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Abstract

The structural use of glass in buildings and constructions has dramatically increased in recent
years due to the ewgrowing demand for architectural transparernogeed,the use of glass

has evolved fromsimple infill panels for framed windows to large frameless facades and
primary structural members (columns, bear@yen thebrittle glass nature, one of the most
critical issues in glass engineering is how to effectively connect structural glass components in

a visuallyunobtrusivemanner.

To date, bolted assemblies represent one of the most common methods for connecting glass.
However, bolted glass connections are structurally inefficient because they generate high
tensile stress concentrations which cannot be plastically redistributedodtiee glass
brittleness. Consequently, research has focused on adhesive connebtardistributethe
loadsmore evenlythereby reducinghe stress concentrations asithultaneously eliminating
drilling of theglass.About a decade aga new type ofdhesive connection emerged, known

as embedded laminated glass connections, thasigagicantly improved the loadearing
capacity and appearance of glass connections. Typically, these connections consesalhita

insert which is partially embedded within a glass laminéesolid foil interlayersand they

are assembled iran autoclave. However, unfavourable residual seesse set up in the
embedded zone due to the differential thermal exparmsbomeenthe glass and the metallic
insert during e autoclavindabrication process. To address this, this research aims to develop
a novel variant of embedded laminated connectwimsre lamination is achieved through a
liquid resin interlayer. Unlike autoclave lamination, resin lamination is performed at much
lower temperatui therebydrastically reducinghe undesirable residual stressesl the
energy consumptionequired for laminationTo this aim research has been undertaken
assesghe structural performance of embedded reminated connections under iars
loading and environmentatonditionsand todevelopanalytical/numerical toolsapable of
sufficiently predicing the connectiomechanical responger engineering design purposes.

Specifically, n this thesis, the axial tensilead-carrying behaviour of embedded resin
laminated connections with thin steel inserts is investigated by means of experimerdat pull
tests performed on physical connection prototypes. These tests are executed at varying
displacement rageand temperatusan order to assess the effect of the time and temperature
dependent behaviour of the polymeric resin interlayer on the strength, stiffness and failure

mode of the connectionfhe resistanceof the connectiorto humidity is also examined.



Namely, asnew connection specimens are subjected to an artificial accelerated weathering
schedule and then tested under+ouit loadingin orderto compare their mechanical response

with that of their norweathered counterparts.

To further interpret the experimental findings and better understand the connection mechanical
behaviour, omerical finite elemen{FE) simulations of these tests are performed. The
principal loadtransfer/failure mechanisms of the connection are identified and the associated
complex stress state within the connection is studied in order to quantify the resulting stress
peaks. Alternativeonnectionconfigurations are also numerically examined with the purpose

of improvingthe connectiomstructural performace.

Based on the experimental and numerical data, an analytical model is developed that captures
the pullout loaddisplacement response of the connection with less effort, time and cost
compared to numerical modelling or experimental testing. Thereforgrtalgticalapproach
providesaninsight of the connection response which is a useful aigridiminary sizing of

such connections during initial stages of design

Finally, thebenefits andsiability of the embedded liquid laminated connectexaminedn
this researctare demonstrated by assembliagiovel glasscomponent{demonstrator) The
successful completion ofitcomponentonfirms ttatembedded resitaminated connections
are suitablefor the development ofobust and aesthetically appealingealworld glass

applications.
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Chapter 1: Introduction

CHAPTER

1. INTRODUCTION

1.1Background and history

The growing trend for transparency and lightness in contemporary architecture has fuelled the
demand for loadbearing glass applications in the building industry. Given the inhbriti¢
nature of glass, one of the mastallenging engineering tasksthe development ofisually
unobtrusiveglass connections that can transfer considerable loads in a material that is

susceptible to stress concentrations.

The developmentof bolted glass connections a few decades ago brought about an
unprecedented level of architectural transparency as it enabled the connection of glass elements
by means of specially developed stainless steel fixings, thereby eliminating the visual impact
of the traditional mullions and transoms. To date, bolted assemblies represent one of the most
familiar and relatively established methods for connecting glass that also allow the glass
structure to be disassembled with ease during maintersard decommissioning stages of its
lifecycle. However, despite its increasing popularity, this technique has several limitations.
Bolted connections are arguably one of the least structurally efficieniiegsnecting brittle
materials as they generate high stress concentrations around the bwhibblenlike metals,

glass is unable to redistribute by yielding (plastic flow). This stress intensification also
coincides with the region where glass exhibits reduced strength capacity due to the additional
surface flaws introduced by the drilling process and the decrefisetiveness of théhermal
tempering process. Moreovéhe needo drill the glasgprior to tempering attracts an additional
production cost and once assembled the bolt itself becomes a source of thermal and acoustic

bridging in facade ggications.

Alternative connection solutionand most notably adhesigéassconnectionshave been the
subject of orgoing research over the 1a&d years. In fact, glass bonded by means of high
strength and stiffness polymeric structural adhesives has been shown to outperform its bolted
counterparts in terms of lodzkaring capacity as a more uniform load distribution is achieved
and therefore sighicantly lower stress concentrations are developed. Additionally, adhesive

glass bonding requires very little surfacearation and eliminates the need of glass drilling,
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thereby reducing fabrication expenses and energy consumption while enhancing the aesthetic

appeal of glass connections.

About a decade aga novel form of adhesive connections has emerged, known as embedded
laminated glass connections, that has madedtapge improvements in the lebdaring

capacity and the aesthetics of structural glass connections. In embedded laminated connections
a metallic insert is partially encapsulated within the glass plies of a laminated unit by means of
transparent solid foils interlayers via the standard autoclave lamination process. Hence, this
connection method makes use of the laminatdeside interlayer to transfer loads between

the metallic insert and the glass panels. However, the imposed thermal cycles during the
autoclave lamination production process generate unfavourable residual glass stresses due to
the differential thermal expaion of the glass and the metallic inserts that compromise the
structural integrity of the connection. This can be overcome by using liquid adhesive interlayers
(resins)whose lamination is performed at much lower temperattineseby eliminating the

unwanted residual stresses while reducing manufacturing costs and energy consumption.

In addition, although being applied in several +walld projects such as the folded glass roof
of the historic city swimming hall in ZurichF{gure 1.1), thereare still gaps irknowledgein
terms ofthe structuralbehaviour of embedded laminated connectiéssa resultextensive
testing is often performed on a propdstproject basis andarge safety factors are used

therebymaking theseconnectionsnaterial inefficientand costlyandthuslimiting their useto

only high-endand highbudget projects.

Figure 1.1 Zurich swimming hall: (a) global view of folded glass roof and (b) close view of

embedded laminated glass connections
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1.2 Aims and objectives

In view of the above, the principailm of this work is to develop a new generation of embedded
laminated connections by utilising the benefits of liquid (resin) lamination technology. In
parallel, this thesis aims to expand the mechanical understanding of embedded laminated
connections at vargg strain rate and temperature as wetbdsvestigate the impact of long

term exposure to humidity on their structural and aesthetic performance.

In more detail, th objectives of tis researclareto:

A Provide a simple and consistent stapstep methodology for the fabrication of embedded
liquid-laminated connections

A Investigate and quantify the effects of strain rate and temperature variations on-the pull
behaviour of embedded laminated connections

A Investigate and quantify the effects of humidity on the {Bxg structural and aesthetic
performance of embedded laminated connections

A Provide a simple analytical modelhich sufficiently predictsthe pull-out mechanical
responsef embedded laminatembnnection@ndcan be usedt preliminarydesignstages

A Provide numerical modefsr the accurate prediction tfie mechanical pubbut response
of embedded lamination connectidhat can be used déetailed design stages

A Enhance the mechanical and aesthetic performance of embedded laminated connections by
examining different geometrical connection configurations as well as different shapes and
types of inserts

A Develop an actual glass structure that demonstrates the potential and confirms the suitability

of embedded liquidaminated connections for reaforld applications

1.3 Outline of thesis

This thesis is structured in seven individual chapteigufel.2), includingthe introductionn
Chapter 1 and the conclusions and future work presented in Chapter 7. A brief outline of the

main chapters (chapter 2 to chapter 6) is provided below:

Chapter 2 provides a detailed review of the existing research on structural glass connections.
This mainly focuses on mechanical (i.e. bolted) and adhesive point (i.e. frameless) connections
which are currently the most commonly used methods in glass applic&avtisular attention

is also paido embedded laminated glass connections and shortcomings/limitations as well as

research opportunities within this topic are identified.
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In Chapter 3 the mechanical pubbut response of embedded ligd@inated glass
connections is investigated at different displacement rates in order to examine the effect of the
time dependent behaviour of the interlayer. The numerical (FE) studies undertakenify ide

the principal load transfer mechanisms and the resulting complex stress state in the connection
are described. An analytical model for the prediction of the-qutllloaddisplacement

behaviour of the connection is also discussed andatatid

In Chapter 4 the mechanical behaviour of embedded ligaithinated glass connections at
different temperatures is investigated. Specifically, the effect of temperature on the load
bearing capacity, stiffness, failure mode and stress state of the connection is Stodied.
numerical and analytical models described in Chapter 3 are also extended to take into account
the temperature dependent behaviour of the interlayer. This chapter concludes by examining

an alternative connection configuration with the airerthancing its structural performance.

In Chapter 5, the experimentglrogrammas extended in order to investigate the durability of
embedded liquidaminated glass connections against humidity. To this akmeasconnection
specimens are subjected to an accelerated weathering schedule and then tested-oudler pull
loading in ordeto examine the effect of lorgrm exposure to humidity on the structural and
aesthetic performance of the connection.

Chapter 6 describes the design and fabrication process of a novel giamsgonentthat
highlights the benefits of embedded liglgsminated glass connections for rearld
applications. In particular, the numerical analysis (FEA) performed for assessing the structural

response of the demonstrator is presented alongtwgtepby-stepfabrication process

Introducti on
Chaplt er

Literature review of glass connections
Chapter

Strain rate effects Temperature effects Humi dity effects on
Chapter Chapter Chapbt er

Desi&fgabricati gh acfs & ompwealent
Chapt er
Conclusions and future worKk
Chapit er

Figurel.2 Structure of thesis
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CHAPTER

2. REVIEW OF EXISTING LITERATURE

2.1. Introduction

Beforeattempting to develop a novel and superior method for connectingiglassasonable

to reviewand understand the physical and mechanical properties ofagldgee performance

of the existing connection techniques. As such, this chapter startsdisitbssing the
composition, production, types and strength of soda lime silicate glatasg¥fication othe
different methods foconnecting glass is then provided followed by a detailed description of
each connection typ#n particular Section 2.3l describes the basic properties and mechanical
behaviour of the weléstablished linear glass connections that are typically used in framed
glazing construction. In Section322, alternativetechniques such as bolted connections along
with the emerging adhesives connections are discussed. The last parcbapte(Section
2.3.2.5) reviews the statef-the-art embedded laminated glass connections which represent the
principal interest of this research project. The chapter concludes by summarisingirthe ma
findings of the literature survey as well as the research opportunities that were identified and

will be examined in this thesis.

2.2 Glass as a structural material

2.2.1 Chemicalcompositionand physical properties

Glass is an inorganic anaimorphous (nowrystalline) materialconsistingof an irregular
network of silicon and oxygen atoms with alkaline parts in betwEgjuie 2.1). Although
there are other types of glass such as borosilicate (@&sEN 17481-1 2004)and alumina
silicate glasgBS EN 156811 2016) most of the glass used in construction is soda lime silica
glassdue to the abundance of raw materials and the relatively low productionTémst
chemical composition and physical properties of soda lime silica glass are summaread in
2.1
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Figure2.1 Molecular structure of soda lime silica glg¢bldimannet al 2008).

Table2.1 Chemical composition and physical properties of soda lime silicate glass (BS EN

5721 1 2004)
Chemical composition Physical properties

Silicasand SiO; 69-74% | Density } (kg/m® 2500
Lime CaO0 514% | Coefficient of thermaéxpansion ar(10°K%) 9
Soda NaO 10-16% | Thermal Conductivity a WK1 1
Magnesia MgO  0-6% Knoop Hardness HKo,120(GPa) 6
Alumina Al,O;  0-3% Youngb6s modul u¢E(MPa) 70000
Others 0-5% Poi ssonds ratiuv 0.2

Therandom molecular structure of glggsgure 2.1has no slip planes or dislocations to allow
macroscopic plastic flow before fractuss a result, glass shows an almost perfectly elastic,
isotropic behaviour and exhibits brittle fracture since it does not have the ahiétyistribute
stressconcentration®y local yieldinglike metals doThe theoretical tensile strength of glass

is exceptionally higlt & 3 2dueddrita 9trong internal molecular forces. However, the actual
tensile strength is much lowelue to thephysical flaws(i.e. cracks)existing on the glass
surfacewhich are not necessarily visible with naked eye. As a result, a glass element fails as
soon as the stress intensity at the tip of one flaw reaches its critical value. As surface flaws do
not grow or fail in compression, the compressive strength of glass is langer than the
tensileone Nevertheless, the compressive strength is irrelefeargtructural applications as

in any case tensile stresses are deuwwmllyoped
exceed an el ementodés tensile strength 1|l ong

tensile strength of glass will be discussed further in se2tibh.

b
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2.2.2 Glass production

The float proceséFigure2.2), introduced by the Pilkington Brotherstime mid1950s is the

most popular manufacturing process and currently accounts for about 90% of flat glass
production worldwide. Therocess starts with melting traw materials(silica, soda and
alumina) in a furnace at temperature of up to 1550°C. The molten glass is then poured
continuously at approximately 1000°C ontbaihof molten tin.As the glass floats on the tin

it spreads outvenlyforming a smooth flat surface which is gradually cooled and drawn on to
rollers before enteringeoven callecannealindehr at around 600 °C. The glass thickness can
be controlled within a range of 2 to &%n by adjusting the speed of theleas. The annealing

lehr slowly cools the glass to prevéime development aksidual stresseBinally, the annealed
glassis automaticallyinspected to ensure that obvious visual defects and imperfections are

removed during cutting.

Raw materials

7

7 mndn c ndn p nan M ndn
Molten UOUOCU0U0U0UOUU0 : L L I I
glass
Mel t er Mol ten tin HBankaling llredipecti €utting

Figure2.2 Floatglassproductionprocess

2.23 Glass tempering

The glass produced by the aforementioned float process is called annealed glass. The fracture
pattern of annealed glass is characterised by large fragrireguse2.3) that can cause serious

injury when falling from buildingge.g. overhead glazinglfor structural glass applications,
annealed glass is usually heat treated to form heat strengthened or fully toughendthiglass.
process (temperingyreates a favourable residual stress field featuring tensile stresses in the
core of the glass and compressive stresses on and near the sidage®sult, the tensile
strength of tempered glass increases considerably simemavoidable surface flaws can only

grow if they are exposed to a net tensile strésilitionally, giventhat the fracture pattern
depends on the energy stored, tempered glass breaks intergfiglire 2.3) and therefore

safer fragmentsompared to annealed glass
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Figure 2.3 Fracture patterrfHaldimannet al. 2008) and characteristic bending strength of
annealedBS EN 572 1 2009, heat strengthene®$ EN18631 2011)) and fully toughened
(EN 121501 2015) glass

Chemical tempering is an alternatiteugheningprocess that does not involve thermal
treatment and produces a different residual stress prliteough, chemically tempered glass

is much stronger (150 MPa, BEN 123371 2000) than heat treated, it is rarely used i
structural applicationgdue to its increased cosAdditionally, this processproducesa
significantly thinner compression zo(aepth)compared to thermal temperingaking it more
susceptible to deep flaws that may typically be encounterédilding applicationsChemical
tempering ismainly used for special geometries where usual tempering processes cannot be

applied, e. g. curved glasses with high radius of curvéteilimannet al.2008)

2.24 Laminated glass

Although the tempering process enhances significantly the structural capacity of giés, it
remains a brittle material thus compromising the robustndea@bearing glasapplications.

In order to improve its podtacture performance, two or more glass plies are bonded by means
of a transparent plastic interlayer to form laminated glass. The interlayer holds the glass
fragments together after breakage preventing themfathimg out, therebya certain remaining
load-bearing capacity is achieved due to the locking action between the fraghi@disnann

et al. 2008) The postoreakage perforrmeze of laminated glass depends highly on the glass

fragmentation pattern. Namely, laminated glass units consisting of annealed or heat
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strengthened glass that break into large pidegsife2.3) exhibit higher remaining structural
capacity compared tanits withfully toughened glass.

The most commoiglasslamination process is autoclavingigure 2.4) using a transparent
polyvinyl butyral (PVB) interlayer The process starts with cleanitige glasglies to remove

any dirt or dustand cutting the PVB solid foils to the appropriate size. Subsequently, the
interlayer foils areplaced between two or more glass plies ainldi s 6 saasendbly isc h 6
preheated (approximately at 70°C) and pressed by rollers to squeeze out the air or the blisters.
The assembly ighen subjected to the autocleng process which involves heatingt
approximately 140 °C under pressure up to 1l4ftmaabout 60 minuteDuring this process,

the interlayers softens and fuses with the glass creating a strongAfinchutoclaing, the
assembly is slowly cooled down to room temperature to avoid glass peedida to thermal
shock.Lamination can be performed with or without vacubag, depending on the size of the
glass element, the geometry, size of autoclave and other factors. The use of vacuum bag is more

expensive but results in high quality lamination and reduces the riskhmilahle inclusion.

I nt e r—eazy
Gla

Posi t&lomyemgi nPr el ami nati on byAutoddleawe Finished | &

Figure2.4 Scheme of autoclaving lamination process

Since bminated glass is a mullyer sandwich compositéts strength and stiffness are
significantly influenced by the structural interaction (coupling), commonly referred to as
composite action (i.e. transfer of shear stresses among glass plies) between the different
material layers (i.e. glass and interlgydihe degree of this composite action depends highly

on the interlayer stiffness (Hooper 1973). In more detaiire 2.5 and 2.6show the typical
behaviour of double laminated glass beams/plates in bending. Two borderline cases can be
recognsed (Norvilleet al 1998):

0] The monolithic limit (stiff interlayer) where the two glass plies are perfectly bonded
together (full shear transfer, no relative slippagie)s satisfying the EuleBernouli
assumption t hat 0 pl RBEgure25s)eercd, theresponse ohthe n p |
sandwich beam approaches that of a homogeneous glass beam (pure bending) with

equal cross sectioffrigure2.6a).
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(i) The layered limit (compliant interlayer) where the two glass plies bend independently
(no shear transfefree-sliding plies)as two separate bearfiigure2.5¢) and thus the
flexural inertia of the sandwich beam is the sum of the inertia of the isolated glass plies
(Figure?2.6¢).

In most cases, the interlayer is able to mobilise some degree of composite action and thus the

real condition is intermediate between these two borderline dagesg2.5b and2.6b).

Monolithic _I|imit Layered L.
S W ———
@ (b) (©

Figure 2.5 Scheme of laminated glass under bending: (a) monolithic limit (b) intermediate

configuration (c) layered limit

Monol ithic |imit Layered | imit

Gl ass

|l nterl ayer

Gl ass

@ (b) (©

Figure2.6 Scheme of bending stress distribution within laminated glass: (a) monolithic limit

(b) intermediate state (c) layered limit

In the (preliminary) design practice, it is commonplace to account for the degree of composite
action by determining the effective thickne& | of an Oequivalentd h
beam/plate which is used in subsequent structural calculafibasnost used approach is that
proposed byBennisonet al. (2009) which is also adopted lge ASTM E130016 (2016)

standard and provides engineering formulae for calculating the effective thickness of double
laminated glass units. In particular, the degree of composite action is estimated by the shear
transfer coefficiento (Equation2.1) which is a measure tiie capability of the interlayer to

transfer shear stresses between the glass phes,wranges between 0to 1 (O p) with

10
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these extreme values corresponding to the layesed @) and monolithic limit ¢ 1)

respectively.

o — (2.1)

WhereOis the glass modulus of elasticit® is the interlayer thicknesgis the smallest in

plane dimension of bending of the glass laminate'@ri are defined as follows:

0 QQ, Q0 (2.2)
Q. — (2.3)
Q. — (2.4)
N MY 0 0 (2.5)

Where'Q andQ are the thickness of each glass ply of the double laminated glass.

Finally, theeffective thicknesgor calculating thedeflections("Q , ) and stres§'Q,  for
each glass p)yof the glass laminate ggven by Equations (2.6) and (2.7) respectively:

Qp, Q. Q  pgo (2.6)

Q —and g — (2.7)

2.2.5 Glass strength

Although, there are reliable and consistent design strength values for metals (e.g. steel), the
accurate determination of the glass strength is a relatively complex task. Specifically, the
mechanical strength of glass is governed by i) its inherent stremgt ii) the toughening
process used (section 2.2.3). The former is a function of the surface glass characteristics such
as theorientation, shape, size and distribution of flgarscks) while the latter depends on the

resultingtoughening stress profileR ) due to tempering.

The inherent strength of glass can be determined using linear elastic fracture theory. In

particular,Irwin (1957)introduced the concept of stress intensity factors to describe the elastic

11
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stress intensity near the tip@€rack. The stress intensity factor for a tensile si{tesapplied

nor mal to the crackodés plane i s:

0 =Y, N | (2.8)

Wherea is the size of the crack, is the nominal applied stress avids the geometry factor

that depends on the configuration (geometry and depth) of the crack, the specimen geometry,
the stresdield and the proximity of the crack to the specimen bounddHas&dimannet al

2008)

Considering the favourable stress profite) due to tempering, the following expression is

derived for tempered glass:
0=Y( Q. WN] (2.9)

When the stress intensity factar ) exceeds a critical value known as the fracture toughness
(0 ), there is excess energy to cause propagation of the crack resulting in instantaneous

catastrophic failure. The failure condition is expressed as:
O U (2.10

The critical stress intensity factor is a material constant which for soda lime silica glass
ranges fron0.72 to 0.82 MPa A7 (Haldimannet al 2008).

In vacuum, the strength of glass is timdependent. In the presence of humidity, however,
stress corrosion causgsrfaceflaws to grow slowly when they are exposed to a crack opening
stress. This means that a glass element which is stressed below itershdracture strength

(O U0 may still fail after the time necessary for the most critical flaw to grow to its critical
size at that particular stress levAk such, lhe fracture strength of a loaded glass element
decreases with time, even if it is exposed to static loads only. The growth of a surface flaw
(sub-critical crack growth) depends on the properties of the flaw and the glass, the stress history
that the flaw is expsed to and the relationship between crack velocity and stress intensity.
Evans(1972)proposed the followingmpirical relationship for the determination of the rate of

crack growth (crack velocity) when the crack is exposed to humidity

b — U — 2.19)

12
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Where the crack velocity parameterandn depend on the material, the temperature and the
environment. For irservice conditions of float glass in buildings @& afi andé p @
are conservative estimates and o 1 afi andé¢ p qare representative values of glass
permanently immersed in watg@faldimann 2006).

By solving this differential equatiof2.11) the uniform failure stress ( of a surface crack in
annealed glass as a function of the stress duration and the crack gemanely obtained
(Overend& Zammit2012:

— _ (2.12)

Whereo is the time to failure of a crack with initial sizeand® represents the crack size at

failure. Equation2.12 has o asymptotegFigure2.7): the inert strengtf——) for very short

durations and the threshold strength for very long durations:
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Figure2.7 Failure stess of a surface crack as a function of stress dur@weerend & Zammit
2012)

In practice using theoretical fracture mechanfos the determination of the glass strenigth
not very realistic as the location and the distribution of the flaws are usually not known a priori.
Therefore, a stochas@pproachs oftenemployed The best fittingstatistical modeio describe

13
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gl ass strength is a 2 parameter OWséxpressed di st
as
0 p AP, Q (2.13)

Wherem, kare two interdependent parameters of the Weibull distribainoiA\ is the surface

area exposed to tensile stress. The magnitude of parameters m and k are a measure of the
variability and the mean strength respectively. There are therefore considerable differences in
m and k values between new-faseived) and heavily vathered or damaged glass. Typical
values are@8t & Bt and p& ¢ pm & 0ND8 0 xpwpm d& 0O
(Haldimann 2006).

Since both the aforementioned methods require laborious and complex calculations,
conservative design values of the glass strength are typically used which often neglect the
inherent glass strengtomponentDespite therare several standards for structural glasgy

afew describe the strength of glagscording to theecentEuropeartechnical specification
CEN/TS 1910q2021)thedesignglassstrength can be calculated as:

ol n hon n (2.14)

Where™Q, is the characteristi®)( v B value of the bending strengtii annealed glas#5
MPa Figure 2.3), ", is the characteristic value @flassstrengthafter a strengthening
treatmeni{Figure2.3), Q is the edger hole finishingfactor, 'Q is thesurface profileactor,
_ is the sizeeffect factor area,_ is the size-effect factor length (edge, hole)’Q s the
modification factor depending orthe load duration’Q is the coefficient accountingor the
reduction of the procesaduced prestres®);; is the edge or hole prestress factof, is the

material partial factoand; is the partial factor for surface prestress
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2.3 Glass connections

Given theinherent brittleness of glassne of the most significant engineering challenges that
arise is the development of glass connections that can transfer considerable loads in a visually
unobtrusiveashion

To date, lhere are two main categories of glass connectkigsi(e2.8) based on the supporting
system (Overend 2012):

a) Linear connectionglso known as framed connections

b) Point connectionglso known as frameless connections

These principal types can be further subdivided as discussed in the following sections.

Gl aGosnnect

Linéfaram€dnnec

Figure2.8 Classification of glass connections

2.3.1Linear connections

Linear connections are mainly used in framed glazing construction such as curtain wall systems
(Figure 2.9) where a framework of rectilinear elements typically made of steel, timber or
aluminium provide support to rectangular glass infill panels along two or four edges. Linear
connections can be further divided inkagure2.8): i) Mechanically fixed mullion glazing and

i) Structural silicone glazing as described below.

A

Figure2.9 Examples of curtain wall systems
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2.3.11 Mechanically fixed mullion glazing

Figure 2.10 shows the typical configuration of the mechanically fixed mullion glazing
connections. The selfeight of the glass is transmitted to the frame (profile) via plastic setting
blocks placed at the horizontal bottom edge of the glazing panels. L(atgraf-plane)loads

usually induced from wind pressure and suction are resisted by clamping the glass panel
between the frame and a capping/pressure plate. Gaskets made of ethylene propylene diene
monomer (EPDM) rubber, neoprene or silicone are used in order to avead contact
between the glass and the frame. The gaskets allow a significant degree of rotation of the glass
edges and therefore they may be considered as simple supports for the purposes of analytical
and numerical calculations. The frame size is latigen the glass pane. This clearance should
have the appropriate size to accommodate potential deviations that result from manufacturing
and construction tolerances and the inherent deviations that result frormgtakation

dimensional changes (Haldimaet al. 2008).

Insulated Glazing Unit (IGU)
5

o ~
Silicone Edge Glass

secondary Spacer N
seal

Aluminium
profile \

EPDM or
neoprene gasket

Aluminium
cap

@ (b)

Figure 2.10 Scheme (Overend 2012) (a) and example (b) of a mechanically fixed mullion

glazing connection
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2.31.2 Structural silicone glazing

Structural silicone glazing (a.k.a. structural silicone glazing systems 8S8Gfhded glazing

is a variant of the aforementioned connection type where the capping strip is eliminated and
the glass is bonded to the supporting frame through an elastomeric structural silicone adhesive
(Figure 2.11). The glass seliveight is transmitted to the profileither through POM
(polyoxymethylene) setting bloskType | and Il inRETAG 002 200} or through the structural
silicone (Type Il and IV irETAG 002 2001 In all casesthe lateral loads are transmitted to

the profile by means of the structural silicone adhesive. The gap between adjacent glass units
is sealed with a silicone weather sealant (Overend 2D&pending on the curing process, two
types of structural silicone adhesives are availgéddimannet al 2008) a) one component
silicones where curing initiates as soon as they come into contact with moisture in the air and
b) two-component silicones which are cured by the polymerization reaction that is triggered by

the mixing of a base compound‘domponent) and a catalyst{2omponent).

Structural silicones have a relatively low modulus of elasticity. On one hand, this leads to
reduced glass stress concentrations but on the other hand structural silicones are not suitable
for transferring high loads (Vallabhat al 1997). In addition, silicone materials are almost
incompressible .e«d 0. 5) and therefore the geometry o
Specifically, investigations (Hagl 2010) into various joint geometifiégufe 2.12) indicate

that U-channels and-channels joint geometries lead to better mechanical performance and

durability.

In general, the material behaviour of structural silicones as well as design requirements are well
documented in several standards and codes such as AAMAZX3Y (1985), EOTA ATAG
Nr 002 (1998), ASTM C 140602 (2002) and BS 626@ (2005).
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Insulated
Glazing
Silicone Unit (IGU)
secondary

seal

Gasket

POM
setting
bicok

Structural
silicone
sealant

Aluminium
profile
ilicone

weather
seal

Polyethylene
spacer

@

Figure 2.11 Scheme (Overend 2012) (a) and example (b) of structural silicone glazing

connection
St ee
Sili
— Gl ass
@ (b) (0 (d)

Figure2.12 Scheme of U (a), T (b), L (c) and E (d) type of joint geometrie

2.3.2Point connections

Point (frameless) connections were developed to minimize the visual impact of linear
supporting frames and pressure cap profiles. Based on the mode of load transfer, they can be
classified in four suzategories (Bedoet al. 2018, Centellegt al 2019): i) clamped ii)
friction-grip iii) bolted and iv) adhesive connectiorfsigure 2.8). The following sections
provide a detailed description of each connectior.#xp overview of the basicharacteristics
the materials and thexperimentatestsof each connection typeerformed by different authors
is presentedn Table2.2, 23 and 24.
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Table2.2 Experimental research on mechanical gfasat connections

Type Characteristics Tests

Clamped - Transn?ission. gf o.uof-plane Ioad:through contact 4 corner supported panel under lateral load
- Stress intensification at suppg@aints (Fenget al 2012)

Friction grip - Trangmission qf .irplane loads through friction Doublglap shear .
- Requireglassdrilling (Panaitet al2007, Beliset al 2016)

Liner materials Maniatis 20050verend2005)
- In plane and oubf-plane loads transmitted vi Hole geometry\(Vhaley 19650verend2005)

Bolted contact between the glass bbtile and the bolt Goodness of fitQverend2005)
- Require glass drilling and tempering Bolt prestressBernardet al 2009)
- Stress concentrations in the bolt hole Fixing location Amadioet al 2008,

Type of loading focibobet al 2008, 2010)

Table2.3 Experimental research on adhesive gfa@atconnections

Substrates Adhesive Tests
Two component epoxy res({®peranzinet al 2016) Singlelap shear

Glassto glass UV-curing acrylate Ritelok) V5 0 ( Mac hal i ¢c k 8 Doublelap shear
UV-curing acrylate Conl oc 685 Doublelapshear
Silicone Dow Corning DC993 (Overend 2011) Singlelap shear, Tpeel
Polyurethane SikaForcéOverend 2011) Singlelap shear, Ipeel
Epoxy 3M 2216 B/A (Overend 2011) Singlelap shear, Ipeel
Two-component acrylic Holdtite 3295 (Overend 2011) Singlelap shear, Tpeel
UV-curing acrylic Bohle 68 (Overend 2011) Singlelap shear, Tpeel

Onecomponent polyurethane SikaFlex 265
(Machalickg8 and EIli 8govg 201
Two-component polyurethane SikaForce 7550
(Machalickg8 and EIli 8govg 201
Glassto steel Two-component acrylate SikaFast 5211
(Machalick8 and eEal208lpov s 201
Epoxy 3MM Scotchweld™ 9323 B/A
(Van Lanckeret al 2016, Dispersyet al. 2016, Beliset al 2011)
MS-polymer Soudaseal 270 HS
(Van Lanckeret al. 2016, Belist al. 2011)
Silicone (Sikasf® SG-500
(Van Lanckeret al. 2016, Beliset al. 2011)
lonomer SentryGlas (Santarsiexpal 2017, Beliset al 2011) Singlelap shear, Tensile
Silicone TSSA (Santarsieet al. 2016, Belist al 2011) Singlelap shear, Tensile
Onecomponent polyurethane SikaFlex 265
(Machalick8 ajnd EIli 8§govg 201
Two-component polyurethane SikaForce 7550
(Machalick8 and EIli 8govg 201
Two-component acrylate SikaFast 5211
(Machalick8 and EIi 8§8govsg 201

Doublelap shear, Tensile
Doublelap shear, Tensile
Doublelap shear, Tensile
Singlelap shear, Tensile
Singlelap shear, Tensile

Singlelap shear, Tensile

Doublelap shear
Glass to aluminium Doublelap shear

Doublelap shear

One-component silicone Sikasil S (Blyberget al 2012) Singlelap shear, Tensile
Glass to timber Two-component acrylic SikaFast 5215 (Blybetgal 2012) Singlelap shear, Tensile
Onecomponent polyurethane Prefere 6000 (Blyketrgl 2012) Singlelap shear, Tensile
Polyurethane Sikaflex 265 (Valarinied al. 2013) Doublelap shear
Polyurethane Sikaforce 774000 (Valarinhoet al. 2013) Doublelap shear
Glass to GFRP Epoxy Sikadw31 cf (Valarinhoet al 2013) Doublelap shear
Two-component epoxy3M DP490 (Pascethl 2017) Singlelap shear

4-point bending
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Table2.4 Experimental research on embedded laminated gtaasconnections

Insert Interlayer Tests
. SentryGlas Pull-out (Santarsieret al 2018, Zhact al 2021)
Thick . .
EVA Bending (Bajteket al. 2020)
Thin SentryGlas Pull-out (Beliset al 2009, Pulleet al 2012a,b)
PVB Pull-out (Louteret al 2019, Carvalhet al 2012)

2.3.2.1Clamped connections

Clamped connectiong-jgure 2.13) consist of small stainless steel or aluminium plates that
mechanically clamp the glass panel edges at discrete logatiogsholding it in place and
providing support to oudf-plane loadsThis minimisation of the contact region results in
increased transparency but generates localised glass stress concentrations that should be taken
into account in engineering design. To reduce stresses and avoid hard contact, soft plastic
intermediate mat&ls such as neoprene or EPDM are placed between the clamps and the glass.
Research conducted on glass panels subjected-wf-plane loads and supported with steel
clamps (Fenget al. 2012) showed that high tensile glass stresses arise in the vicinity of the
supports due to the warping distortion of the glass. In this regard, the use of fully tempered
glass is proposed. Typically, clamped connections are employed at glass balostiackdes

comprising small glass elements with minor structural role in buildings.

St d&lluminium pl ate
Gl ass

4

| EPDM or neoprene

(@ (b)

Figure2.13 Examples of clamped connections (Be@bal 2018)
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2.3.2.2 Friction -grip connections

Friction-grip connectionsKigure2.14) constitute an alternative clamping solution commonly

used in structural glass fins and facades (e.g. HansenFacades, McClelland 2005). The typical
design comprises two steel plates which are clamped together by a preloaded bolt that passes
through the gles componentthus generating high friction among the contact surfaces. As
such, inplane loads (e.g. glass seteight) are transferred from the glassthe steel plates
through friction resulting in shear loads in the bolts. TheoretictiBseixings providehigh
resistance tan-plane loads as they distribute the load over a larger surface area compared to
bolted assemblies, thereby minimising local stress peaks in glass. Direct contact between the
glass and the steel parts is prevented by overbigietholes and by employing gaskets that act

as an interlayer material between the glass and the steel plates. The gaskets are made from stiff
materials (pure aluminium or fibre gasket) in order to transmit the normal stresses induced by
the prestressed dits without squeezing out of the joint and resist the shear stresses induced by
the inplane loading. However, they must not be too hard so that they do not damage the glass
and they must also be sufficiently flexible to allow for fabrication toleranetgden the glass

and the steel plates. Additionally, gaskets should exhibit very low creep to prevent normal

forces in bolts from relaxin{Belis et al.2016)

Steel angle
X attached
aluminium sheet pre-stressed bolt laminated to primary

safety glass structure

Nylon fibre
gasket

local aluminium
- Steel

interlayer ) ! E/2 el
F/2 =
<+ 3 Steel bolt
F/2 v
-+
. e ——
PVB interlayer 72, External

Oversized hole
in glass

clamping
plate

@ (b)
Figure 2.14 Typical examples of frictiomgrip connections with (a) laminated and (b)

monolithic glass (Haldimanet al.2008)

The loadbearing performance of friction grip connections depends on the geometry of the
connection, the bolt preload level, the stiffness of the materials involved, théelomdoad
carrying capacity of the various components and the coefficient tbfricetween the various
interfaces. There is an established body of research that investigates the effect of these
parametersHanaitet al. 2004, Panaiet al. 2007, Campionet al 2012, Beliset al. 2016).

Overall, guidelines for the use of frictigrip connections are provided in Ryanal (1998).
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2.3.2.3Bolted connections

Bolted connections gained popularity in the 1980s and 1@868<he development of several
patented bolted glass systems. This type of connection is very attractive because it minimizes
the visual impact by eliminating the traditional transoms and mullions. Bolted joints are useful
either for assembling facade gtgpanels or to connect several glass elements such as columns,
beams and fins. This method involves drilling bolt holes in the glass components that are
usually made of heat strengthened or fully toughened glass due to the high stress concentrations
thatarise in the vicinity of the holes. To mitigate these stresses and avoid direct contact between
the glass and the bolt, intermediate (liner) materials are employpthria and oubf-plane

loads are transmitted as transverse shear and direct forcedbtittrespectively. The bolts are
usually fixed to a cast node (spider fixing) which is in turn supported by-triegulk or trusses
(Figure2.15).

Figure2.15 Examples of bolted connections (Bedsiral. 2018)

Bolted connectiongan be assembled either with conventional bolts or countersunk bolts
(Figure 2.16). Conventionalconnections are the earliest and generally the strongest type of
bolted connections which are commonly used in steel and timber construction. Countersunk
bolted connections are basically used in gtasglass connections or to connect glass to a sub
frame. Their main advantage is that they eliminate all protrusions beyond one surface of the
glass thus achieving a flush outer surface. However, this type is not suitable for transferring
high in-plane loads as it causes higher stress concentrations contpaceeventional
assemblies (Whaley, 1965).
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POM
setting
block
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or POM Steel
liner washer
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Figure2.16 Scheme otonventionala) and countersunk (b) bolted fittings (Overend 2012)

Originally, bolted connections did not allow for rotational -of#plane movements thus
resulting in high glass stresses in the bolt hole region. Hence, later versions tried to match their
rotational stiffness with that of the glass in an attempt to rethecstresses induced by the
applied loadsArticulated bolts havalsobeen developed={gure2.17) which allow for free

(out-of-plane) rotation of the bolted glass panel.

/4 )m%

7 /

-
/
73
6‘ m '
iy i

Figure2.17 Articulated (left) and fixed (right) bolts (Sadev Structural Fittings)

One of the main disadvantages of bolted connections is that they generate large stress
concentrations in the vicinity of the bolt hole where the glass is already at its weakest due to
the additional drillinginduced flaws and the reduced effectivenessmfiering in the bolt hole

region. In more detaithe favourable parabolic residual stress profile induced by the tempering
process is distorted in the region of the holes thus reducing the glass sttendse( al
1999a,Laufs et al 1999b). Besideshe work of Laufset al, several studies (Bernaed al

2001, Daudevillest al 2002, Nielseret al 2007, Nielseret al 2008, Nielseret al. 2010)

aimed at predicting the toughening stress profile in glass with different hole geometries and
curved edges based on 3D numerical models. For comparable hole geometries, both Bernard

et al (2001) and Nielseat al (2008) report that the maximum prempression at the edge of
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holes is between 20% to 25% less than that of thédiak A more detailed evaluation of the
aforementioned methods is provided in the work of Wagt@ait (2013).

The structural performance of bolted connections in any material is highly dependent on the
stress concentrations that arise in the vicinity of the bolt lkatrife2.18). As such several

studies have been conducted to evaluate the state of stresses around the hole. An analytical
formulation (Equation 23.and 216) can be found in the study of Howland (1930):

H I h
@ (b)

Figure2.18 Scheme of connection geometry and applied load (a) and typical distribution of

stresses near holes (b)

(2.15)

0 - p M YYYRIC- CPHWY CPoOY (2.16)

Where, is the peak stres¥)is the applied forcéQandOis the thickness and width of the

bolted component respectivetyis the hole diameter and ks the stress intensity factor.

Later, Frochtet al. (1940)proposed an alternative analytical solution (Equatid?)Zor the

computation of the stress intensity factor in glass:

VL PARYCLEPT Y OPE ULV@OX (2.17)

A more recent study by Dueegt al. (2006)provides the followingequation (Equation 28).

L pP® PR ULU- p TBIOXYL P (2.19)
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However, while the above equations provide a substantial initial approach of the magnitude of

the peak stresg (), they do not take into account the effect of the following variables:

i) Liner materials (i.e. intermediate materials to avoid direct contact between the steel bolts and
the glass) e.g. resin, aluminium etc.

i) Geometry of the hole (i.e. cylindrical or conical)

iii) Goodness of fit (i.e. the size of the bolt relative to the hole)

iv) Degree of mechanically applied prestress (i.e. torque on bolt)

v) Location of the point fixing in the glass component (i.e. edgeer distance)

vi) Type of loading (i.e. ifplane, ouof-plane loading)

i) Liner Materials

There are several types of liner materials that are used as intermediate layers between the glass
and the bolt. Aluminium, plastics such as EPDM and POM, polyamide or injected regin (To

al. 2007) and mortar are some of the most commonly used materials. These materials should
be sufficiently strong and stiff to transfer loads to and from the glass without breaking or oozing
out of the joint. In addition, their long term behaviour is impdrtand especially their
performance under cyclic loading, UV ratilen and creep. Generally, their purpose is not only

to mitigate the intensification of stresses due to interactiahefjlasscomponentandthe

metalconnectoibut also to compensate for fabrication and installation tolerances.

A number of studies have been conducted to evaluate the influence of liner materials on the
structural response of bolted connections. Maniatis (2005&2@d8b) found that different

material combinations (i.e. glastuminium, glas$?OM) lead to slightly different maximum

principal tensile glass stresses while the principal compressive stresses are largely unaffected.
Overend (2005yeaches a similar conclusion in terms of the tensile streskkeugh the

materials examined are nylon and aluminium. Havev, Overendds investig
the softer nylon liner produces substantially lower compressive stresses and better stress
distribution. Bernaret al. (2009)conducted a parametric study to optimize bolted countersunk
connections. Namely, experimental tests including PTFE (polytetrafluoroethylene) or
aluminiumlinersshow an increase in the loaéaring capacity of the connections in annealed

glass when PTFE is used whereas no effect is noticed for tempered glass.
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i) Geometry of the hole

Another major factor that affects the overall strength of a bolted connection is the shape of the
metal connector (i.e. boltAccording to Whaley (1965) the stress concentrations around a
countersunk hole are 1323 % | arger than a nor mal cylindri
(2005)numerical studies indicate that countersunk fixings generate uneven stress distribution
across the thickness of the glass and generallyeghdtingmaximum principal tensile stress

are slightly higher than those imposeddoyventionali.e. cylindrical) connections.

iii) Goodness of fit

The latter study (Overend 2005) also addresses the effect ebfbmite clearance on the
performance of bolted connections. The general conclusion is that decrease in tolerance
producesa slight reduction inprincipal tensile stressebut noticeably lower compressive

stresses at the bearing end of the hole.

iv) Degree of mechanically applied prestress

The initial preload of the bolt has also a great influence on the stress state of the constituent
parts of the joint. In particular, the study by Bernetrell. (2009) reveals that initial prestressing

has a positive impact as it creates a compressive stress state, thus compensating for the high
tensile stresses applied to the glass. However, because of this more intimate contact, surface
damage is induced tithe glasscomponenteading to failure. This phenomenon is mainly
noticeable in annealed glass dahdrefore the authors suggest that further research is required

to estimate the optimum value of the initial preload.

V) Location of the point fixing in the glass component

Amadioet al (2008) examined experimentally and numerically the influence of the distance
between the hole and the glass pane edge on the behaviour of the joint. Both methods agreed
that the strength capacity of the connection increases as the ratio of edge dstoite

diameter rises. This conclusion is in agreement with the numerical results of Overend (2005).

vi) Type of loading

Mocibob et al. (2007 and 2008nvestigated the structural behaviour of bolted glass panels
under the interaction of both axial force and bending moment. The results indicate that the
specimens subjected to pure axial loading yield higher resistance but less deformation
compared to theones subjected to a combination of axial force and bending moment.
Subsequently, Mociboét al. (2010) conducted numerical and experimental research on bolted

glass panels subjected to axial compression or terdh@resuts shovedthat for both loading
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cases glass failure initiated in the region of the holeshieubrigin of fracture was found to be
at different locations andhe maximum principal tensile stress at failure obtained by the

compressive loading casasless than half the value produced by the tensile case.

2.3.2.4 Adhesive connections

Bolted connections isne of the least structurally efficient methdds connecting glasas

large stress intensificatiaccursaround thebolt holes, coinciding with the regionvherethe

glassis alreadyweakeneddue to thedrilling inducedflaws and the distorted heat treatment
stresses. In addition, the engineering design of bolted glass connections is currently not
straightforward and it usually requires experimental testing ataldoriousnumerical (FE)

simulations.

Therefore, alternative connection solutions and most notably adhesive connections have been
the subject of oigoing research over the 18 years. In fact, the consensus from the work of
Overendet al (2013) is that adhesive joints outperform their bolted counterparts in terms of
structural performance because they achieve a more uniform load distribution compared to
bolted assemblies (i.e. loads are transferred over a larger area) and they atsteciiraineed

of drilling which results in reduced gla strength at the bolt hole edges. Additionally, adhesive
connections provide a surface that is flat since metal parts do not perforate the glass, thus
ensuring a continuous external surface which is easier to maintain (i.e. cleaning). Moreover,
due to tle absence of glass drilling the overall thermal performance of glazing systems is
enhanced as thermal bridges and losses are minimized and gas losses typically occurring in

bolted Insulating Glass units (IGU) are avoided.

However, adhesive connections exhibit structural and aesthetictdongperformance
degradationwhen subjectedto environmental aging conditions (UV radiation, humidity,
temperature and freezbaw cycling). In addition, until now there i® efficient method for
endof-life disassembly of adhesives connectitmallow for recycling/reuse of its constituent

materials.
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i) Typesand behaviour of adhesives

Adhesive glass connections assembledy gluing glass components to metal parts or to
other glass components via high strength and stiffness structural adhesives such as acrylates,
epoxies, polyurethanes and ionomers. Adhesives are polymer materials produced by
polymerization i.e. the proceduiin which monomer units are bonded together repeatedly
creating long chains known as macromolecules or 1sizgd molecules. According to their
thermomechanical characteristics controlled by their molecular steudigure 2.19),
polymers can be classified into the following categories (Hagl 2006) shokiguire2.20.

i near br anchedc o-bsnked nt er

Figure2.19 Molecular structure of polymers (Ehrenstein 2001)
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Figure2.20 Classification of polymer adhesives (Hagl 2006)

1) Thermoplastics

Thermoplastics consist of physically bound linear or branched macromolecules resulting in
relatively weak intermolecular forces. Therefore, the material softens when exposed to heat but
returns to its original condition (i.e. harden) upon cooling. Therasbigs are made by chain

polymerization and their structure may be amorphous or partly crystalline ¢pestalline).
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2) Elastomers

Elastomers comprise chemically crdsg&ed macromolecules that form a loosely bound
network structure with a rather low crdgs density. Elastomers are characterised by their
ability to recover their original shape after being stretched to great £xtent

3) Thermosets

Thermosets are mostly heavdyosslinked/intertwined polymers and their structure is almost
always amorphous. This high degree of cflodsng between polymer chains restricts their
motion, thus resulting in a rigid material. Thermosets become irreversibly hardened upon being

heatedand further heating cannot reshape this material.

The mechanical behaviour of polymers is highly sensitive to external influences such as
temperature, time, loading rate, environment (humidity, oxygen, organic solvents, etc.) and
UV-radiation (Ehrenstein 2001). When loaded, three different deformaties, tyynich have

to be superimposed, are distinguished:

- Instantaneous elastic deformation (reversible), due to the distortion of the valence angles of
atoms between fixed chemical bonds

- Time-dependent viscoelastic deformation or relaxation (reversible), due to stretching of the

molecular chains

- Time-dependent viscoplastic deformation (irreversible), due to movement (relocation) of the

molecular chains

These deformations are strongly dependent on the material temperature, the rate and magnitude
of loading as well as the molecular structure of the polymer. In this regard, the glass transition
temperaturdy is of major importance in terms of the material behaviour of polymers as it is

the temperature where polymers transition from a hard and glassy material to a soft and rubbery
one. In other words, beloWy or for high loading rates polymers exhibit rigid and brittle
behaviour while abovdy or for low loading rates polymers exhibit flexible and ductile
behaviour. Further information and guidelines on structural adhesives are provided in Adams
et al (1997) and IStructE (1999).

Linear viscoelasticity is aimple and reasonable approximation to the thiependent
behaviour of polymerat relatively smalktrairs (the theorydoes not account for viscoplastic
deformation. As linear viscoelasti@are classified the materiater which there is a linear
relationship between stress and strain at any given Timeisualise thiswe canconsider the

(shear)strain responséreep)of a material subjected to two different constghear)stress
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levels For linear viscoelastic matersathe resulting straiat anyfixed time is proportional to

the applied stresss shown irFigure2.21.
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Figure2.21 Scheme of linear viscoelastic creep behaviour

Provided this linear relationship between stress and strairBdhemanr@s superposition
principle states that the response f@arviscoelastic material produced by any set of applied
stress/strain can be evaluated as the @uperpositionpf the strain/stress produced &gch
individual set actingindependently(Figure 2.22). In other words, théeffecb of a sum of
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Based on this principje¢he responséf,[ ) of a linear viscoelastic material for a given applied
strain or stress historgan be expressed in the form otanvolution integralas given in

Equations 2L9 and 220 respectively:

to | 00 i1 i Qi (2.19)
ro . 006 i ti Qi (2.20)
Where'O0, O 0 is theshear relaxatioand compliance modulus the material

The behaviourof linear viscoelastic material€an be mechanicallyrepresented via the
generalised Maxwell Model (Ferry 1980). This mocdahsists of a series of elastic spring and
viscous damper pairs in paralléigure2.23) and itis commonly used to define the viscoelastic

material properties in FE programse to its computational efficiency

The generalised Maxwell Model can be mathematically approximated with a Prony Series:

"06 O B 0Q (2.21)

Where"O is the long term (infinitely slow loading) shear modulus &dt are the shear
modulus and relaxation time respectively associated with each spring and damper pair for each
term (i) of the Prony Series. The instantaneous (rapid loading) or glassy shear m@julus,

can be evaluated as :

'O 0 B O (2.22)

7 7

Figure2.23 Mechanical representation of the generalised Maxwell Model
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ii) Stress analysis of a typical adhesive joint

One of the most important engineering challenges that ariadhasive connections is to
accurately determine the magnitude and distribution of stresses in adhesiveTjognésare
several possible joint geometribat the majority of the research-date considers single lap

joints (Figure2.24) as this is the most common configuration encountered in practice.

The first important study was that of Volkersen (1988p introduced the differential shear
model (Equation 2.23and 2.24. Volkersen assumes that adherends deform only in tension
while adhesive deforms only in shear. According to this model, the shear stresses are not
uniform across the overlap length with stress concentrations arising at the edges of the bond
(Figure2.24).

—>

- |
Shear tress

Figure224St ress di stri bution of Vol kersenbés mode

o o (2.23

] > 5 — (2.24

Where b is the bond widthp and 0 is the thickness of the top and bottom adherend
respectivelyo is the adhesive thicknes§) is the adhesive shear modul@sis the adherend

modulus and is the applied forceThe origin ofcis the middle of the overlafFigure2.24).

However, the above theory ignoréet the direction of the applied forces are not collinear
(eccentricity) which results in a bending moment applied to the joint in conjunction with the
in-plane tensionThe work of Goland and Reissner (1944) extended Volkersen's model by
including substrate bending and adhesive shear and peel stresses. However, this work is limited
as i) peel and shear stresses are assumed constant across the adhesive thickndssaii) the s
deformation of the adherds is neglected iii) the arising shear stresses are maxiatuthe

overlap end which is against the law of complementary shears (i.e. since the end of the adhesive
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is a free surface, there can be no shear stress on it iv) it is only valid for (symmetric) joints with
similar adherends and v) the nlimear material behaviour of the adhesive is neglected. Hart

and Smith (1973) extended this work by modelling the adbess an elastplastic material,

as well as including asymmetric joints. Another significant contribution was that of Bigwood

& Crocombe (1989). This provides a more general method for predicting the shear and peel
stresses in the adhesive including arskir adhereds which was subsequently extended to

include plasticity (Crocombe & Bigwood 1992). The main shortcoming of Bigwood and
Crocombeds method is that the boundary <cond
required and the model does not provide thems Hsue was addressed by the work of Cheng

et al (1991)who provide analytical solutions for the determination of the bending moments

and the vertical shear forces at the ends of the joint.

All the theories discussed so far indicate that the maximum adhesive stresses always occur
close to the ends of the joint assuming that the adhesive layer ends in a square edge. In reality
though, most adhesive joints are formed with a fifeg(re2.25) which is squeezed out under
pressure while the joint is being manufactured. Therefore, the influence of the fillet on these
maximum stresses should be taken into account as failure is bound to occur in this critical
region. Since it is unlikely that acdedform analytical solution will be found, numerical (FE)
techniques have been used to evaluate the fillet effect (Adams & Peppiatt 1974 anetWang

al. 1976). Overall, more details on the analysis of adhesive joints can be found in the work of
Adamset al (1997) and Da silvat al (2009a an@00%).

No fillet

—

Figure2.25 Typical singlelap adhesive joint with fillet
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iii) Existing research on the performance of adhesive glass connections
Although adhesive glass connections have been successfully implentegted.26) in real
glass projectsBlandini 2005, Bo®t al 2005 and~uchs & Witek 200Y, this technology is still

under development and very few design regulations Gdagke 1996 Exist.

Figure2.26 Glass dome at the University of Stuttgart (Blandini 2005)

There are several parameters that influence the mechanical response of an adhesive joint,
including the adhesive type (i.e. in terms of chemical compatibility), the joint geometry, the
surface preparation, the type and duration of loading, the temperahge in which the

adhesive must perform and the durability (aging) of the adhesive joint.

Overall, the ultimate mechanical resistance of adhesive connections is governied by
following three failure modesr a combination of them

1) cohesive failure i.e. failure of the adhesive material within its thickness

2) adherenddés failure i .e. failure of the bo
3) adhesive failure i.e. failure at the interface between the adhesive and the adherend. This case

is the most unfavourable one as it does not allow to deploy the maximwindagdg capacity

of the adhesive and the adherends.

Over the lasR0years there is an increasing research interest on the mechanical performance
of adhesive glass connections due to their superior featuresniparison with bolted
assemblies. Depending on the type of the adherend examined, the studies found in literature

can be classified into the following categories:
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a) Glass to glass connections

Speranzinket al (2016) examined experimentally the behaviour of sHegpeglass (annealed)

joints made of a tw@omponent transparent and a ta@mponent light grey epoxy resin. In

both cases, cohesive failure was observed with both resins showing a satisfying level of
resi stance. Machal i ck3§8 an-ldpskeariteStgwtivtgo diffededitl 7 ) c
UV-curing acrylates (Ritelok UV50 and Conloc 685). This study also examined the influence

of the glass surface treatment, the adhesive thiclkaes$sageing factors (temperature, UV
radiation and moisture) on the structural response of the joints. The tests results indicated that
the loadbearing capacity of the joint reduced with increasing adhesive thickness especially for
rigid adhesives. Addibinally, it was observed that a naniform stress distribution is
developed within the connection with stress peaks occurring at the edges. After exposure to
accelerated laboratory ageing, the Ritelok UV50 adhesive was assessed as unsuitable for
structuraluse because of serious deterioration of its mechanical properties. Accordingly, the
shear strength values of the Conloc 685 adhesive were reduced by about 40% due to exposure

to relative humidity during the accelerated ageing cycle.

b) Glass to steel connections

The vast majority of the existing literature to date have investigated the performance of glass
to steel connections. In particular, Overegtdal. (2011) studied the shet@rm structural
behaviour of singkdap and TFpeel steeblass joints considering five different adhesive
materials (silicone Dow Corning DC993, polyurethane SikaForce 7550L15, epoxy 3M 2216
B/A, two-component acrylic Holdtite 3%, UV-curing acrylic Bohle 68). The experimental
findings showed that cohesive failure occurred in alstheone samples, the singlap epoxy

tests, the Ipeel Holdtite tests and thepeel Bohle tests. The majority of the polyurethane
samples as well as thepeel epoxy ones exhibited adhesive failure. The former occurred at
the adhesivesteel interface Wile the latter occurred partly at the adheksteel interface and
partly at the adhesivglass interface. Glass failure was mainly observed in the dmglests

for both Holdtite and Bohle. The study concluded that silicone is the most suitableahiateri

low strength/stiffness stégjlass joints while for stiffer and/or stronger joints the best
performing adhesives are the epoxy and the-demponent acrylic (Holtide) but further

research is required to assess their{tmmg performanceomprehensively

Machalick8 and EIli 8gov8 (2017) -glass codneatian® d s h e
bonded by an oneomponent polyurethane (SikaFlex 265), a-teonponent polyurethane
(SikaForce 7550) and a tammmponent acrylate (SikaFast 5211). The results stidiat for
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both the shear and tensile tests, the polyurethane specimens failed cohesively. A combination
of adhesive and cohesive failure was observed for the tensile acrylate specimens. This failure
mode also occurred in the shear acrylic specimens. However, sgpgaimens with a
roughened glass surface exhibited cohesive failure resulting in 20% strength increase.
Moreover, for all adhesives, artificial ageing tests on identical specimens indicated minor
deterioration of their mechanical properties. However, atwylate adhesive demonstrated
visible faults (bubbles and cracks) which are attributed to the imposed temperature cycling over

its glass transition temperature.

Beliset al (2011)investigated the structural behaviour of 32 different adhesives by means of
steelglass singldap shear tests to identify suitable materials for adhesive glass connections.
The examined materials belong in the following adhesive families: silicones rgiblstoes,
MS-polymers (modified silicone), acrylates, epoxies and ionomers. In order to estimate the
effect of weathering environmental conditions, the specimens were exposed to 90% relative
humidity at 50 C for zero, 4 and 12 weeksfbee tested at room temperature. From the test
results, it was identified that epoxies and acrylates are in general significantly stronger than
silicones. It was also observed that the majority of the adhesives exhibited decreasing shear
strength after ageg. However, a few adhesives seemed to benefit from the exposure
conditions as they yielded better shear strength, most probably due to further curing and
consequent hardening at the exposure temperature (+50°C).

Van Lancker et al. (2016) extended the above work by investigating further the-tknmng
performance (ageing) of the three most promising adhesives; namely a stiff epoX{ (3M
ScotchWeld™ 9323 B/A), a flexible Mgmodified siliconepolymer (Soudaseal 270 HS) and

a structural silicone (Sika$ilISG-500). Moisture, temperature and UV radiation were taken
into account. The tests showed that the epoxy exhibited significant strength and stiffness
reduction when exposed to moisture but it showed good resistgarest thermal cycling. UV
radiation deteriorated its mechanical properties only in case of specimens previously exposed
to moisture. Although M$olymer performed poorly against moisture, thermal cycling
upgraded its mechanical properties while UV radraseems to have no significant influence.

The silicone demonstrated good resistance against moisture whereas thermal cycling and UV

radiation did not alter its structural behaviour.

Dispersynet al (2015) tested rectangular glass panels which were supported by six circular
steeladhesive rubber poknfixings and subjected to owf-plane loading. Two types of
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connections were examined: a hinged and a fixed one. The results showed that the fixed
configuration exhibited higher stresses but smaller displacements compared to the hinged one.
The influence of corner and edge distance of the adhesivefpamgts was also investigated.

It was found that lower stresses and deformations as well as a more uniform stress distribution

are achieved when the edge distance was maximal.

Later, Dispersyrt al (2016) investigated the structural performance of adhesivefpongs

by means of experimental tests and numerical (FE) analysis. The specimens consisted of
rectangular glass plates bonded to circular metal connectors via a two component epoxy
adhesie (3M Scotch Weld 9323 B/A). The specimens were simply supported along their
circumference and subjected to uniaxial tensile loading. The experimental/numerical results
indicate thathe maximum stresses in the adhesive and glassaserwith decrease of the
connector diameter, the glass thickness and adhesive thickness, and with increase of the
adhesive stiffness and adhesive Poissonds ra
is reduced by increasing the glass thicknesseadh ve sti ffness and adhe
and by decreasing the connection diameter and the adhesive thickness.

Similarly, Santarsieret al (2016 and 2017g)erformed shear and tensile tests at different
temperatures and displacement rates on connections made of circular stainless steel connectors
bonded to the surface of glass plates by means of the transparent ionomer SentryGlas (SG) and
the Transparent Stetural Silicone Adhesive (TSSA). The results showed that temperature and
strain rate variations have a major impact on the mechanical response of the connections.
Specifically, regardless of the loading typelaadhesive material, the connection strength is
proportional to the logarithm of the applied strain rate and decreases as the working

temperature rises.

c) Glass to other construction materials

A limited number of studies have investigated alternative adherend materials. In particular,
Zangenberget al (2012) and Machalick8 and EIli 8govs§
connections. MoreoveBlyberg et al (2012) examined the tensile and shear resistance of
adhesive connections bet weetal 20lh)aswllaaBat t i mb e
al. (2014) tested timbeaglass composite-beams and timbgglass composite wall panels
respectively. Finally, experimental investigations on glasSE&P (Glass Fiber Reinforced

Polymer) connections are provided in the work of Valarishal (2013) Speranziniet al

(2016)and Pascuadt al.(2017).
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2.3.25 Embedded laminated adhesive connections

Aboutone and a hallecadeagq a novel form of adhesive glass connections emerged, known

as embeddeldminated glass connections, which represents the main focus of this dissertation.
Embedded laminated connectigiidgure2.27) consist of a metallic insert which is partially
embedded within the laminated glass unit by means of a transparent adhesive interlayer that
transfers loads from the metal insert to the glass plies. Typically, the adhesives that are used
for embedded lamated connections are: the PVB or the iononsentryGlas® (SG,
SentryGlas lonoplast Interlayer 2021).the former case, a stiffer version (a.k.a. structural
PVB) of the regular PVB is usually employed such as Saflex Structural probyeastman
(Eastman 2021pecause it provides superior structural capacity and adhesion with glass
compared to conventional PVB interlayers.

The primary idea is to make use of the wadtablished principles and manufacturing protocols

of laminated glass in order to produce transparent adhesivecglassctions. Specifically,

solid foils (nominal thickness of 0.381.52 mm) of the adhesive material are placed between

a metal connector and the glass panels. The assembly is then placed in a vacuum bag and
subjected to the standard lamination procesighvimvolves the simultaneous application of
pressure and heat via an autoclavigire2.27). While the use of vacuum bag increases the
manufacturing costs, it is usually required because it reduces the formation of air bubbles, thus
resulting in high quality laminatioror the mostcommonlyused SG laminated connections,
lamination is performed in a singtgclewheretypically a constant temperature of 135°C and
pressure of 12 barare applied for at least 60 minut¢Santarsiero 2015)To ensure good
lamination quality, the cooling phase is performed with a mininmate of 23°C/mint.
However,the heating/cooling of materials (glass, steel) with diffeceetficientsof thermal
expansions @ p Tt F0 for glass andl2.5p 1t ¥0 for stainless stepduring the autoclave
lamination results inresidual glass stresses in the embeddezhthat compromise the
connectiorstructural performance. To address this, titanium inserts are often used as titanium

has a thermal expansion coefficiéB5 p 11 ¥0) similar to that of glass

L According to the material manufacturer, the optimal values of temperature, pressure and duration depend on a plethora of

parameters such as the autoclave size, the glass size and the interlayer thickness.
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Figure 2.27 Scheme of fabrication of (a) laminated glass (a) and (b) embedded laminated

connections

The mainadvantageof embedded laminated connections is that at the end of the lamination
process, the final glaggoduct is complete and ready to be easily installed on site by simply
connecting the protruding part of the metal insert to an adjacent one or to a subframe. In
addition, unlike other connection techniques, the need of glass drilling or mortar injsction i
eliminated along with the glass stress concentrations that arise due to direct contact. Other
advantages of embedded laminated connections are: i) {pkane flathess and overall
transparency of glass structures is improved ii) the simple preparatich@semautomatic
fabrication process which is well known by most of the glass manufactures iii) the enhanced
postfracture performance in comparison with monolithic components since in case of glass
breakage the fragments remain attached to theagterithereby providing a certain remaining

load-carrying capacity.

Depending on the geometric configuration and the thickness of the insert, embedded laminated
connections are classified into connections with thick or thin inSigtie2.28). In the former

case, a slot is machined in the intermediate glass plydardor the metal insert to be
encapsulated. In the latter case, multiple interlayer foils between the glass plies are typically
required to compensate for the additional thickness of the insert. This is not necessary for thick

inserts because the insdrickness is usually the same as that of the middle glass panel.
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Figure2.28 Scheme of embedded laminated connections with thick (a) and thin (b) insert

Severakuthors have examined the mechanical behaviour of embedded laminated connections
with thick metal inserts. Santarsieed al. (2013a, 2015 and 2018) investigated the-putl

response of embedded SG laminated connectibdi$ferent temperatures (207@&0°C). The
experimental results showed thamperature markedly affects not only the maximum-oad
carrying capacity, but also the failure mode of the connec8pacifically, the loagtarrying

capacity decreases as the temperature rises. At relatively low temperdt@es4 0 AC) , t h
resistance is dominated by glass failure while at higher temperature cohesive failure was
obseved. Another important finding of this work is that residual glass stresses of up to 6 MPa
were recorded in the embeddazhewhich are attributed to the autoclave lamination process

as described above

In the work ofZhaoet al. (2021), the influence of (i) the type of the outer glass plies, (ii) the
thickness of the intermediate glass ply and (iii) the dimension of the embedded metal insert on
the pultout structural performance of embedded SG laminated connections was exdinened

test results indicated that using fully tempered glass instead of annealed glass as outer plies
and/orincreasing the thickness of the intermediate glass layer results in higher connection
strength. It was also shown that tfiadure mode of connections with relatively small metal
inserts is governed by full delaminatigne. adhesive failurebetween the insert and the
interlayer and therefore reduced leaehring capacity compared to connections with larger

inserts.

Bajtek et al. (2020) studied the response of embedded connections laminated via an EVA
(ethylene vinyl acetate) interlayer under bending loading. The study concluded that EVA is
unsuitable for load bearing applications due to its significantly lower stiffness contpared
PVB and SG.

In subsequent studies, Santarsieral (2017b) and Bedon & Santarsiero (2018) investigated

the structural behaviour of fuficale SG laminated glass beams connected via thick embedded
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inserts by means of experimental and numerical (FE) methods respectively. Three different
configurations were examined; each featuring different location and dimensions of the
embedded metal insert§he results revealed that the configuration of the embedded
connections has major impact on the mechanical behaviour of the beams. Overall, it was shown
that a redundant and ductile behaviour can be achieved and that beams with embedded
laminated connectits are able to resist severe damage scenarios anddio $osds over time,

includingcase when all glass plies have fractured

Accordingly, several authors have investigated the performance of embedded laminated
connections with thin metal inserts (Bedisal 2009). Pulleet al (2011, 2012a and 2012b)
conducted puibut tests on embedded SG laminated connections at different temperatures
(23°C, 40°C and 75°C). The results showed that the stiffness and strength of the connection is
significantly reduced at relatively high tematures (75°C).

A similar study by Santarsiert al (2013b) confirmed the above findings showing that the
connection failure mode at relatively |l ow te

while delamination phenomena dominate its response at higher temperatures.

In the work of Carvalhet al (2011 and 2012) and Loutet al. (2019), botrstructuralPVB

(Saflex Structuraland SG laminated embedded connections were tested undeuploiading

at room temperature. Two different types of metal inserts were examined: a normal steel plate
and a perforated one. The results showed that the SG connections demonstrated aldgnsider
higher strength than trsgructuralPVB ones. The study also concluded that the insert type has

a minor impact on the ultimate load bearing capacity of the connection but it was observed that

the use of perforated inserts results in increased dyctilit

The work of Carvalho was further extended by Veteal (2016) who examined the fatigue

and creep behaviour of embedded SG laminated connections with perforated Trserts.
experimental results indicated that at relatively high temperatures (40°C) there is a serious risk
of cumulative creeffatigue damage leading to insert delaminatidme longtern performance

of such connections was also investigated by Denoretiléd (2013) who performed putiut

creep tests on connections subjected to temperayales.

Another significant contribution is that dMarinitschet al (2016) and Griffithet al (2016)
who studied a connection detail for folded plate structures made of triple SG laminated glass
units which are connected via metallic inserts. The experimental and numerical findings

confirm the viability of the proposed connection detail for structural glass applications but the
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authors suggest that further research is required to examine its durability and its behaviour
under elevated temperatures and long term loading before implementation-wonieal

applications.

Hanig and Weller(2022) investigated avariant of embedded laminated connectiamgere a
metallic insert iencapsulateth glassPMMA composite pansl(Hanig & Weller2020, 202))

by means of either a mechanical fastener or an adhesive conn&bgstructural performance

of the connection was examined under jouit loading at three different temperature23°C,

+40°C and+60°C). For the adhesive connectionegpoxy resinfluntsmariraldite®), an UV

curing acrylate (DELO® Photobond® GB36&nd a two component polyurethane
(technicoll® 943601) wereemployed It was found thatinlike the mechanical connection, the
load-bearing capacity of the adhesive connectignsignificantly afected by temperature
resulting in reduced strength at temperatures above the glass transition temperature of the
adhesives. Overall, it is concluded that the mechanical connection offers superior structural
performance (i.e. strength, residual loaldearing capacity) as well as easier
assemblidisassembly procesempared to the adhesive ones

Over the lasl5yearsembedded laminated connectitvave been applied in several real world
projects.Shell glass structures (e.g. domes, vaulted structures and free form sloaqstit)ite

a typical examplevhere embedded connectiohave beeremployed to connect planar or
curved glass laminates. Since tbad bearing behaviowf these structuras mainly governed

by in-plane membrane forcale connection is mostly subjected to axial and shear forces
(Figure2.29a). However, even in sucipplications a limited bending stiffness is required to
cope with asymmetric loads and ensure the global stability of the shell. Additionally, embedded
laminated connections have been successfully implemented in facade appltcationsect
facades panelwith their supporting fins. The owutf-plane (i.e. wind loads) facade loads are
transferred to the fmithrough theembeddedconnectionin the form ofaxial forces (Figure

2.2%). Embedded laminated connections have also been employed to form a moment joint (i.e.
shear force and bending moment) between structural lgé&ssaswhich are usually used to

support glass roofs and flogiSigure 2.29c)
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Figure 2.29 Schematic representation of real world applications and loading conditions of
embedded laminated connections

In more detail, in case @mbedded SG laminated connections with thick ingaméably the

most emblematiceal world applicatiorfFigure2.30) is the Applestore(O'Callaghan & Coult

2008 and O'Callaghan 201@) New York (U.S.) wherembeddedonnections were used to
connect the structural glass elements (i.e. column to facade connection and beam to beam
connection inFigure 2.30 b and c respectively) of the 10 m x 10 m glass cube structure.
Applications of this connection typology can also be found in subsequent Apple stores
manufactured worldwideQ('Callaghan 2012, enk & Lambert 2012and Lenk & Lancaster

2013. Embedded SG laminated connections with titanium inserts were also used to join the
facade glass panels to the glass fins at the new Medical School of Montpellier @icates

2017) and the Torre Europa building in Madrid (Teixidbal 2018). Another application of
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this technology can be found at the new Tottenham Court road underground station in London
(Ludwig 2014 and 2015Embedded laminated connections have also reptementedn
nonfacade applications suchglassstaircases faheApple storein Hamburgand New York

( O6 C ak00Avhéretitanium inserts were used as connectors between the glass treads

and stringergFigure2.31).

Accordingly, embedded laminated connections with thin inserts were implemented at the
internal folding glass ceiling of the Zurich Stadtb®dl{areth & Meyer 2011). Additionally,
Schieberet al (2021) and Stevelst al (2022) designed and fabricated a demonstrator shell
glass structureHjgure2.32) consisting of double laminated glass panels which were connected
by means of embeddetructuralPVB (Saflex Structural)Jaminated connections (Fildhuét

al. 2022).

(b)

Figure2.30 Apple Retail Store in New York (U.S.): (a) global view of the project (b) close
view of the embedded laminated connections between column and facade panels (c) close view

of the embedded laminated connections between roof beams (Bedon & Santarsiero 2018)
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(b)
Figure2.31 Glassstaircasef Apple store : (a) global view of the project and (b) close view of

embedded laminated connectidretweertreada nd st ri nger (O6 Call agh:

Figure2.32 Photo of demonstrator glass structure (Stesetd 2022)

45



Embedded liquidaminated connections for structural glass applications

2.4 Conclusions

In this chapterthe main physical and mechanical characteristics of glass have been discussed
and a comprehensive review of the various types of structural glass connections has been
presented. In particulathe review focused otihe setup andthe structural behaviowf well-
established (linea& bolted connections) and emerging (adhesive connectioashection

techniques.

The literaturesurveyrevealed that although linear connections are extensively used nowadays,
they often fail to meet the architectural intent due to the visual impact of the supporting frame.
This limitation has been overcome by point connections such as bolted assemblies. However,
bolted connections are structurally inefficient and there are still gaps in our knowledge that do
not allow for an accurate design without conducting complex anddimsuming nunmécal

(FE) analysis. Therefore, adhesive cartioms are currently being heavily investigated as a
promising alternative for connecting glass. Specifically, embedded laminated adhesive glass
connections are of particular interest because they offer an improved structural and aesthetic
performance. Alilough there is a significant body of research on this connection method, there

are several topics that still remain unresolved and require further investigation.

Firstly, all studies published so far have considered either PVB or SG as potential interlayers
which both requirghe application of high temperature and pressugieanautoclave. This
lamination process produces residual glass stresses in the vicinity of the embedded area due to
the differential thermal expansion between the glass and the metallic insert that compromise

the loadbearing capacity of the connection.

Moreover, while the existing studies provides a useful background for the experimental testing
and numerical modelling of embedded Ilaminated connections, none provides an
analytical/empirical model for predicting their mechanical response in order torsuppo

engineering design tasks.

Most of the research hasvestigated the sheterm behaviour of embedded laminated
connections and therefore there is a paucity of data on theirtdomgperformance and

especially their durability against exposure to environmental (aging) factors such as humidity.

Additionally, all studies have only considered embedded laminated connections with metallic
inserts. However, due to the increasing demand for architectural transparency it seems pertinent

to examine the possibility of using alternative transparent ingetsvill eliminate the visual
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impact of the metallic ones, thereby enhancing further the overall connection aesthetic

performance.

Finally, despite theich source of background knowledga embedded connections with thin
inserts, a limited number of studibave translated this technology on actual medium/large
scale glass applications in order to confirm its suitability and demonstrate its potentials for real

world projects.

In view of the above, this research project aims to address the aforemegimsby means
of experimental, numerical (FE) and analytical investigations on embeddedlaquithted

glass connections as discussed in the following chapters.
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CHAPTER

3. STRAIN RATE EFFECTS ON EMBEDDED CONNECTIONS

3.1 Introduction

The literature reviewed showed that embedded laminated glass connections have gained
popularity in recent years due to their enhanced mechanical performance and aesthetic appeal
compared to the conventional bolted assemblies. However, it was also shbumdigirable

residual glass stresses are set up in the embeddedustoethe thermal cycling imposed on
materials with dissimilar coefficients of thermal expansion (glass and metallic insert)
throughout the autoclave lamination process. These resilaases can be mitigated by using
inserts made of titanium which has a thermal expansion coefficient similar to that of glass. Yet,
the increased cost of titanium along with the cost of the specialised autoclave lamination
process (vacuum bag is usualgquired to achieve high quality lamination) make these

connections relatively expensive.

In this chapter, aiming to address these issues, a variant of the embedded laminated connections
is examined where lamination is performed by means of a transparemmotoit] resin (i.e.

liquid optically-clear adhesive, Davis 2013). Unlike autoclave tation, liquid (resin)
lamination does not require high temperature and pressure, thus eliminating the aforementioned
unfavourable residual stresses and reducing manufacturing expenses while being

environmentally friendlier due to the lower energy consumnpt

Firstly, experimental pulbut tests are conducted on physical prototypes of the embedded
liquid laminated connection at different displacement rates in order to investigate the effect of
the time dependent behaviour of the polymeric resin interlayereométhanical response of

the connection.

These puHout tests are then modelled and analysed by means of Finite element (FE)
simulations in order to identify the principal load transfer/failure mechanisms of the connection
and the associated stress states. A parametric numerical (FE) study mediamed to
evaluate the effect of salient geometric variables and optimise the structural performance of the

connection.
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Finally, the insights gained along with the data generated from the experimental and numerical
investigations are used to develop a simple analytical model that can adequately predict the
pull-out loaddisplacement response of the connection while aceuyfdr the time dependent
response of the interlayer.

Thefindings of this chapter have also been publishedolakoset al (2021).

3.2 Materials and methods

3.2.1 Preparation of specimens

The pullout connection specimens shownHigure 3.1 consist of a laminated glass unit
comprising two heastrengthened (BS EN 18632011) glass plies where a thin steel plate is
partially embedded along one long edge (i.e. glass embedment edge). The nominal dimensions
of the two rectangular glass pliee&800 x 400 x 6 mmHjgure3.2). Heatstrengthened glass

was used because it combines increased strength capacity (i.e. compared to annealed glass) and
relatively good post fracture performan@g¢aldimannet al. 2008) In order to achieve high
transparency and th@mhanced aesthetics, low iron (higlarity) sodalime-silica float glass

(BS EN 5722 2012) with polished edges was selected. The 100 x 200 x 2 mm rectangular plate
insert is made of 1.4404 stainless steel (BS EN 14108814) which is polished to a swéa
roughness (Ra) of 0.2 mm. The insert has an embedded length of 200 mm and rounded corners
of radius R =5 mm at its end face to minimise stress intensification. The embedded dimensions
(100 x 200 x 2 mm) of the insert were determined to be practi¢atnms of fabrication and

testing, taking into account the geometric and load capacity of the testing machine. In the
interest of internal consistency and text coherence, the large faces of the steel insert are labelled
as bobopom face@a,| tfhae esmalsl O6lsatder faced and t ¢t
60 end FHgare3R)ld (

Lamination is performed by means of a transparent;dwoponent, polyuretharased,
thermoset resin (Kodistruct LG) provided Hy B. Fuller- Kbmmerling In consultation with

the product manufacturer, this particular resin was selected due to its relatively high stiffness
(especially for longerm loads) and good adhesion quality with glass (Witeteal 2013).

The resin pot life can be adjusted from 10 to 60 minutes, its handling (fixture) time is
approximately 48 hours and its chemical curing (exoti® reaction) is mostly completed
within seven days at room temperature. The relatively low shrinkage (3.5%) of the resin while
curing results in limited quantities of entrapped air (i.e. bubbles) and low residual stresses. The
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thickness of the resin interlayer between the steel insert and the glass plies iFigune3)
while its total thickness (away from the embedded area) is 6 mm (tolerance of + 0.3mm).

Further detail®nthe resinpropertiexcan be found in Appendix A.

Steel +—Ase++t0o o0 0 O O

Adhesi|ve
I nterljayer

Gl as=s

@ (b)

Figure 3.1 Schematic representation (a) and photo (b) of embedded laminated connection

specimen
20 mm-== 40 mm rEmbedded Area
2 mm | ————Steel Insert
2m 2mm (5 &) Q(Jj & G__’ Width 200mm E)_ _? _
1 S ¢\‘1»‘° E Embedded length 100mm
£ =) o
8 ~— N
T l Side face~ | R
| 100 mm 200 mm 100 mm—| ]
E End face
]
6 mm L Double Laminated Glass
300mmx400mm heat-strengthened glass
Interlayer Kodistruct LG thickness 6mm
6 mm— -6 mm 400 mm

@ (b)

Figure3.2 Geometry and dimensions of pollit specimen

All specimens were manufactured by the author and support staff at the H. B.-Fuller
Kommerling Liquid Composite Centre of Excellence at TTEC GmbH (Bexbach, Germany).
The fabrication methodology is presented in the form of the following sequential steps i

chronological order:

1. The steel insert and the inner glass surfaces were cleaned with an agent (Koérasolv GL
solvent) to provide a dust and grease free surface. Unlike some adhesive interlayers,

application of primer is not required prior to lamination to achieve good adhesbtyq
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. Three layers of a 2 mm thickness VHB (3M) clear acrylic tape was applied along three
glass edges to pteond the two glass plies. In this way, a 6 mm cavity (clearance) was
formed between the two glass plies that provided a controlled envelope for the resi
injection Figure3.3).

. Hot-melt adhesive (HMA) was applied externally along the three VHB bonded edges of
the glass assembly with the aid of a glue gun. These edges were further sealed with

aluminium tapeKigure3.4) to eliminate potential leaks during resin injection.

. The glass assembly was placed ivedgtical position (i.e. glass embedment edge up) in a
simple purposéuilt assembly jig. The jig held the glass in a vertical position and
simultaneously held the steel insert in position and in correct alignment with the glass
during the resin injectiorilhe jig had a capacity of four specimens (placed side by side)

and a tolerance of £1 mm with respect to the nominal geontégyre3.4).

. The two resin components were mixed at a specific ratio by a specialised metering/mixing
system (Eldomix) and then injected into the glass assembly with aFpjpedg3.5a and b).

The total volume of the resin required to ensure a complete filling of the finished specimens
was calculated to compensate for the resin shrinkage (3.5%) during its curing phase.
Aluminium tape (Figure 3.5c) was used to form a suitable funnegdtee entire length of

the filling edges (glass embedment edges).

Gl ass embedment edg

VHB bonded edges
@) (b)

Figure3.3 Glass ply with VHB tape (a) and glass assembly (b)
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During the resin injection (i.e. Step 5) no leaks were observed. Visual inspection at the end of
the curing period revealed that some specimén8 Q %) exhi bi ted rel ati ve
diameter) bubbles distributed along the end face of the steel insert (ranging from 5 to 15 in

total) due to air trapped during the resin injectiéimg(re3.5c).

Al umi nium t adlei gnmentGljaisg as Semellyi

Figure3.4 Photo of alignment jig

Resin injection

Al umi

f tape
i/ _Resin

Steel

«+— Gl ass

Bubbl €

il

@ (b) ©

Figure3.5 Photo of mixing machine (a, b) and scheme of resin injeétipn
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3.2.2 Test setup

The testingseriesconsists of 8 pulbut tests, all executed at Cambridge University Structures
Laboratory using an Instron electneechanical testing machine fitted with a 150 kN load cell

(x 0.5% load measurement accuracy). The tests were carried out at ambient kaborator
conditonsTad + 22AcCc N 2AC, relative humidity RH &
at two (1, 10 mm/min) different constant crosshead displacement rates (4 tests for each
displacement rate) in order to assess the effect of the time dependerdinatiehe polymeric

interlayer on the mechanical performance of the connection.

The specimens are placed verticalygure 3.6) and the protruding part of the steel insert is
connected by five M12 (grade 8.8) steel bolts to two (one on each side) steel clamping plates.
These steel clamping plates were in turn rigidly fixed to the crosshead of the Instron machine
with a single M2(Qqgrade 8.8) steel bolt. The specimens were clamped down to the machine by
means of two symmetrically placed steel reaction bars which are directly fixed to the Instron
base via four steel threaded rods. The steel reaction bars were placed relatively tlese

steel insert (15 mm clearance) to minimize load eccentricity. Pure aluminium sheets of
thickness 6.35 mm were placed between the steel reaction bars and the glass embedment edges,

thereby avoiding direct contact.

The total applied load and the crosshead displacement were recorded throughout the tests.
Additionally, two transducers were used to measure the relative displacement between the glass
and bolts (highlighted in red iRigure 3.6b) and four transducers were used to record the
relative displacement between the steel insert and the glass (highlighted in green in Figure
3.6b). Strain gauges were also applied to some specimens at the outer glass surface in the
vicinity of the end fac®f the insert where large stress concentrations were expected to occur

based on preliminary exploratongmerical (FE)nvestigations (Figure 3.6a and b).
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Figure3.6 Scheme of the test setyg) photo,frontal view (b) andc) lateral view
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3.3 Experimental results and discussion

3.3.1 Pullout load displacement curves

Firstly, the structural pubut response of the connection is examined in terms of the load
versus relative displacement curves (the full set of results is giv@iabkle 3.1 and 3.2.
Specifically, Figure 3.7 shows the applied load as a function of the relative displacement
between the glass and the bolts. It is observed that for both applied displacement rates the
specimens demonstrated an initial linear elassponse up to approximately 40 kN, followed

by an plastic (softening) behaviour up to failure. This reduction in initial stiffness is attributed
to yielding of the insert in the vicinity of the boltholes where high stress intensification occurs,
in conjurction with progressive relaxation (tintiependent behaviour) of the resin interlayer.
After the initial linear response, for the high displacement rate tested specimens (10 mm/min),
the load continued to increase with the steel insert deforming plastipaitya maximum load

of abouté 140 kN and maximum displacement of approximagelg2 mm where the steel
insert failed in the region of the boltholésgure3.7b).

Accordingly, for the low displacement rate tested specimens (1 mm/min) after the initial linear
response, the applied force increased up to a maximum load of &@daas kN and
displacement of abou@ 7 mm where the connection lost its leaearing capacity due to

fracture of one of the glass plies (Figure 3.7a).

As expected, the standard deviation of the maximum-teading capacityTable3.3) of the

low displacement rate tested specimens that exhibited glass failure is higher compared to that
of the high displacement rate tested specimens (steel failure) due to the relatively large
statistical spread distribution of the glass streifggddimannet al 2008)

Table 3.1 Test results of each specimen tested at ambient laboratory temperature (+ 22°C +

2°C) andat 1 mm/min displacement rate

Strength (kN) Initial stiffness (kN/mm) Failure mode

Specimen 1 113.83 289.92 Glass
Specimen 2 119.78 266.67 Glass
Specimen 3 119.75 258.06 Glass
Specimen 4 109.21 248.15 Glass
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Table 3.2 Test results of each specimen tested at ambient laboratory temperature (+ 22°C +

2°C) andat 10 mm/min displacement rate

Strength (kN) Initial stiffness (kKN/mm) Failure mode

Specimen 1 140.41 465.22 Steel
Specimen 2 139.22 429.79 Steel
Specimen 3 138.13 443.48 Steel
Specimen 4 139.21 419.99 Steel
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Figure3.7 Loadrelative displacement (between glass and bolt) curves for each specimen tested

at 1 mm/min (a) and 10 mm/min (b) displacement rate
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Moreover Figure3.8 shows the applied load versus the relative displacement between the glass
and the steel insert, thus allowing us to decouple the twelimeer phenomena, i.e. the
yielding of the steel insert in the region of the boltholes and the relaxation (softefihg)

resin interlayer. From this figure, it is observed that for both applied displacement rates, the
loadrelative displacement responses were initially linear and were followed by gradual
softening up to adherend failure (steel for 10 mm/min and fgatise 1 mm/min). In this case,

the stiffness reduction in the initial linear stage is the result of the progressive relaxation of the
resin in conjunction with yielding of the steel insert in the region below the boltholes
commencing at an applied loaflabouté 95 kN (based on the FE results and experimental

observations)

Figure3.8 also shows that as expected, the initial stiffness of the 10 mm/min $psteichens

is noticeably greater than that of the 1 mm/min tested ones due to the higher imposed
displacement (strain) rate. In particular, the average (st. dev. = 16.97 kN/mm) initial linear
connection stiffness (i.e. initial linear slope of the equivabdirtear curve that approximates

the experimental loadisplacement curves shown in Figure 3.8) of the high displacement rate
tested specimens was found to be in the ordér4%0 kN/mm, exhibiting an increase of about

& 66% compared to that of the |é®26bkdmms ptl ace me
dev. = 15.47 kN/mm)Table3.3).

By comparing Figures 3.7 and 3.8, it can be seen that despite the high displacement rate tested
specimens reached a higher relative displacement between the glass and the bolt (Figure 3.7)
at failure than the low displacement rate tested ones, the cordesgaelative displacement
between the glass and the insert (Figure 3.8) at failure was found to be slightly lower. This is
attributed to the greater resin stiffness of the high displacement rate tested specimens and
indicates the development of large gila deformations in the vicinity of the boltholes that
eventually led to steel failure.
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Figure 3.8 Loadrelative displacement (between glass and steel insert) curves for each

specimenestedat 1 mm/min and 10 mm/min displacement rate

3.3.2 Failure mechanisms

The experimentally observed failure mechanisms of the connection are here presented for the
two different imposed displacement rates (1 and 10 mm/min). Firstly, for both applied
displacement rates, yielding of the steel insert was observed in the vaditiigy boltholes at

a relatively low applied load (40 kN) due to the high stress concentrations in this region and
the relatively low grade steel insert. As the load continued to increase, this plastic deformation
became more evident distorting the shajphe boltholesKigure3.9 and 3.10). Finally, when

the magnitude of the applied load decreased by 40% with respect to the maximum value, the
tests were automatically stopped (by the Instron machine software). The average total testing
duration of the high displacement rate (10 mimjntested specimens was approximately

110s while the corresponding duration of the low displacement rate (1 mm/min) tested

specimens wad 7 times longerTable3.3).

Two distinct failure mechanisms were observed during testing that correlate with the
magnitude of the imposed displacement rate. In particular, the high displacement rate (10
mm/min) tested specimens exhibited steel failure which manifested in signifizstic
elongation in the region of the boltholes. This resulted in high ductility prior to failure and

therefore it i s deemed as a O0safed failure m
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plastified (i.e. applied load 135 kN), some specimens (i.e. 3 out of 4) demonstrated a small

degree of delamination (i.e. loss of adhesion) at the side faces of the embedded insert in the

vicinity of the glass embedment edge (Figure 3.9).

__ Holes EIlc
Plastic W

S Limited D

Figure3.9 Steel failureof 10 mm/mindisplacement rateested specimens

For the low displacement rate (1 mm/min) tested-putl specimens, the failure mechanism

was governed by fracture of one of tilass pliesKigure3.10). However, in this case as well,

the steel insert underwent plastic deformation in the vicinity of the boltholes resulting in
considerable ductility prior to brittle glass fracture. Based on the experimental observations,
the origin of glass failure waedated at the glass embedment edgguie3.10) and especially

in the region of contact with the steel reaction beirgure3.6) where the glass was subjected

to large normal compressive stresses due to the reaction forces that led to the development of
vertical (bearing) cracks (i.e. parallel to the loading direction). These cracks instantly
propagated over the embedded zonedgaHly deviating from the loading direction until
becoming almost perfectly horizontal (i.e. perpendicular to the loading direction) at the glass
region located close to the end face of the steel insert. The formation of vertical (flexural)
cracks was alsobserved at the glass embedded area in the vicinity of the glass embedment
edge Figure 3.10) which are attributed to the eccentricity between the applied load and the
reaction forces. Considering that in real applications the connection transfers forces (e.g. axial)
between consecutive laminated glass panels (i.e. absence of reaction barsflasefailure

is expected to occur in the vicinity of the end face of the insert where the formation of horizontal

cracks Figure3.10) was experimentally observed.

The experimental results also showed that the low displacement rate tested specimens failed at
alower load€ 115 kN) compared to high displacement rate oaes40 kN). This premature

glass failure can be attributed to possible variations in glass strength and to the reduced glass
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strength of the low displacement rate tested specimens owing to teetgd) crack growth
phenomenon ( Haldimaret al. 2008) since the duratioifgble 3.3) of the low displacement

rate tests is significantly longer compared to the high displacement rate ones.

Table3.3 Results of pubout tests at different displacement rates

Displacement rate (mm/min

1 10
Duration (s) 764 109
Mean initial stiffness (kN/mm) 265 440
Failure mode Glass Steel
Mean strength (kN) 115.65 139.25
Strengthstandard deviation (KN) 4.44 0.81
Reactioﬁpglirg(eiReL;catdion Force
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Figure3.10 Photo (a) and scheme (b) of experimental glass crack pattern at 1 mm/min tested

specimens
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3.4 Numerical (FE) investigations

3.4.1 Description ofnumerical (FE) models

In order to further interpret and better understand the experimental findings, a 3D Finite
Element (FE) model of the putiut tests was constructed and analysed in Abaqus (Simulia
Abaqus 2018). The simulations were performed as quasi static analysesrtakaggount the
time-dependent material response of the resin interlayer (Visco Step in Abaqudjnédéon

effects from large displacements and deformations (geometridimearity) were also
considered. The total analyses time was divided into appedgly 250 steps/increments
regardless of the examined displacement rate. This resulted in a maximum time step of about

4s and 0.5s for the FE simulations at 1 mm/min and 10 mm/min respectively.

To reduce computational time, half of the polit specimenHigure 3.11) was modelled
utilising the symmetry along the direction of loadingafis) and applying the relevant
boundary conditions (BCMoreover, to further simplify the model, the steel clamping plates
(Figure 3.6) were omitted and hence a forced displacement rate (in-#xésxwas directly
applied to the bolts in the region of contact with the steel clamping plates. The steel reaction
bars along with the steel threaded rdéigre3.6) that restrain the glass specimens were also
omitted from the model and were simulated by appropriate boundary conditions at the free

(top) face of the pure aluminium sheet.

App|IDied | aceme rate

Al umi ni
B CU xU yvU z0

Symmetry
B CU zR xR y0

Figure3.11 Connection FE model with boundary conditions (BC)
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Solid brick elements were used to describe the geometry of the FE specimens. Naroeéy, 8
Continuum 3D stress elements (C3D8R) with reduced integration were assigned to the glass
plies, the steel insert, the aluminium sheets and the resin interlayemaiheadvantage of

these elements is that they are not susceptible to volumetric locking phenomena (see Abaqus
Anal ysi s User 6s Manual) which occur when n
(Poisson rati@ 0.5) as the resin interlayer. Additionallywas assumed that the glass plies,

the steel insert and the resin interlayer are rigidly connected (perfect bonding) and thus possible

delamination (debonding) phenomena are neglected in the current numerical (FE) study.

For the contact between the M12 bolts and the steel insert as well as between the glass plies
and the aluminium sheet, surface to surface contact interactions were defined. In the direction
of the applied displacement rate, hard normal contact was catsibrch allows separation

of the surfaces in contact but prevents penetration. For the tangential behaviour, it was assumed
that the surfaces in contact can slide freely (i.e. frictionless tangential relative displacement).
The mesh pattern of the FE modEeligure 3.12) was carefully selected in order to ensure
sufficient accuracy of the numerical predictions. Therefore, based on the experimental findings
and on the results of preliminary FE investigations (convergence study), the mesh size was
refined (i.e. solidelemet s of size &@ 1 mm) (i) in the reg
vicinity of the contact between the glass plies and the aluminium sheet and (iii) in the region

of contact between the bolts and the insert where large stress gradients are exjpectad to

A coarser mesh was assigned along the end edges of the FE specimens (i.e. 12 mm element
size). A total number of about 280,000 elements and 920,000 degrees of freedom were defined

to replicate/reproduce the pulut experimental tests.
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Figure3.12 Mesh pattern: lateral view (a), frontal view (b) and mesh detail of embedded area

(©)

Special attention was given to the materials numerical models and especially to the time

dependent behaviour of the resin interlayer. The glass was modelled as linear elastic material

with nominal values for modulus of elastic® = 70 GPa and Poisson ratio = 0.2
(BS EN 5722 2012). The 1.4404 stainless steel insert was modelled as gkstiio material
with modulus of elasticitfD = 200 GPa and Poisson ratio = 0.3 (BS EN 1008&
2014). The yield and ultimate stress welefined based on data provided by the product
manufacturer as 320 MPa and 620 M@acture strain = 48.2%jespectively. For the
aluminium, a linear elastic behaviour was assigned with modulus of ela€licityy= 70 GPa
and Poisson ratio 5= 0.30 (BS EN 19949-1 2007).

Based on research (Wittwet al. 2013) performed by the product manufacturer (H. B. Fuller
- Kbmmerling), the time dependent material response of the resin can be charactéirisad as
viscoelasticand therefore can bepresented via the generalised Maxwell Modigjuation
2.21, 2.22 andFigure2.23).

In the present study, the Prony Series coefficigrable3.4) of the resin (Kddistruct LGused
to define its numerical (FE) material modekre determined by the product manufacturer (

B. Fuller- Kbmmerling and provided to the author after private communication. Moreover, in

consultation with the product manufacturer, the resin was modelled as isotropic and nearly

i ncompressi bl e wibt h=049tabid timeancténmperatuee independet
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(Wittwer et al 2013). Theshear relaxation moduli®0 of the resin interlayer at room

temperaturg+22°C +2°C)for different load durations is shown kigure3.13.

Table3.4 Prony Series coefficientyd= 36.39 MPa) of Kodistruct LG at different temperatures

Temperature
-10°C  +20°C +22°C +24°C +50°C
Term Index )
_ oro T
(i)
1 2.00E03 1.79E+11 5.86E+05 2.77E+05 1.32E+05 2.00E+01
2 3.10E03 4.44E+10 1.45E+05 6.86E+04 3.27E+04 4.96E+00
3 1.02602 1.75E+10 5.73E+04 2.71E+04 1.29E+04 1.96E+00
4 3.7902 2.67E+09 8.75E+03 4.13E+03 1.97E+03 2.99E01
5 1.26E01 2.39E+08 7.82E+02 3.69E+02 1.76E+02 2.67E02
6 7.87E01 9.74E+06 3.19E+01 1.51E+01 7.18E+00 1.09E03
c40
= 1s o—
3 58 Q=38 MPa
< - 5s
& RN o
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Figure 3.13 Shear relaxation modulus G(t) of the resin interlayer at room temperature for

different load durations
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3.4.2 Numerical (FE) results and discussion

(i) Comparison between numerical (FE) and experimental load displacement curves

The numerical (FE) loacelative displacement (between the glass and the insert) curves for
each displacement rate showrigure3.14, exhibit a close correlation with the experimental
results within the examined temperature range (+22°C f2%pecially in the region of the

initial linear pullout response, confirming the experimentally observed stiffness variation
between the different imposed displacement rates. In this regard, the suitability of the numerical
procedure and the materials dets is verified which enables us to explore the resulting stress

state within the connection.
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Figure3.14 Numerical vs experimental loatisplacement curves of the 1 mm/min (a) and 10

mm/min (b) tested specimens

(i) Load-transfer mechanisms and stress state

Before examining the resulting connection stress state, thetrlmagfer mechanisms of the

connection are first discussed as follows:

The load is initially applied to the steel insert through the bolted conneEiguré¢3.6) and it
is then transferred to the glass plies via the resin interlayer. Thérémeder through the resin

is achieved by two discrete mechanisifFigre3.15):
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1. Shear loadransfer mechanism

Loadtransfer at the topottom facesKigure 3.2) of the steel insert that results in shear
stresses (Figure 34) in the resin interlayer (i.e. stress tensor is mostly dominated by the
deviatoric component) which are in turn transferred to the inner surface of the glass plies
generating normal tensile stresses in the glass parallel to the loading direcjiofhe
eccentricity €) of these shear stresses with respect to the centroidal axes of the glass plies
produces oubf-plane bendingHigure 3.16) that gives rise to additional tensile stresses

(, ) located at the outer and inner glass surface in the region of the end face of the insert

and the glass embedment edge respectively.

2. Tensile loadtransfer mechanism

Loadtransfer at the end face of the steel insert (Figure 3.2) that results in normal tensile
stresses in the resin interlayer parallel to the loading direction (Figia 3As mentioned

in Section 3.4.1, the resin is isotropic and almost incompressible { - )
because of its 0hi@md Jloadditemn theiresin is laghly aonfited

(- & m) along the in plane z direction (i.e. perpendicular to the loading direction) in this
region Figure3.17). Therefore, the applied4plane strain in the interlayer parallel to the
loading direction (i.e: ) yields an equal and opposite @ftplane ¢ & - ) strain (i.e.
contraction)that produes out-of-plane bending of the glass plies (Figure58)1 thus
resulting in high normal tensile stressgs)(at the inner surface of the glass plies in the

vicinity of the end face of the steel insert.

Moreover, in this region the stress state of the adhesive interlayer is characterised by a high
tensile hydrostatic component which can lead to cohesive failure especially in case of
polymeric interlayers that are susceptible to cavitation phenomendofineation of
voids/bubbles in the bulk of the adhesive) as reported in the work of Santatsedro
(2018).
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Figure 3.15 Schematic representation of lesdnsfer mechanisms (a), exaggeratedafut
plane deformed shape of glass plies and through thickness distribution of maximum principal

stresses (b) of 1 mm/min displacement eatalysed-E specimen at failure load (120 kN)

Figure3.16 Scheme of Shear logdansfer mechanism
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Figure3.17 Scheme of Tensile loamansfer mechanism

The effect of these loamlansfer mechanisms on the connection mechanical response is
illustrated qualitatively in Figure 35b in terms of the oubf-plane deformed shape of the glass
plies and the through thickness distribution of th@ximum principal ( 7 ¢ Stresses.
Accordingly, Figure3.18 shows the irplane deformed shape of the glass plies along with the
distribution and direction of the maximum principal stresses at the experimental failure load
for the 1 mm/min tested specimen that exhibited glass failure considering the interlayer
materal properties at +22°C. It is observed that a rather complex stress state is developed
within the connection with large stress gradients especially over the embedded zone that closely
corresponds to the glass crack pattern observed in the physicabtestiedng that in brittle
materials (i.e. glass) the crack plane is usually located orthogonal to the maximum tensile
stresses directiofHaldimannet al. 2008) More in detail, both the outer and inner glass
surfaces in the region of the glass embednesige are subjected to tensile stresses
perpendicular to the loading direction ( that are in line with the experimentally observed
vertical (flexural) cracks and are attributed tepiane bending of the glass plies produced by

the eccentricity between the applied load and the reaction fdficre€3.10). These tensile
stressegradually deviate along the embedded length until they become parallel to the loading
direction (, ) in the vicinity of the end face of the steel insavtching the location and
direction of the experimentally observed horizontal cracks (Figure 3riLOjis region, large

stress intensification, ( tensile stresses) is observed at the inner glass surface due to the

combined action of the aforementioned two lbahsfer mechanisms (Shear and Tensile).
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Namely, the tensile stresses generated by the applied shear stresses at the inner glass surface
due to the Shear loadansfer mechanism (Figure B)lare superimposed with the tensile
stresses produced by the -@itplane bending of the glass due to the Tensile mechanism
(Figure3.17).
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Figure 3.18 Exaggerated hplane deformed shape (b), (c) and distribution/direction of
maximum principal stresses ( p 9 at the outer (a) and inner (d) glass surfaces

respectively of 1 mm/min displacement ratelysed~E specimen at failure load (120 kN)

This localised stress intensification is also explicitly confirmed by the experimental
measurements (strain gauges) of the strain parallel to the loading directiat the outer

glass surface in the vicinity of the centre of the end face of the steel insert. In pafiguia,

3.19 shows that in the beginning (i.e. relatively low applied load) of the tests conducted at 1
mm/min displacement rate, tensile glass strains are developed due to the Shear load transfer
mechanism that rise with increase of the applied load. However, &sath@ncreases, these

axial strains start to decline with some strain gauges reporting even compressive (i.e. negative)
strains close to the maximum failure load which indicates largefepiane bending (Tensile

load transfer mechanism) of the glasshiis tegion resulting in high tensile stresse9 @t the

inner glass surface. From Figurd Q.it can also be seen that the FE results are in agreement
with the experimental findings, both indicating that large stress gradieotsin this region

(i.e. large scatter of curves).
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insert of 1. mm/min displacement rate tested specimen

Accordingly, Figure 3.20 shows that a similar glass stress state is developed at failure of the
high displacement rate tested specimens. However, comparison between Figjarel 31D

reveals that although the 10 mm/min displacement rate tested specimens failed at a higher
applied load (140 kN) compared to the 1 mm/min ones (120 kN), the maximum resulting stress

peak € 80 MPa) at the end face of the insert is slightly lower than that of the 1 mm/min
analysed FE specimea 85 MPa).
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Figure 3.20 Exaggerated hplane deformed shape (b), (c) and distribution/direction of
maximum principal stresses ( 9 at the outer (a) and inner (d) glass surfaces

respectively of 10 mm/min displacement ratalysed FE specimen at failure lo&d140 kN)
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In this regard, in order to examine the effect of the magnitude of the imposed displacement rate
on the resulting stress state within the connection, the distribution and magnitude of the
maximum principal glass stresses for the two different appliecadispient rates are compared

at the load of 120 kKN where glass failure occurred for the low displacement rate tested
specimens. Specificallykigure 3.21 shows that the maximum principal stress of the low
displacement rate analysed FE specimen in the vicinity of the end face of the insert is
approximately 85 MPa whereas for the same applied load, the maximum stress of the high
displacement rate analysed BRecimen decreases by 30%50 MPa). This magnitude
difference is attributed to the resin stiffness. Namely, for the same applied load, the higher resin
stiffness of the high displacement rate tested specimens yields lower relative displacement
between the glass and the steel insempared to the low displacement rate ones (Figure 3.8),
producing smaller resulting axial strain ) in the resin located at the end face of the insert and
thus reduced oudf-plane bending of the glass plies (see Figur)3tiat results in lower glass

stress intensification in this region.

10mm/min Reaction Force 1mm/min Reaction Force

2f ﬂ SR ﬁ ﬂ Stress, Max. Principal
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Figure3.21 Comparison of maximum principal stresses (5 9 at the inner glassurfaces

between 1 mm/min andddInm/minanalysed~E specimens at 120 kN applied load
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3.5 Parametric numerical (FE) study

Given that the results obtained from the numerical (FE) model of the connection are in good
agreement with the response obtained from the physical experiments, a parametric FEA study
was conducted to explore and evaluate the effects of some salient geoarétions on the
pull-out structural response of the connection. The following numerical (FE) simulations
(Table3.5) were performed utilising thEE model described in Section 3.4.1 and considering

the interlayer material properties+ap2°C.

Table3.5 Parametric FEA connection configurations (R = Reference, C = Contactless, L = 1

mm/min and H = 10 mm/min)

Embedded Length (mm)

25 50 75 100
4 RL RL RL RL

Glass 6 | RL/RH/CL/ICH RL/RH/CL/CH RL/RH/CL/ICH RL/RH/CL/CH
Thickness 8 RL RL RL RL
(mm) 10 RL RL RL RL
12 RL RL RL RL

3.5.1 FEA study of geometrical parameters

In the first instance, the putiut loadbearing capacity of the connection (Referenc&ahle
3.5) was investigated for the low displacement rate (LTable 3.5) tested specimens

considering variations in the thickness of the glass plies=(4, 6, 8, 10, 12 mm) and in the

embedded length (25, 50, 75, 100 mm) of the indégufe 3.22 and Table 3.5). Other
parameters such as the thickness of the resin interlayer and the insert thickness also affect the
connection mechanical response (Machaliekdl 2017) but are not considered in the current

study.

The experimentaprogrammeindicated that the failure of the low displacement rate tested
specimens is governed by glass fracture, therefore the criterion adopted for the numerical
(FEA) determination of the maximum connection kmedhring capacity is based on the glass
fracture stength. Namely, it is assumed that glass failure occurs when the maximum principal
tensile stress in the embedded glass zone reaches the characteristic tensile strength of heat
strengthened glass (i.e. 70 MPa, BS EN 16612 2019).
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Figure3.22 Scheme of geometrical parameters of FEA study; section (a) and top view (b)

In fact, the parametric FE analyses revealed that for all configuratiomsatieum principal

tensile glass stress is located in the vicinity of the end face of the steel insert due to the
combined action of the aforementioned two lbahsfer mechanisms. As expected, the FEA
results also indicate that the overall connectiomgtie decreases with the reduction of the
embedded length and/or reduction of the glass thickirégsré3.23a). In the former case, the
applied load is distributed over a smaller embedded area (i-bottgn faces) which results

in larger tensile glass stresses due to the Shear mechanism. In addition, reduction of the
embedded length generates higher sheassts in the resin interlayer, thus higher relative
displacement between the glass and the steel insert and according to the Tenséasbad
mechanism, larger owtf-plane bending of the glass plies. In the latter case, the glass resistance
to both xial loading (i.e. crossectional area) and eof-plane bending (i.e. moment of inertia)

decreases and thus higher tensile glass stresses are developed.

In more detailfrom Figure 3.3a that summarises the connection strength per the width of the
insert (i.e. 200 mm) for each geometrical setup, it is found that for a given embedded length
(e.g. 50 mm), the average connection strength increase d08%ancrease in glass thickness

(i.e. from 4 mm to 12 mm) 8 57% while for a given glass thickness (e.g. 6 mm) the average
connection strength increase du@@®%increase in the embedded length (i.e. from 25 mm to

100 mm) amounts t6 110%. From this persptve, it is concluded that in terms of achieving
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higher loadbearing capacity, it is more effective to increase the embedded length rather than

the glass thickness.

Moreover, in order to assess the effect of each parameter (i.e. embedded length and glass
thickness) separatellfigure3.23b and ¢ show the connection strength per the embedded length
and per the glass thickness respectively. It is noticed that for a given glass thickness, although
reduction in the embedded length leads to decrease in the overall connection strength (see
Figure 3.2a), the strength per the embedded length of the insert increases exponentially (see
Figure 3.3b). Accordingly, for a given embedded length, although reduction in glass thickness
leads to decrease in the overall connection strength (see Fig8ad, 3@ strength per glass
thickness rises exponentially (see Figure8)2Therefore, it is concluded that increase of the
embedded length and/or glass thickness yields higher overall connection strength but poorer

material utilisation.
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3.5.2 FEA study of a modified 6écontactl essd

The numerical and experimental findings discussed so far, revealed that the critical region of
the connection for glass failure is located at the end face of the steel insert where large stress
intensification occurs due to the combined action of the tvaotiransfer mechanisms (see
Figure 3.5). In this regard, in order to evaluate the effect of the Tensile-ttaadfer
mechanism and I mprove the structur al perforn
(C in Table 3.5) configuration Figure 3.24) was numerically (FE) modelled and assessed,
featuring a 2 mm gap (clearance) between the end face of the steel insert and the resin interlayer
so as to prevent adhesion and h@shsfer between them, thereby eliminating the contribution

of the Tensile dadtransfer mechanism. In real world, this candohievedby placing an
intermediate transparent adhesion blocking coating (e.g. EPDM, PC, PMMA) at the end face
of the insert prior to resin laminatioRour configurations Table 3.5) were analyseth total,

onefor eachembedded length (i.e. 25, 50, 75 and 100 mm) with a lgutifim/min or high

(H, 20mm/min) displacement ratandall featuring 6 mm thick glass plies
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Figure3.24Scheme (a) and (b) FE model of the mod
configuration
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Firstly, the numerical loadelative displacement curves for different embedded lengths shown

in Figure3.25, indicate that regardless of the configuration type (i.e. reference R or contactless
C) and the applied displacement rate, the connectioroptiitifiness is largely unaffected by

end face adhesion and it is in fact governed by the embedded lengtific&pecthe
connection stiffness decreases with shorter embedded lengths since the applied load is
distributed over a smaller embedded area. For example, for both applied displacement rates,
the initial linear stiffness of the 25 mm embedded length gardtions exhibits a reduction of

abouté 62% with respect to the 100 mm embedded length ones.

By comparing the reference with the contactless configuration, it can be seen that the variation
in pull-out stiffness rises as the embedded length decreases. This indicates that for a rectangular
insert, the contribution of the Tensile mechanism to ttad kwadtransfer depends on the ratio

of the embedded length to the thickness of the insert. In particular, for relatively long embedded
lengths and/or thin inserts the load is mostly transferred via shear forces at the top/bottom
surfaces of the inserEbear mechanism). Conversely, for short embedded lengths and/or thick
inserts a considerable amount of load is transferred through direct stresses at the end face of
the insert (Tensile mechanism).

Further comparison between the two configuration types shows that for a given geometrical
setup (e.g. 25 mm embedded length) the variation between the two curves becomes more
apparent as the load/displacement increases. This may be attributed to therglaxatzon

of the resin interlayer. For instance, for the 25 mm embedded length reference configuration
analysed at 1 mm/min (L) displacement rddgure 3.26 shows the distribution of the axial
displacement parallel to the loading directipn)(along the embedded length of the insert at
different load steps. It is observed that, as the load/displacement increases and the resin softens,
the distribution of the axial displacement along the embedded length becomes more uniform
and thus greater axidisplacement is developed at the end face of the insert that leads to greater
resulting normal strain-() at the resin (see Figure 3)1thereby amplifying the contribution

of the Tensile loadransfer mechanism. Consequently, for a given geometric configuration, the
contribution of the Tensile mechanism to the total {padsfer depends othe relative
stiffnesses of the constituent materials (glass, steel and resin) and specifically the more

compliant the interlayer is the more significant the contribution.
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Figure 3.26 Distribution of axial (loading direction,-axis) displacement () along the
embedded part of the insert at different loads for the 25mm embedded Refgtence
configurationanalysedat 1 mm/min displacement rate

Following the implications of the Tensile lo&@nsfer mechanism on the connection stiffness,

the effect of this mechanism is further examined in terms of the resulting stress state in the
glass. In fact, it was found that despite the minor differenséfiness between the reference

and contactless configurations especially for the long embedded length setups, the numerical
(FE) results revealed significant variations in the magnitude of the resulting stresses at the
critical glass region. In particulaFigure 3.27 shows that for the contactless configuration
featuring 100 mm embedded length and analysed at low displacement rate (1 mm/min), the
maximum principal tensile glass stress (49 MPa) at the load of 120 kN (i.e. experimental glass
fracture) exhibits astressreduction of 42% compared to the reference (experimental)
configuration (85 MPa). For the high displacement rate tested specimens the corresponding
stress reductioris 25%. Therefore, it is deduced that the contactless configuration is
structurally more efficient compared to the reference one, especially for relatively long
embedded lengths and relatively compliant interlayers since it markedly reduces the localised
glass stress concentrations without compromising the connectioroytubtiffness ad

aesthetic performance.
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and Contactless configuratiamalysed at mm/min and 10 mm/min displacement rate at 120
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3.6 Analytical investigations

3.6.1 Analytical model

Based on the insights gained so far, a simplified analytical m&diglre 3.28) is herein
introduced that can sufficiently capture the time dependent characteristics of thetpodd
displacement response of the connection obtained from the experimental and numerical (FE)

investigations.

This analytical model does not account for the plastic behaviour of the steel insert and also
neglects the contribution of the Tensile mechaniBigure3.15) to the total load transfer based

on the aforementioned numerical (FE) results ESgaere3.25).

Uni form

Embed " defor m:

Lendl

Figure3.28 Schematic representation of analytical model

Therefore, it is conservatively assumed that the applied load is only transferred through shear
stresses over the top and bottom embedded surface (i.el&taansfer mechanism, Figure

3.15) of the steel insert. In this regard, by assuming a uniform distribution of the shear
stresses/strains over the embedded zone (the actual distribution is not uniform, see section

2.324), the following simplified expression can be derived:

0 6 ot (3.1)

WhereF is the total applied load, (2 x 200mm x 200mm) is the sum of the insert surfaces
subjected to shear stresses (i.e. top/bottom fadeigime 3.2) andUis the shear stress in the

interlayer.

81



Embedded liquidaminated connections for structural glass applications

For an isotropidinear viscoelastic materiathe shear stress 0 resulting from any applied

shear strain history can be expressg&quation 219.

Consequently, substitution of Equatidi9to 3.1yields the following expression:

0 o6 , 00 ir i Qi (3.2

By assuming linear elastic behaviour of the adherends (i.e. steel and glass) and considering that
the interlayer stiffness sgnificantly lower tharthat of the adherends, teBkearstrain history

[ O applied to the resin interlayer can be evaluated based on the relative displacement between

the glass and the inserto by the following relationship:

o — (3.3)

Wherg 0 is the history of the applied relative displacement@nd(2 mm) is the thickness

of the interlayer between the glass and the insegti(e3.29).
By inserting Equation 3.to 32 the following formula is derived:
0 06 _, 00 i — Qi (34

Finally, by substituting the shear relaxation modi& with the Prony Series approximation

(Equation2.21) the following expression is obtained:

00 6 . O B 0Q —Qi (35)

As expected, the expression derived for a viscoelastic material (Equdijos & function of
time which indicates that the overall pollit mechanical response of the connection depends

highly on the duration of the applied load.
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3.6.2 Analytical results and discussion

Figure 3.13 shows that at +22°C + 2°C the resin interlayer exhibits large relaxation for load
durations relevant to that of the polit tests (i.e. < 30 min)Hence, for both applied
displacement rates the mechanical qouit response of the connection is tidependent and
specifically according to Equation53it is governed by the history of the relative displacement
between the glass and the ingerd which is summarised ifrigure 3.29 for each tested
specimen. In order to analytically estimate the -puli response of the connection, these
experimental relative displacement time histories are first approximated by six/seven degree
polynomials (see AppendiB) and are then implemented in Equatiob. 3All analytical
calculations were performed in Matlab (Math Works Matlab 2019).

31-3 Specilmen SpegAlmen

© 12 Speci2men / i2mep /
o 11 Speci3men Spe '

e 1 Speci4men G i4men

& 09| -oome- 2 0Iy al fit

o 08 P /

> 07

1 Onnmmi n

p f

0.2 Z O O 9 O U Glasstoinser . / O 0 9 0 O Glasstoinsert
7z,
0 / Z Z |
4 A
0 00

—

1 _
=7
/ 0040050060070080090 0 10 20 30 405060 70 809010011012
Ti (e Ti (e
’ @ (b)

Figure329 Hi st ory of relative displacements betyv

specimen tested at 1. mm/min (a) and 10 mm/minligglacement rate

The analytical predictions are presentedrigure 3.30 and Figure 3.31 for each specimen

tested at 1 and 10 mm/min displacement rate respectively. Overall, it is observed that regardless
the applied displacement rate, the connection response is adequately captured within the
examined temperature range+°C + 2 °C) In more detailFigure 3.30 shows that for the

tests performed at 1 mm/min, the response of Specimen 1 is better approximated by considering
the resin properties at +22°C while the behaviour of the other specimens is better captured
considering the interlayer properties at +20°C.@dmgly, the response of all the 10 mm/min
displacement rate tested specimens is better captured considering the 22°C interlayer properties

(Figure3.31). Therefore, it is concluded that the proposed analytical model is rather sensitive
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to the material properties of the polymeric interlayer and thus precise determination of those is

required in order to ensure sufficient accuracy.

Additionally, it can be seen that for both applied displacement rates, the analytical model
overestimates the connection response for
mentioned in Section 3.3.1, at this applied load level, local yielding ofstiw insert
commencesKigure3.8) and hence the actual applied shear sfrainin the resin interlayer is

significantly lower from that calculated by EquatioB.3.

Figure 3.30 Experimental and analytical loatisplacement curves for each of the four

specimens tested at 1 mm/min displacement rate
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