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a b s t r a c t

A new model for assessing the strength of structural members made of annealed glass plates is presented.
The model refers to a glass plate that is supported at its ends and loaded by a given loading system. To
fully determine the mechanical behavior of the glass plate, a flaws distribution function is presented,
from which the critical stress distribution is calculated. These critical stresses determine the local ulti-
mate resistance of the plate. The model determines the flaws distribution over the area of a large basic
plate, from which plates of different sizes are cut out. Each cut out plate is characterized by a different
map of flaws that is distributed over its surface and it behaves differently as a result. The flaws shape,
size and location determine the critical tensile stresses that are required for crack opening. These critical
stresses are compared with the growing stresses during loading, to determine at which point and at what
loading level fracture is initiated. The model is capable of predicting the tensile strength distribution of a
large group of glass plates of a given geometry and boundary conditions. The model provides much infor-
mation concerning the probabilistic distribution of the tensile strengths and the location of the fracture
origin.

For an examined case the model yields an almost symmetrical tensile strengths distribution, and
although it is somewhat different than existing statistical functions, it is similar to the normal distribu-
tion.

It is shown that the entire analysis of determination of the critical tensile strength is independent on
the plate’s thickness, although the latter is important to determine the magnitude of the bending
moment at failure and the magnitude of the applied load that causes that failure. The model is found
to be in close agreement with test data; it may explain the inspected and measured results and provide
insight to glass plate behavior.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. General

This paper deals with flat thin glass plates that are made of soda
lime silica annealed glass. Such plates are commonly used in build-
ings windows glazing. In that implementation a thin rectangular
glass plate is considered, however in the general case it may have
any shape and size, it may be implemented in different applica-
tions and be subjected to different conditions. This paper focuses
on the static behavior of rectangular glass plates with given bound-
ary conditions that are subjected to a static short term loading
system.

Although glass production is known for many centuries, its
quality has been considerably improved over the last decades.
Current glass technology allows production from well-defined

raw materials [1], of large size, high quality flat glass panels with
constant thickness. Commonly glass plates are produced within a
thickness range of 2–25 mm. The production process and the typ-
ical properties are described in detail in the literature (e.g. [2]).
Nowadays float glass is a common product of high quality and pro-
nounced resistance. As such it may be used not only for architec-
tural and functional needs but also may carry loads and serve as
a structural element. Even in its most common usage in windows’
panes it is exposed to loads, such as wind loads, thermal and other
mechanical loads, and may also be exposed to vibratory, impact
and blast loading. It is known that glass responds differently to dif-
ferent loading rates and durations [3,4].

There exist different methods for window glass analysis that are
developed to address special cases of plate geometry, type of load-
ing, etc., but none of them is free of pronounced shortcomings.

The existing models are based on experimental data; neverthe-
less they cannot consistently predict test results. Recent studies
have criticized the existing models and their limitations with
regards to glass plate design e.g. [5,6]. This reflects both the doubts
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and the lack of confidence with regard to existing methods and
motivate for further investigation. It is already well known that
glass panes of identical geometry that are loaded by the same load-
ing system, break differently and the experimental ultimate load or
stress varies within a wide range. In certain cases, bending test
results provide scattered values of the bending strength with a
spread of 30–50% of the mean strength [7]. In different tests the
location of facture origin varies within a wide range and mostly
does not fit the location of the maximum applied tensile stress.

The experimental statistical distribution of the fracture strength
of these plates was compared with well-known statistical func-
tions, like the Weibull, Normal or Log-normal distributions. In
many cases e.g. [28] none of them represents properly the experi-
mental results. Several methods for glass analysis e.g. [8] are based
on the Weibull distribution, the parameters of which are calibrated
from test results. However, calibration to different tests yields dif-
ferent parameters.

There is a need for a fresh look at the fundamental aspects of
glass plate behaviour in general, and its failure under the action
of static and dynamic loadings in particular. The present study
has been initiated following some critical review of the current
methods in an attempt to gain better insight of glass plate behav-
iour. It aims at proposing a new approach to predict the strength of
glass plates that are subjected to static loading. The new approach
is based on minimal assumptions without any calibration with test
data, and is capable of demonstrating many inspected features of
glass plate behaviour.

This paper aims at analyzing short term static loading on glass
beams and plates at ambient conditions, as is commonly carried
out in laboratory research and in standard tests. The lifetime
behavior of a glass pane and the evolution of cracks with time as
function of different loading and environmental conditions are
beyond the scope of this paper and is a subject matter of future
research.

The advantages of the proposed approach are its generality, the
fact that it is based on the glass pane data and that it is indepen-
dent on test results. It means that no calibration is required. The
proposed model may yield the probability distribution of the ten-
sile strength of glass as a result of the analysis and not as an a priori
assumption, which is common to existing models. The present
model is based on the geometrical and physical data of the glass
plate including the flaw distribution and all the predicted results
come out as results of the analysis. The present model sheds new
light on several parameters that affect the behaviour of a glass
plate and provides insight and tools to plan further for improved
testing and better interpretation of test results. It may serve for
further development to incorporate lifetime conditions and be fur-
ther developed to provide a design tool.

1.2. Annealed glass

Annealed glass is characterized by its attractive properties: it is
transparent and hard wearing; it has flat smooth surfaces and
demonstrates a high compressive strength. These features, among
others, make it an ideal material for windows glazing and for other
architectural uses.

On the other hand, annealed glass is brittle and upon failure it
breaks into sharp shards. It contains randomly distributed numer-
ous flaws resulting mainly by its production and also due to cutting
and handling. The flaws are very small in size and cannot be
observed by the naked eye; however they significantly affect the
material mechanical behaviour. In this paper we shall assume that
independent on the density of flaws, the distance between flaws is
sufficiently large compared to their size thus individual flaws do
not affect each other, and the tested specimen fails when the first
flaw reaches the fracture condition.

During its service life a glass plate is exposed to mechanical and
thermal loads, as well as to water and different chemicals effects
on its surfaces. As a result flaws’ sizes may grow and new surface
flaws may be developed. The accumulated effects continuously
change the properties of a weathered glass plate compared to a
new glass plate that has been just recently produced and cut for
its planned usage. In order to study the glass product, independent
of its lifetime history, we shall focus in this paper on new glass that
has not been affected by all the above mentioned effects.

After annealing, the float glass is inspected to ensure that there
are no defects larger than a few hundreds micrometers. Standards
also dictate the maximum size of allowable flaws: for example, it is
0.2 mm according to European standards [9]. Any defected or bro-
ken glass may be recycled into the furnace.

Through the production line glass is cut into a typical size of
6.00 m � 3.21 m (‘‘jumbo size’’) before being stored; this large
jumbo size plate will be denoted herein as the basic plate.

1.3. Mechanical properties

At ambient temperatures glass is solid. It is characterized by its
brittle behaviour.

The fracture toughness is about 0.75 MPa (m0.5) [10]. According
to EN 572-1 [1], the density at 18 �C is 2500 Kg/m3, its Young’s
Modulus E is about 7 * 1010 Pa and its Poisson’s ratio is 0.2.

The theoretical strength of plain soda lime glass, is almost 50%
of its Young’s modulus of elasticity, however glass plates usually
fail at almost 3 orders of magnitude lower stresses [11,12]. This
is due to the presence of flaws. The theory of facture mechanics
may explain the observed strength levels.

1.4. Fracture of annealed glass

Glass is a brittle material that behaves as an elastic solid in frac-
ture. Fracture of glass initiates at the location of a crack that first
opens due to the stresses acting on it. This is the critical crack.

Due to the flaws distribution the critical crack is not necessarily
located at the point of maximum tensile stress. Griffith [13] stud-
ied the failure of brittle materials and focused on glass as a repre-
sentative material. He derived the well-known expression for the
failure stress:

rG ¼
ffiffiffiffiffiffiffiffi
2Ec
pa

r
ð1Þ

where rG – is the failure stress; a – is half length of the crack; c – is
the fracture surface energy of glass

Irwin [14] modified Griffith’s theory and introduced the stress
intensity factor that represents the elastic stress intensity near
crack tip. For mode I loading, KI is determined from:

KI ¼ Yr
ffiffiffiffiffiffi
pa
p

ð2Þ

where Y is a geometrical factor depending on the flaw shape (e.g.
1.12 for a general surface crack [15], 0.713 for half penny shaped
crack on a flexural element [16], 0.637 for an elliptical crack [17],
etc.).

Failure occurs at a stage when the stress intensity factor reaches
its critical value KIc (fracture toughness). The value of the fracture
toughness for lime glass in literature varies within the range of
(0.72–0.82) MPa m0.5 and commonly a value of 0.75 MPa m0.5 is
used. Eq. (2) shows that the critical stress is inversely proportional
to the square root of the flaw size.
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