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Abstract

To enhance the resilience of buildings, laminated glass panels are increasingly used in glazed facades. These
ductile panels provide a superior blast resistance to that provided by monolithic glass panels, due to the improved
residual capacity offered by the polymer interlayer following the fracture of the glass layers. The complex
interaction between the attached glass fragments and the interlayer is still only partially understood. To help
address this, this paper investigates experimentally the post-fracture bending moment capacity of laminated glass.
Three-point bending tests are performed at low temperature on specimens pre-fractured before testing, to ensure
controlled and repeatable fracture patterns. The low temperature simulates the effects of the high strain-rates that
result from short-duration blast loads by taking advantage of the time-temperature dependency of the viscoelastic
interlayer. In these experiments, polyvinyl butyral is considered as the interlayer, this being the most common
interlayer for laminated glass used in building facades. A new time-temperature mapping equation is derived from
experimental results available in the literature, to relate the temperatures and strain-rates that result in the same
interlayer yield stress. The results of the low-temperature tests demonstrate an enhancement of the ultimate load
capacity of the fractured glass by two orders of magnitude, compared to that at room temperature. This suggests
an improved post-fracture bending moment capacity associated with the now stiffer interlayer working in tension
and the glass fragments working in compression. Due to the time-temperature dependency of the interlayer, a
similar enhancement is therefore anticipated at the high strain-rates associated with typical blast loading. Finally,
the assumed composite bending action is further supported by the results from additional specimens with thicker
PVB and glass layers, which result in enhanced capacity consistent with the bending theory of existing analytical
models.

Keywords Laminated glass, Blast response, Strain-rate, Post-fracture, Time-temperature mapping

1 Introduction

Counter-terrorist measures are increasingly being implemented as standard in the design of buildings. It is often
recommended that the glazed facades of commercial and residential buildings, which constitute the first barrier
of defence in a blast event, include laminated glass panels. These composite glass-polymer sandwich structures
are produced by applying heat and pressure to the glass-polymer layers, and provide a superior blast resistance to
that provided by monolithic glass panels. This is due to the improved residual capacity offered by laminated glass,
which, unlike brittle monolithic glass, provides resistance to the blast wave after the glass layers have fractured.
In addition, after fracture, most of the glass fragments are held together by the polymer interlayer, thereby reducing
the risk of glass-related injuries.

The interlayers are manufactured from either polymer films or liquid resins. The most common interlayer used in
laminated glass for building facades is polyvinyl butyral (PVB). This thermoplastic polymer was first developed
for the automotive industry in the 1950s, with the construction industry adopting its use in the 1970s [1]. Its key
attributes are its ability to block UV radiation, its high strain to failure and its good adhesion properties, which
enable it to retain the glass fragments after fracture. PVB is the preferred interlayer recommended by the Centre
for the Protection of National Infrastructure (CPNI) for blast-resistant glazing applications. Commonly
encountered, commercially available PVB products include Butacite® and Trofisol® (from Kuraray), Saflex®
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(from Eastman), Lam 51H® (from Everlam) and S-Lec™ (Sekisui) [2]. More recently, ionomer interlayers, such
as Kuraray’s SentryGlas® (previously manufactured by DuPont) have been developed with the aim of improving
the stiffness and tensile strength of PVB. Although ionomer interlayers are also permitted by CPNI [2] for
enhancing the blast protection of buildings, more typical applications are to provide stiffer panels for large spans
and to improve impact resistance. Thermoplastic polyurethane (TPU), ethyl vinyl acetate (EVA) and poured resin
(liquid resin cast in-situ) are alternative, commercially available interlayers, although they are not recommended
by CPNI [2] for blast applications. The focus of this paper is therefore laminated glass with PVB interlayer.

The blast response of PVB-laminated glass panels, and particularly the post-fracture response, when all glass
layers have fractured, is a complex multi-disciplinary problem that is still not well understood. Full-scale blast
tests have been performed by various researchers to study this, using high-explosive detonations [3-8] and shock-
tube simulations [3,9-11]. These tests typically focus on recording the global peak-displacement time-history of
the panel through all stages of deformation. The failure mechanisms of these panels can also be observed from
these full-scale blast tests. This usually involves a ductile response, with the PVB tearing either from large strain
accumulation or cutting from the attached glass fragments [9]. Pelfrene et al. [10] commented, however, that a
brittle failure occurs for panels with a high adhesion level between the PVB and the glass layers. This is attributed
to the restriction of local delamination that results in the rapid accumulation of strains and subsequent premature
tearing of the PVB. The adhesion level, which varies for different products, is therefore an important parameter
for the blast response. Hooper [5] reports of a consistent, doubly-symmetric fracture pattern forming, resembling
a central rectangle connected by four diagonals to the corners of the panel. This pattern is formed from small glass
fragments that, in some cases, are crushed by the large strains in these regions. Within the rectangle, the fragments
are large and irregular in shape, ranging from 30 mm to 40 mm in size, while between the rectangle and the panel
edges the fragments are smaller, with measurements indicating fragments as small as 3 mm in size.

Important information can be inferred from this observed pattern, when compared to the equivalent response of
monolithic glazing. The blast failure of monolithic annealed glazing results in multiple glass fragments that are
described as sharp, angular and irregular in shape and size [12]. This is a consequence of rapid crack propagation
that is initiated when tensile stresses, caused by the combined out-of-plane bending and membrane response of
the intact panel, exceed the fracture stress of glass (i.e. the stress at which cracking begins). It may therefore be
inferred that the fracture pattern observed in laminated glass is the result of two stages: an initial global fracture
pattern, similar to the response of monolithic glazing, followed by additional local fracture. The latter is attributed
to the crushing of glass fragments from large compressive strains that are caused by the out-of-plane bending of
the fractured panel. The consistent pattern formed from small glass fragments that was observed by Hooper [5],
therefore represents a yield line mechanism. As described in the analytical models developed by Angelides et al.
[13], the formation of plastic hinges may be attributed to a composite bending action, with the interlayer acting in
tension and the compression component being provided by the glass fragments that come into contact as the panel
deforms. For large deflections, the result is a combined bending and membrane response. This hypothesis has not
been experimentally validated, as full-scale blast tests provide no information on the relative contribution of
bending moments and membrane forces to the post-fracture capacity of a panel. The need for small-scale,
complementary experiments is therefore evident, to understand the fundamental underlying mechanics of the
panel post-fracture blast response that is obscured in full-scale tests.

This need has been recognised by many researchers, who have performed such experiments to investigate the
post-fracture membrane capacity of laminated glass. Due to the viscoelastic nature of PVB, which is time
dependent, these typically involve high-speed tensile tests on PVB alone to investigate experimentally the effects
of the high strain-rates that result from short-duration blast loads [4,14-21]. Hooper [5] and Samieian et al. [22]
performed similar tests but on pre-fractured laminated glass specimens. These experiments highlighted the
importance of the delamination of glass fragments that allow a ductile response to occur, as opposed to the brittle
failure previously discussed for panels with high adhesion. It was also shown that the attached glass fragments
have a stiffening effect on the PVB. To model the anticipated fracture pattern of laminated glass from blast loads,
Hooper [5] considered three uniform, pre-fractured patterns; two regular patterns (based on 10 mm and 20 mm
glass fragments) and one random pattern.

Unlike the post-fracture membrane response, to the authors’ knowledge, the post-fracture bending moment
capacity of laminated glass at high strain-rates has not been previously investigated experimentally with small-
scale bending experiments. The bending response at low strain-rates has been the focus of many researchers, such
as Kott and Vogel [14,23,24] and Botz [25]. The former performed four-point bending tests on simply-supported,
axially unrestrained, specimens and concluded that the residual capacity of fractured, laminated glass is negligible
compared to the intact capacity. However, this conclusion overlooks the fact that the response is fundamentally
different under short-duration blast loading due to the viscoelastic nature of PVB. Botz [25] assessed the creep
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response of pre-fractured specimens loaded in bending. Once again, these experiments showed the importance of
local delamination of glass fragments to prevent a brittle failure.

This paper aims to contribute to our understanding of the blast response of laminated glass by focussing on its
post-fracture bending capacity at high strain-rates. Although membrane action is anticipated to dominate the
response at large deflections, as demonstrated by the yield condition defined by Angelides et al. [13], the
investigation of the residual bending capacity is important, as it is expected that strains will accumulate along the
yield lines formed during bending, dissipating energy and ultimately leading to tearing failure of the PVB. Two
objectives are set for the experimental work presented here. Firstly, to demonstrate that the bending capacity is
significantly enhanced at high strain-rates due to stiffening of the PVB. To achieve this, the ultimate load capacity
of fractured laminated glass in pure bending will be compared at low and high strain-rates. The second objective
is to investigate if the post-fracture response of laminated glass can be described using cracked elastic theory,
which assumes a composite bending action of the interlayer, working in tension, together with the glass fragments
working in compression. In particular, the experimental results will assist in validating the analytical models
developed by Angelides et al. [13], which predict the elastic bending capacity at high strain-rates using an
equivalent, transformed cross-section. This elastic response was identified as Stage 3 by Angelides et al. [13],
with Stage 4 corresponding to the subsequent plastic response. Note that the terms ‘elastic’ and ‘plastic’ used here
refer to the change in stiffness observed in the post-fracture stress-strain diagram.

Traditional dynamic bending tests result in both inertia and strain-rate effects. This complicates the experimental
derivation of the bending capacity because dynamic amplification effects contribute to the response, in addition
to the enhanced material properties at the high strain-rates. This work focusses on the latter as an intermediate
step to validating experimentally our understanding of the composite bending action of the attached glass
fragments and the now stiffer PVB (future work using dynamic bending tests will study the inertia effects). An
alternative, small-scale experimental procedure is presented that decouples the inertia loading from the effects of
high strain-rate. This is achieved by performing low strain-rate, quasi-static, bending tests at low temperature to
simulate the effects of high strain-rate. Although typical strain-rates associated with blast loading are considered
here, the conclusions from this paper can also be applied to other load cases that result in high strain-rates, such
as impact loading.

The time-temperature dependency of polymers is central to the experimental approach. The paper therefore begins
with a discussion of its application to PVB, including a new time-temperature mapping for the PVB yield stress
that is derived from experimental results available in the literature. The experimental work performed on pre-
fractured laminated glass is then described, followed by the results and a discussion of the influence of low
temperature. Finally, the results are compared with the analytical predictions of Angelides et al. [13].

2 Time-temperature mapping for PVB yield stress

The material properties of viscoelastic polymers depend on both time and temperature. In this section, the
temperature and strain-rate dependency of PVB is first discussed, followed by the derivation of a linear time-
temperature mapping equation. This forms the basis for the experimental work described in Sections 3 and 4,
which aims to simulate the effects of high strain-rate with low temperatures.

2.1 Temperature dependence

PVB is an amorphous thermoplastic polymer [26]. It therefore has a glass transition temperature (Tg), which
corresponds to a phase transition between a rubbery and a glassy state. The glass transition temperature for an
amorphous polymer can be derived experimentally using a relaxation method, such as a Dynamic-Mechanical-
Thermal Analysis (DMTA), which is performed by imposing a cyclic stress on a specimen and measuring the
corresponding strain response [27]. Such analyses have been performed by Hooper [5], Liu et al. [28], Kuntsche
[29], Pelayo et al. [30] and Kraus [31] to characterise the viscoelastic response of PVB over a range of
temperatures. Alternative thermal analysis methods to determine the glass transition temperature include
Thermomechanical Analysis (TMA) and Differential Scanning Calorimetry (DSC) [31]. For Saflex® PVB,
Hooper [5] concluded that the state is glassy below 5 °C, and rubbery above 40 °C. Between these two temperature
limits the response is in a transition phase. It should be noted that the value of the glass transition temperature for
PVB depends on the percentage and type of plasticizer used, and therefore varies between manufacturers [26,31].
Hooper [5] concluded that Butacite® PVB has a glass transition temperature between 5 °C and 10 °C higher than
Saflex®, while Kraus [31] observed the transition phase for Trofisol® (BG R20) to occur between 20 °C and 30
°C.
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2.2 Strain-rate dependence

In addition to temperature, polymers are also sensitive to strain-rate. Walley et al. [32] performed multiple, high
strain-rate tests on various polymers, and categorised them into three groups based on the observed relationship
between yield stress and the logarithm (log,,) of strain-rate. When expressed in this way, a bi-linear relationship,
with a sharp increase in gradient at high strain-rates, was observed consistently for one of the three polymer groups
identified. It was concluded that this bi-linearity is due to lower order relaxation processes of the polymers, which
are known to occur at low temperatures, also occurring at room temperature under sufficiently high strain-rates
[33]. For polymers exhibiting this bi-linear relationship, the yield stress is therefore time-temperature dependent.
This raises the question as to whether or not similar behaviour is observed in PVB.

To answer this question, we consider the experimental results of Chen et al. [20], who performed tensile tests on
Butacite® PVB at strain-rates ranging from 0.1 s~ to 300 s~ at four different temperatures: -30 °C, -5 °C, 25 °C
and 40 °C. Figure 1 replots the yield stress values recorded by Chen et al. [20] but now plotted against the
logarithm (log,) of strain-rate and using the mean value of the yield stress results obtained at each strain rate
(actuator speed). It should be noted that the yield stress here refers to the stress at which a significant change in
modulus is observed which is manifested in a change in slope of the stress-strain diagram, rather than the onset of
true plasticity [13]. A linear relationship is clearly evident in Figures 1a and 1b for temperatures between -30 °C
and -5 °C, which is consistent with the PVB being below its glass transition temperature and therefore in a glassy
state for all strain-rates. A small deviation from this linear relationship is evident at some points — notably Points
A, B and C in Figure 1la — but this is most likely attributable to the experimental challenges of recording with
precision the yield stress of PVB at low temperatures. At the higher temperatures of 25 °C and 40 °C (Figures 1c
and 1d), the relationship is distinctly bilinear, exhibiting a transition from a shallow to a steeper slope at high
strain-rates, and corresponds to a transition from rubbery to glassy state. The graph of Figure 1c also shows
remarkable agreement with the results of Hooper’s [5] DMTA tests, which concluded that the glass transition
temperature increases from 5 °C to 20 °C at a strain-rate of 3.2 s (log;,[3.2 ] = 0.51). It should be noted that
Hooper [5] performed tests on Saflex® PVB at 20 °C, whereas the plot in Figure 1c is for Butacite® PVB at 25 °C.
Nevertheless, these observations provide strong evidence for a glass transition of PVB occurring at room
temperature as a direct result of high strain-rate.
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Fig. 1 Plots of yield stress vs logarithm (log; ) of strain-rate, derived from experimental results presented by Chen
et al. [20] at different temperatures: (a) -30 °C, (b) -5 °C, (c) 25 °C and (d) 40 °C.

Under short-duration blast loading, it is therefore expected that the response of PVB will be fundamentally
different to long-duration static loading. Morison [4] presented results from full-scale blast tests performed at 20
°C and reported mean strain-rates ranging from 7.6 s to 17.5 s~ in fractured, laminated glass panels. These
strain-rates are clearly high enough for the PVB to be in the (stiffer) glassy state, which results in enhanced yield
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stress values, thereby providing a higher post-fracture bending moment capacity of the laminated glass than would
be possible in the rubbery state.

2.3 Linear time-temperature equivalence mapping for PVB yield stress

It is evident that the PVB vyield stress is sensitive to both strain-rate and temperature, with a potential time-
temperature dependency similar to many other polymers. Williams et al. [34] developed an empirical equation —
the Williams-Landel-Ferry (WLF) equation — to model the time-temperature equivalence of amorphous polymers.
Hooper [5], Liu et al. [28], Kuntsche [29], Pelayo et al. [30] and Kraus [31] showed this to be applicable to PVB.
However, the WLF equation is recommended only for temperatures above the glass transition temperature. Siviour
et al. [35] developed an alternative equation to map the dependence of yield stress to strain-rate and temperature
for polycarbonate (PC) and polyvinylidene difluoride (PVDF). This approach requires the determination of a
single empirical parameter and Siviour et al. [35] demonstrated good agreement with experimental results
spanning over phase transitions (i.e. different states). The resulting mapping equation was later applied to many
other polymers, also proving to provide good agreement with experimental results [33,36—-39]. The application of
this approach to temperatures below the glass transition temperature has provided the motivation for the work
reported here, which seeks to use low temperatures as a proxy for the high strain-rates experienced by PVB during
blast loading.

The yield stress values for PVB recorded by Chen et al. [20] at 25 °C may be compared with those recorded at -
30 °C, -5 °C and 40 °C but now mapped to 25 °C using the linear time-temperature equivalence mapping equation
derived by Siviour et al. [35]:

Tmap = Texp + A(loglo émap - lOglo éexp) (1)

where Ty, and &, are the temperature and strain-rate corresponding to a measured yield stress data point, while
Tmap 1s the mapped temperature, of the same yield stress, corresponding to a strain-rate of &,,,,,. The constant A
is determined by considering two data points with the same yield stress (ay; = oy;) measured at different
temperatures (T;, T;;) and strain-rates (&;, €;;):

Tii—Ti

0y (Tiy &) = 0yu(Tu, &) = A= m o

)
From Chen et al.’s [20] data, re-plotted in Figure 1, it is possible to identify two different states that correspond
to a similar yield stress. These are summarised in Table 1. Using these values, Equation 2 yields a mapping
constant of A = 18.44. Substituting this into Equation 1 allows us to map (i.e. convert) the yield stress values
originally measured at -30 °C, -5 °C and 40 °C to the yield stress values expected at 25 °C (Figure 2). This figure
excludes strain-rate data below 3.2 s~ (log;,[3.2 ] = 0.51), because PVB is in a non-glassy state that is of no
interest for blast response. The results are promising, showing good agreement with the measurements at 25 °C,
and clearly indicate a linear relationship for these mapped values. Some deviation from this relationship is
observed in a few mapped points, with the largest discrepancy noted for Points A, B and C (see Figure 2).
However, these three points correspond to the measurements at -30 °C that are highlighted with the same labels
in Figure 1a and whose accuracy was questioned in Section 2.2.

To gain further confidence in the proposed time-temperature mapping, Figure 2 includes the yield stress values
measured independently during high-speed tensile tests at room temperature by Bennison et al. [15], lwasaki et
al. [16], Hooper [5] and Zhang et al. [19]. The values from Zhang et al. [19] are mean values obtained from tests
performed multiple times at the same strain rate (actuator speed) on nominally identical specimens. It should also
be noted that the tests of Bennison et al. [15], Iwasaki et al. [16] and Hooper [5] were performed at ambient
laboratory temperature but the exact temperature is unknown, whereas Zhang et al. [19] performed their tests at
30 °C and not the mapping temperature of 25 °C. Furthermore, Hooper’s [5] tests were performed on Saflex®,
whereas our mapping is based on the work of Chen et al. [20] that was performed on Butacite® (Iwasaki et al. [16]
and Zhang et al. [19] do not record the manufacturer of their PVB). Given these differences and uncertainties, the
results are all in good agreement with the proposed time-temperature mapping, and it is therefore concluded that
this offers an effective means of simulating the effects of high strain-rate on PVB.
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State  Temperature [°C]  Strain-rate [s™*]  Yield Stress [MPa]

i -5 0.41 5.85

ii 25 17.48 5.82

Table 1 Two different PVB states (temperature, strain-rate) with similar yield stress values, based on the mean
experimental results of Chen et al. [20].
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Fig. 2 Variation of yield stress with strain-rate, comparing the mapped values at 25 °C (from experimental
measurements of Chen et al. [20] at -30 °C, -5 °C and 40 °C) with experimental values from Bennison et al. [15],
Iwasaki et al. [16], Hooper [5], Zhang et al. [19] and Chen et al. [20] at room temperature.

3 Experimental method

This section describes the experimental method. The testing facilities and the glass specimens are first introduced,
followed by a description of the bending tests performed at low temperature to demonstrate the enhanced ultimate
load capacity at high strain-rates. The validation of existing analytical solutions using the experimental results is
then explained.

3.1 Experimental facilities and laminated glass specimens

The experiments were performed in Cambridge University Engineering Department using a Schenck Hydropuls
PSA testing machine within an environmental chamber. The PSA machine is typically used for axial testing, but
bending tests can also be performed by incorporating a three-point bending test (3-PBT) rig, as shown in Figure
3. The span L’ between the simple-supports is 110 mm, with the load applied mid-span. The maximum load cell
capacity is 10 kKN, and the displacement is measured from the movement of the loading piston. Temperatures as
low as -196 °C can be achieved in the chamber using a thermostatically regulated supply of liquid nitrogen.
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287 Fig. 3 Schematic diagram of the low-temperature test rig, illustrating the three-point bending test of a laminated

288 glass specimen.

289

290  The test specimens consisted of laminated glass made from two layers of annealed glass, with polished edges (to
291 minimise secondary cracking) and a PVB interlayer. The overall geometry of the specimens (total length L = 200
292 mm and width B = 55 mm) was determined by the available space within the chamber and the need to ensure a
293 sufficiently high length-to-thickness ratio for bending; the thickness of each layer was dictated by manufacturing
294 constraints. Three different cross-sections were tested in total, with the same length and width but different
295 thicknesses of glass and PVB, as summarised in Table 2. The specimens were laminated in a commercial, glass
296 laminating autoclave by Phoenicia (CS1) and ToughGlaze (CS2, CS3) to BS EN ISO 12543-2[40].

297

298 *The ambient temperature varied between approximately 25 and 28 ° C.

CROSS- NUMBER OF TEMPERATURE LENGTH(L) WIDTH (B) GLASS PVB THICKNESS
SECTION  SPECIMENS [°C] [mm] [mm] THICKNESS (t;) (tpvg)
[mm] [mm]
3 ~25*
Cs1 3 -100 200 55 3 0.38
CS2 3 -100 200 55 3 1.52
CS3 3 -100 200 55 6 1.52

299  Table 2 Geometrical properties and testing conditions of laminated glass specimens.

300

301 To ensure controlled and repeatable fracture patterns, the specimens were pre-fractured before testing, by first
302 scoring both glass faces with a glass cutter and then impacting them at the location of the score, from both sides,
303 to produce full-thickness cracks in each glass layer. Similar methods of pre-fracturing have been described by
304 Nhamoinesu & Overend [41], Hooper [5] and Samieian et al. [22]. Although a random pattern of irregular
305 fragments occurs under blast loading, the pattern considered here is idealised as a series of cracks at a uniform
306 distance of 20 mm crack spacing to allow direct comparison between tests and elicit the fundamental behaviour.
307 Each specimen was pre-fractured immediately before testing, to avoid the need for controlled storage of pre-
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fractured specimens. This minimised the influence of any moisture on the exposed PVB, which could have led to
degradation in material properties [25,42].

3.2 Instrumentation and temperature control

The bending tests were carried out at a controlled temperature of -100 °C, repeating each test three times to obtain
confidence in the experimental results. Displacement-controlled tests were performed at a rate of 0.1 mm/min,
with the applied load measured by the 10 kN load cell. The displacement rate was chosen through trial and error;
initial tests at a rate of 1 mm/min resulted in instantaneous failure, while secondary tests at a slower rate of 0.01
mm/min proved impractical due to the time and volume of liquid nitrogen required. The combined experimental
temperature (T,,, = —100 °C) and displacement-rate (which results in a strain-rate &,,,) were chosen using
Equation 1 to simulate the effect of high strain-rate (¢,4,) associated with blast loading at room temperature
(Tmap = 25 °C). Lower or higher experimental temperatures could also be considered to examine the post-fracture
bending moment capacity of laminated glass at temperatures below or above the room temperature, respectively.
The temperature in the environmental chamber was controlled through an internal thermometer and verified with
a thermocouple placed near the specimens. To ensure that the specimens themselves reached the desired
temperature, a second thermocouple was initially bonded to a sample specimen to establish the time required for
its temperature to reach that of the chamber. This time was found to be approximately 10 minutes and this
acclimatisation period was used in all specimens prior to testing. To verify that the PVB itself was also cooled to
the desired temperature, a thermal camera was used (see Figure 4). Although this indicates a temperature of -39.9
°C (as there is a loss of cooling as soon as the chamber is opened to record the image) it is clear that the
temperatures of the glass and PVB layers are within a few degrees of each other. To assess the influence of high
strain-rates, the CS1 pre-fractured specimens were also tested at room-temperature using the same test rig, at the
same displacement-rate, but without the liquid nitrogen cooling. Again, each test was repeated three times. The
ultimate loads measured at both low and room temperature were then compared.

Fig. 4 Thermo-graphic image used to assess the uniformity of temperature between the glass and PVB.

3.3 Validation of analytical models

A key objective of the experimental work is to help validate the analytical models of Angelides et al. [13], which
predict the post-fracture bending capacity of laminated glass in the absence of inertia effects. The post-fracture
moment capacity can be derived from the experimental results by considering the associated bending moment
diagram. For the three-point bending tests performed, this indicates a maximum elastic moment of:

PL
Minax = 4 @

For these simply-supported, statically determinate specimens, the bending moment distribution is governed by
equilibrium alone and is not affected by the stiffness variation along the span resulting from the pre-fractured
cracks. The experimentally derived, elastic capacity (M;g) corresponds to the maximum load of the linear
response observed in the load vs mid-span displacement diagram:
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where P; is the elastic load capacity. The experimentally derived, plastic capacity (M, ) corresponds to the
ultimate load:

P L
Myg = 4 (5)

where P, is the ultimate load capacity. It should be noted that the linear response assumed only holds for the
simply-supported specimens tested here, as the response becomes nonlinear for axially restrained specimens, due
to the development of membrane forces under large deflections (nonlinear equilibrium relationship) and the
presence of large rotations (nonlinear compatibility relationship).

These experimental moment capacities are compared with the analytical expressions derived by Angelides et al.
[13]. The elastic bending capacity (M; 4 corresponding to Stage 3) was derived using an equivalent, transformed
cross-section, while the plastic capacity (M, , corresponding to Stage 4) was derived by applying moment
equilibrium about the plastic neutral axis (Stages 1 and 2 correspond to the pre-fracture response). These analytical
expressions are reproduced as Equations Al and A2 in Appendix A. In the calculation of the analytical moment
capacities, the yield strength of PVB is based on the results of Hooper’s [5] high-speed tensile tests on pre-
fractured specimens, as described in Section 1. The yield strength depends on three parameters: glass fragment
size, PVB thickness and strain-rate. The latter requires a mapping, using Equation 1, from the current experimental
strain-rate at -100 °C to the equivalent rate of Hooper’s [5] room-temperature tests. The maximum experimental
strain-rate is derived based on the assumption of plane sections remaining plane:

€ = KY3pvB (6)

where € is the strain-rate, x is the curvature rate and y; py 5 is the distance of the extreme PVB fibre from the
elastic neutral axis. Considering the linear-elastic response up until the point of yield, the curvature rate can be
expressed in terms of the moment rate:

M = - = Flk 7
where P is the loading rate, which can be calculated from the slope of the load time-history. Finally, the bending
stiffness (El) is obtained by comparing the slope of the recorded load (P) vs mid-span displacement (6, ,iq)
diagram with its theoretical value:

PL!3

8ymia = 18] (8

It should be noted that the low-temperature experimental method does not capture the effects of high strain-rate
on the glass layers, which are known to exhibit both enhanced tensile fracture strength and compressive crushing
strength [13]. The latter influences the plastic capacity, as this dictates the location of the plastic neutral axis. The
experimental results should therefore result in a lower, plastic capacity compared to the analytical model, which
assumed an enhanced compression strength of glass derived from Split Hopkinson Pressure Bar tests.
Additionally, the presence of frost during the low temperature tests may also reduce the PVB modulus at crack
locations, due to elevated moisture levels. Such degradation was observed by Botz et al. [42] and Botz [25],
although their specimens were conditioned for at least 24 hours under increased moisture, whereas the specimens
tested here at low temperature were exposed to increased moisture for less than 1 hour (see Section 4.1).
Nevertheless, this would result in a conservative estimation of the moment capacities at high strain-rates. Finally,
the low temperature results in a stiffer adhesion bond that inhibits the delamination of the glass fragments and
causes brittle failure of the PVB, as reported by Samieian et al. [22] following high strain-rate tensile tests on pre-
fractured specimens at various temperatures. This, however, does not affect the experimental work presented here,
as the scope is limited to validating the post-fracture bending moment capacities, and does not include the response
beyond the formation of a plastic hinge.

4 Results and Discussion

This section presents the results of the experimental work described in Section 3. Firstly, a comparison of the
ultimate loads recorded at low and room temperature is presented for the CS1 specimens. These results, together
with those from the thicker CS2 and CS3 specimens, are then compared with the analytical solutions from
Equations Al and A2.



395 4.1 Comparison of ultimate load at room and low temperatures

396  Figures 5 and 6 provide an overview of the tests. At low temperature, these concluded with the PVB tearing in a
397 brittle manner at the mid-span crack, as shown in Figure 5¢. The local delamination evident in the vicinity of the
398 glass cracks in Figure 5c¢ is a result of the pre-fracturing process and not of the bending tests. At room temperature,
399  the response is more ductile, with the specimens able to deform to large deflections without tearing the PVB, as
400  shown in Figure 6. In this case, the tests were terminated when the applied load reached a plateau. The average
401 test duration was 41 minutes at low temperature and 153 minutes at room temperature.

402

a) b)
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vicinity of glass cracks
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403 Fig. 5 Quasi-static, three-point bending test of pre-fractured laminated glass, with uniform pattern, at low
404  temperature: (a) cooling of environmental chamber, (b) testing at -100 °C, (c) brittle failure from PVB tearing at
405 the mid-span crack.
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Fig. 6 Deformation of pre-fractured laminated glass, with uniform pattern, during quasi-static testing at room
temperature: (a) small deflections, (b) large deflections, (c) close-up view.

The ultimate load measurements from the testing of the CS1 specimens are summarised in Table 3. It was
challenging to produce identical fracture patterns and to maintain a constant temperature throughout the duration
of the tests. In addition, there is inherent variability in the material properties. Nevertheless, the low-temperature
results show a relatively good consistency across the three, nominally identical, tests. The results at room
temperature vary more significantly in relative terms. The accuracy of these was primarily limited by the
sensitivity of the available load cell, which had a capacity 10 kN, far in excess of the ultimate loads measured (1-
4 N), as it was decided to use the same experimental facilities for both low and room temperature tests.
Nevertheless, these results are considered sufficient for the assessment of the low temperature effects (and
therefore high strain-rate effects), which is the primary objective of this paper. A further limitation may have been
the inability to control the room temperature precisely. However, these limitations do not detract from the primary
observation: that the ultimate load at low temperature is two orders of magnitude higher than that at room
temperature.

ULTIMATE LOAD [N]

TEMPERATURE TEST1 TEST?2 TEST3  AVERAGE
Room (~25 °C) 3.82 1.33 1.69 2.28
Low (-100 °C) 269.70 196.43 242.69 236.27

Table 3 Recorded ultimate load from the low- and room-temperature tests of the CS1 specimens with a uniform
pre-fractured pattern.

This significant difference in ultimate load is evident in Figure 7, which shows the recorded load vs mid-span
displacement response from all three specimens tested at both temperatures. A stiffer response, resembling a bi-
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linear, elastic-plastic load-deflection curve with a brittle failure is observed for the low-temperature tests, where
the PVB is in a glassy state (i.e. below its glass transition temperature). In contrast, at room temperature, the PVB
is in a transition state and this manifests itself as a more flexible and viscoelastic response.

300 4
a) Test 1 Low temperature b)
—Room temperature
35" Test 1\
250 -
3 L
\
200 Test 3
_ 25"
= \Test 2 Z
2 D
€ 150 S 2
g ® Test 2
. g
1.5
100
1 L
50 r
0.5¢
Test 3/
0" 0 , .
0 5 10 15 0 5 10 15
Mid-span Displacement [mm] Mid-span Displacement [mm]

Fig. 7 Load-displacement diagrams from the 3-PBT of the CS1 specimens with a uniform fracture pattern,
showing (a) all results and (b) the room-temperature results on a reduced scale.

4.2. Comparison with analytical models

The low-temperature, load-displacement curves of Figure 7a are reproduced separately in Figure 8 for comparison
with the analytical models. Four distinct stages of deformation can be identified, and these are labelled in Figure
8 (Stages a-d). Stage a is limited to small loads and corresponds to a flexible response of the PVB. It is believed
that this initial stage occurs prior to the glass fragments interlocking.

Stage b is described by a stiffer, linear response, as indicated by the dashed lines, and this corresponds to Stage 3
of the analytical models. At this stage, the PVB stills behaves elastically, as illustrated in Figure 9a. The point at
which the post-fracture elastic moment capacity (M3 g) is reached for each test is labelled in Figure 8 and
summarised in Table 4, together with the derived maximum strain-rate for each test mapped to 25 °C. At this
strain-rate, of approximately 25 s~1, the yield strength of the PVB is expected to lie in the region of 62 MPa,
which is the peak value obtained by Hooper [5] from tensile tests on similar specimens (0.38 mm PVB thickness
and 20 mm uniform fracture pattern) at a strain-rate of 30 s=2. It should be noted that Hooper [5] commented that
the accuracy of his recorded peak stresses diminished for strain-rates beyond 10 s™! due to experimental
limitations. Additionally, the mapping used here, as presented in Section 2, was performed for Butacite® PVB,
whereas Hooper’s [5] specimens used Saflex®. For a yield strength of 62 MPa, Equation Al predicts a moment
capacity of M; , = 3.52 Nm. This is slightly below the average experimental value of M3 = 4.92 Nm but is
nevertheless in reasonable agreement given the uncertainty associated with the yield strength. It is expected that
at temperatures below or above the room temperature, this moment capacity would increase or decrease,
respectively, due the PVB temperature dependency described in Section 2.1.

12
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Fig. 8 Individual load-displacement diagrams from the low-temperature tests, reproduced from Fig. 7 to indicate
the points at which the elastic (M3 ¢) and plastic (M, ;) moment capacities are achieved: (a) Test 1, (b) Test 2 and

(c) Test 3.

TEST1 TEST2 TEST3 AVERAGE
Elastic moment capacity, Mz p [Nm] 5.96 3.89 491 4.92
Plastic moment capacity, M, ; [Nm] 7.42 5.40 6.67 6.50
Mapped strain-rate at 25 °C [s™1] 25.26 25.29 25.23 25.26

Table 4 Post-fracture elastic (M ;) and plastic (M, ;) moment capacities derived from the low-temperature tests,
together with the mapped strain-rate at 25°C: 3-PBT of CS1 specimens with uniform fracture pattern.

Stage ¢ corresponds to Stage 4 of the analytical models. At this nonlinear stage, it is considered that the PVVB has
yielded and the plastic moment capacity (M,g) is achieved when the glass crushes. The idealised collapse
mechanism following the plastic hinge formation is shown in Figure 9b. As mentioned in Section 3.3, the plastic
moment capacity is expected to be higher under blast loading due to the enhanced crushing strength of the glass
at high strain-rates, which was not captured in the experiments. Nevertheless, Equation A2 predicts a moment
capacity of M, , = 4.10 Nm, which is less than the average experimental value of M, ; = 6.50 Nm. Again, the
uncertainty involved in the PVB yield strength is the most likely cause for this discrepancy. If the yield strength
is increased to 107 MPa — the value derived by Hopper for a 10 mm fracture pattern at the same strain-rate —
Equation A2 predicts a moment capacity of 6.90 Nm, which is higher than the average experimental value, as
initially anticipated.

a) b)

Rigid bar (No
bending deformation)

Rigid bar (No
bending deformation)

P (measured) P (measured)

! i [ ! 1

[ )
1 5v_mid

Plastic hinge

-~

Ov (defined)

Ov (defined)

Fig. 9 Deformation of pre-fractured laminated glass, with uniform pattern, during a three-point bend test: (a)
elastic response (Stage 3), (b) idealised plastic collapse mechanism (Stage 4). Not to scale.
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Stage d follows the formation of the plastic hinge. A brittle failure is observed, with the PVB tearing almost
immediately after the hinge is formed. A more ductile response is anticipated under blast loading at room
temperature, as this brittle failure is mainly attributed to the low temperature resulting in a stiffer bond between
the glass fragments and the PVB, as discussed in Section 3.3.

The same four distinct stages of deformation evident in Figure 8 for the CS1 specimens are also evident in the
equivalent results from the thicker CS2 and CS3 specimens. The experimentally derived elastic (M ) and plastic
(M, g) moment capacities are summarised in Table 5, together with the capacities of CS1 for comparison. These
are the average values calculated from the three tests repeated for each cross-section. A significant enhancement
in the moment capacities is observed for the thicker specimens, providing further evidence of the composite
bending response assumed in the models. Increasing the thickness of the PVB and glass layers increases the
section modulus (Zpyp £ 3) and hence the elastic capacity (Ms3); it also results in a larger lever-arm between the
resultant tensile force in the PVB and the resultant compressive force in the glass, and therefore a larger plastic
moment capacity (M,).

CS2 and CS3 both have a 1.52 mm thick PVB. At this thickness, the effective yield strength of the PVB is
significantly less: Hooper’s [5] tensile tests on 20 mm pre-fractured specimens with this thickness indicated a
value of 38 MPa at a strain-rate of 30 s~1, rather than 62 MPa for the 0.38 mm thickness of CS1. Using this lower
value in Equation A1l results in elastic moment capacities of M; , = 8.18 Nm and 13.09 Nm for CS2 and CS3
respectively, while Equation A2 predicts plastic capacities of M, , = 11.45 Nm and 20.98 Nm. As for CS1, the
analytical models under-estimate the capacity of the CS2 and CS3 cross-sections.

In addition to the uncertainty in the PVB yield strength, as described previously, another factor in the observed
deviation between the theoretical and experimental results is likely to be the increased strain-rates within the
thicker cross-sections for the same loading. The average mapped strain-rates at 25 °C for each cross-section are
shown in Table 5. Higher yield strength values should therefore be included in the analytical models, as the strain-
rates increase from 25 s~ in CS1 to 31 s™* and 56 s~ for CS2 and CS3 specimens, respectively. Hooper [5]
reports that at a strain-rate of 100 s~ the PVB peak strength increases from 38 MPa (derived at a strain-rate of
30 s™*) to 95 MPa. The latter value results in increased elastic and plastic capacities of M3, = 32.7 Nm and
M, , = 50.6 Nm for the CS3 specimens, which are closer to the experimental results. However, yield strength
values were not reported by Hooper [5] for intermediate strain-rates between 30 s™* and 100 s~. Nevertheless,
the experimental results provide strong evidence of an enhanced post-fracture bending capacity at low
temperatures that can be estimated conservatively from the analytical models using the PVB vyield strength from
available high-speed tensile tests. It should be noted, however, that to incorporate these models into analysis
methods for the blast design of laminated glass panels, reliable PVB material properties are required. In addition,
the post-fracture bending moment capacity of specimens with random fracture patterns requires further
investigation.

*Values correspond to a PVB peak strength measured at 100 s~! strain-rate.

CS1 CS2 CS3
Maximum experimental elastic moment, M; p [Nm] 4.92 16.35 38.88
Maximum analytical elastic moment, M5 , [Nm] 3.52 8.18 13.09/32.7*
Maximum experimental plastic moment, M, ; [Nm] 6.50 20.19 43.09
Maximum analytical plastic moment, M, , [Nm] 4.10 11.45 20.98 / 50.6*
Experimental strain-rate at -100°C [s™!] 420x107% 513x107® 9.31x107°
Mapped strain-rate at 25°C [s™*] 25.26 30.83 55.94

Table 5 Comparison of experimental and analytical results for CS1, CS2 and CS3 specimens. Analytical values
correspond to a PVB peak strength measured at 30 s™1 strain-rate.

5 Conclusions

This paper has considered the effect of high strain-rates associated with blast loads on the post-fracture bending
response of laminated glass with PVB interlayer. In contrast to traditional dynamic testing, the presented
experimental procedure uncouples the strain-rate and inertia effects by performing low strain-rate bending tests
at low temperature. The latter simulates high strain-rate effects by taking advantage of the time-temperature
dependency of the yield stress of polymers, which has been demonstrated here for PVB using existing tensile test
data recorded at various temperatures.

Three-point bending tests were performed on pre-fractured specimens at low and room temperature. It was found
that at a temperature of -100 °C, the ultimate load capacity of the fractured glass is enhanced by two orders of
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magnitude compared to that at room temperature. Given the observed time-temperature dependency of PVB, this
is expected to translate to a similar enhancement at the high strain-rates associated with typical blast loading. Such
enhanced capacity, if realised in practice, clearly offers potential for more efficient glazing design.

The increased capacity is attributed to the stiffer PVB response at low temperatures (and high strain-rates),
resulting in a composite bending action associated with the interlayer working in tension and the glass fragments
working in compression. The latter has been demonstrated by comparing the elastic moment capacity derived
from the experimental results with existing analytical solutions based on cracked elastic theory. The validity of
the theory is further supported by the results from additional specimens with thicker PVB and glass layers, which
consistently resulted in enhanced post-fracture capacity due to an increased section modulus. Although the theory
under-predicts the experimental results presented here, this is most likely due to uncertainties in the yield strength
of PVB, for which there is limited available data. It is therefore concluded that the cracked elastic theory provides
an efficient and potentially safe method for estimating the post-fracture bending moment capacity of laminated
glass under blast loads.

The experimental results provide valuable insight into the links between the fundamental, material behaviour of
laminated glass and its response under full-scale blast loading. The ability of fractured specimens to form plastic
hinges at high strain-rates, suggests that yield lines will form in laminated glass panels under blast loading. PVB
tearing is anticipated to occur along these yield lines, with bending and membrane strains accumulating at the
plastic hinge locations. Including this fractured bending capacity in blast assessments of laminated glass is
therefore expected to improve the accuracy of assessments, enabling less conservative design and the optimisation
of panel designs. Further research is required to incorporate the effects of a random fracture pattern and inertia
loading, which were not considered here.
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Appendix A: Post-fracture bending moment capacity of laminated glass

This appendix reproduces the analytical expressions derived by Angelides et al. [13] for the elastic and plastic
post-fracture bending moment capacities of laminated glass. The elastic bending capacity is defined as the bending
moment required to cause yielding in the extreme fibre of the interlayer and is derived by considering an
equivalent, PVB transformed cross-section:

UPVB,c,yIPVB,s
M3y = ————= 0pyp,cyZpvBE3 (A1)
Y3,pvB

where y; pyp is the distance of the extreme PVB fibre from the elastic neutral axis, Ipyp 3 and Zpyp g3 are the
second moment of area and the elastic section modulus of the equivalent, PVB transformed cross-section in Stage
3, and gpyp ., Is the PVB yield strength accounting for stiffening effects from the attached glass fragments.

The plastic bending capacity is defined as the bending moment required to cause crushing of the glass fragments
and is derived by applying moment equilibrium about the plastic neutral axis:

tPVB

2

2
My, = §Y4,G Cy + [y4-,PVB - ] T, (A2)

where y, ; and y, pyp are the distances of the extreme glass and PVB fibres from the plastic neutral axis, C, is the
compressive force in the top glass layer that initiates crushing of the glass fragments, and T, is the tensile force
capacity of the interlayer.
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