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The applications of architectural and automotive laminated glass continue to grow. This is largely due to the
enhanced safety in extreme events, such as blast. However, the complex interaction between the glass fragments
and the polymer interlayer after glass fracture is still only partially understood, with existing analysis methods
adopting a semi-empirical approach for the post-fracture response. These include a plastic yield-line analysis
based on a failure pattern repeatedly observed during blast tests. In recent research it was demonstrated that
yield lines can develop in fractured laminated glass through the composite bending action of the glass fragments,
working in compression, together with the interlayer working in tension. This paper investigates the influence of
the inertia loading associated with blast response, which has not been explicitly studied previously, with the aim
of understanding the pattern of yield lines observed in blast tests. Impact tests are performed on laminated glass
specimens using foam projectiles launched from a gas gun, which simulate the loading from a blast pulse. These
tests demonstrate that the yield line pattern formed under short-duration dynamic loading depends on the
loading intensity, thereby providing further evidence of a dynamic, plastic collapse mechanism in which inertia

plays a significant role.

1. Introduction

During an external blast event, such as a terrorist attack or an acci-
dental explosion, the facade of a building must act as the first barrier of
defence to the building occupants. Failure of the facade results in the
blast wave penetrating the building interior, which may then cause
further damage or injuries. Laminated glass panels are increasingly used
in facades to enhance the blast resilience of buildings. They are essen-
tially composite glass-polymer sandwich structures, typically
comprising of two glass plies with a polymer interlayer. The most
common interlayer used in laminated glass for building facades is
polyvinyl butyral (PVB).

The blast response of PVB-laminated glass panels, and particularly
the post-fracture response, when all glass plies have fractured, is a
complex multiscale, multi-physics problem that is still not well under-
stood. Various researchers have studied this problem by means of full-
scale blast tests using high explosive detonations and shock-tube simu-
lations. These tests typically focus on recording the global peak-
displacement time-history of a panel through all stages of deformation

* Corresponding author.
E-mail address: s.angelides@steel-sci.com (S.C. Angelides).

(i.e., pre- and post-fracture), with some researchers also presenting
images of the failed panel [1-4]. Fig. 1(a), (b) and (c) show some ex-
amples of the consistent fracture pattern observed in these tests: a
doubly-symmetric pattern in which the fracture and crushing of the glass
is concentrated along lines of high strain, which resemble a central
rectangle connected by four diagonals to the corners of the panel.
Most existing blast analysis methods do not account for this fractured
pattern. They typically rely on finite-element and equivalent-single-
degree-of-freedom models that assume a pure membrane response of
the interlayer to describe the post-fracture stage of the panel (see
Angelides & Talbot [5], for a review of existing analysis methods). Yuan
et al. [6] and Del Linz et al. [7] were the first researchers to develop
analytical models for the post-fracture stage and to account for the
observed fracture pattern. In these analytical models, a yield line pattern
is adopted for deriving the mid-panel displacement time-history of the
fractured panel, assuming that membrane strains accumulate only at the
yield line locations (see Angelides & Talbot [5], for a comparison of the
two models). However, no justification for the formation of yield lines is
provided and the pattern is simply adopted by reference to the
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Fig. 1. The consistent fracture pattern of laminated glass panels observed in full-scale blast tests (courtesy of D.J. Goode and Associates Ltd): (a) Typical blast
chamber used for the testing of laminated glass panels, (b) and (c) the yield lines formed are highlighted with yellow dashed lines.

experimental observations. Although this is not explicitly discussed, the
formation of yield lines implies a post-fracture bending response of the
panel, contradicting the pure membrane assumption considered in
finite-element and equivalent-single-degree-of-freedom models.

The formation of yield lines in fractured laminated glass panels
under blast loading was subsequently investigated by Angelides et al.
[8] using a first-principles approach to examine the effects of high
strain-rates. It was hypothesised that plastic hinges (and therefore yield
lines) develop from an approximate elastic—plastic composite bending
action of the glass fragments, working in compression, together with the
interlayer working in tension. This was demonstrated by deriving
analytical models showing that the bending capacity of the fractured
panel is significantly enhanced at the high strain-rates associated with
blast loading due to the visco-elastic stiffening of the PVB interlayer.
These analytical models were subsequently validated experimentally
with low-temperature bending tests that simulated the effect of high
strain-rates with low temperatures [9-10]. In these experiments, static
collapse loads - that is, the quasi-static loads at which a collapse

mechanism forms — were derived for three different cross-sections of
simply-supported specimen (Table 1). It was found that the collapse
loads of the low-temperature specimens were enhanced by two orders of
magnitude, compared to those at room temperature, which, given the
observed time-temperature dependency of PVB, is expected to translate
to a similar enhancement at the high strain-rates associated with typical
blast loading.

The work described above focused solely on the effects of high strain-
rates, assuming quasi-static loading that ignores the effects of inertia.
For impulsive loads, of high intensity and short-duration, such as blast
loading, inertia can provide significant resistance, preventing excessive
deformation of a panel even for loads greater than the static collapse
load.

For a simply-supported ductile beam, with a uniformly distributed
load Fa, a quasi-static collapse mechanism with a single plastic hinge
forming at mid-span is anticipated once the magnitude of the force ex-
ceeds the static collapse load (F¢), as shown in Fig. 2(a). In this context,
ductility refers to beams that can be idealised as elastic-perfectly plastic
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Table 1
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Ultimate static loading capacities of pre-fractured laminated glass specimens, averaged from recorded room- and low-temperature three-point bending tests [9]. Room

temperature tests were performed only for the CS1 specimens.

Specimen details

Static collapse load, F¢c [N]

Designation Laminate Thickness Room Temperature (low strain-rates) Low Temperature (high strain-rates)
CS1 hg = 3 mm / hpyg = 0.38 mm / hg = 3 mm 2.28 236
CS2 he =3 mm / hpyg = 1.52 mm / hg = 3 mm N/A 734
CS3 hg = 6 mm / hpyg = 1.52 mm / hg = 6 mm N/A 1,567

[II1

Rigid ba|x

Central plastic zone

(b)

Fig. 2. The collapse mechanism (in elevation) of a simply-supported ductile
beam under a short-duration pulse load applied uniformly along the span: (a)
quasi-static to moderate dynamic loading (F4 < 3F¢) and (b) intense dynamic
loading (Fa > 3F¢).

materials. For moderate dynamic loads (F4 < 3F(), in which the force is
applied as a short-duration pulse (i.e., relative to the fundamental nat-
ural period), the same collapse mechanism occurs. However, for intense
dynamic loads (F4 > 3Fc), the same quasi-static collapse mechanism
would violate plasticity, as the internal bending moment would exceed
the plastic moment capacity, as demonstrated by Stronge and Yu [11]
for a cantilever beam. Consequently, the mechanism switches to one of
travelling hinges, with the initial form shown in Fig. 2(b), comprising a
central plastic zone formed between two rigid bars [12]. Similar
behaviour is observed in ductile plates under uniform pressure loading.
Yu and Chen [13] concluded that the switch from moderate to intense
pressure loading for two-way spanning, fully-simply-supported rectan-
gular plates occurs at between two and three times the static collapse
load and depends on the aspect ratio of the plate. The resulting collapse
mechanisms are shown in Fig. 3(a) and (b). The mechanism under
intense loading resembles the pattern observed in laminated glass panels
under blast loading, shown in Fig. 1.

This paper aims to contribute to our understanding of the blast
response of laminated glass by investigating if the failure pattern
consistently observed during full-scale blast tests is the consequence of
inertia under intense short-duration pulses. Demonstrating this would
provide a first-principles understanding of the yield line pattern adopted
empirically in existing analytical models (i.e., [6-7]). To examine the
collapse mechanisms forming under pulse loading, dynamic bending
tests are performed on PVB-laminated glass beam specimens. This is
achieved by launching foam projectiles from a gas-gun at high velocity
and impacting the specimens at mid-span, thereby applying a patch
load. Martin and Symmonds [14] demonstrated that similar collapse
mechanisms to those forming under uniform loading (Fig. 2) also occur
under patch loading. The change in the load type results in disconti-
nuities in the acceleration diagram along the length of the beam that

(b)

Fig. 3. The collapse mechanism (in plan) of a fully-simply-supported ductile rectangular plate under a short-duration uniform pressure pulse: (a) quasi-static to

moderate dynamic pressure loading and (b) intense dynamic pressure loading.



S.C. Angelides et al.

require laborious numerical integrations to obtain a complete solution.
Nevertheless, these small-scale tests are suitable for examining in detail
the initial collapse mechanisms forming in laminated glass specimens
via a systematic and controlled series of tests, and they are significantly
cheaper than the conventional full-scale high-explosive detonation tests.
The experimental work, performed on both intact and pre-fractured
specimens on pinned supports, with and without axial restraints, is
first described. This is followed by the results and a discussion of the
influence of inertia and axial restraint on the response.

2. Experimental method

In gas-gun impact tests, short-duration pressure pulses are generated
by impacting a target with foam projectiles launched from a gas-gun at
high velocity (Fig. 4a). Radford et al. [15] defined the characteristics of
the pulse resulting from aluminium foam projectiles by impacting an
instrumented Kolsky pressure bar. Such projectiles typically generate
pulses with peak pressures of the order of 10 to 300 MPa, and have
therefore been used to simulate underwater shock loading [16-22].
With air-blast loading, such high pressures are only relevant for struc-
tures located very close to the explosive (i.e., reflected pressures in the
near-field with scaled distances ranging from 0.78 to 0.12 m/kg'/® for
free-air charges) [23]. Such cases are rare, as physical barriers are often
installed in front of buildings that are considered at risk from a terrorist
attack, to prevent potential vehicle bombs from approaching the facade.
Consequently, softer projectiles that generate lower peak pressures are
required for investigating the blast response of laminated glass.

Chen et al. [24] performed gas-gun impact tests with polymer foam
projectiles on sandwich composite beams (carbon fibre laminated
facesheets with balsa wood core), resulting in peak pressures ranging
from 3.2 to 6.2 MPa. Such values are representative of reflected pres-
sures with scaled distances ranging from 1.17 to 0.93 m/kg"’> for free-
air charges [23]. The p, = 3.2 MPa peak pressure is replicated in this
study and corresponds to a Trinitrotoluene (TNT) charge mass of 11 kg
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(i.e., alarge briefcase package bomb) [25] located at a range 2.6 m from
the target (scaled distance = 1.17 m/kg'/®). Due to instrumentation
difficulties, an indirect, hybrid approach was used by Chen et al. [24] to
measure the pressure-time history, by combining the results from
impacting a dynamic force measurement bar and a dynamic piezoelec-
tric load cell. An approximately triangular pulse was deduced, as shown
in Fig. 4b, resembling the shape of the positive phase of the blast loading
experienced by the front facade of a building (with respect to the
explosive location) during the detonation of a high-explosive [26].

The following sections present further details of the experimental
work performed for this study. A description of the experimental facil-
ities and the glass specimens is provided, followed by a validation of the
loading generated by the projectiles. Finally, an overview of the types of
test performed is presented.

2.1. Experimental facilities and laminated glass specimens

The test specimens consisted of laminated glass made from two
layers (or plies) of annealed soda-lime-silica glass. This type of glass is
produced commercially by the float process in accordance to BS EN 572
[27]; it is readily available and is commonly used in buildings. The glass
had polished edges (to minimise secondary cracking) and was laminated
with a standard architectural grade PVB interlayer in a commercial,
glass laminating autoclave by Phoenicia (specimens CS1) and Tough-
Glaze (specimens CS2 and CS3) to BS EN ISO 12543-2 [28]. The overall
geometry of the specimens (total length L. = 200 mm; width B = 55 mm)
and the thickness of each ply was identical to the specimens previously
tested by Angelides et al. [9-10] at low temperatures, as introduced in
Section 1. Three different cross-sections were tested in total, with the
same length and width but different thicknesses of glass and PVB, as
summarised in Table 2.

The experiments were performed in the gun room laboratory of
Cambridge University Engineering Department using a gas gun with a
barrel diameter of 29 mm. The latter was chosen to fit projectiles with

Po

\
 Gun Barrel

i 4

(b)

Fig. 4. (a) Diagram of a foam projectile launched from a gas gun and impacting a laminated glass specimen, and (b) the approximately triangular loading pulse

resulting from gas-gun impact tests with polymer foam projectiles.

Table 2
Geometrical properties of laminated glass specimens.

Designation Laminate Thickness Length (L) [mm] Width (B) [mm]
CS1 hg =3 mm / hpyg = 0.38 mm / hg = 3 mm 200 55
CS2 hg =3 mm / hpyg = 1.52 mm / hg = 3 mm 200 55
CS3 hg = 6 mm / hpyg = 1.52 mm / hg = 6 mm 200 55
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Fig. 5. Laminated glass specimens mounted on rig: (a) pre-fractured (no axial restraints), (b) intact (no axial restraints) and c) intact (with axial restraints).

diameter of D, = 28 mm. For the chosen peak pressure of the pulse, p, =
3.2 MPa, this achieved a peak loading of F4 (t=0) == (%)2 Po=1,970N,
which is greater than the static collapse load (F¢) for all three cross-
section sizes (Table 1). The manufacturing process used by Chen et al.
[24] was followed for the projectiles, using a polymer foam of density
80 kg/m® [29]. The diameter was found to vary across the projectiles
due to manufacturing inconsistencies, most notably the layers of grease
applied to the mould and the sanding of the projectiles to fit in the
barrel. A lower bound value of D, = 25 mm was measured, for which the
peak load of F4 = 1,571 N is still greater than the ultimate static loading
capacity of the glass specimens. To replicate the loading pulse recorded
by Chen et al. [24], the projectiles were launched with a target velocity
of v, = 38.1 m/s, which was confirmed for each projectile using both
laser diode velocity gates and a high-speed camera (Phantom V1610).
A rig with pinned supports was used to assess the pure bending
response of the specimens (Fig. 5a and 5b). The deformation profiles and
the mid-span displacement time-histories were also recorded with the
high-speed camera. This rig was subsequently modified to assess the
contribution of the membrane forces that are generated at large

deflections: an additional plate was introduced that clamped the speci-
mens between pinned supports, thereby generating friction that pre-
vents axial movement, as shown in Fig. 5Sc.

Both pre-fractured and intact laminated glass specimens were tested,
as shown in Fig. 5a and b. The former ensures that a controlled and
repeatable fracture pattern is achieved by first scoring both glass plies
with a diamond-tip glass cutter and then imparting a controlled impact
through a bespoke jig in order to produce full-thickness cracks in both
glass plies [29]. The pre-cracked pattern considered here is idealised as a
series of cracks at a uniform spacing of 20 mm to allow direct compar-
ison between tests and elicit the fundamental behaviour, although it is
challenging to produce identical patterns and small variations existed
between specimens. This is the same idealised pattern considered in the
low temperature bending tests presented by Angelides et al. [9], and
represents a lower bound solution for the post-fractured bending
moment capacity of the real irregular fracture pattern formed under
blast loading [10].



S.C. Angelides et al.

Composite Structures 321 (2023) 117286

Fig. 6. Quasi-static compression tests performed on polymer foam projectiles: (a) undeformed (b) initial deformation and (c) final deformation. The clear plastic tube

prevents buckling of the projectiles.

2.2. Validation of pressure time-history generated by the projectiles

Due to difficulties in recording directly the pressure time-history
generated by the polymer projectiles (see Chen et al. [24]) an indirect
method of validation is also adopted in this study. Two validation tests
were performed to ensure that the loading generated by the manufac-
tured projectiles results in the pulse shown in Fig. 4b, with a peak
pressure of p, = 3.2 MPa. First, quasi-static compression tests were
performed on three foam projectiles, as shown in Fig. 6, to characterise
the stress-strain response and compare it with that recorded by Chen
et al. [24] at a strain-rate of 0.1 s ! (Fig. 7). The recorded responses for
all three projectiles agree well with those from Chen et al [24].

Following the validation of the quasi-static properties, aluminium
beam specimens were impacted by the same design of projectile
launched from the gas gun at a velocity of v, = 38.1 m/s (the measured
velocity varied from v, = 37.4 to 38.1 m/s in the three tests performed).
This test aimed to validate indirectly the pressure time-history generated

35

I
wn

N

Stress [MPa]

by the projectiles, by recording the displacement time-history of the
aluminium specimens with the high-speed camera and comparing it to a
theoretical prediction. The mid-span displacement time-history was
predicted both analytically, via modal analysis, and numerically, using
the commercial FEA package RFEM Dlubal. In the former, the projectile
impact pressure was converted into an equivalent point load applied at

2
mid-span, Fa(t) = (%) p(t), where p(t) is the pressure-time history

generated by the projectile and D, is the projectile diameter. In the
latter, the aluminium specimens were modelled with 2D quadrilateral
plate elements and the projectile impact was applied as a normal pres-
sure over a circular patch. Two different projectile diameters were
considered in both analyses, representing the lower (D, = 25 mm) and
upper (D, = 28 mm) bound values of those tested, as discussed in Section
2.1.

The deformation of the aluminium specimens at various time stamps
is shown in Fig. 8. An elastic deformation is observed, with the specimen

= = =Chen et al. (2011) - Test A
= = =Chen etal. (2011) - Test B

Chen et al. (2011) - Test D

=
"

(
(
— = =Chenetal. (2011) - Test C
(
(

= = =Chenetal. (2011) - Test E

e Test 1
e Test 2

= Test 3

0 2 4 6 8 10
Strain [%]

12 14 16 18

Fig. 7. Comparison of the stress—strain responses of three polymer foam projectiles recorded during quasi-static compression tests (Tests 1-3) with those (Tests A-E)

digitised from Fig. 18 (density 80 kg / m®) of Chen et al. (2011).
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®

Fig. 8. Deformation of an aluminium specimen (in elevation) at different time stamps during impact with a polymer projectile: (a) projectile arriving at target, (b) t
= 0 psec, (c) 62.5 psec, (d) t = 125 psec, (e) t = 312.5 psec, (f) t = 687.5 psec, (g) t = 1437.5 psec, (h) t = 2062.5 psec and (i) t = 3187.5 psec. The initial undeformed

state of the aluminium specimen is visible as a black shadow.

rebounding. The instant the projectile impacts the specimen is labelled
as t = 0 psec (Fig. 8b), with the camera subsequently recording frames
every 62.5 psec. The projectile crushing is initiated at the tip of the
projectile (Fig. 8c to f). At larger deflections of the specimen, the pro-
jectile remains intact and starts to rotate, eventually resulting in a shear
failure of the projectile (Fig. 8g). This shear failure, which was observed
in all three tests, did not interfere with the inbound response stage of the
specimen. This is demonstrated by the recorded displacement time-

o o oo
070"
DOczoon

+
O #tirt
+

Displacement [mm]
o

history for all three tests shown in Fig. 9, which agrees with the theo-
retical predictions. For all three tests, the recorded displacements fall
within the upper (D, = 28 mm) and lower (D, = 25 mm) bound pre-
dictions. It is noted that the projectile interferes with the response
during the rebound stage (Fig. 8h to i). This is also observed in Fig. 9, as
discrepancies are noticed between the experimental and theoretical
predictions during the rebound stage. It is therefore concluded that the
polymer projectiles provide the anticipated impulse for the experimental

Analytical / Dp = 25mm/
—FEA/ Dp =25mm
—Analytical / Dp =28mm
---FEA/ Dp =28mm

+ Test 1
o Test2
= Test3

-2
-4
6
- |
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time [sec]

Fig. 9. Comparison of theoretical predictions (analytical and FEA) with the experimentally recorded (Tests 1-3) mid-span displacement time-history of aluminium

specimens impacted by foam projectiles.
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investigation of the inbound response of the laminated glass specimens.
2.3. Overview of tests performed

The performance of laminated glass under short-duration pulse
loading was assessed through nine different types of impact test (type A-
I), as summarised in Table 3. Each type was repeated three times to
obtain confidence in the experimental results, thereby amounting to 27
tests in total. Three independent variables were considered, namely:
boundary conditions (pinned supports with or without axial restraint);
the pre-fractured state of the specimens (uniform pre-fractured pattern
or intact specimens) and the specimen cross-section size (CS1, CS2 and
CS3).

A constant span of L’ = 11 cm was chosen for all the test types. This is
identical to the span considered in the low temperature quasi-static
bending tests of Angelides et al. [9], thereby enabling a direct assess-
ment of the effects of inertia experienced by the specimens under the
dynamic loading.

Table 3
Overview of impact tests performed on laminated glass specimens.

Test Boundary Specimens pre- Specimen cross-
Type conditions fractured section
A No axial restraint Yes Cs1
B No axial restraint Yes Cs2
C No axial restraint Yes CS3
D No axial restraint No Cs1
E No axial restraint No Cs2
F No axial restraint No CS3
G Axial restraint No CS1
H Axial restraint Yes Cs1
1 Axial restraint Yes CS3

Composite Structures 321 (2023) 117286

3. Results

The experimental results are categorised based on the boundary
conditions, i.e., without axial restraint (test type A-F) and with axial
restraint (test type G-I).

3.1. Impact tests without axial restraint (type A-F)

The recorded projectile velocity ranged from v, = 34.2 m/s to 43.4
m/s. The deformation of the three pre-fractured cross-sections (CS1-3) is
illustrated in Figs. 10 to 12, which show photographs at various time
stamps from representative tests of each of the three sizes. All three CS1
specimens tested resulted in PVB tearing failure at large deflections. In
contrast, PVB tearing was not observed in any of the CS2 and CS3 tests.
The recorded mid-span displacement time-history of all three test types
is presented in Fig. 13. The results show a relatively good consistency
across the three, nominally identical, tests for all cross-section sizes. The
small deviations are attributed to the inherent variability in the material
properties and the challenge of producing identical pre-fracture pat-
terns, as noted in Section 2.1. A stiffer response is consistently observed
for the thicker specimens.

The deformation of the three intact cross-sections (CS1-3) is shown in
Figs. 14 to 16. All the CS1 and CS2 intact specimens fractured during the
tests. The glass ply on the far face of the specimen, not in contact with
the projectile, was the first to fracture in all specimens, consistent with
the state of stress expected from the bending action. Following the
fracture of this ply (Fig. 15d), the second ply fractured almost instan-
taneously (Fig. 15e), i.e., within the 62.5 psec to the next camera frame.
This was followed by PVB tearing failure in all three intact CS1 speci-
mens, in a similar manner to the response observed for the pre-fractured
specimens. In contrast, all three CS3 specimens remained intact during
the impact tests.

Fig. 10. Deformation of a pre-fractured CS1 laminated glass specimen (test type A, in elevation) at different time stamps during impact with a polymer projectile: (a)
projectile arriving at target, (b) t = 0 psec, (c) 62.5 psec, (d) t = 125 psec, (e) t = 375 psec, (f) t = 500 psec, (g) t = 937.5 psec, (h) t = 1437.5 psec and (i) t =

2312.5 psec.
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Fig. 11. Deformation of a pre-fractured CS2 laminated glass specimen (test type B, in elevation) at different time stamps during impact with a polymer projectile: (a)
projectile arriving at target, (b) t = 0 psec, (c) 125 psec, (d) t = 312.5 psec, (e) t = 812.50 psec, (f) t = 1125 psec, (g) t = 1812.5 psec, (h) t = 2750 psec and (i) t =

3562.5 psec.

Fig. 12. Deformation of a pre-fractured CS3 laminated glass specimen (test type C, in elevation) at different time stamps during impact with a polymer projectile: (a)
projectile arriving at target, (b) t = 0 psec, (c) 312.5 psec, (d) t = 375 psec, (e) t = 562.5 psec and (f) t = 2562.5 psec.

3.2. Impact tests with axial restraint (type G-I)

The recorded projectile velocity ranged from v, = 36.9 m/s to 41.3
m/s. The deformation of the two pre-fractured cross-sections (CS1 and
CS3) is illustrated in Figs. 17 and 18. PVB tearing at large displacements
was observed for all three pre-fractured CS1 specimens tested. After
tearing of the PVB, the end portions of the specimen remained attached
to the supports due to the introduction of the axial restraints, as shown
in Fig. 19. In contrast, smaller displacements and no PVB tearing were
observed for the thicker pre-fractured CS3 specimens. A comparison of
the mid-span displacement time-histories for the pre-fractured CS1 and
CS3 specimens with and without axial restraint is presented in Fig. 20a
and 21b.

The deformation of an intact, axially restrained CS1 specimen is
shown in Fig. 21. All three CS1 specimens tested with axial restraint
remained intact during impact. For this reason, it was decided not to
proceed with tests of intact, axially restrained specimens of the thicker
cross-sections CS2 and CS3.

4. Discussion
The deformation patterns observed for the three cross-section sizes,

for both intact and pre-fractured specimens, are first evaluated, followed
by a discussion of the effects of axial restraint.
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Fig. 13. Mid-span displacement time-histories of pre-fractured laminated glass specimens of three cross-section sizes CS1 (test type A), CS2 (test type B) and CS3 (test

type C) recorded during impacts with polymer projectiles.

(g

(h)

Fig. 14. Deformation of an intact CS1 laminated glass specimen (test type D, in elevation) at different time stamps during impact with a polymer projectile: (a)
projectile arriving at target, (b) t = 0 psec, (c) 250 psec, (d) t = 687.5 psec, (e) t = 875 psec, (f) t = 1187.5 psec, (g) t = 1437.5 psec, (h) t = 1562.5 psec and (i) t =

1937.5 psec.

4.1. Deformation patterns under intense and moderate dynamic loading

Two distinct collapse mechanisms were observed in the impact tests
of the specimens. The first consists of a single plastic hinge at mid-span,
with the specimen behaving as two rigid bars on either side. This was
observed consistently for the pre-fractured CS2 (test type B) and CS3
(test type C) specimens and for the intact CS2 specimens (test type E), as
shown in Fig. 22b, ¢ and d, respectively. In contrast, the mechanism
observed for the pre-fractured and intact CS1 specimens (test types A

and D) involved the formation of two further plastic hinges located
closer to the supports, as highlighted in Fig. 23b and c. The same
collapse mechanism was also observed in the axially restrained pre-
fractured CS1 specimens (test type H), as shown in Fig. 23d. The
axially restrained intact CS1 (test type G), the intact CS3 (test type C)
and the axially restrained pre-fractured CS3 (test type H) specimens did
not collapse during the tests. With the former two, the specimens
remained unfractured, and with the latter, the specimen displacements
were very small.

10
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(@

(h)

0

Fig. 15. Deformation of an intact CS2 laminated glass specimen (test type E, in elevation) at different time stamps during impact with a polymer projectile: (a)
projectile arriving at target, (b) t = 0 psec, (c) 250 psec, (d) t = 312.5 psec, (e) t = 375 psec, (f) t = 750 psec, (g) t = 1250 psec, (h) t = 1812.5 psec and (i) t =

2312.5 psec.

(d)

(e

(9

Fig. 16. Deformation of an intact CS3 laminated glass specimen (test type F, in elevation) at different time stamps during impact with a polymer projectile: (a)
projectile arriving at target, (b) t = 0 psec, (c) 687.5 psec, (d) t = 1375 psec, (e) t = 2687.5 psec and (f) t = 4500 psec.

The first of the two collapse mechanisms observed (Fig. 22a) occurs
under the application of quasi-static, uniformly distributed or patch
loads to simply-supported ductile beams. The plastic hinge forms at mid-
span, as this is the location with the highest internal bending moment,
and leads directly to collapse for these statically determinate structures.
The same mechanism also occurs under the application of short-duration
pulses of moderate intensity, defined as pulses with peak pressures less
than three times the static collapse load, as discussed in Section 1. The
pre-fractured CS2 and CS3 specimens fall into this category, as the peak
loading generated by the projectiles (ranging from Fp, = 1,571 N to
1,970 N) is less than three times the static collapse load of the CS2 (F¢ =
3 x 734 = 2,202 N) and CS3 (Fc = 3 x 1,567 = 4,701 N) specimens (see
Table 1). The same applies for the intact CS2 specimens, as the static

11

collapse load of these specimens, which have a random fracture pattern
generated during impact, is expected to be greater than the capacity of
the specimens with the idealised uniform pattern [10].

The second collapse mechanism observed (Fig. 23a) is known to
occur under the application of short-duration pulses of high intensity,
defined as pulses with peak pressures greater than three times the static
collapse load. The same mechanism is also observed in Fig. 23b to d, as
the pre-fractured CS1 specimens fall into this category, with the peak
loading (ranging from Fy = 1,571 N to 1,970 N) being greater than three
times the static collapse load of the CS1 specimens (F¢c = 3 x 236 = 708
N).

These observations provide further evidence of the ability of lami-
nated glass to develop plastic hinges, and therefore yield lines, as part of
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Fig. 17. Deformation of an axially restrained pre-fractured CS1 laminated glass specimen (test type H, in elevation) at different time stamps during impact with a
polymer projectile: (a) projectile arriving at target, (b) t = 0 psec, (c) 625 psec, (d) t = 1000 psec, (e) t = 1187.5 psec and (f) t = 1937.5 psec.

(d)

(b)

(e

0y

Fig. 18. Deformation of an axially restrained pre-fractured CS3 laminated glass specimen (test type I, in elevation) at different time stamps during impact with a
polymer projectile: (a) projectile arriving at target, (b) t = 0 psec, (c) 750 psec, (d) t = 1125 psec, (e) t = 2187.5 psec and (f) t = 4562.5 psec.

a plastic collapse mechanism. The observation of two distinct mecha-
nisms, with their dependence on loading intensity, demonstrates that
these are not solely a quasi-static phenomenon but rather a dynamic one
in which inertia plays a significant role.

The behaviour of the of one-way spanning, simply-supported speci-
mens, tested here under mid-span patch loading, may be extrapolated to
two-way spanning plates under uniform pressure, as shown in Fig. 3a
and b, with the latter forming under intense loading and resembling the
failure pattern observed in blast tests (Fig. 1). This helps to provide a
robust, first-principles justification for the yield line patterns adopted
empirically in the analytical models of Yuan et al. [6] and Del Linz et al.
[7] that were discussed in Section 1. However, further research is
required to confirm if the response under intense pulses is typically
described by two separate phases. Rigid-plastic structural dynamics (i.e.,
the theory of travelling hinges) assumes that, in the second phase, the
collapse mechanism converges to that observed under moderate loading
[30]. The first phase (labelled as ‘transient’) is observed in Fig. 23b to d,
but the second phase (labelled as ‘stationary’) was not observed during
the impact tests, as tearing failure of the PVB terminated prematurely
the response of all the CS1 specimens.

12

4.2. Influence of axial restraint

Table 4 compares the observed failure modes of the specimens tested
with and without axial restraint. These failure modes were consistently
observed across the three, nominally identical, impact tests performed
for each test type.

A comparison of the intact specimen response (test type D and G),
highlights the effects of axial restraint on the pre-fracture stage of
laminated glass. As described by the analytical models derived by
Angelides et al. [8], the introduction of axial restraint results in a
combined bending and membrane action that results in smaller de-
flections compared to simple bending (i.e., without axial restraint). In
addition, the axial restraint enhances the pre-fracture load capacity, as
the combined bending and membrane stresses result in lower total
longitudinal stresses compared to simple bending. This was evident from
the impact tests, with the axially restrained specimens resisting the
loading without fracturing, compared to the unrestrained boundary
condition where the specimens consistently fractured.

The influence of axial restraint on the post-fracture stage may be
evaluated from the recorded mid-span displacement time-history shown
in Fig. 20. An almost identical response is observed for the CS1 pre-
fractured specimens with and without axial restraints (Fig. 20a). The
absence of differences in this instance is attributed to the brittle failure
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Fig. 19. Side view of the pinned supports providing axial restraint to a pre-fractured CS1 glass specimen (test type H) after impact with the polymer projectile.
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Fig. 20. Comparison of mid-span displacement time-histories of pre-fractured laminated glass specimens with and without axial restraint recorded during impacts
with polymer projectiles: (a) CS1 and (b) CS3.

(d) (e) (9

Fig. 21. Deformation of an axially restrained intact CS1 laminated glass specimen (test type G, in elevation) at different time stamps during impact with a polymer
projectile: (a) projectile arriving at target, (b) t = 0 psec, (c) t = 312.5 psec, (d) t = 1187.5 psec, (e) t = 2062.5 psec and (f) t = 3937.5 psec. The steel plate of the

modified rig is also visible.
13
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(b) (c) (d)

Fig. 22. Comparison of the theoretically predicted and experimentally recorded deformation patterns of laminated glass specimens under moderate dynamic
loading: (a) predicted, (b) pre-fractured CS2 pinned specimen (test type B), (c) pre-fractured CS3 pinned specimen (test type C) and (d) intact CS2 pinned specimen
(test type E). The yellow lines indicate the mid-plane of the specimens in the deformed (solid) and undeformed (dashed) states, with the plastic hinges indi-
cated dotted.

sabuly onseld

abuly onseld

Fig. 23. Comparison of the theoretically predicted and experimentally recorded deformation patterns of laminated glass specimens under intense dynamic loading:
(a) predicted, (b) pre-fractured CS1 pinned specimen (test type A), (c) intact CS1 pinned specimen (test type D) and (d) pre-fractured CS1 pinned specimen with axial
restraint (test type H). The yellow lines indicate the mid-plane of the specimens in the deformed (solid) and undeformed (dashed) states, with the plastic hinges
indicated dotted. Note that the central plastic zone is indicated by straight lines, instead of the curved lines of Fig. 2b, due to the change in loading from uniformly
distributed to patch.

Table 4
Comparison of laminated glass failure modes observed with and without axial restraint.
Specimens pre-fractured Cross-section size Failure Mode
Without axial restraint With axial restraint
No - intact specimens CS1 Fracture of both glass plies with subsequent tearing of PVB Specimens remained intact
Yes — uniform fracture pattern Cs1 PVB tearing PVB tearing
CS3 No PVB tearing No PVB tearing and small displacements

14
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of the PVB, which has a thickness of 0.38 mm in the CS1 specimens.
Previous experimental work by Hooper [2] has shown that a minimum
PVB thickness of 1.52 mm is required for the delamination front to travel
quickly, relieve the interlayer from excessive strains and prevent pre-
mature tearing. For specimens with thicker PVB interlayers, such as the
pre-fractured CS3 specimens (hpyg = 1.52 mm), the introduction of axial
restraint results in smaller deflections, as observed in Fig. 20b. This is
attributed to the membrane action dominating the response at large
deflections. On average, the maximum deflection is reduced to one third
of that observed in simple bending.

5. Conclusions

This study has aimed to further our understanding of the blast
response of laminated glass by investigating the influence of inertia,
which is known to be significant under the accelerations experienced by
a panel during a typical blast event. The research aimed to bridge the
knowledge gap between the material response under quasi-static
loading and full-scale blast testing, as a continuation of previous
experimental work that focused solely on the effects of high strain-rate.
Laminated glass specimens with a PVB interlayer were impacted with
polymer foam projectiles, launched from a gas gun, to simulate the
loading from a blast pulse, and the dynamic response recorded with a
high-speed camera. Nine different test types were performed by varying
the boundary conditions (pinned supports with and without axial re-
straint), impacting both intact and pre-fractured specimens and testing
glass specimens with different cross-section sizes (increasing the thick-
ness of the glass plies and the PVB).

It was found that the collapse mechanisms formed in the specimens
under short-duration loading depend on the pulse intensity. For low
intensity loading, a single plastic hinge was observed, whereas for high
intensity loading (greater than three times the static collapse load) a
further two hinges were observed. These observations provide further
evidence of the ability of laminated glass to develop plastic hinges, and
therefore yield lines, as part of a dynamic, plastic collapse mechanism in
which inertia plays a significant role. They provide new insight into the
repeated failure pattern observed in blast tests, and help to provide a
robust, first-principles justification for the yield line patterns adopted
empirically in existing analytical models. Such models, are used for
deriving the mid-panel displacement time-history of fractured panels
and offer a potential tool for practitioners to make early design pre-
dictions of panel capacity without laborious calculations, as well as
helping to validate more detailed analyses performed with finite-
elements or equivalent single-degree-of-freedom models performed at
more detailed design stages. However, further research is required to
confirm if the collapse mechanism eventually converges to that observed
under moderate dynamic (or quasi-static) loading, resulting in the
travelling hinges of standard rigid-plastic theory.

The incorporation of axial restraint led to a significant reduction in
the deflection of intact specimens during the impact tests, which
remained unfractured. This is consistent with a combined bending and
membrane action, which results in lower total longitudinal stresses
compared to simple bending. The membrane contribution is also sig-
nificant in the post-fracture stage, with the maximum deflection of pre-
fractured specimens reducing to one third of that observed in simple
bending, without axial restraint. However, the benefit of axial restraint
was only observed for specimens with PVB thickness greater than 1.52
mm, as thinner interlayers led to premature tearing of the PVB.
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