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The study proposes a low-tech, low-carbon formwork alternative for constructing fiber-
reinforced ice shell structures in Swedish Artic environments where leveraging local
materials like ice and wood fibers can offer significant potential for innovation. A case
study analysis of existing ice structures in cold climates identified formwork strategies,
qualitatively assessing reusability, material sustainability, and logistical feasibility
revealing a gap for low-cost and low-tech methods for building ice-composite buildings.
Insights from this analysis informed the parametric design of a modular, reusable
formwork, structurally evaluated using Finite Element Modeling (FEM). A wooden frame
and fabric membrane were then fabricated and tested for casting fiber-reinforced ice
blocks. The proposed method seeks to offer a scalable, affordable alternative for
temporary shelter construction during crisis situations in remote cold regions.
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INTRODUCTION

Natural disasters, extreme weather events linked to
climate change pose significant challenges to
construction in remote regions of the Swedish Arctic.
The anticipated population growth in Northern
Sweden further intensifies the need for sustainable
and resilient building methods (Eriksson et al., 2023;
LKAB, 2023). Ensuring access to affordable, locally
sourced materials for temporary shelter construction
is crucial, particularly during crisis situations.

One potential solution is the use of a mix of ice
and biobased fibers, which are both widely available
in Northern Sweden. The study looked at both
traditional and contemporary ice structures
developed in cold climates as critical references for
the project.

Ice is abundant in cold regions but has low
strength and a high tendency for creep, meaning it

deforms under constant stress. Its properties are
highly temperature-dependent; for example, ice at -
12°C is about three times stronger than at -2°C.
Reinforcement materials such as lichen, sawdust,
cellulose, tree branches, nets, steel, geogrid, and
fiberglass can significantly improve  structural
capacity (Wu et al., 2019).

Recent research has explored ice as a structural
material, demonstrating its potential through
innovative shell-like structures that offer lightweight
yet durable alternatives for remote construction
(Pronk et al., 2014). Several formwork methods have
been developed for ice construction.

Early approaches used hanging fabric formwork,
as seen in Isler’s experiments in the 1960s and more
recently in the
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Ice Shell Project by ETH researchers and students as
shown in figure 1.a, which explored double-layered
structures with optimized load distribution (Haag et
al, 2021). Another method relies on inflatable
pneumatic formwork (figure 1.b) , often combined
with synthetic ropes and covered with fiber-
reinforced ice composites, as in the Kokawa and
Pronk projects (Kokawa, 2012; Pronk et al, 2021,
Pronk, Arntz and Hermens, 2016).

Another approach illustrated in figure 1.c
involves active linear elements, such as bending
frames or lattice structures, offering alternative
structural solutions (Pronk, Mergny and Li, 2022).
However, most of these technologies rely on high-
carbon materials such as air-filled membranes and
inflatable molds, which require substantial logistics
and material resources—factors that may be
unavailable in remote locations in the Swedish
Arctic.

This study investigates the structural and formal
characteristics of existing formwork methods used
to cast ice shell structures and proposes a low-cost,
low-tech, and transportable formwork alternative
suited for the challenging Swedish Arctic
environment.

The study conducts a case study analysis of
existing ice structures, with a specific focus on
formwork techniques and their structural
implications. Through parametric design and Finite
Element Analysis (FEA), it explores a formwork
optimization approach considering  material
efficiency, ease of assembly, and adaptability. The
research further contributes by fabricating and
testing a prototype formwork composed of textile
and wood components, assessing its feasibility for
casting compression-only ice shell structures.

By integrating computational design with
sustainable materials, the study aligns with the
eCAADe 2025 theme of “Confluence”, contributing
to discussions on material innovation, digital
fabrication, and climate-responsive architecture.
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METHODS

The study followed a three-step methodology
starting with a qualitative analysis of precedents to
highlight structural design trends and potential
gaps, then applying computational design and
analysis tools to determine optimal shapes, and
lastly prototype fabrication to test feasibility and
validate digital prototypes from step 2.

The first step looked at various ice shell
structures that utilized different formwork methods
(figure 1). This type of case study analysis can
provide insights into the boundaries and
effectiveness of specific construction techniques
(Aksamija, 2021). The objective was to identify the
most feasible formwork type for implementation in
remote contexts. The qualitative analysis focused on
three key aspects: (a) whether the formwork was
reusable or lost, (b) the materials used, particularly
their durability and sustainability, and (c) the
logistical demands for assembly and removal,
including  human and  material resource
requirements. The findings were qualitatively
compared leading to the selection of the most
practical method for further development.
Additionally, existing research on fiber-reinforced
ice formulations was examined to extract key
material properties and performance data.

Building on these findings, the second step
focused on prototype design (figure 2). The goal was
to design a modular, reusable formwork capable of
housing a standing person while maintaining
structural efficiency. The formwork was inspired in
the Ice Shell Project, which demonstrated
lightweight structural principles for ice construction
aswell asin Candela’s funicular vaults that optimized
compressive forces with uniform thickness (Faber,
1963). Further references included the Ctesiphon
technique—originally developed by James H. De W.
Waller in the 1940s and later adapted by R. Meyer in
Paraguay (Rabasco, 2011; Waller, 1950; Williams,
1966).



The prototype was parametrically designed with
a catenary curve as the geometric foundation (figure
2). After the initial geometry was defined using
Grasshopper for Rhinoceros 3D, we used Kangaroo
to conduct a form finding design process for the
vault (figure 3). Kangaroo (Piker, 2013) is a physics
simulator embedded in a CAD environment,
enabling geometries to be shaped by material
properties and applied forces. The software uses
dynamics relaxation, and constraint conditions are
defined through stiffness, self-weights, and anchor
points. What followed was a Finite Element Analysis
(FEA) study, where we used Karamba3D (Preisinger
and Heimrath, 2014) to conduct FEA studies within
the parametric design software (figure 4). The goal
was to evaluate the structural integrity of the
proposed design, to assess load-bearing capacity
and deformation under stress. Material data for the
FEA study was defined with a stiffness of 550 N/mm2,
shear modulus of 0.56 GPA, as reported for wood
fiber-reinforced iced composite—aka. Pykrete, as
indicated in (Pronk et al.,, 2021) respectively. Note
that the FEA study was intended to provide design
guidelines as material data was obtained from
secondary sources.

The third step involved the fabrication and
testing of a wooden formwork designed to support
a fabric membrane for casting fiber-reinforced ice
blocks (figure 5). The formwork was engineered for

disassembly and ease of transportation, facilitating
its use in remote Arctic environments. The design
drew inspiration from James Waller's reinforced
concrete arched structures (Waller, 1950; Williams,
1966) and the Ice Shell Project by Haag et al. (2021).
The selected fabric consisted of 95% polyester and
5% elastane, with a density of 270 g/m?, chosen for
its flexibility and durability in freezing conditions.

By integrating case  study  analysis,
computational modeling, and physical prototyping,
this study sought to develop a scalable, sustainable
approach for constructing temporary ice structures
in extreme environments.

CASE STUDY ANALYSIS FINDINGS
Illustrations in figure 1 represent three structural
approaches in ice formwork found in reference
projects. We observed the reusability of formwork
methods, their potential environmental impact
considering carbon footprint and material longevity,
and logistical challenges depending of the assembly
and removal complexity.

The Ice Shell project folded wood formwork
(Haag et al, 2021) was considered the most
appropriate for its high reusability level and
transportability as it can be adaptable to other
shapes (figure 1.a). Based on this formwork typology,
we designed a variation to cast a vault structure.
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COMPUTATIONAL DESIGN AND
ANALYSIS

The parametric modeling process aimed to simplify
fabrication while preserving structural efficiency.
Figure 2 shows the different iterations of the vault
considered for fabrication. The main geometry of the
vault was based on a catenary curve. The number of
segments the vault has was one of the variables, as
well as the allowed deviation from the curvature.

Selected variation

In addition, another variable was the position of the
horizontal reinforcement, as well as the attachment
points. The selected iteration fabricated was the one
that allowed for a smoother curvature on top, with
seven shorter pieces on top, where the curvature
radius was small, and two longer pieces on the base,
where the curvature radius was significantly larger.
The form finding process with Kangaroo was
used to estimate the geometry of fabric once
attached to the wooden frame. We used the physics
simulator to understand the impact of the elasticity
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of the fabric in the final geometry. In addition, it
would allow us to estimate the geometry of the
Pykrete vault itself to be able to thereafter run the
FEA. Figure 3 shows an example of the simulation
output where it can be see how the original
geometry was constructed as a simple arch. The
simulation settings included anchor points along the
two edges of the arch and the base, a vertical load to
the mesh to simulate gravity, and a length constraint
to each edge of the mesh simulating the elasticity in
the fabric, as a factor between 0.5 and 0.95.

A selection of three different elasticity values (0.75,
0.85, and 0.95), and four different base curvature
values (shown as yin figure 4, with values of 0.1, 0.15,
0.2, and 0.75 m) where selected to conduct FEA
studies.

Initial mesh After mesh relaxation

The goal was to visualize the predicted displacement
according to the elasticity of fabric and the base
curvature. Figure 4 shows the obtained results,
showing how the increase of elasticity in the fabric
results in an increase in the resulting displacement
area on the top of the vault. We therefore selected a
fabric with limited elasticity. In addition, we adjusted
the curvature of the vaults’ base to 0.15 m, to
decrease the potential displacements as per the
simulation results.

Figure 2
Formwork design
parametric
iterations

Figure 3
Parametric form
finding preview



Figure 4

Relation between
fabric elasticity and
displacement
through FEA

+y value

FORMWORK PROTOTYPE FABRICATION
The prototype formwork was designed and
fabricated as a demountable and transportable
wooden frame, intended to hold ice/sawdust blocks
in the construction of an arched vault structure
(figure 5). The fabrication process took place in the
university workshop, utilizing pine wood studs of
standardized dimensions (primarily 45 X 70 mm and
45 x 95 mm), shuttering plywood, standard
fasteners, and custom metal bracings made from
square metal tubes (figure 5a). The resulting
formwork consisted of two identical catenary arches,
each composed of eleven wooden segments
connected by bolts and metal bracings to allow for
rapid assembly and disassembly.

+elasticity in fabric

Each wooden segment measured between 600 mm
and 1500 mm in length, making them easily
transportable and manageable by a single person.
The longest segments were 2300 mm and 3100 mm,
yet still feasible for manual handling. The segments
were designed to be eccentric to each other,
facilitating disassembly by simply loosening the
fasteners and folding the structure onto the ground.
The arches were positioned 1200 mm apart,
connected by two horizontal wooden studs (1300
mm long) secured with fasteners. To prevent lateral
movement, two metal bracings reinforced the
structure, while shuttering plywood elements at the
base ensured stability. The fabric used for shaping
the vault consisted of a 95% polyester and 5%
elastane textile (270 g/m?), attached to the arches
with staples and secured at the bottom with
plywood (figure 5.b).
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For assembly, the arches were first mounted
separately and held in place using temporary
supports. The cross studs and bracings were then
installed to prevent vertical displacement, while
shuttering plywood at the base ensured horizontal
stability  (figure 5.c). A brick foundation
supplemented with wooden blocks was used to lift
the formwork from the base (figure 5.d). The entire
formwork assembly took approximately 30-45
minutes, excluding the time needed to prepare the
foundation, which in this case was a simple plinth of

(5.a) Metal
bracings

" Bricks foundation

ATTEMPTING TO CAST PYKRETE BLOCKS
With the goal of testing the formwork, we attempted
to fabricate Pykrete blocks of dimension 250x125
mm and thickness 40 mm (figure 6). To do this, we
prepared a simple waffle mold of 4x4 slots using 12
mm shuttering plywood and the total thickness of
the mold was 100 mm.
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~ Shutering plywood

bricks without mortar. Attaching the fabric
membrane was a straightforward process, requiring
an additional 20 to 30 minutes. Disassembly of the
entire structure (without casting the vault) was
equally efficient, taking approximately 30 minutes,
and was manageable by a single person.

The results demonstrate that the proposed
formwork system is lightweight, easy to assemble,
and requires minimal labor, making it a viable
solution for remote environments.

(5.c) T 54)

Two casting attempts were in different days during
the end of January 2025 in Ume3, with temperatures
fluctuating between —1°C and —12°C. The Pykrete
mix comprised 10wt% fine sawdust and 90wt%
water in all attempts, following previous tested
formulations reported by We at al. (Wu et al.,, 2019).
The Pykrete mix behaved similarly to concrete, both
in consistency and casting behavior. The mold was
covered with plywood to protect it from snow and
left to freeze overnight. Unfortunately, the mild

Figure 5

(5.a) Formwork
main parts; (5.b)
assembled
formwork and
textile, (5.c) corner
detail showing
fabric flexibility;
(5.d) formwork
without textile
showing brick
foundation



Figure 6

Pykrete blocks
casting experiment
steps

winter conditions with temperatures closed to —1°C
prevented to experiment casting the blocks needed
to cast the vault. Figure 6 illustrates the process
implemented to cast the blocks, which was relatively
uncomplicated.

Fine sawdus 10% wt + 4cm thick Demolding
Water 90 % wt

Temp rage -5/-12° C after 24h
|

Around 25%
water lost

DISCUSSION

The proposed prototype formwork demonstrated
modularity, a potential high level of reusability, and
uncomplicated assembly process. Though, its actual
performance in the long term remains untested and
the durability of materials due to wind, loads, and
freezing temperatures needs further evaluation.

Moreover, while the FEM through Karamba
provided valuable insights into the structural
performance of the fabric and the ice blocks vault,
their effectiveness remains untested until direct
validation if done. For example, to check how
material inconsistencies, freezing irregularities, and
construction mistakes can have an impact in the
structural performance.

The failure to cast Pyckrete blocks due to mild
winter temperatures in Umea during the 2025 winter
reveals the vulnerability of building with ice.
Unpredictable weather patterns may impose hybrid
construction techniques or even mechanically
controlled freezing methods such as experimented
by Li, Wei and Wu (2015), though increasing the
resources needed to perform the construction.

CONCLUSIONS

This study explored a low-tech, low-carbon
formwork solution for constructing fiber-reinforced
ice shell structures in Arctic environments, focusing
on sustainability, reusability, and logistical feasibility.
While the proposed wooden and fabric formwork
proved lightweight, modular, and easy to assemble,
challenges such as unreliable freezing conditions,
material durability, and scalability in remote areas
remain unresolved. The computational design and
Finite Element Modeling (FEM) provided valuable
structural insights, but the lack of full-scale ice
casting tests limits direct validation. Future research
should focus on alternative reinforcement materials,
hybrid freezing techniques, and enhanced
adaptability for real-world deployment. Despite its
limitations, this work represents a step toward
sustainable, temporary shelter solutions for Arctic
regions, reinforcing the need for resilient and
accessible  building methods in  extreme
environments.
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