of ice up to 3 times and the compressive 
strength even up to 4 times. However wood chips at low percentages can be as weak as layered plain 
ice. The method of pumping a slush is not feasible. Because the snow turns into ice under pressure. 
Further research is needed to solve this problem.  
 

10. Further research 
Further research is needed in order to find a solution for the failing pump problem. As mentioned 
earlier, the snow has to be replaced by another material with similar properties, but without the 
ability to turn into solid (ice) under pressure. Another possibility is to apply the snow separate from 
the water and fibres. The water and (wet)fibres can still be applied with a (plaster)pump, the snow 
can be applied separate with, for example an rotary snow blower.  
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7.8 Testing pumps [2]       
 
1. Aim 

The aim of this experiment is to test if a 1-cylinder diesel diaphragm pump can pump, transport and 
spray a mixture of 10% sawdust (by weight) and water. This as a result of the failure of the pump 
tested in the first pump test, used in the final experiment described in chapter 7.7 

 
2. Objective 

With this test the building method of spraying water and sawdust will be tested. The conclusion of 
the previous experiment: it is not possible to pump a slush with water snow and sawdust. Snow 
cannot be pumped because it turns into solid ice under pressure. The snow will be sprayed separate 
(with an rotary snow blower) in this revised building method, this will not be tested in this 
experiment.  

 
3. Identify variables 

Pump 
o Pressure build-up (diaphragm) 
o Power supply pump (petrol) 
o Pump capacity (l/min.) 
o Inlet/Outlet diameter 
Hose 
o Diameter 
o Length 
o Stiffness 
o Connectors (diameter restrictions) 
Spraying nozzle 
o Particle size 
o Dispersion 
o Spraying distance 
Material 
o Water/Snow ratio 
o Reinforcement ratio 
o Mixture temperature 
Environment 
o Environmental temperature 

 
4. Hypothesis 

Spraying a mixture of 10% sawdust and water can be pumped with the aid of a diaphragm pump.  

5. Design the experiment 
- Test the functionality of the pump with water (without any second material) 
- Make a mixture of 10kg sawdust and 90kg of water 
- Let the sawdust absorb the water, and mix it occasionally (for 1 hour) 
- Turn on the pump 
- Put the inlet hose of the pump in the mortar tub while stirring the mixture 
- Put the end of the outlet hose in an empty mortar tub to control the mixtures and compare it 

with the mixture in the inlet mortar tub.  
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6. Performing the experiment 
First the functionality of the pump was tested. The inlet hose (Ø75mm) was put into the pond, the 
outlet hose(also Ø75mm) was squeezed at the end to build up the pressure, and extend the spraying 
distance. The pump has a capacity of 30 m3/h, which is equivalent to 8,3l per second. A mortar tub 
filled with water was drained in a matter of seconds.  
When the functionality of the pump was confirmed, a mixture could be made. A mixture of 10% 
sawdust gives the best values of all the wood-fibre based composites (conclusion of the final test 
described in chapter 7.7) and thus will be reproduced for this test. Sawdust was added to the water 
and mixed by hand. Part of the mixture sinks to the bottom of the tub, some of the mixture  
surfaced, other particles float in the water. It seemed that there was some pollution in the sawdust 
obtained from the extraction system of the wood workshop at the University, more about this later.  

  

     
[1] Testing the pump with water                [2] Mixing 10% sawdust and water 

 
The water/sawdust mixture was stirred and soaked for more than one hour. The pump was turned 
on, and while stirring the mixture the inlet hose was put into the tub. At first the pomp seemed to 
do the job, however after a few seconds the pump lost its suction power. The pump housing was 
clogged with dry mixture.  

 

     
       [1] Pumping, inlet hose                                     [2] Puming, outlet hose 
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7. Analysis of data 
The pump failed to pump the mixture because it got stuck in the pump housing. The water was 
drained out of the mixture, and only dry sawdust was left.  
As told before, the sawdust used of this experiment was polluted with other materials. It turned out 
that it contained large quantities of Styrofoam shavings. Styrofoam is used in the workshop and 
shaped with the same machinery as wood. This also explains the sediment and surfaced material in 
the mixture tub. The picture below shows the more lighter Styrofoam shavings, which are 
hydrophobic, and the with water soaked sawdust. It turned out that most of the material which got 
stuck in the pump housing was of the Styrofoam material.  

 

     
       [1] Mixture clogged in the pump casing                             [2] Styrofoam polution in sawdust   

 
8. Discuss  

For correct test results a clean and pure sawdust mixture has to be tested. The (unwanted) 
hydrophobic Styrofoam fibres got stuck in the pump housing, probably because the water (the 
lubricant) was pushed out of the mixture. Pure sawdust, soaked with water will probably not get 
stuck because the lubricant water is absorbed by the fibres.  

 
9. Conclude 

The pump was not able to pump the 10% mixture of sawdust (and pollution) and water. The 
Styrofoam pollution in the mixture clogged in the pump housing. 

 
10. Further research 

A clean sample of sawdust has to be obtained, and the test have to be repeated. If the pump is not 

able to pump this clean 10% sawdust/water mixture, another pump(type) has to be tested.  

 
 
 



Master thesis 2012/2013 

Frank Janssen & Rémy Houben |  235 

7.9  Conclusion 
Several experiments have been done to validate the literature and design of material and building 

method. Reinforced ice is stronger than plain ice and also behaves rather ductile than brittle. Pykrete 
initially melts faster than pure ice because of the lower heat capacity. Melting the outside layer will 
transform the material in a layered structure. The outer layer exist of dry wood fibre and air and 
insulates the frozen pykrete from high temperatures and solar radiation. Eventually the pykrete will last 
longer than pure ice under same conditions.  

As a base material the combination of water and snow, which forms a slush, is the most suitable. The 
snow makes the mixture “slushy” and therefore more sticky. It also lowers the temperature of the 
mixture and increases the maximum layer thickness per spray session. Snow also serves as a natural 
emulsifier. By making the mixture slushy the fibres will be more homogenous distributed in the mixture. 
The function of the water is to partially melt the snow to a more denser snow-ice. Water also nestles 
within the hydrophobic fibres for a better bonding. 

Multiple test with several types of pumps revealed problems with pumping a slush. Any kind of 
narrowing or pressure applied on the slush, changes it into solid ice. The advantages of snow makes it an 
essential ingredient of the composite. A possible solution is to spray the snow separate from the water 
and fibres with a rotary snow blower and mix them onto the mould. This will make it difficult to 
determine the ratio of adding reinforcement. Another option is to find an alternative emulsifier which 
does not turn into a solid when pressure is applied. Test with the emulsifier xanthan gum have been 
carried out in 2010 by Andreas Bastian which showed several positive effects.  

Test with this reinforced ice slush showed that sawdust is the most effective of the three 
reinforcement materials tested. At rates of 10% it can improve the flexural strength of ice up to three 
times and the compressive strength even up to four times.  

Further research is needed in testing pumps which are able to pump, transport and spray a mixture 
of water and sawdust.  
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8 PYKRETE DOME PROJECT 

 

 

 

 

 

 

 

 

  

www.pykretedome.com 
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8.1 Commission 
The literature research, the requirements set in chapter 6 and the experiments in chapter 7 led to the 

first full-scale experiment of the application of the building method for ice composites. The idea is to 
make an ice dome of 30 metres in Finland to test the building method. The project is called 
pykretedome project and is just one possible application of the building method for reinforced ice. 

To build the ice shell structure, an cold climate is necessary. Juuka, Finland, is a cold region with 
winter temperatures of -15⁰C till -30⁰C. Arno Pronk, mentor of this thesis, has a contact in Juuka Finland 
and he is willing to help us in realizing the pykrete dome project. The Pykrete Dome will be built on an 
abandoned agricultural landscape near the town of Juuka in December this year. With an average 
temperature of -10⁰C in December, the conditions are perfect to build an large ice shell. 

The ‘Pykrete Dome’ project is started in December 2012 by Frank Janssen and Rémy Houben and 
their tutor Arno Pronk. In February 2013, the Technical University of Eindhoven decided to start a 
commission for the realization of project ‘Pykrete dome’. Two graduation students Jorrit Hijl and Roel 
Pluijmen joined this commission in March. The current commission consists of four students and two 
professors who will design the ice shell aiming to realize the design in the winter of 2013. The 
commission is focusing on research, realization, organization, sponsoring, media, and promotion. A 
website, www.pykretedome.com, provides more information on this project.  
 
 
 
 
 
 
 
 
 
 

8.2 Design 
The ambition is to create the largest ice shell structure in the world. The biggest dome currently 

holding the Guinness world record measures a diameter of 10 meters. Researcher T. Kokawa once made 
an ice dome of 25 metres in diameter, this is an unofficial record. The goal of the ‘Pykrete Dome’ project 
is to break both records. The dome will measure an internal span of 30 metres. 

 
 
 
 
 
 
 
 
 

To make a 30 metre size dome possible, the dome will be partly constructed with fibre reinforced ice 
as explained in the thesis above. This sustainable innovation has never been used in ice construction 
before.  

 
 
 

Arno Pronk 
Chairman 

Frank Janssen Rémy Houben Roel Pluijmen Jorrit Hijl 
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8.3 Basic calculations 
With the help of Andrew Borgart from the technical University of Delft, basic calculations are made. 

The shape of the dome is determined, even as the weight, the foundation and the forces on the anchors. 
With the help of the book Theory and practice of membrane shells by Pal Csonka, the shape of the dome 
is determined. It is based on the same principal as used building the Pantheon in Rome. The pantheon is 
a dome shape of 43 metres in diameter made out of unreinforced concrete. [B. Hazenberg, 2009] 

 
 

 
 
By taking a closer look to the dome shape, one can see that the dome has to deal with compressive 

forces and tensile forces. The compressive forces can be found in the upper layers of the dome. Point 4 
is a neutral point where only normal forces appear. The lower points 5 and 6 have to deal with tensile 
forces, also referred as hoop forces. Because unreinforced concrete cannot deal with tensile forces, at 
the bottom of the dome more counterweight is added at the outside of the dome. (hatched in picture 
above) 

The principal of the Pantheon can also be applied in realizing the pykretedome project. Because ice 
cannot deal with tensile forces, the shell will only have to deal with compressive forces. In the upper 
picture, point 4 is important. Point 4 is located at an angle of 52⁰ from the centre of the circle. Only in 
this upper part of the circle compressive forces occur. This means that, as shown below, the upper 
section of the dome will form a shell structure and there where tensile forces occur, the foundation wall 
will be made. The construction sketch shows the foundation and the actual shell. Within this design, the 
foundation will have to deal with tensile forces and therefore the foundation will be made out of fibre 
reinforced ice. The shell itself will be made of unreinforced ice. 
 

 
  

Pantheon section         Construction principle consisting out of 6 points 
[A. Borgart TU Delft] 
 

Determine the shell and the foundation [A. Borgart TU Delft] 
 

Foundation 
 

Shell 
 

Counter weight 
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Surface needed 
Diameter Ø30 meter 
Surface = π * r2 = π * 152 = 706 m2 
 
 
 
 
 
 
 
Lifting forces due to membrane formwork 
706 m2 * 0,5 kN/m2 (force air blower/membrane) = 353 kN lift force 
 
Tensile force on anchors = 353 / 40 anchors = 8,83 kN (using a truncation V6 pattern) 
Polypropylene rope of 14mm has a breaking (tensile) strength  of27,90 kN.  
 

 
 
 
 

 
 

15 m 

8,825 kN 

Q = 0.5 kN/m2 

8,825 kN 
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15 m 

16 m 

Weight dome 
Shell thickness (average of 30 cm) = 270 m3  
270 m3 * 850 (density snowice) = 226950 kg 
270 m3 * 910 (density ice) = 242970 kg 
Estimated total weight dome including foundation = 250.000 Kg 
 
Foundation 
Foundation width is 1 meter 
Total surface = π * r2 = π * 162 = 804 m2,  

Surface foundation  = π * r2 = π * 152 = 707 m2 
804-707 = 97 m2 
 
Weight per meter foundation = 250.000 / 97 = 2577 Kg 
per meter foundation 
 
 
 
 
 

The principal explained in the beginning of chapter is a clever way of realizing the pykretedome 
project. The calculations are only basic calculations used for estimations of use of material and forces on 
the anchors. More calculating is needed for the realization of the pykretedome project. The other two 
students of the commission, Jorrit en Roel will further investigate the calculations needed for this 
project. 
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8.4 Location 
 

 
 

Arno Pronk contacted Hugo Sanders to participate in this project. Hugo works and lives in both 
Amsterdam and Juuka. During a meeting we convinced him and he is willing to help us in realizing the 
pykretedome project in Juuka. There is a cold climate in Juuka with an average temperature of -10⁰C; 
ideal for making ice structures. All equipment arranged in the Netherlands must be transported to Juuka. 
Also other (less remote) locations with more tourism are explored as an potential locations for this 
project.  
 

8.5 Preparations 
 
8.5.1 Scale model 1.0 

To prepare ourselves in realizing the pykretedome project, a scale model is made in exact the same 
way as the real dome will be built. By making this scale-model it became clear which techniques come in 
hand by making the membrane bag and the rope cover. The rope cover is calculated and made in two 
days. In total over 80 nodes have been made. The membrane is plastic sheet sealed on the edges. With a 
small air pump the model is blown up. 
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8.5.2 Scale model 2.0 

 

 
 
Jorrit and Roel have made a full-scale model. This model of 11 metres in diameter will be transported to 
Finland and will be used to test the building method before realizing the big dome of 30 metres. 
 
 
 
 
 

8.6 Building process 

Step 1: Levelling the building site 
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Step 2: Measuring the anchors for the rope cover and placing the wooden formwork for the foundation 
 

Step 3: Making the foundation, the anchors and the anchor rope are set in place 
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Step 4: Making the foundation, the mould is completely filled by applying layers of snow, water and 
sawdust 

Step 5: Applying the membrane and attaching the rope cover to the anchor ropes 
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Step 6: Inflation of the membrane  
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Step 7: Applying of thin layers of milled snow and water until the desired thickness of the ice shell is 
reached. The lower part of the shell will be made of a mixture of sawdust, snow and water, because of 
the hoop forces. The upper part of the shell is made out of snow and water. 

Step 8: Finishing the ice shell by deflation and removing the membrane bag and removing the rope 
cover. 
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Step 9: The completed pykretedome, ready for use 
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8.7 Building site 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 
 

Top view 

Side view 
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Anchors 

40 m 

40 m 

Anchors for 
rope cover 

Sawdust 20m3 

Air blower 

Igloo Ø11 m 

 

2x Electricity 

connections 

16A, 230V 

Site office 3m x 6m 

3m 

6m 

Anchor lines for light poles 

Light pole  14m  
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8.8 Participants 
For realizing the pykretedome project in December 2013, companies and University have been 
approached. Some companies also helped by realizing the experiments discussed in Chapter 7.  
 

In 1956 a law was passed enabling the foundation of the Technische 
Hogeschool Eindhoven (THE). When the THE was officially opened by Queen 
Juliana on 19 September 1957, the first academic year began. On 1 September 
1986 an amendment to the law saw the THE became Eindhoven University of 
Technology (TU/e). Since the foundation of the University, the TU/e has always 
focused on new and innovative research methods. The investigation of the 
Pykrete Dome Project fits well within the innovative research field of the 
Eindhoven University of Technology.  (www.tue.nl) 

 
Sanders Project Adviezen is a network of self-employed specialists, which brings 
knowledge and expertise together in the field of real estate development and 
management. In over thirty years of project development, Hugo Sanders 
expertise has a large number of real estate products: residential, commercial 
real estate, land development and buildings for education, sports and leisure.  
Hugo Sanders is our contact in Juuka, Finland. 
(www.sanders-projectadviezen.nl) 

 
EKC in Eindhoven has a large assortment of building materials. Masonry mortar, 
turbo concrete, lime mortar, concrete contact, plastering profiles, tile profiles 
and much more materials, are examples. In the first place EKC helped us with 
testing different pumps for pumping and spraying a slush of water, snow and 
wood fibres. With the final experiment in the cold storage in Venlo, EKC 
sponsored a pump for three weeks. We want to thank Sander Meulen from EKC 
for the best efforts in cooperating in this project. 
(www.ekcafbouwmaterialen.nl) 

 
Eurofrigo bv in Venlo is a big  distribution centre for all kind of deep frozen 
products for food and nonfood. They have cooperated in the pykretedome 
project by providing a cold storage of 20 m2 for about three weeks. We want to 
thank all people which have helped us during these three weeks in realizing our 
experiment.  (www.eurofrigo.nl) 

 
Montana Snowcenter in Westerhoven is an indoor ski and snowboard hall with 
real snow. Montana contains a surface of 6000 square meters of skiing facilities. 
Artificial made snow was sponsored for testing the strength of ice and pykrete. 
(www.montana-snowcenter.nl) 

 
 
 
 
 
 
 

http://www.tue.nl/
http://www.sanders-projectadviezen.nl/
http://www.ekcafbouwmaterialen.nl/
http://www.montana-snowcenter.nl/
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Carpro is specialized in manufacturing of tents and membranes for 20 years. 
The experience as a supplier of truck tarpaulins and tent constructions has as 
a result the development of new materials and products. They are able to 
realize random and complex membrane structures. Carpro will help to 
manufacture the mould; a membrane bag of 30 meters in diameter. 
(www.carpro.be) 
 
Easycool is a cooling company located near Lelystad. They are specialized in 
cooling one room or a complete production hall. They rent all equipment 
needed for temporary cooling. This company has brought us in contact with 
Eurofrigo for sponsoring of a cold storage. Also for the pykrete arch, the white 
inflatable membrane was lent to us by easycool. (www.easycool.nl) 
 
 Chr. Muller Touw Group are specialises in the development, production and 
trade in rope, rope products and associated products. A broad range of 
production techniques, combined with more than 35 years of experience in 
the sector, means that we can offer a very broad package of products, as well 
as customized solutions. This company will sponsor all the rope needed for 
the small igloo and the pykretedome project. (www.chrmullertouw.nl) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.carpro.be/
http://www.easycool.nl/
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9.1 Conclusion 
This final chapter will look back at the goal of this research. The goal of this research was to develop 

a building method for the application of ice composites in reinforced ice structures to increase the scope 
of the application of reinforced ice. To reach this goal literature is studied and an overview is made of 
the material properties of ice and reinforced ice. This thesis also shows an overview of all existing 
building methods of ice structures until now. With this theoretical background a design for a building 
method is made and tested. The experiments verified the literature and design, but also revealed some 
problems. The conclusions which led to the final design are discussed using the assessment points set-
up in chapter 4: 
 

Construction technique: With the selection of the construction technique the most important criteria 
were the possibility to add reinforcement and a large span. The method of spraying/blowing turned out 
to be the most suitable construction technique. With the method of spraying/blowing, thin layers of 
material can be applied into or onto a mould from a distance. This is important when making large span 
ice structures. Large spans can be realised by making thin shell structures. By adding reinforcement a 
ratio for the shell thickness of 1/100 of the total span can be realised.  

 
Base material: As a base material the combination of water and snow, which forms a slush, is the 

most suitable. The snow makes the mixture “slushy” and therefore more sticky. It also lowers the 
temperature of the mixture and increases the maximum layer thickness per spray session. Snow also 
serves as a natural emulsifier. By making the mixture slushy the fibres will be more homogenous 
distributed in the mixture. The function of the water is to partially melt the snow to a more denser 
snow-ice. Water also nestles within the hydrophobic fibres for a better bonding. Experiments revealed 
problems with pumping a slush. The slush turns into solid ice when pressure is applied. The advantages 
of snow makes it an essential ingredient of the composite. And using only water or snow as base 
material is not an option.  

 
Scale, type and material of reinforcement: A homogenous distributed microscopic fibre 

reinforcement is the most effective for making shell structures. Microscopic reinforcement is preferred, 
because of its isotropic properties. Fibrous reinforcement scores well in both mechanical properties and 
processability. Of all reinforcement materials available, the natural material scores best in 
environmental and costs. Cellulose fibres are more effective at lower rates compared to alluvium. 
Sawdust, wood shavings and wood chips are used in the experiments. Tests showed that adding 10% of 
sawdust is the most effective cellulose fibre reinforcement. 

 
Form typology: The building method must be suitable for making surface active ice structures. These 

surface active structure have a high structural efficiency, mainly normal forces appear in the cross 
section. A high structural efficiency means less material and therefore also a shorter 
freezing/construction time. These kind of structures make the best use of snow/ice which has a 
relatively high compression strength compared to its tensile strength. The load transfer in these kind of 
structures is uniformly distributed and therefore the type of reinforcement is preferred to be 
homogenous distributed and randomly orientated.  
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Type, rigidity and reuse of the mould: By analysing types of moulds, criteria like formability, reuse 
and weight are used to specify a mould type. It turns out that inflatables moulds are suitable for making 
large span and double curved shell structures. The shape of the membrane can be made with a 3D 
cutting patron. A second option is to use a simple 2D membrane and use a rope cover to determine the 
shape of the inflatable. The mould can be reused when the ice structure is finished. With only one 
mould several ice structures can be built within one winter season.  

 
Returning to the research question, a full functioning building method for the application of ice 

composites is not achieved. Because lots of information had to be gained on basic level and the several 
problems with finding a suitable pump made us not reach our goal completely. However, some 
recommendations are done for further research by which the goal still can be reached. 
 

9.2 Recommendations 
Multiple test with several types of pumps revealed problems with pumping a slush. Any kind of 

narrowing or pressure applied on the slush, changes it into solid ice. A possible solution is to spray the 
snow separate from the water and fibres with a rotary snow blower and mix them on the membrane by 
spraying alternately layers of water and snow. This will make it difficult to determine the ratio of adding 
reinforcement. Another option is to find an alternative emulsifier which does not turn into a solid when 
pressure is applied. Tests with the emulsifier xanthan gum have been carried out in 2010 by Andreas 
Bastian which showed several positive effects. So there are two possible redesigns which can solve the 
problem: 

 
Revision 1: Change the material, replace the base material snow with a material which also has the 
positive effects of snow. 

Xanthan Gum, is an Emulsifier which takes care of the homogenous distribution of the cellulose fibres 
in the water by thickening it at low rates of 0,5%. However Xanthan Gum is costly and has to be 
transported to remote artic locations, where snow is free available at the building site. Thereby lowers 
snow the temperature of the mixture, a property that Xanthan Gum does not have.  
 
Revision 2: Change the method, change de way of application by spraying the water and fibres and 
blowing the snow separately 

Because spraying of water, snow and fibres does not work and clump together in the pump casing. 
The fibres and water have to be applied separately from the snow. The wooden fibres which serve as a 
reinforcement needs to be added to the water. The wet fibres will be sprayed onto the inflatable 
membrane. The snow will be blown by a rotary snow blower onto the inflatable. Thin layers of water 
and fibres will be alternated with thin layers of snow. A layered structure is created by which the layer 
thickness is dependent of the bonding of the layers mutually. 

In chapter 7.8 a mixture of 10% sawdust and water is pumped. However the sawdust was polluted 
with Styrofoam and the experiment has to be repeated with a clean sample of sawdust.  

 
Due to esthetical reasons, the woodtone sawdust reinforcement can be replaced by paperdust 
reinforcement. Paperdust has a white colour and will blend in with the snow and ice. Paper dust has the 
same mechanical properties as sawdust.  
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Ice Palaces 

 
Castles in Montreal 

In Montreal often ice castles were build. A.C. Hutchison was the architect of the ice castles in 1883, 
1884, 1885, 1887 and 1889. In 1886 A.C. Hutchsion was the architect of an ice palace in St. Paul, due to a 
smallpox epidemic in Montreal. The ice castles in 1909 and 1910 are designed by Théodose Daoust. 
 
1883 

The palace would have fit neatly within a 27 meter cube. Its outer walls were about 27 meter long 
and 6 meter high. The steeple topping the main tower reached 27 meter in height. 15 meter tall towers 
rose at each of the castle’s four corners. It was one of the few roofed ice palaces. The construction crew 
built peaked structures of beams and green boughs on top of the ice block walls. Then they poured 
water over the roof. Sixteen electric lights illuminated the castle at night. 
 

 

 

 

 

 

 

 

 

 
 
1884 

The palace stretched 48 meter by 19,2 meter. Its tower stood 24 meter tall. It consists of 10.000 to 
15.000 blocks of ice and cost about $3200,- Canadian Dollar. Its walls were 2 meter thick at the bottom. 
The curtain walls joining the main building with the flanks were 6,6 meter high. 
 
1885 

The 1885 palace was elliptical in plan, with a long axis of 48 meter, the minor axis 36 meter. Its tower 
stood 30 meter tall. At each end of the major axis stood an oblong tower, 11,4 meter, pierced by an 
entrance to the interior. At each end a volcano, built of snow and ice, erupted in displays of fireworks. 
The Carnival Committees each year intended to make their ice castle larger and grander than its 
predecessors. The 1885 castle was erected with 12.000 blocks of ice in its construction at a cost of about 
$ 5.000,-. At least 100.000 people gathered for the storming of the ice palace on January 28. 
 
 
 
 

Ice Castle in Montreal in 1883 [F. Anderes et. Al. 1983] 
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1886 

A smallpox epidemic struck Montreal in the summer of 1885, killing more than 2000 people in a few 
weeks. The American authorities stopped the usual winter carnival. If it had taken place, it probably 
would have lacked an ice palace, since the St. Lawrence ice did not thicken until unusually late that 
winter. The citizens of St. Paul Minnesota, stepped into the gap, and organized their first carnival. They 
hired architect A.C. Hutchison to design the ice palace. 
 
1887 

It had four towers, the tallest of which reached 30,6 meter. The plan of the 1887 ice maze copied, in 
a smaller form, the famous maze at Hampton Court in England. A hot drink rewarded the explorer who 
solved the puzzle. The diameter of the outer wall was 21,6 meter, the height of the central tower 12 
meter. Low walls of ice divided the area within the outer walls into a series of circular walks. In total 
about 25.000 blocks of ice went into its construction and the outer walls stretched 43,2 by 33 meter. 

 

 

 

  

Ice Castle in Montreal in 1887 [F. Anderes et. Al. 1983] 
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1889 
The year the Eiffel Tower has been opened in Paris. The Montreal winter carnival ran into a series of 

problems. During the construction of the ice palace, a severe thaw set in and the west wall melted away. 
Although the workers rebuild the wall, the palace no longer presented a uniform appearance. The blocks 
of the ice forming the walls had lost their square edges and cracks of 5 centimeter or more appeared 
between the layers. A proposal that the fire brigade spray the structure until it became a mass of 
gleaming icicles was never acted upon. In total 25.000 ice blocks were used. It measured 49,2 meter in 
length, 46,5 meter in width; the central tower rose to 35,4 meter. 
 
1909 

It will be encircled by an ice wall which will stretch from end to end a distance of over 60 meter. The 
king Edward tower will be 57 meter high by 12 meter square. Two other towers and two arches, 
approximately 18 meter high will connect the three towers. The castle was to employ 7.500.000 cub 
meter of ice and cost $7.000,-. The tower walls were to be 1,2 meter thick. With a crew of 130 men, the 
Charles Thackery Company worked at constructing the palace, but unseasonable mild weather 
interfered with their activity. Result: the building is not quite so picturesque as had been intended, 
owing to the fact that the contractor was so pressed for time (due to the warm spell) that the 
Committee judged it was wise to stop work before the principal tower was carried up to the height 
originally planned. 
 

All the palaces from 1883 until 1909 were built on Dominion Square. The Committee decides that all 
new palaces will be built on the eastern slope of Mount Royal. 
 
1910 

Architect Théodose Daoust. Five derricks were used in erecting the palace. The ice was cut from Back 
River. As in the previous year, a thaw set in about Januari 18 and caused construction to be halted. For 
ten days the building melted. When the frost returned, a crew of seventy men rushed to repair and 
complete the palace. Finally they never built the grand arches that were to have connected the extreme 
corner towers to the central tower. The central tower planned to scale 30 meters, stood only about 19,5 
meter tall.  

 

 

 

 

 

 

 

 

 

 

Ice Castle in Montreal in 1910 [F. Anderes et. Al. 1983] 
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Ice palaces in St. Paul 
 
1886 

Because of a smallpox epidemic cancelled Montreal’s winter carnival in 1886, St. Paul stepped into 
the gap. Architect A.C. Hutchison designed St. Paul’s first ice palace. The palaces cost $5210,- and a local 
contractor build the palace with 200 men in three weeks. The unit of construction was the ice block, 
measuring 55 centimeter by 81 centimeter by 45 centimeter. Estimates of the number of blocks used 
range from 20.000 to over 30.000. At the ice mines of the Mississippi River and Lake Como, the frozen 
blocks were marked, measured and hand cut with giant saws. About twenty ice-hauling crews, using fast 
horses and oversize sleds, rushed the blocks to the building site. 

Each of the three great St. Paul ice palaces (1886, 1887, 1888) took the form of a dominant tower, 
defended by outworks. A.C. Hutchison’s 1886 ice palace measured 54 meter by 46,2 meter by 31,8 
meter high. In the center rose a massive square tower with smaller round towers at each corner. The 
main tower was defended by an outwork 9,6 meter high. The outer walls measured 0,5 meter thick; 
those of the central tower 1 meter. Each entrance led into a 12 meter high hallway. In some places 
stairways gave access to the ramparts above. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1887 

The Carnival Association voted to hold two stormings of the ice palace and appropriated $3500,- for 
fireworks; for that time a huge amount of money! This year architect is C.E. Joy. The palace was built in 
Central park for $7500,-. It measured 65,1 meter by 58,2 meter. Eight buttresses radiated from the 
tower, and its slender southeastern turrel attained a height of 42 meter. The blocks of ice composing it 
varied from 60 centimeter to 180 centimeter in length, from 30 centimeter to 45 centimeter in thickness. 
Ice for the 1887 St. Paul ice palace came from the Mississippi River. Larger than the others, the 
southeastern turret extended 4,2 meter above the main tower. Its 42 meter height was the highest level 
attained by ice blocks in this palace and this was surmounted by a flagpole 6 meter high. Walls of 1,5 
meter thick supported this wonderful tower. 
  

The first ice palace in St. Paul, designed by A.C. Hutchison in 1886 [F. Anderes et. Al. 1983] 
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1888 
It measured 58,5 meter by 57 meter and cost $7000,-. Ice from Lake Como were used. Each block 

measured about 55 by 81 by 45 centimeter. More than 55.000 blocks of ice were used. Lake Como 
supplied all the ice the 1888 palace. The dominant central tower reached a height of 39 meter. The 
outer walls of the palace rose 9 meter. The carnival association had voted to hold three stormings of the 
ice palace. The first two ran according plan, but on the day of final storming, the temperature rose into 
the forties. An audience of 100.000 people surrounded a palace that had begun to melt. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1889 and 1890 

C.E. Jow drew up plans for an 1889 ice palace, but the weather refused to cooperate. The festival was 
postpone until 1890. Unfortunately that year temperatures again failed to sink to the required levels. By 
this time the whole idea had lost momentum and no more carnivals were planned for several years. 
 
1896 

The general design appeared long and low. The outer walls rose 4,5 meter. The corner towers 6 
meter.  
 
1916 and 1917 

The ice palaces of these years were modest efforts. In 1916 an ice fort was erected on Harriet Island. 
An ice rick was surrounded by 3,6 meter high walls. In 1917 the fort’s plan was a Greek cross with an 
entrance at each end and a throne room in the center. The outworks were about 3 meter high. Because 
of World War I the plans for 1918 carnival ended. No more ice palaces were built in St. Paul until 1937. 
 
 

The ice palace of 1888, with a central tower of 39 meter. [F. Anderes et. Al. 1983] 

 



Master thesis 2012/2013 

Frank Janssen & Rémy Houben |   

1937 
The ice palace of 1937 measured about 57,9 meter in length, 25,8 meter at its widest point and 18 

meter in height. It used 30.000 ice cakes. The ice palace was destroyed after the carnival ended. The 
resulting pile of ice was left to melt in the spring. Architect Bassford explained that it would be 
dangerous to allow the palace to melt by itself, as it would be impossible to keep watch continuously to 
prevent visitors going into the building while it was weakened by thawing. 

 
1938 

This year no giant ice palace has been built. Only two semicircular disks composed the façade of the 
completed palace. One stood 18 meter high, the other 15 meter high. In front of the disks there was an 
ice floor of about 90 by 30 meter. 
 
1939 

This ice palace was approximately 72 meter in length and varied tremendously in width. A fanciful 
central tower measured about 24 meter. 200 Youths spent three weeks building it. In total they used 
about 4000 tons of ice. 
 
1940 

The WPA granted the ice palace $14000,-, which also labor involved. Between forty to sixty builders 
worked around the clock in three eight-hour shifts for about two weeks. The palace was 45 meter by 
42,6 meter. The main tower was called King’s Tower or Tower of the Winds. This tower was 12 meter 
square in plan and 22,5 meter high.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A drawing of the ice palace of 1940 [F. Anderes et. Al. 1983] 
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1941 
Bassford and Wigington designed the ice palace for the 1941 carnival. The art of ice harvesting had 

not yet died and ice for the 1941 palace came from McCarron’s Lake. The builders used about 22.000 
cakes of ice, but because of breakage, nearly 30.000 had to be supplied. Each block measured 78 by 55 
by 40 centimeter and weighed 160 kilograms. About 270 men worked on the palace, which was again in 
Como Park. The castle measured 37 meter by 37 meter, but it appeared larger. The King’s Tower in 1941 
rose to a height of 24 meter. Workers installed 2000 bulbs and gelatin color in the space between the 
ice palace walls. At night, wall sections and the round towers periodically changed colors. The palace 
was constructed with ice walls 55 centimeter thick. The space between the walls was 2 meter 
passageway. After two weeks of carnival, when a thaw had weakened the ice palace, powerful tractors 
and steel cable harness were needed to drag down the ‘unsafe’ towers. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1942 

Bassford and Wigington also designed the 1942 ice palace. This palace melted because of 
unseasonable weather. The whole structure measured approximately 51 by 24 meter. The main tower 
rose to 20 meter. A huge lantern took the tower to a total height of 24 meter.  
 
1947 

Winter carnival was held in St. Paul every year since 1946, only occasionally ice palaces have been 
built. A small ice palace went up at Fourth Street and Cedar Street in 1949. A large ice palace is planned 
in 1947. R.G. Zelzer and C.W. Wigington designed the structure. The palace would have measured 63 
meter in length and  varied in width. Unfortunately, the palace was never completed. In late January, 
when construction was about one-third accomplished, warm weather turned the rising walls and towers 
into ‘a gooey and hazardous mess’. 

A drawing of the ice palace of 1941, with a passageway between the walls of the palace [F. Anderes et. Al. 1983] 
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1975 
Bob Olsen, today an architect and ice palace historian, initiated designing and build in 1975 an ice 

palace. He had a crew of eight workers during the week and on the weekends two forklift-type trucks. 
The castle measured 30 by 12,6 meter by 10,8 meter high. It used 1400 blocks of ice, each block was 30 
by 60 by 120 centimeter and weighing 180 kilograms. The palace cost $13.900,-. 
 
1976 

The palace as a whole measured 42 by 28 meter by 12 meter high. Ice blocks measured 30 by 60 by 
135 centimeters. The wall varied in height rising to 2,4 meter, 4,8 meter, 7,2 meter, 9,6 meter or 12 
meter. It is unclear whether this ice palace has been built or not. 
 
 

Ice palaces in Quebec and Ottawa 
 
Quebec 

 
1894 

In 1894 the first ice palace in Quebec measured 36 meter by 15 meter. The central tower was 18,9 
meter high.  
 

 

 

 

 

 

 

 

 
 
 
 
 

  

These drawings are from a proposed tower for the ice palace in the winter of 1895 -1896.  
[F. Anderes et. Al. 1983] 
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1896 
Major ice palaces were built in three cities: Leadville, St. Paul 

and Quebec. The citizens of Quebec erected an extremely 
distinctive building, a conical ziggurat of ice. It rose in three tiers, 
to a height of 30 meter. The two lower tiers were of ice, the top 
one snow. 

The firemen at the Central Station built a model of 
Montmorency Falls, complete with water flowing over it. One 
snow fort rose to a height of 15 meter. More than 500 laborers 
worked on the official carnival constructions. The ice palace of 
this year measured roughly 18 meter in diameter at its base.  
 

 

 

 

 

 
 

Ottawa 

 
1895 

The first winter carnival of Ottawa the architect of the ice palace is King Arnoldi. This icy fortress 
measured 39 by 9 meter and it had a working portcullis. The tower on the east corner reached about 12 
meter in height. The big tower has been built of wood, covered with cedar bows and frozen over. 
Richard Lester took the job. Soon Lester had about 100 men and 45 horses working on the ice palace. 
About 1000 blocks a day were cut from the Rideau River. Two derricks pulled the large blocks (about 50 
by 100 by 38 centimeter) up the walls. Lester personally directed the placement of each block of ice. 

Also in 1904 (measured 12 meter by 9 meter) and in 1922 (measured 37,5 meter by 19,5 meter high) 
an ice palace and ice fort has been built. A special feature, the ice fort of 1904 was built out of snow. 
 
 

  

The spiral tower in 1896 of 30 meter high.  
[F. Anderes et. Al. 1983] 
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The spiral tower in 1896 of 30 meter high.  
[F. Anderes et al 1983] 

 

The Leadville palace 
 
1896 

Only the ice palace of 1896 in Leadville will be discussed. 
C.E. Joy was the architect of the ice palace in Leadville in 1896. 
The palace has to be the largest ice palace ever built, as well as 
a permanent wooden pavilion inside the ice structure. Finally, 
since they were planning a winter-long carnival, the palace had 
to be ready by Christmas. Approximately 250 to 350 men 
worked on the palace. In the walls and towers they used 5000 
tons of ice. Then during construction the temperature rose. The 
ice the men were handling melded faster than they could lay it. 
Huge length of muslin and canvas were draped over the walls to 
shade them. Fortunately, the temperature dropped below 
freezing every night, and in the evenings the crews made some 
progress. At night the fire department sprayed the palace with 
water to fill in the cracks and seal the blocks together. The long 
axis stretched 130,5 meter, the shorter axis 97,5 meter and the 
tallest towers rose 27 meter. The Leadville Crystal Carnival 
reports that the central tower rose 27 meter, inspection of the 
photographs indicates that they only attained a height of 15 to 
18 meter. Ice block dimensions 208 centimeter or 50 
centimeter by 76 centimeter. The thickness of the palace walls 
is variously described as 1,5 to 2,4 meter. The costs of the 
palace has never been published, but estimate starts from 
$35000,- until $140.000,- 

It was one of the first palaces which also used another material then ice. Eight wooden trusses 
supported the roof that covered the palace’s main building. Every centimeter of timber or iron was 
covered with ice frosting to make the roof look like a bed of diamonds. The largest central room, 57 
meter by 24 meter, served as a skating rink. A thaw began to melt the palace in the early days of March. 
In the history of all ice palaces, this is the biggest ice palace ever built. 
 

 

 

 

 

 

 
All information is obtained from the book Ice Palaces from F. Anderes et al 1983. 
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The story of the ice hotel 
The story of the ice hotel started in 1989 when some Japanese ice artists visited for an exhibition of 

ice art. One of the local tourist entrepreneurs Yngve Bergqvist saw the touristic potential. In the next 
year of 1990 he built a cylinder shaped igloo direct on the ice of the Torne Rive, in which an art 
exhibition by the French artist Jannot Derid opened. Hundreds of visitors were amazed at the icy art 
gallery in an Igloo of 60 square meters. During the national ski championships held in Kiruna 17 km north 
of Jukkasjärvi all hotels were full booked. A friend of Bergqvist, Lars Bylund at the international satellite 
company in Kiruna had 14 guests from USA, Mexico and Holland who had nowhere to stay and Bergqvist 
suggested the Artic Hall. Sleeping bags and reindeer furs were organized and the guests spend the night 
in the exhibition igloo. In the morning everyone was ecstatic over the experience and the idea of an ice 
hotel was born. 

The concept of the ice hotel developed each year and has now become known as one of Sweden’s 
most famous attraction. From the original 60 square meters the ice hotel has grown over 80 times and is 
now the world largest ice hotel. The temperature in the ice hotel varies between -4⁰C and -9⁰C, 
depending on the temperature outside. The ice hotel opened between December and April. Each year 
the design of the building and rooms change.  

Torne River flows 510 km from the mountains down to the Baltic Sea and is one of the few intact and 
unexploited rivers of Sweden. Its clear and flowing water is said to give the unique crystal clear ice. Due 

to fast flowing water no air bubbles can be found in the ice. The ice starts to form in October‐

November and grows to 60‐70 cm thickness in Mars‐April. To let the ice grow even thicker the ice 
hotel clears it of snow which let the ice grow up to 1m thick.  
The ice blocks are stored in a 1500 square meter freezing house – the icehall art centre for the next 
years building of the ice hotel and for export of ice blocks. The art centre is a cool room of minus five 
degrees Celsius where an ice art snow exhibition is presented for summer tourists to give visitors a taste 
of the ice hotel. Also five igloos allow guests cold sleeping in the summer. Of the harvested ice blocks 
65% are exported around the world as ice blocks to ice bars or as ice glasses “in the rocks” for the ice 
bars 

With building the ice hotel in Jukkasjärvi, in the beginning of December, the main building is almost 
finished and the interior work begins. This continues until the end of January. With an indoor 
temperature of around five below zero, working  conditions are relatively comfortable compared to the 
outdoor temperature, which can drop lower than forty below zero. Working to late in the evening, the 
sculptors cut and work the ice to create things like interior decorations, windows, doors, pillars, 

furniture, lamps and naturally ‐ sculptures. About 25 specially invited Swedish and international guest 
artists from 14 countries come every year to design the décor certain rooms which all have unique 
design and ice installations. The varied styles of the many artists, together with the properties of the ice, 
create a unique atmosphere filled with mystique and surprises for the visitors as they wander from 
room to room. 

In winter 2000, a new chapter in the story of the ice hotel began when operations were extended 
across the Atlantic and cooperation began with ice hotel Québec in Canada. 
 
 
 
 
All information is obtained from the paper Snow and ice as a resource for innovative tourist experiences 
in Northern Sweden from H. Gelter 2008 
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Building a traditional igloo 
The aim of this test is to gain any experiment with building with ice, by building an igloo. The 
opportunity occurred because of lots of snowfall and relatively low temperatures.  
 
A traditional igloo is built by cutting pieces out of a surface. Because there was no compacted snow 
available, plastic boxes were filled with snow and water to make building blocks.  

 

    
 
A circle with a diameter of 3,5 meter is made. Because of the tapered shape of the box in both directions 
the curvature of the dome emerged naturally. Several rings of blocks were stacked with a stretcher bond.  
The joints between the blocks were filled with water and snow.  
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The completed structure lasted only 5 days, because of the high temperatures, on the days after 
finishing the igloo.  
 

    
 
The igloo collapsed first at half, 
 

    
 
The weater conditions during the experiment were monitored: 
 
12 March 2013 – 16 March 2013, Maastricht, Netherlands 
 
 

  Max Avg Min 

Temperature       

Max Temperature 6 °C 1 °C -3 °C 

Mean Temperature 4 °C -2 °C -6 °C 

Min Temperature 2 °C -5 °C -11 °C 
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Specimen 1 

 



Master thesis 2012/2013 

Frank Janssen & Rémy Houben |  

 
 
 
 
 
 
 
 
 
 
 
 

      specimen scattered during testing 
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Specimen 4 
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Specimen 6 
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Specimen 8 
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Specimen 10 
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Specimen 11 
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