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By replacing orthogonal concrete moulds with a system formed of flexible sheets of fabric it is possible to construct
optimised, variable cross section concrete elements that can provide material savings of up to 40% when
compared to an equivalent strength prismatic member, and thereby offer the potential for significant embodied
energy savings in new concrete structures. This paper provides pointers on some research undertaken at the BRE
Centre for Innovative Construction Materials (BRE CICM). The work demonstrate that a fabric formwork
construction system may be used to facilitate a sustainable future for concrete construction, providing a design
method by which structurally optimised elements may be cast in an economical manner while also providing
significant durability and visual benefits.
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Introduction

Prismatic concrete structures, with uniform
transverse and longitudinal reinforcement percentages,
have a constant structural capacity. In all but a few
locations, such a member is by definition under
utilised. The ubiquitous use of orthogonal moulds as
formwork for such structures has resulted in a wellestablished vocabulary of prismatic forms, yet rigid
formwork systems must resist considerable fluid
pressures, may consume significant amounts of
material and can be expensive to construct. Moreover,
the resulting member requires more material and has a
greater deadweight than one cast with a variable cross
section.
Simple optimization routines may be undertaken to
design a variable cross section member in which the
flexural and transverse force capacity at any point on
the element reflects the requirements of the loading
envelope applied to it. The construction of structures
with complex non-orthogonal geometries is often
perceived to be both difficult and expensive, yet this
paper demonstrates that by casting concrete into a
flexible fabric membrane, architecturally interesting,
optimised structures that reduce material use and take
real advantage of the fluidity of concrete can be
produced.

1.1

Flexible formwork

Fabric formwork has been used in offshore and
geotechnical engineering since the early 1900s, but it
was not until the 1960s that its widespread use began
to grow, precipitated by the new availability of high
strength, low cost fabrics (Lamberton, 1989). Initial
interest in the architectural possibilities of fabric
formwork can be attributed to the Spanish architect
Miguel Fisac. Since then, multiple design and
construction methods for fabric formwork have
evolved. A full history of flexible moulds and possible
applications is given by Veenendaal et al. (2011).
In North America significant savings in both material
and labour costs have been recorded as a result of
using fabric formwork in the construction of columns
and footings (Fab Form Industries, 2010). In Canada,
the Centre for Architectural Structures and Technology
(CAST) at the University of Manitoba, set up by
Professor Mark West, is a long standing significant
contributor to this field. Their work has further
considered the architectural possibilities of fabric
formwork for beams and trusses, in addition to its use
for shells, panels, columns and walls.
Some examples of flexible formwork projects are
shown in Figure 1 – Figure 6.

Figure 1: Y-shaped column. Formwork (left);
Resulting concrete form (right).

Figure 2: Plunging column. Formwork (left);
Resulting concrete form (right). Image courtesy
Belton (2012)

Figure 3: Optimised beam. Typical formwork (left);
Resulting concrete structural form (right).

Figure 4: Optimised beam and floor system, all
elements cast using flexible moulds.

Figure 5: Shell construction. Formwork (top) and
form (bottom). Images courtesy Bhooshan and El
Sayed (2012)

Figure 6: Examples of wall panels cast in flexible
moulds, from students at CAST, University of
Manitoba
Although it has a low embodied energy (of
approximately 0.90MJ/kg (Hammond and Jones,
2011)) concrete is used in vast quantities. In 2014
world production of cement amounted to approximately
9
4.1x10 metric tons (Van Oss, 2015), with its
manufacture estimated to account for at least 5% of all
global CO2 emissions, providing further impetus for the
design of optimised structures where savings in
material use directly lead to savings in embodied
energy. This is a crucial area of research for future
sustainable design.

1.2

Durability benefits

Fabric formwork does not simply facilitate
reductions in material use. Forming concrete in a
permeable mould allows air and water to escape from
the formwork to provide a high quality surface finish
that can be readily distinguished from an identical
concrete cast against an impermeable mould, as
shown in Figure 7.

Figure 7: High quality surface achieved with a
flexible permeable mould
The effect of this permeable mould is significant within
region local to the surface. Using accelerated test
methods, Orr et al. (2013) demonstrated that 50%
average reductions in both the non-steady state
chloride diffusion coefficient and carbonation
coefficients were possible for permeable moulds when
compared to impermeable moulds. Sorptivity, surface
hardness, and scanning electron microscopy tests
were also undertaken and demonstrate further
beneficial changes in the fabric cast concrete (Orr et
al., 2013). The combined results demonstrate that
fabric formwork may be used to create structures
optimised for strength and durability.
For structures where the concrete grade specified is
governed by durability rather than strength concerns,
permeable formwork can therefore offer significant
opportunities for embodied energy savings
The high quality surface finish of concrete cast in fabric
further encourages the use of exposed internal
concrete surfaces, the consequence of which is twofold: extraneous wall and ceiling coverings can be
omitted and the now exposed thermal mass may
properly be used in the provision of thermal comfort.
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2.1

Design
Fabric moulds

A critical aspect of flexible moulds for determining
shape and therefore aesthetic is the fabric itself.
Almost any fabric can be used, provided tensile
strengths in both warp and weft directions are sufficient
to hold the wet concrete and the material has a low
creep modulus to limit formwork deformations during
casting and curing. The literature demonstrates
projects using everything from hessian to geotextiles to
woven polyester have been successfully undertaken
(Orr, 2012, Veenendaal et al., 2011).
Once a suitable fabric is chosen, shape prediction
must be undertaken to aid the design process.
Dynamic relaxation based methods (Veenendaal,
2008, Veenendaal, 2016) have been shown to be
successful. Empirical methods (Garbett et al., 2010)
and finite elements based approaches are also
feasible. Physical modeling should also play a key part
in the design process (West, 2007, West, 2004, West,
2013). Construction trials are a crucial part of learning
the nuances of flexible moulds.

2.2

Reinforcement

The reinforcement of a variable section member
introduces some complexity to the construction
process, yet fundamentally does not differ from an
orthogonal structure. Reinforcement is simply placed in
more complex shapes.
A crucial consideration is the end anchorage of steel
bars in support zones, which can be smaller than
normally found in prismatic elements. Some options to
deal with this are presented by Orr et al. (2014).
Creating a bespoke reinforcement cage is made easy
through the use of alternative materials. Work at the
University of Bath is developing novel applications for
Carbon Fibre Reinforced Polymers (CFRP) in an
automated construction process to create woven
internal reinforcement geometries. CFRP starts its life
as a flexible material. Once coated in resin, the
material remains flexible and can be woven into
precise geometries required for optimized structures.
Upon setting of the resin, the reinforcement cage
becomes rigid and durable, and can be placed into a
mould for concrete to be cast around it. An appropriate
combination of CFRP reinforcement and flexible fabric
mould can allow the casting of highly optimised
structures.
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CFRP is lightweight at 1.6 g/cm , as compared to steel
3
at 7.85g/cm . This is a crucial advantage for
automated construction. CFRP is highly durable, and
does not suffer from corrosion in the same way as
steel reinforcement. This is a further crucial advantage
for building and infrastructure management, as
durability is a key reason why steel reinforced
structures require rehabilitation and repair during their
service lives. With CFRP, such concerns are removed,
bringing long term economic benefits.
A bespoke reinforcement cage for an optimized beam,
wound in an automated process at the University of
Bath, is shown in Figure 8 and Figure 9.

Figure 8: Bespoke variable cross section
reinforcement wound at the University of Bath

However, many computational methods such as the
finite elements methods rely on assumptions of
material continuity during deformation that are
inappropriate for brittle materials such as concrete,
which crack. Dealing with the full behavior of concrete,
including cracking, is of crucial concern for optimization
procedures. It is only with accurate analytical tools that
the full potential of the material can be exploited. Work
at the University of Bath is now developing the use of
peridynamics for concrete structures (Williams, 2012)
to achieve this.
Peridynamics, developed by Silling (Silling, 2000,
Silling et al., 2007) and advanced by many others
(Gerstle et al., 2007) is a meshfree method for
analysis, and its underlying mathematics do not require
the member being analyzed to remain continuous
during deformation (as finite element methods do).
Therefore, cracking can immediately be modelled. The
peridynamic approach models solid materials as a
collection of particles held together by tiny forces, the
values of which are a function of each particle’s
relative position. Displacement of a particle follows
Newton’s laws of motion. The underlying procedure, of
filling a design space with randomly arranged and
interconnected particles, makes the peridynamic
approach highly appropriate for analysis of optimized
geometries.
This is a vital advance for analysis that will assist in
achieving optimized concrete structures with minimal
embodied energy. Images of analysis using
peridynamics are shown in Figure 10, with further
detail provided by Miranda et al. (2016).

Figure 9: Bespoke variable cross section
reinforcement wound at the University of Bath
2.3

Analysis

Structural design procedures for optimized beams, as
developed at the University of Bath (Orr, 2012) are
based on a sectional approach that aims to satisfy the
strength and serviceability requirements of the beam at
every point along its length. This process can be
undertaken at a variety of levels of sophistication –
from hand calculations, to macro based spreadsheets,
to the use of sophisticated computational methods.

Figure 10: Peridynamic analysis of a simply
supported beam with a central point load. During
loading (top); At shear failure (bottom).
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Construction

The essence of construction using a flexible mould
is to hold the fabric in a supporting frame in such a way
then when filled with concrete the desired form is
achieved. The fabric may be in flat sheets, or may be
tailored, with cutting patterns generated by
computational form finding. The required shape of the
structure is driven by the optimization process, which
can include strength, serviceability, aesthetics,
durability, construction process, and so on (Orr et al.,
2014).

‘keel mould’ (Figure 11) in which additional control over
the beam elevation is achieved using a keel that has
been pre-cut to the desired beam elevation; 3) a pinch
mould (Figure 11) in which fabric is pressed together in
various locations to prevent concrete from flowing into
those zones, this can be useful for the construction of
trusses.

3.1

Building services

The appeal of variable section members, coupled with
a high quality surface finish and the additional
advantages of exposed thermal mass make fabric
formwork an ideal means by which architectural,
structural and building service requirements can be
integrated.
Using the ‘pinch mould’ construction method, pre-cast
variable section fabric formed beams can easily be
created with voids in their midspan zones. Such
sections are rarely used in conventional reinforced
concrete design; yet provide a simple method for the
routing of service ductwork. However the provision of
services through a raised floor may be more
appropriate. Such an approach holds additional
advantages for the circulation of air exposed to the
concrete slab and allows the building to be easily
adapted for future changes in use.

3.2

Figure 11: Construction options for beams. Top:
Hanging mould; Middle: Keel mould; Bottom:
Pinch mould.
Some examples of construction for beams include 1) a
simple hanging mould (Figure 11) where a sheet of
fabric draped into a modest supporting frame. The
fabric is completely reusable, either for a repeat
element or for an entirely new beam geometry; 2) a

Costs

Whilst cost savings have been recorded in projects
that made use of fabric formwork for the construction
of columns and footings, there is limited data available
for the construction of more complex variable section
elements. The construction of complex doubly curved
concrete elements remains entirely feasible using well
established computed numerically controlled (CNC)
manufacturing processes to produce steel moulds for
use as formwork. However, such an approach is both
expensive and time consuming, and is suitable only
where multiple identical elements are desired. Using
fabric formwork, the creation of multiple ‘one-offs’ from
a single sheet of fabric is entirely feasible, and can be
undertaken anywhere in the world using simple
construction techniques.
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The future

Two projects being led Dr Orr at the University of
Bath are now making significant steps towards
achieving 1) fully bespoke internal reinforcement
systems using CFRP; and 2) analytical procedures that

allow us to fully exploit the potential for reinforced
concrete in optimized structures.
Additional work is required to investigate the potential
for participating fabric systems in which a composite
fabric incorporating carbon fibres acts as both
formwork and reinforcement. Improvements in threedimensional weaving capabilities may allow designers
to specify carbon fibre weave directions and densities
at various points along the length of a beam based on
the applied loads. Solving fire and vandalism
performance for such structures is a key challenge.
It is in the design of shell structures that huge material
savings can be found. Using a combination of
inexpensive fabric as formwork and lightweight,
durable, high strength carbon fibre sheets as
reinforcement, medium span shell elements such as
those already produced at CAST may become a
realistic alternative to existing floor and roof systems.
Work sponsored by the BRE Trust at the University of
Bath is now advancing this concept (Hawkins, 2016).
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Conclusions

By designing optimised concrete structures, significant
savings in material use can be achieved, with
concomitant reductions in both embodied carbon and
construction cost. Fabric formwork not only provides
the means by which such structures can be cast, but
by allowing excess pore water to bleed from the
surface of the concrete the resulting element is both
durable and beautiful. Developments being led at the
University of Bath are now providing the analysis tools
and bespoke reinforcement methods required to drive
forward the potential of flexible moulds.
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