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Abstract. Nowadays glass as a structural material is spread use not only
for buildings in form of fagade, windows and columns, but as well as for
the protection of displays of electronical devices, or windows used in
aeroplanes. In all cases is essential to describe the behaviour of glass
panels under the high velocity soft impact caused for example by bird
strike, icicles impact and bumps. In this paper the aim is to describe
method to estimate the resistance of glass against drop soft impact and the
comparison with the real tests.

1 Introduction

Even though glass windows are not considered as a bearing structural elements, study the
dynamic response of glass elements are essential and required for various motivations. Not
only for the nature of glass as a brittle material with small elastic deformation and without
significant plastic deformation, absorbing rather little energy prior to fracture, even those of
high strength, the glass as a material is interesting. To find the resistance to impact of brittle
materials has been the subject of many recent studies because of its various applications
responding very sensitively to impact loading. The main attention is paid to discover the
real behaviour under the impact load of glass structural elements in form of glass fagade [1]
and columns [2]. Studying the response of glass windows on different extreme loads is
essential for the protection of people. It is important to determine so called burglary
resistance, i.e. ability of the glass windows to resist of burglary attack with various classes
of tools, manual and electrical ones. Defining the vulnerability of persons so called soft
targets, the second group of extreme dynamic load has to be considered [3, 4]. Behaviour of

blast loaded windows is reported in [5] and beams in [6]. Deformation and damage
mechanisms of laminated glass windows subjected to high velocity soft impact caused by
bird strike were analysed in [7]. A glass plate subjected to impact at different loading rates
using two methods: a compression split Hopkinson pressure bar and the normalized drop
ball test were analysed in [8]. A failure criterion for laminated glass in case of impact is
presented by Pyttel in [9]. Symmetric plate-impact tests of borosilicate glass projectiles into
borosilicate glass targets were performed in [10].
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2 High velocity soft impact

Impact loading accompanying by elevated velocity is caused for example by bird strike on
the aeroplane windows (two elements moving with two different velocities), on building
fenestrations (element with high velocity impacting element with zero velocity), icicles
impact on glass roof (element with high velocity impacting element with zero velocity),
bumps in burglary attacks (repetitive impact of element with high velocity, generally not
rigidly constant to the element with zero velocity) or the same bump by person hitting the
glass with the shoulder.

To describe the real structural behaviour on the high velocity soft impact is essential to
know the dynamic characteristic and behaviour of impactor and studied structure. High
velocity soft impact is standardly idealised by the impact of steel ball in form of free ball
drop or in form of pendulum (see Fig. 1).
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Fig. 1. Normative impact ball test a) Drop ball test, b) Pendulum test.

On the previously described tests two standards for glass are based [11]:

- EN 356 Glass in building - Security glazing - Testing and classification of resistance
against manual attack. The standard divides windows into two classes depending on type of
test. In the first 5 levels, the test is based on the drop of the ball. The test is carried out
using a steel ball with the mass of 4.11 kg for classes P1A to P5A and an axe for classes
P6B to P8B. The ball is dropped on the test sample several times from different defined
heights according to the resistance class.

- EN 12 600 Glass in Building - Pendulum test - Impact test method and classification for
flat glass. The glass is subjected to a test where rubber tires of 50 kg are released into the
glass pane at different heights. A three-digit rating are given to the glass, e.g. 3B2 or 3C1
depending on the limited height of the pendulum the type of rupture of damaged glass. The
standard classifies tests into three major resistance classes.

2.1 Analysis method

Considering approximated approach, presented research problem is a mechanical SDOF
system characterised by the condition before the impact and after the impact. Where m, is
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mass of the steel ball, m, is a mass of glass (Fig. 1). Initial velocity of ball is v,, initial
velocity of window v, is equal 0. Momentum of the system is constant, momentum before
the impact is equal to the momentum after the impact.

Hence we can write

m,.v, =m2.v2+f:12F(t)dt (1)
Because of the very short duration of the impact, force impulse can be neglected and so
m;.v; + my,.v, =m;.u; +m,. U, )

where u; and u, are velocities after the impact. The ratio of the final to initial relative
velocity between two objects after they collide is defined as a coefficient of restitution (3)

= i)
€= (v1-v7) @)
Montaine and al. in [12] published the results of experimental investigation made on the
setting of coefficient of restitution between glass plate and steel ball depending on the
impact velocity (see Fig. 2).
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Fig. 2. Coefficient of restitution steel ball — glass plate depending on the impact velocity [12].
Final velocity of the window, after the impact is

% 1+¢ 4)

Uy =7 ™
Equation of motion after the impact for the mass 2 (window) can be defined as
y = Yo sin(wyt + @) (5)
Initial conditions are as follows t = 0,y = 0,y = u,, integral constants are ¢, = 0
Yoo = U, (6)

u; my
2y, 2 ™

With the spring stiffness k. After the derivation of equation of motion, velocity is obtained

Yo

Y = wy. Yo cos(wpt + @g) = wy. Y, Sin (w0t+§+<p0) (8)
Deriving of equation of motion, acceleration is achieved

J = —wy2. yosin(wot + @) = w2 yosin(wet + 7 + @p) 9)
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The spring stiffness k& depend on the stiffness between the glass plate and frame and the
condition of structural bearing stiffness.

2.2 Experimental laboratory testing

Full scale experiments focused on the soft high velocity impact were performed. Two
different type of window samples with total size of 1.21x1.38 m were examined. The
window frame was made of timber and PVC for possible comparison of the anchorage
system. The nominal thickness of monolithic glass plate was 3 mm for the wooden
specimen, and 4mm for the PVC frame. Regarding the size of glass, the dimensions where
defined from the total size of window samples and the frames in use. Accordingly, glass
surface was 1.20 x 1.05 m for the wooden frame and 0.81 x0.97 m for the PVC window.
Dynamic impact experiments, based on the pendulum test, were performed on the windows
(see Fig. 3). Steel ball impacted the window in the centre of glass plate. The overall sample
was attached to a rigid metal frame.

Fig. 3. Experimental impact testing a) PVC frame b) Timber frame.

As an impactor, two steel balls with nominal weight of 2.644 kg and 4.571 kg were
used, drop height (i.e., horizontal distance between the ball and the window) were
incrementally increased to the limit distance where the damage of glass plate occurred. For
each drop test, accelerations were measured using a set of sensors positioned in the lower
part of glass (right side, at a distance of 0.2 m from the edge). A high-speed camera
(FASTEC TS3100SC4256 Imaging) was also used, to investigate the impact velocity based
also on slow motion registrations.

3 Results and conclusions

Totally 8 tests were conducted to obtain the damage of the window panels with the
pendulum tests. Impact high was incrementally increasing to the limit damage value,
entirely 90 soft impacts were completed. To describe the behaviour of the glass panel under
the soft impact loading, essential characteristics were set. Overall impact energies were
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calculated according to (10). Where the maximum impact velocity was set using slow
motion records from the high-speed camera

E =imp? (10)

2

The maximum impact velocity of each test is presented in Table 1, as a function of ball size
and level of impact energy, when damage of glass panel occurred.

Table 1. Impact resistance of windows under different ball sizes and impact energy.

Sample Type of Impact horizontal Impact
N° window frame distance [m] energy [J]
1 wood 1.30 7.72
2 wood 0.90 3.36
3 wood 1.40 8.90
4 PVC 0.15 19.75

According the previously mentioned research the expected decay of coefficient of
restitution with increasing impact velocity was observed (approximately with the
exponential decay), the approximated values based on the decay of restitution are reported
in the Table 2. As well as the final velocity of the windows were calculated based on ball
mass, window mass, registered ball impact velocity from experimental testing and the
coefficient of restitution. Calculated final velocity of the window is compared with the
registered final velocity obtained from experimental testing. From the comparison sufficient
correspondence is noticed. To calculate the velocity of the window after the impact is quit
complex because of the ambiguous portion of window structure cooperating in the test. As
a window mass, whole windows approximated weight were considered in the calculation,
but the windows were fixed in the steel frame and it is not sufficiently clear the portion of
collaborating structure (if only glass panel, or only PVC or timber frame or steel fixing
frame or their mutual cooperation).

Table 2. Comparison of calculated and experimentally measured final velocity of the window.

Ball Coefficient Flnaolfvtehlgaty Final velocity
Sample N° Ball mass | Window impact of window of the window
ample [ka] mass [kg] | velocity | restitution experiment
[m/s] ¢ l] calculated [mis]
[m/s]
1 2.64 25.18 2.42 0.97 0.46 0.30
2 2.64 25.18 1.60 0.97 0.30 0.20
3 2.64 25.18 2.59 0.96 0.48 0.32
4 4.57 58.44 2.94 0.96 0.42 0.37

Consequent dynamic analyses of the window loaded by impact have to be done. To
obtain dynamic characteristics as deflection, acceleration, stiffness constant k& have to be
known. To gaining the real value of stiffness constant extending experimental testing is
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currently conducting. Afterwards impact resistance can be set and compared with the
experimental obtained impact resistance.

The work was supported by the Internal Grant Scheme of Faculty of Security Engineering, University
of Zilina from the grant No. 2019/10.
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