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Abstract 
Over the years, several pykrete structures have been realized. Most of these are dome or shell structures. For the 2019 
Harbin Institute of Technology International Ice and Snow Innovation Design and Construction Competition a design 
of a pykrete tower consisting of linear elements is proposed. This paper discusses the elaboration of the proposed design. 
The design of the pykrete tower is further optimized using a form finding plugin for the visual programming software 
Grasshopper. The optimization and its performances are then validated using structural calculation software. Outcomes 
of both the form finding and the structural validation of the pykrete tower are presented. Numerical modelling of 
composite elements, such as pykrete, is not yet extensively done. Therefore, a differences occurs between the numerical 
results compared to experimental results. These should be taken into account when translating numerical results into 
practice. 
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Introduction 
Pykrete is a material used for temporary structures in 
cold environments. While originally developed to build 
ships in cold areas, it has since been applied in structures 
on festivals. The relatively ductile behavior, limited 
brittleness and decent strength properties make it a 
suitable mixture for the structural purposes. Next to that, 
the material will quickly decompose after melting and 
is therefore easily removed after the structure has 
fulfilled its purpose.  
Structures made from pykrete have been constructed in 
various ways. Domes have been built, relying on the 
advantageous compressive properties of the material. 
This includes both dome structures with a shell-like 
structural principle as well as a grid shell [1], [2]. 
Pykrete can be applied by itself but can also be used 
with secondary materials involved in the structure. For 
example, inflatable fabric formwork with ropes has 
been used before [1], [2]. The formwork can be 
removed after constructing and the ropes will remain. 
Alternatively, linear elements can be constructed by 
using both ropes and hoses, which will remain part of 
the final structure. This combination is used in the 
current project.  
The structure built for the 2019 Harbin Institute of 
Technology International Ice and Snow Innovation 
Design and Construction Competition is a tower based 
on linear elements consisting of pykrete. The tower was 
designed using the visual programming tools Rhino3D 
and a plug-in: Grasshopper. In order to validate the 
structural integrity of the tower, SCIA Engineer is used.  

 
 
The results of the structural analysis are used to further 
optimize the design.  
 
Design 
The tower that has been built in Harbin consists of linear 
elements, of which a conceptual render is displayed in 
Figure 1. A symmetrical structure, with five identical 
partitions, will be the result. A total of ten elements will 
run from the ground straight to the top. These are the 
primary load bearing elements which will be 
constructed with fire hoses which will be filled and 
covered with pykrete. Secondary elements are present 
in between these vertical load bearing elements in the 
form of a diagonal grid of consisting of ropes. These too 
will be covered with pykrete in order to create structural 
strength and stiffness as their main purpose is to supply 
surface for the pykrete to bond with. This grid is 
designed as curved planes between each set of two 
adjacent hoses using form-finding software. The ropes 
connect both to the hoses and to some anchor points on 
the ground, when the ropes cross paths they will be 
connected to each other to form a structural node. 
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Figure 1: An impression of the concept of the pykrete structure 
 
Preliminary design 
The preliminary design follows this concept. In the 
initial design, the tower had very slender elements, both 
for ropes and hoses. The dimensions were initially 
displayed the same for every similar element throughout 
the structure. The optimized dimensions were yet to be 
calculated and would lead to larger sections near the 
bottom of the structure. The initial geometric model is 
displayed in Figure 2. 

 
Figure 2: The preliminary design of the tower 
 
Flow of forces 
The flow of forces of the structure is defined by the 
combination of the primary and the secondary elements. 
The ten elements that continue from top to bottom are 
the main load bearing elements. These carry the dead 
load of the structure to the foundation, as well as wind 
loads. For only self-weight, the inner five hoses will 
theoretically be loaded only under compressive forces 
and thus carry most of the weight of the structure. These 
five members combined therefore serve as a 
compressive inner column. Closer to the bottom of the 
members, compressive forces are higher due to the 
added weight of the members themselves. With correct 

dimensioning, the members will have a greater sectional 
area and thus a proportionally greater increase in force 
near the bottom. The outer five hoses will experience 
forces as if they are suspended between the foundation 
and the top node. They experience tensile forces near 
the top of the structure, decreasing closer to the ground 
and eventually swapping to compressive forces near the 
bottom. The low tensile forces and the switch to 
compressive forces are again a result of the self-weight, 
which proportionally increases with larger 
dimensioning towards the bottom. Addition of 
secondary elements tends to annul any tensile forces, 
but the increase in compressive forces still remains 
valid. This is advantageous because pykrete has higher 
ultimate stresses under compression than under tension. 
See Figure 3, in which (-) means compressive force and 
(+) means tensile force. A conceptual two-dimensional 
representation of a set of one inner and one outer 
member is modeled, which in the full structure is 
repeated around an axis of symmetry. 

 
Figure 3: Concept of the force distribution within a typical segment 
of the structure 

The secondary elements, all of the ropes, are there for 
stability purposes. Firstly, the hoses can only be allowed 
to have a limited buckling length to guarantee structural 
stability. The ropes decrease the buckling length to the 
lengths between each two intermediate nodes with 
ropes. For this purpose, only a very limited force will be 
present in the ropes. Wind loads will demand additional 
stability requirements for the structure. These loads 
introduce forces with a component perpendicular to the 
hoses, which the hoses themselves cannot fully bear due 
to their limited bending capacity. These forces are thus 
partially taken by the rope elements. 
Dimensioning will be based on a three-dimensional 
model of the full structure with both self-weight and 
wind loads. The stresses resulting from the model will 
have to be below the ultimate stresses that the material 
can handle, taking a very high safety factor into account 
due to several uncertainties.  
 
Different types of sections  
The provisional structure that has been designed 
consists of ten large elements (fire hoses), each 
neighboring fire hose is connected to the other with a 
net of smaller diagonal elements (ropes). Fire hoses and 
ropes on their own are only able to withstand tensile 
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forces, this means that additional pykrete is required to 
give compressive properties to the structure. Due to 

their relatively small dimensions, the hoses and ropes 
mainly function as formwork for the pykrete. However, 
they will increase the tensile strengths due to the very 
poor tensile properties of pykrete. A total of two types 
of sections is present in the structure, both are specified 
below. 
As stated, the large vertical elements are composed of 
mainly fire hoses. The hose is considered as a tube with 
an inner diameter of 64 mm. The hose will be filled with 
pykrete entirely. Around the fire hose, an additional 
layer of pykrete is applied. (44 mm thick). The total 
diameter of the section becomes 154 mm. Compression 
resistance of elements with this type of section is not 
expected to be affected by the effects of slenderness due 
to the relatively large diameter of the section. 

 
Figure 4: The section of the hoses with pykrete inside and around 
the hose 

The net of fire hoses and ropes is hoisted upwards and 
kept in place with a crane for the time being. This way 
the structural elements can be prestressed such that the 
required shape will arise.  At this moment the outer layer 
of pykrete is not yet present on the elements.  
The rope elements are thinner and simpler. The rope 
(diameter of 12 mm) is covered with a 15 mm layer of 
pykrete. Combined the diameter of the rope section will 
be 42 mm. Elements with this section are most likely to 
buckle under compression.  

 
Figure 5: The section of the ropes with pykrete around them. 

The dimensions of the elements are based upon test 
specimens used for the experiments that have been 
executed. (Reference paper 2) These will form the basis 
for the structural model, but due to the design process 
these might be subject to change. 
 
Modelling 
The general principle of the framework of the ice tower 
is based on a cable structure. The structure consists of 
fire hoses and ropes. The fire hoses form the columns of 
the tower whereas the ropes form a net structure to hold 
the columns together and into place. In order to make 
sure that the ice towers form is as optimized form as 
possible, Grasshopper is used. The computer program 
Grasshopper is a visual programming plugin for Rhino 
which allows one to make parametric designs based on 
a script. The design of the ice tower is created with the 
use of this program, of which an early result is shown in 
Figure 20. The parametric design makes it possible to 
change multiple inputs quickly and optimize the design 
without having to make a whole new model. Parametric 
inputs can be almost all properties of the design such as 
element length, anchor point location and number of 
ropes between two columns.  

a 

b 
Figure 6 a & b: Design of the tower created by a Grasshopper script 
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Form finding is used to optimize this structure, this 
way the ideal shape will be generated based on inputs. 

To allow form-finding of the rope structure of the ice 
tower, a plug-in for Grasshopper named Kangaroo2 is 
used. This is a physics engine and bases its form-finding 
on certain GoalObjects. These GoalObjects can be 
referred to as boundary conditions and parameters, see 
Figure 21, which the solver will account for when 
performing its analysis.  

  
Figure 7: Tools for the optimization 

In this script the following conditions apply: 

● A stiffness parameter (EA/L) for the ropes in 
the net to adjust the strength and length of the 
elements. This is used to get to a preferred 
prestress in the net. 

● A load parameter (N) which in this case is a line 
load working in the downward direction, as the 
structure will be mainly loaded in a vertical 
direction due to its own weight.  

● A stiffness parameter (EA/L) for the hoses to 
adjust the strength and length of the elements. 
This is used to get to a preferred prestress in the 
long elements. 

● A set of anchor points which are the points 
where the hoses and cables are fixed to the 
ground.  

These parameters can be adjusted to which the 
Kangaroo2 solver then finds an optimized shape of the 
ice tower. The values are adjusted in such a way that it 
matches the earlier design which has been made, but 
now with the ideal shape based on the form finding. The 
resulting tower is displayed in Figure 22.  

a  
 
 

b 
Figure 8: Renders of the optimized design of the ice tower using 
the Kangaroo2 solver 

This design is used as the basis for a structural analysis 
using the program SCIA Engineer.  Designing the tower 
is an iterative process. It should be noted that the design 
is not validated using Grasshopper as it is solely used 
for design purposes. The structural analysis in SCIA 
Engineer will show whether adjustments of the design 
are necessary. These on their turn can be done using the 
script in Grasshopper again, to be later checked on its 
structural validity. 
 
SCIA model 
Using SCIA Engineer software, the structure was 
analyzed for dimensioning, stresses and stiffness. The 
structure was imported from Rhino in which the 
structure was parametrically designed using 
Grasshopper as mentioned. The structure, an early 
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design, shown in Figure 23 shows the structure loaded 
with only its own weight with the same cross sections 

over its height, which is a conservative approach. The 
stresses throughout the structure need to be within the 
current limits. However external forces such as wind 
forces will also need to be accounted for and more 
optimization of the net structure will be needed to create 
a stiff and strong enough structure that can withstand 
extreme wind forces. Using results from the 
experiments and Abaqus numerical simulations 
(Reference paper 2) the material properties can be 
adjusted, and small changes structure were made in 
order to get the required results.  

 
Figure 9: Dimensions and structural behavior as visible within the 
SCIA model 

Conditions and acceptable figures of the structural 
model will be based on the following properties, in 
which the reference service life is roughly the time from 
construction to the end of the competition: 

• Consequence class:  CC 1 
• Reference service life:  3 months 

Permanent loads will be based on sections when their 
dimensions are known. This results from the allowable 
stresses based on test results and on the stresses that 
occur due to load cases. The load cases that involve the 
weight of the members will be based on the dimensions 
and the density of the material. Determining the exact 
required sections may be an iterative process. 
Variable loads will be based on wind loads. The value 
for wind pressure is 0,5 kN/m², as has been used in 
earlier designs for this purpose (Pronk, 2019 e). 
Equation 9 will be used for at least the early steps in 
dimensioning the design. 
Equation 1 

𝑞𝑞𝑤𝑤 = 2 ∗ 𝑑𝑑 ∗ 𝑄𝑄𝑤𝑤 

In this equation, qw is the wind load per meter on the 
member, d is the diameter of the section and Qw is the 
wind pressure as described above. As the sectional 
dimensions vary throughout the structure, the wind load 
is also different depending on the location in the 
structure. This loading will be applied in multiple 

directions to account for varying behavior depending on 
the direction.  

 
Figure 10 Stress under self-weight 

Figure 24  shows the stresses when analyzing the 
structure in ULS Self-weight, 1,35 x self-weight. 
Critical points occur in the nodes of the structure, the 
structure is modelled using fixed nodes to simulate 
practice. Due to this, moments in the nodes occur which 
result in tensile stresses by bending, these do not 
compromise the earlier set safety limits of 0,3 MPa in 
tension and 1,0 MPa is compression. As the structure 
will mainly loaded by its self-weight it is of upmost 
importance that the limits will never be exceeded in this 
situation. Introducing an extreme wind load much 
higher than reality, due to the skeleton shape, will result 
in local stresses higher than the set limits in tension. The 
reason for this are bending moments. However, as a 
rope is used as surface area for extruding the rope will 
easily cover the stresses as they are still relatively low, 
except for the ice which has very low tensile strengths. 
Therefore, this very improbable exceedance of the stress 
limits will not result in failure with the rope 
reinforcement.  
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Figure 11 Overview of the used dimensions 

The final dimensions of the structure are shown in 
Figure 25 and Table 10  By gradually decreasing the 
dimensions of the rope and hose elements the total self-
weight is reduced which helps reducing the stresses in 
the hose elements near the bottom which must distribute 
the stresses to the foundation. It will also save material 
and result in a more efficient design, while staying 
within the set stress limits.  
Table 1 
Color Dimension Round [mm] 
 200 
 250 
 300 
 60 
 80 
 120 

 
Conclusions 
Numerical modeling on pykrete elements is not yet 
developed to a point that the real behavior follows from 
simulations. Inconsistent distributions in the pykrete 
itself, irregular geometries of the composite materials, 
local and global flaws and residual stresses need to be 
taken into account in models to achieve realistic results.  
Differences in stresses between the pykrete and the 
composite material are apparent but are not necessarily 
representative of the real behavior. More advanced 
models, in which such flaws and inconsistent properties 

can be expressed, are not developed at the time of 
writing.  
Optimizing a structure by form finding can contribute to 
the effectiveness of the structural design. However, 
boundary conditions and settings should be carefully 
determined in order to take limitations of the material 
into account. Slenderness of members and practical 
limitations of execution methods must be considered.  
In numerical structural modeling reduced effective 
strength properties must be used for reliable optimized 
structural designs. 
 
Discussion 
As previously mentioned in the conclusion, the results 
of the numerical experiments are to be questioned as 
such that they are not useful for the full hundred percent.  
The timeframe of this project and the limited amount of 
earlier validated research result in uncertainties which 
effect the process of this project. Due to this, certain 
tradeoffs need to be made in order to get to a result. One 
of the tradeoffs is the decision to not model the 
composite section in SCIA Engineer one to one with the 
specimens explained. Instead, a homogenous section 
with corresponding properties is used. The given time 
frame would not allow for fully correct and such 
extensive analysis of the multiple elements used in the 
structure.  
Next to that there is the idealization of the material. The 
material pykrete is a difficult material to model on its 
own and using composite sections makes it more 
difficult. In order to be able to model the structure and 
elements, lots of assumptions have been made. 
Assumptions such as; an homogeneous fiber 
distribution , no imperfections, specific values for the 
Young’s modulus etc. Each value and assumption is 
based on earlier research but this does not mean that it 
therefore is similar to the values that are found in the 
experimental test results carried out 
The model and the tower in reality are also not a one to 
one copy as the time limit, expertise and equipment did 
not allow to recreate the exact model in practice. This 
mainly resulted in over dimensioned sections in reality 
and together with the high safety factors this was only 
in favor of the structural properties of the physical ice 
tower. However this is still something that needs to be 
improved upon and will be more efficient and accurate 
in the future with increased expertise. The methods used 
to create the dimension will also need to be improved in 
order to have more control and assure more accurate 
results. 
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