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Abstract 
An exploratory study was conducted under the Architectural Surety { sm) Program to examine the 
possibility of modifying fracture of glass in the shock-wave environment associated with terrorist 
bombings. The intent was to explore strategies to reduce the number and severity of injuries resulting 
from those attacks. The study consisted of a series of three experiments at the Energetic Materials 
Research and Testing Center (EMRTC) of the New Mexico Institute of Mining and Technology at 
Socorro, NM, in which annealed and tempered glass sheets were exposed to blast waves at several 
different levels of overpressure and specific impulse. A preliminary assessment of the response of 
tempered glass to the blast environment suggested that inducing early failure would result in 
lowering fragment velocity as well as reducing the loading from the window to the structure. To test 
that possibility, two different and novel procedures (indentation flaws and spot annealing) were used 
to reduce the failure strength of the tempered glass while maintaining its ability to fracture into small 
cube-shaped fragments. Each experiment involved a comparison of the performance of four sheets of 
glass with different treatments. In the test, incident blast pressures were measured adjacent to the 
front surface of the window. The fragments were captured in a backstop consisting of layers of rigid 
polyurethane foam. A grid with one-foot spacing on the backstop provided an approximate measure 
of lateral translation of fragments during flight. Penetration depth provided an approximate measure 
of kinetic energy of the fragments. Fractographic techniques were used in posttest analyses to obtain 
details of the fracture process in the different glasses. 



One of the unexpected results is that the depth of penetration of tempered glass fragments into the 
foam was essentially the same as that of the annealed glass. Tempered glass had been regarded as 
intrinsically less likely to cause injuries than annealed glass because of its small fragment size and 
blunt shape. The apparent reason for the penetration in these tests is that the tempered glass failed to 
completely disintegrate into small fragments. The glass fractured into small fragments as expected, 
but those fragments remained coupled into assemblages with lengths of two or more inches and 
sufficient strength to survive the blast loading and impact on the foam backstop. Penetration 
occurred when those assemblages contacted the foam surface edge on. 
Another unexpected result is that while the pretest introduction of indentation cracks as flaws to 
lower strength in the tempered glass did decrease the failure stress as expected, the decrease 
depended on the rate of increase of the pressure pulse as well as on the magnitude. This dependence 
suggests that the indentation flaws may have been modified during the four-day delay between their 
introduction and the test. The modification, which effectively decreased the flaw severity, probably 
resulted from blunting at the flaw tip as a result of chemical corrosion by water vapor. The 
consequence of the blunting is that flaws might not propagate under very dynamic loading at stress 
levels that would cause failure in quasistatic testing where the crack has time to resharpen. Thus it 
may not be appropriate to use strength data obtained by quasistatic testing to predict failure in blast 
loading. 
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1.0 Introduction 
1.1 Background 
One of the concerns raised by terrorist bombings 
is the large number of casualties caused by 
flying glass. In the Oklahoma City Federal 
Building bombing, many injuries were caused 
far from the site of the explosion by shards of 
glass projected at high velocity by the blast 
wave.’ A major issue in current Architectural 
Surety (sm} Program* efforts to mitigate the 
effects of terrorist activities and natural disasters 
is how to reduce injuries from flying glass. 

One proposed approach is to use thermally 
tempered or otherwise prestressed glass in 
windows. The presumed advantage of highly 
prestressed (fully tempered) glass over annealed 
glass in typical glazing applications is that, in 
fracturing, the prestressed glass is very rapidly 
converted into a weakly coupled assembly of 
small fragments. The planar orientation of the 
residual stresses in the tempered glass results in 
fragments that have a roughly cubic shape with 
right-angle corners on the fragment edges. This 
cubic shape has led to the use of the term 
“dicing” to describe the fracture process for 
prestressed glass. 

*For further information, see R. V. Matalucci and D. S. 
Miyoshi, An Introduction to the Architectural Surety 
{sm} Program, in the proceedings of Assuring the 
Performance of Buildings and Infiastructures: A 
Conference on Architectural Surety, held in Albuquerque, 
NM, May 14-15, 1997, Sandia National Laboratories 
Security Systems and Technology Center, Albuquerque, 
New Mexico. 

In contrast, the fracture of annealed (stress-free) 
glass commonly produces substantially larger 
shards with lance shapes. When annealed glass 
fails under a bending load such as that produced 
by an impact or a pressure wave, the resulting 
shards often have very sharp cutting edges that 
can produce severe wounds even at low 
velocity. In conventional glazing applications 
such as patio doors, fatalities have occurred as a 
result of injuries caused by those shards. The 
much smaller size of the fragments from 
tempered glass plus the lesser damage from 
contact with the 90-degree edges has led the 
construction industry to recommend the use of 
tempered glass (or laminated glass) in 
commercial buildings and homes. In 
recommending the use of tempered glass for 
structures vulnerable to bombing, there is a tacit 
assumption that the blast environment will also 
yield the very small fragment size produced in 
the more usual failures. 

However, the advantages of tempered glass in 
the more benign structural applications do not 
necessarily make it the preferred choice for 
reducing the injury potential in the event of a 
nearby explosion. A possible disadvantage is 
that the residual stress system that produces 
dicing fragmentation could also provide high 
strength to the glass sheet. High strength assures 
that the window will sustain much higher blast- 
pressure loading before it fails, creating 
potential problems. In one scenario, the 
resistance to failure of the glass could drive the 
sheet out of the frame as a single unit. This large 
projectile could cause much more damage than 
if the glass had fragmented. Several studies have 
shown that at a given velocity, the severity of 
injuries increases rapidly as the mass of the 
projectile increases. 9 9 7 In another scenario, the 
blast wave would bow the glass inward until it 

2 3 4 5  

9 



fails, then drive it forward with much higher 
velocity than if it had failed at a lower loading. 
Furthermore, in either of these scenarios, 
retention of the glass sheet in the frame until a 
high blast pressure is reached can put high 
loading into the glass frame assembly and the 
surrounding structure. That higher loading 
increases the possibility of collapse of the 
building structure. 

Another proposed approach to reducing 
casualties from flying glass is to contain the 
glass by laminating it to an elastomer layer, for 
example, or by applying a protective film to the 
surfaces of a single sheet. Either of these 
containment methods might be used with a 
system that would anchor the glass sheet by 
mechanically constraining it within the frame. 
Particularly with a system that anchors the sheet 
to the structure, increased structural loading 
would be anticipated from blast overpressure. 
Without anchoring, the blast wave might 
separate the glass sheet from the structure and 
carry it forward as a large projectile. In one set 
of tests, sheets of %-inch-thick glass, 75.5 by 49 
inches (150 pounds of glass) coated with a 
0.007-inch-thick film were propelled as far as 16 
to 20 feet after ejection from their frames.6 

1.2 An Alternative Approach 
A better blast response for both the structure and 
its occupants might result from taking advantage 
of the small fragment size of fractured tempered 
glass while promoting its fracture at low applied 
stress. Thus the tempered plate would fail during 
the early stages of loading by the blast wave. A 
crack velocity of 5000 feet per second during 
fragmentation of the tempered sheet means that 
the sheet would lose its strength in less than one 
millisecond, and thus the blast-wave loading on 
the sheet would no longer be transferred to the 
structure. 

If the glass plate fails before a substantial 
bowing of the plate occurs, the blast wave 
should initially move the fragmented sheet 
forward as a planar assembly. The velocity 
vector imparted by the residual compressive 
stress in the sheet would be transverse to the 
forward motion of the blast-wave direction. That 
velocity vector should separate the dicing 
fragments in the plane of the plate, reducing the 
areal density of the fragments as they move 
forward. Presumably, the lower density of the 
fragments impinging on a body would mean less 
damage to the body. 

A computer modeling program generated by 
ACTA, Inc. indicates that it may also be 
possible that early separation into dicing 
fragments results in substantially lower energy 
transferred to the particles by the blast wave so 
that their forward velocity is reduced.’ Thus it 
may not be necessary to provide a shield to stop 
the fragments; at the least, it may be much easier 
to reduce the velocity of fragments produced by 
early failures. 
Providing a means for the early onset of dicing 
during blast loading should be relatively easy. 
One approach would be to sensitize a spot on the 
sheet so that a very low applied load would 
result in fracture. This could be accomplished 
by: 
0 shielding the spot from quenching during the 

tempering process, so that the magnitude of 
the surface compressive stress is reduced; 

annealing the spot after tempering; or 

introducing a flaw into the surface of the 
sheet after tempering. 

One problem with these approaches is that the 
sheet would be somewhat more vulnerable to 
accidental breakage during handling before and 
during its insertion into the structure. However, 
for ordinary glazing procedures, it should be 
acceptable to adjust the strength reduction so 
that the sheet retains the strength of untempered 
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(annealed) glass during installation and use. 
That strength should also be sufficient for the 
sheet to survive ordinary wind loads. 

An alternative to a sustained loss of strength of 
the window might be to introduce a critical flaw 
into the sheet at the moment of arrival of the 
blast wave. This could be accomplished by 
installing an indenter in the window kame, so 
that the blast wave drives the tempered glass 
plate against it, creating a flaw that leads to 
rapid fracture. A more reliable procedure would 
be to provide a spring-loaded device activated 
by motion of the window or in some other way 
by the blast wave that would drive a sharp 
projectile into the glass. 

To evaluate these concepts for reducing the 
injury potential by promoting early fracture in 
tempered glass, Sandia National Laboratories 
arranged a series of tests to be conducted in 
conjunction with ongoing explosive tests at the 
New Mexico Institute of Mining and 
Technology, Socorro, NM. The series of 
preliminary experiments described in this report 
were intended as an introductory exploration of 
those concepts. The experiments also provided 
the opportunity to examine the dynamics of 
glass fracture during explosive loading and to 
evaluate techniques of fractographic analysis in 
posttest examination of windows exposed to 
explosive shock waves. These experiments were 
conducted at the Energetic Materials Research 
and Testing Center (EMRTC). 

11 
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2.0 Objectives 
2.1 Dynamics of Glass Fracture in 

Explosive Shock Loading 
The experiments at EMRTC were intended 
primarily as an exploratory attempt to describe 
the interaction between a blast wave and glass 
windows in a frame. An assessment of the 
factors that govern the potential for injury from 
fragments of broken glass was of particular 
interest. The size and shape of fragments as well 
as their velocity are important parameters for 
defining the injury potential. * ’ ’ Consequently, 
there is great interest in the pattern of fracture in 
annealed glass as compared with that in 
tempered glass and also in the dynamics of 
interaction of the blast wave with fragments that 
determine the kinetic energy of the fragments. 
The primary subject of the experiments is a 
comparison of the fragmentation of tempered 
glass and annealed glass and the subsequent 
interaction of the fragments with the blast wave. 
Two different approaches were used to promote 
early fracture in the glass. The first was the 
introduction of strength-reducing defects by 
indenting the glass at high applied indentation 
loads. Each of the three tests included samples 
that had been indented prior to testing. The 
reduction of strength with indent flaws was 
previously studied and reported in Reference 8. 
Figure 1 is a plot of the data showing the effect 
of flaws introduced with a Vickers indenter (at 
various indenter loads) on the strength of soda- 
lime glass with two different levels of 
tempering. The figure also includes a plot of 
failure stress vs. indentation load for annealed 
glass. 

The second approach for reducing the effective 
failure strength of tempered glass while 
retaining its ability to disintegrate into fine 
fragments was to reduce the tempering stress in 

3 4 5 6  

selected areas. This was done by heating a spot 
until part of the compressive surface stress was 
reduced. 

Among the issues to be addressed in the 
experiments was the question of whether 
fragments from the test windows could be 
captured in a way that would provide 
information on the potential for producing injury 
to building occupants. The fragments were 
captured in a backstop consisting of two outer 
layers of 1 -inch-thick polyurethane foam backed 
with three layers of 2-inch foam. Depth of 
penetration through these layers was determined 
by velocity and mass of fragments as well as 
their orientation when they contacted the 
backstop. By placing a grid on the backstop, the 
position of the captured fragments could be 
obtained and used to provide a rough indication 
of the trajectories of those fragments. After 
calibration, in future work in which penetration 
of fragments with known velocity will be 
measured, velocity data obtained from the 
penetration will be compared with that gained 
from high-speed photography. Predictions from 
computer modeling also will be compared to the 
penetration-derived velocity data. 

2.2 Evaluation of Analytical 
Procedures 

The Sandia National Laboratories experiments 
at EMRTC also provided an opportunity to 
evaluate fractographic techniques for 
characterizing the response of glass to shock 
loading. Reference 9 provides an excellent 
introduction to the use of fractography in 
analyzing fracture. 
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The techniques involve examination of the 
fracture patterns and features on fracture 
surfaces after the event to determine the level of 
stress present at a selected point on a glass sheet 
at the moment of failure.g By observing the 
growth of indentation flaws, it might also be 
possible to determine maximum tensile stress at 
a specified point even when failure did not 
occur. The techniques for these stress 
determinations are outlined below and presented 
in more detail in Appendix A. 

One technique for estimating the tensile stress at 
failure involves measuring the branching 
distance, Le., the distance between points where 
the crack branches into multiple pathsg This 
distance decreases as the maximum tensile stress 
present in the glass at failure increases. This 
technique is exemplified for tempered glass in 
Figure 2." That figure shows the dependence of 
the number of fragments per unit area produced 
in the fracture of tempered glass on the 
magnitude of the central tension, Le., the 
maximum tensile stress produced by the 

tempering process. These data can be used to 
determine the maximum tensile stress from 
fragment size (and plate thickness). Fragment 
size (or particle size) is equivalent to branching 
distance. 

The plots in Figure 2 assume no applied stress at 
fracture. However, additional applied stress, 
which increases or decreases the maximum 
tensile stress, will affect the branching distance 
and hence the size of fragments. For example, if 
simple bending is applied to a tempered sheet 
during failure, the particle shape will change 
from essentially bilaterally symmetrical 
(equiaxed) to shortened parallel to the applied 
stress. It should be possible to estimate the 
magnitude of the applied stress from the 
dimensional changes. The results of the 
branching process can also be used for analysis 
of fracture in annealed glass. The distance 
between branches provides a measure of the 
magnitude of the stress, while the branching 
angle provides information on the type of 
loading. 
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Figure 2. Dependence of Particle Count (size) on Central Tension in Thermally 
Stressed Glass'' 
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When the origin of failure can be located, the 
fracture surface near that location will usually 
show a “mirror” region where the fracture 
surface is very smooth and, adjacent to that, a 
“mist” region where the fracture surface gives a 
diffuse reflection. The distance from the center 
of the originating flaw to the boundary between 
the mirror and mist regions, the mirror radius, 
can provide an estimate of the stress at failure.’ 

Another technique for analysis of stresses, 
applicable only to tempered glass, evaluates the 
change in the stress distribution produced by the 
blast loading. The evaluation is possible because 
crack growth in tempered glass produces 
unusual features on the fracture surfaces. High 
compressive stress on the surface of a tempered 
sheet results in a tensile stress in the interior 
layer. In tempered glass with no applied stress, 
the first stage of crack growth involves very 
rapid propagation through that tensile layer. 
Subsequently, the crack extends toward the 
outer surfaces of the sheet, propagating 
perpendicularly to its original direction. The 
result is a clear line of demarcation on the 
fracture surface where no stress was present 
before fracture. When a flexural stress is applied 
to the sheet during fracture, the lines of 
demarcation shift. That shift can be used to infer 
the magnitude of the applied stress. 
Another procedure that provides a measure of 
the maximum local stress during shock loading 
uses cracks produced by an indenter. In soda- 
lime silicate glasses like those used in typical 
glazing, these cracks are obtained at loads of 
about 100 grams or greater using a Vickers 
indenter; the cracks extend from the diagonals of 
the indent. When moderate tensile stresses are 
subsequently applied to the glass, these cracks 
will grow in a stable manner; i.e., they will grow 
until the intensity of the local stress field at the 
crack tip, K,, drops below the critical value, K,c. 
If subcritical crack growth is possible, growth 

continues until KI decreases to the threshold 
value for that process. The increase in length of 
the cracks provides a useful measure of the 
magnitude of the stress even if the cracks do not 
reach the critical size necessary to propagate 
through the glass plate. 
In principle, one of the possible applications of 
the procedure in which the growth of indentation 
cracks is used to determine applied stress would 
be to obtain a map of maximum tensile stresses 
produced on the surface of a glass sheet during 
shock loading. That map would be obtained by 
introducing indents at various spots on the sheet 
and shock loading it at a pressure that was 
slightly too low to cause failure. Because the 
Vickers indenter produces a pair of orthogonal 
cracks, values for the orthogonal planar stresses 
could be obtained. 

In the event that an indent crack was the origin 
of failure, the data in Figure 1 could be used to 
obtain a value for the local stress at that point. 
The dimensions of the fracture mirror could also 
be used to obtain a value for the failure stress. 
Moreover, as will be seen in the results of the 
current experiments, even when one of the 
indent flaws causes failure, the extension of 
others present on the sheet can be used to 
measure the stress at the locations of those flaws 
at the moment of failure. 
The Sandia National Laboratories experiments 
at EMRTC were also intended to demonstrate 
the utility of these techniques and advocate their 
use in other experimental studies of this type. 
One use for these procedures would be to obtain 
detailed maps of stress distributions in glass 
sheets at the moment of failure to validate 
computer stress analyses. Currently, the 
laboratories engaged in the study of glass 
fracture by explosive shock do not appear to be 
taking advantage of the insight and knowledge 
that could be provided by these procedures. 
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3.0 Test Procedures (General) 
The three tests were conducted at EMRTC using 
the structure shown in Figure 3. The walls of 
this building are 12-inch-thick reinforced 
concrete backed with steel plate. The window 
opening at the center of the wall is 36 inches 
wide by 48 inches high. A window frame 
constructed of angle iron, 1 inch wide by ?A inch 
thick, accommodated four panes of glass, 17.5 
inches wide and 23.5 inches in width. The open 
area for each pane of glass was 16 inches by 22 
inches. Glass sheets were held in the frame with 
soft putty. A 1-inch-wide, 1/8-inch- thick layer 
of foam separated the glass surface from the 
angle iron. As shown schematically in Figure 4, 

explosive charges were placed on a line normal 
to the plane of the window and passing through 
the center of the window. 

Within the building, a backstop, intended to 
capture glass fragments, was placed parallel to 
and behind the window. In Experiment Nos. 1 
and 2, the backstop was 4 feet to the rear of the 
window. In Experiment No. 3, it was 6 feet to 
the rear. The backstop consisted of two sections, 
each made from 4-foot by 8-foot polyurethane 
foam panels backed by a %-inch-thick plywood 
sheet. Those two sections will be referred to as 
the right and left sections as viewed from the 
front. 

Figure 3. Explosive Test Facility at Energetic Materials Research and Testing 
Center, Socorro, NM 
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Window 

Backstop 

Figure 4. Schematic of Window Test (Explosive is placed on line normal to 
backstop surface and passing through window center.) 

The two sections of the backstop were placed 
side by side with their common edge parallel to 
the vertical center line of the window and on the 
line from the explosive charge through the 
center of the window. A grid with 1 foot spacing 
between elements was drawn on the front foam 
panels. The grid was intended to permit a rough 
measure of the dispersion of fragments as they 
left the window and were captured in the 
backstop. The center of the grid was on the line 
passing through the window center and the 
explosive charge. 

For the first two experiments, shock conditions 
were measured with pressure monitors outside 
the building (near the vertical edges of the 
window) and with strain gages mounted on the 

interior surface of the wall facing the explosive. 
In all three experiments, high-speed cameras 
were positioned to record the motion of the 
glass fragments toward the backstop and 
provide a measure of fragment velocity. 
However, in the first two experiments, the 
cameras failed to function and in the third 
experiment, the light level was too low to obtain 
useful pictures. Subsequent to the three Sandia 
experiments, an additional test of annealed glass 
of several different thicknesses was conducted 
using the same blast conditions as those in 
Experiment No. 3. Additional lighting in that 
test resulted in high-speed photographs that 
were used for estimating fragment velocity. 
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4.0 Experimenf No. I 
4.1 Test Plan 
Because the researchers had minimal experience 
in conducting this type of test, the selected 
approach was very conservative. Earlier 
experiments by others suggested that at about 2 
psi overpressure, windows would break and 
some kinetic energy would be imparted to the 
glass fragments. For a preliminary experiment 
with the primary interest in the fracture process 
in annealed and tempered glass sheets and how 
that might be affected by the presence of 
indentation flaws in the glass, shock conditions 
were selected that would provide overpressure 
only slightly in excess of 2 psi. 

For small deformations of a plate (deflection at 
the plate center less than 1.5 times the 
thickness), the maximum tensile stress on a 
plate simply supported and loaded with uniform 
pressure, w, is given by the linear equation 
(from Reference 11, p. 225): 

0 = pwb2/f 

where b is the plate width, t is the thickness, and 
p is a correction factor that depends on the ratio 
of the width to length of the plate. For the 
windows in these tests, it has a value of 0.425. 
This equation indicates that, to obtain a 
maximum tensile stress of at least 8,000 psi in a 
window with an opening of 16 inches by 22 
inches at 2 psi pressure, the thickness must be 
less than 0.165 inch. The thinnest glass sheet 
available with full tempering was 4 mm (0.157 
inch) thick. All experiments were conducted 
with tempered glass of that thickness and, 
except for the frst  experiment, the annealed 
sheets used in the experiments were 4 mm thick. 

To try to obtain fracture of the 4-mm-thick 
tempered glass at 2 psi pressure, five indentation 

flaws were introduced, 1 inch apart on the plate 
vertical center line, using a 30-kilogram load on 
the Vickers indenter. Even with this high load, 
the data in Figure 1 indicated that it would be 
questionable whether fracture could be 
produced. For the 4-mm annealed glass, a 3- 
kilogram load was used on the indenter to 
produce a line of five flaws. The data in Figure 
1 indicate a nominal failure stress of about 4 ksi 
with that load. To enhance recovery of 
fragments in the indented zone after the 
experiment, a 2-inch by 2-inch piece of duct 
tape was applied to those areas after the indents 
were introduced. 

To discriminate between fragments from the 
tempered sheet and the annealed sheet during 
recovery, the sheets were coated with Magic 
MarkersTM of different colors. On the 
expectation that the trajectories of fragments 
from the edges of the sheets would be 
significantly different from those from the 
center, a four-inch-wide band at the sheet edge 
was colored differently than the center section. 

To evaluate the procedure for using the 
extension of indent cracks to measure local 
stress during the shock, indents of various sizes 
were introduced in %-inch- and %- inch-thick 
sheets. Except for the 10-kilogram load on the 
%-inch sheet, none of the loads on the indenter 
(1, 3, and 10 kilogram on the '/-inch sheet and 
3, 10, and 30 kilogram on the %- inch sheet) 
should have caused catastrophic failure at 2 psi 
pressure. To keep these two sheets together in 
the event the glass fraciured, plastic adhesive 
tape was applied to the entire sheet surface (on 
the indented side) after the sheets were indented. 
The thin, low-modulus tape would have only a 
very minor effect on the stresses generated in 
the glass. Locations of the four sheets of glass 
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within the frame for each of the experiments are 
shown in Table 1. 

Table 2 shows the explosives used in each of the 
three experiments and the nominal shock 
conditions anticipated at the window. These 
nominal conditions were obtained from 
handbook data for the explosives used in the 
experiments. As shown, in the first experiment, 
0.22 pound of C4 explosive was used to obtain a 
shock with nominal peak overpressure of 2.52 
psi and specific impulse of 2.09 psi-msec at the 
front surface of the window. The peak 
overpressure measured by two gages at the front 
of the window was 4 psi.'* 

4.2 Results 

sheets was ejected from the window. However, 
no fragments penetrated the foam in the 
backstop. Judging from the position of the 
fragments between the window and the backstop 
after the test, it is doubtful that any fragments 
reached the backstop. In fact, most fragments 
from both sheets were found in front of the test 
building, i.e., between the window and the 
explosive. The implication is that the sheets 
fractured under the initial positive overpressure, 
when tensile stress was generated at the surface 
containing the indentation flaws, but were not 
separated from the frame until loaded by the 
release wave, Le., a negative differential 
pressure at the end of the shock wave. Although 
the %-inch annealed glass sheet also fractured, it 
and the unfi-actured %-inch sheet remained in 
the frame. 

4.2.1 General 
The 4-mm annealed and tempered sheets 
fractured and, except for a few fragments held in 
the frame by the putty, all glass from these 

Table 1. Glass Sheet Placement 

Upper Left 

Experiment Annealed 4 mm, 
No. 1 indented at center 

Tempered 4 mm, 
flame annealed 
spot at center 

Experiment 
No. 2 

Tempered 4 mm, 

corners and center 
Experiment indented at 

Lower Left Upper Right Lower Right 

Annealed % inch, Annealed % inch, Tempered 4 mm, 
indented at center indented at center indented at center 

Tempered 4 mm, Annealed 4 mm, Tempered 4 mm, 
indented at center indented at center as received 

Tempered 4 mm, Tempered 4 mm, Annealed 4 mm, 
laser-annealed as received indented at 

spots at comers 
and center 

corners and center 
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Table 2. Sandia Glass Experiments: Shock Conditions 

Peak Overpressure Specific Impulse Explosive 
(Psi) (psi-msec) 

Experiment C4,a 0.22 lb 2.52 2.09 
@ 12.0 ft 

@ 20 ft 

@ 20 ft 

No. 1 

Experiment ANFOYb 25 lb 12.7 20.22 
No. 2 

Experiment ANFO, 13 lb 8.22 13.41 
No. 3 

'Composition 4 
bAmmonium nitrate and fuel oil 

4.2.2 Local Stress Determination 
Both the annealed 4-mm sheet and the tempered 
4-mm sheet failed from indentation flaws at the 
sheet center. Figure 5 shows the fracture surface 
at the failure origin in the 4-mm-thick annealed 
sheet. The arrows indicate the limits of the 
mirror region at the tensile surface. The indent 
flaw is midway between those arrows. The 
failure stress was calculated using half the 
distance between those points as the mirror 
radius (approximately 2.2 mm). Procedures for 
determining the local stress from the dimensions 
of the mirror are described in Appendix A. 
Table 3 shows the results of the analyses. As 
shown in that table, a value of 5.9 ksi was 
obtained for the failure stress using the mirror 
radius equation and a value of 5.6 ksi was 
obtained for the local stress at failure using a 
data plot from Reference 13. Assuming that the 
plate deformed linearly to failure so that 
Equation 1 represents the relationship between 
maximum tensilestress and pressure, the 
pressure at which it failed was about 1.3 psi. 

Figure 6 shows the fracture surface near the 
failure origin of the indented tempered glass 
sheet. The central tension was determined to be 
8.3 ksi from the mirror dimensions, specifically 
from half the distance between the points 
marked with the arrows in the micrograph. 
Assuming that the tempering stress distribution 
was parabolic, the surface compression was 16.6 
ksi. The failure stress was determined to be 7.8 
ksi from the shift in the position of the tensile 
stress maximum in an adjacent part of the 
fracture surface as described in Appendix A. 
Figure 1 includes a plot of failure stress as a 
function of indentation load for fully tempered 
glass (surface compressive stress of 128 MPa 
{ 18.3 ksi}). There is considerable scatter in the 
failure stress data for indentation loads in the 
range of the 30 kilogram but no value less than 
100 MPa (14.3 ksi). The value of 7.8 ksi 
obtained in Experiment No. 1 for glass with 
nearly the same compressive surface stress is 
substantially lower. 
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Figure 5. Fracture Origin (indentation flaw) in Annealed Glass, Experiment No. 1 
(Arrows indicate limits of mirror region at tensile surface.) 

Figure 6. Fracture Origin (indentation flaw) in Tempered Glass, Experiment No. 1 
(Arrows indicate mi rro rlm is t boundary .) 
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Table 3. Stress Values for Experiment No. 1 

Shift in 

Position 
Feature 

Tempered a 

Central Tension 
Failure Stress 
Pressure 
Annealed (4 mm)b 
Failure Stress 
Pressure 
Annealed ('/ in>' 
Failure Stress 
Maximum Stress 
Pressure 

Predictiond 
Mirror 
Radius 

Crack 
Length 
Change Equation 
(Indent) 

8.3 ksi 
7.8 ksi 
1.74 psi 

5.87 ksi 
1.31 psi 

22.5 ksi (30 kg) 
5.1 psi 

3.8 ksi (10 kg) 
0.85 psi 

2.99 ksi (10 kg) 

1.28 psi 
2.44 k 0.1 ksi 
1.08 psi 

"3.95 mm thick. Vickers indent with 30-kg load. 
b3.95 mm thick. Vickers indent with 3-kg load. 
'0.21 9 inch thick. Vickers indent with 1 0-kg load. 
dBased on data in Figure 1. 

Mecholsky 
Plot 

5.6 ksi 
1.25 psi 

4.7 ksi 

2.07 psi 

I 

For the '/-inch annealed sheet, one of the 10- 
kilogram-load indent flaws propagated and 
caused extensive fracture. The tape kept the 
fragments together and the sheet remained in the 
frame. The failure stress for that flaw was 
determined (from the mirror radius equation) to 
be 4.7 ksi, indicating a pressure of 2.1 psi at 
failure. Three of the other indent cracks 
produced with the 10-kilogram load also 
showed some growth during the test. Stresses 
calculated from the crack length changes are 
shown in Table 3. None of the 3-kilogram-load 
or 1 -kilogram-load indent cracks in the '/-inch- 
thick sheet showed any growth. As noted in 
Appendix - A, the lack of growth during the blast 
loading is attributed to the fact that the 
indentation cracks had the opportunity to grow 
subcritically prior to that loading. If that 
subcritical growth exceeded the crack length 
that could have been produced in the blast 

loading, no additional growth would have 
occurred. To determine whether crack growth 
would occur from the applied stress (of the blast 
loading), that stress value is inserted into 
Equation A-8 (Appendix A). If the K, value 
exceeds the critical stress intensity, K,,, crack 
growth can occur. 
In the %-inch-thick sheet, which did not 
fracture, only the 30-kilogram-load indent 
cracks showed any growth during the test. To 
determine whether crack growth should have 
occurred for these indents, the pressure 
determined from the 1 0-kilogram-load indents 
in the '/-inch-thick sheet was used to calculate 
the tensile stress generated in the '/-inch and %- 
inch sheets during the shock loading. The stress 
was then inserted into Equation A-8 (Appendix 
A) and the K value was calculated. For the 1- 
kilogram-load indentation flaw in the '/-inch 
sheet and for the 3-kilogram-load and 10- 
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kilogram-load flaws in the %-inch-thick sheet, 
the K values were less than K,, (0.7 MPa*rnln); 
thus no additional crack growth would have 
been possible during the shock loading. For the 

3-kilogram-load indent in the %-inch sheet, the 
K value was 0.7; thus a small increase in crack 
length should have been possible. 
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5.0 Experiment No. 2 
5.1 Test Plan 
The second experiment did not include the %- 
and %-inch-thick plates of annealed glass that 
were used in the first experiment. Instead, the 
experiment was designed to compare the 
fracture and subsequent transport, by the blast 
wave, of an as-received tempered plate with two 
other tempered plates that were weakened to 
initiate failure early in the blast loading. The 
behaviors of those sheets would be compared 
with that of an annealed sheet. All plates were 4 
mm thick. As noted above, two different 
procedures were used to reduce the failure 
strength. In one of the plates, the strength was 
diminished by reducing the compressive stress 
in a small area in the center of the plate. The 
low- strength area was produced by annealing 
with a propane torch. In the other plate, the 
strength was reduced by indenting with a 
Vickers indenter at a load of 30 kilogram. In the 
annealed sheet, indentation flaws were 
introduced at the sheet center using a load of 3 
kilogram. Positioning of the sheets in the 
window is noted in Table 1. 
The amount of explosive used in this test was 
substantially greater than that in the first test. 
Moreover, to provide a higher impulse from the 
shock wave, the explosive type was changed 
from C-4 to ANFO (ammonium nitratehe1 oil). 
With 25 pounds of ANFO at 20 feet from the 
window, the peak incident overpressure was 
predicted to be 12.7 psi, while the impulse was 
predicted to be 20.22 psi-msec. 

5.2 Results 

5.2.1 General Observations (Posttest) 
The 25 pounds of ANFO proved to be excessive 
for the experimental setup. The right section of 
the backstop was found lying on its front face. 
Apparently the lower support failed, the blast 
rotated that section around the upper support, 
and the section then dropped to the floor. The 
left section of the backstop rotated about a 
vertical axis so that it was oriented about 90 
degrees from its original location but remained 
standing. The displacements of the backstop 
sections occurred after the glass fragments were 
captured in the backstop. 

The two front foam panels (1 inch thick) on the 
left side of the backstop were so severely 
fragmented that an area approximately 18 inches 
wide and 3% feet high was tom from both of 
those panels. As a consequence, all glass 
fragments that had impacted that area were lost 
(for the purposes of determining penetration 
depth and trajectory). The right section of the 
backstop was not quite as severely damaged; 
thus it was possible to obtain some data on 
penetration. 

5.2.2 Phenomenology of Fracture Initiation 
A comparison of the first two experiments 
yielded a very surprising result. Although 
fracture initiated at indents in the center of both 
the annealed and tempered glass sheets in the 
first experiment, that was not the case in the 
second. Instead, in every glass sheet, fracture 
initiated at one of the comers, presumably from 
flaws on the edge of the sheet. These flaws 
would likely have been produced in cutting the 
glass or subsequent handling. In typical window 
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applications, these types of flaws are responsible 
for failure. 
The difference in location of the fracture 
origination between Experiment No. 1 and 
Experiment No. 2 is apparently a result of the 
higher pressure and the rapid rise in pressure in 
Experiment No. 2. At low applied pressure with 
deflection less than the plate thickness, stresses 
in the sheet are described as bending stresses. In 
that event, the resultant tensile stress is a 
maximum at the center of the sheet. However, if 
the deflection at the center of the plate exceeds 
the thickness of the sheet, the plate is treated as 
a membrane in stress analysis. The nonlinear 
stress analysis that is then applicable shows that 
the maximum tensile stress is at the comers of 
the plate and results from local bending." The 
tensile stress near the center of the sheet is lower 
than at the comers and nearly uniform through 
the thickness. Therefore, particularly because 
the worst defects in a sheet are ordinarily at the 
sheet edges, failure would typically start at a 
comer. The surprise in considering the results of 
Experiment Nos. 1 and 2 comes from the fact 
that indent flaws at the sheet centers had 
resulted in crack origination at the sheet center 
for the 4-psi overpressure experiment, but those 
same indent flaws were ineffective in the 12.7- 
psi overpressure experiment. Possible 
explanations for this phenomenon will be 
presented below. 

5.2.3 Crack Growth (Fragmentation) and 

The membrane deformation behavior of the 
glass sheets in Experiment No. 2 was also 
evident in the fragmentation of the sheets and in 
the local stresses in the sheets. For the annealed 
glass sheet, a different color had been used on a 
4-inch band at the edge of the sheet than had 
been used in the center, permitting a comparison 

Local Stresses 

of the crack propagation details in the different 
parts of the sheet. Fragments from the peripheral 
area ranged from more than 2 inches to less than 
0.2 inch in length and from about 0.8 inch to 
less than 0.1 inch in width. This small fragment 
size indicates a high tensile stress at fracture. 
Most of the larger fragments from the periphery 
had additional cracks extending approximately 
halfway through the thickness. These cracks 
were present as a roughly parallel array running 
on the long dimension of the fragment as shown 
in the example in Figure 7. Separation of these 
partial cracks was in the range of 0.1 inch. 

Fracture in the central area of the annealed sheet 
had a very different character. The area 
surrounding the indent flaws at the sheet center 
had been taped prior to the shot so that an area 
of more than 6 square inches was recovered. 
Most of the fragments in this area were much 
larger than those from the edge of the plate 
Moreover, most of the fracture that produced 
this fragmentation was produced by a bending 
stress with opposite sign from that at the 
periphery; i.e., the surface of the sheet facing the 
explosive was in tension, not compression. 
Apparently, this area did not fragment when the 
periphery did. Instead, it remained essentially 
crack-free as it separated from the periphery. 
The fragmentation probably occurred when that 
large piece struck the backstop or some other 
object, creating a bending load leading to the 
unusual stress condition. 
As noted above, fracture of the annealed sheet 
did not initiate at any of the indents at the center 
of the plate. Nevertheless, some crack growth 
occurred at three of the five indents; thus a 
measure of the maximum tensile stress at those 
flaws during the blast loading could be made. 
The values for the applied tensile stress 
calculated from the crack extensions at those 
flaws were 3.5,3.2,  and 3.3 ksi. 
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Figure 7. Fragment from Annealed Glass Showing Cracks That Had Penetrated 
. Partway Through Thickness, Experiment No. 2 

This pattern of fracture of the annealed sheet is 
consistent with a fracture mode in blast loading 
referred to as circumferential in Reference 14. 
That mode results from membrane deformation 
of the sheet with very large strains at the 
periphery and small strains at the center. In the 
high-strain regions, where the maximum tensile 
stress is high, the sheet disintegrates into small 
fragments; in the low-strain region, little or no 
fragmentation occurs. 

For the as-received (no deliberate reduction in 
strength) tempered sheet, tape had been applied 

at the corners as well as at the center prior to the 
test in an effort to capture the material in the 
vicinity of the origin for subsequent 
examination. Although unsuccessful in 
capturing the origin in any of the recovered 
areas, preserving those areas did provide the 
opportunity to compare the fracture behavior of 
the center with that of the corners. As with the 
annealed sheet, it was clear that the stress from 
the blast wave was much lower at the center 
than at the corners. At the center, the shift of the 
demarcation lines indicated an applied tensile 
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stress of 42 MPa (6.1 ksi) in one fragment, 58 
MPa (8.5 ksi) in another fragment, and 
effectively zero in a third fragment from the 
taped area. In contrast, a sample in the lower left 
corner showed a shift corresponding to 198 MPa 
(28.7 ksi) applied stress, while the applied stress 
in the upper left corner was measured at 221 
MPa (32 ksi). 

5.2.4 Fragment Penetration into the Foam 
Backstop 

The damage to the backstop during this test 
forced a change in the strategy for analyzing the 
penetration. Only the right side of the backstop 
survived the explosion. Rather than attempting 
to map the areal distribution of fragments from 
the four glass sheets captured in that side, a plot 
was made of the total mass of glass from each 
sheet that penetrated through different layers of 
the foam. In that plot, shown in Figure 8, the 
sheet identities are Annealed, Temper. nopo (no 
treatment after tempering; i.e., as received), 
Temper. inde (indented), and Temper.anne 
(annealed center spot). On the Position axis, 
Sheet # I  refers to fragments captured in the first 
1-inch sheet of foam, Interface 1/2 refers to 
fragments that penetrated the first foam sheet 
(Sheet #1) but were not trapped in the second 
(Sheet #2), and so forth. 
The most obvious feature of these data is that 
most of the captured fragments came from the 
Annealed and Temper.nopo sheets. This 
happened simply because those two glass sheets 
were mounted in the right side of the window. 
The very small quantity of the glass from the 

other two glass sheets indicates very little lateral 
dispersion as the glass moved from the window 
to the backstop. 
The other unexpected observation is that the 
penetration of the tempered glass fragments is 
essentially the same as that of the annealed 
glass. The apparent reason for that penetration is 
that, like the annealed glass fragments, the 
tempered glass fragments were large pieces with 
dimensions up to two inches. These large pieces 
showed the extensive fracturing expected from 
the dicing process in tempered glass, but no 
separation at the fracture surfaces. The pieces 
were actually assemblages of dice fragments. 
These smaller fragments were coupled strongly 
enough that they survived the transit by the blast 
wave and the impact on the backstop. 

Note that the total mass of the annealed and as- 
received tempered glass sheets that was captured 
was only a small fraction (about 5% of the total) 
of the mass of the original sheets. Those glass 
sheets weighed about 2.34 kilogram, and only 
129 grams of the annealed glass and 100 grams 
of the as-received tempered glass were captured 
in the backstop. Some additional material would 
have been captured in the left side of the 
backstop, but most of the rest of the fragments 
presumably reached the backstop and bounced 
off without penetrating. Most of that material 
was found on the floor in front of the backstop 
and most of the tempered sheet material on the 
floor was in the form of small fragments, i.e., 
single dice fragments or small clusters. 
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Figure 8. Penetration of Glass Fragments into Right Side of Backstop, Experiment 
No. 2 (As-received tempered and annealed sheets were also on right side 
of window. Temper.nopo = tempered, as received; Temperhde = 
tempered, indented; Temper.anne = tempered with annealed spots.) 
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6.0 Experiment NO. 3 
6.1 Test Plan 
For Experiment No. 3, the amount of explosive 
was reduced to 13 pounds of ANFO. As notgd 
in Table 1, at a distance of 20 feet from the 
window, that quantity of explosive was expected 
to produce a peak overpressure at the window of 
8.22 psi and a specific impulse of 13.41 psi- 
msec. Pressure was not monitored in this 
experiment. As in Experiment No. 2, the four - 

sheets of glass included one sheet of annealed 
glass of 4 mm thickness. The other three were 
fully tempered glass sheets, also 4 mm thick, 
two of which were treated before the test 
(indented or spot-annealed) to reduce the 
pressure required to initiate failure. In 
Experiment No. 2, in which the backstop was 4 
feet behind the window, the captured fragments 
were concentrated near the center of the 
backstop. To obtain a somewhat broader 
dispersion in Experiment No. 3, the backstop 
was located 6 feet from the window. To ensure 
that the backstop would fall face up after 
capturing fragments, the bottom rear of the 
backstop was heavily braced while the top was 
held in place with strips of duct tape. 

6.2 Results 

6.2.1 Sources for Fracture initiation at Low 
Blast Pressure 

In Experiment No. 2, the fractures initiated at 
the comers of each of the plates. That happened 
despite the introduction in three of the plates of 
features to reduce the local failure stress in the 
center of the plate. Fractures were expected to 
initiate at those weak spots; because of the 
nature of the plate deformation, fractures did not 
originate at the expected locations (the 
weakened spots in the centers of the plates). In 

Experiment No. 3, weak spots were placed at 
the four corners as well as the center of the 
plates to try to ensure that failure would initiate 
at deliberately introduced weak spots. For the 
tempered sheet with indentation flaws, three 
indents (using a 30-kilogram load) were placed 
near each corner on a vertical line at 2 inches 
from the vertical edge of the plate and at the 
vertical center line of the plate. Similarly for the 
annealed plate, three indentation flaws (using a 
3-kilogram load) were placed at each of the four 
comers and at the center. 
For the fourth plate, the failure stress was 
reduced by annealing a small circular spot at the 
center of the plate and near the comers of the 
plate (approximately 2 inches from the plate 
edges). A polariscope ascertained that the 
treatment produced stress changes; however, no 
attempt was made to measure those stresses. 
Although no obvious change was observable on 
the plate surface immediately after the heat 
treatment, some very shallow cracking was 
observed several hours later. This cracking 
indicates that the heat treatment did more than 
reduce the local compressive tempering stress; it 
probably developed tensile stress in a shallow 
layer at the surface of the sheet. 
To permit recovery of the glass in the vicinity of 
the flaws after the explosion, 2-inch-wide and 
about 3-inch-long strips of duct tape were 
placed over the areas where the flaws had been 
introduced. Strips of tape were also placed in the 
same areas on the as-received tempered glass. 

6.2.2 Capture of Fragments in the Foam 
Backstop 

As intended, the backstop tipped over during the 
test so that both sections were found face up on 
the floor. The front surfaces of both sections 
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showed fragments captured in the top layer of 
foam and holes indicating deeper penetration of 
other fragments. As in Experiment No. 2, these 
features were concentrated near the center of the 
backstop. 
As noted earlier, the glass sheets were coated 
with different Magic Markerm colors so that it 
would be possible to identify fragments from a 
given sheet after fragmentation. For the 
annealed sheet and the tempered sheet with 
indentation flaws, a 4-inch-wide band at the 
edge of the plate was coated with a different 
color than the center of the sheet. The lateral 
spread of glass fragments from each of the 
plates during the flight to the backstop was 
monitored by removing the fragments from each 
of the rectangular sectors in the backstop and 
weighing the total mass of particles from a 
given glass sheet that were found in each sector. 
Plots of the distributions of the mass captured in 
each of the grid sectors are shown in Figures 9 
to 19. For the annealed sheet and the tempered 
sheet with indentation flaws, separate plots are 
included for fragments from the edge and from 
the center. The plots are oriented so that the grid 
coordinates (horizontal A to H, vertical 1 to 7) 
correspond with those of the grid on the 
backstop. To provide a reference for the relative 
position of the corresponding plate in the 
window, the projection of that plate on the 
backstop is indicated by filling that area with a 
darker tone. The total mass of fragments from a 
given glass sheet captured in a given foam layer 
is indicated next to the plot. Separate plots show 
penetration into the second foam layer. No 
fragments penetrated into the third layer. Note 
that the scale for the mass data in Figure 9 is 
slightly different from the scale in the other 

As in the results from Experiment No. 2, the 
penetration of fragments from the tempered 
sheets is not much different from that of 
fragments from the annealed sheet. In fact, the 

plots. 

mass captured from the tempered glass with 
indentation flaws was slightly greater than that 
of the annealed sheet. As in the prior 
experiment, the deeply penetrating segments of 
tempered glass were assemblages of smaller 
fragments. In all tempered sheets, these 
fragments contained arrays of cracks consistent 
with that expected from the central tension in 
the tempering stress profile. 
Comparing the plots for the center of the sheet 
with those for the edge of the sheet for the 
annealed sheet (Figures 9 through 11) and the 
tempered sheet with the indent flaws (Figures 12 
though 15), fragments from the edge of a sheet 
spread more than those from the center. The 
inference is that the fragments from the edge 
have a larger lateral velocity component than 
those from the center. That larger component is 
probably associated with the membrane 
deformation mode for these sheets. In that 
mode, the edge of the sheet bows out while the 
center section is relatively flat and parallel to the 
plane of the window. The bowing at the edge 
leads to a load component parallel to the plane 
of the window, hence an acceleration in that 
plane. For the tempered sheet with indent flaws, 
fragments from both the center and the edge 
show a broader dispersion than for the annealed 
sheet. That greater dispersion is consistent with 
separation of the fragments in the plane of the 
tempered sheet as a result of the compressive 
tempering stresses. Note also, in comparing the 
total mass of edge fragments and center 
fragments captured in the foam, that the 4-inch- 
wide region of the sheet had a mass of about 
1600 gm compared with about 1000 gm for the 
center portion. 

6.2.3 Stress Measurements 
Table 4 shows the values of local stress at 
failure calculated for the various glass sheets in 
Experiment No. 3. Note that local stress at 
failure is calculated from the shift in the position 
of the center line of the fracture surface features. 
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That calculation assumes that the applied stress 
is a bending stress and thus the stress profile 
through the thickness is linear. That is not 
necessarily the case everywhere in a sheet in 
these experiments. If the deflection of the sheet 
center is large enough that the deformation must 
be described in terms of membrane deformation 
behavior, the local stress will vary in profile as 
well as in magnitude. At the center of the sheet, 

for example, the stress will be nearly uniform 
tension through the thickness, while at the edge, 
stresses will be primarily flexural. Table 4 also 
shows values of the central tension, i.e., the 
maximum tensile stress, as determined from 
fragment size or from the mirror radius. In these 
cases, the mirror radius was taken as half the 
distance between the mirror/mist boundaries as 
marked by the arrows in Figure 6.  
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Table 4. Experiment No. 3: Stresses Calculated from Fracture Features 

Tempered, 
as received 

Tempered, 
indented 

Tempered, 
annealed 

spot 

Annealed 

Central 
Tension ( h i )  

8.7 (FS) 

9.6 (FS)(ctr) 
10.0,9.6, 11.0 
(MR)(ctr) 

5.0 (MR)(ur) 
7.0 (FS) 
4.5 (MR)(ll) 
6.4 (MR)(ul) 

NIA 

10.3 (CLS) 

19.6 (CLS) 
15.7 (CLS) 

5.1 (CLS) 

< 2 (FS) 

16.9 (CLS) - 1  23.4 (CLS) 

25.57 (CLS) 13.4 (CLS) 

1.64 (CLS) 3.8 (CLS) 

3.9,4.5 6.3 (MR) 
(W* 

23.1 (CLS) 

17.7 (CLS) 35.1,31.3 
(CLS) 

3.35 (CLS) 2.89 (CLS) 

Methods for stress determination 
1. FS = Fragment size 
2. CLS = Center line shift (Applied tensile stress at surface during failure) 

3. MR = Mirror radius (at origin) 

* At corner of center section (4 inches from edge of sheet) 
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Figure 9. Areal Distribution of Fragments Captured in Backstop from the Center 
Section of the Annealed Sheet, First Foam Layer 

Figure 10. Areal Distribution of Fragments Captured in Backstop from the Four-Inch- 
Wide Edge of the Annealed Sheet, First Foam Layer (Darker zone on 
backstop is the projection of the annealed window opening on the 
backstop.) 
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P 0 G D E F G H  

Figure 11. Areal Distribution of Fragments Captured in Backstop from the Four-lnch- 
Wide Edge of the Annealed Sheet, Second Foam Layer 
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21.0 g 

Figure 12. Areal Distribution of Fragments Captured in Backstop from the Center 
Section of the Tempered and Indented Sheet, First Foam Layer 

P 0 G 0 

Figure 13. Areal Distribution of Fragments Captured in Backstop from the Four-lnch- 
Wide Edge of the Tempered and Indented Sheet, First Foam Layer 
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Figure 14. Areal Distribution of Fragments Captured in Backstop from the Center 
Section of the Tempered and Indented Sheet, Second Foam Layer 

Figure 15. Areal Distribution of Fragments Captured in Backstop from the Four-lnch- 
Wide Edge of the Tempered and Indented Sheet, Second Foam Layer 
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f G B G D E  

Total Mass = 121.8 g 

Figure 16. Areal Distribution of Fragments Captured in Backstop from the Tempered 
and Spot-Annealed Sheet, First Foam Layer 

Figure 17. Areal Distribution of Fragments Captured in Backstop from the Tempered 
and Spot-Annealed Sheet, Second Foam Layer 
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Figure 18. Areal Distribution of Fragments Captured in Backstop from the 
Tempered, .As-Received Sheet, First Foam Layer 

I 

! 

c 
7 

Total Mass = 26.3 g 

Figure 19. Areal Distribution of Fragments Captured in Backstop from the 
Tempered, As-Received Sheet, Second Foam Layer 
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7.0 Velocity Measurements 
Although the efforts to obtain high-speed 
photographic records of the glass fragment 
transport during the three Sandia National 
Laboratories experiments were unsuccessful, a 
subsequent non-Sandia test with improved 
lighting was successfully photographed. In that 
experiment, which used the same explosive 
materials and blast conditions as those in 
Experiment No. 3, only annealed glass was used 
in the window. Two sheets each of l/S-inch- 
thick and %-inch-thick glass were placed so that 
sheets of the same thickness were located 
diagonally in the window. 
The horizontal translation of the fragments from 
the four sheets was determined from their 
position relative to a grid. Those data are plotted 
as a function of time in Figure 20. In this plot, 
zero time corresponds to the instant when the 
explosive detonated. That instant was recorded 
as a bright flash in one frame of the film. The 
window was 20 feet from the explosive. The 
fact that no motion of the glass occurred until 
0.015 second later indicates that the blast-wave 
velocity was at least 1300 feet per second. 

In Figure 20, the higher velocities were attained 
by the lbinch-thick glass, as expected. The 
highest of the velocities was attained by the 1/8- 
inch-sheet lower in the window. Note that there 
is essentially no change in velocity with 
distance. The terminal velocity was reached 
very early, perhaps by the time that 
fragmentation of the sheets had been completed. 

The high-speed images also provided some 
useful information on the trajectories of the 
fragments. Figure 21 is a frame from the film 
taken with a second camera, placed about 
halfway between the window and the backstop, - 

that viewed a larger area than the one used for 
the velocity measurements. In this view, the 
glass fragments are moving from the window at 
the right toward the backstop at the left. The 
dark vertical streak at the lower center of the 
picture is a cluster of fragments from the lower 
US-inch-thick sheet. At about 2 feet from the 
window, the fragments were still oriented 
approximately as they were when the sheet 
fractured. The fiames used for the velocity 
measurements showed that by the time the 
fragments had moved 5 feet from the window, 
most had rotated out of their original plane. 
However, few of these fragments had rotated so 
that their long axes are oriented normal to the 
backstop; i.e., they did not have an orientation 
that would be expected to produce maximum 
penetration of the foam in the backstop. 
Although the fragments in this cluster slowly 
rotated, there was very little separation in the 
plane of the cluster. At 5 feet from the window, 
the vertical dimensions of the cluster were 
nearly the same as at 2 feet from the window. 
A careful examination of frames early in the 
flight of the glass fragments showed that the 
cluster in Figure 21 was from the center of the 
sheet. The motion of that cluster contrasted 
sharply with that of fragments from the 
periphery (an estimated 2-inch-wide strip) of the 
sheet. Fragments from that strip separated 
rapidly from the central cluster, indicating large 
velocity components in the original plane of the 
sheet. These fragments also had lower 
horizontal velocity, so that they quickly lagged 
behind the central cluster and they rotated much 
more rapidly. Some of those fragments can be 
seen below and behind the cluster in Figure 21. 
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Figure 20. Horizontal Position vs. Time for Glass Fragment Clusters (From high- 
speed photography frames obtained in a test subsequent to Experiment 
No. 3.) 

Figure 21. Wide-angle Photograph of Glass Fragments Moving from Window at 
Right Toward Backstop at Left (Grid spacing is 1 foot.) 

44 



This general behavior was also seen in the 
motion of the other three sheets; however, the 
upper sheets showed somewhat more separation 
of fragments from the center of the sheet than 
the lower sheets showed. The fragments from 
the upper sheets are difficult to see in Figure 21 
because they are a lighter color than the two 
lower sheets. (The lower %-inch-thick sheet is in 
the dark zone nearer the window and is difficult 
to see in this picture.) 
The motion of the glass sheet fragments in this 
test is consistent with membrane deformation of 
the sheets prior to fracture. As noted above, in 
that type of deformation the center of the sheet 
is nearly planar, while the edge curves, 
producing a shape similar to a shallow 
rectangular, flat-bottomed tub. At the moment 
of fracture, the velocity vectors produced by the 
pressure loading are essentially normal to the 

surface at that point. As a consequence, the 
fragments at the center of the plate will move 
horizontally with no strong tendency to separate. 
On the other hand, fragments from the periphery 
will have velocity components in the plane of 
the sheet. Moreover, those velocity components 
will vary with position away from the frame; 
thus fragments from the periphery will have a 
strong tendency to rotate. 
The observation that the center of the sheets in 
this test remained in a cluster of fragments with 
little rotation may explain the fact that only a 
small fraction of the mass of any of the sheets in 
the earlier experiments was captured in the 
backstop. Apparently, most of the fragments 
struck the backstop flat (Le., with an orientation 
that precluded penetration) and they bounced 
Off. 
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8.0 Discussion 
8.1 Penetration of Foam Boards 

by Tempered Glass 
One of the unexpected results from these 
experiments was the deep penetration into the 
foam boards by the tempered glass fragments. In 
Figure 8, which shows the results from 
Experiment No. 2, there are some differences in 
detail, but the overall conclusion is that the 
tempered glass and the annealed glass showed 
nearly the same degree of penetration. In 
Experiment No. 3, the total mass of fragments 
from the tempered, indented sheet that 
penetrated the foam was slightly greater than the 
mass from the annealed sheet. The masses from 
the as-received tempered sheet and from the 
tempered sheet with the annealed spots were 
slightly less. On the basis of earlier work that 
showed rapid fragment separation during 
fracture of prestressed a much smaller 
amount of penetration from fragments of the 
tempered sheets had been expected. That 
expectation was based on the assumption that 
the small fragments produced by dicing of the 
tempered glass would separate from one another 
and impact the foam as individual fragments. 
Instead, large areas (dimensions of 2 to 3 inches 
or more) of the tempered glass impacted the 
foam and penetrated it. These areas showed the 
closely spaced branching fractures expected for 
dicing, but separation did not occur at those 
fractures. 

Although these assemblages of smaller 
fragments survived the stresses associated with 
moving out of the window and impacting the 
foam, they were not exceptionally strong. In 
many instances, they disintegrated as they were 
being removed from the foam. Their survival 
during impact with the foam may be attributed 
to the nature of the loading during that impact. 

All large segments that penetrated the backstop 
had impacted the foam surface essentially edge- 
on; thus the loading in the plane of the segment 
was compressive. In contrast, an impact at a 
small angle between the plane of the glass 
fragment and the backstop could produce some 
tensile stress. Pieces with that impact mode 
would be expected to fragment either during the 
collision or after rebounding and hitting the 
floor. 
The failure of the tempered glass to separate 
consistently into smaller fragments during the 
fracture process was unexpected. The stress 
profile usually assumed to exist in a tempered 
glass sheet includes a compressive stress layer 
in which the magnitude of the stress increases 
monotonically toward the sheet surfaces. The 
continuous redistribution of stresses as the crack 
grows through the compressive region should 
cause the crack to penetrate almost to the sheet 
surface. The strain energy in a tempered sheet is 
calculated by integrating 02/E through the sheet 
thickness, assuming a parabolic profile for the 
stress distribution. In that equation, o is the 
local stress and E is Young’s modulus. That 
calculation showed that the strain energy in the 
compressive stress region of a tempered sheet is 
60% greater than that in the tensile stress region. 
However, the fracture surface produced by that 
energy is only 2/3 that produced in the tensile 
stress region. The implication is that 
substantially more energy is available in the 
compressive region than necessary to generate 
the fracture surfaces during dicing. Much of that 
extra strain energy was expected to be converted 
into kinetic energy of the individual fragments 
in a manner that would separate them with some 
velocity. 

The conversion of strain energy from the 
compressive stress region into kinetic energy of 
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dicing fragments has been observed in 
chemically strengthened glasses and glass- 
ceramics.'' For the more energetic materials 
tested (higher residual compressive stresses), 
particle velocities of greater than 40 feevsecond 
were measured. Finite element calculations 
showed that greater than 60% of the original 
strain energy was released in the dicing process 
and about half of that was converted to kinetic 
energy of the fragments. 
In the tempered glass used in this study, the 
tempering process apparently did not produce a 
stress profile that was conducive to rapid and 
complete separation of the dicing fragments. 
One possible explanation for the failure to 
separate may be that the stress profile was not 
monotonically increasing to the surface, but 
rather had a maximum within the sheet. The 
two-stage cooling process used in tempering 
windows for general use may cause such a 
turnover in the stress profile.I6 However, the 
sheets used in these experiments were tempered 
at a local custom-glass supplier. The variation 
between sheets in dicing size and central tension 
indicates that the processing of these sheets was 
not precisely controlled. It is possible that the 
performance of these sheets is not typical of 
standard tempered glass manufactured on a 
production line. It is also possible that standard 
tempered glass does not result in complete 
separation of dicing fragments. Further testing is 
indicated to resolve this question. 
It is possible that the presence of the flexural 
stresses from the blast loading could affect the 
propagation of the fracture to the sheet surfaces 
as well as the energy imparted to the fragments. 
However, during tests to determine a suitable 
heat treatment for spot-annealing the tempered 
glass, a companion sheet to those used in these 
experiments was fractured. With no applied 
stress except that at the annealed spot, the same 
pattern of fracture was observed: many pieces 
with dimensions of 2 to 3 inches that contained 
fracture patterns with separations of 0.2 to 0.4 

inch. Blast loading was expected to enhance the 
separation rather than limit it. At the surface 
where the bending load produces the tension, it 
would be much easier to propagate the crack to 
the surface, even if the tempering stress did not 
monotonically increase to the surface. At the 
surface where the bending load produces 
compressive stress, fracture should also be 
enhanced, once the fracture at the tensile side is 
completed. The extra compressive stress fiom 
the bending load should also result in more 
energy for separating the particles. 

Note that penetration into a foam board may not 
provide an accurate measure of the potential for 
producing injury to the human body. If the 
performance of the tempered glass in these 
experiments is representative of thermally 
tempered glass, the assumption that tempered 
glass would produce fewer injuries than 
annealed glass in a blast environment requires 
fiuther study. If the current procedures for 
tempering glass typically result in fragment 
clusters, modification may be required so that 
separation into small fragments can be assured 
in a blast environment. 

8.2 Reduction of Failure Stress in 
Tempered Glass 

Both techniques intended to reduce the failure 
stress for tempered glass proved successful. 
Indentation flaws were more effective than 
predicted by the data' shown in Figure 1. In 
Experiment No. 1, the tempered sheet had a 
central tension of 8.3 ksi and a compressive 
stress at the sheet surface of 16.6 ksi (1 15 MPa). 
(If it had not been indented, the failure stress 
would have been substantially greater than 16.6 
ksi.) In the experiment, failure originated with 
an applied tensile stress of 7.8 ksi (54 MPa) at 
an indentation flaw produced with a 30- 
kilogram load at the center of the sheet. In 
Figure 1, the large arrow on the line drawn 
through the data for the fully tempered glass 
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(128 MPa compressive stress on the surface) 
indicates a failure stress of slightly over 150 
MPa (21.8 ksi) with an indentation flow 
introduced with a 30-kilogram (294 N) load. 
The lowest data point in Figure 1 for that load is 
about 110 MPa (16 ksi), twice the stress at 
which the sheet in Experiment No. 1 failed. In 
contrast, the 3- kilogram-load indentation flaw 
in the annealed glass in Experiment No. 1 
reduced the failure stress to about 5.6 ksi (39 
MPa), only slightly greater than the value 
marked by the arrow on the annealed glass plot 
in Figure 1. 
The data in Table 4 contradict the results in 
Experiment No. 1. In Table 4, most stress values 
for the as-received sheet are actually lower than 
those for the indented sheet. The only 
explanation for the contradiction is that the as- 
received sheet had an unusually severe 
processing flaw that lowered its strength. The 
most likely place for such a flaw would be the 
sheet edge. The membrane deformation would 
enhance the likelihood of activating such a flaw. 
Unfortunately, the fracture origin was not 
present in any of the taped areas that were 
recovered so that possibility could not be 
substantiated. 
In Experiment No. 3, three of the corner areas of 
the tempered sheet with annealed spots were 
recovered for subsequent examination. In all 
three of those areas, fracture had propagated 
from the annealed spots. As a result, 
fragmentation of the sheet occurred by 
essentially simultaneous development of crack 
networks from at least those three sites. As 
shown in Table 2, shifts in the center line of the 
fracture surface features indicated local tensile 
stresses (i.e., the effective failure stresses) from 
the blast loading ranging from 3.8 ksi down to 
1.64 ksi in the vicinity of those flaws. Central 
tension from tempering, determined from 
fragment size, was between 4.5 and 7.0 ksi; thus 
the surface compressive stress (except at the 
spots that had been annealed) was at least 9.0 

ksi (63 MPa). The failure stress without the 
induced flaws would have been substantially 
greater than 9.0 ksi. This very substantial 
reduction of failure stress suggests that the 
annealing treatment may have gone beyond 
reducing the magnitude of the compressive 
tempering stress at those spots. It may have 
produced some tensile stress. The presence of 
shallow cracks at these annealed spots after the 
treatment but before the test supports that 
possibility. 
Reduction of the failure stress in the tempered 
sheet with annealed spots was accompanied by a 
significantly lower penetration of fragments 
from that sheet (Figures 16 and 17) compared to 
all other sheets. The total mass of fragments 
from this glass sheet captured in the foam was 
140 grams compared with 225 grams for the 
tempered sheet with no posttreatment. This 
reduced penetration mass may be a consequence 
of the substantial reduction in the failure stress 
for this sheet that resulted in a reduction of the 
velocity of the fragments. 

8.3 Location of Fracture Origins in 
S hoc k-Loaded Windows 

The observation in Experiment No. 2 that failure 
initiated at the comers of all four glass sheets, 
despite three of the sheets having severe flaws 
in the center, has important implications for 
window failure in a blast environment. It is 
unlikely that the shock pressure could increase 
to the 12.7 psi maximum value without first 
creating a condition in the glass sheet with stress 
in the center of the sheet at least as high as in 
Experiment No. 1. Why then didn’t the indent 
flaw propagate and cause failure? The answer 
may be in the behavior of a crack held at low 
stress intensity (K) values in conditions where 
very slow subcritical crack growth could occur 
(at what is referred to as the stress corrosion 
limit). Reference 17 showed that under such 
aging conditions water vapor acting on the crack 
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tip can effectively blunt it, so that the stress 
necessary to restart the crack growth increases 
substantially with aging time. Moreover, the 
onset of crack growth would be delayed until 
the crack tip was resharpened. That delay time 
decreases as the applied K value increases 
(beyond the K value at which the aging took 
place). All data reported in Reference 17 were 
obtained during testing under quasistatic 
conditions and do not provide a basis for 
estimating the response of a blunted crack to 
very rapid loading. 

The implication of the Reference 17 results for 
the tests described here is that during the 3 to 5 
days between indenting the sheets and running 
the tests, the cracks probably grew until the K 
value dropped to the stress corrosion limit and 
then the crack tips blunted. During Test No. 2, 
the stress acting on the indent flaws increased 
rapidly, then dropped off as the deformation of 
the sheet changed from linear to membrane 
deformation mode. The prior blunting of the 
flaws prevented them from propagating under 
the short-term, high tensile stress present during 
the linear mode loading. After the transition to 
membrane deformation, the higher stress at the 
comers resulted in a shorter delay time to 
propagation than at the center. As a 
consequence, the failure started there, even 
though the fabrication flaws at the corners might 
have been less severe than the indent flaws at 
the center. 
Blunting at the crack tip and the consequent 
failure to respond to applied stress may also 
explain why some of the indent cracks failed to 
grow in the test. In the '/-inch sheet, for 
example, four of the five 10-kilogram-load 
indent cracks grew, but one did not. For stresses 
only slightly greater than that necessary to 
propagate an indent crack with a sharp crack tip, 
there is simply not enough time for the 
resharpening of the crack that must precede its 
growth. 

The importance of these observations in 
understanding the response of windows to shock 
loading is that data obtained in quasistatic 
testing of windows may have little relevance to 
the behavior of identical windows in the shock 
environment. In quasistatic testing, strain rates 
are much lower; thus the delay of a blunted 
crack in responding to the applied stress would 
probably not even be apparent. The flaws that 
limit glass strength during quasistatic testing 
may be from an entirely different population 
than those that initiate failure in blast loading. 
Using procedures that try to account for 
subcritical crack growth would be inappropriate 
for projecting failure probabilities under blast 
loading. Because of crack tip blunting, the 
effective strength of blast-loaded windows may 
be much greater than any projection based on 
subcritical crack growth. The response of glass 
under dynamic loading requires more study 
before its behavior can be predicted. 
This result (failure initiating in sheet corners) 
also suggests a strategy for the proposed use of 
indentation or annealing flaws to lower strength 
of tempered glass in the blast environment. The 
flaw should be placed in the corner where it can 
respond to the stresses generated during 
membrane deformation by the high differential 
pressures produced near explosions. On the 
other hand, comer flaws are not likely to be 
activated by stresses generated in natural events 
such as tornadoes. 

8.4 Indent Crack Length 
The growth of indent cracks in Experiment No. 
1 showed promise as a method for determining 
the maximum local applied tensile stress 
produced during the shock loading of the glass 
sheets. The values from this approach agree 
reasonably well with those derived using other 
techniques. Better agreement may be possible 
by obtaining more accurate values of the 
parameters in the equations used for the 
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calculations. Values acquired in other studies for 
the residual stress parameter, x, the critical 
stress intensity factor, K,,, and the KI value after 
subcritical crack growth were used in the 
calculations for Tables 3 and 4. 

In Experiment No 1 , the indents introduced with 
lower loads in both the %-inch and %- inch 
annealed glass sheets did not show any growth. 
The reason these sheets showed no growth 
during shock loading is that the cracks were 
allowed to grow subcritically during the 3 to 5 
days between their introduction into the glass 
and the shock loading. For the smaller indent 
loads, that growth was greater than that possible 
during shock loading. In shock loading, the 
crack would have stopped growing when K 
dropped below KIc. It would be highly desirable 
to prevent subcritical crack growth between 
introduction of indent cracks and application of 
the load. Smaller indent loads could then be 
used to obtain useful data and, for larger loads, 
the larger length changes during shock loading 
would provide greater precision in the 
determination of local stresses. 
Preventing subcritical crack growth in glass for 
long periods of time is very difficult. The most 
common agent that makes subcritical crack 
growth possible is water, usually in vapor form. 
Even at dew points below -90°C, significant 
growth rates can be obtained from the water 
vapor in air. For short-term experiments, like 
those described in Reference 8, materials such 
as paraffin oil have been applied to the surface 
prior to indenting and left until the experiment is 
conducted. ' This approach is reasonably 
effective, but even paraffin oil has some 
permeability to water. To measure accurately 
stress from crack growth during blast loading, 
an impermeable coating must be developed to 
prevent subcritical crack growth. This coating 
could be applied to the flaw zone, but it would 
not interfere with the crack length measurement. 

8.5 Future Work 
Although inferences have been drawn from the 
observations made in this series of experiments, 
it is important to recognize that the processes for 
fracture and for the subsequent flight of 
fragments in the blast wave are stochastic. The 
details of differences in the dispersion and the 
penetration of fragments from annealed and 
tempered glass may be a result of the 
randomness of the process rather than of the 
nature of the stresses and flaws present in the 
sheets prior to the experiments. Thus the 
possibility that the potential for injury by glass 
fragments from tempered glass may be the same 
as that from annealed glass requires further 
investigation. Whether the results in the 
experiments described here were a consequence 
of a particular tempering stress profile that 
prevented the crack from propagating to the 
surface of the sheets or had some other basis 
should be investigated. It would be useful to 
determine if a stress profile with compressive 
stress peaking away from the sheet surface is 
responsible for the failure of the tempered 
fragments to dice and, if so, whether the 
tempering process can be modified to produce a 
profile that assures separation and subsequent 
lateral motion of the fragments. 
The current experiments showed clearly that the 
failure stress of tempered glass sheets can be 
substantially reduced by either of the procedures 
tested. The loading of the support structure by 
the pressure on the windows can be reduced. In 
Experiment No. 3, the fragments from the 
tempered sheet with the annealed spots showed 
significantly reduced penetration of the foam 
boards compared with fragments from the as- 
received tempered sheet. That difference 
suggests that lowering the failure stress of the 
tempered glass (1.64 ksi with annealed spots 
compared with at least 16.9 ksi in the as- 
received sheet) can be effective in reducing the 
kinetic energy of fragments. However, failure of 
tempered sheets to separate into individual 
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fragments prevented any real test of the thesis 
that deliberately induced early fracture of injury from fragments. 

tempered glass can reduce the potential for 
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Appendix: Techniques for Determination 
of Applied and Residual Stress From 
Fracture Features 
Applied Stress from Mirror Radius 
During the passage of a crack front through a 
brittle material like glass, a variety of features 
are formed on the fracture surface that provide a 
record of the progress of the crack. From these 
features it is possible to determine the local 
stress at the moment of failure, the distribution 
of stresses along the crack path, the location and 
nature of the origin, and the velocity of 
propagation of the crack, as well as some of the 
details of environmental effects. Reference A- 1 
is a good introductory text describing 
fractographic analysis, the general methodology 
for examining and interpreting these features. 
For prestressed glass, such as the thermally 
tempered glass used in the current work, with a 
well-defined residual stress distribution present 
prior to fracture, some additional features are 
generated that can aid in understanding the 
failure. The interpretation of those features is 
described below. 
One commonly used procedure in fractographic 
analysis is the determination of failure stress 
(the tensile stress present at the point of origin 
of the fracture) from the mirror radius. This 
procedure was used for analysis in this report. In 
fracture of homogeneous, isotropic brittle 
materials like glass, the fracture surface in the 
immediate vicinity of the origin of the crack is 
very smooth (hence the term mirror). If the 
crack accelerates as it propagates away from the 
origin, the surface develops visible features that 
are characterized as mist. The features grow in 
size as the crack progresses farther, resulting in 

a zone characterized as the hackle region. 
Ultimately, the crack branches. A description of 
the processes at the crack tip during generation 
of these features is given in Reference A-2. 

When a crack grows in a uniform tensile stress 
field, so that propagation is the same in all 
directions from the origin, the mirror region, the 
mist region, and the hackle region have 
boundaries that are circular arcs. The distance 
from the origin to the mirror/mist boundary is 
called the mirror radius, &. Similarly, the 
distance to the misthackle boundary is 
characterized by R, and the distance to the 
branching point is Rb. 
The mirror, mist, and hackle features 
(collectively known as velocity hackle features) 
are important in the analysis of fracture because 
there is an inverse relationship between the 
tensile stress at failure, of, and a given boundary 
radius, R,: 

CY, = Aj I Rjln 

where Aj are constants for a given material. 
Thus with a knowledge of Aj, measurement of 
the mirror radius or one of the other radii can 
provide an estimate of the failure stress. 
Reference A-3 shows that this equation 
described data for cracks with mirror sizes 
ranging from 0.5 pm to more than 5 mm. 
For some analyses of failure stress in this report, 
the plot in Figure 1 of Reference A-3 that shows 
failure stress as a function of mirror radius was 
used. Although those data were obtained on 
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fused silica glass, the fracture behavior of the 
soda-lime silica glasses used in the CUrrent 
experiments is similar. No significant error 
results from the use of that plot. 

Tempering Stress from Fragment 

Shift in Position of Features (in 
Tempered Glass) 
Fracture of tempered glass occurs in two stages. 
In the first stage, fracture is limited to the 
central zone of the sheet where residual tension 

Size 
In tempered glass with a residual tensile stress 
present in the interior of the glass sheet, the 
branching distance (Le., the size of the 
fragments produced in fracture of the sheet) 
depends on the magnitude of the residual tensile 
stress. In particular, it depends on the maximum 
tensile stress at the central plane of the sheet 
(the central tension). It also depends on the 
thickness of the sheet. That dependence is 
shown in Figure 2 of this report. (For the 
determination of central tension in this report, 
values for 4-mm glass were obtained by 
interpolating between the 3.4-mm and 4.9-mm 
curves.) 
More accurately, the fragment size is 
determined by the maximum tensile stress in the 
sheet so that an applied stress can influence the 
size. In the event that the applied stress 
increases the maximum tensile stress above the 
value of the central tension, the branching 
distance will be shortened. Similarly, if the 
applied stress reduces the maximum tensile 
stress, the branching distance will be 
lengthened. Those length changes can be used to 
obtain a quantitative estimate of the magnitude 
of the applied stress. They also can be used to 
qualitatively evaluate the nature of the stress. As 
an example, if the branching distance is 
shortened in one direction but is not affected in 
the orthogonal direction, the applied stress can 
be assumed to be uniaxial tension. 

is present. Because of the high tensile stress, 
that fracture is very rapid. The entire fracture 
pattern in the tensile zone of a one-meter-square 
sheet is completed in less than a millisecond. In 
that brief interval, the stress in the tensile zone 
adjacent to the fracture surfaces is reduced; 
however, because the inertial mass of the plate 
severely limits the separation of the fragments, 
there is little change in the stresses in the 
compressive zone. Subsequently, in the second 
stage of fracture, the fragments begin to separate 
as the compressive stress in the outer layer 
pushes the fragments apart. The fracture 
velocity for this stage is much slower. 
The transition from the fast-fracture stage to the 
slow-fracture stage often results in well-defined 
lines of demarcation on the fracture surface 
between the tensile stress zone and the 
compressive stress zones. These lines of 
demarcation result from the propagation 
differences in the two stages of fracture. In the 
first stage, the fracture direction is parallel to the 
plate surface with the highest velocity at the 
central plane of the plate and the lowest at the 
zero stress plane. In the second stage of fracture, 
the fracture propagates toward the surfaces of 
the plates, i.e., perpendicular to the direction of 
the first stage crack growth. A common result of 
this change in direction is the formation of twist 
hackle linear features oriented perpendicular to 
the plate surface. 

Usually tempering stresses are symmetrical with 
respect to the midplane of the sheet; thus the 
lines of demarcation between the two stages of 
fracture will be equidistant from the central 
plane of the sheet. However, if a bending stress 
is applied to the sheet when the glass is 
fractured, the lines of demarcation will be 
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shifted toward the surface of the sheet that is put 
into tension by the applied load. That shift is 
shown schematically in Figure A-1 . 
In the thermal tempering process, the tempering 
stress profile is usually nearly parabolic. In that 
event, the central tension is about one-half the 
magnitude of the compressive stress at the 
surface of the sheet. The stress distribution can 
then be described by the function: 

o(x) = ax2 + b 1-4-21 

where x is the distance from the central plane of 
the sheet. Because the stress at x = 0 is the 
central tension, b is equal to the central tension. 
Consequently, with the surface compression 
equal to -2 times the central tension, CT, 
Equation A-2 becomes: 

-2 CT = a (t/2)* + CT 

where t is the sheet thickness, so that: 

a = -3 CT / (t/2)* 

[A-31 

[A-41 

Most failures of windows are caused by bending 
loads for which the applied stress can be 
represented by: 

o(app1ied) = mx [A-51 

When that stress is added to the tempering 
stress, Equation A-2 becomes: 

o(x) = ax2 + mx + b 1-4-61 

In Figure A-1, the application of a bending 
stress moves the point of maximum tensile 
stress toward the surface where the applied 
stress is tensile. The points on the resultant 
curve with zero stress are also moved toward 
that surface. Assuming that a value for the 
central tension of the unloaded plate has been 
determined (from the fragment size or some 

other technique), the distance from the central 
plane to one of these new lines of demarcation 
on the fracture surface can be measured. That x 
value can be inserted into Equation A-6 to 
obtain a value for m, noting that at that x value, 
o(x) = 0. The magnitude of the applied stress at 
the sheet surface is then obtained by inserting 
t/2 into Equation A-5. 
An alternative to using the shift of the lines of 
demarcation to determine the applied stress is to 
use the shift in position of the maximum tensile 
stress. In a symmetric stress field, even if the 
tempering stress is not parabolic, the minimum 
is at x=O in the unstressed sheet. An applied 
bending load moves the minimum toward the 
tensile stress side associated with the bending 
load. For parabolic stress, the first derivative of 
Equation A-5 is: 

dddx = 2ax + m [A-71 

For do/dx = 0, x = - d 2 a  is the distance of the 
new minimum from the central plane. (See 
Figure A-1.) Thus if the value of the central 
tension is known, the value of the applied stress 
from the shift in the position of the minimum 
can be calculated, the value for m can be 
obtained, and Equation A-5 can be used to 
calculate the value for the applied stress. For the 
stress determinations in this report, the position 
of the minimum was taken to be midway 
between the lines of demarcation. The central 
tension was determined from the fragment size 
using the plots in Figure 2. 

Figure A-2 is an example of a fracture surface 
showing the lines of demarcation in a tempered 
sheet that fractured with no applied stress. 
Figure A-3 shows a similar surface in which the 
lines of demarcation have been shifted by an 
applied bending stress. The lines of demarcation 
are marked with the short, blunt arrows. The 
larger arrows show the position of the sheet 
surface. 
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For the tempered glass used in the current tests, value perpendicular to the planes passing 
the lines of demarcation were not in the through the diagonals of the indent; thus cracks 
predicted location (i.e., where they should have generated by that stress are predominantly 
been if the stress profile were truly parabolic oriented along those diagonals. Figure A-5 
and the first stage of fracture terminated at the shows a glass surface with an indent and cracks 
point where the stress was zero). One possible running from the indent diagonals. 
explanation is that the tempering process used 
for these plates did not generate a parabolic 
distribution. In that case, Equations A-2 through 
A-6 above could not be used to determine the 
stress. The other possibility is that the stress 
profile was parabolic, but the crack did not stop 
where the stress was zero. In that event, the 
applied stress could not be directly determined 
from the shift of the lines of demarcation. 
However, it would still be valid to use the shift 
of the stress minimum to calculate the applied 
stress. The tables in this report are based on the 
second explanation. The midpoint between the 
positions of the lines of demarcation are 
considered to be the position of the stress 
minimum. 

Indentation Crack Length 
This procedure for determining the applied 
stress involves the growth of cracks emanating 
from the corners of indentations produced at the 
glass surface by Knoop or Vickers indenters, as 
shown schematically in Figure A-4. The cracks 
appear in glass at an indenter load in excess of 
about 100 grams. If no other stress field is 
present, the driving force for the generation of 
the cracks at the indent is a consequence of 
compaction of the material under the indenter 
during loading. When sufficient force is applied 
to the indenter, a permanent depression remains 
when the indenter is removed from the surface. 
When the indenter is unloaded, the material 

The stress produced by the indent decreases 
with distance from the indent. As a 
consequence, a crack propagated by that stress 
initially grows rapidly, then slows, and finally 
stops growing. Growth stops when the stress 
intensity, K,, drops to the critical stress 
intensity, KIc. In the event that subcritical crack 
growth is possible, the crack will continue to 
grow. The rate of growth (the crack velocity) 
decreases as the crack grows; crack growth 
finally stops when KI drops to the threshold 
value for subcritical crack growth. 
The effect of an applied stress is to change the 
length of the crack emanating from the indent. If 
the stress is present when the surface is 
indented, tensile stress raises the KI value, 
increasing the crack length; conversely, a 
compressive stress shortens the cracks. The 
equation for calculating those stresses is derived 
from fracture mechanics and based on the 
assumption that the crack grows until the stress 
intensity at the crack tip drops to KIc. The net 
stress intensity, which includes contributions 
from the residual stress at the indent and the 
stresses, cay present from other sources, is 
expressed by: 

K, = xr P / c3' + (T, Q c'' 

where x,, the residual stress parameter, is 
associated with the compaction of material under 

immediately beneath that depression is the indent. @ is a parameter that accounts for the 
constrained from recovering its original volume geometry of the crack, and c is the crack length 
by the surrounding material. As a consequence, measured from the center of the indent.A4 
that zone develops residual compressive stress 
while the surrounding material is placed in 
tension. Because of the geometry of the 
indenter, the tensile stress has its maximum 
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Figure A.l  Stress Profiles in Thermally Tempered Glass Sheet with Applied 
Bending Stress (Note the shifts of the zero stress points and the stress 
minimum toward the surface where bending stress is tensile.) 
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Figure A.2 Fracture Surface in Thermally Tempered Sheet with No Applied Stress 
(Small, blunt arrows indicate line of demarcation between tensile and 
compressive region. Note band of mist and hackle at center of sheet.) 

Figure A.3 Fracture Surface in Thermally Tempered Sheet with Applied Bending 
Load (Note shift of lines of demarcation and mist band toward upper 
(tensile) surface.) 
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Figure A.4 Schematic of Indentation Crack Formation: a) Cross Section Through 
Indent Zone Showing Radial Crack Limits (dashed line), b) Intersection 
of Radial Cracks with Surface of Sheet, c) Dependence of Crack Size on 
Local Stresses 

Figure A.5 Indentation Crack in Annealed Glass (3-kg load on indenter) 
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Rearrangement of Equation A-8 yields an 
expression for the applied stress of: 

oa = (Klc - x, P / c~~ ) / 0 cln [A-91 

where it is assumed that crack growth stopped 
when K, was no longer greater than K,,. The 
parameter xr is a constant for a given material 
using the Vickers indenter. For most materials, a 
reasonable value for x, is represented by: 

xr = 0.015 (E/H)ln [A-101 

where E is Young’s modulus and H is the 
Vickers hardness. A value of 0.034 for xr, 
calculated in an earlier experimental study of 
indentation fracture in soda-lime glass, was used 
in the calculations in this report. 
If subcritical crack growth had been possible, 
calculation of c, directly from Equation A-9 
would not be appropriate. Instead, it would be 
necessary to replace K,, with the value of K, 
present at the crack tip at the moment that the 
crack length was measured. 
In the indent measurements in this report, the 
indents were introduced in the annealed glass 
sheets while no stress was applied. 
Subsequently, the sheets were shock-loaded to 
create a local tensile stress for a short time. In 
this situation, a stress is applied after the indent 
is introduced into the surface; thus it is possible 
to obtain a value for the applied stress using the 
increase in length of the crack even if a value for 
xr is not available. For the indent without 
applied stress: 

K,(initial) = xr P / ci3/2 [A-111 

so that: 

xr P = K,(initial) cy [A-121 

where ci is the initial crack length. Substituting 
this into Equation A-9 yields: 

(J, = (Klc - K,(initial) CY / cy ) / 0 c, ‘~  [A-131 

where cf is the final crack length. 
The identity of the initial K, value is retained 
because it is not necessarily the same as that 
existing at the crack tip when the stress, oa, is 
applied. In a controlled experiment, subcritical 
crack growth is prevented (by coating the 
surface with paraffin oil and measuring the 
crack lengths immediately, for example), and it 
can be assumed that the initial and final K, 
values both equal K,,. For the experiments 
described here, the delay between introducing 
the indent cracks and shock-loading the glass 
was three or more days. It was impractical to 
prevent subcritical crack growth during that 
time; rather it was assumed that crack growth 
had occurred. Using data for subcritical crack 
growth from Reference A-5, the K, value at the 
end of three days of crack growth would have 
been about 0.41 MPaem”’. That value for 
K(initia1) is used in Equation A-13. 
On the other hand, in the explosive tests 
described in this report, the stress was applied 
for too short a time to permit subcritical crack 
growth: thus it could be assumed that the final 
K, value as a result of that loading was equal to 
K,,. However, if the applied stress had been 
maintained long enough that subcritical crack 
growth occurred, K,, in Equation A-1 3 would be 
replaced by K, (final), i.e., the K, value at the 
end of that subcritical crack growth. 
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