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A B S T R A C T   

Soda-lime-silica glass is a widely used material in society today and its strength over various loading times is of 
major engineering concern. This paper reviews studies from the published literature, which report on the time- 
dependent tensile behaviour of soda-lime-silica glass. Furthermore, current normative definitions are reviewed 
and compared to the literature concerned with time-dependent glass strength. 

In general, there exists two common applied test methods to characterise glass: (1) the static fatigue test, a 
constant applied stress over time, and (2) the dynamic fatigue test, a constant applied stress rate. After a thor-
ough search of the available scientific and engineering publications, 92 articles were found to have studied glass 
using these two test methods. In the tests the typical setups employed to apply load on a glass specimen were the 
three-point and four-point-bending, and axisymmetric bending configurations. From these tests the load duration 
and loading rate effects on the strength of glass were investigated. For comparison purposes, all data found were 
normalised with respect to a reference strength, which for static fatigue is a ‘60-second’ strength, and for dy-
namic fatigue is a strength corresponding to a stress rate of 2.0 MPa s− 1. This means that the time-dependent 
effect on strength are highlighted and the governing crack properties and size effects are not included. 

The review supports the general observations that the tensile strength of soda-lime-silica glass is strongly 
affected by the load duration. The static fatigue tests generally show that strength decreases with increasing load 
duration. Furthermore, the dynamic fatigue tests show that glass strength increases with loading rate, equivalent 
to a decreasing load duration. However, a significant lack of data is present at the very short and long loading 
times, making it difficult to draw a final conclusion at the extreme ends of the load duration and loading rate 
tests. Additionally, the experiments demonstrate that glass tested in air is less susceptible to static and dynamic 
fatigue as compared to water immersion, or in air at high relative humidity. However, for the Young’s modulus, 
there are a limited number of studies in the literature and these studies do not highlight a conclusive outcome 
regarding the sensitivity on loading rates. The fatigue data also support well the load duration dependence given 
in the various Standards for the design of glass structures, with a few exceptions.   

1. Introduction 

In civilian infrastructure, soda-lime-silica glass is used in a wide 
range of applications, such as windshields, load-bearing glass beams, 
residential windows, large glass plates covering whole building facades, 
and many more. To ensure improved performance, these applications 
are typically based on post-processed flat glass (also denoted ‘float’ or 
‘annealed’ glass) either in the form of laminated glass, tempered glass, or 
a combination of both. Depending on the application, the glass is 
exposed to different load history during its lifetime, which can be a 

period of stress as long as several years to as low as a few microseconds. 
Therefore, it is important that a detailed level of knowledge about the 
material dependent constitutive relation and the failure criteria has been 
developed over a wide range of strain rates (see Fig. 1). This is essential 
for the design of glass structures that will have a well-defined service 
lifetime. 

Examples of the typical long/short term loads found to act on glass 
structures are, snow loads [1–4], wind loads [5–11], seismic loads 
[12–18], wind-born debris impact [19–24], ballistic (hail and bullets) 
impact [25–31], and blast loads (accidental and man-made) [32–58]. In 
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all cases, the load duration as well as the rate of loading affects the static 
and dynamic glass strength significantly. The rate-of-loading effect also 
impacts other structural materials used by civil engineers, see e.g. Refs. 
[59–61]. Nevertheless, the affect on strength is only significant when the 
duration or rate-of-loading changes by more than one order of 
magnitude. 

In the past, research on glass strength focused on long-term behav-
iour (static to quasi-static loading) and the effects of sub-critical crack 
growth (described in Sec. 2), showing that the strength of glass is being 
sensitive to the applied load duration. Even though glass is generally 
acknowledged to exhibit a higher dynamic strength, the available data, 
however, is quite limited for higher loading rates relevant to impact and 
blast loading events [49,53,55,62,63]. In general, this is attributed to 
the fact that dynamic load experiments are much more complicated to 
perform and interpret, because several parameters such as the mea-
surement equipment, specimen geometry, and stress-wave propagation 
effects, must be given careful consideration. 

To provide a broad overview of the time-dependent tensile behav-
iour of soda-lime-silica glass, it is the aim of this paper to review all 
available literature (to the best of the authors’ knowledge) concerning 
experimental investigations on the mechanical material properties, such 
as strength and stiffness, over a wide range of load duration and rate of 
loading. No limits are set on the magnitude of the load duration and rate 
of loading to be considered. Furthermore a brief overview of applied 
experimental techniques is presented. In closing, a direct comparison is 
made between the collected strength data and various available Stan-
dards defining the load duration dependence on glass strength. 

2. Fundamental aspects of time- and rate-dependent failure 

Typically, glass is a linear elastic, isotropic material that exhibits 
brittle failure. Before post-processing, such as chemical treatments or 
thermal/chemical tempering, glass strength is essentially governed by 
the surface flaws (or surface cracks) located on the tensile loaded sur-
face. The compressive strength of glass is much higher, and usually not 
important in structural applications; therefore, not considered in this 
paper. As with many other brittle materials, glass will fail instanta-
neously after reaching a critical value for the stress intensity at the tip of 
one surface crack. However, because of the characteristic differences in 
surface flaws, glass strength is not considered to be a material constant, 
and the size of the glass element, the load history (intensity and dura-
tion), the residual stress, and the environmental conditions, also affect 
significantly the ultimate strength exhibited. Moreover, glass has a 
unique characteristic where its atomic structure reacts with moisture 
from the environment [64–66]. As a result, sub-critical crack growth1 

effects are observed under normal environmental conditions where a 
level of humidity is present and surface flaws grow under a constant 
tensile load (see e.g. Refs. [67–69]). This is directly related to the phe-
nomenon of long-term loads leading to a distinct reduction in strength. 
The first observation of static fatigue was published in 1899 by the 

French scientist Grenet [70], who also explained the unexpected frac-
ture of filled champagne bottles by the delayed failure of glass2. 

Taking into account the effect of load duration on glass strength 
requires a known corrosive crack behaviour, characterised through the 
crack velocity, v, and the stress intensity factor for mode I loading, KI. 
Extensive studies have looked at the effect of different environmental 
conditions [72–84], and within the construction industry water appears 
to be decisive. A schematic representation of the relationship between v 
and KI is given in Fig. 2 with four essential regions highlighted:  

0 In region 0, no measurable sub-critical crack growth effects occur 
below Kth. For soda-lime-silica glass this value can range from 
0.14 to 0.28 MPa m1/2 in water [79,83,85–90] and from 0.37 to 
0.39 MPa m1/2 in air (50% RH) [86,88], at crack velocities as low 
as 10− 14 m/s.  

I In region I, the crack velocity is essentially governed by the 
molecular mechanisms of stress corrosion at the crack tip. The 
crack growth rate thus depends on the applied stress intensity and 
relative humidity. A measure of how reactive water molecules are 
within the glass lattice, is characterised by the slope of the curve. 
For region I, the fracture behaviour in water at 25 ◦C can be 
characterised with a minimum crack velocity of around 10− 10 m/ 
s [74]. While in very dry air (0.017% RH) a maximum crack 
velocity of 10− 7 m/s is observed, the maximum crack velocity in 
saturated air (100% RH) increases to 10− 4 m/s [73].  

II In region II, sub-critical crack growth is still influenced by the 
chemical reactivity of the surrounding environment, but is in-
dependent of the stress intensity. As the crack velocity is directly 
proportional to relative humidity, a plateau is formed in the v(KI)- 
curve. The constant crack velocity range narrows as relative hu-

Fig. 1. Strain rates associated with different types of loading.  

Fig. 2. Schematic representation of a typical v(KI)-curve seen for soda-lime- 
silica glass. 

1 Other terms are used as well, such as ‘slow crack growth’, ‘delayed failure’, 
‘static fatigue’, and ‘environmental fatigue’. The term ‘stress corrosion’ mostly 
refers to the chemical process. 2 Partial English translation provided by Preston [71]. 
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midity increases, which emerges from the findings of Wiederhorn 
[73].  

III In region III, the v(KI)-curve increases rapidly approaching the 
limit for an inert environment. At this point, it is no longer 
possible for the surrounding reactive environment to follow the 
crack tip, thus resulting in an environment independent crack 
velocity between 10− 3 m/s and 1 m/s. After reaching the fracture 
toughness of the glass, KIc, crack growth becomes unstable 
leading to failure of the glass element. For soda-lime-silica glass 
KIc is estimated to be between 0.72 and 0.82 MPa m1/2 at room 
temperature [91]. 

In general, the determination of the design lifetime of a glass element 
is based on region I, while the contribution from region II and III can be 
neglected for quasi-static loads. A good approximation of sub-critical 
crack growth in region I is described by the following empirical power 
law3 originally proposed by Evans and Wiederhorn [92]: 

v =
da
dt

= v0

(
KI

KIc

)n

(1)  

where v0, on a logarithmic scale, represents the ordinate of KIc and the 
exponent n defines the slope of the curve. When the value of the crack 
growth parameter n is high, it indicates that the chemical reactivity at 
the crack tip is reduced due to a decrease in humidity, resulting in slower 
crack growth. The opposite is true when n is low. The well-established 
theory of linear elastic fracture mechanics (LEFM) defines the stress 
intensity factor, KI, with respect to a geometry (correction) factor Y 
(0.637 for half penny shaped cracks and 1.12 for edge cracks in semi- 
infinite plates) and a crack (or flaw) depth, a (see e.g. Ref. [93]): 

KI = σ⋅Y
̅̅̅̅̅
πa

√
(2)  

where σ is the stress acting normal to the crack plane. Inserting Eq. (2) 
into Eq. (1) and assuming the ordinary differential equation to be valid 
over the full range of KI with a constant n, the method of variable sep-
aration yields: 
∫ tf

0
σn(t) dt =

2 Kn
Ic

(n − 2) a(n− 2)/2
i ⋅v0 (Y

̅̅̅
π

√
)

n (3) 

With a given stress history, σ(t), and neglecting the crack growth 
threshold, Kth, this equation can be used to estimate the time-to-failure 
of a crack (or flaw) with an initial depth, ai. 

2.1. Crack resistance at constant stress 

For a constant applied stress, i.e. σ(t) = σf ,s, as shown in Fig. 3a, a 
static crack resistance for any given load duration is found by inserting 
the stress history into Eq. (3): 

σf ,s = α⋅t− 1/n
f ,s (4)  

where 

α =

[
(n − 2) a(n− 2)/2

i ⋅v0 (Y
̅̅̅
π

√
)

n

2 Kn
Ic

]− 1/n  

with tf,s being the time to failure or lifetime of a given initial crack 
exposed to σf,s. 

It follows from Eq. (4) that for two identical cracks (ai, Y) found on 
two identically sized glass elements, index 1 and 2, for identical con-
ditions (v0, n, KIc), the interrelationship between the constant applied 
stresses and lifetimes can be expressed as: 

σf ,s,2

σf ,s,1
=

(
tf ,s,1

tf ,s,2

)1/n

(5) 

This result can be used to determine n, since it is independent of v0. 

2.2. Crack resistance at constant stress rate 

In the case of a constant stress rate, σ̇, commonly used for strength 
testing glass, the applied stress increases linearly with time as illustrated 
in Fig. 3b: 

σ̇ =
dσ
dt

= const. ⇒ σ(t) = σ̇⋅t (6) 

Similar to σf,s, a dynamic crack resistance, σf,d, can then be found by 
inserting Eq. (6) into Eq. (3): 

σf ,d = β⋅σ̇1/(n+1) (7)  

where 

β = [αn⋅(n + 1) ]1/(n+1)

Here, the constant β is defined such that it depends on α from tests with 
constant applied stress (see Eq. (4)). By doing so, one could use data 
from constant stress rate tests to describe crack growth in cases with 
constant applied stresses. The reverse approach is also possible when 
data from tests with constant applied stresses is available and an esti-
mate of crack growth at constant stress rate is needed. However, both 
approaches implies that cracks and conditions must be identical to be 
able to perform the conversion. 

The use of Eq. (7) was first suggested by Charles in 1958 [94] to 
describe rate dependent crack growth at constant temperature in his 
dynamic load experiments on glass. For low stress rates, it is sufficient to 

Fig. 3. Applied stress as a function of time: (a) constant stress and (b) constant 
stress rate. (tf,s, tf,d = time to failure, σf,s = statically applied stress, σf,d = dy-
namic fracture strength, σ̇ = stress rate). 

3 In some literature the exponential function v = v0⋅eγ KI is proposed to model 
the v-KI relationship (see e.g. Refs. [72,74,75,83]). 
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only consider the contribution from region I. However, for dynamic 
events over short times, such as impact loads and blast waves, region II 
and III seem to affect the design lifetime significantly according to 
Kuntsche [95]. 

Also, Eq. (7) can be used to describe the interrelationship depen-
dence between two identical cracks (ai, Y) found on two identically sized 
glass elements, index 1 and 2, in identical conditions (v0, n, KIc) loaded 
at constant stress rates σ̇1 and σ̇2: 

σf ,d,2

σf ,d,1
=

(
σ̇2

σ̇1

)1/(n+1)

(8) 

Since Eq. (8) also is independent of v0, it is commonly used to 
determine n from experiments, by plotting the failure stress as a function 
of the stress rate on a logarithmic scale, resulting in a slope of 1/(n + 1). 
However, this is only valid in limited cases in which flaws, conditions, 
and v0 are identical during all tests. According to Haldimann et al. [96], 
v0 can be strongly stress rate dependent, which is why this method 
should be used with caution. 

It has been shown that the v(KI)-curves, as illustrated in Fig. 2, suc-
cessfully describe the variations observed in time-to-failure at constant 
applied tensile stress. Expanding on this, these curves can be used to 
examine the characteristics of dynamic failure at a constant stress rate; 
this was first reported by Evans in 1974 [85] and later reexamined by 
Evans and Johnson [97] and Chandan et al. [98]. These authors suggest 
that by integrating over the 4-regions of the sub-critical crack growth 
velocity curve, a new curve is obtained where fracture strength is a 
function of stress rate (the corresponding four regions are now A, B, B’ 
and C), as depicted in Fig. 4. 

At low stress rates, region A, glass strength begins to increase from a 
minimum value, σ0. For an increasing stress rate, region B, there exists a 
simple logarithmic relationship between σf,d and σ̇, which is identical to 
that derived by Charles [94] (see Eq. (7)). At still higher stress rates, 
region B’, strength varies in a non-trivial manner with stress rate. Lastly, 
at the highest stress rate, region C, strength is independent of stress rate 
due to the absence of sub-critical crack growth effects. 

Evans and Johnson [97] described the transition between the 
different regions analytically and presented strength data at stress rates 
ranging from 2 ⋅ 10− 4 to 3 ⋅ 101 MPa s− 1. However, their results did not 

provide any conclusive evidence of distinctly different regions. A few 
years later, Chandan et al. expanded on this work to try and characterise 
the two higher regions, B’ and C, using stress rates between 5 ⋅ 10− 1 and 
2 ⋅ 106 MPa s− 1. However, the work was unsuccessful because the 
measured strength data would fit region B only and no evidence was 
found of the two higher regions, confirming the general agreement on 
the applicability of Eq. (7). 

As shown, the fracture resistance of glass, for a surface crack (or 
flaw) loaded at either constant stress or constant stress rate, can in both 
cases be described by an empirical power law, in which the stress in-
tensity at the crack tip is given by LEFM. In either load case, the load 
duration, or time to failure, is a fundamental parameter governing the 
fracture resistance of a glass element. For constant applied loads, the 
load duration is a common measure when investigating material char-
acteristics, whereas it is the rate of loading that is of more importance 
when considering a constant loading rate. However, the constant 
loading rate is inversely proportional to the load duration, allowing a 
direct comparison between these two types of load configurations. The 
following sections present, and discuss, the study undertaken to un-
derstand better the behaviour of soda-lime-silica glass to tensile loads, 
using the two load configurations. First, the focus of this work is on the 
various applied experimental techniques, followed by a discussion of the 
material characteristics measured. 

3. Experimental techniques 

A variety of experimental techniques have been employed by re-
searchers to investigate the mechanical properties of glass for various 
load conditions, using strain rates typically expected in practice. The 
typical strain rates found in engineering applications, range from creep 
loading (<10− 6 s− 1), through the quasi-static case of around 10− 6 s− 1- 
10− 5 s− 1 to an intermediate range (≈10− 4 s− 1-1 s− 1) covering structural 
dynamics imposed by wind and seismic loading, to even higher levels 
(>1 s− 1) that include debris impact and blast loads, as shown in Fig. 1. 
Other relevant load conditions that have been used are constant loads, e. 
g. similar to snow load or dead-weight, also considered as static loads, 
where strength is dependent on load duration, rather than the loading 
rate. 

In general, two different test methods can be identified, which are 
used to study the mechanical properties of glass:  

1. Static fatigue test (σ = const.) – used to investigate failure that would 
occur over time when a constant stress is applied, see Fig. 3a. This 
method is used to measure the sub-critical crack growth effects that 
result in delayed fracture. The advantage of such tests is that the test 
conditions are representative of typical scenarios of long-term 
loading. However, a disadvantage is that they can be extremely 
time-consuming.  

2. Dynamic fatigue test (σ̇ = const.) – used to investigate fracture that 
would occur at a constant stress/strain rate, see Fig. 3b. This is a 
common method used to investigate the rate-dependent tensile 
strength, and often used to identify the crack growth parameter, n, 
using Eq. (8). 

Tensile strength is a critical parameter when designing load carrying 
glass structures. To study it by means of the above mentioned methods, 
several experimental setups have been employed to test materials on an 
engineering scale; the most common are the three-point and four-point 
bend test, and the axisymmetric bending (coaxial double ring tests). The 
load configurations and resulting stress distributions are illustrated in 
Fig. 5. 

However, other, albeit rather rare techniques have also been re-
ported, such as uniaxial tension and diametral compression tests. For the 
direct investigation of sub-critical crack growth effects in glass, the 
double cantilever beam test is a widely used technique. A brief intro-
duction to each technique is provided below. Local characterisation of a 

Fig. 4. An illustration of the stress rate dependence on strength, predicted from 
the 4-region sub-critical crack growth curve as given in Fig. 2 (after Refs. [85, 
97,98]). 
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material can also be carried out by e.g. indentation techniques such as 
the Vickers indentation; however, these methods are not within the 
scope of this review paper. 

Three-point bending: The glass sample is loaded at three points as 
shown in Fig. 5a. The load points are typically placed symmetrically 
over the test sample. In order to minimise membrane stresses, two of the 
applied forces (typically the reaction points) are roller contacts, allow-
ing for horizontal movement. The setup introduces a linearly varying 
tensile stress on the bottom surface between the two roller supports, 
with a maximum value below the central load point, as shown in Fig. 5a. 
In this configuration, the probability of finding a critical favourably 
located flaw, in the relatively small area of highest tensile stress, is low. 
It is, therefore, important to locate the origin of fracture in order to 
precisely determine the strength of the test sample. Furthermore, the 
distribution of stress can complicate the statistical analysis of the data. 

Four-point bending: This configuration is similar to the previous test 
with the difference that there are four contact points as shown in Fig. 5b. 
Again the contact points are typically placed symmetrically and three of 
the applied forces are rolling contacts (free horizontal movement) in 
order to minimise membrane stresses. An advantage over the three-point 
bend test is the relatively larger area of maximum tensile stress as shown 
in Fig. 5b. However, both the three- and four-point bend tests produce 
undesirable high tensile stresses at the sample edges. Since there is a 
higher probability of finding a critical favourable flaw at the edge of the 
sample as compared to surface areas far from the edge (a consequence of 
glass cutting and handling), it can be challenging to determine the true 
surface strength of the glass specimen using these two bend test 
methods. 

Axisymmetric bending: In order to minimise undesirable edge effects, 
the axisymmetric bend configuration can be employed. Such tests are 
usually carried out in a ring-on-ring test setup where two concentric 
rings sandwich a flat sample: a support ring on which a sample of glass is 
placed and then loaded using a smaller load ring. The circular geometry 
gives rise to rotationally symmetric stresses, where the maximum sur-
face stress is nearly uniformly distributed within the area of the load 
ring. This is similar to the four-point bend test, but with the exception 
that this configuration reduces significantly the stress at the specimen 
edges, resulting in strength data directly related to the surface, see 
Fig. 5c. However, due to non-linear effects, the acceptable specimen size 
in the test is limited; to overcome the limit more complicated test setups 
have been suggested as in EN 1288-2 [99]. 

Other loading techniques: Although it is often more convenient to test 
glass in bending due to the relatively simple support and load configu-
ration, some researchers have used alternative techniques to study the 
tensile behaviour of glass. One of them is the uniaxial tensile test, which 
is a direct and fundamental technique used to characterise the pure 
tensile behaviour of a solid. However, for the test the tensile grips to the 
sample must be chosen carefully since large stress concentrations at the 
grip point would be highly undesirable. This may explain the infrequent 
reporting of direct tensile tests. There is also the diametral compression 
test. It is used for indirect measurements of the tensile strength of brittle 
materials, such as rock like materials and concrete. By placing a cylin-
drical specimen in diametral compression, as shown in Fig. 6, a broad 
region of tensile stress is produced, with a narrow region of compressive 
stress produced at the ends of the sample, where the load is applied. The 
maximum tensile stress is located at the centre of the sample. Unfortu-
nately, this method tends to overestimate tensile strength [100], and 
together with a load configuration that is far from the typical bending 
induced tensile stresses, it explains why this method is seldom used. 
Another, frequently reported test is the double cantilever beam tech-
nique (DCB). However, its intention is not to determine the strength of a 
material, but rather to characterise crack growth in the pure mode I 
opening configuration. By applying a constant tensile load 

Fig. 5. An illustration of the load configuration (top and side view) and resulting stress distribution for three well-known methods used to measure the strength 
of glass. 

Fig. 6. Typical stress distribution along the loading axis of a cylindrical sample 
in a diametral compression test (after Refs. [101,102]). 
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perpendicular to a crack surface of known dimensions, in a predefined 
sample geometry (see Fig. 8), the crack velocity is measured where the 
stress intensity at the crack tip can be calculated for any measurable 
length of the crack. There are several other methods used to measure 
stable and unstable crack growth data over quite a wide range of crack 
velocities. In this paper the reviewed articles have only used the DCB 
method and as such it is the only method presented. 

The discussion above provides a brief outline of the more common 
load configurations. It is, however, more complete to also consider the 
implications of how the load is actually applied to a glass specimen; that 
is, what are the implications of static and dynamic loads. 

3.1. Static fatigue tests 

In general, static fatigue data is gathered by measuring the time-to- 
failure of a number of samples at different constant applied stresses, 
as shown in Fig. 3a. A summary of the failure times achieved in the 
published works is shown in Fig. 7, while the detail of a review of the 
tests can be found in Appendix A, Table A.1. 

It is relatively straight forward to implement a test on glass using a 
constant load configuration. Grenet [70] in 1899 was one of the first to 
report performing such a load test. He used a bucket filled with water, 
hung from the centre of a glass plate, which was supported along two of 
its four edges (three-point bending), to study time dependent failure. 
Since then, the use of ‘dead-weight’ loads has been extensive; in most 
cases, the weight is applied by either filling containers with e.g. sand 
[103] or weights, attached to a lever arm that applies the load to a 
specimen in a three- or four-point bend test configuration [104–109]. 

This simple static configuration allows users to perform measure-
ments over weeks to months (see e.g. Ref. [110]). However, failure over 

shorter periods is only possible for much higher loads. Typically, this 
then produces undesirable inertial effects, which places a lower limit on 
the static load duration. This explains why the majority of published 
data summarised in Fig. 7 are at failure times above 1 s. Baker and 
Preston [103] and, Mould and Southwick [105] have both reported 
measurements below this limit using an apparatus constructed from a 
loudspeaker, which is capable of applying loads without inertia effects. 
Thereby reaching static fatigue failure times as low as approx. 2.5 ms. 

Even though simple ‘dead-weight’ load configurations have proven 
to be highly useful, since the 1980s a new class of ‘universal testing 
machines’ have been developed. Using integrated systems with efficient 
mechanical actuators and computer software, these testing machines 
have greatly improved the study of the static fatigue process [111–114]. 
This allowed highly controllable load duration in the range of 4 s to 
almost 1 d. 

3.1.1. Crack velocity measurements 
Since it is common practice to measure crack velocities at constant 

applied load, the study of crack growth can be considered as a subgroup 
of static fatigue tests. Therefore it is included in this review. From the 
literature reviewed here, it is found that the double cantilever beam 
technique is employed in most work. In this technique a glass specimen 
with an initial edge crack of known dimensions is prepared and loaded at 
constant load perpendicular to the crack surfaces, as shown in Fig. 8. In 
this specimen/load configuration the stress intensity of the crack is well 
defined, Eq. (2), and therefore, can be calculated at each point the ve-
locity of the crack is measured, resulting in a v(KI)-curve and an estimate 
of the sub-critical crack growth parameters, KIc, v0, and n, defined in Eq. 
(1) (also see Fig. 2). 

Fig. 7. The failure times reported in the published static fatigue tests. See also Table A.1.  

M.J. Meyland et al.                                                                                                                                                                                                                             



Journal of Building Engineering 44 (2021) 102966

7

3.1.2. Definition of relative applied stress 
The static fatigue data of soda-lime-silica glass reviewed here are 

reported for failure loads presented as either an applied mass (lb. or kg) 
or an applied stress (psi or MPa). In the following assessment and dis-
cussion, all reviewed data are converted to a relative applied stress by 
normalising with respect to a ‘60-second’ strength, σt0 (t0 = 60 s), using 
the relationship defined in Eq. (5). Therefore, the crack growth constant 
α vanishes, and only the relative glass strength is highlighted, without 
showing absolute strength values for the various specimen sizes pro-
vided in Table A.1. 

3.2. Dynamic fatigue tests 

All the reported dynamic fatigue data are measurements of the fail-
ure load of a number of samples at different constant loading rates. The 
detail of the experiments in these previous tests are given in Appendix A, 
Table A.2, while Fig. 9 is a summary of the range of loading rates ach-
ieved, which also indicates the strain rates that can be expected for the 
different experimental techniques. However, it should be noted that the 
strain rate not only depends on the experimental technique but also on 
the specimen geometry under investigation. 

Typically, universal testing machines are used to strength test glass 
in the quasi-static load regime at constant stress rates near 2 MPa s− 1 

(see e.g. Refs. [99,115,116]), corresponding to strain rates of around 
10− 5 s− 1 at a Young’s modulus of 70 GPa. The summary of data in Fig. 9 
highlights this point since most of the published works before 2010 are 
for lower strain rates from 10− 9 s− 1 to about 10− 3 s− 1. By using fast 
valves and gas reservoirs, to pressurise an oil reservoir (pneumatic-hy-
draulic system), higher strain rates as high as 101 s− 1 have been reported 
[117–119]. However, it is difficult to implement a direct feedback 
control system for constant strain rates over a short duration, which is 
why the strain rate depends more on the relationship between machine 
and specimen stiffness. Strain rates at about 101 s− 1 were also reported 
by Chandan et al., in 1978 [98]. The authors used a pendulum impact 
machine to test Charpy sized glass specimens in three-point bending – 
this setup is traditionally used to measure the impact resistance of many 
other materials. Pal and Pennington [120] employed a drop test setup, 
releasing weights between 44 and 84 kg, from drop heights of 1.5–3.0 m, 
resulting in impact velocities of about 5–7 m/s. They undertook dynamic 
impact tests of rectangular glass plates, of dimensions 812.8 × 685.8 ×
2.2 mm3, which were simply supported along all four edges. Since the 
samples were large in area and thin, the measured strain rates (around 
10− 5 s− 1) were quite low. 

Much higher impact velocities, and thus, higher strain rates, can be 
achieved when using a gas gun driven test setup, such as a split Hop-
kinson pressure bar (see e.g. Ref. [121]), in which more recently strain 
rates up to 102 s− 1-103 s− 1 have been reported in a split tensile test 
configuration [101,102]. To the authors’ best knowledge, these are the 
highest strain rates reported when characterising the tensile behaviour 
of soda-lime-silica glass. 

In addition, other, less conventional dynamic fatigue load tests have 
been reported in the literature reviewed here. To these tests belong the 
investigations conducted by Borchard in 1937 [122], who studied the 
effect of loading rate on the strength of 1/2-L glass bottles. The author 
performed his measurements by pressurising the internal volume of the 
bottle at a constant rate until glass failure, where lower strain rates from 
about 10− 9 to 10− 6 s− 1 were obtained. One order of magnitude higher 
strain rates were reported by Thompson and Cousins in 1949 [123] 
using explosive charges (black powder) placed inside a box, to which a 
glass pane of size 355.6 × 482.6 × 2.3/3.1 mm3 was mounted, where the 
glass was constrained along its four edges to the box. In the 1980s, 
similar boundary conditions were reported in the test setups employed 
by Johar [124,125] and Pal and Pennington [120] to investigate large 
sized window glass panes at low strain rates, from about 10− 11 to 10− 7 

s− 1. An air chamber on one side of the constrained glass pane was 
pressurised by moving a plunger, until failure of the glass. 

3.2.1. Definition of loading rate and relative strength 
In the literature reviewed here the dynamic fatigue data in each 

publication are presented differently. That is, the loading rate has been 
related to the applied mass, the stress rate (slope of the stress-time curve 
as in Fig. 3b), strain rate, and/or at some cases with respect to the rate of 
travel of a piston actuator. In the following discussion of the data, no 
distinction is made between the different methods used to measure the 
loading rate. Here, the reported data have been converted to strain rate, 
using a Young’s modulus of E = 70 GPa (unless otherwise stated) for 
comparison purposes: 

ε̇ =
σ̇
E

(9) 

In the case of axisymmetric bending, Poisson’s effects are present, 
which are accounted for by the following expression, using a Poisson’s 
ratio of ν = 0.23: 

ε̇ =
σ̇
E
(1 − ν) (10) 

Moreover, crack properties (as defined by β in Eq. (7)) and specimen 
size effects, have been made dimensionless using Eq. (8) by normalising 
dynamic strength with respect to a static strength, σε̇0 , interpolated or 
extrapolated at a strain rate of ε̇0 = 2.86 ⋅ 10− 5 s− 1 (∝σ̇ = 2.0 MPa s− 1 

for E = 70 GPa), which means that only the rate dependence of the glass 
strength dominates and other effects are removed. 

4. Investigated material characteristics 

Over a century numerous tests have been carried out to investigate 
the behaviour of glass under various test conditions. Whether the tests 
were looking at crack growth or strength, glass specimens were either 
subjected to a number of constant loads or constant loading rates, using 
experimental techniques as discussed in the previous sections. There-
fore, the published data of these tests provide information about load 
duration effects and the effect of test environment. 

This section reviews the results from past investigations that looked 
into the tensile behaviour of soda-lime-silica glass. All the data pre-
sented satisfy the inclusion (search) criteria defined in Appendix B, and 
no limits were set with respect to the acceptable loading rate. These data 
are available in digital format in the online repository DTU Data [126]. 
Results from static fatigue tests have confirmed, generally, that 
increasing the applied load decreases the time to failure. Similar 
behaviour applies to the dynamic fatigue data, where the strength in-
creases when the loading rate is increased (i.e. decreasing load dura-
tion). In both cases, the data follow well a linear line of best fit when 
using a log-log plot. 

In the following sections, the test results are subdivided into the two 
categories of static and dynamic fatigue. Furthermore, all of the 
compiled strength data (from the literature review) are compared to the 

Fig. 8. An illustration of the double cantilever beam configuration. Cross- 
hatched area marks the crack surface (after Ref. [74]). 
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Fig. 9. Range of experimental loading rates reported in the published dynamic fatigue tests. See also Table A.2.  
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existing definition of glass strength as typically accepted in the Stan-
dards. A few of the reviewed works are highlighted here since they 
provide further detail to explain the connection between loading rate 
and Young’s modulus. 

4.1. Load duration effects on strength (static fatigue) 

4.1.1. Static fatigue data 
The static fatigue data (constant stress) is presented in Fig. 10, as a 

plot of strength (normalised to a ‘60-second’ strength, σt0 , as explained 
in Sec. 3.1.2) as a function of time to failure. A summary of the key 
parameters related to test condition, applied minimum and maximum 
stress, and sub-critical crack growth parameters, are given in 
Appendix A, Table A.3. A common outcome from all the data reviewed, 
is that the glass strength decreases when the load duration increases, 
which is a result that is not dependent on test method and/or specimen 
geometry. This relationship can be described using a power law as 
defined by Eq. (4), where the time to failure is related to Eq. (1), which 
defines crack growth through the crack tip stress intensity factor, KI, Eq. 
(2). 

Failure times span from 2.5 ms (Mould and Southwick [105]) to 270 
d (Shand [110]), resulting in a strength increase of about 100% and a 
reduction of about 50%, respectively, with respect to σt0 . However, a 
greater number of strength data exists for load duration between 1 s and 
1 d, which highlights typical results of experiments; for a very short 
duration, inertia effects must be considered, and for a very long duration 
space and patience are needed. 

For times lower and higher than t0 = 60 s, it is clear that the data in 
Fig. 10 diverges from the general trend seen. However, most of divergent 
data should not be treated as a scatter. In this plot the test results 

obtained for different test conditions show deviations, because of the 
sub-critical crack growth effect, which is highly dependent on envi-
ronmental conditions, such as temperature and humidity (see Sec. 2). 
This results in a change of the log-log linear slope. 

The results which exhibit the most significant divergence from the 
trend are those obtained by Gurney and Pearson [127], who investigated 
the static fatigue behaviour of soda-lime-silica glass in air and vacuum. 
In the case of the latter n-values where higher, between 40 to around 135 
(see Table A.3), confirming that the crack growth rate strongly depends 
on the environment. This dependence has been validated further, by 
investigations that have varied humidity in the surrounding air, up to 
liquid water, which showed that n, between 14.1 and 20.3, decreases 
with increasing water content [106,108,128–132]. In predicting the 
design lifetime of a glass element, a constant value of n = 16 is a 
reasonable and conservative choice [96]. 

Other, more extreme, variations in test conditions have been used by 
Vonnegut and Glathart [133], who studied the effect of temperature on 
the strength and fatigue of scratched soda-lime-silica glass rods, between 
− 190 ◦C and 520 ◦C. They found a very strong dependence on tem-
perature, and between 100 ◦C and 200 ◦C, the strength was at a mini-
mum and the fatigue process dominated. When the temperature was 
outside this range, lower or higher, the effect of delayed failure was less, 
which was explained by a low reaction activity at the lower tempera-
tures and evaporation of water at the higher temperatures. Complete 
control of the surrounding atmosphere is extremely difficult. Therefore, 
in 1958 Charles [129] performed additional experiments at tempera-
tures between − 170 ◦C and 242 ◦C, where a constant atmosphere of 
saturated water vapour was used in the tests above 0 ◦C, and below 0 ◦C 
the atmosphere was adjusted from saturated water vapour to low hu-
midity air. Similar to Vonnegut and Glathart, the strongest delayed 

Fig. 10. A re-plot of the reviewed static fatigue data of soda-lime-silica glass, as the relative applied stress (see Sec. 3.1.2) as a function of time to failure.  
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failure effect together with lowest strength was found at a temperature 
around 150 ◦C, while the effect was weaker for higher temperatures, also 
indicated by an increased n-value in Table A.3. 

In addition to environmental conditions, the strength of glass also 
strongly depends on the surface condition of the glass. The effect of 
removing surface scratches on glass rods, using an acid solution, has 
been studied by Ritter and Vrooman [134] and Ritter and Sherburne 
[107], both concluding that acid-etched glass is less susceptible to static 
fatigue, where for n an increased value between 31.0 and 37.6 was 
found. The opposite effect was investigated extensively by Mould and 
Southwick [105], who tested microscope slides under controlled 
ambient conditions with six different surface abrasions produced by grit 
blasting and emery cloth. These tests resulted in the same general fatigue 
behaviour, however, with differences in slope. Taking a closer look at 
the data, it is clear that the abrasions produced from the emery cloth are 
more susceptible to static fatigue than those produced from grit blasting. 

Other studies looking into glass strength and surface condition ef-
fects have been conducted by Shand [135], Chantikul et al. [111], and 
Sglavo and Green [113,114], all of these works introduced local surface 
cracks either in the form of cleaved cracks or through Vickers indenta-
tion. The procedure of crack formation can introduce a residual stress 
field around the crack, which in all studies has been removed by 
annealing the glass at 520 to 540 ◦C. Both as-received and annealed 
conditions have been tested and compared. While Shand showed that 
the annealed specimens with cleaved cracks exhibit shorter lifetimes 
compared to the as-received specimens, the other authors have reported 
an opposite behaviour for specimens with Vickers indentation cracks. 
However, no explanation for the effect of annealing was given for the 
data from the investigation with cleaved cracks. For the Vickers inden-
ted specimens, the increase in lifetime after the annealing process is 
assumed to be caused by the removal of the indentation residual stress 
field. 

The works summarised in Fig. 10 are in agreement about the general 
static fatigue behaviour of soda-lime-silica glass. Nevertheless, from the 
summary the influence of environmental conditions is not apparent. To 
highlight these environmental effects, Fig. 11 are two plots which divide 
the relevant data from Fig. 10 into test environments (around room 
temperature) important for the construction industry: (a) air (40–80% 
RH) and (b) water (liquid or 100% RH). To estimate the sub-critical 
crack growth parameter n, the extreme data points have been 
excluded by only considering values within the interval from the 2.5th to 

the 97.5th percentile, i.e. the interval of values containing the central 
95% of the data. Since these data points are based on different sample 
sizes, the method of weighted least squares (WLS) is used for the linear 
regression with 

̅̅̅̅
N

√
as the weight factor, where N is the sample size 

provided in the digital datasets [126] (e.g. N = 1 for data points rep-
resenting single measurements). Thus, for both test environments (water 
content) the value for n listed in Table 1 is determined from the resulting 
slope 1/n according to Eq. (5). As expected, soda-lime-silica glass is less 
susceptible to static fatigue in humid air than in water, which is also 
indicated by a lower gradient of the curve in Fig. 11a. This can be 
explained by the fact that in humid air, less water molecules react with 
the atomic structure of glass, as compared to a water environment 
(liquid or 100% RH), resulting in a slower crack growth and thus a 
longer life time. The values of n further confirm that the most accepted 
value of n = 16 is a reasonable and conservative estimate for the design 
of float glass used in buildings. 

According to the model proposed by Overend and Zammit [136] to 
determine the tensile strength of float glass, it is unlikely that the 
strength will continue to increase or decrease constantly for a load 
duration approaching zero or infinity, respectively. For very short 
duration tests the strength will approach the inert strength of glass and 
for a very long duration the threshold strength becomes the limiting 
factor, as also seen from the v(KI)-curve in Fig. 2. This leads to a strength 
interval, which can be expressed as: 

Kth

Y ̅̅̅̅̅̅̅̅πath
√ ⩽σf ,s⩽

KIc

Y ̅̅̅̅̅̅̅πaf
√ (11)  

where ath and af are the threshold crack size and the critical crack size, 
respectively. The 2.5th and 97.5th percentile values are used to establish 
the two asymptotes shown in Fig. 11. In the literature review it was 
found that in most studies the inert strength of glass is unknown. 

Fig. 11. The static fatigue data from Fig. 10, divided into the test environments (a) air (40–80% RH) and (b) water (liquid or 100% RH), are fitted to a cubic function, 
applying the strength model proposed by Overend and Zammit [136]. 

Table 1 
Estimation of initial crack length range from static fatigue tests using the 
strength model proposed by Overend and Zammit [136].  

Test condition n amin
i  amax

i  

Air (40–80% RH) 21.2 38.1 μm 0.45 mm 
Water (liquid or 100% RH) 16.7 173.7 μm 1.41 mm  
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Therefore, the data here are normalised with respect to a ‘60-second’ 
strength, σt0 , see Sec. 3.1.2. For glass tested in air, 40–80% RH, the 
relative strength is estimated to approach the asymptotes at 0.56 and 
1.51. These values are in line with the asymptotes determined by 
Overend and Zammit [136] for several initial crack sizes. Similar good 
agreement to the results from Overend and Zammit is found for the glass 
tested in water where the estimated asymptotes are located at 0.66 and 
1.74. 

Additional information can be drawn from Fig. 11 by applying the 
strength model proposed by Overend and Zammit [136]. For example, 
on the glass there is a distribution of surface flaws, which vary in length. 
An estimate of the minimum and maximum initial length of the flaws, 
amin

i and amax
i , respectively, can be calculated using Eqs. (12) and (13). 

The times ta and tb are the intersection points between the asymptotes 
and the linear regression curve, as labelled in Fig. 11. 

amin
i =

ta

2
(n − 2) v0 (12)  

amax
i =

tb

2
(n − 2) v0

(
Kth

KIc

)n

(13) 

The calculated minimum and maximum initial surface crack length 
are given in Table 1, and for both test environments they are determined 
by assuming a sub-critical crack growth limit Kth = 0.25 MPa m1/2 [137] 
and a fracture toughness KIc = 0.75 MPa m1/2 [96]. However, a 
distinction is made between the crack velocities applied. For the glass 
tested in air v0 = 6 mm/s, which can be considered a conservative es-
timate for in-service conditions of float glass in buildings, and for the 
glass tested in water v0 = 30 mm/s is representative [96]. 

The minimum to maximum length ranges from micrometres to mil-
limetres. Furthermore, it appears from the values given in Table 1 that 
for some of the glass specimens tested in water the initial crack length 
might have been larger compared to those tested in moist air. Never-
theless, the estimated crack length range, for both test environments, is 
comparable in magnitude and an overlap is present in the millimetre 
range. According to Petzold et al. [138] these dimensions correspond to 
micro-cracks from processing, up to visible flaws typically arising from 
handling and ageing. Relating these crack origins to the glass samples 
from the studies, i.e. with respect to handling and surface treatment, the 
magnitude of the estimated initial crack lengths appear reasonable. 
Hence, the values given in Table 1 provide a suitable basis for the 
determination of the design lifetime of a glass element using Eq. (4). 

4.1.2. Crack velocity data 
Crack velocity data can also be used to describe the static fatigue 

behaviour of soda-lime-silica glass (see e.g. Wiederhorn and Bolz [74]). 
Although, published crack velocity experiments do not provide direct 
strength measurements, the data from region I in v(KI)-curves can be 
used to estimate the sub-critical crack growth parameters n and v0 (see 
Sec. 2). A summary of the parameters determined from the literature is 
provided in Table 2. It is clear that the average value of n is slightly 
larger for glass tested in moist air as compared to water immersion, 
which agrees well with the static fatigue data. Furthermore, the listed 
values for v0 confirm that this parameter is also affected by water con-
tent in the environment, as an increase is seen for most of the in-
vestigations conducted in water. This behaviour has already been 
accounted for in the estimate of the initial crack lengths conducted in the 
previous subsection, using conservative values proposed in the litera-
ture, see Sec. 4.1.1. 

Based on the relationship given in Eq. (5), which assumes identical 
cracks for identical conditions, a static fatigue curve from crack velocity 
experiments can be estimated using n only and neglecting the 

asymptotes defined by the inert and threshold strengths: 

σf ,s

σt0
=

(
tf ,s

t0

)− 1/n

(14)  

with σt0 being the strength at a load duration of t0 = 60 s. For each of the 
studies listed in Table 2 a static fatigue curve was estimated and 
compared to the static fatigue data from Fig. 11. The comparison is 
shown in Fig. 12 divided into the test environments (a) air and (b) water. 

The estimated static fatigue curves in air are in good agreement with 
static fatigue data obtained in the same test environment. Variations in 
slopes are seen, however, they are within the scatter of static fatigue 
data. Thus, the n-values from crack velocity experiments in air provides 
a good estimate for the static fatigue behaviour of soda-lime-silica for a 
load duration where a constant decrease in strength can be assumed. 

A good agreement between estimated curves and static fatigue data 
is seen for the experiments conducted in water as well. Although, it 
seems like the estimates based on data from Wiederhorn [73] (for 100% 
RH) and Gehrke et al. [83] underestimate the strength for a shorter load 
duration than 1 s, the variation in slope is still within scatter seen in the 
static fatigue data. The largest deviation seen, however, is the estimate 
determined from data published by Singh and Shelty [140], which re-
sults in n = 11.8. The increase in slope is most likely related to the 
experimental setup where crack velocities were obtained from cylin-
drical specimens in a diametral compression test. 

Table 2 
Summary of sub-critical crack growth parametersa, n and v0, from crack velocity 
tests on soda-lime-silica glass divided into the test environments (a) air and (b) 
water. An averaged value of each parameter is provided at the bottom of the 
table.  

(a) Test environment: air 

Reference Test cond. n v0 

[− ] [mm/s] 

Wiederhorn [72] Moist air 22.3 – 
Wiederhorn [73] 30% RH 22.7 1.8 
Kerkhof et al. [78] 50% RH 18.1 2.4 
Gehrke et al. [82] 50% RH 16.7 0.9 
Ullner [84] Air 19.6 2.5 
Dwivedi and Green [139] 64–78% RH 20.4 0.3 

Average:  20.0 1.6  

(b) Test environment: water 

Reference Test cond. n v0 

[− ] [mm/s] 

Wiederhorn [72] Water 17.1 – 
Wiederhorn [73] Water 17.9 4.3 
Wiederhorn [73] 100% RH 21.0 3.8 
Wiederhorn and Bolz [74] Water 17.2 35.3 
Wiederhorn and Johnson [75] Water 16.9 6.8 
Freiman [76] Water 15.6 6.6 
Kerkhof et al. [78] Water 16.0 50.2 
Simmons and Freiman [79] Water 17.9 12.7 
Wiederhorn et al. [80] Water 17.4 9.7 
Gehrke et al. [82] Water 15.5 3.1 
Gehrke et al. [83] Water 19.0 1.8 
Singh and Shelty [140] Water 11.8 2.5 
Ullner [84] Water 18.4 14.9 

Average:  17.0 12.6  

a Determined from v(KI)-curves using the relationship given by Eq. (1) and 
assuming a fracture toughness of KIc = 0.75 MPa m1/2. 
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4.2. Loading rate effects on strength (dynamic fatigue) 

A large number of dynamic fatigue tests (constant stress rate) have 
been carried out on soda-lime-silica glass. All the data found in the 
literature are presented in Fig. 13, where the tensile strength is normal-
ised to a strength, σε̇0 , interpolated or extrapolated at ε̇0 = 2.86 ⋅ 10− 5 s− 1 

(∝2.0 MPa s− 1 for E = 70 GPa), as explained in Sec. 3.2.1. Table A.4 in 
Appendix A is a summary of the key parameters, such as test condition, 
minimum and maximum failure stress, and the sub-critical crack growth 
parameters n and v0, from the literature reviewed in this work. 

Fig. 13 clearly shows that strength increases with increasing strain 
rate, i.e. decreasing load duration, which is similar to the behaviour seen 
in static fatigue tests. Most of the studies have been carried out at strain 
rates between 10− 7 s− 1 and 10− 3 s− 1 (quasi-static range of loading ac-
cording to Fig. 1), where the data are in quite good agreement. The 
strain rate range of the data in Fig. 13 is quite typical because most 
research facilities have access to equipment suitable for quasi-static 
loading, i.e. universal testing machines. When looking at the lowest 
and highest strain rates in the plot, there are fewer data points because 
special equipment would be needed. It is also clear that at the extremes 
of strain rate, the data exhibits a strong divergence from the general 
trend of the dynamic fatigue curve. Since no distinction has been made 
here between tests conducted under different conditions, the effect of 
sub-critical crack growth is again an explanation for the strong diver-
gence in the data. However, at the very high strain rates, the experi-
mental execution also becomes more complex, which is an additional 

cause of scatter. 
Strain rates that have been achieved in experiments range from 3.5 ⋅ 

10− 11 s− 1 (Johar [125]) to 9.9 ⋅ 102 s− 1 (Zhang et al. [102]), resulting in 
a strength reduction of about 40% and an increase of about 175% with 
respect to the reference strength, σε̇0 , defined in Sec. 3.2.1. Many of the 
publications found were conducted to study the sub-critical crack 
growth parameter n under various conditions and moderate strain rates. 
In recent years, however, the demand for high strain rate properties of 
glass has increased, due to an increased threat of blast load scenarios 
from terror attacks. It has been shown that glass is the cause of many 
injuries in such terror attacks [141–143]. This recent interest has 
highlighted that the number of existing published test results are small, 
for the high strain rate regime, which further increases the demand for 
such data. 

It is interesting to note that the data from Thompson and Cousins 
[123] diverge strongly from the general trend of the dynamic fatigue 
behaviour. The significantly steeper curve can be attributed to the 
experimental setup, where thin window glass panes (see Table A.2) 
clamped along all four edges were tested in bending, in an explosion test 
box. Similar thin glass panes (that is, glass thickness is much less than 
the width and length of the pane) were tested in bending at ambient 
conditions by Johar [124,125] and Pal and Pennington [120], resulting 
in n-values between 13.4 and 22.6. Comparable values for the crack 
growth parameter have also been obtained by many other investigators 
listed in Table A.4, who have tested soda-lime-silica glass in either air or 
water at moderate temperatures. This also becomes evident from Fig. 13 

Fig. 12. Static fatigue curves estimated from crack velocity experiments listed in Table 2, and compared to static fatigue data from Fig. 11. The comparison is divided 
into the test environments (a) air and (b) water. 
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where the majority of test results are located in a narrow band. 
Apart from varying the water content in the test environment, some 

also included the effect of temperature. The earliest studies found, are 
from 1935, where Mengelkoch [144] tested glass at two loading rates for 
temperatures between − 190 ◦C and 545 ◦C. The strength reduced to a 

minimum at 140 ◦C and began to increase steadily at higher tempera-
tures. At the same time, Mengelkoch also showed that the strength 
decreased with loading rate. Later on, in the same year, Eichler [145] 
conducted experiments with 3–4 different loading rates at 400 ◦C and 
445 ◦C, concluding the opposite behaviour at high temperatures, namely 

Fig. 13. A re-plot of the reviewed dynamic fatigue data of soda-lime-silica glass, as the relative failure stress (see Sec. 3.2.1) as a function of strain rate.  
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that the strength increases with decreasing loading rate. However, these 
two studies have not been included in Fig. 13, because the significant 
difference in testing temperature compared to the other works makes a 
direct comparison meaningless. Other results on the effect of tempera-
ture, between 5 ◦C and 85 ◦C, are reported by Ritter et al. [146,147]. 
Soda-lime-silica specimens with indented and abraded surfaces and two 
different treatments, annealing and ageing, have been tested. No sig-
nificant variation in the dynamic fatigue behaviour as a function of 
temperature was observed since the slope of the data remains nearly 
unchanged. 

Also in dynamic fatigue tests the effect of surface scratches and other 
mechanical impacts that damages the surface has been subject to a 
number of studies. It is well-known that the more severe a glass is 
damaged, the lower its resistance to tensile stresses becomes. But how do 
these cracks or even the absence of them impact the dynamic fatigue 
behaviour of soda-lime-silica glass remains an open question. This was 
investigated by Ritter [148] and Ritter and LaPorte [149] where 
abraded and acid-etched specimens were tested in air and water, 
respectively, resulting in slightly larger n-values for the acid-etched 
glass, see Table A.4. When deriving characteristic fatigue parameters 
from experiments with constant loading rates, Gehrke et al. [82] 
included different surface treatments in there studies: emery paper, 
Vickers indentation, and powder jets. While the general fatigue behav-
iour with reference to n was almost unchanged, the behaviour was 
significantly affected by the different initial crack size at low stressing 
rates. Here, both Vickers indentation and powder jet surface damage 
showed reduced fatigue behaviour with an increase in the fatigue limit. 
The application of identical grinding at different angles to the stress 
direction has been studied by Choi et al. [150], where it has been shown 
that the dynamic fatigue behaviour is unaffected by the orientation of 
grinding. Also, well-controlled surface scratches have been applied in a 
number of dynamic fatigue studies to limit the scatter of the test results 
and thus improve the precision of the measurements [118,119,151]. 

A more in-depth studied surface crack is the Vickers indentation, 
which due to the indentation method produces residual stresses around 
the crack [113,114,139,152–158]. Based on found publications, it can 
be concluded in summary that the dynamic fatigue behaviour investi-
gated in air and water is comparable to other surface treatments tested 
in similar conditions. However, it is important to consider the residual 
stresses introduced around the crack, in the determination of failure 
stresses, as it has been shown that the strength level is significantly 
lower than found for specimens that have been annealed after inden-
tation [114,152]. For more details about the characteristics of post and 

sub threshold indentation flaws, which constitutes a significant part of 
the mentioned studies about Vickers indentations, the reader is referred 
to the cited publications, as it is beyond the scope of this review paper. 

Only a few high strain rate publications (above 1 s− 1) on soda-lime- 
silica glass were found. While publications from Chandan et al. [98], 
Zongzhe et al. [159], and König [117] show an almost linear dynamic 
fatigue behaviour that clearly is in line with data found at lower strain 
rates. The other studies in the high strain rate regime tend to deflect 
from the general trend. The highest rates of strain were reached by 
Zhang et al. [102], who investigated cylindrical glass specimens in 
diametral compression applying a split Hopkinson pressure bar test 
setup. Based on their findings, shown as individual data points in Fig. 13, 
two dynamic increase functions (DIF) have been proposed within the 
ranges (1) 10− 5s− 1 ≤ ε̇ ≤ 3.5⋅102s− 1, and (2) 3.5⋅102s− 1 ≤ ε̇. It is the 
only study found where a sudden increase in strength is observed. 
However, this behaviour is found at strain rates that where higher than 
what other researchers have reported. With similar experiments at only 
two strain rates, a quasi-static one at around 3.8 ⋅ 10− 5 s− 1 and a dy-
namic one at around 5.5 ⋅ 101 s− 1, Peroni et al. [101] also confirmed a 
strain rate sensitivity for the glass strength, but with an indication of an 
approaching limit with respect to all other data shown. A similar ten-
dency is seen from the dynamic fatigue curves provided by Meyland 
et al. [119], where a servo-hydraulic high-speed testing machine was 
used to test circular specimens with two different surface treatments in 
axisymmetric bending. An explanation given for the observed increase 
in strength, is the decrease (or even absence) of sub-critical crack growth 
effects at high loading rates. Comparing the obtained n-values (see 
Table A.4) between Peroni et al. and Meyland et al., one will observe 
substantial higher numbers in relation to the other studies reported. As 
an increased value for n demonstrates reduced fatigue behaviour, this 
might further indicate that the data approaches a limit. 

As mentioned above, no special attention is given to the test envi-
ronment for data shown in Fig. 13. While a strain rate sensitivity is 
clearly seen for the strength of soda-lime-silica glass, the effect of water 
in the surrounding test medium, which controls the sub-critical crack 
growth, is less prevailing. Therefore, the same approach as used for the 
static fatigue data is applied, where in Fig. 14 relevant data from Fig. 13 
are divided into the test environments (around room temperature): (a) 
air (25–67% RH) and (b) water (liquid or 100% RH). Based on data 
ranging between the 2.5th and 97.5th percentile, the sub-critical crack 
growth parameter n is once more determined by means of WLS using the 
weight 

̅̅̅̅
N

√
, where N (given in the digital datasets [126]) is the number 

Fig. 14. The dynamic fatigue data from Fig. 13, divided into the test environments (a) air (25–67% RH) and (b) water (liquid or 100% RH), are fitted to a cubic 
function. Due to an observed lack of data at high strain rates in (b), the arrow indicates that a limit possibly is not reached. 
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of tests that is representative for each data point. From the resulting 
slope 1/(n + 1), n = 18.1 is found for the glass tested in air. As expected, 
a slightly lower value of 16.5 is obtained for the glass tested in water, 
which agrees well with the typical value of n = 16 the is recommended 
for the design of glass elements for buildings. 

It is unrealistic to think of the glass strength decreasing continuously 
for loading rates approaching zero, as also shown by Gehrke et al. [82]. 
At very low loading rates it is therefore reasonable to assume static load 
conditions, by which the lower limit can be defined by the threshold 
strength as in Eq. (11). An upper limit at very high loading rates, as 
suggested by the Refs. [85,97,98], has not been well validated, although 
a small indication of it seems to be present in Fig. 13. Above a certain 
loading rate, however, it must be assumed that sub-critical crack growth 
effects are negligible because very rapid loading limits the rate at which 
water can migrate to the crack tip, resulting in an inert environment. 
Thus, the inert glass strength theoretically becomes the limiting measure 
for loading rates approaching infinity. 

An estimate of these limits, for both test environments, is given by 
applying the previously mentioned percentiles, as shown in Fig. 14. The 
lower limits of the strength are found to be identical with a value of 0.65 
and are very close to the limits estimated from the static fatigue data in 
Sec. 4.1.1. The upper limit for the glass tested in air is 2.30, which means 
that the strength increases by up to 130% as compared to the reference 
strength, σε̇0 . However, the value of 1.65 for the glass tested in water 
seems in comparison to be quite low. This can be explained by the lack of 
data seen at the high strain rates, where it is difficult to test glass in a 
water environment. In Fig. 14b, a dotted line is used to indicate that the 
upper limit possibly is not reached, along with an arrow on the solid 
curve indicating that the strength could increase further at higher strain 
rates. It is obvious that for both test environments more tests are needed 
in the high strain rate regime; first, in air to rule out the disagreement in 
dynamic fatigue curves, and then, in water to actually measure well- 
defined data. Also the low strain rate range needs further attention to 
obtain a more conclusive threshold strength limit. 

Here no estimate of the initial crack length range is determined, as 

was provided for the static fatigue data. To make such a determination 
would require additional assumptions concerning the load duration 
needed for Eqs. (12) and (13), which again would add further undesir-
able uncertainty to the range estimate. 

4.3. Normative definition of the interrelationship between load duration 
and glass strength 

Structural engineers are usually bound by Standards to maintain 
sufficient safety when designing building structures. A variety of 
normative definitions do exist that define the interrelationship between 
the load duration and glass strength. This section of the paper reviews 
the most current Standards that were available to the authors. 

International Standards specifying the load resistance of annealed 
glass include the European Standards, EN 16612 [160] and the final 
draft of a new Eurocode 10 for the design of glass structures FprCEN/TS 
19100-1 [161], the American Standard, ASTM E1300-16 [162], and the 
Australian Standard, AS 1288–2006 [163]. However, there are also a 
number of national Standards, such as the German Standards, DIN 
18008-1 [164] and DIN 18008-4 [165], the Netherlands Standard, NEN 
2608 [166], the Austrian Standard, ÖNORM B 3716-1 [167], and the 
Italian Standard, CNR-DT 210 [168]. Common for all is a load duration 
factor, often denoted as kmod. This factor is used in the defined design 
equations to scale the fracture resistance of the base material with 
respect to a predefined duration. Such a factor can be expressed as the 
strength relative to the inert strength of the glass; however, determining 
the inert strength experimentally is challenging [136]. Instead it is more 
convenient to define the load duration factor with respect to a reference 
strength, σt0 , for a given load duration that usually is t0 = 1 s, 3 s or 60 s 
[96]. 

Fig. 15 is a plot of the factor kmod as function of load duration in 
hours. The data is static and dynamic fatigue data from Fig. 11 and 
Fig. 14, and from the calculations defined in the Standards. In addition, 
the analytical solution based on the empirical power law together with 
the theory of linear elastic fracture mechanics (LEFM) using n = 16 is 

Fig. 15. Load duration factor, kmod, as defined by different Standards for annealed glass, compared to static and dynamic fatigue data from Fig. 11 and Fig. 14 as well 
as an analytical solution based on LEFM. 
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given (see Eq. (5)). Strain rates in the dynamic fatigue data are con-
verted to a load duration by assuming a constant loading rate as depicted 
in Fig. 3b. Both experimental data and the analytical solution are nor-
malised with respect to a ‘60-second’ strength, which is the less con-
servative strength normalisation relative to the Standards. 

A fairly good agreement is obtained between the experimental data 
and the empirical power law for n = 16, again confirming that this 
choice is reasonable in the design of glass structures in buildings. 
Furthermore, the comparison in Fig. 15 shows that there are two ap-
proaches used to define the load duration dependence:  

1. An expression dependent on the load duration, that is defined by a 
continuous function. This function is an empirical power law and 
describes sub-critical crack growth in glass, and  

2. a more conservative approach where fixed values for given types of 
load configurations (long-term, medium-term, and short-term) are 
defined, i.e. a step function. 

The Standards based on the continuous function approach, i.e. EN 
16612, ASTM E1300-16, AS 1288–2006, NEN 2608, and CNR-DT 210, 
all use the crack growth exponent n = 16. No value for n is to be found in 
FprCEN/TS 19100-1, but the individual kmod values nearly overlap with 
the function defined by EN 16612 and are defined for load duration 
down to 100 ms (impact loading). For even shorter load duration, e.g. 
blast loading, it is defined that kmod can be taken from a transparent and 
reproducible assessment. However, there are differences in Fig. 15 
because of the choice of t0. The smaller the reference load duration is, 
the more conservative is the estimate of load resistance. In CNR-DT 210 
t0 = 0.67 s forms the basis, whereas both AS 1288–2006 and ASTM 
E1300-16 uses 3 s. Although, the American Standard follows the 
empirical power law, the maximum value that the load duration factor 
can take is 1.0. For a shorter duration, e.g. relevant for blast loads, an 
equivalent 3-second duration design load is to be determined according 
to ASTM F2248-19 [169]; however, only valid for laminated glass. The 
longest reference duration of 5 s is found in EN 16612 and NEN 2608. 
The European Standard is the only one that sets an upper limit of 20 ms, 
which is an exceptional load duration (relates to, for example, blast 
loads), resulting in a kmod factor greater than one. For ordinary load 
cases, this factor must be between 0.25 and 1.0. Regardless of the choice 
of t0, the data from the literature and the Standards are in good agree-
ment down to around 1 ms. In many cases glass must withstand a per-
manent constant load (e.g. atmospheric pressure in Vacuum Insulated 
Glass, glass wall load-bearing elements in buildings, etc.). The Standards 
provide the range in load duration to determine the lifetime to failure of 
the glass in such cases, often seen up to 50 yr. Nevertheless, it is 
important to note that in this work, looking through all of the reviewed 
literature, no experimental data supporting the extrapolations provided 
in the Standards was found. 

When only the type of loading is known, and not the exact duration 
of applied load, the Australian Standard provides predefined values for 
short-term (≤3 s), medium-term (>3 s and ≤10 min), and long-term 
(>10 min) load duration, where the point at which the Standards step 
change occurs coincides with the curve used when the load duration is 
exactly known. By doing so, the load duration factors are typically lower 
than the values obtained from experiments, which means that failure in 
glass can be determined with greater certainty. In particular, this applies 
to load duration below 3 s, where the load duration factor is always 
equal to 1.0. There is even greater certainty in the process described in 
the German Standard, DIN 18008-1, where kmod takes the maximum 
value of 0.70 for short-term loading, e.g. wind loads. Medium-term and 
permanent load duration are given the values 0.40 and 0.25, respec-
tively. However, no specific load duration range is specified for these 
types of load configurations. The ones shown in Fig. 15 are defined ac-
cording to Schula [170]. More extreme load cases are covered by DIN 
18008-4, which is intended for the design of barrier glazing. Here, a 
kmod = 1.8 is specified for soft body impact loading on float glass, 

typically having a load duration between 40 ms and 100 ms [171], as in 
Fig. 15. This is the only definition in the German Standards for glass that 
accounts for the strain rate sensitivity previously discussed. In com-
parison to the values obtained from experiments, the certainty in DIN 
18008-4 is less. However, the data in Fig. 15 does not include soft-body 
impact, which might demonstrate a higher level of certainty for that 
specific load case. Lastly, the Austrian Standard, ÖNORM B 3716-1, also 
specifies fixed load duration factors, using a value of 1.0 for short-term 
duration, 0.6 for both the medium-term and long-term duration, leading 
to a less flexible estimate of crack growth effects in glass. Using the same 
load duration as for DIN 18008-1, an overestimate of the kmod factor is 
obtained for a load duration above 1 min, and this means that for a very 
short duration, high level of certainty is again ensured. In conclusion, 
Fig. 15 shows that all the Standards, except for the Austrian Standard, 
are in good agreement when considering the long-term behaviour (>1 
yr) of float glass. 

4.3.1. Simplified strength determination using the load duration factor 
Some variation in the definition of the load duration factor kmod is 

seen between the international and national Standards reviewed. To 
emphasise the impact of this variation on the design of glass members, a 
simple example is provided here. In general, the design strength of glass 
is not only dependent on load duration. However, for simplicity, all 
other factors that need to be accounted for in the different Standards are 
disregarded. Taking into account the characteristic bending strength of 
soda-lime-silica glass fk = 45.0 MPa (cf. EN 572-1 [172]), a simplified 
design strength, σf, is found from the following relationship: 

kmod =
σf

fk
(15) 

Due to larger variations observed in the dynamic load range in 
Fig. 15, the data given in Table 3 is based on a load duration t = 100 ms. 
The American Standard ASTM E1300-16 is excluded from the compar-
ison, as the chosen load duration is out of the defined range. In that case, 
ASTM F2248-19 is to be used in conjunction with ASTM E1300-16, but 
this would require detailed knowledge of the blast scenario that is to be 
designed for and is therefore not done. 

Minor variations are seen in the simplified design strengths found by 
the Standards using a continuous function of kmod that is related to the 
empirical power law described in Sec. 2. With the same approach, the 
analytical solution based on LEFM with n = 16, representing the indi-
vidual data points from the reviewed static and dynamic fatigue tests, 
results in a larger σf. However, this deviation is related to the choice of t0 
= 60 s. The lowest values for the simplified design strength are found by 
the Standards that define a step function for the load duration factor. 
This is a rather conservative approach, which does not properly take into 
account the measured time-dependencies as they are shown in Fig. 11 
and Fig. 14. The German Standard DIN 18008-4, accounting for soft 

Table 3 
A simplified design strength (σf) calculation with kmod at a fixed load duration t 
= 100 ms as defined by the various Standards and the analytical solution that are 
compared in Fig. 15. fk = 45.0 MPa is used with Eq. (15). The Standards listed in 
the top are based on the continuous function approach for kmod, while the ones 
below define a step function.  

Standard kmod(100 ms) σf 

[− ] [MPa] 

EN 16612:2019 1.28 57.6 
FprCEN/TS 19100-1:2021 1.20 54.0 
AS 1288–2006 (load duration) 1.24 55.8 
CNR-DT 210/2013 1.13 50.8 
LEFM with n = 16, Eq. (5) 1.49 67.1 

AS 1288–2006 (load configuration) 1.00 45.0 
ÖNORM B 3716-1:2016 1.00 45.0 
DIN 18008-1:2010 0.70 31.5 
DIN 18008-4:2013 1.80 81.0  
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body impacts, determines the highest value of σf; however, kmod is only 
valid over a very short load duration. 

4.4. Loading rate effects on the Young’s modulus 

There are few publications that report the Young’s modulus of soda- 
lime-silica glass at various loading rates. The authors have reviewed 
three publications: Makovička and Lexa [34], performed glass tests in 
three-point bending, König [117], used a universal high-speed testing 
machine on ‘dog-bone’ shaped specimens, and Zhang et al. [102], per-
formed diametral compression tests on cylindrical specimens in a split 
Hopkinson pressure bar setup. The data from these works are summar-
ised in Fig. 16. 

Data from Makovička and Lexa, and König, are presented as aver-
aged values, and the error bars are the standard deviation. However, the 
results from Zhang et al. are not averaged because the strain rate much 
more varied. A slight increase in Young’s modulus is observed from the 
data in König during the three highest obtained strain rates. The data 
from Makovička and Lexa, on the other hand, exhibit a decrease in 
stiffness with increasing strain rate. No clear tendency is visible in the 
scatter in the data from Zhang et al., as the individual data points are 
clustered around 60 GPa at strain rates between 101 s− 1 and 103 s− 1. 
This disagreement in these three results could be attributed to the 
different experimental techniques employed. Generally, the Young’s 
modulus of glass is not found to be sensitive to the rate of loading, as also 
stated by Mainstone [173]. The European Standard EN 572-1 [172] 
defines a rate insensitive modulus of elasticity of 70 GPa for 
soda-lime-silica glass, which for comparison purposes also is shown in 
Fig. 16. 

5. Conclusion 

In this work an extensive literature review, based on 92 publications 
dating back to 1899, has been presented. The data from these publica-
tions were reviewed in detail to compile a summary of current state-of- 
the-art understanding of the time-dependent tensile behaviour of soda- 
lime-silica glass, a material used routinely in civilian infrastructure. In 
general, it is concluded that glass can be characterised using two test 
methods: (1) the static fatigue test, constant applied stress, and (2) the 
dynamic fatigue test, constant stress rate. From these tests the interre-
lationship between the load duration and the strength of the glass 

specimen can be readily defined for in-service glass components. It was 
found that most researchers prefer using the three- and four-point 
bending, and axisymmetric bending configurations, when testing 
glass. In static fatigue tests data with load duration between 2.5 ms and 
270 d were produced. The dynamic fatigue tests were performed using a 
universal testing machine and more advanced test machines, such as a 
split Hopkinson pressure bar, at strain rates between 3.5 ⋅ 10− 11 s− 1 and 
9.9 ⋅ 102 s− 1. 

The static fatigue tests on soda-lime-silica glass are, in general, 
sensitive to the load duration. On a double-logarithmic scale, a linear 
decrease in strength was confirmed for increasing load duration. With 
respect to a ‘60-second’ strength, an increase of about 100% and a 
reduction of about 50% has been achieved. Furthermore, the sub-critical 
crack growth parameter n indicates that glass tested in air (40–80% RH, 
n = 21.2) is less susceptible to static fatigue as compared to tests in water 
(liquid or 100% RH, n = 16.7). Crack velocity experiments, also 
considered as static fatigue tests, have further confirmed that the crack 
growth parameter v0 is affected by the amount of water in the sur-
rounding environment. 

Similarly, the dynamic fatigue tests are, in general, sensitive to the 
loading rate, where glass strength increases with loading rate (linearly 
on a log-log scale), i.e. decreasing load duration. At the lowest and 
highest rates, a strength reduction of about 40% and an increase of about 
175% have been obtained, respectively; this is calculated with respect to 
a strength corresponding to a strain rate of 2.86 ⋅ 10− 5 s− 1 (∝2.0 MPa s− 1 

for E = 70 GPa). These dynamic fatigue tests confirmed that n decreases 
with an increasing water content; from the literature n = 18.1 for air 
(25–67% RH) and n = 16.5 for water (liquid or 100% RH). 

In the reviewed works many results were obtained at moderate load 
duration and loading rates. Only a few studies also attempted to measure 
beyond the current strength limits. Estimates for possibly reached 
strength limits (asymptotes) were determined using the central 95% 
data range. Static fatigue data obtained in air and water yielded lower 
and upper relative strength limits at 0.56 and 1.51, and 0.66 and 1.74, 
respectively. Dynamic fatigue data obtained in air resulted in limits at 
0.65 and 2.30, while it was only possible to estimate a lower limit at 0.65 
for the data obtained in water. However, much more testing is needed to 
address properly the limits; especially at the high loading rates relevant 
to blast and impact events. Furthermore, it was shown that glass 
strength data, both from static and dynamic fatigue tests, agree with 
most of the load duration factors specified in several international and 
national Standards. These Standards are routinely used by civil engi-
neers to design glass structures that use soda-lime-silica glass. Lastly, the 
three studies which report Young’s modulus data for soda-lime-silica 
glass, did not find a significant loading rate effect. 
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Fig. 16. The Young’s modulus of soda-lime-silica glass determined from ex-
periments performed at different strain rates. Note that the number of available 
tests is limited and carried out using different experimental techniques. 
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Appendix A. Experimental details and results 

Tables A.1 and A.2 in the following provide the detail of the static and dynamic fatigue tests reviewed: specimen geometry, surface treatment, load 
configuration, and load application. Moreover, Tables A.3 and A.4 summarises the key numbers from the various tests: test condition, minimum and 
maximum failure stress, and parameters defining the sub-critical crack growth (n and v0).  

Table A.1 
A detailed summary of the reviewed static fatigue tests reported on soda-lime-silica glass.  

Year Reference Specimen Treatment Load configuration Load application 

1899 Grenet [70] ∅4.5 mm (in average), glass 
rods 

Untreated 3-point bending Dead-weight (water) 

1935 Black [104] 254.0 × 50.8 × 2.8 mm3, glass 
plates 

Untreated 3-point bending Dead-weight cantilevered bending device 
(water) 

1935 Preston [71] 406.4 × 50.8 × 6.4 mm3, glass 
plates 

Polished 3-point bending Dead-weight 

1940 Holland and Turner 
[176] 

100 × 8 × 0.265–0.285 mm3, 
glass samples 

Ground and polished edges 3-point bending Dead-weight (lead shot) 

1946 Baker and Preston 
[128] 

∅5.6 mm × 152.4 mm, 
annealed glass rods 

As-received 3-point bending Dead-weight (sand); dynamic 
loudspeaker 

1946 Vonnegut and 
Glathart [133] 

∅5.6 mm × 152.4 mm, glass 
rods 

Abraded 3-point bending Dynamic loudspeaker 

1949 Gurney and Pearson 
[127] 

∅6.4 mm × 76.2 mm, glass rods Untreated 4-point bending – 

1954 Shanda [110] ∅6.4 mm, annealed glass rods – Bending – 
1958 Charles [129] ∅2.5 mm × 101.6 mm, glass 

rods 
Abraded 4-point bending Dead-weight 

1959 Mould and 
Southwick [105] 

76.2 × 25.4 × 1 mm3, annealed 
microscope slides 

Various abrasions 3-point bending Dead-weight cantilevered bending 
device; electromagnetic loader 

1961 Mould [106] 76.2 × 25.4 × 1 mm3, annealed 
microscope slides 

Abraded 3-point bending Dead-weight cantilevered bending 
device; electromagnetic loader 

1961 Shand [135] 114.3 × 19.1 × 2.4 mm3, glass 
strips 

Cleaved cracks; as-received 
and re-annealed 

4-point bending Screw traverse testing machine 

1969 Ritter and Vrooman 
[134] 

∅3 mm × 165.1 mm, glass rods Acid-etched 4-point bending Dead-weight cantilevered bending device 

1971 Ritter and Sherburne 
[107] 

∅3 mm × 152.4 mm, annealed 
glass rods 

Acid-etched 4-point bending Dead-weight cantilevered bending device 

1976 Pavelchek and 
Doremus [108] 

∅3 mm × 50 mm, glass rods Abraded 4-point bending Dead-weight cantilevered bending device 

1978 Jakus et al. [130] – – – – 
1980 Richter [131] – One side notched (ai =

1.2–3.5 mm) 
Uniaxial tensile test Dead-weight 

1981 Chantikul et al. [111] ∅50 mm × 3 mm, glass discs Vickers indentation (5 N) Axisymmetric bending Universal testing machine 
1989 Ikeda and Igaki 

[112] 
∅21 mm × 2.8 mm, glass discs Indented-induced flaw Diametral compression and 

axisymmetric bending 
Universal testing machine 

1995 Sglavo and Green 
[113] 

63.5 × 6.4 × 2.4 mm3, annealed 
glass bars 

Vickers indentation (9.8 N) 4-point bending Universal testing machine 

1997 Chen and Matsumura 
[109] 

60 × 10 × 5 mm3, glass bars Scratched 3-point bending Dead-weight cantilevered bending device 

1999 Sglavo and Green 
[114] 

50 × 5 × 2 mm3, annealed glass 
bars 

Vickers indentation (9.8 N) 4-point bending Universal testing machine 

2000 Fink [132] 1000 × 360 × 4 mm3, glass 
plates 

Corundum treatment 4-point bending Dead-weight  

a Original work published by Phillips in 1937 [175].  

Table A.2 
A detailed summary of the reviewed dynamic fatigue tests reported on soda-lime-silica glass.  

Year Reference Specimen Treatment Load configuration Load application 

1899 Grenet [70] 24.5 × 2.5 mm2 and ∅4.8 mm (cross- 
sectional areas in average), glass plates and 
rods 

– 3-point bending Bucket filled with water 

1934 Apelt [177] Glass rods, As = 1.31–1.48 mm2 Natural fire polishing Uniaxial tensile test Tearing apparatus 
1935 Black [104] 254.0 × 50.8 × 2.8 mm3, glass plates Untreated 3-point bending Lever arm loaded with water 
1937 Borchard [122] 1/2-L glass bottles (225 g), 3.5 mm thick – Pressure test Pressure testing unit with water 
1949 Thompson and 

Cousins [123] 
2.3/3.1 × 355.6 × 482.6 mm3, glass panes – Plate bending test Explosion test box 

1958 Charles [94] ∅2.54 mm × 101.6 mm, glass rods Abraded 4-point bending Bending device 
1969 Ritter [148] ∅3 mm × 101.6 mm, annealed glass rods Abraded and acid-etched 4-point bending Universal testing machine 
1974 Ritter [178] ∅3 mm × 127 mm, annealed glass rods Abraded, different surface 

coatings 
4-point bending Universal testing machine 

1975 Evans and Johnson 
[97] 

– Abraded 4-point bending – 

1975 Ritter and LaPorte 
[149] 

∅6 mm × 101.6 mm, annealed glass rods Abraded 4-point bending Universal testing machine 
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Table A.2 (continued ) 

Year Reference Specimen Treatment Load configuration Load application 

1975 Tummala and 
Foster [179] 

50.8 × 3.18 × 3.18 mm3, glass bars As-received and annealed 3-point bending Universal testing machine 

1975 Yamada [180] ∅6.4 mm × 88.9 mm, glass rods As-received 4-point bending Screw-driven mechanical tester 
1978 Chandan et al. [98] 10 × 10 × 55 mm3 (standard Charpy size), 

float glass bars 
Ground 3-point bending Universal testing machine and 

pendulum impact machine 
1978 Jakus et al [130]. – – – – 
1979 Hagan et al. [181] 5 × 10 × 130 mm3, annealed glass bars Vickers indentation (2–20 N) 4-point bending – 
1979 Woelk and 

Elsenheimer [182] 
1100 × 360 mm2, glass plates with various 
thicknesses 

As-delivered and different 
abrasions 

4-point bending – 

1980 Marshall and Lawn 
[152] 

∅50 mm × 3 mm, float glass discs Vickers indentation (5 N); as- 
indented and annealed 

Axisymmetric bending Universal testing machine 

1981 Johar [124] 2440 × 1525 × 6 mm3, float glass panels Untreated Plate bending test Hydraulically driven piston 
1981 Kerkhof et al. [78] 100 × 100 × 5 mm3, squared float glass 

plates 
60 mm long and 0.1 mm deep 
scratch 

Axisymmetric bending Universal testing machine 

1981 Marshall and Lawn 
[183] 

∅50 mm × 3 mm, float glass discs Abraded Axisymmetric bending Universal testing machine 

1982 Dabbs et al. [153] ∅5 mm × 215 mm, annealed glass rods Acid-etched and Vickers 
indentation (0.05–10 N) 

4-point bending Universal testing machine 

1982 Dabbs and Lawn 
[154] 

∅5 mm × 215 mm, annealed glass rods Acid-etched and Vickers 
indentation (0.15 and 0.25 N) 

4-point bending Universal testing machine 

1982 Johar [125] 2440 × 1525 × 6 mm3, float glass panels Untreated Plate bending test Hydraulically driven piston 
1983 Symonds et al. 

[184] 
50 × 10 × 3 mm, annealed glass bars Indentation line flaws (P = 5 N) 4-point bending – 

1985a Ritter et al [185]. 75 × 25 × 1.0 mm3, annealed microscope 
slides 

Ground edges 4-point bending Universal testing machine 

1985b Ritter et al. [146] 57 × 57 × 3 mm3, squared glass plates Vickers indentation (10 N); aged 
and annealed 

Axisymmetric bending Universal testing machine 

1986a Ritter et al. [155] 75 × 50 × 1 mm3, annealed microscope 
slides 

Acid-etched and Vickers 
indentation (0.2 N) 

Axisymmetric bending Universal testing machine 

1986b Ritter et al. [147] 75 × 50 × 1 mm3, microscope slides Abraded in air; aged and 
annealed 

Ball-on-ring bending test Universal testing machine 

1986b Zongzhe et al. [159] 100 × 20 × 5 mm, glass samples Vickers indentation 3-point bending – 
1987 Gehrke et al. [82] ∅5 mm, round glass bars Abraded with emery paper 3-point bending Electronically controlled testing 

machine 
1987 Ikeda et al. [186] 40 × 20 × 2.7 mm3 and ∅38 mm × 2.8 

mm, glass plates and discs 
Vickers indentation 4-point bending and 

axisymmetric bending 
Universal testing machine 

1987 Ritter et al. [156] 75 × 50 × 1 mm3, annealed microscope 
slides 

Acid-etched and Vickers 
indentation (0.15, 0.25, and 
0.35 N) 

Axisymmetric bending Universal testing machine 

1988 Pal and Pennington 
[120] 

812.8 × 685.8 × 2.2 mm3, glass plates – Plate bending test Universal testing machine and 
drop test facility 

1989 Ikeda et al. [187] 40 × 20 × 2.7 mm3 and ∅38 mm × 2.8 
mm, glass plates and discs 

Vickers indentation 4-point bending and 
axisymmetric bending 

Universal testing machine 

1992 Choi and Salem 
[157] 

75 × 25 × 1 mm3, annealed microscope 
slides 

Vickers indentation (19.6 N) 4-point bending Universal testing machine 

1992 Ikeda et al. [188] ∅21 mm × 2.8 mm, glass discs Knoop indentation Diametral compression – 
1992 Makovička and 

Lexa [34] 
Glass beam samples – Bending – 

1994 Nemeth et al. [189] 50 × 50 × 1.5 mm3, squared glass plates – Axisymmteric bending – 
1995 Dwivedi and Green 

[139] 
60 × 7 × 2.2 mm3, annealed glass bars Natural flaws and Vickers 

indentation (9.8 N) 
4-point bending Universal testing machine 

1995 Li et al. [190] ∅3 mm × 60 mm, heat treated glass rods Abraded 4-point bending Universal testing machine 
1995 Sglavo and Green 

[113] 
63.5 × 6.4 × 2.4 mm3, annealed glass bars Vickers indentation (9.8 N) 4-point bending Universal testing machine 

1997 Choi et al. [191] ∅51 mm × 3 mm, glass discs – Axisymmetric bending – 
1997 Lü [192] 90 × 20 × 5 mm, glass specimens Unnotched 3-point bending Universal testing machine 
1997 Sglavo et al. [158] 50 × 5 × 2 mm3, glass bars Vickers indentation (9.8 N); as- 

indented 
4-point bending Universal testing machine 

1999 Sglavo and Green 
[114] 

50 × 5 × 2 mm3, glass bars Vickers indentation (9.8 N); as- 
indented and annealed 

4-point bending Universal testing machine 

2000 Choi et al. [150] 48 × 8 × 5 mm3, float glass specimens Ground surface at different 
angles (0, 30, 60 and 90◦) 

4-point bending Universal testing machine 

2001 Schneider [171] 300 × 300 × 10 mm3, drilled float glass 
plates 

Untreated Axisymmetric bending – 

2002 Akcakaya and 
Gulati [193] 

100 × 20 × 3 mm3, float glass specimens Ground and V-belt edge finish 4-point vertical bending Universal testing machine 

2002 Krohn et al. [151] 76.3 × 76.3 × 3.89 mm3, squared glass 
plates 

Vickers indentation (300 N) Axisymmetric bending Universal testing machine 

2006 Haldimann [137] 200 × 200 × 6 mm3, squared glass plates As-received Axisymmetric bending Universal testing machine 
2011 Peroni et al. [101] ∅9 mm × 5 mm/10 mm, glass cylinders Surface ground Diametral compression Universal testing machine and 

SHPB test setup 
2012 König [117] t = 8 mm, dog-bone glass specimens Untreated Uniaxial tensile test Universal high-speed testing 

machine 
2012 Zhang et al. [102] ∅15 mm × 15 mm, glass cylinders Surface ground Diametral compression Universal testing machine and 

SHPB test setup 
2015 Hilcken [194] 250 × 250 × 6 mm3, squared glass plates Pre-damaged Axisymmetric bending Universal testing machine 
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Table A.2 (continued ) 

Year Reference Specimen Treatment Load configuration Load application 

2019 Förch [118] 1000 × 360 × 4 mm3, float glass plates Corundum treatment 4-point bending High-speed testing machine (up 
to 1 m/s) 

2019 Meyland et al. 
[119] 

∅45 mm × 3 mm, float glass discs As-received and pre-damaged Axisymmetric bending High-speed testing machine (up 
to 5 m/s) 

2020 Brokmann et al. 
[195] 

∅80 mm × 1.8 mm, annealed glass discs Vickers indentation (9.8 N) Axisymmetric bending Universal testing machine   

Table A.3 
Summary of key numbers of the reviewed soda-lime-silica glass static fatigue tests.  

Year Reference Test condition Applied stress [MPa] SCGa parameters 

σmin
f,s  σmax

f ,s  n [− ] v0 [mm/s] 

1899 Grenet [70] – 19.5 43.0 10.8b – 
1935 Black [104] – 24.2 34.6 – – 
1935 Preston [71] – 37.4 82.0 10.0b – 
1940 Holland and Turner [176] – 26.2 87.3 11.3b – 
1946 Baker and Preston [128] 23.9 ◦C, water 44.5 137.2 14.1b – 
1946 Vonnegut and Glathart [133] − 190 ◦C 91.3 99.8 76.5b –   

− 80 ◦C 74.0 82.9 60.8b –   
20 ◦C 39.2 69.0 12.5b –   
110 ◦C 32.1 54.8 12.9b –   
200 ◦C 29.3 58.3 9.7b –   
300 ◦C 34.4 61.5 11.5b –   
420 ◦C 50.1 70.6 19.4b –   
520 ◦C 67.2 82.4 – – 

1949 Gurney and Pearson [127] Atmospheric pressure, no prior vacuum treatment 41.7 96.5 18.1b –   
Atmospheric pressure, after prior vacuum heat treatment 52.0 86.2 18.3b –   
Vacuum < 10− 5 mmHg, after prior vacuum treatment at room temp. 69.1 96.5 40.8b –   
Vacuum 10− 1 mmHg, after prior vacuum heat treatment 89.5 126.8 46.1b –   
Vacuum <10− 5 mmHg, after prior vacuum heat treatment 117.0 134.4 134.7b – 

1954 Shandc [110] – 34.9 103.6 15.9b – 
1958 Charles [129] 22 ◦C, 50% RH 55.9 77.9 17.4b –   

− 50 ◦C, 100% RH and air 87.0 128.8 20.5b –   
− 10 ◦C, 100% RH and air 59.3 96.3 15.3b –   
22 ◦C, 100% RH 43.7 75.8 16.2b –   
50 ◦C, 100% RH 39.0 68.6 15.4b –   
150 ◦C, 100% RH 33.2 55.5 16.8b –   
200 ◦C, 100% RH 43.5 53.5 35.4b – 

1959 Mould and Southwick [105] 23 ◦C, distilled water (abr. (a): severe) 39.2 69.3 17.5b –   
23 ◦C, distilled water (abr. (b): mild) 33.0 66.9 17.1b –   
23 ◦C, distilled water (abr. (c): 150 grit) 42.0 96.0 12.9b –   
23 ◦C, distilled water (abr. (d): 600 grit) 26.2 67.2 12.8b –   
23 ◦C, distilled water (abr. (e): 320 grit) 21.9 57.0 12.5b –   
23 ◦C, distilled water (abr. (f): 150 grit) 19.7 46.5 14.9b – 

1961 Mould [106] 0.5% RH 35.2 66.3 20.3b –   
43% RH 31.0 74.7 16.4b –   
Liquid water 31.2 66.9 17.5 b – 

1961 Shand [135] Room temp., controlled humidity (as-received) 43.0 91.0 23.5b –   
Room temp., controlled humidity (re-annealed) 28.1 57.6 14.2b – 

1969 Ritter and Vrooman [134] 26.7 ◦C, 100% RH 884.5 1767.8 31.0 – 
1971 Ritter and Sherburne [107] 23.3 ◦C, 50% RH 1385.4 1859.5 37.6b –   

23.3 ◦C, 100% RH 1176.4 1587.3 31.1b – 
1976 Pavelchek and Doremus [108] 21-25 ◦C, 50% RH (aged 24 h - pkg. I) 42.4 81.6 19.5b –   

21-25 ◦C, 50% RH (aged 24 h - pkg. II) 42.2 75.5 14.1b –   
21-25 ◦C, 100% RH (aged 24 h) 36.3 67.9 14.7b –   
21-25 ◦C, 50% RH 49.1 81.9 17.4b –   
21-25 ◦C, 100% RH 38.9 70.6 14.6b –   
21-25 ◦C, 50% RH (heated 400 ◦C) 77.9 106.7 24.1b –   
21-25 ◦C, 50% RH (heated 500 ◦C) 79.6 107.1 28.5b – 

1978 Jakus et al. [130] Room temperature, water 38.7 59.6 18.1 – 
1980 Richterd [131] 40–60% RH – – 18.1 –   

Water – – 15.0 – 
1981 Chantikul et al. [111] Distilled water (annealed) 36.7 64.1 18.4b –   

Distilled water (as-indented) 23.8 44.9 13.9b – 
1989 Ikeda and Igaki [112] (Diametral compression) 66.8 76.9 13.3 –   

(Axisymmetric bending) 70.7 81.6 26.3 – 
1995 Sglavo and Green [113] Water (indented in air) 20.9 37.6 – –   

Water (indented in air, annealed) 34.4 51.5 16.1 1.6   
Water (indented in water) 20.6 36.5 – –   
Water (indented in water, annealed) 28.5 44.6 18.2 9.5 

1997 Chen and Matsumura [109] Air with 40–80% RH 31.4 59.6 36.2b – 
1999 Sglavo and Green [114] Deionized water (annealed) 31.8 43.3 18.7b – 
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Table A.3 (continued ) 

Year Reference Test condition Applied stress [MPa] SCGa parameters 

σmin
f,s  σmax

f ,s  n [− ] v0 [mm/s]   

Deionized water (as-indented) 21.6 34.6 14.0b – 
2000 Fink [132] 23 ◦C, 60% RH 15.0 30.0 16.4 –   

0-38 ◦C, 28–96% RH (field test) 13.5 30.0 15.6 –  
a SCG = sub-critical crack growth. 
b Estimated by means of least squares fit using Eq (5). 
c Original work published by Phillips in 1937 [175]. 
d Based on published KI-data, a relative strength (KI divided by KIc) is estimated using KIc = 0.75 MPa m1/2.  

Table A.4 
Summary of key numbers of the reviewed soda-lime-silica glass dynamic fatigue tests.  

Year Reference Test condition Failure stress [MPa] SCGa parameters 

σmin
f,d  σmax

f,d  n [− ] v0 [mm/s] 

1899 Grenet [70] Glass plates at unk. conditions 28.9 78.4 11.2b –   
Glass rods at unk. conditions 33.0 83.4 6.9b – 

1934 Apelt [177] Room temperature 73.6 128.5 11.3b – 
1935 Black [104] – 44.8 74.2 10.1b – 
1937 Borchard [122] 10 ◦C 2.4 3.0 30.6b – 
1949 Thompson and Cousins [123] Single strength glass at unk. cond. 6.2 ⋅ 10− 3 3.1 ⋅ 10− 2 – –   

Double strength glass at unk. cond. 1.7 ⋅ 10− 2 5.0 ⋅ 10− 2 – – 
1958 Charles [94] 25 ◦C, water vapour 75.2 97.3 16.0 – 
1969 Ritter [148] Room temp., air (abraded) 86.6 114.0 11.9 –   

Room temp., wet (abraded) 78.2 99.5 13.4 –   
Room temp., air and wet (acid-etched) 1311.4 1963.6 13.0 – 

1974 Ritter [178] Room temp., wet (coating: none) 57.1 88.6 13.0–16.0 –   
Room temp., wet (coating: acrylic) 63.3 102.0 12.0 –   
Room temp., wet (coating: silicone) 70.5 107.4 14.4 –   
Room temp., wet (coating: epoxy) 82.9 121.4 16.9 – 

1975 Evans and Johnson [97] 1% RH 51.1 96.9 16.5b – 
1975 Ritter and LaPorte [149] 6 N NaOH (abraded) 72.2 99.7 19.5 –   

Distilled H2O (abraded) 60.3 97.1 13.0 –   
6 N HCl (abraded) 46.3 57.4 25.1 –   
6 N NaOH (acid-ploished) – – 19.3 –   
Distilled H2O (acid-polished) – – 16.9 –   
6 N HCl (acid-polished) – – 17.8 – 

1975 Tummala and Foster [179] Room temp., air (as-rec., atm. side) 92.1 126.1 22.0 –   
Room temp., air (as-rec., float side) 77.8 118.6 17.0 –   
Room temp., air (annealed, atm. side) 70.3 133.1 10.0 –   
Room temp., air (annealed, float side) 77.3 126.2 13.3 – 

1975 Yamada [180] 20 ◦C, 50% RH 77.3 99.8 17.1b – 
1978 Chandan et al. [98] Ambient, 41–67% RH 45.3 107.5 17.2 – 
1978 Jakus et al. [130] Room temperature, water 50.2 79.1 17.9 – 
1979 Hagan et al. [181] Water 56.1 87.1 15.9b –   

Silicone oil 75.7 110.0 13.5b – 
1979 Woelk and Elsenheimerh [182] – – – – – 
1980 Marshall and Lawn [152] Water (annealed glass) 44.2 78.6 17.9 2.4   

Water (as-indented glass) 28.6 62.0 13.7 55.0 
1981 Johar [124] 20-25 ◦C, 28–55% RH 5.4 ⋅ 10− 3 6.6 ⋅ 10− 3 22.6b – 
1981 Kerkhof et al. [78] 20 ◦C, 50% RH 15.4 26.0 16.0b – 
1981 Marshall and Lawn [183] Water 38.6 67.3 15.7 – 
1982 Dabbs et al. [153] Distilled water 34.5 251.9 14.0 (18.4)c 31.6 
1982 Dabbs and Lawn [154] Distilled water 233.7 638.1 9.0 – 
1982 Johar [125] 16-24 ◦C, 26–57% RH 3.6 ⋅ 10− 3 6.3 ⋅ 10− 3 14.3b – 
1985a Ritter et al. [185] Room temp., dist. water (surface)f 87.0 104.0 17.7 10.7   

Room temp., dist. water (edge)f 64.9 93.1 15.5 0.5   
Room temp., dist. water (overall)f 62.0 88.1 16.8 1.8 

1985b Ritter et al. [146] 5 ◦C, dist. water (indented, annealed) 45.8 67.9 15.7b –   
25 ◦C, dist. water (indented, annealed) 36.4 60.6 13.3b –   
55 ◦C, dist. water (indented, annealed) 32.8 49.6 16.5b –   
85 ◦C, dist. water (indented, annealed) 26.6 40.1 15.3b –   
5 ◦C, dist. water (indented, aged) 35.5 50.0 19.9b –   
25 ◦C, dist. water (indented, aged) 32.1 45.6 19.2b –   
55 ◦C, dist. water (indented, aged) 25.7 34.3 21.3b –   
85 ◦C, dist. water (indented, aged) 21.3 29.7 21.1b – 

1986a Ritter et al. [155] 25 ◦C, dist. water (subthreshold flaws) 62.6 111.0 10.5 (13.7)c –   
85 ◦C, dist. water (subthreshold flaws) 56.3 104.9  –   
25 ◦C, dist. water (postthreshold flaws) 40.2 58.0 14.4 (18.8)c –   
85 ◦C, dist. water (postthreshold flaws) 25.9 36.6  – 

1986b Ritter et al. [147] 5 ◦C, dist. water (abraded, annealed) 86.3 109.9 24.7b –   
25 ◦C, dist. water (abraded, annealed) 79.5 107.5 21.1b 18.0   
55 ◦C, dist. water (abraded, annealed) 76.9 102.9 22.9b – 
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Table A.4 (continued ) 

Year Reference Test condition Failure stress [MPa] SCGa parameters 

σmin
f,d  σmax

f,d  n [− ] v0 [mm/s]   

85 ◦C, dist. water (abraded, annealed) 75.5 103.2 20.2b –   
5 ◦C, dist. water (abraded, aged) 63.1 95.0 15.3b –   
25 ◦C, dist. water (abraded, aged) 55.5 92.6 12.6b 5.3   
55 ◦C, dist. water (abraded, aged) 49.0 84.2 11.5b –   
85 ◦C, dist. water (abraded, aged) 50.3 82.3 11.8b – 

1986 Zongzhe et al. [159] Ordinary temp. 104.0 240.8 14.2b – 
1987 Gehrke et al.g [82] Water (emery paper) – – 14.8/15.7 –   

Water (Vickers indentation) – – 15.0 –   
Water (powder jets) – – 16.3 –   
Nonane (emery paper) – – – – 

1987 Ikeda et al. [186] Air (axisymmetric bending) 46.7 63.4 18.5b –   
Air (4-point bending) 43.1 63.9 16.3b –   
Water (axisymmetric bending) 41.6 54.7 16.6b –   
Water (4-point bending) 39.9 50.0 21.1b – 

1987 Ritter et al. [156] 25 ◦C, dist. water (low strength, subthreshold, P = 0.25 N) 69.7 111.1 13.4i –   
25 ◦C, dist. water (low strength, subthreshold, P = 0.35 N) 59.6 103.3 11.5i –   
25 ◦C, dist. water (low strength, postthreshold, P = 0.15 N) 69.9 124.0 11.4i –   
25 ◦C, dist. water (low strength, postthreshold, P = 0.25 N) 64.0 112.1 11.5i –   
25 ◦C, dist. water (low strength, postthreshold, P = 0.35 N) 60.2 101.9 12.3i –   
25 ◦C, dist. water (high strength, subthreshold, P = 0.15 N) 190.2 424.3 8.1i –   
25 ◦C, dist. water (high strength, subthreshold, P = 0.25 N) 171.6 326.4 10.1i –   
25 ◦C, dist. water (high strength, subthreshold, P = 0.35 N) 122.5 218.1 12.7i – 

1988 Pal and Pennington [120] – 7.2 ⋅ 10− 3 1.8 ⋅ 10− 2 13.4b – 
1989 Ikeda et al. [187] Air (axisymmetric bending) 65.2 82.5 19.0 –   

Air (4-point bending) 65.1 85.9 22.3 –   
Water (axisymmetric bending) 63.0 78.9 22.3 –   
Water (4-point bending) 60.6 71.9 27.8 – 

1992 Choi and Salem [157] Room temperature, alcohol 42.0 52.5 20.2 (26.3)d 2.2   
Room temperature, air 39.8 51.8 16.2 (20.9)d 16.2   
Room temperature, acetone 38.1 47.8 19.3 (25.1)d 24.0   
Room temperature, distilled water 35.6 44.3 20.1 (26.1)d 97.7 

1992 Ikeda et al. [188] Air (diametral compression) 26.7 34.2 18.4 –   
Water (diametral compression) 24.1 34.3 31.2 – 

1992 Makovička and Lexa [34] – 35.1 64.6 13.4b – 
1994 Nemeth et al. [189] Room temp., distilled water 163.6 289.9 11.3b – 
1995 Dwivedi and Green [139] Room temp., air (natural flaws) 96.1 160.9 21.8 2.6   

Room temp., air (Indentation flaws) 40.9 63.6 16.1 (21.1)e 2.4 
1995 Li et al. [190] Room temp., 25–30% RH (Tf = 470 ◦C) 52.3 67.9 11.0 –   

Room temp., 25–30% RH (Tf = 530 ◦C) 68.2 75.8 28.0 – 
1995 Sglavo and Green [113] Deionized water (indented in air) 32.4 50.8 14.3 (18.8)c 14.3   

Deionized water (indented in water) 33.4 45.1 14.3 (18.7)c 11.7 
1997 Choi et al. [191] Room temp., distilled water 46.5 251.9 16.4 – 
1997 Lü [192] – 56.0 68.2 25.0 – 
1997 Sglavo et al. [158] Deionized water 34.5 56.3 13.7 (18.0)c 19.0 
1999 Sglavo and Green [114] Deionized water (annealed) 37.8 62.6 15.2 (19.9)c 6.4   

Deionized water (as-indented) 27.8 53.9 15.3 (20.1)c 28.8 
2000 Choi et al. [150] Ambient temp., water (grind angle 0◦) 61.8 100.9 13.4 –   

Ambient temp., water (grind angle 30◦) 59.2 95.5 13.3 –   
Ambient temp., water (grind angle 60◦) 41.2 66.3 13.2 –   
Ambient temp., water (grind angle 90◦) 40.3 64.1 13.4 – 

2001 Schneider [171] 20 ◦C, 40–60% RH (group A) 51.3 66.2 16.9 –   
20 ◦C, 40–60% RH (group B) 68.4 84.0 21.2 – 

2002 Akcakaya and Gulati [193] Room temp., 100% RH (V-belt) 29.5 44.0 16.2 –   
Room temp., 100% RH (ground) 30.6 53.5 13.5 – 

2002 Krohn et al. [151] Room temp., air (air side) 49.8 91.5 21.7 –   
Room temp., air (tin side) 50.4 88.9 21.6 – 

2006 Haldimann [137] 23.4–23.8 ◦C, 51.4–54.7% RH (ambient) 55.3 103.2 2.5b –   
23.2–23.9 ◦C, 51.7–54.7% RH (dry/coated) 85.1 153.4 7.6 – 

2011 Peroni et al. [101] Air at ambient conditions 47.3 98.1 27.4b – 
2012 König [117] Air at ambient conditions 105.4 199.6 19.7b – 
2012 Zhang et al. [102] Air at ambient conditions 18.2 41.5 – – 
2015 Hilcken [194] 22.7 ◦C, 50% RH 30.7 49.3 14.2 2.2 
2019 Förch [118] 20-21 ◦C, 40% RH 35.8 48.0 17.9 – 
2019 Meyland et al. [119] 22 ◦C, 30% RH (as-received) 169.0 313.0 26.4b –   

22 ◦C, 30% RH (pre-damaged) 56.0 88.0 34.6b – 
2020 Brokmann et al. [195] 25 ◦C, 50% RH 64.1 80.6 14.8 10.5  
a SCG = sub-critical crack growth. 
b Estimated by means of least squares fit using Eq. (8). 
c True fatigue parameter in parenthesis obtained by n′ = 0.763 n, where n′ is denoted the apparent fatigue parameter. 
d True fatigue parameter in parenthesis obtained by n′ = 0.75 n + 0.5, where n′ is denoted the apparent fatigue parameter. 
e True fatigue parameter in parenthesis obtained by n′ = (3 n − 2)/4, where n′ is denoted the apparent fatigue parameter. 
f Averaged results determined by eight different laboratories. 
g Only relative strength data are reported. 
h Only the increase in strength as function of loading rate is reported and no absolute strength data are available. 
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i Apparent fatigue constant, n′. 
Appendix B. Literature search and data collection 

The Technical University of Denmark internal web search engine DTU Findit4 was used to perform the initial literature search; the data from the 
literature is discussed in Sec. 3 and 4. Keywords chosen to be relevant for the search are given in Table B.1.  

Table B.1 
Relevant keywords grouped into subject category used to find the literature that is discussed in Sec. 3 and 4. The symbol * is used to perform the multiple character 
wildcard search.  

Main material glass 

Material subgroup silica, lime, soda lime, soda lime silica, float, annealed, commercial 

Time dependency static fatigue, stress corrosion, sub-critical crack growth, dynamic fatigue, strain rate, stress rate, loading rate 

Research objective strength, failure stress, failure time, crack velocity, stress intensity, stress concentration, properties 

Not included nano*, strengthening, sand, fibre*, fiber*, coat*, compo*, rock*, alloy, metallic glass, alum*, polym*  

A combination of all keywords using the search engine specific operators AND, OR and NOT resulted in 164 hits, of which 25 scientific publications 
met the criteria to be included in the literature review. The criteria was that the published work focus on the tensile behaviour of soda-lime-silica glass, 
where data has been obtained from experiments as either static or dynamic fatigue, or crack velocity measurements. No limits were used in either the 
year of publication or the language. Based on the reference lists of previously found literature and studies on the topic already known to the authors, 
additional relevant publications were considered in the review, resulting in the following total number of publications reviewed in this paper:  

● Static fatigue data → 23 publications  
● Crack velocity data → 12 publications  
● Dynamic fatigue data → 57 publications 

In several publications the data of interest were not presented in a table and only provided in the publication as a plot. In these cases data from the 
plots were extracted using the freeware software WebPlotDigitizer (ver. 4.3) [174]. Therefore, data from all the publications were gathered as inde-
pendent values that could be further tabulated and analysed in this work. 
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