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Preface

The relationship between architecture and structure is a key point in the conceptual phase
of a building or one of its components. Glass structures can be considered optimal from
the material usage viewpoint because they simultaneously offer transparency, an idea always
pursued by architects, and good structural performances.

Transparent and free-form glass shells are fascinating objects from both the aesthetic and
structural engineering point of view, but are practically difficult to realize, apart from limited
favourable cases, and have a low safety level. This work explores a new structural concept
for triangulated glass shells, in which the glass panels are both reinforced and post-tensioned.
Hence, the net formed by the reinforcements constitutes a redundancy barrier to avoid global
collapse in case of glass cracking.

In order to ensure an adequate safety level, glass should be prevented from carrying tensile
stresses. To this aim, a novel algorithm is developed for the automatic design of the piecewise
geometry of the shell and the derivation of the optimal cables distribution with respective pre-
loads.

Global nonlinear analyses have been performed to prove the feasibility of the concept and
to highlight the advantages that these structures offer with respect to the grid shells competi-
tors. At the local level, the main components of these systems are investigated: the node is
tested experimentally and its behaviour is successively described numerically, and the trian-
gular laminated panels are explored with parametric nonlinear models.

The thesis is written as a monograph. Some papers prepared during the study are included

as part of the work.

Pisa (Italy), March 2019 Francesco Laccone
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Summary

The constant architectural request for transparency and de-materialization of primary
structures and building skins appointed glass as structural material in contemporary build-
ings. Structures made of glass are essential from the material usage point of view because
they constitute not only a transparent and fascinating building separation but also they can
bear loads. However, the design and realization of large glass structures rely on two signifi-
cant requirements. The first one is to assure adequate safety levels. Theoretical formulations
concerning the remaining life-time of a glass pane submitted to a given load history are very
complex and their predictions can not exclude brittle failures, so are not yet reliable enough
for practical purposes. As a consequence, it is always necessary to assume the occurrence of
a brittle failure in one or more glass components and to design consequently the whole con-
struction to assure a residual safety level even in those accidental scenarios. Such a result can
be reached by following the principles of the Fail-Safe Design and by adopting the concept
of hybridism to relieve the glass material lacks.

The second requirement is to guarantee limited rehabilitation costs in case of glass crack-
ing. Indeed, although a fail-safe glass structure dismisses the global collapse of the construc-
tion, the only occurrence of just a single crack produces economic damages comparable to
global collapses, especially for monolithic or splice-laminated glass elements, since for aes-
thetic and psychological reasons, cracks are not tolerable, and the complete substitution of the
damaged structure is unavoidable. Based on Damage Avoidance Design, glass segmentation
and reciprocal diffuse post-tensioning by steel tendons, may be implemented as a cost-saving
strategy where the replacing is limited to the only collapsed elements.

Inspired by these principles, this research explores a new design concept for hybrid glass-
steel post-tensioned long-span shells to tackle both requirements. This concept is established
on the developmental chain of the Travi Vitree Tensegrity (TVT) structural system, intro-
duced by Froli (Froli and Lani, 2010; Froli and Mamone, 2014) and patented by the Univer-

ix
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sity of Pisa (Froli, 2006, 2014).

Hybrid glass-metal systems are up to now limited to mono-dimensional elements (such
as beams and columns) or simple bi-dimensional elements (arches, domes, barrel vaults). On
the other hand, only few albeit seductive shells made of glass have been built in statically
or geometrically favourable cases while; when the lattice surface is submitted to limited or
diffuse positive stresses, grid shells are preferred as alternatives. In grid shells, apart from
supporting its own weight, glass plays the role of simple cladding, and the load bearing
function is delivered to the metal grid.

The approach proposed and discussed in this thesis is based on the collaboration of mul-
tiple laminated triangular glass panels with a filigree steel truss, which constitutes the un-
bonded reinforcement of each panel edge. The panels are further post-tensioned by means of
cables in order to add a beneficial compressive stress on their surfaces preventing crack initi-
ation. In the development of this challenging long spanned shells, redundancy is an essential
requirement and should be designed properly in severe scenarios, accounting glass cracking.
Thus, the reinforcement cross area can be sized in a performance-based design approach to
support all panels supposed collapsed in the limit extreme case, defined as ‘worst case sce-
nario’. Being unable to fulfil safely any load-bearing task, the cracked panes are considered
as a dead load, approaching the grid shell behaviour.

The conceptual design phase of such shells is managed automatically using an innovative
approach, developed in collaboration with the Institute of Information Science and Tech-
nologies (ISTI), National Research Council of Italy (CNR) in Pisa, that tackles geometric
and manufacture constraints as well as structural requirements. The main components of the
structure are thus generated starting from the remeshing of a continuous shell surface, as-
signed its loading and boundary conditions. The approach is able to place the cables on the
shell to install a favourable static regime on the surface, exploiting the best structural feature
of the glass material that is the compression strength. This automatic cable-placement capa-
bility consists in the most challenging part of the work and, at the meantime, brought to one
of the most significant innovation in the state-of-the-art of pre-stressed structures and of the
static-aware algorithms. In particular, such morphogenesis procedure derives an optimized
cable net, with the relative pre-load, such that the traction on the resulting hybrid shell is
minimized. Cables are aligned to the edges of the mesh to maximize the transparency and for
constructional reasons.

The quality of the results produced and the significance of the proposed strategy is demon-
strated with global nonlinear analyses produced on several datasets. The shells show good
static performances, high stiffness and redundancy rate with respect to the worst case sce-
nario. Moreover, glass panes are prevalently and almost-uniformly loaded in compression.

Also visual and structural lightness are substantially improved with respect to their grid shells
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competitors.

The structural behaviour of these structures is further investigated by means of analyses
on a local plan to confirm their feasibility. The two most relevant components are investi-
gated: the node and the glass panel. Experimental cyclic tests and their numerical description
lead on a six-way node attest the node load-bearing capacity and stiffness, which make it
suitable for the statically-relevant task assigned to it. The finite element models are generated
with a Reverse Engineering procedure. Triangular laminated glass panels are a novel and un-
explored research field, their Ultimate Limit State performances, in the case of in-plane and
out-of-plane loading, are deduced by parametric nonlinear analyses, calibrated on the failure

tests of the TVTYy prototype.

Keywords
Structural glass; Shell; Fail Safe Design; Damage Avoidance Design; Post-breakage be-
haviour; Post-tensioning; Hybridism; Hybrid structure; Triangular glass panel; Architectural
Geometry; Computational Design; Membrane forces; Funicular; Reverse Engineering, Finite
Element Model.

X1



Xii Summary

Xii



Sommario

La costante richiesta architettonica di trasparenza e smaterializzazione dell’involucro e
delle strutture portanti ha permesso al vetro di affermarsi come materiale strutturale negli
edifici contemporanei. Il progetto e la realizzazione di strutture vitree di grande impegno
statico sono perd legate all’ottenimento di due principali requisiti.

Il primo ¢ di garantire adeguati livelli di sicurezza. Nonostante I’accresciuto background
tecnico-scientifico in materia di valutazione della vita utile di un componente vitreo, non &
possibile sottrarsi allo scenario di crisi fragile dell’elemento, soggetto a carichi di progetto
o a eventi accidentali. Conseguentemente, bisogna assicurare la sussistenza di un livello di
sicurezza residuo a danno avvenuto applicando i principi del Fail-Safe Design (FSD) e I’ibri-
dismo strutturale, il quale conferisce duttilita e mitiga le negativita del vetro.

Il secondo requisito ¢ di garantire limitati costi di riparazione nel caso il vetro si fratturi.
Infatti, nonostante il collasso sia impedito se i precedenti principi FSD sono efficacemente
declinati, per ragioni estetiche e psicologiche I’elemento danneggiato va comunque sostitui-
to. Quindi, sebbene lo Stato Limite Ultimo (SLU) non sia raggiunto, le perdite economiche
rilevate sono ad esso comparabili. Ispirandosi ai principi progettuali del Damage Avoidan-
ce Design (DAD) si possono adottare segmentazione e precompressione. Inoltre, in questa
configurazione si ottengono benefici anche allo SLU. Con 1I’obiettivo di soddisfare entrambi i
precedenti requisiti, nella presente ricerca si indaga un sistema strutturale ibrido vetro-acciaio
per gusci sottili trasparenti a grandi luce, il quale si pone in continuita evolutiva con il sistema
Travi Vitree Tensegrity (TVT), brevettato da Froli (Froli and Lani, 2010; Froli and Mamone,
2014) per I’Universita di Pisa (Froli, 2006, 2014), dove i principi enunciati precedentemente
sono stati gia impiegati con successo.

I sistemi ibridi in vetro-acciaio finora impiegati si limitano maggiormente ad elementi
monodimensionali, quali travi e colonne, o a semplici elementi bidimensionali, quali archi e

sue derivazioni. Pochi gusci compressi adottano il vetro come materiale strutturale, e i pochi
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casi, studiati o realizzati, si limitano a casi geometricamente e staticamente semplici. Nella
pratica usuale si preferisce adottare le grid shells dove il contributo statico del pannello vitreo
¢ nullo ad ¢ ridotto a mero tamponamento di un grigliato metallico.

Il presente concetto strutturale si basa sulla collaborazione tra pannelli vitrei triangolari
laminati e un grigliato filigraneo di aste in acciaio, le quali costituiscono gli elementi di
rinforzo del vetro (o armatura, in analogia al caso del cemento armato). Inoltre, tali pannelli
sono pre-compressi tramite un sistema di cavi, il cui effetto ¢ I’innalzamento della resistenza
alla fessurazione. L’aspetto della ridondanza strutturale ¢ fondamentale in questi gusci ibride
e necessita un accurata valutazione della sicurezza residua negli scenari di crisi della struttura.
In particolare, si puo definire una condizione detta ‘worst case scenario’ in cui i pannelli
vitrei si considerano collassati e incapaci di portare carico. In questa condizione, unicamente
il grigliato di aste pud scongiurare il collasso globale. Pertanto, deve essere progettatto per
sostenere almeno il carico del vetro con un comportamento analogo a quello di una grid shell,
anche se con un fattore di sicurezza ridotto.

La metodologia di ricerca proposta per la fase concettuale si basa sulla definizione di
un processo automatizzato di generazione dei principali elementi strutturali a partire da una
superficie ideale continua, assegnate le condizioni di bordo. Tale metodologia, in gradi di
gestire vincoli geometrici, meccanici e costruttivi, & stata sviluppata all’ISTI - CNR di Pisa.
Il posizionamento di cavi post-tesi sulla superficie rappresenta la principale opportunita di
instaurare un regime statico favorevole sulla superficie, sfruttando la caratteristica peculiare
del vetro, ovvero I’ottima capacita di resistenza a compressione. Nella fattispecie, 1’algo-
ritmo sviluppato ¢ in grado di ricavare una rete di cavi ottimale, con relativi gradi di pre-
trazione, tale che la trazione residua sul guscio sia minimizzata. Tali cavi sono allineati alle
aste di rinforzo per motivi estetici di massimizzazione della trasparenza nonché per motivi
costruttivi.

La bonta dei risultati ottenuti applicando questa metodologia a diversi casi studio ¢ stata
provata tramite analisi non lineari da cui si sono riscontrate ottime prestazioni dal punto di
vista statico, alta rigidezza delle strutture e un soddisfacente gradi di ridondanza misutrato
rispetto al ‘worst case scenario’. Inoltre, i pannelli vitrei sono prevalentemente e quasi uni-
formemente compressi. Confrontando i risultati con delle grid shells ricavate sulla base della
stessa geometria, il grado di trasparenza e la leggerezza strutturale dei gusci ibridi risulta
innalzata rispetto a tali diretti concorrenti.

A conferamare la fattibilita di queste strutture, ulteriori investigazioni a livello locale
hanno riguardato il compotamento meccanico di un nodo esavalente in acciaio e del pan-
nello triangolare vitreo. Il nodo ¢ un elemento fondamentale del sistema ed ¢ stato testato
sperimentalmente tramite test ciclici; la sua risposta statica ¢ stata successivamente descrit-

ta tramite modelli agli elementi finiti mediante una procedura di Reverse Engineering. Il
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comportamento allo Stato Limite Ultimo dei pannelli vitrei triangolari laminati ¢ dedotto da
analisi parametriche non lineari agli elementi finiti condotte per due scenari di carico, nel
piano e fuori piano. Il modello ¢ stato tarato sul comportamento a rottura del pannello del

prototipo TVTY.
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