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“Not many engineers are conscious of the subjagtvi their analysis.”
“Engineers however are not comfortable with quayti§y beliefs.”
Prof. Dr. Guido Morgenthal, Chair German Group éBSE,
extracts from the editorial of Structural Enginewggilnternational (SEI) 3/2013
entitled “On the subjectivity of engineering design
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Summary

Laminated safety glass has been introduced in tiidilhg industry in the 1980’s
as safety glazing, to improve the safety of persnnsase of accidental impact.
The basic product configuration made of two flatsgl sheets around and bonded
to a polymer film which acts as interlayer slighélyolved in the 1990’s with the
development of larger glazing fagades, and in pdaicof new fixations systems
with the so-called “structural glazing” applicatigmmainly the structural sealant
glass systems (SSGS) and the point-fixing glazipgtesns. Laminated glass
units began also progressively to be used in nanhyl) applications, as elements
of balustrades, glass fins, and finally up to loadsfing plates in glass staircases
and glass floors. With the XXIcentury and the emergence of structural
applications in laminated glass, the product camfitions evolved in larger
proportions, towards multi-layered laminated glga®ducts and with the
integration of metallic inserts and the apparition of iraerlayer products.

The design rules and the assessment methods dafidedi glass products and
glass works evolved in parallel, but not alwayshwituch apparent consistency.
Besides the evolutions on the glass market for kbiding industry, other

important changes were initiated in Europe in tleédfof standardization, with

the introduction in 1989 of the Construction PrdaduDirective (CPD) for the

assessment of construction products and their peafoces in construction
works. Its particularity is to introduce a new pkibphy for development of
standardization, based on a performance based approdhis led to the

development of a series of standards and guideismsed by two European
institutes, the CEN (European Committee for Staridatidn) and the EOTA

(European Organization for Technical Assessmergpeetively, intended to

support and implement the harmonization purposéseoCPD. However, due to
the parallel processes and the various involvekebtaders, the so-developed
European standardization framework also has a nuwfbapparent inconsisten-
cies, at least for parties non-closely involved in the agraénts.

These two evolutions are analysed in parallel. dé#énitions of safety perfor-
mances and associated test methods in the produnctasds and other technical
guidelines are compared and discussed, more particuvith regard to the
assessment of the post-fracture performances of lagdiggass products. Indeed,
the evaluation of the residual load-bearing cajeciof fractured elements
progressively gained importance with the evoluttowards non-conventional
structural applications. Nonetheless, the safetfopaances and assessment
methods as prescribed in current product stand@amdsaminated safety glass
products still implicitly mainly consider the tréidinal glazing applications. The
experimental characterization of general post-tn&cperformances of laminated
glass products with regard to various, vague andviempapplication scopes is
thus complicated. With regard to the fragmentatbrdesign and assessment
processes in product-oriented and project-oriemtedelopment, there exists a
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serious risk of an uncontrolled increase of requiasts. Consequently, most of
the time relatively little attention is dedicatem the characterization of product
properties ruling the post-fracture resistanceaafihated glass elements, and in
particular with regard to the time-temperature aelemt mechanical properties of
the interlayer components. The comparison of threepts of “product family”
(scope of product configurations considered for thssessment of the
performances) and of “intended field of use” (apgtions scope) led to introduce
an analysis grid distinguishing differefspplication Fields which combined with
each other's, help to detail the important pararseteglated to safety
performances.

The various issues related to post-fracture peidioaas can be better understood
by means of structural analysis of fractured systevithin a design approach
based on failure scenarios. An inventory of theapeters ruling the damage
sensitivity (probability of breakage of glass coment) and the damage tolerance
(consequence of damage on the residual resistaht@hinated glass elements is
made. It is shown that the bridging function endusg interlayers in fractured
laminated systems can be reduced to two main l@adfer mechanisms. The
behaviour in ultimate fractured states is ruled &k element and loading
configurations by the same critical load transfer meisharthe ligament function
between glass fragments. This fulfils a bridgingction depending on two
complementary mechanisms : the delamination of mierlayer from the glass
substrates, and its stretching. Assumptions and itbtomsl are identified to
dissociate the assessment of the post-fracturerpethces in quasi-static design
conditions from the dynamic actions and the dynaragponse of the element.
This leads to the assumption that if an elemenvigs to the successive
accidents, the interlayer ligaments are not damalggdthe fragmentation
processes. As a consequence, the description ofcphylamage of fractured
elements must be completed by initial delaminatémgths near the crack tips at
the interface between interlayers and glass fragments.

The assumptions made at the structural level allowdod further on the material
properties of interlayers intervening in the ligamespomse. An overview of the
main features and characteristics of polymers aseihterlayers shows that they
belong to two families of polymer products, the theplastics and the
elastomers. The former exhibit a glass-rubber iiansin the range of service
temperatures; the latter behave more closely tal idébbers. Their respective
typical behaviour seems in both cases largely rulsd the secondary
intermolecular bonds and the consequent mobility of thieenlar chains. As the
first ones correspond to the most used type ofrlayters and exhibit more
significant time-temperature dependent properttes,corresponding viscoplastic
models in the large strain domain are consideredmiore details. The
thermorheological simple or complex nature of thsponse is described, and a
complementary phenomenon of importance for thegnt@s in the solid phase is
identified, namely physical ageing This phenomenon appears related to
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thermally reversible conformational changes at the mutdedevel. It has a rather
important influence on the resistance to long-daratreep of polymer products.
Then, particularities of polymers used as adhesiitis regard to mechanical
behaviour are summarized. It leads to assume thaiqal ageing affects the
interfacial and bulk properties in a differentiatedy, and to conclude that the
end properties of products depend in an undefimeldvariable proportion on the
lamination process and on the service conditiongsidgs, with respect to the
possible ranges of temperatures in service conditiorlaf@inated glass products,
ageing and rejuvenating effects are likely to mpdHe physical ageing state
during their lifetime.

Two families of interlayer products are considemdser, polyvinyl butyral

products in general (PVB) and a stiffer materiaknt®yGlas® (SG). The
experimental aspects are considered, and the eligibhfigurations of test
specimens for performing the assessment discussedhis context, tests on
laminated specimens seem the most appropriate agiprolt leads to conceive
the assessment of interlayer properties rather fhenperspective of @omponent

than a material, and to identify the determinatiérthe most appropriate test
configurations with regard to different purposes as important part of the
assessment problem.

Tests on fractured laminated glass elements campdrormed at different
experimental scales. The scale concept refers migtto the size of the tested
elements, but more generally to different sets sff ¢tenditions. Because of the
sensitivity of the response of polymer componeatsdmbinations of stress and
temperature effects, it imposes particular condsdior the development of test
infrastructures and test methods. A series of éxgertal campaigns performed
during this research at different scales is andlysg means of a proposed
analysis grid detailing differeixperimental Fields of InvestigatiornThe interest
of this decomposition is its use for distinguishidifferent technical limits and
sources of systematic deviations possibly arisingng the conception of test
configurations. In fact, it is mainly when the eXxpw@ntal fields of investigation
are extended to larger ranges that new systemetiatibns and errors are likely
to appear, and this with regard to three categasfeborder effects. Border
effects of the two first categories are essentialyated to practical and
experimental issues, in relation to processing nusthaf test specimens for the
first, and in relation to tolerances and measurémmanertainties peculiar to the
test configuration and ranges of investigation thog second. These types of
border effects appear as potentially more imporfanttests on specimens of
small dimensions. The third category of bordeedffaccounts for sources of
deviation due to analysis and processing methodssflts, and propagation of
uncertainties. The overview also helps to idertgfyical technical issues arising
to reduce the uncertainties on a combination okerpental fields, in particular
with regard to the combined use of optical measargmmethods and of a
climatic chamber.
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The Through Crack Tensile test (TCT-test) is furtbensidered as a reference
test configuration for investigating the effect different combinations of test
temperature and loading level on the responseacfured laminates made with a
SG-interlayer, for two loading modes. A single sanpt about 60 specimens
laminated glass with a unique configuration (typénterlayer product, thickness
and processing method) is used to develop an irar&hexperimental strategy.
This is based on series of tests of relative stharation carried out at constant
displacement rate (cdr-loading mode) and in cregoihg mode in quasi-static
loading conditions. The incremental approach alltevget an overview of the
response on a relative large range of test comditifor test temperatures varying
between —20 and +60°C. The experimental aspecthdaests performed inside
a climatic chamber and the related uncertaintiestlaen analysed critically. In
particular, limits on the accuracy of measuremendeformations by optical
methods are evaluated, in regard with other relatedriempntal aspects.

Two main deformation patterns are observed dutiegtésts in the different test
conditions : a regular delamination pattern andraclc propagation pattern
through the ligament thickness. The failure modpeeaps to vary significantly
according to the test conditions. The cdr-loadirgglenappears not so useful for
the considered design problem, as no complete gamegnce could be found
with the creep load mode. This is mainly due towtheable contribution of the
two deformation mechanisms to the overall ductitifthe TCT-specimens. The
campaign allowed also to point out the effect ofagje duration on the behaviour
of test specimens, attributed to an effect of platsageing. This significant
effect observed at experimental scales highligitssaue for interpreting test
results in a quantitatively relevant way. The maoopg response as analysed by
means of the TCT-test results corresponds with gpar@nt thermorheological
complex behaviour of the viscoplastic response, wignificant differences of
response on the experimental investigation scope.

The main outcomes of this thesis highlight the neecdapting the experimental
assessment approaches for interlayer componemasnirfated glass products, in
comparison with other construction materials, arel difficulties for obtaining
quantitatively meaningful results for design preeti With the reported experi-
mental works, a sensitivity analysis could be panied for a few experimental
parameters seldom accounted for, which prove how&vdrave a noticeable
influence on test results. It also underlines thefulness of tests at intermediate
scale and TCT-tests in particular for isolating ljpens related to the time-
temperature response of the interlayer from aspetdsed to the strength of the
glass components. Finally, the intermediate expental scales are also analysed
from a sectorial perspective and reflexion traile aiven with regard to
development of “harmonized” calculation models sm@nplementation issues of
characterization methods in design practice.
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Samenvatting

Gelamineerd veiligheidsglas werd geintroduceerdanbouwsector in de jaren
1980 om personen te beschermen in geval van adeldeimpact. De basis-
configuratie bestaat uit twee vlakke glasplaterboaden door middel van een
polymeerfilm die ageert als tussenlaag. Deze cordige evolueerde lichtjes in
de jaren 1990 door de ontwikkeling van grotere ggasls en in het bijzonder
door de ontwikkeling van nieuwe bevestigingssystenveornamelijk verlijmde
glazen systemen (eng.: Structural Sealant Glasteigs SSGS) en verankerde
puntverbindingen, binnen de zogenaamde “structurefazing” toepassingen.
Gelamineerd glas begon geleidelijk aan ook gebrtgktworden in andere
toepassingen dan beglazingen, bijvoorbeeld in baldss, als glazen vinnen en
zelfs als dragende platen voor traptreden en uioeiMet de XX eeuw en de
opkomst van meer structurele toepassingen met gedand glas, ontwikkelden
de productconfiguraties zich in grotere mate inrigating van multi-gelaagde
gelamineerde glasproducten, met onder meer de attegvan metalen
tussenstukken en de opkomst van nieuwe producten voossintaag.

De ontwerpregels en de beoordelingsmethoden vaamgeterde glasproducten
en glaswerken ontwikkelden zich parallel, maar meeinig schijnbare
consistentie. Naast de evoluties op de markt vaapgbducten voor de bouw,
werden in Europa andere belangrijke verandering#nitgeerd op het gebied van
normalisatie met de introductie in 1989 van de Bowductenrichtlijn (eng.:
Construction Products Directive, CPD) voor de beelimd van bouwproducten
en hun prestaties in bouwwerkzaamheden. De eigenheid xamicatlijn bestaat
erin een nieuwe filosofie te introduceren voor dénakkeling van normen op
basis van een prestatiegerichte aanpak. Dit lefodde ontwikkeling van een
reeks normen en richtljnen als middel voor de agting van de
harmonisatiedoeleinden van de CPD, door twee Eueopetellingen, namelijk
het Europees Comité voor Normalisatie CEN (eng.ropean Committee for
Standardization) en de Europese Organisatie vochrische Goedkeuringen
EOTA (eng.: European Organization for Technical Asseent). Wegens de
parallelle processen en de verschillende betroklegtijen ontstaan er echter een
aantal duidelijke inconsistenties in het ontwikkgli zijnde Europese
normalisatiekader, althans voor partijen die nietwebetrokken zijn bij de
ontwikkeling.

Deze twee evoluties worden in parallel geanalyseddd definities van veilig-
heidsprestaties en de bijbehorende testmethodde productnormen samen met
andere technische richtlijinen worden vergelekemesproken. In het bijzonder
wordt ingegaan op de prestatiebeoordeling van dgeterd glas na breuk.
Immers, de beoordeling van de resterende draagtejpasian gebroken
onderdelen werd steeds belangrijker naarmate ometentionele structurele
toepassingen werden ontwikkeld. Niettemin houdervalligheidsprestaties en
de beoordelingsmethoden, zoals voorgeschreven ihuidige productnormen
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voor gelamineerd veiligheidsglas, impliciet voorndifkerekening met de
traditionele beglazingstoepassingen. De experimentehrakterisering van
algemene prestaties na breuk van gelamineerdergthsgen met betrekking tot
de verschillende, vage en evoluerende toepassibigsigm is dus ingewikkeld.
Fragmentatie van ontwerp- en goedkeuringsprocessgiroduct- en project-
gerichte ontwikkelingen kan echter leiden tot eagezontroleerde toename van
vereiste testen. Bijgevolg wordt er in het algemeelatief weinig aandacht
besteed aan de karakterisering van producteigepgehadie de mechanische
weerstand na breuk van gelamineerde glaselemergpaldn, daarbij in het
bijzonder de tijds- en temperatuurafhankelijke me@the eigenschappen van de
tussenlaag. De vergelijking van de begrippen “pctfdmilies” (de beschouwde
omvang van de productconfiguraties voor de beommgletan de prestaties) en het
“beoogde gebruiksgebied” (toepassingsgebied) leididn analyserooster dat een
onderscheid maakt tussen verschillendeepassingsveldefeng.: Application
Fields). Onderlinge combinaties helpen om bel@kgricomponenten met
betrekking tot veiligheidsprestaties te detailleren.

Een beter inzicht in de verschillende aspectendamprestaties na breuk wordt
verkregen met behulp van structurele analyse varogen systemen, binnen een
ontwerpaanpak op basis van bezwijkscenario’s. Beentaris wordt opgemaakt
van de parameters die de schadegevoeligheid (kpnbreuk van een glas-
component) en de schadetolerantie (invioed van dechap de resterende
weerstand) van gelamineerde glaselementen bepBlewordt aangetoond dat de
overbruggingsfunctie, die gerealiseerd wordt doortuksenlagen in gebroken
gelamineerde systemen, kan worden herleid tot tweédmechanismen voor de
krachtsoverdracht. Het gedrag in uiterste gebrakestand wordt voor alle

elementen en belastingsconfiguraties gedomineesd elnzelfde kritiek krachts-

overdrachtmechanism, namelijk de ligamentfunctisgnsglasfragmenten. Deze
vervult een overbruggingsfunctie dat afhankelijk van twee aanvullende

mechanismen : de delaminatie tussen de tussenladg glassubstraten, en het
uitrekken van de tussenlaag. Aannames en voorwaavdeden geidentificeerd

om de beoordeling van de prestaties na breuk irsiptiatische ontwerp-

toestanden te onderscheiden van dynamische antiesnede dynamische reactie
van het element. Dit leidt tot de veronderstellog als een element opeen-
volgende accidenten overleeft, de tussenlaagligeanentet beschadigd zijn.

Hierom dient de beschrijving van de fysieke schade gebroken elementen
vervolledigd te worden met initiéle delaminatielessy in de buurt van de

scheuruiteinden ter plaatse van het grensvlak nuske tussenlagen en de
gebroken glasfragmenten.

Deze op het structurele niveau gemaakte verondlargen laten toe om verder te
focussen op de materiaaleigenschappen van de lagsendie meewerken in de
ligamentreactie. Een overzicht van de belangrijkstamerken en eigenschappen
van polymeren die gebruikt worden als tussenlaad, 4&n dat ze behoren tot
twee families van polymeerproducten, de thermoptaste de elastomeren. De
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eerstgenoemden vertonen in het gebied van de vgstkimperaturen een glas-
rubberovergang, terwijl de laatstgenoemden zich rmale ideale rubbers
gedragen. In beide gevallen lijkt hun gedrag gridéefs gedomineerd te worden
door de secundaire intermoleculaire bindingen enddaruit voortvioeiende
mobiliteit van de moleculaire ketens. Doordat thermoplasten het meest
gebruikt worden in tussenlagen en hun eigenschameen grotere tijds- en
temperatuurafhankelijkheid vertonen, worden de hijlvtende visco-plastische
modellen in het domein van grote rekken meer imitldieschouwd. De
thermorheologisch eenvoudige of ingewikkelde natuan het gedrag wordt
beschreven en een aanvullend fenomeen wordt gdiceerd dat van belang is
voor de eigenschappen in de vaste fase, namelifiysigche veroudering Dit
fenomeen blijkt in verband te staan met thermisarakeerbare vorm-
veranderingen op moleculair niveau. Het heeft egdex belangrijke invioed op
de weerstand van polymeerproducten tegen kruiplaage duur. Vervolgens
worden bijzonderheden betreffende het mechaniseddeag van polymeren die
gebruikt worden als adhesieven opgesomd. Er wajgkvmlg verondersteld dat
fysische veroudering de interfaciale- en bulkeigeappen op een gedifferen-
tieerde manier beinvlioedt, en er wordt geconcludegatl de uiteindelijke
producteigenschappen afhangen van het laminatieproen de bedrijfs-
omstandigheden in onbepaalde en veranderlijke welihg. Trouwens, met
betrekking tot het mogelijke bereik van werkingspematuren voor gelamineerde
glasproducten, wordt de fysieke verouderinstoestandverkomstandigheden
waarschijnlijk gewijzigd door verouderende en verjortgeeffecten.

Twee families van tussenlaagproducten worden vashtelibij beschouwd :
polyvinylbutyral producten in het algemeen (PVB) 8antryGlas® (SG), een
stijver materiaal. De experimentele aspecten emtereel geschikte proefstuk-
configuraties voor het maken van de beoordelingdenorbesproken. In deze
context lijken testen op gelamineerde proefstukilenmeest geschikte aanpak.
De beoordeling van de tussenlaageigenschappen worelvdliggeerder vanuit het
perspectief van eewnderdeeldan vanuit het perspectief van een materiaal
beschouwd. Het bepalen van de meest geschiktendigicraties met betrekking
tot verschillende doelstellingen wordt dan ook dmrlangrijk deel van het
beoordelingsprobleem.

Proeven op gebroken gelamineerde glaselementerekuitgevoerd worden op
verschillende experimentele schalen. Het schaadgingerwijst niet enkel naar
de grootte van de proefstukken, maar meer algemean ae verschillende
testomstandigheden. Vanwege de gevoeligheid vgolyeneercomponent voor
combinaties van spanningen en temperatuurseffecigorden bepaalde
beperkingen opgelegd voor de ontwikkeling van méststructuur en test-
methoden. Een reeks experimentele campagnen, oégewp verschillende
schalen, wordt geanalyseerd met behulp van een estelde analyserooster met
verschillende Experimentele Onderzoeksveldéeng.: Experimental Fields of
Investigation). Het belang van deze ontleding is debruik ervan voor de

X



onderscheiding van verschillende technische limiegn oorsprongen van
systematische afwijkingen die mogelijk ontstaardetijs het ontwerp van
testopstellingen. Het is echter vooral wanneer éxgterimentele onderzoeks-
gebied wordt uitgebreid tot een grotere omvang wiguwe systematische
afwijkingen en fouten waarschijnlijker worden, ent tiet betrekking tot drie

categorieén van randeffecten. Randeffecten vareetste twee categorieén
hangen hoofdzakelijk af van praktische en expertelenaspecten. De eerste
categorie wordt verbonden aan verwerkingsmethodan proefstukken, de

tweede categorie aan toleranties en meetonzekerhedgn aan de test-
configuratie en het onderzoeksdomein. Dit soortieffiecten lijkt potentieel een

meer significante effect te hebben op proefstukkam kleine afmetingen. De
derde categorie van randeffecten houdt rekeningafgikingen als gevolg van

de analyse en de verwerkingsmethoden van de resyltan van de propagatie
van onzekerheden. Het overzicht helpt ook bij dentificatie van typische

technische kwesties die voortkomen uit de vermindevan de onzekerheden bij
een combinatie van onderzoeksvelden, in het bijzonde betreft het gebruik

van optische meetmethoden in combinatie met een kliauanezik

De TCT-test (eng. Through Crack Tensile test) wareitder beschouwd als
referentie testconfiguratie om de combinatie veaodén van testtemperatuur en
belastingsniveau op het gedrag van gelamineerdefgpoken met een SG-
tussenlaag, bij twee belastingsmodi, te onderzoekEan uniek monster van
ongeveer 60 proefstukken gelamineerd glas met aniednfiguratie (soort
tussenlaagsproduct, dikte en verwerkingsmethode)dtwgebruikt om een
incrementele experimentele strategie te ontwikkelBeze berust op reeksen van
proeven van relatief korte duur, uitgevoerd met eenstante verplaatsings-
snelheid (eng. constant displacement rate — cdeearkruipbelasting met quasi-
statische belastingsvoorwaarden. De incremenggipak maakt het mogelijk om
een overzicht te krijgen van het gedrag binnen mextatief groot bereik van
testomstandigheden, namelijk voor testtemperaturegreipen tussen —20 en
+60°C. De experimentele aspecten van de uitgevgaaieven in een klimaat-
kamer en de Dbijbehorende onzekerheden worden gemwsl kritisch
geanalyseerd. In het bijzonder worden de limieten de meetnauwkeurigheid
van optische vervormingsmeetmethoden geévalueevérigelijking met andere
experimentele aspecten.

Twee belangrijke vervormingspatronen werden waangem tijdens de proeven
bij verschillende testomstandigheden, met name egelmatig delaminatie-
patroon en een scheurgroeipatroon doorheen dedigialikte. De bewzijkmode
blijkt zeer afhankelijk te zijn van de testomstayigiden. De cdr-belastingsmode
lijkt niet zo nuttig voor het beschouwde ontwergpesm, aangezien er geen
volledige overeenkomst met de kruipbelastingsmagate wWorden gevonden. Dit
is voornamelijk te wijten aan de variabele bijdragan de twee vervormings-
mechanismen aan de vervormbaarheid van de TCTgiob&En. Het proef-
programma liet ook toe om de invioed van de bevdaran de proefstukken op
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hun mechanisch gedrag, die aan een effect van fysiseroudering wordt
toegeschreven, aan te tonen. Dit significante eff@eargenomen op experi-
mentele tijdschaal, benadrukt een probleem voor de ietatj@ van testresultaten
op een kwantitatief relevante manier. Het waargemomacroscopische gedrag
bij de TCT-testresultaten komt overeen met eenntbdreologisch complex
gedrag van de visco-plastische reactie, met sigmifec verschillen in de respons
binnen het experimentele onderzoeksgebied.

De belangrijkste resultaten van deze thesis ondpest de noodzaak om de
experimentele benaderingen voor de beoordelingtuasenlaagonderdelen van
gelamineerde glasproducten in vergelijking met amdsouwmaterialen aan te
passen. Ook de moeilijkheden voor het verkrijgen kavantitatief zinvolle
resultaten voor de ontwerppraktijk, komt in de resultatédatijk naar voor. Met
de gerapporteerde experimentele werken kon een etigheidsanalyse uit-
gevoerd worden op een aantal experimentele paresnegie zelden in rekening
worden gebracht. Deze parameters blijken echtemegkbare invioed te hebben
op de testresultaten. Proeven op intermediair@adchn TCT-testen in het
bijzonder blijken nuttig te zijn om vraagstukkenrh@nden aan het tijds- en
temperatuurafhankelijke gedrag van de tussenlaagpleren ten opzichte van de
sterkte van glazen onderdelen. Ten slotte wordéndeointermediaire experi-
mentele schalen geanalyseerd vanuit een sector@pgrtief en worden
reflectiepaden aangeboden met betrekking tot dewikkdling van
"geharmoniseerde" rekenmodellen en met betrekkabhgniplementatiekwesties
van karakteriseringmethoden in de praktijk.
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Résumé

Les années 1980 voient I'introduction du verre Ifeté dans le secteur de la
construction en tant que vitrage de sécurité paysrbtection des personnes en
cas d’'impact accidentel. La composition de base & deux feuilles de verre
assemblées autour d’'un intercalaire en polyméreluévdans le courant des
années 1990 parallélement au développement d'applis de plus grandes
dimensions, dits “vitrages structuraux”. Ceux-cicaeactérisent par I'apparition
de nouveaux systéme de fixation, principalement sforme de vitrages
extérieurs collés (VEC) et de vitrages extérieurstachés (VEA).
Progressivement le verre feuilleté commence a étrssi utilisé pour des
applications autres que des vitrages et de sim@lésents de remplissage,
comme élément de garde-corps, comme raidisseurres e€finalement comme
élément porteur dans des escaliers et des planehevsrre. Avec le debut du
XX1°™ siécle et 'émergence d’applications en verrecstmal, la configuration
des produits en verre feuilleté évolue davantage des produits multi-feuilletés,
avec entre autres l'intégration d’inserts métakigjiet I'apparition de nouveaux
produits pour les intercalaires.

Les regles de conception des ouvrages en veres ehéthodes d’évaluation des
produits en verres feuilleté évoluent en parallélais sans toujours beaucoup de
cohérence apparente. A coté des évolutions suatehd des produits en verre
feuilleté pour le batiment, le secteur de la comsibn connait d’autres
changements importants dans le domaine de la nisatiah au niveau européen,
avec l'introduction en 1989 de la Directive Produite Construction (DPC ou
CPD en anglais). Cette directive a pour partictdadiintroduire une nouvelle
philosophie pour I'expression et I'évaluation desrformances des produits
utilisés dans les ouvrages de construction, reposantune approche dite
performantielle. Ceci a conduit a I'élaboration riBusérie de normes et guides
techniques émis respectivement par deux organisorepéens, le CEN (Comité
Européen de Normalisation) et I'EOTA (Organisatidguropéenne pour
'Agrément Technique), destinés a soutenir et impglétar les objectifs
d’harmonisation formulés par la CPD. La mise enrade nombreux processus
de développement paralléles et I'implication d’wargl nombre d’intervenants
ont toutefois conduit au développement d’'un cadmmatif européen présentant
certaines incohérences manifestes, au moins eneaqmeaet pour des acteurs non
impligués de maniére directe dans ces développements.

Ces deux évolutions, technologique et normative, anatysées en paralléle. La
formulation de performances de sécurité dans leme®produits et dans d'autres
guides techniques sont comparées et analysées laseméthodes d’essai
destinées a les évaluer, et plus particulieremenpérformances consécutives au
bris des composants verriers. En effet, I'évalumatie la capacité portante
d’éléments brisés devient un point particulierenwitique quand ils sont utilisés
dans des applications structurales non-conventemel Pourtant, les
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performances de sécurité et les méthodes d’'évalusiles que prescrites dans
les normes produit actuelles pour les verres f@dl de sécurité sont encore
toujours implicitement principalement basées swr latilisation en tant que
vitrage. Une formulation générale des performaméegiuelles en cas de bris
apparait donc comme un probléme assez complexecdoute la mise au point
de méthodes de caractérisation expérimentalesspameantes. Cette difficulté
est notamment due a des domaines d’applicatiompeRiits variés et évolutifs,
et des lors délimités de maniere plutét vague. Par ailleanssque de croissance
incontr6lée du nombre d’essais requis apparait, ldddévision des processus de
conception et d’évaluation, entre d’une part ungreghe projet de la conception
des ouvrages, et d'autre part le développement deégures d'évaluation
davantage orientés produit. Une conséquenceteliest que la caractérisation
des propriétés des produits jouant un role damsipacité portante résiduelle en
cas de bris fait I'objet d’assez peu d’attentioremfparticulier en ce qui concerne
la variation en fonction de la température et dap® des propriétés mécaniques
des composants d’intercalaire. Une comparaisoncdasepts de “famille de
produits” ('ensemble des configurations de prodisé pour I'établissement des
performances) et de “domaine visé d'utilisation’orfthine d’application) a
conduit a proposer une grille d’'analyse constitadé@eChamps d’Application
(Application Fields en anglais), visant a distingles différentes composantes
qui, combinées entre elles, participent aux performanceéagité.

L'analyse structurale de systémes brisés au mogescdnarios de défaillance
permet de mieux cerner les différents aspectsifeelat leurs performances
résiduelles. Un inventaire est fait des paramétresayiegnent la sensibilité aux
dégats d’éléments en verre feuilleté (soit le msgie rupture des composants
verriers) et leur tolérance aux dégats (soit leaséquences de tels bris).
L'analyse montre que la fonction de liaison asquaé I'intercalaire au sein de
systémes feuilletés fracturés peut se réduire & detcanismes de transfert de
charge principaux. Un de ces deux mécanismes termisla formation d'un
ligament qui se développe entre différents morcedexverre. Ce ligament
apparait comme le mécanisme de transfert de chargeue pour le
comportement d'éléments en état de rupture avaicée quels que soient les
configurations géométriques et états de chargecmmidérés. La fonction de
liaison assurée par le ligament d'intercalaire sgp@ son tour sur deux
mécanismes complémentaires : une délamination diitriercalaire et les
fragments de verre, et un étirement du ligamenti dovené. Des hypotheses
apparaissent nécessaires pour pouvoir dissociealligtion des performances
résiduelles en régime quasi-statique des situatienshargement ou de réaction
en régime dynamique. Cela conduit a supposer qun sglément survit a
'augmentation des dégats due a la fragmentatiagrpssive des feuilles de
verre, cela se fait sans endommager le coeur demdiga. La conséquence de
cette hypothése est la nécessité de compléterskaiptton du niveau de dégats
physique d'un élément feuilleté fracturé au moyen ldngueurs initiales de
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délamination a partir des extrémités des fissumss des feuilles de verre, au
niveau de l'interface entre intercalaire et fragmeetseatre.

Ces hypotheses faites au niveau structural permetedconcentrer ensuite plus
particulierement sur les propriétés des interogdagouvernant le comportement
mécanique du ligament. L’analyse des caractérissiqies polymeéres utilisés
comme intercalaire montre qu’on peut distinguerxdeatégories de matériaux,
les thermoplastiques et les élastoméres. Les ala@res du premier type
présentent une température de transition vitreum@pdse a lintérieur de
lintervalle de températures d'utilisation, tandisieqceux du deuxiéme type
présentent un comportement plus proche d'un caoutcidéal. Dans les deux
cas, le comportement mécanique semble dominé phaiksns secondaires entre
chaines moléculaires et la mobilité des chainesequiésulte. Les matériaux
intercalaires les plus courants appartiennent aglaigre catégorie et justifient de
regarder de plus prés les modéles visco-plastiqeresrégime de grande
déformation, décrivant la dépendance du comportermexiteffets de durée de
chargement et de température. Les comportementadh@ologigues simple et
complexe sont décrits, et un phénomeéne importanpléogentaire est identifié
pour I'état solide vitreux, appel&ieillissement physique Il s’agit d'un
phénomene associé a des changements de conformaBuarsibles
thermiquement, qui a une grande influence sur listedse au fluage de longue
durée des matériaux polyméres. Finalement, un apestu donné des
particularités du comportement mécanique des palysnéutilisés comme
adhésifs. Le vieillissement physique est dés loggpaesé pouvoir affecter de
maniére différentielle les propriétés mécaniquend’ewouche d’adhésif dans sa
masse et le long de ses interfaces. Par ailleurpreesétés mécaniques peuvent
varier en fonction des conditions de lamination dttilisation dans des
proportions indéterminées. Enfin, au vu des intéegalde température
d'utilisation typiques des produits en verre fai#d, on peut s'attendre a ce que
leur état de vieillissement physique puissent ireludes processus de
vieillissement et de rajeunissement au cours de legediiutilisation.

Deux familles d'intercalaires sont ensuite considémplus en détails, les
intercalaires en polyvinyl butyral (PVB) en généet le SentryGlas® (SG), un
intercalaire plus rigide. Les aspects expérimentum analysés selon le type et
la configuration des éprouvettes d'essai, et leaigsgalisés sur éprouvettes en
verre feuilleté semblent plus appropriés dans tikecde procédures d'évaluation
des propriétés des produits finis. En d’autres mbgerait préférable de réaliser
I'évaluation des propriétés des intercalaires snclnsidérant davantage comme
descomposantgjue comme des matériaux. La détermination desgeoafions
d’éprouvettes et des configurations d'essai les glartinentes par rapport a
différents objectifs apparait dés lors comme ureetspssentiel des processus
d’évaluation.
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Les essais sur éléments fracturés peuvent étreségah différentes échelles
expérimentales. Cette notion d'échelle expérimentee se limite pas a des
différences de dimensions des éléments testés, plas généralement a
différents ‘sets’ de conditions d’essai. La seflisgibidu comportement de ces
polymeres a la combinaison d'effets de tempéragtirde contrainte induit des
contraintes importantes pour le développement gifuctures et de méthodes
d'essai. Une série de campagnes expérimentalesasalysées au moyen d’'une
grille d'analyse distinguant différenChamps d’'Investigation Expérimentales
(Experimental Fields of Investigation en anglai®stthés a identifier différentes
limites techniques et sources d’incertitudes systiéunes susceptibles de survenir
au cours de la conception de configurations d’esEai effet, c’est surtout quand
le domaine d’investigation expérimentale est éteqda de nouvelles sources
d’'incertitudes et d'erreurs systématiques risquiapparaitre, qui peuvent étre
associées a trois catégories d'effets de bord. dffets de bord des deux
premiéres catégories sont associés essentielléniad aspects expérimentaux et
pratiques, relatifs aux méthodes de fabrication ém®uvettes d’essai pour la
premiere catégorie, et aux tolérances expérimentdléscertitudes de mesure
propres aux configurations d'essai et aux inteegaltlinvestigation pour la
seconde. Ces effets de bord apparaissent commetiptiéenent de plus grande
ampleur pour les éprouvettes d'essai de plus petitmensions. Les effets de
bord de la troisiéme catégorie prennent en congtesburces de déviation dues
aux méthodes d'analyse et aux propagations d'ibedels de mesure. Une
analyse globale permet la mise a jour de probléspésifiques pour réduire des
incertitudes sur différents champs d’investigationuitanément. Ceci est illustré
en particulier par le cas de [l'utilisation de mé&tbe de mesure optique en
combinaison avec 'utilisation d’'une chambre climatique.

Les essais TCT (Through Crack Tensile tests) sostite considérés comme
configuration de référence pour investiguer expéntalement la combinaison
des effets de la température d'essai et du niveaucadntrainte sur le
comportement ligamentaire, pour un verre feuilletéstitué d’un intercalaire SG
et pour deux modes de chargement différents. Urségte expérimentale
incrémentale est développée sur base d'un seulntitbra constitué d'une
soixantaine d'éprouvettes en verre feuilleté, ayante la méme configuration
(en termes de type et épaisseur d’intercalairéeeméthode de fabrication). |l
s'agit d'essais de relativement courte durée eimeégjuasi-statigue, comprenant
des séries d’essais réalisés a vitesse de déplacenmstante (essai cdr) et des
séries d'essais de fluage. L’'approche incrémempiimet d’obtenir un apercu du
comportement mécanique sur un domaine relativerdggndu en termes de
conditions d’'essai, avec des températures compeste —20 et +60°C. Les
aspects expérimentaux relatifs aux essais réatiséshambre climatique et les
incertitudes de mesure associées sont ensuite m&arde maniére critigue. En
particulier, une estimation est faite des limitdatrees a la justesse des mesures
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de déformation au moyen de méthodes optiques, ktsarlsont comparées a
d’autres incertitudes expérimentales en présence.

Deux modes de déformation principaux ont été observéstdigmmssais pour les
différentes conditions d’essai considérées : un nueddélamination réguliére et
un mode de propagation de fissure a travers I'éparsdu ligament. Il apparait
clairement que le mode de rupture dépend signifieaient des conditions
d'essai. A lissue de cette campagne, les essaisygle cdr apparaissent
finalement d’intérét plutdt limité par rapport asituations de projet considérées,
VU qu’une correspondance compléte avec les essdisatje n'a pu étre établie,
et ce principalement a cause d’'un rapport varial@e contributions des deux
mécanismes de déformation (de délamination etrdiétint) a la ductilité globale
du ligament en configuration d’essai TCT. Cette pagme d’essais a permis
également de pointer I'influence significative, é@helle de temps expérimentale,
de la durée de conservation des éprouvettes suctenportement, attribuée au
phénoméne de viellissement physique ; ceci metvieteilgce une problématique
importante pour une interprétation quantitativememfrtinente de résultats
d'essais. Sur base du comportement tel qu'obsdra@adysé au moyen de ces
essais TCT, le comportement visco-plastique semiderespondre a un
comportement de type thermorhéologique complexelysdatoutefois a un
niveau macroscopique, et avec des différences dpardement significatives sur
le domaine d’investigation considéré.

Les principaux résultats de cette thése mettemdvaence la nécessité d'adapter
les stratégies d’'évaluation expérimentale pourplesluits en verre feuilleté, en
comparaison avec d’autres produits de constructibdes difficultés spécifiques
pour obtenir des résultats quantitativement pentsig@our le dimensionnement
d’applications en pratique. Les essais réalisépemhis de faire une analyse de
sensibilité pour quelques paramétre expérimentatentent pris en compte, et
qui pourtant sont prouvés avoir une influence $iggiive sur les résultats
d'essais. Cette recherche a également soulign&éréin d'essais ‘a échelle
intermédiaire’, et des essais TCT en particulier,vee d'isoler I'étude du
comportement thermorhéologique de lintercalaire glgestions liées a la
résistance des composants verriers. Pour finijitéutd’essais associés a des
échelles expérimentales intermédiaires est égakeamalysé d’'un point de vue
sectoriel, et quelques pistes de réflexion sont éesnpar rapport au
développement de méthodes de dimensionnement “hiséas” et aux questions
d’'implémentation de méthodes de caractérisation digpea
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Symbols

a(-) measurement range (defined by limiting values)

a delamination length (interfacial crack) / regresgp@nameter
a delamination rate (propagation velocity of crack fyon

a, initial interfacial delamination length

a, short crack limit of interfacial delamination length

a (T) temperature dependent shift function

a, (J) stress dependent shift function

b width (specimen) / regression parameter

d (pre-)crack opening / displacement

d, creep (pre-)crack openir{gicr (t) = dopt(t) - dmi)

d value of (pre-)crack opening for isometric curve (F&$t)
d,, initial (pre-)crack opening (initial loading step goeest)

dOpt measured (pre-)crack opening by optical method

dy, displacement transversal beam testing device

d crack opening rate / displacement rate

h height / half-thickness of interlayer (TCT-test)

k Boltzman constam(k =1381.10% J/ K)

et length of activation of a load-transfer mechanism

Ci i distance between a (initial) cracked section andahstfess field
£ g min lower threshold value for planar dimensions of glasgrfrents
r (radius) / size of process zone (near a crack tip)

r, relative residual resistance (fractured state at dereagin)
r size of the plastic (or inelastic) zone (near a crigjk t

t thickness (of a layer / interlayer / glass sheet) / time
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annealing duration / initial ageing time
time-to-failure (creep)

effective ageing time

thickness of a glass component
thickness of a interlayer component
measurement uncertainty

velocity / displacement rate
cross-section area (uniaxial tensile test)
initial cross-section area (uniaxial tensile test)
structural damage (parameter / concept)
physical damage (parameter / concept)
(axial) elastic modulus

force / load

applied force in creep test

(measured) peak force (in cdr-test)

steady-state force (constant value of force in ststatg response)

shear (elastic) modulus

strain hardening modulus

(static) fracture toughness (crack opening mode |)
dynamic fracture toughness (crack opening mode I)
gauge length (uniaxial tensile test)

initial gauge length (uniaxial tensile test)

universal gas constar(lR = 8.314472J/(K : mol))
(radius) / size of the stress crack tip field (near a dipgk

residual resistance (fractured state at damagergvel
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R, initial resistance (undamaged state)

S (physical) ageing state

S,(t) initial (physical) ageing state function

Sa’B(t) bulk ageing state function (concept)

S, (t) interfacial ageing state function (concept)

T (test) temperature

T, reference test temperature

T, annealing temperature (temperature of thermal préiesd)
T, (primary) glass-rubber transition temperature
T, melt temperature

T reference temperature

T o maximal temperature of use

Vv’ activation volume

0 half-crack opening (TCT-test)

£ (axial) strain

&, critical plastic strain

& axial strain (short crack limit)

£, strain at breakage

£, axial nominal strain

& (axial) strain rate

Enin secondary creep rate (minimum creep rate)
& creep rate at failure (maximum creep rate)
&, process rate constant (pre-exponential coefficient)
A (axial) stretch

A nominal axial stretch
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viscosity

Zero-viscosity

Poisson’s coefficient

(axial) (nominal / true) stress

yield stress

strain hardening stress

rejuvenated yield stress

driving stress

tensile strength

axial nominal stress

characteristic stress

initial clearance (testing device)

step (increment) value of force

activation energy

yield drop (stress component)

strain energy release rate (crack extension force)
(static) crack resistance (fracture toughness)
dynamic crack resistance

interfacial (static) (fracture) toughness

fractured stage / damage level / creep mode / crackrgpetode
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Acronyms

ANB Annexe Nationale — Nationale Bijlage

(Belgian National Annex to Eurocodes)
AF Application Field (concept in this thesis)
BBRI Belgian Building Research Institute www.bbs.
BP breakage point (TCT-test)
cdr constant displacement rate (loading mode)
CE CE-marking (of products)
CEN European Committee for Standardiation wwween.
COST European Cooperation in Science and Technolagw.cost.eu
CP crack propagation (deformation / failure patfB@-test)
CPD Construction Products Directive (European DRivec39/106/EEC)
CPR Construction Products Regulation (European Régn 305/2011)
CSTC Centre Scientifique et Technique de la Constm (= BBRI)
CST Compressive Shear Test (test configuration)
EFI Experimental Field of Investigation (concepthis thesis)
EN European standard (letter code)
ENV experimental European standard

(letter code used among others for first generdfiorocodes)
EOTA European Organization for Technical Assessmewiv.eota.eu
ESD Element Safety Diagram (concept)
ETA European technical agreement / European teahagsessment
ETAG Guideline for European technical agreement
EVA ethylene vinyl acetate (a family of polymersdsas interlayer products)
FEM Finite Element Method (numerical calculationthweal)
FM-D Dynamic Failure mode (concept in this thesis)

FM-QS Quasi-static Failure mode (concept in thesit)

FPC Factory production control (concept)
hEN harmonized product standard
(European standard used as basis for CE-markingradtruction products)
IABSE International Association for Bridge and $tural Engineering
www.iabse.org
ISO International Organisation for Standardisatioww.iso.org
ITT Initial Type Testing (concept)
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LEFM
LN2
LMO
LS
LTM
MMS
NBN

NDP
NIT
NA
OCT
PC
prEN
PMMA
PVB
PVC
RD
SG
SSGS
STS

TC

TP
TCT
TST
TU/e
TV
UGent
uPVvC
WTCB

Linear Elastic Fracture Mechanism (model tly¢or

liquid nitrogen

Laboratory for Research on Structural Modegséarch unit UGent)
Longitudinal Shear (mechanism configuration)

Load Transfer Mechanism (concept)

Mechanics of Materials and Structures (researchUGent)

Bureau for Standardisation (Belgian standatitisebody) www.nbn.be
Belgian standard (letter code)

Nationally Determined Parameters (in Eurocodes)

Technical document (FR), published by the BEB&dctorial ‘standard’)
National Annex (to Eurocodes, generic acronym)

Offset Crack Tensile (test / specimen / med@rargonfiguration)
polycarbonate (family of polymers)

draft European standard (letter code)

polymethylmethacrylate (family of polymers)

polyvinyl butyral (a family of polymers used iaserlayer products)
polyvinyl chloride (family of polymers)

regular delamination (deformation / failure patt TCT-test)
SentryGlas® (brand name for a stiff thermoptastierlayer of DuPont)
Structural Sealant Glazing System

Unified technical specifications (Belgian sfieations for construction
works), published by the FPS Economy

Technical Committee

test purpose (category)

Through Crack Tensile (test / specimen / meidmarconfiguration)
Tensile Shear Test (test configuration)

Eindhoven University of Technology www.tue.nl

Technical document (NL), published by the BBRé¢torial ‘standard’)
Ghent University www.ugent.be

unplasticised poly(vinyl chloride) (family pblymers)
Wetenschappelijk en Technish Centrum voorBwiwbedrijf (= BBRI)

XXili



XXiV



Table of contents

ACKNOWIEAGEMENLS ...t e e e e
SUMIMAIY ..iiiiiiiii ettt r e e e e e r e e e e e e e e e e e eeeeas i
SAMENVALTING ...eeeeieeii it e e e e e e e r e e e e e e e e annnnees Vil
RESUME ... Xi
SYMDOIS ... XVii
o1 £0] 01/ 1 0 XXil
Table Of CONTENTS ......uiiiiiiii e XX\
(070 01 (=T 1 A0 o] 0 F= 101 (=] £ XXV
Outling Of the thESIS......coeiiii e XXViii
Chapter | — Assessment of laminated glass products

for structural apPPlICALIONS ........cooiiiiiiie e i
Chapter Il — Performances and properties

of fractured laminated glass €lemMeNnts ... 5
Chapter Il — Time-temperature dependent mechanicaiedr

of polymer interlayers : background.............ccccooiiiiiiiiiiiiiicee e or
Chapter IV — Experimental investigation of time-temgtere dependent

behaviour of fractured laminated glass elements............cccccceeeiiiiiiiiiiiiieeeee s 14
Chapter V — Investigation of time-temperature depetde

ligament behaviour by means of TCT-ESTS..........uuviiiiiiiiiiiii e 18¢
Chapter VI — Synthesis and perspectives ..........cccceeeeeeiiiiiieeeeeeeeeee, 24
RETEIENCES ... e e e e e e 2€
Appendix A — Details of the experimental campaign SG35..................... 275....

(detailed content of chapters on next page)

XXV



Content of chapters

Chapter | - Assessment of laminated safety glass productsfor structural
applications

0 O 1 e Yo [ o 1o o R PP PEPPRR PSP 3

I.2.  Short history of laminated glass products in coesiton works.................. 4

[.3. Standardization framework and harmonization pr&sess..................... 10

l.4. Safety performances of laminated glass products ..............cccceeeeeeee.. 6........ 1
[.4.1. Laminated glass ProdUCES ...........ccooiiiiiiiiiiiiiieee e 17
1.4.2. Performances of laminated safety glass products................... 20........

I.5. Safety performances of laminated glass WOrkS ..............cevvvvvvevvvevvvenininnnnnn, 30
I.5.1. Performances of glazing and structural glazing units.................. 31
[.5.2. Performances of structural elements in laminglasks..................... 38

[.6. Outcomes and problem StatEMENT ...........ccooiiiiiiiiiiiiie e 46

Chapter |1 - Performances and properties of fractured laminated glass
elements

00 O [ o o U T{ 1o o I PP P PP PPPPPRPR 53
II.2.  From dynamic to quasi-static safety performances........................ 4.
[1.3. Fractured stages, damage and residual resistance ...............ccc...... 58.........
[l.4. Fragmentation patterns and load-transfer mesh@i...............cccccceeeeeen. 72

[1.5. Experimental investigation of load-transfer magisms..............c.cccee.... 84

II.6. Modelling approaches and analysis of TCT-tests.......................... a.......
I.7.  Summary and OULIOOKS ..........euvviiiiiiiiiiiiiiiii s e e 93

Chapter 111 - Time-temper ature dependent mechanical behaviour of polymer
interlayers: background

1 O [ Yo [ T 4o 97
[1l.2. Characteristic features and behaviour of polggne..............cccccvvvveeenenn. 98
[11.2.1. Identification and classification of polymeiterials........................ 99
[11.2.2. Intrinsic mechanical behaviour of polymers........ccccceeeeeiiiinnnin. 2..10
I11.2.3. Physical ageing and its effect on mechanical Weha.................. 116
[11.2.4. From intrinsic to macroscopic behaviour ............ccccocciviiiiiiiennnnns 121
[11.2.5. Particularities of polymers used as adhesives...............c........ 125.....
[11.3. Consequences for the characterization of interiye................cceeeee... 128
[11.3.1. Characteristic properties and service conditians........................ 129
I11.3.2. Response of interlayers in uniaxial tensilge.............................. 133
[11.3.3. Adhesion properties of interlayers with glass ponents............... 138
[11.3.4. Conventional test configurations and criticagibashapes............... 139
[11.4. Summary and OULIOOKS ...........cuuiiiiiiiiiiiiii e 144

XXVi



Chapter 1V - Experimental investigation of time-temper atur e dependent
behaviour of fractured laminated glass elements

Y8 I 1 o To 11 o 1o o 149
IV.2. Experimental scales and Experimental Fields ogéstigation................ 150
IV.3. Development of experimental approaches ...........cccccceiviiiiiiiiiiiiiieennne 162
IV.3.1. Preliminary phase (2004-2006) ...........cccceeeeieeiiiiiiiiceeeeeeeeeeee, 163
IV.3.2. Orientation phase (2006-2011)..........cccceeeeeeeeeiiiiiiieeeeeee, 165
IV.3.3. Development phase (2010-2013).......cuuuirurimmmimmniiiiiieieseeseeeeeeeeeens 181
IV.4. Border effects due to measurement uncertainties.................c........ 181.....
IV.5. Summary and mMain OULCOMES .........ceiiiieiiiiiiiiiiiiieeee e e e e e e e 18t

Chapter V - Investigation of time-temperature dependent ligament
behaviour by means of TCT-tests

AV % S 1 1 (o To [T 1o o PP PP PPRI 191
V.2. Test method and experimental Strategy..........cccevvvvevieeviieeiveeeiieeiiieeinnnnnnns 19:
V.2.1. Design of the experimental campaign ...........ccccccevviiiiiiiiiiiieeeennnnnns 192
V.2.2. TSt SPECIMENS....ccii ittt ettt e e e e 19/
V.2.3. Development of the experimental strategy .............ccccvvvveeveeeeenniiinns 197
V.2.4. Test protocol (for individual teStS) ........uuuuiiiiiiiiiiiiiiee e, 200
V.2.5. Test configuration and data acquisition system..................... 201....
V.2.6. Image acquisition and optical measurements ..........ccccceeeeeeeieeeeeeennn. 20¢
V.3. Results of the experimental campaign TCT-tests..........ccccccveeeeernnnns 1...21
V.3.1. Deformation and failure patterns..........ccccooooviviiiieiee e 211
V.3.2. Processing Of teSt reSuUItS ..........c.evviiiiiiiiiiiii e 21¢
V.3.3. Comparative analysis of cdr and creep tests results................ 228
V.3.4. Border effects for TCT-tests on SG-laminates.............cccceeeen... 1...23
V.4. Outcomes of the experimental campaign TCT-tests..................... 240.....

Chapter VI - Synthesis and per spectives

VI.1. Update of the problem statement and research agipro...................... 245
VI.2. Summary of the research and main QUICOMES...........cccovviiiiiiiiiiieeeeennnnans 241
VI.3. Conclusions and PEIrSPECHIVES........uuuriviriiiiiiriiiiii e e 25
VI.3.1. Multiple purposes of tests and assessment gieate..................... 253
VI.3.2. Tests at intermediate scale : necessity andgssue..................... 254
VI.3.3. TCT-tests : most suitable intermediate expertalestale ? ........... 257
VI.4. Perspectives for further research ...........ccccceeeeiiiiiiiiieeeeee 26(
VI.5. About research, harmonization and implementation...................... 261....

XXVii



Outline of the thesis

Context Resear ch background and theory
Chapter | Chapter 11 Chapter 111
Assessment of Performances Time-temperature

laminated safety glas)

products for
structural applications

and properties
of fractured
laminated glass
elements
N1

dependent
mechanical behaviour
of polymer interlayers :
background

N1

_,
(
K

U NN N N N BN BN BN NN NN BN BN BN BN B B N S

\V

NN NN NN NN NN BN NN BN BN NN BN BN BN BN BN NN BN B NN S .

\

Resear ch approach

T~
Chapter IV

Experimental investigation of
time-temperature dependent behaviour
of fractured laminated glass elements

Chapter V
Investigation of

time-temperature dependent ligament behaviour
by means of TCT-tests

N1

Chapter VI

Synthesis and perspectives

~

XXViii




Chapter I

Assessment of laminated safety glass products
for structural applications

“Europe will not be made all at once, or accordita single plan.
It will be built through concrete achievements wihiicst create a de facto solidarity.”
(Schuman Declaration of 9 May 1950)
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I.1. Introduction

Laminated glass products are basically assembiigooor more flat glass sheets
around and by means of polymer interlayers, progdiis category of glass
products with interesting safety properties. Introgtl in the automobile sector,
laminated glass products conquered the construatidumstry for being used as
safety glazing unit. Continuous technological depeients, among others in
polymer materials used as interlayers and in latiingrocesses, led to develop
a variety of laminated glass products complyingvarious types of safety

performances. Simultaneously, the ranges of usdajete different concepts of

structural glazing systems up to impressive structymaliGations nowadays.

The technological evolutions were accompanied anmgparted by the

development of safety concepts, and of assessmesigndand calculation

methods, in an attempt to follow the trends and #doms of architects and
designers. In parallel of these evolutions pecubtidaminated glass products in
the building industry, the adoption at European llefehe Construction Products
Directive in 1989 shaped a new standardizationopbjphy. It introduced a
performance-based approach for the assessmentnstrection products and
construction works, and aims at developing ‘harmedfiijproduct standards and
design codes. The development of a European desidm for glass construction
works is meanwhile a work item on the agenda of @N, the European
Committee for Standardization.

However, in this process, inconsistencies appeavdast different types of co-
existing standards. Challenges and difficulties arising in accordance for
developing new design codes and associated expaahassessment methods, in
relation with a variety of closely inter-relatecthaical, practical and conceptual
issues. Current design methods and conceptsastitofaddress some important
issues concerning the characterization of interlagemponents for design
purposes, in particular in relation with their titemperature dependent
behaviour. A particularly important aspect conceting assessment of their
contribution to residual load-bearing performanckron-conventional structural
applications in laminated glass, in case of accidentakage of the glass sheets.

Therefore a relative detailed analysis of the Eeappstandardization framework
and an explanation of related concepts is propos#us first chapter, in parallel
of the recent evolutions in laminated glass praglacd applications. It leads to a
proposition for describing the various componermkitd the concepts of ‘family
of products’ and ‘intended fields of use’, in orderaccount for particularities of
design processes in this particular field. Thelyamia is terminated with the
formulation of a series of central questions : howassess the contribution of
interlayers to safety and post-fracture performaramelaminated glass elements,
and how to express these in terms of design valgable in combination with
appropriate design and calculation methods ?

1.1 Introduction 3



I.2. Short history of laminated glass products in construction
works

Among the construction materials, glass occupiasiite special place. It is

transparent, it exhibit chemical and physical progsrquite stable in time, it is

recyclable, but it is brittle, namely it breaks hatt warning signs. For a long
time it had no competitor showing as many advarsaggether with a good

transparency, and therefore is used in buildingsesiundreds of years as glazing
set in some frame. Many technological innovationgroved the quality and the

flatness of flat glass, especially in the Xnd XX" centuries, to lead to the

currently most used industrial process, the floabcess. However, these
successive changes in the production process tofjiias panes did not change
much to its brittleness.

A first improvement to reduce the risk of injurydase of glass breakage came in
1874 with the tempering process (Speelman and 8awi@013). This enabled to
produce thermally toughened gldssvith two important improvements in
comparison to ‘usual’, annealed float glass uniéshigher strength and a safer
breakage pattern in the form of very small splisitelt allowed to reduce the risk
of fatal injuries in case of human impact againszigg, but with no retaining
function in case of glass breakage.

Another innovation to compensate the unsafe biitleaviour of glass followed

shortly after, thanks to its association with anpthew transparent material,
polymer, which appeared consecutively to the devetoyp of the oil industfy

In the early XX" century, the first “layered glass” product was imeef, namely

a piece of glass secured by a plastic layer todaggpiitting in case of glass

breakage. Besides its ability to retain the glaagrients bonded to it in case of

1 The term “thermally toughened” is used for a catggof glass products whose increased

strength is obtained by means of a thermal treatrimelucing compressive stresses along the
outer faces. In comparison, “chemically toughergld$s products are strengthened by means of
a chemical process, obtained by an exchang€ odné of a smelted salt (KNPwith the smaller

Na' ions of the glass pane. Chemically toughenedsgmsducts are not usual in building
applications. Tempering processing of float glaseducts transform these into “heat-
strengthened” or “thermally toughened” (safety)sglgoroducts, according to the grade of
toughening, essentially due to difference in capliate of the tempering process. This involves
also differences in typical fragmentation patterimsthat regard thermally toughened glass is
judged safer than the two other toughened glasdupts, thanks to its splintering in much
smaller glass fragments.

Polymers were accordingly initially limited togamic materials. In the meantime, other non-
organic polymer products were developed, as siisonSee Chapter Il for more details about
specificities of polymer materials.

“Layered glass” or “Safety glass” is known to hde=n invented in 1903 by a chemist, Edouard
Benedictus, who accidentally dropped a glass ftaskaining cellulose nitrate and discovered by
this way the favourable post-fracture performarafes piece of glass secured by a plastic layer.
A patent is introduced in 1909 for this finding.
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breakage of the glass sheet(s), the concept appé¢argaovide also some
containing capacity to a glazing unit, namely a cépao prevent an impacting
body to pass through it.

The latter was a decisive advantage upon toughepest to introduce and
develop the concept further as front windscreercdars during the 1930’s, to
improve the safety in case of accident : it helpet only to prevent critical
injuries to the driver's or passenger's head ineca$ impact against the
windscreen consequent to an accident, but alsojélotian out of the vehicle of
human’s body through the windscréehe basic configuration of two flat glass
panes adhesively bonded on either side of oneiplatieet (or interlayer)
appeared as the most favourable one for such fagar glass elements, and led
to the widely used term “laminated glass”. In thimfiguration, the harder outer
glass sheets protect the softer plastic interlapereasing the durability of the
resulting product. Polyvinyl butyral (PVB) gained dominant position as
interlayer material in the laminated glass industisnong others thanks to its
good processability (ease of processing) and thdtieg toughness of laminated
glass units.

Laminated glass found its way towards the buildirdustry for fulfilling similar
functions, and became widely used as safety gladiming the 1980’s. Other
types of laminated glass products were then deedlap order to achieve more
demanding performances, as for burglar resistantglér retardant) glazing,
bullet-resistant glazing, attack resistant glazing,... G¢kielutions in composition
of laminated glass units were related to otherr@sing qualities, as acoustic
insulation, and the possibilities to integrate ctemgentary components or
features at the level of the interlayer useful theo safety and non-safety
functionalities, related to fire resistance, energytlpntrol or aesthetiés

Besides, the increased strength of toughened gfgssars in some cases as a potential source of
injury : its higher strength can prevent its bregkduring the impact, in which case an important
force can be returned back to the impacting bodindiuthe elastic rebouncing. This is because
the absorbed energy is not dissipated by the gie®, but stored in the form of elastic
deformation. For the same reason, a larger anmafueniergy is released at breakage. This is a
potential issue when thermally toughened glassaig pf a laminated glass unit (see also
Chapter Il paragraphs 1.2 and I1.3).

It is useful to remind that laminated glass hasnbi@troduced for use in windscreens of cars in
1944, years before the invention of the seat U&E8) and before the invention (in the 1970s)
and wide introduction (late 1980s — early 1990ghefairbag (Wikipedia: Volvo cars; airbag).

Laminated glass began to be widely used as saflezing in buildings during the 1980’s
(www.editions-ti.fr, Dossier N4404 “Intercalairesyr verres feuilletés”, Gérard Savineau).

For instance, fire-resistant glazing is obtaingdnteans of an intumescent interlayer, electro-
chromatic glazing by including liquid crystals inetinterlayer (which orientation controlled by
the application of an electric tension leads tagparent or translucent state), and some type of
heating glazing by means of very thin wires incllide the interlayer (working as electrical
resistant element, for instance used for autondgiicing of front windscreen in cars ...).

1.2 Short history of laminated glass productsanstruction works 5



Extensions of product performances were provided thyee kinds of
modifications with respect to the basic composftioin‘simple’ laminated glass
unit :

1) adaptation of the overall layers composition, nanbgiychanging the amount
and thickness of the constitutive layers;

2) change of the type of interlayer material (gradepooductf, and/or of
lamination process;

3) change of the type of one or more glass layersn&iance by replacing one
or more annealed float glass sheets by a toughglasd sheet or by another
transparent plastic material.

These technological developments of laminated glagis were accompanied by
an increase of their dimensions, altogether witHugims in their use. In a first
evolution step, traditional glazing setting in asgd frame evolved towards the
development of the so-called ‘structural glazingdplications in facades,
corresponding mainly to a variety of alternativexafion systems. The
requirements on safety and load-bearing capacitythef products increased
progressively, in combination with primary perforroarrequirements related to
the glazing functiolf. The second evolution step is the use of lamingtass
products in applications with no glazing functionymore, with a progressive
increase of the “structural” role, from the use iariwus configurations of
balustrades, glass fins in facades for reinforchestiffness against wind action,
to “true” structural applications, glass floors agldss beams for instance. In the
latter, mechanical and safety performances are overwitghime design.

These parallel evolutions are illustrated in Figute They basically address two
interlaced developments, on the one hand the dawelop of laminated glass
products, and the development of calculation, testing anstiction methods.

The product development involved development ofidarproduction facilities
and evolutions in manufacturing methods. The @bmif the lamination process
remains a central point of attention in all cases, as iapflear further in the text.
However, production aspects will not be extensivaigcussed in the present
work.

In this text, composition of laminated glass refers to the amount, ordeirckitess and
characteristics of constitutive glass sheets anerlayers (or configuration “along the
thickness”), whereasonfigurationis used in a more general sense, including alsothér
characteristics of the laminated glass unit (platiaensions,...). Note that configuration is also
used in the above restrictive sense of compositiosome contexts. It will appear as an
important concept for defining ‘family of (laminatglass) product’ (in sections 1.4 and 1.5).

Grade refers to a variant of a same product, mtodkfers to another type of product; see also
Chapter Il

1% The concept of glazing function is defined moregisely in paragraph 1.5.1.
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The corresponding innovations in designing new iappbns, in terms of
configurations and functions, followed each otheam increased tempo during
the last decade; however safety concepts and pomdsg design and
assessment methodologies seem to have progressedioaly. Especially, the
historically older “glazing” design methodology atite more recent “structural
design” approach of glass elements still seem tdlico with each other. The
reasons explaining these apparent contradictioasvarious, and deserve an
attempt at being understood, accounting for techniead scientific
improvements, but also for some economic and indlistspects. It is necessary
to understand some issues arising in ongoing standtodizievelopment.

Applications Glazing > Structural glazing > Structural glass

Performances

Products Laminated (safety) glass

Adhesive assemblies
(glass-glass / glass-substrate)

Design concepts, Strength < glass components
characterization /

<
assessment methods Robustness < polymer components,

design systems...

Timeline

Figure 1.1 — Evolution in use of glass productdadding elements,
from glazing to structural glass applications

From a technological point of view with regard tstructural’ and 'safety’
aspects, it is worth noticing that the most deeisivnovations in manufacturing
flat glass products between the end of Xhd begin of XX century concerned
mainly the production methods of glass shEetahile the more recent ones
(approximately since the 90’s) concerned rathemibigmer and other synthetic,
adhesive materials, transparent or not, used adaiytes, sealants and in other
assemblies of glass products, than the glass product itself

™ The main evolutions in that field were the introtion of drawn glass sheet process in 1914 by
the Belgian Foucault, of float glass process bkiRgton in 1959, and tempering processes
already mentioned above. Other major fields obiration in product development were related
to the use of glass products as glazing units, wWith various successive improvements of
insulated units (glazing unit basically made of tgiazing panes with an airtight space in
between) and the use of coatings (thin metalli@dgyojected on a glass face) introduced to
improve the energy control performances and the tiginsmission performance.

I.2 Short history of laminated glass productsdnstruction works 7



The parallel evolution in use of these flat glassdpcts from glazing units to
structural glass elements leads to state that mlesifated questions of glass
constructions are in fact more concerning theseoisgary’ materials. Polymer
components progressively played a more promindatup to a leading one, and
consequently questions about “structural use afsfjlanamely about resistance,
robustness and durability of glass constructionsfaict appear as questions
mainly addressing the behaviour of polymer comptsand their adhesion with
glass (and possibly other substrate material).

In a similar way, another important and complemsgntapect related to these
design questions concerns the connection of thes gééement with its support,
and the importance of these to the overall perfogea. As it will be shown in
next paragraphs, connections and boundary conditbrike glass element are
playing an important role with regard to the safpgyformances, altogether, for
windows and fagade elements, to other ones in oal&ti their thermal, acoustic,
water- and air-tightness behaviour. In fact, thieetadominated initially the
design of the connections. However, effect of bomndanditions on impact and
structural performances appears as very important,paobably relatively more
important in comparison with, for instance, steel coesivns. It is related to the
lack of capacity of a glass pane to dissipate enganglits consequent much larger
sensitivity to local, concentrated stress. The tgralc consequences on
construction methods have not to be underestimated, misunderstood, in
particular the way geometric tolerances are dealt with.

Besides the evolution fields sketched here abovseéms worth mentioning a
few other parallel evolutions in the field of strueuengineering :

1) The introduction and spreading out of computers aedelopment of
advanced calculation softwares, as finite elements rspdel

2) The development and spread of electronic devicegarticular measurement
devices in testing laboratories in combination watdmputer acquisition and
in steering systems, and similarly in control of producficocesses;

3) The raising and strengthening of the European atalimhtion and regulation
framework as a consequence of the building up@Bhropean (trade) union,
and in particular the evolution from a prescriptibased approach to a
performance based one in technical specifications tdibhgiproducts.

This last point in particular induced important obas in the formulation of some
design and assessment questions, and it is the fioaiis further in this first
chapter.

The two other evolutions mentioned here above shbel kept in mind when
standardization issues will be considered closar more practically : indeed,
standards and technical guidelines are importasis tior the building practice,
and development of new standards participate tobthilding of a “common
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reference framework” for all involved stakeholderStandards in use, some of
them about thirty years old, are generally consideras trustful and
comprehensive documents, and even when they géatedt they still occupy an
important place in the common reference frameworlcivis to be built upon.

To summarize, the use of laminated glass productbuifding applications
developed according to three complementary extensilols fie

1) Technological developments of laminated glass prtsdufrom simple
laminated glass units with limited dimensions torencomplex products with
larger dimensions, and with a larger amount of comemts (numbers and
types of sheets, interlayers and inserts);

2) Extension of the application scope, in terms of igamAtions and structural
role in various applications, from framed glazingtun non-conventional
load-bearing element;

3) Extension of the types and ranges of performanqgainements, and of the
corresponding test and calculations methods.

The different developments occurred in fact as ecession of small steps,
appearing as a continuous evolution process. Hawev®n comparing extreme
application configurations, there are almost buty odifferences ! It seems
however that, because the constitutive componemsin of similar nature, the
safety performances are expected to be ruled bgahe mechanical properties,
and accordingly to be determined by means of sinmiathods. In fact, such
reasoning results from an accumulation of a sasfeggresumed non-significant
bias of different orders and of ‘small’ abusive ragblations. Whereas some
extension shifts probably rather deserve, or regaimmore fundamental change
of conceptual framework, and the development of a difteassessment strategy.

In order to deal with this question, firstly an oxiew is given of the current
European standardization context, and of its dewadogynamic and underlying
philosophy. Two important concepts are introduced dighlighted, the
performance-based approach for the assessmentnstraection products and
construction works, and the ongoing harmonizatioscesses in standardization
works. The particular situation in the field of ggaproducts and glass works is
summarized. In a second step, definitions of lateth@afety glass products and
related safety performances in product standaml€@mnsidered, showing among
others that these essentially address the (tradijiaglazing applications. The
third part looks at the level of applications, adéntifies the similitudes and
differences between the different categories osglaorks, from the glazing
application towards the structural applications. naly, particularities of
laminated safety glass products used in non-coiorealf possibly structural
applications are highlighted, and a framework isppeed to describe more
accurately the application scopes, in relation witlo important notions for
assessment purposes, the ‘family of products’ and thentiled fields of use’.

1.2 Short history of laminated glass productsanstruction works 9



I.3. Standardization framework and harmonization processes

This sectioff does not intend to give an extensive inventoryxistang standards
and guidelines for glass works across Europe, linérat giving an overview of
recent developments and some comprehension keys alaged reoncepts.

In fact, it appears difficult to pretend writing sething objective and complete
about the state of development of standardizatiowadays. Getting a
comprehensive overview of the current situationfusther complicated for
different reasons. Firstly, recently developed desigdes about building glass
products and glass works, in particular in the farfrEuropean standards and
guidelines, still co-exist with older ones, whethes tatter are still applicable, or
were withdrawn but still used in practiée As such, many reference technical
guidelines still in use or recently replaced aregerthan 20 years old. It is worth
acknowledging this when dealing with new standatitin developments, as it
determines what still belong to the “reference farark” of the stakeholders
participating to new developments. Consequently esatetrms and concepts
introduced and used in standards of different gaiwers, with different purposes
and application scopes, can cause confusion. Secatdhdardization involves
a series of parallel processes conducted at diffetevels, more or less
coordinated. These two reasons lead among other toediffeoncepts covered in
different documents by the same keywords or singilgressions. Consequently,
some lack of consistency can appear, especiallytaiidards and technical
documents are considered individually out of theirtexin

A fine understanding of the standardization framedwfor construction activities
in general, and for glass works and products iniqdatr, is not only necessary at
the time of drafting new specific standards, bub alsearlier steps of the research
process, as it both acts as the framework for tiialiproblem statement and for
the implementation of new design and assessmefogi®t In other words, it is
necessary to assimilate the ‘dynamic’ logic of depment of standardization,
and the corresponding limits and possibilities, ridep to contribute to consistent
(and still innovation friendly) developmefits

12 The analysis in this section is largely inspirgdabprevious contribution (Delincé et al. 2010),
yet with some updates, among others of Figure 1.2.

13 This is due to some “resiliency” of older standashd regulations, due to natural implementa-
tion delay or because withdrawn documents arersfédired to by other ones still in force.

14 It led to formulate the conclusion in a previowsitibution (Delincé et al. 2010) as followslt *
is also appearing as a trend that closer interagtibetween research and standardization
activities are expected. It seems in particulapamant for researchers to have a good
comprehension of the standardization context, b&eain many cases their contribution
(included their publications) is expected to baliy valued for practical applications, and thus
within the standardization framework. To achiekis,tprobably efforts have to be done from
actors of both sides, in standardization and iressh?
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With the introduction of the Construction ProduBtsective (CPDJin 1989,
ambitious goals have been defined by the Europeamn@ission to ensure a
harmonized development of design codes and assessnathods of products
and works for the building industry in general. hitwever induced different
parallel processes which interlock into each othefjere the involved
stakeholders also have different interests andatafens, leading to divergences
of view about priorities, working methods and thatl@aok for developing
practical guidelines and technical documents. Hewethis entails also many
misunderstandings, in particular when general cascemd approaches are
confronted with practical considerations, or whescdssions are addressing
different problem scales and different standardizdtwals.

A schematic representation of the standardizattaméwork applicable to the
design of glass works in Belgium is proposed irukégl.2, showing the relations
between older, existing and foreseen standardseathital guidelines, and the
developments at European level in the meantimds ¢ompleted by Table I.1
with a list of the corresponding titles, publicatigaar and releasing institutes.
The releasing institutes at Belgian level are thelgln Building Research
Institute (BBRI), the Federal Public Service EconofPS Economyf, and the
Belgian office for Standardization (NBN) at European level standards for
construction industry are released by the Europeann@ttee for Standardization
(CEN) and other technical guidelines are releagethé European Organization
for Technical Assessment (EOTR)

The structural Eurocodes constitute a particuléegmary of European standards,
in fact a series of European design (calculatiomdes. The first generation
Eurocodes has been issued in a series of experimeamdbsds officially released

by CEN under reference ENV 1991 to ENV 1999 betw&@92 and 2003, most
of them being endorsed in Belgium by the publicatmf a complementary

National Application Document (NAD). The second anadrent generation of

Eurocodes (EN 1990 to EN 1999) has the particyldtitat every standard

belonging to this series must be completed by @aNalt Annex in each member
state, defining choices left open in the main text.

15 Replaced in 2011 by the “Construction Product Ratin” (CPR, or Regulation 305/2011),
which upgrades its legal force; among othessential requirementsere renamed intbasic
requirements for construction workend a seventh one has been added which concerns
“Sustainable use of natural resources” (CEN 2011)

Previously Ministry of Economy (before 2000).

Previously IBN-BIN; a deep reform, initiated in IBeim by a law of 2003, organized the
decentralization of standardization activities, éetlito the creation of the NBN (Standardization
office) and the appointment of a series of Sectopalrators, ibid.

Previously European Organization for Technical eéggnents (founded in 1990), renamed
consecutively to the replacement of the CPD byGRR.
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Figure 1.2 — Schematic representation of evolutdstandardization framework
related to design of glass constructions in Beldilsituation in December 2012)

19 STS are Unified Technical Specifications publistigdthe FPS Economy; NBN and ENV-EN
are Belgian and European standards respectiveblished by the NBN; TV-NIT are specific
technical guidance documents published by the BB&de also Table I.1.
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Table 1.1 — Standards, specifications and technjeadlelines
for the design of glass works mentioned in Figuze |

Individual documents
s | Ref. Title® Year | Published by
STS 52.0 Carpentry works in fagade. 1984 | FPS Economy
Generalities
NBN S 23-002 Work in glass (STS 38 — 1980) 1989 NNB
TV /NIT 176 Sloped glazing units 1989| BBRI
Rapport no. 2 Calculation of thickness of glazji§93 | BBRI
units in fagade — Resistance to
wind load
STS 54 Guard rails 1994 FPS Econonyy
TV/NIT 214 Glass products — Functions of {1999 | BBRI
glazing units
TV /NIT 221 Rabbet setting of glazing units 2001BBRI
NBN S 23-002 Work in glass (+ AC:2010) 2007 NBN
NBN B 25-002-1 External window work - Part 1 <2009 | NBN
Generalities (+ AC:2011)
NBN B 03-004 Railings of buildings 2010 NBN
Rapport nr. 11 Application of Eurocodes to thg 2011 | BBRI
design of external window work
TV /NIT 242 Special glass works — Part 1 :  [2011 | BBRI
structural applications
Standards series
Ref. Description Released By
NBN B 03-xxx© Design rules for buildings : actions dmNBN
constructions,...
EN 1990 — EN 1999 Structural Eurocodes (design standai@dgN (TC250)
(ENV 1990 — ENV 1999) | for construction works)
EN-standards “Glass in | Harmonised product standards and | CEN (TC129)
building” support standards (ISO/TC160)

@ Freely translated in English from original titexcept for NBN-standards for which English titles
exist. See online catalogues of respective insstfor original titles in Dutch and in French.

EN-standards are released by the European Coremitie Standardization (CEN), and
published, with possible translations, by natios@ndardization bodies (NBN for Belgium).
However, Eurocodes are also completed by a Natiinaéx (see ibid. and in main text).

© This series of standards has largely been replagethe Structural Eurocodes, firstly by the
ENV (experimental) version between 1995 and 2008, then by the EN version since 2002.
Anno 2012, the two officially remaining standardé this series are the NBN B03-003
(deformation criteria in buildings; considered asud-part of the National Annex to EN 1990)
and the NBN B03-004 (guard rails). However, otwéghdrawn parts are still referred to in still
active technical documents (which implement theegaindesign guidelines to more particular
cases, like the ones for glass works), in partictila one regarding wind actions on structures
(NBN B03-002-1) : this is a typical example of timentioned “resiliency effect”.

(b
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To give a concrete example, the EN 1990 (basic fpaheoEurocodes series) has
been prepared and released by the CEN, and is pedllia every member state
as a National standard, for instance in Belgiunihwlie reference NBN EN 1990.

The text cannot be modified, but may be translatetbuthe responsibility of the

national authorities, generally the national standardizdtody...

The main Eurocode document is completed by a Nalti@nnex (NA) published
under a national reference, in Belgium as NBN EN 18BiB. The types of
changes and additions allowed in National Annexe£tirocodes are strictly
framed, among others by means of a series of NdijoDatermined Parameters
(NDP) defined in each Eurocode part. These are éslsenmcepts with regard to
harmonization purposes. They allow national congegtto modify mandatory
and optional clauses, and to define different valaesafety parameters, to
implement differentiated levels of safety in caltidn codes, according to related
specificities in national regulations, climates dniding tradition&’. However,
this is the theory; in practice, the amount andetgirof NDP’s also reflects the
grade of harmonization and consensus that coutédihed inside a sector of the
construction industry at one specific moment, ndy about specific methods or
calculation rules, but also about more specific lwaiation goals and
implementation strategies.

More explanations about the standardization isselesed to the Eurocodes can
be found on dedicated information websites

For understanding what “harmonization” effectivetyeans in this context, it is
useful to look at the developments at European kevehe past decades along a
timeline. The efforts in developing European stadslafor building glass
products started at the end of the 1970’s, as adendiged by a report published
by the CEC? dated of 1983 (Commission des Communautés Européenn
1983Y3. This report presented the vision of the glasuistny regarding the
standardization developments at the time being,néaflg thought from the
perspective of glazing applications.

The standardization goals expressed in 1983 havenwiele been largely
achieved in the form of different European stanslardainly prepared by the
technical committee CEN/TC1%9 However, “structural glazing” and “structural
use of glass” which aroused mainly during the 199@ére not really taken into

2 Traditions refer to technological preferences anality control mechanisms.

Among others on : www.normen.be/eurocodes andcedes.jrc.ec.europa.eu.

Commission of European Communities (CEC) was thévalent in the time of the EEC of the
current European Commission. This report publishgdhe CEC had been prepared by the
GEPVP (acronym designing the previous name of t®fean federation of manufacturers of
flat glass products, renamed meanwhile “Glass topfe” www.glassforeurope.com).

2 This report is named CEC-report or EUR 8069 héer.a

24 CEN/TC129 is the Technical Committee “Glass inldings” in CEN’s organization.
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account in these developments, yet they began ttisoceissed in the context of
the works related to the development of the “EN734tandards seri@swhich
took place approximately between 1998 and 200200V, a report is published
by the European Commission (Zarnic et al. 280%hich addresses issues and
associated harmonization challenges for develogtngopean guidelines for
design of glass works, and in particular with reg&wdthe non-conventional
“structural” use of glass products, in the perspecbf a possible Eurocode
dedicated to glass constructions. In 2011, a wotkgmbedicated to ‘structural
glass’ is created within CEN/TC250 (Working Group 3Jhis one circulated in
the beginning of 2013 a first ‘SaT-report’ (sciéictiand technical report; work
document) as a first basis for developing a Eurmopgesign code, which has
meanfv7vhile been published by the European Commig§ieldmann and Kasper
2014y".

In parallel to CEN’s works, the EOTA published in020the ETAGO002
“Guideline for European technical approval for $tumal Sealant Glazing
systems (SSGS)”, and in 2002 the ETAG010 “GuidelaneEuropean Technical
Approval for Self Supporting Translucent Roof Kfts”

Member states of the European Union are legallydbdrto implement the EN-

standards and ETAG's, since these are used as thaidal basis to deliver

CE-marking on construction produ@tswhich is principally aimed at promoting
their free circulation within the European tradeaar Simultaneously, member
states authorities still hold the responsibility fnsuring that all construction
works on their territory are designed and executedamayathat does not endanger
the safety of persons, domestic animals and propartg that fulfils to other

essential requirements in the interest of publidiness. Accordingly, they may

prescribe different levels of protection, for instanto account for different

climatic conditions. Development of regulations @mtermining how to assess
that construction works are complying to these tgafequirements are still the
national competence of Member States.

% The initial title of this series of standards “6sain buildings — Design of glass panes” became

“Determination of the strength of glass panes” leefmv2003 and 2005, but did not reach the first
official draft stage; nevertheless, different dradtsions circulated in that period, largely rederr

to and commented in scientific publications. Mumwbre recently (end 2013...), two projects of

standards related to the topic reached an offiraft stage, the prEN 16612 (“Determination of

the load resistance of glass panes by calculationtesting”) and the prEN 16613 (“Laminated

glass and laminated safety glass - Determinationteflayer mechanical properties”).

% This report with reference EUR 22856 EN can bemoaded from the website of the JRC at
next address : http://eurocodes.jrc.ec.europa.e(#tiiR22856 EN. pdf

This report with reference EUR 26439 EN is supdasebe made available on the dedicated
website of the JRC http://eurocodes.jrc.ec.eurapdRC-reports can also be recovered from the
JRC Publications Repository : http://publicatiortsgc.europa.eu.

ETAG'’s and other guidance documents of the EOTi\lmafreely retrieved from www.eota.eu.
In the wide sense of the concept, constructiodyets also include ‘kits’ and ‘systems’.
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This distinction between harmonization of technical djg&tions on construction
products and national competence for determiniegstifety level of construction
works led among others to the introduction of tH2R% in the Eurocodes, which
intended use are framed by the Guidance Pafer Whereas Eurocodes were
initially conceived as calculation codes for stumat systems and structural
members® only, with the Guidance Paper L, their use is moreegally
encouraged with regard to safety requirements asdsament of all construction
products falling in the scope of the CPD. Consetiyemgeneral parts of
Eurocodes (EN 1990 for general framework and conce&dts1 991 for actions on
constructions, EN 1997 for geotechnical design aNdLE98 for seismic design)
are supposed to be applicable to all construction Works

In the next sections, existing concepts and termstandards about laminated
glass products and their structural and safety opmdnces are considered,
seeking in particular for the corresponding testhmes used for characterizing
and assessing application performances and rgbatelict properties. In the last
section of this chapter, the problem will be looksdn a wider perspective, in
particular in regard to specificities of involvedatarials, glass and polymer
interlayer, on the one side, and to formulation e$ign questions related to the
use of this kind of products in structural applications endtner side.

1.4. Safety performances of laminated glass products

Application scope intended to be covered by prodamtl design standards
followed the technological developments sketchedéntion 1.2. The current
situation for laminated glass products is a littamplicated, as standardization
efforts in that field have delivered internatiomald European standards. Safety
performances for laminated glass products werecédlgi mainly developed with
regard to their use as safety glazing. In thisi@ecit is examined in what extent
the standardized concepts are robust or restrjatiamely whether they facilitate
or restrict an extension of the field of use of ilaated glass products to other,
less conventional applications. Despite the advérstate of development of
standardization in this field, many questions remagenop

% The “Guidance Paper L : Application and use of deodes”, published by the European
Commission in 2003, belongs to a series of guida@ocements relative to the CPD.

31 According to the terms defined in the Eurocod&R (1990). However, definitions of structural
members and systems remain quite vague and opetetpretation, apparently by purpose when
considered with regard to the development stratéghe European standardization framework.
Structural element is further used below in a imjleneral and non-univocal acceptance.

However, it does not imply that all applicatioesi are appropriate nor all calculation rules
applicable to glass products and glass works : é@twprinciples and applications rules, there is
still a non-negligible field of interpretation, vdii by definition does not provide univocal

guidelines.
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1.4.1. Laminated glass products

Laminated glass products are covered by a Europeamonised standard
(hEN)®, EN 14449, released in 2005 by the CEN, and refefdngely to the
previously endorsed standards series EN ISO 12B3@8f*. According to these
standards, Eaminated glass product is defined a@®\n assembly consisting of one
sheet of glass with one or more sheets of glasgoamastics glazing sheet
material joined together with one or more interlayerEN 1ISO 12543-1:1998)

This description seems clear, but it seems stillessgry to emphasize that
“product™ refers to the laminated glass unit as it is puttenmarket, say as it
leaves the manufacturing plaht

A second definition is introduced féaminated safety glass product, which is
defined as dlaminated glass where in the case of breakageinkerlayer serves
to retain the glass fragments, limits the size @rpg, offers residual resistance
and reduces the risk of cutting or piercing injurig&N 1SO 12543-2:1998)

This definition refers thus clearly to “safety performasicof the product, but still
rather formulated in terms of general targets. Inrdgard, it is necessary to note
that, principally, performances of construction prduin the European
standardization framework are defined in relatian their contribution to
performances of (part of) construction works. The teese safety performances
are further expressed and evaluated is further distursseext paragraph 1.4.2.

Among the aspects treated in the EN ISO 12543 stdsdsgries, assessment
procedures related to the quality control of thmitation process and to the
durability of products are the most important onéhese are based on three
different types of artificial ageing tests (Table) ktypically performed on samples
of small specimens laminated glass of 300x300 nmBeme adaptations to the
specifications of these ageing tests are introdunethe harmonized product
standard, for ITT-tests and FPC-tests and for tfierdnt categories of laminated

33 An harmonised European standard (hEN) basicallgradgnes 1) applicable methods and

evaluation criteria for determining product perfamoes corresponding to the essential
requirements, which are used for the initial chimazation, or Initial Type Testing (ITT), of the
products, and 2) corresponding methods for thefagtroduction control (FPC) depending on
the specific conditions of the production procedsalso gives technical details for setting up
evaluation and conformity control system to assiesstability of considered performances.

New versions of the six standards EN ISO 1254 Heeen released in 2011, but they are not
automatically implemented in the European framewbsdcause the references to this series of
standards ardated onesn product standard EN 14449. The use of dattmtereces can be seen
as a sign of conflicting standardization strateffiesveen different technical committees, in this
case between attempts at developing internatiorhEairopean standards.

According to the terminology introduced in the &uean standardization framework.

In fact, the definition of “construction producii the European framework distinguishes the
product put on the market and the product as gartbailt construction work.
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glass products distinguished in the product stahdaee below). Effects of
artificial ageing tests are evaluated by meansisial observation of defeéfs
and in some cases by a measure of the transpabeficse and after the ageing
test.

Other properties of laminated glass products are evdlbgtevo means :

- Specific test methods on laminated glass producépplications, as for most
of the ‘safety properties’ discussed in next paragraph;

- By assuming that the properties of constitutivesglgheets are unchanged by
the lamination process, as for instance the strengtlass gheét.

Table 1.2 — Assessment of durability of laminatldg products
according to EN 1SO 12543-4

Type of ageing test Short description Evaluatigretfbefore and
after ageing test)

High temperature test | 2 hours at 100°C (in prirclpy | Visual evaluation of defects
immersion in boiling water)

Humidity test 2 weeks at 50°C Visual evaluation of defects

- without condensation| - at 80% relative humidity

- with condensation |- at 100 % relative humidity

Radiation test 2000 hours exposed to Visual evaluation of defects
standardized UV-radiation Luminous transmittance

Besides these guidelines for assessing the duyabiliproducts, this standard
series essentially defines geometric tolerancéiseoproducts and a description of
edge finishing (EN ISO 12543-5), and visual assessnprocedures of the
appearance quality of end products (EN ISO 12543-6).

In addition, the European product standard diststues three families of
laminated safety glass produtitsnamely according to the interlayer type as
follows :

1) laminated glass with folio interlayer;

2) laminated glass with cast-in-place interlayer (resin);

3) laminated glass with intumescent interlayer.

This distinction appears not consistent at firghsi since the two first families

seem to refer to two possible lamination procesard, the third to a specific
behaviour of the interlayer at elevated temperafirecase of fire). As this

%" The standard prescribes the conditions and aiferiperforming this visual evaluation.
% See also Chapter Il about strength of glass coemsrin laminated glass unit.
% In its annexes dedicated to the specific procexiimeevaluation of conformity of the products.
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distinction is made in the context of defining puotion control measures, the
main driving idea behind seems to adapt these ¢o sihecificities of each
production process. However, when looking at théedihces in recommended
conformity tests between product families, diffeehare noticed also regarding
the safety performances considered (what seemsalpgic FPC-tests must ensure
that product characteristics determined by the ITT asganteed).

The test methods in standards are not consideredaitir regard to their purpose
of production control, but rather with regard tostixig test configurations and
methods for investigating product properties. €hirin fact a very practical

aspect not highlighted in the standards, namely hdnethe laminated glass
product is considered as further processable kyngubperations or not, and in
accordance whether it is deliverable in stock sizes lgrioriinal cut sizes. There

are different reasons why a laminated glass prodaichot be further processed
by cutting operations :

- the laminated glass unit may count at least one glassafteenpered gla$

- for other practical reasons related to the consiileutting tool or method, in
function of specific behaviour of some componenther specific composition
of the laminated glass unit, for instance due &pecific arrangement of the
constitutive layers or a large total thickness;

- due to a risk of damaging some performance of thishied product, for
instance if these are protected by a protectiveaseplaced along the edges
of the plate (laminated glass unit with an intumescentlayter).

This distinction between processable and not peatds laminated glass
products appears of major relevance for determipimgperties of the “finished
product”, but also when considering the possikfitiand limitations in
investigating their mechanical properties on smabet specimens, in a research
or quality control perspective. It does thus notycaddress the question of
whether it ispossibleto produce small test specimens, but whetherriglevant
with regard to their representativeness. This ddpetiscussed in more details in
Chapter IV in parallel to experimental methods.

Nowadays, the majority of laminated safety glassdpcts is belonging to the
family of folio interlayer laminated products. Tlwo categories of products

0 This means any non-annealed (float) glass shemnely of which surface strength has been
increased by any thermal or chemical process (¢8® paragraph 1.2). These are not
mechanically processable after tempering, amongrstthey cannot be cut anymore. The
tempering process of a glass sheet always happ@rg@its inclusion in a laminated product,
the first process corresponding to a thermal treatmat much higher temperature than the
second one : the maximal reached temperature [Ecteely about 600-675°C for a thermal
tempering process (400°C for a chemical toughempraress), and 140°C for a common
autoclave process used for a folio-lamination (khatthn et al. 2008). Other usual lamination
processes are performed at similar or lower tenipers.
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considered in this work belong to this categorg (€bapter Il paragraph 111.3.1).
However, cast-in-place interlayers are also usedoggfy for non-conventional
laminated systems. The production of test specinfi@nthe two categories of
products addresses different production issues,hwhigy influence significantly
the measured properties.

1.4.2. Performances of laminated safety glass products

The definition of laminated safety glass accordimghe standard EN ISO 12543
given in previous paragraph is still rather vagimud the determination of
mechanical properties and of safety performancelmmfnated glass products.
Among the different reasons explaining this, it sedhat no compromise about
the most suited method(s) could be found at intemal level. It will be shown
that different misconceptions and different imglissumptions are lying behind,
which prevent convergence.

An important point of discussion is related to tletails of the considered test for
determining quantitatively whether a laminated glasgluct is a laminateshfety
glass product. The international standard ackndgde (in an addendum of
2004...) that different test methods are consideneithé different countries, and
refer to the EN 12600 for CEN-member states, andnfstance to ANSI Z 97.1
(2004) for United-States. The essential point etdssion, at that time (Jacob et
al. 2003), was apparently not about the principle oéea pendulum test
configuration, but on the practical levels of impabtained with the different test
methods. Among others, the question addresses tieeabf the impact body (or
impactor) used in such teStsegarding two aspects essentially :

e its representativeness of an impact of a human hgdinst the glazing, or in
other words which amount of the impact energy isoabed by the impactor
and accordingly what is the amount of energy tlesglpane must be in state
to absorb;

e the reliability, in particular the reproducibilityf the test method, including
calibration aspects of the test rig and verifioatod the impactor performance
stability in time.

Behind the scientific considerations, there areanfrse economic considerations
related to the practical consequences for the difoaimg of basic laminated
safety glass configurations, but also with regardh® “competition” between
thermally toughened safety glass products and laeihsafety glass products in
glazing applications.

1 The release of the EN 12600 by the CEN in 2003¢chvispecifies the use of the “dual-tyre”
impactor, is simultaneous to the publication oftinehnical report EOTA TR001 which specifies
the use of the “ISO-sandbag” impactor for the exédun of impact resistance of panel and panel
assemblies. Ten years later this lack of consigtéas not been solved.
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This discussion raised another one, namely about the espaigeness of the test
configuration in relation to the scope of “intentese” which is supposed to be
inherent to the definition of the product performoarin the European framework.
This aspect of representativeness of reference aesfigurations is further
discussed in section 1.5 about the performances of glagswo

The product standard EN 14449 does not define nsprecifically which
resistance level a laminated glass product hasachrto comply to the definition
of a laminated safety glass, only that it shouldwslobreakage pattern “&
what basically means that the glass pane crackeuitfalling out of the frame,
and that the amount of released splinters or draggnents remains but a small
weight fraction of the (outer) glass panes. Becadises conceptual importance,
the pendulum test method is detailed further bel@ther performances related
to “safety in use* requirements are mentioned in the product standead for
each a reference to a particular standard detdlimgest method for assessing the
corresponding product performance (Table 1.3).

Table 1.3 — Performances of laminated glass reldtecequirement of ‘safety in use’
according to product standard EN 14449 (2004)

Performance in EN 14449 Referred standard

Safety in use — Bullet resistance : shatter prigsednd resistance topEN 1063 (1999)
attack

Safety in use — Explosion resistance: impact behenand resistangd&eEN 13541 (2001)
to impact

Safety in use — Burglar resistance : shatter ptseand resistance| EN 356 (1999)
to attack

Safety in use — Pendulum body impact resistanbattes properties| EN 12600 (2002)
(safe breakability) and resistance to impact

Safety in use — Mechanical resistance : resistaga@st sudden
temperature changes and temperature differentials

Safety in use — Mechanical resistance : resistaga@st wind, (prEN 13474)
snow, permanent load and/or imposed loads of tesginit

Note: between brackets is indicated the releaseofdhe first version of each standard
by the CEN, which may differ from the publicatioeay of the standard by National
Standardization Body.

42 See Annex C of EN 14449. The last version of B® 12543 series (2011) has not changed the
concepts nor the evaluation method and criterialired for a “laminated safety glass”, and
mentions that a resistance class “3B3” accordingNal2600 is required in CEN-member states.
See also below about the meaning of the resistzass.

43 Freely translated from the French version of EM434
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The different test methods used for each evaluatiame some features in
common : each is defining a particular type of dgitaloading condition, with

specifications on the source of the dynamic actioth@$mpact body or the tools
and restrictions on their use for prescribing #&tanodes), and for each
performance different loading levels or gradestt#dcks are defined, generally in
the form of categories. Each test method prescridles the reference test
configuration for performing the test at an elensadle, involving one or a short
series of test specimens. The reference configurais characterized by
prescriptions on the test frame (or test rig) atamping method (how the
specimen must be mounted and fixed in the testdyathese fix the geometry of
the test specimens (planar dimensions) to arbitdamyensions, and limit the
possibility for its composition, by limiting the miaxum thickness of the tested
element.

Let us consider closer two of these test configonat The first is the pendulum
test (EN 12600) already mentioned here above, amddhond is the hard body
drop test (EN 356). There are different motivatitorsconsidering these two test
configurations in particular. They define the bastmpositions of laminated
safety glass products for two different loading e®dnd they are probably the
most known ‘safety’ standards for laminated glassdpcts used in glazing

applications. However, it is interesting to identifvhat are these safety

performances exactly, and what a performance catefgora laminated glass

product according to these standards possibly aétbut the post-fracture
performances of the product in a more generalvay

As summarized in Table 1.4, the evaluation is performead prescribed reference
configuratiorf®, with variable test conditions in terms of loadingdleor sequence
specific to each performance, and fixed conditiomstarms of ambient test
temperatur® and for the conditioning of the test specimens. béth cases,
breakage of the constitutive glass sheets is allolugdiot supposed to lead to an
overall failure or collapse of the tested elementeast not within specified time

4 Whereas the impact body used for the drop heggit(EN 356) is considered as a “hard body”,
the double-tyre impactor is often described as aft“émpact body”, and these tests are
commonly often designed as “hard impact” and “gofbact” test, respectively. The concept of
“hard impact” in this case means that the essenfidhe impact energy is transferred to the
impacted element, with negligible deformationshe tmpact body. Noteworthy, this definition
of “hard impact” is not in line with other ones, &w instance in the Eurocode part about
accidental actions (EN 1991-1-7), where an impastcharacterised as either hard impact,
where the energy is mainly dissipated by the inipgdiody, or soft impact, where the structure
is designed to deform in order to absorb the impmaergy.

These two standards give more details about twdesaon the different test parameters and
further prescriptions for controlling the clampiongnditions of the test piece in a standardized
frame. These are not presented in details hermeeVer both are certainly relevant regarding the
two discussed issues (reliability and represergatgs of the tests).

48 gpecified ambient temperature for each testghti different.

45
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limits between the moment of impact and the moroémetvaluatioft’. As such, it
seems implicitly assumed that if the integrity bétglass element is preserved
after this time interval, risk of possible delayeaalldre due to further time-
dependent deformation of the interlayer is discdrd&he other specification on
time durations concerns the conditioning periodheftest specimens prior to the
execution of the te¥t

The pendulum test method is not restrictive insé®pe to the evaluation of
laminated safety glass products, but to any othaefetg glazing’ product, in
particular thermally toughened safety gfdssThis explains the two evaluation
criteria (see Table 1.4), in fact corresponding wdifferent safety concepts (no
injury for the person falling against the glazing the one hand, containing
capacity during the impact and retaining capaditgrahe impact on the othét)
Table 1.5 gives a few examples of test scenariosomespondence to different
classes of performance.

Interpreted in terms of behaviour of the laminatatety glass unit, the pendulum
test method of EN 12600 basically evaluates theadap of the element to
survive to one single impact (accidental action] emkeep its integrity, and the
drop height test of EN 356 rather evaluates a @ung capacity against a
succession of impacts of similar intensity (attack) terms of response to impact
and corresponding post-fracture performance, it seelemar, from aqualitative
point of viewand based on typical product compositions comglio each
resistance category (see examples in Table 1.7),thieapendulum test accepts
products with lower performances than the drop Hiteigst; however, these
differences between performances assessed byedifféest methods cannot be
easily compared, because they cannot be expresseda oaquivalent
comprehensive quantitative wand this for different reasons.

47 The mentioned values are 3 minutes after impadhf® pendulum test on a vertical element, and
5 seconds after impact for the hard body dropaest horizontal element.

8 The test specimens must be conditioned at lealb@gs at ambient (test) temperature.

% The expression ‘safety glass’ is consequently adited because of its ambiguity between
different safety criteria; the expression ‘safelgzgng’ faces the same ambiguities and should be
understood in the current context in its most galnmrceptance as ‘glazing element complying to
some safety requirement(s)’.

%0 An understanding of the resistance classes oE& 2600 requires a fine reading of the test
method and evaluation criteria. To summarize, éwaluation criteria are defined : the first (a)
corresponds to the concept of a retaining funciiypically associated to the performance
defining a laminated safety glass product); theosddqb) corresponds with the idea of a safe
fragmentation pattern in case of breakage withetaiming function (typically associated to the
performance defining a thermally toughened saftagsgproduct). The resulting category takes
the form ‘o B ¢”, wherea is the index number of the last drop height withdamage or a safe
fracture or breakage mode as consequence of trectrigriterion a or b)j is a letter associated
to the type of the observed ‘safe fracture or bmgakmode’ (A: unsafe, B: safe with regard to
criteria a and b, C: safe with regard to critermonly), ande is the index number of the last
drop height with no damage or a safe fracture nasdeonsequence of the impact (criteria a).
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The first reason is that the resistance to impantt,raore generally to a dynamic
action, is a performance which is fundamentally Ement performance, and
thus which can only be experimentally assessed dgnsof a tesit an element

scale’!, which involves the influence of boundary condiiprgeometric and

loading configurations, and possible size effectsam@aring the performances
between the results of a pendulum test and of @ deight test is further
complicated because the respective reference tesfigarations involve

simultaneously different impact bodies, differemometric configurations and
boundary conditions (clamping), and different evaluatioteria.

The second reason is related to the first: thenmeoi straightforward way for
quantifying the effective level of energy absorlisdthe element from the
impacting body,and of possible resulting damage for a family ohikir test
configurations, compared to a reference configunati fact, the proportion of
absorbed or dissipated energy by the tested eleanérby the impact body varies
with characteristics of the test specimen. Relatheyelement performance to
intrinsic properties of the product and of its caments require the use of
advanced modelling tools (Brendler et al. 2004; avP 2010). It is still
common in publications and technical documentatirsee the impact energy
described by means of the kinetic energy of theactqr just before the impact.
However, this parameter cannot be considered as a eapage value of ‘impact
resistance’ of the element (in terms of induced alga), as it does not tell what
part of the energy is dissipated or transfefrbyl the glazing unit. Nevertheless,
some values of impact energy for the two impactid®aonsidered above are
given for a few drop heights (Table 1.6); it repmgsethus the total mechanical
energy present just before the impact (contact).

An impact is an interactive dynamic phenomenon betwthe impacting body
and the impacted one. The kinetic energy availablenpact will be dispersed
between both according to their relative stiffneasd their respective
deformations during the impact duration. In the timapact configurations
considered here, deformations playing a role aedito occur at three level : the
impactor, the impacted panel, and the supportingdta For the hard body drop
test, the deformations of the steel ball can beidersd as negligible with regard
to the two other¥, but a similar assumption is certainly not valid fhe

pendulum test. Even if the element configurationnfelet + test frame) would be

1 The concept of element scale refers to the ‘elémeperimental scale’, see also Chapter IV.

The energy transfer concerns the interactions thithmpact body on the one hand, and with the
test frame or supporting structure on the othedhan

Deformations of the testing frame seem to be asduas negligible, considering the specifica-
tions on it in the respective standards. The 8doacan be very different in the design
configuration, see also paragraph 1.5.1.

This assumption that the energy absorbed by thmadtor is negligible corresponds to the
concept of “hard impact” (see here above).
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the same for the two types of impact, the ratio ketwtransferred and absorbed
energy is likely to be quite different for the pehdn test and the hard impact
body test, and different between drop heights fagiveen test configuration.
Besides, in such impact problems, a part of the nmechlaenergy is likely to be
dissipated in the deformation procesSeso the conservation of mechanical
energy during the impact is generally not a vafidumption. In next columns of
Table 1.6, other typical parameters used in the gssmm of impact problems are
given as indicative values and are not commentetidu by now (velocity and
momentur®® of the impactor just before impact).

An example of impact resistance levels reached dorseries of typical
compositions of laminated glass products with PYiiilayer according to the
two afore mentioned test methods are given in TalBleas mentioned by the
manufacturer (Saint-Gobain Glass 2006). A quick mamson of impact
characteristics in Table 1.6 and typical configurasi for each resistance class of
Table 1.7’ confirms that not any of the parameters used fgressing the
‘energy of impact’ does give a comprehensive oroemagnitude of ‘safety
level’.

In complement to the information collected in thable 1.7, the manufacturer
added in its documentation that the mentioned pmdaces are ensured for a
temperature in the glazing component comprised teetw® and 45°C, and that it
should not be kept exposed to a temperature langer@0°C. However, no detail
is available about according which criteria thegats are fixed®. In fact, data
about the sensitivity of results of this type ofpmmet tests to test temperature are
scarce; an example is given in Figure 1.3, againdaospecific reference test
configuration (Kuraray 2009).

Similarly, guidelines or specifications in desigrdes and standards about range
of service temperature generally do not distinguigshich performance is
concerned by the specified limits, for instance leefwvthe ambient temperature
for resistance to an accidental impact and temperatinges with regard to the
durability of the product (no degradation of theemtayer). Accordingly,
specifications on range of service temperatureaamslafety performances tend to
appear as distinguished, uncorrelated issues.

In particular by the interlayer of the laminatddss element.
The momentum is the product of the mass of theaanpody with its velocity at impact.

A laminated glass ‘33.1’ is considered as thertbgt composition for laminated glass products
used in building applications, since it combines thinnest film with the thinnest glass sheet.
Mentioned performance levels assume that the tamirgy sheets are annealed float glass sheets.

These values can be compared with the ones givédliacussed in Chapter lll, section III.1.
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Table 1.4 — Comparison of impact tests accordingk 12600 and EN 356

Test type

Pendulum test

Hard body drop test

Standard

EN 12600 (2003)

Testing configuration (sketch on scale)

1,20

0,45

EN 356 (1999)

P5A (3x3)
P4A (3x)

P3A (3x)

P2A (3x)

P1A (3)

15
3,0
6,0
9,0

%

Impactor

Dual tyre (50 kg), diameter ~250 nj

m  Shedl (4,1 kg), diameter 100 mm

Tested
elements

Flat glass products, 4/8/12 test pied
876 (width) x 1938 (height) mm
set in a standardizegkrtical frame

ddat glass products, 3-4 test pieces
1100 x 900 mm
set in a standardizdurizontalframe

Test Test pieces conditioned at least 12hTest pieces conditioned at least 12k
conditions|and tests carried out at (20+5°C) |and tests carried out at (23+2°C)
Test Impactsat progressive heigh8, 2, 1)| On each specimen, 3 impabds a
procedure|on sample of 4 test specimens; chosen drop heighBx3 for P5A);
impact in the centre of the specimepimpacts on the corners of a equilate
no second impact after a possible |triangle with ¢ = 130 mm round the
rebound is allowed centre of the sample; after each
Evaluation| After each impact, two criteria are |impact, clean upper surface from
method | evaluated : loose glass fragments
and a) if no overall failurewithin 3 min : | After each impact, it is checked if :
criteria do not let pass a sphere with diametaj slippage criterion edges of test
76 mm under a force of 25 N througlpiece do not move more than 5 mm
the glass; the clamping frame;
Amount of fragments < 10.000 mm3 b) penetration criterion impactor
Largest fragment < 4.000 mm? does not pass through within 5 sec|
b) if overall failure: Test successful if criterion b) still
10 largest fragments < 6.500 mm? | verified after last impact.
Test result Category of resistanced ¢ Category of resistance : PxA
(0, p=3,20r1,an@ =A, BorC) |(withx: drop height class)
26 Chapter |
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Table 1.5 — Examples and interpretation of resistanlasses according to EN 12600

Meaning of the assessed behaviour at the suceedip heights
Resistance clasg 3 (190 mm) 2 (450 mm) 1 (1200 mm)
(3A0) Breaks unsafely Breaks unsafely Breaks umgafe
1C0 Breaks safely (b) Breaks safely (b) Breakslgdly
1C2 Does not break/fractur@reaks safely (b) Breaks safely (b)
(or fracture safely (a) *
2B2 Does not fracture or | Does not fracture or | n.a. (**)
fracture safely (a) fracture safely (a)
1B1 Does not fracture or | Does not fracture or | Does not fracture or
fracture safely (a) fracture safely (a) |fracture safely (a)

(a) and (b) refer to failure/breakage criteria (sks® Table 1.4)

(*) the probability that this second behaviour asceffectively for a thermally toughene

glass unit seems

(**) two interpretations are possible : either thminated glass specimen breaks witho
complying to any of the two criteria a) and b)heitit has not been evaluated at this df

very low

height (this is allowed by the standard)

Table 1.6 — Comparison of impact energy (1 impact)

Impactor |Drop height [m] Impact energy | Impact Momentum
mass [kg] | (height class) |[[J] (of 1 impact)|velocity [m/s]| [kg.m/s=N/m]
Pendulum 50 0.190 (3 93.2 1.93 96.5
test 1.200 (1 588.6 4.85 242.6
Hard body 4.1 1.5 (P1A) 60.3 5.42 22.2
drop test 3.0 (P2A) 120.6 7.67 31.5
9.0 (P4A) 362 13.29 54.5

op

Table 1.7 — Typical compositions of laminated safgass with PVB-films
for some impact resistance classes (Saint-Gobaas$:2006)

SGG Stadip Thickness [mm] Weight [kg/mZ] Resistance
(Protect) class
33.1 6,5 15 2B2
33.2 7 16 1B1/P1A
44.2 9 21 P2A
44.3 9 21 P3A
44.4 10 22 P4A

Note: composition of laminated glass units is comipalescribed using a
denomination with formaXX.Y, whereX refers to the (respective) thickness
in mm of the (two) glass sheet(s), antb the thickness of the interlayer
expressed as the amount of PVB-films with a thisknaf 0.38 mm used,
the equivalent thickness obtained with a thickeBFNmM.

DI
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BALL DROP TEST TO ECE R43

A. Dependence of falling height on film moisture content CONDITIONS:

Mean break height [m]
8 LSG:2x 2.1 mm float

| glass with 0.76 mm
TROSIFOL®*VG

6

/_\
- Steel ball: 2260 g (5 Lb.)
ECER 43

et e e e s (e et equrement|  Testtemperature: 23°C

34
Method: Mean break

24 height (MBH)

025 03 035 04 045 05 055 06 065 07 075
Film moisture content [%]

Along with film moisture content, test temperature also has a large bearing on the penetration
resistance of laminated glass. The following graph illustrates this relationship between the
two test parameters.

B. Dependence of falling height on test temperature

Mean break height [m]
8 CONDITIONS:

LSG: 2x 2.1 mm float

6 glass with 0.76 mm
- TROSIFOL®VG
4 Steel ball: 2260g (5 lb.)
¥ LSG moisture content:
2 Approx. 0.45%
" Method: Mean break
o T T T T T T T T T height (MBH)
-0 5 0 5 15 2 25 30 35 40

Temperature [°C]

Note : tests according to ECE R 43 and EN 356ianies in their principle,
but with different specifications

Figure 1.3 — Temperature dependence of impact pedoce (Kuraray 2009)

The safety performances mentioned in Table 1.3 amesidered as product
performances, and consequently each of the corrdsppntest methods

corresponds to an ITT test, which in principle iraplithe identification and the
description of a family of products on the one hand,aindtended field(s) of use

on the other.Family of productaindintended field of usare two complementary

concepts constitutive of the description of appiarascope(s). Both can be pre-
defined to or result of an assessment procedure.
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It is a little surprising that the product stand&f 14449 gives so few concrete
indications about how to precise these two contepsd consequently about the
reference compositions of the test specimens tsiden for performing the
experimental evaluati6h A refined framework for the description of applion
scopes is further proposed and discussed in paragfaph |

To terminate the overview of safety performancerioduct standards, let us
mention that according to the EN 14449, the streng#mn individual constitutive
glass sheet included in a laminated glass producbmsidered as unchanged in
comparison to its initial strength when consideisdlated. This seems an
obvious statement, provided that the question ofctteracterization of the glass
strength of glass products, a non trivial topicisnown, is left aside. In fact,
assessing the contribution of the strength of iiddial glass components to safety
performances of a laminated glass element is anothstinctive issue, than
assessing the resistance to breakage of an isajgdisd sheet : this aspect is
shortly discussed below in paragraph 1.5 dedicategerformances of glass
works, and is further addressed in Chapter Il. H®t&ement about the non-
alteration of mechanical properties of glass coreptsby the lamination process
has no equivalent in the standards for the interlagomponents. Such an
assumption is indeed generally not applicable &oitlberlayer components, even
not for folio interlayers. This is an importantpast regarding questions
addressing characterization methods roéterial properties of an interlayer
component, which are further developed in Chapter lll.

In summary, different questions are arising aboeat répresentativene$s of
results of standardized impact tests with regardht® final performances of
laminated glass elements assembled in construction wtirlssfurther noticeable
that the four test standards mentioned in Tableale3referring in their title to
“security glazing”, which confirms the presence afomfusion between a product

% The guidelines in the product standard EN 14448uthow to describe a family of laminated
glass products are limited, but yet assign the &ask responsibility of making this description
and updating it to the manufacturer (meaning thee performing the lamination process).

In other words, test configurations and test méthare standardized, but not the assessment
methodology aiming at defining on which scope testlts are assessing final performances of
applications. The product standard mentions thah éype of ITT should be performed on (or
consider) configurations corresponding to the “mmal design specifications” of the family of
products (which seems associated to a configuratibere each component has the thinnest
specified thickness), and identifies further whpdrformance resulting of a specific ITT has to
be re-evaluated for any change in the definitiothefextent of the family of products, according
to the type of change and the concerned compothemtonly on a qualitative basis. The
corresponding analysis grid only addresses chaingesmposition, by listing properties of type
and thickness of constitutive layers, and assemtidgr. Planar dimensions and configurations
are not considered in the definition of products.

The question of the representativeness is indaetring different aspects and issues, which will
be further address in Chapter IV.

60
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and an application scale, or suggests that therttiete field of use” of laminated
safety glass products in the product standardrigdd to (vertical) glazing units
set in a fram®. The product standards for laminated glass produceisuesilent
about possible sensitivity of safety performances aimbient temperature.
Moreover, each of the mentioned test methods isssisge some post-fracture
resistance, but only in the form of a pass or fatedon : they do not give a
quantitative value of the post-fracture resistansable for design purposés It
appears thus clearly that considered test methodénlyn assess safety
performancesduring the dynamic event caused by the impact, and onlg to
limited extent the load-bearing performanatter the impact. This suggests
implicitly that if the laminated glass element sues the impact, no further
failure is likely to happen in service conditionstil the element has been
replaced. It neglects thus possible further deftiomaor breakage of the
fractured element due to significant time-tempeartependent behaviour of the
interlayer polymer material, between the accideattfrring the element and the
moment of first intervention for safeguarding tfencerned part of the building.
This seems again a fairly acceptable assumptionfrémtured elements in a
framed vertical configuration, with their own weighénsferred via compressive
efforts between fragments.

I.5. Safety performances of laminated glass works

Previous sections have shown that the assessmesafetfy performances of
laminated glass products as conceived in prodacidsirds do not deal explicitly
with possible different intended fields of use. tNei are they dealing with the
evaluation of the representativeness of the seledest configuration in

comparison with a wider range of similar configioas, nor with regard to

different environments or test conditions (ambiemperature, etc.). Expression
of one type of safety performance does not progiddaracteristic value usable
for design (calculation) purposes. Finally, the sssent method does not
evaluate the contribution of the individual compotseof the laminated glass
element to its safety performance, and does not gjivgance for that purpose.

®2 The publication order of the different standartisves that it is difficult to fix a clear and
unambiguous terminology before assessment methodsclassification criteria are available;
unfortunately, this does not prevent possible frticonfusions. In this context, the term
“security glazing” has to be understood with thensageneral acceptance as “safety glazing”
used earlier in this chapter.

In the case of the pendulum test according to EB0Q, it is even not immediate from the
expression of the test result whether the elementidvstill be able to resist its own weight after
the impact, if the same configuration (specimen fazuche) would be set in a sloped or horizontal
position instead of a vertical one. In the caséhefhard body drop test according to EN 356, a
successful test assesses that the fractured eleamert least resist its own weight, for the tested
configuration and test conditions (test temperatdigation between the moment of the last
impact and the moment of the evaluation,...), withoworisideration for the amount of fractured
glass components nor for the density of the fragatem patterns.
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However, with the evolutions in fields of use of laated glass products, such
guestions became meanwhile much more relevant.

In this section an overview is given about safetyfgrmance requirements on
construction works including (laminated) glass edam, and how their
compliance is assessed according to the current practice.

Existing approaches in design codes or standamtd)nical guidelines and
specifications are taken as a starting point, beeahese often are the first
documents considered by designers in practicellustiates some particularities
of the design process and their influence on thedtation of safety performance
requirements for laminated glass elements, in paaticvith regard to possible
time- and temperature dependent contribution ariayer components and the
stability of their properties during their lifetime This will lead to identify

application scopes for conducting the assessmensafdty performances in
practice, and in particular when these are dealing tivétpost-fracture behaviour.

I.5.1. Performances of glazing and structural glazing units

Glazing units refer here to flat glass product usedindows, as vertical facade
glazing or as sloped overhead glazing, namely el&srieaving a primary glazing
function. Aglazing functionconsists thus in separating an indoor space fiom a
outdoor space, or more generally in isolating twacsg of each other's by means
of a separation wall the glazing unit is part ofheTparticularity of the design
process of glazing units consists in an integratibthe constraints raised by the
various associated performance requirements (thermsulation, acoustic
insulation, etc.), possibly leading to contradict@pecifications on the most
suited glass product to use.

Glazing applications are commonly not consideredoad-bearing elements, in
the sense that they do not play a role in the ¢lshability of (part of) the
construction. Current design codes still generimipose or recommend to not
take into account the stiffness of the glass elésnavhen calculating the
necessary sections of the frame (millwork). Notetdimding, the glazing unit has
to transfer loads due to actions directly appliadtpas wind, snow, and impact
actions. Besides, the setting of the glazing un#é frame always involves some
level of constraints (in plane compression effdfts)to contribute to other
satisfactory performances, as water- and airtigltneand avoid undesired
vibration movements of the glazing unit. This cgaofation of glazing in a set
frame is quite favourable for the safety and pomttlire performances of the
element.

54 Setting constraints are usually not quantifiedd(@nobably not easily quantifiable), and seem
generally implicitly assumed to be negligible.
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The concept of ‘structural glazing’ appeared witle tdevelopment of glazing
elements of larger dimensions, but mainly in comtimmawith the apparition of

alternative fixing systems, with two typical configtions. The first are referred
to as structural sealant glazing systems (SSG®) gltizing unit, instead of being
set into a frame, is attached on a frame by meamspafripheral adhesive joint.
The second are point-fixing systems, with the glgainit fixed to the structure

by means of four or more mechanical fixations, imra the use of particular

(laminated) glass products with holes through theles thickness or only in one
of the outer glass sheets. The assessment of loaddpaadrsafety performances
gained importance compared to traditional glaziogfigurations, but did not led

to fundamentally new design philosophy and assessmehod2t

It is worth noticing that, with regard to the dafiion of “product family”
according to EN 14449 (see section 1.4), no extensibdnthe “product”
specifications is necessary for extending the uhtenfield of use from framed
glazing to other peripheral or adhesive fixing égufations. In comparison,
development of point-fixing systems with mechaniiehtions through foreseen
holes in the laminated glass unit corresponds t@xdension of the “product
family”, as the usual annealed float glass sheetthioglazing components were
replaced by thermally toughened glass sheets, ieraal reinforce the local
strength near the holes. It is justified to coasithe change of glass type as an
extension of the product family : indeed, the lartioraprocess of two thermally
toughened glass sheets is more sensitive becaustheoflarger flatness
imperfections of the glass sheets caused by thpaeng process (Domingos and
Schimmelpenningh 2011; Jalkanen 2005). It confitinas the development of a
concept of “laminated safety glass product” in prddstandards was clearly
mainly driven by concerns about quality control swas of the lamination
process, and not much by the intended field of use.

The switch from framed systems to point-fixing gyss however leads to
different design situations with regard to postfuse performances. The first
reason is related to the consequences of chanfigirig configurations on the
load-transfer mode when the element is fractureel,sércond to very different

 An European Technical Approval Guideline, ETAG (@299), has been released for providing
guidance for the assessment of SSGS works andnsy;sés updated version has been released
in 2013. No equivalent European guidance docutiegrgoint-fixing systems in fagade has been
established to this day, but there exist a few rimeth guidelines released by national
standardization or assessment bodies (among oitheéfsance and Germany). According to
Springborn (Springborn 2004), other types of EOTAidgnce documents, CUAP (document
resulting from a Common Understanding of Assessrieatedure), have been established for
assessing some point-fixing systems and otheridudait’ applications : this type of guidance
documents is much less known than ETAG’s, becahsg tan be established by a single
approval institute member of EOTA, whereas ETAG&véh to be endorsed by an appointed
European Working Group. It is thus the questioretivhr provisions in guidance documents
such as CUAP’s fundamentally differ from nationapooject-specific ones.
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fragmentation patterns of glazing components tylyiazsed in each system. If
one compares a SSG system with a point-fixing systeith similar
configurations of product and of application, théesa performances of each
system are rather different when comparing theipeetive initial resistance (non
damaged configuration) and their post-fracture bieha. Whereas the initial
resistance is more influenced by the differencglass component type rather
than in fixing conditions, the post-fracture perfamoes are influenced by both in
undetermined proportions.

Expression of performances and assessment metbosgarfous glazing systems
is thus conceptually not straightforward. It isth@r complicated by fragmented
expressions of performances, between different teshnguidelines and

standards, issued by CEN and EOTA respectively for whaecosithe European
level, therefore with relative little apparent catency in the expression of
performances and of related assessment methods.

Table 1.8 — ‘Safety in use’ requirements on glassk& involving impact performances
and tests, as mentioned in harmonised standarddlf¢E

Laminated glass | Windows Facades
products (curtain walling)
Performance EN 14449 (2005)| EN 14351-1 (2006) EN 13830 (2003
“Safety in use”
) Pendulum EN 12600 (2003)| EN 13049 (2003)] EN 14019 (2003
> Burglar resistance |EN 356 (2000) EN 1627 to not mentionned
EN 1630 (2017
» Bullet resistance |EN 1063 (2000) | EN 1522, not mentionned
EN 1523 (1999)
) Explosion EN 13541 (2001)] EN 13123-1 (200{npt mentionned
resistance EN 13123-2 (2004
. : not perforating impactor type> : perforatingpactor type

Expression of performance requirements on a glaelegnent in a particular
project configuration to different types of actiaescodified by “action models”,
allowing to determine a design value of each actimmesponding to a specified
probability of exposure of the element to this @tti Many action models were
harmonized at European level, so far as possiblethin first part of the

¢ Table 1.8 and Figure 1.4 are inspired from simitares published in WTCB-Contact 2006/2.1
(see www.bbri.be), the classification into not-peating and perforating type impactors is a
personal addition - see discussion in the main text

7 This series of four standards has been firstlgased in the form of pre-standards ENV (also
referred to as “experimental standards”) from 1999.
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Eurocode¥. Specific performance requirements of glazing elets to impacts,
attacks and explosions and corresponding assessne¢hods by testing are not
dealt with in Eurocodes, but are part of other poddstandards released by the
CEN since 1999 on the one hand, and of other guadalocuments issued by
EOTA on the other. An overview is given in Table &i8out the ‘safety in use’
performances in CEN standards for windows and rusalling facade, with a
direct correspondence with performances mentiondalire 1.3.

While each safety performance is expressed atetved bf the built application,
the product standard for windows refers to othet taethod than the one for
laminated glass products (Table 1.8). Figure .4 camap drop heights corres-
ponding to the resistance classes resulting fronewaluation by means of a
pendulum test for glazing and windows products. Tdst methods look very
similar, but have in fact other assessment objestivieest according to EN 12600
aims at characterizing the safe behaviour of tleigly component (the “glass
product”), tests according to EN 13049 and EN 14@itBer intends to evaluate
the contribution of the frame or supporting struetto the final performances of
the assembly. The role of the used glazing panabtih tests is not the same, and
accordingly the test protocol, the evaluation datemd the amount of required
test specimens necessary for performing the assessin each case are
different ! In a general way, pendulum test proto@alsording to EN 13049 and
EN 14019 are less precise and let a larger marfjiappreciation to the test
operator, for instance in choosing position of imppeint and in interpreting
conformity criteri&®, in other words they rely much more on the expegeand
capacity of judgement of the laboratory.

Corresponding test methods for evaluating perfomaarmgainst burglar attack of
windows and laminated glass products are lessairtol each other, and this is
justified by the local nature of the attack.

The specifications in respective standards for tethads on work configurations
are not more precise about assessing the postifeagterformances and the
choice of the test configuration in relation to“ariended field of use”, and rely

thus on the experience and development stratefjtbe stakeholders involved in
the assessment process. Noteworthy, all test methedsoned in Table 1.8 are
leading to an ITT performance mentioned in the doentation related to

CE-marking for the corresponding ‘construction product’

® For instance exposition to wind and snow acticas be evaluated according to provisions in
EN 1991-1-4 and EN 1991-1-3 respectively. See pdsagraph 1.3.

8 Classification of performance against pendulum dotp distinguishes resistance classes
according to impacted side (from outdoor or indsate) for facade element, while similar
classification for a window element does not make tistinction in terms of resistance class,
probably due to the implicit assumption that th&stance class is more likely to be the same for
the two impacting sides in the last case.
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a) impact heights EN 12600 b) impact heights EBUBZEN 14019
Tested element Glass product Frame (window),
support structure
Standard EN 12600 (2003) EN 13049 (2003)
EN 14019 (2003)
Drop height [mm] | Drop height level Resistance class
0) 0, EO/IO
190 3
200 1, E1/11
300 2, E2/12
450 2 3, E3/I3
700 4, E4/14
950 5, E5/I5
1200 1

Figure 1.4 — Schematic comparison of impact lefetpendulum test
for (a) glass products and (b) glazing applicatipascording to EN-standards

However, the choice of the glass product used fdopaing the assessment of a
windows frame and the choice made in the desiga pfoject configuration are

different issues. In the first case the responsiblthe test should in principle

select a glazing element for the test which is wodiaable for the performance of
the frame, while in the second case, the resistatessas for the glazing

component and for the frame component have to lexted in order for the

design assembly to meet the overall performancain@agent expressed on the
construction paft.

0 Altogether complying to all other performance riegments specified by the design code or
project specific specifications.
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Above considerations highlight different issuesrstiy, the expression of safety
performances against dynamic actions on construg#ts, and on glass works
in particular, appears as a quite complex problerhe dpparent simplicity of

standardized test methods used for experimental assgdsmeunterbalanced by
the complexity in choosing the most representatest configuration and test
conditions. Indeed, this choice requires that theetided field of use”, or

application scope, is well identified beforeh&ndnd may further vary according
to the initial understanding one has of the specifechanical characteristics of
each component involved. Secondly, influence dftiftg and design) ambient
temperature and of possible ageing effects on #fetys performances are not
considered in the assessment process (ITT), suggestiese aspects are
negligible or implicitly covered with respect toaging applications. Finally,

assessment of residual performances of the fratelement after the impact is
limited to a conventional fail/pass criterion, whidbasically assesses the
preservation of some retaining or containing cagaii a reference configuration
and for reference test conditions. No further gok is given in comparison
with the laminated glass product standards abautvfich design conditions the
assessed performances are deemed to satisfy, andthodology or reference is
given how to address these questions.

The implementation of the design and assessmenieftark developed in
European standards and guidelines in national desides’ has not been an easy
work, in particular for defining in which design atitions new assessment tests
are required. The conceptual and methodological gapsdentified in European
standards and technical guidelines lead inevitablgew national standards and
guidelines, which on their turn delay the harmonizatioppses.

In summary, the assessment of safety performancésyihated glass products
used in glazing applications appears as relatieelyiplex. It is a multi-scale
problem, but also — and this probably differentiatege the assessment problem
with regard to other industrial sectors using laatea glass products — it involves
multi-scale design processes, with many stakeholidexdved, but at different
steps and levels. In this process, concerns about therig of time-temperature

™ The definition of the application scope in thistmxt covers in fact two strongly inter-related
aspects, in terms of configuration range on the baed (ranges of configuration for the
“assessed system”) and of performance range onotiver hand (covered by the different
“performance/test” standards).. Accordingly, gies of “representativeness” of the test
configurations are addressing these two aspeabtsvektr, from the moment on test methods are
considered as fixed, it tends to define individapplication scopes in terms of configuration
ranges for each standardized performance indepénaéreach other.

2 Principally for the last versions of NBN S 23-0@@ass works), NBN B 25-002-1 (windows and
facades) and NBN B 03-004 (guard rails), see Figdrand Table I.1. Noticeably, a variety of
national standards in other European countriesleating with “overhead glazing” and “guard
rails” applications, however with different relategecifications and assessment requirements,
among others in France, Germany and United Kingdom.
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dependent properties of polymer components (interg on the safety
performances tend to land in a second row category.

This seems not a critical problem for framed orpgued vertical glazing units,
which, in absence of any permanent tensile effoth@ir plane after the impact,
are not suspected to collapse all of a sudden. f@uton-vertical glazing units
and all other configurations with other supportiognditions, addressing the
design issue of the post-fracture performance sajgeestions. How much time
will the fractured element hold in place ? How ¢his behaviour be quantified ?
And is it accordingly possible and relevant to takés result into account
concretely in the design ?

This kind of gquestions lead to complementary pentoice requirements at
application level, imposed at national level in elifint EU member states through
national standards or technical guidelines, te@irapproval procedures or for
individual projects, for instance for particular, froonventional” configurations.
In many cases, complementary experimental investiggton different test
configurations, with identical or different impacobdes, test protocols and
evaluation criteria, are required by the nationaharity or can be requested by
one involved party. These types of tests are atswmlly performed only at
ambient temperature, and do not address questiaepésentativeness on a
different way as in the methods presented hereab&@onceptually, these tests
are rather validation tests than characterizagstst in the sense that they do not
evaluate a quantitative performance of a produatfigoration or system, but
rather verify the compliance of a specific configfimn with regard to pre-defined
criteria for a specific project.

From a normative point of view, thairrent situation is thatstrictly considered
the assessed performances of laminated (safetgps gleoducts by means of
standard tests as EN 12600 and EN 356 do not gearéme final performances
of the built element configuration, but rather assehat with the use of laminated
safety glass products a range of application cardifpns has a ‘reasonable
probability’ to reach a certain level of performancThey neither characterize
properties of products usable for design purpos&mn the other hand, test
configurations and methods prescribed for assesdimg corresponding
performances on a larger application level (langdaglass element + frame or
supporting structure) rather correspond to valahatiests than characterization
tests. Consequently, in practice the notion afftsir configurations” arises, but
it is left to the designers and control authoritiesdetermine which criteria are
relevant to define the grade of similarity. Notiolsa most of the related issues
involve evolutions or extensions of application figurations (“intended field of
use”), generally without extension of the laminatgalss product configurations
(“product family”) according to the definition in the hammeed product standard.
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I.5.2. Performances of structural elements in laminated glass

While resistance to impact and consequent postdiradehaviour of laminated
glass units conceptually seem to address veryaingibues, whether it is used as
glazing, structural glazing or structural glass aatt, there are some important
conceptual and practical differences.

Conceptual differences are mainly related to d#fiférsafety concepts, design and
assessment philosophies. This is a complex isswestigated and discussed
quite extensively by Bos (Bos 2009) The transposition and interpretation of
design rules for products and systems initiallgiated for ‘non-structural’ use to

more ‘structural’ ones is facing extrapolation barrigrdifferent nature.

A major issue is related to the changes of ‘statidation framework’ introduced
in paragraph 1.3 above, in particular the assimitatd the performance-based
approach philosophy for standardization, and thesegumences it has on
assessment methods and on implementation issues for sgyn dedes. Another
important aspect, which tends to be underestimatedhe relative lack of
understanding structural engineers and archit¢iithave about the behaviour of
polymer components used in structural elementenegal, and of interlayers and
structural adhesives in particufar More precisely, it concerns problems to
identify which of the usually considered assumpiomsed for calculating
resistance and deformation of structures and stralatlgments are not applicable
anymore, and which ones are lying behind the usysranental approaches and
associated statistical analysis methods propostukimarious standards. In other
words, limits to the use of “traditional” calculatiomodels and experimental
assessment methods for similar structural systeenaa identified because some
fundamental implicit assumptions behind the coreeft‘material” as they are
used and implemented in design codes neither are.

This tendency can lead to critical issues at thenemd of setting up an initial
experimental program, as it might be non univocalictvhguidelines and
experimental methods are effectively relevant to consider

A more detailed analysis about these issues has f@posed in (Delincé and
Belis 2013). It is pointed out that there is diljap to fill with respect to general

3 The conceptual limits of each “application” catggeemain relatively vague, and result among
others of the structuration and harmonization afthy in the European framework.

™ Assessment method of safety performances of stalatlements in laminated glass proposed by
Bos is summarized in Chapter Il, paragraph 1l.2cdkding to Bos, shortcomings in codes with
regard to safety concepts result frothe' lack of an integrated safety approgdhe noted also
that “even in the practical execution and assessmeradified experiments [...], they appear to
be many ambiguities that mainly stem from an indetapr insufficiently detailed description of
the experimentgBos 2009).

S In fact, this does not address a capacity of sideding the scientific aspect, but rather the
difficulties of assimilationandintegrationin their conceptual and methodological framework.
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guidance documents available at European leveltadxperimental assessment
methods. Two important ones are on the one handtieepart of the Eurocodes,
the EN 1990 (CEN, 2002), also referred as Eurocod@e® more specifically its
Annex D “Design assisted by testing”, and on the rottaand the EOTA GD 003
“Guidance document 003 : Assessment of working difeproducts” (EOTA,
1999). These two documents are rather intendeyk@asral guidelines for CEN
and EOTA Technical Committees to draft more specdnes for different
applications, systems, products and materials.

In principle, the Annex D of the Eurocode O can alsvag used, however it
does not give specific guidelines with regard @dibearing polymers, and more
generally does not address issues for accountitiy tivhe-temperature-ageing
dependent properties of products and systems. ctntfds annex seems to have
been rather conceived for assessing alternativeewar configurations of systems
and connections made with known materials (among wlinhrete and steel).

The EOTA GD 003 rather addresses issues relatedetoageessment of new
materials and producfs It provides a general framework and lists of agei
agents (“degradation factors”), with identificatiaf the ones which different
categories of products and materials are knowretpdientially sensitive to. It
also proposes a general methodological framework describes the different
categories of experimental approaches and relatedigéest methods.

In summary, these two general guidance documertgrrdist the eligible and

recommended approaches and the main points otiattdn deal with particular

cases, and give general guidelines about test amtysés» methods. These
however appear not specific enough to set up retexand economical

experimental programs for specific polymer compésend laminated systems
they are part of.

Besides these two general guidelines, more spetait methods have been
developed and implemented in standards and ETAG'sther documents with
similar statute. Two in particular are widely reéet to in scientific literature
reporting about the development of experimental paigns addressing or
involving the behaviour of polymer components (Beé et al. 2007; Ensslen
2007; Louter et al. 2011). The first is the EN 1ISO428, already presented in
paragraph 1.4.1. The second is the ETAGO002, alreadytiomed in paragraph
I.5.1, which contents in particular specific guideirend test methods to assess
the mechanical properties of the structural (silEosealants of structural glazing

® The Annex D has an informative statute in the nf&imropean) part of the text, which has been
kept in the National Annex for Belgium.

" This guidance document mentions to be partiallsedaon a draft international standard (I1SO)
entitled “Systematic Methodology for Service LifaeBictions of Building Materials and
Components”. It is not clear however if the lattes evolved towards or has been included into
an approved ISO-standard to this day.
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systems, among others mechanical tests followindicat ageing tests, and

mechanical tests performed at different test teatpezs. These two documents
and other similar standards/guidelines are genemteady quite specific, as
important assumptions have been made to specifgtiraardized experimental
assessment methods, and associated test configigratiad conditions. These
assumptions include for instance the type of polycmmponent, the type of

system configurations which the latter is part afid &knowledge about the

associated typical response and sensitiveness rtousaageing agents of the
product configurations.

However, the nature of ageing phenomena, which are assurbegtesent in the
different ageing conditions considered, is not akvaypade explicit. More
specifically, it may be unclear whether the expectgding effect is of chemical
or physical nature or both, and whether it is rabégsor irreversible. For
instance, with regard to the effect of temperaturd Bumidity, it is not clear
whether their effects are assumed to be corretatedt. Similarly, sensitivity to
temperature and creep load are assessed separailya\wbmponent exposed to
a permanent load in design conditions is likelypéoexposed to combined effects
due to temperature variation and creep. With regapbssible ageing effects on
the adhesion characteristics, it seems also usefliktinguish if the ageing effect
is directly exerted at the level of the interfagédne between the polymer and its
substrate, or if it acts primarily on the bulk prdjes of the polymer which
affects its adhesion level (effective or appaream)owith the substrate. In some
cases, for instance for laminated glass element@ggéfects are only evaluated
in terms of visual changes, not on the basis ofespwnding changes involved at
mechanical level.

Accordingly, it seems there is minimum of understanding to have about the
nature of phenomena involvedn what extent these phenomena differ between
different polymer products and of other materiad/Rat kind of border effects
are associated to each effect ? These are impaytastions to account for to be
able to select the most appropriate experimentalsiigation methods and scales,
and develop relevant assessment approaches.

Leaving temporarily the conceptual and methodollgipproaches aside, it is in
fact possible to identify different types of corteréields of extensidfiaddressed
by ‘structural glass’ works. Instead of trying tefide boundaries between
possible identified conceptual categories (Greeh32@®iebert and Seel 2011;
Siebert 2006; Springborn 2004), it is proposed tstl§i identify the different
extension fields typically differentiating a strucdl glass application from other
glass works, with the hope that it would give a meractical view of the

8 The concept of field of extension is elaboratedgéstion 1.6 below and further developed and
discussed in Chapter IV with regard to experimeimestigation methods.
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guestions that general guidance for designing aswkssing “structural glass
applications” have to deal with.

1) Product configurations and family of products

Laminated glass products for ‘glazing applicatioas® generally limited to

‘simple’ laminated glass units, made of two glassett (generally of the same
type and same thickness) and one interlayer. Theyfien integrated as a
component in an insulated glass unit, which is algmrticular type of ‘glass

product’, and is accordingly covered by a harmonigpedduct standard.

Safety performances of end applications integrattitig) category of products,

as resistance to body impact, raise similar questadout test configurations
and application scopes. In general, the family ofite@ted glass products
considered for the assessment of a “structuralirggazsystem still remains

relatively limited with regard to the productionlumes covered by the scope
of the assessment.

Laminated glass products intended for ‘structunak are almost always made
of at least three glazing sheets and two interlayaihere the assembled
configuration can be made of glazing sheets otkfiit type and of different
thickness. Complexity of laminated glass produstséased with inclusion of
various types of inserts and reinforcing compond@arvalho et al. 2011;
Feirabend and Sobek 2009; Neugebauer 2006; Putleal.e2011), in
complement to components identified as ‘glazingd dnterlayer’. Besides,
lamination of hybrid products, namely with differetyppes of materials or
surfaces in contact with the interlayer componenpossibly more sensitive
because of (slightly) different adhesion mechanism#&chievement of
homogeneous adhesion grade can be complicated fare ncomplex
configurations with regard to used production psses, for instance in
function of the sensitivity to (local) pressure bggh during the one or other
step of the lamination process.

Simultaneously with the increased complexity andieta of possible
configurations on the basis of a limited set of ibasomponents, the
production volumes for this type of products arsoainuch smaller than the
ones of ‘families of product’ developed for the zyjtay market. This
represents an important constraint on the amountests which can be
reasonably imposed within an assessment procedure.

In many cases, the used polymer products usedtertayer are unchanged,
although processing methods usually have to betedlap some extent. The
amount of ‘particular’ configurations within a ‘faly of products’ which is
potentially to be addressed by the assessmenincagase dramatically, with
potential consequences on the amount of requested test

The extension of product dimensions leads to reathal proportions, which
can rise new production issues, new constructionessand new design
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guestions, among others with regard to new critigdlire modes (see also
point 4) below).

2) Critical dimensioning performances

Consequences of the failure of a “structural” eletnie laminated safety glass
are generally larger than the one of a “structugizing” element.
Requirements on residual performances in case ibfrda even if not yet
specified with much accuracy, are more and mordylikeinfluence the result
of the design significantly, simultaneously with themise of (safety and non-
safety) performance requirements specific to gtazpplications. Similarly,
the ratio between permanent loads and variablesigaatr between loads of
long and short duration, is increasing. ‘Strengitrrthated design moves
towards ‘robustness’-oriented design, which requaeother type of
material/product characterization (loading curve fplace of single
conventional value of strength or deformation,...).

3) Applicable methodsfor quality control of lamination process

Simultaneously with the increase in variety of égmfations inside a ‘product
family’ (point 1) here above), common destructivsttenethods used for
controlling the adhesion level in quality contralch as the Pummel test and
the CST te&f, reach limits of their application scope. A Pumiest requires
a relatively large evaluation area (respective gilagimensions above ~10
centimetres), and CST tests can be confronted tariaty of possible border
effectd’, disregarding the feasibility issues. Besides, wilsh test method
only one of the two adhesion interface of an interlagertze controlled.

4) Critical failure modes and design situations

More deformation and failure modes are likely toco@sidered in the design
problem, and for each one the contribution of theriayer component may
address another part of its behaviour domain, plyssiith different levels of
expected or specified accuracy. For instancerdhaired level of reliability
for characterizing the shear transfer propertiesamfinterlayer component
could vary whether they are used for assessingtitiieess of laminated glass
products either against wind actions when usedaméd glazing units, either
with regard to the resistance to lateral bucklifiga gorimary laminated glass
beam element on which an important relative fraciidd permanent load is
applied in design conditions.

S pPermanent loads are due to the own-weight ofléraent and other static loads of long duration;
variable loads are loads of shorter duration, iasatic loads and service loads.

8 These two tests are shortly presented in Chaptsettion II.5 and discussed further in
Chapter Ill paragraph 111.3.4.

8L The border effects can be of different nature magnitude, among others according to the size
and possible production methods of the test spespsee also Chapter IV.
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There is one evidence so far : structural userofriated glass products means in
fact that the “intended field of use” (applicatiscope) is larger, more vague, and
potentially more difficult to delimit. Each new feot is likely to correspond to a
demand in ‘extending’ the application scope witgarel to one or more fields.
Among the extension fields, questions addressing ttime-temperature’
dependence of mechanical properties of the interlasomponent and their
influence on the behaviour and performances ofuetiral element in laminated
glass gains in importancén combination withthe various other aspects of
extension of the application scope. However, due tpangcularities of polymer
materials used as interlayers, design of experirhémastigation methods for
answering these questions and interpretation of tegltsds not straightforward !

A very schematic representation is proposed inreig, in an attempt to situate
design questions and assessment apprd4chBse curves represent qualitatively
the expected variation, in function of ambient terapge, of two complementary
performances, the resistance to impact and subsegasitual load-bearing
capacity®, of a structural element in laminated glass foivarg configuration. In
this schematic view, a vertical line representsst om this reference configu-
ration, executed in reference test conditions, aefarence temperaturé, .
Diamond points are representing the correspondiegsaored performances from
a reference te¥t A well-designed laminated glass product is irt fdely to
show optimal performances for the specified refer¢esieconditions.

Consecutive questions arising about variation afgpmances in function of
temperature from a design perspective will leadfdomulate complementary
requirements, which is equivalent to fix new limp&rticipating to the definition
of an application scope. Let us assume that threndiated performance
requirements are represented in this case in Figbrby the horizontal dotted
lines : it seems then logical to complete the eatidm by means of
complementary tests performed in corresponding destlitions. One specific
problem for building applications is that the penfiance requirements on
products and systems are not absolutely fixed, gilega. Indeed, they may vary
in function of project specific requirements : the vidoias are justified on the one
hand by real different climatic environments forckeaonstruction project and
different usage-related exposures of the considereduct or system, and on the

82 |n a recent contribution (Delincé and Belis 2018)%imilar reflexion was presented in a more
general perspective, namely by considering stratt@wements which performances are
depending in some extent on adhesive polymer coergsn

8 The qualitative shape of the curves stems in witthe one of Figure 1.3, and will be further
confronted in next chapters.

8 For instance the performances as evaluated byéndulum test or the hard body drop test
presented above, if the test configuration (dimamsi frame...) is judged representative of the
built configuration (construction work).
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other hand by differences in legally required safétvel (from national
regulations, design codes, or project-specific sjpatibns). Also the accepted
assessment methods for justifying the design may waaccordance. In other
words, except in the case of full-scale tests desigio validate a built
configuration for a specific project, the position of twgizontal lines is not fixed
when the experimental program for assessing atatalcconcept or construction
product is conceived and executed, but is fixed afrthment one desires to build
it in practice for a specific project. The balafmdween requirement levels on
the two complementary performances may also vargriddentical configuration
according to the project specifications; consedyetiie two horizontal lines
representing the performance requirements can molependently of each other
in a vertical direction. If other safety performamequirements are expressed on
the same construction part, they can be represdmtedeans of complementary
figures similar to Figure I.5.

Figure 1.6 looks similar, but represents now thestjoa about the experimental
fields of investigation to consider from the pergtpe of the assessment of a
family of products or applications. It highlighteed practical problems : the
increase of experimental costs in function of tkéemsion of the temperature
range to be covered (dashed curve), and the unagtaabout the range to cover
(in function of the range of possible positions fitre horizontal lines in
Figure I.5). The experimental costs include coghefextra specimens necessary
for performing the complementary tests in condaiotorresponding to the
identified boundaries of the application scope, dixeosts of the used test
infrastructure, development time for assessing thieinsic quality of the
experimental method in case of new test configoinati consequences on the
overall time necessary for assessing a particlacept, etc. The shape of the
curve “experimental costs” accounts qualitativety Bome physical limits in
extending the investigated range of test tempef&ture

However, Figure 1.5 and Figure 1.6 still representnapéification of the general
problem to be dealt with : temperature is only eagiable parameter of the
identified intended field of use.

Complementary questions arising with regard to ipaldrities of polymer
materials are developed in next chapters. Onécphatity for polymer materials
is to be sensitive to possibmbination of effectbetween different ageing
agents, and between an ageing agent and a simulspeapplied mechanical
effort of longer duration (in particular in the fiorof creep and fatigue effects), in
function of the respective intensity and level of the and the other.

8 Corresponding concrete experimental aspects amstraints will be highlighted in Chapter IV.
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Figure 1.5 — Schematic formulation of the assessmpeyblem
in regard to performance requirements (Delincé &wadis 2013)
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Figure 1.6 — Schematic formulation of the assess$mpmblem
from an experimental perspective (Delincé and Bit3)
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In summary, the assessment of the interlayer cartimib to safety performances
in general, and to post-fracture performances iniquéar, of laminated glass
products used as structural element in non-conwealticonfigurations, has to
face a variety of conceptual and practical issudsspecially, the lack of
comprehensivaest methods or experimental approaches hinderSilitahe
(knowledge) gap’ between providers and users ofriated glass products and
systems. Consequently, the development of apprepaad comprehensive
assessment methods and safety concepts is complicated.

1.6. Outcomes and problem statement

Expression of safety performances of laminatedsgfasducts in the particular

context of construction works has been introducetthé present chapter, together
with an overview of existing assessment methodsagpdoaches. The relatively

fast evolution in the development of laminated glasslucts on the one hand and
their field of use on the other is accompanied ey muestions. These concern
the contribution of the interlayer components te tverall safety performances
of built configurations, the involved product and teréal properties and test

methods for characterizing element performances aneriagbroperties.

The overview of the current state of the standatiin framework and ongoing
developments at European level highlights some icodatities of design

processes in this field, and the associated conegptdifficulties for assessing
laminated safety glass products and constructiorksvin laminated glass, in
particular with regard to safety and post-fractperformances in function of
time-temperature dependent phenomena in polymer comizonen

A first identified issue concerns the descriptiond alimitation of different
application scopes. An important question addrefsesoncepts ofamily of
productswith regard to vague and evolviingended fields of useFor each of the
two concepts, differenApplication fields (AF) can be defined, in order to
distinguish issues of different nature in questiaddressing the possibilities and
the limits for extending application scopes. Talbl@ proposes different
categories of AF's, and for each an inventory ofdfiéescriptors, corresponding
to parameters allowing a quantitative descriptiohccordingly, an application
scope can be defined as a combination of ranges of appiicields.

Extension of intended fields of use of laminatealsglproducts can be translated
into a range extension of one or more applicatield$. However, the various
application fields are not evolving independently each other, some being
directly or indirectly related with each other.
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Table 1.9 — Description of application scopes (ided fields of use) and product families

Application Field (AF) Examples of AF descriptor

Product : Material - type(s) of glazing sheet
- type(s) of interlayer product
- type(s) of embedded inserts and reinforcements

Product : Geometry and |- description of ranges of geometric configurations
configuration composition, amount and thickness of layers; issert
- possibilities and limits for lamination sizes

- possibilities and limits for cutting sizes

Product : Processing - production methods : laridnatutting (incl.
holes,...), edge finishing,..., possibilities and ligniih
function of considered configuration ranges
- level of standardization of the various procegsteps|

Product : Connections identification of possi@ktand limits for connecting
the laminated glass product into a constructionkwor
zones and features intended to be used / avoided fg
connecting the element; (in)compatibility with athe
materials and with service conditions

Application : Design : Expression of performance requirements :
Performance requirements - resistance to impact(s) / source(s) of damage

- loading cases : type, configuration and extent of
individual action; combination rules (ULS, SLS,...)
- exposure conditions : temperature, ageing agent,. ..
due to climatic and service conditions (cleaning,...)
- hon-structural performance requirements affectiveg
design : acoustic, insulating, light control, etc.

Application : Design : - Element dimensions : planar dimensions, (maximal
Geometry and value of) total thickness, functional constraimts i
Configuration function of performance requirements and design

configuration (with regard to edge finishing, etc.)

- Connections and fixing configuration and conditip
intermediate pieces (mechanical connections) or
components (adhesive connections,...), possible
consecutive requirement on edge or surface fingshin

Application : Execution : | Identification of execution steps likely or inteid®
Processing and assemblingnduce constraints (stress) into the laminatedsglas

methods element or any of its component.
Application : Service - measures to take in case of damage / failure :
conditions safeguarding and replacement of the damaged element

- measures to take in case of change/deviatiorrgfce
conditions with regard to initial assumptions or
specifications used for the design

- control and monitoring in service conditions (opal)
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The application fields can be used to compare diftedlesign configurations, and
define the grade of similarity between them. Similahey also can be used for
identifying or selecting characteristics of refarerconfigurations with regard to
assessment questions, and compares a design catifigurwith a test
configuration used for assessing it. Finally, theppsed definition of categories
distinguishes characteristics of products and of enticapipns.

The analysis grid proposed in Table 1.9 must allowituate all design questions
in relation to each other, and to identify all rethdesign and control parameters.
It must be clear, however, that this table is ndtogmmplete and must rather be
seen as a ‘work in progress’ and a support for further dpregnts. In particular,
every ‘field descriptor’ should identify the relevaguantitative parameter(s) to
consider, and which parameters are involved in whigsign (sub)questions. It is
intended to be used for identifying assumptions aodditional data, namely
types or values of some field descriptors which r@spectively meaningful or
valid for identified limited ranges of other AF'and for identifying missing data
and possibly missing reliable test or assessmetitads behind the missing data.
Determination of most of the parameters should rrdfe design codes,
measurement or test methods, and for applicatiddsfiassociated to Product
categories thassessegroperties or characteristics and the other ones.

To conclude this chapter, developed analysis leadslliowing questions about
design methods and assessment strategies :

1) How could and should existing test methods use@g$eessment of laminated
safety glass products be completed to distinguisé tontribution of
individual components to the overall safety perfances ? What are the
characteristicproperties of each component involved ?

2) Which (mechanical) properties of interlayer maieri@re involved in safety
and post-fracture performances of laminated glasi$és uand systems ?
According to which methods can thesedbaracterizedfor design purposes,
in particular properties potentially significanggnsitive to time-temperature-
ageing effects with regard to service conditions ?

3) To which extent are safety performances of a latathalass element as a
construction work(resistance to impact, etc.) depending on pineduct
properties and on other characteristics of theallest configuration (in
function of element configuration, type and confajion of connections /
fixings) ?

4) Which characteristics of the laminated glass produgroduct family (from
preliminary technical documentation) could be acted for to select or
develop a suited experimental investigation progfanassessing their safety
and/or post-fracture performances ?

5) How to conciliate application and product-oriensessessment procedures, in
particular to keep the amount of requested tedtsmieasonable proportions
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6)

7

in regard to the identified application scopes WHo integrate vague and
evolving application scopes in assessment proceissparticular with regard
to particularities of adhesive polymer materials terms of mechanical
behaviour and influence of production processes tlogir mechanical
properties ? How to express and assess limits s$iple fields of use of
laminated safety glass products for structural apjiicat?

Which material and structural models are applicdblecharacterizing the
contribution of interlayer materials to the respo$ fractured products and
systems, and how can the corresponding design panariee calibrated or
validated ?

In summary, are the safety concepts, assessmentaappsoand calculation
methods developed for laminated glass products weedglazing unit
appropriate and transposable for the design aresssent of structural glass
works ?

Expected research outputs are :

1

2)

Recommendations about suited test methods andimgrgal investigation
approaches for characterizing the contributionndériayer materials to the
post-fracture performances of laminated glass adsnen particular with
regard to their time-temperature dependent behaviour;

Contribution to development of integrated safetyagpts and associated
assessment approaches, in particular for distingujstassessment of
products, of components and of final applications.
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Chapter II

Performances and properties
of fractured laminated glass elements

“Science never solves a problem without creatingrtere”
(George Bernard Shaw, 1856-1950, Irish playwright)
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I1.1. Introduction

Standardized test methods developed to assesy pafédrmances of laminated
glass products used in building applications arfopmed on test configurations
supposed to be representative of the applicatiopesof the products, and mainly
address the glazing applications. The developmiembm-conventional structural

applications in laminated glass is characterizedaldgrger variety of boundary
conditions and more demanding performance requingsneith regard to a safe
behaviour in case of accidental breakage of thessglaomponents.

Simultaneously, although the production volumesdhiidual configurations are

diminishing and the complexity of product configiimas in terms of number of

layers and types of components is increasing, tiheystill assembled with the

same or similar types of interlayer materials. Besides,ames are appearing.

In this context, the assessment of the residualtbesaing capacity of fractured
elements is becoming much more important in corsparivith more traditional
glazing applications. In particular, the time-tengtere dependency of the
response of the laminated products to accidentalrecand failure scenarios, and
in particular the mechanical behaviour of fractuceuts, cannot be disregarded
anymore. It appeared however already difficult tgoant for time-dependent
properties of interlayers and laminated glass uiits ‘standard’ glazing
applications, in particular regarding their poseftae behaviour, it is by
consequent unlikely to be an easier issue to déhlfar products used in non-
conventional structural applications.

This chapter proposes to address this issue by snefirm walk through the
different scales of the problem and the identifaratof related experimental
methods. It will firstly addresses the question tuke the assessment of
performances of fractured systems can be dissddiaim the preceding response
to impact and other accidental actions leadingréakage of glass components.
Issues with current experimental approaches fortingesnew structural
configurations are considered critically. Concegftsobustness of structures are
introduced in parallel of failure scenarios and assediakperimental approaches.
By considering the underlying mechanisms during after accidental breakage
of glass components, it leads to distinguish differeactured states and load-
transfer mechanisms, and to identify the criticanIn a second step, possible
test configurations for investigating specific leagnsfer mechanisms are
reviewed. They are analysed in particular with réda their potential fitness for
purpose to characterize the related mechanical epiep of the interlayer
components, with a central question in the backgtauinow to account for the
time-temperature dependent properties of the interlayer ?
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I1.2. From dynamic to quasi-static safety performances

The evaluation of safety performances of laminagdss products and

construction works in current design specificati@arl test standards mainly
focus on their response to a dynamic action. Théopeance is assessed by
means of a (simple) pass or fail criterion evaldathortly after the end of the

dynamic response, which basically assesses whétheriement lost its integrity

or not. If the element survived the test, it is iitigy assumed that it has the
ability to remain in place long enough to allowadeguarding intervention before
the replacement of the damaged element by a ne(Ghapter ).

This implicit assumption seems in practice ofterceptable for traditional

configurations of framed glazing units : there @ significant dead load applied
to the fractured element, and the framed configomatin rabbet setting

contributes favourably to the residual resistanddowever, this is not true

anymore for any other configuration of structurldneent in laminated glass,
because of the applied permanent loads and othardaoy conditions. These
reasons relative to the structural configuratiombimed with the viscoelastic
nature of the interlayer components explain that the rakidad-bearing capacity
is in general a time-temperature sensitive propefifie time-dependence of the
response of fractured element depends also, inserlesxtent, on a possible
phenomenon of static fatigue in the remaining gktesets or fragments. Static
fatigue in glass and viscoelastic deformationsntériayers, possibly combined
with each other’s, can lead to delayed further kcnampagations in the glass
pieces. By consequent, further fragmentation presesan be initiated without
modification of the external loading conditions, plyn because of the time-
dependence of the response of fractured elementsadtialsading case.

In general, there is no correlation between thelle¥ solicitation of a dynamic
action (due to an accidental event or an attadkr@cand the level of consecutive
quasi-static efforts present in the fractured elgmendeed, the dynamic actfon
as specified in a safety requirenfergpresents an extern factor. The probability

1 The related requirements can thus also vary ataprith the considered or applicable design

specifications. Different time periods can beidgtished : time-to-discovery, time-to-evacuate,
time-to-support (concept a little more restrictibean safeguarding), and time-to-replace, with
corresponding values varying between a few hour®@pmonths (Bos 2009). It is sufficient to

note that, as a natural trend, corresponding dpdcifalues for each time period will increase
with the ‘structural grade’ of a non-conventiongphcation in comparison with a common

‘glazing unit’. Of course, effective safety levslinfluenced by the engineering understanding
(in specifications and for management of accidenilations...), but also by psychological

effects related to the perception of safety by ukers : these factors are however difficult to
codify objectively...

When a safety requirement expresses a risk aflategher than an accidental impact, the action
is a ‘rapid’ succession of a series of individughamic actions, or spectrum.

% In the sense defined by the performance-basedapipintroduced in Chapter I.
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of exposure to this action for a construction elemeather depends on its
functional role in the construction than on theustral system it is part of. In
comparison, the level and the distribution of inatrefforts resulting of applied
permanent load during and after the dynamic actiather depend on the
configuration of the element, and are possibly madifirefunction of its response
to the extern actidhn

The damage sensitivityof the element expresses its response to theeappli
dynamic action and rather evaluates the consequribe exposition. The most
noticeable form of damage is the cracking and fexgation of the glass
components. Fracture of the glass componentsleaa@and necessary step in the
process leading to an overall failure. The brittieaikage of glass is characterized
by a sudden very fast crack propagation oncet@al damage statés reachey)
preceded by a slow sub-critical crack growth kn@sistress corrosioror static
fatigue (Haldimann 2006; Haldimann et al. 2008). The lattecurs only along
surface zones where tensile stresses develop thaleffect of static load. While
the sub-critical crack growth velocity largely dade on external factors such as
grade and distribution of surface damage, stresel lemd environmental
conditions, the critical crack growth velocity cae bonsidered as a material
constant and is about 1500 m/s in soda lime stiesses (Haldimann et al.
2008). Glass breakage is thus also a dynamic ewéhta velocity at least one
order of magnitude larger than the one of consilelgnamic actions due to
impact, etc. In general, the initiation of criticalick growth in glass leads to
fragmentation, namely the crack propagates through sheet up to its
boundaries : the element is then broken in a seieBagments. In a few
particular cases however, as in case of crack padjmeg under quasi-static
loading in beam configurations, propagation of csackn be limited to the tensile
zone of the element (Louter 2011)

Besides, independently of the cause of initiation gtdss breakage, cracks
propagation is accompanied by a release of elastiin energy (Bos 2010a).

This strain energy is stored in the material and teomponents can be
distinguished : an intrinsic component is due t® hsidual stresses in the glass

A decrease of the applied static load on a stratelement can follow from its deformation, as
transferred loads are redistributed to the surrmgndtructure (extern redistribution of efforts),
whereas the intern efforts in the element genetadigome more severe in some location as a
consequence of the damaging of its constitutivepgmrents (intern redistribution of efforts).

This critical damage state is due to microscogifeds, in the form of surface cracks or flaws,
with typical depth values between a few and a femdneds micrometres. The sub-critical
progression rate is very slow (except in case dafidantal or volunteer scratching of the
surface...) and the surface damage is most of theenioh visible with the naked eye.

See also Chapter IV, paragraph IV.3.2.1 aboutkgpagpagation patterns in beam elements.

The energy necessary to create the cracked sanmes a fraction of the released strain energy
during the fragmentation process (Bos 2010a; cs&amd Seelig 2011).
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sheet resulting from the production proéesand the extrinsic component
corresponds to intern efforts caused by exterroasti Thanks to the perfect
linear elastic behaviour of glass, the superpasifianciple can be applied to
stress components. Consequently, advantages of alyertoughened glass in
terms of strength and shattering behaviour arenbath by the larger quantity of
elastic strain energy released at breakage. Tikdhrs a clear drawback to the
use of stronger glass components in laminated glags, firstly during the
impact event (more energy release during criticatk growth, which is probably
not fully consumed by the creation of more crac®] secondly after the impact
event (due to the large density of fragmentatiottepa). Therefore, a safe
calculation of the effect of the energy releases rsttould consider aopper
characteristic value of the glass strengtstead of a lower ofe

Above considerations illustrate that a same inifeernal cause of damage can
involve a succession of different consequences,rditgp to the response of a
specific laminated glass product. Its response rikpéhus not only on the
properties of its constitutive components, but adsoits configuration. This
matter of fact constitutes a challenge for develgpéxperimental assessment
approaches which are not punctual validation tesftsparticular project
configurations.

This leads to defin@uasi-static design situationsot only in absence of an
external dynamic action, but also of any fragmeatatprocess of the glass
components possibly caused by non-dynamic loadiagex  Figure 1.1

summarizes the scenarios of damage progressionaimiaated glass element in
service conditions, and distinguishes accordingly tpossible categories of
failure modes. The first regroups the failure modagsed by a dynamic event
(FM-D), and the second the ones corresponding toagieptatic design situation

8 Residual stresses appear in the form of comprssiesses along the outer surfaces and tensile

stresses in the bulk of the glass sheet. Theghugstresses, minimized in annealed float glass
products (slow cooling rate) and maximised in thalyntoughened glass products (fast cooling
rate), largely determine the characteristic diffiees between the two types of products
(mechanical and thermal strength, damage sengijtahiattering patterns).

However, standardized assessment procedures &ss giroducts only characterize a lower
characteristic value in static conditions. Considg the large scattering in values of glass
strength, this is certainly an important differetnegemake. For instance, for annealed float glass
products, individual test results from double-rtegts according to test standard EN 1288-2 vary
between about 30 MPa and 120 MPa (for one referthickness); this corresponds to the test
configuration used to determine current design e&l(of the surface strength) in calculation
codes. The scattering of the “random” part of gleess strength for tempered glass products is
about the same order of magnitude (in absoluteeyalBesides, the validity domain of proposed
functions for expressing dependence of glass dineoig duration of applied load in standards
(for instance coefficient Joq in prEN 13474) is limited to a quasi-static loaglirange (load
duration typically larger than 5 sec.). Such figrtis thus not appropriate for dealing with that
problem of upper glass strength in the dynamic eaegen if it could be assumed that the same
time-dependent function is applicable to lower apger design values of glass strength.

9
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(FM-QS)°. According to the assumption made above, this setgre of failure
mode cannot be caused by a breakage of a glasoemtpor fragment, and thus
necessarily involves a failure at the level of interlagenponents.

Dynamic event , with / without damage initiation / propagation

Dynamic action Dynamic reaction :
(3)—# (+ quasi-static 'I No fracture glass components |--—> to (3)
action) 3) <
™ Fracture glass components (1) :
EERERERERER ;yﬁ'" g p @
Quasi-static i
. il . to (2)
action i No overall failure of element - 3
i or (3)
1
Initial state (0) || 1y -
:i Failure element (FM-D)
1
Quasi-static li

Quasi-static , with damage propagation : creep, static fatigue,...

Quasi-static action (2) Failure element
| (FM-QS)

(2)—»| | Post-fracture state

™ 0 (1) or 3)

Current research scope

Figure II.1 — Schematic representation of failuoesarios for a structural element
in laminated glass (FM-D: dynamic failure mode; F{8: quasi-static failure mode)

In summary, two behaviour ranges of fractured lateithaglass elements are
distinguished, and it seems accordingly possiblelissociate investigation of
guasi-static post-fracture performances from quaastirelated to glass strength
and fragmentation processes. Conversely, the catioib of the interlayer is

obviously not limited to the quasi-static performanioes post-fracture state : it is
thus necessary to verify whether the separation ficcessive dynamic and
guasi-static design situations can be justifiedmfrohe perspective of the
prediction of the behaviour of the interlayer.

9 The flowchart can be used for different types aifufe scenarios, to move through successive
accidental design situations (according to the iteshagy of Eurocodes). The possible number
of steps (or ‘loops’ through the flowchart) depemasthe succession of accidents in the failure
scenario on the one hand and on the evolutionmie tif damage on the other. For instance, a
successful pendulum test on a laminated glassagndrding to EN 12600 can be associated to a
scenario (0)-(3)-(1)-(2) : an extern impact (3)semia breakage of one or more glass components
(1) with no direct failure as consequence, andutthér failure shortly after the impact when a
static load is applied (2); the evaluation consigtassessing that the element did notdaiing
the impact (no FM-D failure after step (3) or (&r shortly afterthe impact (no FM-QS failure
after a step (2) with a specified duration). Acassful drop height test according to EN 356
corresponds to an implicit scenario (0)-(3)-(1)-(8)-(3)-(1)-(2), namely each impact is
supposed to increase the level of damage in on®oz glass components.

1 Provided that failure at the level of connectimiith the surrounding structure is excluded.
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I1.3. Fractured stages, damage and residual resistance

In previous section quasi-static design situatimmdractured states of laminated
glass elements have been defined in relation &@laré scenario and have been
dissociated of glass fragmentation issues. In $eistion description of the

corresponding fractured states and quantificatidntre damage level are

considered.

Structural engineers defined different post-fraetstates, generally identifying
three distinguished fractured states. The firgiesi@ is theinitial non-fractured
configuration in which the possible role of interlayers is liedtto a shear
transfer between the different sheets. The dedimitif two next fractured stages
is different according to authors and consideredfigarations, but can be
associated to a general scheme, namepardially fractured stage(ll) and a
totally or ultimate fractured stag€lll). Partially and ultimate fractured stages
appear to have to be understood in this contexth wéigard to the capacity
(stage Il) or incapacity (stage lll) of constitutigtass sheets to participate to
significant further decrease of overall residuaisence by further cracking. In
other words, when considering more specifically aadyic loading range, the
latter refers to the capacity of the laminated glakement to dissipate further
energy by creating new cracks in its constitutive glasstshe

Kott (Kott and Vogel 2003, 2004a; Kott 2006) intuoed thredractured stages*
by considering mainly applications made of ‘simpéhinated glass unitsand
loaded transversally, namely plate or slab configoma with bending efforts
across the thickness as principal deformation mo8tage | corresponds to an
undamaged element, stage Il to an element of whiehod the two glass sheets is
fragmented, while in the stage Ill all glass sheeesfragmented. The structural
response involves rather different loading pathsthie different stages, and
accordingly a different mode and level of contribntof the interlayer to the
overall load-bearing capacity of the element. &ges | and Il, the efforts in the
interlayers are essentially longitudinal in-platear stresses, while in stage Il
the interlayer is submitted to a dominant tensfferein some localized places,
namely where the interlayer is making a ligameat tiridges the glass fragments
across cracks in a same transversal section.

The initial definition of fractured stages at thiensent scale (Kott and Vogel
2003) neglected the possible existence of sheasfgain stage Il between the
non-fractured glass sheet and the glass fragmeatsting from the breakage of
the second sheet. In a second step (Kott and Vogel 2R04£006), the concept
of fractured stages has been refined by considdhiag a fractured laminated
glass element (stage Ill) can be divided into d#ifersegments corresponding to

2 Simple laminated glass units = 2-glass-ply langsanade of two glass sheets of the same type
and with the same nominal thickness, and one ayterl
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one of the three defined fractured stages. Theeginaf fractured states is not
applied at the level of the whole element anymorg, dn different zones of
smaller dimensions delimited between transversaiaes. This division is thus
depending on the density and the distribution @fcks in the different glass
layers, or fragmentation patterns, and the consexgifess (re)distributions in
different cross-sections (Figure 11.2).

‘F/Z |oL|<oT, F/zl
Y
section 1 2 3 4 5 \\ 6 7 8 9
A
upper glass layer . F i !
PVB foil — == e _ I |
| == | {
lower glass laver Fo _a ” i fu it iy
| J == JL i) ;"\
| | L,
stage 7 1 .‘I i / I b m I mar I I =
ol <ol 6/ <0y, 0L =0um.
| a | area of possible initial crack | a |
bending-moment )
diagram M=F/2-a

Figure 11.2 — Fractured stages of a laminated glatste
under bending efforts (Kott and Vogel 2004a)

* Note about used terminology :

Kott used the term “broken stage”; another terndusether contributions is “post-
breakage stage”. In fact, individual glass commbmare generally broken into different
pieces or fragments, but still part of the elensnthey are hold together by keeping their
adhesion with the interlayer : it leads to a fragtlistage of the laminated glass element.
In this context, a fracture is considered as aestlasack (distance between the two faces
of the crack is considered negligible), and acaealyi a “fractured state” is different from
a “cracked state” (term used among others for oetefd concrete). A laminated glass
element is considered as broken when at leastrack surface goes through the
interlayers and the thickness of the whole eleraenbrdingly, what corresponds to a
complete failure, and most of the time a collapiés:a state beyond a ‘ultimate’ or
‘total’ fractured state (concept refined below)higexplains why the terms “fractured
stage” and “post-fracture behaviour” are prefetreck (by lack of univocal reference
terminology). Also, the terms “stages” and “sta@® used, “fracture stage” inducing the
idea of progression or succession between diffestates as a consequence of damage
progression. This can be important to distingaistsome designs of products or elements
have an initial configuration which can be assiteithto an initial fractured state, but not
an initial fractured stage, as it has not beeninbthby fragmenting the glass componepts
after the lamination : it will appear in this chapwhy it can be a relevant distinction to
make.
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This allows Kott to account in model developmentgossible stiffening effects

of the bonded glass fragments of the fracturedtsivhen situated at the tensile
side (illustrated as zone 3 type in Figure I1.2), viled that their planar

dimensions are large enough for the developmestoch stiffening effects (Kott

and Vogel 2004a; Kott 2006). The achieved gradstifiéning is also dependent
on the shear transfer capacity of the interlayed, @rcordingly the contributing

level along the different segments is supposecdaty with the (relative) stiffness

of the interlayer. Expressed in another way, tiectfe length of the segments
of the different types is varying with the stiffisesf the interlayer; this reduces
the practical usefulness of the concept.

The concept of fractured stages can be generdimesimilar ‘simple’ laminated
glass elements in other loading configurations. ekmy, similar fragmentation
patterns in different loading configurations hav#edent consequences on the
diminution of the load-bearing capacity. In particuthe structural response and
the residual resistance between a plate and a lemfiguration can be of
different orders of magnitude between correspondiimgilar fractured stages.
Such differences were observed experimentally anabingrs by performing four-
point bending tests on laminated glass units oflaindimensions, loaded about
their weak and their strong axis respectively (Belis.e2G09}°.

Bos (Bos 2009, 2010b) adapted the definitions oftinred stages for beam
applications made of non-‘simple’ laminated glasedpicts, more particularly
3-glass-ply products (Figure I1.4). The considereadpct configurations were
essentially of two types, on the one hand ‘standard’ Ssgdy product$, namely
with the three glass sheets and the two interlaggsectively of the same type
and with the same thickné3sand on the other hand an innovative concept of
hybrid reinforced glass beams integrating a stedl at the lower side of the
beam, developed and experimentally investigateddatdr (Louter 2011; Louter

et al. 2012a; b)).

13 See also Chapter IV paragraph IV.3.2.1.

14 3-glass-ply laminated glass products compositirini practice commonly considered as a
‘minimum’ requirement for structural elements innstruction projects. It is tricky to explain
that such a compromisde factois arising in formulation of technical prescript® on
‘structural’ elements in laminated glass, but thgimultaneously univocal criteria for
distinguishing structural from non-structural apptions do not exist. It is however also a
typical example of technical specifications expeelsby means of a prescriptive requirement
(namely by imposing constraints on product configions, what restricts the field of design
solutions) in place of a performance requiremertigtv should express the benefits expected
from the prescriptive rule, or the criteria usedestablish it, allowing possible alternatives
solutions complying to the same performance reqérgs). This comment has to be considered
in parallel of the analysis developed in Chapter I.

Three types of glass sheets (annealed, heat-gimregl or thermally toughened float glass
products) and two types of interlayers (PVB and-S€&ee Chapter Il paragraph 111.3.1) were
considered.

15
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Table 1.1 — Comparison of definitions of fracturetdges for laminated glass element

Element scale : # fragmented glass sheets Sedrsection scale
Author : | Kott Bos (Kott)
Scope : | ‘simple’ 2 ply lam. glas2 and 3 ply lam. glass; |‘simple’ 2 ply lam. glass|,
out-of-plane bending |in-plane bending (beam)out-of-plane bending
Stage 0 | n.a. none (intact element) n.a.
Stage | none (intact element) 1 outer glass sheet |longitudinal shear
Stage Il | 1 of 2 glass sheets (n-1) glass sheets e non
Stage Il | 2 of 2 glass sheets all glass sheets itladigal tension
amount of fragmented glass sheets load-transfehamésm
in interlayer

@ The definitions of fractured stages at segmeresa@ rather an interpretation based
the figures and models developments of Kott. Loadgfer mechanisms are illustrated
Figure 1.2 and further developed in section lleldw.

in

Bos introduced a stage O to refer to the non-fradtstage (equivalent thus to the
stage | of Kott), and uses it as reference initiahfigoiration to express the
residual resistance of the element in the subseduacture stages. Stages |
and Il are defined as elements with one or both reatesheets fractured
respectively, and stage lll indicates an element withits constitutive glass
sheets fracturéll Consequently, for ‘simple’ laminated glass unitsiges I
and Il are equivalent concepts, while for non-‘siepaminated glass elements
with three glazing layers or more, at least oneigtazomponent is still the main
load-bearing element : this definition seems in facbetter correspond to the
more general concept of stage Il as retained by Htee definitions of fractured
stages according to respective authors are summaniZebie 11.1.

The logic behind the definition of fractured stadpysBos has to be understood
within the conceptual framework he developed withig research, with purpose

18 In fact, the definitions of fractured stages given Bos in (Bos 2009 chap. 6) are still more
subtle, referring to an “extent of damagé[l/ Il / 1] : physical damage to the extent thdone
glass layer / all outer glass layers / all glasgdas] do(es) not transfer principal tensile stresse
related to the governing load case anymore in asi®ne section of the elemenThis indicates
that the definition of damage level and fracturedyes have been formulated mainly with regard
to their consequences for specific configuratiams laading cases.
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of developing and applying concepts of robustHessstructural glass elements
and more generally to glass constructions. It resulted in@opition of graphical
representation of safety properties of a laminatgdss element.  This
representation tool, callé@Element Safety Diagram” (ESD), relates with each
other and in a summarized form different parametesed to quantify the
structural robustness of the element, namely : the damagitiggy'®, the relative
resistance, the redundancy and the fracture modeexAmple of such a safety
diagram with a short description of the differemimponents is reproduced in
Figure I1.3.

In this context, Bos introduced two different damage patara (Bos 2009) :

1) astructural damage parametdD_, which is in fact an expression of residual
load-carrying capacity, defined as the complementaayt to the ratio
between a residual resistance of a laminated glasgeléema given fractured
state R, on its initial value in the undamaged stelt, :

D, :1—% =1-r, withn:damage stage (I, Il, Ill) (11.1)

(Note: the second ternii, in above equation corresponds to the remaining
load-carrying capacity for each fractured stagejedmed by Kott, or relative
residual resistanc®

17 Among the numerous references addressing the wipitRobustness of structures”, let us
mention the general guideline “Design for robussiigaublished by IABSE (Knoll and Vogel
2009), the more recent outcomes of COST-Action TRIO6'Robustness of structures”
(2007-2011, http://www.cost-tu0601.ethz.ch), andtfe particular case of glass constructions
the doctoral thesis of Freek Bos (Bos 2009). kdknowledged by the different authors that
concepts of robustness are not much developediardwdesign codes (Eurocodes,...). There is
also no complete consistency (yet) between defiomitepts and used terminology between
these different references. Furthermore, it setiaisthe conceptual framework (Canisius 2011;
Knoll and Vogel 2009; Sgrensen 2011) does not attdou time-dependent, delayed response of
a structure nor for materials with time-dependenpprties.

This concept is equivalent to the definition oflnarability (to damage) in (Sgrensen 2011),
relative to the resistance to failure initiationc@mplementary concept is the damage tolerance,
relative to the capacity of the system to survhedamage initiation (Sgrensen 2011).

The concepts used by Kott and Bos must not beusedfwith each other. Kott expresses the
relative residual resistancgwith regard to the initial (measured) resistantthe non-damaged
element, whereas the relative resistance in theitlef of Bos relates the residual resistaf;e

in a fracture stage to a design value corresponding to the appliedrefbr a loading case
representative of a ultimate limit staf, s considered for dimensioning the element in the-no
fractured stage. This concept of relative reststarather corresponds to a safety margin
formulation, in comparison to the initial (calcidd) safety margin in the non-fractured stage.
The value of the relative resistance accordinghto doncept of Bos is therefore depending on
formulation of design states and on related usstidesalues and resistance models, where the
actions are determined on the basis of codifiem@stn design codes (Eurocodes,...).

18
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and

2) a physical damage parameteD,, associated to physically measurable
damage levels; in the analysis of performancedasfsgoeams, this parameter
has essentially been associated to the amountodebrglass sheets, and
accordingly reduced to a few damage categoriestegponding to the
fractured stages (O, I, II, lll) introduced above.

R |[kNm|

_————Explanatory
Box

| —Resistance axis

Fracture Mode
/ Box
Ii: Impact type . . ’

= a to obtain B ‘
level I damage.

6.0 + I Impact type 7 Ine flms 1 6.0
b to obtain
level T damage.

Impact axes: top
half indicates
impactor
energy: bottom
half presents
static load Semc
as ratio of the
beam calculable
resistance Ry

Physical damage axis.
with model damage
levels 0. I IT. IT1.

3.PVB.A

Figure 1.3 — Example of “Element Safety DiagranZ$D)
for laminated glass beam element developed by Bas Z010b)

The parameterD, better complies with a concept of ‘damage levél'tlee
laminated glass element, as a state variable supposelepend only on the
element configuration, and not on the loading apnfation considered for
determining the post-fracture performarféesHowever, the damage levél, is

20 |n terms of the application fields introduced ihapter I, the physical damage parameter, as a
state variable, would depend on parameters of dhegory ‘AF-Application: Design: Geometry
and Configuration’, and would not (directly) invelvparameter values of the category
‘AF-Application: Design: Performance requirements’.
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also aconsequencef a dynamic event (impact,...), and is identifiedaakey
parameterconditioning the residual load-bearing capacity, representedDpy
The structural damage paramet®y as defined by Bos is not an ‘intrinsic’
property of the fractured laminated glass elemeut describes a property of the
element for a specific loading configuration. Besidthe family of built
configurationd' the ESD is supposed to be representatitiohot identified.

The ESD (Figure 11.3) represents on the one handiémage sensitivity of an

element configuration to attain each fractured esté@ssociated to qualitative
damage levels I, 1I, Ill, represented on the horizoatds) under the effect of

successive impacts (represented by vertical balsgaantified by a parameter
Im, on the right vertical axis), and on the other thesequence of each damage
level on the residual load-bearing capacity (represkon the left vertical axis).

>
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Glass,

10°130¢ Glass

8 64125

1300 o 1500 zum
Glass
104115+
1500 mm

- G

Laminate Lamunate

152 152mm
Stainless

steel
10*10*1 mm

Figure 11.4 — Test configurations of beam elemédisensions in mm) investigated
experimentally by Bos. From left to right: ‘simpZply laminated glass beam;
3-ply laminated glass beam; hybrid laminated glasam concept by Louter

2L The family of built configurations in this contdstequivalent to the concept of ‘intended field of
use’ and related Application fields introduced inapter I.

2 The question about the “representativeness” of rééfference test configuration is further
considered in Chapter IV section IV.2. In thisael it must be highlighted that test configu-
rations considered by Bos (and Louter) are founpdiending configurations with in-plane
loading, and with lateral supports preventing gaediailure mode by lateral buckling.
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Legend of beam compositions :

3.SG.A:
- glazing layers :
annealed float glass 10 mm
- interlayers : SentryGlas 1.52 mm

3.SG.T:
- glazing layers :

thermally toughened float glass 10 mm

- interlayers : SentryGlas 1.52 mm

3re.SG.A:
- glazing layers :

annealed float glass 6 / 10 / 6 mm
- interlayers : SentryGlas 1.52 mm
- reinforcement bar :

steel hollow section 10x10x1 mm

Figure 1.5 — Application of the Element Safety @ri@am concept to different
configurations of beam element with SG-interlayselection from (Bos 2010b)
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For constructing the ESD for a series of configorat of laminated glass beams,
Bos conducted series of 4-point bending tests (Eifjud) for each configuration.
The applied test protocols correspond to two typésdamage scenarios,
essentially distinguishing elements carrying offigit own-weight and elements
on which an extra static load is applied. The inpgzea and the impact typle

in fact consider the same hard impact Bddyut different loading conditions of
the element, whether a complementary permanerit $tatd is applied on the
element during the impact (tyf»® or not (typea). The value of the applied static
load considered by Bos (loaH in Figure Il.4) at each fractured stage is
determined on the basis of the expected residwal-lb@aring capacity of the
element at the next damage level, and calculated &sction of the initial
resistance measured by means of four-point bending &$tsmped on a series of
intact elements. For a sound understanding ofdkeresults, it is necessary to
mention that in both cases the impact was applietgathe lower flange, in the
middle of the beam, in a zone where the tensilerteffaused by the permanent
loads is the largest in magnitude in the impacted glasp@oemt.

Figure 1.5 reproduces the developed ESD’s for a feenfigurations of
SG-laminate¥. These show that the required level of impactbi@aking the
glass is lower when a complementary static loaapislied (impact typd), but
that the complementary applied static load durivgimpact has no consequence
on the residual resistance. In other words, a favghie of applied static load
would increase the damage sensitivity but not th@ape tolerance. However,
the test protocol used by Bos may be misleadirtpahregard, because it did not
consider experimental situations for which themudtie fractured stage (stage 1lI)
is reached under a combination of static load angatct, and because the
considered loading configuration is relatively insiéve to effects of time and
temperature as long as at least one glass compdsergmaining intaét.

2 The impact body is a steel punch with a sharp g with a very small contact area at impact,
mounted on a spring-loaded device aimed at coirigothe energy of impact, expressed by.Im
This type of impact rather corresponds with ancittection or a perforating impact body. Note
that the impact level necessary to cause the fliasskagdn this configurationand with this
impactor, expressed in terms of impact energy (chpaergy ~2.5 .. 6 J), is one to two orders of
magnitude smaller than with standardized impactidmfor instance, respectively ~60 .. 360 J
for classes of EN 356 and ~100 .. 600 J for clae&N 12600 — see Chapter | table 1.6). This
shows that 1) impact energy is not giving a comensive basis for comparing different impact
problems, and 2) is not representative for expngsshe damage sensitivity and damage
tolerance of an element; among others, the presefite static load modifies significantly the
damage sensitivity.

24 SG-laminate refers to any type of laminated glas=sduct made with SentryGlas® (SG) as
interlayer; see also in Chapter Ill, paragrapi8Ill.about the particularities of this product.

Besides, as the complementary static load is eghfly means of a hydraulic loading device, it is

possible that the deformation consecutive to thmadge caused by the impact leads to a drop of
the applied load. Also, the presentation formhef ESD does not give a comprehensive order of
magnitude of the ratio between the two componehfseaonanent load, namely between values

of the own-weight of the beam and of the complemmgrapplied static load.

25
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Conversely, Bos and Kott both observe that the medswsidual resistance of a
pre-damaged eleméhtis in some cases larger than the one observed ahen
element in the same configuration is loaded stifif@m an undamaged state to
a final failure or collapsé

The comparison of the ESD'’s for the same elementigarations with annealed

(3.SG.A) and toughened glass sheets (3.SG.T) revdas the second

configuration increases the initial resistance bimultaneously the damage
sensitivity in almost equal proportions (about etda 3), with an ultimate load-

bearing resistance (in stage lll) slightly smallétowever, this comparison does
not account for probable much larger effect on teresponding values of
deflection : this could also explain the differemfevalues of ultimate resistance
between the two configurations, as the corresponadisglts correspond to tests
with an application of the static load at a constantaigment rat& !

Along the same lines, Kott observed that a diffefeagmentation pattern is
obtained for each method used for cracking thestffiglass component (for
laminates made with annealed float glass sheetd)rasulted in a different
measured value of residual resistance; it seems that the effect of the
fragmentation pattern on the residual resistancdaiger for plates simply
supported along their four edges than for platepsted only on two sides (Kott
and Vogel 2004a; Kott 2006). However, this remaqmste a qualitative
statement based on a limited set of test configurst any extrapolation to other
configurations without further experimental investigas is probably abusive.

The reported interactions between effects of arachpnd of a pre-existing static
load in a laminated glass element are thus possibljifferent nature. Before
glass breakage, the impact force can acceleratsuttreritical crack growth in
glass components due to the permanent static lodkis increases also the
amount of elastic strain energy stored in the etgnand released at glass
breakage, and is thus a potential source of suppl@amedamage brought to the
fractured element. In summary, tb@mbinationof a static permanent load and of
an impact action leading to glass breakage islikelreduce the post-fracture
resistance of an element in comparison to the omeegponding to each effect
assessed individually.

% This notion of pre-damage encompasses in Kott Bosl their view damage in the form of
fractured components caused by any kind of impemtipus to the application of the static load
(in test) or loading case (in calculations).

27 1t must be noticed that in the test configurationasidered by Bos and Kott, the impact and the
static load are applied in the same direction, martfeeir effects in critical tensile zones are
likely to combine with each other.

% |n the experimental works reported by Kott and Bt static load is applied at a fixed
displacement rate : v=0,2 mm/min (Kott and Voge0£4) and v=2 to 5 mm/min (Bos 2009).
The same loading configuration with an effectivastant value of applied force would produce
less favourable outcomes.
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Bos considers further a monotonic decreas®oin function of D¢ , hamely that
damaging of the element (increase Of value with damage evolution) can
only lead to a diminution of the residual resis@fiocrease oD, value from 0O
to 1). This assumption appeared to be not verifiedhe tests performed on the
hybrid beam concept, where the load bearing capatithe fractured beam is
larger than the initial one, leading consequently toegative value oD, and a
relative residual load-bearing capacity larger thame (Figure I11.5, case
‘3re.SG.A). However, this does not account for tiedative large level of
deformation necessary to attain the mentioned valuesistance in the ultimate
fractured stag® This highlights the difficulty of the conceptuddvel of
application of the ESD in its current format.

The major shortcoming in the analysis of Bos is that the influence of time-
temperature effects on post-fracture performancas Mot been investigated
experimentally, but that related questions finallgappeared from its scope of
concerns and this mainly because of the experimental sdoe investigating
these. Bos writes here about (Bos 2009 chap. S)dditional temperature
requirements deviating from normal room temperatw@eg). demanding that a
certain degree of residual strength has to be pnoaeer a temperature range of,
say, —20 to +60°C, is felt to make experimental prtesting unnecessarily
complicated. This analysis however only reflects a still wesgeead opinion
among practising design engineers and in the manufag industry. However,
is seems necessary, with regard to safety issuesxpmess this on a slightly
different way : the expected costs of experimemakstigation of temperature
dependence of the post-fracture performances bysneftests on specimens at
element scaf@ is judged economically non affordaBlleand thus related issues
should better be assessed by means of alternatiyeerimental) methods and
assessment approaches... still to be developed.

In fact, experimental programs reported in literatutleveloped for assessing
design of innovative structural applications (pobjeriented assessment) hardly
ever include tests at different temperatures, at this aspect of the problem is
not or not much discussed (Beer 2005; Smith andd®@03). In literature, the
test protocols are often dissociated of the faikgenarios established beforehand

29 For the hybrid configuration represented in theDES Figure 11.5, the average value of the
vertical displacement measured experimentally agestlll is 2.6 cm, corresponding with a
deflection of 2.6/146: 1/56.

The concept of ‘element scale’ is refined in CleapV¥ section IV.2. It is sufficient at this step
to consider that it corresponds to tests on spewna large dimensions, in experimental
configurations which are ‘sufficiently represeniatiof the built configuration.

This statement must probably be nuanced : itttgerathe ratio between the allocation of means
with regard to expected practical benefits at ataint x which is problematic... It seems thus
rather addressing the lack of available appropr@asessment strategies and the corresponding
repartition of costs among involved parties thacessive costs in absolute terms.
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or of the observed failure patterns during thesteghis makes it difficult to

rebuild the reasoning behind the development of tigpe of experimental

campaign¥. A few cases of assessment tests performed atrefiff test

temperatures on final configurations are reportedpainstance tests performed
on point-fixing systems (Nugue, Fouillen, et al. 2003).

In general, experimental approaches are relatividgecto the ones reported
above, and based on failure scenarios consideriagbthakage of one up to
(n—l) of the n constitutive glass plies (corresponding to fraesustates | or 1),
with requirement on loading case(s) to considerafsessing the residual load-
bearing capacity in the consecutive fractured stag&he loading case(s) are
basically accounting for the own-weight of the ebemn possibly with a
complementary static load expressed as a fracfidheodesign variable load (or
combination of variable loads) or an absolute valixed arbitrarily); or similarly
with other types of loading.

Shortcomings in literature about experimental itigesion of temperature
dependent performances at application scale hdfegratit reasons. The first is
the relatively small number of this type of testdiich require specific (and
expensive) test installations (this aspect is friiscussed in Chapter V). The
second is the problem of re-interpreting projececHiic results for different
configurations, with possible abusive utilization s#flected results out of their
context. This makes involved parties reluctant wblish detailed test reports;
also some may consider that such publications etenpally more harmful than
beneficial for their own business, but also foremthbecause of possible abusive
utilization of selected results out of their conteXrinally, little detailed critical
analyses are available on the relevancy of theifapselected experimental scale
or protocol in the one and the other cases.

In fact, the questions to address are : which tesfigurations at element scale
are necessary to validate a specific design cordigun (project-oriented
assessment), and which approach could be suitdids whe assessment rather
addresses a wider “intended field of use” ? To esklrthese issues, a new
paradigm shift (Davies and Bennison 2003) is probabcessary. To this point,
this need will be summarized as a need to pay rattention to design of
experimental approaches and experimental invegtigaprograms, and to
structuration of test reporting in general.

%2 In fact, performing such a review work accordingome systematic method is estimated to be a
much time-demanding task, in regard to effectivedfiés to be expected. Most of the time, the
grade of detailing of test protocols and test itssiml publications is too low for being reused in
guantitatively relevant comparisons; and it is oftet straightforward to have a clear idea about
the effective measured data and the derived owlzaérl ones (see also Chapter IV about
unidentified border effects).
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In summary, the proposed concept of Element SafegrBm mainly expresses a
well-identified need for representation tools pding a more comprehensive
overview of concepts and properties related todbscription of post-fracture
performances in general, to facilitate comparisohssafety performances of
laminated glass products and applications, in pdaicfor non-conventional
ones. The identified shortcomings in the ESD canelsed to problems of two
natures : the lack of a robust conceptual framewarkl issues for performing
extensive experimental programs with regard to #pecificities of the
investigated performances on the one hand, andeadipplication context on the
other.

Essential reasons behind some shortcomings are itlargified, and some
suggestions can be summarized to address them :

1) The fragmentation response and post-fracture bebhawf laminated glass

2)

are essentially application etement performancesot easily summarized in
terms of product or material properties. It is &fere proposed to abandon
the term and concept of structural damage as intex by Bos, and to shift
the expression of any ‘residual load-bearing capafiistly at the level of an
element performance rather than of a cross-septioperty”. In fact, impact
resistance is not a performance that can be defibetie level of a cross-
section of an element. Any structural post-fracpggormance is necessarily
associated to clearly identifiedlementand loading configurations. The
definition and representation of post-fracture paerfances must also account
for a possiblechange of the critical failure modeaused by the damage
progression, towards a failure caused by excessf@rmation, possibly in
combination with a buckling phenomenon; or in fimectof performance
requirements peculiar to the design configurafion

The physical damage paramet&®, is renamed as aelement damage
parametey with the purpose that it accounts for any typlofsical change
of intrinsic properties of the laminated glass edataffecting its response in
service conditions. Therefore, the constitutive pezters ofD, must all be
state variables. Three generic components can tikefuidentified, the
damage to glass sheet® f, ;, withi =1 ..n), the damage to interlayer(s)
(Dgint. | :1..(n—1) ), and the damage to interface(d),(;), with n the
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In other words, it comes down to express the efémesistance as a primary experimental
parameter (here the applied force at the leveheftesting device), rather than a derived one (an
intern effort) : on this way, the “cursor” betweessults of the experimental assessment and
model development is set at the “best place” toicaymlluting experimental results with
modelling uncertainties. This is one of the aspaated to be covered by the concept of border
effects introduced and further discussed in Chdpter

A criterion of excessive deformation is generafhposed by the function of the element or in
relation to the risk of damage to the surroundifgments of the structure caused by the
deformation.
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3)

number of constitutive glass (or glazing) sheetsa beneral way, a possible
variation of the value ofD, must be assumed also in quasi-static design
situations of post-fracture stages (corresponding step of the type (2) in
Figure 11.1). It will be shown in Chapter IV and Vaththis kind of
uncertainty on the time-dependency of a property Tevolve important
constraints for designing experimental investigaticgpams.

The combination of a permanent static load and a dymasaition on a
laminated glass element is generally producing fagsurable effects than
each considered individually, and such combinatiares thus necessary to
account for in assessment, from a conceptual Isot fabm an experimental
point of view. Combination of static load and dymaction affects both the
damage sensitivity and damage tolerdhceThe evaluation of the damage
tolerance addresses mainly the risk of progressillapsé® in function of the
level of applied static load present at the monaéimitiation of critical crack
growth, and whether or not this load is modifiedthg deformation of the
element consecutive to damagihgHowever, the ESD in Figure 1.5 mainly
reflects this combination of effects on the damagasitivity (reduction of
impact energy necessary to initiate glass breakagd)not on the damage
tolerance, in particular between fractured stagetyp# Il and 117 In other
words, it does not seem relevant to express riscofdental breakage and
corresponding values of residual resistance, whaetfiterregard to a failure
mode of the type FM-D or FM-QS, in isolation of sitameous and
consecutive loading casets)
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Note that for the damage sensitivity, the stadidl includes also residual stresses in the glass
sheet.

Progressive collapse refers to a sequence ofeteiidand consecutive damaging events leading
to collapse (Canisius 2011), and is generally rattenceived at the level of a hyperstatic
structure; progressive collapse is generally usaéfer to an insufficient damage tolerance. The
concept however does not seem to integrate a tongpaonent for assessing the risk of this
failure mode.

It is also necessary to consider the possibleatiar in experimental conditions of the intended
applied value of the complementary permanent ledten this one is applied by means of an
hydraulic jack steered with an actuator, or moreegally by means of a machine with active
load control. The readability of the ESD couldibgroved accordingly by representing these
two components at a same scale, namely by sholwmglisolute value of the parametef.S

in regard to the one of ', corresponding respectively to the value of agplpermanent static
load during the glass breakage (crack initiation), astortly after (namely at a time
distinguishing the dynamic event from the conseeutjuasi-static design situation — in relation
with failure steps in Figure 11.1).

The ultimate residual loading capacity (in staldei$ expected to vary significantly because of
the sensitiveness to creep of interlayer mate(sde Chapter Il for generalities and Chapter V
for SG-laminates in particular).

The two corresponding loading cases could be défiby means of accidental loading
combinations according to Eurocodes (EN 1990 / BB111-7), possibly with a necessary
reinterpretation of the combination rules for diéfiet configurations (application).
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It is further assumed that it is possible to deteerunivocal parameters and
criteria for distinguishing ‘dynamic event’ and agi-static post-fracture design
situation’ for accidental scenarios and associdexign situations. Some of these
parameters are further identified in next sections.

I1.4.Fragmentation patterns and load-transfer mechanisms

Different issues have been identified for charantey properties of laminated
glass products related to safety performances en bisis of experimental
investigations at an ‘element’ scale, and morei@aerly with regard to the time-
temperature dependence of the post-fracture loadrge performances. The
guestion is thus which alternative, ‘intermediatgperimental configurations
could be used for this purpdSe

Bos expressed his awareness that the definitidheolamage paramet&, (as
introduced in previous paragraph) and the corredipgn practical way of
quantifying it should be completed and refined (B0669), and this mainly with
regard to two complementary questions : how to mneai$ during tests, and how
to evaluate the probability of occurrence in desigmditions ? Indeed, both
questions highlight the need for a refined desionipof fractured states, which
also accounts for the influence of the fragmentatigrocess history and
consecutive possible locally different loading paths.

The most noticeable damage which can be measupatimentally at element

scale is the amount of created cracks between tysesjuent fracture stages. It
is however not a measure of the total dissipatexiggnduring the fragmentation

process, and not a measure of the post-fractur@uaddoad-bearing capacity; let
us consider these two aspects successively.

Predicting results of fragmentation process indlass components consecutive
to a dynamic event, whether its ‘damaging capadgtglominated by the impact
energy or by the elastic strain energy releaseemutive to initiation of critical
crack growth is a complex issue, especially becahseruling parameters or
properties vary in importance according to the elemand loading
configurations. It is not easy to proposegeneral expression or intuitive
representation form for catching the relative dbotions and mechanisms of
energy transfer and energy dissipation, neverthéésgpossible to make a few
qualitative observations.

Initiation of critical crack growth in glass (elasbrittle material) is expressed by
a fracture criterion resulting from an energy bataknown as the Griffith energy
balance, applicable to a quasi-static, stable cgrolwth. It expresses that the

40 ‘Element’ and ‘intermediate’ experimental scales defined more accurately in Chapter IV
section IV.2.
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crack propagation results from a local energy temsfihere the energy necessary
to create a crack surface comes from a releasdasfie strain energy in the
vicinity of the crack tip of an initial flaw. Theli@e, the resistance to crack
propagation in a material for a given crack opemmmlé" is expressed by means
of the fracture toughnesggenerally expressed in [MPa/f}), for instanceK,

for glass where crack propagation is dominated mdenl. This property
expresses the resistance to crack growth for angie®metry and a determined
“far field” loading state (or stress field calcuddtby neglecting the presence of
surface defects), as the geometry of the initialeckefmodifies the stress
distribution around the crack tips.

The stress intensity or concentration around thekctip is expressed accordingly
by means of K-factors, one for each of the threes prrack opening modes.
These are expressing the relation between the local &teeyapplied on a small
process zonef sizer around the crack tip (on which assumptions of icoim
mechanics are not fulfilled anymore) in functiontb& stress distribution on a
zone of larger dimensionR in the vicinity of the crack tipR >>r), called the
crack-tip fieldand which controls the crack propagation proceRse crack-tip
field also corresponds to a zone on which the staistribution pattern is
significantly modified by the presence of the cragk comparison with an
identical geometric and loading configurations Without the presence of crack
(Gross and Seelig 2011). Accordingly, the stredd fienerated by the loading
state outside the crack-tip field can also be reteto as théar stress field It is
further assumed that outside the crack-tip fielly efastic deformations occurs in
surrounding materials; in particular, the dimensiohghe material volumes on
which energy is dissipated by plastic deformatiqos another irreversible
dissipation mechanism) is smaller than the sizeéhef crack-tip field, what is
formalized by a generic equatiog < R. The orders of magnitude of the size of
both zones are shortly discussed below.

Linear elastic fracture mechanics theory allowsléoive the stress field around
the crack tip (Gross and Seelig 2011) from thesfagss field in case that the
dimension of the crack-tip field is small in comigan to the other dimensions of
the problem. A crack propagation problem can besidened as independent of
the geometry when all dimension parameters, incudire dimension of the

initial crack, are larger than the size of the mlarack-tip field. In such case, the
crack propagation problem corresponds to a dispiaoé of the crack-tip field

1 The crack opening mode depends on the relatiy#iatisment of the cracked faces compared to
the position of the crack tip or front, and distilghes thus the different components of the
displacement vectoa describing the movement of the crack front. Cspomding K-factors
relate components of stress tensor near the cifaak front with each component of the crack
displacement (I for normal crack opening, Il forplane shear and Il for anti-plane shear).
‘Pure’ modes represent thus idealized situationsrevlone crack propagation direction interacts
only with one component of the nominal (continuostsgss field.
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without modification of its shape, namely without difecation of the stress
distribution pattern in a close vicinity of the ckatip, when considered from a
point belonging to the (advancing) crack tip.

For more complex loading configurations, and foeifacial crack propagation
problems in particular, the resistance of a mateoiala structure to crack
propagation is rather expressed in regard to a menreral formulation of the
acting force, in the form of atrain energy release raté (also namedrack
extension force which expresses the amount of strain energy coadufor
extending the crack surface; the correspondingtasie property is namedack
resistancel . (also referred to as fracture toughness because of thetemcy of
concepts in case of pure crack opening rffddeypically expressed in [J/m?] and
corresponding to the amount of energy requiredéate a unit of crack surfde
This quantity expresses also the amount of eneiggipdted in case of stable
crack growth.

As indicated in section 1.2, critical crack growith glass involves high crack
propagation velocity, and the energy balance regutie addition of a term of
kinetic energy (equation of Mott) (Haldimann et 2008; Overend et al. 2007).
This is the gateway into dynamic fracture theoriasyhich the kinetic energy
appears as a complementary source of potential glarbasides the release of
elastic strain energy (at least in elastic brittleéarials). The critical crack growth
is unstabl& as it propagates without increase of the extepliegh force (Gross
and Seelig 2011) and the crack propagation dinediiecomes unstable as well,
with branching as possible outcome (Haldimann et @I820Qverend et al. 2007).

Unsafe crack propagation Safe crack propagation
(crack penetration) (crack deflection)

Figure 11.6 — Crack propagation across glass-ingsrér interface

42 For pure mode | in perfect homogeneous elastienadt there is a direct relationship between
the two concepts and the elastic properties ofrtaterial (Gross and Seelig 2011).

43 There is thus not a direct idea of time-dependéméee definition of strain energy release rate.

4 This distinction between a stable and an unstaldek growth is based on the behaviour in
perfectly elastic brittle materials.
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In case of dynamic crack propagation, the resistasaather expressed as a
dynamic fracture toughnesX,(a)<K,., or rd(a), expressing that the
resistance to crack growth is a function of theck##p speed, or advancing
velocity of the crack front. However, simultanegush dynamic crack growth
conditions, the acting force also decreases with ¢thack speed; whereas,
conversely, for a stationary crack (no crack propaga or a=0) loaded
dynamically, the stress intensity factor and therggneelease rate are larger than
in the equivalent static case (Gross and Seelig 2011).

In summary, stable or unstable crack growth is goee@mot solely by material

properties, but also significantly by geometry (dlsttion and configuration of

flaws and of loading) and type of loading (time-éiegence of the applied load :
static or dynamic,...). It seems also that fivenulation of the fracture problem
changes according to the design probleramely whether the crack initiation or
propagation is seen as a problem or as solution, na@ignomenon to avoid or
to promote respectively, and the level of expression vadesrdingly.

The propagation of a crack in the glass sheet pdipelar to the glass-interlayer
interface can principally follow two different path(Figure 11.6) : either it

propagates through the interface and the crackdgtmside the interlayer (crack
penetration), either it is deviated perpendiculahd extends further along the
interfacial plan (crack deflection). The latter cracggagation mode is obviously
preferred for a safer behaviour, and can lead tofdneulation of a crack

penetration-deflection criterion (He and Hutchins@®89; Parmigiani and

Thouless 2006). The propagation path followed leydtack when reaching the
interface between two elastic bodies is ruled by tieometry (mainly the

thickness of the surrounding layers), by the elastgmatch (difference in elastic
properties of the two materials expressed by meainghe two Dundurs

coefficients (Muralidhar et al. 2000) or by meanstloé bimaterial constant
(Gross and Seelig 2011)), and by the strength ghtoess ratios (Parmigiani and
Thouless 2006). However, this analysis of crack ggation at an interface
remains in the field of the linear elastic fractureechanic (LEFM), namely

assuming deformations limited to small strain rangesnfteimal strains) and no
energy dissipation by the materials, thus no (ma&ops) large strain

deformations, no plastic deformation and no time-deparu®perties.

With polymer materials typically used as interlaygisee Chapter lll), the
deviations from the assumptions of linear fractmechanics are large; and the
modelling of such a problem on a relatively larggplacation scope in terms of
temperature, loading rate (dynamic) or loading lefahtic) seems thus very
complex. Treatment of crack propagation problemslasto-plastic and visco-
plastic materials in fracture mechanics theorias stél be treated by means of
LEFM when assumptions of small-scale yielding arélfied, roughly speaking
whenr, <<R. Otherwise, the crack propagation process is ge¢ebylarge-
scale yielding processes, which require the use of numerical fmodar
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accounting for non-negligible dissipation mecharisround the crack tip (Gross
and Seelig 2011). As a trend, the size (radiughefstress field involved in the
local energy balance increases with its intensity. seems thus clear that
identifying the application scope on which craclogagation at interfaces of
laminated glass products follows a safe patterncr@ck deflection) is not

obvious : it is likely to involve different criteria.

However, principally, it can be expressed by meares i&lative simple idea of a
weak interfacgMuralidhar et al. 2006), which can be seen as a first principal
requirement for a laminated safety glass to comgfy to

In order to simplify the problem, it will temporaribeassumedhat the dynamic
event and associated fragmentation pattern commlids this principle, and
further results in no significant damage in thekbai the interlayer, whether in
the form of crack penetration or plastification. nSequently, a crack in a glass
component resulting from a fragmentation processesmarily involves small
delamination surfaces along any crack tip in cadntaith a glass-interlayer
interface. The description of the damage levehatkteginning of the following
quasi-static design situation requires thus to lsenpteted by aninitial
delamination lengtig,.

This assumption is comforted by some experimeriiakovations realized during
impact tests with advanced metrology system (Noang Nugue 2005), based on
controlled impact tests on PVB-laminates in a apnfationcloseto the EN 356

drop height test. In these conditions, the authstisnate that the impact energy
dissipated by glass fragmentation and ejectionlagsgfragments accounts for a
minor, negligible component in the balance of enadgsipation mechanisms.
The impact energy is in first instance mainly gissed by delamination and only
later on by tearing of the interlayer (for largesnptration displacement of the
impactor from the moment of impact). An order oAgnitude of dissipated

energy by damage in the glass and along the ictriaspectively can be gained
by comparing typical values of fracture toughnekglass (2 .. 8 J/m?) and of
interface of PVB-laminates (100 .. 900 J/h?)It is further assumed that these

4 The author’s first name and name, Muralidhar Séshaeems to have been inverted in this
publication; therefore, it is solely referred t@ timodel of “Seshadri” further in this chapter.

Seshadri formulated a criterion of weak interfémethe stable crack growth on a quasi-static
domain; see also section 11.6 below.

However, these values are not directly comparafile each other, as it corresponds to a fracture
mode | for glass and to mixed fracture modes fterfacial toughness. The reported values of
toughness of interface of PVB-laminates were dérivefeom different experimental
configurations and loading conditions, involvingffelient fracture modes with interlayer
modelled as linear elastic or non-linear elastigp@relastic) material (Muralidhar et al. 2000),
thus the obtained value of crack resistance alsouats for energy dissipated by the bulk
deformation of the interlayer. Values of fractioeighness derived by this type of method are
affected by the three types of experimental boefiiects identified in Chapter IV.
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initial delamination lengths remain relatively simadmpared to the thickness of
the interlayer, thusa, <<t. The validity domain of this assumption should
however be further determined, with regard to thetony leading to the
considered fractured stage. However, the importahestimating this parameter
is also possibly different with regard to the mdidgl of the dynamic behaviour
(failure mode FM-D), and the consecutive post-frextperformances (failure
mode FM-QS).

The necessity of assuming that each crack in & dtagment is causing initial
interfacial delamination near the crack tips witk interlayer can also be argued
another way around. In absence of any delaminaticthe interlayer from the
crack tips, even an infinitesimal opening of thasgl crack would lead to an
infinite value of the axial strain in the centracton of the ligament, and thus to
initiation of crack penetration (Figure 11.6). Theigence comes by considering
the simple analytical expression of the axial stiaithe ligament (Muralidhar et
al. 2000) :

g=— (I1.2)

with d =d/2 the half axial opening of the glass crack (modeahd a the
delamination length from the crack tips along the iai{s) with the interlayer.

All these considerations bring us back to the deson of fractured stages,

which has thus been enriched with a new parametdéowever, attempt at

correlating the post-fracture resistance of a gifrantured configuration to the

level of damage in relation to the extent of crdateack surfaces remains not
relevant, because of possible localization effecthieas the contribution of the
interlayer to resistances and stiffness in stage® 0 is essentially due to

longitudinal shear-transfer, the residual resistaimc an ultimate fracture stage
(stage Ill) is associated by Bos and Kott to theettgyment of another type of
load transfer mechanism.

The tensile strength of the interlayer is playindeterminant role in taking over
the internal flexural effort developed along ‘staldjé fractured cross-sections
(illustrated as zone 5 type in Figure 11.2). For fuaed laminated glass plates
supported along their four edges, Kott identifies development of similar yield
line mechanism& The presence of a type Il fractured section, wailhglass

layers cracked more or less in the same transvetaak, is critical for the

residual load-bearing capacity and leads thus tefiaed concept of a critical

8 Yield line mechanism’ in planar element (platelad submitted to bi-axial bending
deformations is a concept similar to plastic himgélD’ truss and beam element. It is used to
describe localization of deformations in the bebawiof cracked reinforced concrete floor slabs.
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ultimate fractured stage. This allows to simplihetrisk analysis about glass
fragmentation issues by considering the most unfealde fractured
configuration(s) for assessing the residual load-hgarapacity.

However, if the final failure is not ruled by a stgeh criterion but by excessive
deformations, the identification of one criticahdtured section is not sufficient.
Indeed, the number of ‘stage III' fractured secsi@ifect the overall stiffness of
the fractured element, yet to a different extenpetiog to the specific configura-
tion, in terms of load distribution and support ditions (Kott and Vogel 2004Db).
In comparison, the effect of different support ceiedis on the initial load-
bearing resistance was noticeably related to thesldpment of shear-transfer
mechanism in the interlayer in each configuratiGnif et al. 2003). For lamina-
ted glass beams with in-plane bending efforts, tmribution of the interlayer to
the overall load-bearing performances in fractstegjes are related to the same
two main load-transfer mechanisms (Bos 2009), illustrat Figure 11.7 :

e aligament bridging behaviour between glass fragments situaterespective
sides of a cracked transversal sectiorthoyugh crack tensile load transfer
mechanism (TCT-LTM , called secondary Load Transfer Mecharifsty
Bos). This configuration can in practice developgyoifi the glass pieces
remained bonded to the interlayer.

e a longitudinal shear transfer mechanism(LS-LTM , called primary Load
Transfer Mechanisth by Bos) between glass fragments. There are two
different configurations of this mechanism, accogdio the fragmentation
patterns : the first is referred to as afiset crack tensile mechanism
(Nhamoinesu and Overend 2010) @CT-LTM and occurs between
fragments bonded to the opposite sides of thelayer along a zone situated
between cracks in the two related glass comporiantifferent transversal
sections. Accordingly, the OCT-LTM fulfils a bridgjrfunction. The second
configuration is closer to the shear-transfer mem in non-fractured
configuration, and is activated only in case of ¢kamsal bending efforts in
elements with relatively large fragments (as inez8rin Figure 11.2), namely

|t is important to notice that this mechanismas activated in non-fractured configurations, with
regard to the specific time-temperature and timesstdependence of the mechanical properties
of polymer materials in the large strain range (€mapter Ill). Is is also not activated in
fractured zones with compression efforts, in namde’ laminated glass configurations. It is an
important difference with other composite structwsed in construction, as in reinforced
concrete : the reinforcement (steel bars) is ajreamhtributing significantly to the transfer of
tensile efforts in initial, non-fractured state,ats to the higher stiffness of steel (about
200 - 210 GPa) compared to concrete (20 - 50 GRahely a stiffness ratio of 4 to 10.5. In
comparison, the stiffness ratio between glass atadlayer is inversed, and in particular variable
due to the time-temperature dependent propertiéiseoiterlayer material (see Chapter Ill); it is
smaller than 1/10 or 0.1.

The LS-LTM is activated in non-fractured laminatgldss element once transversal bending
efforts are applied, and it explains why Bos naihas the first LTM.
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with a longitudinal dimension sufficiently largelan the thickness of the
glass layer. This typically develops between atfraci and a non-fractured
glass sheets (element stage Il). Therefore, LS-LTiVbe used for designing
“non OCT” configurations.

These two mechanisms can be observed in any loadimiguration of fractured

laminated glass elements, whether the loading ltsranant component parallel
or perpendicular to the plane of the element. Ay thre defined according to
local fragmentation patterns, they are local comfitjons independent of
boundary and support conditions of the element.

2a

[ Tt
“TCT" configuration : “OCT” configuration :
c=0orc<<t c<<2a c=torc=2a c>>t,c>>2a;c<ty
Bridging by ligament Bridging by shear transfer

Figure 1.7 — Transition between configurations @sponding to the same damage level
but to different load-transfer mechanisms

A third mechanism could be identified in some loadiconfigurations with
significant in-plane efforts, namely a dominannteersal shear effort parallel to
the crack plane. This one could be referred to a€&-LTM, Through Crack
Shear Load Transfer Mechanism@and is also associated to a bridging function.
However, this third mechanism is judged less likelydoun in practice due to the
relatively large slenderness of laminated glass eiésria building applications in
general, what generally involves larger, more @ltitress level due to bending
efforts than to shear efforts, and is consequently nthitduconsidered.

If the two identified main load-transfer mechanisans considered in isolation of
the rest of the element (Figure 1.7) and compardth veach other, they
correspond to an equal level of physical damagg, ithelve the same geometric
parameters and to a large extent the same mamoplerties. In order to
summarize their contribution to the overall behaviof a fractured laminated
glass element, each one basically defines a reldieiween a tensile effort
applied in the interlayer ligamerE)Y with an opening between the crack faces in
the glass componentsl)( It has been shown in the previous section that
performance to determine for each LTM is not limdite its resistance (maximal
force), but must also describe its deformation capaciuoitility.
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An engineering reasoning allows to assume thairtipéane axial deformation is

larger across cracks (TCT-zones) than in betwedil{gbnes), and that the risk
of breakage by tearing of the ligament only cons&r@T-zones. The validity of

the latter assumption is enforced by the variossilte of experimental tests on
laminated glass elements reported in literatureamp@arison of tensile tests on
smaller specimens PVB-laminates, pre-cracked in T&@it- OCT-configurations

(Figure 11.8), gives an idea about the influence @icks distribution in glass

components on the axial tensile stiffness of attrac element (Nhamoinesu and
Overend 2010). For the geometries and test condittonsidered in Figure 11.8,

the OCT-LTM appears as about 10 times stiffer than the OTOT.
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Dimensions specimens : thickness 6-(2h)-6 mm @kt 0.38 / 0.76 / 1.52 mm,
width 50 mm, ¢ = 20 mm (OCT)

Loading rates : 0,264 mm/s (fast ext rate), 0,028#'s (slow ext rate)

Test conditions : room temperature (~20°C)

Note : in OCT-test (b), the maximum load is attdii further cracking of the second
glass ply in one of the half-precracked transvessation

Figure 11.8 — Comparison of axial stiffness of T@) and OCT (b)
load transfer mechanisms in PVB-laminates (Nhanseirexd Overend 2010)
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The TCT-LTM is thus clearly identified as a critidaad-transfer mechanism
with regard to safety properties and structurafgrarances. Considered closer,
the load transfer through the ligament is ensuteiva levels, and accordingly
the deformation capacity of the ligament, namelyrtiaeroscopic ductility of the
load-transfer mechanism, appears to depend on a icatidn of two
complementary mechanisms :

1) the delamination(debonding) between the interlayer and the gldesep
under shear (and eventually normal) stresses; and

2) the stretchingof the interlayer under tensile (and/or sheargder eventually
up to rupture by tearing.

In summary, the residual load-bearing performanoésliimate’ fractured stage
(element stage lll) can be associated to two loadster mechanisms, identified
as TCT-LTM and OCT-LTM, among which the former isnswered as the
dominating or critical load-transfer mechanism. Bate expected to show time-
temperature dependent response, however the qudstizvhich experimental

configurations are the most appropriate to chariaetehe involved ‘product’

properties.

Laminated glass element, stage Il (TCT-configurati  on)
(ex:L=100cm; borh= 15cm;t=10-1.52-10 mm (1010.4)

“plate” : “beam” : i FI2 F/Zi

1
:
> >

ff

Figure 11.9 — TCT-Load Transfer Mechanism in diffet loading configurations
(example with two typical 4-point bending test aunfations)
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The selection of the most appropriate experimeimeabstigation methods for
characterizationpurposes is in fact not straightforward, for diéfier inter-related
reasons. As explained here above, a major one resartiglie fact that the initial
state of a fractured configuration associated tuasi-static design situation is
influenced by the preceding glass fragmentatiorcgsses and the corresponding
loading situations, during and after the initiatioh cracks. Other aspects are
related to interactions and overlaps between cdnakpnd modelling questions
on the one hand and practical experimental asmecthe other with respect to
specificities of mechanical behaviour of polymeteitayers; these will be
considered more in details in next chapters. bastnot least, a third reason is
related to an important approximation that the {oadsfer mechanism in a TCT-
configuration is similar for a variety of loading configtions.

Let us consider this last aspect closer on theslmdsa relative simple example. A
laminated glass element with a simple fragmentatiaitern, namely with its two
glass sheets fractured on such a way that it gesem TCT-configuration, is
loaded in two similar 4-point bending configuraso(Figure 11.9) : in the first
case, the load is applied perpendicular, and irs¢éttend case parallel to its main
plane. The crack extension forces generated loedtlpg the four interfacial
delamination fronts in presence, in the vicinitytloé initial cracked section (ic),
can be related to the far stress field (ff) by mezrem equation of energy balance
typically used in fracture mechanics. It appehet the far stress fields obtained
in both loading situations are different (if sinf@d to a two-dimensional, plane
strain problem). Nevertheless, the assumption isenthdt the developed load
transfer mechanism in these different loading #ibtha can be reasonably
approximated by the TCT-test configurafibn There is thus a zone of influence
to consider for the TCT-LTM to be able to develegth unknown dimensions.
To acknowledge for this, a parameter is added ¢odscription of the ligament
function : 7, is the necessamctivationlengthof the load transfer mechanism,
measured from the ridge of the TCT-section (ic).e Tise of this parameter in
combination with the other ones involved in theckrpropagation problem allow
to formulate a relatively simple condition for thencept of TCT-configuration
being usable at a structural level :

lg=a+R< e <000 /2 (1.3)

act

with 7, _. the distance between the TCT-section and the “regulastfess field,
and /., the minimum dimension of the glass fragments arhesade of the
TCT-section. The concept of activation length dan probably be extended to
OCT-configuration as well. It needs then to bénext with regard to the various

1 The identification of the conditions for which shapproximation is valid is a question left open
and submitted to developers of numerical models.
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fracture mechanics models in order to be quantifieseems however clear that
related questions cannot be considered separafeltheo modelling of the

“intrinsic behaviour” of the ligament made of “ntinear materials” (Gross and
Seelig 2011). This last question appears to bemplex one for interlayer
materials with regard to identified application ges, as their mechanical
behaviour can involve visco-elastic and visco-ptasffects (see Chapter Ill).
The crack propagation problem in a TCT-configumatis therefore further

considered here only qualitatively.

On the basis of the above reasoning and in thepeetige of designing test
configurations for investigating load-transfer magisms, it appears that the
grade of dependency of a fracture problem on tluengéry is mainly depending
on the size of the crack-tip field and of the pssteone, with characteristic
values depending mainly on the characteristic eizéhe microstructure of the
material and increasing with the material ductilityy materials showing a time-
dependent behaviour, parameters used to descritzeting forces applied on the
crack tips (K-factor, strain energy release rate,.te) tame-dependent as well
(Gross and Seelig 2011). The characteristic sitebeo parameters ruling the
local energy balanceR, r,...) can thus be expected to be at least one order of
magnitude larger in the polymer interlayers comgate glass or metal
components. Characteristic size of the cohesive rogkassy polymers can have
a length of several millimetres (Gross and Seelifjl2 — for the purpose of the
current discussion, the length of the cohesive ztare be assimilated to the
parameterr, namely the size of the zone along which inelagtien-linear)
deformations occur.

An original experimental method is reported by 8i¢l§Siebert 1999) to measure
the activation length in PVB-laminates experimdgtal he test set-up consists in
a four point-bending test on a ‘simple’ laminatelhsg element in a plate
configuration, with similar dimensions as the onetsked in Figure 11.9a), and
with solely the lower glass sheet pre-cracked indbntral section of the element.
The test specimen is further equipped with twoesedf strain gauges glued on
the upper and lower surfaces of the glass sheets icidse vicinity of the central
pre-cracked section, which measure the axial sti@imsg the outer faces of the
bended element. The loading rates correspond to-sfadie loading ranges, with
successive steps at different loading levels. Reréported test configuraticAs
the length/, _. is shown to roughly vary between 30 and 50 mm,lightty

52 All test configurations have the same planar disiwrs, and consist in 3 series with respective
composition 6-X-10, 6-X-6 and 10-X-6, giving thédkness of the constitutive layers (in mm)
and their order in the test setup, with X = 0.7621and 2.28 mm the thickness of the PVB-
interlayer. No measure of the corresponding coaEning or deflection is reported, however the
latter can be estimated as not superior to 1.5dts thickness of the laminated glass element;
nonetheless, such deflection level is probablyaalydarger than typical value to be accepted as a
design criterion.
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increase with the interlayer thickness and to Hatively independent of the
thickness of the glass sheets. It is probably abusi draw general conclusions
on this basis; nevertheless, the derived order ajnihade for the size of the
activation length indicates that this can be areoaf magnitude larger than the
thickness of the constitutive components. With respetig@drresponding value
of the delamination lengtha, conditions are not met for working with
assumptions of small-scale yielding or small-scadep (Gross and Seelig 2011),
in particular the conditiorR << a is practically almost never fulfilléd Among
practical consequences, the use of models based B Lassumptions is
probably not acceptable for modelling the mechdniesponse of fractured
laminated glass units, because different size effexdft possible significant
importance are likely to be neglected. In particuta,crack-tip fields of the four
crack fronts present in a TCT-configuration arertamping or interacting, and
accordingly the individual crack propagation pr@esscannot be considered as
isolated of each other in the range of interest. le@ist, it seems relevant to
account for these aspects in designing experim@ntaktigation campaigns and
in analysis methods.

Above analysis suggests that the experimental ctaization of product
properties ruling the TCT-LTM and their validatiéor use in design practice is
likely to require the execution of tests at differeexperimental scales. In
following section, further attention is dedicated ttee raising but still vague
concept of ‘intermediate’ experimental scale, andl wénsider two interlaced
aspects : tests on specimens laminated glass ol sliinzensions, and tests
designed for investigating specific load-transfechmanisms. Finally, a few more
specific comments will be done on the test congon specifically designed for
investigating the ligament response, the TCT-test.

IL.5. Experimental investigation of load-transfer mechanisms

The first idea coming to mind for investigating dewansfer mechanisms consists
in designing specific test configurations allowita isolate the mechanism of
interest. For that purpose, the use of specimeramaill dimensions is often

considered, on the one hand in function of limitpased by the considered
testing device, on the other hand for practical andaoanreasons.

In this section, a rapid overview is given of a griof experimental configu-
rations of tests performed on laminated glass spaEts, conceived or used for
that kind of purpose.

%3 No value of delamination length is reported byb8ie, but on the basis of observations made
during similar tests (see among others Chapterdkagraph 1V.3.2), this seems a fairly correct
assumption. Another argument is given by the olesedelamination and deformation patterns
in TCT-tests reported in Chapter V paragraph V.3.1.
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Pummel test and Compressive Shear Test methaese respectively developed
and used for measuring the adhesion level in lamihglass units, in order to
correlate the adhesion level with the performanagainst impact of glazing
units®. The Pummel test has been developed specificatlyekting laminated
glass units, and is firstly mentioned in a U.S. pateabout processes for
controlling the adhesion level of PVB-laminates l{g&eand Mortelmans 1999;
Tupy et al. 2013). The CST-test configuration, developed&iing broad ranges
of adhesive and composite structures (Schneidal. €001), also seems to have
been firstly developed for testing PVB-laminated. isl performed on different
types of test specimens : small squared-shapednsges cut out of larger
laminated glass units, with a side length of ~2.5 cmotdeet al. 2000; Keller and
Mortelmans 1999) or 5 cm (Froli and Lani 2011), amd small cylindrical
specimens drilled out of laminated plates withantiter of about 3 cm (Delincé,
Belis, et al. 2007).

The same small drilled cylindrical specimens laredaglass were used for
developing other test configurations, with evolviparposes: the CST-test
evolved towards a TST-test more or less simultasiganith a change of the test
purpose, namely for measuring the time-temperatependence of the shear-
transfer stiffness (Sobek et al. 1999; Weller et al5208nd the effect of artificial
ageing on it (Delincé, Belis, et al. 2007; Ensslen7200n parallel works, the 45°
compressive shear load of the CST-test is replaogdan axial rotation
perpendicular to the plane of the interlayer, foramging interfacial shear
strength (Nugue, Nourry, et al. 2003) and similarly @yensile load applied
perpendicular to the interlayer plane for measutirginterfacial normal strength
(Bati et al. 2009a). The applied rotation effortlged further from a quasi-static
force to cyclic oscillations, altogether with the dselastic response as a new test
purpose (Bati et al. 2013).

% These two test methods are mentioned in an infivenappendix (Appendix C) of the product
standard EN 14449 for laminated glass productsCsespter I. Nowadays, the associated test
conditions are adapted by each manufacturer tpahgcularities of the interlayer products; there
is thus not really one single Pummel test methatl @me single CST-test method, but each is
used with a series of slight variants. The Puntes|evaluates the adhesion level according to a
conventional scale from 0 (low adhesion) to 10 lthephesion) (see next footnote). The
adhesion level obtained by a CST-test is expreasedshear stress (typically in MPa).

See also Chapter IV section 1V.2.

% US Patent nr. 4144376 (1979) entitled “Process ther production of modified, partially
acetalized polyvinyl alcohol films”. The Pummestenay seem to outsiders as a relative ‘dumb’
test. In fact, it requires to be performed on thenrigorous way; on this way, interlayer
manufacturers manage to use it as a reliable guadittrol method. The test is performed on a
laminated glass plate of limited dimensions (widtbout 15 to 30 cm) which undergoes repeated
hammering in controlled conditions (Tupy et al. 2RIpulverizing the upper glass sheet. The
result is a conventional value expressed on a [inea+) scale from 0 (low adhesion) to 10 (high
adhesion) by evaluating visually the ratio of vieitsurface of the film interlayer. The
reproducibility of the test method is estimateduab+1 Pummel unit.
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With the successive “experimental shifts”, differéypes of border effectsare
expected to vary in different proportions, but sestith difficult to objectivize
gquantitatively, and accordingly quantitative comgpan of tests of different
sources seems in most cases impossible. NonethelesH|ubade of the drilling
process on the ‘state’ of the interlayer componegresents an important,
probably even critical border effect; it appearsbt more sensitive for harder
interlayer materials such as SG-laminates (DelirBélis, et al. 2007) in
comparison with softer PVB- and EVA-laminates (\ekt al. 2005). Similarly,
the dispersion of test results seems affected bysthfness of the interlayer
according to the test conditions.

A second category of specimens of small dimensawasectangular pre-cracked
laminated glass specimens. In the basic configuratiomyitied cracks in the two
glass sheets are brought in a same transversabrseahd this one is therefore
referred to as TCT-specimen. TCT-specimens westfitested in a three-point
bending configuration about the weak axis, mentioned #eaife adhesion test”
in (Sha et al. 1997); in a second step, they areetbadth an effective tensile
force applied perpendicular to the pre-cracked i@ectleading to a test
configuration named “tension adhesion test” (Shaletl997) and finally TCT-
test (Muralidhar et al. 2000). Similar TCT-tests gpecimens PVB-laminates
have meanwhile also been reported by other au(@as et al. 2009a; Butchart
and Overend 2012; Ferreti et al. 2012; Nhamoinesli@verend 2010). These
tests were executed at moderate loading ratesewaiuapplied displacement rate
below 1 mm/s); an alternative test set-up applgngxial impulse load of about
2.9 m/s is reported in (Keller 2005). A variant t@ thCT-specimen and the
TCT-test configuration is the OCT-test, alreadyaddtrced in the previous section
and in Figure 11.8 (Nhamoinesu and Overend 2010).

Noticeably, test configurations similar to the O@Etthave been used in parallel
researches but for investigating the pre-fracturedpmsite behaviour, namely the
longitudinal shear-transfer mechanism (LS-LTM). Tést result is expressed as
a shear modulu§&s (Schuler 2003; Schuler et al. 2004), and is compaviéd
outcomes of parallel tests performed at elementeséfur-point bending
tests,...). The motivations behind development oftedl@xperimental programs
and discussions about the experimental aspeciahlii¢y, representativeness and
robustness of the different test configurations amgerimental scales...) are
however not (yet) explained or commented with mdetail. Is the use of small
test specimens rather motivated by scientific arsitions, as for instance the
investigation of a ‘pure’ stress state or load-4fan mechanism, or rather by
pragmatic, economic aspects, as for instance thelpidty of performing more
numerous tests or because of development costs of exmeainnfrastructures ?

5" The concept of border effect is refined in Chapterand it will be shown that there are three
different types of border effects.
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Only a few of these test configurations have besedufor experimental
investigation of the time-temperature dependendeeproperties, and only with
regard to the response to shear-transfer of nadited configurations, under
guasi-static and oscillating loading conditions.eTime-temperature dependence
of the TCT-LTM has firstly been mainly addressednisyans of standard uniaxial
tensile tests, or similar non-standard configuration specimens of interlayer
film®®. Tests on similar test configurations with speciméVB of different
shapes and with different loading conditions as® akported (Bati et al. 2009b),
using an adapted loading protocol with purposeeaténining a lower limit of
resistance to creep of the material.

Finally, another category of tests performed on ispeies of small dimensions is
worth mentioning : the peel tests. Peel testsast fefer to a relatively broad
family of test configurations designed for inveatigg the interfacial properties
between an interlayer and a glass substrate, or gemerally between a (thin)
layer adhesive polymer and a stiffer (and thicleefystrate. Test configurations
can look very similar in terms of geometry, but héte different in terms of

behaviour and analysis method in function of tHatiee stiffness and strength of
the different components part of the test specim@eel tests developed with
regard to investigation of interfacial properties PVB-laminates generally
involve “half-laminate” configuration, namely one ttie two glass sheets is
replaced by a thin metal layer (in aluminium); hoes this type of test

configuration is judged not satisfactory for demyiquantitative relevant design
values by Sha (Sha et al. 1997), for different reasons.

A first category of reasons refer to generatedtiir@cprocesses in a peel test and
related modelling issues; among others, the denxadde of adhesive strength
according to standardized test methidddoes not account for the energy
dissipation by inelastic deformations in the peah.a Modelling of the peel test
by means of more advanced numerical techniques, @ratrer by using non-
linear time-dependent model for the interlayer makeconfirmed this analysis
on a more quantitative way (Pelfrene et al. 2014).

However, there is a second series of reasons foegdieding peel tests for
characterization purposes of properties of endrated glass products. There
exist apparently no means to assess that the audiigesion grade in half-
laminate specimens is representative of the adheg@ade in regular laminated
glass units. In other words, there are question tath@urepresentativeness of
specimen configuration used for peel tests, bediuegepresentativeness of the

8 Use of standard test methods for determining néchhproperties of interlayer materials is
discussed in more details in Chapter Il paragripd 2.

% Standard peel tests should therefore preferablgdmsidered at a first glance as conventional
tests, similarly to standard uniaxial tensile fgstformed on dog-bone specimens of (adhesive)
polymer material (see Chapter Il1).
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peel test configuration(s) with regard to deformatpatterns in fractured states
Besides, ageing effects are likely to be of a diffierextent in a half-laminate
configuration than in a regular laminate configimat in that regard the author
shares the analysis summarized in (Sha et al. 1991@se second series reasons
are the prior motivation for not dedicating moréeation to peel tests in the
current work, but do not constitute a definitivegedent about the usefulness of
peel tests for other test purpd€eslit also does not mean that there are less
questions about size effects in TCT-tests or ofiilar test configurations on
fractured systems than with peel tests, with rasfeapplication scopes in the
construction sector; it is yet tempting to accéyt idea that they are of a lesser
extent in the first cases than in the second.

In summary and on a general way, the reliabilityests using specimens of small
dimensions for characterization purposes remaigsnaitive point. This is also
generally acknowledged by experimentalists, whieleshowever thatgrecision
and accuracy of data on interlayer stiffness ar¢ cmcial when dealing with
ordinary structural problems at room temperatuBati et al. 2013). This led
however, in a first draft version of the JRC-retR 26439 EN aimed to serve
as a basis for developing a European design code“dsiouctural glass”
application&, to purely and simply disqualify all tests on “sipeens of small
dimensions” with regard to characterization purgosemechanical properties of
interlayer components. The statement about outsdrmen tests on “small-size”
specimens has been toned down in the published mavihe report, and limited
to the field of the determination of the visco-¢ilaproperties with regard to their
contribution to shear-transfer (LS-LTM) With these existing “small-size™-tests
the time and temperature dependent stiffness betrawvf interlayers can be
determined. However they show some shortcominggein of the size-efféct
Nonetheless, it remains undoubtedly a highly relepaint of attention. Besides,
it is far from obvious that tests performed on #pens of larger dimensions are
exempted of all questions about representativeofed®e test results : this aspect
is further developed in Chapter IV.

A variety of tests on laminated glass elements of tatgeensions have also been
reported, which can be roughly sorted into threegmies in function of their
main purpose, namely 1) for characterizing the doution of the shear-transfer
mechanism (LTM-LS), 2) investigating the responsartpact, or 3) focussing on
the post-fracture performanéds Some experimental campaigns however

0 A finer analysis grid for distinguishing the diféat aspects involved in the definition of
representativeness of test methods is proposetiapt€r IV section IV.2.

See also Chapter lll paragraph 111.3.4.

‘SaT-report’ released begin 2013 and mentionedhapter | section 1.3.

The experimental works of Bos, Kott and Siebeporéed in sections 1.3 and 1.4 above are
associated to this latter category.
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addressed more than one purpose. In the first @atag experimental works,
time-temperature response has been investigatett wit variety of test
configurations and loading conditions, mainly oimigle’ PVB-laminates, and by
several researchers. Tests of the second categggdt tests) are mainly related
to standard tests, and other similar configuratibug generally limited to tests at
ambient temperature. Because of the addressedgsu(pafety in use related to
among others explosion and manual attacks), deahitsit test methods and
results are generally kept confidential. Experitabrcampaigns addressing
mainly or at least to some extent the third fielfl ioterest (post-fracture
performances in quasi-static conditions) with gatien of experimental
situations with TCT-LTM activated are mentioned agather&’ in (Belis et al.
2009; Bennison et al. 1999; Biolzi et al. 2010; Delincé, Befial.2007; Delincé,
Zarmati, et al. 2007; Louter et al. 2010, 2012a; bkRardt and Balazs 2016(5,)
most of them by means of bending test configuratiomith tests at different
temperatures and loading modes, with specimens attifieiged, etc.

Almost all the tests executed during these expeariaiecampaigns (of the third
category, and to a lesser extent of the first) wemducted by considering one
single loading configuration, applying a progreslsivincreasing load at a
constant displacement rate when controlled by asctmnically controlled

actuator, generally matching assumptions of quasiesioading conditions.

Glass components of the test specimens were gbnatamaged by the

application of the loading, or pre-damaged. The msgdoading mode in terms of
amount of tests is a loading under constant ford&/hen alternative test
conditions were considered, they were generallyidensd in isolation of other

effects. As for the tests on small specimens, atijaive comparison of test
results of different sources seems relatively difti, for a variety of reasons.
Some are of similar nature as the ones evocateddtion 11.3 above in regard to
project-oriented test campaigns, other ones aegegtlto different experimental
issues.

The variety of test configurations and experimenpgraaches is accompanied by
a similar variety of modelling approaches. Agahese could be regrouped in a

5 This list is not exhaustive and do not includeta# most recent contributions (after 2012). A
tentative of making a broader collection work haerb initiated within the COST-Action
TUO0906 and should result in a more complete andstred database of references (Savineau et
al. 2013). For more references meanwhile, a lamgeunt of conference proceedings dealing
with these topics is available on www.glassfilemcoSee also section 11.3 about project-oriented
experimental programs.

The tested hybrid beam concept in (Louter et@L02 2012a; b) is the same or similar to the one
presented above in Figure I1.4 and Figure 11.5isThone of the few developments of innovative
concepts which have been supported by a relatielgnsive experimental program with tests
performed at different temperatures, therefore moaetl in this part. However, the generated
post-fracture stages in this case do not involv@-LEM as the critical load-transfer mechanism

for the ultimate residual resistance (with regard failure mode FM-QS).
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few categories, according to the approach considdoeddetermining the
properties of the constitutive components of thee elements. No detailed
review is made here, however a trend can be notiwattempt to model most of
the test configurations mentioned above by meamsglednced numerical models,
detailing the contribution of all the componentsl aequiring accordingly a large
number of parameters for each. These approachestdeem to always account
on an appropriate or realistic way for the varioueertainties and consequent
border effects in presence. Questions about thesentativeness of the test
results and the application scopes of the modescansequently generally not
addressed on eomprehensive quantitative waat least for non-experts. In fact,
no reference framework or specific reference meatlomies seem to exist to
address this type of issues.

In conclusion, it is observed that they are a wvarief issues to address

simultaneously when performing mechanical testsaaninated glass specimens.
The complexity and the closely inter-related aspetake it difficult to assess the

reliability of tests at ‘intermediate’ experimentatale considered as candidate
configurations for assessing design propertiesanfilated glass products and
interlayer components. The various involved aspects addressed in more

details in the next chapters. The TCT-test conéian is considered closer in

next section, as it has been considered as a re&test configuration in the

experimental campaigns reported in Chapter IV and Chepter

I1.6. Modelling approaches and analysis of TCT-tests

As mentioned above, the response of the TCT-LTM \éBHfaminates has been
investigated by means of TCT-tests or similar ayunfations. The corresponding
test results have been used to develop advance@rivanmodels, but also
simplified analytical models have been proposedaglki and Sato 2006;
Muralidhar et al. 2000) and taken over by followdRati et al. 2009a).

Corresponding model developments belong to a sesfesimilar research

approaches developed also with other test configms among other for the
CST-test (Rahulkumar et al. 1999; Rahul-Kumar e2@00) and other types of
tests on small specimens such as peel tests (Rahatket al. 2000), focussed on
the modelling of PVB-laminates products.

The analysis method developed by Seshadri (Muratiagit al. 2000; Seshadri
1999) is based on the observed behaviour of PVBrlai®s in TCT-tests at
ambient temperature and moderate displacement ahaéeacterized by relative
regular delamination patterns up to large delarnalengths. Above a ‘short
crack limit’ (a2 a,), asteady-staten the loading curve develops, characterized
by a constant value of the reaction force. In tloisg crack’ regime, the overall
crack opening is only alimented by the delaminapoocess : the axial strain in
the central cross-section of the ligament remaioas@ant. This response
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complies with an assumption of weak interface, fdatad as follows in its most
simple form :

Mo Sg
— <— 1.4
E.h 2 (11.4)

with I, the interfacial fracture toughnesk,=t/2 the half-thickness of the
interlayer, E™ the “effective” elastic modulus (of the interlayend &, a value
of axial strain in the interlayer ligament corresgimg to a ‘short crack limit'.
This equation results from an energy balance inftamework of LEFM and
expressing the crack penetration-deflection probleamsed on assumptions of
glass as a rigid material and the interlayer ligainges a perfect elastic material.
By means of FEM modelling of the investigated TCiaguration, a short-crack
limit range is determined fo < a, = 0.1. h, or for the considered experimental
configuration with a 0.76 mm thick interlaye,< 0038 mm.
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Figure 11.10 — Schema of a TCT-test (lateral view),
based on the representation by Seshadri (Muraliddtaal. 2000)

Previously, others (Sha et al. 1997) consideredithi&minates with a relative
thin interlayer {<<t,) and for relative small crack openingl €t), the

ligament transversal section is in (pure) tensimendan case of deviation from a
pure TCT-configuration at a larger scale; howeveleytshow also that the
triaxiality of the stress is important near theckréips (delamination fronts), and
accordingly also in the central section of the riigat for small delamination
lengths (compared to the thickness of the interfayeResults of numerical
modelling show that the assumption of uniaxial dlenstress in this central
section is fairly well matched when the crack opgris larger than the interlayer

thickness ¢ >t).
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Disregarding further considerations about the thiéoal developments and
compliance of test results with the various undegyassumptions, the analysis
method proposed by Seshadri imposes important radmist on the experimental
response of a TCT-test for being processable. dh the method requires the
measurement of the delamination lengths and thadirigacurve to reach a steady-
state regime. Both conditions impose to reach alle¥ deformation in the
response of the test specimen with an order of madm larger than the short-
crack limit, imposed by the experimental scale fetedting the delamination
fronts. This requires to reach larger values otkrapening than the effective
range of interest in comparison with the correspana@pplication field®, and
for usual thicknesses of interlayer also in a rafegevhich d >t. Besides, the
assumptions of time and temperature independervimair are really restrictive
in terms of response range, and the calibraticanoélastic or hyperelastic model
on experimental data fits only in a limited randgdoehaviour. Aspects relative to
assumptions about the mechanical response of thdaiyer material is further
developed in Chapter lII.

A complementary experimental issue, resulting friwe questions arising about
appropriate mechanical models for the interlaygartient, is related to the
possibility of performing TCT-tests in other teginditions with regard to the
identified application scope. Finally, regular deilaation patterns are not always
obtained on larger ranges of test conditions; haweiv does not mean that the
ligament has no resistance and no damage absoi#jwarcity. These different
aspects are illustrated in Chapter V by means ofegperimental campaign
performed on specimens SG-laminates. The variocasons announced in this
paragraph led to disregard processing methods sif results proposed in
literature, and to perform the analysis at a “loveel” in terms of experimental
parameters.

As a consequence, the TCT-test configuration ighéurexamined with regard to
its potential to be used as an assessment methazhrisydering its potential to

deliver quantitative relevant data in the contektswuctural use of laminated
glass products in non-conventional configuratiorieoduced in this chapter. The
priority given to experimental issues led to pushsiderations about theoretical
and model developments to a second order. Nevesthethese are not totally
forgotten, among others by acknowledging that expantal treatment of the test
specimens can have an influence on the made assasfir the initial fractured

stage. This addresses in particular the made assmmpof a non-damaged
ligament and of initial cracks in the glass sheets teatad by initial delamination

lengths along the interfaces glass-interlayer.

® This is however a rough general statement, wigane to possible failure modes at the element
scale due to excessive deformations, which obwolasbely depend on the amount of critical
fractured sections (or TCT-sections).
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II.7.Summary and outlooks

The problem of describing the post-fracture behaviof laminated glass
elements has been reviewed in the specific cowtedesigning non-conventional
load-bearing configurations in laminated glass inlding applications. The
constraints ruling the experimental assessmentadycts and applications has
been analysed in parallel with the evolutions ia donceptual representation of
the design problem by structural engineers, and itemtification of the
underlying mechanisms. It explains, without justifyi why investigation of
time-temperature dependence of the post-fractufenpgances is in practice still
generally left aside in current assessment methowsnly in relation with
practical difficulties to deal with it in experimeh research. It is in fact not easy,
from an experimental point of view, to disconnét problem of the post-fracture
performances from the questions about the damatgitisey and fragmentation
processes.

The concept of ‘laminated safety glass’ appearfagt to be mainly related to
local crack penetration-deflection problems conseeuto breakage of glass
components. A variety of situations and failurensems is identified which
depend on the specific context of damage initiationrelation with loading
situations leading to a post-fracture stage. Faikaenarios tend to neglect the
time-delayed response of a damaged structure aftexccident. It is proposed
accordinglyto complete failure scenarios with intermediate sjtsatic design
situations between dynamic everntslucing or not further damage progression in
the form of crack propagation in glass componetitprovides a framework of
very general applicability, but it requires someuagstions to dissociate the
assessment of post-fracture performances of othengmena occurring in
dynamic ranges.

The damage sensitivity and the damage tolerande dmtear depending on the
presence of a permanent static load at the crati&tion and on the evolution of
its value until the arrest of the crack propagatiohhe damage is clearly not
limited to visible cracking of glass components, dhi$ is acknowledged by
completing the description gfhysical damagef fractured stages by means of
initial interfacial delamination lengthsiear the crack tips of the cracks in the
glass components. This is accompanied by an impbessumption about the
non-damaging of the interlayer in its bulk. Theedetination of the conditions,
in terms of accidental situations and failure sdesa for which these
assumptions are valid is however left aside, andirentaus an open question for
assessment processes.
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This led to refine the description of failure scéos and to distinguish two
categories of failure modes (FM-D and FM-QS). Intipalar intermediate post-
fracture quasi-static design situatiohave been defined :

1) by the absence of crack progression and fragmentatiocesses in the glass
components; in contrast, stable interfacial delanonas not excluded,

2) by the absence of any other dynamic actind of any dynamic response;

3) and, as a consequence, are associated with a taisi-filure mode
(FM-QS) corresponding to a failure of the critib@hd-transfer mechanism at
the level of the interlayer.

All other post-fracture design situations are asded with the occurrence of a
dynamic event, whatever the cause and whateveraih@ef mode : all these
design situations end with a failure mode associateddthar category (FM-D).

Two main load-transfer mechanisms are identifiedui@ the ‘ultimate’ post-

fracture performances in all element and loadingfigarations, the TCT-LTM

and the OCT-LTM, according to the bridging configioas between glass
fragments. In particular, the ligament function loé tinterlayer, describing the
TCT-LTM, is identified as the critical one.

Within the complementary assumptions made for daisgr fractured stages, it is
assumed possible to investigate the time-temperalependence of the load-
transfer mechanism by means of tests on smallespegsimens, and in particular
by means of TCT-tests. The modelling of the maltgriaperties of the ligament
with regard to a larger range of services condgtiaidentified as a probable
difficulty. In a general way, the deformation capadductility) of the ligament
depends on theatio between interfacial and bulk properties (fracttmeghness
and strength), in relation with two deformation memisms, thedelamination
from the glass substrates and stretchingof the interlayer under an axial tensile
force.

Questions about time-temperature dependence gbdbkefracture performances
obviously address the two aspects, and possibly regard to dynamic (FM-D)
and quasi-static (FM-QS) failure modes; investigatioarried out and reported in
next chapters address essentially the second ones.
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Chapter III

Time-temperature dependent mechanical
behaviour of polymer interlayers : background

“Fools ignore complexity. Pragmatists suffer it.f8® can avoid it. Geniuses remove it.”
(Alan Perlis, American computer scientist, 1922199



96

Chapter IlI



II1.1. Introduction

Laminated glass is a combination of superimposedsgland polymer sheets,
adhesively bound with each other’s. The first opesvide a laminated glass
element its initial strength and stiffness, theoselcones rather contribute to its
good resistance to dynamic solicitations and itsdueal load-bearing capacities
once some or all of the glass sheets are fracturedltimate fractured states, the
polymer interlayer fulfils a ligament function, whigesults from a combination
of delamination of the interlayer from the glasagiments and of its stretching
over the volume released by the delamination process.

The ligament configuration has been described aadysed in previous chapter
rather from structural and mechanical perspectigssyming that the necessary
properties of the individual components can berdeteed for characterizing the
contribution of the interlayer to the overall perfances of a fractured laminated
glass element. In particular, influence of temperatand other time-dependent
effects on the behaviour of the interlayer matsriglstill a matter of a variety of
questions for designers and structural engineexd,iraparticular for designing
non-conventional structural applications for whib assessment of post-fracture
performances is gaining in importance.

This third chapter aims at getting a better comgnefon of the main features
ruling the mechanical behaviour of polymer materidh the perspective of
describing the behaviour of interlayer ligaments$rattured laminated glass unit,
and of characterizing the involved material properta design purpose.

A first section is dedicated to generalities abthé mechanical behaviour of
polymers and their specificities in comparison witther materials, and in
particular their tensile behaviour in the largastrdomain. Difference between
intrinsic and macroscopic response is introduced, particularities about the
creep behaviour and associated failure modes a@fdidtited. Concepts and
models of thermorheological simple and complex kihe are introduced, and
the importance of the phenomenon of physical ageingdime products in certain
conditions is explained.

The second section analyses the consequences dessagy the mechanical
properties of interlayer products, and explains sexgerimental issues. Two
interlayer products are considered more particulafihe chapter terminates with
some considerations about the choice of experimeamproaches and of test
configurations.
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III.2. Characteristic features and behaviour of polymers

Despite polymers are already used in a varietyppfieations in the construction
sector, as for instance in geotechnical productsnionanes,...) and in millwork
of windows and facades (PVC,...), their mechanicabliefur remains generally
not well understood. The purpose of this sectiotoisituate particularities of
polymers in general, and interlayer products iftipalar, in comparison to more
traditional construction materials.

This section starts therefore with general consittens about polymer materials
and their different categories, and is followed the presentation of models
relative to their time-temperature dependent resporntrinsic time-temperature
behaviour is described, and two important categafdmhaviour are introduced,
the thermorheological simple and thermorheologa@hplex models. Factors
affecting the mechanical properties of products dutiedy tifetime are identified,
and among these physical ageing appears as antampphenomenon to account
for. Outcomes follow for modelling the macroscopi&sponse of polymer
products in general, and particularities of polymessd as adhesive materials are
finally pointed out.

I11.2.1. Identification and classification of polymer materials

Polymers are a class of materials besides ceraamidsmetals, characterized by
other dominant type of atomic bonds (Sharpe 2008).

Ceramics are mainly using the strongest interatobtinds, the ionic bonds,
providing these materials with superior chemicabdgity, but requiring higher
processing temperature. Mineral glass is a typgample of ceramics, and
similar chemical bonds are developing in concretgemials. Materials of this
category are typically stiff and strong (high elasmnodulus and high yield
strength), but brittle and with a relatively low istance to impact and surface
defect. As it is the case for glass, the macroscsength is generally much
lower than the intrinsic, interatomic bond strendtbcause of the sensitivity of
strength to defects and stress concentrations,ibbpss interaction with
environment conditions (stress corrosion) (Haldimaet al. 2008). Their
structure can vary from amorphous to (partiallystallised forms, according to
the regularity of the spatial organisation, whiclpeleds on chemical composition
and processing conditions (cooling rate).

In contrast, metals and alloys mainly exhibit intensic metallic bonds between
strongly electropositive elements, which are lessngt than ionic and covalent
bonds. It provides metals with moderate resistan@nvironmental degradation
and more variable mechanical properties accordmgthieir microstructure.

Ductility and strength of metals largely dependpwapagation of micro-defects
(dislocations) in crystal lattices and between myrhoundaries, and therefore
largely depend on their grains size and shape,imrsbme cases on possible
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different crystal structure (phase), both dependamy processing conditions
(Sharpe 2008).

Properties of ceramics and metals are thus mairjyending on short-range
interatomic bonds. In comparison, polymers are ngoraplex structures, made
of long molecular chains, characterized by theimalal composition (individual
molecular unit ormer’), their structure (length and shape of polymer rchai
linear, branched or cross-linked) but also themtisph organisation, or confor-
mation (including possible entanglement betweeremdar chains which are not
chemically connected). Mechanical properties ofip@rs largely depend on the
secondary bonds between the macromolecular chathsha resulting segmental
mobility : these intermolecular bonds can be ofnalcal nature (cross-linked
networks involving covalent or weaker hydrogen BHood of physical nature
(electrical or Van der Waals forces) (Sharpe 2008; vavegt 2006).

Polymers are traditionally classified in three gatges according to the nature
and density of the cross-links (Louter 2011; van der Veg6R0

1) Thermoplastics are characterized by long linear or branched shaibtained
by polymerisation (namely a process aimed at ¢rgaibnic or covalent
bonds between chains ends), with physical bondseesndary interaction
forces between individual macromolecular chainsn(dar Waals forces,...).
The long molecular chains generally have coil shaphich are mutually
entangled (Figure Ill.1), and this configuration kEggexplains their specific
mechanical behaviour (van der Vegt 2006). Thernmigla are softening up
to melting and flo when heated, and solidify again when cooled dovtn :
makes this category of polymer products recyclablaccording to the
regularity and structure of the molecular chaind tmthe cooling rate, they
may exhibit aramorphousor semi-crystallinestructure.

2) Thermosets (also called thermosetting plastics) are heavibss-linked and
therefore rather exhibit a network structure, otdi by chemical reactions
activated by environment (e.g. air or light activatetdening) or between
different components (resins,...) during a so-catledng process carried out
at or above room temperature. Thermosets genexghipit an amorphous
structure, show little or no softening when heatadd do not flow, but
heating at larger temperature can lead to chemical diztipa.

3) Elastomers are low cross-linked polymers, with the particujarof being
able to deform elastically to large strain rangecaim temperature, what is
referred to as a rubber-like or hyperelastic batavi The presence of the
chemical cross-links between the molecular chaimevgnts the material to
flow when heated.

1 Flow can refer to plastic flow, which rather c@pends to a material softening in a solid phase,
or a viscous flow, which rather corresponds taia tnelt state (liquid state) of the material.
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This three categories classification system seemely on criteria of different

nature, in relation with characteristics of procesitg, applicable production

methods and end-product properties on the one handayitinthe nature/structure
of secondary, intermolecular bonds on the other hdani not clear which is the
decisive criterion for determining to which catega product belongs, and
therefore it might appear as not always univocal oristers.

Unstretched conformation Stretched conformation

coil conformation
entanglements

Thermoplastics (entangled molecular chains)

Unstretched conformation Stretched conformation

cross-links

B s

Elastomers (low cross-linked structures)

Figure 111.1 — Schematic representation of secoydawnds for two families of polymers
(amorphous thermoplastics and elastomers)

Nevertheless, this simple classification system Iiggts the importance of
secondary bonds and conformafiarf the molecular chains on the macroscopic
mechanical response of plastic end-products, edlyeiriahe short deformation
range on the one hand, and on the polymer prodégsain the other hand.
Processability is an essential feature for makilegtic products in general, and
interlayers in particular, because it is going tewehan influence on the confor-
mation of the chains, and consequently on the méchiaproperties. It will in
fact appear as a non-negligible aspect with retattie choice of representative
test specimens.

For instance, a sub-category of elastomers is ddihermoplastic elastomers” (van der Vegt
2006), which are characterized by the fact thattfaut vulcanization, they behave as cross-link
rubbers” (reference to a type of mechanical behayi@associated with a certain chemical
structure), and “can be processed as a thermofftas¢tence to processability).

Conformation is the term used in chemistry to mefe structural, “spatial” arrangement at
molecular level.
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There are many other classification registers dfmper materials and products,
referring to their main chemical component (carlfon organic polymers and
silicon for silicones, the first being the most imjamt group of polymers, and the
second the most important group of inorganic polgpe the chemical

composition of the molecular chains and their mal@c structure (linear,

branched, cross-linked,... ; amorphous or semi-ciystal..), their source

(natural, synthetic,...), their homogeneity or heteragty grade (polymer blend,
copolymer, block polymer; use of additives, as ptamtis, etc., use of fillers,

fibres, etc.), their stiffness, ductility and toughseat room temperature (rigid,
semi-rigid, flexible) and their typical failure peth (ductile, brittle...), etc.

(Gooch 2011; van der Vegt 2006). The latter caiegaeferring to mechanical
properties are rather arbitrary fixed on the baisonventional tests and criteria,
executed and evaluated in reference conditions, and taéways sufficierit

It seems worth, finally, to give a complementary ca@nirabout the identification
and naming of polymer products. Polymers (in facganic polymers) were
historically named according to their main chaimisolecular composition
(monomer unit), but this method led, for more comglesducts developed in the
meantime, to long and ambiguous designations. #enreltive method, structure-
based nomenclature, has been developed, which il lasehe concept of
“constitutional repeating unit” in polymer chainGdoch 2011). In both cases,
the nomenclature of polymer products relies on scigtive approach of the
constitutive molecular structure, which appeardroftéd interest with respect to
a performance based approach for the evaluatignoofucts (see Chapter ). For
non-specialists, polymer names as polycarbonate @fd polyvinyl butyral
(PVB) must rather be understood as referring tanailfy of products, most of the
time produced by different manufacturers and/or avigiletbdifferent commercial
grades. Indeed, products of a same family can ebdpilite different mechanical
properties associated to a change of conformatimture density, polymer-
risation grade, density of entanglements or of celioks, molecular chains
orientation,...), according to secondary componentplgsicizers in PVB’s, and
other fillers or additives for other products) awdfo different production and
processing conditions (Gooch 2011; van der Vegt 2006).

4 Let us consider an example to illustrate thisrigil plastic is defined asa“plastic that has a

modulus of elasticity ether in flexure or in temsgreater than 700 MPa (100 kpsi) at 23°C and
50% relative humidity when tested in accordancén WSTM methods D 747, D 790, D 638, or
D 882 (ASTM D 883)(Gooch 2011). This definition is completed bystttomment : This
simple ASTM criterion has not always been adequedpecially with respect to vinyls whose
impact strengths and other properties can vary VWidghile elastic modulus remains fairly
constant. Vinyls are classified as rigid if theipduli are 1.4 GPa or higher, semirigid from 0.4
to 1.4 GPa, and flexible below 0.4 GPaThe issue is similar with the other mechanical
properties and in other standardization framewoek&n if details of test configurations and
evaluation criteria may vary. The issue is howgrebably not limited to the case of vinyls, but
addresses more generally the question of the faetion of the application scope on which a
property value is meaningful.
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It is not different for interlayer polymer mategatommonly used in laminated
glass products : for instance, PVB (polyvinyl butyrahd EVA (ethylene vinyl
acetate) refers to a variety of commercial gradesduyced by different
manufacturers, each providing enhanced feature dorpgance for a specific
application or specific performance requirement. ctEdamily of interlayer
products however exhibits some common characterigatures, which are
regularly presented, promoted or compared in liteeat It appears among others
that some grades of a same ‘product familyan be associated to different
categories of the traditional classification systprasented here above (Goebel
2013). Besides, final properties of interlayertaminated glass units can depend
on lamination conditions.

A more detailed discussion about the classificatidninterlayer products is

following in next section 111.3, and will consider meoparticularly two types of

interlayer materials used in laminated safety glassducts, which appear to
belong to the category of the thermoplastics. Hameas nowadays there exist
also interlayer products belonging to the otheegaties, it seems useful in this
section to not focus exclusively on thermoplastios addressing polymers’

mechanical behaviour, in relation with the moreegahframework considered in

previous chapters.

I11.2.2. Intrinsic mechanical behaviour of polymers

The mechanical response of polymers at constantpeeature is firstly
introduced. Secondly, the different characterigtiogeratures used to describe a
given polymer are explained and discussed. Findibyjnfluence of temperature
on the evolution of the intrinsic response of a polymaterial is sketched.

I11.2.2.1. Intrinsic response at constant temperature

The onset for modelling the non-linear behaviour sblid amorphous
thermoplastics is based on the distinction of ¢butions of the intermolecular
connections in the short deformation range andcefrietwork entanglement in
larger deformation range, as illustrated in Figur@ (Meijer and Govaert 2005;
van der Vegt and Govaert 2003). The intrinsic cuepasents the local response
of a polymer to a progressive load applied at a constairt ste.

® Note that ‘product family’ in this context is nedmplying with the concept defined in Chapter I.

An intrinsic curve is typically determined by meaof uniaxial compression tests, performed

in appropriate conditionsit leads to homogeneous deformations (along talihg axis
direction). Indeed, an uniaxial tensile test gatgrinvolves non-homogeneous deformations,
and the obtained loading curve is then associatedmacroscopic response (Meijer and Govaert
2005; van der Vegt and Govaert 2003); uniaxial itertest is therefore further discussed in
paragraph 111.2.4. Nonetheless, methods are regddr obtaining the intrinsic curve by means
of tensile test configurations, which require thse wf advanced measurement methods of the
local deformations (G'Sell et al. 1992, 2002; Gewtet al. 2009).

6
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A general expression of the intrinsic stress-stcairve represented in Figure 111.2
takes the next form (Klompen 2005) :

o(£,S,.e)=0,+0, =0,,(¢)+00,(S)+0,(¢) (I11.1)

with 0, named thalriving stress separated into two componentgepivenated
yield stresso,, , and theyield drop Aay " and 0, thestrain hardening stress
The components of the driving stress are furthecudised below. According to
this form, the rejuvenated yield stress depends Ignaim the applied strain rate
and the ambient temperature, the strain hardenmegsstiepends mainly on the
deformation level, and the vyield drop height is atiadly affected by the
thermomechanical history (represented by the paeanSe further discussed in
paragraph 111.2.3 below).

[3;\)/J total i

inter-molecular

yield point

lower yield sress

Q

___________________________

true stress
true stress
\

network strain strain O rej0
softening hardening
N . 2 -1
true strain true strain A" — A

Figure 111.2 — Stress decomposition of intrinsispense of amorphous thermoplastics
a) as proposed by Haward and Thackray in 1967 mf(Meijer and Govaert 2005)
b) decomposition in three components — based amn{gén 2005)

In this view, the non-linear response and the p@sehayield pointfollowed by
strain softeningn the small strain range are associated to bgsaké secondary
bonds and consequent segmental movements, leaditgfdomations described
as irreversible and viscoplastic. In contrast,ltnge strain deformation is rather
due to conformational changes of the molecularmshédnvolving stretching and
orientation of the molecular coils (Figure Ill.1)cafeading tostrain hardening
These conformational changes are of viscoelastior@a once unloaded, the
molecular chains tend to come back, with a certame tdelay, to coll
conformation, which is a state of lower entropy. rEfiere the large strain elastic

" The rejuvenated yield stress seems to correspdthdtie concept of overstress (Hooper et al.
2012) when the yield drop is equal to zero; inrditare yield drop is also used to refer to the
‘height difference’ between the yield stress aralltwer yield stress (Figure 111.2).
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behaviour is also namedntropic elasticity(van der Vegt 2006), or rubber-
elasticity.

The distinction between the viscoelastic or visaesfit nature of the

deformation® is however difficult to establish univocally anépénds on the

conditions of measurement (Sharpe 2008), and iticpkar on the considered test
temperature and time scales

I11.2.2.2. Characteristic temperatures for polymers

Typical characteristic values of temperature defifer a polymer material,

besides limit temperatures of use, are two tramsitemperatures : the glass
transition temperature and the melt temperature. ileAthe melt temperature

affects the crystalline phase, the glass transitiemperature affects the
amorphous phase. Transition mechanisms are irdé&gmnding on the exposure
duration to a temperature, what explains that teaiper and time dependence of
polymer properties are inter-related.

Polymers present longer relaxation times than metateramics that is explained
by mechanisms of energy dissipation occurring édrger scale of long-chain
molecules rather than at the scale of atoms ansl (SBharpe 2008). Apparent
plastic behaviour of polymers is thus due to défermicroscopic mechanisms
than in metal alloys : whereas for the latter, [ptitgtis explained by the presence
and the propagation of structural defects (disiooa) in crystalline structures
(Sharpe 2008), in polymers it rather correspondsatphase change of the
amorphous structure from a (frozen) glassy state ({mobile) rubber state. This
specificity of polymer plasticity is related to thphysical nature of their solid
phase : below a certain temperature, the molecutdnility is getting too low to
allow the material to attain a thermodynamic efuilim, and this distinguishes
the solid, glassy state of polymers (no thermodynaegjuilibrium) from the
rubber state (thermodynamic equilibrium).

The rubber state is a physical state specific tgnpers, between solid and liquid,
showing characteristics of both states : it is cehtand elastic as a solid, but it
has a thermal coefficient (describing the tempeeatiependent volume variation)
of the liquid state (Figure I11.3a).

The concepts of anelastic and plastic strains émenhstance by Visser (Visser 2010) seems to
address the same question with regard to the diitim between reversible and irreversible
deformations.

Fortunately, a univocal distinction between vidasgc and viscoplastic effects, namely the
determination of the reversible or irreversiblerelcter of deformations, does not seem necessary
for all design problems. It is the case for instamwith regard to the quasi-static designed
situation defined in Chapter Il, and the respoonsa¢ep load mode discussed below.
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The glass-rubber transition temperaturel (or simply glass transition
temperature) characterizes this “state transitiotwben glassy and rubber states.
It appears however to be not a real state transifio the sense of a balance
between two thermodynamic stable states, and becdltedependence on the
cooling rate (van der Vegt 2006). The glass-rulibemsition is not a process
occurring in a narrow temperature range such asingebf water, but involves
slower processes occurring at a temperature and tiependent rate in a
temperature range arounid, ; accordingly, a co-existence of rubber and glassy
phases in an amorphous polymer material can exisisiigmperature rantje

A second characteristic temperature is thelt temperatureor rubber-liquid
transition temperaturd,,, above which the crystalline fraction is reducedeoo
and the amount of entanglements between the polgh#ns is largely reduced :
this explains why the melt temperature is also igryn function of the chain
length of the polymét.

On a general way, the effective softening tempeeasithus varying according to
the phase state (of the amorphous phase) and tystlline fraction, that last
one being also dependent on cooling rate betwkgrand T, . The values of
these two characteristic temperatures are howesterumivocal for one polymer
material, as they depend on the cooling*faiad the orientation of the molecular
chaing®, consequently, the mentioned reference values mresome extent
conventiondf’.

Some polymers show a secondary glass transitiopeteature belowl ; , named
[-transition, in comparison to the main glass-rubbeisttimm namedi-transition.
The necessity to identify the presence of suchcarsiary transition mechanism
in a polymer material seems again determined b¥i¢ia of interest for which its
mechanical behaviour has to be determined. Accghdithe thermorheological
simple (onlya-transition present) or complexi{ and B-transitions) nature of a

10 This assumption of co-existing phases in struttadhesive is for instance explicitly used in

terms of volume fractions by Bai (Bai and Keller12{.

The melt temperature is thus a non-defined pammet amorphous polymers. The ability to
crystallise varies according to the nature (stngtof the polymer.

The cooling rate between the melt temperaturetl@dlass transition temperature influences the
crystallisation process, among others the regylarid size of crystallites. The rate of crystal
growth is maximal at a few degrees below the metperature, and decreases to zero at the
glass transition. Oriented chains (under staipdtetlize faster (van der Vegt 2006).

The melt temperature can rise of a few dozensegfebs when highly stretched (van der Vegt
2006)

The glass transition temperature can vary witho 8L@°C between very rapid and very slow
cooling rate; the melt temperature can vary in dargxtent according to the degree of
crystallization and the chain orientation inducedhie large strain range (van der Vegt 2006). In
others words, the determination of the characterigalues of temperature depends on the
followed path.
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polymer material seems also relative (Klompen 28@5; der Vegt 2006). Semi-
crystalline structures can give rise to similaroselary relaxation mechanism but
with a transition temperaturabove T, (Klompen 2005). The secondary
transition temperature is often associated todhghness (thus among others the
impact resistance) of a polymer product, especfallyamorphous ones (van der
Vegt 2006).

Figure 111.3 summarizes the main changes with regarttmperature dependent
changes of volume and of elastic modulus (van degt\2006). It appears then
that crystalline fraction on the one hand and clogs density on the other hand
both can reduce the height of the stiffness drapdsen the glassy and the rubber
states, and displace the effective range of softetémperature above the glass
transition temperaturd > The loss of stiffness represented by the elastic
modulus is accompanied by a decrease of the appéaseosity (defined as the
ratio between the instantaneous stress state amdsithultaneous rate of
deformation, or strain rat&) Only in a limited range of applied small strefss t
viscosity is a material constant, leading to a “Mevian” behaviour and
accordingly to linear viscoelasticity; in generais a stress dependent value, the
viscosity decreasing then with applied stress afiagrto a power-law (van der
Vegt 2006), bringing the response into a non-lingscoelastic range (Klompen
2005).

E
crystalline
1071
v fluid 1084
7
E I - C 10
F : crystalline : 10°-
I I . amorphous
1 1 10 -
Ty T T A e —T

Figure 111.3 — Change of phase states of polymerd associated characteristics
a) volume variation in function of temperature vayiation of elastic modulus in function
of temperature - reproduced from (van der Vegt 2006

15 A softening temperature is sometimes also defioeda conventional basis, for instance the
standardized Vicat softening temperature (van degt\2006); in a general way, the value of a
softening temperature is comprised betwegarid T,

It is further interesting to note that thermopilestare much softer in the solid state than metals
and glass (smaller initial elastic modulus, at ambtemperature), and simultaneously exhibit a
much larger viscosity in the melt state. For inst steel exhibit an elastic modulus of
210.000 MPa (at 20°C) and a viscosity about 0.086 Pat processing temperature of 1600°C),
glass a modulus of 70.000 MPa (at 20°C) and a sigcomof 0.008 Pa.s (at processing
temperature of 1600°C); in contrast, elastic mosldfi polymers varies in a range about 1 to
15.000 MPa (in service conditions) and a viscasityanges of 100 to 10.000 Pa.s (at processing
temperatures) (van der Vegt 2006). Comparisorhafacteristic temperatures between different
classes of materials with regard to their mecham@&sponse is thus not straightforward.

16
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In contrast with thermoplastics, elastomers typjcaliow a characteristic glass
transition temperature below the ambient (serviegperature, and an elastic
response close to an ideal rubber, namely with nwe-iependent, viscous
response (no flow).

For completing the picture about defined charastiervalues of temperature for
polymers, the definition of emaximum temperature of usgenormally associated
to the occurrence of (chemicaggradationmechanisms. However, such a value
is also generally associated to exposure duratell¢r et al. 2010). This upper
limit for the service temperature range can be owed by the chemical
composition of the polymer (use of stabilizers,...)t the lower side of the
temperature range, ductile-brittle transition temperaturgor tough-brittle
transition temperatuecan also be identified, but again, such a chaitatiter
value is generally associated to a particular goméition (geometry and surface
defects as notch,...) and loading case (for instaresistance to impact). The
lower limit defined by a ductile-brittle transitiademperature lies generally below
the other transition temperatures, and is higher in afssistance to impact than
in case of other, slower loading cd$égan der Vegt 2006).

111.2.2.3. Effect of temperature on the mechanical behaviour

The general equation (lll.1) here above however doésepresent explicitly the
dependence of the response to the ambient temperatheceffect of temperature
on the different identified stress components pr&ed in literature, but no clear
integrated formulation with the temperature dependeof the different terms
seems available.

The theoretical temperature dependence of the latggn rubber-elasticity
(entropic elasticity) takes the following form, far uniaxial tensile loading
configuration andleformation at constant voluni@compressiblesolid)'® :

0, =NKT.A =NKT (1+¢,) (I11.2)

with g, the nominal axial stress (related to the aredefinitial cross-section),
A, =L -L, the axial stretch ané, the corresponding nominal axial straithe
amount of chain units between cross-links per veluamit, k the Boltzman
constant and the absolute temperature of the material (in Kglvi

1 The ductile-brittle transition temperature in faather addresses the macroscopic behaviour and
failure modes; see also paragraph 111.2.4 below.

18 It may looks strange to express a large straiporese in terms of nominal stress and strain, only
representative in short strain deformation ranigis; éxpression is chosen here as it correspond to
the usual expression of results of a conventionalxial tensile test, see paragraph 111.2.4.
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Reworking this equation for expressing the relatlmtween the true stress
(og=0,/A,=A/A® with A the initial cross-section’s area and the
deformed cross-section’s area) and the true s¢mbﬂﬁ -1 A,), these are related
to each other by the same constark. T. This relation howeveonly applies for
an ideal rubber namely with no thermal expansion and with permamneoss-
links delimiting the molecular segments which casvenfreely; some elastomers
show a behaviour close to such an ideal rubbey élaove their glass transition
temperature (van der Vegt 2006).

In thermoplastics, because the temporary entanglsnoam further be loosened
under stress leading to a rather viscous respdhselarge strain stiffness is
proportional toN.K.T only on a limited part of the characteristic strefrain
curve, in the (post-yield) large strain range anty am function of a fraction of
the stress (right part of the curve of Figure Ill.a2hd is then named the strain
hardening modulu§3r (van der Vegt and Govaert 2003) :

g=0,,+0, :Jy’0+Gr.(/1i —l/AX) (111.3)

Note the similitude of this equation with equat{dih 1); accordingly, the driving
force behind the large strain elastic responsén@fmoplastic (entangled chains)
and of elastomers (cross-linked chains) seems of sinaitaren

The temperature dependence of the yield stressisooplastic response of the
glassy phase, is often well caught by Eyring’s ptafbtiw theory (Klompen 2005;
van der Vegt 2006); it leads to the next relatimpressing the dependence of the
yield stress upon temperature and applied straim far athermorheological
simple modeand for a uniaxial loading situation as here above :

KT ((26) o v, o AU
o, —T.Inﬂm)wnh &(T)=2¢, .exp[ R.TJ (I11.4)

and g, >> i(/T =0, (111.5)

or to the more general form when condition (I11.5) is ndfilfed :

o,= i(/T .arsinr{ﬁ'_r)j, with £,(T)=¢, .exp(—%j (111.6)

19 This relation explains also why the axial strekghs also named théraw ratio.(in reference to
the second term, the ratig/A of areas of undeformed on deformed cross-sextion
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In these equations, variables are the yield stegssthe strain rate€ ?° and the
ambient temperaturd@ (absolute value of temperature in Kelvin). Theeth
parameters (constants) of the model describingrétexation kineticsare the
activation volumeV~ (in volume unit), the activation enerdyU (in energy unit
by mole) and the pre-exponential coefficightalso named process rate constant;
k andR are the Boltzmann and the universal gas constegpgectivelf’. The
temperature dependence follows an Arrhenius fun@io The simplified
expression given by (I11.4) is conveni&has it corresponds to a straight line on a
semi-log plot of the yield stress against (the tdben of) the strain rate at a given
temperature, with a slope equal to the tddﬁ/V .

The formulation of the viscoplastic criterion hafgove accounts thus for a single
relaxation mechanism, namely the glass transitiom-tiansition. The above
equations relate algebraic values of stress aathstte with each other (namely
uniaxial tensile configuration or pure shear), betrresponding generalized
tensorial expressions, necessary for use in nunharicdelling methods with
volumetric (“3D") elements, have also been develofidmpen 2005; Meijer
and Govaert 2005)

The characteristic stres3, defined by equation (l11.5) is not a material camst
but it rather corresponds, for a given temperaiyrto the stress level at which
significant non-linear viscoelastic deformation eprs’. A zero-viscosity at
small stress is associated to this characteristic stress

20 |n fact, in the Eyring model this term is the piasstrain rate, which is equal at yield to the

applied strain rate (in case of homogeneous detwng.

2l The Boltzman constant k=1.381.1%J/K and the universal gas constant
R =8.314472 J/(K.mol) are related to each othetheynumber of particles in one mole, which is
the Avogadro constam, = 6.022 . 18 mol™.

The Arrhenius function is known to successfullgatébe the temperature dependence of rate of
change of many thermally induced chemical reactamssolid-state processes (Sharpe 2008). It
expresses that time and temperature have equiveffests on a transition mechanism.

In(2.a)~ arsinh(a), and conversely sinh@D.5 . exp(a), for & e = 2.74 (the choice of the limit
value can depend on the desired precision...). @rctindition, the hyperbolic functions sinh(a)
and its reciprocal arsinh(a) (also noted 3ah ) correspond to a straight line on a semi-
logarithmic plot (respectively on a plot of a-loigfs(a)) and of log(a)-arsinh(a)).

These distinguish among others the influence dfimetric and deviatoric components in the
response of the stress tensor. One such modeddawhile referred to as the Eindhoven Glassy
Polymer model, as in (Visser 2010).

The characteristic stress value is only a few gris of the yield stress value at a given
temperature; to give an order of magnitude, in mhadels calibrated by Klompen for two
different polymer materials (PMMA and P@, < 0.05 .oy (Klompen 2005). For an applied
stresso < gy, the behaviour is expected to comply fairly wellhaa linear viscoelastic model.
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no(T) = Z"((I)) = J;(T) exr{%) = sz exr{%} (.7)

and so an expression is obtained for the (appastrays-dependent viscosity
corresponding to the onset of the plastic flow (Klompéa5); in other words this
expression is only valid at the yield point :

no.T)=7,(T) 2% )=/70(T)-aa(0) (11.8)

‘sinh(g/ g,

where a(,(a), called thestress dependent shift functjois used to determine
whether a time-stress equivalency is applicableriflen 2005). However, since
the characteristic stress is defined for a givenperature, the functio@, 0
also includes a temperatyre-dependent factor éefertemperature), and should
then rather be written @L(U,T) (Visser 2010). Similarly, in equation (111.7) the
Arrhenius term defines a time-temperature equivalemwith a corresponding
temperature dependent shift funcfibn

AU AU

o (T)= exp[ﬁj or Infa ()= 2% (I1.9)

It is practically often more convenient to exprésis function in relation to a
reference temperatur@d . #0K so thataT(Tr ):1, giving the alternative

ref ef

expression

—exp RY 11 _AUp1 1
aT(T)—exp( R '[T T, J] or In(aT(T)) R [T Tref] (111.10)
with

e a(T)<1 andIn(a(T))<0 for T >T,,, corresponding to a reduction of

the yield stress and the plastic flow viscosity for dnbigemperature;

e a(T)>1 and In(a(T))>0 for T <T,,, corresponding to a raise of the

yield stress and the plastic flow viscosity for a lower terapure.

% This is conceptually similar to shift-functionsfided on other domains, as for instance with the
WLF-model for linear viscoelasticity already usediodelling the time-temperature dependence
of the shear modulus of interlayers (Bennison e1899; Callewaert 2011), but the expressions
of the shift-functions are different.
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Expressed in this second form, the sign of the wefit ar(T) indicates a
horizontal shift direction on some semi-log or deulmg plot (with a log time
scale on the horizontal axis), and its value thenittade of the shift, namely the
distance between two curves or series of resulthetwo different values of
temperature considered.

Polymers presenting two relaxation mechanisras &nd p-transitions) are
associated to thermorheological complelzehaviour. A generalized formulation
of the yield stress is provided by the Ree-Eyrimgdel (Klompen 2005; van der
Vegt and Govaert 2003) :

g,=0,+0 =£.arsin & +£.arsin &
ey, £.(T)) v, £,5(T)
=> aovx.arsim{;(_r)J (1.112)

x=a.,p go,x

) . AU kT
with &, (T)=¢&,, exg — *| and g,, =——, for x=a,
)=t o -2 ana 1, = & s

X

The amount of model parameters compared to thelsifggring model is
doubled up to six, three for each relaxation meigmanit introduces inflexion
points (in fact, rather a transition zone) betwetaight segments on a semi-log
plot (Figure 111.4). This formulation appears to dpgite robust for describing the
yield behaviour of many different polymer materialsee the various materials
and conditions for which it is successfully appjiéat instance in (van Erp et al.
2012; Klompen 2005; van der Vegt and Govaert 2003).

As mentioned here above, it seems that a polymeeriahtloes not intrinsically

behave as a thermorheological simple or complexernadt but rather that it

complies with the typical response of the one @r dther models on a defined
application scope, in function of whether the ieflcge of one or more
mechanisms is significant (Klompen 2005; van der Vegt@avhert 2003Y.

There are a few other particular features assatiaith the thermorheological
simple or complex models, which can be of practisd. Among these there are
the so-called time-stress and time-temperature papiion principles. The latter
basically state whether it is possible to derive sonechanical function (having a

27 1t is useful to note that the evaluation of whethsecond mechanism has a significant influence
on the mechanical response is not only relatecht@antified application scope, but can also
vary according to the considered performance opegnty. For instance, no significant effect of a
secondary mechanism might be noticed on the tinnpéeature dependence of the yield stress,
altogether with a noticeable effect on the shapgaift of) the creep curve (Klompen 2005).
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‘smooth curved shape’) at a given stress leveltéamperature) by shifting the
considered curve along the time axis (on a logeddabm a reference stress level
(or reference temperaturg or T, ), by means of a stress-shift functieg(o’

for (h time-stress superposition (equation (111 ®)) a temperature-shift function
T

for the time-temperature superposition, equatidrdj)l

Table 1.1 — Viscoplastic models for yield streggolymers : summary

ar
Thermorheological simple model

Thermorheologicahptex model

E n(o)

NN

One non-linear Maxwell relaxation
element, where the stress-dependent
dashpot corresponds to a Eyring
element

Two non-linear Maxwell relaxation
elements in parallel, where the stresst
dependent dashpots correspond to a
Ree-Eyring equation

Eyring model :
equations (l11.4) to (111.9),
3 constitutive parameters

Ree-Eyring model :
equations (I11.11) and (111.12),
6 constitutive parameters

Time-temperature and time-stress
superposition applicable

Time-temperature and time-stress
superposition non applicable

Without going into the mathematical details of ghesperposition principl&s in

a general way some are applicable for thermorhédbgimple models but not
for thermorheological complex models. lllustrativethis difference, analytical
shift-functions aja) and &;(T) defined here above for the thermorheological
simple model have no equivalent for thermorheolaigtomplex models. In the
latter case, analytical expressions of stress digenfunctions can only be
obtained for each individual relaxation processnelg by replacing in above
expression (111.8) the total stress by the partial sti€ks{pen 2005) :

UX/UO,X

‘sinhg, /a,, =0:(T)-2,.(0,) (x=a.p)

1{0,:T) = 115, (T) (11.12)

A consequence is that temperature-activated ardsstctivated mechanisms are
similar for a thermorheological simple behavioutpwlng to separate the stress

2 Corresponding formulations can be found for insgaim (Ferry 1980) for viscoelastic models in
general and in (Klompen 2005) for yield stressaxation and creep functions of solid
thermoplastics in particular.
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and the temperature dependence into different tarrise expression of the yield
stress. However, when a thermorheological compléxavieur is considered,
there is not such an equivalency of effects ofsstrand temperature. This is for
instance illustrated for creep compliance curveFEigure 111.5 (Klompen 2005).

More generally, this is one of the reasons weltyrapolationof experimentally
measured behaviour of polymers is delicate.
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Figure 1.4 — Time-temperature dependence of ik&lystress (visco-plasticity) for a
thermorheological complex behaviour a) experimergallts for PMMA
b) contribution of the two relaxation mechanism#hi® strain rate dependence of yield
stress according to equation (1l1.11) (Klompen 2D05
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Figure I11.5 — The effects of stress and tempemtum creep compliance curves are not
equivalent for thermorheological complex materiahedelled creep curves for PMMA in
uniaxial tensile loading configuration : a) for &p loads from 5 to 75 MPa at 20°C,
b) for constant creep load of 5 MPa at differerst temperatures (Klompen 2005)
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The yield stress as determined by the plastic tloeory of Eyring (in equations
(111.6) or (lll.11)) predicts thenitiation of strain softening along the intrinsic
strain-stress curve sketched in Figure IIl.2, butsdoet predict the consecutive
yield drop (diminution of the applied stress) daette material softening nor the
following strain hardening occurring at larger sthelevel, namelyit does not
account for the post-yield behaviour

However, the corresponding macroscopic behavioua golymer component,
typically in response to a tensile load, is knowrdépend on the post-yield part
of the intrinsic curve. In particular, whether th@rresponding failure moffeis
ductile or brittle depends on the ratio betweenistsoftening and subsequent
strain hardening (van der Vegt and Govaert 20@)antitative modelling of the
(intrinsic) post-yield behaviour is investigated arg others by Klompen
(Klompen 2005).

The intrinsic behaviour discussed so far correspottd the response of the
material to a homogeneous deformation at consttmainsrate; Table lIl.1
summarizes the main characteristics of thermorlyscdd simple and complex
models for the yield stress. What can we learn fibwith regard to other
loading modes, and in particular with regard to tlpoase to creep (deformation
under the effect of an applied force with constantejatu

| failure point

7

t; creep time

Figure 111.6 — Schematic representation of typittalee creep stages in creep curves
for (thermoplastic) polymers and critical plasticesn. The failure point corresponds
with the moment when the creep rate is maximaidiron of failure).

29 |n this chapter and next ones, concepts of “brgakaode” and “failure pattern/mode” are used.
A rigorous distinction is not always made betweeathbterms in literature, especially when
applied to multi-materials, composite products touctures. To get a more accurate picture of
what these terms are exactly referring to, desorippf macroscopic failure has to be related to
the amount of stretch (strain) before initiation lmeakage (leading possibly to failure by
excessive deformation) and to the crack propagaigttern, namely at which rate this occurs
and whether this is stable or unstable.
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Intrinsic creep curves (obtained for an homogenexate of deformation from
uniaxial compressive tests performed under constast stress) show a similar
shape as a macroscopic creep curve (for instanened by a uniaxial tensile
configuration), with a succession of a low cree r&gion (corresponding to a
minimal value of creep rate), strain softening (@ase of creep rate) and strain
hardening (decrease of creep rate) (Klompen 200%9ser and Klompen report
that an equivalency of material state has beeriqusly established between the
region of low creep rate, or secondary creep, arel \field point on a
corresponding intrinsic curve at constant strata.rdt implies that the equations
of plastic flow apply to the secondary creep rgiegdicting its stress and
temperature dependence. This explains why the wikss is assimilated as a
measure of the resistance against plastic deformatioasistance to creep.

This equivalency has been successfully appliedédigt the resistance to creep
(time to failure under creep load) of some thermaotbgical simple polymers
(Klompen 2005; Visser 2018) and relies on following relation (Visser 2010) :

tf(o-l)_gf(0-2) Emi (02) (11.13)

tlo,) &lo) o)

where the subscript refers to the failure point, defined as the poihttie
(intrinsic) creep curve where the creep rate remdlemaximal value, and,;, is
the secondary creep rate. Typical order of mageitofdthe ratio&, / Eqn for

solid polymers T <T,) is in a range about 100 to 10000 (Klompen 2005s&f
2010). The first and the second equalities arose frqrarerental observatioffs

A derived relation defines a constant result to gheduct between the time-to-
failure and the secondary creep rate :

t(0).(0) =€, or tf(0)=g_—°ia) (11.14)

where &, is named theritical plastic strain(van der Vegt and Govaert 2003).
The so-defined critical plastic strain appearsaifely as relatively independent
of temperature and, to a lesser extent, of the applieess (van der Vegt and
Govaert 2003).

30 This approach considers creep deformation asersidle (assimilated with a propagation of
micro-damage, as in plasticity of metals). It does account for the observed capacity of large
strain creep recovery after removal of the apfbed (van der Vegt and Govaert 2003).

31 However no clear indication has been found abeerimits of validity of these two equalities,
nor how to define these.
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Visser calibrates its value by comparing resultdests conducted at constant
strain rate with creep test results, performed at same temperature (Visser
2010). However, the critical plastic strain is smathan the effective tear strain
(namely the total accumulated strain at the monwé#nbreakage, or ultimate
strain), and rather corresponds to the contributibthe secondary creep to the
overall creep deformation (Figure 111.6). Generalize multi-axial deformation
patterns, it is expressed in terms of a critical equivaain (Visser 2010).

An expression of the secondary creep rate of tha fé{U,T) is obtained, either

by deriving an analytical expression from equatidi) (Visser 2010), either by

means of a numerical inversion of equation (IIl. AN Erp et al. 2012). Used in
above equation (l11.14), it gives an expression eftime-to-failure in function of

the temperature and the applied constant valueedsstr

For a thermorheological simple model, an analyteogiression is obtained (by
combination of equations (l11.6) and (I1.14)) :

C e e g 89 [ V)]
tf(a,T)— o.T) = Z, .exp{ RTJ{SIW{ T j] (111.15)

_2¢&, AU oV .
=— ex - if 0>>0, (11.16)
& RT kT

The latter expression describes a straight linea @@mi-log plot of the applied
stress (creep stress) against (the logarithm ef}ithe-to-failure (with respect to
the failure point as defined above), with a slopea¢dgo — kT/V , hamely the
opposite of the ‘slope’ in equation (Ill.4). Creegstt results performed at
different temperatures appear then as (almost) pastiteght lines.

Use of the obtained expressions in practice istéichby two aspects, which are
the topic of the two next paragraphs: the firstithtion is related to the

phenomenon of physical ageing and mechanical reptien, which affect

polymer materials in their glassy state (thus wHer T,); the second one is
related to macroscopic failure modes.

I11.2.3. Physical ageing and its effect on mechanical behaviour

A particularity of solid polymers, already mentionleere above, is that they are
not in a thermodynamic equilibrium below their glasansition temperature.
This induces a specific time-temperature dependentopiemon in glassy state of
amorphous phase, referred physical ageing The main characteristic of
physical ageing is to be thermalhgversible An extensive review of this
phenomenon and related experimental aspects is pobjpofdutchinson 1995).
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Looking back to Figure 111.3, the amorphous glasspgghappears to occupy a
larger volume than the crystalline one : the dédfere of volume between the two
phases is called “free volume” (Hutchinson 1995 dar Vegt 2006). As a result
of the lack of thermodynamic equilibrium beldly , the free volume continues to
decrease over time, at a rate depending on the ségnmeobility, namely on the
ambient temperature : this is referred \adume retardation Whereas the
corresponding variations of volume are very smalime mechanical properties
appear highly sensitive to these, with the yielésstrand thus the resistance to
creep in first line. The ‘conformational changes/olved in physical ageing are
however not limited to volume retardation, and sestil not univocally
identified (Hutchinson 1995), but are not relatecaty chemical degradation or
transfer phenomenon. Accordingly, in a temperataege below the glass
transition temperature, the state of a polymer matieeighs changing in time, at a
rate depending on the temperature and related ialapeoperties, namedgeing
kinetics Below a certain temperature however, the segmenddlility of the
molecular chains is getting too low to attain amigrium on a reasonable time
scale : belowT; —25°C is ageing likely to proceed over thousands of y¢aan
der Vegt and Govaert 2003), and the thermodynamidglilegum is in practice
usually not attained for temperature smaller thgr15°C (Hutchinson 1995).

When the temperature range in service conditie@sfar enough below , the
initial ageing state of polymer products is maidigtermined by the processing
conditions, in function of the cooling rate froify, . A “quenched” grade is
obtained by fast cooling rate while an “annealedg gesults of a slow cooling
rate, or alternatively of an annealing treatmente THtter consists of an exposure
to a temperaturd, <T; for a durationt, , which accelerates the ageing process,
thus increases the physical ageing state. The gisdds appears to increase with
physical ageing; accordingly, the yield stress gfuanched material is expected
to be lower than an annealed one. Conversely, ansexp to a temperature
T >T, induces ahermal rejuvenatiorprocess.

Physical ageing seems thus a favourable effect areases the yield stress;
however, there is also a potential counterparténfthm of a loss of ductility and
a possible embrittlement at the macroscopic level asecprence. In fact, the rise
of the yield stress is generally accompanied bysa of the consecutive yield
drop, and this corresponds to a reduction of thecloszopic) ductility; in
comparison, the large strain response seems nettedf (van der Vegt and
Govaert 2003).

The application of a constant stress is havingralai effect on the yield stress,
namely by increasing the segmental mobility; themfmechanical rejuvenation
is associated similarly to a change of physicaliragestate. This effect is
observed for both compressive and tensile strem®sstbut appears as less
univocal than the effect of temperature (Hutchind®95; Meijer and Govaert
2005). It is not completely equivalent to thermajuvenation as mechanical
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rejuvenation seems not always accompanied by a ¥Waame expansion
(Hutchinson 1995; van der Vegt and Govaert 20@3eéms however still a field
of much scientific debate (Meijer and Govaert 2008)ne explanation is that at
yield, when segmental mobility is activated, the @cttof stresses leads to an
orientation of the molecular chains, which activathe strain hardening
mechanism (also called mechanical enhancement wissd as a process
treatment). The interaction between thermal andhaueical effects on vyield
stress is somehow visible in the expression (llIi€)e above : the rejuvenation
effect of applied stress only occurs when the appdtress is large enough. For a
thermorheological complex material, the effect oes$ on ageing state is less
univocal, as the balance between temperature eeskstffects on ageing process
can be different for the two different relaxation meghms (Klompen 2005).

Due to the lack of completely established relatloetween thermodynamic
variables and mechanical properties, the physicainggstateS is generally
quantified by a measure of the yield stress fronel-adapted short-duration test
(Hutchinson 1995; Klompen 2005). The value of thepeaterSis depending on
the choice of the reference valag, , (equation (lll.1)) at a given temperature,
as it appears not possible to obtain experimentliyompletely “fresh” (non-
aged) material by thermal rejuvenation processfortmation about the initial
ageing state is implicitly included in the pre-empatial termé&,, or alternatively
in the zero-shear viscosity, (Klompen 2005; Meijer and Govaert 2005).

Equations of previous paragraph apply thus onlytests of short duration,
meaning that no (significant) change of physicaiag state occurs (up to yield),
namely that the pre-exponential terd or /], remains constant for the
considered loading duration. This condition isifigfl when the initial ageing

time t, is much longer than the duration of the loadihgor an equivalent

duration accounting for a test temperatufe different from the ageing
temperaturel,). When this condition is not meprogressive physical ageing
occurs during the loading duration, increasing theistance against plastic
deformations. In particular, progressive ageing ceduthe creep rate during
creep tests of long duration, in comparison with dhe measured with tests of
short duration (for materials with the same initigeing statéj. This leads to an
apparentendurance limit in creep test results : below a certain valueregp

load, no failure is attained (on reasonable timesgabecause the time-to-failure

%2 Besides possible occurrence of progressive pHyaging during long duration creep, a failure
criterion due to excessive deformation combined whie non-linear response to loading above
the characteristic stress is another reason whgigiien of long-term creep based on a simple
time-temperature shift function calibrated on resoff short-duration tests is not reliable. This
invalidates among others the use of the Burger imadseries combination of a Kevin-Voigt and
a Maxwell linear elements, for modelling the creegponse quantitatively (van der Vegt 2006).

% There is not an absolute value of endurance fionia polymer material, neither a lower yield
stress : such lower limits can only be identifiedelation to a limited scope (Visser 2010).
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increases towards much longer (thus safer) valoas the values extrapolated
from short-duration tests. However, a risk thentexi®r long duration loading,
of a transition in (macroscopic) failure modes, frolmctile to brittle failure
(Klompen 2005).

Influence of initial ageing state and progressitggical ageing is modelled by
replacing the constant value of the pre-exponeridiator in the viscoplastic
criterion by a (ageing) time-dependent functionr iRstance, the constary, in
equation (111.8) is replaced by a function of the tyéompen 2005) :

,70 (Tref ) - 170 (Tref ’t) = ,70,r (Tref ) . exp(sa (Tref 1ta)) (|||17)

wherer,, corresponds to the zerp-shear viscosity of a fdjyvenated material
(at a reference temperature), afidt, ) is a state function determining the initial
ageing state due to the thermomechanical histasy iffstance an annealing
treatment). The same function is used for modeltimg effect of progressive
physical ageing during a long-duration test or énvige conditions (Klompen
2005; Visser 2010), by splitting its time argumentoi an initial age and an
“effective ageing time”. This effective ageing tinexpresses the increase of
physical ageing statg during a long-term loading (progressive physiagdiag),
for given conditions of temperature. Parameterolimd in the ageing state
function are therefore associatecaggeing kinetics

To get a more concrete idea about the trend peatlioy such an ageing state
function and an order of magnitude of the effectuited on the yield stress
(corresponding to experimentally measured valugbe next equivalent
formulation (Klompen 2005) is probably more intuitive :

—_ t+ta
o,=0,,+clog " (111.18)
0

By comparing this expression with equation (lll.1pe two terms can be
recognized as the two components of the drivingsstrevaluated at the yield
point (where the hardening stress is considered egjaako).

Figure 111.7 shows two situations where a progresgifysical ageing effect is
present. The first graph (on the left) shows a sefiesiaxial tensile tests results
performed in reference test conditions on specimwtts different initial ageing
states, which are used to determine ageing parsnéfdompen 2005); the
second shows the effect of progressive physicahggen results of creep tests
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performed on two different grades of a thermoptaptioduct! (Visser 2010).
According to the used experimental approach, thénggeate function is fitted
by means of the two or thr@garameters of above expressions.

60,

Yield stress [MPa]

Applied stress [MPa]

30 - - = ; 20% i - -
" 10 10° 10° 10 10° 10’ 10 10° 10" 10° 10°
Annealing time [s] Time—to—failure [s]

Figure 1.7 — Application of the ageing functiom two different situations
a) effect of different initial ages (annealing tsh@n the measured yield stress in
reference testing conditions (Klompen 2005) b) prests results compared to models
without (dotted lines) and with (solid lines) pregsive physical ageing (for annealed and
as-manufacturers grades of uPVC tested at diffecezdp load values) (Visser 2010)

Finally, it is suspected that the ageing kinetias lba altered by the confinement
grade of the material for some configuration, say deformation degree of
freedom. This comes from an analogy with a giveplanation for the
thermorheological complex behaviour of semi-crystal polymers. The
presence of the crystalline phase would inducedifferent contributions of the
amorphous phase, one due to the volume part freeftom, and the other one
corresponding to zones constrained by the presehneighbouring crystallites;
leading to a different relaxation time for each (van\tegt and Govaert 2003).

In summary, it appears that physical ageing is facepotentially important to
account for. In particular, it can represent a non-negigibhstraint in designing
experimental campaigns and in interpreting test resuteme test conditions.

34 Consider a quenched and an annealed grade ofne olymer : the first has a ‘lower level’ of
physical ageing state than the second, or a smaitel age. If a creep load is applied on these
two materials in the same conditions, progressifigsigal ageing will start earlier in the
quenched grade than in the annealed one; in Figirgb, the as-manufactured grade
corresponds with a quenched grade.

The third parameter is the initial ageing statemvkhis is unknown, represented for instance by
the initial ageing time and the rejuvenated yidlgéss. However, practically, most of the time
the initial age cannot be measured directly, amdvéilues obtained by fitting experimental data
include thus an arbitrary or virtual part. Howevierallows to make quantitative predictions in
regard to an arbitrary fixed reference state. @hame tricks and issues how to perform such
calibrations which are beyond the purpose of theect discussion...

35
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I11.2.4. From intrinsic to macroscopic behaviour

The specificities about the behaviour of polymeterials have been approached
so far by considering generalities and the so-gati&insic behaviour, associated
to the response of a material in a homogeneous stateformation and under a
load applied at a constant strain rate. The macpasdehaviour of a polymer
material appears however to be slightly differeft.this paragraph two aspects
related to the macroscopic behaviour are reviewebdiscussed. Firstly, some
attention is dedicated to the conventional uniatéaisile test configuration and
arising issues for interpreting its results. letfahis is still the reference test
configuration often envisaged for determining thechmanical properties of a
ductile material with capacity to carry loading tension, it is the topic of a
variety of standardized methods for metals and ety materials, and it is a
relative cheap test method. Among others, this tesifiguration is often
considered for investigating the properties of daiger films (see further in
paragraph 111.3.2). The second aspect addresses rpargcularly the
macroscopic creep behaviour and the related specificdaihodes, which did not
appear above. In fact, quasi-static response undestant force has been
identified in Chapter Il section Il.1 as an impottémading mode for fractured
laminated glass used in structural applications.

A conventional uniaxial tensile test on a polymeatenial is typically performed
on a dog-bone specimen at a constant velocity ldisment rate¥. The typical
response to such a test, expressed as a nominssé-strain curve, exhibits a
shape slightly different from the intrinsic curv&his is firstly due to the large
deformation range, and secondly to often non-homeges deformations. The
combination of these two particularities of the matical behaviour of polymers
explains difficulties of interpretation of resulté conventional uniaxial tensile
tests (Meijer and Govaert 2005; Moore and Turne®120/an der Vegt and
Govaert 2003). In particular, results of convemdilouniaxial tensile test on
polymer materials do not allow to derive back atrimsic stress-strain curve,
whereas the latter allows to predict the respofiss aniaxial tensile test (Meijer
and Govaert 2005).

3% Conventional uniaxial tensile tests typically measthe deformation as the variation of a
prismatic gauge length, namely the length betweennbarked sections. Reference test methods
for polymer materials are for instance the onesgiieed in international test standards ISO 527,
and are generally performed on a dogbone specimea &élso paragraph 111.3.2), this for
avoiding secondary effects or breakage near thenpitegy areas. The qualifying of
‘conventional’ is used among others by Moore anth&u(Moore and Turner 2001).
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This last statement essentially applies to spedcinested at a temperature below
their glass-rubber transition : non-homogeneousorespis essentially associated
to the apparition of necking during the test (segife 11.8)*". When tested at a
temperature above their glass transition, the respanrubber-like, with little or
no localization (no necking) and thus with (reasdyl|a homogeneous
deformation along the gauge length. In that casmjigeed that the assumption of
isochoric deformatiori8is valid, some hyperelastic models can be calibratdyl
by means of uniaxial tensile test results; when dggneous non-isochoric
deformations are involved, existing alternative lmaiion methods require
advanced measurement methods (as the measuremkteral contraction) or
complementary tests on other configuratfdn®y definition, hyperelastic models
cannot cope with a stress didm macroscopic loading curvés

An apparent softening in the form of a stress doopa loading curve of an
uniaxial tensile test (Figure 111.8b) is not nece#gathe consequence of an
intrinsic material softening, or yield drop (Figute8a and Figure IIl.2); it can
solely be due to a geometric softening caused byatiparition of the necking
zone along the prismatic gauge length and the qoiese reduction of the cross-
section area. The neck initiation is however aaflicensequence of the intrinsic
yield stress, and can be followed by two types spoase, or failure modes. The
stress localization caused by the correspondingndition of the cross-section’s
area can either be stopped by strain hardeninghénniecked zone, with as
consequence a ductile behaviour caused by the sate(iflow”) of the necking
zone along the gauge length (as illustrated in feigll.8); or it cannot, and it
leads then to critical localization up to cracKiation and breakage of the cross-
section, generally associated with a brittle failgvan der Vegt and Govaert
2003).

%" The Poisson’s coefficient, which expresses theimel dependence of the deformations, has a
value aroundv = 0.3 .. 0.4 for the elastic pre-yield behaviotirgtassy polymers in general
(corresponds to volume expansion in a uniaxialitensst), and deformations at yield and in the
post-yield range occur without noticeable volumaraie ¢ ~ 0.5), as for large strain rubber-
elasticity (Moore and Turner 2001; van der Vegt @wvaert 2003). The Poisson’s coefficient is
originally defined in small strains theories (iretbcope of linear elasticity in solid mechanids), i
is therefore questionable whether it is not indgcaionfusion to use it for describing volume
variations in the large strain range (in spite akaal practice...).

Isochoric deformations are deformations occumiithout global change of volume.

Such calibration methods for hyperelastic modets immplemented in some Finite Element
packages as Abaqus (Simulia).

Stress drop is defined here as the difference dmiva upper value of (nominal) stress and a
consecutive lower value on the loading curve ofaventional uniaxial tensile test.

The Mullins effect, included in some hyperelastiodels, is sometimes associated with a
concept of visco-elastic strain softening : howevleis rather accounts for differences between
the loading and unloading paths for some typesiloibers, and is not related to yield drop.
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Note: identified points on the intrinsic curve {Jeforrespond to the stress state in the
central cross-section.

Figure 111.8 — Comparison of intrinsic loading cuenand macroscopic response
(conventional uniaxial tensile test) of polycarbtséC) (Meijer and Govaert 2005)

However, the perception about the brittle or duatd¢ure of the failure may vary
according to the loading mode and characteristiceesponding to each part of
the two curves. The typical response of a mateériah uniaxial tensile test
configuration to two different loading modes is wioin Figure 111.9 : a creep
curve, obtained by the application of a constarggdconstanhominalstress), is
compared to the previously considered loading curvajrdd for a test carried at
constant strain rate (namely at a constaominal strain rate, or constant
displacement rate). In fact, the effective (trudgplastress in any cross-section is
rising with its area reduction consecutive to stretghi
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Figure 111.9 — Uniaxial tensile test configuratiorcomparison of the response
at room temperature of a specimen polycarbonatedeep load (creep curve, left)
and to a constant strain rate (nominal stress-straurve, right) (Klompen 2005)
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From the comparison of the two curves in Figuré]llt seems that the apparent
progressive ductile post-yield response duringsa dé constant strain rate rather
corresponds to a relative sudden failure in theegribad mode : the neck
initiation is followed by an unstable deformatioae, whether it is explained as
a tertiary creep mode or a unstable crack propagatiodé”. Accordingly, the
ductile character of the failure seems different in e lbading modes.

Considering the creep loading mode, the limit betmaatable (secondary) creep
and an unstable (tertiary) creep regime is defimgda criterion comparing the
accumulated plastic strain in the material with¢hgcal equivalent strain (Visser
2010). When the first is getting larger than thiéelr in some point of the loaded
volume, it initiates locally a plastic flow, which responds to a localization
phenomenon, and for a creep load mode to a fathirdai However, this
localization phenomenon is not always visible at therosaopic level; it can also
take the form of localized, microscopic damagescmazes, etc. (Moore and
Turner 2001; van der Vegt 2006).
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Figure 111.10 — Typical failure modes of thermopiagproducts under creep load
a) for (thermoplastic) polymers in general — basedvan der Vegt 2006)
b) particular cases of plastic pipes subjecteddastant internal pressure (Visser 2010) :
region | corresponds to a ductile failure mode (&)ion Il to a brittle failure mode due
to local failure (hairline crack) (C), and regioi lto a brittle failure mode due to
chemical degradation (multiple cracks)

When looking at the creep response on a largeresobjoading conditions, the
general qualitative picture for solid thermoplasiégdentifies a range of ductile
failure mode, surrounded by two ranges of brittle failurel@so(Figure 111.10).

This general curve is obviously also temperaturpeddent, and this appears
clearly by looking in parallel to the definitionsf csome characteristic
temperatures given in paragraph 111.2.2 here abovehe ductile-to-brittle

2 The notion of unstable propagation mode has beénatl in Chapter Il paragraph I1.4.
43 For services conditions in a temperature rangiciiitly ‘far’ below the glass transition.
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transition temperature refers to the point betwsegments A and B in Figure
I11.10a, the maximum temperature in service condgicefers to the region Il in
Figure 111.10b. Different methods are reported tpresent the measured stress-
temperature dependent time-to-failure, and to emtedp the results to longer
creep load durations; an important point to nofieethat such experimental
investigation method is very time-consuming (van deyt\2906).

Besides all the above identified aspects making itierpretation of tests on

polymer specimens difficult, in particular for theyplastics, a complementary
aspect is pointed out. The apparent ductility ¢oighness) of a polymer material
may seem larger when observed on smaller testrapasi compared to larger
elements. Alternatively, the probability of a bdtttesponse increases with the
size of the element. The phenomenon is explaineddoyparing the size of

plastic zones (among others where crack propagatiechanism are present) to
the dimensions of the specimen (Moore and Turner 2001)

In summary, many aspects are intervening for exlgirwhy the apparent
macroscopic ductility and resistance of a polyn@nponent can be significantly
dependent on the considered test configurationtasdconditions. The main
conseguence is that any attempt at making an éxéecisaracterization of all the
mechanical properties of polymer components, takitg account all aspects of
importance, inevitably tends to large, time consumixgerimental programs,
with possible unreasonable cost/benefit balance@asequence (Moore and
Turner 2001; van der Vegt 2006). Characterization otthep resistance of load-
bearing components in particular is requiring meests at different temperatures
and creep load values, and is therefore only affiedfor large scale applications
with high safety requirements, as for polymer pipsgd in gas distribution
network (Visser 2010). For other structural appitss, critical creep
deformations is generally the design criterion (vanviégrt and Govaert 2003).

Another identified important related issue in these of polymer components
used as or in construction products, is to find appate way(s) to give a
comprehensive overviest their mechanical performances to the user-designer.

IIL.2.5. Particularities of polymers used as adhesives

The structural role of an interlayer component aminhated glass has been
described in Chapter Il. It can be considered gsréicular case of structural
adhesivé&, with a particularity : an optimal contribution tife interlayer to the
overall performances requires an appropriate balabetween its intrinsic
cohesive (bulk) properties and its adhesive praggert In particular, the

4 According to the definition in standard EN 923 idatkd to the defined terms for adhesives :
“Adhesive : non-metallic substance capable of jginimaterials by surface bonding (adhesion),
and the bond possessing adequate internal strefegtiesion)
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determination and control of the adhesion level thasonsider lower and upper
limits. In fact, the ductility of the interlayer Bgnent in a TCT-configuration is
not solely depending on its bulk properties, but etgls largely on its
delamination capacity of the glass substrates.

In what extent are the different particularities pélymers, and the related
concepts and models presented above, applicable to\alhesfigurations ?

It has been shown that the mechanical responselgiprs is mainly ruled by
secondary intermolecular bonds. Accordingly, it seéogical to firstly look at
the corresponding mechanisms involved in the aslegroperties of polymer
components.

Adhesion in general can rely on different mechasistwcording to the nature of
the adhesive and of the substrates, and to theadfeaistics of the surfaces
assembled (Belis et al. 2011). It can involve meidarinterlocking, diffusion
and adsorption mechanisms. These mechanisms arevéowgenerally
complementary, and correspond also to different ribso of adhesion.
Mechanical adhesion is mainly due to the geometrthe assembled surfaces,
characterized by their respective roughness. Thecaged feature of the
adhesive is the viscosity, measuring its capacityiltahe gaps. Diffusion or
adsorption mechanisms are associated to bondsraaléer, molecular scale. The
former is assuming some penetration of the molectiains of the adhesive
polymer into the substrates, whereas the latterather considering ‘pure’
interfacial interaction forces. In both cases the inviingeraction forces are of a
lower or a similar order of magnitude than the oneslired in the intermolecular
bonds in the bulk of the adhesive component.

For explaining how temperature can affect on aediffitiated way cohesive and
adhesive interaction forces, a conceptual distndtietween the various adhesion
mechanisms should probably be related to a digtimttetween the nature of the
interfacial forces at molecular level (in companisawith the cohesive
intermolecular forces in the bulk) and their densitong the contact surface
(interface). If the nature of the adhesive bonddase to the one of the cohesive
bonds, it seems logic that their sensitivity to timeyperature effects will be close
to each other’s as well, and that the balance betwtetching and delamination
rates can be kept over a wider range of tempegtaken if the absolute value of
the related performance varies. Besides, as exlam Chapter Il section 1.4,
stress patterns along interfaces between two radteaind consecutive acting
forces ruling interfacial crack propagation proessare depending on the elastic
properties of surrounding layers. Accordingly, ifeoof the two materials in
contact exhibit a mechanical behaviour sensitivénbe and temperature effects,
interfacial behaviour and its contribution to sturel behaviour of adhesive
assemblies inevitably exhibits a dependence to simifacts.
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Among the similar features for all adhesive product&édnss that they are always
processed in an adhesive assembly at a tempekwtoke their glass transition
temperature. The main difference between (physgiaaitangled) thermoplastic
and (chemically cross-linked) elastomer adhesiv&sthie position of their

(primary) glass transition temperature comparedthi® services conditions.

Thermoplastic adhesives have a glass transitiopéesture above or near the
ambient temperature, and their lamination procesegsarily requires larger
temperatures for bringing them in a state of loscubity. In contrast, elastomer
adhesives have a glass transition temperature blevservice range, and are
processed at ambient temperature or at a slightigtdemperature but still inside
the possible temperature range of their service conditions

It is obvious that the industry of adhesive produws developed in the last years
much knowledge about how to perform differentiateshtrol of bulk and
adhesive properties, and that a variety of meansesd to achieve it, which vary
for each product and application. However, curresgigh issues are rather
addressing the definition of limits of use, namdig tdentification of boundaries
of possible application scope, and thus address geeformances in a wider
range of service conditions.

For a polymer bulk material, two types of limits kaveen identified : a loss of
performances involvingphysical and reversiblephenomena and a loss of
performances due tahemical degradation mechanismeamely involving
irreversible damage of (primary) chemical bonds. siGe criteria for
thermoplastic products are mainly related to th&t fiype, and for elastomers to
the second type.

For adhesive assemblies in general, and for laminateducts in particular, the
issue is more complex, as the evaluated performaaceselated to preferred
activation of failure mechanisms, among others edlab preferred paths for
crack propagation (which involves a post-yield batwar). All the issues
identified here above for the assessment of (thplastic) products are expected
to be applicable for (thermoplastic) adhesive agdiesn Consequently, it can be
expected that the characterization of the mechhpieperties of an adhesive
component has to account for possible differerdisgffects of the processing
conditions on its bulk and interfacial propertieBesides, the molecular mobility
could be slightly different in the close vicinity the interface compared to the
one in the bulk of the adhesive layer. Finally, tawill appear in section 1.3
below, it cannot be excluded in general that (dgs}etlisation processes are
occurring in service conditions. Conceptually, biége effects can lead to some
differences in relaxation and ageing kinetics ie thulk and along interfaces,
namely with one or more different values of kingtarameters. It is proposed to
account for these possible differences by distisigng conceptually two ageing
state functions S, | (t) along the interfaces of the adhesive layer s;g(t) in
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the bulk®. However, it seems logical to assume simultaneotisly some
correlation exist between these two functions.

Above considerations lead to formulate the desighthe assessment problem by
means of two complementary questions. The first addsathe assessment of the
time-temperature dependent variation of the colkesaind adhesive properties,
relative to each other and in absolute value, irarsge of service conditions
(temperature, loading rate or level,...). The sedenélated to the identification
of for which conditions which of these values iadang to critical situations, and
as a conseguence which must be considered foreigrd(dimensioning). This
distinction could correspond respectively to theseasment of product
performances on the one hand, and to the evaluafidheir compliance for
design purpose on the other hand, and combinetiiusassessment logics, the
first product-oriented, the other application-orezht where the performance
requirements defined for an application (constourcélement) must be fulfilled in
relation to the assessed performances of the cwmtisin product. Strong
interactions are inevitably required between theseapproaches, and thus also
between the various involved stakeholders (Kooymemss Schneider 2009), to
facilitate the use of this type of products in tbenstruction sector. These
interactions concern in first instance issues eeldb the choice of experimental
approaches, the type of test configurations, scaldgest conditions, the amount
of tests and their execution order.

III.3. Consequences for the characterization of interlayers

Mechanical models and corresponding characterigtaperties presented in
previous sections here above have been mainly ajgaelfor solid thermoplastic
products, namely products with a glass transitiomprature significantly above
temperatures in service conditions. For instancemigen considered mainly
polycarbonate (PC) and polymethylmethacrylate (PNJNdfoducts in a relative
general, fundamental approach (Klompen 2005), w¥idser considered mainly
polycarbonate (PC) and unplasticised poly(vinylodle) (uPVC) as polymer
products used for water and gas distribution pipethe Netherlands, in a more
practically, engineering oriented approach (Visser 2010).

The question is whether these models and asso@apdimental approaches are
usable for characterizing interlayer products. &ctf two complementary
questions can be distinguished. Firstly, are theets@dpriori robust enough for
covering the intended application scope(s), in seraf type of materials,
temperature and loading ranges, and in terms oficeeconditions, including

4 For interlayer products rather of the elastomgretycross-linked structure), as cast-in-place
products processed in liquid form at lower or ambtemperature and hardened after lamination,
these ageing states functions should be complaiedeplaced) by similar state functions
reflecting the time-temperature dependence of immdeprocesses.
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ageing issues ? Secondly, assuming they are, arertippsed and developed
experimental approaches applicable and relevant f&cscientific point of view,
but also are these viable from a practical (economicointpf view ?

These guestions are addressed in four steps ifoltbeing paragraphs, and will
focus on two families of interlayer products pripadly. In a first step, their main
characteristics are presented with regard to tembper ranges in service
conditions for laminated glass products, and coegbawith other polymer
materials used in structural applications. The wsécstep discusses some
interpretation issues of values of mechanical ptogse for interlayer materials,
and in particular with regard to results of coni@mil uniaxial tensile tests. The
third aspect addresses shortly some specificigdbiesion of interlayer materials
with glass, and the related methods for measuriagtthesion level. Because of
the identified pitfalls and issues with conventibtest methods and experimental
approaches for characterizing the mechanical bebavnd adhesive properties
of interlayer materials, the fourth step looks fasgible alternative approaches
and test configurations.

II1.3.1. Characteristic properties and service conditions

PVB refers to a broad family of products which ast reference material for
laminated safety glass products used in the bugjldidustry. They are produced
by different multi-national companies in differegitades, which are adapted to
comply with specific markets or applications. Letraention a few ones among
the most known brands for the building industrye fButacite® produced by
DuPont®, the Saflex® by Solutia (Eastman group, previouslgnstnto) and
Trosifol® (Kuraray group). The second producths SentryGlas (SG), which is
the commercial name for a product described as an ionam&mainly known as
a product “stiffer and stronger than PVB” (Stelzer 2010

These two products belong to the category of thplastic polymers and are
manufactured as folio interlayers, and produced ifew different standard
thicknesses. The thickness of PVB-films follows gmplicit international
standard based on multiple values of 0.38 mm (1% nhil laminated glass units
for structural applications, thicknesses of 0.7@ dn52 mm (30 and 60 mil
respectively) are the most used. They are gemeadelivered in rolls of various
widths. SG-interlayer was initially available iretform of thicker rigid sheets of
1.52 and 2.28 mm; more recently the assortment has bedched with a
thickness grade of 0.89 mm delivered in rolls. Trexst nowadays however a
variety of other interlayer products, and amongéhsome are associated to the
family of elastomers (typically cast-in-place type o&itayers).

¢ The division Glass Laminating Solutions (GLS) aiffont has been bought in November 2013
by the Kuraray group.
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Both PVB- and SG-laminates are processed by mehas autoclave process,
characterized by a pressure-temperature controlfeté of a few hours, during
which the temperature is typically raised at a terapure of about 140°C and
cooled down at controlled temperature and presdeceease rates (Tupy et al.
2013).

A first comparison is made in Figure IlIl.11, whereadctteristic values of
transition and processing temperatures of differpotymer products are
compared with identified typical temperature rangeservice conditions. Three
categories of products are considered :

1) underground pipeffor water and gas distribution networks), becatseone
of the most important applications, in the civil awgering field, where
polymer products are used as structural elemenis ¢er Vegt and Govaert
2003), for which mechanical models presented eaitiethis chapter are
applied for dimensioning the elements and for adlimig their effective
residual lifetime duration during their design wioiklife (Visser 2010). The
product types are polycarbonate (PC) and unplasticpoly(vinyl chloride)
(uPVC), and the corresponding characteristic vatifggansition temperature
are the ones considered by Klompen and Visser in thgiective work;

2) glazing productsnade of transparent solid plastics, used as &blaiements
or as glazing sheets within laminated glass prad{r@mely with a structural
role similar to a glass component). Interestinglgstrused polymer products
used as glazing sheets are transparent grades ah#@f PMMA materials.
It is thus assumed that their characteristic valfegansition temperatures
remain in the same order of magnitude as the ones uspigppésrproducts; the
validity of this assumption is supported by valdesnd in literature, as for
instance in (Bos and Veer 2007; Bos et al. 2006)

3) interlayer productshere limited to PVB and SG products. PVB is réferr
to a family of products, provided by different manufactunengarious grades,
whereas SG refers to one commercial product gralkie explains the wider
range of values mentioned for the glass transtiéomperature of PVB in this
figure. It corresponds to the range of values oeetl by Hooper (Hooper et
al. 2012) and is thus relative to various gradesmaadufacturers : it must not
be assimilated to an intrinsically larger scattgriof this property for a
specific PVB-product.

47 Some authors also report on the use of PC aseneiyer component, namely when the adhesion
with the glass sheets is not made by means of agbéter polymer interlayers (Veer et al. 2001).
In spite of the few details given about the prothrctprocess, probably the corresponding
lamination process is performed at a temperatuoealthe glass transition temperature of PC,
namely above 150°C. The structural role of a R@rlas in such case slightly different, with
possible consequences about eligible approachehéwacterizing its mechanical properties.
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The represented glass-rubber transition rangesefmh family of products
correspond to a temperature range equal(lp—25°C; T, 8 namely the
temperature range in which the physical ageing sthtthe polymer product is
supposed to evolve at the fastest rate. The wgetemperature for laminated
glass components corresponds to the highest tetapereeached during the
lamination process. The value of the referencetéesperaturel, is equal to 20
or 23°C in usual standard test conditions.

PC
upvC| 1 Bsoss >

Laminated glass products : polymer interlayers

LA
VB | [HT31H]5..40 ¥ 1401145

SG " L Wsseo J 40145

Laminated glass products : polymer glazing sheets

PC N I FEGES
.
2:0

TO
Underground pipes “

PNVIMA ] >

Tempergture [°C]

-60 -40 -20 0 40 60 80 100 120 140 160

Service conditions I —> Processing temperature

I Glass-rubber transition range | Reference test temperature

Secondary transition temperature

Figure 111.11 — Comparison of typical temperatuanges for service conditions of end
products with values of transition and processieigperatures of used polymer materials

Besides the characteristic values of transitionpenatures for each product,
temperature ranges corresponding to service conditiare represented,
accounting for variable lower and upper limits. isltassumed that the range of
service temperatures for underground pipes is sm#ian for glazing products,
because their underground position protects therdailfy and seasonal cyclic
variations of temperature. The service temperatursidered for laminated glass
applications corresponds to the temperature readhsille the considered
component (interlayer or glazing); this one cardrger than the surrounding air

8 In the graph, the typical value of & mentioned on the right side of this interv@ihe origin of
the value 25°C has been mentioned in paragraphdjlit clearly remains a rather indicative
value.
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temperature due to daily and seasonal climaticatiaris the element is exposed
to, the difference being due to absorption of solar radianangy.

A few observations can be made on this basis. ¢ansidered service
temperatures for underground plastic pipes made of coadigelymer materials,
thermal effects are expected to only increase tigsipal ageing state. In
comparison, the physical ageing state of interlgyeducts seems to possibly be
affected by thermal ageirand rejuvenating effect, because their glass transition
temperature liewithin the service temperature range.

Table 111.2 — Indicative values of properties oferlayer products

Property uni PVB SG
Volumetric weight (density) kg/ms3 1070 950
Elastic modulus* N/mmp@ 18 300
Tensile strength* @) N/mm? > 20 34.5
Deformation at breakage*,) % > 250 400
Glass transition temperatu?'ég °C 5-40°C 55..60°C
* Typical values obtained by means of a conventionéxial test on a dog-
bone specimen, performed at moderate strain ratecm temperature; see
also paragraph 111.2.4 and Figure 111.12.

In literature, SG is generally described as a sewstalline thermoplastic (Louter
2011; Meissner and Sackmann 2006), while PVB isriest as an amorphous
(Bati, Fagone, & Ranocchiai, 2009; Meissner & Sackma&i®6; Muralidhar,
Jagota, Bennison, & Saigal, 2000) or semi-crystal{ikett 2006; Weller et al.
2009) thermoplastic. However, this qualitative distimttiioes not seem a critical
point to solve, for different reasons. On the onadhahe amorphous phase
seems to play a dominant role on the time-depentehtaviour of semi-
crystalline polymers; on the other hand, in regardcharacteristic values of
material transition temperatures, occurrence oftalyzation processes could
occur during lamination and/or service conditioBesides, transparent polymers
in general seem characterized by low crystallisatipade and small size of
crystallized zones, as crystallization is known to be aecatibss of transparency
(van der Vegt 2006). The change of transparencthefmaterial during the
lamination proce$s could be thought of being due to change in crijstaion

49 Both PVB-films and SG-sheets are translucent iively conditions, and become transparent
during the lamination process.
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grade, but another advanced explanation is relatetet surface roughné8of
the interlayer sheets/films (Juang et al. 2001).

Thermal stability of some interlayer products agaichemical degradation has
been investigated (Weller et al. 2010), and the tedaresults indicate that with
regard to identified typical temperature rangesenvice conditions, PVB- and
SG-laminates both seem to have a satisfying stal{li,,, >100C). PVB-
interlayers seem more sensible than SG-interlagerpassible degradation
processes during lamination, and this aspect isubtddly playing a role in the
determination of the specifications for the auteelaycle used in the lamination
process.

I11.3.2. Response of interlayers in uniaxial tensile tests

At ambient temperature, the observed behaviour oB RWid SG interlayer

products appears as quite different of each othd?¥B exhibits a rather rubber-
like response, while SG is described as havingetasto-plastic’ behaviour by
many authors. In particular, during a conventiomahxial tensile test performed
at room temperature, the deformations of a dog-lspeeimen cut out of a PVB-
film appear as relatively homogeneous, while theestest on a similar specimen
from a SG-sheet clearly yields to the apparitiod @nopagation of a necking
along the specimen’s gauge length (Figure 111.12)ictvlis the typical behaviour

of a glassy polymer (similar to the one shown in Figlirg)l

Typical values of properties of these two typesrialyers at ambient temperature
are reproduced in Table 11.2. Values of mechanpraperties in this table come
from uniaxial test results and should thus be nyecehsidered as an indicative
order of magnitude.

What about the influence of applied strain rate tmdlperature on results of such
conventional uniaxial tensile test results ? Figlitd3 shows the temperature
dependence of the response of PVB-specimens toentiomal uniaxial tensile
tests (fixed but unspecified specimen geometry andeaipptrain rate).

Other similar test results on PVB and SG-specimgesformed in different
ranges of loading rates and of temperature, aredeped in Figure 111.15 to
Figure 111.18, with the corresponding specimen geoieein Figure Il1.14 (Belis
et al. 2009; Hooper et al. 2012; Kott and Vogel 20@3jjer et al. 2011). Other
similar test results on SG-specimens are reporefMieissner and Sackmann
2006). The main characteristics of each test saie summarized in Table 1l1.3,
with a comparison of the corresponding loading esn(he ratio of rates range is
calculated on the basis of the largest and the smhaligsied displacement rates).

50" Surface roughness of interlayer folio is knowrb&oanother important parameter for controlling
the adhesion quality and the adhesion level, vegard to the evacuation of air bubbles.
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A quantitative comparison of these different resuls not straightforward,
because of the different geometries of the testispas. Whereas dispersion of
test results within a series (Figure 111.16 to Figlif.18) seems within reasonable
limits, comparison of loading curves correspondimgnt principle identical tests
shows a noticeable difference in yield stress, wathstill more noticeable
difference between the post-yield part of the csrrgleetween Figure 111.17 and
Figure 111.18, tests on SG-specimens at 100 mm/miferénce of about a factor
1.3 between measured tensile strength). Theseaadliffes can be explained by
different experimental issues or differences in samples.

PVB

Figure 111.12 — Typical nominal stress-strain cusvebtained from conventional uniaxial
tensile tests on dog-bone specimens cut out of fitviB-and SG-sheets.
Above pictures show the deformation pattern aldvegldading curve for SG-specimen.

134 Chapter 111



6 [N/mm?]

40

< 4

i /e

10 ¥ /// / 40°C
0_’22/ Eg_____// / 80°C | s52%

0 50 100 150 200 250 300 350 400 €[%]

30

20

N
N
N1

Figure 111.13 — Influence of temperature on nomisakss-strain curves
from uniaxial tensile tests on PVB-specimens (edrout at constant but
unspecified displacement rate, and on unspecifesmhgetry of the specimens).

From technical data of Trosifol, as reproduced ttKott 2006)
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Figure 111.14 — Dimensions of dog-bone specimereider uniaxial tensile tests on
interlayer film a) (above) according to EN ISO 527Belis et al. 2009; Hooper et al.
2012; Puller et al. 2011) b) (below) as used bytKkbtt and Vogel 2003)
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Figure I11.15 — Results of uniaxial tensile testsgpecimens PVB-interlayer,
a) at 6 different constant displacement rates betw@ 037 to 5.000 mm/s,
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(Kott and Vogel 2003)
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Figure 111.16 — Results of conventional uniaxiah$de tests on specimens PVB-interlayer

at ambient temperature and relatively large streates : (a) engineering strain-stress
curves, (b) corresponding stretch-true stress csyrderived by assuming homogeneous
and isochoric deformations (Hooper et al. 2012)
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Figure 111.17 — Results of conventional uniaxiah$éde tests on specimens SG-interlayer
at room temperature (engineering strain-stress egj\Belis et al. 2009)
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SG stress-strain diagram
for different temperatrues and loading rates
50

45 - . v -
23 °C, 100 mmvmin o ¥,
40 4 ! ! N
35 4 ! ! _4Z
y b
30 4 . -;

25 \ 223 °C, 1 mmVmin

TS 40 *C, 100 mm/min

Engineering stress [N/mm?]

_~ 40 *C, 1 mmimin

{l | |
& V‘ —-75°C. 1 mmémin 4 < 75 °C, 100 mm/min

’/' - - -— - - - — _— —t

0 100 200 300 400
Nominal strain [%)]

Figure 111.18 — Results of conventional uniaxiah$de tests on specimens SG-interlayer
at different temperatures above room temperatungifeering strain-stress curves)
Note : the tests at 1 mm/min were stopped at aitrarp strain of 26% (no breakage)

(Puller et al. 2011)

Table 111.3 — Overview of main characteristics oheentional uniaxial tensile tests
corresponding to the results reproduced in Figutelb to Figure 111.17.

Reference Material SpecimenlsTemperature Displacement| Ratio of
geometry |range rate rangé |rates rang@

Kott PVB|Fig. 111.9 b) -5/22 °Q 0.037 - § 135

(Figure 111.15) mm/s

Hooper PVB|Fig. 111.9 a) 25 °Q 0.01 -15 1500

(Figure 111.16) m/s

Belis SG| Fig. Ill.9 a) 23 °C 5-100 20

(Figure 111.17) mm/min

Puller SG| Fig. Ill.9 a) 23/75°C 1-100 100

(Figure 111.18) mm/min

@Values of applied displacement rate on specimegivas by the different author

® Ratio of the largest on the smallest applied dispinent rate

°A
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A gualitative comparison of these different ressli®ws however similitudes in
the observed response of PVB and SG-specimens.yi€liestress vanishes to
almost zero for a test temperature abd’t&tﬂ. At smaller values of test
temperature, the pre-yield stiffness and the pmdttylarge strain rubber stiffness
seem relatively little affected by a change in tesbperature, in comparison to
the effect on the yield stress and yield stresp.drébove T, the large strain
rubber stiffness seems to get more sensitive fuaage of temperature. Besides,
the variation of the yield stress drop values &std performed at different strain
rates (in Figure 11.13 for PVB and in Figure IIl.1®r SG) suggests a
thermorheological complex behaviour for both interlaypes.

In conclusion, whereas the initial comparison of ib&pective materials based on
tests at room temperature showed very differeqtareses, when larger ranges of
test conditions are considered with regard to jpbssiervice conditions, in terms
of test temperature and applied loading rates, nsémijlitudes appear. Among
others, these results of uniaxial tensile tests stimi both interlayer materials
exhibit an apparent thermorheological complex bihavin the investigated
ranges. Questions and issues to deal with for gmesament of product
performances appear further very similar whethey tre made with PVB or SG
interlayers.

I11.3.3. Adhesion properties of interlayers with glass components

Adhesion of polymer interlayers with glass is doatéd by an adsorption
mechanism, corresponding to a binding force of similature than the physical
or chemical intermolecular bonds in the bulk of th@ymer. The adhesion
mainly involves (weak) hydrogen bonds between pear groups present in the
polymers molecular chains on the one hand ander5i-group of the glass on
the other hand, and possibly but in a lesser estami stronger chemical bonds.
This explains among others the importance of mms@and humidity in the
control of the adhesion level (Juang et al. 2001ljeKkeand Mortelmans 1999;
Savineau 1997; Tupy et al. 2013; Weller et al. 2005, 2009).

The secrets of controlling adhesion level (and wstdading why it works) are
however of another complexity grade, where pararmetee often of similar
nature but with different relative importance acting to the used polymer
materials. The largest amount of publications la@ut concern PVB-laminates,
among others (Froli and Lani 2010; Juang et al. 26@ller and Mortelmans
1999; Savineau 1997; Tupy et al. 2013), some aredaialing with SG-laminates
(Juang et al. 2001; Tupy et al. 2013; Weller et al. 2010).

51 For the results of Figure 111.15, Kott mentionsaue of glass transition temperature for the PVB
between 12 and 18°C.
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However, optimizing the adhesion level in one thmmgasuring it is another one.
Current reference tests used in practice for ctimgothe adhesion level, the
Pummel test and the Compression Shear test, haadglbeen shortly reviewed
in Chapter Il section 11.5. Other tests mentioned literature are various
configurations of peel tests. However, all thes¢ temfigurations are also
conventional. Whereas useful in quality controlimrdeveloping phase, they
appear of little use for characterization purpobgroperties and behaviour of
end-products. Some complementary arguments fgrastipg this statement are
further given in next paragraph and in Chapter IV.

I11.3.4. Conventional test configurations and critical basic shapes

Different reasons have been identified here abotg wonventional uniaxial
tensile tests on interlayer specimens do not appe#ded for performing a
quantitative characterization of its mechanicalpgrties and behaviour within a
laminated system. A series of reasons are commah pmlymer materials with
this type of test configuration, which appear magmificant for materials with a
glassy phase, having the particularity of being eugtensitive to non-
homogeneous deformations and to time-temperatyendient effects. Another
series of reasons is common to all polymers useddagsive, addressing the
influence of the lamination process on the end griigs. Possible differences
exist between bulk and interfacial physical statthefadhesive component due to
the processing method, and due to physical ageing effectsitmygplies.

The alternative test configuration used to charaeesolid thermoplastics

(uniaxial compression tests) seems less appropffiate thin products as

interlayers, and no information is gained aboutatlkesive behaviour. Finally,
investigating separately the time-temperature degece of the cohesive and
adhesive properties is likely to increase the amourgaiired tests to achieve the
characterization and to validate it with regardatoidentified application scope.
So, what are the possible alternative experimental appes ?

Issues related to the development of an adapteduagicn strategy for
determining mechanical properties of polymers inegal, and thermoplastics in
particular, are discussed in details in the boole¢Rhnical evaluation strategies
for plastics” (Moore and Turner 2001). The authesgplain the historical
development of standardized test methods for plgstiducts and the problems
rising by ‘classical’ experimental approaches, basedamdardized, conventional
test configurations and testing conditions. Theawdthe attention on the risk of
an uncontrolled increase of the amount of testsfiitfilling characterization
purposes, principally when the processing conditimmesknown or are expected
to be critical for the mechanical properties of padyrand-products.

Especially when the available resources for makireggexperimental assessment
are limited, it is proposed to adopt an adapteduaw@mn strategy based on
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unconventional specimen shapes (and by extension;comventional test
configurations), which are called critical basicg®m The onset of this approach
starts from the statement that the measured ‘raditproperties are in fact often
rather ‘structural’ properties of the particularogeetry of the test specimen
(including the particular conformation of the maérdue to the processing
method used for making the test specimens). Iricpdat any anisotropy is also
rather a characteristic of that structure, not efrfaterial. In the view of Moore
and Turner, @ritical basic shapés resulting as a compromise between a research
for a sufficiently general shape and a higher regm&ativeness of the specimens
with regard to the configurations and service cthois of end-products. Among
other characteristics, critical basic shapes arepasgd to have a more
complicated shape than traditional ones, but sintpken the end-products aimed
to be represented by these. They should simutadepeoducts or parts of end-
products. Moore and Turner mention that the conoéptritical basic shapes’
has in particular been used for many years in impest programmes, but that
they tended to be see in the limited scope of addxperimentation, and that a
formal acknowledgement of their potential importario a testing strategy has
often been avoided.

This analysis seems to be largely transposableh¢o assessment of impact
performances, and more generally safety performamédaminated glass units.
In fact, the standardized test configurations fgoaat tests (see Chapter |) can be
considered as critical basic shapes. However, timeep remains relatively
abstract, and must be adapted to the case of laminatecnsys

The design or the selection of critical basic skapave to account for the
purposes of the experimental investigation. Différeategories of test purposes
are distinguished (Moore and Turner 2001) :

1) as criteria in quality control and quality assurance iets;

2) as a basis for the comparison and selection of materials;

3) as data for design calculations;

4) as a basis for predictions of service performances;

5) as an indicator in materials development programmes;

6) as a starting point for the formulation of theories irtemials science.

With regard to assessment and characteriZatafrpost-fracture performances of
laminated glass products in relation with desigrihoés, the four first purposes

52 Characterization of properties in this contextersfto ‘the production of values of product
properties which might be used in combination wajbpropriate models and conditions for
designing real-case applications’. It must notcdoefused with the notion of “characteristic
value” of property used in product standards anthénEurocodes (see Chapter 1), which is a
more specific and quantified statistical concept.
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are addressed, and should be related to the cormfepBC and ITT (introduced
in Chapter . The two last categories seem rather of interesgactively for
manufacturers in developing new products and for mardanental research.

Table 111.4 — Complementarity of tests at differerperimental scales

Fitness for testing
purpose

= c =
c
S 8|S
2 o | S
3 |3 o
e 2535 ©| g
slE 28 5|2
218889 9|2
Q= gl 9 o | 8
O @ = & o
S |leagal 6| o
E|gE Eeg T = | 8
S883T & |5
(<)
OFEF. 5 O|v
—— : —— A 8BS E o |«
Test configuration | Specimen configuration o2 € o | a
FFESFSF |-
Pummel test small pieces laminated glass v | ?|?| 0] o0
CST-test cylindrical specimens drilled out ?20? o}
control laminated glass platés
TST-test glassp o222 o0
TCT-test small pieces laminated glass with ?2lv|vVv|?
re-cracked sheefs
OCT-test P 2 v v ?
Tests on elementarge pieces of laminated glass 2l v |V |V

¢ Limited to ‘simple’ laminated glass units with ttveo glass sheets in annealed g
(necessary condition for making pre-cracking antirogy operations feasible)

Legend :

0: test configuration less or not appropriate &st purpose;
?: test configuration possibly appropriate for fmstpose;
V: test configuration possibly the most approprfatetest purpose

ass

The question is which test configurations are uUsé&fu which purposes, and
which ones can be considered as complying withctirecept of ‘critical basic
shape’. Also, it must be determined how many tesfigurations are necessary
for performing assessment of products with regand the (un)identified
application scopes (see Chapter | section 1.5), andhais the best candidate for

% The FPC-tests (Factory Production Control) andsibds other tests within control processes
belong to the first category. The ITT-tests (HifType Testing) can be associated to the items 2
to 4, with possible other validation tests. See &hapter I.
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what purpose(s). A more precise identification loé fithess for purpose of
different types of test configurations can be penfed, in particular in terms of
modelling and assessment strategies. Table Ill.4 ipossible format for
summarizing the outcomes, here by means of threlgajive scores, comparing
the fitness for purposes of different test configions mentioned in Chapter Il
with each other.

This table has obviously no pretention to be neittemplete nor corresponding
to an already widely accepted scheme. Some tefigaoations discussed earlier
in this chapter (conventional uniaxial tensile sgeeh specimens of interlayer
material) and in Chapter Il section 11.5 (peel tests,. e)purposely not mentioned
here, because they are not considered as potenta@tiplying to the concept of
‘critical basic shape’ for adhesive polymer producised in laminated glass
configurations.

The separation of the second test purpose catégtoytwo, TP2a and TP2b,

corresponds more or less with the separation oflésgn process in two steps,
the design of laminated glass products or systentsttee design of applications
with these products or systems, because they apeatdgely managed by

different stakeholders. However, for breakthrougioirative designs, these two
aspects tend to be integrated into a single onegrdidpg on the collaboration
grade between manufacturers, designers, and poshibdy parties (control or

assessment bodies, test laboratories; and possibtyactors if they are not the
product manufacturers).

Besides, control tests (FPC tests) only make seiitberggard to unambiguous
specifications or a well identified performancenfran ITT. In addition to tests
strictly performed within an ITT assessment strat@gsts leading to quantitative
results transposable in design values, and associgfeC tests), some
complementary tests are rather “validation testbéy do not lead to quantitative
values of performances or properties, but they atdidheir use on an extended
application scope. The classification of a testaasITT test (TP3...) or a
validation test (TP4...) cannot always be made betoréh This is the case when
tests are performed with specifications correspunpdio an extension of the
(initial) application scope. If the results arelime with previously developed
design models, it leads to simply extrapolate ttegiplication scope; if the
deviation is large, there are two possible outconiethe failure mode is critical,
it invalidates the extension tentative; if not, &nclead to an adaptation of the
design rule (in place of a simple extrapolation),ifsstance in order to account
for a reduced performance. Such a question leadsotsider assessment
strategies for laminated glass products and adigegilymer components used in
non-conventional applications in a progressive agidtive perspective, further
developed in the two next chapters.
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It seems clear that the fitness for purpose ‘scofeiny selected ‘critical basic
shape’, in particular in the context of laminatefiaglass products used in non-
conventional applications, cannot result in an cije assessment of a test
configuration on its own, but comprises also moubjective aspects. These
elements of subjectivity are related to the balahetween the identified
application scope(s) and product range(s), and éheisalso addressing the level
of generality which is expected from the resultsheyl also address another
important aspect, namely the level of confidenca #mecialists of different
disciplines can develop for the considered tesfiigorations, and accordingly
with all the aspects that might be of importancéniberpreting or using the test
results : in that regardhtermediateexperimental characterization scafesan be
seen as a necessary sub-category of ‘critical bhajpes’. In this perspective, the
determination of mechanical properties of the lat@r must be performed by
considering it rather asa@amponenthan as a material.

In the context of this work, mainly the post-fragtyerformances of laminated
glass products are addressed. For this purpose,téa-seem an eligible
configuration for characterizing the interlayerdigent’s behaviour with regard to
the identified critical load transfer mechanid8mThe development of an experi-
mental assessment strategy based on TCT-specimeEnSGdaminates is
developed and discussed in Chapter V. The potearillimitations of other test
configurations is also discussed in Chapter IV.

% The concept of intermediate experimental scalertser developed in Chapter IV.

% The concept of ‘critical basic shape’ can be ateisid as slightly transformed, into a ‘critical
basic load-transfer mechanism’, see also Chaptarction 11.4.
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III.4. Summary and outlooks

An overview has been given in the current chaptéh® main features ruling the
(complex) time-temperature dependent mechanicalawbetr of polymer
materials in general, and of interlayer productparticular. Interlayer materials
belong to two main categories, thermoplastics aadteiners, differing by the
nature of the secondary intermolecular bonds, whicklify their processability
and their typical time-temperature behaviour.

It has been shown that thermoplastic products asedtructural, load-bearing
elements generally exhibit a thermorheological $&mgr a thermorheological
complex behaviour in relation to the amount of xatoon mechanisms, in
particular with regard to their non-linear largeast behaviour. The simple or
complex character is not an intrinsic characteristi a polymer material, but
rather depends on the considered range of testing andeseonditions.

Physical ageing is identified as a complementarpoitant phenomenon for
polymers used below their primary glass transittemperature, and which
explains the sensitivity of the yield stress and thsistance to creep to the
thermomechanical history, dominated either by thecessing or the service
conditions. An ageing state functiorﬁa(t), is used to account for this
phenomenon on the mechanical properties.

The identified phenomena are likely to be similar polymers used as an
adhesive component, as interlayers. The time-terperdependent and ageing
effects are likely to affect differently the intacial adhesive properties and the
bulk cohesive properties of an interlayer componehis is formally accounted
by considering that the interface and bulk properttan principally depend on
two different ageing state functions, respectively (t) and Sa’B(t).

glass-rubber chemical
transition crystallisation degradation ?...
| I'process ?...| |
ageing state | ! ! !
: ! [ experimental
| uncertainties
: I I due to test
: ! S | conditions ?
I I I I
Te-25°C Tg (Ty)  Tyax TESTTEMPERATURE

Figure 111.19 — In what extent can the representatiess of test results vary in function
of test conditions, with regard to possible ‘phakanges’ in polymer components ?
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With regard to the ranges of service conditiongjassfor assessing contribution
to post-fracture performances of PVB and SG pradseem quite similar, despite
their quite different typical behaviour at room marature. However, physical
ageing phenomenon is expected to have effects asured properties of another
order of magnitude according to the investigategeemental range : a more
significant influence is expected for tests cared at room temperature on SG-
laminates than on traditional PVB-laminates, intietato their respective glass-
rubber transition temperature.

In general, the identified factors affecting the dabur of this category of
interlayer materials represent a possible sourcesystematic deviation in
interpreting test results, and a complementary cainstto take into account for
conceiving experimental assessment programs. FigE summarizes

schematicall}f the potential issues to address, with regard tir tepected

importance; however, the shape of this curve iseraéxpressing a qualitative
guestion rather than giving a representative order of iatm..

Because of the complex behaviour with regard to tastifled service conditions,
a risk exists that the required amount of tests gerforming a satisfying
characterization of interlayer properties in r@atio post-fracture performances
of laminated glass products increases on a nomwmaae way. Experimental
approaches based on conventional tests on specinterayer, among others the
uniaxial tensile tests, do not seem appropriateafquantitative determination of
the design values of properties of end-products.

Consequently, alternative approaches by means of caadigurations using
‘critical basic shape’ were shortly presented aisdubsed. The concept, initially
proposed for plastic products, need to be adapmedadihesive products and
laminated systems. It will be examined in next ¢bepwhich test configurations
comply with this concept, with regard to the assesy® of the critical load
transfer mechanism identified in previous chapter, narhelyr CT-configuration.

% In fact, effect of temperature acts in combinatidith time and loading dependent effects, but it
complicates a potential graphical representatiah@fddressed issues...
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Chapter IV

Experimental investigation
of time-temperature dependent behaviour
of fractured laminated glass elements

“First remove the beam out of your own eye, anchtheu can see clearly
to remove the speck out of your brother’'s eye” (klesv 7:5, World English Bible)
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IV.1. Introduction

Characterization of product and material propertieing the mechanical
behaviour of fractured laminated glass elementeagoto be relatively complex,
in particular with regard to the sensitivity of tivgerlayer component to time-
temperature-ageing effects. It has been showrhapt@r Il that the load-bearing
performances of fractured elements depend on thacis of the interlayer(s) to
keep fulfilling a bridging function between the ggafragments, and that in a
variety of structural configurations this bridgirfgnction can reasonably be
simplified to the same ‘critical load-transfer maafsm’, the TCT-configuration.
This critical load-transfer mechanism is activatelden all superimposed glass
sheets are cracked in a same cross-section, pecpkndio the direction of the
principal tensile effort. The interlayer can be sidered as a particular case of
polymer material used as structural adhesive. Taeramscopic response of the
interlayer ligament, its ductility, resistance anduf@ mode, depend directly on
its bulk, cohesive properties and its adhesive ptigsewith the glass fragments,
and more particularly on thbalance between them. It has been shown in
Chapter Il that interlayers are a particular casstructural adhesives, made with
a variety of polymer materials belonging to two fis, the thermoplastics and
the elastomers. They share common features, as teagelsehaviour, sensitivity
of product properties on processing and/or servi®itions, possible sensitivity
to ageing and degradation mechanisms and complexe-témperature
dependence of their mechanical properties. Therl&tmore significant for the
behaviour of thermoplastics.

All these aspects induce particular constraintgpfEforming mechanical tests in
the perspective atharacterizingdesign properties, with regard to the selection of
the test specimens, test configurations and tedtadst Besides, the particular
assessment context on the one hand (Chapter I)thendomplex interaction
between questions about the post-fracture statéls wather aspects of the
behaviour of laminated glass elements (Chapteraflyi interlayer materials
(Chapter Ill) on the other hand raise complemen@oystraints in terms of
amount and scale of tests. The selection of thet rodged experimental
approaches, test configurations and test conditisrfar from straightforward.
Moreover,extensionof the experimental investigation scope is faangeries of
practical considerations and technical limits, webard to the test specimens, the
test facilities and the measurement methods.

In this chapter, an analysis grid is developed iepito compare and evaluate
strengths and weaknesses, advantages and disacdsaofatjfferent test methods
on laminated glass specimens performed at diffeseates and under different
conditions, in particular with regard to their pdieh to be used as
characterizatiormethods. Two aspects are addressed : providing antband
representative results and relevant design valuedeiigners of end-applications,
and on the other hand assessingrédmesentativenesand therobustnesof test
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methods for a variety of product configurations aagplications scopes.
However, the second aspect faces the difficulty tihahddresses different
categories of users, for different categories ofliagions, in particular with

regard to non-conventional structural applicatioasd each raises specific
questions and expectations. Consequently, at the ti conceiving and

developing test methods, most of the time alreatfgréint test purposes can be
identified, which can influence the conception, aachong others of the

measurement methods, and the level of analysisegradting. The analysis grid
allows the further identification and the distiocti of different sources of
systematic deviations arising in experimental works.

In a second step, an overview of a series of suieeesgperimental campaigns

and experimental developments performed at difteseales for investigating the

post-fracture behaviour of laminated glass elemsngsven. The analysis grid is

used to analyse retrospectively the developmeategfies of test configurations,

test infrastructures and measurement methods. Tethssues are highlighted

which finally appear to address compatibility issbetween different approaches
and different test methods.

Finally, questions related to systematic measurenuggiertainties and their
propagation in the processing and analysis of testtsestd shortly discussed.

IV.2. Experimental scales and Experimental Fields of
Investigation

Because of the identified practical issues or Bmibr making quantitative
relevant characterization of mechanical properéies ‘structural’ or ‘element’

scale (see Chapter | and Chapter II) and at a haditscale (Chapter IlI), it

followed relatively easily that we had to focus experimental ‘intermediate’
scale(s) (Figure IV.1, above). However, this simplassification is not so
univocal with regard to concrete experimental agunfations and test conditions.
In comparison, the distinction between tests oncigpens cut out of folio

interlayer or tests on specimens of laminated glasts seems not prone to
confusion or misunderstanding (Figure IV.1, below).

A second representation (Figure IV.2) rather aceémt the investigation fields
in terms of loading modes and loading ranges onotie hand, and of non-
fractured and fractured systems on the other (8aviret al. 2013) — but we lost
the information about the experimental scales. Jementary fields of
investigation and related parameters of importaspecific for polymer
interlayers, identified in Chapter Il (temperaturgnge; initial ageing state;
configuration geometry; time...), still have to be eddo our representation of
experimental issues.
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Research approach : multi-scale problem

Modelling approaches

scale pre-breakage post-breakage
L large strains :
. small strains : .
material ) ) hyperelastic
visco-elastic

/ visco-elasto-plastic

(interfacial slip

intermediate neglected)

adhesion
delamination

element long-term behaviour

breakage patterns
propagation of cracks

Research approach : multi-scale problem
Experimental possibilities/limitations

scale pre-breakage

post-breakage

material

tests on interlayer material samples

intermediate

element

tests on laminated glass samples

Figure IV.1 — Initial definition of experimentalales :

the first system (above) is not univocal in tertest configurations;

in comparison, a distinction between tests on ispers laminated glass and on
specimens interlayer material (below) is more rdbus

Loading Pre-fracture
range behaviour
Stiffness «
Dynamic « probability of breakage
« dissipation of energy
Stiffness <
Quasi-static « probability of breakage
* element stiffness
T ‘
Leading %
mechanism

shear transfer

Post-fracture
behaviour

Adhesion, toughness

« fragmentation + failure pattern
« dissipation of energy
Adhesion, stiffness, strength

« deformation + failure mode

* long-term behaviour (creep...)

bridging behaviour

Figure 1V.2 — Schematic representation of iderdifields of investigation for mechanical
performances of laminated glass elements, in tefi@ading range, intact or fractured
state and corresponding leading load-transfer mei$ra (Savineau et al. 2013)

IV.2 Experimental scales and Experimental Fieldseestigation
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In general, test methods are developed to be pegfibraih ambient temperature,
for a reference configuration and for reference tesditions. Because of the
(un)known dependence of mechanical properties efpiblymer component on
time-temperature-ageing effects, demands for extgndhe scope of test
conditions are addressed. For instance, issuesdiagahe extension of the test
temperature range of a given experimental configara are illustrated
schematically in Figure IV.3. Adapting a test mettwdtest configuration for
extending the range of test temperatures is faigolgnical limits, which, if they
have not been identified in an early stage, caneoexteeded; it can then be
necessary to restart the design of the test configurtionzero.

PERFORMANCE . To = [Temns Temad ?
S e
\\ sx\\g P 7
H b3
Ry (To) {ororrd Yy o EXPERIMENTAL

Ry (Team) 178 COST I?

Rd (TE,MAX)

TEMPERATURE
TE,MIN TO TE,MAX

GLOBAL PERFORMANCE

------- SUB-PERFORMANCE OR PROPERTY
— — — EXPERIMENTAL COST

Figure 1V.3 — Extending the range of execution terafure of mechanical tests
is facing technical limits according to the expegimal scale, test configuration
and measurement methods (Delincé and Belis 2013)

The ‘costs’ related to the use of a climatic chamaee of different nature.
Besides the primary cost of the device (the insdldiox and heating/cooling
systems), secondary costs take the form of consdraim usable measurement
methods and devices, and possibly the sensitivisoofe pieces of the test frame
to variations of temperature (thermal movement,asdon,...). With regard to
measurement methods, constraints and ‘technicaliebsgirrare different for
contact and non-contact methdd3 he range of use of contact methods is limited

See also Chapter | paragraph 1.5.2 and Chappar#graph 11.3

“Contact methods” refers to the use of strain ga@®nded or integrated to the test specimen),
extensometers, or any other technique requiringréact with the test specimen; “non-contact
methods” refer to the various sorts of optical roeh and other waved-based measurement
techniques (Sharpe 2008). With regard to testfopeed in a climatic room or chamber, the
concept of non-contact (measurement) method musligtimguished from the concept of non-
contact test method, whether stepsing the test are necessary which involve contact with
manipulation of the test specimen.
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by absolute limits, related to the risk of damageel&fctronic devices due to
condensation (lower, cold humid limit) or to corasior melting (upper, warm
(humid) limit), and by relative limits, related tioet loss of measurement precision
in a range in between. Similar absolute and reddtehnical limits also apply to
the use of non-contact methods, as their use mustrbpatible with the presence
of walls of the insulated box on lighting and measwent paths (in case of
continuous data acquisition), and whether compormndievices necessary to the
measurement method have to be placed inside or outsidimib&acchamber.

Similar questions arise to extend the scope oédeptoducts (family of products
and ranges of test specimens’ configurations). aldest methods have the same
potential with regard to the different extensicglds (temperature range, loading
range, range of specimen configurations), for prattieasons on the one hand
(technical limits), and according to the identifipdrpose(s) within a larger
assessment strategy on the other hand. Again, ifldgsdnd relevancy must be
distinguished.

In order to address these two aspects in a genagl differentExperimental
Fields of Investigation (EFI) can be identified to describe any experimental
configuration and associated test specimen cordigur (for mechanical tests on
specimens laminated glass). An overview is givenhahle 1V.2, where the EFI's
are regrouped into different categories. The iiddial fields are described by
means of field descriptors, which are parameters disduasmore details below.

The ‘rules’ for selecting or defining each EFI-descritor similar to the ones for
AF’'s. They should correspond to relevaptantitative variable(s), preferably
primary experimental variablésfor some experimental problems, it can be
necessary in order to avoid the introduction ofelated systematic uncertainties.
Determination of most of the parameters shouldelbsted to measurement or test
methods. Contrary to the descriptors of the categér+Product, the descriptors
of the category EFI-Specimen can consider non-assesgaelfies.

There is obviously a parallel between the propassegories of EFI's and the
categories of Application Fields (AF's) introducéd Chapter | section .5 to
describe the possible application scopes of a Yawil products (Table V.1

reproduces the corresponding analysis grid in |edraf Table 1IV.2). The

categories EFI-Specimen and AF-Product are closgbr-related, with many
identical field descriptors. They must however betconfused with each other,
as the range of values of a particular EFIl-desmripan be different from the
equivalent one used as AF-descriptor. It can fataimce acknowledge for
different processing methods available in productiamfsl and in test labs.

3 Primary variables are for instance the applieddd¥, the displacement rate, the dimensions of
the specimen, etc. Derived (calculated) variabledar instance the bending moment in a beam,
a strain rate, etc.
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Table IV.1 — Application

Fields for laminated glagg®ducts and applications

Application Field (AF)

Examples of AF descriptor

Product : Material

- type(s) of glazing sheet
- type(s) of interlayer product
- type(s) of embedded inserts and reinforcements

Product : Geometry and
configuration

- description of ranges of geometric configurations
composition, amount and thickness of layers; issert
- possibilities and limits for lamination sizes

- possibilities and limits for cutting sizes

Product : Processing

- production methods : lar@natutting (incl.
holes,...), edge finishing,..., possibilities and ligni
function of considered configuration ranges
- level of standardization of the various procegsiteps

Product : Connections

identification of possi@ktand limits for connecting
the laminated glass product into a constructionkwor
zones and features intended to be used / avoided fg
connecting the element; (in)compatibility with athe
materials and with service conditions

Application : Design :
Performance requirements

Expression of performance requirements :

- resistance to impact(s) / source(s) of damage

- loading cases : type, configuration and extent of
individual action; combination rules (ULS, SLS,...)
- exposure conditions : temperature, ageing agent,. .
due to climatic and service conditions (cleaning,...)
- non-structural performance requirements affectivey
design : acoustic, insulating, light control, etc.

Application : Design :
Geometry and
Configuration

- Element dimensions : planar dimensions, (maximal
value of) total thickness, functional constraimts i
function of performance requirements and design
configuration (with regard to edge finishing, etc.)

- Connections and fixing configuration and conditp
intermediate pieces (mechanical connections) or
components (adhesive connections,...), possible
consecutive requirement on edge or surface fingghin

Application : Execution :
Processing and assemblin
methods

Identification of execution steps likely or internk®
gnduce constraints (stress) into the laminatedsglas
element or any of its component.

Application : Service
conditions

- measures to take in case of damage / failure :
replacement of the damaged element,

- measures to take in case of change/deviatioergfce
conditions with regard to initial assumptions or
specifications used for the design

- control and monitoring in service conditions (optl)
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Table 1V.2 — Experimental Fields of Investigationtests on laminated glass units

Experimental Field of I nvestigation

Examples of EFI descriptor

Specimen : Material

- type(s) of glazing sheet
- type(s) of interlayer product

Specimen : Geometry

- possibilities and limitsleonination sizes
- possibilities and limits for cutting sizes of
specimens laminated glass

Specimen : Processing

- Production method of estimens versus
production units, possibilities and limits

Specimen : Pre-treatment,
Conditioning

- Description of ‘initial state’ due to processing

method

- Description of state due to storage conditions
- Complementary treatments (artificial ageing,

exposure to agents,

Test configuration : Basic devic

e Basic testing machine, core part of testing
infrastructure and complementary equipment

Test configuration : Geometry

- Geometric configiora of test : fixed or variabl
limits, ...
- Possibilities and limits for dimensions of test
specimen, and for fixing/grip methods

Test configuration :
Loading configuration

- Type of load(s) and area/point of application
- Extent of spatial range of load application, tixe
or variable position

Test configuration :
Control mode, Loading range

- Possibilities and limits for controlling the load
application : field of control (displacement, force
strain, stress,...), type of control (continuous,
discrete; constant value, regular cycle; automat
grade)

Test configuration :
Measurement methods and
measurement configuration

- Field of measurement and measurement devi
- Type of measurement devices

- Acquisition system(s), acquisition type, limits
acquisition frequency

- Limits of use in function of other EFI's

Test conditions : temperature,..|.

- Distinction ofiwe and controlled agents :
temperature, relative humidity, ...
- Exposure / control range
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Here are two examples to illustrate this statemdihie description of the glazing
components of the laminate (glass sheets) can ioorstafield descriptor
“strength”.  In design oriented description (AF'd}, is summarized as a
characteristic lower value (for instance, 45 MPa #&or annealed float glass
product), namely corresponding to a loading level at wthierelement should not
break. However, in the perspective of designingsa ¢enfiguration where the
glass componentsave tobreak (especially for tests at an ‘element’ scade)
estimation of the upper strength of the glass carapbof a test specimen should
rather be considered (it would be a value aboutNIP@ for quasi-static loading
conditions; the reference value could vary with ¢shme and loading configuration
considered). This example however addresses probaie delicate field
descriptor; in fact, the glass strength is not enpry experimental variable, but a
derived one. As second example, the total thickakadaminate product can be
considered. As AF-descriptor, it is one of the patemdescribing the possible
production range of a family of product, where tipper value corresponds for
instance to the maximal thickness for the calemdaprocess; as EFI-descriptor,
the range is more likely to be limited by the dimiens of the test rig or of a test
frame.

Impact tests at element scale
on reference configurations

Pendulum test (EN 12600)
— Drop height test (EN 356) \
(other standardized
impact test configurations...) ()

high

Impact Resistance

(other non-conventional
test configurations...)

low

low Adhesive Bond Strength high
’ Model development / calibration ‘ /
Pummel test
EFl’s EFI’s
<> CST-test
<> TCT-test
<>

()

(other measurement method of adhesion)

ittt 1 "t Conventional tests at intermediate scale
——————— on control specimens

\ A

Y

unidentified EFl’s systematic deviations / errors ...

Figure IV.4 — Example of use of Experimental Fielfiinvestigation
to identify sources of systematic deviations ooexin an empirical correlation
between test results performed at different expental scales, here between an impact
performance (ITT-test) and a measurement of thesidh level (FPC-test).
(Qualitative correlation curve reproduced from (Kzland Mortelmans 1999) ).
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This second example illustrates also that the ifietitEFI's are more or less
interconnected and inter-dependent with each othewssibilities or limits for
extending any individual EFI are related to compility issues with one or more
other EFI. The different field categories are titated below and in next sections
in this chapter by means of a series of exampled,same will be described in
more details. They must be understood in firstamse as a conceptual tool to
explain some experienced compatibility issues aislindguish problems of
different orders.

Let us consider firstly a more practical examplehiolm “by the way” also
illustrates the potential and the constraints fewvedoping ‘performance based
approach’ test methods. A common working methodsisté1to compare results
of tests performed at different scéldsy means of an empirical correlation; when
a qualitative correlation between two measuremeates appears, in a second
step calculation models are used or developed,dardo explain the observed
correlation on a quantitative way and evaluate ghssibility of using these as
predictive toold

Such an empirical correlation is typically used ¢omparing the adhesion level
of a laminated glaggroduct measured for instance by means of a CST-test, with
a specific safety performance of the laminatedsgdementmeasured by means
of the dedicated standardized impact test, for m&tathe drop height test
according to EN 356 (Figure 1V.4). The first typededts are FPC-tests and the
second ITT-tesfs The manufacturing industry typically uses thisickiof
approach to deal with the problem of adhesion cbnind each manufacturer of
interlayer or of laminated glass products develogpgaculiar know-how with its
own assortment of products. The empirical correfatin fact relates two
measurement scales independent of each other’s, theitefall be qualified here
as agualitative correlatior.

When attempting at modelling this kind of corredati thus to establish a
guantitative relationbetween properties and performances (or betwgenduct
performance and an application performance) by smedmathematical models,

4 Differences of experimental scales refer hereamy to possible difference in geometry of test

specimens, but to difference in any other of tlemtdied EFI's.

An example of such an approach applied to the lpnotof glass strength and strain energy
release rate (see also Chapter Il section Il.gvisn in (Bos 2010).

5 FPC-tests : Factory Production Control tests; t@3ts : Initial Type Testing tests (see also
Chapter | section 1.4 and Chapter Ill paragrapt8Ml). The ITT-test methods mentioned on
Figure IV.4 are described in Chapter | paragraph2j.the FPC-test methods are shortly
described and discussed in Chapter Il and Chalpter |

In early informal discussions with the manufactuwethe SG-interlayer (... between 2002 and
2004), a mentioned problem was that, when suchngpirieal correlation for tests on PVB-
laminates was establishesimilar test configurations and methods performed on $@Hates
did not result in a qualitative meaningful corredat
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it leads to deal with various issfiesIn order to assess the influence of the
respective fields EFI-Test configuration of each test ptktin a meaningful way,

it is implicitly assumed that there i®© mismatch of representativeness between
the corresponding test specimeirs the considered example between the small
cylindrical specimens drilled out of a 300x300 naminated glass plate used for
the CST-test, and the 1100 x 900 mm laminated glagsused for the drop
height test. Translated into EFI's, this assumption eaexXpressed in two ways :

1) All the field values of the category EFI-Specimea aqual between the two
specimen scales (no difference of properties betwsmecimens). With
regard to the identified specificities of adhegpadymer materials in terms of
(possible) sensitivity to time-ageing dependened (Chapter ), the
verification of this assumption can require strcintrol of the respective
conditioning and test conditions. For some typesspécimens used in
adhesion tests, the validation of the equality fame of the involved fields
EFI-Specimen seems very complicated;

2) The differences between corresponding fields ofdditegory EFI-Specimen
of the two experimental scales can be identifiedlitatively, and described
quantitatively. For instance, there can be an ishuee to different initial
ageing statésbetween two specimens, caused by (significantpwiffces in
storage duration and/or conditions, or by somegssing steps (as the cutting
of specimens of small size).

The differences of values between correspondindsfiEFI-Specimen of two test
specimens arefast category of border effects

But let us temporarily assume that border effettis first category, as different
initial ageing states between specimens, are noffisignt. Asecond category of
border effectss due to differences of values or correlation leetwcorresponding
field descriptors of the categories EFI-Specimentaone hand, and EFI-Test
configuration / EFI-Test conditions on the othendhafor each test configuration
involved in the correlation research exercise. ifstance, the strain rate reached
in the interlayer during the test is of another ofemagnitude between the CST-
test (quasi-static constant displacement rate)thaddrop height test (dynamic
loading rate).

One can easily get convinced that problems ardéngriwhen some possible
mismatches have not been identified between cayrebpg EFI's of two

This typically happens when a test method injtialsed as a FPC-test (test purpose TP1) is
evaluated to become an ITT-test (test purpose TeaB¢gories of test purposes are described in
Chapter Ill paragraph 111.3.4.

The concept of initial ageing state of polymerdpens has been introduced in Chapter lil,
paragraph 111.2.3.
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different experimental scales, or similarly betwédt’'s and AF's. A clear and
detailed identification of the various EFI's befoamd can possibly help to track,
in post-processing analy&ls the possible sources of systematic errors or
deviations between test results performed on diffetest scales. The probability
of modeling successfully and robustly the consideraitially empirical
correlation can thus be harmed or complicated byptlesence of eombination

of significant border effectsn the considered ranges of some EElsspecially

if these are related to unidentified but present EFI’s.

Two types of unidentified EFI's can be distinguished :

1) An unidentified field variation a field descriptor assumed to have a constant
value during the conditioning period or during ttesting period varies
significantly, possibly with consequences on other EFI’s.

Examples :

(EFI-Specimen: Conditioning) change of (initial)efitg state of specimen
during storage duration (see Chapter V paragraph V.3.4);

(EFI-Test conditions> EFI-Test configuration: Loading range) larger
oscillations in the applied temperature during & & cold temperature in a
climatic chamber appeared to induce significantrita movements along the

loading string, and consequently oscillations apgean the effective applied

displacement rate on the TCT-test specimen (see Chapeagraph V.2.6);

(EFI-Test conditions> EFI-Test configuration: Measurement method) during
the same test, the cyclic coolant blows into thenafic chamber, which
caused the oscillations in the applied temperatappeared to cause also
lighting disturbance in the form of fog (condensatiof air humidity),
resulting in correlated cyclic deviations in thetiopl measurements of the
deformations (see Chapter V, paragraph V.2.6.);

2) An unidentified field effecipossibly in interaction with other identified EFI's.
Examples :

(EFI-Specimen: Processing or EFI-Specimen: Condiiig) edge effect,
namely influence of processing of specimens ordmaging or ageing of the

19 In this context, post-processing analysis can eééer for instance to comparison of test results
from different publications or test reports.

1 Of course, similar systematic deviations can beeiant to the modelling approach and used
models, but these can be overtaken by iterativek worby moving towards the use of more
complex models. There is thus some overlap betvegperimental and numerical sources of
systematic deviations, and a univocal allocatiorggin, not always possible or straightforward,
as it depends on the used models (and the confidewel the user has in these...). This is
however already beyond the scope of the presecugifon.

IV.2 Experimental scales and Experimental Fieldseestigation 159



interlayer along the edges of the test specimersilplgsenhanced by the test
configuration. This question addresses essentidllithe tests performed on
specimens of small dimensions cut out of largecgseof laminated glass, as
CST-test (Chapter Il section 11.5) and TCT-test (Chagtparagraph V.2.2);

(EFI-Test conditions) possibleombination of effects of different ageing
agentsduring a radiation test : in what extent the dffet UV-radiation is
enhanced by the concomitant value of ambient teatper during an ageing
test ? (related issues between Chapter | and Chabter |l

(EFI-Test conditions—~ EFI-Specimen: Materialflifferent effects of ageing
agentsduring a radiation test on two laminated glassispens constituted of
different interlayer materials, with regard to theture of ageing at molecular
level : in function of the material characteristics of ploé/mer component, the
effective causes of the observed effecan be different. For instance, in a
first specimen the cause is a chemical degradafionolecular chains of the
polymer component due to UV-radiation energy, whileanother one the
cause is a change of physical ageing state cays#teltoncomitant ambient
temperature. In other words, the ‘radiation ageirifpcé appears to
correspond to an effect of ‘annealing treatment’relaged issues between
Chapter | and Chapter IIl)

(EFI-Test conditions> EFI-Test configuration: loading range) variatioh o
effectively applied displacement rate on speciniresto machine oscillations
(Chapter V paragraph V.3.2.2).

From the above analysis, it appears that identjfieskible degradation problems
for the representativeness or robustness of tegtone in fact address two types
of issues : effective technical problems or limithen an attempt is made in
changing or extending the range of one or more sEfthe test or the

measurement cannot be performed), and problemsesbpietation of test results,
with regard to problematic or erroneous allocatdrthe sources of deviation.

The detection of the second type of experimentgtatiations is obviously all the
more difficult that they contain an interpretati@mponent, which is again to be
related to the identified possible multiple purmosé the tests (see Chapter llI
paragraph 111.3.4) : this points out the importance ioferactions between

development of laminated glass products and agjait@on the one hand, and of
test methods and assessment strategies on the other.

The EFI's allow to deal with different aspects obustness and representative-
ness of test methods. The aspectsoblistnessare related to possibilities and

12 The effect of a radiation ageing treatment camssessed by means of different test methods, or
evaluation criteria, for instance: the stiffnesghaf interlayer component; the transparency of the
laminate;...
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limits imposed by the individual test method, widgard to the relation between
fields of the category EFI-Specimen and correspundones of EFI-Test
configuration and EFI-Test conditions. Aspectsagresentativenessre related
to the definition of applications scopes, that detee the possible ranges of use
of end-products (EFI's vs. AF's) and to consecutivequirements on
measurement accuracy and precision, and to possideatches between
corresponding EFI's of two different experimental sc@dsether in relation with
difference between respective fields of the catedeFl-Specimen or of the
category EFI-Test configuration/conditions).

Here appears an important issue : it is not becausst can be performed that it
is meaningful, and further, it is not because ipassibleand meaningful when
performed in some test conditions (for instance tefnperature...) or on
specimens with some type of interlayer, that itvisrepossibl@nd/or meaningful
to perform the same test on a specimen with another intertegterial or in other
test conditions, all the other EFI's remaining unchangéadsn the two tests.

Concepts of robustness and representativeness sbf nethods and test
configurations as defined here can thus be relatedfaratit types ofinidentified
border effects which induce a degradation in the form of eitlzetoss of
robustnes®ither aoss of representativeness both simultaneously. The extent
of each type of degradation can be assessed, asiblyoreduced, by identifying
and validating the mismatch between correspondirig’'sgE and between
corresponding EFI's and AF's. However, it is oftelifficult to identify
beforehand, and still not straightforward afterwaxdsich degradation risk is the
more critical.

An important experimental shift between differeesttscales and test purposes
concerns distinction between dynamic and quaseska&ding ranges : in terms
of experimental infrastructures, measurement deviceseshdhethods, there is an
important “technical barrier” between both experimentaégtigation scales. It is
however more convenient experimentally to make stirdition between a pre-
fracture behaviour, a fragmentation process of thesgheets, and a post-fracture
behaviour in the quasi-static range than in theadyin one (see also Chapter Il
section I1.2). It is however accompanied by a “stifieii barrier, which is related
to the differences of present phenomena in dynami¢ quasi-static loading
ranges, and in corresponding modelling approaches.
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IV.3. Development of experimental approaches

In this section a succession of different experit@lecampaigns are analysed by
means of the analysis grid proposed in the prevéeation, which have involved

numerous tests at different experimental scalethercontext of the evaluation of
the post-fracture performances. The experimentalpeigns are presented by
detailing the constitutive experimental block sessiin a chronological order, in

order to highlight the chain of successive deciidhe related methodological
issues and issues regarding the development ofitésistructures and test

methods, in relation with different technical (and kfexge...) limits.

To be clear, the analysis grid presented in thevipus section has finally
emergedafter the executiorof the experimental campaignat the endof the
process during this doctoral research. The angbysisented here is thus rather a
retrospective one, certainly entailed of subjegtiviThe purpose of this analysis
is to highlighta problem of research approachith this kind of products and
systems in the context developed in previous chepidth the hope to giveome
comprehension key® decision makers involved in assessment andarese
processes in relation to these questions.

This section distinguishes different series of expental campaigns, regrouped
as follows :

e A “preliminary phase” is related to a pre-standzatlon research project
prepared at the initiative of the Belgian BuildiRgsearch Institute between
2004 and 2006 and following discussions carried inatde its Technical
Committee “Glass works”. A short overview is giveh series of tests at
different experimental scales and on different pobdconfigurations which
have been performed in this context (paragraph IV.3.1);

e An “orientation phase” explains in more details @wolution in experimental
approaches, in parallel of the technical aspectde®lto the development of
test infrastructures and measurement methods dthianéjrst three years of a
FWO-project carried out between 2006 and 2010 aenGHJniversity
(paragraph 1V.3.2);

e A“development phase” which consisted in an experimeatalpaign of TCT-
tests during which a particular incremental strategs been developed and
executed between 2010 and 2013, and which is the topic Ghidnater V.
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IV.3.1. Preliminary phase (2004-2006)

A pre-standardization research project had beatedtdy the Belgian Building

Research Institute (BBRI) in partnership with Ghéntversity and funded by the
FPS Economy (department of the federal adminismatiwhich ends up in a
research report (Delincé, Zarmati, et al. 2007) ofcwhda summary has been
presented in (Delincé, Belis, et al. 2007).

The experimental program consisted in fact in tadgpconceived and developed
relatively independently of each other. A firsttpaas conducted in the context
of a doctoral research on the lateral bucklingstasice of laminated glass beams
(Belis 2006), with a large amount of tests executedeam specimens (element
scale). The second part consisted of differenesesf compressive shear test
(CST-tests) and tensile shear test (TST-tests)igumaftions performed on the
same type of cylindrical specimens drilled out ainated glass plates (about
250 specimens, ‘intermediate’ scale), and of 4-pbertding tests performed on
1100x360 mm laminated glass plates (about 40 spesimelement’ scal&)
The different tests are regrouped in three serespectively “CST / TST tests”,
“Bending tests”, “Buckling tests”, and correspondedests performed in three
different laboratories attached to different ingidns. A summary is given in
Table IV.3 structured with the proposed Experimentaldgief Investigation.

Common characteristics of these three experimeatalpaigns are the relatively
large amount of tests specimens, limited amountest tonfigurations and
loading modes, limited test conditions (mainly tesirried out at room
temperature and constant relative humidity), andiriiestigation of two ageing
effects according to the standardized proceduess Ghapter 1 paragraph 1.2.2).
In other words, large ranges of EFI-Specimen wekestigated with narrow
ranges of EFI-Test configurations/Test conditions.

Main outcomes were the gained insight about a sefeparticularities of the

mechanical response of laminated glass structundso# related experimental
issues. Among others, orders of magnitude wereedadtout the influence of a
series of parameters, but a series of issues wsoeigdntified which addressed
the representativeness and the robustness of sthbds considered during this
campaign. It led among others to question the lisabf CST and TST test

configurations with regard to characterization [msgs (see also analysis in
Chapter Il section 11.5). The analysis of the peatfure performances and
behaviour remained relatively qualitative, as madisthe analysis efforts still

remained mobilized around the shear-transfer contdbudf the interlayéf.

13 The test methods were slightly adapted in comparigith corresponding tests reported in other
researches (see Chapter Il section 11.5), printipalterms of loading conditions.

14 Corresponding to the Longitudinal Shear Load Tiem$lechanism (LS-LTM) defined in
Chapter Il section I1.4.
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Table 1V.3 — Summary of tests at different expenaiescales (FOD-project, 2004-2006)

Category EFI

Field descriptorsand investigated ranges

CST/ TST tests

Bending tests

Buckling tests

Specimen : Material

- large scope of laminatedglaroducts, with different types
of glass sheet (annealed, hardened and tougheyadyfass)
and two types of interlayers (unidentified PVB, &1@)

Specimen : Geometry|

Laminated plates
300x300 mm,
simple
composition, 1 or 2

51100 x 360 mm,
various
composition
(thicknesses layerg

Lengths 1 ..3 m,
various heights,
various
omposition

2 geometries cyl.
specimens drilled
out laminated plate
diam: 30 / 60 mm

thickness interlayer (thicknesses layers
Specimen : Processing As delivered As delivered ddivered
Specimen : 2 types ageing test types ageing testdNone
Pre-treatment, + non-aged + non-aged
Conditioning

)

Test configuration :
Basic device

Universal electro-
mechanical testing
machine

Electronic
controlled
hydraulic loading
system (actuator)

Manual controlled
hydraulic jack

Test configuration :
Geometry

2 geometries

1 fixed geometry

1 configuration

Test configuration :
Loading configuration

CST : 2 geometrieg
TST : 1 geometry

54-point bending
tests (weak axis),

beam (strong axis)
on 2 end-supports,
load applied in
central cross-
section

Test configuration :
Control mode, Loadin

Constant displ. ratg
4 loading modes,

21 main loading
mode, constant

1 main loading
mode, ~ constant

range 2 displ. rates displacement rate | displacement rate
Test configuration : | Force and Force and Force and
Measurement methodglisplacement, displacement, (2) extensometers,
and measurement continuous continuous continuous
configuration acquisition acquisition acquisition

Test conditions :
temperature,...

Room temperature
(unique conditions

Room temperaturg
(unique conditions

Room temperatur®
(unique conditions

¢ A series of bending tests on ‘unaged’ specimens werformed between -10 and 50°
® Orientation tests at higher test temperature wsth of IR-radiants were performed
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In a general way, issues related to degradatisamésentativenessf test results
due to propagation of measurement uncertaintieand of othersources of
systematic deviations/errorsvere identified qualitatively, but could not be
distinguished of each other and were still rather paqubntified

IV.3.2. Orientation phase (2006-2011)

Experimental investigations carried out during tlésearch period have mainly
been conducted in the context of a 4-year resgajhct funded by the Research
Foundation — Flanders, FWO-Vlaanderen (2007-2011).

The primary identified experimental purpose correspdnidehe TP3 “[Generate]
data for design calculations” (see Chapter Il geaph I11.3.4). but it was not
explicitly associated with the idea of developiig dprocedures to characterize
product properties. In terms of application scope,focus was set on the quasi-
static behaviour of structural elements, in prekaga and post-breakage stages
(Figure IV.1).

The initial experimental goals can be rewritten in teofihe introduced EFI's :

1) EFI-Specimen: Material: interlayer SentryGlas (SG)
(compared to reference material : PVB)

2) EFI-Specimen: Geometry + EFI-Test configuration:ofdetry / Loading
configuration / Loading range: 2 experimental ssakests on a ‘material’
scale (tests on non-laminated specimens interlgyansl tests on ‘element’
scales, associated to ‘pure’ loading configuratigrending on weak axis and
strong axis, torsion) and possible more complex if@pdconfigurations
(buckling of laminated glass beams).

3) EFI-Specimen: Processing: (as delivered by the industry)

4) EFI-Specimen: Conditionning/Pre-treatment: (to fitx each individual test
method / test configuration)

For the tests at element scale :
5) EFI-Test configuration: Basic device:

o Test frames built for performing tests on elementsvarious loading
configurations inside a climatic room;

o Test on elements of larger dimensions to be executed onsting frame,
with use of IR-radiants for increasing the temperature;

6) EFI-Test configuration: Geometry: Limits imposed ttwe dimensions of the
climatic room;

7) EFI-Test configurations: Loading configuration:&8d 4-point bending tests,
torsion tests;
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8) EFI-Test configurations: Loading mode / loading rangelsxation and creep
tests, control mode: imposed constant deformationt(olled by mechanical
constraint) and applied constant force (controbigdixed mass) respectively,
including tests of long duration;

9) EFI-Test configurations: Measurements methods aedces: load cells,
strain gages, extensometers with data acquisition system

10) EFI-Test conditions: Tests at different temperatune relative humidity.

It appears quickly that the different EFI's heread are strongly interrelated in
terms of development of test infrastructures arstl teethods. Also, as already
mentioned in previous paragraph, the distinctiotwben ‘intermediate’ and
‘element’ experimental scales was at an early steysidered as a rather vague
concept.

The feasibility and reliability of investigating éhitime-temperature response of
structural elements of larger dimensions (bendasgston laminated glass beams
of 3 m, with and without constraining a possibldufa@ mode by lateral buckling)
by means of radiant heating devices have been repor(Bdlin et al. 2007).

The first part of the research purposes identifiethe projecf concerned the
pre-breakage response of elements in differentigardtions. Experimental
issues related to the investigation of the timepterature dependence of the
shear-transfer behaviour by means of tests on elsn®G-laminates performed
in a climatic chamber have been reported by CabkewéCallewaert 2011,
Callewaert et al. 201%) This research could perhaps retrospectively héso
analysed with the proposed analysis grid; howeveis tool was not yet
developed at the time being, and consequently dasiamalysis on the dedicated
experimental campaigns has not been performedg§o fThe corresponding
campaign was constituted of an important seriesetz#xation and creep tests
carried out on ‘element’ specimens SG-laminatesfopeed by means of
imposed deformation level (by mechanical constyand fixed values of applied
forces (by means of fixed mass bodies) respectivebiccordingly, the
specifications of the climatic room built at thatasion had firstly considered the
specifications peculiar to test configurations ¥idrich no steered loading device
was necessary. Similarly, all the deformation mezments for these tests could
be performed on a satisfying way by means of extensomeigistrain gauges

5 This FWO-project involved two doctoral researchef&he research efforts were more or less
distributed according to the simple scheme “pretiree” and “post-fracture” behaviour between
the two resulting doctoral theses. The first oag been defended in 2011 (Callewaert 2011).

18 These experimental works have been conducteaatMIO between 2006 and 2011.

1 These measurement devices belonged to the infcaste and know-how of the lab already
before the start of the research.
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The experimental investigations related to the séaesearch area (post-fracture
performances) in the “orientation period” 2006-20afe presented in more
details. These consisted in a succession of expatahcampaigns involving test
configurations at different experimental scalesiciwlare summarized on a time-
line in Figure IV.5. The corresponding test resuiés be found in previous
publications mentioned below, and are not reprodweensively here, in order
to focus the analysis on two complementary aspeigtshnical limits and issues
for developing and extending test configurationsd@ombinationof EFI's, and
issues for interpreting test results in relationthe different border effects
identified above.

The experimental developments are detailed belmerding to the three periods
illustrated in Figure IV.5, and corresponding to aiese of successive master
theses. It is then followed by a complementary gragh dedicated to a few
complementary investigations and related consiggr®twith regard to some
developments of the TCT-test method.

i Uniaxial tensile tests (46)
| 0 SG-specimens

2q06 20p7 20p8 2qog
| | o

E_ | | |
< ) | | |
5 | 0 2 dogbone geometries ; ; ;
* | 0 at room temperature | | |
= | 0v=5/10/20/50/100 mm/min | 3 3

I | | |

L | | |

i | TCT-tests (44) | TCT-tests (9+4) |
o | 0 4 sets specimens, SG- | 0 SG- vs. PVB-laminates: |
c I . I |
Q | I vs. PVB-laminates I '« at room temperature ;
5 | | 0 variable width 25..50 mm | o PVB-laminates: |
= | 0 at room temperature |+ with different patterns |
8 ! o v=2..50 mm/min I » at room temperature !
S i | 0 v=2.. 5 mm/min i
—_—_,—_————————— — — e T it e 1

| 4 point-bending tests (53) | T~ | 4 point-bending tests (35) |
. | 0 SG-laminates } N ! 0 SG-laminates }
i< i 0 beam vs. plate i \\ i o0 pre-cracked beams i
g I o different heights/widths | N I o different heights ;
®© | 00 -1 glass pre-cracked | A 1 023/40/60°C |
o ! I AN I _ . I
= | 0 room temperature ! N I 0 v=not cste (hydraulic jack !

! 0 (1 loading rate) ! ~ ! with manual pump) !

| —

1 ~—
T

< Orientation tests >

| !
| < Test methods & methodology
' [Delincé&al, 2008, ISAAG] ' [Delincé&al, 2010, CG2]

[Belis&al, 2009, EFA]

Figure IV.5 — Overview of experimental works conidddn the orientation phase
for investigating post-fracture performances of B@inates used as structural elements.
The 5 experimental campaigns have been performeddifferent test infrastructures,
using a variety of measurement devices and acopurissyystems. The number in brackets
indicates the amount of tests performed in eachpedgn.
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1V.3.2.1. Experimental developments

e Experimental campaignsduring thefirst period (2006-2007) :

o ‘material’ scale was firstly investigated by meanrfisuniaxial tensile tests
on dog-bone specimens, cut out of sheets SG-int#rldd/ geometries
were considered (1 complying to the guidelines lé test standard
regarding the geometry of the test specimens, 1 ndt)e tests were
performed on an universal electro-mechanical tgstitachine equipped
with a video-extensometer, at different loading safeontrol: constant
displacement rate) and ambient temperature (Belis ed@®)2
Issues and outcomes regarding the representats/efi¢kis type of tests
have largely been discussed in Chapter Il pardgtd8.2. There was
however also a technical limit in extending the temperature range for
this type of tests : the used video-extensometemeasuring the axial
stretch could not be used in combination with thienatic chamber
(incompatibility between view angle of the opticakasurement system
and the geometry of the (mobile) climatic chambedgsides, this
measurement device appeared to be a “closed blackdystem rather
conceived for standardized tests and not suitedufbfield analysis, not
even for measuring the transversal contractiorest $pecimen (whether
necking would occur or not).

o ‘element’ scale was investigated by means of aseaf 4-point bending
tests on specimens SG-laminates, about 1 m longfdiferent widths
between 120 and 360 cm, made of two float glasetshand one
interlayer, loaded along their weak and strong afés 2 loading
configurations), and two different initial statesvleabeen considered :
elements with no or 1 pre-cracked glass Sfi¢Belis et al. 2008, 2009;
Delincé, Callewaert, et al. 2008).

These tests have been performed at room temperatura hydraulic
testing machine (with fixed frame), and conducted aatmoderate,
relatively constant displacement rate.

The pre-cracking step was made before mountingspgezimen on the
testing frame, and its description can thus be &ssocwith the category
EFI-Specimen: Pre-treatment/Conditiorfihg

18 These initial states correspond to the concepiimofured states introduced in Chapter 1.

19 The execution method of the pre-cracking steprduthis first test campaign wasnmilar to the
one described in (Delincé et al. 2010) and detdite@hapter V, paragraph V.2.2. This is an
important difference with test protocols develog®dother researchers, for instance by Bos,
Louter and Kott (see Chapter 1), where the cragkof the glazing sheets is part of the
mechanical test (and where the fragmentation paiterless controlled) : accordingly, field
descriptors of EFI's associated to the cracking stan rather be associated to categories
EFI-Test configuration / EFI-Test conditions.
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o modeling : development of (relatively simple) anaigt models showed
that the same two mechanisms of interlayer stretchind delamination
were present in fractured states of the two consteelement
configurations (plate and beam), which could beeditton the
experimental data. Fit parameters, namely modeinpeters which could
not be determined experimentally, or not accuragelgugh, appeared as
the height of the compression zone and the delaiingéength (x, and
a respectively for a plate configuration, see schema afr€ity/.6).

These models appear useful for describing the @rpatally observed
trend in behaviour and show a correct quantitabirder of magnitude of
the influence of the various identified parametmsthe overall response
at the element scale; however, their prediction abiligtiilsnot assessed.

Split up glas

Figure IV.6 — Four-point bending test on a platefiguration (element scale) :
experimental fractured pattern observed experimgn(eeft)
and analytical model of the bridging behaviour igracked section (right)
(Delincé, Callewaert, et al. 2008)

After this first experimental campaign, it was decldo not pursuit development
efforts in further investigating effect of test feenature at ‘material’ scale by
means of uniaxial tensile tests, with regard to fified difficulties for
experimental developments, expected modelling isandgising questions about
the representativeness of test specimens (Chalptgardagraph 111.3.2). The
extension of the test temperature range appeasedhiala constraint on the usable
measurement methods, and the possibilities of usiptical measurement
methods in combination with a climatic chamber aom came into
consideration.

In parallel, a complementary experimental goal wiae @efined for the next
experimental campaigns : to avoid propagation oteuminties related to
hazardous crack propagation in the glass sheetsgdtire loading step of the
tests, in order to isolate the investigation of tgarient behaviour from these.
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This led to work on ‘stage llI' pre-cracked elenwrnh the next campaigns.
Accordingly, qualitatively the frontier between exipsental ‘element’ and
‘intermediate’/‘component’ scal&sis considered to have been crossed-over
(represented by the curved dotted line in Figure IV.5 indleenent’ row).

e Experimental campaignsduring the second period (2007-2008) :

o the ‘intermediate’ scale began to be investigatgdnkans of a series of
TCT-tests, on four different test samples : specgnemade with 2
interlayer materials, SG and PVB, and 2 processinghods for
producing the small pieces of laminated glass. Sofmthe samples
contained specimens of different widths; main ctimréstics of the
samples are summarized in Table f.4These tests were performed on
an electromechanical testing machine, at modexaistant displacement
rates, with use of a separated digital camera as \égstem. The various
experimental issues relative to this experimentahmaign have been
detailed in (Delincé, Sonck, et al. 2008).

Among the various outcomes, it appeared that thé& Essumption of
weak interface was not observed for many specimamd, accordingly
that breakage of the interlayer ligament beganrbedosteady state could
appear on the loading curve. Differences of respomere not only
observed between PVB- and SG-laminates, but alsseleet specimens
with similar geometry and same interlayer type dfedent samples,
corresponding to different production and proceassinethods. An
example is shown in Figure IV.7 with the comparisaindeformation
patterns of two different specimens SG-laminatdhe first specimen
(above in the figure) belongs to a sample obtaibgdiry cutting the
specimens out of an ‘older’ laminated glass beameie with a height of
120 mm (namely from non-damaged part of an elemseat in previous
experimental campaigns). The corresponding beamegits had been
produced in industrial production conditions. Tdexond (below in the
figure) came from a sample prepared (lamination famiher processing
steps) by the quality control lab of the manufaetuof the interlayer
product : the small specimens were sawrf“caft laminated glass plates

2 The possible ambiguity between the two concepierfinediate/component scales) is purposely
not suppressed here. The reason is that the dsnasp likely to be implicitly interpreted or
fulfilled otherwise when considering advanced nuozr modelling development (Finite
Elements Models with volumetric and interfacial esive elements). It is clearly a point of
attention to further “interface” experimental anddelling issues.

2l The series “PVB-Sesh” referred to results of TE3ts on PVB-laminates published in
(Muralidhar et al. 2000).

22 sawing techniques for cutting pieces of glassaotihated glass required to be performed under
steady flow of water, which is used as coolant.
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with dimensions 300x300 mm.

The difference in observed behaviour had beenlfirallocated to a
suspected difference of adhesion level between tife specimens,
possibly influenced by complementary edge effects  the respective
cutting processes; an important unidentified EFbesgmed meanwhile,
which concerns a possible significant differencepbysical ageing state
(at least for the specimens with a SG-interl&yer Similar significant
differences were observed between the two sampiéB-specimens
corresponding to the same differences in termsrepgration methods
(see Table IV.4). It appeared however impossiblestilh refine the
analysis of these experimental datma a quantitative wayn order to
review the previous conclusions.

The observations of different deformation patteatcording to the
material type and to the test conditions had almasequences on the
further development of optical measurement methdidse measurement
of delamination lengths appeared problematic fasrtsierack opening
range and in case of irregular deformation/delaminataitern.

o modelling : development in Simulia Abaqus of a 3bité element model
of the local bridging behaviour (TCT-configuratiomyainly based on the
work of Seshadri for PVB-laminates (see Chapter 2his model uses
cohesive elements with an assumption of mixed dracimodes, namely
with same parameters for the three traction-seipar&ws corresponding
to the three crack propagation modes applicable interfacial
delamination (‘mode I' normal tensile force perpenthr to interfacial
plane, ‘mode II' and ‘mode III' corresponding respeely to longitudinal
and transversal shear stress with regard to thectdin of the
delamination front), and was tested with elastiqydmglastic and elasto-
plastic models for the interlayer material. Invgation of the robustness
of the numerical model has been limited to the eéxpental geometry and
loading configuration and mode.

% see Chapter Il section 111.3 for related thearatibackground and Chapter V paragraph V.3.4
for further supporting experimental results.
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b) TCT-specimen SG-laminate sawed out of a lamihgtass plate (“fine cut”)

Figure IV.7 — Comparison of observed deformatiotigras in a TCT-test
for two specimens SG-laminates belonging to twierdifit samples : a quite regular
delamination pattern (above) and a more irregulefaimination pattern with glass
splinters remaining attached on the free part @ ititerlayer ligament (below)
(Delincé, Sonck, et al. 2008)

Table IV.4 — Overview of TCT-test series by sam({leincé, Sonck, et al. 2008)

Series 2h [mm] | B[mm] lat. edges v [mm/min] # tests

PVB-LMO 1.52 25 “rough cut” 2 6/7
1.52 50 “rough cut” 2 1/1
1.52 30 “rough cut” 60 0/5

PVB-Dup 1.52 25 “fine cut” 2 0/4

SGP-LMO 1.52 25 ... 50 “rough cut” 2..4 5/9

SGP-Dup 1.52 25 “fine cut” 2 5/6
1.52 45 “fine cut” 2 1/3

PVB-Sesh 0.76 25 na. 60 8

1 amount of tests with steady state reached (bééaming of the interlayer) / total

amount of tests in the series

2 probably fine cut as well % nominal value of specimen’s width
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Important outcomes at this step concerned the Ipitigsiof performing further
TCT-tests inside a climatic chamber, and of furtldeweloping the optical
measurement method in that perspective. Anothaitsenexperimental aspect
had however been identified, which concerned thel etamping devices to fix
the TCT-specimen on the testing machine (see also @haparagraph V.2.5).

It led to change of basic testing infrastructurd ahlaboratory, because of these
practical problems, but also in function of colladtayn interests in developing
the test and measurement methods, thus mainly mrdey the use of optical
measurement methods in combination with a climatic chambe

e Experimental campaignsduring thethird period (2008-2009) :

o A first experimental campaign had as main purpbser¢alization of the
switch from one test infrastructure to another @rethe TCT-tests, and
the adaptation of the optical measurement methodth® refined
experimental purposes. In this context, a varietgpifical markers have
been tested and evaluated with regard to the caewvem of the method
and the precision of the obtained measures.

A difficulty for performing this step has been dtee the fact that the
climatic chamber was not yet installed on the taathine during this
development step, and thus the forthcoming comsgrdiad to be figured
out. These were of two natures : constraints onpibesible lighting

conditions (usable light source and its positiomystlits lighting angle;

possible issues related to the presence of a wirliween the camera
and the specimen; and other possible measures radateel tcontrol of the

lighting conditions), and other constraints relatedhe future physical
presence of the insulated box (for fixing the speti on the machine,
etc.).

Another yet uninvestigated EFI during this reseastdp concerned the
robustness of the acquisition and measurement metar different

deformation rates.

o The other parallel experimental campaign was basedl 4-point bending
test configuration on pre-fractufédlaminated glass beams (in-plane
bending). The tests have been performed insidéatber climatic room
at three different temperatures (23, 45 and 60°@) @m two different
geometries, namely on specimens with two differezand heights (150
and 360 mm), all other characteristics remainingagqéror this purpose,
a dedicated modular test frame has been conceinedbailt. The

2 The execution method of the pre-cracking stepbeas described in (Delincé et al. 2010) and is
also detailed in Chapter V, paragraph V.2.2.
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application of the load on the element is achidwetheans of a hydraulic
jack, operated from outside the climatic room by mseaf a hand pump.
Possible lateral displacements of the beam elethemto lateral buckling
were prevented by means of eight lateral suppat®red with a low-
friction plastic sheet, placed between the supaod the loading rolls on
each side of the beam. Deformations were measweaddans of two
complementary measurement methods : a series efsbtneters on the
one hand, and a optical vision system with as rhaitware component
one digital camera placed outside the climatic roohime description of
the test configuration, some of the related expentaleissues and test
results have been presented in (Delincé et al. 2010)summary, the
deformations patterns were relatively different finction of the test
temperature, altogether the resistance (maximuroheshvalue in the
applied load) varied significantly between the teist series (with a factor
about 1/3 between tests carried out at 60 and 23°C).

This test configuration is very similar to the @sponding one considered
for the “beam” tests performed at room temperatiuméng the first period
(and presented here above), however with a notieadifference in the
considered initial fracture stafds Contrary to the previously considered
initial states, only TCT-configurations were consatk namely the two
glass sheets of the element are pre-cracked alsama transversal cross-
section previously to the mounting of the specinoenthe test frame.
This difference is sufficient to consider that we $acing a change of
experimental scale, from ‘element’ to ‘intermediadeale. Indeed, with
this new initial specimen configuration the probédim of crack
propagation in the glass sheets during the testexmected to be
eliminated, or at least strongly reduced. A schamatimparison of
observed cracking patterns is given in Figure M8 case only one glass
sheet is pre-cracked, three different crack patasbserved, whereas for
a TCT-configuration, only one of these three pagetevelop during the
test, under the effect of compressive stresses batgkass fragments at
the upper side of the beam.

modeling : the robustness of the finite element ehalbveloped for the
TCT-test configuration has been investigated, by ifyind) the loading
configuration and the boundaries conditions inrtfzelel, and it showed a
satisfying response (capacity of convergence of thédtsgsu

%5 Concepts of fractured states have been introdinc€tiapter |1, section 1.3..
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Figure 1V.8 — Typical crack propagation patternsgkass sheets in function
of the initial fractured state of a laminated gldssam element (4-point bending test) :
initial configuration with 1 pre-cracked glass shéeft, first period)
and with 2 pre-cracked glass sheets (right, thiedigd).
The four thick arrows represent the applied bendimgment;
the light curves represent the observed crack pgagian paths in glass sheets.

It is useful to mention that the choice of thissi@ent scale’ test configuration for
investigating temperature-dependent behaviour eftéired laminated glass
elements has been influenced by considerationsdiegethe development of the
optical measurement metH8d In fact, in this constrained bending test
configuration, the displacement of the two partghaf glass beam remain in a
fixed vertical plane, what allows to use a singienera and a two-dimensional
(2D) computer vision system. For test configuraiomth significant out-of-
plane displacement (as it is the case for instavitte a bending test on a plate
configuration, or an unconstrained bending testaobeam element allowing
failure by lateral buckling), it would require toone towards a three-dimensional

% The choice was also determined by an ‘usual rebegmproach’ consisting in developing ‘pure
loading configurations’, namely test configuratiogenerating a ‘pure effort’ in a ‘zone of
interest’ of the tested element, as a pure comipregsure bending, pure torsion, etc.
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(3D) vision system for applying an optical measweatrmethod (Sutton et al.
2009).

One major weakness of the test configuration usedhie bending tests on pre-
cracked beams inside the climatic chamber (Galaradt Matthijs) was the poor

control on the applied loading rate provided byuke of a hydraulic hand pump.
An estimation a posteriori of the applied displacemrates (average rate of
applied vertical displacement at the level of logdirolls up to peak force)

showed variations of up to a factor 10 inside serend up to 100 between
different test series; the loading rate tendededalger for elements with lower
stiffness (namely test configurations with lowelighe of beam or higher test
temperature). Investigation of possibilities to adeading device equipped with
an actuator inside the climatic chamber raised rieeh issues, followed by

financial ones; this was one of the main limitiregtbr that led to interrupt this
type of experimental investigations and to focus enftinther development of the
TCT-test method.

1V.3.2.2. Other experimental investigations with TCT-tests

Further experimental investigations concerned ryaime development of optical
measurement methods for TCT-tests, and in a lesdentetests on specimens
with different interlayer materials. This experimi&@ campaign has been
characterized by a larger amount of more closelglired extern partners for its
preparation, in comparison with the ones reportegrigvious paragraph (see
Acknowledgements section at the begin of this chapter).

An attempt has been made to make a full-field measent of the ligament
deformations by using a Df& method. For this purpose, special TCT-test
specimens were prepared, with a speckle pattertedrifinside” the interlayer.

In fact, the pattern was directly printed on a fi*8B-film, which is covered by a
second PVB-layer with the same thickness duringdhenation. This way, the
optical measurements should correspond to plarfarrdations of the interlayer
at the level of its median plane.

27 such a 3D vision system was not available norraéfble at the time being. However, it is not
yet totally clear if the use of such a stereoscomithod is applicable ‘as such’ with view angles
of the cameras passing through an insulated glesisgthe window of the climatic room); there
could be still complementary experimental issueswestigating further in that direction...

28 Digital Image Correlation (DIC) refers to opticakasurement methods using an image matching
algorithm, which involve the recognition of definpdtterns on successive frames (pictures). An
important sub-category of DIC-methods allows to eakKull-field® measurement of
deformations, leading to a measurement resultérfahm of a strain field, thanks to the use of a
‘speckle pattern’ (pattern of randomly distributeldck points or areas on a white background)
printed or projected on the surface of the testispen.
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Figure 1V.9 — Laminated glass plate with patterndptical measurement,
printed on the median plane of the interlayer, mafi2 superimposed PVB-films
(the picture shows the plate before the cuttinthefsmall specimens)

Two laminated glass plates were prepared by theufaaturer of the interlayer
product with dimensions 300x300 mm and constitktdvo 4 mm thick glass
sheets and one interlayer made of 2 superimposedfit®8of 0.76 mm, thus a
total nominal thickness of 9.52 mitn The printed patterns delimited 30 TCT-test
specimens with two different widths (30 and 50 mm) and withdifferent scales
of the speckle pattern (Figure 1V.9). The small speas for the TCT-tests were
cut out of the laminated glass plates by combirsaging and manual cutting
technique¥. Based on previous results of TCT-tests on PVBHdates (see
previous paragraph), an extra specification had beeggested to the
manufacturer in charge of the lamination procesmemathat the adhesion level
should be “at the lower side” of the acceptableeadin range (according to their
intern standard method), to promote a regular delatioin patterff. Obtaining
this type of deformation pattern was thought asememsary condition for
successful full-field optical measurements in thertigat area.

29 with the production tolerances on the thicknesshef float glass sheets and the lamination
tolerances, the effective thickness of a lamingileds plate is generally slightly thinner; in this
case, the measured thickness of the small speciafemghe cutting step is around 9.30 mm (see
also comments about border effects due to measuatameertainties in section 1V.4).

The printing of the speckle pattern on the PVRiilstyer has been performed by means of
DuPont's ‘SentryGlas Expression’ patented technplggvhich, despite its commercial
denomination, uses PVB-interlayer and is not applie for SG-interlayer...).

Failure modes in TCT-tests are described with na@tails in Chapter V paragraph V.3.1. The
practical measures to meet this requirement wéréodehe discretion of the laminator (see also
Chapter Ill paragraph 111.3.3).

30
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The testing of these ‘customized’ TCT-specimens wasformed at room
temperature and moderate displacement rate usimgdme testing device as
previously. The computer vision system is separaitedan acquisition system of
the digital pictures during the test, which are used post-processing step for
performing the optical measurements. The opticajus@ion system is
constituted of one PixeLink digital camera anddislicated acquisition software
(described with more details in Chapter V, paragraph V.2.6)

The different deformation and measurement zonedllastrated on a picture of
the deformed TCT-test specimen as used by thenvisystem in Figure IV.10.
The measurement of the crack opening by meansuoftémget markers (two on
each side of the initial pre-cracked section of T&rl-specimen) is performed
successfully with a satisfying precision. Accordioghe deformation pattern of
the TCT-specimen, three zones of the ligament cadiftenguished : the two
delamination fronts, and the central, delaminated g@iathe interlayer ligament
which appears between the glass fragments once theaganing is getting large
enough.

The processing of the pictures for performing théaal measurements has been
realized separately by two different persons, am ahe hand by means of a
commercial “closed” vision software and on the othand by means of an
“open” analysis routine. The conclusions about dpelicability of the optical
measurement method seemed similar. Unfortunateppeared impossible to
get reliable measurements of local deformationthefligament by means of the
speckle pattern. In the central zone, signs of ileegdeformations appeared for
relatively short crack opening, apparently due itaition of crack propagation
through the thickness of the interlayer. The twdaénation fronts have a
relatively regular shape; nevertheless, derivatibriooal strain measurements
from the acquired digital pictures in the vicinitf the delamination fronts
appeared as problematic, because of a low cooelatefficient’ in these areas.
The failure of the correlation in the ligament zoise attributed to severe
distortions of the speckle patterns on the locdisets. It appears however
difficult to estimate whether these shortcomingaldde overcome by working
on the DIC-algorithm and/or by adapting the pag&rnNonetheless, a satisfying
correlation was obtained between speckle pattdtuated outside the ligament
zone for measuring the effective crack opening.

%2 The correlation coefficient (R?) is a measure loé success grade of the image matching
algorithm, and is calculated on ‘subsets’ of wheihe is an important adjustment variable in
obtaining accurate measurement results. Whencthielation coefficient is getting below a
certain limit, no reliable measurement of the labeflormations (strain) can be expected; and this
condition has to be related to the required or etgqubaccuracy level.

3 Results by means of a similar method using anreltive pattern constituted of a regular dots
grid has been reported in (Butchart and Overen@R01
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Figure IV.10 — TCT-test specimen (width b = 30 riimtkness interlayer t = 1.52 mm)
with speckle pattern printed ‘in’ the interlayemddistinction of different zones
for application of DIC method for the measuremdithe deformations

There were different complementary motivations fapt pursuing the
investigations into the development potential af ttype of full-field optical
measurement method.

The first concerned priorities and related techHnocanstraints in developing the
experimental method : the primary objective wad tha optical measurement
method should be applicable in combination with lanatic chamber, for
performing tests at different temperatures. Thaldity and the precision of
full-field measurements can depend on the used d)Grithm and analysis
parameters (calibration of the vision system, sizén® speckle subsets, etc.), but
they depend at first on the initial quality of tlaw’ material, that is the digital
pictures. However, the degradation grade to be ¢xpetie to the combined use
with a climatic chamber was still unknown. Diffetesources of degradation of
image quality effectively appeared later on : these described in detail in
Chapter V paragraph V.2.6.

The second reason rather addresses possible lospraisentativeness of test
specimens due to the application of the opticalepaton the interlayer. Indeed,
the application of a speckle pattemto the polymer component of laminated
glass specimens involves modifications of the petidn proces¥, potentially
inducing deviations in some fields of the categkfyl-Specimen. Alternative
methods could be imagined where the optical patterald be applied to one of

3 The used method for printing the pattern on théfilms is however believed to have been
developed in order to reduce this type of effduts,it remains a qualitative assumption...
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the surfaces of the interlayer film coming into @ with a glass sheet in the
laminated unit. Still, these would probably alsfeetf the resulting adhesive
properties, and the pattern could behave poorly tith delamination process,
potentially leading to even larger border effectsmére objective quantification
of such border effects could be done by means obraplementary reference
sample (another basic laminated glass plate wighsthime interlayer material
without print), processed the same way (ideally simmeously) and tested in the
same conditions. Besides, such methods are onlicable to a limited family of
interlayer products.

Any development of this nature involves thus firgibtential deviations in some
investigation fields of the category EFI-Specimenhiol raise issues of
representativeness of the test specimens, beforgually allowing extension of
the EFI-Test configuration: Measurement range @imigination with extension of
EFI-Test conditions and EFI-Test configuration: divgy range). Measures
should thus be foreseen to check that the balaains favourable between the
expected benefits, among others in terms of pratisiod accuracy of the
measurement results, and possible induced degradinigr effects. With regard
to this problematic and the assessment perspetitizgriority should be to avoid
the introduction of border effects in fields of the gatg EFI-Specimen.

Consequently, in following campaigns TCT-tests, tbe of DIC-method has been
reduced to the detection of four target markersngasure the crack opening.
Corresponding experimental issues, among otherddtmrmining precision and
accuracy of the obtained measures, are further deveioplee next chapter.

The use of a post-processing analysis scheme, ejihrated acquisition and
analysis processEsis preferable for two reasons. Firstly, the acgupitures
can also be processed for qualitative observatigleformation and failure
patterns, etc.) or even for developing alternativeea®mn and measurement
algorithms afterwards. Secondly, they can be useddatrolling or optimizing
the quality of the measurements obtained with ti@-&lgorithm. There are also
two counterparts to this working method : the opticeeasurement cannot be
used as steering parameter (for instance for diingothe effective crack
opening rate), and the achievable acquisition fegqy can be limited by the
registration process (according to the used adouissystem and hardware...).
This last point can represent an issue for usitl) sumethod in a range of larger
deformation rate.

% Ppost-processing analysis : the acquisition anistragion of the digital pictures is performed
during the test, and the application of the DICasallpm on the acquired series of pictures is
made after the test.
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1V.3.3. Development phase (2010-2013)

This last experimental phase consisted in an exgerial campaign TCT-tests
which is the topic of the Chapter V. In terms of’'ERhe investigated ranges can
be summarized as follows : the ranges of EFI-Spetimvere reduced to a
minimum, namely one type of interlayer material {SGne single sample in
terms of production method and of configurationickhess layers, type glass
sheets,...), and investigation ranges were extendatieincategories EFI-Test
configuration: Loading modes and Loading ranges, -ESt conditions:
Temperature, and related EFI-Load configuration: Mesamant methods.

IV.4. Border effects due to measurement uncertainties

The analysis grid with EFI's can also be used fetting an overview of
experimental uncertainties and other sources ofesyic deviations for a
particular experimental configuration. The fieldsdeptors were firstly presented
as experimental variables to identify and defineprdly as ranges of values for
describing possibilities and limits of experimenitalestigations, in other words
for defining the possible experimental investigatecope of a test method. In
this sense, border effects were associated to @iffes between representative
values of ‘real’ physical parameters, let say sigaiit differences of values, or
more specifically a difference of values at theelesf one specific EFl-parameter
with a significant effect on another EFI- or AF-pareter, among which the
properties of the product or the application configoretirespectively.

By changing the analysis level, a range of valuesafparameter used as field
descriptor can also be used to express unceriiotiea parameter for a specific
test. The analysis level is changing, so does the rangausafsv

The majority of the parameters used as field detis are the result of a
measurement, and the associated values are thaseditivith measurement
uncertainties When the parameter is not resulting from a direct measnt, the
associated uncertainty is resulting from a combinatof measurement
uncertainties, used to describe errors propagation.

For many fields, as measures of dimensions, distancedeformations, the
measurement uncertainty is generally a constantiamibt proportional to the
measured parameter; accordingly, the relative systedetiation becomes larger
when the measured parameter is getting smaller

% Concrete examples of such systematic sources \0étilns or measurement errors on some
parameters appearing in the TCT-test configurdtiomeasuring the deformations are identified
in Chapter V paragraph V.2.6.2. An order of magphét of the systematic measurement error
(accuracy) is estimated for identified parameterdHe particular test configuration used.
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Tests on laminated glass specimens of smaller diibes (as for CST-tests and
TCT-tests) are thus confronted with two differempdas of potentially larger
border effects than tests on elements with largeredsions. The first is
associated with larger physical effects on test speas due to their configuration
and dimensions (including production tolerancegieeelffects,...); the second is
due to larger values of relative uncertainties @mes measured parameters. Such
larger border effects for specimens of small size areetiemalso compensated by
the elimination or reduction of other experimentacertainties, as the ones
associated to glass strertjthnd to random crack propagation patterns in glass
sheets.

One such important border effect due to propagatmfn measurement
uncertainties for laminated glass products and $gsicimens concerns the
measurement of the thickness of the interlayer amapt. The thickness of the
laminated interlayer results from an indirect meesent, following next

expression for a ‘simple’, symmetric laminated glass unit

i =t~ 28 (IV.1)
with t, t, and t, respectively the total thickness of the laminated ghe
thickness of the glass sheets and of the interlayee first two can be obtained
by a direct measurement of the thickness of thestdakive glass sheets before
lamination and of the total thickness after lanmimat Counting with a typical
measurement error range t5= +002mm for each individual measure of
thicknes&, the corresponding uncertainty, expressed as aasthrviation, is
u(t) = 0.0Z\@ = 0.0115mm for a rectangular distribution of the measurement

error. A calculation of the combined measurememetinty on the interlayer
thickness gives :

u(t,, ) = \/u(t)z + 2.u(tgJI J (IV.2)

and thus u(tit): 002mm, or expressed as an extended measurement
uncertainty U(t ): k.u(t- ): 004mm (with k=2 for a 95% confidence

int int

interval). With regard to usual interlayer thickses for PVB-laminates, this

37 See for instance some definitions of residualstesice in Chapter Il paragraph 1.3 which
consider, to determine the initial resistangeoRa laminated glass element, the characteristic
strength of the constitutive glass components. iRl strength being already a derived
variable, which is known to shows up with largetsréng in values because of its intrinsic
sensitivity to surface defect, the initial referen@lue is already a “vague” one...

% This value of measurement error corresponds totyhieal one obtained with a micrometer
calliper.
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leads to relative uncertainties of about 10 % (®®8), 5% (0.76 mm) and 2.5 %
(1.52 mmj°. When modelling the experimental configurationsolmes the
calculation of the flexural stiffness of glazingngoonents, the uncertainties on
the thickness of glass components propagate witittar three (as the flexural
stiffness of the glazing sheet depends on the third povits thickness).

In practice, the effective thickness of the constituglass sheets is often only
known with a lower level of accuracy: standardizgdduction tolerances on
laminated glass products (according to EN ISO 1Z94&re an order of

magnitude larger. In order to compare with the jme& numbers, standardized
tolerance on thickness of a float glass sheetasitah? (for instance : 4+0.2 mm,
with an effective average value round 3.85 mm), &edtblerance on laminated
glass products with folio interlayer is the sum of tilerances on thickness of the
constitutive glass sheets, with an extra toleranice0o2 mm when the total

thickness of interlayer components is larger than 2%mm

This induces also that the expression of uncertgirin a parameter is likely to
deliver another order of magnitude when it is usexl AF-descriptor or
EFI-descriptor, namely in function of whether tolmra or measurement
uncertainty is addressed, respectively. Logicallg, first one should always be
(an order of magnitude) larger than the second one.

The analysis of experimental uncertainties for nonventional test methods in
literature is usually made by means of a “top-dowpproach, in the form of a
statistical analysis performed on test resultseoies considered as homogeneous
(typically resumed to a calculation of averages stadidard deviations, generally
limited to a resistance or strength parameter). él@wy such a method does not
allow detecting systematic deviations or bias ia theasurements or in derived
parameters. Inventory of data necessary for penfgrra “bottom-up” analysis
(based on evaluation of individual uncertainties aadwtation by combination of
their propagation) is seldom performed, for différemasons. In particular, a
series of (systematic) experimental uncertaintias often not be better than
roughly estimated (they do not have a statisticehmmng), and the execution of

%9 This type of analysis complies with guidelinest basic guidance document “GUM, Guide to
the Expression of Uncertainty in Measurement (1994ferred by many posterior documents,
among others by the general standard ISO/IEC 17@0B5) “General requirements for the
competence of testing and calibration laboratories”

The comparison of the order of magnitude of syst@rmeasurement errors on thickness of
glass sheets with, for instance, the precisionllevesidered in literature and in discussions
about the determination of characteristic valueglass strength delivers interesting information.
Properties of interlayer components derived fronctmamical tests on laminates appear still more
sensitive to the influence of measurement uncdi¢sin Nevertheless, issues related to
measurement accuracy (more particularly with regasystematierrors) and to combination of
uncertainties are generally not or poorly highleghin test standards and in literature.

40
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any kind of “bottom-up” analysis requires the clwior development of a
mathematical model (analytical or numerical). Coueatly, the calculated
uncertainty is eventually affected by supplementstematic deviations, which
can be due to deviations in input parameters or duerterical issues.

These reasons are however not justifying that irtorgnof experimental
uncertainties would be disregarded. Analysis of eutainties and of their
propagation is certainly an interesting tool fotiraating achievable precision and
accuracy which can be expected from a test method, far evaluating its
extension potential, in terms of testing rangesinoterms of analysis level,
especially when considered results are derivednpetexs calibrated by indirect
measurement. This inventory cannot avoid erroraliocation of systematic
deviations to each type of border effect, but ardge and clear distinction of the
different analysis steps are certainly useful, @remecessary, to deal with these
issues. Underestimation of effective measuremaoémtainties and overlooking
possible effects of propagation of uncertaintias loa seen as a particular case of
unidentified EFI and associated border effect. Hemethis type of border effect
can generally only be addressed in a minor extgntthe design of the
experimental setup (test and measurement configngtand other measures of
experimental nature, and requires an equivalergsiment level in the related
analysis and reporting steps to effectively improveglbbal accuracy.

Border effects due to significant values of systindeviations resulting from
combination of uncertainties and of consecutiveppgation of errors are
considered as third category of border effectsThey can be the consequence of
border effects of the two first categories, whegndicant deviations arise in
derived parameters from a combination of non-sigaift deviations on primary
experimental parameters. They can also be soledytauihe selected model to
make the derivation, in which case they are dueddehuncertainties. The latter
case can be illustrated by two typical situations alreaglygmted and discussed in
earlier chapters. The first is the use of smallistitaeories for deriving values of
stress or strain when the range of deformationhefrmaterial clearly lies in a
large strain domain (Chapter Ill paragraphs 111.2.d Hh3.2). The second is the
negligence of size effects caused by an abusiveptation of assumptions of
small-scale yielding or small-scale creep (Chapterdiice I1.4).

The latter considerations have not only influenttedlfurther development of the
campaign TCT-tests on SG-laminates reported in ©hap they also influenced
the selected ‘analysis level of the test results.
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IV.5. Summary and main outcomes

In this chapter differenexperimental scalebave been distinguished for test
configurations on laminated glass elements. Iniqadatr, firstly a qualitative
distinction has been introduced between ‘elementid a‘intermediate’
experimental scale. Robustnessand representativenessf test methods are
proposed to be analysed by means of an analysishgsed on the identification
of different Experimental Fields of Investigation (EFPegrouped into different
categories and described by means of approprigte diescriptors. In particular,
possibilities and limits to extend the applicableveistigation range of test
configurations are shown to depend on technicaksselated to test devices and
measurement methods on the one hand, and to wstrems on the other. The
analysis grid allows also to identify and distirgjui different sources of
systematic deviations between EFI's or between<iilid AF's, which can limit
the representativeness and thus the relevancysbfctanfigurations, and three
categories oborder effectsre identified accordingly :

1) The first category of border effectaddresses the deviations of properties
related to the properties of products and testispets, due to the production
process, storage and pre-treatment conditions, aothejey of the test
specimens, in particular in relation with specifagt of the polymer
component;

2) The second category of border effecis related to deviations due to
experimental aspects associated to test configmstind test infrastructures,
among others in terms of geometry of specimen aadihg configuration,
and the sensitivity of test configurations to dimienal and position
tolerances;

3) Thethird category of border effectsddresses issues arising from processing
and analysis of test results, as consequences ofireeznt uncertainties (for
direct and indirect measures) and propagationrof&for derived parameters
(obtained by indirect measures). This type of boréffect can be a
conseqguence of other ones of the two first categoriesabudlso follow from
significant deviations and effects resulting frdme used analysis method and
model.

Because of the high grade of interactions or imtpetidencies between some
EFI's, the use of an analysis grid structured arowatated field descriptors can
help in anticipating possible requests and reltelnical limits for extending the
achievable investigation ranges of any test methaslillustrated in this chapter
with a few examples, extension of test methods eae ferious limitations of
practical and experimental nature, in particular nvkiee development of a test
configuration addresses the extension of some EBRlmbinationwith other
ones. This is especially the case when an extesitire test temperature range
is required or is likely to be requested. Thisgenerally true for developing
experimental investigations methods, but it takesesav dimension when it
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happens in the context of construction productsbuoitding applications, in
relation to the different types of specificities exptal in previous chapters.

It has also judged been useful to introduce the eypnaf ‘unidentified EFI’. This

acknowledge that some phenomena related to theenafithe tested interlayer
component, or experimental aspects depending oregsiong methods of test
specimens, are possibly overlooked or not identdialuring the development
and execution of experimental works on laminated glasiupts.

These are typically addressing possible changethefassumed state of test
specimens through the various experimental stgps;ally with regard to the

parameters which have been added in previous aisapiedescribe physical

ageing state and damage level. The interest of dbwgept is to provide a
back-up opportunity for subsequent analyses, bycassty beforehand different
parameters to different suspected sources of potdatider effects.

The different border effects can be dealt with arious ways. Some border
effects of the first category can be detected bpeaation of the test specimens or
their influence can be observed in the dispersioresults of test series. Others
cannot be detected by any of these two metfodden they are not visible (or
not measurable by a state variable) and do nothiaveystematic deviations in
results of test series. Border effects in gengaalbe distinguished and estimated
by adapting test programs and analysis methods.y the be reduced by
adapting test configurations and test protocolgvaid that too many EFI's are
varying simultaneously between two considered experiahscales.

The proposed analysis grid of EFI's can still appesarather conceptual in some
extent, similarly to the corresponding one definihg categories of Application
Fields (AF’s). Its main purpose is to serve asractiired framework to better
objectivize the evaluation of different test meth@hd experimental approaches
and their comparison. It can among others be Hhelpfutavoid unnecessary
detailed sub-optimized precision on some investigafields which tend to
neglect other arising issues. In fact, modifying itheestigation ranges of some
EFI's can have consequences on other ones, andpacted reduction of border
effects of one category can give rise to largerdboreffects in another one.
Efforts in reducing identified border effects stibtius be balanced with efforts
in quantifying the various effects, with regard e warious types of uncertainties
on the one hand, and with regard to the technicaleis for extending some
experimental fields of investigation on the othé&tot every single border effect
associated to a test method can be reduced omaliedi, but it is also probably
not even necessary, with respect to the specified ugsbges and analysis level.

41 Or their detection by inspection of test specimemaild require the use or development of
complementary investigation methods (for instarmraesnon-contact measurement methods).

186 Chapter IV



Efforts in identifying and quantifying the variobsrder effects can help to orient
the development of models, of test methods, andratiegjies for dealing with the
different types of uncertainties in design conditions.

A definition of unambiguous criteria to distingui§htermediate’ and ‘element’
experimental scales appears not straightforwardwenter, EFI's appear to be a
useful expression tool for refining the analysis, passibly in developing a more
robust definition of ‘intermediate’ experimental scale

The concept of ‘intermediate’ experimental scalereses different experimental
aspects, in relation with border effects associateliffierent categories of EFI's :

1) Size of the test specimens : tests on specimersnafler dimensions are
confronted to possible larger border effects astedi to the category
EFI-Specimen, and to related effects in relationhwiest conditions
(described by EFI's of the other categories). Foalstest specimens cut out
of larger units laminated glass, extent of bordéeot$ before, during and
after the cutting step should be distinguished (fmtance with regard to
intended or unintended ageing processes);

2) Investigated field(s) in relation with the purpagedf the test : identification
and measurement of a limited amount of mechanisms/on of
‘material/product/element’ mechanical propertiegperformances. For each
performance/property associated to a test configuma achieved or
achievable precision and accuracy of test reshitalld be compared with
desired ones... or conversely.

Determination of ‘intermediate’ experimental scakethus clearly not only about
size of the test specimen, and has to deal with differetst gbborder effects.

In particular, the development of the TCT-test dgunfation through the
successive test campaigns has been performed wghrd to the different
identified border effects. A more detailed analyafishe different aspects raised
in this chapter is performed in Chapter V on thesidaof an experimental
campaign on a sample of specimens SG-laminatesno general synthesis
about the robustness and the representativenesbeo CT-test method for
characterization purposes is made in Chapter VI se¥iiGn3.
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Chapter V

Investigation of time-temperature dependent
ligament behaviour by means of TCT-tests

“The Devil is in the detail / God is in the detail”
(Anonymous / attributed to Ludwig Mies van der Reainehitect, 1886-1969)
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V.1. Introduction

Experimental investigation of time-temperature-agedependent behaviour of
fractured laminated glass elements appeared t@ssldr variety of issues, on the
one hand with regard to a specific context, the adtarization of properties and
residual performances for designing non-conventidnalding elements and

systems (Chapter IlI), and on the other with regardspecific mechanical

behaviour of polymer materials used for interlayarsd related production

processes of laminated glass units (Chapter llipally, general methodological

aspects and practical issues related to diffengpéremental configurations have
been presented and discussed in previous chapbep(€ 1V). These various

aspects led to select one specific test configumatihe Through-Crack-Tensile
test (TCT-test), for investigating the time-tempera response of the

corresponding load-transfer mechanism (TCT-LTM) small-size pre-cracked

specimens laminated glass (TCT-specimen).

This chapter reports on the conception, preparafiod execution of an

experimental campaign of TCT-tests on small specgrlaminated glass made
with a specific interlayer product, and designed adé®@rateS. The purpose of

the campaign is the investigation of the time-terapege dependent behaviour of
the interlayer ligament and the characterizationhef ruling product properties.
The initially defined framework accounts for a lted amount of test pieces of
about 60 TCT-specimens, with the aim of coveringgesnof test conditions as
large as possible, in terms aombinationsof loading level and of test
temperature. The two loading modes considered (@onsgisplacement rate of
crack opening, and constant force or creep) accduotedefined limitations to

guasi-static loading ranges (displacement rates0<id/min), and a temperature
range between -20°C and +60°C is considered. Hiespecimens were limited
to one batch laminated glass with a single interlayektigss, identified as SG35.

These objectives led to develop an incrementalragxpatal approach constituted
of short test series in a dozen of successive stggEarated by intermediate
analyses for refining the testing conditions of fbiéowing steps. With regard to
the identified phenomenon of physical ageing indspblymers below their glass-
transition, short test series have been dedicatethaoinfluence of different

conditions of storage and conditioning of the test spemim

The obtained test results provide a first globatreiew about combination of
effects related to time-temperature-ageing depengi@perties of SG-interlayer
with regard to the ligament response in fractuaedihated glass, and highlight
the importance of some experimental aspects withtyfpe of tests. Also more
general comments are included about possible issuesing TCT-tests with

other types of interlayer products.

1 Characteristics and features of this interlayedpct have been presented in Chapter IIl.
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V.2. Test method and experimental strategy

V.2.1. Design of the experimental campaign TCT-SG35

The initial objectives and constraints defined haleve led to consider for this
campaign TCT-tests tests of (relative) short damatior two loading modes,
performed at constant test temperature within #allyi defined range between

-20 and +60°C :

e cdr-tests carried out at constant displacement rate(of the initial crack
opening), with an initial range of values comprisbdtween 0.01 and

100 mm/min imposed by the used testing machine; and

e creep tests corresponding to a constant value of applied fdfge

Table V.1 — Overview of experimental program by deses (as executed)

test temperature cdr-tests creep tests executed

-20°C s9 (0/3 *

TU/e
0°C s7 (3/3 s8 (3/5
20°C s1(a0) (4/6 s2(a0) (4/5
slb (3/3 s2(a3) (2/4
sl(al) (3/3 s2b(a3) (3/3

sl(az2) (2/2 UGent
40°C s5 (5/6 s6 (4/5
60°C s3 (5/6 s4 (2/2

Legend and notes :

- sX (b50) / sXb (b30) : wider / smaller specimersies (b = 50 / 30 mm);
- (A/B) : amount of successful tests (A) and tatadount of tests (B) for the series|;
the differences account for failed tests andatejd test results at the analysis
(see details about criteria for rejection in thain text)
- sX(aY) : aY identifies sub-series of specimenthwlifferent storage age
or with complementary conditioning treatment(setails in paragraph V.3.4)
- sX : X refers to the initial order in test ser{gse details in section V.2.3)
- *: no creep test has been performed at -20°C

The limitation to quasi-static loading conditiomspiicitly involves a lower limit

for the test duration and an upper limit for thadmg rate (to avoid dynamic
effects), with a time-to-failure typically largerah 1 minute. The short duration
character accounts for two aspects, namely the parpbmeasuring the relative
contributions to failure modes of two deformatiomahanisms (stretching and
delamination of the interlayer ligament) and withrgnse to avoid progressive
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physical ageingduring the test, resulting in a target upper vaitiat most a few
days.

Complementary identified objectives for this experitaé campaign are :

1) to develop an optical measurement method for maastine crack opening
and describing the deformation mechanisms for testformed inside a
climatic chamber;

2) to assess the accuracy and the precision of theréssits, and their
representativeness in the considered ranges of castlitions; for this
purpose, a distinction between primary (measured) satondary (derived)
experimental parameters is considéred

3) to assess the representativeness of the test resigtation to their sensitivity
to three types of border effects associated teemifft sources of systematic
deviatiorf, with regard to possible effects due to the sargplnethod,
preparation method of test specimens and storagditmms, specificities of
the test configuration, and analysis and processingaudstbf the test results;

4) to evaluate to what extent results of short dunat&sts allow to predict in
some extent the long-term behaviour (with respect éinggeffects).

These various aspects fit with the more genergdgae of assessing the TCT-test
method in relation to experimental strategies faaracterizing product properties
or performances. Because this focus on the asses@h¢he test method in

different test conditions already addresses a safeaspects and in order to
assume a minimal influence of uncertainties duediféerence between test

specimens, a single production batch has been @residrelated details are
summarized in paragraph V.2.2 below).

The campaign has been conceived in an incremeiatgl vamely as a succession
of a dozen test series : the specific test conditions tiestaseries were determined
on basis of the results from the previous ones,asislof parameters identified as
having a potential significant effect on the tesguits. A test series regroup tests
of a same loading mode (cdr or creep) performedsame test temperature. The
complementary test parameters to determine befigrdatinch of one test series
were the applied displacement rate or the appliegpcforce according to the

loading mode, which were completed by the storageatiun and exposure

Concept of physical ageing has been introducechiapter Il paragraph 111.2.2, and concerns a
priori the tests performed at a test temperatutewb¢he glass-transition temperature of the
interlayer material, with a presumed value abou68%C for SG-laminates.

Primary parameters are for instance the appliecef&, the crack opening d, the displacement
rate, the dimensions of the specimen dimensions)d.derived (calculated) parameters are for
instance the force by unit of width, axial strasshie ligament, interfacial fracture toughness,...

4 Related concepts and grid analysis have beenmiessand discussed in Chapter IV.
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condition before the effective start of the testwds also decided in a first step to
perform each specific combination of test condgi@n one unique specimen,
leaving the investigation of reproducibility forfaw sets to the last test series.
However, this last objective finally could not be achdewathin this campaign.

Table V.1 provides an overview of the executed @ogby test series. The
determination or the order of the test series followedgeneral scheme presented
in paragraph V.2.3; however, the effective executiotken has been disturbed
from intentions because of a variety of practicgexts, related among others to
the development of the test configuration (in ardr with regard to the use of
the climatic chamber and of the cooling module)ledt in particular to start the
test series at colder temperature (s7-s9) lateritfinally wished. The reason for
mentioning these practical aspects is related to theedbitifluence of the storage
duration between the results of the first and ledtderies at ambient temperature,
initially expected to have a negligible effect wittgard to the overall duration of
the experimental campaign — which proved to be engrassumption thus (see
more here about in paragraph V.3.4).

The developed experimental approach has been pwosgianks to various
contributions and collaborations, which are sumneakim the credits section at
the beginning of this chapter. The major part & tists has been performed at
the laboratory for Mechanics of Materials and Sutes (MMS) of Ghent
University (UGent); the three test series at coltlmmperatures have been
performed at the laboratory of Polymer Technolog¥@dhoven University of
Technology (TU/e). The whole experimental campalgas been executed
between March 2012 and April 2013.

V.2.2. Test specimens

A TCT-specimen basically consists in a piece ofiterted glass of relative small
dimensions, of which the glass sheets are pre-cddoitore the test. The choice
of the production method of the small specimensfresned by practical
considerations specific to the used interlayer nmafevith regard to possibilities
and limitations for the lamination and cutting peeses, and is considered as
having potential important effects on the test ltesun function of identified
potential border effects This section is detailed in consequence.

These border effects are of the first type, iatieh with deviations between experimental fields
EFI-Specimen and application fields AF-Product ftiifeed in Chapter IV and Chapter |
respectively). Some technical issues for prepaaing cutting SG-laminates have been pointed
out in Chapter IV. On a general way, techniquesiuer cutting PVB-laminates often cannot be
transposed as such for SG-laminates, mainly beaafuse higher stiffness of the interlayer at
ambient temperature, and have to be at least lfigldiapted in accordance. However, such
adaptations appeared to be not immediate for atynmatized cutting tool used in production
plants...
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The SG35 sampleconsists in 63 small rectangular pieces lamingtass cut out
of a larger plate with initial dimensions 1500 x 50nmand with following
nominal composition (corresponding to a ‘simple’ configioa with 2 glass
layers and one interlayer) :

4 mm float glass -0.89 mm SG interlayer -4 mm float glass

The small pieces were obtained by means of watemnjiting technique, selected
because of the minimal damage to the ridges oftass sheets along their cut
edge& All the obtained pieces have a length of abo@ rt#n, 54 with a width
of 50 mm and 9 smaller ones with a width of 30 ntine (Cutting pattern with the
position of the small specimens on the initial @l& given in Figure V.2; the
specimens were numbered according to the chromabgirder of preparation
into TCT-specimen and execution of the TCT-testpeetvely from XX = 01 to
54 for the wider specimens and from XX = 55 to 68the narrow onés The
small pieces were all cut at the same moment, am@dttogether until their
preparation into TCT-specimens, in indoor conditiahambient temperature and
protected from light, but without more strict cortom temperature and moisture
environment.

On this way, the border effects on the properties betwpecimens of the sample
are assumed to have been minimized. However the titerval between
lamination and testif§ (named further lamination-to-testing duration)qjisite

different between the first and last tests: th@ameter proved to have a

The number 35 refers to the nominal commerciatkiinéss of the SG-interlayer sheet before
lamination (in thousandths of an inch : 35 mil 8®mm); 0.89 mm corresponds to the nominal
laminated thickness, used as commercial value atiomed in technical documentation — for
instance in documentation included in technicakagrent DTA 6/12-2086 issued by the CSTB
(France), assessing the “fitness for use” of SGHates in glazing applications.

The effective average interlayer thickness for3i&85 sample is 0.86 mm, and corresponds with
an average value obtained by measuring the toigkrtibss of each individual TCT-specimen,
and by accounting for a value of 3.85 mm for therage thickness of the glass sheets. In
comparison with related measurement uncertairtiesdifference with nominal thickness is not
significant (the laminated thickness is a secondargerived measure; see Chapter IV section
IV.4 about related uncertainties and propagationewbrs). See also paragraph V.2.6 for
estimation of other experimental uncertainties.

In comparison with sawed pieces. Besides, theewat cutting is assumed to involve less
heating along the edges during the cutting processpared to sawing or traditional cutting
technique (this last one inducing heating and dtieg of the interlayer along the edges).
Finally, such specimens are estimated to show tksgation of adhesion and interlayer
properties compared to similar products produceaddaostrial conditions.

A detailed overview of the all test specimensiveg in the Appendix A.

In fact, in this campaign, the differences of tiali state’ between test specimens of the sample
are mainly due to different storage durations. Eav, in the case of “round tests” involving
different laboratories and/or production plantsjrses of systematic deviations could be more
generally due to lamination-to-testing duration aoehditions; if this factor remains an
unidentified EFI (see Chapter IV section IV.2)cduld lead to serious interpretation issues...

10
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significant effect for some test results as ex@difurther in section V.3.4. Test
periods of the different test series are therefore aid€able V.2 below.
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Figure V.1 — Geometry of TCT-specimens (sample $G35

The final transition of each small piece laminatgaiss into a TCT-specimen is
made shortly before the execution of the TCT-test andists of three steps :

e the pre-cracking of the two glass sheets in a esestion of the specimén
each obtained by making a straight notch on thesgtarface with a glass
cutter and by applying subsequently a bending teffor the specimen to
generate the crack along the notch direction, itaagpperpendicular to the
outer surfacé;

™ The position of the pre-cracked cross-sectionimaeduced at a lower level than the half-length
of the specimen (Figure V.1) simply because oftiighissues (see also paragraph V.2.6)

The method used for making the initial cracks nmal-size laminated glass specimens (TCT-
specimens) is similar to the one used for largeces of laminated glass (tests at element scale
presented in Chapter IV) and described in (Delietcél. 2010). Firstly, a straight notch is made
by means of a classical glass cutter, equippedavithtting (tungsten) carbide wheel and a small
tank inside the handle containing the cutting oithen, a bending effort is applied on the
specimen in order to generate a tensile effortgmatjrular to the notch line, by means of a cut
running plier typically used for thicker glass stse@bove 8 mm). The cut running plier (in fact
a kind of small 4-point bending test device) iscpld across the notch line along a free edge of
the laminated glass plate, and the crack is geserfabm the notch by bending the specimen
carefully until the crack starts to run. The piExés repeated a second time for cracking the
second glass sheet on the opposite side.

12
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e the equipment of the specimen for the TCT-teskingj of four aluminium
strips (with thickness of 0.5 or 0.8 mm) at the extities of the specimen by
means of fast-bonding adhesive (Loctite 401), tadagtip of the specimen
during the test and to reduce the risk of glasakarge while fixing the
specimen into the grips or during the test (see sectihb)y

e the equipment of the specimen for the optical mesasent (see
paragraph V.2.6) : sticking of round markers on tlmmtfrglass sheet of the
specimen.

Figure V.1 figures out the dimensions of the twocémen’s geometries used in
this test campaign and shows a ready-to-test T@Cisen. The width and the
thickness of each ready-to-test TCT-specimen age theasured. The value of
the effective width is an average of two measurdsahove and below the pre-
cracked section; the value of the effective thidenés an average of four
measurements along the two lateral sides and adodebelow the pre-cracked
section (see here above about derived value of interlaipinessy.

150 | 150 |

b=50mm | XX =01..09 -

XX =10..54

b=30mm XX =55..63

g

during water-jet cut) 1500 mm

500 mm

Figure V.2 — Cutting pattern of specimens of th@S& mple (as executed)

V.2.3. Development of the experimental strategy

An overview of the experimental campaign has beéeangin Table V.1 with the
different test series, which only gives a globaltysie about the types of test
conditions. However, in order to understand the ewmilts, it is necessary to
explain the development process of the experimentabapp. And probably this
is at least as interesting and useful as the resulting ensmb

The execution order of the different test seridweed roughly the descending
order indicated in Table V.2; cdr-series got an ndthber and creep series got an
even one. The first step consisted in investigattiegsensitivity of the response
of TCT-tests to the applied loading rate, by meaina short series of TCT-tests
performed at room temperature (20°C). The valuesppfied displacement rates

13 A detailed overview of the average dimensionsashetest specimen is given in Appendix A.
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are selected in order to cover a range as largeossible within the identified
limits, between 0.01 and 100 mm/min; the intermediatkies are distributed
equally along a logarithmic scale, correspondingucocessive values multiple of

each other’s by a factor 10.

The corresponding test results were in a first steplysed on a relative rough
way, and limited to the identification of the readhpeak load values for each test
of the series. The measured values of the maxianaéfare plotted against the
corresponding value of the applied displacemerd, rabd appeared to fit fairly
well with a straight line on a semi-logarithmic ploThe slope obtained by a
simple regression analysis corresponded to a stéyeipeak force adiF = 177 N
for a displacement rate multiplied by ten (+1 wnitthe log scale). These results
of the first cdr-series are used for defining tladues of applied creep forces for
the corresponding creep test series : the valubeofapplied force for the first
creep test has been chosen arbitrary in the loamger of the cdr-tests results
(1000 N), and the subsequent tests of the serigsedi@med at values of applied
forces calculated from the slope of the regressiime namely incremented by
step value equal tdF (in this case, the series s1(a0) was completetestg
performed at 1177, 1354 and 823 N). Figure V.3 sarimes the followed
procedure, subsequently applied to the other cowgfledr-creep series for each
test temperatuté

Table V.2 — Experimental approach : periods ofgdnst test series (sample SG35)

Series nr. Characteristics of test series Execytteriod
sl (a0) b =50 mm, T = 20°C, cdr 9 and 12/03/2012
s2 (a0) b =50 mm, T = 20°C, creep 30/03 .. 13/0622
slb b=30mm, T =20°C, cdr 7/06/2012
s3 b =50 mm, T =60°C, cdr 21/05 + 31/07/2012
s4 b =50 mm, T = 60°C, creep 21/05 + 29/05/2012
s5 b =50 mm, T =40°C, cdr 13/06 + 31/07/2012
s6 b =50 mm, T = 40°C, creep 20/06 + 17/08/2012
s7 b =50 mm, T =0°C, cdr 3/09 .. 7/09/2012
s8 b =50 mm, T = 0°C, creep 3/09 .. 7/09/2(012
s9 b =50 mm, T =-20°C, cdr 3/09 .. 7/09/2012
sl (al), b =50 mm, T =20°C, cdr 14/09 .. 10/12/2012
sl (a2)
s2 (a3) b =50 mm, T = 20°C, creep 30/03 .. 15/84/1
s2b (a3) b =30 mm, T = 20°C, creep 30/03 .. 1884/

14 The method can be understood on basis of the trbeulogical simple model presented in
Chapter lll paragraph Ill.2.2, by assuming that tieeponse of a TCT-test configuration is
proportional to the intrinsic behaviour. The ‘sbopf the regression line on the left plot of
Figure V.3a) corresponds to the term k.T/V* in eipra(lll.4). The corresponding expression
for a creep load mode in equation (Ill.15) desailze line with a negative slope of equal
amplitude —k.T/V* on the right plot of Figure V.3ee also related analysis in paragraph V.3.3

and Figure V.16.
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Figure V.3 — The loading values for a creep teseseare determined
on basis of the results of the corresponding cdt-geries

However, for some test series, the first results [pamatched a single straight
line, suggesting the presence of an inflexion pdhig was the case for the test
series at 40 and 60°C (with initial series of thiests performed at rates between
0.01 and 10 mm/min), which showed an inflexion péntesults at a value of
crack opening rate about 1 mm/min. The resultheffirst corresponding creep
tests showed a similar trend when the applied cteag force is plotted on a
similar ‘mirror’ semi-logarithmic plot, against thiegarithm of the measured
time-to-failure (see corresponding series in FigM&3 and Figure V.15).
Completion of the test series with tests perforraeéhtermediate values of the
applied displacement rate confirmed the trenddt, fthis has been done only for
the creep series at 40°C (s4); at 60°C (s6), becafutee lower slope obtained
with the results of the cdr-series, small differengeapplied creep force lead to
larger dispersion of the measured times-to-failemmpared to the other creep
test series).

The test series at lower temperatures (series )svaged some practical issues
with regard to the optical measurements which ar¢hér detailed below in
section V.2.6. Whereas results of tests series@t(§7 and s8) appeared in line
with the results of the reference test series a€2461(a0) and s2(a0)), the results
of the cdr-tests performed at -20°C (s9) appeardzetmuch less in line with the
expected trend : a finer analysis of the data ketsever showed that these
deviations are in all likelihood rather due to expental issues (detailed in
section V.2.5) than corresponding to a representatigad in the intrinsic
response of the interlayer ligament.

Finally, in a latter phase of the experimental cammaa noticeable influence of
the storage duration appeared when attempting plete the initial reference
series of cdr-tests performed at 20°C (series ghhdmns of a test at intermediary
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value of the applied loading rate. In order to gomfthe trend and to get a more
reliable order of magnitude of the supposed ageffert on the response in cdr-
loading mode, but also in creep mode, the last datrspecimens were used for
that purpose, and this led to add the test serigd sand s1(a2) for the cdr-tests
and s2(a3) for the creep tests. The addition ofetktension ‘(aX)’ to series
numbers has thus been introduced for acknowledtirgdifferences in initial
ageing state between specimens tested in the sanwitions of loading and
temperature. This during the campaign arisen adpewed us to reinterpret an
earlier comparison between results of tests onisees of different widths
(namely between the series s1 and s1b), which led pertorm the last creep test
series at ambient temperature on specimens witkaime initial ageing state and
with different widths (series s2(a3) and seriega2)) on specimens with width
equal to 50 and 30 mm respectively). These two @xgatal parameters
correspond thus with two different, but possiblyemacting, border effects;
therefore, they are discussed in parallel in more detaparagraph V.3.4.

Other aspects having influenced the execution asfléne tests are rather related
to the daily life in research labs, among otherateel to the use of new test
infrastructures and new combinations of test andsmement devices. Order of
tests and details of test configuration were atfloénced by previous knowledge
gained from preliminary test results obtained dyifimevious similar campaigns.

A summary of these previous campaigns has beem givEhapter |V altogether

with more general considerations here about, angfitre more specific details

peculiar to this campaign TCT-tests “SG35” are nduited in this chapter.

V.2.4. Test protocol (for individual tests)

The transformation of each small piece laminategksglinto a ready-to-test
TCT-specimen (pre-cracking of the transversal esestion and subsequent
preparation of the specimen, see paragraph V.2.2gr®mmed shortly before
starting the test, namely between a couple of hours up to metthran a few days
in advance (generally not more than 24h). In paldic the pre-cracking step of
the constitutive glass sheets was realized in &boy conditions (at a
temperature between 18 and 24°C).

For all the tests performed inside a climatic chamksee details in next
paragraph), namely all tests excepted the onesorpeefl at 20°€ (room
temperature in the lab equals the storage temperafuthe test specimens), the
specimen was placed inside the chamber 30 minufesebstarting the test, the
mounting and clamping (tightening) of the specirrethe grips being performed
during this conditioning period. The duration ofstltonditioning period also

5 The tests at room temperature were performed leetdi8 and 24°C, with a smaller scattering of
the test temperature within each test series;hfleréadability, tests at room temperate are given
a nominal temperature of 20°C.
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accounts for a stabilization time between the rsngsopening moments of the
chamber’s door for fixing the specimen : the clampof the specimen into the

grips was in all cases achieved at least 10 mirhdésre the start of the test (see
also related comment about the tightening step in pgphgyr.2.5.2).

The value of the conditioning period is a sligh#gbitrary choice : it aims at
allowing the specimen to adapt to the test temperéannbient temperature in the
chamber) before the start of the TCT-test, andhatsame time at avoiding the
induction of an important annealing procéssf the interlayer (expected to be
especially noticeable at 40 and 60°C for SG-laneislgtor of any other ageing
phenomenon initiated or promoted by heating. Intresh, the cooling duration
for the tests at colder temperature (0 and -20°&9 l@ss strictly controlled, but
remained comprised between 15 and 40 minutes. dn fhe control of the
duration of the conditioning period for the ‘coldseries has been disturbed in a
few cases by other experimental issues (see among athgsragraph V.2.6).

V.2.5. Test configuration and data acquisition system

V.2.5.1. Devices and equipment used for the test configuration

The TCT-tests of this campaign were executed onsiwidlar test infrastructures,
composed of an electromechanical universal testimghine equipped with a
climatic chamber. The tests series sl to s6 (atteesperature of 20, 40 and
60°C) were realized on an Instron ‘universal’ eleatechanical tensile machine
5800R (frame 4505 retrofitted with a digital coti#o 8800) having a maximum

loading capacity of 100 kN and equipped with an rorstclimatic chamber

3119-410 (Figure V.4); excepted a few first ones,tés¢s were performed with a
load cell of 10 kN equipped. Test series s7 to 8 @nd -20°C) were executed
on a similar Zwick/Roell testing system (tensilecmae Zwick 1475 equipped

with a climatic chamber MTS 651). Both climatic pitzers are insulated boxes
combining a fan-assisted electric heating devicg arcooling module fed by

liquid nitrogen (LN?) as coolaHt

In the first case (s1-s6), Instron’s Bluehill softeravas used for conducting and
registering force and displacement data for cdsiewhile creep tests were
conducted using Instron FT-console and correspgndimalogic signals were
derived from the testing machine and registeredavieabview vi-routine; the
precision of the measured force and displacemeng skghtly different in the

16 Annealing corresponds to a change of the initigéimg state of the specimen during the
conditioning period towards a larger value of phgbsageing state,3 relation with the concept
of initial ageing time ¢ concepts of annealing and quenching processdii polymers with
regard to phenomenon of physical ageing have beesdiiced in Chapter Il paragraph 111.2.2.

' The LN2? coolant is released from a mobile tanknafderate capacity (the ones used had a
capacity about 160 L). For the longest creep testse than one tank appeared to be necessary.
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two cases due to different filtering techniquedha electric acquisition signals.
For control and data registration of the latesiesefs7-s9), the built-in software
testXpert of Zwick/Roell was used for both cdr- and cresjpst

The two tensile machines used are of the same: tiyfgesteering is performed by
an electro-mechanical motor controlling the disptaent of a transversal beam
via two screwed spindles situated inside the twer#h columns. This type of
tensile machine is the most efficient in applyingomstant displacement rate in a
range between 0.01 and 200 mm/min. The used clinciidenbers typically
allow holding a constant temperature within a mieci range of about +2°C
around the set reference value. This range fortehgperature stability was
effective for all tests but the cdr-tests carriedt @t -20°C : temperature
fluctuations as measured by the control unit of theling module has been
observed between -18 and -25°C; the influence efdhvariations on the test
results is further discussed in paragraph V.3.2.2 below.

= digital
camera

climatic chamber

transversal beam 5 =
of tensile machine pull-rod

Figure V.4 — Test configuration for TCT-tests, uBwdest series s1 to s6
(left: global view; right: inside view in the clirtia chamber)

TCT-tests performed on both testing systems weraguthe same advanced
screw side-action grips (Instron 2710-116, with aximal loading capacity of
10 kN) equipped with standard serrated jaw facestrn 2702-323). These
grips are rigidly mounted inside the chamber td-mds going through the upper
and lower walls, which are on their turn fixed diyi to the frame. The different
blocking rings between the different pieces beiag pf the loading string are
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tightened while a pre-tension was applied by medres stiff steel bar, to reduce
plays due to initial clearante

The acquisition of digital pictures for optical nseeements of the crack opening
was made by means of a separated acquisition systdoh is presented in
paragraph V.2.6.

V.2.5.2. Comments about the used test configuration

Details of the test configuration resulted of diffiet considerations which seem
worth a supplementary comment. Points of attentiene on the one hand the
sensitivity of glass to breakage in case of loeakpstress (and more generally its
small elongation ability before breakage) and oe tither hand the small

deformation range corresponding to the field of intétes

The used test configuration for this experimentmpaign was still slightly
different from the ones used for previous experimenampaigns TCT-tests
One noticeable modification concerned the use ehlacked screw side-action
grips in combination with a rigid mounting of these the tensile machine, in
place of previous configuration with wedge grips umed with articulated
connections.

The rigid coupling is apparently unusual for temsést configurations in general.
It had mainly been motivated with regard to thé 6§ damaging the specimen
during its mounting and tightening in the grips :fact, the rigid connections of
the grips to the loading string is expected to cedpossible torsion effort applied
to the specimen along the tensile axis when tightgeit into the grips. However,

this benefit can only be effective in absence ghigicant misalignment between
the jaw faces of the lower and upper grips wittpees to the sensitivity of the
specimen to these experimental uncertaifitieSCT-specimens are anyway
certainly more sensitive to misalignments than spews in other materials than
glass. Besides, such a rigid connected assemblysds jadged favourable,

18 The choice of the type of grimsd the respect of such guidelines from the manufactuser’s

documentation, as a careful handling during thketéiging of the specimen, are considered as
important details, among others with regard to pheticular sensitivity of TCT-specimens to
misalignments and to deviations between displacemoérthe transversal beam and crack
opening due to initial clearance along the loaditning. See also next paragraph.

It has been showed earlier in Chapter Il sectio® that two ranges of deformation can be
distinguished for a TCT-specimen in relation wigdainination lengths, a long and a short crack
ranges. Arguments were then given to justify datitig particular care to the experimental
investigation of the behaviour in the short cramhge, thus for d <t.

A series of experimental issues and practical @spelated to the development of the TCT-test
method have already been reported and discussgiipter IV section 1V.3.

Note that this type of misalignments, when they @ot critical, can also induce non-negligible
secondary transversal efforts in the specimen waiemot detected by the load cell. Specimens
with thinner or more rigid interlayer are expectede more sensitive.

19
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perhaps necessary, for successful steering ofrdepdoad mode, certainly more
delicate than for the constant displacement rate rigamiodé.

The preference for screw-side action grips upongeegtips was also motivated
by the relatively small deformation range of insreln fact, a rigid assembly of
the selected grips reduce initial movements betweemtermediate pieces of the
loading string and between the jaw faces and teeisgn’s ends. A comparison
of the time-displacement curves of the transvelogam of the tensile machine
d,, and the effective crack openirg,, (measured with the vision system, see
paragraph V.2.6.2) in a cdr-test shows that the apbptisplacement rate
(controlled at the level of the displacement of titamsversal beam) is effectively
attained when the peak force is reached (Figure.V.bhe vertical distance
between the two displacement curves correspondsetanitial clearance of the
test configurationAd,. It can then be assumed that the further delainmaf
the interlayer ligament from the glass substratadssat this point corresponding
to the peak load force.

$G35-43 (cdr-test, 20°C, v = 0.1 mm/min - s1(al))

1400
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Figure V.5 — Difference between applied and effeatiisplacement
and displacement rates due to initial clearanc¢heftest configuration

In summary, the success grade of TCT-tests andviblb accuracy of the test
results are likely to vary according to the loadingde, the test temperature and
the specificities of the test specimen (among atliee stiffness of the interlayer
material) possibly in relation with the ones of tle@sile machine. Therefore,

22 A few creep tests failed effectively because sfiés with the steering.
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assessing the reliability and accuracy of the Té€Sk-tmethod for one set of
reference test conditions is not sufficient; thieaee to be evaluatezh the whole
range of test conditionsonsidered, or at least for a series of extreme orith
respect to the identified experimental investigaticops.

V.2.6. Image acquisition and optical measurements

Different methods for measuring the crack openirge progression of the
delamination fronts and the deformation of the riaeer in the ligament zone
have been reported in literature and in previouaptdrs (respectively in
Chapter Il section 11.6 and Chapter IV section IV.3). Heeretheir transposition
for tests performed inside a climatic chamber thegi not possible either not
straightforward. Optical measurement methods had to lpeatiim consequence,
and the measurement accuracy has to be re-evalt@ateshy extension of the
experimental investigation scope (in terms of rangetemperature and loading
rate in combination with each other’s).

As already mentioned, the identified issues and ndéfipriorities for this
experimental campaign led to focus on the smaltkc@pening ranges. Within
this perspective, the use of round markers (Figure Wak) assumed to lead to the
highest measurement accuracy for the crack operdegiations in detection of
the position of marker's edge, among others duepteca noise (blur,...) and
varying lighting conditions between consecutivenfes® were expected to be
axisymmetric in relation to the marker’s centre,hwib or negligible consecutive
measurement error.

V.2.6.1. Lighting configuration and computer vision system

The picture acquisition is performed by a digitahera placed in front of the
climatic chamber and looking through the front vand(Figure V.4). The first
vision system (test series sl to s6) uses a Piketamera equipped with a
macro-lens (Schneider-Kreuznach Variagon 1,8/12,5mm) controlled with
the PixeLink® Capture OEM software, registering higfinition frames at a
defined acquisition frequency, which varied betweerframe/3 sec for the
shortest tests up to 1fr/30 min for the longestsofespectively 0.33 to
0.00055 Hz). The second system (test series s7 tass®l) the same macro-lens
mounted on another small digital camera controlleda Matlab routine, with
which the used acquisition frequency was comprised legt®e2 and 1 Hz.

The lighting conditions are an essential featuraufiing computer vision methods
and image acquisition in general. The selectiotheflighting configuration had

2 varying lighting conditions induce among othertatige contrast change between marker and
background, what is likely to modify the detecteusition of the edge of the marker by the
detection algorithm.
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to account for two different purposes and with pcat constraints relative to the
climatic chamber. Simultaneous objectives were higgasurement accuracy
with the pattern recognition of the round markensl éhe registration of high
resolution and sharp pictures of the ligament zéoredetecting the deformation
patterns of the ligament and the progression ofitdamination fronts. Practical
constraints concern the possibilities and diffiegltto control the position and the
orientation of the light source in order to getréfarm lighting field. Because of
limits in view angle and reflection issues with thendow of the climatic
chamber, working with a lighting source situated insidectt@mber is preferable.

With the two test devices used, the built-in lamphef chamber has been used as
intern lighting source. These provide a lateratlsiented lighting with a
horizontal angle between the lighting directiontloé specimen and the optical
axis of the camera (view axis perpendicular to #pecimen front surface)
between 60° and 85°, and a lighting direction in tbeical view field’s plane
situated in the upper quadrant with regard to aizbotal line through the centre
of the specimen (see Figure V.4 for the test coméition and Figure V.6 for the
lighting effects on acquired pictures). The caosttrand homogeneity of the
lighting field is improved by using a backgroundesn with a lighter colour
placed behind the test specimen, and its orientatiwh position is adjusted in
order to reduce projected shadows on the specimenoa the background.
Besides, the lighting direction renders the delationafronts on a non-isotropic
way according to their local orientation : this cdicates their localization by
means of automated edge detection algorithm inrdadeneasure delamination
lengths !

Lighting conditions were in general fairly constagtcept with many of the tests
performed at colder temperature. Besides a less favoyaikon of the built-in
lamp, two sources of lighting disturbance have bsaiced. The first is due to
some localized condensation spot appearing on intees faiche door’s insulated
glazing and changing of shape during the test, igpii some local blur effect on
the pictures. This type of disturbance has ratkenoticed with tests of longer
duration (creep tests at 0°C), and the induced émrdihe measured position of
one or two markers. The second source of lightistuthance is a ‘smog’ effect
on the whole image, appearing during the short figiedlows of cold nitrogen
into the chamber, with a moderate up to a strong tbscontrast between the
marker and its background as consequence. Thimdegpe of disturbance
causes similar positioning errors of all markerghvim the most severe cases a
detection failure of some or all markers by the visiowomtigm.

The occurrence of condensation spots is more rangiitimless detection failure
and less obvious deviation in measurement curvesthramefore more difficult to
track, especially when they occur along the edgebefield(s) of view used for
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the optical measurements. The second type of lighlistgrbance (‘smog’ due to
coolant blows) can probably less easily be avéftiédit seems easier to detect on
the individual displacement curves of the opticarkers due to their regular
cyclic nature. Related issues with marker detectiod measurement accuracy of
the crack opening are further discussed in next paragraph.

Different trails can be proposed for reducing ttyipe of lighting disturbance
problems typical to lower test temperature :

1) to refine the design of the test configuration,ténms of position of the
lighting source, possibly further improved by modify the air circulation
inside the chamber;

2) to modify the configuration of the optical markeis,order to increase the
redundancy — for instance, by increasing the nundfemarkers on each
fragment considered as a rigid body — or to rededge’s effect — for
instance, the obtained detection precision has bpproximately halved by
replacing round shaped stickers (first markers uayBigure V.6b) by round
shaped dots printed on stickers of larger dimems{sacond markers layout,
Figure V.6c¥>:

3) to change the reference picture from which the maemplate is selected for
being used by the pattern recognition algorithm.

Optical measurement errors cannot be completelidado Whether disturbance
of lighting conditions are severe or not, there Isvaggs a measurement
uncertainty. Attempts at reducing these should teequled by a reliable and
comprehensive quantitative estimation : this is tipictof the next paragraph.

V.2.6.2. Optical measurements of crack opening

The acquired pictures (frames) series were postegrazl on the same way for all
tests, by means of a routine programmed in LabVigsiox Builder. For the
reasons identified previously in Chapter |l parabrdl.6, Chapter IV paragraph
IV.3 and here above, no effort has been made in tjative measurement of the
progression of the delamination fronts.

24 The sensitivity to this problem seems peculiathi® configuration of the climatic chamber, the
cooling system used and in less extent to theitighteld considered.

% The measurement precision has been estimateddylating standard deviation on measures of
fixed distances, between upper and lower markespextively; as a result of the change of
markers layout, a diminution of about 0.015 mmesslthan 0.008 mm (in absence of severe
variation of the lighting conditions as assessedabsimple visual evaluation of consecutives
frames). The obtained precision is then a fractiba pixel's dimensions (the image resolution
was about 0.035 / 0.065 mm/pixel respectively fiertwvo configurations used).
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Figure V.6 — Frames used for optical measuremdrsn(left to right) :
a) calibration grid with 5 mm interspaced dots,
b) first markers layout, ¢) second markers layout

The opening of the initial cracks is measured bymseof a pattern recognition
algorithm tracking the position of four round markstuck on the specimen front
face. Quantitative optical measurements requigedttermination of the scale of
the image, obtained by placing a calibration grithwhe same thickness as the
test specimens into the grips prior to the tesgufé V.6a). The initial picture
with the grid is used by the analysis routine falcalating a calibration matrix
which accounts for non-linearity’s caused by opteféects (lens distortion, etc.).
The crack openingl, is then obtained as the average difference in uneds
positions between the two upper and the two lowarkars in comparison with
their initial positions (Figure V.6b/c). Besides tlgygality of the acquired
pictures, the obtained measures are affected by theatalibstep (parameters for
the recognition of the pattern of the calibration dpydthe analysis algorithm) and
the choice of the marker template.

For the tests for which severe lighting disturbaneere noticed on the acquired
pictures (principally the tests of series s7 toas9colder temperature), some
detection failure and measurement’s errors requiredual corrections during the
post-processing step, among others by cutting sectid the position’s curve of
one or more particular markers (consecutive todtiete failure or obvious error)
up to cutting of complete sequences of frames efdérived crack opening curve
in the most severe cases.

Errors or inaccuracies with optical measures fatsteperformed at colder
temperatures (test series s7-s9 at -20 and 0°@)ttelbe amplified by the specific
response of the test specimens in these low tempenanges. The deformation
patterns of the SG-laminates were generally moegudar (see paragraph V.3.1),
and the critical crack opening leading to finallfee (end of the test) were
generally smaller altogether with less regular skapf the loading or creep
curves (see paragraph V.3.2).
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However, there are also sources of systematic eimareasured values of crack
opening by this optical method, which modify thecawacy of the measures
without modifying their precision. The bias on theasured value of crack
opening, or total systematic deviation, is roughliinegted around 0.04 mm (in
absence of severe disturbance of lighting conditinentioned here above). This
one is principally determined by the quality of teibration step, in particular
the positioning of the grid plane with respecttie position of the front face of

the specimen with the markers in test conditions.

Table V.3 — Measurement ranges and uncertaintie$ @ -test

Parameter or uncertainty type

Value or rahge

Dimensions of TCT-specimen

Initial clearance testing configuraticrﬁd0

Accuracy on width measurement (unit) ~+0.1 mm

Standard deviation on measured width (sample) nrg

Accuracy on measurement of total thickness (unit) +0:02 mm

Standard deviation on measured (total) thicknemsiée) <0.01 mm

Displacement and crack opening during TCT-test

Short opening range (2.t) 0..1.78 mm
0.05.. 0.2 mm

Image resolution

0.035 .. 0.065 mm/pix¢

D

Random uncertainty of optical measures
(round markers)

~0.008 .. 0.015 mq

Systematic uncertainty of optical measures
(round markers) - estimation

~0.04 mm

Detection of position of delamination front (estiia of
achievableaccuracy with the used testing and lighting
conditions)

~0.2 mm

Other measurement uncertainties

Accuracy of load cell

<*+1%

@ Note : the ranges of values mentioned in thisetaibl particular those related to
measurement uncertainties, are estimations bastteqrerformed TCT-specimens
and —tests of the sample SG35 reported in thistehdpr displacement rates

<10 mm/min. See also related comments in main text

V.2 Test method and experimental strategy
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The determination of a criterion on acceptable ¢alfisystematic error on results
of optical measurements should be balanced witlerogiossible systematic
deviations peculiar to the test configuration, imdtion of the defined global
accuracy level. This is an essential aspect inogenglobal management of
uncertainties, and in particular with respect to #Hssessment of systematic
experimental uncertainties discussed in ChapterIt\seems also clear that the
achievable accuracy in measuring the progressiatetzfmination fronts would
anyway remain an order of magnitude larger (lesarate) than the measurement
accuracy of the crack opening obtained by the metheskpted in this section; in
particular, it is only once the crack opening hashed a value of about 0.5 mm
that delamination fronts and deformation patteras be distinguished on the
acquired pictures from the line corresponding to thélnire-cracked section.

Table V.3 summarizes orders of magnitude of theedifit measurement ranges
and measurement uncertainties obtained with thel tsst configuration. It
highlights in particular that for some parametérs systematic uncertainties are
larger than the observed random ones. The reachadurement accuracy of the
crack opening by optical method is judged satisigctvith regard to the carried
analyses following in this chapter and to the other ex@erial uncertainties.
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V.3. Results of the experimental campaign TCT-tests

An overview of the performed experimental prograas been given in Table V.1
with an indication about the success grade bygeses. The amount of failed
tests mentioned in this table correspond to diffetgpes of failure : failure in

execution (for instance, due to steering problenvarious nature, slip of the
specimen...) and failure at analysis which led tordjection of the test results.
The first type of failure has already been commemethe previous section; the
second type of failure is further commented in the prtesection.

The presentation of the results is split into foutgpar

e a description of the failure patterns as obserwedneans of the acquired
pictures (paragraph V.3.1);

e a description of the processing method, consistintheé merging of the raw
results provided by the two parallel acquisitionsteys described in
paragraphs V.2.5.1 and V.2.6.1, the reconstitution efltlading and creep
curves with the optical measurements, and the fiteation of the particular
points of the curves (paragraph V.3.2); as rejectibnsome test results
occurred at this step, this step corresponds tattadysis of individual test
results and results by test series;

e the comparative analysis of the test series byihgacthode at the different
temperatures, based on results of the initial seriés s8 (paragraph V.3.3);

e the analysis of the two identified border effectamely the influence of the
width and of the initial ageing state of the tgg@mens, based on results of
test series s1(aX), slb, s2(aX) and s2b(aX) (paragraph.V.3.4)

V.3.1. Deformation and failure patterns

Analysis of acquired images series used for the meamnt of the crack opening
for each test leads to identify differedeformationand failure pattern® for
TCT-test configuration (Figure V.7 and Figure V.8) :

1) aregular delamination pattern RD) occurs when the overall crack opening
is mainly fed by the delamination mechanism, withitéd further stretching
of the delaminated part of the ligament outside domes close to the
delamination fronts. The latter keep a regulapshatraight and parallel to
the initially cracked cross-section, during the delanmaprocess;

% The response of a TCT-test can show a successidifferent deformation patterns; the failure
pattern is the deformation pattern for the ideediffailure point. In other words, deformation
patterns arise from the analysis of the pictures&l whereas the failure pattern is defined with
respect to the loading curve. This distinctionniportant to make as the determination of the
failure point will appear as non-univocal.
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2) acrack propagation pattern CP) refers to situations where a visible tearing
of the interlayer ligament is observed, in the foomone or more holes
appearing in the central zone of the ligament thhotine interlayer thickness
(as seen on a front view as in Figure V.7). Thedeshare subsequently
growing in size by further tearing of the interlajigament along the width of
the specimen : this happens generally together fuither irregular delami-
nation, namely the appearance of one or more haolethe ligament is
accompanied by an irregular progression of thendelation fronts along the
width of the specimen (a change of straight shape intora imegular one).

regular delamination (RD) crack propagation (CP)

Figure V.7 — TCT-test : two deformation pattermsrtf view)

»

T

Deformation/failure mechanisms :

1 Interfacial (shear) delamination (RD)

2 Crack propagation through ligament (CP)
3 Stretching of interlayer ligament

4 (‘Shell’ crack propagation in glass)

Figure V.8 — TCT-test : test configuration (latexéw),
deformation and failure mechanisms
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Experimental distinction between the two deformatpatterns is possible only
for a crack opening above a minimal value, whicheapp to be already large
compared to the identified small crack opening range Gdeapter Il section 11.6).

Some cdr-tests allow to observe that a CP pattegonsecutive to a RD one,
when a noticeable tearing of the interlayer startg foom a relatively large value
of the crack openingl (Figure V.9). The apparition of a hole through the
thickness of the ligament (between points d3 andabfresponds clearly to a
force drop on the loading curve. However, before thansition point, there is
already a sign of the presence of an irregularitytite images announcing the
appearance of the hole (pictures correspondingitotd2 and d3). Looking at
the shape of the loading curve, this one is chaiaeteby a peak force at small
crack opening (point d1) preceding a first loadpgra regular delamination
pattern under a steady-stdtdeformation (at constant value of applied foFcg
follows (up to point d3), and the test ends witlcrack propagation pattern
associated to an irregular decrease of the apfuree (after point d4). Between
points d4 and d5, the imposed crack opening rawbtaned by a combination of
delamination and hole extension along the width of tntient.

SG35-47 : cdr-test, v=1imm/min, T=20°C
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Figure V.9 — Observation of consecutive deformagiatierns in a cdr-test (series s1(a3))

However, for many cdr-tests carried out at or beR®RC (series s1 and s7), the
possible presence of consecutive RD and CP pattamsot be distinguished,
contrary to the example illustrated here above, lmxdhe crack propagation

% The steady-state deformation mode refers to aerarigieformation where the response force
keeps a constant value during a TCT-test perforaednstant displacement rate (cdr-test).
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pattern begins at small value of the crack opedingith no noticeable steady-
state deformation range (examples of such loadimnges appear in Figure V.14).
Accordingly, image analysis does not allow deterngniinivocally for each test
whether the peak force corresponds to initiation of thengieation mechanism at
glass-interlayer interfaces or to a yielding medsan(initiation of plastic flow)
in the bulk materidf of the interlayer ligament announcing the startttod
breakage of the ligament cross-section.

For creep tests, a transition from a RD to a CPepattould generally not be
distinguished between the successive digital imagesthe loading curve (creep
curve, see next paragraph), even when this happanéatger value of crack
opening : indeed, the apparition of the CP pattewh the full breakage of the
ligament are relative close events when considateke time scale of the whole
test duratiof?.

A more accurate examination of the CP pattern altmwdistinguish two steps in
the crack propagation process through the ligaromds-section (Figure V.10).
Firstly, strain localisation occurs along the widihthe specimen, and cracks
initiate from the two outer, delaminated surfacesttwf ligament, through the
ligament thickness : the start of this mechanisncaled initiation of the CP
deformation patternand corresponds with the mechanism 2 in Figure.V.8)
When the two corresponding crack fronts, situatectach side of the ligament
thickness, join each other, namely where there #&esaence of the two crack
surfaces, a hole appears in the middle of the ligatheand the cracks further
propagate then mainly along the width of the speairitom the tips of the hole.
The moment of this change of dominant crack profagadirection occurs
between the points d3 and d4 (Figure V.9 and Fijuld®). This‘coalescence
point’ of the CP deformation patteis accompanied, in the merging point, by a
sudden change of direction of the crack propagaticection. In fact, it is rather
this coalescence point of the CP deformation motiechwis detected with the
kind of image analysis presented in this chapter,camdequently associated with
a failure pattern Looking back to the pictures of Figure V.9, initiat of CP
already begins between the points d1 and d3;hbigever hard to determine if
this is already a true crack propagation process or aessfrain localisation.

This remark about the CP pattern highlights thais itgetting experimentally
obvious only from the moment that an irregularippears in the shape of the

2 Thijs corresponds to the concept of yield poindefined in Chapter II1.

29 Namely the duration between a visible transitimnf a RD-mode to a CP-mode and the total
breakage of the ligament was an order of magnitudaler than the acquisition period between
two consecutive pictures. However, the acquisifi@guency was also lower for the longest
creep tests, see paragraph V.2.6.1.

% It is impossible to distinguish at this experim@nscale if this process is preceded or
accompanied by cavitation in the bulk of the irggelr.
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crack propagation front along the width of the $pen and through the ligament
thickness, and accordingly it is preceded by a isa@bn (or necking)
phenomenotl. It seems unlikely that a CP-initiation can ocawithout
preliminary strain localisation, but if it would,gloccurrence of a CP-initiation is
hardly detectable on the pictures as long as thekcpropagation through the
thickness remains regular along the width. As a&sequence, it is not possible in
some cases to determine univocally to which mechanisratiaiti(RD or CP) the
peak load point (d1 in Figure V.9) corresponds; hateit seems clear that these
two crack propagation patterns require a localdyig) of the material to be
initiated™.

d1l-d2
RD
d3
RD > CP : strain localisation /
initiation crack propagation
d4-d5

CP : after coalescence
of opposite crack fronts

= — T Al
.

Note : the values of crack openings dX in the Ugiber corners correspond to the ones
used in Figure V.9

Figure V.10 — Transition between crack propagationdes

Accordingly, thecrack propagation pattern (CR$ getting aailure modecaused
by crack propagation through the cross-sectionhef ligament up to its full
breakage at a relatively small value of the crapkening; by symmetry, the
regular delamination pattern (RDjs associated to &ilure modewhen a too

%1 See also Chapter IIl, paragraph 111.2.3.
32 See also in parallel with Chapter |1, section.|l.4
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large value of the crack openimyis attained, disregarding the corresponding
values of delamination lengtlss However, to this point, the value of the crack
opening to consider for determining the transiti@ween the two failure modes
is not defined | Consequently, the peak load point of a cdr-testd principally
correspond to the initiation of one of these twitufa modes, but in general the
RD pattern seems activated firstly (and this cquoesls to a safer failure mode of
the TCT-configuratioff).

Among all the TCT-tests performed on specimens haf §G35-sample, CP

deformation and failure patterns were only obserf@dtests carried out at

temperatures lower or equal to 20°C, for both logditodes. For tests carried
out at 40 and 60°C, only regular delamination pastavere observed in the two
loading modes, and consequently not any of thete éaesled in a breakage of the
interlayer ligament.

In summary, each TCT-test result could be associatedhe basis of image
analysis to one of the three following categories ofifaipatterns :

CP: TCT-test for which a CP pattern is observed ia $mall crack
opening range (namely fat,, < 2t = 1.7 mm)*,

RD>CP:  TCT-test for which a CP pattern follows a RDatefation pattern
out of the small crack opening range
(namely ford,,, > 2t = 1.7 mm);

RD: TCT-test for which only a RD pattern is obsereed of the small
crack opening range (namely fdg,, > 2t = 1.7 mm);

However, some tests were stopped before the craakiragp could become larger
than the small crack opening limit.

In conclusion, we observed that the response of &-t€& configuration is
generally ruled by more than two complementary raadms : besides the
interfacial delamination mechanism and the ligarsentaterial stretching and
yielding, a crack propagation mechanism throughthiiekness of the interlayer
can also be initiated.

3 |t seems meaningful to relate the determination cofiterion on the value of the crack opening
distinguishing the two failure modes to the conaafpthe small crack opening range (see also
Chapter Il paragraph 11.6). Its value is tempdyafielatively arbitrary) fixed to 2.t, with t the
thickness of the interlayer.

34 This corresponds it fact to a crack penetratiofiedson criterion, see Chapter Il section I1.4.

% The small crack opening range defined here is diferent from the short crack limit defined in
literature, where it is defined among others imtieh to the delamination length(Chapter |
section I1.6).
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SG35-36 — cdr-test, v=0.01 mm/min, T =-20°C

@

dopt ~ 0.1 mm dopt ~ 0.5 mm doy ~ 1.0 mm
(F ~ 1620 N) (F ~ 1630 N) (F ~ 1475 N)

(with peak load F,,, = 1800 N for d,,, ~ 0.2 mm)

Figure V.11 — Example of iridescent zones (limighlghted with dotted lines)
appearing in the visible spectrum and growing faytnd the delamination fronts
for tests carried out at low temperatures (0 and°Q)

In order to be complete, it is worth mentioning thatupplementary deformation
pattern appeared in the visible spectrum on theies)digital images of the tests
at low temperature, in the form of iridescent zéhestending far beyond the
delamination fronts. In comparison to their appeegan naked eye observation,
these iridescent zones are less noticeable orctherad greyscale images where
they appear as slightly “darkened” zones (Figurd V.IThis effect was the most
visible for the coldest tests (series s9); thesegalisappear once the specimen’s
temperature raises back to room temperature after thefehe test.

This phenomenon seems due to a photoelastic effeately caused by a change
of stress/strain state in the interlayer. The sktersion of these iridescent zones
with the increase of crack opening suggests a @ahghape of the stress field
ensuring the load-transfer between the ligamene zamd the glass sheets far
beyond the pre-cracked section, perhaps associdtied phenomenon of micro-
delamination. It could be understood as an exdensf the zone of influence of
the TCT-configuration, or necessary length of therfacial planes on each side
of the cracked section for ‘fully’ transferring thensile force in the ligament into
the glass fragments However, the observation of this effect does not nechssari
imply that it could be used for making some quéatiie measurements by using
optical properties of the SG-interlayer.

3% Zone appearing with rainbow colours accordingh® tiew angles, effect apparently caused by
polarization of diffracted light through the speeim

7 It is suspected that some correspondence exisieée the length of such iridescent zone and
the activation length introduced in Chapter I, 8®tll.4, and that these would have a similar
order of magnitude. The extension of the irides@ame in the early part of the loading curve
could be a sign of a change of size of the crapkfigld, and of the ratio between crack
propagation modes, or of mode-mixity.
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V.3.2. Processing of test results

The primary test results for each TCT-test were $ets of data provided by the
two acquisition systems. The first consists in mesbtorce and displacement of
the transversal beam derived from the control ohithe testing device (see
paragraph V.2.5.1), and the second is the value afrtiek opening derived from
the optical measurement of the marker positions (segnaataV.2.6.2).

V.3.2.1. Assessment of reliability of optical measurements

The first processing step was the synchronizatiothe time scales of the two
sets of data, which were obtained at different eitipn frequencies. The
comparison of the two displacement curves on a comtimeline was a first
means for assessing the reliability of the opticeasurements of the crack
opening; the others aspects related to the veiiceof the reliability of the
obtained measures have been commented here abbeefollowing processing
steps were slightly different according to the iogdnode, and are highlighted in
the next two paragraphs accordingly.

V.3.2.2. Processing and analysis of cdr-tests results

The processing and analysis of the cdr-tests sesuolisisted of different aspects
or steps (further commented below) :

1) Processing of measurements for each individual test :

a) Merging and time-synchronization of data from thpical measurement
with other data, among others by comparing applied effective
displacement rates (comparison between curvesdpf and d,, in
function of time, see Figure V.5);

opt

b) Analysis of digital images series to determine fiikure pattern for each
test (qualitatively);

c) Determination of peak load value and correspondiafue of crack
opening.

2) Analysis of test results by series :
a) Drawing of the loading curvesH{(—d,,, F —d,,);

b) Plotting of the peak load values against appliegpldcement rates on a
semi-logarithmic graph, and calculation of a linesgression equation on
the data in this form (or one by segment when dlexion point is
detected, see details below);

c) Grouping of the results of different series on anown semi-log plot
(Figure V.13).
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The results of the test series at -20°C (seriesvsfh tests performed at
displacement rates of 0.01, 0.1 and 1 mm/min) arerefttcted in the final
analysis, because they are judged non-representativtifferent reasons. Their
loading curves showed up regular oscillations witperiod corresponding to the
duration of the cooling cycles. The measured oscillatappeared furthermore to
have a real and a virtual origin, but it appearetipossible to separate the two
effects in the analysis. In fact, the virtual comgatnis related to the effect of
lighting disturbance caused by the coolant blowsttan optical measures (see
paragraph V.2.6.2), but the oscillations in the measoferack opening appeared
to get an echo in the measured value of applieckf@articularly noticeable for
the test performed at the smallest displacemen).rathere is thus an effective
oscillation in the applied displacement rate at liwel of the crack opening,
assumed to correspond to thermal movements alentpéuing string caused by
significant variations of temperature in the climathamber (between -18 and
-25°C). The corresponding peak load values (albcated to a CP failure
pattern) displayed on the semi-log plot are allai#éd above the results of the
series at 0°C (series s7), but with a very poomatignt in comparison with the
results of the other cdr-series. This alignmenbj@m was also a reason for not
performing the corresponding creep test series.

It seems not possible to draw conclusions with neéga the effective causes of
the failure of this series ¥on the basis of the limited amount of performed tests
It seems however obvious that the experimental tgiogies are relatively larger
in these test conditions in comparison with theeptiest series; therefore, these
test results cannot be used for drawing conclusiabsut the effective
guantitativebehaviour of SG-laminates in this temperature range efitealess, it
probably gives an indication that similar condisoat the application level
probably correspond with a boundary of the apgteascope “in that direction”
(namely by means of an appropriate relation withteel Application Field(s), see
Chapter | section 1.5).

Figure V.14 regroups a large selection of loadingves of the cdr-series
(corresponding to test series s1(a0), s3, s5 and™@¥.dependence of the peak
load value with the applied displacement rate latesk temperatures is obvious
(in parallel of Figure V.13). For loading curves wimy a clear steady-state
behind the peak, also the value of the load drbp,(—F.,) appears to be
sensitive to the applied displacement rate (theespondence between the shape
of the loading curve and the observed deformation angrégilatterns has already

% |t remained in fact difficult to allocate the sesing of the test results of the series s9 to one
experimental factor univocally : were the thermstibations rather modifying the length of the
loading string, what modified the effective cragkeaing rate, or did they more had an influence
on the viscously delayed response of the TCT-spartifhls the variation in the measured peak
load value rather due to this kind of oscillatiomsrather due to an intrinsic more variable
response due to some more instable crack propagagiterns ?
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been commented in paragraph V.%¥.1)At low displacement rate and higher
temperature, the load drop becomes very small on eigappears (for the two
lowest rate tests of the series s5 at 40°C). Inpewison, the variation of the

value of the crack opening corresponding to thekpead is small, and is

generally smaller than 0.2 mm.

The dependence of the peak force vakyg, on displacement ratev=d) and
test temperature appears more clearly on a senpHigas shown in Figure V.13.
The failure patterns (paragraph V.3.1) are distirgadsby the type of symbol
used : a hollow symbol represents a RD (or RD > fa®jre mode, and a filled
symbol a CP failure mode. On this basis, the follmwbbservations can be
done :

e a transition in failure modes is noticed on the sesies performed at 0° and
20°C, from a CP-failure mode towards a RD-failuredmavith decreasing
value of the applied displacement rate. This tteovsdoes not seem to affect
significantly the rate dependence of the peak \@dde : the peak load values
are relatively well aligned on the semi-logarithmiotaf Figure V.13;

e 0on the contrary, the cdr-test series at 40 and &y an inflexion point in
the rate dependence of the peak load force whiléaiture pattern remains of
the RD type. Besides, the peak load value showssadensitive dependence
on the applied displacement rate in the lower rangth&se two series.

The results of cdr-tests as represented in Figure VELRigther analysed below in
parallel of creep test results in paragraph V.3.3 andviiilg.

The influence of other investigated border efféstiirther discussed for the two
loading modes in section V.3.3.

Results of the linear regression (step 2b) werd fmedetermining the first value
of creep load and step value for the following gest the corresponding creep
series (as explained in section V.2.3 here above).

% A parallel can be seen with the characteristicapaters of the intrinsic loading curve
(Chapter Il paragraph 111.2.2), between the pezdd| and the yield stress and between the load
drop and the yield drop respectively. Howeverdies not imply that there is a direct
correspondence...
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V.3.2.3. Processing and analysis of creep tests results

The processing and analysis of the creep testtsesnhsisted of different aspects
or steps (further commented below) :

1) Processing of measurements for each individual test :

a) Merging and time-synchronization of data from thetical measurement
with other data, among others by comparing applied effective
displacement rate (comparison between curves,ondd,, in function
of time);

b) Drawing of creep curvéSand comparison of applied and effective creep
rate (comparison betwe andd,,), allowing to determine the initial
crack openingd,; =d0pt(t1 —dopt(toj and the initial clearanteof the

test configurationAd, = d,, (tl)—dopt(tl), with t,: start of loading step,
andt,: start of creep load step;

c) Analysis of digital images series for determinimg ffailure pattern for
each test (qualitatively);

d) Drawing of the creep curval{ - t) and determination of time-to-failure
values corresponding to the breakage point (cooredipg to the full
breakage of the ligament cross-section) and to &netk set of
characteristic points on the creep curve (see de&ibsv;

2) Analysis of test results by series :

a) Drawing of the creep curved - t) by series on semi and double
logarithmic plots;

b) Plotting on a semi-logarithmic graph of the timefadure values of the
different reference points identified at step I)}correspondence of the
creep load value for each test of the series (with dosepvalue along the
vertical axis and a logarithmic time-scale as horizcanti);

c) Grouping of the results of different series on anpwn semi-log plot
(Figure V.15).

The analysis of creep tests is a little different frown @ne of cdr-tests. Following
the analysis step 1b) here above, the creep curve for adr@iguration has been
defined by withdrawing the initial, instantaneowaak opening due to the loading
step preceding the creep load :

dcr (t) = dopt(t) - dini = dopt(t) - dopt(tl) (Vl)

0 The creep curve is defined here as a time-dispianecurve with a linear time-scale.
41 See description of the test configuration in peapl V.2.5.
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In the results of creep tests presented below, dheevof the initial crack opening
did not exceed a value of 0.2 mm.

Besides the time-to-breakage corresponding to labfebkage of the interlayer
ligament (this point is further called “breakaganty or BP), different types of
singular points can be distinguished on the creeyesuia few ones are visible on
the tiled frames in Figure V.12).

The examination of the creep curves on a lineaeicale allows distinguishing
consecutive segments with different creep ratearsépd by more or less
pronounced inflexion points. Inflexion points carolpably be associated to
instant of activation of deformation mechanismslofeed by a time period of
stable crack growth and/or stable creep, charaegiby a constant value of the
deformation rate depending on the loading level.e Tost obvious activation
mechanism is probably the initiation of interfaciedack growth of the RD
deformation pattern, which occurs at value of ihitimck opening near z€fo It
seems logical to assume that a stable progressitimeadelamination fronts is
associated to a secondary creep mechanism ofgamdint, characterized by a
constant creep rate (see Chapter Il paragrapB.1). The measured crack
opening rate is thus resulting of two differentqasses with a constant rate, the
crack propagation rate of the interfacial delamorafronts and the bulk creep of
the free ligament delimited by thée

However, it did not seem obvious to select singitdlexion points based on
univocal criteria, because of the variety of shapfehe measured creep curves
and the variation of the crack opening value c@wading to a breakage point;
therefore, it has been preferred to determine tmpduration times corresponding
to some fixed reference values of crack opening, wigfard to the formulation of
the design problem (see Chapter Il section 11.3). ddfned set of crack opening
reference valuesl, is rather arbitrary, but purposely limited approately to a
small crack opening range : for this analysis, thesittered values ofl, are
equal to 0.1, 0.3, 0.6 and 1.0 mm. As the determinatioa f&filure criterion
caused by excessive deformations at the elemelet isgaroject-dependent, every
value of crack opening corresponds with a potenfigdlure criterion; it is

42 A slightly increase of the crack opening before #utivation of the delamination mechanism is
in practice observed, due to the creep of thelayer ligament on its free length, delimited by
the initial delamination lengthsy, gdsee Chapter Il paragraph I1.4), and possibly bseaof
systematic measurement error due to small changéaimar alignment of the specimen during
the early-loading step (see paragraph V.2.5).

This neglects a possible stable grow of the CBrd&ition pattern (corresponding to a stable
crack propagation mode) between the initiation aodlescence points (see paragraph V.3.1),
which would then contribute to a stable crack opgmiate. The distinction between creep and
crack propagation phenomena in the polymer ligamenprobably a question of scale of
observation, and should be considered in paralltie@discussion about the distinction between
reversible and irreversible deformations in polysn@ee Chapter Ill).

43
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therefore also relevant to name any loading durat®m reach a characteristic
crack opening value as a potential ‘time-to-failure’.

Figure V.12 shows obtained semi-logarithmic grapirsefich temperature series
separately, where time-to-failure values for thechatracteristic points are plotted
against the applied creep load value for each iddal test (corresponding to
analysis step 2b); the corresponding creep curepsesented on small tiles
besides are drawn on a linear time-scale and in d fexege of the crack opening.

Let us add a few comments about experimental wmogds with this type of
tests and analysis. For the most flat (part of¢greurves, namely corresponding
to lower values of creep rdtea small deviation on the measured value of the
crack opening can lead to a relatively large dewiabn the corresponding value
of time-to-failure. As low creep rate generally meed for small values of crack
opening, the determined values of time-to-failure ealatively less accurate for
the characteristic points corresponding to a sma#itie of d, (with respect to a
linear time scale); when the corresponding valddsre-to-failure are displayed
on a semi logarithmic plot (analysis step 2b), tberasponding measurement
uncertainties are further amplified by the logarithnaiale in accordance.

A first trend can be identified based on the analg$ the creep test results : the
creep curve shows up with a more pronounced cuwatownwards (namely the

crack opening rate is increasing with the loadingation and value of crack

opening) when the applied creep load is largerwanen the test temperature is
lower, and simultaneously the crack opening at l@gaks smaller. Conversely,
the creep curves of tests performed at 40°C aresdlffat on the small opening

range used to draw the creep curves of Figure V.b2at worresponds to a more
constant creep rate. Furthermore, the tests cartiedt warmer temperature (40
and 60°C) have a creep curve with an inverted ¢urgaoriented upwards

(namely the crack opening rate is decreasing withdihg time, what is a

behaviour similar to a hardening mechanism), bubh sucesponse generally only
became noticeable in a larger crack opening ralyecomparing the orientation

of the creep curve with the deformation and failpagterns observed on the
acquired digital pictures, it seems that an increasthe crack opening rate is
mainly associated with the initiation of a CP deformapattern.

4 «Creep rate” is expressed here in terms of a copelning rate, in relation with straight segments
on the creep curve of the TCT-test.
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The results of the different creep test seriescatkected on a semi-logarithmic
plot (Figure V.15, analysis step 2c¢). In compariggth the ‘mirror’ plot of the
cdr-series where each point corresponds to ongFasire V.13), characteristic
points with a same value of crack openitigbelonging to different creep tests of
a same series are joined by means of dotted lthesefore calledsometric
curves®.

However, some of the characteristic points drawn in Figur® are laying behind
time duration values usually considered as a lolweit of meaningful creep
data : Moore and Turner (Moore and Turner 2001)ndsfthis lower limit as ten
times the duration of the loading step. For thegriests presented here, the
duration of the loading stef,(—t,) was usually about 10 seconds; accordingly,
characteristic points with time-to-failure value alhar than 100 s (2 on the log
scale) should be disregarded. On the other sideygper limit is determined by
the definition of a “short duration test”, in relatiavith the concept of progressive
physical ageintj (see Chapter Ill paragraph 111.2.2); in the caséhisf campaign,
this limit was usually about 2-3 days (5.2 .. 5.4 anltgarithmic time scale with
time values in seconds).

The analysis of the creep test results can be corddbgténe determination of the
creep rates in every characteristic point or alstrigight segments of the creep
curves. For all characteristic points representeérigure V.15, the minimum
value of creep rate remained larger ti2h0™° mm/s.

4 by analogy with representation of creep test tesarl bulk polymer materials

46 However, it seems that defining a “short duratiest” criterion in function of the occurrence of
significant progressive physical ageing is only ctically relevant for tests performed ‘far
enough’ below the glass transition temperature.
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Figure V.12 — Creep test results : characteristiins on semi-logarithmic plot (main
frame) and corresponding creep load curves on linizae-scale (tiled frames)
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V.3.3. Comparative analysis of cdr and creep tests results

The construction of the two semi-log plots of Figw.13 and Figure V.15,
collecting results of cdr- and creep test serigpeetively, has been explained in
the previous paragraph. The two figures were cam@glby indicating trends in
failure modes on basis of the criteria developed in papégV.3.1.

A parallel reading of these two figures allows sgesome symmetry between the
response of TCT-specimens of SG-laminates under théobding modes.

At an intermediate step during the developmenthi tampaign TCT-tests, an
attempt has been made to correlate the resultseofnitial cdr and creep tests
series. The analysis consisted in fitting a thehwological complex model on
the cdr-test results by assimilating the TCT-camfigion to an intrinsic
behaviour, or homogeneous uniaxial loading state (tlated concepts are
defined in Chapter Ill paragraph Il1.2.1), namely l@placing the infinitesimal
parameters of stress, strain and strain rate by thacroscopic equivalent, the
applied force, the crack opening and the crack opgrdte in the equations of the
corresponding mod&l Figure V.16 summarizes the used equations and the
parameters determined on basis of the experimeesallts, and shows that a
relative good match can be reached by means of amapproaci. However,
for this analysis, the critical displacement is defi independently for each
temperature series (whereas the correspondingn$itr parameter, the critical
equivalent plastic strain, is considered as a nateonstant, see Chapter llI
paragraph 111.2.1). By letting this last parameterywaith test temperature, it
allows to adapt the horizontal position of eachiviailial creep failure curve
independently of each other with regard to thetposiof the regression curve of
the corresponding cdr series (test series performhéde same test temperature).
Different reasons for this need for an extra degrbedreedom are identified,
which can be related to the change of experimestale and the influence of
different border effects. One of these border &ffecrelated to the initial ageing
state of the specimen (see further in next paragraph).

47 Compare the equations (V.2) and (V.3) below wile equations (l11.11) and (Ill.14) of a
thermorheological complex model in Chapter Il paegh 111.2.2.

*8 The model fitting summarized and illustrated iyuFe V.16 has been performed on partially
processed experimental data.
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Despite the approximations, a few interesting tremds arising from the
performed analyses.

A straight line through breakage points (BP) ofeprdests which ended by a
ligament breakage (only in series s2 and s8 cooretipg with tests performed at
20 and 0°C respectively) shows a fairly good matith the ‘mirror’ slope of a
similar regression line through the peak load oioft the corresponding cdr-
series, and this independently of the observedirtaipatterns in the cdr-tests.
However, not such an equivalency between resultsoafesponding cdr- and
creep test series can be found for the steeper slahe &fometric curves (shaped
with stripped lines in Figure V.13, Figure V.14 andu¥e V.16). Comparison of
the data points between corresponding series ahd®0°C (corresponding only
with RD failure patterns) shows a parallel evolattoward less sensitivity of the
response to time-dependent effect, where the decgesl®pe in cdr-series finds
an echo in the results of the corresponding creep téss.ser

No direct correspondence appears between trarsitiofiailure modes (failure
patterns) and the presence of inflexion pointh@rate-dependent response (cdr-
mode) and in the isometric curves (creep mode). apiparent thermorheological
complex response (associated with the presenadlekion points and change of
slope on the semi-log plots within a test seriegnss thus effectively due to
different kinetics of molecular processes in thiklmi the interlayer component.
The apparent symmetry between Figure V.13 and Figlire is suggesting that
the activated deformation mechanisms in cdr anépcieading modes are of
similar nature, but it seems difficult to distinduisstretching and crack
propagation processes (with regard to RD and CPRrahetion patterns),
especially in the small crack opening range.

Consequently, the ductility of an interlayer ligamenaifractured laminated glass
element depends on the ratio between delaminatat@ and activation of
molecular mobility in the bulk of the interlayer mponent. The ligament
ductility appears to increase with lower values ackropening rate, whatever the
loading mode; simultaneously the critical failurede is evolving from a risk of
sudden breakage of the ligament (CP failure modea problem of too large
deformation possibly in combination with a too krgreep rate (associated to a
RD failure mode). This seems a general trend basedhe experimental
investigation scope of the sample SG35.

From a more practical point of view, cdr-tests sesnthe time being mainly
useful to determine values of force to use for meay failure in creep tests for
relative short test durations; but they seem nedfti useless with regard to the
prediction of deformation and accordingly of failure modes to excessive crack
opening in creep load configurations.
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V.3.4. Border effects for TCT-tests on SG-laminates

The analysis of TCT-tests results so far showedesdrands in the typical
response of the ligament for different test coodsi of temperature and loading
rate. However, in order to assess the feasibilitdenfeloping a characterization
method based on TCT-tests, it seems necessaryine tbe analysis on a more
guantitative way. This implies identifying furthesources of systematic
deviations peculiar to the used TCT-configuratiamj astimating these as far as
possible.

Two aspects were further investigated with the dar§635, the influence of the
width and of the initial state of the TCT-specimerhe Becond effect appeared to
interfere on results between series initially aimednvestigate the influence of
the width; the detection of this interaction of effemtsse a little incidentally.

The influence of the width has firstly been invgated by means of a cdr-series
similar to the initial series s1, performed at 2@f@l for same values of applied
displacement rate but on narrower TCT-specimend) witwidth of 30 mm in
place of 50 mm (series slb, see also Table V.1 arajfzphs V.2.2 and V.2.3).
To allow a comparison between the results of the series, the measured peak
load values were plotted by unit of width agairtst togarithm of the applied
displacement rate (series s1(a0) and slb in Figd&). The rate dependence of
the results of both series appeared similar (sdope ®n the semi-log plot), with
similar CP failure patterns, but with a significant disebetween both regression
lines. This last difference was consequently asdumde due to edge effects (a
particular type of size effect), thus mainly in redatwith differences of geometry
between the test specimens.

In a later step of the experimental campaign, dfterinitial test series s1 to s9
had been performed, the defined purpose was to #ta&dstigating the
reproducibility of some testing conditions and to congpt®me earlier test series.
A cdr-test carried out at intermediate displacenmate for completing the initial
cdr-series at 20°C (series s1(a0)) gave a reswiatileg noticeably from the
initial regression curve : not only the measureakgead value for the new TCT-
test appeared to be significantly larger, also #ileire mode had changed into a
RD failure pattern. The trend was confirmed by nseaiha couple of new tests,
which were regrouped in the series named s1(al).

Figure V.18 compares the respective measured pedkvalues by unit of width
of the TCT-specimen for test series s1b and slgth),the results of the initial
series s1(a0). The difference between the tesirspas of these three series, in
term of width and of initial state (described inrnteof the storage duration
between lamination and testing times), are sumntrineFigure V.17. The
respective deviations of the regression curves tifiar narrower and ‘older’
specimens (respectively of the series s1b and yIéth the preceding results of
the initial series s1(a0) are in line with the asption that the ageing process due
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to stationary storage conditions decreases as aitlognic function of storage
duration (see Chapter lll paragraph I11.2.2). Accoglli, the initial state of the
narrow specimens of the series slb can be supmaseld more closer to the one
of series s1(al) than to the one of series s1(a8gcon their respective storage
durations. This triangular comparison suggestsatige effects due to geometry
of the specimen (variation of width) and of possigeometry dependent ageing
phenomena (for instance transport processes thriheglateral free edges) are of
smaller extent than firstly suggested by a simplmgarison of results of test
series s1b and s1(a0).

However, this interpretation of the results of Fegw.18 does not give an
explanation for the observed difference in failoredes between series s1b (CP)
and s1(al) (RD). Issues related to the interpoatadif results of TCT-tests in
function of observed failure patterns, in particuldren these are performed at
constant displacement rate, are further addresskd aht of this Chapter.

Following this interpretation of the test resulitswas proposed to investigate
whether the initial ageing state of the specimengdeffectively be modified by
a thermal pre-treatment applied previously to ti@l-Tests. It was opted for
applying a thermal treatment to two TCT-specimeresi€¢s s1(a2)), consisting in
exposing these at a temperature of 40°C for a eoopldays (2.6 days); this
conditioning was supposed to correspond to an ‘@dimy process accelerating
the rate of physical ageing in the interlayer af TCT-specimens, and was thus
expected to further increase their resistance étd\(ithus the value of the peak
load in a cdr-test). The “annealing” character ef tteatment was thus related to
a conditioning temperature slightly below the glaasisition temperature. After
having applied this pre-treatment to the specimtres; were cooled down at a
rate resulting from a natural exposure to the reemperature in the lab, and the
tests were performed within the next 24 hours.

This thermal pre-treatment appeared however to laavepposite effect to the
initial expectation of an “annealing” effect. Theeasured peak load values of
series s1(a2) are intermediate between the oném dWvo previous series, and so
are the corresponding failure patterns (see Figl@ and corresponding loading
curves in Figure V.19).

On the basis of these different results, physic&iragseems to have a rather
favourable effect on the mechanical performancarointerlayer ligament to a
cdr-loading mode, by increasing its bulk tensile yieldrggth in larger extent than
its interfacial strength, what is rather promoting a Rufaipattern.

Would the observed trend be similar for the resparfdigament to creep loading
mode ? As no correspondence had been found betwieeand creep test results
with regard to the isometric curves (see previaragraph), it was judged useful
to investigate the influence of different initiaeging states on the response of
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TCT-specimens to a creep load mode on a direct wayas also decided to
investigate in parallel the influence of the TCEsimen width on creep test
results. The test series s2(a3) and s2b(a3) weredaut in accordance, with
values of applied creep load on the narrower spatsmeduced proportionally to
their width, in order to get a same value of thedlbg unit of width (or same
nominal stress) for the two geometries.

The identification of systematic trends in the tessaf the three creep test series
(s2(a3), s2b(a3), s2(a0)) seems however less dfi@ighrd than with the
previous cdr-tests (an overview of the ‘initial agestates’ by series is provided
in Table V.4). The corresponding results are preseah semi-log plots and by
series in Figure V.23 (series s2(a3)) and Figure \(&ies s2b(a3)). No
significant deviation of time-to-breakage valuepedr between the three sefies
but the isometric curves appear to be tighter i@ tiwvo last test series in
comparison with the initial one : their positionese to move towards larger
values of time-to-failure and thus closer with thime-to-breakage curve,
altogether with a reduction of their slope in acdamrce. This corresponds to
creep curves showing a more important variatiothefcreep rate in function of
the loading duration, and this in the small crackropg range. This change in
shape of the creep curves for specimens with aelostprage duration is also
more pronounced at the lower loading levels. Tleegicurves in tiled frames of
Figure V.23 and Figure V.24 show, in comparison wlih ones of Figure V.22, a
more pronounced inflexion point in a crack openiaigge comprised between 0.1
and 0.6 mm (where d <t) : the creep rate seems to be reduoadthislinflexion
point, and increased above.

Table V.4 — Definition of initial ageing states the different test series

Test series Initial ageing state Nb. of tests
sl(a0) SG35-04 .. 06 a0 : 1 week after lamination 4
slb SG35-55 .. 57 aX : a0 + 6 months storage 3
car sl(al) SG35-43 .. 45 al: a0 + 9 months storage
s2(a2) SG35-46 .. 47 a2:al+2.6d@40°C 2
s2(a0) SG35-07 .. 10 a0 : 3 weeks after lamination 4
creep |s2(al3) SG35-49 .. 51 a3 : al + 12 months
s2b(a3) | SG35-58 .. 60 a3 : a0 + 12 months 3

49 A deviation of 0.5 decades is not considered grsifiant.
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Figure V.18 — Comparison of cdr-series at 20°Criaton of peak load value and failure
mode for different initial ageing states (storageation) and different specimen widths
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Figure V.19 — Comparison of cdr-series at 20°C mparison of loading curves for
different initial ageing states (storage duratiothérmal treatment)
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Figure V.20 — Comparison of cdr-series at 20°Criation of peak load value and failure
mode for different initial ageing states (storaggation / thermal treatment)
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Figure V.21 — Difference of specimen’s initial aggestate between creep series
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Figure V.22 — Results of creep tests at 20°C on-3@Ximens : initial test series (s2(a0))
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Figure V.23 - Results of creep tests at 20°C odedITCT-specimens (s2(a3))
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Figure V.24 - Results of creep tests at 20°C odedland narrower TCT-specimens
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Trends between the respective creep curves aringettore noticeable when
considered in a slightly larger range of crack apgnand grouped by loading
level (Figure V.25). Segments with a similar creeger(same slope) appear
between the different creep curves corresponding same loading level, which
seem “activated” at similar value of crack openimgt at different values of
loading duration. Simultaneously, the value of théical crack opening
corresponding to a breakage of the ligament (pB} clearly decrease for the
‘older’ specimens of series s2(a3) and s2b(a3). Wewehis reduction in critical
crack opening capacity does not appear when fawmyssi the small crack
opening range (for values of<dl mm~= t), where the creep curves seem shifted
in time. This last trend suggests that mainly atibn of deformation
mechanisms are sensitive to a different initial iagestate, rather than the
deformation mechanisms on their own (similar craepes); besides, this
sensitivity seems limited to the time-to-activati@nm time-to-failure), and not to
the deformation state (value of crack opening fdiclw a new activation is
noticed). In other words, ageing modifies the positdf first inflexion points on
the creep curves along the horizontal axis (loadimg), but not (significantly)
along the vertical axis (crack opening).

As with cdr-tests, a difference of initial ageingtst seems to have a more
important influence on the creep response than the widtie TCT-specimen.

These different results show that general conchssimbout influence of border
effects on the response to creep load mode arstradghtforward, and that the
trends in response can appear differently accorttinihe range of deformations
considered.

A general important conclusion of the present asislis that the initial ageing
state of test specimens in SG-laminates has anriemidnfluence on test results
performed at usual room temperature, and by consequehe outcomes of
assessment tests can vary on a significant waynotibn of storage and test
conditions. This seems therefore an important asfeaccount for in the

perspective of assessment or validation tests, spelcally when full-scale tests
on unique specimens are involved.
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Figure V.25 — Border effects for creep tests at20tomparison of creep curves by
loading level, influence of initial ageing statedaspecimen’s width
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V.4. Outcomes of the experimental campaign TCT-tests

The experimental campaign TCT-tests performed sample of specimens SG-
laminates (SG35) reported and analysed in this tehdpads to outcomes of
different natures.

The presented test results firstly give a more rsecpicture about the time-
temperature dependent response of an interlayamégt in fractured SG-
laminates to various test conditions of temperatimek loading level which can be
observed experimentally. A parallel is observedhm response to two loading
modes, when TCT-specimens are loaded at constamiacksnent rate (cdr-test)
and under a constant value of applied force (cre=gt), and suggests a
thermorheological complex behaviour of the inteslay However, the
correspondence of the TCT-response with a thermotmieal complex model is
solely phenomenological, because of the larger amoof deformation
mechanisms involved, and the difficulty to dissaeiagxperimentally their
respective contributions on basis of univocal criteria.

The macroscopic ductility results from a combinatwf different mechanisms,

the stretching of the released interlayer ligamand two crack propagation

patterns : an interfacial delamination of the iragelr from the glass substrates
(named regular delamination pattern — RD patterm) a crack propagation

through the cross-section of the ligament (namedp&fern). When the RD-

pattern dominates its response, the TCT-configuratan survive to larger crack
opening and appears as more ductile, whereas a domEP-pattern leads to
critical failure at smaller value of crack openingRD failure mode and

accordingly ductility of the TCT-configuration isrgmoted at higher test

temperature and lower loading level, while CP falimode is more likely to

occur at lower test temperature and higher loading level.

Whereas the presented test results are believhdlpogetting a comprehensive
order of magnitude of the influence of the diffdréast parameters on the
behaviour of SG-laminates, a reliable quantitatinterpretation of the test results
appears to have to account for complementary aspects.

The second analysis axis developed in this chapiered to discuss the
representativeness and the reliability of the peréanl TCT-tests and of the
obtained results. In order to assess the TCT-tastguration in a more general
perspective, specific attention has been dedicatdddoribe and identify possible
and observed sources of systematic deviations snrésults. A variety of
experimental aspects have been identified and ssecl) and orders of magnitude
have been estimated for a series of measuremergrtaimties. Among
experimental border effects, the influence of thialhageing state of the test
specimens due to storage duration and conditioqeaap as a particularly
important effect to take into consideration for esimental assessment of SG-
laminates.
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The developed experimental approach shows that application of an

incremental experimental strategy based on shodessive test series allows to
investigate the response of a load-transfer meshamn a relative large
experimental scope with a relative small amounttedt specimens. The
feasibility of using such an approach in the pespe of characterizing

performances of laminated safety glass productariber discussed in the next
chapter.

However, the test results presented in this chagtemot provide concrete
information about the reproducibility of TCT-testReproducibility is indeed an
important feature to assess for developing test stasdand this addresses at first
the scattering of results for test series constitubf specimens and for test
conditions supposed to be equal. Despite the lacjuantitative results in that
regard with the above campaign, it is possible tkansome comments and
prospective analysis. Firstly, it is expected thdahwnough care in performing
TCT-tests and in controlling sources of systemdéviations, the scattering can
be reduced to orders of magnitude similar to otbsrr configurations with similar
test conditions, for instance for cdr-tests comgaie uniaxial tensile tests on
interlayer specimens. However, investigation of tecilg in creep test results
and of the achievable grade of reproducibility wsthch tests seems to deserve
some priorities with regard to structural appliocat and the higher level of
complexity of creep test results.

Interpretation of result scattering for test seaadaminated glass units should be
made critically : it cannot be automatically all@to an effective variation of
product properties, and it seems necessary to @mdlte contribution of
experimental uncertainties. Besides, it is expedieat for a same test
configuration, the scattering of TCT-test resultsymary significantly for
different test conditions, in function of the chaedistics of the tested interlayer
material and the specificities of the test configion. For instance, a larger
scattering in results is likely to be expected whest conditions involve
transition or ageing mechanisms activated at thiginest rat®, or when crack
propagation patterns reach a more unstable modegelLdispersion of results is
expected accordingly for instance for tests perémat a test temperature in the
range of the material glass-rubber transition teaipee, and in test ranges where
a transition in crack propagation patterns has h#served. One should also
remain careful, on a general way, in making compardhterpretation of result
scattering based on derived variables involvinded#int order of magnitude of
underlying parameters, typically with parameters of the stpain and stretch.

%0 See also Chapter Ill and Figure 111.19.
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It should however be kept in mind that a low seattein TCT-test results (or for

any similar test configuration associated to aarmediate experimental scale) is
not necessarily a sign of a good accuracy nor g@oad representativeness.
Again, questions addressed to scattering of testltsesise the risk of non-

reasonable increase of the amount of required, tesid should therefore be
considered cautiously with respect to the ideratfan of systematic sources of
deviation, whether the latter are “included” or motthe observed scattering of
results.
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Chapter VI
Synthesis and perspectives

“Always have a backup plan” (Milena Kunis, Americacatress, born in 1984 in USSR)
“If you have a backup plan, then you've already athd defeat”
(Henry Cauvill, British actor, born in 1983 in Jessésland)
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VI.1. Update of the problem statement and research approach

The assessment of post-fracture performances ohdaeud safety glass products
used in structural applications addresses vargsiges. A major one concerns the
characterization of interlayer properties ruling ttime-temperature dependent
performances of fractured elements under quascédading conditions. The
initial onset of this research and the performedeeixnental works reported in
Chapters IV and V focussed on one particular iaten material, the
SentryGlas® (SG). It appeared that to address titéali question — the
characterization of the mechanical properties dfpacific interlayer product
ruling the post-fracture performances of laminagddss systems — it was
necessary to question more fundamentally experah@ssessment strategies for
a category of construction products.

“Structural glass” as a research area is in fathatross-over between different
research fields, going from material sciences (wétpard to glass and adhesive
polymer materials) to development of laminated gllasoducts and to structural
engineering. Addressed issues are thus highly 4isitiplinary and inter-
disciplinary in nature. Moreover, development ofatetl research activities is
confronted to a variety of ongoing ‘harmonization procg&sse the one hand, and
to different interests and priorities on the other.

The development of assessment and design methodsefo laminated glass

products or new fields of use of existing ones imes closely interlaced

processes, with a relatively large variety of stakaérs: designers,

manufacturers, contractors, controlling authoritietc. The amount of

(remaining) related questions is proportional te ttumber of stakeholders and
their respective field(s) of interest and intervemtin the design process, and to
the extent of application scope each is considdiimterms of configurations and

of performances, of products and of final appliaaijo These various questions
are obviously seldom independent of each other. eMahess, they are usually
investigated by means of different processes dpirajoon different time scales,

which appear not easy to ‘synchronize’ or make compatititeeech other.

Many rationale reasons behind such ‘synchronizatitifficulties could be
identified during this research : most of them appegelgrand directly related to
guestions and issues about experimental invesiigathethods and their
development. They can be related to fundamentéitulifes to initiate close
collaborative processes at early stages in ratm@petitive and quickly evolving
environments, consequently complicating the devakat of robust concepts and
methods necessary for building a “harmonized” refexdramework.

The development of assessment (characterizatiothonie based on tests at
‘intermediate experimental scales’ (this thesisy hla be understood in this
specific context.
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The developed concepts and the findings presemethis thesis are firstly
summarized. They are followed by suggestions caomogr experimental

investigation programs in this field with regard their support to the

development of a “harmonized” reference framewarkacilitate the design and
the assessment of innovative structural applicateith laminated safety glass
products. The addressed issues concern more patiicular

e the improvement of the complementarity grade betwtest results obtained
from experimental investigations performed with aretyto short-term and
long-term objectives, in particular between assensied research activities
and project-related and product-oriented assessmppriaches; and

e the related developments of comprehensive and dinigamodels and
design concepts.

VI.2. Summary of the research and main outcomes

The current European standardization context frgmthe assessment of
laminated safety glass products and their use in-comventional, possibly
structural, applications, has been presented angsamthin Chapter I. It appears
that the safety performances as assessed by it@ Testing in the product
standard implicitly consider a relatively narrow Bgtion scope, roughly limited
to use of laminated glass products as vertical dcrglazing elements. The
addressed safety performances concern mainly ¢bpacity to resist to different
types of impact or other dynamic actions, and theessment does not deliver
design properties. These are obviously not suffiordth regard to performance
requirements in many other configurations, andqggpelly for non-conventional
ones. The main shortcomings concern the consequbisiefracture performances
in function of the interlayer time-temperature dagent properties. However, it
is acknowledged that the assessment of productforpemces is getting
complicated with regard to the simultaneous entaygof the “family of
products”, a more vague and evolving “intended figldise” (application scope)
and involved smaller production volumes. It led ésatibe application scopes by
means of a combination @fpplication Fields (AF)to distinguish the nature of
‘similar’ ones and to identify more precisely thetansion fields concerned by
non-conventional configurations.

The safety concepts and assessment methods fartusadu applications in
laminated glass were considered closer in ChapterThe different steps in
failure scenarios were detailed. It led to digtiish quasi-static design situations
for fractured states by means offiest important statementhat any crack
propagation process in the glass sheets is a dgnemgnt. This allows to
dissociate the assessment of the contribution efitterlayer to post-fracture
performances from all the issues related to dynamaicaviour. Load-bearing
performances of fractured laminated glass elemargsresumed to two load
transfer mechanisms, which develop in different propns according to the
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configuration of the fragmentation patterns. Thgathent function across a
cracked cross-section, or TCT-configuration, is idiet as thecritical load
transfer mechanisnin ultimate fractured states. The description bf/gical
damage of fractured elements is completed by mefas initial delamination
length &, from the crack tips and along the interface betwgtass fragments and
interlayer. This follows from #irst important assumptiothat the ligament cross-
section is not damaged during the successive stefise failure scenario, and
relies on an implicit criterion on the adhesionekev In fact, the mechanical
performances of the TCT load transfer mechanisshsvn to depend on two
complementary deformation mechanisms, the stretabfitige interlayer ligament
and its delamination from the glass substrates.e THiter proves to play a
dominant role in the ductility of the TCT-configtian, and relies on the balance
between bulk and interfacial properties of the tzaté. Finally, the TCT load
transfer mechanism is shown to requimmiaimal activation lengtlY ., on each
side of the cracked section to fully develop itadatransfer ability, which is
suspected to be in most cases an order of magrdugier than the delamination
length. More generally, it is pointed out that tepresentativeness of a TCT-test
configuration is not necessarily straightforward¢dagse of possible variable size
effects, with respect to the dimensions of the ctaxlstress fields contributing
significantly to the delamination processes rettito the other geometric
parameters of the problem.

Specificities of polymer materials and their mechahniiehaviour are investigated
in Chapter Ill. They appear characterized by adatgain response and different
temperature dependent transition mechanisms aftethieir processability and
their mechanical properties in service conditiomsterlayers can belong to two
families of products, thermoplastics and elastomersnpdisihed by the nature of
their secondary intermolecular bonds, and consetyjueby the typical
temperature ranges in service conditions with mkger their glass-rubber
transition temperature. Typical interlayer matari@nsidered (PVB and SG) are
thermoplastics. The mechanical response of theamtip$ in service conditions
exhibit a viscoplastic behaviour characterized bymee-temperature dependence
of the yield stress, which is also a measure ofrésistance to creep. The
corresponding mechanical behaviour is thermorhégdbgsimple or complex
according to the amount of relaxation mechanismesgat and in function of the
test conditions. Physical ageingis identified as an important reversible
phenomenon to account for at temperatures belowl#ss-rubber transition, due
to a lack of equilibrium of the glassy phase. #rtjgular, progressive physical
ageing tends to increase the long-term creep a@sistin comparison with
extrapolated behaviour from tests of short duratiofPhysical ageing and
progressive physical ageing are described by meérthke same ageing state
function. When used as adhesive components, vistaplproperties of the
polymer component are supposed to possibly varferéifitly due to a different
effect of physical ageing on bulk and interfaciedgerties, what is acknowledged
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by distinguishing two ‘material’ state parametet@avB(t) and S, (t)
respectively.  The various polymer specific aspeirtduce a series of
complementary constraints on experimental inveitiganethods, among others
for evaluating the representativeness of test specinfesmsadl dimensions.

At this state, it appears that the four added paemsie-g), /.., S, (t) and
Sa,B(t) — to describe fractured states of laminated gklesents cannot be
measured or quantified easily. However, they arec&ioad as important
complementary parameters for describing fracturedes, together with the
description of fragmentation patterns of the glgzitomponents. They are
considered as constitutive components for a quaivit description of the
physical damage of fractured elements. They alknaadedge for possible non-
negligible invisible effects or damages to accodat when performing
experimental works on specimens laminated glassthehalue to production,
storage or test conditions. It could be sufficient first step to determine in
which conditions these parameters may be assumeel égual between different
conditions or states, and similarly under which rtheispective value can be
assumed to not vary significantly in time.

Finally, the combination of these various materigbexts in the context of the
assessment of performances of end-products led rederp experimental
investigation methods based on the conceptcritical basic shape The
transposition of the concept to laminated glass prtsdead to rather consider the
interlayer as acomponentthan a material. Accordingly, tests on specimens
laminated glass are preferred for characterizafiarposes, and the TCT-test
configuration seems a good experimental configomatior investigating the
ligament performance.

Chapter IV reported on a succession of experimextalpaigns for investigating
the performances of fractured laminates, by meanssté performed at different
experimental scales. A first aspect addresseegrdiif types of experimental
issues related to the development of test methodsniestigating the time-
temperature response of interlayer ligament. Fat plrpose, an analysis grid is
proposed for identifying and describing differerategories ofExperimental
Fields of Investigation (EFI)

With the introduction of this concept in combinatiwith the analysis grid for the
Application Fieldsthree types of border effeatan be identified, corresponding
to different sources of systematic deviations ist teesults. The first type is
mainly related to the representativeness of thesjgscimens, the second to the
test configuration and systematic deviations in sueament, and the third to
systematic deviations due to the analysis and rfingahethods. The two first
types of border effects can be managed by the gptinoeof experimental
configurations, in terms of test infrastructures, sseament methods and test
protocols, and in terms of test specimens and axgetal program. The third
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one is rather depending on how test results aheumprocessed and possible
propagation of uncertainties, caused or not by bordecteféd the two first types.

This provides a framework to distinguish intrinsied extrinsic qualities of test
methods, and distinguish systematic deviationsrarifiom the test methods or
the modelling approaches. Among others, questibaataaccuracy and precision
of methods should distinguish analysis performedtreg level of primary
experimental variables, or of secondary, derivedrpaters. The analysis grid
with EFI's is also used for describirxtension potential and limifer different
test configurations. It is shown that developingst configuration for extending
the ranges o& combination oexperimental investigation fields, in particular of
test temperature and loading ranges, is confromtesilitcessive technical limits
and experimental issues. The identification of ehémits and sources of
experimental uncertainties determines the extensaiential of a particular test
configuration, and consequently its robustness toubed as an assessment
method for a range of configurations of laminated glasdymts.

The developed analysis led to conceive an expetahe@ampaign, reported in
Chapter V, based on TCT-tests and performed orsimge sample specimens of
SG-laminates of about 60 test specimens, for inyattig the time-temperature
response of the ligament in different conditiongeshperature and loading level.
The experimental strategy is based on a non-coiorextf incremental approach
of successive short test series, in ordemtestigate with a limited amount of
tests an application scope as large as possibléerms oftest temperatur@and
loading mode and level Similarly, the analysis method of the test reshlas
been progressively refined during the campaign. s Tapproach delivered
comprehensive orders of magnitude about a series at®ffe

The test results for the sample SG-laminates coores to an (apparent)
thermorheological complekehaviour, however analysed at a macroscopic and
phenomenological level. The relative complex disition of efforts in TCT-test
specimens and the corresponding stress patterns téealistinguish different
deformation mechanisms and failure modes. A coomdpnce between the time-
temperature dependence of the response of TCT-testducted at constant
displacement rate (cdr-tests) and under constace fgreep mode) is noticeable,
when respective values of yield forces and timesremkage are compared.
However,it does not seem possible to establish a similar corredgmme between
the two loading modes for failure criteria due tecessive deformationgrack
opening). The apparent macroscopic ductility ursgtic creep forces appears to
be increased significantly, together with valuesirak-to-failure, by lowering the
loading level (which is the only parameter that tansignificantly modified by
the design in the conditions of a building project).

In comparison, a variation of the specimen widthnse to have no significant
effect on test results, at least of a lesser extant tine observed effect of physical
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ageing due to the different storage durations @f tbst specimens. When
considering the response to cdr loading mode, tleetedf physical ageing seems
rather favourable, with an increase of the pealstaasce together with a more
favourable subsequent failure mode. Observed effiephysical ageing on the
response to creep loads in tests of relative shoatidaris however less univocal.
A favourable effect of ageing in the form of a dnuiion of the secondary creep
rate, and a consequent increase of times-to-faitutiee small deformation range
seems accompanied by a non favourable increase afréep rate at larger levels
of deformation. The modified response corresponda tmore sudden failure
behaviour at a smaller value of crack opening, duthé start of a non-stable
crack propagation through the cross-section ofiganent. Accordingly, effect
of physical ageing on the response to creep of the liggseems to correspond to
a diminution of the macroscopic ductility. On aremge, physical ageing seems
to have a rather favourable effect on mechaniaapgrties, as the design failure
modes in practice is likely to correspond to aeciin on the maximal
deformation in the range of small values of crack opening.

The experimental basis was however too limited reovddefinitive conclusions
about the effect of physical ageing, but indicatesrty that it is an important
effect to account for in designing experimentalgramns and test protocols. The
parameters showing the largest influence on theréamode, the yield stress and
times-to-failure, are however the test temperatacethe displacement rate or the
loading level. The graphical format selected farsgnting the test results allows
to get a first comprehensive order of magnitudehef various effects on the
ligament response in the various test conditionsesé& results show also that the
cdr loading mode finally is of limited relevancy tiwiregard to the ranges of
behaviour and conditions of practical interest thoe considered formulation of
the post-fracture quasi-static design conditiontie €dr-loading mode is, in an
assessment perspective, essentially useful tondiekerloading levels of creep
tests for achieving failure on a reasonable expertal scale. Trails for further
developing an assessment strategy based on TCT4testsramarized below.
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VL.3. Conclusions and perspectives

On the basis of the developed analysis and perfbrexperimental campaigns
reported in this work, some elements of answer @giben with regard to the
guestions formulated at the end of the Chapter I.

1) How could and should existing test methods use@$sessment of laminated
safety glass products be completed to distinguisé tontribution of
individual components to the overall safety perfantes ? What are the
characteristicproperties of each component involved ?

o Accurate measurement methods of deformations iergéare necessary
with regard to failure modes by excessive deforomatj this is expected
to be the critical type of failure mode in a majprof cases when the
critical load-transfer mechanisms is the interlafjgament in fractured
stages (Chapter IV and V)

o The characterization of properties of glass comptmghould account for
lower and upper limits of the glass strength, wiggard to the risk of
damage from the released strain energy at breakage (€Hapte

o The determination of the contribution of the indgdr should be assessed
by considering it as a component rather than asatenmal, and test
configurations should be designed in accordancepahticular, separate
characterization of adhesive properties and bulteria properties of the
interlayer seems not really useful with purposeas$essing the end-
performances of products (Chatper Il and Chapter V).

2) Which (mechanical) properties of interlayer matsrare involved in safety
and post-fracture performances of laminated glasss uand systems ?
According to which methods can thesedbmaracterizedor design purposes,
in particular properties potentially significantgnsitive to time-temperature-
ageing effects with regard to service conditions ?

o The contribution of the interlayer can be assodiat&h two main load
transfer mechanisms. The load transfer mechanism likddg the critical
one in a majority of design situations of struckwglement in laminated
safety glass is the ligament behaviour in a TCTrigomation. The
ductility of the mechanism depends at least as muthhe level of
adhesion than on the bulk properties of the interlé@bapter II).

o The TCT-test seems an appropriate test configuratimvidedthat the
representativeness of the test specimens is adsesge regard to the
processing method used for making them, in relatigih production
methods of end-products. If the TCT-test confitjorais judged non-
representative or non-achievable with some maseriat product
configurations, development of alternative test wpmhtions should
considerin parallel technical limits or issues for developing the test
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configuration and for making the test specimenie fitness for purposes
of a test configuration has to be evaluated foheadension of any EFI-
field (Chapter IV).

o Each experimental scale is confronted to specifor)-awvoidable border
effects, which can further vary in extent accordity considered
combinations of EFI's However, not all present border effects are even or
systematically problematic, according to the spegitirposes defined for
each experimental scale, and the applied analysikoaén accordance.
Focusing on the elimination or reduction of oneseveral specific border
effects can give rise to other ones potentially enaritical for the
reliability and representativeness of the test reg@hapter 1V).

3) To which extent are safety performances of a latathglass element as a
construction work(resistance to impact, etc.) depending on pineduct
properties and on other characteristics of theallest configuration (in
function of element configuration, type and confafion of connections /
fixings) ?

o This question has not been much considered inwtbi&. The analysis
grid based on different categories of Applicatioeldis however accounts
for the importance of this parameter with a dedidatategory for
describing design configurations (Chapter I).

4) Which characteristics of the laminated glass produgroduct family (from
preliminary technical documentation) could be aoted for to select or
develop a suited experimental investigation progfanassessing their safety
and/or post-fracture performances ?

o Estimation of lower and upper strength of glassetheith regard to the
considered ranges of test conditions can be udefuldesigning test
configurations (Chapter II).

o The results of the reported TCT-tests campaign eanaple SG-laminate
give orders of magnitude of the response of a lgggntonfiguration,
which can be useful to design other test configomatwith this kind of
products. However, these results do not give (gonfiach more than an
order of magnitude... (Chapter V)

o The family of the interlayer product (thermoplastic elastomer) and
information about the characteristic temperaturestiae most useful for
situating individual test results with regard toagpplication scope for the
behaviour (Chapter IlI).

5) How to conciliate application and product-orienesgessment procedures, in
particular to keep the amount of requested tedtsimieasonable proportions
in regard to the identified application scopes AHo integrate vague and
evolving application scopes in assessment processparticular with regard
to particularities of adhesive polymer materials texms of mechanical
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6)

7

behaviour and influence of production processes tiogir mechanical
properties ? How to express and assess limits s$ilpe fields of use of
laminated safety glass products for structural apjiicat?

o Test configurations corresponding to an intermed@&tperimental scale
have a potential to act as an interface betweelegiroriented and
product-oriented experimental approaches. (ChaptendWa

Which material and structural models are applicdblecharacterizing the
contribution of interlayer materials to the respo$ fractured products and
systems, and how can the corresponding design pamariee calibrated or
validated ?

o There is no univocal response to this question.rélfeshowever a series
of aspects to consider in order to obtain quantigdtivelevant test results,
and which are related to the identification of smsr of systematic
uncertainties and related border effects (Chapter IV).

o It could appear useful to develop a third analygisl, similar in its
conception with the analysis grids with the EFFglahe AF's. Such an
analysis grid could serve as a supporting tool designing robust
numerical model configurations and for assessing thieéds for purpose,
among other by clarifying the (assessed) limitaigd to users. It could
then lead to define “families of model configuraisd identifying the
possibilities and limitations of combining diffetertypes of model
elements into more advanced numerical models. #&xjsected among
others that the sensitivity of (numerical) modet&l af experiments to
uncertainties and to propagation of errors for Kiigl of problem can be
possibly very different, according to the considered midedpproaches.
However, modelling issues have not been investigatddsmiork.

In summary, are the safety concepts, assessmentagppsoand calculation
methods developed for laminated glass products usedglazing unit
appropriate and transposable for the design aresssent of structural glass
works ?

o If this question has to get only a short answer, then themesps “no”...

VI.3.1. Multiple purposes of tests and assessment strategies

The debate is not so much about which experimegtle or configuration is the
most appropriate, but what are the advantages aad\@intages of each, how to
evaluate these, in order to determine how the d@iffeexperimental scales are
complementary with each other. Besides, other ésplean border effects have
to be considered; some are further discussed here.

There is little doubt that the different experin@nécales have complementary
functions in experimental assessment strategigmlyiner components. There
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are possible overlaps between different experinhesatdes, what means that for
some purposes, test methods at different experiiscates probably have the
potential to reach a similar level of global acoyta The complementarity grade
between tests at different scales can probably é&sared, and even improved,
by developing finer methods and analyses for djsishing the different types of
uncertainties and border effects, taking also ictmant technical limits or issues
specific to each test configuration for extending EFI’

Managing border effects related to time scalescaggspondence between short
term and long term behaviour, is certainly trickieat could be already partly
facilitated by a more accurate evaluation of theeptorder effects. Available
theories and experimental observations show tma¢-temperature and time-
stress equivalencies cannot be reduced to simplaft “Sunctions” for
thermorheological complex materials or in case migpessive physical ageing
during the loading duration. Besides it seems tinatdifferent types of ageing
effects can affect the bulk and interfacial projesrof the interlayer component
on differentiated ways.

It seems in general useful to make a clear distingh analysis between primary
(measured) and secondary (derived) experimental vasiablresults.

VI.3.2. Tests at intermediate scale : necessity and issues

A series of arguments has been given through tloik wn favour of tests at
intermediate scales for assessing the post-fragieréormances of laminated
glass, in the context of an ITT assessment strategy. Tresteall-size specimens
laminated glass are a particular sort of ‘interragzli experimental scales.
Associated issues were also identified, which Hasen expressed by means of
three types of border effects.

However, not only scientific arguments have to besaered. Some economic
arguments were already mentioned : reducing thes gefated to test specimens
and the amount of tests, in order to keep a balaateeen compliance to safety
requirements and development and assessment caistegard to identified

application scope(s) on the one hand and to redj@rerimental assessment
program on the other. Besides, selection of interaedexperimental scales
should account for a third aspect, namely the tody fulfill as intermediate (or

interface) configurations between the differentkskmlders, and accordingly
between different steps of the design process. €Thes issues of knowledge
transfer and are addressing different conceptaatéworks. This third aspect is
essential to understand the problem of the chdiceference test configurations
and test conditions, in particular in the conteitTol tests. A selected (initial)

1 Here mainly the geometric EFI's of specimens asd ¢onfigurations are considered...
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test configuration is not neutral when used for parmg mechanical properties
of interlayer materials or performances of lamidaggass products : this is an
unavoidable issue! However, the induced bias peacubiaa reference test

configuration on a comparison can be more or lessiful, according to the type

and extent of (unidentified) border effects in g, and the comprehension
each party has about. It is thus very comprehéntilat debates about this type
of questions, whether in the context of researcivities or technical committees,

are difficult and progress slowly.

These considerations can lead to associate theepobnof intermediate
experimental scale to a role of intermediary betwparties participating to the
design process and associated decisions; consgquet@rmediate experimental
scales should probably also be considered as ragesgermediate steps in
standardization and harmonization processes prayidhe framework and
support for designers and control bodies. Accafglindiscussions about most
suited assessment strategies and the associatedathpr accepted test methods
should account for this role of intermediary. A<lsutests at intermediate
experimental scales developed and conceived fdiT inassessment today, are
potentially validation tests for other (future) ITassessment strategies, which
would be based on more fundamental experimentaioappes (and thus more
general characterization of performances and pr@seofi products).

Similarly, a ‘simple’ ITT determines performancespooperties associated to the
use of simple design or calculation models, wheraasore advanced ITT
procedure involves the use of more complex mod€lgtrent technical guidance
documents established for technical committees in ehafrdeveloping European
product standards (CEN) and Guidelines for Technfgreements (EOTA)
promote the use of simple characteristic perforraarfor ITT characterization,
but it should not be considered as incompatible hwitegistration of
complementary test data usable for other purposetheadevelopment of more
advanced design techniques and calculation modelgwever, this implies a
close(r) collaboration grade between assessmentesmedirch activities, which is
not always compatible with the expectations or cemuial interests of
manufacturers (confidentiality of test results,...).

There are however conditions for any test confitjona considered as an
intermediate experimental scale to get a chanceplay such a role of
intermediary, which can be taken into account for experimental investigation
step by means of measures at two levels :

1) conception of test configurations and associatedsomrement methods : as
discussed above, it is possible to associate diffgparposes to similar or
identical test methods, which can possibly find ahoeinto a distinction
between primary and secondary experimental and urngragnt fields. An
example has been given in Chapter V for TCT-tegk®re applied force and
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crack opening were considered as primary measuitsmand delamination
lengths as potential secondary ones (which appedirally as non-
measurable in most of the considered test conditions...);

2) structuration of test reports and results analysigistinguishing test results
of primary and secondary level (respectively olgdiby direct measurement
and by derivation of direct measules This can be useful for different
purposes : distinction between different types ofder effects (namely
identifying sources of systematic deviations ooes), back-up for allowing
alternative analysis levels (in comparisons), mauglhpproaches or model
developments (dissociation of experimental and ntiodeissues), testing
different simplification techniques, etc. It is vable especially when test
results are not a few unique values, but more cexptquisition data sets,
and when successive processing steps are considetbdifanalysis.

With this kind of approaches, non-conventional testthods on structural

elements in laminated safety glass can be develajtbth a double strategy, for

experimental assessment of a project-specific demigl as a potential validation
test with regard to the development of alternatagsessment strategy of
properties of interlayer components and performaistéaminated glass products
and systems.

Above considerations on intermediate experimentales and intermediate
reporting and analysis levels can be completed fawastatements by Moore &
Turner (Moore and Turner 2001), about tests on rftb@plastic products in
general :

“[...] the translation of force into stress and dafmation into strain is a source
of errors and approximations, so much so, that thegformed results may bear
little relation to the fundamental properties”

“[...] experimental results and quoted property dateould not be divorced from
the storage history of the test specimen. [...] paiment, sample, specimens
and test procedure should be regarded as a singfigdyeand no property datum
in isolation should be regarded as a unique characterizunantjty.”

“The main subsequent difficulty rests on how resolbtained in non-standard
procedures may be utilized safely in a wider canteRere they may be at
variance with corresponding data from a standarst.teldeally, the issue should
be resolved by open debate but there are many ipahobbstacles to such
cooperative and collective activity.”

2 This type of distinction could also be based onasmeement accuracy of the individual
parameter, and their effect on the global accuracy.
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This last thought can thus be completed : issuistngrwhen comparing results
from tests at different experimental scales shdigldresolved by open debates,
which certainly can be supported by appropriate analydisegorting methods.

VI.3.3. TCT-tests : most suitable intermediate experimental scale ?

TCT-tests on small specimens laminated glass appsaa convenient test
configuration for investigating the time-temperatageing dependent mechanical
performances of interlayer ligaments in fracturgd-I8minates. The TCT-test
configuration is judged as a potentially suitabigeximental configuration for
making a characterization of the ligament respynmevided that the assumption
that it has not been significantly damatby the event which led to the fractured
state can be accepted, and that size effects amgmificant or can be quantified.
Different border effects were identified and a tficggiantitative estimation has
been done for a series of them; Table VI.1 giveowrview of experimental
issues for TCT-tests by means of the analysis grid deselimpChapter V.

A validated expression of the mechanical behavaiuhis level should allow to
use it in simple structural models for fractureceneénts, by considering
(simplified) critical fractured configurations coming rigid segments (in units
working as linear elements) or fragments (planameints) separated by TCT-
sections where the ligament behaviour can be iedéntorder to take over tensile
efforts.

The suitability of TCT-tests in an assessment efsatcan be addressed with
respect to two different questions : how to compléte assessment of post-
fracture performances of SG-laminates on the omal,hand how to apply and
develop similar method to other interlayer materialshenather ?

For assessment of ligament properties in SG-lamdnatifferent complementary
development axes seem possible :

e [or the considered interlayer configuration (fixbatkness), it is suggested to
pursuit the investigation of ageing effects forfaliént initial ageing states.
The initial ageing state at the beginning of thelH€st can be modified by
different pre-treatments (annealing effect,...). Hoeve it does not seem
straightforward to specify a limited set of thermahanical pre-treatments to
identify and represent limits to possible variation raofgstate of the polymer
component during service conditions. The choicgreftreatments will be
confronted to the duality of approaches on the samg than for artificial

3 The considered expression is a relation betwesapplied force by unit of (crack) width and the
opening of the pre-cracked section (crack openseg,Chapter Il and Chapter V.

4 Accounting for the three supplementary componedesitified for describing the level of
physical damage of an element (the initial delatdmalengths and the two ageing states
functions).
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ageing tests, between application oriented exposcwaditions, and
investigation of product/material sensitivity topgsure conditions. For such
experimental campaigns, it seems useful to stikfee some test series with
TCT-specimens of two different widths, in orderuverify that edge effects
(border effects due to geometry of TCT-specimems) reot increasing too
significantly for different pre-treatment/testing caiatis;

e The assessment can be completed by means of testdifferent
configurations of interlayer component (other thiekses; other adhesion
level/processing conditions). The amount of completary tests for each
variation of EFI can be kept under control by sttecthe order of tests
within an incremental strategy.

e Ligament models could be developed by means of EST-results, and
should be validated by comparing the behaviour wihults of tests at
element scale (for instance creep tests on frattelements), including tests
on more complex laminated glass products, namelyeshspecimens with
dimensions and composition closer to the ones fmestructural components
(with more than 2 glass sheets). For this process to be ¢eddwxzcessfully,
proposed analysis grids can be a useful tool (tthéu develop...) for the
identification of experimental border effects.

The assessment of ligament performances of otherldger materials can
probably be investigated by similar approaches, lewthe reference geometry
and production process of the TCT-specimen shoeldcdnsidered carefully.
Some border effects between TCT-specimens andrlaegé specimens could
have another order of magnitude in comparison BiBilaminates, in particular
for products fabricated by means of different laation processes (cast-in-place
interlayers,...), and also vary with changes of tgsticonditions. It is
recommended to start with short test series for armaponent geometry (one
thickness), with two widths of TCT-specimens, andampare results with tests
on larger elements (element scale), before laugamiore extensive experimental
programs TCT-tests. In fact, it could appear thegr@ative test configurations
are required in complement to the TCT-test for cetipg or extending a
characterization procedure, or that these constltatter alternatives to the TCT-
test configuration for characterizing TCT load sfm mechanism with regard to
specifically considered application scopes.

Developing ligament models for different interlay@wmponents is one thing.
Assessing the application scope of such modelgnmg of application scopes
(with regard to the different categories of Applioa Fields) is another one : this
addresses the question how representative the ctasdiguration used for
investigating the ligament behaviour is in comparigo formed ligaments in
other fractured configurations. It is thus necgssardetermine further criteria,
possibly based on measurement or test methods, #didating this
correspondence.
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Table VI.1 — Experimental Fields of Investigation TCT-tests

Experimental
Field of Investigation

Main points of attention with regard to testing
ranges, extension possibilitiesand limits

Specimen : Material

- limits for glazing sheetsnealed float glass
- limits for interlayer : not damaged by the pre-
cracking step of the glass sheets; edges not (too)
sensitive to ambient air (storage / test condidions

Specimen : Geometry

‘simple’ laminated glass unifth

- limited total thickness and limited widt& jaws
- length large enough for fixing the specimen o th
testing machine without damaging the glass sheet

Specimen : Processing

variable border effects plessiue to production
method of the specimens (lamination, cutting...) a
storage conditions between processing and test

Specimen :
Pre-treatment, Conditioning

- initial state of TCT-specimen related to :
# pre-cracking step : initial delamination length
# thermo-mechanical history : initial ageing stat
- equipment of specimen for fixing on the testing
machine and for optical measurements

Test configuration :
Basic device

- universal testing machine, equipped with appeaip
grips (jaws)
- climatic chamber> pull-rods for grips required

Test configuration : Geomett

\geometry range limited by grips type and loading
capacity range

- thickness glass sheets large enough for loadfean

]

Test configuration :
Loading configuration

uniaxial tensile loading state depends on :

- system for load transfer in grips

+ distance to pre-cracked section + stiffness liayer
- alignment specimen in testing machine

Test configuration :
Control mode, Loading rangg

- steering modes limited by tensile machine + grip
2- loading range limited by tensile machine + load g

Uy

Test configuration :
Measurement methods and
measurement configuration

- compatibility / precision> testing conditions (with

climatic chamber), loading rate and range

- acquisition frequency> loading mode / range

- calibration—> loading / deformation ranges and ra
+ test conditions (with climatic chamber)

- synchronisation of optical measures with main

acquisition system (load,...)

measurement method and calibration (deformations) :

tes

Test conditions :
temperature,...

- temperature range : constraints on all other €FI’
- lighting conditions for optical measures in
combination with a climatic chamber

VI.3 Conclusions and perspectives
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VI1.4. Perspectives for further research

Different trails have been proposed above for cotidg experimental campaigns
relying on combinations of mechanical tests ated#ht experimental scales,
within an incremental assessment strategy.

Not much has been said on development of modelssafety concepts, in
particular with regard to ‘harmonization’ purposaentioned in the first chapter.
It is clear that developments in these fields amfepably conducted in close
relationship with development of experimental irigegtion methods. This
would help to keep a balance between achievableeamdred precision levels in
tests and in models, and to specify reasonabldsléuweregard to considered
application scopes and design practice. Compayilufi use between test results
and models for design practice should also be further adttes$-or that purpose,
developing a consistent but flexible framework thog expression of uncertainties
together with analysis tools for dealing with prgation of uncertainties could be
valuable for accompanying further research effortdlternative to ‘heavy’
methods assuming (or requiring) that every unaagais determined on a
statistical basis could be provided by methods mndels based on fuzzy logic,
allowing to perform analysis of propagation of umamties with no need for
statistically relevant data.

So far only destructive experimental investigatmathods have been considered
and discussed. Non-destructive methods for meagthimadhesion level and the
state of the interlayer component would be usefgpecially if they could be
applied at the level of ligaments in fractured stai@sobtaining measurements in
relation with parametersg,, S, (t) and Sa,B(t)). In fact, if the physical/damage
state of the ligament represented by these thneesreders could be quantified by
direct non-destructive measurement, it would allowdissociate the description
of the state from the causes, namely from the thanmchanical history. Such a
measurement method would be useful among otheretgept to be too intrusive
in the description and control of the productiongasses and interlayer material
chemistry. However, it is uncertain whether measergntechniques exist that
are potentially applicable in this perspective.

Notwithstanding the various issues possibly sumabhty further research, and in
particular by means of further experimental in\gzgions, it seems useful to take
into account the evolutions in standardization ttgy@ents at a relative early
stage, in order to facilitate the valorisation of findiinge design practice.
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VL.5. About research, harmonization and implementation

It is clear that the development of an “integrasatkty approach” (Bos 2009) for
design of structural glass constructions requinessupport of coordinated efforts
in developing compatible experimental methods, waton models and safety
concepts. In that regard, the assessment of pastifea performances of
laminated safety glass products and systems addressential issues. However,
these can probably not be supported by only moseareh in this field, but
require also more coordination between differeseagch initiatives and better
integration of research processes. It is not defit to want to promote
collaborative dynamics, it is necessary to think about theharésms and policies
promoting such dynamics and making them attractive fonadlved parties.

The development of “harmonized” standardizationhis field is confronted to a
variety of interests and expectations, among whiahtiqular industrial and
national interests are not the less important & dhgoing debates. However,
acknowledging the existence of different interestould not overlook other
aspects, and in particular sources of misunderstgndSome misunderstandings
are caused by the state of development of the Earopstandardization
framework, its relative complexity, and the lack ofmprehension and visibility
of standardization processes and implementatiatesfies (especially for parties
not closely involved in their development). In partar, there seems still to exist
relatively little practical understanding about ftieadamental philosophy of the
“performance-based approach” promoted by Europé@actives and regulations,
and in particular about the practical implicatiohsould or should have on the
way research is conducted, structured and repottedther words, the European
standardization framework embodied successivelythey CPD and the CPR,
while appearing rather powerful and robust in iaeption, seems weakened
essentially because it is nassimilatedto a sufficient degree. It seems in
particular necessary for researchers to develop uiciently detailed
understanding of these aspects, in order for thensujgport its consistent
development and anticipating problems and questikaly to arise at the various
steps of the implementation path.

The range and significance level of some speci@inatof technical guidelines
seems often giving rise to misunderstandings, |lgpttirtoo strict interpretations
of specifications of some reference documents. iBitisss are missed to do one
step back, namely choosing guidelines of a morergéapplication level as main
reference (as for instance consider EOTA Guidanceuments above ETAG'S,
etc.), and to reinterpret some principles indepetiglesf the already derived
application rules when it appears as necessary.

It is probably also useful to keep in mind that egltre polymers and interlayers
are a category of products of which production psses are much more flexible
than for other ‘structural materials’ they are useith, such as glass and steel
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products. Float glass products and hot-rolled gieafiles are obtained in large
volumes by heavy industrial production processdschivare not easily modified,
whereas in comparison many polymers used as aghgsiducts are produced in
smaller quantities, and the production processesnaih more easily, and more
often adapted. This is probably also an importapgeat to account for for
developing appropriate assessment strategies.

It is also necessary to acknowledge and to not nestimate the difficulties
structural engineers have with polymer mechaniak refated models, and with
classification of polymer product families, espdgialith polymer adhesives. In
fact, these products fall outside our implicit refeze conceptual framework,
namely based on small strain theories and solidhamcs. In that regard, the
concept of ‘intermediate scales’ as intermediarytwben stakeholders, in
particular between manufacturers and designersjlghioe considered. This
could be already a subject of reflection to stadidation committees, to allow
establishing test standards or guidelines for émpmrtal investigation and
assessment methods which could be implementablerebafomplete design
models are available and validated. In this waydpetion and share of quality
experimental data would be encouraged, which se@nelaminary requirement
for the development of robust assessment methatisaoulation models, taking
into account that the development of calculationdet® for non-standard
applications in buildings is a fragmented and progregsivocess.

It seems difficult to propose here more concretiéstedoout how to deal with such
issues, which remain quite subjective in nature.veXbeless, it seems very
useful to encourage more initiatives for improvinger-disciplinary approaches
in standardization and research activities; hoheftan this work contribute to
forthcoming reflections and developments in that dioect.
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Appendix A - Details of the experimental campaign SG35

This appendix gives a more detailed overview of ¢haracteristics of each test
specimen and complementary TCT-test results belgntp the experimental
campaign SG35 reported in Chapter V.

Explanations and details given in the main textuakihe preparation of the
specimens and about the test configurations andittamms are not duplicated in
this appendix.

Table Al details individual data for each TCT-tegecimen and follows the
numbering order of individual specimens.

Table A2 and Table A3 regroup key data and resylttest series, respectively
for the cdr-tests and for the creep tests.
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Table A1 — Overview of characteristics of test speas

Wide specimens (b =50 mm)

Specimen |width thickness |prepared on |tested on statute test series

b,ave t,ave nr. loading |testtemp.

[mm] [mm] mode [°C]
SG35-01 51.0 0.87 9/03/2012 9/03/2012|failed s1(a0) cdr 20
SG35-02 50.4 0.87 9/03/2012 9/03/2012|failed
SG35-03 50.7 0.85 9/03/2012| 12/03/2012
SG35-04 50.4 0.87| 12/03/2012| 12/03/2012
SG35-05 50.4 0.87| 12/03/2012| 12/03/2012
SG35-06 50.4 0.86] 12/03/2012| 12/03/2012
SG35-07 50.6 0.86] 30/03/2012| 30/03/2012 s2(a0) creep 20
SG35-08 50.5 0.87| 30/03/2012 2/04/2012
SG35-09 50.5 0.87 5/04/2012 5/04/2012
SG35-10 49.4 0.86 5/04/2012 5/04/2012
SG35-11 49.1 0.87| 24/04/2012| 24/04/2012|rejected |s3 cdr 60
SG35-12 48.6 0.85| 11/05/2012| 11/05/2012 s2(a0) creep 20
SG35-13 49.2 0.84| 21/05/2012| 21/05/2012 s3 cdr 60
SG35-14 49.2 0.86] 21/05/2012| 21/05/2012
SG35-15 48.6 0.85| 21/05/2012| 21/05/2012
SG35-16 49.4 0.86] 21/05/2012| 21/05/2012 s4 creep 60
SG35-17 49.4 0.86] 21/05/2012| 21/05/2012|limit
SG35-18 49.4 0.87| 22/05/2012| 13/06/2012 s5 cdr 40
SG35-19 49.2 0.85| 13/06/2012| 13/06/2012
SG35-20 49.2 0.86| 13/06/2012| 13/06/2012
SG35-21 49.5 0.86] 20/06/2012| 20/06/2012 s6 creep 40
SG35-22 48.6 0.86| 21/06/2012| 21/06/2012
SG35-23 49.9 0.87| 31/07/2012| 31/07/2012|failed s5 cdr 40
SG35-24 49.4 0.86| 31/07/2012| 31/07/2012
SG35-25 49.4 0.85| 31/07/2012| 31/07/2012
SG35-26 48.5 0.85| 31/07/2012| 31/07/2012 s3 cdr 60
SG35-27 49.4 0.87| 31/07/2012| 31/07/2012
SG35-28 50.0 0.85| 17/08/2012| 17/08/2012 s6 creep 40
SG35-29 50.0 0.87| 19/08/2012| 19/08/2012|failed
SG35-30 49.2 0.87| 20/08/2012| 20/08/2012
Notes :

- the value of the width is an average value of thivect measurements performed with a
(sliding) calliper above and below the initial prexcked section; the value of the
thickness of the interlayer is a derived valueguiated from the average of four direct
measurements of the total thickness of the specabexe and below the initial pre-
cracked section and along each lateral edge, peefdmwith a micrometric calliper, and by
withdrawing the thickness of the individual glassnponents taken equal to 3.85 mm (see

Chapter V paragraph V.2.2).
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Table Al (continued) — Overview of characteristi€$est specimens

Specimen |width thickness |prepared on |tested on statute test series
b,ave t,ave nr. loading |testtemp.
[mm] [mm] mode [°C]
$G35-31 49.5 0.85  3/09/2012 3/09/2012 s7 cdr 0
$G35-32 49.3 0.86] 3/09/2012 3/09/2012
$G35-33 49.2 0.86]  3/09/2012 3/09/2012
SG35-34 49.5 0.85] 3/09/2012| 4/09/2012|rejected [s9 cdr -20
SG35-35 49.5 0.85] 3/09/2012| 4/09/2012|rejected
SG35-36 50.1 0.85] 3/09/2012]  4/09/2012|rejected
SG35-37 50.1 0.85] 3/09/2012| 4/09/2012|failed s8 creep 0
SG35-38 48.5 0.87| 4/09/2012|  4/09/2012
$G35-39 49.2 0.86] 4/09/2012|  4/09/2012|failed
SG35-40 49.5 0.86] 4/09/2012 5/09/2012
SG35-41 49.5 0.86] 5/09/2012 5/09/2012
SG35-42 49.4 0.87) 5/09/2012] 12/09/2012 s2(al) creep 20
$G35-43 49.5 0.86] 6/09/2012| 14/09/2012 s1(al) cdr 20
SG35-44 49.4 0.86| *19/09/2012 7/12/2012
SG35-45 49.4 0.87] *19/09/2012 7/12/2012
SG35-46 48.5 0.87] *19/09/2012| 10/12/2012 s1(a2) cdr 20
SG35-47 49.2 0.87) 7/12/2012| 10/12/2012
SG35-48 48.5 0.87] 29/03/2013| 12/04/2014|failed s2(a3) creep 20
SG35-49 49.4 0.86] 30/03/2013 1/04/2013
SG35-50 49.4 0.86] 12/04/2013| 12/04/2013|limit
SG35-51 49.3 0.85] 14/04/2013| 14/04/2013
Narrow specimens (b =30 mm)
Specimen |width thickness [prepared on |tested on statute test series
b,ave t,ave nr. loading [test temp.
[mm] [mm] mode [°C]
SG35-55 29.3 0.86| 7/06/2012 7/06/2012 slb cdr 20
SG35-56 29.4 0.86| 7/06/2012 7/06/2012
SG35-57 30.0 0.85| 7/06/2012 7/06/2012
SG35-58 29.4 0.83| 29/03/2013| 30/03/2013 s2b(a3) creep 20
$G35-59 29.4 0.84| 29/03/2013 1/04/2013
$G35-60 30.0 0.86| 12/04/2013| 12/04/2013

Notes (continued) :

- the preparation date corresponds to the momeanite initial cracks were made (see
Chapter V paragraph V.2.2) (a * indicates specinwmish initial cracks have been
“refreshed” shortly before the test by bendinggpecimen again as during the

preparation step); the test date indicates wheif @iBtest has been started.

- statute : “failed test” is used when an obviaaitufe is detected during the test, making
the test results totally or partially irrelevantram-usable; “rejected test” is used when no
obvious failure is detected but the test resultsevigdged non reliable during the analysis

step (see also Chapter V paragraph V.3.2); “ligst'tindicate when some potentially
significant issue has been detected but the resllilhas used by lack of alternative.
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Table A2 — Overview of test results (key numbersjdr-test series

Parameters test Test results
Series |T Specimen v \Y logv endtest |F,max [t(F,max) |log(t) Failure F,ss
[°C] [mm/min]{[mm/sec] [[mm/s] [N] [s] [s] mode [N]

TCT-SG35-31 0.1] 0.0016667| -2.778|breakage 1612 262| 2.4183|CP

s7 0 TCT-SG35-32 0.01| 0.0001667| -3.778|breakage 1467 2454  3.3899|RD > CP 1235
TCT-SG35-33 1] 0.0166667| -1.778|breakage 1760) 26.5| 1.4232|CP
TCT-SG35-03 1] 0.0166667| -1.778|stopped 1241 31.4] 1.4969|CP

s1(a0) |20 TCT-SG35-04 0.01| 0.0001667| -3.778|stopped 922 3458 3.5388|RD (> CP) 835
TCT-SG35-05 10] 0.1666667| -0.778|stopped 1439 5.1] 0.7076|CP
TCT-SG35-06 100] 1.6666667| 0.222|breakage 1632] 4.2] 0.6232|CP
TCT-SG35-43 0.1] 0.0016667| -2.778|stopped 1291 162.6| 2.2111|RD 1045

sl(al) |20 TCT-SG35-44 0.01| 0.0001667| -3.778|stopped 1137 1249 3.0966|RD 865
TCT-SG35-45 1] 0.0166667| -1.778|stopped 1528| 15.9] 1.2014{RD 1160

s1(a2) |20 TCT-SG35-46 0.01} 0.0001667| -3.778stopped 1035 2780 3.4440(RD 900
TCT-SG35-47 1] 0.0166667| -1.778|breakage 1442| 16.4| 1.2148|RD >CP
TCT-SG35-18 1] 0.0166667| -1.778|stopped 570 16.5| 1.2175|RD 522
TCT-SG35-19 10} 0.1666667| -0.778|stopped 963 1.4 0.1461{RD 714

s5 40  [TCT-SG35-20 0.01} 0.0001667| -3.778stopped 389 83167 4.9200(RD 389
TCT-SG35-24 0.1 0.0016667| -2.778|stopped 460 1067| 3.0282|RD 460
TCT-SG35-25 3.162 0.0527| -1.278|stopped 786 3.7] 0.5682|RD 620
TCT-SG35-13 0.01| 0.0001667| -3.778|stopped 121] 1127 3.0519|RD 116
TCT-SG35-14 10] 0.1666667| -0.778|stopped 345 1.2| 0.0792|RD 272

s3 60 TCT-SG35-15 1] 0.0166667| -1.778|stopped 190 13.5| 1.1303|RD 166
TCT-SG35-26 3.162 0.0527| -1.278|stopped 247 6.1 0.7853|RD 227
TCT-SG35-27 0.1] 0.0016667| -2.778|stopped 140 106f 2.0253|RD 120
TCT-SG35-55 1| 0.0166667| -1.778|breakage 889 11.2| 1.0492|CP

slb 20 TCT-SG35-56 0.01| 0.0001667| -3.778|stopped 636 710] 2.8513|CP
TCT-SG35-57 10| 0.1666667| -0.778|breakage 1005 1.3| 0.1139|CP

Legend cdr-tests (Table A2) :

Y : applied displacement rate (measured at thal @fvthe displacement of the

transversal beam of the testing device)
end test : indicates whether the test is stoppéare the ligament breakage or not
F,max : measured value of the peak force
F,ss : measured value of the steady-state fonoga@e of RD failure pattern)

Legend creep tests (Table A3) :

F,cr : applied value of the creep load
FPdXX : characteristic point of a creep curve esponding to an opening of the
initial crack equal to X,X mm

BP : breakage point
t() : time-to-failure of a characteristic point
dr() : crack opening rate (determined with a greal tangent to the creep curve

through the characteristic point considered)
d(BP) : deformation level at breakage (measuradkcopening)

TCT-SG35-39* : test failed by shortage of coolamtty early part of the creep curve is ok
TCT-SG35-29* : test stopped earlier because ofistgéssues (resonance loading device)
TCT-SG35-17* : test is considered “limit” becaugenitiation loading step and resulting

short time values for a creep test
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Table A3 — Overview of test results (key numbersjreep-test series
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