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Abstract
For ages buildings are built as non-adaptive structures even though the forces acting on
the building change all the time. This means that a building is designed on worst case
scenarios which, potentially, will only happen once every 100 years. The rest of the time
this building is over dimensioned and material is left unused. The materials used for the
built environment have a big impact on our ecological footprint. That’s why this thesis
looks at the opportunity to design an adaptive “building”.
The “adaptive” building has to be able to change. In order to do so, folding technology is
used. Folding technology is already much used in the automotive and space industry for
instance. The main question for this thesis is “How to stabilize a non-rigid folding pattern?”.
With a stable, but still adaptable, folding pattern it is possible to design a pavilion-like
structure, which can be used for temporary purposes. That will be the end result of this
thesis.
In the first part of the thesis research is done in origami patterns and how to use them.
The quadratic waterbomb pattern is chosen to use for the structure. Also different options
are looked at to transform a folding pattern into a “thick” structure.
Now the folding pattern is known, it is possible to investigate the folding motions of the
pattern and model this with computational software. When the folding motions of the
pattern are known, it is possible to provide solutions on how to stabilize the folding the
pattern. The pattern which is used is a tessellation of four base patterns. Those four
base patterns have 4 four overlapping areas, which are folded in between the (non-rigid)
squares. When the folding angles of these four overlapping areas are controlled and
the squares are rigid, it is possible to control the shape of the folding pattern. Only the
four corners of the pattern still have one degree of freedom per corner, so these need
to be stabilized as well. So the a stable structure needs rigid frames for the squares,
four adaptive elements to control the folding angles in the overlapping areas and four
stabilizing elements for the corners.
With a stable and adaptive folding pattern, it is possible to create a structure. To transform
the folding pattern to a structure, the double bar offset method is used. This structure
is then loaded according to the norms for (temporary) structures. Structural analysis is
done for three different configurations. All three configurations passed the unity checks
for strength and stability and for stiffness the maximum deflections are looked at and
explained.
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Now all the elements are calculated and it is known which dimensions are used, the design
of the structure is finalized. In the last chapter the design of the structure elaborated.
The aluminium frames, the hinges, the infill for the frames and the support points are
explained. Also the transport and assembly of the structure is shown.
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Introduction

The subject of this thesis is a result of the curiosity of the Innovative Structural Design chair
of the faculty Architecture Building and Planning of the Technical University Eindhoven
in foldable structures and the conclusions in the thesis “Stable adaptive structures” from
Ruud van Knippenberg (Knippenberg, 2014).
The curiosity in foldable structures originates from the successful appliance in the
automotive and aerospace industries. Foldable or deployable structures are widely used
as solar panels for satellites, deployable roofs for cars, etcetera. So why could this not be
used for structures in the built environment. Foldable structures could open a whole new
segment in the built environment market, if the advantages could be used. In order to
make use of the advantages, a lot of research still needs to be done to develop a useable
product.
The thesis of Ruud van Knippenberg showed us it is possible to create a stable structure
from a folding pattern. The design shows great potential, but it also shows a lot of
opportunities. In the chapter “Folding typologies” he compares rigid folding patterns to
non-rigid folding patterns. In his conclusion he states about non-rigid folding patterns that
they have huge form freedom due to deformation of the individual surfaces, but due to
those deformation in the individual surfaces there are also stresses in the surfaces and it
is (almost) impossible to stabilize because of the flexibility of the surfaces. This advantage
inspired this literature research. But if we want to use this advantage, the disadvantages
should be tackled.
In the literature research before this thesis was tried to find literature about (non-rigid)
folding patterns, general problems with foldable structures, information about adaptive
structures and how to deal with the disadvantages of a non-rigid folding pattern.
The result of the literature research provided a non-rigid folding pattern which would
be used for a structure. Also, information about the degrees of freedom of the folding
pattern, ways to use origami for structural purposes and measures which could be taken
to stabilize origami structures where provided.
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1.1

Chapter 1

Motivation

In this thesis folding technologies and adaptive structures are brought together. Both can
have great potential in the built environment. Their potential and the reason why it could
be interesting will be explained to understand the motivation to bring them together in the
subject for this thesis.

Folding technology
Foldable structures are already widely used in multiple industries. In the automotive
industry foldable structures are used for example in retractable rooftops for convertible
cars. The rooftop must meet the strength requirements for cars, but also it has to be small
whenever it is in its fully folded position.
Also in space industry foldable structures are widely used. In order to travel structures into
space, it has to be packed very compact. But in space they use the foldable structures to
create large fields of solar panels to provide the satellites and space stations solar power.
So folding technology is already succesfully used in many structural applications.

Figure 1: Foldable structures in the automotive and space industry

Adaptive structures
For ages buildings are build as non adaptive structures. These non adaptive structures are
designed to withstand all possible loads which are predicted to opperate on the structure
in a livespan of 100 years. So a lot of material is used, in order to be sure that the structure
will not fail if there is a worst case scenario of combined forces with the magnitude of,
for example, a storm that is exepected once every 100 years. The rest of the lifespan of
the structure, the materials are left unused and the structure is largely over dimensioned.

Introduction
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Figure 2: Stuttgart SmartShell

Gennera Senatore (Senatore, et al., 2011) did a lot of research about this topic. He
showed that there would be an optimum point between active and passive structures.
When the structure is only an active design, there is a really high amount of operational
energy used. When the strucutre is purely an passive structure, there is a lot of embodied
energy stored in the structure. If you combine an active and passive design, there will be
somewhere an optimum point where the combined amounts of energy is the lowest. If you
look at the probality density of a load, you could set a point where you will not design the
passive structure for that load magnitude anymore, but you will set that point as activation
threshold for the active design. An adaptive structure could be used to substitute the over
dimensioned material. The adaptive structure will be activated whenever the threshold is
reached.

Figure 3: Whole life energy use of an adaptive structure and the activation threshold for active adaptive
structures.

Combining both folding techonology and adative structures could create structures which
are highly flexible in use. By changing shape, size or other configuration, it is able to adapt
to changing demands. This could lead to a huge decrease in material needed to provide
a structure this flexible in use.

Chapter 1
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1.2

Research goal

The goal of this research is provided by the literature study done before this thesis. This
study provided information about which non-rigid folding pattern could best be used for a
pavilion like structure and gave information about its properties.
The quadratic waterbomb pattern will be used to create a structure for a pavilion. This
waterbomb pattern needs to be stabilized. The research goal therefor is:
“How to stabilize a non-rigid folding pattern?”
This is the main research goal. But to get to the answer of this question, more research
must be done to really get to know the folding pattern. Important is understanding the next
questions as well:
•
•
•
•

What is the folding motion of the pattern?
How are motions linked to each other?
Where to place adaptive elements to control the folding motions?
How to create a structure from a 2D folding pattern?

When these questions are answered, the main question can be answered the best as
possible. The result of this thesis is a complete design of a stable foldable adaptive
structure which can be used for temporary purposes, such as a pavilion on a festival.
The design must be tested according to the design codes. The structure has to be able
to adapt to different configurations, have an innovative appearance and must provide
enough space and height so it can be used as a pavilion-like structure.

Chapter 2

Literature

Chapter 2
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2

Literature

In this chapter the relevant literature from M3 literature report (van der Burgh, 2016) is
taken to elaborate the known literature about this subject and the conclusions made from
those literature.

2.1

Origami

Origami is based on folding patterns. These folding patterns exist of different kind of
elements. In order to understand the terminology, the terms are explained in this chapter
with the information of (Demaine & O’Rourke, 2007) and (Hanna, 2014).
Crease
A crease is typically a line segment (sometimes a curve). Creases may be folded in two
ways, as a mountain fold and as a valley fold.
Vertex
A vertex is a point where at least two creases meet. In some formulas a difference is made
between inner vertices (green dot) and outer vertices (blue dot).
Mountain/Valley Fold
The mountain and valley fold are two different creases which form all folds in the pattern.
The mountain fold has a typical concave shape. The valley fold has a typical convex shape.
Or you could also express it in angles. If the dihedral angle between the two faces is:
•
•
•

more than pi, the crease is typically a mountain fold;
smaller than pi, the crease is typically a valley fold;
pi, the crease is flat.

Folding pattern
A folding pattern exists of creases marked as mountain folds or valley folds. The folding
patterns can be singular or non-singular and rigid or non-rigid.

Literature

Figure 4: Vertices

Figure 5: Mountain or Valley fold

Figure 6: Folding pattern
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2.2

Chapter 2

Thick foldable structures

Were origami is regarded as an ideal zero-thickness surface in mathematics, is this no
longer true when it is implemented as a physical model. The zero-thickness changes into
thick origami. This change brings new problems with it. Thick origami with inner vertices
has been proposed by (Hoberman, 1988) and (Trautz & Künstler, 2009) to use the axis
shift model. But this is only possible for symmetric patterns. Tachi however proposed new
methods to deal with freely designed origami in (Tachi, 2011). The paper introduces a
geometric method composed of tapered or non-tapered constant-thickness thick plates
and hinges without changing the mechanical behaviour from that of the ideal rigid origami.
The axis shift method will be explained with the problems which are formed whenever it
is used for patterns with inner vertices. A solution for the problem of the axis shift method
could be the tapered panels method. And another solution, not with the panels, but with
the hinges is the double bar method, that is explained as well.
Axis shift method
The axis shift method shows really clear which
problems occur when changing the thickness
from a zero-thickness origami to a thick panel
origami. The first solution for thick panel origami
looks pretty simple. By changing the locations of
the hinges from the centre line to the inner side
of the fold line, the thick panels will not block
each other.
This method works perfectly for symmetric
patterns or patterns without inner vertices.
For freeform patterns, or anything else than
symmetric patterns and patterns without inner
vertices, the axis shift method introduces strain
forces in adjacent facets. These strains are
introduced because the distances from hinge
to hinge changed regarding the distances from
hinge to hinge when the hinges are at the
centre of the panels. These strains will prevent
the pattern from folding.

Figure 7: Axis shift method

Literature
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Tapered panels method
A solution for the axis shift method could be
the tapered panels method. The tapered panels
method uses tapered panels to make it possible
to change the location of the hinges to the inside
of the fold lines and to keep the distances from
hinge to hinge the same as for zero-thickness
origami. So, this method makes it possible to
have the kinematics of ideal origami.
In order to avoid collision between adjacent
facets they must be trimmed. The inner edges
are trimmed by the bisecting planes of dihedral
angles between adjacent facets. The shape
of the solid changes according to the folding
angles of the edges.

Figure 8: Tapered panels method

By first assuming the maximum and minimum folding angle of an edge equals to π, we
cannot completely flat fold the model. Thus, we use π-δ for the maximum folding angles.
Now the structure follows the kinetic motion of zero-thickness origami because all fold
lines are located on the centre of the panels.
The upper bound of each folding angle π-δ is determined by thickness of the panels.
If a solid facet is projected onto a plane, an edge on the top facet is an offset of the
original edge by the distance of t cot (δ/2), where t is the thickness of the panel. The
intersection of adjacent offset edges determines the corresponding corner points on the
offset volume. This offset is limited to the size of the panel. Whenever t becomes too thick,
the offset will become too large for the top facet. Thus, δ and t are related to each other
by tan (δ/2) = t. So, whenever the thickness increases, the dihedral angle δ increases as
well. A larger dihedral means the package becomes less flat foldable, which makes the
structure less efficient.
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Chapter 2

Double bar offset method
In the thesis of Ruud van Knippenberg (Knippenberg, 2014) the double bar offset method
is described. This is a solution for the problems previous described methods have. With
this method the hinges are located at the centre lines, so the kinetic motion of ideal
origami is possible. And due to the offset of the bars, which make it a thick origami
structure, the thickness does not prevent the structure from folding, till a certain angle.
The angle between the adjacent facets which is possible with this method is π-α. Where
α depends on the offset which is used and the diameter of the tubes. The smaller the
offset and the larger the diameter of the tubes the larger α becomes. With a larger α, the
package becomes less flat foldable, so less efficient.

Figure 9: Double bar offset method

Literature

2.3
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Folding pattern

Multiple patterns can be used to design a structure from a non-rigid folding pattern.
However, some are more suitable than others. In the literature report it was concluded
that the quadratic waterbomb folding pattern would be used. In most literature this pattern
is used as an example for non-rigid folding patterns and so most of this pattern is known
as a structure. This makes it easier to work with. It is also not hard to use the quadratic
waterbomb pattern in a design for a foldable structure. The base pattern makes it easy to
create all kind of forms.

Waterbomb base
The base of the Quadratic waterbomb pattern is the so called waterbomb. The waterbomb
can be used in different shapes. In the quadratic waterbomb pattern it has a rectangular
shape. But the shape can be formed as a triangle, star and a whole lot more shapes.
The waterbomb shape typically consists of a single inner vertex where all fold lines meet
each other. The waterbomb pattern can fold in two shapes, while the fold lines remain
mountain and valley folds.
The two folding shapes cause the waterbomb pattern to be bi-stable. When the waterbomb
is folded in the first shape and the vertex is deflected to a plane, the vertex will return to
its initial position. However, when the vertex is deflected past the plane, it will move in to
a second stable position.

Figure 10: Waterbomb
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Chapter 2

Quadratic waterbomb
Pattern

Figure 11: Quadratic waterbomb pattern

Folding motion
The folding motion of this pattern is directed by the waterbomb base. Due to the
bi-stability of the waterbomb base, the pattern can fold in 2 different ways. Or all waterbombs
fold in the same direction, in that case the fully folded state will be all 9 squares in a
3x3 grid. Or the waterbombs fold in two directions, some in positive z-direction, some in
negative z-direction. In that configuration the pattern will have relatively a lot of curvature.
Due to the linked movement of the pattern, the second configuration does not allow a lot
of movement. When the waterbombs are folded in positive z-direction, they will “lock” after
a certain angle. This will make the pattern to stop folding around the waterbomb.

Literature
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Fully folded state

Figure 12: Folded quadratic waterbomb pattern

Structural applications
The quadratic waterbomb pattern can be used as a self-supporting structure due to its
structural height, or the capability to create height by curving the pattern. Due to the
height, the structure does not have to support on an additional structure to create height.
Though, the pattern can also be used in an already existing structure to create an adaptive
element in the structure. The kinetic movement of the pattern does not have to form a
curved structure, but can stay relatively flat.
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2.4

Chapter 2

Expected DOF

In order to determine if the pattern is foldable and if it can become stable, it is important
to know the degrees of freedom. A pattern needs at least one degree of freedom to be
able to fold in to different shapes. In order to become a rigid structure, the pattern needs
no degrees of freedom. To calculate the degrees of freedom different formulas can be
used. T. Tachi (Tachi, 2010) introduced the following formula:
“ DOF = N-3M “
So, T. Tachi gives a way to determine the degrees of freedom of a folding pattern. But it
is also possible to describe the folding pattern as an unstable truss model and use the
formula which is further called H. Janssen (Janssen, 2008) in this chapter:
“ S = 3K-6 ”
Where S = number of bars needed to construct a rigid body. So, if you know the number of
bars of your folding pattern (let’s call them N) you can determine the degrees of freedom
of you pattern:
“ DOF = S-N ”
These two formulas differ from each other. In this chapter a research will be done to look
which formula can be used to determine the degrees of freedom. To test the different
formulas, the quadratic waterbomb pattern is used.

Literature
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T. Tachi
T. Tachi’s formula is based on the inner vertices (M) and the
fold lines (N). The formula describes the freedom of motion
with these two parameters. T. Tachi states that every inner
vertex has 3 equations which represent the angle of the
fold line. When N=3M the structure is rigid, if it is N<3M
the structure is over constrained and when it is N>3M the
structure is not rigid, and it needs extra supports.
The non-rigid “Quadratic waterbomb pattern” is normally a
singular pattern. But if you look at the base pattern of this
you will find a non-singular pattern. This base pattern has 4
inner vertices (M) and 16 fold lines (N). So, N=16>3M=3*4.
This means the structure has 4 degrees of freedom.

Figure 13: Base quadratic
waterbomb pattern (1x1)

If the body is rigid, you also need to connect the body to the surrounding world. In order to
prevent rigid body motion, you also need to add 6 degrees of freedom (three translational
and three rotational). So, this structure has 10 degrees of freedom.
If this pattern is expanded to bigger pattern, the pattern becomes singular. The formula of
T. Tachi however does not work with singular patterns. When the pattern is expanded to a
2x2 pattern (so 4 base patterns) the formula gives a degree of freedom of -19. This would
mean the structure is over constrained, which is not the case.

Figure 14: Large increase of degrees of freedom when using T. Tachi’s formula
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When you look at the numbers of N and 3*M you see a bigger increase of 3*M than the
increase of N. This causes a negative value when you want to calculate the degrees of
freedom of the pattern.
To determine the degrees of freedom of a singular pattern with the formula N-3M the
following formula is constructed:
“ DOF(n) = 4*n² - DOF(n-1) ”

Where the factor 4 is the degree of freedom of the base
pattern, n² represents the number of base patterns in
the singular folding pattern and DOF(n-1) is equal to
the overlapping areas of the base pattern in the singular
folding pattern. These overlapping areas cause a reduction
of degrees of freedom.

Figure 15: Overlapping areas

Figure 16: Degrees of freedom with the modified T. Tachi formula

Literature
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H. Janssen
In “Statically undetermined structures, Mechanics 3” H.
Janssen (Janssen, 2008) uses a formula to determine the
number of (efficiently located) bars needed to construct
a rigid body. A folding pattern can also be described as
hinged connected bars.
To determine the number of bars needed for the base
pattern to be a rigid body the number of vertices (K) is
needed to be known. The number of vertices for the base
pattern is 12. Now S can be calculated:

Figure 17: Base quadratic
waterbomb pattern (1*1)

S= 3K-6= 3*12-6= 30
So, for a rigid body S needs to be equal to the number of bars in the folding pattern to
become a rigid body. In the folding pattern are 24 bars present. So, this folding pattern has
a degree of freedom of 6. If you add 6 to them to construct it to the surrounding world, you
end up with a degree of freedom of 12.
When the pattern expands to a singular pattern of n*n base patterns the formula of H.
Janssen gives a gradually increasing degrees of freedom
This is can be explained by the (almost) equal increase of the numer of bars in the pattern
vs. 3 times the number of vertices.

Figure 18: Degrees of freedom with truss and tie formula
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T. Tachi vs. H. Janssen
When the results of T. Tachi modified formula are compared with the formula of H.
Janssen it can be noticed they do not differ that much from each other.

Figure 19: Degrees of freedom of two formulas

When you study a physical model it looks like it has 4
degrees of freedom, namely the 4 hatched areas. When
these areas are constrained, the movement is out of the
structure. This would mean that T. Tachi’s calculation is the
correct calculation. The modified version to determine the
degrees of freedom of singular patterns also shows the
same number of degrees of freedom as there are areas
like in the picture. When all of these are constrained by
a n*n pattern, the physical model looks rigid as well. So it
looks like the modified T. Tachi formula could be correct.
But we can not be totally sure. The degrees of freedom
that will be used in further, can be seen as an estimation
and not as an fact.

Figure 20: Moveable areas

Chapter 3

Grasshopper Model
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Chapter 3

Grasshopper model

Grasshopper is used to model the folding pattern. By modelling the pattern in Grasshopper,
it is possible to add parameters to change the configuration of the structure, the size of
the structure, the properties of the structure and apply loads to the structure. This makes
Grasshopper really suitable software to use for this project. The final size, configuration
and properties are known when the model is finished and also the degrees of freedom
and the folding motion. Dependent on the final shape of the folding pattern, a design can
be made for a structure.

3.1

Base pattern

In order to describe the model as stable or unstable, or to say anything about its degrees
of freedom, it’s important to know its exact behaviour. In folding patterns, it often occurs
that movements are linked. These linkages can help understand the topology of the
model. Whenever you know which points are linked in their movements, you can stabilize
multiple points with one intervention. A Rhinoceros model is constructed to learn about
the topology.
To start modelling the folding pattern start conditions needed to be described. The model
will begin with a rigid rectangle. From the rectangle the first “base pattern” will be modelled
with as many parameters as degrees of freedom. When the “base pattern” is created, it will
be upgraded to a larger tessellated pattern.

Figure 21: Base pattern

Grasshopper Model

35

In order to construct the model, start conditions needed to be made. One of the conditions
is that the model will start at least with a planar square. So, the first square cannot deform
out of its plane. When it is possible, the squares in the tessellation will be modelled the
same. Because the goal is to obtain a stable foldable structure from a non-rigid folding
pattern, the planar squares help to reach this goal.

3.2

Rhinoceros model

In order to construct the “Quadratic waterbomb” pattern, it is important to understand
which points fold along which curves. Because the pattern is a tessellation of a base
pattern it is important to first construct the base pattern and learn about its topology.
When the base pattern is constructed, a larger tessellation can be made.

Base pattern
Because one of the start conditions is that the square will have no planar deformation, it is
possible to construct its corner points. These points (1, 2, 3 and 4) will remain at the same
(x,y,z) position and the rest of the pattern will be constructed around it.
Next are the points which fold along the creases of the square. These points are 5, 6, 7
and 8. If we look at points 5 till 8, they are constructed as a point along a circle. For point
5 the circle has as centre point 2, as normal line 1-2 and as radius R. Where R is the
same as the length of line 2-3. Because the pattern not only exists out of geometrical and
topological relations, but as well has information about the fold-lines. The fold is a valley

Figure 22: Base pattern with parameters
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or a mountain fold. For point 5 line 1-2 is its fold-line and that should be a mountain fold.
Therefor it is possible to limit point 5’s position on the constructed circle to the dashed
part of the circle as seen in the picture below. Point 5 can move from its starting point,
indicated with point 5 in the picture, to its end point, which is indicated as point 5’ in the
picture. To control the position of point 5 a parameter P1 is introduced. This parameter
can move from 0° to 90°.
Points 6, 7 and 8 are constructed with the same method at the remaining corners of the
square 1-4.

Figure 23: Folding motion of the base pattern

For points 9, 10, 11 and 12 the known distances, from the points which they are connected
with, are used. With knowledge of the distance and the position of 3 points a new point
can be constructed.

Figure 24: Folding motion of the base pattern

Grasshopper Model
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Tessellation
Now the base pattern is modelled a tessellation can be made. Because the square was
the start of the base pattern, it is important to obtain the square of a second base pattern.
To create the second corner of the square (point 9 is already a corner) point 2.1 will be
created. Point 2.1 will be constructed in the opposite corner from triangle 2-5-9. Point
2.1 folds around fold-line 5-9 towards point 2. A circle will be constructed with the middle
point of line 5-9 as centre, line 5-9 as normal and R*√2/2
as radius. In figure 25 point 2.1’
is an example when it is folded 120°. Parameter P5 is introduced to fold point 2.1 from
0° to 180° (figure 26a).
Point 2.1 forms the second corner of the square in the second base pattern. Because the
square will remain planar, you could also connect the opposite points with each other so
a cross forms in the square. This gives an extra known distance and point to construct a
new point. With points 2.1, 6 and 9 known, it is possible to construct point 2.3. When point
2.3 is known, it is also possible to construct point 2.2 with points 9, 2.1 and 2.3. This can
be done in the same manner as point 2.3. When points 2.2 and 2.3 are constructed, the
square is also finished and is rigid (figure 26b).

Figure 25: Second base pattern with parameters and overlap and the construction of point 2.1.
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With the square it is possible to construct the rest of the second base pattern in the same
manner as the first base pattern (figure 26b and 26c). Because there is an overlap, there
are 3 parameters instead of 4 parameters.

a

b

c

d

e

Figure 26: Constructing the second and third base pattern.
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The third base pattern is constructed from the triangle in the corner of points 3, 6 and 10.
The rest of the points are constructed in the same manner as the second base pattern
(figure 26e).

Figure 27: Third base pattern with parameters and overlap
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When the second and third base pattern are constructed they seem independent from
each other, but they need to be linked together between points 2.10 and 3.9. The distance
between those points needs to be R, the same distance as the other lines in the model.
Point 3.9 will be reconstructed with points 1.6, 2.10 and 3.2 as known points. Now point
3.6 can be reconstructed as well and parameter P9 is not needed anymore. Parameter
P10, will be P9 from now.
With points 2.10 and 3.9 known it is possible to construct the fourth square. First point
4.2 will be constructed from points 2.6, 2.10 and 3.9. If the fourth square needs to be a
planar square as the first three, point 4.3 needs to be constructed between four known
points, these are points 2.10, 3.6, 3.9 and 4.2. When the parameters are adjusted which
have influence on those points there seem to be very few or no results where the new
point has the correct distance to those four points. This is tested with a function within
Rhinoceros named Galapagos. With Galapagos the parameters which have influence are
adjusted and then a distance is measured. When the values in the bottom right corner are
0, the new point has the correct distances to all four points. The value never reached 0, but
this can also be because of the limited steps which can be adjusted on the parameters.
So, the lowest value gives an error of 0,154%, which is pretty good. So probably when
the adjustments on the parameters can be made in smaller steps, it is possible to reach 0.

Figure 28: Galapagos results
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However, the model will not be constructed with a rigid square in the fourth base pattern.
When the square is constructed as a rigid square there needs to be an iterative calculation
be done every time the model is adjusted. Another reason is that the model will be very
limited in its possible shapes. The large freedom in shapes was one of the reasons to
work with non-rigid folding patterns. And most importantly, as there are so few possible
configurations, it is not possible to create a folding path from one configuration to a next
one. When this is done, point 4.3 does not satisfy all distances to the four points. So, when
we go back to constructing new points we will construct point 4.3 not with four known
points, but with three. These points are 3.6, 3.9 and 4.2, so point 2.10 is not used anymore.
Now the square is finished, it is possible to construct the last 3 points.

Figure 29: Folding motion of the folding pattern with the fourth square

Figure 30: Complete tessellation
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Folding motions of the Grasshopper model

The folding motion of the complete model is shown in the images below. The basic
principle of this folding pattern is the waterbomb, which is clearly visible in the centre of
the model. Due to the waterbomb shape, the centre point folds downwards. The squares
of the individual base patterns move toward each other, until the model is fully folded.
When the model is fully folded, the waterbomb is not visible anymore and the squares are
aligned next to each other.

Figure 31: Folding motion of the complete folding pattern
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Stabilizing quadratic waterbomb pattern

To stabilize the quadratic waterbomb pattern, two typical
regions need to be stabilized. First the centre area (white/
green). This area consists of the four squares, and the four
overlapping areas. During the folding motion, these green
areas disappear, and the squares are brought together. By
controlling the folding motion of those four overlapping
areas, the centre part of the pattern will be controlled. The
overlapping areas are linked together, if the folding angle
in one area changes, the others change as well.

Figure 33: Regions to
stabilize.

In order to control those four areas, two options are
proposed. The first option has four adaptive elements,
which connect the squares to each other and controls the
folding angel of parts of the overlapping areas. The second
option has four adaptive elements as well, but now they are
placed over the whole overlapping areas. The corners of
the overlapping areas will move towards each other during
the folding motion, so by adding the adaptive elements,
that motion is controlled.

Figure 32: Stabilizing options.
		
1. Stabilizing elements between squares 		

2. Stabilizing elements over overlapping areas
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The first option will be used. There are two main advantages. First it is easier to control
the shape of the centre part of the pattern. By controlling the lengths of the adaptive
elements, the outline of the centre part of the pattern can be controlled. And also, the
second option is limited in the maximum folding angles it can handle. If the pattern needs
to be folded in an almost fully folded state, there is a chance that the adaptive element
collides with a mountain fold, which it crosses. It is safe to cross valley folds, but mountain
folds can get obstructed by crossing elements.

Figure 34: Folding motion of the corner areas

Now the centre part is stabilized, it is time to look at the other region which needs to be
stabilized. The grey parts of the pattern, the corners, all have one degree of freedom.
Every corner folds around a fold line of a square in the pattern, this fold line is shown in
the picture below. By blocking these folding motions, the corner parts of the pattern will
become stable as well. It is a possibility to change the hinges along that fold line to fixed
supports or to add a diagonal element to prevent the folding motion. By adding an extra
diagonal element, the structure will be a lot stiffer around the support points as well. This
element could be adaptive if it is wanted to adjust the corners of the pattern.

3.5

Controlling the model

In order to establish a smooth transition from one configuration to another, it is important
to see if there is a folding path possible without errors and with the smallest steps as
possible. In the graphs on the right a folding path and the length of the adaptive elements
are shown.
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The different variables (parameters 1 to 10) are categorized in 4 categories. The first
category is the support points, these are controlled by parameters 4, 6, 9 and 10. This
category is not shown in the graph, because these parameters do not influence any other
points than the support points. The first category shown in the graph are parameters 1,
3 and 7. These can fold from 0 to 90 degrees and are increased by 1 degree every step.
The graph shows strange behaviour at two points. Around 14 degrees the parameters are
not able to follow a smooth exponential path and around 47 degrees the same happens.
At those points, the initial folding path could not be followed anymore. According to the
length relations, which are used when this model was programmed, no configuration
was possible for certain points. Because the configuration must exist out of possible
configurations with only valid points, the initial folding path must be abandoned. Although
it is normal that not all configurations are possible, still the graph shows strange behaviour
on those two locations. This could have happened because of two reasons:

Manuel configuration
This graph is made up by manually configuring the folding path. Every step parameters
1,3 and 7 are increased with 1 degree. After that change, the other parameters are
increased gradually, so that the overall shape stays as symmetrical as possible and the
steps are not so big that a smooth folding path is not possible. If done automatically,
more configurations could have been compared to get a smoother folding path, which
also satisfies the intentions to have a symmetrical structure and not too big steps. Also,
potential mistakes, which could happen when it is done manually can be prevented. Such
mistake influences a lot of steps, because every step is the basis for the next step.
Also, the step size can be an issue. Every step is increased with 1 degree. If done
automatically, it is easier to configure more steps, so the step size can become smaller,
for instance 0,1 degree or even 0,01 degree. More configurations will become possible
and the folding path can become smoother with more possible configurations.

Intersection function of Grasshopper
Also, the intersection function of Grasshopper can have led to possible errors. Some points
in the folding pattern are constructed by the known locations of three points (red, green
and blue) and the length of the connections between those points and the newly created
point (black dot). In Grasshopper it is possible to find the intersection point(s) when three
spheres are used to create the point. This intersection function however states in its script
two conditions which could have caused errors when it should have created a point in a
possible configuration.
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These conditions are:
•

The line must intersect completely:

Meaning that whenever two lines only “touch” each other, it will not find an intersection
point. In the used method, this could sometimes be the case. So, there could have been a
possible configuration which would have made the overall folding path smoother, without
the two wobbly phases in the graph.

Figure 35: Intersection of three spheres/circles

•

No exact calculation:

Whenever mathematics would have been used to exactly calculate the new point location,
there would have been no errors due to round off and tolerance errors. Because for
every point which is created with this method, two intersection functions are used, it can
possibly create small, but big enough, errors by rounding off numbers and allowing a
certain tolerance. First the intersection of two spheres are found, creating a circle curve,
then the intersection between this curve and the third sphere is found. By repeating the
intersection function, these round off errors and tolerances can become too big, so no
valid configuration becomes possible. Because there is no possibility to set the tolerance
to a desired value, it is only possible to use the intersection function with the system
tolerances.
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In order to see if the GSA model behaves in the same way as the Grasshopper model,
the GSA model is tested with thermal loading. Applying thermal loading on the adaptive
elements will lead to elongation or shortening of the elements. With a changed length
of the adaptive elements the model will deform. The deformation of the model can then
be compared to the Grasshopper model by measuring the length between 2 points on 3
different places in the model. The first distance is measured at the blue line, the second
at the orange line and the third at the yellow line.

Figure 36: Length checks
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The distance between the points in original configuration is called L(0), the distance
between the points in deformed situation is called L(1) and the distance measured in GSA
is called L(1) GSA. The original configuration is 45 degrees and the deformed situations
are 46, 44 and 30 degrees.

Degrees

L(0) [mm]

L(1) [mm]

L(1) GSA [mm]

ΔL (1) GSA [mm]

45° → 46°

3623

3603

3604

0,7

3751

3721

3720

-0,83

3721

3690

3691

0,52

3623

3658

3658

-0,19

3751

3769

3768

-0,77

3721

3737

3736

-0,68

3623

4073

4075

1,88

3751

3950

3952

2,07

3721

3899

3901

1,27

45° → 44°

45° → 30°

Table 1: GSA thermal load check

The measured differences between the Grasshopper model and the GSA model are small
when the angle does not change that much (44 and 46 degrees), when the angle changes
more, the difference increases as well. In all cases the distance between the points increase
whenever the Grasshopper model does or decrease when the Grasshopper model does.
The small differences even become smaller when you allow really small tolerances. This
increases the computational time by a lot, so it is not shown over here. Thus, the small
differences that are shown in the table above can be explained by a small error because
the software allows some tolerances during calculation and some small deformations
during the path to a new configuration occur. The model in Grasshopper can be seen as
an endlessly stiff structure, so when forces are applied to the structure, no deformations
occur. These two reasons give the small errors as seen above.
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Conclusions

Grasshopper learned that the folding pattern has 10 parameters to control the configuration
of the complete model. Four of those parameters control the four corners of the folding
pattern, the other six control the shape of the centre part of the model. When a parameter
changes the configuration of one fold line, it affects the rest if the shape of the centre
part of the model, the corners are not affected by the change in the parameter. In order
to stabilize the structure, it was important to be able to block all movement in those links
between folding motions. Four adaptive elements are placed to block all folding movement
in the centre part of the structure. Another four stabilizing elements are needed to stabilize
the corners of the structure.
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Figure 37: Transformation from a folding pattern to a structure
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GSA Model

In this chapter it is explained how the model is transformed from Grasshopper to GSA.
Also, the applied loads are explained.

4.1

Design of the structure

The folding pattern will be transformed from a 2D collection of creases, to a 3D structure.
In order to be able to keep the folding possibilities, the folding pattern will be transformed
to a double bar offset pattern. The hinges of the structure will be located on the fold lines
and they will be connected to frames which have an offset from the original folding lines.
This looks like this:
Within the frames, panels are placed. The panels are loaded with a dead load, wind loads,
a snow load, thermal load and a settlement. The different load cases are described in the
next chapter.
The supports are designed as pinned support points. The support points are located on
the original fold lines as well. The support points are connected with the three panels that
are connected with that corner from the original folding pattern.

4.2

Loading

All loads all calculated following the formulas from the NEN-EN 13782:2015 (European
committee for standardization, 2015) norm for temporary structures. This norm follows
mostly the common norms for common structures, but in some cases, it has some
reduction on those norms or advises to calculate with values a bit lower. For instance, with
snow loads, it advises to calculate with values that count for a layer of snow of 8 cm. It
does not take snow ponding into account and if the layer of snow tends to grow thicker
than 8 cm, then the structure needs to be taken out of use or the layer of snow needs to
be removed. These reductions are safe for the purpose of this structure. It can be taken
granted that festivals do not operate with heavy snow storms and/or heavy winds.

Dead load
The whole structure is loaded with its own weight. The panels only act as load panels,
so they do not contribute to transporting the forces within the structure. As it is still
open what kind of material will be used for the panels (depends on the function of the
structure), the panels are loaded with a dead load of 200 N/m².
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Figure 38: Degree of blockage EN 1991-1-4 section 7.3 figure 7.15
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Wind load
The wind load on the structure is calculated with formulas from EN 1991-1-4 (European
committee for standardization, 2011) and NEN-EN 13782:2015. Formula 5.4 from EN
1991-1-4 section 5.3 is used to calculate the wind force:
Fw = cs cd

∑

Elements

c f ⋅ q p (Z e ) ⋅ Aref

cs cd = Structural factor (=1 for structure with a height of 15m or less)
c f = Force coefficient structure
q p (Z e ) = Extreme wind pressure
Aref = Refference area
Structural factor
The structural factor should consider the effect on wind actions from the non-simultaneous
occurrence of peak wind pressures on the surface together with the effect of the vibrations
of the structure due to turbulence. Section 6.2 of EN 1991-1-4 explains how the structural
factor is determined. For structures with a height of less than the factor may be taken
as 1.
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Table 2: Force coefficients for duopitch canopies EN 1991-1-4 section 7.2.10, table 7.7.
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Force coefficient structure
The force coefficient is determined with rules for a multibay duopitch canopy. In EN 19911-4 section 7.3 a canopy is described as a structure that does not have permanent walls.
For a canopy it is important to know the degree of blockage. Figure 7.15 from section 7.3
(figure 38) describes different degrees of blockage.
The blockage degree is roughly 30% open and 70% closed. This would mean that ϕ=0,3.
This blockage degree does not take side walls into account. Because of the pinned
supports, there will be blockage form the front, as from the sides. For safety reasons the
blockage degree will be ϕ=1,0. The force coefficients which will be used are for maximum
for all ϕ and for minimum for ϕ=1,0.
The force coefficients which are used are from table 7.7 from section 7.3 (table 2). For
the panels at the corners with a steep angle, the force coefficients are not used, but the
pressure coefficients are used. These are found at section 7.4.1 table 7.9 (table 3).

Table 3: Pressure coefficients for free standing walls EN 1991-1-4 section 7.4.1 table 7.9.
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Table 4: Reduction factors for multibay canopies EN 1991-1-4 section 7.3 table 7.8

Figure 39: Multibay canopies EN 1991-1-4 section 7.3 figure 7.18

Table 5: Peak velocity pressure EN 13782 section 7.4.2.2 table 1
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The values for the force coefficients are reduced because it is a multibay structure. The
reduction factors are given in table 4.
The structure is in the middle lower than on the edges. So, this middle part will be get
location 2 as reduction factors. This factor is favourable, so it is safe to keep this factor
out of the equation. The whole structure will be calculated as an end bay.
The last factor which is needed to calculate the force coefficients is the angle of the roof
surfaces.
The highest point of the structure is less than 5m high, so the peak velocity pressure is
0,50 kN/m².

Snow load
For temporary structures the snow load can be calculated by applying 0,20 kN/m² on the
whole structure. Snow ponding in lower areas will not be a problem, as long the structure
is not in use, or will be cleaned from snow in time. A layer of 8 cm of snow is acceptable.
If there will be more snow than 8 cm on the structure, the structure needs to be taken
down, or needs to be cleaned. It is not allowed to have the structure in function if the layer
of snow exceeds 8 cm.

Temperature load
Due to temperature changes, the structure can deform a bit. All elements will have an
increase of temperature of 30°C applied to it.

Settlements
Due to the function of the structure, a festival tent/pavilion, it is likely that the structure
will be used on uneven grounds. So, it is likely that at least one support point can have
settlement. A settlement of 30 cm is applied on one of the support points.
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Load cases
There are 52 load cases in total. First the dead load and snow loads are tested. After that
there are 8 different wind directions and for every wind direction, six different load cases
are calculated. The structure can be loaded all in pressure or tension, as well as partly in
pressure or tension.

Figure 40: Wind cases

And finally, the structure is loaded on a temperature load and a settlement is applied. All
these load cases are combined with the dead weight of the structure. The following safety
factors are used:

γ G = 1,35 is the partial safety factor for unfavourable permanent actions;
γ G = 1,00 is the partial safety factor for favourable permanent actions;
γ Q,1 = 1,50 is the partial safety factor for only one variable actions.
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When these load cases are applied to the structure, it looks like this:

Figure 41: Face loads for northern wind, all pressure

Figure 42: Face loads northern wind, 1st part pressure

GSA Model

Figure 43: Face loads northern wind, 1st part suction
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5.1

Chapter 5

Structural Analysis

There are three GSA models which will be tested. All models have four support points.
Three of the corners are folded for 66% (60°). One corner is opened, so an entrance is
created, this corner is fully unfolded, but to minimize forces and deflections a bar is added
to a support on the ground. The centre part of the pattern is configured in the 30°, 45°
and 60° configurations. The configurations have a ground area of 45m², 40m² and 36m².
The elements for the frames which are used for the initial tests are circular aluminium
tubes of 100mm and a wall thickness of 5mm. After testing, these will be reinforced at
effective locations to minimize material.
The supports, adaptive elements and stabilizing elements at the supports are the areas
where the forces will be the highest, so these elements have a higher diameter and/or
higher wall thickness. This will be optimised after tests to meet the needed requirements.
All elements will be tested on strength, stiffness and stability (except the hinges and
supports, because the small length).

5.1.1 Elements
The frame is made out of aluminium elements. The elements are extruded tubes of the
type EN AW 6082 T6. This type of aluminium is known for its good combination of high
strength and low weight.

Table 6: Table 3.2 EN 1999-1-1, 2007
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The 0,2% proof strength is determined on 250 N/mm² and 125 N/mm² for the heat
affected zones (European committee for standardization, 2011). These zones have a
reduced strength if the elements have reached a higher temperature than 80°C. The
reduction is of strength is permanent above this temperature. The strength unity checks
will be performed with the 250N/mm² strength. Only the welded areas (for instance at
reinforced areas) will be given special attention because they count as a heat affected
zone for 20mm to either side of the weld.

5.1.2 Reinforcements
The model is reinforced on positions where it has as much effect as possible. These
positions are investigated and gave the next results:

Variant

Weight [kg]

Max σ [N/mm²]

Max u [mm]

D [mm]

T [mm]

Standard

1568

171,6

249,1

100

5

A

1663

98,64

178,9

100

5-10

B

1699

97,1

171,8

100

5-10

C

1746

90,05

158,5

100

5-10

D

1596

116,1

220,5

90

5-10

E

1696

130

218,7

80-100

5-10

Variant

Weight [%]

Max σ [%]

Max u [%]

D [mm]

T [mm]

Standard

1,00

1,00

1,00

100

5

A

1,06

0,58

0,72

100

5-10

B

1,08

0,57

0,69

100

5-10

C

1,11

0,53

0,64

100

5-10

D

1,02

0,68

0,89

90

5-10

E

1,08

0,76

0,88

80-100

5-10

Table 7: Reinforcement study
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Figure 44: Peak stress around stabilizing elements

Figure 45: Reinforced beam

Figure 46: Highest stress around reinforcement
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The standard variant is first tested. In the standard variant all the elements, which form the
frames, have the same cross section. When we take a closer look to the stresses in the
elements when loaded, some things stand out.
At the positions close to the stabilizing elements, higher stresses occur around the hinges.
In order to lower those stresses, the elements are reinforced around the hinges. In variant
A, the elements are reinforced 0,1m to either side as shown in the image.
With only a weight gain of 6%, the maximum stress lowers with more than 40% and the
maximum deflection even with almost 30%.
In variant B the corners around the stabilizing elements are also reinforced, because high
forces are directed through the stabilizing elements to the support points. The total weight
gains only by 2%, but the stresses and deflections are not that much affected. This is
mainly because the highest stresses are still around the hinges. The reinforcements are
not long enough, so the highest stresses are around the positions where the reinforcement
ends, as seen in the next image:
So, in variant C the reinforcements are not 0,1m to either side, but 0,2m. The weight gain
is 11% in comparison with the standard model. The stresses are almost halved, and the
deflection decreased more than one third of the standard model.
Variant D keeps the reinforcements, but it brings the total weight of the whole structure
back to the weight of the standard model. So, in comparison with the standard model you
could say that material is moved from places where it does not have that much effect, to
places where it could be used better. With the same weight, the stresses are 33% less
and the deflection is brought 12% down.
The last is variant E. Instead of reinforcing only small parts around the hinges, the whole
frame is being reinforced. To make up for the extra material, the frames with less stresses
are given smaller dimensions. By giving the whole frame the same dimensions, it becomes
easier to produce and there are less weak spots because of the welds. The results show
that the weight is almost equal as variant B, but it is not as effective. The added material
between the hinges does not have that much effect and the material that is taken away
from the other frames results in weaker frames in the rest of the structure.
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Standard

Variant 1

Variant 2

Variant 3

Figure 47: Three variant hinges

z
y
Fyz
Fx

Mxx
x

Figure 48: Standard hinge with axes and forces.
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5.1.3 Hinges
Elements
The elements connecting the hinges to the frames are exhibited to large shear and
axial forces and torsional moments. To be sure that the hinge can handle all forces and
moments, a couple designs are compared. First a test is done with a standard model,
without a detailed hinge, to determine the maximum expected forces and moments.
Also, an extra moment is applied to the element, because the axial force will have an
eccentricity. The maximum axial force will be multiplied by 0,04m (highest thickness of the
hinges). Then three different variants are exhibited to those forces and moments and the
results are compared by maximum stress, deflection and beam rotation.
The maximum forces and moments from initial tests are:
Fx (axial force):

-12,14 kN

Fyz (shear force):

8,09 kN

Mxx (torsion moment):

1,03 kNm

Mzz (eccentric moment):

0,49 kNm

These forces and moments are applied to three different variants. The first variant is a
plate which is connected to the hinge and the frame. The second variant is a circular
section with a plate connected to the end, which hinges. The last variant is a thicker
rectangular section. These variants are tested in GSA. A beam element of 0,1m is fully
fixed connected and the forces and moments are applied on the free end of the beam.
The results from analysis are shown in the next table:
Variant

[n/mm²]

u [mm]

θ [rad]

Standard

157,2

0,29

0,007

Variant 1

1644

14,7

0,332

Variant 2

1316

2,36

0,133

Variant 3

167,5

0,31

0,01

The standard model has to be changed, so it can become a hinge that is free to rotate.
The three different variants show clearly that the hinge becomes weaker when the tubular
section is changed. The hinge becomes weakest whenever the width of the section
is taken away, for instance in the rectangular plate as a hinge (variant 1). The torsion
moment and shear force on the hinge ask for some width in the section. The combination
between a tubular section with a plate on the end (variant 2) is already a lot stiffer, but it
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is still too weak. So, the variant with a thicker rectangular section (variant 3), which has a
lot of width, works best.

Bolts
The bolts in the hinges are tested on its shear resistance and tensile resistance. The
resistances are calculated according to the NEN 1993-1-8 table 3.4 (European
committee for standardization, 2011). The hinges have a wall thickness of 40mm, there
is one shear plane and they will be fixed with M12 bolts. So, the resistance of a M12 bolt
will be determined.
First the shear resistance is calculated with the formula:

Fv,Rd =

α v ⋅ f ub ⋅ A
γM 2

Bolts in the class 10.9 are used, so f ub = 1000N/mm² . There is presumed that the forces
go through the shaft of the bolt, so α v = 0,6 . The area of a M12 bolt is 84,3mm² and the
safety factor γ M 2 = 1,25 .
For a M12 bolt the shear resistance is Fv , Rd = 40, 46kN .
The tension resistance is calculated with:

Ft ,Rd =

k2 ⋅ f ub ⋅ As
γM 2

Where k2 = 0,9
So, the tension resistance is Ft , Rd = 60, 70kN .

5.1.4 Panels
The panels will be tested as structural elements and as load panels. In the first case,
they provide extra structural capacity to the whole structure. In the second case they
only transfer loading to the rest of the structure, and they will not provide any structural
capacity to the rest of the structure. If there is a significant difference in the acting forces
on the structure, so the overall dimensions will be lower with the panels as structural
elements, this will be designed accordingly. But if there is no significant difference, they
will be designed as load panels. This gives the structure more design flexibility.
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After test, it shows if the panels are designed as structural elements its positive effect is
only a couple percent when it is compared to load panels. The comparison is made with
the maximum and minimum forces in the structure.
Fx [%]

Fy [%]

Fz [%]

Mxx [%]

Myy [%]

Mzz [%]

Minima

-0,2

2

-0,4

2,5

1,6

-2,8

Maxima

2,3

1,6

-3

1,7

0,9

-1,7

This will not lead to significant smaller dimensions for the rest of the structure, so they will
be modelled as load panels.

5.1.5 Supports
The support points are pinned to the ground. The supports are situated at a point on the
folding pattern. As the frames have an offset to the folding lines, three elements connect
the frames to the support points. As the corners of the structure do not have to move in
the configuration, there is no need to connect them with a hinge. The elements connected
to the support, have a larger wall thickness, to carry all the weight. Also, the stabilizing
elements for the corners off the structure are connected to the support point.

Figure 49: Support point
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Configurations

Three configurations are tested. The configurations are configured according the earlier
programmed settings. The configurations are at 30°, 45° and 60°. The corners are in all
configurations the same. Three corners are at 60° and one corner is opened, so at 0°.
Model 30-60
The first model is with the 30° configuration and the corners at 60°. The area is
approximately 45m² (6,7m*6,7m). The highest point of the structure is 3,5m.

Figure 50: Model 30-60

Model 45-60
The second model is with the 45° configuration and the corners at 60°. The area is
approximately 40m² (6,3m*6,3m). The highest point of the structure is 3,2m.

Figure 51: Model 45-60
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Model 60-60
The third model is with the 60° configuration and the corners at 60°. The area is
approximately 36m² (6m*6m). The highest point of the structure is 3,2m.

Figure 52: Model 60-60
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5.3

Results GSA Analysis

From the three configurations, model 30-60 has the largest dimensions, so it is expected
that the loads have the biggest impact on that model. In this chapter the results of the
structural analysis will be presented. The results for models 45-60 and 60-60 will be
presented in the appendix.
All configurations are tested on all load cases with a non-linear analysis in Oasys GSA. In
this chapter the results will be tested on strength, stiffness, stability and the resistance of
the hinges.
The structure is divided into groups of elements. Every group has the same properties, so
it is easy to see if all elements pass the unity checks. The groups are:
G1

Straight edges

G2

Square edges

G3

Diagonal edges

G4

Supports

G5

Adaptive elements

G6

Hinges

G7

Stabilizers

G8

Panels

G9

Reinforcements

Figure 53: Groups GSA
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5.3.1 Strength
To test the structure on its strength, the Von Mises stresses are compared with the
maximum allowed 0,2% proof strength. There are four groups which are tested. All
elements in a group have the same sections. The groups are called G1, G2, G3, G4, G5,
G6, G7 and G9. If the unity check does not exceed 0,50, the elements also pass a unity
check with the 0,2% proof strength for heat affected zones. For welded frames, this is
necessary as the area around the weld is a heat affected zone.
Model 30-60:
Strength test

G1+G9

G2

G3

G4

G5

G6

G7

σ v / f0

0,48

0,49

0,33

0,32

0,26

0,46

0,22

Figure 54: Highest stress, north west wind, all suction
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5.3.2 Stiffness
Because the structure functions as a temporary structure (tent), there are no requirements
with respect to the maximum deflection. Deflection is accepted to certain extends.
Deflection will not be governing, unless it stays within respectable limits. The maximum
global deflection is 183,1mm, which is very acceptable for the purpose of the structure.
Also, this deflection is a result of wind loads which occur during windspeeds of 23 m/s.
For a structure which will be mainly used at temporary events, these windspeeds are quite
high. It could be assumed that temporary events are not held under certain circumstances.
Also, it is noticed that the maximum deflection is on the side of the structure. The global
deflection in the rest of the structure is almost half of the maximum deflection. The side
with the maximum deflection is extra vulnerable because it is almost flat. The corner
where the side is connected to, is fully unfolded, so this part is a lot more vulnerable than
other parts of the structure which are not fully unfolded.

Figure 55: Highest deflection, southwest wind, all suction
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5.3.3 Stability
The most important part of the structural analysis is the test of the stability. First the
stability of the elements will be tested. After that is been tested, the stability of the support
points will be tested as well.
The stability of the elements is tested by checking its resistance against buckling and
performing a buckling test. Due to the fact that the elements are fixated at the ends,
it means that there are both compression forces, as well as bending moments in the
elements. So, the elements will be tested on the combination of those forces.
Because the elements are not fixated to the ground, but fixated to each other, the buckling
length which is considered is L and not 2L.
First the critical Euler buckling force need to be calculated. This is done with the following
formula:
π 2 EI
N cr = 2 2
ky L
The critical buckling force for group 1 is 135.95kN. The next step is to calculate the
reduction factor χ. This reduction factor is needed to calculate the resistance against axial
compression.
Aeff f 0
λ=
N cr
The profiles belong in buckling class A, for this class the values are given in Table 8.

Table 8: Table 6.6 (EN 1999-1-1,2007)
2

Φ = 0,5[1+ α ( λ − λ 0 ) + λ ]

χ=

1
Φ+ Φ2 + λ

2
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The design value for a beam loaded only on compression can now be calculated:
N b,Rd =

χ Aeff f 0
γ m1

However, the beam is also loaded in bending, so the bending forces should also be
considered. For beams with a hollow section, loaded on axial compression and bending,
the next equation should provide a lower value than 1,0 to pass the buckling check.
ψ

⎛
⎞c 1
N Ed
⎜⎜
⎟⎟ +
ω0
⎝ χ minω x N Rd ⎠

−0,6

1,7
1,7
⎡⎛
⎛M ⎞ ⎤
M y,Ed ⎞
⎢
z,Ed
⎜
⎟
⎟ ⎥
⎜
^ ⎜
⎟ +⎜ M ⎟ ⎥
⎢ M
⎝
z,Rd ⎠
⎣⎝ y,Rd ⎠
⎦

ψc = 0,8 for tubes
ω 0 = 1,0 if there are no welds assumed
The resistance against bending forces for both axes is:

M y,Rd = M z,Rd =

α iWy,el i f 0

Table 9: Table 6.4 (EN 1999-1-1,2007)

α=

W y,Pl
W y,El

ψ m1

≤ 1,0
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When the buckling is tested the following results are given for different governing forces
(axial and bending forces).
Stiffness test

G1+G9

G2

G3

G5

G7

NEd

0,26

0,41

0,2

0,34

0,12

My,Ed

0,29

0,54

0,31

0,34

0,14

Mz,Ed

0,39

0,4

0,31

0,19

0,18

So, all elements pass the buckling test. The plates in between the elements are not taken
into the calculation as structural elements. If the plates would be taken in to the calculations,
there would be a small decrease in buckling forces, but not significant enough to reduce
the overall dimensions of the elements.

Figure 56: Highest deflection, southwest wind, all pressure
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5.3.4 Hinges
To check if the resistance of the bolt is high enough to handle the forces, a combined
check on the shear and tension resistance is done. The check is done with the following
formula:
Fv,Ed
Fv,Rd

+

Ft ,Ed
1,4 ⋅ Ft ,Rd

≤ 1,0

The maximum forces in the hinge are used. Although these are not at the same time
present (different load cases), these values are used. So the calculation is conservative.
The values used for the calculation are Fv,Ed which is determined by taking the combined
value of Fy (due to axial forces in the hinge) and Fz (due to torsional moment in the hinge
Fz is calculated by deriving the torsional moment with half the thickness of the hinge.
Fz =

M yy
0,5⋅ t

The maximum tensile force Ft,Ed in the bolt is created by the shear force in hinge.
Fy

11,44 kN

Fz

24,90 kN

Fv,Ed

27,40 kN

Ft,Ed

7,58 kN

Fv,Rd

40,46 kN

Ft,Rd

60,70 kN

27,40
7,58
+
= 0,77 ≤ 1,0
40,46 1,4 ⋅ 60,70
With these values, the unity check is 0,77.
Also the hinge is tested on strength. The maximum stress in the hinge is 116,1 N/mm².
This does not exceed the maximum allowed stress in a heat affected zone of 125 n/mm².
This has to be the case because the hinge is welded on to the frames.
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6

Design

The design of the structure depends on strength, stiffness and stability criteria and design
criteria and possibilities. In this chapter the design criteria and results of after structural
analysis are discussed. The structure consists of welded aluminium tubes, plates to cover
the areas and hinges.

6.1

Aluminium frames

The tubes are aluminium and welded in the corners. The
hinges can be bolted connected to those aluminium tubes
or welded to the tubes. The structure is built with different
sections. The elements are grouped in the following
groups:
·
·
·
·
·
·

Normal tubes
Hinges
Adaptive elements
Stabilizers
Reinforced tubes
Supports

The different cross sections which are used are:
Normal

STD CHS 70-5

Hinges

STD CHS 60-5

Adaptive

STD CHS 70-5

Stabilizer

STD CHS 140-6

Reinforced

STD CHS 70-10

Support

STD CHS 70-20

Table 10: Aluminium element profiles

Figure 57: Aluminium
element with a panel
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Panels

The panels are not structural, so they can be made out of every material which is wanted.
This can be driven by light weight design, innovative appearance, durable design or other
reasons. Some options could be carbon fibre plates or textile (light weight design), solar
panels (innovative appearance) or bio composite panels (durable design). The plates are
connected in the corners of the aluminium profiles by connecting them to small corner
plates.
The panels are modelled as load panels, they do not have cross section and self-weight
anymore, so a load is applied of 200N/m². By doing this, the structure is already calculated
for multiple materials to use as panels.

Figure 58: Possible materials to use for the panels. 1. Fabric, 2. Wood, 3. Solarcells.
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Hinges

The hinges are welded on to the aliminium frames. The length of the hinges, is the length
of the offset, 100mm. The thickness of the hinges is 40mm. The hinges are connected
with a M12 bolt. The edges around the bolt hole are at 18mm (1,5*diameter of the bolt).
The hinges are tested as well as the bolts in chapter 5.3, they passed all the required tests.

Figure 59: Hinge with its dimensions (1) and the hinge welded on to the tube and connected (2).
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Support points

The support points are pinned connected to the surrounding. Different kind of supports
are possible to use. The simplest to use support point is a base plate with a hinge in one
direction attached to it. This base plate can be anchored to the soil or a mooring block
(weighted anchor). Another option is a ball joint. This is little more complicated and not per
se necessary for the structure, a hinge in one direction is enough. The locations for the
supports of the three tested structures are known, so a hinge in one direction is enough.
If the structure would be moved in uncalculated forms, then a ball joint is good to use
because the support has to hinge in different directions.

Figure 60: Hinge bolted on to the tube (1) or welded on to the tube (2).
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Because of tensile forces action on the structure during heavy suction wind, good
anchorage is necessary. This can be achieved by anchoring it to a weighted anchor (large
mass) or anchoring it to the ground. The largest tensile reactions of the support points are
11,3kN. So, a weighted anchor should at least weigh 1200kg or there should be enough
ground anchors to deal with those forces. For example, a ground anchor of 80cm deep,
3cm in diameter can handle 1,92kN. So at least 6 anchors are needed. If the supports
are fixed to concrete blocks the weight of the blocks (4,5kN) helps as a weighted anchor.
Three extra ground anchors are needed to handle the reaction forces.

Figure 61: Anchored support points. Anchored to the ground (1) or to a weighted anchor (2).

The support points also move during configuration changes. One support stays at the
same point, two supports move in a linear line and the fourth support has to move in 2
directions. The supports could be placed on a rail, to make it possible to move during those
configuration changes.
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Figure 62: Positions of the support points (1). Sizes of the ground plates (2).

Another solution could be adaptive support points like the SmartShell structure in Stuttgart.

Figure 63: Stuttgart SmartShell.
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6.4

Adaptive elements

In order to keep the possibility to “fold” the structure, four actuators are used. These
actuators have to be capable to extend or retract in length, withstand the forces that are
applied too the element and have to fit in the structure. The elements need to have the
next properties:
Stroke

900 mm

Length

1,8 m – 2,7 m

Working pressure

8,6 kN

Three types of actuators can be used:
Pneumatic actuator
A pneumatic actuator consists of a hollow cylinder with piston inside. An external
compressor is used to increase or decrease the internal pressure. By controlling the
pressure, the position of the piston can be changed.
Hydraulic actuator
An hydraulic actuator operates similar, but instead of pressurized air, an incompressible
fluid from a pump is used.

Figure 64: Electric actuator (1), Bailey Hydraulics Electric actuator (2).
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Electric actuator
An electric actuator transforms electrical energy to torque. This torque is used to change
the position of a screw inside the actuator. The position of this screw is moved linear
inside the actuator, this causes a length change. An electric actuator is normally more
precise than an hydraulic or pneumatic actuator.
An actuator which could be used is a linear electric actuator by Bailey Hydraulics. This
actuator has the following properties:
Stroke

914 mm

Length

1,2 m – 2,1 m

Working pressure

11,57 kN

Rod diameter

30 mm

Actuator diameter

88,9 mm

This actuator meets all requirements for an actuator in the structure. The stroke is long
enough, only the element itself is not long enough. A spacer of at least 0,6 m is needed.

6.5 Moveability
To move the structure to different locations, it must be taken apart. To fit on a truck, the
dimensions must meet the maximum dimensions of a truck.
To meet the above dimension, it is needed to split the structure in four parts. The structure

Figure 65: Maximum allowed dimension on a truck according to the ducth department of road transport.

cannot be fully folded, because the bars will collide after a folding angle of 40°. The side
panels will be fully folded, this makes the structure 2 meters wide and 2 meters high. The
length depends on the maximum folding angle of 40°. When it is folded 40° the length of
half the structure will be 8,6m long. This would mean two trucks are needed to transport
the structure. It is also possible to remove the corners as shown in the assembly chapter.
Without the corners, the structure will be 2m*2m per base pattern. This would fit on one
truck. If the structure is statically fixed to the truck, it is allowed to exceed the 2,55m. Also
the height of the truck needs to be taken in the calculation for the total height.
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Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

Figure 66: Step by step assembly.
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6.6 Assembly
The structure can be transported in two ways. By splitting the structure into the four base
patterns with extra temporary bracing, or by deconstructing all the panels. With the last
option, the structure can be moved more easily than with the first option. With the first
option, it is easier to assemble on side. The assembly is elaborated step by step for the
first option:
Step 1:
The four base patterns without the corners are placed on site with extra bracing.
Step 2:
The temporary braces are removed and the base patterns are layed out on the ground.
Step 3:
The removed panels are assembled on the ground to form the complete, flat structure.
Step 4:
The blocks or the support points are placed.
Step 5:
With a small crane the complete structure is lifted.
Step 6:
First the corners are stabilized.
Step 7:
The adaptive elements are connected to frames and set on the required lengths. The
support points are connected to the concrete blocks.
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Conclusions

In the beginning of this thesis the research goal is stated. The main question is:
“How to stabilize a non-rigid folding pattern?”
This question needed to be answered. To answer that question, a first look had to be
taken to the next questions:
What is the folding motion of the pattern?
In chapter three the folding motion of the folding pattern is researched with the
Grasshopper model. Conclusions were that the corners are not linked to other folding
motions and the centre part is controlled by six parameters. The folding motion of the
centre part is based on the waterbomb centre, which folds downwards and the squares,
which fold towards each other.
How are motions linked to each other?
The folding motions are linked by the overlapping areas. The overlapping areas are folded
in between the squares when fully folded. By controlling the shape of the overlapping
areas, the links in folding motions can be blocked. If one overlapping area is unfolded, the
rest of the structure is stabilized, and one other overlapping area is free to move, that area
will react by folding. So, the overlapping areas counter react to each other.
Where to place adaptive elements to control the folding motions?
When it became clear it was possible to control the centre part of the structure by
controlling the overlapping areas, it was clear to place the adaptive elements at that areas.
Two possibilities are compared. One of those possibilities had some limitations, so the
choice was made to control the overlapping areas by adding adaptive elements connecting
the squares. Four of these adaptive elements are needed to control the folding motions.
How to create a structure from a 2D folding pattern?
Three possibilities to transform a folding pattern to a structure are considered. The option
called “double bar offset method” is applied in the design.
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These findings conclude the answer to:
“How to stabilize a non-rigid folding pattern?”
The non-rigid folding pattern “quadratic waterbomb patter” is stabilized by adding four
adaptive elements in the centre part of the folding pattern and 4 stabilizing elements at
the corners.
With a stable folding pattern, a pavilion-like structure is designed with the stable folding
pattern. The final structure is about 6,5m*6,5m and 3m high. This structure is fully tested
according to the norms which apply for such structures.
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Recommendations

In this chapter recommendations are given to improve the applicability of non-rigid folding
patterns as structures.

Non-rigid square frames
In this thesis the squares in folding pattern are not able to have out of plane deformation
because the frames are designed as rigid frames. This is done to stabilize the structure. If
the frames are not rigid, the folding pattern will have a couple of extra degrees of freedom.
Those extra degrees of freedom give the folding pattern the great property of even more
flexibility. A lot of extra configurations are possible.

Designing or adjusting a non-rigid folding pattern
To take full advantage of a folding pattern as a structure, it would be good if the folding
pattern provides exactly all the requirements there are for a structure. The folding pattern
as a structure could be improved by adding more height for example. If the corners would
be higher, more floor space will become useable. The corners of the folding pattern in
this thesis could have been different, from the rest of the folding pattern as their folding
motions are not linked to the rest of the pattern. This gives the freedom to make some
adjustments to the corners, so the whole structure can be raised.

Larger tessellations
If the tessellation of the base pattern would be larger, the overall shape of the structure
would become more continues instead of discrete. A larger tessellation would be nice for
the shape, but it also brings extra degrees of freedom. The first step to stabilize a non-rigid
folding pattern is done in this thesis. A next step could be stabilizing a larger tessellation
with more degrees of freedom.
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Folding pattern

Figure 67: Quadratic waterbomb folding pattern 2x2.
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Appendix B

Load cases
The structure will be analysed on 52 load cases. The load cases are shown in this appendix.
All load cases are combined with the deadload.

Appendix B

Figure 68: All load cases.
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Results GSA Analysis
The results for models 45-60 and 60-60 will be presented in this appendix.
All configurations are tested on all load cases with a non-linear analysis in Oasys GSA. In
this chapter the results will be tested on strength, stiffness, stability and the resistance of
the hinges.
The structure is divided into groups of elements. Every group has the same properties, so
it is easy to see if all elements pass the unity checks. The groups are:

G1

Straight edges

G2

Square edges

G3

Diagonal edges

G4

Supports

G5

Adaptive elements

G6

Hinges

G7

Stabilizers

G8

Panels

G9

Reinforcements

Figure 69: Groups GSA
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Strength
To test the structure on its strength the Von Mises stresses are compared with the
maximum allowed 0,2% proof strength. There are four groups which are tested. All
elements in a group have the same sections. The groups are called G1, G2, G3, G4, G5,
G6, G7 and G9. If the unity check does not exceed 0,50, the elements also pass a unity
check with the 0,2% proof strength for heat affected zones. For welded frames, this is
necessary as the area around the weld is a heat affected zone.
Model 45-60:
Strength test

G1+G9

G2

G3

G4

G5

G6

G7

σ v / f0

0,49

0,38

0,32

0,33

0,25

0,23

0,21

Figure 70: Highest stress, east wind, all pressure
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Stiffness
Because the structure functions as a temporary structure (tent), there are no requirements
with respect to the maximum deflection. Deflection is accepted to certain extends.
Deflection will not be governing, unless it stays within respectable limits. The maximum
global deflection is 168,2mm, which is very acceptable for the purpose of the structure.
Also, this deflection is a result of wind loads which occur during windspeeds of 23 m/s.
For a structure which will be mainly used at temporary events, these windspeeds are quite
high. It could be assumed that temporary events are not held under certain circumstances.
Also, it is noticed that the maximum deflection is on the side of the structure. The global
deflection in the rest of the structure is almost half of the maximum deflection. The side
with the maximum deflection is extra vulnerable because it is almost flat. The corner it is
connected to is fully unfolded, so this part is a lot more vulnerable than other parts of the
structure which are not fully unfolded.

Figure 71: Highest deflection, southeast wind, suction on far part of the structure.
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Stability
The most important part of the structural analysis is the test of the stability. First the
stability of the elements will be tested. After that is been tested, the stability of the support
points will be tested as well.
The stability of the elements is tested by checking its resistance against buckling and
performing a buckling test. Due to the fact that the elements are fixated at the ends,
it means that there are both compression forces, as well as bending moments in the
elements. So, the elements will be tested on the combination of those forces.
Because the elements are not fixated to the ground, but fixated to each other, the buckling
length which is considered is L and not 2L.
First the critical Euler buckling force need to be calculated. This is done with the following
formula:
π 2 EI
N cr = 2 2
ky L
The critical buckling force for group 1 is 135.95kN. The next step is to calculate the
reduction factor χ. This reduction factor is needed to calculate the resistance against axial
compression.
Aeff f 0
λ=
N cr
The profiles belong in buckling class A, for this class the values are given in Table 8.

Table 11: Table 6.6 (EN 1999-1-1,2007)
2

Φ = 0,5[1+ α ( λ − λ 0 ) + λ ]

χ=

1
Φ+ Φ2 + λ

2
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The design value for a beam loaded only on compression can now be calculated:
N b,Rd =

χ Aeff f 0
γ m1

However, the beam is also loaded in bending, so the bending forces should also be
considered. For beams with a hollow section, loaded on axial compression and bending,
the next equation should provide a lower value than 1,0 to pass the buckling check.
ψ

⎛
⎞c 1
N Ed
⎜⎜
⎟⎟ +
ω0
⎝ χ minω x N Rd ⎠

−0,6

1,7
1,7
⎡⎛
⎛M ⎞ ⎤
M y,Ed ⎞
⎢
z,Ed
⎜
⎟
⎟ ⎥
⎜
^ ⎜
⎟ +⎜ M ⎟ ⎥
⎢ M
⎝
z,Rd ⎠
⎣⎝ y,Rd ⎠
⎦

ψc = 0,8 for tubes
ω 0 = 1,0 if there are no welds assumed
The resistance against bending forces for both axes is:

M y,Rd = M z,Rd =

α iWy,el i f 0

Table 12: Table 6.4 (EN 1999-1-1,2007)

α=

W y,Pl
W y,El

ψ m1

≤ 1,0
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When the buckling is tested the following results are given for different governing forces
(axial and bending forces).
Stiffness test

G1+G9

G2

G3

G5

G7

NEd

0,12

0,15

0,19

0,20

0,08

My,Ed

0,26

0,34

0,23

0,19

0,13

Mz,Ed

20,39

0,34

0,28

0,15

0,17

So, all elements pass the buckling test. The plates in between the elements are not taken
into the calculation as structural elements. If the plates would be taken in to the calculations,
there would be a small decrease in buckling forces, but not significant enough to reduce
the overall dimensions of the elements.

Figure 72: Highest deflection, southwest wind, all pressure.
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Hinges
To check if the resistance of the bolt is high enough to handle the forces, a combined
check on the shear and tension resistance is done. The check is done with the following
formula:
Fv,Ed
Fv,Rd

+

Ft ,Ed
1,4 ⋅ Ft ,Rd

≤ 1,0

The maximum forces in the hinge are used. Although these are not at the same time
present (different load cases), these values are used. So the calculation is conservative.
The values used for the calculation are Fv,Ed which is determined by taking the combined
value of Fy (due to axial forces in the hinge) and Fz (due to torsional moment in the hinge
Fz is calculated by deriving the torsional moment with half the thickness of the hinge.
Fz =

M yy
0,5⋅ t

The maximum tensile force Ft,Ed in the bolt is created by the shear force in hinge.
Fy

12,62 kN

Fz

25,5 kN

Fv,Ed

28,45 kN

Ft,Ed

8,56 kN

Fv,Rd

40,46 kN

Ft,Rd

60,70 kN

28,45
8,56
+
= 0,80 ≤ 1,0
40,46 1,4 ⋅ 60,70
With these values, the unity check is 0,80.
Also the hinge is tested on strength. The maximum stress in the hinge is 122,4 N/mm².
This does not exceed the maximum allowed stress in a heat affected zone of 125 n/mm².
This has to be the case because the hinge is welded on to the frames.
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Strength
To test the structure on its strength the Von Mises stresses are compared with the
maximum allowed 0,2% proof strength. There are four groups which are tested. All
elements in a group have the same sections. The groups are called G1, G2, G3, G4, G5,
G6, G7 and G9. If the unity check does not exceed 0,50, the elements also pass a unity
check with the 0,2% proof strength for heat affected zones. For welded frames, this is
necessary as the area around the weld is a heat affected zone.
Model 60-60:
Strength test

G1+G9

G2

G3

G4

G5

G6

G7

σ v / f0

0,40

0,34

0,42
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0,42

0,15

Figure 73: Highest stress, south east wind, all pressure.
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Stiffness
Because the structure functions as a temporary structure (tent), there are no requirements
with respect to the maximum deflection. Deflection is accepted to certain extends.
Deflection will not be governing, unless it stays within respectable limits. The maximum
global deflection is 151,6mm, which is very acceptable for the purpose of the structure.
Also, this deflection is a result of wind loads which occur during windspeeds of 23 m/s.
For a structure which will be mainly used at temporary events, these windspeeds are quite
high. It could be assumed that temporary events are not held under certain circumstances.
Also, it is noticed that the maximum deflection is on the side of the structure. The global
deflection in the rest of the structure is almost half of the maximum deflection. The side
with the maximum deflection is extra vulnerable because it is almost flat. The corner it is
connected to is fully unfolded, so this part is a lot more vulnerable than other parts of the
structure which are not fully unfolded.

Figure 74: Highest deflection, south wind, all suction.

Appendix C

131

Stability
The most important part of the structural analysis is the test of the stability. First the
stability of the elements will be tested. After that is been tested, the stability of the support
points will be tested as well.
The stability of the elements is tested by checking its resistance against buckling and
performing a buckling test. Due to the fact that the elements are fixated at the ends,
it means that there are both compression forces, as well as bending moments in the
elements. So, the elements will be tested on the combination of those forces.
Because the elements are not fixated to the ground, but fixated to each other, the buckling
length which is considered is L and not 2L.
First the critical Euler buckling force need to be calculated. This is done with the following
formula:
π 2 EI
N cr = 2 2
ky L
The critical buckling force for group 1 is 135.95kN. The next step is to calculate the
reduction factor χ. This reduction factor is needed to calculate the resistance against axial
compression.
Aeff f 0
λ=
N cr
The profiles belong in buckling class A, for this class the values are given in Table 8.

Table 13: Table 6.6 (EN 1999-1-1,2007)
2

Φ = 0,5[1+ α ( λ − λ 0 ) + λ ]

χ=

1
Φ+ Φ2 + λ

2
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The design value for a beam loaded only on compression can now be calculated:
N b,Rd =

χ Aeff f 0
γ m1

However, the beam is also loaded in bending, so the bending forces should also be
considered. For beams with a hollow section, loaded on axial compression and bending,
the next equation should provide a lower value than 1,0 to pass the buckling check.
ψ

⎛
⎞c 1
N Ed
⎜⎜
⎟⎟ +
ω0
⎝ χ minω x N Rd ⎠

−0,6

1,7
1,7
⎡⎛
⎛M ⎞ ⎤
M y,Ed ⎞
⎢
z,Ed
⎜
⎟
⎟ ⎥
⎜
^ ⎜
⎟ +⎜ M ⎟ ⎥
⎢ M
⎝
z,Rd ⎠
⎣⎝ y,Rd ⎠
⎦

ψc = 0,8 for tubes
ω 0 = 1,0 if there are no welds assumed
The resistance against bending forces for both axes is:

M y,Rd = M z,Rd =

α iWy,el i f 0

Table 14: Table 6.4 (EN 1999-1-1,2007)

α=

W y,Pl
W y,El

ψ m1

≤ 1,0
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When the buckling is tested the following results are given for different governing forces
(axial and bending forces).
Stiffness test

G1+G9

G2

G3

G5

G7

NEd

0,10

0,06

0,17

0,18

0,06

My,Ed

0,26

0,26

0,13

0,22

0,11

Mz,Ed

0,20

0,21

0,30

0,22

0,12

So, all elements pass the buckling test. The plates in between the elements are not taken
into the calculation as structural elements. If the plates would be taken in to the calculations,
there would be a small decrease in buckling forces, but not significant enough to reduce
the overall dimensions of the elements.

Figure 75: Highest deflection, south wind, all pressure.
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Hinges
To check if the resistance of the bolt is high enough to handle the forces, a combined
check on the shear and tension resistance is done. The check is done with the following
formula:
Fv,Ed
Fv,Rd

+

Ft ,Ed
1,4 ⋅ Ft ,Rd

≤ 1,0

The maximum forces in the hinge are used. Although these are not at the same time
present (different load cases), these values are used. So the calculation is conservative.
The values used for the calculation are Fv,Ed which is determined by taking the combined
value of Fy (due to axial forces in the hinge) and Fz (due to torsional moment in the hinge
Fz is calculated by deriving the torsional moment with half the thickness of the hinge.
Fz =

M yy
0,5⋅ t

The maximum tensile force Ft,Ed in the bolt is created by the shear force in hinge.
Fy

9,79 kN

Fz

22,45 kN

Fv,Ed

24,49 kN

Ft,Ed

7,36 kN

Fv,Rd

40,46 kN

Ft,Rd

60,70 kN

24,49
7,36
+
= 0,69 ≤ 1,0
40,46 1,4 ⋅ 60,70
With these values, the unity check is 0,69.
Also the hinge is tested on strength. The maximum stress in the hinge is 105 N/mm². This
does not exceed the maximum allowed stress in a heat affected zone of 125 n/mm². This
has to be the case because the hinge is welded on to the frames.

