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Abstract Laminated glass beams without metallic or
polymeric reinforcements generally lack post-breakage
strength and ductility. This paper aims to perform a
comparative study by testing five different fully trans-
parent laminated glass beam designs in order to see how
parameters such as the number and thickness of glass
sheets (3 x 10 mm or 5 x 6 mm), the interlayer mate-
rial (PVB Clear or SentryGlas), and the thermal treat-
ment of glass (annealed or heat-strengthened) affect the
pre-breakage performance and post-breakage safety. A
buckling analysis is also performed using a numerical
model with ABAQUS CAE. The study includes a com-
parison between the results of different experimental
mechanical tests on laminated glass beams, including
the tests presented in this paper, as well as other tests
found in the literature. All designs presented a linear
elastic behaviour until initial breakage. The interlayer
material mainly affected the crack shape of laminated
glass beams. Beams with five sheets of annealed glass
had a more progressive breakage, and therefore a safer
behaviour, than beams with three sheets of annealed or
heat-strengthened glass.
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1 Introduction

Modern architecture aims to create buildings with a
higher level of transparency, in order to increase the
natural sunlight indoors and bring the occupants closer
to its surroundings. To do so, the use of glass, which
originally was limited to windows, later expanded to
transparent facades and roofs. In more recent singu-
lar buildings, even the structural elements (beams and
columns) that support the glazing elements are made
of glass.

The main safety problem when using glass for struc-
tural applications is its lack of load capacity and duc-
tility after breakage. Its brittle behaviour is a great lim-
itation in its use and in the sizing of the elements. In
addition to that, when a glass sheet breaks, the glass
fragments can be projected causing injuries to the occu-
pants Koztowski (2019). This same problem was also
experienced in car windshields, because glass is prone
to breakage due to hard body impacts Chen et al. (2016),
such as rocks, or soft body impacts (Liu et al. 2016;
Wang and Yue 2010), such as pedestrians or animals,
which could cause the loss of integrity of the glass
windshield and severe injuries to the passengers or the
pedestrians. That is why laminated glass was invented
and initially used in car windshields in order to pre-
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vent glass shards from scattering in case of accidental
breakage Xu et al. (2011).

Laminated glass is a composite laminate that com-
bines two or more sheets of glass with a polymeric
interlayer to bond the glass layers together. The chem-
ical bond between glass and interlayer can be obtained
by creating the vacuum between layers and applying a
certain temperature cycle in an autoclave Martin et al.
(2020). Some other materials, such as UV-curing adhe-
sives, do not require an autoclave to create the bond
between glass and interlayer. Polyvinyl butyral (PVB)
was the first material used as interlayer material, and it
is still the most commonly used in windshield glazing
Chen et al. (2017).

Laminated glass was later used in architecture,
mainly to preserve the element integrity and to pro-
tect against the projection of broken glass fragments
Galuppi and Royer-Carfagni (2018). Stiffer interlayers
such as SentryGlas were developed for special applica-
tions such as hurricane and burglary resistant glazing
Louter et al. (2012). Due to its good behaviour in chal-
lenging situations from a structural point of view, stiffer
interlayers were later also used in structural elements
such as laminated glass beams, floors, columns, and
staircases Valarinho et al. (2016).

SentryGlas is an ionomer that presents a higher
strength and stiffness than standard PVB Centelles et al.
(2020). It has a higher glass transition temperature than
standard PVB and most of the commercial interlayer
materials Martin et al. (2020). It presents a good adhe-
sion with both glass and steel (Santarsiero et al. 2017,
2016), and that makes it an adequate candidate for
embedded joints in laminated glass elements (Santar-
siero et al. 2018; Bedon and Santarsiero 2018) and lami-
nated glass beams with metallic reinforcements (Louter
et al. 2012; Bedon and Louter 2017).

There are other polymers used as interlayers for lam-
inated glass, with certain properties that make them
adequate for some specific applications. Ethylene—
vinyl acetate (EVA), is a copolymer of ethylene and
vinyl acetate. It is commonly used in protective lami-
nated glass for PV modules (Jentsch et al. 2015; Lyu
etal. 2018), because ithas an excellent optical transmis-
sion and a good resistance to UV radiation Bridgestone
(2016). Thermoplastic polyurethane (TPU) is another
copolymer that combines soft segments, which pro-
vide ductility, and hard segments which provide stiff-
ness and tensile strength. TPU has a high adhesion not
only with glass, but also with other transparent stiff
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polymers such as poly(methyl methacrylate) (PMMA)
or polycarbonate (PC) (Riihl et al. 2020; Rivers and
Cronin 2019), and for that reason it is commonly used
in bulletproof glass or other composite laminates that
combine glass with PMMA or PC Weller et al. (2009).

Laminated glass structural elements can be loaded
with out-of-plane loads, as for example in roofs and
floors or in-plane loads, as for example in beams and
columns. This paper focuses on laminated glass beams
under in-plane loading. Figure 1 shows the experimen-
tal setup of the bending test presented in this paper.

Inlaminated glass elements under out-of-plane load-
ing, the interlayer material experiences an angular dis-
tortion caused by the relative displacement between
the bonded glass surfaces. As a consequence, the inter-
layer transfers shear stresses proportional to its shear
stiffness and angular distortion. The stiffer the inter-
layer, the higher the bending stiffness and flexural
load of laminated glass under out-of-plane loading
(Galuppi and Royer-Carfagni 2012; Calderone et al.
2009; Galuppi et al. 2013; Pelayo et al. 2017).

The interlayer is thinner, softer and weaker than the
glass sheets. For that reason, the contribution of the
interlayer in the pre-breakage flexural response of lam-
inated glass beams is negligible (Galuppi and Royer-
Carfagni 2018; Belis et al. 2009), because there is no
relative displacement between confronted glass sur-
faces, and therefore no shearing stresses on the inter-
layer Lopez-Aenlle et al. (2019). By contrast, the shear
modulus of the interlayer affects the lateral stability
of laminated glass beams when subjected to in-plane
bending, undergoing lateral-torsional buckling (Pelayo
etal. 2017; Bedon et al. 2014). Lateral-torsional buck-
ling is strongly affected not only by the in-plane iner-
tia, but also by the out-of-plane inertia and by the
torsional stiffness, which are in turn affected by the
degree of coupling offered by the interlayer (Belis
et al. 2013; Machado-e-Costa et al. 2016; Galuppi and
Royer-Carfagni 2020).

The shear stiffness of the interlayer also affects the
failure mechanism: laminated glass beams with softer
interlayers experience a higher local delamination in
the cracked region Belis et al. (2009). In partially bro-
ken laminated glass beams, the interaction between
broken glass sheets and interlayers provides a beneficial
additional stiffness to the unbroken glass sheets (Biolzi
et al. 2018; Bonati et al. 2019). That stiffening effect is
more representative with stiffer interlayers, since these
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Fig.1 Bending test on a
laminated glass beam

have a higher capacity to transfer shear stresses with
smaller angular distortions Serafinavi¢ius et al. (2013).

Annealed glass has a linear elastic behaviour:
annealed float glass has a modulus of elasticity of 70
GPa, and a bending strength of 30-80 MPa Feldmann
et al. (2014). The bending strength of glass has a high
variability because it is a brittle material, and its break-
age is mainly due to the presence of small surface flaws
randomly scattered To et al. (2008), which may appear
during the manufacturing, transportation, assembly or
service life of glass elements Lindqvist and Louter
(2014). When a critical stress or strain is surpassed, the
surface flaws grow uncontrollably Griffith (1921). The
load duration may also affect the strength of glass CEN-
TC250WG3 (2013), because the exposure to weather-
ing factors, especially temperature and humidity, com-
bined with stress, can cause stress corrosion and lead
to subcritical crack growth Ronchetti et al. (2013).
Glass can be subjected to thermal treatments in order to
increase its bending strength. Depending on the degree
of induced surface pre-compression, thermally-treated
glass can be classified as heat-strengthened glass or
tempered glass. The thermal treatment also affects the
breakage mode of glass: the higher the surface pre-
compression, the higher the elastic strain energy release
when breakage starts, and therefore the higher the crack
density (Griffith 1921; Bos 2009).

Another glass surface strengthening process is known
as chemical strengthening Karlsson et al. (2010). The
most common chemical strengthening process is the
one conducted at low temperature, based on replacing
some of the surface sodium atoms of glass by larger

atoms, generally potassium, which put the glass sur-
face into compression. The compression layer is much
thinner than the one in heat strengthened glass.

The main issue of structural elements made of glass
is that it is a brittle material, and therefore, since it is
unable to redistribute peak stresses or stop crack prop-
agation, it is prone to failure due to accidental or unex-
pected causes Bos (2009). Besides, when designing a
structural glass element, one must assume that it may
break, but must do so in a safe way, so that the ini-
tial breakage does not lead to total structural collapse.
For that reason, post-breakage strength and ductility
are seen as two key performance indicators.

Glass may also break due to abrupt temperature
variations, which could lead to high thermal gradients
within a single element, and therefore uneven ther-
mal expansion Bokel et al. (2003). High temperatures
may also decrease the strength and shear stiffness of
polymeric interlayers (Pelayo et al. 2017; Andreozzi
et al. 2014), or even cause adhesion loss between glass
and interlayer. Some authors have evaluated the fire
resistance of structural elements made of glass Louter
and Nussbaumer (2016), or glass combined with other
materials [48], as well as the application of transparent
protective coatings in order to delay the impact caused
by fire on laminated glass Veer et al. (2013).

Many authors proposed different solutions for a
safe design of laminated glass elements. Martens et
al. Martens et al. (2016) collected information about
laminated glass beams with steel reinforcements or
pre-stressing strands. Both of these solutions were ini-
tially implemented in concrete construction in order
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to increase the tensile strength, transforming a brittle
material (concrete) in a more ductile material (rein-
forced concrete), and therefore achieving the required
safety in reinforced concrete beams under bending
loads. The steel reinforcements have the capacity
to deform plastically after glass fracture, providing
a higher post-breakage strength and ductility. It is
also possible to increase the post-breakage safety by
combining glass with another construction material
such as timber, steel, or reinforced concrete Martens
et al. (2015), although that additional material reduces
the sought transparency of the structural element.
Other authors proposed using statically indeterminate
designs, either with redundant boundary conditions
Martens et al. (2016) or sacrificial glass sheets Biolzi
et al. (2010). All these designs aim to provide a safety
margin between the initial fracture, which serves as a
warning of structural overload or accidental breakage,
and the final collapse, when the structural element loses
all its load-bearing capacity.

In this paper, a four-point bending test until total
collapse is performed on five different laminated glass
beam designs. All designs are fully transparent and
lack any type of additional reinforcement. The five
designs have in common the external dimensions, but
have differences in other parameters, such as the inter-
layer material, the number and thickness of the glass
sheets, and the thermal treatment of the glass. The main
goal of this paper is to see how these factors affect the
performance and safety of laminated glass beams. The
performance and safety are measured based on four
indicators, described in the methodology part of this
paper: bending stiffness, pre-breakage strength, redun-
dancy, and breakage mode.

Although lateral displacement and rotation is restricted
atthe supports at both ends of the beam, lateral torsional
buckling is something that may occur and must be stud-
ied. For this reason, a buckling analysis is performed
using ABAQUS CAE (H2020). The numerical simu-
lation results are then compared with the experimental
values in order to evaluate if lateral torsional buckling
may have contributed to the collapse of any of the tested
laminated glass beams.

2 Materials

Five different beam designs were tested and compared.
All designs were fully transparent, which means that
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they had no opaque reinforcements, and had the same
external dimensions: 30 x 300 x 3100 mm. The different
cross section designs and materials are presented in
Fig. 2. There were three replicates of each beam design.

The edge finishing applied in all glass layers
was bright polishing. Bright polishing was performed
before lamination and before thermal strengthening.
Polishing after lamination can be done in annealed
glass layers, but the most common procedure is to do
it before. Polishing after thermal strengthening would
lead to glass fracture. The thermal treatment was car-
ried out in a Tamglass tempering oven, following a stan-
dard procedure, with temperatures up to 700° C, and a
slower cooling rate than for tempered glass.

The glass manufacturer that supplied the laminated
glass beams was CRISTEC Glass. That company uses
smaller dimensional tolerances for glass misalignment
than the ones proposed by design guides for structural
glass CEN/TC 250 (2019).

The interlayer thickness was the same in all cases:
1.52 mm. The two different interlayer materials used
were PVB Clear and SentryGlas. PVB Clear is a spe-
cial type of polyvinyl butyral, with an enhanced trans-
parency but the same mechanical properties as the stan-
dard PVB commonly used in glazing. SentryGlas is an
ionomer commonly used in glass elements with more
demanding structural requirements. It presents a good
adhesion to both glass and metals, and a higher stiffness
and glass transition temperature than standard PVB
Martin etal. (2020). Both interlayer materials were sup-
plied by Kuraray Europe GmbH. The reason why these
two interlayer materials were chosen is because PVB is
the most commonly used interlayer for many applica-
tions, including but not limited to glazing for buildings
Martin et al. (2020) and automotive windshields (Chen
etal. 2017; Gao et al. 2019), and SentryGlas is a widely
used alternative for structural applications (Bedon and
Louter 2017; Belis et al. 2009; Martens et al. 2016, ?).

The beam design 1 has three annealed glass sheets,
of thickness 10 mm each, and PVB Clear interlayer. The
beam design 2 also has three annealed glass sheets, but
SentryGlas interlayer. Designs 3 and 4 are the same as
designs 1 and 2 respectively, but with five glass sheets
of thickness 6 mm each. Design 5 has three sheets of
heat-strengthened glass and SentryGlas interlayer. The
characteristics of each of the five designs are listed in
Table 1.

From these five different designs it will be possible
to study the three different studied parameters sepa-
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m—rAnnealed glass I—;—;—Annealed glass WAnnealed glass
3x10 mm 3x10 mm 5x6 mm
‘ PVB Clear SentryGlas L pVB Clear
2x1.52 mm %153 mm 4x1.52 mm

(a) Design 1

HTl—l—Annealed glass

5x6 mm

SentryGlas
4x1.52 mm

(d) Design 4

(b) Design 2

(c) Design 3

rrrHeat-strengthened glass
3x10 mm

SentryGlas
2x1.52 mm

(e) Design 5

Fig. 2 Cross section of the five laminated glass beams designed and tested

rately: interlayer material, number of sheets, and type
of glass. The contribution of the interlayer material can
be studied by comparing Designs 1 with 2, and 3 with
4. The effect of the number of glass sheets can be eval-
uated by comparing Design 1 with 3, and 2 with 4.
Finally, the influence of the type of glass can be seen
by comparing Design 2 with 5.

All designs present a similar economic cost in terms
of raw materials, except that SentryGlas is more expen-
sive than PVB Clear, and heat strengthened glass
requires an additional -yet very common- thermal pro-

cess. The edge finish is the same for both annealed and
heat-strengthened glass sheets. Specimens were lami-
nated by CRISTEC Glass S.L. in Lleida (Spain).

3 Methodology
3.1 Experimental set-up
The laminated glass beams were subjected to the four-

point bending test presented in Fig. 3. The test set-up
was similar to the one carried out by Speranzini and
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Table 1 Main differences between the five tested beam designs

Design Interlayer Number of Type of glass
number  material glass sheets

1 PVB Clear 3x 10 mm Annealed

2 SentryGlas 3 x 10 mm Annealed

3 PVB Clear 5x 6 mm Annealed

4 SentryGlas 5 x 6 mm Annealed

5 SentryGlas 3 x 10 mm Heat-strengthened

Agnetti (2015). The distance between supports was
3000 mm, and the distance between the load applica-
tion points was 950 mm. There were lateral restraints
at both ends to prevent out-of-plane buckling of the
beams. The two top supports had a downwards dis-
placement rate of 1 mm/min, controlled by a draw wire
sensor with a range of 1250 mm by Waycon. The cho-
sen displacement rate was the slowest that the system
allowed, and it is within the typical range for this type
of tests, which can go from 0.1 mm/min Santarsiero
et al. (2017) to 2 mm/min Louter et al. (2012). The
load application points were connected to a 100 kN
load cell by Transdutec. The data was transferred and
stored using a Hoywin 32 PMS software by Proetisa at
a frequency of 100 Hz.

The laminated glass beams were supported at both
ends on metallic profiles which allowed free rotation on
the horizontal axis perpendicular to the beam. In addi-
tion to that, there were wooden supports at both sides
of the beams to restrict the rotation on the longitudi-
nal axis and the vertical axis. On top of the beam, the
load was applied on two points by transferring the load
from a metallic profile to two metallic rollers, and then
to the beams. Rubber sheets 2 mm thick were placed
between the laminated glass beams and the metallic
or wooden elements in order to prevent direct contact
between glass and other stiff materials, which could
lead to premature, undesired breakage Centelles et al.
(2019). These rubber sheets may have a small effect on
the mechanic response measured during the test. How-
ever, all specimens have the same rubber sheets, and
therefore it does not interfere in the comparative study
between designs.

The maximum shearing loads, bending moments,
and deflections of a four-point bending test are the ones
presented in Fig. 4. The main advantages of performing
a four-point bending test instead of a three-point bend-
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ing test are that there are no shearing loads in the central
region, where the bending moment is highest and con-
stant, and that the maximum bending is distributed in
a region instead of a single point.

3.2 Key performance indicators

Different key performance indicators were chosen in
order to study and compare the performance and safety
of the five different beam designs. In terms of pre-
breakage performance, the chosen parameters were the
bending stiffness and the maximum pre-breakage bend-
ing moment (i.e. before the initial cracking of the glass
sheets). The bending stiffness is defined as the Young
modulus (E) multiplied by the moment of inertia (I).
It can be obtained from the beam deflection equation
(Eq. 1), by isolating the term E - I (Eq. 2), where &
is the maximum pre-breakage displacement measured
by the draw wire displacement sensor, and 2 - P the
load measured by the load cell. The maximum bending
moment is the one at the central region between the two
load application points, as indicated in Fig. 4.

P-a?
dp=——E-13-L—4-2) )]
E I—P'az(3 L—4.a) )
= 6op 4

The chosen post-breakage parameters were redun-
dancy and breakage mode. According to Bos Bos
(2009), redundancy is the most important safety prop-
erty for laminated glass structural elements: it is the
difference between the maximum load and the maxi-
mum pre-breakage load. The higher the redundancy, the
bigger the safety margin in case of accidental breakage
or overloading. If the maximum load is reached in the
pre-breakage stage, then the redundancy value is zero.
In order to study the breakage mode, a square mesh of
5 x 5 cm was drawn on the central one-third of all the
specimens before being tested (Fig. 5). That allowed
to determine more accurately the crack size and crack
density.

4 Results

The load-displacement diagrams are presented in Fig. 6.
Each diagram has three curves, which correspond to the
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Fig. 6 Load-displacement diagram of each of the five beam designs. Each colour corresponds to one of the three replicates for each
design
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Fig. 7 Bending stiffness with a 95% confidence interval
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Fig. 8 Maximum pre-breakage bending moment with a 95%
confidence interval

three replicates of each design. The load was measured
by the load cell, and the displacement by a displace-
ment sensor, both placed on top of the upper supports.
The change of tendency of the curves from the pre-
to the post-breakage stages is almost unperceivable in
most cases.

7000

Redundancy [N]

1 2 3 4 5
Design

Fig. 9 Redundancy values with a 95% confidence interval

The more relevant pre-breakage performance indi-
cators, bending stiffness and maximum pre-breakage
bending moment, are presented in Figs. 7 and 8, respec-
tively. The column diagrams include 95% confidence
intervals.

The redundancy of each design is also presented in
a column diagram in Fig. 9. Redundancy was zero for
all specimens of designs 1 and 5. In addition to that,
the images of the initial cracking and final collapse
of each laminated glass beam, grouped by design, are
presented in Figs. 10, 11, 12, 13, 14. All numerical
results are summarized in Table 2.

5 Discussion
5.1 Mechanical response of laminated glass beams

Figure 6 shows how all beam designs present a lin-
ear elastic behaviour until glass breakage. The speci-
mens present only a slightly nonlinear behaviour at the
beginning, but that may be due to the deflection of the 2
mm thick rubber sheets placed between the laminated
glass beam and the metallic rollers on top, and between
the laminated glass beam and the metallic supports at
the bottom. Only after initial glass fracture some spec-
imens present an irregular, nonlinear behaviour until
total collapse.
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Specimen

Central region detail

1 initial

1 final

1%

2 initial

2 final

3 initial

3 final

Fig. 10 Initial breakage and final collapse of specimens of the beam design 1
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Specimen

General

1 initial

Central region detail

1 final

2 initial

2 final

3 initial

3 final

Fig. 11 Initial breakage and final collapse of specimens of the beam design 2
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Specimen

General

1 initial

1 final

2 initial

2 final

3 initial

3 final

Fig. 12 Initial breakage and final collapse of specimens of the beam design 3
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Specimen

General

1 initial

1 final

Central region detail

2 initial

2 final

3 initial

3 final

Fig. 13 Initial breakage and final collapse of specimens of the beam design 4
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Central region detail

Specimen | General

1  initial

and final

2 initial
and final

3 initial
and final

Fig. 14 Initial breakage and final collapse of specimens of the beam design 5

Table 2 Average values and confidence intervals for the studied performance indicators

Design Bending stiffness [N mm?] Maximum bending moment [k N m] Redundancy [k N]
1 1.96E + 12 £ 7.91E + 10 32.62 +3.57 0.00 4+ 0.00
2 1.99E + 12 £+ 7.74E + 10 33.30 +£2.47 0.82 +£0.86
3 1.81E 4+ 12 £ 4.28E + 10 2521 £4.25 1.77 £ 1.69
4 1.86E + 12 + 3.48E + 10 30.34 £2.12 3.51+221
5 1.96E + 12 £ 7.91E + 10 35.81 £3.88 0.00 +0.00

According to the results shown in Fig. 6, as well as
the pictures presented from Figs. 10, 11, 12, 13, 14,
some specimens presented small fractures of single
sheets of glass before the total collapse, other speci-
mens experienced a simultaneous breakage of all glass
sheets, without previous smaller glass factures, which
led to total and unwarned collapse. These pictures also
confirm that, in most cases, breakage occurred in the
central region, between the two load application points,
where the bending moment was highest and constant
(Fig. 4). In some other specimens, breakage occurs
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under the load application points, and is caused by a
combination of bending and shearing loads.

In unbroken rectangular beams subjected to pure
bending, like the ones tested for this paper in its middle
region (Fig. 4), the lower half of the beam experiences
tensile stresses, while the top half experiences com-
pression. Laminated glass beams generally start crack-
ing in the central region of the beam, where the bending
moment is highest, at the bottom edge, where the tensile
stress is highest Biolzi et al. (2010), because glass frac-
ture occurs when tensile stresses cause crack formation
and growth from surface flaws Sundaram and Tippur
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(2018).If the laminated glass beam is only partially bro-
ken, meaning that there are still unbroken glass sheets,
only the unbroken layers can still resist traction forces
at the bottom region, while all the layers —broken and
unbroken- can resist compression Louter et al. (2012).
A stiff interlayer can limit crack growth Xu et al. (2016)
and provide a beneficial stiffening effect in the bottom
region by transferring part of the load from the unbro-
ken layers to the broken adjacent ones (Speranzini and
Agnetti 2015; Valarinho et al. 2013).

5.2 Effect of the interlayer material

Designs 1 and 2 are identical, except for the interlayer
material, which is PVB Clear and SentryGlas, respec-
tively. The same thing happens with designs 3 and 4.
Therefore, the effect of the interlayer can be evaluated
by comparing design 1 with design 2, and design 3 with
design 4.

By comparing design 1 with 2, and 3 with 4, Fig. 8
shows how the maximum bending moment before glass
fracture is not significantly affected by the stiffness of
the interlayer material. In terms of bending stiffness
(Fig. 7), specimens with SentryGlas have a slightly
higher average value than specimens with PVB Clear
(increase of 1,75% between designs 1 and 2, and an
increase of 2,71% between designs 2 and 3). How-
ever, the interlayer stiffness does not affect the com-
posite behaviour when it is subjected to in-plane bend-
ing, because there is no coupling through the interlayer.
Hence, for what concerns the pre-breakage response,
differences between SentryGlas and PVB Clear speci-
mens is due to statistical dispersion.

Withrespect to post-breakage safety, the redundancy
of specimens with SentryGlas was higher than the one
of specimens with PVB Clear, increasing from 0.0 kN
(design 1) to 0.8 0.9 kN (design 2), and from 1.8+1.7
kN (design 3) to 3.5 & 2.2k N (design 4). However,
none of these differences is statistically significant at a
significance level of 5%.

In addition to that, the interlayer material affected
the crack size, geometry, and density; this can be
observed by comparing Fig. 10 with Figs. 11, and
Fig. 12 with Fig. 13. The cracked region in specimens
with SentryGlas, after total collapse, started in a small
region (of approximately 5 cm) at the lower beam sur-
face. The cracks originated at a single point in the bot-
tom surface, which is subjected to tensile stress as a

consequence of the positive bending moment, and then
propagated in a 45-degree angle towards the top. On
the top half of the beam, which is subjected to com-
pression, the crack propagation stopped and the cracks
gradually converged. On the other hand, the cracks of
broken specimens with PVB Clear occupied a higher
surface and had aless confined shape. Small cracks may
behave as plastic hinges, and therefore may not lead to
structural collapse in statically indeterminate structures
Martens et al. (2016), whereas a fully broken laminated
glass element with a soft interlayer behaves more like
a wet towel, and relies mainly on the tensile strength
of the interlayer Haldimann et al. (2008).

The differences in the crack size, geometry, and den-
sity may be due to the fact that the interlayer bonded to
the adjacent unbroken glass layers has a crack bridge
effect, decreasing the intensity of the stress concentra-
tion in the cracked region, and therefore limiting the
crack growth Bos (2009). This phenomenon is espe-
cially present when the interlayer material is stiffer
and is, therefore, able to transfer higher shear stresses
between confronted glass surfaces.

5.3 Effect of the number and thickness of glass sheets

Designs 1 and 3 are identical, except for the number and
thickness of glass sheets: design 1 has 3 sheets of 10
mm each, and design 3 has 5 sheets of 6 mm each. The
same thing happens with designs 2 and 4. Therefore,
the effect of the number and thickness of glass sheets
can be evaluated by comparing design 1 with design 3,
and design 2 with design 4.

With this comparison, it is possible to see how spec-
imens with fewer, thicker glass sheets have a signif-
icantly higher bending stiffness (Fig. 7), with a dif-
ference of 8.27% between designs 1 and 3, and a dif-
ference of 7.27% between designs 2 and 4. This may
be due to the fact that, even though both beams had
the same moment of inertia of the cross section with
respect to the horizontal axis, beams with three thicker
glass sheets had a higher lateral and torsional stabil-
ity than beams with five thinner glass sheets (Valar-
inho et al. 2016; Bedon et al. 2014; Belis et al. 2013;
Machado-e-Costa et al. 2016). This means that beams
with five glass sheets are more prone to experience
lateral-torsional buckling, which may have been what
caused the decrease in bending stiffness of beams with
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five glass sheets. A more in-depth buckling analysis is
presented in Sect. 5.5.

Specimens with three glass sheets instead of five also
have a significantly higher pre-breakage load-bearing
capacity (Fig. 8), with a difference of 36.48% between
designs 1 and 3, and a difference of 20.28% between
designs 2 and 4. The lower pre-breakage strength of
specimens with five glass sheets may be due to the fact
that more glass sheets means more glass edges, and
therefore more chances of glass breakage at the edges
of the sheets, where the strength is lower (Vandebroek
et al. 2012; Agnetti 2013; prEN 2009). So, increasing
the number of glass sheets has a detrimental effect on
the pre-breakage mechanical performance.

Another possible reason why the load was lower in
the laminated glass beams with five glass panes could
be because one of the glass panes was more heavily
loaded than the others. This happens if the glass panes
are not perfectly aligned. Due to the lower thickness of
the 6 mm glass panes compared to 10 mm panes, they
would show fracture at a lower load level. This could
also explain why the pre-breakage bending moment
values in Fig. 8 were different for designs 3 and 4: Sen-
tryGlas was able to make a better interaction between
the heavily loaded glass pane and the less loaded glass
panes, creating a more cohesive behaviour, and hence
first fracture happened at a higher load level compared
to design 3 with PVB.

On the other hand, with respect to the post-breakage
behaviour, specimens with five glass sheets have a
more progressive breakage and a higher redundancy.
This is mainly due to the fact that the interlayer had a
crack stopping effect and therefore, after initial crack-
ing, these beams had four unbroken glass sheets out
of five instead of two out of three. The redundancy
increases in beams with PVB Clear from 0 kN (design
1) to 1.8 £ 1.7 kN (design 3), and in beams with Sen-
tryGlas from 0.8 + 0.9 kN (design 2) to 3.5 £ 2.2 kN
(design 4). This means that specimens with five glass
sheets are safer than specimens with three glass sheets,
because they have a higher safety margin between the
first sign of structural overload or unexpected cracking
and the total structural collapse.

5.4 Effect of the thermal strengthening of glass

Designs 2 and 5 are identical, except for the thermal
strengthening of the glass sheets, which is annealed
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in design 2 and heat-strengthened in design 5. So, the
effect of the thermal strengthening of glass sheets can
be evaluated by comparing these two designs.

According to results presented in Figs. 7 and 8,
using heat-strengthened glass instead of annealed glass
does not significantly affect the bending stiffness and
maximum pre-breakage bending moment respectively,
although heat-strengthened glass is supposed to have
a higher bending strength than annealed glass prEN
(2009). This may be due to the fact that the in-plane
response of laminated glass beams is strongly affected
by the edge finishes, and not so much by the strength-
ening process, which mainly affects the out-of-plane
response ISO (2016).

On the other hand, differences were observed in
terms of post-breakage performance. All specimens
with heat-strengthened glass experienced an instan-
taneous collapse without previous warning (Fig. 14),
unlike specimens with annealed glass, which presented
a small but non-negligible redundancy or load safety
margin (Fig. 9).

5.5 Buckling analysis of the laminated glass beams

According to the results presented in Sect. 4, laminated
glass specimens with more yet thinner glass layers (but
same glass total thickness) exhibit a lower maximum
strength. This is not expected from theory because the
inertia with respect to the strong axis is the same. How-
ever, it was indicated in Sect. 5.3 that these beams
are more prone to experience lateral torsional buck-
ling, because beams with thinner layers have a higher
slenderness with respect to the weak axis.

Given the viscoelastic behaviour of the interlayer
material, the out-of-plane buckling is not only affected
by factors such as the beam slenderness or the geo-
metrical imperfections of the glass layers. Instead, fac-
tors such as the load duration, the material temperature
and the bond between glass and interlayer may also
have an influence on the out-of-plane buckling. Some
authors have studied this complex behaviour through
experimental testing, numerical simulation or analyti-
cal methods (Galuppi and Royer-Carfagni 2012; ISO
2016; Amadio and Bedon 2012; Galuppi and Royer-
Carfagni 2014; Amadio and Bedon 2013; Belis et al.
2013; Santo et al. 2020).

In this section, a numerical study of the lateral tor-
sional buckling critical loads is presented. These loads
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Table 3 Dimensions of the laminated glass beams with 3 (model A) and 5 (model B) glass layers

Model Length [mm)] Height [mm)] Width [mm)] Number of glass layers x Number of polymeric layers
(thickness [mm]) X (thickness [mm])

A 3100 300 33.04 3x(10) 2 x (1.52)

B 3100 300 36.08 5x(6) 4x(1.52)

Table 4 Material mechanical properties used in the numerical
simulations

Material Young modulus [GPa] Poisson ratio
Glass 72 0.22
SentryGlas (t =300s) 0.46 0.36
PVB Clear (+ = 300s) 0.26 0.38

are then compared with the maximum loads obtained
experimentally. The numerical models were assembled
in ABAQUS CAE using the geometrical dimensions
presented in Table 3. Model A corresponds with design
numbers 1, 2 and 5 whereas model B corresponds with
design numbers 2 and 3 (Table 3).

Linear elastic behaviour was assumed for both the
glass and polymeric interlayers. As the interlayers
could present viscoelastic relaxation due to lateral tor-
sional buckling, a Young modulus corresponding to the
testing time t = 300 s and room temperature T = 20° C
was considered in the calculations. The mechanical
properties of the materials used in the numerical sim-
ulations are presented in Table 4. The Young modulus
of the interlayer materials were obtained in a previous
work Centelles et al. (2021).

The glass layers of the finite element model were
meshed with 3D linear shell continuum elements
(SC8R) Abaqus (2020) whereas the PVB layers were
meshed with 3D linear hexahedral elements (C3D8R).
The approximate size for the elements is 25 mm (2.5-3
times the glass layer thickness). On the other hand, one
element for layer is used trough laminated glass thick-
ness. This meshing technique has been demonstrated to
be adequate to reproduce the laminated glass behaviour
with a relatively low computational time (Froling and
Persson 2013; Centelles et al. 2021). A detail of the
mesh for each model is presented in Fig. 15.

The boundary conditions considered in the experi-
mental tests were replicated in the numerical models.
They were applied according to the testing configura-

tion presented in Fig. 3, being the average load 35 kN
for model A and 25 kN for model B (Fig. 6).

The first lateral torsional buckling mode shapes cor-
responding to both models with SentryGlas interlayers
are shown in Fig. 16. It can be observed that the shapes
for both modes are similar but not equal. The same
mode shapes were obtained for the two models with
PVB Clear as interlayer material.

The lateral torsional buckling critical load for each
simulated case is presented in Table 5. From the results
it can be inferred that, under the simulated conditions,
design number cases 1, 2, and 4 would occur mainly
due to bending, the lateral torsional buckling being neg-
ligible. On the other hand, the critical load for design
number 3 is in the same range as the failure load (22—
30 kN) obtained in the experiments. Therefore, in that
case, the failure due to bending could be accompanied
by lateral torsional buckling. This phenomenon can be
observed in Fig. 6¢, where the curves corresponding to
design number 3 tend to a horizontal line before failure.

Moreover, it is inferred from the numerical sim-
ulations that laminated glass beams with SentryGlas
present a better buckling behaviour than with PVB
Clear interlayer. This is due to the different stiffness
exhibited by each material, higher for SentryGlas. On
the other hand, for the same total thickness of the
beams, the lateral torsional buckling load increases
with a decreasing number of glass layers.

5.6 Comparison with other laminated glass beam
bending tests

Table 6 shows the results from these tests in comparison
with some other similar tests found in the literature.
All of the presented results correspond to four-point
bending tests, showing that it is preferable to three-
point bending tests and others.

The maximum stress was calculated dividing the
bending moment by the section modulus (W), con-
sidering only the glass layers (i.e., neglecting the inter-
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Fig. 15 Finite element models used in the buckling analysis

Fig. 16 First buckling mode for both models
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+0.000e+00
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Table S Critical buckling load for the laminated glass beams

Model Interlayer Design Critical buckling load
A SentryGlas 2 182 kN

A PVB Clear 1 93 kN

B SentryGlas 4 70 kN

B PVB Clear 3 26 kN

layer). There does not seem to be a correlation between
the maximum stress and the gas slype, confirming the
previous statement that the in-plane response of lam-
inated glass beams is strongly affected by the edge
finishes, and not so much by the strengthening pro-
cess. The moment/deflection ratio provides informa-
tion about the bending stiffness, being proportional to
EI/L?.

Besides the differences in the cross-section area
and the distance between supports, the laminated glass
beams gathered from the literature had important
design differences with respect to the tested ones which
may have led to the differences in the results.

The beams designed and tested by Speranzini et al.
Speranzini and Agnetti (2015) had a GFRP reinforce-
ment at the bottom surface. In addition to that, they
were thicker but significantly shorter, and this is prob-
ably why the maximum bending load is lower than in
the beams from this paper. These beams had a higher
post-breakage safety margin thanks to the contribution
of the GFRP reinforcement after the initial glass break-
age.

The beams from Louter et al. (2012) had a metal-
lic reinforcement at the bottom; that is probably why
these had a higher bending moment despite being thin-
ner and shorter than the ones tested in this paper.
The exact numerical values from the displacement are
not presented in the paper, but according to the load-
displacement diagrams, the initial cracking occurs at
approximately 5 mm deflection and total collapse at
approximately 40 mm. The big margin between the
initial cracking and the total collapse is due to the con-
tribution of the steel reinforcement.

The beams from Santarsiero et al. Santarsiero et al.
(2017) were split in half and had a metallic embedded
connection at the midspan; that is most likely the rea-
son why the maximum bending load was lower despite
the beam having metallic reinforcements at the top
and at the bottom. There were different connection

designs, affecting both pre- and post-breakage struc-
tural response of the beams. The results presented in
Table 6 correspond to the most resistant of the three
tested connection types. These metallic connections
may be the ones that have caused these beams to have
a significantly lower bending stiffness than the rest of
the beams: the other ones were within the 4.26 & 0.37
kNm/mm range, whereas the ones with metallic con-
nections decreased to 2.11 kNm/mm.

6 Conclusions

A four-point bending test was performed on laminated
glass beams. Five different beam designs were tested
and compared. All specimens had the same external
dimensions of 3100 x 300 x 30 mm, but different num-
ber and thickness of glass sheets (3 x 10 mm or 5 x 6
mm), interlayer materials (PVB Clear or SentryGlas),
and thermal treatment of glass sheets (annealed or heat-
strengthened). The behaviour of each laminated glass
beam design was evaluated and compared based on the
pre-breakage (maximum bending moment and bend-
ing stiffness) and post-breakage (breakage mode and
redundancy) key performance indicators.

The main issue with fully transparent laminated
glass beams is its lack of post-breakage strength and
ductility. This can be solved by adding reinforcements
of more ductile materials such as steel, or by adding sac-
rificial glass sheets. However, it is also possible to have
safer laminated glass beams by choosing the adequate
number of glass sheets, type of glass, and interlayer
material.

All specimens presented a linear elastic behaviour
until initial glass breakage. Specimens with three
glass sheets presented a higher pre-breakage maximum
bending moment and bending stiffness. This could be
due to the fact that these are less prone to experi-
ence lateral-torsional buckling. The buckling analysis
showed that the critical buckling load was higher than
the maximum load of the beams, and therefore failure
was caused by glass failure due to in-plane bending,
for all beam designs except the one with five glass
layers and PVB Clear interlayer. In this last case the
failure due to bending may be accompanied by lateral
torsional buckling. However, the maximum load dif-
ference between specimens with three and five glass
sheets could also be due to misalignment of the glass
panes, which would cause one of the glass panes to be
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more heavily loaded than the others, and since these
glass panes are thinner in beams with five glass sheets,
it would lead to fracture at lower load levels.

On the other hand, specimens with five glass sheets
presented a higher redundancy and a more progressive
breakage. The comparisons with other experimental
tests confirmed that laminated glass beams reinforced
with a more ductile material had a higher redundancy
and therefore a more gradual collapse. However, the
laminated glass beams with more glass layers and a
stiffer interlayer tested in this paper had a small yet
important post-breakage safety margin.

Using heat-strengthened glass instead of annealed
glass had a detrimental effect on the post-breakage
safety, and a negligible effect on the pre-breakage per-
formance, probably because the in-plane response of
laminated glass beams is strongly affected by the edge
finishes. Specimens with SentryGlas instead of PVB
Clear had a higher redundancy, and the cracks after
total collapse were confined in a smaller region.
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