
Original Paper

Behaviour of a commercial wired glass under low energy ballistic
impact
Shabbar Atiq

PCSIR Laboratories, Quetta (Pakistan)

Rees D. Rawlings and Aldo R. Boccaccini

Department of Materials, Imperial College London, London (UK)

Α study of the balhstic impact resistance of a commercial wired glass has been undertaken using a gas gun capable of velocities up
to 400 m s " ^ The projectile was a steel ball and impact energies up to 7.32 J were used. The extent of the impact damage was
assessed by the mass of ejected material, the area of the Hertzian cone left by the impact and residual strength. Crack morphologies
similar to those reported in monolithic glasses were observed, namely ring, cone and radial cracks. The impact energy dependencies
of the mass of ejected material and cone area were similar showing a rapid increase at energies above about 4.35 J. In contrast, the
residual strength remained at 20 % or less of the as received wired glass irrespective of impact energy. This was attributed to the
wire mesh remaining intact for the ballistic impact conditions investigated.

1 . Introduction

Glass has been an important material in a myriad of appli
cations for centuries and in recent times it has evolved into
an engineering material. Several modern day applications of
glass require a ränge of properties including in some cases
a reasonable load-bearing capacity [1]. These requirements
have resulted in glasses being incorporated with a wide vari-
ety of fibres or particles to form composites, thereby im
proving properties such as fracture toughness, mechanical
strength, thermal shock resistance, and impact resistance [2
to 5]. These composites are however highly opaque and
therefore they cannot be used in applications requiring high
light transmittance, i.e., transparency, or at least trans-
lucent properties.

In recent years, "optomechanical" composites have been
developed based on translucent and transparent matrices
incorporating fibres of matching refractive index or fibre
meshes [6 to 10]. In fact, these novel transparent reinforced
glasses can be considered enhanced or advanced Systems
derived from wired glass, which is the oldest transparent
"reinforced" glass [11 and 12] and whose transparency
arises from the large volumes of glass between the metal
wires.

Wired glass, which consists of a metallic wire mesh in
corporated into plate glass, is the oldest type of safety glass
[11 to 13]. It was first produced in England over a hundred
years ago [14] and is commonplace in domestic, educational
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and industrial buildings. The original concept of incorporat-
ing metallic wires into the glass matrix was to enhance
structural integrity and to make it safer in incidents involv-
ing impact. This well-established composite material is fab-
ricated by placing the wire mesh on a ribbon of glass, and
then rolling another ribbon of glass on top [14]. Typically
the wire is in the form of a d iamond or square welded mesh.
Pioneering work on understanding the behaviour of wired
glass under ballistic impact conditions was carried out as
early as in 1938 using high-speed cameras to document
crack propagation [13]. Nowadays, wired glass is primarily
employed for its fire resistance. As a fire-rated material it
has the ability to withstand a fire for a limited amount of
time and also to remain intact if quenched by water from a 
hose [11 and 15]. Basically the wire acts as a reinforcing web
that holds the cracked glass in place.

Although wired glass may be employed mainly for its
fire resistance, its impact properties are also of concern be
cause accidental impacts are likely to occur. Figure 1 shows
a window made of wired glass after impact with a projectile
(in this case a stone thrown manually by vandals), where
the well known pattern of radial cracks emanating from the
impact site can be seen. The fact that the glass window is
still in one piece confirms the impact resistance of wired
glass to foreign object impacts of relatively low energy. Α
brief account of the heat resistant characteristics of wired
glass may be found in the article by Klein [16], but infor-
mation on mechanical properties and especially on impact
behaviour of wired glass is not readily available in the open
literature. Furthermore, there are no recent quantitative
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Figure 1. Typical damage to a wired glass window caused by a 
foreign body impact of low energy.

was carefully cleaned and all fragments from the impacted
samples were collected and weighed using an electronic bal-
ance with a precision of 0.001 g.

Damage of the samples after impact was recorded by a 
digital Camera (Olympus D-510, Olympus Optical Co., To
kyo (Japan)). Moreover, the area of Hertzian cone im
pression was measured by tracing the rim of the cone and
employing cut and weigh method. At least three samples
per each condition were considered and the relative error in
the determination of the cone area was 10 %.

After ballistic impacts, damaged samples were subjected
to four-point bending test which was carried out on a uni
versal testing machine using a four-point flexure fixture
with 40 mm inner span and 70 mm outer span. Specimens
were fixed in the fixture such that the impact side was under
tension and the point of impact was located in the centre of
inner spans following a procedure described by Choi et al.
[18]. Tests were conducted using a 100 kN load cell and at
a crosshead speed of 1 mm m i n " ^ At least three samples
for each impact velocity were tested and the results aver-
aged. The data obtained from the four-point bending tests
were used to assess the structural damage in terms of peak
load sustained by damage samples before failure.

studies known to the authors devoted to an understanding
of the behaviour of commercially available wired glass under
ballistic impact, which could be used to compare with the
early work of Schardin and Struth [13] mentioned above.
The present investigation represents thus a first effort to
assess the behaviour of wired glass under ballistic impacts
at velocities up to 400 m s " ^ corresponding to low impact
energies in the ränge 0.63 to 7.32 J.

2. Experimental procedure

Samples of a wired glass product, known as Pyroshield
Safety', measuring (100 χ 100 χ 6.70) mm^ were provided by
Pilkington, St. Helens (UK) . The glass was a normal float
glass of soda-lime-silica composition and the continuous
wires of mild steel (0.65 mm diameter) were laid in a 12 mm
Square mesh.

Ballistic impact tests were carried out by subjecting the
as-received wired glass samples to impacts by projectiles of
varying velocities. The samples were mechanically clamped
in a sample holder without a backing plate and steel balls
measuring 4.74 m m diameter (mass: 0.435 g) were fired
using a laboratory gas gun. The gun employed was a single
stage gas gun capable of firing spherical projectiles with di-
ameters up to 13 m m at velocities up to 400 m s ^ The gun
used compressed nitrogen gas to fire the projectile and was
operated by a bursting-diaphragm firing mechanism. The
compressed gas was transferred from the cylinder to the gas
reservoir (at one end of the barrel), which was joined to a 
breech adaptor. Α suitable diaphragm was placed between
the barrel and the breech adaptor. The pressure in the reser-
voir caused the diaphragm to rupture, shooting the projec-
tile down the barrel. The velocity of the projectile was con-
trolled by the pressure, which was required to burst the dia-
phragm. Α more detailed description of the gas gun used is
given by McQuillan [17]. After each impact, the Chamber

3. Results and discussion

The structural damage to brittle materials that takes place
under ballistic impact loading depends on parameters such
as toughness, hardness, flaw density and other microstruc-
tural characteristics of both the target and the projectile.
Damage to wired glass caused by ballistic impacts demon-
strated a pattern similar to those for monolithic glass and
glass-ceramics [19 to 21] and ceramic plasma-coated glasses
[22], in terms of nature and pattern of crack formation. Fig-
ure 2a shows the post-impact damage due to a projectile
having 0.63 J of energy. Examination of the rear face of
the specimen showed formation of a cone due to localized
disintegration of the glass. Also signs of formation of initial
ring cracks could be seen on the edges of the cone. Increase
in impact energy resulted in Initiation of radial cracks, as
seen in figure 2b, emanating from the impact site. Fur ther
increase in projectile energies resulted in greater number of
radial cracks emanating from the point of impact as docu-
mented by figures 2c to g.

The pattern of crack propagation in wired glass is of
particular interest as the wires seem to have very little or no
effect on crack propagation. Careful post-impact examin-
ation of damaged samples revealed that when a propagating
crack encountered a wire there was no noticeable deflection
of the direction of propagation. This indicates that the in
terface bonding between the wires and the glass matrix was
strong and no significant local thermal Stresses due to the
wires existed in the glass matrix. The wires, therefore, do
not act as barriers to crack propagation, instead they add
to the integrity of the glass structure by holding the frac-
tured pieces of glass together. In this context, the wired glass
does not behave like a typical brittle matrix composite,
where relatively weak fibre/matrix Interfaces must be present
to induce crack deflection and fibre puU-out mechanisms [2
to 5].
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Figures 2a to g. Damage on
wired glass panels caused by
projectiles of varying energies;
a) 0.63 J, b) 0.66 J, c)1.98 J, d)
2.03 J, e) 4.35 J,  0 5.41 J, and g)
7.32 J. The dimension of all
samples was (100 χ 100) mm^.
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Figure 3. Damage of wired glass samples as measured by the
mass of ejected material (i.e., the mass of the fragments col-
lected from the sample after impact) plotted as a function of
impact energy of the projectile. The maximum relative error in
the determination of the mass was 10 %.
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Figure 4. Damage of wired glass samples as measured by the
basal cone area of the damaged zone of impacted samples as a 
function of impact energy. The maximum relative error in the
measurement of the area was 10 %.

In order to quantify the amount of damage to the glass
as a function of impact energy, several parameters were in
vestigated. One of these indicators of damage is the amount
and extent of fragmentation caused by the projectiles, which
has been used in the ballistic resistance assessments of other
brittle materials [17 and 21]. Figure 3 shows a plot of the
fragmentation mass as a function of impact energy. The
curve in figure 3 shows that energies as low as 0.63 J caused

considerable fragmentation of the sample and that the
amount of debris formed was relatively constant up to 4.5 J.
At higher energies the mass of debris increases and this is
associated with significant penetration of the sample as
clearly seen in figure 2g. It is interesting to note that small
penetration holes were observed at energies as low as 2 J 
and that even at the highest energy of 7.32 J the wires of
the mesh were not broken.
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Figure 5. Plot showing peak loads sustained by the damaged
samples during four-point bending test as a function of impact
energy of projectiles. The data presented are average values de
termined from three measurements.

Α similar trend was also seen when the basal area of the
truncated cone left by the impact on the rear face of samples
was plotted as a function of energy, as shown in figure 4.
In fibre reinforced polymer and glass-ceramic matrix com-
posites füll penetration is accompanied by fibre fracture and
as the impact energy is further increased above the mini-
mum required for füll penetration, the amount of damage
decreases and the residual strength increases [3 and 23]. Α
decrease in damage at high energies was not observed in the
present investigation. This may be because higher energies
are required to see this effect than the maximum used in the
present investigation and/or due to the fact that the metallic
wire mesh remains intact, in contrast to ceramic fibres (e.g.
carbon of SiC fibres) used in glass-ceramic matrix com-
posites which break at similar impact energies [3].

The results of the four-point bending tests are presented
in figure 5. Taking the peak load sustained by a specimen
during a test as an indicator of the residual strength, it is
clear that the residual strength of impacted wired glass
samples was 20 % or less than the strength of the as-received
material and, within experimental error, was independent of
impact energy. This is consistent with the wire mesh remain-
ing intact after impact, ie. the residual strength has a negli-
gible contribution from the fragmented glass matrix and is
largely a measure of the load required to deform the mesh.

4. Conclusion

This study showed that low energy impacts result in the
formation of ring, radial and Hertzian cone cracks in wired
glass similar to that reported in other brittle materials. An
increasing number of radial cracks is observed as the impact
energy increases. The mass of ejected material and the area
of the cone crack remain approximately constant up to
4.35 J and then increase at higher energies.

The presence of the steel wires in wired glass does not
affect the crack propagation by crack deflection mecha-

nisms typical of fibre reinforced brittle composites. The steel
wires are not fractured at the impact energies employed in
this work, ie. the wire mesh remains intact and its role is to
enhance the integrity of glass. The residual strength is
largely determined by the wire mesh.
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