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Concrete as a construction material is characterized by high compressive strength, low tensile strength, and good casting ability.
In order to fully utilize the potential of this material, the form of load-carrying structures has to be designed according to the
stress distribution in the structure. Partially hollow structures, such as hollow beams, or doubly curved structures, such as shells,
have favorable characteristics. In hollow structures, material savings are achieved in the individual building components by locally
reducing dimensions. Concrete shells, if designed properly, are able to span over large areas by transferring the loads mainly by
membrane stresses. The main problem with these structures, however, is the high effort required for producing the complicated
formwork. One possibility of reducing this effort is to use a pneumatic formwork. This paper describes different pneumatic
formwork systems invented in the past 100 years and presents the latest developments in this area. The many types of possible
applications are divided into three categories in order to obtain a clearer overview. Finally, a new construction method, called
“Pneumatic Forming of Hardened Concrete (PFHC),” is presented. This method was invented at the TU Vienna and uses the
pneumatic formwork in a novel way.

1. Introduction

The building industry consumes 50–60% of all used natural
resources [1]. The largest part of these resources used by the
building industry (about 40%) goes into making concrete. In
Austria, about 36 million tons of concrete is produced per
year, in Germany up to 261 million tons, and worldwide up
to 31,654 million tons (values based on cement consumption
[2–4], assuming an average value of 12% cement per m3
of concrete [5]). Considering the raw materials used for
concrete production (cement, aggregates, etc.), the transport
and production of onem3 of concrete cause about 190–335 kg
CO
2
equivalents. The emissions of one m3 of concrete of

class C30/37 correspond to those produced by a 2000 km
long car ride in a convenient middle-class car, which emits
120 g of carbon dioxide per km. In total, the concrete industry
is responsible for a large part of the global emissions, and
the worldwide concrete consumption is increasing sharply
(+27% from 2010 to 2015). Thus, it is crucial to reduce
these emissions caused by the concrete industry. Concrete
has a high compressive strength and a low tensile strength.

Unfortunately, most of the concrete structures do not use
these properties to their advantage. In most of the struc-
tures, high tensile stresses caused by bending moments,
shear forces, and torsional moments lead to low utilization
of the material and require a big amount of additional
reinforcement. In comparison, hollow structures or doubly
curved structures such as shells exhibit advantageous load-
bearing behavior if designed correctly. This leads to high
utilization of thematerial and reduces the amount of required
reinforcement.

Nevertheless, only few of these types of structures are
built at the moment. The main reason is that both the com-
plicated production and formwork as well as the falsework
are very material and labor-intensive. One possibility of
significantly reducing the effort required for the complicated
formwork and falsework is to use a pneumatic formwork. A
thin membrane is filled with air and serves as the supporting
structure. Many of the existing pneumatic formwork systems
struggle with process-related inaccuracies with respect to the
reference geometry and the thickness of the final structure. In
addition, the membrane serving as the supporting structure
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Figure 1: Construction method for pipes proposed by Nose [6].

can become deformed, particularly when a material with a
comparatively high density (e.g., concrete) is applied. This
results in deviations from the designed structure. To address
these problems, a new constructionmethod using pneumatic
formwork in a novel way is developed in this paper.

2. Historical Overview of Pneumatic
Formwork Systems

There is a wide range of different pneumatic formwork
systems. The following comprehensive overview shows dif-
ferent fields of application and different approaches. Existing
problems of the various systems will be analyzed, and the
results will serve as the basis for using the existing systems
in novel ways and for the development of new systems.

One of the first applications of pneumatic formwork was
patented in 1926 [6] and 1931 [22] by Nose for the production
of culverts and concrete pipes. As shown in Figure 1, he
used tube-like inflatable structures, mounted them on outer
frames (e.g., wooden sideboards), and filled the remaining
space with concrete. Afterwards he deflated and removed the
membrane.

A few years later, in 1941, Neff was the first to invent
a technology for building cost-efficient houses using pneu-
matic formwork [7, 23]. In this method, a membrane with
the desired form is produced first. This membrane is tied
down with ropes at the edges and the bottom to prevent it
from lifting off the ground. In the next step the reinforcement
is mounted and the concrete is sprayed onto the membrane
in multiple layers until the required thickness is obtained.
Subsequently, themembrane is deflated and removed. Finally,
the windows and the door are cut out. Figure 2 shows a
concept drawing of the construction method and Figure 3
shows a concept drawing of an improved version. Neff had
the problem that the tensile forces at the circumference led
to cracks in the lower parts of his shells. He improved his
construction method in 1952 by adding wrappings in the
lower part of the structure to absorb the tensile forces, as
shown in Figure 3. He graduated the length of the wrappings
in the transition area from a cylindrical to a spherical form
[8].

In 1949, Mathews patented a method for the production
of hollow concrete units [9]. An inflatable core positioned
between a bottom and top plate made of steel is used to leave
the desired space in between the plates, as shown in Figure 4.
Themain purpose of this was to reduce the required concrete
mass as well as the weight of the elements.
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Figure 2: Concept drawing by Neff for the construction of concrete
shells [7].
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Figure 3: Concept drawing of Neff ’s “improved method of erecting
shell form concrete structures” [8].

Leonhardt also worked with a type of pneumatic form-
work. He used tubular inflated rubber hoses as cladding
tubes. He placed additional steel rings at the bends of the
hoses and then inflated the tubes. By doing this, a ribbed
internal surface of the channel was achieved with the purpose
of reducing the friction of the prestressing cables [10].
Figure 5 shows a drawing of the production principle.

In 1968, Mora patented another method for the construc-
tion of lightweight wall elements [24]. Elliptical inflatable
tubes are placed between facing skins made of a suitable
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Figure 4: Construction method for hollow lightweight wall ele-
ments, invented by Mathews [9].
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Figure 5: Concept drawing by Leonhardt for using inflated tubes as
ribbed rubber hoses [10].

material (e.g., plastic, textile, rubber, fiberglass, or combi-
nations thereof). Unlike Mathews he rotated the pneumatic
structures by 90∘ and installed them vertically in the wall
elements. After inflation of the formwork, the concrete is
cast in the hollow space between the tubes and the skin. It
is crucial to fix the tubes securely in their position to avoid
lift-off due to the pressure exerted by the concrete.

Bini invented an alternative constructionmethod for shell
houses in 1969, which is described in [11, 25–27]. As opposed
to all themethods described above, he cast a flat concrete plate
and then formed the green concrete into a doubly curved
shell. He fixed the membrane inside a groove as shown in
Figure 6(a) running in the circumferential direction by inflat-
ing an additional pneumatic tube inside of it.Themembrane,
serving as formwork, is folded so as to accommodate the
strains in the circumferential direction during inflation by
unfolding. In the next step, the reinforcement is mounted. In
order to absorb the strains in the peripheral reinforcement,
the bars are formed into springs as shown in Figure 6(b). A

straight reinforcement bar is fixed in the middle of the spring
and pulled out slowly during the transformation process from
the flat plate to the doubly curved shell. Due to the larger
strains in the area in between the edges and the plate center
occurring during the transformation process, the thickness
of the flat green concrete plate increases from the edge to
that area and decreases again to the center of the plate as
shown in the concept drawing in Figure 7. After finishing the
transformation process, the concrete is compacted by surface
vibrators pulled by ropes. Bini built over 500 shells with this
construction method. An exemplary list of binishells built in
Australia can be found in [28]. In 1975, a modified version of
this method was used by the US Army. The main difference
was that they used steel-fiber reinforcement instead of the
complicated spring reinforcement and a membrane with a
greater thickness of up to 3.2mm.Various problems occurred
during the production of the shells. The strains in the
green concrete during the transformation process led to
variable shell thickness across the structures. In addition, it
is generally not possible to provide the same properties of
fresh concrete over thewhole plate for a longer period of time.
Consequently, geometric deviations occurred, which led to
the collapse of some of the shells built with this method.
Due to these problems, this construction method slowly
disappeared from the market.

In 1969, another construction method for the production
of cost-efficient houses was patented by Heifetz in Israel.
Similarly to Neff ’s method, a pneumatic formwork is inflated,
reinforcement is mounted on the outside of the membrane,
and shotcrete is applied [12, 29]. The difference is that Neff
used a pressure of 0.5–2.0 kN/m2 in the pneumatic formwork
and Heifetz used a higher pressure (4.0–10.0 kN/m2) in order
to minimize the deformations during concrete spraying. The
different production steps are shown in Figure 8.

In 1971, MacCracken patented a method for building self-
supporting shell roofs made of a flexible, heatable plastic
material [13]. As shown in Figure 9 flexible structure is
inflated and supported by the air pressure. The structure is
hardened by applying heat with hot gases or by feeding hot
fluids through ducts to achieve a heat exchange with the roof.
The ducts can later be used to melt any snow accumulated on
the finished structure.

Isler also experimented with pneumatic formworks. He
applied different materials such as concrete, gypsum, clay,
and water which he froze afterwards, onto the pneumatic
formwork [14]. He also used the inflated membranes shown
in Figure 10(a) for the form-finding process for humpback
shells. Figure 10 shows an urban project from 1977, in which a
balloon served as pneumatic formwork to build earthquake-
resistant houses in Iran [30]. Locally available materials such
as sand and clay were to be applied to the formwork. Unfor-
tunately the project was canceled due to the political situation
in the country. Preliminary experiments were performed
in Burgdorf in Switzerland with a gypsum-clay as well as
a gypsum-cement mix. The application process is shown
in Figure 10(b). The balloon had a two-chamber system to
allow a deviation from the spherical shell form and to avoid
the need for additional fixations at the circumference of
the pneumatic structure.Themanufactured prototype slowly



4 Advances in Materials Science and Engineering

38

52

35

50

33

54

36

39

24

40

20 34

(a)

190
194

196

194

192

198

194

200

200

194

160

(b)

Figure 6: Bini’s fixation of the membrane in the groove (a) and the special perpendicular reinforcement (b) [11].
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Figure 7: Bini’s shell construction method [11].

failed due to buckling as a result of the low freeze-thaw
resistance of thematerials. A gypsum-claymix can only resist
a dry cold, as would be found in Iran.

In 1978, Prouvost invented a pneumatic formwork
method for houses or similar buildings that is close to
previously developed methods. It is described in [15]. As
opposed to the previously invented methods, he used a
two-chamber system, which avoids the need for elaborate
anchoring of the pneumatic formwork at the bottom, as
shown in Figure 11.

A further constructionmethod for the production of con-
crete domes was invented in 1979 by South. Like others before
him, he also sprayed concrete onto an inflated pneumatic
formwork, as described in [31, 32]. In contrast to Neff and
Heifetz, South mounted the reinforcement onto the inside
of the membrane and improved the stiffness of the inflated
membrane by applying an additional layer of polyurethane

before the reinforcement and the concrete were applied. This
layer also serves as insulation.

Nicholls patented a shell construction method in 1984, in
which he applied a dry concrete premix onto a weakly curved
pneumatic formwork. Afterwards, the plate was transformed
into a doubly curved shell with the aid of the pneumatic
formwork [33]. Finally, water was sprayed onto the shell to
set the hardening process in motion. Two properties limit the
application of this construction method. First, the thickness
of the concrete premix can easily change during the transfor-
mation process, resulting in a variable thickness of the shell.
Secondly, the water-cement ratio varies significantly across
the finished shell due to the application of the water spray.
Thus, poor and varying hardened concrete characteristics
have to be expected.

Schlaich and Bergermann came up with the idea of using
additional ropes to influence the form of the pneumatic
formwork. As described in [34], these ropes create something
akin to ribs and have a beneficial effect on the load-carrying
behavior of the shell. Another idea of Schlaich consists in
placing precast concrete parts on a pneumatic formwork
to induce the desired deformations during assembly and
subsequently filling the gaps with cast in situ concrete [35].
This makes it possible to adjust the air pressure in the pneu-
matic formwork during construction, before the individual
elements are connected.

An extension of the construction methods invented by
Neff and Heifetz was developed by Thoeny in 2005 [16]. The
basic principle, shown in Figure 12, consists in using one
or more pneumatic structures, draping fabric over the said
structure(s), and applying a coating (e.g., sprayed concrete).
Subsequently the pneumatic formwork can be deflated and
removed.

Pneumatic formwork can also be used to build structures
out of ice. Exemplary Kokawa builds ice shells using inflated
formworks for about 30 years. He influences the shape of
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Figure 8: Domecrete construction method invented by Heifetz [12].
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Figure 9: Method developed by MacCracken for building rein-
forced plastic shells by inflating the formwork and hardening the
shell by heating [13].

the pneumatic formwork and subsequently the shape of ice
shell by prestressing additional ropes against the membrane
as described in [36]. After inflation of the membrane water is
sprayed onto pneumatic formwork until the requiredmaterial
thickness is reached.

An improved method to build structures out of ice using
a flexible mould is currently used by Pronk. Like Kokawa
he uses an inflated membrane with additional ropes as
formwork. The water is replaced by reinforced ice, a mixture
of water and sawdust called Pykrete, and is sprayed on the
pneumatic formwork using a centrifugal pump. So far he built
a number of impressive structures such as a 30∘m-span ice
dome or an ice church called the Sagrada Familia in Ice as
described [17, 18] and shown in Figure 13.

Another idea is presented byVerwimp et al. in [37]. A thin
textile-reinforced concrete (TRC) layer in its unhardened
state is applied onto a flexible formwork (e.g., a pneumatic
formwork) to increase the stiffness of the membrane. After
the first layer has hardened, an additional concrete layer can
be applied, which causes only minor deformations of the thin
concrete shell.The textile reinforcement in the TRC layer also
serves as part of the statically required reinforcement and
(partly) replaces the conventional reinforcement.

Quinn and Gengnagel describe in [38] the use of
pneumatic formwork for the erection of elastic grid shells,
highlighting speed, safety, control, and costs. The pneumatic
formwork is inflated and lifts the gridshell until the required
shape is reached.The systemwas already testedwithin a small
prototype within a student workshop.

A different application of pneumatic formwork was first
tested in 2014 by a team of the University of Stuttgart
[19]. Developed following the biological investigation of the
water spider, a membrane was inflated and subsequently
reinforced with epoxy-resin-impregnated carbon fibers. A
six-axis robot was placed in the middle of the structure and
sequentially applied the preimpregnated fiber roving onto the
inside of the surface where statically required [39]. Figure 14
shows the construction principle. After the carbon fibers
had been applied and the impregnation had hardened, the
membrane could be deflated and the openings cut out. The
impregnated fibers serve as the supporting structure and
the membrane serves as a leak-proof protective cover. The
demonstration structure with a span of 8.5m erected in
Stuttgart covers an area of 40m2 and encloses a volume of
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(a) (b)

Figure 10: Form-finding with pneumatic formwork (a) and production of a prototype of a circular house with a gypsum-clay mix (b) by Isler
[14].
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Figure 11: Construction method invented by Prouvost with two air
chambers to avoid the need for fixations at the circumference [15].
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Figure 12: Shell construction method proposed byThoeny using an
additional fabric layer before applying shotcrete [16].

125m3. The total weight of the prototype shell is only about
260 kg. Figure 15 shows the finished prototype.

Nowadays, pneumatic formwork systems are used fre-
quently, mainly employing the systems developed by Nose,
Heifetz, and South. Leading companies are SO.CA.P. Srl,
Dome Technology, Monolithic, Pirs, YSM, and Concrete
Canvas [20, 21, 40–43]. The construction principle of Mono-
lithic is shown in Figure 16 using the system of South.
Concrete Canvas uses fabric panels impregnated with a dry

concrete premix and connects them in a prefabrication
process in order to complete the structures. This allows for
easy delivery of the constructionmaterial to the building site.
This construction method is suitable for small shelters with
low static requirements.They can easily be assembled by first
inflating the formwork and then spraying the water. As with
the system developed by Nicholls, a varying water-cement
ratio across the structure has to be expected.

3. Classification of Existing Pneumatic
Formwork Systems

Analyzing the existing systems, the formwork systems are
classified into three main groups which are subdivided into
four subgroups, as shown in Figure 17. The first main group
represents the systems that use the pneumatic formwork as an
internal spacer to build tubes or hollow elements. This group
is called “air space pneumatic formworks” and includes, for
example, the systems proposed by Nose, Mathews, Loen-
hardt, or Mora. The second main group is called “classical
pneumatic formworks.” It contains the systems in which
a membrane is inflated first and the concrete or another
material is applied afterwards, such as the systems developed
by Neff, Heifetz, Prouvost, South, Schlaich and Bergermann,
Thoeny,Verwimp et al., orDoerstelmann et al.The thirdmain
group, called “lifting pneumatic formworks,” encompasses
the systems in which the concrete or a cement matrix is
applied onto a flat plate, which is subsequently transformed
into a doubly curved shell. Examples are the systems invented
by Bini or Nicholls.

3.1. Air Space Pneumatic Formworks. Air space pneumatic
formworks are the oldest known types of inflatable form-
works. They are used for two different purposes: either to
form a hollow space within a structure for a special purpose
(e.g., a pipe) or to form an air space in areas of low stress
within a solid building component to save construction
material. Particular attention has to be paid to fixing the
pneumatic structures in the right position and to preventing
them from lifting off. If the entire pneumatic structure is fully
enveloped by concrete, it has to be taken into account that
the membrane remains embedded in the finished structure.
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Figure 13: Ice structures built with pneumatic formwork by Pronk [17, 18].

Figure 14: Construction method used for the ICD/ITKE research pavilion in 2014/15 ©ICD/ITKE University of Stuttgart.

If the formwork is used to create some kind of tube, the
membrane can be deflated, removed, and reused. The most
frequent application of pneumatic formwork in concrete
construction is in light wall elements or light slab systems.
It has to be taken into account that additional formwork or
a trench is required to shape the external surfaces of the
structure.

3.2. Classical Pneumatic Formworks. Classic pneumatic
formworks are suitable for building thin shell structures.
Here, the pneumatic formwork is used to actively shape
the structure. This means that the pneumatic formwork
has the form of the finished structure. If a one-chamber
system is used, the air pressure is the same at any point and
acts perpendicular to the membrane. Since the pressure
is constant over the entire surface, a pneumatic structure
tends to have a spherical shape. The shape can be influenced
by using a knitted or glued pneumatic structure made
of tailor-made membrane strips or by prestressing the
membrane with wrappings or ropes. However, the tensile
force in the membrane is always directly dependent on
the internal pressure of the pneumatic formwork and the
radius of curvature. Pneumatic structures generally have
small radii of curvature and do not have to resist large loads.
Additionally, large deformations are permitted in most cases.
Consequently, most differences in curvature have no effect
on usability. In contrast, in pneumatic formworks used for

concrete structures, the pressure exerted by the concrete is
high in comparison to the internal pressure and additionally
the radius of curvature is relatively large. Sobek [35] analyzed
green concrete and found that it is sensitive to deformations.
He investigated the influence of deformations on different
mixtures and their hardening characteristics. The adverse
influence of deformations on the concrete properties can
be improved by using a tailored concrete mixture. Large
deformations and the long time required to apply the
concrete over the entire pneumatic formwork still remain as
central problems. A deviation from the desired rotationally
symmetric shell form leads to varying radii of curvature
and differing stresses in the membrane. The result is varying
deformations during the application of the concrete on the
membrane. However, this is not a problem as long as the
shell size is small and the utilization factor of the concrete is
low.

To use classic pneumatic formworks, several boundary
conditions have to be fulfilled. Sobek described the design,
the construction principle, and the production of classic
pneumatic formworks in [44]. He paid special attention to
the stresses in the concrete shells before and after deflation of
the pneumatic formwork (internal pressure and dead weight,
resp.) and found that pneumatically formed concrete shells do
not always exhibit membrane stress, as opposed to what was
thought previously. It is rather in the hand of the designer to
create a shell shape suitable for construction with pneumatic
formwork. Sobek also suggested that a big variety of different
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Figure 15: Inflated pavilion strengthened with carbon fibers which are applied by a robot arm [19] ©ICD/ITKE University of Stuttgart.

Figure 16: Schematic drawing of the construction method used by Monolithic ©Monolithic [20].

shapes can be built with classic pneumatic formworks if the
pressure is controlled very precisely. It has to be taken into
account that the atmospheric pressure (1-2 kN/m2) and the
change of temperature (change of the air volume) have a
great influence on the shape of the pneumatic formwork.
In [45], van Hennik and Houtman analyzed the behavior of
irregular classic pneumatic formworks. They stated that it is
possible to deviate from the spherical form, but this results in
local deformations of themembrane. In addition, unfavorable
tensile stresses occur in the finished structures, which limit
their potential significantly.

Different modifications to improve the stiffness of the
membrane for later application of concrete have been devel-
oped in the past. Experience shows that systems using an
additional stiffening layer, for example, the system developed
by South and used by Dome Technology, Monolithic, and
Pirs to build rotationally symmetric domes, have the highest
potential and can be used to build domes with spans of over
20m. An example of a finished concrete shell built by Dome
Technology is shown in Figure 18.

3.3. Lifting Pneumatic Formworks. Inflatable structures are
often used as lifting devices. They are characterized by low
weight, comparatively low acquisition costs, and ease of infla-
tion and deflation. Depending on the tensile strength of the
membrane, the strength of the seams, and the performance
of the pressure-producing device (e.g., a compressor, a side
channel blower, or a fan), high loads can be lifted, for example,
with lift pads.

Large lift pads can also be used as pneumatic formwork to
produce shells. A malleable material is placed on the deflated
pneumatic formwork and is transformed into the desired
shape when the formwork is inflated.

If the added material is still soft during inflation, the
lifting pneumatic formwork is said to be form-active (the
same as classic pneumatic formworks). If the formwork
deviates from the planned shape, the shape of the finished
structure will deviate too. During the transformation process,
the soft material has to be able to absorb the strains that
occur during the transformation of the flat plate into a
doubly curved shell. If, for example, concrete is used as the
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Figure 17: Categorization of the different pneumatic formwork systems.

Figure 18: Rotationally symmetric concrete dome built by Dome
Technology [21] ©Dome Technology.

construction material, it has to be taken into account that
different flow properties (caused, e.g., by different concrete
ages) across the surface can cause a deviation from the desired
shape. This can be a problem because unexpectedly high
stresses can occur in the finished structure. It is important
that the pneumatic formwork also is able to absorb the
large strains in the circumferential direction. Hence, either a
membrane with very high elasticity is used or the pneumatic
formwork has to be folded at the bottom which then unfolds
during the erection process.

An advantage of the lifting pneumatic formworks com-
pared to the classical pneumatic formworks is that the
moulded material can easily be applied onto the initially flat
membrane and transformed afterwards. Since shell structures
have small thickness-to-span ratios, only very low pressure
is needed for the transformation. If, for example, a concrete
plate with a thickness of 100mm is transformed, a pressure of
only 25mbar is sufficient for lifting.

Up to now, only green concrete, concrete premixes, or
a concrete premix in combination with a coating fabric has
been lifted, and they have been accompanied by geometric
deviations from the planned structure. In order to take
advantage of the favorable load-bearing behavior of doubly
curved structures with large spans, the shell has to be built
with minor deviations from the optimized geometry.

In the following part of the paper, a new and more
precise construction method, called Pneumatic Forming of
HardenedConcrete (PFHC), is presented, which uses a lifting
pneumatic formwork in a novel way.

4. The Pneumatic Forming of Hardened
Concrete Construction Method

The PFHC construction method was derived from hydro-
forming, as known from mechanical engineering, and rep-
resents a new way to build doubly curved shells in an
economical as well as labor and resource-efficient manner.
As described in [46], a flat, hardened concrete plate is
transformed into a doubly curved shell with the aid of
pneumatic formwork and post-tensioning tendons. During
the transformation process, the plate is lifted and distorted
by inflating the pneumatic lifting formwork and stressing the
post-tensioning tendons as shown in Figure 19.

Erecting a shell from a flat plate causes large strains
in the circumferential direction. To absorb these strains,
wedge-shaped gaps have to be left in the flat concrete plate
using tailored formwork. Pneumatic formwork with almost
the same diameter as the concrete shell is used to lift
the concrete plate to transform it into a shell. Additional
pneumatic wedges are fixed between the concrete elements
to protect the balloon in the areas of the wedge-shaped
gaps during the erection process. Using a reinforcement with
linear-elastic material behavior, a low modulus of elasticity
(50,000–100,000N/mm2), and high breaking strength (>2%),
for example, steel ropes or glass-fiber-reinforced plastic rods,
ensures that large strains in the concrete members can be
accommodated. As explained in [47], this novel building
method could be used for a large number of different doubly
curved surfaces. Because hardened concrete cannot expand
or contract much, large concrete plates can only be bent
in one direction, assuming that the used type of concrete
and the reinforcement are able to absorb the occurring
strains. Hence, developable surfaces have to be used. The
challenge for the design of these surfaces is to produce non-
overlapping representations consisting of developable singly
curved strips.

4.1. Active-Bending Lifting Pneumatic Formwork. Using
PFHC changes the application of the pneumatic formwork
from form-active to bending-active. The form of the
pneumatic formwork has no influence on the final form of
the shell. The pneumatic formwork only serves as a kind of
sealing layer. Thus, if the flat plate is produced with high
precision and all wedge-shaped gaps are closed during the
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Figure 19: Pneumatic Forming of Hardened Concrete (PFHC) construction method.
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Figure 20: Dimensions for the erection of a spherical shell (large-scale experiment).

transformation process, the resulting final structure can be
built with only minor deviations from the geometrically
optimal shape. The final form is found automatically as
the wedge-shaped gaps close. Therefore, large rotationally
asymmetric forms with positive Gaussian curvature can be
realized.

4.2. Concrete Properties. First, the flat plate is cast using con-
ventional concrete. Then, the hardened plate is transformed
into a doubly curved shell.This allows using provenmanufac-
turing techniques and ensures a high quality of the concrete,
as well as precise dimensions of the plate. As explained in
[48], the results of a large number of tensile and bending tests
on specimens with different concrete properties and different
concrete ages showed the following: the reinforcement has
a high impact and the concrete parameters have a very low
impact at the bending properties of the concrete plates. The

single but very important requirement is for the concrete
properties not to vary across the concrete plate.

4.3. Practical Applicability. In November 2012, a first pro-
totype of a concrete shell with a 13m span was built in
Amstetten, Austria, to test the feasibility of the construction
method [46]. The concrete shell with a height of 3.29m and
a diameter of 10.81m was erected from a flat plate with a
thickness of 50mm and a diameter of 13m. Figure 20 shows
the initially flat plate and the finished concrete shell. The
production of the 13m concrete shell was carried out in
different production steps.

In the very first step it was necessary to create a flat
working space for the subsequent production steps. Then,
two layers of thin foil (110 𝜇m) with a fleece as an interlayer,
serving as a lifting formwork, were placed on the flat working
space. The pneumatic wedges, used to reduce the stresses in
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Figure 21: Large-scale experiment in Austria: erection of a spherical shell using PFHC (2012).
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Figure 22: Dimensions for the erection of a free-form shell (large-scale experiment).

the foil during the transformation process, were placed onto
the two layers of foil before the formwork for the wedges was
mounted. 1200mof steel rope (diameter 5mm), used as radial
reinforcement, was fixed between a steel ring in the middle
of the plate and the outside of the formwork ring. The next
production step was to fix conventional reinforcing steel rods
(6mmdiameter), serving as constructive reinforcement, onto
the steel ropes in the tangential direction. In the last step
the concrete was cast into the formwork. After three months
of hardening, the flat concrete plate was transformed into
the finished shell structure within 8 hours by the following
process.

First, the pneumatic wedges were inflated with the aid
of a compressor. Then, the foil serving as a pneumatic

formworkwas inflated and thus lifted the entire construction.
Additionally, post-tensioning tendons, mounted at the slab
edge, were tightened with four hydraulic jacks. Subsequently,
the post-tensioning tendons were fixed in place. Finally, the
joints between the elements were filled with a mineral filler.
Figure 21 shows the flat concrete plate and the transformed
shell structure in its final state.

In spring 2014, a second prototype of a free-form shell
spanning 17.6 × 10.8m and with a height of 2.9m was built
in Vienna, Austria, to test the feasibility of the new building
method for free-form shells (Figure 22) [48].

The use of the peripheral areas of shell structures is
difficult, owing to the small height of the structure in those
areas. It can be challenging, for example, to fit furniture in
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Figure 23: Large-scale experiment in Austria: erection of a free-form concrete shell using PFHC (2014).

these spots. The shape of an ellipsoid was therefore modified
and used to create a similar structure with a different
curvature, so as to obtain a larger floor area with adequate
room height.

The “perfect” smooth geometry was discretized into a
polyhedron and split into 24 segments to allow the use of
the PFHC method. Subsequently, a polyhedral flat plate was
produced, which consisted of the previously mentioned 24
segments and 24 wedge-shaped gaps used for compensating
the compressive strains in the circumferential direction
during the transformation process from the flat plate to the
free-form shell.

The thickness of the initially flat plate was 50mm, except
for a 0.5m wide strip at the outer edges of the 24 segments,
where it was 200mm. The larger thickness at the edge of
the plate served as ballast and was necessary to allow for the
distortion of the concrete plate. Otherwise, the plate would be
lifted as a whole by the pneumatic formwork. Stainless steel
ropes with a 5mm diameter and 7 × 19 wires were selected
as reinforcement. Conventional 6mm reinforcement bars
spaced at 150mm served as transverse reinforcement in the
petal-shaped elements. A special nylon foil called Riverseal
200, produced by Rivertex, which is generally used for life
jackets, was used as the pneumatic formwork and for the
pneumatic wedges. The pneumatic formwork consisted of
two welded flat sheets of foil.

Figure 23 shows the initially flat concrete plate of the
demonstration project as well as the finished concrete shell.
The transformation process was performed within only 2
hours, after the concrete plate had been allowed to harden
for six days. After the transformation had been completed,
the post-tensioning cables were anchored and the membrane
was deflated.

5. Conclusion

Inflatable structures provide a material and labor-saving
alternative to conventional formwork systems using plywood
and framework. In this paper, a comprehensive historical
overview including the most important developments over
the past 100 years, as well as recent inventions and research
on the topic, is presented. Considering the wide field of
application, a classification of the different construction
methods into three main groups and four subgroups is

provided. The properties of the different applications of the
reviewed systems are analyzed, and the results serve as the
basis for the application of the existing pneumatic formwork
systems and for the development of new systems. Finally, a
new construction method is presented and its properties, as
well as two large-scale experiments, are described.
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