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SUMMARY

The perceptive of this graduation thesis is that an 
active pneumatic structure is able to change the 
structural properties of mechanical prestressed 
membrane structures. The hybrid structure 
concept is investigated to support the perceptive. 
However, the principles of the structures have 
been developed separately last decades.
 
Membrane structures are structures which are 
generally constructed of a mechanical prestressed 
fabric between given conditions. In general, the 
shape of membrane structures is dramatic three-
dimensional curved forms and consists of a wafer-
thin material. The form of the structure is directly 
associated to the boundary conditions, since the 
fabric is a deformable cloth. The membrane cloth 
can be compared to the cloths human wears, 
it is strong but it deforms a lot when forces are 
applied. In addition, the fabric’s stiffness mainly 
depends on the anticlastic shape, curvatures and 
prestress of the structure. 

Pneumatic structures are comparable to the 
principles of membrane structures, since the 
construction material is similar. A pneumatic 
structure consists of a flexible airtight skin, a 
filling and an external medium. In general, the 
filling material is air and is able to tension an 
enclosed membrane fabric by overpressure. The 
overpressure deforms the enclosed membrane 
surface into a synclastic shape. Besides, the 
overpressure of the enclosed space provides the 
stiffness of the structure. Structural air inflated 
elements are developed in the last decade, such 
as columns, beams and arches. The developments 
are promising to change the structural properties 
of a mechanical prestressed membrane structure. 

The concept of hybrid structures is to combine 
one or more structural principles with the basic 
principle. In this graduation project, the hybrid 
structure consists of the basic principle of a 
mechanical prestressed membrane structure. 

SUMMARY

An active pneumatic structure will be integrated 
in the membrane structure to change the 
structural properties. The main principle of a 
hybrid structure is to extend the strengths and 
to eliminate the weaknesses. The weaknesses 
of a prestressed membrane structure are the nil 
stress areas in the middle of the structure and the 
deformability of the structure. The deformability 
is a positive property if the surrounding space is 
large, since the deformations of the membrane 
fabric reduces the stresses in the structure. The 
pneumatic structure is constructed as ‘veins’ 
into the membrane cloth. A vein is an inflatable 
channel.

The concept of integrating pneumatic veins in the 
anticlastic membrane structure is a broadened 
concept. This research project is pointed on 
replacing the uplifting wind cable in the PVDV 
tennis court cover by pneumatic veins. The 
subject is determined by the case studies of arch 
supported membrane structures. PVDV is an 
abbreviation of a tennis association with the full 
name: Plezierig Vermaak Door Vriendschap.

However, the structural properties should be 
determined first. The structural properties of the 
hybrid system are determined stepwise. The first 
step is to investigate a two-dimensional slice of 
the pneumatic vein and membrane elements 
theoretically and numerically. Secondly, the 
effect of the pneumatic vein is determined in 
a three-dimensional flat surface. Thirdly, the 
structural behaviour of the hybrid system is 
determined in an anticlastic shaped structure. 
The three mentioned steps are the tools of the 
toolbox. The toolbox is integrated in the last step 
to replace the uplifting wind cable by pneumatic 
veins. As conclusion, the uplifting wind cable can 
be replaced by a set of pneumatic veins.
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LIST oF SyMBoLS

Symbol   Unit   Description

A   mm2   Area of particular element 
α   no   Angle 
κ   m-1   curvature
E   N/mm2   young’s modulus of particular material
EA   N   Strain stiffness of membrane fabric
ε   N.A.   Relative strain
F   N   Force
Fm   N   Force in membrane elements
Fp   N   Force in pneumatic vein
Fp,hor   N   Resulting horizontal force from pneumatic vein
f   m   Height of sag
h   m   Height of pneumatic vein
I   m4   Moment of inertia
ΔL   m   Strain of element
Lm   m   Length of membrane element
Lp   m   Length of pneumatic vein element
N   kN   Normal force
P   kN/m2   Internal pressure in pneumatic vein
pz   kN/m2   Equal distributed load
R   m   Radius of curvature membrane and pneumatic  
      vein
σadherence   kN/m   Allowable peeling stresses
σm   kN/m   Stress in membrane element
σp   kN/m   Stress in pneumatic vein element
σtear   kN/m   Allowable tear stress
σtension   kN/m   Required pretension stress
σx   kN/m   Line tension in x-direction
σy   kN/m   Line tension in y-direction
t   m   Thickness of membrane fabric
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CHAPTER 1: INTRoDUCTIoN

The principles of Lightweight structures and innovative structures are increasing interest of the society. 
The increasing interest is a result of the present philosophy of dealing with earth’s resources in a 
responsible way, leads to new structural concepts. A hybrid structure is a more old-fashioned concept, 
but the concept is still re-used in several manners to exploit the strengths of the involved materials. 
However, tensile membrane and pneumatic structures are two concepts, which are developed in 
the last decades. These concepts have proven to be an outstanding example of weight minimization 
and efficiency in terms of re-use. This chapter is an introduction of tensile membrane and pneumatic 
structures. A combination of the two main structure principles is the Graduation project subject. 
This concept will be explained in Paragraph 1-3. The first three paragraphs will be a summary of the 
important parts from the literature study. The problem definition, aims and approach of the research 
are presented in Paragraph 1.4.
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MEMBRANE STRUCTURES

pretension of the translucent membrane skin is 
provided by the connection of the cloth and the 
steel wire net, mastheads and anchor blocks.

 

Figure 1-2 German Pavilion at Montreal Expo 1967

1.1.2 THE CoNCEPT
Membrane structures are interesting for structural 
use due to their low weight, appearance and 
suitability of temporary, foldable or long-term 
structures. 
The shape of membrane structures is 
characterized by an anticlastic surface geometry. 
In other words, the shape consists of a set of 
“arching” tensile elements and a similar set of 
opposite directed “hanging” tensile elements. 
Physically the two groups of elements represent 
the two directions of the textile yarns, warp and 
weft, within the membrane. 
From a mechanical view, the geometry of 
a membrane surface is described by the 
equilibrium of the internal prestresses within a 
predetermined boundary system of supports. The 
internal prestresses are optimally if the structure 
is only subjected to membrane tension stresses. 
The shape is directly related to the prestress 
ratio and the external loadings. The shape of the 
membrane cloth, only subjected by self-weight, 
can be illustrated with the physical analogy of 
soap films. The film can only develop if the film is 
in tensile equilibrium within a boundary system. 
The tensile equilibrium describes an anisotropic 
stress field which includes the minimal stress 

1.1 MEMBRANE STRUCTURES
1.1.1 HISToRy
A membrane structure is commonly known as a 
tent structure, which is made of animal skins or 
woven fabrics to define space and create shelter. 
In former times, the fabric was draped over a 
skeleton structure and the main purpose was to 
cover the internal space. The size and strength 
of the fabrics restricted the possibilities of the 
structures, as shown in Figure 1-1.

Figure 1-1 Authentic  nomad shelter

The development of the membrane structure 
technology started only two hundred years ago 
by mainly travellers. Since the ability of the 
temporality and foldable possibilities of the 
structures, the tent structure was mainly used by 
travellers to provide protection from exposure of 
to extreme weather conditions. The design of the 
old-fashioned membrane structures compared 
to the modern membrane structures are based 
on two primary features, namely the deformable 
surface and pretension of the cloth.
In the last century, the most acknowledged 
developer of the membrane structures is Frei otto.  
He had developed and documented a science of 
tensioned fabric structures in the period of 1955-
1965, in his book ‘Spanweiten’. Frei otto is not 
interested in constructing individual works, but in 
conducting a process that is directed at a vision, 
at creating architecture for a peaceful society 
in harmony with nature: “My hope is that light, 
flexible architecture might bring about a new and 
open society.”
Frei otto designed the first major cable net 
structure: ‘The German Pavilion for the Montreal 
expo 1967, as shown in Figure 1-2. The pavilion is 
designed with a single covering membrane which 
covers an irregular plan with various heights. The 
result of the design was a man-made landscape. 
The high points of the landscape are provided by 
the masts. The contour of the steel wire net is 
emphasised by the closed membrane cloth. The 
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Figure 1-3 Large radius of curvature results in large forces

As mentioned, the shape of the structure consists 
of two main curvatures, arching and hanging 
curvatures. The load-bearing path of the structure 
is separated for inward and outward pressure. 
Downward pressure, such as snow, results in an 
increment of the hanging curvature. outward 
suction, such as wind, results in an increment of 
the arching curvature. An increasing curvature 
leads to deflections and higher stresses in the 
cloth in the loaded direction. 
The mechanical prestressed membrane structure 
can be calculated by hand with a static approach. 
The calculation is restricted to symmetrical 
loadings, because asymmetrical or point loadings 
will be too complex to calculate by hand. In most 
cases, the self-weight of membrane is neglected 
due to the insignificant weight compared to other 
loadings. The membrane surface is modelled 
as a circular curved static structure and loaded 
perpendicular to the surface. Meaning that the 
properties of the material and the stiffness ratio 
of the span in both directions are not taken into 
account. As consequence, the results will be a 
simplification of the mechanical behaviour. This 
calculation method is indicative and assumes 
that half of the external force is carried by the 
increasing tension forces in one direction and 
half of the force is carried by the decreasing force 
in the other direction, as shown in Figure 1-4.

surfaces.
Because the whole structure is prestressable 
in different manners, the shape relates to the 
prestress configuration. Nevertheless, the shape 
of the structures can be categorized into four 
basic surface shapes, as shown in Table 1-1. 

Table 1-1 Basic shape and curvature directions

1.1.3 STRUCTURAL PRINCIPLE
Membrane structures resist the external forces 
by the deformability and the internal tension 
capacity of the cloth. The concept of ‘form-
finding’ is suitable for the shape of the membrane 
cloth, in addition, the concept ensures the static 
equilibrium of the systems. This design process 
differs significantly from the design process 
typically employed for conventional ‘linear-
elastic’ framed structures used in most buildings. 
Deformability of membrane structures is 
an important characteristic contrary to the 
conventional building industry. The relatively 
low surface stiffness in both in- and out-plane, 
changes in shape are a membrane structure’s 
primary response to external applied loadings. 
The membrane cloth reacts by deforming the 
shape which results in a more evenly distribution 
of stresses throughout its surface compared 
to a stiff material such as steel. A larger 
deformation decreases the stresses which results 
in a decreasing reaction force at the supports, 
as shown in Figure 1-3. The variables are 
respectively: P=applied force, L=length of span, 
R=radius, T=resulting force at supports. As result: 
P1 = P2 = P3  R1 > R2 > R3    T1 < T2 < T3

Saddle shape High point shape

Arch support shape Wave shape
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x
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z

R1

R2

σy

σx

σy

σx

dy
dx

δθ

δϕ

Nz

Nx

Ny

Nx

Ny

Fz

pz

pz

Figure 1-4 Infinitesimal piece of an anticlastic shaped membrane loaded by an equally distributed load pz and reaction forces

Equilibrium in forces
Figure 1-4 shows the loading and reaction forces of an infinitesimal small piece of membrane loaded 
by an equally distributed load. The equilibrium is as follows:

R1

Nz,x

NxNx

dx

R2

Nz,y

NyNy

dy

        [1]

-      [2]

-      With  [3]

-       With    [4]

-             [5]

Inserting [3], [4], and [5] into [2] results into:
 

[6]

However, the membrane structures are commonly calculated with non-linear computational programs, 
such as GSA oasys and Easy Technet gmbh.  The programs include iterative calculation to gain more 
detailed results.

Fz = 0∑
Fz =Nz,x +Nz,y +Fz = 0∑

Nz,x =
Nx ⋅dx
R1

=
σx ⋅dx ⋅dy

R1

Nx =σx ⋅dy

Nz,y =
Ny ⋅dy

R2

=
σy ⋅dx ⋅dy

R2

Ny =σy ⋅dx

Fz =pz ⋅dx ⋅dy

Fz =
σx

R1

+
σy

R2

+pz = 0∑
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1.1.4 MATERIAL PROPERTIES
1.1.4.1 MATERIAL
The fabric of membranes are generally woven. 
A fabric is composed out of yarns which can be 
subdivided in a weft and warp direction, the 
direction of both yarns are perpendicular to each 
other, as shown in Figure 1-5. The warp direction 
of the cloth is able to resist larger loads than the 
weft direction. As consequence, the orientation 
of the warp direction should be directed in the 
main stress direction.  

Figure 1-5 Warp and weft direction

The architectural membrane fabric structures 
are generally manufactured with multiple 
added layers to the cloth. A membrane fabric 
consists of the following layers: surface sealing, 
second coating (top coat), first coating (prime 
coat), fabric, and finally paint. The composition 
is shown in Figure 1-6. The coating provides a 
longer service life than uncoated fabrics, since the 
coating protects the fabric against manufacturing 
and environmental impacts, such as UV-radiation, 
atmosphere, and rainwater. Besides, the coating 
provides the possibility to connect two panels of 
membrane cloth by heat-sealing, generally called 
a welded seam. The layers are composed from 
top to bottom as follows: surface sealing, second 
coating (top coat), first coating (prime coat), 
fabric, first coating (prime coat), second coating 
(top coat) ,and surface sealing.

Figure 1-6 Composition of a membrane cloth

The variation of membrane fabric types can 

be distinguished into several groups with a 
primary material. The most commonly used 
fabrics are PVC coated polyester fabrics 
(polyvinylchloride) and PTFE coated glass fabrics 
(polytetrafluoroethylene).  PVC coated polyester 
is mostly used because of the advantageous 
price/quality ratio. PVC coated polyester 
consists of a relatively high tensile strength, high 
allowable strain, average E-modulus, and average 
durability. Besides the main fabrics, there are 
several materials such as Silicone coated glass 
fibres, PTFE coated PTFE fabrics, ETFE foil, aramid, 
and LCP.

1.1.4.2 CONNECTIONS
The connection of a membrane fabric structure 
can be distinguished into two main categories: 
the seams and the edge connections. The 
manufacture methods for the seam connection 
are also used for the edge connections. Therefore, 
only the seam connection will be explained. The 
seam is a connection of two membrane panels 
which can be manufactured in several manners, 
namely by stitching, welding, gluing, lacing, or 
clamping, as shown in Figure 1-7. 
Figure 1-7 Laced seam, stitched seam, clamped seam, and 

welded seam/glued seam (clockwise)

STITCHED SEAMS
The stitched seams are rarely used because this 
connection is weakening the structural properties 
of the structure. The stitches are the weakest 
links of the structure. This method is only used if 
no other solution is available. 

WELDED SEAMS
The welded seam is the most commonly used 
method to connect two membrane panels, due 
to its inherent water tightness and the controlled 
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- Tent structures
Various tensile prestressed membrane structures 
are constructed in the last century. The designs of 
membrane structures are increasing in size and 
complexity. Figure 1-8 shows two constructed 
examples of an increasing size and complexity. 
The Skilled Park stadium consists of a repeated 
arch supported membrane structure. The ASU 
Skysong consists of several high point membrane 

structures, which are also 

used upside down. 
 
Figure 1-8 Skilled Park stadium (Gold Coast, Australia) and 
ASU Skysong (Arizona, USA)

1.1.6 THREATS
During the lifetime of a membrane structure 
the fabric is a vulnerable material, from the 
production of the fabric until the lifespan of the 
structure.  The sensitiveness to failure of the 
fabric depends on several properties, the main 
failure methodologies are:
- Incorrect design: if the structure and materials 
are sufficient constructed but it is still unstable 
because of an incorrect design. An incorrect 
design is caused by errors made in the design 
process. 
- Faulty assembly: a faulty assembly occurs if 
the constructors made a mistake during the 
construction of the membrane structure, such as 
constructing the cloth upside down. 
- Failure caused by negligent assembly: most 
failures of tensile fabric structure are caused by 
tears, called the tear failure mode and shown in 
Figure 1-9(a). Tear failure occurs by damaging 
the cloth or negligent assembly, both are caused 
by humans. The welds are insufficient or the 
constructed elements are not equivalent to the 
design requirements. For example, the prestress 
of an edge cable is too low and the cloth will fail 
by a tearing crack, as shown in Figure 1-9(b).

employed production processes. The structural 
properties of the seams are generally based on 
the adhesive properties of the fused coatings 
from the two overlapping pieces. Increasing the 
width of the weld has a positive effect on the 
strength, because the force has to be transmitted 
from panel to panel by the overlapping patch. 

GLUED SEAMS
Generally, glued seams are used to repair PVC 
coated membranes by making patches. Gluing 
of membrane fabrics is expensive and labour 
intensive. 

LACED SEAMS
Laced seams are often used for demountable 
tents, such as a circus tent. Laced seams consist 
of a rope connection between two panels of 
fabric. The rope is laced through the holes of the 
panels. 

CLAMPED SEAMS
The clamped seam is a connection of two 
overlapping steel plates with the fabric panels in 
between. In addition, the steel plates are clamped 
together by bolts. However, the clamped seam is 
also used for connecting the membrane edge to 
cables, columns, walls etc. 
The clamped seam consists of a steel cable, called 
the ‘keder’, which is looped by the membrane 
cloth. The keder prevents the fabric from sliding 
between the strips and transfers the load 
between the membranes and the clamped steel 
strips. In other words, the keder determines the 
strength of the connection. 

1.1.5 APPLICATIONS
The concept of mechanical prestressed membrane 
structures is explained in the previous paragraphs. 
Summarized, the membrane structures are 
used to cover surfaces by a large span of the 
cloth. Membrane structures are a principle of 
lightweight structures. An efficient material 
use, fast erection and dismantling, compact 
storage and transport volume, adaptiveness 
and aesthetics characterize the principles of 
membrane structures. The characteristics of the 
membrane structure are especially interesting for 
the following structural applications:
- Roof structures, for example: parking garages, 
stadiums and greenhouses.
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shear forces and strains, shown in Figure 1-10. 
Besides, the unsymmetrical external loading 
causes unequally deformations in the cloth 
which results into shear deformations. The shear 
deformations can be decreased by a higher 
prestress of the yarns. 

Figure 1-10 Shear deformation by construction and Shear 
deformation of the fabric, increment of the parallel yarns. 

Besides the main failure methodologies, the safety 
material coefficient of membrane structures 
is really high, namely a safety coefficient of 5 
compared to, for example, 1.25 for steel. The 
safety coefficient of 5 is based on the axial tests 
of the membrane fabric. Compared to a biaxial 
test, the value of the safety coefficient should be 
between the 2 and 3. The safety coefficient is high 
because the material breaking point is within the 
second linear stress-strain period and the safety 
will be guaranteed in the first linear stress-strain 
period, as shown in Figure 1-11. Herein, is shown 
the visco-elastic behaviour of membrane fabric 
by the interaction of warp and weft elements in 
the fabric at the transition area between the two 
linear stress-strain periods.  

Figure 1-11 Typical stress-strain curve uni-axial loaded

(1) (2) (3)
(a)

(b)

Figure 1-9 (a) Tear tests (American Society of Civil En-
gineers 2010): Tongue tear, Trapezoidal tear, Mono-axial 
centre slit tear and (b) Tear failure in practice by loose cable: 
vulnerability of the membrane to damages by objects

- Vulnerability of the membrane to damages by 
objects: if the cloth is insufficient prestressed, the 
external loadings will causes large deformation of 
the membrane cloth. An increasing deformation 
increases the risk of contact with surrounding 
objects. The objects are able to damage the 
cloth, as consequence, the cloth will fail generally 
in tear failure mode.
- Locally, nil prestress in membrane fabric: these 
vulnerable areas of the membrane fabric are 
introduced by a (local) low prestress level and 
a transition surface in between the curvatures, 
this surface is nil curved. The areas consist of a 
low stiffness caused by the ‘nil’ prestress level 
and the transition area, consequently, the cloth 
will deform effortless. This area is vulnerable 
for ponding (pooling water) and fluttering 
or whiplashes by the wind (tear failure). In 
addition, the deformations are larger in this area, 
which means an increasing risk of damage by 
surrounding objects.
- Shear failure: the shear forces are introduced 
by the construction of the membrane structure 
and the unsymmetrical external loadings. The 
cloth is cut from a flat surface of fabric which will 
be double curved in the structure. The double 
curvature will introduce the shear deformations, 
as consequence, the cloth will be subjected to 

F

e

F

F
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PNEUMATIC STRUCTURES

1.2 PNEUMATIC STRUCTURES
Pneumatic structures are well known as air-
supported or air-inflated structures. The 
pneumatic structures or elements are enclosed 
prestressed membrane structures. The prestress 
of membrane can be obtained in several ways: 
mechanical, hydraulic, pneumatic and ballast. 
The flexible airtight membrane skin of pneumatic 
structures is prestressed by a filling material, such 
as air. The structural behaviour depends on the 
overpressure level of the enclosed membrane 
cloth, comparable to a football for example. 

1.2.1 HISToRy
The basic technique of applying pneumatic 
structures is known for centuries, the water 
skin and bubbles are examples of pneumatics 
which have stimulated the curiosity of people. 
The basic principle of balloons was discovered 
by the Greek mathematician and philosopher 
Archimedes (3rd century B.C.). The first man-
made pneumatic structure was a hot air balloon 
which was constructed in the late 18th century 
by the Montgolfier brothers, shown in Figure 
1-12. However, pneumatic structures were not 
manufactured for the building industry until 
1917, English engineer William Lanchester 
attempted to apply the balloon principle in a 
patent for a field hospital. The developments of 
the pneumatic structures gained a widespread 
use after the development of pneumatic shelters 
and decoys in the World War II. Walter Bird was 
the first designer of shelters for radar devices, 
so-called Radomes, which were made of nylon 
impregnated with rubber, shown in Figure 1-12.

Figure 1-12 18th century hot air balloon (left) and Radome 
by Walter Bird with a height of 12m and a diameter of 18m 
(right)

Architect and structural engineer Frei otto 
explored the potential of pneumatic structures. 
His work has increased the interest in pneumatics 

since 1960. Frei otto and Richard Buckminster 
Fuller believed in a utopian, a complete city 
covered by a pneumatic dome to create a desired 
inner climate for inhabitants. The concept is 
shown in Figure 1-13. 

Figure 1-13 Buckminster Fuller’s project for a dome over 
Manhattan

The designers of the Fuji Pavilion have taken 
the concept of the pneumatic structures to a 
next level, shown in Figure 1-14. The pavilion is 
created by the mottos: “Total Experience” and 
“Pneumatic within Pneumatic”. The designers 
created an exotic new space within a membrane 
structure which could be quite different. This type 
of structure converted the common style in to a 
new, remarkable, air-inflated type, composed of 
small-inflated structures inside and outside of 
the main structure. The structure consisted of 
a series of arched air-inflated tubes covering an 
exhibition space of the Fuji Company. 

Figure 1-14 The Fuji Pavilion, Expo’70

1.2.2 THE CoNCEPT
Pneumatic structures can be categorized into 
the synclastic tensioned membrane structures. 
The shape of the membrane cloth is provided by 
the difference in fluid, expanding foam, sand, or 
gas pressure against the skin of the membrane. 
Commonly, pneumatic structures are pressurised 
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by gas. An overpressure inside an enclosed 
volume is required to provide the shape, the 
necessarily pressurising level, and the stability 
of the structure. Generally, an overpressure of 
0.1-0.3 kN/m2 is sufficient. The main concept of 
pneumatic structures can be subdivided into two 
principles, namely air-supported and air-inflated 
structures. Air-supported structures encloses the 
volume by a single skin, the internal overpressure 
stabilize the membrane skin. Besides, the 
internal pressure is consequently higher than the 
atmospheric pressure. The air-inflated structure 
is a double layered skin system, the enclosed 
volume contains the pressurised air between 
the two layers of membrane. Subsequently, the 
principles of pneumatic structures are combined 
into a hybrid structure. The hybrid structure 
combines the favourable characteristics of both 
air-supported and air-inflated structures. The 
principles are shown in Figure 1-15.

Figure 1-15 Air-supported, air-inflated, and hybrid structu-
res (Wever 2008)

1.2.3 STRUCTURAL PRINCIPLE
As mentioned, the pressure of the fill material 
prestresses and shapes the cloths of the 
pneumatic structure. The stiffness of the 
pressurised enclosed volume increases by a higher 
pressure. The relation between the pressure and 
the radii will be explained with Figure 1-16. The 
considered variables are the radius R, internal 
pressure pt, and the ring force N.

Figure 1-16 Internal pressure is carried by a circular 
membrane (left) and half-circular cross-section in equilibrium 
(right)

Assume the internal pressure pi is equal to pt, 
the cross-section is subjected to an internal 
pressure of pt. The internal pressure is the sum 
of the aligned components of the net pressure 
forces acting on the surface in the considered 
direction. In the cross-section view, the total 
effect is described by the internal pressure pi and 
the radius R. The midline has to be taken into 
account in this case, this lead to the following 
equilibrium, shown in Figure 1-17 and the 
equilibrium equation. 

Figure 1-17 Equilibrium of forces in the cross-section

The equilibrium equations are described on the 
next page



10

PNEUMATIC STRUCTURES

Equilibrium equation:

Second part of equilibrium equation:

Simplifying:                  Integrating:  
 

Combine the parts:                 Results into:

To conclude, the radius of the membrane cloths relates linearly to the internal pressure and the 
membrane force. Consequently, the stresses decrease if the radius decreases by adding cables or 
segments for example, shown in Figure 1-18.
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Figure 1-18 reduction of 
radius and therefore the 
membrane stresses by using 
a cable net. (A. Habraken 
2013)

The equilibrium equation for the anticlastic membrane shape is similar to the synclastic pneumatic 
shape, as shown in Figure 1-19. The derivative of the equilibrium is described in paragraph 1.1.3.

Figure 1-19 Infinitesimal piece of a synclastic shaped membrane loaded by an equal distri-
buted load pz and reaction forces. In this case, figure Ny is the same as Nx.
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1.2.4 APPLICATIoNS
The concept of pneumatic structures is comparable to the concept of prestressed membrane structures. 
The prestress method and shape of the pneumatic is different from the typical membrane structure. 
The characteristics of the pneumatic structure are especially interesting for the following structural 
applications:
- Roof structures, for example parking garages, stadiums and greenhouses.
- Footbridges
- Tent structures
- Exhibition stands and advertising pillars
- Temporary bridges, for example for the army

Commonly, pneumatic structures are used to cover large surfaces such as sports arenas, shown in 
Figure 1-20. As mentioned, a large span requires a large curvature of the membrane cloth. However, 
adding cables or segmentation of the pneumatic structure reduces the required curvatures, shown in 
Figure 1-18 and Figure 1-20. 

Figure 1-20 Adding cables in the Metrodome, Minnesota (left) and Segmentation in the Eden Greenhouse complex, Cornwall 
(right) 

Furthermore, pneumatic structures have been developing in more structural principles the last 
decades. The principle of tensairity beams, arches and columns are upcoming developments of the 
pneumatic concept. In more detail, an air-inflated beam carries the loads in accordance with a regular 
beam structure, shown in Figure 1-21. Consequently, the loads cause compressive forces in the beam. 
The beam requires a higher internal pressure to avoid compression forces into the fabric. 

Figure 1-21 Load-carrying behaviour of an air-inflated beam (Wever 2008)
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The internal pressure depends on the design 
of the element and the requirements, the 
maximum displacement for example. In general, 
the internal pressure of a soccer ball is 1 bar 
(= 100 kN/m2). The internal pressure of the 
mentioned air-inflated beams is inflated within 
a wide range. For example, the internal pressure 
of the tensairity beam is varied between 150-350 
mbar (=15-35 kN/m2) and for the beams of the 
Airtecture Exhibition Hall is 500 mbar (=50 kN/
m2) (Wever 2008).

1.2.5 THREATS
As mentioned, the pneumatic structure is 
manufactured with the same material as 
membrane structures. The fabric is a vulnerable 
material from the production of the fabric until 
the lifespan of the structure. The main failure 
methodologies are similar for the pneumatic 
structures, besides the main failure methodology: 
loss of air pressure. The continuous decreasing 
air pressure level can be caused by a continuous 
outflow (leakage) or the air pumps are out 
of order for example. Two principles can be 
considered to avoid dangerous situations by the 
failed pneumatic structure, namely by elevating 
the supports or segmentation, as shown Figure 
1-22.

Figure 1-22 Increasing redundancy of structure by elevating 
supports (top) and segmentation (bottom) (Wever 2008)

1.3 HyBRID STRUCTURE
1.3.1 THE CoNCEPT
The concept of hybrid structures is to combine 
one or more structural principles with the basic 
principle. In this graduation project, the hybrid 
structure consists of the basic principle of a 
mechanical prestressed membrane structure. 
An active pneumatic structure will be integrated 
in the membrane structure to change the 
structural properties. The main principle of a 
hybrid structure is to extend the strengths and to 
eliminate the weaknesses. 

1.3.2 STRUCTURAL PRINCIPLE
The hybrid structure will consist of a mechanical 
prestressed membrane structure and an 
integrated pneumatic structure. The pneumatic 
structure will be constructed as ‘veins’ into 
the membrane cloth. The veins are inflatable 
channels, which are made of airtight membrane 
fabric. The assumptions of the hybrid structures 
are: 
- The inflatable veins are able to stiffen and 
prestress the membrane cloth in ‘extreme’ 
external loadings:
- Stiffen the membrane structure by pneumatic 
veins. The veins are stiffer elements compared to 
the membrane cloth. In addition, the stiffness of 
a pneumatic arch should be higher compared to 
a straight vein.
- During stiffening the membrane structure 
by the pneumatic arches the shear resistance 
increases due to the increasing prestress level. 
The risks for prestressing the pneumatic ‘veins’ 
by increasing shear stresses will be relevant, the 
principle is shown in Figure 1-23 and Figure 1-24. 
However, the shear stiffness is not included in 
this graduation project, since the shear strength 
of the membrane fabric is not determined.
- Distribute the stresses more proportional by an 
optimal grid of pneumatic veins. For instance by 
sloped veins, the diameter of the veins increases 
towards the middle of the membrane cloth, 
shown in Figure 1-24.
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Figure 1-23 Global structural behaviour of hybrid structure
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Figure 1-24 Increasing prestress level membrane by active pneumatic arches (left) and equally distributed stresses in the 
cloth by sloped veins (right)
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1.4 RESEARCH ToPIC
The topic is to provide the membrane structure 
with an active pneumatic structure to change the 
structural properties of the membrane structure 
in case of particular conditions. The loads due 
to particular conditions are for example snow 
loading, wind loading, and human loading. For 
the pneumatic structure, it is assumed that more 
stiffness and prestress is added to the structure. 
The challenge of this subject is to manufacture 
the air channels, pneumatic structure, into 
the membrane so that it will operate in both 
theoretical and practical manner. This graduation 
thesis will introduce the development of the 
hybrid structure and will result in a prediction of 
the prospective opportunities. The prediction will 
be based on a theoretical part and a ‘practical’ 
part, it will be satisfied by respectively mechanics 
and numerical tests of the structure and the 
details.

1.4.1 SUBJECT oF RESEARCH 
1.4.1.1 PRoBLEM DEFENITIoN 
The membrane structure is a passive structure, 
which is designed to resist particular loading 
such as snow and wind loading. During the 
lifecycle of the structure it will be exceptionally 
subjected to these particular loadings. With this 
information in mind, it can be concluded that the 
implementation of an active pneumatic structure 
into the membrane structure can optimize 
the entire hybrid structure. This perspective 
has to be verified with this graduation project. 
The perception is to change the mechanical 
properties of the membrane cloth with an active 
pneumatic system, which can be constructed 
in several manners. However, the main reasons 
to manufacture the membrane cloth with a 
pneumatic system are the following:
- The prestress levels of the fabric should be more 
equally distributed to prevent the cloth from nil 
stress areas. In other words, the nil stress areas 
are the most vulnerable spots of the structure 
due to the low resistance against deformations 
which can lead to several modes of failure.  
- The membrane cloth should be more stiff 
under extreme external loadings, because the 
deformations of the cloth will increase under 
increasing loadings. As consequence of the large 
deformations, the risk of contact with obstacles 
will increase. The obstacles are able to damage 

the cloth, which leads to a possible failure of the 
structure. 

The mechanical behaviour of a tensile fabric 
structure is depended of several properties, 
however, the main property is the prestress level 
of the yarns. The yarn directions, respectively 
warp and weft direction, are generally equally 
prestressed. The European guideline prescribes 
a low prestress level compared to the ultimate 
tensile strength, which leads to a lower stiffness 
and creep. The fabric will be stiffer and less 
vulnerable to creep if the prestress level is time 
dependent. If the structure is exposed to extreme 
external loadings, a higher stiffness is required. 

The suggestion of the graduation project is to 
investigate the possibility to provide the tensile 
fabric structure with pneumatic structure. The 
interaction of the pneumatic structure and the 
tensile fabric structure should be unravelled, 
because the mechanical principle differs 
compared to the other principle. The tensile 
fabric structures can be applied as retractable, 
temporary, or long term structures, the function 
of the structure will determine the lifespan. 
The lifespan of the long term structure will be 
determined by the fabric type of membrane 
structure, because the textile fabric is for example 
sensitive to creep. Although, the structure of the 
graduation project will be based on a long-term 
structure of the PVDV design. The PVDV design 
is a constructed tennis court cover in Utrecht, as 
shown in Figure 1-25.

Figure 1-25 PVDV tennis cover under construction (2011)
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1.4.1.2 MAIN oBJECTIVE 
The main objective of this graduation project will be an investigation of the possibilities to integrate 
a pneumatic system into a mechanical prestressed membrane structure, also called pneumatic 
veins. The following words should be considered for the combined structure: supply and demand. 
The purpose of the research project is to fulfil the required stress distribution, prestress levels, and 
maximal deformations of the membrane structures by the pneumatic veins. In other words, is the 
pneumatic system able to supply the structural demand of the membrane structure?
Within the graduation project, the whole structure and details will be classified with computational 
programs to obtain a prediction of the prospective possibilities for the hybrid structure. 

1.4.2 RESEARCH QUESTIoN
The hypothesis of the graduation project can be summarized as:

‘Is an active pneumatic system able to change the structural properties of
mechanical stressed membrane structure?’

In the past, the mechanical properties of the membrane and pneumatic structure are improved 
separately by previous study cases. In other words, the possibilities and consequences of combining 
these structures into a hybrid structure are still not defined. The application of pneumatic veins into 
the tensile membrane fabric generates several sub questions:
1) How to equally distribute the prestress into the fabric by the pneumatic veins? 
a) What is the stress distribution of a prestressed fabric without a pneumatic system?
b) What is the required prestress capacity by the pneumatic veins? 
c) What is the prestress capacity of the pneumatic veins?
d) Which grid of pneumatic veins is optimizing the stress distribution? 

2) How can the pneumatic veins be integrated to the tensile membrane fabric?
a) Which shape of the veins/channels is the most effective?
b) How to connect the cloths by integrating the pneumatic veins?

3) What are the benefits of the hybrid structure compared to a tensile membrane structure?
a) What is the influence of pneumatic veins towards the deformations and stress distribution?
b) What is the weight-effect of including the pneumatic veins?

1.4.3 STRUCTURE REPoRT
The research will be realized with a numerical study. A computational application will be programmed 
to verify the ‘reality’ with the assumptions and literature. The most suitable application will be ‘EASy 
- Technet GmbH’ because Easy supports to sketch free shapes, static analyses and cutting pattern 
calculation for textile membranes and ETFE foils. The research section will be done by a variant study 
of an arch supported roof with different hybrid structural application options. The following plan of 
actions needs to be fulfilled:
1) A few constructed arch supported roofs will be analysed to gain information about the 
problems and solving methods. For example, the following projects will be analysed: PVDV (tennis 
court roof, Utrecht, Netherlands), Wanlin (gas station, Wanlin, Belgium) and De Goede Herder Church 
(church, Maassluis, Netherlands).   
2) A basic model will be designed for the research project, the dimensions, the type of textile 
fabric and the shape of the arch supported structure will be determined after the case studies. In 
addition, the dimensions will determine the required minimal prestress and the presumable external 
loadings. Besides, the maximal allowable deformations and stresses should be assumed. 
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3) Before the veins are implemented in the three dimensional structure, the structural behaviour 
of the veins will be determined. The structural behaviour will be determined for two variants, namely a 
single vein and two veins which are crossed.
4) Designing variants of the overall grid and the shape of the veins. The interaction of the 
pneumatic veins and the membrane fabric should be determined for the three-dimensional structure. 
After the designing process, the variants will be simulated and be examined in the computational 
program ‘EASy’. The program will represent the realistic behaviour of the hybrid structure.
5) Variants of integrating the pneumatic veins into one of the case studies.
6) Detailing the veins in several variants. The variants have to be effective in the structural 
properties and behaviour. 
7) In addition, the results will be compared to the results of the structure without a pneumatic 
system and the original design, in this case the PVDV.
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CHAPTER 2: CASE STUDIES

The case studies will illustrate three constructed projects with an arch supported membrane structure. 
In general, the arch supported membrane structure includes a large difference in curvatures of the 
main directions. The curvatures cause various stiffnesses in the warp and the weft direction. As 
consequence, the direction of the lowest curvatures should consist of a higher pretension level to gain 
an equal stiffness in both directions. In general, the prestress levels are similar and a cable is added to 
support the direction of the lowest curvature for the uplifting wind. In case of the uplifting wind the 
lowest curvature will be depressed and the stiffness will decrease. The three case studies will illustrate 
some solutions for adding a supporting cable. The cases are the Service station (Wanlin), APPP Church 
(Maassluis), and PVDV tennis court cover (Utrecht), respectively shown below. 
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2.1 SERVICE STATIoN - WANLIN
2.1.1 INTRoDUCTIoN
on the occasion of the 75th anniversary of its 
founding, the Belgian oil company PETRoFINA 
build two identical gas stations which had to 
reflect the general corporate image. The location 
of Wanlin gas stations is alongside the motorway 
E411 between Brussels and Luxembourg, which 
is surrounded with the characterizing meadows 
and woods in a hilly landscape. 

Figure 2-1 Service station in Wanlin, Belgium

2.1.2 CoNCEPT
The rounded and waved shape of the canopy 
imitates the undulating landscapes of Famenne. 
While in the night, the station lights up by the 
translucency of the textile-fabricated roof, which 
makes it easier to notice for the drivers from 
the highway. Both station roofs are fabricated 
of more than 2.000 m2 membrane cloth, which 
covers the entire gas station site. Each gas station 
site consists of two parts, namely the refuelling 
zone and the commercial building. Besides, the 
designs of the stations differentiate from the 
traditional architecture, which is composed of 
metal elements.
The general function of the textile roof is to cover 
the entire site of the gas station, which improves 
the comfort of the users. The utilisation of the 
station is upgraded by connecting the motorway 
in a logical and proper manner. The infrastructure 
within the site must be logic as well with as few 
structural columns as possible. This perspective 
resulted into a canopy of a large scope, including 
a large cantilever with a lightweight textile-
fabricated cover. 
 
2.1.3 MECHANICAL STRUCTURE
The metal structural frame is shown in table 2-1 
and consists of 3 galvanized steel elements: the 
main trusses (green), secondary space trusses 
(yellow) and tension cables (purple, light and 
dark blue).  The main trusses can be distinguished 

into one truss of 44 m and two trusses of 40 m, 
each truss is supported by 2 columns. The main 
trusses are loaded by the edge cables which 
pretensions the white high strength PVC coated 
polyester cover (blue). 
Besides, the trusses are loaded by the external 
loadings. The external wind conditions cause 
depressions mainly in the lowest curvature 
direction of the textile cover. Cable trusses are 
added to prevent large deformations by uplifting 
wind loading (brown). 
The metal structural frame is supported by 6 
reinforced concrete columns, which are made 
of reinforced concrete with a height of 5.5 m. 
The columns are located on a mesh of 20x15 
m. The secondary space trusses connect the 
main trusses with the columns, at the top of the 
columns. Some of the secondary trusses provide 
the cantilever elements in the perpendicular 
direction of the main trusses. These elements 
are subjected to the pretension of the membrane 
and external loadings as well. As consequence of 
these loadings, the cantilever secondary trusses 
are anchored by edge and tension cables to the 
main trusses. The mass of steel per square meter 
of the floor space is relatively high. The required 
mass is a result of two design decisions, namely 
the low curvature of the roof and the absence of 
horizontal bracing. Firstly, the low curvature leads 
to higher required prestress levels in the textile 
fabric. This avoids the textile fabric to deform 
within the set of boundaries. Secondly, the 
absence of horizontal bracing requires a higher 
stiffness of the columns and metal structural 
frame. 
on top of the membrane cloth and the arches, 
transparent PVC tiles are installed to cover 
the connection of the cloth and the arches. In 
between the connections and the membrane 
cloth, an opening is made to provide permanent 
natural ventilation. The structural elements are 
shown in Table 2-1.
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Table 2-1 Structural elements of the Wanlin tank station

2.1.4 LoW CURVATURE
Cable trusses are added in the transverse direction of the membrane structure because it contains the 
lowest curvature (brown). The external wind conditions causes depressions mainly in the transverse 
direction of the textile cover which are prevented by the added cable trusses. The cable trusses are 
mainly added to prevent large deformations by uplifting wind loading. The top of the truss is connected 
with the membrane cloth. Because the cable will not move simultaneously with the membrane cloth, 
the cable will damage the cloth by friction. 
The friction is caused by the different stress-strain relationship and the freedom of the cable to move 
in the membrane connection.  

2.1.5 STRESS DISTRIBUTIoN
The information of the stress distribution is not available.
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2.2 APPP CHURCH - MAASSLUIS
2.2.1 INToRDUCTIoN
Royal Haskoning Architects designed a particular 
church for the Adreas Peter and Paul Parish in 
Maassluis (APPP church). It is located at the green 
triangle in the armpit of the Westlandseweg. The 
design for the church is a composition of shells, 
which are joined together by vertical glass-
façades. The initial design was based on five stand-
alone shells with an undefined materialization. 
Later on, the materialization was defined into an 
arched steel supported structure with membrane 
cover. The structure is based on the leaves of a 
tree: a leaf with a typical vein structure.

Figure 2-2 APPP Church Maassluis, Netherlands

2.2.2 CoNCEPT
The composition of shells should act in a concept 
of segmentation: the segments should act 
horizontally and vertically, wide, deep and high 
and should be large and small at the same time. 
Moreover, it should feel comfortable for groups 
as well as individuals and it should become 
a space that breathes. The physical modal of 
five different overlapping shells represents the 
named concepts. Besides, the daylight enters the 
building between the overlaps of the different 
shells. 

2.2.3 MECHANICAL STRUCTURE
The structural concept of the church consists 
of five shells that are structurally independent. 
Each shell consists of three steel arches, which 
are mutually connected by girders (green). Two 
membrane cloths are used, one at the top and 
the other at bottom side of each shell (blue). onto 
the lower membrane placeholders are welded in 
crucifix shape, which hold the insulation layer. At 
the inside of the church the stamp of the crucifix 
weld is slightly visible, effectively bringing a 
smooth appearance to the inner fabric. The lower 

membranes of the two main shells have a valley 
cable which creates a strong curvature in the 
lower fabric, resulting in a strong visual impact at 
the inside. The outer fabric of the two main shells 
also has a valley cable but it does not influence 
the shape of the fabric, leading to a normal 
saddle shape form (brown). 
The separated connections of the cloths create a 
large space between the outer and inner fabric, 
giving room to the internal steel structure and 
even allowing for the use of straight girders 
instead of curved ones. The outer fabric is 
manufactured with 1400m2 Ferrari Fluotop T2 
1202 and the inner fabric is manufactured with 
1000m2 Ferrari Fluotop T2 702 opaque. 
The outer and inner layers of fabric are mutually 
connected by a closing slab wrapped around the 
steel arches. As the fabric continues all around 
the shells, it proved cumbersome to attach the 
facade, which is placed between the overlap 
of the different shells, to the supporting steel 
structure (yellow). This was solved by creating 
holes in the fabric at a certain distance from each 
other. This enabled a vertical placeholder to go 
through the fabric to connect the secondary steel 
structure of the facade with the main bearing 
structure. The gap between the secondary steel 
structure and the fabric is closed by a slab that 
enables movement of the fabric. The structural 
elements are shown in Table 2-2.
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Table 2-2 Structural elements of the APPP Maassluis Church

2.2.4 LoW CURVATURE
The initial concept has had influence on the structural behaviour of the tensile membrane structure. 
In the first instance, the cable on the top membrane layer was added to gain the leaf form with the 
typical vein structure. on the other hand, the added valley cable is constructed as a supporting cable 
for the lowest curvature of the membrane cloth. In this case, the lowest curvature is sensitive for wind 
conditions in the upward direction, because the membrane cloth is less stiff in the direction of the 
lowest curvature. The added valley cable avoids large uplifting movements of the membrane cloth. 
However, the cable will not move simultaneously with the membrane cloth. This phenomenon will 
cause friction, which damages the membrane cloth. 

2.2.5 STRESS DISTRIBUTIoN
For this case, shell structure number 3 will be analysed of the Maassluis church, as shown in Figure 2-3. 
The stress distribution of the loading cases is shown in Table 2-3.

Figure 2-3 Shell structure numbers (left) and uplifting wind loading distibution (right)

1
2

3
4
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CASE STUDIES

Loading situation Stresses in membrane Stresses in cables 

Prestressed

Load case 1

 

Wind 1: uplifting + unequally 
distributed

Load case 2

 
Wind 2: downwards + unequally 

distributed

Load case 3

 
Wind 3: uplifting + equally 

distributed

Load case 4

 
Wind 4: uplifting + unequally 

distributed

Table 2-3 Stress distribution in membrane cloth and cables in Maassluis Church
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2.2.6 RESULTS
The stresses are distinguished into three 
subdivisions, the second division is constrained 
into the following ratio: 1.95 – 6.97 kN/m (yellow). 
The ratios for the blue and red elements are listed 
in the Table 2-4 and 2-5 (stresses in kN/m).  

* = not available 
Table 2-4 Membrane stresses in kN/m

The forces in the cables are listed in the Table 2-5 
(forces in kN).

* = not available 
Table 2-5 Cable forces in kN

2.2.7 CoNCLUSIoN
From the results can be concluded that the 
uplifting-cable reduces the forces into the 
membrane when it is subjected to an uplifting 
wind force, because the cables take over the 
forces. 
Because the information of the structure 
subjected downward force (snow) is not available, 
the influence of the uplifting cable cannot be 
explained in this loading case.  

Normal
Snow

Wind 1
Wind 2
Wind 3
Wind 4

1.32 - 1.95
*

0.00 - 1.95
0.00 - 1.95
0.00 - 1.95
0.00 - 1.95

1.32 - 1.95
*

0.00 - 1.95
0.00 - 1.95
0.00 - 1.95
0.00 - 1.95

Normal
Snow

Wind 1
Wind 2
Wind 3
Wind 4

1.32 - 1.95
*

0.00 - 1.95
0.00 - 1.95
0.00 - 1.95
0.00 - 1.95

0.92 - 1.83
*

6.68 - 11.19
0.88 - 9.63
2.04 - 7.53

3.36 - 18.65
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2.3 PVDV CoVER - UTRECHT
2.3.1 INTRoDUCTIoN
At one of the armpits of the traffic plaza oudenrijn 
arises a new sports park Rijnvliet, on the 
northwest side. The sports park Rijnvliet consists 
of eight tennis courts with four light-through 
covered tennis courts. A set of two tennis courts 
is covered with two tensile membrane fabric 
parts supported by a steel structure. 

Figure 2-4 PVDV tennis court cover Utrecht, Netherlands

2.3.2 CoNCEPT
The covers are required to enable outside tennis 
activities all year long, in other words, it is 
possible to play tennis in any weather conditions. 
The company Light-Space developed the cover-
concept with lightweight structures and a light-
through cover on top, the cover is made of 
synthetic material. 
The design of the covers fulfilled requirements 
of tennis court commission, however, the 
requirements of the Dutch codes and the KNLTB 
should be fulfilled. The KNLTB is the Dutch 
national tennis association. The restricted 
measurements of the free surrounding area and 
height above the courts should be fulfilled to call 
it an outside tennis court.   

2.3.3 MECHANICAL STRUCTURE
The cover of the four courts consists of two 
separated identical structures which cover each 
two tennis courts. The structures span a surface 
of globally 45m x 34m and have a maximal height 
of 12 m. The passage height of the longitudinal 
direction consists of a minimum of 3 m, besides, 
the height enables a 360 degree view. The view is 
also provided by the open surfaces between the 
steel trusses. 
Each cover is designed with two similar tensile 

membrane fabric parts and on the longitudinal 
edges canopies are added of the same material. 
The tensile membrane fabric is made of PVC-
coated polyester of Ferrari and has a thickness 
of 0,8 mm (blue). The cloth is doubly curved 
pretensioned and includes an eight percentage 
light-throughness. The top layer of the fabric is 
coated with Teflon to make it weather-resistant, 
dirt-resistant, and flame-resistant.  
The connection of the two separated membrane 
cloths is at the heart of the middle truss. 
The membrane cloths and the canopies are 
pretensioned at the corners between clamping 
plates and angular profiles, the angular profiles 
are welded to the steel truss. 
Each cover will be supported by a steel structure 
of three trusses with a centre-to-centre distance 
of 16m (green). Besides, the steel trusses span 
globally 43 m. The trusses are constructed with 
a height of 2.0 m and consist of HE-A profiles 
and rectangular tube profiles. The HE-A profiles 
are the flanges and the tubes are the webs. Each 
truss consists of six elements, namely four beam 
and two column elements. The elements are 
delivered as prefab elements and are constructed 
on the side. The trusses are connected by purlins 
of tube profiles with a diameter of 324mm. 
The structure of trusses and purlins (yellow) is 
stabilized by steel tube tension cables (light blue) 
and bracings (pink). The structural elements are 
shown in Table 2-6.
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Table 2-6 Structural elements PVDV tennis court cover

2.3.4 LoW CURVATURE
Both directions of the curvatures contains low curvatures, the transverse direction of the membrane 
is the most vulnerable for the determining external uplifting wind load. The wind will deform the 
membrane fabric by uplifting the cloth. Pretensioned steel cables are added on top of the cloth to 
avoid uplifting, besides, the cables are pretensioned (1kN) and connected to the steel frame (brown). 
The steel cables are also called valley cables. The used cables have a diameter of 16mm and 20mm. 
However, the cable will not move simultaneously with the membrane cloth. This phenomenon will 
cause friction, which damages the membrane cloth. 

2.3.5 STRESS DISTRIBUTIoN
The effect of adding a cable for the uplifting wind could have an influence on the structural behaviour. 
The loading cases and the stress distributions are shown in Table 2-7. Figure 2-5 illustrates an example 
of the colour indication of the stress distribution, in this case for the prestressed situation.

Figure 2-5 Colour indication of the stress distribution: Membrane stress (kN/m) and Cable force (kN)

Structure Main trusses Secondairy structure

Uplifting cables Edge cables

Tension cables Bracing
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UPLIFTING CABLES

EDGE CABLES

TENSION CABLES 
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MEMBRANE CLOTH
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UPLIFTING CABLES

EDGE CABLES

TENSION CABLES 

BRACING

LEGEND 

MEMBRANE CLOTH

MAIN TRUSSES 

SECONDARY STRUCTURE

UPLIFTING CABLES

EDGE CABLES

TENSION CABLES 

BRACING
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MEMBRANE CLOTH

MAIN TRUSSES 

SECONDARY STRUCTURE

UPLIFTING CABLES
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BRACING
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MEMBRANE CLOTH

MAIN TRUSSES 

SECONDARY STRUCTURE

UPLIFTING CABLES

EDGE CABLES
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BRACING

LEGEND 

MEMBRANE CLOTH

MAIN TRUSSES 

SECONDARY STRUCTURE

UPLIFTING CABLES

EDGE CABLES

TENSION CABLES 

BRACING

LEGEND 

MEMBRANE CLOTH

MAIN TRUSSES 

SECONDARY STRUCTURE

UPLIFTING CABLES

EDGE CABLES

TENSION CABLES 

BRACING

LEGEND 

MEMBRANE CLOTH

MAIN TRUSSES 

SECONDARY STRUCTURE

UPLIFTING CABLES

EDGE CABLES

TENSION CABLES 

BRACING

LEGEND 

MEMBRANE CLOTH
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Loading situation Stresses in membrane Stresses in cables 

Prestressed

Load case 1

 

Wind 1: Symmetrical uplifting 
wind loading

Load case 2

 
Wind 2: Unsymmetrical uplifting 

wind loading

Load case 5

 
Snow 1: Symmetrical snow 

loading

Load case 4

 
Snow 2: Unsymmetrical snow 

loading

Table 2-7 Stress distribution in membrane cloth and cables in PVDV tennis court covers

2.3.6 CoNCLUSIoN
From the results can be concluded that the uplifting-cable reduces the forces into the membrane 
when it is subjected to an uplifting wind force, because the cables take over the forces. If the structure 
is subjected to a downward force, the uplifting cables will not interact with the fabric. However, the 
membrane stresses will increase when it is subjected to a downward force.  
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2.4 SUMMARy CASE STUDIES
The basic principles should be introduced first, 
afterwards, the properties of the structures 
are listed in Table 2-8 on the next page. The 
curvatures can be determined with the following 
equation:

 
With:
- f = height of curved membrane cloth
- L= Length of span  

The terrain classification is subdivided into the 
following three categories:
-Terrain category 1: Sea or Coast areas with wind 
directly from the open sea. 

Figure 2-6 Terrain categories 1

-Terrain category 2: Area with low growing 
nature resources such as grass and freestanding 
obstacles (trees and buildings) with a free 
surrounding area of at least 20 times the height 
of building. 

Figure 2-7 Terrain categories 2

κ=
1
R
=
8 ⋅ f
L2

-Terrain category 3: Area with frequently growing 
nature or buildings or isolated obstacles with 
a maximum surrounding area of 20 times the 
height of the building. For example, villages, pre-
urbanized terrains, and permanent forests. 

Figure 2-8 Terrain categories 3
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Structure APPP Church PVDV
2

Ferrari Pré-con-
traint 1502##

44m
7m*
15m

4.5m*
2.5m
0.03
0.09

1:3 (0.33)
1:1

Cable truss
# = All cloths are PVC coated polyester from the company Serge Ferrari
## = It was able to construct the cloth with Ferrari Précontraint 1202 (Schock 1997)
* = exclusive free height (maximum 14m)
** = exclusive free height (maximum 3.85m)
Table 2-8 Structural properties of the case studies
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CHAPTER 3: THEoRETICAL RESEARCH

The concept of the hybrid system is defined by boundaries and theory. This paragraph defines the 
location, properties and structural behaviour of the PVDV structures. Besides, the codes of practice are 
described. Lastly, the structural behaviour of the hybrid system is theoretically defined.
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UTRECHT

3.1 PRoPERTIES oF THE BASIC MoDEL
The basic model will be based on the PVDV-
design, because this case study includes the 
complete output of the model in the program 
Easy. The properties of the PVDV are listed in 
Table 3-1. 

# = The cloth is made of PVC coated polyester from the com-
pany Serge Ferrari
* = exclusive free height of 3.85m
Table 3-1 Structural properties PVDV

Besides, the PVDV design is chosen to compare 
the output of the graduation project with the 
output of the PVDV design. The exact location is 
shown in Figure 3-1. 

Figure 3-1 Location of PVDV tennis court cover

Structure PVDV

The structural properties of the fabric Ferrari 
Précontraint 1202 are given in paragraph 3.1.2. 
The technical information of the PVDV project is 
described in Paragraph 2.3.

3.1.1 CoDE: PRETENSIoN LEVEL
The PVDV structural properties are based on 
the design with an uplifting cable on top of 
the membrane tensioned fabric. The design 
will be improved by replacing the cable with 
an integrated pneumatic vein. In general, the 
anticlastic membrane structures are prestressed 
according to the codes. The DIN-4112: Fliegende 
Bauten (DIN Deutsches Institut für Normung, 
DIN-4112 Fliegende Bauten, 1983) describes the 
minimum pretension values σt according to the 
area (A) and height (h) of the project: 
σt = 0.50 kN/m (only small structures)  
if A<400m2 and h<8m    
σt = 0.80 kN/m     
if A≥400m2 and h<8m    
σt = 1.00 kN/m     
if A<1000m2 and h≥8m    
σt = 1.50 kN/m (all other structures) 
The values are based on experience of tensile 
membrane structures. The structures are 
stabilized and able to resist external loading 
conditions. Besides, the minimal pretension for 
the PVDV is 1.00 kN/m according to the DIN-
4112.  
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3.1.2 PRoPERTIES oF FABRIC
The structural properties of the Ferrari Précontraint 1202 cloth are:

Biaxial test data from Laboratory Blum Stuttgart:

Figure 3-2 Biaxial test of Ferrari Précontraint 1202

Initial strain of Ferrari 1202 is 2.3% and the strain stiffness can be determined with Figure 3-2:

The strain stiffness of the fabric: 
 

The strenght of the fabric:
σtensile = 560 daN/5cm = 112 kN/m, results into warp/weft :  112/112 kN/m
σtear = 80 daN/5cm = 16 kN/m, results into warp/weft :  16/13 kN/m
σadherence = 12 daN/5cm = 2.4 kN/m

Weight 
[g/m2]

Ferrari Précontraint 1202

Adherence 
[daN/5cm]

1050 900 560/560 80/65 12

Δσ =22.5−4.5=18.0kN/m

Δε= 4.3−2.3=2.0 ⋅10−2

EA = Δσ
Δε

=
18.0

2.0 ⋅10−2
= 900kN
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Figure 3-4 Load areas of PVDV design (top view)

Table 3-2 Wind load cases for the particular areas

3.1.3.2 SNoW LoADING
The snow loading is determined according to 
NEN-EN 1991-3. As mentioned, the loadings are 
based on the data of Leidsche Rijn, Utrecht. The 
reference snow loading is 0.7 kN/m2, with the 
shape factor μ1 (0.8). The snow loading is divided 
into three loading cases as shown in Figure 3-5. 
Loading cases 6 and 7 are similar because of 
symmetry, since the α-values are both 1.0. The 
snow loading distribution is based on Figure 3-4 
and the values are shown in Figure 3-5 and Table 
3-3.

Figure 3-5 Snow loading shape coefficient - Saddle shaped 
roofs

Area

1
2
3
4

LC4 
[kN/m2]
-0.378
-0.216

-
-

LC3 
[kN/m2]
-0.378
-0.216
-0.216
-0.378

LC2 
[kN/m2]

0.54
0.41

-
-

LC1 
[kN/m2]

0.54
0.41
0.41
0.54

LC5

LC6

LC7

Safety factor:
In general a safety factor of 5 is used, although 
for short term a factor between 3-4  may be used 
(gust loadings). In addition, for connections a 
safety factor up to 7 is used. But these factors 
should always be discussed in accordance with 
the design engineer’s analysis and may vary from 
case to case. (Forster & Mollaert, 2004)

3.1.3 EXTERNAL LoADING CoNDITIoNS
The external loading conditions are determined 
according to NEN-EN 1991. The loading method 
in Easy is explained in Appendix 8.3.1. 

3.1.3.1 WIND LoADING
The wind loading is determined according to NEN-
EN 1991-4. The roof is a two-sided sloped cover 
with an minimal slope angle of α>0. In addition, 
the wind load is based on a reference height of 5m 
according to the data of the nearby located town: 
Leidsche Rijn, Utrecht. The local thrust is pw=0.54 
kN/m2.  The cover measurements are shown in 
Figure 3-3. The design results in the following 
shape factors: Cpe,25 and Cpe,13, respectively  
downwards: -0.7 and -0.4 and upwards: 1.0 and 
0.76.  The following loading cases can be defined:

-Wind loading case 1: symmetrical upward 
loading (LC1)
-Wind loading case 2: one sided upward loading 
(LC2)
-Wind loading case 3: symmetrical downward 
loading (LC3)
-Wind loading case 4: one sided downward 
loading (LC4)

Figure 3-3 Measurements of the PVDV cover  
 
The mentioned conditions are distributed over 
the top surface of the cover. This results into the 
following wind loading distribution, as shown in 
Figure 3-4 and Table 3-2.

45.0

11.6

130

250

5.1 12.2

1 2 3 4
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Table 3-3 Snow load cases for the particular areas

3.1.4 STRUCTURAL BEHAVIoUR oRIGINAL 
PVDV DESIGN 
The properties of the PVDV project is globally 
described in paragraph 2.3. The structural 
behaviour of the fabric is described in this 
Paragraph. As mentioned, the steel cable on top 
of the membrane cloth reduces the stresses and 
displacements when the structure is subjected 
to an uplifting wind loading. The span of the 
membrane is divided by the steel cable. However, 
the span retains if the structure is subjected to a 
downward loading, such as downward wind and 
snow loading. The structural principle is shown in 
Figure 3-6. The downward loading will distribute 
the load over the steel frame as a q-load. The 
upward loading is similar distributed as the 
downward loading besides, the added point 
loads from the cable.  

Figure 3-6 Structural principle of cable downwards and 
upwards loading (thick line=steel portal), loading cases in side 
view

The membrane cloth is prestressed in both 
directions, longitudinal and transverse direction. 
The prestress levels are respectively 1.0 kN/m 
and 2.0 kN/m. Besides, the membrane cloth of 
the model is divided into a mesh of links with the 
distance of 0.41 m x 0.41 m. 
The movement of the structure is calculated with 
the application EASy by Tentech Bv, the results of 
the equally distributed uplifting wind and snow 
are determining and shown in Figure 3-7 and 
Figure 3-8. The difference is caused by the loading 
direction. The snow loading is vertical directed 
(subjected) and the wind loading is perpendicular 

Area

1
2
3
4

LC6
[kN/m2]

-0.56
-0.56
-0.28
-0.28

LC5 
[kN/m2]

-0.56
-0.56
-0.56
-0.56

directed to the fabric surface (projected). The 
downward wind loading is disregarded because 
the deformations and stress distributions for the 
snow load is higher. In addition, the results of the 
downward snow loading are similar to the cable-
less PVDV design. Therefore, the images are 
not the same for the PVDV design with uplifting 
cables. Remark, the program EASy cannot disable 
the effect of the cable for downward directed 
loadings. 

Figure 3-7 Upward deformation of fabric subjected to wind 
(Projected; min. displacements: >0.85m, >0.75m and >0.55m)

Figure 3-8 Downward deformation of fabric subjected to 
snow (Subjected; min. displacements: >0.95m, >0.90m and 
>0.85m)

Besides, the structural behaviour of uplifting 
wind is recorded on the 15th of November 
2015. The structure was subjected to an average 
wind speed of 48-52km/h (7 on Beaufort scale) 
and peak wind speed of 74-79km/h, according 
to nl.windfinder.com in the area of Utrecht, 
Netherlands. The fragments of the movement 
are shown in Figure 3-9. The cable limits the 
movement of the fabric and decrease the span, 
as shown in the layered picture. 
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Figure 3-9 Two layered picture of the structure subjected to a wind force of 7 on the Beaufort scale.

To conclude, the movement of the statical analysis and reality are almost similar. The largest 
displacements were around the lowest part of the fabric as illustrated. The difference between the 
reality and the predictions was the subjected load panels, the predictions were based on uniform 
loaded areas. In reality, the wind transfers along the fabric which provides a wave shaped movement 
in the fabric.

3.1.5 STRUCTURAL BEHAVIOUR CABLE-LESS PVDV DESIGN 
The original design includes a cable, it reduces the deformations of the membrane cloth for upward 
directed loadings. The structural behaviour of original design is described in previous Paragraph 3.1.4. 
This paragraph shows the structural behaviour without adding a cable on top of the membrane cloth. 
The model is based on the properties of previous Paragraph 3.1.4. In addition, the edge cable of the 
original design is preserved. The movement of the structure is calculated with the application EASY, the 
results of the equally distributed uplifting wind and snow are determining and shown in Figure 3-10 
and Figure 3-8. The difference is caused by the loading direction. The deformations caused by the snow 
loading are similar, since the cable is able to support in the downward movement direction. The results 
for snow loading are shown in Figure 3-8. Besides, the wind loading is perpendicular directed to the 
fabric surface (projected). The cable-less design deforms more than the design with a cable for upward 
directed loadings. For upward wind loading, the maximum deformations are located at the same spots. 
In addition, the cable prevents the membrane cloth to move over its full length as shown in Figure 3-7 
and Figure 3-10. The difference is the real value of the movement, the design without a cable deforms 
more than the design with a cable for upward directed loadings, as shown in Figure 3-10.

Figure 3-10 Upward deformation of fabric subjected to wind (Projected; min. displacements: >1.05m, >0.85m and >0.75m)

The cable has effect on the deformations of the prestressed membrane cloth. The cable has effect 
on the stress distribution for the uplifting wind load cases in theory. In addition, the cable will not 
have effect on the stress distribution for the snow load cases. The results are shown in Table 3-4. The 
stresses are divided into a colour scheme, besides the stress ratio differs per situation. The stress ratio 
for the load case ‘Wind 1: uplifting + equally loaded’ is shown in Figure 3-11.

Figure 3-11 Stress ratio colour scheme
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Table 3-4 Stress distribution of the PVDV-design without and with an uplifting cable (top view)

3.1.6 CoNCLUSIoN
From the results can be concluded that the uplifting-cable reduces the stresses into the membrane 
when it is subjected to an uplifting wind force, since the cable divides the membrane cloth into several 
departments and taking over a part of the forces. If the structure is subjected to a downward force, the 
uplifting cables will not interact with the fabric. The membrane stresses and deformations are similar 
for the downward loading cases.

Situation Quantity
General 
properties
Pneumatic 
vein
Membrane 
element

P
EAferrari,1202

Lp
EAp
Lm

EAm

Value

Loading situation Stresses in membrane Stresses in cables 

Prestressed

Load case 2

 
Wind 2: Unsymmetrical uplifting 

wind loading

Load case 5

 
Snow 1: Symmetrical snow 

loading

Load case 4

 
Snow 2: Unsymmetrical snow 

loading

Load case 1

 

Wind 1: Symmetrical uplifting 
wind loading

0.41 - 0.89 kN/m 0.28 - 0.98 kN/m

0.00 -6.10 kN/m 0.11 - 4.58 kN/m

0.00 -5.43 kN/m 0.25 - 4.31 kN/m

0.00 -6.49 kN/m 0.00 - 6.49 kN/m

0.00 -6.47 kN/m 0.00 - 6.47 kN/m

1 kN/m2

900 kN
5 m

900 kN
10 m

900 kN

Internal pres.*
Strain stiffness
Length 
Strain stiffness
Length
Strain stiffness

Description
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3.2 STRUCTURAL BEHAVIoUR oF VEINS 
The structural behaviour of the pneumatic veins 
will be theoretically described with a basic two 
dimensional model of the cross-section. The 
behaviour of the model will be described by 
the geometry. The geometry consists of four 
membrane parts, respectively two layers of 
fabric for the membrane elements and two layers 
of fabric for the pneumatic vein. The vein is 
manufactured with two overlapping layers which 
encloses the internal space, as shown in Figure 
3-11.   

3.2.1 SCHEMATIZATIoN oF THE MoDEL
The model is simplified into a two-dimensional 
model to illustrate the basic principles of the 
pneumatic veins. The cross-section is modelled 
to understand the basic principles. Figure 3-12 
shows the fictitious structural behaviour of the 
hybrid system. Assumed, the utmost form of the 
vein will be a sphere. The sphere cross-section is 
fictitious because of the interaction between the 
vein and the membrane elements.
The structural behaviour is simplified to the 
loading of the internal air pressure. The internal 
air pressure will increase and inflate the flat 
enclosed surface, consequently, the material 
should extend to provide a particular height 
of the vein. The height of the vein depends 
on the air pressure, and the membrane fabric 
properties. Assumed, the fabrics of both the 
membrane elements and the vein elongate if the 
internal pressure rises. In addition, the curvature 
of the entire hybrid structure will decrease in 
perpendicular direction of the inflated vein 
direction. In Figure 3-12 is the effect of the 
decreasing curvature neglected by a straight 
structural model. However, the hybrid system can 
be described with a simplified mechanical system 
of springs, as shown in Figure 3-13. The outer 
springs are the membrane elements which are 
taken into account as linear. The middle spring is

the pneumatic vein and is determined in the 
remainder of this Chapter.

Figure 3-13 Simplified mechanical system of springs

The overall structural behaviour of the vein and 
the membrane depend on the change of the 
internal pressure in the enclosed surface. In 
reality the change of the air pressure does not 
change gradually. In other words, the air displaces 
similar as liquid and will cause an uneven internal 
air pressure along the surface of the membrane. 
However, a constant internal air pressure is 
assumed that means a uniform load distribution 
along the surface of the membrane. In more 
detail, external loadings will change the form of 
the vein, the changing form causes a movement 
of air. The movement of the air absorbs energy 
by friction between the air particles. In this case, 
the friction is neglected to keep the model simple 
and it is mentioned as a global insight of the 
structural behaviour. The theoretical approach 
will be a geometric analysis. 

A schematization of the integrated pneumatic 
vein is required to gain more insight in the 
mechanical behaviour, shown in Figure 3-14. 
The calculation of the model is an iterative 
process of three chronological steps of geometry 
descriptions. Firstly, the end nodes of the 
pneumatic element are moved to each other 
by the strain of the membrane elements. The 
strain is linearly increased. After the strain, the 
nodes of the pneumatic vein are constrained 
and the pneumatic vein fabrics include infinitive 
strain stiffness. As consequence, the curvature 
of the vein is provided by the strain of the 
membrane cloths, as illustrated and described in 
paragraph 3.2.1.1. Secondly, the pneumatic vein 
elongates by a given strain stiffness which will 

Figure 3-12 Two-dimensional mechanical model of a pneumatic vein integrated in the membrane structure with dotted 
deformation by a higher internal air pressure



37

be compensated by changing the internal pressure, as illustrated and described in paragraph 3.2.1.2. 
Thirdly, the length of the pneumatic vein will be varied to show the effect on the horizontal force, as 
described in paragraph 3.2.1.3.

Figure 3-14 Principles of two dimensional hybrid system

3.2.1.1 RADIUS oF VEIN VERSUS STRAIN oF MEMBRANE
The first step will be reference model for the relation between the radius of the pneumatic vein and 
the strain of the membrane cloth. In this case, the strain stiffness of the vein will be infinitive to extract 
the direct relation. Besides, the internal pressure will be assumed as constant and uniform. In addition, 
the elongation of the membrane and the resulting horizontal force depends on the angle between the 
vein and the membrane which results in a non-linear relation. 
The elongation of the membrane cloth will be gradually increased. Assumed, the elongation of the 
membrane cloth is linearly and it results into a gradually increment of the required force. The radius 
of the pneumatic vein will decrease what results in a decreased normal force (N = p*R) and resulting 
horizontal force. The resulting horizontal force is directly related to the radius, because radius is linearly 
related to the normal force and a larger curvature results in a lower horizontal force. As consequence, 
the internal pressure should increase additional for each increment of the horizontal displacement to 
fulfil the required horizontal force. 
The model is simplified into a system of three single layers of membrane fabric. The pneumatic vein is 
provided by two single layers which encloses the internal volume. The two connected fabrics will be 
also provided as pneumatic vein in reality. The remained layer simulates one of the two the membrane 
elements, as shown in Figure 3-15. Besides, the horizontal forces should be in equilibrium to be valid 
for the descriptions of the geometry in reality. In addition, half of the horizontal displacement is 
taken into account because half of the structure is described, as shown in Figure 3-15. The internal 
pressure is kept constant (1 kN/m2) to show the relation between the radius of the vein and strain of 
the membrane element.  

Figure 3-15 The deflated situation (Lp = length of pneumatic vein and Lm = length of membrane element) 

Lp Lm

Fm Fp,hor

Lm
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The equations are explained in Appendix B. 
Firstly, the radius of the vein is determined for 
the equally distribution of the membrane strains. 
Therefore, the equations should be collaborate 
and integrated to gain a direct relation. The 
following equations are simplified [3-2] and [3-5], 
afterwards it will be substituted into [3-4]:

[3-6]

[3-7]

Substituting [3-6] and [3-7] into [3-4]:

[3-8]

The results of the direct relation between the 
radius of the vein and the strain of the membrane 
fabric are shown Graph 3-1. The graph shows the 
resulting horizontal force from the pneumatic 
vein, the horizontal force is directly related to the 
radius as mentioned in [3-1] and [3-3]. Wherein, 
the angle depends on the radius of the vein. 
Besides, the properties of the elements are listed 
in Table 3-5.  

The relation between the radius of the vein 
and the strain of the membrane is determined 
by assuming infinitive strain stiffness for the 
pneumatic elements and a restricted strain 
stiffness for the membrane element, as shown in 
Figure 3-16.

Figure 3-16 The inflated situation with infinitive strain 
stiffness of Lp

Figure 3-17 shows the geometry properties to 
connect the equations to the geometry. The 
strain of the membrane element is composed out 
of equally steps. Besides, the membrane element 
is assumed as linear elastic and the elasticity 
modulus is determined in Paragraph 3.1.2.

Figure 3-17 Property principles of the geometry

The following equations are used to describe the 
relation between the radius and the strain:

[3-1]

[3-2]

[3-3]

[3-4]

[3-5]
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P
EAferrari,1202

Lp
EAp
Lm

EAm

Value
1 kN/m2

900 kN
5 m
∞

10 m
900 kN

*= internal pressure
Table 3-5 Element properties step 1

Graph 3-1 Resulting horizontal force from pneumatic vein 
by a constant internal pressure. Fm = force in membrane and 
Fp,hor = horizontal force from pneumatic vein with an internal 
pressure of 1kN/m2

From Graph 3-1 can be concluded that the 
resulting horizontal forces are not equal, 
the internal pressure has to be changed to 
compensate the required horizontal force 
equilibrium. The required internal pressure is 
shown in Graph 3-2. 

Graph 3-2 Required internal pressure Pp

Graph 3 2 shows an exponential function of the 
required internal pressure by decreasing the 
radius. The required internal pressure Pp is the 
blue line and is approached with the red line, 
which is an exponential function. The exponential 
function is shown below:
 

In conclusion, the internal pressure increases 
exponential when the strain of the membrane 
element increases linearly. This conclusion only 
holds when the strain stiffness of the pneumatic 
vein elements is infinitive. Besides, the probability 
of damage and leakage of the vein increases by 
rising the internal pressure. This remark has to be 
taken into consideration.     
The system is an approach for large deformations 
as consequence of linearization. The model 
is a non-linear problem which can be solved 
by integrating the Lagrange equation into the 
calculation. The Lagrange equation determines 
the equations of motion, which is a numerical 
solution. Besides, the internal pressure is taken 
into account as constant. 

3.2.1.2 INTERNAL PRESSURE VERSUS STRAIN 
oF VEIN
As mentioned in Paragraph 3.2.1.1, the relation 
between the radius and the strain only holds 
if the strain stiffness of the pneumatic vein is 
infinitive. In reality, the strain stiffness of the 
vein  has the same value as for the membrane 
element. Therefore the properties, listed in Table 
3-6, are taken into account.

*= internal pressure
Table 3-6 Element properties step 2

In assumption, the pneumatic vein is subjected 
to strain which is linear if the force is increased 
by equal steps. The strain of the membrane is 
constant, as consequence the internal pressure 
is increasing to gain equilibrium of horizontal 
forces, according to the conditions of Paragraph 
3.2.1.1. The mentioned assumptions are shown 
in Figure 3-18. Graph 3-3 shows the results of 
an iterative calculation of the required internal 
pressure for the horizontal force equilibrium. 
Where Pp,1 = no strain of pneumatic vein, Pp,2 
= first equilibrium of structure after strain of 
pneumatic vein and Pp,3 = second equilibrium of 
structure after strain of pneumatic vein.1.2⋅(EXP(3⋅DLm)=1.2⋅e(3⋅ΔLm)

P
EAferrari,1202

Lp
EAp
Lm

EAm

Value
1 kN/m2

900 kN
5 m

900 kN
10 m

900 kN
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Lm

Lp-DLm Lp-DLm Lm-1/2DLm

Lp+DLp

Lp

Lp-DLm,res 1/2Lp-DLm,res Lm-1/2DLm,res

Lp

Figure 3-18 The inflated situation with a constrained strain 
stiffness of Lp

Graph 3-3 Strain of the pneumatic vein elements by a 
variable internal pressure (DLp = ΔLp). Where Pp,1 = no strain 
of pneumatic vein, Pp,2 = first equilibrium of structure after 
strain of pneumatic vein and Pp,3 = second equilibrium of 
structure after strain of pneumatic vein.

The strain of the membrane element is taken into 
account as constant, which results in a constant 
horizontal force. The strain of the pneumatic vein 
causes a decreasing radius. The lower the radius 
of the pneumatic vein the higher the curvature, 
in other words, the resulting horizontal force 
decreases by a decreasing radius. Besides, the 
normal force from the pneumatic vein decreases 
by a decreasing radius. Consequently, the internal 
pressure must increase to compensate the loss 
caused by the radius and resulting horizontal 
force. 
Graph 3-3 shows the results of the pneumatic 
vein strain, as expected, the internal pressure has 
to increase to compensate the loss of the radius 
and resulting horizontal force. The larger the 
strain of the membrane element the higher the 
compensation of the internal pressure must be. 
Besides, the results of the strain and increasing 
internal pressure are shown in Figure 3-19 for 
the initial strain of 0.05m. The compensation of 
the internal pressure is valid for one iteration, 
since the internal pressures of Pp,2 and Pp,3 are 
comparable.

R=10.190

14.1o

2.475

0.31

4.950 5.050

14.1o

28.1o

5.000

Figure 3-19 The results of the pneumatic strain by an 
internal pressure of +/- 2.0kN/m2 (without and with strain)

3.2.1.3 EFFECT oF PNEUMATIC VEIN LENGTH
The effect of the internal pressure and the 
radius on the structural behaviour is determined 
in previous Paragraphs. In this Paragraph, the 
influence of the pneumatic vein length will be 
determined. The length was set at 5 meter. 
The 5 m vein length will be compared with the 
following lengths 0.5 m, 1.0 m and 2.5 m, listed 
in Table 3-7. Graph 3-4 shows the results of the 
varieties in pneumatic vein length.

R=9.620

14.9o

2.475

0.32

4.950 5.050

14.9o

29.8o

5.007



41

Table 3-7 Variants of pneumatic vein lengths

Graph 3-4 The effect of varieties in vein lengths  

From Graph 3-4 can be concluded that the resulting horizontal force decreases as a result of a decreasing 
pneumatic vein length. From this statement can be presumed to integrate the pneumatic vein with a 
cone shape. The conical vein provides a distribution of tension levels into the membrane parts of the 
structure. In a general double curved tensile membrane fabric structure, the tension stress is high 
along the edges and decreases to the parts of nil curvature in the fabric. Assumed, the conical shape of 
the pneumatic vein provides an equalized stress distribution into the tensile membrane fabric.  

Model Length Lm 
[m]

1

Situation Quantity
General 
properties

Pneumatic 
vein
Membrane 
element

P
t

EAferrari,1202
Lp

EAp
Lm

EAm

Value
1 kN/m2

2 mm
900 kN

5 m
900 kN
10 m

900 kN

Internal pres.*
Thickness 
Strain stiffness
Length 
Strain stiffness
Length
Strain stiffness

Description

Length Lp 
[m]

Configuration

10m/10m 5.0m

2 10m/10m 2.5m

3 10m/10m 1.0m

4 10m/10m 0.5m

Point

A
B
C
D
E

[0,0,0]
[10,0,0]
[15,0,0]
[25,0,0]
[0,2,0]

Coordinates 
start situation

[m]

Model

1
2
3
4
5
6
7

10.00m/10.00m
10.00m/10.00m
11.25m/11.25m
10.00m/10.00m
12.00m/12.00m
10.00m/10.00m
12.25m/12.25m

Length Lm 
[m]

5.0m
2.5m
2.5m
1.0m
1.0m
0.5m
0.5m

Length Lp 
[m]
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CHAPTER 4: NUMERICAL RESEARCH

The theoretical interaction between the membrane and pneumatic parts are described in the previous 
Paragraph 3.2. The computational program Easy Technet GMBH verifies the theoretical assumptions.  
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Figure 4-3 Pneumatic point loads of 1 kN and 5 kN

The output of six element analysis indicates that 
the internal pressure point load can be infinitive, 
as consequence, the force in the pneumatic vein 
elements will be directly related to the internal 
pressure. The membrane elements will be less 
affected by increment of the point loads, in this 
case, the limit is around the 2 kN. 

4.2 SLICE oF THE PNEUMATIC VEIN
The previous Paragraph is an introduction of the 
force distribution ratio between the pneumatic 
vein and the membrane elements. Subsequent, 
each element of the pneumatic vein will be 
discretised into ten elements to define a relation 
between the theory and the outcome of the 
computational application EASy, the model is 
shown in Figure 4-4. The support coordinates 
and properties of the model are listed in Table 
4-1 and Table 4-2. The coordinates of the points 
behind A to D are translated 2 m along the y-axis. 
For example, point E is translated 2 m over the 
y-axis from point A. As a result, the working width 
of each line is 1 m, the strain stiffness is similar 
to the theoretical model. Besides, the nodes are 
constrained to translate in the y-direction (green 
axis).

Figure 4-4 Configuration of the pneumatic vein slice

Table 4-1 Coordinates of the particular points

4.1 SIX CABLE ELEMENTS MoDEL
The two dimensional model is simplified into a 
model of six cable elements which are connected 
by hinges and the pneumatic internal force is 
represented as point loads ‘Fv’, as shown in 
Figure 4-1. The edge nodes are hinged and the 
middle nodes are unconstrained.

Figure 4-1 Simplified model of the hybrid system composed 
of six cable elements

The cables are pretensioned by a force density of 
1 kN/m, before the effect of adjusting the internal 
pressure can be illustrated.  The equal force 
densities in the cables results into a distribution 
ratio of 1:2 (pneumatic:membrane), because 
the lengths of the elements have a ratio of 1:2 
and the vein consists of a double fabric layer, as 
shown in Figure 4-2. 

Figure 4-2 Force distribution by a force density of 1 kN/m, 
the model consists of equal lengths (1 m) and double layers of 
the pneumatic vein (blue). Membrane elements are red

According to the theory, the pneumatic point load 
should increase exponential to have effect on the 
tension level of the membrane elements. From 
the six element analysis, the higher the internal 
pressure will be, the less effect the increment has 
on the resulting force in the membrane elements 
as shown in Graph 4-1 and Figure 4-3.

Graph 4-1 Force relation of six elements model between the 
pneumatic vein and the membrane elements
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[0,2,0]
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Graph 4-3 Output of horizontal force in membrane elements 
of theoretical model and EASY

Graph 4-4 Output of horizontal forces in elements of 
theoretical model and EASY

From the graphs can be concluded that 
the theoretical model and EASy model are 
comparable for small strains of the fabrics. For 
larger strains, the values of the theoretical and 
EASy models are divergent. The following aspects 
cause the divergent results:
- The discretisation causes inaccuracies: a refined 
discretisation will result in a more accurate 
outcome.
- The theoretical model is based on a linearized 
method: the solving method is non-linear and 
results into a linear increment of the horizontal 
membrane forces that will be affected by the 
horizontal forces from the vein. These will 
decrease due to the angle and radius of the vein, 
as shown in Graph 4-3 (red line with squares = 
Fm,easy). 
- The strain of the pneumatic vein only affects 
the radius and internal pressure in theoretical 
model. In reality, the strain of the pneumatic vein 
will interact with the strain of the membrane 
element. As consequence, the results are a 
prediction of the reality and will not be valid for 
high levels of internal pressure. 

P
t

EAferrari,1202
Lp

EAp
Lm

EAm

Value
1 kN/m2

2 mm
900 kN

5 m
900 kN
10 m

900 kN
Table 4-2 Properties of the pneumatic vein slice model

The input for the model is based on the 
theoretical output, namely, the internal pressure 
is variated to illustrate the stress distribution. The 
output of the model can be compared with the 
output of the theoretical model. Figure 4-5 shows 
an example of the model with an inner pressure 
of +/- 2.0 kN/m.

Figure 4-5 Configuration of the model with an internal 
pressure of +/- 2.0 kN/m

The horizontal forces in the elements of the 
theoretical model and the EASy models are 
shown in Graph 4-2, Graph 4-3, and combined in 
Graph 4-4. 

Graph 4-2 Output of horizontal pneumatic force of 
theoretical model and EASY

12.8
12.8

12.8
12.8

0.0

0.0
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Figure 4-7 Conical pneumatic vein, length of vein decreases 
linearly: 5m to 0.5m. Fixed length of membrane elements 
(top) and fixed total length (bottom).

The input for the model is based on the theoretical 
output, namely, the internal pressure is used. The 
output of the model can be compared with the 
output of the theoretical model and the output 
of Paragraph 4.1. Therefore, the x-axis of the 
graphs is changed into the internal pressure. 
The horizontal stresses in the membrane 
elements of the theoretical model and the EASy 
models are shown in Graph 4-5 to Graph 4-7.

4.3 CoNICAL SHAPE
The theoretical effect of the vein length is 
described in Paragraph 3.2.1. Brief summary, the 
resulting horizontal force decreases as a result 
of a decreasing pneumatic vein length. A conical 
shaped vein provides a distribution of tension 
levels into the membrane parts of the structure. 
The model is based on a model of coupled slices, 
similar as paragraph 4.1 and the model shown 
in Figure 4-7 (top). Besides, a configuration is 
modelled with a fixed total length of 25 m, shown 
in Figure 4-7 (bottom). In addition, the nodes are 
constrained to translate in the y-direction (red 
arrow in axes). The vein nodes are unconstrained 
once to illustrate the three dimensional 
behaviour. The conditions of the constrained 
node in y-direction (red) and unconstrained node 
in the given directions (green) are shown Figure 
4-6.

Table 4-3 length of elements in the particular models

Figure 4-6 Constrained (red) and unconstrained (green) 
node conditions in the particular direction

z-axis

y-axis

x-axis

z-axis

y-axis

x-axis

Model

1
2
3
4
5
6
7

10.00m/10.00m
10.00m/10.00m
11.25m/11.25m
10.00m/10.00m
12.00m/12.00m
10.00m/10.00m
12.25m/12.25m

Length Lm 
[m]

5.0m
2.5m
2.5m
1.0m
1.0m
0.5m
0.5m

Length Lp 
[m]
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Graph 4-5 Output forces in membrane by different membrane element lengths, Lp = length pneumatic vein and Lm = length 
membrane elements.

Graph 4-5 shows that an increasing length of the membrane element results in a decreasing stress, as 
shown in Figure 4-8. This is in accordance with the equation of elastic strain.

Figure 4-8 Force distribution in the membrane elements by a conical shape. Set of internal pressures: P=4.16kN/m2, P=18.04kN/
m2 and P=68.16kN/m2. The first model consists of a constant span (25m) and the second consists of a constant length of the 
membrane elements (10m).

P=4.16kN/m2 P=18.04kN/m2 P=68.16kN/m2

ΔL = F ⋅L
EA
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However, the stress of the pneumatic vein is not linear related to the stress in the membrane element 
as mentioned. Graph 4-6 shows the effect of varying the membrane element length. The decreasing 
membrane element length results into stress increment in both elements. In addition, the stresses in 
the membrane element increase more in comparison with the pneumatic vein. The last graph compares 
the force increments of pneumatic vein elements in a percentage for both configurations. The effective 
increment is the difference of both percentages. If the internal pressure increases, the increment ratio 
of the elements will increase, as shown in Graph 4-6. The larger the difference in length, the larger the 
difference in stresses in the system will be. In other words, the stresses in both elements increase if 
the membrane length decreases.

Graph 4-6 Effect of varying membrane element length

Graph 4-7 shows that the unconstrained nodes in the y-axis (uc-y) have influence on the stress 
distribution at the edges. The area in between is comparable to the results of the conical beam with 
constrained nodes in y-axis (c-y). The differences are the result of three-dimensional behaviour, in 
general, the stress distribution ratio of a straight beam (sb) is 2:1 (length direction : radial direction). As 
result, the graphs of the 5m and 0.5m show the prediction of a decreasing stress in the unconstrained 
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Graph 4-7 Output forces in membrane and pneumatic vein elements by constrained (c-y), unconstrained (uc-y) y-axis.

4.4 MULTIPLE PNEUMATIC VEINS
From Paragraph 4.3, it can be concluded that to increase the stresses the length of the membrane 
elements should be decreased. In other words, the same span can be divided into segments to shorten 
the system length. The system consists of multiple segments which are coupled, as listed in Table 4-4. 
A composed system is compared with the single pneumatic vein system, since the doubled pneumatic 
vein system is similar to the single pneumatic vein system. Besides, the length of the membrane 
elements is shortened by a half. However, the pneumatic vein lengths of 5 m and 2.5 m are not 
considered in this Paragraph, since the vein stresses exceeds the allowable stress of 22.4 kN/m (=σt/
γ=112/5). In addition, the height of the inflated pneumatic vein is too large for the PVDV design from 
a practical point of view. The risk of damage due to contact with obstacles increases. The results of 
the models are shown in Graph 4-8 and Table 4-5. However, the following properties of the previous 
paragraphs are still valid: 
- The total length of the membrane elements is 20 m for the default models    
- The edge nodes of the membrane elements are hinged connected
- The nodes of the pneumatic vein are only constrained in the y-direction 

situation. The nodes in the middle are not affected by the unconstrained nodes, because the resulting 
movement in y-direction is negligible. 
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Table 4-4 Configurations of single and multiple pneumatic veins by segmentation. P=+/- 7.2kN/m2

The following stress relations are checked:
- Relation 1: Difference between model 1 and 5
- Relation 2: The average of models 1 and 5 is equal to model 3
- Relation 3: Difference between model 1 and 2
- Relation 4: Difference between model 3 and 4. Compare the results with relation 3
- Relation 5: Difference between models 1 and 3 is similar to models 4 and 5, functions as validation 
of the models.

Situation Quantity
General 
properties

Pneumatic 
vein
Membrane 
element

P
t

EAferrari,1202
Lp

EAp
Lm

EAm

Value
1 kN/m2

2 mm
900 kN

5 m
900 kN
10 m

900 kN

Internal pres.*
Thickness 
Strain stiffness
Length 
Strain stiffness
Length
Strain stiffness

Description

Point

A
B
C
D
E

[0,0,0]
[10,0,0]
[15,0,0]
[25,0,0]
[0,2,0]

Coordinates 
start situation

[m]

Model

1
2
3
4
5
6
7

10.00m/10.00m
10.00m/10.00m
11.25m/11.25m
10.00m/10.00m
12.00m/12.00m
10.00m/10.00m
12.25m/12.25m

Length Lm 
[m]

5.0m
2.5m
2.5m
1.0m
1.0m
0.5m
0.5m

Length Lp 
[m]

Model Length Lm 
[m]

1

Length Lp 
[m]

Configuration

1.0m 21.0m

2 1.0m 11.0m

3 0.5m/1.0m 41.5m

4 0.5m/1.0m 21.0m

5 0.5m 10.5m

Total length 
[m]

10m/10m

5m/5m

10m/20m
/10m

4.875m/9.75m
/4.875m

5m/5m
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Graph 4-8 Effect of multiple pneumatic veins

The relations are checked with three internal pressures: 80kN/m2, 18kN/m2, and 4kN/m2. The results 
are listed in Table 4-5.

Table 4-5 Relation check of multiple pneumatic veins

From the results, the following conclusions can be formulated:
- Relation 1: The stresses in the membrane elements of model 5 are approximately decreased to 51.2% 
of model 1. However, the stresses in the pneumatic vein of model 5 are approximately decreased 
with 13.6%. Increasing the length of the pneumatic vein is more effective, since the stresses in the 
membrane elements increases relatively more than the stresses in the pneumatic vein. 

1
5
%
1

31m
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31m
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80
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30.96
23.80
76.9
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29.55
95.4
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16.08
67.6

30.96
33.15
107.1
29.55
31.60
106.9
16.08
18.20
113.2
104.8
104.9

18
kN/m2

30.96
23.80
76.9

30.96
29.55
95.4

23.80
16.08
67.6

30.96
33.15
107.1
29.55
31.60
106.9
16.08
18.20
113.2
104.8
104.9

30.96
23.80
76.9

30.96
29.55
95.4

23.80
16.08
67.6

30.96
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107.1
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31.60
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16.08
18.20
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104.9

4
kN/m2

86.4
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Results into an angle ratio:  Lm1 / R1 : Lm2 / R2  = 1:1

Figure 4-7 Theory of variating the internal pressure

The internal pressure ratio is P1:P2=1:2 to equalize 
the stresses in the pneumatic veins, eq. [3-1].
As mentioned, the stresses are equal when the 
internal pressure ratio is P1:P2=1:2, the results are 
listed in Table 4-6.

Table 4-6 Interaction of combined pneumatic veins with 
unequal internal pressure ratios P1:P2=1:2

The stress distribution should be more negative if 
the ratios are inverted, the ratio should be more 
unequal by an increasing internal pressure. This 
corresponds with the conclusions of previous 
Paragraphs. The results in Table 4-7 corresponds 
to the predicted conclusions. The ratio is not 
constant, because the structural behaviour is not 
linear as mentioned in Paragraph 3.2.1.1. 

Table 4-7 Interaction of combined pneumatic veins with 
equal internal pressure ratios P1:P2=2:1

To conclude, the pneumatic vein length ratio 
should be taken into account to obtain an equal 
distribution of the stresses into the pneumatic 
veins. However, the stiffness of the different 
pneumatic veins is affected by the different 
internal pressures

1.90
1.00
1.10
1:1.1

2.10
1.20
1.20
1:1

P0.5 : P1.0 1:1 2:1
3.20
1.90
1.90
1:1

4:2
5.40
3.50
3.50
1:1

10:5
7.70
5.90
5.90
1:1

20:10
10.60
10.00
10.00

1:1

40:20

- Relation 2: The membrane stresses of model 
3 are approximately equal to the average 
membrane stresses of models 1 and 5. However, 
the pneumatic vein stresses of model 3 decreases 
in comparison with the models 1 and 5. The radii 
of the pneumatic veins in model 3 are smaller 
than the radii of the models 1 and 5, as result, the 
stresses decreases. To conclude, the composed 
system consists of a more effective stress 
distribution, since the stresses in the pneumatic 
vein decreases.
- Relation 3: Half of the membrane length 
increases the stresses in both elements. The 
stresses in the pneumatic vein increases with an 
average of 12.6%. However, the stresses in the 
membrane elements increase with almost 50%. 
The stresses in the membrane elements are not 
doubled if the length is half of the original. 
- Relation 4: Half of the membrane length has 
the same effect for the composed model and 
the doubled pneumatic vein system (model 
2). However, the absolute stress values of the 
doubled pneumatic vein system of 1m increases 
more than the composed model. 
- Relation 5: The models 1 till 5 are sufficient to 
compare to each other. Besides, the variance in 
the membrane length between models 2 and 4 
can be neglected. The difference in membrane 
length is maximal 0.5m to illustrate the effect of 
the total length. Since the difference is relatively 
small it can be neglected. In other words, models 
2 and 4 can be compared.

In addition, the internal pressure is variated to 
gain information about the interaction between 
the composed pneumatic veins systems. Model 
3 is used to describe the relation of a composed 
hybrid structure. From theory, the stress 
distribution in both veins should be equal (Figure 
4-9) if the following properties are taken into 
account:
- Vein length ratio:  Lp1:Lp2 = 2:1
- Radius ratio: R1:R2 = 2:1
- Angle ratio: α1: α2 = 1:1
- Equation [3-1]:  

Results into a force ratio: Fp,1 : Fp,2 = 1:1
- Equation [3-2]:
  

F
p
=P ⋅R

L
p
=

2⋅α
2π

⎛

⎝
⎜

⎞

⎠
⎟⋅2π⋅R=2⋅α⋅R

P0.5 : P1.0

11.50
7.40

16.60
1:2.2

20:40
1.90
1.00
1.10
1:1.1

2.80
1.40
1.70
1:1.2

1:1 1:2
4.10
2.10
2.70
1:1.3

2:4
6.50
3.40
5.40
1:1.6

5:10
8.90
5.00
9.30
1:1.9

10:20
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4.5 PNUEMATIC VEIN INTEGRATED IN A 
3D FLAT SURFACE
The effect of the pneumatic vein on the 
membrane elements in two dimensions is 
determined in previous Paragraphs. The effect in 
a three-dimensional flat surface is determined in 
this Paragraph. First a straight vein is integrated 
in a surface of 11m x 11 m. The width of the vein 
is set on 1m. Secondly, te shape of the pneumatic 
vein is conical. The shape should have influence 
on the parallel directed weaves of the membrane 
elements as well. Finally, a crossed pneumatic 
vein is investigated. 
 
4.5.1 STRESS DISTRIBUTIoN oF STRAIGHT 
VEIN 
From the principle of the slice, the tension 
in the membrane elements increases when 
the internal pressure of the pneumatic vein 
increases. The theory is only valid for the weave 
direction perpendicular directed to span of 
the pneumatic vein (x-axis). From theory, the 
weave direction parallel directed to the span will 
hardly be influenced by the inflated pneumatic 
vein (y-axis). The theory is checked by a simple 
model, the hybrid system is based on an area 
of 11m x 11m and a mesh of 1m x 1m. The 
mesh width of the pneumatic vein is divided 
into 10 equal surfaces of 1m x 0.1m. The nodes 
are unconstrained except for the edge nodes. 
The edge nodes parallel to the vein are hinged 
connections and the perpendicular edge nodes 
are only constrained in the y-direction, as shown 
in Figure 4-10. The model is subjected to an 
internal pressure of P=10 kN/m2.

Figure 4-10 Stress distribution of a straight vein without and 
with an internal pressures of P=10kN/m2. Figures: perspective, 
plan, side view and cable force legend (kN).

The output of the model shows that the theory is 
valid, in other words, the weave direction parallel 
directed to the span will hardly be influenced by 
the inflated pneumatic vein. In the membrane 
cloth, the maximum stress parallel to the vein 
is 0.1kN/m, which is equal to the prestress 
level. In addition, the maximum stress in the 
pneumatic vein in parallel direction is 2.0 kN/m 
(=0.2kN/0.1m). The pneumatic vein stress ratio 
of parallel:perpendicular weave directions is 
approximately 1:3. According to the theory, the 
ratio should be approximately 1:2. The theory is 
valid if the shape of the vein is half circle in the 
middle and quarter of a sphere at the ends of the 
vein. As shown in Figure 4-10, the shape is not 
in accordance with the theory, because of the 
interaction between the pneumatic vein and the 
connected membrane surfaces. 

4.5.2 STRESS DISTRIBUTIoN oF CoNICAL 
VEINS 
The straight pneumatic vein is able to increase 
the stresses in the weave direction perpendicular 
directed to the vein span. This vein shape is 
hardly able to increase the stress in the weave 
direction parallel to the vein span. Furthermore, 
the shape should be different to influence both 
weave directions. The conical shaped pneumatic 
vein could be able to prestress both directions, as 
shown in Figure 4-11. As consequence of inflation, 
the pneumatic vein width decreases and the 
membrane element is unequally pulled towards 



54

NUMERICAL RESEARCH

the middle, since the pneumatic vein width 
differs. The figure shows the deformations by 
inflating the conical shaped pneumatic vein from 
a top view. The strain of the perpendicular weave 
direction will increase more if the pneumatic vein 
length increases, as result, the parallel weave 
direction subjected to shearing displacements. 
The shearing displacement requires elongation, 
this results in increasing stresses. The results 
of increasing the pneumatic vein lengths are 
explained and shown in Paragraph 4.3.   

Figure 4-11 Principle of deformations by inflating the conical 
shaped pneumatic vein (black) in top view. Nodes (grey) and 
membrane mesh (green).

The principle is verified by a model with a conical 
shape. The model is based on the principles of a 
straight beam. The difference is the shape of the 
pneumatic vein, the pneumatic vein length starts 
at the edges with 0.25m and increases linearly to 
the middle towards a length of 1.5m, as shown 
in Figure 4-12. Besides, the mesh width of the 
pneumatic vein is divided into 5 equal surfaces 
of 1m x 0.2m.

Figure 4-12 Stress distribution of a conical vein without and 
with an internal pressures of P=10kN/m2. Figures: perspective, 
plan, side view and cable force legend (kN).

The output of the model is according to the 
theory, however, the deformations and strains 
of the parallel weaves do not result into an 
increment of the stresses. The maximum stress 
parralel to the span in the pneumatic vein is 
0.36kN/m (=0.2kN/0.56m). To conclude, the 
conical shape is able to increase the stresses in 
the perpendicular weave direction of the vein 
span by a rising internal pressure. The parallel 
weave direction is hardly influenced by the rising 
internal pressure.

4.5.3 STRESS DISTRIBUTIoN oF CRoSSED 
VEINS
The straight and conical pneumatic veins are 
not able to increase the stresses in the parallel 
weave direction as the vein span. Therefore, 
the principle of the vein is copied in the other 
direction as well. In other words, two veins are 
added into a membrane surface, wherein, the 
two veins are integrated  as a cross. The principle 
is based on the properties of a single straight 
beam with a pneumatic vein length of 1.0m. 
Besides, the mesh is different of the beams and 
at the intersection of the two straight veins. 
The mesh of the pneumatic veins is based on 5 
equal surfaces of 1m x 0.2m. The mesh of the 
pneumatic veins results into a mesh of 0.2m x 
0.2m at the intersection of the veins, as shown 
in Figure 4-13.
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Figure 4-13 Stress distribution of crossed veins without and 
with an internal pressures of P=10kN/m2. Figures: perspective, 
plan, side view and cable force legend (kN).

The output of the model is according to the 
theory, the crossing pneumatic vein increases 
the stresses in both weave directions of the 
membrane elements. The structural behaviour 
of the crossed and the single pneumatic veins 
are similar regarding to stress increments in 
the membrane elements. In more detail, the 
shape of the veins changes from a straight to a 
curved vein in longitudinal direction. Besides, the 
maximum stresses are located at the intersection 
corners. The maximum stresses are a result 
of the three dimensional force mechanics, as 
shown in Figure 4-14. The intersection points 
(black dot) are only ‘constrained’ in the z-axis 

because of the mirrored geometry. The stress in 
the intersection corner is provided by the beam 
and the intersection surface. Both surfaces are 
subjected to an internal pressure, illustrated by 
the red-filled areas. The internal pressure results 
into two forces in the direction of the arch, the 
resulting force is the largest force in the whole 
model. Besides, the pneumatic veins are not 
straight (green line) due to the intersection area 
which narrows the pneumatic vein. This is a result 
of the structural behaviour at the intersection 
surface. The intersection surface changes into 
a shell shaped structure which provides the 
narrowing deformations towards the intersection 
surface by the connected veins. This results into 
differences in the stress distribution, as illustrated 
by the blue arches in Figure 4-14. The stresses 
increases towards the middle, since the edge and 
the intersection surface have a narrowing effect. 
The maximum stress in the membrane element is 
marked by the dark-red line.

Figure 4-14 Explanation shape and stress distribution

4.6 VARIANTS oF SIMPLIFIED HyBRID 
STRUCTURES
The structural behaviour of the hybrid system in 
a two-dimensional and three-dimensional flat 
surface are described in previous Paragraphs. 
The structural behaviour of the pneumatic veins 
on the hybrid system in an anticlastic shape is 
described in this Paragraph. As mentioned, the 
anticlastic shape is based on the cover of the 
PVDV-design. Therefore, a simplified anticlastic 
structure is modelled to simulate the impact of 
the vein direction, edge conditions, location and 
length. The edges can be clamped or supported 
by an edge cable. The simplified model study 
is based on three variants of models, namely a 
constrained model, a model with two integrated 

heigth

width
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edge cables and an extended model with two integrated edge cables. The ground surface for models 
1 and 2 is 11m x 11m and based on the ground surface of previous Paragraphs. The ground surface 
of model 3 is 11m x 22m, in other words, the ground surface and span is doubled.  However, the 
maximum height of all models is 5.5m and located at the middle of the span in the y-axis direction 
(green axis). Besides, the pneumatic veins are integrated in the two main curvature directions, in the 
x- and y-direction. The models are shown in Figure 4-15.

Figure 4-15 Model configurations 1-3 and views with measurements: top (xy), side (yz), front (xz)

The models are distinguished into classes which determines the structure and situation, for example, 
model 1-x-D-U is a structure based on model 1, an integrated vein in the x-direction, the vein is 
Deflated and the structure is Unloaded. The configurations set up for model 1 is shown in Figure 4-16. 
In addition, the configurations of models 1 to 3 are listed in Table 4-8.

Figure 4-16 Flowchart of model configuration

Table 4-8 Model configurations

The configurations will be checked and compared to illustrate the structural behaviour of the structure. 
In more detail, the structural behaviour of the pneumatic vein will be determined and the effect of the 
vein on the connected membrane cloth. The following relations will be investigated:

Model 1 Model 2 Model 3
1-x-D-U
1-x-I-U
1-x-D-L
1-x-I-L

1-x-D-U
1-x-I-U
1-x-D-L
1-x-I-L

1-x-D-U
1-x-I-U
1-x-D-L
1-x-I-L

1-x-D-U
1-x-I-U
1-x-D-L
1-x-I-L

1-x-D-U
1-x-I-U
1-x-D-L
1-x-I-L

1-x-D-U
1-x-I-U
1-x-D-L
1-x-I-L

Model

Direction

Inflated/Deflated

Unloaded/Loaded

1

x y

I D

L U L

I D

U L U LU
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The four relations are investigated independently and compared to each other to describe the structural 
behaviour of the integrated pneumatic vein. The loaded systems are subjected to the load cases 1 and 
5, respectively uniform load of wind and snow. These load cases will globally illustrate the structural 
behaviour. Besides, the pneumatic vein is inflated with an internal pressure of 0.05kN/m2 and 15kN/
m2, respectively 0.5mbar and 150mbar. The internal pressure of 0.5mbar is assumed as nil stress, since 
EASy requires an internal pressure to gain output. Besides, a lower internal pressure causes errors that 
are caused by a divergent iteration output. The internal pressure of 150mbar is based on the Tensairity 
beam report of Wever (Wever, 2008). The output will give an indication of the structural behaviour and 
adjustments for the internal pressure. 
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4.6.1 MoDEL 1 – CoNSTRAINED EDGES
As mentioned, the basic flat model of 11m x 11m 
of previous paragraphs is transformed into an 
anticlastic shape with the following properties 
for model 1:
- Constrained edges (clamped)
- Highest point coordinates: (0 : 5.5 : 5.5) and 
  (11 : 5.5 : 5.5)
- Mesh membrane fabric and pneumatic vein: 
   0.25m x 0.25m
- Prestress level: 1kN/m in both directions
- Unloaded models, except for own weight (fabric)
- Pneumatic vein width: 1m

Figure 4-17 Simplified anticlastic structure with (a) top view 
in xy-plane, (b) front view in xz-plane and (c) side view in yz-
plane

Model 1 consists of the main models 1-x and 1-y, 
which represent the direction of the integrated 
pneumatic vein. The width of the veins is 1m 
and the length is equal to the span of the main 
curvature. Besides, the load pattern of Paragraph 
3.1.3.1 is applied for the simplified models to 

x

z

y

A C

B

avoid variance in output. The approximated 
width of the load patterns is ¼ in the y-direction, 
as shown in Figure 4-18(III). The configurations 
of the models and the load pattern are shown in 
Figure 4-18(I+II). 

Figure 4-18 Models with a single pneumatic vein in 
x-direction (I) and in y-direction (II) with an internal pressures 
of P=10kN/m2, respectively model 1 and model 2. Loading 
pattern for the simplified anticlastic structure in the top view 
and perspective view (III)

The structural behaviour is determined by 
analysing the displacements and the stress 
distributions of the configurations. Firstly, the 
impact of the shape is analysed from a standard 
saddle shape to the shape of the simplified models. 
Secondly, the deformations of the configurations 
are analysed and compared. Thirdly, the stress 
distributions of the configurations are analysed 
and compared. Fourthly, the structural properties 
of both models 1-x and 1-y are compared. Lastly, 
the overall structural behaviour is described. 

4.6.1.1 SHAPE IMPACT
The form and stress distribution of the simplified 
shape differs from the basic saddle shaped 
structure. Besides, the pneumatic vein consists 
of two layers of fabric which has impact on the 
shape of the structure. The impact of these 
elements is shown in Figure 4-19. 

1

2

3

4
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Figure 4-19 Impact of change of shape from standard saddle shape to simplified model and integrating veins

The prestressed shape is changed from equal curvatures to unequal curvatures, caused by the initial 
edge shape. Besides, stress distribution changes also from equal in both directions to an unequal 
distribution. In more detail, the original stress ratio is 1.0-1.4 kN/m in both directions and for the 
simplified model it changed to 0.82-2.71kN/m and 0.85-1.19kN/m in respectively the x- and y-weave 
direction. The peak stresses generally increases in the x-direction and decreases in the y-direction. The 
average stresses in the y-direction are globally constant and decrease in the x-direction.  As result, the 
membrane structure sags in the middle of the span. The curvatures  in the x-direction is minimal along 
the y-directed edges, the curvature decreases from top to the lower corners. The lower corner areas 
will be vulnerable for upward directed loads.
Although, the shape of the simplified model and the models with the integrated veins consist of other 
curvature ratios. The integrated veins consists of two membrane layers. In addition, the application 
Easy generates automatically cables in the edges of each membrane element surface. The cables 
can be neglected in the statical analysis because the stiffness is reduced and can be neglected in 
comparison with the stiffness of the membrane fabric. However, the cables have influence on the 
formfinding process, which means that the shape of the simplified models with and without veins 
will not be similar, as shown in Figure 4-19. Therefore, the influence will be analysed by means of two 
configurations of model 1-y. The first configuration is based on the formfinding process with similar 
properties to the simplified model and model 1-x, the model is called 1-a from now. In the second 
configuration, the cable is adjusted to gain a comparable model to 1-x, the model is called 1-y from 
now. In other words, the effect of the cables is insignificant in model 1-y. The formfinding results in the 
following approximated curvature ratios of 2:3 and 1:2 for respectively the models 1-y and 1-a. Besides 
the direction of the integrated pneumatic veins, the effect of curvature in the pneumatic vein will be 
determined. 
  
4.6.1.2 DISPLACEMENTS oF MoDEL 1-X
The displacement of model 1-x will be illustrated regarding the guidelines described in the introduction 
of Paragraph 4.6. The results of model 1-x are shown in Table 4-9. The results are illustrated by the top 
view and half of the cross-section, this is sufficient because of symmetry. Table 4-9 consists of several 
parts which are illustrated in Figure 4-20. In addition, the program EASy Technet gmbh is only able to 
show the deflections between two files. Since, the program produces a file for each condition. For 
example, the deformation illustration of a wind loaded inflated system consists out of two files, namely 
the inflated system file and the wind loaded inflated system file. These files are double layered over 
each other to show the deflections, as shown in Figure 4-21.

Front view

Top view
stresses in
y -weaves

Side view

Top view
stresses in
x -weaves

x-z plane

x-y plane

y-z plane

x-y plane
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 The following parts are highlighted:
- The yellow circled area is the heading of the table, in more detail, the following parts are included: a 
pictogram of the model, subject of table, axis for the top view and location of cross-section in top view.
- The red circled text explains the relations of the illustrations as mentioned in the introduction of this 
Paragraph.
- The green circled images illustrate the layers which are compared.
- The blue circled image illustrates the displacements >0.05m in top view.
- The orange circled image illustrates half of the y-directed cross-section.
- The maximum displacements (=displ.) of respectively the pneumatic vein and membrane are listed 
in the purple circled area.

Figure 4-20 Example of illustrated results 

Figure 4-21 The operation method of EASY for displaying deformations

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC1)

Deformations z-direction of model 1-x 
x-axis

y-axis

Max displacement 
membrane: 0.18m

Relation 3: Inflated unloaded to loaded (LC1) Relation 4: Deflated and inflated both loaded (LC1)

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC5)

Relation 3: Inflated unloaded to loaded (LC5)

Max displacement of 
vein layer: 0.04m 

Max displacement 
membrane: 0.07m

Max displacement of 
vein bottom layer: 0.24m 

Max displacement 
membrane: 0.10m

Max displacement of 
vein layer: 0.21m 

Relation 4: Deflated and inflated both loaded (LC5)

Max displacement 
membrane: 0.10m

Max displacement of 
vein top layer: 0.01m 

Max displacement 
membrane: 0.20m

Max displacement of 
vein layer: 0.08m 

Max displacement 
membrane: 0.07m

Max displacement of 
vein bottom layer: 0.24m

Max displacement 
membrane: 0.10m

Max displacement of 
vein layer: 0.25m 

Max displacement 
membrane: 0.08m

Max displacement of 
vein layer: 0.02m



61

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC1)

Deformations z-direction of model 1-x 
x-axis

y-axis

Max displacement 
membrane: 0.18m

Relation 3: Inflated unloaded to loaded (LC1) Relation 4: Deflated and inflated both loaded (LC1)

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC5)

Relation 3: Inflated unloaded to loaded (LC5)

Max displacement of 
vein layer: 0.04m 

Max displacement 
membrane: 0.07m

Max displacement of 
vein bottom layer: 0.24m 

Max displacement 
membrane: 0.10m

Max displacement of 
vein layer: 0.21m 

Relation 4: Deflated and inflated both loaded (LC5)

Max displacement 
membrane: 0.10m

Max displacement of 
vein top layer: 0.01m 

Max displacement 
membrane: 0.20m

Max displacement of 
vein layer: 0.08m 

Max displacement 
membrane: 0.07m

Max displacement of 
vein bottom layer: 0.24m

Max displacement 
membrane: 0.10m

Max displacement of 
vein layer: 0.25m 

Max displacement 
membrane: 0.08m

Max displacement of 
vein layer: 0.02m

Table 4-9 Deformation of fabric for model 1-x (min. displacement: >0.05m; largest displacements areas are marked; top view 
and half cross-section) 
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Besides, the displacement behaviour of the membrane cloth globally changes by the pneumatic vein. 
The inflated pneumatic vein is able to reduce the area and maximum displacement values, as relation 
2 and 3 are compared. In addition, the maximum displacements are more widespread towards the 
middle of the span, if the pneumatic vein is inflated. From theory, the pneumatic vein prestresses the 
perpendicular directed weaves. In this model, the cuvature of the perpendicular weaves is straigthened. 
However, the cloth is stiffer which decreases the danger of snow or water accumulation. Globally, the 
maximal displacements dicreases with aprroximately 45-50%.
If the internal pressure rises, the pneumatic vein changes from a flat surface into a round shape. As 
mentioned, the shape will be oval due to the interaction of the membrane cloth and the pneumatic 
vein. The shape of the pneumatic vein changes by adding loading cases to the system. The pneumatic 
vein will be more oval shaped by upwards loadings and more round shaped by downwards loadings. The 
change in shape is caused by respectively increasing and releasing tension stresses in the perpendicular 
direction of the pneumatic vein direction. This is in accordance to the changing curvature under the 
given loading conditions. In other words, the pneumatic vein springs changes with the changement 
in curvature, as shown in Figure 4-22. Besides, the radii of the pneumatic vein are not equal along 
the length. The differences in radii results in a variance in stresses. The structural behaviour of the 
structure and the elements is explained in Paragraph 4.6.1.8.

Figure 4-22 Changing cross-section of pneumatic vein respectively subjected to an upward wind loading (left) and a downward 
snow loading (right) in comparison with the unloaded system. Pink cross-section and black measurements is the unloaded 
situation and Red cross-section and red mesurements are the loaded situations. 
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4.6.1.3 STRESS DISTRIBUTIoN – MoDEL 1-X
Besides the displacements, the stress distribution of model 1-x describes the structural behaviour. The 
stress distributions are only illustrated for the membrane cloth because the peak stresses are located 
at the pneumatic vein. The complete stress distribution is faded by the peak stresses, as shown in 
Figure 4-23. Therefore, the peak stresses of the pneumatic vein are listed and the stress distribution in 
the membrane cloth is illustrated in Table 4-10.

Figure 4-23 Stress distribution of whole system and membrane cloth only

The results are illustrated as shown in Figure 4-24. The heading is similar to the heading of the 
displacements table, as shown in Paragraph 4.6.1.2. The following parts are highlighted:
- The yellow circled area is categorizing the results into the following classes: the load case, the stresses 
in the x- and y-directed weaves.
- The red circled text explains the load case by the cross-section and the label.
- The green circled image illustrates the stress pattern in the particular weave direction
- The stress ratio in the membrane fabric and the peak stress in the pneumatic vein are listed in the 
blue circled area. (Note: the peak stress in the weaves is parallel directed to the span direction)

Figure 4-24 Explanation of stress distribution

1-x-I-LC5

Load case Weave x-direction Weave x-direction

Load case

Stress distributions of model 1-x 
x-axis

y-axis

Membrane fabric 
stress ratio: 

0.55 - 1.28kN/m

Peak stress 
pneumatic vein: 

1.52kN/m
1-x-D-U

Weave x-direction Weave x-direction

Membrane fabric 
stress ratio: 

0.97 - 1.31kN/m

Peak stress 
pneumatic vein: 

0.52kN/m

Membrane fabric 
stress ratio: 

0.00 - 6.16kN/m

Peak stress 
pneumatic vein: 

41.32kN/m
1-x-I-U

Membrane fabric 
stress ratio: 

2.65 - 12.69kN/m

Peak stress 
pneumatic vein: 

11.08kN/m

Membrane fabric 
stress ratio: 

0.00 - 3.68kN/m

Peak stress 
pneumatic vein: 

3.12kN/m
1-x-D-LC1

Membrane fabric 
stress ratio: 

1.44 - 6.52kN/m 

Peak stress 
pneumatic vein: 

7.13kN/m

Membrane fabric 
stress ratio: 

0.00 – 4.15kN/m

Peak stress 
pneumatic vein: 

39.96kN/m
1-x-I-LC1

Membrane fabric 
stress ratio: 

2.69 – 13.88kN/m 

Peak stress 
pneumatic vein: 

11.55kN/m

Membrane fabric 
stress ratio: 

1.60 – 8.09kN/m

Peak stress 
pneumatic vein: 

6.45kN/m
1-x-D-LC5

Membrane fabric 
stress ratio: 

0.65 –2.01N/m 

Peak stress 
pneumatic vein: 

1.29kN/m

Membrane fabric 
stress ratio: 

0.78 - 10.15kN/m 

Peak stress 
pneumatic vein: 

 42.84kN/m
1-x-I-LC5

Membrane fabric 
stress ratio: 

2.06 – 12.54kN/m 

Peak stress 
pneumatic vein: 

11.22 kN/m
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Load case

Stress distributions of model 1-x 
x-axis

y-axis

Membrane fabric 
stress ratio: 

0.55 - 1.28kN/m

Peak stress 
pneumatic vein: 

1.52kN/m
1-x-D-U

Weave x-direction Weave x-direction

Membrane fabric 
stress ratio: 

0.97 - 1.31kN/m

Peak stress 
pneumatic vein: 

0.52kN/m

Membrane fabric 
stress ratio: 

0.00 - 6.16kN/m

Peak stress 
pneumatic vein: 

41.32kN/m
1-x-I-U

Membrane fabric 
stress ratio: 

2.65 - 12.69kN/m

Peak stress 
pneumatic vein: 

11.08kN/m

Membrane fabric 
stress ratio: 

0.00 - 3.68kN/m

Peak stress 
pneumatic vein: 

3.12kN/m
1-x-D-LC1

Membrane fabric 
stress ratio: 

1.44 - 6.52kN/m 

Peak stress 
pneumatic vein: 

7.13kN/m

Membrane fabric 
stress ratio: 

0.00 – 4.15kN/m

Peak stress 
pneumatic vein: 

39.96kN/m
1-x-I-LC1

Membrane fabric 
stress ratio: 

2.69 – 13.88kN/m 

Peak stress 
pneumatic vein: 

11.55kN/m

Membrane fabric 
stress ratio: 

1.60 – 8.09kN/m

Peak stress 
pneumatic vein: 

6.45kN/m
1-x-D-LC5

Membrane fabric 
stress ratio: 

0.65 –2.01N/m 

Peak stress 
pneumatic vein: 

1.29kN/m

Membrane fabric 
stress ratio: 

0.78 - 10.15kN/m 

Peak stress 
pneumatic vein: 

 42.84kN/m
1-x-I-LC5

Membrane fabric 
stress ratio: 

2.06 – 12.54kN/m 

Peak stress 
pneumatic vein: 

11.22 kN/m

Table 4-10 Stress distribution of fabric for model 1-x (top view)
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The stress distribution changes by inflating the pneumatic vein. The pneumatic vein has effect on both 
weave directions. The stresses are increased in both x- and y-direction with a factor respectively of 
4-5 and 2-10. The average and peak stress ratio increases both from 1:1 to 1:2 (x:y) for the inflated 
unloaded situation. Besides, the stress distribution changes in both directions. The stress distribution 
for the x-directed weaves is positively changed. The peak stresses located at the tops of the structure 
are more widespread by inflating the pneumatic vein. In addition, the effect of the pneumatic veins 
on the x-directed weaves decreases if the distance to the vein increases. The stress distribution of the 
y-directed weaves is also positively changed. The peak stresses are shifted from the edges and the 
stresses are globally equally distributed. This is in accordance with the differences in radii as mentioned 
in Paragraph 4.6.1.2. The stress pattern is globally the same for the pneumatic vein with and without 
internal pressure. Besides, the system with internal pressure is less vulnerable for loading cases than 
the system without internal pressure. The overall changes in patterns by loadings are comparable. 
However, the peak stresses in the pneumatic vein are dramatically changed in the x-direction. The 
materials allowable stress of 22.4 kN/m is not sufficient in this case. The increasing curvature and the 
internal pressure results in an increasing stress in the span direction, the peak stress is 42.84 kN/m. 
Although, the structural behaviour of the structure and the elements is explained in Paragraph 4.6.1.8.
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4.6.1.4 DISPLACEMENTS – MoDEL 1-A
The displacement of model 1-a will be illustrated regarding the guidelines described in the introduction 
of Paragraph 4.6. The results of model 1-a are shown in Table 4-11.

Besides, the displacement behaviour of the membrane cloth globally changes by the pneumatic vein. 
The inflated pneumatic vein is able to reduce the area and maximum displacement values, as relation 
2 and 3 are compared. In addition, the maximum displacements are more widespread towards the 
middle of the span, if the pneumatic vein is inflated. From theory, the pneumatic vein prestresses the 
perpendicular directed weaves. In this model, the cuvature is increased and the cloth is stiffer in the 
slope direction which decreases the danger of snow or water accumulation. Globally, the maximal 
displacements dicreases with aprroximately 21-56%.
As mentioned in paragraph 4.6.1.2, the shape of the pneumatic vein changes by adding loading cases 
to the system. The pneumatic vein will be more oval shaped by downward loadings and more round 
shaped by upward loadings, as shown in Figure 4-25. Besides, the radii of the pneumatic vein are 
not equal along the length. The differences in radii results in a variance in stresses. The structural 
behaviour of the structure and the elements is explained in paragraph 4.6.1.8.

Figure 4-25 Changing cross-section of pneumatic vein respectively subjected to an upward wind loading and a downward snow 
loading in comparison with the unloaded system. Pink cross-section and black measurements is the unloaded sytem and Red 
cross-section and mesurements are the loaded situations.
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Table 4-11 Deformation of fabric for model 1-a (min. displacement: >0.05m; models with internal pressures compared to 
model without internal pressure) (top view) 

Model 1-Y

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC1)

Deformations z-direction of model 1-a 
x-axis

y-axis

Max displacement 
membrane: 0.16m

Relation 3: Inflated unloaded to loaded (LC1) Relation 4: Deflated and inflated both loaded (LC1)

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC5)

Relation 3: Inflated unloaded to loaded (LC5)

Max displacement of 
vein layer: 0.12m 

Max displacement 
membrane: 0.11m

Max displacement of 
vein top layer: 0.30m 

Max displacement 
membrane: 0.08m

Max displacement of 
vein layer: 0.30m 

Relation 4: Deflated and inflated both loaded (LC5)

Max displacement 
membrane: 0.07m

Max displacement of 
vein top layer: 0.05m 

Max displacement 
membrane: 0.14m

Max displacement of 
vein layer: 0.16m 

Max displacement 
membrane: 0.11m

Max displacement of 
vein top layer: 0.30m

Max displacement 
membrane: 0.12m

Max displacement of 
vein layer: 0.28m 

Max displacement 
membrane: 0.11m

Max displacement of 
vein top layer: 0.09m

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y
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4.6.1.5 STRESS DISTRIBUTIoN – MoDEL 1-A
As mentioned in Paragraph 4.6.1.3, the stress distribution of the membrane cloth will be illustrated. 
The results are shown in Table 4-12. 

The stress distribution changes by inflating the pneumatic vein. The pneumatic vein has effect on both 
weave directions. The stresses are increased in both x- and y-direction with a factor respectively of 4-7 
and 2-6. The average and peak stress ratio increases both from 1:1 to 2:1 (x:y) for the inflated unloaded 
situation. The stress ratio is similarly changed to the direction of the vein. 
Besides, the stress distribution is changed in both directions. The stress distribution for the x-directed 
weaves is positively changed. The peak stresses located at the tops are almost constant by inflating 
the pneumatic vein. In addition, the peak stresses are located at the bottom edges and the structure is 
globally equally prestressed by the vein. This is in accordance with the differences in radii as mentioned 
in Paragraph 4.6.1.4. The stress distribution in the y-direction is also positively changed. The effect of 
the pneumatic veins on the y-directed weaves decreases if the distance to the vein increases. overall, 
the stress patterns of the deflated and the inflated systems are not comparable. Globally, the stress 
pattern of the inflated pneumatic vein system is the inverse of the deflated pneumatic vein. However, 
the stress patterns for the loaded systems are comparable for the deflated and inflated pneumatic 
vein. Except for the upward wind loading, because the x-directed weaves are released from stresses. 
As results, the stress pattern is comparable to the unloaded systems. However, the peak stresses in 
the pneumatic vein are changed negatively in the y-direction. The allowable stress is 22.4 kN/m. The 
increasing curvature and the internal pressure results in an increasing stress in the span direction, the 
peak stress is 24.40 kN/m. Although, the structural behaviour of the structure and the elements is 
explained in Paragraph 4.6.1.8.
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Load case

Stress distributions of model 1-a 
x-axis

y-axis

Membrane fabric 
stress ratio: 

0.56 – 3.25kN/m

Peak stress 
pneumatic vein: 

0.58kN/m
1-x-D-U

Weave x-direction Weave x-direction

Membrane fabric 
stress ratio: 

0.87 – 1.17kN/m

Peak stress 
pneumatic vein: 

0.51kN/m

Membrane fabric 
stress ratio: 

4.30 – 13.06kN/m

Peak stress 
pneumatic vein: 

10.58kN/m
1-x-I-U

Membrane fabric 
stress ratio: 

1.64 – 6.43kN/m

Peak stress 
pneumatic vein: 

21.41kN/m

Membrane fabric 
stress ratio: 

0.14 – 8.30kN/m

Peak stress 
pneumatic vein: 

1.27kN/m
1-x-D-LC1

Membrane fabric 
stress ratio: 

1.70 – 5.77kN/m 

Peak stress 
pneumatic vein: 

4.86kN/m

Membrane fabric 
stress ratio: 

3.86 – 12.80kN/m

Peak stress 
pneumatic vein: 

10.65kN/m
1-x-I-LC1

Membrane fabric 
stress ratio: 

1.91 – 9.28kN/m 

Peak stress 
pneumatic vein: 

24.40kN/m

Membrane fabric 
stress ratio: 

1.83 – 7.73kN/m

Peak stress 
pneumatic vein: 

4.89kN/m
1-x-D-LC5

Membrane fabric 
stress ratio: 

0.57 –2.03N/m 

Peak stress 
pneumatic vein: 

0.64kN/m

Membrane fabric 
stress ratio: 

3.67 - 13.78kN/m 

Peak stress 
pneumatic vein: 

 8.08kN/m 
1-x-I-LC5

Membrane fabric 
stress ratio: 

1.18 – 3.30kN/m 

Peak stress 
pneumatic vein: 

14.47 kN/m

Table 4-12 Stress distribution of fabric for model 1-a (top view)
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4.6.1.6 DISPLACEMENTS oF MoDEL 1-y
The displacement of model 1-y will be illustrated regarding the guidelines described in the introduction 
of Paragraph 4.6. The results of model 1-y are shown in Table 4-13. The models 1-x and 1-a will be 
compared with model 1-y to illustrate the influence of curvature.

The increased curvature of the vein has impact on the displacement behaviour of the structure. Since, 
the displacements for the snow and wind loading cases results into respectively an increment and 
a reduction. The theory is valid for the deflated pneumatic vein structure. The inflated pneumatic 
vein system changes the displacements of the structure positively. The displacements by wind and 
snow are respectively equally and decreased. The initial curvature of the pneumatic vein model 1-y is 
larger than model 1-a. The stiffness increases if the height of the pneumatic vein arch increases. This 
is in accordance with the research project of tensairity arches (Roekens, et al., 2011). From the data 
of Table 4-11 and Table 4-13, the increasing stiffness of the pneumatic vein is beneficial for loadings 
parallel directed to the opening of the curvature. This prediction is checked in paragraph 4.6.1.8.
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Table 4-13 Deformation of fabric for model 1-y (min. displacement: >0.05m; largest displacements areas are marked; top 
view and half cross-section) 

Model 1-Y

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC1)

Deformations z-direction of model 1-y 
x-axis

y-axis

Max displacement 
membrane: 0.16m

Relation 3: Inflated unloaded to loaded (LC1) Relation 4: Deflated and inflated both loaded (LC1)

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC5)

Relation 3: Inflated unloaded to loaded (LC5)

Max displacement of 
vein layer: 0.13m 

Max displacement 
membrane: 0.08m

Max displacement of 
vein top layer: 0.26m 

Max displacement 
membrane: 0.09m

Max displacement of 
vein layer: 0.31m 

Relation 4: Deflated and inflated both loaded (LC5)

Max displacement 
membrane: 0.07m

Max displacement of 
vein top layer: 0.05m 

Max displacement 
membrane: 0.21m

Max displacement of 
vein layer: 0.19m 

Max displacement 
membrane: 0.08m

Max displacement of 
vein top layer: 0.26m

Max displacement 
membrane: 0.10m

Max displacement of 
vein layer: 0.25m 

Max displacement 
membrane: 0.07m

Max displacement of 
vein top layer: 0.06m

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y

Model 1-Y
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4.6.1.7 STRESS DISTRIBUTIoN – MoDEL 1-y
As mentioned in paragraph 4.6.1.3, the stress distribution of the membrane cloth will be illustrated. 
The results are shown in Table 4-15. 

The stresses in the membrane of models 1-a and 1-y are comparable, the difference in ratio is smaller 
than 1kN/m. However, the alteration of the peak stresses in the pneumatic vein subjected to the 
loading cases is different. The difference in the increasing peak stresses caused by wind loading can be 
neglected. In addition, the differences in the decreasing peak stresses caused by snow loading is large, 
as listed in Table 4-14. The displacements and stress decrement attends the effect of an arch. This is in 
accordance with the research project of tensairity arches (Roekens, et al., 2011).

Table 4-14 Alternation of peak stresses in the pneumatic vein caused by load cases

Model

1-a
1-y

Wind
[kN/m]

Unloaded
[kN/m]

Snow
[kN/m]

24.40
23.79

+13.96%
+13.50%

21.41
20.96

-32.24%
-16.50%

14.47
17.50
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Table 4-15 Stress distribution of fabric for model 1-y (top view)

Load case

Stress distributions of model 1-y 
x-axis

y-axis

Membrane fabric 
stress ratio: 

0.56 – 3.21kN/m

Peak stress 
pneumatic vein: 

0.57kN/m
1-x-D-U

Weave x-direction Weave x-direction

Membrane fabric 
stress ratio: 

0.87 – 1.18kN/m

Peak stress 
pneumatic vein: 

0.52kN/m

Membrane fabric 
stress ratio: 

4.40 – 13.44kN/m

Peak stress 
pneumatic vein: 

10.53kN/m
1-x-I-U

Membrane fabric 
stress ratio: 

1.70 – 6.88kN/m

Peak stress 
pneumatic vein: 

20.96kN/m

Membrane fabric 
stress ratio: 

0.02 – 8.64kN/m

Peak stress 
pneumatic vein: 

1.54kN/m
1-x-D-LC1

Membrane fabric 
stress ratio: 

1.76 – 5.89kN/m 

Peak stress 
pneumatic vein: 

4.21kN/m

Membrane fabric 
stress ratio: 

4.25 – 12.86kN/m

Peak stress 
pneumatic vein: 

10.34kN/m
1-x-I-LC1

Membrane fabric 
stress ratio: 

1.96 – 9.52kN/m 

Peak stress 
pneumatic vein: 

23.79kN/m

Membrane fabric 
stress ratio: 

1.69 –8.08 kN/m

Peak stress 
pneumatic vein: 

4.53kN/m
1-x-D-LC5

Membrane fabric 
stress ratio: 

0.53 –2.16N/m 

Peak stress 
pneumatic vein: 

0.45kN/m

Membrane fabric 
stress ratio: 

4.63 – 14.14kN/m 

Peak stress 
pneumatic vein: 

10.77kN/m 
1-x-I-LC5

Membrane fabric 
stress ratio: 

1.12 – 4.57kN/m 

Peak stress 
pneumatic vein: 

17.50 kN/m
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For the two-dimensional structure, the 
pneumatic is able to prestress the fabric in the 
perpendicular weave direction, for example, the 
x-axis directed vein increases the stresses in y-axis 
directed weaves of the fabric. In addition, the 
pneumatic vein in an anticlastic shape is able to 
prestress both directions. The stress distribution 
and curvatures of the prestressed hybrid system 
changes if the internal pressure is increased/
decreased, as shown in Figure 4-26. 

Figure 4-26 Node displacement caused by an increasing 
internal pressure with p=0.0kN/m2 (pink) and p=20.0kN/m2 
(red)

The pneumatic vein is able to prestress both 
weave directions in an anticlastic structure. 
In other words, the two-dimensional and flat 
structure behaves different from the three-
dimensional anticlastic structure, as shown in 
Figure 4-26. However, the structural behaviour 
can be explained with formulated theory of the 
two dimensional structure according to Paragraph 
4.2. In case of Figure 4-27, the theory explains 
the stress increment in the x-directed membrane 
weaves by a y-directed pneumatic vein. The 
increased stresses in the membrane fabric results 
into less curvature, as shown in Figure 4-27I. In 

addition, the curvature in y-direction increases 
as consequence of the decreasing curvature in 
x-direction, as shown in Figure 4-27II. The stress 
increment in the y-direction is caused by the 
increased curvature. However, the movement is 
possible because stresses caused by the vein are 
higher than the initial pretension levels, 1kN/m 
in both directions. Moreover, the pneumatic vein 
tensions the perpendicular directed membrane 
cloth more than the parallel direction. The 
stresses in the pneumatic vein differ contrariwise 
to the stresses in the membrane cloth. Since, the 
stresses in the direction of the span are larger 
than the stresses in the width. The general theory 
of stresses in pneumatic structures is valid for this 
case, namely equation [4-1]: The internal pressure 
is equal and the radii are different. The radius in 
the span direction is larger than the radius in the 
width. As result, the stresses in the span direction 
are larger, as shown in Figure 4-27III+IV.

The structural behaviour of the structure 
subjected to loading is in accordance with the 
theory of the anticlastic shaped membrane 
structures. The upward wind loading results 
into an uplifting movement of the membrane 
structure. In other words, the stresses in the x- and 
y-direction respectively releases and increases. 
The released x-direction is directly related to the 
more round shape of the pneumatic vein. The 
structural behaviour of the structure subjected 
to downward snow loading is contrariwise, as 
shown in Figure 4-28.

4.6.1.8 STRUCTURAL BEHAVIoUR oF MoDEL 1
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Figure 4-27 Hybrid model 1-y subjected to an increasing internal pressure; theory from 2D and output of 3D model

Figure 4-28 Hybrid model 1-y subjected to an increasing internal pressure and loaded by respectively wind and snow
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As mentioned, the stresses are unequally distributed in the perpendicular direction of the span if the 
pneumatic vein is inflated. The stress distribution can be divided into 2 main parts, namely ‘a’ and ’b’ as 
shown in Figure 4-29. The stresses in part ‘a’ can be explained with the theory of pneumatic air beams/
buildings. The stresses at the edges decrease to nil, as shown in Figure 4-29 route ‘a’. The stresses in 
part ‘b’ are based on two mentioned theories, namely the radius of the vein and the length of the 
membrane fabric. An increasing length of the membrane fabric decreases the stress, as mentioned in 
Paragraph 4.3. In addition, the shape of the pneumatic vein is less oval shaped towards the middle of 
the span. As result, the resulting force from the pneumatic vein decreases. The theories supporting the 
other and describes the stress distribution, as shown in Figure 4-29 route ‘b’. The following variables 
are used: f (sag of the cross-section), Lm (length of membrane elements), R (radius of pneumatic vein 
in the particular cross-section), and α (angle of vein with membrane). 

Figure 4-29 Stress distribution theory

The structural behaviour is explained globally by previous illustrations. The mentioned properties in 
combination with determining the stiffness explains the pros and cons of the hybrid system.  The 
stiffness of the hybrid system is determined by the displacements of four cross-sections, as shown 
in Figure 4-30. The four cross-sections are divided into two sections in both main directions, x and y. 
The sections are located in the middle of the span and at the maximum displacement areas of both 
load cases, respectively numbered with 1 and 2. Model 1-y is used to illustrate the displacements of 
the x and y sections in respectively the front and side view, as shown in Figure 4-30. Subsequently, the 
displacement behaviour is sketched for the loading cases (not on scale). The sketches illustrate the 
listed results in the table at the bottom of the illustration. The results show the ratios of the average 
displacements in the sections, the ratio is determined by the following equation: δd+i/δd. From the 
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results can be concluded that the initial deformation by inflating the pneumatic vein negatively influence 
the system for loading in the opposite direction of the arch opening. The average deformations of the 
inflated system (δd+i) are larger than the deflated system (δd) for model 1-y. on the other hand, the 
pneumatic vein is able to stiffen the structure for loadings in the similar direction of the arch opening. 
The displacements of the inflated system (δi) are also smaller than the displacements of the deflated 
system (δd) with a loading in the direction of the arch opening.  

Figure 4-30 Stiffness of the hybrid structure model 1

Deflated model 1-y: Unloaded

Deflated model 1-y: Upward wind loading (LC1)

Deflated model 1-y: Downward snow loading (LC5)

Inflated model 1-y: Unloaded

Inflated model 1-y: Upward wind loading (LC1)

Inflated model 1-y: Downward snow loading (LC5)

Model 1-y:
Front cross-sections

δd
δi δd+i

δd
δi

δd+i

Upward wind loading (not on scale) Downward snow loading (not on scale)

Ratios: δi < δd < δd+i Ratios: δd > δi > δd+i

Average displacement in cross-sections of hybrid structure  = δ Decreasing δ = increasing stiffness

x2

x1

y1y2

x1 x2 y1 y2 Average
Model 1-y 0.721 1.196 0.670 0.682 0.817
Model 1-x 3.079 2.367 30.060 2.033 9.460
Model 1-y 6.238 34.443 24.684 2.033 16.850
Model 1-x 32.364 1.400 1.095 1.156 9.004

Upward wind loading

Downward snow loading

Stiffness ratios between deflated unloaded system to inflated loaded systems

Model 1-y:
Side cross-sections

y1

y2x1

x2

x2 y1 y2

d=deflated and i=inflated d=deflated and i=inflated
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As mentioned, the pneumatic vein is able to stiffen the hybrid structure by loadings in the similar 
direction of the arch opening. Besides, the arch gains more stiffness if the ratio of length/height 
decreases according to the predictions of Paragraph 4.6.1.6 and the research project of tensairity 
arches (Roekens, et al., 2011). The stiffness of the arches is determined with the same procedure as 
the hybrid system, according to the research project of tensairity arches. The average displacement is 
determined by taking into account the median of node displacements in the top and bottom layer of 
the pneumatic vein (cross-section). The structures are loaded with a total upward wind load of 55.6kN 
and a total downward snow load of 69.5kN.
The medians of the unloaded and loaded pneumatic veins of the particular models are shown in 
the graphs of Figure 4-31. The deformation has been multiplied with a scale factor of 4 to clearly 
visualize the difference in stiffness in both graphs. For wind loading, the arch with L/H 6.0 has an 
equal stiffness with the arch with L/H=7.0 (average displacement ratio of 1.023). For snow loading, the 
stiffness increased for the arch with L/H 6.0 compared to the arch L/H=7.0 (average displacement ratio 
of 1.422). The displacements are the consequence of the difference in stresses. For wind loading, the 
peak stresses in the direction of the span increases equally for both models. However, downward snow 
loading has a large difference between the decreasing stresses. The decrement of stresses is highest 
for the model with the largest radius, in the span direction. The decrement of the stress and stiffness 
of the arch is in according to the general equation of pneumatic structures N=PxR. Since the internal 
pressure ‘P’ is not changed, the radius changes as result of the loading cases. In conclusion, a lower 
arch gains less stiffness of the pneumatic vein into the structure. 
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Figure 4-31 Stiffness of the pneumatic vein model 1

Model Unloaded Difference Snow (LC5)
[kN/m]

DifferenceWind (LC1)
[kN/m]

1-a
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+13.96%
+13.50%
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-32.24%
-16.50%
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Pneumatic vein

1-a
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+0.79%

Membrane cloth 1.91-12.80 1.18-13.78
1.70-13.441.96-12.86 1.12-14.14-2.11%

+1.77%

Stress differences for 
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Difference in radius and stress results are directly related to stiffness of the pneumatic arch, results of stiffness ratios:

R=8.424m R=8.461m R=8.571m

Model 1-y

-0.44%
Wind

+1.29%
Snow

R=9.105m R=9.185m R=9.512m

Model 1-a

-0.88%
Wind

+3.55%
Snow

Upward wind loading (LC1)

Model 1-y

Model 1-a and 1-y:
Side cross-sections

Model 1-y:
Side view with 
median of vein/
Inflated unloaded

L/H=11/1.85=6.0L/H=11/1.55=7.0

Model 1-a:
Side view with  
median of vein/
Inflated unloaded

Downward snow loading (LC5)

Model 1-a 

Legenda:

The pneumatic vein adapts the stress difference by changing the radius
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4.6.2 MoDEL 2 – CABLE EDGES
Previous Paragraph 4.6.1.2 describes the effects 
of integrating pneumatic veins into the simplified 
anticlastic system with constrained edges. The 
effect of cable edges will be described in this 
Paragraph. In accordance with the PVDV design, 
the cables are integrated in the ‘bottom’ edges, 
as shown in Figure 4-32 (a) and (b). The cables 
are integrated in the basic models 1-x and 1-y to 
illustrate the impact of the cable edges on the 
system, the models are shown in Figure 4 30 (I) 
and (II). The properties of the overall structure 
are equal to the constrained models, for example, 
the curvatures are equal. The required properties 
for the cables are:
- Initial sag: 10%
- Stiffness: 12000kN
- Prestress force: 13.75kN

Figure 4-32 Simplified anticlastic structure with edge cables 
(bleu lines): (a) top view in xy-plane (b) isometric view. Models 
with a single pneumatic vein in x-direction (I) and in y-direction 
(II) with an internal pressures of P=10kN/m2, respectively 
model 2-x and model 2-y.

Firstly, the global structural behaviour is compared 
with the full constrained model by inflating the 
pneumatic veins. The structural behaviour can 
be described by means of the displacements and 
the stress distribution, the structural behaviour 
of model 1 is described in Paragraph 4.6.1.8. 
Besides, the general loading pattern is used and 
is shown in Figure 4-33.

A

B

III

Figure 4-33 Loading pattern for the simplified anticlastic 
structure in the top view and perspective view

4.6.2.1 DISPLACEMENTS oF MoDEL 2-X
The displacement of model 2-x will be illustrated 
regarding the guidelines described in the 
introduction of paragraph 4.6. The results of 
model 2-x are shown in Table 4-16. The layout of 
the table is regarding to Figure 4-20 in Paragraph 
4.6.1.2. 

The cables provides more flexibility into the 
structure, the cable is able to move and/or 
bent. As consequence, the displacements in the 
membrane fabric increases in comparison with 
model 1-x. The maximum deformation areas are 
moved from the sides to the middle of the span 
in x-direction. The hybrid system with the cables 
is less effective than the hybrid system with 
constrained edges.   Besides, the pneumatic vein 
is less oval shaped for the model with edge cables, 
this result in a lower prestress level in the vein and 
membrane cloth. The curvature of the pneumatic 
vein is approximately similar. Although, the 
effect of the cables on the structural behaviour 
of the structure and the elements is explained in 
Paragraph 4.6.2.5.

1

2

3

4
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Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC1)

Deformations z-direction of model 2-x 
x-axis

y-axis

Max displacement 
membrane: 0.22m

Relation 3: Inflated unloaded to loaded (LC1) Relation 4: Deflated and inflated both loaded (LC1)

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC5)

Relation 3: Inflated unloaded to loaded (LC5)

Max displacement of 
vein layer: 0.03m 

Max displacement 
membrane: 0.07m

Max displacement of 
vein bottom layer: 0.28m 

Max displacement 
membrane: 0.10m

Max displacement of 
vein layer: 0.26m 

Relation 4: Deflated and inflated both loaded (LC5)

Max displacement 
membrane: 0.14m

Max displacement of 
vein top layer: 0.02m 

Max displacement 
membrane: 0.17m

Max displacement of 
vein layer: 0.10m 

Max displacement 
membrane: 0.07m

Max displacement of 
vein bottom layer: 0.28m

Max displacement 
membrane: 0.09m

Max displacement of 
vein layer: 0.35m 

Max displacement 
membrane: 0.10m

Max displacement of 
vein layer: 0.04m

Table 4-16 Deformation of fabric for model 2-x (min. displacement: >0.05m; largest displacements areas are marked; top 
view and half cross-section) 
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4.6.2.2 STRESS DISTRIBUTIoN oF MoDEL 2-X
As mentioned in paragraph 4.6.1.3, the stress distribution of the membrane cloth will be illustrated. 
The results are shown in Table 4-17. 

The initial prestress levels of the deflated pneumatic vein system of model 2-x are similar to model 1-x. 
In addition, the initial prestress levels of the inflated pneumatic vein system of model 2-x is different 
to model 1-x. However, the stresses in both x- and y-direction are increased by inflating the pneumatic 
vein. The increment factors are respectively of 3 and 2.5-8. The average and peak stress ratio increases 
from 1:1 to 2:5 (x:y) for the inflated unloaded situation. The prestress levels decreases since the 
structure is more adaptable by replacing two constrained edges by cable edges. The stresses in the 
structure subjected by the loading cases decreases in comparison with model 1-x. The decrement is 
also a result of the increasing deformability. Therefore, the deformations are larger as mentioned in 
Paragraph 4.6.2.1.  
The stress pattern is globally the same for the pneumatic vein with and without internal pressure. 
Besides, the system with internal pressure is less vulnerable for loading cases than the system without 
internal pressure. The overall changes in patterns by loadings are comparable. 
The peak stresses in the pneumatic vein are decreased in comparison with model 1-x, the peak stress 
is 40.99kN/m. The materials allowable stress of 22.4kN/m is not sufficient in this case. Although, the 
effect of the cables on the structural behaviour of the structure and the elements is explained in 
paragraph 4.6.2.5.
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Table 4-17 Stress distribution of fabric for model 2-x (top view)

Load case

Stress distributions of model 2-x 
x-axis

y-axis

Membrane fabric 
stress ratio: 

0.66 – 1.31kN/m

Peak stress 
pneumatic vein: 

1.53kN/m
1-x-D-U

Weave x-direction Weave x-direction

Membrane fabric 
stress ratio: 

0.98 – 1.31kN/m

Peak stress 
pneumatic vein: 

0.52kN/m

Membrane fabric 
stress ratio: 

0.00 – 4.05kN/m

Peak stress 
pneumatic vein: 

38.92kN/m
1-x-I-U

Membrane fabric 
stress ratio: 

2.44 – 10.87kN/m

Peak stress 
pneumatic vein: 

10.45kN/m

Membrane fabric 
stress ratio: 

0.00 – 1.23kN/m

Peak stress 
pneumatic vein: 

5.63kN/m
1-x-D-LC1

Membrane fabric 
stress ratio: 

1.44 – 5.49kN/m 

Peak stress 
pneumatic vein: 

2.35kN/m

Membrane fabric 
stress ratio: 

0.00 – 2.00kN/m

Peak stress 
pneumatic vein: 

36.58kN/m
1-x-I-LC1

Membrane fabric 
stress ratio: 

2.65 – 11.83kN/m 

Peak stress 
pneumatic vein: 

10.86kN/m

Membrane fabric 
stress ratio: 

0.18 – 7.48kN/m

Peak stress 
pneumatic vein: 

6.13kN/m
1-x-D-LC5

Membrane fabric 
stress ratio: 

0.23 – 1.88N/m 

Peak stress 
pneumatic vein: 

1.19kN/m

Membrane fabric 
stress ratio: 

0.00 – 8.72kN/m 

Peak stress 
pneumatic vein: 

 40.99kN/m 
1-x-I-LC5

Membrane fabric 
stress ratio: 

2.01 – 11.04kN/m 

Peak stress 
pneumatic vein: 

10.68 kN/m
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4.6.2.3 DISPLACEMENTS oF MoDEL 2-y
The displacement of model 2-y will be illustrated regarding the guidelines described in the introduction 
of paragraph 4.6. The results of model 2-y are shown in Table 4-18. The layout of the table is regarding 
to Figure 4-20 in Paragraph 4.6.1.2.

As mentioned for model 2-x, the cables provides more flexibility. As consequence, the displacements 
in the membrane fabric increases in comparison with model 1-y. The maximum deformation areas are 
moved from the sides to the middle of the span in x-direction. The hybrid system with the cables is 
less effective than the hybrid system with constrained edges. Besides, the pneumatic vein is less oval 
shaped for the model with edge cables, this result in a lower prestress level in the vein and membrane 
cloth. The curvature of the pneumatic vein is approximately similar. Although, the effect of the cables 
on the structural behaviour of the structure and the elements is explained in Paragraph 4.6.2.5.
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Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC1)

Deformations z-direction of model 2-y 
x-axis

y-axis

Max displacement 
membrane: 0.23m

Relation 3: Inflated unloaded to loaded (LC1) Relation 4: Deflated and inflated both loaded (LC1)

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC5)

Relation 3: Inflated unloaded to loaded (LC5)

Max displacement of 
vein layer: 0.23m 

Max displacement 
membrane: 0.14m

Max displacement of 
vein top layer: 0.34m 

Max displacement 
membrane: 0.12m

Max displacement of 
vein layer: 0.33m 

Relation 4: Deflated and inflated both loaded (LC5)

Max displacement 
membrane: 0.12m

Max displacement of 
vein layer: 0.11m 

Max displacement 
membrane: 0.24m

Max displacement of 
vein layer: 0.26m 

Max displacement 
membrane: 0.14m

Max displacement of 
vein top layer: 0.34m

Max displacement 
membrane: 0.20m

Max displacement of 
vein layer: 0.37m 

Max displacement 
membrane: 0.14m

Max displacement of 
vein layer: 0.14m

Table 4-18 Deformation of fabric for model 2-y (min. displacement: >0.05m; largest displacements areas are marked; top 
view and half cross-section)
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4.6.2.4 STRESS DISTRIBUTIoN – MoDEL 2-y
As mentioned in paragraph 4.6.1.3, the stress distribution of the membrane cloth will be illustrated. 
The results are shown in Table 4-19. 

The initial prestress levels of the deflated pneumatic vein system of model 2-y are similar to model 1-y. 
In addition, the initial prestress levels of the inflated pneumatic vein system of model 2-x is different 
to model 1-x. However, the stresses in both x- and y-direction are increased by inflating the pneumatic 
vein. The increment factors are respectively of 2-4 and 2-5. The average and peak stress ratio increases 
both from 1:1 to 3:5 (x:y) for the inflated unloaded situation. The prestress levels decreases since the 
structure is more adaptable by replacing two constrained edges by cable edges. The stresses in the 
structure subjected by the loading cases decreases in comparison with model 1-y. The decrement is 
also a result of the increasing deformability. Therefore, the deformations are larger as mentioned in 
paragraph 4.6.2.1.  
The stress pattern is globally the same for the pneumatic vein with and without internal pressure. 
Besides, the system with internal pressure is less vulnerable for loading cases than the system without 
internal pressure. The overall changes in patterns by loadings are comparable. 
The peak stresses in the pneumatic vein are decreased in comparison with model 1-y, the peak stress 
is 23.34kN/m. The materials allowable stress of 22.4kN/m is not sufficient in this case. Although, the 
effect of the cables on the structural behaviour of the structure and the elements is explained in 
paragraph 4.6.2.5.
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Table 4-19 Stress distribution of fabric for model 2-y (top view)

Load case

Stress distributions of model 2-y 
x-axis

y-axis

Membrane fabric 
stress ratio: 

0.74 – 2.84kN/m

Peak stress 
pneumatic vein: 

0.74kN/m
1-x-D-U

Weave x-direction Weave x-direction

Membrane fabric 
stress ratio: 

0.73 – 1.11kN/m

Peak stress 
pneumatic vein: 

0.47kN/m

Membrane fabric 
stress ratio: 

0.00 – 10.41kN/m

Peak stress 
pneumatic vein: 

9.75kN/m
1-x-I-U

Membrane fabric 
stress ratio: 

0.00 – 5.04kN/m

Peak stress 
pneumatic vein: 

20.34kN/m

Membrane fabric 
stress ratio: 

0.00 – 7.88kN/m

Peak stress 
pneumatic vein: 

1.59kN/m
1-x-D-LC1

Membrane fabric 
stress ratio: 

1.45 – 4.82kN/m 

Peak stress 
pneumatic vein: 

3.96kN/m

Membrane fabric 
stress ratio: 

0.00 – 10.17kN/m

Peak stress 
pneumatic vein: 

9.69kN/m
1-x-I-LC1

Membrane fabric 
stress ratio: 

0.00 – 7.11kN/m 

Peak stress 
pneumatic vein: 

23.34kN/m

Membrane fabric 
stress ratio: 

0.02 –8.14 kN/m

Peak stress 
pneumatic vein: 

5.27kN/m
1-x-D-LC5

Membrane fabric 
stress ratio: 

0.14 –2.10N/m 

Peak stress 
pneumatic vein: 

1.13kN/m

Membrane fabric 
stress ratio: 

0.30 – 12.26kN/m 

Peak stress 
pneumatic vein: 

10.49kN/m 
1-x-I-LC5

Membrane fabric 
stress ratio: 

0.00 – 3.39kN/m 

Peak stress 
pneumatic vein: 

17.37 kN/m
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4.6.2.5 STRUCTURAL BEHAVIoUR oF MoDEL 2
The global structural behaviour of the model 2 is similar to model 1, as described in Paragraph 4.6.1.8. 
The stiffness of model 2 is determined by means of the guidelines of model 1. The results of the structure 
stiffness are shown in Figure 4-34. From the results can be concluded that the initial deformation by 
inflating the pneumatic vein negatively influences the system for loading in the opposite direction of 
the arch opening. The average deformations of the inflated system (δd+i) are larger than the deflated 
system (δd) for model 1-y. on the other hand, the pneumatic vein is able to stiffen the structure for 
loading in the similar direction of the arch opening. In addition, the cables have a negative effect on the 
stiffness of the structure. The overall stiffness ratios of model 2 decreases with 80-90% in comparison 
with model 1. The ratio decreases for model 2-y (85-90%) more than for model 2-x (80%). 

Figure 4-34 Stiffness of the hybrid structure model 2

Deflated model 2-y: Unloaded

Deflated model 2-y: Upward wind loading (LC1)

Deflated model 2-y: Downward snow loading (LC5)

Inflated model 2-y: Unloaded

Inflated model 2-y: Upward wind loading (LC1)

Inflated model 2-y: Downward snow loading (LC5)

Model 2-y:
Front cross-sections

δd
δi δd+i

δd
δi

δd+i

Upward wind loading (not on scale) Downward snow loading (not on scale)

Ratios: δi < δd < δd+i Ratios: δd > δi > δd+i

Average displacement in cross-sections of hybrid structure  = δ Decreasing δ = increasing stiffness

x2

x1

y1y2

Stiffness ratios between deflated unloaded system to inflated loaded systems (d+i)

The overall stiffness ratios decreases with 80-90% in comparison with model 1-y 
and 1-x, in more detail, the ratio decreasing of model 2-y is larger than model 2-x

x1 x2 y1 y2 Average
Model 2-y 0.070 0.977 0.505 0.710 0.565
Model 2-x 0.164 1.741 1.440 1.434 1.195
Model 2-y 4.139 5.718 13.369 3.069 6.574
Model 2-x 0.752 1.404 1.498 1.132 1.197

Upward wind loading

Downward snow loading

Model 2-y:
Side cross-sections

y1

y2x1

x2

x2

d=deflated and i=inflated d=deflated and i=inflated

y2y1



89

As mentioned, the pneumatic vein is able to stiffen the hybrid structure, as described in Paragraph 
4.6.1.8. The stiffness of the arches is determined with the same procedure as model 1. The structures 
are loaded with a total upward wind load of 47kN and a total downward snow load of 60kN. The loads 
are decreased to approximately 85% of model 1. The medians of the unloaded and loaded pneumatic 
veins of the particular models are shown in the graphs of Figure 4-35. The deformation has been 
multiplied with a scale factor of 4 to clearly visualize the difference in stiffness in both graphs. For both 
load cases, the arch of model 2-x (L/H 3.4) has a higher stiffness than the arch of model 2-y (L/H=6.0). 
The arch of model 2-y is able to deflect with the membrane structure, since the cables add more 
flexibility to the structure. Besides the average deformations of the arch in model 2-y are larger than 
the arch of model 2-x, as shown in Figure 4-35. The results are in accordance with research project of 
tensairity arches (Roekens, et al., 2011). The results show that the cables have a negative effect on the 
stiffness ratio of both models in comparison with models 1-x and 1-y, namely a reduction of 22-65%. 
However, model 2-x is more effective in both load cases. In more detail, model 2-x has a higher stiffness 
in comparison with model 2-y, if the models are subjected to snow loading, as result of the low L/H 
ratio. The results are different from model 1 with the constrained edges, as described in paragraph 
4.6.1.8.  

Figure 4-35 Stiffness of the hybrid structure model 2

Unloaded system

Upward wind loading (LC1)

Model 2-x and 2-y:
Side cross-sections

Model 2-x:
Front view with 
median of vein/
Inflated unloaded

L/H=11/3.25=3.4 L/H=8.7/1.45=6.0

Model 2-y:
Side view with  
median of vein/
Inflated unloaded

Deformations caused by upward wind loading (LC1) and downward snow loading (LC5)
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Inflated systems:

Stiffness ratios between inflated loaded models 1 and 2

Ratio
Model 1-x to 2-x 0.871
Model 1-y to 2-y 0.356
Model 1-x to 2-x 0.454
Model 1-y to 2-y 0.343

Upward wind loading
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Figure 4-37 Models with two pneumatic veins in x-direction 
(I) and in a single pneumatic vein in y-direction (II) with an 
internal pressures of P=10kN/m2, respectively model 5 and 
model 6.

4.6.3.1 DISPLACEMENT oF MoDEL 3-X
The displacement of model 3-x will be illustrated 
regarding the guidelines described in the 
introduction of paragraph 4.6. The results of 
model 3-x are shown in Table 4-20. The layout of 
the table is regarding to Figure 4-20 in Paragraph 
4.6.1.2. Remark, the top view is rotated which 
rotates the axes. 

Initially, the maximum deformations of model 3-x 
increases in comparison with model 2-x. Since, 
the theory satisfies the increasing deformations if 
the span increases. The maximum deformations 
caused by only inflating the pneumatic veins 
are equal to model 2-x. Besides, the maximum 
deformations increases with a factor of 2-3 
for both loading cases. The areas of maximal 
displacements are similar to model 2-x. The 
membrane cloth between the inflated pneumatic 
veins is less deformed than in the deflated 
pneumatic vein system subjected to the loading 
cases. The pneumatic veins are able to stiffen the 
intermediate membrane element effectively by 
more stiffened edge conditions. The constrained 
edges and the pneumatic veins are more stiff 
than the flexible edge cable. Although, the effect 
of doubling the span on the structural behaviour 
of the structure and the elements is explained in 
Paragraph 3.4.3.5.

I

II

4.6.3 MoDEL 3 - DoUBLED LENGTH
Previous Paragraphs 4.6.1 and 4.6.2 describe 
the effect of integrating pneumatic veins and 
adding cables in the edges into the simplified 
anticlastic system. The effect of vein length and 
the location will be described in this Paragraph. 
In accordance with the PVDV design, the length 
of the sloping edges is doubled. In other words, 
the measurements of the xy-area are 11m x 22m. 
The length of the y-directed pneumatic vein is 
doubled. Therefore, the total length of the veins 
in the x-direction will be 22m as well. In addition, 
two x-directed veins of 11m will be integrated 
at half of the slope at y-coordinates 5.5m and 
16.5m. It contains the effective membrane fabric 
length. The location of the x-directed veins will 
be analysed as well, since the previous location in 
model 1 and 2 resulted in too high peak stresses. 
Secondly, the cables are integrated in the same 
edges, the short sides. The simplified model 3, 
the loading pattern, the models 3-x and 3-y are 
respectively shown in Figure 4-36 and Figure 4-37 
with the loading pattern.

Figure 4-36 Simplified anticlastic structure 11m x 22m with 
(a) top view in xy-plane, (b) front view in xz-plane and (c) side 
view in yz-plane. Loading pattern for the simplified anticlastic 
structure in top view (d)

1 2 3 4

A B

C

D
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Table 4-20 Deformation of fabric for model 3-x (min. displacement: >0.05m; largest displacements areas are marked; top 
view and half cross-section) 

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC1)

Deformations z-direction of model 3-x 
y-axis

x-axis

Max displacement 
membrane: 0.59m

Relation 3: Inflated unloaded to loaded (LC1) Relation 4: Deflated and inflated both loaded (LC1)

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC5)

Relation 3: Inflated unloaded to loaded (LC5)

Max displacement of 
vein layer: 0.56m 

Max displacement 
membrane: 0.08m

Max displacement of 
vein bottom layer: 0.26m 

Max displacement 
membrane: 0.21m

Max displacement of 
vein layer: 0.38m 

Relation 4: Deflated and inflated both loaded (LC5)

Max displacement 
membrane: 0.47m

Max displacement of 
vein top layer: 0.43m 

Max displacement 
membrane: 0.46m

Max displacement of 
vein layer: 0.29m 

Max displacement 
membrane: 0.08m

Max displacement of 
vein bottom layer: 0.26m

Max displacement 
membrane: 0.19m

Max displacement of 
vein layer: 0.21m 

Max displacement 
membrane: 0.32m

Max displacement of 
vein layer: 0.24m
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4.6.3.2 STRESS DISTRIBUTIoN oF MoDEL 3-X
As mentioned in paragraph 4.6.1.3, the stress distribution of the membrane cloth will be illustrated. 
The results are shown in Table 4-21. Remark, the top view is rotated which rotates the axes.

The stress distributions of model 3-x are globally comparable to model 2-x, the stresses are more 
widespread in model 3-x. In addition, the stress pattern of the single pneumatic vein of models 1-x 
and 2-x are doubled in mode 3-x. The stress pattern is mirrored at the middle. However, the minimal 
and maximal stress areas are approximately at the same locations as models 1-x and 2-x. The stress 
distribution in the parallel direction of the vein is inconsistently in comparison with model 2-x. The 
lower prestress is located at the outer membrane parts and the average/maximum prestress is located 
between the veins. Therefore, the deformations are decreased in the intermediate membrane element 
due to the higher prestress levels, as mentioned in Paragraph 4.6.3.2. The outer membrane parts 
are more vulnerable for deformations than the middle membrane part for upward wind loading. The 
vulnerability is caused by the flexible edge cables. Besides, the peak stresses in the pneumatic veins are 
decreased to an admissible value of maximal 25.01kN/m. The materials allowable stress of 22.4kN/m 
is not sufficient in this case. on the other hand, the maximal stress is decreased from 40.99kN/m to 
25kN/m. Although, the effect of doubling the span on the structural behaviour of the structure and the 
elements is explained in paragraph 4.6.3.5.
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Table 4-21 Stress distribution of fabric for model 3-x  (top view)

Load case

Membrane fabric 
stress ratio: 

0.79 – 1.89kN/m

Peak stress 
pneumatic vein: 

0.79kN/m
1-x-D-U

Weave x-direction Weave x-direction

Membrane fabric 
stress ratio: 

0.92 – 1.12kN/m

Peak stress 
pneumatic vein: 

1.02kN/m

Membrane fabric 
stress ratio:

0.00 – 9.28kN/m

Peak stress 
pneumatic vein:

16.36kN/m
1-x-I-U

Membrane fabric 
stress ratio:

1.63 – 9.74kN/m

Peak stress 
pneumatic vein:

8.70kN/m

Membrane fabric 
stress ratio:

0.00 – 7.85kN/m

Peak stress 
pneumatic vein:

2.13kN/m
1-x-D-LC1

Membrane fabric 
stress ratio:

1.29 – 8.37kN/m

Peak stress 
pneumatic vein:

4.10kN/m

Membrane fabric 
stress ratio:

0.00 – 8.99kN/m

Peak stress 
pneumatic vein:

12.27kN/m
1-x-I-LC1

Membrane fabric 
stress ratio:

1.70 – 10.96kN/m

Peak stress 
pneumatic vein:

9.58kN/m

Membrane fabric 
stress ratio:

1.53 – 11.07kN/m

Peak stress 
pneumatic vein:

9.41kN/m
1-x-D-LC5

Membrane fabric 
stress ratio:

0.00 – 5.45N/m

Peak stress 
pneumatic vein:

1.47kN/m

Membrane fabric 
stress ratio:

0.00 – 14.44kN/m

Peak stress 
pneumatic vein:

25.01kN/m
1-x-I-LC5

Membrane fabric 
stress ratio:

1.38 – 9.98kN/m

Peak stress 
pneumatic vein:

8.85kN/m

Stress distributions of model 3-x 
y-axis

x-axis
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4.6.3.3 DISPLACEMENTS oF MoDEL 3-y
The displacement of model 3-y will be illustrated regarding the guidelines described in the introduction 
of Paragraph 4.6. The results of model 3-y are shown in Table 4-22. The layout of the table is regarding 
to Figure 4-20 in Paragraph 4.6.1.2. Remark, the top view is rotated which rotates the axes.

As mentioned, the maximum deformations of model 3-y increases in comparison with model 2-y, as 
consequence of doubling the span. The maximum deformations caused by only inflating the pneumatic 
veins increased in comparison with model 2-y. Besides, the maximum deformations increases with a 
factor of 1-3 for both loading cases compared to model 2-y. The areas of maximal displacements are 
similar to model 2-y for snow loading. For wind loading the maximum displacement areas are shifted 
to the edges. Although, the effect of doubling the span on the structural behaviour of the structure and 
the elements is explained in Paragraph 4.6.3.5.
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Table 4-22 Deformation of fabric for model 3-y (min. displacement: >0.05m; largest displacements areas are marked; top 
view and half cross-section) 

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC1)

Max displacement 
membrane: 0.61m

Relation 3: Inflated unloaded to loaded (LC1) Relation 4: Deflated and inflated both loaded (LC1)

Relation 1: Deflated to inflated Relation 2: Deflated unloaded to loaded (LC5)

Relation 3: Inflated unloaded to loaded (LC5)

Max displacement of 
vein layer: 0.63m 

Max displacement 
membrane: 0.24m

Max displacement of 
vein top layer: 0.45m 

Max displacement 
membrane: 0.16m

Max displacement of 
vein layer: 0.61m 

Relation 4: Deflated and inflated both loaded (LC5)

Max displacement 
membrane: 0.37m

Max displacement of 
vein layer: 0.35m 

Max displacement 
membrane: 0.45m

Max displacement of 
vein layer: 0.47m 

Max displacement 
membrane: 0.24m

Max displacement of 
vein top layer: 0.45m

Max displacement 
membrane: 0.21m

Max displacement of 
vein layer: 0.36m 

Max displacement 
membrane: 0.41m

Max displacement of 
vein layer: 0.40m

Deformations z-direction of model 3-y 
y-axis

x-axis
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4.6.3.4 STRESS DISTRIBUTIoN oF MoDEL 3-y
As mentioned in paragraph 4.6.1.3, the stress distribution of the membrane cloth will be illustrated. 
The results are shown in Table 4-23. Remark, the top view is rotated which rotates the axes.

The stress distributions of model 3-y are globally comparable to model 2-y, the stresses are more 
widespread in model 3-y. The peak stresses are shifted from the tops of the structure to the cable 
edges. However, the minimal and maximal stress areas are approximately at the same locations as 
models 1-y and 2-y. The stresses in the parallel and perpendicular direction respectively decreases 
and increases for the inflated pneumatic vein model 3-y in comparison with model 2-y. Besides the 
perpendicular directed stress distribution is less tensioned in the middle of the span. Caution, the 
perpendicular stresses in the middle of the span are nil when the deflated pneumatic vein system is 
subjected to upward wind loading. Inflating the pneumatic vein is a possibility to avoid nil stresses in 
the membrane cloth. Besides, the peak stresses in the pneumatic veins are decreased to a maximal 
value of maximal 17.09kN/m. The materials allowable stress of 22.4kN/m is sufficient in this case. 
Although, the effect of doubling the span on the structural behaviour of the structure and the elements 
is explained in Paragraph 4.6.3.5.
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Table 4-23 Stress distribution of fabric for model 3-y (top view)

Load case

Membrane fabric 
stress ratio: 

0.74 – 2.84kN/m

Peak stress 
pneumatic vein: 

0.74kN/m
1-x-D-U

Weave x-direction Weave x-direction

Membrane fabric 
stress ratio: 

0.73 – 1.11kN/m

Peak stress 
pneumatic vein: 

0.47kN/m

Membrane fabric 
stress ratio: 

0.00 – 10.41kN/m

Peak stress 
pneumatic vein: 

9.75kN/m
1-x-I-U

Membrane fabric 
stress ratio: 

0.00 – 5.04kN/m

Peak stress 
pneumatic vein: 

20.34kN/m

Membrane fabric 
stress ratio: 

0.00 – 7.88kN/m

Peak stress 
pneumatic vein: 

1.59kN/m
1-x-D-LC1

Membrane fabric 
stress ratio: 

1.45 – 4.82kN/m 

Peak stress 
pneumatic vein: 

3.96kN/m

Membrane fabric 
stress ratio: 

0.00 – 10.17kN/m

Peak stress 
pneumatic vein: 

9.69kN/m
1-x-I-LC1

Membrane fabric 
stress ratio: 

0.00 – 7.11kN/m 

Peak stress 
pneumatic vein: 

23.34kN/m

Membrane fabric 
stress ratio: 

0.02 –8.14 kN/m

Peak stress 
pneumatic vein: 

5.27kN/m
1-x-D-LC5

Membrane fabric 
stress ratio: 

0.14 –2.10N/m 

Peak stress 
pneumatic vein: 

1.13kN/m

Membrane fabric 
stress ratio: 

0.30 – 12.26kN/m 

Peak stress 
pneumatic vein: 

10.49kN/m 
1-x-I-LC5

Membrane fabric 
stress ratio: 

0.00 – 3.39kN/m 

Peak stress 
pneumatic vein: 

17.37 kN/m

Stress distributions of model 3-y
y-axis

x-axis
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4.6.3.5 STRUCTURAL BEHAVIoUR oF MoDEL 3
The global structural behaviour of the model 3 is similar to model 1, as described in Paragraph 
4.6.1.8. The stiffness of model 3 is determined by means of the guidelines of model 1. The results 
of the structure stiffness are shown in Figure 4-38. From the results can be concluded that the initial 
deformation by inflating the pneumatic vein influences the system negatively for loads in the opposite 
direction of the arch opening. The average deformations of the inflated system (δd+i) are larger than 
the deflated system (δd) for model 1-y. on the other hand, the pneumatic vein is able to stiffen the 
structure for loadings in the similar direction of the arch opening. The overall stiffness ratios of model 
3 are in comparison with model 1, more advantageous. In more detail, the pneumatic vein has more 
effect on the stiffness of model 3 in comparison with models 1 and 2. In other words, the effect of the 
pneumatic vein on the membrane structure increases if the size of the structure increases. 

Figure 4-38 Stiffness of the hybrid structure model 3

Deflated model 3-y: Unloaded

Deflated model 3-y: Upward wind loading (LC1)

Deflated model 3-y: Downward snow loading (LC5)

Inflated model 3-y: Unloaded

Inflated model 3-y: Upward wind loading (LC1)

Inflated model 3-y: Downward snow loading (LC5)

Model 3-y:
Front cross-sections

δd
δi δd+i

δd
δi

δd+i

Upward wind loading (not on scale) Downward snow loading (not on scale)

Ratios: δi < δd < δd+i Ratios: δd > δi > δd+i

Average displacement in cross-sections of hybrid structure  = δ Decreasing δ = increasing stiffness

x2

x1

y1y2

Stiffness ratios between deflated unloaded system to inflated loaded systems (d+i)

The stiffness of model 3 is larger for the loading parallel directed to the opening of the arch.

x1 x2 y1 y2 Average
Model 3-y 1.202 0.424 0.939 1.046 0.903
Model 3-x 20.454 1.124 1.519 1.596 6.173
Model 3-y 1.775 96.912 2.329 2.394 25.853
Model 3-x 36.295 1.802 1.141 1.136 10.094

Upward wind loading

Downward snow loading

Model 3-y:
Side cross-sections

x1

x2

x2

d=deflated and i=inflated d=deflated and i=inflated

y2y1

y2

y1
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As mentioned, the pneumatic vein is able to stiffen the hybrid structure, as described in Paragraph 
4.6.1.8. The stiffness of the arches is determined with the same procedure as model 1. The structures 
are loaded with a total upward wind load of 103kN and a total downward snow load of 129kN.The 
loads are approximately doubled. The medians of the unloaded and loaded pneumatic veins of the 
particular models are shown in the graphs of Figure 4-39. The deformation has been multiplied with 
a scale factor of 4 to clearly visualize the difference in stiffness in both graphs. For both load cases, 
the arch of model 3-y (L/H 5.4) has a higher stiffness ratio than the arch of model 3-x (L/H=27.5) in 
comparison with the ratios of models 1-y and 1-x. As mentioned, the height of the arch has a large 
impact on the stiffness of the pneumatic vein. Therefore, the stiffness ratio of model 3-x is dramatically 
decreased in comparison with model 1-x. However, the average deformation is less for model 3-x in 
comparison with model 3-y. To conclude, the pneumatic vein is effectively integrated for loadings in 
the same direction as the opening of the arch.

Figure 4-39 Stiffness of the pneumatic vein model 3

Unloaded system

Upward wind loading (LC1)

Model 3-x and 3-y:
Side cross-sections

Model 3-x:
Front view with 
median of vein/
Inflated unloaded

L/H=11/0.40=27.5 L/H=20/3.70=5.4

Model 3-y:
Side view with  
median of vein/
Inflated unloaded

Deformations caused by upward wind loading (LC1) and downward snow loading (LC5)
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Stiffness ratios between inflated loaded models 1 and 3
The overall stiffness ratios decreases with 
93-97% for model 3-x and 80-92% for 
model 3-y in comparison with respectively 
model 1-x and 1-y. The stiffness of model 
3-x decreased dramatically, as consequence
of the large decrement of the L/H ratio. 
 

Ratio
Model 1-x to 3-x 0.031
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4.6.4 CoNCLUSIoNS oF HyBRID STRUCTURE MoDELS 1, 2 AND 3
The inflated pneumatic vein has effect on the structural behaviour of the hybrid system. The overall 
conclusions are listed in this Paragraph.

- Inflating the pneumatic vein deforms and prestresses the initial deflated hybrid system. Firstly, 
the pneumatic vein prestresses the perpendicular directed weaves. As consequence, the curvature 
decreases. Secondly, the increasing curvature of the pneumatic vein results in an overall increasing 
curvature in the span direction. As result, the weaves in the span direction are prestressed by 
deformation. The curvature in perpendicular direction of the span decreases. 
- The stiffness of the structure increases if the internal pressure in the pneumatic vein increases. A 
higher internal pressure results in more prestress in the connected membrane cloth and a stiffer 
pneumatic arch.
- The stiffness of the pneumatic vein increases if the initial curvature is larger. This is in accordance with 
the research project of Roekens (Roekens, et al., 2011).
- The stiffness of the structure and the individual pneumatic vein is higher for the loadings in the 
direction of the arch opening. As results of the interaction between the prestressed membrane cloths 
and the structural behaviour of an arch.  
- The edge cables have a negative effect on the overall stiffness of the structure. The flexibility of the 
structure increases due to the edge cables.
- An intermediate membrane element between two pneumatic veins is more stiff than the membrane 
element between a pneumatic vein and an edge cable. The pneumatic veins are able to prestress the 
intermediate membrane element more. 
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CHAPTER 5: oPTIMIZING PVDV DESIGN

The original PVDV design consists of an uplifting wind cable. The main thesis objective is to replace 
the cables by a system of pneumatic veins. The veins have to equally distribute the stresses into the 
fabric and reduce the deformations.  This chapter defines the possibilities and feasibility of the hybrid 
structure into the PVDV design. 
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5.1 GENERAL DESIGN INFoRMATIoN
As mentioned, the structural behaviour of the 
PVDV design is based on the pretensioned fabric 
structure and the uplifting cable. The cable 
should be replaced by a concept of pneumatic 
veins. The veins have to equally distribute the 
stresses into the fabric. An equalized distribution 
can be provided by a conical shaped pneumatic 
vein. However, the loadings of the wind and snow 
causes unequally stress distributions into the 
membrane structure. As consequence, the stress 
pattern and deformation will not be constant for 
the overall structure. 
Determining the effect of integrated pneumatic 
vein(s) in the PVDV design is the objective of this 
Paragraph. The pneumatic veins should support 
and prestress the membrane elements. As result, 
the structure should be comparable to, or more 
effective than the original PVDV design with 
uplifting cables. Designing the new concept into 
the structure starts with the basic principle of 
anticlastic tensile fabric structure. This principle 
is based on two curvatures, as shown in Figure 
5-1. As mentioned, the uplifting movement of 
the fabric results in a decreasing stress direction 
2 and an increasing stress in direction 1. The 
principle is contrariwise for downward directed 
loads. 

Figure 5-1 PVDV design (left) and main principle of 
anticlastic tensile fabric structures (right) 

1

2

The original prestress ratio in directions 1 and 2 is 
respectively 1.00kN/m and 2.00kN/m. The initial 
prestress is only effective if the internal pressure 
in the pneumatic vein is low, according to 
Paragraph 4.6. The initial prestress of the original 
PVDV design will be used in the improved models. 
As mentioned in paragraph 3.1.4, the PVDV 
structure is able to resist the downward directed 
loads without the support of the cable. The 
structure requires supports for the uplifting wind 
loads. According to the conclusions in Paragraph 
4.6.4, a pneumatic vein has to be integrated in 
direction 2 of Figure 5-1. In addition, half of the 
single cover is used in the calculation, since the 
structure consists of two identical systems. 

5.1.1 PVDV IDENTICATIoN
originally, the cable should be implemented in 
the PVDV design since the displacements are 
exceeding the requirements. The cable reduces 
the maximal displacements from 1.16m to 0.89m 
for the uplifting wind loading. In addition, the 
displacement areas are reduced by integrating 
the uplifting wind cable. The cable reduces the 
deformation by partition of the membrane cloth. 
The deformations areas and cross-sections are 
shown in Figure 5-2.

5.1.2 VARIANTS oF HyBRID STRUCURES
The structure has to be supported for an upward 
directed wind load. Therefore, the focus on 
integrating the pneumatic vein into the curvature 
with the upward directed opening. Figure 5-3 
shows the 5 possible variants for integrating the 
pneumatic veins. 
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Figure 5-2 Deformations of the Cable-less and original PVDV design in top view and cross-sections

Figure 5-3 Deformations of the Cable-less and original PVDV design in top view and cross-sections
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restrictions of the particular models and results 
are respectively shown in Table 5-1 and Table 5-2. 
Figure 5-4 shows the legend of the displacements 
in the models subjected to a symmetrical uplifting 
wind loading (LC1). The grey filled areas in the 
top views show the minimal displacement of the 
particular area. The largest displacements are 
marked with the darkest grey colour.

The variant models 1 and 4 are based on the 
principles of previous Paragraph 4.6 with the 
general width of 1.0m. The x-directed pneumatic 
vein is integrated at the intersection point of 
the former uplifting cable. Model 2 is a variant 
of model 1 by equally prestress levels in both 
directions. As consequence, the curvature in the 
shortest span (x-direction) increases, since the 
stresses in the longitudinal direction is doubled. 
An increasing curvature of the arch should result 
into more stiffness of the structure. Model 3 
doubles the amount of integrated veins, the outer 
veins are 0.5m wide and the inner veins are 1.0m 
wide, according to the standard. Besides, model 
5 is a combination of models 1 and 4. The veins 
are implemented as parallel diagonals, since 
the intermediate membrane element length is 
constant over the width of the structure. The 

Model

Default - Original PVDV 
design

Model configuration

N/A

Max internal 
pressure**

1:1

Curvature
ratio (x:y)

1 – Single pneumatic vein 
x-directed

60 kN/m2 (0.5m)*
45 kN/m2 (1.0m)

50 kN/m2 1:1

2 – Curvature + prestress 50 kN/m2 1:2

1:13 – Double pneumatic vein

4 – Single pneumatic vein 
y-directed 1:120 kN/m2

1:140 kN/m25 – diagonal pneumatic vein

Cable-less PVDV design N/A 1:1

*= width of the pneumatic vein between the brackets
**= Around allowable tension capacity
Table 5-1 Maximal internal pressure restricted by the allowable tension capacity

Figure 5-4 Legend of the displacements in Table 5-2
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Model

Cable-less 
PVDV design

Displacement configuration in top view: 
Symmetrical upward wind loading (LC1)

Max. 
displacement 

[m]

Stresses 

[kN/m]

Default - Original 
PVDV design

Model 1 
Single pneumatic 
vein x-directed
- Lp=1.0m
- P=50kN/m2

Model 2 
Prestress ratio

- 2 kN/m : 2kN/m
- P=50kN/m2

Model 3
Double pneumatic 
vein
- Lp=0.5m/1.0m
- P=60/45kN/m2

Model 4
Single pneumatic 
vein y-directed
- Lp=1.0m
- P=20kN/m2

δm, max = 
1.16m

δp, max = 
N/A

δm, max= 
0.89m

δp, max= 
N/A

δm, max= 
1.05m

δp, max= 
1.23m

δm, max= 
1.03m

δp, max= 
1.22m

δm, max= 
0.99m

δp, max= 
1.21m

δm, max= 
1.03m

δp, max= 
1.24m

Model 5 
Diagonal pneumatic 
vein
- Lp=1.0m
- P=40kN/m2

δm, max= 
1.04m

δp, max= 
1.25m

σm stress ratio:
0.00-14.74kN/m

σp peak stress:
N/A

σm stress ratio:
0.24-11.12kN/m

σp peak stress:
N/A

σm stress ratio:
0.00-16.88kN/m

σp peak stress:
22.01kN/m

σm stress ratio:
0.00-19.00kN/m

σp peak stress:
22.29kN/m

σm stress ratio:
0.00-22.69kN/m

σp peak stress:
22.80kN/m

σm stress ratio:
1.70-21.76kN/m

σp peak stress:
18.29kN/m

σm stress ratio:
0.00-22.16kN/m

σp peak stress:
21.76kN/m

Table 5-2 Displacement results of the variants

The maximal displacements are listed separately for both elements, respectively the membrane 
element (m) and the pneumatic vein (p). The maximal displacement indication is shown in Figure 5-5.

Figure 5-5 Indication of maximal displacements: unloaded structure (pink) and loaded structure (red)

δm,maxδm,max δp,max
Loaded

Unloaded

Loaded

Unloaded
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The maximum displacements of models 1-5 are larger than the original PVDV design with cable. The 
maximum displacement of the membrane elements decreases in comparison with the cable-less PVDV 
design. However, the inflation and displacement of the pneumatic vein results in larger displacements 
than the cable-less PVDV design. The increment in curvature and prestress of model 2 in comparison 
with model 1 is an insignificant method of reducing the displacements. Since, the curvature of models 
1 and 2 are almost flat. This method will not be integrated in the optimization process of the PVDV 
design. The displacement patterns of models 4 and 5 are comparable with the cable-less design. 
Besides, the maximal displacements are comparable with models 1 and 2. The concept of model 3 
will be integrated in the optimizing process of the PVDV design. The system can be optimized by the 
following parameters: moving the pneumatic veins, differences in internal pressures and pneumatic 
vein width. The maximal displacements of the optimized system have to be smaller than the original 
PVDV design.
The stress ratios of the models are doubled in comparison with the default PVDV design. The peak 
stresses are restricted by the allowable stress of 22.40 kN/m. As mentioned for the models 1-3, the 
peak stresses are located near the edges. A conical shaped vein instead of a straight vein can equally 
distribute the stresses. However, the manufactured membrane fabric type for the default PVDV design 
should be lower than for the models in this case.  
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5.1.3 oPTIMIZING PVDV DESIGN
Model 3 is the most promising model for replacing the uplifting wind cable in the original PVDV design, 
according to the results in Table 5-2. In addition, translating the pneumatic vein of model 1 is less 
effective. The pneumatic vein location of model 1 is optimal, since the pneumatic vein supports the 
membrane structure at the most vulnerable area. This area deforms the most. The results of the variant 
study in model 3 are shown in Table 5-3. The displacement areas are according Figure 5-4. The models 
are based on the concept of integrating two pneumatic veins on each side. Firstly, the pneumatic veins 
are moved further apart in comparison with model 3, since the maximal displacement area is not 
between the set of pneumatic veins. The model is labelled as model 3.1. The maximal displacement of 
model 3.1 is comparable to model 3 for the membrane elements. The displacement for the pneumatic 
vein decreases. From this point of view, the distance between the veins should be larger than for model 
3. The concept of model 3.1 is applied in model 3.2, the difference is the switched pneumatic vein 
width. The widest pneumatic vein should be the closest to the edge cable, since a wider vein increases 
the stiffness. Model 3.2 decreases the maximal displacements and areas of the membrane elements. 
Therefore, model 3.3 integrates two sets of two pneumatic veins with a width of 1.0m. From theory, a 
wider pneumatic vein is able to stiffen the membrane elements and the veins are more stiff. As result, 
model 3.3 satisfies the set of requirements, the maximal displacements of the membrane elements are 
smaller than the original PVDV design. The pneumatic vein displacement is larger, however, the initial 
displacement by inflation will be kept aside. The displacement of the pneumatic vein is aligned with 
the membrane displacement.  In addition, the stresses in the structure are lower than the allowable 
stresses. Model 3.3 is only valid for the symmetrical upward wind loading, load case 1. The other load 
cases are checked in Paragraph 5.1.4

Table 5-3 Displacement results of the optimized model 3

Model Displacement configuration in top view: 
Symmetrical upward wind loading (LC1)

Max. 
displacement 

[m]

Stresses 

[kN/m]
Model 3
Double pneumatic 
vein
- Lp=0.5m/1.0m
- P=60/45kN/m2

Model 3.1
Double pneuma-
tic vein
- Lp=0.5m/1.0m
- P=60/40kN/m2

δm, max= 
0.99m

δp, max= 
1.21m

δm, max= 
1.00m

δp, max= 
1.15m

Model 3.2
Double pneumatic 
vein
- Lp=1.0m/0.5m
- P=30/60kN/m2

δm, max= 
0.93m

δp, max= 
0.96m

σm stress ratio:
0.00-22.69kN/m

σp peak stress:
22.80kN/m

σm stress ratio:
0.00-19.71kN/m

σp peak stress:
21.05kN/m

σm stress ratio:
0.00-22.29kN/m

σp peak stress:
18.13kN/m

Model 3.3
Double pneumatic 
vein
- Lp=1.0m/1.0m
- P=35/35kN/m2

δm, max= 
0.87m

δp, max= 
0.97m

σm stress ratio:
0.00-22.60kN/m

σp peak stress:
18.47kN/m
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However, the stress ratio of model 3 is doubled in comparison with the original PVDV design. The stress 
distribution of the hybrid system is not equally, the peak stresses are located at the constrained edges. 
The stress distributions of the cable-less, original and optimized model of the PVDV design are shown 
in Table 5-4.

Table 5-4 Stress distributions of the unloaded and loaded models in the particular weave directions
 
The stress distribution of model 3.3 is distorted by the peak stresses. As mentioned, the stress differs 
along the length of the pneumatic vein. The average stress in model 3.3 is 16.5 kN/m in the x-direction 
when it is subjected to an upward wind load (LC1). Therefore, the shape of the pneumatic vein should 
be conical shaped. The conical shape is able to distribute the stresses equally along the length of the 
vein. The stress distribution in the corners of the pneumatic vein is shown in Table 5-5. 
Besides, the pneumatic vein is able to prestress the membrane cloth more equally than the initial 
prestress distribution. The initial prestress can be neglected after inflating the pneumatic veins. 
Therefore, the initial prestress levels should be reduced to the minimal. 

Model Unloaded Stresses in top view: Symmetrical 
upward wind loading (LC1)

Cable-less 
PVDV 
design

Stress ratio: 1.00-1.24 kN/m

Weave
direction

y-direction

Stress ratio: 1.50-14.84 kN/m

Stress ratio: 1.60-2.10 kN/m

x-direction

Stress ratio: 0.00-12.25 kN/m

Default 
original
PVDV 
design

Stress ratio: 0.53-1.19 kN/m

y-direction

Stress ratio: 1.51-11.12 kN/m

Stress ratio: 1.44-3.56 kN/m

x-direction

Stress ratio: 0.24-8.58 kN/m

Model 3.3 Stress ratio: 2.87-19.34 kN/m

y-direction

Stress ratio: 3.26-22.60 kN/m

Stress ratio: 0.00-16.35 kN/m

x-direction

Stress ratio: 0.00-8.32 kN/m

Cable-less PVDV design
Stresses in x-directed weaves (corner): Symmetrical upward wind loading (LC1)

Default original PVDV design Model 3.3
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Model Unloaded Stresses in top view: Symmetrical 
upward wind loading (LC1)

Cable-less 
PVDV 
design

Stress ratio: 1.00-1.24 kN/m

Weave
direction

y-direction

Stress ratio: 1.50-14.84 kN/m

Stress ratio: 1.60-2.10 kN/m

x-direction

Stress ratio: 0.00-12.25 kN/m

Default 
original
PVDV 
design

Stress ratio: 0.53-1.19 kN/m

y-direction

Stress ratio: 1.51-11.12 kN/m

Stress ratio: 1.44-3.56 kN/m

x-direction

Stress ratio: 0.24-8.58 kN/m

Model 3.3 Stress ratio: 2.87-19.34 kN/m

y-direction

Stress ratio: 3.26-22.60 kN/m

Stress ratio: 0.00-16.35 kN/m

x-direction

Stress ratio: 0.00-8.32 kN/m

Cable-less PVDV design
Stresses in x-directed weaves (corner): Symmetrical upward wind loading (LC1)

Default original PVDV design Model 3.3

Table 5-5 Stress distributions of the loaded models in the x directed weaves (LC1)
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5.1.4 CHECK oF oPTIMIZED PVDV DESIGN
The optimized PVDV design (model 3.3) is compared with the default model, the original PVDV design 
with the uplifting cable. The results are shown and listed in Table 5-6 and Table 5-7. The results show 
the effect of the integrated pneumatic veins in comparison with the default model. As mentioned, the 
stresses in the pneumatic vein increases by integrating more veins in the membrane structure. The 
higher prestress levels of the membrane elements increase the stiffness of the structure. 
The internal pressure is only present for the wind load cases in both directions. For the snow load 
cases, the internal pressure is nil, otherwise accumulation of snow occurs. The accumulation of snow 
is illustrated in Appendix E. The configurations are similar to the original PVDV design, since the cable is 
not supporting the downward movements of the structure. The prestress distribution and stress levels 
of the unloaded original PVDV design and model 3.3 subjected to the load cases 1 and 3 are shown in 
Figure 5-6.

Table 5-6 Displacements of the original PVDV design and the hybrid PVDV design subjected to the load cases

Load case
[front view load case]

Displacements of original 
PVDV design 

[m]

Displacements of model 3.3

[m]
LC 1: Symmetrical 
upward wind loading   

LC 2: Asymmetrical 
upward wind loading 

LC 4: Asymmetrical 
downward wind loading 

LC 3: Symmetrical 
downward wind loading

LC 5: Symmetrical 
downward snow loading 

LC 6: Asymmetrical 
downward snow loading 
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Model 3.3
Membrane stress 0.00 - 19.34 kN/m

Original PVDV design
Membrane stress 0.53 - 3.74 kN/m

Unloaded systems

Model 3.3
Membrane stress 0.00 - 22.60 kN/m

Original PVDV design
Membrane stress 0.24 - 11.12 kN/m

Original PVDV design
Membrane stress 0.00 - 14.15 kN/m

Model 3.3
Membrane stress 0.00 - 22.36 kN/m

Downward wind loading (LC3) Upward wind loading (LC1)

Figure 5-6 Stress distribution of the original PVDV design and the hybrid PVDV design subjected to the load cases 1&3

Load case
[front view load case]

original PVDV design model 3.3

LC 1: Symmetrical 
upward wind loading   

LC 2: Asymmetrical 
upward wind loading 

LC 4: Asymmetrical 
downward wind loading 

LC 3: Symmetrical 
downward wind loading

LC 5: Symmetrical 
downward snow loading 

LC 6: Asymmetrical 
downward snow loading 

δm, max  

 [m]

σm stress ratio

 [kN/m]

δm, max  
(δp, max) 

[m]

σm stress ratio
(σp peak stress)

[kN/m]

Internal 
pressure
[kN/m2]

0.00-22.60kN/m
(18.47kN/m)

0.00-21.46kN/m
(18.07kN/m)

0.00-18.47kN/m
(22.36kN/m)

0.00-18.83kN/m
(22.54kN/m)

0.00-15.44kN/m
(11.29kN/m)

0.00-15.38kN/m
(11.29kN/m)

35.00kN/m2

35.00kN/m2

35.00kN/m2

35.00kN/m2

0.00kN/m2

0.00kN/m2

0.87m 
(0.97m)

0.93m
(0.77m)

0.98m
(1.08m)

0.77m
(0.89m)

0.76m
(0.89m)

0.93m
(0.72m)

0.24-11.12kN/m

0.80-9.63kN/m

0.00-11.66kN/m

0.00-11.68kN/m

0.00-14.97kN/m

0.00-14.91kN/m

0.89m 

1.01m

1.08m

0.85m

0.85m

1.00m

Table 5-7 Results of the original PVDV design and the hybrid PVDV design subjected to the load cases
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From the results can be concluded that a hybrid 
system of an anticlastic membrane structure 
with integrated pneumatic veins can replace an 
uplifting cable in the same membrane structure. 
The stresses in the membrane fabric for both 
elements in the hybrid system are within the 
boundaries of the allowable stresses. The 
stress patterns are more equally distributed by 
the pneumatic veins. The pneumatic veins are 
able to equally distribute the stresses into the 
membrane surface. Besides, the displacement 
areas and maximal values of the hybrid system 
are decreased in comparison with the original 
PVDV design. A remark should be taken into 
account, the displacement of the pneumatic vein 
is larger than the displacements of the original 
design. The inflation of the pneumatic vein 
results in a round shape. As consequence, the 
initial displacement of the pneumatic vein should 
be taken into account. However, the pneumatic 
vein is integrated as support and equipped to 
prestress the membrane fabric in a required 
time period. The maximal displacements of 
the membrane elements in both models are 
presumed as determining.

As mentioned, the hybrid structure can be 
optimized by changing the straight pneumatic 
vein into a conical shaped pneumatic vein.

5.2 VARIANTS oF HyBRID STRUCTURE 
DETAILS
Integrating the pneumatic vein into the membrane 
structure is possible in two manners, namely by 
welding the two membrane elements together 
and a 3D woven technique. The welding technique 
is shown in Figure 5-7. This detail is designed and 
manufactured by Buitink Technology, for example, 
a stretching tube trampoline is manufactured by 
this manner of detailing. The edge connection 
consists out of the tube and the conical part. The 
conical part is welded on the tube and is made 
of a round shaped cutting pattern. In addition, a 
not weldable intermediate layer has to be used 
between two weldable sides of the tube and 
conical part. otherwise the walls of the tube will 
be welded together. The peeling forces in the 
cross-section are resisted by the two sided welds. 
The required width ‘Lw’ of the welds is 80mm 
for Précontraint 1202, PVC type 3 according to 
the European Tensinet Design Guide (Forster & 
Mollaert, 2004).

Figure 5-7 Connecting the two elements by welding



113

The other detail is 3D woven membrane fabric, 
the weave technique is a proposal since the 
technique is not developed yet. The pneumatic 
vein is provided by splitting the weave pattern 
in the direction of the cross-section, as shown in 
Figure 5-8. The detail can be woven in one piece.

2x
22x

2 1

2

1

1

Lw

Lw
Lw

Lw

Lw

2x
22x

2 1

2

1

1

Lw

Lw
Lw

Lw

Lw

air blower will be activated before the external 
loadings are subjected to the structure. The 
stability of the structure is ensured by the original 
prestress ratio of the membrane, as mentioned 
in Paragraph 5. In case of heavy load conditions, 
the maximum air pressure in the pneumatic 
veins is 300mbar. Since the air blower has a 
maximal capacity of 310 mbar. As consequence, 
the maximal displacements of the membrane 
elements are equally or smaller than the original 
PVDV design. only if necessary the air blowers 
are activated, mainly in case of air pressure 
fluctuations induced by the weather. In addition, 
the air blowers are only necessary in case of wind 
loadings. The snow loading can be resisted by the 
deflated hybrid system, in accordance with the 
original PVDV design. Besides, the risk of ponding 
melt water increases if the pneumatic veins are 
inflated. 
The air blowers can be assembled to the steel 
trusses or on the ground. If it is assembled on 
the ground, the air blower should be covered 
and situated in a ventilated environment. For 
example, the air blower can be covered with 
a bench. The noise of the air blower can be 
neglected by the sound of the wind gusts. The 
air blower is a Medo LAM-200 of the Nitto Kohki 
Company, as shown in Figure 5-9. The dimensions 
of the air blower are 418 x 212 x 268 mm (length 
x width x heigth)

Figure 5-8 Three-dimensional woven membrane fabric

5.3 PRoDUCT MANUAL
The hybrid system consists of equipment for the 
active pneumatic vein. The equipment is able to 
gain input data, processing data and adjusting 
the air inflation system. The control system is 
coupled to a weather forecast company, such as 
KNMI. The control system processes the weather 
conditions from the weather forecast data into 
the minimal required internal pressure. The 

Figure 5-9 Medo LAM-200 air blower of Nitto Kohki company



114



115

CHAPTER 6: CoNCLUSIoNS



116

CONCLUSIONS

The research sub-questions are answered within the paragraphs, the main conclusions are listed below. 

In general, an uplifting cable is added to the membrane structures of arch supported shapes. The 
arch supported shape is a subdivision of the basic surface shapes. The uplifting cable is situated in 
the longest span direction. The cable is able to divide the shortest span in departments to reduce the 
displacement and stresses. Since the shortest span consists of the lowest curvature. As consequence, 
the shortest span is more vulnerable for subjected loads. 

For the two-dimensional structural behaviour, the relation between the horizontal force from the 
pneumatic vein and the internal pressure is not linear. The relation is exponential due to two variables, 
namely the radius and the angle between the pneumatic vein and the membrane elements. These 
variables are also not linear related to each other.  

The length of the pneumatic vein and the membrane elements determines the force ratio between 
the elements. The smaller the length of the vein, the lower the stresses in the pneumatic vein and 
the membrane elements with a constant length. The relation depends on the radius of the vein. On 
the other hand, shorten the membrane element length increases the stresses in both elements if the 
pneumatic vein length is constant.   

For the three-dimensional flat surface, the pneumatic vein is only able to prestress the perpendicular 
directed weaves. The parallel directed weaves are parallel to the span direction of the pneumatic vein. 
Besides, a conical shaped vein is not able to equally prestress both weave directions.

Inflating the pneumatic vein deforms and prestresses the initial deflated hybrid system. Firstly, the 
pneumatic vein prestresses the perpendicular directed weaves. As consequence, the curvature 
decreases. Secondly, the increasing curvature of the pneumatic vein results in an overall increasing 
curvature in the span direction. As result, the weaves in the span direction are prestressed by 
deformation. The curvature in perpendicular direction of the span decreases. In general, the stresses 
in the perpendicular directed weave are increased more than the parallel directed weave direction. 

The hybrid system is able to prestress the membrane elements more widespread. The peak stresses 
and average stresses are moved from the corners and edges towards the middle point of the structure. 
Besides, the integrated pneumatic vein in an anticlastic membrane structure is able to prestress both 
weave directions. The prestress levels in the perpendicular weave direction are higher than the parallel 
directed weave direction. 

Edge cables gains more flexibility into the membrane structure. The pneumatic vein is less effective 
in a system with edge cables, since the deformations increases and the prestress from the veins into 
the membrane elements is lower. The effect of the edge cables can be reduced by integrating the 
pneumatic veins as close as possible to the edge cables. 

The hybrid system is able to replace the uplifting cable. The hybrid system is made of the same material. 

The stiffness of the structure increases if the internal pressure in the pneumatic vein increases. A higher 
internal pressure results in more prestress in the connected membrane cloth and a stiffer pneumatic 
arch. The stiffness of the pneumatic vein increases if the initial curvature is larger. This is in accordance 
with the research project of Roekens (Roekens, et al. 2011).

The stiffness of the structure and the individual pneumatic vein is higher for the loadings in the 
direction of the arch opening. As results of the interaction between the prestressed membrane cloths 
and the structural behaviour of an arch.  
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The stress distribution in the membrane elements is more equally distributed by the pneumatic veins. 
The initial prestresses of the membrane elements can be neglected when the pneumatic veins are 
inflated. Therefore, the initial prestresses can be decreased. 

Besides, the average stresses are increased in comparison with the default model. The average stresses 
are increased with +/- 45%. The stress ratio is within the allowable stresses of the membrane cloth 
type. However, the stress increment should be taken into account if the membrane cloth type is 
optimal adjusted to the operated stresses. 

For the inflated situation, the peak stresses are located along the edges of the longitudinal direction of 
the structure. The shape of the straight pneumatic vein is optimal near the edges and causes the high 
prestresses into the membrane elements. The straight pneumatic vein should be more conical shaped 
to gain equally stress distributions into the membrane elements. This will avoid peak stresses along 
the edges.
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RECOMMENDATIONS

This graduation thesis has been a pioneering process of a new membrane structure concept. The results 
illustrate the potential of the hybrid system. However, the potential of the hybrid system is not defined 
to the last detail. Therefore, more research is acquired to reveal the strengths and weaknesses to 
optimize the hybrid structure concept. The concept can be researched more in-depth and broadened. 

7.1 IN-DEPTH RESEARCH
Numerical optimization of the hybrid structure concept. The shape, amount and internal pressure 
ratios of the pneumatic vein can be optimized. Resulting in a prescription of integrating veins into all 
sorts of membrane structures. 

Manufacture prototypes of the details to determine the air tightness, tension strength and peeling 
force capacity. 

Experimental testing, the graduation thesis is describing the behaviour of the hybrid structure. 
However, constructing and testing prototypes will explore other problems and confirms/contradict the 
initial concept. Two configurations can be tested, namely a pneumatic vein integrated in a flat surface 
and three-dimensional anticlastic structure. 

Including shear stiffness into the research. Shear forces are neglected within this graduation thesis, 
the knowledge of shear stiffness is insignificant. Although, prof. dr. ing. Heidrun Bögner has done some 
shear strength ratio research. The shear stiffness is not determined yet. The shear strength of textile 
types should be determined first, before this can be included in the numerical research. 

Determining the required internal pressure for each situation. In addition, the components of the 
active control system have to be composed and adjusted.

Reducing the initial prestress level in the hybrid structure during the construction phase. The pneumatic 
veins provide the required prestress level in the membrane elements.

7.2 BROADENED RESEARCH  
Integrating the concept of tensairity should increase the stiffness of the pneumatic veins.

The cutting patterns and feasibility of integrating the pneumatic veins in the membrane structure.

Designing large-scale tents with tent-poles and masts of pneumatic vein arches. The arches prestressing 
the membrane elements and maintain the stability of the structure.  

Integrating the concept of the hybrid structure in the other basic surface shapes.



121

CHAPTER 8: REFERENCE LIST



122

REFERENCE LIST

[1] American Society of Civil Engineers. Tensile Membrane Structures. Virginia: American Society 
of Civil Engineers, 2010.

[2] Bögner-Balz, Heidrun Birgit. Vorgespannte Konstruktionen aus beschichteten Geweben und 
die Rolle des Schubverhaltens bei der Bildung von zweifach gekrümmten Flächen aus ebenen Streifen. 
Stuttgart: Institut für Werkstoffe im Bauwesen der Universität Stuttgart, 2004.

[3] Block, Philippe, en Tom van Mele. Scissor hinge deployable membrane structures tensioned 
by pleated pneumatic artificial muscles. Brussel: Free University of Brussel, 2003.

[4] Braam, Frank. De Pneumatische Buizenhal. Delft: Deflt University of Technology, 2000.

[5] DIN Deutsches Institut für Normung, DIN-4112 Fliegende Bauten. Normenausschus Bauwesen 
(NaBau), 1983.

[6] Drüsedau, Heide, Michael Dickson, en Jürgen Hennicke. IL15: Lufthallenhandbuch / Air hall 
handbook. West-Germany: Karl Krämer Verlag, 1982.

[7] Engel, Heinrich. Tragsysteme/Structure Systems. Stuttgart: Deutsche Verlags-Anstalt , 1967.

[8] Forster, Brian, en Marijke Mollaert. European Design Guide for Tensile Surface Structures. -: 
Tensinet, 2004.

[9] Habraken, A.P.H.W. Reader lightweight structures. Eindhoven: Eindhoven University of 
Technology, 2013.

[10] Habraken, Arjan Pe He We, Wouter Sleddens, en Patrick Teuffel . Adaptable lightweight 
structures to minimise material use. Eindhoven: Eindhoven university of technology, 2013.

[11] Houtman, Rogier. Handboek daken. Den Haag: tenHagenStam uitgevers, april 1999.

[12] Houtman, Rogier, en Matti Orpana. Materials for membrane structures. Bauen mit Textilien, 
2000.

[13] Huntington, Craig Go. Tensile Fabric Structures: Design Analysis, and Construction. Virginia: 
American Society of Civil Engineers (ASCE), 2013.

[14] Huybers, P. Draagconstructies gebouwen, Deel 10: Pneumatische constructies. Delft: 
Technische Universiteit Delft, Faculteit der Civiele Techniek, 1994.

[15] Lewis, Wim Jan. Tension Structures. Form and Behaviour. London: Thomas Telford, 2003.

[16] Llorens, Josep. Textile structure design principles. Barcelona school of architecture: Catalonia 
University of Technology (UPC) - Spain, 2003.

[17] NEN-EN. Eurocode 1: NEN-EN 1991-1-3. Delft: Nederlands Normalisatie-instituut, 2008.

[18] Oltheten, Paco. Adaptive Anticlastis Membrane Structures: prestressed by edge cables and 
actuators. Delft: Delft University of Technology, 2006.

[19] Otto, Frei. Seifenblasen/ Forming Bubbles. IL 18. Broschiert, 1988.



123

[20] —. Spannweiten. Berlin, Frankfurt/Main and Wien: Verlasg Ullstein , 1965.

[21] Roekens, Je, Marijke Mollaert, Luuk de Leat, en Roelof Luchsinger. Experimental investigation 
of tensairity arches. Barcelona: Tensinet symoposium, 2011.

[22] Scheck, Heidelberg Jan. The force density method for form finding and computation of general 
networks. North-Holland Publishing company, 1973.

[23] Schock, Hans-Joachim. Segel, Folien und Membranen - Innovative Konstruktionen in der 
textilen Architektur [blz 139]. Erste. Berlin: Birkhäuser, 1997.

[24] Slotboom, Mark. Adaptive structures. Eindhoven: Eindhoven University of Technology, 2013

[25] Sobek, Werner, en Martin Speth. „Von der Faser zum Gewebe.” In Textile Werkstoffe im 
Bauwesen, Editor: Bautechnik, 74-81. Stuttgart, Deutschland: Deutsche Bauzeitung, 1993.

[26] Technet Gmbh. Easy training Manual. Stuttgart: Technet Gmbh, 2015.

[27] Tenisnet Symposium Istanbul 2014: [RE]THINKING Lightweight Structures,. Istanbul, Turkey: 
Mimar Sinan Fine-Art University, 2013.

[28] Teuffel, Patrick Mar. Entwerfen adaptiver Strukturen. Universität Stuttgart: ILEK, 2004.

[29] Wagg, David, Ian Bond, Paul Weaver, en Michael Friswell. Adaptive Structures Engineering 
Applications. Bristol Universityl, UK: John Wiley & Sons Ltd, 2007.

[30] Wever, T.E. Tensairity. Delft: Delft University of Technology, 2008.



124



125

APPANDICES



126

APPENDICES

APPENDIX A: GRADUATION COMMITTEE

Internal graduation supervisors:

prof. dr. -ing. P.M. (Patrick) Teuffel (Chairman)
Eindhoven University of Technology, Faculty of Architecture, Building and Planning, Section Structural 
Design
De Wielen, Faculty Building Engineering, 5600 MA Eindhoven, VRT 9.C14
Telephone: +31 (0)40-247 2679
E-mail: p.m.teuffel@tue.nl

 

ir. A.P.H.W. (Arjan) Habraken (TU/e)
Eindhoven University of Technology, Faculty of Architecture, Building and Planning, Section Structural 
Design
De Wielen, Faculty Building Engineering, 5600 MA Eindhoven, VRT 9.D18
Telephone: +31 (0)40-247 3964
E-mail: A.P.H.W.Habraken@bwk.tue.nl 

 

External graduation supervisors:

ir. R. (Rogier) Houtman (TenTech BV)
Tentech BV
Rotsoord 13 E, 3523 CL Utrecht
Telephone: +31 (0)30 252 1869
E-mail: rogier@tentech.nl 



127

General force equation for pneumatic structures:

Arc length:
In this case is the arc length described by Lp

 - Circle segment: 2α/2π
 - Circumference of circle: 2πR

Resulting horizontal force, two layers and angle 
with membrane element:

pF P R 
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Height of the vein:
 
 

Geometry equation of lengths:
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APPENDIX B: EXPLANATION OF EQUATIONS
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APPENDIX C: EASY TECHNET GMBH

C.1 LOADING METHOD IN EASy 
The application EASY Technet gmbh supports to sketch free shapes and static analyses for textile 
membranes and ETFE foils. The grid of the shapes consists of cable segments which are connected 
with nodes, as shown in Figure 3 3. The properties can be set in the application, for example, the 
stiffness and force density. The nodes can be applied as fixed, partially fixed and free. The partially fixed 
node can be fixed in minimal one direction and maximal two directions. Besides, loading is adjusted 
by triangle shaped surfaces. The triangles includes a normal (green line), the normal is perpendicular 
directed to the surface. The subjected loading is parallel to the normal. The loading can be applied as 
point loads, line loads and area loads. The area loads are divided over nodes (black dots) of the triangle 
shaped surface. Furthermore, the direction of the normal can be switched, this feature is required to 
model a pneumatic beam for example. Therefore, the triangle surfaces will be double layered with 
opposite directed normal (red and pink layer), as shown in Figure C-1. 
The snow loading can be applied as subjected load by linking the load direction on the particular axis.

Figure C-1 Modelling in EASY Technet gmbh 
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C.2 T-ELEMENTS
The illustrations of the results from the program EASY Technet gmbh exclude T-elements. Easy 
integrates T-elements into the mesh during the form finding process. T-elements are nodes which are 
located at the connection between two designed surfaces, the two different meshes are not perfectly 
adjusted. A cable connects the two meshes. The T-elements do not coincide with the nodes of the 
mesh.  The impact of the T-elements is introduced by Figure C-2.

Figure C-2 Result of T-elements
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APPENDIX D: HYBRID SYSTEM OF PVDV DESIGN

D.1 CABLES
The pneumatic veins of the hybrid system affect the stresses in the structure. As mentioned, the 
stresses in the membrane fabric increase by inflating the pneumatic vein. However, the edge cables 
are also affected by the inflation of the veins. The effect of the force increment in the edge cables is 
described in this appendix. The forces of the load cases for the particular models are shown in the 
Table D-1. In addition, the cable forces in model 3.3 include the internal pressure of 35 kN/m2.

Table D-1 Cable forces in the particular load cases for the Original PVDV design, Cable-less PVDV design and model 3.3

Load case
[front view load case]

Original PVDV design Model 3.3

LC 1: Symmetrical 
upward wind loading   

LC 2: Asymmetrical 
upward wind loading 

LC 4: Asymmetrical 
downward wind loading 

LC 3: Symmetrical 
downward wind loading

LC 5: Symmetrical 
downward snow loading 

LC 6: Asymmetrical 
downward snow loading 

Cable-less PVDV design

Fmax = 166.67 kN Fmax = 111.85 kN Fmax = 237.30 kN

Fmax = 103.77 kN Fmax = 102.59 kN Fmax = 195.49 kN

Fmax = 17.50 kN Fmax = 17.85 kN Fmax = 127.14 kN

Fmax = 18.25 kN Fmax = 17.96 kN Fmax = 135.89 kN

Fmax = 10.55 kN Fmax = 11.35 kN Fmax = 35.35 kN

Fmax = 10.46 kN Fmax = 11.31 kN Fmax = 58.88 kN

Property
Allowable design load
Characteristic breaking load
Minimal breaking load
Strength class (tension strength)
Reduction factor connection 
Breaking load factor
Effective surface
Surface factor 
Cable stiffness

FR,d
Fu,k
Fmin

Rf
ke
K

Am
f

EA

Symbol
Fu,k / 1.5
ke x Fmin

K x d2 x Rf

0.9
0.48

r2 x π x f
0.77

E x Am

description
eq. (6.2), NEN-EN 1993-1-11
eq. (6.4), NEN-EN 1993-1-11
eq. (6.5), NEN-EN 1993-1-11

N/A
Table 6.3, NEN-EN 1993-1-11

N/A
eq. (2.2), NEN-EN 1993-1-11

N/A
N/A

Source

Ø16 (1x37)
Ø18 (1x37)
Ø22 (1x37)

Cable Rf E-modulus FminMaterial
1.4401
1.4401
1.4401

1770 N/mm2

1770 N/mm2

1770 N/mm2

155 mm2

195 mm2

293 mm2

Am
130 kN/mm2

130 kN/mm2

130 kN/mm2

20.1 MN
25.4 MN
38.1 MN

EA Fu,k FRd
216 kN
273 kN
410 kN

194 kN
246 kN
369kN

129 kN
162 kN
246 kN
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The properties for the cables are listed in Table D-2.

Table D-2 Used indications and codes/articles of cables

The forces in the cables result into the following cross-sections, as listed in Table D-3.

Table D-3 Resulting cross-sections for the edge cables for respectively the Original PVDV design, Cable-less PVDV design and 
model 3.3

The required cross-section of the hybrid system is larger than the edge cable for the original and the 
cable-less PVDV design. However, the diameter of edge cable for the hybrid system is small and will not 
have a negative effect on the aesthetic concept and structural behaviour.  

Load case
[front view load case]

Original PVDV design Model 3.3

LC 1: Symmetrical 
upward wind loading   

LC 2: Asymmetrical 
upward wind loading 

LC 4: Asymmetrical 
downward wind loading 

LC 3: Symmetrical 
downward wind loading

LC 5: Symmetrical 
downward snow loading 

LC 6: Asymmetrical 
downward snow loading 

Cable-less PVDV design

Fmax = 166.67 kN Fmax = 111.85 kN Fmax = 237.30 kN

Fmax = 103.77 kN Fmax = 102.59 kN Fmax = 195.49 kN

Fmax = 17.50 kN Fmax = 17.85 kN Fmax = 127.14 kN

Fmax = 18.25 kN Fmax = 17.96 kN Fmax = 135.89 kN

Fmax = 10.55 kN Fmax = 11.35 kN Fmax = 35.35 kN

Fmax = 10.46 kN Fmax = 11.31 kN Fmax = 58.88 kN

Property
Allowable design load
Characteristic breaking load
Minimal breaking load
Strength class (tension strength)
Reduction factor connection 
Breaking load factor
Effective surface
Surface factor 
Cable stiffness

FR,d
Fu,k
Fmin

Rf
ke
K

Am
f

EA

Symbol
Fu,k / 1.5
ke x Fmin

K x d2 x Rf

0.9
0.48

r2 x π x f
0.77

E x Am

description
eq. (6.2), NEN-EN 1993-1-11
eq. (6.4), NEN-EN 1993-1-11
eq. (6.5), NEN-EN 1993-1-11

N/A
Table 6.3, NEN-EN 1993-1-11

N/A
eq. (2.2), NEN-EN 1993-1-11

N/A
N/A

Source

Ø16 (1x37)
Ø18 (1x37)
Ø22 (1x37)

Cable Rf E-modulus FminMaterial
1.4401
1.4401
1.4401

1770 N/mm2

1770 N/mm2

1770 N/mm2

155 mm2

195 mm2

293 mm2

Am
130 kN/mm2

130 kN/mm2

130 kN/mm2

20.1 MN
25.4 MN
38.1 MN

EA Fu,k FRd
216 kN
273 kN
410 kN

194 kN
246 kN
369kN

129 kN
162 kN
246 kN

Load case
[front view load case]

Original PVDV design Model 3.3

LC 1: Symmetrical 
upward wind loading   

LC 2: Asymmetrical 
upward wind loading 

LC 4: Asymmetrical 
downward wind loading 

LC 3: Symmetrical 
downward wind loading

LC 5: Symmetrical 
downward snow loading 

LC 6: Asymmetrical 
downward snow loading 

Cable-less PVDV design

Fmax = 166.67 kN Fmax = 111.85 kN Fmax = 237.30 kN

Fmax = 103.77 kN Fmax = 102.59 kN Fmax = 195.49 kN

Fmax = 17.50 kN Fmax = 17.85 kN Fmax = 127.14 kN

Fmax = 18.25 kN Fmax = 17.96 kN Fmax = 135.89 kN

Fmax = 10.55 kN Fmax = 11.35 kN Fmax = 35.35 kN

Fmax = 10.46 kN Fmax = 11.31 kN Fmax = 58.88 kN

Property
Allowable design load
Characteristic breaking load
Minimal breaking load
Strength class (tension strength)
Reduction factor connection 
Breaking load factor
Effective surface
Surface factor 
Cable stiffness

FR,d
Fu,k
Fmin

Rf
ke
K

Am
f

EA

Symbol
Fu,k / 1.5
ke x Fmin

K x d2 x Rf

0.9
0.48

r2 x π x f
0.77

E x Am

description
eq. (6.2), NEN-EN 1993-1-11
eq. (6.4), NEN-EN 1993-1-11
eq. (6.5), NEN-EN 1993-1-11

N/A
Table 6.3, NEN-EN 1993-1-11

N/A
eq. (2.2), NEN-EN 1993-1-11

N/A
N/A

Source

Ø16 (1x37)
Ø18 (1x37)
Ø22 (1x37)

Cable Rf E-modulus FminMaterial
1.4401
1.4401
1.4401

1770 N/mm2

1770 N/mm2

1770 N/mm2

155 mm2

195 mm2

293 mm2

Am
130 kN/mm2

130 kN/mm2

130 kN/mm2

20.1 MN
25.4 MN
38.1 MN

EA Fu,k FRd
216 kN
273 kN
410 kN

194 kN
246 kN
369kN

129 kN
162 kN
246 kN
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D.2 COST ANALySIS
This paragraph briefly shows the economical effect of the hybrid system in case of the PVDV design. 
The cables and the membrane covers will be changed for model 3.3. Therefore, the cost analysis is 
based on the membrane fabric and the cables. The cost analysis is listed in Table D-4.

Table D-4 Cost analysis

As indication, the hybrid system will cost €14.500 more than the original design. The hybrid system is 
not lucrative from an economical point of view.

Material
Membrane fabric
- Surface
- Price (manufacturing included)
Total
Steel cable
- Length
- Price: 
Total
Total overall

Original PVDV design Model 3.3

2900 m2

€90/m2

€261.000

385 m
€50/m

€19.250
€280.250

3200 m2

€90/m2

€288.000

135 m
€50/m
€6.750

€294.750
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APPENDIX E: ACCUMULATION OF MELTWATER

As mentioned, the internal pressure is only present for the wind load cases in both directions. For 
the snow load cases, the internal pressure is nil otherwise accumulation of snow occurs. The risk of 
melt water accumulation is low for the inflated pneumatic veins, as shown in Figure E-1. However, the 
pneumatic veins will not be inflated when the structure is subjected to snow loading. The enclosed 
circled lines illustrate the risk of accumulation. Besides, Figure E-2 shows the consequence of water 
accumulation. A large volume of melt water will cause failure of the membrane fabric.

Figure E-1 Risk of water accumulation

Figure E-2 Consequence of water accumulation, as result, the membrane failure caused by accumulated water

Internal pressure: 5.0 kN/m2

Internal pressure: 0.0 kN/m2

Internal pressure: 5.0 kN/m2

Internal pressure: 0.0 kN/m2


