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1.Conference Program

1.1. Introduction

Welcome to the Second International Conference on Flexible Formwork, icff2012.  It is a great honour for this event 

to be held at the University of Bath.  Since the first conference on Flexible Formwork was held at the University of Manitoba 

in 2008, considerable steps forward have been made in this field - a fact that is reflected in the diversity and number of high 

quality papers presented at icff2012.

For the past two-thousand years concrete has been cast almost exclusively into wooden or steel moulds to create prismatic 

elements.  In his 1956 book ‘Structures’, Pier Luigi Nervi noted (p.95) that:

‘...although reinforced concrete has been used for over a hundred years and with increasing interest during the last 

few decades few of its properties and potentialities have been fully exploited so far...the main cause of this is a trivial 

technicality: the need to prepare wooden forms.’

This triviality influences us even today, with increased cost being associated with concrete structures that deviate from the use 

of flat panels of timber or steel as formwork.  Despite this, concrete remains one of the most widely used man made materials 

in the world, and cement accounts for nearly a third of the world’s raw material expenditure.  Whilst concrete alone has a 

relatively low embodied energy its extraordinary rate of consumption means that cement manufacture alone is estimated to 

account for some 5% of global CO2 emissions.

Against a backdrop of carbon dioxide emissions reduction targets, a recognition of the impact construction has on the 

environment and an increasing focus on sustainability, design philosophies centred around the need to put material where it is 

required are becoming increasingly desirable.  This can now be achieved by replacing rigid formworks with systems comprised 

of flexible sheets of fabric, thereby capitalising on the great fluidity of concrete.  This is a step change in the way we think about 

our new concrete structures.

Presented in these printed proceedings are the extended abstracts of the papers presented at this conference.  Full papers are 

available on the enclosed CD and on the conference website (www.icff2012.co.uk).  These proceedings represent the state of 

the art in flexible formwork design, architecture, and construction.

The organising committee are deeply indebted to our Keynote Speakers, Authors and Delegates for their contributions to 

this conference and to the review committees for their hard work in reviewing each of the full papers.  The work of Professor 

Mark West, Professor Remo Pedreschi and Ms Anne-Mette Manelius in shaping the Workshop sessions has been invaluable, 

and thanks are due to the technical staff of the University of Bath for their support during each workshop session.  Further 

thanks are due to Professor Tim Ibell, Head of the Department of Architecture and Civil Engineering at the University of Bath, 

and Professor Peter Walker, Director of the BRE Centre for Innovative Construction Materials at the University of Bath, for 

supporting this conference.

John Orr

Chair, icff2012
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1.2. Program overview

The conference is organised across three days and includes two fabric formwork workshops, Keynote and Plenary 

Sessions and Paper presentations.  Timings, locations and further information are provided in the following pages.  Extended 

abstracts for each paper (full papers are available on the enclosed CD) are presented in Chapter 2.

Wednesday 27th June 2012 Thursday 28th June Friday 29th June

07:00

08:00

09:00

10:00

11:00

12:00

13:00

14:00

15:00

16:00

17:00

18:00

19:00

20:00

21:00

22:00

23:00

1110-1250
Session 6
6E 2.8

0930-1230
Registration

1900-2100
Dinner

Registration
Breakfast

Claverton Rooms

1930-2200
Conference dinner

Breakfast
Served in the Claverton Rooms

Conference close

1330-1800
Fabric Formwork
Workshop - Part 1

Conference Opening
Keynote presentations

6E 2.8

1110-1250
Session 2
6E 2.8

1400-1540
Session 3.1

6E 2.1

1400-1540
Session 3.2

6E 2.2

Break

1250-1400
Lunch

Break

1250-1400
Lunch

Break

1230-1330
Lunch

1400-1800
Fabric Formwork
Workshop -part 21610-1750

Session 4.1
6E 2.1

1610-1750
Session 4.2

6E 2.2

0900-1040
Session 5.1

6E 2.1

0900-1040
Session 5.2

6E 2.2

1100-1230
ISOFF Committee Meeting

6E 2.7

1815-1930
Reception and Poster Session

1.2.1. Location information

All presentations and workshops will be held in Building 6E, Department of Architecture and Civil Engineering, 

University of Bath.  The University Campus is located just outside the City of Bath, and Building 6E is located as shown in 

Figure 1.1 on page 8.  Room allocations listed in the detailed program (§1.3) are highlighted in the floor plans (Figure 1.2 - 

Figure 1.4 on page 9).  The majority of events will take place on Level 2.  Conference exhibitors have been allocated stands as 

shown in Figure 1.5 on page 9.

1.2.2. Workshop information

As part of the conference, Professor Mark West (University of Manitoba) and Ms Anne-Mette Manelius will be leading 

two fabric formwork workshops on Wednesday 27th June and Friday 29th June 2012.  Full details of the workshop activity 

are provided in the delegate pack.

1.2.3. Paper numbering

Extended abstracts are numbered in this book in alphabetical order by author surname.  Paper numbers listed in 

the detailed program (§1.3) refer to this numbering system.  Full papers share the same number and can be found on the 

attached CD.



Conference Program

3

1.3. Detailed program

Wednesday 27th June 2012

Time Event Details Notes

09:30-12:30 Registration 6E Foyer and 6E 2.8 -

11:00-12:30 International Society of Fabric 
Forming (ISOFF) Committee Meeting

6E 2.7 This meeting is open to all 
delegates (not compulsory)

12:30-13:30 Lunch 6E Foyer and 6E 2.8

Workshop 1

13:30-18:00 Fabric formwork workshop
Beam and Wall construction

Workshops A and B 
(Figure 1.2 on page 8)

Led by Professor Mark West 
and Ms Anne-Mette Manelius.  
Further information is provided 
in the delegate pack.

19:00-21:00 Dinner. Served in the Wessex House Restaurant (Figure 1.1 on page 8)

Thursday 28th June 2012

Time Event Details Speaker

07:30 Breakfast Served in the Claverton Rooms (Figure 1.1 on page 8) until 08:30

08:00 Registration 6E Foyer

09:00 Conference 
Welcome

6E 2.8 Professor Tim Ibell

Keynote Presentations Room 6E 2.8 Chair: Professor Tim Ibell

Plenary session

Time Keynote Title Speaker

09:10 i How flexible? Professor Mark West

09:55 ii Smart processes, fabric formwork as a disruptive 
technology

Professor Remo Pedreschi

10:40 Break.  Tea and coffee served in the lunch area

Session 2 Room 6E 2.8 Chair: Dr Antony Darby

Plenary session

Time Paper Title Speaker

11:10 8 Form-finding and fabric forming in the work of Heinz Isler Professor John Chilton

11:30 35 Computational form finding for fabric formworks Mr Diederik Veenendaal

11:50 26 Eighty-five ways to make a membrane mould Professor Arno Pronk

12:10 - Rediscovering curved concrete Professor Mike Otlet

12:30 16 Crushedwall, Heartlands Mr Walter Jack

12:50 Lunch.  Served in Building 6E
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Session 3.1 Room 6E 2.1 Chair: Dr Tine Tysmans 

Parallel theme: Computational Methods

Time Paper Title Speaker

14:00 4 Intuitive interactive form finding of optimised fabric-cast 
concrete

Mr Andreas Bak

14:20 5 Digital Formfinding Professor Stephen Belton

14:40 38 Meshfree peridynamic computer modelling of concrete in 
three dimensions using randomly positioned particles

Dr Chris Williams

15:00 6 Sub-division surfaces in Architectural form-finding and 
fabric-forming

Mr Shajay Bhooshan

15:20 15 Generative Pattern through Material Behaviour: fabric as 
flexible form-work

Ms Saiqa Iqbal

15:40 Break.  Tea and coffee served in the lunch area

Session 4.1 Room 6E 2.1 Chair: Dr Mark Evernden

Parallel theme: Durability and Reinforcement Systems

Time Paper Title Speaker

16:10 13 Fabric Formwork Systems used in Marine Construction Mr Martin Hawkswood

16:30 34 Flexible reinforcement systems for spatially curved concrete 
structures

Dr Tine Tysmans

16:50 36 Structural stay-in-place formwork in textile reinforced 
cement composites for very slender concrete columns

Ms Evy Verwimp

17:10 18 Advanced Composite Reinforcement for Fabric Formed 
Structural Elements

Ms Kaloyana Kostava

17:30 1 Effect Of Fabric Form Types on the Compressive Strength 
of Concrete

Professor Hakim Abdelgader

17:50 End - -

Thursday 28th June 2012
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Session 3.2 Room 6E 2.2 Chair: Mr Ronnie Araya

Parallel Theme: Flexible Formwork Systems

Time Paper Title Speaker

14:00 27 Reconfigurable double-curved mould Mr Christian Raun

14:20 24 Zero Waste Free Form Formwork Mr Silvan Oesterle

14:40 17 The building of ice and concrete shells by employing 
pneumatic formwork

Professor Johann Kollegger

15:00 9 Wobbly Structures: Exploring the potentials of flexible 
frames and fabric formed ice structures

Professor Lancelot Coar

15:20 14 Structural Morphology of VACUUMATICS 3D Formwork 
Systems: Constructing Thin Concrete Shells with ‘Nothing’

Mr Frank Huijben

15:40 Break.  Tea and coffee served in the lunch area

Session 4.2 Room 6E 2.2 Chair: Dr Arno Pronk

Parallel theme: Case studies

Time Paper Title Speaker

16:10 3 Flat sheet fabric moulds for double curvature precast 
concrete elements

Mr Ronnie Araya

16:30 11 Adaptable formwork for concrete: practical experience in 
forms and textures

Professor Eliana Cortes

16:50 19 Case Study – Fabric Formed Stair Mr Sandy Lawton

17:10 31 Deployable Gridshells and their application as temporary, 
reusable and flexible Concrete Formwork

Mr Gabriel Tang

17:30 28 Flexible formwork applied on furniture Mr Tejo Remy

17:50 End - -

Conference Dinner - Thursday 28th June 2012

Time Event Location Notes

1815 Poster Session
Drinks reception
Poster Judging

6E 2.8 The conference drinks reception will commence shortly 
after the final technical presentations of the day.  During this 
time, delegates will be asked to view and judge the posters 
presented at the conference.

1930 Conference dinner City of Bath A coach will be provided to transport delegates to the 
restaurant.  Please assemble in the 6E Foyer at 1915.  
The coach will return to the University Campus at 2200.  
Alternatively, taxis are available for those wishing to stay in 
the City Centre.

Thursday 28th June 2012
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Time Event Details

07:30 Breakfast Served in the Claverton Rooms (Figure 1.1 on page 8) until 08:30

Session 5.1 Room 6E 2.1 Chair: Dr Alan Chandler

Parallel theme: Theory and application of Flexible Formwork

Time Paper Title Speaker

9:00 2 Building Matters: An investigation into the use of permanent 
formwork

Ms Allison Adderley

9:20 22 Formwork Tectonics – Rhetorical and Instrumental Roles in 
Fabric Formwork for Concrete

Ms Anne-Mette Manelius

9:40 23 Fabric in concrete form and surface Professor Ruth Morrow

10:00 30 Flexible Formwork and the Displacement City: A 
Technology of Extreme Accommodation

Professor Marcus Shaffer

10:20 32 The Rise and Fall of The Thin Concrete Shell – Form Active 
structures and their relationship to formwork

Mr Gabriel Tang

10:40 Break.  Tea and coffee served in the lunch area

Session 6 Room 6E 2.8 Chair: Professor Remo Pedreschi

Plenary session

Time Paper Title Speaker

11:10 7 A new vernacular Dr Alan Chandler

11:30 20 Casting Operations: Wall One, Chelsea Panels and the 
Description of Process

Dr Katie Lloyd Thomas

11:50 21 Stereogeneous Construction – fabric-formed concrete as 
material and process

Ms Anne-Mette Manelius

12:10 33 Large-scale designs for mixed fabric and cable net formed 
structures

Mr Rob Torsing

12:30 37 Recent Fabric Formwork Construction Projects: Tilt-Up 
Walls (Korea) – Precast Columns and Slabs (Canada)

Professor Mark West

12:50 Lunch.  Served in Building 6E

 
Time Event Details Speaker

Workshop 2

1400-
1800

Fabric formwork workshop
Water and form

Workshops A and B (Figure 1.2 on 
page 8)

Led by Professor Mark West 
and Ms Anne-Mette Manelius.  
Further information is 
provided in the delegate pack.

Conference Close

Friday 29th June 2012
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Session 5.2 Room 6E 2.2 Chair: Dr Paul Shepherd

Parallel theme: Structural behaviour

Time Paper Title Speaker

9:00 10 James Waller’s contribution to the advancement of shell 
roof construction and fabric formed concrete

Mr Ciaran Conlon

9:20 12 Deliberate deformation of concrete after casting Mr Roel Schipper

9:40 29 Fabric-formed Concrete Member Design Mr Robert Schmitz

10:00 25 Optimisation and Durability in fabric cast ‘Double T’ beams Mr John Orr

10:20

10:40 Break.  Tea and coffee served in the lunch area

Friday 29th June 2012

Conference Close
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1.4. Maps

Figure 1.1: 

6E - Conference Location

Claverton Rooms - Breakfast

Wessex House - Dinner
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First a very small bit of history: The first fabric 
formwork patents appear at the very end of the 19th 
Century and the first decades of the 20th Century. 
Some early technologies, like the techniques 
developed and applied in mid-20th Century by James 
Waller, for example, enjoyed commercial success. In 
each case, however, application of the technology 
died with its inventor and practitioner. These were 
privately held tricks and techniques, and as such not 
widely disseminated. The last, and latest, wave of 
fabric formwork inventions for building construction, 
started in the mid-to-late 1980’s. It is this wave we are 
all riding now, and the current situation is quite different 
from previous incarnations in several important ways:

First, we have much better fabrics, which quite unlike 
the earlier “burlap” or “hessian” fabrics, are perfectly 
suited to the concrete construction. Second, the idea 
and its techniques have been purposefully, and quite 
effectively, disseminated around the world. This is due 
in part to the establishment of academic laboratories 
and research programs in schools of architecture and 
engineering, which brings technical developments 
out of the confines of private commercial control 
and into the realm of public dissemination. The idea 
now belongs to The Commons. Also extraordinarily 
important is the fact that this latest wave of invention 
and dissemination coincides with the birth and growth 
of the World Wide Web -- a coincidence of material, 
social, and communications developments in a kind 
of benevolent “perfect storm”. This all occurs at a time 
when architecture and engineering are rediscovering 
Nature as a model for both form and action through 

biomimicry, emergence, and parametric design (more 
on this below). 

In the last two decades the idea has spread very far 
indeed, and gives every indication of accelerating 
further. It is now nearly impossible to keep track of 
all the various experiments and works currently 
being done in this field around the world. The 
idea is particularly alive in schools of architecture, 
which bodes well for its use in future designs and 
constructions. Innovation in construction however is, 
as always, slow. Construction, by its nature, is a wisely 
conservative business where being first-to-market 
with a new technology is definitely not considered an 
advantage. Yet the advantages of fabric formworks 
are substantial and broad, and its young roots are 
taking hold. I won’t attempt to paint a picture of “the 
state of the art” in this emerging field, as that will, I 
trust, emerge out of the conference itself. I will only 
say that these are yet early days, and the field is still 
very young. It is not often that one finds oneself at the 
very beginning of a really good idea; there is plenty of 
headroom and every one of us is in a position to make 
major contributions. 

The change we are effecting is extraordinarily simple 
– replace rigid mould materials with a flexible one – 
but this change is deeply radical, overturning a two 
thousand year old tradition of using rigid containers 
for concrete constructions. This is a change at the 
“trunk”, rather than a “branch” level, leaving open 
every possible question about architectural and 
structural form-making in concrete.   Beneath the work 
of asking these questions - what, now, is a concrete 

How Flexible?

M West1

1 University of Manitoba Department of Architecture - Centre for Architectural Structures and Technology (CAST)

My talk is divided into two parts: the first offers something of a reflection and review of where the field of 
flexible formworks presently stands, while the second part looks, somewhat obscurely, into the prospects 
and implications (very broadly) of what lies ahead.

i 
M West
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beam?; a concrete wall?; a concrete column? - is a 
deeper, more challenging, intellectual puzzle that 
asks: What needs to be controlled and what does not 
need to be controlled? This question strikes at the very 
heart of architectural and engineering culture and their 
respective practices, traditions, requirements, and 
habits. So, for example, the most common question 
I receive from engineers is, how closely can a fabric-
formed geometry be reproduced? This is a question 
about construction tolerances and the structural 
behaviours that are dependent on dimension - the 
depth of a beam, cross sectional areas, and so forth. 

Parallel, or perhaps counter, to this is the aesthetic 
thrill of the unpredictable self-formations of fabric + 
concrete – the shear natural beauty and geometric 
perfection of forms produced quite outside of Design 
by the more-than-human world of material intelligence 
and natural law. The engineers’ question concerns 
the demands for control, while the second, parallel 
or counter quality, concerns the demands of letting 
go. Flexible moulds for concrete ask both questions 
simultaneously, and parsing out one from the other 
in any given situation demands wisdom and insights 
that are simply not required by conventional design 
and building practice. And so we come to the second 
portion: The entrance of Flexibility onto the stage 
of our actions, thoughts, and dreams as architects, 
engineers and builders, poses this challenge: How 
flexible can we be? 

My guess is that this question will recur more 
and more often for those of us working towards a 
sustainable architecture (and life) through biomimetic 
technologies, emergent forms, and other kinds of 
what we now call parametric thinking and design. 
The phenomena of the arrival of form by the action, or 
interaction, of simple processes (what systems theory 
calls ‘emergence’), gives us material forms without 
the human intervention of Design as such. The 
salient point here is that such emergent forms are not 
preconceived by us, and in a very real sense are not 
controlled by us. Instead, they are the consequence 
of the actions of the more-than-human world (Abram, 
1996). We may choose these forms or reject their use, 
or we may alter the parameters that give rise to them, 
but we do not make them in the same way that we 
make 2x4s from a tree, or bricks from clay - or CNC 
carved moulds or components. 

Most research I know of in this area is currently 
done in the digital realm. The physical construction 
of computer generated parametric forms, however, 
seems to be stuck firmly within the traditions and 
culture of precise human control (for example CNC 
fabrication). In other words, emergence plays no part 
in how we build, even if the origin of the built shapes 
does. 

Enter flexible moulds. Here is a building method 
where the materials, to one extent or another, “form 
themselves” in the act of construction. Our role is 
to set boundary conditions; the materials’ role is to 
find the forms fated by our boundary conditions and 
procedures. Sometimes these forms are predictable, 
as is the case when the flexible mould acts as a pure 
tension membrane under load, but at other times 
the concrete and its membrane may hold an infinite 
number of possible formal “solutions”, as is the case 
when wrinkles or buckles are formed. In either case, 
the results are more like a Fate than a “design”. 

It needs to be said that while there are many good, 
solid, practical, reasons for using flexible moulds, there 
is one haunting reason that drives much of the interest 
in this way of making: The things that the materials 
make on their own are extraordinarily beautiful and 
touching; indeed, they are far more beautiful than 
what we can make by our wilful determinations. 
This is a rather deep question actually, not easily 
wrestled to the ground in a determined way. Inside 
this question, and the reason I think this aspect is 
haunting, is precisely the fact that the naturally formed 
shapes and details given by Fabric + Concrete are not 
human artefacts. From this they gain their great (and 
permanent) aesthetic magnetism. In short, we love 
them because they are wild, and yet their wildness is 
what we need to control as architects engineers and 
builders. This is a fundamental tension of our field and 
one that, explicitly or implicitly, informs our decisions 
and the directions we may or may not take in the 
development of practical and useful constructions 
and designs. 

1  References
Abram, D., 1996. The Spell of the Sensuous: Perception and 

Language in a More-Than-Human World. Vintage Books 
(Random House) New York, 1996
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Concrete is a ubiquitous material, it can be found in 
all parts of the world, in the most humble and also in 
grandest of projects. Despite this reinforced concrete 
is still a comparatively young material.  It is to some 
extent a material that is still trying to find itself, 
appearing relatively naïve in the eyes of traditional 
materials such as timber and stone, an uncouth 
upstart lacking finesse and experience. It lacks also 
the controlled production and refinement of steel. 

Although the active ingredient, cement, is highly 
industrialised and produced on a global scale the 
remaining ingredients are largely as found with 
limited enhancement. Much is made of concrete in 
its fluid state, sometimes mistakenly as ‘liquid stone’. 
The formlessness of wet concrete implies limitless 
potential to create form in practice the form relies 
of the skills of those responsible for the formwork. 
Other materials have a stronger tradition of craft: 
the carpenter fashions timber, the mason dresses 
stone and the blacksmith forges steel. Historically 
these skills developed and responded to the nature 
of the materials themselves, even contemporary steel 
fabrication owes much to traditional metal forming. 

There is no direct equivalent for concrete, despite its 
ubiquity. Early reinforced concrete structures were 
skeuomorphs, mimicking earlier forms, for example 
Hennebique’s concrete frame of columns and beams 
derived from iron construction, likewise Maillart’s 
early bridges used geometries taken from masonry 
arch bridges. It was later that the ability to develop 
forms more appropriate to the materials developed 
such as the flat slab and mushroom columns or the 
three pinned arch bridge. Control of the form was 
the product of a variety of skills, the carpenter, the 

steel fixer and the concretor, separate processes and 
trades. Of these the most important is the carpenter, 
who, often under pressure of time, sees the product 
of his labour abused by the rough concrete and soon 
after discarded. The formwork is purely functional and 
deserves only that which is needed to restrain and 
control. In the middle of the last century ‘Beton brut’ 
was used to describe an expression of concrete that 
arguably reflected the inattention of its makers.

‘The Brutalist period that followed the Modern 
Movement era, where cast in-place concrete 
was used to excess led to decades of mistrust 
and rejection of its architectural merits’ (Bennet, 
2005)

Traditional timber formwork emphasises restraint and 
control using the simplest and most direct methods 
of construction and materials. The formlessness 
of concrete becomes a problem rather than an 
advantage, complexity of form means complexity of 
formwork.

“It may be noted that although reinforced 
concrete has been used for over a hundred years 
and with increasing interest over the last few 
decades, few of its properties and potentialities 
have been fully exploited thus far. Apart from the 
unconquerable inertia of our own minds … the 
main cause of this delay is a trivial technicality: 
the need to provide timber forms” (Nervi, 1956)

Whilst there are many examples from which to 
counter Nervi’s exasperation there are nevertheless 
strongly understood perceptions about the nature or 
materiality of concrete.

• It is a harsh and unforgiving material

Smart processes, fabric formwork as a disruptive 
technology

R Pedreschi1

1 Edinburgh College of Art, University of Edinburgh, Scotland

R Pedreschi

ii 
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• High quality demands great care in specification 
and execution

• Complexity of form is expensive

The inherent nature of concrete is thus a product of 
its material and its processing. Comparing concrete 
within recent developments it materials it is a ‘stupid 
material’ it goes to where it is directed. The use of 
flexible fabrics creates ‘smart processing’. We were 
drawn to fabric formwork through the work of CAST 
and our interests in Eladio Dieste, whose apparently 
complex and irrational forms are indeed deeply 
rational predicated through an informed attitude to 
construction process.

Fabric formwork can be interpreted as a disruptive 
technology, one that emerges from a non-traditional 
route that may supplant or upset the existing paradigm. 
Our research seeks to understand the disruptive 
nature and potential of fabric formwork. These ideas 
are pursued through design workshops with senior 
architectural students and technical studies. A series 
of themes runs through the work:

• Precision and accuracy

• Complexity of form

• Optimisation of structural form

Whilst accuracy and precision demands attention at a 
pragmatic level of a practical construction it is also an 
inherent and defining aspect of materiality and process.  
With flexible fabrics there may appear an apparent 
contradiction here but the process encourages the 
designer to reflect and analyse more profoundly detail 
and accuracy. Thus by establishing critical positions 
where precision is demanded it simultaneously 
acknowledges where relaxation can occur. The project 
for the RHS Chelsea was an opportunity to test and 

experiment in a real-time project environment. A 
series of large pieces were required that appeared as 
organic shapes moving horizontally and then rising 
vertically across the garden.  They were required to 
integrate with a pre-assembled rigid vertical planting 
system. The pieces were constructed as a series of 
interlocking components, each weighing up to 600kg. 
A high degree of accuracy was obtained using pre-
formed CNC plywood profiles to define junctions 
between components and to ensure fit. The design, 
production of formwork, casting and installation was 
completed in five weeks. 

Optimal structures require non-orthogonal 
geometries. The ease of production of formwork 
facilitates repeated adaptation of shape in response 
to structural testing. Research on form-active beams 
has led to evolutionary changes gradually optimising 
the geometry in response to both bending and shear. 
Likewise studies in shells using both Gaussian and 
Hypar geometries consider both complexity and 
optimised form. An important aspect of process is 
recognising complexity of geometry in relation to the 
ease of fill and compaction. One study of a particularly 
complex form was conditioned by a series of studies 
into the arrangement of cells and routes that facilitate 
ease of filling and compaction. Disruptive technologies 
are often driven by ‘lead-users’, seeking applications 
not catered by conventional techniques. Work has 
drawn other disciplines into projects such as textile 
designers and glass designers and interesting new 
potential applications reveal themselves.

Fabric formwork should not be seen as replacement 
for conventional orthogonal planar formwork but as a 
disruptive technology that offers a new paradigm with 
a clearly emerging parametric requirements for form, 
process, precision and complexity.

The full keynote lectures are available to watch online at the conference legacy website 

www.icff2012.co.uk
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1 

1  Introduction

Fabric formwork has been in use since the mid-
1960s to form concrete on the ground and under 
water for erosion control, cooling pond liners, and 
pile jackets.  However, in the last decade Flexible 
formwork technology has advanced far beyond such 
early applications due to the expansion of computers 
in engineering practice, development in synthetic 
production and advances in concrete pumping 
technology (West,2008), (Abdelgader,2006).  Fabric 
forms are permeable sheets made of synthetic fibers 
(typically nylon, polyesters or polypropylene) that 
are fabricated into containers to hold fresh concrete 
in place and produce the required final shape.  As 
shown in Figure 1, the most common kinds of fabric 
formwork can be divided into four main groups: 
mattresses, sleeves, shuttering, and open troughs, as 
in (West et al, 2008).

 

Figure 1: Some types of fabric forms.

Fabric form offer a porous wall to the fresh concrete, 
improving concrete’s strength, durability, and finish 
quality.  When formwork membranes are made of 
permeable fabrics, they acts as filters allowing air 
bubbles and excess mixing water to bleed out, leaving 
an unblemished, cement rich paste at the concrete 
surface.  This loss of water can significantly improve 
the water to cement ratio (W/C) at the member’s 
surface providing a dense and significantly stronger 
“case hardened” concrete (Bindhoff and king,1982), 
(Lamberton,1989).  With flexible formwork, the final 
geometry of the cast member is the result of the 
interaction between the flexible tension membrane 
and the fresh concrete it contains.  Unlike conventional 

Effect of fabric types on the compressive strength 
of concrete

H S Abdelgader1 and A S El-Baden2

1 Professor of Civil Engineering, Al-fateh University, Tripoli, Libya
2 Assistant Professor of Civil Engineering, Al-fateh University, Tripoli, Libya

Due to rapid developments in synthetic production and concrete pumping technology, fabric forms have 
become considered over the last decade a practical and economic alternative to the classic form materials 
(Wood & Steel).  The fabric forms are permeable sheets made of synthetic fabrics, which when used 
in association with concrete, have the ability to hold, giving the concrete its final and required shape.  
Since synthetic fabrics are a bye-product of the petroleum industry, so using it in concrete applications 
in petroleum countries such as Libya, has positive economical and environmental impact and as well as 
adding value to concrete quality.  The permeability pore size relation is considered a key factor for fabric 
type selection in addition to application types and location. The drain ability of the forms allows an easy 
immigration for excess water - not required by the hydration process in the concrete mix and will solve the 
adverse effect of high water cement ration on concrete quality.  This paper demonstrates a study carried out 
to compare the compressive strength of concrete obtained by using classic PVC forms and fabric forms.  
Two types of fabric forms have been used and denoted in the paper as (Type I and Type II).  Four concrete 
mixes of aggregate cement ratio (A/C) of 5 and water cement ratio (W/C) of 0.5, 0.55, and 0.65 and 0.75 
have been used.

H S Abdelgader and A S El-Baden
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rigid formworks, members of high complexity can be 
cast from simple flat formwork membranes.

Furthermore, one such form can be used multiple 
times to form a multitude of differently shaped and 
dimensioned members, simply by altering the manner 
in which the formwork is rigged as shown in Figure 2.

Figure 2: Some types of fabric forms.

Because fabric formworks are extraordinarily light, 
they can be shipped by air freight to any construction 
site across the world; that freedom opens up new 
possibilities for how the constraints of a construction 
project are conceived, as explained in (West et al, 
2008).

Because concrete is the most widely used 
construction material in the world, improvements in 
the economy and durability of concrete structures has 
significant implications worldwide.  Thus, there has 
been increasing interest in the use of fabric formwork 
as an alternative to the conventional formwork.  This 
is particularly true in situations where the cost of 
conventional formwork represents a high percent of 
the total cost of the structure or when the project 
conditions are difficult (Ghaib and Gorski, 2001), 
(West, 2003).  In fact, the rapid growth of fabric 
form applications is paralleled by heavily patents; 
consequently there is a scarcity of related scientific 
publications and technical reports.  Most of the 
available publications are constricted in the case 
history of fabric form applications and the economic 
benefits gained, (Abderlgader et al, 2002).  This paper 
demonstrates a study carried out to compare the 
compressive strength of concrete obtained by using 
classic PVC forms and fabric forms.

2  Expermental program

The laboratory experiment program was designed 
to carry out a comparison investigation to measure 
the effect of fabric forms having different porosity 
on the compressive strength of normal concrete 
mixes.  Concrete mixes of constant A/C and ranged 
W/C to give different degrees of workability have 
been prepared.  Then, Fresh concrete was moulded 

in both classic PVC and fabric forms.  Two types of 
fabric forms have been used (denoted in the paper as 
“Type I” and “Type II”).  Commercially available local 
materials have been used in all mixes, while the fabric 
forms have been imported.  Details for the materials 
used, Mix proportions, mixing and testing procedures 
of fresh and hardened concrete are given in the 
following sections.

2.1 Materials

Ordinary Portland cement produced by Zletin 
factory (150 KM east of Tripoli) has been used in all the 
concrete mixes through out this research.  The cement 
was investigated to confirm its quality according to 
British standards, (BS-12, 1991).

Fine aggregate was natural dry sand having a specific 
gravity of 2.66, imported from Zletin sand dunes.  
Its grading complies to zone IV of British standards 
grading limits (BS-812, 1985), while other physical 
properties also conform to the same standard.  
Coarse aggregate was round gravel of maximum size 
of 14 mm, imported from local dunes.  Its grading, 
other physical and mechanical characteristics were 
confirmed to the requirements of British standards 
(BS-882, 1985).  Both fine and coarse aggregate were 
clean and free from any impurities and used in the 
mixes with percentage of 20% and 80% respectively.  
The combined aggregate grading curves are shown 
in Figure 3.  Ordinary drinkable water was being 
used.  It is known to contain less than 1000 p.p.m. 
of dissolved solids, hence satisfy the requirements of 
British standards (BS-3148, 1980).

Figure 3: 
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Table 1: Concrete mix details

Mix 

No.

W/C A/C Cement Water Fine 

Agg.

Coarse 

Agg.

kg/m3

1 0.5 5 370 185 370 1481

2 0.55 5 364 200 364 1454

3 0.65 5 350 228 350 1403

4 0.75 5 339 254 339 1356

2.2 Mixes

Four concrete mixes of aggregate cement ratio 
(A/C) of 5 and water cement ratio (W/C) of 0.5, 0.55, 
and 0.65 and 0.75 have been prepared and molded in 
both classic PVC and fabric forms.  American concrete 
institute (ACI) mix design method was employed to 
calculate mix proportions of desired strength and 
acceptable workability, (Neville and brook, 1991).  
The mixes and their proportions are shown in Table 
1.  All mixes were performed in the laboratory using a 
rotary electrical mixer of 0.3 m3 capacity and vertical 
rotation axis.  Standardized mixing procedure was 
used in which cement and sand being mixed first 
and then the water and coarse aggregate added.  
The complete mixing time was about 5 minutes and 
subsequently some of the fresh concrete properties 
were also measured such as the slump.  Standard 
slump cone results were recorded for all mixes (BS-
1881, 1983).

2.3 2.3 Sample preparations

A total of 36 samples of standard cylindrical 
size (150mmx300mm) have been prepared through 
out this research.  For each mix 9 samples were 
prepared (3 using classic PVC moulds, 3 using fabric 
form moulds type I, and 3 using fabric form moulds 
type II).  Table 2 demonstrates some physical and 
mechanical properties of the fabric sheets used in 
the manufacturing of the fabric moulds.  Compaction 
using standard manual method was used for concrete 
mixes having a slump more than 180 mm, while 
electrical vibrating tables were used for those having 
slump of less than 180 mm.  All specimens were 
covered with plastic sheets and wet cloths to prevent 
surface water evaporation and kept in their moulds at 
the laboratory environment for 24 hours.

Table 2: Physical and mechanical properties of the fabric 
sheets used.

Mould Type I II

Class PT2557 PT156

Weight (gm/m2) 398 628

Thickness (mm) 1.23 1.72

Air Permeability (m/s) 0.03 0.2

Water Permeability (m/s) 0.0025 0.2225

V. Tensile Strength (MPa) 106.4 199.4

H. Tensile Strength (MPa) 191.5 472

Extension (%) 30 48

2.4 Curing

Immediately after demoulding samples were 
stored in a water tank, saturated with lime at 20 
0C until testing after 28 days.  Samples from fabric 
moulds kept in their mould during the first 2 weeks of 
the curing regime.  After 2 weeks of curing the fabric 
sheets were removed and cores of 100 mm diameter 
and height of 300 mm were extracted, using an 
electric coring machine.  Cores were then adjusted to 
200 mm height using an electric saw, and returned to 
water tanks to complete the curing period.  

2.5 Compressie strength testing

Compressive strength testing was carried out 
for a total of 36 samples after they have been water 
cured for 28 days as detailed above.  A steady state 
hydraulic loading machine of 500 ton capacity was 
used.  Samples were tested in vertical direction and 
subjected to a uniform stresses.  Test results are 
shown in Table 3.

Table 3: Compressive strength results (MPa).

W/C Classic Type I Type II

0.5 35.67 37.37 37.67

0.55 30.99 31.42 33.97

0.65 24.63 23.57 27.18

0.75 16.68 14.44 19.53

The test was performed according to standards (BS-
1881,1983) , ( ASTM C39,1986), and a capping was 
applied in both upper and lower faces to a void partial 
stress concentration.
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3  Results and discussion

3.1 Effect of W/C Ratio on Compressive Strength 
When PVC Forms Were Used

Figure 4 demonstrates the relation between water-
cement ratio (W/C), and Compressive strength (Fc`).  
The relation is a typical one as expected.  Results 
showed a reduction in strength of about 13% over 
the W/C ratio range 0.5-0.55, while that reduction 
increased to a value of 53% over the W/C ratio range 
0.65-0.75.

3.2 Effect of W/C Ratio on Compressive Strength 
When Fabric Forms Type -I- Were Used

Figure 5, shows the graphical presentation of 
compressive strength obtained from samples using 
Type I fabric form moulds.  The relation is similar 
to that obtained using classic PVC moulds.   16% 
reduction in quantity was recorded over the w/c range 
0.5 to 0.55, increasing to 61% as w/c reached 0.75.

3.3 Effect of W/C Ratio on Compressive Strength 
When Fabric Forms Type -II- Were Used

Figure 6, shows the graphical presentation of 
compressive strength obtained from samples using 
Type II fabric form moulds.  A reduction in strength of 
about 10% was calculated over the w/c range 0.5 to 
0.55.  As w/c increased to a value of 0.75 the reduction 
in strength reaches a value of 19%.  From Figure 7, It 
is obvious that the rate of decrease in strength using 
Type II moulds is smaller than that obtained using 
Type I and classic PVC moulds.

Figure 4: 
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4  Conclusions

1)  Fabric forms slightly improve the strength of 
concrete at lower w/c ratio (0.5-0.55).  A small 
reduction in strength was recorded at higher 
values of w/c ratio (0.65- 0.75).

2)  Improvement of compressive strength using 
Type II fabric moulds could be related to the 
increased permeability of the fabric sheets used 
to manufacture the moulds.

3)  High permeability value of Type I fabric moulds, 
causes both some water and cement paste 
being lost from the mould, which considerably 
reduced the strength.

4)  Compressive strength results obtained using 
fabric forms are generally, comparable to those 
obtained using classic PVC forms.  

5)  The relationships between w/c and Fc’ are typical 
for all results and fit the general exponential 
function with high correlation coefficients.

6)  The rate of strength decrease using Type II 
fabric moulds is smaller than that using other 
two kinds of moulds used in this research.
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1  Introduction

The separation of the act of construction from the 
way in which we experience architecture has resulted 
in a detachment from the fundamental connection to 
the human act of making. At some point, a division 
was created, one that drew a line between architect 
as “thinker” and the builder as “maker.”  Semper 
suggests that the act of making is a defining factor 
in architectural form and expression, especially a 
material’s influence over the process of construction. 
He evaluated this based on two criteria “1.The work 
as a result of the material service or use that is 
intended…2. The work as a result of the material used 
to produce it, as well as the tools and procedures 
applied.” (Semper, 107)  Here, both form and meaning 
are conveyed through the understanding of the act 
of making and the materials and processes engaged 
with it.

Architecture, in many cases, uses the construction 
industry as a catalogue of elements (assembly 
required), not often construction itself as a design 
resource. The research in this paper explores the 
opportunities within a specific construction process, 
casting, in order to use, and in many cases misuse, 
traditional conventions as architectural design 

parameters.  The aim is to develop a formwork system 
that is as integral to the practice of architecture as it is 
the construction process.

The work is now focusing on permanently integrating 
formwork with form. This research provides an 
alternative to the traditional approach where 
formwork, in both its construction and deconstruction, 
is where a majority of time and energy are expelled. 
With the formwork no longer temporary, the value of 
the construction process becomes absorbed into the 
architecture. 

2  Reinterpreting Conventions

One of the most compelling aspects in working with 
concrete is the necessity for the “other.”  The process 
of casting always requires the use of formwork, jigs 
and moulds, which are often temporary, ad hoc 
structures, not intended for architectural application. 
These structures operate based on efficiency, both 
materially and structurally, forming a minimal boundary 
condition to resist the unstable forces of wet concrete. 
Traditionally, contained within this boundary are other 
systems, i.e. form ties, internal reinforcing and form 
liners, which simultaneously provide both form and 
structure.  With a permanent formwork system, these 

2 Building Matters: An investigation into the use of 
permanent formwork

A Adderley1

1 MArch Degree Candidate, University at Buffalo School of Architecture and Planning

Formwork has often been defined as a temporary building element, typically neglected and rarely interpreted 
by architects as anything more than a byproduct of construction.  However, by reconceptualizing its role 
as a permanent building component, its construction performance now can be evaluated in parallel with 
its architectural function.  This research reinterprets standard casting conventions as a means of rethinking 
design parameters, one that considers form and formwork during and after construction as equals in terms 
of architectural significance.
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elements play a more essential role in the design 
process, and as such each can become evaluated 
as part of the architectural condition. Making their 
presence evident allows them to be revealed for their 
function as spatial and structural elements, with form 
emerging as a result of the process and material/
structural interactions by which it was created.

Concrete is by nature impressionable, so the process 
from which it is created has a direct impact on its 
form and perception.  Whether it is the grain of wood 
imbedded into the surface of concrete, or apparent 
softness created from fabric formwork, each creates 
a visual association with the process of construction.  
Fiona McLachlan explains in Fabric Formwork, “Its 
most natural expression, as a product of a process, 
is part of its appeal.” (McLachlan, 37)   The natural 
plasticity of concrete becomes a vehicle by which 
process is captured in form.

That is perhaps one of the most captivating aspects 
of concrete, its ability to tell a tale. Yet, we only seem 
to have half of the story with concrete.  We see the 
affect one material had on the concrete, but what 
about the affect the concrete had on it?  Did the 
wood swell or shrink, the fabric tear or stretch? And if 
these materials are to remain permanent, how do we 
harness that energy in specific and intentional ways?

3  Deconstructing the Duality

Flexibility is often interpreted as a material’s physical 
ability to be adaptable, to exist in multiple conditions.  
An objective of this research is to develop a formwork 
system that not only remains a part of the architecture, 
but that also takes advantage of the temporary 
plasticity of concrete.  For instance, formwork such as 
fabric could remain imbedded in the concrete, adding 
tensile strength and utilizing the weight and wetness 
of the concrete to absorb the fabric.  Concrete not 
only has the ability to receive form, but it can also 
generate form by the force of its own weight and heat.  
This requires establishing a formwork system that 
balances flexibility with sufficient rigidity to be self-
structuring. This flexibility can be adapted to generate 
complex forms and reduce excess material, making 
each cast specific in terms of structural efficiency 
(similar to mass customization); techniques which 
traditional formwork cannot satisfy.  Figure 1 shows 

the Flex Form system which uses individual linear 
elements that connect both with a hinge and attach 
directly to the fabric form liner.  This system enables 
the concrete to dictate the form based on its stiffness.  
The fabric, acting itself as both a hinge and a form 
liner allows the concrete to release excess water, 
strengthening the final cast.  The formwork reattaches 
itself by utilizing the imbedded form ties cast into the 
concrete.

Figure 1: Flex form system
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Flexibility is not only required in terms of physical 
adaptability, but also in terms of design adaptability.   
The designer is confronted by two opposing 
architectural possibilities: one being the traditional 
formal/functional exploration and the other the 
choreography of making. The methods of construction 
become as much a spatio-volumetric exploration, as 
a material one.  Figure 2 (suspension installation), 
illustrates how formwork, including elements like form 
ties and reinforcing can begin to take on a formal 
presence.  The suspended system integrates itself in 
the space, using the existing context and methods of 
production to specify form.

Figure 2: Mock up of the formwork for suspension installation

4  Current Research 

The research has been an empirical investigation, 
creating and exploring casting systems as well as 
challenging traditional conventions. In all cases, the 
formwork remains a part of the cast, although each 
in a unique way enabled by the individual process by 
means of which it was created.  

The preliminary investigations began by exploring two 
architectural projects that where formally driven by 
unique casting circumstances, the Bulge Wall by Mark 
West (Figure 3) and the Endless House by Frederick 
Kiesler (Figure 4). Each presented the opportunity 
to explore casting in an a-typical manner.  These 
projects were used to initially determine the formal 
and structural strategies for casting.

Figure 3: Bulge wall by Mark West

Figure 4: Endless House By Frederick Kiesler

The Bulge Wall, while utilizing an unconventional use 
of a fabric form liner, challenged the role of a form tie, 
whereas the Endless House internalized the notion of 
formwork and structure. Each series of models I have 
produced illustrates formal relationships dictated by 
explicit material manipulation. By exploring formwork 
and form under these altered conditions, standard 
conventions are rethought, forming new architectonic 
relationships.

This produces a more active engagement between 
design intent and material limitations.  The process, 
by default, helps the architect in assuming the role 
of both “thinker” and “maker,” relinquishing a certain 
amount of formal control to the materials and process, 
while deconstructing the relationship between 
cast and mould.  All models produced in the initial 
investigations are 18” wide 18” tall, all measuring 
approximately 1” in depth.  This allows all models to 
be compared and analyzed collectively. 

5  Series 1 

The Bulge Wall by Mark West and CAST (CAST, 
2006) serves as the preliminary inspiration for the 
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first series. “This technology recombines ordinary 
materials, tools and techniques that are standard in 
contemporary cast-in-place concrete construction…
taking advantage of the flexibility of the fabric 
liner within the rigid limits set by the plywood wall 
forms.”(CAST, 2007)  The misuse of fabric liners and 
form ties set the stage for this investigation.

5.1 Bulge Wall Revisited

The first model in this series explores the process 
of the Bulge Wall, in order to determine both the 
structural and material responses created under these 
casting conditions.  Unlike the Bulge Wall, the form 
liner in this case is sewn directly to the wooden forms 
(Figure 5), making use of a flexible connection. The 
form ties in this system are wooden blocks (Figure 
6), located in conjunction with the openings in the 
wooden exterior panels, fastened together with a 
sewn connection.  The ties (wooden blocks) resist the 
forces of the added pressure placed on the forms as 
a result of the openings, where the fabric acts as the 
primary boundary condition.

The bulges created lateral stiffness, acting as a 
buttressing system, reinforcing the plane of the wall 
(Figure 7). Strength is also achieved from the fabric 
form liner, which releases excess water during the 
hydration of the concrete, producing a more efficient 
water/cement ratio (West 2005).  The sewn connection 
allowed the formwork to expand and contract during 
curing, with figures 6  and 8 showing this elastic 
condition and the fabric moving outside of the initial 
boundary set by the wooden forms. The irregular 
openings in the wooden forms however placed 
uneven stresses on the wood forms, deforming them 
to the point where reusability was not an option, which 
became a clear disadvantage.  The system did prove 
however to handle the use of the sewn connection in a 
positive way, which is further investigated in following 
studies.

Figure 5: Wooden forms with fabric liner

Figure 6: Exposed sew pattern on wood form.

Figure 7: Cast, with voids/bulges.

Figure 8: Void intersecting bulge.
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5.2 Knot Work

Knot Work began by expanding upon the principles 
of the Bulge Wall Revisited and addressing moments 
of tension that were created.  The bulges were moved 
to the perimeter of the wood forms (1/2” plywood), 
resolving the edge condition and allowing the integrity 
of the forms to remain uncompromised by internal 
openings. Knot Work explores the flexibility of the 
sewn connection detail as an opportunity to reconnect 
the wooden forms.  Cables now act as form ties, using 
a knot connection around a metal rod, which enables 
the rod to be slipped out, releasing the wooden forms 
(Figure 9). The initial system had no rigid support to 
stand the formwork up, so the pressure of the wet 
concrete is used to rigidize the system. The extra 
slack in the cable is eventually used to reconnect the 
wooden forms, perpendicular to their original axis 
(Figure 10).

The rods maintained an even pressure on the wooden 
forms, restraining any torque from the system.  The 
flexibility of the cables allowed each material to react 
independently, both expanding and contracting at 
different rates, uninhibited by other materials or rigid 
connections.  The length of each cable was specific to 
the relocation of the wooden forms.  Each form was 
reconnected with two rows on the top and also tied 
on the underside to create a balance of tensile forces 
on the wood. The bottom spread of the lateral bulges 
(Figure 11) also provides enough surface area to act 
as a support structure, stabilizing the wall.

This system enables a specific method for 
reattachment, incorporating the form tie as a tool 
for generating space post construction.  Another 
advantage of this system is the reduction in time for 
disassembling the formwork to expose the cast.  This 
process also doubles as a reattachment system for 
perpendicular surfaces, gaining extra work surfaces 
or occupiable space. One disadvantage of this system 
is the limited use of the bulge to create more of an 
impact throughout the form.  The use of a solid planar 
element as primary formwork reduces the possible 
effect that these bulges could have.

Figure 9: Water released during curing.

Figure 10: Cable form tie for reconnection.

Figure 11: Metal rods fastening cable to cast.
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5.3 Form Attraction

The objective of Form Attraction was inspired by 
the previous reduction in the rigidity of the form tie.  
In this investigation, a magnetic form tie system is 
used, denying any physical connection.  Magnetic 
cubes are imbedded into the wooden forms and 
when combined with the magnetic rods spacing the 
forms apart, create a visually untraceable connection 
(Figure 12,13). The initial planes of the wooden forms 
are reduced to an open grid, allowing the form liner 
and concrete to expand beyond them.  This allows 
the concrete to form around the wood, anchoring it 
to the cast.  As the concrete cures and shrinks, the 
wooden forms are released by pulling the imbedded 
magnets away from the cast-in rods.  A double pour 
was experimented with in order to test the strength 
of magnetism in the rods imbedded into the concrete 
(Figure 14). 

The magnetic cubes imbedded into the formwork had 
to be placed within the chords of the grid, as previous 
trials where the magnet was within the joint failed 
by the splitting the wood, due to the strength of the 
magnets.  The reinforcement (threaded rod held in 
place by the force of the magnets) was extended in the 
direction of the second cast in order to distribute the 
load of the cantilevered concrete.  The magnetic rods 
did not lose any strength when cast into the concrete 
and provided a strong connection for reattachment for 
the formwork.  The bulges of the concrete when cured 
provide a track for the reattachment of the wooden 
forms, creating a more dynamic relationship between 
the functions of the concrete when wet as compared 
to its function fully cured. This process begins to 
break down the formwork into a point-based system, 
contradictory to the conventional planar system.   

One advantage of this system is the ease of 
attachment and reattachment of formwork in virtually 
any position.  However, the imbedded rods would 
provide a thermal bridge between the two sides of the 
cast, becoming problematic in some instances.

Figure 12: Magnetic form ties imbedded in forms.

Figure 13: Sewn fabric liner with magnetic rod ties.

Figure 14: Cast and formwork reattachment.
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5.4 Flex Form

Flex Form explores using the plasticity of concrete 
to generate form, no longer solely relying on formwork.  
Flexible connections are used to allow formwork to 
morph under the pressure of the wet concrete.  This 
required the formwork to have a significant flexibility 
with out compromising its structural integrity.  The 
wood forms were broken down into linear elements, 
incorporating joints into the surface planes, increasing 
flexibility (Figure 15). The connections are created 
using tension cables, running internally between 
the overlapping wooden elements.  The formwork 
becomes restricted under two separate systems.  The 
form liner restricts the movement based on the how 
taught the fabric is sewn to the forms. Concurrently, 
form ties act to constrain the system by pulling the 
formwork together, resisting the outward force of the 
concrete.  A pin system acts as a formwork/form tie 
connection, which makes removal and reattachment of 
the formwork effortless, requiring no hard connection.

In the initial studies, linear elements were oriented 
in the vertical direction, which caused the system 
to buckle under the pressure of the concrete.  By 
stacking them horizontally, the joints become vertical, 
transferring the loads directly to the ground. The 
flexibility of the joints allowed the form to bend, 
stiffening the plane of the cast (Figure 16).  As water 
was released and the concrete continued to settle 
during the curing process, the form continually shifted.  
By creating a formwork that forms with the concrete, 
a more dynamic exchange between materials occurs.  
Material properties play an integral part in this system, 
dictating the degree to which each will inform the 
other.

One dilemma posed by this system is the location 
and material of reinforcement. One potential is 
FRP (fibreglass reinforced polymer) rebar, running 
it through the center of the wooden form ties.  This 
would locate the flexible reinforcement in conjunction 
with the movement of the form.

Figure 15: Wooden forms (overlapping joint).

Figure 16: Cast and reattached forms.

Figure 17: Cast and form (material transition).
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6  Series 2

The second series of explorations are based on 
Frederick Kiesler’s proposal for the Endless House, 
specifically the unusual placement of formwork.  The 
displacement from the exterior to the interior provided 
the opportunity to integrate formwork with form, not 
as a reattachment like in previous studies, but as a 
fusion of materials.  This also begins to bring in the 
fabric liner as a permanent element, unlike previous 
tests.

6.1 Absorption

By placing the formwork on the interior, the issue 
of how to contain the wet concrete is addressed.  
Unlike Kiesler’s application, this process uses a 
fibreglass mesh as an exterior skin.  The ambition 
was to use the open weave of the mesh to allow the 
concrete to permeate the fabric, imbedding it into the 
cast.  What was once a form liner now begins to add 
structural integrity to the concrete, using the fabric to 
compensate for concretes inability to perform under 
tensile forces. Sewn directly to an inner scaffolding 
(3” wooden grid) system is a dethreaded (66% 
initial thread count) layer of fibreglass mesh, which 
acts as internal reinforcement (Figure 19).  The end 
result is a three layer woven system: wooden open 
grid scaffolding (internal), dethreaded fibreglass 
mesh (internal) and an outer layer of fibreglass mesh 
standard threaded (surface).  

Absorption did occur, but only with a superficial 
connection as the fabric was still distinguishable from 
the concrete (Figure 21).  The outer layer of mesh 
proved to be to woven to tightly to allow concrete to 
filter through and be fully absorbed. A bonding agent 
was also used in this study, which was added to the 
concrete and resulted in a very strong connection 
between the concrete and fabric.

After this study, multiple investigations were conducted 
to determine the appropriate fabric for absorption and 
strength.  A fusible fabric was determined to be the 
best solution, absorbing into and stiffening with the 
concrete.

Figure 18: Internal formwork.

Figure 19: Dethreaded reinforcement / scaffolding.

Figure 20: Exterior formwork / form ties.

Figure 21: Cured concrete texture.
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6.2 Suspension

The ambition of this investigation is to reduce the 
non-essential elements from the casting process 
by diversifying other conventions.  In developing a 
strategy for eliminating the scaffolding, the internal 
reinforcing became an opportunity to perform 
another role.  Rigid reinforcement is reconceived as a 
suspended cable system, also serving as a structure 
to hang the fabric mesh (Figure 22).  A fusible fabric 
is used together with a bonding agent, which allows 
the concrete to filter through and attach.  In this study, 
the fabric was soaked in a bonding agent and it was 
additionally added to the concrete mix, enhancing 
the chemical bond between the fabric mesh and 
concrete. Hydraulic cement was used because as it 
cures, it doesn’t shrink like typical concrete mixtures, 
aiding in the absorption of the fabric mesh.

The use for a constructed jig became unnecessary, 
with a doorway now serving as a supporting structure; 
the casting process now becoming a parasite on 
an existing environment. During casting, different 
concrete mixtures were used to enable the absorption 
of the fabric.  The initial pours were a light (higher 
slump) mixture, with each succeeding pour a thicker 
(low slump) consistency.  The heavier mixtures 
displace the lighter ones, the pressure of which pushes 
the concrete out through the fabric mesh (Figure 23).  
With the inability to touch the surface to vibrate the 
concrete, the internal reinforcing (suspended cables) 
was used to shake the cast, releasing water and 
compacting the concrete. The formwork appears to 
vanish into the wet concrete, a seemingly invisible 
boundary now containing the wet concrete.  

The suspended cables act similar to pre-tensioned 
concrete, however in this case using the weight of 
the concrete to determine the tension placed on the 
cable. Gravity begins to impact the form, however, it 
is not doing anything for increasing structure, other 
than tensioning cables.  Gaudi’s chain tests begin to 
present a possible inspiration for the next test.

Figure 22: Suspended fabric in doorframe.

Figure 23: Wet concrete filtering though fabric.

Figure 24: Cured cast, suspended in space.

Figure 25: Cured concrete texture.



A Adderley

35

icff2012

6.3 Horizontal Tension

The previous models use of suspension and gravity 
(concrete displacement) inspired further investigation, 
which aimed to combine these techniques as a 
structural strategy. By reorienting the reinforcement 
(pre-tensioned cables) horizontally, the form deflects 
into an arch, working with the forces of gravity instead 
of resisting them, producing a purely compressive 
structure. The pour location becomes a challenging 
task however, due to the angle and flexible nature of 
the mould. To counteract this, multiple pour locations 
are introduced so that the pressure of the concrete 
can build from the center outward (Figure 26).

Thread seals (washers) are used, similar to the 
previous study, although in this case the two sides 
of the formwork are fastened directly together at the 
seals.  As water was released during casting and 
curing, gravity did not filter water out directly from 
out the bottom, which was expected. Instead, the 
concrete settled and water was released out the top, 
draining through the seals (Figure 28).  

The concrete absorbed the fabric by the same process 
of bonding agents and vibration as the previous 
investigation. However, the texture of the concrete 
appeared much different due to the way the water 
was released and the fabric was absorbed by the 
concrete; a smoother concrete surface replacing the 
rough, rippled texture of the preceding model. Each 
convention in this investigation performs a variety 
of different functions, demanding more dynamic 
integration of systems.  Form here, emerges as a 
result of decisions made as a response to enhancing 
structural and material efficiencies.

The effects of gravity can be most notably read in this 
investigation as compared to the previous.  Not only 
in form, but in the texture and casting process as well.   

Figure 26: Formwork before suspension.

Figure 27: Freshly cast concrete, induced arch.

Figure 28: Water being released and drained.

Figure 29: Inverted cast, catenary arch.
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7  Preliminary Research Conclusion

These initial investigations have lead to promising 
results, providing flexibility in both the production and 
design processes.  Each of the outlined approaches 
proposes specific methods for reinterpreting the 
function of casting conventions, challenging the 
limited scope that architects have placed on the value 
of making. The constraints of each investigation were 
precisely controlled to offer an accurate comparison 
of the result each system produced.

Of particular interest to this research was the effect 
that standard casting conventions could have when 
performing alternative functions, ultimately increasing 
the efficiency of the collective system.  The results 
have produced casting techniques that can achieve 
more flexibility in form and function, while eliminating 
waste and exercising a higher degree of material 
performance.

8  Moving Forward

The next phase of this research is to think in terms 
of full-scale conditions, forcing the process to confront 
context, circulation and one-to-one connections.  The 
opportunity presented itself to utilize one of Buffalo’s 
most historic sites, the Grain Elevators (Figure 30).  
The installation addresses similar issues as found 
in the suspension series, inspired by its possible 
relationship to a specific site. 

Figure 30: Existing site condition (Marine A)

The proposal uses a single silo with a sloped ceiling 
condition containing five vertical openings.  One 
restriction set by the owner was the inability to 
penetrate the existing concrete in any way.  This 
became a design incentive, using the existing vertical 

and horizontal openings as potential suspension 
points for the formwork.

The installation utilizes the existing openings as 
pull points, both forming and suspending the 
entire formwork system.  The suspension cables, 
in conjunction with the cast, work to develop a 
new circulation path, as well as to create multiple 
inhabitable zones.  The installation becomes one with 
the existing structure, both contradicting it as well as 
directly communication with it. Figures 2 and 31 show 
a quarter scale mock up of the installation, which 
physically investigates the systems’ response to the 
actual site conditions and effects of gravity.

Figure 31: Casting mock up proposed form

The formwork uses a fusible fabric (absorbed into 
the concrete and adding tensile strength), with resin 
connections adhering the different layers of fabric 
together. The resin allows for the fabric to never 
be perforated (preventing ripping), maintaining its 
integrity as well as adding strategic rigidity to the 
system.  Around each resin connection is a bead of 
silicone, which provides a flexible transition between 
the fabric and the resin.  In this system as well, the 
suspension cables act as form ties, anchors to the 
site, as pre tensioned reinforcement.  Every element 
in the system adds to the structural integrity as well 
as the formal presence of the installation.

This proposal can be read as a mapping system on 
multiple levels.  It begins by mapping past movement, 
using it to dictate its initial form.  The construction 
process as well as the final cast can then be read 
as a map of forces, a direct display of tension and 
compression, which dictates its formal attributes 
and structural strategy.  Gravity is both literally and 
figuratively felt when constructing and occupying the 
space.  
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This process uses any existing context as a casting 
machine; it can be as simple as two trees or as 
complex as a super structure.  Its flexibility allows 
for it to be vertical or horizontal, all depending on 
the locations of cables and pull points.  The result 
captures the essence of the context at a particular 
moment, both resisting and utilizing gravity to 
construct form and structure.  The nature of this 
process forces a somewhat secondary role for the 
architect to play in terms of design.  It dictates its own 
form, depending on the sequence of pour locations, 
weather conditions, pull locations, etc..  The entire 
process becomes about pushing every material and 
connection to its limit, which increases their efficiency 
while also allowing them to more significantly impact 
performance.

Figure 32: Full-Scale formwork under production

The final installation is currently under production 
(Figure 32 showing the preliminary layout for the 
fabric); the opening is set for April 27th 2012.
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1  Introduction

The University of Manitoba’s Centre for 
Architectural Structures and Technology (CAST) was 
approached in the spring of 2010 by Smith Carter 
Architects to collaborate on a design for portions 
of a new Women’s Hospital to be built in Winnipeg 
Manitoba in 2013. One portion of this work calls for 
the creation of novel precast planter retaining walls 
that will also serve as public benches in the landscape 
design for the entrance and rooftop gardens of the 
building. 

The proposal we made is for a modular system of 
concrete units to be pre-cast in flexible fabric moulds. 
These moulds are made from single flat sheets of 
fabric suspended in wooden support rigs.  The units 
are to be cast upside-down at a local precast factory 
(Barkman Concrete) and installed on-site into “free-
form” earth retaining areas for site plantings. These 
units will serve as benches of varying heights by a 
method of restraining the free deflection of the fabric 
moulds through what we call “sub-pactos” – basically 
a plywood sheet that press up against the bottom 
of the mould, locally flattening the geometry of the 
casting by impacting upon the otherwise free-hanging 
deflection of the fabric. 

A total of 79 modular units, in a variety of configurations, 
will be cast from 3 basic formwork rigs. Each support 
rig has a different length and curvature radius in plan: 
Small (1.25 m radius), Medium (2.5 m. radius) and 
Large (7.5 m. radius), as shown in Figure 7. The fabric 
mould wall, in each case, is made from a flat sheet 
of woven polyethylene (PE) geotextile (we use Geotex 
315ST). In every case, these sheets have the same 
girth. 

This idea is patently simple at face value, however 
over the course of our work designing this formwork, 
we found that the actual mechanics of producing 
these simple little nonstructural objects was far more 
complex than we had bargained for. Indeed, this 
little “worm bench” project, as it came to be known 
to us, presented significant intellectual and physical 
challenges, and the time we spent puzzling out these 
complexities has gone far beyond the value of the 
product, or the original design idea. The value of all 
this time and work lies in the problems we confronted. 
They point to several cautionary tales for designers of 
fabric moulds. 

3 Flat sheet fabric moulds for double curvature 
precast concrete elements

R Araya1 and M West2

1 University of Manitoba– Centre for Architectural Structures and Technology (CAST)
2 University of Manitoba Department of Architecture - Centre for Architectural Structures and Technology 
(CAST)

This paper describes the development of a formwork method using flat sheets of uncoated woven geotextiles 
as moulds for novel double curvature precast concrete “street furniture” products. These modular, sculptural, 
landscape elements are curved in both plan and section, and as such push the geometric possibilities of 
flat-sheet moulds for forming double curvature shapes. The workshop methods of arriving at these mold 
solutions will be described, along with a description of the moulds themselves. The application of flat woven 
sheets of fabric deployed “on the bias” will be presented, along with a discussion of the design possibilities 
and design limits indicated in this work.

R Araya and M West
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2  The Mould Idea and the Mould Design

The landscape architect’s drawings of the 
assembled retaining-wall-benches envisioned a 
smooth continuous surface, undulating in both plan 
and section (Figure 1). Using a flat sheet of fabric 
for the mould of such a double curvature casting 
presents specific geometric problems and limitations. 
Early tests done in 1:10 physical models, however, 
showed the design promise of the flat sheet mould 
method (Figure 2). 

The first problem was to find a way to avoid the 
fabric being captured by the concrete in the areas 
where buckles will tend to form, namely the inside 
curvature of the shape, (Figure 3). Our first success 
with overcoming this tendency of the flat sheet to 
buckle in these areas was accomplished by trial and 
error. From a successful 1:10 mould we were able to 
determine that the flat sheet that worked best was 
a conical surface. In subsequent trials we deployed 
flat sheets with edge curvatures (in plan) for specific 
conical surfaces, each depending on the specific 
radius called for in the final cast piece (Figure 4). The 
conic surface geometry for these curved open trough 
moulds is shown in Figure 5. 

Figure 1: Landscape architect’s schematic design of 
retaining-wall-benches drawn as a continuous element.

Figure 2: Initial 1:10 plaster model “worm bench”

Figures 6 and 7 show the collection of individual casts 
required for the landscape architect’s design. Three 
different radii mould rigs were prepared to receive the 

fabric sheets. The idea of the flexible fabric mould, 
in this case, was to produce a variety of heights in 
various casts from each of the three different rigs 
(large, medium and small radius curvatures). Our 
expectation was that we could use the same fabric 
mould in each particular rig to cast both full deflection 
(taller) units, and “impacted” (flattened, shorter) units. 
This had been accomplished in our 1:10 models, for 
example the one shown in Figure 2, where the same 
mould could be cast with or without the “sub-pacto” 
plywood sheet pressing up on the hanging fabric. 
What we did not understand at the time was that the 
flat pattern of the fabric skin will change dramatically 
at the end, bulkhead, termination of the mould, 
depending on whether the fabric is allowed to hang 
freely or is impacted from below. 

Figure 3: Test mould seen from below: Wrinkles generate by 
excess fabric gathered along the inside curve of the mould.

Figure 4: Conic mould wall surface: Two radii, Ra and Rb are 
separate in a distance equal to the fabric girth.
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Figure 5: A cone surface (left) can be folded (right) to provide 
a basic curved trough volume from a flat sheet. 

Our design uses two standard bulkheads to provide 
a consistent geometric connecting-surface for joining 
different units to each other. One was a full deflection 
shape, determined by a feely hanging fabric, and the 
other was an “impacted” shape, given by the fabric 
pressed upwards by a flat “sub-pacto” (Figure 8).

Figure 6: Master plan showing assembly of precast units

Figure 7: Catalogue of all bench elements to be formed from 
the 3 different radius mould rigs.

We found in our early model tests that when a 
flat sheet was hung in a curved open trough mold, 
the resulting casts did not produce symmetrical 
transverse sections  (Figs. 9 & 13).  Instead the 
section would tend to “lean into the curve” (reminding 
us, sculpturally, of the way a racing motorcycle leans 
into a curve). While this produces a beautiful shape, 

it presented us with a design dilemma: we wanted 
our modular units to be able to make assemblies that 
could curve either to the right or to the left in plan, 
but we did not want a multitude of bulkhead shapes. 
These demands required bi-axially symmetric sections 
at the (bulkhead) end of the casts, so the asymmetry 
of the “leaning” cast sections presented a serious 
complication to our basic mould idea. Meanwhile, the 
cause of this asymmetry remained a mystery to us for 
some time. 

Figure 8: Full-scale plywood bulkheads. Left: full deflection 
Right: Impacted section

Figure 9: Section of a plaster model showing the leaning 
produce by the curvature.

Figure 10: Flat fabric pattern for 360 degree model cast.

As a way to grasp the mechanics of these asymmetric 
sections, we constructed a 360-degree “ring cake” 
using a conic-surface fabric mould. Figures 10 through 
12 illustrate the construction of this test mould. Figure 
12 shows the cast from this mould and illustrates how, 
as the fabric runs its course around the circular mould 
rig, the direction of the warp and weft threads in the 
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woven fabric shift their angles relative to the path (in 
plan) of the circle. 

Figure 11: Circular mold plan view

Figure 12: Final cast showing direction of warp and weft 
threads. 

We can examine two fundamental conditions 
illustrated in Figures 12 and 13: the first condition, 
labeled “A”, has the direction of warp and weft 
aligned with the radius and tangent of the circle, while 
condition “B” has the weave direction at 45 degrees 
(otherwise referred to as “on the bias”). Note in Figure 
13 how the transverse section at  “A” is asymmetrical, 
leaning inwards towards the centre of the ring, while 
the section at “B”, where the fabric is on the bias, is 
essentially symmetrical.

Figure 14 illustrates a transverse section through a 
straight (in plan) open trough mould. This diagram 
gives a clue to understanding the different behaviours 
of the fabric mould at these points: The straight, solid, 
Blue “V” line indicates a section through a neutral (un-
loaded) fabric skin, shown as a folded conic ring (as 
in the bottom image of Figure 5).  The curved dashed 
Red line indicates this fabric skin shaped by the 
pressure of the wet concrete. It will be appreciated 
that an un-deflected conic surface (the straight, solid, 
line) will perfectly supply the correct (longitudinal) 
length of fabric for the circumference of the ring at 

every point (as in the bottom image of Figure 5). But 
when the fabric bulges under pressure, the deflected 
fabric (dashed line) is forced either inside or outside of 
the neutral conic surface position, resulting in bucked 
(extra) fabric towards the inside of the ring (where 
the circle’s circumference is reduced), and tensioned 
fabric when forced farther to the outside of the ring 
(were the circumference must be longer). 

Figure 13: Plaster model, from Figure.12, sectioned at points 
A and B.

Referring back to Figure 12, we can see that the 
structure of the fabric at section “A” is aligned with 
the tension forces imposed along the outside of the 
ring by its outward deflection under pressure. So, the 
fabric at section “A”, by virtue of its orientation, is 
able to directly resist these tension forces along the 
direction of its weave; the tension resistance of the 
fabric at this point effectively resists being pushed 
outwards. At section “B”, however, the fabric’s 
fibers are on the bias, offering no direct resistance to 
imposed tension forces along the outside of the ring. 
In this case, the imposed tension forces cause the 
fabric to “shear” (meaning the weave rotates off of its 
original 90 degree orientation). This is the behaviour 
of a woven fabric pulled “on the bias”, and it allows 
a freer outwards deflection at this point in the ring. 
The difference in fabric orientation accounts for the 
differences in the transverse sectional shapes at 
points “A” and “B”. Similarly, the ability of the fabric to 
“shear” also allows the fabric to avoid wrinkles along 
the inside curve of the cast at section “B”. 

It will be appreciated that the transverse sections of 
the cast vary at different points along a curved open 
trough mould due to changes in the orientation of the 
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fabric’s structure, and the (outside) tensioning and 
(inside) buckling of the flat conic surface of the fabric 
as it deflects under load. This is not a uniform section 
shape, but something more complex. 

Figure 14: Diagram showing fabric mould section: Solid Blue 
line indicates the position of a neutral folded, conic,  fabric 
sheet; the dashed Red line indicates the position of this fabric 
sheet under hydraulic pressure.

3  Construction Strategy and Details

Three formwork rigs were made for this job – 
one for each of the three radii required. The basic 
rig is shown in Figure 15 (in this case for the small 
radius). Two plywood tables provide a curved opening 
between them, into which a flat fabric sheet is hung to 
form an open trough mould. The fabric, as described 
above, is cut to a specific conical surface suited to 
the radius of the curved opening into which it is hung. 
The longitudinal edges of the fabric skin are attached 
to pre-cut plywood edge plates. These plates allow 
quick and accurate installation, stripping, and re-
setting of the fabric. The ends of the fabric skin are 
supplied with plywood block “clips” that connect the 
fabric to the rigid bulkheads that serve to cap the 
ends of the open trough (Figure 16).

The shape of the fabric pattern where it meets the 
bulkheads was determined by individually adjusting 
the fabric in the mould rig, performed during full-scale 
water tests. Figure 17 shows the formwork rig during 
a water test. The forces exerted by placing water in 
the mould are less than that exerted by wet concrete, 
but, the pressure distribution, from zero at the top of 
the mould to maximum at the bottom, is similar. Water 
tests give a very good indication of what the final 
concrete shape will be and is a crucial empirical test 

for unfamiliar formwork configurations. Such tests 
also remove a major portion of the risk from the final 
cast, reassuring both builder and client, in a generally 
accurate way, of what the final results will be. 

Figure 15: Full scale mold for small radii, construction made 
of plywood as a support of the geotextile fabric that will 
receive the concrete.

Figure 16: (Top) Full scale fabric skin with longitudinal curved 
edge plates and, end wood clips attached; (Bottom) fabric 
installed at bulkhead showing end clips.  
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Figure 18 shows how steel pins were used to 
temporarily hold the fabric into place at the bulkheads 
during the fitting process. (These pins are insinuated 
between the weave, and do not harm the fabric.) 
After the shape of the fabric under water loading is 
established by adjusting the pin locations, a line is 
drawn marking where the fabric meets the bulkhead. 
Inevitably, there will be some variation between the 
curvature of this line on either end of the mould, even 
when the end conditions of the mould are symmetrical. 

We rectify the bulkhead-traced lines into a symmetrical 
shape, and make a plywood pattern jig from the fitted 
(and rectified) fabric skin (Fig. 19). This pattern can be 
used to reproduce the skin geometry when required. 

Figure 17: Full scale mold, water test. A loose, thin, plastic 
film is place to stop the water from bleeding through the 
permeable geotextil fabric. This method allows visualization 
of the form and adjustments of the fabric. 

Figure 18: End detail, pins in between two sheets of plywood 
captures the fabric, allowing to control and find the require 
limits.

Figure 19: Pattern jig used to cut fabric mould sheet.

Figure 20: Plaster model 1:10 shows the flaring produce at 
the bulkheads

Figure 21: Full scale cast, of an “impacted” (flattened) unit: 
note flaring of the shape at the bulkhead, lower right.  
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Figure 22: Test Assembly of full-scale concrete casts: Note 
the flaring of the shape where fabric meets the bulkhead.

Figure 23: Full deflection section predicted using Rhino-
based software with grasshopper (left); a simple spline 
produces the exact same shape (right).

Figure 24: (left) a 1:10 plaster model gives the curve of an 
“impacted” section; (right) the same curve is given by a 
clamped spline restrained horizontally at its top.

As mentioned previously, this design uses two 
standard bulkhead shapes, one for full deflection 
casts and one for flattened (impacted) casts. Our 
original thought was that as long as we knew the 
shape of the transverse sections of the casts, we 
could insert a bulkhead at any point we wanted, 

without disrupting the shape of the fabric mould 
skin. This reasoning was, it turned out, based on the 
notion of a straight (in plan) trough, and indeed in a 
straight, open trough mould this is easily done. When 
the mould is curved (in plan), however, things become 
more complicated. First of all, as we have seen above, 
it is not so simple to know the precise geometry of 
a transvers section as these will vary from place to 
place along the curve. Furthermore, the bulkheads 
hold the fabric longitudinally (from end to end) and the 
forces this holding transmits to the fabric are not the 
same as they would be if the bulkheads were simply 
inserted into a complete ring. 

The presence of rigid restraints at the ends of the 
mould effects on flow of forces in the fabric. This, and 
the fact that we are using symmetrical bulkheads for 
an otherwise non-symmetrical section, causes some 
complex effects. These effects are difficult to grasp in 
a coherent way, and even more difficult to describe 
in words. The result, however, will tend to produce 
a “flaring” of the mould shape at certain locations 
around the bulkhead. This phenomenon is seen in the 
1:10 model shown in Figures 20, and in the full-scale 
test casts, Figures 21 and 22. 

While we find this flaring phenomenon quite beautiful 
in its own right, it does present certain problems. First 
and foremost, when the concrete narrows toward 
such a “knife edge” shape it will be prone to chipping. 
Second: this flaring did not suit the landscape 
architect’s desires for a continuous smooth flow for 
the overall form across the joints, plus it was said the 
flared units were reminiscent of bones – an unfortunate 
association for use in a hospital design.  

4  The Elastica

One lovely finding for us was that of the Elastica 
curve. In our attempts to determine the precise shape 
of transvers section in an open trough mould, we had 
access to two different computer programs, one from 
colleagues at Bath University and the other from a 
colleague at the ETH Zurich. These were able to give 
us the shape of full-deflection transverse sections 
for a straight open trough mould. The shape of the 
impacted (flattened) trough was obtained by scaling 
up a 1:5 physical plaster model. In the course of laying 
out the full-scale plywood bulkheads for cutting, we 
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discovered that a simple bent spline conformed 
perfectly to both of these transvers sectional shapes. 

Through consultations with our Colleges at Bath 
University we learned that the Elastica spline curve is 
indeed the same as that produced by an open trough 
mould under hydraulic pressure (Figure 23). Further 
experiments produced a method for drawing not 
only full-deflection sections, but flattened (impacted) 
sections as well (Figure 24). While the geometry 
obtained by the software’s calculations are crucial for 
any engineering calculations, the full-scale production 
of these sectional shapes, for construction purposes, 
is exceedingly simple, requiring only a uniform-
stiffness spline rather than a computer. 

5  A Cautionary Tale for Flexible Formwork 
Designs

The difficulties we confronted in making a flat 
fabric sheet conform to the landscape architect’s 
design, points to an important lesson about design 
procedures using flexible formworks. The smoothly 
changing shape of the original design was envisioned, 
as architects often do, as a single coherent form 
without joints – or apparently without joints. This 
was the product of the designer’s imagination and 
drawing tools. Flexible moulds, however, are active 
participants in the production of form, and have their 
own “imagination” and ”opinion” so to speak. In this 
case, the fabric was not asked for its opinion in the 
initial conception of the design. Our first 1:10 plaster 
models (Figure 2) were our first queries of the fabric, 
and appeared, at the time, to justify our expectation 
of a simple and flexible system for producing a variety 
of differently shaped modular casts from a single flat 
sheet of fabric. 

The difficulties involved in predicting the shape of 
transvers sections in a curved mould, and the further 
requirement of inserting rigid, symmetrical, bulkheads 
in the flexible system, make these moulds quite a bit 
more complicated than one might expect. Strangely, 
these simple little “worm benches” turned out to be 
the most complex formwork problem we have had to 
grapple with. 

As expected the smaller radius mould was the most 
difficult to do with a flat sheet because the curves are 
most extreme. In this smaller mould we needed to use 

a fabric sheet cut on the bias to negotiate the more 
extreme double curvatures. The medium and large 
radius moulds do not require bias-cut fabric. 

In the end, the final product does not provide the 
smooth shapes of the architect’s original drawings. 
Instead the joints are each “called out” as special 
events by virtue of the geometric events produced 
in the fabric by the end conditions in each case. As 
with all other flexibly formed casts, we can set the 
boundary conditions, but the fabric and wet concrete 
decide together, on their own, the final shapes that 
will form between these pre-set boundaries. Again, 
the moulds are active participants in determining the 
design.

6  Conclusions

The ability to form double-curvature shapes from 
curved open trough moulds using flat fabric sheets 
has been demonstrated by our methods. The cross 
sections of these shapes, particularly those with 
smaller radii, will be non-symmetric due to longitudinal 
tensions set up in the fabric under the hydraulic 
pressure loads of wet concrete and the changing 
angle of the mould edges relative to the direction of the 
fabric’s structure. Further asymmetries are produced 
in the otherwise smooth, continuous, curvatures of 
these geometries by rigidly held end supports. 

The geometry of a transverse section through a 
straight open trough mold can be obtained by a 
simple elastica spline curve. Casts made in open 
trough moulds that are curved in plan are not so easily 
found. We are unaware of any method for calculating 
or modelling the three dimensional geometry 
produced by the combination of plan curvatures and 
the relative changes in the angle of the warp and weft 
of a woven fabric along the length of the mould due to 
this curvature in plan. 

The complexity of the problem surprised the authors, 
and time and again defied intuitive solutions for 
construction. Perhaps this complexity points to 
difficulties in building predictive computer models 
for fabric formworks in certain kinds of geometric 
situations as well.
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1  Introduction

The fluid state of concrete during the casting 
process has throughout history given rise to the design 
of a vast variety of doubly curved shapes only limited 
by the development of the formwork techniques. A 
huge range of methods for casting doubly curved 
shapes has been proposed and they all differ in level 
of accuracy, complexity and cost of manufacture.

1.1  Fabric formwork

At one end of the scale is the research in 
fabric formwork conducted by Mark West and his 
colleagues at the Centre for Architectural Structures 
and Technology (CAST) at the University of Manitoba 
in Canada. CAST is one of the main contributors to 
the field and it houses one of the leading labs in the 

development and design of fabric formed structures. 
The centre focuses on exploring the natural shapes 
of a fabric under the influence by forces such as 
supports, self-weight of concrete and pre-stress and 
the use of this natural shape as a formwork for casting 
concrete elements. They specialise in a variety of 
pre-cast and in situ cast elements including beams, 
trusses, columns, wall panels, vaults and more 
recently slabs (West and Araya, 2009).

CAST has been involved in the design of a fabric 
formed canopy at the new Women’s Hospital in 
Winnipeg. The canopy was designed by placing fabric 
on a flat base then rearranging it in to the desired 
shape taking into account the support conditions. The 
driving force for the design using this method was 
aesthetics and the structural experience and intuition 

4 Intuitive interactive form finding of optimised 
fabric-cast concrete

A Bak1, P Shepherd1 and P Richens1

1 Department of Architecture and Civil Engineering, University of Bath, Bath, UK

Producing organic shapes in concrete has been a challenging problem since complex freeform buildings 
became a major trend in contemporary architecture. Many different techniques for casting doubly-curved 
shapes have been proposed. Most of them produce elements which exactly match a preconceived design, 
but at a high cost in manufacture. Fabric formwork techniques (such as those pioneered at the Centre of 
Architectural Structures and Technology at the University of Manitoba (CAST)) are relatively economical, but 
require a form-finding approach which takes into account the physics of casting, as well as structural and 
functional requirements of the finished element. 

The research presented here involves a specialised methodology for the design and manufacture of optimised 
concrete elements cast in fabric formwork. Using a novel software tool, our approach lies in between the largely 
intuitive methods reported by CAST and the precise but expensive computer-controlled manufacturing methods 
normally used in practice. Combining topological optimisation with computational form-finding, the developed 
software guides the designer towards a shape that is economical in both material and manufacturability. By 
combining knowledge of computational structural analysis, optimisation algorithms, fabric simulation and 
the practical casting techniques of fabric formwork; the gap between structurally optimised forms, and those 
developed intuitively by fabric casting, can be bridged. This is demonstrated through a case study involving 
the computational design of a centrally supported slab, supplemented with design studies realised using 
plaster scale models

A Bak, P Shepherd and P Richens
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of the designer. A different casting technique has also 
been tested and used to create a capital star slab. 
In this case the fabric was placed over a predefined 
cut-out pattern, pre-tensioned and forced in to shape 
by a vacuum The shapes created using the casting 
techniques developed by CAST can be aesthetically 
pleasing but are only structurally optimised to 
the extent of the designers intuition. For further 
information the reader is directed to the CAST website 
where other unpublished papers can be downloaded 
(CAST, 2011).

1.2 Topology optimisation of a continuum

On the other end of the scale many different 
techniques of casting doubly curved shapes have 
been proposed (Jepsen et al., 2010).  Common to 
many is that they force the shape to mimic the desired 
design, but at a high price in the cost of manufacture.

Dombernowsky and Søndergaard (2010) show 
examples of topology optimised concrete slabs 
using off-the-shelf software. A full-scale prototype 
of a topology optimised slab was created using CNC 
milling of polystyrene blocks. This research was done 
as part of the research group “UNIKA beton” that 
explores the possibilities of constructing alternative 
concrete moulds using robot technology. 

Topology optimisation covers the idea of redistributing 
material within a given design domain in such a way 
that the structure benefits from it the most. This 
optimal distribution is dependent on the support 
conditions and the governing loads on a structure.

Common to these well-known topology optimisation 
techniques is that they produce organic looking 
shapes that cannot usually be cast using 
conventional techniques. This paper proposes an 
optimisation algorithm that produces results that 
can be approximated by casting concrete using 
fabric formwork. This algorithm is based on the Bi-
Directional Structural optimisation algorithm (BESO) 
(Huang and Xie, 2007) that relies on the engineering 
assumption that an optimal shape of a structure can 
be found by removing unutilised material from the 
design. The term ‘bi-directional’ refers to the fact 
that material can also be added back into the design 
if it is determined that the structure would benefit. 
The method is a combination of the Evolutionary 
Structural Optimisation method (ESO) (Xie, 1993) 

and the Additive Evolutionary Structural Optimisation 
method (AESO)  (Querin et al., 2000). 

The optimisation algorithm proposed in this paper 
takes certain manufacturing constraints into account 
when determining where material should be removed 
or added. Instead of considering the full design 
domain, a sub domain consisting only of the external 
bottom face is used. Only material within this sub 
domain is considered when deciding what to remove 
or add. The introduction of this subdomain gives 
rise to an optimised shape without internal voids. 
The domain is updated at every iteration step of the 
optimisation. Using this method, a topology that can 
be approximated using fabric formwork is derived. 
This method can produce aesthetically pleasing 
concrete slabs whilst saving material with the fewest 
consequences in respect to manufacturability and 
structural integrity. 

1.3 Fabric simulation

The optimised shape is used to determine the 
constraints of the fabric formwork by digitally draping 
a fabric over it. 

Cloth simulation covers the challenges of simulating 
the non-linear and highly deformable mechanical 
and dynamic behaviour of cloth under the influence 
of forces and collisions inflicted by the surrounding 
environment. The main challenges of cloth simulation 
can be divided into main topics concerning mechanical 
properties, dynamic behaviour and collision handling, 
including self-intersection.

Numerical integration was used to find the time 
dependent coordinates of the cloth deforming 
under the influence of load. These coordinates are 
given implicit as a solution to Newton’s second law 
of motion. This second order differential equation is 
often simplified to a set of two first order equations. 
The simplest integration method is the forward 
Euler integration where finite differences are used to 
calculate the positions and velocities for the next time 
step. An improvement of the Euler integration method 
is to reverse the order of the calculations of the 
position and the velocity (Nealen et al., 2006; Volino 
and Magnenat-Thalmann, 2001). For non-dissipative 
systems this reduces to the Störmer-Verlet integration 
scheme that was popularised by Verlet (1967), but 
used by Störmer as early as 1905. This method is 
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much more stable than the simple Euler method and 
was used in this research.

To be able to define the internal forces of a viscoelastic 
non-linear behaviour fabric a material model is 
needed. Because of manufacturing methods cloth 
is often anisotropic, which further complicates the 
mechanical model. Volino, Magnenat-Thalmann et al. 
(2009) propose a simple approach to modelling the in-
plane forces of a non-linear anisotropic material. The 
method is at the crossroad between the finite element 
and a mass-spring system. It considers forces 
between particles, but is calculated on the basis of 
accurate computation of the surface mechanical state 
in the element connected to each node.

A few different approaches to modelling the bending 
stiffness of the material is available (Grinspun et al., 
2003; Volino and Magnenat-Thalmann, 2006). In this 
research a simple Laplacian-smoothing algorithm is 
used where each internal node of the surface is moved 
to a new position given by the average position of the 
average position of the neighbouring nodes projected 
to the surface normal.

The shape of the draped fabric is used to produce 
a cut-out pattern in a flat surface. This cut-out can 
be used as a guide when draping a “real life” fabric 
through it, thus creating an approximation to the 
optimised shape.

1.4 Aim of research

This paper presents a specialised method which 
puts the design of fabric cast structures somewhere 
between the intuitive approach conducted by CAST 
and an approach depending on the precise but 
expensive manufacturing methods available today. 
This approach provides an interactive framework for 
the design of fabric formwork. The method combines 
the use of topology optimisation techniques with 
computational form finding and helps guide the 
manufacturer towards an optimal design of a slab or 
beam based on the applied boundary conditions.

This paper proposes a way to bridge the gap between 
the ‘digital optimised’ and the ‘manufactured shape’ 
by combining knowledge of computational structural 
analysis, optimisation algorithms, fabric simulation 
and the practical casting techniques of fabric 
formwork. 

2  Methods

2.1 Optimisation algorithm

As mentioned previously the optimisation 
algorithm is based on the BESO algorithm. This was 
chosen because of the simplicity of the algorithm 
and the easy implementation into existing software 
code. The discrete nature of the BESO method allows 
easy evaluation of the optimised shape without the 
use of surface reconstruction techniques. The BESO 
method is more computationally efficient than for 
example the SIMP method (Bendsøe, 1989) because 
the entire domain does not have to be analysed at 
every iteration step. In BESO the number of equations 
decreases when elements are removed. Furthermore, 
starting the algorithm at an initial guess close to the 
desired volume fraction can speed up the process. 
This is especially useful when applying the algorithm 
to three-dimensional structures(Huang and Xie, 2007). 
A full description of the method is outside the scope 
of this paper, and the reader is referred to literature 
(Huang and Xie, 2007).

2.1.1 Method outline

Because of the manufacturing restrictions 
inherent in fabric-formed concrete, only the removal 
of elements from the external bottom face of the 
structure is allowed. Elements with no solid element 
directly connected in the negative direction of the 
z-axis are candidates for removal. This ensures that 
no internal voids are created in the structure allowing 
the shape to be cast with fabric formwork using the 
proposed casting technique. Similarly void elements 
are only eligible for addition if they have a solid 
element directly above them, which is in the positive 
direction of the z-axis. These elements are tested in 
every optimisation cycle and are from here on referred 
to as ‘candidates’. Figure 1 illustrates the candidates 
in a two-dimensional domain.

Figure 1: 

Candidate for 
removal

Candidate for 
addition

Candidates.
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2.1.2 Validation of customised algorithm

This section contains an example that validates the 
correct implementation of the optimisation algorithm. 
As no examples using this strategy exist in literature, 
the validation is done by presenting performance 
graphs.

The structure is a slab supported by a central column 
with an evenly distributed load on the top (Figure 2). 
The material of the slap has a Young’s modulus of 
100000 MPa and a Poisson’s ratio of 0.3. Because of 
symmetry only a quarter of the structure was modelled 
with mesh of 15x15x5.

Figure 3 shows the optimised topology (turned upside 
down to aid visualisation. 

Figure 2: 
Section A-APlan

AA

60 mm

60 m
m

20 m
m

20 mm

10

Dimensions

Figure 3: Optimised topology

The performance graphs in Figure 4 show the 
development in both volume fraction and compliance. 
The volume fraction denotes how much of the 
design domain is solid and the compliance acts as a 
measure of the stiffness of the structure. The smaller 
the compliance the higher overall stiffness. The idea 
of the optimisation process is decreasing the volume 
fraction with an increase in compliance as small as 
possible.

Figure 4: Performance graph

To further evaluate the performance, a design a factor 
called the performance index is introduced as:

  

PI= 1

C Vi
i=1

N

∑ (1)

where C is known as the mean compliance and Vi is the 
volume of the ith element.

Figure 5: Performance graph

Figure 5 shows the development of the performance 
index. The drop of performance index in the first few 
iteration steps is due to the default element sensitivity 
values for the first iteration and should be ignored. The 
rest of the graph shows an increasing performance 
index, and therefore a gradumally improving design 
towards the objective volume.

2.2 Collisions between the fabric and the 
optimised shape

The next step of the design process is to simulate 
a fabric draping over an optimised solid shape to 
determine how the shape could be cast using fabric 
form-work. To simulate this, collisions between the 
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fabric and the solid have to be detected and dealt with 
in a proper manner. 

The obvious approach of detecting collisions is to 
test every object against every other object with 
every iteration. The method is very easy to implement 
but not very computational efficient. The collision 
handling used in this research is based on the fact 
that the mesh is axis aligned and evenly spaced along 
the different axes. This leads to a very simple and 
computational effective way of handling collisions. 
The algorithm works by converting a coordinate 
in space to an address consisting of three integer 
values corresponding to the three axes. The values 
determine how many mesh-increments one should 
take along a given axis to find the element containing 
the coordinate. Using this approach collision detection 
can be reduced calculating the address and looking 
up the element with the corresponding address in a 
list and determine whether collision handling has to 
be triggered.

It is noted that this algorithm is computational 
independent of the number of elements in the static 
part of the collision, i.e. the optimised shape, which 
makes is very suitable for exactly this application. 

Figure 6 show the implementation of the collision 
handling in the software by draping a fabric over an 
arbitrary solid shape.

Figure 6: Simulation of fabric draped over an arbitrary shape 

3  Results

The optimised structure presented below was 
created during the development of the software. 
This was done to test the concept and detect areas 
where the methods could be improved. The test let 
to some changes in the optimisation algorithm and 
the simulation of the in-plane forces of the fabric. In 
this experiment the optimisation algorithm was based 

on a earlier version BESO (Huang et al., 2006). The 
mechanical properties of the fabric were simulated 
using a simple mass-spring model.  

This case study is a square slab supported by a single 
square column in the centre. The design-space of the 
slab is a volume with the dimensions 12x12x0.5m. The 
column is 2x2m in plan. The dimension is displayed in 
Figure 7.

Figure 7: Slab dimensions

The slab is loaded with a uniformly distributed load on 
the top surface. The elements immediately beneath 
the loaded surface are defined as non-design space. 
These elements are frozen and cannot be removed 
by the optimisation algorithm, as this would create 
a design unsuitable for carrying the distributed load. 
The elements in the non-design space are part of the 
structural analysis and therefore contribute to the 
stiffness of the structure even though they cannot be 
removed.. 

The optimisation algorithm used here tends to cause 
asymmetric results even though a symmetric outcome 
is expected. This problem arises because the nature 
of the algorithm is to remove a certain number of 
elements. This can cause the algorithm to remove one 
element and keep another with the same sensitivity 
value, based on the sequence in which they are 
evaluated. When this happens the structure develops 
a tendency to emphasise the asymmetry in future 
iteration steps. The tendency can be minimised by 
slowing down the optimisation process, thus allowing 
the algorithm to ‘self-correct’. However when large 
problems are analysed an increase in the number of 
iteration steps is undesirable. Symmetry planes can 
be used to eliminate this problem in some cases. In 
this case study three symmetry planes have been 
used. The first two are easily implemented when 
setting up the model. By introducing these planes the 
model can be reduced to a quarter size, which also 
lowers the computational time and memory usage. 
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However this model features a third symmetry plane 
along the diagonal of the slab. Because of the topology 
of the mesh this plane splits the element along the 
diagonal and the third symmetry plane cannot be 
modelled the same way as the first two. 

In this case study a small function was introduces, 
which checks for symmetry at each iteration. When 
the optimisation algorithm toggles a voxel on or off it 
performs the same action on the element mirrored by 
the symmetry plane. This can be done using the voxel 
addresses introduced for the collision handling. This 
method forces the topology to be symmetric across 
the diagonal, but does not reduce the computation 
time or memory usage as all elements are still present 
in the model. 

The dimension of the volume after being reduced 
by symmetry planes is 6x6x0.5m. This volume is 
discretised in to a 60x60x10 mesh.

3.1 Optimisation

The optimisation starts from a full domain of solid 
elements and gradually progresses toward a topology 
with only 30% solid elements. The performance 
index increases until iteration number 391 where the 
optimisation process becomes unstable. At this stage 
the removal of volume does not balance the increase 
in compliance and the performance index starts to 
drop. 

The process of the entire optimisation is shown in 
Figure 8. The topologies shown are turned upside 
down to display the shapes of the underside of the 
slab.

Figure 8: Optimisation process

The structure with highest performance index had a 
volume fraction of 45.5%. This structure was used for 
further development

3.2 Fabric draping

The next step was to drape fabric over the 
optimised shape and thereby determine the cut-out 
pattern for the form-work.

The symmetry planes discussed earlier can also 
be used in the draping process by only modelling 
a quarter of the fabric and constraining the fabric 
along the edges touching the planes. The diagonal 
symmetry plane was not used in the fabric simulation.

At this stage the mechanical properties couldn’t be 
modelled accurately, and only relative stiffness values 
could be input. A more precise material model was 
implemented after these tests were conducted.

Nonetheless the software produced a shape of the 
draped fabric that could be used to find the cut-out 
pattern and thereby proving the concept. (Figure 9)

Figure 9: Fabric draped over optimized shape

The fabric was exported to a 3D modelling environment 
where the cut-out pattern was found using Boolean 
operations between the fabric and an intersection 
plane.

3.3 Scale models

The result from this initial run of the optimisation and 
formfinding process was used to create scale models 
using plaster. Fabric was placed on a flat base with a 
cut-out. The cut-out pattern defines the shape of the 
slab by allowing the fabric to sag under the weight of 
the plaster. A plate, supported from underneath, was 
placed beneath the cut-out to ensure that the sag of 
the fabric didn’t exceed the boundaries of the design 
space. The scale of the plaster model is 1:12. 

The same formwork was used to create two models, 
one with and one without pretension in the fabric, 
later referred to as model a and b respectively. The 
formwork is shown in Figure 10.
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Figure 10: Formwork

Figure 11: Model a

Figure 12: Model a, close-up

Figure 13: Model b

Figure 14: Model b, close up.

Figure 11 and Figure 12 display the plaster model cast 
without pre-tensioning the fabric. By not applying pre-
tension the fabric was free to move when influenced 
by the weight of the plaster. Figure 12 clearly shows 
the creases, which formed as a consequence of these 
movements. In this case the creases appeared in a very 
unfortunate position structurally. The model shows 
some deep dents in the base of the cantilevering part 
of the structure thus reducing the cross-section at the 
point where the highest moment capacity is needed.

Figure 13 and Figure 14 shows the plaster model in 
which the fabric was pre-tensioned by hand. This 
creates a very smooth surface without creases, but 
because of the pre-tensioning the fabric was not able 
to sag very deep. Because of the stiff fabric used in 
the model the finished shape is not very distinct, only 
the weight of the plaster forces the fabric to deform 
and stretch into shape. 

Both models have their advantages and disadvantages. 
The aim is to have a model that sags down through 
the cut-out without making undesired creases. 

4  Conclusions

This paper has presented a specialised 
methodology for calculating and casting an optimised 
shape using fabric formwork techniques. As part of this 
methodology a novel software tool was developed. 
The tool can be used to design optimised shapes that 
are economical both in manufacturability and material 
usage. As part of the software a customised topology 
optimisation algorithm based on known techniques 
was implemented. The algorithm was customised in 
such a way that the optimised shapes produced could 
be cast using fabric formwork techniques.
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The case study in this paper concentrates on the 
design of a slab supported by column in the centre, 
but the method could without much effort be extended 
to other types of boundary conditions or other types 
of elements such as beams or panels.

A verification of the ‘cast shape’ in terms of a structural 
and geometric analysis is not performed in this paper. 
The geometry of the cast shape needs to be compared 
with the optimised shape to determine the level of 
approximation in the method and the efficiency and 
manufacturability of the structure. Furthermore for the 
structure to be cast at full scale, a detailed structural 
analysis would be needed. This will be an interesting 
study for future work.

A few design studies were realised using plaster 
scale model. These models drew attention to certain 
characteristics of the method proposed. Using the 
casting techniques discussed here a compromise 
between precision and manufacturability has to 
be made. The optimised shape can be closely 
approximated when using a fabric not under the 
influence of pre-stress forces. The shapes created 
using the non-pre-stress approach closely resemble 
the optimised shape, but because the fabric is free 
to crease, undesired aesthetics and structural shapes 
can emerge. Using an approach with a pre-stressed 
fabric avoids the creasing but the cast shape is 
further from the optimised shape. Improving the fabric 
material model and implementing the hydrostatic 
forces of the concrete and the cut-out pattern for the 
formwork as part of the design process could achieve 
closer approximation of the optimised shape with a 
pre-stressed design approach.

Overall a good base for a framework for the design and 
manufacture of optimised shapes cast using fabric 
formwork has been created, but further validation and 
improvement of the method is underway.
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1  Introduction

The present research leverages recent digital 
modeling and analysis capabilities in combining the 
techniques of two construction technology lineages 
– concrete fabric forming utilizing the monolithic 
dome process, and tensile membrane structures.  The 
combination of these two technologies opens the 
door to new constructive logics, and an expanded 
vocabulary of formal typologies for forming concrete 
with fabric membranes, while streamlining the 
construction process in terms of both labor and 
material.  The research is conducted through the 
complete design and fabrication process of a scaled 
mockup, as well as extended design speculation of 
the process.

2  Background

2.1 Dome Technology

Monolithic dome technology is a process of fabric-
formed concrete developed by David South, Barry 
South, and Randy South1.  The process involves 
inflating fabric membranes into spherical, dome 
or cylindrical shapes, and applying successive 
layers of sprayed foam insulation, steel reinforcing, 
and projected concrete (Figure 1).  The resulting 
construction is a thin shell concrete structure capable 
of spans as large as 90 meters or more2.  Despite the 
name given to the process, the interest for the present 
research herein documented lies not in the principle 
of inflated formwork itself, but in the perfection of an 

1 http://www.monolithic.com/topics/about-us

2 The current largest span using the monolithic dome 
process is a 90.8m dia. structure for coal storage erected 
in 2007 in Nebraska by Dome Technology Inc:  http://www.
dometech.com/content/About/About.aspx

5 Digital formfinding

 
 
 
S Belton1

1 University of Florida School of Architecture

The research demonstrates the use of mechanically pre-stressed membranes as a vocabulary for fabric 
formwork for concrete, and explores and documents the complete design and fabrication process in a 
scaled version.  The combination of digital methods of form-finding, analysis, and fabrication with the 
techniques of mechanical pre-stressing expands the formal and spatial possibilities in the use of fabric 
formwork for medium and even large-scale structures.  Specifically, the process foregrounds the geometry 
of minimal (anticlastic) surfaces as a territory of exploration for design potential and expression.  The design 
process becomes at once specific to the geometric language of minimal surfaces, and expansive and 
exploratory in the generation of geometries through digital form-finding software.  The use of this digital 
model for structural analysis and geometrically precise membrane fabrication allows for mass-customized 
designs of in-situ concrete having the potential to yield complex forms defining complex spaces.  The 
research seeks to propose how the craft and expression of architectural form may keep pace with the 
unending demand for increased efficiency and decreased cost in the construction industry.

The Application of Mechanically Prestressed Fabric Membranes as 
Formwork for Complex Curved Concrete Structures Using Digital 
Methods of Form-Finding, Structural Analysis, and Fabrication.

S Belton
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application process for steel reinforcing and concrete 
that is highly efficient in time and construction staging.  
Because the formwork is single-sided, application and 
installation of all elements is greatly simplified, much 
in the manner that a concrete slab is much easier 
and faster to prepare and pour than an equivalently 
sized wall in-situ using standard industry techniques.  
The monolithic dome process matches the material 
efficiency endemic to fabric-formed concrete with 
an application process that is streamlined and 
economical.

Figure 1: 

1.  inflation 2.  spray-on foam 3.  reinforcing steel
+ shotcrete

Construction Stages of Monolithic Dome Process.

Since being patented in 1979, the process has been 
successfully disseminated and commercialized 
throughout the world to construct both architectural 
and storage facilities.  However despite its success 
due to its low-cost and construction speed, the 
reliance on pneumatic pre-stressing confines the 
vocabulary of possible forms to largely synclastic 
curvatures – domes, spheres, and cylinders.

2.2 Tensile Membrane Structures

The observation that it is the process of projecting 
and installing materials to single-sided formwork 
rather than pneumatic pre-stressing of the membrane 
that is the true advantage of the monolithic dome 
process leads to the question of whether an alternative 
means of membrane pre-stressing is possible, one 
that provides an expanded vocabulary of architectural 
form-making.

In fact there is: mechanical pre-stressing – active 
tensioning of the membrane at its boundaries. Active 
tensioning requires a temporary armature to define the 
restraint boundaries – both fixed and cabled – at the 
required tension until the concrete has been applied 
and cured.  Yet while the erection of a temporary 
armature incurs some additional cost and time over 
pneumatic tensioning, the advantage of mechanical 
pre-stressing as a method of defining fabric formwork 
is the greatly expanded vocabulary of forms made 
possible by the inclusion of anticlastic shapes – i.e., 
surfaces with negative Gaussian curvature.  Spheres, 

domes, and cylinders are suddenly not the only design 
choices possible.

Yet neither is just any shape possible; rather, in order 
for the surface to be in equilibrium without any out-
of-plane forces, the opposing curvatures must cancel 
out so as to produce a mean curvature of zero - by 
definition a minimal surface.  The design process then 
becomes in part a study of possible forms and the 
varied character of space each describes.

As with the monolithic dome process, the technology 
and application have a long tradition and proven 
application at large scale with seminal work from 
Frei Otto, Jörg Schlaich, Edmund Happold, and 
others.  More recent projects such as the installation 
Marsyas show the potential for even temporary 
tensioned membranes to span large distances (Figure 
2).  The PVC membrane for this project spanned a 
total length of 140m and surface area of 3500m2, 
and was tensioned by only 3 steel hollow cylinder 
rings producing a maximum membrane tension 
of 1.5 tonnes/m (Balmond, p. 45).  Such scale and 
complexity for even temporary applications is due in 
large part to the advancement in digital modeling and 
analysis in the last decade.  Physical models using 
soap films and tensioned materials at scale have 
given way to digital 3d modeling using advanced 
form-finding software.

Figure 2: Anish Kapoor, “Marsyas”.  Installation at the Tate 
Modern Gallery, 2002.  The total span of the tensioned 
membrane was 140m.   Photo © Suzanne Kelly.
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An interesting characteristic of the use of mechanically 
pre-stressed fabric as formwork for concrete is 
the structural inversion of a tensioned membrane 
to largely compressive shell structure.  Such an 
inversion recalls the suspended catenary models 
utilized by Gaudi to model the ideal arched structure 
for the Colònia Güell Chapel.  The inversion, of course 
is less pure than Gaudi’s application as the actively 
tensioned membrane is not strictly modeling gravity 
in reverse as the catenary does when turned upside-
down, and therefore incurs some out of plane forces.

3  Minimal Surface – Bow Tie Column

As an example of the potential of tensioned 
structures, a shape was sought that expresses 
a synthetic architectural language – in this case 
combining structure, aperture, and surface/enclosure 
– endemic to the forms of minimal surfaces. The 
design developed is a column/skylight in the form 
of a bow tie (Figure 3).  Topologically, the design is a 
Mobius Strip since the form has only one side.  The 
design also highlights the two types of constraints 
utilized in tensioned membrane structures - fixed and 
cabled – and the dynamic between the two in the 
development of the form.  

Figure 3: Digital model of Bowtie Column showing constraints 
for tensioned formwork.

A direct reference for the design was Frei Otto’s 
seminal work in tensioned membranes, specifically 
the Teardrop column  (Otto and Rausch, p117) for 
its hybrid quality.  It is notable that, while having 
been planned to be constructed of concrete using 
conventional formwork techniques, early models 
were made using soap bubbles and stretch fabric to 
describe a minimal surface.

Despite the specific example for this research, an 
endless variety of forms are possible as design 

solutions, beyond what is traditionally conceived 
of for tensile membrane structures.  Mathematical 
theory and art (Sullivan, 1993) have provided rich 
explorations into the formal possibilities of minimal 
surfaces, and recent advances in digital modeling 
and computation have made possible the calculation 
and engineering of even large-scale mechanically 
tensioned membrane structures (Balmond, 2003).

4  Process

4.1 Digital Modelling

The development of the design began with the 
creation of a digital model, using 3d modeling 
software (Rhinoceros 3d) with a form-finding plug-in 
using finite-element analysis (FEA) (RhinoMembrane).  
The design was first approximated topologically with 
a mesh. Material properties were then assigned to 
the mesh to simulate the pre-tensioning of both the 
warp and weft of the membrane.  Next, the boundary 
constraints of the design – fixed and cable – were 
identified.  Finally the number of form-finding steps 
was specified and the solution was run, resulting in a 
minimal surface with the specified properties (Figure 
4).

Figure 4: Number of form-finding steps in development of 
minimal surface.

At this point a structural analysis was run to test both 
the stresses of the membrane prior to concreting 
(Figure 5), and the behaviour under dead and live 
loading of the final structure (Figure 6).  While such 
data was unnecessary and not utilized given the 
smaller scale of the mockup, such information 
becomes critical at full scale construction.  Potential 
application is discussed later as further research.

Figure 5: Stress diagrams for tensioned membrane formwork.
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A 3d print was made to physically inspect and verify 
the geometry of the digital model (Figure 7). This 
helped to visualize the unique properties of the single-
sided surface and plan for fabrication issues arising 
from this fact.

Figure 6: Calculated displacement of finished monolithic 
concrete form.

Figure 7: 3D printed model. Size is 19x19x12 cm.

4.2 Membrane Fabrication

The fabrication of the membrane formwork entailed 
the interpretation of the curved digital model into flat 
panels, ultimately to be sewn together and stretched 
back into a three-dimensional doubly-curved 
tensioned membrane.  Because the minimal surface 
of the design was not developable, an approximation 
had to be made as to the panel geometry.  The more 
panel divisions of any given curved geometry, the 
closer the approximation to that geometry will the 

resulting membrane construction be.  Such a decision 
is also informed in part by the material choice of the 
membrane: a material with greater stretch in both 
warp and weft will allow for a larger tolerance in the 
approximation of the panel geometry.  As the material 
chosen for the mockup (Spandex) allowed for a high 
degree – approximately 25% - of stretch, a crude 
approximation was permissible.  Nevertheless, a 
rather more strict precision was pursued in the interest 
of approximating actual construction systems where 
tensile membrane materials typically utilized – PVC, 
PTFE, ETFE – have much smaller stretch coefficients, 
on the order of 1-10%.  

In the interest of the structural integrity of the 
membrane formwork, a cutting pattern was sought 
that attempted to follow the stress lines of the 
tensioned membrane – in this case the isocurves 
parallel to the maximum stress lines – in order to 
minimize membrane stresses at seam lines.  The 
final cutting pattern became a mediation between 
structural integrity and material efficiency in the size 
of the available membrane fabric to be used.

At this point in the fabrication process a size was 
chosen for the mockup.  The size of 1.22m x 1.22m x 
0.76m – was based upon US construction standards 
(1.22m = 48 inches). The size was manageable as a 
trial construction while allowing the behaviour of the 
membrane and mass application to be adequately 
tested.

Given the tendency of the membrane material to 
stretch, adjustment must be made to accommodate 
for the final stretched state.   This shrinkage is known 
as compensation.  The compensation for the Spandex 
material chosen was estimated to be 10%, which in 
the final stretched membrane appeared adequate.  
Other materials would require different, largely smaller 
compensations depending on their stretch coefficient.

Material overlap was accommodated for 3 allowances 
– panel-to-panel seams, fixed edge attachment, 
and cable edge pocket (Figure 8).  Panel-to-panel 
seams were further differentiated between parallel 
and perpendicular to membrane stress direction in 
order to provide more overlap and doubled structural 
stitching to seams crossing stress lines.
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Figure 8: Cable pocket sewn into fabric edge.

A final paneling division was developed defining 36 
panels, with panel subdivision increasing in areas 
of greater curvature (Figure 9).  This resulted in a 
formwork with a high degree of accuracy and fidelity 
to the digitally modeled form.

Figure 9: Cutting pattern of 18 panel shapes (x2).

The fabric was cut and sewn by hand following 
templates defined and printed from the digital 
model (Figure 10).  A zigzag stitch was used 
throughout to maintain the stretch properties of 
the overall membrane.  While digital cutting of the 
panels from the fabric was both available and rather 
straightforward through the use of laser cutters, it was 
ultimately deemed more time-consuming than analog 
methods, although this remains a potential option 
should the scale and logistics of a project necessitate.  
Sometimes things are just easier by hand.

Figure 10: Membrane of sewn panels ready for mounting on 
tension frame.

4.3 Membrane Tensioning & Mass Application

A platform and temporary steel scaffolding was 
constructed on which to mount the membrane, 
maintaining both fixed and cable constraints (Figure 
11).  An interesting conversion between formwork and 
finished form occurred with the edges of the bowtie 
column.  Both fixed and cable boundaries needed to 
perform the function of tensioning armature for the 
membrane, as well as edge to the finished concrete.  
As such they needed to be conceived not only for their 
functional performance, but also for their tectonic 
reading.  In the case of the fixed constraint this was 
a square frame of 20x20mm aluminum T-section 
welded into a square frame 1.22m on a side.  This 
was mechanically attached to and supported by the 
temporary steel scaffolding.  The membrane was in 
turn mechanically fastened to this T-section using a 
continuous compression plate fasted every 15cm.  
Upon final removal of the scaffolding, the T-section is 
exposed as the edge detail of the final structure.

In the case of the cable constraint, a flexible PVC 
20x20mm T-section was sewn over the cable pocket 
after the cable was fully tensioned (Figure 12,13).  This 
allowed the edge to rotate so as to be continuously 
perpendicular to the curving surface.
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Figure 11: Membrane fully tensioned at fixed and cable 
boundaries, ready for gypsum application.

Figure 12: Curved PVC T-section sewn over cable pocket to 
define profile for concrete along curving edge.

Figure 13: Mounted fabric showing edge detail.

Given the highly developed and well-documented 
techniques of Monolithic Dome procedures, it was 
deemed impractical and unnecessary to duplicate 
them in a scaled version.  Thus, sprayed foam, steel 
reinforcing, and concrete were not utilized.  Rather, 
plaster was utilized as an equal to concrete in order 
to demonstrate the resiliency of the membrane to 
maintain its shape during the application and curing 

of an applied mass.  In order to increase rigidity, a thin 
layer of plaster – 2 mm – was first sprayed over the 
whole of the membrane and allowed to fully cure before 
applying the full thickness of gypsum – approximately 
20 mm.  Little deformation – approximately 3mm was 
observed both in the preliminary spayed layer or the 
full 20 mm finished layer.   By utilizing membranes with 
higher tensile strengths such as PVC and subjecting 
them to greater tensioning stress, much greater 
thicknesses and weight of concrete can be supported 
without significant deformation.

Due to the Mobius Strip typology, plaster was applied 
to both sides – which is in reality a single side (Figure 
14).  An interesting extension of the typology of the 
Mobius strip is that in using the Dome technology 
process, an initial layer of spray-on foam subsequently 
covered with projected concrete would result in a 
double-wall of concrete with an internal insulation 
layer – a high performance and aesthetic wall section 
created through extremely efficient means (Figure 15).

Figure 14: Gypsum applied to membrane, prior to 
demounting of tensioning armature.

Figure 15: Finished mock-up in poured gypsum.
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5  Applications

The design utilized for mockup demonstration was 
chosen without a specific programmatic designation 
in mind.  Nevertheless, for the sake of design potential, 
it may be imagined as part of a larger system (Figure 
16).  Hypothetical uses may range from a train station 
to open air market.  Furthermore the digital design 
and production process, along with the minimal 
material expenditure in the erection of the membrane 
formwork, suggest that a design need not be based 
on a repetitive module to leverage economies of scale 
in construction, but may instead be truly differentiated 
and variable throughout to suit various performance 
and aesthetic criteria.  This is perhaps the greatest 
potential fabric forming offers the design disciplines 
given the current interest in mass-customization.  
Through fabric forming, mass-customization is 
possible not only through the employment of digital 
design, but through minimizing material production 
and waste, and the minimal reliance on dimensional 
standards of the construction industry.

Figure 16: Rendering of module repetition.

A further design potential is suggested in a parallel 
proposal for a chapel fabricated in concrete utilizing 
the same principles of mechanically-tensioned 
formwork developed in the mock-up (Figure 17,18), 
with the exception that the shape is typologically 
double-sided, reverting to dome technology’s use of 
the membrane as weather barrier and exterior finish.  
Particular attention is given to the tectonic details of 
the membrane and its relation to the tensioning frame, 
in how to articulate natural and artificial lighting, and 
integration of installations (Figure 19).  As with the 
bowtie column, the tensioning frame, rather than 
being treated as simply a temporary support for the 
membrane until the concrete cures, is integrated into 
the final construction, becoming the aperture and 
spatial joint for infill panels (Figure.20).  By employing 
both the tensioning frame and the tensioned 
membrane in the final tectonics and function of the 

finished structure, the fabrication process approaches 
zero waste.

Figure 17: Exterior rendering of chapel using mechanical 
tensioning defining a minimal surface.

Figure 18: Interior rendering of chapel.

Figure 19: Detail studies exploring the tectonic reading of 
the fabric-formed concrete as a complete building system 
incorporating installations, current construction practices, 
and high performance building standards.
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Figure 20: Construction staging of chapel design.

6  Further Research

Further research is needed to make use of structural 
analysis of an initial design solution to re-inform the 
design.  This may be done as a direct modification 
to the design geometry (e.g. modifying the thickness 
of the concrete or reinforcing specifications to reflect 
the calculated stresses), or as an iterative process 
using the structural analysis of each stage to inform 
refinement of a successive design stage until a 
defined optimal solution is found.

There is additionally the need to study the forces of 
mechanical compared with pneumatic tensioning 
of the membrane formwork common to dome 
technology in relation to the finished concrete form, 
specifically whether mechanical tensioning introduces 
significantly greater prestress to the final structure 
which could be destabilizing.

These and other outstanding structural questions 
suggest the need not only for more analysis but for 
the need to construct a full-scale mock-up to test 
the actual physical behaviour, particularly during 
the process of concreting.  The dome technology 
process of applying foam and concrete in successive 
ascending rings works well for purely compressive 
synclastic structures, but will need to be studied for 
more complex geometries herein proposed.  While the 
minimal deformation observed in the scale mockup of 
this research is promising, it remains to be seen how 
the relation between pretensioning and concreting 
forces interact when scaled up.

Further research also remains in developing a more 
comprehensive exploration of formal typologies 
and iterations of minimal surface families, and their 
potential leveraging as design solutions.  Much of the 
ultimate potential in mechanical prestressing depends 
on how expansive the vocabulary of minimal surfaces 
is in describing diverse architectural forms and spaces.  
Additionally, it may be possible to combine mechanical 
tensioning with other methods of prestressing the 
membrane – pneumatic or gravitational, for instance – 
that may allow hybrid typological surfaces combining 
anticlastic and synclastic geometries (Figure 21.)
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Figure 21: Construction staging

7  Conclusions

Much of the contemporary research into digital 
design and fabrication seeks to reconcile complex 
geometries possible through digital modeling with a 
craft of making.  Yet many of these techniques struggle 
with construction industry standards and logics.   
Fabric-formed concrete bypasses this tension through 
minimizing material waste in forming an inherently 
plastic material.  This research demonstrates how 
the use of active tensioning of the formwork and the 
vocabulary of minimal surfaces builds upon this work 
by opening an expanded territory of formal exploration 
only recently made available through increasingly 
accessible 3d modeling and analysis software.
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1  Introduction

Renewed interest and recently expanding research 
of ‘fabric forming’ as a means of producing concrete 
(or rammed earth) structures has established 
its benefits in physically manifesting complex 
curvatures, achieving good surface quality, ease of 
transport of form-work materials (Cauberg et al., 
2009), producing sculptural forms of variable cross-
section and buckling resistant forms (West and Araya, 
2009), and reduction of form-work materials and 
thus cost (Veenendaal, 2011).  As a contemporary 
practise with profound affinity to sculptural forms 
and engaged in architectural production across 
the world, all the benefits listed above are exciting 
and provide motivation for investigation. However 
literature on the subject is largely concentrated on 
associated construction methods or ‘form-finding’ 
design methods. Further software related to and the 
methods of form finding    either of ‘finding’ the general 
equilibrium, surface-active membrane shape - Force 
Density Method (Schek, 1974), Dynamic relaxation 
( Barnes, 1999)  or  ‘finding’ the pre-stressed fabric 
shape that can withstand forces during construction  
- ADINA   (Schimitz, 2004), EASY, FABRIC FORMER 

(Veenendaal, 2011), are highly specific to the task 
and/or proprietary to researchers, engineers and 
engineering practices. As such both the methods and 
software, are neither within easy access to architects 
nor easily incorporated within methods and software 
employed in production of architectural geometry. 
Further they are time-consuming and defy easy 
integration of architectural and spatial constraints 
external to the fabric-forming engineering problem 
that they are primarily concerned with.

It has to be noted that that recent papers and effort by 
Phillip Block incorporating his novel Thrust Network 
Analysis methods for McNeel Rhinoceros (Block and 
Ochsendorf, 2007 and Van Mele and Block, 2010), Axel 
Killian in developing tools and educational material 
within java / processing (Kilian and Ochsendorf, 2005),  
Daniel Piker in producing an interactive physics 
plug-in (Kangaroo) for Grasshopper in Rhinoceros, 
Clemens Preisinger in developing Karamaba for 
Rhinoceros etc are welcome efforts in making both 
the methods and their intuitive usage accessible to 
architects within architecturally known software. Such 
efforts form the precedents and parallel references for 
our current research – both in our experiences within 

6 Sub-division Surfaces in Architectural Form 
Finding and Fabric Forming

S Bhooshan1 and M El Sayed1

1 Zaha Hadid Architects Computation and Design Group

Established form-finding methods – analogue and digital counterparts - and resultant geometries afford a 
qualitative understanding of form and its structural behaviour to the designer. Further there is increasing 
difficulty is establishing the same with complex free-form geometries produced by contemporary software 
and methods.  However, these methods represent other significant advantages to the designer including 
ease of use, affinity to contemporary discourse etc. This paper will present our recent attempts at bridging 
this gap including a customized designer friendly work-flow using subdivision surfaces, and attempts to 
construct two shell proto-types so designed with different form-work methods – fabric and waffle. It will 
subsequently compare the benefits and challenges of both.
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the professional environment of the office and our 
teaching efforts at the Architectural Association. Our 
research and this paper then, aims to extend such 
efforts to adequately represent the complexities of 
scale, time-constraints and delivery mechanisms of 
contemporary architectural practices such as ours. 

Figure 1: Fabric formwork in India

Figure 2: Finished prototype in India.

Generalizing from the above, it could be argued that 
growth in the role of simulation in conceptual design 
and evaluating building performance is coupled with 
the need for architects to manage the dichotomy 
between high-resolution geometries used in simulation 
and low-resolution, manipulation-friendly CAD 
geometries. Researchers have argued for the benefits 
of Hierarchical Subdivision Surfaces in managing 
such a process (Sheppherd and Richensa, 2009; 
Bhooshan, 2010).  This paper will only refer to these 
arguments as relevant to its essential contribution 
within the current context: describing and articulating 
our two recent research prototypes that attempted 

to physically manifest spatial, sculptural and ‘form-
found’ shapes in concrete – one of which was in India 
and fabric formed, and the other in Mexico realized 
via ‘waffle’ formwork (Figures 1-4). The paper will also 
articulate the benefits and challenges of correlating 
design methods used with those used for construction, 
including comparative observations between the two 
construction experiences. It will also refer to two other 
– one in India and another in China - smaller scale and 
test ‘build-up’ exercises we undertook previously.

Figure 3: Waffle formwork in Mexico

Figure 4: Finished prototype in Mexico.

1.1 Objectives, constraints and context of 
research and the proto-types.

In our explicit desire to extend precedent research 
and established methods to adequately represent 
pressures of contemporary practice, we had the 
following self-imposed constraints for both the 
research and the proto-types we attempted to build:

• Integrate form-finding methods within the design 
language of our office and its production pipeline.
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• Use regular and contextually available labour and 
technology

• Frame the prototypes as test-bed scenarios 
to apply design-research within a compressed 
version of contemporary design-production 
pipeline i.e. develop the spatio- sculptural design 
for the prototype and build it within a limited time-
span. In both cases this was about 2 weeks.

On an ancillary note, both the prototypes were 
executed within the constraints of and parallel to 
running an educational 10 day design workshop with 
42 and 26 students respectively. Both the prototypes 
occupied similar footprints (8x5m and 9x6m) and 
surfaces areas -  40 sq.meters and 56 sq.meters.

2  Design and fabrication methods used.

In relation to the objectives and constraints 
mentioned above, the following were the critical 
phases of our design-build pipeline:

2.1 Form-finding, design development and 
analysis.

Physical form-finding using hanging chains and 
associated architectural design methods as pioneered 
by Antonio Gaudi and their subsequent exposition 
by Heinz Isler, Frei Otto, and others are very well 
documented and is common knowledge among 
architects. Their digital simulation using particle-spring 
simulation frameworks are also fairly established 
following the work of early (architectural) exponents 
including Axel Killian (Kilian and Ochsendorf, 2005) 
and renewed interest amongst various academics 
in recent times. Common implementations within 
such a paradigm produce results similar to Dynamic 
Relaxation (Fraschini et al., 2009). Precedents for 
using a mass-spring framework as opposed to a 
traditional and more accurate Finite Element Method 
also include applications to simulate virtual surgery 
which exhibit similar affinity toward computational 
speed and immediate feedback over accuracy. We 
refer the reader to large number papers that details 
the implementation of mass-spring model including 
one that makes a detailed evaluative comparison 
between mass-spring and FEM methods (Halic et al., 
2009)

Design methods employed in the office towards 
formal and spatial development of geometry relies 

both on iterative process and relatively quick time-
span of each of the iterations (Figures 5-7).

Figure 5: Iterative formal and spatial studies (1)

Figure 6: Iterative formal and spatial studies (2)

Figure 7: Iterative formal and spatial studies (3) and more 
complex option considered for Mexico.

Given these facts and our desire to establish a 
qualitative understanding of the structural action 
of curved geometries, we decided to incorporate 
a mass-spring-damper simulation model within a 
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manual, interactive modelling and control mechanism 
using subdivision surfaces that we were used to in the 
office (Bhooshan, 2010) (Figure 8). 

Figure 8: Modelling - Simulation process: (right-left) 
1. Manually modeled/manipulated control polygon; 2. 
Computed subdivision surface; 3. Computed Relaxed 
minimal surface; 4. NURBS patches of relaxed mesh.

We built a custom plug-in for Maya (an often used 
CAD platform) using its C++ API that implements a 
simplified version of mid-point solver for particle-
spring simulations. We also built a CUDA / GPU-
accelerated version to aid us in quick iterative studies 
to find the ‘minimal surfaces’ within the boundary 
conditions described by the more complex control 
polygons (a speed-up to 19-20 FPS compared to 
1-1.4 FPS for un-accelerated code for simulations 
with approximately 50000 particles, 93000 springs, 
and 40 iterations each frame ). 

We used Autodesk Algor that uses a FEM solver 
to cross check shapes qualitatively at intermittent 
stages of the design cycle ( Figure 9,10 ). For finding 
the final shape, we used the in-built cloth simulator 
in Maya due its relative accuracy and vastly superior 
stability (Autodesk Nucleus White Paper, 2009). 
The final shapes were subsequently verified by our 
structural engineers using proprietary software and 
their expertise. 

Figure 9: Qualitative check in Algor - areas of tension/
compression

Figure 10: Qualitative check in Algor - deflections

Based on our qualitative understanding and inputs 
from engineers, we decided to build both prototypes 
as concrete membrane diaphragms spanning steel 
edge profile pipes (images). We intended to use 
a traditional steel reinforcement-wire mesh, ferro-
cement method to produce the concrete shell due 
to the relative abundance of such labour skill in both 
India and Mexico and the lack of sophisticated fabric 
pre-stressing or fibre concrete technology in both 
cases.

2.2 Describing shape on site.

The process of describing the shape on site 
involved the following stages in both cases:

a) Steel pipes had to be bent to describe the 3d 
boundary curves of the geometry. In order to 
describe planar arcs and radii for bending, 
we used a simplified version of bi-tangent arc 
construction and manual reconstruction from 
given continuous 3D NURBS edge curve. We 
refer the reader vast literature on bi-arc fitting for 
accurate and involved algorithms. 

b) Both cases involved the decomposition of the 
geometry into 2d , planar patterns to produce 
the form-work– the parallel contoured profiles 
in the case of the waffle formwork and unfolded 
fabric patterns in the case of the fabric formwork. 
Subsequently these 2d closed profiles had to 
be laid out unto large sheet-sizes to minimise 
wastage. We used a combination of intuition and 
existing software tools ( rhinoNest® for McNeel 
Rhinoceros® ) to do this.
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Figure 11: 3D edge profile curves and membrane diaphragm.

Figure 12: Fabric cutting and 2D layout.

Subsequently, in both cases the pipes and the form-
work had to be assembled before laying out the 
reinforcement steel and wire mesh, which was later 
finished with hand-rendered concrete. The process 
of laying out of reinforcement bars using manual 
bar-bending methods was easier once the spanning 
membrane shape/form-work was assembled on 
site. In both cases, we used heuristic rules and on-
site expertise of the engineers and labour to lay-out 
and space the reinforcement: principal directions will 
follow the shortest path down to ground (The rain-flow 
analogy (Bogart, 2005) Figure 13) 

Figure 13: Laying of rebar along ‘flowlines’

3  Comparative observations of the two 
form-work methods.

On the basis of our hands-on design-and-execute 
experience with the two different form-work methods 
for geometries with similar formal, spatial constraints 
and expected structural action, we present the below 
comparisons between the two. It has to be noted that 
we decided on the fabric formwork in India based 
both on experience from prior experiments in India 
and China to construct the formwork out of tensioned, 
steel ‘sparse-fabric’ made from linear elements of 
steel cable (Figures 14-17) as also the abundance 
of skilled fabric tailoring labour in India used in tent-
making, and car seat upholstery. Similarly our choice 
for a waffle form-work (Figures 17-18) in Mexico 
was based on the availability of CNC cutting router 
on site, lack of inexpensive fabric tailoring and thus 
relatively expensive proposition of geo-textile cutting 
and assembly.

Figure 14: Previous test: construction and assembly of steel 
fabric patches using linear steel cables, assembled into 
circles (1), continued.

Figure 15: Figure 14 continued.
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Figure 16: Figure 14 continued.

Figure 17: Previous test: construction and assembly of steel 
fabric patches using linear steel cables, assembled into 
circles.

Figure 18: Parallel contour cuts for waffle formwork and 
assembly detail using cheaper 2x4 batons.

3.1 Transport and Assembly

The time needed for design refinement and 
production of shop drawings for either formwork 
was similar (about 1 man day each).Fabric formwork 
turned out to be lightweight, cheaper, less labor 
intensive and enabled faster assembly on site. The 
procurement of high-strength triply wood (30 units of 
2.2 x 1.2m) sheets, delivery to on-site routing station 
in a pick-up truck, transport of the cut profiles from 
routing station to actual site was a relatively labor 
intensive and expensive process. This was both on 
account of the labor and the cost of the high strength 
wood. The waffle formwork utilized one experienced 
CNC technician and router, 8-10 laborers for transport 
and was cut and assembled over a 3 day period. The 
fabric formwork on the other hand used 2 experienced 
tailors who cut and stitched approximately 60 sq.m 
of fabric off site, transported it to site in a poly-bag 
and assembled it unto the already erected edge-pipes 
using help from 10-12 labourers only in the assembly 
process. The cutting and stitching took the tailors 
about a day whilst the onsite assembly was about 6 
hours. 

Figure 19: Fabric taking natural tensioned shape

Another significant advantage of the fabric formwork 
was the aspect of physical form-finding. Once the 
fabric was tensioned over the boundary pipes, it 
naturally took the doubly curved shape. As architects 
working intuitively, this was very reassuring to see 
the similarity between shape described physically 
and the one produced digitally ( Figure 19 ). Further, 
inaccuracies in the digital model are partially corrected 
by this physical form-finding. The waffle formwork on 
the other hand is a physical reproduction of the digital 
model and the accuracy of the shape depends both 
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on the choice of resolution and the accuracy of the 
digital model and the cutting process. 

3.2 Life cycle and usage 

The waffle-form offered the significant advantage 
of providing a walkable and workable stable platform 
during the construction process. Further it offered 
the potential for quick dis-assembly and re-use. 
The fabric form-work on the other hand required 
additional working scaffolding to access the top 
surface, suffered from a few tears and sags during the 
laying of reinforcement and torrential rain. The fabric 
was rendered un-useable subsequently since it was 
inexpensive and low-strength and the delaminating 
agent we used didn’t work properly. 

Figure 20: Coordination between waffle and assembled steel 
edge pipes. Notice the notches in the waffle to receive the 
pipes.

Coordination of the steel edge profiles with the 
membrane formwork was also easier with the waffle 
formwork owing to its lower tolerances and higher 
accuracy. (Figure 20). Another drawback with fabric 

formwork was that the assembly of the edge profiles 
had to precede the formwork whilst in the waffle 
method, these could go on in parallel.

3.3 Intuitive design development and feed-back

This will be discussed in detail in the next section.

4  Design Feedback

Although the two fabrication methods present 
different sets of possibilities and challenges they 
initially share a similar design process that has 
become synonymous with the design of primarily 
tension based structures irrespective of whether they 
are materialized in a compression based material 
like concrete or tension surface such as fabric. This 
seemingly problematic process actually allows for a 
more intuitive design pipeline that arguably leads to a 
more flexible and adaptive design process, however 
through working through this process it becomes 
clear that an additional layer of feedback and design 
responses is required to deal with the observations 
and possibilities presented by the two fabrication 
methods.

4.1 Designing for a convergence solution

The workflow of designing a tension based form 
generally begins with a two or three dimensional 
grid representation of a designer’s solution to a 
spatial design problem; in our process this is usually 
manifest as a quad based, primarily four valence, 
and low resolution subdivision mesh. This mesh is 
typically designed to accommodate the base design 
requirements that lead to the design solution such as 
base topology, holes and/ or boundary conditions.  
Furthermore, by taking advantage of the recursive 
subdivision structure of the mesh it is converted into 
a high resolution mesh with an inherited underlying 
quad division from the low resolution model; this 
higher resolution is used as the base surface for the 
particle spring simulations that iteratively converges 
towards a target surface. This workflow is what has 
been the primary focus of various research endeavors 
and design explorations that lead to results of varying 
qualitative success. 

4.2 Focusing an indiscriminate solution

This initial workflow results in a surface that due to its 
convergent nature has inherently addressed the design 
processes in a more real time, intuitive fashion as well 
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as simultaneously addressing the structural feasibility 
of the convergent surface due to the form finding 
aspects of the particle spring method achieving force 
equilibrium within the system. However, the system’s 
stated goal of achieving “equilibrium surfaces” (Van 
Mele, Block, 2010) forces the designers and/ or users 
of the system in general to participate in a workflow 
that is seemingly  indiscriminate in its use towards the 
fabrication processes and the possibilities that they 
present. 

Fabrication has generally been regulated to the 
latter half of most design workflows even within its 
renaissance in design problem solving. It is at this 
point however wherein by incorporating aspects of the 
particle spring mesh based workflow and fabrication 
specific nuances we can focus and elaborate on a 
previously undiscriminating workflow. This leads to 
each fabrication method branching onto different 
paths towards a final solution and where this paper 
aims to highlight the advantages of flexible formworks 
towards creating a “highly integrated design and 
building process” (Verhaegh, 2010).

4.3 Fabrication challenges and simulation

Attempting to fabricate a resultant surface of a 
simulation processes presents design problems 
beyond the initial selection of formwork and 
construction materials, the first and most pressing 
being the discretization and breaking down of the 
surface into components that aid the fabrication 
setup. Our approach focuses on the division of the 
surfaces into a sequence of patches, which is a 
process that can be carried out pre and post simulation 
with radically different consequences. For both 
prototypes the surfaces where divided into separate 
patches pre simulation which effectively renders 
them as behaviorally independent patches that have 
independent if shared fixed parameters. These patches 
are generated by relying on a key property of the initial 
subdivision surface which is its ability to inherit its 
initial low resolution edge set and remap it onto the 
new higher resolution simulated surface. This is due 
to the recursive refinement structure of subdivision 
surfaces that allows the newer higher resolution edge 
to recreate the initial set so that no new edges are 
introduced and that they all lie on the surface itself 
unlike in control net situations wherein the remapped 
edge set lies off the surface with varying degrees of 
tolerance; this allows the valence of the majority of the 

surface vertices to remain unchanged at 4 per vertex 
which we believe is the ideal situation for the particle 
spring simulation. By using the initial edge set we are 
able to separate the surface into patches and where 
we as presenting the first point of conceptual divorce 
between the two fabrication methods in the thin shell 
concrete prototypes.

Figure 21: Patch generation

4.4 Rigid formwork

The fabrication of the Mexico prototype employed 
the method of a unidirectional waffle grid as the 
formwork methodology which was materialized by 
high strength triple ply wood sections propped up by 
standard construction wood studs. These sections 
were generated by the slicing of the simulated surface 
along the primary axis of the surface and using the 
resultant profiles to generate the CNC milling files 
for the wood sections. This global slicing of the form 
presents a set of advantages and disadvantages to 
the design and fabrication process. 

Firstly, this slicing works across the surface 
patches which allows for the reduction in the visual 
discontinuity of the surface as much as possible, 
since because of the initial separation of the surface 
into patches before the simulation we are able to 
retain positional continuity (G0) at the cost of losing 
tangential continuity (G1), which creates the strong 
crease effect present in the shell; but by slicing across 
the patches with a single line and due to the nature 
of the rigid formwork no other fabrication related 
aspects will contribute to the exaggeration in this 
break of continuity. However, this cross patch slicing 
ignores the fact that by creating the patches before 
the simulation and not after it there is an implicit intent 
on the designers side for the patches to ‘behave 
somewhat independently of each other, which is 
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something that fabric formwork inherently takes into 
account.

On a quick note it is relevant to mention that due 
to the two dimensional nature of the unidirectional 
slice it is unable to easily describe complex 
topological situations that are increasingly becoming 
commonplace in the design field. 

4.5 Flexible formworks

Fabricating the surface using a flexible formwork 
allows for the patch division of the surface to take on 
a new behavioral aspect since a flexible formwork 
will behave under gravity on site thus creating new 
considerations and opportunities to be considered 
in the design process. Watching the tailor fabricate 
the formwork for the India prototype lead to a few 
key realizations that help enrich the simulation and 
unfolding digital processes, this is primarily due to 
various tailoring techniques that affect how the overall 
formwork would behave that wouldn’t be considered 
in the digital model since we tend to think of the whole 
simulation system as a ubiquitous closed system with 
similar properties which is far from the truth when the 
resultant tailored formwork is setup on site.

The India prototype’s surface was initially subdivided 
into two main patches along a main edge line, during 
the simulation process this main edge line was 
considered a boundary condition thus was composed 
of a set of fixed members in the simulation. Again, 
this is an aspect that would be carried out in a similar 
manner irrespective of the fabrication methodology 
however this main edge line was chosen as the line 
of division due to specific fabrication requirements 
idiosyncratic to fabric tailoring. Since the resultant 
simulated surface was too complex to be fabricated 
out of a single sheet of fabric it was clear that some 
tailoring was to be carried out on the formwork and 
through various tests we realized that the fabric did 
not stretch or deform linearly on the main stitch lines. 
This meant that if we had disregarded this aspect of 
tailored fabric our digital simulations of the surface 
setup would be incorrect since we would assume that 
this line would behave similarly to the other members 
of the particle spring syste¬m. However, by realizing 
that this line was one of near zero deformation we 
could make the decision to assign those members a 
fixed attribute in the system.

Usually by making certain members of the system 
fixed dictates that they are considered as boundary 
conditions which in both prototypes are represented 
by steel pipes that act as the primary structural 
components of the shells, however in the fabric model 
this main seam line is considered to be an internal 
zero deformation line and is manifest as a main stitch 
line as well as the line that is used as a key input for 
the unfolding process. The unfolding of the surface 
can be considered the analogue process in relation to 
flexible formworks to that of slicing in relation to the 
rigid waffle formwork in that they are both the main 
conceptual device to facilitate the fabrication of their 
respective surfaces.

At this point it is important to note that unfolding as 
a process is conceptually as indiscriminate as the 
slicing process and that the difference that makes it 
more specific is that we believe that it is a malleable 
enough of a  process to allow for user input making it 
more fabrication specific as a process.

Most unfolding procedures are usually global 
operations that tend to separate the surfaces into 
rational parts that are then individually unfolded as 
shown in Figure 22, however by taking advantage 
of different computational tool that is designed to 
primarily clean-up the UV direction map of a surface 
to facilitate its texture mapping.

This tool is a locally based solver, which allows 
for decreased post unfolding “edge non uniform 
scaling”(Lévy, Petitjean, Ray, Maillot, 2002) and thus 
a more accurate result , this is possible due  to the 
locally based nature of the process which requires or 
at least is improved by the presence of fixed reference 
points on the surface. In the case of the India prototype 
the main seam line is used as this reference and as 
illustrated in Figure 24 the results are very different 
when no reference is provided.

By going through this workflow we believe that one 
of the main advantages of using flexible formwork 
becomes evident, which is the ability of fabrication 
based decisions such as seam lines and stitch 
types to affect the internal force distribution on the 
formwork which in turn affects its behaviour and setup 
on site while simultaneously providing tangible inputs 
to a digital process such as designing through particle 
spring based simulations and the unfolding of its 
resultant surface.
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Figure 22: Standard segmented unfold result

Figure 23: Reference based unfold result

Figure 24: India prototype with reference line

Figure 25: India prototype with no reference line

5  Conclusions

The paper attempted to provide a proof-of-
concept for a holistic design-build framework that 
incorporates recent advances in form-finding and 
fabric formwork along with other equally significant 
architectural concerns, constraints and production 
pipelines. It made an argument for on-going flurry of 
parametric design research among architects to focus 
on design methods that enable an operative pathway 
from design intent to its manifestation. The paper 
drew from our recent experiences in constructing 
two similar minimal surface, shell geometries with 
different form-work methods – fabric and waffle, 
and highlighted various benefits and challenges 
involved. Apart from empirically confirming already 
established advantages of fabric forming, it also made 
an argument for incorporating form finding methods 
within intuitive design tools enabling engagement, 
rapid innovation by architects and more importantly 
feed-back construction experiences and constraints 
into the design frame-work. It also argued that 
fabric formwork offers more possibilities for such 
an intuitive, physically-based framework than other 
rigid formworks. It also highlighted potential positive 
implications of such construction practices on design 
methods. Lastly, we hope that the paper succeeds in 
presenting an architectural viewpoint, highlighting the 
pressures of incorporating research on fabric-forming 
and form-finding into contemporary practice.
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1  Small Hopes

“Beyond (concretes) mythology as a machine 
age material lies the wish for its construction 
to be responsive to its inherent qualities – its 
ability to run and slump, its weight. No mater 
how precise and rigid the formwork, it always 
deflects as the material is poured and settled. 
If only that deflection could be worked with a 
skilled eye, the bowing of the wall as an imprint 
of the formwork would not have to be disguised, 
but could take part in the spatial dynamics of the 
building” (Salter, 1989) 

Studying “the workmanship of risk” (Pye, 1968) 
with Peter Salter in the early 1990s I explored the 
innate, involuntary nature of materials and beauty 
of happenstance, utilizing paper pulp, bitumen and 
hessian to create flexible casts taken directly from a 
Hawksmoor Church This was in marked contrast to 
having worked for Raoul Bunschoten on ‘The Skin 
of the Earth’ (exhibition in London and Moscow) in 

1990, producing steel framed, ‘highly regulated’ fibre 
cement shells with “the workmanship of certainty” 
(Pye, 1968). This experience of concrete casting as 
a technique of both deliberate precision, capable of 
extreme structural refinement, and of the inevitable, 
simple consequences of pouring a setting liquid into 
a textile informed an interest in how the refinement of 
the idea could, over time, become either a science or 
a technique without thought - a ‘new vernacular’. 

“‘Fabric formwork’ is a research programme 
that seeks to establish techniques that address 
complex issues of technical production, 
risk management and advanced passive 
energy control, but also accept the legitimate 
responsibility to be comprehensible and relevant 
to everyday construction and everyday use”.

My quote, taken from the book ‘Fabric Formwork’ 
(Chandler and Pedreschi, eds. 2007), sets out 
an agenda for developing fabric casting which is 
purposefully focussed on developing a democratic 

7 A new vernacular
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In October 2011, four post-graduate students, inexperienced in casting concrete were asked to participate in 
the fabrication of an in-situ 31 metre long retaining wall using fabric formwork. The techniques employed were 
developed from research work undertaken at the University of East London since 2004.

Research in the UK has concentrated on workshop-based prefabrication to develop details, structural 
assessments and commissioned pieces. This emphasis on the output of fabric formed casting as either 
technical component or bespoke commission runs contrary to a significant set of published ideals that put 
propose fabric formwork as a potential ‘new vernacular’ that reinvents the casting process technically, visually 
and methodologically. This paper explores the divergence between the achievements and the promise.

‘Small Hopes’ is the name of the Farm where the new retaining wall stands, and documentation of its fabrication 
by the novice contractors is an evaluation of the technique and its potential not as a specialist product, but as 
a vernacular and democratic technology. In order to draw conclusions from the research, the paper attempts 
to clarify the nature of ‘vernacular’, ‘workmanship’ and the ‘material’ with which we cast.
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construction technique. ‘Vernacular’, to borrow William 
Lebov’s theory, it is a language that does not require 
conscious work to select from various options, but is 
the “least self-conscious style”. If the direct simplicity 
of fabric casting can be honed through habit, the 
ability of everyday construction to make use of it will 
allow fabric formwork to become commonplace. At 
least that was the idea, and it was not mine alone: “the 
multiple virtues and simplicity of the methods suggest 
that they will eventually be adopted – and perhaps 
broadly adopted – in many places for many different 
reasons…however, change comes very slowly” (West, 
2005). The inherent nature of concrete processes are 
exploited perfectly through fabric formwork, but can 
the ‘inevitability of deformation’ become not only the 
acceptance of a defect, but manage to transcend the 
glacial nature of commercial construction,

What Salter opens up in his opening quotation is that 
we not only accept imperfection as inevitable, not 
only celebrate it, but also work with “a skilled eye” to 
reinvigorate the making of architecture. He identifies 
a sequence of requirements that have profound 
consequences on the ‘new vernacular’ ideal. 

The Norfolk wall project set out to advance this 
exploration of ‘vernacular’ beyond the academy.

2  ‘Idea’ into ‘industry’

By reflecting on the writing of Peter Salter and 
David Pye, it s possible to examine the nature of the 
concrete itself, on the nature of the workmanship 
that shapes it, and the nature of ‘vernacular’ in order 
to understand what we mean by common use, and 
speculate on the ultimate trajectory of fabric formed 
casting.

Research into construction technologies require 
controlled experimentation to achieve verifiable 
results. Fabric casting is now receiving this form 
of testing, and the elements that form the subject 
of this research are inevitably pre-cast concrete 
‘components’ that the process of analysis aims to 
optimise, standardise and underwrite through codes 
and best practice. The optimisation of form is one 
of fabric formwork’s strategic advantages, but in 
addition to predictability and repetition, it is also 
inherently flexible and can produce great variety. 
Does the method of testing and validation impose 
requirements upon the technique such that what 

is tested is only what can be tested? Does this 
therefore limit the technique, closing down the field of 
possibilities before it has been fully explored? Just as 
with molecular physics, and even social science, the 
act of looking itself alters the constellation of elements 
being studied.

Is the scientific methodology that underwrites 
construction research actually part of a wider 
commercial condition that has ultimately resulted 
in the loss or marginalisation of historic vernacular 
technology? Vulnerable to variable material availability, 
non-uniform performance and un-standardised 
local practices, historic vernacular construction has 
become not common use but ‘specialist heritage’, 
flipping 180 degrees from cheap to expensive, labour 
to ‘craft’. The underwriting of building technology 
is therefore extremely influential in the destiny of 
technique – if it can’t be measured then it can’t 
achieve common, unthinking use, and remains in the 
domain of craftspeople who through their experience 
effectively underwrite their own, bespoke work.

Our response to this tension between academic 
research and ‘learning by doing’ was to do both - 
focussing deliberately on site-work that gave a valuable 
perspective on how the laboratory work provides 
only the starting point. The project was a commercial 
exercise, using four post-graduate students as a 
workforce unfamiliar with concrete casting processes. 
It was important that in evaluating ‘buildability’, the 
workforce were not researchers but workers willing to 
do a good job. This shift from ‘researcher developed’ 
to ‘contractor built’ has fundamental implications for 
how the technique progresses to market.

Casting with fabric provided the opportunity to 
achieve variety and to provide the required structural 
retaining wall at the same time. The Norfolk Wall was 
a wall ten times the length of those already tested at 
UEL, in site conditions that made new demands upon 
the technique and the construction. The formwork 
was based on our laboratory work, but honed for the 
use of common, readily available industrial elements 
– copper pipe, steel washers (Figure 1), standard 
reinforcement and 45 tonnes of ready mixed concrete 
- taking idea into industry.
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Figure 1: Original hessian/bolt detail.

For fabric formwork to become embraced as a 
vernacular technique, the simplicity of the idea is not 
enough. Key to this project was the interface between 
the concrete supplier, the groundwork contractor and 
the fabric formwork team. Interfaces between trades 
or workforces is the main issue with any site work 
(Figure 2). When developing fabric formwork in the 
academy there is a tendency for complete immersion 
in the technology that, when laboratory based, can 
only simulate connections to other technologies or 
liabilities. 

Figure 2: Preparation of the first form in hessian.

The first interface issue was the actual concrete itself 
– the team had chosen a tough, 320 grade hessian 
to achieve a particularly textured finish in keeping 
with the rural location. The concrete suppliers 
suggestion of a self levelling mix provided a very fluid 
concrete that did not stiffen while pouring, as had 
the UEL laboratory work using standard mixes. The 
loss of excess water through the textile meant that 

historically our concrete stiffened quickly and exerted 
less pressure at the base of the form as the concrete 
level rises. In Norfolk, the retarded fluid concrete put 
full hydrostatic pressure on the hessian throughout 
the first pour, and the hessian split from a washered 
bolt hole at the base of the wall. Figure 3 shows the 
flow of the mix, emptying the broken form.

Figure 3: Split fabric originating from a bolt head.

Figure 4: The final bolt detail with rubber interlayer, developed 
for fabric rammed earth. 
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Adding cut tyre washers, as used on our rammed 
earth fabric formwork, to alleviate the pressure 
point by overlapping the washers steel rim, and the 
reversion to woven Lotrak geotextile provided the 
second variant of formwork on site (Figure 4).

In pouring the second formwork a second key 
interface issue arose. The leading edge of the footing 
was left un-shuttered by the groundwork contractor 
– the ability to secure the vital bottom edge of the 
membrane was therefore unpredictable (Figure 5), and 
halfway through the second 4 tonne pour the fixings 
gave way. 

Figure 5: Attempting to gain a robust fixing.

At this point the detail originally developed for the first 
UEL wall in 2004 was revived, where a 150mm pour 
was laid into the formwork that was bolted through 
against two timber grounds and allowed to set before 
filling the rest of the wall. This provided a self-sealing 
layer, remaining below ground when complete, but 
compensating for the lack of strength in the footing 
edge. In order to close the experimentation and rely 
on proven knowledge, a standard concrete mix was 
ordered for the third pour (Figure 6), the ability for 
the fabric to weep air and excess water, aided with 
a vibrating poker, would replace the plasticized mix. 
Pour three was completely successful, and casting 
the remainder of the wall was uneventful.

Figure 6: Pour 3 complete.

Figure 7: The first completed section.

Achieving ‘uneventful’ construction was actually the 
task of the research – it makes for dull reading and 
indeed it should if ‘new vernacular’ is the purpose of 
the research. The shift from controlled and methodical 
research to slightly disinterested graft appears within 
sight, but the intuition required to deal with inevitable 
interface issues so easily put this technique beyond 
the ordinary workforce. 
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Figure 8: Washered weep detail of first completed section.

Figure 9: Norfolk wall nearing completion.

Wilf Meynell, site coordinator of the Norfolk wall 
commented “’vernacular’ requires accurate, 
recognizable repetition requiring a ‘mindless’ 
approach to construction where the technique is every 
labourer’s bread and butter. Can this be achieved 
with something so fluid and changeable as fabric 

formwork?” A good question, and one that demands 
greater detail about how research and labour meet.

3  The nature of workmanship

“As a material, it (concrete) is caught between the 
expectation of versatility on the drawing board 
and the reality of its presence in the building. In 
construction it is strangely rigid and mechanical, 
seeking a precision and disguising failure, 
leaving no place for the eye of the craftsman 
or the feel of the mix. Sheet sizes govern the 
formwork, the concrete is serialized, ranked 
according to standardised ties and statutory 
spacers, for however technical its achievements 
it is always caught in the handwork of the wet 
trades” (Salter 1989).

Salter identifies the particular nature of concrete – 
formless like metal or plastic, it depends on casting 
processes to ‘become’. He also identifies its scale, 
its mass and weight as being beyond the precision 
demanded of injection moulding. It is the scale of 
its use, on site and in open air that presents its 
unique condition, and its unique demands upon the 
workman. As Salter warns when requiring ‘a skilled 
eye’ to judge the acceptability of a deflection, the 
intuitive skill required to underpin ‘vernacular’ skill 
may mean that the term, derived from linguistics, has 
limitations when applying its ‘thoughtless’ definition 
to construction. We need a tighter understanding of 
how we create construction.

Craftsmanship is simply workmanship using any 
kind of technique or apparatus in which the quality 
of the result is not predetermined, but depends 
on the judgment, dexterity and care which the 
maker exercises as (s)he works”. By contrast, “the 
workmanship of certainty” is full automation (Pye 
1968).

In Situ work, exposed to the elements, manipulating 
hydrostatic tonnage deep in the ground or suspended 
from a scaffold is just such an approximation, requiring 
operations as far from drawing as is possible, therefore 
“the result is continually at risk during the process of 
making….the workmanship of risk”. (Pye 1968). Yet 
ironically, to achieve the impression of mechanized 
order formwork systems, codes of practice and 
specifications are the designers attempt to ensure that 
the reality maps back to the intention. In the process 
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of determination, as Salter observes, the particularity 
of the material is lost. 

The issue of the standardization of concrete 
manufacture is one that fabric formwork makers are 
familiar with, and on the whole reject. However, as 
the use of fabric becomes more refined, how do we 
ensure that the sterility of rigid shuttering systems, 
born originally from Hennebique’s excitement at the 
possibilities of the new ferro-cement, is not the fate of 
fabric formwork?

Fabric formwork has established a subversive 
relationship to intention, one where the drawing 
proves inadequate because the nature of the 
material (concrete) and the matter (textile) 
interacting contributes so much to the outcome. The 
workmanship of risk is then, at least theoretically, still 
in the ascendant, and the role of intuition and judgment 
currently play an intrinsic part in the use of flexible 
forms. How then is this affected the democratization 
of the technique? Does dissemination inevitably 
require the standardization of the technique in order to 
define it as a common construction currency? Clearly, 
as Pye has observed, the workmanship of risk is either 
preparatory – establishing principles and prototypes 
to facilitate mass production, or is productive, 
realizing the ‘one –off’ or the unique – usually at a 
premium given a lack of scale economy or uncertainty 
of success. 

If then fabric formwork is to become, as was 
the intention, a new vernacular, then we are at a 
crossroads. To continue the exploitation of the 
workmanship of risk in the definition of unique, 
specific and crafted pieces we will limit its potential 
reach and relevance. If we look at the workmanship of 
risk as preparatory, then the logical conclusion to this 
process of research is the reduction of its potential 
to discrete ‘designs’ defined through aesthetic, but 
more likely financial parameters that can finance the 
research and development required to achieve the 
confidence of the market.

Current research on fabric formwork is clearly divided 
along these fundamental lines – the experimentation, 
discovery and play depended for its success on 
the judgment, dexterity and care of its researchers, 
whereas the research into structural properties, 
minimum material use and optimum dimensions is 
part of establishing predictability and the ability to 

‘specify’. This requirement to specify is a key indicator 
of the split between the ‘inventor/maker’ and the 
‘contractor’. The need to define instructions on how 
the image in the minds eye of the ‘designer’ becomes 
accurately transcribed into reality needs codes and 
specification to ensure consequent deliverability. 
Research into “the workmanship of certainty” is part of 
the divorce between the maker and the idea, between 
the material and the location in which it sits. Yet the 
democratic potential of the technique requires it.

The design is the means by which the work is 
translated from idea to reality, via code called drawing 
or specification. It also becomes the means by which 
the work is assessed – how close or approximate is 
it to the code? Design is effectively the removal of 
alternatives in order to remove doubt. When evaluating 
a structure or a process, the essence is to determine 
the design in order to regulate the analysis in order to 
determine the design – no place for happenstance. 

The requirement for justifiable methodologies of 
construction practice imposes limitations on more 
than simply design opportunities. In ‘Fabric formwork’ 
(2007), Katie Lloyd-Thomas discusses how Simendon 
draws parallels with the exercising of will over materials 
to the exercising of will over the operatives who build. 
This, she points out, is the consequence of the act 
of specification, of prioritizing predictability. She 
identifies this desire for predictability with standard 
rigid casting methods, “Rigid formwork casting sets 
up a fabrication process in which the domination of 
matter by form appears to take place” (Lloyd-Thomas 
2007). At what point in the refinement of fabric forms 
will this hold true for non rigid processes? The denial 
of the material variation inherent in Lloyd-Thomas’ 
description of rigid formwork, can also be applied to 
the regularisation of fabric forms in achieving concrete 
‘components’. With verification and optimization 
readily achievable in workshop conditions, it is 
unsurprising that this area of fabric formwork research 
is most technically advanced. The nature of the test 
establishes the nature of that which is tested. The 
lightness and economy of fabric forms makes most 
sense when transporting to site in a backpack, yet it 
is the workshop where predictability is established, 
and where the destiny of fabric casting is likely to be 
determined. 
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With the Norfolk wall research, we found that the 
tension that is necessary as the form is assembled, 
the uniform tightness of the bolts, the need to keep 
the fabric free from folds or entrapment, the inability 
to prop the front face given its delicacy until set are 
all issues that would require a completely different 
contractors mindset from the one used to the ‘brick-
on-brick nature of current common practice. In-situ 
concrete work is a holistic operation, and although 
commonplace, the scale of contractor sufficiently 
efficient at raising, casting and striking good concrete 
even within ply forms is limited. Perhaps the synthetic, 
synchronous nature of large-scale casting is what 
attracted the current fabric formwork researchers to 
engage with it, the three dimensionality of the textile 
a logical extension of the character of the process. 
For ‘vernacular’ workmen, however, the potential for 
any single step within the matrix of fabric formwork 
detailing to create a problem means that however 
clear the concept, the sheer risks involved will allow 
blockwork or ply shuttering to remain the default. 

It is the promise of fabric formwork’s beautiful 
surfaces that is compelling, but effectively the layering 
of construction details needed to achieve it is greater 
task than applying spurious surfaces to tidy up 
afterwards.

4  The nature of ‘vernacular’

“The accuracy with which certain vernacular 
buildings are located and constructed prompts 
a yearning for an unselfconsciousness that can 
no longer be found” (Salter 1989) 

Our rural site in Norfolk has a distinct vernacular 
construction language – flint in the ground, red brick 
fired throughout the centuries to gather it and frame 
it as useable walling in a matrix of lime and sand, 
also from under foot. The immediate connection of 
place to materials is, however now mediated through 
calculation and regulation – the structural engineers 
default position when certifying a retaining wall is to 
use reinforced concrete, so the ‘vernacular’ becomes 
an image of historic local continuity with the dressing 
of the structure in a non load-bearing facing of load-
bearing material. The clients at Small Hopes Farm 
were unhappy at the expensive artifice, and sought 
to achieve an alternative, varied textural solution that 
had its own economy of means.

Figure 10: Awaiting backfill and leveling.

Inherent in fabric casting is the acceptance that the 
‘natural behaviour of a tensile membrane will describe 
the stress field between points of restraint when 
hydrostatically loaded. ‘What you see is what you get’ 
when the concrete solidifies is both its liberation from 
the constraints of rigid formwork, and its problem. 
West’s identification with simplicity and ‘origin-al’ that 
enables fabric formwork to become both ‘high’ and 
‘low’ construction belies the new dilemma introduced 
through choice. Concrete’s identity as dressed stone 
is as inherent as its reliance on compression, so the 
rejection of rigid formwork is effectively a cultural 
revolution as much as a technical one. 

The iconoclastic nature of ‘high’ construction takes 
such questioning in its stride, in fact it is an intrinsic 
part of the understanding of the ‘avante-garde’. The 
research diversity in fabric formwork provides ample 
subjects for aesthetic opportunism on the part of the 
architectural press, but the question of how research 
addresses ‘low’ construction is, for me of greater 
importance. 

Understanding the difficulties in overthrowing the 
assumptions about casting concrete requires an 
understanding of ‘vernacular’ as a concept and a 
reality. The appeal to common sense - to saving 
material, time, money, whilst creating a new visual 
language is in itself admirable but not a guarantee of 
overcoming blind habit. Why else would you cover a 
cheap structural blockwork wall in an elaborate, time 
consuming non structural skin of expensive load-
bearing flint? 
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Mark West clearly anticipated this issue, and 
addressed it in two significant ways, both of which 
run counter to accepted academic practice: to treat 
research as an open source, and to deliberately avoid 
specialist tools, materials and technologies. But is 
this enough? Is the fact that concretes rigid forms 
and a lack of questioning centuries of use as a stone 
imposter actually the core of its success? Can it be 
argued that having limited choice about appearance 
is itself liberating, and that the new potential for 
concrete expression may simply present a tyranny 
of choice that constructors are unable to overcome? 
Do researchers into fabric formwork face a classic 
modernist dilemma that requires an ‘avante-garde’ 
to provide the spectacle of advancement, whilst 
simultaneously enabling the monotony of economic 
regulation to actually underpin our constructed lives? 
We must avoid being a sideshow for the concrete 
industry.

Ironically the notion of vernacular as both ‘particular’ 
(to a place) and ‘common’ (knowledge) becomes 
unsustainable, when ‘common’ use requires the 
engineers generic specification to legitimize its 
operation not only here, but there, everywhere. In 
fixing the multitude of methods of organizing flexible 
formwork within restricted, validated and approved 
parameters, we may follow the route of the 8’x4’ sheet 
and the concrete block - away from the specificity of 
execution that characterizes the vernacular, and also 
away from the nature of casting in flexible forms. 

5  Reflection on ‘Small Hopes’

The Norfolk Wall in many ways marks a point in 
time for my fabric formwork research - the technical 
problems are solved (or at least under control), the 
opportunities are open, the logic is proven, but now 
we must deal with the stuff you cannot measure, 
refine or disprove - habit. 

Working with fabric formwork illuminates the key 
dilemma of ‘judgment’ in modern construction – we 
applaud its virtues as products of “the workmanship 
of risk”, yet cannot trust it to deliver and legislate 
around it to achieve a “workmanship of certainty”. 
Achieving variety and locally specific responses is so 
intrinsic to fabric formwork, yet this very adaptability 
and responsiveness demands judgment beyond the 
‘thoughtless’. 

With the potential of fabric formwork vulnerable to over 
specification on one hand, and lack of a workman’s 
intuition on another, the technique sits uneasily 
between the two. But given a choice between making 
exquisite, expensive bespoke or a retaining wall on a 
farm, my preference is the latter.

 “…instead of being frozen, the vernacular ….. 
should be a catalyst for ideas from which to 
understand the particular circumstances” (Salter 
1989)
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1	 Introduction

Numbering fewer than 900 words, Heinz Isler’s 
paper “New Shapes for Shells” (Isler,1961), presented 
at the first conference of the International Association 
for Shell and Spatial Structures, in Madrid, in 
September 1959, was brief but highly significant 
(Chilton, 2009; Billington, 2003). Speaking in front 
of more established shell builders such as Eduardo 
Torroja, Nicolas Esquillan and Ove Arup, he introduced 
three non-conventional form-finding methods for 
shells “…the freely shaped hill, the membrane under 
pressure and the hanging cloth reversed” (Isler, 
1961:2) and showed examples of their use in some of 
his own projects.

Of these, he commented that he considered the 
hanging cloth reversed (i.e. fabric-forming) to be 
the most satisfactory. This was the method he 
subsequently used to find the shape of his most 
iconic works such as the roofs of the N1 autobahn 
service station at Deitingen Süd (1968) and the Sicli 
SA factory in Geneva (1969). Although this technique 
(hanging and inversion) can be used directly to form 
small to medium scale objects, it is not feasible for the 

long-span shells constructed by Isler. However, it can 
be utilized for their form-finding.

The paper concluded with a sketch, by Isler, shown 
in Figure 1, indicating 39 potential shell forms and 
an “etc.”, suggesting that there might be an infinite 
number yet to be discovered (Chilton, 2009).

2	 Hanging	cloth	reversed	

Isler has commented that he first realised the 
potential for form-finding with a hanging cloth when 
he noticed the shape of jute fabric (used wet to aid 
the curing of concrete) draped over steel reinforcing 
mesh (Chilton, 2000:35). Early experiments with the 
technique, using a wet sheet suspended from four 
poles on a freezing winter evening, are illustrated in 
his paper “New Shapes for Shells” (Isler 1961:4), with 
illustration 8 showing the frozen inverted ‘ice shell’, 
see Figure 10 below.

2.1 Basic technique

For form-finding of his shells Isler loaded the fabric 
surface with a plaster of his own formula developed 
to maximize mouldability when wet whilst maintaining 

8 Form-finding and fabric forming in the work of 
Heinz Isler

J Chilton1

1 Department of Architecture and Built Environment, University of Nottingham, UK

In his remarkable paper “New Shapes for Shells”, presented at the first conference of the International 
Association for Shell and Spatial Structures, in Madrid, Heinz Isler (1926-2009) proposed three methods of 
form-finding – “…the freely shaped hill, the membrane under pressure and the hanging cloth reversed.” Of 
these he considered the hanging cloth reversed (i.e. fabric forming) to be the most satisfactory and this was 
the method he used to find the shape of his most iconic works such as the roofs of the N1 autobahn service 
station at Deitingen and the Sicli factory in Geneva. Although this technique (hanging and inversion) can 
be used directly to form small to medium scale objects, it is not feasible for the large shells constructed by 
Isler. However, it can be utilized for form-finding. This paper describes the process used by Isler to apply the 
principle of fabric forming to the creation of full scale shells and relates this to his experiments with fabric 
forming of ice structures, which suggested the, mostly unrealized, potential of the method.

J Chilton
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a constant thickness on the curved fabric and 
minimizing cracking of the drying surface.  However, 
Isler also realized the shortcomings of this technique, 
due to the influence of fabric weave and its orientation 
relative to the boundaries.

Figure 1: Illustration 9 from Isler’s paper “New Shapes for 
Shells” (Isler,1961:5), courtesy IASS.

To minimize these effects, for more accurate modelling 
of the hanging surface, Isler employed a selected high-
quality latex rubber membrane which has consistent 
isotropic properties. Figure 2 shows the application of 
this technique for a form-finding model for the Sicli SA 
factory shell in Geneva.

Figure 2: Latex rubber form-finding model for the Sicli SA 
factory shell in Geneva (Photograph: John Chilton)

That there are almost no surviving examples of this 
technique is explained by the fact that in order to 
accurately measure the formed surface the latex 
rubber former has to be removed. 

It is interesting to note that Isler also seems to have 
experimented with a mechanical method of form-
finding. This was observed in June 2011, when the 
author visited Isler’s studio in Lyssachschachen, near 
Burgdorf (shortly before the contents were moved to 
the Eidgenössische Technische Hochschule (Swiss 
Federal Institute of Technology), Zürich (ETHZ)). The 
assembly consisted of a wooden frame from which 
was suspended a triangular piece of latex rubber, 
similar in form to Isler’s Deitingen Süd motorway 
service station shells. An approximation to a uniform 
load was applied to this surface through small timber 
discs distributed across it. The discs were connected 
via a system of strings and spreader bars culminating 
in a single string attached to a small pulley wheel and 
handle on the base below. On turning the handle the 
strings pulled down on the discs thereby imposing 
a load on the latex and deforming it into a double-
curved surface, see Figure 3. Unlike Isler’s standard 
form-finding method, where once the shape, size 
and suspension points of the surface had been fixed 
the load exerted by the wet plaster creates a unique 
profile, this rig generates different forms depending 
on the load applied. However, as no rigid surface is 
produced it would have been very difficult to measure. 
It is suggested, therefore, as only one example is 
known to exist, that Isler used this to demonstrate the 
principle and range of possible form generation rather 
than as an alternative design method.

2.2 Selection of form

As noted previously, for any given plan shape, the 
number of forms that can be found using a hanging 
membrane is potentially infinite. Hence, what are the 
factors that influenced Heinz Isler’s selection of the 
preferred constructed form? A photograph taken 
of Isler during the presentation of his paper “New 
Shapes for Shells” in Madrid, in 1959 (Billington, 2011; 
Ramm, 2011), shows that he had written with chalk 
on a blackboard - no digital media being available at 
that time - what he considered the key factors to be, 
namely:

• Functional
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• Shaping

• Artistic expression

• Statics

• Construction

• Cost

Of these he had emphasised ‘shaping’ and ‘cost’.

Figure 3: Mechanical form-finding rig for surface similar to the 
Deitingen Süd motorway service station shells seen in Isler’s 
studio at Lyssachschachen (Photograph: John Chilton) 

Isler, as designer, determined the shape and size 
of the fabric surface he used in the form-finding. 
However, as with a simple catenary chain, the smaller 
the sag of the three-dimensional hanging fabric or 
membrane surface, the greater the magnitude of 
horizontal thrust to be resisted by the shell and at the 
supports. Conversely, the greater the sag, the lower 
the thrust but the greater will be the surface area of 
the roof and, consequently, the higher the self-weight 
and vertical load to be resisted at the supports. 
Therefore, the shape and size of the initial surface 
evidently influences the support reactions and the 
stresses within the shell.

A further consideration is buckling of the shell under 
compression stresses, particularly at the free edges 
and where loads concentrate near the supports. In 
more traditional geometrically determined shells, 
such as hyperbolic paraboloids, this frequently 
necessitates the incorporation of an edge beam. 
However, from his experiments with ice shells (see 
Section 5), Isler realized that by making his initial 
surface slightly larger than the plan area between the 
supports local modelling and double curvature of the 
thin shell edge could contribute the required stiffness 
to resist buckling. The overall size, shape and location 
of suspension points of the initial surface therefore 
influence the resulting surface.

This led Isler to make a series of hanging models for 
each shell project, for example see Figure 4, which 
shows models for the standard, typically 17.75 or 18.6 
m wide x 48 m long, tennis hall shells, such as those 
constructed in Norwich, UK. The different profiles, 
some flatter, some steeper can clearly be seen. 

From the series of models Isler was able to assess 
the appearance of each in terms of the aesthetics, 
approximate compression stresses within the surface 
and approximate buckling resistance.

In conversation with the author Isler said that he was 
able to calculate approximate self-weight stresses in 
his square and rectangular plan shells very easily – as 
he put it “while walking between my study and the tea 
room”. From the shell area he knew the approximate 
vertical reaction at each corner and from the angle the 
surface made with the horizontal he could calculate 
the horizontal thrust and hence the resultant force in 
the support. Distributing this over the area of shell at 
the mid-span (shell thickness times curved length of 
section) gave him an average stress.

He was therefore able to assess each form qualitatively 
and to some extent quantitatively in a relatively 
short time. The selected form then proceeded to be 
precisely measured and the structural behaviour of 
the surface was accurately determined with load tests 
on resin models.
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Figure 4: Series of form-finding models for Isler’s standard 
typically 17.75 or 18.6 m wide x 48 m long tennis hall shells. 
(Photograph: John Chilton)

3	 Determining	the	geometry

At the time Heinz Isler was using this form-
finding technique modern methods of surface profile 
determination, such as laser-scanning, were not 
available to him. To obtain sufficient and appropriate 
x, y and z-coordinates to enable the full-scale shell 
to be constructed, the plaster surface, typically, 
at approximately 1:50 or 1:100 scale, had to be 
accurately measured. This was achieved manually 
using the selected plaster cast placed within a 
special measuring jig. As can be seen in Figure 5, this 
consisted of a timber box with scale rules embedded 
in the side frames to give x and y co-ordinates. The 
z-coordinate was found using a guided pointed probe 
suspended neutrally (with its weight balanced) from a 
dial gauge.

Before placing the plaster cast in the jig a network of 
grid lines was drawn on its surface. The grid density 
generally varied depending on the shape of the 
surface, degree of curvature and detail required. For 
instance, near the corner supports where the slope 
of the shell is steeper a greater density was usually 
employed.

Figure 6 shows the plaster cast for one of the group 
of free-form shells designed in collaboration with 
architect Michael Balz and built at Stetten auf den 
Fildern, near Stuttgart, prepared for measurement 
with the grid drawn on the surface.

To minimise inaccuracies, coordinates for each point 
on the model shell surface were measured a number 
of times and the mean value was taken. According to 
Isler, being the most critical stage in the process, this 
was carried out only by himself.

Figure 5: Isler’s measurement jig (top, photograph: 
John Chilton); Form-finding model prepared for precise 
measurement in the special jig. (Bottom, photograph: John 
Chilton)

Figure 6: Form-finding model prepared for precise 
measurement in the special jig. (Photograph: John Chilton)
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Figure 7:  Z-coordinates determined for the model shown in 
Figure 6 marked on the 1:50 plan. (Photograph: John Chilton) 

The z-coordinates determined for the model shown 
in Figure 6 are marked on the plan view shown in 
Figure 7. Profiles were then plotted at larger scale to 
check for inconsistencies and any perturbations were 
smoothed.

4	 Proving	the	form

Heinz Isler was renowned for his distrust of 
computers and, certainly during the early part of his 
career, finite element programs capable of analysing 
his shells were not widely available. Hence, following 
in the steps of his mentor Lardy, he used physical 
models to prove the structural robustness and stability 
of his forms.

Epoxy resin models were made using the plaster 
models as forms and these were load tested in 
purpose made experimental rigs to determine internal 
forces and the shell buckling resistance. Works of art 
in their own right, the models and rigs were designed 
to replicate a variety of loading conditions, including 
for instance differential movement of the supports. 

By their nature, each of Isler’s free-form shells is unique 
and, therefore, requires a new model to be made and 
tested for each type. Examples of these are shown in 
Figures 8 and 9 for the Gips Union SA factory, Bex (the 
first of Isler’s free-form shells to be constructed) and 
the Sicli SA factory Geneva, respectively.

Figure 8: Structural model for the Gips Union SA factory in 
Bex, Switzerland, 1968. (Photograph: John Chilton)

5	 Ice	shells

As he described in his paper presented at the 
International Association for Shell and Spatial 
Structures (IASS), Structural Morphology Group 
Colloquium, held at the University of Nottingham in 
1997 (Isler, 1997), Heinz Isler experimented - one 
might even say played like a child – with thin structures 
of ice over many years. He commented “Your wildest 
imagination is modest compared with the richness 
nature can produce” and noted the ephemeral nature 
of his ‘discoveries’.

Figure 9: Detail of structural model for the Sicli SA factory, 
Geneva, 1969. (Photograph: John Chilton)

Taking advantage of the cold Swiss winters and the 
extensive grounds around his house in Zuzwil he 
made a range of frozen shapes using just water and 
fabric. The early example from the paper he presented 
to the IASS Congress in 1959 is shown in Figure 10, 
where the stiffening effect of excess fabric at the 
edges can be clearly seen.
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Figure 10: The hanging and inverted membrane shown in 
Isler’s IASS Congress paper, 1959. (Photographs: © Heinz 
Isler Archive, ETH Zurich)

From the simplest sheet hanging from four corners 
used to create an arched grotto, Figures 11 and 12, to 
the free sweeping draped forms shown in Figure 13, 
all were initially in tension.

Figure 11: A simple hanging sheet when frozen forms an 
arched grotto. (Photo: © Heinz Isler Archive, ETH Zurich) 

The hanging ice shell in Figure 11 has not been directly 
inverted when used in the small grotto shown in Figure 
12, hence the shells are not in pure compression, yet 
stand nevertheless. However, those of Figure 13, 

once the original support has been removed become 
compression forms.

Figure 12: When combined they create an arched grotto. 
(Photograph: © Heinz Isler Archive, ETH Zurich)

6	 Discussion

Given the facility and creative potential of this form-
finding method, as demonstrated by Heinz Isler’s 
experiments with ice forms described above, it may 
appear surprising that a greater number and variety of 
free-form Isler shells were not built. 

Putting aside the fact that the form of a building is 
usually determined by the architect and that Isler, as 
engineer, would have had the difficult task of persuading 
the architect to adopt a self-generated form, there is 
the fundamental difficulty of economically forming 
complex double-curved reinforced concrete shells. 
In Isler’s case this was alleviated to a great extent 
by eliminating single use formwork, where possible, 
and utilising thin flexible timber laths draped across 
reusable curved glulam timber beams supported on 
lightweight temporary scaffolding. Although not truly a 
fabric, the thin laths nevertheless might be considered 
equivalent to its warp or weft threads.
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Figure 13: Draped frozen fabric becomes self-supporting 
in compression once the supporting forms are removed 
(Photograph: © Heinz Isler Archive, ETH Zurich)

Figure 14: Draped frozen fabric initially supported by a central 
pole (Photograph: © Heinz Isler Archive, ETH Zurich) 

The approximately 6m high tent-like ice structures of 
Figures 13 and 14 at first appear unlikely candidates 
as models for reinforced concrete shells. They were 
created by draping open weavThe approximately 
6m high tent-like ice structures of Figures 14 and 
15 at first appear unlikely candidates as models 
for reinforced concrete shells. They were created 

by draping open weave fabric (in tension) over a 
supporting pole before spraying water until the ice 
layer became approximately 10mm thick. Once frozen 
the central pole was removed allowing the ice shell 
to stand on the ground carrying its own weight in 
compression. The scale of the ice shell can be judged 
by comparison with Isler’s wife Maria, who is seen 
bravely standing inside, see Figure 15.

Yet, a similar form has been designed and built by 
Japanese architect Shoei Yoh. Using a deployable 
woven bamboo gridshell – effectively an open weave 
bamboo fabric  draped over temporary supports - 
he created the formwork support for the reinforced 
concrete roof of Naiju Community Center and Nursery 
School, Fukuoka, Japan, 1994 (Stungo, 1998; Yoh, 
undated).

Figure 15: Draped frozen fabric becomes self-supporting 
in compression once the supporting pole is removed 
(Photograph: © Heinz Isler Archive, ETH Zurich)

7	 Conclusions

Reinforced concrete shell structures directly 
formed with fabric are generally considered feasible at 
the small scale. However, due to handling difficulties 
the usual method of construction, involving inversion 
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of material cast on a hanging form suspended under 
tension is generally not feasible at the scale of Isler’s 
shells. 

Nevertheless, as the free-form shells of Heinz 
Isler demonstrate, this does not signify that fabric 
forming cannot be used in the process of design and 
construction of large reinforced concrete shells. 

In Isler’s work fabric-forming is the fundamental stage 
in the design process, allowing him to quickly explore 
a multiplicity of forms and to develop efficient and 
elegant structures. During construction the formwork 
surface is directly supported on primary glulam timber 
beams on lightweight scaffolding, which support 
flexible timber laths that emulate an open weave 
fabric.

As has been shown by Shoei Yoh with his Naiju 
Community Center and Nursery School, Fukuoka, it 
may be possible for certain thin shells to be formed 
directly on woven, initially flat rectilinear timber grids. 

The potential of this technique would appear yet to be 
fully explored.
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1  Introduction

In thin shell construction using fabric formwork, 
the structural framing used to support the flexible 
membrane that receives a phase-changing material 
(such as concrete, GFRC, GFRP, etc.) has traditionally 
been rigid in order to establish fixed boundary 
conditions to support the fabric.  With this construction 
technique the forces generated by the application 
of liquid material on the fabric are resisted by the 
structure supporting the fabric.  This paper describes 
a new method of creating thin shell structures with 
fabric formwork through the use of a flexible framing 
system made from fibreglass rebar in order to create 
a dynamic support system for fabric formwork.   This 
flexible frame allows for the movement in the fabric 
formwork to influence the form and position of the 
structure supporting it. 

The projects described here will also examine the 
use of ice as a full-scale temporary building material 
that can be used to test the formal opportunities and 
construction techniques of fabric formwork structures 

in cold climate conditions.  Ice is an abundant and 
inexpensive material suitable for testing full-scale 
fabric formwork experiments as an analogue to other 
phase-changing materials commonly used in the 
building industry.  This paper will examine two main 
projects, Curtain Wall and Cocoon, in which ice was 
used to create fabric formed thin shell ice structures.  
The projects presented are intended to provoke 
two main ideas about the current methods of fabric 
formwork construction.  

First, this study will look at what happens when the 
support structure that holds the fabric formwork in 
place becomes a participant in the dynamic shaping 
of a structure when a phase-changing material 
is applied, and what is learned from finding and 
controlling form in this way.  

Secondly, it is intended to examine how an impermanent 
material like ice can be used to study full-scale fabric 
formwork structures that have minimal and temporary 
implications on resources and construction efforts. 
Additionally, it seeks to understand if ice (intended to 

9 Wobbly Structures: Exploring the potentials of 
flexible frames & fabric formed ice structures.

L Coar1

Faculty of Architecture, University of Manitoba 

This paper will present the results of two years of experimental modelling and full-scale constructions of 
fabric formed ice structures that have taken place at the Centre for Architectural Structures and Technology 
(CAST) at the University of Manitoba. These investigations involve hybrid structures using bent fibreglass 
rods (rebar) as flexible framing supporting fabric formed ice shells, as well as free-standing fabric formed 
ice shell structures. This research examines the unique architectural and structural potentials of the natural 
materials and extreme cold climate of central Canada. The results of this testing has revealed new design 
opportunities and a unique tectonic vocabulary emerging from a very high deflection framing system that 
responds directly to a flexible skin. The intention behind these investigations is to develop an analogue 
technique for constructing fabric formed shell panels using other materials like spray concrete, GFRC, or 
GFRP (as Heinz Isler has previously shown). However what has 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 climate environments.

L Coar
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model other phase-changing materials) can itself be 
considered a suitable material to construct temporary 
structures for cold climate environments.

2  Background of Ice Structure Research

It is widely understood that the compressive 
and tensile force that flow through materials are 
curvilinear in nature, despite the rectilinear forms of 
most structures built.  This inconsistency between the 
forms of these structures and the forms of the internal 
forces that move through them creates an inevitable 
inefficiency between material, form, and structural 
performance.  Many architects and engineers have 
understood this and have explored the design of non-
rectilinear structural forms as a way to achieve greater 
structural efficiency with less material. Heinz Isler, 
Luigi Niervi, Eladio Dieste, Frei Otto, Antoine Gaudi 
are just a few who have dedicated much of their life to 
discovering ways to create efficient structural forms 
that reflect the internal force flows experienced by 
their structures.  However, one of the main challenges 
in creating structural forms with complex curvatures 
has been the generation and control of complex forms 
in rigid materials like stone, concrete, and wood.  

One building method that has been developed to 
create thin-shelled complex forms is the use of fabric 
formwork to support the application of a phase-
changing material like concrete.  Traditionally, this 
method of construction uses fabric to hang or be 
restrained by various boundary conditions on a rigid 
supporting frame.  Fabric formwork construction 
methods have yielded successful results in creating 
complex concrete shell forms, however one of the 
greatest challenges with this method of construction 
is the difficulty in generating full-scale experiments 
with concrete itself.  Working with concrete is a 
laborious, massive, and a heavy material that does 
not encourage full-scale experimentation due to 
the difficulty in storing, moving, or discarding the 
experiments once built.

At the Centre for Architectural Structures and 
Technology (CAST) at the University of Manitoba, the 
author has begun exploring the use of ice with fabric 
formwork construction techniques in order to avoid 
the challenges imposed by working with concrete.  
Inspiration for this research comes in part from the 
previous work by the Swiss engineer Heinz Isler, 
who in 1955 began experimenting with fabric formed 

ice structures in his back yard (Chilton, 2002).  Isler 
created temporary ice structures by hanging fabric or 
rope and applying water directly to it.  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. 

More recently Arno Pronk and Dirk Osinga have 
experimented with the creation of ice structures in 
warmer climates with the aid of artificially generated 
cold temperatures on structures that water is applied 
to (Pronk and Osinga, 2005). In these experiments 
pneumatically formed volumes were covered with 
chilled tubes that received the application of water to 
generate ice on the membrane surfaces.   

In both of these projects, ice has been used as a 
structural material able to support it’s own weight. 
Additionally, the construction technique used to 
apply water to fabric formwork and flexible formwork 
construction is highly similar to the construction 
technique used to apply other phase changing 
materials to complex formwork structures like spray 
concrete, GFRP, and GFRC.  As a result, there is 
opportunity to explore new fabric formed construction 
techniques for a range of construction materials using 
ice as an analogue modelling tool in cold climate 
environments.

3  The Curtain Wall Project (2010)

In January 2010, a dozen architecture student 
volunteers and the author proposed to create a 
temporary outdoor projection screen using fabric and 
ice for the Atmosphere Conference being held at the 
University of Manitoba.  In this project a semi-flexible 
white fabric was planned to act both as a formwork as 
well as an internal reinforcing layer within a thin shell 
ice wall.  The intention was to test the ability of water 
to create a rigid compressive structure in the extreme 
cold climate of Winnipeg, often reaching to -40°C.

3.1 Preparation

The first phase of this project involved an 
investigation into the selection of the material that 
would be suitable to both absorb and retain the water 
that is applied in cold climate conditions.  For this 
experiment, a range of fabrics was tested including 
synthetic, combination synthetic/natural fiber blends, 
and 100% natural fibers fabrics.  In order to test how 
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these fabrics could both retain water and generate 
stiffness when frozen, water was sprayed on each 
fabric sample that was then hung into desired forms 
on a steel scaffolding structure.  After applying seven 
coats of a hosed mist it was discovered that fabrics 
with high natural fiber content both retained the most 
water and created the most highly reinforced frozen 
forms. Following this experiment a synthetic/natural 
fabric blend with a very high natural fabric content 
(90% cotton/10% polyester) was selected.  The 
cotton fibers provided superior water retention in the 
fabric, while the polyester component allowed for 
30% stretch in the width of the fabric, and 20% along 
its length. This stretch helped to smooth out some 
of the wrinkles the fabric generated to create softer 
curves. The fabric panel that was constructed was 3 
meters high and 7 meters wide.  

After building the wood scaffolding, a shallow walled 
wooden base was framed in order to contain the 
length of the fabric wall that was attached to in a 
curved pattern.  This “bathtub construction” allowed 
for the water that would run off the fabric during the 
spraying process to be captured at the base and to 
eventually freeze to create a heavier mass to resist 
the anticipated lateral wind loading.  By attaching 
rope to points along the top edge the fabric could 
be raised towards the beam with varying tensions 
on each pulley.  Because of the flexible nature of the 
fabric and the forces introduced by the pulleys, the 
raising of the wall was an exploration of the form that 
was to be frozen.  After trying several iterations of 
tensions on the rope, a shape was established and 
secured for the water spraying.  The fabric was pulled 
to approximately 3.5m high, and the material formed 
into naturally folding curves, increasing the stiffness 
along the continual plane (Figure 1).

3.2 Applying the Water

The temperatures that January ranged from -10°C 
to -35°C, which provided more than ample cold to 
freeze the water that was applied to the fabric.  Water 
was sprayed with a hose on both sides of the hanging 
structure in layers, with a 30-minute break in between 
to let each layer freeze. By the end of the second day 
twelve coats of water had been applied to the fabric 
creating a stiffened fabric and ice structure with a 
thickness ranging from 3mm at the top to 8mm at 
the base.  Empirical testing of the frozen fabric, by 
knocking on it and attempting to push it or dent it with 

blunt force, offered unwarranted confidence to cut 
the ropes holding the fabric to the beam overhead.   
However once cut the rigidity and stiffness of the wall 
was remarkable (Figure 2). The ice had frozen to a 
dry glassy sheen, and generated a stiffened form that 
emulated the properties of glass itself.

Figure 1: Raising the fabric into place

Figure 2: The fabric and ice structure completed

3.3 The Surprising Life of Ice

When performing his ice structure experiments 
Heinz Isler stated that although reinforced concrete is 
typically needed to create clear spans at a building 
scale, for smaller structures, the strength and 
properties of ice are quite suitable for cold climate 
conditions that don’t rise above -12°C (Chilton, 2002). 
From the Curtain Wall project it was discovered ice 
not only had the ability to stiffen fabric to a suitable 
amount, but it had the capacity to become a self 
supporting material like concrete or other phase-
changing building materials. Curtain Wall stood a 
total of forty-two days, and although during this 
time the temperature did rise above 0°C, putting 
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it at risk for melting in the direct sunlight, the wall’s 
most aggressive mode of failure was the effect of 
sublimation, the evaporation of ice to a gas in dry cold 
climates.  To much surprise, when the wall began to 
loose its thickness in temperatures below -10°C, the 
fabric on the back of the structure began to expose 
itself.  It was discovered that because water had 
inadvertently been applied more to the front than 
the back, a thinner layer of ice was created on the 
back of the structure causing it to sublimate first and 
reveal the imbedded fabric.  Upon closer inspection 
it became clear that one could actually pull the fabric 
away from the ice without compromising the ice 
structure on the front. When this was done it revealed 
a freestanding ice structure with no reinforcing in the 
area that was tested.

3.4 Conclusions

The outcome of this project revealed how one can 
explore fabric formwork construction techniques with 
relative ease and minimal cost with the use of ice. 
Although this project was a study of the performance 
of ice as a rigid compressive material, it was also 
a study of the construction techniques used to 
form other phase-changing construction materials. 
Currently Mark West and Ronnie Araya at CAST are 
using a woven high-density polyethylene (PE) fabric, 
coated with a low density PE coating on two sides, 
one side of this fabric has a fuzzy, non-woven, PE 
fabric heat-welded to it providing a suitable surface 
upon which to apply spray concrete.  These fabrics 
allow concrete to bind and set to the fuzzy side while 
the smooth side acts as a mould for the creation of 
multiple cast concrete iterations of the same form.  
Their approach to spraying concrete onto fabrics 
like this invite a comparative technique that can be 
explored using fabric and water as an analogue to 
other phase changing materials like concrete or even 
GFRC or GFRP. 

Based on the discoveries from the Curtain Wall 
project a new area for exploration in the creation 
of for fabric formwork construction was realized.  
The phase of erecting a temporary support system 
(scaffolding), upon which the fabric is supported, is 
commonly treated as a temporary and secondary 
reinforcing system, as was used in Curtain Wall. The 
scaffolding system provides a supplemental loading 
support and allows for more ambitious spans and 
scales that the liquid state of a fabric formed structure 

alone can achieve. This secondary support is then 
usually removed once the phase-changing material 
applied to the fabric is rigid enough to take-on the 
structural loads. This raises the question of whether 
or not it is possible to create a support system that 
can be easily erected, create reliable support, and 
potentially remain within a fabric formed structure 
as an imbedded secondary support system? Also, 
can the formal and material nature of this temporary 
structure provide new opportunities in form creation 
through its support of the fabric formwork?  An 
opportunity to study these questions came about with 
the Warming Huts Project on the frozen Assiniboine 
River in downtown Winnipeg.

4  Elastica, Pneu Theory, and the meaning 
of “Fabric”

In the summer of 2010 the author began studying 
fibreglass rebar, typically used for reinforced concrete 
structures that are susceptible to corrosion or spalling, 
as a building material to assemble semi-rigid, flexible 
frames to support fabric skins.  These frames revealed 
a unique condition of being able to support modest 
loads over significant spans considering the lightness 
and amount of material used. 

4.1 The Theory of Elastica

What became significant in the research of these 
structural frames was not simply how they performed 
as lightweight compressive frames, but rather, how 
they behaved as flexible forms.  These structures are 
highly dynamic resulting from their balance of flexure 
and stiffness. It is not so much that they react to forces 
that are imposed on them, as all structures do, rather 
it is the fact that these structures are so revealing 
and expressive of this reaction.  The fibreglass helps 
to create a stressed frame that is not formed in 
complete tension (like fabric formwork) or complete 
compression (like masonry structures), but rather 
through a constant negotiation of both where the 
state of equilibrium is constantly seeking a balance 
between the changing external forces acting upon it, 
and the internal reactions the material responds with.  
It is in a constant state of indeterminacy. The resulting 
behaviour and forms that are generated by these 
structures are known as elastica.  

Raph Levien describes elastica as the behaviour 
of materials that seek equilibrium in compression, 
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tension, and shear forces. He points out that Galileo 
proposed that the interplay of these forces in materials 
generate moments that create the behaviour of 
elastica. It is this behaviour that he describes, as an 
“equilibrium of moments” (Levien, 2008).

Architectural and structural forms are traditionally 
shaped by the will of the architect or engineer or both. 
Building materials are then cut, erected, and assembled 
to fit the desired form.  The equilibrium that takes 
place in most of these stiff structures are designed 
to be contained within the tolerances of building 
codes that allow for limited deflection (deviation) from 
this form.  The flexible nature of elastica structures 
establishes a different relationship to loading that 
normal building codes and the study of statics does 
not account for. These structures behave much more 
like naturally formed structures, like plants, where it 
is not the stiffness that resists external loading, but 
rather the elastic nature of the structures that help 
them to “deflect” under external loads to avoid 
absorbing them entirely. Elastica structures therefore 
must be designed in a dialogue with the material 
properties, as well as the external forces acting on the 
structure in order to negotiate a form generated from 
its construction.  In fact this negotiation does not end 
at the completion of construction since the form of 
this structure will always be changing in a constant 
search for equilibrium between the external loads 
generated by the environment, and the internal loads 
that resist these forces.

4.2 Frei Otto and the Pneu Theory

In his research at the Institute for Lightweight 
Structures (ILS) in Stuttgart Germany, Frei Otto 
explored the inherent abilities of materials to generate 
forms in response to their properties and the 
environmental forces they encounter (Otto, 1985).  He 
looked at a wide variety of materials including flexible 
axial structures like bamboo.  He tested models as 
well as building sized projects to understand how a 
flexible, lightweight building material like bamboo 
could be assembled to create large scale building 
systems. 

Arising from his research at the ILS, Otto proposed 
the Pneu Theory (as in pneumatic) that states that 
all naturally formed matter is shaped through a 
negotiation of varying pressures mediated by a 
membrane wall that divides them  (Otto, 1995).   These 

pressures are described as both physical or external 
forces, as well as cultural and social ones. 

In elastica structures, the forces that are exerted 
on them influence their form and behaviour quite 
dramatically.  They do not hide the their desire to seek 
equilibrium with these forces, rather they express 
them and at times amplify them depending on their 
particular geometries. In this way, when designing 
these structures, it is impossible to fully predict the 
actual form they will take, as one cannot fully anticipate 
or even model what external forces or pressures these 
structures might take on. The elastica nature of the 
fibreglass is what actually determines the shape each 
bar takes based on the stresses it is negotiating. 
Levien points out that elastica generates forms out of 
a determination of the unique “endpoint conditions for 
which a stable solution exists” (Levien, 2008).

As a result, a designer building these elastica 
structures is limited to making 5 discrete decisions:

1) To determine the ‘endpoint’ conditions where 
the bars are connected to each other

2) To determine the location and angle at which 
the bars meet the ground

3) To determine the assembly pattern these bars 
are assembled into

4) To determine the connection type when bars 
intersect (pin or moment connections)

5) To determine the initial pressures introduced to 
generate the initial form

4.3 Re-discovering the Meaning of ‘Fabric’

The assembly of fibreglass bars greatly influences 
the behaviour of the structure it creates.  The 
pattern determines the density, stiffness, geometric 
behaviour, and scale of the structure.  The detail of the 
bar intersections determine the degree of flexibility of 
the overall pattern, as well as the behaviour of the 
bars at that point.  At these intersections, one may 
establish a pin-connection by binding the two bars 
oriented at non-parallel orientations to each other, or 
create a moment connection when bars are bound 
when parallel to each other.  Standard plumbing gear 
clamps were used in this research to attach these bars 
for ease and speed of assembly, as well as for the 
robust durability of the fastener.  These connectors, 
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although strong, are tightened with a limited torque 
(to protect the fibreglass) and act only to hold the 
intersection of the bars at a particular location.  

When two or more bars are positioned parallel to each 
other, the use of two gear clamps spaced apart by 
0.5m will create a fixed moment connection. When 
not parallel, the bars are held together by one gear 
clamp but are able to rotate freely within 110° rotation 
because of their sectional property of two cylinders 
stacked on each other.  This allows the structure to 
demonstrate the “elastic” properties found in the 
bias of a woven fabric.  After constructing several 
patterned structures with these bars and observing 
their behaviour, it became clear that although they are 
made of a material that is semi-rigid and compressive 
in nature, these flexible and dynamic structures are in 
some ways “fabrics” themselves.

The Cambridge English Dictionary defines “fabric” as 
“a structure woven from fibers” and “weaving” as the 
“forming of something from several different things” 
(Cambridge University Press, 2011).  Given this, the 
elastica structures described here could be considered 
fabrics if one were to think of the fibreglass bars as 
fibers. However what is more telling is the comparison 
of how these structures behave when stressed, being 
very similar to how traditional fabrics behave under 
the same stresses.

The properties of fabrics are unique from other 
structural systems in that they respond in a dynamic 
way to external forces without compromising their 
geometric integrity or structural capacity.  In fact it 
is how fabric behaves when responding to external 
forces that give it the form-finding behaviour it is used 
for in fabric formwork construction.  A force exerted 
in one area implicates the rest of the structure as it 
seeks equilibrium with that force. For woven non-
elastic fabrics complex curves are generated when 
an axial force is exerted on the bias of that fabric. 
Each of these qualities is reflected in the behaviour of 
these fibreglass structures with one unique exception. 
Unlike traditional fabrics, a woven fibreglass framed 
structure is able to support compressive forces not 
only tension.  It is in fact the introduction of these 
compressive forces that cause these fibreglass 
structures to seek equilibrium through moment forces, 
rather than seeking equilibrium through tension alone 
like traditional fabrics. 

Once understanding this, the behaviour of these 
strange flexible structures becomes clearer and in 
tune with an intuitive relationship of working with 
flexible structures like fabric formed assemblies. In 
essence, by building a framework using fibreglass 
bars, and using this structure as the support for fabric 
formwork, the building system might be understood 
as a free-standing hybrid fabric structure, one part in 
pure tension, and the other in pure bending.

5  The Warming Hut Project (2011)

In January of 2012, The Department of Architecture 
at the University of Manitoba was invited to design 
and construct a project for the frozen river trail on the 
Assiniboine and Rivers in Winnipeg, Manitoba. The 
Warming Huts Competition had its inaugural run the 
year before and was extremely successful. Designers 
from around the world competed to construct 
shelters along the river trail that provided shelter and 
amusement for the thousands of ice skaters that used 
the 8km long path.  The author along with student 
volunteers from the Faculty of Architecture led the 
university’s project.  The proposal was to create a 
structure that would speak to the temporary nature of 
the site conditions, as well as celebrate and test how 
the extreme nature of the cold climate might inform a 
building system that relies on it. As a result a project 
was proposed to build a fibreglass rebar structure that 
would support and shape a fabric formed ice skin. It 
was imagined that the building techniques discovered 
in the Curtain Wall project from the previous winter 
could inform the creation of a fabric formed ice 
structure framed by a fibreglass structure (fabric) 
supporting it. The site was to be located on the frozen 
Assiniboine River, providing ample building material 
for the skin; with the aid of an ice auger and water 
pump with a spray nozzle. The project was called 
Cocoon, referring to the phase-changing condition of 
the protective shells that many insects that undergo 
metamorphosis construct.

5.1 The Design

The structure was intended to be a tunnel to 
provide shelter from the wind and the snow for the 
ice skaters on the river.  The design called for an 
assembly module using four #6 (19mm) solid circular 
fibreglass bars to create a four-legged frame, with 
four #4 (12.7mm) solid circular fibreglass bars arching 
diagonally between the legs to spread them open 
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(Figures 3, 4, 5).  This module created the basis for 
the structure and was repeated along the length of 
the path to create a 12.2m long tunnel with a curve 
of a 13m interior radius. The bundled peaks at the 
top of each frame module pierced and held the fabric 
skin centered on the structure, allowing it to drape 
down both sides to the base. The anchors in the ice at 
each leg were a 2m long, 25mm diameter steel rebar 
post placed 75cm into hole drilled in the ice that was 
then filled with water to cast the steel in place. The 
fibreglass frames would then be attached to these 
anchors to eliminate any opportunity for the fibreglass 
to be encased in the ice where an extreme moment 
force might be generated under intense wind loading.

Figure 3: Fibreglass frame perspective

Figure 4: Fibreglass frame elevation

Figure 5: Fibreglass frame plan

In order to understand the capacities of fibreglass 
framing better, a series of studies were conducted that 
helped to predict the performance of the fibreglass as 
well as the behaviour of the resulting structure made 
from them.

5.2 Studying Fibreglass as a Building Material

The first study was carried out in collaboration 
with Dr. Dagmar Svecova and Payam Nabipay in the 
department of civil engineering at the University of 
Manitoba.  In this study, a 6089mm long #4 (12.7mm) 
fibreglass rebar bar was tested to determine the outer 
fiber tensile capacity of the bar based on the geometry 
being proposed in the design of the structure. The 
manufacturer (Pultrall) provided specifications 
regarding the maximum tensile capacity within the 
fibreglass bars it produces, and since fibreglass does 
not show any signs of progressive failure modes and 
only fails catastrophically, it was required (by Canadian 
Standard Association 9 (CSA)) that the design be 
under 25% of the ultimate strain (εu) or 16,900 micro 
strain (με).  Using this as a beginning, an experiment 
was set up where 6mm strain gauges were placed 
on the extreme top and bottom outer fiber in the mid 
section of a #4 bar.  This bar was then bent into an 
arch with one end in a hole in the lab floor, and the 
other in a hole 4m away. The load sensors were then 
monitored as one end of the bar was incrementally 
repositioned closer to the base of the other end, 0.5 
m at a time.  

D_arch H_arch Strain (με) %εu

000 1600 1050 6.2

3500 1798 1580 9.3

3000 1945 1990 11.7

2500 2060 2300 13.6

2000 2175 2700 16

1500 2275 3400 20

1000 2380 3825 22.6

Figure 6: Test results of bending of #4 fibreglass bar

At a distance of 4m the initial strain reading resulted 
in 6.2%εu (Figure 6).  As the ends of the bars were 
moved closer together, the strain rose slowly until the 
actual designed curvature planned for the structures 
was achieved.  This was a 2m spacing yielding only a 
16%εu, below the 25%εu we wanted to stay under.  It 
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was decided to continue the test until it reached as 
close together at the base as possible. The test was 
concluded at a 1m spread at the base, generating a 
22.6%εu, still below the maximum allowable design 
strain of 25%εu.

Figure 7: Strain at the bend vs. diameter of arch

The results of this test yielded a roughly linear set of 
data, indicating that the bending and internal stresses 
had a directly proportional relationship with the spread 
of the arch (Figure 7).  This reinforced the definition 
of elastica in that “Three basic concepts are required 
for the formulation of the elastica as an equilibrium 
of moments: moment (a fundamental principle of 
statics), the curvature of a curve, and the relationship 
between these two concepts. In the case of an 
idealized elastic strip, these quantities are linearly 
related” (Levien, 2008). Although the “curvature of the 
curve” was not recorded in this test, the relationship 
between the internal stresses and the spread of the 
curve point to a closely linear relationship between the 
two as described by Levien. 

The results from this test helped to define the limits of 
the geometries allowed by the fibreglass bars in order 
to maintain safe internal stress levels in the fibreglass.

5.3 Dynamic Digital Modelling Test

Having never constructed a fibreglass and fabric 
formed ice structure before it was important to 
attempt to predict the performance of such a structure 
under loading from site conditions. 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. Z3RCH most often works on tensile membrane 
structures and pneumatically formed fabric structures, 
so this hybrid fibreglass and fabric structure was a 
unique project for them.  

They used computer software to test both the 
fibreglass framing of the structure as well as the 
framing covered with fabric and ice during their tests  
(Leiva and Leiva, 2011). The material properties for 
the materials and load cases in the modelling were 
assumed as follows:

• Ice: (Assumed to be 2.5cm thickness), Weight per 
unit volume 0.917 [Tonf], Modulus of elasticity 
933,000 [Tonf/m2], Poisson’s ratio 0.3.

• Fibreglass (as supplied by Pultrall, maker of the 
fibreglass rebar); Weight per unit volume 2.4 
[Tonf] Modulus of elasticity 7,500,000 [Tonf/m2]; 
Poisson’s ratio 0.25.

• Dead load: Self weight (fibreglass, ice).

• Snow load: 50 [kgf/m2] applied in the Y direction 
(Figure 8).

• Wind load: 65 [kgf/m2] applied perpendicular to 
the ice surface.

• Test wind load: 500 [kgf] applied in X direction 
(structure’s weak direction) at medium high level 
(Figure 8). This load was used to test the full scale 
model in the workshop (description to follow) 
(Leiva and Leiva 2011).

Figure 8: Sectional view of structure with loading assumptions

The computer tests that were carried out revealed 
that the structure was expected to perform in a highly 
dynamic way in the lateral direction (with a maximum 
period of 0.314s), and would remain relatively stiff in the 
vertical direciton (with a maximum period of 0.013s).  
The results also indicated that the dead, wind, and 
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snow loads expected to act on the fibreglass framing 
were low in comparison to the loads carried by the ice 
itself (this was a result of the ice thickness that was 
assumed to be built-up to 25mm, which was much 
greater than the actual thickness of approximately 
15mm). As a result, the analysis described a structure 
that would be almost entirely self-supporting without 
the aid of the fibreglass framing.  

Although traditionally one should not rely on intuition, 
any experienced designer (both architectural or 
engineering) should heed internal warnings about 
analysis results that appear unusual, as it seemed 
likely that the fibreglass would also contribute 
significanlty to the overall strength of the structure.  
This outcome did seem counterintuitive, however it 
did yield important information including the loading 
distribution that would be most evenly spread towards 
the middle of the structure, and the most extreme at 
the ends where the interior is most exposed (Figure 
9). In addition, the analysis also helped to express 
the periodic behaviour (dynamic movement) of 
the structure as well as the anticipated deflection 
geometries that might arise from the external loading 
experienced at the site (Figure 10).

Figure 9: Elevation of structure with deformation by dead + 
wind + snow loads

Figure 10: Sectional view of structure with Modal Spectrum 
analysis of deformation under dynamic loading with only 
fibreglass frame (left) & with fibreglass frame and fabric 
formed ice shell (right)

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.  As well, it was noted 
that the digital model did not take into account the 
pre-stressed condition of the fibreglass that creates 
the geometries in the actual built structure (elastica 
behaviour).  This pre-stressing, created by bending the 
bars, contributes a considerable amount of stiffness 
that would improve the rigidity of the overall structure.  
Additionally, the base conditions of the digital model 
were considered to be pin connections (in order 
to examine the most extreme behaviour) when the 
actual structure would use moment connections to 
the steel bars in the ice. Despite this, the analysis was 
an important step to learn how to examine flexible 
structures like this ahead of building them and to 
compare the digital model with a full-scale one made 
with the fibreglass bars.

5.4 Testing the Real against the Digital

In order to examine the results of the analysis 
that Z3RCH performed on the digital model, it was 
important to build a physical model in order to 
discover any significant discrepancies.  To achieve 
this, a full scale model was constructed using the 
modules modeled by Z3RCH. A test was set-up to 
examine the effects of the wind loads, since this was 
the external loading that most significantly impacted 
the digital model.  The goal of this test was to discover 
the actual geometries and deformations that could be 
expected from the structure with the design loads 
applied on site.  

The structure was built in the winter temperatures 
ranging from -10°C to -23°C, similar to what was 
expected on the site of the river trail.  A transverse beam 
was attached across one side of the structure where 
the wind was to be simulated.  This beam was then 
tied to an anchor located on the opposite side of the 
structure and attached to a winch and load indicator.  
Once loads were applied, the structure deflected 
without much effort. However the more stress that 
was applied, the less the structure deflected, as the 
stressed condition increased the stiffness properties 
of the fibreglass as expected (Figure 11).
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Although the structure deflected a total of 0.8m 
from the original position of the bars under 400kg 
of loading, the structure did not show any signs of 
cracking or structural misalignment. From this test, 
it was discovered that as the structure was stressed 
the deflecting geometry should help redirect the 
wind away from the structure, decreasing or limiting 
the loading from the wind. From Figure 11 one can 
observe that the structure begins to bend in a way 
that appears to become more like a “wind scoop” as 
the loads are increased. However, because the fabric 
and ice skin are only designed to reach 4000mm on 
a 6098mm structure, only the lower curved portion 
reaching just below the vertical plane would be 
covered with fabric and ice. As a result, the more the 
wind loads increased, the more the curving geometry 
would help guide the wind up and away from the 
structure rather than impacting a rigid 78° plane of the 
original form. From this test it was observed that the 
flexibility of the structure would help to mitigate some 
of the wind loads on site.

Figure 11: Wind load test on fibreglass frame

5.5 Building Cocoon

The foundations, fibreglass bars, and fabric were 
all prepared at the CAST facility prior to the installation 
on site, and the individual framing assemblies were 
pre-assembled as well. On the day of the build the 
weather was at a suitable temperature (in terms of 
freezing water rather than human comfort) at -18°C. 
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. 

After unloading the frames, materials, and equipment 
from the transport truck, the student volunteers in 
groups of four walked the frames into place (one 
person per leg), while another team used gear clamps 
to connect each frame to the associated steel legs 
(Figure 12). Once the framed structure was in place, it 
was planned that a mechanical bucket would be used 
to help place the fabric onto the top of the structure.  
However it was determined that day that the ice cover 
on the river was not thick enough to support the 
weight of this equipment and an alternative solution 
was needed.  

Figure 12: Assembly of fibreglass frames on the ice

Figure 13: Bending the frame to receive the fabric

An initial reaction was to attach a rigid wooden 
scaffolding system made from nominal lumber to the 
fibreglass frame in order to create a working platform 
high enough to place the fabric over the top.  However 
this posed serious concerns about worker safety.  As 
a result, no obvious solutions invited the use of rigid 
materials to solve the problem.  It was realized that 
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an approach was needed that took advantage of the 
flexible nature of the fibreglass, making it possible 
to detach one set of legs from the foundation, pull 
them to meet the other legs, and then bend over the 
entire structure to bring the top down to a working 
height.  This unusual but fitting solution spoke to a 
habitual working mindset of building where materials 
are seen as being static rather than considering the 
opportunities offered by their dynamic nature.

As the structure was bent over, the tips of the frames 
hovered in place at 2.5m above the ground because 
of the rigid moment connection at the supporting legs 
(Figure 13). The fabric was placed on the structure 
and then raised back up to re-attached the other set 
of legs to their anchor points.

After completing the assembly, and synching the 
fabric at the base and both ends, a hole was drilled 
into the ice, and water was sprayed with a water 
pump from the river water directly onto the skin of 
the structure.  This step was repeated several times 
throughout the first day (Figure 14).  Five coats of 
water were initially applied, creating an approximate 
6mm thick 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, achieving 
an approximately 15mm thick layer of ice.  This was 
the thickness that was maintained throughout the 
duration of the structure’s life. 

5.6 The Life of Cocoon

It took a total of 20 hours (in 3 days) to fully 
assemble the structure, including the application 
of the ice. Cocoon remained for 7 weeks, and was 
host to hundreds of ice skaters who went around and 
through it.  For the nighttime skaters, floodlights were 
installed inside, allowing people to cast shadows that 
were the scale of the structure itself, and highlighting 
the translucent nature of the fabric and ice.  During 
the day, the sun’s light cast shadows from nearby 
structures and people outside of the Cocoon to the 
visitors inside.

Because of the highly unusual form of the structure, 
the translucent materiality of the ice, and the complex 
patterning of the fibreglass bars, visitors’ reactions to 
Cocoon were dynamic, often expressing excitement 
and intense curiosity when encountering it (Figure 
15).  As a result, most visitors would first touch the 

skin, knock on it with their hands, and gaze upward, 
trying to understand what it was made of.  Ice being 
an unusual building material is only part of the 
mystery, the other part is that ice structures are most 
commonly constructed as solid blocks and used as 
a unit building material not as a thin shell structure.  
Ice shells are deceptively strong for their thinness, 
and thus dislodges expectations of what they are 
capable to do by most.  Several visitors went as far as 
to strike and try to crack or break the skin.  This was 
strangely delightful to witness, as most damage was 
a desire to better understand rather than to simply 
vandalize. Almost all damage caused by these events 
was easily repaired by simply applying more water to 
the damaged area. 

Figure 14: Applying water to the fabric formwork 

5.7 Impact of the Temperature

With the varying temperatures, the structure 
would lose ice through two modes.  The first was by 
sublimation when temperatures stayed below -10°C 
during day and night.  After approximately 7 days, 
more water would need to be added to maintain 
a thickness of ice that was desired, under these 
conditions.  The other mode was through melting 
when the temperature went above -10°C, at this point 
the South side would melt because of the surface 
temperature in the direct sun would rise above 0°C.   
As a result over the course of the seven weeks water 
was added to the structure a total of twelve times, 
with an average of seven coats of water each time in 
order to maintain a consistent coating.
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Figure 15: View of interior of Cocoon

5.8 Structural Performance

This average thickness of ice generated such 
a rigid skin that even under 50km winds, virtually 
no deflection could be detected. This went counter 
to the expectation that the deflection would help to 
redirect the wind loads as a means to reduce the 
wind loads as they increased beyond a certain point 
(as predicted from the full-scale wind test).  However, 
what remained truer than was expected was that the 
ice layer had in fact contributed greatly to the integrity 
of the structure, as was anticipated by Z3RCH, even 
though it was less than half the thickness than was 
modeled.  This was proven by the fact that one side 
of the structure’s fabric that was running along the 
interior of the curved plan, had actually pulled away 
from the fibreglass framing after the weight of the 
water was applied.  The ice skin held the fabric in 
place in a rigid enough way that it both held its own 
weight, without the aid of the fibreglass, as well as 

resisted lateral wind loads without any significant 
deflection.   

The fibreglass bars showed no signs of property 
deviation from the temperatures that went as low 
as -38°C.  The fabric also performed well except 
when it was cut by visitors testing the skin with the 
aid of hockey sticks.  Even after deconstructing 
this structure, the fibreglass bars showed no signs 
of fatigue or obvious damage due to their previous 
curved assembly or extreme climate exposure, and 
returned to their straight form.  This gave confidence 
that this material was suitable for reuse in future 
projects. 

6  Conclusions

This research revealed a great deal about the 
benefits of using a lightweight flexible framing system 
in constructing thin shell fabric formed structures.  The 
most obvious is the ease and speed at which one can 
construct a full-scale structure using flexible framing 
like fibreglass rebar.  Having less than half the weight 
of conventional steel rebar, and a greater elastic range 
than steel, these bars may be used multiple times to 
set up several temporary structures if the bars are 
treated with reasonable care.  

This project has also revealed that ice is a highly 
useful material to construct temporary structures in 
cold climates, as well as an excellent analogue to 
study the creation of other phase-changing material 
like concrete, GFRC, or GFRP.  

Although the density of conventional concrete and 
GFRC (1700-2400 kg/m3) differs from water (1000 kg/
m3), it can be assumed that the hydrostatic behaviour 
would be reasonably similar to that of water when 
creating complex forms in the liquid state of the 
concrete, as well as the dead load of the concrete itself 
as compared to ice.  However, the use of fibreglass 
framing would have to be more rigorously examined 
if concrete were to replace the water in a project like 
Cocoon, because of the difference in weight of the 
material itself. This might be solved by a thicker gauge 
of fibreglass rebar, however the installation and forms 
that could be created and constructed by hand would 
also then differ as the forces needed to bend a thicker 
bar into similar forms would likely surpass those that 
human hands could safely or capably produce in the 
construction of a project.  As a result, if a flexible 
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fibreglass framing system like this one were proposed 
to support a higher density material like concrete or 
GFRC, a new framing pattern and structure would 
have to be determined first before that material was 
applied.  

It is important to state here that this increase in density 
of material having a direct impact on the patterning, 
shape, and form of the structure reinforces the 
foundational ideas found in this body of research that 
highly flexible (elastica) building systems will naturally 
need to “evolve” in response to variables that are 
changed, and cannot simply be “scaled up” as might 
be done with traditional (static) structures.

Another potential material application for this method 
of construction might be light-weight resin based 
polymers (GFRP) which although has a similar density 
to that of concrete or GFRC (1450 – 1800 kg/m3) 
would require a substantially thinner application in 
order to achieve a rigid structure. In this case, it would 
be even imaginable that the fibreglass rebar framing 
could also potentially be embedded or impregnated 
into this new liquid skin to create a unified structure. 
This would open up another area for research since 
the behaviour of such a structure would likely have 
its own unique characteristics not reflected in the 
behaviour of hybrid constructions like Cocoon.

Like previous work by Isler, Cocoon has confirmed 
that ice has load-bearing capacities for smaller scaled 
projects like this one.  It has also shown that the 
fibreglass framing that supports the fabric formwork 
that is imbedded with the ice creates a flexible frame 
that is able to “find” a form in equilibrium through 
the elastica behaviour it embodies. As a result, the 
structural patterns established by the fibreglass are 
the result of a negotiation between the five decisions 
(listed earlier on page 5) a designer makes, the weight 
and behaviour of the liquid state of the applied 
material to the fabric, and the behavioral response of 

the fibreglass to these forces. Future research with 
structures like this might yield new spans (achieved 
with thicker gauge bars and new structural patterning) 
and perhaps different relationships between the 
fibreglass and the fabric and ice.  

The flexibility of the framing in these fabric formed 
structures has revealed that lightweight relatively 
large scale frames can be erected by modestly-
skilled hands, quickly, and remain as a part of the 
final structure.  This research has also shown that the 
flexibility inherent in highly efficient structures does 
not create an obstacle for using lightweight framing 
for fabric formwork building systems but can even 
produce new opportunities for generating complex 
thin-shell forms. Even when the framework in such 
structures deflects and shifts in response to the 
liquid application of a phase-changing material on 
the fabric, the overall form finds a state of equilibrium 
close to the original form generated by the fibreglass.  
As a result, this flexibility offers new possibilities for 
a collaborative design process in which the designer 
can engage in a dynamic relationship with form finding 
and the building process. 

Current research into the construction of fabric formed 
concrete techniques being conducted at CAST (led 
by Prof. Mark West), University of East London (led 
by Prof. Alan Chandler), The University of Edinburgh 
(led by Dr. Remo Pedreschi), have yielded remarkable 
results in the control of fabric formed thin-shelled 
concrete forms (Veenendaal, West, Block, 2011). 

However in this research the role of the infrastructure 
that holds the fabric remains unseen in the final results 
of the concrete constructions and is not the primary 
focus. Cocoon contributes to this area of research 
with an inquiry into how compressive bending elastica 
fabrics (like fibreglass framing) can be used to support 
tensile fabric formwork to construct a freestanding 
structure possessing full ‘fabric’ behaviors. The 
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benefits of a freestanding hybrid compression/
tension fabric structure like Cocoon allow for 
extremely lightweight full building systems, as well 
as an opportunity to explore the formal potentials of 
flexible framing to participate in the dynamic shaping 
of the fabric formwork itself. In systems like this, the 
supporting structure, skin, and applied material all 
contribute to a form arising from an equilibrium of all 
forces in the creation (and life) of the structure.  

Potential applications for building systems like this 
range from establishing temporary structures in 
cold-climates (using ice), to modelling fabric formed 
concrete, GFRC, or GFRP structures with ice in cold 
climates, to building more permanent structures 
(using concrete, GFRC, or GFRP) that can be quickly 
deployed, are lightweight to transport and build, and 
using all materials brought to a site with little to no 
waste.
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1  James Waller

1.1 Early Life

Waller was born in Tasmania on the 31st of July 
1884 to Irish parents. Much of his aptitude for problem 
solving could be attributed to observations made in 
his youth; he was obsessed with how things worked 
and how to simplify existing processes. As a young 
man he worked a number of jobs in Australia, most 
significantly as a miner. This experience of the typical 
workingman was vital and went on to influence his 
strong social ideas, which reoccurred in his work and 
writings throughout his life (Delap et al. 1969, 1).

He returned to Ireland in 1904 and received a 
Bachelor of Engineering from the National University 
of Ireland in 1909. Shortly after, Waller traveled to the 
United States where he worked as a supervisor of 
construction, overseeing developments in the use of 
reinforced concrete. Soon after together with Alfred 

Delap he formed Delap and Waller, an engineering 
consulting practice in Dublin, that would become 
pioneers of reinforced concrete construction in early 
20th century Ireland. It was at this time in his career 
that Waller became interested in innovative building 
techniques and persuading clients to break away from 
tried and tested solutions (Delap et al. 1969, 3).

Waller’s role at the forefront of Irish construction 
technology at the time is demonstrated in the 1913 
paper he wrote for the Transaction of the Civil 
Engineers of Ireland on the developments of the use 
of reinforced concrete. His aspiration for this paper 
was that it would address any issues regarding 
reinforcement at the time because he felt dissatisfied 
with other papers covering this relatively new 
construction method. He wrote about the difficulties 
of reinforced concrete construction in achieving 
quality work due to improperly made formwork, 
misplaced steel and the lack of well trained labour  
(Waller 1913, 83-104). It was from this early thinking 

10 James Waller’s contribution to the advancement 
of shell roof construction and fabric formed 
concrete

C Conlon1

1 University College Dublin, Ireland

Born in 1884, engineer James Hardress de Warenne Waller was an expert in the production of early reinforced 
concrete and concrete shell construction. During World War II, he developed an innovative method of building 
concrete shell roofs with a catenary arch cross-section in pure compression; this eliminated the need for 
steel reinforcement. Instead of conventional formwork, he used fabric supported by reusable falsework. 
The system was revolutionary, in both it’s economy of materials and structural principles. However Waller’s 
advancement of concrete shell construction remains under-recognised despite it being broadly influential 
on 20th century architects and engineers, most notably Felix Candela who adopted Waller’s system of 
construction in the first of his numerous works and continued the use of similar double curvature structural 
principles into his latter works. This current research documents Waller’s principal contributions to concrete 
technology and examines the extent of influence his innovative work had. As a concrete expert who engaged 
in prolific use of fabric formwork throughout his career, Waller’s work still poses significant insight to anyone 
working towards the advancement of fabric formwork technology today.

C Conlon
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that Waller expanded his explorations in search of a 
better construction process for concrete.

1.2 Military Service and Development of the 
Nofrango method

In 1914 Waller joined the Corps of the Royal 
Engineers to serve in World War I, rising to the rank 
of Major. Due to the constraints of war many typical 
construction techniques weren’t possible, presenting 
Waller with the opportunity to develop numerous 
innovations as alternatives, particularly through the 
use of precast concrete. The success of his work and 
contribution made to the science of concrete during 
the war earned him an OBE (Delap et al. 4).

During the war, while stationed in Salonika, Waller 
discovered a technique that would come to define his 
career. The soldiers frequently used paint or mud to 
camouflage their tents; Waller observed another group 
using a mix of cement slurry and water. Intrigued by 
this he removed the central post of this tent after the 
mix had dried and was astonished to discover that 
the tent still stood up. Later in his career Waller would 
come to refer to this method as Nofrango (Figure 1) 
loosely associated with the phrase I will not break 
(Delap et al. 8). 

By the early 1930’s Waller began to develop the 
Nofrango technique. One of his experiments involved 
using the system to build the roof of a chicken shed 
in his own back garden (Figure 2). The construction 
consisted of a uniform pitched roof, two scaffolding 
poles at the eaves and one held at the ridge with 
wires three foot apart fixed at each end of the eaves 
and run over the ridge. Hessian fabric was then 
draped over this structure and one inch of a concrete 
mix was applied. The set concrete was capable of 
spanning over 3.5 m. Despite the humble nature of 
this structure, Waller felt that this was a key moment 
in his development of the technique (Waller 1953, 6).

Nofrango was patented in 1934, and within the text 
describing the practicality of the technique Waller 
writes: “roofs can be very simply and easily made 
according to my invention.” (Waller 1934, 3) The 
patent document included several sheets detailing 
the use of the system for various applications such as 
roofing, columns, cavity walls, floor plates and barrels 
(Figure 3). In the patent Waller demonstrated how he 
had already acquired an accomplished knowledge 

of hessian fabric and it’s advantages for use in the 
Nofrango method. Here he notes that the mesh of 
hessian fabric was perfect for concrete slurry or 
paste to penetrate and form a protective coat when 
set. He also points out that the tension created by 
securing the fabric was considerably increased due to 
shrinkage caused when the concrete mix was applied 
to the fabric (Waller 1934, 1-2). 

Figure 1: The Nofrango method: concrete embedded into the 
hessian fabric mesh inside the Ctesiphon shell at Kilbeggan, 
County Westmeath, Ireland.

Figure 2: The chicken shed shell roof that was Waller’s first 
prototype for the Nofrango method.

Figure 3: Waller’s 1934 patent illustrating various uses for the 
Nofrango building method, including the cross section of the 
chicken shed shell roof.
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Figure 4: The circular concrete hut consisted of a precast 
structure with Nofrango walls and roof.

Figure 5: Axonometric drawing of the circular concrete hut 
published in the Architect’s Journal circa 1940.

Figure 6: Detail section of the Portable Patrick concrete hut. 
Concrete was applied to hessian fabric fixed to a lightweight 
precast concrete structure that could be disassembled.

1.3 The war office and Ctesiphon Construction 
Ltd.

After the outbreak of World War II, Waller tried to 
enlist for duty but, being rejected on the basis of his 
age, moved to London in 1940 to aid the war effort 
through his work. The vast majority of his work in the 
1930’s revolved around the development of Nofrango 
and the variety of ways it could be used (Figure 
4,5,6). But it wasn’t until this time that Waller began 
experimenting on what would become his most 
prolific design, the corrugated concrete shell roof. The 
design of this system was based on the Great Arch of 
Ctesiphon in Iraq, where Waller was stationed while 
working for the British government in 1922. The Great 
Arch of Ctesiphon (Figure 7), pronounced tessifon, 
is a 31.5 m. high arched vault that spans a distance 
of 27.4 m. over a 50 m. length. Built of mud bricks, 
lightly burned and set in Tigris mud, Waller admired 
its true linear arch form, stability and permanence 
(Waller and Aston 1953, 5). Waller once remarked that 
the reason it is still standing is “purely because of the 
shape in which it was built.” (Waller 1950, 1) The true 
arch shape of this structure was an inverted catenary, 
meaning all parts were in compression. This form was 
capable of achieving a huge span to thickness ratio 
and its rectilinear shape in plan provided an adaptable 
internal space (Waller 1950, 1).

Figure 7: The Great Arch of Ctesiphon, Iraq.

The corrugated concrete shell roof also known as 
Ctesiphon construction was first deployed in 1941 
by prisoners of war held captive by the British armed 
forces (Waller 1950, 1). Prefabricated tubular steel 
or timber ribs were erected at given spacings that 
each follow the exact catenary curvature of the future 
shell (Figure 8). A covering of hessian fabric was then 
stretched over this structure and fixed so to form a 
tight skin of the exact shape of the designed shell. 
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The fabric was wetted and a thin layer of mortar about 
10mm. thick was applied followed by further layers 
until the shell was brought to the required thickness 
(Figure 9). The temporary structure was removed after 
the concrete had set and could then be used to build 
further shells (Billig 1946, 228).

Figure 8: Drawing of tubular steel falsework for a typical 

Ctesiphon shell hut made by Waller, 1942

Figure 9: Ctesiphon shells under construction for use as 
emergency shelters, erected by unskilled men in Syria, 1951. 
Courtesy of the Irish Architectural Archive.

The Ctesiphon shell was built in vast quantities during 
World War II particularly in the south of England prior 
to D-Day where temporary shelters were built to house 
soldiers (Davis 1978, 88). It was the perfect method 
for wartime circumstances, as Waller himself put it: 
“designed especially to meet the present emergency” 
(Waller 1942, 1). The ingenious combination of 
concrete and the catenary form eliminated tension 
from the structure and most importantly the need 
for steel as reinforcement. During wartime with 
materials in limited supply, the economy of Ctesiphon 
construction was hugely beneficial. Steel and timber 

were only used for reusable formwork, hessian was 
light and easily transportable and concrete was 
relatively available. These early examples spanned 
between 4.9 m. and 12 m. with a shell thickness 
between 30 and 50mm (Figure 10).

Figure 10: Ctesiphon shell under construction for use as a 
helicopter hanger. Courtesy of the Irish Architectural Archive.

The fact that the system could be built by largely 
unskilled labour was in itself a revelation. This was 
achieved in two ways, the first being the workability 
of hessian fabric and the ease of applying concrete 
through the Nofrango method. The second was 
the elimination of placing reinforcement and the 
complications that came with it. The invention of 
the Ctesiphon hut appeared to solve the serious 
hindrance in the production of good quality concrete 
due to the misplacement of steel and incorrectly 
assembled formwork that Waller himself outlined 
in “The Execution of Work in Reinforced Concrete” 
(Waller 1913, 89-90).

One of the unique characteristics of the system 
was the corrugated surface of the shell, caused 
by sagging in the hessian fabric as the first coat of 
concrete was applied (Figure 11). As this first coat 
set, it’s corrugated form would act as formwork for 
additional layers of concrete. According to Waller the 
corrugated form provided the shell with the stiffness 
required to ensure stability and resist superimposed 
loads that tend to cause bending moments and 
tensile forces. He also noted that the system could be 
considered as a element of precast concrete, because 
it’s prestressing occurred from it’s own dead weight in 
casting similar to pre-tensioning reinforcement (Waller 
1955, 2).
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Figure 11: Long section across a typical Ctesiphon shell 
illustrating corrugations formed by the sagging of hessian 

fabric under the weight of concrete , 1942

Figure 12: Interior of Ctesiphon shell built for industrial use. 
Courtesy of the Irish Architectural Archive.

Following the war, Waller formed Ctesiphon 
Construction Limited, and though never engaging in 
the construction they instead designed the shells and 
arranged the licence for contractors in various parts 
of the world to use the patented system (Waller, circa 
1948, 1). For Waller it was vital that the office firmly 
established itself while conditions were still favorable 

as the market was still starved of the availability of 
steel in the aftermath of the war. The new system had 
been approved by the building authorities and was 
developing to accommodate a variety of building types 
(Waller, circa 1948, 2). The office had a Ctesiphon shell 
erected in a yard on the outskirts of London for the 
purpose of training and to show clients an example 
of the system. Here they would have also undertaken 
full-scale prototypes as a way of developing shell 
construction (Waller, circa 1948, 1). The rapid 
developments and improvements made to the system 
at this time was in a large part due to the partnership 
Waller formed with reinforced concrete expert Dr. 
Kurt Billig. Billig’s role in Ctesiphon Construction Ltd. 
focused on the theoretical mathematics of the shell 
designs. (Delap at al. 17-19).

Figure 13: Large span Ctesiphon shell under construction for 
use as Warehouse for Seagram’s Chivas Distillery, Glasgow.

Figure 14: Large span Ctesiphon shell under construction for 
use as Warehouse for Seagram’s Chivas Distillery, Glasgow.

The initial success of the office’s work following 
the war heavily relied on industrial, agricultural 
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and even commercial buildings in Ireland and the 
United Kingdom (Figure 12). It was now necessary 
that these structures were strong enough to sustain 
prolonged use, wind loads and imposed loads in 
contrast to the temporary work during the war. After 
a 12m. span shell failed due to tension created by 
the uneven application of concrete it became clear 
that some wire reinforcement was needed even in 
the smallest Ctesiphon shells (Waller 1953, 8). The 
simplicity and economy of Waller’s system was 
undoubtedly compromised by the introduction of 
steel reinforcement, however Ctesiphon shells were 
now able to span greater distances thus expanding 
the potential functions of the shells (Figure 13, 14). In 
Waller’s opinion the greatest challenge for an engineer 
at the time was solving the demand for uninterrupted 
sheltered space, therefore aircraft hangers then 
became a particular focus of the work undertaken by 
the office (Waller 1950, 1).

Figure 15: Falsework gantry used in the construction of large-
scale Ctesiphon shells. Patented by Waller in 1955.

Figure 16: Detail drawing showing how hessian fabric and 
steel reinforcement were fixed during large scale Ctesiphon 
construction. Patented by Waller in 1955.

These new long span Ctesiphon shells required 
huge arched gantries as temporary falsework that 
were set up at 9m. centres and braced together with 
hessian fixed to them (Figure 15, 16). Two layers of 
reinforcement were required; the first followed the 
catenary cross-section of the shell from footing to 

footing at 300mm. intervals. The second layer, known 
as sag rods, were placed along the length of the shell 
and followed the shape of the corrugation that the 
concrete would form when set. The Nofrango method 
was then applied to both of the shell’s surfaces, first 
to the top surface in a layer approximately 35mm 
thick, sufficient enough to cover the reinforcement 
mesh. The layer applied to the underside would 
bring the overall thickness of the shell to 70-90mm, 
depending on what was needed to achieve the span 
(Waller 1955, 4-7).

Another version that Waller developed as a large 
sheltered space was the multi-span Ctesiphon shell 
(Figure 17). Instead of meeting on a ground bearing, 
two shells built side by side would meet and bear on 
a precast concrete structure along the length of the 
shell to allow a clear space underneath. This method 
could be repeated several times to cover a large 
space. It was mostly used for factories, workshops, 
aircraft hangers and garages. Waller’s interest in 
socialist issues also prompted him to investigate how 
the Ctesiphon system could aid poverty and famine 
afflicted parts of the world. His solution was domed 
Ctesiphon grain silos that could store the surplus of 
edible grain from a good crop until it was needed in 
harder times (Figure 18).

Figure 17: Multi-span Ctesiphon shell roof under construction, 
Umtali Southern Rhodesia, 1949 Intermediate spans are 
supported by precast concrete girders and columns. The 
overall span of the building over 7 roofs was in excess of 80 
metres.
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Figure 18: Waller’s design for a domed Ctesiphon shell for 
use as a grain silo.

Figure 19: The Rice House. Courtesy of the Irish Architectural 
Archive.

The Rice House (Figure 19), built by Australian 
architect Kevin Borland, was a multi-span Ctesiphon 
structure that demonstrates the systems adaptability 
for housing. Borland used brick walls to carry the loads 
between the intermediate shells; these walls also acted 
as partitions, dividing the interior into intimate space 
more appropriate for living (Evans et al. 2006, 100-
104). Waller only developed Ctesiphon for temporary 
and emergency shelters; he never fully explored how 
the system could be used as permanent housing 

even following the redevelopment of Europe following 
World War II. However Ctesiphon Construction Ltd. 
did develop a double skin version of the shell that 
would have made Ctesiphon construction a much 
more attractive solution for commercial housing 
(Figure 20). (Architect’s Journal 1950, 463).

Figure 20: Aerocem, Waller’s double skin version of Ctesiphon 
construction. Courtesy of the Irish Architectural Archive.

At the age of eighty-four, James Hardress de 
Warenne Waller died on the 9th of February 1968. 
He maintained work on Ctesiphon shells late into his 
life, evident from the government of Kenya building 
seventy Ctesiphon grain silos to store 100,000 tons of 
maize in 1968 (Delap et al. 20-25). Before his death, 
Waller sold the patents for his Ctesiphon system to 
Seagrams, for whom he had earlier designed the 
large-scale warehouse at Seagram’s Chivas Distillery 
in Paisley, Scotland. He did this in exchange for an 
annual pension to ensure his wife would be looked 
after in his absence. Seagrams never used the patent 
papers after Waller’s death (Williams 146).

2  The impact of Ctesiphon construction

In an attempt to showcase the technology, 
Ctesiphon Construction Ltd. published several 
brochures illustrating the technical benefits of the 
Ctesiphon shell and how the technology could be 
adapted to accommodate different functions (Figure 
21). There was enormous difficulty infiltrating the 
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market in the UK and Ireland beyond industrial 
and agricultural use, while foreign markets varied 
significantly from country to country.

Figure 21: A promotion brochure demonstrating the possible 
variations of shells released by Ctesiphon Construction 
Limited circa 1950. 

In particular Ctesiphon was popular in developing 
countries where it was used for emergency housing, 
grain silos, factories, workshops and stores1. In 
several areas only one contractor held the license 
to build Ctesiphon shells, which may have limited 
commercial success, such was the case in Melbourne 
with Australian builders McDougall and Ireland (Evans 
et al. 2006, 103). However overall more than 500 
Ctesiphon shells were built globally between 1943 
and 1968 (Williams 1996, 143). 

Figure 22: Exterior of Christ the King church at Lawrence 
Weston, Gloucestershire. Published in the Architect’s Journal 
in 1950.

Figure 23: Interior of Christ the King church at Lawrence 
Weston, Gloucestershire. Published in the Architect’s Journal 
in 1950.

In 1950 the Architect’s Journal published an article 
on Ctesiphon construction (Figure 22, 23), promoting 
the numerous economic, structural and technical 
advantages of the system. It also included photographs 
of various Ctesiphon building types and included 
some detail drawings (Architect’s Journal 1950, 463). 
The article brought Ctesiphon construction to several 
architects and engineers internationally that were 
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intrigued by the possibilities of this new construction 
method (Evans et al. 2006, 103; Faber and Candela 
1963, 16).

Around this time Felix Candela became aware of the 
Ctesiphon concrete shell. He was impressed at how 
it’s form was in pure compression, it’s ability to span 
a great distance with a small thickness of concrete 
and the resistance to buckling provided by the shells 
corrugations. Candela used Ctesiphon construction 
for a number of his early shells (Figure 24, 25, 26). The 
success of these projects acted as a catalyst that led 
him to dedicate his work to building concrete shells, a 
move he felt would give him an edge in the intensely 
competitive field of construction in Mexico (Faber and 
Candela 1963, 16).

As mentioned previously the structural strength of the 
Ctesiphon shell was reached through a combination 
of its catenary cross-section and the sagging of the 
hessian under the weight of the applied concrete. 
However due to the nature of Waller’s construction 
method it was impossible to deduce the extent of the 
sagging in the corrugations of each shell. 

Faber (1963) writes that Candela hated clumsy and 
unreliable solutions forced to fit preconceived ideas. 
His interest in the Ctesiphon was the geometry of its 
structural form, where the corrugations of a Ctesiphon 
shell could be rationalized as hyperbolic paraboloids 
formed by two systems of line generators. Candela 
was aware that any load that acted on a shell of 
this type had components on these generators that 
could be calculated (Faber and Candela 1963, 226-
228). Therefore he chose to pursue a construction 
technique with less variation than Waller’s Ctesiphon. 
This is evident from the Cosmic Rays Pavilion (Figure 
27) built in 1951, reminiscent of the Ctesiphon shell 
but instead constructed using a static formwork of 
dovetailed timber (Faber and Candela 1963, 30-32).

Candela’s later work such as the Chapel Lomas de 
Cueravaca and the Los Manantiales Restaurant are 
clearly based on the same thinking as the Cosmic 
Rays Pavilion. From this body of work it is clear that 
Candela evolved the innovative structural principles 
of Waller’s Ctesiphon through rigorous investigation 
of form and geometry implemented using concise 
construction. Perhaps the somewhat unreliable nature 
of Ctesiphon construction is the most compelling 

argument to why it failed to captivate an increasingly 
regulated market. 

Figure 24: Early Candela shell experiment based on 
Ctesiphon construction built 1949.

Figure 25: Candela’s rural school at Ciudad Victoria based on 
Ctesiphon construction, built 1951.

Figure 26: Candela’s design for a school using the multi-span 
Ctesiphon construction.

3  The context of Waller’s work

To acknowledge the innovations and advancements 
Waller made in the field of concrete shell design and 
construction we must first look at the context in which 
this work was undertaken. Concrete shell structures 
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only dated from the 1920s, before this vast spans 
were covered by domes or arched vaults, which could 
only be achieved through the use of large masses 
of building materials like brick, stone or concrete. 
In addition to this, the mathematics and principles 
behind shell structures were still unknown. The major 
advancement that led to the production of the first 
shell roofs was the creation of a moldable building 
material with great strength in both compression and 
tension, this being reinforced concrete (Billig 1960, 
623).

The use of structural shells afford great economy of 
materials because of the efficiency of ground covered 
in relation to the thickness of the shell and the cladding 
and structure are the same (Billig 1960, 624). However 
the overall economy of early shells was greatly reduced 
by the costs of complicated shuttering, framework 
and high scaffolding, sometimes so costly that these 
expenses were prohibitive (Billig 1944, 50). Waller’s 
system of building Ctesiphon shells responded 
to these constrictions, removing complicated and 
expensive shuttering in place of cheap hessian and 
rethinking falsework as something lightweight, easily 
assembled and reusable.

Figure 27: Felix Candela’s Cosmic Rays Pavilion, 1951)

Figure 28: The dense network of timber formwork required to 
cast the concrete shell of the Cosmic Rays Pavilion.

The Ctesiphon method was innovative in essentially 
two ways, the economy of how it was built and its 
structural behaviour. As an arch the Ctesiphon 
catenary curve has a significantly reduced weight 
and as a shell it has a much greater rigidity due to 
its corrugations. These properties, according to Billig, 
are what enable the Ctesiphon corrugated concrete 
shell to cover large areas so efficiently (Billig 1960, 
895). The corrugations of the shell were particularly 
ingenious as they provided rigidity and bracing 
against live loads through double curvature. Static 
formwork for a shell of double curvature was in general 
considerably more complicated and expensive than 
a shell of single curvature. Such shells were cast 
with a shuttering structured using a Zeiss network of 
steel bars or timber ribs joined at regular intervals in 
triangular panels reproducing the intended shape of 
the shell (Billig 1960, 642).

With the rapid developments made in the field of 
construction technology and structural engineering, 
the Zeiss network would have provided an accurate 
method of bringing a calculated design onto 
site. Variable sagging of hessian with the weight 
of concrete couldn’t be relied on to reproduce a 
calculated structure on site. Despite the structural 
and economical innovations of the Ctesiphon shell, it 
was a system that couldn’t lend itself to the growing 
preciseness of building construction as demonstrated 
in the work of Felix Candela (Figure 28).
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4  Conclusions

Waller’s choice of fabric as a formwork for casting 
concrete was somewhat accidental but it fit perfectly 
with his desire to achieve maximum spans with 
minimal material use. His Nofrango method allowed 
a minimal thickness of concrete to imitate the form 
of draped fabric, naturally forming a structurally 
sound shape without being forced into place with 
an abundance of formwork. The structural stability 
of such a small thickness of concrete was optimised 
by the combination of the concrete’s strength in 
compression and the tensile strength of the hessian 
fabric used as both reinforcement and permanent 
formwork. It therefore almost seems inappropriate to 
refer to Waller’s method of concrete application as a 
type of fabric formwork because Nofrango utilises the 
properties of fabric far beyond any formwork that is 
removed and discarded after casting. Instead Waller 
pioneered a kind of Fabric Concrete by uniting the 
properties of both materials.

In a material such as fabric that naturally adopts 
such an expressive shape there is a fine line between 
necessary form and sculptural form. Ultimately what 
led to Waller’s relative success in field of fabric formed 
concrete was his acknowledgement of the necessary 
amount of material, work, structure and finance to 
accomplish his goal of covering space.

Today as advances are made in three-dimensional 
modelling of structural forms, as well as cementous 
products and fabric formwork technology, one can 
but wonder if Waller’s innovations could once more be 
relevant to a society with a decreasing resource base.
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1  Concrete in Colombia

Concrete is a material that defined the historical 
evolution of architectural and technological 
construction in twentieth century Colombia, producing 
a stark contrast between before and after the arrival of 
concrete to the country. Nineteen fifties architecture 
is representative of Colombian concrete constructive 
culture, “a period of great experimentation in different 
forms and manipulation, in which architecture and 
engineering united once again, obtaining an excellent 
level of technical and aesthetic development”  
(Escovar Wilson-White & Cardenas, 2006)

Buildings constructed in reinforced concrete in this 
period, are characterized with the manipulation of 
the final appearance concrete surface. This work 
involved the design of joints between formworks, 
the position of the wood ribs in the formwork as well 
as the geometric design that would be stamped in 
the concrete (Vargas Caicedo, 2006). Another detail 

considered in these buildings was the texture of 
broken-rib patterns; it was obtained after the concrete 
had hardened manually.

Figure 1: Texture of surface concrete in SENA building, 
Esguerra Sáenz Urdaneta Suárez y cía, 1958. Photography 
took from the book La historia del concreto en Colombia

Since that time, the technique employed in formworks 
in Colombia has not changed; the use of rigid 
wooden formworks has been a favourite choice for 
architectural concrete. With the research of new forms 

11 Adaptable formwork for concrete:

E Cortes1

1 Arch. Magister in Building Construction, Professor of Technology and Construction, Faculty of Architecture and 
Design, Pontificia Universidad Javeriana, Bogotá Colombia

Flexible formwork in Colombia is an exclusive technique for the stabilization of soil or the development 
of civil infrastructure works. The application in design and construction of concrete architecture has 
never been investigated in the country. The module Architecture in Concrete at the Pontificia Universidad 
Javeriana for first year architecture students, tackles the subject of alternative methods for precast concrete 
panels with free volumetric form from design phase to construction. In this context the flexible formwork 
was incorporated in the projects of students. The process was divided in two phases; the first was a test 
of the use of the technique demonstrating and the advantages offered by this technique in comparison 
with more traditional methods. A wide range of textiles were tested, providing different textures, as well as 
vacuum formed sheets of EVA (Ethylene Vinyl Acetate) and HIP (High Impact Polystyrene) with the object of 
obtaining complex curves and geometric forms. The second phase in the process is a recent investigation 
of the advantages of the flexible formworks both in fabric and vacuum formed plastic, in order to design 
and produce unconventional structural prototypes in concrete; one prototype is a reciprocal frame structure 
design with cylindrical beams.

E Cortes

Practical experience in forms and textures, working with fabric and 
vacuum formed plastic
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applied to the concrete, the use of shells or concrete 
folded plate roofs was no longer seen as a desirable 
way to design and build concrete structures.

1.1 Contemporary Architecture: colour and 
texture

The fact that contemporary Colombian architecture 
is built using concrete should not be ignored. One of 
the reasons why this material does not show great 
advances in the use of new forms and textures, is 
because architects have focused more in exploring 
the use of different colours in Concrete rather than 
physical forms (Saldarriaga Roa, 2006).

The use of the colour Ochre in concrete has been 
achieved through the use of aggregates with an 
appropriate shade. In Colombia various different 
yellow sands exist, from which an Ochre colour 
can be derived in the final product. This material is 
iconic in the architecture of Rogelio Salmona and 
Aníbal Moreno Gómez (Asociacion Colombiana de 
Productores de Concreto ASOCRETO, 2004).

Figure 2: Cultural Center Gabriel García Márquez, arq. 
Rogelio Salmona

At present the textures most applied in Ochre, white or 
grey concretes using formwork are smooth surfaces 
and wooden patterns. However, industry has used 
steel and aluminium formworks, in order to obtain 
smoother surfaces in concrete elements such as 
beams, columns and façade walls. Another common 
texture applied is a brick pattern, this employs 
aluminium formworks.

The use of different textures and finishes in concrete, 
including a variety of colours, is only possible using 
precast moulds, these elements offer additional 
textures such as rough surfaces, rib patterns, 

broken-rib patterns and geometric patterns such 
as squares and small circles, this kind of precast is 
more extensively used in civil infrastructure than in 
architecture.

This subject was the basis for the development 
of a magister thesis presented in 2011. The aim 
was the development of design and constructive 
parameters appropriate for Colombian constructive 
and technological development. The thesis compared 
wood formworks and expanded polystyrene high 
density -EPS- formworks in order to obtain textured 
concrete facades.

The finals results achieved in this research; expanded 
the local knowledge of the geometric characteristics 
possible in the design of textured surfaces in 
concrete.  It also became clear that EPS produces 
problems when used in formwork, the most critical 
problems being the difficulty of removal of cast 
pieces, production of rough surfaces, and destruction 
of the mould with a single cast (Cortes, 2011).

With the aim of continuing the investigation into forms 
and textures in concrete surfaces, the thesis project 
was linked with the Architecture in Concrete module 
given at the Pontificia Universidad Javeriana. The 
module has been used as an academic space in which 
the students have an opportunity to research and 
learn about textures and forms in concrete applied in 
architecture. The process and results of the student’s 
work is the principal topic in this document.

2  Approach

The progress in new textures and forms in 
architectural concrete in Colombia compared with 
the development in others Latin-Americans countries 
such as Mexico or Brazil is limited. A possible reason 
for this is the technical training of architects, which 
teaches how to design and build based on traditional 
methods, but never aims to stimulate the exploration 
or innovation of new methods suited to the level of 
constructive and technological development of the 
country.

Another reason is the limited portfolio of solutions 
that industry offers the construction sector. Colombia 
produces a variety of basic raw materials; including 
wide variety of lumber and metals.
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Short industrial processes are more competitive and 
profitable in industry as they provide products which 
are quickly saleable. Manufacturing products based 
on complex raw materials that require long industrial 
processes, involve a larger investment of time.  This 
is the case with rubber matrices employed in flexible 
formworks in Germany (RECKLI GmbH, 2011)

For this reason industry only offers the construction 
sector metal or wooden formworks for cast concrete, 
and there is a tendency towards the use of wooden 
formworks, because it is a natural resource not 
requiring much work to convert into a useable form.

2.1 Adaptable formworks

The search for new forms and textures in concrete 
is not a problem exclusively limited to geometric 
design, but rather also finding the right material to 
use in the formwork in order to cast the concrete 
(Asociacion Colombiana de Productores de Concreto 
ASOCRETO, 2007).  

When moulding a complex form in reinforced concrete, 
the formwork is the most influential element in the final 
appearance of the concrete.

According to constructive tradition, a principal 
concept in the selection of a material for formworks is 
the stiffness of the material. Scientific theory suggests 
that with greater rigidity, there is a greater capacity 
to oppose deformation (Silver & McLean , 2008).
This deformation is caused by the natural forces the 
concrete creates in its fluid state, over the surface of 
the formwork. 

It would however be worth analysing the following 
hypothesis: rigid formwork force concrete to form 
with straight lines and edges that not always provide 
pleasing aesthetic and constructive results or good 
structural performance. Are constructive techniques 
therefore working against the natural behaviour of 
concrete?

The romans understood the scope of the material, 
and as a result, achieved the design and construction 
of a dome with a diameter of 43m for the pantheon in 
Rome (Mark , 1994). In spite of being a technological 
challenge at the time, it was not an irrational idea, as 
they understood the relationship between shape and 
structural behaviour in the material.

But perhaps the most important property that a 
material for formwork should possess is not rigidity; 
flexibility and elasticity are just as important as they 
allow the construction of more efficient structural 
forms. When appropriate shapes are applied to the 
elastic materials they can deform without breaking 
and continue working in an appropriate way.

This same concept was understood and applied 
by Felix Candela in his design of shells, projecting 
geometry which behaves in accordance with the 
forces of concrete. In his projects, in spite of the fact 
that wooden formwork was used, he still manage to 
achieve flexibility. By taking advantage of the natural 
characteristic of the wood, the concrete was allowed 
to deform without breaking the formworks (Chandler 
& Pedreschi, 2007).

Figure 3: Felix Candela parabolic shell in concrete for a 
marketplace in Cali, Colombia, 1962. Photography taken 
from the book La historia del concreto en Colombia.

If at that time science and technology had had the 
present level of development, perhaps Candela would 
not have found the same geometrical limits in the 
design of shells. It is a contradiction the fact that now, 
when architects have access to much more advanced 
technology, the forms and shapes we use in concrete, 
still predominantly use technologies of the past.

The second hypothesis which is put forward is: Why 
not consider formwork as a flexible mechanism which 
adapts in reaction to natural forces of concrete?

As we saw analysing Candela, when the forms 
respond to the natural behaviour of the material, the 
constructive and structural failures of the concrete 
elements are eliminated. The advantage therefore, is 
a reduction in the necessary thickness of the material, 
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allowing lighter concrete architecture (Chandler & 
Pedreschi, 2007).

The use of new forms in concrete architecture should 
focus in a conceptual change, seeing the possibilities 
of augmenting the flexibility of the formwork and 
diminishing its rigidity. Achieving formworks which 
adapt based on the behaviour of concrete, will permit 
a significant advance in techniques and structural 
comprehension (Veenendaal, West, & Block, 2011).

The work of West regarding flexible formworks with 
fabric and exploration of shape opens an interesting 
panorama for us (University of Manitoba, Faculty 
of Architecture, 2011), especially because it is a 
technology which is not alien in our midst. The use 
of formwork in fabric has been our constructive 
technique for two elements: the Bolsacretos  and a 
coffered slab in fabric.

The Bolsacretos is a system of construction employed 
frequently in infrastructure projects such as Canals 
or containing walls. They are flexible and permeable 
formworks elaborated with flat polypropylene tape, 
they are filled with concrete with pumps and flexible 
tubes.

A coffered slab in fabric is a type of coffer assembled 
using high strength polypropylene tape, the fabric with 
mechanical and hydraulic characteristics, permits 
the covering of a wooden structure in a square of 
rectangular form.

In order to achieve a profound conceptual change 
in the potential application of flexible formworks in 
architecture, it is necessary to start with the formation 
of future architects. Taking into account the work 
realised by professor Remo Pedreschi in the University 
of Edinburgh, the methodology of practical work with 
concrete in the module Arquitectura en Concreto, 
employed thermoplastic and fabric formworks.

2.2 Adaptable Potential materials for 
manufacturing adaptable formworks

In order to manufacture adaptable formworks it is 
necessary to use strong elastic materials, which have 
the ability to take strain whilst maintaining the ability of 
returning to its previous shape. Plastics and fabric are 
two materials with these necessary characteristics.

Plastic and fabric industries in Colombia are highly 
productive sectors in the economy of the country. The 

fabric industry in Colombia represents 5% of Gross 
Domestic Product (GDP)1 and corresponds to more 
than 5%2 of exports.

Petroleum is a natural resource exploited since 
1905 in Colombia. In 2011 around to 914 KBPD3 
thousand barrels were produced per day. After 
refining, petroleum can be used as a raw material 
with chemicals to produce a variety of materials and 
products required by the construction industry.

Of the textile materials used in construction of 
particular importance is the application of geotextiles. 
Geotextiles are fabrics made of polyester and 
covered with layers of PVC (Silver & McLean , 2008). 
The process of manufacturing of these kind of fibres 
in geotextiles provides fibres of high elasticity and 
flexibility, additionally, these kind of fabrics have 
mechanical characteristics which allow for the 
resistance of tensional stress and shearing.

Geotextiles are used more in civil construction than in 
architecture projects; however, in recent years tensile 
structures in the country have been improved by the 
application these fabrics in architectural designs.

3  Experience of the Course

With the aim of modifying traditional teaching 
methodologies, which often are based more on 
theoretical concepts than on practical experimentation, 
in 2010 the module Arquitectura en Concreto was 
reorganised, following a research initiative originally 
developed as a magister thesis in the field of concrete 
technologies. 

The methodology was based on the realisation of 
a theoretic-practical research workshop, where 
first year architecture students learnt about the 
constructive and technical requirements of concrete 
design, beginning with a process to design and build 
a precast mould.

The topic proposed for the workshop was the design 
of a precast mould for concrete facades or floors, 
using coloured concrete aggregates able to give an 
ochre or white colour to the final concrete. It was also 

1 Statistical values taken from The National Administrative 
Department of Statistics -DANE

2 Ibid op cit

3 Statistical values taken from the National Hydrocarbons 
Agency
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possible to form coloured concrete with chemical 
colorants, in the colour range of blue and red. 

The first attempt used precast moulds with dimensions 
of 0.15 m wide x 0.15 m long x 0.035 m thick, but 
students proposed some complex designs which 
required the increase in size to dimensions of 0.30 
m wide x 0.30 m long and 0.03 to 0.05 m thick, this 
included the additional height of the texture. 

In the workshop the central aim was to find new 
geometries and constructive techniques that could 
be applied in order to achieve textures in concrete 
appropriate for Colombian constructive culture.

In the first phase of the workshop the students 
continued to using EPS in formworks as in the original 
research thesis, however some students tried other 
materials such as plaster, fibre glass and silicone 
rubber. Some results were satisfying with the aim of 
obtaining new textures, but the conclusion was the 
same; it was necessary to search for an economical 
and flexible material.  

Figure 4: Precast Mold designed with Modulor image as 
concept. Formwork made in silicone rubber. Student Andres 
Tovar 2010

The search for new theoretical references in February 
of 2011 drove us toward the research of Mark West 
in fabric formworks at the University of Manitoba 
in Canada, and some workshops realised in Chile. 
Another source analysed was Professor Pedreschi, 
and his work with this kind of flexible formwork, in 
which students of University of Edinburgh took part.

3.1 Methodology of the Course

Within a principal theoretical basis regarding 
concrete the following topics were included:

1) The process of cement production in Colombia, 
and the types of cement used in construction.

2) Aggregates used in concrete

3) Features of concrete

4) Designing and Proportioning Normal Concrete 
Mixtures using ACI 211

5) Design and creation of textures in concrete. 
International examples in architecture.

6) Fabric formworks and its uses in construction

The course was composed of sixty students; they were 
divided into three groups of twenty, and each group 
was organized in pairs. In parallel with a theoretical 
introduction, each pair was asked to make a design 
proposal for a precast piece, including aspects such 
as formal design of texture, application of the precast 
in a determinate function, colour and constructive 
technique for formwork.

The most important aspect of this process is 
introducing the student to a design phase, whilst 
taking into account the technique and constructive 
process. 

There are two choices of constructive techniques for 
formworks: the use of vacuum formed plastic or fabric. 
In both techniques, the students required previously 
training in woodwork, metal working and plastic 
workshop equipment. Also training was necessary for 
the use of a model workshop that has a CNC router 
and a laser cutting. 

3.2 Training in the use of vacuum forming 
machine

The industrial design programme at the Pontificia 
Universidad Javeriana is integrated with the Faculty 
of Architecture and Design, within the program 
the students are taught about the processes of 
transforming plastics, used in manufacturing packing 
and plastic products. Other than in industrial design 
architecture students are never taught about plastics 
and its possibilities, despite that it is a basic material 
in many products used in construction.
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Figure 5: Vacuum Formed machine

In the plastic workshop there is a vacuum forming 
machine that was manufacturing in personalized form. 
In contrast with other machines it can vacuum form 
pieces in different sizes such as: 0.25 m x 0.25 m, 
0.35 m x 0.35 m, 0.50 m x 0.50 m and 0.50 m x 0.70 
m. The thermoplastic materials used in this process 
are: Bipack, Ethylene Vinyl Acetate –EVA- and High 
Impact Polystyrene –HIP-, each having the possibility 
of being recycled, depending on the thickness or 
colour of the material; in Table 1 these aspects are 
illustrated.

Table 1: Plastic materials for vacuum formed

Sheets Physical 

Features

Mechanical 

Features

Temp Sheet 

ºC

BiPack- 

Polypropylene 

copolymer

GR. 5 

RECYCLING

Colour:  

transparent

Thickness : 

1 – 8 mm

Weight: 

250 - 2000 

g/m²

Waterproof 

properties

Resistance 

to minerals 

and solvents

Resilience 

and 

resistance to 

fatigue

145 -200

Depending 

on the 

thickness

HIP

(High Impact 

Polystyrene)

GR. 3 

RECYCLING

Colour: 

variable

Weight: 

250 - 2000 

g/m²

Thickness : 

3 – 4 mm

Impact 

resistance

Good 

dimensional 

stability

Waterproof 

properties.

170 -180 

depending 

on the 

thickness

Sheets Physical 

Features

Mechanical 

Features

Temp Sheet 

ºC

EVA 

(copolymer of 

Ethylene Vinyl 

Acetate)

GR. 2 

RECYCLING

Colour: 

variable

Thickness : 

2 – 8 mm

Weight: 

250 - 2000 

g/m²

Showing 

tensile 

elongation of 

750%

Stress-crack 

resistance

Waterproof 

properties.

40-60 

depending 

on the 

colour of the 

sheet

The vacuum forming technique requires a previous 
manufacturing matrix. The matrix is the most 
important element in the process, because the design 
of a matrix with inappropriate features can damage 
a thermoplastic sheet producing cracks, and hence 
preventing its subsequent use. 

The Medium-Density Fiberboard MDF is the best 
material for making matrixes; this material can be cut 
in a laser cutter, controlled by software design program 
such as AutoCAD, CorelDraw or Rhino. The matrix 
produced by this method is a physical representation 
of final appearance of a concrete texture. 

In the design of matrixes for vacuum forming and 
the design of textures for concrete surfaces, there 
are many similarities in the aspects required in order 
to obtain a successful result, these similarities are 
compared in Table 2:   

Table 2: Comparative design variables

Variables Moulds Design for 

vacuum formed

Textures Design for 

Concrete

Geometric 

forms

Simple geometrics and 

complex geometrics

It depends on the 

formwork material

Edges Curved and 

smoothened

Curved and 

smoothened

Angles for 

demolding

2° - 5° 3° - 7°

Finish 

surface

Smooth It depends on the 

formwork material

Minimum 

elevation

3 mm 7 mm

Maximum 

elevation

It depends on the 

sheet material

40 mm without 

reinforcements
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Variables Moulds Design for 

vacuum formed

Textures Design for 

Concrete

Release 

agent

Vaseline, oils Vaseline, oils

3.3 Applying textiles to formworks

In the case of the application of textiles in 
formworks, geotextiles were made non-viable by 
the high costs of these kind fabrics in Colombia. We 
therefore began a search in the market and selected 
the materials referred to in the Table 3.

Table 3: Fabrics for formwork

Fabric Physical 

features

Textures

1 Matrix of PVC with textile 

support used in furniture

Medium 

elasticity

Smooth 

grid

2 Plastic textile used in 

impermeable clothes

High 

elasticity

Smooth

3 Nonwoven fabric with 

a plastic layer used in 

surgical clothes

Non-

elasticity

Rough grid

Fabric 1 performed well, its intermediate elasticity 
and strength was capable of supporting the concrete 
mixture, the cost of this material was $ 2.10  per m2. 

Fabric 2 was an elastic material but less strong 
because it was thinner that material 1, it cost $ 1.30 
per m2. Fabric 3 was an inelastic material weaker than 
either fabric 1 or fabric 2, it had little permeability due 
to a plastic layer covering both sides, and it cost $ 
0.40 per m2. Fabric 3 needed two extra covers with 
liquid latex for increased elasticity.

Figure 6: Fabric 1 and finish surface in concrete.

Figure 7: Fabric 2 and finish surface in concrete.

3.4 Manufacturing a formwork

Both Fabrics and thermoplastics are sheets with 
elastic properties that require a strong support, such 
as a frame with the ability to withstand the stressed 
applied by fluid concrete. Additionally the material of 
the frame should be stiff and stable in order to mould 
the external boundaries of the precast piece.

In order to build this frame we used lengths of wood 
with a square cross section, the dimensions being in 
the range of 0.015 m to 0.03 m; the size depended on 
the maximum height of the precast piece. The joints 
were formed with nails and wood glue. 

The frame was joined to a flexible sheet with small 
nails, staples, glue and duct tape. The tape prevents 
concrete escaping from the formwork. In the case 
of EVA sheets it was necessary to make two frames 
pressing the sheet between them to provide support.

3.5 The Concrete

The fact that each group attended class at different 
hours and on different days of week and the volume of 
the mixture was less than 0.11 m3, made the decision 
of preparing the mixture by hand in the laboratory.

The design and proportion of the concrete mixture 
was based on ACI 211 regulations, it was applied in 
the previous research thesis, which proved to be most 
appropriate because it had been tested and provided 
positive results. This mixture have a maximum size of 
aggregate (MSA) limited to ½ inch. The relationship 
between water/cement was 0.45 taking into account 
a compressive strength of 27.5 MPa. 

The cement selected was Portland Cement colour 
White due to the advantage of offering the ability of 
obtaining coloured concrete in different tones. 
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Table 4: Mixture composition

Material Contents/m3

Air entraining mixture -

Water 226 kg

Cement 502.22 kg

Coarse aggregate 660.15 kg

Fine aggregate 744.4 kg

In regards to ochre concrete, the colour was achieved 
by the use of natural aggregates. The colour was 
achieved through replacing 40% of the volume of fine 
aggregate - which in the original mixture would have 
been made up of grey river sand - with yellow sand 
mined from sandstone Mountains (Guerra, Bendezú, 
& Gonzales, 2008). 

In case of other colours they were achieved through 
the replacement of 15% of the volume of cement in 
the original design mixture with mineral colouring. 

4  Results

Each of the designs obtained in this workshop 
demonstrate an individual interest and suitable 
technique. Some precast pieces were defined more 
by aesthetical, sculptural and formal concept; others 
are an example of cultural influences, as all students 
come from different areas of the country.

One of the most interested results happened in the 
transition between the design and constructive 
phases, where most of the students that had selected 
fabric for their formworks, decided to change to 
vacuum formed moulds. 

One reason for this was that they saw the results 
using vacuum formed moulds and the variety of forms 
that their classmates had obtained. Another reason 
for the change was that the students thought that the 
constructive process of fabric formworks would be 
more complicated than the vacuum formed process. 
However, they finally discovered that fabric formwork 
was also a simple technique with which excellent 
results could be obtained. 

Table 5: Relation of students and material used in formwork

Number students Technique applied Type of material

34 Vacuum formed Bipack

9 Vacuum formed EVA

17 Fabric Vinyl and NW

This change in materials considerably affected 
the initials designs, because both the constructive 
processes as well as the results of these techniques 
are different. For future projects the materials for the 
formworks will be assigned to each pair, with the aim 
of distributing the quantity of fabric formworks and 
vacuum formed moulds equally. This will allow the 
comparison of results in similar conditions.

When comparing the constructive process in both 
techniques –plastic and fabric – it is necessary 
to elaborate a structure of support and additional 
pieces that configures the design of the texture. 
All precasts obtained with fabric formwork, have a 
double curvature and the concrete surface is rough 
with a matte finish. This kind of result is similar to 
when EVA is used to elaborate formworks, because it 
is a thermoplastic with a porous surface and it can be 
used in a similar way to a fabric.

But BiPack and HIP are less flexible materials than 
EVA and this significantly changed the results. In all 
precasts elaborated with these plastics, the surfaces 
were glossy and smooth. Depending of the thickness 
the precast piece can made with a double curvature 
or with a very flat surface.

Table 6 (overleaf) makes a comparison of the cost, 
time and quality of precasts amongst vacuum formed 
and fabric techniques applied to formwork.

One of the benefits of both processes is represented 
by the high quality of the surface finish, because a 
smooth and non-porous surface can be obtained. A 
second advantage is the variety of designs realisable 
with flexible formworks, not possible with wood or 
metal formworks.

A final benefit is the savings in time seen in the 
constructive process. When plastic or fabric 
formworks are used, less time is wasted compared 
with traditional formworks and a release agent is not 
required.
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After analysing each precast piece obtained with 
flexible formworks using thermoplastics or fabric, they 
could be grouped in the following categories:

4.1 Designs with geometrical pattern

The designs with geometric patterns are common 
textures chosen by the students. Within this category 
the following examples are categorised good 
technique and meaningful results:

Figure 8: 

Students: Paula Castro and Oscar Martinez  

Formwork  Result  

  

Material: Polystyrene  Ochre concrete  
Tetrahedrons design

Table 6: Mixture composition

   Material Cost a one formwork 

of 0.50m x 0.50 m

Time to elaborate a 

formwork 

Time in 

minutes

Surface Design Use 

Plastic 

Bipack

Bipack piece  

+ wood 

frame + nails 

and screws

$2,5 Pieces cut with a 

laser 10 min+ vacuum 

formed  3 min+ make 

the frame 15 min + 10 

min to assemble

38 min Glossy, 

smooth, non-

porous, easy 

unmould, not 

need release 

agent

All kind of 

regular an 

irregular 

pattern, flat 

or curved

Precast

Plastic EVA EVA piece + 

wood frame 

+ nails and 

screws

$3,3 Pieces cut with a 

laser 10 min+ vacuum 

formed  2 min+ make 

the frame 15 min+ 15 

min to assemble

42 min rough, small 

porous, easy 

unmould, not 

need release 

agent

All kind of 

regular an 

irregular 

pattern,  

curved

Precast

Fabric 1 Fabric piece 

+ wood 

frame + nails 

and screws

$2,5 Pieces cut with a 

laser 10 min+ make 

the frame 15 min + 15 

min to assemble all 

parts in a formwork.

40 min rough, non- 

porous, easy 

unmould, not 

need release 

agent

Organic 

pattern,  

curved 

Precast 

StructuresFabric 2 $2,2

Fabric 3 $2,76 rough, porous, 

regular 

unmould, 

need release 

agent

Organic and 

geometric 

pattern,  

curved

Small 

Precast

Wood Special 

wood +  nails 

and screws

$12.5 Formwork support 

60 min+ formwork 

texture 30 min

90 min rough, porous, 

difficult  

unmould, 

need release 

agent

Simple an 

Regular 

pattern, flat 

Precast 

Structures
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Figure 9: 

Students: Camilo Díaz y Camila Duran  

Formwork  Result  

  
Material: Nonwoven fabric Ochre concrete  

Cubes design

Figure 10: 

Students: Esteban Alarcón and Alejandra Cadavid 

Formwork  Result  

  

Material: EVA Light blue concrete  
Design with random circles

Figure 11: 

Students: Isabela Londoño and Daniel Santamaría 

Formwork  Result  

  

Material: Bipack  Ochre concrete 
Design with a grid of circles

Figure 12: 

Students:   

Formwork  Result  

  

Material: Bipack  White concrete  

David Ramirez and Laura Molina

Optical squares design.

4.2 Sculptured designs

Figure 13: 

Students: Salomon Amin, Andrea Parra and Juan 
Guillermo Beltrán  

Formwork  

  

  

   

Material: Bipack Ochre concrete  
Process for make a Bipack formwork
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Figure 14: Final result sculptural sequence

4.3 Personalised designs

Figure 15: 

Students: 

Formwork Result  

  

Material: Bipack White concrete  

Manuela Muñoz and Daniela Vega

Woven mesh design

Figure 16: 

Students: Fabio Morales, Juan Pablo Novoa and 
Daniel Arias 

Formwork Result  

 

 
Material: Bipack Black concrete  

Design with shape of bamboo

Figure 17: 

Students: 

Formwork Result  

  

Material: Bipack White concrete  

Alejandra Mariño and Gustavo Parra

Fabric precast with double curvature

Figure 18: 

Students: Maria Alejandra Peña and Andrés Ramírez   

Formwork Result  

 

 

Material: Bipack White concrete  
Turtle design

5  Conclusions

The experience in the workshop made in the module 
Arquitecture en Concreto and in accordance with the 
central aim of exploring new forms and textures using 
flexible formworks we form the following conclusions: 

5.1 Training of the students

1) The change of methodology in the course was 
a meaningful contribution to the teaching and 
learning processes of architecture students, 
because it awakened a motivation for the 
exploration of flexible formworks and their use 
in architecture and construction.  The fact that 
this motivation is strong is demonstrated by 
the fact that many students would like to take 
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the course again, in order to work again with 
formworks regardless of the fact that they have 
already passed it.

2) A conceptual change regarding the constructive 
technique used in concrete has been provided, 
as the students can now apply the new 
techniques they have learnt in the manufacture 
of formworks, making new concrete textures 
possible.

3) This work has caught the attention of the 
architecture programme directors, and they are 
interested in supporting the development of 
more workshops in the technological modules.

4) Through these workshops students were 
trained in the use and application of plastic for 
constructive techniques.

5.2 Adaptable Formworks

5.2.1 Materials and Design

1) The use of new materials such as thermoplastics 
and fabric in the design and manufacture of 
formworks, allows us to take advantage of the 
elastic proprieties of these materials in order to 
form efficient formworks.

2) Flexible formworks facilitate removal of cast 
pieces in complex designs 

3) Working with new materials, allows the 
interchange of knowledge with other 
professional areas such as engineering and 
industrial design.    

4) New parameters for designing and forming 
textures in concrete architectural surfaces were 
developed in the course of the study.

5)  Nonwoven fabric without a plastic or latex layer, 
presents problems in the removal process, but 
it produces an interesting texture in the final 
surface.

Figure 19: Fabric 3 and finished surface

5.2.2 Constructive process

1)  New constructive techniques in concrete, 
appropriate for a Colombian constructive 
culture were developed.

2) New constructive possibilities in different kinds 
of fabrics used in other areas were discovered.

3) Thermoplastic creates glossy and smooth 
surfaces after the removal of the piece (fig. 19)

4) Thermoplastics and fabric do not need a release 
agent and it is a saving in cost, because these 
products in Colombia are very expensive

5) Thermoplastics and fabrics save time in the 
process of the elaboration of formworks, 
compared with traditional methods.

6) Both techniques could be implemented in the 
construction industry, as they save time and 
economise construction costs. They are also 
more eco-friendly than EPS formwork, and 
wooden formworks in places where a self-
sustaining forests plantations have not been 
established and the felling of trees deforests 
areas of old growth.

Figure 20: Detail bright surface in concrete
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5.3 Expectations for the future

At present we are carrying out a new workshop, in 
which we hope to improve the constructive technique 
in flexible formworks using thermoplastics and fabrics, 
and obtain new textural forms. We are also beginning 
the design and construction of a scale prototype of an 
arch using a system of reciprocal frames.

It is necessary to demonstrate if the precasts 
formed with these techniques are more efficient 
based on the number of possible uses, compared 
with Bipack, HIP, EVA and wood formworks.
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1  Introduction

The new generation of architects is educated 
in creating almost any possible free-form shape 
by making use of 3D-CAD software. This leads 
to building components with complex geometry. 
The manufacturing of these often uniquely shaped 
elements still does not follow this development in an 
equal pace. Double-curved surfaces need a double-
curved formwork, of which the construction process 
is time-consuming. The construction of free-form 
surfaces made with concrete is relatively expensive 
due to the high labour costs of a formwork and the 
erection of the load-bearing structure in the production 
stage. As a consequence, double-curved surfaces 
are only applied in projects with a high profile and 
above average budget. An example of a building with 
a double-curved load-bearing façade is ‘Der Neue 
Zollhof’ (Düsseldorf, Germany) of architect Frank 
Owen Gehry; construction finished in 1999 (Figure 
1). Prefabricated elements for this type of application 
might be produced with a custom-made wooden 
mould or with an EPS foam CNC milled formwork; the 
prefabricated elements for ‘Der Neue Zollhof’ were 

milled from PS-foam. Due to the variety of dimensions 
and shapes of the prefabricated elements, the re-
usability of a formwork is limited. Because of high 
costs, some free-form buildings could only be built 
after modification and rationalization of the shape, 
in order to be able to construct it in an economically 
affordable way.

Figure 1: Double-curved load-bearing elements: Der Neue 
Zollhof’ (Düsseldorf, Germany)

12 Deliberate deformation of concrete after casting
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This paper discusses the effect of intentional deformation of a flexible formwork after casting of the concrete 
and the influence of the characteristics of concrete in the fresh state on the quality of a concrete element. 
This deformation is intended to bring the concrete element in its desired final shape; the deformation 
typically takes place in the first hour after casting. In this research thin double-curved precast shell or 
cladding elements are considered. The paper introduces the method used to support the flexible formwork 
and focuses on the concrete technology necessary to control the process of deformation after casting. 
Relevant parameters are discussed that influence the concrete’s behaviour shortly after casting. Rheological 
characteristics of the fresh concrete appear to be particularly important for the design of a suitable mixture. 
Since from traditional concrete research little experimental data on deformation after casting appeared to 
be available, experiments were carried out to test a number of prepositions. Results of these experiments 
are shown as well.
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A more recent building, using double-curved cladding, 
to be finished in 2012, is ‘Heydar Aliyev Cultural 
Centre’ (Baku, Azerbaijan) of Zaha Hadid Architects 
(Figure 2).

Figure 2: Double-curved cladding elements: Heydar Aliyev 
Cultural Centre (Baku, Azerbaijan)                 

In contrast to the ‘statical’ method (as far as formwork 
is considered), a method with a flexible formwork is 
discussed in this paper. Instead of many different 
uniquely shaped formworks, one formwork could be 
reused many times, making a project with a double-
curved surface feasible. A flexible formwork can be 
adjusted to cast concrete in the desired shape. In the 
sixties, Renzo Piano designed a flexible formwork; it 
consisted of a flexible layer that can be deformed into 
the desired curved surface by adjusting, for example, 
pistons, actuators or pins. The concept of a flexible 
formwork was further discussed and tested over the 
years;  adjustable supports were also studied. Jansen 
(2004) studied the idea of placing strips to construct 
the mould. The mould consisted of pins which are 
adjustable in height and were covered with strips in 
two directions. A rubber mat was placed on top of 
the strips, which gave the element a smooth surface. 
A problem with this mould layout is to determine the 
best distance between the pistons and to choose the 
right stiffness of the strip layers. Another option is to 
place a pin-bed to provide support (Quack, 2001; Van 
Roosbroeck, 2006). It was difficult to obtain elements 
with a smooth surface; it was also difficult to produce 
elements having a constant thickness. 

The choice of the formwork (thickness and material) 
also determines the shape of the element. Influenced 
by the weight of the concrete, the chosen curvature 
and the span between the supports, the stiffness and 
the deformability of the formwork and the concrete 

characteristics are critical design parameters. In case 
the stiffness of the bottom layer is too high it does 
not have contact with all pistons; with a stiffness too 
low the formwork deforms between the supports 
with surface irregularities and an inaccurate shape 
as a consequence. The contact between pistons and 
mould was -in some experiments- forced by creating 
hinges or other connecting points, but this can lead 
to rather high tensile forces as a result of the bending 
action in the mould.

2  A flexible formwork for double-curved 
elements

An economical solution for producing elements 
which all have unique shapes is a flexible formwork; a 
formwork that can be adjusted to obtain the desired 
shape. Rietbergen and Vollers (2007) developed a 
prototype of a flexible surface on an adjustable pin-
bed (i.e. a grid of actuators). The pin-bed originally 
was designed for producing double-curved glass 
panels. The actuators are simultaneously adjusted in 
height by a computer (Figure 3).

Figure 3: Actuator mould tested by Huyghe and Schoofs 
(Huyghe & Schoofs, 2009)

On top of the actuators a flexible layer was placed 
which was the formwork for the concrete. In order to 
assure a constant thickness of an element, concrete 
was poured with the mould in horizontal position. 
Advantages of starting with a horizontal mould are 
that no contra mould is needed, the thickness of the 
element can be controlled easily and the pouring 
is relatively easy and quick. Casting concrete in 
the deformed situation of the formwork increases 
the range of element thickness with less accurate 
dimensions as a consequence. The patent of Vollers & 
Rietbergen for the production with a flexible formwork  
describes the deforming process of a flat glass plate 
into a double-curved one (Vollers & Rietbergen, 2009); 
a second patent describes the process for viscous 



icff2012Deliberate deformation of concrete after casting

134

liquid material (Vollers & Rietbergen, 2010). The three 
patented steps for producing concrete elements are:

• Installing the formwork layer above a row of CNC-
cut support strips 

• Casting concrete on the formwork, positioned 
horizontally

• Lowering the formwork onto the row of support 
strips

In both patents a ‘material’ is placed in an initially 
horizontal position (Figure 4a); a glass plate is heated 
to reduce the stiffness. Afterwards the plate can 
be deformed by lowering it on the curved supports 
(Figure 4b). 

Figure 4: Two production steps for single-curved test 
specimens: a) casting in horizontal position, b) mould after 
deforming

The strength of the viscous material is sufficient to 
make sure that it does not flow, and then it is lowered 
to the curved supports. The material hardens or cools 
down in the final, deformed position. The second 
patent (Vollers & Rietbergen, 2010) describes ways 
to build the elastic mould surface for viscous liquids. 
In the first patent (Vollers & Rietbergen, 2009) a glass 
plate is placed directly on rods, so an additional mould 
surface is not needed. The patents also describe 
ways to construct the curved supports: panels in one 
direction that provide support lines and steel rods in 
the other direction, or by positioning pistons/actuators 
as supports. Huyghe and Schoofs (2009) executed 
a series of experiments with the flexible formwork 

developed earlier by Vollers and Rietbergen. Several 
production parameters were considered in this study 
like the thickness and the type of vertical mould strip. 
Janssen (2011) developed and tested a calculation 
model that predicts the deformation of the horizontal 
formwork layer and forces at the supports, which 
allows selecting a formwork material with adequate 
stiffness and deformability. In the experiments of 
Huyghe and Schoofs, this appeared to be a difficult 
problem to solve.

Recently, a pin-bed was developed by co-author 
Vollers and Free-D Geometries (Figure 5). Each pin 
can lift/pull 1 KN. A flexible surface appropriate to the 
to be transformed material, is to be positioned on the 
pin-bed. 

Figure 5: Wizard with 200 simultaneously computer adjusted 
actuators 

According to the production principle described 
above, a flexible mould can be deformed before the 
concrete is poured, or with the fresh concrete already 
on top of it. Deforming the mould with the fresh 
concrete on top of it means that the weight of the 
concrete pushes the mould into the desired shape. 
Deforming the mould without concrete means that 
additional forces at the supports are required to bring 
the mould into its final shape. Janssen’s calculation 
models takes into account this elastic behaviour 
accurately.

3  Concrete characteristics

In the hardened state, concrete has to have 
specified characteristics; with very slender elements, 
often demoulding, storage, transport and/or mounting 
are most important for the design. Applying self-
compacting concrete is the best option for casting 
in a horizontal position. It eliminates the need for 
compaction. However, at the moment of deformation 
the criteria concerning concrete characteristics in 
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the fresh state differ from the moment of casting 
The rheological behaviour of concrete is a governing 
parameter in the production process with the 
described production method. Concrete has to have a 
minimum yield value, which is adequate to obtain the 
required curvature of the element; a criterion on the 
yield value (minimum yield stress) can be formulated 
as follows:

t
0
 ≥ t

0,crit
(1)

With Equation 2 (De Larrard, 1999):

  
τ0,crit = ρghsin θ( ) (2)

where: r = density of concrete; g = standard 
acceleration of gravity; h = depth of the slab / concrete 
layer; q = slope angle

The yield value can be estimated from the slump test 
(NEN-EN 12350-2, 2009) with Equation 3 (Ferraris & 
De Larrard, 1998):

  
τ0 =

ρ
347

300 − s( ) (3)

where: r = density of concrete; s = slump value 

Concrete and cement paste in particular are 
thixotropic materials, which means that a time-
depended structural build-up of fine particles takes 
place when the concrete is at rest. This characteristic 
allows casting concrete at a lower yield value (a higher 
flowability) than the critical yield stress and utilising 
the structural build-up to deform the mould within 
a shorter period after casting. With the progress of 
cement hydration the yield value also increases but 
it also decreases the deformability of the concrete. 
The cohesion of concrete can be enhanced with 
measures like the addition of plastic fibres, producing 
a concrete with a smaller maximum aggregate size 
or the addition of a thixotropy-enhancing admixture. 
Vibrating the concrete before deforming the mould (in 
horizontal position) allows applying a concrete with 
a relative higher yield value compared to a flowable 
concrete, which shortens the period between casting 
and deforming of the mould. The maximum curvature, 
defined by R or its reciprocal k = 1/R, and the thickness 
t of the element determine the required deformation 
capacity of the concrete. Since concrete is subjected 
to an elongation ε (in ε = k·z; with z = ± t/2) which is 
due to deforming the mould it should be controlled 

whether an element has accurate dimensions in 
relation to the concrete mixture used and vice versa. 

4  Experimental set-up

4.1 Mixture composition and performance in the 
fresh state

In order to study the concrete characteristics in the 
fresh state and the effect of the production process, 
two mixtures were tested (Janssen, 2011). The first 
mixture (M1) was a fine mortar with a maximum 
aggregate size of 0.25 mm, the second (M2) was a 
mortar with a maximum aggregate size of 4 mm. The 
paste content of the first mixture was also higher. 
Both mixtures had an average compressive strength 
(cubes of 100 mm) of about 80MPa 28 day after 
casting (M1: 78MPa; M2: 82MPa). Both mixtures were 
self-compacting after mixing. Mixture M1 contained a 
significant higher dosage of superplasticiser (fly ash 
and fine quartz sand were added as fillers), which 
caused a retardation of the strength development. 
Based on the initial testing with Mixture M1 several 
adjustments were made for the second mixture. 
Figure 6 shows mixture M2 45 minutes after casting; a 
ring was used as a mould (the diameter of the applied 
PVC-ring was 112 mm). 

Figure 6: Consistency testing 45 minutes after casting 
(Mixture M2)

The yield value increases in time; a plastic 
consistency of the concrete (Figure 6) allowed 
deforming concrete with sufficient internal cohesion 
to prevent the formation of cracks. Whether or not a 
crack appears also depends on the required strain 
capacity that is determined by the curvature and the 
thickness of the element. Due to the larger maximum 
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aggregate size Mixture M2 is less homogenous; the 
shortened processing time and consequently better 
controllability of the production process outweighed 
this disadvantage. Tests were executed with Mixture 
M2 on small deforming test samples, single- and 
double-curved test specimens.

4.2 Small deforming test samples 

Preliminary tests with small samples (d=50 mm) 
were executed in order to determine the characteristics 
of concrete in the mould; the deformability was 
investigated at different times after mixing. On a 
flexible Vivak-plate a flexible strip of polyester foam 
(cross-section: 50 mm*50 mm) was glued. After lifting 
the middle part, the mould was deformed and the 
effect of a curvature of the mould could be simulated. 
Lifting the plate only a few millimetres already gives 
a good estimation of the maximum curvature of 
double-curved elements. With this test set-up and 
at any moment after casting the following can be 
determined: 1) whether the yield stress is sufficiently 
high and 2) whether concrete deforms or a single crack 
appears at the location with the highest curvature. 
Figure 7 shows a small test specimen in the deformed 
stage; the yield value was not high enough and as a 
consequence, the slope of the concrete is too small.

Figure 7: Small-scale test for curved elements; the yield value 
of the mixture is too low as can be seen from the concrete 
level

Executing deforming tests with a small test specimen 
provides a good indication of how concrete 
characteristics affect the production process. 
Compared to a large double-curved element the wall-
effect of the vertical strip is more pronounced. It was 

decided to perform further testing on a larger scale 
with single-and double-curved test specimens.  

4.3 Single-curved test specimens

Five single-curved specimens (horizontal length 
= 2000 mm) were produced in order to determine 
the effect of the flexible mould layer, the maximum 
curvature and the type of vertical formwork strip. 
Table 1 summarizes the test parameters of the five 
single-curved test specimens.

Table 1: Test parameters of single-curved test specimens.

Nr Wait 

period 

[min]

Mould 

bottom

Layer 

thickness 

[mm]

Radius 

element 

[m] 

(support 

number)

Vertical 

formwork  

strip

1 50 Wood 3.8 5 (11) Polyether 

SG 40          

extra firm

2 50 Steel 1.0 5 (11) Cold 

foam HR 

SG 55

3 50 Wood 3.8 2.5 (6) Polyether 

SG 40         

extra firm

4 50 Wood 3.8 1.5 (6) Polyether 

SG 40       

extra firm

5 30 Wood 3.8 1.5 (6) Polyether 

SG 40          

extra firm

A Polyether foam-strip (cross-section: 50 mm*50 mm) 
was clued on the mould plate of Elements 1 and 3-5; 
cold foam was used for Element 2 (cold foam is stiffer 
compared to polyether foam). A foil was placed in the 
mould to prevent leaking of liquids. The number of 
supports were 6 or 11; with more supports a thinner 
plate is required to obtain compressive forces at all 
supports. Wood with a thickness of less than 3.8 
millimetres was not available for order. 

The height of the supports was calculated from the 
curvature of the test elements. In total, eleven supports 
for Elements 1-2 and six supports for Elements 3-5, 
respectively, were placed; the width of the mould 
(including vertical strips) was 400 mm. The thickness 
of the mould layer was predicted and optimised 
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according to the calculation model described by 
Janssen (2011). Large-scale tests were also carried 
out to validate his model. 

4.4 Double-curved test specimens with strip 
moulds

Initial testing indicated that an accurate shape of 
a double-curved element could not be obtained with 
a plate as a mould surface. Local instabilities were 
caused by relative high normal stresses in the plate 
material, due to membrane action. 

Therefore, two tests were executed with a mould 
supported by strips arranged in two perpendicular 
directions. All wooden strips had a width of 50 
millimetres and a thickness of 3.8 millimetres. The 
lower strip layer was directed in the shortest direction 
of the mould. These strips were connected with the 
supporting tubes and the upper strips in the middle 
of the mould by a nail. The fixed point assures that 
the strips stay on the tubes and the nail counteracts 
horizontal movements. The strips are supported 
by studs on bolts; the height of the supports was 
determined to obtain the accurate shape of the 
element.  The studs were screwed in vertical direction 
on a wooden plate. In total 66 of these support points 
were placed - in a set up of six times eleven. With 
a distance of 200 millimetres between the supports 
(in both directions) the total dimension of the mould 
was 2 meters by 1 meter. With a plate thickness of 
3.8 millimetres tensile forces were predicted for most 
of the supports at the border. By drilling holes in the 
strips at the supports these tensile forces could be 
carried by ropes, which were fixed before casting. 
Vertical polyether foam strips (cross-section: 50 
mm*50 mm) were glued on the formwork layer.

Concrete cannot be poured directly on the strips since 
it flows through the strips. The same material that is 
used for the vertical strips was used as bottom layer 
(Polyether foam, d=10 mm); at joints it was sealed to 
prevent leakage. Tensile forces were predicted by the 
calculation model at some points; holes were made 
for ties in the mould in order to be able to take up the 
tension forces.

5  Results

Two types of scaled elements were produced: five 
single-curved test specimens and two double-curved 

test specimens with strip moulds. In the following, the 
results of both types of elements are summarized.

5.1 Single-curved test specimens

Table 2 summarises conclusions concerning the 
production and characteristics of the elements in the 
hardened state. 

Table 2: Production of five single-curved test specimens

Nr Production of 

element

Crack Characteristics in 

hardened state

1 Mould touches all 

supports

No Desired shape is 

obtained

2 Mould touches all 

supports

No Desired shape is 

obtained, steel and 

cold foam are more 

expensive                                      

3 Mould touches all 

supports

No Desired shape is 

obtained, foil is 

stretched which is 

visible at the sides of 

the element

4 As predicted, the 

plate did not touch 

the supports at both 

ends, a rope was 

used to carry the 

tensile force

Yes Desired shape is 

obtained, after 

demoulding a crack 

was visible at the 

surface in the middle 

of the element 

5 Mould touches all 

supports with help 

of ropes to carry the 

tensile force

No Desired shape is 

obtained, no crack 

appeared because the 

mould was deformed 

already after 30 

minutes                 

All elements were demoulded one day after casting; 
until this time a plastic foil was placed on the surface 
to counteract drying. The edges at the corners of the 
element were sharp. The glued vertical polyether and 
cold foam strips were able to follow the deformation of 
the mould plate and they were also able to withstand 
the horizontal pressure of the concrete. Acceptable 
elements were obtained with Tests 1-3 and Test 5; 
a crack was observed after demoulding for Element 
4. The thickness of Element 5 was measured at 21 
points along the longer side of the element. The 
design thickness was 50 mm; the average thickness 
was 47.1 mm (minimum: 45.5 mm; maximum: 51.0 
mm). Due to the geometry of the element and the 
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weight of the concrete, higher values were obtained 
at the end of the element. At the highest slope, the 
thickness was the lowest. Figure 8 shows Element Nr. 
5 after demoulding.

Figure 8: Single-curved Element 5 after demoulding

The results can be schematically summarized in a 
graph (Figure 9) relating the curvature and time after 
mixing. 

Figure 9: Applicability area for deforming of Mixture M2

The yield stress increases with time passing after 
mixing, which allows producing an element with a 
higher curvature (Figure 9: a straight line is assumed). 
However, the deformability of the concrete decreases 
in time, which is indicated by a curve. With an 

adequate yield stress and sufficient deformability an 
area of applicability of the concrete was determined 
(grey area). The dot outside the grey area represents 
Element 4; by shortening the waiting period (from 45 
to 30 minutes) to deform the element an acceptable 
performance was obtained.  

5.2 Double-curved test specimens with strip 
moulds

One element with positive Gaussian curvature and 
one with negative Gaussian curvature were cast.

5.2.1 Element 1

The lowest point of the element had a relative 
height of 35 mm (in one of the edges); the highest point 
was on 221 mm (in the middle of the element), which 
is a height difference of 186 mm. 45 minutes after 
casting the mould was lowered on its supports and 
the concrete deformed in the desired shape without 
cracks appearing on the surface. As was predicted 
with the calculation model, the mould did not touch all 
supports; the ropes were tightened at these points in 
order to obtain the desired shape of the element. After 
demoulding the surface of Element 1 was inspected. 
Since all supports were connected to the mould, the 
focus was on the curvature between the supports. 
The surface was smooth and the slope increased 
gradually between the supporting points. The strip 
layers performed well as a supporting structure. 

5.2.2 Element 2

In order to produce a double-curved element 
with realistic dimensions a segment from a free-form 
building was selected from Evolute (2011), which 
is a company that also produces software for the 
segmentation of surfaces. The element was scaled to 
enlarge the radius and to make use of the full length 
of the supports. The lowest point of the element had a 
relative height of 35 mm (in the middle of the longest 
site); the highest point was on 225 mm (in the middle 
of the shorter span at one end of the element), which 
is a height difference of 190 mm. This element had a 
sharpest curvature of about R = 2 meters. The same 
conclusions considering the deforming and a lack of 
contact with supports can be drawn. However, after 
the deformation process small cracks appeared at the 
surface. Because the concrete still was in the plastic 
stage and the stiffness was low, the cracks could be 
closed by finishing the surface. By deforming after 
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30 instead 45 minutes after casting, the crack width 
was limited. Figure 10 shows Element 2; no additional 
cracks were observed at the surface after demoulding.

Figure 10: Produced double-curved element (Element 2)

6  Conclusions

This paper discusses a study on the applicability of 
a flexible formwork method to produce double-curved 
elements with concrete. Parameters of the study were 
the concrete type, the mould layer and the vertical 
strip; tests were executed on different scales. Based 
on the study the following conclusions can be drawn:

• The concrete characteristics in the fresh state 
are important to be considered for the described 
production process; in the ‘area of applicability’ 
the applied mixture performed well. 

• Depending on the boundary conditions, supports 
might not be in contact with the flexible mould. 
The elastic behaviour of the mould plane and 
the location of the supports can be predicted 
by simulation and precautions can be taken to 
transmit the required tensile load. 

• It was possible to produce double-curved 
concrete elements with accurate dimensions 
combining horizontal casting with applying a 
flexible support-system in a strip configuration. 

7  Future work

A number of issues will be addressed in future 
research:

• The testing was carried out with rectangular 
panels. The majority of double-curved panels, 

however, will not be orthogonal, and have curved 
contours as well. This imposes special measure 
control demands on the position of edge profiles 
before and after deformation.

• In order to achieve weight reduction, panels 
will be designed with thin surfaces that on the 
backside have ribs and thicker edges. In addition, 
connecting devices, probably on the backside 
too will be needed. The exact measuring 
and production of such requires additional 
development.

• In situations where the elements are used as 
cladding panels, the concrete texture and “edge 
return” (visual quality of the edge of the panels) 
are of great importance for architects. Although 
the quality of the discussed concrete elements 
was promising, further attention will be paid to 
this aspect in future experiments.
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1  Fabric Formwork Technology

Significant use of fabric formwork for marine 
construction commenced in the 1960’s after the 
development of synthetic yarns and fabrics.  Systems 
were initially developed in North America and Europe 
using these higher strength fabrics.

Fabric formwork systems allow controlled and 
reliable concrete and grout construction underwater. 
The systems overcome marine conditions and are 
usually individually designed and purpose made. 
Fabric formwork systems are generally considered 
as lost shuttering and are usually of little interest after 
the concrete has set (other than the filter points of 
filterpoint mattress).

Figure 1: Concrete Mattress Installation

1.1 Benefits:

• Prevents mix washout

• System avoids segregation

• Controlled compartment size

• Engineered, premade, reliable

• Avoids trapped water voids

• Lightweight, easy to fix or lay

• Adaptable to bed profiles and joint widths

• Produces good quality grout and concrete 
construction

• Cost effective

Figure 2: Grout Bag Trial

13 Fabric Formwork Systems used in Marine 
Construction

M Hawkswood1

1 Proserve Ltd

Fabric formwork systems are regularly used underwater to achieve controlled and reliable concrete and 
grout construction.  Marine construction is much more onerous than construction on land and fabric 
formwork systems have developed to provide effective construction solutions.  Principally, fabric formwork 
prevents concrete and grout washout and allows pre-made engineered forms to be placed and filled by diver 
or automation.  The paper will describe the various aspects of fabric formwork technology and concrete 
construction systems generally developed to date with reference to case studies. It will also discuss the 
current and future prospects for both marine and land applications.

M Hawkswood
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1.2 Concrete Strength Improvement

Forms are made from a porous yet grout tight 
woven fabric which causes free water in the mix to 
bleed out through the fabric during filling and before 
initial set (Price 2000). This produces a lowering of 
the water : cement ratio in the surface zone until the 
mix ceases to be a fluid and reaches what is termed 
a mechanical set. This results in a significant rise in 
strength and abrasion resistance for sand : cement 
micro concrete mixes typically as shown in (Figure 3) 
(Cannon, 1987).

Figure 3: 

Conventional 
Formwork

Fabric 
formwork

Free Water Bleed and Strength

For neat cement grouts the bleed depth is typically 
50-100mm with greater bleed depth to sand : cement 
micro concrete mixes of typically 100-200mm. 
Traditional concrete mixes with larger aggregate have 
a lower bleed depth than micro concretes. Further 
research & measurement of bleed depths is needed.

2  Design Process

The forms are engineer designed to cater for the 
filling pressures, and to provide the required concrete 
section. Forms can be prefixed for automated filling to 
precast caissons and elements (Figure 2, 4, 23 & 35) 
or laid and fixed by divers (Figure 1).

Once the performance parameters are established for 
the concrete works and the form system, the design 
process for fabric formwork systems is typically 
shown below:-

Typical Design Process:

• General Arrangement Drawings

• Risk Analysis

• Installation Guide

• Fabrication Drawings

• Size and Shape

• Filler and Vent Position

• Joint Design

• Fabric Selection

• Form Strength

• Fixings

• Mix Design Development and Testing

• Mix Supply and Pumping Plant

• Filling Plan

Sewn seams are naturally the weakest part of 
forms and twin stitched seams are usually used for 
robustness and back up. Seams are designed and 
tested for reliability. 

Segregation of the mix is avoided as filler sleeve 
discharge points are provided to the bottom of forms 
which ensures the mix is reliably placed in tremi 
fashion. Tremi placement of concrete or grout is 
where the bottom of the gravity tremi tube or pump 
hose is placed or controlled to be below the concrete 
or grout surface. Vents are located to the top of form 
compartments to control filling pressure (Figure 6).

General arrangement drawings are developed for the 
concrete work allowing fabrication drawings then 
to be produced for approval, manufacture and form 
check before delivery.

Project specific installation guides are developed 
in consultation with site staff and divers to typically 
cover mix design and development, mixing/pumping 
plant, fabric formwork installation and filling. Where 
required these systems can be tested (Figs 2, 4, 16) 
which is beneficial for site training, etc.
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Figure 4: Grout Bag Trial Filling

Supervision and support on site by experienced 
Engineers is important. This often involves initial 
preparation works and initial concrete or grout 
construction works.

3  Fabric Formwork Material

The form material is usually a porous polyester / 
polypropelene woven fabric (Figure 7) which avoids 
trapped water voids and gives a high quality dense 
concrete finish due to free water bleed. The forms 
are engineer designed to provide the required 
concrete section and to cater for filling pressures. 
The unsupported side radii have a fabric tension (T) 
equivalent to the fabric radius (R) multiplied by the 
relative filling pressure, refer to (Figure 5 & 6).

Figure 5: Column Form

Figure 6: Foundation Grout Bag

Form Tension   T (kN/m) = R x (rC-rw) H

Where rc is the density of concrete and rw is the density 
of water in kN/m3.

Design safety factors are usually 3 to 4 due to maritime 
risks, local stress and importance of the work. There 
are no specific design standards or manuals to 
fabric formwork, requiring engineering based upon 
fundamental principles and experience.

Figure 7: 1100 Desitex Fabric

For micro concrete (sand and cement) the fabric 
opening size O90 is usually controlled relative to 
the size of sand in the mix to ensure micro concrete 
tightness. In common with geotextile filter use, the 
90% largest opening size of the fabric O90, is usually 
less than the average sand size D50. For neat cement 
grouts, it is common to use 2 layers of fabric for 
robustness or a much tighter fabric weave.

4  Marine Concretes and Grouts

Concretes and grouts need to be designed and 
developed for their particular application and to 
overcome marine conditions.
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Mix Parameters Typical Mix Design & 

Control

Strength & Durability Mix design & testing

Mix Separation Pumping/placement in tremi 

fashion

Avoid Mix Washout Provide protective 

compartments where 

needed

Fluidity Flow cone control  (Figure 

9), pumping/ filling trials 

where required

Fluid Period Retard mix beyond 

filling period, control 

compartment size, site 

testing.

Top Laitance Layer (light 

grout layer)

Avoid horizontal joints 

between pours (back up 

systems)

Shrinkage Shrinkage is reduced under 

water, only use additives 

where required

Thermal Cracking Mix engineered where 

required

Environmental Check pH rise and any local 

issues

Figure 8: Mix Parameters

Mix design, development and testing is more complex 
and important for successful maritime work than on 
land, as it has to meet a wider range of parameters 
in more onerous conditions as outlined in (Table 1). 
The setting behaviour of grouts and concretes is 
similar to on land. Underwater curing is beneficial with 
shrinkage behaviour much reduced due to the near 
elimination of drying shrinkage. 

Figure 9:  Flow cone

4.1 Traditional Concrete

Traditional concretes of stone aggregate : sand : 
Ordinary Portland cement mixes can be used with 
fabric formwork for simple mass pours. Fluidity is 
limited for horizontal travel, and larger pumping hoses 
have to be handled underwater.

4.2 Micro Concrete

Micro concrete is a sand : cement mix with an 
aggregate size usually below 5 mm. This mix type has 
traditionally been used for concrete mattress scour 
protection work and other uses of fabric formwork 
where it protects from wash out. Historically, a 2:1 
sand: cement mix has typically been used which 
has good fluidity for filling and good strength and 
durability. The free water bleed from the mix increases 
strength and durability (Figure.3) and along with curing 
underwater causes shrinkage to be minimalised. The 
selection of good local sands is important to achieve 
a reliably pumpable mix with good fluidity and self 
compaction properties.

4.3 Neat Cement Grouts

These mixes are often used with grout bag 
systems for the grouting of wide foundations or joints 
to precast elements or similar.

These grouts are highly prone to wash out, and in 
other than still protected conditions, are often used 
with grout bag protection. Mixes are highly fluid with 
compartment lengths up to 24 m achieved. Neat 
cement grouts are relatively easy and reliable to pump 
and are often chosen for important or irreversible 
construction. Typical strengths are 50 to 70 N/ mm².

5  Concrete Mattress

A two layer mattress form is pre laid and then 
pump filled with a sand: cement micro concrete. 
The permeability of the fabric allows excess mixing 
water to pass out through the shutter fabric resulting 
in a concrete which has a high strength, density and 
resistance to abrasion whether constructed above or 
below the water.

Concrete mattress can be fabricated to any shape or 
size. There are two main types of mattress Constant 
Thickness Mattress and Filter Point Mattress. 
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5.1 Constant Thickness Mattress

Figure 10: Filled Constant Thickness Mattress

Figure 11: Section - Constant Thickness Mattress

Constant Thickness Mattress is formed from two 
layers of woven fabric, connected with ties of various 
lengths connecting the layers in order to control the 
thickness as the mattress is filled.

Mattress panel joints are made by stitching or zipping 
both top and bottom layers of fabric together. When 
filled, mattress joints take the form of a ‘ball and 
socket’ shear joint which allows some articulation of 
the concrete mattress slabs whilst providing important 
shear interlock.

5.2 Filter Point Mattress

Figure 12: 

Filter

Filled Filterpoint Mattress

Filter Point mattress type has been used for some 
50 years mostly to revetment slopes subject to tidal or 

wave action (Loewy et al. 1984, Pilarczyk 2000).  The 
two layer fabric is woven together at regular intervals 
to join the fabric layers and also to form porous filter 
points. The filter points allow ground water pressures 
under the mattress to dissipate. For efficient use in 
wave action the mattress porosity should be greater 
than the revetment soil porosity (McConnel 1998). 
Mattress is often supplied in a green colour with 
mattress panel widths of 3m – 4.4m.

Figure 13: Section – Filter Point Mattress

This mattress is laid over a geotextile filter material to 
protect against filter point material loss due to UV light 
degradation or any other cause.

5.3 Concrete Mattress Design

Concrete Mattress in principally used for scour 
protection against the following actions.

• Current Flow

• Propeller or Jet Thrusters

• Waves

Unlike rock armour, concrete mattress does not fail 
in rolling or sliding, but generally in panel failure due 
to uplifting (Figure 14). Thickness wise it is much 
more effective and can readily cope with higher flows, 
propeller and jet action.

Figure 14: 

Uplift

Mattress

Mattress Failure Mode
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Mattress thickness deadweight is designed to 
overcome the computed uplift/suction forces or by 
reference to proven performance.

5.4 Mattress Fabrication and Installation

Mattresses are fabricated in workshops by cutting 
and sewing to form a mattress of a convenient size for 
handling, commonly 70 – 140m2 (50 - 100kg in air). 
Each mattress is normally rolled out into position on a 
prepared stable slope or bed, zipped to its neighbour 
and any perimeter fixed as may be required. The 
mattress is then filled by pumping micro-concrete 
through the filler sleeves from the lowest end upwards.

Matts are normally pumped filled underwater by 
divers, typically a 2:1 sand : cement micro concrete 
mix of typical strength 35-40 N/mm². 

5.5 Example: Port of Cotonou, Benin, Africa 2011

Constant Thickness Mattress was used to provide 
propeller scour protection to two new container 
berths at the port of Cotonou with a depth of 15m 
to accommodate larger container vessels. The scour 
apron was designed to resist the suction forces due to 
container vessel propeller action 240mm and 150mm 
thick constant thickness mattresses were used.

Figure 15: Section Through Quay Wall Showing Mattress 
Bed Protection

Figure 16: Mattress Trial Filling on Site

A local micro concrete mix was developed and 
trialled with pumping and mattress filling trials 
(Figure 16/17) initially. The mattress system was diver 
installed using the roll out technique and then pump 
filled automatically via pre installed lay flat hoses. 
15,000m2 was installed in some 6 weeks using 2 large 
dive teams. A rip rap stone falling apron edge detail 
was provided to overcome edge scour in the sand and 
clay bed.

Figure 17: Lowering Mattress to be Rolled Out by Divers

5.6 Example: River Arun, U.K, 1968

Flood defenses were required on the tidal reaches 
of the River Arun. This was achieved by the addition 
of chalk rubble embankments, which were then 
protected from both tidal and river flow erosion using 
Filter Point mattress of 150mm overall thickness.

Figure 18: Typical Section

The mattress was designed to protect against erosion 
caused by currents up to 3.5 m/s and was installed 
in 1966 to 1968 giving 45 years of good performance 
to date.
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Figure 19: Mattress Revetment Currently

Vegetation, in time, overgrows the top edge of the 
matt, and establishes itself in the filter points outside 
the tidal range of the river. This can be seen to improve 
the aesthetic qualities of the mattress.

6  Foundations to Precast Structures

Grout bag systems reliably provide infill foundations 
to precast elements in the marine environment 
(Hawkswood & Allsop, 2009). The forms are normally 
prefixed to the precast foundation element before 
immersion (Figure 23). When the element is held in its 
final position, the grout bag system can be pump filled 
(Figure 20 & 24). Figure 20 shows a typical section of 
a grout bag foundation showing the grouting method. 
The system can be engineered to offer the following:-

• Reliable grouting compartments

• Protection against washout

• Control of compartment size

• Control of filling and uplift forces

• Overcome undulating beds

• Risk management via multiple compartments

Figure 20: 

Vent
Grout bag foundation

Filler

Grout Bag Foundations

Grout Bags are made from porous fabric which is grout 
tight yet water permeable and therefore avoids trapped 
water voids. They are often condensed with side 

break ties or diver release ties. Form compartments 
are zipped to one another whilst fixing for large bases. 
Once the element is lowered and positioned on jacks 
and/or temporary foundations, the compartments 
can be pump filled. Compartments are normally filled 
with neat cement grout or with sand cement grout/
micro concrete. Filler sleeves sewn into the bottom 
enable filling in tremi fashion with grout travelling to 
the side vents. The side vents control and limit the 
compartment pressure which protects against failure 
of the grout bag and controls uplift pressures.

Figure 21: Grout Bag Trial

The system has been used for foundations on major 
marine projects for some 20 years. It can typically 
cope with bed tolerances of ± 150 mm to ± 450 
mm. The system can be diver worked or completely 
automated with prefixed hoses, and grout monitors to 
the vents. The system can also be used to form seals 
and bearings to precast elements.

Grout bag foundation systems are normally developed 
using a risk management process where the mix, 
pumping and form systems are developed and where 
necessary tested (Figure 21). These systems usually 
require a high level of engineering and experience.

6.1 Example: Second Severn Crossing, UK, 1994 

The Second Severn Crossing comprises a 5.2 km 
crossing of the Severn Estuary.

The foundations of the bridge were made of 37, 35m 
long precast concrete caissons, each weighing up to 
2,000 tonnes each. Before these caissons were moved 
into their final position, fabric formwork units were 
positioned onto the underside of the caissons using 
high strength webbing, and held tight and condensed 
with stretch webbing so that they would be less likely 
to be damaged during positioning. This webbing was 
designed to break during the filling procedure.
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Figure 22: Second Severn Crossing

Figure 23: Seals Positioned with Break Ties

Figure 24: Filled Seals at Base of Caisson

Each Unit was filled automatically from prefixed hoses 
and internal pressures were monitored and controlled 
by the vent tubes to confirm the complete filling of 
each unit. The system was used to found the caissons 
onto dredged rock head, and was designed to be part 
of the bearing area of the foundation. Once the units 
had been filled the caisson cells were then tremi filled 
with concrete to complete the base.

6.2 Example: ITT Central Artery, Boston, USA, 
2001

The Fort point channel crossing to the ‘Big Dig’ 
project in Boston used a concrete immersed tube 
tunnel system. The grout bag system was used 

to form strip foundations to remote areas of the 
immersed tube.

Figure 25: Strip Foundations

6.3 Example: Confederation Bridge, PEI,  
Canada, 1996 

Figure 26: Bridge and Automated Installation Fram

The 13km sea crossing to Prince Edward Island 
used a precast bridge construction system. The pier 
foundations were formed by an automated installation 
frame for initial grout bag foundations, in water depths 
to 30m.

7  Marine Pile Repairs

The pile jacket system is used to protect, repair or 
strengthen steel and RC piles by encasement in high 
quality concrete (Hawkswood, 2011). The repairs can 
be designed for medium to long-term protection to 
prolong the lifespan of jetties and marine structures.

7.1 Typical Repair Engineering Process

• Condition surveys

• Structural appraisal of piles/ jetties

• Design of repairs

• Micro concrete mix development

• Supervise repairs
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Figure 27: 
Steel Pile Repair Concrete Pile Repair

Section Through Repairs

7.2 Pile Jacket System

• Piles cleaned and repaired

• Fix spacers and any reinforcement

• Fix and zip up pile jacket (lost shutter)

• Fix re-usable Tensar ‘corset’

• Pump fill in tremie fashion

Figure 28: Completed Pile Repair Section

Importantly, as the porous fabric jacket causes 
the sand & cement micro concrete mix to bleed 
down to a water : cement ratio approaching 0.4, as 
outlined before this gives a significant improvement 
in durability against carbonation and chloride ion 
penetration (Price, 2000). It enables the design of 
efficient encasement protection using modern codes 
& standards.

As the fabric pile jacket remains in place, it provides 
protection for concrete curing above water. Pile 
jackets are relatively easy for divers to fix and can be 
adapted to a variety of pile shapes & lengths. Steel 
reinforcement can be included for pile strengthening 

where required. The bottom of the jacket can 
incorporate a self-sealing turn up and also self-sealing 
fillers that readily allow observation of pump filling in 
submerged tremie fashion which is very important.

These features and engineering enable a high 
durability concrete encasement to be formed that is 
robust and should require little or no maintenance for 
its design life.

7.3 Example: Bulk Jetty, Dublin Port, Ireland - 
2006

The Bulk Jetty was built in 1950. The steel piles to 
the jetty where in such a poor condition with many 
piles holed through corrosion that the structure was 
considered for demolition. The pile jacket system 
enabled strengthening and protection by concrete 
encasement and allowed the jetties use to continue.

Figure 29: Holed Pile Due To ALWC

The jetty piles had suffered from Accelerated Low 
Water Corrosion (ALWC) (Figure 29).  Following 
a steel thickness survey and structural appraisal, 
the Consultant Engineers selected a 100mm thick 
concrete encasement with weakened lengths to be 
reinforced with steel sprit rings.

Figure 30: Section Through Pile With and Without 
Strengthening
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A traditional 2: 1 sand: cement micro concrete mix was 
developed to achieve C35 /45 strength. Polypropylene 
fibres were included to aid shrinkage control. A site 
test was conducted on the strengthening arrangement 
to demonstrate the systems use.

Figure 31: Dublin Pile Repairs

The rendex steel section piles were high pressure jet 
cleaned and inspected before the pile jacket system 
was applied. 138 piles were protected including raker 
piles. Pile encasement lengths were typically 9-11m 
long down to bed level. The top 0.3m of the pile was 
protected by sprayed concrete onto joint continuity 
mesh reinforcement. The work was completed in 
some 7 months, generally using 2 dive teams, putting 
the jetty back into working condition.

8  Wall Construction

Walls are constructed and repaired underwater 
using fabric formwork facings attached to mesh 
covered frameworks formed in steel or aluminium. 
The fabric is usually removed after frame removal.

8.1 Example: Grand Canal, Dublin, Ireland 2007.

The stonework gravity walls to the historic dock 
basin were suffering from face failure underwater due 
to loss of its original weak lime mortar. An underwater 
concrete face repair was selected as the repair 
method, nominally 100 mm thick. 

A 10 m long mesh control frame system was 
adopted which carried a fabric formwork face shutter 
connected to base and leading side grout bag seals.

Figure 32: Fabric Formwork Facing Attached to Framework

The frame was temporally supported by driven piles 
with rams to the bottom and drilled anchor ties to 
the top. The shutter system was filled with a sand: 
cement micro concrete. The bleed combination of the 
micro concrete mix and fabric face formwork quickly 
reduces concrete filling pressures and allows a lower 
weight frame system to be used. 

Figure 33: Top of Concrete Wall Repair

It also produced a good quality concrete face repair 
which also in-filled failed stonework areas due to the 
high fluidity of the mix.
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9  Other Marine Fabric Formwork Systems

Apart from the principal applications previously 
described, systems are often used to the following:-

• Foundation underscour repairs

• Pipe support and protection

• Seals to pipes and cofferdams

10  Risk Management 

Marine construction has much greater risks 
than construction on land and a risk management 
approach is often adopted. The use of reliable factory 
made fabric formwork units can aid risk management. 
Also, the use of automated or near diverless systems 
also generally aids reliability.

11  Land Based Use

To date, land based use is relatively modest and 
apart from concrete bagwork, applications are mainly 
limited to providing solutions for confined space 
usage:

11.1 Concrete Bagwork

Used to waterways and for minor embankments 
support, often as temporary repairs.

Figure 34: Concrete Bagwork

11.2 Tunnel Seals

Fabric ring seals are grouted to aid the launch or 
recovery of tunnel boring machines TBM’s. Condensed 
ring seals (Figure 35) are prefixed and held in place by 
a break cover which breaks upon grouting to allow the 
grout seal to develop.

Figure 35: Grouted Ring Seal Section

11.3 Bearings

To bridges, slabs and propping etc.

Figure 36: Grout Bag Bearing

11.4 Mine- working Support

Grouted forms can be used to support old mine 
working without human access using drilled shaft 
installation. A condensed fabric form can be lowered 
into place on a tubular grouting shaft before grouting 
to form a concrete column.

Figure 37: 

Drilled shaft

Fabric Formwork Support

11.5 Pile Liner

Specially woven fabric tubes are now being used 
to control pile concreting in soft grout. Fabric tubes 
can also be used to overcome negative skin friction 
caused by ground settlement. 
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Figure 38: Pile Liner (Courtesy of Huesker)

12  Future Use

12.1 Marine Fabric Formwork

The following areas need to be addressed in order 
to promote the continuing development of fabric 
formwork systems for marine concrete construction:-

• Increasing engineer awareness 

• Concrete mattress efficiency for high flows

• Standards, manuals and papers developed for 
design

• Increasing trends towards precast construction 
(needing foundations/ joints)

An example of this is the MOSE, Venice Barrage 
project where a largely automated grouted fabric 
formwork system is being applied for the foundations 
to the barrage caissons in water depths up to 27m. The 
system overcomes tidal flows and allows controlled 
and accurate caisson founding, which is important for 
the flap gate barrage operation.

Figure 39: 

Grouted fabric 
formwork 
foundation

Venice Barrage

Although marine fabric formwork systems are 
becoming more common with more manufacturers 
worldwide, the marine sector is relatively small.

12.2 Land Based Fabric Formwork

Fabric formwork use on land has a much greater 
market, but to date there is relatively little usage 
developed. Simple forms can typically be provided for 
£8-11-/m² for larger projects in Europe.

12.2.1  Advantages

• Porous, bleed, greater durability

• Lightweight

• Reduced surface blemishes

• Fabric pattern

• Lighter support frames

12.2.2  Disadvantages

• Member junctions difficult

• Needs filling control

• Vulnerable to hot metal works

• Material elastic stretch

• Fabric pattern repair problem

• Fabric/ reinforcement snagging, wind action

Elastic Stretch is a constant problem to overcome 
with commercial polyester and polypropylene  having 
an elongation at break of the order of 25%. For marine 
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pile jackets, this is overcome with a stronger reusable 
corset or alternatively a more expensive fabric. On 
land the appearance is much more important than 
underwater.

The use of fabric formwork to provide an aesthetic 
pattern and also to form architectural shapes is 
known and research is pushing this area forward. 
Work is advancing on the use of minimised sections 
for material efficiency (Orr et al. 2010).

Fabric formwork may well be suited to precast 
construction in a controlled environment with 
trained teams. It is also very beneficial in areas of 
high R.C. exposure, marine structures and other 
structures subject to road salts etc. In these cases 
the improved surface strength and durability can 
be utilised. Alternatively, Engineers can of course 
specify increased concrete cover to reinforcement as 
Eurocode EC2. Fabric formwork has proven useful in 
confined spaces as It can be readily be condensed 
and this could be further developed.

Knowledge and experience from the marine sector 
can readily be applied to land based applications.
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1  Introduction

Since the 1990’s the contemporary building 
industry is eagerly looking for ways to realise ‘freely’ 
curved building shapes in order to anticipate to one 
of the most important architectural trends of the 
past two decades, referred to as ‘blob-architecture’ 
or ‘free-form design’. Through vast developments of 
advanced digital design systems, literally all ‘thinkable’ 
shapes can easily be modelled 3-dimensionally by 
means of Computer Aided Design (CAD) software. 
The construction process of these ‘free forms’ on the 
other hand seems to have ‘lacked’ the same degree of 
development. Where liquid-like, yet curable, materials 
– like concrete – have practically unlimited form 
possibilities, often traditional formwork techniques 
are used (Figure 1), which are considered labour-

intensive, time-consuming and therefore financially 
unattractive. 

As part of the ongoing PhD research ‘Vacuumatics 3D 
Formwork Systems’ – carried out at the Eindhoven 
University of Technology (TU/e), in commission of 
ABT Consulting Engineers – the idea is put forward to 
utilise Vacuumatics as a flexible formwork system to 
produce customised ‘free-formed’ concrete structures 
(Huijben et al, 2009).

This paper illustrates the flexibility of Vacuumatics, 
focussing on the formability and adaptability of 
the overall shape as well as the surface texture. 
Furthermore, the construction process of a customised 
‘free-formed’ concrete shell structure is described, 
using Vacuumatics as a fully self-supporting formwork 
structure.

14 Structural Morphology of VACUUMATICS 3D 
Formwork Systems: Constructing Thin Concrete 
Shells with ‘Nothing’

F. Huijben1,3, F. van Herwijnen1,3 and R. Nijsse2,3

1 Eindhoven University of Technology (the Netherlands), Department of the Built Environment – www.tue.nl 
(f.a.a.huijben@tue.nl)

2 Delft University of Technology (the Netherlands), Faculty of Architecture – www.tudelft.nl
3 ABT Consulting Engineers (the Netherlands) – www.abt.eu

Vacuumatics consist of unbound particles inside a flexible membrane enclosure of which the internal air is 
removed to create a pressure difference with the ambient (atmospheric) pressure. This ‘externally’ acting 
‘vacuum pressure’ stabilises the unbound particles into their present configuration. The ability to adjust 
the level of under-pressure, referred to as the ‘flexibility control’ of Vacuumatics, enables vacuumatics 
structures to be ‘freely’ shaped into almost any thinkable shape. From practical point of view the shaping 
of Vacuumatics is considered by deforming an initially flat structure. Furthermore, by locally changing the 
configuration of the unbound particles imprints can be made into the surface texture of the structure. Also, 
objects can be added in between the particle filling and the membrane envelope, which enables additional 
customisation of the structure. By effectively utilising this adaptability of shape as well as surface texture, 
Vacuumatics can be applied as a self-supporting formwork structure to produce ‘freely’ curved concrete 
structures with customised surface textures. The flexibility control of Vacuumatics is considered in this 
paper from a structural as well as morphological point of view, elaborating two shape design methods 
referred to as the ‘suspension method’ and the ‘lifting method’. A real-time concrete shell construction 
illustrates the effectiveness of using Vacuumatics as a flexible formwork technique.

F. Huijben, F. van Herwijnen and R. Nijsse
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2  Flexibility of Vacuumatics

Vacuumatics, or simply vacuumatic structures, are 
a theoretical counterpart of pneumatic structures as 
they rely on the negative difference in air pressure 
for their structural integrity. By pumping out the air 
from a closed flexible envelope filled with granular 
material an internal under-pressure – or (partial) 
vacuum – is induced. This pressure difference can 
be interpreted as the ambient (atmospheric) pressure 
acting externally onto the skin, which is then tightly 
wrapped around the unbound particle filling. For 
practical reasons the ‘externally’ acting atmospheric 
(air) pressure will be referred to as ‘vacuum pressure’. 
As the skin is wrapping the particles, these are tightly 
compressed, hence retaining whatever configuration 
they were put into. This phenomenon is referred to 
as ‘vacuum prestressing’ and partly determines the 
flexibility or ‘mouldability’ of vacuumatic structures.

2.1 Adaptability of Shape

The possibility to vary the vacuum pressure, often 
indicated in terms of percentage of the atmospheric 
pressure, is considered to be one of the most valuable 
characteristics of Vacuumatics. The level of vacuum 

pressure can be varied between 0% and 100% of 
atmospheric pressure (or 0bar to 1bar). It must be 
noted, however, that an under-pressure of 1bar is 
physically not attainable on earth, although values up 
to 0.98bar were measured using a membrane pressure 
sensor and a diaphragm vacuum pump during 
laboratory measurements. The principle of varying 
the vacuum pressure is referred to as the ‘flexibility 
control’ of Vacuumatics (Huijben et al, 2009), which 
enables these structures to be repeatedly re-shaped 
into ‘any’ given form (Figure 2). By lowering the level 
of vacuum pressure the consistency of the unbound 
particles inside the skin envelope decreases, which 
causes the overall structure to behave ‘plastically’.

In this plastic-like phase the structure can be moulded 
relatively easy, but will retain its newly given shape, 
analogous to modelling clay. When the desired 
shape is obtained the level of vacuum pressure can 
be increased to its maximum (roughly 1bar), which 
further stabilises the structure. 

Figure 2: Illustrating the shape adjustability of a vacuumatic structure using cylindrical wooden elements in a Low Density 
Polyethylene (LDPE) film envelope

Figure 1: Construction of contemporary ‘free-forms’ in concrete using traditional formwork techniques (bicycle parking, 18 
Septemberplein Eindhoven the Netherlands, designed by Fuksas)
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One of the questions that rises when shaping 
Vacuumatics is how to determine the initial 
configuration of the unbound particles inside the 
flexible envelope. Therefore, from practical point 
of view, the shaping of vacuumatic structures is 
considered by deforming an initially flat structure.

2.2  Adaptability of Surface Texture

The principle of using unbound particles inside a 
flexible envelope skin, benefits not only the formability 
and adaptability of the overall shape, but also enables 
the customisability of the surface texture. By locally 
changing the configuration of these particles imprints 
can be made into the surface of the structure (Figure 
3). Furthermore, by adding certain objects in between 
the particle filling and the skin envelope a surface 
texture or pattern can be created (Figure 4). These 
characteristics are regarded especially useful when 
using Vacuumatics as a flexible mould for producing 
concrete elements or structures with customised 
surface textures.

Figure 3: Customisation by making imprint into the surface of 
a vacuumatic structure 

Figure 4: Customisation by adding objects to the particle 
filling of a vacuumatic structure

3  Structural Flexibility

At the Pieter van Musschenbroek laboratory of the 
Eindhoven University of Technology, a large number 

of four-point bending tests have been conducted 
on beam-shaped vacuumatic structures in order to 
explore the flexural rigidity in relation to the specific 
characteristics of the filler and skin materials used. 
These tests pointed out that the flexural rigidity is 
aided by using a membrane skin with a low elasticity 
and a particle filling that possesses high mutual 
frictional characteristics (Huijben et al, 2010).

3.1 Adapting the Flexural Rigidity

As mentioned before, the level of vacuum pressure 
also partly determines the mouldability – or in this 
case rather the adaptability of the flexural rigidity – 
of Vacuumatics. In order to explore the influence 
of the induced pressure difference on the flexural 
rigidity and load-bearing capacity of vacuumatic 
structures, a series of four-point bending tests 
have been conducted where the level of vacuum 
pressure is varied in several steps (Figure 5). In this 
particular study sand particles are used ranging from 
0.5mm to 1.0mm in size, enveloped by a plastic film 
of Low Density Polyethylene (LDPE), 90micron in 
thickness. The accuracy of the level of under-pressure 
during these experiments varies within a range of 
approximately +/-0.1bar. Nevertheless, these values 
are considered adequate for this research as we are 
mainly aiming at discovering behavioural trends.

The force-displacement graphs of the conducted 
flexural tests (Figure 6) – representing the average 
results of at least three similar bending tests – are 
used to give an indication of the flexural rigidity. At the 
initial stage of the bending process these graphs show 
a variation in bending stiffness, which is indicated 
by the inclination of the graphs, dependent on the 
level of vacuum pressure induced. Furthermore, 
these graphs clearly illustrate that there is no linear 
relationship between the level of under-pressure and 
the load-bearing capacity (or yielding strength). An 
important outcome of these bending tests is that all 
specimens behave plastically at some point, where 
yielding turns out to be a geometrically determined 
phenomenon. The horizontal branches of the graphs 
start at comparable values of deformation not related 
to the level of induced vacuum pressure. The level of 
under-pressure does however determine how much 
force it takes to deform an initially flat vacuumatic 
structure into a curved shape.
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Figure 6: Force-displacement graphs of flexural tests of a 
beam-shaped vacuumatic structure at different levels of 
under-pressure using a sand particle filling and a Low Density 
Polyethylene (LDPE)  film envelope

Figure 7: Force-displacement graphs of flexural tests of a 
beam-shaped vacuumatic structure using a sand particle 
filling and a Low Density Polyethylene (LDPE)  film envelope 
with different types of reinforcement (ST = steel wire mesh, 
PP = Polypropylene fabric, TX = nylon textile fabric)

3.2 Increasing the load-bearing capacity

As vacuumatic structures in general tend to behave 
relatively ‘weak’ in bending – which of course can be 
used beneficially when considering the formability of 
Vacuumatics – a way to enhance the flexural rigidity of 
the structure in fully deflated state might be desirable 
for several structural applications. Analogous to 

reinforced concrete, a layer of ‘reinforcement’ can 
therefore be added in the tensile zone of the structure 
to increase both the flexural rigidity as well as the 
load-bearing capacity of Vacuumatics. In theory any 
sheet-like material can be used as reinforcement in 
between the particle filling and the envelope skin. The 
‘only’ requirement the reinforcement layer needs to 
have to be used efficiently in free-formed vacuumatic 
structures – self-evidently apart from restricting the 
elongation of the structure in its tensile zone – is that 
it needs to be flexible so it can be formed along with 
the particle filling in its (partially) un-deflated state, 
analogous to the membrane covering.

A series of flexural tests of beam-shaped vacuumatic 
structures – identical to the ones described in the 
previous section – are conducted at 100% vacuum 
pressure, using pieces of a steel wire mesh (ST), 
Polypropylene fabric (PP) and Nylon textile fabric 
(TX) as reinforcement. These tests show that great 
enhancements in flexural rigidity are attainable, even 
resulting in an increase of the yielding strength of up 
to 300% to 600% (Figure 7).

Individual tensile tests on the tensile behaviour of the 
reinforcement materials indicate that Polypropylene 
fabric (PP) in particular is regarded to be extremely 
suitable to be used in vacuumatic structures. This 
is mainly due to the fact that it has a relatively high 
tensile strength in combination with a high ductility 
(Figure 8) and therefore doesn’t result in abrupt tensile 
failure, like it is the case with steel wire mesh (ST) 
reinforcement. The tensile tests are carried out using 
strips of fabric of 5cm in width, which are clamped 
at both ends and axially loaded using a basic fabric 
tensile test setup (according to ASTM D822-91 and 
ISO 527).

Figure 5: 
          

Flexural test of a beam-shaped vacuumatic structure using a sand particle filling and a Low Density Polyethylene 
(LDPE) film envelope
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Figure 8: Stress-strain graphs of tensile tests of strips of 
‘reinforcement’ material of 5cm in width (ST = steel wire 
mesh, PP = Polypropylene fabric, TX = nylon textile fabric)

4  Morphological Flexibility

In line with the aforementioned investigations of 
the structural flexibility of Vacuumatics, this section 
focuses on the morphological flexibility of vacuumatic 
structures. Like the shaping of any semi-rigid object, 
the simplicity of the shaping process itself is aided by 
using as little ‘control points’ as possible to manipulate 
the initial (flat) structure. In this part of the paper, two 
different shape design methods are discussed for 
‘freely’ shaping Vacuumatics by effectively utilising 
the ability to vary the level of vacuum pressure (or 
‘flexibility control’). Although the focus in this specific 
study lies on the construction process of a single 
curved shape, the same principles applies for the 
construction of double curved structures. 

4.1 Suspension Method

The first – and assumedly most intuitive – shape 
design method is referred to as the ‘suspension 
method’ (Huijben et al, 2011), directly related to the 
design approach of several well-known engineers/
designers using funicular structures, like weights 
on strings (Antoni Gaudi), cable nets (Frei Otto) 

and suspended cloths (Heinz Isler). The inverted 
shape of these tension-only structures leads to 
compression-only structures when subjected to 
the (predominant) gravitational loading case. As the 
structural behaviour of Vacuumatics is considered 
relatively weak in bending, this principle in particular 
is regarded effective regarding the construction of 
‘structurally efficient’ thin shell structures by means of 
Vacuumatics 3D Formwork Systems. 

The beneficial characteristic of vacuumatic structures 
to regulate their flexural rigidity can be used to its 
fullest potential in case of the ‘suspension method’. 
An initially flat vacuumatic structure is only marginally 
‘deflated’ – only to prevent the particle filling from 
shifting inside the flexible enclosure – after which 
the structure is lifted at its ends to form a funicular 
structure (Figure 9). The length of the structure and 
the final position of the two suspension points (or 
rather ‘control points’) determine the final shape of 
the structure, which in this case closely resembles 
a catenary arch as the vacuumatic structure has 
practically ‘no’ flexural rigidity. After full ‘deflation’ 
(just under 1bar), the now rigidised vacuumatic 
structure can be flipped over to form a self-supporting 
temporary load-bearing structure to function as a 
formwork onto which the fresh concrete mortar can 
be sprayed. No additional supports are required. 
When the concrete mortar is sufficiently hardened the 
Vacuumatics formwork can then easily be demoulded 
by ‘re-flating’ it – as in letting the air back into the 
structure and thus decreasing the level of vacuum 
pressure – which causes the formwork to simply drop 
down from the concrete structure, enabling it to be 
re-used again.

Figure 9: Suspension method of a Vacuumatics formwork structure using an expanded clay aggregate (Liapor) filling and a 
Low Density Polyethylene (LDPE) film envelope
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4.2 Lifting Method

Considering the fact that flipping the formwork 
structure can be regarded impractical in case of 
relatively large-scale structures a second shape 
design method is considered, referred to as the 
‘lifting method’ (Huijben et al, 2011). From structural 
point of view a close relationship can be found with 
gridshell construction (Hennicke and Schaur, 1974) 
as the intended shape is obtained by locally lifting 
(or lowering) an initially flat semi-rigid surface into its 
desired (equilibrium) shape (Figure 10). The obtained 
form is then stabilised by simply fixing the boundary 
conditions of the structure. 

Figure 10: Initially flat vacuumatic structure composed out of 
a lightweight expanded clay aggregate (Liapor) filling and a 
Low Density Polyethylene (LDPE) film envelope lifted at its 
midpoint

In general the self-weight of the structure is effectively 
used to force the structure ‘downwards’ when lifting it 
locally, although additional local forces can be applied 
to reach the desired curved shape. From mechanical 
point of view the lifting method of a structure lifted at a 

single (mid)point can be interpreted as two (symmetric) 
cantilever beams loaded mainly by the deadweight of 
the structure. Additional point loads at the ends of 
the cantilever represent the vertical constraints of the 
ends of the structure when lifted (Figure 11).

The flexibility control of Vacuumatics aids the shaping 
process as the yielding strength can be effectively 
lowered (by decreasing the internal air pressure), which 
minimises the effort needed to force the structure into 
its intended shape. When the final shape is obtained 
the flexural rigidity of the vacuumatic structure can 
be ‘restored’ to its maximum by fully deflating the 
structure. Similar to the ‘suspension method’ (after 
flipping), now the fresh concrete mortar can be applied 
to produce the free-formed concrete structure.

Figure 11: Lifting method modelled as the deformation of two 
(symmetric) cantilever beams loaded by deadweight of the 
structure (and optionally point loads at its ends)

In order to examine the morphological flexibility of 
the formwork, several similar shaping tests were 
conducted with various levels of pressure difference. 
The obtained shape of the formwork is analysed by 
measuring the vertical distance from the ground to 
the bottom side of the curved structure at several 
intermediate points and comparing it with a parabolic 
curve (Figure 12). Each test was carried out up to the 
point where the ends of the structure – fixed with steel 
clamps – started to be lifted from the ground. The 
total applied force is therefore similar for each test 
and clarifies the different amplitudes of the obtained 
curved shapes.
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The aim of this study is to find out whether the ‘flexibility 
control’ of Vacuumatics can be utilised to benefit the 
shaping process as assumed before. What these tests 
point out is that the structures mainly deform locally 
near their lifting point. The ends of the structure 
remain almost perfectly straight. Furthermore, it 
illustrates that the level of vacuum pressure has 
hardly any effect on the derived overall shape of 
the structure, apart from the vertical displacement 
of the lifting point. This indicates, however, that the 
force needed to curve the structure decreases with 

the lowering of the vacuum pressure. In an attempt 
to create a more evenly distributed curvature along 
the ‘span’ of the structure a piece of Polypropylene 
(PP) fabric is added in the tensile zone of the structure 
to function as a ‘reinforcement’ layer, which increases 
the yielding strength of the structure. As expected, the 
newly derived shape is more evenly curved and now 
closely resembles the reference parabola (Figure 13). 
This obtained shape will be used for further analysis.

Figure 12: 

   

   

 (0.80 bar) 

A

 (0.25 bar) 

C

 (0.45 bar) 

B

Deformations of vacuumatic structures, using the lifting method, at three different – but constant – levels of under-
pressure, respectively 0.80bar (A), 0.45bar (B) and 0.25bar (C) compared with a parabolic curve

Figure 13: 

 (0.85 bar) 

Deformations of a vacuumatic structure reinforced with a layer of Polypropylene (PP) fabric, using the lifting method, 
at a constant under-pressure of 0.85bar compared with a parabolic curve



F. Huijben, F. van Herwijnen and R. Nijsse

161

icff2012

5  Structural Shape Analysis

Although Vacuumatics behave relatively weak in 
bending the shapes obtained in the previous sections 
are considered ‘structurally efficient’, which causes 
the structure to be mainly subjected to compressive 
forces when externally loaded by concrete mortar. 
For the aforementioned shape design methods as 
well as this specific study a vacuumatic structure is 
composed out of lightweight expanded clay aggregate 
(Liapor) of 2.5mm to 8.5mm in size and Low Density 
Polyethylene (LDPE) film of 150micron in thickness. 
The initially flat vacuumatic structure (Figure 14), 
which measures approximately 2.3m in length, 0.7m 
in width and 0.06m in thickness, is shaped by lifting 
its midpoint. The particles used are considered 
extremely suitable for this study, as the particles are 
relatively light weight – which benefits the final load-
bearing capacity determined by the self-weight of 
the formwork plus the concrete mortar. Furthermore, 
the coarse surface texture of the particles leads to 
large mutual friction of the particles, which results in 
an enhanced interlocking action and thus a relatively 
higher flexural rigidity as well as load-bearing capacity 
(Huijben et al, 2010). Furthermore, as coarse particles 
behave relatively rigid under axial compression 
(Huijben et al, 2010) it is assumed that the formwork 
structure will fail due to global instability – like in-plane 
buckling – rather than due to local plastic capacity 
failure.

For the load-bearing tests we loaded the structure 
with cylindrical sand bags (2.1m in length and 25.5kg 
in weight each) to simulate the load of the (wet) 
concrete mortar. As expected, the Vacuumatics 
formwork structure fails due to asymmetric in-plane 
buckling of the shell (Figure 15). The minimum load-
bearing capacity of three identical tests was found 
to be 229.5kg (9 sand bags), analogous to 1.6kN/
m2. This corresponds to a layer of 65mm of concrete 
to be safely applied onto the formwork. As the span 
of the formwork structure is approximately 2.0m, 
the thickness-to-span ratio of the intended concrete 
shell would be about 1:30. Compared to shells 
build by Heinz Isler – with thickness-to-span ratios 
of 1:360 or less – this proportion would seem more 
than acceptable for larger scale shell construction. 
However, the thickness of the formwork itself would 
grow significantly when scaled up, which would lead 
to significant increase of self-weight. Further research 

is therefore required to verify the use of Vacuumatics 
for constructing large-scale (concrete) shell structures.

Figure 14: Lightweight expanded clay aggregate (Liapor) 
filling and a Low Density Polyethylene (LDPE) film envelope

Figure 15: In-plane buckling failure of a self-supporting 
Vacuumatics formwork structure
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6  Concrete Shell Construction

Based on the aforementioned considerations and 
analyses, now a similar ‘efficiently shaped’ (reinforced) 
Vacuumatics formwork structure will be used to 
produce a customised concrete shell structure.

Figure 16: Cardboard characters added inside the 
Vacuumatics formwork before application of the concrete 
mortar

For this specific study a layer of approximately 60mm 
of concrete mortar is applied onto the vacuumatic 
structure by means of hand lay-up. Shotcrete would 
be the method of choice for this particular formwork 
application, but as this study mainly focussed on the 
construction process of the Vacuumatics formwork 
itself rather than on the produced concrete shell, 
this technique serves the cause. To explore the 
adaptability (or rather customisability) of the surface 
texture, cardboard characters are added on top of 
the reinforcement layer in between the membrane 
and the particles (Figure 16). During the entire curing 
process of the concrete (approximately 2 days), 
a vacuum pump was attached. The demoulding 
of the cured concrete shell was simply done by 
disconnecting the vacuum pump, which almost 
instantly eliminates the pressure difference. Without 

the level of under-pressure the Vacuumatics formwork 
loses its structural integrity and becomes fully flexible. 
The use of a plastic film envelope further beneficially 
contributes to the demouldability of the formwork, 
as the concrete does not attach to the oily contact 
surface of the Low Density Polyethylene (LDPE) film. 
The formwork therefore simply drops down from the 
shell when the vacuum pump is disconnected.

The final result is a ‘freely’ curved concrete shell 
structure (Figure 17). The cardboard characters which 
are added to the formwork leave smooth imprints into 
the somewhat rough concrete surface – mainly due 
to the size of the particles used – enabling a wide 
range of (aesthetically pleasing) customised surface 
textures (Figure 18).

Figure 17: ‘Freely’ curved concrete shell structure after 
demoulding of the Vacuumatics formwork structure

Figure 18: Variations in surface texture of the final concrete 
shell structure
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7  Conclusions and Discussions

The flexibility of Vacuumatics 3D Formwork 
Systems is discussed, focussing on the adaptability 
of the overall shape as well as on the adaptability of 
the surface texture. The aim is to effectively utilise 
vacuumatic structures as a flexible formwork for the 
production of ‘freely’ curved concrete structures 
with the ability to customise the surface texture of 
the concrete structures. One of the most valuable 
characteristics of vacuumatic structures is the ability 
to vary the so-called ‘vacuum pressure’, referred to 
as the ‘flexibility control’ of Vacuumatics, between 
approximately 0bar and 1bar. This vacuum pressure 
represents the ‘externally acting’ ambient atmospheric 
pressure – or rather under-pressure – induced by 
removing the internal air from the enclosed flexible 
membrane with a filling of unbound particles. Due to 
the unbound character of the particles Vacuumatics 
can be literally ‘moulded’ into almost any shape. Their 
current configuration is fixed upon deflation of the 
structure. For practical reasons, however, the shaping 
of vacuumatic structures is considered by deforming 
an initially flat structure.

A series of four-point bending tests points out that 
the flexural rigidity as well as the yielding strength of 
vacuumatic structures can be adjusted by varying the 
level of vacuum pressure. Although the yielding of the 
structure turns out to be a geometrically determined 
phenomenon – as it occurs at comparable values of 
deformation not directly related to the level of induced 
vacuum pressure –  the level of under-pressure does 
determine the amount of force needed to manipulate 
an initially flat structure into a desired curved shape. 
The addition of a (flexible) ‘reinforcement’ layer 
in between the particle filling and the membrane 
envelope at the tensile zone of the structure 
significantly increases the flexural rigidity as well as the 
yielding strength. In order to obtain a ‘freely’ curved 
shape using as little ‘control points’ as possible, two 
shape design methods are elaborated referred to as 
the ‘suspension method’ and the ‘lifting method’. 
The ‘flexibility control’ of Vacuumatics has practically 
no direct effect on the shape obtained by means of 
the lifting method, but can effectively be applied to 
decrease the efforts for manipulating the initially flat 
surface into its desired curved shape. Whereas the 
structure tends to mainly deform locally at the lifting 
point, the addition of a reinforcement layer results in 

a more evenly distributed curvature along the span of 
the structure. Although this particular study results in 
the production of single curved structures, the exact 
same principles apply for double curved structures. It 
would be interesting, furthermore, to investigate how 
digitally modelled curved shapes can be translated 
into methods to shape Vacuumatics.

The load-bearing test of a self-supporting curved 
Vacuumatics formwork structure, as well as a real-
time concrete shell construction, illustrates that 
vacuumatic structures can effectively withstand the 
load of (wet) concrete mortar up to a certain degree. 
Further research is required however, to verify the use 
of Vacuumatics for larger-scale formwork applications. 
Customised surface textures in concrete can easily 
be realised by adding objects inside the formwork 
in between the particle filling and the membrane 
envelope. The demoulding of the formwork is carried 
out by simply detaching the vacuum pump, which is 
connected during the hardening of the concrete mortar 
to ensure the structural integrity of the vacuumatics 
structure. When detached the formwork simply drops 
down.
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1  Introduction

Throughout the history, technology and culture have 
formed a feedback loop; advances in technology have 
accelerated the pace of innovations in architecture, 
the arts, sciences, and media; in turn, these cultural 
developments have fed back to the discoveries 
of new technologies. The interaction between 
technology and the user creates the possibility for 
cultural transmissions of behaviors. The contribution 
of contemporary techniques lies in the progress of 
a culture that is driven by a machinic process which 
produces emergent results as an outcome of a 
rigorous understanding of complex natural systems. 
Thus the construction solution for the complex 
geometry of contemporary architecture necessitates 
the development of new methods and tools, and this 
in turn demands the seamless integration of digital 
modelling and computer- aided manufacturing. 

However this loop between the architectural 
advancement and contemporary technology are often 
burdened by the constraints of the place, time and 

available resources. Since the shift in concept of 
designing the ‘formation’ rather than the final form 
are being taken forward by technological innovations 
and increasing application of the ‘digital’ from the 
very beginning of design process to the end of 
manufacturing process, there arise crucial questions 
about its application in the building industries in 
contexts which traditionally have lower access to 
high-tech methods and machines.

There is a growing interest in research field, if not 
very evident in the current practice trend, to intervene 
the possibilities of customization of this ‘shift’ in 
architectural language that questions the standardized 
industrial mode of production by addressing the whole 
procedure as an integral part of the local knowledge 
of craft and construction  responding to the specific 
cultural context.

2  Research Methodology

The paper is a part of the research work that 
attempts to explore the new-found freedom of material 

15 Generative Pattern through Material Behaviour: 
fabric as flexible formwork

S Iqbal1 and S Chowdhury1
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The paper is a brief description of the thesis project executed as an individual research agenda under the 
Open Thesis Fabrication Course in the Institute for Advanced Architecture of Catalonia and currently is being 
developed in the practice studio in Dhaka. The main target of the thesis is to design a ‘process’ rather than 
a ‘final product’ to propose a mechanism to generate Structural Screen stemming from material behaviour. 
The generative process focuses on the optimization of material organization as observed in natural growth 
processes responding to certain stimuli such as applied stress, environmental conditions etc. A system of 
simple form-work is proposed to create complex geometry by organizing material density, setting up the 
fitness criteria to achieve highest structural strength with maximum perforations. Simple stitched panel of 
fabric is used as flexible form-work to make the manufacturing process low-tech and applicable in different 
contexts. A series of physical experiments are done to set up the rules for the algorithmic tools, used to 
parametrically inform the two dimensional sewing pattern from a three dimensional target surface to achieve 
doubly curved structures of varying sections.  
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computation, inventing a design process stemming 
from material behaviour based on specific building 
scenario and available technology. It considers the 
hands on experiments and the operation of custom 
fabrication device to control the material formation 
process as an integral part of the design process. 
With a brief study of the pattern formations in natural 
systems and with due respect to the work of the 
precedents who have set up references   to work 
with material behaviour applying laws of physics, 
the research explores a design process with flexible, 
mobile and low-cost fabrication system to generate 
complex digital outcomes. 

Natural material formations has been studied to 
understand how sameness can give rise to diversity 
and how these rules of varying patterns can be 
implied to inanimate materials to make the process 
responsive to minute changes in each and every cross 
sections and thus achieving efficient structures with 
optimized material density. The potentials of fabric as 
fabric formwork has been explored with a brief study 
of the masters like Heinz Isler, Felix Candela, Miguel 
Fisac, Mark West and the like. A structural screen 
system has been proposed by generating pattern 
under different supports and force conditions to 
achieve light weight structures of complex geometries 
exhibiting the formation process in the form of the final 
product. Rhino grasshopper is used to parametrically 
manipulate 2D hexagonal sewing pattern informed by 
3D doubly curved target surface where the range of 
the amplitude of target surface is set up by the rules 
extracted from hands-on experiments. 

3  Material Organization in Nature

Natural structures possess the highest level of 
seamless integration and precision with which they 
serve their functions (Janine M Benyus: 1997). Nature’s 
ability to distribute material properties by way of locally 
optimizing regions of varied external requirements, 
such as bone’s ability to remodel under altering 
mechanical loads, or wood’s capacity to modify its 
shape by way of containing moisture, is facilitated, 
fundamentally, by its ability to simultaneously model, 
simulate and fabricate material structuring (Oxman 
Neri: 2010). About the optimization process of 
nature, Oxman quoted that, Nature is demonstrably 
sustainable as it has been resolving its challenges over 
billions of years by enduring solutions with maximum 

performances with minimum resources. As Leonardo 
da Vinci posits: In her (nature’s) inventions nothing is 
lacking, nothing is superfluous.  

Optimization process of Nature by organizing material 
density by differentiation and integration in the 
local level affects the global geometry of the whole 
system forming complex emergent patterns. This 
complexity is heterogeneous, with many varied parts 
that have multiple connections between them, and 
the different parts behave differently although they 
are not independent. Complexity increases when the 
variety (distinction) and dependency (connection) of 
parts increases. The process of increasing variety is 
called differentiation, and the process of increasing 
the number or the strength of connections is called 
integration. Evolution produces differentiation and 
integration in many ‘scales’ that interact with each 
other, from the formation and structure of an individual 
organism to species and ecosystems. (Weinstock, 
Michael: 2004). 

Figure 1: Natural Growth Pattern; a: membrane of eggshell: 
fibers are articulated in such a way that they distribute 
load equally on the surface area. b: Human femur made 
of mathematically precise, crisscrossed pattern of fibers 
that reduce bones weight while giving it maximum strength 
against multiple forces.

The patterns are essential to the structural framework 
of natural and artificial systems. We can no longer 
reduce things to singular elements but instead see that 
everything is made up of a series of interrelated parts 
that perform together as a collective whole. From the 
cellular structure of living organisms to the networks of 
our connected society, patterns are always the agents 
that allow the total assembly to evolve and adapt 
to a changing environment. Traditionally, structural 
patterns are defined in Cartesian space and require 
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prescribed repetition and a high degree of redundancy 
for structural integrity. By pursuing a reconfiguration 
of component relationships which reveal themselves 
in design solutions, forces are dissipated through a 
system in multiple directions and transferred to the 
substructures. Structurally patterned modularity is 
deployed at different scales, in various configurations, 
with adjustable degrees of density and directionality. 
Specifically, it is now possible to see the joint, or 
point of intersection as a more dynamic aspect in 
the tectonic definition. No longer bound by identical 
repetition, the joint must now be capable of providing 
iterative difference if it is to respond to the surface 
transformations resulting from the structural and 
ornamental interplay. (Bell 2004).

Figure 2: Construction process in Nature; a: Strong and 
compactly woven nest of the weaverbirds: constructed by 
systemic interlacing of filamentous elements. b: Termite 
mound constructed by a distributed material system 
responding to various functional requirements.

4  Design through Material Behaviour

With due respect to the works of Antonio Gaudi, 
Frei Otto, Heinz isler and the others alike, there are 
innumerable scopes to intervene into the realm of 
geometries emerging from material behaviour in full 
architectural scale. 

The behaviour of a form evolved from self-forming 
process, has to be tested with physical experiments. 
Self-forming processes can be systematized by two 
distinct approaches. The first system emphasizes the 
force, which acts in a structure or can be transmitted 
by it, or which was acting during its development. 
The second system emphasizes the form of the 
developing object because its form is a primary 
parameter in the evaluation of a structure. Form and 
force are correlated, in that the form of a structure can 

be determined as the state in which the forces acting 
in and on it are in equilibrium. Furthermore, the flow 
of force can be shown through physical modelling. 
(Emergence and Design Group in Conversation with 
Frei Otto, 2004).

The ability of some materials to self-organize into 
a stable arrangement under stress has been the 
founding principle of structural form-finding in the 
physical experiments of Gaudí, Eisler and Otto. 
‘Organization’ here refers to the reordering of the 
material, or the components of the material system, 
in order to produce structural stability. (Weinstock, 
Michael, 2006). Frei Otto has developed many different 
methods of experimental modelling, using principles 
of the self-organization of materials into lightweight, 
stable configurations.

Figure 3: a: Antonio Gaudi_ Hanging chain model _based 
on reversion of catenary. The catenary, upside down, gives 
a perfect shape of an arch b: Frei Otto_ computing minimal 
path system_ connects a distributed set of points_ thus the 
overall length of the path system is minimized. c. Heinz Isler 
experimented with suspending plane of fabric, saturating 
with plaster.

5  Digital Evolvility and Existing 
Technology

Uniting the logic of material formation and of 
structure of natural processes it is possible to design 
the construction strategies as the invention of CNC 
manufacturing processes has blurred the boundary 
between the ‘natural’ and the ‘manufactured’. The 
complex interaction between form, material and 
structure of natural material systems has informed 
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new industrial processes, generating new possibilities 
for controlling the whole process bit by bit with 
difference and repetition. Digital technologies have 
initiated new architectural languages easing the way 
to communicate them directly to production facilities 
for the construction of complex geometries with the 
use of high-tech CNC machines, Robots, 3D printing, 
Contour Crafting etc. Figure 4 shows examples of 
complex forms achieved by CNC methods.

Figure 4: a: Small scale 3D printing with cement, b: Free 
form construction with large scale 3D printing by Enrico 
Dini, c: Structural Skin by Neri Oxman_ Acrylic composites_ 
3D printing with multiple materials within a single build, d. 
Contour Crafting by Behrokh Khoshnevis, e. KUKA robot 
milling complex geometry, f. 3DL sail construction by flexible 
mold system_ computer software is used to control the 
curvature of the mold and the shape is obtained by robotic 
machines with actuators.

This technological shift has inevitably influenced 
the contemporary architectural expression, a 
seamless materiality, easing the construction of fluid 
smoothness of free forms with intricate control of 
details. It has explored the design of digitally crafted 
non-uniform patterns, textures, and structures. 
The increasing capacity of material entity to be 
enriched with digital technologies has subsequently 

transformed the physis of architecture where data 
and material, programming and construction are 
interwoven. According to Gramazio and Kohler this 
‘Digital Materiality’ is characterized by: a. unusually 
large number of precisely arranged elements, b. a 
sophisticated level of detail and c. the simultaneous 
presence of different scales of formation. Despite 
its intrinsic complexity there should be an ‘intuitive’ 
understanding of the system to address our ability to 
recognize naturally grown organizational forms and to 
interpret their internal order. 

6  Constraints of Digital technologies

The technological advancement might enable 
architects to explore complex geometries but, it is 
also questioned for the large amount of financial 
involvement. Again, in case of its’ implication in a 
specified construction scenario which lacks high tech 
manufacturing equipments and technical knowhow, 
this could lead to the risk of the monopolization of 
novelty in the built environment. 

Digital construction is highly depended on the 
digitally driven tools and those are being in a state 
of development. Using these tools requires a very 
high-end technical know-how which is unavailable 
in most of the contexts. Although this technological 
advancement has led architects to explore complex 
geometries, it is often questioned for the huge 
production cost and for the implication in specific 
construction scenario which lacks high tech 
manufacturing equipments and technical knowhow.

7  Towards the Localization

In order to achieve simplicity and truth in the 
process of constructing, this research aims at new 
construction method where materials assemble 
to perceived and controlled complex geometries, 
according to a design system that is the result of a 
thorough investigation of how these construction 
materials behave.

The context to be taken primarily is Bangladesh 
where warm-humid climatic condition prevails and 
cancels out the reusability and energy efficiency of 
the construction formworks like; steel, wood which 
are apparently widely used. Again, inclusion of the 
digital construction processes has a very bleak future 
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regarding the scarcity of digital tools and technical 
knowledge.

The emphasis to be given on the available material 
specification that would accommodate fabric as 
formwork and local construction techniques and 
specializations can be taken into account. Digitally 
derived formations can be transformed through 
flexible formwork and in Bangladesh the possibilities 
of technical knowledge regarding; stitching, yearning 
and aesthetical and functional pattern formations for 
the development of Fabric formwork. Again, simplistic 
construction procedure justifies with the context 
and unfavorable climatic conditions also support the 
sustainability of the construction.

8  Fabric as Flexible Formwork

Fabric formwork uses a flexible textile membrane 
in place of the rigid formwork panels usually used in 
concrete construction. When wet concrete is contained 
by a thin formwork membrane, the flexible fabric 
container naturally deflects into a repertoire of precise 
tension geometries. This produces naturally efficient 
structural curves, unprecedented sculptural forms, 
and extraordinary surface finishes. Fabric formworks 
can be used to form columns, walls, beams, trusses, 
slabs, panels, and thin-shell structures in both precast 
and in-situ construction. (West, Mark, 2010).

Figure 5: a: 1951: fabric form-work for full-scale construction 
by Felix candela; b. mid 1960s: nylon fabric form-work for 
erosion control; c.1970’s: Spanish Architect Miguel Fisac 
_ the first person to explore the architectural and aesthetic 
possibilities of fabric form work; d. mid 1980’s: Fabric formed 
panels _Mark West

First historical records of fabric formworks are 
found in late 19th Century British and U.S. patents. 
School buildings built in Mexico in 1951 by Felix 
Candela shows the use of sackcloth fabrics to form 
ribbed parabolic vaults as an example of early full-
scale construction. In the mid-Nineteen Sixties the 
introduction of nylon fabric formwork was used on the 
ground and under water for erosion control, pond liners 
and pile jackets. The use of geo-textiles led to the first 
commercially available fabric formwork products. In 
the 1970’s thin plastic sheets were used by Spanish 
architect Miguel Fisac as formwork for textured wall 
panels. The introduction of inexpensive geo-textile 
fabrics in the mid Nineteen-Eighties made possible 
the first broad flowering of this technology. During 
Nineteen- Eighties to early Nineteen- Nineties fabric 
formwork methods were explored by the inventions of 
three men working independently to produce a wide 
range of reinforced concrete construction elements. 
Kenzo Unno invented fabric formworks for in-situ cast 
concrete walls; Rick Fearn invented fabric formwork 
techniques for foundation footing and column 
formwork; and Mark West invented techniques for 
constructing fabric-formed walls, beams, trusses, 
columns, slabs, panels, and thin-shell vaults (West, 
Mark, 2010).

8.1 Scopes and advantages of Fabric formed 
Concrete Structure

Fabric formwork opens up the possibilities to 
produce structurally efficient forms with the potentials 
of free form geometries in a relatively inexpensive and 
affordable way. Several advantages of fabric formed 
concrete elements are explored and well documented 
by widely published research works by researchers 
like Mark West. 

The filtration resulting from the permeability of the 
fabric membranes enables air bubbles and excess mix 
water to bleed out while leaving a cement-rich paste 
at the surface; thus eliminates expensive surface 
treatments usually required to improve the appearance 
of traditionally formed concrete. Structural advantages 
can be obtained by utilizing the structurally opposite 
capacities of fabric and concrete and the fundamental 
physical law that tension and compression forces exist 
as geometric inversions of each other. The natural 
property of deflections produced by textile formworks 
can be used to produce compression shell and vault 
structures through the act of inversion.
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Fabric formworks are easier to carry to remote site as 
it is lighter than conventional rigid forms. The low cost 
and world-wide availability of specified fabrics makes 
this technology globally accessible. Again, depending 
on the textile property, fabric formwork can be re-
used which proves the procedure as a sustainable 
construction process. It relies more on the manual 
transformation of the digitally formed geometrical 
derivation. The use of digital tools as the construction 
tools implies a large amount of energy consumption. 
Manually driven construction proves to be more 
energy efficient as it also encourages the ‘localized’ 
methods to be applied.

9  The Design Process

Complex adaptive systems entail processes of self 
organization and emergence. Both concepts express 
very different characteristics of a system’s behaviour. 
Self organization can be described as a dynamic 
and adaptive process through which systems 
achieve and maintain structure without external 
control. Emergence does not preclude extrinsic 
forces, since all physical systems exist within the 
context of physics, for as long as these do not assert 
control over intrinsic processes from outside. Form-
finding methods deploy self organization of material 
systems exposed to physics to achieve optimization 
of performance capacity. Flexible fabric form-work 
is explored as a form-finding method considering its 
unique behaviour under external force to achieve the 
complex characteristics of digital materiality.

9.1 Findings from Physical Experiments

Several experiments were executed initially to 
understand the behaviour of concrete with fabric 
panels. The sizes of the panels were kept within 
simple rectangles. Experiments were done with 
sewed filamented fabric panel where the shapes of 
the arches of a ribbed vault were achieved by gravity 
and the size of the arches was varied by adjusting the 
end rails. 

Figure 6: Connected filamentous sewing pattern achieving 
arch shapes with gravity after filling with concrete mixture.

Complex concrete shapes can be achieved by careful 
shaping of the fabric by varying its pre stressing and 
support conditions. Shaping after filling the mold with 
wet concrete can be an option to ensure the easy flow 
of the material inside with the help of gravity.

Figure 7: Shaping the mold using a CNC milled double 
curvature surface after filling a rectangular fabric panel sewed 
with random pattern 

Deformation of the Fabric formwork subjected to 
minimal support condition, gravity and weight (self 
weight+ concrete weight) shapes the concrete inside. 
Deformation will vary according to the flexibility of 
different types of fabric, concretes of different density, 
different support condition. Cross sections will vary 
throughout the length. The starting cross section 
should be circle for the ease of pouring technique 
while the end cross section may vary from elliptical 
to circle.
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Figure 8: Findings from the initial physical experiments

Elliptical patterns were sewn on 2D lycra panel to 
make perforated thin shell structures using gravity. 
Adjustable laser-cut wooden frames were built to 
hang the fabric panel in different heights changing 
the corner points. This easy-to-carry formwork was 
taken to Escofet, a Barcelona-based industry that 
manufactures high-class products in architectural 
concrete, to test with Ultra High Performance Concrete 
instead of the cement mixture. UHPC was chosen to 
eliminate the necessity for extra reinforcement as it 
is three times stronger than normal concrete which 
performs in compressive, tensile and flexural strength 
and can be casted in nearly any shape and pattern. 
But the flat sewed channels were proved to be too 
narrow to let the UHPC go inside. More over as UHPC 
is a dry cast having very low water-cement ratio and 
also containing thin fibers, it was evident that it is not 
possible to develop the system with flat sewed fabric 

panels as it seemed to be working fine with plasters 
or cement. 

Figure 9: Testing with elliptical sewing patterned fabric 
formwork to form perforated shell structure using UHPC.

The main findings from the experience with ultra high 
performance concrete at Escofet is that the channels 
have to be wide open to make the concrete flow 
inside properly while limiting the filling technique to 
simple pouring method. 

It might be possible to use flat fabric panel as form 
work if the concrete is pumped inside which requires 
much more energy and special kind of strong fabric 
to be used as a form-work. These factors triggered 
considerable changes to be made for the next 
experiments. Mainly 2 major design parameters were 
introduced: 1. the sewed channels have to be wide 
open so the fabric has to be pre-stressed. 2. The 
form-work has to be set up vertically to let the material 
flow inside to limit the construction to a low energy 
technique i.e. simple pouring method.

Fabric’s unique characteristics of forming double 
curvature have been explored to make the process 
truly unique for the combined material system of fabric 
and concrete. Construction of doubly curved surfaces 
has always been a challenging and expensive sector 
of the building industry. The control points on the 
rectangular flat fabric panel can be potentially used 
to achieve the complex formations out of the simple 
formwork. 

Figure 10: Testing the deflection of different types of lycra 
fabric pre-tensioned with control points.
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9.2 2D Pattern Generation informed by 3D 
Double Curvature

From the physical experiments with Lycra material 
it has been observed that there is a certain relationship 
between the width of the channel between the 
hexagon pattern and the height of the mid points of 
the base hexagonal grid while the points are pulled up 
to the maximum extent. 

Figure 11: Relationship between X and Y.  

The particular fabric type which has been chosen for 
the final prototype shows a ration of 1.65.

9.2.1 The Algorithm

A basic grid of hexagon is chosen to be the best 
for the flow of the material from initial experiments 
with sewed channels. The range of the maximum and 
minimum channel width is set from (X) 70 to 30 mm 
for the prototype. Maximum and minimum amplitude 
(Y) of the double curvature surface is Y= 1.65X. Rhino 
plug-in Grasshopper has been used to parametrically 
change the 2d pattern from the 3d double curvature by 
controlling the offset distances of the base hexagons 
according to the distances between the 3d surface 
and the corresponding projection point.

Figure 12: Variation in channel width causes the generation 
of spikes of different heights. Different type of fabric shows 
different relation between channel width and corresponding 
spike height.

The double curvature surface is defined as a sine 
function in x and y direction with a domain range of 
amplitude in z direction of 24.75 to 57.75 mm. The 
distance between the projection points determines 
the offset values. A maximum and minimum range 
is used to control the size of the inner hexagon from 
being too deformed. Variable channel width gives 
different height while the control points are pulled to 
the maximum extent.

9.2.2 The Resulting Surface

So the upper surface of the prototype will follow the 
curvature of the target double curved surface with the 
height variation of spikes which will generate a surface 
with varying thickness and porosities. The formation 
of the spikes follows the physics of minimal surface 
while pulled up to a certain distance calculated by 
the algorithm and ensures the optimized use of the 
material. Thus by changing the local behaviour of the 
material, it is possible to inform the global formation 
of the whole surface.
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Figure 13: Curvature of the 3D doubly curved target surface 
informs the channel width of the 2D sewing pattern.

The resulting surface is a perforated screen which 
might potentially act as a structure if the double 
curvature of the target surface is designed on the 
basis of these criteria by having thickness variations 
according to the structural and environmental need.

Figure 14: 3D visualization of the resulting surface with joined 
panels with different edge conditions. 

Figure 15: 3D Double Curved Target Surfaces showing 
Gaussian curvature and corresponding 2D pattern generation 
with a panel of 1000mm X 600mm, base hexagon radius of 
30mm and a domain ranging from 24.75mm to 57.75mm

9.3 Construction Technique of the formwork

Figure 16: The Construction Technique

The resulting pattern is sewed on the specified 
fabric panel with a sewing machine. Two rectangular 
wooden panels are laser cut with the perforated 
pattern corresponding to the control points in between 
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the base hexagons. The sewed fabric panel is tied 
parallel with hoop system frames in between the two 
perforated wooden panels so that each control point 
matches with its corresponding perforations. Threads 
are cut with dimensions measuring distances between 
the pulled points and the wooden perforated plane. 
The channels are then pulled with coded threads 
to make the channels wide and open by setting the 
fabric in fully tensioned state.  

Figure 17: The construction material changes with scale

9.4 The Prototype

A 230mm x 310mm panel of lycra fabric is sewed 
with a sewing machine which could be done by a 
CNC machine to maintain the accuracy in the minute 
change of the size of the hexagons. The hexagonal 
grid pattern is generated by the algorithm by informing 
the 2D grid pattern from a 3D doubly curved target 
surface where each of the hexagons is of unique size 
as they maintain a very subtle change in dimensions 
from each other. 

The distance between offsets of the base hexagons 
range from 10mm to 35mm. Control points of the 
channels in between the hexagons are laser cut 
on a wooden frame. The pouring face of the fabric 
is attached with a laser cut hoop frame which is 
attached to the side frames to maintain the accuracy 
of boundary conditions. The control points in between 
the hexagons are stressed and tied with coded 
threads with corresponding numbered holes on the 
laser cut wooden plate. All the nodes of the channels 
achieve minimal surface by forming spikes of unique 
heights resulting into the target curvature on the 
surface. Thus the material density is optimized along 
the whole surface forming a perforated screen with 

varying cross-sections. Once the formwork is ready, 
a cement mixture is poured inside the tensioned 
fabric and set to curing. Although the fabric was pre-
tensioned, it deviates into a slightly bumpy shape 
especially near bottom part because of the pressure 
of concrete and hence creates a unique formation 
which makes the construction procedure evident by 
its physical expression.

Figure 18: The sewed fabric panel is tensioned with marked 
threads of varying distances. The boundary condition is 
maintained by attaching the corners of the fabric panel with 
wooden frames.

Figure 19: Perforated concrete structure with the fabric 
formwork.

10  Further Research and Conclusive 
Remarks

Digital technology has influenced almost every 
aspects of contemporary culture although huge 
production cost has limited its adaptability in many 
under developed countries where the construction 
field relies mainly on traditional and low-tech 
methods. Attention has to be given on exploration 
of the new-found freedoms of material computation 
in close connection with the socio-economical-
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cultural context by inventing new design processes, 
material applications and custom devices. It is the 
time to experiment with flexible, mobile and low-cost 
fabrication methods applicable to different scenarios 
while achieving the complexity of the contemporary 
architectural geometries. Focus has to be given to 
processes that are site-specific, customized and 
adapted to local climatic conditions and technical 
know-how, in areas that traditionally have limited 
access to new technologies.

While fabric formed architecture have been long known, 
the application of material computation to achieve 
complex geometry of lightweight structures using 
low-tech construction process is yet to be explored. 
The current state of the research is the outcome of the 
four months intensive Open Thesis Fabrication course 
started at the Institute for Advanced Architecture of 
Catalonia in Barcelona. It is now being developed 
at the practice studio in Dhaka with a further goal to 
achieve double curve in the structure while having 
double curvature on the surface with varied thickness 
and perforations that might be achieved by calculating 
the length of the threads from the target doubly curved 
structure, changing boundary conditions and adding 
extra fabric, i.e. by loosely fitting the fabric panel with 
the wooden framework. 

Figure 20: Prototype of double curved surface by changing 
boundary conditions and loosely fitting the fabric with 
wooden frame to get extra surface area when pulled.

Figure 21: Further steps to achieve double curved structure 
by changing edge conditions 

Another aspect of the research is to experiment 
with different material along with different types of 
concrete on the basis of the durability and stability 
of the system. Ultra High Performance Concrete or 
fiber reinforced concrete as a potential material which 
might be used to eliminate the necessity of further 
reinforcement. The possibility of the fabric to be used 
not only as a formwork but also as an integral part 
of the system might add interesting features to the 
process. The resultant form shows varying intensity 
in self-shadow because of the spike heights and 
curvature. These aspects of thickness variation along 
with the casted self-shadowing property can facilitate 
the production of sustainable building envelope. The 
target doubly Curved surface might be generated 
from the structural and environmental considerations 
and thus give an optimized lightweight structure 
with maximum perforations exhibiting simultaneous 
presence of different scales of formations within 
repetition as seen in the material formations in natural 
systems.

Figure 22: Prototypes shows variation in density of concrete 
with varying perforations and double curvature structure with 
variations in pulling direction of the threads.

The potential of fabric formwork through the creation 
of physical models informed by digitally based 
pattern formations and its application in the building 
industry of Dhaka addressing existing constrains 
within the context is the current research agenda. The 
paper is a brief description of a part of an ongoing 
research where the target so far achieved is to 
get the complexity of the ‘digital materiality’ using 
simple low-tech construction process with affordable 
formwork. On the basis of this current state of the 
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pattern generation exercise derived from the material 
behaviour, using rhino grasshopper as the main 
computational tool, the next steps will focus on more 
‘technical issues’ relating both the fabric and the 
concrete to be casted inside. Specifically the attention 
will be given on increasing stability of the structure by 
experimenting with different material specifications, 
the accuracy of the level of pre-stressing according 
to the specification of the fabric, structural analysis 
of the resulting form, incorporating environmental 
simulation as another parameter to derive the spike 
heights i.e. variation in thickness and the curvature. 
Thus the research is an attempt to unite the delicacy 
of material computation and the artistic imperfection 
of the handcrafted into an efficient structural screen.
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1  Introduction

A new art installation at the Cornwall Council led 
Heartlands development in Pool, Redruth captures for 
the first time the geological pressure that mining had 
on the earth during the height of Cornish tin mining, 
when miners were hitting depths of over 1km.

Conceived by artist Walter Jack and involving a 
unique moulding technique to create a fluid and 
voluptuous effect never seen before with concrete on 
this scale, ‘Crushed Wall’ will sit within the village of 
Pool in Cornwall. Rising to 3m high, the wall will act as 
a corner stone and defining art feature of Heartlands, 
the new £35 million visitor attraction and community 
space due to open in Spring 2012.

Walter Jack and his team were commissioned by 
Heartlands with an initial brief to decorate a wall being 
placed on the site, but they decided to take on the 
challenge of creating the wall itself. Walter Jack says:

“Crushed Wall is about two things. Firstly, it’s 
about place as Heartlands sits over very special 
and unique geology. When we began thinking of 
the design for the wall, the geological connection 

seemed serendipitous. Retaining walls hold 
back the geology and are the boundary between 
our above-ground world and the world of mining

“Secondly it’s about process. One of the things 
that interests me as a maker is the way in which 
the finished product is often much duller than 
the process that got it there. Concrete is not 
noted for its fluid softness, and yet it is a liquid. 
We wanted our concrete to tell its own story – to 
retain the liquidness of its process”

Using 30m of rubber, Walter and his team created 
a giant jelly mould in which the concrete would set. 
Once complete, the mould was cut into six sections 
and transported to Ladd’s Concrete within Pool. Once 
there, concrete specialists assisted the artists in 
achieving their unusual vision, turning this often dull, 
hard and lifeless building material into an art piece 
with fluidity and depth.

Carolyn Rule CC, Chair of the Heartlands Executive 
Board said: 

“Public art and inclusive design is central to 
Heartlands and Walter Jack’s Crushed Wall is 
just one of many breath-taking art installations 

16 Crushedwall, Heartlands

W Jack1 and K Turnbull2

1 Walter Jack Studio, UK
2 Heartlands Trust, UK

An experimental art installation in Cornwall brings concrete to life with inspiration from underground. 

Walter Jack notes: “Crushed Wall is about two things. Firstly, it’s about place as Heartlands sits over very 
special and unique geology. When we began thinking of the design for the wall, the geological connection 
seemed serendipitous. Retaining walls hold back the geology and are the boundary between our above-
ground world and the world of mining.

“Secondly it’s about process. One of the things that interests me as a maker is the way in which the finished 
product is often much duller than the process that got it there. Concrete is not noted for its fluid softness, and 
yet it is a liquid. We wanted our concrete to tell its own story – to retain the liquidness of its process”.

W Jack and K Turnbull
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to be set within the landscape. The work is 
truly remarkable and something for the local 
community to be proud of.

“It is very much a living feature with changes in 
appearance depending on the shadows cast by 
the sun and movement of water over the curves 
in the rain. I hope the people of Pool enjoy 
watching it evolve for many years to come.”

The Heartlands development, which is being funded 
through a £22.3m grant from the Big Lottery Fund and 
investment from the Homes and Communities Agency 
(HCA), Cornwall Council and the European Union, will 
create new jobs, training and volunteer opportunities 
and is due to open the spring of 2012.

Crushed Wall is available to view from Station Road in 
Pool, opposite the Health Centre.

2  Process

Inspiration was taken from the underground forces 
which create patterns such as those seen in Figure 
3.  The original idea came from seeing concrete 
which had been cast against plastic when casting a 
foundation for Walter’s home.

Figure 1: Examples of work by Walter Jack Studio

Figure 2: The Heartlands Site

Figure 3: Geological inspiration

Figure 4: Concrete foundations as inspiration

The concept was originally for a retaining wall (Figure 
5).  An additional proposal was made when we were 
not sure that what we wanted to do was possible.  The 
concept as shown at the Crafts Council is shown in 
Figure 8.
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Figure 5: Original Concept

Figure 6: Concept Design

Figure 7: 
 

Design Options

Figure 8: Concept shown at the Crafts Council

The first prototype was poured in the Walter’s garden 
(Figure 9).  A larger prototype was later produced by 
Ladd’s Concrete (Figure 10).

We planned to build a plywood wall the full length of 
the wall including the curve around the corner.  We 
would create a 35 meter sheet of rubber which could 
be pinned to the plywood creating all of the curves 
and form. This would mean that when it was cut up 
into use able pieces the shapes would flow from one 
unit to another.

Figure 9: Formwork for first prototype
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Figure 10: First prototype

Figure 11: Larger prototype

We planned to build a plywood wall the full length of 
the wall including the curve around the corner. We 
would create a 35 meter sheet of rubber which could 
be pinned to the plywood creating all of the curves 
and form. This would mean that when it was cut up 
into use able pieces the shapes would flow from one 
unit to another.  The construction process is shown in 
Figure 14 overleaf.

The size shape and positioning of the wall was a 
collaboration with the landscape architect, as shown 
in Figure 12.

A scale model was made to aid the building of the full 
size rubber form (Figure 13)

Figure 12: Landscaping

Figure 13: Scale model
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Figure 14: 

 

Construction process

Several lengths of 6mm commercial rubber where 
glued together and applied to the wall from a giant roll 
attached to a merlo vehicle using specially machinery 
(Figure 15).

The rubber was then bolted back to a plywood wall 
(Figure 16). The forming of the crumples worked 
well and did not throw up any problems, due to the 
planning and prototyping, but we really didn’t know 
for sure until we started. We mainly let the rubber go 
where it wanted in between our set points. We had 
to roll a few of the lumps out of the way and adjust 
the shapes over the joining lines so that we wouldn’t 
be left with any weak points. We also eliminated any 
points where rain water could gather. Figure 15: Rubber sheeting
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Figure 16: Rubber shaping

It was then solidified using Polyurethane Spray Foam 
from Spray Insulation Ltd (Figure 17).

This was boxed in and extra polystyrene added before 
the wooden backing could be removed and the wall 
cut into the 6 pieces. One of the biggest issues was 
trying to work out whether the shuttering boxes would 
be strong enough to withstand the massive weight 
of the wet concrete when it is poured. The edges 
between joins were reinforced with fibreglass, so that 
we would get smooth flowing lines between boxes. 
The top and bottom edges were reinforced with extra 
Polyurethane Spray and we upped the amount of 
Polystyrene ribs in the box (Figure 18).

The shuttering box construction took 6 months. The 
pieces were then delivered to Ladds concrete in 
Cornwall. Ladds were recommended to us by the 
client due to their very close proximity to the site, 
after a few meetings it was clear that they understood 
the unique complexities of the project and would be 
a great addition to the team. We also took the last 
minute decision to add extra softwood batons into the 
box to strengthen the polystyrene ribs (Figure 19 and 
Figure 20).

Figure 17: Solidifying the mould

Figure 18: Formwork boxes

Figure 19: Delivery of the boxes
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Figure 20: Delivery of the boxes

The material was designed by Barden, we used 
Bardon Cemflow a free flowing, self-compacting mix 
of an architectural grade, used for very high quality 
finishes. It flows into place removing the requirement 
of further compacting – important as compacting 
would have altered the shape being created.

It is specially designed to provide a highly fluid 
consistency and minimal energy consumption in use 
It creates a high-spec finish reducing and eliminating 
remedial works or post finishing Bardon Cemflow is 
designed to reduce placing and finishing time - the 
enhanced rate of placing that can be achieved allows 
the scheduling of larger pours or a reduction in 
working hours required. Each piece took three to four 
weeks to cast.  When the concrete was set we were 
able to remove the shuttering (Figure 21). The foam 
needed to be cut away and the rubber pulled out of 
the undercuts (Figure 22).

Figure 21: Demoulding

Figure 22: Demoulding

Figure 23: Demoulding

The shuttering had slightly collapsed in one of the 
thickest and heaviest areas of the wall, however this 
was also the area closest to the floor, so the result 
was a distortion which was not legible within the other 
crumples. In the flattest panel of the wall, where the 
form of the crumples is not adding extra strength, the 
weight of the concrete created a few dimples around 
the softwood batons.

At first this was very disappointing, and it was obvious 
that this would happen in retrospect, when we saw 
the massive weight of the concrete. However when 
reading this panel alongside the others and all of the 
other form and complexity it seems to blend in and 
look like simply part of the process. The pieces were 
then ready to transport to site.



W Jack and K Turnbull

183

icff2012

The pieces were lifted into place and positioned 
with millimeter accuracy to keep the smooth flowing 
shapes between pieces. The wall was completely 
installed in one day (Figure 24).  The wall could then 
be cleaned up and the gaps filled (Figure 25).

Figure 24: Installation

Figure 25: Cleaning

The high end is smoother with gentle forms (Figure 
26), The lower end is much more crumpled (Figure 27).  
This is because the rubber sheet was a consistent size 

and there was more material to crumple up as the wall 
decreased in height as it followed the slope of the site. 

Figure 26: High end

Figure 27: Low end

The paving, lighting and planting is then completed 
(Figure 28).  The finished wall is shown in Figure 29 
(completed in March, 2012).

Figure 28: Lighting and planting



icff2012Crushedwall, Heartlands

184

Figure 29: The completed wall

3  Heartlands

Heartlands is a £35million Cornwall Council led 
development. Once complete the development will 
provide a unique setting for a range of activities that 
are an essential part of the area’s regeneration. Once 
complete, the site will be run by the Heartlands Trust 
with all profits being invested back into the community 
to further the area’s social and economic regeneration.

The 7.5 hectare (19 acre) Heartlands site will feature:

• Free to enter park, gardens and World Heritage 
Site exhibitions

• Restored 19th C 80” Beam Engine within 
Robinson’s Shaft Engine House

• The biggest free adventure playground in Cornwall

• The Chi An Bobel community hall, which 
accommodates up to 200 people

• Five botanical gardens each relating to a country 
that the Cornish have emigrated to 

• Cafe, restaurant and bar

• A variety of renewable energy sources – wind 
turbine, solar panels and biomass boiler

• 19 residential apartments, of which 5 will be 
affordable homes for rent

• 15 artist studios/office/retail spaces

Public art and inclusive design is central to Heartlands.  
The Cornwall Council led scheme became a reality in 
2007 when it was awarded a £22.3 million grant by 
the Big Lottery Fund. Additional investment has been 
provided by Cornwall Council and the Homes and 
Communities Agency (HCA).
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Figure 30: Wall in context

Figure 31: Night view

4  Conclusion

I am really pleased with our achievement here. 
This is the first time that the Studio has worked with 
concrete. If an opportunity presented itself we would 
love to look at other ways that we could push forward 

the use of flexible membranes and concrete. But 
Crushedwall has also encouraged us in broader ways: 
how can making processes be made more tangible 
within built work? We have recently completed a prose 
poem about the invisibility of making – in Swansea. 
And we are currently designing a huge drawing 
machine based on Corby’s industrial manufacturing 
past.

5  Artist statement

‘In the twelve years since Walter set up the studio - 
joined by Paul Channing in 2000 - we have developed 
a very wide range of ideas, across all sorts of media. 
We are makers of things (as well as ideas) and stay 
hands-on with the making process right through to 
the finish. 

We have a particular interest in transformation - forms 
that change shape in use and over time. And we 
are interested in craft - and innovation with making 
processes. We like places to be more surprising. This 
website describes a few projects - built and unbuilt 
- and includes movies/animations and images of the 
making process.

We collaborate with architects and landscape 
architects, engineers, laser-cutters and concreters! 
Our clients include local authorities and developers, 
schools, hospitals and communities - often enabled 
by Section 106 Public Art agreements. We also act 
in Lead Artist and Consultant roles. Walter is a Crafts 
Council Selected Maker.’

Figure 32: Walter Jack
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1  Forming double curved shells from flat 
plates

The attempt to form a double curved shell from a 
flat starting plate will usually prove to be unsuccessful. 
This can easily be verified with a sheet of paper: it 
can be given a form with single curvature, but trying 
to force the sheet of paper into a shape with double 
curvature is impossible. The procedure of forcing a 
flat plate into a shell with double curvature requires 
large strains in the middle surface of the flat shape. 
However, large strains of approximately 10% to 30% 
cannot be achieved with conventional construction 
materials.

Over the last few years, different methods for building 
shells from a flat starting plate have been investigated 
at Vienna University of Technology. In the experiments, 
circular flat plates with a diameter of 13m were 
transformed into dome structures. Concrete and ice 
were used as construction materials. In this paper the 
various methods will be explained by describing the 
experiments

2  Polystyrene wedge method

The transformation of a flat plate into a double 
curved shell can be accomplished if an orthotropic 
construction material were available, which would 

permit large strains at low stresses in one direction, 
and which would have much better strength properties 
in the perpendicular direction. Bearing this in mind, 
a construction procedure was developed where a 
flat plate was produced by using a strong material 
(e.g. concrete or ice) and a soft component (e.g. 
polystyrene), which could then be transformed into a 
double curved shell. (Kollegger and Preisinger, 2004; 
Kollegger and Preisinger, 2008)

The new construction method will be explained 
considering, as an example, a reinforced concrete 
shell built in Vienna in July 2005.

The simple shape of a dome with a span of 12m and 
a height of 2.16m was chosen for the construction of 
the shell. A flat circular reinforced concrete plate with 
32 polystyrene segments was produced (Figure 1a). 
The circumference in the plan was approximated by a 
polygonal line with 30 straight parts and two concrete 
anchor blocks for the post-tensioning tendons. Along 
the circumference, a formwork had to be provided in 
order to form the boundary of the reinforced concrete 
shell with a thickness of 50mm. Along the edge of the 
plate, two unbonded tendons were placed and two 
stressing anchorages were provided at each of the 
two anchor blocks. Figure 1c shows a section through 
the RC shell which was obtained after the stressing 
of the tendons. Figure 1d shows a section of the 

17 The building of ice and concrete shells by 
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Over the last few years different methods for building shells by using a combination of pneumatic formwork 
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all these construction methods is to build ice and concrete shells with double curvature originating from an 
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circumference of the flat plate. The two unbonded 
strand tendons were also used to tighten the two 
layers of foil at the circumference of the plate.

An inexpensive product, which is used in agriculture, 
served as a foil. The thickness of the polyethylene foil 
was equal to 0.12mm and the tensile strength was 
equal to 3.3[N/mm²].

During the transformation from the flat plate to the 
shell the diameter was reduced from 13m to 12m. 
As indicated above, this construction method is only 
applicable if large strains in the ring direction can 
occur during the forming process. The shell consisted 
of reinforced concrete in the meridian direction, 
whereas in the ring direction, the stiffness properties 
were governed by the elastic-plastic behaviour 
of the polystyrene segments. During the shaping 
process the polystyrene segments were compressed 
from 144mm to 38mm at the circumference. The 
shape of the polystyrene segments was determined 
by hand calculations in such a way that during the 
forming process, a reduction of the segment width 
to approximately 25% of the original width could 
produce the intended shape of a dome with a 2.16m 
elevation.

During the transformation of the plate into the shell, 
the radius of curvature was decreasing from an infinite 
radius for the plate to a radius of 9.365m for the final 
shape. This radius of curvature had to be equivalent 
to the thickness of the shell divided by the sum of the 
absolute values of the strains at the top and bottom 
surface. For a given thickness of 50mm and a radius 
of 9.365m the sum of these strains had to be around 
0.5%. Since the tensile strength of concrete is smaller 
than the compressive strength, cracking occurred 
during the shaping process. Reinforcement bars 
with 5 mm diameter at 70mm distance were used 
as reinforcement in order to obtain many distributed 
cracks with small crack widths.

The photographs in Figure 2 demonstrate the shaping 
process from the flat plate to the shell with double 
curvature. In the experiment, the plate was lifted 
additionally to the tendons with the aid of a pneumatic 
formwork to compensate the dead weight of the shell. 
A maximum pressure of 6 mbar was measured. In 
the experiment the centre of the plate was lifted by 
about 20mm with the aid of the pneumatic formwork. 
Then the tendons were stressed simultaneously at 

both anchor blocks up to forces of 40kN. Further 
stressing of the tendons resulted in a reduction of the 
circumference and a rise in the centre of the shell. The 
tendon force remained approximately constant during 
the experiment. When the final elevation was reached 
the tendons were locked at the anchorages.

During the shaping process the enhancement of the 
shell was measured by levelling a grid of 9 points 
on the top surface. One point was in the centre of 
the shell, four points were between the two anchor 
blocks and four points were along the line b-b, shown 
in Figure 1a. The spacing between the measured 
points was 2.25m. In Figure 3 the levelling of the line 
between the anchorages is shown for different steps. 
The dotted line shows the theoretical shape of the 
spherical shell with a span of 12.0m and a radius of 
9.365m.

Figure 1: a) Plan view of concrete plate, b) section b-b of 
concrete plate, c) section of concrete shell, d) detail d
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Figure 2: Photographs of the shaping process

As can be seen from the results shown in Figure 3, 
the measured shape of the RC-shell after locking the 
tendons is approximately the same as the theoretical 
shape of the spherical shell. The difference between 
the measured elevation of 2.12m and the theoretical 
elevation of the dome is only 40mm.

An ice shell was built in December 2005 using 
the same construction method. An ice plate with 
a diameter of 13m and thickness of 200mm was 
produced. The ice plate was reinforced with glass 
fibre fabric and transformed into a dome with a height 
of 1.8m (Figure 4).

Figure 3: 
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Enhancement during the shaping process

Figure 4: Ice shell in Obergurgl a) completed dome, b) view 
from the inside

The curvature in the shell, which can be achieved by 
this method, is rather limited. Also the polystyrene 
wedges remain in the completed structures as can be 
seen in Figure 2 and in Figure 4. Therefore another 
method was sought, which would permit larger 
curvatures and which would not require polystyrene 
wedges in the finished shell.

3  Pneumatic formwork method

3.1 Description of the method

A shell built by this construction method consists 
of individual plane elements which are connected 
in order to form a flat plate and are subsequently 
transformed into a shell. The shape of the plane 
elements has to be chosen according to the final 
shape of the shell. Strictly speaking, this structure 
is not a shell but a polyhedron because the shell is 
approximated by flat faces and straight edges as is 
shown in Figure 5 (Dallinger, 2011).

This construction method is shown by an example 
of a hemispherical cupola consisting of 96 elements. 
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These elements can either be prefabricated and 
subsequently transported to the building site, or 
produced directly on site depending on the material 
used and the environmental influences.

Figure 5: Pneumatic formwork method - from the starting 
position to the finished shell

The elements are placed on a plane working surface 
as shown in the plan view in Figure 6. 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 approximating a 
hemispherical dome.

The elements placed on the working surface are 
kept together by tendons and, thus, they have to be 
equipped with ducts during their production process. 
These individual elements are connected to form 
a plate by the tendons and these tendons create a 
hinged connection. As shown in Figure 6, there are 
tendons in the radial direction holding the elements 
together as well as tendons in the circumference 
direction. During the erection process these tendons 

in circumference direction are instrumental for the 
assembly of the elements. Winches are needed to 
tighten these tendons ensuring that the elements are 
joining properly.

In order to transform the plate into a shell a pneumatic 
formwork, placed under the precast elements, is 
used. The pneumatic formwork has the same shape 
as the finished shell structure. While air is inflating the 
pneumatic formwork the elements lift and the plane 
plate is transformed into a shell. Simultaneously, the 
winches tighten the tendons in the circumference 
direction to ensure the desired final position. After the 
transformation process the interfaces are filled with 
grouting material. Moreover, after the erection process 
and after deflating the pneumatic formwork, the 
tendons in the circumference direction at the bottom 
of the dome may be used to carry the horizontal force.

Figure 6: Pneumatic formwork method - plan view

3.2 Pneumatic formwork

The material used for the pneumatic formwork was 
a polyvinyl chloride membrane. Its material properties 
are summed up in Table 1. The PVC membrane used 
is fabricated by the Austrian company Sattler AG and 
sold under the label 641 Polyplan Complan® (Sattler, 
2011).

This type of material was chosen based on preliminary 
experiments with different materials and seams for 
pneumatic formwork. The results of these tests are 
summarized in a Master’s Thesis (Schneider, 2008). 
In this thesis four different types of membranes were 
tested; three of them were made of polyethylene and 
one of polyvinyl chloride. Moreover, different types 
of seams were tested, e.g. adhesive tape and PVC 
glue. These preliminary experiments show that a 
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PVC-membrane is the most suitable of the materials 
mentioned. The seams were made by means of 
appropriate PVC glue produced by the same company 
as the PVC membrane.

Table 1: Data sheet of 641 Polyplan® (Sattler, 2011)

yarn 1100 dtex

Weave L 1:1

total weight [g/m²] 670

tensile strength [N/mm²] 146

tear resistance [N] 220/200

adhesion [N/mm²] 15,4

cold resistance -30°C

heat resistance +70°C

colour fastness min. 7

flame retardness <100mm/min

3.3 Tests on pneumatic formwork

In order to gain a better understanding of the 
material used for the pneumatic formwork, three 
series of tests were carried out (Dallinger, 2011). 

The PVC membrane used was composed of a woven 
fabric. This kind of textile consists of two distinct sets 
of yarns. The threads which run lengthwise are called 
the warp and the threads which run across from side 
to side are called the weft. The membrane was tested 
in the direction of the warp as well as the weft. Most 
of the PVC-membranes used to create a pneumatic 
formwork were printed with single colour stripes. This 
print always runs parallel to the warp yarn. 

Three sets of uniaxial tensile tests were carried out. 
The load was always applied displacement controlled. 
In the Table 2, Table 3 and Table 4 the geometry of 
the specimens is summarized. The length always 
refers to the dimension of the specimen in the 
direction of the applied load whereas the width is the 
size perpendicular to the direction of the force. In all 
experiments the same type of PVC-membrane with a 
thickness of 0.41mm was used.

3.3.1 Experiments on the seams

In the first series of experiments different types of 
seams were tested. In a total of fourteen experiments 
different possibilities for gluing, sewing and welding 
were investigated.

In principle, a seam can either be made by 
overlapping or by folding in the two membranes. To 
make an overlapping glued seam the border area 
of two membranes is coated with glue and the two 
foils are put on top of each other. At a folded-in seam 
both glue-coated surfaces are on the inner side of 
the membranes. Both boundary areas of the foils are 
flexed 90° and glued together on the facing surface.

All seams were arranged parallel to the warp, therefore 
the force was applied perpendicular to the warp 
and to the printed stripes. This configuration was 
chosen because most of the seams in the pneumatic 
formwork were planned to be loaded in the same 
manner. Table 2 gives an overview of all specimens, 
their dimensions, types of seams and the maximum 
bearing load. It was tried to improve the joints by 
gluing additional strips across the seams but no real 
improvement could be observed.

Table 2: 1st series of experiments with different types of 
seams

Spec. 

No.

Width 

[mm]

Length 

[mm]

Type of seam Max load 

[kN/m]

1 250 310 glued - 60mm 

overlapping

14,8

2 250 325 glued - 60mm 

overlapping

13,6

3 250 293 glued - 100mm 

overlapping

16,8

4 250 315 glued - 60mm 

overlapping *

14,0

5 250 318 glued - 60mm 

overlapping *

9,6

6 250 315 glued - 60mm 

overlapping **

13,2

7 250 300 glued - 60mm 

overlapping *

10,4

8 250 310 sewed – folded in *** 12,8

9 250 325 sewed – folded in *** 10,4

10 250 340 sewed – folded in *** 13,6

11 250 317 sewed – overlapping 

in ***

17,6

12 250 250 welded – overlapping 22,8

13 250 315 welded – overlapping 14,38

14 250 305 welded – overlapping 9,6
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Spec. 

No.

Width 

[mm]

Length 

[mm]

Type of seam Max load 

[kN/m]

*additional vertical strip; **additional horizontal strip; *** 2 

rows of stitching

In the preliminary tests on seams described in the 
previously mentioned master thesis (Schneider, 2008), 
overlapping and folded-in glued seams were tested. 
The results show that the overlapping seams could 
bear a two or three times higher load than the folded-
in ones. Therefore only this type was tested further.

The specimens 8 to 11 were prepared with sewed 
seams. The stitching was made by two different 
companies. After having consulted these companies, 
it turned out that in order to make a hemispherical 
pneumatic formwork only folded-in sewed seams 
could be produced. Therefore, three sewed specimens 
with two rows of stitching on the folded-in membrane 
were tested and, for the sake of completeness, also 
one overlapping seam was tested. That one showed 
the best results because both rows of stitching proved 
to be effective at the same time. Looking at the 
folded-in seam, the two rows of stitches could never 
simultaneously carry the load. The second row didn’t 
get any force until the first one ripped. Moreover, 
the air of the pneumatic formwork would escape 
through the stitching holes and that might lead to 
further problems. If sewing were chosen, additional 
measurements to minimize the air loss would have to 
be considered. 

In specimen 12 to 14 welded seams were tested 
with varying results. The coloured print on the PVC 
membrane might have a negative influence on the 
welding process. All the welded seams were produced 
by two overlapping membranes. If the material is 
folded in for the welding, the bearable force is much 
lower.

In brief, glued and sewed seams can bear a load 
between 10kN/m to 17kN/m; welded ones between 
10 kN/m to 23kN/m. This force per meter amounts to 
a maximum stress of 25N/mm² to 33N/mm² for glued 
and sewed seams and 23N/mm² to 56N/mm² for 
welded seams. It was decided to use PVC glue as the 
most appropriate fastener.

In the second experiment series the tensile strength 
of the PVC membrane was determined. Table 2 

shows the dimensions as well as the direction of the 
force for the four tested specimens. The direction 
of the applied load compared to the warp does not 
influence the tensile strength significantly. But it could 
be observed that if the load is applied in the same 
direction as the warp, the PVC membrane becomes 
very smooth whereas a loading in the direction of the 
weft leads to a very uneven surface.

The maximum load for the membrane varies 
between 27.3kN/m and 33.3kN/m which amounts 
to a maximum stress of 67N/mm2 and 81N/mm2, 
respectively. In regard to the pneumatic formwork the 
maximum tensile strength of the PVC material is of 
comparatively little importance because the seams 
will always be the weak spot.

3.3.2 Determination of the tensile strength

Table 3: 2nd series of experiments (tensile strength).

Spec. 

No.

Width 

[mm]

Length 

[mm]

Thickness 

[mm]

Direction 

of the 

force

Max 

load 

[kN/m]

1 282 320 0,41 parallel 

to warp

28,7

2 282 300 0,41 perp. to 

the warp

27,3

3 282 335 0,41 parallel 

to warp

33,3

4 250 345 0,41 perp. to 

the warp

28,8

3.3.3 Determination of Young’s modulus

Table 4: 3rd series of experiment (Young’s modulus)

Spec. 

No.

Width 

[mm]

Length 

[mm]

Thickness 

[mm]

Direction of the 

force

1 283 800 0,41 parallel to the warp

2 283 800 0,41 parallel to the warp

3 281 796 0,41 perpendicular to the 

warp

4 283 796 0,41 parallel to the warp

5 284 805 0,41 perpendicular to the 

warp

Aiming at creating a pneumatic formwork whose shape 
matches exactly the shape of the shell structure, the 
material properties of the PVC-membrane used had 
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to be determined. Preliminary experiments had shown 
that the stretching of the material under load must not 
be neglected. Therefore, experiments were carried 
out in order to find out the Young’s modulus and the 
Poisson’s ratio.

Five uniaxial tensile tests were carried out. The load 
was applied displacement controlled with a line speed 
of approximately 4mm/min. This slow loading rate was 
chosen to simulate the slow inflating of a pneumatic 
formwork. During the experiments the force as well 
as the displacement were measured in order to be 
able to determine the Young’s modulus. Moreover, the 
changes in the width of the specimens were measured 
so that the Poisson’s ratio could be calculated. In 
three experiments the force was applied parallel to 
the warp yarn, and also parallel to the painted stripes, 
thus the specimen had vertical stripes when it was set 
up in the test frame. In two experiments the load was 
applied perpendicular to the warp yarn - therefore 
horizontal stripes appeared during testing. Figure 7 
shows two of the specimens during testing. A greater 
length is chosen for the specimens in order to obtain 
large displacements. These experiments were not 
designed to test the maximum load bearing capacity; 
therefore the load was not increased until failure.

Figure 7: Experiment setup of the 3rd series of experiments

Figure 8: Stress-strain diagram of the 3rd series of 
experiments

Figure 8 shows the stress-strain diagram of the five 
specimens. As the Young’s modulus is the ratio 
of stresses to strains, it can be seen that the PVC 
membrane is not linear elastic. Regarding the strain 
interval between 2% and 8%, the mean value of the 
Young’s moduli of all five specimens’, amounts to 
approximately 260N/mm². Furthermore, the Poisson 
ratio of the PVC membrane was determined. When 
stresses of 20N/mm² were reached, the Poisson’s 
ratio was between 0.008 and 0.012.

Figure 9: Pneumatic formwork a) schematic drawing of the 
main parts of the pneumatic formwork b) Picture of the 
inflated pneumatic formwork
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3.4 Shape of the pneumatic formwork

Building a hemispherical cupola with this 
construction method, a hemispherical pneumatic 
formwork is used. Due to the fact that a hemisphere 
is a non-developable surface, the shape of the 
pneumatic formwork has to be approximated.

Figure 9 shows a schematic drawing of the component 
parts of the pneumatic formwork as well as a picture 
of the finished and inflated pneumatic formwork. 
The surface area is approximated with 16 segments 
which are glued together with an overlap of 60mm. 
This surface area is then connected to the base area 
consisting of a regular hexadecagon. To create this 
seam, the membrane of the surface area was folded 
in and glued to the base area with a connection width 
of 100mm. Finally, the ”lid” was glued on top of the 
formwork in order to gain an airtight hemispherical 
balloon. The connection piece, which is necessary to 
plug in the air hose, is inserted into the lid. Thus, the 
air supply takes place through the oculus of the dome.

In order to define the dimensions of the pneumatic 
formwork, the pieces of the membrane were tailored 
in such a way as to create a hemisphere which 
inscribed the polyhedron when inflated. Furthermore, 
the stretching of the PVC membrane was taken into 
account. The circumference in the hoop direction was 
shortened by 5%, so that the pneumatic formwork 
received its final shape when the material was 
stretched.

3.5 Field experiments

A concrete shell with 96 precast elements was 
built according to this method (Dallinger, 2011) 
using the pneumatic formwork shown in Figure 9. 
Although the shell structure with a base diameter of 
10m and a height of 4m could be finally completed, 
some experiments failed because the seams of the 
pneumatic formwork ripped during the lifting process. 

The contact area between the pneumatic formwork 
and the subsoil decreased during the experiment, 
therefore a higher air pressure in the formwork was 
necessary which led to higher tensile stresses in the 
membrane. Calculating with the entire base area of 
the pneumatic formwork, the necessary air pressure 
for lifting the entire concrete shell would be 24mbar. 
However, when the concrete shell was lifted in the 

course of the field experiment an air pressure of 
37mbar was necessary.

In the winter season 2008/2009 the Pneumatic 
Formwork Method was tested on two ice shells. Again 
the experiments took place in Obergurgl. Basically, 
the design for the construction of both shells was 
identical except for the different size of the two shells. 
The small ice shell had a plate diameter of 6m and a 
thickness of 120mm. The plate diameter of the large 
one amounted to 13m and its thickness to 200mm.

By inflating the pneumatic formwork, the ice plate 
with the diameter of 6m became a hemisphere with 
a diameter of 4m and a height of 2m (Dallinger, 
2011). Figure 10 shows part of the shaping process 
with the original diameter of 13m. Unfortunately this 
experiment failed, due to a rupture of the central 
tension ring.

It turned out during the experiments that the Pneumatic 
Formwork Method is applicable only 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.

4  Segment lift method

4.1 Description of the method

The key elements of the segment lift method are 
distorting individual ice segments and subsequently 
lifting them in order to form a shell. According to this 
construction method the shell structure is composed 
of uniaxially deformed ice segments fitting together 
in order to create an ice dome. Strictly speaking, the 
geometry of this structure resembles a cloister-vault 
with a regular hexadecagon as base area.

In the first step, plane segments made of ice are 
produced, as illustrated in the first drawing of Figure 
11. To obtain these elements, an ice plate is produced 
by spraying water on a previously levelled and sealed 
working surface. Afterwards those parts of the ice, 
which are superfluous for forming a shell, are removed. 
In the next step, the segments are distorted uniaxially; 
this curvature is produced both by elastic deformation 
and creep deformation. These deformations generate 
high tensile stresses, thus tensile reinforcement is 
placed inside the ice segments during their production.
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Figure 10: Lifting process of the large ice shell with pneumatic 
formwork

In order to distort the ice segments, these elements 
have to be lifted. Subsequently, this working step is 
referred to as first lifting process. One way is to lift 
them by means of a pneumatic formwork which has 
to be placed underneath the ice elements before 
producing the ice plate. Another option is to lift the 

ice segments with a crane or a lifting device and then 
rest them on stands. In both methods the end parts of 
each element are bent down.

By maintaining this condition, creep deformations are 
added to this instant deformation caused by dead 
load. The second drawing in Figure 11 illustrates the 
distorted ice segments. Then the distorted segments 
are equipped with temporary tension chains and 
afterwards lifted and assembled in order to form 
a shell. Therefore, a temporary mounting tower is 
created. The distorted ice segments as well as the 
mounting tower can be seen in the third picture of 
Figure 11.

Figure 11: Key elements of the segment lift method

Then the ice segments are lifted individually either 
by means of the mounting tower or a crane and 
fixed to the mounting tower. This lifting process is 
subsequently called second lifting process. The 
fourth picture in Figure 11 shows the segments in 
their final position. In the last step, the gaps between 
the segments are filled with a mix of snow and water 
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and a tension cable, carrying the horizontal thrust, 
is attached. Thus, these individual segments work 
together as a shell structure. Now the mounting tower 
and the temporary tension chain can be removed - 
shown in the fifth sketch in Figure 11.

4.2 Field experiments

Two experiments according to this construction 
method have been carried out. In the winter seasons 
of 2009/10 as well as 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 
utilised.

In order to build an ice shell from individual ice 
segments the design of the segments has to be 
chosen carefully. The curvature of the segments not 
only defines the appearance of the finished shell but 
also the stresses which occur during the construction 
process as well as in the finished structure. The 
stresses in the ice during the lifting of the ice segments 
decrease with a higher rise of the curved segment. 
Considering this construction step, the higher the rise 
the better. Regarding the stresses in the final dome 
structure, however, a rise of the ice segments larger 
than 500mm generates tensile hoop forces. As the 
tensile strength of ice is relatively low, it was decided 
to avoid large tensile stresses in the ice of the finished 
shell structure. Consequently, the design size of the 
rise of the elements amounted to 500mm.

This large curvature has to be obtained by a 
combination of elastic and plastic deformations 
due to dead load as well as additional deflections 
due to the creep behaviour of ice. For both types of 
deformation a higher level of stress in the segment is 
advantageous.

The higher the stresses in the cross section due to 
self-weight, the higher the strains and therefore the 
deformation. As creep deformation can be defined 
as a multiple of the elastic deformation, the creeping 
process also benefits from a higher stress level.

Due to the fact that the tensile strength of ice is much 
lower than the compressive strength, the ice segments 
are improved by means of steel reinforcement. Several 
requirements are placed on the reinforcement. By 
inserting steel ropes into the ice, the material of these 
segments can be referred to as reinforced ice. Similar 
to reinforced concrete, reinforced ice can also be 
considered as a composite material, since the ice 
carries the compression forces and the reinforcement 
bears the tensile forces.

The pneumatic formwork which was used for the first 
lifting process is shown in Figure 12. The combination 
of elastic and creep deformations finally resulted in 
a sag of approximately 500mm in all of the 16 ice 
segments.

In the next step of the conclusion procedure, two 
chains were installed in each segment. Statically each 
ice segment was thus transformed into an arch with 
a tension tie. The ice segments could be lifted with 
the aid of two small mobile cranes and were then 
connected to the temporary central tower. This state 
of construction is shown in Figure 13.

After filling the gaps between the segments with a 
mix of snow and water and after installing a tension 
ring at the base of the dome, the central tower could 
be removed. Figure 14 shows the completed shell 
which served as an ice bar in the winter season of 
2010/2011. 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 original method described 
in section 2a much 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. The proposal for such a method is 
described in the next section.
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Figure 12: Pneumatic formwork for deformation of ice 
segments a) sectional view, b) plan view

5  Pneumatic wedge method

The polystyrene wedge method, explained in 
section 2, can only be used for shells with a small 
curvature. If this construction method were to be used 
for building a dome structure or an ice shell it would 
be necessary to reach a higher curvature. Analyzing 
the already tested method we found out that the 
polystyrene wedges have to be replaced by another 
material. This material should have the following 
properties:

• The circumference of the structure is reduced up 
to 30%, therefore the wedges should “disappear” 
while the structure is being built.

• The inner surface of the ice shell built in 2005, 
shown in Figure 4, contained residues of the 
polystyrene wedges and of the tape used for 
fixing the wedges to the pneumatic formwork On 
the one hand it is difficult to clean the construction 
site after the ice has melted and, on the other 

hand, the optical impression of the inner surface 
is affected. It should be possible to remove all 
the materials used as formwork after finishing the 
building.

• 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. If the width of the wedges is too 
large it could happen that the wedges pop out 
due to a buckling failure.

In summary a compressible, removable stable material 
is needed to build the wedges between the different 
elements of the shell. 

Figure 13: Lifting of ice segments

Figure 14: Completed ice dome with diameter 10m and 
height 3.7m (Foto: Günter R. Wett)

5.1 Creating double curved shells with pneumatic 
formwork and pneumatic wedges

The idea is to use pneumatic wedges to fill the 
gaps between the elements (Kollegger and Kromoser, 
2011). The pneumatic formwork is easy to compress 
and can be removed without leaving any residuals. 
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Inflatable structures always cause tension in the 
membrane and thus it is impossible for the pneumatic 
wedges to lose their stability during the shaping 
process of the shell.

5.2 Outlook

The Institute for Structural Engineering of the Vienna 
University of Technology is planning to research this 
new method. In course of the research work two 
concrete shells will be built in Amstetten, Austria. Prior 
to the building of a big shell with a diameter of 16m, a 
smaller one with a diameter of 8m and a thickness of 
50mm will be erected. 

The following description is referring to the smaller shell 
with 8m diameter. It is expected that a height of 2.2m 
can be reached in the middle of the shell. The cast in 
situ reinforced concrete plate is subdivided in 16 parts. 
Two unbonded tendons will be used to tighten the two 
layers of the foil at the circumference of the plate. Steel 
ropes are to be chosen for the reinforcement. The low 
modulus of elasticity (60kN/mm²) of the ropes at the 
first load will allow the transformation of the plate to 
a dome with a small radius of curvature. The position, 
and the very high yield strain of the reinforcement, are 
essential for attaining the high curvature. The effective 
depth amounts to 36mm. Figure 15a shows the plane 
concrete plate prior to the shaping process. Figure 
15b shows a section of the plane plate and Figure 
15c shows a section of the fully shaped structure. 
The pneumatic formwork wedges will be compressed 
from 350mm to 20mm. During this process the air 
pressure in the pneumatic formwork as well as in the 
individual wedges and the post tensioning force in 
the tendons can be controlled. In the course of the 
research project it will be investigated which levels of 
air pressure and post tensioning prove to be ideal for 
the shaping process

After finishing the shaping process the pneumatic 
formwork for lifting the segments and the pneumatic 
wedges will be removed. For concluding the shaping 
process, the gaps between the segments will be filled 
with grout.

If both concrete shells work as expected, an ice shell 
will be built according to the same method in the 
winter of 2012/2013 with a diameter of 16 meters.

Figure 15: Plan view of concrete plate, b) section b-b of 
concrete plate, c) section of concrete shell

6  Conclusions

Building double curved shells without formwork is 
a challenging task. Three different shell construction 
methods have been developed at Vienna University 
within the last 10 years. Although it was possible to 
build domes made of concrete and ice with each of 
the three different methods, it must be stated that 
these methods have serious limitations regarding the 
practical application.

The curvature which can be achieved by using the 
Polystyrene Wedge Method is rather limited. Also the 
polystyrene wedges remain in the completed structure 
which is unfavourable with regard to the appearance 
of the shell and the behaviour in case of exposure to 
fire.

During the experiments it turned out that the Pneumatic 
Formwork Method is only applicable for domes with 
base diameters up to 10 m and that the Segment Lift 
Method involves many different construction steps 
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and a long construction time thus making this method 
expensive regarding the practical application.

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 (large curvature of the shell, applicable for 
large shells).
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1  Introduction

Fabric-formed concrete is a novel approach to 
the design and construction of concrete structures 
which offers an opportunity to combine architectural 
expression with structural efficiency.  However, the 
elements cast in fabric formwork differ from those built 
in a traditional way and some design and construction 
methods ordinarily applied to conventional reinforced 
concrete become impractical.  Thus, the flexibility 
of formwork and the aspiration to build efficient 
thin sections with complex geometries pose key 
buildability problems such as ensuring adequate 
concrete cover to the reinforcing bars, and their 
effective anchorage over the supports. 

Non-corrodable advanced composite reinforcement 
types, made of glass or carbon Fibre Reinforced 
Polymers (FRP), which do not rely on the surrounding 
concrete for protection from the outside environment, 
may be more suitable than conventional steel bars in 

some fabric-formed concrete applications.  Their light 
weight makes them easy to handle on site, while the 
low modulus of elasticity of glass FRP bars may allow 
securing the reinforcement into its design curved 
shape by simply attaching the bars to the fabric before 
the concrete is cast.  Furthermore, a new splayed 
anchorage technique developed as part of this 
research project, could offer a practical solution for 
reinforcing thin fabric-formed elements, as it requires 
only straight and relatively short anchorage lengths.

Low carbon concrete based on using a large proportion 
of cement substitutes, such as blast furnace slag, is 
not usually capable of providing adequate protection 
against corrosion to steel reinforcement.  On the 
contrary, the glass fibres of glass FRP bars under 
stress are susceptible to degradation in the high 
alkaline environment of ordinary Portland cement 
concrete and the use low carbon concrete may have a 
positive effect on the durability of glass fibre polymer 
reinforcement, while reducing the carbon footprint of 
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This paper examines the advantages of using advanced composite reinforcement for the design and 
construction of fabric-formed concrete structures.  Due to their corrosion resistance, reinforcing bars made 
of glass or carbon fibre reinforced polymers could solve the existing problem of ensuring the necessary 
protective concrete cover to steel reinforcement in fabric-formed elements.  In addition, using non-
corrodable reinforcement offers a possibility to reduce the carbon footprint of fabric-formed structures 
by replacing the ordinary Portland cement concrete with low carbon concrete types.  Moreover, the low 
alkalinity of such concrete types, which is problematic in the case of steel bars, may improve the durability 
of glass fibres.  The results of three initial fabric-formed beam tests using fibre reinforced polymer bars 
are presented in this paper and new construction possibilities are revealed.  A novel splayed anchorage 
technique is proposed to provide the effective anchorage of reinforcement over the supports of structurally 
efficient thin fabric-formed elements.  Based on the results of 18 hinged-beam bond tests, this technique 
is found to improve the anchorage strength of fibre reinforced polymer bars significantly, whilst it can also 
be successfully applied to steel bars.  Finally, the ultimate aim of this research is to develop a web-based 
computational tool enabling the design of fabric-formed elements reinforced with FRP or steel bars.
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concrete by up to 80%.  Therefore, producing fabric-
formed elements made of low carbon concrete and 
FRP reinforcement has been explored in order to 
create not only interesting but also highly sustainable 
concrete structures.

A new area of research has emerged from the idea to 
build low carbon fabric-formed concrete structures.  
The effect of permeability of the fabric formwork on 
improving the surface quality of concrete is known 
and research studies have been carried out in the past 
using ordinary Portland cement concrete.  However, 
no similar data are available for low carbon concrete 
so a new experimental programme was initiated at the 
University of Bath to determine the relative durability 
enhancement of low carbon concrete when cast in 
fabric formwork.

2  Design of fabric-formed concrete 
reinforced with FRP

2.1 FRP materials

In general, the FRP composite materials consist of 
two phases, high-strength fibres and a low modulus 
matrix (polymer), connected by the interface (surface 
interaction), which ensures the transfer of stresses to 
the fibres by the chemical and physical bond between 
the two phases (ICE, 2010).  The FRP reinforcing bars 
are manufactured through a pultrusion technique from 
continuous fibres made of glass, carbon, aramid and 
more recently basalt (fib, 2007). 

The main advantages of FRP composite materials 
are their high tensile strengths, corrosion resistance, 
light weight, low maintenance requirements and tailor 
made properties.  However, all fibres exhibit linear 
elastic behaviour under tensile load and this leads to 
undesirable brittle failures.  Compared to steel, FRP 
reinforcement has a higher strain capacity (which 
affects the efficient use of the material strength) and 
lower stiffness causing larger deformations (Ibell and 
Burgoyne, 1999).

2.2 Design of FRP reinforced concrete sections

Avoiding catastrophic failures due to the lack of 
ductility of the FRP materials is a primary concern in 
the design of concrete reinforced with FRP.  This is 
usually achieved by higher safety factors compared to 
traditional reinforced concrete design or by relying on 

the concrete crushing failure mode which does exhibit 
some plastic behaviour (Nanni, 2003).

Research studies on increasing the strain capacity 
of concrete by triaxial confinement with helical 
reinforcement in the compression zone of a beam 
to provide some such ductility, have demonstrated 
that both the flexural and shear capacity could be 
enhanced by up to 50% and brittle failure avoided 
entirely (Ibell et al, 2009).

Anchoring FRP bars is another problematic area 
in the design of FRP reinforced concrete where the 
conventional methods used for steel reinforcement, 
such as hooks or bends, become impractical.  Apart 
from requiring extra manufacturing processes, 
providing bends in FRP bars reduces their tensile 
strength up to 40-50% due to fibre buckling and 
stress concentration (fib, 2007).  Nevertheless, the 
low modulus of elasticity of glass FRP reinforcement 
allows producing very large radius curved shapes on 
site (Hughes Brothers, 2007), as long as the bending 
stresses in a FRP bar do not exceed 20% of the 
ultimate sustained bending stress in accordance the 
ACI440 (2006). 

Concrete elements reinforced with FRP bars are 
generally less stiff compared to those reinforced 
with steel, and develop wider cracks and larger 
deflections.  This implies that the serviceability limit 
state criteria would often govern the design of FRP 
reinforced sections. 

2.3 Form-finding methods

The design of both FRP and steel reinforced 
concrete requires an accurate method for prediction 
of the final shape of concrete sections.  The 
experimental work presented in this paper is based on 
a form-finding approach developed previously at the 
University of Bath.  Bailiss (2006) first carried out an 
experimental investigation of the hydrostatic sectional 
profiles of two-dimensional hanging fabric filled with 
viscous liquid to find non-dimensional relations for the 
perimeter and the area of a section for known depth 
and breadth.  Subsequently, Foster (2010) developed 
an iterative numerical procedure for predicting the 
shape of a hanging fabric for the variety of cases 
shown in Figure 1. 
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Figure 1: Physical interpretations of non-dimensional surface 
(Foster, 2010).

The results produced by the numerical method 
achieved a good agreement not only with the 
experimentally obtained relationships but also with 
the analytical solution proposed by Iosilevskii (2010).  
Nevertheless, Iosilevskii (2010) considered only a 
fabric container where the free surface of the fluid is 
level with the opening, whilst the numerical procedure 
can be applied to part-full and over-full cases.  The 
latter case is important for predicting the shape of the 
most optimal “key-hole” section illustrated in Figure 2.

Figure 2: Evolution of optimal design process for fabric 
formed beams (Garbett et al, 2010).

3  Fabric-formed beam tests

3.1 Experimental programme

Three initial fabric-formed beam tests were 
conducted as part of the preparation for a forthcoming 
testing regime.  These tests were designed to capture 
various issues related to FRP reinforced fabric-formed 
concrete, including design with different FRP bars, 
form-finding and buildability.  All beams were over-
reinforced so that the concrete would crush prior to a 
brittle snapping of the FRP bars.  The beam sections 
were optimised for the test bending moments and 
corresponding shear forces with the aim to create as 
great as possible variety of forms and explore different 
construction ideas. 

The main reinforcement of the test beams consisted 
of carbon and glass FRP bars.  Shear reinforcement 

was not provided and the beams were designed to 
resist the shear forces only by the capacity of concrete 
calculated using BS EN 1992-1-1 (2004).  Two of the 
fabric-formed beams were simply supported and 
reinforced by a single FRP bar, whereas the third 
beam was designed as continuous over two spans, 
only one of which was loaded.  The reinforcement of 
the third beam comprised one glass FRP bar in the 
hogging bending moment zone and two glass FRP 
bars of a smaller diameter in the loaded span.  Details 
of the design FRP and concrete material properties 
are given in Table 1.

Table 1: Material properties.

Beam 1 Beam 2 Beam 3

FRP bar type glass carbon glass

FRP bar dia, mm 12 12 9.5/12

FRP tensile strength, MPa 550 2300 550/ 

1000

FRP modulus of elasticity, 

GPa

40 130 30/40

Concrete C16/20 C16/20 C16/20

A timber frame structure was designed to support the 
fabric formwork during construction of the test beams.  
As the photograph of the assembled structure in 
Figure 3b shows, the top plates made of plywood and 
cut to the desired shape were fixed to laterally braced 
frames adjustable in the transverse direction.  The 
movable parts of the transverse frames are indicated 
on the sketch in Figure 3a.  The opening at the top 
was easily changed from 50 to 500 mm and the beam 
depth could reach up to 400 mm.  The beam spans 
were fixed at 1.8 m and the maximum beam length 
was four metres.
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Figure 3: 

(a)

(b)
Timber frame supporting structure. 

The geometries of all beams followed the optimum 
capacity shapes but different parameters were varied.  
Thus, the height of Beam 1 (Figure 4a) was determined 
by the optimisation for bending moment and the top 
breadth was adjusted to provide adequate shear 
capacity.  Beam 2 was also optimised for the bending 
moment and shear force while keeping the breadth 
uniform along the whole beam length.  Although this 
resulted in the unusual shape illustrated in Figure 4b, 
due to the high strength of the carbon FRP bar, the test 
was conducted to study the behaviour of this beam 
and demonstrate the feasibility of its construction.

The third beam (Figure 5) was designed for a 
combination of the optimisation ideas applied to the 
first two beams.  Similarly to Beam 1, the shear force 
was resisted by a wider section at the end of the 
loaded span, while the relatively narrow top breadth 
over the middle support resulted in a greater beam 
depth.  The unloaded span section profile resembled 
the shape of an optimised cantilever, gradually 
decreasing in breadth and height.

Figure 4: 

(a)

(b)
Simply supported beams: Beam 1 (a); Beam 2 (b).

Figure 5: Continuous beam.

The reinforcement in Beam 2 and Beam 3 was fixed 
in its final position by being tied to supports outside 
the fabric formwork.  This method was relatively 
easy to implement in the laboratory conditions as 
Figure 6 suggests, but could be very impractical in 
real site conditions.  Therefore, a new approach 
was considered where no external attachment point 
was needed at the middle span of a beam.  The 
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reinforcement in Beam 1 was directly tied to the 
fabric, allowing for the design concrete cover, and 
the fresh concrete weight was relied on, to pull down 
the flexible FRP bar and ensure its position inside the 
fabric-formed concrete section (Figure 7).  In addition, 
the fabric was pinched at discreet points as shown in 
Figure 8, over the middle third of the Beam 1 length, in 
order to optimise further the use of concrete material.

Figure 6: FRP bar bent to its final by being tied to an 
attachment point outside the fabric formwork.

Figure 7: FRP bar attached to the fabric.

Figure 8: Pinch points inside the fabric.

The FRP bars were anchored over the beam supports 
using the splayed anchorage technique described 

in the §4.  As illustrated in Figure 9, aramid helices 
were placed at the anchorage zones to enhance the 
splitting resistance of concrete.  The position of the 
helices and the ends of the bars was ensured by 
attaching them to timber cross members fixed onto 
the top plates.

Figure 9: Anchorage detail.

3.2 Discussion of results

The two main issues investigated through the 
experiments were the final geometry and the structural 
behaviour of the tested beams.  The depth of the 
constructed sections was found generally greater 
than the predicted by the form-finding numerical 
procedure presented in §2.3.  An exception was the 
geometry of the pinched sections in Beam 1 where 
the shape prediction was experimentally tested in 
advance, using a physical model.  In addition, the 
construction of Beam 1 was particularly successful 
in terms of achieving the accurate position of the 
reinforcing bar and the minimum specified concrete 
cover of 25 mm (Figure 10). 

Beam 1 failed in flexure as expected, by crushing of 
the concrete in the compression zone (Figure 11).  
Large flexural cracks were observed prior to failure, 
however, the glass FRP bar did not snap, due to the 
adequate over-reinforced design of the section. 

Similarly to Beam 1, the failure mode of Beam 2 as can 
be seen from Figure 12 was flexural with development 
of significant flexural cracking and crushing of the 
concrete in compression.  It can also be noted that 
although the failure loads for both beams are similar in 
value, the glass FRP beam deflection is almost twice 
as great as the carbon FRP beam deflection before 
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reaching the maximum load, thus demonstrating the 
difference in stiffness between beams reinforced with 
glass and carbon FRP.

Beam 2 was overall successfully built to the design 
parameters.  As discussed earlier, the final sections 
were oversized and in the case of Beam 2 deeper by 
approximately 5 mm.  Nevertheless, a post-mortem 
examination of the beam revealed a satisfactory 
position of the carbon FRP bar and no slip of the 
splayed anchorage (Figure 13).

Figure 10: 

(a)

(b)

(c)
Beam 1 as-built.

Figure 11: 

(a)

(b)
Beam 1 testing (a); Load-deflection (b).

Figure 12: 

(a)

(b)
Beam 2 testing (a); Load-deflection (b).
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Figure 13: 

(a)

(b)
Beam 2 as-built (a); No slip of splayed bar at the 

end of the test (b).

The construction of Beam 3 imposed a slight 
amendment of the fabric pattern and the longitudinal 
beam profile for buildability reasons.  Furthermore, 
Figure 14 indicates that the specified cover was 
reduced and the small diameter glass FRP bars were 
displaced about 10 mm from their design position.

The low strength glass FRP bars in the loaded span 
snapped during the experiment.  This happened after 
crushing of the concrete and the opening of a wide 
flexural crack in the tensile zone of the failed section 
(Figure 15a).  However, the maximum strains in those 
bars, as can be seen from the load-strain graph in 
Figure 15c, were less than the ultimate failure strain 
of at least 1.5%, suggesting that the bars may have 
snapped due to high local strains developed inside 
the crack. 

In conclusion, all beams failed in the expected manner, 
exhibiting some of the main issues related to the 
behaviour of FRP reinforced sections.  With regard to 
buildability, Beam 1 shows promising results in terms 
of exploring the idea to stitch glass FRP reinforcing 
bars to the fabric during construction.  On the other 
hand, Beam 3 reveals the main disadvantage of 
the two-dimensional form-finding approach when 
use of flat sheets is intended and sharp changes in 
the pattern lines need to be avoided.  Furthermore, 
confinement of concrete in the beam compression 
zones may be required in order to increase the strain 
capacity of concrete and ensure the ductile behaviour 
of FRP reinforced fabric-formed elements

     

Figure 14: Beam 3 as-built and failure photos.

Figure 15: 

(a)

(b)

(c)
Beam 3 testing (a); Load-deflection (b); Load-

strain(c).
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4  Splayed anchorage

4.1 Experimental programme

A set of experiments was conducted to study the 
bond-slip behaviour of reinforcing bars anchored by 
splaying their ends and forming wedges as illustrated 
in Figure 16.  By applying this technique the need of 
anchorage hooks or bends in the bars may be avoided 
entirely. 

Figure 16: Splayed FRP bar.

For the reasons explained in §2.2 the splayed 
anchorage technique concerns mainly FRP bars but 
can provide a solution for steel bars anchored in thin 
optimised fabric-formed sections.  The technique was 
investigated through cube pull-out tests of glass FRP 
bars (Tallis, 2005) and two fabric-formed beam tests 
comparing the behaviour of carbon FRP and steel 
reinforcement (Orr et al, 2011).  However, the actual 
slip of the tested FRP bars was not measured during 
the previous experiments and the results could not 
be used for a rigorous analysis.  A new experimental 
testing was conducted with the aim to develop an 
analytical model for the design of splayed bars. 

The adopted in this testing programme hinged-beam 
test, as illustrated in Figure 17, has the advantage 
over the pull-out test methods to represent the real 
stress state of concrete in flexure and is suitable for 
measuring the slip of the tested bars through access 
points left in the concrete by polystyrene plugs. 

Table 2 summarises the parameters identified as being 
most influential to bond strength of the reinforcing 
bars, with these parameters resulting in 18 hinged-
beam bond tests.

The properties of the 9.5 mm and 12 mm diameter FRP 
bars are given in Table 1, whilst 12 mm deformed steel 
bar was also tested.  Low carbon concrete was used in 
these experiments and was based on supersulphated 
cement (SSC) comprising 2.5% Portland cement, 
2.5% calcium sulphoaluminate cement (CSA), 7.5% 
gypsum, 7.5% plaster and 80% ground granulated 

blast furnace slag (GGBS). Concrete confinement 
in the anchorage zones was provided by helical 
reinforcement made of aramid fibres impregnated 
with resin, and placed around the splayed ends over 
120 mm length with pitch of 30 mm. 

Figure 17: Hinged-beam test details.

Table 2: Test variables

ID Parameter Variation

1 Length of splay 50 mm/ 100mm

2 Angle of splay 2 degree/ 4 degree

3 Bar type carbon/ glass/ steel

4 Bar diameter 9.5 mm/ 12 mm

5 Surface of FRP bar smooth/ sanded

6 Concrete type normal/ low carbon

7 Concrete strength C25/ C40

8 Confinement Yes/ No

9 Position horizontal/ inclined

The splayed FRP bars were formed by slots cut into 
the ends, into which carbon plate wedges were glued.  
The steel bar was prepared in a similar manner but a 
welding filler material was used instead of a carbon 
plate.

The two halves of the test beams were reinforced 
with steel links and main bars designed to resist 
the maximum bending moment and shear forces, 
corresponding to the tensile failure of the tested 
bars.  The top compression reinforcement acted as 
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a hinge allowing the rotation of the concrete blocks 
and transfer of the horizontal force.  The strains in the 
tested bars were recorded at mid-lengths of the bars 
and near the anchored ends but outside the bonded 
areas (Figure 17).

A reinforcement position parameter was specifically 
added to examine the effect of placing bars at an 
angle to the horizontal axis, which would be a typical 
feature of the optimised fabric-formed beams.  For 
this purpose, a tapered hinged-beam, detailed in 
Figure 18, was additionally produced.

Figure 18: Tapered beam details.

4.2 Discussion of results

The recorded test data included measurement of 
the strains and slip of the tested bars, and the vertical 
beam deflection.  In addition to the standard concrete 
compressive cube and tensile splitting cylinder 
testing, the elastic modulus for each type of the tested 
bars was confirmed by direct tensile tests.  The strains 
near the anchorage zones of the tested bars were 
converted into forces and the force-slip relationships 
are presented in Figure 19 and Figure 20.

Figure 19: Force-slip relationships for 9.5 mm diameter bars.

The influence of the wedge geometry can be studied 
from the force-slip relationships for the 9.5 mm 

diameter smooth glass FRP bars.  The plotted curves 
may suggest that the maximum pull out capacity 
of a splayed anchor depends predominantly on the 
wedge length.  This conclusion is in agreement with 
the findings of the investigation for similar 10 mm 
diameter smooth glass FRP bars, carried out by 
Tallis (2005) where the same tendency was observed 
on a comparative basis for a wide range of wedge 
dimensions.  

Careful examination of the plot in Figure 19 also 
reveals similarity in the gradients of the force-slip 
curves for “50 mm 4 degree” wedges and the curve 
for a “100 mm 2 degree” wedge.  This could imply 
that the bond-slip relationship for a splayed bar is a 
function of the product of the wedge length and the 
wedge angle.

Figure 20: Force-slip relationships for 12 mm diameter bars.

Figure 20 compares the force-slip relationships for 
12 mm diameter sand-coated splayed and straight 
FRP bars.  As can be seen, splaying the reinforcing 
bars results in steeper force-slip curves and higher 
maximum pull-out forces.  The splayed glass FRP bar 
snapped with almost negligible slip of the end and no 
visible damage of the concrete in the anchorage zone, 
while the observed failure in the test with splayed 
carbon FRP bar was caused by a tensile splitting of 
the concrete.

The plots in Figure 21 highlight the influence of some 
specific parameters such as confinement of concrete 
and inclination of bars on the anchorage strength.  
As Figure 20b indicates, the bar inclination has a 
significant impact on the force-slip behaviour and can 
decrease the capacity of splayed bars.
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Figure 21: 

(a)

(b)

Influence on the anchorage capacity of: helical 
reinforcement (a); bar inclination (b).

The effect of helical reinforcement on the anchorage 
capacity is also visually presented by the photographs 
in Figure 22.  The specimen with no helical 
reinforcement (a) shows a large failure crack across 
the middle of the beam end face, whilst the confined 
concrete (b) stayed intact surrounded by thinner and 
well dispersed cracks.

All 9.5 mm diameter sand-coated bars snapped 
without slip of the ends and force-slip diagrams could 
not be produced.  However, this demonstrates the 
adequacy of the splayed anchorage for this type of 
bars.  Similarly, the steel bar failed in tension with less 
than 0.5 mm slip of the end. 

No difference was observed for the tests based on 
SSC concrete and on a lower concrete strength.  
Nevertheless, those tests involved low strength 
glass FRP bars and may need to be repeated with 
the stronger carbon FRP bars, capable of causing 
splitting failure of concrete. 

Figure 22: 

(a)

(b)

Influence of concrete confinement: no confinement 
(a); confined concrete (b).

5  Conclusions

Advanced composite reinforcement was 
successfully used to reinforce the test fabric-formed 
beams.  In addition, the flexibility of glass FRP bars 
allowed positioning the bars by utilising the interaction 
between the weight of fresh concrete and the fabric 
formwork.  The bar shape created by this method 
was relatively simple but more complex reinforcement 
profiles could be attempted in future investigations.  
The method also proved successful in providing the 
desired concrete cover.  Although FRP bars do not 
need protective cover against corrosion, a minimum 
cover is still required to ensure adequate bond with 
the surrounding concrete. 

As demonstrated by the experiments, the design of 
non-rectangular optimised sections reinforced with 
glass FRP bars may result in large deflections and is 
therefore likely to be governed by the serviceability 
design criteria.  Whereas the initial beam tests were 
based on strength design, the main testing regime 
to be undertaken in 2012 will focus on the stiffness 
of fabric-formed beams and the prediction of their 
deflections.

The geometry of the as-built fabric-formed beams 
was confirmed by measuring basic dimensions such 
as beam depth, maximum and minimum breadths and 
the top opening.  Use of more extensive surveying 
methods is still required to obtain the three-dimensional 
beam surface and carry out a detailed comparison 
with the predicted cross-sectional profiles.  However, 
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the initially observed deviations show a tendency of 
producing sections generally bigger in size than the 
designed ones.  This may suggest that the applied 
form-finding method based on inextensible fabric 
formwork overestimates the required fabric size and 
the extension of the fabric material cannot be ignored.

The results of the splayed anchorage testing presented 
in this paper demonstrate the efficacy of the technique 
and will be used for creating an analytical model able 
to predict the anchorage strength of splayed bars.  
While the wedge geometry is undoubtedly the main 
factor affecting the bond-slip behaviour of a splayed 
bar, the conducted experiments indicate that the bar 
inclination also has a significant influence on their pull 
out resistance.  As demonstrated, providing helical 
reinforcement around the splayed bar ends can play 
an important role for sustaining higher loads and 
preventing brittle splitting failure of concrete.

6  Future work

Future experimental and analytical investigations 
of fabric-formed beams will develop a design 
methodology which could be extended to the 
design of other structural elements.  Furthermore, 
it is anticipated that such a design approach would 
be made available to the architecture and structural 
engineering professions through the development 
of a free web-based design tool combining the 
form-finding methods with structural analysis and 
optimisation of fabric-formed elements reinforced 
with FRP or steel bars.

Exploring the opportunity to build FRP reinforced 
fabric-formed elements made of low carbon concrete 
is another major direction of the future research.  As 
discussed, the low carbon concrete could improve the 
durability of glass FRP bars and significantly reduce 
the embodied energy of fabric-formed concrete 
structures.  In addition, the effect of fabric formwork 
on the durability of low carbon concrete is being 
currently investigated in collaboration with materials 
science researchers at the University of Bath.  The 
research in this area is further extended through a 
Masters level dissertation, studying a wide range of 
fabrics, ordinary and low carbon concrete types.
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1  Introduction

In order to employ the durable, functional, and 
aesthetic qualities of a concrete structural system in 
locations where site logistics might be prohibitive or 
experienced labour less locally available, alternative 
lightweight fabric forming systems have been proven 
viable. The overall economy on formwork material 
and construction operations is consistent with the 
sustainable practices of using less material and 
energy in construction.

When compared with traditional rigid wood or steel 
panel formwork, less material by weight is required 
on site for casting, with the possibility of less ensuing 
waste. The fabric formwork systems can take 
advantage of designing formwork tie and support 
systems for lessened pressures at greater heights. 
In practice, the height of the fluid concrete can be 
actively monitored on the form surface, which can 
allow for fewer stages of concrete construction on 
site.

2  Case Study

This stair project is presented to illustrate the 
sustainable advantages of geotextile fabric as part 
of formwork system.  In the case of this project, the 
fabric formwork was used for walls, pilasters, arch 
and corbels, resulting in savings in formwork material 
weight of at least 35% compared to a standard wood 
panel system. This also translates to reduced energy 
use for material transport, less waste, no crane 
requirement, fewer pour operations, and the use of 
so-called local labour that is not dependent on larger 
scale concrete operations experience. Once stripped, 
the fabric has the potential to be reused for future 
formwork or on-site as subgrade stabilization.

Because of the inherent interrelationship between 
materials and methods in the achieving the finished 
product, many specific aspects of the construction 
are craft based and consequently described in general 
terms. Engineering Ventures, Inc. performed structural 
engineering services, which included the concrete 
specification consulting.

19 Case Study – Fabric Formed Stair

A Lawton1 and R Miller-Johnson P.E2

1 ArroDesign
2 Engineering Ventures

This paper is a case study of a federally funded public access project on a small industrial site that is 
being reclaimed by the city of Vergennes, Vermont. Originally designed as a steel structure, the project 
was redesigned as a concrete structure to address concerns of durability, maintenance and cost. The 
complexity of the topography and various utilities required a structure that could more effectively distribute 
loads in order to deal with the unknown subsurface condition at this reclamation site, which had once 
been a power generation structure. Fabric was chosen as the preferred casting plane due to the increased 
surface durability, which is desirable for a moist environment. It is also more adaptable to the steeply sloping 
conditions and requires less time and energy than a rigid system. The various fabric forming techniques 
used to construct this stair will be discussed as part of the overall construction methodology.

A Lawton and R Miller-Johnson 
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3  Engineering and Design

Figure 1: Site Plan

Figure 2: 

1: The stair is developed as two 
overlapping tee structures

2: The arch is designed as a beam 
to address long term creep

3: The corbel acts as a transitional element - 
construction joints are located here

1

2

3

Elevation

The stair consisted of three basic elements that had an aesthetic and constructional logic.
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Figure 3: Typical section

Note the typical section, shown in Figure 3.

The foundation was designed as a frost protected 
shallow foundation to reduce excavation, material 
and labor costs. The fabric used in forming was then 
pulled down over the excavation before final backfill

Due to early spring flooding, all excavation had to 
be performed manually. Woven fabric covered the 
excavated material to prevent soil erosion. Non-
woven geotextile fabric was used to form the footings. 
You will notice that is was pulled up along the upper 
bank to prevent eroding into the forms. It proved to be 
a very effective solution (Figure 4)

The lower footings were set on a rock ledge. Steel 
pins were set into the ledge and 2x lumber secured 
to them. The fabric was draped inside these “boxes” 
and cast. Using the fabric eliminated the need to use 
form ties across the footing forms by substantially 
reducing the hydraulic load on the form members. 

It also simplified dealing with the various conditions, 
especially forming around the pipeline (Figure 4).

The basic concept of the forming system is to 
construct a simple rigid formwork. Steel reinforcement 
is placed within the formwork and the fabric is placed 
last. The outer edge form of the cantilever is requires 
little shoring. Struts are required to prevent the outer 
form from twisting (Figure 5)

Note the simple method of forming over the pipeline. 
Reinforcement was place above and the formwork 
built to span over the top. The fabric was gathered 
and clamped using lumber fastened together to pinch 
the fabric together (Figure 5).

Conventional lumber form with integrated walkways. 
Edge of the walkway was the end form of the cantilever 
(Figure 6).

Cantilever was cast by pulling the fabric over the wall 
form and pinning it to an outer stair form. For the 3’ 
cantilever, it was cast simply with the one layer of 
fabric. The 4’ cantilever had additional fabric straps 
added to reinforce the primary fabric layer. Note the 
scalloping in the surface from a simple constructional 
modification (Figure 7 and Figure 8).

The arch is formed in three planes. Fabric simplifies 
the transition from one plane to the other. The arch 
was cast in two operations between the two fixed 
ends created by the corbels. The first plane is the 
outer extent of the stair. The second is the beam 
extent, and the third is the Tee wall in the center of 
the stair. The first pour was the beam bottom and Tee 
wall. The second was the cantilever section. Stairs 
were then cast on top of the completed arch section 
(Figure 11).

Figure 4: Excavation and lower footings
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The completed platform is shown in Figure 9, with a 
section through the construction shown in Figure 10.  
The construction of the arch is illustrated in Figure 11 
and a section through the arch is shown in Figure 12.  

The primary reinforcement of the arch is 12 ø30 mm 
rebar.  Containment rebar is placed 6” on center and 
transitions to a round configuration when the arch 
starts to become vertical.

Figure 5: Formwork support system and reinforcement.

Figure 6: Walkways and cantilever

Figure 7: Casting the cantilever

Figure 8: Second view of the cantilever
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Figure 9: Completed platform. Figure 10: Section through platform.

Figure 11: Arch construction.

Figure 12: Section through arch construction
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4  Form system for arch

The outer plywood is placed along the edge of the 
stair. The outline was then laid out and drawn on to it. 
Staging was attached to the outside of the wall and a 
tarp could cover the casting area.

In Figure 13 you can vaguely make out the different 
wall planes. All of the formwork was aligned to allow 
for cross bracing.

In the wall pours, ties were placed in the center of 
the pillows. The steel reinforcement was also placed 
in this location to take advantage of the increased 
coverage due to the pillowing.

Figure 13: Form system for the arch

Figure 14: View of arch form

Note the arch wall which is the main support for 
the fabric to form the beam. The original idea of 
forming the arch was to clamp the two sides of the 
wall fabric together. The section was redesigned 
to account for the long term effects of creep. This 

resulted in a significant increase in concrete and steel 
reinforcement. The form was designed to allow the 
fabric to drape and was reinforced with a second layer 
of fabric. The beam transitioned from a hyperbolic 
shape to a circular shape as it became vertical. The 
steel was designed for this anticipated change

Figure 15: Underside of arch

Figure 16: Arch reinforcement
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In the photos shown in Figure 15 and Figure 16, notice 
that the fabric is draped in between the two arch false 
work. The steel reinforcement is suspended from 
wooden beams spanning between the outer walls 
with ¼” wire. The fabric is held in place with staples 
and sandwiched between the two layers of fabric. 
Originally, the entire arch section of the stair was 
considered to be cast in one operation. There were 
two factors the resulted in a change. The first was a 
complication with the mix design. The concrete had 
been setting rapidly due to long travel time from the 
batch plant, pumping, low slump required for casting 
stairs, and a mix design developed for this particular 
location. The 5000 psi mix had a corrosion inhibitor 
that caused a very rapid set despite the addition of 
retarder. The second issue was a concern for the 
overturning of the form. There were no simple ways 
to brace the form, and we did not want the heavy, wet 
load to start swaying. This concern was addressed by 
casting the center first which would add the rigidity 
that we wanted. The epoxy coated rebar extended 
into the stair pour.

In Figure 17, note the wrinkling in the fabric as it 
transitions from horizontal to vertical along a tight 
radius. It was anticipated that the wrinkles would 
come out once the concrete was poured. On the outer 
edge of the arch at the center wall, the fabric was fully 
inflated.

5  Details

The Corbel is formed with 45mm rubber to 
eliminate wrinkling. Note the difference between the 
top and the bottom of the arch. Also note the three 
separate pours. 1) the arch and central wall. 2) the 
cantilever. 3) the stair. The corbel is the transitional 
element (Figure 18).

The fabric allows complicated geometries to resolve 
themselves without having to predetermine the 
precise outcome. Arch terminates in corbel base 
(Figure 19 and Figure 20).

In order to form the arch, the old powerhouse raceway 
was filled with crushed stone. A trestle like platform 
was constructed to support the false work for the 
arch. Once the arch was complete, the stone was 
redistributed as backfill for the structure (Figure 21).

Figure 17: Wrinkling of the fabric formwork.



A Lawton and R Miller-Johnson 

219

icff2012

Figure 18: The corbel

Figure 19: Termination of the arch

Figure 20: Underside of the arch

Figure 21: Creation of the trestle platform upon which the 
arch formwork was created
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6  Conclusions

The objectives of this project as established by 
the City of Vergennes in partnership with the utility 
company were to create a useful public access from 
the commercial center of the city to a well-travelled 
water route that connects to Lake Champlain. The 
stair needed to fit in aesthetically to the surrounding 
historic site and have the appearance and attributes 
of permanence and durability. Casting concrete with 
fabric proved to be the correct solution to meet 

these objectives. Fabric formed concrete increases 
surface durability that is suitable for this moist, 
harsh environment. Moreover, the adaptability and 
lightness of the fabric and forming system were ideal 
for this steep, difficult to access site. It required less 
energy and cost to construct than a conventional 
form system, with the added advantage of a unique 
aesthetic. The use of fabric for the construction of 
this stair proved to be ideal in addressing the various 
complexities encountered during process.

Figure 22: View of stairs from the top of the falls

Figure 23: View of stairs from across the river
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The technical object, thought and constructed 
by man, isn’t only restricted to creating a 
mediation between man and nature; it is a stable 
mixture of the human and the natural, it contains 
the human and the natural; it gives to its human 
content a structure similar to natural objects and 
allows the insertion of this human reality in the 
world of natural causes and effects.

Gilbert Simondon (1989)

My approach follows Simondon’s, who in his own 
words attempted to develop a theory of operations 
which had, he wrote, been hitherto neglected in 
favour of the theory of structures.  The making of form 
is a case in point.  According to Simondon, when we 
insist on understanding form-taking in terms of active 
form shaping passive matter we necessarily disregard 
the chains of operations - both micro and macro – 
through which it actually occurs.  It is operations such 
as these that the casting process of Wall One makes 
visible.  Furthermore, by establishing form-taking  
as a system in which exchanges between flexible 
formwork, setting concrete, and the adjustments 
of workers produce the outcome, it is impossible to 
see it in terms other than as process and a chain of 

operations.  At the present time, it seems ever more 
important to understand the economic, labour, energy 
and resource implications of processes that lead to 
and from any act of building.  Surely the processes 
of form-taking need to be available to understanding 
and scrutiny?

Simondon begins his challenge to the form/matter (or 
‘hylomorphic’) view of form-taking with a 50 page re-
description of the forming of wet clay in a brick mould.  
He takes what appears at first to be a paradigmatic 
case of the shaping of matter by form, and recasts 
it as a series of energetic operations.  First these are 
the molecular operations of the clay as it unleashes 
the potential energy stored within it from the brick-
maker’s kneading, only to be limited by the wooden 
mould.  Second these are the ‘preliminary operations’, 
the extracting, drying, grinding, wetting, rolling, 
kneading of the clay that prepared the material for the 
possibility of moulding. In Simondon’s account both 
sets of processes are described in minute detail, and 
we begin to think of the clay moulding in his terms 
– as a dynamic system that extends beyond the act 
of moulding itself, incorporating many other kinds of 
operation that may be social as much as physical.

20 Casting Operations:  Wall One, Chelsea Panels 
and the Description of Process

K Lloyd Thomas1

1 Newcastle University School of Architecture Planning & Landscape

The philosopher of technology Gilbert Simondon, who wrote in the 1960s and was himself greatly influenced 
by the then-new science of cybernetics,  suggested that the making of technical objects  and systems can 
sometimes insert into ‘the world of natural causes and effects’ a radically new kind of object that is a mixture 
of the human and the natural.  And in turn, in adding something new to what is already there, such an object 
might challenge already existing accounts of the world and demand that we find different ways to think 
about it.  This paper examines how the making of Wall One – an undulating fabric formwork casting that 
used a ‘jig’ that could be adjusted as the concrete was poured by the team of students who made it with 
Remo Pedreschi and Alan Chandler at the University of East London in 2004 – has become just such a kind 
of new technical object in my own explorations of material theory in architecture.

K Lloyd Thomas
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Figure 1: Specification for Elfrida Rathbone School Formwork.

Such process-oriented descriptions are often 
associated with the writing of craft techniques, and 
for a period of about 150 years, at least in the UK, they 
were also commonplace in architecture’s technical 
literatures.  Descriptions of the processes of making, 
particularly the mixing of mortars and concreted start 
to appear in architectural specifications in the early 
19th century, and by the 1960s the ‘concretor’ section 
of a standardised LCC specification for the Elfrida 
Rathbone School for the Educationally Subnormal  
runs to 15 closely-packed pages despite the fact that 
only the roofs of the two school halls were built in 
concrete. These clauses rendered the operations of 
form-taking visible at least to architects, specifiers and 
builders even if the casts they prescribed appeared 
finally to exemplify the shaping of passive matter by 
rigid dominating form.  A material that is specified 
by process is clearly something that is made.  It is 
clear that is constructed and worked and not simply 
given. It is described as subject to time and labour 
and as more than what gives presence to form. But 
the late 1960s saw a change in preference towards 
specification that ‘describes “work in place”, ie the 
finished result rather than the process of achieving it.’   
Process-based description is indeed much reduced in 
specifications today though by no means eradicated, 
but the general intention is still, as Tony Allot, a 
member of the team who developed the first National 
Building Specification, put it in 1971, ‘based on the 
belief that specification should state requirements in 
terms of ends rather than means.’

This paper, then, will concentrate on Wall One and on 
the fabric formwork concrete panels designed (also 
by Chandler and Pedreschi working with a team of 
student fabricators) for a garden at the 2009 Chelsea 
Flower Show as examples of form-taking in which the 
ends cannot be neatly delineated from the means.  It 
will ask how open-ended process-oriented fabrication 
is described, and what techniques of prescription 
are developed outside the normative techniques 
of specifying ‘work in place’.  Where Wall One was 
fabricated on site and remained within a school 
of architecture, the Chelsea panels was designed 

according to the garden designer’s sketches,   made 
off site, transported, and erected in a public space, 
subject to approvals.  The paper will explore the 
extent to which were these forces incorporated into 
the operations of form-taking and how might they 
also be understood as part of the ‘jig’ that shaped 
and determined the outcome.  Other examples of 
the instructions developed for flexible formwork 
construction presented at the ICFF2012 are expected 
also to expand the possibilities for describing and 
recognising form-taking as a series of operations.

Figure 2: Construction Sketches for Wall One (Alan Chandler)

Figure 3: Sketch for the Chelsea Flower Show Fabric 
Formwork (Remo Pedreschi)
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1  Introduction

Fabric formwork is a formwork technology 
for concrete. This paper presents methodology 
and concepts developed in the author’s doctoral 
dissertation and it contains four parts: An introduction 
to the methodology of the experimental tectonic 
practice and a presentation of a categorization 
of experimental data; the discussion of theories 
and concepts for analysing the experimental data; 
the discussion of the newly coined concept of 
Stereogeneous construction in practical examples; 
and finally, the discussion of details of fabric-forming 
as growing a new vocabulary for Stereogeneous 
construction. 

The dissertation on which this paper is based 
grounds itself practically and conceptually within 
a scope defined by notions and properties of 
concrete, formwork, and textiles (Manelius 2012). 
Within this framework it is the general aim to locate 

architectural potentials of fabric formwork with regard 
to the materials, the principles, and the expression of 
construction.

2  Experimental data

The nature of the research discussed in this 
paper is inspired by methodologies developed at the 
Fabric Formwork Programme at Edinburgh School of 
Architecture and Landscape Architecture (ESALA), 
where five-week courses are organized and taught by 
professor Remo Pedreschi, and the CAST, the Centre 
for Architectural Structures and Technology at the 
University of Manitoba headed by Prof. Mark West. 
In line with the former, workshops with students are 
held to develop, through making, new construction 
principles for fabric-formed concrete. The workshops 
assignment also includes the production of a report. 
(Figure 1). Learning from the CAST come initial tests 
with small plaster models as well as the production of 
‘full-scale’ concrete objects. 

21 Stereogeneous Construction – fabric-formed 
concrete as material and process

A-M Manelius1

1 The Royal Danish Academy of Fine Arts, Schools of Architecture, Design, and Conservation, School of 
Architecture (RDAFASA), Center for Industrialized Architecture (CINARK).

This paper contributes to studies of architectural potentials of fabric formwork for concrete by seeking to 
establish a theoretical concept that evaluates qualities of materials and principles of construction as well 
as aspects of the expression of concrete construction. Through planning and teaching workshops with 
students, categorizing and interpreting experimental data, and reflecting and communicating knowledge, 
the concept Stereogeneity developed as a response to questions about the nature of concrete cast in fabric 
forms and the relation between the moulded and the mold. The word describes concrete as material and 
process. Fabric Formwork is the pivotal formwork-tectonic topic of investigation in the experimental and 
analytical parts of the thesis work on which this paper is based. The youth of the architectural application 
of construction methods for fabric formwork for concrete means, however, that a discussion of the qualities 
of formwork principles and construction procedures have yet to be combined with the expression of 
construction to discuss the unseen potentials for making architectural space and place in architectural 
concrete constructions. The paper discusses experimental, practical and analytical investigations of fabric-
formed concrete and the core formwork-tectonic elements of its making.

A-M Manelius
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The ‘results’ of all the workshops are full-scale 
concrete objects. Sets of experimental data for the 
series of TEK1 workshops is the compilation of the 
concrete objects and reports by the makers consisting 
of the documentation of the process in selected 
drawings, reflective or descriptive writing as well as 
photos of procedures, models, formwork structures, 
and final material objects.

The sequence of model-making is important because 
formwork principle that are successful or fail behave 
identically in the small plaster models as in the full-
scale. All models can thus be said to be 1:1 and at 
full scale. That said, learning from large pours, many 
times heavier than the makers, is different and may in 
full illustrate benefits from a workmanship of risk (Pye 
1995)that may be overlooked in small physical models 
but a general mind set that also may be transferred to 
other medias of testing; which is outside the scope of 
this paper.

3  Categorization of experimental data

An initial comparison of experimental data is laid 
out through a series of categorizations of concrete 
types (Figure 2) and formwork principles that includes 
types of framing (Rigid back, frame, vertical, rig), 
the structural role of the textile (hung, suspended, 
connector, embraced, embracing, or other), and 
restraining principles (quilt-point/tied, or other). 

Figure 2: 
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TEK1, 2010

Erasmus, 2010

TEK1, 2011

Ambiguous Chair, 2009

Collection of experimental data developed in 
workshops and experiments for the thesis. Squares represent 
an experiment. Dots mark analytical cases.

Concrete objects are described according to their 
form, although the objects are explained in terms 
of process (Chandler & Pedreschi 2007, p.24). The 
dissertation expands this practice and includes series 
of qualitative analyses that investigate and interpret 
the process of the becoming of concrete objects 
through the role of significant formwork elements: 
frame, form tie, and textile. This includes an analysis 
of rhetorical and practical aspects of technology and 
the relationships between ideas, processes, and 
materiality.

4  Architectural concrete and moulds

Concrete must be understood in relation to the 
mold that gives it shape.(Collins 2004, p.xxxv) The 
words mold, formwork, shuttering, and falsework can 
all be defined as temporary-to-permanent structure 
used to contain or support concrete and thus mold it 
into the required dimensions until it is able to support 
itself. 

Since the concrete mold is basically a constructed 
space to be filled with concrete, the general 
development of a theory of formwork tectonics is 
based on the notions and principles for all possible 

Figure 1: 
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materials to create such formwork structures, 
including the tectonic possibilities for linear boards 
and flat surfaces, principles of creating the mold 
by removing material from a block, or creating an 
interior space by adding or piling material to become 
falsework.

Detailed technical aspects of the concrete mix and the 
reinforcement principles are not in focus in this paper, 
and what fills the formwork is roughly categorized as 
the concrete mix and reinforcement. 

The definition of the architectural understanding of 
forming and moulding reinforced concrete structures 
can be summarized in a definition of ‘architectural 
concrete’ that distinguishes between what is 
hardening inside the mold, and what defines its form.  

Figure 3: 

SURFACE

FORM

REINFORCEMENT

LARGE AGGREGATE

SMALL AGGREGATE

Handful of parameters that each allows for thinking 
and making concrete structure, forms or surfaces.

An understanding of concrete as an architectural 
material is illustrated (Figure 3) conceptualized as a 
handful of parameters that includes the materials that 
fill the mold as well as the materials and surfaces that 
define the mold. Such a model allows qualities or 
properties of each of the ‘fingers’ to be considered 
as a generator of sculptural form, surface tactility, and 
efficiency in relation to structure or construction.

5  Concrete-ness

An essay by the American art critic and poet Peter 
Schjeldahl describes the intrinsic dichotomy between 
fluid and solid characteristics of concrete.

“Concrete is the most careless, promiscuous 

stuff until it is committed, when it becomes 
fanatically adamant. Liquid rock, concrete is 
born under a sign of paradox and does not care 
[…]

Concrete hardens in the shape of whatever 
container received its flow, its momentary 
sensual abandon in thoughtless submission 
to half-loved gravity. Once it has set, what 
a difference! Concrete becomes adamant, 
fanatical, a Puritan, a rock, Robespierre – the 
divinity! – of the shape it comprises, be the shape 
a glopped heap on the ground or a concert hall, 
ridiculous or sublime.” (1994, p.196–98)

This critique of the ‘promiscuous’ fresh concrete 
and the ‘fanatical’ cured concrete is simultaneously 
a critique of the maker of the moulds. Builders and 
scientist consider concrete as a process, an opinion, 
which is shared by the British architectural historian 
Adrian Forty. 

”The uncertainty that is such a feature of 
the aesthetics of concrete undoubtedly has 
something to do with its common, but mistaken, 
designation as a material. Concrete, let us be 
clear, is not a material, it is a process: concrete 
is made from sand and gravel and cement – 
but sand and gravel and cement do not make 
concrete; it is the ingredient of human labour 
that produces concrete.”(2006, p.35)

As an architectural material, however, concrete 
cannot be seen merely as a process; once cured 
concrete structures are solid and durable. The tactility, 
temperature and acoustics of concrete architectural 
spaces can be experienced with all senses. Concrete 
is simply concrete, a solid material or a structure, 
and at the same time the manifestation of processes 
of becoming. In order to discuss the architectural 
potentials of fabric formwork for concrete, it is 
useful to define further this concept of the duality of 
architectural concrete as material and process since 
the formwork-tectonic principles and procedures are 
especially present in concrete cast in a flexible mold.

6  Stereogeneity

Schjeldahl’s use of the word concrete-ness is 
descriptive of the general conditions of liquid and 
solid concrete as a material for casting. However the 
term lacks rhetorical nuances; and using concrete-
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ness would be similar to using a term like clay-ness 
for masonry architecture. Schjeldahl emphasizes this 
lack of qualitative aspects of his view on concrete 
when he describes his confrontation and fascination 
with concrete sculptures by the artist Scott Burton:

“My eye and mind leap to the object to grasp it, 
then my grasp comes away, slipping from the 
object. My grasp brings away abstract qualities: 
purity of intention, ideality of conception, 
perfection of follow-through. It is a wonder to 
me in that moment that the concrete-ness left 
behind doesn’t literally crumble.(1994, p.200)

To Schjeldahl the qualities of the concrete sculpture 
have little to do with concrete and everything to do 
with the craftsmanship and the artist’s eye. In this 
way Schjeldahl would agree with Forty who finds it 
difficult to apply to concrete “Martin Heidegger’s 
notion that a work of architecture is the ’bringing 
forth’ of the immanent properties of stone and metal 
that lie dormant in the ground […] what, if anything, 
is ’brought forth’ in concrete is human invention 
and skill.”(Forty 2006, p.35). This view neglects the 
notion of techné, which contains technical aspects of 
craftsmen’s activities but also is the name for the arts 
of the mind and the fine arts in ancient thinking. It is in 
this way that something poetic is ‘brought forth’.

With kind assistance from the Greek author Iosif 
Alygizakis the author has coined a word, which 
attempts to embrace the duality of, on the one hand 
the experienced, sensed qualities of a cured concrete 
structure as material and, on the other hand, those 
almost metaphysical traces of becoming that may 
be the most poetic feature of concrete. The term 
stereogeneity is created from two Greek words: the 
adjective stereo, solid, and genés, derived from the 
verb ginomai, the procedure of becoming or to begin 
to be.  Cured concrete then is Stereogeneous; it is 
solid but, as the word indicates, has become solid 
through a number of processes beginning with a 
liquid state. The suggested definition of stereogeneity 
is suggested as “the expressed manifestation into 
solid material form of a series of conditions, from the 
construing and construction of structural formwork 
principles, and concreting”. (Figure 4)

Figure 4: 

Formwork
principles
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A specific expressed Stereogeneous quality can 
occur for concrete when the careful development of formwork 
principles and the procedures and materials of construction 
and concreting overlap.

These procedures of becoming include processes of 
chemistry and statics; the chemical processes within 
the concrete mix when cement reacts to water and the 
formwork statics as the form is filled with concrete. 
Both are the results of human intervention: the former 
through the design of the concrete mix, and the latter 
through the design and construction of the formwork 
tectonics.

Concrete is nothing without its process – yet it is 
definitely something during its use, something more 
than merely a structure that defines a space. The 
further unfolding of stereogeneity will attempt to 
establish a holistic view of concrete as both process 
and material and suggest that a Stereogeneous 
approach to construction by working with instrumental 
and rhetorical representation of technology, offers a 
way of revealing a poetics of concrete. 

7  Objects and Experimental Data

In a series of essays written in the late 1960s and 
early 1970s the Danish sculptor and later Professor 
at the Royal Danish Academy of Fine Arts Schools 
Willy Ørskov (1920-90) developed an epistemology 
of sculptural art named Retrospective Object Theory. 
(1999b, p.7) The object theory revolved around 
the development of a new conceptual art scene 
at the time and basically describes artistic objects 
as relations of becoming between process and 
conditions over time, and as interpretations between 
function and form. Where as Ørskov finds science to 
be a postulate he defines art as that we accept as 
being art and continues, “Art is uninteresting without 
proof but it is different for the arts than for science.” 
66  (1999a, p.63)

For the present architectural research situation, 
experimental data represents a series of conditions 
that are subject to hermeneutical interest. The 
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formation of these initial ideas, processes and 
stereogeneity can be defined as conditions in the 
development or becoming of architectural concrete 
objects. The experimental data is understood in 
several ways:

• Documentation of a series of conditions between 
rhetorical aspects of construings of the concrete 
and the formwork structure,

• Technical aspects in regard to the techniques and 
materials used for constructing it, and

• The resulting concrete structure, with its 
stereogeneity presence.

8  Two applications of tectonic

To look at the stereogeneous concept in relation 
to this model, two applications of the concept of 
tectonic are present in the paper. One application 
deals with the relation between parts and whole in the 
‘art of joining’ in the fabric formwork structures. This 
concept of formwork tectonics seems pragmatic in 
the practice of making. This definition of tectonic is 
however also close to the use in Danish of the word 
structure, derived from Latin struere, to pile up. The 
German architect Mies van der Rohe (1886 – 1969) 
defined structure in architecture as a philosophical 
concept: ’The whole, from top to bottom, to the last 
detail, with the same ideas.’* (Mies van der Rohe 
& Carter 1999, p.9) He saw structural order as a 
condition where ‘form becomes a consequence of 
structure and not the reason for the construction.’ 
The other use of the tectonic in the dissertation is 
present in analytical studies of fabric formed concrete 
objects. Here, stereogeneity is used for concrete as 
specific elaboration of Sekler’s model of structure, 
construction, tectonics. The linkage is thus close 
between the Danish use of structure and the use by 
the Germanic roots of the German van der Rohe and 
the Austrian Sekler.

Concrete structures can be described in terms of 
their measurable performance within the parameters 
of structural engineering, or as material and spatial 
phenomena. The Finnish architect and theorist 
Juhani Pallasmaa thus describes how tactility can be 
experienced with the sense of touch where “the skin 
reads the texture, weight, density and temperature 
of matter”(2005, p.56). To study traces of formwork 
tectonics in the concrete object is an endeavour 

that is preconditioned by in-depth knowledge of the 
material principles and notions of formwork tectonics.

Figure 5: Left, the charred interior of Bruder Klaus Chapel 
(Peter Zumthor). Right, detail of bleeding concrete at Salk 
Institute (Louis Kahn)

9  Stereogeneous examples

9.1 Stereogeneous space

The small Brother Claus Field Chapel  (2006) by 
the Swiss architect Peter Zumthor (1943) clearly 
displays conditions of Stereogeneous architecture, 
in which a prominent feature is the expression of 
processes of the rhetorical and technical becoming 
of space and structure (Figure 5, left).  The following 
is a fairly instrumental, almost archeological reading 
and interpretation of traces and of the technical and 
technological roles of formwork tectonics. 

The architectural space is created from basic spatial 
as well as structural principles of erecting a teepee-
like structure of wooden rafters. This structure is 
then turned into a cave-like monolith, as the teepee-
falsework is covered in layered pours or, more 
accurately, sections of rammed ‘earth-dry’ concrete.

The dry concrete surface reveals the aggregate stones 
on the exterior of the chapel; the lines between the 
50cm layers reveal the processes of ramming. Holes 
penetrating the wall appear as symbolic traces of the 
sliding formwork method of pisé construction. They 
are emphasized with small pieces of glass.

A striking aspect of the stereogeneity of the project 
is the charred interior. The wooden rafters have a 
Stereogeneous consistency in the assembly and 
curvature of the individual wooden elements. The 
removal of the interior space-defining wooden 
falsework is revealed to the senses through the visual 
evidence of the black walls and the accompanying 
faint smell of burned wood from the smouldering fire, 
which consumed the falsework over a period of three 
weeks.
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9.2 Stereogeneous structure

The seminal building for the laboratories of the 
Salk Institute (1959-66) by the American architect 
Louis Kahn (1901-74) displays sensibility toward the 
Stereogeneous potentials of formwork tectonics. 
Kahn’s expressive approach includes careful 
planning to control and emphasize the processes of 
construction: Kahn’s office produced hundreds of 
drawings defining the precise sizes and positions of all 
formwork sheets and form-ties; V-shaped protrusions 
articulate joints between formwork sheets (McCarter 
2005, p.197–98) (see Figure 5, right).

Kahn describes a detail of construction “All the 
forms are made out of four by twelve plywood, and 
at the joints the concrete bleeds out. This gives 
the opportunity for the concrete to be relaxed in its 
forming itself; not to be restrained in any way at the 
points where it cannot be restrained. Allowing it to 
go through actually perfected the concrete at the 
joints…”(1991, p.216)

Specifications indicated the height that each stage 
of concrete pours should reach; formwork sheets 
were coated for a smooth surface; Kahn achieved 
a warmer gray coloured concrete by adding a small 
amount of pozzolana to the mix. The precision of the 
formwork construction is contrasted by the lack of 
post-treatment of the concrete surfaces after pours; 
only the tie-holes were filled with lead plugs.

Kahn later stated, “You must really know the nature of 
concrete, what concrete really strives to be. Concrete 
really wants to be granite but can’t quite manage. 
Reinforcement rods are the play of a marvellous secret 
worker that makes this so called molten stone appear 
wonderfully capable – a product of the mind.”(1991, 
p.288) 

9.3 Stereogeneous surface

The ‘elephant skin’ was originally a Stereogeneous 
consequence of the experimental use of materials 
used as slip-agents for early ‘tilt-wall’ construction 
of concrete wall elements for Rudolph Schindler’s 
Own House in West Hollywood (1921). More than 
eighty years later, the French architect Jean Nouvel 
applied the surface effect as decoration of the foyer 
of the Danish Broadcasting Corporation’s Concert 
Hall (2006). Here, a form-lining membrane placed in 

rigid formwork wrinkles and add shine to the exposed 
concrete interiors of the building.

Despite the solely decorative function of the formliner, 
the example contains an interesting aspect for a 
Stereogeneous reading. The surface principle of the 
‘elephant skin’ itself is evidently cast in plastic. The 
technique has been used on the in situ as well as the 
prefabricated elements in the foyer; the deformation 
of the membrane sheet inside the formwork varies 
greatly between the concrete walls cast vertically, in 
situ, and the concrete wall elements cast on horizontal 
surfaces as prefabricated slabs. 

The surfaces of the walls cast in situ all show vertical 
wrinkles and lines caused by – and in this regard 
indicating – a vertical pour. (Figure 6, left) The surfaces 
of the walls cast horizontally instead display how the 
form liner was placed before the pour. In this way, the 
oversized form liner has the intended smooth wrinkle 
effect but also enhances the expressed geneity of 
the concrete walls. This aspect of stereogeneity 
points directly to aspects of membranes used in 
concrete construction as either formliners, but more 
interestingly as formwork, namely the enhanced 
expression of construction in prefabricated elements.

Figure 6: Left, Elephant skin cast vertically against a plastic 
formliner (Jean Nouvel). Right, Gate House (Philip Johnson)

9.4 Stereogeneous form and textile thinking

The previous examples have expressed the geneity 
of concrete form, structure, and surface constructed 
over distinct falsework or formwork and displaying 
a careful attention to the pour and ramming. The 
visitors’ centre, the Gate House, in New Canaan, 
Massachusetts (1995) by the American architect 
Philip Johnson (1906-2005) expands the structural 
role of reinforcement of concrete after construction to 
include an important role of ‘reinforcing’ the formwork 
during construction. (Figure 6, right)
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The shape of the walls was constructed like a jigsaw 
puzzle with pieces of rigid polyurethane insulation 
boards. On each side of the PUR boards, reinforcement 
mesh is mounted as a sandwich construction around 
the permanent formwork; layers of shotcrete then 
protect the reinforcement. Just like plastering, the first 
layer of sprayed concrete stiffened the assembly of 
interior panels and enabled most of the templates and 
the scaffolding to be removed. The second layer of 
concrete gave the wall the necessary thickness and 
provided the necessary cover to the reinforcement.

Of this reversal of elements of forming and constructing 
concrete, the Swiss architect and scholar Andrea 
Deplazes has stated:

“The outcome of this reversal, in which the 
formwork is suddenly on the inside, is an 
apparently monolithic, thin-wall concrete shell. 
This method of construction in which the design 
can be manipulated during the building process 
renders possible the dream of plastically 
deformable, insulated concrete.” (2010, p.140)

The basic principle is related to some of the original 
ways of construction using spatial lattice works and 
making the structure rigid with clay. To Deplazes, 
this method of construction, with the use of two 
material conditions, rhetorically ‘releases’ concrete 
from its formwork; using flexible but relatively stable 
reinforcement mesh and fixing the structural shape 
with shotcrete “implies the possibility of a free, 
biomorphic workability of reinforced concrete – 
comparable to the process of modelling a lump of clay 
in the hand.”67 (2010, p.59)

The inner forming and structuring structure leaves no 
Stereogeneous traces from a pour, a filling procedure. 
The layers of sprayed concrete literally add degrees 
of sculpting and surfacing to the inner structural and 
insulating core. This example and Deplazes’ dream 
illustrate the a suggestion from the author to develop 
a notion of formwork tectonics based on minimizing 
the number of formwork elements without a dual-
sided technological role and an maximization of the 
roles of existing formwork elements. Instrumentally, 
the blocks of insulation and the reinforcement mesh 
for shotcrete structures have achieved a structural 
role as permanent formwork. The notion of the interior 
formwork adds layers of rhetorical significance to 
these forming agents. 

 In this regard it is also an example of textile 
Stereogeneous thinking that is comparable to the 
thinking of the Austrian artist Friederich Kiesler (1890-
1965), who similarly conceived and constructed 
seamless spaces in his visions of the Endless 
House. The built models for the floating spaces were 
developed from a structural and formgiving core 
through the properties of a pliable metal mesh that 
was later covered and rigidized with plaster (Figure 7). 
(Bogner 1997)

Figure 7: Frederick Kiesler working with mesh

10  Textiles as surface, structure, and 
symbol

As a supplement to an emphasis made on the role of 
textile surfaces in the family of fabric construction, i.e. 
tensile and pneumatic structures as well as the form-
finding methods of Heinz Isler, (Chandler & Pedreschi 
2007, p.7) the following is a discussion of textiles as 
architectural elements: as spatial element and symbol. 
In this regard the study of textiles in fabric-forming 
enter the emerging and broad-spectrum discussion of 
the ‘textilization’ of architecture (Garcia 2006).

10.1 Gottfried Semper and textiles to cover and 
to bind

According to Gottfried Semper, textile is the most 
important system of material units. Its attributes are 
pliability, suppleness, and textiles are used 1) To 
string and to bind; and 2) To cover, to protect, and to 
enclose. (2004, p.116). There are thus technical and 
spatial qualities associated with textiles. Regarding 
the latter,S his studies of the development of tent 
structures Semper found the separation of the space 
defining textile skin from the load bearing structures 
to indicate the origins of architectural space. Textile 
became the primordial architectural element and the 
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notion of the dressed structure has since then been an 
important decorative concept in western architecture.

In Style, Semper continues to dig into the origins of 
textile principles and techniques and he locates the 
textile seams to be the origin for any emphasis or 
concealment of joint parts, i.e. “The principle of making 
a virtue out of necessity” (2004, p.154). Similarly, the 
knot is acclaimed to be among the earliest technical 
symbols, and the net is a series of knots (2004, p.220).

10.2 Semperian terms for fabric forming

Semper’s concept of textiles as technical and 
symbolic origins of architecture can assist a very 
direct reading of fabric-formed concrete. The notion 
of tailor-made fabric formwork is thus elaborated in 
practice with the coinage of the term rigid seams 
for the mechanical closure of formwork. The Sinus 
Column (by CAST at RDAFASA 2007) shows this 
detail (Figures 8-9).

Figure 8: Preparation at the RDAFASA of the sinus-shaped 
‘rigid seam’ by member of CAST

Figure 9: ‘Making a virtue out of the necessary’, Images of 
concrete column cast in the formwork above.

11  Fabric-formed caution

The Sinus Column is one among three columns 
constructed at RDAFASA, planned and led by 
members of CAST, and assisted by the author 
and an industrial concreter from E. Pihl & Son. 
Miscommunication and inexperience, on the Danish 
part, generated a situation, which illustrates how the 
direct relation between construction and expression 
in fabric formwork also has disadvantages. 

The fabric formwork tube for the column proved to 
be too short and five-centimeter gap between the 
foundation and the formwork would cause leakage of 
the thin self-compacting concrete that was ordered 
for the pour. Instead of following the textile logic 
of the formwork principle and simply adding extra 
centimeters to the bottom of the formwork tube, 
a more traditional solution was applied. Rings of 
plywood was cut and placed on the foundation to 
minimize the gap. (Figure 10). During the pour, the 
ring moved and caused the formwork to shift in the 
process. Now the formwork tube was no longer vertical 
and the fresh concrete and fabric self-organized into 
a new equilibrium. The stereogeneity of the structure 
is clearly expressed as a sagging column (Figure.11).

Figure 10: Disks placed on the foundation to minimize gap 
under formwork tube. 

Figure 11: ‘Pinch’ ornaments were aligned prior to pour. The 
view down the side of the concrete column indicates the 
sagging.
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12  Form ties

Mark West has, in numerous lectures, referred 
to the impacto as the shape and mark on a fabric-
formed concrete surface made from a form tie. In 
the discussion of a Stereogeneous construction, 
two things come to mind. Technically, the formtie 
is a restraining devise. The restrictive definition of 
the word restrain in the dictionary is holding back, 
keeping under control, confining is, however, reason 
to use another term in the analytical pursuit of locating 
rhetorical qualities in relation to the technical role of 
the clamp of keeping the formwork under control. 

In the context of formwork, the verb to tie has a similar 
technical definition to restraint: to bind, fasten, restrict; 
the act of tying a bow also indicates forming. This 
aspect adds possibilities to the technical role of the 
clamp; the form tie thus potentially ties the formwork 
and gives it form in a literal and a metaphorical sense.

The form tie links literal and symbolic ‘tying form’, and 
as an easily understandable notion it can become a 
distinctive strategic design tool in the kit of formwork-
tectonic parts. The notion of a Stereogeneous mindset 
describes a practice of carefully construing a concrete 
structure and architectural space by considering its 
becoming, it’s the principles of formwork tectonics.

12.1 Towards the origins of concreting

A Stereogeneous thinking is a radical approach 
because it ‘goes to the roots’ of pouring concrete. 
Radical as an adjective has a dictionary definition 
as “of or relating to the root, source or origin.” Used 
in this way, the word ‘radical’ also describes fabric 
formwork. For fabric formwork the technical and 
rhetorical meaning of tying form simply overlaps to an 
extent that unites the Semperian knot as the oldest 
technical symbol with Frascari’s focus on the joint as 
the generator of architectural meaning.

This suggestion is far from subtle, but neither is the 
mediating role of the form tie in the contrasting material 
dialogue between poured concrete and textile form. 

It should be clear here that the role of the form tie 
is different from the textile and the concrete, which 
both have properties that remain the same within the 
material group that they belong to.  

One is reminded of Richard Sennett’s book about 
the Craftsman and the three incentives he poses of 

the craftsman for entering into change of practice: 
metamorphosis, presence, and anthropomorphosis. 
Going towards the roots, toward an origin of casting 
as a craft, points to the fluid origins of concrete and 
to the craftsman’s fascination with its metamorphosis. 
However, the form tie in Stereogeneous thinking is 
based on the significance of the Semperian knot as a 
technical symbol and points directly to the notion of 
form-making by the hand of the maker, not necessarily 
to an expression of the fluid origins of concrete. 
Richard Sennett’s understanding of presence, the 
mark of the maker, originates from an actual stamp 
used in brick-making, “fecit”: “I made this,” “I am 
present in this work.” (Sennett 2009, p.130). (Figure 
12).

Figure 12: Form tie and impactos on the Clamp Wall, 
RDAFASA, student work, TEK1 2009 

Using the form tie as impacto and block-out points 
to a particular articulation of the joint on a technical 
as well as a rhetorical level. In the context of this 
thesis, the concept of the maker includes the 
designer and the builder. When the form tie takes on 
important technological roles, its articulated design 
and careful detailing require accuracy and attention 
from the builder. At the same time, these points and 
their Stereogeneous consequence may enhance the 
enjoyment of construction for the builders compared 
with the more neutral formal consequences of the 
builders’ work.

The many nuances of the design and functionalities of 
the form tie and its direct Stereogeneous consequence 
as a formwork element make it an architectural notion 
in a wider sense. The form tie is highly articulated 
and adorned in fabric formwork, but its dual-sided 
technological role allows it to be considered for 
other formwork principles as well, and thus a general 
Stereogeneous thinking for developing the form and 
structure of a wall cast in situ could begin by working 
through the notion of the form tie, exactly because the 
form tie is a fundamental formwork element for in situ 
construction. 
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13  Stencil frame

Where as the Impacto indicates a stamp or 
restraining of material, the opposite is the case for 
the stencil frame, coined by the author. A stencil is 
a cutout in a rigid sheet that masks the application 
of paint in stencil art. In fabric formwork the stencil 
frame restricts fabric from deflecting under the weight 
of fresh concrete. More importantly, the cutout allows 
the fabric mold to release itself through the specific 
geometry.

13.1 Stencil frame used for beam

This technical principle can be seen in for example 
in the development of a construction method for the 
Fabric-Formed Form-Efficient Beam (Sang-Hoon Lee 
2010). Here, the frame (named soffit-formwork by 
Sang-Hoon Lee) is at first a hole cut out of a plywood 
sheet. In the development of the method, this stencil 
frame is developed with a topological surface and 
also with a different cutout. (See Figure 13)

Figure 13: 
Beam type 1 Type 2 Type 3 Sheet Frame type 1 Type 2 Type 3

Three types of form-efficient beam, and the 
evolution of the frame for its making. Rendering left courtesy 
of Daniel Sang-Hoon Lee.

13.2 Stencil frame used for column

The Branching Column by CAST is a vertical 
construction of a Y-shaped column cast into two 
symmetrical stencil frames. (Figure 14).

Figure 14: Stencil frame, fabric, and the Branching Column, 
images courtesy of CAST.

13.3 Stencil frame used as ornament

Student work at RDAFASA applies the stencil 
frame technique to make a decorative detail in a 
concrete paraphrase of a bench, typical for the city of 
Copenhagen (Figure 15).

Figure 15: Copenhagen Bench and the fabric formed 
paraphrase, RDAFASA, student work, TEK1 2011.

14  Ambivalent traces of origins

It is not in all concrete objects in which traces of 
becoming tell the tale of its formwork materials. This 
may lead to points where it is difficult to decipher the 
becoming of the concrete solid. In such a situation, 
stereogeneity is left as vague traces of conditions 
between structural principles, and processes and 
materials of construction. 

The question arises if stereogeneity bound to a 
liquid origin? The immediate response is yes, but 
how liquid is liquid? Zumthor’s Bruder Klaus chapel 
cast in rammed in earth dry concrete still have a 
Stereogeneous nature. Perhaps then, the concept is 
more bound to a hardening nature of concrete or it 
may in some cases be closer connected to conditions 
of becoming? Thin-shell concrete elements produced 
at CAST display the ambivalent relationship between, 
on one hand, the manipulated and draped self 
organization of wrinkles and curvature in textiles under 
a uniform load, and on the other hand, the behaviour 
of double-curved rigid shells. 

The stereogeneity of prefabricated elements is difficult 
to grasp beyond the fact that a mold was constructed 
to shape the fresh concrete. This is also the case 
with the thin concrete shell cast off the fabric-formed 
rigid mold at CAST (Figure 16). Here the shape of the 
concrete element indicates its textile origin. It is a 
concretization of textiles. in regard to the architectural 
potential of fabric formwork, this reading suggests that 
the rigidization of textile structures can be achieved 



icff2012Stereogeneous Construction – fabric-formed concrete as material and process

234

in a spectrum of materials. It also suggests how the 
formal traces of formwork can in fact be more present 
than the concrete material.

Figure 16: Thin concrete shell cast from fabric formed rigid 
mold, image courtesy of CAST 

This observation also appears for concrete chairs cast 
in furniture fabrics. Here the form as well as the function 
is emphasized by the use of fabrics as formwork. The 
concrete surface, however, has such direct transfer 
of pattern and texture that the heavy concrete object 
almost appears more textile than concrete (Figure 17). 
A focus on the relation between the moulded and the 
mold, as well as the concrete’s heavy chameleon-like 
ability to adapt to the hands of the maker, makes one 
remind the series of culturally loaded sculptural works 
in the 1990s by the English artist Rachel Whiteread in 
which she as formwork uses spaces within, around or 
between ordinary objects, even houses (House,1993).

Stereogeneity is bound to cast objects. The relevance 
in the development of fabric-formwork in architectural 
constructions must however see the concrete form 
and its becoming in relation to a social or structural 
function.

It is the intention with the concept of stereogeneity to 
add nuances of understanding to studies of expression 
of construction also known as tectonics. The close 
examination of traces of becoming in fabric-forming 
is however also intended to work in design practice 
when engaging in fabric-forming in architectural 
projects. As Stereogeneous way of thinking and 
incorporating formwork elements as significant details 
in doing concrete architecture cast in fabric mold, is a 
way of uniting material and process.

Figure 17: Detail of fabric-formed concrete surface of the 
Ambiguous Chair by the author
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1  Introduction

Fabric formwork is a formwork technology for 
concrete in which sheets of fabric support fresh 
concrete during construction. This paper is based on 
the author’s doctoral dissertation “Fabric Formwork 
for Concrete – Investigations into Formwork Tectonics 
and Stereogeneity in Architectural Constructions” 
(Manelius 2012). The study grounds itself empirically 
in an experimental architectural practice and data 
is achieved through the teaching of large student 
workshops as well as own experiments1.

1.1 Structures

One aim of the experimentation in workshops 
has been to achieve architectural approaches to the 
development of basic structural formwork principles 
for fabric formwork. The word structure, derived from 
Latin struere, to pile up, should here be understood 
as a concept. The German architect Mies van der 
Rohe (1886 – 1969) defined structure in architecture 

1 Inspired by the methodology of courses taught by 
Remo Pedreschi at the Edinburgh School of Architecture 
and Landscape Architecture as well as research at CAST 
(Center for Architectural Structures and Technology at the 
University of Manitoba)

as a philosophical concept: ’The whole, from top 
to bottom, to the last detail, with the same ideas.’ 
(Mies van der Rohe & Carter 1999, p.9). He saw 
structural order as a condition where ‘form becomes 
a consequence of structure and not the reason for 
the construction.’ The resulting experimental data of 
workshops, in the scope of this research, is thus a 
combination of principles, process and concrete form. 

For architectural workshops these categories of data 
can be selected in a material form: The experimental 
data from the workshops are compiled in a report form, 
produced by the participants, which Frayling describe 
as a category of research through design called action 
research, which becomes valid as research because 
processes and reflections are communicated in a 
resulting report that is compiled and contextualized 
from step-by-step studio diaries (1993, p.5)

Analytical studies of the experimental data depart 
from a twofold view on technology and the concept 
of tectonics, which will be introduced in the following.

22 Formwork Tectonics

 
A-M Manelius1

1 The Royal Danish Academy of Fine Arts, Schools of Architecture, Design, and Conservation, School of 
Architecture, Center for Industrialized Architecture

Based on the concept of techné and framed in architectural studies of tectonics and an experimental practice 
of making, this paper investigates the multiple technological roles of textiles in fabric formwork for concrete 
in four analytical studies of experimental data of the author’s doctoral dissertation Fabric Formwork for 
Concrete – Investigations into Formwork Tectonics and Stereogeneity in Architectural Constructions. In the 
paper only textile roles are discussed but it is suggested that a study of multiple technological roles of key 
formwork elements will emphasize their potential as ‘common denominators’ between architects, engineers 
and builders. Findings include textile used for the ‘textilization’ of concrete and the ‘concretization’ of textiles 
as two opposite starting points in fabric-forming. Recent research into thin-shell construction using fabric 
formwork is shown to be part of an on-going evolution of construction. Also, the paper shows new roles of 
textiles in construction as structurally embracing or embraced, as well as a number of roles associated with 
numerous properties of special-made composite textiles. 

Rhetorical and Instrumental Roles in Fabric Formwork for Concrete
A-M Manelius
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2  Technology as techné

The author of the oldest theory of architecture 
known in Western civilization, the Roman architect 
Marcus Vitruvius Pollio (ca. 80-70-15 BC), made the 
distinction between “the thing signified, and that 
which gives it its significance. That which is signified 
is the subject of which we may be speaking; and 
that which gives significance is a demonstration on 
scientific principles.”(Vitruvius 1914, bk.I, ch I)

The German philosopher Martin Heidegger explains 
the Greek roots of technology with the word 
Technikon, which relates to techné and calls attention 
to two things. One is the fact that techné is the name 
not only for the craftsman’s activities and skills but 
also for the arts of the mind and the fine arts in ancient 
thinking. Techné relates to what it meant to ‘bring 
forth’, to poïesis; it is something poetic (Heidegger 
1993a, p.312). To Heidegger, techné never means a 
kind of practical performance and it never signifies the 
action of making. “The word techne denotes rather a 
mode of knowing. To know means to have seen, in the 
widest sense of seeing, which means to apprehend 
what is present, as such. For Greek thought the 
nature of knowing consists in aletheia, that is, in the 
uncovering of beings.” (Heidegger 1993b, p.184)

The Italian architect and architectural theorist Marco 
Frascari (born 1930) refers to the double-faced role 
of technology to unify the tangible and the intangible 
of architecture: the rational aspect of technology, 
logos of techné, is the scientific construction of the 
representation of technology. Frascari refers to the 
mental and reflective representation of technology 
as the techné of logos, the construing of the 
representation of technology. (Frascari 1996, p.500)

This understanding of technology, made up of two 
components as it is, offers a simultaneous reading 
of mental and reflective aspects, construings, and 
of manual and operative aspects, constructions 
of empirical data in an experimental architectural 
research practice. In practice, symbolic and literal 
aspects of technology overlap in architecture. As 
argued by the Scottish architect and scholar Alan 
Colquhoun, this overlap is caused by the discrepancy 
between the logic of forms on a metaphorical level 
that is not necessarily the same as the one that comes 
into play in construction (Colquhoun 2007, p.267).

3  Details as architectural signifiers in 
experimental data

Marco Frascari argues that the architectural detail 
“expresses the process of signification; that is, the 
attaching of meanings to man-produced objects. The 
details are then the locii where knowledge is of an 
order in which the mind finds its own working, that is, 
logos.” (1996, p.500)

This focus on details as signifiers in architectural 
production frames key elements of this paper. 
Experimental data constitutes the material evidence 
of condensed architectural production during 
experimental workshops; both the constructed 
formwork principles and the concrete results can be 
considered details in Frascari’s sense.

In the categorization of structural typologies of 
concrete objects and formwork structures for more 
than 40 experiments performed by students or the 
author, the frame, the form tie, and the textile are 
considered the core elements of fabric formwork. 
Analytical studies of the experimental data are thus 
the simultaneous a study of detailing in formwork 
structures and, as Frascari argues, of the minimal 
units of signification in the architectural production of 
meanings.(1996, p.501).

4  Concept of tectonics

The concept of tectonics was introduced in 
architectural discourse in the middle of the 19th 
century, at the onset of the Industrial revolution. 
A preoccupation with art-historical, almost 
anthropological search for the origins of architecture 
framed the theoretical work by the German architect 
and theorist Gottfried Semper (1803-1879). His 
writings face the challenge about the construction 
and style of architecture raised by the arrival new 
tools and techniques and thus requiring a new way of 
thinking and doing.

Especially relevant are the overlapping classifications 
of raw materials and procedures that are introduced in 
Semper’s seminal book: Der Stil in Den Technischen 
Und Tektonischen Künsten: Bd. Die Textile Kunst 
Für Sich Betrachtet Und in Beziehung Zur Baukunst 
(‘Style in the Technical and Tectonic Arts; or, Practical 
Aesthetics: A Handbook for Technicians, Artists, and 
Friends of the Arts’) (Semper 1860/2004). Semper 
classifies raw materials of the technical arts into 
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four categories and states that they, as well as their 
corresponding procedures should be understood 
in the widest sense. There are thus not ‘true’ 
expressions lying dormant within a material but the 
expression of a material will always be connected to 
the available technology. Materials and procedures 
overlap depending on the treatment and use of the 
materials and tectonic materials, such as wood and 
steel, can thus be combined with textile procedures 
into for example lattice works, as summarized in the 
table (Fig. 1) (2004, pp.109–110). 

Figure 1: A summary of Gottfried Semper’s Classification of 
the Technical Arts into definitions of raw materials and their 
corresponding ‘artistic activities’ (procedure). Each division 
should be taken in its broadest sense

Raw Material Procedure

Pliable, tough, resistant to 

tearing

Textile

Soft, ‘plastic’, easily formed, 

hardens

Ceramics

Stick-shaped, elastic, 

resistant to forces working 

along length

Tectonics (carpentry)

Strong, densley aggregated, 

resistant to compression

Stereotomy (masonry, and 

so on)

The etymology of the word tectonic is related to the 
tekton, the art of carpentry, which is also the field that 
restricts Semper’s classification of the word.

The British architect, critic and historian Kenneth 
Frampton (born 1930) framed the reintroduction of 
the concept of tectonics to architectural theoretical 
discourse in his essay ‘Rappel à l’Ordre -The Case for 
the Tectonic’. Here he summarizes the development 
of the concept of the tectonic:

 “From its conscious emergence in the middle of 
the nineteenth century with the writings of Karl 
Bötticher and Gottfried Semper, the term not 
only indicates a structural and material probity 
but also a poetics of construction, as this may 
be practiced in architecture and the related 
arts.” (2002, p.93)

The architectural expression of intangible, structural 
principles, and the procedures and materials of 
construction was discussed by the scholar Edward 
Sekler in the essay “Structure, Construction, 

Tectonics”: “When a structural concept has found 
its implementation through construction, the visual 
result will affect us through certain expressive qualities 
which clearly have something to do with the play 
of forces and corresponding arrangement of parts 
in the building, yet cannot be described in terms of 
construction and structure alone. For these qualities, 
which are expressive of a relation of form to force, the 
term tectonic should be reserved.” (1965, p.89).

5  Assumptions

One characteristic of fabric-formed concrete is 
the direct relation between the composition and 
materials of formwork elements and the concrete 
form and surface. Symbolic and practical aspects 
of the formwork technology simply overlap in these 
core elements. It is a practical hypothesis in the 
paper that the study of the dual technological roles of 
specific formwork elements will emphasize a potential 
as ‘common denominators’ between architects, 
engineers and builders for the implementation in 
construction1.  

For textile the theoretical aim relates specifically to the 
categorization of textile roles in fabric formwork. The 
textile is a new formwork material. This is investigated 
in relation to the technological transfer of textile notions 
and principles to the construing and construction 
of concrete structures. The aim is to contribute 
substantially to the foundation of a theoretical, 
architectural discourse for fabric formwork. Textiles, 
in the current state of the art, have mostly been 
described in terms of natural science (Abdelgader et 
al. 2008; Veenendaal et al. 2011) or of acts of making 
architectural prototypes (Chandler 2004; West 2009). 
In the present research, understandings of the roles of 
fabric and textile overlap due to the assumption that 
fabric, used as a construction material for concrete, 
contains an inherent duality between sensed qualities, 
structural behavior, manufacture and technical use. It 
can be something ‘textile’.

5.1 Definition of fabric and textile

The word fabric is derived from: fabrica, workshop, 
and the French fabriquer, to manufacture, and 
describes a number of fabrications. The sense 

1 The PhD-project is undertaken under the Danish 
Industrial PhD Programme with contractor E. Pihl & Son, 
and schmidt hammer lassen Architects as industrial 
partners
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in English evolved via ‘manufactured material’ to 
‘textile.’(Dictionary.com  u.d.)

Where the word textile refers a general mode 
of construction, fabric is defined as a planar textile 
structure produced by interlacing yarns, fibers, or 
filaments. In the paper the two terms will be used 
about fabrics. Textile will however also be used for 
what is later defined, and referred to, as textile notions 
and textile tectonics.

Textiles in the present paper are viewed as 
surface, as structure, and as symbol. Here, a practical 
hypothesis of the dissertation proposes that a range 
of potentials are present in dual-sided textile roles 
in fabric in the construing and construction of fabric 
formed concrete structures, and that architectural 
potentials of fabric formwork lie in the understanding 
achieved through the localization and formulation of 
textile categories and textile roles. 

The hypothesis is addressed through the following 
research question: 

Based on an understanding of architectural 
technology, which and in which ways may textile 
principles transfer to concrete construction 
when used as formwork?

The following sections discuss specific roles of 
textile in four analytical case studies. The Ambiguous 
Chair and the Composite Column are experiments 
constructed by the author, and the Net Wall by 
students of the author. The Fabric-Formed Rigid Mold 
is experimental work produced by members of CAST, 
Centre of Architectural Structures and Technology at 
the University of Manitoba. 

6  The Ambiguous Chair

The Ambiguous Chair by the author is a series of 
fabric-formed objects cast in polymer concrete for an 
exhibition. Aims for the experiment include exploring 
fabric formwork as an oxymoron (Manelius 2009) 
to confuse observers by the expression of a soft-
looking chair, i.e. a ‘textilization’ of concrete. Out of 
four selected furniture fabrics that are tested, three 
are found suitable for the experiment in regard to 
transfer of the textile pattern as well as the quality 
of the concrete surface. (See figures 2-5) Between 
the construction of the fabric-formed concrete 
objects and function as an exhibited chair, the initial 
instrumental role of the formwork textiles transform 

to carry a strongly symbolic representation of textiles 
and display decorative and technical potentials of the 
manufactured textile pattern and post-treatment of 
textiles used as formwork. (Textile C and Fig. 6-7).

Figure 2: 

A B C D

Selected formwork textiles: A, thin polyester, B, 
cotton-polyester mix; C: linen with velour patches; D: Velour 
with rubber print.

Figure 3: Making the ’Test pillows’ to select formwork textiles 
with technical and decorative qualities, and Test Pillow D 
(right). Textile D displayed the least satisfactory results; the 
restraining principle with small quilt-points was selected for 
making the chairs.

Figure 4: ’Test pillows’ made, which displayed satisfactory 
results in regard to technical and decorative aspects. Also 
restraining methods were tested but these were not selected.

Figure 5: Details of ’Test pillow A’ with impacto marks from a 
wide washer, and ‘Test pillow B’, which was restrained with 
string causing formwork fabric to be caught in concrete.
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Figure 6: Formwork for two Ambiguous Chairs and detail of 
concrete surface cast in textile C with transferred textile fibers 
and pattern of formwork textile.

Figure 7: Stripping the textile C formwork off the ∂-shaped 
chair. The formwork fabric is darker where the pattern was 
glued, possibly because it was not in contact with the 
concrete mix or the color indicates traces of adhesive

Figure 8: The S-shaped and ∂-shaped Ambiguous Chair.

7  Fabric-Formed Rigid Mold from CAST

An analytical case is based on experimental data 
from from CAST (West & Araya 2009) It is part of a 
series of investigations at into corrugated structures 
obtained by tensioning and manipulating textiles in by 
hanging or in a rig. 

The Fabric-Formed Rigid Mold is a 5.4 meter-long 
prototype based on a sequence of casts. It involves 
three types of textile; A. a felted and B. coated textile 
that forms a special-made fuzzy-backed textile, 
and C. a glass fiber reinforcement textile and is the 
construction of a rigid mold and a thin concrete shell 
cast from the mold. In the first cast, a particular fabric 
is used to form a thin corrugated rigid mold. In the 
second cast, a thin concrete shell is cast from the rigid 
mold.

This example is the most complex of the experiments 
studied in this paper, as the prototype is developed 
through a sequence of several forming and 
casting procedures and not singular fabric-formed 
procedures. Furthermore, the construing of the 
formwork principle builds upon decades of artistic 
practice by Mark West and architectural research, and 
the construction of the prototype combines precision 
craftsmanship with contemporary technologies of 
concrete reinforcement, specialized textile production 
and measuring tools. 

Figure 9: Illustration of elements of the making of the Fabric-
Formed Rigid Mold, based on a photograph courtesy of 
CAST.

Findings of the study of use of the textiles suggest 
a new category of interest in the development of 
fabric-forming at CAST, namely the ‘concretization’ 
of textile properties and behavior. Also it emphasizes 
the role of the architect between self-organization of 
materials in form-finding and the subjective way of 
‘finding’ form or form-giving, i.e. the architectural and 
formal manipulation by the maker. Finally potentials 
are located for reinforcement textiles.

Figure 10: Illustration of the felted textile before application 
of concrete (left) and the application of reinforcement textile 
(right). Images courtesy of CAST
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8  Evolution of fabric-formed shells

The focus of the role of the textile in fabric- formed 
thin-shell concrete structures has developed in 
stages from inventions of construction methods by 
the Irish engineer James Hardress de Warenne Waller 
(1884-1968), whose patents and contributions to the 
development of fabric formwork as well as thin-shell 
concrete construction is (Veenendaal et al., 2011), to 
the recent formal-structural investigations at CAST. A 
discussion of the role of the textiles in the following 
examples will help categorizing a loop in material 
interest for the textile in architectural investigations of 
thin fabric- formed concrete shells. (See the table, fig 
11)

8.1 Textiles as simple mode of construction

The role of textiles in Waller’s patented Ctesiphon 
construction principle (Waller 1952) was to form 
optimized double curved geometries in a simple 
mode of construction. 

8.2 Expressive structure and heavy skin

The work of the Spanish architect Miguel Fisac 
(1913-2006) displays two approaches to the role 
of membranes as formwork, i.e. as form-giver that 
expresses structural form and as an agent to express 
a materiality. Fisac’s earliest use of concrete was for 
a thin canopy constructed for the Teacher Training 
Center in Madrid (1954-57). Here, he constructed 
thin and curved ‘flowing’ concrete canopies made 
in a mold of plaster and rope (Fernández-Galiano 
2003, pp.40–43). These studies in expressing formal-
structural lightness were later exchanged with the 
search for an expression of liquid origins. 

Fisac’s early work led to patents for Flexible Formwork, 
which he found to be a ‘real’ and ‘tactile’ way for the 
concrete to take on the properties of a smooth sheet 
of hanging plastic for concrete than were wooden 
board (Fisac 2007). A critique of this statement is the 
suggestion that the formwork tectonics of any material 
will transfer qualities to concrete that go beyond the 
fact that fresh concrete is liquid. 

The bulging presence of the concrete façade elements 
in Fisac’s late work is achieved from concrete pours 
and results in heavy elements. Mark West achieves 
the same expression of material origins and dialogue 
under construction in his sculptural work by using 

elastic textiles, for example the Carlton Bulge. The 
role of the flexible formwork for Fisac, and West’s 
sculptural practice is to soften and enhance the plastic 
expression of concrete. Recent experiments into thin 
concrete shells at CAST, such as the Fabric-Formed 
Rigid Mold, show the opposite interest. Thin layers 
of concrete are applied to textile in order to enhance 
textile wrinkling and draping properties. The practice 
involves a rigidization of textiles.

The shifting practices form a loop from the exploration 
of thin structural form; to the study of concrete 
expression or sculptural form; and onwards to an 
interest in the expression of the self-organization of 
manipulated textile. The latter marks a formal return 
to Fisac’s sculptural canopy, and a practical return to 
the ethical building practice of Waller.

Figure 11: Evolution of focus of fabric-forming for thin 
concrete shells, from Waller and Fisac to West and CAST

9  The Composite Column

The prototype by the author explores the form-
giving and structural roles of ‘embracing’ composite 
textiles in fabric formwork and is a two-meter tall 
asymmetric concrete column with faceted surfaces 
and imprints from wooden formwork boards. 

A prefabricated ‘composite wood textile’: of woven 
polypropylene is a structurally embracing jacket 
where as properties of wooden formwork boards 
signify form and concrete surface.
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Figure 12: The composite wood textile and a principle 
drawing of the embracing textile

Figure 13: Terms of details of the formwork prototype and a 
detail of form ties for the Composite Column.

Figure 14: Formwork before the pour and a detail immediately 
after the pour of the Composite Column.

Figure 15: Details of the column, and stripping the formwork 
jacket off the Composite Colummn.

The concrete structure consists of two convex 
areas separated by a concave part, the ‘waist’.  
The structural typology is a column. It has facets of 
identical dimensions and imprints on all the vertical 
surfaces, which indicates that the concrete structure 
has been cast vertically and that wooden boards had 
acted as signifiers, defining the geometric form and 
surface character of the concrete column. The waist 
in the middle of the column gives an impression of 
symmetry, but the two convex sides of the column are 
not identical. When seen from above it is obvious that 
one side is larger than the other. The angles between 
the facets vary; one side simply has one more facet 
with imprints from formwork boards. (See Fig. 12-15).

Five clamp holes appear at uneven intervals at the 
vertical ‘waist’ of the column; the holes are placed 
closer near the bottom, which illustrates the higher 
formwork pressure at the bottom. The stereogeneity of 
the column shows no indication that textiles have been 
part of the construction process. The stereogeneity of 
the column is the expressed construction of a planar 
geometry based on 10-centimeter wide wooden 
formwork boards.

10  The Net Wall

Fabric-Formed Walls was the theme of the TEK1, 
2010 concrete workshop at RDAFASA. Nine groups 
of students were assigned to construe and construct 
the formwork principle for a 2-meter high slab across 
a EuroPallet, and using a maximum of 250 liters of 
concrete for a poured.

The Net Wall is a student project, a 2-meter tall curved 
wall element. A ‘form-giving’ metal net embraces an 
inner polypropylene membrane that contains the 
poured concrete. The formwork pressure will push the 
textile through the openings of the restraining net and 
create soft-looking concrete bulges determined by the 
pattern of the net. The formwork textile is embraced 
and the formwork principle itself is composite 
because of the two layers but also because the net 
is a formwork element that lies between the main 
formwork elements, the form tie and the textile.

The specific net used for the Net Wall is a 10 x 
10-cm garden fence made of galvanized steel of 
approximately 1-mm thickness, which is widely 
available at local building supply stores in Denmark. 
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The dimensions (120 cm wide) fit the width of the 
concrete structure. 

Figure 16: Illustrations of the embraced textile/embracing-net 
formwork principle for the Net Wall and a detail of the filled 
formwork with the bulging pattern from alternate placement 
of ties.

Figure 17: Students fill the formwork for the Net Wall (left) and 
a detail of the concrete surface (right).

10.1 Design rules

The student group made two rules to guide their 
work: The forming element for the wall must only 
consist of some form of a net, and there should be 
no perforation of the formwork by bolts etc. After 
making a 1:5 plaster prototype, for which chicken 
wire was the pliable forming element that did not 
restrain the pressure of fresh plaster, the group modify 
their formwork principle and added form ties to the 
embracing net in order to keep the desired shape. In 
the constructed formwork, the net on each side of the 
formwork are thus connected, tied together with metal 
wire to resist formwork pressure of fresh concrete. 

Technically the group had now introduced clamps, 
but as they reduced the dimensions of these ties, 
increased them in numbers, and left them embedded 
in the concrete, they were eventually able to avoid the 
clamp holes that they found to be a disturbing feature 
on the concrete surface. 

The fence nets were tied together with steel wire. At 
the bottom, the formwork was tied together at each 
intersection, in this case every 10 cm. Halfway up the 
formwork, the formwork pressure will reduced so only 
every second connection was tied, thus every 20 cm.

The intention was to clip off the wire from the concrete 
surface when the fabric was stripped. By introducing 
a technical principle of tying the form, the group had 
also prepared for subtle variations in the concrete 
surface. Rhetorically, the garden fence dictated the 
overall form as well as the surface character of the 
concrete structure. The overall forming principle in 
which traces of the embracing garden fence appeared 
on the concrete surface fence would also become the 
major structural feature of the formwork. The 10 x 10 
geometry of the fencing net became an important 
factor for the form-tying principle.

10.2 Transformation of the net

In their report, the students had difficulties 
distinguishing between their formwork principle and 
the desired concrete expression; the descriptions 
overlap of a pliable net and a grid structure expressed 
on the concrete surface. Apart from confusing the 
end and the means, this indicates the direct formal 
consequence of their decisions and hence the 
changing role of the matter they were discussing. In 
this regard, it is interesting to follow this process of 
identifying the notion of the net compared to the grid. 

The students use the word grid with a variety of 
meanings and on several scales, both as a conceptual 
system and pattern and as a somewhat unarticulated 
description of a physical grate or latticework. In the 
latter case, grid appeared to mean several of these 
things. The pivotal element in their formwork principle 
is a net when it is a form-giving agent but the imprint 
of the net in the concrete surface transforms it to a 
grid. The instrumental physical formwork element 
is transferred into an understanding of a complex 
concrete surface that contains the relationship 
between the unordered ‘organic’ structure (the 
bulges) and the orderly, measurable and controlled 
structure (the square grid-pattern). The grid and the 
net form a dichotomy between rigid and soft. Grid 
can be categorized as strong, rigid and sturdy like a 
lattice or grate on a material level At the soft end of 
the dichotomy is the metal netting. Gottfried Semper 
defines the knot, and thus the (form) tie, as the oldest 
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technical symbol, and understands the net as a series 
of connected knots; (2004, p.219–20) hence the 
embracing net of the Net Wall can be categorized as 
textile: large tensile strength, individually tied knots, 
and an embedded flexibility between the knots. 

Choosing the word net to describe an embracing 
restraint system implies an apparent compromise 
between rigidity and flexibility; on one hand, the 
strength and rigidity of a grate makes it possible to 
maintain a structural form, and, on the other hand, 
the flexibility of the net enables the formal freedom 
associated with its textile nature.

An explanation of the apparent confusion in the 
student report, between the notions of the flexible 
net and the rigid grid (grate) is a transformation of 
the properties of the former to become the latter 
during the form-making and construction procedures; 
by simply tying two sheets of flexible fencing net at 
numerous points the students create a rigid sandwich 
structure. 

In conclusion to this reading we can define the 
embracing net as a ‘stiff textile’ when it acts as the 
conceptual form-giver and as a ‘soft lattice’ when it 
acts as the major structural formwork element.

Such an elaboration of the understanding of the textile 
adds to the level of textile thinking and doing in fabric 
formwork as well as to the increasing implementation 
of textiles in architecture and the architecturalization 
of textiles, the so-called architextiles (Garcia 2006)

11  Conclusions

11.1 Summary of case findings

After the introduction to theoretical concepts, 
this paper has discussed different roles of textiles in 
fabric formwork: The highly decorative and rhetorical 
roles of furniture textiles used as formwork for the 
Ambiguous Chair add to a conceptual softening of 
concrete form and expression; the composite fuzzy-
backed textile used for the Fabric-Formed Rigid Mold 
were used in a highly manipulated fabric-formed mold 
where as architectural potentials are assigned to the 
reinforcement textile which is the textile element in the 
casting from rigid mold. The CAST prototype indicates 
a new track in fabric-forming as the rigidization of 
textile properties but a revisit to historical approaches 
to fabric-formed thin-shell concrete inserts the 

prototype in an evolutionary development of textile 
foci in fabric-formed construction.

11.2 Textile technology transfer

The research question guiding the analytical studies 
presented in this paper regards the architectural 
technology transfer of textile to concrete construction. 
The roles of textiles discussed in the paper point at the 
transfer of textile principles in the three overall themes: 
materials of construction, principles of construction, 
and architectural expression of construction. The 
following discuss future work in the direction of a 
teaching based research and buildability.

11.3 Teaching-based research

The work presented in this paper has a theoretical 
path based on a practice of making. The teaching-
based research through design has provided the 
opportunity to develop and pour fullscale formwork 
structures as well as influence, by now, hundreds 
of young students to the principles and practice of 
formwork tectonics. 

This research/teaching method has the potential to 
further develop at the RDAFASA. The challenges can 
be discussed as the dilemma between researching 
through design and designing through research. The 
latter has proved challenging when the workshop 
assignment contained many parameters to be solved. 
For especially more simple assignments with the focus 
on the structural formwork principles and leaving out 
a specific functionality, it has been impressive to see 
the level of progression of the young architecture 
students who, over the course of a week develop 
and test construction principles through making. 
The challenge of gravity and the ruthless hydrostatic 
pressure of fresh poured concrete bring presence into 
studying architecture and construction. The direct 
formal consequence of fabric formwork is a very good 
‘teacher’ of the roles of details since everything shows 
on the fabric-formed concrete surface. The quick 
progress from sketch to plaster model to 1:1 concrete 
model furthermore indicates that the model is in fact 
always 1:1. For teaching and communicating the 
potential of fabric formwork as a valid alternative in 
construction the full-scale is however crucial basically 
because of its size and weight and material presence.



A-M Manelius

245

icff2012

11.4 Buildability

The Net Wall and the Composite Column are 
relevant to discuss in a context of contemporary 
industrialized concrete construction because the 
experimental work concern the dichotomy between 
formal ambitions and the pragmatic problem of 
buildability.

They are both experiments, which investigate the 
relation between form-giving and structural roles of 
fabric formwork. Their focuses overlap, as they are 
both of a composite nature divided into the formwork 
element that gives form and that which contains 
concrete. The Net Wall was formed by a form-giving 
tying system, a Semperian ‘system of knots’ that 
contains flexible properties similar to a textile, but can 
be made rigid as a sandwich construction.

The Composite Column was the prototype of a 
simple formwork system, which only consists 
of a prefabricated composite textile that, in the 
incorporation of wooden formwork planks, has 
embedded form- and surface-giving properties as 
well as bracing elements.

The two examples show how textile principles in two 
different ways can impact principles of construction 
as well as the expression of construction on concrete 
form and surfaces. The Composite Column, however, 
appears as a facetted concrete structure poured in a 
wooden form and thus hides its textile as a backing. In 
this regard, the case suggests new technical roles for 
textiles to produce irregular geometries with simple 
means

The practical future of the findings discussed in the 
present paper lies in testing whether fabric formwork 
in fact is a valid alternative in large scale, industrialized 
concrete construction or merely a very pedagogical 
learning tool in schools of architecture. This work 
is comprised in translating knowledge about the 
construction method as well as its architectural 
potentials to the actors of contemporary construction 
such as contractors and clients. 

A large Danish contractor and an architectural office 
sponsored the author’s doctoral work as industrial 
partners. Despite this close collaboration and interest 
many other factors, especially economy and tradition 
and tight time schedules in commercial projects appear 
as barriers for testing fabric formwork. However, the 

construction method has been discussed for several 
projects. It is the opinion from the industrial partners 
and the author that the ‘right circumstances’ need to 
occur. A strategic nurturing of ‘right circumstances’ 
can thus be considered an important part of the 
implementation of fabric formwork in architectural 
construction.
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1  Introduction

This Paper will describe a practice or design-led 
project that combines concrete and textiles and its 
aims and objectives.  It will outline the multiple types 
of methodologies the practice adopts with particular 
focus on the theoretical position and the specific way 
that textiles inform the concrete process. 

2  Tactility Factory Description

Tactility Factory (TF) is a collaborative part-time 
practice between two women; a textile designer and an 
architect. It evolved initially within academia but over 
the last two years TF has resided in the commercial 
world, funded by start-up grants and innovation 
awards and gradually picking up commissions and 
commercial interest. Both cofounders continue to 
straddle the occasionally incompatible worlds of 
academia and practice.

In short, Tactility Factory develops, manufactures and 
commercialises patented technologies that embed 
textiles permanently onto the surface of concrete.

The core aim and bigger vision of Tactility Factory is 
contribute to making a more humane, sensorily rich 
built environment 

The objectives, by which this aim are met, are to

• Apply textile technology, technique and thinking 
to the manufacture of hard materials

• Place architectural and design thinking at the 
heart of the fabrication process.

• Build creative, technical collaborations that lead 
to innovation.

Through such objectives Tactility Factory has evolved 
both ‘designed and well-made’ building products 
and a model of alternative practice that can be 
disseminated by creative practitioners.

Tactility Factory chose to concentrate initially on 
concrete since it is a ubiquitous, low-tech material 
yet with some negative characteristics. It is often 
perceived as a harsh, unsustainable, ‘inhuman’ 
material with many technical and structural advantages 
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but little emotional value. Many of our colleagues with 
social and/or sustainable concerns have criticized the 
work because of the use of concrete.  However, whilst 
we understand the critique, we also have sought to 
confront these issues simply because it is a globally 
understood material with mass applications. TF seeks 
instead to apply textile techniques, technologies and 
most importantly ‘textile thinking’ to address these 
social and sustainable concerns and hence expand 
the potential of concrete by turning this cold, grey, 
acoustically harsh and unappealing substance to 
something that is warm, colourful, acoustically soft 
and appealing.

It has taken Tactility Factory several years of research 
to identify and refine the correct constituent materials 
and technologies that can be used to combine textile 
and concrete manufacturing processes. The key 
technology of the resultant surfaces exists in the 
upper 2mm, where the right concrete mix (varying to 
suit the textile construction and the pattern) and the 
specifically designed textiles come together to ‘co-
form’ the surface of what we call ‘Concrete Skins’ (see 
process later in text)

The textiles are all specifically designed to be in 
concrete (see process later in text). Without concrete 
the textiles have no function or life. We have developed 
many techniques but the three combinations that have 
been commercialised to date are: Linen Concrete 
(Figure 1) , Velvet concrete (Figure 2) and Stitched 
Linen Concrete (Figure 3).  All use multi- process, 
multi-layered textiles and techniques and all require 
different concrete ‘recipes’. The results are highly 
tactile, offering what we sometimes describe as an 
‘ooh-ouch’ experience. 

 

Figure 1: Linen concrete

Figure 2: Velvet concrete
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Figure 3: Stitched Linen concrete

The surface designs come from a range of sources: 
surrounding architectural imagery in historic fanlights, 
cornices and plasterwork; ironic visual reference to 
the ‘peace walls’ of Belfast (Figure 5); historic and 
contemporary textiles; and reworkings of iconic 
designs, such as one of Pugin’s textile designs from 
1850 (Figure 6). 

The resultant ‘Concrete Skins’ (10mm thick) are robust 
yet can be manipulated in colour, pattern and form 
(flat, curved or folded). The skins can be applied onto 
existing surfaces, much like wallpaper, or they can be 
integrated into precast concrete elements such as 
atria balustrades or exposed concrete ceiling slabs 
to use in larger volume projects. Over the course of 
the research and development, we have realized that 
the Tactility Factory ‘Concrete Skins’ are of interest 
to a cement /concrete industry, which is seeking to 
develop innovative and sustainable ways to use 
concrete. One sign of this is a recent invite to clad 
the 6m high tower in red velvet concrete as part of the 
Lafarge Ecobuild ‘Cool Concrete’ Pavilion in March 
2012. 

Figure 4: Peacewalls

Figure 5: Pugin’s Veronese
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Increasingly, concrete surfaces are exposed for 
thermal mass purposes. By casting Tactility Factory 
Concrete skins onto surfaces of large-scale precast 
elements they can be visually and acoustically 
enhanced without loosing their effectiveness in 
thermal mass. (This application of TF concrete skins 
has yet to be fully tested)

3  Research Methods and Processes

Tactility Factory has had several phases of 
development over its  six year development. It calls on 
a range of research methodologies to move forward 
described in PHASE 1 – 4. 

PHASE 1. In the first phase of development 
three methodological processes were ongoing 
simultaneously

a) Design-led  creative  process: Experimentation 
with existing textiles and textile techniques 
in combination with concrete. This was very 
experimental and raw in its outcomes but we 
applied a rigorous, spread-sheet based system 
of analysis and critique to work out which results 
were most viable replicable and desirable and to 
drive forward step by step resolution.

b) Scientific  analysis: At the same time we were 
also testing yarns to see which would be most 
stable in the alkaline environment of concrete. 
This was carried out in collaboration with a textile 
chemist and funded by a small AHRC practice-
based research grant. Having decided in Phase A 
that the aesthetic we most wanted to pursue was 
more present when the fibres were natural rather 
than man-made, we concentrated the testing on 
natural fibres. The results were clear if perhaps 
predictable, protein-based fibres do not survive 
whilst cellulosic fibres do. (We do however have 
samples of cashmere in concrete that have 
survived 6 years with no apparent degradation).

c) Literature  reviews  and  precedent  studies: As 
designers we understand the power of using 
and analysing precedents as a way to move 
through and inform any design process. From 
the beginning we have been interested in the 
relationship between ‘Architecture and Textiles’ 
(See section 5) and through the process have 
evolved a new understanding of Technology (see 
Section 4) We see the work as part of existing and 
age-old relationships but in new configurations 

and work hard to define the intellectual context 
through regular literature reviews and precedent 
studies.

PHASE 2. Design-led process, supported by analysis 
and testing. 

Following the identification of characteristics of 
textiles that remained integral to concrete surface 
(Phase 1B) , the Phase 2 saw a range of textiles 
designed, manufactured and trailed specifically for 
use in concrete. This is unique work and hence there 
were no precedents to follow. In this phase there is 
simply a LOT of trial and error. 

Concrete: The concrete element is relatively easy. We 
developed ‘face’ mixes which respond to the textiles 
we use. Each textile (and sometimes each pattern, 
depending on its complexity) has its own concrete 
‘recipe’. The face mix is controlled through weighing 
constituent parts and carrying out slump tests prior 
to pouring. This layer interacts with the textiles and 
co-forms the surface. Behind the ‘face’ mix comes 
a more conventional ‘back’ mix of Glass Reinforced 
Concrete. In total the concrete skins are approx.10mm 
thick. They can be thicker where needed (for fixing 
purposes) and can also be cast onto other precast 
elements, depending on application. Quality is also 
maintained by a controlled two-stage curing process- 
again something that took some time to refine.

Textile: The real ‘cleverness’ of the concrete skins 
however lies in the textiles.  It’s the textiles, their 
formulation and design, that forms and manipulates 
the concrete into the specific patterns and designs 
that Tactility Factory requires. No pattern is as random 
as it looks- all are controlled and predictable and can 
be as precise as we choose them to be. (Though 
currently our aesthetic is for ‘aged’ and ‘distressed’ 
surfaces!)  

In this phase of the research and development process 
it was the technology of the textiles that evolved the 
most. The following aspects of the textile manufacture 
where resolved through ‘informed’ trial and error.

i) The structure of the textiles.  Textiles cover the 
whole surface of the concrete so we had to trial 
textiles both for their structure and porosity.  At 
the same time we had to ensure that some of the 
porous textiles where still able to hold a bonding 
agent and thus form a multi-layered textile 
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construction. We even considered the nature of 
the ‘holes’ in the structure of textiles since some 
‘holes’ allow better ‘flow through’ than others.  
We trialled a wide range of textiles, both wovens 
and non-wovens, to find the correct constituent 
parts and consulted glue experts to identify 
suitable bonding agents for textiles in concrete.

ii) Reaction to Alkaline and Acid. As previously 
mentioned one of the early tests we carried 
out was to ensure that the yarns and fibres 
were suitable for use in alkaline environments. 
However as we moved into the manufacture 
of our own textiles we were also using acid-
based pastes to remove some fibres to create 
‘holes’. It’s an age–old textile method called 
Devoré, but when placed within a concrete 
process it takes on a new twist and demands 
for further experimentation. 

iii) Finishing processes. All textiles go through 
finishing processes depending on their 
application. It is essential to know which 
processes the textiles used as base textiles 
have passed through. Depending on the 
finish, the textiles react differently both with 
our textile manufacturing processes and also 
when in concrete. An obvious example is that 
most textiles are washed. In Tactility Factory 
we like the textiles to become fully blended 
with the concrete and for that some degree of 
shrinkage of the textiles is preferable. In the 
more extreme cases this helps to form very 
articulated concrete surfaces without the need 
of any complex mould technology. To that 
end we source either ‘loom-state’, or lightly 
‘finished’ textiles. More recently we have 
started to use base textiles manufactured to 
our specification. Each time a new batch of 
textiles comes we test it to ensure that the 
supplying Textile Mill hasn’t accidentally put 
it through a finishing process.  

iv) Stitching. We also use digital stitching as 
a surface finish- sometimes alone and 
sometimes in combination with linen. It is a 
costly technique, used mostly in bespoke 
surfaces or for high-end branding. But it has 
the potential to cause surface puckering, 
lifting the linen off the concrete surface. 
And when used on its own it can become 

subsumed by the concrete. Neither reaction 
is desirable given its cost so it has taken a 
considerable amount of trialling to find the 
right type and density of stitches.

v) Sourcing. No two textiles are the same. Two 
mills may on paper be making the same 
product but the textiles may vary in the 
constituent parts, weave construction and 
finishing processes. Linen is not linen, velvet 
is not velvet, but precise sourcing is vital. 

PHASE 3: This is the ‘Moving forward’ phase and 
again it has had two parallel streams.

a) We worked hard to build a business model 
around the work of Tactility Factory. This has 
been a challenge given the unusual and hybrid 
nature of the processes and products. To a 
large extent the business plan competitions 
and awards we have been successful in, have 
been instrumental in funding the progression 
of the technology. Together with the patenting 
process and the costing analysis this commercial 
approach helped us focus on the two / three 
technologies that we felt certain to deliver on. 
This process helped manage our own natural 
default to continue to innovate without bringing 
to an endpoint. Managing creativity and creative 
people is a challenge.

b) We have also been driven forward by paid 
Commissions. Many of our early commissions 
have come through clients who are supportive 
of creative processes. This has afforded us more 
time to develop the product. However where 
university research may legitimately result in 
reflective failure or incompletion, commission-
based work MUST result in timely delivery - thus 
increasing pace of and demands on research and 
development. In this phase of development we 
have refined the design and production process, 
narrowing down to 3-4 design / technology 
packages. Again we find this type of practice-
led research much more fruitful because of its 
exacting demands. 

Both of these phases have driven us to bring the three 
technologies earlier to fruition than we might have 
anticipated. 
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4  Theoretical Context

Tactility Factory began from a fundamental and 
somewhat utopian concept making hard things soft. 
This then became a central aim and challenge for 
Tactility Factory i.e. to enhance people’s experience 
of the built environment through the manipulation of 
technology.

So understanding Technology is key to understanding 
Tactility Factory. In Wajcman’s (1991)  ‘Feminism 
confronts Technology’ she provides a definition of 
technology which draws out three layers of meaning. 
Firstly as a form of knowledge of how to use repair, 
make, maintain. In her understanding technological 
things are useless without ‘know-how’, a form of 
knowledge that she believes is ‘visual, even tactile, 
rather than simply verbal or mathematical.’ Secondly, 
technology is about what people do as well as know. In 
her definition human activity is an implicit component 
of technology. Thirdly there are what Wajcman calls the 
technological ‘things’ – the components, or software 
that combine with know-how and human interaction 
to result in a full understanding of technology. 

As architects we tend to think of technology only as 
‘things’ or components, so it is interesting to be faced 
with a more complex definition of technology, which 
recognises it as only becoming fully activated or 
‘whole’ with the interaction of people.  In the context 
of Tactility Factory, we understand these people as 
being both those who have developed the technology 
and those who use it. TF tries to place human 
interaction right at the heart of the work not only in 
manufacturing products that people have aesthetic 
and sensual interactions to – but also in the way it 
manages the diverse input of those who invent and 
manipulate that technology. 

In its early stages, Tactility Factory was driven by a 
singular collaboration between a textile designer 
and an architect. This remains at the core of its 
development. 

The textile designer brings a wealth of knowledge and 
established track record in the textile design industry. 
She offers:

• Profound technical skills, a natural curiosity 
and a confidence to experiment within new and 
unfamiliar technologies. 

• An acute sensibility in creating rich tactile 
surfaces.

• A fastidiousness about the fabrication of the 
aesthetic; trialing, testing and ultimately crafting 
and controlling each technical move to ensure 
quality outcomes. 

By comparison, the architect / academic brings:

• A strategic clarity to complex processes 

• A conviction in linking the conceptual, theoretical 
intention to the visceral, lived experience.

• Skills in communicating across ‘languages’ and 
cultures i.e. from visual to verbal, from conceptual 
to operational, from artistic to engineered. 

But Tactility Factory quickly progressed to include 
collaborations with pre-cast concrete specialists, 
mould makers, digital textile designers, weavers, 
embroiderers, graphic designers, marketing 
consultants, business advisors and patent attorneys. 
Whilst many of those who contribute to the project 
do not come from identifiable ‘creative’ professions 
nor disciplines or modes of practice that have much 
in common, they all contribute through their expertise 
and efforts to the application of creative ideas and to 
the resolution of operational and technical problems. 

The intensity of learning around collaboration has 
been due in no small part to the hybrid nature of the 
project. 

Bringing concrete and textile cultures together in one 
project, is a continuous challenge. Whilst much is 
written about the strength of working collaboratively 
across cultures or professional disciplines (Paulus, 
2003), less is said about how to cope where technical 
and cultural backgrounds appear to be almost 
antithetical to one another, such as concrete and 
textiles. 

Given that this is a multi-layered project, the chance 
of experimentation across the material technology of 
concrete moulds, concrete mixes and multiple textile 
techniques means that the potential for diversion, 
confusion and ultimately error is multiplied many times 
over. Communication and documentation is therefore 
key. We collectively critique the work in order to 
evolve it efficiently and effectively. Over time we have 
renamed processes and products in a third language, 
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non-discipline centred but specific to Tactility Factory. 
The development of this ‘third’ nomenclature seems a 
necessary outcome of hybrid collaborative practices 
that stretch across diverse cultures.

As we craft the problem, the process and identify 
applications for the surfaces; and as our technology 
has begun to deliver more consistency, the resulting 
surfaces have become firmly understood as 
‘designed’ product rather than ‘art’, as they were 
initially understood. However, we ourselves have 
gradually progressed to think of the outcomes within 
the concept of craft since they look and feel ‘crafted’ 
and substantially ‘material’, not because they are 
worked by hand, but because they are considered 
through detail and with a sense of hand. In this way 
our work echoes the late Irish engineer, Peter Rice’s 
ethos of ‘Trace de la Maine’ and his insistence to 
“..make real the presence of the material in use in 
the  building, so that people warm to them, want to 
touch them, feel a sense of the material itself and of 
the people who made and designed it.” (Rice, 1994)

Over the course of the project, the working methods 
and skills of the textile designer have challenged and 
enlightened the architect’s processes, causing the 
architect to reflect on certain aspects in respect to 
contemporary architecture practice. 

Technology occupies a central position in 
architectural practice. Many conceptual and stylistic 
shifts in architecture have been interdependent with 
technological advancements. Certainly in the UK 
there exists a long tradition and strong culture of 
architecture that celebrates the use of technology 
and pushes its development. However, whilst such 
architecture often has strong visual impact, the 
experience of occupying, using or passing through 
such spaces can be cold and alienating. As Perez 
Gomez fears “Technology substitutes a ‘picture’ for 
the world of our primary experience.” (Perez Gomez, 
1994)

In contrast, interacting with a piece of textile is 
personal and unique; a cosy, cuddly, slippy, scratchy, 
warm encounter. Simultaneously, one experiences 
an intimate physical and aesthetic reaction. Behind 
this emotive experience of textiles lies as much 
technical expertise as is required in the making of 
space. It is therefore the remarkable achievement 
of textile designers to take ‘hard-core’, chemical 

and mechanical processes (abrasive/ corrosive 
technologies) and use them to transform and combine 
yarns into an artifact that evokes strong responses. 
In other words, technology may be core to the textile 
designer’s process but it is rarely present in the final 
experience of the product. For architects, the textile 
designer’s skill in using technology gives us much to 
think about. It is interesting to note that until the textile 
designer met the architect through Tactility Factory 
she had never used the word ‘technology’ in relation 
to her work.

In Tactility Factory by using a combination of digital 
and analogue manufacturing processes we are able to 
interweave the fabrication and design processes to the 
point where they exist in parallel; informed and formed 
by one another. This closeness of thought to ‘real’ 
artefact (not representation) resonates strongly with 
traditional views of craft. In addition, whilst the final 
results may involve complex, hybrid technologies, we 
determinedly insist that they must speak as textiles 
do - in an intimate and personal way to those who 
encounter them. No matter how digitally complex 
or theoretically informed the designs are; or how 
efficient or innovative the manufacturing processes 
become; the single most important characteristic of 
the surfaces Tactility Factory produces is the quality 
of the user experience they offer. That for us is the 
essence of craft.

Products and components used in constructing the 
Built Environment are designed, almost exclusively, to 
meet only technical specifications. It requires the skill 
of the architect to use these building products in such 
ways as to create well designed environments suitable 
for people. Tactility Factory however brings a ‘human’ 
specification to the development of its building 
products, considering it to have equal importance as 
the technical performance. Indeed the profoundest 
production challenges that Tactility Factory faces do 
not lie with meeting technical specifications (since 
much of that work has been resolved by technologists 
before us), but rather to apply technological 
understanding in such a way as to make artifacts 
and surfaces that people wish to interact with. In 
the shadow of this apparently pragmatic statement 
sits Tactility Factory’s concern for multi-sensory 
experience, design quality and beauty.  
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5  Architecture and Textiles 

Tactility Factory is interested in the enduring, 
sometimes uneasy but ever-evolving relationship 
between architecture and textiles and the adjacent 
relationships such as fashion and surface. Beginning 
with Gottfrield Semper’s (1803-1879) theories on 
the interconnection between textiles and the origins 
of architecture itself and his development of the 
‘Principle of Dressing’ in relation to architecture, 
through to the work of architects such as Hoffman 
and Van de Velde, who simultaneously designed 
architecture and clothing (for his poor wife!) at the end 
of the 19th / beginning of the 20th Century. Followed 
by modernism’s rejection of all things decorative, 
influenced by Loos’s 1913 text ‘Ornament is Crime’ 
(Kinney, 1999) and onward to those architects whose 
work has engaged creatively with surface, for example 
Rudolf’s seminal surface treatments in the Art and 
Architecture Building at Yale (Rohan, 2000) and the 
work of the Spanish architect Miguel Fisac in 1970’s 
and 1980’s. More recently the developments in nano 
and smart textiles (Garcia, 2006) also informs the 
work of Tactility Factory.

We have found through this process of 
contextualization and analysis, examples of 
architecture where textiles are used either literally or 
conceptually. When used literally, it would seem that 
architects are uncomfortable with textiles ability to 
hand, furl and drape; perhaps because they might 
impinge on those pure architectural spaces, perhaps 
because in that state they represent something to ‘be 
managed’. For the most part, the predominant use 
of textiles in the built environment is where they are 
held within framed and strictly regulated structures; 
taut, stretched and controlled; they are the ‘smart’ 
petrochemical constituents of space-age lightweight 
structures, seen but not touched. Where textiles 
are used conceptually, it is their characteristics of 
‘lightness, surface, complexity and movement’ that 
mirrors ‘architecture’s shifts towards a more fluid 
state’ (Garcia, 2006). Overall the result is architecture 
that may look like and indeed may even appropriate 
textile technologies, but rarely feels like textiles 
(Morrow, 2008).

Of interest to Tactility Factory is the contemporary 
efforts of Petra Blaisse and her practice, Inside 
Outside. Like Tactility Factory her outputs are various 

ranging from landscapes to curtains; everything but 
the building. Her work brings additional layering and 
richness to architectural space. She engages with the 
weight of textiles, thinking how best to support the 
layers she creates. She considers the appearance 
and disappearance of the cloth; the space required 
to store large amounts of fabric; their acoustic profile; 
and their ability to wrap and create more intimate sub-
spaces. The light touch and adaptability she applies to 
textiles also relates to her work with natural planting, 
though here she talks of the difference between the 
growth of planting and the decay of cloth (Balmond, 
2007). It is useful to compare and contrast Blaisse’s 
work to Tactility Factory, especially since there is such 
an overlap in sensibility and materials. Like her we 
are interested in the contradictions between buildings 
and textiles; but whilst she understands textiles as 
impermanent or transitory, retracting to positions out 
of sight, we consider textile thinking and technology 
as a way to permanently ‘take place’ and influence 
the technology and fabrication of hard things, and 
hopefully, ‘hardened thinking’.

Attention to existing precedents has helped Tactility 
Factory advance critically. Alongside logistical and 
technical pressures it is important to create a clear and 
distinct line of theoretical intent to define and order 
the pragmatic investigation.  Tactility Factory believes 
that this attempt to create a ‘sophisticated endeavor’ 
might also reduce the possibility of replication by 
others, building what Yair, Tomes et al called ‘immunity 
to imitation’. So there is a commercial dimension to 
crafting a distinctive place and approach for Tactility 
Factory.

There are in the end many ways to tackle any 
problem, but we choose a route forward through an 
informed ‘creative opportunism’ (Cross, 2007) rather 
than by default. Our aims therefore remain focused 
on mainstreaming tactility in the built environment and 
whilst that may be perceived as utopian it helps guide 
and formulate the project, even within the scope of a 
business plan.

6  Conclusion

Tactility Factory is a hybrid. Not only does it 
bring together the diverse technologies and cultures 
of textile and concrete, but also academic and 
commercial research. It therefore is able to draw on a 
range of methodologies and approaches from across 
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these territories. Another element that underpins the 
work is the combination of practice and theory. There 
is a strong commitment to using creativity and critique 
in practice and forging a conceptual and intellectual 
framework from theory. It is this combination of 
practice and theory that helps bring a more critical 
understanding and sharper focus to the development 
of Tactility Factory and its Concrete Skins. 

Ultimately though the proof of the pudding is in the 
eating. Tactility Factory’s work will be judged by 
the credibility and longevity of the output and the 
Concrete Skins themselves. The company is in a 
new phase in its development. Having progressed 
to date on small yet timely amounts of funding and 
commissions, TF recently attracted the interest of a 
construction industry investor. Concurrently, it also 
completed the 6m high red velvet concrete tower for 
Lafarge at Ecobuild 2012, using a design based on 
one of Pugin’s textile design. It was a gesture towards 
the great designer’s bicentennial (March 1812) yet 
used in the context of an expo stand celebrating new 
and innovative advances in concrete.  

The technical challenges behind the work of Tactility 
factory continue to abound but the combination of 
thinking and making forefronts our obligation to make 
more humane, sensorily rich environments. We do 
this by extending the capacity and characteristics of 
concrete by textile thinking.

7  References
Balmond, C., Bekkers, G., 2007 et al. Petra Blaisse: Inside 

Outside Reveiling. NAi Publishers

Cross, N., 2007. Designerly Ways of Knowing. Birkhauser 
Verlag AG, Basel 

Garcia, M., 2006 Architextiles. AD, Wiley Publication 

Kinney, L. W., 1999 ‘Fashion and Fabrication in Modern 
Architecture’. In The Journal of the Society of Architectural 
Historians, Vol. 58, No. 3, Architectural History. pp. 472-481

Morrow, R., Belford, P. 2008 ‘Soft Garniture: Developing hybrid 
materials between academia and industry’. In S Roaf and 
A Bairstow (eds). Oxford Conference: A re-evaluation of 
Education in Architecture, pp357-361

Paulus, B., Arian, B., 2003. Group Creativity: innovation 
through collaboration. Oxford University Press

Rice, P. 1994. An Engineer Imagines. London: Ellipsis.

Rohan Ti M. (2000), Rendering the Surface: Paul Rudolph’s 
Art and Architecture Building at Yale, Grey Room, No. 1 The 
MIT Press. pp. 84-107

Wajcman, J.,1991. Feminism Confronts Technology. 
Cambridge : Polity 

Yair, K., Tomes, A., Press, M., 1999. Design through making: 
crafts knowledge as facilitator to collaborative new 
products development. Design Studies 20 (1999) 495-515



[blank page]



Full Papers

258

icff2012

1  Introduction

The question of constructing free-form concrete 
structures has challenged many architects, designers, 
engineers and fabricators, especially since the 
20th century. The challenges included bending 
and placement of the reinforcement, developing 
appropriate concrete formulations and finally the 
construction of free-form formwork and its re-use.

Figure 1: Ponte sul Basento, Potenza, 1969, Sergio Musmeci, 
in universale di architettura.

Concrete is well suited for large scale, load-bearing 
free-form structures (Figure 1). It has demonstrated 
its potential in this field in many applications such 
as for the large span roofs of Pier Luigi Nervi or the 
shells of Felix Candela that are particularly interesting 
with respect to formwork. Candela limited his 
structural designs to shapes derived from hyperbolic 

paraboloids in order to allow the formwork being 
fabricated from straight members, thus drastically 
simplifying the construction process and making it 
possible to re-use  the formwork parts (Tom van Mele 
& Philippe Block 2010).

In recent decades, computer-aided design, engineering 
and fabrication have opened up new approaches to 
building  free-form geometry (Bechthold 2008), but 
an economic and sustainable construction still poses 
great challenges to the industry.

An important part in building free-form concrete 
architecture is the fabrication and construction of the 
formwork, since it accounts for 35% - 60% of the 
total concrete work’s cost (David W. Johnston 2008). 
Particularly challenging regarding cost are, load 
bearing concrete structures that require monolithic on-
site casting. The state of the art for on-site formwork is 
milling of expanded polystyrene blocks into formwork 
inlays for high curvature solutions (Nedcam 2010) or  
the use of custom cut and flexed sheet materials such 
as plywood for low curvature applications (Weilandt 
et al. 2009). When looking at industry standards, both 
technologies are waste intensive, since they allow 
only for a single use of the formwork element.

A wide field of academic studies is also concerned 
with flexible formwork solutions. The state of research 
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includes approaches such as fabric formwork for pre-
cast and cast-in-place building elements (Mark West 
& Ronnie Arya 2009), pneumatic formwork (Werner 
Sobek 1986) and flexible formwork moulds for the 
prefabrication of concrete panels (Christian Raun et 
al. 2010). Prefabricated panels are mainly used as 
façade cladding or lost formwork (Schipper & Janssen 
2011). Several concrete moulding technologies exist. 
The two most widely use ones are a densely packed 
array of pins that are leveled by a flexible top layer 
(Walczyk & Munro 2007) and the combination of wider 
spaced actuators with an interpolating sheet material 
layer that is bent into shape  (Pronk et al. 2009).

In summary the formwork technologies accessible 
today are either limited due to cost factors, precision 
or in size.

The purpose of this research is to develop a novel 
free-form formwork technology that is economically 
and ecologically sustainable and delivers on-site 
construction feasibility comparable to state of the 
art solutions. The research aims at establishing a 
precise and waste-free formwork system, specifically 
targeting large scale and structural applications that 
consist of non-repetitive shapes.

2  Methods

This paper details a formwork process cycle that 
applies off-site prefabrication of formwork elements 
for on-site concrete casting. 

It continues with describing the development of wax 
as a re-usable on-site formwork material.

Furthermore it presents a forming method for wax 
formwork elements based on a robotically actuated 
mold. The industrial robot used for actuation is 
available as part of a larger fabrication cell at our lab. 
The robot is capable of managing multiple operations 
in the production process of the wax formwork 
elements. 

The paper concludes with the constructive detailing 
and on-site handling procedures for wax formwork 
elements.

2.1 Wax Formwork Process Cycle

The Zero Waste Free-Form Formwork combines a 
new type of wax-based formwork element (Figure 2) 

with standard scaffolding for on-site application. The 
wax elements are inexpensive in comparison to other 
free-form formwork inlays and the wax material is fully 
re-usable. 

Figure 2: Two-sided free-form (double-curved) concrete cast 
with corresponding wax formwork.

The complete wax formwork process cycle can be 
summarized as follows (Figure 3):

1)  The wax based formwork elements are formed 
off-site by a flexible actuated mold, onto which 
the hot and liquid thermoplastic wax is poured. 

2) After solidifying, the wax elements are taken 
from the mold and mounted onto a standard 
support structure on-site.

3)  Reinforcement is placed on the wax formwork, 
concrete is cast and after curing the formwork is 
removed.

4) The wax formwork elements are ready to be re-
used for producing a new element.

Figure 3: Waste-free wax formwork process cycle

2.2 Wax Material Development

Wax can be molded in to any form and 
subsequently re-used by melting and forming it into 
new shapes. At the same time wax can achieve the 
necessary strength and stiffness required for concrete 
casting when hardened. Previous research tested wax 
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for prefabrication of concrete panels (Ralph K. Scott 
1971).

2.2.1 Wax as a Transfer Material

In the process cycle presented here wax is used 
to transfer the macro geometry from the mold surface 
(positive) to the wax element surface (negative) and 
subsequently to the concrete surface (positive).

Tests also showed that a transfer of micro scale 
properties such as surface texture and surface 
shininess through the wax element is extremely 
accurate.

Several different wax formulations have been tested 
and in collaboration with a wax manufacturer a 
new wax blend has been specifically developed for 
concrete casting and subsequently assessed.

2.2.2 Wax Softening Point

When using wax as a formwork material on-site, 
its softening point at higher temperatures needs close 
attention. 

The softening point must be sufficiently high to avoid 
deformation under load and low enough to allow 
for re-melting. Additionally, a higher softening point 
results in a harder surface, but it also leads to a more 
brittle wax and a higher degree of shrinkage during 
moulding due to the increased melting temperature 
and eventually increased volume. 

To determine a good relation between surface 
hardness and shrinkage an array of ring shrinkage 
tests of several wax blends has been carried out. A 
selection of the results is presented in Figure 4.

For the on-site use of wax formwork elements there 
are two important heat sources to take into account: 
concrete hydration heat and solar insolation.

Figure 4: Ring shrinkage tests of different wax types. From 
top to bottom: High melting point polymer wax with shrinkage 
cracks, investment casting wax without shrinkage cracks, 
custom formulated concrete casting wax without shrinkage 
cracks.

2.2.3 Concrete Hydration Heat

The concrete hydration process generates heat 
that will increase the temperature of the concrete in 
contact with the wax formwork.

As shown in Figure 5, the temperature rise in a 
0.4m thick concrete element in wooden formwork 
is approximately 30°C at the formwork surface. 
However, this peak in hydration heat happens when 
the concrete has already hardened to an extent where 
the pressure on the formwork is decreasing.

Tests with a concrete column demonstrator (see: 
2.6 Demonstrator: Mechanical Wax Properties and 
Handling) showed that no visible deformation of wax 
occurs despite the hydration heat. Further quantitative 
tests are necessary to verify these results.
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Figure 5: Simulation of temperature progression during the 
hydration phase of a 0.4m thick concrete wall in wooden 
formwork. Source: Danish Technological Institute.

2.2.4 Solar Insolation

Another heat source that can influence the 
mechanical wax properties to a critical extent is solar 
insolation. Especially if combined with high ambient 
temperatures, this can lead to an unsustainable rise of 
wax formwork element temperature.

In order to reduce the temperature rise in the wax 
formwork elements, several measures have been 
tested: covering the dark wax elements with white 
fabric, shading the wax elements, treating them with a 
white coating and changing the color of the bare wax.

Several samples were tested, exposing solid wax 
blocks to the sun for one day with clear sky and 
air temperatures up to 33°C. Results showed that 
exposed dark wax can reach surface temperatures 
above 60°C. By protecting the dark wax with a white 
cloth, the exposed surface temperature is reduced 
to 50°C. Using a white color coated dark wax, the 
surface temperature is reduced to 40°C; a similar 
result was achieved with a bare white colored wax 
element resulting in a maximum surface temperature 
of 46°C. 

The temperature rise over one day for bare dark 
colored wax and bare white colored wax is shown in 
Figure 6.

In order to address the unsustainable temperature 
rise of the wax elements, a specific wax blend for 
concrete casting with a higher melting point and 
white color was developed in collaboration with the 
wax manufacturer. This wax blend has a good ratio 
of hardness/toughness and brittleness/shrinkage. 
It has unimpaired mechanical properties at higher 

temperatures up to 50°C. This allows for on-site 
applications with ambient temperatures up to 30°C 
and direct sun exposure.

Figure 6: Temperature rise of a dark color wax block (green) 
and a white wax block (gray), during 7 hours, on a hot sunny 
day (Zurich, 17. Aug. 2011).The bands on the graph show 
temperature at the bottom and top surface of each wax block 
and the ambient temperature (yellow).

2.2.5 Re-use of Wax

The re-usability of the wax is crucial to the waste-
free nature of this formwork technology.

After being used for one application, the wax elements 
can be either broken up or directly re-melted without 
any further processing. No cleaning is necessary 
since dirt can easily be separated from the liquid wax, 
due to the difference in density. Furthermore, tests 
showed that small dirt particles do not negatively 
affect the surface quality of the wax elements.

From an ecological perspective, the amount of energy 
needed for re-melting has to be considered. Although 
wax has a relatively high embodied energy (Geoff 
Hammond & Craig Jones 2008), it can be re-used 
until the embodied energy can be neglected in the 
overall energy evaluation. Due to the single, one time 
investment in material embodied energy, this process 
compares well to processes where the material 
cannot be re-used (e.g. custom cut wood formwork or 
EPS milled blocks).

From an economical perspective, the re-use of wax 
means that the material cost can be considered as an 
investment cost, rather than a consumable cost. 
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2.2.6 Wax Surface Resistance

Reinforcement handling on site can damage the 
wax surface and heavy reinforcement loads can leave 
marks from the reinforcement spacers. Penetration 
tests showed that this can be a serious challenge 
when working with a softer type of wax. This was 
addressed during the development of the new 
concrete casting wax, which resulted in an increased 
wax surface hardness. 

No precise figures from penetration test are available 
yet but qualitative tests showed that the combined 
use of rounded reinforcement spacers with the new 
concrete casting wax can reduce indentation marks to 
acceptable levels, comparable to spacer indentation 
marks in PU coated OSB wood plates. 

2.2.7 Prototype: Wax Material Properties

After producing several smaller samples, a first 
prototype was manually fabricated. This 1:1 scale 
prototype of a wax formwork element served to 
analyze the feasibility of using wax as a formwork 
material. It was tested:

1) The shrinkage behaviour of wax material when 
moulding larger elements,

2) The fabrication handling of heated, liquid wax,

3) The casting of concrete on wax 

4) And the wax from concrete release properties.

A 1.0m x 1.0m wax element with a hollow back was 
molded on a positive test shape made from MDF. 
The geometry consisted of a double-curved surface 
with minimal principal curvature radii down to 1.5m, a 
conservative estimate of targeted geometry (Figure 7).

The wax did not show any shrinkage cracks and both 
the wax and concrete surface accurately replicated 
the original MDF mold surface. The wax element was 
released from the concrete without leaving traces 
on the concrete surface. Although a vacuum suction 
effect was firmly holding the wax element to the 
concrete surface.

Figure 7: Prototype for testing of the wax material properties. 
Wax formwork (left), concrete cast positive (right).

2.3 Wax Forming Mold

For a time efficient moulding of wax formwork 
elements a machine is required that can fabricate 
such elements according to their digital geometric 
delineation. 

A custom flexible mold was developed specifically for 
the pouring of re-useable wax formwork elements. It 
consists of a square top surface with a side length of 
1m. The top surface rests on 5x5 CNC actuated rods 
that allow bringing it into a defined shape. 

2.3.1 Step by Step Moulding Procedure

Figure 8: Step 1, melting re-used wax.

Figure 9: Step 2, adjustable mold actuation.
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Figure 10: Step 3, casting hot wax in mold.

Figure 11: Step 4, formed wax element on mold. 

Figure 12: Step 5, wax formwork on-site.

2.3.2 Wax Mold Surface Layer

The mold surface layer interpolates between 
the CNC actuated rods. It is the contact surface 
onto which wax is poured. In order to allow for high 
curvature the surface needs to be flexible, but at the 
same time it needs to be rigid enough to not show any 
deformation in between the actuated supports under 
melted wax load. 

An empirical test series of different surface solutions 
has been carried out, to find the best stiffness to 
flexibility ratio for wax moulding. Options such as 
slotted plates (Schipper & Janssen 2011) or wire 
supported stretchable sheet materials similar to 
(Christian Raun et al. 2010) have been tested.

The best results were achieved with a composite of 
two materials, addressing two different requirements 
in the wax forming process. 

A sheet of closed-cell plastic foam allows for a 
continuous double-curved elastic deformation, while 
still being stiff enough to carry the weight of the wax.

The contact surface to the wax is made from a 2mm 
silicone layer that is applied on top of the foam sheet. 
This allows easily removing the finished wax element 
from the mold after hardening without leaving traces. 
Since the wax is an almost perfect transfer material 
it is possible to achieve a wide range of concrete 
surface qualities, from matte to glossy, by adjusting 
the surface properties of the silicone layer.

Due to the low weight of wax, a relatively thin foam 
sheet can be chosen that allows higher curvature than 
with direct concrete casting moulds. Currently the 
mold surface allows for double curvature radii down 
to 0.6m in minimal principal curvature direction.

2.3.3 Wax Mold Surface Actuation

According to a digital geometry model, the mold’s 
actuators are positioned (Figure 9). For a continuous 
surface from one wax panel to another, the precision 
of the location of the supports and eventually the 
accuracy of the shaped surface in comparison with 
the digital model is crucial. 

The mold described in this paper uses our lab’s 
industrial robot to push telescopic rods in place 
before blocking them with an electromagnetic locking 
system (Figure 13).
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Figure 13: Experimental robotic mold.

2.3.4 Wax Mold Enclosing Edges

The wax formwork elements have to be assembled 
flush onto the standard support structure. This 
requires the formwork edges to be vertically aligned 
and eventually a vertical mold enclosure that can 
adapt to the deformation of the moulding surface 
without bulging.

A frame of coated soft foam is pressed vertically on 
the curved top surface of the mold. This frame makes 
a watertight connection with the top surface while 
keeping the edges vertical (Figure 10). 

Tests showed that minimal bulging of the foam 
enclosure occurs, depending on the shape of the 
mold surface.

2.4 Construction Details

2.4.1 Hollow Back, Wax Formwork Elements

In order to save weight and material, the wax 
formwork elements are conceived with a hollow 
back with ribs in two directions (Figure 14). The 
dimensioning of this structure was calculated using 
mechanical properties, derived from three point 
bending tests on wax samples. 

The structural integrity of this concept was confirmed 
by the use of hollow back wax formwork elements for 
a 3m high self-compacting concrete column prototype 
(see: 2.6 Demonstrator: Mechanical Wax Properties 
and Handling) that exerts a pressure of 70 kN/m2 on 
the formwork elements at the base of the column. The 
wax elements did not break or visibly deform.

Figure 14: Dimensioning of hollow back of formwork 
elements, based on mechanical properties.

2.4.2 Release

The wax formwork elements can be released from 
the concrete without leaving traces on the concrete 
surface, even without the use of release agent on the 
formwork. However, some force is needed to release 
the wax element, to overcome a vacuum holding it 
against the concrete. For this reason, as well as to 
reduce air holes in the concrete surface, the use of a 
release agent is still recommended.

2.4.3 Wax Elements Joints

The application of wax formwork offers the 
possibility of using a hot wax joint filler to achieve 
quasi seamless concrete surfaces. Hot wax paste 
can be applied on the joint between two adjacent 
wax elements and evened out to close the gap 
between elements (Figure 15). This method results in 
a continuous formwork surface, although a difference 
in surface texture at the joint is still visible.
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Figure 15: Joint of adjacent wax elements sealed with hot 
wax (left). Concrete surface cast against wax surface with 
sealed joint (right).

2.4.4 Form-ties

Since the wax formwork technology is developed 
for double-curved free-form geometry, a form-
tie solution that is always normal to the surface is 
required. A special form-tie cone for this situation has 
been developed by Robusta-Gaukel (Robusta-Gaukel 
GMBH & CO.KG 2007). 

Throughout several tests the suitability of this form-
tie for the wax formwork element has been verified. 
The applicable curvature ranges have been tested as 
well as nailed connections of the form-tie to the wax 
formwork.

2.5 On-Site Assembly and Handling

The wax formwork elements were designed to be 
compatible with existing formwork systems, assembly 
procedures and on site working methods (Paschal-
Werk G. Maier GmbH 2009).

The following steps describe an exemplary assembly 
procedure for two-sided formwork. After erecting one 
side of a support structure, the wax elements are fixed 
to it. Rebar and form ties are placed. After fixing a 
second side of wax elements to a second support 
structure, this is lifted in place and the form ties are 
closed (Figure 16).

Figure 16: Handling procedures for 2-sided formwork on-site: 
1. placement of the support structure side a; 2. attaching of 
wax elements, tie rods and form ties; 3. assembly of side b; 
4. attaching side a and b.

Wax formwork elements can be mounted and fixed on 
a support structure by screwing in small wood blocks, 
embedded in the wax during fabrication. This fixation 
method is simple and allows for tolerance in on-site 
mounting (Figure 17).

The wax formwork elements can be handled on-site 
either manually or with a crane, depending on the 
size and weight of the element. For larger elements 
where handling by crane is necessary, anchors can be 
embedded in the wax during fabrication (Figure 17).

Figure 17: Low-cost support structure mounting solution for 
wax formwork elements and wax formwork anchor load test

2.6 Demonstrator: Mechanical Wax Properties 
and Handling

In order to test the mechanical properties of the 
wax material and handling procedures of the wax 
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formwork elements in a 1:1 scale, on-site scenario, a 
3m high concrete column was built.

The two-sided formwork of the double-curved column 
consisted of eight 0.75m x 0.75m wax elements in 
standard steel concrete formwork. Since the handling 
test was done before the development of the actuated 
wax mold, an experimental sand mold procedure was 
used to form the wax elements. The characteristic 
surface texture is a result of this forming process.

The concrete used for the column was a self-
compacting concrete with a slump-flow of 0.65m. 
The 3m high formwork was filled completely within 
5 minutes. This allowed a worst-case pressure test 
of the mechanical properties of the wax formwork 
elements.

The wax formwork was released from the concrete 
without traces.

Figure 18: Demonstrator: Mechanical Wax Properties and 
Handling - Assembly and casting of a 3m high concrete 
column on wax formwork with a steel support structure.

3  Conclusions

This paper has proposed a wax-based, re-useable, 
free-form formwork process for on-site concrete 
casting. The process provides:

1) A new type of a digitally controlled flexible mold 
for lightweight wax element casting;

2) An economically viable free-form formwork 
solution due to rapid moulding timing, low 
manual labor in the construction of the formwork 
elements and low formwork material cost;

3) An ecologically sustainable and waste-free 
free-form formwork process cycle due to the re-
usability of the wax formwork; and

4) A precise transfer of design geometry to the 
build concrete structure.

Key features of the wax formwork elements are:

1) A melting point higher than the above average 
hydration temperatures of most concrete 
surfaces and higher than sun induced material 
temperatures for central European regions;

2) A weight saving element design with a hollow 
back for easy on-site handling;

3) Minimal principal curvature radii down to 0.6m.

The presented formwork system extends the 
advantages of rapid moulding of prefabricated panels 
to be transferred on-site and to be used for large scale 
applications. Wax as the material for the formwork 
elements has clear ecologic advantages over existing 
on-site free-form formwork solutions. In comparison 
to the approach of fabric based formwork or 
pneumatic formwork, we achieve a precise transfer of 
arbitrary geometry from model to build structure. The 
proposed process cycle will allow for an economically 
feasible construction process. It expands the proven 
and tested concept of formwork inlays by a low cost, 
easy to fabricate and easy to handle solution.

Currently, the process cycle is in a prototypical 
development stage regarding the moulding of the 
wax formwork elements. Future work includes going 
towards a fully automated robotic moulding process 
specifically regarding edge solutions. Furthermore 
wax surface hardness could be increased to avoid 
damage from reinforcement. The enhanced process 
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will be applied for the construction of a large scale 
demonstration structure towards Autumn 2012.

4  Acknowledgements

This research has been made possible by funding 
from the EU-FP7 project TailorCrete. The authors 
would like to thank the project partners for their 
comments during the development. Project partners 
are: Bekaert, Chalmers, Czech Technical University, 
Danish Technological Institute, designtoproduction, 
Dragados, El Caleyo, Gibotech, Grace, Paschal, 
Superpool, Unicon, University of Southern Denmark. 
Without the amazing help from the team at the concrete 
laboratory of the Institute for Physical Chemistry of 
Building Materials, Prof. Robert Flatt, ETH Zurich, this 
research would have been impossible. Further the 
authors would like to thank the team at the Raplab, 
ETH Zurich. Wax material has provided by Paramelt 
who also developed a new wax blend specifically for 
this project.

5  References
Bechthold, M., 2008. Material and Construction Approaches - 

Formwork. In Innovative Surface Structures _ Technologies 
and Applications. Oxon: Taylor & Francis, pp. 148–160.

Christian Raun, Mathias K. Kristensen & Poul H. Krikegaard, 
2010. Flexible Mould for Precast Concrete Elements. In 
Proceedings of the International Association for Shell 
and Spatial Structures (IASS) Symposium 2010. Spatial 
Structures - Permanent and Temporary. Shanghai: China 
Architecture & Building Press, pp. 2726–2737.

David W. Johnston, 2008. Design and Construction of 
Concrete Formwork. In Concrete Construction Engineering 
Handbook. Boca Raton: CRC Press, p. 7–1 – 7–49.

Mark West & Ronnie Arya, 2009. Fabric Formwork for 
Concrete Structures and Architecture. In Proceedings of 
the International Conference on Textiles Composites and 
Inflatable Structures. Structural Membranes. Barcelona: 
Springer.

Nedcam, 2010. Spencer Dock Bridge. Available at: http://
www.nedcam.com/engels/bridgedublin.php [Accessed 
February 20, 2012].

Paschal-Werk G. Maier GmbH, 2009. Paschal Schalungs 
Handbuch.

Pronk, A., van Rooy, I. & Schinkel, P., 2009. Double-curved 
Surfaces Using a Membrane Mould. In Proceedings of the 
International Association for Shell and Spatial Structures 
(IASS) Symposium 2009. Evolution and Trends in Design, 
Analysis and Construction of Shell and Spatial Structures. 
Valencia, Spain: Universidad Politecnica de Valencia, 
Spain, pp. 618–628.

Ralph K. Scott, 1971. Wax Mold Casting of Concrete. 
Available at: http://www.freepatentsonline.com/3608051.
pdf [Accessed February 22, 2012].

Robusta-Gaukel GMBH & CO.KG, 2007. Accessoires for 
Formwork Construction.

Schipper, R. & Janssen, B., 2011. Curving Concrete - A 
Method for Manufacturing Double Curved Precast Concrete 
Panels using a Flexible Mould. In IABSE-IASS 2011: Joint 
Symposium of the International Association for Bridge 
and Structural Engineering (IABSE) and the International 
Association for Shell and Spatial Structures (IASS), London, 
UK, 20-23 September 2011. London, UK: Hemming Group 
Ltd, p. 8. Available at: http://repository.tudelft.nl/assets/
uuid:6e3f2612-ef42-4946-baba-7adff4a7ed7f/0698.pdf.

Tom van Mele & Philippe Block, 2010. A Novel Form Finding 
Method for Fabric Formwork for Concrete Shells. In 
Proceedings of the International Association for Shell 
and Spatial Structures (IASS) Symposium 2010. Spatial 
Structures - Permanent and Temporary. Shanghai: China 
Architecture & Building Press, pp. 268–280.

Walczyk, D. & Munro, C., 2007. Reconfigurable Pin-Type 
Tooling: A Survey of Prior Art and Reduction to Practice. 
Journal of Manufacturing Science and Engineering, 129, 
pp.551–565.

Weilandt, A. et al., 2009. Rolex Learning Center in Lausanne: 
From Conceptual Design to Execution. In Proceedings 
of the International Association for Shell and Spatial 
Structures (IASS) Symposium 2009. Evolution and Trends 
in Design, Analysis and Construction of Shell and Spatial 
Structures. Valencia, Spain: Universidad Politecnica de 
Valencia, Spain, pp. 640–653.

Werner Sobek, 1986. Concrete Shells Constructed on 
Pneumatic Formwork. In Shells, Membranes and Space 
Frams, Proceedings IASS Symposium. Shells, Membranes 
and Space Frams. Osaka: Elsevier Science Pubishers B.V., 
pp. 337–344. Available at: http://elib.uni-stuttgart.de/opus/
volltexte/2010/5250/pdf/sob_7.pdf [Accessed February 21, 
2012].



Full Papers

268

icff2012

1  Introduction

The construction of optimised concrete structures, 
offering reductions in material use and embodied 
carbon, has been a research goal the University of 
Bath for some time.  Recent research demonstrates 
that fabric formwork can provide a construction 
method to facilitate such an ideal.

Presented in this paper are the results of tests on a 
series of 4m span, structurally optimised, ‘Double T’ 
beams cast using fabric formwork.  The design process, 
construction, testing and results are presented.  It 
was found that through a simple optimisation process 
elements with material consumptions some 35% less 
than an equivalent strength prismatic element could 
be created.

In addition to the benefits a flexible mould brings 
in terms of material use reduction, this paper also 
demonstrates how fabric formwork can be used 
to create durable, visually appealing, concrete 
structures.  These two advantages, arising from 
the manner in which concrete cures in the fabric 
mould, ensure a significant advantage in the whole 
life performance of fabric cast concrete.  Combined 

with the previously noted reductions in material use, 
fabric formwork may thus provide a means by which 
architects and engineers can create low-carbon 
concrete structures to facilitate a sustainable future in 
concrete construction.

1.1 Background

The language and technology of concrete 
construction has changed dramatically over the past 
two thousand years - from dome of the Pantheon, 
through its renaissance in the 1800s, and up to the 
work of Nervi and other modern masters of this fluid 
material.  Throughout this, concrete has been cast 
almost exclusively into wooden or steel moulds to 
create prismatic elements.  Nervi himself noted that:

‘although reinforced concrete has been used for over a 
hundred years and with increasing interest during the 
last few decades few of its properties and potentialities 
have been fully exploited so far...the main cause of this 
is a trivial technicality: the need to prepare wooden 
forms’ (Nervi, 1956)

This triviality pervades the minds of Engineers even 
today, with increased cost being associated with 
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concrete structures that deviate from the use of flat 
panels of timber or steel as formwork.  Despite this, 
concrete remains one of the most widely used man 
made materials in the world, with global production of 
cement approaching 2.8x109t in 2008 (USGS, 2008).  
Cement accounts for a large proportion of the world’s 
raw material expenditure, reaching nearly 33% of 
the total in 2008 (USGS, 2011).  Although concrete 
has a relatively low embodied energy (Hammond 
and Jones, 2008) its rate of consumption means that 
cement manufacture alone is estimated to account for 
some 3% of global CO2 emissions (WRI, 2005).

Against a backdrop of carbon dioxide emissions 
reduction targets, a recognition of the impact 
construction has on the environment and an increasing 
focus on sustainability, design philosophies centred 
around the need to put material where it is required 
are becoming increasingly desirable.

2  Optimised construction

In light of the concerns, ambitions and targets 
outlined above, research at the University of Bath 
has focused on how reductions in the embodied 
carbon of new concrete structures may be achieved.  
In addition to work considering realistic loading and 
serviceability conditions, research at the BRE CICM 
has considered the structural mechanics of optimised 
concrete structures such that they may be cast in 
fabric formwork.

Following from previous work by the authors (Orr et al., 
2011b) a series of tests were recently been completed 
in which 4m span double T beams subjected to 
uniformly distributed loads were optimised and 
constructed using fabric formwork.  The elements 
were calculated to consume at least 35% less concrete 
than an equivalent strength prismatic element.

2.1 Double T Design

The design and optimisation of two four-metre 
span Double T beams was undertaken to the loading 
envelope shown in Figure 1(left) using a sectional 
design approach which aimed to satisfy the bending 
and shear requirements of the beam at every point 
along its length.

The flexural requirements of the beam were assessed 
using the provisions of BS EN 1992-1-1 (2004), as 
summarised in Figure 1(right) (partial safety factors 

are set to 1.0).  A concrete strength of 30MPa and 
steel yield strength of 500MPa was assumed.

Shear design was also undertaken using the 
provisions of BS EN 1992-1-1 (2004).  In Beam 1, any 
vertical components of force in the longitudinal steel 
were ignored, while in Beam 2, this steel was able to 
act as a ‘bent up bar’.

Each section was additionally checked using the 
design provisions of the modified compression field 
theory, described in detail by Collins et al. (1978).  
This has been shown to be more effective than BS 
EN 1992-1-1 (2004) in many situations (Collins et al., 
2008, Orr et al., 2012c).  It should be noted that the 
design requirements for this beam were governed 
primarily by flexural requirements; additional work 
considering tapered beams loaded predominantly 
in shear is considered separately (Orr et al., 2012c), 
where the design approach of BS EN 1992-1-1 (2004) 
is seen to be unconservative in some situations for 
tapered steel reinforced concrete beams.

The resulting designs are shown in Figure 2, where 
the placement of both flexural and transverse 
reinforcement has been optimised to provide the 
required load capacity and to facilitate a practical 
construction method. 

2.2 Construction

The Double T beams were cast in the ‘double keel’ 
fabric mould shown in Figure 3.  Four flat sheets of 
fabric were firmly secured between two ‘keels’, with 
flat timber plates used to form the support points.  
The steel reinforcement was hung in the mould prior 
to casting, after which the beam was lifted and the 
fabric stripped from it.  The fabric used in this test is 
described in Table 1.  Average concrete compressive 
strengths measured from three cubes tested prior to 
each beam test are given in Table 2.  Although the 
same mix design was used, differences between the 
two deliveries were seen, although these will have only 
a small effect on the flexural strength of the beam.

Table 1: Fabric properties.

Material 

(warp/weft)

Tensile 

strength 

(warp/weft)

Elongation 

(warp/weft)

Pore size

Polyester 54kN/m 25% 423μm
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Table 2: Concrete compressive strengths.

Beam 1 Beam 2

Compressive Strength (MPa) 23.7MPa 31.8MPa

2.3 Testing

Testing of the Double T beams was undertaken 
as shown in Figure 4, where seven point loads were 
applied to the beam to represent the design loading 
envelope.  Beam 1 was tested to failure in Load Case 
1 (LC1) while Beam 2 was tested in LC1 to 60% of 
its design load before being unloaded and tested to 
failure in Load Case 2 (LC2), as shown in Figure 1(l) 
and Figure 5(r).

Beam 1 reached a peak load of 33kN in LC1, after 
which considerable ductility in the beam was seen 
(maximum midspan displacement of 87.6mm), Figure 
5(l).  The beam exceeded the predicted design load by 
16%, an increase explained by considering the actual 
yield strength of the steel and concrete compressive 
strength when compared to the values assumed in 
design.  Well distributed cracking along the beam was 
recorded during testing, and final failure was recorded 
in crushing of the top slab, as shown in Figure 5(r).

The results of Beam 2 tested in LC2 are shown in 
Figure 5(l), where the displacement 1m from the roller 
support is plotted against the total applied load.  The 
results from Beam 2 in LC1 are plotted as a comparison 
to show the residual deformation of the beam prior 
to testing in LC2.  In LC2 Beam 2 again exhibited 
excellent ductility and after reaching a maximum 
load of 30kN displayed a plateau of deflection up 
to approximately 107mm.  Given the asymmetric 
loading, the beam deformation was correspondingly 
asymmetric.  Final failure for the beam was seen in 
crushing of the top concrete slab.

The beam design has thus been shown to perform 
well under the applied loading and has stayed 
within the design envelope.  Predictions of the load-
deflection behaviour of the two beams were made 
by considering the curvature of each section under 
loading and following a routing of double-integration 
to determine the deflections.

2.4 Conclusions

The tests presented in above show that efficient 
beams with reduced material use can be realised using 

fabric formwork.  Such results suggest significant 
reductions in embodied energy are achievable when 
using fabric formwork, as demonstrated further by 
Lee (2010).

The construction of the 4m span double tee beams 
was complicated by the large number of links, each 
of which had different overall dimensions.  Whilst 
this slowed down the construction of the prototype 
elements, such a construction process could add 
significant labour time and in turn, cost.  This additional 
cost could potentially outweigh the economic 
advantage of the reductions in material use that have 
been achieved, hampering the implementation of 
fabric formwork in the cost conscious construction 
industry.

Two further approaches were therefore taken to 
address this issue.  The first approach was to use fibre 
reinforced polymer reinforcement as an alternative 
to steel bars.  This was successfully achieved using 
Carbon Fibre grids as shear reinforcement (Orr et al., 
2011a).  The second approach was to investigate the 
use of advanced concrete technology to facilitate the 
removal of all the internal transverse reinforcement.  
This was achieved using an ultra high performance 
fibre reinforced concrete supplied by Lafarge and is 
described by Orr et al. (2012b).

The Double T beams presented in this paper 
demonstrated the desired flexural response under 
loading.  As has been described above, previous work 
(Garbett, 2008) has exposed potential problems with 
the way that existing design methods deal with the 
shear behaviour of non-prismatic concrete elements.  
To begin to address these concerns, which are of 
particular importance for fabric formed elements, 
tests undertaken on tapered reinforced concrete 
beams comparing the shear behaviour of elements 
designed using the variable angle truss model of BS 
EN 1992-1-1 (2004) with those designed using the 
compressive force path concept have recently been 
published to supplement the work presented in this 
paper (Orr et al., 2012c).
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The successful design and construction of the fabric 
formed Double T beam demonstrates that this design 
and construction method may be used to create 
materially efficient concrete structures.  The tests 
have thus demonstrated how fabric formwork may be 
used to achieve a sustainable future in the concrete 
construction industry.

In addition to the benefits of material use reduction, 
fabric formwork offers potential durability, and 
therefore whole-life, advantages.  This aspect of the 
technology is considered in detail in §3.

3  Durability

3.1 Introduction

By allowing water and air to be expelled from a 
concrete element as it cures, permeable formwork 
systems provide concrete with improved durability 
due to its denser microstructure and reduced 
water:cement ratio in the cover zone (McCarthy et al., 
2001).  However, commercially available permeable 
formwork systems require the fixing of permeable and 
draining layers to the inside of conventional structural 
formwork.  The alternative use of a single flexible 
fabric formwork system for the creation of optimised, 
durable structures therefore offers real advantages for 
designers.

The results of carbonation and chloride ingress are 
summarised before the results of sorptivity tests 
and Scanning Electron Microscopy imaging are 
presented.  Combined, the results demonstrate that 
fabric cast concrete can be used to create durable 
structures that offer significant whole-life benefits for 
concrete construction.  Visual benefits are also seen 
in the fabric cast surface texture, where the cement 
rich surface zone provides a darker concrete colour 
and the absence of surface defects provides a visually 
appealing finish (Figure 6).

Figure 6: Fabric cast (left) and Timber cast surface (right), 
from the same concrete mix.

3.2 Carbonation

Steel reinforcement is protected from corrosion by 
the high pH of its surrounding concrete.  Carbonation 
of the concrete mix, precipitated by the presence 
of carbon dioxide in the atmosphere, reduces the 
alkalinity of the concrete through the conversion of 
calcium hydroxide (Ca(OH)2) in the cement paste 
to calcium carbonate (CaCO3) and water. This 
detrimental process occurs primarily by gaseous 
diffusion through air filled pores, and is often described 
using Fick’s law.

To determine the relative resistance of fabric and steel 
cast concrete to carbonation, accelerated testing was 
undertaken by exposing samples to an atmosphere of 
elevated CO2.  The NordTest NT 357 (1989) method 
was followed, in which a concentration of 4% is 
used.  By comparison atmospheric CO2 is currently 
estimated at 392 parts per million (Tans, 2010), or 
0.039% of the atmosphere by volume.  Under such 
a regime Dunster (2000) suggests that seven days 
exposure is equivalent to 12 months under natural 
conditions.

Modified cube moulds, in which one face was cast 
against a drained fabric surface and the other against 
steel, were used to provide a comparative test 
method, full details of which are provided by Orr et 
al. (Orr et al., 2012a) .  Salient results from this test 
series are summarised in Figure 7, where the depth of 
carbonation recorded on the fabric and timber faces 
at 7, 14, 28, 90 and 180 days (representing 1, 2, 4, 
12.8 and 25.7 years) is shown.

Figure 7: 
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Summary of carbonation measurements.

3.2.1 Analysis

Models for the prediction of concrete carbonation, 
which occurs primarily by gaseous diffusion through 
air filled pores and is often described using Fick’s law 
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(Steffens et al., 2002), can be summarised by Eq.(3) 
(Liang et al., 2002).

C
i
 = B

i
 t

a
0.5 (3)

Where C is the carbonation depth in mm and B is the 
coefficient of carbonation for the face i (fabric or timber 
cast); ta is the accelerated exposure time in days.

Equations were determined to compare the rate 
of carbonation in timber and fabric cast concrete 
members.  These are given by Eq.(1) and Eq.(2), 
plotted on Figure 7.  Values for the coefficients of 
carbonation Btimber and Bfabric calculated from the 
accelerated test data are thus shown to be reduced 
by 51% for concrete cast against fabric formwork.  
Where estimated in-situ carbonation depths are 
required, Eq.(1) and Eq.(2) should be modified to 
account for the accelerated nature of the tests.

3.2.2 Conclusions

Accelerated carbonation tests carried out on 
specially prepared cubes showed considerable 
improvements in surface durability and resistance 
to carbonation for the fabric cast surface.  After 180 
days, the fabric cast surface had a much-reduced 
average carbonation depth than the equivalent timber 
cast concrete.  Fabric cast concrete may thus be 
used to provide concrete structures with reduced 
cover distances that retain the same service life as a 
conventionally cast element with greater cover.  Further 
work is now underway to quantify the improvements 
shown here for a range of concrete strengths and 
fabric types in order to provide complete guidance for 
designers.

3.3 Chloride ingress

Unsaturated concrete will absorb a chloride 
solution into unfilled spaces in the surface by capillary 
action (Bamforth and Price, 1997).  Upon drying, 
water in the chloride solution evaporates, leaving the 
salts behind which then build up over time.  A range of 
factors affect the rate of chloride ingress into concrete 
structures, including the concentration of the chloride 
solution to which the structure is exposed and the 
resistance of the concrete cover zone to chloride 
penetration.  Changes to the surface permeability of 
fabric cast concrete may therefore be beneficial in 
increasing resistance to chloride ingress.

The potential for increased chloride resistance in fabric 
cast concrete was investigated by chloride ingress 
tests on ø100mm cylindrical concrete specimens, 
which were tested in accordance with the method 
described in NT Build 443 (1995b).

Seven cylinders (four of which were cast in a fabric 
mould) were exposed to a solution of sodium chloride 
(165±1g NaCl per dm3 water) for either 53 or 90 days.  
Nine samples were then taken at incremental depths 
(up to 20mm) from each cylinder and subjected to 
Volhards titration, undertaken in accordance with 
NordTest 208 (1995a).  Non-linear regression analysis 
of these results was used to determine the non-
steady state chloride diffusion coefficient (Dnss) for 
the timber and fabric cast concrete.  

These results are summarised in Figure 8, where 
reductions in Dnss of 58% after 53 days and 41% 
after 90 days were seen when comparing the fabric 
and steel cast samples.

Figure 8: 
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Chloride ingress profile summary.

3.3.1 Conclusions

Concrete cylinders cast in steel and fabric moulds 
were used to determine the relative resistance to 
chloride ingress of the fabric cast concrete, and the 
results showed significant improvements in the fabric 
cast specimens.  There is thus reasonable confidence 
that fabric cast concrete provides better resistance to 
chloride ingress by diffusion.  However, it should be 
recognised that only sixty-three titration tests were 
undertaken, and only one fabric type and concrete 
mix was tested.

Since the primary resistance of concrete to chloride 
ingress is through the binding of the chlorides 
(Schiessl and Lay, 2005), the improved performance 
of fabric cast concrete suggests it exhibits a greater 
binding capacity, which in turn suggests that there is 
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a greater concentration of cement in the surface zone.  
Cement binding increases the formation of Friedel’s 
salt in the surface zone, the structure of which further 
retains chlorides to protect against chloride ingress 
(Yuan et al., 2009).  Although this formation was not 
directly measured, its impact would be to inhibit the 
transport of chloride ions into the concrete structure, 
a result that may be inferred from the tests presented 
above.

3.4 Sorptivity

In much of the literature, the sorptivity (the 
rate of liquid absorption by capillary action) of a 
hydraulic cement concrete is related to its durability 
characteristics, as described by Hall (1989).  In light 
of the advantageous tests described above, sorptivity 
tests were undertaken to determine how this aspect 
of the concrete behaviour is affected by the use of a 
permeable mould.

Sorptivity profiles for porous materials in unidirectional 
tests show a water absorption profile that advances 
with the square root of time (Gummerson et al., 
1979).  The result is modelled in much of the literature 
by the non-linear diffusion equation given in Eq. (4) 
(Lockington and Parlange, 2003).  Eq.(4) has the 
solution given by Eq.(5), provided there is a uniform 
initial water content and the specimen has is placed 
in a reservoir (i.e. has a wet face) at the position x = 0.

 

∂θ
∂t

= ∂
∂x

D θ( ) ∂θ∂x
⎧
⎨
⎩

⎫
⎬
⎭

(4)

  
x θ , t( ) = φ θ( ) t (5)

Where q is the water content, D(q) is the hydraulic 
diffusivity (mm2/s), t the time (s) and x the spatial 
coordinate (mm).

The sorptivity is thus often given simply as the volume 
of water absorbed by a specimen, Eq.(6) (Hall, 2007) 
and gives a linear increase with the square root of 
time.

 I = Ss t + b (6)

Where i is the cumulative volume of absorbed liquid at 
time t and A is a constant. 

Although sorptivity testing may be carried out on 
cementitious materials, there is evidence to suggest 
that the t0.5 relationship does not hold when there is 
potential for chemo-mechanical interaction with the 
material (Lockington and Parlange, 2003).  This may 
be avoided through the use of an organic liquid such 
as n-decane, which does not interact with concrete in 
the same way as water (Taylor et al., 1999).  However, 
in the following test series the ASTM C1585 (2004) 
method is used, which allows the use of water but 
provides a bi-linear analysis method.

3.4.1 Test method

Twelve concrete cylinders (ø100 x 200mm) were 
used to determine the sorptivity characteristics of 
fabric and timber cast concrete, both at the cast 
face and at 25mm from the cast face, as described 
in Table 3.  Six specimens with a fabric base and six 
with a steel base were cast.  Concrete strengths are 
provided in Table 4.

The specimens were demoulded after 24 hours and a 
50mm deep section was cut from six (three steel ‘S’ 
and three fabric ‘F’) samples, denoted S1-S3 and F1-
F3.  The remainder had a 25mm section cut from the 
cast surface, with a 50mm deep section then cut from 
the remaining prism to make samples S4-S6 and F4-
F6.  The 50mm deep discs were stored at 50±2ºC for 
3 days.  After curing for a further 28 days in a sealed 
container, each sample was weighed, measured and 
its sides were coated in paraffin wax.  A plastic bag 
was secured over the unwaxed face opposite to the 
similarly unwaxed test face.  Each specimen was 
placed in a water bath, filled to the level shown in 
Figure 9 with water at 23±2ºC, and supported off the 
base of the container.  The mass of each specimen 
was then determined at the following time intervals:                                                                                      
60±2s, 5min±10s, 10±2mins, 20±2mins, 30±2mins 
and 60±2mins.  After 1 hour, the measurements were 
taken at each hour up to 6 hours, then once a day until 
7 days after the first test.

Figure 9: 
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Setup for sorptivity testing.
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Table 3: Summary of sorptivity test specimens.

Sample Cast face Test location

S1, S2, S3 Steel Cast surface

F1, F2, F3 Fabric Cast surface

S4, S5, S6 Steel 25mm from cast surface

F4, F5, F6 Fabric 25mm from cast surface

Table 4: Recorded concrete strengths.

Sample 1-3 4-6

28 day compressive strength (MPa) 38.1 35.2

3.4.2 Analysis

Following ASTM C1585 (2004), the results were 
analysed by considering linear relationships between 
the values of t0.5 and the change in mass of the 
specimen.  The absorption, I, is given by Eq.(7).  Two 
periods of water absorption are defined - an initial 
absorption up to 6 hours from the test start, followed 
by secondary absorption to the test end.  The area of 
each sample is the projected area of the cylinder.

I = m1

a d
(7)

Where I is the absorption (in mm); m1 is the change in 
specimen mass in grams at the time t; a is the exposed 
area of the specimen in mm2 and d is the density of 
water in g/mm3 (taken here as 0.001g/mm3).

 I = Ss t + b (8)

Where Si is the initial or secondary absorption and b is 
a constant.

The initial water absorption is calculated from a line 
of best fit plotted over the first six hours of data using 
a linear regression analysis, with all graphs plotted as 
mm versus t0.5 (correlation coefficient of >0.98).  The 
secondary rate of water absorption is taken as a linear 
relationship in the remaining data and the primary 
and secondary rates of absorption are calculated as 
shown in Eq.(8).  One result (Sample S1) is shown 
in Figure 10 (excellent R2 correlation was seen in all 
tests), with a full summary of all data being given in 
Table 5.

Table 5: Summary of sorptivity test results

Samples Si Ss

S1-S3 0.021 0.0003

F1-F3 0.023 0.0003

S4-S6 0.0206 0.0003

F4-F6 0.0211 0.0003

Figure 10: 
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The results show little difference in the recorded 
values of the coefficients Si and Ss.  However, by 
considering the difference in the values of I recorded 
at each time step, significant differences between the 
fabric and steel cast faces can be seen.

The percentage difference in I recorded at the fabric 
and steel faces at each time step for Samples 1-3 and 
4-6 is shown in Figure 11.  It is seen that at the cast face 
(Samples 1-3) the fabric cast surface has absorption 
rates up to 40% lower than the steel cast surface. This 
advantage rapidly drops off, such that when measured 
over a six-hour period the values of Si are almost 
identical.  In Samples 4-6, only very small differences 
are recorded over the test duration, suggesting that 
any changes in concrete microstructure caused by 
the fabric mould are confined to a small zone (<25mm) 
from the cast face.

The importance of this difference in test duration is 
highlighted by Balayssac (1992) who showed that the 
initial rate of water absorption is dependent primarily 
on larger pores (up to 1.25μm) while the longer term 
rate can provide a measure of the presence of smaller 
pores (average size 0.04μm).  The results presented 
here thus suggest that whilst there are less large pores 
in the fabric cast concrete, the size of the smallest 
pores is not reduced and hence over a longer time, 
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when the smaller pores dominate, the fabric and steel 
cast concretes have similar sorptivity behaviours.

Figure 11: 
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3.4.3 Conclusions

The collected sorptivity test data has been used to 
determine long term (up to 8 days), medium term (up 
to 6 hours) and short term (up to 1 hour) behaviour of 
the fabric cast concrete.  In the short term, the data 
has been used to suggest that fabric cast concrete 
has fewer large pores and thus a smaller average 
pore size.  Medium and long-term data suggests 
little difference exists in the sorptivity behaviour using 
water of the fabric and steel cast specimens.

To determine if the smaller average pore sized inferred 
from these tests is accompanied by an increase in 
cement at the surface zone (as suggested by the 
chloride ingress results), tests were undertaken using 
a scanning electron microscope (SEM) and energy-
dispersive X-ray spectroscopy (EDS), where images 
at high magnification and analysis of compounds 
present at the surface of both fabric and timber cast 
concrete were collected.

3.5 SEM Data

A small sample of a series of tests undertaken at 
the University of Bath are presented in the following 
section, in which SEM and EDS were used to 
determine how the cement content of the fabric cast 
concrete is altered at the cast face.

Four small samples were cut from the fabric and 
timber cast faces of a larger prism, which was cast 
in a specially constructed mould.  The samples are 
identified as shown in Figure 12.

Figure 12: SEM 
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The samples were stored at 20ºC, 60%RH for 56 
days prior to testing.  They were then degassed for 
96 hours to achieve the required vacuum level for 
SEM imaging.  Samples F-A and T-A were coated 
in conductive gold using a sputter coater and were 
imaged at progressively increasing magnifications.  
Samples F-B and T-B were coated in carbon and were 
then both imaged at increasing magnification and 
subjected to energy-dispersive X-ray spectroscopy 
to determine their chemical characteristics.  The 
resulting images and EDS results are presented in the 
following sections.

3.5.1 Results

Initial imaging at increasing magnification of the 
two cast faces is shown in Figure 13.  In the fabric cast 
an imprint of the fabric weave structure on the surface 
is evident and the characteristic surface texture of the 
fabric cast concrete can be seen at all magnifications, 
creating weave areas and intersection areas between 
the individual fibre locations.

EDS was undertaken on the samples with the aim of 
determining the composition at the cast face.  This 
was repeated twice for each sample, and some typical 
results showing compositional information plotted as 
a 3D chart is shown in Figure 14.

Each of the element maps was created using INCA 
software to show the distribution of eight elements 
(Sodium, Magnesium, Aluminium, Silicon, Sulphur, 
Potassium, Calcium and Iron).  Each of the maps 
contains 12,288 pixels, with each given an intensity 
based on the percentage by weight of each element 
present at the surface.
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Table 6: Median value of each element in weight %.

Sample Na Mg Si Al S Fe Ca K

F-A, F-B 0.046 0.187 8.777 1.713 0.050 1.000 73.140 3.403

T-A, T-B 0.146 0.600 15.424 3.942 0.082 1.072 63.945 4.378

% Change T to F -68% -69% -43% -57% -38% -7% 14% -22%

Figure 13: 
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Sample of SEM data at increasing magnification for timber (top) and fabric (bottom) faces.
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The average and median values for each element by 
weight percentage were obtained from the collected 
matrix data, with median data information presented 
in full in Table 6.  From these it can be seen that 
the mapped area of the fabric face (Sample F) had 
approximately 14% more Calcium, and 43% less 
Silicon, present at the surface, with the average 
values showing similar results (median values being 
preferred for comparison here as they reduce the 
influence of any outlying results).

The above results provide a clear indication of the 
changes in surface properties that arise in fabric 
cast concrete.  The SEM imaging and EDS results 
show significant changes in the surface topology of 
fabric cast concrete, in addition to the distribution of 
elements at the surface zone.  Higher concentrations 
of Calcium and reductions in Silica concentrations 
suggest smaller cement particles are collected at the 
surface zone, providing a dense region with reduced 
pore sizes that contribute to the increased resistance 
to carbonation and chloride ingress seen in durability 
tests presented above.

Previous work (Price, 2000) shows a link between 
water:cement ratio and the improvements in surface 
properties found in permeable formwork.  The 
challenge of measuring water:cement ratios in 
hardened concrete is, however, considerable.  Much of 
the work undertaken to date uses optical techniques 
such as those described by Skjovsvold (1991, cited 
by Price, 2000) and codified in NT Build 361 (1999).  
Using fluorescent dyes, a range of concretes with 
known water:cement ratios must be compared to the 
test specimen before its water:cement ratio can be 
estimated.  Considerable preparation time is required, 
and the test accuracy is entirely dependent on the 
number of comparators that are cast.  For this reason, 
this technique was not employed in these tests.

4  Conclusions

This paper has detailed some of the recent 
research undertaken at the University of Bath.  Not 
only is it demonstrated that fabric formwork can be 
used to created optimised, low carbon concrete 
structures, but that its use also facilitates significant 
improvements in surface durability.

Faced with environmental effects, fabric cast concrete 
shows a number of advantages.  An increase in 

cement content at the surface, combined with a 
surface free from voids and blow holes provides a high 
quality visual finish.  A reduction in the volume of large 
pores at the surface, as suggested by sorptivity data 
provides a less permeable surface for carbonation 
and chloride ingress.

In addition, the increased cement content at the 
surface encourages the formation of Friedel’s Salt 
during chloride attack, further retarding the corrosion 
process.  Increased chloride binding by this higher 
cement content prevents depassivation of the steel, 
which is thus protected.  In a similar way, the reduced 
pore area is considered to contribute to the concrete 
resistance to carbonation, which helps to prevent the 
reductions in concrete pH that can lead to corrosion.  
This web of advantages is illustrated in full in Figure 
15.

From the tests outlined in this paper, it is clear that by 
casting concrete into a permeable mould significant 
durability benefits can be gained.  The ‘case hardened’ 
surface zone that is formed may allow designers to 
beneficially reduce their cover requirements, or, in 
designs governed by durability concerns, to reduce 
the specified concrete grade.  Such reductions in 
concrete grade in turn facilitate further savings in 
embodied energy.  For example, if a design required a 
50MPa concrete solely to satisfy durability concerns, 
and if this could be replaced with a 20MPa concrete 
cast in fabric formwork, the resulting embodied energy 
savings would be approximately 38%.  In conjunction 
with the material savings already achieved simply by 
casting optimised shapes and the potential additional 
carbon savings in using low-carbon cements, it is 
clear that fabric formwork offers an opportunity for 
significant embodied energy savings.

In addition, where the concrete surface is required 
to provide a visual finish, conventional approaches 
such as increases in cement content may be avoided 
through the use of fabric formwork.  Such an approach 
further reinforces the specification of fabric cast 
concrete by its strength requirements only, utilising 
the construction method to provide the concomitant 
durability and visual benefits seen in this paper.

The majority of testing undertaken in this paper has 
made use of one fabric, and further work is currently 
underway to determine the relative advantages of 
other available materials in the hope of finding the 
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optimum material that can combine flexibility, a low 
creep modulus, high strength and a small pore size.

By providing a permeable mould, an advantageous 
release of water and air during curing results in a cement 
rich surface zone that provides improved resistance to 
chloride ingress and carbonation when compared to 
the same concrete cast into an impermeable mould.  
These results are supplemented by new investigations 
into the chemical and structural changes that occur 
within the surface zone of the concrete.  Combined 
with the processes for design and optimisation of 
structural elements and the material reductions and 
carbon savings that will result from this, the durability 
benefits demonstrated in this paper further cement 
the thesis that fabric formwork can be used to provide 
a sustainable future in concrete construction.
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1  Introduction 

Although the title uses the term “membrane”, 
it is better to use the term “form-active structure”. 
Form-active is used in the way defined by H. Engel 
(1997): “Form-active structure systems are systems 
of flexible, nonrigid matter, in which the redirection 
of forces is effected by a self-found Form design 
and characteristic Form stabilization”. In practice 
form-active and flexible structures are mechanically 
prestressed membranes, inflatable membranes, 
chains and cable structures. 

In this paper we will consequently connect colours 
to a certain form. The most important colours are: 
yellow for zeroclastic, green for monoclastic, blue for 
synclastic, and red for anticlastic.

Figure 1: Zeroclastic, monoclastic, synclastic and anticlastic 
surfaces

If single-layered form-active surfaces in force 
equilibrium are brought in relation to their Gaussian 
curvature, the following five combinations can be 
made:

1) Prestressed membrane or cable structure with 
an anticlastic surface; 

2) Prestressed membrane or cable structure with a 
zeroclastic surface;

3) Inflatable with a synclastic surface;

4) Inflatable with a monoclastic surface; and

5) Inflatable with an anticlastic surface.

In this paper they are called the five basic form-active 
morphologies. The form-active surfaces in force 
equilibrium can be manipulated in four different ways:

1) By changing the prestress in a certain area ;

2) By an external load;

3) By pushing other form-active surfaces against 
the surface;

4) By pushing or pulling with a rigid element; 

Those four ways can be divided in different occasions. 
At the end the combination of all those different ways 
to manipulate membranes with the five basic form-
active morphologies results in 85 essentially different 
characteristics. Although it is not possible to make 
every shape you can think of, it is possible to come 
close to any shape desired. Instead of describing 
the formal geometry of surfaces we give an overview 
of the different parameters for the manipulation of 
membranes and the major geometric effects.

The overview is presented in four matrixes (Figure 9, 
38, 57 and 84). The first matrix shows the results of 
changing the prestress, the second load cases, the 

26 Eighty-five ways to manipulate membranes

A Pronk1 and M Dominicus1

1 Eindhoven University of Technology, Eindhoven, The Netherlands

If designers ask for the does and don’ts concerning the geometry of membranes it is hard to give a clear 
and simple answer. This paper gives an complete overview of the possibilities for the manipulation of 
membranes. It is presented in a matrix with 85 icons representing the 85 ways to manipulate a membrane. 
The overview aims to be a helpful instrument for designers and researchers working with membranes.

A Pronk and M Dominicus
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third pushing other form-active surfaces against the 
surface and the fourth pushing or pulling with rigid 
elements. In the columns the five basic form-active 
morphologies are given. In the rows you find the 
different ways to manipulate as mentioned above. The 
legend shows the meaning of the colours and marks. 
The marks in the legend give the increase or decrease 
of the curvature. Not every combination leads to a 
manipulation with a 3D effect on the surface. Some 
combinations will give the same result. For example 
pushing or pulling against a zeroclastic membrane will 
give the same deformation but mirrored. There are 5 x 
19 combinations, taking out the combinations without 
a result or with the same result 85 combinations are 
left.

2  The experiments by Linkwitz

With the specification of the force density in the 
field and in the boundaries it is possible to influence 
the geometry of the equilibrium of the membrane 
(Shek, 1974; Linkwitz and Shek, 1971). Linkwitz and a 
group of students did some experimental research to 
the ratio of the force density and the geometry of the 
equilibrium (Linkwitz, 2002; Steffen et al., 2000). For a 
better understanding of the geometry we researched 
the experiments by Linkwitz with the help of a force 
density program (Tess3D). Linkwitz made the following 
conclusions:

• If the ratio in force density of the boundary and the 
network is the same, the shape of the structure 
will also be the same.

• If the force density in the boundary compared to 
the network is bigger, the network will become 
bigger and the curvature in the network and 
boundary will become smaller.

• The shape of the equilibrium depends on the 
proportional relationship between the force 
densities in boundaries and network.

Figure 2, Figure 3: Two equilibrium surfaces with equal force 
density proportions in cable (1) and net (1). The force density 
in the cable in Figure 2 is 0. 

3  Changing the prestress in a certain area 
of the membrane

3.1 Local prestressed areas in anticlastic 
surfaces

 

4 5 6

7 8

Figure 4, 5, 6, 7 and 8 Anticlastic membranes with a change 
in local prestressed areas

In case of a change in a local prestressed force 
within the surface, there will be a new state of force 
equilibrium. Figure 4 shows a cable with a higher 
prestress. This cable can be seen as a new border. 
Figure 3 shows that if the ratio between border and 
membrane becomes bigger the curvature becomes 
smaller and the area becomes bigger. In Figure 4 
will happen the same. The higher the stress in the 
cable the less curvature in membrane and cable. A 
prestressed cable on or in the surface of a mechanical 
prestressed membrane will decrease the anticlastic 
curvature in the surface and will give a curved folding 
line at the position of the cable.

Figure 5 shows an area with a higher prestress. In that 
case the curvature perpendicular to the stressed area 
will increase. Outside this area and in the direction of 
the stress the curvature will decrease.

Figure 6 shows a local area with prestress in both 
directions. In the part with the higher prestress the 
curvature will increase in the other parts the curvature 
will decrease. 

Figure 7 and 8 shows a membrane with a local 
area with a relief of the prestress. In those parts 
will happen the opposite of what happened in the 
membranes with a local higher prestress. In case the 
stress in a prestressed surface is locally lower in one 
direction, the curvature in that direction will be higher. 
Perpendicular the curvature in that area will be lower. 
The curvature beside this area will increase. 
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Figure 9: Changing the prestress in a certain area (Figure 
4-28)

3.2 Local prestressed areas in zeroclastic 
membranes

10

11 12 13

Figure 10: Zeroclastic membrane, Figure 11, 12, and 13 
Inflatable membranes with a prestressed cable. 

Figure 10 shows a zeroclastic membrane. A higher 
prestress within the surface of the membrane will not 
lead to a curvature besides the wrinkling of the parts 
with a lower prestress. This will happen if the ratio 
between the tension in the both parts is more than 2 
(Steffen et al., 2000).

3.3 Inflatable membranes with a prestressed 
cable

Figure 14, 15, and 16: Three equilibrium surfaces with the 
same equally spread upload. The force density proportions in 
border cable, cross cable and net have been varied.

In Figure 14 the force density in the border cable is 12, 
in the cross cable is 1 and net cable is 1.

In Figure 15 the force density in the border cable is 12, 
in the cross cable is 12 and net cable is 1.

In Figure 16 the force density in the border cable is 1, 
in the cross cable is 12 and net cable is 1.

Figure 11, 12 and 13 show a prestressed cable on or 
in the surface of an inflatable. This will always give a 
synclastic curvature in the surface of the membrane. 
When the cable is pulled out of the surface of 
an inflatable the surface next to the cable will be 
anticlastic.

3.4 Inflatable membranes with a change in 
anisotropic prestressed areas

17 18 19

20 21 22

Figure 17, Synclastic inflatable membrane with an anisotropic 
higher prestressed area. Figure 18, Monoclastic inflatable 
membrane with an anisotropic higher prestressed area. Figure 
19, Anticlastic inflatable membrane with an anisotropic higher 
prestressed area. Figure 20, Synclastic inflatable membrane 
with an anisotropic lower prestressed area. Figure 21, 
Monoclastic inflatable membrane with an anisotropic lower 
prestressed area. Figure 22, Anticlastic inflatable membrane 
with an anisotropic higher prestressed area.

In case the stress in a prestressed or inflatable surface 
is locally higher in one direction, the curvature in 
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that direction will be lower but perpendicularly the 
curvature in that area will increase. Beside this area 
the curvature will decrease.

In case the stress in an inflatable with a synclastic 
surface is locally higher in one direction (Figure 17, 18 
and 19), the curvature in that direction will decrease. 
The surface in Figure 17 will become zeroclastic and 
then even anticlastic. The surface in Figure 18 and 19 
will be increasingly anticlastic. In Figure 20 and 21 the 
stress in an inflatable surface is locally lower in one 
direction; the synclastic curvature in that direction will 
increase. In Figure 22 the stress in an inflatable with an 
anticlastic surface is locally lower in one direction; the 
curvature in that direction will decrease to zeroclastic 
and then become synclastic.

3.5 Inflatable membranes with a change in 
isotropic prestressed areas

23 24

25

26 27

28

Figure 23, Synclastic inflatable membrane with an isotropic 
higher prestressed area. Figure 24, Monoclastic inflatable 
membrane with an isotropic higher prestressed area. 
Figure 25, Anticlastic inflatable membrane with an isotropic 
higher prestressed area. Figure 26, Synclastic inflatable 
membrane with an isotropic lower prestressed area. Figure 
27, Monoclastic inflatable membrane with an isotropic lower 
prestressed area. Figure 28, Anticlastic inflatable membrane 
with an isotropic higher prestressed area.

In Figure 23, 24 and 25 the stress in an inflatable is 
locally higher in both directions; the curvature in that 
area will increase to, or as, an anticlastic curvature. 
The inner pressure next to the higher stressed area 
will form a synclastic area. In Figure 26, 27 and 28 
happens the opposite: the stress in an inflatable is 
lower, the curvature in that area will increase to, or 
as, a synclastic surface. The surface area next to the 
lower stressed area will be anticlastic.

4  External load on the structure in force 
equilibrium

4.1 Curvature and deformation 

The main curvature in the network will be 
influenced by the relative position of the boundary. 
There is a relation to the curvature of the network and 
the behaviour of the network under load: the lower the 
curvature, the higher the deformation and vice versa.

4.2 Point load

 

 

29

30

31

32

33

Figure 29, Anticlastic membrane with a point load. Figure 
30, Zeroclastic membrane with a point load. Figure 31, 
Synclastic inflatable membrane with a point load. Figure 32, 
monoclastic inflatable membrane with a point load. Figure 
33, Anticlastic inflatable membrane with a point load.

In case of an external load, there will be a new state 
of force equilibrium. A prestressed surface in force 
equilibrium will always make an anticlastic surface to 
the place of contact with another point. 

4.3 Linear load on a mechanical prestressed 
membrane

34 35

36 37

Figure 34, Anticlastic membrane with a linear pushed load. 
Figure 35, Zeroclastic membrane with a linear pushed load. 
Figure 36, Anticlastic membrane with a linear pulled load. 
Figure 37, Zeroclastic membrane with a linear pulled load.

For anticlastic prestressed structures and zeroclastic 
surfaces the result for pulling and pushing is the same 
(Figure 34 and 36 as well as Figure 35 and 37): it 
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will bring a curved line in the surface. The changed 
surface will be anticlastic. 

Figure 38 External load (Figure 29-54) 

4.4 Linear load on an inflatable membrane

43

39 40 41

42 44

Figure 39, Synclastic inflatable membrane with a linear 
pushed load. Figure 40, Monoclastic inflatable membrane 
with a linear pushed load. Figure 41, Anticlastic inflatable 
membrane with a linear pushed load. Figure 42, Synclastic 
inflatable membrane with a linear pulled load. Figure 43, 
Monoclastic inflatable membrane with a linear pulled load. 
Figure 44, Anticlastic inflatable membrane with a linear 
pushed load. 

A linear load on an inflatable will result in a curved 
line in the surface of the membrane. Pushed from the 
outside (Figure 39, 40 and 41) the changed surface 
will be synclastic. Pulled from the outside (Figure 42, 
43 and 44) the surface will be anticlastic.

4.5 Local surface load on a mechanical 
prestressed membrane

45 46 47 48

Figure 45, Anticlastic membrane with a local pushed surface 
load. Figure 46 Zeroclastic membrane with a local pushed 
surface load. Figure 47, Anticlastic membrane with a local 
pulled surface load. Figure 48, Zeroclastic membrane with a 
local pulled surface load.

A surface load on an anticlastic surface will always 
decrease the anticlastic curvature. If the force on the 
surface is strong enough, it will lead to a synclastic 
surface. A zeroclastic membrane will always form 
a synclastic surface. For anticlastic prestressed 
structures and zeroclastic surfaces the result for 
pulling and pushing is the same (Figure 45 and 46 as 
well as Figure 47 and 48).

4.6 Local surface load on an inflatable membrane

49 50 51

52 53 54

Figure 49, Synclastic membrane with a local pushed surface 
load. Figure 50, Monoclastic membrane with a local pushed 
surface load. Figure 51, Anticlastic membrane with a local 
pushed surface load. Figure 52, Synclastic membrane with a 
local pulled surface load. Figure 53, Monoclastic membrane 
with a local pulled surface load. Figure 54, Anticlastic 
membrane with a local pulled surface load. 
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The surface load on an inflatable will always lead to a 
local synclastic surface if the force is strong enough. 
In Figure 51 and 54 the anticlastic curvature will 
decrease to zeroclastic before it becomes synclastic. 
In Figure 49 the synclastic curvature decreases to 
zeroclastic and becomes synclastic in the opposite 
direction.

At the borders of the “negative” synclastic surface to 
the “positive” curvature there will be a folding line (see 
Figure 55) or anticlastic area (see curved line within 
the rectangular part of Figure 56).

55 56
Figure 55 and 56: Sections of a synclastic membrane with a 
locally pushed surface load

5  Pushing form-active surfaces in force 
equilibrium against another form-active 
surface in force equilibrium

Figure 57: Pushing other form-active surfaces against the 
surface (Figure 59-83)

Figure 58 

Pushing form-active surfaces in force equilibrium 
against another form-active surface in force 
equilibrium will transform the two surfaces into a new 
state of force equilibrium based on the forces and 
form of the two individual surfaces. Below the general 
rules:

At the place of connection between both surfaces the 
angle between both surfaces is as shown in Figure 58.

If membrane structures are combined, this will lead to 
a fluid surface to the place where both surfaces are 
connected.  In the place of connection of the surfaces, 
the membrane with the highest tension demands the 
form of the surface.

If the tension in both surfaces is the same, the surface 
will form a minimal surface within the boundaries 
of the connected area. That will be an anticlastic or 
zeroclastic surface;

In all the cases where a membrane is pushed against 
a zeroclastic membrane (Figure 59, 69, 74 and 79) the 
curvature of the membrane will be decreased.

5.1 Pushing an anticlastic mechanical 
prestressed membrane against another 
membrane

59
60 61

62 63
Figure 59, Anticlastic mechanical prestressed membrane 
pushed against another anticlastic mechanical prestressed 
membrane. Figure 60, Anticlastic mechanical prestressed 
membrane pushed against a zeroclastic mechanical 
prestressed membrane. Figure 61, Anticlastic mechanical 
prestressed membrane pushed against a synclastic inflatable 
membrane. Figure 62, Anticlastic mechanical prestressed 
membrane pushed against a monoclastic inflatable 
membrane. Figure 63, Anticlastic mechanical prestressed 
membrane pushed against an anticlastic inflatable membrane

In Figure 59 and 60 the connected area will be 
anticlastic. If the prestress in both membranes is the 
same, the surface will form a minimal surface within 
the boundaries of the connected area.

In Figure 62 and 63 the connected area will be 
anticlastic. If the prestress in both membranes is the 
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same, the surface will form a minimal surface within 
the boundaries of the connected area. If not, it will 
differ from a minimal surface due to the overpressure 
at one side.

In Figure 61 the connected area is anticlastic and 
decreases to zeroclastic to become synclastic if the 
tension in the synclastic inflatable membrane and 
pushing force is strong enough.

5.2 Pushing a zeroclastic prestressed membrane 
against another membrane

64 65 66

67 68

Figure 64, Zeroclastic mechanical prestressed membrane 
pushed against an anticlastic mechanical prestressed 
membrane Figure 65, Zeroclastic mechanical prestressed 
membrane pushed against another zeroclastic mechanical 
prestressed membrane Figure 66, Zeroclastic mechanical 
prestressed membrane pushed against a synclastic inflatable 
membrane Figure 67, Zeroclastic mechanical prestressed 
membrane pushed against a monoclastic inflatable 
membrane. Figure 68, Zeroclastic mechanical prestressed 
membrane pushed against an anticlastic inflatable membrane

In all the figures the zeroclastic membrane will 
adapt the surface of the membrane pushed to. It will 
also decrease the curvature of the curved membrane 
below. In Figure 63 there is no manipulation.

5.3 Pushing a synclastic inflatable against 
another membrane

69 70
71

72 73
Figure 69, Synclastic inflatable membrane pushed against 
an anticlastic mechanical prestressed membrane Figure 
70, Synclastic inflatable membrane pushed against a 
zeroclastic mechanical prestressed membrane Figure 71, 
Synclastic inflatable membrane pushed against another 

synclastic inflatable membrane Figure 72, Synclastic 
inflatable membrane pushed against a monoclastic inflatable 
membrane Figure 73, Synclastic inflatable membrane pushed 
against an anticlastic inflatable membrane. 

In Figure 70 the surface decreases to zeroclastic and 
becomes synclastic in the opposite direction. At the 
borders from the “negative” synclastic surface to 
the “positive” curvature there will be a folding line or 
anticlastic area (Figure 55, 56).

In Figures 69, 72 and 73 the surface decreases to 
zeroclastic and becomes anticlastic.

5.4 Pushing a monoclastic inflatable against 
another membrane

 

74 75 76

77 78
Figure 74, Monoclastic inflatable membrane pushed against 
an anticlastic mechanical prestressed membrane Figure 75, 
Monoclastic inflatable membrane pushed against a zeroclastic 
mechanical prestressed membrane Figure 76, Monoclastic 
inflatable membrane pushed against a synclastic inflatable 
membrane Figure 77, Monoclastic inflatable membrane 
pushed against another monoclastic inflatable membrane 
Figure 78, Monoclastic inflatable membrane pushed against 
an anticlastic inflatable membrane

In Figure 74 and 78 the curvature decreases at the 
contact with anticlastic surface pushed in.

In Figure 76 the curvature decreases to zeroclastic 
and becomes synclastic in the opposite direction. At 
the boundary of the “negative” synclastic surface to 
the “positive” curvature there will be a folding line or 
anticlastic area (Figure 55, 56).

In Figure 77 there are two cases: In the first case the 
monoclastic surfaces have the same parallel direction. 
The monoclastic curvature decreases to zeroclastic 
and becomes monoclastic in the opposite direction; 
at the boundary of the “negative” monoclastic surface 
to the “positive” curvature there will be a folding line 
or monoclastic area. (Figure 55, 56). In the other case 
the monoclastic surfaces are not parallel. Then the 
monoclastic curvatures decrease to anticlastic and 
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becomes monoclastic in the opposite direction, at 
the boundary of the “negative” monoclastic surface 
to the “positive” curvature there will be a folding line 
or anticlastic area.

5.5 Pushing an anticlastic inflatable against 
another membrane

 

79

80
81

82 83
Figure 79, Anticlastic inflatable membrane pushed against 
an anticlastic mechanical prestressed membrane. Figure 80, 
Anticlastic inflatable membrane pushed against a zeroclastic 
mechanical prestressed membrane. Figure 81 Anticlastic 
inflatable membrane pushed against a synclastic inflatable 
membrane. Figure 82, Anticlastic inflatable membrane 
pushed against a monoclastic inflatable membrane. Figure 
83, Anticlastic inflatable membrane pushed against another 
anticlastic inflatable membrane

In Figure 83 the connected area will be anticlastic. 
If the prestress in both membranes is the same the 
surface will be a minimal surface.

In Figure 79 and 82 the connected area will be 
anticlastic. If the prestress in both membranes is the 
same the surface will form a minimal surface within 
the boundaries of the connected area. If not it will 
differ from a minimal surface due to the overpressure 
at one side.

In Figure 81 the connected area is anticlastic and 
decreases to zeroclastic to become synclastic if the 
tension in the synclastic inflatable membrane and 
pushing force is strong enough.

6  Pushing a rigid element into or out 
of a membrane structure in force 
equilibrium

!

Figure 84 Pushing or pulling with a rigid element (Figure 86-
104)

Below the general rules for the surfaces in force 
equilibrium that will be manipulated by pushing a rigid 
element into or out of the structure. 

If a rigid element is pushed against the surface in 
force equilibrium, the structure will adapt the surface 
of the rigid element unless the boundaries/surface of 
the rigid element allow the flexible surface to form a 
new surface in force equilibrium released from the 
surface of the rigid element. See Figure 85E.

If there is contact between two surfaces, the angle 
between them is zero.

If the angle between the surfaces fluently increases 
from zero, the release between the surfaces is within 
a place on the two surfaces. In that case there is a 
smooth transition between the two surfaces into a 
joint surface. See Figure 85A, 85C and F.
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If the angle between the surfaces changes suddenly, 
the release between the surfaces is at one of the 
boundaries of the surface. This will give a (curved) line 
within the other flexible surface. See Figure 85B and 
85D and 85E.

A  B  C  D  E  F

Figure 85, The section of a surface in force equilibrium 
pushed against a rigid element.

6.1 Pushed-out elements from the inside of an 
inflatable

86 87 88

Figure 86, Synclastic inflatable membrane with a pushed-
out element Figure 87, Monoclastic inflatable membrane 
with a pushed-out element Figure 88, Anticlastic inflatable 
membrane with a pushed-out element

An inflatable structure will make an anticlastic 
surface to the borders of any rigid element pushed 
out from the inside.

6.2 Pushed-in elements against mechanical 
prestressed membranes

89 90
91

92

93 94

Figure 89, Anticlastic mechanical prestressed membrane 
with a pushed-in element Figure 90, Zeroclastic mechanical 
prestressed membrane with a pushed in-element Figure 91, 

Anticlastic mechanical prestressed membrane with a pushed-
in element with a positive boundary Figure 92, Zeroclastic 
mechanical prestressed membrane with a pushed-in element 
with a positive boundary Figure 93, Anticlastic mechanical 
prestressed membrane with a pushed-in element with 
a negative boundary Figure 94, Zeroclastic mechanical 
prestressed membrane with a pushed-in element with a 
negative boundary

A zeroclastic mechanical prestressed membrane and 
an anticlastic mechanical prestressed membrane 
will make an anticlastic surface to the boundaries 
of any rigid element pushed in or out as long as the 
boundaries are not parallel.

6.3 Pushed-in elements with a parallel boundary 
curve 

95 96 97 98
Figure 95, Anticlastic mechanical prestressed membrane 
with a pushed-in element with parallel boundaries Figure 
96, Zeroclastic mechanical prestressed membrane with 
a pushed-in element with parallel boundaries Figure 97, 
Monoclastic inflatable with a pushed-in element with parallel 
boundaries Figure 98, Anticlastic inflatable with a pushed-in 
element with parallel boundaries

If the borders of a zeroclastic mechanical prestressed 
membrane and an anticlastic mechanical prestressed 
membrane are parallel with the element pushed-in, 
it will form a zeroclastic surface. If the direction of a 
monoclastic or synclastic inflatable surface is parallel 
to a monoclastic or zeroclastic element or straight 
boundary line the surface will be monoclastic.

6.4 Pushed-in elements with a positive boundary 
curve against an inflatable

99 100 101

Figure 99, Synclastic inflatable membrane with a pushed-in 
element with a positive boundary Figure 100, monoclastic 
inflatable membrane with a pushed-in element with a positive 
boundary Figure 101, Anticlastic inflatable membrane with a 
pushed-in element with a positive boundary
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If any rigid element with a positive border curvature 
is pushed in from the outside of an inflatable structure, 
an anticlastic surface is formed until the boundary 
of the rigid element. This also occurs if the positive 
boundary line is parallel to the boundary line of the 
membrane.

6.5 Pushed-in elements with a negative boundary 
curve against an inflatable

102 103 104

Figure 102, Synclastic inflatable membrane with a pushed-in 
element with a negative boundary Figure 103, monoclastic 
inflatable membrane with a pushed-in element with a negative 
boundary Figure 104, Anticlastic inflatable membrane with a 
pushed-in element with a negative boundary

An inflatable structure will make a synclastic 
surface when a rigid element with a negatively curved 
boundary is pushed in from the outside.

6.6 The influence of the pattern on the shape

Besides the forces on or in the membrane, the 
direction of the fibres or the structure of the cable net 
will influence the form of the surface. Below some 
examples.

105 106

107 108

Figure 105, 106, 107, 108 For equilibrium saddle shaped 
cable nets with equal force density proportions in cable (1) 
and net (1) and equal anchor points. The from of the saddle 
is influenced by the geometry of the net structure. 

In Figure 106 The diagonal yellow cables were added. 
In Figure 107 and 108 no cables were added to the 
structure. In this case the fixed (red) points were 
rotated. The differences between Figure 105, 106, 
107 and 108 show the influence of the pattern on the 
geometry of the surface.

7  Conclusion 

This paper provides an overview of the ways 
a membrane can be manipulated and the major 
geometrical effects of the manipulation. For a better 
understanding of why the stresses behave in this way, 
please read more about this in the referred papers 
(Mollaert, 2002; Capasso et al., 1993; Wagner, 2005; 
Otto, 1988; Isler, 1994; Emmer, 2009; Almgren, 1988; 
Pottmann et al., 2007; Wakefield, 1999; Maurin and 
Motro, 1998; Bletzinger and Ramm, 2001; Pagitz and 
Pelligrino, 2007). 

The aim of this paper is to give a complete overview 
and a helpful instrument for designers and researchers 
working with membranes.
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1  Introduction

Complex freeform architecture is one of the 
most striking trends in contemporary architecture. 
Architecture differs from traditional target industries 
of CAD/CAM technology in many ways, including 
aesthetics, statics, structural aspects, scale and 
manufacturing technologies. Designing a piece of 
freeform architecture in a CAD program is fairly easy, 
but the translation to a real piece of architecture 
can be difficult and expensive and as traditional 
production methods for free-form architecture prove 
costly, architects, and engineers are forced to simplify 
designs. 

Today, methods for manufacturing freeform concrete 
formwork are available, and more are being developed 
[1-4]. The common way of producing moulds for 
unique elements today is to manufacture one mould 
for each unique element using CNC milling in cheaper 
materials, but since the method is still labour intensive 
and produces a lot of waste, research is carried out 
in several projects [1] to find a solution, where one 
mould simply rearranges itself into a variety of familiar 

shapes. Such a concept has natural limitations, but 
would become a complimentary technology to the 
existing. 

1.1 Milled foam moulds

The milled foam method represents the newest and 
the most economical version of custom manufactured 
moulds, historically made by hand and recently milled 
in different materials using CNC. 

The advantage of foams in comparison to heavier 
materials is, that they are cheaper compared on 
volume, they allow fast milling, and they are easy to 
manually alter and fair after the milling process, which 
leaves a grooved surface texture. The main strength 
of the method is that it can be used for very advanced 
geometry as long as it is possible to de-mould the 
cast object. Further, there is almost no curvature or 
detailing level limitations besides that of the milling 
tool, as shown in Figure 1. Another clear advantage for 
this method is that the entire surface is manufactured 
to tolerances. The weakness of the method is that it 
requires manual fairing and coating to a large extent, 

Reconfigurable double-curved mould

C Raun1 and P H Kirkegaard2

1 ADAPA-Adapting Architecture, Skudehavnsvej 30, DK-9000 Aalborg
2 Department of Civil Engineering , Aalborg University Sohngaardholmsvej 57, DK-9000 Aalborg

This paper describes a concept for a reconfigurable mould surface which is designed to fit the needs of 
contemporary architecture. The core of the concept presented is a dynamic surface manipulated into a given 
shape using a digital signal created directly from the CAD drawing of the design. This happens fast, automatic 
and without production of waste, and the manipulated surface is fair and robust, eliminating the need for 
additional, manual treatment. Limitations to the possibilities of the flexible form are limited curvature and 
limited level of detail, making it especially suited for larger, double curved surfaces like facades or walls, where 
the curvature of each element is relatively small in comparison to the overall shape.

In the proposed dynamic mould system, where only a set of points is defined, a stiff membrane interpolates 
the surface between points. To function as a surface suitable for casting concrete or other substances against 
without the need for further manual treatment, the membrane should be durable and maintain a perfectly 
smooth and non-porous surface as well. A membrane with these properties has been developed for this 
project, and it is the core of the dynamic surface mould invention.
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if the surface has to be of a perfectly smooth, polished 
quality. For a large project, the form work is extensive, 
and after use it has to be thrown out, creating even 
more waste than was produced during milling.

Figure 1: Photo of a robot CNC-machine milling in a styropor 
material.

1.2 System based traditional formwork, PERI  

PERI is a German producer of traditional scaffolding 
systems, but they have expanded their product 
portfolio to include both flexible single curvature form 
work and custom double curved form work, as shown 
in Figure 2. PERI use standard components for the 
production of all their formwork, and both the single 
curvature flexible form, and their custom double 
curved forms are integrated into a complete and 
rationalized in-situ system. 

They have also developed software that can 
automatically determine what parts are needed 
based on a given geometry. It is a complete and 
reliable solution from software to hardware, design 
to construction. The main weakness is that there is  
waste produced in the process of creating the double 
curved moulds, and that it is only possible to create 
double curved surfaces of very small curvature.  

Figure 2: Photo showing PERI’s single curvature scaffolding.

The systems and methods shown above cover each 
of their different aspects of freeform architecture. 
Whether building scale or curvature is taken into 
consideration, there seems to be a gap in scale from the 
milled moulds to PERI’s large-scale  buildings. PERI’s 
boards or plywood sheets forced to create double 
curvature has a fairly small maximum curvature, and it 
seems futile to use a precision tool like a CNC milling 
machine, with its capability to produce very accurate 
and complex geometries, to create larger modules 
of relatively small curvature without further detailing. 
When looking at this curvature scale - smaller 
buildings created from a larger number of precast 
elements of familiar scale and curvature, it seems 
such elements could be generated from a common 
tool, the curvatures of which could be found between 
the maximum curvature of the force-bend scaffolding 
from PERI and the small, complex curvatures possible 
by milled moulds. 

A flexible tool could be competitive with foam milling 
in this area, if it were made, so that no additional, 
manual treatment of cast elements or surface were 
needed, no waste produced and production speeds 
in comparison to equipment price were better. A 
tool for creating modular solutions should come 
with a software or system to rationalize production 
and communicate possibilities to architects. At the 
same time, the direct connection between drawing 
and machine, as with the CNC miller, should be 
established, to get an automated process.  If a tool 
can be created to meet the criteria stated above, it 
could help promote the construction of the freeform 
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architecture that is so commonly seen in digital 
architecture and competition drawings today, by 
offering cheaper and more efficient custom building 
parts. It could help bring built architecture closer to 
the current computational geometry possibilities.

2  Flexible moulds  

The most important aspect to consider when 
designing a flexible form is its limitations. The wider 
the desired range of possible shapes, the more difficult 
and advanced the construction will be.  As discussed 
in the previous section, CNC milled foam moulds will 
at some point of complexity be the most attractive 
solution, as they are able to mill shapes that would 
be extremely hard to achieve by any other way of 
manipulating a surface. It is also clear, that no matter 
how a surface is manipulated in a flexible form. The 
very nature of the method results in a specialization in 
a common family of shapes. For instance, if a flexible 
mould were to create a perfect box, it may be designed 
to take different length, width and height, but because 
it needs specialized geometry like corners, it would be 
unable to create a sphere with no corners. A flexible 
mould aiming at the ability to do both, would possibly 
fail to achieve a perfect result in either case.

It all comes down to the fact, that every point on the 
surface of a flexible mould does not have the ability to 
change from continuity to discontinuity, because that 
would demand an infinitely high number of control 
points. Without an infinitely high number of control 
points, the flexible form, therefore, has to aim at 
creating smooth, continuous surfaces, the complexity 
of which must simply be governed by the number of 
control points. It is then left to decide, what the least 
number of control points is, relative to the properties 
of the membrane which will result in a mould design 
capable of achieving the curvatures needed for most 
freeform building surfaces. The initial motivation 
for the design of a flexible mould for double curved 
surfaces, was the encounter of other attempts to 
come up with a functional design for such a form, 
and the market potentials described in these projects. 
The technical difficulties and solutions defined in the 
projects presented here have been the inspiration for 
our present design.

2.1 Membrane Mould 

The mould concept presented here is based on 
having a flexible membrane manipulated by air filled 
balloons. The use of balloons solves the problem 
of creating smooth bulges on a membrane with no 
stiffness in bending, but it is, however, hard to control 
the tolerances at any given point. The edge conditions 
are, nevertheless, defined relatively precise by linear, 
stiff interpolators connected to rods and angle 
control. The concept provides a simple solution to 
generate smooth bulges but neglects to come up with 
a credible solution to the control of tolerances. With 
a multiple number of balloons it may be possible to 
make further advances with this concept, but this will 
also require a more advanced solution to control the 
balloons themselves.

Figure 3: Edge control by angle measurements (Pronk, 2009)

Figure 4: This edge control means that the panels can be 
joined to create a relatively continuous surface (Pronk, 2009).
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2.2 North Sails    

North Sails in North America produces custom 
cast sails in a digitally controlled, flexible form that 
uses a principle where stiff elements create a smooth 
surface between points defined by digitally controlled 
actuators. They a thick rubber or silicone membrane 
which has an even surface, since it is supported 
by a large number of small, stiff rods placed close 
together underneath it. The small rods are placed on 
top of larger rods connected to the actuators. This 
simple system is possible because of the relatively 
small curvature in comparison to the mould size. The 
mould is highly specialized and appears to have been 
extremely expensive, but it is the best example of 
a flexible mould concept, that could easily be used 
to cast concrete panels, and it has been the main 
inspiration for the principles used in the flexible mould.

Figure 5: North Sails mould with numerous actuators.

3  Concept for a reconfigurable double-
curved mould

In the proposed dynamic mould system, only a 
set of points is defined. A stiff membrane interpolates 
the surface between those points. Stresses in the 
deflected membrane will seek to be evenly distributed, 
and therefore, it will create a fair curve through the 
defined points. A stiffer membrane will have a more 
equally distributed curvature, while a softer membrane 
will tend to have higher peaks of curvature near the 
defined points. This relation between the physical 
properties of a stiff member and the mathematical 
properties of a NURBS curve can be applied to 
surfaces as well. If a plate interpolator can be made, 
that has an equal stiffness for bending in all directions, 

and the freedom to expand in its own plane it would 
constitute a 3D interpolator parallel to the well known 
2D solution (NURBS curve). To function as a surface 
suitable for casting concrete or other substances 
against without the need for further manual treatment, 
the membrane should furthermore be durable 
and maintain a perfectly smooth and nonporous 
surface.  A membrane with these properties has been 
developed for this project, and it is the core of the 
dynamic surface mould invention.

The number of actuators in a row defines the precision 
and possible complexity of the surface. A smaller 
number of actuators requires a stiffer membrane and 
less control. A larger number means softer membrane 
and better control. In this way, the amount of actuators 
needed depends on the complexity of the surface.

Figure 6: Illustration of a surface deformed by 3, 4 and 5 
actuators.

Five actuators in a section have been chosen not only 
because of the finer control, but also because the 
coherence between the NURBS surfaces in a CAD 
drawing and the physical shape of the membrane is 
better, as shown in Figure 6. Smaller leaps between 
the pistons mean less deflection caused by the 
viscous pressure, and most importantly, the edge 
conditions in a 5x5 configuration are less affected by 
the deflection elsewhere on the membrane, than they 
are with the 4x4.
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3.1 Functionality and limitations

The mould can take any digitally defined shape within 
its limitations within one minute from the execution of 
a program reading 25 surfaces coordinates directly 
from the CAD design file. The main limitation of the 
mould is its maximum curvature. It is defined by the 
construction of the membrane, and for the prototype, 
it is approximately a radius of 1.5 m. The system can 
be scaled to achieve smaller radii. Another limitation 
is that the surface designed has to fit within the 1.2 x 
1.2 x 0.3 m which is the box defined by the pistons. 
This box is adequate to create a square piece of a 
sphere as big as the mould, with a radius of 1.5 m. For 
most of the freeform architectural references, these 
limitations mean, that it is conceivable to produce the 
main parts of the facades. 

Control of the actuators via CAD software is, in the 
prototype, programmed using the Arduino platform 
and Rhino supporting NURBS, which is ideal for 
generating surfaces applicable to the mould system. 

Figure 7: Casting of a double curved fibre reinforced concrete 
panel.

The information layout is based on the following; 
Arduino informs Rhino about current positions of all 
actuators, and Rhino issues commands to Arduino, 
which then positions all actuators. Controlling a 
surface in Rhino generates real-time feedback in 
the mould system and in-program information about 
curvature degrees and possible warnings. Typical 
scenarios of use have been implemented as to help 
from an early point in a design process. Starting from 
at a double curved wall where the program will issue 
information about different subdivision possibilities 
and possible problems relating to manufacture, to 
the coordinated virtual and physical handling of the 
separate elements on and off the mould system.

The mould has from the early design stages been 
developed towards a specific physical solution space 
determined by the maximum possible radius and 
the area and height of actuators. Therefore, it is a 
crucial decision when determining the exact solution 
space needed for a specific application i.e. façade 
construction.

3.2 Tolerances

Tolerances can be split in two categories. The first 
is the tolerances of the optimum created surface in 
comparison to that of the CAD drawing; the second is 
the accuracy of the system’s structure. 

The difference between the drawing and physical 
surface of the mould stems from the fact, that the 
membrane interpolates between the points in a 
different way to the drawing. Having said that, the 
25 points and edge conditions precisely specified 
and the membrane technology certifies not only a fair 
surface but also a fair derived curvature. Furthermore, 
the inaccuracy in comparison to the drawing does not 
suggest that panels will not meet up properly, since 
they will differ from the drawing in the same way. 
An estimate on the maximum discrepancy between 
drawing and surface would be around 2-3mm, granted 
the digital surface is fair as well.

The tolerances within the system can vary in three 
ways. The normal tolerance is a result of the numerous 
moving parts, each contributing to minor inaccuracies. 
This is estimated to provide a difference of 1-2mm of 
difference between the piston end pushing and the 
piston end pulling the surface. Since the tolerances 
can be measured for push and pull, it can be taken 
into account.

The last kind of tolerance derives from the fact that 
the membrane is elastic. Because the membrane is 
one structural piece, an edge with pistons in exactly 
the same positions may change its shape slightly 
depending on the overall shape, as the edge is pulled 
in by various forces. This is the main reason why 
25 and not 16 actuators are chosen, and the effect 
will only be known from testing the prototype. The 
stiffness of the underlying system also helps prevent 
the effect, since it consists of structurally independent 
parts. The effect is estimated to be 0-1mm for the 
worst cases.
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3.3 Possible panel materials and production

Initially, the mould technology was developed 
towards concrete panels since these were in general 
usage within the architectural construction. However,  
other materials showed at an early stage promise as a 
material to be shaped on the mould, such as  Glassfiber 
reinforced gypsum (GFRG), Thermoplastics, and  
Glassfiber reinforced plastic (GFRP). 

The concrete panel industry regards the mould limited 
in one major aspect, hardening time. Typical hardening 
time for a GFRC panel would be around 18 hours 
before a demoulding can occur, and this sets a severe 
limitation to the optimization of panel production. 
Although the concrete panel industry has solutions 
for this available in their laboratories where the recipe 
for fast hardening concrete mixes have been tested, 
the implementation of these in production has been 
deemed too costly. However, seeing the potential in 
having a hardening time of three hours combined with 
the flexible mould technology these advances may be 
pursued.     

To produce double curved concrete panel or other 
materials with the flexible mould it is necessary to use 
much effort in finding the optimal solution for dividing 
a surface both seen from a structural and aesthetical 
perspective. Figures 8 - 10 explain how the flexible 
mould can be used from design to production of 
freeform architecture.

Figure 8: Facade divided into panels and made ready for 
production on the mould.

Figure 9: Production technique for the mould technology.
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Figure 10: Geometric properties of the mould.

4  Conclusions

Complex freeform architecture is one of the most 
striking trends in contemporary architecture. Today, 
design and fabrication of such structures are based 
on digital technologies, which have been developed 
in other industries (automotive, naval, aerospace 
industry). 

This paper has presented traditional production 
methods available for free-form architecture, which 
forces architects and engineers to simplify their 
designs. Further, the paper has described the 
development of a flexible mould for production of 
precast elements, which can have a given form, as 
shown in Figure 11. The mould consists of pistons 
fixing points on a membrane which creates the 
interpolated surface and is fixed to the form sides in a 
way that allows it to move up and down. 

The main focus for the development has been on 
GFRG, GFRC, but a flexible, digitally controlled mould 
can be used in other areas as well. Throughout the 
project, interest has also been shown in using the 
mould for composites,  and among other, ideas are 
the idea of casting acoustic panels, double curved 
vacuum and formed veneer. The flexible mould 
concept can advance modern, free form architecture, 
as the concept offers cheaper and faster production of 
custom element. Today, double curved architecture is 
popular in digital architecture, and famous architects 
are building free-form buildings and pavilions. In 
the less-expensive part of the market, free form 

architecture is not as common, and often, like in the 
Blue Planet project by 3XN in Copenhagen, the double 
curvature is created by a steel frame work covered 
with tiling. This is currently the easy solution, as 2D 
digital technologies like laser cutting and water jet 
cutting is available as standard in the industry. Double 
curved concrete architecture seems to be a rarity, and 
it is hard to predict whether or not the introduction of 
the flexible mould on the market will mean that more 
double curved concrete architecture will be designed, 
just because the technical opportunity is offered. 
However, in some cases, especially for facade 
elements, the method will offer a cheaper alternative 
for double curvature, that for economic reasons may 
be the only way to get a free-form  expression. The 
facade element market is therefore identified as the 
key market for launching the flexible mould.

Figure 11: Six GFRG panels (1200x1200 mm). 
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1  Process

The process we take at hand is more a hands on 
way, based on trail and error.  Making on a intuitive 
way of designing.  The idea was born from out to 
make something soft in the public space.  In that we 
way we only can let see the visual process of making 
choices. The development from starting idea to the 
last real product.

2  Softness in public space

Mountainscapes as a meeting bench in a public 
area:  dig a hole in the ground, seal it with a slab of 
rubber, pour concrete in it, let it cure and turn it over 
(Figure 1, Figure 2 and Figure 3).

Figure 1: Softness in public space

Figure 2: Mountainscapes as meeting spaces

28 Flexible formwork applied on furniture

T Remy1 and R Veenhuizen1

1 Atelier Remy & Veenhuizen, Utrecht, The Netherlands

In the course of experimenting with the process of pouring concrete into the mold, we got intrigued by the 
way the liquid concrete deformed the mold, and made it appear to be inflated.  Part of the excitement in 
creating these pieces was the material itself. Concrete is simple, inexpensive, but we don’t normally think of 
it in its liquid form. So, for us, the front-end process, working with the basic properties of the liquid concrete 
was both an intellectual revelation and a design challenge. We had to think about this material as both 
a liquid and a solid, and give over some of the actual design to the physical properties of the liquid. The 
pressure of the liquid poured into the mold deforms, distorts and distends the mold. We can predict that 
once a chair or stool or bench has cured it will have a certain structure, but we don’t have complete control 
over the nuances of the piece – that’s determined by nature, by pressure exerted on the mold. Part of what 
also happens is that we preserve and reveal the pressure. The pressure itself becomes petrified.

T Remy and R Veenhuizen
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Figure 3: 

Mountain -scapes as meetingbench in public area , digging a 
hole in the ground , seal it with a slab of rubber, pour 
concrete in it, let it cure and turn it around 

Artifical mountain shapes from the ‘dig a hole’ 
principle - an area to meet and greet

One such proposal was made for a new neighbourhood.  
Problems of weight resulted in a size change - to 
furniture size.  In contrast to the hole in the ground 
method, the challenge then was how to constrain the 
form to keep it in the desired shape.  Two methods 
were developed to overcome this challenge:

1) A totally ‘soft’ sewed form as a flexible mould

2) A half ‘soft’, half ‘hard’ form, allowing for the 
placement of reinforcement.

2.1 Method 1

Each prototype was cast as a single piece in 
individual moulds created from waterproof PVC or 
plastic sheeting.  A mould, sewn as shown in Figure 4 
is then supported in a frame (Figure 5).

Figure 4: Sewing the fabric mould

Once assembled, the moulds are placed upside down 
and concrete is poured into the feet (Figure 6). The legs 
are steel reinforced and the concrete itself contains 
small metal fibres that add stability. Within two days 
the works are solid enough for the mold to be cut off; 
and, within two weeks, the furniture is completely dry.

The result is to some extent trompe l’oeil. What 
appears to be inflated furniture is actually cast 
concrete. It appears light in weight, but is actually 
heavy. You think it’s squishy and pliable, but it’s solid 
and firm, as seen in Figure 7.

Figure 5: Supporting system for the fabric mould

Figure 6: Construction for Method 1

Figure 7: Construction results - Method 1
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2.2 Method 2

To obtain a method of allowing reproduction, a 
part hard, part soft mould was developed.  Method 
2 (Figure 8) also solved the problem of getting 
reinforcement into the mould.  Elements produced in 
this way are shown in Figure 9 and Figure 10.

Figure 8: Construction method 2 - hard and soft.

Figure 9: The demoulded elements.

Figure 10: Further construction example.

3  Structural mould systems

In addition to the work described above, a number 
of mould systems were developed to create structural 
shapes.

One example, showing a concrete framing system 
is shown in Figure 11.  The mould was moderately 
succesful in creating an innovative shape.

Figure 11: Moulds for structural shapes
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3.1 Furniture

Additional furniture elements cast using a fabric 
mould include the three-legged concrete table shown 
in Figure 12.  The mould (Figure 13) was cast upside 
down, with stitching of the fabric undertaken to create 
the unique shape.  Such elements thus include a 
considerable problem of creating the correct casting 
and cutting pattern.

Figure 12: Fabric formed table

Figure 13: Casting process for fabric formed table

Figure 14: Table details

4  Conclusions

The method of making with the flexible formworks, 
gives a opportunity to creates new forms and 
structures with concrete. 

There is still a lot to experiment and try out with the 
method, I would say this is still the beginning.

The next step could be how get the method to a bigger 
scale of mass production, this can be a challange for 
concrete producing companies.

Figure 15: Table and chair
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1  Introduction

Since its invention by the Romans, concrete has 
been cast into all manner of formworks whether 
temporary or permanent.  All-rigid formworks have 
become the containment form of choice for our 
modern concretes and an industry standard practice 
ever since humankind first sought to contain these 
early forms of mortar and ‘concrete’ in their structures.

The American Concrete Institute’s Committee 347 
(ACI Committee 347, 2004) formally introduced the 
first standard guide for the design and construction 
of formwork in 1963.  And, it was only recently (2005) 
that ACI Committee 334 (ACI Committee 347, 2004) 
introduced a standard guide for the construction 
of shells using inflated forms even though several 
methods of construction using inflated forms (Neff, 
1942) have been available since the early 1940s. 
It can take many years to standardize methods of 
construction today regarded as experimental.

One such experimental and imaginative means of 
construction is through the use of a flexible formwork 
that, while not inflated, still gives form to structural 
members previously cast in only all rigid formwork.  
Given the need for a mortar or concrete to set and 
cure properly the use of a flexible formwork might 
appear to be rather ill-suited for casting any concrete 
member yet casting concrete into flexible formworks 
may in fact be used nearly anywhere a rigid formwork 
is used.

As a means for forming concrete this versatile way of 
containing concrete saw some of its first use in civil 
engineering works such as erosion control and now 
that strong, inexpensive geotextiles have become 
available it is also beginning to attract attention 
throughout the world for architectural and structural 
applications.  Architects and designers in Japan, 
Korea, Canada and the United States have begun to 
use flexible fabric formworks made from geotextile 
fabric to form concrete members for their projects.   
However, a significant amount of research remains to 

29 Fabric-formed Concrete Member Design

R P Schmitz, PE1

1 RPS Structural Engineering, LLC.  357 Terrace Drive East, Brookfield, Wisconsin 53045, USA

Concrete members have traditionally been cast using a rigid formwork.  Recently, however, the American 
Concrete Institute’s Committee 334 has introduced a guide for the construction of shells using inflated forms.  
Straightforward methods of analysis and design are available for the traditionally cast concrete member – be 
it a concrete floor, beam, wall or column member.  This is not the case for the concrete member cast in a 
flexible fabric formwork.  The final member form, performance and function of the fabric membrane and the 
reinforcement of the member for design loads all add to the complexities of the member’s analysis and design.  
To date, no design procedures or method to predict the deflected shape of a fabric cast concrete member 
have been developed.  This paper introduces a four step design procedure for analytically modelling a flexible 
fabric formwork for the design of a fabric cast concrete wall panel.

Analytical modelling and design techniques presented in this paper will offer the design community 1) an 
alternative method for expressing themselves using flexible fabric formwork 2) the ability to optimize concrete 
members and 3) realize economies of construction leading to a conservation of construction materials and a 
greener more sustainable planet.

R P Schmitz
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be done to bring these forming systems into everyday 
practical use by the construction industry.

Standards and guidelines for using flexible fabric 
formworks need development in a timely manner so 
that the design community can take full advantage 
of this means for forming concrete members.  This 
paper focuses on the engineering aspects involved 
in designing a precast concrete panel member, just 
one of numerous concrete member types used in 
architectural and structural works where fabric may 
be used as the formwork.

1.1 Research efforts

The author’s first introduction to flexible formwork 
came from reading an article by Mark West, Director of 
the Centre for Architectural Structures and Technology 
(C.A.S.T.) at the University of Manitoba, Canada, 
published in Concrete International (West, October 
2003).  Canada is one of a number of countries 
with schools of architecture and engineering where 
students conduct research into this unique means of 
forming concrete.  Other countries include the United 
States, England, Scotland, Mexico, Chile, Belgium 
and the Netherlands.

Architectural students at C.A.S.T. (West, April 2003), 
(West, April 2004) explore the use of flexible formwork 
using cloth fabric and plaster before creating a full 
scale cast of a concrete panel. The cloth fabric, when 
draped over interior supports and secured at the 
perimeter, deforms as gravity forms the shape of the 
panel with the fluid plaster as shown in Figure 1.

The casting of a full scale panel using concrete 
requires finding a fabric capable of supporting the 
weight of the wet concrete.  Ideally suited for this 
purpose are geotextile fabrics.  These fabrics made 
of woven polypropylene fibres are low cost and have 
a high tensile strength component.  The flexible fabric 
material is pre-tensioned in the formwork over interior 
supports where required to give the panel its desired 
aesthetic form.  

Geotextile fabric as a formwork material has a number 
of advantages including:

• The formation of very complex shapes is possible.

• It is strong, lightweight, inexpensive, reusable and 
will not propagate a tear.

• Less concrete and reinforcing are required 
resulting in a conservation of materials.

• Filtering action of the fabric improves the surface 
finish and member durability.

It also has several disadvantages including:

• Relaxation can occur due to the prestress forces 
in the membrane.  There is the potential for creep 
in the geotextile material, accelerated by an 
increase in temperature as might occur during 
hydration of the concrete as it cures.

• The concrete requires careful placement and the 
fabric formwork must not be jostled while the 
concrete is in a plastic state.

Figure 1: Model formwork and completed plaster casts (C.A.S.T. photos).
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The author believes however, the benefits of using 
geotextiles far outweigh any disadvantages until new 
fabrics are developed.  Among the key benefits are 
economies of construction, durability of the product 
and freedom of design expression.

Figure 2 shows the interior supports for a full scale 
formwork prior to stretching in the fabric membrane 
and the resulting completed concrete panel.

For illustration purposes, an unreinforced 12’ 0” long x 
8’ 0” wide x 3½”–thick (3.7 m x 2.4 m x 88.9 mm) wall 
panel will be designed for self weight and a ±30 psf 
(±1.44 kPa) lateral wind load using a concrete strength 
of 5,000 psi (34.5 MPa).

1.2 A design procedure

Due to the complex structural shapes wall panels 
can take when formed in this manner the challenge 
is finding an appropriate method of analysis.  
Straightforward methods of analysis and design are 
available for the traditionally cast concrete column, 
floor beam, and wall or floor panel. Shapes as 
complex as these require the use of finite element 
analysis (FEA) software and a procedure to “form 
find” and analyse the complex panel shape. Prior to a 
thesis (Schmitz, 2004) and a paper (Schmitz, 2006) by 
the author, to introduce a design procedure, analysis 
methods to predict the deflected shape of a fabric 
cast panel were unavailable.

We introduce a four step procedure for analytically 
modelling a fabric formwork employing the structural 
analysis program ADINA (ADINA R&D, Inc., May 2009) 
to analyse the formwork and the concrete panel cast 

into it.  The final panel form, function and performance 
of the fabric membrane and the reinforcement of the 
panel for design loads all add to the complexities of 
the panel’s analysis and design.  The four steps in this 
procedure are as follows:

1) Determine the paths the lateral loads take to the 
wall panel’s anchored points.

2) Use the load paths, defined in Step 1, to 
model the fabric and plastic concrete material 
as 2D and 3D Solid elements, respectively.  
Arrangement of these elements defines the 
panel’s lines of support.

3) ‘Form find’ the shape of the panel by 
incrementally increasing the thickness of the 
3D Solid elements until the supporting fabric 
formwork reaches equilibrium.  The process 
is iterative and equivalent to achieving a flat 
surface in the actual concrete panel – similar to 
a ponding problem.

4) Analyse and design the panel for strength 
requirements to resist the lateral live load and 
self weight dead load.

If, after a completed analysis of the panel in Step 4, it 
is found that the panel is either ‘under-strength’ or too 
far ‘over-strength’, adjustments to the model in Step 
2 will be required and Steps 3 and 4 repeated.  With 
this iterative process, it should be possible to obtain 
an optimal wall panel design.  Prior to implementing 
this four step procedure, however, the modelling 
techniques utilized in Steps 2 and 3 above require 
defining.

Figure 2: Full-scale formwork and completed concrete panel (C.A.S.T. photos).
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2  Material properties and analysis 
method

Efficient modelling plays an essential role in the 
development of the finite element model.  The finite 
elements making up the supporting fabric formwork 
and the elements, which eventually make up the final 
concrete panel shape, are defined in the same model.  
Once the final concrete panel shape is defined by 
using an iterative ‘form-finding technique, the fabric 
elements are discarded.  The concrete panel elements 
are then designed for the appropriate lateral loads 
under the given set of boundary conditions.

The difficulty with combining the two element types 
required to define the overall model is that they 
each have their own material properties, which can 
contribute to the overall strength and stiffness of the 
model.  Initially, the concrete is plastic and considered 
fluid in nature, similar to a slurry.  The slurry will 
contribute weight to the fabric element portion of the 
model but cannot contribute stiffness to it.  Therefore, 
an intermediate step is required.  In this step, the 
slurry – characterized as a material that has weight, 
but no strength or stiffness – is used as the material 
property for the concrete panel elements while the 
panel shape is being found.

2.1 Fabric model material properties

The geotextile fabric material, used as the 
supporting formwork, is anisotropic.  The modulus 
of elasticity is different in the WARP (machine 
direction, along the length of the roll) and the FILL 
(cross machine direction, through the width of the 
roll) directions.  These differences are important 
when modelling the fabric as well as for securing it 
to the supporting formwork.  Mechanical properties 
for geotextile fabrics are obtained from stress strain 
curves developed in accordance with the standard 
test methods of ASTM D4595 (ASTM Committee D35 
on Geosynthetics, 2001).

Stress strain data for the Amoco 2006 geotextile 
fabric obtained from Amoco Fabrics and Fibers 
Company (Baker, 2004) allowed the properties 
shown in Equations (1) through (5) for this elastic 
orthotropic material to be entered into the ADINA 
material model.  There is little interaction between the 
two perpendicular directions in a woven fabric and a 

value of zero for Poisson’s Ratio was chosen for this 
material model (Soderman and Giroud, 1995).

t=0.03in (0.762mm) (1)

Ewarp = Ea = 46,667psi (321.8MPa) (2)

Efill = Eb = 90,000psi (620.4MPa) (3)

G = 23,333psi (160.6MPa) (4)

v = 0.0 (5)
Where t = Fabric thickness; Ewarp = Modulus of Elasticity, 
Machine Direction; Efill = Modulus of Elasticity, Cross 
Machine Direction; G = Shear Modulus; v = Poisson’s 
Ratio

Relaxation can occur due to the prestress forces in the 
membrane and there is the potential for creep in the 
geotextile material.  Geotextile fabrics are temperature 
sensitive, and as a result, creep as the temperature 
increases (Terram Ltd., May 2000).  Creep in the 
fabric may be more of a factor as the concrete panel 
cures due to the heat of hydration than initially as the 
concrete is being poured into the fabric formwork.

The effects of creep in the geotextile fabric are not 
included in this paper but relaxation will be considered 
in the modelling of the fabric panel.  Loss of prestress 
due to relaxation of the fabric can exceed 50% after 
just a 20 minute period depending on the percentage 
of initial prestress and the direction in which the fabric 
is prestressed (Baker, 2004).

2.2 Slurry model material properties

The slurry material, as stated above, must not 
contribute stiffness to the fabric element portion of 
the computer model.  As a result, a very low modulus 
of elasticity must be used for this elastic isotropic 
material.  The slurry material will function as the load 
on the fabric element model using the slurry’s density 
as a mass proportional load.  Equations (6) through (9) 
summarize the slurry material properties used in the 
ADINA material model.

t= varies-in (mm) (6)

Esm = 2psi (13.79kPa) (7)

vsm = 0.0 (8)

Dsm = 2.172x10-4 lb-sec2/in4 (2321 kg/m3) (9)
Where t = Slurry thickness; Esm = Modulus of Elasticity; 
vsm = Poisson’s Ratio; Dsm = Density
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2.3 Step 1 – Determination of load paths

In the first step, a FEA study of a uniformly thick 
panel with various boundary conditions is performed 
in order to determine the load paths an applied lateral 
load might take.  A distributed unit load is applied to 
a series of panels using 3D solid elements and the 
resulting principal stresses examined.  For this study, 
any uniform material type may be used. Figure 3 
shows the results of these panel investigations for a 
variety of boundary conditions.  The double headed 
arrows indicate the general direction the maximum 
principal stresses take.

Figure 3: Panel load paths and anchor locations.

Note in Figure 3 that panel anchor locations appear to 
result in load paths, which fall into one of two cases.  
Load paths defining Case 1 are parallel to one of the 
panel’s edges as shown in Panel BC1, which has a 
continuous simple edge support, or Panel BC5 and 
Panel BC8, which have symmetrical 4 point anchor 
locations.  The load paths in the remaining panels 
appear to triangulate in their direction between the 
anchor locations and define Case 2.  For illustration 
purposes, the anchor locations shown in Panel BC3 
are assumed – where the load paths triangulate.  This 
anchor arrangement was also chosen for our example 
panel for the interesting shape the final panel design 
takes.

2.4 Step 2 – Define fabric formwork design

The ADINA model representing the supporting 
fabric formwork in combination with the slurry 
material, which functions as the load on the formwork 
is shown in Figure 4.  Based on the study of the load 
paths shown in Figure 3, the formwork is laid out and 
the interior and perimeter boundary conditions are 
set.  A ‘B’ in this figure indicates location of the interior 

supports. For clarity, the fabric and slurry element 
groups are shown separately.

Figure 4: 

INTERIOR
SUPPORTS

Combined fabric and slurry model.  (1 in = 25.4 
mm, 1 psi = 6.9 kPa)

The fabric in this model will be laid with the cross 
machine direction spanning the narrow dimension 
of the panel and the machine direction spanning 
along the length of the panel.  The fabric will deflect 
between these interior supports creating thicker panel 
regions – capable of resisting more load than at the 
supports where it remains at its initial thickness.  
These deflected regions define the panel’s load paths.  
Increased strength will be provided spanning the 
width of the panel along a diagonal path, for a 4 point 
anchor condition, due to these thickened regions.  In 
addition, ‘collector’ paths are formed along the length 
of the panel to bring the load to the diagonal load 
paths.

2.5 Step 3 – Form-find the panel shape

The computer model representing the supporting 
fabric formwork uses 9-node, 2D solid elements.  The 
2D solid element uses a 3D plane stress (membrane) 
kinematic assumption.  A prestress load of 2% is 
applied to the fabric in the cross machine direction 
with a 50% reduction in the modulus of elasticity, Eb, 
due to relaxation, assuming the concrete is poured 
within one hour of prestressing the fabric.  A one-
half percent prestress load is applied in the machine 
direction to keep the fabric taut with no reduction 
in Ea being taken.  Thus, the modulus of elasticity is 
approximately equal in each direction.  The 2D solid 
fabric elements use a large displacement/small strain 
kinematic formulation.

The computer model representing the slurry material 
will use 27-node, 3D solid elements.  To be consistent 
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with the 2D fabric elements, the 3D slurry elements 
also use the large displacement/small strain kinematic 
formulation.

Now that the model is defined, ‘form-finding’ of the 
panel shape may proceed.  Initially, the 3D slurry 
elements are uniformly 3½-in–thick (88.9 mm).  ‘Form 
finding’ the panel shape proceeds as follows:

1)  Run the model under slurry gravity loading 
and determine the interior fabric element node 
displacements.

2) Increase the 3D element thicknesses at each 
interior node (e.g., at node 357, Figure 5) by the 
amount the fabric displaces (e.g., at node 367, 
Figure 5).  The bottom node remains stationary 
while the top and mid level nodes are adjusted 
upward.  (The computer model panel is formed 
in reverse of how it would occur if the slurry were 
actually being poured into the fabric formwork.)

3) Rerun the model and determine the interior 
fabric element node displacements.

4) Repeat Steps 2 and 3 until displacements 
between the last two runs are within a tolerance 
of approximately 1%.

Figure 5: ’Form-finding’ combined fabric and slurry model.

Given the hundreds or even thousands of interior nodal 
locations that will require adjustment, depending 
on the size and complexity of the model, the task 
of manually adjusting the nodal locations becomes 
daunting.  Fortunately, ADINA can both output 
displacement information and input nodal locations 
using text files, which when used with a spreadsheet 
program greatly facilitates this ‘form-finding’ task.  
Still, what would be desirable is a program that can 
automatically update its nodal locations.

The finite element model in Figure 6 shows the results 
of ‘form-finding’ the panel shape made up of the 
slurry material.  The boundary conditions that created 
it were illustrated in Figure 4.

Figure 6: Panel shape after “form-finding”.

2.6 Step 4 – Panel analysis and design

A strength analysis of the panel will need to be 
performed before any judgment can be made of 
whether or not the panel is adequate.  The panel 
design may be optimised, to account for over or under 
strength, by adjusting the following list of variables 
and repeating Steps 2-4 of the design procedure.

• Concrete strength

• Initial panel thickness

• Prestress in fabric formwork and

• Anchor locations

The panel shape defined in Figure 6 may now be 
analysed for strength under the ±30 psf (±1.44 MPa) 
design lateral wind load and gravity self weight.  Two 
lateral load cases are considered, a positive load case 
and a negative load case as shown in Figure 7.  The 
lateral loads will cause bending in the panel and the 
gravity loads are in plane loads that will contribute 
to membrane action in the vertically oriented panel.  
The panel will be analysed using the strength design 
method for plain concrete and ACI 318 02, Section 22 
(ACI Committee 318, 2002).
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Figure 7: Panel load cases. (1 psi = 6.9 kPa)

The properties for the slurry material are now 
replaced with the properties for concrete.  Equations 
(10) through (20) summarize the concrete material 
properties used in the ADINA material model.

t = varies (in), (mm) (10)

Ec = 4,074,281 psi (28,091.2 MPa) (11)

Etc = 7,129,991 psi (49,159.6 MPa) (12)

f ’c = 5,000psi (34.5MPa) (13)

εc = 0.002 (14)

f ’uc = 4,250psi (29.3MPa) (15)

εuc = 0.003 (16)

fr = 5(f’c )
0.5 = 353.6psi (2.4MPa) (17)

nc = 0.20 (18)

Dc = 2.172x10-4 lb-sec2/in4 (2321 kg/m3) (19)

fp = 0.55 (20)
Where t = Concrete panel thickness; Ec = Secant 
Modulus of Elasticity; Etc = Initial Tangent Modulus 
of Elasticity (Assume 1.75 x Secant Modulus); 
f’c=Compressive strength of concrete (SIGMAC); 
εc=Compressive strain of concrete at SIGMAC; f’uc = 
Ultimate compressive strength of concrete (SIGMAC, 
assumed at 85% f’c); εuc = Ultimate compressive strain 
of concrete at SIGMAC; fr = Uniaxial cut off tensile 
strength of concrete; nc = Poisson’s Ratio; Dc = Density; 
fp = Strength reduction factor for plain concrete.

The governing criterion for structural plain concrete 
design is the uniaxial cut off strength of the concrete 
or Modulus of Rupture as stated in Section 22 of ACI 
318-02.  Maximum principal tensile stresses resulting 
from positive and negative wind loads combined with 
gravity loads must fall below this value, which for 5,000 
psi (34.5 MPa) concrete is 353.6 psi (2.4 MPa).  When 
the maximum principal tensile stress is greater than 
the Modulus of Rupture, the ADINA model indicates 

this point by a ‘crack’ in the panel model.  The ADINA 
Theory and Modelling Guide notes: ‘…for concrete…. 
these are true principal stresses only before cracking 
has occurred.  After cracking, the directions are fixed 
corresponding to the crack directions and these 
variables are no longer principal stresses’ (ADINA 
R&D, Inc., May 2009).  ADINA uses a ‘smeared crack’ 
approach to model the concrete failure.  Following 
are summary graphic output and results for the panel 
under investigation.

3  Analysis Results

Figure 8 shows the finite element analysis (FEA) 
model for the panel under consideration.  Positive 
and negative load cases as shown in Figure 7 are 
considered.  The finite elements are arranged in a 
pattern that follows the fabric formwork design shown 
in Figure 4 and are supported with a 4-point anchor 
arrangement.  After ‘form finding’, the final weight of 
the panel is 4,941 lbs (21,977 N). 

Figure 8: 

Panel wt. = 4,941 lbs (21,977 N)

Panel model.

Figure 9 shows the deflected shape under the 
factored positive load case.  The maximum service 
load deflection is 0.0066-in (0.168 mm). 

Figures 10 and 11 show the loading conditions under 
which the panel first cracks.  For case one, the positive 
load case, the panel does not crack, within the body 
of the panel, until 2-times the factored positive load is 
reached, as shown in Figure 10 – local cracking at the 
supports being ignored.
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Figure 9: 

Δmax = 0.0066-in (0.168 mm) (SERVICE)

Panel deflections.

Figure 10: 

CONCRETE 
CRACKING

First panel cracks, back.

Figure 11: 

CONCRETE 
CRACKING

First panel cracks, front.

For case two, the negative load case, the first cracks 
occur at 1.3-times the factored load as shown in 
Figure 11.

Figures 12 and 13 show tensile and compressive 
principal stress at a section cut along the diagonal 
load path.  Figure 12 shows the effect of arching action 
similar to a strut and tie model under the positive 
lateral loads, a direct result of the three dimensional 
funicular tension curves produced in the fabric as 

it deformed under the weight of the wet concrete.  
Compressive forces in these curved panel elements, 
created under the positive lateral load, allow the panel 
loads to be steadily increased without the interior of 
the panel cracking.  Conversely, under the negative 
lateral load case the benefit is not observed, as shown 
in Figure 13, where the principal stresses are mostly in 
tension.  The benefit of the funicular tension curves in 
the fabric formwork, which produced this panel shape, 
is evident.  Selective reinforcement in the negative 
moment regions would be required if additional load 
capacity or a much thinner panel were desired – 
preference being given to noncorrosive reinforcement.

Figure 12: 

0.00.00.0

Principal stresses at section cut.

Figure 13: 

0.00.00.0

Principal stresses at section cut.

Figure 14 shows a maximum principal tensile stress 
of 193 psi (1.3 MPa) for the positive lateral load case 
at the factored load.  Figure 15 shows the maximum 
principal tensile stress of 289 psi (2.0 MPa) for the 
negative lateral load case at the factored load.  The 
double headed arrows indicate load paths between the 
supports.  This corresponds to the load path for Panel 
BC3 shown in Figure 3.  This panel has a maximum 
thickness of 5.89-in (149.6 mm) and an equivalent 
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uniform thickness of 4.26-in (108.2 mm).  While this 
panel has achieved an optimal form, it is slightly ‘over-
strength’.  Ideally, first panel cracks should occur just 
as the factored design load is reached.

Figure 14: 

σmax = 193 psi  (1.3 MPa)

Panel principal stresses, back.

Figure 15: 

σmax = 289 psi  (2.0 MPa)

Panel principal stresses, front.

4  Conclusions and further research

The procedures introduced in this paper provide an 
efficient method for the analysis and design of a flexible 
fabric formwork and the resulting complex concrete 
panel shape thus formed.  The slurry material model 
used with the 3-D solid finite element proves very 
helpful in saving FEA modelling time by allowing the 
panel shape to be formed and then later analysed by 
simply substituting a concrete material model for the 
slurry material model and without remeshing the FEA 
model.  Key among the benefits for forming concrete 
using flexible fabric formworks are economies of 
construction, durability of the product and freedom of 
design expression.

Much work remains to be done including design and 
modelling verification, investigation of reinforcement 
types and options, development of new types of 

formwork fabrics and the development of standards 
and guidelines for this unique means of forming 
concrete members.
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1  Introduction

Continuous developments in remote construction 
technologies and computer-aided manufacturing 
systems have produced new building-making 
machines that are increasingly economical, reliable, 
and durable. Architectural innovations such as 
robotic masonry and large-scale concrete printing 
devices (Lim et al. 2011) are progressing toward 
the development of semi-autonomous construction 
systems for deployment in response to large-scale 
humanitarian disasters. New tectonic machines 
and building-making systems capable of erecting 
replacement housing, architectures that support 
replacement economies, and “temporarily permanent” 
emergency urbanism represent our potential to 
positively remake environments of displacement. In 
addition to producing homes and physically restoring 
marketplaces, these technological extensions of our 

human sensibilities with regards to building (McCleary, 
1988) must also be designed to specifically address 
a host of physical, cultural, and communal problems 
experienced by transitional populations - through 
extreme architectural accommodation.

Figure 1: Full-scale mock up / ShokMod 01 detail

30 Flexible Formwork and the Displacement City: A 
Technology of Extreme Accommodation

M Shaffer1

1 Department of Architecture, Stuckeman School, The Pennsylvania State University - USA

Buildings are material artifacts directly determined by construction methods, and simultaneously, 
manifestations of our desire for place, home, and community. Yet displacement environments around 
the globe by default are constructed of debris and assembled following outmoded logistical models. 
Alarmingly lacking in culturally-appropriate form and organization, displacement environments concretize 
the alienation experienced by their populations through ad-hoc constructions that are unfamiliar and 
devoid of significance. Refugees/occupants suffer as people not only isolated from their architecture, 
but also from its associated cultural benefits. In addition to greater material and structural efficiencies, 
formwork systems that are flexible and reflexive have potential to positively impact reconstruction programs 
where culturally appropriate architectural form plays a significant role in accommodating and revitalizing 
transitional populations. Significant data suggests that displacement environments are increasingly urban, 
and that architectural responses to displacement translate more successfully as communally operated 
building systems used locally – rather than as structures imposed from afar. This suggests a need for 
flexible/reflexive systems capable of emergency city making. This paper reports on the development of 
a flexible formwork designed as architectural mediation for the Displacement City. The ShokMod 09 is 
a digi-mechanical formwork/falsework to be deployed specifically where large-scale humanitarian relief 
operations correspond with earth-built construction traditions.

M Shaffer
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The author will present details of the design and 
development of a flexible/reflexive mechanical 
formwork capable of remotely producing a variety of 
building types and vernacular forms toward enhancing 
the Displacement City. These Tectonic Machines – 
called Shokushu Machines or ShokMods – employ 
properties of linear flexibility inherent in woven textiles 
as means to create architectural forms (Frascari 1993). 

2  Architecture in the Displacement City

Transition is the very essence of the architectural 
fabric of Displacement Cities, and of the lives of 
people who inhabit them. A comparison between two 
contemporary extremes, India’s largest slum, Dharavi, 
and the world’s largest IDP Camp, Dadaab in Kenya, 
may be the most effective means of piecing together 
a design program for developing flexible/reflexive 
construction systems for use in like environments.

2.1 Dharavi, Mumbai

Comprised of 60,000 structures and a population 
of one million, Dharavi is a commercial/residential 
city informally (and illegally) constructed within 
megalopolitan Mumbai. Largely inhabited by 
poor laborers displaced from agrarian lives and 
environments into urban life, Dharavi’s architecture 
of extreme accommodation appears, transforms, 
expands, and is demolished in reflexive response 
to immediate economic and shelter needs [2]. 
Considered to be a model of an economically 
successful Displacement City, Dharavi’s variable 
architecture directly facilitates industries and earning 
potential that comprise a black marketplace with an 
estimated output of $600 million to $1 billion annually. 

Figure 2: Dharavi’s ad-hoc urbanism – Mumbai

While Dharavi’s ad-hoc urbanism facilitates its labor 
force and industry, it is extremely lacking in design 
considerations that support healthy living. Dark, 
labyrinthian streets, inadequate sanitation, non-
existent water infrastructure, and crumbling buildings 
support violence, injury, malaria, and tuberculosis 
(Yardley, 2011). Reflexive construction machines 
that intervene, mediate, and transmit design 
enhancements while accommodating the physical 
expansion and contraction of this self-governed slum/
city would represent a new and appropriate vernacular 
technology for the displacement environment – one 
that could positively fortify Dharavi as a healthier 
transitional environment.

2.2 Dabaab, Kenya

Assembled on 50 sq/km in 1991 to accommodate a 
refugee population of 90,000, Dabaab is an IDP Camp 
literally hand-made of plastic refuse/debris, scavenged 
sticks, and dirt. With the population currently pushing 
past 450,000, it is also Kenya’s third largest city. 
Inhabited largely by malnourished Muslim women 
and children displaced by the extended conflict in 
Somalia, Dabaab and its people are the antithesis of 
Dharavi. Lives and livelihoods there are almost entirely 
administered by outside agencies such as the United 
Nations High Council on Refugees (UNHCR). Unlike 
the industrious 24/7 black market laborers of Dharavi, 
refugees in Dabaab spend an excruciating amount 
of time waiting - for food and water, bureaucratic 
assistance, health services, and for an end to conflict 
in their neighboring homeland. The informal currency 
of the city – which provides nothing in terms of self-
sustaining financial rejuvenation/independence 
for these people because there is no marketplace 
- consists of camels, food rations, and cell phones 
that are bartered and/or stolen. Constructed in near-
dessert conditions (temperatures reach 122 degrees 
Fahrenheit), people forced into this humanitarian 
crisis must grapple with the fact that there is literally 
“nothing but mud” to build with:

…walls are built from gathered twigs or mud 
bricks, which are smothered in a layer of more 
mud and cow dung to aid waterproofing. The 
“sofa” in the living area turns out to be yet more 
cleverly sculpted mud with a sheet draped over 
it. (Storr, 2010)
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In addition to cholera and other epidemic diseases, 
crime, violence, suicide, and attacks by wild animals 
are also commonplace in this environment woefully 
devoid of architectural substance. In the absence of 
a skilled/healthy construction workforce, deployable 
construction devices capable of forming the 
architectural components of a legitimate city out of 
local materials (such as a liquefied sand and mud mix) 
might succeed in providing Dabaab’s inhabitants with 
more appropriate shelter, and the places of economy 
and community that are essential to restoring lives, 
livelihoods, and autonomy/independence. Note: 
Although residents of Dhavari and Dabaab are 
considered sub-third world peoples, they commonly 
have access to first world telecommunications 
networks via cellphones.

3  The Technology of Extreme 
Accommodation: Animated Formwork

Why respond to these crisis environments with 
machines? The answer is twofold. Heidegger (1977, 
pp. 333-334) suggests that technology is ultimately 
our “saving power”, aiding humanity in approaching 
impossibilities like human flight, space exploration, 
and perhaps even in creating instant cities. Secondly, 
Displacement Cities lacking all of the physical and 
cultural benefits of architecture continue to spring 
up around the globe while populations in existing 
ones grow from hundreds of thousands of people to 
millions of people (Internally Displaced Person Camp 
populations double every 17 years according to 2008 
UNHCR data). As architects, it is our professional and 
ethical obligation to respond with “the full range of 
technological methods, procedures, and tools that 
society has to offer”, (Banham, 1960).

The programmatic requirements for enhancing these 
situations/environments through new construction 
technologies can be essentially reduced to the 
following criteria (Shaffer, 2009):

1) Mobility: related to deploy-ability, local 
maneuverability, and transportability

2)  Immediacy: quick assembly, use, disassembly, 
and reuse - plus the ability to capitalize on local/
commonplace materials 

3)  Adaptability: producing a multitude of forms, 
employing a multitude of materials

Commercially produced formwork assemblies [3] 
associated with plastic construction materials and 
capable of a great variety of structural and aesthetic 
forms have evolved under these parameters since the 
Romans economized formwork/falsework as means 
of empire-building (Taylor, 2003). Contemporary 
formwork systems have become animated to extremes 
with regards to mobility and assembly – climbing up 
walls in producing sequential constructions [4] and 
flying from one completed level of multi-story buildings 
to another [5]. This author would argue that a logical 
progression in formwork development would be to 
design systems capable of programed deployment 
and/or mechanical “walking”, self-assembly, remote 
configuration via telecommunications networks, and 
near-continuous construction. 

Figure 3: Commercial formwork assembly

Figure 4: Common “climbing” formwork 

Figure 5: Common “flying” formwork
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Servomotors and micro controllers have revolutionized 
walking payload delivery systems for use on variable 
terrain (BigDog developed by Boston Dynamics for 
example), and driverless harvesting machinery for use 
in the lumber industry (new “cutter-bunchers” like the 
Plustec walking harvester prototype will eventually 
be remotely controlled). A digi-mechanical formwork 
could capitalize on its malleable nature and moving 
parts to become locomotive – extending the reach of 
architectural knowledge and production beyond the 
capacities of our conventional, geography-bound 
practices.

Figure 6: ShokMod 01 - plates configured to producing 
double story housing shells 

Figure 7: ShokMod 05 – casting plates evolve into cartridge-
like digits that facilitate modulating forms.

4  Flexible digi-mechanical Formwork

Initially conceived as stateless tectonic machinery 
to be given over to land rights squatters for use in 
constructing better quality housing in the Dominican 
Republic, ShokMod 01 [6] is a large assembly of 
hinged casting plates that can be manipulated using 
a hand drill or crank, and configured to receive plastic 
material (such as concrete made of seashells). In this 
context, thin concrete housing shells can essentially 
be cast in place using a mechanically reflexive 
formwork that is quickly erected, used, folded up and 
moved to the next site. 

Subsequent models progressed on the idea of chains 
of hinged casting surfaces in parallel arrays [7], 
expanding the linked formwork plates of ShokMod 
01 into wider cartridge-like links capable of producing 
radial, orthogonal, and modulating wave-like forms [8]. 
This push to develop the ShokMods beyond merely 
extruding architectural forms was in direct response 
to research into the great variety of cultural/vernacular 
building types associated with displaced populations 
(circular plans, domed or vaulted roofs, “organic” free 
planning).  

Figure 8: Modulating wave-like forms produced by quarter-
scale models of ShokMod 05
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4.1 Flex Gasket Development  - ShokMod 05

One of the more significant formal challenges in 
the development of this tectonic machine (amongst 
many) has been designing an integrated gasket that 
prevents liquid material from escaping through gaps 
in the (hard) linked formwork without compromising 
the flexibility and variability of the casting surface. 
ShokMod 05 evolved to employ “soft” flex gaskets that 
were essentially fabrics threaded through the linked 
(mechanized) cartridges of the machine, creating 
casting surfaces that were alternatingly solid planes 
and fabric panels. The soft/fabric gaskets expanded 
and contracted as the formwork moved and/or flexed 
to configure itself prior to material placement [9]. In 
test castings using quarter-scale models and plaster, 
the ShokMod 05 flex gasket successfully contained 
wet plastic materials, but it became obvious that the 
gasket design would inevitably cause defects in the 
finished architectural product and require excessive 
cleaning, maintenance, and/or inspection prior to 

material placement and re-use. With automated 
construction being such a critical part of the project, 
this realization literally turned the (sketchbook) page 
on further investment in the ShokMod 05 and flexible 
gaskets. But time spent developing this model 
was marked by significant advancements towards 
realizing a technology of extreme accommodation 
for use in the displacement environment. – proof of 
concept, increased formal variability with regards to 
the architecture produced, a capacity for simple wall 
extrusions [10], and the potential for mechanized 
mobility. While subsequent models  (07CMB and 
09) became more “solid” – a series of articulated 
plate modules - the hybrid solid/fabric or hard/soft 
composition of the ShokMod 05 has potential that 
will be explored by the author in another machine 
incarnation. The ShokMod 05 practically suggests 
its inverse; a mechanized formwork that is primarily 
“soft”, with minimal hard/mechanized/articulated 
panels playing a supporting role.

Figure 9: Soft gaskets threaded into linked cartridges in a 
ShokMod 05 quarter-scale model

Figure 10: The ShokMod 05 extrudes a wall – the most basic 
component in a work of architecture
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Figure 11: ShokMod 07CMB models and the development 
of the Blooming Plate Gasket

4.2 Replacing the Flex Gasket – ShokMod 07

The evolution of an alternative gasket spurred 
the development of ShokMod 07CMB. After an 
explosive period of trial and error through model 
making, an integrated hard gasket - referred to as a 
Blooming Plate Gasket [11] because it is positioned 
below the casting surface, extending to close the gap 
between links when needed - dramatically changed 
the dimensions, rotational capacities, and shape 
of the individual linked cartridges that comprise the 
formwork/machine. The overall dimensions of a single 
linked cartridge (which were determined/designed to 
retain a relationship between human body proportions 
and the resultant architecture) expanded from 
approximately 10” H x 20” L x 10” W to an overall 
length closer to 30”. Simultaneously the machine/
formwork lost a degree of its flex, with the rotational 
capacity of one plate linked to another decreasing 
from 270° to 200°. 

What this meant in terms of the resultant architecture 
was the loss of fine articulation in the cast product 
– larger radii and fewer/larger faceting in finished 
curvilinear forms. Finally, the system of thick linked 
cartridges connected to each other with thin secondary 
plates that were standard in the ShokMod 03 and 05 
studies (think of a bicycle chain), transformed into a 
single type of near identical links that are “notched” 
in order to accommodate the restricted dimensions of 
their linear connection. One advantage derived from 
this growth spurt and the addition of the hard gasket 
was that the combined arrays of linked cartridges on 
07CMB models became stronger and more stable.

Figure 12: ShokMod 09 – linked cartridges are longer than 
those of the 07CMB to accommodate the Blooming Plate 
Gasket and enhance stability
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4.3 ShokMod 09

The ShokMod 07CMB quickly gave way to even 
longer linked cartridges (approximately 40”) in the 
ShokMod 09 – the model currently being developed. 
Limitations imposed by the physical tolerances of the 
blooming gasket in relation to the linked cartridge it 
sequentially mates with, and stability issues related to 
having too many flexible parts in a formwork/machine 
that is mobile, have resulted in a system made of 
fewer, but larger/stronger components [12]. 

As the formwork/machine grows, it has taken on a 
more “industrialized” aesthetic, which also requires a 
design strategy and management, as these machines 
should look and feel commonplace (or perhaps even 
friendly) operating in displacement environments. 
In an informal study of construction machinery in 
various countries around the globe, the author has 
noted that specific brands of Japanese construction 
machines employ “friendly” colors and “cute”, 
animalistic styling to make populations feel more 
comfortable with construction machinery operating 
in “public” space. American construction machinery, 
on the other hand, is characterized by colors and 
styling that declares “caution”, advertise mechanical 
“aggression”, and symbolize “masculinity”. Bright 
pink has been strategically chosen for the Shokushu 
Machines because of its various cultural associations 
with “nurturing”, cartoon coloring, femininity, and 
socio-political action.

Figure 13: ShokMod 09 – Partial elevation image of ShokMod 
09 configured to produce a vault

Figure 14: ShokMod 09 – Partial elevation image of ShokMod 
09 configured to produce a single story structure that might 
function as a store and/or house

5  Next Steps

Solving problems within this project invariably 
leads to new ones, but with the incorporation of a 
hard gasket that is both durable and reliable in terms 
of its performance, the formwork/machine progresses 
in the following manner:

5.1 Exploration of Building Types/Forms

For all of the imagery attached to this work, it is 
actually a project fanatically pursued and expressed 
through model making (some of the images are 
actually produced by arranging models on a flatbed 
scanner). As West (2008, pp. 52) notes, “physical 
models contrived to function as much like their full-
scale counterparts as possible… are the best way 
to find and develop new, buildable architectural 
forms.” Casting building types for the Displacement 
City using detailed quarter-scale acrylic models and 
plaster tests the formwork/machine in a manner that 
can be realistically scaled up. It also exposes issues 
necessarily related to assembly, materials placement, 
pour sequencing, maneuverability, architectural 
design and planning, and structural issues related to 
each of the building models. With 20+ ShokMod 09 
linked cartridges assembled, quarter-scale models of 
walls, vaulted structures [13], single and multi-storied 
cell-like constructions [14], and copies of a variety of 
vernacular forms can be attempted. As the Shokushu 
Machines (03, 05, 07CMB, 09) are configured in 
a manner that is analogous to links on a chain, 
idealized forms (catenary curves) emerge naturally 
in experimentation with models [15], suggesting 
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buildings that use material in ways that are structurally 
intelligent and efficient.

Additional ShokMod components, such as a 
secondary drive system for close maneuverability, 
a “brain” that handles remote communications and 
houses the control software/memory, pumping 
portals, and smaller bits associated with stability can 
also be developed through quarter-scale modelling.

Figure 15: ShokMod 09 model configured to form a catenary 
arch

5.2 Full Scale Prototyping of ShokMod 09

In the Fall Semester of 2012, servomotor hardware 
and control software development/ programing for 
five full-scale ShokMod 09 linked cartridges will be 
addressed as a Capstone Research Project in the 
College of Engineering at the Pennsylvania State 
University. This is an opportunity to address multiple 
issues in the realization of this formwork/machine – 
cartridge housing construction and casting surface 
materials, hardware access, control/configuration/
maneuverability, and servomotor capacity. Other 
potential deliverables/outcomes from this specific 
line of development include the production of patent 
drawings, and the possibility for forming long-term 
industry partnerships.

5.3 Field Studies in the Displacement City

In 2009 and 2010, I was able to spend invaluable 
time conducting research and analysis in Sri Lankan 
IDP Camps - thanks to generous funding from The 
Stuckeman School’s Hamer Center for Community 
Design. Physical, emotional, and professional 
impressions from my experiences and relations in the 
camps have congealed to form a mindset or instinct 
that directly ¬¬and indirectly drives this project. In the 
past three years I have also began conducting forays 
into informal/self-built environments in South Asian 
and Asian Megacities. One of the most significant 
ideas that has arisen to reinsert itself in this formwork/
machine project is a direct result of time spent in these 
environments. It is the notion that autonomy (political, 
financial, and social) for residents in these places is 
directly linked to the architecture they inhabit, and 
that “owning” the means of producing/expanding that 
architecture is essential to quality lives and livelihoods 
(Aureli, 2008). 

5.4 Machine Studies

This project continues to grow indebted to the 
ingenuity and guidance found in the vast range of 
machine scholarship that keeps piling up in my 
office. In addition to historical/theoretical writings, 
industrial/worker philosophies, machine innovations 
published in academic and commercial circles, and 
contributions specifically from architects, I have lately 
been greatly inspired by the drawings of Tsutomu 
Nehei. A Japanese artist who trained and practiced 
as an architect, Nehei returned to Japan and made 
it big writing and illustrating sci-fi horror manga. For 
better or worse, his detailed and thoughtful invention 
of “the builders” in the BLAME! series just might set 
the standard for imagining a world continuously made 
and remade by autonomous machinery.

6  Conclusions

Despite changes brought about by the changeover 
from mechanical technologies to information 
technologies, builders continue to rely on construction 
¬¬methods and machinery that are outmoded and/
or wastefully outdated. As powerful computational 
machines, enhanced building materials, and 
increased communication technologies facilitate new 
architectural forms that are more efficient and culturally 
relevant, we must also redevelop and/or reimagine 
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the industry, labor practices, and technological 
means used to produce them. This paper presents 
a digi-mechanical enhancement of an old building 
technology for the purpose of making essential 
architectural knowledge and production more readily 
available to people in desperate need of quality 
housing, markets, infrastructure, etc. In this particular 
project, the concerns and conditions that spurred 
automated construction in Japan (lack of skilled 
labor, hazardous conditions, desire for high-quality 
architectural products and lessened environmental 
damage) are mashed together with the considerable 
innovations discovered in making formwork flexible 
(more efficient use of materials, structural/aesthetic 
unity, poetic form, sustainable reuse). With the global 
homeless population pushing 1 billion people, it is 
essential that building-related professions react with 
many potential solutions that include our knowledge 
and expertise. 

But who will pay for these technological 
developments? One solution is research partnerships 
between academics and successful architectural/
engineering practices, such as the venture between 
Loughborough University and Foster & Associates 
charged with producing a commercial grade concrete 
printing device. Other potential development resources 
include political/military organizations such as NATO, 
which recently upgraded building and reconstruction 
to a priority status that is equal to military intervention.

While the Shokushu Machines project does not 
have big development funding yet, and there are 
considerable issues to address (power source, 
plastic material distribution, etc.), the project is 
conclusively significant in that it has steadily become 
more plausible, and more “real” as it is progressively 
informed by contemporary “real world” situations, 
materials, technologies, and empirical development.

7  References
Aureli, P. V., 2008, The Project of Autonomy, New York, NY: 

Princeton Architectural Press

Banham, R., 1960, Theory and Design in the First Machine 
Age, Cambridge: MIT Press

Frascari, M., 1993, ‘Craft & Architecture’, Modulus 22, New 
York, NY, Princeton Architectural Press

Krell, D.F., (ed.) 1977, Martin Heidegger Basic Writings, New 
York, NY: HarperCollins Publishing Inc.

Lim, S., Buswell, R., Le T., Wackrow, R., Sudtin, S., Gibb, A., 
and Thorpe, T., 2011, ‘Development of A Viable Concrete 
Printing Process’, 2011 Proceedings of the 28th ISARC, 
International Association for Automation and Robotics in 
Construction, Seoul, Korea, pp. 665 – 670.

McCLeary, P., 1988, ‘Some Characteristics of a New Concept 
of Technology’, Journal of Architectural Education, vol. 42, 
no. 1, pp. 4 – 9.

Shaffer, M., ‘Mobile, Immediate, and Adaptable (for the 
People): Three Attributes of Tectonic Machines in the New 
Mechanical Age’, Chang[e]ing Identities: Design, Culture, 
and Technology, Proceedings of the 2009 ACSA Southwest 
Fall Regional Conference, Albuquerque, New Mexico, pp. 
164 - 173

Storr, W 2010, ‘No Way Out: Inside The World’s Biggest 
Refugee Camp’ The Independent, 17 July, viewed 17 July, 
2010 http://www.independent.co.uk/news/world/africa/no-
way-ou...

Taylor, R., 2003, Roman Builders: A Study in Architectural 
Process, Cambridge: Cambridge University Press

West, M., 2008, ‘Thinking with Matter’, Architectural Design, 
vol. 78, no. 4, pp. 50 – 55.

Yardley, J 2011, ‘In One Slum, Misery, Work, Politics and 
Hope’, The New York Times, 28 December 



[blank page]



Full Papers

324

icff2012

31 Deployable Gridshells and their application 
as temporary, reusable and flexible concrete 
formwork
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The laborious construction of formwork and the increased labour costs to create thin concrete shells is 
attributed to the demise of concrete shells. This paper presents and discusses the outcomes of a recent 
participatory workshop where timber gridshells were designed and constructed. These timber gridshells, made 
from deployable timber lattice mats, are capable of deformations that form structures observing double curving 
geometries. After weeks of public exhibition, they were taken down, collapsed and stored away for future use. 
The same lattice was then transformed by applying basic transformational tension and compression forces 
to bring about an alternative form. The possibility of reusing this deployable mat to achieve permutations of 
different forms resonates with the quest for construction efficiency, ease and sustainability.  

With the intention to revive thin concrete shells with new structural intuition, ease of construction and 
sustainability, this paper speculates and investigates this method of shell form-finding and proposes it as an 
integrated system of reusable formwork for thin concrete shell construction. The paper interprets this method 
as fabric formwork but at a larger scale.

G Tang
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1  Introduction - Compression Timber 
Gridshells

Figure 1: Mannheim Gridshell, Mannheim Germany 1976 Frei 
Otto

The construction of structures by deforming a flat 
grid mat to produce double curving surface structures 
with mainly in-plane forces, has seen a come-back 
over the last decade. 

This method was first investigated seriously at 
the Institute of Lightweight Structures at Stuttgart 
University where under the direction of Professor Frei 
Otto a number of experimental structures were built. 
Notably, the first engineered gridshell was constructed 
for DEUBAU, the German Building Exhibition at Essen, 
Germany in 1962. Following that, the two lath domes 
for the German pavilion at The 1967 World Expo in 
Montreal applied gridshell principles. This series of 
studies subsequently culminated in the publication 
of IL10 devoted solely to the gridshell (Nerdinger, W 
2005). 

The technique of construction by deforming a 
flat timber lattice mat into a three-dimensional 
architectural piece was most spectacularly used on 
an unprecedented scale in the construction of the 
roof of the Multihalle in Mannheim, Germany (Figure 
1). Measuring 95,000 sqm, it was built in 18 months 
for the National Flower Show between 1974-1975 
(Happold and Liddell 1975) using pioneering methods 
of structural analysis and construction processes. 
Otto used the term “gritterschale” (gridshell) to 
describe a grid of wooden slats that is curved twice 
over its extended area by the bending of the slats and 
angular twisting at the points of intersection. 

After Mannheim, there appeared to be a “drought” of 
gridshell inactivity and it was not until 2001 with the 
strained/ compression timber gridshell constructed 
at the Weald and Downland Open Air Museum 
(Figure 2) that placed timber gridshells firmly into the 
architectural mainstream again. Today, many more 
are built, with examples of the 2005 Savill Garden 
Gridshell (Figure 3) by Glenn Howells Architects and 
the 2007 Chiddingstone glass orangery gridshell 
taking prominence.

Figure 2: Savill Garden Gridshell, Windsor Great Park, 
Windsor Glenn Howells Architects 2005

Figure 3: Jerwood Gridshell, Weald and Downland Open Air 
Museum, Chichester UK. Edward Cullinan Architects 2001

The design of compression timber gridshells, from an 
architect’s point of view, require a sound understanding 
of the material and construction process. Timber 
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gridshells belong to the family of surface structures. 
As such structures gain structural properties (become 
form-active) from their double curving morphology, 
the way they are constructed from a two-dimensional 
flat mat into a three-dimensional surface is a crucial 
point of understanding.

1.1 Gridshell - A Manuscript of Forces

Timber gridshells are intriguing structures with 
a powerful material sensibility. Timber gridshells 
showcase the material capabilities of timber. They 
also offer a spectacular visual expression of structural 
legibility –making them efficient in both expressing 
architectural tectonics and force transfers. Structurally, 
with grid densities affecting the stiffness and pliability 
of the grid mat, and as a response to structural design 
in statics, gridshells serves as a perfect manuscript 
of forces.

The design and construction activity of a timber 
gridshell was organised to teach and inculcate a 
cognitive understanding of timber as a material to 
students of architecture. This builds upon previous 
student workshops in timber structures carried out at 
various international establishments (Popovic, Tang 
and Lee 2010) that the author had been involved in.

2  In the tradition of the Physical model - 
Structural Intuition and Creative Play 

In his 1966 book, Aesthetics and Technology in 
Building (translated from the original Italian text), Nervi 
talked about “intuition” in design (Nervi 1966). He also 
wrote about the importance of physical modelling to 
work out the most aesthetically pleasing form for a 
project design. He believed that aesthetics came 
from the imagination of the designer and should not 
be dictated and be compromised by sole concerns of 
mathematical static calculations. 

“….How to develop in students a static sense, 
an indispensable basis of intuition of structural 
imagination, and how to give them a mastery of 
rapid, approximate calculations for purposes of 
orientation…..” Nervi, 1966. 

The use of the physical model was also strongly 
advocated by the late Heinz Isler, renowned for his 
inverted hanging shells form-finding methodologies. 
Isler, who formally expressed this sentiment in his 
1997 IASS paper “Is the Physical Model Dead?”, 

favoured the physical model as a way of appreciating, 
understanding and ultimately creating forms (Chilton, 
2000). In fact, he liked touching the models and 
occasionally found weak areas in the structures by 
doing so (Ramm 2011). 

The model is capable of simulating structural behaviour 
which mathematical calculations so crucially misses. 
The model is much more intuitive in the cognitive 
understanding of behaviour, and of how the structure 
reacts to forces. For example, in gridshell design, it is 
much easier to observe how areas with low curvature 
could lead to buckling by “poking and prodding” a 
physical model.

This “Creative Play” (Chilton, 2000) approach was 
the educational driving force behind this week long 
activity where design workshops were enhanced by 
real scale construction activities. To reinforce learning, 
invited speakers delivered lectures on innovative 
timber shell design and construction.

This builds on the educational premise of structures/ 
technology education for architecture students in 
the gridshell design and construction workshops 
developed by Douthe, Bavarel and Caron at The 
Navier Institute Paris and Deregibus and Sassone at Il 
Politecnico di Torino in Italy. 

3  Timber Gridshell Workshop at Sheffield 
Hallam University, March 2011

The students of Sheffield Hallam University 
participated in a life-size workshop to learn about 
this type of structures by designing and constructing 
timber gridshells during a week of material explorations 
in timber. A flat site opposite Sheffield Central Train 
Station was chosen for the week-long construction 
workshop.
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Figure 4: The completed gridshell entitled THE SWELL, 
Sheffield Hallam University March 2011 

3.1 Scaled paper gridshell model and grid mat 
deformational behaviour

Prior to building the structure at full scale, the 
participating students explored the construction 
sequence and form-finding by using 1:50 models 
made from 5mm wide paste-card strips. These 
were first crossed and pin jointed together at their 
intersections to form a gridded mat. (Figure 5) 

The joints replicated the swivel action that allowed 
the deformation of the grid to take place. With this 
grid ability to deform from square to diamonds, the 
overall mat itself was able to lengthen and shorten. 
The material remains two-dimensional, although the 
mat changes shape and area coverage on plan. 

Figure 5: Flat Mat made from 5mm wide pastecard strips 
pinned at their intersections

Figure 6: Original Deformation of the grid-mat

Figure 7: The same flat mat is capable of deforming into 
different forms demonstrating reusability as concrete shaping 
formwork.

When pushed or pulled within this plane, the newly 
constructed mat was able to twist and deform.

When lifted out of the board, it comes alive. It is this 3 
dimensional deformation that gives the mat the ability 
to define space, to rise from a 2-d to a 3-d form. The 
same mat is capable of creating many permutations 
of forms. (Figure 6a,b)

Axial forces acted within the mat to create “structurally 
correct” forms. It was also easy to “feel” the stiffness 
of this structure by handling the shaped mat.

Playing with the grid-mat, it was also noticed that 
the deformation depended on the pattern and 
arrangement of the grid. If a mat was constructed 
such that grid patterns are parallel to the mat edges, 
the deformation creates a narrowing effect where the 
deformed mat tapers into a point. However, to achieve 
a mat with a useful length and breadth dimension, 
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the grid pattern needs to be set at a diagonal to the 
dimension of the mat. 

It was also noted that by pre-deforming the mat, e.g. 
the action of lengthening and shortening the mat, 
loosens the mat and helps in the proceeding forming 
process.

Figure 8: View of Shell from interior space

After shaping, the three-dimensional paper grid mat 
was then secured into position by model pins onto a 
foamboard base. 

After much simulation tests, discussions, 
experimentation and explorations, the final design 
was finally arrived at. 

THE SWELLS, as the piece was eventually entitled, 
was constructed from a rectangular grid mat 
measuring seven units wide and 17 units long. With 
each grid unit measuring 900 x 900mm square, the 
mat laid flat measured approximately 9m by 18m. 

Figure 9: 1:50 model of the gridshell THE SWELLS. The 
smaller crest is on the bottom and taller crest on top.

4  The Eventual Design: THE SWELLS

The designed gridshell consists of two swellings 
to the structure (Figure 9)- the smaller baby swell 
appears at the bottom end and with the front edge 
leaping out of the ground to a height of 1.2m. 

The mat then dives into the ground again before rising 
to create mother swell, this time taller, to a height of 
3.5m, again with only the front edge rising out from 
the ground. All the back edges are anchored to the 
ground. The geometry is reminiscent of the Gaussian 
vaults found in many of Eladio Dieste’s work in 
Uruguay.

4.1 Sequence of erection

The mat is deformed in a specific sequence 
of erection. Like in the model, firstly, the mat was 
constructed with the grids completely square. It was 
then completely shifted (without deformation) to the 
correct orientation. After that, the mat was elongated 
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(deformed two-dimensionally) by pulling, so that the 
square grid pattern become diamonds. The middle 
section between the two crests is identified and 
anchored down to the ground using metal chairs. 

Once the location is determined, the baby swell was 
created first. The short western edge of the mat 
moves southwards to push baby swell out from the 
ground. Once created, rebar chairs peg the grid mat 
into the ground.

To create mother swell, the other edge of the mat is 
similarly moved to push it out from the ground. 

According to the 1:50 model, the two swells performed 
most shell action, they felt taut, presumably with in-
plane forces acted upon. By handing these areas 
physically, the forces within the shell is understood 
readily by the architecture students- they could see 
what was “right” and what was not. 

Figure 10: 1:50 experimental model of the gridshell 

4.2 The Construction

The final timber gridshell was constructed using 
2.1m long pieces of timber pine battens of profile 
section of 35 x 12mm arranged in a 900mm square 

grid. Each piece of timber was pre-drilled to create a 
couple of 5mm diameter hole at each end. They were 
then spliced together using nuts and bolts to create 
longer members. At the intersections, long flexible 
members were cross-bolted at intermediate pre-
drilled points to form swivel joints, replicating in-plane 
swivel action as simulated by pins in the paper card 
model.

Figure 11: The simple testing timber battens 

Timber testing was carried out using a simple rig test. 
(Figure 11)  This required all the timber battens to be 
subjected to a bending test in which each softwood 
batten was bent to a calculated curvature before it 
fails. Breakages occurred at 40%. As expected, timber 
battens mostly failed at weak points specifically at 
knotted sections. 

Figure 12: The flat mat is carefully lifted and moved to correct 
orientation.

As simulated using the physical model, the timber mat 
was first constructed laying flat on the ground. To do 
this, battens were spliced and bolted together at their 
intersections. The card model proved a very useful 
tool to communicate to the student teams about the 
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sequence of erection (Figure 12). Before construction, 
each student knew their stations and whether they are 

a) stationary

or 

b) moving - and if they are moving, in which direction. 
The sequence was carefully choreographed using the 
model in team meetings throughout the week. 

Figure 13: Flat mat is carefully lifted and moved to correct 
orientation. 

When the mat was ready, the flat mat was pushed into 
shape by students holding on at important points. 
(Figure 14) Each student either walked towards each 
other or away from each other to bring about the 3D 
deformation of the flat mat in accordance with the 
simulations of the scaled paper strips model.

Figure 14: The baby swell takes shape and was fixed by 
pegging down using rebars chairs.  

Once the form of the gridshell is arrived, longer 
bracing elements of these timber members were 
drilled and bolted together to “fix” these shapes by 
triangulating the quadrilateral grids to give rigidity. 
(Figure 15) A simple system of metal chairs and timber 
blocks were used to peg the gridshell in place. Rope 
was also used to tether the structure to the ground to 
prevent wind uplift.

Figure 15: Bracing members are fixed to triangulate grids to 
lock in form. 

The structure allowed visitors to interact, walk, stand 
and sit under during lunch-hour and drew much 
interests from the media including local newspapers 
and the BBC radio.

A short time-lapse film of the construction can be 
viewed online using the following url link:

http://vimeo.com/21348054

Figure 16: The completed gridshell on display. The bigger 
crest (left) rises to a height of 3.5m.

5  The Advantages of the System

The exhibit was left on-site for a two week 
period, inviting the public to view and interact with 
the structure. It was then disassembled and kept 
for future re-erection. During the taking down, the 
gridshell flipped back into its original two-dimensional 
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mat form when the bracing pieces were removed. 
The flattened mat was then collapsed, taken apart in 
sections and stored away. 

It was the intention to reuse the mat again. It is 
possible to re-form it into another shape by splicing 
the sections together again. Explorations made 
using the paper model proved it to be a feasible idea 
as numerous forms, although of varying degree of 
stiffness were made from the same mat as shown in  
Figure 17 and Figure 18).

Figure 17: Different forms constructed from the same 
deployable grid mat.

Figure 18: An alternative form

The idea that such a deployable system is reusable is 
very attractive and indeed full of potential.

Not only has this workshop illustrated a system 
suitable for erecting a small-scale open air enclosure, 
creatively, this method may offer an alternative way 
of building concrete shells without complicated 
scaffolding and ladders leading to cost economy.

6  Evaluation and Limitations of the 
Timber Gridshell

Indoor grade pine sections were used in this 
project. The structure remained intact with the good 
fortune of dry weather in the weeks of outdoor display. 
In inclement weather, the structure may suffer from 
moisture deterioration and possibly fail. An alternative 
material such as plastic or carbon fibres, could be 
trialed and explored to offer a weather-proof solution.

The weakest points of the gridshell structure were 
observed to be at the regions of contraflexion – areas 
where a change of geometry occurs ie when the shell 
changes from anticlasticity to synclasticity which 
demonstrated most deflection. Careful stiffening need 
to be considered to the design of these regions.

Although the project was successful in focusing on 
the cognitive instinct of the architectural designer, 
structural analysis, calculation and finite element 
analysis may be useful to confirm/ testify/ enhance 
the design to complete the learning experience and to 
create a structure with mathematical soundness, yet 
imbued in creativity.  

The erection process relied heavily on effective 
communication and teamwork. This required the 
careful maneuvering of a large fragile timber mat, 
susceptible to fracturing prior to gaining stiffness 
before deformation. As such, there may be limitations 
to how large this grid mat can be, to enable it to 
be erected without any support. Although PERI 
scaffolding can be used to lower the mat into shape 
safely over a sustained period successfully in the 
Weald and Downland Gridshell, their use may negate 
the scaffolding-free benefits of this “push up” system. 
This is an avenue of investigation. 

It is not difficult to observe similarities between this 
structural method and the use of suspended fabric 
formwork. Both are highly responsive to gravitational 
forces and result in structures which are an imprint of  
force transfers logic. The tectonics of the gridshell as 
a support matrix on a bigger scale can be easily seen 
as a form of force fingerprint.   
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7  Future Work and Development: 
Potential as Reuseable Formwork for 
Concrete Shells.

This method of building small scale gridshells can 
have an impact of the revival of shell construction. 

Concrete shells, as a building typology suffered in 
popularity over the last 30 years because of cost 
concerns due to their ineffective formwork systems 
and rapid development of competitive systems such 
as membrane and lightweight constructions.

In recent years, computer advancements has 
resurrected shell structures into the vocabulary of 
21st century architecture seen most recently in the 
walkable shell surfaces at The Rolex Learning Centre 
at EPFL, Lausanne, Switzerland designed by SAANA 
completed in 2011.

7.1 Application

The hypothesis of treating this deployable gridmat 
as a temporary reusable and flexible formwork is 
an interesting notion in a time when innovation and 
shell building is making a return to the architectural 
landscape. This system of shell construction, reuseable 
in our sustainability-conscious environments is an 
important point of consideration.

The idea is for the deployable mat, not necessarily 
of timber, to be pushed and erected into a desired 
shape with sufficient axial loading capacity and be 
locked in place by simple triangulation is seemingly 
straightforward. Fabric membranes can then be 
laid/ stretched onto this structure before concrete 
or other composites such as glass fibre reinforced 
concrete sprayed onto this surface. In such a way, the 
compressed gridmat acts as a frame for which fabric 
formwork can sit on. 

Using geo-textiles and membranes to suspend 
between the grid laths, shotcrete can be applied onto 
the surface to form the shell. The vocabulary of shell 
aesthetics is apparent and draws references to the 
sensibilities of structures cast from fabric formwork. 
(Figure 19). The use of a flexible membrane to create 
undulations, creases, cuts on a curved surface in 
these instances is a very attractive possibility. This 
have the potential to contemporarize this technology 
and introduce it into the technological mainstream to 
revive the concrete shells again.

Upon the new concrete shell being cured, the 
deployable gridshell can be removed from under the 
newly formed shells to another location to create shell 
form of another geometry and be reused. 

7.2 Limitations

Concerns and other practicalities are very real 
in this proposition. This idea, in my opinion, offers 
opportunities for further exploration that include:

• What is an appropriate shell size for this 
application? 

• Thermal insulation, 

• Form “locking” mechanism and release of 
gridshell

• Loading conditions of the heavy concrete- 
shotcreting techniques

• Issues with movement and tolerances whilst 
concrete is curing

• How the formwork will be released/ removed

• Edge conditions

7.3 Related works

The use of timber gridshells as formwork is 
obscure with limited precedents documented. An 
office and house in Hirituka City, Kanagawa in Japan 
is roofed with a similar system. In this 1988 project 
designed by Shinji Yoshino, Tokyo and engineered by 
TIS & Partner, a latticed timber gridshell supported 
the formwork that formed 5 shell roofs. However, as 
the timber lattice gridshell was fixed, the lattice shell 
became permanently visible from the interior. (Herzog 
et al., 2004)

Figure 19: Experimental shell encased in modroc
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Figure 20: Interior view of “concrete shell” formed atop a 
deployable gridshell

Figure 21: The patterning of the “concrete shell when the 
gridmat is removed

This is an ongoing research on the feasibility by 
the author as part of a PhD studies program at The 
University of Edinburgh.

8  Conclusion

The workshop presented in this paper proposes 
an exciting way of constructing shell forms and 
geometries using the scaled model as a starting point 
of structural investigation. It also exemplifies the 
creative pedagogy advocated by Nervi and Isler, that 
intuition and an understanding of material and their 
structural properties is an important component of  
architectural design in education. 

The collapsible and deployable nature of this gridmat 
renders it suitable for re-use and its application as 
formwork. 

Its suitability will be determined by ensuing research 
and development by the author. This idea of a 

new formwork and process of creating concrete 
shell is postulated to further propel the use of shell 
construction in contemporary architectural application 
with the aspirational outcome of sound structural 
logic, economy and sustainability.
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“Concrete, let us be clear, is not a material, it is 
a process” Forty, 2006

1  Genesis: The birth of Concrete 

Nobody really knows exactly when concrete 
was invented. To date, the oldest concrete , a mix 
of quicklime, water and stone, was discovered in 
southern Israel and dates from 7000 BC. Whereas 
mortars and concrete made from lime, sand and 
gravels dating from 5000 BC were found in Eastern 
Europe, it is known that similar mixtures were used by 
ancient Egyptians and Greeks some 4000 years later. 
(Domone, 2010)

In 2 BC, Romans started to make hydraulic cement 
– an amalgam that reacted chemically with water. 
This new type of concrete was used in many Roman 
structures such as in the foundations and columns 
of aqueducts. Extensively applied in the building of 

their Empire, the Romans made common the use 
of manmade materials such as bricks, wrought iron 
and importantly, concrete. This advancement in 
construction engineering is still visible today in the 
numerous remains of Imperial Rome. One of the 
Grand Projects, The Pantheon stands today as a 
testament to this material. Appearing monolithic, 
but sharply defined by its formwork, the interior is lit 
by the central oculus. The Pantheon roof is built of 
concrete of different grades and densities some 2000 
years ago. The structure became lighter as it moved 
up to the top with the roof becoming thinner. To keep 
it lighter at the top, the builders used lighter volcanic 
pumice and tufa as aggregates instead of travertine 
and terracotta aggregates at the lower parts. It is 
believed that the varying mixes of concrete were laid 
in horizontal layers with formwork coffers deeply set 
to further reduce self loading. (Addis, 2007)
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Figure 1: The concrete roof the Pantheon, Rome

At a time when other civilizations are still building in 
stone and timber, this material is starting to change 
the way large-span shells are made. What we are 
seeing  is a material that broke free from the formal 
limitations of the predominant building materials 
of the day. Not only revolutionary in terms of form 
possibilities, concrete also offered designers and 
builders the ability to control compressive strength 
and self weight, to tailor a material to suit its uses. 

The viscosity of this material to fill a mould whilst in 
a liquid state and to later cure and solidify into load-
bearing forms changed the shapes of buildings of the 
future. It was possible to create fluid shapes without 
having to carve away a piece of marble as was done 
in Roman sculptures to replicate the fluidity of flowing 
fabric. Concrete can be poured into any shape 
imaginable. Morphic workability of concrete and its 
fluidity are its biggest attributes. Its shape and destiny 
depended only on its mould, process and the human 
imagination.

2  The Rise of Concrete Shells:

Concrete is a material of possibility. 

The mouldability of the material renders concrete an 
ideal material for shell construction. Theorescally, 
the perfect shell should only have axial and shear in-
plane forces. This surface transfer of forces allows 
shell structures to have a slenderness ratio of 1:500 
or more. 

Although concrete was invented and used thousands 
of years before, the epoch of the concrete shell really 
began at the beginning of the 19th century when 
developments, accelerated by increasing reinforced 
concrete use and raw concrete becoming more 
accepted as an architectural finish. 

During the world wars, when building materials were 
scarce, concrete availability led to its popularity as 
a building material. It was also cheaper than metal 
and steel which were enlisted in patriotic war efforts. 
With labour costs cheap and plentiful, concrete shell 
construction gained popularity. This was especially 
well-documented as was the case in Italy whose 
battalion requirements had a major role to play in 
motivating  Nervi’s creativity and inventiveness to 
combine pre-cast and cast-in-place concrete to build 
both cheaply and quickly. 

Figure 2: Aircraft Hangars at Orvieto Airport by Pier Luigi 
Nervi (1935-1938, 1939-1942)

The war created building programmes that called for 
large clear spanning but open-air shelters such as 
Nervi’s geodetic aircraft hangars in Orvieto Airport 
(1935-1942). All these reasons made concrete popular 
as a cost effective and quick building system.
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The wars were also responsible to the displacement 
of many key architects of the 20th century. Many 
left Europe to live and work in the New World where 
experimentation, hope and positivity prevailed in the 
architectural landscape. This epoch saw concrete 
represent this brave, new sense of architectural 
adventure and optimism about the future with many 
designers embracing (reinforced) concrete as their 
material of choice, a composite material structurally 
expressive, and one which offered formal liberation.

After World War II – the curved organic forms re-gained 
popularity. The period of between the 50’s and 60’s 
saw an air of optimism and adventurous speculation. It 
was a period when atomic experimentation and space 
travel were making headline news. Concrete fitted the 
mould as the material capable of producing futuristic 
shapes and forms. This may perhaps be perceived as 
a reactionary revolt against the primitive geometries 
of the “plain old boring” squares, rectangles, perfect 
circles and cylinders left behind from the modern 
movement – a legacy of the architectural language 
of Le Corbusier, The Bauhaus, Gropius and Mies 
van der Rohe whose pared down aesthetics of the 
International Style imprisoned this latent desire to be 
free, to be adventurous, and to be expressive.

The spirit is highly visible in the works of Felix Candela 
in Mexico and also in the works, although not working 
purely with concrete shells, Oscar Niemeyer used 
concrete extensively in the design of the new Brazilian 
capital, Brasilia. (Andreoli and Forty 2004).   

Bechthold (2008) posits that the history of rigid 
structural surfaces in architecture is described in 
2 periods – The first from 1912 to 1939 where the 
design and construction was derived from vault and 
dome construction with the beginnings attributed 
to the research and development of the firm of 
Dyckerhoff and Widman AG (Dywidag) with their first 
concrete shell built in 1922 for the Carl Zeiss spherical 
planetarium in Jena spanning 16m and only 3cm thick. 

The second subsequent period of up to the 1960s 
saw the technical mastering of the construction and 
the application for new building functions such as 
worship, education, entertainment and sport. Post and 
pre-tensioning techniques were also perfected during 
this period. The quest for wide spanning concrete 
shells was believed to peak in Nicholas Esquillan’s 
Parisian CNIT exhibition hall in 1958 measuring 218m 

on each side of an equilateral triangular plan. The shell 
was constructed with pre-cast elements which were 
connected on site and had a system of tension ties in 
the foundation that prevented it from splaying.

The majority of concrete or masonry shells were 
built from the period 1925-1975 when hundreds 
of concrete shells were constructed. The 5 golden 
decades saw the rise of the concrete shells grow in 
popularity with countless of factories, warehouses, 
metro stops, grandstands, theatres, cinemas, 
churches, restaurants, bars and houses roofed by 
concrete shells.

Cassinello, Schlaich and Torroja (2010) expressed 
that this heyday was really the result of the work and 
development of 9 prominent and prolific architects/ 
engineers, namely:

• Eduardo Torroja (1899-1961)

• Felix Candela (1910-1977)

• Robert Maillart (1872-1940)

• Pier Luigi Nervi (1891-1979)

• Heinz Isler (1926-2009)

• Franz Dischinger (1887-1953) 

• Ulrich Muther (1934-2007)

• Anton Tedesko (1904-1994) and 

• Eladio Dieste (1917-2000)

3  The Fall of the Concrete Shells:

The passing away of the great masters of shell 
design mirrored the death of concrete/ masonry 
shell building. During a 2005 interview with Matthys 
Levy of Wielinger Associates and Khaled Shawwaf 
of DYWIDAG Systems US, it was observed that their 
offices had not been involved in a thin concrete shell 
project since the 1970s (Meyer and Sheer 2005). 

This loss of shell popularity and increasing ill-
perception of concrete shells affected Felix Candela, 
one of the key figures of this movement, badly. The 
situation, in fact, destroyed his career, rendering him 
helpless at the latter part of his life (Cassinello, Schlaich 
and Torroja 2010). This was reflected in a brutally open 
and honest quote from Felix Candela during a lecture 
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at The Universidad Nacional Autonoma de Mexico in 
1969:

‘As a matter of fact, I am as lost and disorientated 
as you are. I am around 60 years old and 20 
of them I spent as contractor and designer of 
structures, I know the trade of the traditional 
architect reasonably well and I neither find 
market nor use for some capabilities that cost 
me so much to achieve. I am out of place in 
today’s world and I do not know what to do nor 
if I am worth anything.’

An autopsy of the demise of concrete shell suggests 
many questions to be answered - issues and concerns 
about the state of shell technology, formwork, 
construction methods, other competing materials 
(membrane and lightweight steel and glass) as well 
as the social and economic outlook of the time needs 
to be assessed. Cassinello, et al (2010) reasoned why 
concrete shells lost favour in the architecture world 
of today: 

First and foremost, to design and use shells, designers 
will not just be concerned with concrete structural 
efficiencies, but will be considering its aesthetics as 
well. The fashion and changes in styles and perception 
of beauty (aesthetics) has affected architecture over 
time - most distinctly so in the periods of Baroque, 
Regency, Rococo, Greek and Classical revivals. 
Similarly, after the swinging 60’s, architectural fashion 
saw the return of Cartesian geometry and age of the 
straight line. Together with factors like construction 
costs, and other human factors, concrete shells went 
“out of fashion” once again, a fad (Bradshaw, et al 
2002) that failed to made a comeback until recently. 
Concrete shells were partly the beneficiary and victim 
of the capricious nature of architectural fashion – 
ultimately a reflection of architectural tastes and 
trends, inherently embedding the societal values, 
economic concerns and political outlook of the times. 

Concrete shells are expensive due to specialist labour 
and falsework. In the 1920s, after the Great Depression 
and World Wars, labour was cheap, making shell 
construction cost effective. With industrialisation 
came rising labour costs. Even in industrialising 
countries, compared with other systems such as 
steel and membrane systems, concrete shells cannot 
be built economically any longer. As such, formwork 
and costs remain the driving shortcoming, causing 

concrete shells to fall from grace. This remained the 
case despite casting innovations such as pneumatic 
formwork, the repetitive use of straight planks or 
modular bays. 

This is visibly the case in the complex formwork of 
the free-form inverted membrane shells of Heinz Isler 
which often consisted of individually crafted beam 
profiles. For example, as used in the construction of 
the Grotzingen Performance shell of 1977 (Chilton 
2000). 

The requirement of specialist skills and formwork/ 
erection planning, coupled with a considerable lack 
of flexibility of the final form diminished its appeal. 
Architects do not have the freedom to make geometric 
changes as they are with other types of systems such 
as steel or even conventional reinforced concrete- 
this construction required highly skilled labour as 
tolerances for formwork are tight.

Unfortunately, due to morphology, shells are not 
practical for general applications. They create 
awkward junctions between walls and roof thus 
making space usage difficult. Although the organic 
shapes are replicated as structurally efficient forms 
found in nature, the spaces within are not practical. 
These impracticalities are demonstrated in the 
experimental work of the Ball Houses of Heinz 
Isler and the difficulties in furniture placements are 
amplified within the completed Blaz House (Chilton 
2000).

Shells were difficult to analyse. Before the advancement 
and use of sophisticated computer softwares, shell 
analysis was carried out “by hand” and often required 
calculations of 4th order partial differential equations. 
This was not only mathematically tedious process, but 
also gave calculation results which were difficult to 
interpret and apply. Analytical tedium had caused the 
design process to become specialist and expensive, 
thereby losing the appeal to other comparatively 
straightforward structural systems. 

It was also observed that thin concrete shells are by 
their fragile virtue, very unstable. They may buckle if 
there is insufficient curvature within the shell. As they 
are so fragile, wind vibrations and unexpected live 
loading may cause it to buckle and fail.

Compared to steel and glass, the optical opacity 
of concrete undermines the form-giving potential 
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of concrete. Traditionally, although concrete shell 
surface can be punctured to allow light penetration, 
this leads to further complications to what is already 
complex structural analysis. Michael Flynn of the Pei 
Partnership, observed that although shells are still 
being designed in their office, they are not in concrete, 
but in steel and glass (Meyer and Sheer 2005).

Shells are not compatible with modern building 
physics. Many of the examples of thin concrete 
shells were either built as outdoor shelters (hangars 
and outdoor garden pavilions) or in warm climates 
- both situations not needing thermal insulations. 
They can therefore afford to be thin. To increase their 
application, a new way of building insulated concrete 
shells will need to be discovered without a loss of shell 
thinness. This issue is addressed in some of Isler’s 
shells in Switzerland. Isler incorporated insulation 
within the shell build up but often designed a tapered 
and upturned edge detail to give an illusion of thinness 
and increase form stiffness. Without sensitive design 
and understanding, insulation bulk would easily 
negate the aesthetical attraction of a concrete shell 
- the quest for profile thinness. Insulated shells have 
since been addressed by David and Bary South in 
their work on the insulated pneumatic formworks in 
the 1970s and 80s.

As they are unusual structures with specific structural 
qualities, shells are not covered by building codes or 
building regulations.  The difficulty to gauge safety 
easily eliminates concrete shells as a design option to 
the risk averse client, architect or builder.  

3.1 Other Developments:

Developments in other building systems eroded 
the appeal of concrete shells as advances in material 
technology and experimentation and research on 
lightweight steel, cable nets, membrane roof structures 
took off.  Structural revolution in material engineering 
resulted in the new aesthetic appeal of the high-tech 
replacing the opaque monolith of concrete shells with 
an architecture of true filigree and transparency.

The shift in emphasis of building function also meant 
that materials with structural properties were used 
instead of concrete. Michael Flynn, architect at Pei 
Partnership New York City pointed out that the ever 
more popular application of retractable roof designs 
suggests deployable systems of articulated steel 

framed structures, rather than concrete shells in stadia 
design which required clear spans which concrete 
shells were previously so suited for.   

The environmental movement was also responsible 
for the demise of the concrete shell. There was an 
increasing awareness of materials credentials and 
environmental impact and concrete was not spared. 
The era of the hippy movement and the proceeding 
environmental revolution also saw concrete suffering 
badly as a construction material with high embodied 
energy.  

After the 1960s, the concrete shell lost favour in the 
architectural scene, resulting in the technology of 
concrete shells stagnating for several decades. 

4  Concrete Shells  and their Form Givers

To understand the concrete shell phenomenon is to 
understand its construction process. An amorphous 
material, the fundamental relationship between 
formwork and the resultant concrete shell needs to 
be raised, appreciated, understood and analyzed for 
a holistic understanding of concrete shells.   

Generally, formwork requirements for concrete shells 
are relatively high, and hence costly. Traditionally, the 
main ways of constructing concrete shells are: 

a) Concreting over timber formwork, 

b) Use of pre-cast elements 

c) The use of pneumatic formwork eg Bini shells and 
balloons

d) Fabric Formwork, Foam and Other developments

4.1 A) Timber formwork 

4.1.1 Felix Candela

The use of timber shuttering is commonly used to 
create the shell formworks by the Spanish engineer/ 
architect Felix Candela (1910-1997) living in exile 
in Mexico. His signature concrete shells largely 
observed ruled geometries – appearing in the forms 
of hyperbolic parabolas, conoids, hyperboloids, 
cylinders and cones. With such geometries, he was 
able to produce shells with doubly curving geometries 
using straight timber boards, thus simplifying the 
formwork. 
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Figure 3: Cosmic Ray Pavilion, Mexico City by Felix Candela 
(1951)

This is demonstrated in his first work on the design 
and construction of the laboratory of Cosmic Rays for 
Mexico City University campus in 1951, believed to 
have brought him international renown. The shell was 
amazingly thin as it had to meet strict requirement of a 
maximum thickness of 1.5cm. (Garlock and Billington 
2008) 

By using ruled surfaces, Candela was able to simplify 
formwork as it meant doubly curved shells can 
effectively be created from straight boards which 
offered reusability. The straight board shuttering left 
imprints on the finished surface to give an honest 
expression of the concrete forming process.

4.1.2 Heinz Isler

Heinz Isler (1926-2009) was, too, a prolific 
proponent of concrete shells. Isler, who was born, 
raised and worked in Switzerland, designed and 
built numerous shell forms of concrete. A structural 
engineer by training, his work largely involved 
experimentation with physical models which informed 
the formfinding of his shells. Isler was most famously 
associated with the use of hanging membrane models 
to form-find his “inverted membrane shell series”. 
By hanging a membrane impregnated with resin to 
get the perfect  shell shape, he was able to find the 
form where with a state of equilibrium where forces 
are perfectly axial and shear forces acting purely on 
the plane of the shell. As well as this, he has also 
produced “compression bubble shells” based on the 
principles of inflating a membrane stretched onto a 
frame. 

His concrete shells were constructed by laying 
concrete onto a matrix of prepared timber falsework. 
The bubble shell series often had a regular geometry 
and were often repeated. As such, the formwork could 
be easily reused for any project. As for his inverted 
free-form shells, the formwork are specialized and 
bespoke. The bespoke formwork included numerous 
trusses defined by a complex geometry. Tailored to 
create one-off concrete shells, many of these formwork 
can only be used once, making them less economical 
than conventional construction. However, over many 
years, Isler built up good working relationships with 
specialist contractors and as a cost measure, were 
able to retain and use them again.  

The warm climate of Mexico enabled shells to be 
singly shelled and impressively thin. Insulation 
is required in the case of Heinz Isler’s shells in 
temperate Switzerland. Often, insulation panels acted 
as permanent shuttering in many of Islers’ shells. In 
the 1962 Wyss Garden Centre, thin timber boards 
were placed at regular intervals across the beams or 
trusses. On top of this, the insulation were positioned 
and acted as permanent shuttering.

Figure 4: Wyss Garden Centre, Switzerland by Heinz Isler 
(1961)

Through this discussion and by analysing the process 
of design, it can be seen that the inflexibility of the 
formwork, and its rigidity is a big factor that needs 
to be overcome.  This is possible with the help of 
modern timber engineering (moulded plywood), or 
synthetic fibres, but such solutions remain difficult to 
justify economically (Deplazes 2005). 
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4.2 B) Pre-cast elements 

4.2.1 Pier Lug Nervi 

Pier Lug Nervi (1891-1979), an Italian structural 
engineer first designed large spanning concrete 
geodetic aircraft hangars for Italian Air Force. The use 
of concrete pre-fabricated panels and open girders, 
was driven by economy in material at a time when 
timber resource was scarce. These were assembled 
and reinforced by the use of in-situ solid beams at 
points of greatest stress. For the first time in the 
development of shells, the structures combined the 
use of pre-cast and cast-in place concrete which 
became the precursor to his future work. 

The creation of ferro-cemento is a big step in concrete 
thinking and had a big impact on how concrete shells 
are made. Credited to Nervi, layers of fine steel wire 
mesh (0.02-0.06 inches diameter, set 0.4 inches 
apart)  were incorporated into concrete allowing shell 
structures of impressively thin profiles to be achieved. 
For heavier construction, reinforcement bars are 
inserted into the sandwich of mesh and concrete 
sandwich. Sometimes, concrete was sprayed 
(shotcreted) directly onto this mesh which is prepared 
and already in position, thus making obsolete the use 
of scaffolding that normally supported the freshly 
poured concrete shell. Using this method, Nervi was 
also able to create pre-cast panels which would 
become instrumental in the development of pre-cast 
panels in forming concrete shells. 

Figure 5: Torino Exposition Hall, Italy by PL Nervi (1947-1948)

For the competition to design a fast and cost-efficiently 
built exhibition hall in Turin to replace one destroyed 
during the war, Nervi proposed a revolutionary way of 
working with concrete that changed the way architects 
and engineers built. The winning design took the 

form of a roof covered with corrugations of 8 foot 
span, divided into 13 foot long units. These precast 
units were made from ferro-cemento (to a thickness 
of 1.5 inches) to be as light as possible. They were 
then joined together by poured-in-place concrete at 
the peak and troughs of the corrugations. Nervi said, 
“In this way, these units would act as junction units 
between the insitu ribs which in turn would take over 
the main structural work.” (Huxtable 1960)

To further reduce cost and increase speed of erection, 
these precast elements were erected on a rolling 
scaffolding with a lifting device which wheeled down 
the entire length of the exhibition hall. The idea of 
pre-fabrication and construction efficiency is strongly 
reflected in not only the building design, but also the 
designs in the stages of shell erection. 

Figure 6: Palazzetto dello Sport, Rome, Italy by PL Nervi 
(1956-1957)

This method also set precedence for his forthcoming 
1960 Olympic sports buildings in Rome. Built in the 
Flamimio district, the Palazzetto dello Sport roof, 
precast concrete panels were laid atop scaffolding 
and “stitched” together by poured-in place concrete 
which formed an intricate pattern liken to radial 
Fibonacci grids on a sunflower. The forces were 
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collected and transferred to the ground by Y-shaped 
columns which allowed windows to let light into the 
small stadium.

Figure 7: Y-shaped columns on the outside of Palazzetto 
dello Sport, Rome, Italy by PL Nervi (1956-1957)

The invention of using thin precast ferro-cemento 
panels and cast-in-place concrete cleverly eliminates 
the use of timber formwork and metal, both materials 
which were in short supply during war-time Italy. This 
method was set to change how concrete shells of the 
future are built. 

Nervi has introduced a revolutionary idea which 
embraced speed and economy in construction, 
addressing issues pertinent even in the construction 
industry today. This method, although still used today 
in projects such as the Duxford  Aircraft Museum by 
Foster and Partners in 1997, is most suited to shell-
forms with repeated components however. 

4.3 C) Pneumatic (Inflatable) Formwork 

The principles of this is based on a formwork 
supported by air. With the membrane tightly fastened 
to the ground, air is pumped to inflate the formwork. 
Variations and development on this principles has 
evolved over the years with varying success.

Once inflated, reinforcement bars are placed over 
the formwork and secured with chairs. Chairs can 
become problematic as they can depress or even 
puncture the inflated formwork. Concrete is then 
applied and sometimes sprayed on (shotcrete). As 
one might imagine, it is difficult to affix reinforcement 
bars onto a smooth pneumatic membrane. Attributed 
to Dante Bini, the Bini system breathed new life into 
shell construction.

Figure 8: A grit salt storage made using pneumatic formwork, 
Sheffield UK 

In the late 1970s and early 1980s, David and Bary 
South developed a system in which polyurethane 
foam was spray applied to the inside of an inflated 
fabric formwork. The foam provided stiffness and 
support on the inside. Shotcrete is then applied on 
the interior of the form and eventually the formwork 
is either removed, reused or left in place. This system 
is frequently used in the US. The inventor said that 
spans in the range of 30-60m are common and 
spans up to 300m are feasible. The Texas based firm 
reportedly shipped 150 pneumatic forms in 2001 and 
has participated in the construction of shells in 48 
states and in over 30 countries.

Another method of using pneumatic formwork is to 
lay on the concrete while the formwork membrane is 
deflated. Before the concrete cures, it can be inflated 
with special reinforcement patterns used to control 
the displacement and sliding of the bars while the 
formwork is inflated (Bechthold, 2009).

Interestingly and of note, Heinz Isler worked with this 
method of shell construction in his “Ball Houses” 
series in the 1970s for earthquake resistant houses 
in Iran. They were made with sprayed gypsum/loam 
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mixture or gypsum/cement mortar. He has also 
worked with the architect Michael Balz on the Balz 
House at Stetten auf den Fildern, near Stuttgart 
in 1980. The shell was constructed in 3 layers with 
internal concrete, foam insulation, then external 
grade concrete. It was noticeably difficult to place 
traditionally shaped furniture in the house and many 
had to be commissioned especially. (Chilton, 1999) 

4.4 D) Fabric Formwork and other developments

Recent technologies in CAD/ CAM manufacturing 
has meant that computer generated forms can be 
manufactured by cutting foam into suitable shapes 
using a CNC mill. When assembled together, the 
mould can act as concrete formwork with the 
possibility of combining formwork and  . Some of 
these ideas are presented and researched by Prof 
Dombernowsky and Asbjørn Sondergaad of Aarhus 
School of Architecture. The use of expanded foam 
is a solution of interest to many researchers and 
industry including Prof Arno Pronk at The University 
of Technology in Eindhoven, Holland.

The use of geo-textile fabrics as formwork has 
been explored and investigated in depth by Prof 
Mark West and his associates in Canada. When 
filled with concrete, these fabric formwork produces 
gravitationally expressive forms, and sometimes eerily 
beautiful organic forms. All these innovations are 
impacting on how we view concrete as a material and 
also the way that concrete can be shaped.

5  Shell Resurrection: A Concrete 
Renaissance

Figure 9: The Rolex Learning Centre walking surface concrete 
shell by SANAA for EPFL Lausanne Switzerland 2011

Concrete shells and their derivatives are making 
a return to the architectural landscape as seen in 
contemporary examples being built. They include 
the Saijo Crematorium in Kakamigahara, Japan by 
Toyo Ito in 2008; The Rolex Learning Centre walking 
surface concrete shell by SANAA for EPFL Lausanne 
Switzerland 2011, and the 2005 “Grin Grin” Park roof 
also by Toyo Ito.

Figure 10: Saijo Crematorium in Kakamigahara, Japan by 
Toyo Ito 2008

Figure 11: Fukuoka central “Grin Grin Park” roof by Toyo Ito 
2005

In their 2002 paper, Bradshaw et al, expressed their 
opinion that although shells are attracting “interests 
amongst the new generation of architects and 
engineers, they will never be en vogue as they once 
were, but will regain some of their former popularity 
when used appropriately.” This is an inevitable fate 
given the current state of material and technology 
advancement.

In support of the concrete shell revival, Jorg Schlaich 
professed numerous reasons why there would be 
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a future for the concrete shell. In the 2010 paper in 
memorian to Felix Candela, he wrote:

• Concrete shells are the most honest structures as 
shape and structure are identical.

• Concrete shells are natural and beautiful if they 
are made to work without or almost without 
bending.

• The material concrete is genuinely used as 
shells work mainly in compression and use the 
sculptural formality of concrete to the maximum.

Technology, especially in form analysis and digital 
manufacturing, has eroded many of the limitations 
of shell design experienced by designers in the 
last century, and so no longer apply. Owing to 
computational advancement, structural analysis has 
become increasingly straightforward. On building 
science terms, concrete outweighs any other 
lightweight structures in terms of noise and thermal 
capacity. Also, with new CNC-guided machineries, 
formwork can be made more cost effectively.

The findings of an interview with architects and 
designers carried out and presented by Meyer and 
Sheer 2005 showed architects and engineers as 
being generally aware of the benefits of thin shelled 
concrete - efficient use of materials, relatively low cost 
and general availability of materials (concrete and 
reinforcing steel); their fire, blast and impact resistance 
also provides safety and may reduce insurance costs 
with the clean uncluttered interior and exterior surface 
appearance offering the potential of some visually 
interesting geometries. However, all these still do not 
justify the high cost of construction. 

It must be emphasised therefore, that a key factor 
for its demise is the high costs associated with 
the intricate and sometimes bespoke formwork. 
Innovators like Bini and South have clearly realised 
the best way to reduce costs is to develop alternate 
construction techniques, but perhaps more innovative 
methods could work to reverse this demise.

Edward De Paola of Severud Associates said that 
“Flexible and easily adjustable forms would make 
complicated shapes easier and much less expensive 
to build” (Meyer and Sheer 2005)

To perpetuate this rising momentum of concrete shell 
interests, new technology (construction methods) and 

new materials must be embraced to compete with 
other innovations offered by competing construction 
systems. Concrete reinforced with steel and glass 
fibres are prime avenues of further investigation and 
research. In 1978, Jorg Schlaich set a precedent in 
the design of a shell for garden exposition in Stuttgart, 
Germany. The shell structure had a thickness of 
10mm and covered 640 sqm, it weighed 21.5kg/sqm 
(Meyer 1978). That was an impressive advancement in 
concrete mixes comparable to a tensile roof structure. 
Another improvement is better shotcreting technology 
that reduced rebound and, stiffer fabric forms and 
almost constant monitoring of the curing process, and 
better types of fibre-reinforced concrete composites. 

To improve techniques and reduce costs, the close 
working relationship between the architect, the 
engineer and the builder needs to be fostered and 
maintained for concrete shells to flourish. Prof 
John Abel of Cornell University said, “ the designer 
can work with the builder to devise construction 
processes that are efficient, for example, by together 
designing reusable form modules appropriate for the 
shell” (Meyer and Sheer 2005). 

Evidently, concrete shells as an architectural 
application must be judged within the context of other 
technologies and materials available. This structural 
purity and the thermal capacity are obviously aspects 
which can work to the advantage of this material. 

Research is being carried out by numerous institutions 
at both Sheffield Hallam University and The University 
of Edinburgh where the author is affiliated with. The 
author proposes a hybridised method of concrete 
shell making using a deployable grid-shell and fabric 
membrane as formwork. In this work, a compressed 
gridmat forms a frame upon which shotcrete is 
applied. Elaborated in the paper entitled “Deployable 
Gridshells and their application as temporary, reusable 
and flexible Concrete Formwork” at the International 
Conference of Flexible Formwork 2012, the author 
speculates the reusability of the gridmat, where flexible 
fabric membranes are being laid and stretched upon 
to act as concrete formwork. This method allows the 
concrete to readjust by flowing into the indentations 
within this grid in reaction to gravitational forces 
bringing about a new sense of aesthetics which might 
bring rise to a new generation of concrete gridshells, 
and with a wider application of fabric formwork. 
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6  Conclusion

Very importantly, concrete shells are not the 
only way to build, but their construction, structural 
efficiency, tectonics and thermal qualities should 
taken into account in the process of design decisions 
and specifications. The understanding that the shape, 
structural action and behaviour of this shapeless liquid 
stone is completely dependent on the formwork. This  
can act as a starting point to innovate news ways 
of using this material exemplified by the pre-cast 
construction method as pioneered by Nervi. 

Creation and creative re-creation is definitely a way of 
sustaining and securing the existence and continued 
longevity of concrete shells in the architectural 
landscape of today and in the future.
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1  Introduction

In two recent designs for concrete structures by 
Zwarts & Jansma architects, in cooperation with Iv-
Groep structural engineers, the use of fabric formwork 
was considered and investigated as a construction 
method. In this paper the design of both these 
projects and how they are different from each other 
is discussed. The role of physical models and digital, 
parametric models during the design process will be 
discussed as well as the way they influenced each 
other.

In the first project, the Landshape Wildlife Crossing, 
an entry for the ARC competition, the proposed 
method was carried through to the end. This resulted 
in a detailed technical design and building strategy. 
For the second proposal, the Extended Waal Bridge, 
it has not been decided yet which method will be 
used for its construction. Reasons why this is so are 

described, suggesting directions in which further 
research might be needed.

2  Cable-net supported formworks

The architectural shapes that seemed appropriate 
for both these projects overlap with the forms that are 
naturally being generated by membrane structures. 
This suggested using such membranes as their 
formwork.

To date, large-span structures using fabric formwork 
have only been realized in the form of James Waller’s 
Ctesiphon system (Veenendaal, 2011). The largest 
of such examples was perhaps the Chivas Distillery 
Warehouse in Paisley, Scotland, featuring three ca. 
100m spans. However, the main loadbearing structure 
relied on steel arches with the fabric only spanning 
the distance of ca. 2.5m between the arches (Anon., 
1959), Contemporary high-strength polymers allow 
fabrics to carry larger loads, exemplified by 4 to 

Large-scale designs for mixed fabric and cable 
net formed structures

R. Torsing1, J. Bakker1, R Jansma1, D Veenendaal2,3

1 Zwarts & Jansma architects, Amsterdam, Netherlands
2 Witteveen+Bos consulting engineers, Deventer, Netherlands
3 Institute of Technology in Architecture, Department of Architecture, ETH Zurich, Switzerland

This paper presents two recent projects from the design practice of Zwarts & Jansma Architects: an entry 
for the ARC Wildlife Crossing Design Competition and a preliminary design for the Extended Waal Bridge 
in Nijmegen, the Netherlands. In both cases, the design has been informed by the construction method 
of using a large cable-net formwork with a secondary system of geotextiles. This new concept builds 
upon existing architectural vocabulary, ideas and advantages found in fabric formwork technology, cable-
nets and tensioned membrane roofs, to allow for large-scale, long-span structures. The resulting designs 
demonstrate how both thin shell and volumetric concrete structures can be made with this system. Both 
physical and digital, parametric design models were used during development of these designs. However, 
doubts surrounding the constructability of these designs have surfaced. The jury for the ARC competition 
has praised the use of well established construction techniques in its winning entry. Similarly, the contractor 
of the Extended Waal Bridge will likely use conventional methods in favor of the flexible formwork that 
originally informed the geometry of the design. Insights into the feasibility and viability of this method are 
discussed based on these and other experiences during the design process.
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12m fabric formed beams, cast by the University of 
Manitoba (West, 2006) and the University of Bath (Orr, 
2011), However, to cope with larger scales the authors 
propose combining fabric formwork with a cable- 
network. The cable-net not only adds strength to the 
fabric mold but also means to control the geometry.

In the past, especially in the 1960’s, large scale 
cable-net supported structures such as the Olympic 
Stadium by Frei Otto have been built. Today, apart 
from a few recent examples such as the London 
Olympic Velodrome, this type of structure is no 
longer widely used.  A possible cause might be the 
introduction of affordable, high-strength fabrics. By 
contrast, the construction of large-scale tensioned 
membrane structures is a well understood and widely 
used technique.

Recently a broad range of software tools that can 
predict the geometry and behaviour of such cable 
networks have become available. At the same time 
the interface between design and manufacturing has 
seen a shift towards digital workflows. This allows for 
rapid prototyping of designs and more freedom to 
use components tailored for specific projects. These 
developments combined might eliminate some of the 
practical objections for using such cable-nets. 

The authors are convinced that the combination 
of these two technologies into a hybrid structure of 
cable-nets that support a fabric formwork can make 
it economically feasible to create large-scale curved 
structures and surfaces.

Using these methods has the potential to reduce 
waste of materials and energy. It provides a vocabulary 
of shapes that would otherwise be hard to build. This 
form language has the flexibility to adapt to a wide 
range of sites and circumstances.

3  Landshape Wildlife Crossing

3.1 Project description

The objective was to design a wildlife crossing 
in the Southern part of the Rocky Mountains near 
Vail, United States, as part of a more generic design 
strategy for the construction of 25 crossings at other 
sites in the surroundings. The design brief encouraged 
designs that were that were technically innovative 
while at the same time being constructible, efficient 
and cost-effective. They had to be context-sensitive, 
attractive and ecologically responsible.

Figure 1: Rendering of the Landshape Wildlife Crossing.
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3.2 Design concept

A hypar surface was chosen as the main theme for 
the authors’ solution (Figure 1). Seen from the road it 
creates an inviting arch spanning 81.5m for the traffic 
passing underneath while extending the flowing lines 
of the landscape. In cross section the upward facing 
arc protects the wildlife against noise and lights from 
the highway.

Together these two perpendicular organizing curves 
define a double curved, anticlastic surface, the 
hyperbolic paraboloid, or hypar. Initially chosen for its 
architectural and functional qualities, this shape also 
has good structural potential. By executing it as a thin 
concrete shell a large span can be realised, efficiently 
carrying the required loads with minimal material 
usage.

The hypar as a thin shell structure is an idealised 
surface. It is completely symmetrical and has very low 
stress. Reality is not so neatly organised. Applied in 
the non-symmetrical and irregular nature of the site 
topology, this idealised geometry is transformed into 
a shape that is context specific.

The curves in the landscape serve as an outside 
influence. They combine with the internal logic of the 
flow of forces in the shell to shape the bridge into a 
natural form; a ‘Landshape’ is created.

3.2.1 Physical modelling

To quickly test the initial idea, a physical model was 
made by pouring gypsum over a latex sheet (Figure 2).

Figure 2: Plaster sketch model

This model not only showed some characteristics of 
the overall shape, but also the esthetic possibilities of 
the hard to avoid creases.

It was soon clear that the tensions in the membrane 
during casting would become too high for the fabric 
on its own. To solve this, a supporting steel cable-
net was proposed. This grid of steel cables, along 
with its supports, formed a temporary structure that 
carried the fabric formwork. Splitting the formwork in 
a primary, steel network and a secondary fabric layer 
allowed for greater control over the geometry of the 
bridge.

A wire model of the cable-net was made to get a 
feeling for credible geometries (Figure 3). After digital 
modelling a final model was created to tangibly 
demonstrate the principles of the construction 
method (Figure 4). 

Figure 3: Initial wire model of the cable net

Figure 4: Final wire model of the cable net

3.2.2 Digital modelling

For the purpose of form finding, performing initial 
structural calculations and communicating the results, 
a parametric model of the proposed solution was 
made, using Grasshopper (Grasshopper, 2012) and 
a custom component written in Visual Basic. In this 
digital model the physical behaviour of the cable net 
and fabric are being simulated with a particle spring 
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system with a 4th order Runge-Kutta solver. The 
final shape of the crossing (Figure 5) results from the 
interplay of the boundary conditions (local topography 
of the landscape, traffic requirements etc.) and from 
the physical properties (grid size, stiffness, static 
loading) etc.) of the proposed structure. The user 
does not directly define the form of the hypar shell, 
but controls it by picking the location in a 3D terrain 
and setting parameters like the required clearance, 
the width of the crossing  and an initial geometry of 
the cable-net. All these parameters are being fed into 
the model, which then uses a physics simulation to 
come up with the resulting shape. It can thus be said 
that a specific design is an ‘emergent property’ of the 
input conditions.

Figure 5: Digital simulation of the hybrid formwork, showing 
the typical sagging behaviour of the fabric

This design methodology has two possible 
advantages over a more traditional modelling method. 
It allows the designer, once the parametric model has 
been set up, to quickly investigate different design 
alternatives by changing the input parameters. 
Secondly, it implements a generic strategy that can 
easily be applied to different sites and conditions. This 
is an important quality because the design brief asked 
for a family of potentially 25 crossings.

3.3 Structural concept

The idealised hypar is a shape in which loads on 
the structure are transformed into forces parallel to 
the plane of the shell (membrane forces). Because 
of the near absence of bending moments it would be 
possible to use a very thin (<200mm) concrete shell 
as load-bearing structure. However, imperfections in 
material and asymmetries in the shape and loading lead 
to certain bending forces and instabilities. Therefore 
the shell was increased to a more substantial but still 
lightweight structure with an overall structural depth 
of 500mm, with the ability to carry uneven loading and 
reduce local bending stresses to an acceptable level.

The shell is composed of an outer layer of high 
strength concrete, reinforced with steel fibers and 
with a thickness of 200mm. On top of that polystyrene 

(EPS) blocks will be placed, spaced some distance 
apart. The gaps between the blocks, running over the 
length and width of the shell in a pattern dictated by 
flow of forces, will serve as channels to cast a network 
of reinforced concrete ribs. These ribs (300mm high) 
contribute in the shell action. After casting the EPS 
blocks remain in place. They fill the cavities between 
the ribs, resulting in a lower loading of the structure.

3.4 Structure and construction method

The construction method was designed to reduce 
the material usage and cost of construction, while 
at the same time keeping the inconvenience for the 
traffic on the highway to a minimum as the competition 
required the I-70 Interstate to remain open during 
construction. The proposed construction method is 
schematically shown in Figure 6 and discussed in the 
remainder of this section.

Figure 6: Exploded view of the construction elements

3.4.1 Temporary support structure

To support the fabric formwork a temporary 
support structure will be built. It consists of a grid of 
pre-tensioned steel cables spanning the length and 
the width of the shell. The longitudinal supporting 
cables are attached to the concrete basements on 
both ends of the structure, the crosswise cables are 
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attached to temporary steel arches running along 
the two edges of the shell. At the points where the 
cables cross each other, they are fixed with specially 
designed and easily applicable clamps comparable to 
details in conventional in cable-net roofs. Together the 
cables form a pre-tensioned network in the desired 
shape.

The steel arches on either side of the bridge are kept 
in place by cables originating from the top of six 
temporary pylons. Those pylons in turn are supported 
by large concrete foundations and fixed with stayed 
cables on the other side. The cables are mounted on 
a steel frame and fixed to the underground with grout 
anchors.

3.4.2 Formwork

The formwork will be made of a geotextile, 
supported by the grid of pre-tensioned steel cables. 
It is cut and sown to the desired shape, specific for 
the particular crossing. This geo-fabric is covered 
with a non-adhesive coating to avoid bonding with 
the concrete surface while hardening. While applying 
the first 100mm layer of shotcrete the fabric will sag 
between the supporting cables, thus giving the surface 
its characteristic pillow-like look. Typical geotextile 
fabrics are produced in rolls up to 6m wide. For cable 
distances between 1 and 6m, fabric stiffness of 1000 
kN/m, up to two layers of fabric and prestress up to 
5% of 100 kN/m tensile strength, the sagging will 
range between ca. 30 to 300 mm, or about 1:33 to 
1:20 of the span.

While applying the concrete, insulation measures 
might be necessary to prevent unacceptable 
variations in temperature during hardening, depending 
on the weather conditions at the time. Therefore the 
underside of the fabric formwork will be insulated, as 
well the top of the concrete while curing. 

After applying and hardening of the first 100mm layer 
of the shell structure, the structure is able to carry 
the next layer of shotcrete. So the temporary support 
structure only needs to be able to carry the first layer of 
shotcrete while hardening and can now be loosened.

After curing of the second 100mm shotcrete layer 
the shell structure can be finished by applying the 
300mm EPS blocks in the desired pattern, installing 
the reinforcement and pouring the concrete between 
the EPS blocks to form the girders.

After the concrete girders have set, the temporary 
support structures can be taken away and the 
superstructure is ready to be covered with soil and 
vegetation.

3.4.3 Reusable elements and cost estimation

To reduce the building costs of the superstructure 
and minimise material waste, the temporary 
supporting structures will be designed to be reused.  
This spreads the costs for these elements over more 
crossings. Therefore those temporary supporting 
elements need to have enough service life and must 
be designed to be adjustable.

The cost estimate for this design was based on 
the assumption that investments in the temporary 
structure, including the support cables, can be 
distributed over the first ten wildlife crossings. 

A feasibility (class 4) cost estimate was made based 
on the American ASTM standard, It showed that 
the Landshape crossing would cost $1286 per m2 
(including shell, foundations, formwork and support 
structure). Assuming that the support structure and 
cable-net could be reused, the costs for one of ten 
bridges dropped to $970 per m2, or $940/m2 if the 
geotextile is to be reused as well. In this range the 
formwork system drops from 31% to 4% of the costs. 
For one bridge only, the costs consist of 12% for the 
geotextile, 34% for the cable-net and 54% for the 
supporting structure. 

Note that a conventional structure with two 45m spans 
costs between $1600 and $3000 per m2 (from cast on 
site with standard formworks to prefabricated beams 
and slabs), while a 90m span bridge would cost 
between $3000 to $4000 per m2 (from cantilevered 
formwork to steel arched bridge).

3.5 Results

The Landshape structural concept works out to be 
a cost effective solution for the wild life crossing. The 
biggest part of the construction costs of the wildlife 
crossings is due to the material costs of the load 
bearing structure and the execution of the project. 
Therefore a method was investigated to further 
reduce the costs for these two aspects especially. The 
architectural design is based on a double curved hypar 
shape, making it is possible to create a lightweight 
structure with low stress surfaces and a thus minimal 
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amount of material. In addition a construction method 
has been developed that enables a great deal of 
the flexible formwork to be made of prefabricated 
customized elements. This reduces the execution 
time and thereby the costs.  Also, prefabricating 
elements serves to minimize the impact on the flow of 
traffic during the build.

The structure can be further optimized in several ways 
in the next stage. For instance through advanced form 
finding (form follows forces) and the possible reuse of 
the fabric formwork.

4  Extended Waal Bridge

The following project is an invited design for an 
extension of the Waalbrug in Nijmegen (Figure 7). 
Along the existing run of the Waal River, a secondary, 
shallow channel will be dug to carry excess water in 
case of extreme water levels. To cross this secondary 
fairway an extension to the existing bridge is needed, 
the ‘Verlengde Waalbrug’, or Extended Waal Bridge. 
Designing the extension to the Waalbrug is part of 
a much bigger project initiated by the municipality 
of Nijmegen and the Dutch government. The overall 
project aims to improve the water management of 
the Waal River and develop the city and infrastructure 
surrounding it.

4.1 Project description

The original Waal Bridge, a steel arch, was built 
in the 1930’s and was considered a high point of 
engineering art in its day.

Figure 7: The design for the Extended Waal Bridge.

The aim was to come up with a design that would 
not compete with the scale of the arch of the existing 
bridge, but that would nonetheless inherit the curved 
forms of the original. This was achieved by designing 
the bridge as a series of supporting ca. 80m arches. 
The monolithic arches will mirror the construction of 
the main bridge, while at the same time having its own 
distinct construction and material.

It was clear from the outset that, like in the original 
Waal Bridge, the design should be based on modern 
engineering principles. And the appearance of the 
bridge should be a reflection of the construction 
method that was used.

The experience of the Landshape Wildlife Crossing 
suggested that a similar visual language of smooth 
surfaces, created by stretching fabric, might be used 
for this project. And possibly also a similar construction 
method could be employed.  The initial design of the 
bridge was based on the bending moment diagram 
along the span (Figure 8). 

Figure 8: The overall shape of the bridge is derived by rotation 
and translation of the bending moment diagram
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4.2 The design process

Designing the bridge has been a process of 
switching back and forth between physical and digital 
models. 

A physical model was the first step in the design 
process, but to optimise the design and communicate 
with other parties involved a digital, parametric model, 
key in further developing the design.

Still, in all stages of the design small physical models 
have been made (and will be made in the ongoing 
process). Those models, made from plaster, nylon 
fishing wire, or CNC milled from foam and wood, are 
miniature versions of a future reality. They provide 
an important spatial and tactile experience that a 
computer screen cannot deliver.

4.2.1 Physical modelling

The first sketch of the design was again a physical 
model. A piece of latex, tightly stretched over a 
wooden framework was pulled down in three places 
(Figure 9).

Figure 9: Initial plaster model.

It was assumed that tension forces in the fabric would 
correspond to compression forces if the resulting 
shape was built as a thin shell structure.

This process created a mold, from which a plaster 
model was cast, the first in a long series of physical 
models that would be made throughout the various 
stages of the design process. They serve to check 
the physical qualities of different designs, as well 
as to inspire solutions. The final physical model, 
constructed after digital modelling (Figure 11),

4.2.2 Digital modelling

The plaster model was the starting point for the 
design but it showed that an important problem 
would have to be solved.  Stretching a single sheet of 
material with constant stiffness results in supports that 

are too massive, both esthetically and functionally. To 
accommodate the flow of water under the bridge, the 
supports can have only a certain, limited dimension. 
As a consequence the transition from support to the 
deck would need to have a smaller radius.

To test designs, a parametric model was set up in 
Grasshopper, and used the more user-friendly and 
flexible Kangaroo for form-finding instead of the earlier 
custom component. It takes boundary conditions, 
such as the alignment, the width of the road and 
number of supports and physical parameters such as 
grid size, stiffness of the material and vertical loading 
as input parameters. Given these conditions a mesh is 
stretch between the fixed edges (Figure 10).

Figure 10: The modified / tailored mesh before and after 
relaxation.

The important difference however is that instead of 
using one single rectangular mesh, meshes were 
considered that consist of multiple panels, ‘sewn’ 
together. The topology of such a mesh is, in its 
unstressed initial state already a coarse approximation 
of the intended final shape and would hopefully 
overcome the limitations of the initial model.

This change in topology is also reflected in the 
physical model that was subsequently derived from 
the digital one. As can be seen in Figure 11, most of 
the vertices have four edges coming together, but 
some have five. These are the points where multiple 
panels of the composite mesh meet.
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Figure 11: Final wire model of the modified, ‘tailored’ mesh.

Although pre-assembling an initial mesh this way 
brought the model closer to the desired shape, it did 
not completely solve the problem. Additional forces 
were introduced in the digital model to arrive at the 
required profile of the supports and the associated 
sharper corners.

Using this method it proved possible to interactively 
shape the bridge by fine-tuning the input parameters. 
The resulting, relaxed mesh was then subdivided and 
smoothed to arrive at the final shape (Figure 12).

It should be mentioned that in order to arrive at the 
desired shape some parameters (e.g. static loading, 
stiffness) had to be set to values that were no longer 
physically meaningful. Although the parametric model 
was not intended to completely and realistically 
model an actual cable-net and its static behaviour, 
this liberal use of variable settings has implications for 
the role of such a tool in the design process. Instead 
of approximating the behaviour of an actual physical 
structure, it is now used to help arrive at a more or less 
predetermined visual appearance.

Figure 12: The final mesh

The parametric model has changed in character from 
being a simulation tool into being a drawing tool. That 
is not a problem per se, but means that additional 
analysis or extension of the tool is required to obtain 
meaningful structural quantities. That a realistic 
cable-net with the same shape can be obtained is 
certain because the form finding problem is material-
independant and the process guarantees a tensioned 
structure in static equilibrium. However, having 
altered the shape to fit certain projects constraints, 
does mean that cable forces and therefore shell 
forces will vary significantly, which influences both 
the structural response (susceptibility to bending and 
ultimately shell buckling) and structural design (local 
dimensioning and stiffness of cables, shell thickness 
and reinforcement). These issues are the focus of 
further research. 

4.3 Construction method

The project tender will be awarded as a Design 
and Build contract. The consequence of this is that 
the contractor, in collaboration with the architects, will 
eventually decide on a building method and further 
specify the design. The architects cannot prescribe 
a specific method beforehand. So, at various stages 
during the design, apart from a cable-net and fabric 
formwork, alternative methods for constructing a 
formwork had to be investigated.

Because of the smooth, doubly curved surfaces it 
seems appropriate to investigate the use of fabric 
formwork supported by a cable grid. After applying a 
first layer of fibre reinforced shotcrete, the skin of the 
structure, including partitions for stiffening if needed, 
could be cast. Finally the deck of the bridge could 
serve to stiffen the structure.

The building site is unique in the sense that the bridge 
will replace an existing road that sits on top of a dike. 
This suggests an alternative strategy that makes use 
of this special circumstance, by shaping the mold 
from the existing earth body, i.e. excavating the 
formwork from the existing ground body. This method 
has been used for the Teshima Art Museum in Japan 
by architect Ryue Nishizawa and engineer Mutsuro 
Sasaki.

Other alternatives that are being considered at this 
point include CNC milling of the formwork from 
polystyrene (e.g. the Spencer Dock Bridge in Dublin, 
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Ireland), or subdividing the design in panels with 
single curvature which would allow the use of bent 
plywood to create the mold (e.g. the Mercedes-Benz 
Museum in Stuttgart, Germany).

Because of the aforementioned contract limitations, 
the possibility of using any of these techniques has 
to be kept open. Each construction method will have 
its own implications for the final appearance of the 
bridge.  A cable-net and membrane formwork will 
sag between the supporting cables and might show 
wrinkles at the corners, depending on the cable grid 
size, fabric stiffness and possible prestress, as well 
as the casting strategy. Subdividing the surface in 
singly curved panels will produce specific patterning 
of the skin (Figure 13). Likewise, in a milled mold the 
toolpaths of the milling machine will be visible as 
well as the seams between the blocks of polystyrene 
(Figure 14). This explicit visibility of the chosen building 
method is considered a feature and will guide further 
elaboration of the design.

Figure 13: Explorations into subdividing the mold in flat or 
singly curved panels.

Figure 14: Traces of toolpaths when milling a mold from EPS 
foam.

4.4 Results

It is not clear yet which building technique will 
be chosen for the Extended Waal Bridge. Using a 
cable supported fabric formwork, although always 
considered as an option, does not seem to be the 
preferred building method at this point. It has proven 
to be difficult to arrive at a satisfying geometry by using 
just the tension in a cable network as driving force to 
generate the final shape. This suggests that in a real 
world application similar problems might arise. The 
contractor that eventually wins the Design and Build 
contract will most likely try to minimise the associated 
risks. This favours better understood, more traditional 
building methods with proven results.

5  Discussion

Thin shell concrete hypars have rarely been 
constructed after the 1960s, with the cost of the 
formwork due to increasing labor costs often cited 
as the main reason for their decline. For large scale 
structures the proposed approach of using a hybrid 
cable supported fabric formwork seems to have 
potential as new economically feasible construction 
method. Especially in the case of the Landshape 
Wildlife Crossing it provided a vocabulary of shapes 
that was both functional and esthetically pleasing. It 
also proved to be cost effective when compared to 
conventional type bridge structures using traditional 
building methods. This was in large part due to the 
possibility to reuse parts of the temporary support 
structure for up to 25 crossings in similar site conditions. 
The potential of a prestressed cable network as a new 
construction method for hypar shells is underlined by 
the many recent examples of prestressed membranes 
used in academia for small-scale concrete prototypes 
and digital models (Pronk et al., 2007, Tysmans et al., 
2009, Van Mele & Block, 2011, Pedreschi, 2012). In 
the case of the Extended Waal Bridge the use of this 
method is not self evident. Possible reuse of parts is 
limited in this project, increasing the costs. Also, the 
conditions imposed on the shape of the bridge by 
the required water flow may have pushed the design 
beyond what is still natural to build using this method. 

The technical and financial feasibility of cable-net 
formworks compared to the actual construction 
method used for the Extended Waal Bridge will be the 
subject of further investigation, supervised by Prof. 
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Philippe Block and the fourth author, at the Institute of 
Technology in Architecture, ETH Zurich, Switzerland. 

Beyond this, additional research is needed on 
detailing of the formwork, in particular adaptable 
joints for reuse and connections between fabric and 
cable-net. Furthermore, methods to translate data 
from the digital design model to the workshop or site 
need to be developed.

6  Conclusion

The use of cable-network supported fabric, as a 
flexible and adaptable formwork, is promising as an 
economically viable method for construction of large-
scale, large-span concrete structures. The concept 
consists of a cable-net and supporting structure at the 
same scale as those of built tensioned cable-net roofs, 
combined with a geotextile formwork at the scale of 
the cable grid size, the same scale as those of existing 
fabric formworks. It is therefore a combination of 
technically proven construction techniques. It is also 
economically feasible, especially so  when concerning 
series of structures with similar geometries. Cost 
estimation of the Landshape Wildlife Crossing 
demonstrated it to be competitive with traditional 
methods for conventional type bridge structures. 
For a single, unique design such as the Waalbridge, 
economic feasibility remains unclear and cannot be 
confirmed until a comparison with the other possible 
methods is made. It is noted that the Wildlife Crossing 
project required continuous use of the freeway during 
construction. None of the other three methods would 
allow this as they each require substantial falsework, 
whereas the cable-net and fabric formwork has a 
clear span with lightweight material with an entirely 
external support structure.

The design of these formworks is possible by 
constructing physical models and facilitated by 
recent advances in digital modelling and fabrication, 
respectively allowing for integration in traditional 
software in the building industry and offering an 
economically viable method of manufacturing the 
doubly curved geometry. 

Using these methods has the potential to reduce 
waste of materials and energy both for construction 
and the resulting structure. It provides a vocabulary 
of shapes that would otherwise be hard to build under 
current economic conditions. This form language has 

the flexibility to adapt to a wide range of sites and 
circumstances.
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1  Introduction

The research presented in this paper addresses the 
renewed design interest in complex curved structural 
surfaces. After a period of blooming in the 1950’s 
and 1960’s with shell builders as Candela and Isler, 
the realization of steel-reinforced concrete shells 
reduced drastically in the 1970’s to a minority of, 
often prestigious, projects. This reduction is mainly 
attributed to the increase of construction costs, 
which makes shells much less competitive than a few 
decades ago (Espion et al. 2003; Teng . 2004). Due to 
their structural efficiency, thin shells can span large 
surfaces, making them economical from material use 
point of view. However, the construction and removal 
of formwork and associated falsework is very labour 
intensive and increases the total cost significantly. 
Also the placing and shaping of the steel reinforcement 
increases the construction cost and limits the freedom 
of curvature. 

Recently, important advances in flexible formwork 
techniques have been achieved. West (2006), 
Pronk et al. (2006), Ibell et al. (2009), the Belgian 
Building Research Institute (Cauberg et al. 2009) 
and Guldentops et al. (2009) have demonstrated the 
theoretical as well as practical feasibility of moulding 
using technical textiles. While synclastic shells, or 
domes, can be produced with inflated membranes, 
anticlastic (or saddle) shells can be manufactured with 
minimum labour on a pre-stressed membrane. 

In order to facilitate the construction of concrete 
structures with high and double curvature, all straight 
and stiff elements must not only be eliminated 
out of the formwork surface, but also out of the 
reinforcement. This can be achieved through the 
use of flexible fibre reinforcement. Fibre reinforced 
cement matrix composites are effectively a fire 
safe alternative for the widely-used fibre reinforced 
polymers to construct curved shapes, but are limited 
in fibre volume fraction when short fibres are used in a 
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The design society shows an increasing interest for spatially curved architecture such as blob structures 
or shells. Concrete is the ideal material for these curved structures as it can be poured into any shape. 
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illustrated on an exemplary saddle shell. Results show that this cement composite not only facilitates the 
production of spatially curved structures, it also allows the design of shells which are significantly thinner 
(15 mm) than when using conventional steel-reinforced concrete. The reinforcement of cement with flexible 
fibre mats has thus a high structural potential. A main future challenge is its use for stay-in-place structural 
formwork of concrete shells.
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premix system, as is usually the case. Researchers at 
the Vrije Universiteit Brussel developed a fine grained 
cement matrix, Inorganic Phosphate Cement (EP 0 
861 216 B1), which can impregnate dense glass fibre 
textiles up to more than 20 % fibre volume fraction 
(Remy and Wastiels 2008; Remy and Wastiels 2010). 
The resulting Glass fibre Textile Reinforced Inorganic 
Phosphate Cement (GTR-IPC) composite has a 
high tensile capacity and omits need for any other 
reinforcement like steel reinforcement bars.

This paper evaluates the structural potential of 
this cement composite as a material for highly 
curved spatial structures. A design methodology 
for structurally curved surfaces in Textile Reinforced 
Cement (TRC) composites is presented, comprising 
both the form finding as well as the structural design 
of these shells. Application of the method on an 
exemplary saddle shell demonstrates that using textile 
reinforcement consisting of non-corroding glass fibres 
in cement can lead to very thin shell designs that can 
not be achieved with conventional steel-reinforced 
concrete. Own research contributions on the design of 
extremely thin (15 mm) TRC shells are situated in the 
context of ferrocement and fibre reinforced concrete. 
After demonstrating the structural potential of this 
innovative flexible reinforced cement composite for 
spatial structures, future challenges and applications 
are highlighted, such as the use of this material for 
stay-in-place structural formwork of concrete shells.

2  Flexible reinforcement systems for 
spatial concrete structures: a brief 
overview

2.1 Ferrocement

In 1848, Joseph-Louis Lambot (France) built two 
rowboats replacing the wood which was traditionally 
used by a combination of iron and cement. He called 
this new material “fer-ciment”. In 1849, Joseph 
Monier - working independently from Lambot - 
reinforced a brittle cement matrix with iron rods to 
make flower pots and garden tubs for the city of 
Paris, France. The work of Lambot and Monier on the 
so-called “ferrocement” is considered to be the first 
application and the very origin of reinforced concrete 
(Naaman 2000). The combination of the compressive 
strength of concrete with the tensile strength of metal 
reinforcement rapidly developed a composite with an 

appropriate load carrying capacity for many structural 
applications in civil engineering industry. 

According to the State-of-the-Art report on 
Ferrocement by ACI Committee 549 (1997), 
ferrocement is ‘a type of thin wall reinforced concrete 
commonly constructed of hydraulic cement mortar 
reinforced with closely spaced layers of continuous 
and relatively small wire mesh. The mesh may be 
made of metallic or other suitable materials’. Due to 
its thin, flexible wire mesh, ferrocement is particularly 
suitable for applications as thin shells and free form 
shapes. Ferrocement, benefiting from a long history 
of analysis and application, has already been used 
frequently for domes, bulbous housing structures and 
curved roof structures (Naaman 2000). The ribbon 
like ferrocement roof of the main gate to the Yambu 
Cement Company in Saudi Arabia (Figure 1, (Naaman 
2000)), illustrates the new curved shapes and 
applications that can be designed when combining 
cement with a flexible reinforcement.

Figure 1: Ferrocement roof of Yambu Cement Company, 
Saudi Arabia (Naaman 2000).

The typical use of metal reinforcement for ferrocement 
has some drawbacks. Even though many reinforcing 
meshes used in ferrocement are galvanised to prevent 
corrosion, the following durability issues need to be 
taken into account in case corrosion does occur 
(Naaman 2000): 

1) The mortar cover is abnormally low (order of 1 
to 2 mm), making it relatively easy for liquids or 
corrosive agents to reach the reinforcement; 

2) The reinforcement surface area and thus the 
corrosion contact area is much larger than with 
traditional steel-reinforced concrete structures, 
potentially increasing the corrosion rate; 
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3) Due to the small diameter meshes, even a low 
depth of corrosion can significantly affect the 
tensile strength capacity. 

The use of non-corroding fibre reinforcement can 
eliminate these effects and create durable cement 
composites for thin (minimum 1 mm), strongly curved, 
structural applications.

2.2 Fibre reinforced concrete

High performance fibre reinforced cement 
composites (HPFRCC) mix short fibres into a cement 
mortar or concrete (with the premix method or 
the spray method). The low fibre volume fractions 
of partially non homogeneously distributed and 
unoriented chopped fibres that are achieved with this 
technique result in a limited tensile capacity (less than 
5 MPa, Reinhardt and Naaman 2007). The function 
of the fibres is thus practically restricted to reducing 
crack widths, improving durability and enhancing 
the toughness of the composite. This limited tensile 
capacity of HPFRCC restricts its application to 
structures carrying low tensile stresses, like thin wall 
cladding or façade renovation. 

The shell designed by Jörg Schlaich for the Federal 
Garden Exhibition in Stuttgart in 1977 (Figure 2) 
is a notable application of HPFRCC. The design 
was inspired by Candela’s Xochimilco Restaurant 
(Mexico). The application of alkali-resistant glass fibre 
reinforced concrete allowed Schlaich to design this 
shell spanning 26 m with only 12 mm thickness (local 
thickening excluded) (Holgate 1997). Designing a 
temporary structure, Schlaich was able to experiment 
with the newly developed alkali-resistant glass fibres 
in combination with a concrete mortar, of which the 
durability properties were still unknown. The shell was 
designed to stand for only six months but endured 
five years, during which it suffered serious damage 
due to creep and brittleness and finally had to be 
demolished. Even though the durability issues of 
glass fibre reinforced concrete could not be taken into 
account in the design at that time, this extremely thin, 
double curved shell - designed to be completely in 
compression - illustrates the promising potential of 
using flexible non-corroding reinforcement in concrete 
shells.

Figure 2: Very thin (12 mm) temporary glass fibre reinforced 
concrete shell designed by Schlaich, Stuttgart, Germany, 
1977 (Holgate 1997).

2.3 Textile reinforced cement or concrete

The use of chopped fibres solely in a cement or 
concrete matrix results in a low tensile capacity (less 
than 5 MPa) of the composite. This characteristic 
limits fibre reinforced cement composites to 
building elements or shell shapes working mainly 
in compression. According to classic composite 
modelling, considerable amounts of fibres have to be 
inserted into the brittle matrix in the direction of the 
tensile stresses to provide the necessary stiffness and 
strength beyond the introduction of multiple cracking 
in the matrix (Aveston et al. 1971). The development 
of Textile Reinforced Cement (TRC) composites 
answers this need by impregnating continuous 
fibre systems, called textiles, with a cement or fine 
grained mortar. Whether containing continuous or 
discontinuous fibres, strictly aligned or randomly 
oriented, these continuous textiles provide a more 
orientation-controlled and significantly higher fibre 
volume fraction reinforcement for cement or concrete 
than discontinuous fibre systems such as in HPFRCC 
(Cuypers and Wastiels 2008). Hence, TRC has a high 
tensile (up to 60 MPa for random textiles) as well as 
compressive (80 MPa) capacity.

Numerous building applications, such as flat 
sandwich panels for pedestrian bridge design (Figure 
3) (Giannopoulos et al. 2004), barrel vaults and grid 
structures (Hegger and Voss 2008), and lightweight 
firewalls (Figure 4) (Hiel 2009), benefit from the 
structural capacities of TRC to carry tensile as well as 
compressive stresses with very thin elements. Up to 
now, few researchers have however focused on the 
material’s extraordinary suitability for strongly curved 
spatial structures. After discussion of the material and 
its mechanical properties, the structural potential of 
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TRC for spatially curved structures is evaluated by 
designing an exemplary medium span TRC shell.

Figure 3: Pedestrian bridge of TRC sandwich panels.

Figure 4: Lightweight TRC firewall (Hiel 2009).

3  Components of TRC

3.1 Fibres and textiles

The properties and the amount of the fibres that can 
be inserted in the matrix influence the characteristics 
of TRC composites significantly. In order to retain a 
significant stiffness after cracking of the matrix, large 
amounts of fibres (i.e. at least 10 % in volume) with 
high tensile strength and breaking elongation, and an 
elasticity modulus much higher than that of the matrix 
must be used. However, good fibre properties alone 
do not suffice. A good bond behaviour between the 
fibre reinforcement and cement matrix is essential to 
ensure the composite’s mechanical behaviour. Glass, 
aramid, carbon, steel and asbestos fibres have proven 
to be suitable in combination with cement mortars 
and have a high modulus of elasticity, tensile strength 
and breaking elongation (Bentur and Mindess 2007). 
Steel fibres are however corroding and have moreover 
a bad cost-performance ratio (Brameshuber 2006). 
Asbestos fibres have very good mechanical as well 
as fire-retardant properties and were therefore, mixed 

with cement, the most widely used fibres in buildings 
in modern times (Bentur and Mindess 2007). However, 
as inhalation of these fibres is a hazard to health, 
asbestos fibres can not be used in construction 
materials anymore. Consequently, glass, carbon and 
aramid fibres are most frequently applied in textile 
reinforcement for cement composites.

In comparison with carbon and aramid fibres, glass 
fibres have a higher density relative to their tensile 
properties. However, whereas in most composite 
applications - like aeronautical or automotive industry 
- the strength to density or modulus of elasticity to 
density ratio is decisive, in construction industry the 
price is often of more importance than the weight. 
Because of their relatively low price, we opt to use 
glass fibres to reinforce the cement matrix used in 
spatial structures.

E-glass fibres have however one serious disadvantage: 
they are chemically attacked by the cement matrix’s 
alkalinity. This particular problem can be solved in 
two ways. The first option is the use of alkali-resistant 
(AR) glass fibres, however they only reduce and do 
not completely eliminate the degradation process 
(Cuypers et al. 2006). They, moreover, significantly 
increase the price of the composite. Another option is 
the use of a low-alkaline or non-alkaline matrix, which 
will be discussed in section 3.2.

Depending on the application, various textile 
geometries place the fibres in the main stress 
direction(s) of the composite structure, increasing 
their efficiency. Uniaxial, biaxial, multi-axial, randomly 
oriented planar as well as three-dimensional textile 
geometries exist. Uniaxial and three-dimensional 
textiles most often reinforce linear beam and column 
elements. Structures experiencing planar stresses, 
such as plates or shells, use biaxial (Figure 5 (a)), 
multiaxial or randomly oriented (Figure 5 (b)) planar 
textiles. Depending on the load combination, various 
stress patterns - changing in magnitude as well as 
directions - occur in spatially curved structures. 
Therefore, textiles consisting of randomly oriented 
short (50 mm) E-glass fibres are chosen for this study.
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Figure 5: Glass fibres in (left) bidirectional woven textile and 
(right) randomly oriented textile.

3.2 Cement matrix

The cement-based matrices used for glass fibre 
TRC composites have to meet special requirements 
imposed by the production process, the related 
mechanical properties of the composite, and the 
chemical stability of the textile reinforcement. 

First of all, full penetration of the textiles by the 
matrix is essential in guaranteeing a good bonding 
and load bearing behaviour. The fibre density of the 
textiles – and thus tensile capacity – that can be 
achieved depends thus on the maximum grain size 
of the matrix. Most cement matrices developed for 
TRC therefore minimize the grain size (< 2 mm) and 
can be considered to be cement or mortar rather than 
concrete (Brameshuber 2006). Also the consistency 
of the matrix must be adjusted to the textile geometry 
and the production method. 

The second important aspect in the design of 
a cement-based matrix for TRC is the chemical 
stability of the glass fibres within the matrix. The 
most frequently used matrices for TRC are Ordinary 
Portland Cement (OPC) based fine grained mortars 
(Brameshuber 2006). Because the alkalinity of these 
OPC mortars chemically attacks the E-glass fibres, 
alkali-resistant (AR) glass fibres are used. Cuypers 
et al. (2006) demonstrates however that even the 
use of these AR glass fibres in an OPC matrix (pH of 
considered mortar is 13.5) can only reduce, but not 
eliminate, the chemical fibre degradation and the 
consequent loss of strength of the composite. Only 
50 % of the composite’s strength remains after 90 
days accelerated ageing (under water at elevated 
temperature of 50 °C) (Cuypers et al. 2006). 

Instead of using AR-glass fibres, one can also avoid 
the use of an alkaline OPC-based matrix to improve 
the durability of glass fibre reinforced composites. 
A variety of special cements, such as high alumina 
cements and phosphate cements, were and are 
still being developed (Bentur and Mindess 2007). 

Phosphate cements are durable alternative binders 
for glass fibre reinforced cement composites as 
they are acidic when fresh, but pH neutral after 
hardening. Their fast setting properties however limit 
their practical application (Brameshuber 2006). After 
more than ten years of study, researchers at the Vrije 
Universiteit Brussel developed a specific phosphate 
cement formulation, Inorganic Phosphate Cement 
(IPC, (EP 0 861 216 B1]), which is sufficiently retarded 
for a large variety of applications yet remains pH 
neutral after hardening. Due to its neutral pH after 
hardening, cheaper E-glass fibres can be used with 
IPC, compared to the AR glass fibres necessitated for 
OPC based composites. As shown in Figure 6, the loss 
of strength due to ageing is considerably lower when 
using an IPC matrix (10 % strength loss) than when 
using an OPC matrix (50 % strength loss) (Cuypers et 
al. 2006). In order to design durable spatially curved 
structures, E-glass fibre mats in combination with an 
IPC matrix (GTR-IPC) are adopted in this research. 

Figure 6: Tensile strength decreases significantly with time for 
AR-glass fibre in Portland cement matrix but hardly when in 
Inorganic Phosphate Cement – IPC matrix (Cuypers et al. 
2006).

4  Material properties of TRC

Inorganic Phosphate Cement has a high 
compressive strength (80 MPa) and stiffness (18 GPa), 
but is brittle in tension. The textile reinforcement in 
TRC is mainly responsible for carrying tensile loads. 
TRC composites have therefore very different 
mechanical behaviour in tension and compression. 
In compression, the composite can be considered to 
behave linearly elastic up to fracture. In tension, cracks 
initiate and propagate in the brittle matrix composite 
at very low stress levels (about 5 MPa), leading to a 
highly nonlinear constitutive behaviour (Figure 7).
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Figure 7: Nonlinear tensile capacity (exp.) of randomly 
oriented TRC increases with increasing fibre volume fractions 
(Remy and Wastiels 2008).

The introduction of more than 10 % fibre volume 
fraction in the fine, low viscosity matrix assures a 
substantial strain hardening. Figure 7 shows the stress-
strain behaviour up to failure of randomly oriented 
glass fibre textile reinforced IPC (GTR-IPC) specimens 
under increasing tensile load, for fibre volume 
fractions between 11 and 23 % (Remy and Wastiels 
2008). Not only do these experimental results confirm 
the theoretical predictions of increasing post-cracking 
stiffness and ultimate tensile stress with increasing 
fibre volume fraction, but also do they show that these 
very high fibre volume fractions (more than 20 %) 
can actually be achieved in practice by impregnating 
dense fibre textiles with the IPC matrix by hand lay-up 
or with the Self Compacting Impregnator (Remy and 
Wastiels 2010). This especially developed matrix thus 
allows the creation of cement composites with very 
high tensile as well as compressive capacities.

IPC reinforced with 20 fibre volume % glass fibre 
mats has a uniaxial compressive strength of 80 MPa 
(Cuypers 2002) and a uniaxial tensile strength of 50 
MPa (see Figure 7). To take into account the negative 
influence of biaxial tensile-tensile stress states 
occurring in the shell, the composite’s tensile strength 
is reduced with 20 % (Tysmans 2010). On top of this, 
a partial material safety factor equal to 2 is applied 
onto these strength data. Table 1 sets out the resulting 
design strength values.

Table 1: Design material properties of Inorganic Phosphate 
Cement reinforced with 20 volume % random glass fibre 
textiles.

Density r kg/m³ 1900

Young modulus (in compression) Ec GPa 18

Poisson coefficient n 0.3

Design tensile strength st,d MPa 20

Design compressive strength sc,d MPa 40

5  Form finding of TRC shells 

As the former discussion illustrates, durable high 
performance TRC composites can be created when 
using dense E-glass fibre textiles in combination 
with an adapted fine-grained and pH-neutral cement 
such as IPC. With its flexible reinforcement and high 
mechanical capacities, GTR-IPC is an interesting 
material for the construction of spatially curved 
structures. In the following paragraphs, a design 
methodology for structurally curved surfaces in this 
material is presented. This methodology comprises a 
form finding as well as a structural design stage, and 
will be illustrated on an exemplary saddle shell. 

This paragraph discusses the first stage: using 
form finding methods to generate shapes that carry 
their own weight mainly through membrane forces, 
minimising bending moments. Conventional steel-
reinforced concrete shells are often designed to work 
mainly in compression. TRC shell shapes can be 
designed to experience both tensile and compressive 
membrane forces, exploiting herewith the tensile 
capacity of TRC. Therefore, the presented form finding 
procedure focuses on anticlastic (saddle) shapes. 
This procedure is illustrated by an exemplary saddle 
shaped shell covering a square area of 10 m by 10 m. 
The vertical arch edges span 10 m with a maximum 
height of 5 m. The midspan height of the final surface 
is, a priori, set to 2.85 m to ensure sufficient clearance 
for people underneath the shell. 

In order to generate an anticlastic shell surface which 
fulfils the abovementioned geometrical criteria while 
showing the optimal stress state of pure membrane 
action (both tension and compression) under the 
shell’s own weight, the following strategy (elaborately 
discussed in (Tysmans et al. 2011)) is followed. 
First, the optimal shape of the arch edges is found 
analytically by inverting the shape of a freely hanging 
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chain under self weight. Then, the force modelling 
of the anticlastic shell surface under selfweight is 
performed - with temporarily fixed arch edges in order 
to respect the geometrical criteria – using the dynamic 
relaxation method with kinetic damping (see Figure 8).

Figure 8: Anticlastic TRC shells are form found using 
the dynamic relaxation method (left: initial grid and right: 
geometry after form finding).

The dynamic relaxation method (Barnes 1999; 
Adriaenssens and Barnes 2001) determines the 
equilibrium shape of a shell by representing it as a 
vibrating structure of discrete nodes (attributed a 
fictitious mass) and pin-connected link elements. 
The residual force on every node of an initial non-
equilibrated arbitrary shape accelerates the nodes to 
an – over discrete time steps - updated geometry until 
equilibrium is achieved. Attributing a small, fictitious, 
axial stiffness to the hinged link elements, the static 
equilibrium under self weight found with the dynamic 
relaxation method is the optimised curved grid that 
holds the continuous shell surface and experiences 
exclusively membrane action. 

The shell’s equilibrium shape depends on this 
fictitious axial stiffness of the links and can thus be 
manipulated to obtain the desired shape. In the case 
study, an elastic stiffness of 20 kN in all link elements 
assures the generation of an equilibrium shape that 
respects the 2.85 m midspan height restriction (see 
Figure 8).

Finally, a continuous surface is shaped through the 
discrete grid, resulting in the saddle shell shown in 
Figure 9.

This form finding strategy can be used to generate 
a wide range of saddle shaped geometries (as 
performed by Tysmans, (2011). The shell shapes 
designed in this way experience only normal forces 
under their selfweight, and need thus a minimum 
amount of material (i.e. shell thickness) to carry their 
own weight to the foundations. 

6  Structural analysis and design of TRC 
shells

After generating force-efficient shapes through 
form finding methods, the TRC shells must be 
structurally designed. This paragraph proposes 
the structural design methodology for spatial TRC 
structures. First, the finite element modelling of spatial 
structures in this new material is discussed. Then, the 
design criteria are formulated. These criteria follow the 
philosophy of the European standards (Eurocodes) 
but are interpreted for the new TRC material. Finally, 
a two-stage structural design process consisting of 
a linear and iterative design stage and a nonlinear 
design verification is proposed. This design procedure 
is demonstrated on the exemplary saddle shell that 
was previously generated through form finding.

6.1 Finite element modelling of TRC spatially 
curved structures

The anticlastic GTR-IPC shell is modelled in the 
finite element program Abaqus (version 6.7-1). The 
shell is globally meshed with 40x40 (approximate 
element size of 0.25 m) 4-node doubly curved shell 
elements (S4R) to ensure computational convergence 
(see Figure 9). To study the stresses locally provoked 
by a point load, the load is realistically represented 
by a distributed load over a square area of 0.2 x 
0.2 m, and the mesh was locally refined up to 0.05 
m approximate element size. The two side edges in 
contact with the ground are pinned along their whole 
length (Figure 9). 

Figure 9: The TRC shell is modelled in finite element software 
Abaqus. 

The cement composite’s post-cracking tensile 
capacity can only be used in structural applications 
if modelled accordingly, namely with a constitutive 
behaviour which is different in tension and 
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compression, and nonlinear in tension. This behaviour 
is modelled in finite element program Abaqus with 
the concrete Smeared crack model (Abaqus 6.7-1 
Documentation). 

The concrete Smeared crack model consists of 
two independent ‘failure’ surfaces in tension and 
compression. While the yield criterion determines if 
a point becomes plastic in compression (unimportant 
for GTR-IPC modelling as the composite is assumed 
to be linearly elastic up to the compressive design 
strength), an independent crack detection surface 
determines if a point ‘fails’ by cracking. 

After crack detection, the Smeared crack model 
properly simulates the nonlinear tension stiffening 
of GTR-IPC by introduction of the material’s post-
cracking stress-strain relation. The concrete model 
is a Smeared crack model in the sense that it does 
not track individual cracks. Constitutive calculations 
are performed independently at each integration 
point, and the presence of cracks enters into these 
calculations by affecting the stress and material 
stiffness associated with the integration point.

6.2 Design criteria

6.2.1 Load cases

The shell design involves structural analysis under 
all load cases of self weight, wind, snow and service 
point load, and with reference to the considered 
serviceability (deformations) and ultimate (strength 
and stability) limit states in correspondence with the 
Eurocode principles. The quasi-static wind load case 
is determined on the shell canopy. The quasi-static 
approach is valid if the structure’s first eigenfrequency 
exceeds 5 Hz. The vertical service point load (1.5 kN) 
must not be considered in combination with other 
variable loads. It is placed at discrete locations where 
resulting stresses or deformations are expected to be 
the largest: in the middle of the shell, in the middle of 
one of the arch edges, and at one quarter of the arch 
length.

6.2.2 Design limits

According to the Eurocode (2002), two limit states 
must be verified: the serviceability (SLS) and ultimate 
limit state (ULS). The SLS criterion involves that 
deformations must remain below span/250 under the 
characteristic load combination of all abovementioned 

loads. For ULS verification, the strength of the shell 
(maximum stresses must remain below design 
strength values, see Table 1) and buckling resistance 
(including safety factor) is evaluated under the 
fundamental load combination (including safety factor 
of 1.35 on selfweight, and 1.5 on variable loads).

In the preliminary structural analysis and design 
stage, an eigenvalue buckling analysis is performed 
to obtain a good first approximation of the shell’s 
buckling load (assuming ideal structure, i.e. linearly 
elastic, homogeneous, and with perfect geometry). 
Consecutively, a nonlinear, large-deflection, static 
analysis considering material and geometrical 
nonlinearity is performed in order to evaluate the 
stability of the real shell structure. The effects of 
eventual geometrical imperfections are taken into 
account by application of a reduction factor onto the 
buckling load of 0.7 (Medwadowski 2004).

According to the Eurocode philosophy, partial safety 
factors are applied to the actions on a structure as 
well as onto the resistance (strength, buckling) of 
a structure. Lacking Eurocode prescriptions for 
shell buckling resistance, the IASS (International 
Association of Shell and Spatial Structures) design 
recommendations for buckling of concrete shells, 
revised and updated by Medwadowski (2004), are 
interpreted and used for GTR-IPC shells: if material 
failure governs, the safety factor should be equal 
to the material safety factor (2 for GTR-IPC). If the 
buckling failure mode governs, a safety factor of 3.5 
corresponding to Medwadowski’s most conservative 
proposal is applied for the GTR-IPC shell design.

6.3 Preliminary linear analysis 

After the geometrical design stage, the second 
design stage entails the preliminary linear analysis of 
the saddle shell under all acting loads. This simplified 
linear analysis provides fast insight into the structural 
behaviour of the shell, can indicate where the shell 
should be thickened locally, and provides a good start 
value of the necessary minimum shell thickness for 
the nonlinear analysis.

The form found anticlastic shell is first structurally 
analysed assuming a homogeneous shell thickness 
of 20 mm, and applying all load cases individually 
(multiplied with safety factor 1.5 and superposed to 
shell’s selfweight). The analysis consists of a static 
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analysis for deformation and stress calculation, a free 
vibration analysis determining the first eigenfrequency 
of the structure, and a linear eigenvalue buckling 
analysis. 

The analyses show that the largest stresses in the 
shell occur under the vertical service point load acting 
halfway one of the arch edges, however they remain 
far below the design limits (st,max = 4.3 MPa < st,d = 20 
MPa and sc,max = 8.9 MPa < sc,d = 40 MPa). The largest 
deflections (16 mm) occur by far for the asymmetrical 
wind load case acting on the shell, but also still remain 
below the design limit of span/250 = 10 m/250 = 40 
mm. The buckling safety is equally the lowest for the 
wind load case (buckling load multiplier l = 8.5). The 
large displacements and buckling sensitivity due to 
the wind load illustrate the relatively low stiffness the 
shell has regarding this asymmetrical wind load case. 
The visualisation of the deformations of the shell under 
this wind load case (see Figure 10) demonstrates that 
these large deformations occur mainly locally at the 
lower part of the arch edges. This locally low stiffness 
for the wind load case also incites local buckling of 
the shell at this location.

Figure 10: Displacement distribution (m) in 20 mm thick GTR-
IPC shell under wind load shows local weak areas in shell 
under this load case.

Reducing the shell thickness homogeneously to 
15 mm and 10 mm, maximum stresses safely 
remain below the design values, but the maximum 
displacements under the wind load increase to 30 
mm (< span/250 = 40 mm) and respectively 75 mm (> 
40mm), largely exceeding the maximum design value. 
The ULS of buckling is already no longer fulfilled for a 
shell thickness of 15 mm: the load multiplier (l =3.4) is 
lower than the buckling safety factor of 3.5. 

These analyses demonstrate that the shell is most 
sensitive to local buckling near the corners under 
wind loading. Therefore, in order to optimise the 
material use to a certain degree, these bottom side 
edges (indicated in yellow in Figure 11) are thickened 

with reference to the rest of the shell. The effect of 
local thickening onto the buckling resistance against 
wind loading is significant: applying 50 mm local 
thickenings onto the 15 mm thick shell increases the 
buckling multiplier with a factor 4 (from l=3.4 to l 

=14). The wind load case is even no longer the critical 
load case for buckling, but is being replaced by the 
service point load case at the centre of the arch edge 
(l =10; evidently experiencing no significant influence 
from the thickening).

Figure 11: The saddle shell is locally thickened at the corners 
(yellow area) to increase the stiffness.

Reducing the general shell thickness even more to 
10 mm, stresses and displacements remain below 
the limit value, but the buckling point load multiplier 
reduces to 3.1, which is lower than the safety factor of 
3.5. Conclusively, a shell design of 15 mm with local 
thickening at the lower half of the arch edges of 50 
mm is proposed. With this geometry, the first natural 
frequency of the shell, at 5.6 Hz, exceeds 5 Hz such 
that the quasi-static wind approach is valid. 

6.4 Nonlinear analysis

The iterative linear analysis of the saddle shell with 
varying thicknesses under all load combinations of 
selfweight, wind, snow, and service point load, and 
with reference to the limit state criteria, determined 
following preliminary design: a global minimum shell 
thickness of 15 mm and local thickenings of 50 mm. 
This shell design is now verified by a full material and 
geometrical nonlinear analysis.

6.4.1 Shell deformations

Although the largest displacements occur under 
the SLS load combination of selfweight, wind and 
snow, they remain relatively low: the maximum global 
displacement of the shell is 7.0 mm, which is less than 
one fifth of the SLS limit (span/250 = 40 mm). These 
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small displacements show the high global stiffness of 
the double curved shell. 

6.4.2 Strength

For verification of the ULS of strength, the 
combination of selfweight and point load at the centre 
of one of the arch edges is the dominating load 
combination. For the globally 15 mm  thick shell with 
50 mm local thickenings, maximum stresses remain 
largely below the design limits: in tension st,max = 6.6 
MPa < st,d = 20 MPa and in compression sc,max = 15.4 
MPa < sc,d = 40 MPa.

6.4.3 Stability

The ULS for stability is verified by performing a 
material and geometrical nonlinear analysis of the shell 
submitted to a gradually increasing load: the point 
load (1.5kN*1.5 load safety factor) at the centre of the 
arch edge is scaled with a load factor and superposed 
to the shell’s own weight. Maximum deformations 
(global (Umax) and vertical (Uz,max)) and maximum tensile 
and compressive stresses are tracked under this 
increasing load (see Table 2).

Table 2: Evolution of maximum stresses and displacements 
in 15 mm thick, locally 50 mm thickened, GTR-IPC shell 
under increasing point load, nonlinear analysis

Load 

Factor 

Umax (mm) U3,max 

(mm)

st,max 

(MPa)

sc,max 

(MPa)

1 5.2 3.9 6.6 -15.4

2 11.9 8.9 11.4 -35.5

2.5 16.3 12.3 14.6 -48.5

3 22.5 17.0 19.2 -65.7

3.25 27 20.4 22.9 -77.4

3.5 34.6 26.3 29.5 < -80

 The results show that for 3.5 times the service point 
load (load factor is 3.5), the maximum compressive 
stress exceeds the GTR-IPC’s nominal compressive 
strength of 80 MPa, while the shell’s deformations 
are still continuously increasing; no instability 
or outrageous deflections are observed. The 
displacements under a load factor of 3.5 even remain 
below the SLS limit (35 mm < span/250 = 40 mm). 
Hence, not buckling but material failure will govern, 
and the compression material safety factor of 2 will 
govern. With no instability for an applied load factor 
of 3.5 the shell design satisfies the ULS of buckling.

As demonstrated by its complete design, the 
exemplary GTR-IPC saddle shell can span 10 m 
with a global thickness of only 15 mm, and with only 
small local thickenings of 50 mm. In conclusion, the 
application of TRC composites with high fibre volume 
fractions (20 %), such as GTR-IPC, leads to very thin 
and durable shell designs that can not be achieved 
with conventional steel-reinforced concrete.

7  Conclusions 

Thanks to the technological advances in textile 
reinforced cement (TRC) composites, ferrocement-
type materials are still relevant today, particularly for 
application in curved structures. The paper illustrates 
the importance of the choice of matrix and fibre 
textiles to obtain a cement composite with a high fibre 
volume fraction, and thus relatively high mechanical 
properties, such as GTR-IPC (design tensile strength 
equals 20 MPa, design compressive strength equals 
40 MPa). 

Due to its flexible reinforcement, GTR-IPC is 
particularly interesting for application in spatially 
curved structures. This paper lays out a design 
methodology for shells in this material, starting from 
the determination of an optimal geometry and going 
to the full nonlinear analysis of the shell. The structural 
design integrates all current knowledge on the cement 
composite’s behaviour, namely its nonlinear tensile 
behaviour and finite element modelling, as well as 
its durability behaviour integrated in the definition of 
design strength values. The loads and limit states to 
consider are based on current European standards, 
the Eurocodes. 

The design of an exemplary saddle shell in GTR-
IPC showed that an area of 10 m by 10 m can be 
spanned with a global thickness of only 15 mm (and 
local thickenings of 50 mm). This result shows that 
the recent advances in textile reinforced cement 
composite technology do not only have the potential 
to make the construction of shells economically 
competitive, but also to lead to innovative thin shell 
designs that are unseen for steel-reinforced concrete 
shells.
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8  Future challenges for TRC in spatially 
curved structures

The conclusions of this research show how the 
good mechanical capacities of textile reinforced 
cement composites in combination with their flexible 
reinforcement make the material highly appropriate to 
build very thin shells. These spatially curved structures 
use both the material’s mechanical capacities in the 
hardened stage as well as its flexibility in the wet 
phase. 

Considering these properties, one can think of a 
new formwork system for spatially curved concrete 
structures that exploits these benefits of textile 
reinforced cement composites in wet and in hardened 
phase even more: In wet phase, highly curved surfaces 
are easily obtained using the impregnated flexible 
textile in a similar way as fabric formwork (see Figure 
12 (a)). However, the impregnated textile is only used 
as formwork after hardening (Figure 12 (b)). The TRC 
composite formwork shows herewith similar benefits 
as fabric formwork, but has the advantage that it will 
not stretch significantly when the concrete is poured. 
Hence, it is easier to obtain a priori fixed shapes. The 
TRC formwork can moreover stay in place and be 
structurally used as reinforcement of the concrete. 
The TRC formwork might even completely replace 
the steel reinforcement, making very slender designs 
possible, similar to the example studied above.

Figure 12: TRC as stay-in-place formwork for concrete 
shells. Left: TRC is easily hung when wet and flexible; Right: 
After hardening, it is used as stiff formwork. 

Using impregnated textiles that are flexible in wet 
phase, an infinity of geometries can be constructed. 
The most optimal shapes are those that only 
experience normal forces and no bending under their 
selfweight. Translating the “inversed hanging cloth” 
experimental form finding method often applied by 
Isler (Chilton 2009) to the scale of structural TRC 
formwork, the generation of these optimal shapes 
can be intrinsically part of the formwork construction 

process. When hanging the impregnated textiles 
in wet phase (Figure 12 (a)), the textile will adopt a 
pure tensile form as the flexible textile can not resist 
bending or compression. After hardening (Figure 12 
(b)), the impregnated textile is reversed to obtain a 
TRC formwork that is completely in compression 
under its own weight. As such, force-modelled 
concrete shells can be easily constructed. Research 
is currently ongoing towards the technical aspects of 
this innovative concept.
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1  Introduction

Fabric formwork technology, and the concept of 
using fabrics or membranes as the main material for 
concrete moulds, has a long history in architecture 
and several fields of engineering (Veenendaal et al., 
2011). However, one cannot speak of any significant 
tradition in the building industry as a whole, as 
examples of commercial projects remain rare. One 
obstacle in using fabric formworks is perhaps the care 
necessary in designing such a formwork. Whereas 
traditional rigid formworks are seen as a technicality 
that the contractor can deal with, a fabric formwork 
and how it is designed will influence the resulting 
shape. Understanding of this construction method is 
therefore a necessity during early design stages. The 
development of accessible tools for the design and 
analysis of fabric formworks may be one prerequisite 
to unlock the full potential of fabric-formed structures.

An important analogue to the design of fabric 
formworks is that of tension structures, such as cable-
net roofs and tensioned fabric roofs. In these cases, 
an engineering tradition exists in which both physical 

and numerical modelling is commonly used at early 
design stages. Predicting the shape of the fabric as a 
result of the boundary conditions has been called form 
finding. This paper discusses existing uses of physical 
and digital modelling of fabric formworks, mostly from 
academic literature, presenting an overview of this 
specific topic. Then, examples are given of a simple, 
custom 2D form finding tool as well as an early 3D 
implementation of a more general design tool. The 
results are used as the basis for further discussion on 
future work, before drawing some conclusions.

2  Physical form finding 

The current practice of designing new fabric 
formworks is done on the basis of physical models, 
ranging from scaled to even full-scale mock-ups, 
or is directly carried out from concept to on-site 
fabrication. The Centre for Architectural Structures 
and Technology (C.A.S.T., 2008) in Winnipeg, Canada, 
in particular has a large facility for the production 
of physical models. Based on 15 years worth of 
experience, the director, Prof. Mark West believes 
that “whatever can be built in scaled, working models 
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can be constructed at full-scale.” This is echoed by 
Anne-Mette Manelius at the Royal Danish Academy 
of Fine Arts in Kopenhagen, Denmark, who, based 
on several large student workshops, says that the 
relation between scaled and full-scale models is “quite 
direct”. Both comments correspond with the fact that 
form finding - finding shapes in static equilibrium - can 
mathematically be considered as a purely geometric 
problem. They rely on four types of physical models:

1) Small-scale (1:10, 1:5, sometimes even 1:3) 
models using nylon fabrics and (spray) plaster;

2) Small-scale models using sand;

3) Full-scale models using watertight membranes 
and water, limited to modelling of filled fabric 
formworks, and

4) Full-scale models using (mostly) geotextile 
woven fabrics and (reinforced) concrete.

Reasons for building full-scale models are (a) to clearly 
demonstrate feasibility and (b) to work out economic 
and simple construction strategies. Furthermore, 
complex and untailored formworks will result in folding 
and wrinkling of the fabric. This is challenging to 
model either through scaled models or digital models, 
and (c) full-scale prototypes are obviously better 
predictors for the on-site construction and the final 
shape. Another reason for full-scale models is (d) the 
tradition in engineering academia to verify theoretical 
models through physical testing. Load testing of full-
scale models of fabric formed beams and trusses 
has taken place at C.A.S.T. (publication pending), the 
University of Edinburgh (Lee, 2010) and the University 
of Bath (Garbett, 2006 and Orr, et al., 2010).

Some recent Master theses with an emphasis on 
physical modelling are by Suzumori (2006), who 
combined 3D-printed scale models and full scale 
mock-ups for the design of fabric formed sound 
barriers, and Mohapatra (2011), who used small scale 
plaster models to explore different fabric formed 
structural elements, before focusing on a column 
supported vault. An idealized version of the physical 
models’ result was analyzed in a finite element 
program (ANSYS). 

3  Computational modelling

Despite a large body of work in the form finding, 
design and analysis of prestressed fabric structures, 
application of these methods to fabric formwork 
design has only recently taken place. Existing 
examples are from the past decade, most of them in 
the latter five years. This section presents an overview 
of previous work. Though many of the following 
references are Master theses and student projects, 
some first instances of postgraduate or professional 
work in digital modelling can be found.

3.1 Wall panels

The first example concerns the structural 
optimization of fabric-formed wall panels (Schmitz, 
2004). A manual, iterative procedure was developed 
to achieve an optimum structural shape for a panel 
based on its support conditions. The panel was 
analyzed in a finite element program (ADINA) and 
checked for strength requirements based on the load 
case. 

3.2 Beams

Several theses at the University of Bath, UK, 
considered the case of fabric-formed beams (Figure 
1) modelled as a series of hydrostatically loaded finite 
strips, an approach called hydrostatic form finding. The 
hydrostatic shape taken by such a strip is analogous 
to the elastica first solved by Euler (Wikipedia, 2012). 
Initially though, a more practical, empirical formula 
was derived based on loading strips of fabric with 
a viscous liquid (Bailiss, 2006) and was later refined 
(Garbett, 2008). These results were later compared 
with a numerical procedure based on the analytical 
elastica (Foster, 2010). “The beam [..] modelled as a 
number of [..] sections [..] only allows for curvature 
in the transverse plane to be considered.” However, 
their work assumes that “a sufficiently large number of 
sections can adequately compensate for longitudinal 
variations in profile” (Foster, 2010).

Figure 1: The first beam tested at Bath featured unintended 
wrinkles due to the stiffness of the fabric (Bailiss, 2006), but 
subsequent beams corresponded well with their design.
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The first author has applied the form finding method 
of dynamic relaxation to fabric-formed beams. The 
resulting shapes were fed into a finite element program 
(ANSYS) to check the performance of these concrete 
beams. Using a genetic algorithm, new boundary 
conditions were automatically created as the entire 
procedure would then attempt to evolve towards more 
optimal beam shapes (Veenendaal, 2008; Veenendaal, 
Coenders, Vambersky and West, 2011).

3.3 Shells

Several studies were performed at the Vrije 
Universiteit Brussel, Belgium, on the modelling 
and shaping of columns and particularly shells. A 
software program for the design and analysis of 
tensile structures was used (EASY). Scaled mock-ups 
were made for verification including a non-prismatic 
column and a saddle-shape shell structure (Cauberg, 
Parmentier, Vanneste and Mollaert, 2009, Guldentops 
and Mollaert, 2010). They report “deviations between 
5 and 58 %, on a calculated deformation of [the shell] 
about 15 mm for a span of 2 meter”. These deviations 
were attributed to slipping at the fabric edges and 
dynamic effects of shotcreting (Figure 2) and might 
also be the result of possible inaccuracy of the 
numerical cable-net modelling of the membrane.

Figure 2: Physical prototype differed substantially from 
numerical model (Cauberg, 2009).

A novel form-finding strategy was developed by 
the second author for similar saddle-shape shell 
structures, based on the force density method and 
a nonlinear least squares method.  The procedure 
calculates the prestressing required in a fabric 
formwork to approximate a given target shape for a 
fabric-formed shell. (Van Mele and Block, 2011).

Zwarts & Jansma Architects, Amsterdam, 
Netherlands and Zaha Hadid Architects, London, UK 
in cooperation with the AA Visiting School have both 
recently designed cable-net and fabric formed thin-
shell structures. Zwarts & Jansma Architects designed 
two large-span structures. They used plaster and 
rubber as well as wire models before applying digital 

form finding using both custom written Visual Basic 
components and Kangaroo for Grasshopper (Torsing, 
Bakker, Jansma and Veenendaal, 2012). Finite element 
analysis (SCIA Engineer) was carried out by structural 
engineering firm Iv-Groep. The AA Visiting School 
in Bangalore and the Zaha Hadid Computation and 
Design Group have designed a fabric-formed shell 
pavilion. They used custom C++ code with Maya’s 
API for interactive form-finding that uses a simplified 
Euler and Mid-Point integration method for a particle 
spring system, and Maya Nucleus, which uses implicit 
integration, for final form-finding before carrying out 
structural analysis (Algor, now Autodesk Simulation) 
(Bhooshan and El Sayed, 2012).

3.4 Structural systems

Apparent in architectural research is the interest in 
casting entire freeform structures in fabric formworks. 
This is evident in multiple, recent student projects and 
Master theses.

The FattyShell project at the University of Michigan, by 
Kyle Sturgeon, Chris Holzwart and Kelly Raczkowski 
(Dezeen, 2010), involved three stages in its digital 
design workflow. A custom Rhinoscript, based on 
Lindenmayer-, or L-systems, was used to design the 
overall lay-out of the structure. It generated primitives 
relative to the site context in the form of a low polygon 
mesh. This surface mesh was minimized using 3DS 
Max’s Relax function and was subsequently unfolded 
to 2D patterns using Pepakura Designer. Note that 
the final concrete filled double-layer membrane was 
digitally modelled as a minimal surface (Figure 3).

Figure 3: FattyShell project (Dezeen, 2010) was modeled as 
a surface with concrete inflation not taken into account.

The DigitalPlaster project at the AA School of 
Architecture, London, UK (DigitalPlaster, 2012), 
featured a five-stage digital workflow. The overall 
organization of the structure was generated in 
Processing using a particle system and Verlet 
integration. The stresses in the structure were then 
analyzed in Algor, and served as input for the patterning 
and local density of pressure points in the formwork 
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(Rhino + Grasshopper). Maya Nucleus was then used 
for materialization and inflation of the fabric (also for 
3D printed models), before unrolling the surface and 
generating patterns in Rhino. Physical models were 
made from nylon and plaster and also 3D printed 
(Figure 4). Differences occurred near the supports, 
possibly due to modelling of the fluid pressure as a 
constant rather than hydrostatic pressure. Note that 
the plaster model did not feature the intricate facades 
present in the 3D printed model.

Figure 4: DigitalPlaster project (DigitalPlaster, 2012) shows 
differences between plaster model (left) and 3D printed 
model (right). 

Another recent student project at the Southern 
California Institute of Architecture (Emery, et al., 
2011), used Maya Nucleus as well for form finding of a 
concrete filled structure. Differences between design 
and result were explained by the excessive stitching 
necessary near the legs (Emery, 2011) and bulging 
(Figure 5) is likely due to incorrect material modelling 
and/or patterning.

Figure 5: Fabric Form project shows considerable difference 
between digital model and latex and plaster model (Emery, 
et al., 2011). 

4  Developing a digital design tool 

From the existing examples in Section 3, it is clear 
that digital modelling can be used to perform three 
main design tasks: form finding, structural analysis 
and patterning. 

The benefits of using digital models in the design of 
fabric formworks are:

1) Replacing full-scale models, and time, effort 
and space associated with them;

2) Allowing for large-scale models, not feasible 
with physical models (e.g. large-span roofs and 
bridges), and

3) Creating digital information, vital for 
communication, drawings and numerical 
analysis.

4.1 Design scenarios

In order to develop a flexible design tool, an 
inventory should be made of possible scenarios in 
which such a tool is used. 

Fabric formworks are generally (pre-)stressed through 
a combination of mechanical prestress of the fabric 
(in-plane), concrete fluid pressure (normal-to-plane) 
and air pressure (normal-to-plane). The designer 
applies these to a surface, possibly prescribing a 
prestress, a reference height for the concrete pressure 
and/or air pressure.

Apart from these methods of prestress, the designer 
manipulates the boundary conditions of the fabric. 
In other words, he or she decides at which locations 
the fabric is supported and in what directions these 
supports are fixed.

The following problems could then arise, each of 
which needs a distinct numerical approach to solve:

1) The initial geometry of the fabric and its 
stiffness is given, and the designer wishes 
to determine the final, resulting shape from 
elastic deformation (analogous to procedures in 
structural analysis).

2) The target geometry is given, and the designer 
wishes to find the closest-fit solution possible 
with a fabric formwork (similar to previous work 
(Van Mele and Block, 2011)).

3) The maximum amount of volume (concrete) and/
or surface (surface) is given, and the designer 
wishes to find the minimal surface subject to 
these constraints (analogous to procedures in 
form finding of pneumatic structures).

4.2 Applying form finding to fabric formworks

To create a digital form finding tool, existing form 
finding methods have to be adapted. Key aspects, 
which differ from conventional applications of form 
finding, are:
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1) Concrete pressure, where we can note that (a) 
it is analogous to pneumatic structures in the 
sense that it acts normal to the fabric surface 
and (b) it can be modelled as hydrostatic, but 
it is understood that hardening of the concrete 
influences the pressure and thus the shape, 
depending on the speed and method of casting. 

2) In membrane structures the surface is normally 
designed to create an as uniform stress state 
as possible and avoid any wrinkling. In fabric 
formworks avoiding wrinkling is only a structural 
requirement when the surface describes a 
compression-only shell to be cast. In general 
however, one could allow for wrinkles and 
maximize the use of large, flat sheets of fabrics, 
as is often the case at projects at C.A.S.T., or 
indeed apply tailored solutions with cutting 
patterns which is of current interest at the 
University of Edinburgh.

3) It is also common to manipulate the formwork 
normal to the plane of the fabric, by either 
pushing or pulling the fabric from the inside 
or the outside. This creates an unusual type of 
support condition (though also found in double-
layer air-inflated structures).

4.3 Approach

The overall objective of the authors’ research is 
to develop numerical approaches that perform the 
tasks of form finding, analysis and patterning, solve 
the design scenarios in Section 4.1 and account for 
particular aspects in Section 4.2, and implement 
these in a computational framework. The framework 
is written independently in Python, which can then 
be connected to any type of GUI. To avoid sequential 
design steps with feedback loops, and to avoid any 
black-box solving, emphasis is placed on (ideally 
real-time) interactivity of the interface, integration of 
the design steps and intuitive, visual feedback of the 
impact of design choices, mostly in terms of geometry 
and forces of the fabric. Some early results are given 
in the following sections.

5  2D example

A parametric design tool was developed to aid in 
the design of the formworks for a series of columns 
(and benches). The columns are part of a canopy in 

front of the new Women and Newborn Hospital in 
Winnipeg, Canada (Figure 6).

5.1 Women and Newborn Hospital canopy

Construction on the new hospital started in 2011. 
The award-winning design by Smith Carter Architects 
features an entrance designed as a welcoming and 
accessible front door. For the entrance canopy and 
a series of benches, C.A.S.T. has been approached 
to design fabric formworks for the canopy slab and 
supporting columns as well as the benches. 

Figure 6: Entrance of the Women and Newborn Hospital, 
with a fabric-formed canopy (right).

According to Prof. West, “finding the geometry using 
physical modelling was very time consuming, and 
was done through multiple full-scale water tests”. 
For structural calculations, the columns are being 
modelled as simplified, prismatic elements. This of 
course leads to some redundancy. 

Despite having found a final shape, constructed a 
mould and simplifying the structural calculations, 
the structural engineer nonetheless required digital 
sections of the columns. Deriving these sections from 
the physical models is not straightforward. For this 
reason digital tools were needed.

For a constant girth (the standard width of the fabric) 
and a fixed breadth at the top (dictated by the design of 
the falsework), the tool has to calculate the structural 
depth of the section and generate the geometry for 
submission to the structural engineers (Figure 7).
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Figure 7: Chalk sketch at C.A.S.T. explaining the design 
problem

5.2 Section Finder

Initially, the team at C.A.S.T. used an Excel sheet 
from the University of Bath, based on the elastic 
mentioned in Section 3.2. Though accurate, the 
spreadsheet did not allow the quick generation of 
multiple sections along the column. Two parametric 
models were then developed by the authors in 
Grasshopper, one based on the elastica, one using 
dynamic relaxation (Figure 8) (Barnes, 1999). The 
former was based on the Excel sheet (requiring 
goal-seeking for each new set of input values) and 
served to verify the results of the latter model (a more 
interactive model based on elastica is possible if the 
goal-seeking required at each step were automated). 
The latter model was then further developed and sent 
to C.A.S.T. for use in the project. 

Figure 8: Section Finder in Grasshopper

The model allows input of (a) the two support points 
with, if necessary, a fixed horizontal distance between 
them, (b) an initial length/girth of the fabric and (c) 
membrane stiffness, and (d) the reference level for the 
concrete fluid pressure. Varying any of these points 
or parameters, one instantly obtains different possible 
sections (Figure 9).

Figure 9: Interactive design of sections, depending on 
concrete level, supports and fabric length.

In addition, target values can be entered for (e) the 
final length/girth of the fabric, or (f) the maximum 
structural depth of the section. The user can then 
optimize for either of the two target values, in this 
case using Grasshopper’s Galapagos solver (genetic 
algorithm). This was of primary interest for the project, 
and comparisons to results obtained from physical 
plaster models from C.A.S.T. show agreement. 
Differences visible in Figure 10 seem to be related to 
slight asymmetry in the physical model.

Figure 10: Comparison and superposition of digital section 
and plaster model from C.A.S.T.
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5.3 Results

The parametric tool, developed to generate 
sections of a concrete filled fabric formwork, was 
successfully implemented in the ongoing work at 
C.A.S.T. for the Woman and Newborn Hospital. The 
project itself demonstrated the difficulty of modelling 
and predicting non-prismatic elements. The physical 
modelling of the curved fabric-formed benches was 
more involved than the straight columns for which 
the tool was made. This explains the challenge of 3D 
modelling observed in previous examples referenced 
in Section 3.4. The use of 2D modelling for elements 
with variable section is practical within limits, as 
demonstrated by its use for optimized beams in the 
work at the University of Bath (Section 3.2).

6  3D example

Another design tool for three-dimensional 
formworks is being developed by the authors. The 
tool is written in Python, and connected to Rhino 
5.0 through a set of toolbar buttons. Two examples 
from the tool are used here to discuss the three key 
differences with conventional form finding, and how 
they can be dealt with.

The application of concrete pressures is 
straightforward. The pressure P itself is calculated 
from the density of the fluid concrete r [kg/m3], the 
gravitational constant g=9.81 N/kg and the vertical 
distance h from the reference level z0-z [m]:

  
P = ρgh = ρg z0 − z( ) (1)

At each iteration, for each node, the tributary area A 
[m2] (surface area subject to this pressure) and the 
unit normal vector n (direction of the pressure) are 
recalculated to then compute the force vector F [N] 
on the node:

  F = APn̂ (2)

To find a shape, a combination of an elastic stiffness 
matrix method (Tabarrok and Qin, 1992) and the 
natural force density method (Pauletti and Pimenta, 
2008) was used for form finding. Both methods are 
formulated using simple, constant stress triangle (CST) 
elements. The former was used to introduce elastic 
deformation (the latter is a purely geometric method) 
and the latter was chosen to derive a stiffness matrix 

in such a way that each iteration is in static equilibrium 
and presents a viable configuration. Figure 11 shows a 
result from a square initial geometry subjected to fluid 
pressure with a low fabric stiffness. Note the stress 
concentrations in the corners, particularly at the top.

Figure 11: Deformed, final geometry (left), initial geometry 
(middle) subject to initial concrete pressure P (right).

In the corners, and depending on the fabric stiffness, 
wrinkling of the fabric can be expected as the 
square initial needs to deform to the double-curved 
final shape. Normally, this would lead to divergent 
behaviour in the numerical simulation (Figure 12, 
right). This is because compressive stresses occur, 
with which the CST elements, that have no bending 
behaviour, cannot cope in a physically meaningful 
way. Wrinkling conditions from Tabarrok and Qin 
(1992) were introduced leading to stable solutions:

If wrinkling occurs, then the appropriate stresses are 
set to zero, and small values are introduced for local 
stiffness. It is interesting to note that nomenclature 
from C.A.S.T. describing induced wrinkles and folds 
as either ‘push-buckles’ or ‘pull-buckles’ correspond 
to bi- and uni-axial wrinkling of the fabric. 

The calculation of the principal stresses from an 
arbitrarily oriented stress vector (omitted in Tabarrok 
and Qin (1992)) is:

  

σ1 ,σ 2 =
σ x +σ y

2
±

σ x − σ y

2

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

2

+ τ xy (3)

Introducing these conditions leads to stable solutions, 
as shown in Figure 12 (left).

However, wrinkling is not clearly visible due to the 
coarse mesh and the lack of bending/buckling 
behaviour of the elements. It is therefore easy to 
identify zones where wrinkling occurs, but difficult to 
actually show individual wrinkles, as this requires finer 
meshes and/or more accurate element types as well 
as additional material modelling. This slows down the 
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computations and presents a challenge to the idea of 
an interactive design tool, if visually accurate wrinkling 
is of importance for the design.

Figure 12: Result including wrinkling behaviour (left) and 
without (right), showing divergent behaviour.

Figure 13: Stresses in the final state as a result from form-
finding from an initial flat, square net (left) or from a finely 
patterned net (right)

Another aspect is that of patterning and also how this 
influences the stresses within the fabric. If the initial 
fabric is not the square geometry in Figure 11, but one 
that closely follows the final double-curved geometry 
with a higher fabric stiffness, different stresses are 
obtained. Figure 13 shows that the stresses are 
distributed differently when the geometry is patterned 
(based on the final geometry). The range of stresses 

and strains decreases as well, allowing more efficient 
use of the chosen fabric. The trade-off is the increased 
complexity of the formwork, now requiring tailoring.

Methods of patterning can be taken from practice in 
tensioned membrane structures. Typical approaches 
rely on geodesic lines along the surface to produce 
straight patterns while using the maximum width of 
typical fabric production rolls. Figure 14 shows one 
possibility for this example. Designing these patterns 
is another challenge. In particular, once the patterns 
have been chosen and flattened, the local stresses 
in the fabric will determine the compensation along 
the pattern edges. Furthermore, fabric formworks 
can have very complex shapes, which might not be 
as straightforward to subdivide as typically more 
symmetrical tensioned membrane and pneumatic 
structures.

Figure 14: Possible patterns of the final geometry based on 
geodesic lines between points along the boundaries.

Figure 15: Fabric-formed bench featuring pressure points and flat bottom. Front view of final geometry and initial net (top right).
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The final key difference in Section 4.2 is that of in-
plane support conditions. Figure 15 shows a curved 
fabric-formed bench with in-plane supports, achieved 
through fixed supports point  (the small pressure points 
or impacto’s) or contact analysis with a boundary (the 
plane on the bottom of the bench).

These examples show that in principle each key 
difference can be solved. Future work will focus on 
improved numerical methods and interactivity.

7  Discussion

Based on literature, correspondence with 
others in the field of fabric formworks and our own 
investigations, two topics are discussed on the role of 
computational design in this case. 

7.1 Physical versus digital modelling

The use of physical modelling offers many benefits. 
It provides tangible proof of what can be made and 
more importantly how. It directly instils knowledge 
of constructional constraints and architectural 
possibilities that can inform feasible designs. Examples 
are casting procedures and applying reinforcement. 
Although these constraints and underlying rules (i.e. 
the design space) can be embedded in digital tools, 
the danger exists of users becoming distanced from 
practical reality and treating tools as black boxes 
void of context. This can lead to impractical designs 
or can stifle imagination. Physical models therefore 
offer an important method of informing architects and 
engineers how to design and construct efficient and 
feasible fabric formworks. However, physical models 
are subject to physical constraints such as space, time 
and budget. This means that within an actual project, 
carrying out physical models might be unrealistic. 
Digital models offer the promise of simulating limitless 
concepts, under correct physical conditions, allowing 
large-scale designs to be envisioned. 

An ideal situation would probably be the 
complementary use of both digital and physical 
models, where disadvantages of either are cancelled 
out. This requires better understanding of the 
inaccuracies and assumptions inherent in scaled 
physical models and in virtual digital models, and how 
these interact. An interesting factor in this discussion 
is the increasing availability of affordable 3D scanners 
allowing one to digitize the material for verification 
and/or analysis.

7.2 Accurate versus interactive modelling

The problem encountered in many of the existing 
examples is that of accurately predicting the physical 
models in the computational design setup. Examples 
with quantitative results are lacking, but from the 
examples in Section 3.4 it is clear that despite reliance 
on advanced, commercial software, it remains 
difficult to predict the physical outcome based on 
a digital model. Possible causes for disagreement 
are inaccurate modelling of material behaviour and 
tolerances of the boundary conditions, loading, 
cutting patterns and connections, but their relative 
influence on overall precision is unclear. This is a 
result of the fact that available software and plug-ins 
have not been developed for the particularities fabric 
formwork and may therefore present inappropriate 
form-finding approaches and results.

To develop a practical set of design tools, the degree 
of precision should be dictated by the computational 
power available so that the design tool can remain real-
time and interactive. This is crucial if computational 
design is to be flexible such that it does not stifle 
creativity of users. Whether the resulting accuracy is 
acceptable can be discussed once numerical errors 
and deviations from physical results are quantified, 
and then compared to conventional tolerances in the 
construction industry. 

7.3 Continuity of future software development

The proposed framework and early work shown 
here are intended to verify academic work. This 
has the benefit of providing reproducible numerical 
methods for design of fabric formworks. Although this 
means that it is free to be developed and improved 
upon further by anyone, one cannot assume directly 
that beyond this research project it will be maintained 
and modified for future purposes. The small number 
of potential users at this time creates little to no 
commercial incentive to launch a software product 
with continuous development and support. However, 
should fabric formwork become a more common 
building method, commercial software might follow, 
either new or integrated in other related products. 
Also, an increasing amount of open-source form 
finding applications has been developed in online 
communities such as Grasshopper and Processing. 
With no financial incentive at all, many people share 
their work nonetheless and build upon that of others. 
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And since the numerical problems associated with 
the design of fabric formwork are closely associated 
with those of popular form-active structures, it is 
reasonable to assume that new tools will become 
available or that existing tools will be adapted. Their 
usefulness, in our opinion, depends entirely on active 
participation of those working on fabric formwork in 
these communities.

8  Conclusions

The development of tools for the design and 
analysis of fabric formworks may be one prerequisite 
to allow for more common use of fabric-formed 
structures. However, existing uses of digital modelling 
of fabric formworks are rare. From these examples 
it is clear that accurate numerical modelling is 
challenging. Also, to perform the three tasks of form 
finding, analysis and patterning, one is often forced to 
construct a digital workflow consisting of sequential 
steps in different programs and/or custom written 
scripts, making computational design less interactive 
and straightforward.

To allow for (ideally real-time) interactivity, future 
design tools should integrate all design tasks in one 
platform and offer intuitive, visual feedback of the 
impact of design choices. Three design scenarios have 
been identified, each of which a design tool should 
be able to solve. Furthermore, three key aspects of 
fabric formworks in which they differ from analogous 
problems such as tensioned membrane structures 
have been discussed. As first steps towards a future 
design tool, a 2D parametric tool and a 3D framework 
have been set up. The 2D parametric model allows 
the design sections of prismatic fabric-formed 
columns or beams, and results will be used to inform 
how future interactive, parametric interfaces should 
be developed. The 3D design model allows the form 
finding of arbitrary cases of the first design scenario, 
where the initial geometry and fabric stiffness are 
known. It solved in principle each of the three key 
differences discussed, but also indicated challenges 
in accurate representation of wrinkles and in flexible 
approaches to patterning of the fabric. Refinement 
of these numerical approaches should be directed in 
such a way that the final design framework arrives at a 
balance between numerical precision on the one hand 
and interactivity on the other. 

The authors believe that such a framework will 
complement and augment physical modelling in future 
design processes and will ultimately aid in unlocking 
the full potential of fabric-formed architecture.
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1  Introduction

Many relics built in the ancient times prove that 
concrete has been used for over several millennia. 
Concrete has had a never-ending evolution, and 
developed into the most well known building material. 

In their designs, architects continuously aim to 
push out frontiers and keep on building impressive 
structures. There is a request for freeform and elegant 
concrete elements to realize these structures. This 
demand lies at the basis of the continuous research 
for new formwork techniques that allow faster and 
cheaper construction of these structures. Because 
of its flexibility, fabric formwork can facilitate the 
construction of freeform structures. Not only the 
formwork but also the traditional steel reinforcement 
is often complex for freeform structures, and 
demands moreover a large cross section because a 
thick concrete cover is needed to protect the steel. A 
flexible and non-corroding system that combines both 

reinforcement and formwork functions could thus play 
an important role in current technological evolutions.

Past research (Remy, 2006) (Verbruggen, 2009) about 
structural stay-in-place formwork in textile reinforced 
cement (TRC) composites for concrete beams has 
proven that this kind of formwork has a positive impact 
on the structural properties of concrete beams, and 
that the formwork can function as a (partial) alternative 
reinforcement of concrete elements. This paper 
researches if it is structurally feasible to realize slender 
(circular) concrete columns using TRC composites as 
permanent formwork and unique reinforcement. 

At the outset of the paper a state of the art of relevant 
formwork for concrete columns is made. Next, textile 
reinforced cement composites are discussed and 
their properties are given. Thereafter, the impact 
of permanent TRC composite formwork on the 
loadbearing behaviour of slender concrete columns 
is determined. In view of its relative importance for 
slender columns, this paper focuses on the buckling 
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behaviour. In a first phase a theoretical prediction of 
the buckling load is derived based on an interpretation 
of Eurocode 4 for this new material. In the second 
phase the buckling load is determined by empirical 
tests on slender column specimens. Theoretical 
predictions and experiments are compared. Finally the 
slender columns are applied as structural elements in 
a case study. 

2  Formwork for columns

The next paragraphs discuss several existing 
formwork systems for columns that are relevant for 
this research.  

2.1 Cardboard formwork

A well known example of lost formwork for 
columns is the cardboard tube (Plakagroup). Because 
this formwork system is very light, placing can 
happen very fast and a fast progress is provided. The 
cardboard tube is built up spirally so removing is also 
very easy. Disadvantages of this system are the fact 
that it is non-reusable and that it has to be removed 
within 48 hours. The used polystyrene in the tubes is 
sensitive to humid, so storage of the formwork also 
needs attention. 

2.2 Concrete filled tube (CFT)

A concrete filled tube element (CFT-element) 
is a steel tube filled with concrete (Morino, 2001). 
The stay-in-place steel tube formwork provides the 
reinforcement necessary in concrete structures. The 
steel confinement increases the bearing capacity of 
the element because the concrete will be in a tri-axial 
state under external loading. These elements allow 
building very slender and elegant structures. The steel 
tubes are cold-formed and thus relatively inexpensive. 
Even though this formwork system has plenty of 
benefits, disadvantages have to be mentioned as well. 
Connections with steel beams are very complex. Steel 
encloses concrete where normally it is the other way 
around and therefore the steel is not protected against 
fire or corrosion. 

2.3 Concrete filled FRP tube (CFFT)

A CFFT element is a tube made of fibre reinforced 
polymers (FRP) and filled with concrete (Mirmiran, 
1996) (Mirmiran, 1997). These tubes offer a light 
weight and permanent formwork system that functions 

as a non-corroding confinement for the concrete 
and provides an increased loadbearing capacity. 
The good resistance against corrosion, weather 
and chemical attacks permits the use of the CFFT 
columns in corrosive environments. Depending on the 
fibre volume fraction in the polymer, the behaviour of 
the column can be different totally eliminated. Fibre 
reinforced polymers can moreover not resist high 
temperatures so fire safety is very poor. Compared 
to a steel tube it is more expensive to produce a 
FRP tube due to expensive polymers and a labour 
intensive fabrication. 

2.4 Fabric formwork

All previously mentioned formwork systems are 
stiff and so have limitations regarding shape of 
the manufactured element. A recently developed 
formwork system is the use of flexible technical fabrics 
for various structures such as shells (Guldentops, 
2009) (Cauberg, 2009), beams (West 2001) (Ibell 2009) 
and columns (West 2001). A first great advantage is 
the very light weight and the sufficient availability of 
the materials. 

The use of a flexible formwork provides the possibility 
of creating curved and variable surfaces and sections 
very easily. The system also allows the excess water 
to pass through the membrane which improves the 
quality of the concrete (Cauberg, 2012). Nevertheless 
it is very difficult to control the exact form of the 
columns, and the fabrics will always stretch when 
concrete is cast. The tensile forces that are needed 
to minimize the stretching can be large. Furthermore, 
the textile is removed after hardening and has thus no 
structural contribution to the concrete.

2.5 TRC formwork

With textile reinforced cement composites a 
formwork can be produced which combines the good 
qualities of previous systems. In wet phase the textile 
in the composite is very flexible - comparable with 
fabric formwork - and it is easy to realise a curved 
surface or section. However, the composite is used 
as formwork after hardening and will therefore not 
stretch significantly when the concrete is poured. 
The stay-in-place TRC formwork can also function as 
reinforcement and may increase the buckling capacity 
of the concrete column. Using a cement matrix, the 
TRC composite stay-in-place formwork is fire safe.
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3  Textile reinforced cement composites

TRC composites consist of continuous fibre 
systems, called textiles, which are impregnated with 
a cement or fine grained mortar. They harden at 
room temperature. Because of the use of textiles it 
is possible to achieve composites with much higher 
fibre volume fractions than when discontinuous 
fibres are used. In this way, cement composites with 
good mechanical properties and a non-corroding 
reinforcement are obtained. Using a cement or fine 
grained mortar matrix, TRC composites can be 
produced very thin (1mm) (Cuypers, 2008). Thanks to 
their good mechanical and fire resistant properties, 
TRC composites are already used in several structural 
applications, like large size façade elements (Engbert, 
2006) and a lightweight firewall (Hiel, 2009). 

Various different fibres can be used to compose the 
textile in TRC composites (Bentur, 2007). Next to the 
tensile strength, the density and the modulus of Young, 
the price of the fibres is also an important factor in 
the building industry. For this reason glass fibres are 
often a very interesting solution (Vosmaer, 2008). In 
combination with glass fibre textiles, the cement matrix 
must also meet some requirements. First, it is essential 
that the textile gets fully impregnated by the matrix to 
ensure a good bonding between both and thus obtain 
good mechanical properties. The fibre density of the 
textiles, and consequently the tensile capacity of the 
composite that can be achieved, depends on the grain 
size of the matrix. Therefore most matrices developed 
for TRC applications have small grain sizes (< 2 mm), 
like Inorganic Phosphate Cement (IPC) (Brameshuber, 
2006). Secondly, it is important that the cement does 
not change the chemical stability of the fibres and that 
the matrix does not degrade the fibres. For example, 
when E-glass fibres are used, the matrix must have a 
low alkaline content - e.g. phosphate cements (Bentur, 
2007). Therefore, Inorganic Phosphate Cement (IPC) – 
a cement developed at Vrije Universiteit Brussel (EP 0 
861 216 B1) which becomes neutral after hardening 
- is used in combination with E-glass fibre textiles in 
this study.

Concrete and cementious mortars have a high 
compressive strength and stiffness, but are very brittle 
in tension. The textile reinforcement is necessary and 
mainly responsible for bearing tensile stresses. Unlike 
other composites, TRC composites show already a 

non-linear behaviour at low tensile stresses due to the 
low tensile failure strain of the matrix relative to that of 
the fibres (Figure 1 (Remy, 2008)).

Figure 1 shows that by adding high fibre volume 
fractions the composite can obtain a significant 
post cracking stiffness and tensile strength. A TRC 
composite with 11 volume % of random glass fibres 
mats can resist a stress of 20 MPa at 1% strain, 
where increasing the fibre volume fraction to 23 % will 
approximately triple the maximum tensile stress (60 
MPa).

Figure 16: Stress-strain relation of TRC at different fibre 
volume fractions.

When it is possible to achieve a cement composite 
with high fibre volume fractions, TRC composites can 
approach the tensile and compressive capacities of 
polymer matrix composites while maintaining the fire 
resistant properties of cements (Remy, 2008). The 
values of the tensile and compressive capacities of a 
TRC composite with 300g/m2 fibres - or a 13% fibre 
volume fraction - are shown in Table 1 (Symbion nv).

Table 1: Tensile and compressive strengths of a TRC with 
300g/m2 fibres.

Unit 300g/m2 UD** 300g/m2 

random*

Thickness 

laminate

mm/

layer

0,9 0,9

Tensile 

strength

MPa 100 30

Compressive 

strength 

MPa 60 60

* Random glass fibre mat ** Unidirectional glass fibre textile
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Because of the high mechanical compressive and 
tensile capacities, TRC is a very suitable material as 
a permanent formwork for slender concrete columns, 
namely to resist the compression of the poured 
wet concrete as well as to act as a (partial) tensile 
reinforcement. Until now TRC composite applications 
were mostly linear structures, using only the material’s 
mechanical capacities in the hardened stage, not its 
flexibility in the wet phase. This research will act upon 
the flexibility of the impregnated textiles to easily 
create curved sections like circular columns. 

4  Theoretical determination of the 
buckling load derived from EC 4. 

This paper examines if it is possible to realize very 
slender concrete columns using stay-in-place TRC 
formwork as reinforcement only. When designing 
and building slender structural elements, buckling is 
mainly the deciding factor. Therefore, a theoretical 
approach will be set off to derive a buckling design 
formula based on Eurocode 4. This outcome will be 
compared to the results on experiments carried out 
on slender concrete columns reinforced by TRC 
formwork. 

Buckling is defined as the transverse bending of the 
column under axial loading. Buckling of a column 
usually makes a construction collapse, so it is 
extremely important that a column is dimensioned in 
such a way that it will not buckle. The most known 
formula to determine the critical buckling load for 
concrete columns is the formula of Euler for ideal 
columns without imperfections experiencing a load 
applied in the centre of gravity. This is not a realistic 
situation because no column is perfect. Based on 
‘‘Eurocode 4: Design of composite steel and concrete 
structures. Part 1-1: General rules and rules for 
buildings” (European Committee for Standardisation, 
2004), following formula is used for the buckling 
load prediction of concrete columns with TRC 
reinforcement:

  
N Ed ≤ χN pl ,Rd (1)

Where  NEd = the design value of the normal force; 
Npl,Rd = the plastic resistance to compression; c = the 
reduction factor for the relevant buckling mode given 
in EN 1993-1-1, 6.3.1.2. (European Committee for 
Standardisation, 2001)

The plastic resistance is defined as follows:

  
N pl ,Rd = Ac fcd + ATRC fTRC (2)

Where Ac , ATRC = the area of respectively concrete and 
TRC formwork; fcd = the design value of concrete 
compressive strength; fTRC = the design value of TRC 
compressive strength

The reduction factor  can be found by expression (3):

 

χ =
1

φ + φ2 + λ
2
≤ 1

(3)

Where l = the relative slenderness given by (5); f = 
factor given by (7).

  
λ =

N pl ,Rk

Ncr
(4)

Where Npl,Rk = the characteristic value of the plastic 
resistance to compression given by (6); Ncr = the critical 
buckling load of Euler.

The critical buckling load of Euler depends on the 
bending stiffness of the column. The following relation 
is used to determine the equivalent stiffness of the 
mixed concrete – TRC section:

 EI = KEcm Ic + ETRC ITRC (5)

Where  K = correction factor for cracks in the concrete, 
K = 0,6; Ecm, ETRC = the modulus of Young for concrete 
and the TRC composite respectively; Icm, ITRC = the 
moment of inertia for the concrete section and the TRC 
composite section respectively.

The characteristic value of the plastic resistance to 
compression is determined by (6):

  
N pl ,Rk = Ac fck + ATRC fTRCk (6)

Where fck, fTRCk = the characteristic values of respectively 
concrete and TRC strength

 
φ = 0.5 1+α λ − 0.2( ) + λ

2⎡
⎣⎢

⎤
⎦⎥ (7)

Where a = the imperfection factor; a = 0.21 for circular 
cross section

As an example the critical buckling load of a concrete 
column with a cross section of 50 mm is determined. 
The used fibres in the TRC composite formwork are 
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random glass fibres. The parameters used in the 
calculation are shown in Table 2 (Tysmans, 2010).

Table 2: Parameters used to determine the critical buckling 
load according to (1)

Characteristic value of compressive 
strength for concrete

90 MPa

Design value of compressive strength for 
concrete

60 MPa

Characteristic value of compressive 
strength for TRC random

80 MPa

Design value of compressive strength for 
TRC random 

40 MPa

Modulus of Young for concrete 50 GPa

Modulus of Young for TRC 10 GPa

Using these values the critical buckling load for 
concrete columns with different column heights and 
formwork thicknesses is determined (see Figure 2). 

Figure 17: Critical buckling load according to EC4 

From this theoretical prediction it seems that the 
effect of the TRC formwork on the buckling load is 
rather small, especially for longer and more slender 
columns.

5  Experimental determination of the 
buckling load

For the experimental part four slender columns 
are subjected to an increasing axial load to determine 
the buckling load. These columns are reinforced with 
the TRC formwork where the concrete was casted in. 
They have a height of 1 m and a concrete section of 
approximately 50 mm.

5.1 Preparing columns

Firstly the TRC formwork is produced. The matrix 
is applied on a flat base to the textile by hand lay-
up and when the textile is fully impregnated, the wet 
composite is wrapped around a PVC tube with an 
outer diameter of 50 mm. Four tubes are made: two 
tubes with a TRC thickness of 2,5 mm (4 layers of 
textile) and another two with a thickness of 5 mm (8 
layers).

When the TRC composite is hardened, concrete is 
poured into the tube. For the concrete the following 
composition was used: 

• Cement R42,5 450 kg/m3

•  Water cement ratio 0,35

• Superplasticizer 8 kg/m3

• Sand 500 kg/m3

• Basalt 5/8 860 kg/m3

• Basalt 1/3 430 kg/m3

With this composition concrete with an average 
compressive strength of 90 MPa was obtained.

5.2 Predicting the buckling load

According to relation (1) the buckling load of the 
slender columns - with a concrete section of 50 mm 
and 1 m height - is calculated (Table 3). Because a 
prediction for a practical test is made, safety factors 
are left out and the characteristic values are used 
instead of the design values in the calculation. 

Table 3: Predicted capacity according to (1).

TRC thickness 

(mm)

Buckling load 

(kN)

Max load section 

(kN)

1 3,02 124,4 217,0

2 2,55 121,6 210,4

3 5,26 147,8 258,2

4 5,31 148,2 259,0

Table 3 shows that, according to relation (1) derived 
from Eurocode 4, the columns will buckle at 
approximately 60 % of their failure strength. 
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5.3 Test setup

After 28 days, the loadbearing behaviour of 
the slender columns is tested. The columns are 
subjected to an increasing axial load up to failure by 
an INSTRON 5980 machine. All columns have two 
hinged connections with the machine as shown in 
Figure 3. The INSTRON 5980 records the evolution 
of the applied load and axial displacement of the 
concrete columns. 

Figure 18: Hinged connection

The slender columns are expected to fail by buckling. 
For this reason it is also important to check the 
displacements in the horizontal plane. To measure 
these displacements the Digital Image Correlation 
(DIC) method is used. DIC is an image analysis 
method, which correlates digital grayscale images 
at various applied load steps to determine the 
displacements of a loaded object in three dimensions 
(Lecompte, 2007).

5.4 Results

5.4.1 Physical failing

A normal slender concrete column would buckle 
almost immediately as a result of a small transverse 
flexure. The slender columns reinforced with the TRC 
formwork, however, were able to deform and show an 
obvious curvature (Figure 4). All four of the columns 
failed by buckling under axial loading - there was no 
sign of shear - and all the specimens broke in two 
pieces around the middle of the column. 

Figure 19: Buckling column

5.4.2 Capacity slender columns

Table 4 gives a summary the buckling load of the 
tested columns. The last column in the table gives the 
ratio (in percent) of the buckling load to the predicted 
ultimate section strength (about 41 % for 4 layer 
formwork and 58% for 8 layer formwork).   

Table 4: Summary of buckling loads

Buckling 

load (kN)

% max load

1 78,3 36,1

4 layers 2 97,5 46,3

Av. 87,9 41,2

3 151,5 58,7

8 layers 4 148,3 57,2

Av. 149,9 58,0

Figure 5 shows the load-displacement chart of the 
tested columns. 
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Figure 20: Force - Displacement relation 

5.4.3 DIC results

The sensors of the DIC device registered the 
deformation of the entire column under the different 
loading steps. To obtain a general idea of the 
horizontal displacement of the cross section, the 
magnitude of the displacement vector of the midpoint 
of three columns is shown in Figure 6 (during testing 
some problems occurred with the data of column 1). 

The increasing displacement of the point in the 
horizontal plane means that the column is getting 
more and more curved. From around 60 kN and 80 kN 
- for respectively column 2 and columns 3 and 4 - the 
displacement vector increases much faster on further 
loading. At a certain point - 100 kN and 150 kN - the 
load does not increase anymore and the horizontal 
displacement goes up to 6 mm for column 2, 5 mm for 
column 3 and 8 mm for column 4 before the columns 
buckle. 

Comparing Figure 6 with Figure 5 shows that the 
specimens indeed lose stiffness at loadings of 60 kN 
and 80 kN, the vertical displacements increase faster 
with smaller loading. 

Figure 21: Magnitude of horizontal displacement vector

5.4.4 Discussion

Slender columns 1 and 2, reinforced with a 4 layer 
TRC formwork of respectively about 3 and 2.5 mm, 
buckle at 78 kN and 98 kN, while the buckling load 
predicted by (1) equals about 124 kN. Slender columns 
3 and 4, reinforced with a 8 layer TRC formwork of 
5.3 mm, buckle at approximately 150 kN while the 
buckling load predicted by (1) equals 148 kN. 

The deviation of the formula can be assumed to be 
due to the difference in material properties between 
TRC and steel, used in the formula in Eurocode 4. 
In the derived formula (1), the material parameters 
of steel were replaced by those of TRC composites. 
However, where steel is linear until yielding - around 
400 MPa - TRC composites show already a non-linear 
behaviour at low tension stresses - around 10 MPa - 
due to the low tensile failure strain of the matrix in the 
composite. This significantly different behaviour may 
lie at the base of the differences between predictions 
and experiments. 

Another source of large differences in results lies in the 
sensitivity of column buckling to imperfections. Small 
differences in experimental set-up, such as column 
geometry, load eccentricity, material heterogeneity, 
… can give large differences in the resulting buckling 
loads. This effect is observed for column 1 (buckling 
load equals 78 kN) and column 2 (buckling load 
equals 98 kN), which have similar dimensions but a 
large difference in buckling behaviour. As buckling 
experiments may have an increased scatter on the 
results, it becomes difficult to compare these results 
with theoretical predictions.
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From these preliminary tests can be concluded that 
the buckling prediction based on Eurocode 4 can 
only give an estimation of the order of magnitude of 
the buckling load of columns reinforced with TRC 
composites. While the formulated predictions may be 
acceptable in the preliminary design stage, modelling 
needs to be improved to enable accurate design of 
these concrete columns with TRC composite stay-in-
place formwork.

Apart from the differences between theory and 
experiment, the test results do show a clear tendency 
of increasing buckling loading with increasing TRC 
composite reinforcement thickness. More elaborate 
tests need to be performed to quantify this trend. 
This observation indicates that the TRC composite 
reinforcement significantly contributes to the buckling 
reinforcement of concrete columns. The combined 
TRC composite formwork and reinforcement system 
shows to be a promising concept for the realisation of 
very slender columns. 

6  Case study: application of the slender 
columns

The slender columns are now applied as the 
supporting structure in a design proposal for a 
community house at Tour & Taxis, Brussels (Verwimp, 
2011). After a short context description of the building, 
the spatially dense structure of very slender columns 
is preliminary designed according to relation (1). 

6.1 Context

Today the site Tour & Taxis creates a large split 
between the surrounding neighbourhoods. A master 
plan that provides a solution for this isolated condition 
was created as a design assignment (Verwimp, 2011). 
One of the buildings that fitted into this master plan 
was a community house. 

The community house has to offer the local residents 
a place where they can meet, relax, participate in 
activities, learn and even work. Six different rooms are 
planned in order to fulfil these requirements: a library, 
an auditorium, a youth club, a cafeteria, a polyvalent 
room and an administration department. 

The community house is located in the public city park 
(Figure 7) and has itself also a very public function 
and character. For this reason it is desired that visitors 
have the feeling of walking around in a wood - as an 

extension of the park - when they enter the community 
house. A structure of slender, closely spaced columns 
could very well represent this park environment. At 
the same time these closely spaced columns can 
create an atmosphere of privacy, intimacy, cosiness, 
familiarity, etc. 

Figure 22: Community house at Tour & Taxis

6.2 Preliminary design of columns

There are two main boundary conditions taken 
into account when designing the columns. First, the 
position of the columns in a room - of 4m height - 
is determined from the activities that take place.  
Secondly, since the aim is to have columns with a cross 
section of around 100 mm, the position may need to 
be changed according to the preliminary structural 
design of the columns. These considerations result in 
an iterative design process for which the preliminary 
design rule (1) is adopted.

In a first phase the columns are placed in every room 
according to a certain design concept [Verwimp 
2011]. The columns initially have a cross section 
of 100 mm: 90 mm concrete and 2 x 5 mm TRC 
formwork. To maximise the buckling load the columns 
are clamped at both top and bottom. The buckling 
load of the columns is calculated according to relation 
(1), including following safety factors:

• gM,c = 1,5

• gM,TRC = 2

• K = 0,6

Where gM,c = the material safety factor for concrete; 
gM,TRC = the material safety factor for TRC
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According to relation (1), a 4 m high column with a 
cross section of 100 mm has a buckling load - safety 
factors included - of 114,6 kN. 

To calculate the load that every column has to 
withstand, the ultimate limit state described in 
Eurocode 0: Actions on structures is considered 
(European Committee for Standardisation, 2002):

  
γ GjGkj + γ Q1Qk1j≥1∑ + γ Q1ψ 0iQk1i>1∑ (8)

Where  ggj = partial factor for permanent load j; Gkj = 
the characteristic value of permanent load j; QQ1 = 
the characteristic value of the main variable load; 
gQi = the partial safety factor for variable load i; y0i 
= the combination factor of variable load i; Qki = the 
characteristic value variable load i.

The permanent loads - it is a single story building, so 
only the self weight of the roof is taken into account 
-are multiplied with the safety factor 1,35. For the 
variable loads - persons, wind and snow - a safety 
factor of 1,5 is used. 

Based on the initial design concept for every room, 
the load on every column is calculated and verified 
to be smaller than the buckling load of 114,6 kN. If 
not, the first thing that is checked is whether a small 
increase - a maximum of 10 mm - of the cross section 
would make the columns fulfil the ultimate limit state. 
If possible this solution is preferable, as it is not visible 
with the naked eye and saves more material than when 
more columns would be placed in the room. When the 
cross section has to be enlarged more significantly, 
more columns are added in the room. 

Figure 8 and Figure 9 show the results of this iterative 
design process for different rooms in the community 
house. These images demonstrate how the integration 
of a dense structure of very slender columns defines 
the space use and perception of the designed 
rooms. The use of this new technology, combining 
formwork and reinforcement in a non-corroding and 
fire safe material, can lead to a whole new range of 
architectural designs that take advantage of the high 
possible slenderness of these columns in a dense 
spatial grid. 

Figure 23: View inside youth club

Figure 24: View inside cafeteria

7  Conclusion 

The greatest advantage of reinforcing a concrete 
column with a textile reinforced cement formwork 
concerns the fire safety. There is no need for a thick 
concrete covering to protect the steel reinforcement 
thanks to the fireproof TRC. The column can indeed 
be executed more slender while the fire safety is 
guaranteed. This paper evaluated the contribution of 
TRC formwork as reinforcement on the loadbearing 
capacity of concrete columns. 

Reinforcing slender concrete columns - on lab 
scale - with TRC formwork has demonstrated to 
have a positive influence on the buckling behaviour. 
As buckling is likely to be the determining design 
criterion for very slender columns, these results are 
very promising for this new combined formwork – 
reinforcement concept.  

 Eurocode 4, relation (1), can give only an approximation 
of the order of magnitude of the buckling capacity of 
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slender concrete columns with TRC formwork. The 
formula can be used for predesign of the columns 
during a design exercise, however the modelling of 
the columns should be improved and corrected to 
enable safe design of these structures. 

A single story building was pre-designed applying the 
slender columns - around 100 mm cross section - as 
the structural elements. The large number of columns 
in every room, necessary to carry the loads, creates a 
certain atmosphere of privacy and intimacy. As such, 
the supporting structure does not just influence but 
actually defines the architecture of the building

8  References
Cauberg, N., Parmentier, B., Vanneste, M., Mollaert, M., 

2009. Shell elements of architectural concrete using 
fabric formwork - part 1: concept. In: D.J. Oehlers, M.C. 
Griffith and R. Seracino, eds. Proceedings International 
Symposium on Fibre Reinforced Polymer Reinforcement for 
Concrete Structures (FRPRCS-9), 13-15 July 2009 Sydney.

Cauberg, N., Tysmans, T., Adriaenssens, S., Wastiels, J., 
Mollaert, M., Belkassem, B., 2012. Shell elements of 
textile reinforced concrete using fabric formwork: a case 
study. Advances in Structural Engineering, accepted for 
publication and in press.

EP 0 861 216 B1. Inorganic Resin Compositions, Their 
Preparation And Use Thereof.

European Committee for Standardisation, 2001. Eurcode 
3: Design of steel structures. Part 1-1: General structural 
rules, pp.41.

European Committee for Standardisation, 2002. Eurocode 0: 
Basis of structural design, pp.44. 

European Committee for Standardisation, 2004. Eurocode 
4: Design of composite steel and concrete structures. Part 
1-1: General rules and rules for buildings, pp.62-77.

Guldentops, L., Mollaert, M., Adriaennsens, S., De Laet, L., De 
Temmerman, N., 2009. Textile formwork for concrete shells. 
In: A. Domingo and C. Lázaro, eds. Proceedings of the 
International Association for Shell and Spatial Structures. 
Symposium: Evolution and Trends in Design, Analysis and 
Construction of Shell and Spatial Structures, 28 September 
– 2 October 2009 Valencia. 

Ibell, T., Darby, A., Denton, S., 2009. Fabric Formwork for 
Innovative Concrete Structures. Proceedings International 
Symposium on Fibre Reinforced Polymer Reinforcement 
for Concrete Structures (FRPRCS-9), 13-15 July 2009 
Sydney.

Lecompte, D., 2007. Elastic and Elasto-Plastic Material 
Parameter Identification by Inverse Modelling of Static 
Tests using Digital Image Correlation. Doctoral Thesis, Vrije 
Universiteit Brussel, Faculty of Engineering Sciences and 
Royal Military Academy, Polytechnical Faculty, Brussels, 
Belgium.

Mirmiran, A., Shahawy, M., 1996. A new concrete-filled hollow 
FRP composite column. Composites Part B, 27B, pp.263-
268.

Mirmiran, A., Shahawy, M., 1997. Behaviour of concrete 
columns confined by fiber composites. Journal of Structural 
Engineering, 123(5), pp.583-590.

Morino, S., Uchikoshi, M., Yamaguchi, I., 2001. Concrete-
filled Steel Tube Column System - Its Advantages. Steel 
Structures, 1, pp.33-44.

Plakagroup. Plakatube, ronde verloren kolombekisting, Plaka 
BELGIUM, Brussels. 

Symbion nv. Vubonite, Building in the future. www.vubonite.
com.

Tysmans, T., 2010. Design of anticlastic shells in innovative 
textile reinforced cement composites. Doctoral Thesis, 
Vrije Universiteit Brussel, Faculty of Engineering, Brussels, 
Belgium.

Verwimp, E., 2011. Analysis of constructive formwork of glass 
fiber reinforced IPC for slender concrete columns, Vrije 
Universiteit Brussel, Faculty of Engineering,  Brussels, 
Belgium. 

West, M., 2001. Fabric Formed Concrete Structures. First 
International Conference on Concrete and Development, 
pp.133-142.



Full Papers

390

icff2012

1  Introduction

Our research at the University of Manitoba Faculty 
of Architecture’s Centre for Architectural Structures 
and Technology (CAST) in the area of fabric formwork 
for reinforced concrete architectural/structural 
applications has progressed in recent years to the point 
where we are increasingly able to apply our research 
directly to commercial projects for construction. Two 
such projects are described below. Each points to 
different design and construction potentials held by 
flexible fabric formworks.

2  Fabric-Formed Tilt-Up Walls 

In the Fall of 2007, we were approached by the office 
of Byoung Soo Cho (BCHO) Architects in Seoul Korea 
to act as consultants on the design and construction 
of unique tilt-up concrete walls for a Guest House and 
Visitor’s Centre for the Hanil Construction Company 
to be built in Chungbuk, Korea. The preliminary design 
drawings for these walls (Figure 1) called for a deeply 
folded wall surface. The combination of both convex 

and concave curves in a single cast presented an 
intriguing problem that seemed worthy of investigation

Figure 1: Preliminary rendering, from the architects, of the 
façade design for the Hanil Visitor Centre, Korea. 

Our basic approach was to construct a horizontal 
bed over which a flat fabric sheet could be draped. 
Concave curves would be formed by draping the 
fabric over pipes or bent plywood, while the convex 
curves would be formed by free hanging deflections 
of the fabric between supports (Figures 2, 3 and 4). 

We began our work on this project by making a series 
of fabric-formed plaster models. JPEG images of 
these models and accompanying pencil sketches 
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were emailed to BCHO Architects with some basic 
written descriptions of the method. 

Figure 2: First sketches of possible mould methods

Figure 3: Model mould for plaster cast tests

Figure 4: Plaster model showing design possibilities of the 
mould methods.

The builder made full-scale tests of several different 
construction methods to determine which would 
be used in the construction of the building. Our 
fabric formwork method was chosen, and the front 
facade design for the building was made from the 
geometries given by this method. The details of the 
projects construction are not discussed here, but the 
simplicity of the mould method is evident from the 
photographs of the construction (Figures 5, 6 and 7) 
and from the fact that we did not need to travel to 
Korea and the builder did not need any training from 
us to successfully execute this construction. 

Figure 5: Full-Scale construction by builder in Korea 

Figure 6: Final Mould design using PVC pipes beneath 
draped fabric mould-wall 

Figure 7: The main façade of the building made from fabric 
formed concrete.
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It should be noted that this particular construction is 
essentially ornamental; the tilt-up wall segments are 
all non-structural. The method, however, lends itself 
perfectly to structural tilt-up wall construction. 

3  Women’s Hospital Canopy

In 2010 we were approached by Smith Carter 
Architects, in Winnipeg Canada, to collaborate on 
the design and construction of portions of a new 
Women’s Hospital to be constructed in Winnipeg 
in 2013 (2014?). A major portion of our work on 
this project is the design of a sculptural entrance 
canopy that will be built along the main façade of 
the building, providing a more human scale at street 
level and providing shelter for an sidewalk café area 
(Figs. 8). Because we work as an academic research 
laboratory, not as a construction company, and are 
unable to engage in on-site construction, the canopy 
is strictly designed as a precast concrete structure. 
The design is accomplished with only two moulds: 
one for a 9 m. by 3.5 m. precast lab unit, and one for 
4.7 m. tall V-shaped precast columns.

Figure 8: Rendering from the Architects showing the 
building’s façade with our fabric-formed concrete canopy 
design.

Our role in the project is that of the Mould-Maker 
(a sub-contractor to the Lafarge precast factory 
in Winnipeg who will be producing and installing 
the structure itself). The very nature of flexible 
formworks, however, make us much more than simple 
subcontracted mould makers.

All flexible moulds play an active part in determining 
the final geometries produced. This is particularly true 
in situations, such as this, where a sculptural program 
is front and centre as a design consideration. The 
design of the mould is the design of the structure/
architecture. The long lead-time for this project gave 
us, the architect, and the clients, plenty of time to 
work through various options for the final canopy 
design. The building’s façade design, at an urban 
level, includes a fritted glass façade presenting an 
image of tree canopies, and several large canted 
columns at the entrance. Following these cues, our 
design proposed a series of canted, tree-like concrete 
columns supporting a fabric-formed thin-shell 
concrete canopy. 

When the time came for preliminary pricing of the 
canopy, however, the precaster could not give a 
price for the thin-shell design. When asked what he 
could give a price for his answer was “a flat slab”. 
This is a crucial point: pricing in construction is not 
a science, but rather an art based on experience. 
This fact makes the introduction of any new building 
technology exceedingly difficult to implement; if 
builders cannot give a price the construction cannot 
go forward, no matter how good the new technology 
or system may be. Overcoming this barrier has been 
the main technical preoccupation of our work at CAST 
for the past six years - and it is no small task. We 
adopted the constraint of producing a flat plate slab 
and began exploring our options. 

3.1 Slab Mould Strategies

The first path we chose was one that had been 
sketched out in a few of our earlier experiments. 
When a flat fabric sheet is pressed into an opening 
cut in a flat formwork deck, a series of radiating 
buckles (wrinkles) are naturally produced (Figure 9). 
If such rig is used to form a capital drop in a flat slab, 
the wrinkles would cut into the structural section of 
the slab. Our idea was to make further cuts in the 
formwork deck that would allow the extra, buckled, 
fabric to deflect downwards instead of upwards, thus 
forming small beams radiating from the capital drop - 
essentially turning a liability of the wrinkled sheet into 
an advantage. Figures 10, 11 and 12 show 1:10 model 
tests of this idea.
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Figure 9: Plaster model showing the radiating wrinkles 
produced when a flat sheet is pushed down to form a capital 
drop in a flat slab.

Figure 10: 1:10 model formwork rig with 5 capital drops. 
The flat fabric buckles into both “pull-buckles” and “push 
buckles”- the latter indicated in the centre of the image.

Figure 11: Flat deck provided with cut-outs traced at the 
location of freely-formed buckles in a flat fabric sheet.   

Figure 12: 1:10 plaster slab model cast using the Figure 10 
& 11 formwork rig/method. The position of the small beams 
radiating from the capital drops are determined by the fabric’s 
freely-formed buckles.

While this idea is sound, it has some inherent 
complications. At CAST we differentiate between 
two basic kinds of buckles in fabric sheets: “push-
buckles”, formed by compressing (pushing) the 
fabric together and “pull-buckles” which are formed 
along a line of tension between specific pull points. 
The buckles in Figure 9 are pull-buckles forming 
themselves from the pull-point of the capital drop to 
the pull-points on the periphery of mould (not seen). 
The model formwork rig in Figure 10 shows both 
pull-buckles (radiating from the capital drops and 
dissipating into the weave of the fabric) and push-
buckles, (forming freely on surface of the flat deck). 
The highlighted (circled) portion in Figure 10 indicates 
such a push-buckle. Unlike pull-buckles, whose 
disposition is determined by the alignment of specific 
pull points, the disposition of push-buckles have an 
infinite number of solution sets, and their geometry 
can change with the slightest alterations. This makes 
it difficult to confidently predict the disposition and 
nature of the pull-buckle deflections we were inviting 
into the cast. We are not aware of any systematic 
(mathematical) description of push buckle behaviour 
that might assist formwork designs wishing to use this 
flat sheet behaviour. 

The advantage of the buckle cut-out idea is that it 
is a direct-cast mould, which lends itself to cast-in-
place construction. Because we were committed to 
precast production, this advantage was not relevant 
to this project. Avoiding the difficulties presented by 
predicting where to place the push-buckle cut-outs, 
we tried a second approach, which we eventually 
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adopted. This approach was to make an inverted 
mould for precast production.   

In this method the space of the capital drop mould is 
made by draping fabric over a positive “bump” placed 
on top of a flat deck. Figures 13, 14, 15, illustrate 
the procedure. The next step is to make the draped 
fabric rigid, and then turn the rigidified fabric over, 
presenting a mould for precast production. For this 
we will use a fabric specifically made for this purpose 
by Fabrene Inc. of North Bay Ontario, Canada. It is 
a woven, high density polyethylene fabric with a 
low density polyethylene coating, and with a fuzzy 
polyethylene non-woven heat welded to one side of 
the fabric (Fabrene Development Product # W756 ). In 
our small-scale models we use a light fuzzy-backed 
plastic sheeting to model this full-scale fabric.

This mould-making procedure makes it quite easy 
to manage the arrangement of the fabric’s buckles 
prior to rigidifying the fabric mould. The extra fabric 
resulting from the capital form “bumps” can be 
directed into pull-buckles simply by pulling in one 
direction or another and pinning the fabric to the flat 
deck below. In the 1:10 models we use push-pins to 
pull and hold the fabric. At full-scale we use small 
plywood blocks and wood screws (Figure 17).

In our models we use a pray plaster to rigidify 
the fabric. At full scale we have, in the past, used 
Glass Fibre Reinforced Concrete (GFRC or GRC) to 
accomplish this, though fibreglass can also be used. 
The price of using fibreglass for the hospital canopy 
slab moulds proved prohibitively expensive. Most 
recently we have experimented with using spray foam 
to rigidify the fabric. Preliminary tests have given us 
positive results (Figure.18).

Figure 13: Model formwork deck with 5 hemispherical 
“bumps” placed to form the capital-drops

Figure 14: Fabric (fuzzy side up) draped over the wooden 
deck and capital-drop “bumps”. This fabric is rigidified, and 
then inverted for use as a precasting mould. 

Figure 15: 1:10 plaster model of the current canopy slab 
design showing the 5 column connections (capitals) formed 
into each slab unit. 

Figure 16: 1:10 plaster model showing architectural detail of 
the column-slab connections.

Structurally, these will be designed and constructed 
as steel reinforced, flat-plate, slabs with capital 
drops. Despite the obvious structural capacity of the 
radiating ribs these will be treated in the structural 
design as mere ornaments (for analytical simplicity).

The connection detail between the capital-drops 
in the slabs and the tops of the columns is crucial, 
not only in constructional and structural terms, 
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but architecturally as well. We settled on a strategy 
whereby the underside of the slab is seen to “flow” 
over the flat column tops (Figure 16). This will be 
accomplished by casting vertically adjustable steel 
inserts into the capital drops, and a flush weld plate in 
the column tops. This has the great practical advantage 
of offering a very large construction tolerance at these 
joints. This is particularly important since each of the 
precast V-shaped columns are rotated differently in 
plan and the diagonal legs are cast at a different angle. 
This combination makes precise alignments of the 
column tops in space extremely difficult. A nice large 
construction tolerance at the column-slab connection 
obviates this difficulty.

Figure 17: Full scale formwork mock up: the fuzzy-backed 
polyethylene fabric is pined down using wood blocks 
screwed to a flat plywood deck below.

Figure 18: A full-scale sheet of fuzzy-baked fabric is rigidified 
with spray polyurethane foam, providing a rigid yet lightweight 
mold.

It should also be noted that due to building code 
requirements for snow drift loading, and the 
exacerbating adjacency of the much taller hospital 
building, the design load for the canopy structure is 
more or less equivalent to that of a commercial office 
floor. The only advantage of this is that it may provide 
the occasion for a more convincing demonstration 
project with regard to future commercial (if not 
sculptural) applications.

3.2 Fabric-Formed V-Columns

The program of a women’s hospital made certain 
architectural aspects of fabric-formed concrete 
problematic. These problems were played out most 
dramatically in the design of the canopy columns 
(Figure 19). Fabric-formed concrete tends to produce 
shapes that are reminiscent of living things – plants, 
bodies, etc. This is because there is a fundamental 
congruence between wet concrete held by a flexible 
membrane and living things, which are, themselves, 
essentially composed of fluid-filled membranes (from 
cells to organs to circulatory systems). The similarity 
of body parts to fabric-formed concrete members is 
not a coincidence, but a co-incidence.

Figure 19: 1:10 plaster canopy model. The bottom of these 
columns will, for reasons of modesty and decorum, be buried 
under the sidewalk. 
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We quickly found that “biological-looking” things (such 
as the architecture we had to offer) were off-putting to 
the client in the context of a hospital setting. We also 
found that the columns carried erotic associations for 
some of the client committee members – a definite 
no-no in a (government sponsored) women’s hospital. 
We struggled for a long time to suppress the eroticism 
of the two-armed or two-legged columns without 
success – indeed our efforts at suppression only 
tended to intensify the problem. The eventual solution 
was to bury the (contentious) crotch of the V-columns 
below grade.

We mention this because these sorts of design 
discussions simply do not occur when other forms 
of construction are deployed. The formal power of 
fabric-formed concrete is quite special, and in this 
context its expression was a liability; it will not be the 
last time this sort of difficulty is met. 

3.3 Column Moulds

The column moulds were also developed in 1:10 
plaster models (Figure 20, 21). They are horizontally 
cast in open trough fabric moulds, giving a curved 
lower surface and a flat, trowelled, top. We took 
advantage of the difference between these two sides 
of the columns in the rotations given to them in plan. 
These rotations also provide lateral restraint for the 
canopy as a whole, while giving the random-like 
appearance of tree trunks.  The profiles of the column 
legs change in some very rich ways as the edges, 
planes and curves appear and alter in their turn. 

The monolithic V-configuration has a centre of gravity 
located well within the column base area, allowing 
these canted columns to be installed without the need 
for shoring. The critical structural dimensions were 
determined from preliminary structural design. 

Figure 20: Left: 1:10 model column formwork rig. Right: a flat 
formwork sheet produces the two-armed column.

The fabric mould is made from a single flat sheet 
of woven polyethylene geotextile (Geotx 315ST). A 
single straight cut is made in the sheet as shown in 
the model (Fig. 20) to assist feeding the fabric into the 
canted open troughs for the two legs. Figure 22 shows 
the flat geotextile sheet placed over the formwork rig 
prior to cutting and placing in the mould rig (Fig. 23).

Figure 21: 1:10 plaster model cast from Fig. 20 formwork.

Figure 22: Full-scale geotextile fabric column mould before 
cut and placement in the formwork rig.
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This mould is certainly more complex than that 
required for casting “normal” columns. This, however, 
as a work of public art, demanded some special 
efforts, and we took great pains to proportion and 
shape the casting for structural, architectural and 
sculptural purposes. The Crotch portion, which in the 
end will not be seen, required attention to assure that 
the fabric would not be captured by the buckles (the 
very beautiful buckles) that form there. The way the 
troughs taper towards the top of the columns legs 
produces an “undercut” or “returning” section (or 
in yacht design parlance, a “tumblehome”). In order 
to extract such a shape from its mould, the wooden 
“tables” holding the fabric must be tilted apart during 
de-moulding (Figure 24). 

Figure 23: Full-scale column mold prepared for casting. 
Plywood “tables” provide horizontal decks from which the 
fabric may hang freely to generate the column form.

Figure 24: The complexity of these sculptural columns 
requires the mould tables to open during the demoulding 
process.

The way the troughs taper towards the top of the 
columns legs produces an “undercut” or “returning” 
section (or in yacht design parlance, a “tumblehome”). 
In order to extract such a shape from its mould, the 
wooden “tables” holding the fabric must be tilted 
apart during de-moulding (Fig. 24).

4  Conclusions

The two construction projects outlined in this 
paper offer examples of both simple, and more 
complex flexible mould designs. In the Case of the 
Hanil Visitors Centre, the design was so simple the 
builder only needed the most rudimentary images 
and sketches to complete quite a unique construction 
project. This demonstrates very clearly the extreme 
simplicity that fabric formworks can offer.

The Women’s Hospital project in Canada, on the 
other hand, pushes the challenge of adopting flexible 
formwork for industrialized construction a good deal 
further.  It has been the occasion for developments 
in rigidified fabric moulds for precast construction 
– arguably a crucial step in allowing fabric-formed 
structures to be priced and built. The V-column mould, 
while relatively complex, pushes the boundaries of 
what can be done with a flat sheet using the open 
trough method. 

From an architectural design perspective, the extent to 
which difference and variations can be had from only 
two precast units, speaks to the design potentials that 
are held by the uniquely complex geometries given by 
a fabric-formed architecture.
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1  Introduction

There are many numerical methods for the 
simulation of continua – the finite difference method, 
the finite element method and more recently meshfree 
methods in which the nodes or particles are located 
more or less randomly and interact with a certain 
number of particles in their immediate neighbourhood.

The particles in meshfree methods are usually 
convected or moved with the material, that is the 
Lagrangian approach. Alternatively they may be 
stationary or moved in some way other than with the 
material, the Eulerian approach.

One of the earliest and best-known mesh free methods 
is Smoothed Particle Hydrodynamics (SPH), which 
was introduced more than 30 years ago (Gingold 
and Monaghan, 1977). SPH is used in engineering 
calculations for problems such as wave loading on 
structures and also for Computer Graphics in the film 
industry. It is particularly powerful in situations where 
the computational domain is continually changing as 
in pouring fluid into a glass.

Meshless methods for solids have grown up 
independently in a number of fields and Silling (2000) 
coined the adjective peridynamic from the Greek 
roots for near and force. Stewart Silling’s website, 
http://www.sandia.gov/~sasilli/ contains many 
references. Peridynamic models are often used for 
fracture mechanics where a crack moves through a 
solid, breaking the arms between particles. However 
peridynamic particles would usually seem to be 
arranged on a regular grid, whereas in the current 
study they are arranged randomly. The reasons for 
this are twofold: firstly the concrete itself consists of a 
random arrangement of cement grains and aggregate 
particles and secondly for a fabric formed beam the 
fabric formwork can be easily filled numerically with 
random particles. The size effect in the strength of 
concrete can be best explained in terms of random 
fluctuations in material properties.

In this paper the ‘arms’ joining particles are pin-ended 
and therefore subject only to tension or compression. 
However it is possible to give the arms bending 
stiffness as described in Gerstle et al. (Gerstle et al., 
2007). They describe the theory as micropolar, which is 

38 Meshfree peridynamic computer modelling of 
concrete in three dimensions using randomly 
positioned particles

C J K Williams1

1 Department of Architecture and Civil Engineering, University of Bath, UK

A meshfree model of a material consists of individual particles joined by ‘arms’ or ‘fibres’. The stiffness and 
strength properties of the arms are adjusted to try and model the bulk properties of the material. Meshfree 
models are known by various names and ‘peridynamic’ models have been used particularly for the study 
of fracture of brittle materials by allowing the arms to break when they reach a critical strain. Peridynamic 
particles are usually positioned on a regular grid, but in this study the particles are positioned randomly. The 
reasons for this are twofold: firstly the concrete itself consists of a random arrangement of cement grains 
and aggregate particles and secondly for a fabric formed beam the fabric formwork can be easily filled 
numerically with random particles. Numerical results are presented for the cube test and the modulus of 
rupture test as a first stage of modelling a reinforced fabric formed beam.

C J K Williams
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an alternative name for, and possibly a generalization 
of a Cosserat solid.

2  Mathematical formulation

Most papers on meshless methods are highly 
mathematical. The aim of the mathematics is to 
relate the properties of the individual arms joining the 
particles with the bulk properties of the continuum 
resulting from a very large number of particles. Ideally 
one would be able to give the arms simple properties 
that would give all the complex behaviour of concrete 
(Häussler-Combe and Hartig, 2008).

This is relatively easy for stiffness quantities where 
one can equate the strain energy in the arms and 
the strain energy in the continuum. Doing this for a 
uniform dilatation and then for a monoaxial strain 
yields the classical result due to Possion himself 
that his ratio ‘ought to be’. One of the aims of the 
micropolar theory (Gerstle et al., 2007) is to give some 
control over Poisson’s ratio.

However the bulk strength properties of a material 
made from a random array of particles with brittle 
arms are more difficult, if not impossible, to predict 
analytically. Arms will break one by one, shedding 
load on to the unbroken arms, which in turn break.

The numerical model whose results are described in 
this paper consists of arms all with the same linear 
force - strain law, up to a brittle fracture at a given 
value of tensile strain.

A monoaxial compressive stress in a vertical direction 
is carried by compressive forces in arms or fibres that 
are fairly close to the vertical. The slope of these arms 
induces tensile forces in arms nearer the horizontal, 
which may fail by brittle fracture in tension. Thus a 
compressive stress causes a tensile failure, as is well 
known by anyone who has watched a cube or cylinder 
test on concrete.

The only parameters describing the model are:

1)  The slope of the linear force – strain relationship 
for an arm.

2)  The tensile strain necessary to cause brittle 
fracture of an arm. A value of 0.1% was used in 
the numerical experiments.

3)  The particle density, expressed as so many 
particles per unit volume, on average.

4)  The radius of the ‘sphere of influence’. Any two 
particles are joined by an arm or fibre if their 
initial spacing is less than a certain value, the 
radius of the sphere of influence.

5)  The minimum arm length. In positioning the 
particles randomly, it is possible to stipulate a 
minimum spacing or arm length. A value of 0.1 
times the radius of the sphere of influence was 
arbitrarily chosen for the numerical work.

Quantities 3 and 4 can be combined in a more useful 
non-dimensional quantity, the average number of 
arms per particle. This is twice the arm to particle ratio 
since each arm has two ends. In the numerical work 
described here each particle is joined to approximately 
32 neighbours in 3D. This value was determined by 
numerical experimentation as described later.

The slope of the arm force – strain relationship can 
be chosen arbitrarily. This is because it is the only 
variable containing force and doubling it simple 
doubles the load applied to specimen. Thus the model 
can be calibrated by comparison with real test data. 
The results are presented using the non-dimensional 
stress given by Eq.(1):

 

σ non-dimensional

=
σ nominal

arm strength ×  (number of particles per unit volume)
2
3

(1)

in which snon-dimensional is the calculated value of stress.

3  Numerical formulation

The problem is non-linear mainly due to the 
breaking of arms. Since the arms fail due to small 
increments of load it makes sense to use an explicit 
method such as Alistair Day’s Dynamic Relaxation 
technique, which is very similar to Verlet integration 
(Verlet, 1967) and other leapfrog techniques. The 
random nature of the fibre structure means that 
the time-step is best chosen by experimentation. 
Damping can be introduced in various ways. Here it 
was done by giving the arms an additional tension 
proportional to their tensile strain rate.

The current length, L , of an arm is calculated using 
Pythagoras’ theorem and then the tension coefficient 
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(or force density) due to elastic stiffness, T/L , is 
calculated using Eq.(2):

 

  

T
L
= β

L2 − L0
2( )

2L0
3 (2)

in which L0 is the unstressed length of this particular 
arm and b is the slope of the force – strain graph, 
assumed the same for all arms.

This gives an arm tension of:

  

T = β
L2 − L0

2( )L

2L0
3

= β
L − L0( ) L + L0( )L

2L0
3

≅ β
L − L0( )

L0

(3)

The reason for this formulation is that it avoids 
the numerically expensive square root normally 
associated with Pythagoras.

4  Numerical results

Numerical results are presented for the cube test 
and the unreinforced modulus of rupture test, both 
in 3 dimensions. The specimen for the modulus of 
rupture has a square cross-section 60% the linear 
size of the cube. The span of the modulus of rupture is 
3 times the depth and the total length of the specimen 
is approximately 7/6 times the span.

The modulus of rupture beam is loaded at third points 
so that the bending stress is given as:

  

PL
6

⎛
⎝⎜

⎞
⎠⎟

bd 2

6

⎛

⎝
⎜

⎞

⎠
⎟

= P3d
d 3

= 3P
d 2 (4)

In each case there are 16 times as many arms as 
particles so that each particle is connected to 32 
arms. The cube has 216,00 particles and 3,500,00 
arms whereas the modulus of rupture has 163,000 
particles and 2,600,000 arms.

The computer program was written in C++ using 
multithreading (that is using more than one processor 

at the same time) and OpenGL for the graphics. The 
cube analysis took 55 minutes and the modulus of 
rupture took 1.5 hours, both running on a six year old 
Apple 2GHz Intel Core Duo MacBook with 1GB of 
RAM. The program will also compile and run on Linux 
and Windows computers.

4.1  Cube test

Figure 1 shows the cube test at 1, 3, 12, 15, 33, 
and 47 time units. There are 100 calculation cycles 
per time unit.

Figure 1: 

1

3

12

Cube test at 1, 3, 12, 15, 33, and 47 time units

The first picture shows the platens coming into contact 
with the concrete and producing localized stresses. 
Arms or fibres are coloured red for compression and 
blue for tension. An elastic wave travels through the 
concrete, and there is a compromise between the rate 
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of loading and the number of cycles – the slower the 
platens move the longer the analysis takes.

The green graph on the left of each picture is the load, 
plotted vertically, against the platen motion. The scale 
is continually adjusted to make full use of the axes. 
It can be seen that the graph is jagged as individual 
particles come into contact with the platens and fibres 
break.

Figure 1: 

15

33

47

Cube test at 1, 3, 12, 15, 33, and 47 time units 
(continued).

The 4th picture shows the cube carrying its maximum 
load. Ignoring the peaks, the maximum non-
dimensional stress is approximately 20.

Close examination of the pictures shows that the 
blue tensile stresses are predominantly horizontal 
and it is these stresses that cause failure. The hoped 
for pyramid and inverted pyramid or real cube tests 

did not appear, although examination of the friable 
remains from a real test show that the failure is really 
distributed throughout the concrete.

4.2 Modulus of rupture

The images in Figure 2 are at 10,19, 21, 24, 27, 58 
and 208 time units and again there are 100 calculation 
cycles per time unit.

Figure 2: 

10

19

21

24

Modulus of rupture at 10,19, 21, 24, 27, 58 and 
156 time units (continued over).
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Figure 2: 

27

58

158

Modulus of rupture at 10,19, 21, 24, 27, 58 and 156 
time units (continued)

The first image shows the Boussinesq stresses 
developing at the supports and the two point loads 
for 4 point bending. The second image shows the 
red compressive stresses and blue tensile stresses 
nicely developed. Note that in each case there are 
transverse stresses of the opposite sign, blue in the 
red area and vice versa. The pattern of blue tensile 
stresses supports the use of bent up bars as in the 
Hennebique system shown in figure 3.

A crack can just be seen developing in the 3rd image, 
which rapidly spreads leading to failure.

Experiments with 16 arms connected to each particle 
still led to a tensile failure, but one that was uniformly 
distributed through the material with no concentrated 
crack. It is not obvious why this should have been so 
in the numerical experiment, but clearly one would 
expect real concrete to fail in concentrated cracks.

Figure 3: Système Hennebique (Vierendeel, 1907).

Again the load deflection curve is jagged, but ignoring 
the peaks, the maximum non-dimensional stress 
is approximately 2.6. Thus the ratio of compressive 
strength in the cube test to tensile strength in the 
modulus of rupture is approximately 8 to 1, which is 
in reasonable agreement with experimental values, 
typically said to be 10 to 15 to 1.

5  Conclusions and suggested further 
work

Clearly there is much work to be done before 
meshless techniques can be used to reliably predict 
the behaviour of concrete. Only preliminary results are 
available for the cube and modulus of rupture tests. 
Further tests should also be done on the cylinder and 
split cylinder tests.

Silling and his co-workers as well as other authors (Liu, 
W. and Hong, J-W., 2012) have applied peridynamics 
to ductile materials and have obtained necking prior 
to fracture. This opens the possibility of combining 
concrete and reinforcement in one meshless model. 
But clearly there are issues of the number of particles 
required for sufficient resolution as well as the 
properties of the ‘arms’ forming the concrete/steel 
interface.
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is available to download from the conference website, 
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1 Building Matters: An investigation into the use 
of permanent formwork

A Adderley1

1 MArch Degree Candidate, University at Buffalo School of Architecture and Planning

Formwork has often been defined as a temporary building element, typically neglected and rarely interpreted 
by architects as anything more than a byproduct of construction. However, by reconceptualizing its role as 
a permanent building component, its construction performance now can be evaluated in parallel with its 
architectural function. This research reinterprets standard casting conventions as a means of rethinking 
design parameters, one that considers form and formwork during and after construction as equals in terms 
of architectural significance.

A Adderley
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2 Defying Gravity: Casting on Tensile Membranes

R Alkhatib1, K Mair1 and C Gaiger1

1 Edinburgh College of Art, University of Edinburgh, Scotland

Winner of the 2008-2009 Portland Cement Association ‘Concrete Thinking for a Sustainable World’, Student 
Design Competition, this poster demonstrates how flexible formwork can be used to create a sustainable 
solution to real world environmental challenges.  Taking inspiration from the work of Isler, repeatable shell 
forms were created on a compact and efficient formwork system.  Applications for large scale structural 
elements, emergency shelter construction and sculptural uses are envisaged.

R Alkhatib, K Mair and C Gaiger 
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3 Simulating Bending

A Bak1

1 MPhil Digital Architectonics, University of Bath, Bath, UK

A design tool to simulate bending stiffness of a thin shell created using the programming language 
Processing.  By using verlet integration, usually using in 3D graphics engines to simulate real time movement 
of fabric, this software simulates the movement of a piece of paper in real time.  The software allows real-
time user interactions to define constraints, deformations, axial/bending stiffness and gravity.  The project 
also involved different meshing algorithms and the implementation of slits in the shell.

A Bak
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4 Fabric and matter: conversations in concrete

R Fairley1

1 University of Huddersfield

Rebecca graduated in 2011 with a first class degree in Surface Design for Fashion and Interiors, from 
University of Huddersfield. The focus of her work towards the end of her studies was material manipulation 
resulting in her specialising in concrete. The broad aim was to “take concrete somewhere new.” This was 
achieved by daring to be experimental and moulding concrete with unlikely materials such as knit and 
crochet. The result was innovative and exciting surfaces that juxtapose hard and soft materials, playing with 
the contradiction of solid materials appearing to be compliant. To further expand the potential of this dynamic 
material strong colours are introduced, either as cement pigments or unusual aggregates, including glass 
and plastic. The appeal of this work is that familiar structures have been presented in unusual and surprising 
ways, questioning our understanding of them, encouraging a closer look and enticing us to touch. Currently 
studying for a Master by Research, Rebecca believes her work will broadened the way concrete is normally 
perceived, making the hard soft, the grey, colourful and utility, playful.

R Fairley
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5 Flowing forms: a sculptural and technical 
investigation into mix design, fabric choice & 
surface finish

V Ferrand-Scott1 and P Purnell1

1 Institute for Resilient Infrastructure, School of Civil Engineering, University of Leeds, Leeds LS2 9TJ

Here we present the results of a Leverhulme Trust Artist in Residence funded investigation, exploring the 
creative potential of concrete, combining the artistic vision of the sculptor with the scientific knowledge 
of the civil/materials engineer. The work focused on combining concrete with flexible fabric membranes, 
harnessing the forces and processes of gravity, pressure and elasticity to create forms that are abstract but 
with a strong organic or visceral nature. A key aim was to extend the vocabulary of concrete, addressing 
issues such as the eradication of air bubbles, the problems of excess water, the development of desired 
surface effects, and increasing scale whilst retaining the diversity of forms. Over 150 concrete mix designs 
and 30 fabrics were investigated, with regard to visual potential and technical characterisation. This process-
led investigation, with its resultant sculptural forms, was documented via a visual journal with accompanying 
technical data on rheological behaviour, mechanical properties, surface characteristics and microstructure 
as a function of viable sculptural mix designs. While the nature of the research was open ended by design, 
some definite progress towards understanding the most favourable combinations of concrete and fabric 
properties for valid sculptural outcomes was achieved and is communicated here.

V Ferrand Scott and P Purnell
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Form Finding and Analysis of Fabric Formed 
Concrete Beams

R Foster1

1 MEng Civil Engineering, University of Bath, Bath, UK

In recent years there has been a growing interest in the use of flexible fabrics as formwork for concrete 
elements.  This approach has been proposed as an economical method for forming efficient variable section 
concrete beams.  Further development of this technology is thought to require the development of a facility 
to determine the detailed profile of a hydrostatically loaded fabric form and to predict the load-deflection 
behaviour of the resulting beam.

Form Finding And Analysis Of Fabric Formed Concrete Beams 

Sec8onal Analysis  Predic8ng Performance 

Introduc8on 

Conclusion 

The  beam  is  divided  into  a  number  of  discrete  sec8ons.  The 

moment‐curvature  rela8on  is  determined  at  each  sec8on  by 

incrementally  adjus8ng  the  strain  profile  and  equa8ng  forces  to 

determine the neutral axis. Moments are taken about the neutral 

axis and paired with the curvature as determined by the gradient 

of the strain profile. 

From  the  moment‐curvature  rela8ons  for  each  sec8on,  the 

deflec8on  can  be  determined  by  integra8ng  the  relevant 

curvatures twice over the length of the beam. 

Facili8es  for  including  simple  cons8tu8ve  material  models 

characterising the stress‐strain and ul8mate strains are    included 

for: concrete in compression and tension; helical or grid confined 

concrete in compression; and both steel and FRP reinforcements. 

In recent years there has been a growing interest in the use of flexible fabrics as formwork for concrete elements. 

This approach has been proposed as an economical method for forming efficient variable sec8on concrete beams. 

Further  development  of  this  technology  is  thought  to  require  the  development  of  a  facility  to  determine  the 

detailed  profile  of  a  hydrosta8cally  loaded  fabric  form  and  to  predict  the  load‐deflec8on  behaviour  of  the 

resul8ng beam. 

Evalua8ng Profiles 

The  program  allows 

detailed  profiles  to 

be  generated  from 

basic  specifica8ons 

for both  free hydro‐

sta8c  forms  and 

par8ally  s8ffened 

‘op8mised’  forms. 

The  material  saving 

in  the  op8mised 

sec8on  is  clear 

although  fabrica8on 

is  significantly  more 

complex.  Flexural 

analysis  indicates 

similar  performance 

for both beams. This 

provides  theore8cal 

valida8on  for  the 

experimental  work 

of GarbeT [2008].   
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‘Op8mised’  Free Hydrosta8c 

Robert Foster 

MEng Civil & Architectural Engineering Disserta8on 

University Of Bath Department Of Architecture & Civil Engineering 

Supervised By Prof. Tim Ibell  

Hydrosta8c Form Finding 
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The  form  of  a  hanging  fabric  under  hydrosta8c  load  can  be 

determined  analy8cally  in  terms  of  ellip8c  func8ons.  These 

func8ons are thought difficult to implement and are unfamiliar to 

most engineers. 

Consequently,  a  numerical method  suitable  for  computa8on was 

developed with the assistance of Dr Chris Williams to enable these 

forms  to be determined.  The method  is  capable of providing  the 

detailed  profiling  for  part‐full,  full,  surcharged  and  flat  boTomed 

fabric containers. The method can also be used to generate simple 

design charts for determining profiles. 

Design  chart  for  determining 

hydrosta9c  profiles    for  opening 

breadth (b) and hanging depth (d) 

Class A predic8ons were made for the load‐deflec8on behaviour 

of a new ‘op8mised’ profile tested by Chawla [2010]. Very poor 

agreement was  found  between  the  Class  A  predic8on  and  the 

experimental  result.  The  experimental  parameters  were 

revisited and discrepancies iden8fied between the ‘as designed’ 

and  ‘as built’    condi8on. The program was  rerun  incorpora8ng 

more accurate ‘as built’ data and good agreement was found. 

Modelling  of  hydrosta8cally  loaded  fabric  profiles  was  very  successful.  The  approach  is  capable  of  genera8ng  a 

range  of  hydrosta8cally  determined  forms  and  is  easily  implemented  in  a  simple  spreadsheet.  The  approach 

considers  a  series  of  2‐dimensional  sec8ons  meaning  that  the  full  doubly  curved  form  can  s8ll  not  be  directly 

modelled. However, the accuracy of the sec8onal form finding approach adopted here appears to be very good. 

Sec8onal modelling was  found  to  be  inappropriate  for modelling  discrete  effects,  such  as  bond  slip  and  tension 

s8ffening of  reinforcement,  and  fracture mechanical  effects  such as  tension  sogening of  concrete. Generally,  the 

analyses conducted neglec8ng the effect of concrete in tension generated more reliable predic8ons. This indicates 

that  sec8onal modelling  is well  suited  to modelling  fully‐cracked behaviour, while more  computa8onally onerous  

methods such as block modelling may be more suitable for the analysis of cracking behaviour.  

6 

R Foster
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7 Bone growth analogy for design of flexibly 
formed concrete structures

J Garbett1

1 MEng Civil Engineering, University of Bath, Bath, UK

Bones are naturally optimising structures, where areas of material under high levels of stress grow and 
areas under low levels of stress decay. This study considered how the bone growth analogy could be 
applied to the structural optimisation of reinforced concrete beams. Although structural optimisation has 
been the subject of much research, very few studies have combined structural optimisation with practical 
fabrication methods, especially for reinforced concrete. The project showed that through the use of flexible 
formwork, which uses hung material to cast variable-section concrete beams, highly optimised, aesthetic 
and structurally predictable forms can be achieved.

J Garbett
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8 Textile qualities of GFRC: parametric design, 
simulation and fabrication

G Grasser1

1 Institute for Experimental Architecture, University of Innsbruck, Austria

This poster described experiments with industrially produced Glass Fibre Reinforced Concrete (GFRC) and 
fabrication of complex structures in a simplified way.  With this objective, students explore the relation 
of textile material properties, more effective fabrication processes and freedom of spatial construction in 
architecture.  A parametric design approach underlines this great potential.  Current constraints for this 
research are prefabrication as well as maximum dimensions (350cm x 120cm) produced by our factory 
partners.  Due to their fabrication process and their certified products we work with a constant thickness 
of 1.3cm.  In comparison to short fibre reinforced panels what are often unable to fulfil structural demands, 
the incorporation of layers of fibres (=textile structure) into a concrete matrix leads to a complex structural 
behaviour.  The high load bearing capacity and the ability to deform under tensile stress get highly 
advantageous.

G Grasser
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9 Concrete Workshop

R Hallett1, L Graham2, F McLachlan1, R Pedreschi1, I Taylor3, L Robertson3, K Thomson2, K Loh4, A Craig1 
and K Milne1

1 Edinburgh College of Art, University of Edinburgh, Scotland
2 City of Edinburgh Council
3 Castleview Primary School
4 EDI/Parc

This project bought together final year architecture students with local school children in a self-build 
project.  The children are from an area of Edinburgh that is undergoing a huge transformation as a large 
area of sub-standard derelict housing is demolished and new housing, schools, parks and infrastructure 
is being developed over a ten year period.  The project introduced the primary school children to a sense 
of materiality and to the meaning of different materials through a first hand experience of a design and 
manufacturing process.

R Hallett, L Graham, F McLachlan, R Pedreschi, I Taylor, L Robertson, K Thomson, K Loh, A Craig  and K Milne



Poster Presentations

415

icff2012

10 HYBIOS | Hybrid BIOStructures

R Joucka1 and J C Francis1

1 Architectural Association School of Architecture, Emergent Technologies & Design

The fluidity of concrete as a material, coupled with the flexible workability of its forming process, has lead to 
innovations in architectural design through- out history. The aim of this dissertation is to go beyond current 
practices of using concrete in the built environment to enable the construction of complex geometries 
analogous to the coherence of structures found in nature.  State of the art materials related to concrete 
construction, and cutting edge computer simulations are utilized in the research, creating a constant feedback 
loop between qualitative analogue prototypes and information-rich computer models.  

Many attempts have been made by previous scholars to generate architectural forms that mimic structures 
found in biological systems. Only few works have portrayed that the form finding methods utilized at the 
beginning of the design process have been carried through with enough rigor to the construction phase. 

Experiments done in casting concrete have been mainly focused on producing modular units that, when 
aggregated, achieve an envisioned spatial quality. The development of these processes has been restricted 
to a formwork that is confined within the boundaries of an orthogonal frame, hence limiting the generation of 
inventive spatial qualities. The study at hand proposes a solution that offers a higher degree of flexibility within 
the design process. 

Our research is aimed towards the generation of novel spatial and architectural elements of an architectural 
enclosure using innovative fabrication systems pertaining to the structural domains of tensile membranes and 
concrete construction.  The work is focused on experimenting with the notion of coupling digital and analogue 
form finding methods with construction aware thinking to generate innovative processes of constructing novel 
tectonics and spatial qualities.

R Joucka and J C Francis
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11 Construction of form-efficient RC beam with 
fabric formwork

D Lee1

1 The Royal Danish Academy of Fine Arts, Schools of Architecture, Design, and Conservation, School of 
Architecture

The background aim is to structurally optimise the conventional rectangular RC beam through construction 
of efficient forms.  The justification on the forms of the conventional beams are made based on the economy 
and praciticality of their design and construction methods.  For this research work, however, it is attempted 
to redefine the formof RC beam through the development offabric formwork, and move forward from 
the current justifications of for the conventional forms.  This poster presents the work carried out at the 
University of Edinburgh for a doctorate degree under the supervision of Professor Remo Pedreschi.

D Lee
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12 Enhancement in surface quality of concrete 
when cast in fabric

H W Lee1

1 Department of Architecture and Civil Engineering, University of Bath

Fabric Formwork provides an alternative way for casting concrete, the fabric releases the restrictions from 
traditional orthogonal timber formworks. The method uses fabric to contain and support concrete mixes. 
The permeability of the material allows the removal of excess water and air, leaving a cement rich layer 
at the surface. This layer prevents further water loss through evaporation where water is essential for the 
hydration process and hence improving its surface strength, quality and durability. The flexibility of the fabric 
allows the concrete to deflect under its own weight, therefore a variety of structurally optimised shapes can 
be formed. The fabric also leaves an imprint of its texture pattern on the surface that can be used as an 
artistic surface finish and some architecturally interesting forms are possible. This project investigates into 
the enhancement in surfce quality when cast in fabrics with a range of different pore sizes and low carbon 
concrete.

H W Lee
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13 Fabric formed concrete workshop

T Lewis1 and J Orr2

1 Studio Leader, Fielden Clegg Bradley Studio, Bath, BA1 7DE
2 Department of Architecture and Civil Engineering, University of Bath, Bath, BA2 7AY, UK

The University of Bath Masters in Architecture (MArch) course is premised on learning to build well in relation 
to the ecologies of the 21st century.  The two-year course expects students to want to take responsibility 
for developing their own architectural agenda, and to test this within a context of continually extending 
theoretical and critical knowledge.  The Bath MArch provides for the development of the sophisticated 
analytical, communicative, ethical, projective and reflective design habits, skills and judgements needed 
for such a critical architectural practice. This practice is nurtured and challenged through specialist 
tutorial support from within and without the architectural field, as well as by lecture courses in the fields of 
architectural history, theory and science.  As part of this course, a ‘Concrete Workshop’ is undertaken, in 
which the students explore the use of flexible formwork construction.  The poster displays some images of 
the 2012-2013 class during this workshop.

T Lewis and J Orr
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14 Inflection

K Milne1, J Pritchard1, A Gloyne 1 and M Pettie1

1 Edinburgh College of Art, University of Edinburgh, Scotland

Inflection looks at casting a concrete column in a fabric formwork. The outcome of the project was a 
construction inviting interaction with the concrete. Unlike many concrete columns the inflection column has 
smooth undulation forms that ergonomically encourage touch and relations between occupants and their built 
environment. The process of design involved textural studies to select a fabric that imparted a surface texture 
to the concrete that was pleasurable to touch. Various attempts at form creation took place before deciding 
upon a column utilising a simple fabric sock, suspended from a top plate through a formwork of fins varying in 
depth. These fins are constructed from a prefabricated flat pack set that simply slot together. The fins restrict 
the expansion of the sock as it is filled with the wet concrete subsequently creating the final form. The column 
was cast at half scale but clearly shows the intention, whilst the fin indentions comfortably fit with the human 
form.

Another key factor arising during the design process was the desire to create a hollow column. The main 
advantages apparent from this would allow for the housing of services, the inclusion of airflow and a reduction 
in the amount of concrete required. Cabling and other mechanical and electrical services can be run through 
the centre of the column without obstruction to facades or other vertical elements within the building. The fin 
system allowed points where the hollow centre was actually perforated; this would facilitate airflow as part of 
a stack ventilation system or other intelligent building air management system. A reduction in the amount of 
concrete needed in the centre of the column allows a larger circumference of the column for the same amount 
concrete, which was desirable because of the intended interaction with both surface and form.

K Milne, J Pritchard, A Gloyne  and M Pettie
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15 Sydney: Rope wall

J Orr1 and D Marti2

1 University of Bath, Bath, UK
2 www.danimarti.com

Façade and art are joined in Dani Marti’s entrance to the ‘Westfield Centrepoint’ shopping mall in Sydney.  A 
rubber and fibreglass mould cast over a rope pattern provide the mould in which the concrete panels were 
cast.  The resulting surface is both tactile and intruiging, providing a visual play on form and material that is 
only achievable with a flexible mould.  All photos courtesy of Matthew Youngman.

J Orr and D Marti
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16 Concrete Panels: The 2009 Chelsea Flower 
Show, Castleview Primary School and 
Edinburgh College of Art Workshop

R Pedreschi1 and A Chandler2

1 Edinburgh College of Art, University of Edinburgh, Scotland
2 School of Architecture and the Visual Arts, University of East London, UK

Collaborative projects from the University of Edinburgh: Remo Pedreschi and Keith Milne, with Alan Chandler, 
Paul Hensey, Fiona McLachlan, Alison McConachie and many others.  ESALA, the School of Architecture at the 
University of Edinburgh, has collaborated with a number of different institutions, practitioners and disciplines 
to study and develop applications of fabric formed concrete.  Three of these are described in this poster.

In the Castleview Primary School Project, pupils from Year Six attended a workshop at the University of 
Edinburgh, where under the tutelage of senior students of Architecture, they designed and created a series of 
wall panels that were subsequently installed at the School.

Fenchurch Garden was a project for the Royal Horticultural Society Chelsea Flower Show in 2009. The 
award winning garden designer Paul Hensey approached the University to develop a series of panels using 
fabric formed concrete. A unique series of panels were constructed  for the garden in collaborated with Alan 
Chandler at the University of East London. A total of 19 pieces were made, some weighing over 700 kg,  and 
all were constructed by staff and students from both institutions. The final project brought together students 
of Architecture and glass in a collaborative workshop exploring surface texture and light.

R Pedreschi and A Chandler
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17 Fabric formed column

D Ralph1, K Keun Han1, W Flint1 and Y Kim1

1 Edinburgh College of Art, University of Edinburgh, Scotland

Our piece uses the elastic material properties of woven fabric in conjunction with the fluid properties of liquid 
concrete to produce an organic concrete form. This expresses concrete’s dual contradictory states of fluid 
and cast solidity.  We used a variety of fabrics to generate different forms and textures; cotton fabric produced 
rounded organic forms with a very fine surface detail, whereas nylon geo-tec fabric produced less bulbous 
forms with a course grained surface texture.  Using fabric instead of conventional rigid framework allows the 
concrete to ‘breathe’ during the casting process and excess water is allowed to escape as the concrete sets; 
this gives a high-quality concrete finish that is more durable and weather resistant than conventionally cast 
concrete.  We focused on producing different varieties and combinations of concrete columns, developing a 
joining detail between columns that allowed complete creative flexibility in generating innovative variations of 
form and texture for the central shaft of each column Using this technique we could therefore fully investigate 
concrete’s potential for the dual (and contradictory) qualities of plasticity and opacity.

This poster was winner of the 2nd Concrete Design Competition (CDC2) ‘plastic-OPACITY’.

D Ralph, K Keun Han, W Flint and Y Kim
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18 Form making in concrete

A Singh1

1 Assistant Professor, Chandigarh College of Architecture, Chandigarh 

Concrete is used in buildings from Roman times as applicable to the construction of domes and vaults 
of churches.  With time the development in research of composition, strength and workability of concrete 
progressed.  Today, Concrete is available with many advantages to industry. The 21st century concrete is 
available in many forms such as High Strength Concrete, Rapid Hardening Concrete, Fibre Reinforce Concrete 
and so on.  Concrete is favourite construction material of many architects. Le Corbusier excelled in use of 
concrete, with projects including the famous Capitol Complex at Chandigarh – the project that this poster 
focuses on with its innovative form making.  

The concrete has a capacity to be moulded in any free form i.e. Shape with structural stability. Whether 
the interpenetration of cube with hyperbolic parabolic in the Assembly buildings, free flowing curves at 
Ronchamp, or turtles making love at Sydney Opera House. The architecture surprised human kind with varied 
and interesting forms. Further the use of piloti elevated the building off the ground and made ground free for 
use. The flexibility of beam, columns eliminated the load bearing wall component in buildings. The space is 
vast and free to use by this invention.  We cannot think of building without concrete. The Form making in 
concrete is unmatchable to human imagination.  The paper as stated above has vast scope in the field of 
architecture. The author limits to analysis of Form of selected projects. The use of drawings, Plan, Elevation, 
Sections and Views will be used to elaborate and illustrate the form making in concrete. The aim is to generate 
a dialogue in context of concrete as desired material in innovative architecture beyond the human imagination.

A Singh
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