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ABSTRACT

This paper provides a qualitative investigation about the structural performance
of the membranes, surface structures (with double curvature in opposite
directions) with minimum thickness and weight, which absorb forces in form of
tensile stresses in its own plane, considering two aspects: structural and design
procedure. Initially, it involved the analyses of lightweight structure buildings
and the observation of constructive work process in membrane roofs. These
investigations allowed identifying strategies that contribute to achieve optimum
system performance and the challenges encountered along the stages of
designing and building. They also guided the qualitative analysis of the
performance of a structural membrane roofing project, i.e., a particular situation,
as example. This qualitative analysis was developed in two stages, guided by
experimental and numerical data. The first stage involved the optimization
procedure of the structural system under load action. This analysis showed that
the flexible system performance is a result of the three-dimensional stability of
the structural system (arrangement and geometry of all components),
membrane surface stiffness (membrane geometry), as well as the cooperation
of all components in pre-tension state. The second stage comprised the
experimental investigation of the membrane material behaviour within the
structure context in order to analyze the flattened membrane geometry. Such
evaluation enabled to verify the difference between the theoretical model
(shape of equilibrium) and the actual shape (consisting of flat panels), enabling
the proper adjustment of the surface geometry so that the final shape can
reveal not only the path of the forces, but also the best use of the material. The
investigations, analyses and working procedure here adopted broadened the
understanding of this system pointing possibilities to increase its performance

and to minimize failures during the preliminary stage of design.

Keywords: structural membranes, performance strategies, membrane material,

optimization process, membrane material testing.
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It is not the material but how it is used that matter i a Chinese old saying.
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1 INITIAL CONSIDERATIONS

1.1 INTRODUCTION AND BACKGROUND

The subject of this thesis, structural membranes, is based on the concept of surface
structures with minimum thickness and weight, which absorb only forces in the form
of tensile stresses in its own plane, and whose three-dimensional stability is a result
of the geometry (double curvature) and tautness. These fall within the field on tensile
structures when classified according to their internal stress state, in the group of
flexible systems according to their behaviour, as space systems considering its
morphological classification, and lightweight structures when considering their own
weight (PAULLETI, 2003).

These structures work together with the support system (masts, cables, truss,
arcs, etc.), normally in steel, in a joint and continuous way and in a tensile state of
stress. This association has enabled the development of structures capable of
spanning large distances with low weight, high strength, fast construction time and
reusability which became a trend in architecture and engineering.

The weight reduction lowers the cost and increases the adaptability of the
building, allowing multiple uses and greater application of them (ROLAND, 1973).
Thus, these structures have been widely used in complex buildings with large spans,
such as large roofs of stadiums, airports, amphitheatres, auditoriums and subway
stations, among others. They stand out in their use as retractable structures and as
temporary structures with easy assembly, great adaptability to different places, as the
accommodations for emergencies. These structures are also observed in multilayer
membrane, filled with gas, used as roofing or cladding of fagades, or filled with
mineral wool, in order to provide thermal insulation for the building.

These structures are characterized by high complexity presenting great
challenges to design and constructive procedures. They are flexible when compared
to rigid-type systems such as shells. Besides that, they present large displacements
under load action. Also, they present non-linear geometric behavior, making it difficult

to be analyzed by traditional methods and processes.
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The material used for membranes treated herein as structural fabric, presents
high efficiency (high strength and low weight). However, it displays a complex
behavior under tensile forces and needs to be verified by testing.

The wind is generally considered the critical loading of these lightweight
structures generating significant suction forces, except for buildings located in areas
with high snow load. This information require testing in wind tunnels, that provides
the appropriate values of the coefficients of wind pressure, which are necessary for
structural analysis (FOSTER; MOLLAERT, 2004).

Furthermore, membranes such as steel support system are prefabricated. The
manufacturing results from patterning process, which involves the flattening of the
three-dimensional surface. So these surfaces, compounded by flat panels joined by
seam, are just mounted and tensioned on site, which restricts major changes.

In Brazil, architects and engineers deal with the typical challenges of this
system, the uncertainties of the evaluated data (material and wind loads) and the
limitations of the numerical programs used. There are still few publications in this
area and lack of technical recommendations that ensure quality control of these
structures and the technical work of the teams involved in design and construction.

Because of these uncertainties and limitations, it is usual to adopt
simplifications in numerical simulations, according to the behaviour of the material,
loads, as well as the stages of patterning process. However, these simplifications
generate methodological flaws in design procedure, making the analysis less
accurate. These methodological flaws are added to the inaccuracies of constructive
elements, hindering constructive accuracy and performance of these structures.

These considerations highlight the motivations and justifications for
investigating the efficiency of a project, trying to understand the strategies used to
achieve the structural efficiency of the system and the procedures that enable
diminishing the methodological flaws of this preliminary stage of work, in order to
contribute to improve the performance (structural and building) of these structures.

This work is also a result of the cooperative project between Federal
University of Ouro Preto (UFOP, Ouro Preto, Brazil) and University Duisburg-Essen
(UDE, Essen, Germany), as well as the support of architects, engineers, and
manufacturing companies of structural membranes enabling integrate knowledge and

experience from different fields: architecture, engineering and materials.
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1.2 OBJECTIVES AND RESEARCH HYPOTHESIS

This work investigates the performance of structural membranes (with double
curvature in opposite directions) within the following contexts: structural (system
configuration and membrane material behaviour) and the design process.

It searches parameters or strategies that guide the optimal performance of the
system; and procedures that contribute towards the improvement of the system, to
minimize the methodological flaws of the preliminary stage of work and the differences
between the theoretical model and the real structure.

It starts with the assumption that the efficiency of these structures is derived
from the geometry of all system components (membrane and support system) and
their cooperative work in tensile state; in addition from the geometry of the membrane
resulted from patterning process.

Thus, this hypothesis involves two investigations. Initially, it analyzes the influence
of the geometry of membrane and the structural system arrangement in system
performance, regarding the membrane as a continuous spatial surface. Afterwards, it
analyzes the influence of the geometry of the membrane compounded by joined flat
panels, and so, it considers that the understanding and evaluation of the material
behavior are essential to minimize the differences between theoretical and real models.

1.3 METHODOLOGY

The initial stage of the work covered the literature review, investigation of design and
constructive work of membrane roofs and technical visits. This approach involved the
observation of the research object in site, increasing the perception of it, and made it
possible to integrate the theoretical support and scientific critical analysis of the object
under investigation, forming the basic knowledge that underlies this research.

The investigation of design and constructive work covered observation,
recording and analysis of membrane roofs under construction in Brazil, investigating
the challenges of these stages of work. The technical visits involved the observation,
recording and analysis of lightweight structure buildings in Germany, seeking to
identify strategies for achieving system efficiency. Technical visits to manufacturers
of materials were also carried out, seeking the understanding of the production
stages of the material.
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To demonstrate the hypothesis of this work within the structural context and the
design process perspective, it was conducted a qualitative analysis of the performance
of a structural membrane roofing project. This analysis was performed in two stages,
guided by numerical and experimental data.

The first stage involved the procedure in which the structural project set was
optimized. It covered modelling and simulation (preliminary analysis) of the structural
system (composed by membranes and system support) under load actions, using the
Force Density Method and Finite Element Method. The wind loads, used in simulated
models, were based on the wind pressure calculation NBR 6123 (ABNT 1988) and
the results of wind tunnel tests on tensile structures performed by Vilela (2011).

The second stage comprised the experimental investigation of the membrane
material for analysis of the geometry of the flattened membrane resulted from patterning

process. The tests were performed at Essen laboratory for lightweight structures -UDE.

1.4 ORGANATION OF WORK

This paper is organized into four parts. The first part includes the introduction of the
whole thesis: introduction and explanation of the subject; objectives and hypothesis
that guides this research.

The second part includes an overview of lightweight structures and the
knowledge that underlies this research. It presents the historical context, the
characteristics and principles of this system, as well as the analysis of lightweight
structure buildings in Germany and the strategies that contribute to achieve optimal
system performance. It describes the characteristics and behaviour of membrane
materials, highlighting the most used ones. Afterwards, it discusses the design process
of these structures and some work methods. Later, it points out the challenges and
failures encountered in the stages of designing and building in Brazil.

The third part presents a qualitative analysis of the efficiency of a project carried
out in two steps. In the first step it was assessed the influence of the system support
and the geometry of the membrane on the system performance under the action of
loads. In the second step it was assessed the influence of the geometry of the flattened
membrane on the system performance. This stage was guided to the experimental
analysis of the material. The fourth part presents the final considerations of the thesis:

the conclusion of this work and its contributions.
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2 LIGHTWEIGHT STRUCTURB&ERVIEW

2.1 HISTORICAL CONTEXT

Structural Membranes are referred to tents found in earlier times of civilization. These
lightweight and mobile constructions stand out as one of the first spontaneous forms
of housing built by man, being used to this day by nomadic peoples. The tents were
introduced into Western culture by Persian armies, being transmitted to the Greeks
and later the Romans (PAULETTI, 2003). It is also important to emphasize the
retractable roof made by the Romans for sun protection on internal courtyards and
theatres, called velaria, which according to Otto et al., (1972), they were constructed,

extended and retracted by sailing boats (Figure 2.1-1).

Figure 2.1-1 7 Black tent of the Middle East, Velaria, Chapiteau
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Sources: KOCK, 2004, p.23; JOTA; PORTO, 2003, p.5; FOSTER; MOLLAERT, 2004, p.26.

However, this form of construction evolved little since the Romans until the
late eighteenth century, being used in urban cultures as temporary or mobile
coverings, for accommodation of military campaigns, parties and public events. The
lack of development of these single curvature surfaces can be explained by their
instability to wind and strength limitation of the fabric and the connections (FOSTER,
1994).

According to Baier (2010), the first fabrics used in construction as tents were
made of wool thread (sheep, goat) and fibres such as flax and hemp. Cotton has only
been cultivated in Asia and South America in the late sixteenth century, enabling its
use for clothing and buildings. However, the shift of craftsmanship production of
fabrics for industrial production only happened right after the invention of the spindle
and loom, i.e., in the late eighteenth century, with the invention of the spinning jenny
and the power loom which revolutionized the textile production.

With industrialization, the development of weaving and the expansion of the
railroads, from 1860, the fabric roofs have become widely used in modern travelling
circuses (fabric roofs on linen canvas or hemp) in the United States and Europe, as
shown in Figure 2.1-1, (FOSTER, 1994 apud PAULETTI, 2003).
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However, the ideas and modern applications of suspended roofs with double
curvature in opposite directions with small pressure were observed only in the late
nineteenth century, with the work of engineer Vladimir Shukhov (1853-1939).
According to Linkwitz (1999), the space surfaces, consisted of flexible metallic nets,
which were proposed by Shukhov, were generated by the displacement of parallel
straight and reversed lines in space, directed by directrix curves (Figure 2.1-2).

Source;:SHUKHOV_TOWERé, 2010.

This basic concept, which allows freeform drawn was also widely used by the
architect Antoni Gaudi (1852-1926) in the coverage of the Sagrada Familia Church in
Barcelona, and by the architect/engineer Félix Candela (1910-1997) to develop
concrete hyperbolic shells. The free forms in concrete or wood can be set
independently of the flow of forces acting on them; however, under the effect of its
self-weight and external loads, they are subjected to bending and require certain
thickness and/ or steel reinforcement (LINKWITZ, 1999).

In 1952, the first significant experience in roofing using cable net for large
spans was registered with the design for the Raleigh Arena, North Carolina, USA, by
architect Matthew Nowicki and engineers Severud Fred and William H. Deitrick
(OTTO; TROSTEL, 1969). This cable net roof has introduced the principle of pre-
tension surfaces of double curvature in opposite directions, providing great stability
against aerodynamic loads, drawing the attention of architects and engineers from
around the world (Figure 2.1-3).
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Figure 2.1-3i External View and model of the Raleigh Arena, North Carolina, 1952
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Source: OTTO; TROSTEL, 1969, p.56, p.21.

However, according to Addis (1994), until the 50s, these structures were
limited to catenary or hyperbolic paraboloid curves, because there was not a design
procedure that enabled the development of structures based on forms of equilibrium.
These follow the path of the forces acting on them, such as the cable net under pre-
stress or freely suspended by its anchor points and the soap film (minimum surface)
(Figure 2.1-4). The forms of equilibrium are defined by differential equations, and
originally could only be revealed with the help of physical models, whose research

had as precursor architect Prof. Dr. Frei Otto.

Figure 2.1-4 7 Forms of equilibrium.

Soap film model; cable net suspended freely by their anchor points.
Source: OTTO, 1990, p.7.7; Adapted from OTTO; TROSTEL, 1969, p.29.

According to Rodriguez (2005), Prof. Dr. Frei Otto opened a new field of
knowledge with his thesis Cubiertas Colgantes (Das Hangende Dach) in 1958, based
on the theory of cables and suspension bridges, motivated by the properties of the
catenary curve and the structural systems consisted of spatial meshes and tensile
membranes.

Later, as a director of the Institute for Lightweight Structures (IL), University of
Stuttgart (1964-1992), he investigated the structural forms, with small-scale
experimental models. These studies were conducted by interdisciplinary teams of
architects, engineers and biologists and were based on the lightweight principle.

They were developed from the observation of the physiology of animals, shapes and



28

structures of nature, seeking to identify the consumption of matter and energy of
these systems (LEWIS, 2003). Among his works it stands out the structures of the
Olympic Complex, Munich (1972), which marks the beginning of modern tensile
structures engineering (DREW, 1979 apud PAULETTI, 2003), as shown in Figure
2.1-5.
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These studies provided an understanding of the qualitative behaviour of these
structures and the development of real models. They also made it possible for
engineers in the late '60s to create mathematical and computer models to simulate
the geometry and non-linear behaviour of three-dimensional curves. According to
Addis (1994) apud Nunes (2008), the tensile structures caused a revolution in
building culture in the '60s: it nourished the development of engineering and the
research on new materials, motivated by new designing methods developed by
architects and engineers.

Frei Otto's research and development of technologies of hot air balloons in
France in the late eighteenth century, and the 1st International Colloquium on
Pneumatic Structures in 1967 stimulated the development of pneumatic structures,
having its golden days in Expo'70 in Osaka.

The development of materials technology can be observed only in the second
half of the twentieth century, making it possible to replace easily decay materials (fur
and natural fibres) by synthetic fibres or foils of high performance, durability, reliability
and safety to fire (KOCH , 2004).

According to Baier (2010), fabrics made with natural fibres, when compared
with the current synthetic ones, absorb more moisture, are heavy, flammable,
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susceptible to mildew, rot, dirt, even under the use of repellents and flame retardants,
which also interferes with its durability. Thus, with the discovery of synthetic fibres
(Nylon in 1938 and Polyester in 1947) and demanding of durability, mechanical
strength and standardization of material properties, there is occurred the reduction in
the use of natural fibres in construction. Moreover, the progressive development of
other synthetic fibres and plastic products influenced the change in small-scale
manufacturing to large global industrial production, and improved the quality and
characteristics of materials wused in todayo

Noteworthy are the structural fabrics of polyester coated with PVC, used since
the 50s, the fibreglass coated with Teflon (PTFE), used from the 70s (HUNTINGTON,
2003), as well as the translucent ETFE foil, used from the 80s.

These high quality materials, with its minimal weight and stiffness, developed
according to a structural logic that makes them slightly deformable under load action,
as they are guided by concepts such as the double curvature and surface pre-stress,
so that under load action, there are just the initial stress decreases (RODRIGUEZ,
2005).

The combination of these structural fabrics to steel structures, mostly, has
enabled its application to permanent structures, capable of spanning large distances
with low weight, as well as retractable and temporary structures. It favours this
approach: patterning, standardization and pre-fabrication of steel structure and
development of high resistance connections that facilitate adjustment, joint and
assembly of components.

The retractable structures allow altering their shape within a relative short
time, and the use of open and closed features. These structures are associated with
folding or sliding mechanisms.

The temporary coverings can be disassembled and carried in small volumes
such as nomadic tents. They allow mobility and adaptability to different sites and
activities, as a reversible intervention on the site.

These structures with minimum thickness are most suitable as open roofs
allowing air flow and velocity (BAIER, 2010) or associated with conventional
constructions, so that the membrane can act as a passive filter to the environment,

creating a pleasant microclimate and integrating different spaces (Figure 2.1-6).
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Figure 2.1-6 1 Frottmaning station i Munich, 2004
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Arquitetos: Bohn Architekten, Munich (image by author)

These structures are also observed in multilayer membranes filled with air or
insulating material, and translucent ETFE folils filled with air used as, for example, the
cladding of facade and roof of Allianz Arena (Figure 2.1-7). The system promotes
greater control of thermal conditions within the building and reduces mechanical
ventilation (heating or cooling) costs. However, multilayer membranes reduce the
translucency during daytime (CHILTON et al., 2004).

Figure 2.1-7 1 Allianz Arena, Munich, 2005

Architects: Herzog& De Meuron, Basel; Eng.: Arup GmbH, Berlin and Sailer Stepan und Partner, Munich
(image by author)

2.2 CONSTRUCTION SYSTEM

The membrane is a continuous two-dimensional surface 1 two significant
dimensions, with a very small third one (thickness) i with minimum weight, that is,
one flexible surface whose three-dimensional stability and ability to withstand loads

result from its geometry (double curvature) and pre-stress state or tautness.
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These structures exhibit behavior similar to cable nets: they take up shapes
according to the forces that act on it. They perform as active form or form of
equilibrium, and support loads by reactions in the form of tensile stresses in its own
plane (Figure 2.2-1).

These surfaces work jointly and continuously with the system support, which
involves the tensile flexible elements (cables), elements under combined flexure-axial
forces (masts, beams, arches, frames) and/ or tensile and compression elements/

systems (trusses, tensegrity systems).

Figure 2.2-1 7 Cable nets/ membranes (double curvature in opposite directions): forms of equilibrium

Source: Adapted from ROLAND, 1973, p.15.

According to Knippers et al. (2011), the geometry of the membrane surface is
defined by its principal curvatures and the Gaussian curvature (Figure 2.2-2). The
principal curvatures describe the magnitude and direction of the curvature, the
minimum and maximum at one point on a surface. They result from the intersection
of perpendicular planes to the tangent plane of the curved surface at the considered
point. The principal curvatures (k; e k) correspond to the inverse of the radii of
curvature (ky=1/r;). The direction of curvature is indicated by values, values over
zero indicate the curve toward the observer (convex), and values below zero indicate
the curve in the opposite direction to the observer (concave). Thus, the Gaussian
curvature is a measurement of the surface curvature, i.e., the product of the principal
curvatures (K=kz. ka=1/ry . 1/rp).

When these curvatures are oriented in the same direction, that is, when the
centres of these curvatures are on the same surface side, they are called synclastic
curvatures and the Gaussian curvature is positive (K> 0). They are pneumatic
structures stabilized applying pneumatic or hydraulic pressure in volume.

When the curvatures are oriented in opposite directions to each other and
produce a warping effect to the surface, they are referred as anticlastic curvatures,
and the Gaussian curvature is negative (K <0). These are stabilized by applying pre-

stress in the plane of the membrane at its boundaries. When radii of principal
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curvatures are equal, the surface stress is uniform (constant in all directions), forming
a minimal surface (minimum surface area), as obtained with the soap film.

On the surfaces of a single curvature, as cylinders and cones, one of the
curvature radii goes to infinity. Then, the Gaussian curvature is zero.

Figure 2.2-2'1 Principal curvatures: r; and r, and Gaussian curvature (K) of curved surfaces.

e Planes of principal curvature

[Tl

Source: adapted from KNIPPERS et al., 2011, p.136.

The work carried out independently by Young (1805) and Laplace (1806), also
considered to express the membrane, shows that the difference between inner and
outer pressure across the curved fluid surface (p) is directly proportional to the surface
stress (() and inversely proportional to the surface radii (r; r,) that occur in planes
perpendicular to each other, [p= 0 (1/r1+ 1/r2)]. In case of soap film (idealized membrane
with anticlastic or plane surface), the stress (0) is constant and the pressure (p) is zero,
so the equation is reduced (1/r; + 1/r, = 0), (LEWIS, 2003). It can be said that the
membrane stress field is similar to the state of plane stress, but across a curved surface;
the membrane withstand loads by the double curvature of the surface, according to the
relationship of tensile forces (T1; T») in the principal directions (orthogonal directions to
each other, in which the curvature radii are maximum or minimum) and principal
curvature radii (rq; r2), (T1/r1 + Tolr,=0), (PAULETTI, 2007), as shown in Figure 2.2-3.

Thus, surfaces that have small curvature (large radii) require large pre-tension
forces to stabilize them, while the surfaces that present greater curvature (smaller
radii) are lighter structures. Therefore, the curvature radius changes the geometric
stiffness of the surface and can help to minimize its deflection (change of shape

geometry).
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Figure 2.2-3 1 Soap bubble (a), soap film (b); behavior of the anticlastic membranes (c)
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i1 ) O = stress

Source: (a,b) adapted from OTTO; TROSTEL, 1967, p.13; OTTO; TROSTEL, 1969, p.70; (c) adapted
from ROLAND, 1973, p.15; adapted from PAULETTI, 2007.

2.3 PRINGPLESOF THE SYSTEM

According to Lewis (2003), the membranes have as reference structural forms that
follow the lightweight principle i.e., forms that have the least amount of material, high
stability and overall strength.

So to understand the behaviour of these structures it is important to know the
principles behind this system. Noteworthy are the studies by Prof Dr Frei Otto,
together with his study group, and Buckminster Fuller. Both sought to understand
how the structures of nature maximize its stability and resistance and how this

knowledge can contribute to the improvement of structures.

Frei Otto i Lightweight principle

The lightweight principle, according to et al. (1997), is associated with the load-
bearing capability of an object or structure, as well as its capability to transmit
relatively large forces with little mass over a certain distance. Moreover, the mass of
an object or a structure depends on the shape, the material used, the type of load
acting in it, how it is applied, and the structural arrangement. Thus, the knowledge of
the relationship between mass, force and form sets the fundamentals of light
structures and allows understanding that lightweight is rarely accidental.

This principle results from a process of optimization of structures, i.e., the
improvement of the geometry of the building components and the way they are
organized in order to reduce the mass itself and to support the most critical load
combinations (Figure 2.3-1). Therefore, it is considered one of the bases of the

evolution of natural and technological objects.
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Flgure 2.3-17 Optlmlzatlon process of structures phy5|cal models, drawmgs and image of tree

Source: physical model from Institute for Lightweight Structures and Conceptual Design - ILEK,
University of Stuttgart (image by author); OTTO et al., 1990, p.2.38, 2.40 (image of tree and drawings).

This process of refinement and selection has its roots in nature, as it can be
seen in the shells and trees. According to D'Arcy Thomson (D’ARCY THOMSON,
1917 apud LEWIS, 2003), the shells grow smoothly, without changing its shape and
in an asymmetrical way. Such growth is characterized by a geometric progression
and can be represented as a logarithmic spiral.

The trees, according to Mattheck (MATTHECK, 1990 apud LEWIS, 2003), are
highly optimized living structures. Characterized by minimum weight, they can
withstand all relevant loads by large movements. Furthermore, load changes are
compensated by adaptive growth, and in the case of failure of a branch, it is clear
that the regeneration process minimizes the area of the wound surface. These
characteristics refer to the minimum area and constant tension, and can also be
observed in the soap films (Figure 2.2-3b). These surfaces, also considered idealized
membranes, take up the configuration of minimum potential energy which means
minor action. Thus, as the potential energy is minimum, they present stable

configuration.

Buckminster Fuller - Synergy
Buckminster Fuller investigated how to arrange the components in pursuit of greater
efficiency, i.e., the relationship between geometry and the forces acting on the
structural system components and their overall behaviour. He observed that the
performance of the components (parts) when they work together and simultaneously
exceeds its individual performance (parts or sub parts).
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According to Baldwin (1933), for B. Fuller, the unexpected action of associated
elements (whole) amplifies the performance of individual parts and can be defined as
synergy, being observed in geometry, configuration of chemical components and
nature. In chemistry, there is the example of the performance of the alloy of chrome-
nickel-steel. This exhibits ten times the tensile strength of its weakest component
thereof and six times the resistance of its strongest component, being much greater
than the sum of the resistances of all its components. In geometry, there is the
example of how six bars can be connected. These may form two or four triangles, as
flat shapes or a volume (tetrahedron) as the bars are arranged synergistically (Figure
2.3-2).

Figure 2.3-2 7 How six bars can be connected: they may form two or four triangles.

Source: BALDWIN,1933, p.68.

Among his inventions, the space system composed of discontinuous
compressed bars, embedded in a continuous cable net forming a stable volume in
space, called Tensegrity can be highlighted (Figure 2.3-3). In this system the
structure can be organized more economically using small components and

prioritizing the use of components working under tensile forces.

Figure 2.3-3 1 Tensegrity made from: prism (a) and octahedron (b); Tensegrity arch (c)

Source: (a,b) REBELLO, 2000, p.136; (c) GOMES JAUREGUI, 2007, p.118 (courtesy of image by Bob
Burkhardt, Mascit y Kenneth Snelson).
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2.4 STRATEGIESHAT GUIDE THE OPTIMUM PERFORMANCE OF THIS SYSTEM

After understanding the principles behind this system, the question arises: how to
achieve optimal performance or efficiency of this system?

Thus, it was proposed the analysis of constructed buildings, i.e., membranes
and cable nets roofing, grid shell and wooden shell covered by glass and membrane,
as well as steel supporting system covered by translucent tiles.

The selection of these buildings aimed to do a qualitative evaluation of the
performance of the structural membrane in the context of the lightweight structures.

The first stage of this research involved observing in site buildings, taking
photographs, making sketches (not to scale) and analysing structural concept
proposed of the selected buildings, according showed in this work. Then, the
strategies or rules used by architects and engineers for these structures achieve
great performance were identified. The analysis of some of these buildings and the
strategies identified are presented, as it follows (sections 2.4.1 e 2.42).

2.4.1 OBSERVATION AND ANALYSIS OF BUILDINGS

Roof of the courtyard - History Museum of Hamburg History, Hamburg, 1989
Architects: von Gerkan, Marg und Partner, Hamburg; Engineers: J. Schlaich, R. Bergermann
The roof of the inner courtyard of this Museum complies two rectangular areas with
different dimensions (L-shaped); it is made up of two cylindrical shells, whose
junction has a dome shape (double curvature), as shown in Figure 2.4-1.

The curved surfaces system, known as grid shell is formed by the combination
of a flat grid with hinged joint and a stressed cable network, then covered in
laminated glass plates. The grid is composed of steel bars* (solid) of similar length
with connections that rotate around its axis. These connections allow the bars to
adapt to the surface geometry, forming square meshes (cylindrical area) and
rhombus-shaped meshes (dome). The ends of these bars are connected with
diagonal cables continuously pre-tensioned, increasing the rigidity of the shell and
preventing the bending.

Besides the combination of two mesh with different behaviours, cables

(tension) and bars (compression), it was observed that the cylindrical arches have

1 Steel bars (117x 60 x 40 mm), according Schlaich and Bergermann (2003).
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tensile cables (radial cables under pre-tension) to control the arch deformation and to
eliminate horizontal reaction.

Figure 2.4-1 1 Roof of courtyard - History Museum of Hamburg
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1 cable net
2 flat grid with hinged joint (solid bars)
3 pre-tension cables

) ‘5‘\ i . “.I:\“C;\ \; _ <4 ‘I (b)

(a, b) 3D views, plant syst. support (drawing), (c, €) pre-tension cables, (d) internal view, (e) tensile
cables, (f) roof support (sketches and images by author)
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Exhibition hall, Hiickelhoven, 1996, (2800m?)

Architects:: Prof Dr Bernd Baier, Leo Graff, Aachen; Engineers: Prof Dr Wilfried Fuhrer, Prof Friedhelm
Stein, Ulrich Kosch, Aachen.

The roof of the Exhibit Hall in Hickelhoven (base approx. 42 x 96m) is composed of
five saddles (paraboloids), being supported by four large three-hinged wooden
arches which are anchored on concrete pillars, spanning distances of approximately
42m, as shown in Figure 2.4-2.

On these three-hinged arches there are slender wooden purlins (cross section:
20x10cm), which bow as suspended cables working only under tensile forces and
defining the surface geometry (anticlastic curvature). Furthermore, the ends of these
three-hinged arches are tensioned by boundary arches compound of wood and steel.
Thus, the thin wooden shell with anticlastic curvature working under pre-tension,
presents membrane behaviour, it only absorbs forces in the form of tensile stresses
in its own plane.

As this exhibition hall is a closed environment, it presents acoustic insulation,
as well as ventilation and overhead lighting, aiming at optimal internal temperature
control. Therefore, the purlins support the laminated wooden shell (which has a
protective film against moisture) and the thermal and acoustic insulation (mineral
wool mattresses), as well as the overhead lighting and ventilation structure. The
outer roof is made of PVC- polyester* membrane (which was welded on site).

This Exhibit Hall was rewarded in 1994 with International GLULAM Award and
1996 with Holzbaupreis Nordrhein-Westfalen.

2 PVC/polyester: membrane material compouned by polyester fabric coated by PVC, section 2.5.2.



39

Figure 2.4-2 1 Exhibition hall, Hickelhoven

overhead
lighting

1 mast (concrete)
6 2 three-hinged arch (wood)
5 3 purlin (wood)
4 boundary arch (wood + steel)

additional 5 covering (laminate wood)

i) stesl belt steel ring 6 insulation (mineral wool)
(c) e 7 membrane covering
8 gutter

(a, b, c) 3D view, plan and vertical section syst. support; (d- detl, h)) anchoring of the three-hinged
arch; (d- det2, f) points of pre-tension of the edge arch; (e) external side view; (g) internal view; (i)
overhead lighting on three-hinged arch, (j, k) three-hinged arch and purlins; (f, i, j, k) images by author;
(g, h) photos: Friedhelm Thomas, Krefeld (Informationsdienst Hols, 1996); (a, b, c) sketches by author;
(d1 e d2) drawings by Prof Dr Baier.
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RheinEnergie Stadion, Kdéln, 2003
Architects: von Gerkan, Marg und Partner; Engineers: Schlaich Bergermann und Partner, Stuttgart
This stadium in KoIn presents rectangular base. The concrete bleachers are
positioned on each side of the polygon and covered with metal and translucent tiles,
(Figure 2.4-3 and Figure 2.4-4).

The arrangement of the roof support system in steel is remarked by the
combination of systems: frames and suspension bridge structure. The masts, (with
hollow cross section, compounded by the arrangement of tubular profiles) located at
the corners of the polygons, are linked to large truss beams forming four large
frames. However, such large truss beams are also suspended by cables as a bridge,
minimizing the bending. Moreover, the quadrangular cross section gives the beam
torsion stability.

The masts are hinged and had truss arms, which are held and pre-stressed by
cables at the top of the mast and base, reducing the buckling length and increasing

its structural stability.

Figure 2.4-37 RheinEnergie Stadium, Koln
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1 mast (hollow section) with hinge 2 truss arm 3 truss beam 4 pre-tension cable 5 cables
6 cantilever truss 7 tubular profiles 8 bracing (vertical plane)
9 bracing (horizontal plane) 10 concrete bleachers

G

|

(a) 3D view, (b) plan and vertical section of the system support; (c) front view;
(sketches and image by author).
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This large suspended truss beam hold cantilever truss beams (comprised of
steel profiles and cables) that support the steel tiles. This large suspended truss
beam also supports the gutter for collecting water/ snow from roofs.

In order to withstand wind suction, the ends of the cantilever truss beams,
which support the steel tiles, are held by slender tubular profiles to the concrete
bleachers structure, also allowing the connection between the steel structure and the
bleachers concrete structure. These cantilever truss beams are braced. There are
also bracing in the vertical plane, between the tubular profiles, in the central part of

the external faces of the stadium.

Figure 2.4-4 7 RheinEnergie Stadium, KéIln
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(a) internal view; (b) roof of the bleachers; (c) mast; (d,e) detail of tubular profiles; (f, g) anchors of the
mast and cables (images by author).
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Imtech Arena (Volksparkstadion), Hamburg, 1998

Architects; Mos Architekten; Engineers: SBP Engineers

This stadium in Hamburg presents polygonal base, composed of 40 segments. The
bleachers are made of concrete and covered by surface membrane roof (PVC /
polyester), supported by steel profiles and cables (Figure 2.4-5, Figure 2.4-6).

The roof supporting system is compound of cable girders?® positioned
perpendicularly to the polygon faces, connected to the tensile inner ring and tubular
masts (which are connected to the compressing outer ring), showing similar
behaviour to a bicycle wheel or spoked wheel.

The lower cables of such beams support tubular arches. These arches have
pre-tensioned cables, allowing eliminating the horizontal reaction. Furthermore, the
tubular arches and the lower cables support saddle-shaped modules of the roof. The
cable girders divide the roof in 40 modules. Each module is divided into eight
modules in the form of saddles, totalizing 320 saddles.

The masts are hinged connected to their base plates and have lateral bracing
(profile with variable transversal section held by pre-stressed cables to the top and
base of the mast), reducing the buckling length and increasing its stability. These
cables are also jointed to tubular arms that are connected to the steel bracing frame

that involves the concrete bleachers.

Figure 2.4-5 1 Imtech Arena (Volksparkstadion), Hamburg

1 mast with hinged joint 2 tubular ring (compression) 3 cable ring (tensile) 4 cable girder 5 arches
6 pre-tension cable of the arch 7 mast profile 8 tubular profile 9 pre-tension cables
10 bracing structure connected to concrete bleachers

(a, b, c,d) 3D view, plant support system, vertical section and detail of the mast; (sketches by author).

3 Cable girders: beam compounded by curved cables connected by vertical cables under pre-tension. In this
arrangement, all components are under pre-tensioning (OTTO; TROSTEL, 1969).
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Figure 2.4-6 1 Imtech Arena (Volksparkstadion), Hamburg
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(a) internal view; (b) external view (c) bars mast detail, () mast base; (d, h) union between surfaces
and arcs with pre-stressed cables; (photos by author).

Retractable roof, Castle Kufstein, 2006 (2000m?)
Architects: N. Kugel; Engineers: A. Rein
The retractable surface membrane roof (PTFE/PTFE®) located in the courtyard of the

medieval castle of Kufstein is supported by steel tubular masts and a spatial
supporting system. It presents polygonal shape, slightly circular, made up of 15 equal
segments (Figure 2.4-7 and Figure 2.4-8).

The roof spatial supporting system is compound of cable girders associated to
steel rings, internal tensile ring and external compression ring, presenting similar
behaviour to a spoked wheel. The upper cables (of the cable girders) are tied to the

4 PTFE/PTFE: membrane material compounded by PTFE fabric coated by PTFE, section 2.5.2.
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top of the masts, and the lower ones to the connection between external
compression ring and masts.

This system is supported by ten hinged masts and five flying masts. The flying
masts resulted from anchor restrictions, since this roof is located in an area of historic
preservation. Thus, to ensure overall stability and stiffness of the structure, the
polygonal modules are braced and also count on the tensile ring (external) formed by
cables. The masts have lateral tubular bars connected to them, reducing its buckling
length and increasing its stability.

The roof is formed by radial saddle shape modules with smooth curvature. The
retractable roof inner movement (opening and closing) is carried out by power

tractors sliding in the lower cables of the cable girders.

Figure 2.4-7 i Retractable roof, Castle Kufstein

retractable surface
cutting patterns

1 mast with hinged joint 2 flying mast 3 tubular bar
4 external ring (compression) 5 internal ring (tensile)
6 cable 7 cable girder 8 external ring bracing

(a, b) 3D view and supporting system layout (sketches); (c) external view; (images by author).
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Figure 2.4-8 i Retractable roof, Castle Kufstein

o

(&) compression ring with bracing; (b, d) Retractable membrane anchor; (¢) masts with rigid bars
hold by cables; (e, f) detail of hinged mast with internal piping for rainwater collecting; (g)
tensile ring; (images by author).

New Waldstadion, Frankfurt/ Main, 2005

Architects: von Gerkan, Marg & Partner; Engineers: Schlaich Bergermann & Partner, Stuttgart.

This stadium in Frankfurt/Main have polygonal base, compound of 44 segments, and
two independent surface membrane roofs (internal and external) whose supporting
system rests on concrete bleachers (Figure 2.4-9, Figure 2.4-10) . The internal roof
(PVC |/ Polyester) is retractable and the external roof (PTFE/glass fiber®) is fixed
being composed of saddle shape modules, totalising 264 modules. The transition
between roofs is covered with translucent flat plates. In this transition are lain the
gutter to collect rainwater/snow and the equipments (hydraulic pressure) for opening
and closing the inner roof.

The roof supporting system is compound of masts and a spatial supporting
system, This is formed of slender discontinuous tubular bars (in compression)
inserted in a continuous cable net (under pre-stress), following the principle of
Tensegrity. These cables are linked to internal (under tensile) and external (under
compression) rings. The external ring is connected to articulated tubular masts, which
rested on the concrete structure (bleachers). These masts are stabilized by bracings

in the vertical plane, at the polygon corner and central part of the polygon face.

5 PTFE/ glass fibre: material compounded by glass fibre fabric coated by PTFE (product brand-named Teflon), section 2.5.2
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To increase the system stiffness, the inner corners of the rectangular polygon
(defined by slender tubular bars or flying masts) are tensile connected to the
bleacher concrete structure by tubular profiles. In parallel to these tubular profiles run
pipes that carry water from rain and snow, collected by gutters located between the
external and internal roofs.

The continuous cables (upper and lower) have internal vertical supports, i.e.,
they also work as cable girders. The lower internal cables are double allowing
slippage of power tractors for opening and closing the inner roof. The lower external
cables support tubular arches (with pre-stressed cables). The tubular arches and
lower cables support saddle-shaped modules of the external roof.

Figure 2.4-9 1 New Waldstadion, Frankfurt/ Main
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1 mast with hinged joint 2 external ring (compression)
3 cables’s ring (tensile) 4 internal ring (tensile)

5 tubular bars 6 cable girder

7 arch with pre-tension cables 8 bracing

9 mast with pre-tension cables

10 concrete bleacher
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(a, b) 3D view, plan; (c, d) internal and external views; (sketches by author).



Figure 2.4-10 1 New Waldstadion, Frankfurt/ Main
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(a) views: internal, external; (b) corner of the polygon connected to the bleacher concrete structure by
tubular profiles (c) masts and pre-tension cables; (d, g, h) mast details; (e) aches with pre-tension
cables; (f) joint between saddle shape modules; (images by author).

Rothenbaum Tennis Stadion, Hamburg, 1997 (total 8500m?; interna3200m?)
Architects: ASP Architects Schweger & Partner, Hamburg; Engineers: Sobek & Rieger, Stuttgart.
This arena in Hamburg presents polygonal base composed of 18 segments,
resembling a circle. The surface membrane roof (PVC / Polyester) is composed of
internal and external independent surfaces. The external roof is fixed and made up of
triangular cone shape modules; the internal roof is retractable, a dome with smooth
curvature (Figure 2.4-11, Figure 2.4-12).

The roof supporting system is independent of the concrete bleachers
structure, and is comprised by masts and spatial support system. This presents
discontinuous slender tubular profiles (under compression) inserted in a continuous
cable net (Tensegrity principle) joined to the internal (tensile) and external
(compression) rings. The external ring is also linked to the masts.

The external ring (compression) and the intermediate ring (defined by slender
tubular profiles or flying masts) have the same modulation, but the masts and the
profiles are not aligned radially. Thus, on top of each mast two cables are anchored.
These cables are linked to two profiles (flying masts), creating a triangular mesh
cables, that comprises the basis of each cone shape module. The top of cone shape
module is supported by three cables which are anchored at the top of one slender
tubular profile (flying mast) and at the top of two masts.
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The continuous inner cables (upper and lower) are connected by vertical
cables, which means, they work as cable girders. In the lower cables slid power
tractors to permit opening and closing the internal roof.

Tubular masts are hinged and stabilized by the outer compression ring and
bracing on the vertical plane.

As the concrete bleachers stands beyond the limits of roof membrane, the
outer edges are covered by translucent plates (polycarbonate plates), which are
supported by flat truss beams connected to the masts.

In the transition between the external and internal roofs (covered by
translucent plane plates) there are the gutter for collecting rain water / snow, and
equipment (hydraulic pressure) for opening and closing the inner roof. This water is
sucked mechanically and transported by tubes which run parallel to the cables that

support the base of cone shape modules.

Figure 2.4-11 7 Rothenbaum Tennis Stadium, Hamburg

1 mast with hinged joint

2 tubular ring (compression)

3 flat truss beam (translucid
plates” support)

4 cables’ ring (tensile)

5 tubular profiles (flying masts)

6 tensile ring

7 cable girder

8 support system cables

9 cables that support the
top of cone shapes

10 cables that support the (©)

bottom of cone shapes
11 bracing surface cutting patterns:
12 mast with cables (1a) cone shape; (1b) dome

(a, b, c, d, e) 3D views; plans: support system, support system with cables that support the top of
cone-shapes and surfaces” cutting patterns (sketches by author).
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Figure 2.4-12 7 Rothenbaum Tennis Stadium, Hamburg
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(a) inside view; (b) external view (c, d) views: cone shape modules and inner roof closed; (e, f, g)
mast details (top and bottom); (f) compression ring and flat truss beam; (h, i) Internal views of
the inner roof open; (j, m) cone shapes and transition between roofs; (n) cone shape (top);
(k, I) joint between cone shapes; (e) tube that transports rain water; (images by author).
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Ice rink (Wolfgang Meyer Sports Arena), Hamburg, 1997, (7000m2)
Architects.: ASW Silcher, Werner + Redante, Hamburg; Eng.: Schlaich Bergermann und Partner, Stuttgart
The roof of this ice rink in tensile surface membrane (PVC / polyester), with symmetry
in the transverse axis, is supported by four tall masts and eight flying masts. This roof
is pre-tensioned by edge cables that anchored in 26 small masts, (Figure 2.4-13,
Figure 2.4-14).

The tall and small masts are hinged and held by cables to the basis. The top
of the flying masts and tall masts have radial bars that connect to a ring. This fitting
enables the support and better stress distribution on top of the membrane, as well as,
the overhead illumination. The base of the flying masts rests against the three or four
cables.

The spatial arrangement of the system has great simplicity and favours the
complete integration between the membrane and the support system on the
distribution of forces, ensuring the stiffness and stability of the structure.

The double curvature of the surface is achieved with the arrangement of various
cone shapes (surface support at the top of masts). The cone shape is emphasized by

the radial cutting patterns inserted in the mesh composed by parallel strips.

Figure 2.4-13 7 Ice rink (Eisbahn Stellingen), Hamburg

‘”/)}//’y//ub.\

//A \\\\\
L

!

(a, b) 3D view, plan of support system; (c) roof modules; (d) internal view; (sketches and photo by author)
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Figure 2.4-14 7 Ice rink (Eisbahn Stellingen), Hamburg
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(a, b) external and internal views; (c, d, e) top and bottom of small masts (f) cable anchors, (g,h) top
and bottom of flying mast; (photos by author).

Olympic stadium, Munich, 1967

Arquitetos: Behnisch + Partner, Stuttgart; Frei Otto, Warmbronn; Eng.: J. Schlaich und R. Bergermann and
Leonhardt und Andréa.

This Olympic stadium has a cable net roof (pair of cables) covered by translucent
plates of polycarbonate, Figure 2.4-15. These plates rely on suction cups that are
connect to the cable net at junctions between cables. The joint of the plates is made
by black plastic profiles and permits the drainage of water.

The cable net roof is compound of radial modules that are joined by edge
cables. These modules are supported by cables, flying masts and tall masts. The tall
masts are hinged and have pre-tensioned cables. The roof is also pre-stressed by
internal tensile arch (composed by cables) and the external tensile edge cable.

The spatial configuration of the cables ensures stiffness and provides

complete integration between the cable net and support system.
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Figure 2.4-1571 Olympic stadium, Munich

1 mast with hinged joint
2 flying mast
3 bar - cables’connection

_ ,/

5 edge cable

6 cable net
(covered by
translucid plates)

(a, b, c) internal views (sketches); (d, e) views: 3D plant; (f, g, i, h) internal and external views of the
cable net covered with translucent polycarbonate plates; (h) bar connection between cables;
(k) anchoring of hinged mast; (sketches and images by author).



53

Umbrellas - courtyard of the company IHK, Wiirzburg, 2003 (aprox. 475m?)
Architects: Franz Groger, Georg Redelbach; Eng.: SMP Schéne/ Maatz + Partner (IPZ. Berlin).
The roofs (umbrellas) located in the courtyard of IHK company have a square base
and inverted cone shape (Figure 2.4-16, Figure 2.4-17). They are compound of
ETFE® foil and cable net (working together) that are stabilized under pre-tension. In
this case, the cable net and the foil have the same pattern. The foil is printed with
small dots to minimize the incidence of light.

This foil presents the elongation trends requiring the pre-stress adjustment
during the life of the structure. Thus, when this foil is used in pneumatic structures
(synclastic surfaces), this behaviour is compensated by increasing inner pressure.
However, when used in anticlastic surfaces, this behaviour can be reduced by the

restriction imposed by the cable net, made of small linear elements, as in this case.

Figure 2.4-16 7 Roof - courtyard of the company IHK, Wiirzburg

(b)

1 mast

2 cantilever beam
3 tubular profile

4 cable

(c) = 5 cable net

(a, b, c) plant, vertical section and 3D view; (d) external view; (e) roof detail of the cable net and ETFE
foil; (sketches and images by author)

6 ETFE - translucent foil, section 2.5.2.4.
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This roof is supported by eight cantilever beams, arranged radially, joint in the
square tubular base and supported by a single mast, which is rigidly supported to the
itsbasis. These cantilever beams (square profiles) have lateral bracing by tubular

profiles and are also connected by pre-stressed cables.

Figure 2.4-17 7 Roof - courtyard of the company IHK, Wirzburg

(a, b, c) details of the roof support system; (images by author).

2.4.2 STRATEGIES OR RULES IDENTIFIED

Different roofs were investigated: wooden shell, grid shell, frame/suspension bridge
structure covered by tiles, as well as structural membrane and cable net roofs. This
investigation allowed an overview of how these systems are organized and what

components are used in pursuit of optimal performance.

2.4.2.1 Organization and performance of investigated systems

In the wooden shell and grid shell, of small thickness, the optimum performance is
associated to the surface geometry (curvature), consisting of slender articulated
components that support external loads by tensile and compression forces, working
together and under pre-tension, defining the membrane behaviour of the surface,
according to the analysis of the structural system (Figure 2.4-18). These shells are
covered by membrane and glass, respectively.

In the support system compounded by frame/suspension bridge structure
covered with tiles, the optimum performance is associated to the three dimensional
organization and the cooperation among hinged components (beams and masts)
stabilized by cables under pre-tension in the vertical and horizontal planes; and the

use of components with lower density (truss components and or components with
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hollow cross section) and under compression and tensile axial forces (mainly),

according to the analysis of the structural system (Figure 2.4-18).

Figure 2.4-18 1 Structural system analysis - shells and frame/suspension bridge structure

Investigated Support system Forces System bracing

roofs arrangement mm ® compression axial force
== o tensile axial force

Potatess
+ 82 +
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o KR R
g | | .
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% glass (membrane behavior) hinged joint net pre-tension cables
£
w ¥ Cad
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coverage: Wood shell three-hinged arch purlins continuous edge cable (tensile)
membrane (membrane behavior)
£ masts with pre-tesion cables
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O O 7
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5 t+  coverage: : : 5 SR
0] ctoal tilas Frame + suspension bridge Fd I racing: 4 faces
structure

(sketches by author)

In the surface membrane roof for large spans, the optimum performance is
associated to the geometry and pre-stress state of its surfaces, working together with
the supporting system. The supporting system consists of masts (hinged and braced
in the vertical plane) and the spatial supporting system (consisting of cable girders or
Tensegrity system) associated to internal ring (under traction) and external ring
(under compression), featuring great stiffness, lightweight and overall stability,
according to the analysis of the structural system (Figure 2.4-19).

In the surface membrane roof for medium and small spans, the optimum
performance is related to the least amount of support elements (e.g., hinged masts
with cables, flying masts and cables), the geometry and pre-tension of the membrane
(and or cable net) stabilized by edge cables, and the cooperation and integrated work

of the components, according to the analysis of the structural system (Figure 2.4-19).
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Figure 2.4-19 7 Structural system analysis - surface membrane roof and cable net roof

(sketches by author)

2.4.2.2 Surface membrane roof i geometry and arrangement of components

Among the investigated structures, the surface membrane roofs stand out. They are
both structure and roof, working together with the supporting system as a whole,
helping to withstand loads under pre-tension. In other roofs, tiles, glass, membrane
and polycarbonate sheets have only a function of top covering.











































































































































































































































































































































































































































































































































































