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Abstract. Failure of glass is dominantly brittle, and is caused by microscopic flaws randomly distributed on
the surface. Fracture mainly initiates in these flaws, and this leads to a high variability in the glass strength,
which depends on geometry, boundary conditions and loading situation. Consequently, the identification of the
fracture strength, in e.g. finite element analyses, is not straightforward. For rapid loading conditions, as for blast
loading situations, the glass strength is generally increased because flaws need time to grow into cracks. The
current study aims to identify the probabilistic fracture strength of glass plates under blast loading as a function
of the plate?s boundary conditions, geometry and loading by using a newly proposed strength prediction model.
To validate this model in some measure, 12 blast tests on annealed float glass were performed in a shock tube.
As expected, the tests showed a large scatter in fracture strength. The strength prediction model captured the
main trends found in the experimental tests, but a closer investigation of the strain rate sensitivity of glass was
deemed necessary. Finally, the results from the strength prediction model were used as input in a simulation of
annealed float glass under blast pressure in the finite element program IMPETUS Afea Solver. By use of a node
splitting technique, the simulations captured the behaviour displayed in the experimental tests to a great extent.

1 Introduction

Annealed float glass is largely used in window systems,
and is a brittle material known to possess a large scatter
in fracture strength. This is due to the existence of mi-
crostructural flaws, which are located on the surface of the
glass plates [1]. Fracture normally initiates in these flaws
when tensile stresses are applied, and the fracture strength
can therefore be described as a combination of the flaw
properties and the applied stress [2]. Consequently, the
fracture strength is dependent on both the geometry, the
boundary conditions and the loading situation of the plate.
It can therefore be quite challenging to identify the frac-
ture strength for use in e.g. finite element analyses [3]. In
most Finite Element (FE) codes, failure modelling is based
on a deterministic approach [4]. In other words, the cho-
sen fracture strength (either given by a fracture stress or
strain) applies to the entire glass plate. If this approach is
to be used in a design process of glass, the fracture strength
must be carefully chosen. It would naturally be advan-
tageous to know the probability of the fracture strength
specified in the FE model. The current study aims to de-
termine this probability as a function of the glass plate’s
geometry, boundary condition and loading situation. The
proposed numerical method is based on the recent work
by Yankelevsky [5], but includes some additional features
and adjustments. The probabilistic model, as in the work
by Yankelevsky, is based on the existence of microscopic
surface flaws in glass, and uses Monte Carlo simulations
to predetermine the fracture strength for glass plates in a
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given scenario. The model will here be referred to as the
strength prediction model [6].

To investigate if the strength prediction model is able
to provide realistic results, 12 blast tests on annealed float
glass [6] were performed in the SIMLab Shock Tube Fa-
cility [7]. The results from these tests are compared to
the results provided by the model. Finally, the calculated
probabilistic fracture stress is used as input in a simulation
of a blast loaded glass plate. The FE program IMPETUS
Afea Solver is used, as it enables an element-separation,
or node-splitting method. This method is highly advanta-
geous when it comes to modelling of problems including
brittle fracture and fragmentation [8].

2 Experimental programme
2.1 Material

The glass plates used in the current experimental pro-
gramme are made out of clear annealed soda-lime-silica
glass. The mechanical behaviour of glass is elastic up to
the point of failure, which normally occurs due to crack
propagation of existing microscopic surface flaws. This
happens when stresses (higher than a given threshold) are
applied normal to the flaws, so that they open and grow.
The strength of the glass is naturally dependent on the
properties of the flaws, but also on the environment [9]
and the rate of loading. Generally, the glass strength in-
creases with the loading rate because flaws need time to
grow into cracks [3]. The stiffness of the glass, however,
is relatively insensitive to the loading rate [10]. Table 1
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lists some commonly used material parameters for soda-
lime-silica glass. The parameters p, E, v and Kj¢ refer
to the density, Young’s modulus, Poisson ratio [11], and
fracture toughness for mode I loading (i.e., opening of a
crack), respectively. The value of Kj¢ is reported in [12],
and is based on the work by Widerhorn [9].

Table 1. Material parameters for soda-lime-silica glass.
P E v Kic
(kg/m®)  (MPa) (MPa v/im)
2500 70000 0.2 0.75

2.2 Blast loading

An idealised loading history for a blast pressure can be
viewed in Figure 1. Typically, it consists of a positive and
a negative pressure phase, and has an instant rise to peak
reflected pressure Py, from atmospheric pressure Py at
the arrival time t,. The duration of the positive and the
negative phase is #4, and 4., respectively. The minimum
value of the negative pressure is Ps. In the blast tests pre-
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Fig. 1. Idealised pressure time history for the reflected blast wave
from an explosion [13].

sented in this study, the negative pressure phase is negli-
gible, and the pressure time history can be represented by
the modified Friedlander equation [13] stated as

P.(t)=Py+ Pmax(l = ’“)exp(_b“' ’“)) (1)
d

+ T+

where, b governs the curvature from Pp,x.

2.3 SIMLab Shock Tube Facility

As an alternative to explosive detonations, the SIMLab
Shock Tube Facility (SSTF) was used to subject plated
glass specimens to blast pressure loading. The SSTF
has earlier proven to produce planar and uniform pressure
loading, and is a reliable and safe option for blast testing.
A detailed description of the SSTF and how the blast pres-
sure is produced can be found in the work by Aune et al.
[7]. Figure 2 shows an illustration of the SSTF. It is di-
vided into a tank, and a high-pressure and a low-pressure
chamber, denoted the driver and the driven, respectively.
The test specimen is mounted inside the tank at the end of
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Fig. 2. Sketch of the SIMLab Shock Tube Facility (SSTF) seen
from above. Adapted from [7].
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the driven. To measure the applied blast pressure on the
specimen, data from two pressure sensors placed 245 mm
and 345 mm away from the plate are fitted to Equation (1)
and interpolated back to the arrival time #,. See [7] for de-
tails. The deformation of the specimen is obtained in 25
different points, which are placed with a distance of 60 mm
c/c over the glass surface. These points, denoted optical
targets, are tracked by a point-tracking procedure available
in the in-house three dimensional digital image correlation
(3D-DIC) code eCorr [14]. Images from two synchronised
Phantom v1610 high-speed cameras are used for this pur-
pose. The recording rate of the cameras is set to 24 kHz.
The setup for blast testing of glass plates in the SSTF is

M24 bolt
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Inner
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Fig. 3. The custom-made fastening system used in the blast ex-
periments on glass in the SSTF. The setup is here disassembled
and shows one out of 12 bolts, stoppers and nuts.

partly shown in Figure 3. The glass is clamped between
two 25 mm thick aluminium plates, denoted the inner and
outer clamping plate. The inner clamping plate is fastened
to the end of the driven, and the blast wave will therefore
travel in the direction from the inner to the outer clamping
plate. Neoprene rubber strips (with a thickness of 4 mm,
width of 50 mm, and a hardness of IRHD 50+10) are glued
to the clamping plates and placed on each side of the glass.
In order to properly fasten the outer clamping plate, while
limiting the prestressing of the glass, steel stoppers are
placed on the bolts that connect the two clamping plates
together. In this way, the bolts can be firmly tightened,
and the contraction of the rubber will be minimal.
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2.4 Results

In total, twelve blast tests on 400 mm X 400 mm X 3.8 mm
float glass were performed in the SSTF. A summary of the
results from the tests is shown in Table 2 [6]. The param-
eters Prax, ffrac» Dmaxs Utrag and i, refer to the maximum
reflected overpressure, the time of fracture initiation, the
maximum centre displacement before fracture, the maxi-
mum measured fragment velocity, and the impulse of the
positive phase before fracture, respectively. The column
denoted Fracture specifies whether the fracture initiated at
the face (f) or the boundary (b) of the glass. The tests are
divided into three classes (A, B and C), based on the level
of maximum reflected overpressure on the glass. As can

Table 2. Summary of the blast tests on float glass. Note that 7 =
0 corresponds to the time of arrival #, of the blast wave.

Test | Puax  ftrac  Dimax  Ufrag i, Fracture
Unit | kPa ms mm m/s kPa-ms -
A-01 | 530 125 461 158 60.2 b
A-02 | 51.6 1.38 5.18 14.7 64.0 b
B-01 | 63.7 1.00 331 245 58.7 f
B-02 | 646 121 551 18.8 71.4 b
B-03 | 655 146 575 173 86.2 b
B-04 | 62.5 X 5.56 X 293.9 X
B-05 | 63.3 1.00 150 21.8 58.4 f
B-06 | 629 096 371 193 56.2 b
B-07 | 640 1.13 579 19.0 66.6 b
B-08 | 62.9 X 5.98 X 294.2 X
C-01 | 734 129 6.01 215 86.5 b
c-02 | 732 133 226 223 88.9 b

be seen from Table 2, only two out of the 12 glass plates
withstood the subjected blast pressure. Since this did not
apply to the "class A" tests, the test series clearly illustrates
the stochastic nature of fracture in glass. In most of the
tests, the fracture initiated at the boundary, i.e., under the
rubber strips. An illustration of how the fracture typically
develops when initiating at the face versus the boundary
is shown in Figure 4. Note that for the case in Figure 4b,
the fracture most likely initiated at the back of the plate,
i.e., the surface faced away from the cameras. The reason
is that at the boundary, tensile stresses occur at the back
surface.

Fig. 4. Photo of a fractured glass plate at t = 4.2 ms for tests:
(a) B-01 (face fracture initiation), (b) B-02 (boundary fracture
initiation).

3 Numerical modelling
3.1 Strength prediction model

The following presents a stochastic model for predicting
fracture initiation in glass plates. The model, referred to
as the strength prediction model, is based on the work by
Yankelevsky [5], but includes some additional features and
adjustments [6].

The strength prediction model is based on the fact that
fracture in glass plates generally initialise in pre-existing
microscopic surface flaws. When the glass surface is sub-
jected to tensile stresses, the flaws will open and grow. In
the strength prediction model, failure is defined as the on-
set of unstable crack growth in one flaw. The following
failure criterion is thus adopted

K > Kic 2

Here, K; is the stress intensity factor for mode I load-
ing, i.e., the opening of a crack, and K¢ is the critical
value, or the fracture toughness. The surface flaws are as-
sumed to be elliptical shaped, and the following empirical
expression [15] can be employed

K = /lsj;g)(r N 3)

Here, a is the depth of the crack, o is the remote ten-
sile stress normal to the crack, and Q is the flaw shape
parameter calculated as

0=1+ 1.464(%)1'65 (4)

where c is the half-length of the crack. Further, A is
the surface correction factor defined by

A= [113- 0.09(%)][1 +0.1(1 —sing)’]  (5)

and f(¢) is an angular function depending on ¢

1@ = [sin@) + () cos@)] (©)

The parameter ¢ defines the angle of a point on the
elliptic crack, where ¢ = 0 is the critical value. For
rapid loading conditions, the following failure criterion is
adopted instead of Equation (2)

3
» [ xidar> ke ™
T Ji-r

Here, v is denoted the incubation time, or the mi-
crostructural fracture time. This is explained as the min-
imum time required to initiate crack growth, and is in-
cluded to avoid that spurious peaks of stress result in pre-
mature failure of the glass.

For a given loading scenario, plate geometry and
boundary conditions, the stress state of a glass plate (with-
out fracture initialising) can be calculated by using the
finite element method, or if possible, analytical expres-
sions. The strength prediction model employs the known
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stress state throughout a given loading scenario, including
information about the surface flaws to calculate informa-
tion such as the probability distribution of fracture stresses
and/or forces, position of fracture initialisation, and a fail-
ure percentage. This is done through Monte Carlo simu-
lations of a sufficient number of glass plates. Each of the
glass plates is given a so-called flaw map, i.e., the distri-
bution of surface flaws including their size, shape, location
and orientation. In each analysis the failure criterion given
by either (2) or (7) is checked for all the assigned flaws
throughout the entire loading scenario.

The input required from a user of the strength predic-
tion model is the following:

e The stress state in a glass plate (on the surface)
e Fracture toughness K¢

e Flaw shape a/c

e Maximum flaw depth anax

o Flaw density pgaw

e Number of plates to analyse 7pqe

e Size of a jumbo plate Ajumpo

The jumbo plate is a large plate from which the anal-
ysed plates are cut. The majority of glass used for win-
dows is cut from plates with nominal lengths of 4500,
5100 or 6000 mm, and widths equal to 3210 mm [16]. Itis
further assumed that a jumbo plate includes only one flaw
with a depth of an.x. An exponential flaw depth distribu-
tion is adopted [5], which is discretised as

In(NV;)
In(No) )’

a; = amax( - Ni=Ri(No-1)+1 (8)

here, Ny is the number of flaws, N; is the number of
flaws with depths larger than a;, and R; refers to a random
variable uniformly distributed on [0, 1]. The flaw orienta-
tions are further given by

@; = Ry C))

as it is believed that the flaws do not favour any ori-
entation. R; is a random variable uniformly distributed on
[0, 1].

3.2 Strength prediction of blast loaded plates

The strength prediction model is further used in an attempt
to find the strength distribution of the blast tests presented
in Section 2.4. The parameters presented in Table 3 are
employed. The value of a/c is based on the work by Le-
vengood [17], while both pg,w and ap,x are adopted from
the work by Wereszczak et al. [18]. As for the value of
Nplaes Yankelevsky [5] stated that a number of 5000 plates
would result in a converged probability distribution.

To obtain the stress state of a glass plate (before frac-
ture) in the blast tests, the FE software Abaqus [19] was
employed. However, other FE codes could also have been
used. The FE model itself consisted only of the glass
plate (modelled with shell elements) and the rubber strips

Table 3. Input parameters for the strength prediction model.

KIC 0.75 MPa \/E

alc 1

Amax 100 um

Pflaw 2 flaws/cm?

Mplate 5,000

Ajumbo | 3210 mm X 6000 mm
T 10 us

(modelled with solid elements). The aluminium clamp-
ing plates, stoppers and bolts were indirectly included in
the model by restricting the movement of the outer rubber
surfaces. The glass material was modelled as linear-elastic
with the first three parameters in Table 1. The rubber was
also modelled as linear-elastic, with a Young’s modulus
of 2 MPa and Poisson’s ratio of 0.46. To ensure that the
test setup was properly modelled, the deformations in the
glass plate from a selected test without failure (B-04) were
compared with a corresponding Abaqus simulation. Three
optical targets (nine points when disregarding symmetry)
were tracked, which are denoted PO, P1 and P2. The re-
sulting time-displacement history, together with an illus-
tration of the optical targets, are presented in Figure 5. It
shows a good correlation of the test and simulation, and
the model could therefore be used to acquire the stress
state. The following presents some results obtained from

Symmetry lines
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Fig. 5. Displacement from experiment and Abaqus simulation in
points PO-P2 for test B-04. Illustration of PO-P2 included.

the strength prediction model. Figure 6 shows the loca-
tion of the fracture initiation (distinguished between front
and back failure) for test A-01. Compared to the actual
shock tube tests, the location of front failures agreed well,
as fracture initiation in the tests always occurred within the
area proposed by the strength prediction model. Whether
the position of back failure is in agreement with the tests
or not was difficult to determine as the fracture initiation
occurred under the rubber strips.
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Table 4 presents the failure percentage and time of
fracture initiation of tests A-O1, B-04 and C-01. If we
compare the results with the experiments, both the total
and the front failure percentage are overestimated by the
strength prediction model. However, to draw any definite
conclusions, we need a much larger number of experimen-
tal tests. Nevertheless, there are possible reasons for this
discrepancy, such as the glass being damaged by the sharp
aluminium edges of the inner clamping plate. It may also
be due to dynamic effects not being sufficiently accounted
for in the model. Regarding the time of fracture initiation,
the experimental results for class A, B and C all lie within
or are equal to the predicted extreme values. The proba-
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Fig. 6. Location of fracture initiation for test A-01 visualised as
a surface map. The origin is at the plate’s centre.

Table 4. Failure percentages and time of fracture initiation #g.

Failure-% Time of fracture initiation (ms)
Test | Total Back side | Front side Back side
A-01 | 94.2 19.8 0.88-1.92 0.95-1.7
B-04 | 99.8 4.62 0.82-1.71 0.85-1.54
C-01 100 3.71 0.76-1.41 0.75-1.33
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Fig. 7. The distribution of normal stresses at failure determined
by the strength prediction model for tests (a) A-01, (b) B-04, (c)
C-01.

bility distribution of normal stresses at failure, divided into
front and back failures, are further shown in Figure 7 for
tests A-01, B-04 and C-01. The ordinate refers here to the
number of fictitious glass plates tested. The value of the
normal stresses extends over values from about 60 MPa to
120 MPa.

3.3 FE modelling in IMPETUS Afea Solver

The FE program IMPETUS Afea Solver was employed to
simulate the fracture process of the glass plate in test B-
04, i.e., a test where fracture initiated almost exactly at the
centre. The code enables features including higher order
elements and a node-splitting technique [20]. Node split-
ting facilitates a more realistic fracture pattern and crack
propagation by separating the mesh at the element borders
instead of deleting elements, as with the traditional ele-
ment erosion technique. The FE model was built in a sim-
ilar manner as for the Abaqus model, however, the rub-
ber was modelled with 7 mm X 7 mm X 4 mm 64-node
hexahedral elements, and the glass with 4 mm X 4 mm X
3.8 mm 40-node pentahedron elements. Pentahedron el-
ements were chosen to enable fracture in two additional
directions. A brittle fracture criterion with the parameters
K;c equal to 0.75 MPa y/m, and a fracture stress of 60 MPa
was included for the glass. The fracture stress was chosen
as this was the most critical value found from the strength
prediction model. It corresponds to a case where fracture
initiates in a flaw of maximum size dp,y.

Figure 8 compares pictures from the experiment and
the simulation, and shows that the behaviour is highly sim-
ilar. For a more quantitative comparison, the displacement
in points PO-P2 is shown in Figure 9. Note that the dis-
placement in point P2 was no longer trackable after 4 ms,
and is therefore not displayed after this point. Again, it is
seen that the agreement between the simulation and the
experiment is very good, and illustrates that the use of
node splitting enables a highly realistic behaviour of frac-
ture in glass. Naturally, as the fracture initiated almost in
the centre of the glass plate in the experiment, the simula-
tion captured the response more easily. This is because the
fracture criterion yielded fracture initiation in the point of
maximum principal stress, i.e., in the centre. For simula-
tions involving boundary-fractured plates, one would need
to trigger the fracture initiation at the boundary somehow
to get a comparable response.

4 Concluding remarks

A model for predicting the fracture strength of glass plates,
based on the existence of microscopic surface flaws, has
been presented. In an attempt to validate the model, 12
blast tests on annealed float glass were conducted in the
SIMLab Shock Tube Facility. As expected, the tests illus-
trated the stochastic nature of fracture in glass. Further,
the strength prediction model successfully captured trends
shown in the tests. However, a slight overestimation of
the total failure percentage and the failure percentage of
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Fig. 8. Pictures of the fractured plate in the experiment and sim-
ulation at: (a) 1 ms, (b) 4.2 ms, (c¢) 10 ms.
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Fig. 9. Displacements in points PO-P2 for test B-04.

front-failure was shown for the specified loading scenar-
ios. This may be due to dynamic effects not being suffi-
ciently accounted for in the model, and a strain rate de-
pendent fracture toughness might need to be included. It
should, however, be noted that the number of experimen-
tal tests was rather limited for validation purposes. Finally,
results from the strength prediction model were employed
as input for a brittle fracture model in the finite element
program IMPETUS Afea Solver. By using a node split-
ting method, the behaviour in the simulation was highly
comparable with experiments.
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