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1. Introduction, Background
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The realization of transparent structures in engineering design, thus in architecture, became possible with
a very versatile building material: glass. Glass is a rigid material and for a long time its brittleness was a
well-known property besides its transparency. With the development of glass strengthening methods,
glass becomes nowadays an often used building material also in load bearing structures (Figs. 1 a, b).
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Fig. 1 a) Mezzanine glass roof in Gresham
b) Load bearing glass slab in Sándor Palace, glass
Palace, glass beams spanning of 9 m, 2002 [6]
beams spanning 3.2 m, 2001 [6]
Heat-treatment procedure is the most often used glass strengthening method for building glasses. Two
different types of so-called pre-stressed glasses are produced with the heat strengthening method:
tempered and heat strengthened glasses. Tempered glass can be considered as safety glass owing to the
fracture pattern with tiny blunt edged fragments. Heat or chemically strengthened glasses cannot be
considered as safety glass owing to the fracture pattern (fractures in shards), unless they are laminated.
With lamination of more glass panes, multi-layered (hereinafter laminated) glasses are produced.
EN ISO 12543-1:2000 differentiates between laminated and laminated safety glasses. Laminated safety
glass is generally used with an interlayer of foil. For larger sizes and curved shapes, laminated glass is
usually available with a resin interlayer. The interlayer material serves two purposes: (i) to keep glass
splinters in place during the fracture process to reduce the risk of injury and (ii) to increase residual load
bearing capacity.
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Until recently, some national standards explicitly stipulated the composition of the interlayer, usually
within the standard definition of laminated glass. The new European standards (EN 356:1999) also focus
on performance rather than composition, and do not determine more detailed requirements on the
property (e.g. thermo-mechanical) of the interlayer material. As a result, interlayer materials are not
explicitly specified for fields of application e.g. use in commercial or public buildings in outdoor or
indoor conditions. Therefore, those foil and resin interlayer materials or others are acceptable, which are
determined to be acceptable for use in laminated glass by the manufacturer of interlayer materials. Further
investigations are required especially in those areas, where glass is used as a load bearing element [1, 2,
11].
The aims of this Thesis were to study the bending characteristics of single soda lime silicate glasses and
those of laminated glasses, including:
§ force and deflections (New scientific result 3.1),
§ strains in different regions of glass surface (New scientific results 2.2, 3.3),
§ flexural stiffness (New scientific results 4.1 to 4.3),
§ temperature dependent residual load bearing capacity (New scientific results 5.1 to 5.2).
The following main influencing factors on bending characteristics were studied:
§ effect of thickness of glass pane (New scientific result 1.1),
§ effect of tempering (New scientific result 1.1, 1.2),
§ effect of edgework (New scientific result 1.3),
§ effects of interlayer materials (New scientific results 2.1 to 2.2),
§ effect of temperature of glass pane (New scientific results 3.1 to 3.4).
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Interlayer materials used in laminated glasses were resin (UP) or EVA (ethyl-vinyl-acetate) foil. While
PVB (polyvinyl-butyral) foil is widely used in laminated glasses, EVA foil is a new generation of foils.
EVA interlayer was first used in Hungary in 2005 by Rákosy Glass Ltd.
Glasses are used not only in the interior but also in the exterior [10, 11]. Therefore, the effect of
temperatures of -20 °C, +23 °C and +60 °C were investigated on the bending characteristics of glasses.
Bending strength with the well-known formulas was also evaluated in the case of non heat-treated float
and tempered glasses and was compared with the measured surface stresses.
Are the strains measured in the centre of the pane and near the edge equal? Strain measurements of
the surface of loaded specimens – at the middle of the pane and near the edge – were also investigated.
Most of the glass strengthening methods are used to introduce residual compressive stresses into the outer
layers by physical or chemical tempering (Fig. 2).
Fig. 2 Distribution of residual stresses over the
thickness of a single, tempered glass pane at the
middle (R 1) and near the edges (R 2). Residual
compressive stresses near the surface are σ ≈
120 MPa (σ edge min. 67 MPa), [5].
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actual surface condition of glass. Further studies (Marshall et al., 1977, Lawn et al., 1985) have shown
that surface strengthening can lead to substantial improvements in degradation resistance, therefore, in
outdoor applications, when the glass surface is exposed to moisture etc., tempered or heat strengthened
glass should be used.
Table 1 Methods of calculations on laminated glass subjected to bending
Method
Concept
of
effective
thickness,
heff

Reference
Wölfel
(1987)

Effective
section
modulus,
Weff

Norville
(1997)

Surface stresses are related to the temperature gradient that results from cooling. The resulting
compressed layer helps to close cracks initiated on the surface (Fig. 3), can stop crack propagation and
can also increase the bending strength.

Coupling
parameter,
κ

Krüger
(1998)

Standard

EN 12883:2000

b)
a)
Fig. 3 Vickers diamond pyramid indentation on tempered glass surface a) section view, b) plan view.
Indentation field drives the cracks, residual tempering field opposes them (Marshall and Lawn, 1977).
There is a peak of tensile stresses at a small distance from the edge (typically ≤ 2h from the edge, Fig. 4).

Fig. 4 Surface and mid-layer stress near the edges
(Redner, 2000)

Tensile stresses are an indication of an undesirable edge cooling rate and are a potential bending problem.
Surface strain measurements in Region 1 (in the centre of pane surface) and in Region 2 (near the edge)
were carried out during this PhD research.
Failure originates from cracks with atomically sharp tips. In spite of the careful manufacture and
transportation of glass panes, impacts with sharp particles or environmental impacts can cause defects on
the surface and are unfavourably influenced by wet (aqueous) environmental conditions (Lawn et al.,
1985). Research by Wiederhorn (1967), Michalske (1977), Ito & Tomozawa (1982), Marshall & Lawn
(1985), Wiederhorn, Dretzke & Rödel, (2002) has shown that aging of newly created flaws should be
beneficial on the glass strength, and residual stresses will tend to relax over time. Mould et al. (1959)
showed that the strength of specimens containing abrasion microcracks can increase with the aging time
(i.e., time between abrasion and testing to failure). In the case of building glasses under such conditions
no appropriate durability prediction exists which would be capable of predicting the lifetime based on the
2
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ASTM E
1300-04
(2004)

Contexts

heff = h + h + 12ΓJ s
3

3
1

3
2

Γ : shear transfer
coefficient, varies between:
0 ≤ Γ ≤ 1.
0: non bonded glass layers
1: rigidly bonded glass
layers
M
=
σ
 h q ⋅ h q ⋅ h int 
= b ⋅h⋅ +
+

3
2 
3

W eff =

q: ratio of horizontal shear
force transferred by PVB
foil between glass layers,
varies between:
0≤ q≤ 1.
( E ⋅ I )beam =

= E g ⋅ I g + Eint ⋅ I int + Ec ⋅ I c ≈
≈ E g ⋅ I g + Ec ⋅ I c
- I c = κ ⋅ b ⋅ h ⋅ ( h + hint ) 2
κ : represents the coupling
of glass layers , varies
between:
0≤ κ≤1
0: non bonded glass layers
1: rigidly bonded glass
layers
3( Ls − Lb )


+ σ bG 
σ bB = k  Fmax
2bh 2


k = 1, in the middle of pane
k = ke, in the edge region of
pane, can be determined
with diagrams as function
of y/h
The load resistance of glass
pane:
LR = NFL × GTF × LS
(with use of load charts and
diagrams)

Advantages
Coupling of glass
layers can be taken
into account.
Effect of temperature
and duration of
loading can be taken
into account.

Disadvantages
For laminated glass consisting
of two glass layers, supported
on shorter sides.
Primary (and only) interlayer
material property is its shear
modulus, G.

Coupling of glass
layers can be taken
into account.

Parameter q, was determined
with experiments, only for PVB
foil, with two sides supported,
uniformly distributed loaded
panes.

Coupling of glass
layers can be taken
into account.
Effect of temperature
and duration of
loading can be taken
into account.

Parameter κ, was determined
with experiments, only for PVB
foil, with two sides supported,
three-point bended panes.

The strength of pane in
edge region can be
determined, therefore,
regions with different
strength can be
defined.

Can be applied for single
glasses. In the case of
approximative calculations with
two sides supported, four-point
bended panes.

Variability of supports.
The effect of
temperature can be
taken into account.

Standard was based on PVB
performance under uniformly
distributed loading with load
duration to failure in three
seconds.

The bending strength of a single glass is influenced by the following factors (EN 1288-1:2000, [6]):
a) heat treatment, b) surface condition (e.g. non-slip characteristics), c) rate and duration of loading, d)
area of surface stressed in tension, e) relaxation, f) ambient medium, g) age, i.e. time elapsed from the
last mechanical surface treatment, h) ambient temperature, i) edgework.
The structural behaviour of laminated glass lies between two limits, the so-called lower (layered) limit,
where the glass panes react without a shear bond and the upper (monolithic) limit where all glass panes
3
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are rigidly connected. For both limits, stresses in the glass pane can be calculated using the known
formulas and models. In reality, the maximum stress of the laminate lies between those two limits.
In Table 1 are summarised the most applied and referred representative parameters in calculations of
bending resistance of laminated glasses. Each method has advantages and disadvantages. With some
methods we cannot distinguish between float and tempered glass, or the calculated strength is for the
whole glass overall and the definition of different regions of laminated glass is not possible. To perform
engineering calculations it should be supplemented by laboratory testing with the affecting factors on
glass and interlayer material (e.g. effect of tempering as well as temperature dependent behaviour of
interlayer material should be studied).
Different influencing factors should be taken into account for the calculation of bending strength of a
single or laminated glass pane. The flexural stiffness of laminated glass is significantly influenced by the
temperature of the glass pane. With increasing temperature, the shear stiffness decreases rapidly (Wölfel,
1987) and creep becomes more significant (Krüger, 1998).
According to Wölfel’s (1987) calculations, the primary interlayer property that influences the strength
and deflection is the shear modulus, G, of the interlayer. In the case of thin or large size glasses (high
Ls/htot ratio), where the deformations (deflections) are considerable, temperature dependent flexural
stiffness (Dfl) of the overall laminate is more significant.
Therefore, this Thesis deals with the influence of temperature on flexural stiffness of laminated
glasses. Based on the experimental results, the coupling parameter κ was modified, which represents the
bond between the glass layers and was originally defined by Krüger (1998).
Of course laminated glasses can be modelled with a computer (e.g. FEM), where the freedom by design is
limited only by the possibilities of the applied software. In addition, the best software sometimes requires
the determination of material properties with laboratory experiments, which can take a long time and can
be expensive. The advantage of the experiments is that by consideration of the influencing factors, those
cannot be modelled or difficult to model with the use of the computer. It is especially valid in the case of
calculation of strength of glass surface where the following influencing factors should be considered: the
effect of surface treatment (acid etching), or the effect and development of cracks starting and
propagating from the defects caused by edgework. The best results are presented by 1:1 scale tests, but
these can be expensive especially in the case of laminated glasses.

3. Research Method
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Test programme of single glass specimens

-20 C°

Test parameters of single glass specimens were the following:
Constants: test arrangement, width and length of specimens, edgework.
Variables: thickness, type of glass [non heat-treated (float) or tempered], rate of loading, temperature
of specimens.
Test parameters of laminated glass specimens were the following:
Constants: test arrangement, width and length of specimens, thickness of the glass layers was 6 mm,
edgework.
Variables: number of layers (two or three), type of glass (non-safety or safety laminate), type of
interlayer material (resin or EVA foil or without interlayer), temperature of specimens.

3.1.2 Test Programme
The size of tested specimens was prepared according to EN 1288-3:2000 standard. Non heat-treated
(float) and tempered single layer glass specimens of different thicknesses (6 mm, 12 mm and 19 mm) and
laminated (2×6 mm, 3×6 mm) glass specimens were tested. The experiments were carried out at a room
temperature of +23°C. Further specimens were cooled to -20 °C or heated to +60 °C. The schematic
diagram of the test programme for single glass specimens is illustrated in Fig. 5.
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Fig. 5 Schematic diagram of test programme for single glass specimens
The influencing factors – mentioned earlier in Chapter 2 – e.g. tempering and temperature, on bending
characteristics of single layer and laminated glasses were studied. Laminated glasses consisting of
different types (non heat-treated float or tempered) and number (two or three) of glass layers with equal
thickness were investigated. The overall laminate was consisted of glass layers with thickness of 6 mm.
Therefore, the bending characteristics in the case of relative large deflections could also be studied. The
applied interlayer materials were resin or EVA foil. The schematic diagram of the test programme for
laminated glass specimens is illustrated in Fig. 6.
Test programme of laminated specimens with two or three glass layers

with two glass layers

with three glass layers

-20 C°

Non heattreated (float)

+60 C°

+23 C°

Tempered

Tempered

Non heattreated (float)

Non heattreated (float)

Tempered

No bond

3.1 Test Parameters and Test Programme
3.1.1 Test Parameters
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Resin bonded

Resin bonded

EVA bonded

EVA bonded

Resin bonded
EVA bonded

Fig. 6 Schematic diagram of test programme for laminated specimens
Single glass specimens with thickness of 12 and 19 mm were also investigated to compare the results of
2×6 mm and of 3×6 mm laminated glass specimens with a possible monolithic upper layered limit for
them. Glass layers laminated only with the use of a spacer (without interlayer material) were tested to
experimentally determine the lower layered limit of 2×6 mm and of 3×6 mm laminated glass specimens.
The glass layers without interlayer material were layered only with an elastic strip with a width of 5 mm
and thickness of 1 mm at the edges as a spacer.
Simplified symbols were used to distinguish the studied specimens, these are e.g. E_2_R. The
meaning of the symbols are as follows: the first place is the type of glass: (E_) tempered, (F_) float; the
second place is the number of applied glass layers (_2_, _3_); the third place is the type of interlayer
material (_R) resin, (_F) EVA foil, or (_D) non-bonded glass layers. In the case of single glasses, the
symbols indicate the type of glass and the nominal thickness e.g. E_12mm means single layer tempered
glass with nominal thickness of 12 mm.
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3.2 Method of Testing
3.2.1 Test Specimens
Any intended changes to the condition of the test specimens, like edge working, was completed at least 24
hours before testing (EN 1288-1:2000). Specimens were stored in the test environment for minimum one
day before being tested. If the glass surface is modified by abrasion, etching, edge working, etc., it is
necessary to allow the fresh damage to “heal” before the test is done. The continuous surface modification
by moisture affects the damage in a way that can reduce any weakening effect (Wiederhorn, 1967).
The size of specimens was determined as the average of at least three individual measurements.
Thickness was determined with an accuracy of 0.01 mm. The averages of the measured parameters are:
- density of glass, average
ρglass:
2.50 g/cm3 (nominal 2.50 g/cm3)
- length of specimen, average
L:
1099 mm (nominal 1100 mm6 5 mm)
- width of specimen, average
b:
358 mm (nominal 360 mm6 5 mm)
- thickness of specimen, average
hnom,6 mm: 5.87 mm (nominal 6 mm)
- thickness of specimen, average
hnom,12 mm: 11.85 mm (nominal 12 mm)
- thickness of specimen, average
hnom,19 mm: 18.99 mm (nominal 19 mm)
- thickness of resin interlayer, average
hint Resin: 1.00 mm (nominal 1 mm)
- thickness of EVA foil interlayer, average hint EVA: 0.40 mm (nominal 0.4 mm)
For single layer glasses by each testing combination four pieces of specimens, for laminated glass by each
testing combination three pieces of specimens were tested. The required number of specimens for any
combination of parameters was determined according to the standards. The standard deviation of the test
results was at most 10% of the average of measured values. In total, 160 specimens were tested.

3.2.2 Experimental Set Up

3.2.2.1 Force and Deflection Measurement
All glass specimens with a span of 1000 mm and a nominal width of 360 mm were tested in four-point
bending. The load and deflection of all specimens were continuously measured during the tests. The test
procedure was a semi-dynamic short-term test. The tests were carried out at a specimen temperature of
+23 °C, +60 °C and -20 °C, respectively. The heated or cooled specimens were insulated to provide an
environment with constant temperature and humidity. The temperature of the specimens and the room
temperature as well as the relative humidity of the testing room were measured during the tests. The
specimens were mounted as shown in Fig. 7.
F

5.
6.

7.

1.

Lb
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with Catman software to the measured values. Values measured during the tests were simultaneously
recorded by computer. Time was measured by the data-acquisition computer. Modes of deflection and
fracture process as well as the crack pattern of the glass specimens were recorded with digital optical
methods (CMOS SONY Camera).

3.2.2.2 Rate of Loading
The specimen should be bent (EN 1288-3:2000) with a uniformly increasing bending stress at a rate of
(260.4 N/mm2/s) until failure. Therefore, the testing instruments were calibrated to obtain the
displacement increment for single and laminated specimens. The results of calibrations were a bending
stress rate of 260.4 N/mm2/s in the glass specimens:
- in the case of single glass specimens with thickness of 6 mm: 50 mm/min displacement (available
by Instron Type 1197) should be applied.
- in the case of laminated glass specimens: 20 mm/min displacement (available by Instron Type
1197) should be applied.
- in the case of single glass specimens with thicknesses of 12 mm or 19 mm: 20 mm/min
displacement should be applied to compare the test results with laminated glass specimens.
To compare the results at same displacement increment between single glass specimens and laminated
glass specimens, the tests at room temperature were extended as follows:
- 50 mm/min loading rate was applied to:
o single glass specimens with thickness of 6 mm and
o spacer laminated specimens.
- 20 mm/min loading rate was applied to:
o single glass specimens with thicknesses of 6 mm, 12 mm, 19 mm;
o spacer laminated specimens and
o all interlayer laminated specimens.
Further tests were carried out with specimens thickness of 6 mm, with a decrease of the loading rate from
20 mm/min to 5 mm/min and 1 mm/min.
The measured actual force and displacement (deflection) data were displayed in real time on the screen of
the data-acquisition computer. The specimens were tested until fracture. Laminated specimens were
loaded until all glass layers were fractured (Figs. 8 and 9.)

2.

4.

h
3.

Ls

Fig. 7 Test method for four point bending (EN 1288-3:2000) where, 1.: specimen: 1100×360 mm,
2.: bending roller, 3.: supporting roller, 4.: rubber strip (3 mm thick, according to ISO 48), 5.: self-designed
transducer, 6.: custom-made insulation (40 mm thick), Ls: 1000 mm, Lb: 200 mm, h: thickness of the specimen (6
mm, 12 mm, 19 mm or 2×6, 3×6 mm), 7.:self-designed load transfer beam [5].
Rubber strips of 3 mm thickness and a hardness of 40 ± 10 IRHD (in accordance with ISO 48:1994) were
placed between the specimen and the bending and supporting rollers to avoid hard contacts. The bending
tests were carried out at room temperature (23 ± 5 °C) with relative humidity between 50 % and
65 %. The temperature was kept constant during the test with ± 1°C in order to avoid the development of
thermal stresses. Load was measured with a self-designed force transducer [3] for an Intron Type 1197
testing instrument and calibrated with a Hottinger Baldwin Messtechnik (HBM) 200 kN force transducer
(No. 76411). A self-designed steel construction with hinge connections was constructed to transfer the
load to the specimens with four-point bending. Displacement was measured with an
HBM type W50 displacement transducer at the mid of span. Signals of the instruments were transformed
6

Fig. 8 Fracture of single tempered glass

Fig. 9 Laminated safety glass under loading

3.2.2.3 Strain Measurement
Strains at selected points on the surface (in Region 1 and Region 2) of the glass panes were measured
with type HBM LY11-10/120 strain gauges (Fig. 10). For the calibration phase of the tests, type Kyowa
KFC-5-D17-11 strain rosettes were also used. In the case of laminated glass specimens, type HBM LY1110/120 strain gauges were placed both at the bottom and at the upper surface of the specimens to measure
the strain in the middle (R 1) and at the edge regions (R 2) of the glass pane. For temperature
compensation, another glass specimen had strain gauges applied on its surface and was stored in the same
condition as the tested specimens. Before testing, the compensator specimen was connected with the
tested specimen in half-bridge. The change of resistance in mV/V of the gauges was transferred to the
digital channels of a HBM Spider8 instrument. The Catman software that was installed on the computer is
able to transform the measured mV/V data into µm/m after calibration. Stresses at that same point may be
calculated using Hooke’s law for linear elastic materials, provided its elastic constants are known.
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R 2: Region 2
R 1: Region 1
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4. New Scientific Results
Bold letters are used for the text of the new scientific results. The explanation for the new scientific
results is normal type letter. The new scientific results are classified into five groups.

1. New Scientific Results: Effect of tempering (heat-treatment) on load bearing capacity
of single layer glasses in bending

To study morphologically the edge region of single glasses, four different types of edges were prepared
under the coordination of Dr. Béla Koczka of the Department of Inorganic and Analytical Chemistry,
BME:
a) manually arrised edge, b) machine ground edge, c) machine ground + acid etched edge, d) machine
polished edge.
A type JEOL JSM-5500LV scanning electron microscope was used. The edge samples were covered with
Au-Pd vapour for electron microscopy. The parameters of electron microscopy were the following: high
vacuum mode, secondary electron (SE) detector, acceleration voltage 25 kV. Digital photos were taken
with magnification of ×50, ×100, ×300, × 1000. In the photos, the scaling line is also indicated.

3.2.4 Differential Scanning Calorimetric Analysis (DSC)
The determination of glass transition temperature and melting temperature ranges were required, because
they were not available for cured resin. These data were only available for EVA foil. In order to
determine the glass transition and melting temperature ranges, tests were carried out, under the
coordination of Dr. Viktória Vargha of the Department of Physical Chemistry and Materials Science,
BME. Type of used resin was: UP-resin based on ortho-phthalic acid, pre-accelerated, light stabilised
(product name: VIAPAL VUP 4808 B/62, manufacturer: CYTEC).
Liquid resin and activator were mixed to create specimens for DSC analysis. DSC tests started at least 24
hours after mixing (end of cure time). The cured resin was highly flexible at room temperature. The
dynamic DSC thermographs of the cured resin were available with the use of Perkin Elmer DSC 7
equipment. A 5 mg sample was tested between temperatures from -60 to 220 °C in a nitrogenous
environment with a flow rate of 40 ml/min. The rate of heating was 10 °C/min. Heat flow versus
temperature diagrams of the cured resin indicate that the glass transition temperature, Tg, is about -38 °C,
and melting temperature, Tm, is +109 °C (range of 80 °C to 140 °C).

3.2.5 Physical Properties of Interlayer Materials Used During Test Programme
The mechanical behaviour of the laminated glass specimens is influenced by the interlayer material. The
studied interlayer materials were cast-in-place resin and EVA foil interlayer. The main properties of the
tested products are summarised in Table 2.
Table 2. Main physical properties of cured resin and EVA foil interlayer materials (data of Technical
datasheets and own measurements)
Properties
Unit
Resin (UP)
EVA foil
Specific gravity
g/cm3
1.16
0.95
Thickness
mm
1
0.4
2
14 to 22
N/mm2
Tensile strength at 23±2 °C
%
(~160) > 60
465 <
Ultimate strain at 23±2 °C
N/mm2
~ 12
1.2 <
Young’s modulus at 23±2 °C
~ 0.40
0.32
Poisson ratio at 23±2 °C
Glass transition temperature
°C
-42 to -38
~ -28
Melting temperature
°C
109 (80 to 140)
~ 76 to 79
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Based on my experimental results I have shown that the effectiveness of tempering decreases with the
increase of glass thickness (Fig. 11). Thus, the Bažant type size effect (Bažant, 2004) influences also the
effectiveness of tempering. The effectiveness of tempering decreases 41.1% in the case of 19 mm glasses
and 18.8% in the case of 12 mm glass thickness compared to glasses of 6 mm thickness.
It was also shown that the relationship between effectiveness of tempering and glass thickness is linear in
the nominal thickness range of 6 and 19 mm at a loading rate of 20 mm/min.
For glasses with nominal thickness of 6 mm it was shown that the effectiveness of tempering decreases
with the reduction of the loading rate from 20 mm/min to 1 mm/min (Fig. 12), but no significant changes
with increase of the loading rate from 20 mm/min to 50 mm/min. The explanation for that is more time
for the development of cracks starting from surface scratches in the case of reduced (5 mm/min, 1
mm/min) loading rates.
With the effectiveness of tempering (heat treatment) there is a possibility to select the appropriate and
economic glass thickness.
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

3.67

+23 °C

20 mm/min

Ratio of ultimate Force, Fu of
tempered to float glass (-)

3.2.3 Scanning Electron Microscopic Analysis (SEM)

1.1 New Scientific Result: The effectiveness of tempering [4, 7]
I have introduced the definition effectiveness of tempering (heat treatment) in the case of tempered
glasses with different thickness to show the effectiveness of tempering on the increase of load
bearing capacity. The effectiveness of tempering shows the proportion of load bearing properties
(e.g. maximal force) of tempered glasses compared to non heat-treated float glasses with the same
thickness. It was experimentally shown that the effectiveness of tempering depends on the glass
thickness and the loading rate.

Ratio of ultimate Force, Fu of
tempered to float glass (-)

Fig. 10 Regions R 1 and R 2 of strain measurements on glass surface [4, 5].

2.98
2.15

ratio=-0.12h + 4.38

4

6

8

10 12 14
thickness, h (mm)

16

18

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0

+23 °C
h = 6 mm

3.67

50 mm/min

2.75

Fig. 11 Effectiveness of tempering versus glass
thickness in the case of bending (20 mm/min)

20 mm/min

ratio = 2.757x 0.070

5 mm/min

2

R = 0.821

0

20

3.45

3.01

1 mm/min

5 10 15 20 25 30 35 40 45 50 55 60
Loading rate, (mm/min)

Fig. 12 Effectiveness of tempering versus rate of
loading with 6 mm glass thickness

1.2 New Scientific Result: Bending strength of single layer glasses [5, 6, 7]
Based on my laboratory bending tests I have shown that the values are different for bending
strength calculated with the basic formula of elasticity given in the standard EN 1288:3-2004 and
the maximal value of surface stresses of glass calculated from the result of strain measurement.
With the increase of the glass thickness, the bending strength decreases compared to the surface
strength. The ratio of bending strength to surface strength determined with strain measurement
can be approximated with power functions both in the case of tempered and non heat-treated float
glasses.
Based on my experimental results, the ratio of surface strengths determined with strain measurement to
the calculated value of bending strength can be fitted with power functions with the best correlation both
in the mid of the pane (R 1 region) and in the edge region (R 2 region).
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In the case of thinner than 10 mm and non heat-treated glasses, the surface stress calculated with the
deformation of glass surface (outer layer) will be considerable. By tempered glasses, with the increase of
the thickness (above 12 mm nominal thickness), the strength values calculated with the basic formulas of
the theory of elasticity fit the real values measured on the surface better than in the case of thin glasses
(Fig. 13).
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Fig. 13 Ratio of bending strength to surface strength in percent versus glass thickness
The slope of the fitted curves is different for non heat-treated float and tempered glasses (Fig. 13). The
slope of curves for tempered glasses (~1:6) is less steep compared to that of float glasses (~1:3) [6] as a
function of thickness, thus the size effect is less dominated. In the case of tempered glass, the resulting
compressed layer helps to close cracks initiated on the tensile surface (surface defects e.g. scratches),
which can be more difficult to open and propagate with further loading. The bending strength of tempered
glass is more influenced by the distribution of defects e.g. surface defects, but in the case of float glass it
is influenced by a critical defect. The bending strength of tempered glasses as a function of thickness is
influenced by the Weibull type statistical size effect (Weibull, 1951) but the size effect of float glasses is
influenced by LEFM and linear elastic fracture mechanics provides a good model for these types of
glasses (Figs. 14 and 15).

Fig. 16 Multiplying factor ke, versus y/h for 6, 12, 19 mm thickness of glass,
with loading rate of 50 and 20 mm/min, in the case of bending
The fracture process of glass panes starts and propagates with higher probability from microscopic small
cracks initiated by cutting, finishing processes (edge finishing, finishing a bore hole etc.). Due to the edge
finishing techniques, the edges of a glass pane contain more microscopic damage or defects than the
middle of the pane, which was confirmed also with my scanning electron microscopic observations (Fig.
17). Thus, the different regions of the glass pane should not be considered as having the same strength.

a) manually arrised edge, left: ×100; right: ×1000

Fig. 14 LEFM and Weibull-type size-effect laws
(Bažant, 2004)

Fig. 15 Example of Malpasset Dam and its size
effect (Bažant, 2004)

1.3 New Scientific Result: Ultimate strains measured on surface [4, 5, 6, 7]
With laboratory experiments, I have shown that in region R 2 (near edge of the pane) measured strains are
higher compared to those measured in the middle of the pane for both non heat-treated float and tempered
glasses. The measured strains in the edges of a “strip of plate” supported on two lines were higher than in
the middle of the pane in four point bending. For the calculation of stresses in the edge region, it is
suggested to increase the values calculated for the middle of the pane with a multiplying factor. I have
complemented the factor (ke) given in the standard EN 1288-3:2000 and I have determined it for glasses
with thickness of 6 mm as function of ratio of deflection to thickness (y/h) in the case of reduced loading
rates of 20 mm/min.
Based on my laboratory results, I have shown that the value of the multiplying factor (ke) is
influenced by thickness and by the loading rate. The difference of the strains on the surface of the
glass layer in the edge and mid regions increases with the reduction of the loading rate from 50
mm/min to 20 mm/min.
10

b) as cut edge: ×300

c) machine polished edge, left: ×100; right: ×1000
d) Surface scratch: ×50
Fig. 17 Microscopic defects of glass [7]
The measured strains increase in region 2 (R 2) with reduction of the loading rate from 50 mm/min to
20 mm/min because the nucleation of cracks had more time. The value of ke e.g. in the case of y/h=3
should be increased by 7% when reducing the loading rate from 50 mm/min to 20 mm/min. Fig. 16
indicates that the value of ke can reach 1.17 as a function of deflection/thickness (y/h) for glass with
thickness of 6 mm. This is also confirmed by the constant reducing factor of 0.8 given in the EN 134743:2003 standard, which should be used to calculate the design bending strength of the edge region based
on the strength in the middle of the pane. However, this standard does not consider the loading rate
dependency of the reducing factor.
According to my experiments, the refinement of the relationships indicated in Fig. 16 of glass thickness
of 12 mm and 19 mm is possible in the future.
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2. New Scientific Results: Effect of lamination on bending behaviour of symmetrical
layered laminated glasses consisting of glass layers with equal thickness
2.1 New Scientific Result: Effectiveness of tempering (heat-treatment) in the case of laminated glasses
[6, 8]
Based on my laboratory results with laminated glasses (consisting of glass layers with equal thickness) I
have determined that the effectiveness of tempering is influenced by the number of glass layers and the
property of the applied interlayer material.
Experimentally I have demonstrated that the effectiveness of tempering decreases with the increase
of the number of glass layers for symmetrical layered (consisting of glass layers with equal
thickness) laminated safety glasses, when the layers work together. I have shown for glasses
laminated with a spacer (without interlayer material) that the effectiveness of tempering no
decreases with the increase of the number of glass layers from two to three. Furthermore, I have
shown that at room temperature the effectiveness of tempering is more favourable in the case of
resin laminated glasses than in the case of EVA foil laminated glasses.
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of cracks, thus the effectiveness decreases. The decrease of the effectiveness of tempering in the case of
rigidly bonded glass layers can reach about 30 % with the increase of thickness.
The effectiveness of tempering has more influence in the case of no appropriate bonded glass layers
(laminated glasses with resin interlayer material at +23 °C), because tensile stress develops earlier in each
glass layer. Therefore, tempering is about 10 % more effective for laminated glasses consisting of three
glass layers with resin interlayer material, than with EVA foil laminated glasses.
The effectiveness of tempering provides possibilities for the economical determination of the
composition of laminated glass and the selection of the appropriate interlayer material. For example, with
the decrease in the bond strength of the glass layers (e.g. due to creep of the interlayer material), the
influence of the effectiveness of tempering increases, but heat strengthened glass can also be applied for
the inner glass layer(s) in the case of rigidly bonded layers.
2.2 New Scientific Result: Effect of interlayer material on ultimate strains of glass [4, 5, 6, 8]
Based on my laboratory research carried out with laminated glasses, I determined that the interlayer
material affects differently the deformation of different regions of glass layers. The higher ultimate strains
were measured in the R 2 region in the free edge of the plate.
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Experimentally I have shown that the ultimate deformation (strain) in the region near the edge is
17 to 19% higher in the case of laminated float and tempered glasses without interlayer material
(only with spacer) and at temperature of +23 °C than that measured in the middle of the glass
surface. Furthermore I have shown that the deformations (strains) measured in the edge region of
the glass surface exceed by 5 to 12 % the value measured in the middle region in the case of
laminated glasses with EVA foil interlayer and temperature of +23 °C. This difference is only 2 to
5 % with resin interlayer material.
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Fig. 18 Effectiveness of tempering versus number of glass layers in the case of laminated and glasses
laminated only with spacer at temperature of +23 °C. (Single layer glasses thicknesses of 6, 12 as well as
19 mm are also indicated.)
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With the increase of thickness of single layer or monolithic glasses, the effectiveness of tempering is
affected by the Bažant-type size effect (Bažant, 2004) (Fig. 11).
The effectiveness of tempering is influenced by the position of the interlayer and of the tempered glass
layers in laminated glass. Near the neutral axis, the interlayer did not contribute as much as in the
outermost position in the tensioned layer near the surface of laminated glass in bending. Thus in the case
of laminated glass consisting of two glass layers with equal thickness, the effectiveness of tempering is
less influenced by the interlayer material than in the case of laminated glass consisting of three glass
layers (Fig. 18).
Statistically the number of defects increases with the increase of the number of layers. In the case of
non-bonded layers (with spacer), tension develops in each glass layer in bending, therefore, the condition
of tensioned surfaces (containing defects) have a similar influence on the system. Thus, the increase of
number of the tempered glass layers has reduced influence on the effectiveness of tempering.
In the case of the use of interlayer material with appropriate shear resistance, the effectiveness of
tempering decreases for laminated glasses consisting of three tempered glass layers with equal thickness
compared to laminated glass with two glass layers, because the glass layers near the neutral axis
contribute less effectively in bending than the outermost tempered glass layers.
With rigidly bonded (or monolithic) layers, in bending, the surface defects of the outermost tensioned
glass layers most influence the load bearing capacity of laminated glass. The higher tensile stress
develops in the outer glass layer, therefore, the intermediate glass layer with a resulting compressed layer
– initiated on the tempered glass surface over its thickness –, cannot effectively contribute to the closing

Fig. 19 Ultimate strain of glass surface, εu, for tested type of laminated glasses
Fig. 19 indicates the ultimate deformations (strains) at maximal force of laminated glass in the middle
region of the glass pane (R 1) and in the edge region (R 2) on the bottom glass surface. The interlayer
material affects the stresses of unsupported edges (or bore holes). The difference between deformations in
the middle and edge region is reduced in the case of resin laminated glasses than in the case of EVA foil
laminated glasses. The chemical bond between the resin and the glass surface affects the ultimate strain of
glass. In the case of resin laminated glasses a chemical link forms between the resin and the silanol
(SiOH) groups on the glass surface (Kadri, 2003). As the resin is liquid, it perfectly fills the space
between the glass layers, hence curing it is more ideal for use with imperfectly smooth glass surfaces
(especially for tempered glass) than EVA foil, because the bond behaviour is improved in the edge
region.
Higher strains measured in region R 2 are confirmed in the research of Pagano (1989) on the interlaminar
shear of composite materials and of Lagunegrand et al. (2006) on laminated sandwich beams. They have
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shown that the stress field is complex at a free edge laminate (Figs. 20 and 21) which implies the
occurrence of delamination (especially by thin plates) and thus the increase of stresses in the region of the
free edges. It should be noted that the thermo-mechanical behaviour of the interlayer materials should be
taken into consideration (New scientific result 3.3). The chains of the polymer interlayer material arrange
differently in the direction of loading in differently loaded regions (mid-pane, edge of pane), therefore,
the properties of plastics with a hardening effect in tension – such as EVA at +23 °C – affects differently
the strain in the regions of laminated glasses.
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3.1 New Scientific Result: Temperature sensitivity of laminated glasses. Change of force versus
deflection relationship with the effect of temperature [4, 6, 8, 11]
Based on my laboratory research I have shown, the thermo-mechanical behaviour of applied interlayer
material considerably affects the load versus deflection relationship both in the case of laminated glasses
consisting of (two or three) non heat-treated, float and tempered glass layers with thickness of 6 mm.
Based on my laboratory results I have introduced the definition temperature sensitivity of laminated
glasses to show the change of load bearing properties of laminated glasses with the change of
temperature. The definition of temperature sensitivity indicates the magnitude of the change of a
property (e.g. load bearing capacity) of laminated glass with the change of temperature. I have
shown that laminated glasses with EVA foil are less temperature sensitive than glasses laminated
with resin.
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3. New Scientific Results: Effect of temperature on bending behaviour of symmetrical
layered laminated glasses consisting of glass layers with equal thickness
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Fig. 23 Force versus deflection diagrams in the case of laminated glasses consisting of 6 mm thick glass
layers, with EVA foil (_F) interlayer and glass temperatures of -20 °C, +23 °C and +60 °C.
The temperature sensitivity of laminated glasses is different. The force versus deflection curve of resin
laminated glass at temperature of -20 °C and +60 °C is significantly different from the curve indicated at
+23 °C (Fig. 22). The difference of curves compared to the force versus deflection curve at +23 °C is
less in the case of EVA foil laminated glasses than in the case of resin laminated glasses (Fig. 23). The
maximal resisting force increases by 0 to 8 % at -20 °C compared to +23 °C in the case of laminated
glasses consisting of two glass layers and EVA interlayer, but it decreases by 1 to 2 % with increase of
the deflection by 28 % at a temperature of +60 °C. The maximal resisting force increases by 4 to 24 % at
-20 °C compared to +23 °C in the case of laminated glasses consisting of two glass layers and resin
interlayer, but it decreases by 15 to 19 % with increase of the deflection by 35 % at a temperature of
+60 °C.
In the case of exterior use of laminated glasses, the EVA interlayer material is recommended
compared to the tested resin, thus with EVA the laminated glass is less temperature sensitive. Knowing
the temperature sensitivity of laminated glasses is important especially for load bearing glasses, thus it
influences the selection of the interlayer materials and calculations of load bearing laminated glasses. The
force versus deflection relationships of laminated glasses consisting of three glass layers are indicated in
my doctoral Thesis.
3.2 New Scientific Result: Effect of number of glass layers with different temperature on load bearing
properties [4, 6, 8, 9]
Experimentally I have shown that the temperature sensitivity of laminated glasses with resin
increases, with the increase of the number of glass layers. According to my laboratory results,
laminated glasses with EVA foil are less temperature sensitive than laminated glasses with resin
foil, with the increase of the number of glass layers.

Curves of single layer, 12 mm thick tempered (E_12) and laminated glasses without bonded layers (E_2_D) are
indicated. Dashed lines indicate the tempered, continuous lines the non heat-treated, float glasses.

Fig. 24 indicates the force versus relative thickness relationships of glass panes with different
temperature, and the divergence of curves increases with increase of the number of glass layers (with
increase of relative thickness of resin), thus indicating the temperature sensitivity. In the case of EVA foil,
the maximal force of laminated glass can be increased with the increase of the relative thickness of EVA
foil (until the appropriate bond is ensured at the given temperature). This is confirmed by the observations
of Behr et al. (1984), Vallabhan et al. (1987), Norville (1997), on laminated glasses with PVB foil and
consisting of two glass layers. According to those, in the case of tests carried out at room temperature, the
load bearing capacity increased with the increase of the foil thickness. The load bearing capacity does not
significantly improve (the slope of the curve decreases) at higher temperatures with the increase of the
relative thickness of resin.
Based on laboratory experiments, Whitney (1987) has shown on fibre-reinforced polymers in three point
bending that with the increase of the ratio of span length to thickness (Ls/h) the proportion of shear
deflection to total deflection decreases. In my experiments, with the increase of number of glass layers
from two to three, the ratio Ls/h decreases from 78.49 to 50.99 in the case of resin laminated glasses and
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Fig. 22 Force versus deflection diagrams in the case of laminated glasses consisting of 6 mm thick glass
layers, with resin(_R) interlayer and glass temperatures of -20 °C, +23 °C and +60 °C.
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from 82.37 to 54.32 in the case of EVA foil laminated glasses. Therefore, the load bearing property of
laminated glasses consisting of two glass layers are less influenced by the temperature than those of
laminated glasses consisting of three glass layers.
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Fig. 24 Maximal force versus ratio of total thickness of interlayer material to total thickness of laminated
glass. Dashed lines indicate the tempered, continuous lines the non heat-treated, float glasses.
The importance of this conclusion is that the number of layers and thickness of the interlayer material can
be optimalised if the load bearing capacity should be taken into account when the application temperature
and the exposure class of the laminated glass are already specified (see 3.4 New scientific result).
3.3 New Scientific Result: Effect of temperature on ultimate strain of laminated glasses [4, 5, 6, 8]
My laboratory experimental results have shown that the edge regions of laminated glasses are the most
temperature sensitive. The deformation of laminated glasses in the middle (R 1) and edge (R 2) regions
cannot be considered equal.
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Fig. 25 Reducing factor k1, versus temperature of laminated glass with EVA or resin interlayer materials
Experimentally I have shown that the reducing effect of resin interlayer material on the deformation
difference in the various regions of glass pane (R 1: mid-pane and R 2: edges) decreases with the increase
of the temperature. 2.2 Scientific new results mentioned that the complex stress field condition based on
the research of Pagano (1989) and Lagunegrand et al. (2006) is also influenced by the temperature and
thermo-mechanical behaviour of the interlayer material. Based on my informal laboratory tensile testing
of interlayer materials, I have shown that hardening occurs in EVA foil at +23 °C during loading (0.2 and
200 mm/min), at a temperature of -20 °C and +60 °C there is no hardening behaviour. The force versus
elongation curve is nearly linear both for temperature of specimen -20 °C and +23 °C as well as for
+60 °C (with loading rates of 0.2; 2; 20; 200 mm/min), respectively.
Based on the conclusions of 2.2 Scientific new results, the difference of deformations (strains) increases
with the decrease of bond strength. In laminated glasses with a higher temperature, the polymer chains
arrange quicker (also under reduced loading) due to the creep of the interlayer material. Therefore, the
difference of deformations between the mid-pane and edge regions decreases. The resin interlayer creates
a chemical bond with the glass surface, which is more effective below room temperature. In the case of
EVA foil at higher temperature (60 °C) the softening is less significant – the adhesion increases at a small
rate – therefore, its compensation effect emerges better (Fig. 26).
In the case of calculation of load bearing capacity of laminated glasses with free edges, containing
boreholes and in the case of taking into account durability aspects, a reducing factor should be applied.
Region 1

Experimentally I have shown that the edge region of laminated glasses with EVA foil is less
temperature sensitive than that of laminated glasses with resin. The effect of temperature on the
edge region of laminated glass panes in approaching calculations of bending strength should be
taken into account with a reducing factor (k1). Based on my laboratory results, the factor k1 versus
temperature was given for laminated glass with EVA foil or resin.
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The temperature dependent value of factor k1 is recommended to take into account the thermo-mechanical
behaviour of the interlayer material. The upper limit of k1 should be considered when the interlayer
material ensures the appropriate bond, which is influenced by the glass transition temperature, Tg, of the
interlayer material. The glass transition temperature, Tg, of EVA is -28 °C and for resin it is about -38 °C.
Based on the results of laminated glasses with temperature of -20 °C, the upper limit of k1 can be
estimated with the relationship in Fig. 25.
The lower limit of k1 is considered based on the results of laminated glass with a spacer (without bond).
The lower limit shows the difference of stresses between the middle region (R 1) and edge region (R 2) of
a glass pane when the interlayer material cannot ensure appropriate bond between the glass layers (due to
softening of the interlayer or durability reasons e.g. reduced adhesion). The lower limit is also influenced
by the melting temperature, Tm, of the interlayer material. Based on my laboratory results I determined the
value of 0.81 for the lower limit of k1 (Fig. 25), (see also Scientific new results 2.2 and 4.1).
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Fig. 26 Ultimate strain on bottom glass surface at temperatures of -20 °C, +23 °C and +60 °C of EVA
foil or resin interlayer material laminated float or tempered glasses, in mid pane region (R 1) and
edge region (R 2). Loading rate of 20 mm/min.
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3.4 New Scientific Result: Exposure classes of laminated glasses [4, 6, 8, 9, 11]
Based on my laboratory results, I suggest the classification of laminated glasses into exposure
classes. Based on my laboratory results, I have defined the temperature dependent exposure class
(XT). For determination of the temperature dependent exposure class (XT1 to XT5), I suggest
taking into account the thermo-mechanical behaviour of the interlayer materials.
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it is 85 °C in the case of three glass layers. The delamination temperature is 96 °C in the case of tested
laminated glasses with EVA foil interlayer and consisting of two glass layers, and it is 92 °C in the case
of three glass layers.
When reaching the delamination temperature range, the physical delamination of glass layers is not
certain to happen, but they are already not bonded or cannot be considered to be bonded. By
determination of the delamination temperature, I have observed that it is near the melting temperature of
the interlayer material (Table 2).
4.2 New Scientific Result: Change of bending stiffness of laminated glasses as function of temperature
[4, 6, 8, 9]
Based on my laboratory results, the flexural stiffness of safety or non-safety laminated glasses with
resin, consisting of two and three glass layers, decreases linearly with the increase of the
temperature in a range between -20 °C and +60 °C. The flexural stiffness of safety or non safety
laminated glass with EVA foil, consisting of two and three glass layers, can be fitted with a seconddegree polynomial function with the best correlation in a temperature range between -20 °C and
+60 °C.
The relationships are indicated with the delamination temperatures, Td in Figs. 28 and 29.
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Fig. 28 Flexural stiffness versus temperature of laminated glasses consisting of 2×6 mm float (F_) or
tempered (E_) glass layers with resin (_R) and EVA foil (_F) interlayer materials
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4. New Scientific Results: Change of bending stiffness of laminated glasses as function
of temperature
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Fig. 27 Suggested exposure classes at service temperature (from XT1 to XT5) of laminated glasses
dependent on interlayer characteristics
Strength tests of load bearing laminated glasses are suggested to be carried out (besides at room
temperature) at the temperature range according their exposure class (Fig. 27). The development of such
an interlayer material is suggested for laminated glasses, especially for load bearing glasses, which can be
safely applied in the given exposure class. By giving the exposure classes (similar to concrete), it is easier
for designers to determine the requirements on load bearing glasses knowing their application conditions
(interior, exterior) and the properties of acting forces (static, dynamic). For constructors it is easier to
select the most appropriate products. In the case of certain exposed exterior load bearing glass slabs
where the creep of the interlayer is significant, the exposure class of the glass pane can be XT4 or XT5,
and safety glasses impacted by dynamic loads applied in interior places can be XT1 class. If the exposure
class of the glazing is known – thereby the requirements are better defined – the estimation of time of
durability and costs can be more precise. Comprehensive experimental investigation is required for the
determination of further exposure classes.
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4.1 New Scientific Result: Introduction of definition of delamination temperature [8, 9]
Based on my experimental results, I have introduced the definition of delamination temperature
(Td). The delamination temperature gives the temperature (temperature range) at which the
interlayer material cannot appropriately connect the glass layers and cannot ensure the bond
strength. Based on my experimental results, I have determined the delamination temperature for
glasses laminated with EVA foil or resin and consisting of two or three glass layers, in bending.
Based on my experimental results, I have shown that the delamination temperature decreases with
the increase of the number of glass layers.
The delamination temperature can be determined at the intersection of a fitted curve of flexural stiffness
of laminated glasses with a spacer (lower limit of load bearing capacity) and a fitted curve of flexural
stiffness of laminated glasses with temperatures of -20 °C, +23 °C and +60 °C (Figs. 28 and 29). Based
on the relationship of the flexural stiffness and of temperature, the delamination temperature is
100 °C in the case of tested laminated glasses with resin interlayer and consisting of two glass layers, and

Fig. 29 Flexural stiffness versus temperature of laminated glasses consisting of 3×6 mm float (F_) or
tempered (E_) glass layers with resin (_R) and EVA foil (_F) interlayer materials
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parameter κ decreases. The determination of a lower limit of load bearing capacity is suggested, without
taking into account the bond between the glass layers, especially in the case of durability aspects (e.g.
creep of polymer, long term loads, etc.).
1.0

κ3,EVA = 1

0.9

4.3 New Scientific Result: Approaching calculation of temperature dependent bending stiffness of
laminated glasses [6, 8, 9]
Based on my experimental results, I have modified the relationship of temperature dependent
flexural stiffness determined by Krüger (1998). I have determined parameter κ for laminated
glasses with resin or EVA foil, consisting of two and three glass layers, at temperatures between the
glass transition temperature and the delamination temperature range.

( E ⋅ I )T ,service = ( Eg ⋅ I g )T + κ ⋅ ( Ec I c )
- E c I c = ( E ⋅ I )T − E g ⋅ I g

(1)

d

(2)

g

- E g ⋅ I g = 70000 ⋅
- heff ,Td = 3

n

∑h
i =1

i

3

b ⋅ heff ,T

d

12

3

(3)
(4)

where
- (EI)T,service is the flexural stiffness of laminated glass at application service (environment)
temperature;
- (EgIg)Td
is the flexural stiffness at delamination temperature, Td;
- (EI)Tg
is the flexural stiffness of laminated glass at the glass transition temperature, Tg;
- κ
is the coupling term of modified flexural stiffness (EcIc). The value of parameter κ should
be between 0 and 1, based on my laboratory results (Fig. 31). In the case of κ = 1, the
stiffness of laminated glass can be calculated with the sandwich model (Hegedűs, 1983) at
the glass transition temperature. In the case of κ = 0, the glass layers are not bonded (at
delamination temperature). In the case of non-bonded glass layers h = heff,Td should be
applied according to Eq. (4).
I have determined parameter κ versus temperature in Fig. 31 in the case of laminated glasses consisting of
two and three glass layers and with resin as well as with EVA foil interlayer materials. With the increase
of temperature, the interlayer softens and thus the bond strength decreases, therefore the value of
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coupling parameter, κ (-)

0.8

Fig. 30 Interlayer dependent bending behaviour of laminated glasses
The shape of the fitted curves depends on the testing or application temperature range of laminated
glasses. Fig. 30 indicates that the load bearing characteristics of EVA laminated glasses can be fitted with
a second-degree polynomial function for the best correlation in a temperature range between -20 °C and
+60 °C, and with a linear function for resin laminated glasses. After determination of the fitted functions,
the determination of delamination temperature is safer than by taking into account the asymptotes of the
curves. The figures indicate that the curve of EVA foil laminated glasses is above the curve of resin
laminated glasses between -10 °C and the delamination temperature, thus the behaviour of EVA foil is
more favourable in this range.
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Fig. 31 Coupling parameter, κ, in the case of resin and EVA interlayer materials in temperature range
from glass transition temperatures, Tg, to delamination temperatures, Td.
Table 3 summarises the glass transition temperature and delamination temperature ranges. Table 4
summarises the equations for calculating the coupling parameter, κ, between the testing temperature
ranges.
Table 3 Glass transition and delamination temperatures of laminated glasses consisting of two or three
glass layers with 6 mm thickness and with EVA or resin interlayer material
Type of
Number of glass
Glass transition
Delamination
interlayer
layers, n
temperature, Tg
temperature, Td
material
pcs
°C
°C
2
-28
+96
EVA
3
-28
+92
2
-35
+100
Resin
3
-35
+85
Table 4 Calculation of coupling parameter, κ, at service temperature, Tservice, of laminated glasses
consisting of two or three glass layers with 6 mm thickness and with EVA or resin interlayer material
Type of
Number of glass Service temperature
Calculation of
interlayer
layers, n
ranges, Tservice
coupling parameter, κ
material
pcs
°C
−
Tg ≤ T ≤ + 20 °C
1
2
+ 20 °C < T ≤ Td
-0.0001⋅T2 + 0.0001⋅T +1.0387
EVA
Tg ≤ T ≤ - 10 °C
1
3
- 10 °C < T ≤ Td
-0.0001⋅T2 + 0.0018⋅T + 0.9752
Tg ≤ T ≤ Td
2
-0.0074⋅T + 0.7407
Resin
Tg ≤ T ≤ Td
-0.0083⋅T + 0.7083
3
The modified Krüger (1998) type relationship, mentioned above, is recommended to use for
approximative calculations of flexural stiffness of plate shaped (htot << B) laminated glasses supported at
two edges, with a relative high ratio of Ls/htot ( > 50). With the temperature dependent parameter, κ, the
possibility of determination of the flexural resistance at a given deflection is provided in the application
temperature range. In the future, further research is required for determination of the parameter, κ, for
other types of interlayer materials.
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The relative external work of laminated glasses with three tempered glass layers and resin interlayer
decreases by 12.4 %, but it increases by 25.1 % with the use of EVA foil interlayer with the increase of
temperature from +23 °C to +60 °C.
In the case of safety laminated glasses, each glass layer contains a compression layer near its surface,
which has a favourable effect by closing cracks developed from surface scratches or edgework, and thus
on the external work during the fracture process. With appropriately bonded layers, the external work of
safety laminated glasses can be higher in bending than that of single glasses with equal thickness.
The bending strength of tempered glass is more influenced by the distribution of defects e.g. surface
defects, but in the case of float glass, it is influenced by a single critical defect (1.1 New scientific results).
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Therefore, with the increase of the number of glass layers, the external work of non-safety laminated
glasses in bending is not higher than that of single glasses with equal thickness.
The external work of spacer laminated glass is considerably lower (for two glass layers: by 51.9 %; for
three glass layers: by 38.1 %) than that of single glasses with equal thickness, and proportionally
increases with the increase of the number of glass layers.
The external work is also influenced by the structure of the glass layers in the laminated glass. In the case
of bending, the position from the neutral axis influences the effectiveness both of the interlayer material
and the glass layers. Therefore, the effect of temperature increases in the case of laminated glasses
consisting of three glass layers with equal thickness.
By comparing the external work of laminated glasses with that of spacer laminated glasses (Fig. 33), the
importance of interlayer materials on the residual load bearing capacity can be seen.

350

Fig. 32 Schematic representation of the fracture pattern during fracture process of safety
laminated glass with temperature of a) -20 °C, b) +60 °C
During my experiments, the deflection of safety laminated glasses consisting of two glass layers with a
temperature of -20 °C was 16.1 % lower after the fracture of the first glass layer, at 1.0 kN force level,
compared to deflection at +23 °C, with resin interlayer, and it was 7.5 % lower with EVA foil interlayer
material. The deflection of non safety laminated glasses consisting of two glass layers with a temperature
of -20 °C was 23.6 % lower after the fracture of the first glass layer, at 0.6 kN force level, compared to
deflection at +23 °C, with resin interlayer, and it was 5.6 % lower with EVA foil interlayer material.
The change of the fracture pattern and the creation of the so-called regions influence the load transfer
capacity of the interlayer materials in safety glasses at low temperature (Fig. 32). The importance of this
observation is on the postcritical behaviour of laminated glasses, because the residual load bearing
capacity and the flexural stiffness are also influenced by the remaining connected regions. Better bond is
ensured (the elongation of the interlayer material is reduced on the tensioned side) in larger connected
glass surfaces (regions) than in the case of single fragmented fracture pattern. This observation is
confirmed by the so-called “tension-stiffening” effect, known in reinforced concrete structures (CEB-FIP
Model Code, 1990).
5.2 New Scientific Result: Residual load bearing capacity of laminated glasses as function of
temperature [4, 6, 8]
Based on my experimental results, I have determined that the residual load bearing capacity of laminated
glasses can be favourably influenced with the increase of the number of glass layers, when the glass
layers are appropriately bonded with interlayer materials (Fig. 33).
I have determined that the relative external work of safety laminated glasses in bending decreases
in the case of resin interlayer material with the increase of the number of glass layers (from two to
three) and increase of the temperature (from +23 °C to +60 °C), but it increases in the case of EVA
interlayer material.
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66.73

5.1 New Scientific Result: Effect of temperature on fragmentation pattern of laminated glasses [6, 8, 9]
Based on my laboratory results, I have determined that the fracture pattern is influenced by the
temperature of laminated glasses at -20 °C and +23 °C as well as +60 °C, both for float and tempered
glass layers. I have determined that the cracks are denser at +60 °C than at -20 °C in pane regions which
have higher stresses.
According to my experimental results, the secondary cohesion effect of the resin interlayer validates
during the development of cracks on the tensioned side of laminated glasses at low (-20 °C)
temperature. During the fracture process of safety glasses, glass fragments can build partially
connected regions. In this region the bond is favourable compared to single fragments. As a result
of this effect, the deflection of the glass will be reduced under further loads.
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function of temperature
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Fig. 33 External work during the fracture process of laminated tempered glasses at -20 °C, +23 °C and
+60 °C. Single layer glasses are indicated with their thickness: 6 mm, 12 mm and 19 mm.

5. Possible Applications of New Results
Architectural tendency is to increase the size of glass panes both in the case of separating applications and
in the case of load bearing glasses.
Based on my doctoral Thesis, the possibility to select the appropriate laminated glass, taking into
account the condition of the application and the definition of the exposure classes were recommended.
The new scientific results are confirmed by the development of interlayer materials which have started to
take into account the glass transition temperature e.g. laminated glass windshields (Okamoto et al., 2009).
In the laboratory experiments, EVA foil was applied which is a less known and studied interlayer material
compared to the commonly known and widespread PVB foil. It was shown that the EVA foil is less
temperature sensitive than the tested resin material and it is also an appropriate material for use in outdoor
conditions.
The introduced definitions help in the better comparison of the results of load bearing and laminated
glasses.
With the experimental results, the methods of calculation of laminated glasses can be more precise.

6. Future work
New fields of research based on the laboratory results are: experiments with different loading rates (e.g.
short impact, long term loads); durability questions: study of further reducing factors (k) on edge strength
of laminated glasses, cyclic loading; strain measurement e.g. regions of bore holes; heat strengthened
glasses, further interlayer materials (determination of parameter κ) and non symmetric layered laminated
glasses. The development of digital, photoelastic testing under loaded conditions on a reflexive basis is
planned. The procedure can be applied as a non-destructive testing method for load bearing glasses. The
results of my measurements are partially analysed with my own developed software called StressOptic
(which should be developed further) and some results are already published [5].
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7. Notations and Abbreviations
Upper case letters
Dfl
Flexural stiffness (EI)
E
Modulus of elasticity
(Young's modulus)
Efl
Flexural Young's modulus
Maximum force
Fmax
Fu
Ultimate force
G
Shear modulus (complex)
I
Moment of inertia
Js
Effective section modulus
(Wölfel, 1987)
L
Length
Lb
Distance between the
centre lines of the bending
rollers
Ls
Distance between the
centre lines of the
supporting rollers
M
Moment
Td
Tg
Tm
Tservice
Weff

Delamination temperature
Glass transition
temperature
Melting temperature
Service temperature
Effective section modulus
(Norville, 1997)

2

[Nmm ]
[N/mm2]
[Nmm2]
[kN, N]
[kN, N]
[N/mm 2]
[mm4]
[mm3]
[mm]
[mm]

[mm]

[Nmm,
kNcm]
[°C]
[°C]
[°C]
[°C]
[mm 3,
cm 3]

Lower case letters
b
Specimen width
g
Acceleration due to gravity
h
Thickness of specimen
hnom
Nominal thickness
heff
Effective thickness
hint
Thickness of interlayer material
(in laminated glass in one
lamination plane)
hint.tot Total thickness of interlayer in
laminated glass
htot
Total thickness of laminated glass
ke
Dimensionless multiplying factor
for single layer glasses (σR2/σR1)
k1
Multiplying factor for laminated
glass
n
Number of glass layers
q
Shear
transfer
coefficient
(Norville, 1997)
y
Central deflection of the specimen
relative to the supporting rollers

Index abbreviations
b
d
eff
fl
g
int
m
max
nom
u
tot

bending
delamination
effective
flexural
glass
interlayer
melting
maximum
nominal
ultimate
total

σbB
σbB,edge
σbG

Transfer coefficient (Wölfel, 1987)
Specific deformation
Coupling parameter
Poisson coefficient
Density of the specimen
Surface strength
Bending stress in the surface area
defined by the bending rollers
Bending strength
Bending strength in Region 2
(edge region)
Bending stress imposed by the
self-weight of the specimen

Abbreviations
DSC
EVA
FEM
GTF
IRHD
LEFM
LR
LS
NFL
PDF
PVB
SEM
UP

Differential Scanning Calorimetric analysis
Ethyl Vinyl Acetate
Finite Element Method
Glass Type Factors (tables of ASTM E 1300-04:2004)
International Rubber Hardness Degrees (~ Shore A) (ISO 48 : 1994)
Linear Elastic Fracture Mechanics
Load Resistance
Load Share factor
Non-Factored Load (charts of ASTM E 1300-04:2004)
Probability Density Function
Poly Vinyl Butyral
Scanning Electron Microscopy
Unsaturated polyester
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[mm]
[m/s2]
[mm]
[mm]
[mm]
[mm]

[mm]
[mm]
[pcs]
[mm]

Greek letters
Γ
ε
κ
µ
ρ
σ
σb

Kinga Pankhardt

[μm/m]
[g/cm3]
[N/mm2]
[N/mm2]
[N/mm2]
[N/mm2]
[N/mm2]
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