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behaviour. The research paper gives an idea and compares the structural
behaviour and fracture pattern and evaluates laminated glass samples
with PVB, lonoplast and EVA interlayers. Under practical circumstances,
glass structures need to be designed to withstand bending stresses which
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Introduction can perform its function until it is replaced. The
o laminated glass is a composite material, which consists
Significant development of structural glass has of at least two plies of glass bonded together with
been observed during last decades. Glass material is polymer interlayer. Selection of interlayer type most
not just used'as insulated glass 1nf1'll units, but it is a often depends on the application of the structural
fully-responmble structural material. (Eekhout and clement, for example, impact resistant, acoustic
Sluis, 2014; Grohmann, 2014; Raynaud, 2014) insulating, burglar safe or fire resistant (Sandén, 2015).
Compared to monolithic glass sheet, laminated glass From the structural point of view, glass is a brittle
after collapse maintains its integrity and the structure material and fails without warning. It is sensitive to
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stress concentrations and its strength depends on the
degree of damage to the glass surface (Pfaender,
1996). The tensile strength is governed by the
presence of material flaws, which magnify the stresses
locally and act as potential failure sites. The stress-
raising property of a flaw is dependent on its shape
and size, which, however, cannot be properly,
determined using measurement technology available
at present (Lamon, 2016).

Interlayer integration between glass plies is one of
possibilities to maintain the load-bearing capacity and
structural integrity after glass breakage. The
advantage of polymer interlayer is its ability to absorb
large deformations, retain glass splinters and limit the
size of gap between glass shards after glass failure.

In this paper, the structural behaviour and fracture
patterns are investigated for samples with different
types of interlayers: Polyvinyl Butyral (PVB),
Ethylene Vinyl Acetate (EVA) and lonoplast. These
are alternative polymers for laminated glass
applications. The oldest and most used interlayer
material in structures and automotive industry is PVB,
while EVA is mostly used for photovoltaic modules
like encapsulant material (El Amrani et al., 2007). It
is because of its relatively low production temperature
and the possibility to laminate decorative or electric (for
example, light diode) features. Every type of interlayer
has specific application (Sandén, 2015) purpose and
these factors determine what kind of mechanical
properties and material characteristics are required.

For laminated glass analytical bending stresses and
deflection determination, an “effective thickness”
method has been developed. Mainly three versions in
practice are used-standards ASTM 1300, prEN 16612
and Enhanced Effective Thickness approach (EET) by
Galuppi and Royer-Carfagni (2012).

The basic principle for the ASTME1300 approach
is to determine two different laminate effective
thickness values, one is used for the calculation of
deflection and the other for glass stress. This method
includes formulas for the precise determination of the
interlayer shear transfer coefficient, I'. The effective
laminate thickness approach provides the equivalent
monolithic thickness for stiff interlayers (I'—1) and
the layered limit for compliant interlayers (I'—0).
(ASTM 1300, 2010) The method applies mostly for 2-
ply laminates made from equal and unequal thickness
of glass plies.

The concept of “stiffness families” are presented in
the draft of European norm for glass (prEN 16612,
2017; prEN16613, 2017). The main idea of this
approach is the classification into “stiffness families®,
moreover, the interlayer family determines the
coefficient of shear transfer o. Basically, this is the
same approach as included in ASTM 1300-16 as the
value of I'. In this case, the interlayer producer defines
Young’s modulus and Poisson’s ratio, which is a
function of the temperature and the characteristic
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duration of the load. Regulations provide three main
“stiffness families” for interlayers-“non-described”
and “acoustic” (Family 0), “standard grade PVB”
(Family 1) and “structural” (Family 2) interlayers.
(prEN 16612, 2017) However, this standard does not
define the family for EVA interlayer but it can be
evaluated according to (prEN16613, 2017) and
interlayer material properties.

The third method is Enhanced Effective Thickness
approach (EET) suitable for the evaluation of the
effective thickness for both “beam” and ‘“plate”
geometries. By choosing appropriate shape functions
for the laminated-beam deformation, minimization of
the strain energy functional gives new expressions for
the effective thickness under any constraint- and load-
conditions, embracing the classical formulations as
particular cases (Galuppi and Royer-Carfagni, 2013).

For the assessment of glass in terms of strength
and failure behaviour, the four-point bending setup
provides an accurate means for testing. Moreover, it
allows for obtaining the critical bending and tensile
stress and fracture pattern especially for laminated glass
samples. In this case, fractographic observations of the
broken specimens indicate if the failure occurred on the
surface or on the edge of the glass ply.

The current paper aims at evaluation of laminated glass
samples with EVA, PVB and Ionoplast interlayers in terms
of mechanical behaviour in four-point bending and
validation of finite element model by test data.

Finite-Element Modelling

Laminated glass can be considered as a sandwich
structure that consists of linear-elastic glass plies and a
viscoelastic thermoplastic layer, which provides shear
transfer between the glass plies. To determine the
bending stress in laminated glass, well-established
analysis techniques do not guarantee the real stress
results or, in some cases, give results with large scatter.
For highest design reliability, the Element Method
(FEM) has been applied. The main advantages of using
FEA is the ability to obtain the bending stress in every
layer of a multi-layered laminate. The aim of the FE
calculation was to verify the numerical results against
the experimental test data and calculate the bending
stresses in four and six glass plies laminates with EVA
and PVB interlayers.

ABAQUS 3D Model

Four-point bending set-up of laminated glass samples
was modelled in the commercial ABAQUS/CAE
software. Due to the tests performed in experimental
campaign, two FE models were created.
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First, a model was created for two-ply (Fig. 1)
laminates where the supports and loading rollers were
defined as 3D analytical rigid parts with dimensions
according to the test set-up. For laminated glass, 8-node
continuum shell element SC8R were used. The elements
look like three-dimensional continuum solid element;
however, its kinematic and constitutive behaviour is
similar to the conventional shell element (Hibbit et al.,
2001). Moreover, the continuum shell elements have
only displacement degrees of freedom. The glass and
interlayer parts were assembled and tie constraints
between them were created. The tie constraints are
surface based and were used to tie together two surfaces
for the whole duration of a simulation. Each node on the
slave surface is constrained to have the same motion as
the point on the master surface to which it is closest
(Hibbit ez al., 2001).

A second model was created for four and 6-ply
(Fig. 2) laminates. Compared to the first model,
additional load introduction details have been applied.
In this model, the supports and load were created as 3D
analytical rigid parts. Because of the movement during

the test, a 3D solid element was applied for the loading
rollers and metal loading detail and a continuum shell
SC8R element for the laminated glass sample. The parts
were assembled and interaction surface-to-surface
contact applied. As in the first model, a tie constraint
was used to model the bond between the glass and
polymer interlayers. Between metal and glass surfaces,
tangential behaviour contacts with a friction coefficient
of 0.5 was applied.

Since the real bending stress value is not known, a mesh
convergence study was done and presented in Fig. 3.

Two different studies for mesh density have been
done. The basic principle of mesh studies is to find
the optimum element size that gives accurate results,
moreover, the more DOFs in the model the better it can
capture the structural behaviour. As shown in Fig. 3 the
mesh density influences the stress results more than the
displacement results. Since additional DOFs increase
computation time, also a time convergence study has
been done. According to the convergence study,
elements with 15 mm size have been chosen and
applied to the final models (Fig. 1 and 2).

Fig. 1: Meshed FE model for 2 glass laminates

Fig. 2: Meshed FE model for six glass layer laminates
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Fig. 3: Mesh convergence

Materials and Interlayer Influence on FE-Analysis

All materials (glass and interlayers) were modelled
using elastic material model parameters. To evaluate
bending stress values, mechanical properties for the
materials were collected from the literature; otherwise,
test evidences must support each material properties. The
material properties for soda lime glass are defined as
follows - Young’s modulus, Eg, = 70 GPa and
Poisson’s ratio, vge = 0.23 (EN 572-1, 2017).

The results of FEA simulations must correlate to the
experimental data, however, one of the reasons for the
results contradiction can be interlayer variable
behaviour, which depends on temperature and load
duration. Three mechanical properties that characterize
the interlayer linear elastic zone are Young’s Modulus,
Shear Modulus and Poisson’s Ratio. Moreover,
according to Hooke’s Law, by increasing the elastic
modulus also the shear modulus increases which means
that shear transfer between glass plate and interlayer
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increases. It must be taken into consideration that
interlayer behavior is temperature-dependent and
mechanical properties must be defined according to the
laboratory temperature.

In the literature, studies on PVB material have
mainly focused on the elastic properties investigation at
different temperatures and true stress-strain curve
calculations (Santarsiero et al., 2016). Also, PVB
interlayer producers offer data tables with interlayer
mechanical properties which depend on temperature and
load duration (Eastman Chemical Company, n.d.;
Kuraray GmbH., n.d.). The following properties
according to producer’s public data sheets are
recommended values for FE analysis, however, in
practice they are lower and must be verified by test
evidences. In all simulations, which were done for this
research, Poisson’s ratio for PVB material was a fixed
value at 0.498 but Young’s Modulus was customized for
each interlayer type and ranges from 2-90 MPa.
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A limited number of studies have been reported on
EVA interlayer material mechanical behaviour at
different temperature and strain rate. Several authors’
(Serafinavi¢ius et al., 2013; Weller et al., 2005)
experimental investigations revealed that also EVA
interlayer is time and temperature-dependent.
Limitations of the studies (Castori and Speranzini,
2017; SerafinaviCius et al., 2013) are type of EVA
interlayer, authors focus mainly on evaluation of
standard type of EVA material. However, range of
EVA products is large and each type has considerable
difference in mechanical properties. Currently,
producers do not offer public data sheets for EVA
material physical properties. For this reason,
properties were taken from literature as Egy, = 10-20
MPa and vgys = 0.32 (Castori and Speranzini, 2017,
Czanderna and Pern, 1996; Pankhardt, 2008).

Analytical Calculation

In this article, a method for determining the effective
thickness of laminated glass for analysis of stresses and
deflection has been applied (prEN 16612, 2017). According
to the following formulas (Equation 1, 2), effective
thicknesses have been calculated and substituted into the
standard engineering formulas for four-point bending test
maximum stress and deflection approach:

by, = JZ g+ 12w[2h,chfmkj , (1
k i

B,

P h +20h,,’ @

Where:

® = Coefficient between 0 and 1 representing no
shear
transfer (0) and full shear transfer (1)

hy, by = The thicknesses of the glass plies

Ay ks By = The distances of the mid-plane of the glass
plies £, j, respectively, from the mid-plane of
the laminated glass

Repo; = The effective thickness for calculating the
stress of glass ply number j

Pegy = The effective thickness for calculating

bending deflection

According to prEN 16612 (2017), the shear
coefficient  is defined for the interlayer. As mentioned
before, EVA interlayer has not been discussed in
standard, for this reason it can be defined by “Family 1”
where @ takes values of 0 to 0.3. Calculation was done
with the value 0.3 according to suggestions by Héna et
al. (2018). Interlayers SaflexDG41 and SentryGlas®
ionoplast are assumed to be in “Family 2” and o - 0.7,
PVB Sound 0.76 interlayer is “Family 0” and o - 0.
All other PVB interlayers are assumed to be in
“Family 1” (standard PVB) and o - 0.3.
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Laminated glass samples have been tested in 4-point
bending where the failure stress was calculated with
Equation 3:

3 Fa2
bh

ef.o.]

o Jailure —

(€))

where, a — distance between loading and support point,
F-maximal force, b-sample width, Az, - the laminate
effective thickness for calculations of bending stress.

The maximum deflection is calculated according to
Equation 4:

PR
© 48FE]

(Bl? - 4d*) 4)

where, E-Elastic modulus of glass (70 GPa), /- moment
of inertia (calculated according to Equation 5), /; —
distance between supports:

bh,
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W
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Experimental Investigation
Test Setup

Laminated glass specimens have been tested in 4-
point bending in the laboratory of the Faculty of
Engineering LTH at Lund University in Sweden. In the
tests, a uniaxial tensile machine with the capacity of 100
kN was used. The distance between the supports and
loading points was assumed constant for all samples
(Fig. 4). The specimens were loaded with a constant
displacement rate of 6 mm/min until failure of all glass
plies. This displacement rate was chosen to achieve a
constant stress rate within the load span of
approximately 2 MPa/s. While surveying the literature
for other experiments on glass using the four-point
bending setup, it was found that a stress rate of
approximately 2 MPa/s was most commonly chosen
(Kinsella, 2018), moreover, a stress rate of 2 +/- 0.4
MPa/s is recommended in the standardized setup
according to EN 1288-3:2000. Loading and cross-head
displacement have been recorded throughout the tests.

As the samples have been made using thermoplastic
interlayers, special attention was paid to the control of
climate in the testing room. The tests were carried out at
25+1°C with the relative humidity of 44+1%.
Measurements were collected during the tests and
calculated as an average value.

For accurate longitudinal strain measurement in glass
at high stress region, strain gauges LY 11-10/120 (Fig. 5)
were bonded to the glass at the tension and compression
side in the middle of the sample.
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Test Specimens

The laminated glass specimen dimensions were
500 mmx=100 mm, the values of an average specimen
thickness and the number of tests is shown in Table 1.

All laminated glass samples were manufactured from
annealed soda lime glass and industrially cut on
cutting machines and with polished edges. Laminated
glass specimens have been prepared according to
interlayer production process.

F/2 F/2

l

|

160

150 160

— L —

470

Fig. 4: Dovetail-shaped connection between plate and vertical rod (a) flat configuration and (b) corners' displacement of -4

Table 1: Test samples overview

Fig. 5: Sample with strain gauge

Number of
Interlayer type tested specimens

Number of glases
in laminate

EVA - Matt white
EVA - Super White
EVA - Crystal
EVA-Visual 0.38
EVA-Visual 0.76
EVA - 80/120

EVA - Green
EVA-Grey

EVA- Blue

EVA- Blue

EVA - Visual
EVA-Crystal

PVB - Trosifol BG15
PVB - Saflex DG41
PVB-Saflex RB47 Vanceva 9
PVB-Saflex RB71
PVB - Saflex QS41
SentryGlas®ionoplast
PVB - Clear

PVB -RI11

PVB - R41

PVB - Clear 0.76
PVB - DG41

PVB - Sound 0.76
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One glass sheet Samples average Interlayer thickness
thickness [mm] thickness [mm] [mm]
5 9.95 0.38
5 10.03 0.38
5 10.10 0.38
5 9.97 0.38
5 10.16 0.76
5 9.99 0.38
5 10.06 0.38
5 10.08 0.38
5 10.04 0.38
5 20.46 0.38
5 32.50 0.38
5 32.18 0.38
6 13.29 1.52
6 12.34 0.76
6 12.54 0.76
6 13.29 1.52
6 12.64 0.76
6 12.76 0.89
5 32.54 0.76
5 10.15 0.76
5 10.44 0.76
5 10.38 0.76
5 10.36 0.76
5 10.48 0.76
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Results and Discussion

This section summarizes the experimental and
numerical results. In the next paragraphs, samples test
results, FEA and analytical results are discussed
separately, including the measurements obtained from
strain-gauges. For a better understanding, samples
with additional marks 4G and 6G refer to the number
of glass sheets in the specimen.

“Post-Breakage” Phase Observation

During experiments, two types of failure for the
laminated glass specimens were observed (Fig. 6).

With the first type, both glasses collapse
simultaneously under the load as a monolith glass and
the curve is linear with one maximal load peak (Fig. 6
curve A). With the second type, first collapses the
tensile side of the glass but compression side pane is
still able to carry the load and two maximum load
peaks or more can be seen in graph (Fig. 6 curve B).
In this case, a so called “post-breakage” state can be
observed which is also described in Delincé et al.
(2008). The post-breakage state of laminated glass is
defined as the state when one or more glass sheets are
cracked and the broken glass pieces are still bonded to
the interlayer. Delincé et al. (2008) Post breakage

Load

phenomena have to be analyzed especially for load
bearing structures, because of the laminate’s ability to
maintain integrity and carry the loads after collapse.
There are several factors which affect laminate post-
breakage behavior, for example, glass fragments size
after breakage, interlayer properties, load duration,
adhesion between interlayer and glass surface, etc.

In this research paper, the laminated glass “post-
breaking” phase results are not discussed, however,
Table 4 shows that for 55% of all samples this phase
is observed. For further analytical calculations, the
maximum force (Fu.) and the corresponding
displacement (D,,,,) values are used (Fig. 6).

Strain Gauge Measurements

Strain gauges were glued on the specimen’s upper
and lower glass surfaces to determine the maximal
longitudinal strain in the glass at failure. In general,
the Young’s modulus of glass was assumed as Ejj,5 =
70 GPa (EN 572-1, 2017; Pfaender, 1996) which
allows, according to Hooke's Law, to calculate
maximal bending stress in glass plies. The maximal
normal stress results obtained from strain gauge
measurements, FE analysis and analytically calculated
results are presented in Table 3.

F max

F max

Dmax Dmax

Displacement

Fig. 6: Post-breakage schematic drawing
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Table 2: Comparison of strain gauge measurements and FEA results

% difference

Maximums Tensile side max Comp. side FEM normal ~FEM normal  Failure (tensile) % difference (strain-gauge and
force at failure normal stress maximal normal stress (tensile) stress (comp.) stress (prtEN16612)  (strain-gauge prEN16612
Specimen [N] [MPa] stress [MPa] results [MPa] results [MPa] [MPa] and FEA results)  results)
Trosifol BG15 1239.0 75.0 68.8 75.10 68.2 51.60 0.00 45.00
Saflex DG41 1795.0 55.7 55.6 57.80 61.5 58.40 4.00 5.00
Saflex RB47 1534.0 98.5 78.9 90.00 76.9 63.90 9.00 54.00
Vanceva 9
Saflex RB71 1524.0 89.5 87.1 97.90 84.6 63.50 9.00 41.00
Saflex QS41 873.00 48.9 49.5 48.00 47.0 36.40 2.00 34.00
SentryGlas
ionoplast 1537.0 45.8 45.5 4520 43.0 50.00 1.00 8.00
EVA Visual 6G 5826.0 66.6 - 69.50 - 40.10 4.00 66.00
PVB Clear 6G 4982.0 62.2 - 62.20 - 34.30 0.00 81.00
Mean value 2413.8 67.7 64.2 68.20 63.53 49.78 3.65 41.90
Standard deviation 1878.8 18.8 16.7 18.85 16.39 11.81 3.63 26.38

Table 3: Average value of failure force, displacement, failure stress, FEA results, analytical results and standard deviations for all

series samples

Avg. Displ. % difference  Avg. failure % difference
Avg. failure Avg. Displ.  Avg. Displ. % difference prEN16612  (test and stress FEA Avg. failure (FEA nd
force (STDEV)  (STDEV) FEA (STDEV) (testand FEA (STDEV) prEN16612  (STDEV) stress (STDEV) prEN16612

Sample [N] [mm] [mm] results) [mm] results) [mm] [mm] prEN16612 results)
Trosifol BG15 1192.6 (190.7) 6.1(1.1) 6.4 (1.0) 5 42(0.7) 49 70.4 (13.6) 49.7(7.9) 42
Saflex DG41  1851.6 (61.3) 3.2(0.05) 3.4(0.1) 4 3.7(0.2) 13 62.5(3.2) 60.2 (2.0) 4
Saflex RB47

Vanceva 9 1382.2 (206.7) 6.4 (0.9) 6.4 (1.0) 0 4.4(0.8) 35 69.1 (10.6) 57.5(8.6) 20
Saflex RB71 1255.0 (255.1) 6.8 (1.4) 6.8(1.4) 1 49(04) 58 69.4 (14.3) 52.3(10.6) 33
Saflex QS41 997.0 (214.4) 53(1.1) 54(1.2) 2 3.6(0.9) 53 54.9 (12.0) 41.5(8.9) 32
SentryGlas®  1929.6 (568.2) 3.0(0.85) 3.0(0.9) 2 3.6(04) 21 59.1(17.9) 62.8 (18.5) 6

R11 709.7 (188.7) 4.57(0.1) 44(1.2) 3 4.1 (1.1) 10 489 (15.9) 41.8 (11.1) 17
R41 898.3 (106.3) 6.3(0.8) 6.4 (0.7) 1 5.6 (0.7) 12 62.9 (7.5) 55.9 (6.6) 13
Clear 978.4 (23.9) 7.0 (0.3) 7.0 (0.2) 1 5.7(0.1) 23 65.8 (1.7) 58.6 (1.4) 13
DG41 938.6 (-) 2.6(-) 2.8(-) 6 32(-) 17 405 (-) 43.0 (-) 6
Sound 800.4 (108.0) 5.1(2.3) 512.2) 0 103 (1.4) 50 52.4(7.4) 76.8 (10.4) 32
Clear 6G 4079.7 (786.5) 6.7 (0.9) 6.7 (1.1) 1 1.5(0.3) 355 62.3(-) 343 (-) 81
Matt white 1003.3 (36.9) 3.7(0.2) 3.9(0.1) 2 6.3(0.2) 40 54.1(2.0) 62.4(2.3) 13
Super White 1270.9 (177.7) 4.9 (0.6) 5.2(0.7) 6 8.0(1.1) 39 66.7 (9.3) 79.0 (11.1) 15
Crystal 922.3(1.1) 44(12) 4.1(1.1) 7 5.4 (1.5) 19 484 (13.1) 543 (14.7) 11
Visual 0.38 879.7 (32.6) 3.7(0.1) 3.6 (0.1) 5 5.5(0.2) 32 46.2 (1.7) 54.7 (2.0) 15
Visual 0.76 908.6 (108.6) 4.3(0.6) 42(0.5) 3 5.3(0.6) 19 50.96 (6.2) 53.5(6.4) 5
EVA 80/120  688.7 (111.4) 2.7(0.4) 2.7(0.4) 1 43(0.7) 38 38.3(6.2) 42.8(6.9) 10
Green 1114.9 (368.6) 4.1(1.4) 42(1.4) 2 7.0(23) 41 60.3 (23.5) 69.3(22.9) 13
Grey 1143.2 (23.6) 42(0.1) 4.4(0.1) 3 7.2(0.1) 41 61.72 (1.2) 71.1(1.5) 13
Blue 1390.4 (145.6) 5.2(0.6) 5.4 (0.6) 3 8.7(0.9) 40 752(7.9) 86.5(9.1) 13
Blue 4G 4410.4 (394.4) 3.7(0.4) 3.7(0.3) 1 6.2 (0.6) 40 52.3(5.1) 82.1(7.3) 36
Crystal 6G 5826.3 (-) 59 () 52() 2 2.1(-) 178 57.6 (-) 32.0(-) 80
Visual 6G 4649.7 (-) 53(-) 6.1(-) 3 1.7 () 213 69.5 (-) 40.1(-) 73

Strain measurements is instrumented to provide
data for comparison to finite element analysis (FEA)
results and to validate the FE model. The percentage
difference between strain gauge measurements at the
bottom plate and FE analyses is 0-4%. An exception
are the samples with Trosifol BG15 and Saflex RB47
interlayer for which the strain in the bottom glass ply
is 9% and 25% higher, respectively, than in the top
ply. However, the analytical approach gives results with
a larger scattering, for two-layer laminates between 5-
54% and for six glass laminates between 66% and 81%.
This disparity is explained by the implemented shear
transfer coefficient ® that is too general and
conservative, from the other hand, it serves also as a
safety factor in engineering calculations.

From the test results it can be concluded that the
stiffer the interlayer is, the more the plate behaves like
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a monolithic structure and the difference between the
top and bottom strain measurements are smaller.

PVB Interlayer Samples

Table 3 presents a range of statistics including the
average failure force for all tested samples with PVB
and lonoplast interlayer. Figure 7 compares the
experimentally measured force-displacement curves
for two glass laminates where the glass thickness is 6
mm and the PVB interlayer thickness is 0.76 mm and
Ionoplast thickness is 0.89 mm.

There is a close agreement seen for the results in
Figure 7 between samples with PVB Saflex DG41 and
SentryGlas® lonoplast interlayer. The highest average
failure force (Table 3) was recorded for SentryGlas
Ionoplast — 1929.6 N (SD 568.2) and Saflex DG41 —
1851.6 N (SD 61.3) where the corresponding average
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displacement was 3.0 mm (SD 0.85) and 3.2 mm (SD
0.05). Compared to specimens with Saflex DG41 and
SentryGlas®, the average displacements are 50%
lower for the Trosifol BG15, Saflex RB47&Vanceva
9, Saflex RB71, Saflex QS41 interlayers. The
disparity between the results can be explained by
interlayer properties, for example, PVB Saflex DG41
(ECC, 2015) and SentryGlas® Ionoplast (Kuraray
GmbH, n.d.) interlayer is 100 times stiffer than
conventional laminating materials at the same
temperature and load duration.

The lowest load at failure was found for samples
with Saflex QS41 interlayer — 997 N with SD 214.4.
Specimens with BG15, RB47Vanceva9 and RB71
have equal results (Table 3).

Figure 8 and Table 3 represent experimental results
of two glass laminates, where 5 mm glass was used. A
higher average force was sustained by samples with PVB
Clear and PVB - DG41 interlayer respectively 978.4 N
(SD 23.9) and 938.6 N. It must be mentioned that in this
case there are only two observations per data sample
available which limits the statistical significance,
however, a rough estimate is conveyed for the
mechanical behaviour under bending load.

Figure 9 illustrates the results of 6-ply glass
laminates with PVB clear interlayer. The average failure
force was determined as 4079.7 N (SD 786.5) and the
corresponding displacement was 6.7 mm (SD 0.9). The
figure also shows that the slope of the force-
displacement curve is not linear which means that
viscoelastic properties of the interlayer affect the results.

4 — — TrosifolBG15
- SaflexDG41
2500 ¢ [ e SaflexRB47/Vanceva9
/1 —-—-SaflexRB71
s ! — — SaflexQS41
2000 ¢ £ I —.—. SentryGlas ionoplast
Ak i
z :
g 1500 ! e
2 i S
5 | L
! P
1000 | L o
: L
s
500 | roi;
L
Ly
0 —=
0 8

Displacement [mm]

Fig. 7: Force — displacement curves for two glass (thickness 6 mm) laminates samples with PVB and lonoplast interlayer
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Fig. 8: Force — displacement curves for two glass (thickness 5 mm) laminates with PVB interlayer.
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Fig. 9: Force — displacement curves for six glass laminates with PVB interlayer

EVA Interlayer Samples

Figure 10 presents test results for two glass laminates
samples with EVA interlayer. The thickness of the
interlayer is 0.38 mm, except for samples with EVA Visual
0.76 mm film where the nominal thickness is 0.76 mm.

Figure 10 and Table 3 show that there is a significant
difference between test results and the type of interlayer
affects force and displacement results. It can be
explained by the small number of specimens that do not
provide for a complete statistical analysis. However, a
disparity between the results also confirms the
hypothesis that each EVA interlayer type has unique
properties and must be evaluated for further research.

The lowest failure force is observed for samples
with EVA - 80/120 interlayer - 767 N and 609 N. A
significant difference is shown by two series samples-
EVA — Crystal and EVA — Green where results are
746 N, 1098 N and 1375 N, 854 N, respectively.

More complex behavior under bending load is
illustrated by the test results (Fig. 11) of 4 and 6 glass
laminates. The curves with dashed lines represent 4 glass
plates with EVA — Blue interlayer but solid lines 6 glass
laminate with EVA-Visual and EVA-Crystal interlayer.

From the results presented in Fig. 11 and Table 3 it
can be concluded that the curves, compared to the
samples with two glass plies (Fig. 10), do not show
perfect linearity. This curvature can be explained by the
effect of interlayer and its mechanical behavior during
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the loading process. Maximal force is at least 3 times
higher, but the displacement retains the same values.

One of the glass engineering main questions are
“what is the best interlayer for specific application?”
To describe and evaluate the capacity of laminated
glass with different interlayer’s resistance to
deformation in elastic zone, all specimens test results
were presented in one chart. In Fig. 12, the failure
force is plotted against measured corresponding
displacement for all specimens.

Some limitations of this research must be taken
into consideration. First, the tests were conducted
under laboratory conditions. As mentioned before,
interlayer mechanical behavior affects temperature,
for this reason, for structures, which deal with outdoor
conditions; static calculations must be done with
properties for those conditions. Second, it is difficult
to explain such results based on the full information
of EVA interlayers properties. Further investigation
requires a full test cycle for determination of the exact
o value for all types of EVA.

However, the results in Fig. 12 highlight that
specimens with EVA interlayer are competitive and
give two times smaller displacement results than
specimens with standard PVB interlayers, except for
“stiff interlayers” (Saflex DG41 and SentryGlas®).
Furthermore, the data shows a dispersion between one
interlayer results. Even though the difference is small, it
may have a significant impact on structural calculations.
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Fig. 10: Force — displacement curves for two glass (thickness 5 mm) laminates with EVA interlayer.
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Fig. 12: Force — displacement results for all tested specimens

Visual Inspection Results

The strength in glass material is stochastic in nature
and depends on the existence of microcracks on the
surface. The strength is governed by the stress-enhancing
flaws that limit the practical strength to some 20-140
MPa for annealed glass (Regan, 2014). Glass material
fracture, branching of cracks, fracture spread and
failure origin are phenomena which are not
unambiguously explained or predictable. One of the
advantages with laminated glass is the possibility to
evaluate the material fracture pattern after failure.
Several authors tried to predict and analyze the glass
fracture process. Veer and Rodichev (2012), the
fracture pattern in water-jet cut glass is analyzed. The
fracture patterns are divided into four categories;
however, it is noted that according to research for
glass with polished edge, only two types of fracture
patterns are generally observed, namely, centre
fractures and V-fractures.

Table 4 presents pictures with the glass material
failure pattern and the determined fracture location
and ratio of damaged area to whole sample plate area.
For the understanding of Table 4, abbreviations have
been introduced. The heading “fracture location”
describes three types of location where cracks have
been observed - Middle of sample (M) and at some
part of span (1/3L, 2/3L), where L — full length of
beam. Measurements were made from the outer edge
of the sample. “Fracture area” describes position of
fracture area - located Between Loading Points (BLP)
or direct under Loading Roller (LP). In the case of 4-
point bending test, the maximum bending moment is
reached between the loading points. The “Area of
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cracks” was evaluated to determinate the area of
material damaged by the load. A parameter is
calculated corresponding to the ratio of crack to the
whole surface area. After the test, all specimens were
visually examined and the maximum dimensions of
the crack area were measured, furthermore, the results
were expressed as a percentage. In section, “type of
fracture” are listed the type of failure origin, either
edge or surface fracture.

As mentioned before, (Veer and Rodichev, 2012)
described two type of fracture. In this research paper the
centre crack is defined by a surface crack (Fig. 13 a) and the
V-crack by an edge failure (Fig.13 b).

In the case of an edge failure, a “V” type crack
occurs after breakage of the glass and extends from
one point on the sheet edge. The second type is the
surface failure with the crack starting from the glass
surface when the glass breaks.

Table 5 gives information about the failure
proportions of all tested samples. The first step in
breakage analysis is determining the origin or location
where the breakage occurred. In this case, the
proportion of fracture location shows that in bottom
plies 42% of cracks started at the middle on the
specimen but in top plies 66% started under the
loading points. This large percent can be explained by
glass and metal roller interaction. According to (EN
1288-3, 2016), rubber sheets must be inserted between
the glass specimen and metal, however, for full scale
(360x1100 mm) specimens the rubber does not affect
the result, but for smaller and thinner samples it can
change the force-displacement curve.
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Fig. 13: Type of glass fracture: (a) Surface crack (b) edge crack

Table 4: Samples failure mode and fracture patterns

Characteristic
Fracture location Fracture area Area of cracks [%] Type of fracture fracture pattern
Post- Comp- Compr- Compr- Compr-
Nr./Type breakage ression  Tensile ession Tensile ession Tensile ession Tensile Bottom Top
of interlayer phase side side side side side side side side ply ply
: CoM o e 2 5 5 - o4
001-EVA  + M M BLP BLP 22 16 Edge Edge
Matt_white
002-EVA + 1/3L 2/3L LP LP 14 12 Surf. Surf. - -
Matt_white
003-EVA 1/3L 2/3L LP LP 16 12 Surf. Edge - -
Super_white
004-EVA 2/3L 1/3L LP BLP 24 22 Edge Edge - -
Super_white
005-EVA + 2/3L 1/3L LP LP 8 6 Surf. Edge - -
Crystal076
WeEVA ¢ M M BLP BLP 24 2 st Edge B T
Crystal076
OTEVA ¢+ 1AL 2L 1P wo 2 B B . i AN
Visual038
008-EVA + 2/3L 1/3L LP LP 10 10 Surf. Edge - -
Visual038
009-EVA + 2/3L 1/3L LP LP 10 10 Surf. Edge - _
Visual076
010EVA  + MM BLP BLP 20 18 Bdee  Edge - P
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Table 4: Continue

Visual076 = = [ e
011-EVA + 1/3L 2/3L LP Lp 12 14 Surf. Edge | I
80/120 —

012-EVA + 1/3L 2/3L LP Lp 12 12 Edge Edge I

80/120

014-EVA 2/3L 1/3L LP Lp 22 24 Edge Edge - -
Green

015-EVA  + 2/3L 2/3L BLP BLP 16 16 Edge Edge - -
Green

016-EVA  + 2/3L 1/3L LP Lp 22 22 Edge Edge - —
Grey _

017-EVA 2/3L 1/3L LP Lp 12 12 Edge Surf. - i
Grey

018-EVA + 2/3L 1/3L LP LP 24 22 Edge Edge - -
Blue e
019-EVA M M BLP BLP 30 32 Edge Edge - -
Blue

029-EVA

Blue 4G 1/3L 2/3L LP Lp 22 22 Edge Edge - -
030-EVA

Blue 4G 1/3L 2/3L LP LP 24 26 Surf. Edge — -
031-EVA  + 1/3L 2/3L BLP BLP 34 34 Edge Surf. -

Blue 4G

032-EVA 1/3L 2/3L LP Lp 26 28 Surf. Edge m t
Crystal 6G

065-EVA 1/3L 2/3L LP Lp 22 28 Edge Edge 1 M
Visual 6G

Trosifol _1.52_BG15

035 + M 1/3L BLP BLP 46 24 Edge Edge K
036 M M BLP BLP 22 20 Surf. Edge ..

037 1/3L 2/3L BLP BLP 28 30 Edge Edge

038 1/3L 2/3L BLP BLP 28 26 Edge Edge

039 M M BLP BLP 22 20 Surf. Edge

Saflex_0.76_DG41

040 M M BLP BLP 24 26 Edge Edge

041 1/3L 2/3L BLP BLP 26 24 Edge Surf.

042 1/3L 2/3L LP Lp 14 12 Surf. Surf.

043 + M M BLP BLP 26 26 Edge Edge

044 + M M BLP BLP 26 24 Edge Edge

Saflex_0.8 RB47

045 M M BLP BLP 22 24 Surf. Edge

046 + M M BLP BLP 28 30 Surf. Edge

047 + 1/3L 2/3L BLP Lp 26 28 Surf. Edge

048 1/3L 2/3L LP BLP 22 22 Surf. Surf.

049 M M BLP BLP 16 18 Surf. Surf.

Saflex_1.52_ RB71

050 M M BLP BLP 40 20 Surf. Edge

051 + M 2/3L BLP Lp 70 26 Surf. Edge

052 M M BLP BLP 32 30 Edge Edge

053 + 1/3L 2/3L BLP Lp 20 22 Edge Edge

054 + M 2/3L BLP BLP 40 26 Edge Edge

Saflex_0.76_QS41

055 1/3L 2/3L LP Lp 16 12 Surf. Surf.

056 + 2/3L 1/3L LP Lp 12 18 Surf. Edge

057 M M BLP BLP 36 30 Edge Surf.

058 + M 2/3L BLP BLP 22 22 Surf. Edge

059 + M 2/3L BLP BLP 16 18 Edge Edge

Sentryglas 0.89_SGP

060 M M BLP BLP 22 18 Edge Edge

061 1/3L 2/3L BLP BLP 26 24 Edge Edge

062 1/3L 2/3L LP Lp 22 24 Edge Edge

063 + 1/3L 2/3L LP Lp 12 14 Surf. Edge

064 1/3L 2/3L LP Lp 28 30 Edge Surf.

013 - PVB

Clear0.76 2/3L 1/3L LP LP 24 24 Edge Surf. m
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Table 4: Continue

024—PVB _
Clear0.76 + 1/3L 2/3L BLP BLP 24 22 Edge Surf. W jxﬁé_
026 - PVB ————
RI1 + M M BLP BLP 10 10 Surf. Edge 7R R
027 -PVB
R11 + M M BLP BLP 12 12 Surf. Edge W
021 -PVB ——
R41 + M M BLP BLP 2 22 Edge Edge i
028 - PVB :
R41 + 1/3L 2/3L BLP BLP 22 22 Edge Edge [ B ;
020 - PVB —
]
DG41 + 2/3L 13L LP LP 10 8 Surf. Edge B il
022 - PVB
Sound0.76 M M BLP BLP 14 14 Edge Edge 7 E -
023 - PVB —
Sound0.76 M M BLP BLP 24 20 Edge Edge W
025 - PVB =
Sound0.76  + 1/3L 2/3L BLP BLP 16 16 Edge Edge S
033 -PVB -
076 (6G)  + M 13L BLP LP 46 24 Surf. Surf. T
034 -PVB i —
0.76 (6G)  + 2/3L 13L BLP BLP 20 18 Edge Edge I
066 — PVB
076 (6G)  + M M BLP BLP 26 30 Edge Edge T -
Table 5: Fracture location statistics Summary and Conclusion
Bottom plies Top plies
Proportion of edge failure 0.59 0.80 The current research paper shows experimental,
Proportion of left to right edge failures  0.50 058 analytical and numerical studies on two, four and six
llz;(’pomon of fracture location: 04 033 glass laminates with EVA and PVB interlayers; a total of
1AL 038 021 66 samples were test'ed. . ' .
2/3L 0.20 0.45 For accurate longitudinal strain measurement in glass at
Proportion of area of crack: high stress levels, the strain gauges were glued on the glass
(1)01(3)0"/‘3/ ggg ggg at the tension and compression side in the middle of the
30 % : ‘ . . .

sample. Four-point bending tests of laminated glass were

<30 % 0.12 0.03 P P g g

The proportion of edge failures shows that 59% of
tensile side breakages were due to edge failures, but for the
top plies it was 80%. Previous studies confirm that glass
material breaks unpredictably, moreover, this result
coincides with Veer and Rodichev (2012; 2011).

The ratio of crack area shows that under bending load
10-30% of the whole sample is damaged. This number is
important for crack spread evaluation and for a
determination of how large an influence the interlayer
has in this process. From Table 4 it can be concluded
that “crack area” is not dependent on the type of
interlayer. All sample series exhibit high scattering of
results and minimal repeatability.

One of most interesting observations is glass failure
in shear (samples with Saflex 1.52 RB71 interlayer) or
sheet separation. The pieces of glass were separated
layer by layer, which is not a typical failure type. This
type of failure can be explained by assumption that the
glass surface had excellent adhesion with interlayer and
under the load, the glass material could not withstand the
high strength of the adhesive bond.
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modelled in the software ABAQUS/CAE. With the models
it was possible to predict the maximal force and
displacements in the tests and to evaluate the bending
stresses. All FE models were validated by test data.

Analytical calculated displacement results are at least
10-58% higher compared to FE analysis and test results.
According to current research, the conclusion can be
drawn that by using the finite element method it is
possible to accurately simulate the mechanical behaviour
in 4-point bending with very high result correlation with
differences less than 5%. These 5% errors can be
explained by interlayer variable behaviour, which
depends on temperature and load duration.

The results, which were identified by the
experiments, confirms that EVA can be treated in the
modelling approximately equally to PVB. It must be
mentioned that the conclusions hold under laboratory
conditions and further research needs to be carried out
to verify the claim for temperature ranges and
environments outside of the laboratory conditions.

Multi-layered laminates and 55% of two glass
laminates test results allow for an evaluation of the
so-called “post-breakage” phenomena. The specimens
showed the same behavior — first collapsed the bottom
glass (tension side) and then other glass layers.
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A glass fracture pattern investigation confirms that there
appears to be no preference for the edge failures to occur
from the left or right side of the beams. This indicates that
the test setup was proper and that the loading of the
specimens occurred without significant tilting which would
otherwise probably promote breakages from either the left
or the right side. More than half of the failures originated
with the edge. In addition, more than half of the failures
occurred outside the load span stressing the fact that glass
fracture is stochastic in nature and challenging to predict.
The ratio of cracked area to specimen surface area is not
dependent on the type of interlayer.
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