
1

Submitted to the Journal of Non-Crystalline Solids, February 2002

Revised, June 2002

The role of surface and volume defects in the fracture of glass

under quasi-static and dynamic loadings

by

Xavier BRAJER,1-2 Pascal FORQUIN,2-3 René GY1 and François HILD2

1Saint-Gobain Recherche

39 quai Lucien Lefranc, F-93303 Aubervilliers Cedex, France

2LMT-Cachan

ENS de Cachan / CNRS UMR 8535 / University Paris 6

61, avenue du Président Wilson, F-94235 Cachan, France

3now at DGA/CTA-Département MSP

16 bis Avenue Prieur de la Côte d'Or, F-94114 Arcueil Cedex, France

Corresponding author: Xavier BRAJER

LMT-Cachan

61 avenue du Président Wilson, F-94235 Cachan Cedex, France

Fax: +33 1 47 40 22 40.  E-mail: brajer@lmt.ens-cachan.fr

mailto:brajer@l.ens_cachan.fr


2

The role of surface and volume defects in the fracture of glass
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by
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Abstract

In this paper, the role of surface and volume defects on fracture in soda-lime glass is

analyzed when samples are submitted to quasi-static or dynamic loadings.  To investigate

fracture, different experiments are carried out, namely, quasi-static compression of glass

spheres and edge-on-impacts.  The first test series aims at studying crack initiation.

Different surface treatments are performed to study their influence on the failure load, from

which it is concluded that initiation of cracks occurs in the vicinity of the contact surface.

The second series is concerned with the examination of crack patterns under dynamic

loadings with two different strikers (i.e., soft/flat and hard/perforating projectiles).  Crack

initiation under dynamic load histories is investigated near and far from the impact zone and

it is concluded that it cannot take place within the volume, except in a very small zone close

to the impact point.  Conversely, initiation of damage from the surface, at a location far from

the impact point, is possible and clearly present with a soft projectile. 

PACS.  81.05.Kf Glasses, 62.20.Mk Fatigue, brittleness, fracture and cracks, 83.50.Tq Wave

propagation, shocks, fracture and healing.
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Compression test, Dynamic fragmentation, Edge-on-impact, Soda-lime glass, Weibull model.
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Introduction

The use of glass in transparent armors against ballistic threats (e.g., windshields) requires

analyses of its response to impact.  For ceramic materials, it could be shown that the cracking

pattern observed in edge-on-impact experiments [1,2,3] could be reproduced by a damage

model whose parameters are related to those of a Weibull model [4] tuned under quasi-static

loading condition and modeling the distribution of volume defects [5].  On the other hand, it is

well known that under quasi-static loading, defects on the surface of glass play a key role in the

fracture process [6,7], whereas the high level of stresses induced by an impact may nucleate

volume defects, which seldom occurs under quasi-static loading [8,9], except under particular

conditions such as high temperature tests on glass fibers [10].  According to Kshinka et al. [11],

quasi-static compression tests of glass spheres may allow for nucleation sites located in the bulk

of samples.

The work reported in the present paper aims at:

•  first, checking whether quasi-static compression experiments on glass spheres can indeed

give a volume defect distribution useful for the damage modeling of  glass under ballistic

impact;

•  second, observing the actual damage process in glass undergoing edge-on impact

experiments and obtaining insights into the respective role of surface and volume defects in

the damage process.
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I. Quasi-static compression of glass spheres

First, let us consider a so-called quasi-static case.  Experiments on glass spheres under “point

load” compression are used to investigate the location of crack initiation and the scatter in

ultimate failure loads related to the Weibull properties.

Experiments

Glass spheres are compressed between two anvils made of high strength steel.  Compression

tests were performed with an INSTRON 4505 servo-hydraulic testing machine.  On average,

more than 12 experiments per sphere diameter were carried out.  Sphere diameters ranging from

1 mm to 8 mm were tested (Table 1).  The stroke velocity was controlled so that the load was

applied during 2 min per sample (i.e., for the small samples it was of the order of 50 µm/min

and for the large ones of the order of 150 µm/min).  Aluminum foils are inserted between the

anvils and the spheres.  When failure occurs, the load decreases instantaneously and the test is

stopped.  The ultimate strength corresponds to the maximum load recorded during the test.

Kshinka et al. [11] performed such type of tests on glass spheres and concluded that failure

occurred within the bulk of the material.  This explanation is possible since this type of

experiment on cylinders (also referred to as Brazilian test [12]) is used to determine the tensile

strength of brittle samples [13].  When applied to glass, this test would allow for the

determination of the bulk failure properties that correspond to the intrinsic strength of glass.  

To check this hypothesis, different diameters of spheres ranging from 1 mm to 8 mm are

used.  The spheres are made of commercial soda-lime glass.  Some spheres are chemically

tempered thereby inducing compressive stresses in the vicinity of the surface.  It allows us to

evaluate the role of the stress state of the surface on the failure level.  Glass spheres are put in a

KNO3 bath and heated at different temperatures.  The first treatment is performed during 24



5

hours at 460°C (CT1) whereas the second is carried out during 48 hours at 405°C (CT2).  The

maximum residual stress induced by the heat treatment is a compression at the surface of the

order of 600 MPa for the CT1 treatment decreasing to zero over a depth of the order of 30µm,

which is related to the diffusion length, and 200 MPa for the CT2 treatment over 100µm.  These

estimates are based on photoelastic measurements on flat glass samples of approximately the

same chemical composition performed with a stratorefractometer [14].

Other experiments were performed by changing the contact conditions (Table 2):

•  no aluminum foil was inserted between flat anvils and the spheres,

•  spherical anvils were used.

Results

The main results are summarized in Tables 1 and 2.  When failure occurs, the ultimate load is

recorded and, generally, the glass spheres are totally comminuted (i.e., reduced into a very thin

powder).  Some spheres, which are not comminuted because failure occurred prematurely, have

been analyzed.  In this case, the strength was too small and the stored elastic energy was not

sufficient to fully comminute the sample.  Figure 1 shows that failure occurs just under the

contact surface and a Hertz theory reveals that high tensile stresses exist at the loss of

contact [15].  

 Discussion

Since failure loads are very different for as-received and tempered spheres (Table 1), one may

argue that the surface plays a major role in the failure process.  Chemical tempering does not

affect significantly the bulk of spheres and the same ultimate load should have been observed,

had fracture been caused by volume defects.  
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Furthermore, the tensile stresses at the loss of contact between anvils and spheres seem to cause

cracks to initiate around this point.  When aluminum foils are used, a significant increase in

ultimate load is obtained.  This constitutes yet another proof that failure is due to the contact

zone.  The ultimate load is even higher when the contact surface is larger, which corresponds to

spherical anvils.  We can also note that an aluminum foil “softens” the contact conditions and

has a similar effect as spherical anvils.

Probabilistic Analysis

In the following study, it is assumed that damage is caused by tensile loading (i.e., mode I

cracking).  The behavior of soda-lime glass under a tensile loading is elastic and brittle.  The

cumulative failure probability FP  is modeled by a Weibull law [4]
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where effZ  is the effective volume or surface [16], m the Weibull modulus, 0σ  the scaling

stress relative to a reference volume or surface, 0Z , and Fσ  the failure stress, i.e., the

maximum value within a volume or a surface of the local maximum principal stress.  Under

quasi-static loading conditions, most failures of glass bodies of macroscopic size are caused by

surface defects.  However, for instance Gy and Guillemet [10] have shown that failure can also

be initiated by bulk defects for glass fibers at 610°C.  The failure scatter is very different in both

cases [10,17] and typical Weibull parameters are given in Table 3.  A classical way of

determining the Weibull parameters is to rewrite Eq. (1) in the so-called Weibull coordinate

system
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where ),( 00
mZmA σ  is a parameter dependent on the Weibull parameters and the effective

volume or surface.  The problem is to evaluate the failure stress due to the compression test and

the corresponding effective volume or surface.  It has been shown that, if all bodies behave

elastically, contact stresses can be described by a Hertz solution [15,18,19].  The present

analysis aims at deriving the main dependence of each quantity with the relevant parameters of

the problem, following the spirit of the method discussed by Tsoungui et al. [20].  The contact

area is assumed to be a circle of radius a and the maximum contact pressure 0P  is scaled by
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where F is the failure load, E the equivalent Young’s modulus, and R the radius of the glass

sphere.  All stresses are proportional to the maximum pressure and, in particular, the failure

stress Fσ  is a radial stress on the edge of the contact circle.  Classical results [15] show that

016.0 PF ≈σ . (4)

According to the Weibull theory, the average failure stress Fσ  is related to the effective volume

or surface effZ  by [16]
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Let us now assume that effZ  is scaled by na , where a is the contact radius between the sphere

and the anvils and n = 2 or 3.  In the present analysis, only the defects located in the vicinity of
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the contact surface are considered.  However, they are not necessarily located at the surface.  An

estimate of the contact radius a is given by

31







∝

E
FRa , (6)

so that the failure load, and its mean F , are scaled by
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nm

RF +
−
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. (7)

Consequently, if one knows the change of the mean failure load with the sphere diameter, then

one can relate the power to the underlying Weibull modulus.  Figure 2a shows, in a log-log plot,

that reasonable power-law dependence is found between the average failure load and the sphere

diameter.  A power of 1.44 is obtained for as-received spheres, leading to a Weibull modulus of

the order of 9 when n = 2 and 13 when n = 3, respectively.  

For a given sphere diameter, say 1mm, let us analyze the scatter.  Figure 2b shows, in

Weibull plot, the failure load versus the cumulative failure probability.  We can calculate the

scaling of the term in brackets of Eq. (1)
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Equation (8) shows that for a given radius R, the apparent Weibull modulus of the failure load

versus the failure probability is not identical to the underlying Weibull modulus, but is about

one third of the latter, because of the load dependence of the contact zone.  This constitutes yet

another way of identifying the Weibull modulus of the material.  In the present experiments,

apparent Weibull moduli are found to be of the order of 5 (Fig. 2b), leading to a Weibull

modulus of 13 when n = 2 and 12 when n = 3.  These values are close to those found by using
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the scaling of the failure load with the sphere radius.  The most consistent values are obtained

with n = 3.  

Moreover, by using Eqs. (4) and (5), the maximum tensile stress level can be calculated

for as-received spheres as well as tempered ones

3/1

2

2

1.0 







≈

R
FE

Fσ . (9)

By using the superposition principle, we can assume that the difference between the failure

stresses is due to the residual stresses induced by the tempering process.  Since the maximum

stresses are on the edge of the contact circle, we can compare these values with the theoretical

residual stresses (Fig. 3).  For the CT1 treatment, an estimate of the average residual stress is

440±50MPa and 185±60MPa for CT2.  Even though the scatter is high, one can note a

significant effect of chemical tempering on the initiation level in glass spheres.  Consequently,

initiation occurred in a small zone around the contact zone (i.e., a Hertz type of failure).

Furthermore, these stress levels can be compared to the previous estimates (i.e., maximum

value: 600MPa for CT1 and 200MPa for CT2).  The agreement can be considered as

satisfactory and is not inconsistent with fracture initiation close to the contact surface, given the

uncertainty in the estimation of residual stresses for chemically tempered glass spheres.  All

these results allow us to conclude that failure initiation is located close to the contact zone.

The Weibull moduli found here are high compared to those found in the literature for

surface defects (Table 3).  Moreover, this evaluation of the Weibull modulus is likely to be an

underestimate since other causes, besides the flaw size distribution, contribute to the apparent

Weibull modulus related to the scatter of failure loads:

•  scatter in the radius of spheres,

•  the glass samples are not perfectly spherical,

•  measurement accuracy.
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To explain this apparent high value, we can compare a 4-point flexural test with a compression

test.  If one stops bending just before rupture and observes the surface in tension, one does not

see any cracks.  Yet, in the compression tests, we have observed Hertz microcracks just under

the contact zone.  As loading increases, some stable cracks then develop and change the flaw

distribution.  The distribution then becomes narrower as the load increases, and this could

explain why a high value was found for m.  The above-estimated Weibull modulus characterizes

the distribution when an unstable crack forms, whereas the values currently reported (Table 3)

relate to a case where cracks propagate immediately in an unstable manner.  The same type of

explanation was proposed to rationalize that the critical load for Hertzian cracking on flat glass

samples does not depend significantly on the initial quality of the glass surfaces [21].

Besides, if one assumes that failure is due to volume defects, the maximum tensile stress

in the bulk of spheres is given by [22]

222.0
R
F

F ≈σ (10)

and the effective volume can be assumed to be of the order of 32RZeff ≈ so that the average

ultimate load uF  becomes [20]

m
m
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where 0V  denotes the reference volume.  By using the Weibull parameters given in Table 3, the

ultimate load uF  would be one order of magnitude larger than the one measured experimentally

and reported in Table 1.  Furthermore, the scatter in failure stresses is too high to involve

volume flaws.  Consequently, failure is first due to stable crack growth in the vicinity of the

contact zone then followed by unstable propagation as shown in Fig. 1. The contact zone is
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surrounded by Hertz cracks that were probably created upon loading. Since these cracks interact

with a defect on the surface, a spall has been created.

II. Edge-on-impact of glass

The effect of dynamic load histories is now analyzed. The previous section has shown that crack

initiation was located close to the contact zone of the applied load and that no volume defect

could be nucleated even under high tensile stresses in the bulk of spheres. The same question is

studied in the present section for impact conditions.  Furthermore, the cracking pattern is

examined when two different types of strikers are used.

Experiments and results

To visualize damage, a so-called Edge-On-Impact configuration is used [1].  This

configuration allows the user to observe the cracking pattern.  Bullets are fired by a gun and

impact a float glass target of size 100 x 100 x 10 mm3.  The projectile speed is measured by two

optical cells one meter apart. An “open” configuration is used, enabling for in-situ observations

by utilizing a high-speed camera.  The interframe time can be as low as 0.5µs.  When the bullet

reaches the second cell, flashlights are triggered.  When the bullet impacts the target, it activates

the camera to take pictures. Two different impactors are used. According to the European

standard EN1063 [23] a “soft” bullet (i.e., magnum 44) further referred to as “BR4”, traveling at

a speed of 430m/s and a hard, penetrating, bullet further referred to as “BR7”, traveling at a

speed of 820 m/s, are used.  “BR4” bullets have a core made of lead and an envelope of brass

wire.  BR7 bullets have a core made of steel, an envelope of brass wire and a small head of lead.   

Typical results are shown in Figs. 4 and 5.  When the bullet impacts the glass sample and

induces cracking a few microseconds thereafter, dark zones appear on pictures. They
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correspond to damaged zones and glass is no longer transparent.  One can observe the damage

zone propagating in the sample and the crack front is reasonably well delimited by this type of

inspection and consequently propagation velocities can be determined with a good accuracy.

After impact, fragments of the impacted sample are scattered and we generally found an intact

BR7 core (made of steel) whereas the BR4 core (made of lead) is fully sublimated.

A first zone in the vicinity of the impact is totally comminuted.  A second area displays a

high density of radial and orthoradial cracks.  A third zone appears in which long radial cracks

propagate.  These different zones show us different cracking features:

•  multiple fragmentation in the first zone with mainly closed cracks (glass is totally

comminuted),

•  multiple fragmentation under mode I loading in the second zone,

•  single fragmentation in the third zone (crack propagation only).

Discussion

When a bullet impacts a glass target, a compressive stress wave propagates ahead of the

impacted area, with a speed of a longitudinal acoustic wave.  The radial displacement also

induces hoop tensile stresses that nucleate defects inducing microcracking.  The latter can be

described by an anisotropic damage model (see, e.g., Refs. [3,5]).  The level of stress and stress

rate determine the type of fragmentation, namely single or multiple fragmentation.  This

analysis shows that under dynamic loading conditions, there is also a need for understanding the

conditions related to crack initiation, propagation and arrest.

Contrary to quasi-static experiments, the overall damage pattern is reproducible under

dynamic loading conditions.  Yet, it depends on the type of bullet (Fig. 5).  On the one hand,

impacts with BR7 bullets show mainly a circular cracking front, the speed of which, estimated

from the dark zone boundaries of the pictures, has a constant value cV  of the order of 1500m/s
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(which is close to the terminal velocity of a single crack propagating under a high strain energy

release rate).  This result indicates that numerous radial cracks propagate from the impact zone;

this explanation is confirmed by post-mortem examinations that revealed mainly radial cracks

propagating from the impact zone.  On the other hand, different phenomena occur with BR4

bullets.  Post-mortem observations reveal that there is a comminuted zone just under the contact

zone.  Far from the impact area, we can observe long cracks.  Moreover, in particular with BR4

bullets, a “Rayleigh cone” appears (Fig. 6).  The Rayleigh cone is caused by multiple nucleation

of surface cracks induced by the tensile stress on the impacted surface caused by the Rayleigh

wave [24].  This wave is created when the bullet impacts glass and propagates at a speed RC of

the order of 3300 m/s for glass [24].  The theoretical angle θ  of the cone reads

°≈= 28,sin θθ
R

c

C
V

(11)

and a value of 28° is found experimentally (Fig. 6).  This phenomenon is not observed with

BR7 bullets.  A finite element (FE) simulation with the explicit code Pamshock (all materials

are supposed to be elasto-plastic, see Table 4) shows that tensile stresses on the surface are

higher for BR4 impacts (Fig. 7).  This lower stress level is induced by the fact that the contact

surface of BR7 projectiles is smaller compared to BR4 bullets during the first microseconds

after impact, thereby leading to a smaller impedance.  Consequently, the stress levels become

too low for cracks to initiate close to the surface and cracking induced by the Rayleigh wave

cannot develop when the target is impacted by a BR7 bullet.

We can also observe nucleation of cracks ahead of the main circular front, especially

with a BR4 bullet (Fig. 7).  This event is not observed when glass is tempered (i.e., when the

surface is reinforced) or impacted with BR7 bullet [25].  In the latter cases, the main crack front

is caused by flaws that were originally located in the vicinity of the impact point.  These flaws

nucleate cracks that propagate at a constant velocity cV .  The FE simulation shows that the level
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of tension is too small to nucleate cracks on the external surface of glass when impacted with

BR7 bullet (Fig. 7) or when glass is tempered.  In the BR4 case, a value significantly greater

than 1500 m/s can be estimated from the sequences of pictures for the apparent speed at which

damage propagates from the impact point.  The measured speed is an apparent speed caused by

the coalescence of cracks in the zone of high stresses.  This apparent speed is bound by the hoop

tensile stress rate induced by the compressive wave.  It can reach up to 3500 m/s, according to

our experiment.  This upper value is very close to the celerity of transverse waves in glass.  This

would be possible for damage that is supposed to be caused by transient tension of the material

in the hoop direction, arising after the compressive (longitudinal) wave front. However, it might

as well be coincidental since such a phenomenon can also be observed in ceramic materials for

which the crack front velocity is not considered as intrinsic since it varies with the impact

velocity and depends on the Weibull parameters of the material [3]. Further investigations are

needed to clarify this point.

To confirm the previous interpretations, an impact is carried out on a glass tile on which

a scratch was made on purpose in the middle of the lateral surface before impact (Fig. 8).  This

scratch constitutes indeed an initiation site at the surface of glass.  The same phenomenon is

observed, i.e., the scratch induces a propagating crack ahead of the main crack front.  This

clearly shows that surface flaws can act as initiation sites in a similar way as what is observed

under quasi-static loading conditions.

Another point to study is the cracking speed during the first microseconds.  Several

differences can be seen between the experiments carried out with the two bullets.  On the one

hand, the cracking speed is estimated to be 1700m/s, during the whole process for BR7 bullets

(Fig. 9a).  Since the stress levels are very high in the vicinity of the impact point for BR7

bullets, the cracking velocity is of the order of cV  and the circular shape corresponds to long

cracks that propagate from the impact point.  For BR4 bullets, values within the range 3000-

3500m/s are measured during the first microseconds (Fig. 9b) and of the order of 1500m/s
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thereafter.  This variation can be explained in a similar way as above: for BR4 bullets, the first

damage pattern is caused by coalescence of numerous microcracks.  It corresponds to a

collective behavior of microcracks as opposed to the propagation of long cracks.  The

possibility that these microcracks where nucleated from volume defects in the vicinity of the

impact point cannot be completely ruled out, although it would be hard to explain why volume

defects would be initiation sites for a soft projectile and not a more energetic and hard one.

Eventually, the damage pattern becomes identical to that observed for BR7 bullets, i.e., long

cracks propagating with a velocity equal to cV .

Summary

Compression tests have been performed on as-received and tempered glass spheres.  Chemical

tempering induces residual stresses in the vicinity of the external surface.  Different failure load

levels have been recorded; thereby showing that failure initiation is located in the contact zone.

An a priori evaluation of the mean residual stress level induced by the two heat treatments

could be confirmed by an a posteriori analysis of the difference in average failure loads.

Furthermore, a Weibull analysis shows that the scatter obtained by analyzing any set of

experimental data is of the same order as that obtained when using the size effect property (i.e.,

the dependence of the average failure load with the sphere diameter).

The experiments on glass spheres have been performed under quasi-static loading

conditions.  However, crack propagation cannot be considered as gradual or stable during the

whole test (e.g., most of the compressed spheres were fully comminuted at the end).  This is

also the case for the impact experiments reported herein.

Fragmentation of impacted glass is mainly caused by the growth of cracks nucleated

close to the impact zone or far from it, on the surface of the glass body hit by the projectile.

Differences observed between soft and hard bullets corroborate this hypothesis.  Far from bullet
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impact, propagation of long cracks is always observed.  The population of defects is a key

parameter that governs the cracking pattern.  It was also shown that when scratches exist on the

surface and when the stress level is sufficiently high, they can induce cracking ahead of the

main front.  The role of volume defects was more difficult to quantify.  It is believed that their

role in the fragmentation, if there is any, is confined in the immediate vicinity of the impact

area.  This is consistent with observations on fibers that concluded that the volume defects are

not as severe as surface defects.  Similarly, for spheres, the defects close to the contact zone

played a dominant role in the initiation of failure.  Furthermore, the type of projectile can have a

significant influence on the fragmentation pattern.  Soft bullets with a flat end crash on the glass

surface and are stopped whereas hard (piercing) bullets penetrate glass.  The estimation of the

scatter in strength is therefore the key to understanding the nucleation stage.  Furthermore, as

was also observed in the compression of spheres, tempering glass constitutes a way of partially

preventing crack initiation.
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Table Captions

Table 1: Mean failure load for different sphere diameters and temperings.  In parentheses are

given the corresponding standard deviation and in brackets the number of samples.

The load was applied with planar anvils and an aluminum foil was inserted between

the spheres and the anvils.  At least 10 spheres have been tested per case.

Table 2: Mean failure load for different diameters of as-received spheres.  In parentheses are

given the corresponding standard deviation. The load was applied with different

anvils. At least 10 spheres have been tested per case.

Table 3: Typical Weibull parameters for soda-lime glass.

Table 4: Material parameters used in the FE simulations.
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Table 1

Diameter, D (mm) As-received CT1 CT2

1 290 (60) [10] 540 (125) [12] 350 (120) [14]

1.5 700 (70) [15] 1400 (455) [13] 720 (45) [15]

2 910 (290) [9] 2590 (260) [19] 1370 (240) [12]

2.2 860 (145) [14] 2160 (425) [13] 1900 (220) [14]

4 2770 (345) [14] 5940 (1180) [14] 4090 (830) [15]

8 6030 (1000) [10] 11060 (3500) [8] 8430 (1000) [7]

Brajer et al.
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Table 2

Diameter, D (mm) planar anvils planar anvils +

aluminum foils

spherical anvils

2* 640 (51) [10] 640 (58) [10] -

2 877 (240) [9] 910‡ (290) [9] -

4 1880 (461) [10] 2770‡ (345) [14] -

8 3820 (1000) [10] 5780† (1080) [10] 6180 (1000) [10]

*different sphere manufacterer

‡same test series as in Table 1

†test series different from that of Table 1

Brajer et al.
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Table 3

Failure location
Weibull

modulus m

Scale parameter

0σ  (MPa)

Gauge volume or

surface 0Z

surface [15] ≅  7 ≅  100 ≅  100 cm2

volume [5] 28.5 2750 10-6 mm3

Brajer et al.
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Table 4

Material property Glass Soft bullet (core) Hard bullet (core)

Young’s modulus (GPa) 70 16.7 220

Poisson’s ratio 0.22 0.3 0.3

Mass density (kg/m3) 2500 11500 7900

Yield stress (MPa) 4000† 13.2 ≈300
†Hugoniot elastic limit

Brajer et al.
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Figure Captions

Figure 1: Fractography of a sphere 8 mm in diameter. The contact zone is depicted with a

dotted circle.  The first arrow shows the likely initiation site.  A crack is created

and turns around the contact zone (dashed line) to interact with Hertz cracks to

form a spall.

Figure 2: -a- Mean failure load versus sphere diameter.  The lines are least squares fits

(correlation coefficient greater than 0.98).  The estimated errors are depicted by the

symbol size.

-b- Weibull plot for as-received spheres 1mm in diameter; PF denotes the failure

probability and F the applied load (in N).  The lines correspond to a least squares

fit (correlation coefficient: 0.97).  The estimated errors are depicted by the symbol

size.

Figure 3: Estimates of the mean residual stresses for two different chemical temperings

based upon the analysis of the mean failure load.  The lines correspond to the best

fits.

Figure 4: Cracking pattern 10 µs after impact of glass by a BR4 bullet in an edge-on-impact

configuration.

Figure 5: Cracking pattern 10 µs after impact of glass by a BR7 bullet in an edge-on-impact

configuration.

Figure 6: Observation of a so-called Rayleigh cone 10 µs after impact with a BR4 bullet.

Depiction of the cone and the corresponding cracking pattern.
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Figure 7: FE simulations of the EOI experiments.  Comparison of maximum principal stress

levels 5 µs after impact (for the edge, a) and 10 µs after impact (for the observation

surface, b); left part: BR4 bullet, right part: BR7 bullet.

Figure 8: Sequence of pictures taken when a BR4 bullet hits a glass tile with a scratch.  One

can note that a crack nucleates from the scratch ahead of the main cracking front

(first photography: 9 µs after impact, interframe time: 1.5 µs).  Each picture

consists of the view of the tile surface and one edge.

Figure 9: Sequence of pictures taken when a BR4 (a) or BR7 (b) bullet hits a glass tile.  Two

different cracking pattern are observed during the first 3.25 µs after impact

(interframe time: 0.65 µs).
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