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Abstract

In construction industry, laminated glass is maré more used for transparent load-
bearing building components. It is known that tegidual load-carrying capacity after
glass breakage of glass/PVB (polyvinyl butyral) liaates is relatively poor, mainly due
to the limited stiffness and strength of PVB. Huattreason, the failure behaviour of
laminates composed with a stiffer and strongerlayer material, called SentryGfas
Plus (SGP), was investigated experimentally. Comsetly, 1100 mm long test samples
composed of two annealed float glass layers ands@te interlayer were subjected to
destructive in-plane four-points bending tests.segoently, different stages were
distinguished during the failure process, corresjpunto a different number of broken
glass layers. In spite of the relatively good ilatger material properties and in
contradiction to what was expected, the observetHadure safety was poor.
However, the failure mechanisms observed werefgignily different from those of
glass/PVB beams: due to a lack of local delaminatiear the glass fracture zone, tear

of the SGP interlayer occurred without precedingdavisual interlayer elongations.
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1. Introduction

Corresponding to a general trend to create a leigtl bf transparency in building
architecture, the number of load-bearing glassiegpdns has been growing
significantly during the last decade. For safegsmns, the use of laminated glass,
defined as a sandwich structure of alternatingsgensl adhesive interlayers, is
generally accepted for such applications.

By far the most used interlayer material is polyVinutyral (PVB), a relatively soft,
viscoelastic polymer available as a thin film. Heee alternative materials with
different properties exist, such as Sentry&lakis (SGP), an interlayer originally
developed to increase the hurricane resistancenafomw glazing. To allow a
comparison, Table 1 provides some relevant praggedi both materials. Due to its
relatively high stiffness and strength, SGP is galhebelieved to be a promising
interlayer for structural glass applications aslwel

In addition to normal unbroken conditions that @seally considered in design, also the
post-breakage behaviour in terms of residual stherstiffness and load-bearing
capacity is of utmost importance to guarantee apable level of safety, especially
for structural glass applications. For two-sidegmarting conditions, two basic loading
cases should be distinguished, namely glass loaslacblate (i.e. perpendicularly to its

surface) and loaded as a beam (i.e. parallel suiface), as depicted in Fig. 1.
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Fig. 1. Basic loading situations for laminated glag) as a plate; (b) as a beam; and (c-d) caneipg

longitudinal cross-sections during loading (chamdeedges are neglected in sketches)

For plate applications (Fig. 1 a), amongst othessp¢r [1] and Behr et al. [2] have
shown that the interlayer plays a major role inrtfechanical behaviour (bending) of an
unbroken glass laminate, as it is subjected tafsignt shear stresses (Fig. 1 ¢). The
post-breakage behaviour of laminated glass plasdbien investigated by Bennison et
al. [3], Seshadri et al. [4] and Kott [5]. Varyitmad cases and supporting conditions
have been studied, but those works have beenctestto PVB laminates.

Kott [5] defined three stages, each of which cquoesls to a certain level of
accumulated damage to a laminate consisting ofgtess sheets and one PVB
interlayer. Stage | represents a situation in whialglass breakage occurred:
compressive (C) and tensile (T) bending stressiloligions in the glass depend on the

shear modulus of the PVB. In the next stage (stidgene of both glass sheets is
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broken, and tensile bending stresses are takerynfameven only) by the remaining
unbroken glass layer. Subsequently, stage Ill epoeds to the situation in which both
glass layers are broken in the same cross-sectiompressive stresses can still be
transferred between the pieces of broken glasdehstle stresses have to be resisted by
the interlayer only. Finally, tear of the interlayeads to a complete collapse of the
laminate.

A schematic representation including compressiyea(@ tensile (T) stresses is given

in Fig. 2.
c c - C
= ——qglass
U T
éinterlayer
< © ——qglass ©
T T
Stage | Stage Stage llI

Fig. 2. Three stages in the failure process ofrarated plate composed of two glass sheets and one

interlayer (in the example shown, the upper shemkebfirst, e.g. due to a hard body impact)

Bucak et al. [6] have reported on post-failuresestglass/SGP laminated plates and
more recently Kott’s principles have been furtheveloped and applied to annealed
laminated glass plates with a SGP interlayer atnrtamperature by Depauw [7], Belis
et al. [8] and Delincé et al. [9].

However, for laminated glass loaded as a beare, tesearch on post-breakage
behaviour has been reported on in literature. Notdw in this context is the report
published by Hess [10], who destructively testeg@es of full-size laminated

glass/PVB beams.
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Consequently, taking into account 1) the growingmsicance of load-bearing glass
constructions in contemporary architecture, 2)iigl importance of residual capacity
after glass breakage, and 3) the lack of infornmagibout this topic for glass beams in
general and glass/SGP beams in particular, an iexpetal investigation is presented
below on the post-breakage behaviour of laminatasisgoeams with an SGP interlayer.
The main objective of this research is to acquasibinsights in the failure

mechanisms and residual capacity of glass/SGP batroem temperature.

2. Materials

Two different kinds of testing materials are presdnthe first being SGP samples to
study the interlayer behaviour and the second latethglass specimens to investigate
the overall post-breakage behaviour and failurehaeisms.

2.1 Interlayer

Initially, 25 T-bone shaped samples have been eetlefrom a sheet of SGP
according to EN ISO 527-2 [11], as illustrated ig.RB. The nominal thickness of the

sheet was 1.52 mm and the mean measured thickiasss.67 mm.

reference marks

1251 [4+01

20+0.5

>75

Fig. 3. Basic shape and main sizes of SGP samptbfor uniaxial tensile tests [mm] (for more dtai

see EN ISO 572-2 [11])

T SGP 2000 was used for the tests. However, atrtteedf writing a more recent version called SGPG00
was released [12].
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2.2 Laminates

In addition, 24 laminated glass pieces with a camshominal length of 1100 mm have
been tested, divided in three series accordingew hominal height (h) (120 mm, 150

mm and 200 mm). Each test specimen consisted ofla#s sheets with an individual

nominal thickness (a) of 6 mm, and one SGP 20@layter of 1.52 mm thick (t)

(nominal value). An overview is provided in Table 2

3. Experimental methods and results

The methods and results of the experiments on aepsamples of SGP and on the
laminates described above, are presented belofarAlse laminated beams, analogous
failure stages are used to those proposed by EBptbf laminated plates: stage |
corresponds to an unbroken situation, while staged Il refer to a situation in which
respectively one and two glass sheets are broken.

3.1 Interlayer

As the interlayer of a broken glass laminate wiNiously be subjected to significant
tensile stresses during the failure process, ualigansile tests have been conducted to
estimate the basic material response to such tyjoading. Even if this type of tests
will not be sufficient to build a complete rheologi material model, it was expected to
provide valuable stress-strain data which corredgorsome extent to the loading
situation expected during failure of a laminate.

All tensile tests have been executed on an ING8&9 universal testing machine under
controlled temperature (20+/-1° C) and relative hdity (54 % to 65 %) conditions.

Using a video extensometer, strains are deduced dgatical displacement

6/24



measurements between two reference marks on th@esarirurthermore, loads are
directly measured by an integrated load cell.

Taking into account the dependency of the mechhresaonse of SGP on the load
duration [6], five different loading speeds havemadopted from EN ISO 527-1 [13].
An overview of the loading speeds (s) and mearssts&rain data for yielding (y) and
ultimate (u) states is presented in Table 3. Thmeesponding stress-strain curves are

depicted in Fig. 4.

stress [N/mm?]

A0 T
354
304
25
20 1 k\ i
e 5 100 mm/min
R
50 mm/min
L T P S
I 20 mm/min
5
| strain [%]
0 T T T T T T T 1
0 50 100 150 200 250 300 350 400

Fig. 4. Stress-strain curves of SGP 2000 samplgectied to uniaxial tensile tests at room tempeeatu

3.2. Beams

As no standardised testing procedure exists fasgh@ams, the supporting and loading
conditions of the test setup used were inspired btandard four-points bending test for
glass plates, described in EN 1288-3 [14]. In aoldjtfour lateral supports (provided
with Mylar contact layers to prevent friction) weadded on both sides to prevent

buckling, as depicted in Fig. 5.
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Fig. 5. Schematic overview of four-points bendiagttsetup for in-plane bending

The data acquired consisted of the load (F), obthby a load cell, and the vertical
displacements (w) of the upper rim at mid spartiradly to the supports, obtained by
linear variable differential transducers (LVDT).& mean results of the ultimate loads

(Fu) and relative displacements vare presented in Table 4.

4. Discussion

4.1 Interlayer

As was illustrated in Fig. 4, the uniaxial tendédsts on SGP samples revealed an elasto-
plastic behaviour which is dependent on the loadpeed: higher loading speeds
correspond to higher yielding stresses and monequiaced elongations during

yielding. However, the loading speed did not sigatftly influence the failure strength,

of which the obtained values correspond well torttagerial data provided by the

manufacturer (Table 1). With the exception of g4 performed at the highest loading
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speed, the average elongation at failure (appraein@50 %) was a bit lower than
expected (400 %, see Table 1). Initial yieldinguroed at stress levels between 21
N/mm2 and 25 N/mmz2 and corresponded to clearlyolesnecking of the sample’s
cross-section, which was further extended alondethgth of the sample as the strain

increased (this corresponds to the horizontal mdirise curves in Fig. 4).

4.2. Stage |

Stage | corresponds to the unbroken state. Themnspes with a height of 120 mm and
150 mm were loaded in the test setup describedeal#m/depicted in Fig. 6, the
measured deflections increased almost linearly imitheasing load (F) until brittle

fracture occurred in one of the glass sheets.

F [kN]

j _—

w[mm]

0 0,2 0,4 0,6 0,8 1 1,2

Fig. 6. Typical load (F) - deflection (w) curvestage | (sample 120_2)

Subsequently, fracture of one glass sheet, depict@€elg. 7 (b)), was for most cases
immediately followed by fracture of the other irettame section, as illustrated in (Fig.
7 (c)). This could be easily understood: as sodhaséirst fracture appeared, the load
was transferred to the remaining sheet, which auresgtly became overloaded and

broke. Due to this chain reaction, stage | was idiately followed by stage IlI.
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However, glass fracture did not always appearéztine of maximal bending
moments, but in the area where high stress coratentrfactors occurred because
tensile stresses coincided with randomly distridgerface flaws. These flaws are well
known for glass, and were mainly the result of naeatal edge treatments (polishing in

this case). Consequently, for this stage the géassile strength was the determining

factor, depending on manufacturing process andrgaustory.

Fig. 7. Example of fracture sequence (sample 15Fap)Unbroken state; (b) Fracture of first glalsset;

(c) Immediate fracture of the second glass shéwetiffareaction)

In the design is generally assumed that the losslsaried by the glass sheets and the
interlayer material could be neglected. The testlte confirmed that this is an
acceptable assumption.

However, the measured deflection was larger tharcdiculated value due to different
reasons. One possible reason may be unequal kxasfdr to both glass sheets, caused
by laminating tolerances, which allow a limitedfeience in height of both sheets, as

illustrated in Fig. 8.
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IaminatingJ—
tolerance 1

Fig. 8. Principle of unequal load transfer to bgldss sheets due to laminating tolerances: (ajpdeld

situation; (b) intermediate situation with loadnséer through interlayer; (c) final situation

4.3 Stage Il

Stage Il applies when only one of the glass shedisoken. In general, due to the chain
reaction, this stage is absent when an unbrokem liebbaded. However, stage Il is
more likely to happen due to different causes, sisch hard body impact.
Consequently, this stage is also important forésedual strength and structural safety
of the beam. To investigate this stage, a singlekcat mid span was made in one glass
sheet of each of the 200 mm high beams prior tdetbis.

Again, a linear load-deflection relationship wasetved until brittle fracture occured.
Crack initiations did always occur in the centreéhad beam span, corresponding to the
location where the initial single crack in the atgiass sheet had been made: the initial
weakening of the specimens seemed to be signiferamigh to determine the position

of fracture.
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The corresponding failure stress level in this stags approximately 60% of that
expected in stage I. In other words, the failuresst level was approximately 20%
higher than the expected stress level for one glasst. Consequently, the SGP
interlayer seemed to be able to transfer (at leadially) the compressive stresses that
appeared between both pieces of the originallydmakas sheet, increasing the residual
resistance of the damaged laminate. Again, the unedsleflections were slightly

underestimated by elastic theory.

4.4 Stage Il

Stage Il studied for all test specimens, is vanplex and ambiguous due to the large
variety of crack origins, crack patterns and latelamination effects. After breakage of
the second glass sheet the load decreased tdiaalgléow level (typically between 2

kN and 3 kN) before the broken glass pieces madtacband started to build up
compressive stresses again. Subsequently, theslighdy increased again and after
reaching a (sometimes barely noticeable) maximudedreased significantly (to less

then 0.3 kN).

contact pressure between broken glass pieces

rupture of interlayer

w [mm]

Fig. 9. Typical load (F) - deflection (w) curvestage Ill (sample 150_4)
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Finally, an A-shaped gap appeared at the bottomrenthe SGP was fissured and large
deflections were measured, as illustrated in Fig.This was the case for the specimens
with a height of 150 mm and 200 mm. However, wlesting the 120 mm high beams,
the opening immediately appeared after breakagigeasecond sheet. Again, low load
levels caused large deflections. As deformationeessed, all beams finally failed due
to tearing of the entire foil. As a result of thiglhadhesion of SGP to glass, local
delamination around the crack origin was limitedy(R1) and the interlayer endured a
large local deformation leading to fissuring. Cansantly, the residual strength was

lower than expected.

Fig. 10. Example of fissured SGP (specimen 150_5)
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Fig. 11. Example of teared SGP and typically lichitecal delamination at crack origin

4.5 Comparison between glass/SGP and glass/PVB besam

4.5.1 Role of the interlayer

The glass breakage chain reaction observed heggass/SGP beams is very similar to
what has been observed by other authors studyass/VB beams [10]. Consequently,
the failure load depends mainly on the beam edgjksd strength and not on the
interlayer used. However, this situation would aj&if lateral buckling were possible,
because that would involve bending along the we@kand consequent shear
deformations of the interlayer [15] [16], illusteatin Fig. 1 c).

For example, Belis [16] observed that the averagiling load at room temperature of
laminates with SGP is significantly larger than tloose with PVB.

However, when subjected to in-plane bending (bugktirevented), the post-breakage
residual resistance is relatively poor for botleilstyers, as demonstrated above.

4.5.2 Failure mechanisms

On the other hand, the failure mechanisms rulingestll differ greatly for beams with

PVB and SGP interlayers.
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In contradiction to what was observed above fosgflaGP beams, glass/PVB beams
showed a significant local delamination in the tiensone near the crack origin, as
depicted in Fig. 12. Consequently, PVB interlayarsld develop large stretching
zones, followed by large system deformations. Bm#iis turned the static system into

a mechanism, causing its collapse.

Fig. 12. Example of stretched PVB and typicallygkatocal delamination at crack origin [16]

As demonstrated above, this is contrasting to S&€& mechanisms, in which very
little local delamination, frequent rupture of tinéerlayer and collapse due to loss of

structural integrity were observed.

5. Summary and conclusions

Different series of uniaxial tensile tests on S@mgles and in-plane four-points
bending tests on annealed glass/SGP beams havexmsaried to evaluate their failure
mechanisms and post-breakage mechanical behaviowra temperature. The main

results of this investigation are summarised below:
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. Uniaxial tensile tests on small SGP samples redeateclastic-plastic material
behaviour with large elongations at failure (tyflic850%) and failure strengths
above 32 N/mm?,

. The obtained load-deflection curves in stage | (thieroken state) were almost
linear, as was expected. In most tests, breakageeoflass sheet was immediately
followed by breakage of the other and both cradiaiions were located at the
same position. Consequently, stage Il (one glasstdiroken) did not appear and
stage | was immediately followed by stage Il (bgthss sheets broken).

. Stage Il was investigated on glass/SGP beams alhwdrie glass sheet was broken
by a single crack at mid span prior to testing. ®hserved failure load of a partially
broken laminate with one intact glass sheet wasa&jly about 20% higher than
what would be expected for the unbroken glass sirdgf pointing out the
importance of the residual resistance of the oaigyrbroken glass panel. This could
be explained by the compressive stresses betweearithinally broken glass pieces,
which could develop only due to the good sheasstansfer of the SGP.

. In stage Ill, studied for all test specimens, #&dual load-bearing capacity was
very limited and far below the initial glass strémg

. Surprisingly, complete collapse of the laminatedrbs was always caused by
tearing of the SGP at relatively low loading levélkis had not been expected,
because the uniaxial tensile tests had shown avediahigh interlayer strength and
large elongations at failure. However, the poorstaace could be explained by the
very good adhesion of SGP to glass, which preveotd delaminations that
would be necessary to develop larger deformatiods@ keep tensile stresses in the

interlayer below the ultimate SGP tensile strength.
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6. Consequently, it is recommended to take into accthendelamination behaviour
when evaluating interlayers with respect to (péestyre mechanisms. To do so,
alternative testing methods, such as Through-Cramisile tests, should be used
rather than traditional uniaxial tensile tests.

7. Compared to PVB, the use of a “stiff” interlayecklias SGP seemed not to
improve the in-plane bending resistance of lamuhgtass beams, as that is only
depending on the glass strength. In addition, te-failure safety in the examined
cases is rather negligible for both interlayer s/gdowever, failure mechanisms are
different for both materials: contrary to the exaed SGP beams, glass/PVB beams
do show important local delaminations and conseijaege interlayer stretching.
Consequently, hinges will appear very quickly amel static system will become a
mechanism. Therefore, it is recommended to usegphogundary conditions
(structural sealants, mechanical fixings...) or adddl safety concepts
(reinforcement, ...) to improve the overall postdad behaviour of the whole
system.

8. Finally, it should be emphasised that the resithed-bearing capacity of glass/SGP
laminated beams might be significantly better isecheat-strengthened or fully
tempered glass is used. The main reason for thieismnuch denser crack pattern,
which will allow the interlayer to deform at manifdrent locations at the same
time, keeping local stresses below the failurelldweaddition, it should be clear
that also a different serviceability temperatur#é influence the properties of SGP

and consequently, also those of laminated beampa®sad with it.
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Figure Captions

Fig. 1. Basic loading situations for laminated glgg) as a plate; (b) as a beam; and (c-
d) corresponding longitudinal cross-sections duloagling

Fig. 2. Three stages in the failure process ofranated plate composed of two glass
sheets and one interlayer (in the example shovenypiper sheet broke first, e.g. due to
a hard body impact)

Fig. 3. Basic shape and main sizes of SGP sampéabfor uniaxial tensile tests [mm]
(for more details, see EN ISO 57212])

Fig. 4. Stress-strain curves of SGP 2000 samplgeced to uniaxial tensile tests at
room temperature

Fig. 5. Schematic overview of four-points bendiaegttsetup for in-plane bending

Fig. 7. Example of fracture sequence (sample 150 5

Fig. 8. Principle of unequal load transfer to bglihss sheets due to laminating
tolerances: (a) unloaded situation; (b) intermedstiuation with load transfer through
interlayer; (c) final situation

Fig. 10. Example of fissured SGP (specimen 150 _5)

Fig. 11. Example of teared SGP and typically lichitecal delamination at crack origin
Fig. 12. Example of stretched PVB and typicallygkatocal delamination at crack origin

[16]
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Tables

Table 1

Material properties of PVB [5] and SGP [18]

Interlayer Shear Poisson’s Tensile Elongation at Coefficient of Density
material modulus ratio strength failure thermal [kg/m3]
[N/mm?] [-] [N/mm?] [%0] expansion
[K7]
PVB* 0-70 ~0.5 >23 >280 2.2.1d 1000-1070
SGP 100 ~0.5 34.5 400 10-15-10 950

" PVB values may change according to manufacturer.
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Table 2

Overview of test samples

Name Mean height Glass Glass Mean Failure stages
[mm] thickness a thickness a interlayer studied
(front plate) (back plate) thickness t
[mm] [mm] [mm]

120 1 120.78 5.95 5.97 1.71 I and Il
120 2 120.79 5.97 5.94 1.70

120 3 120.32 5.96 5.95 1.64

120 4 120.29 5.95 5.97 1.61

120 5 120.27 5.94 5.82 1.72

120 6 120.30 5.96 5.8 1.76

120 7 119.45 5.96 5.94 1.72

120 8 119.30 5.95 5.94 1.74

150 1 149.94 5.95 5.95 1.72 I and Il
150 2 149.97 5.93 5.95 1.75

150 3 150.01 5.95 5.94 1.71

150 4 150.02 5.94 5.96 1.73

150 5 150.26 5.85 5.84 1.75

150 6 150.21 5.89 5.9 1.64

150 7 150.04 5.90 5.90 1.66

150 8 149.91 5.84 5.82 1.78

200 1 199.79 5.97 5.98 1.66 Iland 1l
200 2 199.76 5.95 5.96 1.71

200 3 199.84 5.96 5.95 1.70

200 4 199.74 5.95 5.95 1.68

200 5 200.47 5.98 5.97 1.69

200_6 200.55 5.98 5.97 1.69

200 7 199.81 5.95 5.94 1.77

200 8 199.88 5.96 5.94 1.76
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Table 3

Overview of mean uniaxial tensile test results mmdardised SGP 2000 samples at room temperature

Loading Number of

f, /standard g, /standard @, /standard e,/ standard
speed s specimens deviation deviation deviation deviation
[mm/min] tested [-] [N/mm?] [%] [N/mm?] [%0]

5 5 20.97/0.17 7.37/0.18 33.19/1.21 339.18.61
10 5 21.86/0.33 8.32/0.13 34.32/1.04 340538
20 5 22.40/0.13 8.48/0.17 32.44/1.38 331.05.97
50 5 23.79/0.17 8.59/0.13 33.10/0.98 342326
100 5 25.09/0.17 8.65/0.36 35.71/0.83 3866588

" Stresses given are nominal stress values (loadedlMby initial cross-section)
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Table 4

Overview of mean values of in-plane four-pointsdiag test results on glass/SGP laminates at room

temperature
Specimen  Mean Number of Fy,/ Fun / Wy, / Wy /
height loading successful  standard standard standard standard
[mm] speed s tests deviation deviation deviation deviation
[mm/min] [ [N] [N] [mm] [mm]
120 0.1 7 5467 /298 - 1.226/ -
0.080
150 0.4 7 11370/ - 1.447 ] -
2194 0.299
200 0.1 6 - 12148 - 1.298/
/1585 0.149
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