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Abstract: The use of new generation thin, lightweight and damage-
resistant glass, originally conceived for electronic displays, is being very
recently proposed for structural applications, in particular for adaptive and
movable skins and fagades. This paper explores this concept and presents a
study on the structural use of thin glass in greenhouses for protected
agriculture, based on the use of cold-twisted elements and on the
exploitation of their buckling phenomena. This innovative kind of
greenhouse is obtained by means of mechanisms typical of transformable
architecture, as the modification of the curvature of the panels, allowing the
"opening/closing" of the structure roof. The kinetics of the structure will
allow to modify not only the orientation and the inclination of the different
surfaces forming the greenhouse, but also size and shape of the openings.
Numerical analyses and “design-by-prototyping" strategy, entailing the
construction of a reduced-scale mock-up of the greenhouse, have
demonstrated the feasibility of this concept.
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Introduction

The external envelope of a building delimits the
indoor space, controls the energy transfer between inside
and outside and defines the aesthetic appeal of the
building. As the demand for complex geometries, curved
surfaces and improved performance increases,
innovative and non-uniform envelope solutions have to
be devised. Thanks to its transparency and capacity of
diffusing the light and delimiting a place without the
barriers of a flat wall, the use of curved structural glass is
constantly growing and represents the leading feature of
a modern architectural trend. Furthermore, the traditional
curved glass obtained through hot-bending is being
replaced by cold-bent glass. Cold-bending (Belis et al.,
2007; Galuppi and Royer-Carfagni, 2015c) and cold-
lamination-bending techniques (Fildhuth er al., 2014;
Galuppi and Royer-Carfagni, 2015a) are increasingly
developing because they do not need any negative
template and this leads to consistently lower costs with
respect to hot bending.

In the last decade, architecture has developed new
ways to respond to the flow of energy that primarily
affects building performance and the comfort of the
people (Linn, 2014), changing to transformable,
dynamic, interactive objects, whose design is not
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restricted to aesthetic appearance, but goes beyond to the
growing awareness of the effects of building emissions
on the environment (Alotaibi, 2015). In particular,
kinetic fagades and movable structures proved to be an
effective approach to provide natural lighting and fresh
air and to increase the building energy efficiency
(GhaffarianHoseini et al., 2013; Omrany et al., 2016).
The architecture is now moving towards adaptive
structures, i.e., kinetic structures equipped with a
monitoring system to detect external/internal changes,
whose information are used by a control system
determining the behavior of actuators capable of
changing geometry or other structural characteristics.
This kind of structure is able to modify its “functions,
features or behavior over time in response to transient
performance requirements and boundary conditions, with
the aim of improving the overall building performance”
(Morales-Beltran and Teuffel, 2013; Loonen et al., 2017;
Bedon et al., 2018).

In very recent years, the use in the built environment
of thin glass, originally conceived for electronic screens,
is beginning to take hold. Due to its high flexibility, it
seems to be the optimal material for the realization of
extremely deformable structural elements for facades and
building skins. This opens doors for architects and
designers to its pioneering use as a flexible and light
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weight cladding material. Furthermore, very recently
(Silveira, 2016; Silveira et al., 2018), the use of thin glass
has been proposed for the realization of adaptive fagades.

Here, an innovative concept for the structural use of
cold-bent thin glass is proposed. More precisely, this
study explores the use of elements with hyperbolic
paraboloid shape, a common geometry for cold-bent
glass that may be obtained by twisting the plate through
the action of opposite concentrated out-of-plane forces at
the plate corners. Previous studies (Galuppi et al., 2014)
have evidenced the arising of an instability phenomenon,
occurring for high values of distortion, where bending is
essentially unidirectional along one of the diagonals and
the deformation tends to a cylindrical surface. In the
present study, this buckling phenomenon is exploited to
obtain shape modification with high level of distortion.

The feasibility of this pioneering concept for cold-
bent thin glass is here tested, in view of a stepwise
approach, in a structure with relatively small scale, i.e., a
transformable and movable glass greenhouse for
protected agriculture. By their nature, greenhouses are
structures suitable for strong modification of openings
and ventilation and this make they an optimal choice to
fully exploit the high-deformability potential of thin
glass. However, this study could be the basis for the
application of this concept in larger applications, as
building fagades and roofs.

The optimal management of greenhouse production
is dependent on both the interior climatic factors (light
intensity, ventilation, humidity, etc.) and environmental
ones (dependent on season and location), as well as on
physiological needs of crops. These parameters may be
optimized by designing a transformable greenhouse,
made by hybrid thin glass-steel panels, whose shape can
be modified to vary the orientation and the inclination of
the roof, as well as the openings and ventilation of the
greenhouse itself. This innovative kind of structure may
be obtained by means of mechanisms typical of
transformable  architecture, as, for example,
movimentation of the substructure allowing the
“opening/closing” of the structure and modification of
the curvature of the panels, obtainable by tensioning or
by changing the support's position. Since these
modifications may strongly affect the flow of air, they
have a strong impact on the ventilation of the
greenhouse. Furthermore, the shape can be modified to
vary the orientation and the inclination of the roof, so to
change the lighting and the irradiation. The use of glass
also allows for the use of specific optical/thermal
coatings, suitable for different types of crops, to optimize
irradiation, light intensity and heating.

This concept of movable structure could be the basis
for the design of an adaptive and smart greenhouse, able
to modify its shape on the basis of the required
agroecosystem parameters, to obtain the most suitable
and optimal conditions for the plant growth (Goel and
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Gurve, 2018; Gupta and Quan, 2018). However, this
paper focuses on the structural aspect of the greenhouse
design, while energetic and agroecosystem issues will be
the aim of further studies.

In this paper, the concept design of a greenhouse roof
composed by four curved elementary cells, having the
esthetic appearance of “petals”, is presented. Three
different strategies for the shape modification and the
deformation mechanisms for the single cell are
described. The different possible configurations for the
roof are explored, high lighting the huge range of
obtainable shapes and opening systems.

To evaluate the feasibility of the proposed concept,
first geometry and materials are optimized to achieve the
best structural response. Successively, the structural
design of the single cell, 2x2 m and composed by a thin
glass panel contoured by a ferritic stainless steel frame
with a diagonal rib, bonded by polyurethane adhesive, is
performed by means of numerical analyses, by
considering different design loads.

The structural design has been strictly correlated with
the production of a reduced-scale model, of
approximatively 0.6x0.6 m, showcasing the kinetics of
the roof and its obtainable transformations. The "design-
by-prototyping" strategy has allowed, on one hand, to
study the shape modification of the single cell and of the
required movimentation for the shape modification. On
the other hand, it has consistently helped the study of the
geometric and kinetic properties of the whole
greenhouse, the possible geometric transformations of
the structure and the various obtainable shapes.

Concept Design of a Movable Modular Roof
Thin Glass as a Structural Material

Curved glass, characterizing the most recent
architectural trend towards twisted and free-form shaped
surfaces, may be produced either by means of hot-
bending and cold-bending processes. Hot-bent glass is
obtained by heating sheets of glass until they reach the
softening point and curving them into the desired shape
against a negative form. Cold-bending, consisting in
forcing in the desired position initially-flat glass elements,
so to produce the curvature through elastic straining,
allows for the construction of curved elements forming
free-form glazed surfaces. The simplest forms that can be
obtained through cold-bending are single-curvature
surfaces as well as double-curved anticlastic surfaces
(Galuppi and Royer-Carfagni, 2015c), whose degree of
curvature can be easily modified through a slight
variation of the constraining actions. Cold-bending
technique is extensively used also for insulating glass
units (see, among the other, (Eekhout and Niderehe,
2009; Bijster et al., 2016)). Another rtechnique,
applicable to laminated glass only and usually referred to
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as cold-lamination-bending or warm-bending consists,
first, in constraining the unbounded glass-interlayer
package in the desired curved shape and, second,
inperforming the lamination process in autoclave.
Releasing the laminate, the curvature is only partially
maintained through the interlayer bond (Fildhuth and
Knippers, 2014; Fildhuth et al., 2014; Galuppi and
Royer-Carfagni, 2014).

The use of thin glass, of thickness s < 2 mm and of
ultra thin glass (usually classified as glass under the
thickness of 0.1 mm) produced through the traditional
float process, the down-draw process (Hou et al.,
2017) and the overflow-fusion process (Lin et al.,
2008; Lin and Chang, 2007), is rapidly increasing for
use in flat panel displays, in particular desktop monitors
and notebook computers, cell phones and video and
digital cameras. Even if particular thermal treatments can
be used to improve thin glass strength (see, e.g., (Boaz,
2010; Maschmeyer et al., 2018)), this material is usually
chemically treated, through a process that toughens the
surface of glass by replacing sodium ions with larger
potassium ions (see, among the others, (Gy, 2008;
Varshneya, 2010)). The ion exchange creates a thin layer
of high compression on the surface which results in a
layer of tension in the center. Advantages of this method
include zero optical distortion, increased scratch
resistance and impact strength.

In very recent years, several authors are proposing
and exploiting the pioneering use of ultrathin glass for
structural and architectural purposes (see, among the
other, important contributions (Silveira (2016) and
Ganatra (2016)). Indeed, due to its low weight, high
impact and scratching resistance, excellent optical
quality and its ability to be bent up to small radii, it

constitutes the optimal material for the construction of
deformable structural elements.

First examples of structural use of thin glass are the
11 m long FIFA World Cup 2014 players' bench and
the lightweight retractable canopy developed by
Neugebauer and collaborators (Neugebauer, 2015;
Neugebauer et al., 2018), an excellent demonstrator for
the potential that lies in the utilization of thin glass in
movable structures. Recently, several authors have
proposed the use of thin glass for the construction of
kinetic and adaptive elements and fagades (Topgu,
2017; Silveira et al., 2018), where this material allows
to obtain the large deformations and movements
required to maintain a dynamic optimum in
performances with regard to energy, climate and
comfort-related aspects (Bedon et al., 2018).

Hyperbolic Paraboloid and Instability Phenomena

The Hyperbolic Paraboloid shape (HP) is a quadric
surface shaped like a saddle (Fig. 1a), with anticlastic
double curvature. According to the classical linear
Kirchhoff-Love theory (Timoshenko and Woinowsky-
Krieger, 1959; Galuppi and Royer-Carfagni, 2015b), this
shape may be obtained starting from a flat rectangular
elastic plate, simply supported in correspondence of two
opposite corners and subjected to out-of-plane forces
applied at the free corners. The correspondent corners
move in the out-of-plane direction of the same quantity
d, as indicated in Fig. 1a. In this deformed configuration,
the plate edges, as well as the fibers initially parallel to
them, remain straight, while the two diagonals deform
into two identical parabolas, with the opposite concavity.

(b)
Fig. 1: (a) Hyperbolic paraboloid shape and (b) and (c) its two equivalent buckled configurations
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Fig. 2: Example of application of cold-bent glass panels in a HP shape: (a) Tbilisi Bridge of Peace, Tbilisi (Georgia), 2010 and (b)

Shanghai Tower by Gensler, Shanghai (China), 2015

HP is one of the most used shape for the
panelization of free-form surfaces (see, among the
others, (MacFarlane er al., 2018; Hoffmeister et al.,
2017a), in particular for glass facades and building
skins. From the architectural point of view, the
advantage of this shape consists in the wide range of
different surfaces obtainable through the assembly of
various panels obtained from identical cells by simply
varying the amount of twisting.

Examples of curved glass surfaces that make use of
this concept are shown in Fig. 2. The double curved
surface of the Tbilisi Bridge of Peace (Fig. 2a) is
panelized with cold-twisted 12+15 mm laminated glass
panels with edge length of about 2 m, with variable out-
of-plane corners' displacement J up to approximatively
30 mm. The external skin of the Shanghai Tower, a soft
vertical spiral rotating at about 120° and scaling at 55%
rate exponentially, is composed by 12+12 mm point-
fixed laminated glass elements, up to 2.2x4.5 m, with ¢
of approximatively 30 mm (Zeljic, 2010). The obtainable
curvatures are usually limited by the stress in glass.

As observed by many authors (see, among the others,
(Van Herwijnen et al., 2004; de Wit, 2009; Datsiou, 2017)),
at a certain level of the applied actions, or of prescribed
corners' displacement, a little-known form of global
instability occurs: the HP buckles into an asymmetric
configuration where one of the diagonals tends to
straighten, while the curvature increases in the direction of
the second diagonal. In this buckled configuration, the
deformed plate loses its symmetry and the edges bend. This
corresponds to a change from anticlastic double curvature to
approximatively single curvature shape.

Due to the plate symmetry, the unidirectional bending
may equivalently occur along one diagonal or the other
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and there are two equivalent buckled configurations,
shown in Fig. 1b (where diagonal AC is straight, while
BD is bent) and 1c (where bending occurs along diagonal
AC), respectively'.

The buckling limit 8", defined as the maximum
prescribed corners' displacement J above which the
asymmetry arises, strongly depends upon the glass
thickness and on the aspect ratio of the panel. For square
monolithic glass panels, it may be evaluated with the
empirical formula proposed by Staaks (2003), i.e.:
S =8.4s, 2.1)
where s denotes the plate's thickness. This relation has
been confirmed by numerical parametric analyses
recorded in (Galuppi et al., 2018), where also the
influence of the aspect ratio for rectangular plates has been
investigated.

Remarkably, all the aforementioned studies regard
float glass with standard thickness. On the other hand,
the cold-bending of thin and ultrathin glass into HP
shape presents very particular features. Indeed, while for
standard glass (with thickness of the order of
centimeters) the buckling phenomena arises above a
certain value of the prescribed distortion, thin glass tends
to deform into a cylindrical surface also for very low
values of the corners' displacement. This is in
agreement with the in extensional theory for thin flat
plates proposed by Mansfield (1955; 1964), according

'As in other buckling phenomena, the presence of
asymmetric boundary conditions, structure imperfections
and/or perturbation actions could drive the plate towards
one precise configuration.
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to which a thin plate free to deflect along its entire
periphery tends to resist to a load perpendicular to its
middle plane by its flexural rigidity alone, with null
strains of the middle surface of the plate. Consequently,
the mode of deformation is a developable surface, with
zero Gaussian curvature, allowing to maintain a low
stress-level (Neugebauer ef al., 2018). In the considered
case, i.e., a square plate subjected to concentrated loads
acting at its corners, for symmetry reasons the
developable surface is a right circular cylinder whose
generators are lines parallel to the straight diagonal of
the plate (Fig. 1b and 1c¢).

To investigate the arising of the instability in
rectangular panels, as well as the influence of
geometric parameters, the case of plates of size a x b,
with a, b varying from 1 m to 3 m, made of monolithic
thin glass of thickness s € [0.5+2 mm], is here
considered. Since, in the HP configuration, the out-of-
plane displacement of the plate center is equal to J/2 (as
shown in Fig. la), the buckling limit §° may be
conventionally defined as the maximum displacement
that can be assigned to obtain a center point
displacement that differs from 6/2 (Galuppi et al., 2018).
Numerical analyses have been performed with Abaqus
code (ABAQUS, 2010), by using a 3-D structured mesh
with C3D20R elements, accounting for geometric
nonlinearities. The cold-twisting process has been
modeled by prescribing out-of-plane displacement to two
opposite corners, leaving the other degrees of freedom’.
Following the procedure used in (Galuppi et al., 2014),
to enhance the rate of convergence of the FE
computations, the asymmetric configuration has been
"promoted" by applying an uniformly distributed out-of-
plane loading to the plate, before performing the cold
twisting. After removing this loading, the displacement
of the central point of the plate is measured to evaluate
the presence of instability phenomena.

Figure 3 shows the buckling limit §°, expressed in
mm, evaluated through the described numerical
parametric analyses, for monolithic rectangular glass
plates of different thicknesses, as a function of the plate
edge lengths @ and 5. The dashed lines correspond to
the case of square plate (a = b). Notice that the stability
of rectangular plates is higher than that of square
plates, i.e., 5 is higher in the former case. Furthermore,
there is a mild dependence of the buckling limit on the
plate size (analogue to that observed in (Galuppi et al.,
2018) for glass with standard thickness), but it is
negligible with respect to the dependence on the glass
thickness s. These results confirm that relation (2.1)
holds also for thin glass. Furthermore, the interpolation

’An accurate investigation of the influence of other
support condition on the arising of instability in cold-
bent glass plates is recorded in (Datsiou, 2017).
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of the results furnish the following approximate
expression for the buckling limit of rectangular plates
with aspect ratio A= a/b> 1:
8 =(1.52+6.9)s. 2.2)

This equation may be regarded as the extension of
Equation (2.1) for rectangular plates.

Results of FE analyses confirm that the plate
buckles into a cylindrical surface (Fig. 1b and 1c¢) for
corners' displacement of the order of 1 cm, i.e., for
distortion much lower than the ones that can be
appreciated with the naked eye. In the case at hand,
we are interested into high distortion levels (i.e., high
values of the prescribed corners' displacement),
necessary to obtain not only appreciable curvatures of
the greenhouse roof, but also high variability of the
openings and ventilation of the greenhouse itself.
Hence, it would be necessary to use the glass panel in
its buckled cylindrical configuration.

Remarkably, since in the buckled configuration the
plate edges are not any more straight, the global
stability could be enhanced by stiffening the edges
with bending-rigid braces (Galuppi et al., 2014;
MacFarlane et al., 2018), i.e., by connecting the plate
with a metallic frame. This would allow to obtain HP
shapes with corners' displacement higher than &, i.e.,
to increase the buckling limit to a value dependent on
the stiffness of the metallic frame. However, accurate
analyses should be performed in this case, because this
kind of solution could entail local instability
phenomena, with consequent stress concentration in the
glass panel, possibly leading to breakage.

The Elementary Cell and its Possible Modifications

According to the findings presented in the previous
Section, different shape modification mechanisms could
be exploited for the construction of the greenhouse roof.
In the sequel, three different possibilities for the
reference configuration and for the possible shape
modification of a single cell composing the roof,
allowing to obtain opening/closing of the greenhouse
envelope, are presented.

Shape Modification I — From HP to Cylindric
Configuration

A first possibility, schematically shown in Fig. 4a,
is to exploit the instability phenomenon to change the
shape of the thin glass panel from HP, where the plate
diagonals AC and BD are two parabolas with opposite
concavity, to cylindric configuration, where unidirectional
bending occurs along diagonal BD. If the substructures is
designed so as to fit with the straight edge of the HP panel,
the geometry modification due to buckling generates an
opening between the plate and the substructure itself.
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Fig. 3: Buckling limit 6° [mm] as a function of the edges' length @ and b, for different plate thicknesses. Dashed diagonal lines

correspond to square plates
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Fig. 4: Considered possible shape modifications for the cell: (a) I: from HP to cylindric configuration, (b) II: change of the bent
diagonal and (c) III: change of curvature of the bent diagonal
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Remarkably, this change of configuration may be
obtained in different ways, i.e., by prescribing in-plane
displacements to the plate corners' (so to bring two
extremes of one diagonal closer one to each other), or by
changing the tensioning of the plate diagonals, as
discussed in (Beatini and Royer-Carfagni, 2017). The
buckling  phenomenon, provoking the  shape
modification, may be also promoted by slightly
"pushing" the plate at right angle to its middle plane by
applying a load ¢. This drives the plate towards one
precise configuration, i.e., the one where the concavity
of the unidirectional bending is favored by g.

This kind of solution for the roof modification is
quite difficult to obtain in real cases, because a metallic
frame contouring the panel should be accurately design
so to keep the HP shape for the desired amount of
twisting, allowing at the same time for the buckling.
Furthermore, in practical cases, the action of snow could
provoke the uncontrolled buckling of the plate.

Shape Modification II — Change of the Bent
Diagonal

Another possibility for the shape modification is to
exploit the existence of the two equivalent buckled
configurations shown in Figs. 1b and lc. As it is
schematically shown in Fig. 4b, it is possible to
strongly modify the roof shape and consequently to
open a gap between the glass panel and the
substructure, by changing the plate diagonal along
which bending occurs. More precisely, in the reference
configuration (Fig. 4b, left-hand-side) the prescribed
out-of-plane displacement is higher than the buckling
limit and the bending occurs along AC diagonal, while
in the modified configuration (Fig. 4b, right-hand-side)
diagonal AC is straight and bending becomes
predominant in the direction of the second diagonal
BD. As it may be noticed by comparing Figures 4a and
4b, this second way allows to obtain consistently higher
openings of the structure (the opening area is
approximatively double of that obtained with shape
modification I), allowing for higher changes in the
ventilation of the greenhouse.

Again, the change of curvature may be obtained
either by changing the tensioning of the plate diagonals
or by prescribing in-plane displacements to the plate
corners. Indeed, as it can be seen in Fig. 4b, the shape
modification implies the in-plane displacement of the
corners' points because, roughly speaking, the distance
between the end points of the curved diagonal is lower
than the diagonal length. For the "critical" value of the
prescribed action /displacement, i.e., for the value that
determines the change of configuration, the two
configurations are somehow energetically equivalent and
the structure "snaps" to the second one. However,
preliminary numerical analyses have confirmed that this
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kind of shape modification may entail uncontrolled and
abrupt change of curvature, possibly leading to stress
concentration, that may provoke glass breakage.

Shape Modification III — Change of Curvature of
the Bent Diagonal

A third possibility consists in changing the shape of
the single cell, initially in a single-curvature configuration,
by moving two corners in the vertical direction.

In this case, the reference configuration is that shown
in Fig. 4c (left-hand-side), where the out-of-plane
displacement of points 4 and C is higher than the
buckling limit and bending occurs along the AC
diagonal. Starting from this configuration, the shape of
the panel may be modified by keeping fixed the two
corners' points B and D, belonging to the straight
diagonal, while moving the other corners in the out-of-
plane direction, leaving the in-plane translational degrees
of freedom. In such away, both in the reference and in
the deformed configurations the bending occurs along
the AC diagonal, that changes its concavity. From Fig. 4,
it is evident that this latter proposal allows to very
impacting shape modification of the greenhouse roof.

Unlike in the other cases, here the shape change may
be obtained in a gradual way, by progressively moving
points A and C in the upward direction. In such a way,
first the curvature of AC diagonal decreases and, for
values of the prescribed displacement lower than the
buckling limit (i.e., for "almost flat" configurations, with
corners' displacement of some mm) the plate takes the HP
shape. Then, the curvature starts to increase again, with
the opposite concavity, until the desired configuration is
reached. This kind of shape transformation is "smooth"
and does not entail sudden changes of curvature. This
solution also allows to deform the roof in several
intermediate positions, correspondent to different values
of the vertical displacement prescribed at points 4 and C.
Henceforth, this way seems to be the better solution for
the construction of a greenhouse roof.

Remarkably, in this case it is of paramount
importance to design a metallic frame so to provide to
the element a preferential direction for the bending
deformation and to force diagonal AC to be the curved
one. This may be done, as it will discussed in the sequel,
by stiffening one diagonal by means of a metallic
diagonal rib, so to have a diagonal more compliant than
the other, along which unidirectional bending occurs.

Figure 5 shows the square elementary cell in the
initial at configuration, plotted with continuous blue
line. The same Figure shows the cold bent reference
configuration (dashed red line) and the modified
configuration (dashed-dotted green line),
correspondent to those represented in Fig. 4c, left- and
right-hand-side, respectively.
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Fig. 5: Elementary cell in the flat configuration (plotted with continuous blue line), its reference cold-twisted shape (dashed red line)
and the modified configuration (dashed-dotted green line)

Following the notation of Fig. 4, the bent diagonal of
the cell is AC. Hence, points B and D are kept fixed,
while the same out-of-plane displacement # is prescribed
at points 4 and C. The position of these points after cold
bending are denoted by A4' and C', respectively. The
correspondent radius of curvature R and the angle 6 may
be obtained by solving the equation system:

d=2R0;
{ (2.3)

h=R(1-cos).
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Since system (2.3) implies a transcendental equation
for the bending angle &, with no closed-form solution, 8
is plotted in Fig. 6a as a function of the ratio #/d. Once 6
is known, graph in Fig. 6.b allows to evaluate the
bending radius, for different plate diagonal length.

In the bent configuration, the projection of the cell on
the horizontal plane is a rhombus, with diagonals length
d and d. The length of the projection on the horizontal
plane of the curved diagonal (d') and of the plate edge in
the cold bent configuration (denoted as to /' in Fig. 5)
may be evaluated as:
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d’
2sina’

d'=2Rsin6, ['= 2.4

where, with reference to Fig. 5, o = arctan [%)=

arctan [%) . The horizontal displacement of the corner
point during the cold bending processis b = (d-d')/2. The
opening area, indicated with diagonal hatched pattern in
Fig. 5, may be evaluated as:

RZ

open

—/[2sin@ —sinfcosd - 4. 2.5
sina

These relations will be used in the following to
evaluate the openings of the greenhouse.

The Greenhouse Roof

The roof of the greenhouse may be composed by four
elementary cells, whose concept has been presented in
the previous Section (Shape Modification II1), having the
esthetic appearance of '"petals", with the straight
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diagonals of the cells converging towards the center of
the greenhouse. In the reference configuration, shown in
Fig. 7a, cell's vertices lying at the center and a the
vertices of the greenhouse (e.g., points B and D) are kept
fixed, while all the corners belonging to curved
diagonals (as, e.g., points 4 and C) are moved downward
of the same quantity s. The external walls of the
greenhouse, potentially made of glass to allow for
sufficient natural illumination, are designed such as there
are no openings in the reference configuration.

The top view of the roof (Fig. 7b) highlights that,
since in this configuration the projection of the panels on
the horizontal plane are rhombi, there are empty spaces
between adjacent petals and it is hence necessary to
design curved ribs, supporting the inner edges of the
curved cells and creating a water-and airtight barrier.

Figures 8a-e show different configurations for the
roof, highlighting the huge range of obtainable shapes
and of opening systems. Remarkably, this kind of
structure may be used as elementary component of more
complex greenhouses, through a modular assembly, as
shown by Fig. 8f.
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Fig. 8: (a-e) Different configurations for the greenhouse roof; (f) modular assembly

Structural Analysis
Geometry and Materials Optimization

The hybrid curved cell forming the greenhouse roof is
composed by a thin glass panel contoured by a metallic
frame, bonded to glass by means of structural adhesive.
To confer to the hybrid cell a preferential direction to the
bending deformation, necessary for the required shape
modification mechanism (Fig. 4c), a diagonal metallic rib
is assembled to the perimeter frame.

In a preliminary design phase, several analyses has
been performed to optimize the materials and the
geometry of the cell. In particular, cell size going from
1.5x1.5 m to 2.5x2.5 m, with different thickness of the
glass panel (from 0.5 mm monolithic to 1+I1+1 mm
laminated thin glass), have been considered. Several
geometries for the metallic frame, with different materials
(aluminum and different steel grades), thickness (ranging
from 2 to 10 mm) and width (from 50 to 100 mm), have
been taken into account. Different adhesive materials,
both polyurethane and silicone-based, with different
possible width and thickness of the adhesive strip, have
been considered for the steel-glass bonding.

Results of accurate FEA performed with Abaqus
code, whose results are not extensively presented here
for the sake of brevity, have demonstrated that the
optimal solution, in terms of structural response, is
achieved by a square cell with edge length of 2 m,
composed by a thin glass panel of thickness 2 mm, with
high-performance ferritic stainless steel’ contouring

’According to the findings of (MacFarlane ef al., 2018),
in steel-glass composite elements it is recommended to
use ferritic stainless steel, having coefficient of thermal
expansion very close to that of glass.
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frame with one diagonal rib, with width 80 mm and
thickness 3 mm. The frame can be produced by
assembling different steels trips. Among the considered
adhesives, the most suitable for the steel-glass bonding is
SikaTack®-MOVE Transportation, a monocomponent
polyurethane mainly wused in the replacement of
windshields in busses and trucks. Since polyurethane is
affected by UV radiation ageing, the possibility of cover
it by a stripe of opaque printing should be considered.

As demonstrated in the sequel, this solution allows to
obtain a quite high value for the out-of-plane corners'
displacement, i.e., # = 500 mm. This value is consistently
higher than the buckling limit, that, according to (2.1) and
graph in Fig. 3, is of about 17 mm.

For the considered geometry and distortion, the
diagonal length is d = 2820 mm, while bending angle and
radius, evaluated through Equation (2.3) (or, equivalently,
by means of graphs in Fig. 6), are 6 = 42.4° and R =
1910 mm. This value is higher than the minimum radius
of curvature for 2 mm thick glass provided by
(Neugebauer et al., 2018), i.e., 466 mm. The length of the
projection on the horizontal plane of the curved diagonal
and of the plate edge in the cold bent configuration are d
= 2576 mm and /' = 1913 mm, respectively, while o =
42.33° (reference is here made to Fig. 5).

Notice that the mechanisms for the cell
movimentation should be designed so to impart the
desired vertical displacement 4, by allowing for a quite
high horizontal "free" displacement of the corner point,
i.e., b =126 mm. The opening area created on each edge
of the cell by changing the curvature of one cell from the
reference configuration to that with the maximum
vertical corners' displacement may be evaluated by
means of Equation (2.5) and turns out to be 0.6 m”. This
allows for a consistent change in the ventilation, as well
as in the path of the air flows.
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Fig. 9: Schematic of the greenhouse in the reference configuration: (a) lateral view and (b) top view

Drawings in Fig. 9 show schematics of the
greenhouse's roof and substructure, in the reference
"closed" configuration. The structure has approximatively
square shape, with slightly concave edges, with overall
size of 4x4 m and maximum height of 2.5 m.

Numerical Investigations

The curved hybrid cell, whose "optimal" geometry
and materials have been described in the previous
Section, has to be accurately designed to withstand the
loads necessary to the cold bending and to the shape
transformation, as well as the self weight and the snow
load, in accordance with the EuroCode 1 (EN. EN1991-
1-3: 2004). Since the roof is non-walk able, it is not
necessary to consider live load coming from people
working on the roof. Particular attention have been paid
to the possible arising of local instability phenomena,
especially during the shape modification of the roof.

Numerical analyses have been performed with
Abaqus code, using a 3-Dstructured mesh with 20-node
quadratic bricks with reduced integration (referred to as
C3D20R in the Abaqus library (ABAQUS, 2010)).
Although the choice of this kind of element causes a
high computational effort, there is the advantage of
getting a better quality of the computational results.

Material properties used in the FE simulation are
summarized in Table 1. According to (Ganatra, 2016),
the strength of thin glass have been assumed equal to
200 MPa®. The adopted values for the elastic modulus
and the Poisson's ratio, as well as the long-term design
tensile and shear strength, of the SikaTack®- MOVE
Transportation adhesive have been taken from

*Other authors (Neugebauer, 2015) suggest to use the
characteristic value for chemically pre-stressed glass,
i.e., 150 MPa.
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(MacFarlane et al., 2018). Glass and steel components
have been modeled with linear elastic material
behaviour, while the Neo-Hookean hyperelastic
constitutive law, traditionally used for predicting the
non-linear stress-strain behavior of materials under going
large deformation, has been adopted for the adhesive.

Figure 10 shows the solid model of the square steel-
thin glass cell, as well as the discretization used in the
FE analyses. As shown in the magnified detail, the mesh
has been created by dividing the thickness of the
adhesive in 3 elements, to correctly assess local
problems of adhesive. Tie constrains have been applied
to the steel-adhesive and adhesive-glass interfaces. The
FE simulations do account for the self-weight and for
geometric non-linearities.

Cold Twisting

In the first step of the numerical experiments, the
cold-twisting of the cell is performed, by prescribing a
out-of-plane downward displacement # = 500 mm to two
opposite  corners, while leaving their in-plane
translational and the rotational degrees of freedom.

The out-of-plane displacement field shown in Fig.
11a confirms that the deformed shape of the cell is
cylindrical in type. Figure 11b shows the maximum
principal stress distribution in the glass panel after cold
bending. It may be verified that the maximum value for
the stress (of the order of 120 MPa) is lower than the
characteristic thin glass strength.

Figure 12a show the distribution of Von Mises
equivalent stress in the steel frame, limited to 300 MPa,
i.e., the assumed value for the steel design strength,
plotted on the deformed shape. The Von Mises stress
exceeds this value only in very localized regions of the
frame, in proximity of the junction between external
frame and diagonal rib.
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Table 1: Material properties used in the FE simulation

Maximum Von Maximum tensile Mximum shear
Material E [MPa] vI-] Mises stress [MPa] stress [MPa] stress [MPa]
Thin glass 70000 0.22 - 200 [20]

Steel 210000 03 300 - -
Adhesive 5 047 - 0.16 [38] 0.16 [38]
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Fig. 10: Solid model of the thin glass-steel cell and particular of the discretization

S, Max_ Principal
(Avg: 75%)

Flat
configuration +7.983¢+01

+0.0006+00

Fig. 11: Cold twisting. Results of FE analysis, in terms of (a) out-of-plane displacement and (b) maximum principal stress in the thin
glass panel
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Fig. 12: Cold twisting. Results of FE analysis, in terms of (a) Von Mises stress in the steel frame, (b) maximum tensile stress and (c)
shear stress in the adhesive

209



Laura Galuppi / International Journal of Structural Glass and Advanced Materials Research 2018, Volum 2: 198.217

DOI: 10.3844/sgamrsp.2018.198.217

Plots in Fig. 12b and 12c¢ presents the results obtained
from the numerical analysis in terms of maximum tensile
and shear stress in the adhesive strips, respectively. The
maximum tensile and shear stress, higher than the design
values, are localized in a very small region in
correspondence of the strips' corners (see magnified detail
in Fig. 12b), while the mean stress on the adhesive is
considerably lower than the maximum allowable stress,
i.e. 0.16 MPa. The maximum out-of-plane downward
displacement for which the allowable shear/tensile stress
in the adhesive strip is achieved is of the order of 150
mm. However, according to (MacFarlane et al., 2018),
since the viscoelasticity of the adhesive allows a certain
redistribution of the stresses, this solution can be
considered acceptable. Remarkably, this kind of stress
concentration at the strips' corners could be reduced by
using chamfered or rounded corners for the composite
cell (MacFarlane et al., 2018).

Snow Load

Numerical analyses have been performed by
considering the combination of self-weight and snow
load, acting on the (cold-twisted) reference configuration
of the cell, by considering the cell edges to be
continuously supported by the underlying structure.
EuroCode 1 (EN. EN1991-1-3: 2004) states that the
design shall recognise that snow can be deposited on a
roof in many different patterns. The snow action is here
evaluated by considering Mediterranean areas and two
different load cases are considered: (i) undrifted snow
arrangement, with uniformly distributed load of 0.8
kKN/m° and (ii) wind-drifted snow arrangement,
correspondent to the load distribution shown in Fig. 13.

Results of FE analyses have provided evidence that,
due to the curvature of thin glass, the panel is very stiff
and the deformation due to the snow load is almost
negligible if compared to the cold twisting deflection.
Also the increase of stress is very limited. The second

load case is the most onerous for what concerns the glass
stress, which maximum value increases from 123.6 to
126.9 MPa, while stresses in steel and adhesive are
slightly higher in the first case. Again, apart from stress
concentrations located in very small areas in proximity
of the corners and at the frame - rib intersection, the
recorded stress are lower than the material strength.

Shape Modification

The cell response during the shape modification of the
greenhouse's roof have been evaluated by means of FE
analyses. As discussed in Section 2.3, the shape of the
panel may be modified by keeping fixed the two corners'
points belonging to the straight diagonal, i.e., that
correspondent to the center and a vertex of the greenhouse,
while moving the other corner's points in the vertical
direction, as shown in Fig. 8. Here, an out-of-plane
displacement of 24 = 1 m with respect to the reference
configuration is considered, so to obtain the final shape
represented in Fig. 5. In the numerical analyses, such a
modification has been obtained in a gradual way, by
progressively moving the corners of the plate, to carefully
evaluate the possible arising of local buckling, potentially
leading to glass breakage due to stress concentrations. The
results have demonstrated that no local instability
phenomena arise during the deformation process.

Figures 14a and 14b show the out-of-plane
displacement of the cell and the distribution of the
maximum principal stress in the thin glass panel. Also in
this case, the deformed shape of the panel is cylindrical
and the maximum stress in the pane is lower than the
thin glass design strength. Values of maximum Von
Mises stress in the steel frame and tensile and shear
stress in the adhesive are comparable to those achieved
in the cold bending phase and recorded in Sect. 3.2.1.
Again, since the viscoelastic properties of the adhesive
allows a redistribution of the stresses, this solution can
be considered acceptable.

e,

Fig. 13: Drifted snow load arrangement according to EuroCode 1 (EN. EN1991-1-3: 2004)
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Fig. 14: "Maximum opening" configuration. Results of FE analysis, in terms of (a) out-of-plane displacement and (b) maximum

principal stress in the thin glass panel
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Fig. 15: Relation between prescribed out-of-plane displacement and maximum principal stress in glass, for cold twisting and shape

modification

Graph in Fig. 15 show the numerically obtained
relationship between prescribed out-of-plane
displacement and maximum principal stress in glass, for
both cold twisting and shape modification phases. The
magnified detail highlights the nonlinearity of the
relation, similar to that recorded in (Van Herwijnen et al.,
2004) for cold bending of glass with standard
thickness. The numerical findings confirm that the
loading (cold bending) and unloading (i.e., shape
modification from & 500 mm to the flat
configuration) path coincide. The asymmetry of the
graph is due to the presence of the metallic frame.

Reduced-Scale Model

The Elementary Cell and its Movimentation

A reduced scale mock-up of the whole greenhouse,
with scale factor 1:6.67, have been constructed, to
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study the kinetics of the roof and its obtainable
transformation. The first stage of the design-by-
prototyping has been devoted to the study of both the
shape modification of the single elements composing
the greenhouse roof and of the required
movimentation. The square cells, with edge length of
300 mm and constructed with square acetate foils 400
pum thick®, have been curved in the reference
configuration by prescribing a vertical displacement
of the cell corners of 75 mm with respect to the

undeformed (flat) configuration. The metallic
elements are represented by blue stripes.
As discussed in the previous Sections, the

movimentation system should be designed so to

>To respect the scale factor, the thickness should be 300
pum, but, due to the unavailability on the market of acetate
foils with this thickness, 400 pm have been used.
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prescribe vertical (out-of-plane) displacement to the
corners' points, while leaving the in-plane translational
and the rotational degrees of freedom. In particular,
when moved from the reference curved configuration to
the atone, the corner point of the reduced-scale mock-
up displaces of 19 mm in horizontal (diagonal)
direction. In the reduced-scale model, a dovetail-shaped
joint is used to connect the plate with a wooden vertical
rod. Figure 16a and 16b show this connection, in the
flat configuration and for a corners' displacement of -4
(directed upward, correspondent to the maximum
opening of the roof), respectively.

In the reduced-scale mock-up, the movable corners
may be fixed in different position, with vertical
displacement of /4 (correspondent to the reference
configuration), #/2, 0 (flat configuration), -#/2 and -h
(maximum opening). Figure 17 shows the configuration
of a single cell for these values of corners' displacement,
highlighting the possible shape modifications.

This design-by-prototyping study has confirmed, at
least from a qualitative point of view, that the
considered deformation modes do not entail
uncontrolled changes of curvature and snapping
phenomena. Furthermore, the construction of the
reduced-scale model has highlighted the feasibility of
the proposed concept and it has provided evidence
that a key point in the greenhouse design is the study
of the vertical constraint for the cell vertex.

The Greenhouse and its Different Configuration

In a second phase, a reduced-scale mock-up of the
whole greenhouse has been constructed. The
substructure, shown in Fig. 18a, consists into perimetric
walls, with the geometry represented in Fig. 9 and four
curved ribs connecting the center of each edge with a
central square column. This substructure has been
realized with foam core cardboard, while panel
composing the walls of the greenhouse have been made
with 100 um thick acetate foils.

The shape modification of the roof is obtained by
vertically moving the corners' points of each cell, by
means of the wooden vertical rods shown in Fig. 16, that
can be moved upward and downward inside hollow
columns located in proximity of the midpoint of the
greenhouse edges (Fig. 18b). The reference
configuration, with vertical displacement of the cell
corners of 4 = 75 mm with respect to their undeformed
flat configuration, is shown in Fig. 19.

The reduced-scale mock-up is very useful for
illustration and demonstration purposes, in particular to
display the possible shape modification of the
greenhouse roof. Figure 20 shows several possible
configurations for the roof, correspondent to those
presented in Fig. 8a-8e and highlights the huge range of
obtainable shapes and opening systems.

g |

Fig. 16: Dovetail-shaped connection between plate and vertical rod (a) flat configuration and (b) corners' displacement of -4
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Fig. 17: (a) Reduced-scale model of the single cell in the reference configuration and its possible shape modifications, with corners
displacement of (b) 4/2, (c) O (flat configuration), (d) —4/2 and (e) -h

Fig. 19: Reference configuration of the greenhouse (a) top view and (b) perspective view
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Fig. 20: Reduced-scale model. Different configurations for the greenhouse roof

Discussion and Conclusion

Due to the high flexibility of thin glass, new design
options become feasible in comparison to regular
thicknesses of glass. This paper presents a innovative
application of thin glass in the build environment, in
particular for the construction of deformable greenhouse
for protected agriculture.

With respect to other recent studies, where thin glass
is used for movable and adaptive systems where the
transparent elements are moved and/or rotated to modify
the skin geometry (Neugebauer, 2015), here the main
feature of this material, that is undoubtedly its flexibility,
is fully exploited. Indeed, the elementary cell composing
the roof is a steel-thin glass square composite panel,
cold-bent, along a diagonal, into a developable
cylindrical surface. Starting from this configuration, the
shape of the panel may be modified by keeping fixed the
two corners' points belonging to the straight diagonal,
while moving the other corners in the out-of-plane
direction, so to change the concavity of the curved
diagonal. On this basis, a movable and deformable roof
is designed, constituted by four elementary -cells,
cylindrical in shape and cold-bent along a diagonal. The
straight diagonals of the cells converge towards the
center of the greenhouse, conferring the esthetic
appearance of a flower with four "petals".

To optimize the design, different materials and
geometries for the hybrid cell have been considered. In
particular, a ferritic stainless steel frame with one
diagonal rib, bonded to the glass panel with SikaTack®-
MOVE Transportation adhesive, is used, so to have a
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diagonal more compliant than the other. This confers to
the composite cell a preferential direction to the bending
deformation. The shape change may be obtained in a
gradual way, by progressively moving the corners' of the
plate, to obtain several intermediate positions.

The composite cell has been numerically designed
to with stand the loads necessary to the cold bending
and to the shape modification, as well as the self weight
and the snow load, according to Eurocode 1. Particular
attention have been paid to the possible arising of local
instability phenomena, especially during the shape
modification of the roof. In particular, FE analyses
considering the effect of the snow load have highlighted
that, due to the curvature of glass, the panel presents
very high stiffness and strength and consequently
stresses and deflection due to the this load are almost
negligible if compared to those due to the cold twisting.
In conclusion, this study shows that the use of thin
glass deformable panels in a fagade or roof can achieve
interesting results regarding both visual effect,
ventilation and structural response, confirming the
findings of (Silveira, 2016). The design of the structure

has been achieved also through a "design-by-
prototyping" strategy. The construction of a reduced-
scale mock-up of the entire greenhouse, of

approximatively 60x60 cm and made of acetate foils and
foam core card board, has confirmed, even if from a
qualitative point of view, the feasibility of the proposed
concept and that the considered deformation modes do
not entail abrupt change of curvature. Furthermore, it has
consistently helped the study of the kinetics, highlighting
in particular of the importance of the study of the vertical
actuator for the cell vertex and of the obtainable
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transformation. This could also allow to evaluate the
natural ventilation paths in the different configurations.

Further developments of the present work would be
the design of the greenhouse structure, that should be
able to with stand the roof weight and the accurate study
of the movimentation of the column supporting the
movable corners of the cells composing the greenhouse
roof. Other several aspect, from energetic and
environmental issues, to the evaluation of the relation
between required transient agroecosystem parameters (in
terms of temperature, humidity, light intensity, air
exchange rate, etc.) and structural aspects, could be taken
into consideration. Since these issues are related to
topics as ventilation strategies and relations among
transmissivity, solar radiation/reflection and
orientation/inclination =~ of  greenhouse  surfaces,
multidisciplinary approach will be very useful to
evaluate the correlation of these requirements with the
size, geometry and shapes of the structure (i.e.,
orientation, lighting, ventilation, etc.) and, in particular,
with the required modifications and transformations.

This will pave the way for a proper monitoring and
retrofitted control of climate and agro/biological
parameters of the greenhouse. By means of a control
system, determining the movements of the vertical rods
supporting the movable corners of the cell, the
greenhouse should be turn into an adaptive structure,
capable of changing shape and openings to meet the
transient requirements.
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