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Abstract: Glass is largely used in engineering applications as a structural material, especially for
laminated glass (LG) sections. However, the well-known temperature-dependent behaviour of
visco-elastic interlayers for LG sections should be properly accounted for safety purposes, even in
ambient conditions. The materials thermo-mechanical degradation with increase of temperature
could further severely affect the load-bearing performance of such assemblies. Thermo-mechanical
Finite Element (FE) numerical modelling, in this regard, can represent a robust tool and support for
designers. Key input parameters and possible limits in FE models, however, should be properly
taken into account and calibrated, especially for geometrically simplified models, to enable realistic
and reliable estimations of real structural behavior. In this paper, FE simulations are proposed for
monolithic (MG) and LG specimens under radiant heating, based on one-dimensional (1D) models.
With the use of experimental results from the literature, parametric studies are discussed, indicating
limits and issues at several modelling assuptions. Careful consideration is paid for various thermal
material properties (conductivity, specific heat), boundary conditions (conductivity, emissivity) as
well as geometrical features (thickness tolerances, etc.) and composition of LG sections (interlayer
type, thickness). Comparative parametric results are hence discussed in the paper.

Keywords: structural glass; laminated glass; experiments; numerical modelling; one-dimensional
(1D) models; thermal loading; material properties; thermo-mechanical performance
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List of abbreviations
The following abbreviations are used in this manuscript (list in alphabetical order):

AN: Annealed (glass)

Exp: Exposed node

EVA: Ethylene Vinyl Acetate
FE: Finite Element

FT: Fully tempered (glass)
LG: Laminated glass

MG: Monolithic glass

MOE: Modulus of Elasticity
HS: Heat strengthened (glass)
PVB: Polyvinyl Butyral

SG: SentryGlas

TC: Thermocouple
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TPS: Transient Plane Source
Unexp: Unexposed node

1. Introduction

Glass is increasingly used in buildings as a structural material for load bearing components like
columns, beams and fins, plates for roofs and facades, as a major effect of aesthetic-related benefits
[1-3]. However, its structural performance under loading and boundary conditions of technical
interest for safe design purposes still requires investigations. Major issues are related to the material’s
intrinsic features, including the thermo-physical and mechanical properties and their sensitivity to
ambient conditions. Special care should be spent in particular for extreme loads, due to impacts,
natural hazards but also to severe temperature variations and fire (e.g. [4, 5]), see Figure 1.

The performance of glass under thermal heating attracted attention of several experimental
research studies especially since the 50s, due to the consistent use of glass panels in windows and
fenestrations. Most of those investigations, however, are related to the experimental assessment of
thermal shock effects in soda lime silica glass, while only limited experimental studies are currently
available for the thermo-pyisical and mechanical characterization of this constructional material, and
even less are related to the experimental and/or numerical analysis of composite glass systems and
assemblies under combined thermo-mechanical loads [5, 6].

Figure 1. Examples of cracking and failure mechanisms in glass windows under (a) blast loading
(photo adapted from [7]), (b) debris impact (adapted from [8]) and (c) fire (adapted from [5]).

This paper focuses on the performance evaluation of structural glass systems under thermal
exposure, based on Finite Element numerical models [9] and past experimental tests [10, 11].
Simplified, one-dimensional (1D) models are considered at this stage of the study, as a part of
ongoing extended investigations inclusive of bi-dimensional (2D) shell and tri-dimensional (3D) full
solid models. As shown, careful consideration should be spent for the input material characterization
to account for temperature effects. A certain sensitivity is however expected also from boundaries
and size effects, that 1D models can only roughly describe. Numerical analyses are hence discussed
for selected glass specimens under radiant heat flux, so to assess the accuracy and potential of 1D FE
models.

In doing so, Section 2 briefly reports some key aspects for glass material under thermal loading,
giving evidence of key influencing parameters that should be properly accounted for the FE
assessment of the thermo-mechanical performance of glazing components and assemblies. Past
reference experiments are then presented in Section 3, including a description of FE methods and
assumptions. Based on the FE parametric results summarized in Section 4, some preliminary
recommendations are then provided, as a part of an ongoing research study.
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2. Material Properties and Temperature Effects

Glass is a material characterized by a MOE, in the range of 70GPa [12], and by a typical brittle
elastic tensile behavior with limited effective strength. Although thermal or chemical pre-stressing
processes can increase the reference characteristic tensile strength of AN glass (with 45MPa the
nominal value [12]) by a factor of about two (for HS) or even three (in the case of FT glass), the
occurrence of both local or global failure mechanisms due to the tensile peaks should be properly
prevented.

Considerable attention should be given especially to LG cross-sections, representing the majority
of structural glass applications but being typically characterized by the presence of two (or more)
glass layers and one (or more) intermediate foils acting in the form of a flexible shear connection.
Common interlayers are in fact composed of thermoplastic films like PVB, SG or EVA components,
whose shear stiffness Gint is relatively low and depends on several conditions (e.g. time loading,
temperature, humidity, etc.), see [1, 2]. Further issues in the load bearing performance of glazing
systems are related to thermal loading, both inclusive of temperature gradients due to daily exposure
and/or fire.

2.1. Specific Heat and Thermal Conductivity

Specific heat and thermal conductivity represent, from a numerical point of view, the first key
input parameters for glass systems under thermal loads, especially when composite resisting sections
consisting of LG panels are examined. However, literature references are rather limited for standard
glass in use for civil engineering applications, and even more for the bonding interlayers. In this
research study, input features are taken from past literature, see [10, 13, 14] and Figure 2.
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Figure 2. Thermal properties of glass as a function of temperature T (a) specific heat ¢y and (b) thermal
conductivity A.

2.2. Thermal Shock Performance

Generally speaking, thermal shock resistance in glass is conventionally estimated as a function
of an allowable temperature gradient that the glass panels can withstand?. Such a temperature
gradient - being affected by several geometrical and mechanical parameters, including the glass
panels thickness, possible reinforcing (pre-stressing) and/or edge treatments, etc. - is conventionally
accounted according to prEN thstr:2004 provisions [15] and can lie in the range from 22°C up to 200°C,
see Table 1. As far these gradients are not exceeded, the glazing component should be able to
withstand thermal shock.

Besides such a list of conventional values of interest for design purposes, see Table 1, a huge
number of experimental studies related to the thermal performance and resistance of glass has been
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focused on thermal breakage (see for example some recent studies in [16-20]), being representative of
the major reason of glass cracking for windows and fenestrations. However, the topic still requires
further studies, since even counterposed findings can be derived from past research projects [5].

Table 1. Allowable temperature gradients, according to prEN thstr:2004 [15].

Limit values (°C)

Glass type lzi;iC:stle Zf;?::g Polished

Float or sheets <12mm thick 35 40 45

Float 15mm or 19mm thick 30 35 40

Float 25mm thick 26 30 35
Patterned 26
Wired patterned or polished wired glass 22
Heat strengthened 100
Tempered 200

Laminated Smallest value of the component panes

2.3. Mechanical Properties of Glass

A final key aspect for thermo-mechanical FE numerical analysis of glass systems is then
represented by the degradation of the nominal mechanical features with temperature, namely the
MOE and the tensile strength. The elastic properties of standard glass at elevated temperatures have
been extensively assessed by several authors after the 50s, see for example [5] where a literature
review is reported. Special care should be then spent especially for the numerical analysis of glazing
systems interaction with different materials, including supports effects and possible local detailing
(see for example [6]). In this research study, thermal phenomena are considered only.

3. Experimental and Numerical Studies

3.1. Reference Experimental Tests

Debuyser et al. [10, 11] investigated the behaviour of monolithic and triple layered LG specimens
composed of AN glass bonded together by PVB or SG interlayers. Radiant panel tests and
measurement of thermal properties of glass and interlayer materials were carried out. In the radiant
panel tests, 285mm x 185mm monolithic and LG specimens were exposed to a heat source generating
a relatively constant radiative heat flux (see Figure 3). During the tests, a central heat flux gauge
measured the transmitted flux behind the glass; a side gauge, in plane with the glass surface, was
exposed to the radiation directly; and the reflected heat flux was captured by a heat flux meter placed
behind the radiant panel.

The typical experimental setup is presented in Figure 3(a), where the test frame, the central and
the side heat flux gauges are seen covered with aluminium foil. Until a stable radiant heat flux had
been achieved, an insulating board was placed in front of the radiant panel. After munting a glass
panel, the board was removed and the glass sample was exposed to the radiant heat flux. At the end
of each test, the glass panel was removed and the incident heat flux was measured at the position of
the (previously removed) glass surface. Furthermore, the temperature evolution as a result of the heat
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exposure was monitored during the test. Different thermocouple (TC) configurations were used to
measure temperatures on both the exposed and the unexposed side of the glass panels. In case of
some LG specimens TCs were also mounted between the glass plies embedded in the interlayers
before lamination. To protect the TCs from direct radiation, on the exposed surface and in the
interlayer, small pieces of aluminium tape were used for shielding.

S S o

Figure 3. Thermal experiments on glass specimens [10, 11]: (a) test setup (with LG sample) and (b)
failed specimens.

In the measurement of thermal properties of glass and interlayers, thermal conductivity,
diffusivity and volumetric heat capacity were experimentally determined using Transient Plane
Source (TPS) measurements. The spectral transmittance and reflectance of a 6mm thick monolithic
glass specimen was measured for a range of different wavelengths using spectrophotometers. Based
on the results, the emissivity of glass is found to be moderately dependent on the considered
spectrum. A spectrum-averaged value was determined by considering black-body distributions for
a range of typical temperatures. For the interlayer materials (PVB and SG) the heat absorbed in the
endothermic reactions were experimentally determined. For both interlayer materials, two
endothermic peaks were observed. With the help of the area under the peaks and the slope defined
by the start and end of the reaction the heat absorption could be determined.

In accordance with earlier research efforts, the relatively limited resistance and low thermal
performance of AN glass specimens, due to the premature occurrence of thermal cracks as well as
the poor thermal reaction of bonding interlayers, was observed. The typical crack patterns and
bubbles formed in melting and evaporating interlayers can be observed in Figure 3(b).
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Figure 4. Measured heat flux (at the side) for specimens T4 and T5.
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To develop and validate the numerical model (see Section 3.2), two test setups and results were
selected (from the total set of 16 samples). The test denoted with T4 was a 15mm thick monolithic
glass panel, whereas T5 was a laminated glass (6+10+6mm) specimen with a 0.76mm PVB interlayer.
Besides the material parameters, the main input in such models is the heat flux to which the panels
are exposed to. Since the incident heat flux was not directly measured, for the sake of simplicity, the
heat flux measured by the heat flux meters at the side was used here.

The results of these measurements for specimens T4 and T5 are presented in Figure 4. From the
trend lines it can be seen that the heat flux was not really stable and slightly decreasing with time.
The jumps in the lines were due to a manual increase of the glass flow (to compensate for the steady
decrease). The first sudden drops were caused by unintentional shutting off of the radiant panel. The
final drops happened due to putting the insulation boards in place while removing the glass.

3.2. One-Dimensional (1D) Numerical Modelling

The main aim of the numerical study here summarized was to investigate the temperature
evolution through the thickness of glass samples subjected to the assigned heat flux histories.
Following the testing program reported in Section 3.1, a selection of both monolithic and LG panels
was numerically analysed, by taking into account the experimentally heat flux data. In doing so,
careful consideration was spent for some key influencing parameters, including sensitivity studies to
investigate the effects due to variations in the surface and material thermal parameters.

The typical one-dimensional (1D) heat transfer model, similar to those presented in [10, 11] was
created using the commercial computer software ABAQUS [9], see Figure 5. It consisted in 2-node, 1-
dimensional diffusive heat transfer elements (DC1D2 type from ABAQUS library).

Thermal properties of glass and interlayers, such as conductivity and specific heat were taken
from literature projects recalled in Section 2.1. A reference emissivity coefficient equal to 0.97 was
assumed for the glass surface. Density of glass equal to 25 kN/m? was finally accounted in the study
[12]. According to Figure 5, the thermal exposure was simulated by applying a concentrated heat flux
to the exposed node, including heat flux vs. time amplitudes from the experiments, see Section 3.1.
An initial ambient temperature of 20°C was applied to the model. In all the FE thermal simulations,
moreover, the following physical constants were considered:

- Stefan-Boltzmann constant (5.67 x 108 W/m2K+),
- absolute zero temperature (-273°C).

Monolithic glass

Exposed node
xposed node Glass Unexposed node

N E

Laminated glass
Exposed node Glass

o =gt I S—

\ Glass
Heat flux Interlayer Interlayer

Glass

Unexposed node

Figure 5. Schematic representation of 1D heat transfer models: (a) monolithic and (b) laminated
specimens.
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A Fortran script user-subroutine was finally utilized to define the boundary conditions between
external nodes and the surrounding environment. This included a convective heat transfer coefficient
(h) dependent on the varying temperature of exposed and unexposed nodes [21].

The h coefficient is dependent on the fluid properties (thermal conductivity, density and
viscosity), flow parameters (velocity and nature of the flow) and the geometry of the sample
(dimensions and angle to the flow). It can be expressed in terms of Grashof and Prandtl dimensionless
groups that allow the physical properties of the fluid, the flow velocity and nature of convection to
be taken into account. The Grashof dimensionless group Gr is conventionally expressed as:

_ 9P -To)
2

|4

G (D

T

where g is the gravitational acceleration constant (9.81 m/s?), [ is the flame height (0.185 m), 3 is the
coefficient of air expansion (3.41 x 10 1/K), To is the initial (ambient) temperature, T: is the current
temperature, v is the kinematic viscosity (1.51 x 105 m?/s). Air properties at 20°C were taken from
[22]. The Prandtl dimensionless group P: is then expressed as:

P=2 @

where a is the air thermal diffusivity (2.11 x 10-° m?/s).
The h coefficient is hence defined by the product of Prandtl and Grashof numbers, and for a
vertical plate with natural, laminar convection is given by:

_ k-0.59(G, -Pr)"*
I
where k is the thermal conductivity of air (0.026 W/mK). Typically, & takes values in the range of 5-

50 W/mZK for natural convection [23].
Based on the 1D models shown in Figure 5, an overview of parametric configurations discussed

h

®)

in this work is summarized in Table 2. Regarding monolithic glass, firstly, the effects of varying
emissivity and film surface coefficient were investigated. Secondly, parametric studies were focused
on the variation of the nominal glass thickness, including manufacturing tolerances (+0.5mm for
15mm glass thickness, see [24]). In terms of LG samples, different thicknesses of PVB interlayer were
also taken into account.

Table 2. Thermal and geometrical properties for the 1D parametric models (ABAQUS). usS=

user sub-routine.

Glass thickness

Model /build-up Emissivity Film coefficient Interlayer thickness /
type
[mm]
MG-E0.97 15 0.97 Us -
Emissivity &
Emissivity MG-E0.84 15 0.84 Us -
Film coefficient
MG-FC-8.02 15 0.84 8.02 -
MG-THK-14.5 14.5 0.97 Us -
Glass thickness
MG-THK-15.5 15.5 0.97 Us -
LG-PVB-0.76 6+10+6 0.97 Us 0.76 mm / PVB

Interlayer
LG-PVB-1.52 6+10+6 0.97 us 1.52 mm /PVB
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4. Discussion of FE Numerical Results and Assessment to Experiments

Figure 6 presents a comparison of numerical and experimental results for the MG specimen T4.
The figure illustrates the influence of variations of (i) glass emissivity, (ii) constant and temperature
dependent film surface coefficient and (iii) glass thickness (by taking into account dimensional
tolerances) on the T4 thermal response.

250 T T
200 -
o
— 150 -
o
5 === EXP Unexp
I Py ——FE MG-E0.97 Exp
g === FEMG-E0.97 UnExp
£ 100 ——FE MG-E0.84 Exp 7
A - - - FE MG-E0.84 Unexp
FE MG-FC-8.02 Exp
FE MG-FC-8.02 Unexp
50 L/ ——FEMG-THK-145Exp | |
f = = = FE MG-THK-14.5 Unexp
) FE MG-THK-15.5 Exp
FE MG-THK-15.5 Unexp
O 1 1 L
0 500 1000 1500 2000

Time [s]

Figure 6. Temperature history comparison between FE parametric analyses and experimental results,
for the MG specimen T4. Continuous lines represent the temperature history at the node exposed to
heat flux (Exp), while dashed lines are for the unexposed node (UnExp).

In general, the FE numerical results were observed to slightly overestimate the experimental
data, see Figure 6. Much better correlation was found especially at the beginning of the temperature
history, for the model node exposed to the heat flux, rather than at the later stage of the analysis
(where the FE temperature values present no more than 12% scatter). In the case of the unexposed
node, for the whole simulation time, the FE results were indeed found to overestimate the
experimentally measured temperatures, by approx. 10%. Minor effects due to variation of glass
emissivity and/or film surface coefficient were found, and such an outcome applies especially to the
early stage of the analyses (up to approx. 800s of thermal loading).

80 T
—EXP
70 - —— FE MG-E0.97 1
—— FE MG-E0.84
FE MG-FC-8.02
60 - ——FE MG-THK-14.5| ]
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.
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Figure 7. Temperature gradient DT history comparison between FE parametric analyses and

experimental results, for the MG specimen T4.
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Figure 7 presents the temperature gradient AT for the same T4 sample, as derived from the
thermal responses measured at external nodes of glass (i.e. exposed and unexposed to the assigned
heat flux). As shown, the numerical results were observed to underestimate the experiments until
approx. 1200s of exposure, while subsequently the FE predictions overestimate the experiments.
Since the temperature gradient is strictly related to potential failure of glass due to thermal shock
phenomena (see Table 1), careful attention should be spent on this aspect.
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Figure 8. Temperature history comparison between FE parametric analyses and experimental results,
for the LG specimen T5. Continuous lines represent the temperature history at the node exposed to
heat flux (Exp), while dashed lines are for the unexposed node (UnExp).

Figure 8, finally, presents a comparison of numerical and experimental results for the LG
specimen T5. The analyses were focused on the influence of varying thickness of PVB interlayer.
Similar to the specimen T4, much better agreement with the experiments was observed for the early
stage of the FE analyses. This includes the temperature evolution at both — the exposed an unexposed
- model nodes. As shown, small variations in the PVB thickness typically resulted in increased
temperature at the exposed node and reduced temperature at the unexposed node, compared to the
reference geometrical configuration.

5. Conclusions

The paper presents the first steps of the development of a reliable thermo-mechanical model of
structural glass at elevated temperatures. Although the current model includes a number of
simplifications and focuses on the heat transfer only, several interesting conclusions can be drawn
from the process of the development and from the numerical results obtained.

One difficulty is that limited information exists on the temperature dependence of various
material properties of glass, and if does, it is typically for a limited range of temperatures. Taking
values directly from the literature references is often difficult, since the limitations of different values
and empirical formulas are often not clearly stated. Therefore, performing tests in parallel with the
development of numerical models can be extremely beneficial, since first hand information about the
experiments exist and can be directly implemented.

Performing tests at elevate temperature is not an easy task and includes several uncertainties.
For example, changes in the environment, i.e. opening a door in the lab can have a noticeable
influence on the results. In case of testing glass panels, even the measurement of the temperatures
involves various challenges. The TCs, their shielding from direct heat flux and wires all obstruct the
transparency of glass and can create local disturbances in the temperature distribution. Therefore, it
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is not obvious which of the measured temperature is most relevant for comparison with the
numerical model. The same applies for the heat flux measurement, since the incident heat flux cannot
be directly measured. Due to these difficulties, the authors defined an approach in which from a
geometrically simplified 1D heat transfer model, more detailed 2D and 3D numerical models
inclusive of size and boundary effects are gradually extended. A further step is then to expand the
model to account for the thermo-mechanical behaviour of glass.
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