Glass Struct. Eng.
https://doi.org/10.1007/s40940-020-00130-w

®

Check for
updates

T.I.: PROJECTS & CASE STUDIES

Conceptual design and FEM structural response of a
suspended glass sphere made of reinforced curved polygonal

panels

Maurizio Froli - Francesco Laccone

Received: 27 April 2020 / Accepted: 5 August 2020
© Springer Nature Switzerland AG 2020

Abstract The paper introduces a novel concept for
structural glass shells that is based on the mechani-
cal coupling of double curved heat-bent glass panels
and a wire frame mesh, which constitutes a grid of
unbonded edge-reinforcement. Additionally, this grid
has the purpose of providing redundancy. The panels
have load-bearing function, they are clamped at the ver-
tices and dry-assembled. The main novelty lies in the
use of polygonal curved panels with a nodal force trans-
fer mechanism. This concept has been validated on an
illustrative design case of a 6 m-diameter suspended
glass sphere, in which regular pentagonal and hexago-
nal spherical panels are employed. The good strength
and stiffness achieved for this structure is demonstrated
by means of local and global FE models. Another fun-
damental feature of the concept is that the reinforce-
ment grid provides residual strength in the extreme
scenarios in which all panels are completely failed.
A quantitative measure of redundancy is obtained by
comparing this scenario with the ULS.
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1 Introduction

Glass is an ideal material for building skins since it
provides for transparency, for resistance to weather
phenomena or building separation, and also for load-
bearing capacity (Haldimann et al. 2008; Feldmann
etal. 2014; Belis et al. 2019). All these capabilities can
be simultaneously exploited in building elements such
as shear walls and roofs as well as in modern building
envelopes where wall and roof elements blend in a sin-
gle piece. Hence, to maximize the transparency, glass
panels are exploited to carry additional loading and not
only to support their own weight.

A large topological variety and several structural
concepts may be found in building envelopes that
behave as a single-layer shells. As almost all the materi-
als used in architecture, glass is produced in flat panels
of limited sizes and shapes. These flat panels need to
be processed in order to tessellate the ideal shell sur-
face, which is segmented in triangle, quad, diamond or
polygonal shapes. The selected discretization strategy
has direct implications on the geometry and mechanics
of the shell. Thus, the actual structure will result in a
faceted surface or possibly the panels can be curved to
better approximate the target surface.
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However, few glass-covered shells use glass as a
structural material, conversely the majority of them are
grid shells, in which the metal or timber grid serves
as only load-bearing material (Schlaich and Schober
1996; Adriaenssens et al. 2012; Feng and Ge 2013;
Brunoetal. 2016; Wang et al. 2016; Mesnil etal. 2017).
All these factors make the conceptual design of discrete
shells a complex problem.

1.1 Structural glass shells

Similarly to other spatial structures (Romme et al.
2013), structural glass shells can be classified on the
basis of their structural behavior. In turn, this latter is
affected by the adopted discretization strategy and the
joints design.

A first group includes structures based on strut-and-
tie or tensegrity behavior. These systems usually adopt
triangular or quad panels. Quads are commonly braced
by cables to increase the cell stiffness. The panels are
point-fixed at their corners, i.e. with clamping. Hence,
the structural assembly can be reduced as a discrete sys-
tem made of axial-only stressed components, similarly
to a truss. This behavior is favored by the node transfer
mechanism, which causes compression in glass area
close to the panels edges that behave as struts, and ten-
sion on steel components—if present—that perform as
ties. Exemplars of this structures are the post-tensioned
dome at Weltbild Verlag building in Augsburg (Wurm
2007) and the Maximilianmuseum roof (Ludwig and
Weiler 2000), whose conceptual design has been man-
aged with a reduced truss model. Recently, the work
(Laccone et al. 2020) demonstrates how a truss reduced
model can be employed to derive the automatic design
of strut-and-tie post-tensioned glass shells.

A second group of structural glass shells is based
on the shell behavior. These systems manifest surface
resistance and rely on continuous smooth load transfer.
In fact, the linear joints that are usually adopted to pro-
vide for an interrupted force transfer between the panels
edges. While for strut-and-tie shells the nodes are vul-
nerable zones due to high stress, in the shell category
stress concentrations are reduced. Again, while for the
previous category a mesh with high connectivity (tri-
angle or braced quad) supplies for redundancy; in the
shell category, faces with high number of edges have
major redundancy. Typically polygonal panels (quads
or hexagons) are adopted for the group based of shell
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behavior. Exemplars of these structures are the Delft
dome (Veer et al. 2003), the Blandini’s dome (2005;
2008) and the Plate shell structures (Bagger 2010).
Recent work demonstrates that a post-tensioned spher-
ical glass shell can span up to 26 m (Hayek et al. 2018).

1.2 Heat-bent curved glass

While flat glass is employed in a significant amount
of building applications, bent glass has become more
appealing in architectural contexts in which curved
forms and continuous reflectivity must be ensured
(Neugebauer 2014). Glass can be bent following two
main approaches: cold bending, based on forcing and
restraining flat panels in situ or during lamination; and
heat bending, based on forming new shapes of panels
through heating panes up to about 600 °C (Timm and
Chase 2014).

The gravity bending or slumping is the traditional
and commonly used process for thermally bent glass.
It is based on heating a pre-cut flat panel that is laid
over a bespoke mould. The high temperature soften the
glass while it sinks into the mould due to its own weight.
The panels show good optical quality and absence of
anisotropies. All shapes from single to double curved
are feasible. On the other hand, tempering or heat
strengthening process are problematic since they would
alter the original forming. So, chemical strengthening
and lamination after the bending process are recom-
mended to provide a fail-safe behaviour.

A money-saving process is the online bending,
which consists in providing one-axis curvature through
a robotic press while the pane is heated in a furnace
and pass through it. Apart for time-efficiency, another
advantage is that the online bent glass becomes either
fully tempered or heat strengthened during the bending
process itself.

Thus, while the online bending is used for mass pro-
duction, the gravity bending ensure the best surface
condition and aesthetic quality (Fildhuth et al. 2018).
The fagade of La Maison des Fondateurs represent an
example of using gravity bent glass panels (Villiger
et al. 2019). These panels perform as separation walls
and as load-bearing elements for both vertical and hor-
izontal forces. In fact, because of the shape stiffness, a
curved glass is particularly suitable for application in
shell structures.
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1.3 Objectives of the present work

Strut-and-tie structures have been already built in large
scale exemplars and appear reliable enough since they
are tested also in extreme failure scenarios, such as the
complete collapse of some panels. On the other hand,
the opportunity offered by the shell structure to use
polygonal panels is more appealing from an architec-
tural viewpoint because of the reduction of the opaque
parts (such as panels edges, seals, reinforcement and
nodes) that brings to an increased transparency.

The present work introduces a novel structural con-
cept for glass shells made of polygonal panels that are
supported at the vertices and reinforced at the edges by
means of unbonded steel rods, combining the features
of both categories of structural glass shells. The con-
cept derives from Froli and Laccone (2018), but, apart
from the use of curved polygonal panels, it differs from
this latter because no post-tensioning is provided as it
would lead to a premature buckling failure of curved
glass panels.

Reinforcing a tensioned glass panel edge is a
commonly-adopted strategy to mitigate the conse-
quences of brittle failures. This steel component is
usually bonded or embedded to adhere to glass and
to achieve a safer post-cracking phase (Martens et al.
2015a; Louter et al. 2012; Martens et al. 2016; Cupad
et al. 2017); the unbonded configuration is more com-
mon in post-tensioned glass structures (Froli and Lani
2010; Martens et al. 2015b; Bedon and Louter 2016;
Engelmann and Weller 2016). In the present case, deal-
ing with a shell structure, the reinforcement has also a
purpose of adding redundancy and avoid global col-
lapse. So, it has to be stiff enough in both tension and
compression, and consider the complete failure of pan-
els.

The present concept has been tested on an illustra-
tive case study of a Suspended Glass Sphere (SGS).
The structure has been conceived by the author Froli
for outdoor use with the aim of hosting a particular
art installation in the inside (Fig. 1). It pursues the
necessity of guaranteeing an all-round vision of the art
object through the transparent and floating envelope,
while preserving its functional requirements, such as
protection from weather phenomena and accessibility
for maintenance.

Although the surface is geometrically defined, its
structural behavior is not trivial and presents several
complexities given by the positioning of the panels and

Fig.1 1:10 Scale model demonstrator of the SGS (model by the
author Froli)

the response of the whole structure with respect to the
suspension system.

To state the feasibility of the structure and to vali-
date the structural concept local and global analyses are
performed. In the preliminary design phase a reduced
model of the glass panels is adopted. Then, detailed
local analyses have been performed.

2 Conceptual design and structural system
2.1 Structural concept

The static concept is founded on the collaboration of a
wire frame steel structure with spherical bent laminated
glass panels (Fig. 2). The steel grid is made of rods that
merge in three-way nodes by means of a concentric
bolt. Additionally, these nodes are shaped to clamp the
vertices of glass panels.

Given these boundary conditions, a nodal load-
transfer is expected. Therefore, on a global-level the
main loading path is aligned with the edge of the start-
ing mesh and consequently the rods can be either ten-
sioned or compressed. Since the panel corner is not
glued but it is simply supported in a dry clamped node,
no tension can be transferred to glass. If the ideal edge
stretches, tension flows on the rod only; if it shrinks,
the rods and the adjacent glass panels work in parallel
(Fig. 3).

Apart from aesthetic reasons, the panel double cur-
vature is a local-level strategy to stiffen the glass.
Indeed, as long as the nodes are kept in a fixed posi-
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Fig.2 Concept of structural system: bent panels and wire frame
steel mesh are connected at the nodes; the panels’ edges are then
sealed for waterproofing

tion by a polygon of steel rods, the curved glass panel
is well supported and can act as a load-bearing shell
element. The obtained advantage is to have a stiffer
element compared to what it woulve in the case of flat
panels. Moreover, the panels are considered as lami-
nated for a safe fail.

The panels vertices are rounded to avoid peak stress
concentration and to allow small and reversible dis-
placements under dynamic loads to dissipate energy
as performed by Travi Vitree Tensegrity (TVT) proto-
types during the experimental tests (Froli and Mamone
2014). Even though the dynamic aspect is not specif-
ically addressed in this work, it is important to see
it as part of the conceptual design. The dynamics of
glass structures and its interaction with other structural
components are becoming an important research topic

Fig. 3 Free body diagram
for the static behavior of
reinforced curved polygonal
panels

@ Springer

(Bedon et al. 2018; Bedon and Amadio 2018; Santar-
siero et al. 2019; Casagrande et al. 2019).

2.2 Redundancy concept

Redundancy is a fundamental requirement in glass
shells (Engelmann et al. 2017) and should consider sce-
narios in which glass is cracked.

Regarding the geometry, using a polygonal tessella-
tion of the ideal glass surface offers in general a redun-
dant design solution. In fact, in case of glass cracking,
having five or six panels in adjacency, alternative load
paths may develop. However, a discontinuity on a sin-
gle node has the effect of weakening the shell behav-
ior. This is the reason why the grid of reinforcement is
paramount to avoid these local failures to propagate in
global collapses. The grid provides a lower-bound or
residual stiffness level.

Evaluating the redundancy from considerations at
local level may be very difficult. On the other hand,
a more straightforward approach can be adopted con-
sidering an extreme failure scenario (‘worst case sce-
nario’) in which all panels are supposed collapsed (Froli
and Laccone 2018). Therefore, collapsed panels are not
able to carry shell forces but only to transfer loads to
the vertices. This behavior is mechanically akin to a
grid shell and can be easily simulated.

2.3 Joint design

The node is the fundamental component of the sys-
tem since it does accomplish several requirements. The
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Fig. 4 Conceptual design
of the node for the SGS

node is inspired by the TVT nodes (Froli and Mamone
2014), which have been designed for post-tensioned
glass beams. A conceptual view of the node designed
for the SGS is in Fig. 4. This node is built on two levels:
the lower one to connect the rods; the upper one to con-
nect the vertices of panels. The two groups of structural
elements can be slightly spaced without inducing any
geometrical distortion on the node, and with the advan-
tage of presenting only the glass surface on the outside
of the shell to benefit from a continuous reflectivity and
water-tightness.

The valence 3 node has fostered a compact and aes-
thetically pleasant design in spite of the demand of stiff-
ness, strength, dry-assembly moving spaces that on the
other hand are more easy to accomplish with an over-
sized component.

Like TVT nodes, the glass to steel contact is avoided
by the interposition of softer material such as alu-
minium type EN AW-6060 T5 and polyethylene. More-
over, these spacers have to consider the tolerances of
panels and to guarantee the contact of steel and glass
at the assembly phase. The tolerance of glass panels is
the weakest point in the system and is related with the
outline precision and in turn with the accuracy of bend-
ing and lamination. This tolerance should be within
the limit of &3 mm (Bundesverband Flachglas 2011),
but also higher values of +£5 mm have been experi-
mentally found (Bukieda et al. 2018). The control of
bending geometry constitutes the major issue. It is rec-
ommended to realize prototypes to be surveyed and
tested with real load scenarios. If larger tolerances are

found on the prototypes, then the node design has to be
updated in order to include additional adjustment capa-
bility, to embed thicker spacer material or to increase
the clamping area. These scenarios affect the structural
behavior of the connection, which is to be tested and
better characterized in order to update the FE model.

The current node has been verified for robustness,
namely to be over resistant with respect to the forces
transferred from the incident elements. Moreover, the
feasibility of all the assembly movement have been
checked since one of the strengths of this system is
the dry assembly, which favors an easy construction
and replacement of damaged components.

3 Case study description, analysis method and
materials

3.1 Geometry of the SGS

In terms of geometry, the present case study is obtained
from a sphere with 6 m-diameter. This surface is seg-
mented with a regular tessellation producing the trun-
cated icosahedron, which is an Archimedean solid, one
of 13 convex isogonal nonprismatic solids whose faces
are two or more types of regular polygons. In this case,
there are 12 all-equal regular pentagonal faces, 20 all-
equal regular hexagonal faces (Pottmann 2007). Regu-
lar polygons are equlateral and equiangular.

The geometrical approach to generate the truncated
icosahedron is the typical tessellation sequence that
starts from the icosahedron solid and cut each vertex by
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Fig. 5 Geometric
construction of the
truncated icosahedron from
the icosahedron

Table 1 Metrics of the suspended sphere case study

Unit Value
Area m? 106.30
Volume m? 97.95
Diameter mm 6000
Mesh edge length mm 1210
Num. edges 90
Num. pentagon faces 12
Num. hexagonal faces 20
Num. nodes 60
Node valence 3

Area and Volume are referred to the truncated icosahedron as per
Eq. 1

means of a plane, whose normal is equal to the vertex
normal (Fig. 5). Two possible solids can be derived: the
truncated icosahedron with constant face area and the
truncated icosahedron with constant edge length. This
latter strategy has been selected and, in particular, the
planes divide the original icosahedron edges in three
segments. Some of the main quantitative information
such as area A and volume V can be evaluate analyti-
cally from the edge length / (Eq. 1). The main measures
of the case study are included in Table 2.

A= (30J§ +3v25+ 10J§> R

The truncated icosahedron has 60 all-equal vertices
of valence 3. After the truncation the nodes valence
goes from 6 to 3 with a beneficial effect on the design
of connections for low valence nodes (Table 1).

The vertices and the edges of the truncated icosahe-
dron are selected as nodes and as unbonded reinforce-
ment of the structure respectively. The panels of the
structure are obtained by projection of the faces on the
sphere that pass through the vertices of the solid. Thus,
both the reinforcement and the panel vertices merge
in the same set of nodes. The faces of the structure
are double curved spherical panels of 3 m radius, their
main dimensions are included in Table 2 and illustrated
in Fig. 6. All panels have rounded vertices of radius
100 mm.

The structure is supported by a suspension system
made of 5 masts and a net of cables, which empha-
sizes the weightless appearance of the sphere, which
has a mass m = 6600 kg. The cables are fastened to
10 nodes of the sphere, of which 5 belong to the lower
pentagon of the structure. These lower-pentagon nodes
are not directly attached to the cables but are sustained
by a pentagonal steel ring. From the dynamic point of
view, this support system constitutes a decoupling of
the sphere motions from the foundation, which could
result useful to decrease the demands for earthquake
or wind excitation. A rendered view of the SGS is in
Fig. 7.

1
V=, (125 +43V5) 7 1)
Table 2 Geometry of the Area (m?) Circumscribed circle Rise (mm) Vertex angle (deg)
two types of panels .
radius (mm)
Pentagon 2.69 2060 165 108
Hexagon 4.12 2421 255 120
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Fig. 6 Geometry of the
regular pentagonal and
hexagonal panels used in
the SGS

Fig.7 Impression of the SGS case study in a urban environment

3.2 Analyses

The validation of the proposed concept is tackled at two
levels of investigation: local and global level. The local
level analyses regard the structural response of regular
pentagonal and hexagonal panels in terms of stress,
displacement and buckling. An additional outcome is
the calibration of a reduced truss model to be used for
design purposes in the global level analyses. This latter
regards the static response of the whole structure and

the robustness evaluation in the ‘worst case scenario’
(WCS). Then, a full detailed model is built and all load
combinations are explored.

Depending on the conceptual design and on the
employed joints, the panels are expected to perform a
rocking dynamic motion within their polygonal frame.
This effect is neglected in the present case study as
it goes beyond the objectives of the work. However,
a dynamic model has been created to study the natu-
ral frequencies of the system. In this model, the whole
sphere is considered as rigid system.

The following sections are organized to include
models and results for each level of investigation.
Although they are based on the SGS geometry, local
analyses in Sect. 4 and global analyses in Sect. 5 present
approaches and results that can be extended to other
case studies based on the present concept. Instead, the
content of Sect. 6 pertains the suspended systems which
are not necessarily related to glass shells.

All FE models are realized by means of a commer-
cial software (G+D Computing 2005, 2010).

3.3 Materials

Glass and common structural steel are the two mate-
rials considered in the simulations. The glass panel is
made of two plies of 10 mm glass, which are grav-
ity bent, chemically strengthened and laminated with
interposed a 1.52 mm PVB layer. Detailed specifica-
tions are included in Table 3. All the materials have
been defined as isotropic linear elastic.

@ Springer

a Journal: 40940 MS: 0130 [_|TYPESET [ DISK [_]LE [_]CP Disp.:2020/8/25 Pages: 22 Layout: Medium

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395



396

397

398

399

400

401

402

403

404

M. Froli, F. Laccone

Table 3 Components and material adopted for the FE models

Component Material Type Size/cross section Mech. Parameters
Glass panels Bent, laminated CS 10 + 1.52 + 10 mm E; =70 GPa; v = 0.23
Reinforcement rods Structural steel S275 D =33.7mm;s = 3.2 mm

Pentagonal ring Structural steel S275 D =76.1 mm; s = 5.0 mm E; =210GPa; v = 0.3
Masts Structural steel S275 D = 168.3 mm; s = 10 mm

Cables Steel D,y = 18 mm E. =200GPa;v=0.3

CS stands for chemically strengthened

4.6
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Center vertical displ. 6Z (mm)
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(=)

34

10 15 20 25 30 35 40 45 50
Mesh edge (mm)

Plte Aspect RaiofMax/Min)

Fig. 8 Sensitivity analysis of FE plate model of the bent glass panels

mesh: a pentagon, b hexagon

4 Structural response of polygonal doubly-curved
glass panels and reduced model calibration

4.1 Model

The bent glass panel has been modeled as FE plate
shell elements with an edge size dimension of 20 mm
(Fig. 8). For this single-ply model, the equivalent thick-
nesses of glass have been used. The calibration of the
boundary condition is the most demanding part of the
work. In the absence of experimental data, the stiffness
of the compression-only contact elements is deduced
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Mesh edge (mm)

(b)

at the top and aspect ratio contour map of the 20 mm-edge-size

as done for the TVT connections on the basis of the
spacer material.

Geometrical and contact nonlinearities are consid-
ered in the analysis. The following calculations are pre-
formed in the worst condition for geometry and load
within the SGS. In particular, there are three extreme
representative loading conditions for both panels: (a)
the panel is in a concave position, i.e. at the top of
the structure, with gravitational load and snow; (b) the
panel is in a convex position, i.e. at the bottom of the
structure, with gravitational load; (c) the panel that has
one or more vertices on the supports, in this case an
asymmetrical reaction force is to be summed to face
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Fig. 9 Geometry and loads 2.45 kN/m?

on panels: a convex, b

concave position

5

loading. Among the three, the case (a) is the better per- stress is almost null, in the concave position it reaches
forming and the case (b) is the worst condition (Fig. 9), the value of 011 = 29.4 MPa because the panel behave
as a tensile membrane.

For the deformations, the support nonlinearity is
decisive. The convex panel is well supported by the
compression-only support and then result very stiff. On
the other hand, the concave panel suffers from a less
stiff clamping reactions. This effect appear even more
enhanced considering that the SLS load on the concave
panel is about half of that on the convex one. How-
ever, even considering the limitation of CNR (2012)

therefore case (c) is omitted for sake of brevity.

4.2 Stress and displacement results

The results of conditions (a) and (b) are shown in
Fig. 10, from which it is possible to show how dif-
ferent is the behavior of the panels in both cases due to
the shape effect. While in the convex position tensile

Plate Stress: 11 -z surface (MPa)
1.498 [P:3594,Nd:3731]
1212

Plate Stress:11 -z surface (MPa)
26.718 [PLSS7.NA:654]
25,32

5323
22533
19.744
16954
14.164
11374
I 8584
5794

3.005

0638
0.065
0508
-1.081
-1.654
! 2228
2801
3374
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Fig. 10 Maximum principal stress results for panels in a convex, b concave position
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Fig. 11 Deformation for the hexagonal panels in a convex, b concave position

i/100 = 12.1 mm the maximum deflection of the con-
vex panels results well within this limit.

4.3 Buckling

For compressed panels, a risk to prevent is to have
a buckling failure for design loads. Although exten-
sive literature has been developed on glass buckling
(Bedon and Amadio 2014; Bedon et al. 2015; Lépez-
Aenlle et al. 2016; Bedon and Amadio 2016; Luible
and Scharer 2016; Liu et al. 2017; D’ Ambrosio and
Galuppi 2020) including cold bent glass performances
(Galuppi et al. 2014), heat curved panels seems to be
not investigated. Due to the impossibility to rely on
realistic methods, a first attempt can be to look at ana-
Iytical solutions and make safe assumptions (Fig. 11).

To be on the safe side, the buckling analysis could be
performed at the layered limit, so on a single ply of the
panel, neglecting the contribution of the interlayer and
the collaboration with the twin panel. A closed form
solution of the buckling load (Timoshenko and Gere
2012) for shallow spherical cap shell with pin supports
and a uniformly distributed pressure is given in Eq. 2.

2E ( ! )2 o

Gor = —F/—————\ 5

T BA— ) \R
The values of + = 10 mm and R = 3 m are adopted.
However, neither the boundary conditions nor the result
is satisfying because in the first case, the actual panel
is point supported, and in the second case, an upper
bound for the solution was expected but the equation

@ Springer

led to a value of g¢, = 930 kN/m? that equals to a load
multiplier of 379.6, namely number of times the design
pressure on the concave panel 2.45 kN/m?. This results
is too high to be regarded as plausible.

The FEM linear buckling analysis led to a more real-
istic yet still very high value of the buckling factor
A = 12.53, taking as initial condition the load on the
convex hexagonal panel. Realistic boundary conditions
are included.

Again, the obtained value is not physically plausible
because if the panel is loaded by the critical buckling
load using a static solver it can be observed that the
maximum principal stress is far beyond the character-
istic strength of the material. It means that the panel
tensile failure occurs before buckling. From an incre-
mental nonlinear analysis of the panel, the characteris-
tic strength is reached for a load multiplier of 3.15. Also
in the case of asymmetrical loading conditions, glass
tensile failure remains the most likely failure modal-
ity; these scenarios need to be checked via incremental
nonlinear analysis.

Further investigations are needed to confirm these
preliminary results and most importantly to include the
panel imperfections that are to date unknown and have
been neglected.

4.4 Stiffness-based reduced model calibration

One of the main advantages of using a point-supported
panel as single structural unit is that it can be reduced
into an assembly trusses, whose elements are incident
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Plate Stress:22 Mid plane (MPa)
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S 0986
Q3001
0 5196
M: 7301
K: 9406
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G: 13616
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E 15721 )
C: 17826
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: 19931 [
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b
(@)

Plate Stress:(V22) Mid plane (MPa)
-0.003 [Pt:4645)
-1.028

3079
5129

| AT
9230
-11.281
B 13332
| 15382
-17.433

-19.483
20,509 [P:6121]

Fig. 12 Minimum principal stress on the hexagonal panel: a isolines; b vector field

Fig. 13 Stiffness-based
reduced truss model for a
the pentagon and b the
hexagonal panel

(@)

Table 4 Adopted cross section in the glass panels’ reduced model

! % %ﬂ rW
= ) > =
. A~

®

Component FE type Material Cross section/stiffness Mech. Parameters

Hexagon blue edges Truss Glass Round D = 15.3 mm Eg =70 GPa; v = 0.23
Pentagon blue edges Truss Glass Round D = 15.2 mm Eg =70 GPa; v = 0.23
Green edges truss Glass Round D = 13.0 mm Eg =70 GPa; v =0.23

Link to the main node point contact -

k = 560 kN/m (Compression only)

Reference to colors of Fig. 13

into the support nodes. This is justified by the resulting
stress paths on the shell element (Fig. 12). In other
works concerning polygonal tessellations such as Froli
and Laccone (2017), a fan-shaped truss grid has been
used to simulate the stiffness contribution of plexiglass
panels that infill Voronoi meshes.

For the present structural concept, a simply fan-
shaped truss with the central node located on the panel
center would have been very sensitive to support condi-
tions and non-membrane loading, and so not represen-
tative of the actual behavior. Therefore, it is added to a
second flat layer of truss (i.e. in this case this is equal to

a projection on the flat face) and ring elements. Thus,
a volumetric tetrahedral structure is formed, and the
shape stiffness given by double curvature is suitably
modeled. The model is represented in Fig. 13 while
the geometric and mechanical properties adopted are
included in Table 4.

A comparison based on the stiffness of the two mod-
els (the plate and the reduced truss) is used to cali-
brate the size of the truss elements. A stress criteria
has indeed no meaning since stress verification can be
executed on more accurate plate models. The springs
at the vertices are equivalent to the nonlinear supports
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Fig. 14 Stiffness calibration of the reduced models: a in-plane load; b out-of-plane load

Fig. 15 Global models: a
full model with reduced
truss as glass panels; b
worst-case scenario model

of the plate model. The calibration has been executed 5 Global analyses

for both in-plane and out-of-plane loading. In the first

case, the vertices are loaded with forces that are within 5.1 Model

the range of the expected reactions at the supports. In

the second case, the truss is loaded with vertical load- In a first stage, a global model of the SGS is built

ing equivalent that are equal to the total face pressure (Fig. 15) in order to design the steel components. A

divided in proportion to the Voronoi area of the mesh reduced model as per Sect. 4.4 is employed to describe

(Fig. 14). the stiffness of bent glass panels. Beam elements are

The reduced model is employed into the design of used for the rods and for the masts, cut-off bar elements

the truss and the estimation of the WCS performance are used for the cables. Cross sections and material as

of the structure. per Table 3 are used. Nonlinear spring dampers simu-
lates the connection of the panels vertices with the steel
nodes.
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Fig. 16 Model and loads
on the global model: at the
top left, symmetric snow
load anow,x.\'m§ at the top
right asymmetric snow load
anow,a.vym§ at the bottom
10” wind load Wy

st

0.77 kN/m?
0.73 kN/m?

The loads are applied on the vertices of the truss that
represent the panels in proportion to the Voronoi area.
Geometrical and contact nonlinearities are considered
in the analysis, while materials are assumed linear. In
this phase, gravitational and wind loading in X direc-
tion (W, 3) are used. Their intensity and geometry is
later specified (Figs. 16, 17).

In order to make comparisons with the ULS, another
model named WCS has been realized to simulate the
‘worst case scenario’. In this model, the panels are sup-
posed to be cracked and unable to play any structural

TN
-3.00 kN/m?

-1.20 kN/m? 9s2

0.22 kKN/m*

0.21 kKN/m*
0.20 kKN/m*
0.19 kN/m?
0.18 kN/m?
0.16 kKN/m*
0.14 kN/m?

Px.10

0.50 kN/m?

role, except to transfer loads on the steel nodes. There-
fore, they are removed and their load is directly posi-
tioned on the nodes.

With the aim of testing the response of the structure
with respect of all kind of loads, a full detailed model is
developed. This model includes the panels as FE plate
elements with equivalent thickness. The applied loads
are schematically represented in Figs. 16, 17 and are
combined according to the scheme of Table 5. Since
the SLS is governed by the suspension system the
SLS combinations are omitted. This model is used to
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Fig. 17 Model and loads
on the global model: at the
top, 3” peak wind load W3~
at the bottom left, art
installation load G 4/; at
bottom right, temperature
load Temp

)

1.62 kN/m?
1.55 kN/m?

0.40 kN/m*

0.45 kN/m?

0.43 kN/m?
0.42 kN/m?
0.40 kN/m?

0.38 kN/m?*

0.35 kN/m?

1.07 kN/m?

+45°C
(AT=+30°C)

QZ

T,=+15°C

Table 5 Coefficients for ULS load combinations employed for the structural verification of the full detailed model (ref. Sect. 5.4)

Name Gy P G2.art Qsnow,sym Osnow,asym Wi 10 Wi Wy 3 W, 3 Ok.H Temp
ULS1 1.3 1.0 1.5 1.5 0 0.9 0 0 0 0 0.9
ULS2 1.3 1.0 1.5 0 1.5 0.9 0 0 0 0 0.9
ULS3 1.3 1.0 1.5 0 1.5 0 0.9 0 0 0 0.9
ULS4 1.3 1.0 1.5 0.75 0 1.5 0 0 0 0 0.9
ULSS5 1.0 1.0 0 0 0 0 1.5 0 0 0 0.9
ULS6 1.3 1.0 1.5 0 0 0 0 1.5 0 0 0.9
ULS7 1.0 1.0 0 0 0 0 0 0 1.5 0 0.9
ULS8 1.3 1.0 1.5 0.75 0 0.9 0 0 0 0 1.5
ULS9 1.3 1.0 1.5 0.75 0 0.9 0 0 0 1.5 0.9
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Axial Foree (kN)
37.219 (Bm:874]
34.064
27.755
21445
15.136

8.826
2516
-3.793
-10.103
-16412
<22.722

25877 [Bm:619]

6222
3.806

-10.692
-13.108

Axial Foree (kN)
9.846 [Bm:849]
8638

1390
-1.027
3443

u 5859

8275

-14316 [Bm:791]

(b)

Fig. 18 Axial forces on the rods at the ULS for the model of Fig. 15a: a gravity loadings; b prevalent 3" X wind combination (glass
elements included by means of reduced models and suspension system are hidden for output display reasons)

make comparison with a similar state-of-the-art struc-
ture with glued butt joints.

5.2 Stress and displacement results

As demonstrated also in the previous Sect. 4, using
a target geometry of a sphere this case study has the
advantage of highlight simultaneously different local
behavior of the components. An illustrative output is
in Fig. 18, in which are shown the axial forces on the
rods. Glass panels and the suspension system are hid-
den for output reasons. It can be deducted that for grav-
ity loading (Fig. 18a) the upper cap of the sphere is
mostly compressed with small values of axial force,
showing that glass is working in the best condition and
carries most of the shell action. On the lower side, the
panel is in convex position and its stiffness is lower,
and as demonstrated by axial forces the steel becomes
the stiffer component.

Same discussion can be made for the wind load com-
bination shown in Fig. 18b: rods in the wind direction
are compressed, the upper cap is still behaving as a
shell, while on the other side maximum absolute val-
ues of axial forces occur on the rods.

As expected, the maximum deformation achieved
at the SLS is also a function of the deformation of the
supports. This dependency is discussed in Sect. 6, how-
ever it is possible to quantify the stiffness of the struc-
ture by comparing the displacement at the SLS in the
present model (Eq. 3a) with that of the model used in

the next paragraph to measure the redundancy subject
to the same SLS load (Eq. 3b). Within the framework
of the same geometry, support and loading conditions,
this can be regarded as comparison of a structural shell
designed in accordance with the proposed concept and
a grid shell. It provides a measure of the contribution
of glass as structural material.

6, =11.0mm < D/500 = 12 mm

8y =32.7mm < D/180 =33 mm (3a)
8z,WCS =33.0mm
Sx.wcs = 66 mm (3b)

5.3 Redundancy

An effective measure to quantify the redundancy is
derived by comparing the safety factors achieved by
the steel components in the two models under gravity
loading: full model at the ULS (Fig. 18a) and WCS
model (Fig. 19). Table 6 shows the safety factors of the
most stressed steel elements in both cases. Because the
SGS manifests either membrane and bending forces,
the rods are stressed by all forces, therefore they should
be consequently considered in the verification.

The safety factor SF in the WCS model is as
expected lower with respect to that in the ULS. In the
WCS, glass is in a fractured condition, so it provides no
stiffness contribution but it is still able to distribute load
to the rods. Therefore, the deformability of the struc-
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Axial Force (kN)
10,807 [Bm:35)
9.584

7137
4690
2243

0204

2651
5097
1544

9.991
12438
-13.662 [Bm:7)

Fig. 19 Axial forces on the WCS model at the ULS for the model
of Fig. 15b (loads are applied at the nodes since the glass has no
load-bearing function)

Table 6 Safety factor SF on steel rods and redundancy R eval-
uation

Load case SF; SFwcs,i

SFi/SFwcsi =R

ULS 2.94 1.02 2.88

ture increases with a consequent increase of bending
moments on the rods. The almost-unitary value of the
S Fwcs reveals that the structure is still able to bear
the dead load without collapsing, and allows the oper-
ators to remove the causes of failure and to replace the
components.

From the ratio of the two safety factors, aredundancy
factor R of about 3 is derived, and it can be considered
a good result despite the mechanical complexity of this
case study. The value 3 bound has been assumed in
similar work (Weller et al. 2008; Laccone 2019).

As a matter of fact, the rods are well sized and per-
form the double function of reinforcement, as demon-
strated in asymmetric loading conditions (shown in
Fig. 18b), and of robust skeleton to avoid collapse in
extreme scenarios.

5.4 Detailed model and comparison
with an all-glass structure with glued butt joints

The ULS performances of the SGS are quantified
through a full detailed model that includes the glass
panels as FE plate elements (Fig. 20a). The output
confirms the statics of the present structural concept:
in particular glass is mainly working as a compressed
membrane; the rods keep the joints in their position and
sustain tension load when the edge is tensioned, since
glass panels have compression-only constraints and
can escape relevant tension stress. However, maximum
principal stress occurs in the nodes’ closeness but it
results within the material capacity. Although the lower
part of the sphere is less efficient because distributed
loads stress glass as a tensioned membrane, a good
safety level is maintained due to the grid of rods. In
general, these effects can be observed for all load cases.

Axial Stress (MPa) Plate Stress:11 Mid plane (MPa)
71.240 [Bm:300] 41.499 [Pt:21346,Nd:900]
65385 38718

53.674
41.964
30.253

18.543

[ 6.832
-4.878
-16.589

-28.299
-40.010

(@)

Fig. 20 Full detailed model: a model; b ULS4 results (bottom view, the suspension system is hidden for output display reasons)
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o,

®

Fig. 21 Comparison of the present concept a with an all-glass concept with glued butt joints b for the SGS geometry: results for the
ULSI1, G2,4r/ has not been included in the analyses (bottom view, the suspension system is hidden for output display reasons)

An exception is the temperature load. Since no
detailed environmental studies are used, it is supposed
to have a variation of AT = =£30° on two halves of
the surface (see as ref. Fig. 17). This loading geometry
is conventional and it is established to maximize the
stress and deformation within the loads combination.
The most remarkable effect of temperature occurs on
the ‘cold’ side of the sphere. Hence, the glass shrinkage,
which is lower that the steel, imposes a deformation on
the steel rods that force them to stretch. This effect
is mitigated by the spacers at the joints. The reverse
effect on the ‘warm’ side does not take place due to
the compression-only glass support. Lastly, the stress
induced on the panel at the transition of shadow zone
results within the material capacity.

The static response of this model is compared with
a similar state-of-the-art concept, which is an all-glass
shell with glued butt joints. This model apopts the same
panels’ geometry and a constant 10 mm width joint
as in Blandini’s prototype (2005) along all edges of
glass panels. The adhesive with Young’s modulus of
E.an = 1 G Pais simulated with linear springs, whose
properties are deduced from the work of Bagger (2010)
(FacC_adh1 model). There are no rods in the model,
except for the lower pentagonal ring. It constitutes the
support of the sphere and sustains tension load. To avoid
introducing punctual loads, the G2 4, load case is not
included. A comparison for the snow-prevailing load
combination is reported in Fig. 21. The figure reports
the elements of the bottom hemisphere and it shows that

the steel rods relieve glass from carrying tensile forces,
which instead using the state-of-the art concept are sus-
tained more diffusely by glass. On the top hemisphere,
similarly in both cases, glass is mainly compressed.
The adoption of a steel grid has an important practi-
cal outcome since it avoids the use of rigid scaffolding
for the panels lying, which is instead necessary for the
realization and curing of glued butt joints.

6 Influence of the suspension system

Based on the SLS results obtained from the global
model in Sect. 5, it appears evident that the maximum
horizontal and vertical displacements of the structure
are related to the stiffness of the suspension system.
Only a minimal part of the global displacement are due
to the deformation of the sphere. A major role is played
by the post-tensioning force of the cables. Figure 22
shows parametric plots of the maximum vertical and
lateral displacement of the structure with respect to the
applied post-tensioning force. It is evidenced that good
deformation parameters can be obtained by adopting a
value of 45 kN.

6.1 Modal analysis and
parametric investigation on the suspended system

An additional aspect related to the suspension system
concerns the dependency of natural frequencies of the
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Fig. 22 Parametric plots of the influence of the cable post-tensioning P on the maximum displacement of the SGS (a) §; ;4 in the

vertical and (b) 8y a4y in the horizontal direction

Fig. 23 Schematic graphic representation of the 2D analytical
dynamic model

SGS on the post-tensioning. In order to generate these
parametric plots, first a FEM 2D and then a 3D model
have been created.

The 2D model exploits one of the symmetry axis
and represent cumulative inertial components (mass
M = 6600 kg, rotational inertia I = 297 kg/m?)
and equivalent stiffness of the cables, which have been
projected on the symmetry plane. The SGS is consid-
ered as a rigid body. As a 2D plane model, it has three
Lagrangian parameters. To check the FEM model a
simple analytical model has been developed (Fig. 23)
from the dynamic equilibrium (Eq. 4).

[M{X} + [K]{x} = {0} “)

@ Springer

The eigenvalues of the system in Eq. 5 provide the natu-
ral frequency of the non-post-tensioned system (Eq. 6).

M3x + (klﬁ/z + klﬁ/2> x1 =0
M + (klﬁ/2 + klﬁ/z) X2+ (k2 + k2)xr = 0
IMr20 + (kir + kin)o + (ki +kit)o =0

(5
fi =835 Hz
fr=1222 Hz (6)
f3=16.07 Hz

However this model is affected by an error of having
neglected the post-tensioning induced by the weight
of the structure, which will be considered in the FEM
model. Building on the 2D model knowledge, a 3D
model has been developed.

6.2 Results of modal analysis

The results of the parametric investigation on the nat-
ural frequencies are included in Fig. 24. It can be
observed that the post-tensioning force has not a large
effect on the natural frequencies. Only providing or not
post-tensioning forces constitutes a remarkable modi-
fication of the system. The modal analysis on the 3D
model (Fig. 25) shows results that are in line with the
2D model and are affected by the same sensitivity.

It is possible to conclude that the post-tensioning of
the suspended system has to be sized in a static scenario
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Fig. 24 Parametric
investigation on the effect of
post-tensioning on natural
frequencies using the 2D
model

since the dynamic model is only secondary affected by
this value. In spite of this little sensitivity, a more impor-
tant outcome of the modal analysis can be traced: the
SGS considered as a rigid body has typical frequencies
of an isolated structure. Consequently, in a full dynamic
analysis of the SGS, the structural demand is supposed
to be filtered and lowered by the suspension system.
Moreover, the cables can be equipped with damping
devices to add an energy dissipation capability to the
system.
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7 Conclusions

The proposed structural concept has been applied to the
case study of a 6 m-diameter suspended glass sphere
(SGS). This structure is a thin shell made of spherical
pentagonal and hexagonal panels, coupled with a grid
of straight rods. Hence, glass is used as a structural
material.

This case study is particularly meaningful because
it evidences the strengths of the concept. Indeed, the
geometry of the loads and the components within the
structure stresses the panels and the rods quite differ-
ently. It works best when the panels are concave and
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Fig. 25 Modal analysis on the 3D model

well compressed, in this case the structural capacity of
glass is exploited and the rods are marginally utilized.
So, the concept appears very promising, particularly
suited for compressive structures. On the other hand,
due to the nonlinear nature of the clamping, loading
convex panels stresses more the rods. This feature is
useful also in wind suction areas or in case of asymmet-
rical loads. This makes the concept a valid alternative
with respect to the state of the art since the tensile stress
on glass lowers and accordingly the risk of cracking.

The redundancy concept envisages the possibility to
entrust the whole bearing capacity to the grid of rods
in an extreme scenario where the panels are simulta-
neously cracked and then able only to transfer the load
at the nodes. The validation has been performed on a
global FE model in which is observed an increase of the
bending forces on the rods that lowers the safety factor
of the grid. The ratio of the safety factors on the steel
components provides a measure of redundancy, which
reaches in this case a safe-enough level of about 3.

As an outcome of this holistic approach to the con-
ceptual design that considers architectural and struc-

@ Springer

tural requirements, the SGS results feasible and safe.
Moreover, there are some open points that deserve fur-
ther investigation.

The hypothesis of a complete glass collapse is one
of the possible and more conservative scenarios, how-
ever also partial failure of panels might be considered,
and both their global and local effect. The concave
shape of the panel has an inherent robustness, and even
if cracked it may be supposed that it can develop a
membrane effect, which could still preserve the bear-
ing capacity yet with a reduced stiffness.

For a detailed structural design and for applications
of the concept to other shapes, considering the imper-
fection is mandatory either at global and at local level.
The node design may be updated if in this latter case
different tolerances are required. When facing detailed
design or fabrication, the control of bending geometry
will represent the major issue to deal with. It is recom-
mended to realize prototypes to be surveyed and exper-
imental validated. In general, literature on the topic of
bent glass has to be developed in order to expand its
use in architecture and as structural material. Future
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investigation is required on several topics such as the
imperfection size and shape, the buckling and the post-
cracked behavior.

Finally, the dynamics of this structure has to be
expanded on two directions: on a concept-related level
to consider the dissipation capabilities of the dry-
clamped glass panels, which is expected to be similar
to the TVT behavior; and at the case-study system level
to evaluate the isolation and dissipation capacity of the
suspension system.
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