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INTRODUCTION  

This paper describes the case study for a general 
design of a courtyard cover using the structural 
analysis program Oasys GSA. Main focus is given 
to a large span pneumatic cushion, with an extra 
interest for form-finding.  
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JUSTIFICATION 

In architecture a courtyard is a frequently applied 
design principle and can be defined as an 
enclosed area surrounded by buildings. It is a 
common intervention to cover existing courtyards 
to obtain a pleasant hybrid inside/outside 
environment. The requirements for the climate 
upgrade of the courtyards generally request a rain 
and wind free area with a controlled climate. The 
courtyard should also preserve its open and light 
appearance.  

Analyzing the possible structural systems for 
covering large span courtyards, pneumatic 
cushions appear to be the best application. Air 
inflated pneumatic cushions consist of at least two 
layers of foil. Between these layers an internal 
overpressure is created and stabilizing the foils. 
The material used for the cushions, Ethylene 
tetrafluoroethylene (ETFE), can be characterized 
by its transparency. In combination with a cable 
net it can span a large distance.  

In general, pneumatic cushions are the best 
solution for the previous mentioned program 
requirements.  

  

 

An example of an courtyard covered with a new roof structure – Image source: www.sidstudio.nl  

 

 

An example of an ETFE membrane - Image source: www.archinect.com  
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OBJECTIVE 

This paper focuses on the structural optimizing of 
pneumatic cushions. Where the ground shape of a 
cushion is of major interest, it substantially 
influences the stress distribution in the ETFE skin. 
The structurally most effective ground shape for a 
pneumatic cushion is circular.  

Nevertheless, circular ground shapes are rarities in 
architecture. Courtyards tend to be rectangular, 
but why? The predominance of the rectangle in 
architectural plans is merited by its flexibility [1]. 
Basic geometrical shapes can be flexible in two 
domains: 

I. The ability to subdivide a geometrical shape 
into finite smaller geometrical shapes of the 
same origin. The more different 
configurations, the more flexible [1]. 

II. The ability to stretch or scale a configuration 
of geometrical shapes of the same origin into 
a new configuration while preserving the 
shape features (e.g. rectangularity) [1]. 

 

 

 

 

 

 

Domain I: Subdivision of a square 

 

 

Domain II: stretching of a square 

 

Domain I: Subdivision of a circle  

 

 

Domain II: stretching of a circle 
[1]  Steadman, P. (2006) Why are most buildings 

rectangular? Architectural Research Quarterly 
10(02) · June 2006 
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A general concept for a courtyard cover should 
aim for an integral optimized design. The 
architectural and mathematical reasoning 
considering the rectangularity of  existing 
courtyards is used as an input for structural 
optimization of a pneumatic cushion. For this 
reason a case study is executed into optimizing a 
pneumatic cushion for covering a rectangular 
courtyard.  

 

 

Domain II: scaling of a square 

 

 

Domain II: ‘unequal’ stretching of a square 

 

Domain II: scaling of a circle 

 

 

Domain II: ‘unequal’ stretching of a circle 
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DESIGN CONCEPT 

The fictitious courtyard (40x40 m2) is based on a 
worst case scenario: 

I. No horizontal pre-stress forces are allowed 
on the existing building. 

II. The load bearing capacity of the existing 
building is limited. 

A compression element is designed for bearing 
the horizontal pre-stress forces, resulting from the 
air pressure inside the cushion. Pneumatic 
cushions are lightweight in theory; the added 
compression element is optimized for weight.  

 

 

 

Design concept 

 

ETFE skin strengthened with cable net 

 

Compression element 
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SPAN OF ETFE 

The preliminary design of the square cushion 
requires a basic relation for determining the 
stresses [σ] in the ETFE, which are related to 
internal pressure [p], radius [R] and ETFE 
thickness [t]. Two factors, 0.50 for circular domes 
and 1.00 for cylindrical domes, are known. Both 
are not applicable for square ground shapes. With 
a GSA model a factor of 0.63 is approximated for 
a square cushion. Note that for this approach a 
non-linear analysis is carried out with the material 
properties of ETFE. The basic formulas are based 
on geometrical linear theory, therefore the 
obtained factor was only used for preliminary 
design calculations.  

The tensile strength of ETFE is relatively low. 
Adding a cable net is necessary for constructing 
large span structures. During the preliminary 
design of the cable net, four different cable net 
configurations are considered. Two orthogonal 
cable net grids with a grid size of 2500 and 5000 
mm, and two diagonal grids with a grid size of 
1750 and 3550 mm. The minimum curvatures are  
shown in the figure. The grid size of 5000 mm was 
rejected since the curvature is to large. 

 

 

Basic formula for a sphere 

 

 

Derived basic formula for a squared dome 

 

 

Basic formula for a cylinder 

 

 

Different possible configurations 
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FORM FINDING OF CABLE NET 

Three different form finding methods were 
analyzed for defining the geometry of the cable 
net. 

1. Force density (force divided by length) 
2. Soap film property (constant pre-stress) 
3. Manipulation of a deformed shape 

The soap film model appeared to be best 
applicable, because it resulted in the most 
constant cable forces and horizontal reaction 
forces. For the compression element, that has an 
arch shape, a more equal divided load is aimed. 
The figures show the cable forces of the three 
different methods that were used. Uniform loading 
(air pressure) only was used for these 
calculations. 

 

 

 

 

 

Cable forces – force density 

 

Cable forces - soap film 

 

 

Cable forces - manipulated model 
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BEHAVIOR OF CABLE NET 

Subsequently different cable net geometries were  
analyzed. The cable nets with a grid size of 1750, 
2500 and 3550 mm were modeled in GSA with a 
soap film property. The models were loaded with 
three different load cases as shown in the figure.  

The conclusion is that the diagonal cable net with 
a grid size of 3550 mm fits best for the given case. 
This cable net loads the compression element 
inside the cushion with a more constant load than 
an orthogonal cable net. For a orthogonal cable 
net the compression arch will be loaded a-
symmetric, which is not appreciative for such 
structures.  

 

 

 

 

 

Cable forces of the diagonal cable net 

Grid size 1750 mm – Load combination A-SYM. 1 

 

Load combinations 

 

Cable forces of the orthogonal cable net 

Grid size 2500 mm – Load combination A-SYM. 1 

 

Horizontal reaction forces of different cable nets 
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FINAL MODEL OF CALBE NET 

A final model was constructed with the properties 
and geometries obtained before. Load cases and 
load combinations were used as described in the 
European Codes. The geometry is shown in the 
figures. The pinned edge of the cushion 
represents the edge of the compression element 
(in reality this edge is not infinite stiff, since the 
compression element can deform in horizontal 
direction). The reaction forces were used as an 
input for the calculations of the compression 
element.  

 

 

 

 

 

 

Top view of final model 
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COMPRESSION ELEMENT 

The compression element consist out of steel 
rectangular hollow sections. The compression 
elements load the edge beams in tension. By 
applying four bars in the corners a tension belt is 
designed that closes the system. This shape led to 
a minimal visual coverage of the courtyard. 

Arches shaped with graphical form finding were 
compared with circular shaped arches. 
Furthermore different configurations of the 
connections were considered. Such as hinged or 
fixed connections at the arch intersection. 
Important criteria were the stresses in the arch 
beam (largest profile), buckling loads, horizontal 
displacements and construction.  

The conclusion is that a circular shaped arch gives 
the lowest stresses in the arches beam. The 
connections are design to be fixed (welded). This 
gives by far the largest buckling load of the total 
structure. 

 

 

 

 

 

Boundary conditions 

 

Four arches with cables 

 

Evolution of the design 

 

Four arches with tension belt (final design) 
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END RESULTS 

The final compression element has a weight of 
36,5 kg/m2 (including the cable net and the ETFE). 
The maximum Von Mises stress is 276 N/mm2 and 
smallest load factor 2,2 (buckling). The cross 
sections can be further optimized by changing the 
wall thickness over the length of the beam. Making 
the steel plates locally thicker at the intersection of 
two arches can reduce the maximum Von Mises 
stresses  significant. 

 

 

 

 

 

Bending moment distribution for only an edge beam 

 

Bending moment distribution for the final design 

 

 

 

Axial forces 

 

Decisive buckling mode and load factor 
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CONCLUSION 

The final design is a pneumatic cushion combined 
with a steel frame to avoid large horizontal pre-
stress forces on the existing building (a worst case 
scenario). The flexible skin is an ETFE layer 
strengthened with a orthogonal cable net. A 
diagonal cable net spread the horizontal forces 
more uniform over the edge of the steel frame 
than a diagonal cable net. The cable net is shaped 
with a soap-film property. This method of form 
finding gives the most constant cable forces and 
spread the horizontal reaction forces more uniform 
over the edge. 

Combining the four circular shaped arches results 
in a compression force in the arch with edge 
beams that are loaded in tension. By applying four 
corner bars a tension belt is designed that closes 
the system (this belt is holding the four arches 
together). This shape led to a minimal visual 
coverage of the courtyard. 

 

 

 

 

 

 

Render of the final design 
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At the end of the project a final GSA model was 
built. In this model the two separate models for the 
flexible skin and the compression element were 
combined. With this model the behavior of the 
structure is more realistic and can be further 
improved. For this project the assumption was that 
the internal air pressure was constant. In reality 
the air pressures varies. For further research it is 
interesting to study the dynamic behavior of this 
large span pneumatic cushion, including a 
parameter study. 

 

 

 

 

 

 

 

 

 

 

 

Scheme of compression element 
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