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Abstract 
3D printing with ice composites is an entire new field. It could be applied for Mars missions by using 
Robots with locally available material such as ice and soil. Another application is 3D printing for 
sculptures. The third application is 3D printing for temporary structures in artic areas. The problem of 
using ice for construction is its brittleness. It is possible to reinforce ice with additives. Just as concrete 
or polymers can be reinforced with steel rods or fibers, ice can be reinforced with soil, silica, wood, 
paper fibers or polyphenol alcohol. The fibers increase the ductility, compressive and tensile strength. 
In this way ice becomes a reliable material for construction at temperatures of -8C or lower. 

The extrusion of cellulose-reinforced ice leads to the drainage of water just before the extrusion nozzle.  
Therefore, the compressed water-cellulose mixture will form clots in the nozzle, leading to an unreliable 
process. By mixing fibers, water and a jelly of Guar Gum and Xanthan Gum this problem was solved. 
A hybrid mixture with other materials such as sand will increase the material properties of the ice 
composite further more. It will increase both its bending as its compression strength. Adding cellulose 
showed promising post-peak strain softening behavior. Experiments with different temperatures and 
testing speeds were conducted. From these experiments it was concluded that both the ultimate strength 
and the stiffness of the specimens decrease with increasing temperature. At tempters close to 0°C, the 
post-peak behavior also changes from brittle to more ductile. Furthermore, the bending tests were 
modelled in a FEM program and compared with the executed experiments. Based on these experiments 
in December 2018 the first 3D-printed grid shell in ice composite was realized in Harbin, China. 

1. Introduction 
The manufacturing of constructions in the building industry is changing. Nowadays 3D printing is 
becoming an often used construction technology. One of the possible applications is a 3D printed habitat 
for Mars, where robots can be used to print constructions with the locally available materials. Ice would 
be an important available material for the printing of structures. However, ice is not a very common 
construction material, especially due to its brittleness. This mechanical property of ice can be improved 
by adding additives but also the compressive and tensile strength. 

In this project the different mechanical properties of certain ice composites are researched. This is done 
conducting compression, bending and creep tests. Since ice is a very sensitive material to e.g. 
temperature, special test setups are created in order to conduct the tests. With the most optimal test setup 
different composites can be tested in order to derive the best composite. The results are analyzed and 
conclusions are drawn. Furthermore the effect of different influential factors are examined. The effect 
of both temperature and test speed are used to gain more information about the properties of the 
composites. 
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Alternatively also a numerical analysis is executed. This is done to check whether the results of our 
experiments are reliable and/or valid. For both analyses the validity is uncertain due to the lack of 
previous research, but with the comparison of both, a more reliable result is approached. 

One of the composites that is tested is used for an ice and snow construction competition in Harbin. A 
gridshell made of this composite is executed by the means of 3D printing [1]. Since the 3D printing of 
ice composites by roboting was not researched before the printing was done by hand with piping bags. 

2. Pre-Research 
Out of previous research done by Vasilieva et al [2], Pronk et al [3] and TU/e students [4], some initial 
assumptions have been derived to use as a starting point. The most important assumption are the 
additives that are used for the different ice composites. From this previous research it is decided on to 
test ice composites made up of water, sand, cellulose, xanthan gum and guar gum as these have most 
favourable properties but also because of their availability and ecological neutral footprint.  

3. Compression strength test 
The compression strength tests are conducted on twenty-two different specimens with dimensions 
100x100x100mm. The specimens are made up in a certain system in order to isolate the effect that the 
additives have on the specimen (Tabel 1). The specimen are tested at a temperature of -18 degrees 
Celsius. The specimens are placed in the setup with the pouring seam on top. In case the top of the 
specimen was not parallel to the bottom of the specimen the specimen were tested on their side. 

Table 1: 22 specimens with different mixtures for compression 

 

 

  

  
Figure 1 ice  and sand, Figure 2 ice and cellulose,Figure 3 & 4 ice, sand and cellulose 
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The first figure shows that increasing the amount of sand increases the peak stress until a certain level. 
Specimen 4 with the most sand drops in peak stress compared to specimen 3. So the ideal amount of 
sand for the highest peak stress lays between specimen 2 and 4. Furthermore all specimens show a drop 
in peak stresses, this means adding sand adds ductility to the post peak behavior compared to straight 
ice. The second set of graphs shows mixtures with only cellulose and no sand, so the influence of only 
cellulose can be analyzed. The cellulose increases in concentration with increasing test numbers. The 
peak stresses are lower compared to the sand composites. The graph shows strain hardening, which 
means that it can still take increasing forces even during its plastic deformation. This also increases with 
the increasing test numbers. In this research no maximum concentration of cellulose has been found 
after which the mechanical properties decrease. In the third set of graphs the amount of cellulose is 
constant, but the sand concentration is increasing with the test number. There clearly is a threshold for 
the maximum concentration of additives. Test 19 shows lower peak stresses, this is assumed to be due 
to the lack of water that is needed to bond with the additives. The last set of graphs are from specimens 
with a constant amount of sand, but the cellulose concentration is increasing with the test number. The 
amount of sand is mostly responsible for the peak stress, as here the specimens with the same amount 
of sand as specimens 1-4, have similar peak stresses. The differences in plastic behavior are mostly 
caused by the increasing amount of cellulose. 

Interpretation of results 

The Young’s modulus for each sample was calculated by looking at the linear part of the deformation 
in the compression tests. Compared to pure water, specimens 1 until 4 (sand), gives a much higher result, 
5 to 8 (cellulose) will decrease the Young modulus a little and 9 to 20 (sand and cellulose) the young 
modules will vary based on the mixture. Testing ice composites it is hard to separate the elastic 
behaviour from the plastic behaviour because elastic deformation occurs at the moment load is applied 
and it will immediately followed by a plastic deformation [5]. This implies that the viscous or plastic 
behaviour of ice must be taken into consideration for some problems, whereas elastic theory is adequate 
for others [6]. The compressive tests gives much lower Young’s moduli than the ones found in literature. 
The lowest value shown in table 1 is 3000 kg/cm² which translates to approximately 294 MPa. This 
difference might be explained by a difference in testing speed. As a faster testing speed is used there is 
less time for plastic creep deformations to occur. This would lead to a steeper graph which would in turn 
lead to a higher Young’s modulus. However this assumption cannot be verified because the testing 
speeds in the literature are not clear.  

Table 2: young’s modulus and peak compressive stress 

 
Sample1-4 ice and sand, Sample 5-8 ice and cellulose, Sample 9-20 ice, sand & cellulose, Sample 21-22 pure ice  

The peak stress of the specimens tell something about the compressive strength of the specimen, which 
is an important mechanical property of the mixture. In table 2 all peak stresses are compared in one 
diagram. Stated that these peak stresses are taken from the moment the linear elastic deformation 
changes to the plastic deformation.  The peak stresses for pure ice is 3.2 MPa to 9.9 MPa for ice with 
sand.  
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4. Flexural strength test 
The flexural strength tests are conducted as a 3 point bending test on ten different specimens with 
dimensions 60x60x400mm. The specimens are made up in a certain system in order to isolate the effect 
that the additives have on the specimen (Table 3).  

Table 3: specimens with different mixtures  

 
Results: 

 

 

 

 

 

 

 

 

Figure 5, 6 and 7: The different grid options that were analyzed (from left to right: grid option 5, 6 & 7) 

In the first set of graphs (cellulose) does not show a lot of strain hardening compared with the 
compression test but the cellulose does provide more ductility, as the specimens can deform a lot 
without failing. In the second set of graphs (sand), after the peak has been reached, the stress falls 
immediately, which shows the brittleness of the sand composite. The last set of graphs is from two 
specimens with only water. Specimen 9 is poured in one go, specimen 10 in layers. This influences the 
test results a lot. The peak stress as well as the Young’s modulus of specimen 10 is more than twice as 
big as specimen 9.  
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Table 4: young’s modulus and peak flexural stress 

 

For the comparison of the different specimens with pure ice, they are compared with specimen 9 mainly, 
because this specimen is just like the first 8 specimens poured in one go. 

The first goal of the tests was to get an insight in the behaviour of sand and cellulose independently. To 
get this insight cellulose was isolated in the first two specimens and sand was isolated in the third and 
fourth specimen. Again in the flexural bending tests, the effect of adding cellulose is similar as in the 
compression tests. Adding cellulose has a small effect on the peak stresses. What stands out in the 
Young’s moduli, is that adding cellulose to pure ice makes the Young’s modulus of specimen 1 and 2 
drop a lot. However increasing the amount of cellulose increases it again. For the third and fourth 
specimen with only sand, the conclusions from the compression tests are confirmed. It is obvious that 
the amount of sand will increase the Young’s modulus and peak stress.  

Specimen 5 until 7 show that adding sand to the water increases the Young’s modulus and the peak 
stress. It also shows that there is a maximum of additives in the composite. When too much sand is 
added, both the peak stresses and the Young’s modulus decreases (specimen 8). 

For pure ice the effect of the production of the specimens is examined. Specimen 9 is poured in one 
go, where specimen 10 is poured in layers. As already mentioned the pouring in one go causes internal 
stresses and cracking that will reduce the overall strength of the specimen. 

5. Temperature test 

Figure 8 and 9: Specimens 2 and 4 at different temperatures: -18 oC, -5 oC and -1 oC. 

All the previous tests were conducted at -18 oC. It is assumed the strength of the ice composites will 
reduce with increasing temperatures. To test this hypothesis the same three point bending test as 
described for the flexural tests will be conducted. The specimens used to plot the effect of the 
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temperature are specimen 2, 4, 6 and 9 as described in table 3 flexural specimens. Two additional 
flexural tests were conducted for these specimens at -5 oC and -1 oC. The specimen and the 
surrounding were continuously monitored to have the right temperature. The bending tests for 
specimens 2 and 4 (cellulose- and sand-mixtures respectively) are visualised in figure 8 and 9. In the 
graphs it is visible that with increasing temperature the ductility of the specimen increases. It is also 
shown that the peak stress and young’s modulus of the specimens decreases with increasing 
temperature. The trends of decrease in Young’s modulus and peak flexural strength are seen in all tests 
as shown in the trend lines in figure 10 and 11. 

 

Figure 10 and 11: The trend lines in Young’s modulus and flexural strength at different temperatures 

It is found that specimens containing sand and coincidentally have a higher ratio of additive/water 
have a faster decrease in Young’s modulus. With higher temperature the water ice loses its ability to 
bind the mixture. The flexural strength decreases faster in specimens containing cellulose. This can be 
explained by the softness of the cellulose, most of the strength of the mixture is caused by the strength 
of ice. Generally it can be concluded that higher temperature leads to lower Young’s modulus and 
lower peak stresses. Notices the same phenomenon is stated in [5] it is explained by the weakening of 
the cohesion of the ice molecules in the crystalline structure and with that the increase of the 
possibility of rearrangement of the atoms. This atom-rearrangement is a material property that is 
manifested in the material as ice crystals are constantly moving and growing or shrinking. 

6. Creep test 
The creep test is used to determine the creep deformation of a specimen over time. The creep is defined 
as a time-dependent deformation under a certain constant applied load. To test the ice and ice composites 
on their creep behavior, three test specimens are created. The specimens that are chosen are the same 
specimens that were used for the flexural strength tests (specimen 2, 6 and 9). The dimensions of the ice 
specimen was 30x30x65mm and of the other specimens was 30x30x85mm.  

Method of testing 
For the creep tests, the specimens are frozen for at least seven days at a temperature of -18 degrees 
celsius. The load was chosen to introduce a stress in the specimen representing a value from the elastic 
part of the graph for the compression test corresponding to the same mixture. Measurement of the length 
of the specimens is done at two sides of the specimens which gives a more accurate result. The 
measurement is done with a caliper, all within the freezer. The specimens are measured over a time of 
45 days. 
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Figure 11 and 12: Creep tests for pure ice, cellulose ice and sand cellulose ice 

The results of the creep tests of the three different specimens can be seen in the figure 11 and 12. The 
height that is plotted is the average height between the two measured lengths. 

Interpretation of results 
As can be seen in the figures above, the pure ice indicates the highest creep deformations as the slope 
of the graph is the steepest. Specimen 2 also show some creep deformations. However, the graph of 
specimen 6 indicates an increase of height, which can not be explained by creep behavior. What can be 
concluded from the graphs is the fact that they show a wide scatter (inaccuracy) of the points. This 
indicates imperfections in the way of testing and measuring the results of specimen 6, these 
imperfections are significant. The reason for these imperfections is the fact that it is very hard to do very 
accurate measurements on the (still) small specimens in the freezer with a caliper. The length of the test 
also influences the results. If there would have been a longer time span, the creep would have been 
bigger and small measuring errors might be neglectable. For those reasons it is hard to draw conclusions 
from these tests yet.  

 

Alternative creep test 
The bending tests took up to 2 hours before failure. This is due to the slow testing speeds which area 
used based upon the pre-research (to prevent brittle failure due to impact loading). This of course, gives 
a time span in which creep deformations can occur. Doing the same test but with a quick loading, the 
plastic deformations (creep deformations) are indicated by the difference in deformation for the same 
stresses since creep is defined by a time-dependant deformation under a constant load (Downing, N. 
2012). The relaxation of the specimen can also be interpreted by the results as the relaxation is defined 
by a decrease of stress without any deformations. This test is conducted for two specimens that were 
also used for the flexural strength tests. Namely specimen 2 and 4. Now different from the flexural 
strength tests is the speed of testing which is increased from 0,2 mm/min to 2,0 mm/min which should 
isolate the elastic deformations of the specimens at least to a significant extend.  
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Figure 13 and 14: analysis for creep with different testing speeds 

Looking at the test with higher speed for specimen 2, a significant difference can be seen with the test 
speed of 0,2 mm/min. In red the creep deformations are indicated. As these graphs show the plastic 
deformations take up a big part of the total deformations in the tests with low speed (0,2 mm/min). 
Furthermore, due to the fast testing and therefore isolating the elastic deformations, also the Young’s 
modulus changed (indicated by steeper slope).  

7. Conclusion 
To be able to actually use ice composites as a structural material, a code should be established which 
presents reliable and validated values to design with. The extent to which results are consistent over 
time and an accurate representation of the total population under study is referred to as reliability and 
if the results of a study can be reproduced under a similar methodology, then the research instrument 
is considered to be reliable. In order to validate whether the values gained in this research are reliable, 
the tests have to be executed several times which should give the same results. 
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