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Abstract

Adaptable tensile structures are often considered to be either completely opened
or completely closed. The current study is part of a research project studying
adaptable tensile structures which demonstrate stable behaviour within a wide
range of opened positions.

In this paper a simple V-shaped membrane is studied during the unfolding
process. Starting from an initially flat folded membrane, which is not
pre-tensioned, a slight curvature is obtained when it is unfolded due to the fact
that along the folding line a curved section is cut out of the fabric. The tension
introduced in the transverse direction implies a tension in the longitudinal
direction too.

Two cases are analysed: one with a high curvature in the diagonal cable (~5%
sag) and one with a low curvature (~1.3% sag). Based on computer simulations
the form and the tensions are verified for different opening angles. The
deformation under loading is checked for the shape with a low curvature of the
diagonal cable at an opening angle of 70°. The results indicate that the membrane
could be used as a fabric roof. Further refined analysis is needed to be able to
implement the presented concept for real applications.

Keywords: tensile structure, formfinding, coated textiles, adaptable shelter,
foldable structures.

1 Introduction

Tension structures, made of high-strength coated fabrics, are well-suited to create
adaptable buildings that can react (open/close) to changing environmental
conditions [1].

Several solutions are possible, but only a few techniques keep the membrane
tensioned while folding or unfolding. A first possibility is to start from a wave
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form. The chosen reference equilibrium form is characterised by an intermediate
opening angle (Fig. 5) and an appropriate pre-tension. When the wave form
opens (Fig. 6) or closes (Fig. 4), the membrane tension does not change too
much as long as the variation in the curvature is not too important and the
membrane can be used as a roof in the intermediate positions [2, 3].

[N

Figure 1:  Parallel Figure 2:  Central Figure 3:  Circular
sliding. sliding. sliding.

Figure 4: Folded Figure 5: Reference Figure 6: Unfolded
configuration. configuration. configuration.

Figure 7: Folded rhombus Figure 8: Opened Figure 9: Curved
shape. rhombus shape. diagonal.

In the current study the reference equilibrium form is a folded configuration
without pre-tension. To test the basic idea a small model of a rhombus shape
with straight edges and covered by fabric was made (Fig. 7, Fig. 8 and Fig. 9).
The longitudinal diagonal divides the rhombus in two isosceles triangles with an
apex angle of 120° (see Fig. 13 for the definition of the angle). The longitudinal
diagonal is the folding axis. At this folding axis a part of the fabric was cut out
along an arc that represents the cutting line. As a consequence the longitudinal
diagonal is slightly curved. During the unfolding process the membrane is
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tensioned in the transverse direction, and due to the bi-axial behaviour of the
material, the longitudinal direction is tensioned too.

The opening angles ranging from 60° to 80° are the most appropriate (in terms
of covered area: see Fig. 11, Fig. 12) if one wants to use the unfolded tensioned
membrane as an architectural roof.

P T

Figure 10: Elevation for Figure 11: Covered Figure 12: Covered area
opening area for an for an opening
angles opening angle of 80°.
ranging from angle of 70°.
50° to 90°.

The cladding material is a coated fabric and the longitudinal diagonal is
reinforced by a belt or a cable. The membrane itself is modelled by a mesh of
25cm x 25c¢m. The boundaries are considered to be stiff beams and modelled as
fixed points on the boundary lines. Starting from a tensionless folded state,
called the reference equilibrium form, the stress behaviour is analysed, while
unfolded along the longitudinal diagonal.

2 Defining the reference equilibrium form

The reference equilibrium form is characterised by an opening angle of 1° and an
initial tension in the membrane of 0.02kN/m, considered as a tensionless state.

Calculations are made with the EASY software of Technet, based on the
Force Density Method [4]. The formfinding based on the force-density method
calculates an equilibrium form that is independent of the stiffness of the elements
in the net. Different force values in the diagonal cable can be considered. The
force values depend on the ratio of the force-density set for the longitudinal cable
to the force-density set for the internal net. Five cases have been calculated to be
able to estimate the curvature of the diagonal cable for different values of the
force in the diagonal cable. The curvature is characterised by the ratio of the
height H divided by the span S (see Fig. 13), the span being 6m.

For the numeric modelling a rhombus of 6.0m x 3.464m is considered. The
following figure illustrates the geometry and basic parameters:

For two cases the unfolding has been analysed:

Case 1, having a higher curvature in the diagonal cable, will be considered with
a low stiffness of 1kN of the internal net elements, which represents the situation
of a ‘stretchable’ net

Case 5, having a lower curvature in the diagonal cable, will be considered with a
more realistic stiffness of 150kN of the internal net elements, both in the
longitudinal and in the transverse direction
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Figure 13:  Geometry and used symbols. S

Table 1: The height to span ratio of the diagonal for different forces in the
diagonal cable.

Case | Elevation Force | Height | H/S
[kN] | [m] [o]

5 _:__:_‘_?___——_:_ 2.1453 | 0.0775 | 1.29
4 1.7173 | 0.0952 | 1.59
3 1.2895 | 0.1233 | 2.06
2 0.8622 | 0.1750 | 2.92
1| o T e | 0.4359 | 03013 | 5.02
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Figure 14:  Force in the diagonal cable (at 1° opening angle).

It is obvious that the smaller the force in the diagonal cable, the greater the
curvature of the diagonal arc will be (for the same pretension in the membrane of
0.02kN/m).

But on the other hand, the greater the curvature of the diagonal cable, the
higher the stresses in the transverse direction will be when unfolding.

3 Tension in the membrane for different opening angles

3.1 Case 1: Higher curvature in the diagonal cable

The influence of the opening angle on the forces in the membrane and the
diagonal cable is verified for a low stiffness of the internal net (1kN) and a
stiffness of 5000kN of the diagonal cable. The first form given in Table 2 is the
reference equilibrium form (with an opening angle of 1°). The other
configurations have been obtained by a static analysis, starting from the
reference equilibrium form, with the fixed nodes displaced according to the
considered opening angle.
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Figure 15:  Tension in the transverse direction due to variation of the opening
angle.

From the calculations with a stiffness of 1kN in the internal net it can be
concluded that
- in the longitudinal direction the tension in the membrane remains at a
value of about 0.02kN/m
- in the direction perpendicular to the folding axis the tension increases
from 0.02kN/m to 0.44kN/m for larger opening angles.
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Figure 16: Force in the diagonal Figure 17: H/S of the diagonal cable
cable due to variation of due to variation of the
the opening angle. opening angle.

When unfolding, the force in the diagonal cable increases up to a maximum
value. Then the force in the diagonal cable decreases for larger opening angles.
Since the force in the cable is proportional to the resultant of the membrane
tension at both sides of the cable, two different facts interact:

- for larger opening angles the resultant decreases if the
tension in the membrane remains the same

- for larger opening angles the membrane tension in the
transverse direction increases

Figure 18: A higher resultant force Figure 19: A lower resultant force
with  lower  membrane with higher membrane
tensions at 60°. tensions at 70°

3.2 Case 5: Lower curvature in the diagonal cable

The influence of the opening angle on the stresses in the membrane and the
diagonal cable is verified for a more realistic stiffness in the internal net of
150kN. The stiffness for the diagonal cable remains 5000kN. The 150kN per
0.25m corresponds to a value of 600kN/m valid for a typical PVC coated
polyester membrane.

From the calculations where the opening angle varies between 60° and 80°
can be concluded that:

- in the longitudinal direction the tension in the membrane
varies from a value of about 0.6kN/m up to 2.2kN/m for
larger opening angles

- in the direction perpendicular to the folding axis the tension
increases from 0.4kN/m to 20.0kN/m for larger opening
angles

Similar to the membrane tensions in the longitudinal direction, the forces in
the diagonal cable increase up to a maximum value and then decrease due to
variation of the opening angle.
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Table 2: Changes in form and stresses by changing opening angle 0 [°] for
case 1 — low stiffness.
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Figure 20: Tension in the longitudinal Figure 21: Tension in the transverse

direction due to variation of direction due to variation
the opening angle — case 5. of the opening angle -
case 5.
Table 3: Changes in form and stresses by changing opening angle 0 [°] for

case 5 — higher stiffness.
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Figure 22: Force in the diagonal Figure23: H/S of the diagonal cable

cable due to variation of due to variation of the
the opening angle - opening angle — case 5.
case 5.

Plan and Elevation Front view

Figure 24:  Equilibrium form at an opening angle of 70°.

Plan 3D-view with loading

Elevation Front view
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Figure 25:  Structure under snow load (0.4kN/m?).

4 Tension in the membrane at an opening angle of 70° under
external loading

Still for case 5, with a stiffness of 150kN in the internal net and 5S000kN in the
diagonal cable, external loading will be applied for an opening angle of 70°. Two
representative load cases have been chosen [5]: a uniform snow load of
0.4kN/m’ and an upward wind load of 0.6kN/m’. For the equilibrium form with
an opening angle of 70° without external loading the average tension in the
membrane is 2kN/m in the longitudinal direction and 4kN/m in the transverse
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direction. The static analysis under external loading combines the displacement
of the fixed nodes according to the opening angle of 70° with the application of
load vectors for the selected load case on the equilibrium form without external
loading. A uniform snow load of 0.4kN/m’ has been applied. In this case the
maximum deflection is 2cm. In the transverse (load bearing) direction the
average tension increases from 4 up to SkN/m.

Next an upward wind load of 0.6kN/m” (suction) has been applied. In this
case a maximum deflection of 4cm occurs. In the longitudinal direction the
average tension increases from 2 up to 3.1kN/m.

Plan 3D-view with loading

Elevation Front view

===

Figure 26:  Structure under upward wind load (0.6kN/m?).

5 General remarks

The simulations only give a first estimation of the structural behaviour: the
model does not take into account the shear stiffness of the coated fabric, the
material behaviour is considered to be linear and independent of the stress level
and frequently folding and unfolding will also influence the material behaviour.
For more precise results a refined model is required. Moreover, an optimised
configuration could be found by choosing a different stiffness or selecting
another boundary geometry in plan view.

6 Conclusion

For the same external loading on a membrane roof a more expressive double
curvature will imply lower tensions in the membrane. Nevertheless more and
more applications use a ‘flat appearing’ curvature to cover box-like spaces. The
rhombus-shaped membrane elements will be used as cladding components in a
mobile foldable shelter consisting of articulated bars as the primary load bearing
structure [6]. Based on the simulation of a rhombus shaped membrane it is
shown that the unfolding of flat membrane pieces can, within a certain range of
opening angles, create a slightly curved tensioned membrane which can resist, in
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an acceptable way, representative external wind and snow loads. Several
parameters should still be optimised (size, geometry, stiffness) for a specific
application of the V-shaped foldable membrane.
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