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Abstract

The current development towards bending-active structural design indicates that lightweight structures
constantly evolve due to contemporary demands. This paper documents the approach to rethinking
lightweight structures to face the growing scarcity of resources. Since conventional composite materials
in lightweight structures have severe limitations in terms of their recyclability, this raises new challenges
for designers and engineers in the use of raw materials. In order to reduce the environmental impact,
this research investigates the use of fully recyclable materials made from renewable resources in
bending-active tensile structures. Based on an experimental approach, this paper presents an innovative
pavilion design which will be exhibited as a built prototype at the IASS WG21 competition. The results
of the four-step methodology consisting of parametric design, material testing, numerical simulation
and the verification of the results using a mock-up structure are presented and discussed. The Rethinking
Lightweight Pavilion demonstrates that the use of materials suitable for the circular economy can make
an inspiring contribution to lightweight structures of the future.

Keywords: lightweight, sustainability, circular economy, recycling, eco-design, hybrid structure, form-finding,
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1. Introduction

The critical state of our world, our climate, and our environment results largely from our irresponsible
use of resources. From an ecological perspective, lightweight structures offer solutions to these
problems: By making optimum use of material strength, lightweight structures save material and thus
resources. In addition, lightweight structures can often be dismantled and reused. [1]

Historical development shows that lightweight structures can adapt flexibly to social requirements. This
is also reflected in the continuation of the traditional principles of lightweight design in the form of the
new structural typology of bending-active tensile hybrid structures. Instead of the former avoidance of
bending stresses, these become a decisive form-determining structural element.

The consequent demand for high strengths with slender cross-sections has led to increasingly advanced
building materials in recent decades. However, the multi-layered, complex composite materials that
have been developed have severe limitations in terms of their recyclability. This causes difficulties in
the current paradigm shift from a linear to a circular economy.

The aim of this research is to investigate the use of fully recyclable materials in bending-active tensile
hybrid structures with special focus on renewable resources. The challenges that arise for structures
made of such materials from a structural and mechanical point of view will be determined and
approaches to solving them will be addressed.
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After clarifying the terms and surveying the current state of research on circular economy in lightweight
construction, the design of an experimental structure as a demonstrator is described. The design will be
built as a research pavilion and exhibited as part of the IASS WG21 competition 2021. With the help of
laboratory tests and numerical simulations, initial findings will be verified and discussed. Finally, the
results will be summarised.

2. Concept of Rethinking Lightweight
In order to illustrate the concept of the research pavilion, the central aspects are initially defined.

2.1 Bending-active tensile hybrid structures

The new structural typology of bending-active structures developed in the last decade is characterised
by the elastic deformation of individual structural elements, which result in the shape and overall
stiffness of these structures. [2] By integrating bending-active elements into a form-active structural
membrane, a hybrid system is formed, combining the positive characteristics of both structural
typologies. The bending-active elements provide the double curvature and the necessary pre-stress of
the membrane, while the membrane in turn maintains the curvature and increases the buckling strength
of the rods. [3]

Previous research projects have demonstrated the application of this principle to small-scale and large-
scale projects. Due to the complex form-finding process of hybrid structures, computer-aided form-
finding has also made significant progress. Current research on bending-active tensile hybrid structures
focuses on improving the stiffness and robustness of the structures. In addition, the tailoring of material
behaviour, e.g. through CNC knitted fabrics, is being explored for smaller installations. [4]

2.2 Circular economy in lightweight construction

38% of global carbon emissions are related to the construction industry. In order to reduce the carbon
footprint and carbon emissions, a major contributing factor is seen in the circular use of materials.
Currently, material waste generated by the construction sector in the European Union is estimated at 25-
30% of the total waste production. [5] The European Union is therefore enforcing the shift from a linear
to a circular economy and put the corresponding action plan on the political agenda in 2015. One of the
priority areas addresses construction and demolition. [6]

Despite the small market share of textile products in the building industry, the linear consumption of
limited resources is also evident in textile architecture. While materials and technologies in ultra-
lightweight construction have improved over the past decade in terms of efficiency, durability and
construction details, petroleum-based and other non-biodegradable materials and coatings such as
PVC/polyester, PTFE/glass and ETFE foils are used in 90% of all membrane structures. Thus, the need
for research into building with environmentally friendly membranes from fully recyclable materials is
increasing. Large potential is seen in the development of membranes made from recycled fibres and
coatings made from biopolymers. In order to meet the standards in textile architecture and lightweight
structures, the use of new materials often requires extensive testing. To promote the creative
development of green materials, a new concept of collaboration between designers, producers and
manufacturers in an iterative design process is proposed, which is possible due to the short distances
between design and construction. [7]

The tendency towards composite materials replacing natural materials such as wood is also evident in
building with bending-active materials. This correlates with requirements for high tensile strength and
high deformation capacity. However, a study of GFRP and wood proved that there is comparable
deformability and similar costs. Although GFRP is three times stiffer than wood, it also has a higher
environmental impact since it is a composite material. [8]
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3. Design of the Rethinking Lightweight Pavilion

The competition design was developed in an interdisciplinary team of students of architecture and
structural engineering at HafenCity University Hamburg. The team's main motivation was to
demonstrate with their design that a lightweight structure can be created from fully recyclable materials
that can be completely disassembled and separated by material type. In addition, with the bending-active
and form-active elements, the main components of the pavilion were to be made from renewable organic
resources. Due to the mutual relationships between form and forces, boundary conditions, materials and
their interaction, this was developed in an iterative design process. The result of the design is an
innovative structure based on the principles of bending-active and form-active structural behaviour.

One of the competition conditions was that the structure must be able to be dismantled to fit into six
imaginary boxes (1.0 x 0.75 x 0.65 m) and must not exceed a total weight of 192 kg. The modular design
that was chosen makes it possible to react with the necessary flexibility to this requirement. Each module
consists of two bending-active rods, which are bent into their geometry by a form-active membrane. At
the same time, the residual forces of the rods provide the necessary pre-tension of the membrane. The
individual modules are coupled to each other using pinned connections. The arrangement of the basic
modules in two shifted layers creates a stable static system.

Figure 1: Modul-based concept with bending-active rods and form-active membrane elements

The entire formal language of the pavilion follows the flow of forces of the reciprocal interaction
between the flexible membrane and the bending-active rods. Despite the complex load-bearing
behaviour, the hybrid structure appears delicate and light due to the playful use of compression and
tension elements. In principle, the modules can be assembled in a variety of ways to form an overall
structure. In the present design, the pavilion appears in top view to consist of two assembled C-shaped
arcs. In its centre, it offers the visitor a closed space that is accessed through two narrow openings
measuring 2.80 m in height. This shape is the result of a Parametric Design with the module height and
the bar length as variable parameters. The procedure guarantees the completely digital production of all
components with the help of the available data set.

The chosen materials meet the requirements in being able to be completely returned to the material
cycle. The pavilion consists entirely of organically grown and recyclable resources. Once used, each
component of the structure can be completely disassembled and recycled or reused. Furthermore, the
materials of the two load-bearing structural elements originate in the rural areas of northern Germany,
thus fulfilling the additional aspect of regionality.

Wooden laths made of ash wood with a cross-section of 4x40mm are used as the material for the
bending-active rods. The choice was made due to the high elasticity of the wood with simultaneously
low creep behaviour. In addition, ash wood has already been used in the construction of bending-active
structures in scientific research because of its dense and straight-grained cross-section. [9]
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Figure 2: Design proposal of the Rethinking Lightweight Pavilion

In contrast, the organic fabric made from North German sheep's wool is being used for the first time as
a structural membrane. The use of sheep in the state of Mecklenburg-Vorpommern originally serves the
preservation of the local cultural landscape. The wool of the sheep is a by-product that is difficult to
market profitably, as there is hardly any use for it in the modern clothing industry. Very recently, with
a refocus on local raw materials and handicrafts, the demand has started to increase again. The wool of
the endangered old land breed Pomeranian Coarsewool sheep is washed and spun, preserving the natural
properties and the colour of the wool. The yarn obtained is then processed into a strong fabric. Through
the subsequent traditional thermodynamic process of fulling, the so-called loden cloth acquires high
form stability and durability. [10]

The pavilion’s connections are made of steel (connection plates, screws, nuts, and washers) and viscose
(seams on the structural membrane) and are therefore also fully recyclable.

W M
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Figure 3: Biological Cycle for the biodegradable load-bearing structural elements (ash wood and wool fabric)
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4. Research findings

In order to explore the feasibility of the structural use of circuit-appropriate materials in bending-active
tensile hybrid structures, their exact properties were investigated in laboratory testing. This was followed
by the experimental construction of a mock-up and the numerical analysis of the entire structure.

4.1 Laboratory tests

4.1.1 Three-point bending flexural test of wooden members

To determine the modulus of elasticity of the wooden laths used as bending-active rods in the pavilion
structure, three-point bending tests were carried out on specimens with variable cross-sectional heights.
The results are shown in Table 1. The mean value E = 14 500 N/mm? was chosen.

Figure 4: Failure of a sample in three-point bending flexural testing

Table 1: Resulting flexural modulus of elasticity of the wooden laths

Ash, t =5mm Ash, t = 6mm Ash, t =7mm

(N/mm?) (N/mm?) (N/mm?)
1 11536.25 16632.98 0.00

2 14463.66 15498.08 15495.25

3 12852.19 16365.65 14312.84

4 12732.21 16912.89 14266.92

5 13547.70 16926.89 16506.13

6 5876.31 16414.18 15481.30

Mean 11834.72 16458.45 15212.49

Std.Dev. 3075.00 527.12 939.31

Coef.Var. (%) 25.98 3.20 6.17

4.1.2 Uniaxial testing of the wool fabric

The uniaxial tensile test was carried out on test strips with a width of 10 cm in both the warp and fill
directions. The average maximum tensile strength of the fabric is 700N/10cm in the warp direction
and 637N/10cm in the fill direction.
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Figure 5: Uniaxial tensile test of membrane strips

Table 2: Resulting ultimate tensile strength of the organic membrane material

Warp direction Fill direction
(N/10cm) (N/10cm)

1 721.69 627.32

2 701.92 641.09

3 697.76 638.52

4 699.88 636.78

5 678.98 639.58

Mean 700.05 636.66
Std.Dev. 15.17 5.45
Coef.Var. (%) 2.17 0.86

4.1.3 Biaxial testing of the wool fabric

The biaxial testing machine at HafenCity University Hamburg as shown in Fig. 6 was used to test the
load-bearing behaviour of the selected wool fabric. The testing of the traditionally woven and fulled
fabric was carried out in accordance with DIN EN 17117-1 for determining the tensile stiffness
properties of rubber or plastics-coated fabrics under biaxial stress states. In order to achieve the expected
pretension condition and to obtain evaluable data, the maximum stress was increased from 25% of the
maximum tensile strength in each direction to 50% (W25/F25 to W50/F50). The strain was measured
by an optical measuring system.

Figure 6: Wool fabric in biaxial test
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Fig. 7 and 8 show the selected biaxial test protocol and the corresponding stress-strain diagram of one
of the three samples.

Biaxial test protocol
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Figure 7: Biaxial test protocol

Stress-strain plot
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Figure 8: Stress-strain plot of one sample under biaxial load

The investigated textile material shows an anisotropic material behaviour under biaxial load. Assuming
a plane stress state, the moduli of elasticity in the warp and fill directions were determined on the basis
of the measured data. The method described by Blum et al. [11] was used to determine tensile stiffness
properties and Poisson’s ratios. Compared to conventional, coated materials, the investigated membrane
made of organic wool material demonstrates high strains and an inherent low modulus of elasticity.

4.2 Mock-up

The mock-up shows a small section of the overall structure on a scale of 1:1. The realised structure
consists of a total of five modules in offset arrangement in two layers. Instead of the full-surface
membrane, straps from the warp direction of the membrane material, which is subject to higher stress,
were used. The straps are also present in the overall model and support both the biaxial load distribution
of the membrane and the connection points of the membrane to the bending-active rods. For testing
purposes, their width was dimensioned differently depending on the module in order to explore the
interaction between straps and rods. For this reason, the strips are each constructed in double layers and
measure 25 to 30 mm in width. The lengths of all the individual elements derive from the parametric



Proceedings of the IASS Annual Symposium 2020/21 and the 7th International Conference on Spatial Structures
Inspiring the Next Generation

design model. The compensation of the wool fabric was determined from the data of the biaxial tests
and applied as shortened length in the fabrication of the straps. This resulted in a shortened assembly of
all straps and a resulting higher bending stress of the timber laths in the assembly situation.

. v o ——— ” by 17 P

Figure 9: Finished mock-up installation

Since the angles between the laths vary and the laths are not connected to each other in their respective
centres, a pretensioning device was specially made for the assembly of the pavilion. This ensured a
tension-free installation of the straps and is also designed to connect a biaxially stressed membrane to
both rods at the same time. After assembling the individual modules, their ends were connected to each
other with plates and screws. The installation of the module in the second level showed that the smallest
deviations in the underlying geometry influence the equilibrium of forces in the module level above.

4.3 Numerical simulation

Numerical models were built to verify the experimental approach. In addition to verifying the global
load-bearing capacity in a structural analysis program, isogeometric analysis served as a supporting tool
for the form-finding of the modules. In the plug-in Kiwi!3D, beams and membranes were modelled with
the previously determined material properties and form found in two steps. In the first step, virtual cables
were used as an aid to roughly bend the beams into the predefined geometry. Subsequently, the cables
were replaced by real straps. The inherent bending stress of the beams was thus retained and in turn set
the membrane straps in the required prestressed state.

5. Discussion

The investigation of the proposed pavilion design regarding the implementation of resource-respectful
materials provided revealing results due to the multi-stage methodology.

First of all, when analysing the load-bearing behaviour of the individual modules in more detail, it
became apparent that a comprehensive determination of all material parameters must be carried out in
order to analyse the load-bearing behaviour of the individual structural elements. The results of the two
main load-bearing materials, ash wood and wool fabric, show comparably high load-bearing capacities
in relation to their weight. As the test results show, the ash wood is of high and consistent quality. Only
one sample broke prematurely due to a knot hole at the load application area, which explains the large
standard deviation for wood with a thickness of 5 mm. The membrane made of industrially produced
organic wool fabric also shows only minor variation in its material behaviour. The uniaxial tensile
testing of the membrane strips demonstrated that the fill direction has a ten percent lower tensile strength
compared to the warp direction. The subsequent biaxial tensile tests confirmed the consistent stiffness
properties of the examined fabric.

In contrast to conventional fabrics, the natural material showed high strains that were initially stretched
out of the material. Not only the plastic but also the elastic strain was challenging for the subsequent

8
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construction of the mock-up. To bring down the complexity in verifying the modules, only the straps
were modelled instead of the full-surface membrane. By determining the compensation from the test
results as well as a special set-up for the installation of the straps, the calculated lengths from the
parametric design model could be achieved. The numerical investigation of the modules by means of
isogeometric analysis confirmed the assumption that a complex form-finding is necessary.

Overall, it was shown that the fragile form equilibrium can easily be disturbed, especially by the
installation of the second structural layer. It is therefore necessary to realistically represent all material
properties in the digital model. On the other hand, careful detailing is essential in order to realise the
designed geometry despite the strong time-dependent deformations and high elastic strains of the
membrane.

Further investigations are necessary with regard to the creep behaviour of the wool fabric. The first
available results of a five-day loading test are not sufficient to comprehensively describe the load-
bearing behaviour. The creep of the wooden laths, which has been neglected in this research, also offers
great potential for further research activities. These should serve as a basis for the description of the
stress redistribution in the bending-active module.

In the large-scale pavilion, the load-bearing behaviour is extended to include the biaxial stress state of
the membrane sections. For this reason, further investigation of the biaxial load-bearing behaviour of
the wool fabric with different loading conditions is advisable. This can serve as a basis for applying the
fabric within a membrane-appropriate anticlastic curvature.

The evaluation of the durability of the material used in an outdoor application was not subject of the
investigations.

6. Conclusion

While the resource-efficient use of materials in lightweight structures has always been demonstrated,
the use of natural resources is still little explored. The pavilion design proposed in this paper for the
IASS WG21 competition 2021 addresses the urgent need to change our habits in the use, application,
and disposal of materials in lightweight structures.

Due to the combined load-bearing behaviour and the consequent material reduction, a modular, bending-
active and hybrid design approach was chosen. The minimalist appearance of the pavilion is intended
to raise the visitor's awareness of sustainability and the integration of new materials. The structure is
made of organic and recyclable materials and can be fully reintroduced into the material cycle.

In order to investigate the use of materials suitable for the circular economy in bending-active tensile
hybrid structures, the selected materials were first investigated in terms of their strength properties. The
results were then verified both numerically and in a mock-up on a 1:1 scale. This showed that the
selected natural materials are fundamentally suitable for the construction of bending-active tensile
hybrid structures. Careful detailing of the structures is necessary in order to optimise the load-bearing
behaviour. Further research is needed with regard to the biaxial load distribution of the membrane made
of natural fabric. Investigations are also proposed regarding the creep of wood under constant loads.

The quality of lightweight structures can not only be evaluated in terms of the strength of the materials
used. The environmental impact of the materials applied is significant in the evaluation of how
sustainable a design can be implemented. The research for the Rethinking Lightweight Pavilion
demonstrates that filigree-looking structures based on complex form-finding and structural action can
also be achieved with loadbearing components made from renewable, entirely organic resources.
Rethinking Lightweight can thus make an inspiring contribution to how lightweight structures can
continue to develop in terms of a resource-respectful use of materials in the future.
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