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Abstract. We present experimental and theoretical investigations on the cyclic fatigue of annealed and of
thermally tempered soda-lime-silica glass. Static fatigue due to subcritical crack growth at micro cracks
significantly decreases the macroscopic strength of soda-lime-silica glass and causes a time-dependent
strength reduction. A subsequent thermal tempering process is typically used to induce residual surface
compression stresses, which inhibit the crack growth of surface cracks, and corresponding bulk tension
stresses. From the experimental results we show that the existing models for static fatigue used in linear
elastic fracture mechanics can be used for the lifetime prediction of cyclically loaded annealed glass and
thermally tempered glass, although the (static) crack growth exponent slightly decreases in cyclic loading.
The equivalent duration of tensile stress at the crack tip of a micro crack governs the crack growths and not
the number of cycles. The threshold for subcritical crack growth determined from the cyclic experiments
was found to be in good agreement with data from literature. But unlike in strength tests with singular and
quasi-static re-loading, it could be found that periodic loading with load free intervals does not lead to a
strength increase by crack healing effects. Based on the results, an engineering design concept for cyclically
loaded glass is presented.

1 Introduction
1.2 Strength of Glass

1.1 Motivation The strength of glass preliminary depends on the

Flat glass, whose dimensions can reach up to 3.25 m x
20 m today, is increasingly taking over load-bearing
functions in structures. For their design and
dimensioning, verification methods are currently being
developed to develop an FEurocode Structural Glass
taking into account the brittle characteristics of glass [1].
Although periodic loading, e.g. from wind or live loads,
can be decisive for glass design, very few scientific
investigations are currently available on the cyclic
fatigue of glass [2-5]. One reason is the complex
experimental determination of the relevant parameters in
cyclic fatigue tests. We recently determined the
parameters for the most important glass in the building
sector and the automotive industry (soda-lime-silicate
glass) in extensive test series and, based on linear-elastic
fracture mechanics, converted the findings into a design
concept [6]. This article summarizes the most important
findings of the experimental and theoretical
investigations and the design concept, which can be
integrated in the existing DIN 18008 [7] and the future
Eurocode (now CEN-TS [1]).

%
Corresponding author: schneider@ismd.tu-darmstadt.de

presence of micro-cracks (in practice typically 4 um to
100 um) on the glass surface, the formation of which is
unavoidable during production, transport, assembly and
use. In the case of tensile stresses on the glass surface,
the linear fracture mechanics and its K-concept provide a
suitable model for determining the critical crack depths
and geometries, which lead to (macroscopically) sudden
failure due to supercritical, dynamic crack growth. The
following failure condition must be fulfilled in mode I,
which is the mode applicable for most glass cracks and
loading in practice:

Ki= oY -vma < K, (1)
where

K; stress intensity factor

o tensile stress perpendicular to crack direction

Y  geometry factor

a crack depth

Kj. critical stress intensity factor, K= 0,75 MPa m"?
for soda-lime-silica glass

However, this model of linear elastic fracture mechanics
is only valid for conditions in which no water molecules
can reach the crack tip. If this is not the case, as is the
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case for almost all applications in the building and
automotive industry, crack growth can also occur below
K. This depends on the stress intensity and the duration
of the tensile stress at the crack tip of a micro-crack,
since it depends on diffusion processes of the damaging
medium (here: water) to the crack tip. However, it does
not yet lead to instantaneous failure and is therefore
called subcritical crack growth. The limit of stress
intensity below which no subcritical crack growth takes
place is called Kj, (fatigue threshold). For soda-lime
silicate glass it ranges from K= 0.2 to 0.4 MPa m'” [8-
11].

2 Experimental investigations

2.1. Defined pre-damage of the samples

The randomly distributed micro-cracks on the glass
surface and their randomly distributed geometry and
depth cause a very strong scattering and a size effect of
the glass strength, thus larger areas under tensile stress
having a larger probability of failure than smaller areas.
This is very unfavourable for cyclic fatigue tests, as very
short lifetimes (seconds) or very long lifetimes (years)
can occur with real geometrical and material parameters.
Therefore, a method for a defined pre-damage was
developed in which the glass sample is indented and
scratched with a conical diamond (120°, tip radius of 7¢=
5 um) at a defined vertical indentation force of 500 mN
in an Universal Surface Tester (UST), see [12, 13]). The
sample is scratched for a length of 2 mm (Fig. 1). The
resulting initial vertical median cracks below the
scratches thus are well reproducible and result in crack
depths of a= 40-50 um. This leads to a macroscopic
tensile strength of about 45 MPa of annealed float glass
(ANG) and of about 120 MPa for thermally fully
tempered glass (FTG) in a coaxial double ring bending
test applying a stress rate of 2 MPa/s. This corresponds
to the 5%-fractile of the bending strength of ANG and
FTG defined in product and design standards for glasses
from soda-lime silicate glass [7, 14]. The coefficient of
variation of the tensile strength applying this pre-damage
method is less than 4 %.
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Fig. 1. Defined pre-damage by indentation and scratching
using an Universal Surface Tester (UST)

2.2 Cyclic fatigue tests

The experimental investigations were carried out in a
coaxial double ring bending test for annealed glass

(ANGQG) and thermally tempered glass (FTG). FTG was
also tested in a three-point bending test. By testing in the
double ring bending test (Fig. 2), an influence of the
orientation of the cracks and an edge influence from pre-
damage of the glass edges can be excluded, because for
small deformation of the sample, an equibiaxial tensile
stress field is created within the load ring on the lower
side of the specimen. With our test setup, however, only
tension stresses (stress ratio R>() and frequencies up to
1 Hz could be applied. Therefore, the additional three-
point bending tests with frequencies up to 15 Hz and
with alternating loads (R<(0) were carried out for FTG.
The glasses tested were commercially available,
annealed and thermally tempered soda-lime-silicate
glasses with a nominal thickness of d=6 mm, which were
produced in a float process. The so-called gas side was
set under tension in order to exclude influences from
surface damages from on the tin bath side of the float
process, where the transportation rollers in the cooling
section can induce significant micro-cracks.

Preliminary investigations had shown that - based on the
chosen method of pre-damaging- neither the glass
thickness nor the respective surface (roller side, the side
facing to the rollers for thermally tempered glass) had
any influence. The residual stresses were identified from
stress optical measurements using a scattered light
polariscope (SCALP-04, [17]).

The investigations were carried out at standard ambient
conditions in a specially manufactured test chamber
under defined humidity in order to specifically influence
the subcritical crack growth. In addition, for each
specimen subjected to cyclic fatigue, a reference
specimen was tested until failure under quasi-static ramp
loading at a stress rate of 2 MPa/s. Table 1 shows
relevant investigation parameters and the most important
observed effects.

Table 1: Experimental parameters and observations

Type Parameter Observation

Increasing surface
compression
stresses increase
the fatigue
lifetime

Residual surface
compression stress
FTG: up to-110 MPa

Residual
stresses

Increasing R
reduces the fatigue
lifetime

Stress ratio R -1/0/0,5/0,73 /0,8

Increasing fullness
of the load

F f loa .
orm of load function reduces

Sinus, Triangular,

function Trapezoidal function the fatigue
lifetime

Frequency 0,01 Hz to 15 Hz NO significant
influence
Increasing

Environmental 0% - 100% humidity reduces

conditions rel. humidity the fatigue
lifetime

Load free No crack healing

intervals effects compared

between load
cycles

1 hour, 1 day, 1 week

to continuous load
cycles




MATEC Web of Conferences 165, 18003 (2018) https://doi.org/10.1051/matecconf/201816518003
FATIGUE 2018

1.5
-
12 .t = =
. o J
.
09 1
~ a 1
bE & a4
06 a 4
8
Y
03 R RH=50%
& H,0
H.0
= N;(RH= 0.22%; '
N; (RH= 0,22%
ball 0 . :
{ — 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05
AL/ 0 lifetime t [s]
) l"g‘ loading ring Fig. 3: Influence of the type of the ambient conditions on the
sPeC"PSn L,[—' — lifetime of cyclically loaded annealed glass; RH rel. hum.;
: M @ N tested in nitrogen atmosphere; H,0 tested with liquid
V 7 demineralized water on the sample
r U g 15 .
supporting ring . ' :
1,2
Fig. 2: Coaxial double ring bending test, 7jqqing ring = 80 mm, _
Tsupporting ring 160 = mm laboratory setup, section (below) " ab 1
" aa
The investigations have clearly shown that it is not the 09 v S
. .. . s . *
number of load cycles that is decisive for failure, but the 5 S
equivalent duration of tensile stress at the crack tip of a é v ]
b L4

micro-crack. Therefore, the term cyclic service lifetime t,, s
is used in the following. The results with regard to the I
form of the ambient conditions (Fig. 3) and of the load
function (Fig. 4) as well as the influence of residual
stresses (Fig. 5, 6) meet expectations, as they correspond 0.3
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In contrast to simple reloading under quasi-static
loading, however, no strength increase due to crack
healing effects could observed applying stress-free
intervals by loading interruption during cyclic loading
(Fig. 7, 8), which are frequently described in literature
[14, 15, 18, 19].

Fig. 4: Influence of the load function on the lifetime of
cyclically loaded annealed glass
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Fig. 5: Influence of thermally induced residual surface
compressive stresses (ANG: squares, FTG: triangles)
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Fig. 6: Representation of Fig. 5 for “effective stresses” after
deduction of the thermally induced residual surface
compressive stresses o,,, measured with a scattered light
polariscope [17]
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Fig. 7: Scheme for testing samples with stress free intervals by
load interruption between load cycles and final ramp loading,
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Fig. 8: Influence of stress free intervals on the tensile strength
of annealed glass in ambient conditions (23°C, 50% RH)
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3 Engineering model for cyclic fatigue
lifetime prediction

To determine the service lifetime of the glass under
cyclic fatigue, an empirical power law can be used that
predicts the subcritical crack growth and has been very
discussed in science for almost fifty years for dynamic
fatigue at constant stress rates [8]. The decisive
parameter is the crack propagation coefficient or crack
growth exponent n, which represents the slope of the
straight line for the region 7 in Fig. 10. The value of # is
typically between n=10 and n=18 for glasses in dynamic
fatigue. It can be converted into an equivalent constant
load, which leads to failure by integrating an arbitrary
stress function in analytical models (Fig. 9).
Alternatively, the crack growth can be calculated in
discrete time steps for the load function (Fig. 10). Fig. 11
shows that the lifetime prediction with the analytical
model gives a very good prediction; Fig. 12 shows that
the crack growth exponent n, decreases for cyclic fatigue
by about 10% compared to dynamic fatigue with a ramp
loading.

Analytical Model
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Fig. 9: Analytical for lifetime prediction based on crack growth
for region I
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Fig. 10: Numerical model for lifetime prediction based on
crack growth for region I
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Fig. 11: Comparison between experimental data and analytical
lifetime prediction with confidence intervals for 7.
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4 Fatigue limit and design concept

Based on the numerical model, the fatigue limit below
which crack growth stops can also be validated in
comparison with the experimental data. A threshold of
K,y)=0.26 MPa m'? was derived from the experimental
data using the numerical model (Fig. 13). This value is in
very good agreement with literature values [8-11].
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Fig. 13: Determination of the fatigue threshold Kj, with the
numerical model
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Fig. 14: Function of k,,,, for the design concept according to
DIN 18008 (eq. 3)

The design concept according to DIN 18008 [7] can be
used for the transfer of the results into construction
practice. According to DIN 18008-1, section 8.3.7, the
design resistance of glass, expressed in stress values,
reads:

kmod ke ffi(

R.=
d ™

2)

where:

R, design resistance (stress value)

kmoa modification factor for stress duration, see Fig. 14

k. construction factor related to the failure
consequence

Jfi  characteristic material strength from standardized
tests (5%-fractile)

vy partial safety factor for the material strength

To take into account the influence of the type and
duration of the cyclic action, the modification factor for
stress duration £,,,, can be determined as follows:

— 1
kmod - (tﬂ:(”c)l/nc +CZ (3)

t=T-N 4
where:

¢y, ¢, constants (see table 2)

n. crack growth exponent for glass in cyclic fatigue
(see table 2 for soda-lime-silica glass)

¢ loading coefficient for the type of load function, on
the safe side =1

t.  design lifetime [s]

T  duration of a load cycle [s]

N  number of load cycles

The stress coefficients ¢ can be determined by
integrating the effective stress of a representative load
cycle. Evaluations of typical load functions can be found
in [6]. To simplify ¢ = 1 is a safe assumption.

Table 2: Coefficients for the calculation of £,

mod

Glass type [ c, n,
Annealed Glass
(ANG) 0,90 0,09 12,9
Thermally Tempered
Glass (FTG) 0,33 0,60 10,5
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5 Conclusions

Based on the experimental work and theoretical models
it could be shown that a lifetime prediction for soda-
lime-silica glass subjected to cyclic fatigue is possible
using crack growths models from dynamic loading,
where a ramp load is typically applied. This finding was
integrated in a simplified engineering design concept
based on stress design. Still, the crack growths exponent
for soda-lime-silica glass derived in the experimental
campaigns with cyclic loading is about 10% smaller
compared to dynamic loading. Moreover, it could be
shown that unlike in strength tests with singular, quasi-
static re-loading, a periodic loading with load free
intervals does not lead to a strength increase by crack
healing effects. Future works are planned to investigate
the crack growths exponent in cyclic loading for other
glasses like borosilicate glass and alumino-silicate glass
and to study crack healing effects more in detail, also in
combination with thermal and chemical tempering at
elevated temperatures up to the transformation
temperature of the glass.
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