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1
Introdu ction

Pneumatic structures are membrane structures that are stabili zed by tension
due to the gpplied internal presaures. These structures exhibit interesting charac
teristics from a structural viewpoint, such as a reduced self-weight, which results
in structures that are globally lighter and more eonamicd than conventional ones.
Pneumatic structures also have some charaderistics that contribute to sustainable
development, such as their reusability and the use of natural li ghting and ventil a-
tion.

Although preumatic structures have been in use for the past 30 yeas, thereis
much to be developed and researched particularly regardingthe employed materials,
becaise new materials are being produced for developing preumatic structures with
better strength and duability.

1.1
Membrane structures

Unlike conventional structures, membrane structures are used as shelter con-
structions because of one of their important charaderistics:. their self-weight.

Otto[1] defines a membrane as a flexible skin stretched in such away that it
is subjeded to tension. Mixed structures that combine tradion cebles with elements
working under compresson a bending-compresson are dso lightweight structure
solutions.

Simple membrane structures auch as tents were used as shelter abou 40,000
yeas ago and then were used for transitory adivities such as military campaigns
and circus presentations. Becaiuse of their easy assembly, tentsis also an option for
shelter in emergency situationsdueto natural hazads, such asfloodsand huricanes,
or evenin war.

Nowadays, aspeds related to environment preservation and sustainable de-
velopment are being determined by the design of engineeing solutions. Membrane
structures have some daraderistics that contribute to sustainable development,
such as the use of natural light and ventilation and its possbility of reuse. It is
also shown that thistype of structure enables architedonic flexibilit y and the seach
for better structural efficiency.

Wakefield [2] hasreported that the design o lightweight membrane structures
requires a speda approadh. As oppased to wood, concrete, and iron structures,
in the case of membrane structures, loads are transfered to the suppats by the
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forces in the structure membrane. Wakefield [2] has reported that these structures
undergo significant displacements when loaded. Therefore, the analysis of thistype
of structure must consider the onset of large displacanentsandtherefore anoninea
structural resporse.

Lightweight structures are regarded by Bletzinger [3] as the proper structures
for optimal material use under extreme load or pretension condtions, i. e., for
maximizing the material efficiency under the imposed constraints.

1.2
Pneumatic structures

Accordingto Dent [4] pneumatic structures refer to structures aded on byair
or gas and relate particularly to architedure and construction.

Marcipar et a. [5] defines that pneumatic structures are composed by an
exterior flexible membranethat containsafluid inside (in general air or helium). The
function o theinterior fluid isto maintain the exterior membrane under tension. The
final shape of the inflatable structure andits dructural resistance depend strongy of
the deformation o the external membrane, the loads, and the pattern design. The
stiffness of the membrane is diredly related to the presaure of the ar contained
inside the structure and the internal volume.

This type of structure has some advantages: with larger volumes and higher
presaures greder spans can be adieved. Furthermore, the pneumatic structures
can be aeded or dismantled quckly, are light, portable and reduced materia
use. It therefore offers a possble solution to a wide range of problems, bath of
socia and commercia kinds. For instance pneumatic constructions can be used
to overcome temporary shortages of warehousing space It can aso be used to
provide shelter for the homeless in times of natural or man-made disaster, and
in these ealy days of space eploration, it has even been suggested for lunar
shelters. But of more importance than these gpplicaions demonstrate, is the fad
that pneumatic construction pantsthe way to an architedural revolution. To corred
the environmental deficiencies of rigid traditional structural envelopes, energy must
be supgied to hea and ventil ate them, bringing them up to the comfort standards
that are determined by the building's function; the amourt of this applied energy
depends on the insulation charaderistics of the structural envelope. The properties
and the different shapes of pneumatic structures are described in the work of
Herzog [6]. Parameters to determine the final shape of these structures are: type
of loading, magnitude of internal presaure, type of boundiry condtions, formation
of the membrane, number of membranes, type of utili zaion, type of membrane
material, surface wrvature, etc.
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Pneumatic structures are dassfied on the basis of the presaure gplied, as
high— a low—presaure pneumatic structures. A sub-caegory of pneumatic struc-
tures is defined on the basis of their construction operation: air—controlled con-
struction, air—stabili zed construction, and inflated cushions. In civil engineeing,
air—stabili zed constructions and inflated cushions are employed. Air—stabili zed con-
structions, as the name suggests, are membrane structures suppated by presaure
differentials. Inflated cushions are dosed membrane structures having an interna
presaure.

1.2.1
Air—stabilised construction

This is a thin flexible membrane which is suppated solely by presaure
differentials. These differencesin presaureinducetensil e stresesinto the membrane
(Dent [4]).

The dr—suppated structure is made up o four elements acording to Dent
[4]: the structural membrane, the means of suppating this membrane, the means
of anchoring it to the ground and the means of accessin and ou of the building
structure. The membrane structure is fabricated using fabrics or foils and it is
suppated by a presaure differential maintained by a constant supgy of air provided
by simple low presaure fans. The membrane is generaly clamped firmly to a
concrete foundation. Air locks are necessary for ease of accessagainst the presaure
differential.

(b)

Figure 1.1: Pneumatic gructuresin man’'s body: (a) Red bloodcdls, (b) lung

Pneumatic structures can be foundin nature li ke flexible membranes contain-
ing fluids under presaure. Some examples in human body are the red blood cdls
(figure 1.1(a)) and the lung (figure 1.1(b)). Anather example foundin nature is the
flower cdceolariathat is aflower with inflated petalsandit is shownin figure 1.2.
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Figure 1.2: Calceolaria - Inflated flower

Animal skin was used for water storage and for construction o tents as
shelters. The first attempt to use dar presaure in membranes was probably the sail .
Dueto wind, the differencesin pressure cause inflation o the sail providingamean
of propusion.

A more recent pneumatic structure development is the balloon which was
creaed in 1709 bythe brazlian Bartolomeu Lourenco de Gusméo (Visoni and
Candle [7]). Dent [4] reports the use of the balloon as air transportation system
in eighteenth century. In 1783the Montgadlfier brothers inflated, with ha air a 10
m diameter sphere made of paper and linen, and they observed this phereriseto a
considerable height before it descended. At the same time as these experiments of
the Montgadlfiers, Jean Baptiste Meusnier was uggesting a design for a dirigible
nonrigid airship, which was even more revolutionary. His designs were for a
cigar shaped structure with an inner bag, containing hydogen as the lifting agent,
surrounced by an outer envelope containing air at a higher presaure than that of the
atmosphere.

According to Dent [4] in ore field preumatic construction hes established
itself as the best solution to a particular problem, that of providing motor vehicles
with a smoother ride. Its main advantages over the solid tire ae twofold, firstly,
its superior ability to absorb road shocks throughconsiderably greder deformation,
and seaondy its unrivaled handing charaderistics due to the fad that a greder
surface aeaof tireisin contad with the road surface

Theway that air presaureis used to prestressthe membrane distingu shestwo
types of pneumatic structures: low—presaure and hgh—pgesaire.


DBD
PUC-Rio - Certificação Digital Nº 0721425/CA


PUC-RIo - Certificacdo Digital N° 0721425/CA

Introduction 19

1.2.2
High—pressure inflatable structures

This type of inflatable structure is inflated with high presaure, usualy higher
than LOKN/m?. According to Kroplin [8] the high—pressure inflatable structures
require the used of reinforced membrane materials. Motro [9] reports that the low—
pressure pneumatic structures occur when the whole functional spaceis presaurized
to the extent required to balance the external applied load. The full structure size
is adive and hence structural efficiency is extremely high. Becaise a substantial
uplift ads on the membrane, it has to be anchored to the ground o weighted down
along the boundary. Additional architedural drawbadks of this s/stem stem from
the neel for the enclosed spaceto be essentially seded and for air to be pumped
continuouwsly, thus limiting architecural flexibility and range of applications.

Marcipar et a. [5] reported that the use of inflated elements with high—
presaure has often been propcsed, but they have rarely been bult. One example
isthe Fuji-Pavill onin Japan. The reasons are that the necessary materials, structural
design and manufaduring techniques have nat yet been fully developed. There
are dso some disadvantages, such as joints design and exeaution and their big
vulnerability to air losses. In general, high—presaure inflated structures are difficult
to maintain and repair and have ahigh cost.

1.2.3
Low—pressure inflatable structures

Low—presaure inflated structures are the most common type used by civil
engineaing constructions. Some advantages of thistype of structures are described
by Marcipar et a. [5]. Inflatable structures formed by an assembly of self-suppated
low pressure membrane dements are ided to cover large space @eas. They aso
adapt easily to any design shape and have minimal maintenancerequirements, other
than kegping a constant low internal presaure to acourt for the dar losses through
the material pores and the seams.

Kroplin [8] reports that in the case of low presaure, about 0.5kN/n, an open
wall can be used, whereby the presaure is permanently impaosed by a blower, which
Is cgpable to ered the structure.

1.2.4
Inflated cushions

Inflated cushions are composed by two or more membranes closed and pres-
surized, with no accessble interior. Rigid elements at the edges or compresson
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rings are required in this dructure to give form and to close the envelopes. An ex-
ample of thisrigid elements are shown in figure 1.3(c). Figure 1.3(a) is an example
of an ETFE cushions facale and a testing o full-scde mock-up is presented in
Figure 1.3(b).

(b) (c)

Figure 1.3: Inflated cushions (a) 3-D overview of irregular shaped ETFE cushions usal in
facale assmbly (source Watts[10Q]), (b) Teging d full-scde mock-ups (source: LeCuyer
[11]), and (c) Rigid edge detail (source: Watts [10])

GomezGonzdez ¢ al. [12] reported that althoughthis type of structure first
experienced an important development in the sixties and seventies, it is in the last
decale that the inflatable system have improved most, alowing new sustainable
strategiesin climatic adaptive envelopes.

The probable ressonfor the increasing membranes use in constructionsis due
to the improvement of new materials with higher resistance and duability.

The study o GomezGonzdez ¢ a. [12] aso shows the geographicd situa-
tion o these structures. It is concluded that 40% of the studied projeds have been
made in Germany or United Kingdam, where these systems have been more ac
curately reseached and manufadured. Also, the dimatic condtions of these aess,
with solar radiation gainsin the winter and mil d temperaturesin the summer, benefit
the goplicdion o these systems. However, in the last decale the use of this tedch-
nology hes been developed in other zones with more extreme summers, like south
Europe or someregionsin Asia.

Marcipar et al. [5] reported that these structures are used instead of glass
elements due to their lower price which is 1/3 of a glass covering. So far there
are only two German companies deding with these inflated cushions in the world
market.
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1.2.5
Pneumatic constructions

The first known architedural attempt to apply the balloon ginciple to eath-
boundstructures was projeded by the English enginee, Frederick Willi am Lanch-
ester (Dent [4]). In his patent of 1917 for a field haspital, the basic principles of
air suppated construction for buil dings were redized. This patent, clealy derived
from balloon and airship construction, is remarkable on two acourts: firstly, he
appeasto befully aware of all the basic implicationsof buildings uuppated by air,
and seaondy, dthough hs patent concerns a field hospital, he mentions the poten-
tial of air suppated buldings for huge spans auch as thase encourtered in air craft
hangars and sports arena.

The pneumatic camping structure gpeaed before the Second World War
consisting o a waterproof membrane stretched between a pair of intersedion
air inflated ribs, exemplifying a very feasible form of construction for portable
buildings (Dent [4]).

Thefirst air suppated buldingrosein 1946in the U.S.A. to shelter antennae
from the severe dimatic condtions: the Distant Early Warning (DEW) line, a
"fencé' of radars in the Arctic that would guard against Soviet bomber attads. It
continues to this day as the North Warning System, presented by the newer radome
ontheleftin Figure 1.4.

ol

Figure 1.4: Distant Early Warning (DEW) line (source: Canadian milit ary journal [13])

Acocording to Dent [4] of prime importance to the whole projed for the
radomeswere the Laboratory windtunnel tests, which analyzed the stressesinduced
in the membrane by wind loads. In association with this reseach, membrane
materials were developed which were ale to withstand severe exposure. These
consisted of strongman-made fibers, such as nylon a terylene, which were cwovered
with asynthetic coating d vinyl, neoprene or hypalon. AsLanchester had predicted,
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apresaure differential of only 70mm of water pressure was all that was required to
maintain the rigidity of these 15 m diameter radomes in winds of up to 240 km/h.
By the mid 1950s, the succesqul performance of these radomes in the extreme
climate of the northern frontier of Americahad proved the pradicdity of pneumatic
structures.

In the last yeas the pneumatic structures has improved in conjunction with
the membrane materials and it has been used for temporary or permanent use. An
example of temporary useisalow presare inflatable structure for conferences and
an example of permanent use is a stadium with inflated cushions as Allianz Arena
(Figure 1.5).

Figure 1.5: Allianz Arenain Munich

In Brazl, some companies construct pneumatic structuresthat are mainly air—
stabili zed constructions. The material used in thistype of constructionis generally
fabric. Inflated cushions have several advantages and are the most widely devel-
oped type of pneumatic structure in the last 10 yeas. Despite the techndogicd
developments and advantages of this type of structure, inflated cushions can be
foundmainly in Europe, and orly a few constructions are found ouside Europe.
One example isthe water cube in Belji ng, which was constructed for the Olympics
in 2008

The study of Mgorana € al. [14] investigated the numericd and physicd
models developed for the design d a membrane roof for the Baptist Church of
Fortaleza @ well as the fabricaion and construction o the adual membrane; the
results of the models were compared with those of the red structure. The roof
area anourted to about 2,900 m?, which is a national record for flexible border
membranes, and to the best of the author’s knowledge, thisroof isthefirst case of a
fully computer asssted design processwithin Braal .
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The motivation for pursuing this topic goes beyond the avantages of
lightweight structures, which are mentioned ealier. The lad of inflated cushions
in Brazl andtheir limited usein other courtries of the American continent are mo-
tivations for reseach onthistopic. The global distribution of pneumatic structures
using inflated cushions, particularly using ethylene tetrafluoroethylene (ETFE) ma-
terial, is shownin figure 1.6.
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Figure 1.6: Distribution o pneumatic sructureswith inflatable aushions in terms of corti-
nent and courtry (source Moritz [15])

The use of inflated cushions is mainly concentrated in Europe, amourting to
95.6% followed by Asia, the Americas, and Oceania. Another interesting peceof
information is that 59% of the constructions with inflated cushions are located in
Germany.

A materia recently used in Europe and for the Olympics in China for
pneumatic structuresis ETFE. Thismaterial exhibitsa complex behavior. Theyield
stressand viscosity parameters show strong dependence on temperature.

Degspite the extensive use of this material, few studies have been conducted
with focus on constitutive model s that take into acourt its complex behavior.

Severa posgbiliti es exit for membrane materials, e.g., reinforced fiber with
glassor plastic, awooden beoard, a concrete plate, palyvinyl chloride (PVC) coated
with pdyester, teflon coated with glassfiber, fabrics, kevlar®(para-aramid synthetic
fiber), nylon, palytetrafluoretilene (PTFE), and sili con.

The study o nonlinea material behavior has included the materia ETFE,
whichiswidely used in pneumatic structures. Poirazset a. [16] reported that ETFE
has gained popuarity mainly becaise of its daylight transmittance and its potential
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for energy conservation. Accordingto GomezGonzdez « al. [12], sincethe devel-
opment of the ETFE fail , it has been used in most of the studied proposal s (84.75%),
mainly inthe last decale. Self-cleaning, durability, and highlight transmisson have
enabled its the use in many permanent envelopes, thus breaking the traditional re-
lation between inflatable systems and temporary buil dings. Other membranes, such
as paysulfone (PES) or fiberglass coated with PVC, are dso used in large aush-
ions, where high membrane resistance is required. Table 1.1 shows its membrane
materials used in preumatic structures.

Table 1.1: Membrane materials used in preumatic sructures (source GémezGornzdez
a.[12)

| Material | Percentage || Material | Percentage |
ETFE 84.75% FiberglasgPVvVC 1.53%
PESPVC 4.14% FiberglasgSili con coated 1.74%
PvC 3.70% Others 4.14%

Pressure-volume cougdingisanimportant fador in the resporse of pneumatic
structures. This cougding is based onthe fad that an enclosed preumatic structure
has an interna pressure, and when this dructure is subjeded to externa |oads,
the volume deaeases (increases) and the internal presaure increases (deaeases)
correspondngly. The concept of deformation-dependent forces also exists in this
typeof structure. Theformulationadopted throughou this gudyrefersto the studies
of Hasder and Schweizerhof [17], Rumpel and Schweizerhof [18], Rumpel [19],
Bonet et d. [20], and Berry and Yang [21]. Pressure-volume couding reveds the
observablefeaure that the presaure of an enclosed fluid provides additi onal stiffness
to the inflatable structure, which is analogous to the behavior of a membrane on
elastic springs. Thiscoudingis not considered in the conventional programs of the
finite dement method

1.3
Formfind ing

Formfindingisaprocessof optimizationthat resultsin an optimal formin the
equili brium configuration for agiven initial topdogy with fixed prestressloads and
boundiry condtions.

The computational methods of formfinding are divided into three groups:
simulation d hanging models, numericd simulation o soap films and structural
shape optimization.
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Hanging models are based on experimental models. These models were
improved by Isler [22], and they are used to generate the form of arch—freebending
when subjeded only to an axial compressonload. The objedive of hangingmodels,
as defined by Bletzinger [23, 24, 25], is to adhieve the transition from a tension
structure to a membrane structure by minimizing the bending pert of the strain
energy. The optimal shape generated by using hanging models is the result of
medhanicd deformation for one load case. Stability effeds canna be mnsidered
in hanging models.

Plateau demonstrated by numerous experimentsthat every contour of asingle
closed curve bounds at least one soup film (Lewis [26]). According to Otto [27]
soap films can na be subjeded to shea. The biaxia stress sate of soap filmsis
defined as a sphericd tensor, in analogy with the stress $ate induced by hydostatic
presaure, because the ésence of shea stresses generates normal streses equally in
all diredions. Dent [4] has reported that a soap bubbe is mounted by the surface
tension forces ading on bah sides of the soap film. Because of the uniformity of
these forces, the main charaderistic of the film is to form shapes with minimal
surface a@eg in which the walls are stressed equally at every point and in all
diredions, with no concentration o stressat any ore point. Stresses are equali zed
by liquid flow in the soap film, and therefore, stresspeaks canna occur under any
circumstances. Therefore, the analysis of soap filmsis considered important for the
design o membrane structures.

Structural shape optimization has been described by Bletzinger [24] as a
more genera tool, which the design variables are the wordinates of the model.
Botkin [28] reported that structural (sizing) optimizaion has been considered to be
the minimizaion o structural massby varying member sizes and pate thicknesses
of amodel i n which the geometry remains unchanged.

Bonet and Mahaney [29] used algorithms of formfinding and olserved that
in the case of membrane structures it is possble to start with an initial geometry
and determine the surfacegeometry subjeded to dead load. In atypicd processof
formfinding, it is conventional to start with a flat initia geometry. The boundary
constraints are set for displacanents at points on the boundry mesh. After the
boundary constraints are set, steps of formfinding are necessary to olxtain aminimal
surface For ead step, the reference @nfiguration is defined as the final shape of
the previous gep.
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1.4
Cutting p atterns

Generally, membrane structures have aurved shapes. To buld such curved
shapes film strip of a cetain width are joined. The smaller the width of the strip,
the doser is the obtained curved surface This building processis analogots to the
process of manufaduring clothes. The pieces of fabrics are aut in order to oltain
curved forms. The available width size of the membrane fabric dso defines the
cutting petterns.

Linhard [30] developed an approach cdled formfinding via autting petterns
that adjusts the stress gate drealy duing the formfinding processin an iterative
procedure, in such a way that the final form is the equili brium shape for stresses
resultingfrom assemblingthe autting patterns, whil e kegpingthe difference between
the adual and desired stress sate a gnall as possble. Linhard [30] developed an
approac cdl ed formfinding via autting patterns, which employsan iterative process
to adjust the stress s$ate during the formfinding process This adjustment is such
that the final form is the eyuili brium shape for stresses resulting from assembling
the autting petterns, and the difference between the adual and desired stress sates
Iskept to minimum. Figure 1.7 showsthe autting petternsfor a six-point tent; figure
1.8 showsits building process

Figure 1.7: Cutting petterns of six-point tent (source: Linhard [31])

The plane strips can be divided using a geodesic line or a autting line. The
difference between geodesic and cutting lines can be seen in figure 1.9. According
to Ishii [32], in the cases of simple aurved surfaces and curved surfaces with low
rise, a autting pettern can be drawn on a strip withou using the geodesic lines.
However, in the cases of complex curved surfaces and thase with highrise, the use
of geodesic linesis more recmmended.

For more detail s of cutting petterns, refer to the studies of Linhard [30], Ishii
[32], and Bletzinger et d. [33].
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Figure 1.9: Influence of pattern definition onmembrane dructures(source Linhard [31])

15
Wrinkling in membranes

Wrinkling in membranes is a widely studied topic becaise of the large
number of membrane structures that exhibit wrinkling. The concepts of wrinkling
in membranes are briefly described here. The present study daes not consider
wrinklingin the implementation, because typicdly, inflated cushions do nd exhibit
wrinkling.

According to Schoop et a. [34], membranes cannd carry compressve in-
plane loads becaise they do nd possessany flexura stiffness In this case, mem-
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branes wrinkle.

Vazuez|[35] reported that at any pant onits surface amembrane must bein
one of threestates. In the slac state, the membraneisnot stretched in any diredion.
In the taut state, the membrane isin tensionin al diredions. If the membrane is
neither taut not slad, it is in the wrinkle state correspondng to unaxial tension.
In the sladk or wrinkled state, the red configuration o a membrane is undefined.
Figure 1.10 shows the configurations for the threestates.

o0y Ly

(a (b) (e

Figure 1.10: Principle gatesof membranes (@) reference, (b) taut, (¢) and (d) wrinkle, and
(e) dadk (source Jaagarungkiat et al. [36])

Wrinkling experiments on initially flat, thin, linea-elastic isotropic foils
subjeded to in-plane loads are presented in the work of Wongand Pell egrino [37];
and awrinkled membraneis shownin figure 1.11.

Figure 1.11: Wrinkled membrane (source Wongand Pell egrino [37])

1.6
Objective

This dudy focuses ontwo main ojedives:

— reseach onmaterial models auitable for membrane materials.

— analysisof theinfluenceof the pressure-volume wugingininflated cushions.
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1.7
Thesis outline

The charaderistics and types of pneumatic structures are presented in chapter
2, which also presents the membrane formulation used in the numericd analysis by
the finite dement method

Chapter 3 presents the material models for membranes. Because of the large
variety of membrane materials avail able for membrane structures, different mate-
rial models are presented andimplemented. These material models are dastoplastic
and elastoviscoplastic for small strains, and hyperelastic, elastoplastic, and elasto-
viscoplastic for large strains.

A new material model based on non uiform rational basis $lines (NURBYS)
surfaces is propased and is presented in chapter 4. NURBS is a mathematicd
representation o a 3D geometricd shape and is used for obtaining curves and
surfaces. In this material model, the NURBS surfaces are used to represent the
constitutive relation between stresses and strains. The definition and formulation o
NURBS curves and surfaces and examples of validation for the proposed material
model are dso presented in chapter 4.

Chapter 5 presents the discusson on pesaure-volume cougding, which is
applied to preumatic structures. The main ogedive of this cougdingis to take into
acourt the influences of volume variation, which leals to the change in internal
presaure. The formulationfor the numericd analysisin the finite dement methodis
presented in conjunction with the analyticad analysis that enables the validation o
the numericd i mplementation.

Theimplementation o pressure-volume coupingandthe material modelsfor
inflatable structures was carried out in the structural analysis program developed by
the reseach groupat TUM. This program is cdled CARAT++ (Computer Aided
Research AnalysisTodl) andwasiniti ated by Kai-Uwe Bletzinger, Hans Stegmdill er,
and Stefan Kimmich at the Institut for Baustatik of the University of Stuttgart in
1987

Examples of applicaion o material models for membranes and pressure—
volume couping are presented in chapter 6, which also discusses an example of a
red pneumatic structure.

Finaly, the conclusions on the material models for membranes, conclusions
of the analysis considering presaure-volume mugding, and suggestions for future
studies are presented in chapter 7.
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